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Preface

One hundred years of chemical fibers, and of these more than fifty years of synthetic fibers, do demand an
inventory of the required technologies. While there is literature for the chemistry of the chemical and
synthetic fibers, as well as for the processes and the textile testing technology, it is hardly possible to find
comprehensive descriptions from installation, equipment and machinery manufacture through production
of synthetic fibers and filaments and the manipulation of their properties.

The first book "Synthetic Fibers" was published in 1954 with about 160 pages and a world
production of about 200,000 t/year at that time. The revised second edition from 1964 with 950 pages
covered the total area of production through processing. The annual production of synthetic fibers had
increased to 1.7 million t/year by then. Today, approximately 20 million t/year are produced accounting
for about 45% of the world fiber production. The technical progress connected to this also requires a new
edition which addresses only the first third of the topics covered in the 1964 book on 900 pages.

Further reasons for the new edition are: At the European universities only Chemnitz and Zurich
maintain a department for the design of machines and equipment for the production of synthetic fibers.
Textiles taught within the framework of mechanical engineering departments of other universities focuses
primarily on textile engineering, while the training of the engineers is left to the specific industries. Thus
this becomes an issue for about 1200 fiber production companies and over 1000 machinery makers,
without having a comprehensive overview available. Many of the design elements are also unknown in
the general mechanical engineering. Drive problems, auxiliaries preparation and conditions for auxiliary
plants, as well as mathematical-physical and process technological items are explained in many
examples.

The corresponding electro and micro-processing technology, automation and computer-integrated
manufacturing are not covered in this book, as this would exceed the given frame.

This book is separated into a part on material specific processes, the corresponding installations,
machines, and process data. In a further part the designs and calculations are introduced, also for different
materials and varying function parameters.

The second to last chapter on fiber properties and their manipulation by Mr. Peter M. Latzke reflects a
change in thought over the last 20 years: While the fiber user back then used to receive data sheets on the
specific properties of a shipment, today's fiber producers have to keep all agreed upon properties constant
for all future shipments and influence their production accordingly to stay within given tolerances.
Production control thus has been replaced by process control that simply supervises the production
parameters. Accordingly, quality systems have been specified in DESf, ISO, etc. Finally, the numerous
conversion factors are shown and the fiber property ranges demonstrated according to a fiber table by
Kleinhansl. Following the wish of practitioners to show most connections in measurable sizes, the author
uses numerous drawings, diagrams, tables, and formulas and only a limited number of photos. He does
want to point out though, that the installations, machines, and parts in the drawings have been built and
installed in praxis.

This book provides a large number of diagrams, data, and companies names, but it does not expect to
be complete or exclusive. There are certainly more companies producing similar or equal products; they
should not feel neglected. Very often production is done according to individual ideas and guidelines,
which can also result in optimum products.
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1 Introduction

1.1 General Remarks [1-3]

Natural fibers, especially wool and natural silk, have existed for several thousand years, soon to be
followed by cotton, flax and the like. Their processing and usage have continuously been developed.
Within one hundred years the chemical fibers and within only fifty years the synthetic fibers have
improved their standard from originally being "substitute products" to recently providing about 50% of
the total fibers consumed. It was a long way from the first ideas by Hook (1664) and Reaumur (1734) to
the first chemical fibers [4] that were produced by Nicolaus de Chardonnet (1884). In 1898 in Oberbruch
near Aachen, Paul Fremery, Bromert and Urban produced the first cooper silk filaments that after
carbonization were used as incandescent filaments in light bulbs. The first fully synthetic fiber would be
produced based on an idea by Klatte (1913) from polyvinyl chloride. Staudinger [6] succeeded first in
1927 under laboratory conditions to spin a fully synthetic fiber from polyoxymethylene and later from
polyethylenoxide from the melt [7]. 1938 Carothers developed the first polycondensation fiber that was
produced as Nylon by the company DuPont de Nemours & Co. Just one year later Schlack [10] proved
that lactam can be polymerized, what resulted 1939 in Berlin-Lichtenberg in the first Perlon® fiber
production. Soon IG-Farben-Industrie obtained a license for the melt spinning process for Nylon and
transferred it to Perlon. After 1934 research was conducted in Germany that allowed the first semi-
technical production of poly aery lonitrile fibers (PAN) during 1940 to 1943 [12, 13]. Almost simulta-
neously and independently of the German developments similar work was done at DuPont, so that the
patent registrations almost have the same dates. Already 1950 DuPont started in the Candem plant full
scale production of polyacrylonitrile fibers, what was not possible in Germany until much later. The
commercial production of polyester follows around 1950 after an invention by Whinefield [52], and so
does polypropylene around 1958 as developed by NaUa [15]. These are the fibers that today are produced
worldwide in tremendous quantities.

The development of specialty fibers began 1937 with polyurethane by O. Bayer et al. [14], followed
by a wide range of fibers. Only Nomex® [16] and Kevlar® [17], both by DuPont, will be mentioned here.
The development of high-grade carbon fibers did not begin until 1966 with the oxidation and
carbonization of PAN filaments. More on this topic can be found with Klare [18] and Elias and
Vohwinkel [19].

Many of the developed fibers could not be commercialized, e.g., fibers from polyaminotriazoles,
where the pilot production was discontinued around 1965. The production of PA 7 in the USSR was
discontinued due to the insufficient supply of oenanthe acid. PA 4 was too difficult to spin. Quiana® was
commercialized in 1968, but in view of investments in the range of DM 600 million and the significant
funds of DuPont it was discontinued in 1977, because the fiber was too expensive [20].

1.2 Conditions for the Production of Textile Fibers

Textile yarns or technical yarns and fibers have to fulfill certain characteristics that are primarily
determined by the end use, and in the case of textile products also by climatic conditions. They need to be



inexpensive, and it must be possible to produce them in sufficient quantities and consistent quality. In the
fiber state it must be possible to blend them with other fibers.

The properties of textile fibers are primarily determined by their chemical structure, their degree of
polymerization, the orientation of the chain molecules, their crystallinity, the packing density, and the
cross links between individual chain molecules. In general they consist of threadlike long chains of mixed
cells or stretched macromolecules etc. that are arranged more or less parallel to the fiber axis and pass
through crystalline and amorphous areas. Figure 1.1 shows three models:

Figure 1.1
Schematic diagram of a super molecular fiber
structure (according to Hess and Kiessig [21, 22]
A) Five fibrils with neighboring amorphous and

crystalline regions of period P
B) Developed from A) to a para-crystalline macro

grid (according to R. Hosemann)
C) Change to a para-crystalline layer grid with

A B C chain refolds

(A) amorphous and crystalline areas are arranged along the length of the fiber with the period P; (B)
shows the same model in a further development towards the para-crystalline macro grid and (C) the
transformation to the para-crystalline layer grid with chain refolds [21, 22]. These stages can be shown by
X-ray or by differential thermo-analysis (DTA) or similar methods [23]. Cotton for example has about
60% crystallinity, viscose rayon only about 40%. The degree of crystallinity is also dependent on the
temperature. PA 66 has about 75% crystallinity at 20 0C, about 52% at 85 0C, about 40% at 100 0C, and
about 0% at 120 0C.

In the melt, the chain molecules have almost no orientation. When they cool during the spinning
process they become a little pre-oriented. For solution spun fibers, e.g., hydrate cellulose, this pre-
orientation can already be increased during the coagulation in the spin bath. Melt spun fibers, however,
require a specific draw process—either in a continuous process after cooling under the glass transition
temperature, or in a second separate process at a suited temperature. This drawing and orienting change
the tenacity and elongation of the fibers considerably: For viscose rayon for example the tenacity
increases from 1.5 to about 6.3 g/dtex (Super-Tyrex®) with a reduction in breaking elongation from
about 30% to about 10%. The tenacity of PA can be arranged by drawing between values of 3 and
10 g/dtex with an elongation between 40% and 10%. Likewise this can be done with other synthetic
fibers. Only filaments from liquid crystals are wound during melt spinning in a fully oriented state. Thus
the fiber producer can vary orientation, tenacity and elongation depending on the material and process.

Fiber tenacity also depends on the degree of polymerization of the chain molecules. Staudinger [24]
found that for native cellulose there is no change in tenacity with P > 500; between 500 and 200 the
tenacity drops significantly with the degree of polymerization, and for P ^ 200 disappears. Marsh [25]
found that high polymer fibers need a degree of polymerization of P > 80 to have any tenacity at all; it
then increases significantly until P ^ 250, and increases insignificantly to P < 600 and not at all beyond
that point. For this the distribution of chain length is important [26] as well as for many other properties.
The distribution of density is also relevant for the properties: Viscose rayon has a significantly denser
packed zone near the shell; the packing density of PA 6 increases with increasing draw ratios [27].

The average degree of polymerization ( = average molecular weight/molecular weight of the base
molecule) for cotton is around 3000, for normal cellulose 600-800, high quality cellulose and cotton
linters 800-1300, viscose fibers 250-700, cupro fibers 500-600, acetate 220-300, polyamide 100-180,
polyester 130-220, acrylic fibers 1000-2000, PVC fibers 1300-1800 [51], and can reach for high
molecular PE for gel spinning about 160,000.

The formula schematics in Fig. 1.2 for PA 66 and in Fig. 1.3 for natural silk are an example for how
much specific synthetic fibers look like natural fibers. For more examples see [30]. The main valences
respond to the links along the length of the fiber. They contribute the majority of the fiber tenacity; this
was already expressed by the dependence on the degree of polymerization. But the side valence links



across the fiber direction provide the stability of the network. When these links are missing or loosened
by heat and/or swelling a shifting of the chains can happen [27]. These cross links influence the hand and
drape of textile materials. When comparing the schematics of PA 66 and natural silk it can be noticed that
the cross links always appear between the oxygen atoms of the carboxyl groups and the NH-groups of the
neighboring chain. For PA 66 every 100 chain atoms only have 14 amid groups and thus 14 hydrogen
bridges = side valence links, whereas for natural silk each 100 chain atoms have 50 hydrogen bridges.
PAN also has for each 100 chain atoms 50 hydrogen bridges. For PET the cross links are of a different
nature due to the rings included in the chains: The ester group is linked through side valences to the
neighboring CH2-groups [28]. Due to the spherolites formed during the spinning of polymers the relation
is more complex than shown here in the most simplistic idealization. Details can be found in [23].

Consequently and according to the studies of Ulrich [29] the following conditions make a fiber useful
for production and industrial use as a textile material:

1. Raw materials must be available or produceable in sufficient quantities and for reasonable prices.
2. Existing methods must allow processing of these raw materials to polymers and then to filaments or

fibers without high cost or damage to the environment.
3. The intermediate and final products must have sufficient continuity in terms of quality and quantity.
4. The final price of the yarn made from the fibers or filaments must be bearable for the market.
5. The fiber has to be either endless and possibly capable of being textured or must be capable of being

processed in a mechanical spinning process, and must fulfill the following requirements:
a) The resulting yarn has to show sufficient tenacity and elasticity, and the inital elastic modulus

may not be too low.
b) For textile applications the staple length should not be too low and somewhat uniform or within a

desired distribution. For paper like products, reinforcements, and flock fibers, uniform staple
lengths are required.

c) The fibers have to provide a certain degree of friction among each other.
d) Flexibility and elasticity are relevant for the mechanical spinning and subsequent processes.
e) The fiber (dpf) determines the lowest titer of the yarn as well as the hand, breathability, comfort

etc.

Figure 1.2 Schematic diagram of the structure
of polyamide 66 (according to Brill)

Figure 1.3 Schematic diagram of natural fiber structure:
Silk (according to Brill) with polypeptide chains in the
crystalline regions



One hundred years of chemical fibers, and of these more than fifty years of synthetic fibers, do demand an
inventory of the required technologies. While there is literature for the chemistry of the chemical and
synthetic fibers, as well as for the processes and the textile testing technology, it is hardly possible to find
comprehensive descriptions from installation, equipment and machinery manufacture through production
of synthetic fibers and filaments and the manipulation of their properties.

The first book "Synthetic Fibers" was published in 1954 with about 160 pages and a world
production of about 200,000 t/year at that time. The revised second edition from 1964 with 950 pages
covered the total area of production through processing. The annual production of synthetic fibers had
increased to 1.7 million t/year by then. Today, approximately 20 million t/year are produced accounting
for about 45% of the world fiber production. The technical progress connected to this also requires a new
edition which addresses only the first third of the topics covered in the 1964 book on 900 pages.

Further reasons for the new edition are: At the European universities only Chemnitz and Zurich
maintain a department for the design of machines and equipment for the production of synthetic fibers.
Textiles taught within the framework of mechanical engineering departments of other universities focuses
primarily on textile engineering, while the training of the engineers is left to the specific industries. Thus
this becomes an issue for about 1200 fiber production companies and over 1000 machinery makers,
without having a comprehensive overview available. Many of the design elements are also unknown in
the general mechanical engineering. Drive problems, auxiliaries preparation and conditions for auxiliary
plants, as well as mathematical-physical and process technological items are explained in many
examples.

The corresponding electro and micro-processing technology, automation and computer-integrated
manufacturing are not covered in this book, as this would exceed the given frame.

This book is separated into a part on material specific processes, the corresponding installations,
machines, and process data. In a further part the designs and calculations are introduced, also for different
materials and varying function parameters.

The second to last chapter on fiber properties and their manipulation by Mr. Peter M. Latzke reflects a
change in thought over the last 20 years: While the fiber user back then used to receive data sheets on the
specific properties of a shipment, today's fiber producers have to keep all agreed upon properties constant
for all future shipments and influence their production accordingly to stay within given tolerances.
Production control thus has been replaced by process control that simply supervises the production
parameters. Accordingly, quality systems have been specified in DESf, ISO, etc. Finally, the numerous
conversion factors are shown and the fiber property ranges demonstrated according to a fiber table by
Kleinhansl. Following the wish of practitioners to show most connections in measurable sizes, the author
uses numerous drawings, diagrams, tables, and formulas and only a limited number of photos. He does
want to point out though, that the installations, machines, and parts in the drawings have been built and
installed in praxis.

This book provides a large number of diagrams, data, and companies names, but it does not expect to
be complete or exclusive. There are certainly more companies producing similar or equal products; they
should not feel neglected. Very often production is done according to individual ideas and guidelines,
which can also result in optimum products.

Preface



1.3 The Most Important Fiber Raw Materials

Table 1.1 shows most of the presently used fiber materials that can be categorized by:

• Synthetic Fibers:
- Polymerization Fibers
- Polycondensation Fibers
- Polyaddition Fibers

• Chemical Fibers (from natural polymers)
• Inorganic Fibers
• Natural Fibers

- Animal Fibers
- Vegetable Fibers

The selection and terminology reflect mostly to the Textile Identification Act and the respective
regulations in the European Community.

Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers, Their Raw Materials and Production
Methods

1. Fibers from synthetic
polymers
a) polymerization fibers
b) polycondensation fibers
c) polyaddition fibers

2. Chemical fibers (from
natural polymers)

3. Inorganic fibers
4. Natural fibers

a) animal fibers
b) vegetable fibers
c) mineral fibers

P = production
M = modification
S = specific characteristics
T = end-uses, trade names

Ia) Polymerization fibers

Polyethylene (PE)

H H
I I

- C - C -
I I

H H

K = 2
M = 42; DP > 62,500
rM=107...138°C
TG^ - 1000C
(-20%-300C)

Polypropylene (PP)

H
I

H H - C - H
I I

- C C —
I I

H H

K = 2
M = 42; DP > 45,000
rM=160. . .165°C
TG ^ 5°C

- LLDPE and HDPE are well spinnable and drawable (figure
5.6) due to short and few side chains (figure 2.89)

- P: only well spinnable and hot drawable with > 97%
isotactic parts (Chapter 2.4.1.3)

Chapter 2.4,
see fiber table
Chapter 11

CH 2.4.1;
see fiber table
Chapter 11



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Polyacrylonitrile (PAN)

N
III

H C
I I

- C - C -
I I

H H
K = I
M = 53; DP > 1070...2500
TM > T (decomposition)
rG = 0°CO95°C, dry)

Modacrylic (PAM)

Polyvinylchloride (PVC)

- (CH 2 -CCI 2 ) -

K = I
M = 97; DP « 800.. . 1000
rG = 75°C
TM = 160 -r- 2000C
and
Polyvinylidene chloride
(PVDC)

Polyfluoride (FL)

F F
I I

c * . - C - C -

F F

M = 100; DP: 103 . . .105

r G = 127-^ 140
TM = 327 -r 342
(decomposed: 399°C)

K = I

aliphatic fluorocarbon fibers

Vinylal

- P: polymerization of >85% ACN + comonomers,
precipitation, drying, solving dry or wet spinning and
aftertreatment, especially for staple fibers. Also
continuous polymerization in solution for direct wet
spinning possible (e.g., in ZnCl2/water)

- P: ACN-portion 50 . . . 84% (According to ISO), rest
comonomers, e.g.:

H
I

H - N
N N I
III III C = O

H C H C H I
I I I I I I

-c-c-c-c-c-c-
I I I I I I

H H H H H H

- P: Acetone + Chlorhydroxide —• vinylchloride —>
polymerization to polyvinylchloride: possible post
chlorinating with tetrachlorcarbon

- P: Ethylene or vinylchloride -> vinylidene chloride etc.
- M: e.g., "Saran"

Polytetrafluoroethylene (PTFE)
H F

I I
Q _ r*
I j Polytrifluoroethylene (PTFE, e.g., "Hostaflon")

F F C I F

I I
- C - C -

M = 82 ' ' Polyvinylfluoride
n n

M = 80.5

- P: e.g., polymerization of tetrafluoroethylene;
special spinning processes

Paraffin polymers with OH-groups on every second C-atom of
the main chain, partially acetyled; e.g., polymerization of vinyl
alcohol and solving in water - wet spinning.

Chapter 2.5,
see fiber table
Chapter 11

Chapter 2.7;
see fiber table
chapter 11

Chapter 2.6;
see fiber table
chapter 11

Chapter 2.9,
see fiber table
chapter 11



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Trivinyl

Elastodien

Ib) Polycondensation fibers

Polyamide 3 (PAS)

-CH2=CH(OC-NH-
-CH2-CH2Jn-NH2

K = A
M = IX
TM=l65°C

Polyamide 4 (PA4)

- NH - (CH 2 J 3 -C: 0 -
^ = 5
M = 85
rM = 2 0 0 - 2 6 5 ° e
rG = 76°C

Polyamide 5 (PA5)

-N-H-(CH2J4-C-O-
K = 6
M = 99
TM, theoretical = 3 00° C
^M, in praxis —259°C

for n 3U C = 0.25
m — cresol

Polyamide 6 (PA6)

H O
I III

- N - ( C H 2 J 5 - C -

K = I
M = 113; DP> 100-200
7M=215°C
TG=40...42°C

Polyamide 7 (PA7)

N - H - ( C H 2 J 6 - C : O -
M= 113; DP> 100
TM = 233°C

Paraffin polymers with nitril groups or one or two Cl-atoms at
every second C-atom; e.g., mixed polymerization of
acrylonitrile and two other vinyl components, e.g.,
vinylchloride and vinylidenchloride with 50%; solving in
acetone and wet spinning.

Paraffin polymers with methyl branches and sulfur bridges to
neighboring chains; e.g., polymerization of isoprene and dienes
with or without vinyl monomers; or starting with natural latex;
cutting vulcanized thin rubber plates into narrow stripes or
extrusion of latex emulsion (Latex) respectively benzene-
rubber solution through spinnerets; wet spinning;
vulcanization of the coagulated and dried filaments.

- P: Head-tail polymerization from acryloamide with alkaline
catalysts or from chlorcyan and N-carbosulfamide acid
chloride + olefins -> sulphochloride groups —> /Mactam
(III) for polymerization.

- T: thus far no technical production and application

- P: Polycondensation at 2650C —• vacuum drying -> melt
spinning drawing; very difficult, because
tspin = = tdecomposition ^ ^

- S: good textile properties, but to date not commercial due
to P; y = 1.25 g/cm3

- P: only successful in laboratory scale.
- T: none
- S: y=1.2

- P: Crude oil -> benzene -» cyclohexanon -+
e-aminocaprolactam —> pressure free polycondensation at
275°C... 2600C during about 18 h with an
approximate yield of 88%; past condensation possible;
possible to melt spinning; up to about 40 dtex final
denier with air quench, for >65 dtex spinning titer
(>0.08 mm diameter) with water quench; can be drawn

- P: Ethylene (at 100 bar with radical
formers) ->- tetrachloralkane ->• co-chloroethane
acid —• co-amino oenathe acid -> pressure free
polycondensation —>• PA7; can be melt spun and drawn;
almost no monomers or oligomers

- S: good properties for textile and technical applications,
7 = 1.10 g/cm3

— T: very short production around 1960 discontinued due to
high raw material cost

Chapter 2.2.2

Chapter 2.2.3,
see fiber table
chapter 11



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Polyamide 8 (PA8) Tu = 2090C; y = 1.08 g/cm3

Polyamide 9 (PA9) TM = 2000C; y = 1.06 g/cm3 No applications
Polyamide 10 (PAlO) TM = 188°C; 7 = 1.04 g/cm3

Polyamide 11 (PAIl)

N-H-(CH 2J 1 0-C-O-

M = 169, Z)P 100
rM = 1900C

Polyamide 12 (PA12)

N-H-(CH2J1 1-CiO-

M = 183; DP > 100
TM = 179°C

Polyamide 46 (PA46)

Polyamide 66 (PA66)

NH-(CH2J6-NH-CO-
-(CH2J4- CO-

K= 14
M = 226; DP > 80... 200
rM = 250...2520C
7G = 42°C

Polyamide 610 (PA610)

NH-(CH2J6-NH-

K = 18
M = 254; DP > 100
rM = 215°C

7M = 260...275°C
rG=135°C

Polyester (PES)

Polyethylene terephthalate
(PET)

O O

(CH2J2-O-C-O-C-O-

A; = 10
M = 192; DP > 100...200
TM = 257...264°C
rG = 70...75°C

- P: Castor oil (over 5 steps) -> aminoundecan
acid ->• polycondensation from aqueous suspension over
3 steps in a tube, then evaporation, polycondensation,

then reaching the condensation equilibrium:
>/265°C~6OO...IOOP; y-i.M kg/cm3; can be spun and drawn
like PA6

- S: Similar to PA6 and PA66, but only minimum moisture
absorption, dimensionally stable

- T: Zippers, ropes; too expensive for textiles

- P: Butadiene-trimerization —> 11-aminoundecan
acid ->> Laurinlactam -> almost 100% polymerization;
direct spinning possible

- T: especially for coarse deniers and wires; no textile
applications yet; y = 1.01 g/cm3

- P: from 1,4 diaminobutane (DAB from ACN and
watercyanid) and adipic acid

- P: hexamethylendiamin adipate in aqueous solution is
polycondensated at approx. 285° C and spun
continuously or via chips and then drawn

- S: well dyeable similar to PA6; partially better properties
than PA6 y = 1.14 g/cm3

- P: with Sebacic acid (from castor oil), rest similar to PA66;
polycondensation at 245 . . . 2600C

- S: best wet tenacity PA

- P: polycondensation from Bis-(4-amino-cyclohexyl-)-
methane (from Anilin and formaldehyde) and dicarbonic
acid with 9 . . . 14 C-atoms

- S: excellent textile material: best crease recovery
- T: Production (DuPont) discontinued due to high cost

7 = 1.03... 1.04 g/cm3

- Common name for polymers from dicarbonic acid or
dicarbonic esters and glycoles

- P: from DMT + EG via transesterfication or from
TPA + EG via direct esterification to diethylene glycol
(DEG) and polycondensation at >285°C to PET;
spinning via continuous melt processing or via chips
dried to < 0.004% H2O; hot drawable

— S: excellent for technical use and textile yarn, staple fiber

Chapter
2.2.5.5

Chapter
2.2.5.1

Chapter 2.24;
see fiber table
chapter 11

Chapter
2.2.5.2



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Polybutylene terephthalate
(PBT)

O O

(CH2J4-O-C-O-C-O-

K=U
M = 284; DP > 100...200
rM = 225°C
rG = 440°C

Polyurea

Aromatic polyamides
(Polyaramides) with meta
structure (molecules in ring
arrangement)
^(Decomposition) = -3/1 C

r G = 2 8 0 . . . 29O0C
M = 1 9 2 ; DP = 2 2 0 . . . 2 6 0

Aromatic PA with parastructure

M = 278; DP = 550

Super absorbent products (SAP)

Polyaryletherketones M = 288
(PEEK)

Ic) Polyaddition fibers

Polyurethane (PUR)

Elastan (EL) (also "Spandex")

> 85% segmented PUR

- P: similar to PET but from butylene glycol + DMT or
-TPA; polycondensation temperature about 25O0C

- S: good textile properties; can be dyed carrier free
- T: higher cost than PET

- linear macromolecule with repeating functional groups
( -NH-CO-NH-)

- P: polycondensation of urea with aliphatic diamines; melt
spinning

- P: m-phenylene diamine and isophthalic acid chloride is
solution polymerized in DMAC, neutralized and directly
dry spun.

- S: 7 = 1.38
- T: Nomex (DuPont), Conex (Teijin)

- P: phenylene diamine and terephthalic acid chloride are
polycondensated and disolved in concentrated sulfuric acid
and wet spun

- S: p = 1.44
- T: Kevlar (DuPont), Twaron (Akzo)

- P: from hydrogen-aryl and -alkal and/or hydrolyzed
polyacrylo amides

- S: moister absorbency of up to 230g/g fiber, salt water
absorbency of up to 50g/g fiber

- T: disposable diapers

- P: condensation of acid chlorides under Friedel-Kraft
conditions produces low molecular -(R)-O-(R)-COCl;
with HF as a solvent and BF3 as a catalyst high molecular
compounds are formed for extrusion processing

- S: see figure 2.124
- T: Victrex (ICI)

- linear macromolecule from paraffin chains that are connected
by the urethane group - N H - C O - N H -

- P: polyaddition of diisocyanates and dioles, e.g.
hexamethylene diisocyanate and 1,4 butandiol;
melt spinning

- P: polyaddition of a linear dihydroxy polyester (e.g.
polyethylene glycol adipate) or a dihydroxy poly ether (e.g.
polytetramethylene etherdiol) with excessive diisosyanate
and chain lengthening or cross linking with diamino
compounds (e.g. diamines) in solvents (e.g. DMAC or
DMF) for direct dry or wet spinning; also reactive spinning
possible with a reaction of the prepolymer in the
coagulating bath with diamin. Melt spinning in
development, possible with similar yarn properties.

Chapter 2.3.7

Chapter 2.8.7

Chapter
2.11.2, Fiber
table chapter
11

see chapter
2.12.5



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

1.2 Chemical fibers (from natural polymers)

Viscose rayon (CV)

Hydrate cellulose

DP = 300-500
(High tenacity: 400-500)

Cupro (CUP)

Hydrate cellulose
DP = 300-400

Modal (CMD)
Hydrate cellulose
DP => 300

Acetate
2\ cellulose acetate
Pm = 250-400

Triacetate (CTA)
Cellulose-3-acetate
P1n = 300-400

Protein fibers (casein)

Zein or other vegetable proteins

PROT
(Protein)

Alginate fibers metal alginates
(ALG)

1.3 Inorganic fibers

Glass fibers (GF)
primarily low alkali
Bor silicate glass, e.g.,
about 52% SiO2

about 11% B2O3

about 14% AI3O3 and about
17% CaO

Basalt fibers

— P: Cellulose with a high o-portion is changed with soda lye to
alkali cellulose and then with carbon disulfide to cellulose
xanthogenate;
Dissolving in diluted soda lye, maturing, and spinning into
a sulfuric acid/water bath for coagulation; washed
repeatedly and de-sulfured
(if possible), dried.
Continuous process and winding process produce Rayon
filament, cut wet into staple and drying produces staple
fiber.

- P: Dissolving cellulose in cupperoxide ammoniac -> wet
spinning (funnel spinning process), washing, drying and
winding or cutting

- T: Only produced in four location around the world because
more expensive than CV

- P: Modified viscose process with wet spinning

- P: Acetylizing of cellulose with acetic acid, partial
saponification; dissolving in acetone; primarily dry
spinning; endless winding or cutting to staple fiber

- P: Acetylizing of cellulose with acetic acid -> dissolving in
dichloromethane -> dry or wet spinning, drying and
winding

- P: Casein precipitated with acid or lab ferment from milk and
dissolved in soda lye -> wet
spinning -» stabilizing -* drying

- P: Extraction of Zein (e.g., from corn flour) —>> precipitation
and dissolving in soda lye or extraction of peanut press cake
with diluted lye -> dissolving and wet spinning etc.

- T: For some time was wool substitute and blending fiber; not
stabilized used as release yarn in knitting

- P: Extracts from (sea) alga —>> alginic acid —>> dissolving in
diluted soda lye —> wet spinning and stabilizing in metal salt
baths, e.g., NaCl

- P: Melting of ground mixture of quartz sand and additives
at 1400... 16000C; spinning by jet draw or jet blow or
centrifugal process (all gravimetric or by rod draw
process

- T: Endless glass filament or staple (glass wool)

- P: Clean whinstone by melting twice and pouring into cold
water -> cast into crucible from PtRh, melt and draw
gravimetric to filaments at over 3000 m/min and wind;
"rock wool" spun directly from first melt by jet blow or
centrifugal process

See fiber table
chapter 11

See fiber table
chapter 11

See fiber table
chapter 11

See fiber table
chapter 11

Chapter 2.13.4



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Metal fibers
(MTF or MT)

Carbon fibers
CF
> 90% pure C

1.4 Natural fibers
1.4a) Animal fibers

Wool (WO)
keratin

Alpaca (keratin)
Hair (wool) of the alpaca
(type of camel)

Lama (keratin)
Hair (wool) of the lama (type of
camel)

Camel (keratin)
Base hairs of camels and
dromedaries more than
10 cm in length, lightly curled,
light red to yellow brown, or the
beard hair dark brown to black

Cashmere (keratin)
Hair of the cashmere goat,
off white, low crimp, silky
shine, very fine, beard hair
coarser

Mohair (keratin)
Up to 150 mm in length, strong,
simple hair of the true angora
goat

Angora (rabbit)
(keratin)
Primarily pure white, fine and
soft hairs; beard hairs coarser

Vicuna (keratin)
Hair (wool) of the Latin
American mountain lama
(type of camel)

Yak (keratin)
Hair of the Tibetan ox

Guanaco (keratin)
Hair of the Latin American
guanaco (mountain lama, type
of camel)

- P: Coarse rolled wire from metals or alloys are drawn in
several steps through draw plates or draw stones with
thermal treatment between steps until the desired fineness
has been reached; e.g., for 1.4571 drawing up to a diameter
of 1 um is possible.

- P: Primarily from post drawn PAN fibers, but also CVor PVAL
fibers 3-step process: Stabilizing
(= oxidation) ->- carbonization ->- graphitization

- fineness: 2-50 dtex
see figure 1.4

- P: Shearing
Earlier also re-used wool from rags, that contained
vegetable fibers, which were removed by carbonization

- P: shearing

- P: Hairs fall out in bundles in spring
- T: Best qualities for yarns for underwear, lower grades for

"press cloth"; weather proof coat fabrics

- P: Combing out or pulling in spring
- S: Very soft hand, appreciated as wool, also in blends with

wool
- T: Fine yarn ladies' dress cloth 3-ply filling yarn (Nm 50 to 60

worsted yarn, 40 . . . 80 ppcm), knitting yarn

- P: Shearing (once or twice per year)

- P: Several shears per year, or combing and pulling in spring
and fall

- T: Felts, very shiny mohair yarns, etc.

- P: Shearing after corralling

- P: Shearing

- P: Shearing after corralling

See fiber table
chapter 11

Chapter 5.7;
see fiber table
chapter 11

See fiber table
chapter 11



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Hair (keratin)
Other animals
(especially horse hair)

Silk (SE)
(Natural or Mulberry silk)
P 1 n ^ 2500

1.4b) Vegetable fibers

Cotton
(CO, also Bw)
Native cellulose
M= 162.14
Pm (raw) « 7000
P 1 n ^ 6500

Flax, linen (LI)
Bast layer of the up to
1 m long flax plant
fiber length 600. . . 700 mm
yield 45 . . . 55%
cellulose
Pm^8000

Hemp (cellulose)
Bast fiber of the hemp plant
(cannabis sativa) of up to 3 m
height Color: off white, silver or
pearl gray, greenish or
yellowish, lighter is usually
better

Abaca (cellulose)
Leaf stalk fiber
(from the leaf stem)
of the fiber banana, musa
textilis, also Manila) fibers are
yellow-white or brown, shiny,
stiff, and weatherproof

A If a (cellulose)
Leafs (stalks of the esparto
grass
(stipa tenacissima)

Coco (cellulose)
Fruit fiber between the shell and
the core of the coconut

- P: Shearing or cutting of tail hair
- T: Upholstery, filling materials, etc.

- S: Fibroin (silk substance 70 . . . 80%) -> Sericin
(silk bast, 3 layers, 19 . . . 28% —> fat substance
(0.5 . . . 1%) -> mineral components (0.5 . . . 1%)

- Fineness depending on origin 1 . . . ^ 4 dtex; figure 1.4

- P: Pulling of the plant (linum usitatissimum) when starting to
yellow; after drying and removing the seed bolls, retting
removes the bast fibers from the wood, breaking and
hackling -> tow -> line

- P: Similar to flax, but also pulled when green between breaking
and hackling usually some scutching or cutting

- M: Bast hemp is broken hemp; pure hemp after removing
impurities; strand hemp is broken and scutched, stone or
spin hemp is ready to be spun, ground hemp is made by
peeling the bast from the stem

- S: Much higher tenacity than LI (and LI higher tenacity than
cotton)

- T: Coarse yarns, twisted or plied or braided ropes, tars
depending on origin, Galician, Polish, French etc. split
hemp is particularly fine

- P: Manual or mechanical pulling of the fiber bundles (possibly
after rotting) from the leaf flesh, drying and hackling; or by
use of a defibreur

- M: Long hemp yarns Ne > 0.65 = Nm > 0.39 spun, hemp tow
yarns Ne = 0.39...10; finest fibers by stamping in a mortar
for fine fabrics

- T: Ropes, netting, cable wrap, saddle thread, twine

- P: Two year old stock dried after harvest, boiled to destroy the
chlorophyll, retting in running water, separate from other
matter with wooden clubs

- P: After braking the outer layer solving of the fibers from the
inner nut, months of retting in a mixture of fresh and salt
water, removing of the fiber coat by beating, scutching and
pressing; drying, hackling. The combings are pulled by gear
teeth and are cleaned, bleached, dried and mechanically
spun.

- S: Highly resistant to weather and mechanical wear
- T: Rope, twine, mats, runners, foot mats, etc.

See fiber table
chapter 11;
schematic in
figure 1.3

See fiber table
chapter 11

See fiber table
chapter 11



Table 1.1 The Most Important Synthetic, Chemical, and Natural Fibers (Continued)

Sisal (cellulose)
Leaf fiber of the agave
sisalana (Mexico)
fiber yellow white, shiny,
resistant against humidity

Jute (cellulose)
Bast fiber of the East Indian
jute plant (corchorus
capsularis and oliotorius)
fibers of 2-3 m length
lighter color: better brands

Kenaf (cellulose)
Stalk bast fiber of the kenaf
plant (hibiscus cannabinus)

Ramie (cellulose)
stalk bast fiber of the ramie
plant (bohemia nivea, member
of the nettle family
P m ^6500

Broom (cellulose)
From the South European
broom (spartium coparius)

Asbestos
Magnesium or iron silicates
weathered minerals serpentine
(chrysotile) and hornblende
(amphibole)
Processing illegal due to risk of
cancer.
Only natural mineral fiber

- P: Mainly mechanical pressing to separate the flesh from fibers
and rinsing, centrifiuging, and drying

— T: Twine, rope, coarse fabrics, crimped for upholstery

- P: Harvest by cutting above the water level, water retting,
removal of the bast coat by hand, washing and drying

- M: Best type: Serajgunge (fine fiber, good color), Narajgunge
(slightly lower quality), Daisee (very fine, but undesirable
dark), Dacca (hard, brittle, but pure color), Dowrah (coarse,
hard, short, wood like and dark brown); cuttings are
mechanically separated roots, lowest grade jute

- S: Yarns of 0.06 . . . 4.2 Nm
- T: Woven fabrics (burlap, carpet backing, wall coverings, etc.)

ropes, cable

- P: Cold water retting, similar to hemp

- P: The 1.2... 2 m stalks are separated from wooden portions
(no retting possible) -> stiff gummed bast -> degumming
by soaking in caustic soda, then washing, bleaching, drying

- M: Chinese type white, Indian type greenish
- S: Softer and more flexible hand than flax, very fine, elastic,

shiny, high tenacity
- T: Rare, in linen, lace, etc.

- P: Chemical retting from the stalks of the plant
- S: Fine, brownish, soft, but high tenacity
- T: in blends with flax and hemp tow for ropes and coarse

fabrics, with reed fibers can be blended for coarse woollen
yarns

- P: Mining (surface or underground); gentle separation of the
fibers from stone

- M: Depending on mining site: Canada (Thedford and Black
Lake) Siberia (Perm and Irkutsk) and type: Crocidolite or
blue asbestos, Chrysolite or white asbestos, Amosite and
Tremolite asbestos

- S: High resistance to heat and acids, low heat and electric
conductivity high splittable and splits by itself until floating
in air and hazardous to lungs and breathing.

- T: Past: Insulation material, in blends with cement for
construction felts.

- Due to cancer risks the production and use in no longer allowed

Further detailed properties of selected fibers can be found in chapter 11 "Fiber Table" at the end of
this book.



1.4 Economic Development

Between 1900 and 1960 the production of chemical fibers increased from practically zero to about 3
million tons p.a. (i.e. an annual increase of about 50,000 tons. Then it increased to about 21 million tons
p.a. until 1990 (i.e. an annual increase of about 600,000 tons p.a.). In 1946 the activities of the synthetic
fiber industry were limited to three corporations with a total production of 21,000 tons p.a. on a semi
industrialized scale and remained tied to the chemical fiber industry until 1960. In 1960 its worldwide
production was 700,000 tons p.a. After that the fast growing production was partially independent of the
chemical fiber industry and reached about 18 million tons p.a. in 1990, an average annual increase of
about 580,000 tons. Figure 1.5 (graphs d-e) shows that the increase from 1960 on was almost exclusively
due to synthetic fibers, while the production of chemical fibers and natural fibers remained almost
constant—see also Table 1.2 [30, 33]. Also the number of production facilities for synthetic filaments and
fibers increased from 511 in 1965 to about 1300 in 1985 (Table 1.3), while there were only 166 chemical
fiber plants left.

The expansion of the synthetic fiber industry did not happen continuously. It was interrupted by
several recessions around 1973 and 1981 as well as in 1991/93 (Fig. 1.6), where in some cases the
production capacities even had to be reduced.

This overall development was caused by:

• the tremendous increase in the world population from about 3 • 109 in 1960 to about 5.3 • 109 people
in 1990, or an increase around 1990 of 1.8% p.a.;

• the continuously increasing demand for textiles by individuals from about 5 kg/year and person in
1960 to about 8.0 kg/year and person in 1990 (Fig. 1.7). There are however significant regional
differences from about 1 kg/year and person in Central Africa to about 24 kg/year and person in the
USA;

• since 1980 the increased demand in home furnishings and technical textiles;
• the limits in agriculturally useable area that limits the increase of natural fiber production.

Figure 1.7 also shows that the per capita consumption since 1960 could only increase because of the
synthetic fiber production (curve c).

This allows some conclusions with respect to the annual investment volume of the synthetic fiber
industry. If the average lifetime of an existing production facility is assumed to be 20 years, 5% need to
be re-invested annually, i.e. today for about 1.1 million tons p.a. Investment for expansion needs to be
added, and according to Fig. 1.8 these additional capacities range from 0 to 1.6 million tons p.a. This

Figure 1.5
World production of textile fibers
a) Total
a)-b) Cotton
b)-c) Wool
c)-d) Silk
d)-e) Synthetic filaments and

fibers
e) Chemical filaments and

fibers (mainly
hydrocellulose and acetate)Year
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Table 1.2 Global Production of Different Textile Fibers (1000 t/a)

Synthetic
total7)

%a6)

-12.6
-24.3
-19.4
-10.0
-7.4
-1.4
-9.0
-5.5
-7.7
-4.4
-3.6
-0.5
-3.0
-3.0
-3.0
-2.5

Natural fibersSyntheticRayon and acetate
%5)

3458
3913
5158
5320
6740
8555
5999
8992

12715
14998
18923
22116
24680
30652
30906
34053
37091
38640
39520
41461
41440
42162
42196

Total

100
100
99.9
99.7
96.9
86.8
89.7
81.2
79.7
78.1
70.8
61
54.1
50.6
53.4
50.2
51.0
49.9
49.0
50.0
50.0
49.0
48.9

%

32458
3912
5153
5305
6532
7424
5371
7299

10032
11690
13400
13484
13346
15524
16417
17255
18921
19281
19373
20732
20744
20651
20618

Silk

0.3
0.4
0.4
0.5
0.8
0.7
0.2
0.2
0.2
0.2
0.17
0.18
0.18
0.17
0.18
0.16
0.15
0.14
0.144
0.16
0.16
0.16
0.16

Raw

12
17
23
27
52
59
11
19
29
30
32
40.8
45
53
55
55
56
56
57
66
66
67
67

%

21
19
15.7
15.2
15.3
13
17
11.8
10.0
10
7.8
7.5
6.4
5.2
5.2
4.9
4.5
4.4
4.4
4.6
4.6
4.6
4.2

Wool

726
730
810
808

1000
1135
1040
1060
1263
1440
1484
1659
1578
1599
1624
1672
1684
1731
1764
1933
1964
1934
1793

%

79
81
84
84
81
73
72
69.3
69.4
69
62.9
53.0
46.1
44.9
47.4
45.2
45.6
44.7
43.9
44.7
49.2
44.2
44.5

Cotton

2720
2165
4320
4470
5480
6230
4320
6220
8740

10250
11884
11784
11343
13872
14738
15528
17181
17494
17552
18733
18714
18650
18758

%5)

0.1
0.3
0.9
3.1
4.7

11.0
22.8
32.9
37.9
36.5
39.4
40.2
41.6
42.4
41.9
42.2

443.4
44.7

total

5
17
82

388
701

2077
5047
8118

11606
11295
13411
14929
16073
16776
17387
17481
18311
18863
19341

others

-10
-70

^100
140
165
210
260
340
380
460
520
580
640
720
760
790

Olefins

^80
338
716

1048
1048
1312
1723
1909
1994
2141
2227

23004)

2280
2160

PAN

30
105
388

1010
1418
2048
1977
2352
2456
2478
2428
2340
2224

24663)

2408
2388

PA-
filaments

5
17
70

266
407

-1040
1924
2462
3234
2913
3342
3411
3645
3793
3901
3812

36172)

3612
3696

PET-
fibers and

« 10
« 82
« 119
« 469

1635
3357
5066
5097
6065
6959
7581
8041
8425
8578

92081}

9803
10209

total

0.9
5.4

14.5
208

1126
602

1611
2295
2607
3446
3585
3216
3522
3194
3387
3241
3286
3371
3342
3251
2861
2715
2685

fibers

3.2
585
200
739

1252
1465
2074
2194
2068
2392
2227
2428
2307
2371
2421
2415
2351
2068
2039
2029

filaments

0.9
5.4

14.5
205
541
402
872

1043
1142
1372
1391
1148
1130
967
959
934
915
950
927
864
793
676
656

World
popu-
lation

1.550
1.686
1.811
2.070
2.295

2.516
2.757
3.019
3.324
3.693
4.076
4.453
4.586
4.763
4.917
5.024
5.112
5.201
5.292
5.384
5.477
5.572

Year

1890
1900
1910
1920
1930
1940
1945
1950
1955
1960
1965
1970
1975
1980
1982
1984
1986
1987
1988
1989
1990
1991
1992
1993

The numbers vary in the literature by about 5%, because the basis on production,
demand, sales, or end-use are usually not defined; foil yarns and fibers are based on
estimates.

Remarks:
Filament (%): 1} 46 2) 83 3) 0.2 4) 5)

Staple Fibers (%): 1} 54 2) 17 3) 99.8 4) 985)

5) including about 65,000 t foil yarns and fibers
6) of total7'



Table 1.3 Number of Producing Firms by Production and Region

Year Region Acetate Rayon PAN PA PET Others Z PP*

19
90

 
19

85
 

19
75

 
19

65

Western Europe 15 80 21 61 28 27 232 18
Eastern Europe 9 47 13 30 13 6 118 3
North America 11 20 9 42 22 19 121 38
South America 8 14 2 23 15 1 63 1
Asia 11 37 15 33 21 26 143 21
Africa - 3 - 3 1 - 7 1

Total 54 201 60 192 100 79 684 82

Western Europe 12 50 26 76 57 16 237 121
Eastern Europe - 26 7 12 10 3 58 10
North America 9 10 10 50 55 18 152 74
South America 8 13 4 39 33 2 99 45
Asia 6 34 16 63 67 22 208 45
Africa - 2 - 2 3 - 7 1

Total 35 135 63 242 225 61 761 296

Western Europe 12 25 30 91 66 19 206 117
Eastern Europe - 33 10 19 20 3 52 18
North America 8 7 12 44 44 10 125 104
South America 8 9 6 60 50 4 137 52
Asia
Oceania 6 56 21 85 131 19 318 61
Africa - 2 - 3 7 - 12 3

Total 34 132 79 302 318 55 920 355

Western Europe 7 21 18 71 56 14 118
Eastern Europe 4 41 8 24 21 4 20
North America 5 5 8 48 48 12 99
South America 6 4 4 37 36 3 48
Asia
Oceania 9 58 28 75 124 3 65
Africa - 3 1 8 15 4

Total 31 132 67 263 300 36 829 354

*) Polypropylene spinning facilities, usually smaller capacities of about 10. . . 100 t/24 h.

means that equipment manufacturers for the chemical and synthetic fiber industries have to adjust to
deliveries between 1.1 and 3.7 million tons p.a. within an 8 to 9 years cycle. These numbers closely
match those of engineering firms and equipment manufacturers [34]. In 1990 engineering firms built 39
installations worldwide with a combined capacity of 0.8.. .0.9 million tons p.a. Using average capacities
of production units these capacities for 1990 equal 14 large staple fiber units with about 100 tons p.d. and
50 to 100 filament units with 20 . . . 10 tons p.d. and 36 compact spinning units of each 14 tons p.d. These
numbers also allow the conclusion that there are approximately 280 staple fiber units and between 2200
and 1100 filament units currently producing.

Figure 1.8 demonstrates the production development from 1970 to 1990 by the three major polymers
and for 1990 also by regions. Table 1.4 also shows the production development by regions, and Table 1.2



Calculation Base: The former Year

Figure 1.6 Annual increase or decrease of synthetic fiber production as an indicator for the annual investment rate

the breakdown by filament and staple fiber for the most important polymers. Not mentioned in Table 1.2
are polyolefines, where staple fibers and BCF make about 90% of the production.

The stagnation of synthetic fiber production in the highly industrialized countries does not mean that
the industry is being reduced in those regions. Only the production of commodity items is being moved to
the low cost countries, while in Western Europe, the USA and Japan more high tech fibers are being
produced—low quantities relative to the total production, but with a high production value.

At the same time one tries to reduce production cost by using ever bigger units and more automation.
This is only possible as long as companies in the rest of the world, e.g., Taiwan and South Korea, do not
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World production
of chemical f ibers 1993 per region

South East Asia
40%

A)
(in mio tons /y )

Other synthetics and chemical fibers
Polyacrylonitrile
Polyester
Polyamide

Japan 9%

JJSA 19% B)

C)

Eastern
Europe 7%

Latin
America 5%

Others 4%

Western
Europe 16%

Parts of the world production
of synthetic fibers

Fibers Filament

Figure 1.8 Break down of the
global production of synthetic fibers
and filaments
A) By fiber type
B) By region: USA 23%, Western

Europe 18%, Japan 9%, all others
50%



Table 1.4 Global Synthetic Fiber Production by Region or Country

Western Europe
w/o FRG

Eastern Europe
w/o GDR
w/o USSR

East Asia
w/o Japan
w/o South Korea
w/o Taiwan
w/o India
w/o Indonesia
w/o PR China

Mid East,
Oceania, Africa
America

w/o USA, Canada
Mexico
Brazil

Others

Total

1960

246

?

129

288

701

For comparison (world total)
Cigarette (acetate) tow production
Glass fiber production

1970

984.2
490.8

4152.9
40.0

1665.5
6.1

968.7
42.9
40.8
15.6
0

11.1
26.5

120.2
1571.5

46.7
41.1

156.8

4876.3

1980

10779

1986

1893
745
660
158.8
757.8
219.5

1382
862.4

1232.1
220.7
164.2
747.4
207.1

193.7
3058.4
296.3
237.0

1022.8

14058.2

362
1449

1988

1972.9
751.1
695.2
163.5
868.8
281.0

1381.0
1115.0
1430.2
321.6
194.8

1074.3
232.7

197.5
3244.2
345.9
239.7

1141.1

15650.5

422
1845

1990

1822.7
778.8
821.1
131.4
913.5
400.3

1425.0
1189.9
1621.5
430.9
270.0

1309.4
219.7

212.1
3002.3

323.3
206.1

1628.2

16497.4

462
1826

Filament
% (1990)

38.3
47.1
49.4
45.6
49.4

49.3
52.9
53.5
60.1
58.6
38.6
50.8

45.3
40.8
58.2

46.4

do the same. When increasing a plan production unit the production costs can be approximated from
those of a smaller unit as follows:

K2=C2- (raw material costs) + (C2ZC1)
06 • K1 (1.1)

K total cost Index 1 smaller unit
C capacity Index 2 larger unit

This means that the raw material costs increase proportionally with the capacity (neglecting improved
terms in purchasing and transportation), but all other costs increase only with the 0.6 exponent to the
capacity. If for example K2 = 2 • K1, these costs will only increase by 52%. The fiber production in a
240 tons p/d. unit with 2000.-DM per ton raw material cost and 1000.-DM per ton other cost will reduce
the cost per ton to 276O.-DM/t instead of 3000.-DM/t when doubling the capacity.

The useful size of a unit can only be determined when knowing all the facts about the regional
conditions and the market. This is also true for the integration of such a unit into a larger corporate
complex. Thus today unit sizes range from about 10 tons p.a. to 2- 70,000 tons p.a. in the USA to a
polyester plant in the PR China with 9-70,000 tons p.a. [36, 37] (now going to 18-70,000 t/a). The
following overview may prove useful:



As continuous polycondensation units with 200.. .400 tons p.d. and a directly connected fiber
spinning unit can only produce one standard product for a long time period, the problems shift from the
technical production to the marketing side of this standard product. In the above mentioned example of
the polyester facility in the PR China, however, the production represents only 0.5 kg per year and
person.

Chip production and synthetic fiber production are part of the chemical sector, and the question needs
to be asked, what percentage of the production of a chemical company or group of chemical companies
should be for fiber production. If the production starts from the polymer chips it is practically
independent and can be almost 100%, but usually those productions are connected with a specific
textile corporation. For larger polymerization units, byproducts have to be used. Part of the polymer
production can be sold in form of chips to the plastic industry or other spinning plants. For these
combinations a fiber part of 30. . .50% of total sales proves to be useful. If on the other hand filaments
and fibers are produced in large chemical corporations, the recessions of 1973 and 1981 showed that large
corporations with more or less exclusive fiber production could not survive and had to merge with
chemical corporations of similar sizes (e.g., Enka (AKU) b.v. with Zoon b.v. to become Akzo b.v).
Others were already part of a chemical corporation (e.g., Hoechst AG, Bayer AG, Rhone-Poulenc S.A.
and others) and could cover the sometime losses from their fiber production that way. Also vertically
integrated groups (like Beaulieux S.A. as a carpet producer) had better survival chances. This experience
showed that synthetic fiber production should only amount to no more than 20% or even better less than
10% of the total corporate sales, so that losses from fiber production could be covered more easily. The
large number of small production sites mainly survived by producing specialties that cannot be produced
efficiently by the large producers either because the production quantity is too limited or the required
flexibility is too high.

1981 Falkai [23] published a graph showing the relation between the sizes of the production units and
the sizes of the factories for PAN fiber production (Fig. 1.9). The smallest economical wet spinning unit
he sees at 5000.. .7000 tons p.a. ( = about 24 tons p.d.), the smallest economical dry spinning unit at
10,000 tons p.a. ( = 30 tons p.d.), what should equal about 64 dry spinning chambers per machine. The
smallest PAN fiber units must have considerably larger capacities than comparable melt spinning units,
because they can only produce economically when recycling the solvents, spin baths, etc. Generally one
counts on the use of about 75% solution and 25% dry substance. One also has to account for about
3 .. .7% losses when recycling the solvents.

Unit size

kg/24 h

50. . .500

200...2000

7000

4000.. .40,000

80,000...160,000

400,000

tons p.a.

15...150

50...600

2200

1300...13,0OO

27,000.. .54,000

130,000

Type of unit

Filament unit

Speciality
filament

Filament unit

Compact unit
Small (preferred

autoclave)
Polycondensation

and spinning
unit

Large
(continuous)

Polycondensation
units and others

as above

Usage

R&D

speciality yarns

Production

Production

Fiber production
Production

Large scale
production

as above

Preferred
countries for
investment

USA, Western
Europe, Japan,

PR China

as above

everywhere

everywhere
India, Indonesia
South Asia, East

Asia

PR China,
Taiwan, former

USSR

USA



1.5 Price Developments

Other than many commodities synthetic filaments and fibers have dropped in price since about 1950
except for a price increase during the oil crisis. This reduction in price is due to the considerable increases
in capacity of the units without requiring significantly more labor. Labor intensive production has been
moved to the low wage countries. An other factor is the fast worldwide communication that leads to

Table 1.5 Price Development of Monomers and Auxiliary Materials (DM/kg)

Year Caprolactam

1948 8.40
1958 5.40
1964 3.60
1968
1978
1988
1989
1990 3.10...3.30"

2.942)

AH-
salt

8.00
5.50
4.00

3.00

DMT TPA

5.60
3.00

3.00

1.23
1.20 1.231}

0.91...1.042)

Ethy-
lene

giy-
col

1.50

0.76

1.17

ACN

3.15
1.20

1.25
1.50

Toluol
ene

0.21
0.193
0.321
0.472

Benzene

0.258
0.246
0.402
0.664

0.80

Dow-
therm

2.64... 3.47

3.60... 6.80

Spin
oil

2.80... 4.70

TiOP2

(AN
at-
as)

3.20

6.00

AH SAIt = Monomers for PA66
DMT = Dimethylterephthalate

ACN = Acrylonitrile
TiO2 = Dulling Agent

1) Germany
2) USA and Far East

Figure 1.9
Production plant and production line sizes of a PAN
plant (approximately 1980) [23]

Year

Figure 1.10
Approximate price development from 1950 to 1990 for
c) Viscose staple fiber
b) Cotton
a) Polyester staple fiber (cotton type)
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Table 1.7 Development of Yarn and Fiber Prices from 1936 to 1988

Natural fibers
Cotton, Egypt, cat.g

USA, middle
Wool, mere, 64 s

64 s
Japanese raw silk
Flax, water-roasted

Regenerated fibers
Viscose fibers
1.5 denity H"

Acetate fibers

Regenerated
filaments
Viscose 150/27
den pirn
Acetate filaments
Cupro 150/112 den

Synthetic fibers
PAN, dry spun
wet spun

PET 3 den
1.5 den

PA 6
PA 66
PP 3.3 dtex
6.7.. . 7 dtex

1936

1.46
0.80
2.77
1.39
5.51
1.29

1.10

3.46

- / -

1948

7.30
3.13
10.99
3.26
13.51
3.41

.1.02

3.24
2.95

5.46

22.40
21.10

21.20

1954

4.60
3.15

13.84
7.95

49.91
3.72

2.59

2.96
2.95
4.70

6.35

14.82
12.96

14.82... 15.56

14.75
13.80

1958

4.46
3.43

10.69
8.32

46.24
3.63

2.59

2.35

3.91

5.98
6.11
6.70

11.90
10.70

11.67... 13.10

12.90
11.90

1968

2.55

4.08 . . . 4.95
2.78

-

10.40

4.75

9.40
9.50
7.80

1978

3.32

2.86

-

: }

2.67

1988

2.70

_

-

2 .91 . . . 3.96

3.00... 3.30

4.16
3.16

2.75
3.12... 3.21
3.50... 3.90

3.08
2.98
2.73
3.58... 4.37

-6 .00
2.60... 2.30

Region

D
D
D
D
GB
GB

GB
Japan
USA
D
D

GB
USA
USA

USA

Western
Europe
Japan
Korea,
Taiwan
USA, GB
USA
Western
Europe
Japan
Taiwan
Korea

Table 1.6 Development of Polymer Prices between 1958 and 1990 (DM/kg)

Chips,
etc.

1958
1988
1989
1990

PAN
powder

3.80... 4.00

^3.60

PA 6

7.00

3.90... 4.1

PA 66

7.40

4.20

1) [!/]«0.63...0.67
2) cheapest: 1.30 DM/kg from Far East

PET1)
FGR

7.60

2.30... 2.45
2.18.. . 2.3

PET1)
USA

7.00
2.38
2.00
2.20

PET1)
lowest

1.90
1.70

PET

M = LO

2.45

PP

<2.40
2.04... 2.292)
1.50... 1.80



underbidding of prices of intermediate and final products, especially from Far East countries. These low
price materials are often of good quality because the companies work with the most modern production
equipment.

Table 1.5 shows that prices of the most important monomers (Caprolactam, AH-salt, DMT, and TPA)
have dropped from 8 DM/kg in 1950 to about 3 DM/kg in 1988, for acrylonitrile from 3.50 DM/kg to
about 1 DM/kg. The same is true for the prices of polymer chips (PA and PET), according to Table 1.6
from about 8 DM/kg to 2 .50 . . .4.00 DM/kg. PP chips by now have reached prices of only
2.00. . .1.50 DM/kg or lower.

This price development of course influences the prices of the final products as can be seen in Table
1.7. Most of the commodity synthetic fibers today have prices between 3.50 and 5.00 DM/kg for standard
titers. Non-textured filament yarns with more than 30 den are available for 8.50. . .10.00 DM/kg.

Table 1.8 Price Indices for Chemical and Natural Fibers in Germany [33]

Number Year 1973 1978 1983 1986 1988 1990

581 Synth, filament yarns 101.0 84.5 95.5 100.4 889.7 96.8

580 Synth, staple fibers 77.8 73.4 90.5 100.6 91.7 90.7
579 Synth, filament yarns and staple fibers 90.3 79.4 92.9 100.5 90.6 93.8
578 Cellul. filament yarns and staple fibers 57.9 73.4 93.7 103.0 105.7 109.1
577 Chemical fibers, total 92.3 78.2 93.1 101.0 93.6 96.9
793 Textured yarns 110.8 87.2 97.2 104.1 93.9 102.3
118 Sheep wool 139.6 85.7 118.3 94.9 145.2
116 Cotton 93.4 89.3 119.5 72.8 73.5

Table 1.7 (Continued)

Synthetic filaments
PA 6 15/1
30/13.. .21
840/140
22/7 textured

BCF
PA66 33.. .44dtex

840/ den
22/7 textured

BCF
PP BCF, spun dyed
PET pirn/bobbin

70 den
100 den
150 den

1100 den
POY 150 den

75 den

Textured 70 den

100 den
150 den

1936 1948

114.00
54.00

1954

64.50
32.50
13.70

14.20

1958

48.50
22.14
11.10

22.50

11.10

18.60

13.90

1968

30.10
19.20
8.10

19.20

8.10

13.00

5.40

1978

7.35

5.88
5.58

1988

8.30... 8.90

12.40... 12.90

-6 .00
8.50... 9.000

6.30
8.50-9.45

-6 .00
5.00
3.72-4.40

4.00.. . 4.20

3.33 . . . 3.49

6.31

5.05
4.77

Region

Western
Europe

Western
Europe

Western
Europe

Western
Europe
USA,
Korea,
Taiwan
Western
Europe



Polyester

Polyethylene

Polypropylene

Polyamide 6

I Polyamide 610

Polyamide 66 (Nylon)

Polyformaldehyde

Polyurethene

Copolymeres

Polyacrylonitrile

Polyvinyl alcohol

Polyvinyl chloride

Sebacic Acid
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DimethylterephthalateTerephthalic Acid

Ethylene Glycol
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Ammonia

Acetylene

Figure 1.11 Raw materials and their intermediate steps to the polymer.
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Textured PET multifilaments of 70 den are around 6.50 DM/kg and of 150 den only about 5.00
DM/kg if a good deal is available. PP staple fibers of 6 den can be purchased as low as 2.60 DM/kg
and of 10 or 15 den as low as 2.30 DM/kg in large order quantities. Flat PP filament yarn den 1000 f 72
is offered for 4.10 DM/kg; BCF texturing is 0.50 DM/kg, and spin dyeing is depending on the dyestuff
0.40.. .0.80 DM/kg more expensive.

This price development can be seen in the comparison of polyester staple fibers, cotton, and rayon
staple fibers in Fig. 1.10 and in Table 1.8 with the German price index for different fibers and yarns
between 1973 and 1990.

1.6 Raw Materials

In 1964 Fourne [30] published a schematic graph on the natural raw materials leading to monomers and
polymers that is still valid today. Certain quantitative shifts between petroleum, coal, and natural gas due
to price increases of individual raw materials might repeat or reverse themselves today, e.g., from
petroleum to coal, if mineral oil experiences a shortage or a price increase. Speculative thoughts about
starting from sand, limestone, water, mineral salt, air, as it is theoretically possible, are not realistic at this

Table 1.9 Monomer Capacities 1988/90 (in 1000 t/a)4 [39]

Caprolactam DMT TPA Acrylonitrile

EC 8751} 10002) 9353) 1275

Eastern Europe 950 631 60 550
USA, Mexico 600 2065 1845 1140
Latin America 80 100 150
Japan 475 335 1060 580
Taiwan 660
South Korea 500
India 145
PR China 245 260
Africa 130
Others 270 123 ? 305

Total 3300 4624 530 4000
(4960) (6550)

Table 1.10 Global Monomer Capacities and Fiber Production

Monomer Year Capacity Fiber production
(1000 t/a) (100 t/a)

Caprolactam 1988 3129 1 ~.™
AH-salt >3000 J
DMT 1988 4715 1 R f U 1

TPA 1988 7355 I
ACN 1987 4000 2478
PP, PE 1988 »2000 1994

m 470

Total 16776



Figure 1.12 Model of a polyamide 6 polycondensation plant for approximately 40 tons/24 h chips [50]
Lower right: Storage bins for molten caprolactam;
Upper left: The preparation and mixing vessel; vertically: three VK tubes, each with approximately
10 m3 volume; underneath: stringth quenching troughs (water quenches) with take-up and chip cutters

Figure 1.13 Polyester finisher for approximately 130 t/24 h [42]; inner volume approximately 40 m3 corresponding
to about 3 m diameter • 7 m length



Figure 1.14 Three floor polyester filament spinning plant [44]; upper: Spinning extruder deck with insulated melt
distribution piping; middle: Spinning heads with air quench chambers; lower: Ground floor with POY
take-up machines (with godets)



Figure 1.15 Draw texturing plant with FK6 false twist draw texturing machines [44]

point of time due to the tremendous amount of energy required [23]. In 1979 only 6% of the mineral oil
were used for the petrochemical industry and only 0.33% for the synthetic fiber industry. Within the
scope of this book major shifts in the raw material supply are thus unlikely.

The required amount of raw petroleum (naphtha) for each one ton of PA is 2.7 tons, PAN is 2.3 tons,
and PET is only 1.6 tons. Thus the synthetic fiber production in 1987 consumed about 30 million tons of
naphtha with an annual rate of increase of about 5 million tons. One ton of mineral oil only contains
about 20% of naphtha, which results in an annual increase in consumption of 25 million tons crude oil.
This total consumption of crude oil might result in a return to more coal, which would result in a
significant price increase.

Chemical fibers enjoy the advantage of natural raw materials that grow again, wood cellulose or
cotton lint and rather simple auxiliary materials (NaOH, H2SO4, CS2, CH3COOH, (CH3)2CO, etc.) and
are generally available, so that there should not develop any problems other than environmentally.

The world production of the most important monomers is shown in Table 1.9, where the increase of
the TPA capacities is particularly striking [39]. Table 1.10 also compares the monomer capacities to the
fiber productions.

Another important source of raw materials can be provided in the recycling of used textile materials.
Waste generated during the production (3 .. .10%) is recycled in some form already today. Recycling of
used textile materials at today's state of technology is still a major problem—partially due to the lack of
classification, partially due to the contamination, finishes, and dyestuffs etc.

Figures 1.12 to 1.19 shall provide a first impression of equipment used for the production and
finishing of synthetic filaments and fibers, as described in more detail in the following chapters with the
help of drawings. The texts under the figures should be self-explanatory.



Figure 1.17 Two-staple fiber aftertreatment lines for approximately 200 tons/d capacity [43]

Figure 1.16
Carpet yarn spin-draw-texturing plant for
BCF [45]



Figure 1.19 Areal view of a complete production plant for polyester and polyamide 6 filaments, staple fibers, chips,
synthetic thermo bonders and other specialties. Start of construction around 1950 from a wood
saccharisation plant; extended and reconstructed in phases; photo of 1992 [48]
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2 Polymer Specific Processes

2.1 Polymerization, Polycondensation, and Polyaddition

Polymers suitable for the production of synthetic fibers are all created by linking atoms or atomic groups.
This can be done by three reactions differing in their chemo-physical process [1, 6]. This chapter
primarily deals with the engineering problems of the necessary equipment and machines in the process
sequences. There are far more polymers that are suited for fiber formation; they are not covered here,
because they can be produced on very similar equipment but are not relevant from a market or quantity
point of view today. The production of the monomers from the raw materials is also briefly addressed.
Figure 2.1 shows the formation mechanism of synthetic polymers [411].

2.1.1 Polymerization

This is the linking of low molecular monomers to long chain molecules with uniform links (e.g.,
Polyamide, PA). If different links are combined (e.g. Dynel®) the process is called co-polymerization.
Monomers have to be activated to polymerize, e.g., by heat and/or catalysts or simply by light (e.g., vinyl
chloride).

Only chemical compounds with double bonds ( -CH 2 =CH 2 - or -CH2=CH-Cl) can produce chain
molecules in this sense, e.g., polyvinyl chloride is produced from vinyl chloride:

Figure 2.1 Formation mechanism for synthetic polymers [411]
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Also included in the polymers are polyacrylonitrile (PAN), the polyolefines, polyvinyl alcohol
and the like. With respect to poly amide 6 the opinions are split whether the production is polymerization

CH2=CH-CI + CH2=CH-CI 4- C H 2 - C H - C H 2 - C H - C H 2 - C H - • • • (2.1)
vinyl chloride Ql QJ QJ

polyvinyl chloride

or polycondensation; both descriptions are used. Polyamide 66, however, is certainly created through
polycondensation.

2.1.2 Polycondensation

This is a linking of low molecular compounds while simultaneously splitting off byproducts, e.g. water,
alcohols etc. The relation of the raw materials to each other determines the average molecular weight.
Upon completion of the polycondensation all byproducts have to be removed, because they will influence
the polycondensation equilibrium. Polycondensation happens according to the following scheme:

Within this book the most important polycondensation products are the polyamides (PA66,
PA610, PAIl etc.) and polyester.

H2N-R-COOH + H2N-R-COOH + NH-R-CO-NH-R-CO- • • • + H2O (2.2)
co-amino acid polyamide water

2.1.3 Polyaddition

Poly addition is the linking of low molecular polyfunctional compounds. The stoichiometric relation of
the reaction elements and the chemo-physical mass equilibrium determines the chain length. Polyur-
ethane is produced this way:

HO-R-OH + OCN-R1-NCO -I- HO-R-OH + OCN-R1-NCO +
glycol diisocyanate (2.3)

— R-O • OC • NH-R1-NH • CO • O - R - 0 • OC • NH-R1

polyurethane

2.2 Polyamides (PA)

2.2.1 Introduction

Only a few of the many known polyamides [1] have reached large scale significance for spinning. Of the
few in Table 2.1 only polyamide 6 (PA6) and polyamide 66 (PA66) came to large scale production.

The naming follows the number of C-atoms in the basic molecule: PA6 contains 6 C-atoms, PA66 has
6 + (4 + 2), with the latter one for the combination of a diamine with a dicarbon acid. As the number of
C-atoms increases, the melting point decreases; with the combination of diamines it is also lower for an
even number of C-atoms than for an odd number [I]. Copolyamides, e.g. from PA6 and PA66 or PA 610
also have lower melting points below the connecting line of the two individual melting points [I]. Co-
polyamides from three components (see Chapter 2.12.6) [3, 4] are used as thermo bonders or thermo
fibers. Quiana® [5] has excellent textile properties, but production discontinued due to its high cost.



Table 2.1 Important Polyamides for the Production of Textile and Industrial Yarns

n

£(%) at a relative
humidity of

Monomers

CH7-C = O

CH2-CH2

CH2-CH2-CO

CH2-CH2-NH

H2N-(CH2J5-COOH

H2N-(CH2)1()-COOH

H9N-(CH2J4-NH
+ HOOC-(CH2)4-COOH

H2N + (CH^)6-NH2

+ HOOC-(CH2)4-COOH

H2N + (CH2J6-NH2

+ HOOC-(CH2)8-COOH

Examples

Perlon®

Enant

Rilsan®

Stanyl®

Nylon

yg/cm4 <rBg/dtex g/dtex-% awet/oB (%) EB (%)

1.25 70.. . 80

1.13...1.14 4. . .11 41 85...90 24...40

1.10 8.1... 8.5 46. . . 49 92 14... 16

1.08 48 14... 22

1.18 8 30...32 14

1.14 8.2... 8.7 54 85 18

1.09 5 . . . 6 15... 20

100%

28

9.5

9. . .10

65%

4.5

2.8

1.5.

4.5... 5

3.5

2

TG (0CJ

35.. . 44

82(£ = 0%)
-5(C = 65%)

42

TP (0C)

260... 265

215

225... 233

185
175

290

255... 260

209... 223

from/and

y-butyrolactam

e-aminocaprolactam
or -caproic acid

co-aminoheptane acid
(oenanth acid)
e-aminoundecane acid
laurin lactam

diamin
+ dicarbonic acid

1.4 diaminbutane
+ adipic acid

hexandiamine
(1.6) + adipic acid

hexandiamine
(1.6) + sebacic acid

PA

4

6

7

11
12

46

66

610



2.2.2 Polyamide 4 (PA4)

Mentioned frequently since 1955, but never entering industrial production, PA4 is produced from
butyrolactam, 2-pyrrodilinon or a-2-pyrrolydone [7]:

(2.4)

The monomers are obtained by pressing acetylene through a dehydrated solution of calcium
pyrolidonate in 2-pyrolidone. The addition of butyrolactam improves the yield, just as a carboxylate
salt as a catalyst. According to Baeskai [8] it is possible to reduce the polymerization time from 2 .. .3
days to 2 . . .3 h with 70% turnover for the required molecular weight with a quaternary ammonium
compound [9].

Melt spinning is quite difficult, because the melting point is only about 2 . . .3 K under the
decomposition temperature. The production is also too expensive; the yarn has a very low elastic
modulus; it fibrillates during washing and texturing does not provide sufficient stability.

2.2.3 Polyamide 6 (PA6)

After Carothers assumed that caprolactam could not be polymerized [10], Schlack managed to
polycondensate caprolactam to PA6 in 1938 [H]. In the countries east of the German border the
production of PA6 was quickly established after that, especially for parachute silk. West of this border
PA66 was produced as "Nylon". After 1945/47 the production of stocking silk 15 den fl and 60 den fl3
started: The first West German installation was at Vereinigte Glanzstoff-Fabriken AG in Obernburg/Main
with 16 spinning heads for a production of about 200 kg/24 h. In 1951 Fourne built the first Perlon®
fiber installations with 2 x 3 t/24 h for Schlack in the plant Kunstseidefabrik Bobingen. These capacities
today reach 70 t fibers/24 h per installation respectively 330 kg/24 h per spinning position with dtex 44
f8.

2.2.3.1 Production Process for Caprolactam

The originally mostly used process started with phenol gained from the carbonization of pitcoal.

phenol cyclohexanol

with Ni catalyst
(150-2000C)

dehydration via
granulated zinc

cyclohexanon

(2.5)

cyclohexanonoxim
(raw oxim)

oxim is wet separated above the melting point

Beckman's rearrangement in concentrated H2SO4

s-caprolactam



The partial dehydration of cyclohexanol to cyclohexanon (SP = 88 0C) is done catalytically via
granulated zinc. It is also possible to work oxidatively in the liquid state with chromic acid or in the gas
state with air and fine dispersed silver as a catalyst [13].

To change cyclohexanon with a solution of hydroxylamindisulfo acidic sodium (directly gained from
sodium nitrite and sulfur dioxide), the acid is gently weakened with alkalic lye or ammoniac. Beckmann's
rearrangement [14] of the oxime with 7Z-H2SO4 is so severely exothermic that it is useful to let both run
into the stirring vessel under good cooling, and drawing out consistent amounts of caprolactam.
Neutralization of the sulfur-acidic lactam solution is done with ammoniac or ammonium bisulfite.
Lactam will split off as an oily layer on top of the sulfate solution. Purification is achieved by two vacuum
destinations, first via phosphoric acid and then via soda lye (S?= 120 0C at 10 mm Hg). The lactam is
flaked out and packed air and water tight. The yield in the phenol, the cyclohexanol and the cyclohexanon
phase is each around 95%, but it is considerably lower for cyclohexanonoxime and lactam. For each 1 kg
caprolactam approximately 2.8 .. .3 kg ammonium sulfate are produced, that in limited quantities can be
used as fertilizer.

According to Schwartz [15] since the 1970s cyclohexane can be transferred through air oxidation into
a mixture of cyclohexanol (anol) and cyclohexanon (anon) and other oxidation products. Cyclohexanol
and cyclohexanon are separated from each other and the remaining byproducts. The latter produces also
cyclohexanon by dehydration, that can be changed to caprolactam and ammonium sulfate or only to
caprolactam according to the following scheme:

Cyclohexane is gained from petroleum or by hydration of benzene; it is available in vast quantities.

2.2.3.2 Polymerization of Caprolactam to Polyamide 6

The final polymer product of this reaction is

(2.7)

The degree of polymerization n for spinnable products is between about 130 and 250 (lower values
for textile fibers, high values for tire yarn).

Polymerization can take place hydrated or dehydrated. With water (i.e., hydrolytic polymerization)
three reactions happen parallel to each other:

• With water or water repellent materials [16-21] the first reaction is a hydrolysis of caprolactam while
opening the rings to the free acid and then the polycondensation while splitting off the water.

• Parallel there is a direct addition of caprolactam to the opened lactam radicals [17].
• In addition to this there is a possible imide change that promotes the establishment of a distribution

equilibrium. This imide change moves the equilibrium of degrees of polymerization with lower water
contents [H2O] to higher values (see Fig. 2.2) [22], and the same is true for lower temperatures T.

cyclohexane

air oxidation

cyclohexanol + cyclohexanon

dehydration

cyclohexanon acetedehyde + air
peracetic acid

acetic acid

caprolactam

oxim

caprolactam + ammonium sulfate caprolactam

(2.6)



Appropriate catalysts increase the rate of polymerization [23]. The equilibrium can be calculated from

(2.8)

K follows Table 2.2 for not stabilized PA. When stabilizing for example with 0.35 mol-%
butylamine + 0.35 mol-% acetic acid the resultfor Pn — 100 is a water content (not stabilized) of
0.66% and stabilized of 0.28%, respectively for Pn = 200 of 0.17 and 0.015% [12].

Figure 2.2
Equilibrium K as a function of the water (H2O) content (in mol/mol
caprolactam)

Table 2.2 Dependency on Temperature of the Equilibrium Constant with the Lactam Rings at C 6, C 7, and C 8

[H 2 O] ( w e i g h t - % )

K

for CL 6

K at T [0C]
220

C6
800
740
770•••775
C7
C8

230

672

240

603

250

507---510

260

447

265

415
450

e.g., H2O = 415 • [-COOH] • [NH2] at 265°C
Thus follows:
Equilibrium water contents for different degrees of polymerization Pn not stabilized and with
mono-functional compounds stabilized, T=265°C

not stabilized
stabilized

100
100

H2O
Weight %

0.66
0.28

K

150
150

H2O
Weight %

0.29
0.067

Pn

200
200

H2O
Weight %

0.17
0.015

*with each 3.5 • 10~2 mol acetic acid and butylamine per mol caprolactam

The cationic polymerization in the dehydrated phase can for example be performed with amino salts
of strong acids (e.g. butylamino hydrochloride) at a similar rate as the hydrolytic polymerization with
built in catalysts (e.g. amino caproic acid), and will also result in similar monomer contents in the
equilibrium (Fig. 2.3a and b).

For comparison Fig. 2.3a also shows the alkalic polymerization (graph Na) that is about 50 to 100
times faster [30], but cannot produce a sufficiently stable polymer for spinning (Fig. 2.4). The average
degree of polymerization increases within 10.. .15 min to Pn ~ 400 to 450, only to then drop rapidly
(after 2 h to <200 and after 5 h to < 100 [31-35]).

According to Rothe [26] also the polymerization of caprolactam initiated by ammonium salts is
cationic. Also hydrochloric or phosphoric acids are quite successful; the latter, however, does not provide



Figure 2.4 A) Distribution of the degree of polymerization P of the rapid polymerization after different times of
heating: a = 5, b= 15, c = 240, d — 360 min.

B) Degree of polymerization as a function of time with different levels of concentration or
temperatures

uniform results, because phosphoric acid polymerizes by itself and thus splits off water into the system
[27-29].

Itis also possible to polymerize below the melting temperature: At 75 0C caprolactam turns into a PA
with Pn ^ 10. Caprolactam at a temperature of 85 .. .90 0C can be mixed with catalysts and poured into a
form for reaction and hardening. The heat of polymerization of only 3.2 kcal/mol will increase the
temperature by 50. . .60 K.

Stabilizing the Chain Lengths
It is useful to add a compound to the caprolactam in the case of the hydrolytic as well as the cationic
polymerization that will enter a thermo-stable bond with the end groups in order to avoid further addition
of chain links; this way a uniform polymer will be made. Such compounds are mostly acetic acid, formic
acid or adipic acid, less often stearic acid [36] or more general aliphatic or aromatic dicarbon acid or

A) Pn

d

c B) time (h)

Pw
a

b

A
%

/A
P

Figure 2.3a
Polymerization of caprolactam without water, with
initiators (0.025 mol/mol caprolactam, q = not more
extractable part of the initial caprolactam,
T= 254 0C)
a: NH2(CH2)COOH, b: NH4Cl,
c: CH3C6H4SO3H, d: CF3COOH

Figure 2.3b
Comparison of the polymerization of lactam with 0.01 mol
water (o, W) and with the same molar part of amino caproic
acid (x, ACS) ( calculated curves)

time (h !time (h)

q fmol%)



similar amines, e.g. H2SO4, HCl, NaOH or hydrochlorid salts from aminocarbon acids etc. Acetic acid
for example will form rather stable acetamide end groups:

(2.9)

According to Ludewig [37] 1 mol of acetic acid for each 50 mol of caprolactam will result in an
extracted dried PA with a viscosity of ^rei. = 1 (measured in /1-H2SO4), for each 100 mol caprolactam
about 2.0, and for each 150 mol a f/rel ~ 2.5.

The approximation for the degree of polymerization for PA6

Pn « 100 • Of161. - 1) (2.10)

shows that the chain length is denned by n = mol of caprolactam per mol of chain stopper. Figure 2.5
confirms this with a deviation of less than 10%. Traces of water have a similar result: The addition of 2%
AH-salt with water to caprolactam results in a rjrei =2.6. Without the water rjrel = 3.0. . . 3.1 is reached.
If the water is removed by vacuum from the melt, a higher molecular weight is also obtained.

Figure 2.5
Influence of a catalyst quantity on the degree of polymerization of a
caprolactam polymer Pn (according to A. Matthes)
(DP « 1240/reI - I))

The content of acetic acid in the melted caprolactam can be determined by titration with rc/10 NaOH
as follows:

1OO • 0.0060 N a = x% ace t.c a d d

25 g caprolactam (from melt)

x is usually 1/50.. .1/100 mol acetic acid/mol caprolactam, i.e. 0 .1 . . .0.05% of weight
With AH-salt and water the beginning rate of reaction increases considerably with the salt

concentration, but reaches a similar final viscosity after about 10.. .16 h of polymerization time (Fig.
2.6). The maximum is reached with or without water with about 2 . . .3% AH-salt (Fig. 2.7). With the
continuous precondensation and VK tube polymerization at temperatures of 250.. .265 0C acceptable
short polymerization times can be obtained. The resulting water vapor is withdrawn by a condenser above
the VK-tube head, but it also eliminates the entrance of oxygen from the air. It is difficult to completely

Figure 2.6
Polymerization of caprolactam with (a, b, c) and without (d) water
at 260 0C without pressure (AH salt in % of weight: a = 5, b = 2,
c = 0.5, d = 0)polymerization time (h)
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Figure 2.7
Influence of AH-salt and water on the relative viscosity 7/rel of a
caprolactam polymer after 8 respectively 16 h at 260 0C (a = without,
b = with water) polymerization time

remove this water vapor from the viscous melt, resulting in the risk of foam formation. However, the
remaining water in the melt acts as a non-controllable chain stopper and can result in inconsistent
viscosities.

The addition of larger quantities of AH-salt produces copolyamides with a lower melting point
( — 2.5 0C per 1% AH-salt). It is better to add e-amino caproic acid with a similar function, that will
polymerize into the chain like a caprolactam molecule.

Influence of Polycondensation Temperature
With an increase in temperature and all other conditions constant the rate of reaction will increase (Fig.
2.8); at the same time the final viscosity will be a little lower, mainly because of residual contents of low
molecular parts (Fig. 2.9). This contents of extract will always reform; i.e. if the extract is removed by
extraction and drying, and the polymer heated to the same temperature or molten, after sufficient time the
appropriate content of extract for this temperature will return (Fig. 2.10). For the transport of melt in
tubes the reforming after relatively short times is important (Fig. 2.10b). It also increases with increasing
water content, so that melting should be done in a dry state if possible (Fig. 2.11).

The technical polymerization of caprolactam, however, is not finished upon reaching constant
viscosity (Figs. 2.6 or 2.8), i.e. at 260.. .2400C after 2...1Oh, but several hours later that are
needed for homogenizing; this results in practically 16...2Oh.

The water soluble extract does not only consist from monomers but according to Table 2.3 also from
various oligomers, i.e. higher caprolactam compounds (di-mers, tri-mers etc.); this is important for
vacuum extraction. The boiling point of these oligomers even in the low vacuum range (<0.1 mbar) is
too high for them to be evaporated.
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Figure 2.8
Polymerization of caprolactam as a function of
time with temperature as parameter

polymerization
temperature (0C)

Figure 2.9
Low molecular parts (lactam and oligomers) of
polycaproamide as a function of temperature
[39]
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Figure 2.10
a), b) Lactam and oligomers re-

formation in fully extracted
polycaproamide as a function of
temperature and time [40];

c) with water content as parameter c )

Figure 2.11
Equilibrium reformation of lactam and oligomers in prior fully extracted molten
polycaproamide in the presence of water at 2500C [41]:
(a = dry polycaproamide, b = with 0.2% water, c = 1, d = 2, e = 10, and f = 20%,
g = 30% water in the polycaproamide)heating time (h)

Table 2.3 Extract Content of Polyamide 6 in the Polymerization Equilibrium

Types of bonds

Caprolactam
Cyclical dimers and trimers
Cyclical tetramers
Cyclical pentamers
Cyclical hexamers and higher rings

Extract content (%)

according to [4]

8.4
1.3
0.6
0.5
0.7

Extract content (%)

according to [22]
water content

mol H2O/mol caprolactam

0.2 0.5 1.0

2.5. . .3 3.. .3.5 3.2. . .4
lower values at 221.5°C
higher values at 253.5°C



On the other hand it is important for the processability of the yarns to have a content of extracts of
<2.5% as shown in Fig. 2.12 [43]: A higher content of extracts increases the number of machineability
problems considerably. PA66 (Nylon) with less than 3% (usually < 1.5%) content of extracts shows much
better processability.

Figure 2.12
Influence of the remaining extractables in PA6 on the proces-
sing properties relative to those of the fully extracted PA6 and
PA 66 yarn:
a) Flaws on a false twist texturing machine
b) on a pineapple coning machine
c) on a hosiery knitting machine

Influence of Vacuum on PA6 Melts
With the appropriate selection of catalysts or chain stoppers at only one or several intermediate surfaces
the degree of polymerization of PA6 can be increased. One step polymerization achieves a
rjrei = 2.1.. .2.8, two step polymerization a rjrei = 3.0.. .3.1, and with two intermediate surfaces (the
first one after about 15% and the second one after 50. . .70% of the total time) a f/rei. = 3.2.. .3.3 can be
achieved.

If a vacuum is arranged at the evaporation surface, r\re\ also increases considerably (see Fig. 2.13 with
A*7rel % 0.7 within about 1 h). The reasons for this are the reduction of water content and the reduction in
extract content [37]. Fourne [43] found the evaporation throughput (Fig. 2.14) of mostly monomers and
part of the di-mers and achieved at around 0.1 mbar a final monomer content of about 0.7% at 200 g/
min-m2 evaporation. The remaining extract content from dimers and oligomers was still around 2.8%.
This melt, however, is very stable: The reversing time of the water soluble extract is about two to three
times as long as with 0.2% water in the melt (after 0.5 h without water in the melt to about 0.5 .. .0.7%,
with 0.2% water to 1.4.. .1.5%). If one assumes 0.6% maximum extract content in the yarn, it will be
reached starting from 0% with 0% H2O after 17.4 min, with 0.2% H2O already after 8 min.
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Figure 2.14
,, . i (fi/m'n-m^) Continuous vacuum demonomerization of PA6 melt;
XnrOUgnpUT \ g / m m m J Monomer content as a function of the throughput Q and of the vacuum

2.2.3.3 Extrusion, Pelletizing, and Drying

Filaments and fibers for textile and technical applications today are almost exclusively produced from
chips that are extruded, water cooled, and wet extracted. To achieve higher viscosities it is possible to
combine drying with a solid phase polycondensation (see Fig. 4.49a). Stringth casting and pelletizing are
described in detail in Chapter 4.3, drying, etc. in Chapter 4.5. Crystallization is not necessary. The
optimal stringth temperature for stringth pelletizing is around 68 .. .70 0C. Ribbon casting is outdated.

Stringth extrusion produces uniform chips, preferably with 2 .. .2.5 mm diameter- 3 mm length with
a throughput of 20. . .30 kg/h • stringth. For dry pelletizing the strands are taken up at 60. . .90 m/min, for
under water pelletizing at 45 . . . 100 m/min. The wet chips are temporary stored to drain. For the under
water pelletizing a centrifuge dehydration step is useful (see Chapter 4.3). In the continuous extraction
process the chips can be fed directly into the head of the continuous extractor (see Fig. 2.25).

2.2.3.4 Remarks on Polycondensation and Important Process Characteristics
of PA6

The structural and sum formulas, molecular weight, and properties of caprolactam can be found in Table
10.7.1.2. The yield of polycondensation or polymerization can be seen in the following schematic:
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This means that a larger PA6 polymerization installation requires a lactam recycling unit for
economic reasons. Assuming 13 .. .15% lactam and polymer waste in a vertically integrated installation
between spinning, winding, and drawing, and additionally up to 5% waste in the conventional production
between the chips to the finished filaments or fibers, this allows for 16.. .20% of the production quantity
to be re-used through regeneration. When spinning POY with revolver winders or in the staple fiber
production with can take-up this waste can be reduced by 2 .. .3% (see Fig. 2.15 [54]).

The typical chip properties of some final products can be seen in Table 2.4 [54]. Approximate
relations between r\rQ\—measured in W-H2SC^ as well as in formic acid—and the average melt viscosity
in dependence of the temperature is shown in Fig. 2.16. For further polymer and chip properties see [45]
and Chapter 10.

For cooling during the stringth extrusion as well as for extraction only desalted (or destilled) water
must be used, that is pumped directly to the lactam recycling installation after it is enriched with to 5 or
8 . . . 10% monomers respectively oligomers.

(2.12)

0,95 kg yarn

0,02 kg extract

0,04 kg waste

1,03 kg virgin-caprolactam

1,10 kg caprolactam

0,07 kg caprolactam

0,03 kg waste

extraction

1,00 kg PA granules H- 0,1 kg waste



Klare [39] indicates 24 h processing time for the autoclave extraction with the rotary agitator. An
intermittent installation after 4 • 2 h at 90 0C water will reach < 0.6% extract and at 120 0C water at 2 bar
< 0.2% final extract.

The final water content (about 1% or 6 . . .20% depending on the type of mechanical dewatering) only
has a limited effect on the drying time. In a rotating vacuum drum dryer or (more advantageous because it
runs empty automatically) in a vacuum biconus dryer traditionally with a 95 0C water heater drying was
done in 32 h/lot to <0.08% remaining humidity, today at 120.. .125 0C water in 20 h/lot. In a vacuum
dryer that will achieve about 0.1 mbar empty, after 3 h drying about 2 mbar, and at the end of the drying
process about 0.5 mbar can be achieved. The drum can be filled to about 70% of the volume at a weight
level of 0.65 kg/1. During the final 2 .. .3 h of the drying process it is useful to lower the temperatures to
under 80 0C or even better to 60 0C. Emptying or transport has to be done under vacuum or pure nitrogen
because of the risk of electrostatic attraction of dust particles. Further transportation should include some
dust removal for abrasion dust and chip particles that were created during drying.

Higher drying temperatures bear the risk of yellowing. Beginning, intermediate, and final rinses may
only be done with pure nitrogen.

*7rel.

(H2SO4)
H2O
content
%

TiO2

%

Extract

%

Product

Textile
Filaments
Staple
Fibers
Carpet yarn

Fish net
Yarn
Tire yarn
Technical,
Plastics
Films, foils

Caprolactam

Polyamide 6
Chips

Figure 2.15 Material flow of a PA6 polymerization for the production of tire cord with lactam recovery (Zimmer
AG [44])

Table 2.4 Important PA6 Chip Properties for some Final Products (according to Zimmer [44])

1128 kg
total caprolactam
963 kg
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water

8kg I
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55kg
dipping -
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1000 kg PA 6
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dippingweavingcord twisting
spin - draw

winding
poly-

merization
total

165 kg
caprolactam

ex trac tables
108 kg
3kg solid waste

54 kg
solid waste

8kg 10kg
solid waste

10 kg
solid waste

53 kg
spin finish oil
dipping waste

caprolactam
recovery

water with
1kg caprolactam

72 kg
solid waste

17 kg waste



Figure 2.16
Relation between the relative
solution viscosity rjrei in W-H2SO4

and formic acid and of the melt
viscosity with the melt temperature
as parameter

Continuous drying is done in a tower in which at the bottom pure nitrogen with < 0.005% O2 and a
dew point of about —40 0C blows against the dropping chips. The entering N2 has a temperature of about
125 0C, transfers its heat along the way to the chips and extracts the moisture; briefly before exiting it is
re-heated to avoid condensation. Such continuous dryers can also be placed directly onto the entrance of
the spin extruder. (Fig. 4.55 [531]).

Recipes for the Production ofPA6
Simple possibilities to produce spinnable chips are as follows:

Process I: (2.13)
Caprolactam is melted under pure N2 at 80. . .90 0C in a water heating jacket melter.
Catalyst: 40% AH-salt dissolved in destilled water
Dulling agent: TiO2 as 20 to 40% suspension in molten caprolactam started under pure N2

Ratios: For each 110 kg caprolactam 3.3 kg AH-salt (i.e. 8.25 kg or 8.01 1 catalyst solution; y= 1.03)
and the TiO2 in the desired degree of dulling (see Table 2.4); mix homogeneously.

Process: Polymerize for 24 h at a starting temperature of 190 0C increasing over two hours to 275 0C for
22 h (possibly at 265 0C) and then extrude at 260 0C by the extruder head into completely de-
salted water of about 30. . .40 0C and form chips.

Process II: (2.14)
Prepare caprolactam and dulling agent as under I.
Catalyst: According to the ratio 0.23 mol-% per mol of caprolactam solve 0.1222 acetic acid in 1 kg of

destilled water.
Ratios: Add 1.1222 kg H2O and acetic acid plus dulling agent to each 110 kg of caprolactam and mix

homogeneously.
Process: Polymerize at 245 0C (or with a brief starting phase from about 190 0C) for 30h, then extrude at

257 0C as under I and cool in water and form chips.

Process II produces a somewhat more homogenous polymer. Both products contain about 10.. .11%
parts that can be water extracted.

2.2.3.5 Polymerization of Caprolactam in an Autoclave

Today this process is only used for small quantities, frequently changing qualities, and specialty products.
An old scheme of such an installation is found in [46]. To produce 1000 kg/lot of extracted PA6 chips,
the reactor autoclave needs a volume of about 1700 1. Installed autoclaves range up to 6 . . .8 m3. Figure
4.10c shows a practical construction of an autoclave, the conceptual installation is shown in Fig. 2.17.
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Figure 2.17
One-autoclave polymerization installation for

caprolactam to PA6, pressure free, including
a vacuum stage

1 Polycondensation autoclave
2 Vacuum condenser
3 Vacuum pump
4 Additive injection vessel
5 Agitator drive, speed adjustable
6 Casting head with die

For polymerization with water or for PA66:

7 Pressure reduction station (from approxi-
mately 10 bar for PA6 or 25 bar for PA66 to
normal pressure, numerically controlled.
Extension for PET is possible with an addi-
tional reflux condenser.

8 Torque moment measuring device
10 Hydraulic for autoclave opening (by feed

pump, vessel can be lowered)
11 Casting wheel with water quench stringth

cooling and cutter
13 Electric heater/cooler for heat transfer oil

The process has been described above. Melting of the caprolactam, mixing with the additives, and the
polymerization can be done in the same autoclave. Adding the additives during the process can be done
through an additive injection vessel (4) even under pressure. To achieve uniform chips, the extrusion time
should not exceed 60 min: This requires a stringth granulator for about 30 stringths, that then is not being
used for the next 23 h, unless it is mobile under many autoclaves. If water is used during the
polymerization, the pressure can be controlled by the steam relief pressure valve. For the overall process
the autoclave must be heated by liquid in order to cover the temperature range from about 80. . .270 0C,
if possible following a program. The extrusion of the melt is done either with 10 bar N2 pressure in the
autoclave or with a lower pressure by using an extrusion pump between the autoclave outlet valve and the
casting head (6).

All parts that are in contact with monomers and the polymer should be made from materials following
ASTM 316 and the contact surfaces should have industrial polish (300 grain) or electric polish to
Rt < 0.4 urn.

2.2.3.6 Continuous VK-Tube Polymerization

This can be done without pressure for caprolactam with < 5% H2O as well as with a prepressure stage.
The water prepressure stage aids the opening of the caprolactam rings.

A simple schematic in Fig. 2.18 shows the melter and mixer (/), the mixer and storage tank (3), the
prepolymerization tube (6), the VK tube (7), the extrusion head (10) with extrusion pump (8) and casting
trough (11). To avoid "drift through", the VK tube is equipped with hole plates as in Fig. 2.18a that help
to homogenize the flow time across the cross-section of the tube. The process temperatures in the melter
and the storage tank are 80 .. .85 0C (with water heater), in the prepolymerizer about 220 0C (with liquid
Dowtherm) and in the VK tube 260.. .275 0C depending on the final product. The highest achievable
solution viscosity (in 72-H2SO4) is about 2.8. If the VK tube heating jacket is separated into three zones, it
is useful to choose 230 0C for the upper zone, 260.. .270 0C for the middle zone, and 257 .. .260 0C for
the lower zone. For heat transfer reasons within the melt such VK tubes can only have inner diameters of
up to about 400 mm.



Figure 2.18a
Flow resistance plates of the VK tube with three
different hole arrangements and alternating calotte
direction for homogenization of the through flow

Figure 2.18
Schematic drawing of a PA6 VK tube polymerization

1 Lactam melter and mixer
2 Filter
3 Lactam mixer and storage tank
4 Dosing pump (piston type)
5 Filter
6 Prepolymerization tube
7 VK tube
7a Evaporation condenser
8 Extrusion gear pump with adjustable drive
9 Stringth die in

10 Extrusion head
11 Casting trough
12 Water stripper



Figure 2.19 Flow sheet of a PA6 VK tube polymerization
1 Lactam melter and mixer 6a Melt gear pump
Ia Vacuum installation for 1 (dehydrating) 7 Second VK tube
2 Filter 7a Extrusion gear pump with casting head
3 Lactam storage and mixing vessel 8 Casting trough (water quench)
4 Dosing pump (piston type) 9 Electric Dow heating system
5 Prepolymerization tube 10 Dow loss condensers
6 First VK tube 11 Dow condensate receiving tank

Figure 2.18b
Details in Fig. 2.18
6 Lower end of the VK tube
6a Extrusion gear pump
9 Electric heating rods



Figure 2.19 shows the process scheme of a three zone VK tube installation for a throughput of about
3500 kg/24 h respectively 3000 kg/24 h PA6 chips extracted. Considering the specific devices for
temperature homogenization, the tube (6) can be increased in diameter to allow for more capacity.
The extrusion head (detail X) can be designed similar to Fig. 2.18b with a throughput of 3500 kg/24 h
and with an extrusion pump of 100 cm3/revolution.

Larger installations which engineering firms today [44, 53, 526] deliver with capacities up to 70 t/24 h
need to consider the exothermic process of the polymerization of caprolactam. This is done by installing
temperature homogenization plates across the VK tube in distances of no more than 2 m along the
direction of the material flow. Today, up to 1600 mm cross-section is common. Temperature

Figure 2.20 Principles of a large (commercial) VK tube (about 22 m3 volume)
a) Cross-section of a complete VK tube with (7) melt supply, (2) perforated resistance plates, (3)

temperature homogenization plates, (4) heating jacket with length compensation, (5) flanges;
b) Lower end of the VK tube
c) Design details of a temperature homogenization plate: The melt flows downwards through the round

openings, the ribs are surrounded by liquid or Dow vapor
d) Ring temperature homogenization plate [626]

1 Melt room 6 Dow condensate flow to the
3 Melt room between the ribs 7 Dow heating jacket
5 Connection pipes for Dowtherm 8 Ring ribs, hollow

a )
d )

b )



homogenization in the VK tube either works like in Fig. 2.20a by heat exchanger (see Fig. 2.20c [47]) or
according to Fig. 2.2Od [524, 526]. The ribs are touched on one side by the polymer melt, on the other by
Dowtherm.

For the transport of the caprolactam membrane pumps or piston type pumps are used. The flow of the
melt from prepolymerization to the first VK tube is done at the entrance of the caprolactam in the
prepolymerizer from underneath leveled through an overflow. Further transportation of the melt from the
lower first VK tube to the next VK tube head can be achieved by gear pumps that are controlled by the
level of the second VK tube, e.g. by y-radiation. Two condensers must be installed above each VK tube
head, one to run, the other as standby for example for cleaning, to condensate and discharge the gas
products. Each heating zone needs a separate Dowtherm loss condenser.

Table 2.5 gives recommendations for the size of the reactors. Many more suggestions for continuous
polycondensation of caprolactam are discussed in [49] as well as for vacuum demonomerization in
[49, 50].

Table 2.5 Recommended Reactor Sizes for PA6 VK Tube Polycondensation

Capacity Melter Mixer Caprolactam Prepolymerization 1st VK tube 2nd VK tube ^ref

kg/24h 1 1 1 1 1 1 max.

300 100 — 180 — 280 — 2.7
1000 400 — 600 — 1150 — 2.7
3000 1000 1000 1500 400 1700 1300 3.0

10000 2000 2000 4000 1500 6500 3500 3.1
20000 4000 4000 8000 2500 12600 7 500 3.1
50000 8000 8000 15000 6000 35000 15500 3.1

2.2.3.7 Vacuum Demonomerization

This process can lower the extract content of the melt to 2.5. . .3.5% and that of the monomers to
^ 0.5%. At the same time the viscosity of the solution can be increased to rjrQl « 3.6.. . 3.8. There are
two different designs;

- melt film flowing down a vertical tube wall [50, 51], probably outside heated by dow,
- multi disc or spiral disc finisher.

The evaporation surface of the first is considerably smaller than that of the disc finisher: At 6 m
effective height 300 mm inner diameter the first has an evaporation surface of 5.5 m2. At 1 mbar and 7%

Figure 2.21
Spiral disc vacuum demonomerizer for PA6 melt



Figure 2.22
Flow sheet of a vacuum demono-
merizer in a PA6 VK tube polymer-
ization with
1 PA melt from the VK tube
2 Vacuum demonomerizer (finisher)
3 Vacuum condensers
4 Dow evaporator
5 5-stage steam vacuum jet
6 Lactam receiver
7 Barometric condensate receiver
8 Demonomerized PA6 melt to

spinning
9 Dow loss condensers

evaporation of the throughput this represents about 1600 kg/24 h melt. A disc finisher as in Fig. 2.21
with a diameter of 1 m and 30 discs has a length of about 4.20 m with an evaporation surface of 42 m2;
then, all other items the same, a throughput of about 12 t melt/24 h results.

Even though vacuum demonomerization in the case of PA6 yields a too high final extract content for
spinning and was replaced by wet extraction, Fig. 2.22 shows it within the overall system, because there
are similar applications for PET (see Chapter 2.3).

2.2.3.8 Extraction of PA6 Chips

Today wet extraction is generally used, and the remaining extract content in the chips is usually between
0.2 and 0.6%. Figure 2.23 shows the flow diagram of an extraction installation working in lots. The PA6
stringths from the polycondensation unit (Fig. 2.19) are length reduced in the chip cutter (2) with 18

Figure 2.23 Flow diagram of a batch chip extraction as a continuation to Fig. 2.19 with
1 Stringth take-up from the casting trough 20 Centrifugal pumps
2 Dry chip cutter 21 Steam or hot water heat exchangers
6, 7 Extractors 22 Lactam water container

12 Extract water containers for 4-step process 23 Supply pump to the lactam water
13 Wet chip receiver recovery
14 Biconical vacuum dryer 24 Steam or hot water heat exchanger for 14
15 Transport trolley for dried chips 25 Circulation pumps
16 Pure water storage 26 Dust separator, condenser, and vacuum

pump for 14



Figure 2.23a Chip extractor (items 6 and 7 in Fig.
2.23) with
1 Filling stud
2 Man hole
3 Extraction room
4 Sieve bottom respectively wall
5 Extract water entrance (from pumps 20 through the

heat exchangers 21 in 2.23)
6 Extract water overflow ring and return to one of the

intermediate containers (17, 18, 19)

The extract water circulation should be (60.. .100) times
extractor volume

Figure 2.24 Schematic drawing of a
continuous PA6 chips extraction (left:
according to [524], right according to [54])

a = Feeding; b = Emptying or discharging; c — Nitrogen feeding; d = Drying gas overflow; e = Heating water outlet;
/ = Heating water supply

stringths of 10 t/24 h and then lead into one of the two extractors (6, 7); each of these has a filling time of 8 h.
They are designed according to Fig. 2.23a with a conical sieve bottom (4), through which the extraction water
flows upwards. The flow speed is generated by a circulation pump (20 and others) with a capacity of two times
the extractor volume per minute, so that the chips whirl around in the extraction water. This water is withdrawn
through the upper sieve (4), lead back to the circulation pumps (20), heated in the heat exchanger (21), and
then flows back to the ring extractor bottom. During the first 2 h of an extraction cycle very concentrated water
is used (e.g. from the extract water vessel (12.3)) that after 2 h exits into (22) to be moved via pump (23) to the
lactam recovery. During the next 2 h less concentrated water from (12.2) is used and towards the end pumped
into (12.3) and so on. For the last 2 h of each lot fresh water from (16) is used and pumped within 2 h into
(12.1). The wet chips fall into the wet chip receiver (13), collected to the correct amount, weighed, and then
passed on to the dryer (14) (Fig. 2.23).

An easier installation is the continuous extraction according to Fig. 2.24. At the bottom hot water of
110.. .120 0C is pumped in depending on the height of the column that flows opposite (upwards) to the
extracted chips and arrives at the top with about 90. . .95 0C. This will result in an extract concentration
of 8 .. .10% in the water, which is then pumped to the lactam recovery, whilst the chips, when discharged
at the bottom, will only contain ^0.4% extract. Discharging is done via a rotary valve.

Klare [49] showed that efficient recovery for the extract water will result in economic yields: Of 1 t
extracted dried chips during dissolving etc. 1.8 kg, from polymerization to chip cutting 9.3 kg, and
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during drying 1.7 kg are lost. On the other hand it is possible to recover 75.2 kg of the 81.4 kg extract;
i.e. the total loss is only 1.9%.

2.2.3.9 Large PA6 Polymerization and Chip Production Installations

Modern large scale installations for the production of 40 . . .70 t/24 h PA6 chips for spinning are only
available with the necessary know-how from three to five manufacturers [53, 54, 524]. Their principle is
quite similar, so that it is sufficient to describe one (Fig. 2.25): From the lactam entrance (8) [53] to the
VK tube (P) [54]—possibly with a pressure step and a second normal pressure step—the product flows to
the stringth casting (12) and the under water pelletizing to the wet extraction (14) and the continuous
drying (17) to the intermediate storage tanks with chip cooling (19). The only differences in the three
installations are in the details that were described in the previous chapters. The chip types from the
installation [54] are specified in Table 2.4 and are equivalent to those of other installations. Most

Figure 2.25 Flow diagram of a commercial size continuous PA6 chip polymerization plant according to [54]
1 Lactam supply and melter 11 Melt pipe, jacketed
2 Lactam melter with additive supply 12 Under water pelletizer
3 Lactam mixer and additive mixer 13 Chip dehydrating
4 Lactam melt storage 14 Continuous chip extractor
5 Exchange filter 15 Wet chip supply
6 Lactam additive supply tank 16 Lactam water pump to recovery
7 Additional additive tank 17 Continuous chip dryer
8 Lactam storage with dosing pumps (piston type) 18 Dryer hot gas system
9 VK tube (pressure stage) 19 Chip storage with circulation gas cooling

10 Second VK tube (pressure free stage) with
temperature homogenization plates



installations were probably built by [54], most of them in the former COMECON [524]. The range of the
relative solution viscosity variation (measured in W-H2SO^ is consistently given < ±0.015.

2.2.3.10 Spinning and Drawing of PA6 Filaments

Many details of this are described in Chapter 4, so that here only the primary items will be covered. PA6
filaments provide an excellent material for many end uses, e.g. tire cord for extreme weight trucks or
airplane tires or carpet yarns etc. On the other side it cannot compete with PA66 in many uses [55],
mainly because of the lower elastic modulus, e.g. for ladies' stockings filaments or for high volume effect
yarns. It is also more difficult to dry heatset the fabrics at 190 ± 2 0C than for PA66 at 225 ± 6 0C. On the
other hand PA6 can be died more evenly than PA66.

Typical spinning temperatures are mentioned in Table 2.6 as a function of r]re\ (see also Table 2.4)
together with the resulting melt viscosities. They are adjusted with the spinning temperatures to almost
always the same values.

Sucking of the evaporates right under the extrusion spinneret is necessary, because this is where in the
first 10.. .15 cm about 0.5 .. . 1 % of the spun weight are evaporated as extract and/or decompositioned
products.

For the length of the necessary cross-air cooling zone see Fig. 3.18 and Table 2.7.

Table 2.6 Typical Melt Temperatures for Spinning PA6

frel.

2.3
2.6
2.8
3.0
3.4

Melt grid
Extruder for textile fibers, carpet yarn
Technical yarn

Tire Cord

1) according to Fig. 2.118

T
0C

257. . . 265
260. . . 285
280. . . 290

285 . . . 300

Melt viscosity^
P

1200
1200
1200

1200

Final titer
dtex

LOY^

POY

33
28
22
16.5

6.6
3.3
5.5
3.3
2.0
1.0
0.7

Spinning titer
dtex

100
84
66
50
22
12
6.8
4.1
2.4
1.4
1.0

Air quench cooling
length m

1.35
1.35
1.35
1.35
1.20
1.10
1.80
1.40
0.90
0.60

(0.4)... 0.5

Take-up speed
m/min

250. . . 350
300. . . 400
400. . . 500
500. . . 650

1000...1200
1200...1400
5200...5400

5600...5700
3300
3200

Table 2.7 Spinneret Take-up Speeds for PA6 Spinning



In spinning LOY, even for the continuous direct drawing to FDY or BCF, the take-up speed is
depending on the individual filament titer (dpf) as seen in Table 2.7. Here the take-up tension between the
spinneret and the first godet is relatively low.

The possible residual draw decreases with increasing take-up speed; this is shown in Fig. 2.26. The
double logarithmic graph shows clearly that up to about 800 m/min and beyond 5000 m/min there is no
significant influence of spinning speed on the draw, while it does drop from about 3.5 to 1.1 between
these speeds; this is not as clear in the linear graph. If the filaments can have a remaining draw of 40%,
they can be spun according to the 4 HS process with a POY spinneret take-up (Fig. 2.27 [61]); if they can
additionally keep an irreversible 10% remaining stretch, they can be taken up and wound directly from
the spinneret at >6000 m/min. This way a self texturing carpet yarn can be produced through the cross-
section (-•) and very asymmetrical cooling.
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Figure 2.26 Residual draw of PA6 filaments 1: (1 + x) as a function of the spin take-up speed with the parameter
relative solution viscosity; left: in double logarithmic, right: in a linear diagram with comparison curves
for PA66 and PET

Figure 2.27
Diagram of the PA6-4HS spinning system [61] with POY take-up from the spinneret, one
step draw to about 6000 m/min, steaming (7) and winding



Today generally the following is used for the spinning of PA6:

• for textile yarns: Spin take-up for LOY monofllaments 10...22 dtex at 800 m/min and multi-
filaments with 3 . . .6 dtex at 1000.. .1300 m/min; spin take-up for POY multifilaments with
3 .. .6 dtex per filament finished titer at about 5400 to possibly > 6000 m/min;

• for straight fine yarns: Drawing on a one step cold draw twister between the delivery roll and the
godet with an idler roll with at least four wraps without a draw pin with speeds of about 800 m/min
for 230 dtex and about 1000 m/min for 22 dtex;

• for high bulk yarns: On draw texturing machines (one heater) with friction discs (PUR) with
400.. .700 m/min take-up speed on soft bobbins; starting material preferably POY;

• for carpet yarns, two steps: Spin take-up about 600.. .800 m/min over two godets onto a friction
winder, if possible with a changing revolver; then on a carpet yarn draw texturing machine at
700.. .1500 m/min draw speed, texture and wind. Stufferbox machines in this process only work
with 400.. .500 m/min; one step: Spin take-up 500.. .800 m/min over the finishing roll and the pre-
take-up godet; one step hot drawing at 110. ..130 0C on the first godet duo to ^190 0C on the
second godet duo with about 1800 m/min for 25 dtex per filament respectively up to 2200 m/min for
17 dtex per filament; air texturing with hot compressed air of 2.5 bar and 190.. .210 0C, cooling on a
cooling drum, opening of the loops and tensioning on a step godet and soft winding on a revolver
winder, preferably with two packages per head and two or four filaments, i.e. on one or two winding
heads per winding position; four packages per winding head are possible but not usually done,
because the yarn length per package becomes too short; 2 packages are preferred;

• technical yarns: Spin take-up 700.. .1000 m/min, especially for 5 to 7 dtex per filament, over
a pre-take-up duo (v= - 0 . 5 . . .1%), then two step hot drawing with 90 . . . 110 °C/130.. .
150 0 C/185. . . 195 0C to 4200/4300 m/min, winding on a revolver winder for <600 dtex four
filaments, up to 3000 dtex two filaments;

• tire yarn: Spin take-up at 700.. .800 m/min, for 6.6 dtex per filament pre-take-up duo as above, then
over four godet duos with 70 . . . 110 °C/130.. . 150 °C/185 . . . 195 °C/cold (<40 0C, possibly
water cooled), to 3600/3750/3500... 3600 m/min, for 840 dtex four filaments, up to 1680 dtex
two filaments per winder;

• staple fibers: For fine titers about 3000 holes per spinneret are used; other than that the hole
distance is given by (0.7.. .1) x finished dtex, but at least 3 mm; spin take-up speeds depend on the
dtex per filament as in Table 2.7. Filaments of up to 24 spinning positions are cabled to a tow, very
wet finished and coiled into cans. In the fiber line almost boiling wet drawing is recom-
mended.

2.2.4 Polyamide 66 (PA66)

The first polymers and filaments produced originally by Carothers and associates in 1938 were based on
hexamethylenediaminadipate. The melt spin process for this polymer was licensed already in 1939 to IG-
Farbenindustrie for the production of PA6 filaments [63, 64]. Not until these patents expired, PA66 made
a global break through, especially because it provided some textile technological advantages for some end
uses (see Chapter 2.2.3.10).

2.2A.I Production of the Monomers

Older processes to produce adipic acid from phenol [65-67] go via cyclohexanol (anol) and cyclohex-
anon (anon) with oxidation in air using manganese nitrate as a catalyst [68, 69] with a theoretical yield of
95 .. .97%. According to other patents it is also possible to work with acetic acid [70, 71].



For a more detailed description see [74-78]. 60. . .80% hexamethylene diamine and 20% hot adipic
acid form a well crystallizing salt that will precipitate. The vapors created by the reflux from a reflux
condensator. The product, the AH-salt, must contain very exact equimolar quantities of both components.
Testing can be done by checking the pH value in an aqueous solution (10%: 7.6.. .7.7 is equivalent to the
turning point of the potentiometric titration curve [79]). Crystallization also functions as a purification,
which is important for the polycondensation, especially if the material is for spinning.

2.2.4.2 Polycondensation of AH-Salts to PA66 in Autoclaves

This is still today the mostly used process. According to Graves [80, 81] 100 kg AH-salt (adipic acid
hexamethylene diamine) should be dissolved in 42.4 kg water and mixed with 0.0067 kg acetic acid as a
stabilizer—according to Spunagel [82] ^ mol acetic acid per each mol AH-salt—then the autoclave
should be rinsed with pure nitrogen and heated over 1. . .1.5 h to 220 0C with a vapor pressure of 24 bar.
The pressure is then reduced by a pressure release valve to 17 bar and kept constant for about 1. . .2 h.
Over the next 2 h the mass is heated under constant pressure to 275 0C. After a slow pressure reduction
to 2 bar it is again kept constant for 0.5 h, and then the content is extruded rapidly (< 10 min) with
8 .. .10 bar pure nitrogen in stringths of 3 .. .4 mm diameter into the cooling water bath. With an under
water chip cutter the stringths are cut at 150 m/min (about 100 kg/h x stringth), i.e. 60 stringths result in
1000 kg chips in 10 min extrusion time. This time should not be exceeded, because the product is not
thermostable, and the adipic acid decarboxylizes during the decomposition.

For the material flow of the polycondensation the following scheme is valid:

(2.13)

Hexamethylene diamine is gained from adipic acid dinitril [55] according to one of the following
processes:

0,02 kg waste spinning

0,03 kg waste —*• 0,01 kg loss

0,97 kg (textile) yarn1 kg PA 660,491 kg H2O + 1,159 kg AH-salt

condensation

+ 0,159 kg H2O

0,65 kg H2O

evaporate



Figure 2.28 Flow Diagram of a PA66 batch type polycondensation
1 Dissolver for AH-salt 9 Dow evaporator
2 Man hole and filling 10 Extruded PA66 ribbon
3 Connection for vacuum and nitrogen or stringths
4 Connection for destilled water 11 Cooling drum
5 Discharge valve 12 Cooling water spray
6 Polycondensation autoclave 13 Drying air
7 Jacket for Dow vapor 14 Chip cutter
8 Extrusion pump with drive (not needed for

extrusion with nitrogen pressure).

Process description:
1. Filling the salt-water solution into the autoclave against a pressure of

about 18 bar over 15.. .45 min; then adding stabilizer and dulling
agent.

2. Raise temperature to 240 0C under constant pressure of 18 bar over
175 min.

3. Raise temperature to 270 0C while reducing the pressure from 19 bar to
normal pressure over 120 min.

4. Extrusion of the polymer through a slit of 12" x ±"; cooling with cold
pure water and cutting, approximately 14 kg/min. Total cycle time about
7 h

Figure 2.29 Flow sheet of a two-stage autoclave polycondensation for PA66
1 AH-salt dissolver and storage bin 8 Condenser
2 Supply pump 9 Water receiver
3 Measuring vessel 10 Additive supply tank
4 Weighing scale 11 Casting head
5 Pre-polycondensation autoclave (< 25 bar) 12, 13 Cooling trough and groove
6 Decompression control valve (V3) and condenser 14 Take-up for PA66 stringths
VA, V5 discharge valve combination 15 Chip cutter and chips
7 Finish polycondensation autoclave 16, 17, 18 Dowtherm circulation
V8 Relief valve 19 Dow expansion vessel



Figure 2.28 shows the principle of a one-autoclave installation and describes the process.
Splitting the polycondensation process into two subsequent autoclaves [84] (see Fig. 2.29) results in

significant advantages: The prepolycondensation autoclave (5), designed for 20 bar, is heated with its
content to about 260 0C at 18.. .20 bar, held like that for 1 h, and then over 1 h via (V3) reduced to
1.5 .. .2 bar. The material is then pressed into the finisher autoclave (7) and finished within 2 h with a
final pressure of 1 bar. Stringth extrusion and chip cutting should take place within 10 min. To produce
1000 kg of chips per batch, the first autoclave (5) needs a volume of 2300 1 and the second (7) a volume
of 1800 1. This is equivalent to a capacity of 8 . . .9 t/24 h. To fully use an under water chip cutter, it
should be installed mobile under 3 .. .4 parallel working installations. The stringth cooling line and/or the
centrifuging of the water from the chips should be set, so that the chips only contain <0.5% humidity:
Then it is not necessary to apply further drying for the vapor spinning process [86]. For the extrusion
spinning process, however, the PA66 chips have to be very evenly dried and possibly also be conditioned,
so that they enter the extruder with a humidity of about 0.08 ± 0.01%. The necessary drying is achieved
with a 95 0C hot water jacket dryer in low vacuum (empty <0.1 mbar) over 30h, cooling to <60 0C
over the last 4 h. A continuous drying like for PA6 in pure nitrogen (see Fig. 2.25) is also possible, but
PA66 tends to yellow much more easily. Here, too, there should be some conditioning in the lower part of
the drying tower.

2.2A3 Continuous Polycondensation of PA66

The continuous polycondensation of PA66 has already been done by DuPont about 30 years ago; not until
now do some other large corporations follow with similar processes, because the continuous process
delivers a more uniform product if time ranges and delays are short between the end of the
polycondensation and the filament extrusion or stringth casting.

The presently known industrial continuous PA66 polycondensation installations [87-89] are mainly
working at DuPont. According to the process scheme in Fig. 2.30, the entering AH-salt solution is
processed in such a way that it is pressed by a double piston type pump (2) with a 60% AH-salt content
against a pressure of 20. . .28 bar through a tube preheater (3) that is heated by the exhaust steam of the
polycondensation vessel. This hot salt solution is then lead into the stage polycondensation reactor (4)
that is jacket heated in three stages from 204 to 270 0C, with the solution temperature increasing to
230 0C with a pressure of 18.5 bar. To avoid run through the reactor (4) is sectioned by a number of
bulkheads: every other compartment has a separate steam outlet. The precondensate is removed from the
sump of the reactor end by an extrusion pump (6) and pressed onto a decompressor ( = flasher, 10) that
has been heated to 290 0C, with a final pressure of only 1 bar. This is where the in (8) prepared dulling
agent is added through a dosing pump. The prepolymerisate then flows through pipes (7) into the disc
evaporator or the spiral layer evaporator, so that the last remaining traces of water evaporate and the
polycondensate takes the temperature of 275 .. .280 0C. The extrusion pump (15) presses the material
through the polymer pipe (16) to the individual extrusion heads. Installation details are described in [90-
92] and another process in [93].

2.2.4.4 Spinning and Drawing of PA66 Filaments

Other than the general conditions mentioned in Chapter 4.6 for melt spinning installations, specifically
for PA66 the following needs to be observed:

• The thermo instability of the melt requires very short and consistent delays, i.e. short and low volume
melt pipes that are smooth and free of corners and easy to clean. According to Fig. 2.31 already 10%
depolymerization occur at an average duration time of the melt [86] between 70 and 150 s; at an
average flow speed of 2 cm/sec this responds to a maximum pipe length of 0.40 to 1.20 m, because
the melt content of the sump or the screw metering zone and the measuring head, the extrusion pump
and the extrusion head also require some delay time. It is also not admissible for the pipe wall
temperature to exceed 40 K above the melting point of 258 0C. This condition of short pipes with
low volumes is difficult to fulfill for fine titers, e.g. 22 dtex f7 (pipe length & 14.2 cm), but 8 filament



Item no.

1

2
3

4

6

8
9

10
11
12
13
14
15
16

Item name

From dissolver

Weighing tank

Supply pump
Pre-evaporator
105,000 kcal/h
9* 200 kg steam/h

Supply pump to reactor
Preheater

47,000 kcal/h
^ 88.5 kg/h steam
Reactor
3 stages of 204-247-270 0C
182,000 kcal/H ^ 192 kW
Exhaust steam
Extrusion pump

Material flow

48% AH-salt solution, 608 kg/h, equivalent to
2430 kg/batch
9.2 1/min
y = 1.09, ?7 = 17 cP

evaporation of 75 kg/h
i
60% salt solution ^ 7.58 1/min; 105 0C; rj=\5J cP
0.4.. .9 kg/min
1060C
1
208 0C
21.2 bar
I
235 0C

239 kg/h
315 1/h 9* 291 kg/h
85% polymer and 15% water
y = 0.95; rj = 15OcP

TiO2 tank, 750 1, stirrer, 1 kW
Mixer for 0.7% TiO2; 7 kg/h = 7.2 1/h 9* 0.002 kg TiO2Ag polymer
Flasher (decompressor) for items 6 and 9: 300 0C to 0 bar at 290 0C
Dow condensate
Finisher, normal pressure (1 bar), 275 0C, 10 rpm; evaporation 52.25 kg/h
Finisher screw drive
Dow condensate
Extrusion pump: 14.1 kg/cm2, 275 0C; 247 kg/h polymer; y = 0.98; rj = 800 P
To extrusion or spinning

Figure 2.30
Flow diagram of a continuous PA66 polycondensation
installation [74]



Figure 2.31 Influence of the difference between the Dow temperature and the melting point on the depolymerization
(a) and the melt capacity Q (b) for different melt grid systems [86]

1 Pipe melt grids 11 Pin grid (hollow finger)
4 Vertical rib melt grids 12 Solid aluminum star grid, electrically

heated
7 Solid silver perforated plate

spinning of 77 dtex POY does not provide problems, and carpet yarn allows pipe lengths of 290 cm
with an inside diameter of 20 mm without difficulties.

• The vapor melt grid spinning so far has only been successful in spinning PA66: The chips drop with a
residual humidity of 0.3 . . . 1% according to Fig. 2.32 onto the grid (2) with a Dow vapor temperature
of about 280 0C (respectively 1.71 bar); the water evaporates, and the chips (7) melt. This increases
the sump level (3) until the melt covers the grid and thus isolates the heat transfer to the chips. Then
the sump surface drops again, and the contact surface for the heat transfer is increased for further
melting. Thus exactly the amount of chips melt that is removed from the sump for spinning. Due to
the evaporation the melt also approximates the optimal water content [94]. The water vapor also acts
as a protective gas, so that no pure nitrogen is required.

The melt capacity of a grid spinning head G can be increased by the pressure on the chips [86] according
to the following

G [g/min] « l(T4{270 + 25 xp [bar]} x F [cm2] (2.15)

Figure 2.32
Operating scheme of the Dow vapor melt grid
a) Polymer melts by contact with the grid and fills the
sump below
b) Sump is filled to the grid and thus reduces the
contact area and simultaneously decreases the melt
capacity
1 Chips
2 Dow vapor condenser pipe grid
3 Melt in sump

a) b)

melt capacity (g/min)b)

temperature difference -*- (0O =
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F is the melt surface area and/? the pneumatic pressure on the relatively short chip screw (Fig. 2.33); this
is also true for the pressure in the extruder. However, the melt capacity (here equal to the throughput
capacity) through the grid is limited by the melt viscosity. If only the own weight is loaded onto the chips,
the melt capacity drops above 500 P, and yields only 20% at 1000 P. With a one thread pressure screw the
capacity drop starts around 1000 P, so that the capacity does not drop to 20% until 5000 P [86].

Similar melt grid spinning heads as in Fig. 2.33 are still used today in large numbers for example for
POY-PA66 fine titer multifilaments and monofllaments [95, 96].

• For extrusion spinning of fine titer PA66 filaments the chips need to be dried thoroughly to
0.05 ± 0.01% or more even humidity; the constancy is improved by 2 to 5 h conditioning (e.g. in
nitrogen at 20 0C with 10% remaining humidity etc.). It is also necessary that the spinning heads and
their pipes follow the stability conditions in Fig. 2.31, and the melt may not be delayed beyond the
calculated times. Final titers of 70 dtex x 8 ends and 150 dtex x 4 ends etc. can be spun from
extrusion spinning heads after thorough drying.

• Double screw extruders with synchronized screws create a similar vapor melt surface as the grid
spinning head due to only partially filled screw spiral depths.

• PA66 melt pipes must be easy to clean, i.e. either straight with no dead space at the plugs and/or
easily removable.

• PA66 spinnerets may not contain any dead spaces or corners that can stagnate the flow. This is also
necessary for the channels in the extrusion pumps.

• Filtration before the extrusion spinneret is done (in the direction of flow) by a plate filter—(stainless
steel filter)—sand filter, 25 .. .32 mm high—fine woven filter with a fineness of 20 jam for textile
titers and 10 urn for micro fibers.

• The spinneret bores for LOY textile filaments have a diameter of 0.2 mm x 2 D length; trilobal
spinnerets will then only have a slit of 0.1 mm. For the textile filament spinning of POY the bore
diameter is only 0.15 mm.

• Steam blanketing of the spinnerets is advantageous. The spinneret bottoms will stay clean and usable
for about 2 to 4 times the length of time. The necessary quantity of the steam overheated to the
extrusion temperature is about equal to the extrusion mass.

• For highly viscous materials, e.g. tire yarn, a hot shroud of 200.. .300 mm length is often placed
under the spinneret.

Figure 2.33
PA66 melt grid spinning head
with pressure screw onto the
chips and a booster pump
[96]

Figure 2.34
Cold drawing of PA66
textile filaments with a draw
pin

chip pressure
screw

pressure pump

spin pump

spinneret



• The cooling air should meet the filaments as closely under the spinneret or the hot shroud as possible
[97]. For fine textile titers a bosom shaped airflow profile is useful and for staple fibers, BCF and
industrial filaments a constant airflow profile. The air temperature should be < 14 0C.

• For spinning LOY it is beneficial to use vaporized spin tubes (see Chapter 4.7.5.5) between the lower
end of the quench chamber and the upper end of the take-up machine, that are filled with saturated
vapor and may not show any condensation on the inside.

• Take-up speeds: for LOY 10...27dtex fl around 800.. .600 m/min; for textile multifilaments
around 1000.. .1300 m/min; tire yarn and carpet yarn are taken up at 500.. .700 m/min and are then
directly drawn, carpet yarn (rj ̂  2.7) at a ratio around 3.5, cord (r/ ^ 3.6. . . 3.8) at a ratio around 5.
In POY spinning of textile filaments take-up speeds of 6000 m/min or more achieve better
intermediate and final products than take-up speeds of 5400 m/min or less.

• Spin bobbins with yarn, especially POY bobbins, are very sensitive towards friction drives and
changes in temperature or relative humidity over time or place. For a take-up speed of more than
5500 m/min it is recommended to use a spindle drive in order to avoid heating up the yarn by friction.
Depending on the winding position of the outer guide, the friction heat from a friction drive can cause
irregular heating of the bobbins and climatic variations near the bobbins.

• Filament preparation should be located in the air quench for POY spinning and in the yarn entrance of
the take-up machine for LOY spinning or heavy denier yarn.

• It is useful to condition POYand LOY bobbins prior to draw twisting or draw texturing at 20 .. .22 0C
and 60. . .65% relative humidity for 16.. .20 h.

• Draw twisting is similar to the PA6 process, but for textile filaments in one zone over a cold draw pin
made from agate or sintered aluminum oxide (Fig. 2.34) and at least 4 wraps each from the delivery
roll and the polished godet with a dull hard chromed idler roll.

• Tire yarn spin draw winding is done over a kiss roll or pin preparation in the entrance of the draw
winder, filament tension roll with idler, four heated godet duos and a revolver winding head for
2800.. .3800 m/min, usually two filaments per position, but also four filaments per position.

• Draw texturing for fine titers should be done with a smallest angled filament path.

2.2.5 Other Polyamides

These are presently used only in limited quantities or have just been introduced to the market, e.g.
Stanyl® = PA46 [100, 101].

2.2.5.1 Polyamide 46 (PA46)

Polyamide 46 is produced from 1,4 diamine butane (DAB) and adipic acid [98]. DAB is gained from
acrylonitrile (ACN) and cyan hydroxide. DAB and adipic acid make a salt that polymerizes in a watery
solution to a low molecular product, that then poly condensates at 225 0C to the desired molecular weight:

(2.15)

PA46 differs from PA6 and PA66 only in the number or methyl groups and their distribution. It
contains more amide groups than the comparable polyamides [99] and therefore more hydrogen bonds,
more symmetry and crystallizes faster and to a higher level.

A comparison of the respective properties is shown in Table 2.8 and Fig. 2.35. These properties cause
specific expectations towards tire cord, sewing thread, filters and felts. As of 1990/91 only pilot
installation quantities were available, and further developments are expected.

Acrylonitrile Dinitrile DAB

DAB Adipic acid PA 46



2.2.5.2 Polyamide 610 (PA610)

Polyamide 610 is produced from hexamethylene diamine and sebacic acid; the acid was originally
produced from castor oil. It is alkalized at 250 0C with a strong soda solution to castor acid, that is split
into sebacic acid and octanol with a yield of 50. . .55% [102]. Sebacic acid can also be produced via the
Kolbe synthesis [103]. Equimolar quantities of hexamethylene diamine and sebacic acid in water or
methanol form the PA610 salt, a white crystalline powder with Sv = 170 0C. Polycondensation occurs
similar to PA66 under pressure, subsequent pressure drop and extrusion at 245 .. .260 0C in water; this
will produce a high tenacity transparent polymer.

PA610 is primarily used for the production of monofilaments by extrusion or mixed into PA6 or PA66
(4%) or co-polymerized into these as sebacic acid to increase the wet knot tenacity and transparency in
water, especially for fishing nets and fishing lines.

2.2.5.3 Polyamide 7 (PA7)

Even though Falkai [104] and Schwartz [105] consider PA7 to have the most suited properties for textile
and technical applications (Sp = 223 0C, x65o/o = 2.8%; Jtioo% = 5%; relative wet tenacity about 90%;
tenacity approximately equal to PA6 or PA66; breaking elongation ^ 14.. .16%; E = 4 6 . . . 49 cN/dtex;
^wet/^dry ^ 62%; shrinkage at boiling & 8 .. .10%, specific density 1.1 g/cm3; almost no monomers in
the polymer; good thermal stability), it completely disappeared from the market, because there is no
sufficiently economic synthesis of raw material, e-amino oenanth acid was produced in 1950 in the USSR
[107]. Raw materials are either carbon tetrachloride and ethylene that are run over 7-chlorheptanic acid. It
is also possible to start with caprolactam [107, 108].

Polycondensation can be done in an autoclave as well as in installations similar to the VK tube with
an introductory pressure step and a second normal pressure VK tube. The product can be extruded in
water and then cut into chips and dried like PA6. Aside from directly spinning the melt from the VK tube
it is also possible to extrude the chips into filaments, but at some 10 K higher temperatures than PA6. The
usual drawing follows; the chips or filaments only contain 1.5% extractable parts (in methanol;
monomers and oligomers).

Table 2.8 Representative Properties of PA Yarns in Comparison

Melting point [0C]

Crystallization temperature [0C]

Glass transition temperature [0C]
at 0% relative humidity
normal
at 65% relative humidity

Density
(at 200C)
(at spinning temperature)

Specific heat
(at 200C, kcal/kg°C)
(melt, kcal/kg°C)

Melt heat (kcal/kg)

Textile filaments:
Tenacity (cN/dtex)
Breaking elongation (%)
Shrinkage (%)

in boiling water
in hot air (165°C)

Shrinkage tension (g/tex)
in hot air (165°C)

PA6

216. . . 222

173

60
40
5

1.14
098. . . 1..00

0.4
0.66
46

3 . . . 4
30 . . . 70

0.5. . . 1.5
3 3 . . . 5

0.2

PA66

255. . . 262

218

74
42
8

1.14
0..98...1..0

0.4
0.75
47

3.5...4..5
30 . . . 60

0.5. . . 1.5
2 . . . 4

0.2

PA46

290

265

82
46
5

1.18
1.02

PA610

215

166

1.075
0.933

0.37
0.63

46. . .48

PAIl

185

1.04
0.91

0.58
0.61

4 .5 . . . 6.8
15.. .40



Figure 2.35 A) Stress (cr)/Strain (s) diagram of "Stanyl" PA46 and PA66 multifilaments at different temperatures
[101]

B) Elastic modulus as a function of temperature [101]
a) Kevlar, b) rayon, c) PET, d) PA46 "Stanyl", e) PA66,/) PA6

Q Hot shrinkage ft as a function of temperature
a, b) rayon, Kevlar, c) PET, d) PA46, e) PA66

D) Residual strength ares as a function of steaming time at 140 0C
f, e) PA6, d) PA46, c) PET

2.2.5.4 Polyamide 11 (PAIl, Rilsan®)

Starting material is castor oil [109], that by splitting via methanolysis turns mainly into castor methylester
acid. Cracking in water vapor at 550.. .600 0C produces heptanal and ester, that is lead through a pipe
with water vapor at 575 0C and then chilled. This ester is alkalized, treated to bromoundecanic acid that
crystallizes as 8-aminoundecanic acid in watery ammonia solution.

Polycondensation happens in a watery suspension with all the necessary additives in a vertical tube,
where on top water evaporates, and towards the bottom with increasing temperature polycondensation
progresses. The homogenized melt can be lead towards the spinnerets directly and produces textile
filaments at 265 0C with a melt viscosity of 600.. .1000 P. These filaments have a very silk like hand.
However, Rilsan® has lost its significance as a fiber raw material.

2.2.5.5 Polyamide 12 (PA12®)

According to Wilke [110] butadiene can catalytically be changed to cyclododecatrien-(l,5,9), i.e. into
a Ci2-ring. The remaining cyclododecantrien is destilled with a yield of 95% [111]. The change to
12-lactam can be done via air oxidation and oxime.
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This laurinlactam can be polyadded as free amino acids to a polymer. This process can be accelerated
significantly by adding acids similar to the end group stabilizers. The polymer is very thermo-stable, so
that the polymerization can be done at temperatures up to 300 0C [112].

2.3 Polyester (PES)

2.3.1 Introduction

Even though a great number of polyesters [114] has been evaluated by now, only a few of them are
around that can create good fibers and are crystalline with a melting point between 220 and 280 0C, and
only three of them gained significance in fiber production:

Polyethylene Terephthalate
TQ « 70- -800C; T3 « 2600C

Polybutylene Terephthalate
rG « 4O0C; T5 « 225 °C

Polyester from 1,4-Dihydroxy-
methylcyclohexane
and terephthalic (Kodel®)
TG m 60 • • 9O0C; Ts « 250 • • • 3000C;
both depending on the content
of trans isomers

Today polyester (2.19) is no longer being produced.
Polyethyleneterephthalate (PET) was developed by Whinfield and Dickson in 1939 [115], and the

patent was sold to ICI [116] respectively licensed to DuPont [117], who then sub-licensed [118], e.g. to
Farbwerke Hoechst AG (Trevira®) and to Vereinigte Glanzstoff-FabrikenAG (Diolen®). The basic patents
expired in 1966. About the distribution of filament yarns, staple fibers, technical yarns etc. in the world
refer to Chapter 1.4. The most important products today are textured POY-set yarns, technical yarns and
cotton type fibers.

Until 1976 dimethyl terephthalate (DMT) was the most important raw material; since then terephtalic
acid (TPA) [119] has gained in significance and today accounts for about 54%.

Advantages of the use of TPA are shown as follows:

Raw material TPA DMT

Consumption per kg PET 0.87 kg TPA 1.01 kg DMT
0.50 kg Glycol 0.645 kg Glycol

Catalysts antimony acetate Sb2Os + metal acetate
no ester changing catalyst

Byproducts no methanol, but H2O contaminated glycol and methanol
(0.323 kg/kg + 0.333 kg/kg)

Rate of polycondensation higher lower
COOH groups smaller possibly larger
Price advantage about DM 0.15/kg —
Installation involvement somewhat more somewhat less

(2.17)

(2.18)

(2.19)

Next Page



Table 2.9 shows the development of installation sizes according to [120] with their specific
consumption of glycol. Today's low consumption of glycol especially for TPA is possible to condense
of the evaporated glycol and then re-entering it into the process until the stoichiometric quantity has been
reached. Then the surplus glycol evaporates and is removed as condensate. In a separate process this
glycol condensate is entered into the beginning step [54].

In addition to the mentioned polyesters, aromatic polyesters gained some significance as "liquid
crystals", however so far only in small quantities and only for high temperature applications (see Chapter
2.4.5).

2.3.2 Production of Dimethyl Terephthalate (DMT), Terephthalic Acid (TPA)
and Ethylene Glycol (EG)

To a large portion DMT is produced by a process of the Hiils-Troisdorf AG [123], also known as the
Imhausen or Witten process:

The carefully cleaned p-xylene is oxidized with air over Co- or Mn-salts of organic acids as a catalyst
at 150 0C under pressure to produce p-toluic acid. This toluic acid is changed at 240 0C at 30. . .40 bar
without catalysts to p-toluic acid methyl ester and in a second step oxidized to terephthalic acid
monomethyl ester. Then the semi-ester is estered with methanol over zinc chloride or phosphoric acid to
DMT.

The best known process for the production of terephthalic acid is from Amoco [125]: p-xylene is
changed directly to raw terephthalic acid by a radically catalyzed liquid filament oxidation at 200 0C and
15 .. .30 bar in acetic acid with Co-Mn catalysts and Br bonds [126-129]. For example 48.8 parts of p-
xylene (95% purity), 100 parts of pure acetic acid, 0.6 parts mangan acetate and 0.5 parts ammonium
bromide are heated in an autoclave to 195 0C, and 400 1 air are passed at 31 bar while stirring. After 4 h
of oxidation the yield is 75% of the theoretical yield for TEA [129]. Further increases in the yield see in
[130]. For a long time it was not possible to produce sufficiently pure TPA for PET production. However,
by now pure TPA (MP-TPA = Medium Purified Terephthalic Acid [132-134]) and even highly purified
TPA (HP-TPA = High Purified Terephthalic Acid) are available, with the main difference being in the p-
carboxybenzaldehyde (PCB) content. For fiber quality it should be no more than 50 ppm, better
< 2 5 . . .30 ppm. The removal of the contamination is done by a simple washing process [135, 136].

Ethylene glycol is primarily produced by the ethylene oxide process [137]:

(2.20)

Table 2.9 Sizes of Polyester Installations and Consumption of Glycol

Year

1968
1980
1990

Installation size t/24h

Esterification/transesterification
and precondensation

15 . . . 20
250
360

Installation size t/24 h
polycondensation

15 . . . 20
125
175

Glycol Consumption

DMT
Glycol/mol

1.8
1.53
1.53

TPA
Glycol/mol

1.7
1.2
1.2



Technically one works in a 0.1% (sulfuric or oxalic) acid at 60. . .70 0C [138] or in a neutral
medium at 160...200 0C and 10...20 bar [139]. The content of byproducts (diglycoles and poly-
glycoles) is kept low by working in a diluted watery solution (1 part ethylene glycol to 5 parts of water).
Ethylene oxide is produced by oxidation of ethylene:

H2C=CH2 4-1 Q 10-"20bar > HC_rH (2 21)

250- .-3000C \ /
Ag-catalyst O
JH=-105kJ/mol

It is important to remove the large amount of exothermic heat and to avoid the sintering of the silver
by an optimal arrangement. Other processes are the Halcon process [140] and the synthesis gas process
[141].

2.3.3 Process for the Production of Polyethylene Terephthalate (PET)

This process has two steps: First DMT or TPA is mixed with EG and transesterified or directly esterifled.
The resulting diglycole terephthalate (DGT) with parts of ternary and similar intermediate products) is
polycondensated in a second step with the help of a catalyst and possibly a stabilizer at 270. . . ~300 0C
under vacuum; this will split off EG. The PET can either be produced as chips or directly to fibers.

2.3.3.1 Transesterification of Diethylene Glycolterephthalate and Ethylene Glycol to
Diglycole Terephthalate

Transesterification starts above 150 0C under normal pressure with inert gas up to 197.. .198 0C or up to
220 0C with methanol (CH3OH) separation under a reflux cooler for the EG. First either the DMT is
melted (at about 185 0C) and added into the hot EG or it is dissolved as a salt in the hot EG. To avoid
DMT sublimation the temperature can only be increased slowly. A slight EG surplus is recommended.
Increased temperature results in a faster reaction (Fig. 2.36a). The process is completed upon reaching the
stoichiometric transition: In praxis after 3 h at 197.. .200 0C over 98% CH3OH are evaporated [142].
Very important is the selection of a catalyst and its quantity, which will not only determine the rate of the
reaction but also side reactions, the thermostability and the color of the polyester (Fig. 2.36b-c and Table
2.10) [143, 144]. According to this, the most efficient catalysts for transesterification are acetates with Cd,

Figure 2.36 Methanol separation during the transesterification of DMT
a) With addition of 0.2% Zn(CH3COO)2 + PbO with the reaction temperature as parameter [142]
b) At 200 0C with different catalysts (0.14% metal acetate) as parameter (1 Cd-, 2 Zn-, 3 Co-, 4 U-, 5

Pb-, 6 Na-, 7 Ni-acetate)
c) For different catalyst concentrations [Zn(CH3COO)2 + PbO in the relation 2 : 1 ]
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f/rei., measured in phenol/tetrachloroethane 1:1, 200C, 3h after the beginning of polycondensation

Zn, or Co. As the transesterification progresses and the temperature increases, more EG moves through
the reflux condenser, and the CH3OH composition has to be closely monitored (e.g., by measuring the
density). Other factors influencing the reaction rate are the purity of the raw materials, hydrolytic or
thermic damage of the DMT (e.g., by storing the DMT melt too long), or possibly water content. A large
portion of not transformed methylene ester groups (10.. .25%) inhibit the achievement of high mol
masses [145, 130]. A fast increase of the reaction temperature results in the formation of a high portion of
diglycol byproducts.

2.3.3.2 Direct Esterification of Terephthalic Acid and Ethylene Glycol to Diethylene
Glycolterephthalate

Whinfield [146] already did some investigations into this, but did not find any useful results due to the
slow reaction and the insufficient purity of the TPA. Even after the development of HP-DPA and MP-
DPA polyether was formed in a side reaction. The reaction rate is increased by temperatures above
240 0C and by pressure [147, 148]. Adding water reduces the creation of ether [149]. One process uses
the addition of an amine (e.g., n-butylamine, diisopropylamine, triethylamine) [150]. In another process
for each mol TPA about 1.2 mol glycol with 0.01.. .0.04 mol of a tertiary amine are added under
nitrogen at 260 0C and 5.2 bar [151], that with catalysts (e.g., alkali- or earth alkaliphenolates,
hexafluorphosphates, silicates, fluor silicates or metal-Ac) lead to esterification.

The most important process today uses the addition of glycolterephthalates to the TPA-EG paste
under pressure above 240 0C [152]. Esterification of TPA with DGT, possibly with small additions of
glycol, has also been described [153].

During direct esterification ether forming side reactions are possible: this side reaction is acid
catalyzed and can be prevented by adding small quantities of sodium hydroxide or a quartiary organic
hydroxide; otherwise the melting point of PET is lowered too much.

Direct esterification produces water, but an exact stoichiometric limitation as during transesterifica-
tion is not important. With the correct design of the reactor direct esterification requires 250.. .260 0C
and 1.5 .. .2 bar overpressure. Stabilizers (phosphites or phosphates) can be added to the polymer melt
after esterification to increase time and temperature stability. Polymers on the basis of TPA are due to the

Table 2.10 Influence of the Catalysts on the Properties of Polyethylene Terephthalate

I

II

III

IV

Catalyst

Ti(OCHs)4

Fe(III)-acetyl acetonate
Pb(CH3COO)2

Sb(OCH3)3

Mn(CCH3)COO)2

Zn(CCH3COO)2

Co(CCH3COO)2

Cd(CCH3COO)2

Cr(III) acetyl acetonate
CoO2

LiCCH3COO
NaCCH3COO
Mg(CHCH3COO)2

Ca(CCH3COO)2

CH3BO3

Ni(CCH3COO)2

rjrel. Equ/106 g

1.420
1.408
1.378
1.372
1.365

1.375
1.368
1.328

1.216
1.168
1.262
1.162
1.286
1.126
1.138

1.255

COOH

33
36
34
27
31

75
43
35

24
15
14
16
36
12
23

112

Color

yellow/yellow brown
light brown/brown
yellow/dark yellow
light gray/yellow
light yellow/yellow brown

colorless/dark yellow
violet/brown
light yellow/brown

colorless/yellow
colorless/light yellow
colorless/yellow
colorless/yellow
colorless/yellow
colorless/light yellow
colorless/light yellow

light green/red brown

Thermal Decay

very weak

weak

stronger

stronger



lack of metal acetates, etc. more stable than transesterification polymers. The stabilizers can also be added
after esterification together with the antimonial catalysts [154].

A number of patents [155-163] describe further details and process possibilities.

2.3.3.3 Polycondensation of Diethylene Glycolterephthalate to
Polyethylene Terephthalate

In praxis diethylene glycolterephthalate (DGT, monomers) is polycondensated under vacuum (empty
about 0.1 mbar of the vessel, with material about 0.5 mbar) over 3 . . .6 h, usually 4 . . . 5h , at
270.. .295 0C for normal viscosity ([rj] ^ 0.63 . . . 0.67)—usually with metal acetates (Me-Ac) and
antimony trioxide as catalysts.

The process parameters and catalysts have to be set very precisely, because polycondensation reacts
quite sensitive to them. Table 2.10 presents an overview over the influence of catalysts, and Fig. 2.37 over
the polycondensation process in time [144]. A good overview with numerous literature and patent
references can be found with Ludewig [130]. Mostly used are antimony derivatives [164, 165] besides a
metal acetate and (less frequently) titanium [166] and germanium [167] compounds. Viscosity and the
creation of COOH-groups are of major importance here (Fig. 2.38). Sb(OCH3)3 and Zn(CH3COO)2 are
the most stable catalysts against aftereffects, with respect to COOH-groups especially the latter one
(groups I and II in Table 2.10). For long term thermostabilization triphenyl phosphate (Fig. 2.39) or
triphenyl phosphite are suited instead of the formarly used phosphoric acid. This also influences the rate
of polycondensation [164]: with Sb(CH2COO)3 only very little (graphs 1 and 2), but with Co(CH2COO)2

(graphs 3 and 4) and Mn(CH3COO)2 (graphs 6 and 7) more.
For the practical application some engineering companies recommend the following catalysts:

—for the autoclave process: Sb2O3 + CoAc (for DMT + glycol) [169]
Sb2O3 + Na Mg-Ac [170]

—for the continuous process: Sb-Ac + Mn-Ac (for DMT + glycol) [170]
Sb-Ac (for TEA + glycol) [ 170, 171 ]

timet (h)

Figure 2.38 Influence of the catalysts
on the viscosity and carboxyl end groups
during the polycondensation of diglycol
terephthalate; J, = polycondensation
stopped; melt stored at 280 0C under pure
nitrogen;
Catalysts: • Sb(OCH3)2,
A Zn(CH3COO)2, x Cu(CH3COO)2,
+ Ni(CH3COO)2

Figure 2.37 Polycondensation reaction as a function of time for di-
ethylene glycol terephthalate with catalysts as para-
meters (concentration 1.2-10~2 mol/mol ester)
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During the production and processing of PET melts several side reactions and decompositions can
appear [172, 30]:

• Ether formation: Typical are up to 2.5 mol-% diethylene glycol contents. This ether formation has
negative consequences: The melting point is lowered to (270 ± 2) - 2.3x (mol-% DEG) K respec-
tively by 5 K/weight-% DEG. To reduce this effect more than 98% DEG should be produced during
esterification or transesterification. Polyester chips should contain less than 1.1 weight-% DEG.
Polyesters with Ti-, Co-, Zn- or Sb-catalysts have a lower melting point by the clear formation than
those with Ca-, Mn-, Fe- or Pb-catalysts as well as a lower thermostability.

• Figure 2.40 [168] shows that the use of Mn-Ac + Sb2O3 and triphenylphosphate at temperatures
under 285 0C is the least damaging condition to transport the melt in less than 30 min respectively at
temperatures under 280 0C in less than 60 min dwell time to solidification. Results are primarily the
lowering of the molecular weight due to the chain cracking and the resulting reduction of the melt and
solution viscosity, the increase in carboxyl end groups, and a discoloring of the polyester (Table
2.10). Among other things this will lead to a reduction of the achievable filament tenacity. To produce
a thermo stable polyester melt it is necessary to avoid the formation of carboxyl end groups already
during polycondensation: on one level by using temperatures under 285 0C and also by using
adequate catalysts and possibly by using thermo stabilizers or TPA as a starting material. Also
transporting the melt at <280 0C and (if necessary) increasing the temperature in the extrusion block
to the optimal extrusion temperature of up to about 310 0C by reducing the melt pressure (see
Chapter 4.6.11 and Fig. 3.4) reduce the decomposition to a minimum.

Figure 2.39
Viscosity increase of PET with different polycondensation catalysts and
the addition of triphenylphosphate:

Sb(CH3COO)3

Sb(CH3COO)3 + triphenylphosphate
Co(CH3COO)3

Co(CH3COO)3 + triphenylphosphate
Co2(PO4V 8H2O
Mn(CH3COO)2

Mn(CH3COO)2 + triphenylphosphate
MnNH4PO4 • H2Otime ( h )

1 ^

Figure 2.40
Viscosity and carboxyl end groups of PET
during heating:
a) At 280 0C (X) respectively 290 0C (D)

under pure nitrogen with different catalysts:
catalyst 1: Mn(CH3COO)2 + S-
b2O3 + triphenyl-phosphate catalyst 2:
Zn(CH3COO)2+ Co(CH3.
COO)2 + Mn(CH3COO)2 + Sb2O3

b) • 270 0C, x 280 0C, O 290 0C,
A 300 0Ct i m e t I h )b)time t (h)a)
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• Thermo-oxidative decomposition: The thermo-oxidative degradation is essentially dependent on the
partial oxygen pressure and the temperature [172]. Here vinylester groups are formed as starting
points for link reactions; (good) catalysts only have little influence on this. To analyze this,
differential thermo analysis (DTA) and thermogravimetry (TG) are suited. Oxidation moves and
increases the peak from just under the melting point to <200 0C [165] together with an increased
loss of weight. Adding mixes of phosphoric and brenz catechin phosphoric acid esters with
thermophenoles increases the stability and reduces the absorbed amount of oxygen (Fig. 2.41).
This is especially noticed when parts with relatively large surface area (e.g. PET dust from the rotary
dryer) enter the melt during the process, and the thermo oxidatively damaged dust surface leads to
graining and gel formation [176].

• Hydrolytic decomposition: Sufficient drying and dry storage of the chips are some of the most
important steps in the production of polyester filaments. Even smallest amounts of humidity reduce
the average degree of polymerization during melting considerably as shown in Table 2.11 [177]. Only
0.01% H2O in the PET chips cause a 10% decomposition of the melt. Chips of 4.7 mm length and an
initial humidity content of 0.004% will contain 0.025% after 30 min in normal air and 65% relative
humidity, and powder (40 mesh) will gain 0.125% humidity. When these chips are melted in the
extruder at 285 0C, the melt coming from the spinneret does not form filaments. Therefore PET chips
must be dried prior to further thermo processing to < 0.004% water content and stored and
transported under N2 or air with a dew point of under —40 0C. Another example: PET with a
molecular weight of 19,400 has 100 units per chain. One water molecule with a molecular weight of
only 18 is sufficient to break this chain into two parts, e.g. of 50 units each with a molecular weight of
9700 that will not form filaments. The presents of one water molecule as a percentage of the initial
molecular weight equals a water content of 0.092%. One split chain like this per 20 to 30 not split
chains prevent filament formation: this results in the required water content of < 0.004% in the
polyester chips to make them spinnable.

Table 2.11 Calculated Hydrolytic Decomposition in Dependence of the
Water Content of the Polyethyleneterephthalate

Water content Pna M n a [tj] rjTe\. Decomposition [%]
% mol [rj] P n a

110 21182 0.692 1.388
0.01 0.118 98 18 974 0.64 1.356 7.5 10.5
0.02 0.236 89 17152 0.69 1.331 13.3 19
0.05 0.589 69 13 366 0.50 1.273 27.7 37
0.1 1.176 46 8 894 0.38 1.207 45 58.2

Figure 2.41
The kinetic of oxidation of PET filaments with different stabilizers:
1 Without stabilizer, with 4,4-thio bis (6-tert butyl-m-cresol) (CAO- 6) +

brenz catechin phosphoric acid
2 4,6-tert-butyl phenylester (BPSPE) + H3PO4

3 2,6-diisobornyl methylphenol (DIBMP) + BPSPE
4 DIBMP
5 DIBMP + tri-p-tert-butyl phenylene phosphite (TBPP) + H3PO4

6 TBPP
7 CAO-6 + BPSPEduration t (h)
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Figure 2.42
Melt viscosity rj as a function of time and the oxygen
content of air respectively under pure nitrogen in depen-
dence of temperature for PET, PA-6 and PP

Additionally Fig. 2.42 shows that depending on the practically possible parameters the melt viscosity
not only of PET but also of PA-6 and PP decreases similarly with time, and this already significantly after
10...15 min.

On the topic of solid phase afterpolycondensation see Chapter 4.5.
Calculating the reaction order of PET polycondensation [178] is still under discussion in the available

literature: On the basis of viscosity measurements [179] an order I reaction is shown; others conclude an
order II reaction from the glycol formation [180]. It seems most likely that an order III reaction occurs,
because the time dependent graphs match the measured results best. Also the gross reaction order, i.e., the
back and forth reaction, equals the order III reaction. In a given case it is only possible to follow the
degree of polymerization and compare it to one of the three differential equations that describe the
reaction order [178].

Pigments to influence luster, color, etc. are mainly used for dulling. See Chapter 6.8.1 about the use
OfTiO2.

Spin dyeing the polyester black has been done for a long time, especially with soot and small
additions of antimon trioxide. The melt pipes that were used for dyed or black melts need to be
thoroughly cleaned before they can be used again for natural melts. Therefore the soot or dyestuff should
be added as late as possible to the process, so that the installations stay clean up to that point. Thus
additives are usually added as a master batch in powder form or as chips in the extruder entrance or in a
melt blender dosed in right before extrusion. This is also true for dosing into the melt flow of a
continuous polycondensation installation.

2.3.3.4 Properties of PET Melts and Chips
After polycondensation the melt is extruded into water, most practically with under-water-chip cutters
(see Chapter 4.3, "Chip Cutting"), cut into chips, directly mechanically dehydrated, crystallized, and then
dried to < 0.004% water content (see Chapter 4.5) and thus melted again and spun. The properties of well
spinnable PET chips for textile filaments and fibers are explained in an example in Chapter 10. Generally
spinning of the following products from PET chips can be assumed with the mentioned intrinsic
viscosities [rj], measured in phenol-dichlorobenzene 60:40/25 0C:

time(s)
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PET chips for [q] in dl/g [170]

low pilling staple fibers 0.40.. .0.50
staple fibers wool types (W) 0.58 .. .0.63

cotton types (Bw) 0.60.. .0.64
HT-HM cotton types (high tenacity, high modulus) 0.63 .. .0.70

textile filaments 0.65 .. .0.72
technical yarns 0.72.. .0.90
tire cord yarns 0.85 .. .0.98
films/foils 0.60.. .0.70
injection mold, blow forms 0.90... 1.00
bottles 0.75 .. .0.8

The deviation range for staple fibers is <±0.02 or better and for all other yarns < ±0.015. In the
autoclave system for polycondensation there is a delay between starting and completing melt extrusion of
about 20 min (equivalent to 2.4 tons from a 4.5 m3 polycondensation autoclave), which will lead to
quality differences in the chips (Fig. 2.40 and 2.42). This makes intimate blending necessary to achieve at
least a higher average value. The product of a continuous polycondensation is more homogenous.

Due to the water cooling the chips are in the amorphous phase and have to be crystallized prior to
drying to avoid sticking or sintering during the heat up for drying or in the extruder entry zone.

Amorphous chips stay gray under UV-light, while crystallized chips fluoresce light blue. When
testing the crystallization for drying only a few individual chips may remain uncrystallized.

Of the many existing definitions of viscosity [104, 130], for polyethylene terephthalate only the
relative solution viscosity rjre\ and the intrinsic viscosity [IV], or limit viscosity [rj], is used. For
conversions the Huggins formula is applied. If here rjrei is measured in a PET solution in phenol/
tetrachlorethane (1 : l)/20 of 25 0C of in phenol/dichlorobenzene (1 : l)/25 0C as 0.5 or 0.1 g/dl, so the
Huggins constant K = 0.35. Thus

(2.22)

(2.23)

These formulas can be used quite well between f/rei=1.2 respectively [r\\ w 0.4 and ^ r e l =1.7
respectively [rj] = 1.163. Other possible formulas show up to 10% deviation.

To determine the molecular weights and their distribution one can apply several methods [104, 130]:
Membrane osmosis, steam pressure osmosis, sedimentation during centrifuging, or light diffusion. More
simple and in praxis sufficiently exact is the indirect method by the formula corrected towards [130] and
via the degree of polymerization:

(2.24)

This formula provides useful results for M ^ 10,000 to 40,000.
To determine the melt viscosity there is also a mathematical relationship to the molecular weight that

is based on r\ =KM35 (with K = 3.6278 • 10~12) [130], but its results deviate considerably from
measurements. Therefore it is better to use Fig. 2.43 that is based on an interpolation of measurements of
the melt viscosity as a function of the melt temperature with the intrinsic viscosity as the parameter. In
praxis the melt viscosity of textile polyesters at spin temperature is about 2500.. .3200 P and of tire cord
qualities about 10,000.. .15,000 P.

The dependence of the temperature on the melt viscosity can be described by [130]

(2.25)

The humidity content of the chips can be determined according to the C.-Fischer method or with the
DuPont Moisture Tester. Because it is necessary to obtain the extremely low humidity value of < 0.004%
it is important to mention the measured value and the measuring method due to the significant variations.



Figure 2.43
Relation between melt viscosity rj, intrinsic viscosity
[rj] = N and the melt temperature T (0C) of PET

The melting point can vary between 255 and 265 0C; this is based in the chip history as well as in
added mixtures like DGT or in different measuring methods. Table 10.7.2.2 shows a sample specification
of well spinnable PET chips.

2.3.4 Autoclave Polycondensation to PET

• From DMT and ethylene glycol:
DMT is delivered either in bags (paper-aluminum-PE coated), in barrels or in silo trucks. It has to be
emptied in clean, dust free rooms into storage tanks with a loosening device. Then it is transported
pneumatically to the weighing tanks or directly to the melt or solution tanks see (2) in Fig. 2.44) with
a throughput of about 2 t/h. When delivering melt [180, 181] (to avoid the cost for DMT
crystallization, packing and re-melting in heated specialty transporters) it is necessary to observe
the thermal burden of the DMT. Figure 2.44 shows a process diagram [179] and Table 2.12 the
corresponding specifications for an installation size of 1000 kg PET/batch. Ethylene glycol can be
stored outside in aluminum vessels, that should be steam-heated, because at — 11 0C the risk of
freezing exists. Feeding the glycol into the process is done through measuring units, e.g. oval rotary
counter. It is important to protect against humidity because of the hygroscopicity.

In (1) the necessary EG quantity (645 kg EG/1000 kg PET) is prepared, mixed with the additives
and heated to 175.. .180 0C. Parallel to this 1010.4 kg DMT are melted in (2) at 175 0C. The
transesterification autoclave (5) is slowly heated to 180 0C, EG is filled in and then the melted DMT
is added slowly. The temperature is increased over 1.5 .. .2 h to 195 .. .200 0C and kept at that for
1.. .1.5 h, evaporating 326 kg methanol. The glycol steam is refracted in the reflux condensor (6),
while methanol transfers into the drain condenser (7) and runs as condensate into the collection tank
(8). The jS-hydroxyethylterephthalate (BHET) is pressed from (5) with 1.5 .. .2 bar N2 into the heated
(220 0C) polycondensation autoclave (9); its temperature is raised over 1.. .1.5 h to 280.. .285 0C
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• From TPA and ethylene glycol:
Here only the entrance phase through direct esterification (inclusive) is different than from DMT: In a
Z-kneader or high viscosity mixer (e.g. a double cone mixer, Fig. 2.119) or in a continuous paste
mixer glycol and TPA are prepared in a mol relation of about 1:1.2 for 30. . .60 min at 30. . .40 0C
and transported to the direct esterification in an autoclave with an enlarged inside heat exchange
surface. This autoclave (Fig. 2.45) [182] contains in its lower part co-centrical heated ring surfaces
and a heating jacket that heats the contents at 1.5 .. .2 bar over 1.5 .. .2 h to 250.. .260 0C at the end.
For the whole time water and glycol are evaporated at the top; the glycol condenses in the reflux
condenser above and returns to the autoclave. After only approximate stoichiometric esterification the

Figure 2.44
Simplified flow diagram of the batch PET
polycondensation (definitions of the
positions and technical data of the exam-
ple see Table 2.12)

and kept there for 2 .. .3 h. Polycondensation is finished when no more glycol drains into the glycol
receiving tank and a (reproducible) desirable melt viscosity (about 2800 P for [rj] = 0.63, Fig. 2.43)
has been achieved. This melt viscosity can be measured with a torque measuring apparatus in the
agitator shaft or (not quite as exact) by the power consumption of the three phases drive motor of the
anchor or helical agitator. It follows a fast (if possible) extrusion through the casting head (16) onto
the casting wheel (17) into completely desalted water and the chip cutting (18). The chips are then
pneumatically (19) transported to the collection and weighing tanks (20, 21). Weight into batches, the
chips then transported into the rotary dryer (22), then they crystallize at 130.. .140 0C and dry at
about 165 .. .180 0C and 0 .1 . . .0.5 mbar for about 12 h: the last 2 h allow the chips to cool to about
<80 0C, and then they are filled and transported to the spin or storage tank.

The beginning of the polycondensation process can also be moved up into the transesterification
autoclaves: this gives the installation a better timewise utilization, i.e. transesterification and
prepolycondensation occur in (5) at up to 225 0C. However, the methanol transferring into (8)
contains more glycol. This reaction takes 3.5 .. .4 h; 0.2 h of pressing the BHET follow, 3.0 .. .4.2 h
polycondensation in (9) and 0.3 h extrusion. By timing the transesterification and polycondensation
times well, two polycondensation autoclaves can be served by one transesterification autoclave.

The reaction process and the mass balance can be shown as follows:

evaporate

(2.26)
1,0104 kg DMT + 0,645 kg glycol

+ surplus
1,322 kg BHET + 0,333 kg CH3OH

0,323 kg glycol
+ surplus

0,322 kg glycol + 1 kg PET ̂  (0,97 kg PET-textile)

0,03 kg waste



Position

1

2

3, 4

5

6

7
8
9

16

10
11

12

13

14
15
17
18
19
20, 21
22

Description

DMT-(salt-) storage tank, vertical or horizontal, with loosening
device, 1.45641 or Al, emptying via dosing device, dust free
filling
DMT transportation device, 1.4541, pneumatic, dust free
EG storage tanks
Al tanks with inside steam heating coils to outside > + 5°C
EG pumping station with quantity measuring, switch, filter,
pipes, 1.4541
-observe height difference
EG preparation
vessel with heating jacket for up to 185°C, 1.4541, stirrer
Addition vessel for glycol and additives with stirrer
DMT melter,
vessel with heating jacket and inside coil for up to 185°C,
1.4541, anchor agitator
Basket (star) filter, 1.4541, with heating jacket
Transesterification autoclave, 1.4541
with heating jacket, 1.0425 (=H II) for up to 2300C with
(*turbo) stirrer
Reflux condenser, inside 1.4541, jacket and inside coil with
dephlegmator (entrance side)
Gooseneck pipe with temperature element
CH3OH drain cooler, jacket and inside coil
CH3OH collection tank
Poly condensation autoclave, inside 1.4541
with heating jacket, 1.0425 (=H II) for up to 3200C, pressure
<10 bar) and vacuum (0.1 mbar) proof, anchor agitator, for
[rj] = 0.67, flat, for higher [rj] more spiral, three-phase current
drive 60/30 rpm, double functioning slide ring gasket, glycol
superposed and water cooled, conical bottom, foam dome
Bottom valve to (9) and casting head (34 stringths,
i.e. 100 kg/15 min) DN200
Centrifugal drop separator
Flow down condenser, advance idling, jacket and inside coil
cooling
Vacuum condenser, centrifugal entry, jacket and inside coil
cooling
Steam vacuum jet, for 3.5 • • • 5 bar saturated steam,
5 stages (empty « 0.1 mbar)
Condensator tank, barometric positioning
Glycol tank - to recycling
Casting wheel into water better under water chip cutter
Ribbon chip cutter
Chip transportation, pneumatic
Chip container and weighing device
Bi-conical vacuum dryer, 0.1 mbar empty
or continuous crystallizer and dryer

Design like
figure #

4.38

4.10a

4.10a

4.10b

2.29 (8)
2.29 (9)

4.10c

4.17

2.22 (5)

2.22 (7)

4.33/5.35
in 15 min

4.15

4.46
4.56

Size per 1000 kg
PET/batch

2500 1 x m*

> 3000 kg/h
800 1 x m*

> 4m3/h

1000-12001
drive 1 kW

100 1
2500 1

3000 1
2.5 kW

430 x m*
2650 1
2OkW

^0.1 mbar

for 30 stringths

> 1000 kg/15 min
> 3000 1

2100 1/ ^ 185°C

Table 2.12 Specifications for the PET Autoclave Polycondensation according to Figure 2.44



Figure 2.45
Autoclave for direct esterification of TPA with enlarged inner heat
exchange surface [142]

monomer ( = BHET) is removed at the bottom and then transported into the polycondensation
autoclave (pos. 9 in Fig. 2.44). Further reaction occurs as described for that figure. Some of the
quoted patents mention that 10.. .20% of the oligomer content are stored in a separate autoclave or
remain in the esterification autoclave to serve as an initiator for the next TPA-glycol batch.

Autoclave polycondensation to PET is recommended:
• when PET production is newly started; if uniform production quantities of more than 20 t/24 h result,

it is possible to change to the continuous process;
• for frequently changing special products;
• for productions of less than about 20 t/24 h.

2.3.5 Continuous Polycondensation to PET

2.3.5.1 Processes and Apparatus for Trans- and Direct Esterification

• From DMT and ethylene glycol:
The first significant patents [183-186] by DuPont were transformed into installations between 1952
and 1956. Transesterification is done in a reaction column (Fig. 2.46) [183] respectively position 6 in
Fig. 2.48. The rotor-finisher principle was patented in 1953 (Fig. 2.47 [184] respectively position 14
in Fig. 2.48). Between the column and the finisher two sequential vacuum prepolymerization vessels
are positioned (10, 12) since 1953. The finisher (15) for some time has been a single disc or a spoke
wheel reactor. The first patents of German companies in this area are from 1952 [192] and 1957 and
later [189-191]. Japanese patents mostly date after 1960 [193], and the first continuous poly-
condensation staple installation dates 1962/63 [184].

• From TPA and ethylene glycol:
These modern installations are usually also suited for DMT. The differences are only in the initial
step.

Figure 2.49 shows such a flowsheet as well as the most important process data [171]. Raw
materials can be HP- or MP-TPA or QTA [195] as well as DMT. QTA is not as pure and can lead to
corrosion problems, if not all contact areas are made from materials 1.4541 (~AISI 304) or better.
Further process data can be found in [182] as well as the reaction sequence from DEG to the finished
polymer (similar to Fig. 2.54).

Figure 2.50 shows that the processes of different engineering companies are quite similar for
DMT as well as for TPA as a raw material.

monomeres

heater rings

H20 + glycol
vapor

glycol
TPA glycol

paste



Another process is shown in Fig. 2.50 [182], that can use DMT (a) as well as TPA (b) as raw
material. In (a) DMT is dosed into the melter (4) and melted, while EG (1) is prepared and stored in
(2). Starting from the reactor (6), where either hot EG and DMT melt are mixed, or the TPA-EG paste
from (4) is started, both processes are the same. Here four reactors are positioned in sequence (6, 7, 9,
10). From the last reactor the intermediate product flows into the finisher and then it is pumped to
stringth casting or to direct spinning (12).

In this connection, Table 2.13 mentions data regarding the filter fineness, raw materials and the
energy consumption [171]. It should be noted that the filters and pumps can encrust after using
antimone trioxide as a catalyst due to reduction to (metallic) antimone for a long time, what can cause
problems especially for the spin pumps. Chapter 6.6.3 mentions the cleaning procedure hereof.

A continuous PET polycondensation is advantageous if a uniform polymer with a capacity of
^> 20 t/24 h is to be produced for a long period of time. It can be taken into account that many
additives are added briefly before spinning or extrusion.

The uniformity of the relative solution viscosity of a PET melt with [rj] values usually between
0.63 and 0.75 from a continuous polycondensation can be given with values better than ±0.01 or
even up to ± 0.002 for [rj].

2.3.5.2 Finisher

The originally patented double shaft finisher (Fig. 2.47) is still being built today (Fig. 2.51). Because the
interior of the finisher must remain free of sublimation and decomposition products and the viscosity of
the melt is considerably higher than for polyamides (see Fig. 2.21), the one shaft finisher and the shaftless
finisher have been developed and proved successful. Model trials with the one shaft finisher are published
in [197].

A cross-sectional view of the finisher (item 11 from Fig. 2.50b), the HVS reactor (=High Viscosity
Self Cleaning) [44, 54] is shown in Fig. 2.52 and the corresponding outside view in Fig. 1.13. In addition
to the heating/cooling jacket also the rotor and the shaft are heated to the same temperature. The self
cleaning of all parts that have contact with the product is done by scrubbers that clean the inner jacket
surface, the shaft and the individual rotor arms at each revolution, so that no long term decomposition or
cracking products can develop. The rotors and their arms must be constructed very strong due to the high
viscosity and the high volume.

Figure 2.46
Transesterification column for DMT and ethylene glycol
to diethylene glycol [183]
1 Column
2 Plates, some of them heated, with
3 Overflow and drain
4 Overhead steam evaporation (CH3OH)
5 Condenser
7—10 Throughflow resistor
12, 14 Reflux

vacuum



Figure 2.48 Flow diagram of a continuous PET polycondensation for DMT and ethylene glycol as raw materials [74]
1 Glycol preparation vessel 11, 13 Glycol discharge condenser
2 Storage for prepared glycol 12 Prepolymerizer

3, 5, 9 Dosing pumps 14 Disc or screw finisher (similar to Fig. 2.21)
4 DMT melter 15 Polymer extrusion screw
6 Transesterification column 16 Glycol vacuum condensers
7 Reflux condenser 17 CH3OH- and glycol receiving tanks
8 CH3OH discharge condenser 18 Direct spinning equipment

10 Vacuum flasher

Today also a shaftless one rotor finisher is manufactured (Fig. 2.53 [199]). The shown finisher has a
rotor diameter of 2.60 m and a length of about 6 m. It is made from a stainless steel pipe ring
construction and consistently dips with the lower part into the melt sump at the bottom, takes the melt
along to the top by the rotation, while depending on the viscosity a more or less developed film flows
down, allowing the film to evaporate on both sides. Here, too, the inner wall is continuously scrubbed.

Figure 2.47
Double shaft finisher with wheels [184] (compare Fig. 2.51)
a) Wheels, covered with wire mesh sieves
b) Evaporation spaces
c) Dow vapor heating room
d) Evaporated glycol vapor to condenser



Figure 2.49 Continuous PET polycondensation for TPA and glycol as raw materials (Karl Fischer GmbH, [171])
- Continuous weighing scale for TPA or DMT
- Dosing pump for ethylene glycol
1 Mixer/kneader for TPA and EG

2, 7 Dosing pump for paste respectively DEG
3 Esterification autoclave I

4, 8 Filters
5 Reflux column for separation of water (methanol) and glycol
6 Esterification autoclave II
9 Flasher

10 Prepolycondenser
11 Polycondensation finisher
12 Discharge (gear) pump
13 Non-stop filter
14 Heated pipe to fiber or filament spinning
15 Possible additive injection
16 Possible polymer waste recycling to 1
17 Vacuum installation

Process data of the continuous polycondensation of TPA and EG to PET [171]:

EG: TPA-mol relation 1.12.. .1.18.. .1.28
Paste mixer (1) tv = 45 . . . 60 min T = 30 . . . 40 0C
Esterification I (3) tv = l.5...2h T = 2 5 0 . . . 260 0C p= 1.5 . . . 2 bar
Filter (4)
Reflux column (5) R = 0.9 . . . 1.2
Esterification II (6) tv = 1 h 45 min T = 255 . . . 270 0C p = 0.5 . . . 1 bar
Pump (7) and filter (8)
Prepolycondensation I (9) tv = 1 . . . 1.5 h T = 265 . . . 275 0C p = 5 0 . . . 80 mbar
Prepolycondensation II (10) tv = 50 . . . 60 min T = 275 . . . 280 0C p = 5 . . . 8 mbar
Polycondensation tv = 6 0 . . . 80 min T = 2 8 0 . . . 285 0C p = 1 . . . 2 mbar
= Finisher 1(11) with shaftless basket type evaporator: n — 0.5 . . . 3 rpm.

Product: PET melt with [tj] = 0.6 . . . 0.65 ± 0.005 at 285 0C, i.e. textile quality

waste chips |
pasting esterification precondensation polycondensation spinning



Figure 2.49 {Continued)

Figure 2.50a,b
Continuous PET polycondensation flow
sheet for DMT or TPA and ethylene glycol
as raw materials (Zimmer AG [182])

1 Glycol preparation
2 Storage for prepared glycol
3 Storage for either TPA or DMT
4 Premixer
5 Dosing pump

6, 7 Esterification
8 Transesterification column
9 Vacuum flasher

10 Vacuum prepolycondenser
11 Ring disc reactor (see Fig. 2.52)
12 Polymer melt to chip production or

spinning

catalyst

methanol

DMT
EO

a)

b)



Figure 2.51 Double shaft finisher (reactor) opened, rotors drawn out to the front (Werner & Pfleiderer [199])
Rotor diameter (outer/inner) 800/342 mm
Distances of axis 574.5 mm
Clearance to wall 2 mm
Longitudinal disc spacing 93 mm
Inner length 4500 mm
Contact heating surface 10.67 m2

Drive 36.7 kW
Inner volume 4.32 m3

Revolutions, adjustable 0.8-7 rpm
Melt residual time for 1 rpm 48.5 min

Table 2.13 Process Data of a Continuous PET Polycondensation Installation [171]

Filter fineness um

EG 10
DMT (if) 10
Catalysts 10
TiO2 suspension 2 . . . 3
DEG and
Precondensate 15
Impurities none

Raw material consumption
kg/1000 kg polymer

Pure terephthalic acid 858
Monoethylene glycol 338
Catalyst 0.3
Stabilizer 0 . . . 0.04
Additives 0 . . . 10.0
Dulling agent TiO2 0 . . . 4.0

Energy and auxiliaries consumption
per 1000 kg polymer

Electricity 105 kWh
Steam 210 kg
Cooling water (circa.) 42.5 m3

Cooled water (circa.) 320 MJ
Completely desalted water 0.035 m
Fresh water 5.7 m3

Pure nitrogen 1.4Nm3

Instrumental air 28 Nm3

Compressed air 32 Nm3

Fuel oil 58.5 kg



Figure 2.52 Longitudinal and cross-sectional view of a HVSR reactor (item 11 in Fig. 2.50b, Zimmer AG [44, 54])
A) Upper stator
B) Lower stator
Q Vapor suction
D) Discharge stator
E) Discharge with gear pump (Fig. 4.115)
F) Agitator with shaft and wings
G) Rotor with wall scrubber
H) Labyrinth seal
I) Intermediate product entrance
K) Friction bearing
L) Sealing for polymer viscosities of up to 104 Pa- s

Figure 2.53
Inner view of a basket of a shaftless finisher type SR [199] (Werner
and Pfleiderer)

The finisher is arranged into the overall process according to Fig. 2.22. The melt flows from (1) to (8).
The pipe between the finisher dome and the corresponding vacuum condensers (3) should condense the
glycol that contains a significant amount of monomers and oligomers. One of the two condensers can run
while the other one can be cleaned without interrupting the process. A two or three phase steam jet
injector provides the necessary process vacuum inside the reactor between 0.1 and 0.5 mbar, usually
working with glycol vapor. The melt exits through jacket heated discharge gear pumps (Chapter 4.6.8.3).
The earlier used single discharge screw is no longer being used.

The intrinsic viscosity IV = [rj] and consequently the molecular weight and the degree of polymer-
ization increase inside the finisher from the entry value to the set [f/]-value (Fig. 2.54). To achieve a
uniform product it is necessary to include a homogenization zone before the polymer exit.
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Figure 2.54 Typical [^J-curve of PET when passing the finisher length respectively as a function of the dwell time
[91]
a) Homogenization
b) Control range
c) Discharge zone

2.3.6 Spinning and Drawing of PET

2.3.6.1 Route of PET to Spinning
The melt from the continuous polycondensation is pressed by the discharge pump of the finisher to the
spinning heads on the shortest possible path. Additional non-stop filters are not necessary. Usual are melt
velocities of 4 . . .6 cm/s for pipes with an inside diameter of 32. . .100 mm. For [rj] = 0.6.. .0.7 the melt
and pipe temperatures should be <280 0C, and for [*/] ^ 0.9 they should be <290 0C. The maximum
dwell time is about 10 min. The pipes are formic gas welded and electro polished on the inside to
^t < 0.4 um and, just like the valves, must not have any dwell corners or pockets. The spinneret packs
can be used with or without stainless steel sand filters and contain a flat filter in front of the spinneret with
20 um for the usual textile titers.

The chips are transported by air from the mechanical dehydration to drying, where they are either
crystallized in vacuum dryers at 130.. .145 0C under continuous movement and then dried to a residual
humidity of < 0.004% at 180 0C for a total of 8 .. .12 h including a cool down time of about 2 hto about
80 0C. For larger capacities today continuous crystallizers and dryers are preferred that also crystallize
the chips under constant movement at 140...1450C and then dry them to a residual humidity of
< 0.004% during a slide down the drying tower at about 180 0C with air or nitrogen with a dew point of
under - 4 0 0C.

Chip transportation and storage from extrusion are done with equally dry air or nitrogen. Above each
spinneret two chip vessels in sequence are suggested with the lower one of such size that it is possible to
continuously spin while the upper one is filled and rinsed with nitrogen (Fig. 4.45).

The spin extruder size should have 10.. .20% reserve capacity according to Chapter 4.6.4. Screw
lengths of 25 or 30 D including 3 D for the mixing torpedo are suggested. The melt pressure at the tip of
the screw is between 100 and 130 bar for textile qualities, and for tire cord qualities between 400 and
500 bar. The former ones require spin pumps for 150.. .200 bar pressure difference, the latter ones high
pressure spin pumps for up to 1000 bar.

For larger installations non-stop large surface filters should be installed according to Fig. 4.129 with
the option of loss free switching. Melt pipes and distribution pipes, spin beams, melt valves, extrusion
blocks and spinnerets can be selected according to the Chapters 4.6.5 to 4.6.11. With the appropriate
cooling in the quenching chamber relatively tight spinneret bore gauges are possible, up to about 3 mm
for textile titers.
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2.3.6.2 Spinning and Take-Up of PET Filaments

From experiences and publications today the following preferred take-up speeds are to be expected:

• for staple fibers (cotton type) >1300, preferred 1700 m/min,
• for textile filaments for draw texturing: with POY velocities between 3200 and 3600 m/min [130],

nearly up to 5200 m/min,
• for FOY yarns > 5600 m/min up to 8000 m/min. These filaments will still have a residual draw of

15...10%,
• for textile ROY yarns with a spinneret take-up of 1300.. .1700 m/min and an integrated draw ratio

before the winder of 3.4 to 5,
• for tire yarn so far a spinneret take-up of 600 up to 800 m/min and an integrated draw ratio to

3000.. .3400 m/min. In new installations from 1992 the spinneret take-up is 1100.. .1200 m/min
and an integrated draw ration to winding at over 6000 m/min.

Figure 2.55 shows the stress strain curve as a function of take-up speed [200]. The elongation at the
breaking strength drops with increasing speeds, while the specific tenacity increases. Additionally Fig.
2.56 shows the achievable specific breaking strengths and the possible residual draws from trials and the
literature [1-5] as a function of take-up speeds for not yet drawn filaments. The maximum tenacity is
reached around 5000.. .6000 m/min spinneret take-up, while the residual draw even at 10,000 m/min is
about 1.1. These results show the same tendency as those of [201]. At 5000 m/min the final spin values
for diameter, orientation, crystallization and birefringe are achieved about 60 cm below the spinneret, i.e.,
within 10 ms. At 9000 m/min this only takes about 10 cm respectively 1 ms.

From stability evaluations about the spinning process it is possible to conclude the minimum
individual filament titer (see Fig. 2.57):

rmin[dtex p.f.] =f[Q • VIn(VLZv0)] (2.27)

(T= individual filament titer, Q = spinneret bore throughput in g/min, vL/vo = spin draw ratio).
According to this the filament titers in the area A are well spinnable, while those in area B will lead to

many breaks. The reason for this is the melt fraction (thick-thin spinning) that occurs at shear rates of
about 105 s"1 [204]. Another investigation [200] discusses the relations between individual filament titer
(2.5 .. .4.3 dtex), spinneret take-up (1750.. .5500 m/min), spin-draw ratio (153 .. .613) at the breaking
tenacity (2.0.. .4.0 cN/dtex), breaking elongation (in %), the initial elastic modulus (18.. .70 cN/dtex),

Figure 2.55
Stress-strain diagram for PET yarn spun with different take-up speeds
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Figure 2.57
Critical titer of PET filaments as a function of melt supply and spin
draw [201]
A) Spin range; polyester Mn = 22,000, melt temperature about

310 0C, take-up velocity 5000.. .10,000 m/min.
E) Range with high number of filament breaks, spinneret

throughput 0.5 .. .5.2 g/minhole, spinneret hole diameters
0.25 .. .1 mm shear rate < 105 s"1

the shrinkage force (300.. .3300 cN/mm2), the draw modulus (0.6.. .7.5 cN/dtex), the crystal size
(30.. .65 A) and the extrusion velocity through the spinneret bore (4. . .40 m/min) as well as the dye
absorption (in mg dyestuff/[g]fiber with a well marking dyestufF (about 7 . . . 11 before and 1.. .4 after
drawing) and a badly marking dyestuff (10.. .11 before and about 4 . . .10 after drawing). For the latter
one it is notable that dye take-up increases considerably with increasing spin take-up. This is confirmed
by practical experiences in the carrier free and pressureless dyeing of polyester filaments that are spun
with a take-up speed of over 7000.. .8000 m/min; this guides into an economic advantage over the
traditional polyester dyeing under pressure or with carrier.

The influence of the other mentioned parameters can be summarized as follows:

• For higher spin distortion ratios (153 -> 613) the increase in the breaking strength slow down, both
with respect to the extrusion speed as well as with respect to the take-up speeds (Fig. 2.58).

• The breaking elongation reacts in the opposite way. In the range of about 4000 m/min a spinning
induced crystallization sets in [203].

• The initial modulus increases with increasing spinning speed, while the spin distortion ratio has no
influence. Higher individual filament titers show a lower initial modulus because of the slower
cooling due to the higher heat capacity.

• The shrinkage force increases with higher take-up speed and higher distortion ratios ( > 345). Higher
individual filament titer however lowers it.

• The dynamic draw force—for the residual draw—increases with higher take-up speeds, parallel to an
increase in spin distortion ratio and shrinkage.
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Figure 2.56 Breaking strength (a) and residual drawability (b) of PET filaments (not postdrawn) as a function of the
take-up speed v w (graphs 1.. .5: measured by different tests in different plants)
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Figure 2.58 Breaking strength (a) and elongation (b) of PET-POY as a function of the spinneret hole extrusion speed
v [252] with the take-up speed, denier per filament and spin draw as parameters

• The draw modulus = force in the initial region of the draw increases also with higher spin take-up
speeds.

• The crystal size (from X-ray measurements) increases with higher spinning speeds.
• The birefringe (larger responds to a higher preorientation of the molecular chains) increases with

higher spin take-up speeds; this increase is less for coarser deniers per filament at take-up speeds up
to about 3500 m/min than for finer dpf; for over 4500 m/min the increased orientation due to the spin
draw overshadows this.

2.3.6.3 Spinning and Drawing of PET Filaments and Tow

If the draw ratio during POY spinning is not sufficient for the final product, the filaments or the tow have
to be drawn hot. This draw can be done either dry over hot cylinders and/or in hot air, or in hot water
baths. Because of the important quantities of PET most of these issues are covered in Chapters 3.4
Drawing, 3.6 Draw Texturing and 4.10 Draw Twisting Machines, 4.13 Staple Draw Machines etc.

The necessary hot drawing has to be done just below the glass transition temperature. With the
increase of the tenacity comes a reduction in elongation and filament cross-section. Figure 2.59 shows the
influence of draw temperature on the draw zone, the neck point [131]. With increased draw speed the flow
zone becomes more distinct, because the draw heat (generated by the draw energy in the filament) cannot
dissipate as quickly. The better the heat transfer in the area of the neck point, e.g. drawing in hot water,
the less distinct is this telescope effect.

During drawing the draw forces are also important as shown in Fig. 2.60. Because drawing should
happen below the glass transition temperature and stays in the range of 1:3.4 to 5.5 depending on the end
product for LOY yarns, for practical reasons one assumes a maximum draw force of about 10 g/tex. To
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Figure 2.60 Draw tension o of textile PET filaments and tows in air (left diagram) and in water, in dependence of
temperature and draw ratio (1:2 to 1:4.5; draw speed 1000 m/min)

determine the drive power an efficiency of 0.5 is included for small machines between the drive of the
draw unit and the drawing rolls. For larger draw units the efficiency has to be determined more precisely
and can be as high as 0.8 .. .0.9.

The large number of possibilities to produce filaments and fibers of different properties from PET by
choice of polymer, spin conditions and draw conditions, can best be shown by a few examples:

• PET staple fibers can be blended with many natural and man-made fibers, and for this purpose have
to match in titer and in the initial elastic modulus. The HM-HT-cotton type (high modulus, high
tenacity) shows similar properties as fine cotton (Fig. 2.61a and b). The production is explained in
Chapter 2.3.6.4 in more detail. The HM cotton type is meant for blending with cotton. The viscose
type (d) is suited for blending with rayon and/or viscose staple (e). In spite of the different course of
tenacity and elongation for more than 10%, the wool type (f) and the anti-pilling wool type (g) are
particularly well suited for blending with wool (h). In all these cases the tenacity is about 50. . .70%

Table 2.14 Consumption of Raw Materials and Polymer Properties for PET Produced with the Zimmer
Continuous PET Polycondensation Installation [170]
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higher than the natural or chemically made blending partners. This considerably increases the usage
of the blends. To produce HM-HT and HM cotton types the fibers are appropriately spun from chips
with [rj] = 0.7 .. .0.75, while the wool used to be spun from Dy] = 0.63, today mostly [rj] = 0.67. To
obtain the final properties requires certain aftertreatments, that are covered for example in Chapter 4
in the descriptions of machines and installations.

• PET-POY yarns for draw-texturing is spun from PET chips of [rj] = 0.67 with a take-up speed
(depending on the type of winding head and the filament titer) >3200, preferred 3600 (newly up to
5200) m/min with or without godet take-up from the spinneret. Further processing see Chapters
4.10...4.12.

• PET spun bond webs are taken up similar to POY yarn at the spinneret with 3000.. .5200 m/min
quenched and then irregular laid onto a suction transport belt so that it cannot be drawn further. In
spite of this a good PET web filament has a tenacity of 20 cN/tex and 30% elongation and 5%
shrinkage at boiling. These properties are only achieved with filaments taken up from the spinneret at
>5000 m/min.

• Finished PET filaments without after draw and about 20 . . .23% residual draw can be produced with
spin take-up speeds of over 7000 m/min if a suited PET polymer is available.

• Set and set-like finished yarns can be spun as trilobal filaments or as ̂ -shaped filaments with one over
length side, cooled asymmetrically in a ^ 400 mm long quenching chamber, taken up and wound
with < 7000 m/min.

2.3.6.4 Production of HM-HT Cotton Type Polyester Staple Fibers

These PET staple fibers (High modulus high tenacity cotton type) with 1. . .2.5 dtex per filament are
gaining importance because of their ideal blending properties with cotton (graphs a and b in Fig. 2.61). A
production installation is similar to Figs. 4.1 and 4.287. The polymer should have an intrinsic viscosity
[rj] of (0.67.. .0.72) ±0.02. Table 2.15 shows the most important properties of this fiber type compared
to other PET staple fibers.

During spinning (with melt from continuous polycondensations as well as from spin extruders) even
the slightest variations in temperature are important. Irregularities in the airflow during quenching can
lead to differences in orientation and crystallinity, leading to irregular drawing. Spinneret take-up speed is
around 1700.. .1900 m/min.

The spin tow is coiled after a good finish preparation into large cans, removed after similar storage,
taken off and plied; it is lead over a septet through a preparation dip bath to pretensioning and preheating.
The entrance to the first draw zone should be under little tension to allow the tow to run parallel and not
twisted. The total tow should be evenly distributed over the width of the rolls. The seven rolls should be

Figure 2.61
Typical stress-strain diagrams of PET staple fibers for comparison and
blending with corresponding natural and viscose fibers
a) High modulus, high tenacity cotton type (HM-HTC type)
b) Cotton
c) High modulus cotton type (HMC type)
d) Viscose staple
e) Viscose rayon
/ ) Wool type
g) Anti-pilling wool type
h) Wool
(Recommendation by Zimmer AG [54])elongation (%)
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Table 2.15a Important Data of HM-HT PET Yarn Types Compared to Normal Types

Fiber type, Degree of heat setting,
Degree of draw

HT-HMT type, tension fixed, no
shrinkage, heat setting, fully drawn

HT types, partially tension fixed, no
shrinkage, heat setting, normal drawn

MM types, no heat setting, normal drawn

LM types without tension heat setting,
full shrinkage, heat setting, normal drawn

Tenacity

cN/tex)

>65

>53

>53

>40

Elongation

(%)

<20

<30

<30

>35

Shrinkage
at boiling

(%)

0

<1

> 1

varies

Crimp
stability

(%*)

>60

>65

>70

>75

Degree of
crimp
(%*)

>10

>12

>14

>16

Bulk/
elasticity

very strong

strong

low

medium

*Data strongly depend on measuring methods

Table 2.15b Polymer Properties for Tire Yarn and Technical Yarns

Value

Intrinsic viscosity
DEG content Weight %
COOH MEQ/g
TiO2 %
Catalyst ppm.
Heat stabilizer ppm.
Water content weight %
PET dust content weight %

Yarn:
IVM
dtex (drawn)
Tenacity cN/tex
Breaking elongation %
Hot air shrinkage %

PET. directly spun

Cord yarn

0.95 ± 0.012
<1.1
<18

O... 0.02
300
30

< 0.003
<0.05

0.88
1100/182...210

84
12
6

Technical yarn

0.82
<1.1
<20

0 . . . 0.02
230
30

< 0.003
<0.05

0.75

74
14.5

4

Low shrinkage yarn

0.75

69
22
1.5

Figure 2.62
Optimum draw temperature ropt as a function of the spin
take-up speed v for PET with [rj] = 0.63 (draw take-up
speed= 120 m/min)

Figure 2.63
First draw septet of a PET-HM-HT fiber
after-treatment line (Zimmer AG [54]) with
draw bath below the fifth roll (a), draw
range (b), and friction range (c) with hot
draw plate effect
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Figure 2.64
Uniform (on left) respectively uneven (on
right) draw zone on the sixth roll of the
draw septet (zone c in Fig. 2.63) [54]

heated to a temperature depending on the spin take-up velocity according to Fig. 2.62. According to a
process by Zimmer AG [196] the fifth roll runs in a tempered draw bath (Fig. 2.63), so that a wet draw
with ironing and slide effect occurs on rolls six and seven. At least these tow rolls have to provide the
appropriate surface treatment for this. Drawing starts on roll six and is completed upon leaving roll seven
into the next septet. The draw line on roll six (Fig. 2.64) should be as narrow and straight as possible (Fig.
2.64). Minor irregularities are corrected on roll seven by the ironing effect. An irregular draw can be
recognized by the uneven exit from roll six and in the final product (e.g., long staple, differences in crimp,
elongation and tenacity, high CV values). The temperature on the rolls must be better than ± 1 0C. Fiber-
to-fiber adhesion also influences the eveness of draw and crimp. To high fiber-to-metal friction can lead to
increase fibrillary breakages.

Figure 2.65
Influence of heat setting conditions on the PET staple
fiber elastic modulus
a) Approximate temperature during heat setting with

shrinkage
b) Approximate temperature during heat setting under

tension
c) Increase of the tension heat setting and draw

conditions
d) 10% modulus

temperature ( 0 C )

Figure 2.66
Stress-strain behavior of PET filaments and tows during
aftertreatment
a) Influence of tension and heat setting with

temperature and time progression
b) Draw values after draw zone, temperature >60 0C
c) Value after heat setting, temperature > 160 0C
d) Value after stufferbox crimping, temperature

>85 0C
e) Final value after drying, temperature > 90 0C
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The tow is then cooled to under 100 or better 70 0C, then dried and heat set on large drums with
constant speed and high tension above 160 0C and then cooled again to 100 or 70 0C at constant speed.
This will result in tenacities of over 65 cN/tex with elongations under 20%, a boiling shrinkage of 0%
and a 130 0C vapor shrinkage of less than 3%.

In order to maintain these data the tow shall not be heated beyond the heat setting temperature in any
of the following processes, or the tenacity will decrease and the elongation increase. This is especially
true for stufferbox crimping, where the mechanical work of the fibers transforms into heat inside the tow.
Figure 2.65 shows the influence of different temperatures on the tension-elongation diagram. Figure 2.66
describes the development of tenacity and elongation during the fiber making process. An even crimp
requires that the tow is fed absolutely straight to the crimp rolls. The resulting primary and secondary
crimp is shown in Fig. 3.60. A high degree of crimp can be achieved by a sufficient 100 0C saturated
steam treatment just before the crimper, because this will briefly drop the elastic modulus and make the
tow more pliable. Inside the stufferbox the tow temperature should be above 80 0C but as far below the
last heat setting temperature as possible. The latter can also be influenced by steam injection.

After leaving the stufferbox machine the tow should cool and dry at temperatures considerably below
the heat setting temperature, cool to below the glass transition temperature and run towards the staple
cutter; here the crimp is briefly pulled out by a tension roll to ensure uniform staple length.

2.3.7 Polybutylene Terephthalate (PBT)

Since its introduction around 1968, the production now increases annually about 10. . . 15%, with
increased 1,4 butandiol (=butylene glycol). Butandiol (BD) is primarily gained by the GAE process
from acetylene and formaldehyde. New processes start with ethylene via promoethanol or with propylene
via allylacetate and the oxo process. Polycondensation follows the scheme

(2.27)

or analog starting with TPA and with water as a byproduct. During the polycondensation butandiol is also
regained.

According to Zimmer [120] the process can be executed in autoclaves as well as continuously with a
choice of DMT or TPA as raw material. The process and the installations are similar to those for PET,
however with the data corresponding to the raw material and the final product. The reactor vessels are
equipped with inside heat exchange rings and agitator similar to Fig. 2.45. Chip cutting—if done—is the
same as for PET as is the drying process. A solid phase aftercondensation is also possible.

For the continuous process from raw material entry (DMT and BD) to the finisher five autoclaves are
needed; for TPA and BD only three. During the DMT process 85% of the byproduct methanol have 99%
purity and 15% as a tetrahydrofuran (THF)-methanol mixture that is difficult to separate and can only be
burned. The TPA process produces twice the quantity of THF in a watery solution with about 10 mol-%
THF (of the TPA) but it can be sold well after destination. The evaporated glycol can be re-entered into
the process.

Table 2.16 shows the technical data for the process and the products. Yarns have a low moister regain
(about 0.4%) and very good crimp stability—important for BCF yarns. The latter also depends on the
correct heat setting temperature (between 160 and 200 0C). Considering the sales value of the
byproducts, PBT yarn cost is already lower than PA-6 yarn cost. Another application is the combination
with PET in bicomponent yarns to achieve crimp or dye effects.

DMT

PBT

+ l,4-Butandiol(=BD)

Methanol



*[ti], calculated according to the Billmeyer formula for rjre\, measured in a (3/2) phenol-
tetrachlorethane

2,4 Polyolefines

Polypropylene was first spun in 1958, polyethylene in 1967 [517] and then discontinued until about 1985,
even though it was known since 1933. Polypropylene today has the most significant growth rate (around
7% p.a., 300,000 t in 1995) in filaments, staple fibers and nonwovens compared to all other synthetic
fibers. PE spin products today are only produced in very small quantities. Since the installations and
machines for both productions are practically identical, it is sufficient to describe the polypropylene
production. For polyethylene the different process parameters have to be considered, especially the
melting point of 169 0C for PP respectively about 105 . . . 138 0C for PE depending on the type. The glass
transition temperature is + 5 0C for PP and < — 70 0C for PE. This is particularly important for outdoor
applications, because unmodified PP will become fragile in freezing temperatures.

2.4.1 Polypropylene (PP)

Just before 1957 Natta [205] transferred the polymerization process by Ziegler [204] onto polypropylene.
Of its four stereo specific modifications (Fig. 2.67) only the isotactic polypropylene (b) with a melting
point of 162.. . 176 0C was suited for fiber production. After an introduction that raised high expectations
there were many setbacks between 1960 and 1970 without sufficient additional qualities that PP textile
production was discontinued in most places. Some goal oriented long term research and development
made PP much later a textile material with remarkable properties at low cost, that since 1980
continuously gained relevance as the fourth synthetic fiber class next to PA, PET and PAN textiles
(see Table 1.2) (since 1995 in third place before PAN).

Table 2.16 Raw Material Consumption, Polymer Properties and Yarn Properties of PBT [120]

PBT products with [r\]
Raw material consumption [kg/t]
DMT resp. TPA
BD

Product specification
Intrinsic viscosity [rj]*
Adjustment range
Standard deviation
COOH groups [IO"6 Equ]
Yellow index

medium

0.85
0.72... 0.9

±0.015
40. . .60

8

high
DMT process

885
442

1.15
0.95.. . 1.2

±0.015
40. . .45

11

after condensated
TPA process

757
472

0.75.. . 1.3
±0.02

25

Melting temperature Ts = 2l5°C, glass transition temperature r g ^40°C

Yarn properties

Take-up speed
Draw ratio
Titer
Tenacity
Breaking elongation
Shrinkage at boiling
Degree of crimp
Crimp stability

POY, draw textured

[m/min]
1:

[dtex]
[cN/tex]

[%]
[%]
[%]
[%]

BCF trilobal

3600
1.26

190f52
30.9

24 . . . 32
3 . . . 4

50 . . . 60
>90

800
3.38

1200f60
26
35
< 1
23
67



Figure 2.67
Stereo specific arrangement of polypropylene molecular chains:
a) atactic, b) isotactic, c) syndiotactic, d) stereo bloc

A good overview of the development of polypropylene fibers can be found in [206] with many
references, however only until 1982.

2.4.1.1 Production of Polypropylene

Propylene is a liquiefiable unsaturated carbonhydroxid in gas form resulting from the refinery of crude
oil/petroleum with SP = —47 0C that can be produced by two processes (typically in one case with a 16%
yield): either as a byproduct with ethylene and higher carbonhydroxides during the high temperature
pyrolisis of the petroleum distillation and natural gas fractionating or as a byproduct of gasoline during
hydrolytic cracking of higher carbonhydroxides. The latter is the more frequently used process. To be
processed for spinnable PP it is necessary for the propylene to be of > 99.5% purity, for molded parts
production only 93% purity is sufficient.

The transition from propylene to polypropylene occurs according to the formula

(2.28)

that shows the four possible arrangements it can be polymerized into configuration (b) in Fig. 2.67 that is
achieved with the help of Ziegler-Natta catalysts, in the sequence of the action:

(5-TiCl3 and Be(C2H5)2 better than a-TiCl3 and Al(C2H3)3.

Today catalyst systems of the third generation are used that provide a higher selectivity for isotactic
PP and a higher yield. They can be used in the (still mostly used) suspension polymerization as well as in
the gas stage polymerization.

Polypropylene or LLDPE (e.g., with Cp2TiCl2ZMAO [534]) produced with metallocene catalysts is
atactic, while when produced with Cp2Ti(C6H5)MAO results in selectively isotactic PP [535] (1 g
catalyst for PP or PE); mol mass distributions of Mw/Mn = 2... 2.5 are realistic with a small
distribution or MFI 1000 g/10 min.

Suspension polymerization is for example done in hexane or in n-heptane. Isotactic PP is not soluble
in n-heptane; thus this is truly a suspension polymerization at under 100 0C during the process the not
reacted propylene is evaporated, the suspension is centrifuged, washed with methanol and dried.

BASF [205] developed a polymerization process in the gas phase. The PP produced here or in similar
processes gains relevance for spin qualities [206], even though the products vary considerably from those
of the suspension polymerization.

In a few cases the PP powder is processed directly, but usually it is compounded in double screw
extruders (Chapter 4), reduced to the desired molecular weight and cut to chips. The hot cut off with

dcba



directly following water cooling produces a lens shaped chip. Cylindrical chips, like from under-water
chip cutting, are rare.

PP is usually described by the following properties:

• Average molecular weight Mn—for spin qualities between < 100,000 and 300,000 or as average
weight Mw > Mn;

• MJMn—for Gauss distributions = 2, for commercial products between 3 and 10, usually around 5;
• Mv—average viscosity molecular weight; Mw > Mn (usually 1.2 times) > Mv;
• [rj] = K • Mv

 a — intrinsic viscosity (Mark-Houwink formula) with a ~ 0.8 for PP and
K = (0.8. . . 1.1) • 10~4, depending on the solvent and the temperature;

• MF/= Melt Flow Index—rate of extrusion of PP at 230 °C/2.16 kg or at 190 °C/10 kg load [207] in
g/10 min.

Two typical molecular weight distributions are shown in Fig. 2.68, and the approximate relation
between Mw, [rj], and MFI2^0 °C;2.i6kg m Fig. 2.69. Mathematically the relationship between the intrinsic
viscosity and the melt flow index can be described as follows

logM = A + B • XogMFI (2.29)

A and B are depending on the molecular weight and its distribution. In a limited MFI range B is almost
constant; A then gives an approximate number for the molecular weight distribution. For a relatively wide
distribution of the molecular weight A & 0.50 and B ^ 0.197. In [208, 209] experimental relations are

Figure 2.68
Typical molecular weight distributions of well
spinnable and drawable PP products (Hiils
AG [165])
a) Type P 2000 CR, especially for spun bond
b) Type PX 4439, especially for

conventional and compact spinning and
drawingM w
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Figure 2.69 Approximate relation between MFI (e.g. 70), [rj] (e.g. 1.4), melt temperature (300 0C) and melt viscosity
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mentioned for certain variables of different PP types. Rheometric measurements of the extrusion MFI can
be made with the apparati in [210, 225] (see Fig. 7.30).

The selection of the correct PP type is essential for the spinning process. For low take-up speeds, e.g.
for compact spinning machines, an initial polymer with MFI = 12 . . . 15 g/10 min can be decomposed
with organic peroxides in the melt to MFI ^ 20. . .35 g/10 min. With appropriate catalysts such
polymers can be directly delivered from the polymerization process (see Fig. 2.70). High speed spinning
processes, however, require a polymer with an extremely narrow molecular distribution and cannot bear
overlong polymer chains that are left during the thermal decomposition. Here an initial polymer with
MFI = 1.2. ..2.0 g/10 min is needed, even if the aspired MFI values are around > 20 . . . 35 g/10 min.
During the polymer selection the die swell also has to be taken into account.

Figure 2.70
Die swell value Sw of PP depending on the production process
A) From suspension polymerization
A') From A) thermally decomposed to lower MFI
B) From the gas phase polymerization

In all cases the chips presented to the extruder must be homogeneous and well blended.
PP is relatively stable against heat and light; however, it needs to be protected against the related

oxidations by stabilizers, especially against thermo-oxidative damage of the melt (Fig. 2.42) and during
hot aftertreatment High sheering forces in the melt can cause degradations in the molecular chains.
Impurities in the polymer easily lead to photo degradation. Effective stabilizers against these influences
are phenol derivatives [204], e.g. DBPC, antioxidant, santonox, inox etc., as well as peroxide
decomposers, e.g. triphenyl phosphate, or absorbers as Cyasorb HV or Eastman Inhibitor, or energy
suppressers as Ni-dibutyldithiocarbamate etc. For these and other stabilizers as well as for the metal
desactivators the complete removal of the Ziegler-Natta catalysts is important (see Table 6.11).

As PP cannot be dyed in the traditional textile fashion, dyestuffs need to be entered into the melt as
organic or inorganic pigments just as dulling agents and optical brighteners (see Chapter 6.8). These
include organic fluorescence materials that absorb UV light at approximately 3000 A and transform it
into visible radiation of about 5500 A. These additives must not have a negative influence on the stability
of PP, on the physical properties of the products, and must remain stable during processing. Minor
changes in color due to the process can be considered in the recipe.

With a small amount of additive the PP can be made dyeable: < 5% masterbatch mixed under the
chips—for acid or disperse dyes provides good properties and better resilience. The extruder should have
30-D screw length with good mixing; melt temperature is approximately 260 0C; chips need to be
predried [536].

This multitude of additives and the three possibilities in Fig. 2.70 for the production of a PP with a
specific MFI explain that there is hardly a wider range raw material than PP chips that can have slight
variations from batch to batch, thus requiring a variety of process parameters.

The humidity content of PP chips is certainly < 0.05% and consists of humidity layer on the surface.
Additional drying is usually not necessary. If done anyway, it only addresses the few molecular layers of
surface humidity and the homogenization and slight increase of the chip temperature; this increases the
homogeneity and slightly increases the extruder capacity.

2.4.1.2 Phenomena during PP Spinning

Even though spinning of PP has a lot of similarities to PET and PA-6 spinning considering the different
parameters, there are some phenomena that appear more distinct than in other polymers. Figure 2.71
shows the spinning process for a single filament with the technical data for each area. The shearing at the
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Figure 2.71
Melt and filament path during PP spinning (e.g.
individual filament of carpet yarn)

entry to the spinneret is quite small, but increases up to approximately 500 fold into the capillary. Due to
the melt relaxation from about 30 . . .60 bar in front of the spinneret to about 1 bar behind the spinneret
bore, the filament diameter increases 2 to 3 fold; this is known as the die swell. In the following cross air
quench the filament cools from the outside to the inside, soon reaches its solid phase and then its spinning
filament diameter that is larger than the final filament diameter by the draw ratio.

The die swell depends on the production process of PP (see Fig. 2.70), the melt viscosity and
temperature, the throughput per bore and its dimensions. Figure 2.70 curve A is valid for a polymer from
the suspension polymerization that can be interrupted at any given MFI and results in a specific swell
value of the PP. Due to the thermal degradation according to A' the swell value can be reduced by
increasing the MFI. For PP from gas phase polymerization the swell value is practically independent of
the MFL

The swell value decreases further with increasing temperature and lower viscosity (Table 2.17) and
with a narrower distribution of the molecular weight. The influence of spin data is shown in Fig. 2.72: Die
swell increases with the throughput and decreases as the L: D ratio or the capillary diameter increase.
This limits the diameter of the spinneret bore and thus the finest possible individual filament titer, not
allowing a completely free choice of capillary diameter.

Table 2.17 Influence of Viscosity and
Temperature on the Die swell of PP Q = 0.5 g/min;
Diameter = 0.8mm L = 16 mm = 20 D

Temperature Die swell at
high viscosity low viscosity

190 4.2 2.8
230 2.8 1.5
280 2.1 1.3

Space Dimensions
per Hole Flow Data

relative

d -22 x3.4g/min ̂75 g/min Air
per Individual

Filament

S56.67dtex(Spin Titer)bpin
Draw

G'.Die Swell
L.. Solidification
•̂Zone
C'.Solid Point
w. Cross Row
u • Quench Air
Q: Filament Tension i =3.4 -16.7 dtex(drawn)S~0.075g/dtex~4.2g



Figure 2.73
Structure and rate of crystallization of poly-
propylene
a) At 140 0C, depending on melt

temperature during 1 h maintained
before extrusion and crystallization

b) Depending on the crystallization
temperature (Mw: ° 173,000, +357,000,
A 490,000 g//mol)
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Figure 2.72
Influence of the spinneret hole geometry on the dieswell during PP spinning
a) Influence of the throughput Q at T= 190 0C, D = 1 mm, L = 8 mm, [rj] = 1.9
b) Influence of the LID ratio at T= 190 0C, throughput Q = 0.3 g/min x hole,

other data as before
c) Influence of the capillary diameter for T= 280 0C, throughput

Q = 0.3 g/min x hole, LID = 20, [rj] = 1.9
d) Influence of the throughput Q and LID on the smallest filament titer
e) Influence of the capillary diameter D0 on the smallest filament titer

The crystallinity of PP filaments increases during take-up from the spinneret; this can for example be
shown through X-ray refraction [213]. Isotactic PP crystallizes in a monocline and a metastable
hexagonal modification, where each three monomeric units form a screw thread with a fiber period of
0.65 nm. The rate of crystallization depends on the molecular weight, the history of the PP melt, and the
temperature (Fig. 2.73). It is assumed that crystallization already starts in the air quench, as indicated by
the magnitude of the half life time. It is also dependent on the take-up tension and reaches 53% at
3 • 106 Dyn/cm2 ( = 0.033 g/dtex) and 58% at 10 3 . . . 106 Dyn/cm2 (=1.1 g/dtex) [215, 216] (Fig.
2.74). The crystalline portion ( = d^) and the amorphous portion ( = da) are connected via the density (y)
that can be determined over l/y =x/dkr + (l—xj/d^ with da = 0.S5 and Jin. = 0.936. The stereo
regularity can be shown with fractionated solution methods (see for example Table 2.18) [217]. In the
spinneret capillary there is a minor preorientation. The major portion of the orientation is created from the
outside filament portion that solidifies first in the border phase between the liquid inside portion and the
solidified filament portion.

The most important measurement for the orientation is the birefringence (Fig. 2.76) that increases
significantly when crystallization is mostly completed. In this example it reaches a constant and final
value after about 60 cm below the spinneret, which also concludes the filament formation in the spinning
process. Figure 2.76 shows the relation between birefringe and orientation of the spun undrawn PP
filament versus different production parameters [218]. High viscosity, throughput per bore and air
velocity result in high spinning orientation as well as a low spinning temperature and a small individual
filament titer. An afterheating zone below the spinneret also reduces the birefringe and the orientation.

The limit of the spinnability is reached when the filaments at the exit from the spinneret bore look like
a saw tooth wire. This melt fracture is a periodically appearing instability in the spinning process that is
due to a variation of the spinneret bore throughput [219]. The effect becomes stronger by increasing the
melt shearing or the throughput per spinneret hole, the molecular weight and the polydispersity, and it
becomes less with an increased melt temperature, reduction of the LID ratio of the spinneret capillary and
its entrance cone. If the effect cannot be removed by counteractions, a polymer with a lower and/or a
narrower molecular weight distribution needs to be selected.
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Table 2.18 Influence of Stereo Regularity on the Crystallinity of PP

Fraction Dissolved in Indissoluble in Crystallinity Tm

% 0C

I trichlorethylene 7 5 . . . 85 176
II n-octane 64 . . . 68 174... 176
III n-octane 2-ethyl hexane 60 . . . 66 174.. . 175
IV 2-ethyl hexane n-heptane 52 . . . 64 168.. . 170
V n-heptane n-hexane 4 1 . . . 54 147.. . 159
VI n-hexane n-pentane 2 5 . . . 37 110... 135
VII n-pentane ethyl ether 15.. .27 106.. . 114

The "fish skin" effect that appears in the transition between spinning a smooth filament and the melt
fracture is also not acceptable for further processing and it can be removed by the aforementioned
measures. Possibly the additions of different additives or softeners may suffice. A faster take-up speed
than the critical take-up speed results in a draw resonance (Fig. 2.77), that causes the individual titers to
vary considerably while the total titer is constant. The periodicity is between 0.5 and 3 s; the diameters
vary by up to ± 20%. An isotherm afterheating zone below the spinneret increases the critical take-up
speed and evens out the individual filament diameters. A lower take-up speed only increases the
periodicities.

A similar effect comes from the periodic influence of the cross flowing quench air (Fig. 2.78), so that
it is difficult to separate variances in titer relative to all the above mentioned influences.

Without looking at these effects in detail, there are simple criteria to determine the maximum take-up
speed from the spinneret. It is possible to produce a diagram similar to Fig. 2.57 (for PET) for a specific
type of PP; also the individual filaments break below the spinneret depending on the spin titer and the
take-up speed (Fig. 2.79). Only values below the line allow the polymer to be spun well. For better
spinnable PP polymers this line moves up and right. In this example a final fineness of 16.7 dtex per
filament = about 57 dtex spin titer for carpet yarn can be taken up well from the spinneret at 700 m/min.
At 800 m/min the filaments would break.

Many filament breaks directly below the spinneret can also be caused by too high shearing force in
the melt in filters with too much fineness. Then there is a large number of crystals like forms at the
bottom of the filters that broke off the melt and come out with it through the spinneret capillary, directly
causing the filament break.

Of significant influence on the yarn quality is also the rate of surface cooling, especially for coarser
individual filament titers, if the heat transfer from the filament inside to the surface is low compared to the
heat dispersion from the surface to the quench air. Then an inside-outside effect is formed that can give a

Figure 2.74
Degree of crystallization a of melt spun filaments
as a function of spin take-up tension a.

Figure 2.75
Effective filament diameter Da, birefringence Bf(An • 103) and
surface temperature T as a function of the filament distance from
the spinneret L.
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Figure 2.76 Relationship of the birefringence coefficient An and
a) the intrinsic viscosity [rf\
b) the melt temperature T N

c) the throughput per spinneret hole Q
d) the quench air velocity v
e) the individual filament fineness
/ ) the hot shroud below the spinneret (A without and B with hot shroud)
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Figure 2.79
. j I i • \ Maximum spinneret take-up speed (of the first godet) v for P as a

Spin take-Up Speed Im/min) Unction of the individual spinning fineness

brittle hand. But even a relatively slow filament cooling with radial temperature gradients in the range of
103 .. .1O4 K/cm leads to radial birefringence differences of e.g., 3 • 10~3 in the center and 4.5 • 10~3

directly under the surface. Also asymmetrical cooling can lead to asymmetrical birefringence, e.g. from
25 • 10~3 at the blow side and 17 • 10~3 at the rearside [220, 221]. This effect can also be used to produce
self-curling yarns, especially if they have trilobal or <5-cross-sections (see Chapter 2.3.6.3).

This finally results in stress strain diagrams of the not yet afterdrawn yarns, that even at 3500 m/min
take-up speed show 130% elongation (Fig. 2.80) [222]. Besides different numbers for draw ratio and

Figure 2.80 Stress-strain diagrams of undrawn PP multifilaments spun with different take-up speeds from the
spinneret:
left [222]: Take-up speed v (m/min): 1) 8.4, 2) 36, 3) 116, 4) 170, 5) 258, 1.. .5 wet quenched;
3400 m/min = air quenched for comparison,
right [236a]: Take-up speed v (m/min): A) 1500, B) 2000, C) 2500, D) 3000, E) 3500, F) 4000,
G) 4500; textured PP; draw textured PP for comparison

elongation (%)elongation (%)

Figure 2.78
Uster diagram of two individual polypropylene filaments
spun with take-up resonance
A) Normal take-up resonance
B) With very high spinning draw

Figure 2.77
Pulsation of an individual filament
diameter due to the take-up draw reso-
nance directly below the spinneret
{LID = 0, £>C/Z) = 4, a = 60; average
filament diameter= 1.988 mm)
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elongation the behavior of the filaments during POY spinning is similar to PET and PA. Here, too, it is not
possible to obtain completely drawn filaments.

The final drawing is done over hot godets (during draw twisting) or over hot rolls and through hot
draw ducts (for draw texturing and staple tow). The maximum draw ratio also depends on the crystalline
structure: Hexagonal modified fibers can be drawn up to 1:6 to 1:9, monocline modifications only up to
1:3 to 1:4.5 [214]. The strong influence of draw temperature (Fig. 2.81) can be shown by birefringence
[223].

Figure 2.81
Influence of the draw temperature T and
the draw ratio on the birefringence
of PP A « 1 0 4 [223]

2.4.1.3 Spinning and Aftertreatment of Polypropylene

There is hardly another polymer that can be spun in so many ways as PP, which is mainly due to its melt
properties (e.g., high melt tenacity). Also refer to the following chart:

drawing temperature (0C)

A
rv

1
0

*

1 from this also with direct drawing: BCF and technical high tenacity yarns
2 from this also technical and high tenacity yarns

Due to the low chip prices the transformation costs should also be kept as low as possible to obtain
cheap fibers and yarns. This results in high capacity units (see also Chapter 1.4).

Larger spin extruders should have a screw length of L = (28 .. 3O)D with an entry zone LE « SD, a
compression zone LK ^ (3 . . . 5)D, a metering zone LM ^ ( 1 1 . . . 15)D, and a mixing zone L1 & 3D,

Spinning method

Conventional POY1

Conventional POY,
extremely slow
• downwards, with air quench
• downwards, with water quench2

• downwards, with water quench
• upwards, with air quench
Blown fiber
Free fall spinning, upwards,

electrostatic
Foil yarn from flat foil

from blown foil
Upwards through meshed wires

with air quench

Final fineness
(dtex)

or diameter
(mm)

1.. .40 dtex
1...10 dtex

3 . . . 150 dtex
25 .. .300 dtex
0.08.. .4 mm
3 .. .300 dtex

0.01. . . 10 dtex
0.3...1.2 mm

0.01.. .0.3 dtex
10...200 dtex

900.. .3500 dtex

3 .. .70 dtex

Possible
residual

shrinkage
(times)

3.. .7
1.5...2.3

3.. .7
3. . .7
4 . . .7
3.. .7

5.. .9

1...2

Spinneret
take-up
m/min

500...1300
3000.. .4000

20...120
20. . .50
20. . .50
20. . .50

6000
0.7.. .2

20. . .200

10...30

Also refer to
chapter or
literature

4.9
4.9

5.1
5.1.5
[236]

5.1 [231]
5.4.1
5.5.6

Fig. 2.83

[235]

5.2.2



preferably with a pin torpedo. The deep compression of smaller extruders is usually around 3 and for
larger extruders around 2.6. Grooved entry cylinders have shown to be just as limited in usefulness for
spinning as decompression screws, that have a slightly lower core diameter in the last 4 or 5 threads of the
metering zone. It is possible to use a dropping temperature profile, but usually a rising temperature profile
is used: The entry is water cooled, the first zone is heated to 180...2200C, the second zone to
220.. .250 0C and then increasing to the desired temperature of 250.. .275 0C depending on the MFI.
The measuring head and the extrusion head have the same temperature as the last screw zone, and they
are either heated electrically or by dow vapor. The melt pressure at the screw tip for fiber and nonwovens
is set at 50. . .100 ± 3 bar. Installing a non-stop candle filter (Chapter 4.6.9) is recommended. In front of
every spin pump and every spin pack there should be easily exchangeable static mixers. Sieve filters in
front of the spinnerets serve as fine filters and help to even the pressure. Almost exclusively the length of
the spinneret bore is L/D & 2, sometimes 4. The hole diameter for final fineness of 10.. .20 dtex is
around 0.6 and 0.8 mm, for staple fibers (wool type) around 0.5 mm, for textile POY yarns around
0.25 .. .0.3 mm, and for fine titers around 0.2 mm.

The best cleaning method for all polymer contaminated parts is the vacuum pyrolysis (Chapter 6.6.6).
The following comments for practical applications can be given for Fig. 2.71:

• The die swell should be kept as low as possible by selecting specific polymers and spinning
temperatures.

• Larger hole diameters lengthen the freezing zone and increase the yarn tension.
• Higher take-up speeds for constant fineness also lengthen the freezing zone, but only slightly change

the yarn tension.
• A hot shroud below the spinneret lengthens the freezing zone, delays the filament thinning and

cooling, and increases the yarn tension.
• Cooler quench air and/or higher quench air velocity result in faster filament thinning and higher yarn

tension.
• Higher spinneret temperatures result in higher yarn temperatures along the first part of the filament

axis, reduce the yarn tension, but have limited influence on the course of the diameter.
• Higher throughputs per spinneret with constant take-up speed increase the cooling time and cooling

zone with little influence on the yarn tension.
• A change in the intrinsic viscosity [r\\ has not much influence on the course of the diameter or

temperature.
• Too fast cooling directly below the spinneret results in inside-outside effects.

There are two methods for air quenching:

• with normal cross or radial air quenches—the necessary cooling time is about twice what it is for
PET; i.e., for the same take-up speed the cooling zone needs to be twice as long. A quench air
velocity profile in dependence of the fineness as in Fig. 2.82 needs to be considered;

• fast cooling directly below the spinneret—the quench air exits with a turbulent velocity of
20. . .35 m/s from a 10.. .30 mm slot directly below the spinneret and is blown slightly upwards
(Fig. 5.2b and 4.172) against the filament bundle. Due to the slow spinneret take-up speed of
20. . .50 m/min the specific cooling times are even higher than for LOY spinning with a conventional
air quench. With high air velocities it is possible to arrange more filament rows behind each other
with bore spacing of up to < 1 mm, so that an air quench width of 300.. .400 mm results in up to
90,000 bores. The capacity per spinning unit then is about 90 kg/h • position and is equivalent to
those of conventional spinning units (Chapter 5.1). The melt must be able to withstand the 1000 fold
higher cross-forces of the air quench. Since about 1989 this process starts to expand into the spinning
of PET and PA-6 [228, 229] (Figs. 5.2 .. .5.8).

The yarn take-up for LOY, MOY, and POY and winding are similar to those for PET. The high
shrinkage has to be considered, however, especially for winding. Integrated drawing to FDY requires
LOY take-up, possibly MOY take-up, with two subsequent draw zones. The first godet (or duo) is heated
to 60. . .65 0C, the second godet to 130.. .140 0C, and the third one remains cold. When POY spinning
textile titers the yarn has a residual shrinkage of 1.5 to 2.2%, depending on the PP quality [230].

BCF yarn with a final yarn size of 1350.. .2500 dtex and 15 .. .20 dtex per filament is taken up with
about 600.. .700 m/min from the spinneret, cooled in a 1.65 .. .2.20 m long cross quench zone, and can



Figure 2.82
Quench air velocity profile uL as a function
of the distance below the spinneret and the
individual titer

Figure 2.83
Scheme of the electrostatic spinning of PP [233]
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be drawn and air textured 1.00 m below and wound at 1800.. .2400 m/min. This requires a revolver
winder with automatic bobbin doffer.

For conventional spinning of staple tow the length of the air quench is determined according to Fig.
3.18. Fine titers are not taken up from the spinneret at more than 1500 m/min, and carpet yarn titers with
about 600.. .700 m/min and coiled into large cans. Up to 30 t/24 h per production line can be produced
economically on compact spinning installations, while for > ^ 40 t/24 h per production line conven-
tional installations are more economical.

Upwards spinning was first developed in England in 1974 [231, 232] and adopted later by several
other companies (see Chapter 5.1, Fig. 5.1). In the fineness range of 2.2.. .100 dtex per filament the
capacity is about 45 kg/h per position, and drops for 1.7 dtex per filament to about 33 kg/h per position.
The power consumption is 1.2 kWh/kg fiber.

For the electrostatic spinning process (Fig. 2.83 [233]) the chips (6) are dosed onto the conveyor belt
(1,2) and melted at (7). Due to the electrostatic tension between the conveyor belt with the melt and the
take-up belt (3,4) the filaments are drawn up out of the melt, cooled down, and are removed at (5) as a
web. The fibers are very fine, but completely undrawn. There is no practical use yet.

Further spinning processes that are suited for PP, e.g., bicomponent spinning, compact spinning, spun
bond spinning, blow fiber spinning, are described in detail in Chapter 5.

The requirements on the temperature eveness for PP are not as strict as for PET or especially PA, so
that spinning beams can be divided into the respective number of zones and heated electrically with
A7< ± 3 K. It is often useful to heat the extruder connecting head and the distribution pipes to the
spinning positions electrically and control the zones individually (to a common temperature), and to only
heat the spinning beam with oil or dow vapor.

2.4.1.4 Optimizing the Polypropylene POY Spinning Take-Up Speed for Draw
Texturing

The different stress-strain diagrams in dependence of the spin take-up speed (Fig. 2.80a and also Fig.
2.80b for PET as well as Table 2.19) are more or less balanced by drawing while other characteristics as



Property: (/*) increases, ( \ ) decreases, ( = ) stays the same

especially the maximum crimp increase (Fig. 2.84). When comparing the improvements {/) with the
deterioration ( \ ) and the constant properties, the optimum take-up speed is around 3200.. .3500 m/min
for subsequent false-twist texturing. Also the tenacity and elongation of the flat yarn are reduced with
speeds above 3500 m/min, and the inner configuration of the filaments becomes more damaged [236a].
The overall properties of the draw textured materials are not quite at the level of draw textured PET-POY;
however this is partially compensated by the higher volume and lower price.

2.4.1.5 High Tenacity Polypropylene Yarns

Technical PP-filaments with > 7 g/dtex gradually gain importance. The PP chips should have
M v > 150,000 and the yarn a CV< 7% (Fig. 2.85). For Mv > (5.5. . .6)- 105 the tenacity barely
increases. The molecular weight distribution also has to be quite narrow.

The chips are melted at the lowest possible temperature and with minimum shearing and then
transported with high pressure to the spinneret, where the pressure is reduced to increase and even out the
temperature. For example: Melt temperature at the screw tip 230 0C, in the spin head 235 0C, and when
exiting from the spinneret 285 0C. The hot shroud should be optimized between 160.. .240 0C. The
draw ratio can be between 1:8 and 1:10. The take-up speed when spinning into a water bath is
50 . . . 100 m/min and with an air quench 600.. .700 m/min. Chips with [rj] = 2.5 .. .3 can produce yarns
with a tenacity of 8.8 .. .11 g/dtex.

It is also possible to start with chips with MFI (10 g/10 min at 230 °C/2.16 kg) at 275 0C spinning
temperature. 5 . . .20 mm below the spinneret the filaments are taken up into a water bath of 40 0C at
17.7.. .25 m/min and accelerate to 200 m/min after the second draw zone, resulting a draw ratio of
1: (8 . . . 12.3). The resulting tenacity is between 8.7 and 10.4 cN/dtex with 25 . . .30% breaking
elongation and a 1% elastic modulus of 8 1 . . .57 cN/dtex for 3.3 .. .13.2 dtex per filament.

Figure 2.86 shows the scheme of the PP high tenacity spin-draw process with wet quenching [234],
and Fig. 2.87 shows the process with air quenching. In both cases three draw zones are necessary.

2.4.1.6 Polypropylene Foil Yarns

PP filaments or fibers from foils can be produced from flat foils that are casted onto cooling drums, or
extruded into a wet quench bath, or produced from blow foil with air quench. All three methods are
known from the plastic industry and described sufficiently in the literature [235]. Table 2.20 shows the
most important differences of these foils depending on their production process, the produced strips or
strip types, and the end use. The "Barfilex" process [236] produces through a profiled flat foil spinneret

Table 2.19 Changes of Specific POY-PP Yarn Properties before and after Draw Texturing (Results
of Figures 2.55 to 2.61)

Spin take-up speed
Tenacity
Max. crimp
Twist level
Density and melt enthalpy

After draw texturing
Max. tenacity
Draw ratio
Breaking elongation
Density
Birefringence
Crimp
Max. crimp stability
Yarn tension behind spindle

m/min
cN/dtex

%
t/m

1500 2500 3500
3.1(max)

4500

cN/dtex
1: 2.6 1.8 1.4 1.25

<0.9
3 1 0 ~ 4

%
cN

94
= 30



Figure 2.84
Optimization of the PP-POY spinneret take-up speed v for draw texturing
(from a report of the Institut fur Textiltechnik at the RWTH Aachen,
Wulfhorst, Meier, 1990); a, b, c as a function of the spin take-up speed v,

draw ratio measured on the raw yarn:
a) Specific tenacity F ( • ) and elongation s (O) at highest tenacity as a result of Fig. 2.84 right
b) Maximum crimp and the necessary t/m in the texturing zone (A A, O C, D E)
c) Density y (D) and melt enthalpy A H (O)
d)..f) As a function of the draw ratio
d) Specific tenacity of the textured yarn
e) Elongation at highest tenacity of the textured yarn
/) Crimp density
g) Crimp stability
K) Curling
i) Filament tension after false twist spindle
j) Birefringence coefficient of the individual filaments

draw ratiodraw ratiodraw ratio
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draw ratio

f.e.d.

spin take-up speed (m/min)Im/min)(m/min)

C.b.a.
sp

ec
, t

en
ac

ity
 

(c
N/

te
x)

el
on

ga
tio

n 
at

 m
ax

.
te

na
ci

ty
 (%

)

cu
rli

ng
 (

%
)

[\uii) 
sain*

de
ns

ity
 (

g/
cm

3)

(6/f) Adpm
ud }|ew

sp
ec

, t
en

ac
ity

 (
cN

/te
x)

el
on

ga
tio

n 
at

m
ax

. 
te

na
ci

ty
 (%

)

de
ns

ity
 (

g/
cm

3)

cr
im

p 
st

ab
ilit

y 
(%

)

cr
im

p
co

nt
ra

ct
io

n (
%

)

fila
m

en
t 

dr
aw

 f
or

ce
(a

cc
.to

 D
6(

cN
))

bi
re

fri
ng

en
ce

An
xi

O
3



Figure 2.85 Influence of the molecular weight of PP on the achieved tenacity and the molecular weight distribution
a) Narrow distribution, decomposed, schematic
b) Wide distribution from untreated polymer chips

Right: corresponding CV values

Figure 2.87
Process scheme for the
production of high
tenacity PP filament
with air quenching

1 Spinning
extruder

2 Control panel
5 Spinning

head with
metering
pump and
drive

6 Hot shroud
7 Air quench

chamber
8... 12 Four hot

godets for
three draw
zones

13 Take-up

Figure 2.86
Process scheme for the production of high tenacity PP
filament with wet quenching
1 Spin extruder
2 Spinning head with metering pump and drive
3 Hot shroud
4 Quench bath with chilled water
5 First draw zone (draw ratio 2 . . .4)
6 Hot draw zone (draw ratio 1.2 .. .2)
7 Stabilizing zone (draw ratio 1.01.. .1.1)
8 Finish oil application
9 Take-up winding

Table 2.20 Foil Yarns - Thickness Ranges and End Uses

Production
Process

Water Bath

Cooling drums
Blow Foils
Ribbon

Production Range,
undrawn, jim

60 . . . 250

200
50 . . . 70

(2 . . . 5)- 103

Thickness Range,
drawn, um

15.. .50

50
15 . . . 20

300. . . 600

End Use

Weaving foil yarn, also low shrinkage,
binder twine, wire strand
High modulus ribbons
Carpet backing
Packing ribbons
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Figure 2.88 Some properties of PP yarns in comparison with other materials:
a) Elastic recovery of several polymer filaments and natural fibers
b) Bending recovery of PP and PA-66 filaments
c) Fiber to fiber friction coefficient (static), fibers of the same material
d) Pile height recovery of air textured PP-BCF yarn after same compression cycles (den 2600 f!20)

superior to that of wool or PET. The recovery angle however is considerably smaller than for PA-66. Heat
set PP yarns show a better pile recovery than non-set yarns. This is the reason why PP-BCF yarns can be
very competitive to PA-BCF yarns.

For outdoors and wet applications PP is better suited than any of the other mentioned materials.

2.4.2 Polyethylene (PE)

Polyethylene (PE) was first produced in 1933 by ICI [510] at approximately 1000 bar/170 0C and 1938
by BASF [511] in a solution or emulsion at 40 bar and first had some relevance as a plastic material.
Polymerization is according to the following schematic while releasing 25 kcal/mol:
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directly into water a sharply profiled film that is highly preoriented; upon drawing at a ratio of 1:10 to
1:11 it splices at the thin spots and results in the respective number of individual filaments.

Further processing is done as for monofilaments or in compact installations in a two-zone hot draw
with subsequent preparation and winding on precision winding heads with filament tension control.

2A.1.1 Comparison of Properties

Figure 2.88 shows some of the important properties of PP yarns and yarns from other fibers for similar
end uses. The elastic recovery of PP is similar to that of PA-66 and above an elongation of about 10%

elongation (%) load (g/den )

2600/120 denier BCF yarn

non heat setted

heat setted C

C.

polypropylene

polypropylene
finish oiled

Nylon

polyester

viscose rayon

•cotton polyester
wool

Nylon

polypropylene

a. b.

Nylon

polypropylene



(2.30)

linear molecules
ca. 10-35 short side branches
per 1000 C-atomes

Figure 2.89
Basic chain structure and corresponding proper-
ties of the three PE types

LLDPE-HOPE

linear molecules
ca. U - 10 short side branches
per 1000 C-atomes

LDPE

long chain branches

Three different double bonding systems can occur here: end steady without branches or with
branches, or mid steady. According to the Ziegler process [513-515] especially titanium compounds and
aluminum alkyls [514] are used as catalysts that can result in chain molecules of several millions
molecular weight. The degree of branching is also important, as measured in CH3-groups per 1000 0C-
atoms in the main chain. Figure 2.89 shows the most important data of the three known polyethylene
types and explains the type of branching. HDPE and especially LLDPE are used for spinning from melt
to textile and technical filaments, while UHM-PE in the gel spinning process (Chapter 2.10) from
solutions can be spun and drawn into yarns of extremely high tenacity [414].

The first industrial melt spinning appeared around 1965 in England [517]. This requires LLDPE or
HDPE as pure, dry and dust free chips (just like for PP). Only spin dyeing as for PP is possible. The spin
extruders mostly have screws with L/D ^ 2 5 . . . 30 and a compression ratio of 1 :4 for small screw
diameters and 1:2.5 for ~ 300 mm diameters D. Short compression screws are possible, but three zone
screws are preferred. Filtration is recommended. Melt extrusion temperatures for LLDPE are around
135 .. .145 0C and for HDPE around 170.. .190 0C. Considerable exceeding of these temperatures is
possible; while in [517] the LOY process was used, the POY system is not used yet. Today, mostly the
compact spinning method is used (Chapter 5.1) for the production of staple fibers. The draw ratios for
LLDPE fibers are depending on the MFI 1:4.5 to 1:7.5. Textile properties as tenacity and elongation are
shown in Fig. 5.6. Thus produced PE filaments are the softest known filaments.

Figure 2.90 shows the specific volume of the mentioned PE types next to PP and the specific heat as a
function of the temperature [512]. It is also noted that the crystallinity of linear PE (HDPE) is
considerably higher than of the branched LDPE; this is also shown in the stress strain diagram of the
two types.

2.5 Polyacrylonitrile (PAN)

is split into three classes:

• w = 100%, n = 0—pure PAN (homopolymer) [237],
• m > 85 and nS;< 15 weight-% comonomers—usual PAN textile fiber of today, e.g., Dralon®; [238],

Orion® [239], Acrilan® [240],
• m < 85 and n > 15 weight % comonomers—known as the modacrylics.

Frequently used comonomers are vinyl acetate, acrylic acid methylester, methacrylic acid ethylester, vinyl
chloride, vinylidine chloride, styrene, itaconic acid (-ester).

(2.31)



Figure 2.90 Specific heat cP (/4), crystallinity a (B), specific volume v and density y (Q as well as the heat transfer
coefficient X (D) of PE and PP as a function of the temperature
A: a) Partially crystallized isotactic PP, Q = 0.912 g/cm3

V) Linear PE, 1.5 CH3/1000 0C, Q = 0.968 g/cm3

c) Branched PE, 28 CH3AOOO 0C, Q = 0.92 g/cm3

B: a) HDPE (linear)
b) LDPE (branched)

The ranges are results of density differences, materials from different producers and also due to different
measuring methods.
C: a) PP, MFI i5 = 250 0C = 1.9 g/10 min, ax = heating up, a2 = cooling down

b) HDPE, Q = 0.95 g/cm3

c) HDPE, g = 0.965 g/cm3

</) LDPE, g = 0.918 g/cm3

Z): Heat conductivity coefficient of various thermoplastic materials
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Already in 1931 Rein [242] found the first solvents for PAN calcium rhodanide, 1942 dimethylene
formamide (DMF) and N-methylpyrolidone [242]. Only a few months later in the USA the solvents DMF
and Tetramethylsulfon [243, 244] were patented. In Japan [245] PAN was solved in potassium or sodium
rhodanide, and the solution was coagulated in ethanol or propane [245]. Already in 1944 DuPont started
the production of PAN filaments that were later known as "Fiber A" [246]. 1952 the company Casella
(later acquired by Bayer) followed. Installation sizes and plant capacities were published in 1981
according to Fig. 1.9. Since 1985 the Orion capacities are being reduced and since 1995 stopped, while
Dralon capacities are slowly increased. Courtelle® [248] and Beslon® [249] are both polymerized and
spun in salt solutions, and today are used as good precursors for carbon fibers. The capacities however are
negligible compared to those of PAN. In Asian countries PAN capacities are still increased; in the other
countries significantly reduced (Table 1.2, Fig. 1.8) with a clear structural break since 1990.

2.5.1 Production of Acrylonitrile (=Vinylcyanide)
CH2 = CHCN

Acrylonitrile today is mostly produced according to the Sohio process [251] from propylene and
ammonia. Different methods are only due to the applied catalysts and the reaction sequence [251]:

(2.32)

An other two phase process starts with ethylene oxide and prussic acid and then leads via ethylene
cyanhydrin

(2.33)

By direct addition of prussic acid to acetylene according to the process by O. Bayer and P. Kuntz in
1939 (DRP 728 767) acrylonitrile can be synthesized:

2.5.2 Polymerization to Polyacrylonitrile (PAN)

Polymerization of acrylonitrile without and possibly with comonomers is theoretically simple. However,
producing well spinnable PAN-polymers at an industrial scale is extremely difficult. Detailed investiga-
tions are published by Hunyar et al. [252-260] as well as in US and German literature [261]. PAN cannot
melt; it decomposes below the melting point and therefore has to be polymerized in a solvent or in
emulsion systems. In the latter it is gained as a powder that is filtered, washed and dried. Only processes
that can produce a very fine powder are possible, because coarse powders make the solving before
spinning difficult. In practice, solution polymerization is done only with a few solvents (see Table 2.21).
About 56.5% of the world capacity are gained by precipitation polymerization and solved for further
processing in DMF for dry spinning and in DMF or dimethylacetamide (DMAC) for wet spinning. The
remainder is polymerized in solution, degassed and filtered, and finally wet spun. The polymerization

Acrolein



Table 2.21a PAN Solutions and Spinning Baths

Solvent

%

100

100

100

50
50

54
4

42

70
30

90 . . . 85

10. . . 15

DMF [238, 239
265]

DMAC [240]

DMSO

NaSCN
water

ZnCl2

NaCl
water

HNO3

water

Ethylene glycol
carbonate

water

Spinning solution

concen-
tration

%

17. . . 25

20

20

10.. .15

10

10.. .13

15.. .30

temper-
ature

0C

30 . . . 60

30 . . . 50

30. . .50

Precipitation

contents

DMF
water

DMAC
water

DMSO
water

NaSCN
water

ZnCl2

NaCl
water

HNO3

water

Ethylene
glycol
carbonate
water

portion

%

40 . . . 60
60 . . . 40

40 . . . 65
60 . . . 35

50
50

10.. .15
90 . . . 85

14
1

85

30
70

20 . . . 40

80 . . . 60

temperature

0C

5. . .25

20 . . . 30

10.. .40

0 . . . 20

15 . . . 25

3

4 0 . . . 90

PAN from

precipitation

polymerization

(Redox System)

solution

polymerization

Table 2.21b Distribution of the Capacities by Solvents (1976: Western Europe, America, Asia)

Solvent Spinning system % of total capacity Example

Dimethylformamide dry 22.5 DuPont, Bayer

Hydrous rhodanide solution wet 23.8 Courtaulds
Dimethylacetamide wet 21.5 Monsanto, Mitsubishi
Dimethylformamide wet 12.5 Hoechst-Kelheim
Nitric acid wet 10.8 Asahi Chem.
Hydrous ZnCl2 solution wet 4.4 Toho Rayon
Dimethylsulfoxide wet 2.7
Ethylene glycol carbonate wet 1.8 Rumania



equipment is similar for both processes except for the precipitation, extraction/washing, drying and
solving.

2.5.2.1 Theoretical and Experimental Basis

Summaries about the polymerization reactions of acrylonitrile (ACN) and comonomers are found in Hill
[261], Hunyar [245] and Falkai [247]. Industrial scale production works almost exclusively with the
solution suspension polymerization in a Redox system to produce the PAN powder or with the solution
polymerization for the direct production of spinnable solutions (see Table 2.21).

• Solution suspension polymerization:
A 7% ACN-H2O solution with a Redox system of potassium persulfate and sodium bisulfate will lead
to polymerization after a short induction period under stirring at constant temperature; a fine grain
quantity of PAN is precipitated, then filtered, washed, dried and ground. This polymer can be
dissolved in DMF or DMAC at normal temperature without further movement. The molecular weight
results from r M = ^pec./K • C with K= 1.5 • 10~4 and C = mol concentration per dm3, e.g.,
C = 5 g/dm3 • 55 dm . the intrinsic viscosity [rj] for a polymer with a molecular weight of
100,000 is normally around 2. A good polymer has a narrow distribution curve.

When using as an initiator system per weight part potassium persulfate 1/3 weight part potassium
metasulfide and 400 times its quantity in cm3 ferroamonsulfate solution (from 0.4768 g ferroamon-
sulfate in 1 dm3 H2O + 5 cm n-H2SO4) at constant pH = 2, the molecular weight (M = average
molecular weight) results as in Fig. 2.91. When the rpm of the agitator is increased from 40 to
160 rpm, M increased by about 30%, and from 0 to 300 rpm by about 45%.

Figure 2.91
Functional relation of the relative
viscosity of acrylonitrile polymer on

. i i- / # \ the redox concentration during
redox concentration (w/w) polymerization

Adding a few ppm metal ions (e.g., Cu++ or Fe+ + +) increases the reaction speed considerably
(Fig. 2.92). The increase of the reaction speed by persulfate and reduction additives can also lead to a
reaction end before all monomers have been polymerized. The optimum relation is 1 mol
persulfate: 2 mol thiosulfate.

Other trials polymerized 1.32 mol ACN (fresh 2 x distilled, nD = 1.3917) per dm3 H2O with the
Redox polymerization initiators K2S2O8: K2S2O5 : (NH4)2Fe(SO4)2 in the weight relation 100:33 :10
at 40 ± 0.2 0C under N2 atmosphere. The results are shown in Figs. 2.93a through c: First the average
molecular weight increases to a maximum with a maximum conversion of 30. . .40% and then drops
after that. The degree of polymerization reaches after 40 . . .60 min with a slight potassium persulfate
concentration (1.2 .. .1.8%) a clear maximum.

According to a US patent the process is done with a 28% suspension in water with a pH value set
through H2SO4 at 3.0. Per kg H2O three additional solutions are continuously added: one with 3.77 g
NaClO3 per kg ACN, a second with 13.5 g Na2SO3 per kg ACN, and a third with 6.4 g H2SO4 per kg
ACN with a current velocity of 147.5 cm3/h- kg H2O. After 7.5 h the pH value reaches a constant
2.5, the PAN concentration 24.8%, and the ACN concentration 3.5% under nitrogen.
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• Solution polymerization:
Already before 1960 ACN and comonomers were polymerized in aqueous solutions of ZnC^ or
HNO3, later also in NaSCN and thus prepared for direct spinning.

First trials with continuous polymerization systems [282] with K2S2O8: K2S2O5 in the ratio 3 :1
with small additions of ferrum (II) amoniumsulfate at pH = 2.5 showed an increase in conversion of
50% after 4.5 h and to 80% after 8 h with a consistent molecular weight of 140,000 at 35 0C, that
dropped to 90,000 at 55 0C. With more than 1% K2S2O8 the molecular weight dropped from 140,000
to 90,000 at 1.87%. Larger autoclave volumes resulted in higher yields, emaille and glass installations
resulted in a higher molecular weight than stainless steel. The polymer is then filtered and washed,
dried in air 60. . .70 0C and ground finely. Figure 2.94 shows the degrees of polymerization of PAN
produced in this manner.

In 1980 the solution polymerization of acrylonitrile in DMF was described in presence of azobi-
isobutyronitrile (AIBN) at 50. . .60 0C [247]:

• The polymerization of ACN in DMF happens proportional to the monomer concentration (Fig.
2.95a).

• The speed constant from — dM/dt — k • M3^2 depends on the initiator concentration (Fig. 2.95b).
• Polymerization in DMF is too slow for practical applications, and the process is too complicated for

the period of 24. . .72 h.

It can be concluded that for practical applications the solution polymerization is only possible in the
mentioned aqueous salt solutions, while for processing in DMF solutions first the PAN powder must be
produced that then is dissolved, filtered, etc.

2.5.2.2 Apparati and Installations for Polymerization

If they do not polymerize directly for a spin solution, most companies use the precipitation method [262-
264], that first provides the PAN powder that then has to be solved again. The most simple installation for
this purpose is made from a reactor autoclave with a stirrer and cooling jacket. ACN, comonomers, water
and catalyst are pumped into the autoclave at a constant ratio that is maintained (water at 0 0C solves
7.2% ACN, at 40 0C 7.9%, and at 50 0C 8.4%). The resulting polymer is not soluble in water and can be
gained in the form of fine grains. On a rotating drum filter salts and not conversed monomers are washed

Figure 2.92 a) Catalytic polymerization of acrylonitrile with persulfate: Influence of (S2O3-) and acceleration
effect of Ag+ (figures near the lines in mol)

b) Catalytic polymerization of acrylonitrile with persulfate and thiosulfate: Influence of Cu++

polymerization time (min)b)polymerization time (h)a)

X 
( 

%
 )

1/
V

m

1



Figure 2.93 Various relations in the Redox polymerization of acrylonitrile:
a) Yield of acrylonitrile changed to polymer U as a function of the reaction time t
b) Polymerization velocity v?ol as a function of the Redox concentration for ACN
c) Polymerization velocity as a function of the monomer concentration
d) Polymerization degree Pw as a function of the reaction time
e) Polymerization degree as a function of the conversion
J) Changes of the concentration ratios of potassium pyrolsulfide: monomers during polymerization
Concentration of the Redox system:
I: 3 .310- 3 , II: 5.0- 1(T3, III: 6.6-1(T3, IV: 9.7-10~3

Figure 2.94 Viscosity concentration
relation of different acrylonitrile
polymers in N,N-dimethylformamide at
80 0C (left: single logarithmic scale)
and as a function of temperature
(right); concentration approximately
24% by weight
1 O PI: M = 85,800
2 • Fe66: M = 100,000
3 x Fe67: M = 112,900
4 O Fe59: M =128,500
5 A Fe60: M = 140,700
6 • Fe62: M = 160,600
7 + in NaSCN: M = 112,900
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Figure 2.95
a) Polymerization velocity of acry-

lonitrile dissolved in N,N-
dimethylformanide as a function
of the monomer concentration
[M] (initiator: azobisisobutyroni-
trile, 10"2 mol/1 [247]

b) Constant k of the polymerization
velocity as a function of the
beginning initiator concentration
C0 of the solution polymerization
of ACN in DMF (initiator:
azobisisobutyronitrile)

out; then the filter cake is removed, dried, pulverized, etc. The washed out monomers can be recycled by
distillation and re-entered into the autoclave.

The process scheme for a continuous ACN polymerization is shown in Fig. 2.96. Monomers (M1,
M2), and water (W) are dosed through the pump system (P1) and a dynamic mixer (M) from below into
the first autoclave (Ai), where they slowly move upwards through a horizontally working high speed
mixer stream and then are removed through the upper exit. Additives (Ad) are then added to the solution
in front of the second high speed mixer (M) and the mix enters the main stream through a second pump
(P2)- It then goes through a second autoclave (A2), from bottom to top, also via horizontal mixing
streams. Through an overflow this solution/partial suspension enters the third autoclave with a slow
agitator, from which at the bottom a mixture of polymers, water, not conversed monomers is removed by
a thick solution pump (P3) and transported to filter washing (F1). This polymer cake is then washed and
filtered twice (F2, F3), pulverized in a hammer mill (H) and dried in a floating drying tower (T). The
lighter dry powder is then blown into the filter head of the racking station (S) for racking or further
processing.

Figure 2.96 Flow sheet of an ACN Polymerization for a continuous process
Mu M2, W, Ad monomers, comonomers, water, additives
Pi, P2 dosing pumps
Ai-A3 polymerization autoclaves
P3 discharge pump
F triple extraction and washing (rotary filter)
H hammer mill
T floating tower dryer with
S racking station for the polymer powder
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For the process the initial pH-value is set by acids (e.g., sulfuric acid) to 1 to 4. The initiator
concentration can be 0 .1 . . .5% of the monomer quantity. Polymerization is mostly practically performed
at 40 to 55 0C. The exothermic polymerization heat is transferred through cooling of the autoclaves.

PAN produced by this Redox polymerization is a white powder with an average grain size of
20. . .100 urn. The usual average molecular weight Mw for further processing in spinning is between
80,000 and 100,000 and the respective viscosity [rj\ = 1.18... 2.22 dl/g, measured at 20 0C in DMF.

For storing PAN powder the risk of powder explosion should be pointed out.
During the solution polymerization conducted principally according the installation in Fig. 2.96, the

solution flows through pump P3 into a continuous de-aeration station and a large space filter into the spin
storage tanks.

The only differences are that from the water tank (W), one of the water salt solvents is dosed in and
the dosing pump (P2) delivers directly into the entry autoclave (^1).

In the de-aeration equipment as in Fig. 2.97 the solution film flows down the slant planes and turns
each drop to the next plane. The vacuum should be only between 60. . .70 mbar, and the temperature
between 40 and 50 0C, so that the solution concentration is maintained [272]. Filtration is very important
for good spinnability and is usually done in water heated large space filter presses as known from the
viscose industry (Fig. 2.98). They are made from a large number of wave shaped plates that can be
pressed together mechanically or mostly hydraulically. The plates must be corrosion resistant and covered
on both sides with filtration material that serves in open spaces for filtration and at the edges for sealing.
Feeding is done in the middle of the head piece; the filtered solution flows through the inside of the plates
into the plate corners for further processing. The filtration cake is removed from the filtration fabrics after
opening the press. The size of the plates ranges from 300 x 300 mm (equal to about 0.15 m2 filtration
surface because of the two sides) to 2600 x 2600 mm (equal to about 10 m2 filtration surface per plate).
Process times for the necessary cleaning and the best suited filtration material can only be determined
through experience.

Instead of processing the solution polymerization in a vessel cascade [273], it can also be processed
in a flow tube [274]. This requires the addition of catalysts and radical formers like ammonium persulfate,
azo-bis-isobutyronitril, p-toluolsulfone acid, butylhydroperoxide, boron components or ion radiation at
suited positions.

Jhe mathematical relations to the polymerization kinetics are explained in Falkai [247].

2.5.2.3 Installations to Dissolve PAN

For dry spinning PAN powder is usually dissolved in dimethylformamide (DMF), for wet spinning mostly
in dimethylacetamide (DMAC), but also in DMF or seldom in DMSO. In the beginning of the dissolving
process the polymer powder must be free of lumps and small solvated parts to avoid long dissolving
times and insoluble particles. For this it is helpful to have a compact polymer core, thorough mixing, and
a low temperature.

Figure 2.97
Scheme of a vacuum de-aeration equipment for a PAN solution
(absolute pressure approximately 100 to 150 mbar)

vacuum
raw solution

degassed solution



Figure 2.99
Flow sheet of a continu-
ous PAN dissolving
plant
1 PAN powder

weighing tank
2 Piping to the

spinning machine
3 Solvent weighing

tank
4 High shear mixer

(alternating
working)

5 Several solution
tanks in line

6 To vacuum de-
aeration

7 Discharge pumps
8 Plate filters

The most simple dissolver is a stirring autoclave filled halfway with a solvent, into which the powder
is dosed under intensive stirring and under an inert gas. The ideal dissolving temperature is between 40
and 60 0C and may not exceed 80 0C, with a dissolving time of < 1 h. The process is exothermic; i.e., the
autoclave has to be heated to the desired temperature in the beginning and then cooled to maintain the
temperature.

A more intensive mixture and solution can be obtained in considerably less time by using a high shear
mixer (Fig. 2.119).

A simple continuous dissolving installation with batch input is shown in Fig. 2.99: PAN powder is
weighed and dosed from (1) into the tempered and measured solvent that has been filled into one of the
two high shear mixers (4). Inside these mixers high rpm shear plates work to complete the initial
dissolving process within about 30 min. This solution is entered into the autoclave (5) and mixed there
under constant stirring at about 70 0C (for DMF). The pump (7) continuously removes solution and
presses it through the two filters (8) into the second degassing autoclave (5) that is connected via pipe (6)
to a vacuum of 60 . . . 100 mbar.

This solution is transported by pump (7) through another filter (8) into the spin storage tank (5) and
homogenized under constant agitating. Pump (7) transports the solution through another filter (8) into the
piping (2) to the spinning machine.

The solid matter concentration in the spinning solution is about 18.. .25% in DMF for wet spinning
and about 23 .. .30% for dry spinning. The pH value should be between 6.5 and 9.

The temperature of the solution in DMF for wet spinning is 20. . .60 0C and for dry spinning
110... 140 0C, but must not exceed + 5 0C in solutions in HNO3. Too high deviations from the optimum
temperatures for a specific solvent lead to geling and further to interlacing reactions. High viscosity and
high molecular weights reinforce the geling, but narrow molecular weight distributions reduce this
tendency [266]. Solutions in dimethylsulfoxide (DMSO) or ethylene carbonate or salt/water also tend to
gel, while nitric acid can partially lead to hydrolysis of the nitrile components.

Figure 2.98
Scheme of a large space (multi-
plate) filter press for a PAN
solution [533] (Rittershaus &
Blecher, Wuppertal)



Continuous dissolving plants for large capacities can follow the principle of Fig. 2.99. However it is
useful to include entrance and homogenization steps [267, 268]. Double cone mixers and kneaders [269,
270] are the most important entrance steps, followed by a homogenization step and continuous de-
aeration, e.g., with a vertical pipe with heating jacket, where the solution flows on the inside walls after
being dosed in through a ring slot. The gas is removed by a vacuum above, and the solution is removed
from the sump [271].

Another fully continuous PAN dissolving plant was developed by Baker Perkins Ltd. and is described
in [267].

2.5.3 Spinning and Aftertreatment of Polyacrylonitrile

The present global capacity of approximately 7000 t/24 h with over 99% staple fibers consists for about
25% of PAN/DMF solution that are dry spun, and about 12% that are wet spun. The largest European
producer in this area [238] uses the dry spinning process, while the respective largest US producer [239]
just discontinued the dry spinning process. The remaining PAN fibers are wet spun with about 22% in
DMAC as the solvent [240].

Figure 2.100
Schematic cross-section of a PAN melt spinning installation [267]
a) PAN with plasticiser (e.g., up to 50% by weight DMF)
b) Extruder screw
c) Screw drive
d) Electric heater belts
e) Gear spinning pump with drive
/ ) Afterheater
g) Melt spinneret
h) Solvent vapor sucking
i) Telescope spinning tube (insolated)
j) Spinning tube with electric heating and insolation

Coagulation bath temperature (0C)

Dope concentration (%)

Coagulation bath concentration (% DMF)

Take-up speed from spinneret (m/min)

Dope temperature (0C)

Figure 2.101 Maximum spinneret take-up speed vmax (of the first godet)
as a function of various parameters for the PAN-DMF wet spinning process

max. take-up speed
from spinneret (m/min)



After the three possible spinning processes the PAN tows enter a quite similar aftertreatment. As PAN
solution spinning and aftertreatment are covered in Chapter 4 as an example for the equipment and
machine design, the following references may suffice:

• Chapter 4.14: Dry Spinning Installations
• Chapter 4.15: Solution Wet Spinning Installations
• Chapter 4.15.2: Draw- and Wash Baths
• Chapter 4.15.3: Aftertreatment Equipment for Dry Spun Fiber Tow

Additionally the incorrectly named "Melt Spinning Process for PAN" [267, 276, 277] shall be
mentioned here. For this process the PAN powder is pasted with 30. . .60% of a plasticiser, e.g., cyclic
tetramethylenesulfon for DMF, and extruded with an extruder and gear pumps into one or several
dry spinning tubes. The rubber like mass is said to have 168 0C at 105 bar at the spinneret. At over
920 m/min take-up speed 1 g/den are achieved. It is said to be possible to achieve up to 6000 m/min.
Figure 2.100 explains the principle of this installation [267]. Excessive and varying delay times for the
PAN paste increase the risk of decomposition.

A hydrating polymerization process avoids this risk of decomposition. The polymer is formed just
before the spinneret [278-281] and then spun directly as a solution. These extracted and undrawn
filaments yield for 2 .. .5 dtex per filament a tenacity of 1.0.. .1.5 g/den and crimp at tension free hot
water treatment. An industrial scale use of this process is not yet known.

The conditions for the PAN solution and the wet spinning with DMF as a solvent are shown in Figure
2.101. The optimum spinneret take-up speed is between 10 and 12 m/min, resulting in a tow speed after
drawing of 45 .. .50 m/min. Practical experience shows that it is difficult to form a wet spin tow for finer
final titer than 2.5 .. .3 dtex per filament. Therefore the dry spinning process is better for finer individual
titers. For coarser than 1 3 . . . 15 dtex per filament after drawing the wet spin process is better. An
overview over PAN solvents and the responding spin baths are shown in Table 2.21.

To produce finer individual filament titer than about 2.5. . .3 dtex, it is recommended to heat the
tow coming from the aftertreatment on 8 .. .16 drums to over 180 0C and to draw them in a hot air duct
at 200 0C to the desired individual titer, cool them on water cooled drums and then crimp and cut
them.

2.6 Polyvinyl Chloride (PVC)

Cheap and easily obtainable raw materials and excellent isolation properties, especially against cold,
characterize these fibers. Due to the cancer suspicions during the production of PVC the interest has
dropped considerably. The low temperature stability, beginning shrinkage at 75 .. .80 0C, a low softening
point and sensitivity against dry cleaning add to this. Applications are found primarily in filters, flame
retardant home furnishings, underwear for extremely cold areas and products without electrostatic.

2.6.1 Production of PVC

PVC was first produced in 1913 [286-289] and was registered in the same year by Klatte as a patent for
fibers. The non-chlorinated PVC fiber with 56.8% chlorine content and the postchlorinated version with
64% chlorine content was processed to staple fibers in Wolfen 1930 [290, 291]. Mixed polymers with
vinylidenchloride (Saran®) [295, 296] and with acrylonitrile (Vynion N®, Dynel®) [297] followed.

Industrial scale processes for the production of vinyl chloride are thoroughly discussed in the
literature [301-304].

For polymerization there are four different processes, but for production of spinnable products only
the emulsion polymerization [305] and the suspension polymerization [306] are possible. The degree of
polymerization should be between 1000 and 1500. Instead of the theoretical chlorine content of 56.8%
BASF products claim 53.1% and products by Rhodiaceta 56%. This product without postchlorinating



was called "PCU". Further process details are given in [301-314]. The PVC powder produced this way
has particle sizes of 0.01.. .0.1 urn.

Post chlorinating of PVC to chlorinated PVC (CPVC) is done in different media, e.g., tetrachlor-
carbonate or under radiation. CPVC is then produced as a white powder with a chloride content of 64%
with a maximum solubility in acetone and improved solubility in other organic solvents. Another process
is described in [315].

The mix-polymer Saran® [316] is gained from vinylchloride and vinylidenchloride [316-324].
Further mix-polymers were evaluated for filament and fiber production, e.g., with vinlylacetate [324],
acrylonitrile [325], allylester [326], unsaturated ether [327], methacrylicacidester and acryloacid
methylester [328], Styrene [329] or mixtures with 13% vinyl chloride and 2% acrylonitrile [321] or
with 7.5% acryloacidethylester [318] with polyvinylden chloride.

PVC also has to be stabilized, because it is light sensitive [335] and sensitive to oxidation [336-339]
and will form polyenes.

2.6.2 Solving and Spinning of PVC and VC-Copolymers

The equipment and installations for solving PVC are similar to those for PAN (see Chapter 2.5.2.3).
Temperatures and exposure times as well as solvents must be suited to the used polymers. It is important
to filter at least twice before extrusion.

Extrusion equipment is also very much like the one for PAN, i.e., one can use the

• dry spinning process: Table 2.22 shows some principle values in comparison to PAN and acetate.
Processes and spinning conditions are more like for acetate;

• or the wet spinning process.

For the latter extrusion of a 20 0C PVC solution in acetone is done through 2500 holes/spinneret into
a slightly acetic aqueous coagulation bath. The collected filaments are washed in contra-current water,
drawn by 150%, lubricated, crimped in a stuffer box and cut to staple fibers. After hot air drying they are
opened and packed in bales.

In the dry spinning process in France mixtures of sulfurcarbonate/acetone and in Japan of acetone/
benzene are used and stabilizers are added. In a different dry spinning process 35% by weight PVC are
solved in 65% by weight solvent of 40% sulfurcarbonate and 60% acetone, extruded through spinnerets
with 0.08 mm bores into 3.5 m long spin ducts heated to 125 0C, with the yarn being taken up at 135 m/
min with a titer per spinneret of 374 dtex for 40 holes per spinneret. The yarn is drawn in two stages in a
water bath of 40 cm length and 95 0C by 540%. The finished yarn has a titer of 78 dtex, a tenacity of
27 cN/tex and a breaking elongation of 10%. In modern installations speeds of up to 400 m/min can be
reached.

2.6.3 Syndiotactic PVC

A lower polymerization temperature of the VC [347] favors the formation of syndiotactic parts [348],
whereas the crystalline portion, the freezing temperature and the melting temperature increase [349]. By
polymerization of VC at —10... —20 0C the glass transition temperature for PVC can increase to
105 .. .110 0C, the melting temperature to about 275 0C, and the chemical resistance can be increased.
This polymer is solved in hot cyclohexanon [350] and extruded into a coagulation bath of water,
cyclohexanon and an additional solvent, e.g., ethanol or acetone. The filaments are then washed, drawn in
boiling water to a ratio of 1:7, dried under high tension and at high temperature, heat set and stabilized
under pressure in vapor [351].



Table 2.22 Solvents and Important Data for Dry Spinning Processes (VC-polymers and Copolymers, PAN)

Take-up speed

m/min

170 [1]

[1]
250 [1,2]

80.. . 100 [5]

50... 200 [2,4]

90 [5]

150... 500 [6]

0C]

tube

125

130
130

80... 100

85... 120

400

60...95

T[

spinneret

70

75
50

0

130

56... 59

ig tube

D

20

10... 25

Spinnin

length m

3.5

6

2.5

4 . . . 8

Concentration
% of weight

30

45

27

20

20

25

20.. . 27

Molecular
weight

34000

26800

40000...80000

Solvent

Acetone (1)+
Sulfurcarbonate (1)

Acetone
Acetone

Acetone (1)
H- Methylene chloride

Dimethylformamide
>8000

Acetone

Raw materials

Polyvinyl chloride

CPVC (postchlorinated)
Vinyl Chloride (90%)
+ Vinyl Acetate (10%)
Vinyl Chloride (80%)
+ Acryloacid methylester
Vinyl Chloride (60%)
+ Acrylonitrile (40%)
Polyacrylonitrile

Acetyl cellulose

(1) F-Pat. 913919 and 913927 (Soc. Rhodiaceta)
(2) US-Pat. 2418507 (Carbide & Carbon Chem. Corp.)
(3) US-Pat. 2420565 (CCC)
(4) US-Pat. 2404714 (Du Pont)
(5) Ullman, P., Enzyklopadie der technischen Chemie, 3rd edition, Urban & Schwarzenberg, Berlin



A detailed overview over the processes and installations is found in Sakurada [356] and in the
diagram in Fig. 2.102.

2.7.1 Production Process up to the Spinnable Solution

1 mol acetylene and 1 mol acetic acid after transferring over a zinc impregnated active charcoal at
200 0C will result in vinyl acetate. In water/methanol this will react by saponification with NaOH to vinyl
alcohol and sodium acetate. The unstable vinyl alcohol groups then polymerize to polyvinyl alcohol
under formation of a carboxyl group. This substance is still water soluble, but it can be spun wet or dry.

In the appropriate mol ratio PVA powder will precipitate, and it is continuously weighed and washed
in cold water to clean from impurities as sodium acetate, sodium hydroxide and residues of acetic acid.
The surplus water is pressed out in a screw decanter up to a defined quantity. After possible intermediate
storage with another weighing this PVAL is entered into a dissolving plant, similar to the one for PAN in
Fig. 2.99. As opposed to PAN solutions here all the apparati are vapor heated, and at a constant
temperature of 100 0C within a few hours a processable solution with 10.. .18% dry substance and a
viscosity of up to 4 Pa- s (as measured at 20 0C) is produced. This solution must be filtered several times
during the preparation and prior to spinning, de-aerated, and temperature homogenized. Additives as
TiC>2 are also added here.

2.7 Polyvinyl Alcohol (PVAL)

Polyvinyl alcohol
(2.34)

is gained from polyvinyl acetate (PVA) that was first produced in 1912 [352]. 1924 the gas phase reaction
from acetylene and acetic acid was accomplished [353]. By saponification of PVA with an alkali or by
transesterification and saponification PVAL is gained [354]. In a formaline solution [355] in presence of
catalysts these yarns become water proof with acetale bonds between adjacent hydroxyl groups. After
some significant improvements especially in tenacity, elongation and knot strength, production was
started in 1950, rising to about 100,000 t/a in 1970 (Table 2.23), but dropping again to about 65% by
1986.

Table 2.23 PVAL Fiber Production 1970 (approx. 35% Filament and 65%
Staple Fibers)

Country

Japan

South Korea

USSR
PR China

Company

Kuraray
Nitivy Co.

Unitika
Korea Vinylon Fiber

Vinol
(in Beijing)

Trade name

Kuralon
Vilon

Mewlon
Mikron
Mikulan

Production (t/a)

32,700

7,000
20,000

70,000

^100,000...120,00O



Figure 2.102 Block diagram for various processes for the production of PVAL fibers resp. tow or filaments
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2.7.2 Solution Wet Spinning

The majority of PVAL with a degree of polymerization of about 1700 and a spinning viscosity at 90 0C
of 4 . . . 15 P is wet spun. The spin bath in quantities of 2 cm3/g solution contains 15 . . . 16% sodium
sulfate in water at 40. . .50 0C. Different from the wet spinning machines described in Chapter 4.15
PVAL is spun upward through a spinning tube as in Fig. 2.103. Depending on the end use spinnerets with
2000 holes of 0.15 mm diameter up to 60,000 holes of 0.1 mm diameter are used—in the case of high
hole number in star or segment arrangement (Fig. 4.140). The spinnerets are made from gold or gold-
platinum alloys. Already about 6 cm above the spinneret the filament reaches its final undrawn diameter.
Drawability drops with increased spinning tube length (30.. .150 cm: 1 4 : 1 . . .10:1); at the same time
the tenacity increases from 8.1 to 10.5 g/dtex. The take-up speed out of the spinning tube is <5 m/min,
and the exit speed from the spin bath should be within ± 50% of this value.

Figure 2.103 Schematic Drawing of a Wet Spinning
Machine for PVAL
Right: Wet Spinning Part

1) Spinning machine
2) Spinning bath preparation

3, 4) Filters
5) Plying of the filaments
6) Tow take-up
T) Post coagulation bath

Left: Upwards working wet spinning tube for PVAL
T) Spinning solution
3) Spinneret

2, 4) Coagulation bath
5) Coagulation bath overflow
6) Filament take-up.

As PVA is thermoplastic it can be drawn in a hot salt solution bath, over hot drums or in hot air. Hot
aftertreatment follows at 220.. .230 0C for 40. . .180 s. Crystallization is completed after 10 s. Thus
fibers and filaments with tenacities according to Fig. 2.104 are produced.

Figure 2.104
. I , , • v Tenacity and Draw Ratio of PVAL filaments as a function

spinning take-up speed (m/min) o f t h e s p i n n i n g take,up s p e e d „

Indissolubility in water is achieved by a hardening process with interlacing of the hydroxyl groups of
the PVA with aldehydes and acids under acetyl formation, especially in multi phase formaldehyde baths
under higher temperature (see Table 2.24 [358]) with subsequent washing, crimping, drying and staple
cutting.
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Table 2.24 Composition of the Hardening Baths for
PVA Fibers (%)

Composition 1st bath 2nd bath 3rd bath

Sulfuricacid 10.0 20.0 5.0
Sodium sulfate 23.0 20.0
Zinc sulfate 3.0 3.0
Formaldehyde 3.5 3.5 16.5
Water 60.5 53.5 78.5

With a known horizontal multifilament spinning process for PVA the polymer has a molecular weight
of about 1600. The solution is spun with 18% concentration 5 g/min through a spinneret with 100 holes
of 0.08 mm each into a NaOH bath with 350 g/1 at 40 0C 150 cm bath length, take-up speed is
16.. .47 m/min.

2.7.3 Dry Spinning

The application is quite rare. The spin solution of 43% concentration at M ^ 1700 and 160 0C is de-
aerated after several filtrations and extruded with (for example) 500 cm3/min through a spinneret with
211 holes of each 0.1 mm diameter into a dry spinning tube with air at about 50 0C, and taken up at
110... 160 m/min. After direct drawing over two hot and one cold godet duos with a 1 :11 . . . 13.4 ratio
the yarn is wound at 1300.. .2000 m/min.

Another dry spinning process spins the PVA solution with 90. . .95 0C into 40. . .60 0C air with
60 .. .85% relative humidity, taken up at 350.. .650 m/min and hot drawn in two stages to 1:7 to 8.5 to
achieve filaments with 5 g/dtex tenacity.

In difference to the PAN dry spinning process (Chapter 4.14) for PVA hot spinning air is entered into
the spinning tube about 1 m below the spinneret to keep the solution tenacity high.

The dry spun PVA filaments also require a formaldehyde aftertreatment etc., to remain water
indissoluble as described before.

Filament and fiber properties as well as their applications are discussed in detail in [356].

2.8 Spandex or Elastane Yarns (EL9 also PUR)

These highly elastic yarns (in the USA referred as Spandex [364], in Germany according to DIN 60 001
as Elastane [365]) have a breaking elongation of over 200%, preferably over 400%, and recover
immediately and almost completely to the original state if the tension is removed. Textured yarns that
recover due to their fiber geometry like springs or coils are not covered by this term.

Spandex yarns are made from high grade polymers with a high weight portion of segmented
polyurethanes. The recovery is based on the structure of the amorphous (i.e., soft) connections between
crystallized (i.e., hard) blocks [366].

Polyurethane (PUR) was first synthesized in 1937 [367]. The direct synthesis in high polar solutions
(e.g., in DMF) was described in 1951 [370]. The reaction spinning system was used for this in 1949.
1958 Lycra® [372] and Vyrene® [373] were introduced to the market with better elastic properties than
rubber yarns. 1992 the production was about 60,000 t/a, almost exclusively multifilaments of
20. . .2500 dtex and individual titers of 4 .. .20 dtex per filament.

Table 2.25 shows the major trade products, spinning systems, producers and raw materials. Since
1988 the world capacities increase significantly with the dry spinning system dominating the scene. 1995
melt spinning came up also, but did not reach the same quality until 1996.



1) License Amflioten (until 1978 also production of "Numa" by Ameliotex)
2) previous "Unel" Union Carbide, USA
3) License Globe Mfg. Co.
4) Production discontinued 1979
MDI = diphenylmethane-4,4'-diisocyanate, TDI = toluylene diisocyanate

2.8.1 Production of the Polyurethanes [374, 375]

The most commonly used process is over several phases with

(2.35)

Glycol Diisocyanate Urethane group
(Dialcohol - Diol) Polyurethane

a) Formation of simple linear polyurethanes according to the diisocyanate poly addition process [376]
Simple and well suited for the production of fibers is the polyurethane from butylenglycol [=1,4-
butandiol, HO(CH2)4OH] and hexamethylene diisocyanate [= 1,6-hexane diisocyanate,
OCN(CH2)6NCO, Desmodur H [377]].

b) Formation of the elastomeric polyurethane block copolymer [378], a segmented polyurethane. For
this a large portion of the glycol is substituted by long chain low rmeiting dihydroxyl compounds with
M ^ 2000 during the polyadditon reaction in a). The alternation units have different sizes and consist
partially of soft and partially of hard segments, connected through urethane bonds [379].
bl) Formation of the soft segments [380-382] and preparation of their connections. The produced

polymer with SP < 50 0C and M = 1000... 3000 g/mol (= macro glycol) can be a polyether-
glycol, e.g., polytetrahydrofuran H-(HO-(CH2)4)n-OH [377] or polyester glycol from the

Table 2.25 Trade Products (1978) of Polyurethane Filament Yarn (Sticked Multifilaments)

Trade name

Dry spinning systems
Dorlastan, type X-200, X-220
Type V-400, V-420
Lycra type 124 (123)

Type 126 (121, 127 133)
Type 128

Asahi Spandex

Espa
Neolon4)

Opelon

Wet spinning system
Fujibo-Spandex1}

Lynel2)

Chemical spinning system
Glospan
Enkaswing3)

Spancelle

Producer

Bayer AG, Germany

DuPont, USA, N-Ireland
Holland, Canada, Brazil

Asahi Kasei, Japan

Toyobo Co., Japan
Teijin, Japan
Toyo Products
(Toray and DuPont, Japan)

Fuji Spinning Co, Japan
Fillatice, Italy

Globe Mfg. Co., USA
AKZO, Spain
Courtaulds, UK

Components

PES/MDI/semicarbazide derivative
PES/MDI/diamine
Polyether/MDI/hydrazine
Polyether/MDI/diamine
PES/MDI/diamine
Polycaprolatonester/MDI/diamine
Polyether/MDI/diamine
Polyether/MDI/diamine
Polyether/MDI/aminohydrazide derivative
Polyether/MDI/hydrazine
Polyether/MDI/diamine

PES /Polyether/MDI/diamine
Polycaprolactonester/MDI/diamine

PES- or copolyether ureathane/TDI/diamine
PES urethane/TDI/diamine
PES urethane/MDI/diamine



polycondensation of a dicarbonic acid with little glycol surplus, e.g., from adipic acid and
ethylene glycol:

(2.36)

or a mixture of these glycoles.
b2) By chain enlarging the hydroxylene end-groups with diisocyanates the prepolymer is formed with

urethane bonds. For this mostly aromatic diisocyanates are used, e.g.,

Diphenylmethane-4,4-diisocyanate
(Desmodur 44)
or
isomeric Toluylene diisocyanates

which requires the diisocyanates to be used with a surplus of 3 :2 to 2 : 1 .
c) The chain length increase and the formation of hard segments, the actual polyaddition, is performed

in a high polar solvent (DMF or DMAC [380]). The prepolymer is dissolved in the solvent and
caused to react with a surplus of a low molecular diamine (e.g., ethylene diamine or m-xylene
diamine or hydrazine) or diol (ethylene glycol or 1,4-butane diol).

The product of the reaction can form hydrogen bonds in the solvent with a physical reticulation of
the hydrogen atoms and the urethane bonds.

For reaction spinning the chain lengthening and the polymer formation can be moved into the spin
bath.

The structure of the finished segmented polyurethane is shown as a model in Fig. 2.105 [387]:
Short chain crystalline areas of 2.5 .. .3.5 nm and M ^ 500. . . 700 are held together by "soft" chains of
about 15 .. .30 nm and M ^ 2000.. .4000. The latter prevents flow under tension and causes the
recovery when tension is removed.

The reticulation can also be done by vulcanization of the finished filament with sulfur [388, 389] or
by subsequent chemical reticulation of a mixture of a copolymer of 70% ACN, 20% ethylacrylate and

Figure 2.105
Schematic structure of a polyurethane elastomer in a low
drawn state (about 200%, according to Rinke)

(2.37)

elongating
crystallizing
soft segments

hard segments



10% methacrylamide with a rubber like component from 70% ethylacrylate, 20% ACN and 10%
methacrylamide [390].

Elastomers that are lengthened with glycol can be melt-spun, e.g., for bicomponent spinning of
Monvelle® [389]. Elastomeric yarns on the basis of polypropylene [391] do not yet have sufficient
recovery.

2.8.2 Installations and Apparati

The above mentioned complex production process can be run on a small scale in an autoclave by
sequencing the individual steps, but for a production scale it is better to operate with a series of sequenced
autoclaves (Fig. 2.106). The first autoclave Ai is used to form the prepolymer. Macrodioles with a surplus
of diisocyanate are entered into Ax and solvents from the storage vessel L1 are added. Both have the size
of 70 1 per 100 kg batch. Autoclave A2 is heated to 50. . .90 0C. Under the same conditions solvents are
added from L2. During the transport of the prepolymer to autoclave A3 it is filtered again and solvents
from the storage vessel L3 as well as additives are mixed in the static mixer M. In the autoclave A3 the
prepolymer is polymerized at temperatures above 10 0C with more additives. The finished solution has
about 20. . .25% solids and a viscosity of 50. . .150 Pa- s. It is then transported via filtration and de-
aeration into the spin storage tank. The separation of the polymerization into two sequential autoclaves is
advantageous. The process can be done continuously.

Figure 2.106
Batchwise polycondensation of PUR, in
three stages (see text)

2.8.3 Wet Spinning System and Equipment

The solution (usually in DMF or DMAC) can be spun and coagulated in aqueous precipitation baths. As
in Fig. 2.107, the solution is extruded through a vertical spinneret front into a 3 .. .5 m long spin bath and
taken up from there with grooved rolls at 5 . . .20 m/min. The grooved shape is supposed to give the
individual filaments in the multifilament yarn a false twist that lutes the yarns. A low draft ratio follows as
does a multi phase extraction against the flow. Drying follows at about 50 m/min on large drums; here the
filaments from a beginning 50. . .80% humidity and 0.5.. .2% solvent content are dried. The contact
drying starts at 180.. .200 0C and goes to 220 0C in a second step. On the way to the next aggregate the
filaments are drawn to a speed of 150.. .250 m/min and heat-set at temperatures above 230 0C under
constant length. After cooling and finishing the filaments are wound on friction winding heads with 4 to 8
packages with yarn tensions of less than 0.01 g/dtex.

Only because of this aftertreatment and heat setting the filaments obtain their optimum properties. A
temperature of 250 0C may not be exceeded. The wet spinning process is only interesting for coarse



Figure 2.107 Flow sheet of a PUR elastomer wet spinning plant
a) Spin dope container (solution from the last

autoclave in Fig. 2.106) g) Co-sticking of individual filaments
b) Dope circulation system and support to h) Oiling
c) Spinning pump with drive 0 Contact dryer (in two stages)
d) Spinning pipes with spinnerets j) Contact heat setter (in two stages)
e) Coagulation bath (up to approximately 5 m length) k) Finish application
/ ) Extraction and washing 0 Winding heads

individual and total titers, because it requires a too expensive and complicated aftertreatment compared to
the dry spinning process.

2.8.4 Dry Spinning Processes and Installations

The dry spinning process is considerably more simple than the wet spinning process with aftertreatment.
Today more than 80% of the spandex production is dry spun.

The highly viscous elastomer solutions (about 20-25% in DMF or DMAC, viscosity about
50. . .150 Pa-s) are pressed from the head pipe to the multi hole spinnerets with the help of gear
pumps through a thin layer heat exchanger, so that the solution is heated to about 5 .. .20 K below the
boiling point of the solvent. According to DuPont [392, 395] this is done with large area round spinnerets
with up to 16 hole fields, and the stream from the pump is divided hydraulically (see Fig. 2.108). Fourne
[396] uses 4 to 16 individual spinnerets that are each supplied with an individual pump stream that is
heated all the way to the spinneret at the spinning temperature of the solution. The spinning tube is just
like the regular PAN dry spinning tube (Chapter 4.14.2) and is shown with 8 spinnerets in Fig. 4.332 (see
Fig. 2.108d). Other spinneret arrangements see Fig. 2.108. The length of the yarn way in the tube is about
6 . . .7 m. In its upper part there is a postheating zone for the inert gas (e.g., N2) for up to 380 0C, and in
the lower part a fine stainless steel fabric arrangement to laminarise the flow. The tube can be heated by
liquid heating jackets in two or three zones from about 300.. .340 0C in the upper to 140.. .180 0C (for
DMF and DMAC) in the lower zone. The number of the lower filament exits is equal to the number of the
spun multifilaments.

Table 2.26 shows a typical yarn number range with the respective data per spin tube.

Figure 2.108
Spinneret arrangement for dry spinning of elastomeric fila-
ment yarns
a) According to Fourne (6, 8, and 16 fold)
b) According to DuPont (16 fold, European patent 0182

615)
c) For a Japanese rectangular spinning tube with 16

spinnerets
- 8 spinnerets/tube (Fourne): See Fig. 4.330b

a )

b) c)



1} For the higher take-up speed

The multifilaments with round or bean shaped individual filament cross-sections are drawn below
from the spin tube. First they are adhered together either by the older false-twist method or by a newer air
intermingling method to make a "quasi-monofil yarn" after passing by a yarn succer and a yarn cutter.
Then they receive preparation and are drawn off via two godets, the speed of the second can be adjusted
independently. They are spread to the bobbin gauge and pass by electronic yarn sensors to the respective
bobbins, if possible with a doffer [Chapter 4.9.5] (Fig. 2.109 [400, 401]). The usual bobbins for an eight
fold winder are 73.7 mm inside diameter by 80.2 mm outside diameter for yarn packages of up to
185 mm diameter by 57.25 mm traverse.

The wound yarns can still contain up to 0.5% solvent that can be reduced to toxiologically harmless
values either by vacuum extraction or by drying at 70. . .80 0C or by sufficiently long storage.

2.8.5 Reaction Spinning Processes

Since the transformation of the NCO-prepolymers and aliphatic polyamides to high molecular urethane
only takes parts of a second, it can be combined with the forming of elastomeric yarns [393, 394]. If for

Table 2.26 Yarn Number Ranges. Take-Up Speeds and Spin Pumps for Elastomer Dry Spinning

Filaments/tube

x dtex

16 x 22
16 x 44
8 x 88
8 x 150
8 x 240

4 x 310
4 x 470

2 x 940

Take-up speed

m/min

800. . . 600
800.. . 600
800.. . 600
600. . . 450
600. . . 400

600. . . 400
500. . . 350

400. . . 300

Spinning capacity

per filament^
g/min

1.76
3.52
7.04
9.0

14.4

18.6
23.5

37.6

Solution^
g/min

7.65
15.3
30.6
39.1
62.6

80.9
102.2

163.5

Spinning pumps
size x rpm1^
cm3/revolution

0.6 x 12.7
0.6 x 25.5
1.2 x 25.5
1.2 x 32.6

f 1.8 x 34.8
12.4 x 26.1
2.4 x 33.7

[3.0 x 34.1 1
14.5 x 22.7 J
4.5 x 36.3

Type

4 x 4
4 x 4
4 x 2
4 x 2
4 x 2

2 x 2
2 x 2

1 x 2
2 x 1 )

Figure 2.109 Automatic dofifer winder for 8 elastomeric yarn bobbins (IWKA [537], left: for 350.. .1000 m/min
x 0.52 kg/bobbin); for 4 yarn packages (Comoli Fermo [400], see Fig. 4.230)



example such a prepolymer is spun by including a triol like glycerin in spin baths of aliphatic diamines
with portions of triamines (e.g., ethylene diamine with diethylene triamine), a relatively strong skin from
cross linked polyurea urethane is formed by immediate NCO-amine reaction, that allows the thread being
drawn off. The complete hardening is done either in hot pressurized water or in diamine/alcohol solutions
or in toluol solutions. Thus the cross linked prepolymer structure creates a linked and segmented
elastomeric yarn that is insoluble. However only a small portion is produced by this process.

2.8.6 Properties

Dominant properties are the high elasticity and the good recovery of about 100% at up to 200%
elongation and of over 97% at 300% elongation. Also important is good abrasion resistance for blends
with other textile materials.

Physical processes during yarn elongation and recovery as well as properties, processing, and uses are
described in [374]. An example for the stress-strain diagram and subsequent recovery is shown in Fig.
2.110. Figure 2.111 also shows the maximum elongation as a function of process temperature
respectively the exit temperature at the end of the dry spinning tube. Tenacity and elongation are
difficult to measure as with the increase in testing length significant cross contraction occurs. In general
terms the following ranges hold true: Tenacity about 0.54.. .1.17 cN/dtex, breaking elongation about

Figure 2.110
Stress/Strain diagrams of PUR
filaments with stepwise
elongation and relaxation
(200%, 300%, and 400%
elongation)
a) Elastic rubber filament
b) Polyester urethane yarn

determination of £ei ;

0.5 min after detensioning

elongation (%)

("modulus")

b". vyrene (polyesterurethane)

mN
dtex

9
dtex

elongation/tension
diagram

0: rubber filaments

elastic
elongation eel(%)xl

after elongation of
the filament to



Figure 2.111
Changes of elastic filament properties (polyester/MDI/
diamine) with increasing respectively decreasing orientation
(hot air setting with 100% pre-elongation)
a) % elongation
b) Tension at 300% elongation ("modulus")
c) Yarn number in dtex (in a heated tube of 1 m length, 1:2

predrawn, i.e., from 2 m/min to 4 m/min)

Table 2.27 Physical Data for Selected Elastomeric Yarns

Dorlastan V400
Enkaswing
Glospan/Cleerspan
Lastralene
Lycra T-124 and T-126
Lycra T-128
Numa
Spanzelle
Vyrene

Softening
temperature 0C

^175
210/220
215

200
175
225/230
225
180/190

Melting
temperature 0C

^275
250/260

270
275
245

Density g/cm3

1.19
1.2
1.20
1.21
1.2
1.3
1.20
1.2
1.32

Moisture
regain at 65% RH

1.0

< 1
1.3
1.3
0.8
1.0
1.0
1.0

Light refraction slightly double refractive (optically positive)

polyester / MDI / Diamin c
Mdtex

temperature (0C)

mN/dtex (X)

a (theor.) b(theor)

b

Dorlastan
620 dtex

Bright Fabric Elastomer
= Enkaswing 620dtex

Es pa
470 dtex

Glospan
£70 dtex

Lycra Typel24
470 dtex

Lycra Type 249 B
44 dtex f4

310 dtex 156 dtex 310 dtex 470 dtex
Spancel
310 dtex

Vairin
1100 dtex

Figure 2.112 Cross-sections of polyurethane elastomeric filaments (according to P. A. Koch and A. Nettesheim) and
of dtex 44 f4



400.. .750% of the original length, relative wet tenacity about 78 . . .98%. Further physical data are
shown in Table 2.27. Figure 2.112 also shows the divers filament cross-sections of some commercial
products.

Due to the high elasticity special techniques are needed in processing; compared to rubber yarns the
tenacity is three times as high and the abrasion resistance is considerably higher, so that most elastomeric
yarns are much better suited for blends.

2.8.7 Polyurethane Hard Fibers

Within this fiber group only Perlon U® 518 and Igamid U® were of temporary significance. Perlon U®
differs form PA 66 in the structural formula by an additional oxygen atom between the CO- and the
(CH2)4 links; this lowers the melting temperature to about 184 0C. The production of hexamethylene
diisocyanate and 1,4 butane diol is described by Fourne [46]. The molecular weight is between 9000 and
10,000; beyond 14,000 some cross linking starts to occur. The melt is unaffected by air and is extruded by
nitrogen pressure, cut into chips or spun directly or via extruders at 210.. .225 0C to bristles. Drawing at
a ratio of 1: (3 .. .4) should take place within 3 .. .4 h after extrusion.

2.9 Polytetrafluorethylene Fibers (PTFE)

The polymerization of CF4 to

(2.38)

is either done under pressure in presence of NbF5 or via radical with air oxygen or with peroxides in
water. The highly exothermic reaction increases in speed as the pressure grows. Molecular weight and
degree of polymerization cannot be measured properly. The molecules are probably without branches.
Measuring via carboxyl end groups results in M ~ n • 105 to n • 106 [405]. The best known trade name is
Teflon® [406, 408]. A similar fiber from polytrifluorethylene - ( - C H F - C F 2 - ) , , - is Hostaflon® [407].

2.9.1 Spinning and Drawing of the Filaments

PTFE has a high viscosity of about 1010Pa-S even at 380 0C and starts to degrade already at
temperatures around 360 0C. Solvents for solution spinning are not yet known. For a suspension
spinning process a specific polymerization sequence is needed, and tape like parts occur with over 30%
that have about 0.1 um width and five times the length at 0.001 urn2 cross-section. An emulsion from
this, e.g., with cetane as an additive, can be spun by paste extrusion with tenacities according to Fig.
2.113.

The matrix wet spinning process is said to be more advantageous [409]. Here 60% by weight PTFE in
the before mentioned size are suspended in an 8% viscose solution with the addition of alkyl- or acrylic
polyglycol ether, then filtered and extruded at 20 0C through spinnerets similar to the viscose rayon
spinnerets into a spin bath of 10% H2SO4, 16% Na2SO4 and 10% ZnSO4 in water. The bath length is
about 0.8 .. .1.0 m, the spinneret hole diameter is 50 um and the take-up speed is about 6 m/min. The
filaments are then washed in 80 0C water and dried on drum dryers at 190 0C. The drying air has to be
absolutely dust free as those particles are attracted electrostaticly and burn during sintering, thus causing
black stains. The tenacity of the undrawn filaments is around 0.04 g/dtex.

For the subsequent drawing the yarn is heated on hot drums within about 9 s to 360.. .390 0C and
drawn by the faster take-up to about seven times its length. Here the cellulose is burned off, and the PTFE

Next Page



Figure 2.113
Tension elongation diagram of PTFE according to [6]
a) Wet spinning with spinning transmitter (matrix process)
b) Peel process according to Lenzing
c) Dry spinning from a suspension

sinters to a multifilament with a tenacity of about 1.8 g/dtex at 18% breaking elongation—in this example
with 2 dtex per filament. The yellow brown filaments can be bleached in boiling sulfuric acid with drip
addition of nitric acid.

In a purely mechanical fiber formation process [410] the aforementioned powder is pressed in a
cylinder to ^ of the original volume eliminating all pores. The briquette is sintered in an oven without
pressure to a homogeneous block, and cooling according to a specific sequence avoids any inner tensions.
For the fiber formation the block is rotated and pressed against a beam of many fine steel blades that peel
individual filaments from the block. During take-up these filaments are drawn to 4 to 7 times their
original peeling length at 325 0C. Their individual titers are between 5 and 25 dtex per filament with a
tenacity of 1.3 g/dtex and a breaking elongation of about 20%. The individual filaments are then plied to
the desired total yarn titer, lubricated, dried and then wound. The yarn is pure white and very even. Figure
2.113 shows the stress-strain diagrams.

A Ram-extrusion plant (Fig. 2.114) for PTFE is very much like a piston spinning unit (Chapter 4.16)
for batch production: The heater (h) is set so that the sinter temperature is not reached until the zones /
through / for extrusion. The filaments that are extruded through the spinneret (I), are cooled like in melt
spinning depending on the individual filament titer in air or water and then taken up, drawn, lubricated
and wound.

Figure 2.114
Schematic cross-section of a ram-extrusion plant for the
production of filaments (PTFE, pitch, or gel)
a) Dosing hopper
b) Shaking groove
c) Rotating distributor with skimmer
d) Feeding cone
e) Press ram
/ ) Charge (filling)
g) Barrel with
h) upward cooling, downward heaters
Q Spin pack with flat filter and spinneret
J) Pressure sensor
k) Temperature sensor
/) Spinneret

e (%)

o
(c

N
/d

te
x)



2.9.2 Properties

PTFE is extremely resistant against heat and chemicals, UV-light and weathering, and it has the lowest
known coefficient of friction. It is not wetted easily and remains flexible up to — 190 0C and useful up to
+ 260 0C. Further properties see fiber table in Chapter 11.

2.10 High Tenacity-High Modulus Filaments According to
the Gel Spinning Process [412]

This solution (or probably melt) spinning process is primarily used for polyethylene with an extremely
high molecular weight of M ^ 3 . . . 4.5 • 106. It can also be used for other materials with linear chain
molecules without large branches as long as suitable solvents are known. Examples are PAN in DMF or
DMAC, PVA in water +0.8% boric acid [413], possibly PVC and PTFE. From highly molecular PE
yarns with a tenacity of over 50 g/dtex at 3 . . .5% breaking elongation can be produced [414]. Even
though this was known since 1957 [415], it has been applied only since 1980/1982 [416, 417]. Highly
molecular PE is also only produced in small quantities [418], but growing slowly since 1996.

2.10.1 Principle

The high tenacity is achieved better the more statistically disoriented the carbon chains are in the solution
(or melt) and the fewer shearing forces are applied during extrusion, so that all of the orientation is
achieved during the drawing process [419]. Depending on the disorientation knotting of the molecular
chains draw ratios of 1: (30 to 40) can easily be achieved, 100-fold is considered normal, and over
1:1000 is possible. Figure 2.115 presents a model for this "shish-kebab spinning": A micro shish-kebab
consists of chain folded lamellas and the filament structures above and below [420]. The lamellas can be
fully drawn so that one pure long filament remains.

Figure 2.115
Model of a micro shish-kebab

According to [421] PE with Mw = 1.5 • 106 was stabilized with 0.5% by weight di-t-butyl-p-cresol
(DBPK) at 150 0C, then dissolved with 2% by weight in decaline at 130 0C, and spun through spinneret
holes of 0.5 mm diameter according to the air gap process into a bath of decaline and water at 10 0C,
extracted over a long distance, and drawn at 140 0C in a hot air oven. After a draw ratio of 1:32 the
multifilament has an elastic modulus of 90 GPa, a tenacity of 3.0 GPa (=36.5 g/dtex) and 6% breaking



Figure 2.116 Properties of high molecular PE filaments as a function of the draw ratio, produced by the gel spinning
process [11, 12, 13]
a) Elastic modulus c) Breaking elongation
b) Breaking strength d) DSC melt temperature [11, 12] as a function of the draw ratio

elongation. Figures 2.116a through d show the elastic modulus, the tenacity, the breaking elongation and
the DSC melting temperature as a function of the draw ratio [422^24]. The draw ratio is also dependent
on the temperature and the type of drawing: Wet drawing is limited to about 1:60 (Fig. 2.116, diagram
b), while hot air drawing has achieved ratios of 1:90.

While the better solvent is decaline [425], paraffin oil is technically preferred, especially for working
around 180.. .200 0C. Then the drawing is divided into a first stage of 1: (2 . . .4) directly following the
coagulation bath, a second stage of up to 1 :12 after extraction, and a third stage after drying at
180.. .200 0C in hot air with drawing over a long heated plate at > 130 0C.

Figure 2.117
Maximum draw ratio as a function of the draw
temperature for dry (a) and wet (b) gel filaments of
high molecular PE (Mw = 1.1 • 106)
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2.10.2 Process, Machines, and Plants

Already at 2% PE concentration in paraffin oil viscosities of up to 20,000 Pa- s can occur, so that special
solution plants become necessary. Also the necessary relaxation before the spinneret is different from
other known spinning arrangements. Due to the high draw ratio and the low concentration the filaments
exiting from the spineret are extremely thick.

Figure 2.118 shows the process diagram for the production of high tenacity gel yarns [417]: In the
autoclave (10) the solvent (11) and the stabilizer (12) are mixed and heated for the paraffin oil to
140.. .170 0C. In the high shear mixer (15) the PE powder is pasted with this and homogenised in the
twin screw extruder (18). This gel is then extruded by the spin pump through the spin head (23) into an
air gap before the filaments enter into the coagulation bath (30). During take-up there is a hot air drawing
zone between the godets (54) and (59). A long distance extraction (37) follows and so does hot air drying
(45). This yarn can either be wound (52) and taken up from this bobbin, or it can be hot drawn
continuously (63) to be wound at (72). At the appropriate areas lubrication and air tangling are added.

In the cross-section diagram 2.119 the principle of a high shear or double cone mixer is shown as well
as in of Fig. 2.119b: Both conic open spiral blades comb with each other and transfer the mixing mass.

Figure 2.118 Process scheme for the production of high tenacity gel filaments
10 Dope preparation vessel 59, 60 Draw godet with idler roll

11, 12 PE and solvent supply 37 Extraction
75 High shear mixer 45 Dryer
18 Extruder screw 52 Take-up winder or continuous supply to
8 Spinning head with relaxation volume 61, 62 Supply godet with idler

23 Spinning pump with drive 63 Hot afterdraw duct or plate
27, 28 Gel multifilaments 65, 66 Draw godet with idler roll

30 Coagulation bath 69 Finish preparation and final filament
54, 55 Take-up godet with idler roll 72 Take-up winder

57 Hot draw duct



Due to the screw like design and the low clearance to the wall the system is self cleaning and—very
important for high viscosity—self emptying [427].

Double respectively twin screw mixing extruders are described in Chapter 4.6.4.2.
The relaxation tube (Fig. 2.120) before the spinneret consists of a jacket heated tube without anything

inside. To avoid shearing forces filtration is only rather coarse. Therefore appropriate fine filters have to
be arranged just before the spin pump. To spin the usual technical titers of 6 dtex per filament the
spinneret holes have to have a diameter of «1.0 mm (6 dtex per filament = 0.028 mm filament diameter;
at c = 0.07 and i = 80 the hole diameter becomes 0.028 • y/(i/c) = 0.95 mm). A spinneret area of 60 mm
diameter can contain a maximum of 140 holes and results in a spinning titer at the first godet of about
30,000 dtex with a yarn running width of 30. . .40 mm. For 5 m/min take-up speed a spin pump of
20 cm3/revolution is needed. The first draw ratio is about 1:3 to 1: 8. The individual zones for extraction
and drawing (with an undefinable position of the draw zone) and the subsequent drying per > 30 m way
can be arranged according to Fig. 4.351, so that the plant parts are somewhat short. A directly following
heat setting under costant length or with additional drawing improves the yarn properties.

Spinning trials with a solvent-free PAN gel with M ~ 540,000 (= P « 10,200) from a piston spinning
machine proof the applicability of this process. Solvents can be DMF, DMAC, DMSO, or aqueous
sodium isothiocyanide and spin baths from CH2Cl2 or DMSO/H2O or NaNCS/H2O and alcohol at
temperatures of up to —30 0C. In the extraction bath one can work with acetone that evaporates on the
way to the winder. The final drawing occurs in a separate step according to Fig. 2.118.

Figure 2.119a,b High shear mixer (= double cone mixer) [47]
Volume (1) 3 10 31 65 120
Width (mm) 203 515 702 884 1105
a) Double cone autoclave, jacketed
b) Combined double anchor agitator (combing)
c) Bearing housing
d) Worm gear box
e) Motor with adjustable speed drive



Figure 2.120
Relaxation volume (R) with twin screw mixer (DM), spinning pump (SP) with
drive (A), spinneret (D) and heater elements (Hz)

2.10.3 Properties of PE Gel Filaments and Their Uses

For yarns produced by the aforementioned process tenacities, elastic moduli and elongations according to
Fig. 2.121 are provided [429]. Fourne [424] has achieved much higher values with tenacities of 5 .. .7 N/
tex at breaking elongations of around 3% from a starting material with Mw ^ 4.5 • 106.

Figure 2.121
Properties of gel filaments
"Dynema" compared to those of
other filaments
A) HM-PE, gel spun
B) Polyaramid LM
Q Carbon filaments HS
D) E-glass
E) Polyester
F) PA 66
G) Steel

Comparative trials with melt spun PE achieved no more than 50% of the aforementioned values, even
with drawing in several stages.

PAN yarns produced by this method can be drawn by a ratio of 1:5 to 1:28; in their optimum the
tenacity was 43 cN/dtex and the initial modulus was 1450 cN/dtex. Higher draw ratios did not improve
these values.

Most important uses fo these PE gel filaments are navel ropes, technical yarns for low temperatures
and possible wet applications, and products with high tenacity and chemical resistance at temperatures
under 80 0C. Other properties and uses see [429].

2.11 High Temperature and High Modulus Fibers

2.11.1 General Remarks

The definitions of "high temperature stable" (HT) and "high modulus" (HM) fibers include a variety of
organic and thermoplastic fibers that have high glass transition temperatures and high decomposition
temperatures, are difficult to ignite and do not feed the flame. Usually they can withstand continuous
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Table 2.28 Physical Data of Aramides and Other High Tenacity Filaments

02-index LOI value

31

27...28

Moisture
regain %

4.5... 5
3.1

225

O

Melting
temperature 0C

324

260
^146

Glass transition
temperature 0C

143
220 290
173 188

315

40

Elastic
modulus cN/dtex

300... 400
408

900...1000
^550
^850

75.. . 145
35...40
45.. .75

495

75
600...1200
285...350

270

1320 1430
1850 2700

5400
260

ReI. loop
tenacity %

-50

50...78

^65

Breaking
elongation %

4 . . . 5

2.1

15...30
10... 25
10...20

13
50... 40

32
5.5

6 . . . 3

Tenacity
cN/dtex

19
19

24
4.4... 5.3
2.5... 3
4 . . . 6

26.5

30...50

Density
(g/cm*)

1.44
1.44
1.45
1.44
1.45
1.38
1.34
1.39

1.3
1.14... 1.37
1.2... 1.44
1.41
1.40

1.14
1.39

2.49... 2.54

7.75

1.77
1.91
1.9
7.8

Trade name

Kevlar
Kevlar 29
Kevlar 49
Twaron
Twaron
Nomex
Kermel 1
Kermel 2

PEEK
PSU
Polyarylates
Polyimides
HM-50

Polyamide 6
Polyester
PE-UHMT
Glass
Basalt ^2.6
Quartz
Boron Nitrate
Steel, drawn

Silicon carbide
Carbon HT
Carbon HM
Whisker. C-

Fe-

Fiber type

Polyaramides

PA6
PET
PE
G



exposure to temperatures > 180 0C without any notable damage. They also do not lose more than 40% of
their tenacity after 500.. .1000 h exposure to 250.. .275 0C. Some can be exposed to long term heat of
350.. .450 0C. Over 450.. .500 0C all start to degrade rapidly. Weight losses occur in the inert gas
atmosphere over 425 0C, and for para-linked polymers at about 550 0C. In Table 2.28 the physical data
for polyaramides [430] and those of other fibers and materials are shown.

Aramides are distinguished into two groups: aramides with a tenacity of < 10, mostly <6 cN/dtex
and a breaking elongation of > 10 or > 15%, and aramides with a tenacity of > 12 or 20 cN/dtex and a
breaking elongation of 6 . . . 11%. Aramides achieve the highest tenacity of all organic fibers; they
compete with (graphitized) carbon fibers, PE gel fibers and steel wire. The specific elastic modulus
(̂ specific — Eh (m N • cm/g)) does not quite reach the values of carbon fibers, but it is higher than for steel
or glass. The temperature—time relationship for Kevlar-29® is shown in Fig. 2.122. Kevlar® is more
resistant to hydrolysis than PET, but less resistant to acids. As Kevlar® had a very promising market from
the start, at least seven corporations followed with similar products within one decade after the patents by
DuPont (Kwolek, S.L., 1973 et al.) [430]. This class of fibers also includes polyether ketones (PEK,
PEEK, etc.), polyimides (PI), polyamidimides (PAI), polychinazolindion, a heterocyclic polymer [431],
polysulfones (PSU), and polyarylates (Table 2.28). Also some of the aromatic polyamides are part of this
group. As they cannot be melted (except for rare exceptions), they are produced from aromatic diamines
and aromatic dicarbonic acid dichlorides via interface condensation or via solution condensation. The
solvents for this process should work with at least one, preferably both reaction partners, and possibly
even with the resulting polymer (e.g., N,N-dialkylic acid amides, tetramethylurea, hexamethyl phosphoric
acid amide, etc.). For the condensation the diamine is dissolved or dispersed in the solvent and the
dicarbonic acid di-chloride is added under cooling in aequimolar quantities. The condensation
temperatures are between —30 and +100 0C, preferably between —20 and +30 0C for 2 . . .10 h and
15.. .25% solid contents. Solution agents (e.g., lithium chloride or calcium chloride) can increase the
solubility. At the end of the condensation the resulting hydrochloric acid is neutralized (e.g., with
calciumhydroxide, calciumcarbonate, ethylene oxide, or propylene oxide), degassed, and then the
solution is led directly to the spinning process. Dry spinning, but preferably wet spinning is usually
done from a solution with 15.. .25% solids at 4000.. .12,000 Pa- s, but even over 20,000 Pa- s. The
relative viscosity of the solution should be rjrd ~ 1.4... 1.6 (from a 0.5% solution in H2SO4 at 20 0C) to
achieve good textile or industrial yarn properties. For high modulus yarns rjre\ can reach ~20.
Coagulation bath temperatures are between 10 and 80 0C, and take-up speeds are 5 . . .20 m/min for
spinnerets with 72. . .200 holes, each 0 .1 . . .0.15 mm diameter [432].

For the dry spinning process the solution is extruded into about 200 0C inert gas and the take-up
speed is about 100 m/min [433]. Then the filaments are drawn 1:1.1 to 1:1.3 in boiling water, washed at

Figure 2.122 a) Schematic stress-strain diagram of "Filkar" (Toray) (a), "Kevlar" (DuPont) (b), "Technora HM
50" (Tejin) (c) and "Nomex" (DuPont) (d)

b) Time dependence of the tenacity of "Kevlar 29" yarn treated at different temperatures, measured at
room temperature

t i m e ( h )b )elongation ( % )a)

te
na

ci
ty

 
(G

p
a)

te
ns

io
n 

(M
P

a)



60 0C, dried and hot drawn dry at 220.. .350 0C by a ratio of 1:1.5 to 1:6. Lubrication, mechanical
crimping and cutting follow.

Only inorganic special fibers allow higher use temperatures (Table 2.28).

2.11.2 Poly ar amides

The best known aramide fibers are Nomex® (DuPont), Kevlar® (DuPont) and the similar Twaron®
(AKZO) and Kermel® (Rhone-Poulenc) with the following structural formulas [430]:

(2.39)

(2.40)

(2-41)

X = —0—, - S - , -NH- ; also copolymers with p-phenylene diamine

X = -O—, - S - , - N H - ; also copolymers with p-phenylene diamine.
Nomex was first produced in 1966 [434]. It was made by polycondensation of isophthalic acid with

m-phenylene diamine in DMAC [435], was then neutralized with Ca(OH)2 and solution dry spun. In
addition to the properties mentioned in Table 2.28 it should be mentioned: breaking torsion at
43...61 0C, hot water shrinkage at 95 0C: 1.5%, specific heat 1.2 J/kg K, heat conductivity 0.13
W/m K, decomposition temperature 371 0C, no loss of tenacity after 3000 h in 180 0C air, but after
1000 h at 260 0C drop to 65%.

Kevlar® [436, 532] and Twaron® are a PPD-T = poly-p-phenyl-terephthalamide. For the production
a solution of p-phenyl diamine in HPT is mixed under cooling at 16 0C with terephthalic acid and then
polycondensated between 60 and 95 0C under high shearing within a few seconds to a polymer
concentration of 6 to 12%. The solvent is washed out, the polymer is dried and then dissolved in
smoking H2SO4 at 80 0C, homogenized, filtered and spun according to the "Dry-Jet-Wet-Spinning"
process (=air gap process) in a H2SO4-acidulous water bath. The highest mol-mass is achieved by
mixtures of
HPT/NMP and DMAC/HPT of 1:2 respectively 1:1.4 [438]. At about 6 . . .7% PPD-T concentration the
solution becomes anisotropic [438] and can be spun as liquid crystal, i.e., the spun yet undrawn filaments
have a very high tenacity [436], that can be increased by subsequent drawing and heat-setting at
350...4500C.

In this solution "Dry-Jet-Wet-" spinning process the solution is spun through an air gap of only a few
mm into an aqueous sulfuric acid spin bath that pours through a cone downwards. The yarn is drawn
down through the downward flow and is separated at the lower end from the coagulation bath. Typical
take-up speeds are about 100.. .200 m/min, but by bath additives (e.g., small air bubbles) they can be
increased to 600 m/min.

To modify the properties one or two stage hot wet drawing zones can be included between washing
and drying. Another modification is achieved by hot dry drawing at 400.. .420 0C after drying,
especially to increase the tenacity. Further modification can be done by heat setting on hot drums at
420.. .450 0C; this is like dry aftercondensation (see Fig. 4.207).

Figure 2.123 shows the process diagram of a polyaramid air gap wet spinning machine with
aftertreatment. The yarn speeds in the dry portion are 150 to 300 m/min depending on the yarn type; for
single yarn aftertreatment up to 800 m/min have been reported.

Nomex

Kevlar
Twaron

Kermel



Figure 2.123 Left: Principle of the "Dry jet wet spinning" (=air gap spinning) of polyaramides
6) Dope-heat exchanger 11) Spinning cone, with adjustable height
8) Pump block with spinneret 12) Overflow for bath level
9) Air resp. inert gas gap 13) Re-pumping of the spin bath

10) Spinning bath with 14) Filament take-up
Right: Schematic drawing of a production plant for up to 124 parallel running polyaramid filaments (in
a warp) of 800.. .about 2000 dtex each

2.11.3 Polyetherketone (PEK, PEEK, etc.)

These consist of basic aryl groups that are linked by oxygen and carboxyl groups (Fig. 2.124). These are
semi crystalline polymers that are melted with spin extruders at 360.. .430 0C. The spinning heads as
well as the spin pumps must also be heated to these temperatures. Additionally it is necessary to easily
clean or exchange the parts that are in contact with the melt as it tends to decompose when not running.
Quench duct cooling and lubrication, take-up, drawing and winding are as for PET-POY or PET-FOY.
Figure 5.55 shows such a one position spinning machine for 2 filaments spinning and winding [486].

Polyetherketones were first produced in 1962 at DuPont and 1964 at ICI by condensation of acid
chlorides under the Friedel-Crafts conditions [430]. High molecular products can especially be achieved
in HF as a solvent with BF3 as catalyst. A well-known trade name is Victrex® [445].

PEEK melt produced by the extruder spinning process has a viscosity of 400.. .500 Pa- s at 380 0C
and a shear drop of 1000 s"1, a viscosity of 350 Pa- s at 400 0C. Yarns produced under these conditions
are continuously usable up to 250 0C with 5 .. .6 g/dtex at 16% elongation and maintain 100% elasticity
at up to 15% of their maximum tenacity. Produced are almost exclusively technical yarn titers with 6 dtex
per filament. With the extruder spinning process with water bath cooling and afterdrawing coarse
monofilaments can also be produced. Maximum crystallinity is achieved by afterheating at 256 0C.

PEEK can only be dissolved in concentrated sulfuric acid. Important applications are reinforcement
yarns and fabrics of laminates with carbon fibers [446]. It is said to have better radiation resistance than
the traditionally used polystyrene. A doses of 1100 Mrad on a 60Cobalt source finally resulted in the
failure of a PEEK radiation protection.

2.11.4 Polysulfones and Polyether Sulfones

Both these materials have a similar structure:

Polyether sulfone 200 P [ICI]; 7G « 2300C (2.42)

Polysulfone Udel® [Union Carbide]; (2.43)
TG « 192 0C

drying tensioning heat setting cooling oiling winding

dryingwashingdrawingwashingair gap spinning



Figure 2.124 Structure of polyether ketons with important properties

About the synthesis of these products see Elias [448]. They can be dissolved in DMAC and can be
wet spun well after filtration.

Hollow fibers from this material are especially suited for reverse osmosis and gas phase separation
(e.g., CO/H2 or N2/O2). Spinning machines and spinnerets are described in Chapter 4.15.4. For the exact
dimensioning and centering of the fiber walls, monofilaments are spun with individual dosing pumps, and
the inside is filled with water and exactly dosed additives. After an inert gas distance of 200.. .500 mm
the filaments run in a > 2 m spin bath before their first contact with drums, pressure less if possible.
Extraction then requires about 12.. .13 min treatment time in water at 10.. .14 m/min after drawing.
After the subsequent drying the filaments are wound on very large diameter spools or reeled with a reel
length just above the module length of the filter packages (Fig. 4.355).

Elias and Vohwinkel [430] report about properties.

2.11.5 Liquid Crystals

Filaments that obtain already a significant orientation of their macromolecules during spinning without
afterdrawing (e.g., Kevlar® or Twaron®, Table 2.28), have a partially crystalline or partially oriented
character in the solution or liquid phase [449]. This is especially achieved by polycondensation of orderly

viscosity of
PEEK (at 1000s"1 land at 360 380 400 #C

Vm.it 480 400 350 Pa-s

Vcrist -0,48
Ts - 416

PEEKK:

PEEK:

PEK:

products: A

(0C)

B

( 0 C)

continuous
C

( 0 C)

use

temp.(°C)

density

( g / c m 3 )

To - 154
T$ - 367

Ts - 384

T0 " 144
Ts - 355

W-U2
yamorph-U6



arranged co-polyamides from block components, e.g.:

Prefabricated (2.44)
symmetrical diamine

lsophthalic acid di-chloride

Thus achieved higher crystallinity leads to improved thermal and mechanical properties. In the
extreme case they are oriented so much during spinning that they are fully drawn during spin-winding.

Aromatic polyether amides as the Japanese HM-50 [450^52] are also part of this group. HM-50 is
produced by polycondensation of terephthalic acid chloride (I) with a mixture of p-phenylene diamine (II)
and 3,4/-diaminodiphenylether (III) in a polar solvent [450].

(2.45)

After neutralization with calcium hydroxide the solution is extruder spun to filaments. These are
washed, dried and under extremely constant temperature around 500 0C afterdrawn.

Kevlar® or Twaron® form very long crystalline regions without long periodicity in the solution, i.e.,
the solution is liquid crystalline so that chain molecules are already parallel and oriented just as if drawn,

Table 2.29 Liquid Crystals as Aromatic Polyesters

Material

Aromatic polyester

Mix-polymer

Aromatic polyester

Co-polyester

Aromatic polyester

Aromatic polyester

Aromatic polyester

US patent
applicant

4.224.433
23.11.1980
Celanese

4.267.289
9.5.1981
Celanese

4.265.802
5.5.1981
Celanese

4.232.144
4.11.1980
Du Pont

4.269.965
26.5.1981
Du Pont

4.083.829
11.4.1978
Celanese

4.130.545
19.12.1978
Celanese

Sp (0C)

345

280

Spinning
temperature
(0C)

360...370

320. . . 340

396
335
279
340

290
340

290...320

TG (0C)

130

285

Spinneret hole
diameter
(x length) (mm)

0.18 x 0.25

0.188

0.23 x 0.46

0.5 x 2.5

as for PET
1. . . 200 holes

Take-up
speed
(m/min)

150

60

549

549
549
457
549

690



Figure 2.125a,b Schematic diagram of a (continuous) liquid crystal solution polycondensation in a cascade process
A) Preparation vessel E) Metering pumps
E) Prepolycondensation F) Casting head and cooling belt
C) 4 Cascade autoclaves in line G) Granules
D) Continuous de-aeration H) Pneumatic feeding and storage tank

2.11.6 Polyimides

Part of the group of polyimides

(2.46)

are the polyamide-imides and the di-polyether-imides as well as those with heterocyclic groups [430].
Polyimide 2080® [519] can be wet or dry spun well from polar, organic solutions as DMF, just as P84®
from solvents in DMF, DMAC, DMSO, or NMP (=N-methylpyrrolidon). Polyimide P84 is heat resistant
up to 260.. .280 0C, and only loses 10% weight after 200 h in 400 0C air, about 30% weight at 450 0C.
Glass transition temperature is around 315 0C. Carbonization happens without melting at >500 0C.

The starting polymer for P84 [521] is produced in an one stage process by polycondensation of
benzophenone tetracarbon acid dianhydrid with aromatic diisocyanates in a polar solvent and can be dry
or wet spun directly.

(2.47)

and they enter the fibers this way and provide long stretched crystal fibrils. Their thickness is between 5
and 20 nm, their widths are a multiple of this. The chain molecules lengthwise go through many
crystalline areas; this results in the high tenacity.

Table 2.29 shows such liquid crystals and their US patents and some technical data. These are suited
for melt spinning, mostly between 280 and 370 0C. Figure 2.125 shows a process flow sheet for a liquid
crystal solution polycondensation plant: After preparation, e.g., of the diamines (A), dissolving (B) and
continuous polycondensation in a vessel cascade (Ci — Cn with n > 4) follow. After degassing (D) the
product is extruded onto a cooling conveyer belt (E), cut (F) and pneumatically transported under cooling
to the storage tank (H).



The cross-section is bent trilobal, the color is a shiny golden yellow [521, 522]. 2 dtex staple fiber
have the following textile data [522]: density 1.41 g/cm3, tenacity 38 cN/tex at 32% elongation, loop and
knot tenacity about 72 and 68%, elastic modulus 350 cN/tex, boil and thermo-shrinkage at 250 0C < 1%.
The fiber is difficult to ignite and has an LOI value of 36. . .38% O2. Therefore it is particularly suited for
hot gas filtration.

2,12 Other Polymer Fibers and Further Processes

Of the by now numerous new polymers only a few shall be mentioned here, that are produced by
modified or completely different processes. The chemistry of these fiber raw materials is essentially
described by Falkai [56], Elias [448] as well as Elias and Vohwinkel [430].

2.12.1 Silicon Dioxide Fibers

These are extremely temperature resistant and can be used in oxidizing atmosphere up to 1100 0C (see
Table 2.28) [453]. They consist of 99.6% silicon dioxide and are acid resistant except for fluoric and
phosphoric acid. Starting material is sodium silicate Na2O • (3^ ) SiO2, a highly viscous, oily, colorless
liquid that contains 8% NaOH and 27% SiO2 in aqueous solution, that under precipitation of silicic acid
slowly decomposes. Therefore it must be stored under purest N2. Sodium silicate is produced by melting
2 parts of quartz sand, 1 part of dehydrated soda and 0.1 part of carbon powder at about 1500 0C:
Na2CO3 + SiO2 ̂ Na2SiO3 4- CO2. This finished glasslike mass is ground and dissolved in water under
pressure [454].

According to a similar older process [455] sodium silicate is dissolved homogeneously in cellulose
xanthogenate and spun in an acidic coagulation bath with even silicic acid distribution. Then the cellulose
is pyrolized under N2 and the filament annealed in air.

According to another process water soluble polymers with chain structure (P > 2000, e.g.,
polyethylene oxide with P ^ 105) are added to the sodium silicate/water solution and treated as
aforementioned. This way one can also spin aluminum oxide in the y-modification, zirconium oxide
and similar materials.

For a new direct spinning process of sodium silicate data can be found in Table 2.30 [453, 456]. A
normal dry spinning tube as for PAN or acetate at the appropriate temperatures is suited for this process.
For winding on a tension controlled winder 0.8% spinning lubricant are added. The latter can consist of a
10% aqueous solution of a contact surface active ammonium salt [457].

The aftertreatment starts with about 1 min dip in n-HCl at 25 0C followed by washing in pure water
until the product is free of Cl-ions (Enka-Type LT® [458]). This filament absorbs 10.. .15% water and
can be completely dehydrated above 800 0C with about 10% length shrinkage. The fibers have
7 . . . 13 um diameter with over 40% between 10. . . 11 urn [453].

2.12.2 Polycarbosilane [430] and Silicon Carbide Fibers

Depending on the type, silicon carbide fibers are resistant in air up to 800.. .1250 0C. Further properties
of poly crystalline inorganic fibers see Table 2.31.

Transferring dimethyldichlorsilane with sodium metal to dimethylpolysilane that changes by heating
to 200 or 470 0C under inert gas of 30 bar to polycarbosilane:

H3C-Si-CH2-Si • • • -CH2-Si-CH3 (2.48)

Its molecular weight is about 2000 g/mol. Melt spinning at 160.. .200 0C and subsequent heating of
the yarn in a separate process in a continuous oven (similar to Fig. 5.62) under inert gas to 1300 0C



results in a yarn from /?-SiC. Its grain size is 5 . . .7 nm, its tenacity 300 MPa and its elastic modulus
about 300 GPa.

From dimethylchlorsilane and phenylmethyldichlorsilane [430] via polysilane styrene
[—Si(CH3)2—SiCH3(C6H6)-]n, after spinning and heating to 1400 0C a polycarbonsilane with
M & ( 1 . . .4) • 10 g/mol results, that after further heating to 1400 0C splits off hydrogen, methane
and benzene and transitions to black /?-SiC whiskers.

It is also possible to start with a mixture of ClCH2Si-(CHa)2ClCH2 = CH-Si(CH3)Cl2 and
(CH3)2SiCl2 with potassium in THF, that changes within 5 h at 66. . .68.5 0C [461]. These polycarbo-
silanes can also be extrusion-spun at 160.. .200 0C what is done from the spinneret to the bobbin under
various external inert gases. The filaments may not be deflected on this way; this requires spindle driven
winders. As the take-up speed increases the individual titer becomes finer and the yarn obtains more
bending elasticity and is easier to wind.

2.12.3 Yarn Production via Carrier Filament

For yarns that cannot be produced by one of the aforementioned processes there are other methods, e.g.:

• Dissolving or dispersing in a spinnable carrier substance
• Growing from the gas or liquid phase onto a carrier filament
• Soaking the carrier filament with a solution or dispersion
• Minor additions that make the main substance more spinnable

In Table 2.32 some of the filaments are mentioned for which first a primary fiber is produced that then
is transformed by reaction with the components mentioned on the right. Reaction components in gas form

Table 2.30 Dry Spinning Conditions for Water Glass [456] and Properties of Silicon Carbide Filaments

Water content:

MoI ratio Na2OiSiO2

Temperature of the spin mass:
Spinning gas:
Spinning tube length:
Spinning tube temperature:
Take-up speed:
Spin draw ratio:
Diameter of spinneret holes:
Filament moister content at tube exit:
Tenacity of the filament:

at take-up speed:

Properties:
Long term resistance to temperature in air:
Start of crystallization to a-crystao-balit:
Coefficient of thermal elongation:
Specific electric resistance:

15...30, preferred 2O...25%

1:3 to 1:9
< slightly above 500C
free of CO2, preferred N2

«2...8m
> 1200C
200... 1000 m/min
«20...100
125...250um
15...30% of weight
7.5 19 26.4g/tex
200 500 1000 m/min

up to HOO0C
after Ih at 13500C
0.6 • 10-4 K~l

1013Q • cm

Type:

Effective density (g/cm3, 40% RH, 230C):
Tenacity:

Elastic modulus:

Breaking elongation:
Moisture regain (40% RH, 250C)

LT

2.0
800
i.e., 40
66
i.e., 3.3
1.5

HT

1.8 g/cm3

270MPa
15cN/tex
13GPa
0.7daN/tex
2.0%
0.10 g/ fiber



can for example diffuse into the primary fiber [463]. Boron nitride fibers can be spun as boron oxide
fibers like glass fibers. Then at >200 0C ammoniac is attached to the boron oxide, upon which at
>350 0C the formation of boron-nitrogen bonds starts while splitting off water. At > 1500 0C complete
transformation takes place. Exact control of the nitrogen absorption and additional drawing at 2000 0C
improve the tenacity and the elastic modulus of the BN fibers [464].

The other nitride and carbide fibers in Table 2.32 can be produced in a similar way.
Yarns, fabrics, and felts from cellulose fibers can be saturated with a water-soluble zirconium salt

(with yttrium salt to stabilize the tetragonal modification of the zirconium oxide). During drying the salts
precipitate in very fine distribution and are transformed to oxides at higher temperature. These formations
are pyrolized and then freed from the carbon by annealing in air at much lower temperature than the sinter
temperature. Here the smallest crystallites are formed that remain connected as zirconium oxide fibers.

Table 2.31 Properties of Different Poly-Crystalline Inorganic Fibers

Fiber

Boron
Zirconium oxide
(Zircar. UCC)
Boron nitride3)

/^-Silicon carbide
Silicon carbide
(Berghof)
Silicon carbide
(AVCO)
Aluminum oxide
(Bayer)
Aluminum oxide
(Saffil. ICI)
Zirconium oxide
(Saffil. ICI)
(Z-Al2-O2

(FP fiber, DuPont)

(0C)

2300
2595

2980
2700
2700

2700

2000

2040

2715

2040

Density

g/cm3

2.6
5.6.. . 5.9

1.85... 2.10
3.2
3.5

3.2

3.25

2.83

5.6

3.9

Diameter

um

100
4 . . . 6

4 . . . 6
7 . . .10
100

145

9

3

3

20

Tenacity

N/mm2

3000...4000
350. . . 700

350. . . 1400
3500
3000...3700

3500...4000

1200...1500

1000

700

1380

Elastic
modulus • 10~3

N/mm2

380. . . 400
130...150

3 5 . . . 70
300
380. . . 400

400. . . 450

190...220

100

100

345. . . 379

Specific
tenacity
Nm/g

1150... 1540
60.. .120

160...750
1090
860...1080

1100...1250

370...460

360

130

Fiber

Boron
Zirconium oxide (Zircar, UCC)

Boron nitride3)

^-Silicon carbide
Silicon carbide (Berghof)
Silicon carbide (AVCO)
Aluminum oxide
(Bayer)

Aluminum oxide (Saffil, ICI)
Zirconium oxide (Saffil, ICI)
OC-Al2-O2 (FP fiber, DuPont)

Specific elastic
modulus • 10~3

Nm/g

144...152
22 . . . 26.8

17. . . 37.8
93.75
109...115
125.. . 140
58.5. . . 67.7

36
17.9

Specific
surface
m2/g

< 1
< 1

< 1
< 1
< 1

Resistance to temperature

in air
°C

500
2480

900
1300
800
800
800

Maximum usable
temperature [0C]

100
5

S1}

1000
1400
900

in inert gas
0C

1000
2480

2500

1100

H T 2)

>1400
1600

Remarks

Tungsten core
tetragonal,
Y2O3-stabilizer

Tungsten core
Carbon core

Anal.: > 99% Al2O3



Table 2.32 Fibers Produced by the Reaction Spinning Process

Fiber £P Primary fiber Reaction components
0C

BN 3000 (Subl.) B2O3 NH3

TiN 2930 BN TiCl4 + H2

NbN 2573 BN NbCl5 + H2

B4C 2350 C BCl 3 + H2

Mo2C 2687 C MoCl5+ H2

NbC 3500 C NbCl5+ H2

2.12.4 Phenol-Resin Fibers

Highly interlaced phenol-formaldehyde resins with 74% C-content can be produced by a centrifugal
spinning process (Chapter 5.6.1) with 0.2.. .0.3 dtex (about 4 . . .6 um diameter) and 10.. .60 mm staple
length. The density is 1.3 g/cm3, the LOI-index 39. After 24 h at 140 0C or after 6 h at 200 0C there is
only a minor loss in tenacity. Phenol fibers can be carbonized at 800 0C with a yield of 50%.

2.12.5 Super-Absorbing Products (SAP) as Fibers

In water, these fibers absorb 50 to 150 times their own weight while the diameter increases for example
for Laureal F® [467] by a factor of 23. Even with a web load of 3.5 kg/dm2 more than 10 times the own
weight remains attached without dripping or moistening the environment. Viscose or cotton without load
only absorb about 30 times, wool 17 times and polyester 3 times their own weight. The Exlan® fiber
consists of a PAN core and a SAP coat. Arco-Chemical [470] spins an only partially stabilized SAP
polymer in an aqueous solution with the dry spinning process into air. According to [471] PP fibers can
also be used as a carrier substance for already stabilized SAP powder [468].

To explain this unusual effect: The carboxyl groups in the polymer are solvated due to the contact
with water or aqueous solution and they dissociate in the negatively charged carboxilat-ions. When
gathering similar groups, these will electrostatically repel and the polymer group widens and accept water
or similar matter in the open spaces. After stabilization, i.e. in the interlaced state, only swelling occurs.
The resulting gel firmly holds the water by side valence bonds [469].

According to US patents [472, 473] it is also possible to start from hydrolyzed polyacrylo amides.

(2.49)

(Y = hydrogen-aryl-ion or -alkali-ion, m — 1 . . . 100, m + n = 100, z = 1 . . . 30). Another starting
material is acrylic acid.

It is also possible to start from a radical graft polymerization of ACN on starch [474]. After the alkali
hydrolysis with the addition of carboxyl and carboxyl amide groups, the acid form of the resulting poly-
electrolyte can be dried to a powder [476]. Instead of starch it is possible to use flour [476]. The dry
powder dissolved in water becomes after neutralization a dispersion of highly swelled tightly packed gel
particles almost without free water. A 10% dispersion has a viscosity of about 3 Pa- s, that can be reduced
by stirring tixotropically to 0.003 Pa • s.

It is possible to extrude film or fiber. For spinning 50. . .80% SAP are mixed with 50. . .20% water
and extruded like PAN paste (Fig. 2.100) in a dry spinning tube with a downward directed air stream of
40. . .80 0C, and the filaments are laid onto a conveyor as a fleece beneath the spinning tube. Then they



are made water-insoluble in hot air at 70 . . . 120 0C or by aging at high relative humidity or radiation with
60Co [477].

Applications are so far one way diapers, soil conditioners and seed encasements. Spun fibers are more
advantageous than powder that can migrate. The fiber diameters are between 10 and 20 um with large
variations. The SAP fleece is protected on both sides by a thin PP spun bond (^20 g/m2).

2.12.6 Thermo Bonders

They are suited to lute textile fabrics. After cooling down again they have strong adhesive forces and are
resistant to dry cleaning and laundry detergents. Two separate components or for example bi-component
yarns from PE/PP with S? = 130 °C/169 0C fulfill these requirements: Ironing at 150 0C melts the PE
and bonds the PP at the fiber intersections. However, the product is only little resistant to dry cleaning.
Textile thermo bonders should therefore fulfill the following requirements:

• It must be possible to heat and process them from room temperature to 110...130 0C within 20 s on
ironing presses with

• pressing with < 0.4 kg/cm2 with
• a minimum portion of thermo bonders with sufficient cohesion.
• They have to be highly resistant to dry cleaning detergents, especially tri- and per-chlor ethylene,

laundry detergents, and possibly to boiling.
• It must be possible to produce powder or filaments or fibers.

Among the poly amides binary and tertiary co-polyamide systems fulfill these requirements.
Caprolactam, PA 66, PA 610 and/or PA 12 salt [478, 479] are starting materials. Also co-polyester
with melting temperatures of 150.. .200 0C [479^81] or PE (SP = 130... 140 0C) and ethylene-vinyl-
acetate copolymers (S? — 80 . . . 120 0C) can be used. Especially suited for spinning are copolyamide [47,
480] and co-polyester types [479, 481].

Figure 2.126 shows the melting temperatures of such a tertiary PA system that depending on the
relative composition of the pure poly amides can be set to about 110 0C. With PA types from diamines
and di-carbon acid instead of PA 66, it is possible to lower the melting points to about 80 0C without
reducing the resistance to chemicals.

Figure 2.126
Melt temperature triangle of the copolymer of PA 6, PA 66,
and PA 12

Copolymerization almost exclusively takes place discontinuously in autoclaves that are filled with the
respective quantities of the individual monomers. If it is necessary to add water to PA 66 salt, one starts
with a prepolymerization at about 190 0C, slowly reduces the pressure and afterpolymerization at about
20. . .40 0C above the melting point of the copolymer. The molecular weight can be set similar to PA 6
through growth inhibitors. The stringths are extruded into water and then cut. Powder is produced by cold
grinding [482, 483] mostly with 20. . .25 um diameter.

weight - % PA 12



The granulate can be processed in regular extrusion spinning plants to a spun bond or melt blown
web with low take-up forces. The spinning temperatures of ^ < 2 2 0 0C require liquid heating of the
spinning beam or a low temperature Dowtherm® [484]. Drawing is not necessary. For the melt blown
production [486] the compressed air temperature must be & > 50 0C above the spin melt temperature.

The spun formations after laying usually have to be stored for several hours to days to allow final
crystallization and stop being sticky—until the next heat treatment for new adhesion. For winding the
freshly spun web, it is therefore useful to combine/cover it with a special oily paper and calander and
beam them together. This way it can also be cut to the desired width on roller blade cutters [487].

When spinning side-by-side bicomponent filaments the two components may not have more than
15% difference in viscosity at the exit of the spinneret. When spinning skin-core filaments the difference
can be somewhat more. It is only important for exactly cocentric structures or for extremely thin coats
(10. . . 15%).

2.12.7 Organic Optical Fibers (POF)

Since about 1983 optical fibers made from polymers are replenishing glass filaments [488], especially for
short distances. Raw materials are mostly polystyrene (PS) or polymethyl methacrylate (PMMA) with a
thin fluorine skin. The conductivity loss (in dB/km) is still about 50 times as high as for special glass
(GeO2- or fluorine glass), but newer developments [490] reduce this loss to \ to \.

Even the slightest traces of metals and other impurities have to be avoided in the optical core, which
makes an installation according to Fig. 2.127 [490, 491] for the production of these filaments particularly
suited. The core material (2) is produced as a super pure PMMA cylinder and melted at the lower end (3)
and extruded as a filament of 0.3 .. .0.5 mm diameter. Simultaneously it is coated by a special fluorine
skin of about 12 urn thickness at (3) that comes from a second cylinder (1). After air cooling at (4) it is
drawn between the godet duos (6) in a hot air oven (5) in the ratio of up to about 1:2 and wound with
about 20. . .25 m/min. The tenacity of the filament is about 9 . . . 11 cN/tex. Optical couplers were also
developed for this.

Figure 2.127
Bicomponent melt spinning installation for the
production of light conductive plastic filaments
[490, 491]
1) Piston type extruder for the skin material
2) Piston type extruder for the core both controlled

for a synchronous quantity extrusion
3) Bicomponent (skin-core) spinneret
4) Air quench cooling
6) Godet duo take-up
5) Hot air draw duct
6) Draw godet duo
T) To (very large radius) winding

2.12.8 Electrically Conducting Filaments

Some polymers can be changed from their originally low conductivity by doting (see Table 2.33) to 2 .. .3
digits of the conductivity of metals. Their weight specific conductivity is then only by a factor of 10"1 to
10~2 below that of well conducting metals. The conductivity still decreases over time; the materials have
a moderate resistance against electrolyte solutions.

One of the polymers that can best be made conductive is cis-polyacetylene (PAC). It is produced by
interfacial polycondensation (Chapter 2.12.9) by blowing acetylene onto the stationary surface of a
Ziegler catalyst, e.g., Ti(nC4H9)4/Al(C2H5)3 at —78 0C [430]; this produces a thin non-homogeneous net



layer, that can be pulled up as a filament. This cis-polyacetylene is not thermostable, starts to isomerise at
0 0C and changes above 100 0C quickly and irreversibly to the stable trans-isomer. The oxygen content in
the environment has to be < 5%. This doting happens over 1. . .2 d in the gas stage inside a vacuum
chamber. At 0.05 . . .0.25 mol-% saturation is achieved. The doting agent can also react in an inert solvent
(e.g., FeCl3 in nitromethane or sim.) during a dip time of only a few minutes.

Table 2.33 Doting Component/Counter Ions and Electric Conductivity of Electrically Conducting Fibers1^ and
Metals

Polymer

cis-poly-acetylene

Poly (p-phenylene)

Poly (m-phenylene)

Poly (m-phenylene sulfide)

Poly-pyrrol

Poly (1,6-heptadiine)

Poly (aluminum phthalate cyanine fluoride)

Doting component/counter ion

I2

Bi2

AsF5

H2SO4

(nC4H9)4NClO4
AgClO4

Naphthalene sodium

I2

AsF5

HSO3F
BF4

PF6
Naphthalene potassium
Naphthalene lithium

AsF5

AsF5

AsF3/AsF5

BF4

AgClO4

I2
AsF5

OBF4

NOPF6

Conductivity in S/cm

1.6 • 102

0.5
1.2 • 103

1.0 • 103

9.7 • 102

3.0
80

< 1 0 " 5

500
35
10
45
20

5

i o - 3

1
0,3 . . . 0,6

4 0 . . . 100
50

0,1
0,1

0.9
0,59

Material

Copper
Gold
Aluminum
Iron
Lead
(SN)4

Density
g/cm3

8.92
19.3
2.7
7.86
11.3
2.3

Electric conductivity
S/cm

6.5 • 105

4.1 • 105

3.7 • 105

1.0 • 105

0.5 • 105

3.7 • 103

Electric conductivity/density
M 2 ^ g " 1 - Q - 1

7.6 • 104

2.1 • 104

1.4 • 104

1.3 • 104

4.4 • 103

1.6 • 103

1) Data of the maximum electric conductivity according to [7] and from literature: "Symposium on Conducting
Polymers", ACS Polymer Preprints 23/1 (1982), p. 73/138



According to a different process a carrier filament is pulled with the polymer that is to be made
conductive through liquid air at —169 0C and then doted.

2.12.9 Interfacial Polycondensation Spinning [492]

Between the solutions of dicarbon acid chloride and diamines one can produce a polycondensation in the
interfacial surface of for example non-melting polyamides [493]. Both components are dissolved in
solvents that do not or only partially mix, e.g. one in water and the other in benzene. Then both are
brought together in an extremely thin layer, as shown in Fig. 2.128, and the formed filament or film is
taken up to the top [494]. Subsequent steps are possibly neutralization, washing, drying, preparation, and
winding. This spinning process can in its most simple form be shown in a beaker. The process is a kind of
reaction spinning.

Figure 2.128
Schematic diagram of a filament spin process for interfacial polycondensa-
tion
1, 2) Spinneret and spinning head

3) Supply of diamine solution
4) Supply of di-carbon acid di-chloride solution
5) Godet take-up duo
6) Filament formed in the boundary surface between the two solutions
7) Washing bath
8) Draw godet
9) Filament to aftertreatment

2.12.10 Reaction Spinning

In the reaction spinning process the final chemical structure is not formed until after the extrusion into the
coagulation bath, similar to spinning viscose. This way it is for example possible to extrude poly amide
acids to filaments that are then changed by cyclohydration to polyimide filaments. Also some segmented
polyurethane elastomer filaments can be produced by this process.

2.12.11 Emulsion and Suspension Spinning

According to this process filaments can be produced from non-soluble and non-melting polymers. First
they are dispersed in a commonly spinnable mass, possibly with the aid of a spinning agent [495]. This
dispersion is spun and treated following the process for the carrier substance, and the latter is then
dissolved, melted, evaporated or pyrolized. The difficult part is to keep the dispersed mass together during
the removal of the carrier. Size and form of the suspended parts are decisive for the coherence, the
tenacity of the filament, etc. Parts of the size 5 .. .1000 nm at a ratio of diameter to thickness of about
400:1 are advantageous [495]. Thus PTFE and others can be transformed into filaments [496], also
mixtures of PVC with PVA or matrix fibril filaments from PA 6 and PET or ceramic that was spun and
aftertreated in viscose solutions.

2.12.12 Electrostatic Spinning [497]

Here a polymer solution is charged by an electrode in an electrostatic field and then is sprayed at an
electrode edge in the direction of the field lines of a strongly non-homogeneous field. The here formed



plugs are pulled into the direction of the opposite electrode to a fine filament, while the solvent
evaporated by temperature and/or vacuum. The formed fibers of about 1. . .10 urn diameter are collected
at the opposite electrode and taken up continuously.

Electrostatic melt spinning with a starter melt film is described in Fig. 2.83.

2.13 Fibers from Natural Products [498, 499, 503, 504]

Some raw materials for synthetic fibers can be gained from natural products, e.g., tetrahydrofuran as a
preproduct to adipic acid from pentane containing waste (corn cobs, oat shell, straw) or castor oil for
sebacic acid. These preproducts have become uninteresting by now due to fully synthetic raw materials.
This is different for fibers that contain a micelle of the original raw material as for example viscose [053]
or cupro [503, 504], or that consist from its basic building substances, e.g., protein, casein, and alginate
fibers. For an inorganic fiber basalt is a useful raw material.

2.13.1 Protein Fibers [500]

Originally it was considered as an ideal blend for wool, its importance has dropped considerably over the
last twenty years. They might come back as artificial protein food fibers to cover the world demand for
proteins. As raw materials soy beans and corn proteins are available, also casein and peanut proteins, etc.
Protein can be gained with the help of bacteria from peanut waste [501] or from natural gas or crude oil
waste [502]. Thus produced "textured foods" will some day have a tremendous market.

On the other hand Zein textile fibers (e.g., Vicara® in the USA (1948), Lanital® in Italy and
Belgium, Marinova® in Belgium and in the German Democratic Republic, and Fibrolane® in the UK)
have been discontinued.

The protein is first extracted from soybeans or corn and then gained by acid or rennet coagulation.
Here the cross links must be denatured by splitting to generate stretched chain molecules that are suited
for fiber formation. After drying and fine grinding the protein is dissolved in diluted soda lye. The
solution has to mature to a viscosity of 100.. .200 P. Then it is de-aerated and after filtration spun in an
aqueous coagulation bath that contains NaCl for food applications or formaldehyde and glucose or
sulfuric acid for textile fibers. After 500.. .600 mm bath way the filaments are withdrawn through godets,
plied, lightly drawn, neutralized, and rinsed in a long bath. Then they are cut to fibers or wound to a cake.

Figure 2.129 shows a process scheme for this process with notes for a production of 1000 kg dry
protein fibers per 24 h.

The protein content of soybean, peanut, and corn flour is around 44. . .45%, and the prices in 1972
were about | to -^ of those for milk or meat protein that only contain half the protein content. The fibrous
protein products roughly have the structure of beef or could be added to ground beef for "hamburgers".
The interest disappeared with the shortage of proteins during the oil crisis.

2.13.2 Alginate Fibers

Alginic acid is extracted from dried and ground algae with a solution of soda and NaOH. After
coagulation it is neutralized with soda and the soda alginate solution is spun in an aqueous bath with
calcium chloride and a tenside. Thus produced fibers are soluble in alkali and soap solutions. Therefore
they are used wherever such solubility is desired, e.g., for special effects in textile fabrics or for self-
dissolving medical yarns.



2.13.3 Filaments on Cellulose Basis

These filaments and fibers are part of the chemical fibers that are extensively described in the literature:

• Hydrate cellulose: e.g., viscose rayon [503] and cupro rayon or staple rayon [504],
• Acetylized cellulose as 2-, 2.5-, or triacetate [504],
• Nitro rayon that is no longer produced [505].

2.13.4 Basalt Fibers [507-509]

Basalt fibers are spun according to a process similar to Fig. 5.56 from the melt; filament breakages due to
the centrifugal force or smallest contaminating enclosures are desired. To spin basalt filaments, e.g., in
principle as in Fig. 5.56a and 5.57, highest melt purity is needed. To obtain this the basalt is melted and
granulated with water by central removal from the melting pot. These chips are then melted again in a Pt-
Rh-pot, lead to a spinneret from the same material according to Fig. 4.141 and spun gravimetrically
through holes in the spinneret bottom at 1350.. .1420 0C. The filament bundle is taken up downwards at
about 2000.. .5000 rn/min, prepared at 1.00...1.2Om below the spinneret and wound contactless.

B)

A)

Figure 2.129
A) Flow sheet of a protein dissolving station

a) Caustic solution preparation vessel
b) Dissolving vessels for protein
c) Continuous de-aeration
d) Water sealed rotation vacuum pump
e) Discharge pump with drive
f) Non-stop filters

B) Spinning and aftertreatment of food protein filaments [486]
a) Solution supply
b) Spin pipe with spinneret
c) Spin bath
d) Take-up godet
e) Tow plying
f) Draw and extraction bath
g) Draw godets and squeezing godets
h) Extraction bath
i) Godet take-up and squeezing
j) Washing baths
k) Tow to winding resp. cake forming



The raw material cost is < ^ 1 % of the respective glass cost. Also does basalt have chemical
advantages, especially with > ^ 5 0 % SiO2 and < « 14% Fe2O3, etc. (Table 2.34). In acidic compounds
there is a slow corrosion [506]; the resistance against alkali media is good, even at higher temperatures,
e.g., in cement; this is probably due to the ZrO2 content. Filaments have a tenacity up to 700 0C of
(175 . . . 215) • 107 Pa and an elastic modulus of about ( 7 . . . 10) • 1010 Pa, both of which decline beyond
700 0C slowly to the highest useable temperature of about 1100 0C.

Table 2.34 Composition of Basalt (Weight %)

Loss SiO2 TiO2 Al2O3 FeO3 + FeO CaO MgO Na2O + K2O

Basalt from Berestovetsk 1.7 50.0 0.65 16.25 14.55 5.0 0.35 2.75
(Ukraine)

Pyroxene Porphyrite from 3.0 49.2 1.2 13.9 12.4 7.4 9.8 3.0
Khavochezersk

Basalt from Marneulsk 1.4 52.1 0.9 15.07 10.45 10.42 6.56 3.12
(Georgia)

Figure 2.130
Melt viscosity temperature relation of basalt
1) Marneulsk
2) Aluminum-boron-silicate glass

. . . . 3) Berestovetsk basalt
temperature I LJ 4) Pyroxene porphyrit.

Figure 2.131
Melt spinning machine for melt temperatures of up to about 1450 0C and for direct
winding take-up speed of up to 4000 m/min, as e.g., for basalt multinlaments [486]
(see also Fig. 5.59)

During gravimetric spinning the filament fineness depends on the pressure in the melt column above
each spinneret hole and the viscosity. The melt pressure is only (3 .. .6) cm high- about 2.8 g/cm3, and
the viscosity is between 10. . .30 Pa • s (Fig. 2.130). This allows the calculation of the theoretical capacity
per hole according to Hagen-Poisseuille Ctheor = K • H • D4 • y/L • r\ with K = rj • g/128 = 0.2408,
H = melt height in m, rj = kinematic viscosity in m2/s. The hole diameter can only be varied in a
narrow range or the filaments will not form. With 9 . . .12 urn filament diameter about 0.8 kg/24 h holes
can be spun [507].
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3 Theoretical and Experimental Principles

In the following Chapter some of the basic knowledge and conditions will be presented that are not
necessarily present in chemical or mechanical engineering and not even in textile machinery construction.
These are also difficult to find in the literature. An example for this is the unit 1 tex = 1 g/1000 m yarn that
is a weight unit but at the same time (because the specific weight of the yarn material is constant) is also
often used as a unit for the cross-section (see Chapter 10).

3.1 Reactors for Production and/or Dissolving

3.1.1 Selection Criteria

The diversity of machine design according to Chapter 2 can be simplified by combining similar groups
that allow optimization within each group [I]. The processes usually involve a significant increase in
viscosity (from < 1 P to several 103 . . . 10 P). Other materials that cannot be dissolved in each other (e.g.,
TPA in ethylene glycol) require specific preparation for intimate mixtures. Also for the equipment
dimensions there is an analogy rule that is defined by the non-dimensional Damkohler number [2]:

Dz = CA0 • kA • exp(-EA/RT) • zm (3.1)

with

CA0 = Starting concentration of the final component A
kA = Factor for the reaction speed
EA = Energy for activation
R = Gas constant
T = Temperature [K]
zm = Average duration = Volume/throughput

With continuously running sequential reactors of same vessel diameter the throughput is the lowest in
the ideally mixed single stirring vessel. It increases with more vessels to reach the ideal flow tube in the
case of an infinite number in the stirring vessel cascade. This again is equal to the ideally mixed
discontinuous single stirring vessel. This also is equal to the maximum throughput in a reactor [2]. Thus
the average duration zm also increases for a larger reactor. Table 3.1 shows that near 100% throughput the
duration in the vessel closely approximates to the duration in the ideally mixed single stirrer vessel. In the
case of a vessel cascade it should be considered if with the desired throughput per vessel the overall
duration is not unnecessarily extended. Many technical processes are therefore stopped at 60 . . . 65% of
the throughput, and the unchanged raw material is e.g., evaporated, recycled and reused in the initial step.

The reactor type according to Fig. 3.1, left, has significant influence on the histogram of the
concentration (= answer at the reactor exit to an impact marking) and the sum diagram (= answer to a
crack marking). Additionally the approximate duration distribution for a reactor screw is mentioned.

For many polymer formation reactions in addition to the main reaction there are parallel or
subsequent reactions that influence the molecular weight distribution and the like. Even concentration
distribution and a narrow temperature and time range result in the best conditions. The ideal flow tube



Table 3.1 Necessary Residence Time in
Relation to the Vessel Optimized
for Mixing Efficiency (=1)

Throughput in %

80
90
99.5
99.9

Dwell time factor

5
10

200
1000

Figure 3.1
Dwell time distribution for different
reactor models and comparison
with a reactor screw [2] (frequency
curve in response to an impact
marking [2, 3]
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comes closest to this, followed by the double screw reactor with circumference tubes that are as close as
possible to each other.

A comparison of different reactors and/or process conditions permit the following numbers that need
to be calculated and compared to each other or a benchmark:

• the average duration or the throughput
• the distribution of the duration or the reverse mixing
• the distribution intensity, radial and as a function of time
• the temperature arrangement and distribution
• the specific heat transfer surface (e.g., m2/dm3 volume)
• the pressure area and the pressure arrangement (including a possible vacuum)
• the degassing efficiency
• the power of the stirrer/agitator drive
• self-cleaning and disturbing coats
• the discharge

Good distribution and dispersing intensities require specific mixing and shearing elements. For
example for high viscose products these should maximize the product of shearing speed x duration; this
can be measured over the stirrer drive torque or by the stirrer power/filling volume [kW/m3]. Low
viscose products require high turbulence.

The average duration of continuous reactors depends on

• the rpm of the screw
• the empty volume respectively the geometry and the filling percentage.

Table 3.2 recommends some dimensions (also see Chapter 4.1 and 4.2).

Table 3.2 Dimensions for Reactors

Difficult disintegration for
continuous processes
discontinuous processes

Simple disintegration in high viscous phase
continuous
discontinuous

Heat dissipation at 1.5 kJ/kg K
Heat transfer area

Heat transfer coefficients
Pressure (usual limits)
Stirrer drives for < 1000 P

discontinuous
continuous
1000... 10,000 P

Clearance between stirrer and inside wall
for self cleaning
for one shaft reactors

Specific power or data

0 . 1 . . . 0.5 kWh/kg throughput
« 0.3 kWh/kg content

0.02... 0.15 kWh/kg throughput
^0 .3 kWh/kg content
< « 0.2 K/s (adiabatic)
>0.1 m2/dm3, isothermic temperature guidance
<0.01 m2/dm3, only approximate adiabatic temperature

guidance
50 . . . 500 W/m2 K
0.05 mbar to 35 bar

< 0.005 kWh/kg
< 0.02 kWh/kg
^0.5kWh/kg

0.001 x D [mm] > 1 mm
0.0005 x D [mm] < 0.2 mm

For continuous reactors the usual duration is between a few and 240 min; it may be as high as 20 h.
For discontinuous processes the duration is usually between 5 min and 20 h, but can be set as needed. In
addition to this there are the times for filling and emptying that can take 1 . . . 30 min each for the bigger
autoclaves, while their content participates in the reaction, thus increasing the dispersing and/or causing a
certain degradation of the finished product, for example when discharging PA 66.



3.1.2 Preferred Reactor Cascades

For major viscosity changes or after vacuum and pressure areas it is recommended to separate the several
sequential autoclaves. Examples for this are:

PAN solution polymerization: In the first autoclave the salts are dissolved in water or solvent and the
monomers are mixed in, in the second autoclave polymerization occurs, in the third autoclave the not
transformed monomers (about 30 . . . 40%) are evaporated to recycling before the product discharge
(Fig. 2.96).
Autoclave polycondensation of PA 66 (Fig. 2.29): In the first vessel the solution is prepared and in the
second it is prepolycondensated, starting with about 20 bar and decreasing pressure to about 2 bar; the
third autoclave serves for finish-polycondensation with a pressure decrease from about 2 bar to
normal pressure and extrusion.
Autoclave polycondensation to PET (Fig. 2.44): Two parallel entry autoclaves serve to prepare DMT
and ethylene glycol, a second for transesterification at 1 (possibly up to 6) bar; in the third autoclave
polycondensation occurs at up to 0.1 mbar and about 3000 P with subsequent melt extrusion at up to
10 bar in 30min maximum.
Continuous polycondensation of DEG to PET (Fig. 2.50b): First autoclave at 80 . . . 100 mbar, second
autoclave at 50 . . . 20 mbar, third reactor as finisher at about 0.5 mbar with the transports between
these by the vacuum difference.
Continuous polycondensation of TPA and EG to PET (Fig. 2.3): The first and possibly the second
autoclave serve to mix and ester to DEG at up to 10 bar; the second, third and fourth autoclave with
80 respectively 8 respectively 2 mbar are for the pre-polymerization, and in the fifth reactor
(= finisher) the product is finished at about 0.5 mbar and then extruded by means of a pump.
PAN solution preparation (Fig. 2.49): Two high shear mixers that work alternating allow the
preparation of the emulsion from powder and solvent; the second autoclave is used for dissolving,
the third for degassing, and the fourth for homogenization before passing ahead.

Preferred are also vessel cascades with 2 to 4 autoclaves in a row, for low viscous liquids with dished
bottom, high speed mixer, for liquids that do not require intensive mixing and for those above 400 P with
a conical bottom and anchor agitator. At 2500.. . 5000 P the spiral anchor agitators with an incline of
about IZ) and at 10,000...15,00OP with an incline of about 1/3 £> are preferred. For
> 30,000... 50,000P double cone mixers (Fig. 2.119) or Z-kneaders are preferable. For even higher
viscosities double screw mixers are suited.

3.1.3 Reactor Design [3]

With an increase in size of the reactor autoclaves the ratio of heat exchange vessel surface to filling
volume becomes smaller. For the usual autoclave depth of ( 1 . . . 1.5) D for example the ratio of contact
surface to volume changes as OK/V = (I/H) + (4/D); it is for 251 about 16, for 1 m3 about 4, at 2 m3

about 2 and for 6 m3 about 0.8; this requires special measures for the heat induction and cooling. This is
done by inner heating and cooling coils (Fig. 4.106) or heating and cooling cylinders (Fig. 2.45) or built-
in heat exchange surfaces (Fig. 4.10b and 2.45) or higher Reynolds numbers. The latter can only be
obtained through a higher torque moment.

The necessary vessel size results from:

F K ~ 1.05 -(I +*)• Fp// (3.2)

with Fp = production volume, e.g., for 2t PET/lot with 1.2 kg/dm3 about 4.1m3 vessel volume,
k =0.72 kg EG/kg PET and/initial filling degree «0.7). If foaming is feared, /« 0.5 .. .0.6 or for
pure monomers (e.g., caprolactam)/< ^0.8. Since in the subsequent polycondensation autoclave
already 0.31 kg less methanol/kg PET enter, the volume can be smaller accordingly: about 3.7m3.

For the continuous process the polymer fiber industry primarily uses:

the VK tube (simplified continuous polymerization, Fig. 2.18 to 2.20) [4] for the production of PA 6.
This is a piston flow reactor because the horizontal speed and temperature distribution are kept quite



constant through installations. The sizes are between 2001 (=200 mm diameter x 6500 mm length)
and about 20 m3 (= about 1600 mm diameter x 10,000 mm length). Due to the low heat conductivity
of the melt, diameters of over 300 mm require inside heat exchangers (Fig. 2.20).
the single shaft vertical paddle reactor where the solution or melt flows down the inside wall of a
heated tube and is continuously turned and moved out by a paddle rotor [5]. It is mostly used for the
evaporation of solvents, but also for the evaporation of monomers from PA 6 or the evaporation of
glycol from PET from a too small reaction surface.
the horizontal single shaft screw reactor (Fig. 2.21) or the horizontal rotating reactor (position 11 in
Fig. 2.49 respectively Fig. 2.52 and 2.53): The rotor continuously moves melt from the sump upwards
and it then flows freely back down and evaporates from the surface. Thus you easily obtain 40 m2 film
surface with 1 m diameter and 4.5 m length that works on both sides and results in high evaporation
rates. For viscosities above about 3000 P these must be built very sturdy as they turn the melt more
and cause less film formation the higher the viscosity (Fig. 2.52).
the two shaft paddle reactor (Fig. 2.47, 2.51): It corresponds very much to the double screw extruder,
but has much more clearance between the screws and generally a larger volume. They are built with
screw diameters of up to 800 mm x 30D length. Even tempering is common, sometimes also for the
screw shaft and the rotors. With short ram zones they can be separated into different pressure zones,
especially for high viscous materials.

The variety of the described reactors requires careful selection unless it is possible to use known reactor
types for specific processes. Because of the high cost it is recommended to run pilot plant trials first.

3.2 The Spinning Mechanism

3.2.1 General View over Melt Spinning

A very detailed description by Ziabicki [8] exists as well as two brief summaries [9, 10], so that it is quite
sufficient to briefly show the physical process from the spinneret to the first take-up point. The fluid
mechanical processes of the high viscous fluids and their change to the solid state as well as the
changing rheological properties of the non-Newtonian liquids that are structurally viscous and visco-
elastic, make the mathematical treatment more difficult.

Important spinning conditions are:

macromolecular chains with a minimum of branches and networks with more than a minimum degree
of polymerization
sufficient ability of the melted mass to be drawn into filaments, as for example defined by the filament
breaking length. The latter depends on the viscosity rj and the draft velocity v (see Fig. 3.2a) [H].
The maximum indicates the optimum spinnability of the material [12]. The breaking length
L=f(v-r\) is limited by the melt fracture and the breaking of the filaments (see Fig. 3.3b). Too
high a take-up speed and/or too low a viscosity leads to breaking filaments (e.g. due to too thin melt
or too high spinning temperatures). Too high molecular weights or viscosity or too fast hardening or
coagulation of the outer layer lead to a melt fracture, e.g. melting rupture (=saw toothed
appearance).

When the melt enters the spinneret openings we are dealing with creeping flow with Reynolds
numbers in the range of 10 ~7. Inside the spinneret's capillaries 0.2. . . 1 m/s are achieved, respectively
Re = 0.01. . . 0.2. After exiting the capillary the average speed is reduced due to the spinneret swell by
1.1 to 2 times, and then increases with the cooling and solidification of the filament to the take-up speed.
The uneven velocity distribution inside the spinneret bore (see Fig. 4.87) is due to the sticking of the
solution in a thin area near the wall (range of 0 .01. . . 0.02 mm), and directly upon exiting it changes to a
constant speed over the cross-section, and then increases upon cooling from the outside to the inside up to
the take-up speed (see Fig. 3.3b). The flow in the liquid state is described by the elongation viscosity; this
is certainly not correct for non-Newtonian liquids, but to date has not been completely investigated.



Figure 3.2 a) Maximum length L [cm] of the fluid thread as a function of the extrusion velocity v and the shear
viscosity r\\ The extrudates are differently concentrated solutions of cellulose acetate
[n] = 1.92 dl g~ ! in an acetone water mixture of 85 :15 volume-%: Lmax results in good spinnability

b) Superposition of theoretical curves of capillary wave failure. ( ) and cohesion failure ( — ) .
Maximum length of the fluid filament is plotted as a function of the product of extrusion velocity v0

and shear viscosity rj; J 0 - initial diameter; £ = d\n(v/vo)/dx = axial deformation gradient;
crs = surface tension; K = energy of cohesion; T = relaxation time = time for the stress (stored
energy) created by a sudden deformation to decay to the (l/e)-part [10]; the arrow shows the
direction in which the theoretical curves shift when the indicated parameter increases

For the common spinning of filaments in the finished range of about 1 . . . 20 dtex
( ^0 .01 . . . 0.05 mm diameter) spinnerets of a diameter of 0.05 . . . 0.25 mm are used for solution spinning,
and 0 . 1 . . . 0.7 mm for melt spinning. The capillary length is L = ( 1 . . . 4) D, in some cases up to about
10 D. The question concerning the optimum prebore—cylindrical, conical, double conical, hyperbolical
[14]—has not yet been determined.

Figure 3.3a shows what happens inside the filament after exiting the spinneret, and Fig. 3.3b shows
the schematic changes in the filament properties until the material has solidified.

Melt spinning is done for most polymers (PA, PET, PP et similes) between 240 and 320 0C, for some
special polymers under 200 0C or between 350 and 450 0C, usually under high pressure (100... 200 bar)
through very thick spinneret plates ( = 10 mm, see chapter 4 and the accompanying figures). In each
position x of the thread way the following is valid:

y x F(x) x v(x) = G = constant (3.2)

with y = density of the polymer (melt or solid), F = filament cross-section, v = filament speed, and
G = throughput/bore. For a round filament cross-section F = d2n/4 (d = filament diameter) and

d(x) = 2,/G/n • y • v(x) (3.3)

Table 3.3 shows some general values from operation.
The extrusion velocity = exit velocity from the spinneret vB[m/min] follows of

vB - 4 x GB/n x D2 x ymelt (3.4)

with GB[g/mm] filament mass per hole, D [mm] capillary diameter, y = density of the melt [g/cm3]; for
spinning 167 dtex f 36 PET-POY this will result with D = 03 mm, vsp = 36OOm/min, /=1.44:
vB = 28.4m/min.

This will result in the

Spin draft = take-up speed/extrusion speed = vsp/vB (3.5)

In this example this would be 126.76 (see Fig. 2.58).
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d = Filament diameter
d0 = Spinneret hole diameter
4ax = Maximum filament diameter (due to dye swell)
x = Distance from the spinneret
Ss = Solidification temperature
s = Solidification point
L = End of the spin way respectively length
^rfieoW =^est + ^grav(*) ~ ^inert(*) ~ f̂HkC*) ~ FsvJx)

with

jprheo = Rheological (viscosity) forces, filament draw
force

Fex t = External take-up forces (constant along the
thread path)

Fgrav = Gravimetric forces (filament weight below
point x)
• for vertical upward spinning Fgrav becomes

negative
• for horizontal spinning Fgrav becomes 0

Finert = Inertia force (based on acceleration to vL, the
speed at the end of the spin way)

f̂rik — Friction force between the filament surface
and the surrounding spinning medium
(e.g., air or water or similar)

Fsurf = Surface tension (with a tendency to minimize
the filament surface by shrinkage)

Figure 3.3 a) Temperature, viscosity and tension distribution in the polymer stream and schematic curves of
different filament situations and properties during the melt spinning process

b) Force equilibrium of the spinning filament (yarn direction downwards)

During melt spinning the following phenomena need to be observed:

• In high pressure extrusion the melt pressure of usually more than 400 bar between the extruder screw
tip, extrusion pump and extrusion pack is reduced by friction in the extrusion pack to the necessary
entrance pressure at the spinneret filter of usually 20 to 60 bar. Specific slots or filters in the extrusion
pack are suitable for this. Filters, however, will change the pressure with running time and clogging.
Due to the sheering force, frictional heat is developed, increasing the melt temperature of PET or PA
by 4 . . . 4.2 K per 100 bar pressure drop (see Fig. 3.4). Because there are only a few seconds between
this increase in temperature to the cooling of the filament, the temperature increase is usually without
risk for the polymer. With proper control of the melt flow one can achieve a uniform heating over the
cross-section of the melt and thus an increase of the exit temperature, a decrease of the melt viscosity

b)
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Figure 3.4
Principle of the high pressure spinning process
1 Melt supply
2 High pressure spinning pump
3 Zone of lower melt temperature
4 Filter and/or decompression mechanism
5 Zone of higher temperature
6 Spinneret
p Pressure course both caused by energy

of the polymer transformation of the
T Temperature course friction loss into melt

of the polymer heating

and an improvement of the spinning conditions, especially for high viscous materials. The spinneret
temperature, e.g. of the Dow vapor, stays at the same level as before the pressure drop [17].
Delayed cooling under the spinneret with a hot shroud (Fig. 3.5) or by blowing hot gas to the
filament: This avoids the risk of too fast cooling of the filament surface and too high preorientation.
This will result in a lower take-up tension and lower pre-orientation and therefore in better drawability
and higher final tenacity.
Delayed cooling with a heater after the cooling zone [18]: Here the filament temperature is increased
after the filaments pass the cold air zone with the help of a hot air stream. The yarn speed in the air
quench is first reduced and increases to the full POY take-up speed after leaving the hot air tube.
The final stretch takes place in the hot air tube, resulting for example for PET in a final tenacity of
35 cN/tex at 4000m/min, which is not possible without the hot air tube until 6000m/min (Fig. 3.6).
These filaments can often be used as the final product.

Table 3.3 Examples for the Yarn Take-Up from the Spinneret, etc.

Yarn

dtex

Staple
fiber/1.75
167/f52
50/flOO

138O/f23O
1380/030
1380/f82

70/G7

30/fll
167/f52

Staple fiber/1.75
/15

3.0 (dry)

3.0 (wet)

Mate-
rial

PET

PA 6
PP
PA 6
PA66

PP

PAN

Take-
up

m/min

1500

3500
3200
620
620
600

1200

5600
3400

40
30

400

12

^'(residual
shrinkage)

3.4

1.4
1.4
5.4
4.0
3.4
3.4

1.2
1.7
4
4
4

Smelt

g/cm3

1.25

1.00
0.7
1.0

1.0
0.75
0.7
0.7

^solution
1.1

Csolid

g/cm3

1.34

1.14
0.91
1.14

1.14
0.91
0.91
0.91
1.27

Spin-
neret
hole

diam-
eter

mm

0.3

0.2
0.45
0.4
0.8
0.25
0.20
0.20
0.3
0.3
0.7
0.3

0.08

Indi-
vidual

spinning
titer

dtex

5.95

4.496
0.7

32.4
24
57.22

8.815

3.273
5.46
7.0

60.0
12(48)

12(48)

^spinneret
hole

m/min

10.103

17.81
5.704

10.10
11.84
9.76

21.55
33.68
58.35
35.01
0.566
0.668

(24.69)

(10.42)

G

g/min

0.8925

1.5736
0.224
2.009
1.488
3.433
1.058
1.058
1.833
1.856
0.028
0.18
0.48

0.0144

Draw
ratio

148.5

196.5
561.0
61.4
52.4
61.5
55.7
35.6
95.98
97.1
70.6
44.9

(64.8)

(1.12)

Individual filament
diameter

finished
um

12.85

17.4
6.87

25.8
25.89

200.1
17.0
17.0
17.46
21.31
15.73
46.0

undrawn
um

23.69

8.13

369

31.46
92.1

P T

bar 0C



Figure 3.6
Spin draw process for PET according to ICI [18];
left: yarn path with hot air tube;
right: filament speed v and temperature T along the
yarn path

3.2.2 Solution Spinning

Polymers that do not melt are usually transformed into solutions with 5 . . . 40%, mostly 2 0 . . . 25%
concentration of solids, or into a gel with 2 . . . 7% or 4 0 . . . 80% solids. The solvent is regained during
spinning, in the case of wet spinning through the osmotic pressure in the inside, or in the case of dry
spinning through the interior steam pressure.

In wet spinning a surface layer forms after the exit from the spinneret hole into the spin bath, that then
will continue to coagulate towards the inside. The solvent diffuses from the inside of the filament to the
surface into the spin bath. This does not require substantial heat, but an increase in temperature of the
polymer and the spin bath can significantly increase the speed of diffusion and decrease the solvent
concentration in the spin bath. This will increase the polymer concentration inside the filament until
solidification. The bath diffusing into the inside of the filament lets that inside coagulate as well (Fig.
3.7). If the solvent leaves faster than the spin bath enters, an underpressure is created in the filament
inside, that results in a collapse of the surface into n lobed cross-sections (n > 2).

Figure 3.5
Schematic drawing of a melt spinning machine with hot shroud
a) Spinning head
b) Polymer melt
c) Spinning pump with
d) Spinning pump drive
e) Spin pack with filter and spinneret
J) Hot shroud
g) Air quench chamber
h) Quench air
i) Spinning or floor interconnection tube
J) Multifilament
k) Take-up winding machine
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Figure 3.7
Filament formation during solution wet spinning. The shaded zone is the
coagulated portion of the thread

Dry spinning works similar, except that the overpressure of the solvent in the inside is caused by an
increase in temperature that is done from the outside.

A combined dry-wet spinning, also known as air-gap spinning, guides the yarn first through an air
gap before submerging it into the spin bath. This air gap is usually of normal temperature, so that no
relevant exchange of heat and solution happens and the yarn creation takes place like in wet spinning. In
the air gap a certain amount of draft is applied, and this process is particularly suited for spinning
anisotropic solutions of polyaramides, poly(ether)sulfoxide et similes or for spinning hollow filter
filaments with anisotropic wall formations.

3.3 Filament Take-Up and Filament Cooling

Between the spinneret and the take-up mechanism the yarn path can be divided into three zones:

The drawing of the melt from the spinneret hole at a melt temperature 8̂ and draw viscosity /̂ 8,
the draw zone with filament cooling to the solidification temperature and then further to below the
glass transition temperature,
the arrival at the first solid or take-up mechanism where the temperature should be less than the glass
transition temperature.

3.3.1 Filament Cooling [24]

Here the conditions according to Fig. 3.8 apply: the rheological state equation

G(X) = /i(jc) • d/dx • V(JC) (3.6)

and the stability criterion

a < aB « n(x) and d/dx • v(x) < d/dx • v(x)critical (3.7)

From this follows that a filament can be spun and taken up if it is above the critical titer (see Fig. 2.57
and 3.2). This example, especially the catenary curve, is different for every polymer. It is assumed here
that crB is proportional to the draw viscosity \i.

This filament with almost no cross stiffness forms in a first approximation catenary [25] with the
additional conditions resulting from Fig. 3.8; i.e., the degree of deviation is caused by the cross flowing
quench air, the draw-down tension from the spinneret bore must be less than the melt tenacity and the
final take-off tension Se = S0 + R + G. Here are R = filament in the withdrawn air and G = filament
weight between spinneret and take-off godet.

Spin Solution

Diffusion
Boundary
Layer

Coagulation
Boundary
Layer

Solidification
Point



Figure 3.8
Forces along the thread path for melt spinning with cross flow air quench

For the thermal equilibrium of the filament the following is valid with the nomenclature of Fig. 3.8
[26]:

GL • cL • (S2 - S1) = Gs[c . ( r s - TF) + S] (3.8)

S=melt heat, that somewhere in the area of the quench air w(x) becomes free. For the heat transfer
from the yarn to the quench air follows [27]:

/A ^ A Ti*)-T(x+ Ax)
«**•*> = « * 4Ax(Tm-Sm) ( 3 '9)

The in part very difficult evaluation of these formulas is only possible in approximation and is
explained in Fig. 3.9 with the help of some measurements:

With the same starting temperature the filament coming from the larger spinneret hole at the same
extrusion rate will cool faster due to the larger surface. At this extrusion rate, there is practically no
more difference at about 500 mm below the spinneret.
The same extrusion quantity and take-up speed result in the same finished filament diameter; the
spinneret swell increases with decreasing spinneret bores.
Spinneret swell is lower with air quench than without.
The air quenched filament cools down faster than the filament without air quench (Fig. 3.9d and f),
but without any significant difference up to about 300 mm below the spinneret.
The heat transfer coefficients at 800m/min take-up speed are in the average (in WAn2K):

at 400 mm below the spinneret at > 600 mm

without air quench (b) 40 ... 50 200
with air quench (a) 90... 100 300

For other take-up speeds approximate heat transfer coefficients can be obtained by multiplication with
(WAV0)

0-63

-w tx)

H



Figure 3.9 Measuring data (temperature, diameter) of a spinning and cross air quenched filament for different
parameters:
a) Influence of the spinneret hole diameter on the individual filament diameter (m = 4 g/min,

ve = 800 m/min with cross flowing air)
b) Influence of the spinneret hole diameter on the filament temperature [process data as in a)]
c) Influence of the cross flowing air on the filament diameter, a with, b without cross flowing air;

m = 4.5 g/min, ve = 800 m/min, spinneret hole diameter d0 = 0.7 mm
d) Influence of the cross flowing air cooling on the filament temperature [process data as in c), but

d0 = 0.9 mm]
e) Heat transfer coefficient a between the cooling air and the filament surface as a function of the

distance from the spinneret (a with, b without air quench; m = 4.5 g/min, ve = 800 m/min,
d0 = 0.9 mm

/ ) Filament surface temperature as a function of the time after leaving the spinneret hole [data as in e)]

From the mentioned relations the following rough calculation can be deducted:

• The necessary cold air quantity for quenching a filament bundle within a narrow space on the sides is

(3.10)
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With:

g L = Air quantity per time unit in Nm3/h
GF = Melt or filament quantity per time unit [kg/h]
yL = Specific weight (density) of the air = 1.2 kg/m5 at 20 0C
T — Polymer temperature [0C] with S for melt, F for filament
S = Air temperature [0C] with 2 at the lower end and 1 at the beginning of the quench chamber
cL = 0.25 kcal/kg K (at 20 0C, 1 bar)

The cooling air should normally have more than 80% relative humidity. The yarn temperature to be
reached needs to be TF < TQ (glass transition temperature of the spin mass) minus a minor safety
distance. Experience and many spinning trials show that filament breakages increase five- to ten-
fold if the yarn is not below the glass transition temperature before the first contact with solid
materials. If this is not possible it is necessary to take the increased number of breaks into account,
e.g., for PP.

This results in a first rough formula for the necessary air quantity to cool an uninterrupted
filament warp with (Ts — TF)« 235 ± 15 0C, a melt heat S = 30 . . . 55 kcal/kg and a specific heat of
0.5 kcal/kg K:

QL in Nm3/h/GF in kg/h = 270/ASU permissible [
0C] (3.11)

This means that with a permissible increase of the air temperature of 10K QJ G^ becomes ^27Nm3 /
kg. A more exact calculation for PA 66, PA 6, PP and PET shows significant differences, especially

Figure 3.10
Quench air quantity requirement for cross flow air cooling depending on
the permitted air temperature increase and at the outlet temperature behind
the last filament row

Material S cs cF Q/G Min. quench
kcal/kg kcal/kg K (S2 — #i) air quantity

Nm3/kg (0C)

PA66 46.5 ± 0 . 4 0.66 0.66 352.5 16.8 (14 0C)
PA6 45.5 ± 0 . 6 0.75 0.78 312.5 14.9 (14 0C)
PET 30.7 ±3 .7 0.44 0.48 209 5.3 (200C)
PP 52.8 ± 2 . 8 0.70 0.74 324 15.4 (14 0C)

for PET (Fig. 3.10). It also needs to be considered that the glass transition temperature for PET has
about 50 and for PA only about 2OK difference to the normal air temperature. Therefore it is
recommended to cool the quench air for PA and possibly for PP to < ~ 14 0C.

• For spinning several multifilaments in one quench chamber and more extremely for monofilaments it
is not possible to calculate for one filament warp, but the open spaces between the filament bundles
have to be taken into account, air flowing through these open spaces does not participate in the
filament cooling.

During the air quench process of the individual filament the filament heat is first dissipated to the
border layer around the filament. It is then removed by the cross air. Starting with the thickness of the
border layer in an even plane [39, 40] 3 & 3 • +Jy • L/v, it is possible to deduct the cylinder diameter
of the border layer for the axially moved cylinder (i.e., the filament), as shown in Fig. 3.11. Each
individual filament pulls a cylinder of this average diameter downwards, respectively a filament
bundle coming from the spinneret pulls a cylinder of the width of the spinneret field plus a cylinder
diameter of the border layer of the outer filaments.
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Figure 3.11
Approximate thickness of the boundary layer (DGr = boundary layer
cylinder diameter) along the downward running filament as a function
of the distance below the spinneret hole and the spinning titer

Spin average for yarn type take-up
titer boundary speed
in layer [m/min]

dtex p. f cylinder
diameter

[mm]

0.5. . . 1 3 PET-POY 3200... 3400
2 . . . 5 3 . . . 4 PA-POY 5200... 6000
4 . . . 7 5 . . . 6 PET-POY 3200... 3600
6 . . . 24 10 LOY, staple fiber 1300... 1750

24 . . . 70 16 carpet yarn 500.. . 800
tire yarn and
technical yarn
coarse titer staple fibers

Table 3.4 Filament Density Coefficient = Efficiency of Quench Air Utilization (R radius, D diameter)

Spinneret arrangement 4 x ^ 1 6 0 8 x£> 70 SxDlO Radial R 560
Quench duct width B1 [mm] 720 720 720 D 240 560
Spinneret size (width of field) [mm] 140 52 52 Warp veil 504
Spaces between hole fields [mm] 3 x 40 34 • • • 48 45
Widths of filament border layers [mm] 8 x 3 16x3 16x3 - 2 x 3
Filament occupancy width +
Border layer thickness [mm] 584 464 48 D 240 510

0.81 0.64 0.07 1.00 0.91

This allows to calculate a yarn density factor of cp — ]T b/Bt < 1. Only this portion of the
cooling air participates in the filament cooling, or in other words, the necessary air quantity has to be
increased by the factor \lcp. Table 3.4 shows some examples for this from the praxis.

This is extreme for the spinning of monofllaments, as shown by an example of 16 monofilaments
from eight spinnerets with 52 mm diameter each: Here \lq> becomes ~ 14, i.e., the 13-fold value of
the thermo-technically needed cooling air is lost ineffectively.

• For spinnerets with several rows of holes (n > 2) the cooling air blowing against the nth row has to be
cold enough to cool the filaments in this row and in all following rows sufficiently. With the average
logarithmic decrement a factor

(3.12)

can be given for the increase in the cooling distance for the nth row or for the increase in cooling air
quantity to cool the farthest of the filaments in a bundle sufficiently, i.e., below the glass transition
temperature (Table 3.5). Figure 3.12 shows three examples for the isotherms through a filament
bundle from a large round spinneret (left), from a multi-row rectangular spinneret (middle), and
from a ring spinneret (right) with inside/outside quench.

In summary the cooling requirement per quenching chamber can be calculated from

(3.13)

Formula (3.10) for Q^ can also be used to determine the air heating per filament row or for each
individual filament. Under the usual spinning conditions coarser filament titers result in an air
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temperature increase of about 3.15K/filament (e.g., carpet yarns), of about 2 . . .2.5K for the usual
textile yarn numbers, and of 1.5 . . . 1.8 K for fine titers.

With the help of formula (3.9) it is also possible to determine the optimal cooling air velocity profile
for the air quench in vertical direction (i.e., in the direction of the filament). The result is shown in Fig.
3.13 and in Table 3.6. Figure 3.13 also shows on the left how to set the air deflector sheet in the quench
air supply chamber to obtain the velocity profiles on the right. It is necessary for this to have no vertical
pressure exchange in the air rectifier.

The influence of the quench air profile on the Uster values is shown in Fig. 3.14 with the example of
the highly sensitive PA 6: The production rate G 1.8 kg/hx chamber provides at Q/G about 0.14m/s
= 19.6Nm3/kg with the quench air profile A the optimum Uster value. Already at ±40% deviation from
the average air velocity profile B becomes better. Similar observations can be made for spinning staple
fibers with 20kg/h x dm: Then the best profile for PET is B, and for PP it is D.

The air flow in the empty quench chamber is changed considerably by the air caught and dragged by
the filaments, as can be seen in Fig. 3.15 and 3.16 in the total summation: In the upper zone, still partially
liquid filament A the quench air passes through the slowly moving filament bundle. In area B the cooling
air is sucked from the quench air and the surrounding air to be pressed out of the filament bundle in C

Figure 3.12
Comparison of cross and radial
quench air systems; cut through the
filament bundles 50 cm below the
spinneret with the filament
isotherms

500C,
7O0C,
1300C (left)
and longitudinal cut along
the filament bundle center
line with the filament
isotherms
7O0C and
150 0C for PET spinning
[29]

Round Spinneret Rectangular Spinneret Ring Spinneret

649 Holes/Spinneret 1600 Holes/Spinneret 1661 Holes/Spinner

0 C

0 C

0 C

Table 3.5 Row Number Factor for the Air Quantity

Material

PA 66
PA 6
PET
PP

Ts
[0C]

285
275
285
265

S1

[0C]

10
10
20
10
20

/ for the number of rows of
holes behind each other

4
1.213
1.216
1.113
1.17
1.17

7
1.502
1.525
1.188
1.526

9
1.960
1.991
1.735
1.975



Figure 3.13
Quench air velocity profile (right) and corresponding
air deflector sheet geometry in the quench air supply
chamber (left, for air rectifiers with honeycombs only
between fine wire meshes)

Table 3.6 Recommended Quench Air Profiles (vertical) in Dependence of the Specific Spinning Production in
kg/dm Quench Duct Width

w (m/sec)Air Supply

D
is

ta
nc

e 
Be

lo
w

 S
pi

nn
er

et
A

B

D

S

A

B

D

-C

Laminar
(<1.5
m/s)

Turbulent
> 5 m/s)

Low
turbulent
(<2m/s)

A
B

C

D

E

F

G

H

Air supply
chamber (Plenum)

Rectangular
Diagonal

Bottom straight
Conical, top convex
S-arched

Very low
(<50mm high)
Very low
( < 2 x 100 mm
high)

Radial

Candle

Speed profile

Bosom profile
Constant( = flat)

Bottom constant, top
Curved declining
Belly profile

Constant

Constant, counter
Current

Bosom profile or
constant

Bosom profile or
constant

For melt
throughput
[kg/h x dm]

<5
<10

CV/ 1 <

%22

<30

<50

<22

<22

Examples

Textile, POY
Technical yarns, carpet
yarn fiber
Staple fiber, spunlaced,
(especially PP)
Great staple capacity,
yarn bundles strongly
pumping downwards

Staple compact spinning

Very large fiber bundles,
fine titers

Staple fiber

Staple fiber

Figure 3.14
Uster values for PA 6 multifilaments depending on the quench air
velocity and velocity profile (according to Figure 3.13)
(2 x44dtex, take-up speed lOOOm/min, residual draw ratio: 3.4,
quench air space 0.1 x 1.0 m2, G = 1.795 kg/h; optimum range for
QL = 50.4mTh, QJG=ISJ, v = 0.13 .. .0.15 m/s, melt throughput
2.693 kg/h, in both cases is C/opt. = 1.1 ± 0.05)w (m/sec)

0(%)

A

P
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Figure 3.15
Quench air flow around and in a spinning multifilament bundle:
Zone A) Cross flowing passing quench air caused by low indivi-

dual filament speed
Zone B) Quench air sucked in by a filament bundle
Zone Q Quench air pressed out of the filament bundle by multi-

filament convergence
Zone CID) Convergence point made for example by an oiler pin

and/or thread guide
Zone D) Closed filament bundle up to the take-up machine

Figure 3.16
Quench air velocity distribution without (left) and with (right)
downward drawn thread bundle
(planes: G = air rectifier front, F = spinneret resp. filament bundle
center, T = air outlet door of the quench cabinet)

due to its convergence. The pressed out air flows due to the friction between the air and the filament
bundle with the filaments out below.

The lower end of zone A below the upper start of the quench zone can be calculated by the following
formula:

Au = G • [cs(Ts - T0) + 5J/3600 • b{ • w • cL • (S2 - S1) • yL (3.14)

If T0 = TQ (= glass transition temperature) and the distance between the spinneret and the upper
edge of the quench zone is added, the formula provides the lowest possible distance of the preparation
godet or oiler pins from the spinneret (Table 3.7).

For the downward air flow explained in Fig. 3.15 through the floor interconnection tube there are two
possibilities:

Table 3.7 Dragged Air from the Spin Filaments out of the Quench Duct to Below

*) only for spin tube open up and down

Monomer
SuckingA

Spinneret
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Convergation Point

B

C

P

Material

PET

PA 6
PET
PP

Titer
dtex

p.f. x residual
drawability

0.8x1.5
1.8x1.5
2.7x1.5
4.5x1.4
15x1.2

1.75x3.4
(2 . . . 3) x 1.8

Number
of holes
100 mm

spinneret
width

61
61
61
36
46

500
200

Take-up
speed

m/min

3200

3600
6000
1700
4000

Converging
point below

spinneret

m

0.57

4.5
1.65
2.00

Y

m

0.3
0.4
0.65
1.2
2.5
1.25
2.0

Spinneret
space

mm

65

190x50
410x100
360x150

Floor
inter-

connection
tube cross
sections

mm

350 x 87

450 x 240
450 x 400
450 x 450

Dragged
air

volume

Nm3/h

54.7
38.0
30.4
25

1052
1337
1960

Average
air

speed
downward*)

m/s

0.5
0.37
0.28
0.24
2.71
2.06
2.69



the floor interconnection tube is closed at the bottom except for the filament outlet slot. With the help
of air conditioning a higher air pressure is adjusted in the spinning room than in the winding room,
creating in the outlet slot a downward speed of about 2 m/s. Even for a big filament outlet slot of
about 200 x 10 mm this equals a negligible air quantity of 15Nm3/h x slot.

The air sucked by the filament bundle through the floor interconnection tube downward is latest
redirected above the lower flap and flows back up inside the outside tube walls. This can easily lead to
turbulence and fluttering of the filaments and therefore inferior Uster values.
If the spinning plant is only separated from the winding room by a bar grate, the quench chamber best
has a uniform cross-section from top to bottom and is open on both sides. The complete amount of
dragged air exits into the take-up room and returns outside the quench chamber walls back through
the grate floor.

In both cases the quantity of the dragged air from the quench chamber can be determined: With
^K = distance of the filament bundle point of convergence below the spinneret and Au according to
formula (3.14), the dragged air velocity in the filament bundle can be determined with
vG = k • (yK -Au). Trials determined that &^20± 1. Thus the dragged air becomes

QG = k • (VK " Au) • Fspinneret • 3600 [Nm3/h] (3.15)

For this Table 3.7 presents some calculated approximations that are valid within ±20% range of
measurements. The average downward air velocity is only true for floor interconnection tubes that are open up
and down; closed bottom floor interconnection tubes can present due to the bottle neck and the upward flow at
the edge twice as high velocities. In the average this results for POY spinning of textile yarns in dragged air
velocities of about 0.2.. . 0.5 m/s, and for filament bundles, e.g., staple fibers, about 2 . . . 3 m/s for up and
down open floor interconnection tubes, and for closed floor interconnection tubes twice that.

3.3.2 Take-Up Forces

The average filament tension for a monofilament or a closed yarn [28] can be interpolated from trials
to be

(3.16)

This results for example for a polyamide monofilament of 16.5 dtex with v = 1000 m/min spun from a
height of H= 4.6 m with a residual draw of 3.4 in a filament take-up tension of about 4.3 g = 0.08 g/
spin dtex.

When spinning multifilaments one has to distinguish between two areas, the upper open filament
bundle between the spinneret and the thread guide or the spinning tube preparation with 5upper and the
lower closed filament with S\ov/er. In the lower part both forces have to be added. Then follows with
dtex = n - dtex p.f. and H= distance between spinneret and first solid point in the take-up machine:

(3.17)

This results for example for v = 3600 m/min (POY), 165 f 32 dtex, j>upper=1.6m, Zf= 4.6 m:
S[g] = Supper + Slower = 52.3 + 17.4 = 70g, while for.yupper = H = 4.6m, S becomes= 150g. For a
compact spinning plant with H= 2.20 m S becomes 6Og. With H= 4.6 m and a shortened
Supper = 1 -25 m S can be reduced to about 60 g.

This can be summarized as follows:

The height between spinneret and take-up organ should be as short as possible.
For quench chamber preparation the oiler pin should be as close to the spinneret as possible, however
the filament should be below the glass transition temperature when matching.



3.3.3 Filament Temperatures

The individual filament temperature is dependent on the distance from the spinneret.
For the air cooled filament at take-up from the spinneret downwards Beyreuther [37] developed the

function

(3.18)

with

x distance from the spinneret [m]
x o ^s 2 - t ex 0 - 7 9 . D-02^v0-74

Ks2 = 0.023 0.00162 0.0026
for PA PET PP
D diameter of the spinneret hole [mm]
v take-up speed [m/min]
tex of the individual capillary

Examples for calculations according to formula (3.18) show in Fig. 3.17 that a PET-POY with 3 dtex
p.f. and 3500 m/min take-up is below the glass transition temperature of about 700C already after 0.7 m
distance.

Figure 3.17
Filament temperature
course TF as a function
of the filament way for
melt spinning of

. ... — . . , - . . , , » organic high polymers
Filament Way = Distance below Spinneret I5 (m) ^j]

By delaying the cooling of the filaments coming from the spinneret drawability and other yarn
properties can be improved: Either by reducing the quench air velocity (e.g., Fig. 2.81) or by increasing
the cooling air temperature [38]: With Z= 1.11 >x- 104/v (m/s)-spun dtex and tG = cooling gas
temperature follows

ts - 10Z + 30 > tgas >ts- 8OT(Z) + 20 (3.19)

for example spinneret temperature fs = 285°C, vertical distance Jt = 0.2 m, take-up speed 600 m/min =
lOm/s, 57dpf undrawn for 16.8 dpf final titer: Z= 3.895. This results in 276>rG>107°C for the
quench gas temperature. An example for this is the hot shroud (see Chapter 4.7.5.3) that can improve
tenacity, elongation, and fatigue strength of a PET tire yarn considerably.

The cooling of the yarn core should if possible coincide with the cooling of the yarn surface. This
however depends on the inner heat conductivity of the yarn (a temperature related constant of the
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material) and cannot be influenced. The optimum is reached when the inner heat supply is at least as high
as the dispersion from the surface. With R = radius of the individual filament follows

(3.20)

This also determines the minimum cooling time for the yarn. With a given take-up speed this allows
to calculate the length of the cooling zone H1 as a function of dtex p.f. x v [m/min]. Figure 3.18 shows
this dependence for the four most important melt spinning materials. For several yarn rows behind each
other the value H\ has to be multiplied with factor/from formula (3.12) to ensure that the last row is
sufficiently cooled.

Figure 3.18
Required length of a quench air cross flow cooling zone
Hx as a function of the take-up speed x spinning titer

(dtex p.f.) x v (m/min) with the material as parameter

Diagram 3.18 is also for the slit quench chambers of compact plants: For 6 dtex final or 24 dtex spin
titer x 35 m/min, v x dpf becomes = 840, resulting in a cooling zone length of 0.03 m. Since the cooling
air quantity only depends on the yarn throughput the air velocity becomes about 30m/s and the total
dwell time of the filament in the cooling zone is of similar magnitude as in conventional or POY
spinning.

For yarns with a minimum variation in the titer the cooling air flow has to be free of turbulences, i.e.,
has to be laminar or Re < 40 (Chapter 7.10.1 ff.). For staple fibers this condition is not as important
because the usual staple lengths are much shorter than the wave lengths of the filaments, normally
between 20 and 60 m. Therefore it is possible to use slightly turbulent cooling air flows for filament
bundles for staple fibers if the yarns can handle it due to their titer. Figure 3.19 shows the heat transfer
coefficient a as a function of the Re numbers for different individual filament diameters. The
conditions (3.13) and Fig. 3.12 have to be considered for this also.

Figure 3.19
Heat transfer coefficient a = / (Re)
(d = 0.0221 Nu/d; Re = w d/V) for turbulent
cross flowing quench air [33] {d = individual
filament diameter)Re = w-d/V
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Immediately after the (laminar) quench air leaves the rectifier, the stability conditions for the air flow
in the quench chamber change as follows:

(3.21)

The first condition for the yarn is easily fulfilled, because the vertical velocity profile from the
slowest velocity on the top increases steadily downwards and slowly up to the maximum value and
because safely every velocity peak is avoided (lmm filament diameter x 1 m/s air velocity =
Re « 66).

The second condition is more difficult to fulfill. Already 300 mm inside width of the quench
chamber result in Re ~ 20,000; i.e., the originally laminar flow will definitely change after some
distance into full turbulence. This change starts—depending on the degree of interference at the
entry—for w-L^/fi^ 17,400 for a smooth change from the inner edge of the rectifier to the inside
wall, ^7000 for 0.5mm edge height, to ^4600 for lmm edge height. Thus LK-w = 0.262
respectively 0.106 and 0.068 m2/s. For an edge height of 0.5 mm and 0.5 m/s quench air velocity the
change takes place in 0.212 m distance from the rectifier exit; for laminar cooling all filaments have
to be within this area.

In general it can be concluded that the distance between the rectifier exit and the filament bundle
should be as small as possible. On the other hand it should not be less than about 50 mm because then
the filaments may hit against the rectifier front sieve.
A part of the titer variations occurs because every individual filament according to Fig. 3.8 is moved
backwards and forwards by a changing quench air velocity, i.e. through (isotropic) turbulence. This
varies the amplitude of the degree of deviation/and at the same time the filament length between the
spinneret and the take-up point. This change in length draws the filament from the melt liquid
volume under the spinneret; i.e. with increasing / the filament diameter under the spinneret
decreases and vice versa. Thus concludes [28]:

(3.22)

This means that with an increase in vibration frequency n and an increase in amplitude A/the
maximum titer variation also increases, but decreases with increasing take-up speed and filament
tension.

Observing these deviations in the quench chamber it can be seen that the amplitudes are usually
3 . . . 10 cm with a periodicity of 0.2 to about 1 s. This leads to titer variation wave lengths of
20 . . . 60 m and to amplitudes that can easily reach between 0.8 and 4% that are usually caused by
quench air velocity variations.

This behavior becomes especially critical when the proper frequency of the filaments is equal to
the air velocity variation frequency, because this can lead to incalculably high filament and titer
variations that make the yarns unusable. With a quench chamber preparation the proper frequency of
the filaments can be changed by adjusting the oiler pins higher or lower.

3.4 Drawing Mechanism

The filaments wound up from spinning have a certain preorientation that is caused by the spinneret
orientation and the spin draw, but they still have a certain degree of permanent elongation that will only
be removed by drawing. The level depends on the material, the spinning conditions as e.g., spinning take-
up speed (see Fig. 2.56), the age of the spun filaments, and other minor influences. Added to this are the
drawing conditions as temperature, humidity respectively swelling, drawing speed or acceleration. Usual
draw ratios for PA, PET, and PP and also for PAN are between 1:3.4 and 1:4.5, but for high tenacity
yarns they can reach up to 1:7, for PVA approximately 1:10, and for gel yarns up to 1: several hundred.



3.4.1 Drawing Process

Figure 3.20 schematically explains the drawing process in the area of the drawing zone (i.e., the neck
point): This zone is about 0.3 . . . 2 mm in length for the usual titers and is almost found closely before the
leaving point of the supply roll into the drawing zone. The previously randomly arranged, non-oriented
chain molecules are drawn here into more or less oriented crystallites that are connected by non-oriented
(amorphous) parts. The optimum temperature in the filament for this is around or just below the glass
transition temperature, i.e., for dry PET above 700C or in water above 600C (see Fig. 2.62). PP with a
glass transition temperature of approximately 0 0C, however, should be heated to over 60 0C. The required
drawing temperature can in part be generated by the inner fhctional heat from drawing (as in PA 6) or by
an outer frictional heat (as by the draw pin for PA 66). The exposure time in the drawing zone is in the
range of 10~4 s. In the case of outside heating the contact time has to be sufficient in order to reach the
necessary temperature. Figure 2.59 shows an example of the sensitive reaction of the drawing zone on
temperature variations.

Figure 3.20
Schematic drawing of the filament neck point development (bottleneck)
and formation of the molecular chain orientation in the cold drawing
process [10]

The following Figs. 3.21 to 3.30 inform about the most important property changes due to drawing.
Figure 3.21 shows that the breaking elongation decreases with increasing draw ratio (B), while the
breaking tension (Z)) also increases. The metric number= 1000/tex (A) increases directly proportionally
with the draw ratio. According to Fig. 3.22 the tenacity increases with increasing solution viscosity and
with an increasing draw ratio. The elastic work capacity of the filament, however, reaches a maximum
at a certain draw ratio that depends on the individual filament titer. This maximum can be described as
an optimum draw ratio [42] (see Fig. 3.23).

Figure 3.24 shows the possibilities to influence the tension (tenacity)-elongation diagram by drawing:
Undrawn there first is the flowing; then the filament can be elongated with little force to about 370%. As
opposed to this the 3.96 fold extended filament is fully elastic up to about 0.4N/tex= 12% elongation.
An explanation for this is given in Fig. 3.25, where the differential quotient & —dold& is seen as a
function of elongation. This elastic modulus is first reduced up to a small elongation to then again
increase and decrease again in a third zone. An explanation for these four areas can be given as follows
[9]:

The initial modulus in area 1 is connected to the freezing temperature of the non-crystalline areas [43]
and decreases initially due to the preorientation.
The ability to recover for filaments with a low glass transition temperature is still quite significant in
the second area up to the included (7max; the reversible elongation of PA 6 filaments is still > 10% [44,
45].
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Tie-Bondings

Crystallites
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Figure 3.23
Elastic working capacity as a function of the draw ratio and of the denier
per filament (according to Boehringer [42]); the maxima correspond to
the optimum draw ratios

in the third area further stretching is superimposed by tension reducing processes as the partial
drawing of non-oriented crystallites [46, 47], creating.
sliding processes in the fourth area [46] that make plastic deformations possible.

Figure 3.26 shows how a and o' can be influenced by the filament temperature in the drawing
process. Also a later thermal fiber shrinkage (Fig. 3.27) influences this behavior. The drawing speed also
has influence on the maximum tenacity and the maximum breaking elongation (Fig. 3.28). According to
Fig. 3.29 other fibers, e.g., PAN, show similar behavior.

According to Fig. 3.30 it is also important if the filament tension and/or the tenacity is related to the
original linear density or the titer achieved by drawing.

Table 3.8 refers to further connected descriptions in other chapters of this book.

Figure 3.21 a) Change of tenacity and elongation of the PA 66 filament as a function of the draw ratio [41]
b) Change of tenacity, elongation, titer, total work, etc. with the draw ratio of PA 6 filaments [A: +

metric count Nm), B: x breaking elongation (%), C: • breaking length (km), D: A breaking tension
(kg/mm2), E: O total work (m kg/cm )]

Figure 3.22
Influence of the relative solution viscosity 7/rel (measured in
W-H2SO4) of PA 6 filaments and of the draw ratio on the
tenacity
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Figure 3.24
Tension-elongation diagram for differently drawn PA 6
filaments [8] (parameter: draw ratio)

Figure 3.25
a) Tenacity-elongation diagram

o-(e) of a PA 6 multifllament
b) o'(z) = do{s)lds = modulus

course with elongation
sections for decreasing and
increasing modulus (C1,
S\ =flow point; 1, 2, 3,
4 = elongation sections)

Figure 3.26 a) Temperature relation of the tenacity-elongation characteristics o(z) of a dry PA 6 multifllament
(e=l%/s)

b) af(e) = d<r(Eyde(b)

Figure 3.27 Tenacity-elongation characteristics (a) o(s) and (b) o'(e) da(s)/dB of differently shrunk PA 6 filaments;
parameter is the thermally received shrinkage:

11%: in saturated steam of 105 0C
17%: in saturated steam of 1300C
30%: in silicone oil of 185 0C
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Figure 3.28 Maximum draw force Fm a x and corresponding elongation emax of a PA 6 multifllament as a function of
the elongation velocity ds/dt=f(8) according to [10]
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Figure 3.29 Tenacity-elongation diagrams

of differently drawn PAN fila-
ments (draw ratios 6 :1 , 4.8 : 1 ,
3.6:1

Figure 3.30 Tenacity-elongation diagrams for differently drawn
PET filaments (1:4.6, 1:4.1, 1:3.6, 1:3.2) [11]
(The tension is based on the starting titers; the circles
O show the actual tension based on the actual titer.)

Table 3.8 Functional Connections of G, e and Other Parameters

Material a (s) Chapter A Chapter

PA 6 (J(E) 2.1.43 <7max, 8max [% 6/s] 3.4.10

+ / 3.4.6 a1 (e)
+ / 3.4.9 i(v,rjrel) 2.1.41

PA 66 (7(8) 2.1.53 ( W , W M 3.4.2
PET o (s) a (e, yarn type)

+ tW-up 2.2.29 < w , W l > 7 ] 2.2.31
2.2.32
2.2.33

PAN (T(B, i) 3.4.11 Pdraw (i, t, medium) 2.2.30
PP tffe *Wup) 2.3.19 amax(M) 2.3.35
PVA G(E) 2.6.8 (jmax ( i w U p , 0 2.6.5
PTFE a (s) 2.6A
PE-GeI G(e) 2.9.9 G, S (i)max 2.9.2

2.9.3
C (Omax 2.9.4

Carbon (PAN)



Figure 3.31 Tension-elongation diagrams for PET multifilaments spun with different take-up speeds [m/min]:

a) • Individual titer: 1.85 tex b) • Individual titer: 0.25 tex c) • Individual titer: 1.85 tex
• Draw velocity: 500 mm/min • Draw velocity: 500 mm/min • Draw velocity: 500 mm/min
• Draw temperature: 700C • Draw temperature: 700C • Draw temperature: 700C
• Take-up speed [m/min]: • Take-up speed: • Take-up speed: 460m/min

/ 460 6 1500 1 without quench duct and
2 700 7 2000 spin tube
3 850 8 3000 2 spin tube temperature:
4 1000 9 4000 700C
5 1150 3 spin tube temperature:

1000C
4 spin tube temperature:

2400C
5 spin tube temperature:

2O0C
6 spin tube cooled with CO2
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3.4.2 Consequences for Drawing

For the praxis of filament or tow drawing the following can be concluded:

By lowering the glass transition temperature the drawing force can be reduced (e.g., with the help of
softening agents, oligomers, swelling agents, or residual solvents) and/or



by increasing the drawing temperature. A significantly higher drawing temperature than the glass
transition temperature results in filament flow and only to a reduction of the filament titer but not in an
increase in tenacity.
The stretching speed during drawing and its influence on the various parameters can hardly be
generalized. For this it is better to experiment on a laboratory drawing unit with the ability to vary the
distance of the drawing equipment, temperature and speed: the <j(e) becomes = / [v2/L (1 — V1/V2)]
with L = distance of the draw points, Vi = supply speed, v2 = take-up speed with the temperature
and medium as parameters.

Usual drawing zone lengths for dry cold or hot drawing of textile and industrial yarns are several
decimeters, for tow for the staple production several meters, and for gel spun PE filaments 10 . . . 30 m
with drawing speeds of up to 2000 respectively 200 respectively lOOm/min.

At low drawing speed and temperature above the glass transition temperature the flow effect can be
used to produce superfine filaments: In almost boiling water and sufficient dwell time, PET filaments can
be drawn up to almost twenty times their original length with the responding titer reduction and no
increase in orientation. After cooling to below glass transition temperature additional drawing can as
usual increase the tenacity and decrease the elongation [51]. This process is also used for wet spun PAN
filaments for carbon fiber production.

Figures 3.31 A, B, C allow the determination of the required draw tension as a function of the
draw ratio: For the usual staple—tow spin take-up 6 . . . 8 g/tex are almost never exceeded. For
POY spun yarns 15 . . . 18 g/tex can be reached. A practical conclusion is that for the power
calculation of the drawing drive for PET and for PA, PP, or PAN filaments draw forces of 20 g/tex
are always sufficient.

3.5 Twisting

By twisting the individual filaments in a multifilament yarn the filaments stay together better and also
change their appearance. Therefore monofilaments are also twisted. If the yarn runs axial onto a rotating
bobbin or from the bobbin, the twist density becomes

twist turns = rc[t/m] = Spindle rpm/yarn speed [m/min] (3.23)

The twist direction in the yarn is distinguished as S or Z twist (Fig. 3.32). Z-twisted yarns are more
common; exceptions are sewing threads in S-twist and tire cord that is created by plying several twisted
yarns—usually into the opposite direction. Typical twist turns for yarns from draw twist pirns are
10 . . . 20 t/m, for weaving and warp knitting yarns 160 . . . 240 t/m, for cord yarns 300 . . . 500 t/m, and for
crepe yarns depending on the titer up to 3600 t/m. For modern subsequent processing twisting is often
replaced by air tangling and/or by slashing.

There are several different processes for twisting:

Ring twisting (Fig. 4.237 left and 4.248, =down twist): Each yarn runs from a supply bobbin or
from a warp beam via a supply roll through a pig tail yarn guide into the twisting balloon and then

Figure 3.32
Definition of the twist direction (S respectively Z)



through a round running traveler tangentially onto the bobbin. The yarn tension is set by the selection
of traveler and the spindle speed and so is the twist hardness.
Up-twisting (Fig. 3.33): The yarn is tangentially taken off from the bobbin into a balloon and wound
through a pig tail yarn guide axial onto a usually friction driven take-up bobbin. Yarn tension is only
created through the yarn balloon and is therefore quite low [41], resulting in a soft twist.

Figure 3.33
Take-up twist spindle with an example for the twist distribution of the drawn off
and twisted filament

Two-for-One-twisting (Fig. 3.34): The yarn is taken-up over the bobbin edge upwards and then led
through the bobbin axis downwards, from there to the outside and runs over a detensioning ring into
the yarn balloon, then through a pig tail yarn guide (4) to take-up. This yarn way doubles the twist:
n = 2 t/revolution. The yarn tension is determined by the balloon, resulting in a soft twist.
Not used for synthetic yarns is the wing twisting (yarn runs towards the bobbin over a rotating wing)
and the bell twisting (yarn runs towards the bobbin over the edge of a bell) and the "Three-for-One
Twisting" with a counter driven inner take-off bobbin.

Figure 3.34
Two-for-one twist spindle with a thread path up to take-up winding [56]
1 Machine frame 8 Traverse guide
2 Spindle support beam 9 Take-up friction drum
3 Two-for-one spindle with pirn 10 Swivel bobbin support
4 Balloon thread guide 11 Take-up bobbin
5 Guide roll 12 Yarn reserve
6 Thread sensor (stop motion sensor) 13 Balloon height adjustment
7 Pre-take-up roll



The direct cord twisting system (Fig. 3.35): Starting point are two twisted bobbins (1 and a). The first
yarn runs from a supply roll through the hole in the other bobbin to the twist point (5), where this
one twists around the first yarn. By choosing S and Z and the two yarn tensions correctly, a cord
yarn is created in point (5) that is hardened between (7) and (11) by high tension drawing and then
wound.

Figure 3.35
Schematic drawing of the direct cord machine (system AKU, construction:
Barmag [56])
1 First take-off bobbin 5 (combining) twist point
2 Supply roll 6 Yarn guide
3 Twist motor 7, 8, 10 Yarn guide rolls
4 Centrifugal disc 9 Stop motion sensor

a Second take-off bobbin 11 Take-up duo
b Thread guide roll 12 Friction drum
c Second supply roll 13 Take-up bobbin

Except for cord twist yarn the yarn tension for textile twisting of PET yarns should be between 0.7
and 2.7 g/tex, and for PA yarns corresponding to their lower elastic modulus somewhat lower.

Figures 3.36 are diagrams to determine the yarn tensions in up-twisting and two-for-one twisting (A9

B) and in ring twisting in the balloon between the traveler and the bobbin (C, D).
By tilting the individual filaments with respect to the yarn axis twisting changes yarn properties;

Figure 3.37 shows an example of a dependence from the twist angle (between yarn axis and individual
filament) a.

3.6 False Twist Texturing

The natural fibers wool and cotton are crimped. To achieve a similar effect and possibly that of staple
yarns many methods have been developed (Chapter 4.12), of which false twist texturing is today the most
used. If it caused the bulk and yarn elasticity remain too high, they can be heat-set in a second step under
partial drawing: a set yarn is created.

3.6.1 Principle

Until about 1956 a multi-step—twist heatset—untwist process was used [57] (Fig. 4.255A), that was
replaced 1957/58 by a previously known continuous process [58]. Here a stationary or a moving yarn is
twisted between two fix and not turning delivery points a and c, for example into Z direction. The result
for the portion between a and b is S twist, and for the portion between b and c it is Z twist, i.e., the sum
cancels out to zero twist (Fig. 3.38). For moving yarns the S twist starts at a and stays constant up to the

Next Page



Figure 3.36 Diagram for the determination of the yarn tension Six during twisting
A) For take-up twisting as a function of the balloon height A, the bobbin diameter D, the spindle rpm n, in

g/den without air resistance
B) Factor of increase for the balloon tension according to A by air resistance
Q Centrifugal force of the traveler C as auxiliary and as a function of the traveler weight GR, spindle rpm

n, and ring diameter D
D) Yarn tension between the traveler and the cops for ring twisting (down twisting) as a function of the

ratio of cops diameter (r, d) to the ring diameter (R, D), of the friction coefficient \i for the traveler (for
oil lubricated rings \i = 0.18 for 15m/s, reduced to 0.08 for 40m/s and 0.06 for 6OnVs) and of the
centrifugal force C [g] [53]

D
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Figure 3.37
Tenacity, elongation, and twist shortage of a PA 6 multi-
filament in dependence of the twist (t/m) and the titer (den)
a) Elongation (%)
b) Twist shortage (%)
c) Breaking length (km)

twist element at b and then it dissolves. If the yarn is heat-set in the area between a—b in the highly
twisted state, i.e., heated sufficiently and then cooled again, the twist will be removed behind b, but the
crimp caused by the twist remains. Additional partial drawing and heat setting after c can partially
remove a portion of the bulk and elasticity again.

Table 3.9 presents the formulas and titer depending values for the recommended twist values in point
b in Fig. 3.38 (according to Heberlein [2] and Barmag by interpolation of the trials, according to Fourne
[59] by mathematical spring optimization. In praxis the actual values for yarn, machines, and false twist
spindle should be determined case by case near these table values by experimentation.

Figure 3.38 False twist principle

Table 3.9 False Twist Values [t/m]

According to 22 67 167 220 t/m according to formula Process
titer (dtex)

Heberlein [2] 4230 3080 2106 1865 800 + 305 560/(67 + dtex) 1 R { •
Fourne [59] 3658 2951 2123 1891 30 180/(1 + 16 J/dtex)Vdtex J
Barmag 5165 3457 2221 1940 800 + 305 560/(48 + dtex) False twist

Liinenschlofi [60] found about 3500m/min to be an optimum spin take-up speed for textile PET
yarns for draw texturing; other trials between 1750 and 5500m/min [61] confirmed this. This speed
resulted for the textured yarns in the best bulk coefficients (KD = 87 . . . 90%), not yet damaged tenacity,
and sufficiently low breaking elongation. The trial results were tested and valid for 40 f 17 to 165 f 52
dtex, spin draw about 150... 350 and spinneret hole diameter 0.20 respectively 0.25 mm. Similar values
are true for PP false twist, see Fig. 2.84 and Table 2.19.
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3.6.2 Influence of the Filament Way Profile

The optimum filament way geometry is controversial. Figure 3.39 shows the so far used heater-cooler
arrangements for the high twist area and for the set area behind the false twist spindle. The results thus far
can be summarized as follows:

• The filament tension up to 620 m/min yarn speed for all arrangements is about 30 cN; for 1 and 2 it
increases up to 1100 m/min to about 40 cN with a possible increase in filament breakages. For 3 the
yarn runs rather smoothly at 900 m/min; > 1000 m/min result in increasing ballooning, that also
starts here for 4 and 5 and additionally causes increased yarn tension variations.

• Increasing the heater temperature from 190 . . . 200 0C to about 240 0C reduces the yarn tension in 1
to 3 from 36 to 30 g, running smoothly. The yarn course according to 4 is unstable for > 900 m/min
for all temperatures.

• An increase in the draw ratio from 1.50 to 1.58 increases the yarn tension from about 30 to about 40 g
and results in an unstable course for 4 and 5.

• An increase in the texturing speed from 600 to 1100 m/min reduces the achieved yarn twist with the
same spindle from 3600 to about 3000 t/m without any other effects.

• For a DfYratio of 1.85 . . . 2.05 hard friction discs achieve good twist transfer and no notable changes
in the crimp coefficients.

• For >200. . .2100C heater temperature the tenacity and the breaking strength of PET decrease
significantly.

• For 1 to 3 and > 900 m/min and for 4 and 5 with > 800 m/min the yarn breaks increase significantly
as they do at heater temperatures of > 220. . . 230 0C. With an increasing DfY ratio the yarn breaks
decrease for 1 to 3, but remain constant for 4 and 5.

Figure 3.39 Arrangement of heater plates and coolers in false twist texturing machines

No. Barmag Giudici ICB-ARCT Murata Rieter-Scragg RPR Sum of angles

1 FK6-L IG-20 ^135
2 FK6-M 135
3 FK6-U 333-11/336 SDS/BCS 35 D 135
4 FK6-S 0
5 FK6-V IG-20 FTFB-E 2 335 SDS/BCS 35 D 0 • • • 30

Heater lengths: 1 to 5a: 2.40 m, 4b and 5b: 1.80 m
Cooling groove lengths: 1 to 5a: 2.00 m, 4b and 5b: 1.50 m
a, b: Different plate or groove arrangements respectively lengths



Higher texturing yarn speeds result in higher abrasion (monomers, oligomers, finish preparation) and
require more frequent machine cleanings (residue quantity about 5 mg/h x spindle at 600 m/min to
10. . . 20 mg/h x spindle at 1100 m/min).

Even though there are machines with all five yarn way geometries according to Fig. 3.39, the
emphasis is on the arrangements 3 and 5. Number 5 with heater and cooler in straight sequence is
especially advantageous for fine titers and for PA 66 because the yarn angle is minimized. However the
higher yarn speeds result in longer heaters and coolers and thus higher machines, causing limits due to
the increasing difficulties in operation. For PET arrangements 2 or 3 are preferred, and only for fine titer
PA 66 yarns number 5 is preferred.

A further reduction in height [68] with an additional pre-heating godet was not widely accepted.
According to [73] strongly curved heater and cooler plates have higher heat transfer coefficients and
allow shorter heaters and coolers and lower machine construction heights.

Filament Heating and Cooling
Even though the yarn appears to touch the slightly curved heating rail, the high twist speed creates a
boundary layer around it, so that the heat transfer is difficult to measure [69]. Figure 3.40 shows
measured heating curves for yarn speeds between 200 and 750m/min and Fig. 3.41 the resulting
necessary heater lengths as a function of yarn speed with material and titer as parameters [70]. The
achieved yarn temperature remains about 10 K under the heater temperature [71] and can be measured in
ms; this is enough for sufficient heat setting (see Fig. 3.70).

The necessary yarn cooling follows Fig. 3.42 and can be done in air (risk of ballooning) or over an air
or water cooled rail. If possible the temperature here should reach below the glass transition temperature.

Figure 3.41
Required heater length as a function of the mate-
rial, titer, and yarn speed (heater temperature
3 H = 230 0C)

Figure 3.40
Filament temperature profile TF in the texturing zone as a
function of the texturing speed (yarn speed) with 24O0C
heater temperature; vL (m/min): +200, p 350, x 450, O 750)

Figure 3.42
The yarn surface temperature T¥ during texturing in
the cooling zone for friction texturing as a function
of the length of the cooling zone and the yarn speed
(vL = 400 m/min; cooling groove length: • 950 mm,
x 1200 mm, O 1500 mm, AvL = 500 m/min, D
vL = 600 m/min)
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In machines built since 1988 the first heater is usually 1.5... 2.5 m long, the second (for heat set
yarns) between 1 and 1.6m, and the cooling plates between 0.6 and 2.5 m. Table 3.10 shows the
installation data including the machine power for one producer [73]. The originally resistor heated and
thermistor controlled heating plates do no longer suffice today's eveness requirements, so that all
companies use Dow vapor condensate heated systems (Fig. 4.262). To compensate higher temperatures
for the heater length has a negative influence on the yarn quality. At present developments are underway,
however, to shorten heater lengths to about 500 mm with convective heaters of up to 6000C [108].

Table 3.10 Installed Heater, Cooler, and Power [18]

Barmag type umax Length of plates Power Consumption
mechanical m W/filament**)

m/min L1 LcooXev L2 W1 W K W2 Antrieb

Fk6—80 1200 2.5 2.1 1.6 222 W 56 240
Fk6—900 900 2.5 2.1 1.46 134 W 42 208
Fk6—700 700 2.0 1.5 1.3 139 L 42 185
Fk4S*) 400 1.5 0.3 0.8 62.5 L 62.5 134
Fu4 *) 185 1.0 0.3 0.3 62.5 L 62.5 107

*) discontinued; **) installed power up to twice; W = water, L = air

The influence of spinning and texturing speeds for PA 66 filaments with constant heater length
were investigated according to Fig. 3.43: For 44 f 13 dtex an increase in spinning speed from 800 to
1200 m/min has no influence on the texturing speed if the heater temperature is increased from 213 to
237 0C to achieve a yarn temperature of 1900C. Already at 78 f 17 dtex the heater and temperature
increase are not sufficient any more; already at 400 m/min the desired twist is not achieved until about
1000 mm yarn length, so that the remaining heat setting time does not suffice (Fig. 3.44).

Figure 3.43 Influence of the spin take-up
and texturing speed on the achievement of a
constant filament temperature at the heater
zone end ( # F H = 1900C) and the necessary
heater temperature variation

Figure 3.44 Influence of the texturing speed vL on the
actual twist density of the filament in the heater groove (vL

[m/min]: O 100, A 250, D 400; spin take-up speed 3500m/
min, take-up tension 45 cN, DZY= 2 X)

Filament Way Length (mm)
Spin Take-Up Speed (nrrmiriT)

Filament Temperature 19O0C
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Here it becomes obvious that a pin spindle transfers the twist more effectively into the yarn than a friction
aggregate. A change of DfY= 1.8 to 2.2 has no effect.

Trials determined the twist loss by due to the directional change in arrangement 2 in Fig. 3.39: The
upper 320° turn resulted depending on the titer and material in a twist loss of 4.5 . . . 5.5%; the lower
turn of 30° right in front of the spindle resulted in 2 . . . 2.5% loss.

From the production formula, the heat transfer through a rotating cylinder to the inside, and the
necessary heat to achieve from a starting temperature (7) to a final temperature (2), it is possible to
calculate the heat transfer coefficient between heating or cooling plates and the yarn surface (under
consideration of the packing density of the yarn):

(3.24)

The result for PET yarn with T1 = 20 0C, T2 = 220 0C, the heater temperature = 240 0C is an
on ^ 0.025 • y(dtex) • [m/min]/L[m] and thus for example for 167dtex, L = 2.5 m and lOOOm/min
about 130kcal/m2hK.

3.7 Bobbin Construction

Basically two types of winding can be distinguished:

Precision Winding (Fig. 3.45a)
Traverse rpm and bobbin rpm are in a fixed ratio to each other (e.g., by gears or timing belts), thus the
number of traverse motions per bobbin rotation stays constant.

Figure 3.45
a) Precision winding: common

drive for the winding bobbin
and the traverse with a constant
ratio between them

b) Wild traverse winding—with
friction drive for the bobbin
(random winding): Two inde-
pendent drives, one for the fric-
tion drum and the second for the
traverse motion system

Wild Traverse Winding (Fig. 3.45b)
Bobbin and friction drum have the same surface speed; traverse motion and friction drum are
coupled, thus the angle of the yarnway on the bobbin can remain constant.

The advantages (+) and disadvantages ( —) of these types of winding are:
Precision Winding:

+ no wild winding
+ good take-off properties



— bobbin construction not very stable*

— expensive winding machine

Wild Traverse Winding (Random Winding):

+ bobbin built-up stable for limited bobbin diameters
+ constant packing density
+ inexpensive winding machine
— partial wild winding*
— in part not so good take-off properties**

* can be improved with 1 bobbin revolution = n/2 + small irrational number with n>6.
** can be improved by visual disturbance.

The visual disturbance is created by "wobbling": The traverse speed is periodically disturbed up to
± 5% with a period of 0.5 . . . 3 s, e.g., in the shape of a saw tooth or the like (Fig. 3.46) (e.g., by changing
the rpm in the traverse motion shaft), which changes the yarn angle to the bobbin: The yarn layers are less
parallel as they are without the wobbling.

Figure 3.46
Typical wobble profiles for friction drive

To use the advantages of both systems and mostly avoid their disadvantages, it is possible to mix both
systems with microprocessor control [62, 75, 76] in dependence of time or similar.

Due to the reversing of the yarn at the edge of the bobbin and the resulting increase in mass because
of the decreasing angle, hard bobbin edges can occur. They can be avoided by "breathing" (Fig. 3.47).
Here the turning point is moved in the axis direction periodically by < ± 2 m m (periods of up to several
minutes). Another process uses a sudden turn and knock of the traverse yarn guide [77].

Figure 3.47
For the definition of breathing a
in the traverse motion system

The step precision wind is formed by a sequence of constantly decreasing traverse ratios of the
individual precision winds [78]. The number of the take-off tension peaks, especially for textured yarns,
is reduced here to less than 1/3 and the bobbin hardness is more even than with wild traverse winding
(Chapter 4.9.5.6, Fig. 4.227).

For all types of winding the following is true [76]:

(3.25)

Cycle



zw is the number of winds in the winding width, b, d is the bobbin and cartridge diameter, a is the
yarn angle. For flat yarns a should be a > 7° to avoid too many overthrowing ends of the yarn, i.e., yarns
that slide off at the front of the package.

In addition to the cylindrical cross bobbin (zK in Fig. 3.48) that represents the usual spin bobbin,
there is the conical cross bobbin (a), the bi-conical cross bobbin (b) and the flanged bobbin (c). The
latter is only used for parallel winding of monofilaments with >^0 .1mm diameter and for ribbons and
foil yarns.

The necessary traverse motion in spin take-up winding prolongs and shortens the yarn way
periodically in the traverse triangle. This variation in take-up tension migrates backwards to a point
that can absorb it. This can either be the melt liquid thread part under the spinneret (e.g., in godet free

Figure 3.48
Conical cross bobbin (a), bi-conical
cross bobbin (pineapple cone, (b),
flanged bobbin (c) and cylindrical
cross bobbin (Alexander bobbin,
zK)

POY spinning), resulting there in titer variations, or it can be an intermediate godet with one or more
wraps that separates the spinneret take-up tension from the winding tension. According to Fig. 3.49 for
example the Uster value of a PET-POY filament can be improved from without godet (0.7%) to with
2 x 180° winds on a godet (0.5%) to 7 wraps from one godet with idler roll (air supported) or one godet
duo (approx. 0.3%) [78].

The most frequent reasons for bobbin construction faults are:

wrong ratio between traverse motion and winding speed,
wrong winding tension on the winding package (Fig. 3.50) [106]: With increasing too high winding
tension the edges build up and in the center a saddle appears, then sloughed off yarns and yarn
breaks. Too low tension results in a ribbon like surface and pressed out bobbin edges, then an
increase in sloughed off yarns and finally loop formation, yarn breaks and wrap ups on the friction
drum (Fig. 3.50).

Figure 3.49
Influence of the number of wraps around godets on the
filament Uster value for POY spinning of PET (v ̂  3200
m/min)Damping D
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Figure 3.50 Influence of the actual winding tension on a spin cross bobbin: left: too high, middle: optimum, right:
too low filament tension between the last supply drum and the bobbin

3.8 Cops Built-Up in Draw-Twisting and Cops Take-Off

In draw twisting the yarn is only wound onto copses (or pirns). The tangential entry of the yarn from the
balloon occurs through a traveler that rotates around a ring (see Chapter 3.5), and the yarn is
simultaneously twisted. The resulting cops form and its build-up considerably influence the take-off
tension, that is desired to be constant. In turn it is dependent on the winding tension that may not exceed
certain yarn specific values. For the latter the following formula was found, neglecting certain minor
terms of the second order [80]. Labels as in Fig. 3.51:

(3.26)

For example with a 100 mm ring diameter and 10,000 rpm and a traveler weight of 0.024 g, C= 145 g
and S = 4.Sg for 66dtex. The friction coefficient \i for the traveler results from Fig. 3.52. Figure 3.53
shows the measured yarn tension curve that indicates the periodic variations between the winding tip at
its smallest diameter and the winding base with the largest diameter. There is a strong relationship
between the ratio of the winding radius and the ring radius r/R, that should not exceed 1:3 (Fig. 3.54).
According to this the tension Pt is proportional to the traveler weight and the friction coefficient }i and
proportional to the square of the spindle rpm.
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Figure 3.51
Parallelograms of forces at traveler during ring twisting between the
balloon tension S and the pirn winding tension Pt

Figure 3.53 Time relation of the filament tension during
ring twisting (vP = chart speed, a = ring oil lubricated,
b = pirn cone tip, c = pirn base)

Figure 3.54 a) Thread tension during ring twisting between traveler and pirn for n = 10,000 rpm, balloon height
A = 400 mm, ring diameter D= 120 mm, titer = 60den, traveler friction coefficient /1 = 0.7

b) Yarn package density for PA 6 (y = 1.14 g/cm3) under the conditions of a)
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Figure 3.52 Traveler friction coefficients fi(=P sin pi
R) as a function of the traveler speed U (a according to
Ludicke, b according to Stein, c according to Meister, d
according to Escher, 1 traveler and ring dry, 2 oil
lubricated)
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Pirn Wind

Traverse Constant
Traverse Shifting

Traverse Constant
Traverse Shifting

Pirn Wind

Traverse Reduction
(FlyerType Bobbin)

Filament Length (km)a)

Figure 3.55
a) Relation between pirn shape and take-off filament
tension during the total yarn rise for PA 6 and PA 66,
15 or 20 den multifilament; the curves show the
minimum and maximum tension;
b) Partial view of Figure a) with an extended time
scale

According to [82] the draw ratio and the cops diameter D have also some influence on the packing
density of the yarn: A change in draw ratio from 3.3 to 3.5 results in a 3 . . . 5% higher packing density
than in the cops inside layers (i.e., in its top) can also be 10. . . 20% higher than in the outside layers.

The take-up tension and the packing density as well as the altered shrinkability (altered by the
packing density) influence the take-off tension [83] that according to Fig. 3.55 is much more favorable for
the lower two cops shapes than for the upper three cops shapes, i.e., with the upper layers the pirn wind
has the lowest tension and tension variation.

3,9 Draw and Holding Forces for Filament and Tow

Filament and tow are delivered by rolls (drums, godets) into drawing or similar zones or drawn from
these. The possibilities for this are shown in Fig. 3.56a-d. For the calculation of the forces the following
is valid:

(3.27)

S is the tension of the filament or the tow, index 0 for the input and n after the nth drum or at the take-
off, ft is the coefficient of friction and a (in the arc) = the wrapping angle. The course of the yarn from
a~c is only suitable for filaments up to several 103 tex, while d has also been used for up to 106tex. The
limitation is in the yarn running width plus some safety distance (for a-c); d is only limited by the
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Figure 3.57 Multifilament width over the godet duo or over several parallel rolls (total 10,500 dtex, Rieter AG, see
Figure 4.197 M2)

Table 3.11 Practical Tow Running Widths

Tow Tow diameter compact Tow diameter Cable thickness x width
den tex mm mm mm2

5 000 556 0.78 1.32 0.1x14
10000 1110 1.1 1.85 0.1x27
40000 4440 2.2 2.7 0.15x39

100000 11110 3.5 6 0.4x70
150000 16670 4.7 7.2 0.5x82
200000 22220 4.9 8.3 0.6x92
300000 33330 6 10.2 0.75x110
500000 55 550 7.8 13 1x134

106 111100 11 18.7 1.3x210
nxlO6 111100« «wxl.3x210

The material dependent coefficient of friction (see Chapter 6.7 and 7.2) between relatively dry tow
and a hard chromed or hardened drum surface without any movement relative to each other JH ~ 0.4 and
with movement relative to each other i.e., sliding, 0 . 1 . . . 0.2 and can reach for wet tow up to 0.8.

For Fig. 3.56a the formula (3.27) is reduced to Sn -S0-e
2nn^. The arrangement c does give a larger

wrapping angle, but is rarely used due to the operating problems. If one wrap is added to the front by
hand in a or b, the remaining wraps form automatically. The wrapping distance sets itself due to the
angle of the roll axis (Chapter 7.6).

Figure 3.56 Yarn guidance for different godets or drum arrangements:
a) Godet duo with outside wraps c) Godet duo with crosswise wraps
b) Godet with idler roll d) Multi-drum parallel roll work

mechanical strength and the length of the drums. Figure 3.57 shows an example for the running width of
a 10,000 dtex multifilament and Table 3.11 an overview over the useful tow running widths.

a) b) O d)



For d it is possible that Sn > Sn _ ; ^ n , and then the tow slides on the nth drum. This hot draw plate
effect is used in praxis (see Fig. 2.63). If the tow is supposed to run smoothly it is useful to increase each
drum diameter at constant rpm by 0 . 1 . . . 0.2% unless the tow shrinks during the passage. Onto a low
tension tow intake or output it is useful to add a free running rubber coated pressure roll. For a low
tension tow running off the last drum this roll has a dulled surface (Rt < ^ 2 urn), while other drawing
rolls are better smooth (Rt ^ 0.2 . . . 0.4 urn).

Table 3.12 gives an overview over the tow tensions at the output roll according to Fig. 2.63 with low
input tension from the left and an output tension of S7 = 1000 kg for different coefficients of friction. It
becomes obvious that the major tension jump is between the drums 4 and 6, i.e., in the humidifying
trough.

Table 3.12 Tow Tension at the Output Roll according to Fig. 2.63

» Sn V i sn_2 sn_3 sn_4 V 5

0.4 1000 480.4 110.9 25.6 5.9 kg

0.2 693.1 330.0 160.0 76.9 kg
0.4 r-̂  133.2 r+92.3 23.1 kg
0.1 I 832.6 1 577.1—1—[ 400 .0 -H I kg

Wet roll n = l

The necessary drive and holding powers in the individual drawing zones can be calculated from

iV[kW] = JV0 • »[rpm] 4- (Sn - S0) • v[m/min]/60 • 102 • i\ « S[kg] • v[m/min]/6120 • r\ (3.28)

For the individual efficiencies see Chapter 4.13.6.

3.10 Contact Heating and Drying of Filaments

Here the same yarn and tow guidance forms as in Fig. 3.56a-d are valid. From the cross-sectional view
through the running filament bundle it becomes clear that the outer layers stay cooler than the inner
contact layers unless the filament or tow bundle is continuously turned as in Fig. 3.56c and/or the heated
drum system is not encapsulated in an isolation chamber of the same air temperature.

A calculation of the yarn heating or cooling by heated or cooled godets is possible with the following
equations [37]:

for hot godet duos for hot godets with idler rolls

(3.29)

with

Ti, T2 . . . Tn = YaTn temperature TF after passing through the individual heating or cooling zones
(X1 = Heat transfer coefficient of the metal surface-yarn system (assumed equal for heating and

cooling)
Cc2 = Heat transfer coefficient for the yarn—air system



Figure 3.58 Principal heating and temperature development for a filament on hot godets with arrangement
according to Fig. 3.56a (A I) respectively b (A II) (/F = filament way) [84]

If this calculation seems too difficult, it is possible to use the following approximation that is equal
for the duo and the godet with idler roll. The necessary yarn contact length becomes

ĉontactM « k • It)"8 • v[m/min] • 77[dtex] • Aryam[°C] (3.30)

with Jc ̂  0.6 for dry and k^ 1.0 for lubricated multifilaments. After ĉontact the final temperature
difference between drum surface and outgoing yarn becomes <2 . . . 3 0C (or K).

Drying measurements on viscose rayon with an initial humidity of about 400% to a residual humidity
of ^ 0.3% for 60 . . . 265 dtex multifilaments could be interpolated to 3f/3 n = 24.4 -pD/vT ± 8%, leading
generally for contact drying to [85]:

ĉontactM « kw • 10~4 -/(100 = 1) • v[m/min] • n[dtex]/A^D (3.31)

with ApD = partial water vapor pressure difference between the yarn surface and the dryer atmosphere
and £ w ^0 .8 for water. If the drums are not internally heated but only by the surrounding air, the
formulas are only valid as long as the heat transfer from the air to the drums is sufficient to cover the
drying heat requirement of the yarns, i.e., the free yarn spacing has to be at least about twenty times the
yarn running width.
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/i — Contact zone of the yarn with the heated godet surface (for A I and A II different length

due to the different yarn guidance geometry, see Fig. 4.73)
/2 = Air zone of the yarn (for A I and A II different length due to the different yarn guidance

geometry, see Fig. 4.249)
/3 = Contact zone of the yarn with the surface of the spreader roll
77 = Yarn titer
v — Yarn speed
Z=Number of wraps of the yarn around the geometrical arrangement (one wrap = length of

the way ABCDA)
£ w = 0.056forPA

= 0.076 for PET
= 0.047 for PP
= yarn material specific constant for the heat transfer.

According to this it is possible to calculate for the heat transfer in moved air to the yarn about
50 . . . 200 W/m2 K and on metal contact surfaces about 450. . . 600 W/m2 K (higher values for finer yarns
and higher speeds). Figure 3.58 shows a sample calculation for this (due to the large number of sequential
equations best with a computer), A I for the duo a, A II for the godet with the idler roll b. In both cases
the desired yarn temperature is achieved after two wraps. The decline in between is due to the air zone
respectively the air zone and idler roll.



If the distance a^> D (according to Fig. 3.56a respectively d) one can assume mostly air heating or
in the case of unheated drums exclusively air heating of the yarns, and the heat transfer to the yarns has
to be calculated with a « 50 . . . 200 W/m2 K.

When arranging several drums very closely to each other or to a wall it is necessary according to the
German safety regulations to keep the minimum surface distance of 120 mm.

3.11 Stuffer Box Crimping

Here large and largest yarn bundles or tows are textured in a bent (in the individual filament in one plane)
shape to achieve higher adhesion and volume during the later mechanical spinning process. According to
Fig. 3.59 this effect is created because the filaments are pressed through the rolls for transport and tend to
follow one roll surface and stick to the other as soon as the bending rigidity has been passed, etc. IfZ is
the bending length and Lg is the periodicity (usually between 3 and 6 mm [86]), the crimp becomes
EK= (2L — Lg)/2L. The counter force is created in the stuffer box by the friction of the filament bundle
against the walls (Fig. 3.60) and continuously decreases towards the tow exit. It can be deduced from
the second order bend differential equation with E = elastic modulus and J= inertia of the bending
cross-section to PK = n-E-J/4-L2. For the inertia of a round PET filament cross-section as an
individual filament J= 0.0322 • 10~12 [dtex]2, resulting in PK = 0.08-10~12 [dtex]2 • E/L1. For a
bending filament sliding in an also bending filament bundle P K < ^ i < 2PK- The exact determination
is difficult because it depends on the filament adhesion and friction to the neighboring filaments that in
turn depends on the packing density of the yarn, their surface roughness, and the adhesion of the
lubrication; thus it is not definable within these limits. The elastic modulus of standard PET fibers at
200C is about 35,700kg/mm2, at 98°C about 12,000kg/mm2, and at 1500C only 8000kg/mm2

(^82dN/mm2).
The counter pressure PK is built up by the friction of the crimped filaments on the stuffer box walls

and generally results in secondary crimping because of the box width, also shown in Fig. 3.60. The
bending work in the area of the bend is transformed into heat that due to the low heat conductivity of the
filament bundle stays in the close vicinity. Under these conditions one can calculate the highest box
pressure; Fig. 3.61 shows some sample results. For PK=PK it follows that standard PET tow with

Figure 3.59
Explanation of filament bending for stuffer box crimping

Figure 3.60
Formation of the primary and secondary
crimping in a stuffer box process
a) Formation of the micro and macro

crimp in the wedge between the two
stuffer box rolls (macro crimp «
half the chamber height)

b) Direction change of the micro crimp
to either side by high pressure from
both sides (K=tow supply pressure,
P = package counter pressure)

c) Typical crimp image with different
side bows

a
b

c



1.25 . . . 2 dtex and box temperatures of < ^60 0C can be crimped well, while HM-HT-PET-tow needs
> 150 . . . 200 0C for this; this means that for this heat the necessary heat setting effect on the previous
calander rolls is practically removed, increasing the breaking elongation.

Figure 3.61
Results of 2 sample calculations for the relation between stuffer box
counter pressure and the temperature in the chamber for PET tow

The elastic modulus of the fiber material can be reduced by injection of water vapor. If this vapor
comes close enough to the bends of the tow, the fiber temperature needed for the crimping can be
reduced. This is also true for tow steaming just in front of the stuffer crimp rolls; however for the usual
technical tow at least 0.5 s steaming time with 100 0C saturated vapor are needed. Condensation drops on
the tow have to be avoided because they would interfere with even dyeing.

3.12 Heat Setting

Just like steel can be geometrically deformed and then stabilized in this new shape by heating and
cooling, synthetic fibers and fabrics can be heat-set at polymer specific temperatures. The need to create
form stable and wrinkle resistant fabrics caused the development of heat setting between 1948 and 1950
at several places [87-92]. Figures 3.62 and 3.63 demonstrate the effect of boiling on not heat set (left) and
on heat set (right) samples [89]. A simple model analysis of the inter-molecular processes is shown in
Fig. 3.64 [93]: The hydrogen bonds always try to achieve an energy minimum; this is easy after an
appropriate increase in temperature. This new state is then frozen by cooling.

Figure 3.63 Photo of a PA 6 hosiery, right heat-
set on a support, left not heat-set (the effect of the
heat-setting process is a uniform and stabilized
mesh system)

Figure 3.62 PA 6 fabric, right optimum heat-
set, left non-heat-set, after three hours in boiling
water and subsequent tension-free drying
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Figure 3.64
Schematic drawing of the intermolecular connections and
their changes by heat-setting of PA 6 respectively PA 66:
a) Straight and not tensioned and not deformed PA 6

filament part (straight long lines = main chains, short
lines (between O and H) = hydrogen bonds)

b) Filament partial view from a) mechanically deformed: the
distances between O and H, i.e., the lengths of the
hydrogen bonds became longer (e.g., like an expander:
the inner tension increasing)

c) Filament partial as in b) after heat-setting: The hydrogen
bonds did vibrate by heat back to the minimum distances
at the energy minimum. This situation has to be frozen by
cooling. When bending this filament in c) back to a
straight filament as in a) the so reformed tension has to be
heat-set again and cooled in the shape of a).

Swelling can create similar effects, because it increases the distance of neighboring O and H atoms by
solvatation [92-94]. The removal of the swelling agent replaces the cooling.

3.12.1 Basics

Heat setting is more effective the more freely the hydrogen bonds can swing, i.e., the higher the
temperature is. A certain tenacity—about 1 . . . 1.5 g/dtex—must however be maintained to avoid plastic
deformation. Below the glass transition temperature there is no further effect. Figure 3.65 shows the most
important temperatures for thermal treatment of some synthetic materials. The optimum heat setting
temperature may not be significantly passed.

In the production process heat setting is practically necessary after each mechanical deformation to
relax the respective deformation state. Thus the first heat setting, e.g. a twist relaxation, should be done at
the lowest possible temperature: PA 66 twisted yarn can already be treated in 95 . . . 98 0C saturated steam,
while PA 6 twisted yarn required 1050C saturated steam, i.e. a vacuum/pressure vessel treatment.
Preceding evacuation of the yarn packages is necessary to remove all air as it would prevent the even
penetration of the water vapor.

From the energy spectra it can be concluded that dry heat setting at a certain temperature will be
removed by a similar second treatment. Heat setting at 1300C however is only covered 11.5% by a
subsequent 1000C treatment, all other conditions the same [91, 93]. The presence of swelling agents,
e.g., saturated water vapor, changes these relations: Heat setting PA 6 twisted yarn or fabric in 1300C
saturated steam is equivalent to a 1900C hot dry air treatment, however with different exposure times.
The remaining differences have to be pointed out because they may be relevant for the choice of heat
setting method:

• Yarn tension interferes with shrinking during heat setting: Higher yarn tension results in higher
residual shrinkage as does a shorter heat setting time. During optimum saturated vapor heat setting
the same product completely shrinks even at 0.5 g/den tension (Fig. 3.66).

• If the heat setting effect is measured by the achieved residual shrinkage, Fig. 3.67 shows with the
example of a PA 66 woven fabric that certain exposure times are needed depending on the

b)

c)

a)



Figure 3.67 Time relation of shrinkage
during heat-setting of PA 66 taffeta fabric in
hot air

Figure 3.66 Influence of tension and time on the heat-
setting result of a PA 66 taffeta fabric, dry heat-set at
22O0C: warp: PA 66—60 den, 300S tpm, 42 filaments per
cm; weft: PA 66—2 x 60 den—600 S tpm, 34 filaments per
cm
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Figure 3.65 The most important temperatures for the thermal treatment of some synthetic filaments
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temperature, as is a minimum temperature. The required times are also depending on the thickness of
the material: In draw texturing textile yarns of 4 0 . . . 167 dtex only ms are available for the inside of
the filaments to arrive at the heat setting temperature and to cool down again.

• The crimp (relaxation) angle <x is also depending on the material, the process medium, and the
temperature (Fig. 3.68). Only in the vicinity of the optimum heat setting temperature after the
appropriate time a sufficient effect can be achieved, as is with the help of a swelling agent at the
appropriate temperature for a specific material.

Figure 3.68
a) Crease angle of PA 66

taffeta fabric after air
heat-setting

b) Crease angle of Tery-
lene and Perlon
taffeta fabric after
chemical treatment
with o-phenol sulfuric
acid water solution of
800C

The density and dyeability are also influenced greatly by heat setting. While for PA 6 and PA 66 the
density increases with increasing heat setting temperature, it remains almost unchanged for PA 12. In
all cases there is a difference between cold and hot drawn material.
The dyestuff affinity increases strongly with growing steam afore heat setting temperature with free
shrinkage in the case of the above mentioned poly amides. When heat setting under constant length
this influence is very weak or disappears totally (Fig. 3.69). For PET the dyestuff absorption reaches a
minimum after heat setting at 1800C and increases at higher temperatures to about 2.3 times the
original value.

The mentioned treatments as drawing, heat setting, and shrinking have great influence on the finished
goods. So do even small variations in these parameters.

3.12.2 Heat Setting Processes for Synthetic Yarn and Fiber Production

For the practical application mostly three treatments are useful:
In dry hot air or superheated steam, or on hot rolls or plates or in saturated steam.
For heat setting in saturated steam [95] tow or staple fibers are evacuated several times in cans or yarn

bobbins on a support car inside a jacket heated pressure and vacuum vessel to < 100 mm water column
and saturated steam inflow (depending on the material and the heat setting method between 100 and
135 0C) and then steamed for about 15 . . . 45 min and then evacuated again. To achieve even lots it is
recommended to use process programming. Sediment traces of iron derivates on the outer layers of the
yarn can be avoided by letting the steam flow in through a filter from the same fiber material and a vessel
from material 1.4541 (^AISI 304). Condensation drops can be avoided by steam jacket heating.

For hot air setting to stabilize crimp and to shrink to a residual shrinkage of < 0.5% the tow has to be
without tension, e.g., by laying the cable in meander shape onto a belt or onto a perforated cylinder with
air suction to the inside [99]. If the treatment times according to Fig. 3.70 are applied with subsequent
cooling to below the glass transition temperature, the effect will be sufficient. However, breaking
elongation will be at a maximum.

If the tow is only drawn under high tension, then possibly crimped and dried, there will be a residual
shrinkage. For PAN it can be up to about 40%. If 4 0 . . . 60% of such high shrinkage staple fibers are
blended with 60 . . . 40% completely shrunk fibers and spun mechanically, subsequent shrinking will
cause the low residual fibers to crimp due to adhesion; the result is the high volume "high bulk staple
yarn" [101].
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Figure 3.69 a) Influence of the heat-setting temperature on the density of PA 6, PA 66, and PA 12
b) Influence of the hot water vapor treatment during the drawing process on the dyeing process in

comparison to cold drawn material for PA 6, PA 66, PA 12 (Dyestuff absorption in mg dyestuff/g
fiber)

c) Influence of the heat-setting temperature on the dyestuff absorption of Terylene (dyeing bath with
2% "Dipersolecht scharlach" B 150, 90min at 1000C)

Time ( s )

Figure 3.70
Optimum heat-setting time as a function of the heater temperature for
(A) PET and for (B) PA 6
+ stuffer box crimped tow (v = 200 m/min) a dry
x yarn for texturing b in hot water steam

a 76dtex c in water
P 167dtex

T
em

perature (
0C

)

U0U-

100 0C Carrier Dyeing

13O0C Hl - Dyeing

C.

I1I-Cl

a.

b.PA 12
Temperature 0CPA 66PA 6

PA 12PA 66PA 6

hot drawncold drawn

Temperature 0C

• Free Shrinkage -Constant Length

hot drawn coldhot drawn coldhot drawn cold

D
en

si
ty

 (
g/

cm
3)

PA
 6

 ->
m

g 
D

ye
st

uf
f/

g 
Fi

be
r



For the production of HM-HT-cotton-type polyester fibers the tow is set under high tension on large
heated drums so that it cannot shrink and increases its breaking elongation. A PET-tow of about
2.1 • 106 dtex that is being set over 16 drums of 600 mm diameter with equal surface speed [99, 100] (with
200m/min about 60t/24h) at 210 0C has an exposure time on these drums of about 6.3 s. The relatively
even heat penetration of the about 1 mm thick tow is achieved automatically by turning the heated surface
at the change to the next drum. The heat transport from the last heated drum to the first cooling drum is
about 22OkW that have to be removed with this and the following cooling drums to lower the tow
temperature at constant length below the glass transition temperature. After cooling it is led through a
saturated vapor chamber of 1000C to be prepared for stuffer box crimping. The higher the tow
temperature on the heating rolls, the lower the residual shrinkage. The heat setting temperature may
not exceed 230 0C, because this would lead to 3% residual shrinkage.

A stepwise small reduction in the drum circumference speed results in a lower residual shrinkage
with an increase in breaking elongation.

In many cases a small residual shrinkage is advantageous for further processing.
In (draw) false twist texturing the filaments (usually between 40 and 167 dtex) are set with about 0.4 s

contact time on the heating plates and then cooled on the cooling plates in a little shorter contact time.
The twist effect remains in the yarn and turns into bulk during retwisting at the false twist element. In a
second stage with higher temperature and defined draw this bulk can partially be removed and the yarn
can be set in the new state; this creates set-yarn.

In the BCF yarn production the crimp is created by hot compressed air when impinging on a yarn
plug, held in this shape at constant temperature and frozen when passed onto the vacuum cooling drum.

Tire cord that later undergoes another temperature treatment during vulcanizing is heat set directly
after hot drawing on the third godet duo (see Fig. 4.63 and 4.197M) at about 230 0C for PET and cooled
on the fourth godet duo to under 600C.

3.13 Crystallinity

At least for PET chips intake of single screw extruders the crystallinity becomes clearly visible: Not
crystallized PET adheres in the entry zone as soon as it reaches a temperature between 120 and 1500C,
forms an adhesive ring and blocks further chip intake. Also inside the yarns the amorphous and
crystalline areas determine the fiber properties. Figure 1.1 shows that in the fiber structure amorphous and
crystalline regions follow each other and are sometimes mixed. When heating, e.g., during heat setting,
the adjacent chains sort by their orientation without changing it; this can be shown by X-ray analysis. The
density increases as shown in Fig. 3.71 for differently drawn PET filaments. Curve (1) was measured on
an undrawn material respectively granulate. The degree of crystallization can be calculated as

« = (V - 7a)/(yk - 7a) (3-32)

(y = density and index a for completely amorphous and k for completely crystalline).
The following densities follow from:

PET PP PA 66 PA 6

yk 1.455 0.913 1.160 1.145 [g/cm3]
ya 1.331 0.880 1.122 1.128 [g/cm3]

Figure 3.72 shows the corresponding crystallinity of PP as a function of the draw ratio and Fig. 3.73
of different poly amides in dependence of the treatment temperature.

It also needs to be pointed out that the different methods of determining the crystallinity

X-ray deviation
Ultra red spectroscopy
Caliometric
Suspension method



Figure 3.72 Relation between crystalli- Figure 3.73 Estimated crystallinity of PA 6 as
nity a of polypropylene and the draw ratio a function of the temperature [105];
when drawn over a hot pin or a hot plate a) Hot tempered
a) Measured by a pycnometer b) Filament, drawn
b) Measured by x-ray deviation c) Filament, undrawn

result in different values, as shown in Fig. 3.72 for PP; therefore they cannot be compared to each
other.

UV illumination lets crystallized PET chips luminesce white-blue, while non-crystallized PET
remains dark gray.
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4 Plants, Equipment, and Machines for the
Production of Synthetic Yarns and Fibers

4.1 General

The synthetic fiber plants are such an accumulation of different machines, equipment and auxiliary
installations that the description of a few typical installations needs to be followed by individual
descriptions - here specifically from an engineering point of view. While 1964 the plant sizes were
between 1000 and 10,000 t/a, and larger installations only existed in the USA, 1990 capacities for staple
fiber productions of 50,000... 200,000 t/a were already considered as normal [I]. In the PR China runs a
polyester plant with a capacity of 600,000 t/a [2], however with several production lines (it is now going
to be doubled). As opposed to these large installations for PET, PA or PAN and two or three PP

Figure 4.1 Polyester continuous filament and staple fiber plant for approximately 20,000 + 50,000 t/a ( = 200 t/d or
150 million lb./yr.; Fischer Industrieanlagen GmbH [3]), a) Continuous polycondensation plant with bypass for chip
production, bj) continuous direct staple fiber spinning, b2) extruder continuous filament spinning plant, c) air
conditioning plants, d) draw twisting department and storage, e) cooling water systems,/) glycol recovery and fuel
oil tanks, g) auxiliary plants (high temperature boilers, compressed air, nitrogen, demineralized water and emergency
power plants, h) steam generating plant, /) TPA storage, k) mechanical workshop and spare parts storage, /) water
well with pump station, m) administration and social building; total land area requirement: approximately 3 ha



installations, the usual PP fiber plants have a capacity of 2000.. . 20,000 t/a. Specialty fiber plants are
considerably smaller. A carbon fiber plant for 3000 t/a is very large, and so is a hollow filament
membrane installation with 5000 t/a, and some specialty fiber installations are run with only a few 10 t/a
or less.

While Fig. 1.19 shows a PA and PET plant [4] that started from small beginnings and grew to a
capacity of about 80,000 t/a, Fig. 4.1 shows a perspective total view of a PET filament and staple fiber
plant with a capacity of about 70,000 t/a. This requires a construction site of over 150x 300 m2 [3],
allowing later capacity doubling.

Figure 6.11 shows a schematic cut through a PET-POY spinning plant with draw texturing and two-
for-one twisting. In the older plants the "spinning tower" of over 20 m height should be noted, while
modern installations only require ceiling heights of 12. . . 14 m. The subsequent process steps require
about 7 m ceiling height.

Figure 4.2 shows the floor plan and side view of a PET-POY plant with a capacity of about 70,000 t/a
with subsequent draw texturing and draw twisting. Figure 4.3 shows a PA 6 VK tube polycondensation
plant with chip production, spinning plant and with all the auxiliary installations for a similar capacity
P] .

sec t ion A-B

Figure 4.2 Layout of a PET-POY plant with spinning, draw twisting and draw texturing (John Brown Deutsche
Engineering GmbH (formerly Didier Engineering GmbH), Essen [69].) 1) POY take-up (beneath spinning floor), 2)
workshop, 3) frequency inverters, 4) intermediate spin bobbin storage, 5) rewinding, 6) draw texturing department, 7)
draw twisting department, 8) sorting and packing. On the upper floors, not shown in this drawing, 9) chip crystal-
lization and drying, 10) spinning extruders, spinning machines and quench chambers, 11) chip hoppers, 12) aircon-
ditioning plants, 13) control room



Figure 4.3 Layout of a PA 6 continuous filament plant (Zimmer AG, Frankfurt [27]) with a) VK tube polycondensation, b) extractors, c) recovery, d) lactam water, e)
drying,/) intermediate storage: 100 + 50m3, g) air conditioning plants, h) water coolers, i) spin finish preparation, j) chip storage, k) extruder and spinning beams, J) air
quench chambers, m) POY take-up machines, ri) sorting, o) textile laboratory, p) chemical laboratory, q) air conditioning for quench chambers, r) air conditioning for
frequency inverters, s) frequency inverters, t) cooling towers, u) cleaning plants, v) filter sand preparation, w) power station, x) lactam storage and melter, y) power bridge, z)
plant office

section I -1 section n-n



At this point there is only a brief mention of the necessary and in part very big storage areas for raw
and auxiliary materials (e.g., Fig. 4.38) and the auxiliary installations, because their size is not only
determined by the plant capacity but also by the required rate times that will be pointed out specifically in
Chapter 4.6 and Table 4.16.

4.2 Chemical Equipment

Chapter 2 already mentioned the numerous autoclaves respectively cascades and the continuously
working apparati that are connected by pipes, valves, filters and pumps, and that possibly work with
pressure or vacuum. Additionally there are thin layer vacuum evaporators, continuous mixers, etc. There
are also special requirements for the materials and the heating systems. The material selection is mostly
left to the design engineers and the users. Calculations, construction and testing of the equipment,
especially of vacuum and pressure units, however, follow strict rules that apply to the specific location of
the installation [5], unless the users and designers do not agree differently from the rules within the legal
regulations. For example there are rules in Germany for pressure vessels (Fig. 4.4) defining the equipment
by pressure and/or by volume. In other cases tests according to the German rules or other tests executed
by the TUV (Technischer Uberwachungsverein [6] = Technical Inspection Association) or by Lloyds [7]
are accepted.

4.2.1 Autoclaves

These reactor vessels usually consist of a cylindrical vertical vessel with a flanged dished cover, lower
dished bottom or conical bottom, jacket and/or heating coils for heating or cooling and the agitator. Due
to the large variety of forms only the combination of the possibilities in Fig. 4.5 will be mentioned.
Examples for the most important applications are given. Heating jackets are recommended for vapor with
condensation while jackets with spiral or welded half pipes are mostly for liquid heaters.

The ratio of cylinder height to the inside diameter for the same volume is often assumed to be
H/D & A/2 due to lack of specific requirements. For degassing and/or evaporation larger diameters are
selected; for continuous vertical flow reactors (e.g., for PVC polymerization), H/D becomes > ^ 6, and
for the VK tube for the polymerization of PA 6 (Figs. 2.19 and 2.20) H/D can be < ^ 2 0 .

The ability to clean the walls or for residuals to grow on the walls (unless self cleaning is provided
with a scraper with little clearance to the wall) mainly depends on the roughness of the inner surface: It
should at least be equal to a 180 grain polish, but even electro-polishing with Rx < 0.4 um may become
necessary.

A similar effect is achieved by the bottom corkscrew (B) for the agitator AR in Fig. 4.5b that ensures
that the lower tip in the conical bottom of this autoclave does not stay but is continuously transported
upwards and thus participates in the overall reaction.

The autoclave top is almost always bolted with a flange and can be flat or equipped with a flat or
dished cover and should be jacketed for heated as an autoclave for larger diameters. Additionally Fig. 4.6
shows the usual agitator shaft sealings [9]:

a) Simple stuffing box with one or more packing rings, held on top and bottom by bronze rings (for low
pressure differences and low rpm),

b) liquid superposed and possibly cooled stuffing box with packing rings and bronze-liquid intermediate
rings for fine vacuum of up to 0.05 mbar and < 50 bar and < 400 rpm,

c) single acting liquid superposed glide ring sealing and
d) double acting liquid superposed glide ring sealing.

The types b) through d) should be connected to small cooling and storage vessels for tightening liquid
and they are suited for practically all used rpm's. Safety control sets [9] exist to alarm in the case of
smallest leaks.



Figure 4.4 Pressure vessels: Classification and testing according to the German pressure vessel regulations
[5,6]
Group I: p = - 0 .2 bar Pressure vessels with internal pressure due to gases
Group 11. 0.1 . . . 1 bar o r v a p O r S ) o r liquids or solids with gas or vapor

p > 1 bar; p-V< 200 blankets, or liquids at temperatures above their
Group III: p > 1 bar; p • V= 200 . . . 1000 f i l ing i n t s

Group IV: p> 1 bar;/?- V= 1000

Group V: /7 = 500 bar
p > 500 bar; p • V= 1000 Pressure vessels with internal pressure due to liquids

Group VI: p > 500 bar; p • V< 10,000 only. The temperature of the liquid is below its
Group VII: p > 500bar; p • V> 10,000 boiling point
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Figure 4.5 Typical autoclave shapes: heating by liquid or vapor (a), and agitator types (b)

Agitator Drives
The necessary power for the agitator drive can be seen in Fig. 4.7. It is almost always higher than the one
calculated in Fig. 4.8 with Ne—f (Re, agitator form) [9]. For more specific calculations see the
specialized literature [10, H].

If the power coefficient Ne from Fig. 4.8 is used, the agitator drive power becomes:

7V[kW] = Ne • y[kg/m3] • («[rpm]/60)3 • </|[m] • 1(T3 « u*[m/S]Id2Jd1)
2Ne (4.1)

with

Ne = power coefficient (from Fig. 4.8)
Ne=f(Re)=f(Daghator.u[m/s]/y [m2/s])

However the range has to be calculated for the complete polycondensation time as the highest needed
drive power could be anywhere between the highest and lowest rpm (e.g., for PET from melted DMT and
ethylene glycol: ^/ a^2P to ^ 6 ^2500P with the responding variation in Re, « a ^300 to « e ~ 10rpm,
y a^1000toy e^1200kg/m3) .

The efficiency of the drive system (usually between 0.75 and 0.9) has to be taken into consideration.
The agitators can also have fixed rpm or can be driven by 2 to 3 fold pole changeable motors or can be
infinitely variable and they are in many cases (e.g., for PET plants) explosion proof. To control the
viscosity during the polycondensation processes a torque control in the drive shaft or the power
measurement of the motor is necessary.

A simple and often used V-belt drive for an agitator shaft is shown in Fig. 4.9: The range of the disks
is about 1:6 and for the pole change 1:2:3:4. The shaft flange indicated the exchangeability of the
agitator.

Autoclave Heaters
The heat transfer from the inner autoclave wall to the liquid inside can be calculated with:

(4.2)

outer heating
jacket for
condensing steam

outer heating jacket
with spiral pipe for
liquid heating

serpentine
welded pipe

o) b)

conicaldishedflatbottom:

heating by
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and through the possibly built in heating coil

Nu = 0.87 • Re°M
62 • Pr032 • (iyM/iyw)0-14 (4.3)

with the indices M for the average content, W for the wall contact, Re — nd2/v, Pr = v/a (a = temperature
conductivity coefficient) and Nu = a-dlL

Figure 4.7 Approximate agitator driving power
7) for low viscosity (rj < « 20 P), impeller stirrer or similar
2) r\ < 5000 P, anchor or spiral agitator
3) rj> 1000 P, spiral or double cone agitator (up to

approximately 105P)

autoclave volume (m3)

Figure 4.6

a) Simple stuffing box
b) liquid covered, water

cooled stuffing box:
1) cooling water entry
2) cooling water outlet
3) superposing liquid

c) single action glide ring
sealing

d) double action glide ring
sealing with intermediate
bearing

Agitator shaft sealings

a) b)
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Figure 4.8 Diagrams for the determination of
the power factor Ne for different agitators, and
the heat transfer coefficient from the inner auto-
clave wall as / (Nu), both as a function of the
Reynolds number Re (EKATO [9])
WR Helical agitator
SR Disk agitator
SBR Tilted blade turbine
AR Anchor type agitator
PR High speed stirrer (propeller)
IR Impeller type stirrer
MIG EKATO Patent agitator
S Mizer disk
BR Beam agitator
Re = (60-rj)-ln-d2

agitatory
Nu = CC- rfagitator/A

These equations have been confirmed by experiments for d < 2.5 m, 0.5 <n<5s~1 (30. . . 310 rpm)
and 77200C=IO4 t 0 about lO^kg-s /m . a becomes smaller with increasing solids content, and
approximately asuspension (1 — c) • a is valid, i.e., for 25% concentration asuspension 0.75 • a.

Table 4.1 gives the experimental values for k for the approximate calculations of heat transfer areas
in autoclaves [10, 14].

Ne

Nu

Pr

Figure 4.9
Agitator drive by a motor and V-belts



Table 4.1 Approximate k values [10, 14] [kcal m"2 h"1 K"1]

a) Outer jacket: k
condensing vapor outside, liquid inside vessel 400. . . 1200
condensing vapor outside, boiling liquid inside vessel 600. . . 1500
cooling water or brine outside, liquid inside vessel 150... 300

b) Coil inside:
condensing vapor inside the coil, liquid inside the vessel 600. . . 2000
condensing vapor inside the coil, boiling liquid inside the vessel 1000... 3000
cooling water or brine inside the coil, liquid inside the vessel 400. . . 1000

c) Welded to the outside of the jacket:
condensing vapor in the heating channels, liquid inside vessel 400. . . 1500
condensing vapor in the heating channels, boiling liquid inside vessel 600. . . 2000
cooling water or brine in the heating channels, liquid inside vessel 300. . . 800

Similar to the agitator drive power it is possible to calculate an exact heat transfer coefficient [9] with
the help of Fig. 4.8, also in dependence of the Reynolds figure, the agitator shape and the Prandtl figure:

Nu = oj • dh vessel/a -f(Re, agitator) • Prl/3 (4.4)

Figure 4.10 shows three autoclaves designed accordingly:

a) a small salt melter with vapor condensation heater,
b) a reactor autoclave for low viscous liquids with removable inner heating coil, reduction worm gear

box on the agitator shaft and a PIV variable drive,
c) a polycondensation autoclave with exchangeable agitator, torque control measurement, reduction

worm gear box and a PIV variable drive.

4.2.2 Dissolving and Mixing

To dissolve a solid in a liquid inside of an autoclave the heavier specific weight solid is rotated with the
liquid until the difference in speed of the two reaches a minimum. Then it is no longer possible to
accelerate the dissolving process by increasing the mechanical power supply. For the dissolving of the
grain suspended in the liquid the diffusion law is valid:

</mF/dt =-jff. F . ( c s - c )

(mF not yet dissolved solid, t time, c average concentration of the already dissolved solid, cs

concentration in saturation, and /? transfer coefficient)
The integration of this differential equation is very difficult because all these variables change over

time and one has to deal only with assumptions [10]. However, the following general conditions can be
seen:

start with a small grain size as possible to increase the surface F,
use the highest possible saturation concentration for the solvent, e.g., by increasing the temperature
and the resulting reduction in viscosity; avoid lumping,
more turbulence in the dissolving vessel.

Figure 4.11 shows some general values for the stirring conditions, e.g., the power requirements and
the rpm of the agitator and the necessary mixing time [min] [H].

Production of Polymer Spin Solution
The polymer—usually a powder—is entered through a dosing pump (rotary valve, dosing screw or
gravimetric) into the entry of a screw kneader [12]. Directly behind this the solvent (b) is added through a
dosing pump (d) (Fig. 4.12). Lumping can be avoided by adding part of the solvent in and around the



a)

c)

b)

Figure 4.10
Typical autoclaves, jacketed
a) Dissolver with internal melt grid
b) Transesterification or direct esterification autoclave

(with removable internal heating coil) for glycol and
DMT or TPA

c) Polycondensation autoclave for PA 6, PA 66 (up to
30 bar) or PET (10 bar up to 0.1 mbar)



Figure 4.11
Optimum agitator conditions for dissolving solids [10]
PR Propeller type stirrer
TR Turbine type stirrer
IR Impeller type stirrer
BR, AR Blade and anchor type agitators

Power requirement (hp)
Rotational speed (rev/min)
Mixing time (min)

powder entry. After this preparation the solution in the discontinuous process is pumped into one of two
autoclaves for maturing and degassing in one and for transport of the finished solution in the other. In the
continuous process one vessel is enough, but sufficient degassing and homogenization of the solution has
to be ensured. If the dissolving process is exothermic and/or the solution is aging, the respective timing is
important. These processes can be influenced by heating or cooling the corresponding vessels.

Mixing of Two Liquids
The mixing time can be calculated from t = x- Fliquid/gtheor. with T = proportionality constant,
liquid = total mixing volume in the autoclave and g theor = theoretical capacity of the mixer [13].

The theoretical conveying of a propeller type agitator is for example gtheor = 0.4 • n • d2 • s
(s = n • d • tan 0 and 0 = angle of the propeller screw). For other agitator types the constants are in
Table 4.2. The influence of the Froud figure (Fr-W2Ig • d) can be considered by the exponent between
— 0.25 and —0.35; the influence of the Reynolds figure can be neglected for Re > 10 [13].

4.2.3 Pipes and Insulation

The exact calculations can be found in the literature [10, 11, 15]. Only some general indications are
shown here as in Table 4.3 where the usual speeds of liquids or gases are shown. Figure 4.13 allows a
general design of the "most economic" pipe diameter in the low viscous range [11]. To design cold or hot
water or vapor pipes one can also refer to Table 4.4.

Figure 4.12 Equipment for discontinuous (left) and continuous (right) dissolution [12]
a) Storage bin for pre-weighed solids / ) , g) Receiver, dissolving and homogenization
b) Storage vessel for solvent vessel
c) Dosing screw h) Degassing
d) Dosing pump k) Continuous discharge pump for removing
e) Mixing and (pre)dissolving screw solution
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Table 4.2 Mixing Constant T for Agitators

Type of agitator x Qtheor.

Blade agitator, 6 = 90° n d2 h n2 h = blade width
Turbine type agitator without stator n d2 h n2 sin /? p = exit angle;

g = slope
Blade agitator with tilted blade n d2 h n2 sink 6 6-tilt angle

Jc= / (0) ; 1<£<2
Propeller type stirrer 2,5 w d2 s 40° < 090°; k & 2

(constant) 6 < 40°; k « 1

Table 4.3 Flow velocities in pipes (also see Fig. 4.13)

Medium Pressure Density Velocity remarks
kg/m3 m/s

Air, gases 10 . . . 500 mbar 1.2 4 . . . 10
Process air 1 o i n , 1 0 . . . 12 10 . . .40

1̂ j • r o . . . IU bar
Compressed air J 15 . . . 40
Ventilation, climate comfort 2 . . . 6

industrial 4 . . . 8 ( . . . 12)
Vacuum 2 0 . . . 100
Water steam saturated 2 0 . . . 30 1

superheated 3 0 . . . 60
Cold water 1 . . . 4 bar 1000 1 . . . 2.5 Table 4.4

suction 0.5 . . . 1.5
Hot water 1000 1.2...3 J
Dowtherm (Diphyl), liquid 1 . . . 2 1 . . . 2

suction 0.5 . . . 0.6
Dowtherm (Diphyl), vapor 10 . . . 15
Polymer solution 3 . . . 10 «1000 0 . 1 . . . 0.2
Polymer melt 700 . . . 1300

(see also Figure 4.118) < 1 bar
> 100 bar 0.01...0.05
in spinneret bore 0.05 . . . 0.1

<0.6

The first estimation of the insulation thickness for pipes with known outside diameter or for
autoclaves with constant diameter using glass or rock wool and a painted or galvanized sheet can be done
with Fig. 4.14. For significantly different heat transfer coefficients it is possible to multiply the insulation
thickness with the ratio of the heat transfer coefficients.

4.2.4 Pipe Transport Systems for Granules, Powder, and Fibers

To discharge vessel wagons suction or pressure conveying systems are used; within a plant pressure
conveying. Screw feeders are used for short distances for the quantities shown in Fig. 4.15. Pressure
conveying systems have a higher inside pressure, have to be designed closely to avoid the sucking of
room air and with inert gas or dry air can work over any distance.

The delivery air speed should be

(4.5)



Figure 4.13 Nomogram for determining the most economical pipe diameter
A = 6.37-w°-4 5 .y"a 3 1±10%
D{ in mm; w in kg/min; y in kg/dm3

Example: air 20 0C; y = 1.2 kg/m3; throughput = 10,000 kg/h; inside diameter Dx == 520 mm; air velocity
w=10.9m/sec

The expression under the square root is equal to the floating speed (V granulate volume, F granulate
cross-section transverse to the flow, Q density, index G for granulate). The resistance coefficient cw

depends on the Reynolds figure, which is for the usual chip size and lOm/s gas velocity about 1500
(Table 4.5). The factor 1.2 is supposed to avoid the deposit of conveyed material in the system. During
transport the chips spring irregularly from one wall to the other [18]. Too high gas velocity causes too
much abrasion and also requires more blower power: With ^ 0.4 the Nfan [kW] becomes
~ 5 • 10~6 • Fgas • Ap; this is proportional v\ix.

The pipe friction coefficient for the calculation of the pressure loss can be approximated to
X — Agas -(I + 0.3 • G/Q) with (G weight of chips, Q weight of conveyer gas).

The minimum amount of air for chip conveying is shown in Fig. 4.16.
For the pneumatic transport of staple fibers one can approximate [20]: 0.35 kg fibers/m3 air and

18 . . . 22 m/s air velocity inside the pipe.
Here suction operation is better because the staple fibers do not have to pass the fan wings and are not

mechanically damaged; they are also not twisted, thus avoiding "braid" formation. A good opening of the
fiber packages should be achieved by the appropriate preparation oil, possibly with the help of the
transport air.

The feeding of the conveying material can be done with one of the systems in Fig. 4.15: The suction
system requires a dual pipe that allows to suck the chips and the necessary air (left); gas pressure systems
can work with rotary valves (a) or screw feeding (b) or with injector (c) [21].

FLUID DENSITY
Pounds per cu.ft.

kg/dm3

ECONOMIC
DIAMETER

INCHES
mm

MASS FLOW RATE
Thousands pounds

per hour
kg/min

OJ



Table 4.4 Pipe Dimensions for cooling water, hot water and vapor

Liquids Steam

Pipe table Warm/cooling water Hot water

NW Z)outs ide dw O F G G

mm inches mm mm m2/m cm2 kg/h kg/h

Average weight threaded pipes ace. to DIN 2440

8 1/4 13.25 2.25 0.04 0.6
10 3/8 16.75 2.25 0.05 1.2
15 1/2 21.25 2.75 0.07 1.7 150 200
20 3/4 26.25 2.75 0.08 3.4 400 500
25 1 33.50 3.25 0.11 5.8 700 900
32 IV4 42.25 3.25 0.13 10.0 1500 2100
40 IV2 48.25 3.50 0.15 13.4 2100 3000
50 2 60.00 3.75 0.19 21.6 3 900 5 500

Seamless steel pipes, normal wall. DIN 2448

32 38.00 2.50 0.12 8.6 1500 2100
40 44.50 2.50 0.14 12.3 2100 3 000
50 57.00 2.75 0.18 20.8 3 900 5 500
65 76.00 3.00 0.24 38.5 7 800 10000
80 89.00 3.25 0.28 53.5 12500 18000

100 108.00 3.75 0.34 79.3 21000 30000
125 133.00 4.00 0.42 122.7 38 000 50000
150 159.00 4.50 0.50 176.7 62000 85 000
200 216.00 6.00 0.68 326.9 38000 189000
250 267.000 6.50 0.84 506.72 245 000 335 000

NW= nominal pipe size; A>utside = outside diameter; dw = wall thickness; O = surface; F = cross-sectional area; G = flow rate

Figure 4.14
Approximate economical insulation thickness for pipes and
vessels having a thermal conductivity of A:^0.06kcal/mhK
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Figure 4.15 Mass throughput of suction ( ) and gas pressure conveying pipes ( ) for coarse-grained powder
and granulate, and schematics of the feeding stations: Suction system with suction nozzle (left).
Pressure systems: a) Rotary valve
(right) b) Feeding screw

c) Injector

Table 4.5 Air Resistance of Chips (103 < Re < 5 • 104)

Chip shape D/L cw boating
m/s

Circular cylinder 1: ( 1 . . . 2.5) « 0.9 > 9 for PET

Sphere ^0 .45 >7.8forPA

Flat ellipsoid 1:2 ^ 0.6 > 6.4 for PP

Cube 1:(1...2) «1.2 >9 for PET

Fiber 1: (400... 3000) « 1.0... 5 Individual: > 1
bundle: > 10

pressure system

horizontal d is tance (m)

suction system

a)

b)

c)
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Figure 4.16
Air or transport gas requirement for chip feeding in pipes of 25 . . .
100 mm nominal diametertransport pipe length (m)
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4.3 Strand Casting and Cooling, Granulating

The polymer melt or powder is first cast in strands or a ribbon to change it into a form that can easily be
transported, stored and granulated.

4.3.1 Strand and Ribbon Casting

For casting an extrusion head is attached to the discharge end of the polycondensation autoclave or the
continuous plant [22] (Fig. 4.17). It is heated to the necessary temperature that does not have to be equal
to the autoclave temperature. Often the casting head also contains a lower stop valve (2) of the autoclave
(1) that is closed during the reaction and may have to be pressure and vacuum proof, possibly to two
sides, depending on the reaction conditions. The valve can be operated by hand (3) or by motor (4) or
pneumatically. The stuffing box (5) has to be designed for the extrusion pressure, e.g., for N2-extrusion
for 12 or 25 bar and e.g. 3200C. The inner coat hanger shape of the melt room and the hole plate (7)
cause an equal pressure distribution and extrusion rate through the casting die (8). In spite of this it is
possible to have diameter variations of up to about ±20%. To avoid for the stringths to stick together the
distance between the holes should not be less than 17 mm for 9 mm diameter holes and a wire of
4 . . . 2.5 mm diameter (Fig. 4.18).

Additional Equipment for the Casting Head:

To avoid a cooling down, especially of the hole plate, during the non-extrusion times it is possible to
add an insulation cap, possibly swivel mounted and/or heated electrically. For the vacuum proof
version this provides added safety for the stop valve.
Hole plates with different bore lengths to even out the pressure over the extrusion width.
Hydraulic quick changers for the casting-extrusion set [23]. A standby set arranged on rails along the
casting head is pushed from a preheating chamber over hardened tightening plates into the working

Figure 4.17
Strand casting head for melt (Automatik [22])
1) Connection flange on reactor
2) Stop valve, sealed by a cone to both sides
3) Hand or motor drive for item 2
4) Worm gearbox
5) Stuffing box
6) Heating chamber
T) Perforated plate
8) Casting die

Figure 4.18
Recommended hole layout of a strand extrusion die [22]
Example:
d = 8 mm, a = 10 mm, b = 20 mm; hole spacing 22.4 mm
(clearance between strands: 14.4 mm)

hole distance

casting width



position while pushing out the set that is to be exchanged (very seldom). The changing time for
continuous plants should not exceed 3 . . . 5 s; for autoclaves 2 . . . 3 min are acceptable.
Casters for low viscous polymers (r\ < ^1000P) can be stopped from the inside with an eccentric
rotating rod in front of each row of holes during the final emptying so that no more ' 'fibers" exit the
individual holes that later wrap around the feed rolls and rotor knives of the granulator [22]. This
also avoids air entry into the melt distributor and thus lowers oxidation and degradation inside.

Ribbon casting from a die similar to Fig. 4.19 is outdated, but provides a large capacity, e.g., for
4 x 500 mm die cross section and 30m/min casting speed about 5000 kg/h. The alternating pressure
adjusting and tractor screws (12) allow the setting of the thickness adjusting plate ("lip") (11) to
receive a ribbon of uniform thickness. This is cast onto a large polished drum that then dips into a
cooling water bath that has to be designed for sufficient cooling time [24].

4.3.2 Ribbon and Strand Cooling

Due to the low heat conductivity and the relatively large cross dimension (of several mm) cooling is only
done with water. The melt is guided into it after only a few cm air distance. The water cooling can be
approximated according to Fig. 4.20, assuming that the polymer surface soon after dipping into the water
falls below the solidification temperature (usually < ^1800C):

Q = Qx ~ Qi = G • (C1 • T1 - c2 T2 + S) = oc -FM • TM (4.6)

with F M = d - % -I2 and TM = (T1 - T2)ZIn(T1ZT2)

NuM = 0.057 ^ 0 7 8 P r 0 7 8 = aM . / 2 / 4 a t h (4.7)

For cooling water of 2 0 . . . 30 0C follows a « 1390 v° 7 V ^ 22

For the usual large quantity of polymers follows:

G[kg/h • wire] « 5210(v • Z2)
0-78 • d (4.8)

Figure 4.19
Ribbon casting die for polymer melt
1)... 6) as in Figure 4.17
10) Wear plate
11) Thickness adjusting plate
12) Pressure adjusting and tractor

screws, alternating

Figure 4.20
Schematic for calculating strand cooling,
showing extrusion, cooling and chip
cutting regions.
a) Strand casting head
b) Air path (region 1)
c) Water path (region 2)
d) Air path (region 3)
e) Chip cutter
7) Strand enters water
2) Strand exits water



Figure 4.21
Granulator cutting capacity per strand of round cross-section PET
having Q = 1.36kg/dm3; for other polymer, G=C (from diagram)
•£/1.36. ( J = strand diameter)

This results for 2 m bath way and 2 m/s relative speed G & 38 kg/strand x h or for 4 m/s G ~ 66 kg/
strand x h. Figure 4.21 shows such an evaluation for PET.

The necessary solidification time can also be calculated in a different way [28]: Under comparative
cooling conditions it is proportional to d2 (for filaments this is equivalent to dtex), resulting in:

zE = a • d2 • (T0 + b)/(c -TK)=A-d2 for round rods

respectively = 2.5 • A? • s for plates

with zE as the solidification time [min], d the wire diameter [mm] respectively s the thickness of the
plates [mm], T0 melt temperature [0C], TK cooling medium temperature, a, b, c, A constants, AH heat
content [kcal/kg], AHS melting heat [kcal/kg]. From this follow the values in Table 4.6. With them it is
possible to calculate the cooling time of 2.25 s for a PA 6 strand of d — 2.5 mm; at a take-up speed of
60m/min this is equivalent to a wet cooling way of 2.25 m.

The here used strand temperature however, is only the average over the cross-section, and the air way
following the water-cooling (2 to e in Fig. 4.20) serves to even out the temperature, and it normally has to
be longer than the water cooling way, because the hot wire core only cools down to half the melting
temperature after 1 . . . 2 m water cooling way. Figure 4.22 shows the curves for the strand surface and the
center temperature.

4.3.3 Granulating

To granulate the strands or ribbons the following chip cutting methods (GA) are available for the
respective polymers; the mentioned chip forms and sizes are dominant (Fig. 4.23):

Table 4.6 Solidification Time of the Core Te for Round Rods and Plates made from PA 6 and Other Crystallizing
Polymers, as a Function of Diameter D and the Ribbon Thickness s [28]

tE [min]

Polymer TK T0 AH AHS Round Rod Plates Plates, cooled on one side
0C kcal/kg D s s

PA 6 [43] 20 240 150 20 0.006 • D2 0.015 • s2 0.03 • s2

Polyformaldehyde [28] 20 190 100 39 0.0075 • D2 0.018 • s2 0.036 • s2

Polyethylene 0.945 [16] 20 232 173 58 0.008 • D2 0.02 • s2 0.04 • s2

Polypropylene [16, 33a] 20 260 160 26 0.01 • D2 0.025 • s2 0.05 • s2

V(m/min)
strand speed
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Figure 4.22
Cooling of plastic strands in water (d = 2 . . . 4 mm, take-up speed 15 m/min)
a) Strand surface c) Water cooling path
b) Strand center d) Air cooling path

Air pelletizing: The melt is chopped off hot as it exits from a multi-hole die and then falls into a water
stream.
Air-water pelletizing: The hole plate is attacked with water at the exit side and the solidifying melt is
chopped off.
Underwater pelletizing: The stringths are drawn into water and are cut in the water.
Cold pelletizing: The strands are cooled in water, taken up, predried with blowing air and granulated.

The following granulating machines are used for this:

Strand pelletizers with tape cutting: The ribbon (a, Fig. 4.24) is first divided into tapes by combing
tape cutting drums; the tapes are then cut by a rotating chip cutting drum (c) into rectangular chips
(d) [8].
Strand pelletizers with saw tooth cutting drum (Fig. 4.25): The ribbon is fed in a 45 ° angle to the
cutting drum that strikes the ribbon with the saw tooth shaped profile into the stator knife, creating
rectangular chips [27].
Dry pelletizers (Fig. 4.26): The strands (a) are drawn in by feed rolls and are chopped between the
stator knife (b) and the rotary knife to cylinder chips (d). To muffle the noise a sound protection
cover is absolutely necessary [22, 8, 27 and others].

The feeding roll, the pressure drum, the rotary knife and the stator knife are subject to much wear
and must be easy to exchange and always in stock for this reason. The length of the chips is
determined by

4hiPs = vE • 1000/tfn • Z [mm] (4.10)

with vE [m/min] draw in speed, Rn [rpm] rpm of the rotary revolution and Z the number of teeth in
the rotary knife circumference.

The cutting production rate per strand follows (Fig. 4.21)

G [kg/h] = 0.25 • d2 [mm] • n • v [m/min] • 600 • Q [g/cm3] (4.11)

To feed the strands evenly and at a 90 ° angle into the pelletizer, the pressure drum in the feed is
coated with soft rubber (Fig. 4.26a). Thus it can easily adjust to the slightly varying strand diameters
[26].
Underwater pelletizers (Fig. 4.27): The strands coming from the casting die fall into the water stream
that enters from the slots (2 and 3) and are drawn with it over the cooling grooves (4) down into the
draw-in rolls (5); then they are cut between the stator knife (8) and the rotary knife (7). At (9) more
cooling water is added to keep the rotary knife clean and float away the chips (10). Other functions
are as in the dry pelletizer. All parts working in water have to be made from stainless steel. According
to [22] the materials in Table 4.7 are recommended to achieve the mentioned throughput.
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Hot Pelletizing Cold Pelletizing

typical for PVC LDPE PA PVC
PP PET PET

PA 66

Chip shape Lens Cylinder Cuboid

Dimensions (2.5 . . . 3 . 5 ) 0 x ( 2 . . . 3) (1.5 . . . 3 ) 0 x ( 2 . . . 3) (3 . . . 5 ) 2 0 x ( 2 . . . 3)
(mm x mm)
mainly 3 0 x 2.5 2 . 5 0 x 3 4 x 4 x 2.5

Figure 4.23
Different
pelletizing
systems and
characteristic
data for various
polymers

Figure 4.24
Ribbon pelletizing machine: Tape cutting

process (Condux [8])
a) Polymer ribbon (tape)
b) Pinch rolls, combing
c) Rotary chip cutter
d) Cuboid chips

Figure 4.25
Ribbon pelletizing machine: saw tooth cutting process (Dreher [27])
a) Polymer ribbon, direction 45 ° to the rotor axis
b) Delivery rolls
c) Ribbon guiding shoe
d) Stator knife with saw teeth
e) Rotary knife with saw teeth, combing with d)

. plant

powder;

melt

air cut air water cut under water cut into water casting
dry cut

ribbonstringth



Figure 4.26 Dry type strand chip cutter (Automatik [22]) and soft (rubber coated) pressure roll for strands of
different diameters
a) Strand inlet e) Sound insulation housing
b) Stator knife /) Soft rubber pressure roll
c) Rotary knife (spiral) g) or (g) Pneumatic pressure system for f) (central or parallel)
d) Cylindrical chips

Table 4.7 Knife Materials used on an Underwater Chip Cutter, and their Lifetimes [22]

Product on Process Materials Lifetime
USG 600 Rotor Stator Rotor Stator

PA 66 Discontinuous Stellite cutting edges = 290Ot 800...90Ot
PA 6 Continuous Ceramic 6 . . . 18 months 6 months
PET Discontinuous Stellite cutting edges HM 1600... 26001 600...160Ot

All polymers contain 0.3% TiO2; HM = hard (cutting) metal

4.3.4 Cutting Forces [29], Drive Powers

Due to the high number of parameters and dependencies the calculation of the cutting forces is so
complicated that only linearized functions will be considered here, resulting in possible deviations of
± 10%. With the terms of Fig. 4.28 and

chip dimensions: width b, length /, thickness /z,
knife geometry: slot a, rotary drum radius R, cutting angle d, blade angle /?,
kinetics: rotor surface speed v, blade track radius R, the force becomes

Fx = Jcx-X with x = b or / or h (4.12)

and Jcx from Table 4.8. The individual forces are quite small due to the small chip dimensions and only
by the summation of several thousand cuts/min x cutting speed do they reach the magnitude of the
drive power for chip cutters as evaluated statistically in Fig. 4.29.



Figure 4.28
Definition of cutting forces and
cutting geometry [29] (simplified)

4.3.5 Mechanical Chip Dehydration

With increasing capacities the original centrifuges have been replaced by continuous cascade centrifuges.
Then the water drainage in the wet chip storage tanks sufficed because the drying time only increased
negligible by the remaining surface water content. For today's production quantities—10Ot PA/24 h
contain about 1Ot water, requiring 2Ot steam for drying—mechanical predehydration is done again.

The most simple strand predehydration is shown in position (c) in Fig. 4.32: The water is extracted by a
vacuum station; it can also be blown back with a pressure airflow opposite the strand running direction.

A continuous baffle dewatering [22] is shown in Fig. 4.30: The chips (a) float in from an underwater
granulator, are caught by the highly compressed air from the jets (b) and moved on. At the baffle sieves
(c) the water is thrown to the outside. At 800 mm width a throughput and residual humidity as in Table
4.9 are achieved.

The centrifugal chip dehydrator (Fig. 4.31, [23]) first separates at (1) the coarse agglomerates and a
portion of the water, while the chips flow through the pipe (2) into the centrifuge (3, 4), where they are
dewatered and then moved on from (E). The achievable residual humidity is similar to baffle dewatering.

4.3.6 Granulators

For autoclave polycondensation plants the extrusion and chip cutting times for most polymer batches are
in the magnitude of 15 . . . 40 min. Since the polycondensation cycle for PET and PA 66 is between 2 and
6 h, one movable granulator can be assigned to 4 to 6 polycondensation units. For PA 6 one granulator
can be assigned to about 12 to 16 autoclave polymerization units. For 4 or more polycondensation rows at
least one reserve granulator should be available.

Figure 4.27
Principle of the underwater chip cutter (Automatik [22])

7) Cast strands from die
2) Cooling water
3) Cast starting flap
4) Cooling plate with strand guiding grooves
5) Draw-in rolls
T) Rotary cutting cylinder (spiral)
8) Stator knife
9) Cooling water

10) Cylindrical chips transported by the cooling water flow

Fx

F9,
Fy



Figure 4.29
Drive motor power N of typical dry chip cutters as a function of the cutter
drum width

Table 4.8 Chip Cutter Knives: Constants for the Cutting Force Calculation [29]

Material Influence of
Edge Edge Edge Cutting Edge Rotor
width ^b length k\ height Jc^ (h^ 10 mm) angle 5 = 35° distance^ speed kr< 20 m/ s
N/mm N/mm N/mm N/mm N/mm N/mm

PE 0.8 50 150 0.08 - 4 0 50
PVC, soft 0.55 30 150 0.06 - 3 0 0
Rubber 0.175 7.5 150 0.015 0 0

Much more efficient are the units for the continuous production, but they only allow very brief
interruptions, e.g., for casting head changes or knife changes. To practically exclude any periods of disuse
respectively limit them to the transfer and start-up times, it is possible to work from (large)
polycondensation plants via a three way valve into two pelletizers and predewatering units, each of
which has to be able to accommodate the full capacity.

For continuous polycondensation spinning plants often bypass pelletizers are necessary if the melt
producing unit has to continue working at constant capacity to ensure melt homogeneity and quality. The
melt quantity resulting from capacity changes in the spinning plant is then diverted to the pelletizer. Thus
stopping 8 positions in a spinning beam can already require the chip cutting of about 10 stringths.

A simple chip cutting plant is shown in Fig. 4.32 between the extrusion head (a), passed the cooling
bath (b), pre-dewatering (c) to the dry stringth cutter (e).

The chips produced here are either packed or moved on pneumatically. Table 4.10 shows the typical
process data [22].

A complete underwater granulator with a strand quenching and cutting device according to Fig.
4.27—the angle of the cooling groove is variable—is shown in Fig. 4.33. During start-up the strands can
be dropped into a waste container by tilting up the quench water entry; the pre-dewatered chips (from a
plant similar to Fig. 4.30) falls onto a vibrator sieve to sort out lumps and too long chips; the quench
water is recycled over a sieve band filter, possibly cooled and then re-entered into the cooling circle. The
production and process data are shown in Table 4.11 [22].

An exactly defined strand take-up speed with guidance through the quench water is achieved by a
system according to Fig. 4.34 [23]: The strands from the casting head (1) are cast onto a transport belt
that is running in water, and they are then taken up at its end by take-up drums (5) while sucking off the
surplus water (8). The upper mesh wire support ribbon holds the strands on the transport belt.

Another unit with defined die take up is shown in Fig. 4.35: The strands are cast onto a casting wheel
(c) that is sprayed with water; they then moved to the cooling groove (d) with water spray and dewatered
by suction at (e), cut in (f) and moved on pneumatically [24].
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Figure 4.30
Chip baffle dewatering device (Automatik
[22])
a) Wet chips
b) Chip feeding air from high pressure fan
c) Baffle sieves
d) Water drain
e) Dewatered chips

Table 4.9 Production Throughput of the Chip Baffle Dewatering Device [22] shown
in Fig. 4.30: 800 mm Width

Polymer Chip dimensions Throughput Residual moisture
mm kg/h %

PA 66 2 x 2.5 x 3 to 6260 0.4
3 x 4.8 x 4

PET 2 x 2.5 x 3 to 6890 0.2
2.5 x 4 x 4 7590

PET-elastomer 2 x 2.5 x 3 to 4760 0.4
2.5 x 4 x 4 5890

PA 6 2 x 2.5 x 3 to 5890 0.5
after extraction 2.5 x 3 x 3 5660

For cooling to spinnable chips only purest water (at least completely desalted) may be used to avoid
residues on the chips.

4.3.7 Chip Production from Powder

Polymerization products usually are in the form of a powder, and they are normally transformed to chips
[30]. Throughputs of up to 30t/h are quite usual. For PP this thermal treatment can be combined directly
with a planned degradation (curve A in Fig. 2.70). For this double screw extruders with combing screws
are used in an one step process. Screw diameters of 2 x 170... 2 x 360 mm can process capacities of
4 . . . 7 to 18...28t/h polypropylene with a drive power of 1500...700OkW, Table 4.19. For
homogenizing they are also equipped with kneading disks and work against gear pumps [32, 33].
For the filtration large candle filters are used [33].

The melt is transformed with hot cut underwater pelletizers [31] that have special starting valves to
avoid a freezing of the melt in the bores. Figure 4.36 shows it in the open position: The melt comes in at
Z>, and for processing the knife head with the drive is moved against the extrusion plate. Not until the
starting of the water supply the bores receive the full throughput. Water supply, throughput and



Figure 4.31
Centrifugal chip dewa-
tering device (Scheer
[23])
1) Compactor with

agglomerate
separator

2) Inlet pipe
3) Presieve
4) Chip dewatering

basket
5) Chip receiver
6) Motor
7) Cover with lifting

device
8) Housing
9) Water drain

connection
A) Chip/water slurry

from cooling zone
B) Agglomerates
C) Water drainage
D) Pre-concentrated

chip/water slurry
E) Dewatered chips

Figure 4.32
Strand casting, quenching and dry strand cutting
plant (Automatik [22])
a) Casting die
b) Water quenching bath
c) Removal of surface water
d) Water separation and suction fan
e) Dry strand cutter with sound insulation

housing

Table 4.10 Process Data for Strand Cutters [22]

Chip Pro- Process data Plant data
dimen- duct ASG 3002) ASG 6002)

sions 1 1—;—] 1 1 ;—I 1 ;—I
( 0 x Length Water Air Specific Chip max. Drive Suction max. Drive Suction
height) of the tempera- path strand residual no. of power fan no. of power fan

water ture through- moisture strands power strands power
bath put

mm m 0C m kg/ w/w % kW kW kW kW
strand/h

2.5 x 3 PA 66 0.3% 60 15 7.5 128 22
without
reaction

water
2 . 5 x 3 PA61} 5 40---50 5.5 25 60 15 128 22
2.5 x 3 PBT 8 4 50 60 15 7.5 128 22 22

PET 8 25-55 4 50 60 15 128 22
PP 60 15 128 22

1) after dewatering 2) Type of strand cutter of Automatik [22]



Figure 4.33 Underwater pelletizer (Automatik [22]) of low height design
1) Strand casting 5) Chip/water separator (baffle dewatering)
2) Quenching and guiding device 6) Vibrating sieve
3) Underwater strand pelletizer T) Quench water sieve belt filter
4) Secondary strand cooling (in water) 8) Water distribution

Table 4.11 Process Data for Underwater Chip Cutters [22]

PA 66 PA6 after extraction PET/PBT PP

Machine type USG/H USG/H USG/V and USG/H
USG/H

Viscosity range [P] 700...2500 800...3000 800...5000 MFI200-5:
10-200

Maximum production 100/150 45/110 120/170 35/90
(per strand and h) [m/min]
Maximum number of
strands: for USG 600 60 60 66 60
Chip dimensions [mm] (3 x 4) x 4 long (2.5 x 3) x 3 long (2.5 x 4) x 4 long Diam. 3 x 3
Melt temperature [0C] 280 260 280 230
Length of the
guiding groove [m] 3 4 1.5/2 i?6
Cooling time after cutting [s] 6 - 6
Chip temperature after drier [0C] <80 <80 <60 <50
Residual moisture [w/w %] < 0.3 without - <0.2% <0.05%

reaction water
Water flow rate [m3/n] 30 32 2 5 . . . 30 30 . . . 35
Water temperature [0C] <30 <20 <25 <25
Chip cutter drive 22 15 22
power [kW]
Dryer fan power [kW] - 22



Figure 4.34
Strand take-up with complete guidance during quench-
ing (Scheer [23])

7) Casting head
2) Extruded strands
3) Clamping conveyor belt
5) Clamping take-up drums
8) Dewatering
9) Casting and transport conveyor belt

10) Start of cast waste removal

Figure 4.35
Strand cutting with defined take-up from
die [24]
a) Casting head
b) Casting wheel
c) Water spraying
d) Cooling groove with water spray
e) Dewatering suction
/ ) Strand cutter
g) Pneumatic chip transport

Figure 4.36
Underwater pelletizing of polypro-
pylene with starting valve [93],
cutter housing, (opened) and start-
ing valve in open position
a) Starting product
b) Melt supply to die
c) Quench water supply

- d) Chips in the water stream

changing have to be coordinated very exactly with respect to time and quantity. The chips are lens
shaped with a diameter of about 4 . . . 5 mm x 3 mm thickness and are floated away with the quench
water and are then separated from the water. The residual humidity is < 0.05%.

4.4 Initial and Intermediate Products, Final Products:
Delivery Conditions and Storage

Depending on location of the fiber production relative to the raw material suppliers and its customers,
storage and warehousing can require a significant magnitude. For spin chip quantities see Table 4.16.
Small quantities are delivered in bags or barrels; Table 4.12 shows delivery forms for larger quantities as
well. It is recommended to make long term contracts with suppliers.



4.4.1 Shipping Forms, Packaging

Dry materials are usually shipped in coated multi-layer bags with 20 to 40 kg or in barrels with inserted
polyethylene bags with 100 or 200 kg contents. Liquids are shipped in barrels of 2001 volume.

Large volume users obtain powder or chips with special trucks, railroad cars or overseas containers.
If the distance is not too far, DMT and caprolactam can be shipped in melted state in heated and

insulated special railroad cars as dissolved AH-salt, or via pipelines. The about 40% water content to the
AH-salt make the transport quite expensive, but so it does not have to be dissolved again. If the initial
products are not pumped directly into the further processing, intermediate storage have to be provided,
possibly with mixing abilities to achieve better average uniformity.

The necessary reserve storage times depend on the local conditions: In countries with limited
infrastructure there must be at least a stock for 2 . . . 4 months, while in industrialized countries with
continuous delivery agreements 2 . . . 4 weeks should suffice. For PET production from DMT and glycol
an intermediate storage possibility for contaminated methanol and glycol needs to be provided unless it
can be pumped into railroad cars to be transported into outside or own recycling plants.

The packing and shipping possibilities for salts, powders and chips are shown in Fig. 4.37 [34],

7) Bulk material supply
2) Bulk material storage
3) Bagging
4) Filling containers
5) Packed bag
6) Transport of bags
7) Individual bag shrink-

wrapping
8) Packing of bags onto

pallets
9) Shrink-wrapping of pallets
10) Transportation of pallets
77) Storage
12) Storage of parcels
13) Shipping; Loading of

parcels
14) Filling of bulk material

into tank trucks
75) Transport to user

Table 4.12 Raw Material Delivery Modes

Material Solids

Bags
(for salt
or chips)

Liquid

Molten Pure or
in solution

Barrels ISO
containers

Container
wagons

Tank
trucks

Caprolactam
AH salt
DMT
TPA
ACN
Glycol
PA, PET, PBT,
PP-chips
PAN powder
PAN solution

Figure 4.37 Material flow sheet—powder or chips [34]



Figure 4.38
Outside storage area of a PET
staple fiber plant with integrated
continuous polycondensation
{Fourne, 1963/64, Japan)

The shipping volumes for the finished products become much larger: A 20 kg POY bobbin requires
about 601 packing volume; this requires for a yarn production of 10t/24h almost 1000m3/month
cardboard cartons that have to be sorted and stored by yarn type and titer. 101/24 h staple fiber or tow in
pressed 400 kg bales require about 800 m3/month depot volume, again sorted by titer, staple length, and
other parameters. In addition to this there is significant building volume that is needed for orderly storage
and removal. Here this necessity is only mentioned as is the necessary auxiliary and computer equipment.

Figure 4.38 gives an impression of an outside raw material storage with supply pipes for a PET staple
fiber production plant, as permitted by climatic conditions [35]. The background shows four story
buildings for the continuous polycondensation and spinning plant, and further back the lower staple fiber
aftertreatment plant.

4.4.2 Chip Storage and Transport [36-39]

The chips should be stored at the user's facility in large silos from where they can be mixed some more
and transported to the individual user locations. The mixing can be done by feeding chips from several
silos through rotary valves into a pneumatic transport pipe. Or for each silo the "Christmas tree" system
can be used for the removal of the chips. According to Fig. 4.39 the removal pipes have several openings
at different height levels to remove separately delivered batches (shown by different shading) simulta-
neously.

Further transport of the chips—depending on the type and degree of dryness—can be done by air,
dried air or nitrogen that have to be free of dust and oil. Transport blowers are usually side channel
blowers, rotary or screw type compressors. The required transport gas speeds have been mentioned in
Chapter 4.2.4. Above lOm/s chip speed the abrasion increases considerably, and it is too much at 25 m/s,
which should definitely be avoided. An efficient dust removal device according to the centrifugal
principle with baffle separator is shown in Fig. 4.40 [39]. This should at least be installed on each spin
extruder storage container.

The usual ways of the chips between delivery and extruder are shown in Fig. 4.41. Transport in the
different steps can be achieved depending on the quantity in various ways:

For the addition of small quantities bag or barrel delivery stations are required, possibly with dust
removal, barrel tilting devices (Fig. 4.42) or pneumatic chip suction (Fig. 4.15).
For transport inside a plant in ton batches small containers for bulk materials have proven themselves
that are also inexpensive, can be stacked, can be hung into a "gyro wheel" mixer (Fig. 4.42) for



mixing in additives, and can be used with a fork lift (Fig. 4.43 [40]). When filling hot chips one needs
to ensure that the container surface does not exceed 600C.
For the chip delivery to the spin extruder there are three possibilities:

An open chip container, possibly with a slow moving agitator and hinged cover, preferably for PP
and PE (Fig. 4.44).

A closed chip container, water ring pump, vacuum and pressure tight to 1.5 bar (abs.), with about
4 h or longer extruder capacity supply, or

A double container combination as in Fig. 4.45, consisting of a dust separator (top), a large
storage container (center), separated by a chip gate valve from the lower storage container that should
have a storage size equivalent to at least the filling time of the upper container so that during the

Figure 4.42
Chip feed for small
throughputs

Figure 4.41
Chip ways between first
storage silo and spin
extruder

Figure 4.39
Chip blending system for mixing and feeding
chips from different filling levels (or batches)

Figure 4.40
Baffle separator [39] for dust removal

supply

silo

storage,
bin

crystallizer

dryer

storage
bin

separator

spinning hopper

intermediate hopper

extruder



filling and rinsing time of the latter spinning can continue from the lower container. The connection to
the spin extruder is most useful with a transparent pipe and another chip gate valve.

For larger units the chips should be transported pneumatically; the transport gas has to match the
spinning conditions of the chips.

It is useful to equip all fixed containers that can empty (as for example in spinning) with upper and
lower level sensors. The containers need to be made from stainless steel or Al or AlMg as do the
necessary pipes. For the directing and routing means, the cut-offs, the mixing deflectors, etc. experienced
companies (e.g., [38]) offer a large number of components. They should also be left with the planning of
the pipe transport systems.

Figure 4.43
Staple container [40]
(usual sizes: 200, 1100,
30001)

Figure 4.44 Chip hopper with
anchor type agitator; open, e.g.,
for PP

Figure 4.45
Chip hopper system of a large extruder spinning plant for PET; two hoppers
superposed, the lower for continuous spinning, the upper for refilling (with
closed emptying gate valve) [69]

Next Page



4.5 Drying, Crystallization, and Solid Phase
Polycondensation

These processes are so similar and (if at least two of them are required) so closely connected that they
should be treated and done together. With the exception of PA 66 chips for steam grid spinning and PP
that has < 0.05% residual humidity from production, chip drying is of utmost importance. For some
materials drying and treating in a medium-high vacuum (empty container) of < 0.1 mbar is better than in
pure nitrogen with < 5 ppm O2 or even in air; other materials do not need any oxidation protection. For
PA 66 for the one screw extruder spinning, final conditioning is recommended.

Mostly two processes are used: Either batch processing in a vacuum dryer, or in a continuous dryer at
normal pressure. Some materials (especially PET) have to be crystallized first because they start tacking
between 120 and 140 0C before they are dried at 170... 180 0C or melted at even higher temperature in
the extruder. For postcondensation PET has to be dried to < 0.004 weight % residual humidity before it
can aftercondensate at higher temperatures. For PA, drying and postcondensation can be combined
because the latter produces water anyway. For the production of most PA and PET yarns and staple fibers
postcondensation is not needed because the usual liquid state polycondensation produces high enough
molecular weights respectively viscosities of the polymer [41-46].

Drying is a purely physical process: The humidity diffuses from the chips to the outside as long as the
vapor pressure difference created by temperature and/or a vacuum and/or the dryness of the drying
medium forces it to do so. For a humidity of < 0.01% in the chips the measuring method should always
be mentioned (e.g., C.-Fischer method, DuPont moisture test, etc.).

Table 4.13 shows the usual residual humidity, drying temperature, and time requirements for some
polymers.

Table 4.13 Vacuum Drying Conditions for Polymer Chips

Material

PA 6
PA 66
PET
PBT
PP

Initial % moisture, from
delivery
vessel

4 . . .8
4 . . .8
2 . . .3
3 . . . 5
0.05

chip
baffle dryer

<0.3
<0.3
<0.2
<0.3
<0.1

Desired
final moisture

%

<0.1
0.08 ±0.01

< 0.004
< 0.004
<0.05

Vacuum drying temperature/time [°C/h]
heating

up

120/4
95/4

180/4

drying

120/16
95/30

180/4

cooling

80/3
80/2
80/3

final vacuum
[mbar]

<0.5
<0.5
<0.2

4.5.1 Vacuum Drying and Similar Processes

Because of the limited heat transfer under vacuum, it must be tried to have the individual chips in
frequent contact with the heated walls to transfer the necessary evaporation heat into the chips. For this
large heated inside drying surfaces, possibly with internal installations, and constant rotation of about
4 rpm for small and 2 rpm for large drums are recommended.

Figure 4.46 shows a process diagram of vacuum dryer installations with rotating drum (1) and turn
drive (2). The jacket heating—as shown in the drawing—is fed by an electric heater unit with oil as the
heat carrier (7) that additionally is equipped with a cooler. Depending on the desired temperature range
this system can be replaced by a hot water circulation heater or a vapor heater. The vacuum system
consists of a centrifugal dust separator with filter (3) with various pipes to the vacuum pump (6) that can
be changed over. If there is a lot of water in the treated material in (1), it is useful to go through the spray
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Figure 4.46 Flow sheet of a biconical vacuum dryer plant
1) Biconical drying drum, jacketed T) Heater unit or hot water storage
2) Rotary drive, 2 . . . 4 rpm 8) Cooling water circulation
3) Centrifugal dust separator with filter 9) Hot water circulation pump
4) Surface condenser 10) Expansion vessel
5) Receiver for water condensate 11) Spray condenser (only for large
6) Vacuum pump, < 0.1 mbar quantities of water)

12) Sampling port

condenser (11) and the surface condenser (4). As soon as the humidity content in the dry material in (1)
has dropped under a few percent, the spray condenser is deactivated and only the surface condenser
remains in the way to the vacuum pump. If the vacuum pump (6) has a gas ballast device, it is also
possible to deactivate the surface condenser just before reaching the final humidity content in (1).

The following vacuum pumps can be used for this:

Water sealed ring vacuum pumps for up to 30 . . . 40 mbar,
One step oil rotary vacuum pumps up to about 0.5 mbar
Two step oil rotary vacuum pumps up to <0.1 mbar
Vacuum pump sets with two rotary pumps, one water jet sucker and one water ring vacuum pump for
large dryers and productions and <0.1 mbar.

The following temperature ranges are used in praxis:

Hot water heating as a secondary flow of a vapor-water heat exchanger for temperatures up to about
120 0C. This is a particularly mild heater with respect to heat transfer and is therefore preferred for
PA;
Electric heater with oil as the heat carrier for temperatures up to about 190 0C, e.g. for drying PET, or
As above but with temperatures of up to about 2500C for solid phase polycondensation processes.
Here an intensive and fast cooling of the oil carrier and thus the chips is essential to avoid
uncontrolled postcondensation.

The following drying drum designs have proven themselves in praxis:

Cylindrical drying drums with dished bottoms on both sides and an angle of about 2 0 . . . 25 0C
between the cylinder axis and the rotation axis: tumbling dryer,
Biconical drying drum similar to Fig. 4.47, possibly with additional internal heater installations. The
advantage is the complete emptying in the correct position.
Two cylinders welded together at about 60 ° of their length axis with an angel of the rotation axis to
the cross axis of about 15 . . . 20 °. The advantage is the very large volume in a small space.



Figure 4.47 Biconical vacuum dryer drum, jacketed and with additional internal heater installations; manufac-
turing drawing for 3 m3 volume [24] and up to 20 m3

left: Vacuum connection by means of a stationary knee pipe and filter;
right: Heating medium supply and return

Figure 4.47 is a manufacturing drawing of a biconical drying drum of about 3 m3 volume [24] (with
internal heater installations, heating jacket, the vacuum connection on the left and the heat carrier supply
and return on the right). Table 4.14 shows the required drawing captions with manufacturing and
examination regulations by the TUV, that can be used as an example for pressure vessel manufacturing in
general.

For similar drying drums of 501 . . . 20 m3 volume that proved themselves in praxis Table 4.15 shows
the most important technical data.

The vacuum suction stud with the nominal width according to Table 4.15 is installed through the
vacuum suction connector, and it always points upwards as a knee even when the drum rotates. Above the
chip level it has a large round fine-filter with cap to avoid chips and dust to enter the pipe during suction.
Through the axis a resistor thermometer can be pushed into the chips to allow continuous measuring of
the chip temperature.

The design of the filling and emptying stud and a sampler during vacuum processing is shown in Fig.
4.48 [24].

The vacuum drying process starts with the filling of the chips into the drum that should not be above
800C under exclusion of the surrounding air after closing the drum drive and the vacuum pump are
switched on. Since at 1 mbar up to 200 ppm O2 are still in the dryer, it is recommended (especially for
polyamides) to rinse with N2 up to 0.2...0.5bar over pressure, then evacuate to the possible final
vacuum and hold this and the temperature according to Table 4.13 constant for the mentioned length of
time and then cool very intensively during the last 2 . . . 3 h. Then the chips are rinsed with pure dry
nitrogen and drained without air into a storage container.

Crystallization as for example of PET is only an intermediate state during the heating of the chips for
drying. The continuous movement of the chips towards each other is granted by the rotation of the drum.
Additional equipment for the vacuum dryer is not needed for this.

For the solid phase polycondensation it is sufficient if the heater temperature range is increased to
about 10. . .200C below the melting point of the specific polymer or to about 100C above the
temperatures in Fig. 4.49. The time coordinates for PA 6 (a) and for PA 66 (b) include the drying



Remarks:
Welding type:
Welding filler:

Welding factor:
Welding seams:
Surfaces:

Customer nameplate:
Process data:

Test pressure:

Leakage test:

Examination:

Manufacturing and
testing:

Non-destructive
testing:

Tolerances:
Marking:
Weight:
AU pipes position 3-17

mE or TIG (tungsten-inert gas) welding
Material No. 1.4541 - Material No. 1.4541 - Thermanit H
Material No. 1.4541 - C-steel - Thermanit X
C-steel - C-steel - SH green K 45
0.85
clean finish, sanded smooth on working surfaces
Working surfaces:
Industrial polish, roughness: Ra < 0.3 • • • 0.6 um (visible polish marks are ok)
Machining quality:
According to pre-norm DIN 3141, row 2

Not finished:
Stainless steel - pickled + passivated
C-steel - cleaned and painted on outside with undercoat + color (zinc chromate base)
122 x 85

Permitted Permitted Volume
pressure temperature

Drum: -1 resp. 2 bar + 2500C 29901
Heating jacket:
Heating plates: 2.0 bar +2500C 4001

Drum: 3,9 bar "a"
Heating jacket: 2.6 bar
Heating plates: 2.6 bar "Marlotherm" (provided by customer)

With 0.3 bar air overpressure and wetting of the welding seams with a soap
solution.
As pressure vessel by TUV. Leak testing, dimensional and surface examination by
customer and manufacturer.

As pressure vessel according to the AD rules

RN, LN, and ST 2%

0.2 mm concentricity between shaft and seat.
The material number is embossed under the manufacturer's name plate,
about 2200 kg
with AZ.DIN 50049-3.1 B

Table 4.14 Additional Inscription required for TUV Inspection Drawing of the Drying Drum According to
Fig. 4.47 [24]

(Caution: the TUV uses 0 bar = atmospheric pressure)

time, while for PET (c) it starts after the drying time. The latter is true for all polymers at risk of
hydrolysis. Diagram (d) indicates the acceleration of the postcondensation of PET with increasing
temperature; (e) shows that a certain postcondensation time may not be exceeded for PET or the
molecular weight and the intrinsic viscosity are reduced by thermal degradation [42].

Especially for postcondensation it needs to be pointed out that it needs to be stopped by fast and
intensive cooling to avoid undesirable effects. Even during the "still high temperature" phase of the
cooling process, postcondensation continues.

4.5.2 Continuous Chip Drying

Already before 1960 vapor heated rotary drum dryers with 170... 180 0C inside temperature and air as
the drying medium were used. These dryers consisted of a slowly rotating, slightly tilted tube with a cross-
section similar to Fig. 4.50. On the higher side the chips were continuously filled, continuously moved by



1) advantageous for higher capacity: water jet or water ring pre-pump and 2-stage Roots blower
2) for < 1300C, use factor ^65 . . . 70%

buckets wheels, transported by the angle along the axis and removed at the end [47]. Around 1970
vacuum vibration spiral dryers [48] with batch feeding and removal of the drying material were built. The
chips were moved upwards by vibration in a spiral groove. Both dryer types are no longer used today.

The achievable final humidity of the chips depends on the vapor steam difference between the chips
and the drying medium, that should be made as large as possible: On one side by increasing the
temperature of the chips and the drying medium, on the other side by reducing the humidity content in
the drying medium. This can either be achieved by cooling and removing the latter from the drying
medium or by removing the humidity with the help mol sieves. Sorption agents at temperatures between
100 and 1400C can be lithium chloride, or for higher temperatures materials on the basis of

Figure 4.48
Chip discharging and filling valve (right) and
sampling port (left) for Figure 4.47, with chip
gate valves according to Figure 4.66 [24]

dryer interior room

heating
jacket

filling and
discharging

chip slide valves

sampling
port

Table 4.15 Design Data for Vacuum Tumble Dryer

Vacuum
tumble
dryer
volume
dm3

50
300
600

1500
3 000
8000

12000
20000

Vacuum pump
drive

m3/h

8.5
50

100
200
500

20001}

3000
5000

kW

0.4
1.5
3
5.5
6.2

20
30
45

Drum drive

kW

0.55
1.1
3.8
5
8

10
15
25

Installed
heating
power

(for 240°C)2)

kW

11.72)

24
38
71

110
200
280
460

Cooling
area

(water)

m2

0.2
0.28
0.35
0.6
1.0
3
5

10

Vacuum
pipe

diameter

mm

32
50
80

100
125
200
250
320

Add. internal
heating

area

m2

(1.3)
2.7

6---7
9 - - - 1 0

1 5 - 1 8



Figure 4.50
Continuous rotary drum dryers for crystallization and
drying of PET chips; left: with bucket wheel, right:
with additional internal heating tube

Figure 4.49
Examples of solid phase polycondensation in a vacuum dryer
a) PA 6
b) PA 66
c) PET [24]
d) maximum molecular weight of PET as a function of the tempera-

ture, after 7 hours treatment time
e) maximum molecular weight of PET as a function of time at 250 0C

reaction time(h)e )

. | reaction temperature( 0 C)

reaction time*. 7 h
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(c) PET
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Figure 4.51
Equilibrium moisture content of PET as a function of the dew
point and temperature of the drying gas (e.g., N2 or air [52])

M g - T i O 2 - . . . (trade names: Baylith® or Zheolith [48]). Use of high temperatures is particularly
important for the regeneration, i.e., for the desorption = water transfer to the air, that has to be done
periodically after the respective water gain. The structure of the mol sieves is not changed by this [49].
Figure 4.51 shows the equilibrium humidity PET can achieve as a function of the dew point and the
drying temperature of the drying gas [52].

For drying polyamides and similar oxygen sensitive materials pure nitrogen with < 5 ppm O2 and a
dew point of under — 400C is used. To reduce cost it should run in a circle and continuously
regenerated.

Such continuous dryers with pre- and after-treatment equipment are today built for capacities of
3.. .70t/24h[50, 51].

Due to larger capacities that coincide with further specialization, there are also divisions into
crystallization and drying, the latter of which can be combined with a continuous postcondensation.

Figure 4.52
Whirl chip heater for PET crystallization [50]—capacities and
dimensions—examples

Vol. G(PET) I B a C H J
1 kg/h mm mm mm mm mm mm

290 20... 40 125 1830 215 1317 900 500
800 40... 80 200 2770 350 2002 1275 700
1200 60...120 250 3070 400 2270 1500 850

D

C

B

A

drying temperature (0C)

air dew point (0C)

2 ^

I t

•i c
5 (V

P



Semi or Fully Continuous Crystallization
Crystallization of for example PET is an exothermic process setting about 8kcal/kg = 33.5kJ/kg free.
The specific heat in PET in the temperature range in question is 1.1 kJ/K • kg, so that the chip temperature
can increase in an adiabatic process by about 300C. Under unfavorable conditions (e.g., the chips are
stationary relative to each other and their surfaces are tacky) the chips can bake together to agglomerates.
This significantly disturbs the diameter ratios, creating a heat buildup, and can cause the dryer to grow
closed. For this reason continuous heat exchange and movement relative to each other have to be assured.

In the older method this was done with a conical container [50] as in Fig. 4.52 that was batch filled
with chips from above. Then these chips whirled by hot air of 140... 1600C entering from below for
about 20 . . . 30min, causing them to crystallize. The double cones widened to the top, causing the chips
to continuously rise and drop. After drying they could be drained downwards.

In a newer fully continuous process (Fig. 4.53) chips are continuously added [50] while pulsating hot
air presses through a perforated bottom through a layer of chips of several cm. The hot air pulsation is
created by a rotating flap. The throughput speed of the chips can be regulated by the angle of the
perforated bottom. The dryer volume is about 5.7.. .6.5dm3 h/kg. Crystallization requires per m3

volume about 0.55 m3/s hot air of up to 185 0C that requires for recycling with up to 1000 mm water
column about 3OkW heating power and 3OkW fan drive power.

Figure 4.53 Fluidized bed crystallizer for PET—capacities, dimensions and principle [50]

Capacity Air intake Outside Outside Bed Total height
LxM length A width N width

kg/h mm mm mm mm mm

50 245 x 440 1850 600 322 1400
150 400 x 770 2900 905 588 2472
300 600 x 1220 4160 1228 840 2940
500 600 x 1420 4770 1628 1220 2960



Another system [51] combines crystallization of PET and the subsequent drying in a vertical tube:
According to Fig. 4.58 the chips are filled into the tube from the top and are kept in motion in the area CO
by a slowly moving agitator and are crystallized by the passing hot air. The additional agitator at the
lower cone exit from CO to Cl breaks up luted parts. The movement effect of the chips can be
reinforced by two anchor type agitators running in a coaxial fashion. The agitators run at about 3 rpm.

Continuous Drying
Continuous drying can be done in a vertical tower with slowly sinking chips and hot air flowing cross-
sectional or upwards through the chips or in a rocking bed.

Such a dryer is shown in Fig. 4.54. The chips slide down a square tower at the rate of the take-up at
the bottom while the hot drying gas flows from level to level in reversed direction across through the
chips while being heated [50].

In other systems the hot drying gas is fed into the chips from below, moves upward against the chip
flow, transfers the necessary drying heat, absorbs humidity from the chips and leaves the chips layer
relatively cool [51, 52, 55]. It may become necessary to heat the drying gas some more by adding more
hot drying gas to avoid saturation of the upper levels. If the chips are supposed to be cooled or

Figure 4.54 Column (tower) dryer for crystallized PET chips—capacities, dimensions, and required power supply
[50]

Capacity Volume Total Outside Drying zone Column Chip Power
height dimensions length dimensions discharge supply

kg/h 1 mm mm x mm mm mm x mm NW3 mm kW

200.. . 300 950 4840 712 900 460 125 70
600 4000 6075 1250 1100 854 200 140

1400 8600 6780 1500 1200 1200 250
2000 12400 7195 2020 1200 1440 250



Figure 4.55 Chip dryer systems using molecular sieve-dried air; right: with periodically switched drying air and
dehumidification step [52]; left: with continuously regenerated molecular sieve [55]
a) C h i P s / ) Fresh air
b) Drying air (moist) g) Molecular sieve being regenerated
c) Molecular sieve for air drying Q W a s t e a i r from g)
a) Air heater ^ Extruder connection flange
e) Drying air (dried)

Material PA PET PI PP Polyether PEEK
sulphone

Initial chip moisture [%] < 1 < 1
Drying temperature [0C] 75 160 120 90 150 150
Spec, air req. [m3/kg] 2.22 1.67 1.33 1.25 1.6 1.6
Drying time [h] 8 . . . 10 6
Residual chip moisture [%] < 0.01 < 0.004

Technical data (spec.) Heating power Regeneration Drive
(per m3 air) kW/m3 kW/m3 kW/m3

for 40 . . . 3600 m3/h > 0.04 0.02... 0.08 0.01

conditioned before the bottom exit, the hot gas enters above this zone, and the lower zone is treated
separately with the appropriate gas. For drying it is insignificant whether the drying gas arrives at the
necessary low relative humidity by cooling, by absorbents, or solely by heating.

It is also possible to lengthen the system in Fig. 4.53 for the crystallization of PET by a drying zone
[56] and possibly feed with a separate drying air stream.

For the drying processes it is important to clean the circulating drying gas by a dust separator from
abrasion residues.

Continuous Postcondensation
As mentioned for this the last drying zone is simply lengthened in the direction of the chip flow and fed
with a separate gas stream at the appropriate temperature [50, 51].

Drying Equipment, etc.
The aforementioned units are combined to more or less elaborate plants for drying and possible
crystallization, aftercondensing, conditioning, etc.



Figure 4.56 Flow sheet of a continuous PET crystallization and drying plant [50]

1) Supply of amorphous PET chips 10) Catalytic gas purification
2) Crystallizer according to Fig. 4.53 H) Filter
3) Pulsator 12) Chip centrifugal separator
4) Column (tower) dryer according to Fig. 4.54 13) Chip transport
5) Chip cooler 14) Transport pipe for crystallized chips
6) Chip discharge 15) Heating system
7) Heat exchanger (for air) IS) Drying zone
8) Cooler 17) Crystallization zone
9) Gas dryer

Figure 4.57
Building section of a large
continuous chip dryer similar to
that in the flow diagram 4.56
[50]
1) Crystallization
2) Drying installation
3) ditto
4) Chip cooling
5) Hot gas piping
6) Gas heating system
7) ditto
8) ditto
9) Gas cooler

10) Gas heat exchangers
11) Dust (cyclone) separator



Figure 4.55 shows such a drying unit where the heater gas is first dehumidified in mol sieves that
work alternating, and then is fed from below into the chips inside the drying tower [52]. The returning
drying gas is in part cycled and in part passed to the outside air. While one candle with the mol sieve
provides the dehumidification, the other candle is regenerated and made humidity free by the through
flow of hot air. After a time that needs to be determined the system switches to drying with the
regenerated candle. Figure 4.55 shows a similar system where both candles are replaced by a round disk
that turns slowly, so that a large portion of it works in the drying cycle while the other part is being
regenerated [55].

In the flow diagram Fig. 4.56 [50] the chips are supplied at (1) and entered through a rotary valve (13)
into the two step crystallization (2, 3) and then moved into the drying tower (4). After removal through
the lower rotary valve (13) the chips are cooled in (5) and move through an intermediate container (6) to
further processing. The drying gas moves through the filter (11) from the drying tower into the
regeneration circle (15). The hot chips are cooled and the heat from (5) is recovered in the heat
exchanger (7) that reheats the drying gas that reenters the drying cycle from below. Figure 4.57 shows the
respective building section for such a large PET crystallization and drying installation [50].

The differences between a PET crystallization and drying installation and a similar installation with
attached postcondensation become obvious in Fig. 4.58: The chips entering from Bl are crystallized in
zone CO and then dried in zone Cl. The latter has been lengthened by zone C2. The moist drying gas
removed from zone CO passes through separator Fl and filter F2. In the heat exchanger W2 part of the
gas heat is recovered. Fresh air respectively nitrogen are sucked in through a filter F3 and mixed with
the gas coming from the process, cooled for water separation, dried, and reentered into the process.
During postcondensation, part of this gas is used for cooling the chips in B2 and then lead over the
heater W4 back to the postcondensation [51].

Figure 4.58 Continuous PET chip crystallization (CO), drying (Cl) and solid phase after polycondensation (C2)
[51] Schematic of a) Crystallization and drying; b) Crystallization, drying and solid phase poly-
condensation

Bl Chip feeding V Fans
CO PET crystallization with agitator W2 Counter-current heat exchanger
Cl Drying zone Wl, W3, W4 Heaters
C2 Postpolycondensation (solid phase) N2 Nitrogen
Hl Discharge screw F Dust separator, filter
H2 Rotary valve H2 Dry chip discharge
B2 Chip cooler

b)a)
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4.6 Melt Spinning Plants

In melt spinning plants either the chips (in rare cases the powder) prepared for spinning are melted in
extruders or the melt is pumped directly from the finisher of a continuous polycondensation plant—
almost exclusively by gear pumps. The filament forming elements are usually mixing and homogeniza-
tion elements, filters, dosing pumps and spinnerets that are arranged in the necessary surrounding
temperature and connected by pipes for the respective high pressure. Figure 4.59 gives an overview over
the possible process technological and equipment combinations of machines that are needed to transform
the polymer to filaments or staple fibers. Even though some of these machines are known from other
industries as the plastics or textile industry, they have so many specific design components that they have
to be covered here. For the purpose of completeness and with reference to Chapters 4.14 and 4.15 the
diagram also shows the processes for solution spinning.

In addition to these processes of industrial significance there are further methods to transform chips
or melt or powder or paste, etc. into filaments [64], e.g., emulsion and suspension spinning [65], spinning
from an interfacial polycondensation [66], reaction spinning [67] and electrostatic spinning [68] that thus
far are only known from exceptional cases. Rod spinning [70, 66] has almost completely been replaced
by chip melting and is only used for a few low volume products [71]. Sinter spinning [72] is only used for
the production of PTFE filaments. Filaments from high temperature materials such as aluminum oxide or
titanium oxide [77], etc., or supra conductive materials [67] can be spun with carriers.

Polymerisation Plants

Chip Cutters, Granulators

Dryer

Spinning Extruder, Dissolving Vessels
Mixer, Blender

Filter

Filament Forming Devices
Spinning Heads/Beams/spinning machines
Quench Chambers/Spinning baths
Dry Spinning Tubes

Godets, Draw Frames

Washing Baths
Texturing-/Drawtexturing Machines
Dryer

Laying/Transport Belts
Winders

Crimpers

Cutters

Figure 4.59 The different routes from polymer to continuous filaments, staple fibers, fleece (nonwovens,
spunbondeds) and typical processing machines used in their production

Solvent

PolymerizationPdlycondensationContinuous
Polycondensation

Additives Granulate Powder

Melt

Homogenisation

Solution

FilteringFiltering

Melt Blowing
or Spunbond
Spinning

Melt Spinning Dry Spinning Wet Spinning

CoagulationSolidificationCooling, Solidification

Solvent Evaporation
Distortion Distortion Distortion

Drawing Drawing

WashingTexturing

(Web) Felt Laying Winding or Can Feeding

Drying

(Drawing)

Crimping

Cutting



4.6.1 Calculation of the Plant and Equipment Sizes

The products, i.e., the textile or technical filaments or staple fibers, etc., have to respond to the divers
requirements of markets and fashion as well as to the available starting materials. For this the plant and
equipment sizes and capacities have to carefully be harmonized: From this results the sequence of the
calculations: on one side from the desired final products, on the other side from the entered raw materials.
The latter is here assumed to be chips unless specified differently. In Tables 4.16 exemplified results for
calculations with the following explanations are summarized:

Provided are in general: Example
1. Material: PET, [y[\ = 0.63 ± 0.015, chips, raw white, semi dull
2. Capacity: about 5000 kg/24 h
3. Final product with yarn in average 167dtex f52 POY for draw texturing, possible

titer and number of filaments: range 40 . . . 200 dtex, individual titer range about
2.5 . . . 4 dtex (after drawing)

4. Make up of the final product: Do existing bobbin dimensions have to be used or can they
be chosen freely?

5. Special requirements: tenacity, breaking elongation, elastic modulus, Uster value,
etc. and their permitted variations

This results in the following calculation values:

a) The throughput of each spinneret is

kg/24 h x spinneret = 1.44 • 10~4 • 7K(finished) - i • v • rj (4.13)

with Jz = [dtex], / = residual stretch, v = spin take-up speed [m/min]

The aforementioned sample material is (as mentioned in other chapters of this book) taken up
with e.g., 3600 m/min and has a residual stretch of /=1.4. The efficiency due to doffing,
spinneret and pump changes, etc., shall be from experience 77 = 0.97. This results in
117.6 kg/24 h x spinneret, which in turn results in a minimum number of spinnerets of
5000 kg/24 h: 117.6 kg/24 h x spinneret = 42.5 spinnerets. If there are 8 spinnerets per position,
the plant has 6 spinning positions and an effective capacity of 5640 kg/24 h for 167 dtex final
titer. The arrangement of 8 spinnerets in the spinning head corresponds to 8 oiler pins in
the quench air chamber and 2 high speed winding heads with 4 yarn cakes per spinning
position.

b) The spinneret size with (at first typically) 4 mm distance between holes for 66 to 52 or fewer
bores in two circles requires a total hole circle length of 66 x 4 = 264 mm, resulting in:

[Dla(na) + Ai(/ii)7r = 264 mm (4.14)

D11 = .Dgpinneret — 2 x flange width — 4 x hole circle distance
= 64 mm — 2 x 5 mm — 4 x 4 mm = 38 mm

i.e., number of bores = 387r/4 < 2 9 . . . 30 bores.

As each of the two hole circles can accommodate more than 26 holes they are offset to each
other and result in 5.558 mm distance in the outer and 4.592 mm distance in the inner circle. The
hole distance between the two partial circles becomes [(4.592/2)2 + 4 2 ] 0 5 = 4.612mm.

c) Spinning pumps: for 84.17g PET/min x spinneret with y^l .2g/cm 3 density of the melt
70.14 cm3/min have to be pumped. With a spinning pump size of 3 cm3/revolution this results
in 23.38 rpm, or with 2.4 cm3/revolution in 29.225 rpm, both less than the allowable 40 rpm. If a
planetary pump with 4 x 2.4 cm3/revolution is chosen, for 8 spinnerets two of these pumps with
two separate drives per position are needed. According to Fig. 4.158 the pumps need a power
supply of 325 W each at the pump shaft: this results with an estimated efficiency of the
mechanical part of the pump drive and an efficiency of the synchronized motor of each 0.5 and
cos <p ^0 .5 about 2.6 kW at maximum rpm.



Table 4.16 Design Data for Melt Spinning Machines (Examples)

UnitStaple fibersCarpet yarnsTechnical yarns

sureA snixax

PPPETPPPA 6POY
compactradialrectangular3 colorPETPA 66PET I

quench chamber

Pa s
dtex
dtex
mm
mm

mm

m/min

g/min/ spinneret
kg/24 h x machine

mm
no. x cm3/rev.

dtex • m/min

m
Nm3/h

m/s

N/m2

m

m/min

Chips
16

500
3.3

2.5 • • • 200

450 x 60
compact

< 60 000

480

50
8

3.5
1270
14200

180 x 30
1 x 60

13 hole circles
ss 0.9mm

^380

0.025
1680

30
1500

Draw frame

1 idler
roll

Melt
0.63
250
2.5

2 - - 6
210

LOY

3413

400

1750
16

2.8- • -3 .1
2060

43000

1 x 60

7215

«0.4
1680

0 . 9 - • • 1.3
3000

1.0
cans

1 CG

Melt
0.63
250
1.75

1.1 • • -4.5

420 x 120
LOY

2570

480

1700
12
3.4

2330
40180

3 x (175 x 25)
1 x 60

10115

1.2
3130

1.5
700--1200

1.0
cans

1 CG

Chips
16- -20

500
2520fl 47

1300- -3000
3 x 100

BCF tricolor

3 x 49

6

720

580
4

3.0
522
5830

3 x (75 x 25)
3 x (2 x 20)

2 circles, offset
36250

1.9
4130

0.84
500 --900

2.5 • • •3
1 (Rev.) x 4-fold

<4000
1 CG + 2 HD

+ 1T +

Chips
2.7
140

2520fl 48
1300- -3000

182 x 80
BCF

148

2

450

580
4

3.4
522

5830
100 x 24
2 x 20

36250

1.7
4130

1.3
600- -1000

2 • • • 2.5
1 (Rev.) x 4-fold

<4000
1 CG + 2 HD

+ 1T +

Chips
0.98

2 - 104

1380f208
840- -1680

268 x 80
FOY

208

2

670

600
4
5

414
4613

90 x 24
1 x (2 x 12)

4 rows. 35 holes each
19900

1.0
1093

0.57
300••-820

2.50
2 (Rev.) x 2-fold

^4500
1 CG+ 4

HD + 1 CD

Chips
2.7

8 0 - - 1 2 0
30fl 3

1 5 - - 5 0
52

POY

13

8

520

5400
16

1.25
20.25
3620
Grid

2 x (4 x 0.6)

1 circle
15580

1.0
214

0.12
200 • • •500

2.50
2 x 4-fold

^6000
without <

with<
otherwise 2 CG

Chips
0.63

200 • • • 300
167f52

40-• -200
64

POY

52

8

670

3600
8

1.4
84.17
7500

105 x 28
2 x (4 x 2.4)

2 circles, offset
16190

0.8
890

0.46
300•••820

1.0
2 x 4-fold

^4000
without <

with <
otherwise 2 CG

Feedstock

Viscosity
Titer (drawn)
Titer range
Spinneret diameter
Spinneret dimensions
Spinning process
(compact)
Number of
holes/spinneret
Spinnerets/spinning
position
Internal quench chamber
width
Take-up speed
Spinn positions/machine
Residual draw ratio
Capacity

Spinning extruder 0 x L/D
Spinning pumps/position
Spinneret

Hole arrangement
Spin dpf x take-up
speed
Length of air quench zone
Quench air
flowrate/chamber

velocity
air supply pressure

Length of floor inter-
connection tube

Winders/position
Speed
Godets

CG = cold godet; HD = heated duo (double godet); CD = cold duo; T = texturing unit



Table 4.16 Melt Spinning Machines — Approximate Process Data — Continued

PP-
compact

MF/230/2
16

<0.05
8 pos. x 1
spinneret

each 1270

257
125

257

20

Staple fibersCarpet yarnsTechnical yarnsTextile filaments POY
PP

MFI 230/2
25

<0.05
12 pos. x 1

spinneret
each 2040

250
125

260
1.1

20 (14)

PET

[rj] = 0.63 ± 0.002

< 0.004
12 pos. x 1

spinneret
each 2370

286
125

285

20

PP 3 colored

MFI 230/2 =
25

<0.05
4 pos. x 6
spinnerets
each 87

260
100

260
1.0
20

PET-Cord

[rj] = 1 ± 0.02

< 0.003
4 pos. x 2
spinnerets
each 414

305
500

330

20

PA 6

frel. = 3.4

0.08
4 pos. x 4
spinnerets
each 244.7

275
300

275
0.45

14

PP

MFI 230/2 =
40

<0.05

each 57.62

265
125

265
0.2
20

PA66

0.5•• • 1
16 pos. x 8 s.

each 20.25

Grid: 282
Boster: 30

282
0.2
14

PET

[rj] = 0.63 ±0.02

< 0.004
8 pos. x 8
spinnerets
each 84.17

285
125

285

20

Material

Viscosity. MFI. or similar

Moisture content [%]
Capacity

[g/min]

Extruder metering
temperature [0C]

-pressure [bar]
Spinning melt temperature

[0C]
Monomer suction [m/s]
Quench air temperature [0C]

Table 4.16 Melt Spinning Machines - Raw Material Requirements per Production Month (30 d) — Continued

PP-
compact

14200

439.2

5270

Staple fibers
PP

34200

1124

12690

PET
40180

1443
14900

possibly small quantities
(1100 kg/month 440 kg/month

at 0.1% addition)

Carpet yarns
PP 3 color

5830

180.3

1442
900 kg/month

Technical yarnsPOY textile yarns
PET tirecord

4630

143.2

1146

PA 6
5470

169.2

1354

LOYPP
4900

151.6

1213

PA 66
3620

112

896

PET
7500

232

1860

possibly small quantities
(«150kg/monthat0.1%)

Raw material
capacity [kg/24 h]

Chips (totally dry)
or melt [t/month]

Spin finish [kg]
Spin dyes (0.5%)
Stabilizers

22 chambers

440
2.0
0.3

1260
28

^350
2.2

900
32

400
2.6
0.3
900
32

0.8

370
2.4
0.6
750
32

Filter area [m2]
Connection load

Power [kW]
Cooling water [m3/h]
Nitrogen [Nm3/kg]
Compressed air: Thread Suction [Nm3/h]
Control air [Nm3/h]



d) Spinneret arrangement: The spinneret housing should have a wall of at least 8 mm thickness for
an inside pressure of 300 bar, resulting in a packing thickness of 80 mm, i.e., for 8 spinnerets
640 mm width of the opening in the spinning head housing.

e) The inner quench chamber width results from the distance of the most outer spinneret holes of
these eight spinnerets plus about 2 x (20. . . 25) mm outer distance to the wall. This results in
about 650. . . 660 mm inner wall distance. If the quench chamber has a center separation wall to
protect the filaments per winding head from each other in the case of breakage, it is better to
choose 670 mm.

f) Spacing of the spinning positions: The quench chamber as well as the corresponding winding
heads have to fit into these. Two high speed winding heads of the selected dimensions (see Fig.
4.166) require 1200 mm take-up position spacing. Thus they are larger than the outside quench
chamber dimensions of about 910. . . 950 mm, and therefore determine the overall spacing.

g) Each winding head has (for example) a chuck diameter of 94 mm, a yarn package outside
diameter of 435 mm and 4 x 190 mm stroke. This corresponds to 4 x 29.81 yarn
volume = 4 x 21kg yarn weight with each 21,000 [g]-10 [km]/167-1.4 (dtex x residual
draw) = 898.2 km yarn length = 249.5 min draw winding time per bobbin until doffing. At
the draw texturing machine, this corresponds to 898.2-1.4/0.9 = 1397.2 min running time at
900 m/min. All these values are acceptable.

h) Spin extruder size: From 84.17 g/min x spinneret result 40.4 kg/h x position ergo 250 kg/h PET
for the six position plant. As the maximum titer shall be 200 dtex, the extruder has to be able to
produce 300 kg/h: either with screws 900 x 30 L/D or 105 0 x 24 L/D. This extruder will
work at about 80 rpm at maximum production which is sufficient.

i) For PET it is recommended to use a non-stop filter, requiring at 120 s average dwell time about
1 m2 filter area.

j) Sand filters are recommended in the spin pack.

k) Length of the quench chamber: from v • dtex = 3600 • 167/52 • 1.4 ~ 1.62 • 104 results a quench
way of at least 0.8 m length.

1) Spin finish oiling system: For POY adjustable in the quench chamber from 0.9. . . 1.5 m below
the spinneret. 0.8% of yarn weight finish application in 20% concentration in water require
84.17-0.008/0.2 = 3.367 g/min ^ cm3/min; at 40.. .60rpm of the finish oil pumps these must
have a size of 0.06 cm3/revolution with 8 streams per position.

m) Floor interconnection tube: One room arrangement: about 1.0... 1.5m in length, rectangular,
open on top and bottom, with 650 mm inside width and about 400. . . 450 mm depth = the lower
quench chamber depth; in old buildings: from the quench chamber floor to the upper edge of the
spin winder, with a lower flap and a yarn discharge slit. This requires a pressure differential
regulation between the air conditionings in the spinning and the winding room.

n) Turning of the filament planes: The spinnerets are positioned parallel to the winder front, while
the winding heads are positioned vertically. Thus the filament planes have to be turned between
the oiler pins in the quench chamber and the stop motion beam about 700 mm above the winding
heads within the longest possible distance with the smallest possible deviation angle.

o) Stop motion: One contact free stop motion device per filament passage, i.e., 4 each in every
aforementioned stop motion beam.

p) Chip storage above the spinning extruder: For PET one upper (e.g., with 8 h = 1 shift storage)
and one lower with 1 h storage corresponding to the filling time of the upper storage and plenty
of reserve time. About 400 kg/h chips require 6001/h; i.e., the upper storage should have about
5 m3 and the lower about 0.6 m3 volume. With an automatic chip level supervision and feed the
volume of the upper storage can be reduced considerably. During filling the upper and the lower
storage are separated by a chip gate valve DN 120. The transport medium has to correspond to
the requirements of dry PET. Before rinsing with dry gas the upper chip storage should be
evacuated with a water ring pump to about 40 mbar.



As it can be assumed that over the course of a whole year not only one titer is spun on an installation,
the annual spinning program has to correspond to this. The required changeover times have to be reduced
to a minimum, allowing a few different titers as possible on one spinning machine. The capacity of the
spin extruder installation should also be limited to e.g., somewhere between the spinning machine
maximum and 40% of the maximum to avoid lengthy dwell times of the melt.

To determine the running times per titer on an installation it is useful to calculate the running length
of the individual titers:

km filament length x dtex = 107 • t/a (4.15)
km/min (spin take-up) x /(draw ratio) x 1440 min/a x 330 working days/a

= km filament length/spinneret x year (4.16)

Both these formulas shall be explained in the following example with a total capacity according to a) of
5640 kg/24 h = 1860 t/a:

44 dtex: 744 t/a = 40% = 16.9091 • 107 km/a
77 dtex: 372 t/a = 20% = 4.8312-107 km/a

132 dtex: 372 t/a = 20% = 2.8182 • 107 km/a
167 dtex: 372 t/a = 20% = 2.2275 • 107 km/a

1860t/a= 100% = 26.786• 107km/a= 111.8 spinnerets
=14 positions of 8 spinnerets each

The annual filament km-production results from 3.6 [km/min spin take-up] x 1.4 [residual
draw] x 1440min/24h x 330 working days/a ^ 2.4 x 106 km/spinneret x year.

The same result is achieved by calculating via the average spinning titer: From the running length per
year and the production in t/a follows:

dtexaverage = 107 • [t/a]/[km/a] (4.17)

(in this example) = 1860/26.786 = 69.44 dtex

With this one can continue calculating as in a).

4.6.2 Survey of Melt Spinning Installations for Filaments

Melt spinning installations consist in principle of machines of the same name that differ only in technical
details, depending on the starting material and the product of this production step. Figure 4.60 shall
illustrate this [33]. The upper part consists of one chip storage or two (g), the spin extruder (f), the melt
supply pipe (e) to the spinning head (c) with inner installations, the air quench chamber (i), the finish oiler
system (j) and the floor interconnection tube (k) for the protection of the filaments on their way to the
take-up machine.

For spin take-up there are various alternatives depending on the final product: The center Fig. 4.60
shows a POY spin take-up machine without godets for 2 x 6 filaments per spinning position (n) with
the stop motion devices (m) positioned above. In the right figure an one step drawing system (r) is added
for the production of FDY. The left figure shows a 4 filament carpet yarn spin take-up machine with a
spin finish system (q), draw godets (r), air texturing aggregate (s, t) and two 2-filament spin take-up
heads for this BCF yarn. Of course the corresponding extruders have the capacities which correspond to
the spin take-up parts, and the spinning heads have the corresponding spin pumps, spin packs, and
spinnerets.

Additional design possibilities for the spin take-up machines are the LOY spin take-up machines with
2 godets per spinning position (see Chapter 4.9), POY spin take-up machines with godets, especially to
separate the spin take-up tensions and the winding tension, draw winding machines with 2 hot draw zones
and those with pretension and 3 hot draw zones, as especially used for spinning tire cord.

Additional differences become obvious in the following figures:



Figure 4.60 Principle design of a melt spinning machine (Barmag AG [33])

a) Spinning beam with q) Spin finish system on the take-up machine
b) Spin packs r) Godets, hot or cold, with idler rolls or godet duo
c) Spinning pumps s) BCF texturing aggregate
d) Spinning pump drives t) BCF cooling drum
e) Non-stop filter system u) Filament pretensioning system
/ ) Spin extruder v) Melt supply pipe
g) Chip hopper w) The same symbols are used in Figs 4.60 to 4.64
K) Chip gate valve x) Drive for quendi-applied spin finish
/) Air quench chamber y) Conditioned supply air
j) Spin finish application in quench z) Dowtherm (Diphyl) loss condenser
k) Floor interconnection tube a) Melt pipe
/) Turning of the filament plane P) Bobbin take-off and transport
m) Yarn sensor system y) Bobbin doffer
n) High speed winders for textile, S) Return air duct

technical or carpet yarn with E) POY take-up machine
2 to 8 spun packages each, <p) Waste yarn container

n<5) Revolver winder for 6 packages
o) Noise absorbent walls
p) Winder control elements



Figure 4.61
Section through a melt-spinning beam and quench cabinet.
(K. Fischer [51]; symbols as in Fig. 4.60)

Figure 4.61 shows the spinning part of a POY spinning plant with the melt supply pipe ( / ) , spinning
head (a-c, h) and the Dow vapor boiler (d), the air quench chamber (/) spin finish system with
dosing pump (/) and the floor interconnection tube (k). Here usually 4 to 12 spinnerets (a) are
arranged in parallel drawing planes to each other [51].
Figure 4.62 presents a sectional and frontal view of a PET spinning plant without godets [22]. The
legend explains the details.
A tire yarn spinning plant with the corresponding spin take-up machine [22] for 2-filament spinning,
drawing, winding is shown in Fig. 4.63, and a BCF spinning plant for 3-color yarns is shown in Fig.
4.64.
The following should be noted in addition to the exemplary calculations in Table 4.16:

1. The usual production rpm for the extruder should be < wmax

2. The spin pump rpm follows:

"spinpump = g/min • spinneret/{(g/cm3)melt • (cm3/revolution)pump} < ^40 rpm (4.18)

3. The melt data are specific to the material and corresponding measured values or experiences.
4. Some materials, especially PA and PP, require spin smoke to be sucked off until about

100... 150 mm below the spinneret.
5. The spin finish is specific to the material and process and has significant influence on winding,

number of breakages, and drawing.
6. The quench chamber conditions depend on individual titer and individual take-up speed as well

as on the material and its glass transition temperature.
7. The godet surface speed follows:

i;[m/min] = (105 • g/min)/(/ • dtex) = (106 • kg/h)/(6 • i • dtex) (4.19)

with i = residual draw ratio and dtex of the final titer.



Figure 4.62 PET-POY spinning plant with 6+12 positions of 2 x 4 ends each; nominal capacity: 16.5t/24h for 167dtex final titer (Automatik [22]); symbols as in
Fig. 4.60.
The complete plant comprises 3 (extruders, melt filters, spinning beams and spinning pump drives) (Automatik), 3 x 6 air quench chambers (Fourne), 3 POY
take-up machines with 12 high speed winders each, 1 doffer (AWB) and 1 external Dowtherm (Diphyl) vapor heating system



8. The double stroke number of the winding head results from the minimum traverse angle of about
7° (see Chapter 3.7).

9. The number of yarn packages per winding head has to be either equal to or an integer portion of
the spinnerets per position.

10. Up to 5000... 6000 m/min winding speed friction driven winding heads can be used—
dependent of the yarn type and finish; beyond that they should be spindle driven.

11. The maximum electric supply values follow from:
Sum of all motor connection values (without frequency drive) plus
Sum of all electric heater connection values (without inductive heaters) plus

Figure 4.63
Tire yarn spin draw take-up machine of Automatik [22]
and Rieter [170], with 2 ends per spinning position.
Symbols as per Fig. 4.60



Sum of all supplies for frequency drives (see Chapter 7.1.3) plus
Sum of all electric supplies for inductive heaters.
The total cos (p has to be considered here. In a good design the continuous operation supply
should only be 55 . . . 70% of the maximum supply.

12. Compressed air supply: The compressed air nets for filament suction (machine installed and
manual) and possibly for the texturing jets have to be completely separate from the control
compressed air for the winding heads and the process compressed air for possible air suspended
idlers and the compressed air for the controls to avoid a breakdown of the latter net during
activation of the before mentioned aggregates. Pressure ranges and compressed air conditions see
Chapter 6.5. For each of the aforementioned compressed air sets separate storage tanks have to
be provided.

13. Process parts: As the installed sets of spin pumps, spin packs, spinnerets, filters, etc., all the way
to the winding tubes have to be changed, cleaned or replaced periodically or occasionally, the
following is needed:

Manual filament suction device corresponding to the titer and speed range.
Spin packs and spin pumps: at least two complete sets, one installed and the other in reserve
or cleaning, in part in the preheating oven. 2.5 are better, 3 sets are safe plant equipment.
Spinnerets: Depending on the plate and boring dimensions and the number of fibrils:
2 .5 . . . 3 sets.
Spin filters: The number of spin packs x 350/spinneret running time (days) are the usual
yearly requirement. It needs to be considered that usually several filters per spin pack are
installed.
Quench chamber accessories: 0.5 sets of the air supply filters and the rectifiers for changing
and cleaning need to be provided.
Stationary thread guides and suction pipe tips: 5 . . . 10 sets are needed.

Figure 4.64 BCF spin draw texturing winding machine for two yarn packages per position and 3 colors per end
(Neumag [167])
Symbols as per Fig. 4.60



Traverse yarn guide and gliding inset: For start-up one set per week but at least 20 sets
should be provided, possibly bicomponent adhesive.
High speed winding head timing belts require due to the high rpm and the resulting usage a
storage of 20 . . . 50 pieces per winding head.
Winding tubes for POY and FDY are one-way tubes. Monthly supply = 30 d x 24 h x num-
ber of winding heads x number of tubes/winding head/h running time per
tube+ (10...20)% reserve.

Further important spare and operation parts are:

for the spin pumps gear sets, shafts, and speciality parts,
temperature measuring elements for the extruder, for the spinning head and possibly for the
heated godets,
melt pressure measuring elements and melt temperature measuring elements that can easily
be damaged, especially by incorrect start-up,
speciality screws for pumps and spin packs: Minimum requirement: 2 . . . 4 sets,
extruder screws (due to their long manufacturing time of over 4 . . . 5 months),
for large plants: complete high speed winding heads, bobbin chucks, friction and traverse
drums, godets and possibly induction heaters.

14. To run the plant certain auxiliaries are also needed, e.g.,

preheater ovens that heat the spin packs and spin pumps to 20 . . . 30 0C above spinning head
temperature to keep the down times for necessary changes as low as possible. This can be
done with standard heaters for up to 300 or 350 0C (for PP, PA, PET) [58] or in larger plants
such heaters where the muffles match exactly the part that require preheating. The oven
volume results from: About 18 x surrounding volume of the installed packs/spinneret
running time [d] + about 20 x surrounding volume of the installed pumps/pump running
time [d]

ca 18 x Envelopping Volume ca 20 x Envelopping Volume
of the Installed Spin Packs of the Installed Spin Pumps .
Pack Running Time [d] Pump Running Time [d]

According to this, for example 64 installed packs with 11 each and 14 d spinneret running
time plus 16 4fold pumps with 1.81 and 90 d pump running time require a preheating oven of
about (90 d + reserve) 1. The next size according to the catalog [58] has the dimensions
500 x 600 mm2 inside front x 400 mm depth.
Cleaning installations [24]: For PET, for example, TEG cleaning installations with a full
cleaning cycle of about 24 h are recommended, or for all polymers vacuum burnout ovens
with a cleaning cycle of 6 . . . 8 h. Large surface filter candle sets are usually cleaned in
TEG. The determination of the volume follows analog to the one for the preheating ovens.
If no holes of less than 0.25 m diameter have to be cleaned, an Al2O3 cleaning installation
with subsequent exhaust cleaning can be chosen. In very small spinning plants possibly an
air burnout oven up to 5500C may suffice, but it requires considerable mechanical
postcleaning.
Air conditioning: The necessary requirements are explained in Chapter 6.2.
Bobbin transport wagons and handling equipment: Spinning bobbins with more than 10 kg
yarn weight should not be moved manually because the yarn can be damaged too easily.
Bobbin handling equipment (Chapter 6.1), or for larger plants, automatic doffing equipment
(Chapter 6.1) are suited for this. Bobbin transport wagons need to be laid out for about 1
day's requirement to transport the bobbins to the corresponding next process step. Combined
wagons as creels have the advantage of reduced handling; or cans for tow for staple
processing: (2.5 to 3) times the number of cans in the can creel should be available.

For the continuous running of the plant certain raw materials need to be stored as well. Table 4.16
shows the storage quantities for chips and spin finish for 30 days for the aforementioned examples. The
necessary storage days have to be determined on location. In addition to this other materials and
auxiliaries have to be stored.



Even if chips (except for PP) are delivered ready for spinning, an emergency drying should be
provided in case the chips were in contact with outside air.

4.6.3 Chip Gate Valves

Chip storage and intermediate storage tanks are described in Chapter 4.4.2.
To block specific transport pipes and passages, Figs. 4.65 and 4.66 show two possibilities of such gate

valves. The first is manually operated with the tank connection above, two solid plates, a frame for the
gate positioned on the inside and the spindle sealed pressure and vacuum proof towards the outside. In the
transport direction it is chip proof, but not pressure and vacuum proof [24].

Vacuum proof in the direction of the chip transport as well as to the outside up to 10~3mbar is the
chip gate valve according to Fig. 4.66 [57]: Turning of the gate lever causes after pushing the gate the
opening or closing of the hydraulic sealing QiD) by a piston. The gate is only 2 . . . 3 mm thick.

Traditional ball valves are frequently used here, but they are not recommended, because they are not
free of dead space during the turning of the ball, and the seals to the ball are usually made from PTFE or
similar and thus are softer than the chips. Therefore they can easily be damaged and do not remain
pressure and vacuum proof.

In all cases installing capacity level sensors for the maximum and minimum level in the chip storage
is recommended to control the valves for the chip supply accordingly.

4.6.4 Spin Extruders

Around 1960 for the first time Dow vapor heated grid spinning heads for filament formation [59, 60]
from PA and PET were replaced by modified extruders. A spin extruder in principle looks like in Fig. 4.67
[69] and thus like the known extruders in plastic processing. There are some significant differences, that
are caused by the application:

It has to be laid out for uninterrupted continuous 8400 h operation,
the chip feed has to be water cooled and vacuum respectively nitrogen proof,
screw and cylinder have to be resistant to corrosion,

Figure 4.65
Chip gate valve, tight to outside only [24]

Figure 4.66
Chip gate valve, tight to inside and outside [59], for up to
10 ~6 bar (hD = hydraulic seal)
NW 20 50 65 100 150 200 250 300
H 80 10 120 120 120 150 150 165
Lx 61 125 147 202 275 355 425 500
L2 140 260 310 418 550 720 865 1125
L3 240 460 510 680 850 10060 1280 1630ND etc: DIN

hD



Figure 4.67 Spin extruder [22]
a) Reduction gearbox g ) . . . I) Heaters and heating zones
b) Thrust bearing m) Feeding zone
c) V-belt drive n) Shaft packing (sealing)
d) Slipping and/or overload clutch in o) Extruder barrel (cylinder)

a) or c) p) Temperature measuring elements
/ ) Extruder screw q) Insulation cover

a cylinder heater with steps corresponding to the local requirements,
best melt homogenity and constancy, especially with respect to the melt temperature and pressure.

These extreme conditions and the relatively small market led to only a few companies working in this
specialty area [33 85, 86, 22]. Since 1970 until today only about 20,000 spin extruders of 2 0 . . . 300 mm
screw diameter have been sold worldwide. In addition to this is a low number of double screw extruders
[89, 93].

4.6.4.1 Single-Screw Spin Extruder

Asides from the aforementioned details the melt pressure and temperature are measured as closely as
possible behind the screw tip in the direction of the flow. The melt temperature measuring element should
stick at least 10. . . 20 mm into the melt to avoid measuring undefined averages to the wall temperature.
Nitrated materials for screws and cylinders as usual for plastic extruders will corrode after some operating
time and significantly lower the filament quality. Therefore usually bimetal cylinders with corrosion
resistant coating [78, 79, 80] and if needed screws from corrosion resistant materials are used which are
ionitrated. The operating pressures for most textile raw materials are between 80 and 150 bar, and the
melt temperatures are between 220 and 3200C. In special cases up to 500 bar and/or 5000C may be
needed. The operating rpm for extruders of about 50 mm screw diameter are adjustable between 20 and
130rpm and for D = 250 mm between 15 and 80 rpm. Considerably larger single-screw extruders were
not successfully introduced for spinning, because the necessary melt distribution ways are too long as
are the resulting melt dwell times.

Melt Quantity and Quality
These are primarily determined by the screw geometry and rpm, possibly in connections with a mixing
head (Fig. 4.68), as well as by the heating distribution. Extruder screws can be divided into four zones,

section c-nsection A-B



Figure 4.68 Extruder screw with mixing torpedo
D) Diameter (cylinder, inside H7)
L) Total working length s) Flight width
F) Feeding zone K) Flight depth
LE) Transport zone dindex) Core diameter at index
I K ) Compression zone S0) Clearance (between barrel inside- and outer
LM) Metering zone screw diameter), in the feeding zone
LT) Mixing zone (mixing torpedo) S2) S in the zone L E , L K . . . LM or LT

S) Pitch (usually = D) h2, hi) Screw depth in the zone LE, respectively LM

but only the metering zone (LM) is relevant for the capacity, and (LM) together with the mixing torpedo
(LT) are relevant to the homogeneity of the melt. The compression zone (ZK) respectively the depth ratio
H2Ihx cause the pressure build-up (Fig. 4.74). The draw-in zone (LE) may not be too short so that the
achieved chip friction until the beginning of the compression zone provides a safe passing of the
compression zone. The mixing zone homogenizes the melt and removes inside/outside effects, e.g.,
irregularities in the temperature.

Under the condition that the aforementioned values are in the correct ratio to each other the melt
conveying quantity can be approximated with the following formula [81]:

G = 72 • 6 • D2 • Zi1 • n - (734.4 .D-h\-p-d- 104)/0? • LM) (4.21)

with G = melt throughput [kg/h], S = density of the melt [kg/m3], D = screw diameter [m], rj = melt
viscosity [Pa • s], LM = length of the metering zone [m].

Here are the groove incline = £>, the angle = 17°40;, and the passage width s ~ 0.1 • D. The first term
describes the drag flow, the second the pressure (re)-flow. A third term for the leakage flow through the
slit Si between the screw outside diameter and the cylinder inside diameter is mostly negligible. Table
4.17 shows the results of some sample calculations. Figure 4.69 shows the evaluation of extruder
capacities according to manufacturer information. Above D= 100 mm the production increase is
somewhat less than according to the interpolation formula in Fig. 4.69, because the screw groove
depths h\ become relatively smaller to obtain sufficient melt homogeneity.

Table 4.17 Values of the First and the Last Corrective Term for
PET in Formula (4.21). S= 1250 kg/m3, 77 = 250 Pa • s, LM/D = 10,
p = 100 bar

D hi «max. G1 AG G AG/G
mm mm rev. kg/h kg/h kg/h %

25 1.6 135 12.15 1.5 10.6 14.15
50 2.8 115 72.45 8 64.5 12.4

100 4.3 95 367.7 29 339 8.55
150 5.2 85 895.0 52 843 6.17
200 6.5 80 1872 101 1771 5.70

S = D

LT LM LK LE F



It is possible to increase the production rate by about 20 . . . 30% by arranging two extruders in a row,
the first as a melt starting extruder with chip feeding, the second as a melt extruder that homogenizes the
received melt at almost constant temperature (Fig. 5.3 [33]). A large area non-stop-filter similar to Fig.
4.129 should be installed behind this.

Screw Dimensions
There is extensive literature on the theoretical dimensioning of extruder screws [63, 69, 70] that we are
only referring to. For the approximate dimensioning of spinning extruder screws a more statistical way is
used here.

From formula (4.21) the approximate cut depth (groove depth) of spin extruder screws in the
metering zone can be obtained:

Hx « (1 + AG/G) • G/12yDnmax (4.22)

The resulting h\ is entered into formula (4.21), G can be obtained from this and h\ is improved
stepwise until the desired G is reached. The latter may only exceed the values in Fig. 4.69 by a few % to
guarantee sufficient melt homogeneity. Figure 4.70 shows a statistical evaluation of the cut depths hi of
spin extruders.

According to this the cut depth in the metering zone is chosen deeper with a mixing torpedo than
without. For screw diameters larger than 70 . . . 100 mm the cut depth increases with the diameter slower
than for smaller diameters what confirms the results in Fig. 4.69.

The effect of a mixing torpedo is shown in Fig. 4.71: While a normal screw without mixing torpedo
has a temperature distribution of ±l

5°
 0C, this range is reduced for a shear screw to +3 0C and for a pure

mixing head to the screw to ± 2 0C [81].
The normal screw has passages as in Fig. 4.72 that spiral around the core with the slope D. Mixing

torpedos for spin extruders should limit the shearing work to keep the resulting temperature increase in
the melt at a minimum. Figure 4.73 illustrates some screw mixing elements that proved useful in
spinning. Its length is mostly 3 D. The designs a, b, and e work in a cylinder that is smooth on the inside,
while c and d require an inside profile in the cylinder wall in addition to the screw profile.

Here it shall only be noted that there is a problem with different dwell times of the melt in the areas
near the wall and in the center of a screw groove [84]. Due to the tacking of a liquid at the wall the dwell
time in the wall zone (^0.05 • h\) can be 3 to 6 times as long as in the center area [^(0.2. . . 0.9)/^).

The compression of the screw can be defined in two ways: The depth compression xt = h2/hu that for
screws of D ~ 25 mm can be 3.0.. . 1 4 . . . 3.8, and that is reduced with increasing diameter to reach
about 2.7 at D = 200 mm. The volume compression corresponds to the ratio of the cylinder ring area at
/z2 to the cylinder ring area at ZJ1 and is quite independent of the diameter, but it is rarely needed.

Figure 4.69a
Definition of dimensions for the extruder
selection table



Figure 4.69a continued
Selection table for extruders with D < 180 mm [22], D = 25 . . . 300 mm [33] and D < 22 mm [24]

Dimensions (mm) (Rg. 4.69a) | J^* ng Weight

A B C E F G H S V ca.kg

322 388 108 252 - 80 80 450 250 65

459 394 231 257 - 90 90 615 270 100

561 231 257 - 90 90 715 320 180

638 310 403 - 125 176 910 420 360

765 310 403 - 125 176 930 420 720

1020 335 475 - 138 185 1445 500 910

1148 335 475 - 138 185 1575 500 980

J^ 810 400 710 500 160 75 ^jJo 750 1050

J^ 920 460 820 550 180 87 \™ 750 1630

1^0 1090 450 945 600 180 100 ^Jj 1000 1980

^jJO 1210 510 1068 740 260 125 ™® 1200 3100

^ 1320 530 1170 825 285 140 ^ 1400 3900

^j 1640 630. 1415 1190 360 150 ^JjJj 1400 4700

^j 1730 700 1525 1170 350 180 f^ 1400

*l™ 1800 800 1570 1115 425 170 ^jJ 1400

f6fQ 1850 800 1635 1165 400 170 ^ 1400

Screw length = 25D
Screw length (upper figure) = 25D
Screw length (lower figure) = 3OD

Screw Capacity kg/h
nmax Drive Zones Heaters

0 mm miiT1 kW No. off kW PET PA 6 PA 66 PP

131* 150 0,7 3 1,0 2,4 1,8 1,4 1,1

18 150 1,3 3 1,8 6,2 4 3,4 2,6

22 140 2 3 2,5 9,6 6 5,1 4,5

25 135 3 4 3,2 12,5 8 6,7 .6,0

30 130 4 4 4,5 20 13 10,4 10,1

40 125 10 4 8 38 26 22 18

45 120 12 4(5) 10 52 34 29 24

so2) 12() 122> 4 13 75 54 45 36
™ lZ() 15 5 16 90 65 52 42

,n 10n 25 5 19 120 85 70 56
ou 1ZU 30 6 22 145 100 80 65

7. inn 32 5 26 180 135 110 90
° 1UU 38 6 30 215 160 130 105

on in f t 48 5 40 300 220 175 140
yu iUU 56 6 45 360 260 200 " 170

irK inn 70 6 50 380 290 240 195
lu:) iUU 80 7 58 450 340 280 230

^n on 90 6 66 500 400 320 250
1ZU yu 110 7 80 600 480 380 300

,,« on 140 6 80 800 600 480 395
iMj yu 160 7 93 %0 720 570 500

17n e, 180 6 108 1050 800 650 500
1/u M 210 7 120 1200 950 750 600

1Bn Q, 200 6 108 1200 910 740 580
l»u 85 240 7 120 1350 1050 85Q 700

9nn 1600 1200 850 685
zuu 1900 1440 1020 980

™ 2400 1800 1250 1000
2:)U 2800 2100 1500 1450

-nn 3300 2300 1600 1300
JUU 3900 2Z00 2000 2000



Figure 4.71 Melt temperature distribution immediately downstream of different screws: normal, with shearing
screw and with mixing torpedo (LTM of Barmag [33])

normal screw shearing screw LTM screw

Figure 4.70
Extruder screw depth 1I1 in the metering zone (LM) as
function of the screw diameter D (statistically)—a) with,
b) without mixing torpedo of 3D lengthscrew diameter (mm, 247-25 D length)

screw diameter (mm)

a- with, b: without mixing torpedo
( 3 D length )

Figure 4.69b
Usable melt capacity of extruders at spinning (from
experimental results for L/D = 24 . . . 25). Interpolation
formula:
G (kg/h)« 1.17 7 m e l t . ^ 6 -(L:Z)/24)0-74

Material: PET PA6 PA66 PP
7meit [g/cm3]: 1.25 1.00 0.9 0.68
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The screw geometry considerably influences the pressure build-up in axial screw direction. Figure
4.74 shows some typical examples. The best method to measure is the installation of pressures sensors in
the cylinder wall (e.g., type "Dynisco" [73]).

A speciality screw shape is shown in Fig. 4.75: the degassing screw. With it the melt is degassed of
monomers, low boilers, humidity, etc. by arranging a vacuum in zone Ey. It is important of the
construction that the subsequent transport zone Ms removes slightly more material from Ey than the first
transport zone MG feeds into it, so that zone Ey is not filled.

There are few theoretical concepts discussing the division of the screw zones. The feeding zone
should build up sufficient pressure with the chip friction at the beginning of the compression zone to be
able to overcome the latter. The compression zone should be long enough so that the chips are completely
melted when entering the metering zone. A longer metering zone improves the feeding constancy and the
melt homogeneity. 3D mixing zone length has been mentioned previously. A total screw working length
of (24. . . 30) D considers the standard by now. A division into zone lengths according to Table 4.18 has
proven useful.

As material for screws with D < 40 mm 1.4122 is preferred with 16.5% Cr and (T02-, 300°c > 50 kg/
mm2, ionitrated and polished. Larger screws can be manufactured from the same material, but
depending on the corrosion and friction requirements by the chips and the melt, the optimum material
should be selected. For larger screws up to 6000C material 1.4948 is recommended, ionitrated and
polished. As a material for the cylinder material 1.4006 is preferred, inside centrifuged. The radial space
at D = 60 mm should not be more than 0.05 mm and increase to 0.1 mm at D = 200 mm. In the first 3D
of the feeding zone the radial air is often increased to 0.3 . . . 0.4 mm. The cylinder bore is in the DIN
tolerance field H7.

Screw Drive Power
It theoretically has to be sufficient to melt the chips by transferring mechanical work into heat, i.e.,

(4.23)

Figure 4.73
Extruder screw mixing elements
a) Pin mixer, e.g., Barmag's LTM [33] or Fourne's

[24]
b) Rhomboid mixer with flights in clockwise and

counterclockwise milling paths (simple to manu-
facture)

c) 3 DD mixer with countercurrent screw arrange-
ments in the screw and barrel (Barmag [33])

d) Cavity transfer mixer (CTM) with ball-shaped
cavities in screw at barrel (e.g., Gale/Rapra; Davy
Standard, USA [85])

e) High shear (Maddock) mixer (the melt inlet chan-
nels are separated from the forwarding channels by
a barrier)

Figure 4.72
Screw flights a or b in
Fig. 4.70



Figure 4.74 Approximate pressure build-up in single screw extruders
A) for a screw with short transport and feeding zones, and a long, progressive compression zone

(1 = theoretical pressure)
B) for short feeding and compression zones and a long metering zone
Q for a short compression zone screw ( < D)
D) for a 2-step degassing screw (compare Fig. 4.75)

A C

kg/cm2 kg/cm2

B D

kg/cm2 kg/cm2

D L/D LE/D LK/D LM/D Lx For polymer
mm

13.. .25 25 10 4 11 - PET, PA, PP
30. . .50 25 9 4 9 3 PET, PA, PP
>50 25 8 4 10 3 PET, PA

27. . .28 8 4 13. . .12 3 PP
^90 25 8 3 . . . 6 11 . . .8 3 PET, PA

28 8 3 . . . 6 12 . . . 9 3 PP
30 8 4 . . . 5 14 . . . 13 3 PET, PP

200 30 8 5 14 3 PP

Figure 4.75 Example of a degassing screw (for internal barrel diameter = 75 mm, H7)

Table 4.18 Zone Lengths of Extruder Screws

L



For large extruders the specific drive power NIG can be reduced slightly. Simplified: NmotOT max/
Gmax = 0.23 . . . 0.17kW/kg for D = 25 .. .200mm.

Figure 4.76 shows a statistical evaluation of the spin extruder drive power.

Maximum Screw rpm
The numbers on production rates of spin extruders thus far, especially Fig. 4.69, refer to melt viscosities
of 200. . . 300 Pa-s. To avoid too high heating of the melt by shearing and friction the maximum screw
rpm is reduced. Figure 4.77 shows some empirical values.

Grooved feeding zones as well as adiabatic extruders that heat and melt solely by frictional work,
never obtained significance in spinning.

Heating Power for Extruder Cylinders
For spin extruders with L:D = 24 . . . 25 the statistical diagram Fig. 4.78 can be summarized:

heater « 0.8 • D[cm]^[kW] (4.24)

For longer or shorter cylinders with degressive heating distribution from the chip feed to the front:

ĥeater.Z, « ihl^f6 • N^^ (4.25)

Cylinder temperatures above 3400C also require a higher heating power:

^heater,r2,max « (T2ZT1 = 340°C)°-6 • iVheater,340°C (4-26)

s c r e w d i a m e t e r ( m m )

Figure 4.76
Motor driving powers of commercial extruders [22,
24, 33] with LZD = 24... 25 and 30. Nmax

(kW) < 0.926 D1 877 [cm]

screw diameter (mm)

Figure 4.77
Maximum extruder screw speed as a function of the screw
diameter D and the melt viscosity rj
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Figure 4.78
Statistical heating power of extruder barrels when using
progressive heating rates, for L/D = 24.. . 25 and 30

Up to 340 0C Mecanit heating bands are used, above that up to 550 0C radiant/ceramic heating bands
or resistor heaters cast in brass.

For degressive heating distribution the following scheme is recommended:

from feed to the front flange

length ca. 0.2 L 0.2 L 0.2 L 0.2 L 0.2 L
with about 42 27 15 8 8% of power input
at max. flux of 5 . . . 6 3 . . . 4 1.5... 2 1 1 W/cm2

for 3400C max. cylinder surface

Additionally there are two different operating systems for the heat temperature distribution along the
cylinder (for spin temperatures & 260 . . . 300 0C):

water cooled feed with immediately following highest cylinder temperature, e.g., spin temperature
(Ts) plus 60 0C, in the second heating zone Ts + 40 0C, in the third heating zone Ts + 20 0C, and
starting from the fourth heating zone constant at T8. This process is not critical, because the still cold
chips are melted after the fourth zone and heated to melt temperature, or
with increasing temperature, e.g., water cooled feed with directly following Ts—about 600C, then
Js — 30 0C, and then Ts = spin temperature.

Model Laws
To transfer empirical process and design data of known extruders (with index 0) to other sizes (no index)
without significant changes of the design details model laws are used that define the new dimensions in
dependence of the screw diameter and effective length with exponents. They are more precise if the
changes relative to the known extruder models are limited. Dimensions variable with the screw diameter
are from Fig. 4.79, fix exponents are from the following table:

screw diameter (mm)
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Figure 4.79
Experimental results for use with the model
principles

Variable Theoretical [82] ij/ Experimental, Figure

Flight depth Ht0 = (DIDoM 0.52 4.70
Flight clearance SfS0 = (D/D0)\j/ 0.52 4.68
Zone length LM/LM0 = (DZD0)

1 + w 1.0
Maximum rpm n/n0 = (DID0) ~

x 1.73 4.77, 4.79
Output VIV0 = (DID0)

2+ *-x 2 .36. . . 2.3
Output, based on
Screw length V/V0 = (LIL0)

x~l 0.74 4.70
Drive power NIN0 = (DID0)

2 + * ~x 1.975
Drive power, based on
Screw length NIN0 = (LIL0) = 1
Torque M0IM^ = (DID0)

2 + +
Heating power HIH0 = (DID0Y 173 4.78
Specific melt weight y/y0 = y/y0

Construction Notes
Spinning extruders have to fulfill the following conditions additionally to the mentioned requirements:

guaranteed uninterrupted production of 8400 h = 350 d,
screw and cylinder have to run well together and to be resistant to corrosion. Thus the cylinder is
usually centrifuged with an appropriate metal alloy, e.g., Xalloy 314 [65] or Reiloy [66], water cooled
fill studs and cylinder part,
provide inert gas entry at the chip valve, and
seal screw to the back,
design cylinder wall thickness for an inside pressure of > 1.5 x maximum production pressure at
maximum production temperature, i.e., at least for about 600. . . 700 bar at 320 0C,
space between screw and cylinder: normally about (0.0025 . . . 0.0015)/) for small... large extruders
pressure bearing housing either for double roll axial bearings (Fig. 4.80a) or for self-aligning axial
back pressure roller bearings combined with two radial bearings. Theoretical life span >200,000h,
for D > 25 mm circulating oil lubrication with pump and oil filter.
pressure bearing housing, especially for self-aligning axial roller bearings, have to be machined in
one clamping,

screw diameter (mm)

kW
h 

/k
g 

n 
(r

p
m

 )
capacity

driving power

nmin

driving power
:with°Ut mixin9 torpedo

nmax (for 2x500 Pa-s)



Figure 4.80
Extruder bearing blocks
a) with twin pressure roll axial

bearing
b) with self-aligning axial thrust

roller bearing

reducing gears with angled teeth directly or set onto the pressure bearing shaft,
Motor gear entry needs to be connected by a V-belt drive of sufficient dimensions,
screw connected with pressure bearing shaft by counter running screw that can be removed to the
front for screw replacement; then press the screw out from back with a threaded spindle,
temperature eveness in the metering zone better than ± 2 0C,
pressure control in front of the screw tip more precise than ± 3 bar up to about 70 bar, and above that
±2%,
possibly provide melt guiding temperature system,
for melt extruders continuously even heating from intake to front.

4.6.4.2 Double-Screw Extruders

Only very few companies use it as a melt extruder for spinning filaments, and it is usually replaced in new
spinning plants by single screw spin extruders. Nowadays the double screw extruder is primarily used to
transform powder to chips, to compound, i.e., to enter additives and/or dyes into the melt, e.g., to produce
master batches, and to mix several melted polymers. It is also used as a reactor for plastics preparation
[31, 89] and as a finisher in the final step of a poly condensation, usually with an increased volume
(Fig. 2.51).

For melt spinning the normal volume double screw extruder with synchronized combing screws is
almost used exclusively with the following advantages: very good self cleaning, distribution and division
effects, pressure guidance, even under high pressure or vacuum, and good lengthwise and cross-sectional
mixing effects. The double jacket housings can easily be heated. The screws allow a high driving force to
be entered into the polymer. However, they can only be used for melt dwell times under 7 min and due to
their construction in comparison to a single screw extruder of similar power they are relatively expensive.
Detailed descriptions are given in [63, 83, 84].

Figure 4.81 explains the effects of the double screws:

self cleaning of the screws by reciprocal stripping motion,
transport in a system that is lengthwise open: The screw threads form continuous channels from the
entry to the tip.

a)

b)



Figure 4.81
Principle of a unidirectional combing twin screw system and explanation of the operation of kneading discs

Transport characteristic mostly represents a drag flow with only partial forced flow,
resulting in a very narrow dwell time distribution yet good mixing of the melt.

This results in special applications. The free surface of the melt is a good approximation of the
surface over the sump of a vapor grid spinning head (Figs. 2.32 and 2.33), so that humid PA 66 can be
processed. Melting PET chips (dried, of course) does not require crystallization. PP powder can be
processed to chips or filaments with targeted reduction of the molecular weight.

Technical data and powers of typical double screw extruders [89, 93] are in Table 4.19.
For design reasons the double screw extruder cannot be built smaller than 25...3Omm screw

diameter. The narrow parallel guidance of the two screws requires a special back pressure bearing design,
an example for which is shown in Fig. 4.82 [94].

The chip entry needs to be dosed so that the screws are not completely filled. This can be done with a
chip dosing screw as in Fig. 4.83. For larger double screw extruders the screws can be assembled in a
module system, so that transport, melting and mixing can be combined. Figure 4.81 demonstrates the
effect of two kneading disks [93]: this is especially important for compounding.

A miniature double screw extruder with D = 2 x 15 mm and 0.5.. .2kg/h output for laboratory
purposes is delivered by [95].

4.6.5 Spinning Heads and Spinning Beams

Spinning heads are loaded with granulate, melt it and dose its distribution to the spinnerets. Spinning
beams are loaded with melt and dose its distribution also to the spinnerets. Production spinning heads are
dow vapor heated to about 3 2 0 . . . 340 0 C, as are spinning beams.

Table 4.19 Technical Data of Twin Screw Extruders

For D nmax Drive Heating1^ Capacity Screw
polymer (motor) (G/A^max) • 1°~3 depth

mm rpm kWh/kg kWh/kg kg/h t/D

15 0.2

PA, PET 25 300...450 0.23...0.28 0.42 2.4. . .3 0.17
and others 40 300...400 0.22...0.27 0.1 4.4...5.2 0.18

75 300. . . 350 0.21...0.263) 0.074 4 . 1 . . . 5.3 0.17
130 300 0.2...0.253) 0.043 4 . 1 . . . 5.3 0.15

NoPA, 240 180... 200 0.173) 0.033 6.4 0.14
PET 300 160 0.153) 0.0282) 6.7 0.136

1) = for L/D = 28 2) = L/D = 36 3) = Motor power increased by up to x 1.4

Next Page



4.6.5.1 Spinning Heads

The principle of a dow vapor heated spinning head and its self regulating leveling of the melt was
explained in Fig. 2.32. To increase the melt surface area and the chip pressing to the surface Fig. 2.33
shows a design that in a similar form is still used today.

Due to the low melt production melt can only be delivered to ( 1 . . .4) x 2 spinnerets with each
spinneret needing a dosing pump. The usual arrangement of the spinnerets for double spin take-up
machines used to be two rows with approximately 610 mm cross distance and per row two spinnerets
with an approximate gauge of 410 mm. This kept the melt distances very short, so that the dwell time
made these spinning heads especially suited for PA 66 fine monofilaments (2 per spinneret) and
multifilaments up to 40 dtex; this was for the earlier common LOY spinning at 800. . . 1300 m/min take-
up speed as well as for today's POY yarns up to 6000 m/min.

The melt grid allowed for PA 66 the use of wet granulate that dries before and during melting evenly
to the optimum spinning humidity; the resulting water vapor functions as an inert gas.

Detailed descriptions, capacity evaluations, etc. of this and similar spinning heads see [59-61, 70, 75]
including an electrically heated [76] with a star grid and a melt level control by electric conductivity.

Electrically heated spinning heads for trials and temperatures above 3500C: see Chapter 4.6.4.3.

Figure 4.83
Chip hopper with agitator and
stuffing or dosing screw

Figure 4.82 Installation of special axial roller bearings in a
gearbox for twin screw extruders (FAG [94])
1) Axial cylinder roller bearing type 811 . . . (shaft h6, housing H9)
2) Cylinder roller bearing/special type (shaft m6, housing H)
3) Cylinder roller bearing SL 1850. . . C3 (shaft h6, housing N7)
4) Axial tandem roller bearing T4A4... (shaft f6, housing F7)
5) Needle bearing NA49.. . C3 (shaft k6, housing H7)



4.6.5.2 Spinning Beams

The above mentioned spinning heads cannot handle today's quantity requirements of PET, PA 6, PP, and
PA 66. Therefore 2 . . . 12 spinning positions with the corresponding gauges are combined in an usually
dow vapor heated beam that accommodates the distribution of the melt and the necessary number of
spinning pumps and spinnerets. Especially for PA 66 there are some polymer specific limits: The melt
dwell time between the end of the extruder compression zone and the exit from the spinneret should not
be more than 4min (maximum 7min) to avoid depolymerization (see Chapter 2.2.4.4). This time limit
exists in similar form for the other melt polymers as explained in Chapter 2 specifically by polymer.
According to this the melt dwell time and the resulting pipe systems, temperature constancy and its
control, are the most important dimensions for spinning beam design. As this is also valid for solution
spinning, the following chart provides an overview over the important elements and conditions of
filament production.

From

Tup to
using
Heating
Pressure range1}

Housing
Spinning
pump
to Extrusion

Filament production

Melt

220.. .5000C
spinning head or beam
Dowtherm vapor, electrically
up to 400 (600) 1000 bar
6 bar
100.. . 150 bar over pressure
ranges as in pipes
in air or inert gas (or water)

Melt or solution or solid

spinning cylinder and piston
as per left or right
up to 200/500 bar

as per left or right

Solution

approx. 1500C
spinning pipe
none or liquid
up to 30 bar

up to 30 bar

in air, inert gas or spinning
bath

1} Melt pipes

The spinning capacity per spinneret can be calculated according to Chapter 4.6.1, part a), or
according to

G [g/min] = 10"5 • * • dtex • v [m/min] or kg/h = 6 • 10~6 • v • dtex • m/min (4.27)

with

dtex = final titer of the desired filament
v [m/min] = take-up speed

i = residual draw ratio

Further in numbers:

tons/year & 8 • kg/h respectively
lb./year « 18,500 • kg/h « 770 • kg/24 h

The size of the spinning pump results from Fspec pump < (g/min)/40 • y
with

y = melt density [g/cm3]
40 = maximum allowable production rpm of spinning pumps [rpm].

The cross-sections of the pipes and the static mixers corresponding to the boring dimensions of the
spinning pumps or follow from:

d{[cm\ w 0.146V(g/min)/{(cm/s) • y[g/cm3]} > 0.6 cm (4.28)

for 2 cm/s < w < 5 . . . 6 cm/s (Fig. 4.118)

If the supply pipe is split into 2 different connection pipes the supply inside diameter = V2x of the
further diameter.



If the supply pipe is split into 2 equal further pipes the following is valid:

LA-d^=LB-dfB and <&+4=4> (4-29)

Pipe curves should be done softly, i.e. with as large a diameter as possible. Especially for PA 66 the
pipes and branches must be easy to clean or possibly even to remove, because otherwise even 20 min of
dwell time can lead to residues of depolymerization.

The following examples shall demonstrate this:

Spinning product 167/52 dtex PET 2300/144 dtex PA 6 2000 x 1.75 dtex PP

Take-up speed 3600m/min 600m/min 1300m/min
Residual draw ratio 1.5 3.4 3.4
Capacity g/min (hg/h) 90.18 (5.4108) 469.2 (28.152) 574.6 (34.476)
Density 1.25 g/cm3 1.0g/cm3 0.68 g/cm3

Pump size > 1.8036cm3/rev. > 11.73cm3/rev. > 21.125 cm3/rev.
Pipe diameter to pump = 0.8 cm = 1.6 cm = 2.2 cm

For the distribution from the spin extruder connection or from the continuous polycondensation to the
individual spinning positions it is necessary that the dwell times of the melt are as short as possible, and
consequently the pipe lengths and their inside diameter and curving radii should be as equal as possible.
Figure 4.84 shows three possibilities for pipe layouts. The fork like distribution of the melt flows results
in the shortest dwell times, but in unequal dwell times if one of the spinning positions is stopped. The star
shaped distribution has the advantage of equal dwell time—even when deactivating one spinning
position—but the disadvantage of the longest dwell time on the way to all spinning positions. For that
reason often a mixed pipe layout is chosen.

It is important that the melt pipes can run empty without pressure supply; i.e., all pipes should have a
slight slope to the next opening, as shown in Fig. 4.85 in the left half. In no case they may droop or build
sacks (Fig. 4.85, right) where the melt can stay during standstill. Spinnerets connected to such pipes start
"sniveling" after brief production runs, while spinnerets with sloped supply pipes have 5 to 10 times the
running times, as observed in PET staple fiber spinning.

Figure 4.84
Possible melt manifold configurations for
spinning beams and/or to spinning positions.
Top: forked distribution behind each joint
Middle: central distribution with equal pipe

Lengths to each spinning position
Bottom: mixed system



Figure 4.87
Dwell time distribution of a PA6 melt stream in a pipe of 38 mm
internal diameter
(zp = average dwell time ̂  5.8 min)

distance from pipe center
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Figure 4.86
Melt manifold of a 6-position spinning
beam for 3 color BCF spinning with
2 x 3 spinnerets/position (Automatik
[22]); top view, open

How tight the system of a 6-position spinning beam for 3 colors BCF can become when observing
these conditions is shown in Fig. 4.86.

When calculating the fully formed melt pipe flow of the flowing non-Newtonian liquid, e.g. for PA 6
with R — 3.8 cm, L— 15 m, g = 200kg/h at 2400C, after these 15 m there is a pressure reduction of
~ 43.7 bar and a speed distribution according to Fig. 4.87 with t = dwell time of the melt (= inverse
proportional to the speed), in the center approximately 2.8 min, in the average 5.2 min, and in the flow
near the wall t ̂  20 min. Thus for reasons of stability the dwell time of the melt in this flow needs to be
considered carefully [96].

Figure 4.85
Melt distribution in a spinning beam
a) Melt supply:
Left: falling pipes: bl, b2 to the spinning

pumps; cl, c2, to the spin packs dl, d2
Right: b, c, d, 3, 4: partially rising pipes and

looped are incorrect!

-t



Further aspects for the selection of the heating method are:

For temperatures up to 257 0C a liquid circulation heater is advantageous.
For temperatures of 257 . . . 340 0C the dow vapor heating is optimal.
Above 360. . . 4000C a direct electric heater is to be used, even though the temperature variations
increase with increasing temperature.
Above 700.. . 8000C only a direct resistance heater is possible, in which for example the spinneret
from Pt-Rh-80:20 is used as the resistor and the intensity of the current is only a few amperes.

Further heating methods: see Chapter 6.3.
The advantage of the dow vapor heater is the constant temperature of the complete piping system

from the extruder connection or the polycondensation plant including possible large surface area filters,
distribution pipes, etc. until the lower edge of the spinneret. For a good functioning it is necessary to have
a common connection pipe above the highest point of the system (of same temperature) that leads to a
dow vapor loss condenser (Fig. 4.88) that ensures by a water cooled condenser (b) that the dow vapor
continuously moves through the whole system and returns as condensate. The associated safety systems
are explained in the Figures.

Since the extruder measuring head, i.e. the connection piece to the melt pipe system, is certainly one
of the highest points in the heating system, its design details are explained in Fig. 4.89. The (TEA) above
the measuring head causes an alarm as soon as decomposed products and air mixed with the dow vapor
reach it from above and the temperature drops below the operating temperature of the system. Latest then
the system has to be de-aerated. By removing the front flange/and the coarse sieve s for the protection
of the piping system against big particles it is possible to remove the extruder screw towards the front.

Table 4.21 makes recommendations for the construction materials from the extruder cylinder to the
melt pipes to the spinning beam, except for those cases where for corrosion reasons even more corrosion
resistant materials have to be chosen.

Already Fig. 4.84 showed that between the extruder measuring head and the individual spinning
beams distribution pipes may be needed that also require constant temperature and distribution. For
example they start according to Fig. 4.89 at the measuring head and are connected to three spinning
beams. To accommodate the heat expansion between the melt pipes and jacket and the building fix points
of the spin extruder and spinning beam, such expansion elements as shown in Fig. 4.90 have to be
included [81].

Spinning head,
spinning beam,
heating chamber

D x L < 250 x 400
< 5500C
< 3400C
< 3500C
< 5000C
<600°C

< 450 x 400 x 200
<400 x 300 x 2000
< 600 x 400 x 5000

Type of heater

electric
radiant
Mecanite
aluminum shells
brass shells
gray cast shells
iron shells
oil. liquid
Dowtherm (Diphyl) vapor, with sump,
with direct condensate drainage

Achievable
temperature
constancy

±°C

5
3

2.5
2.5
2.5

3 . . . 4
2 . . . 2.5
2 . . . 2.5
1 . . . 1.5

Melt

PP
PA 6
PET

PA 66
PEEK

Necessary
temperature
constancy

< ± ° C

3.5. . . 4
2 .5 . . . 3

2.0
1 . . . 1.5

3

The filament quality is also influenced by the temperature constancy of the melt supply up to and
including the spinning beam. In time and space it has to stay in the experience values for individual
polymers in Table 4.20. This table shows the achievable temperature constancy for types and sizes oi
jacketed pipes and spinning beams in dependence of the heating method. According to this, for example
PA 66 can only be spun with a spinning head or spinning beam that is heated with dow vapor with
condensate formation and a direct and complete drainage of the condensate without sump.

Table 4.20 Achievable and Permissible Temperature Deviations, Melt Pipes and Melts



Figure 4.88 Dowtherm vapor loss condenser
a) Dowtherm vapor from user
b) water cooled condenser
c) rupture disk for overpres-

sure (or safety valve)
d) overflow receiver
e) condensate return
J) vacuum connection

Figure 4.89 •
Extruder connection ( = measuring) head with sensors
for melt temperature (TE), pressure (PE) and Dowtherm
vapor temperature safety alarm (TEAL). Example:
75 mm screw diameter extruder with
/ ) front flange for screw removal from front
s) coarse sieve (for coarse particles in the melt, e.g.,

metal parts)

Designs
Spinning beams in principle are rectangular containers, preferably from vessel sheet metal H II for
temperatures up to 3200C, as well as vacuum and pressure up to approximately 6 bar (cold), with an
inspection requirement by TUV [6] with all the necessary build-ins, usually from material 1.4541. Since
they are manufactured at room temperature but usually operated at 260. . . 300 0C, it should be accounted
for an increase in length of about 4.2 mm/m length between the two temperatures—on one hand to adjust
fix dimensions of the building and the take-up machines, on the other hand to adjust between the housing
and the inner pipes that have to absorb length differences of about 1 mm/m length, best by curves in the
piping.

A cut through spinning beams for textile filaments is shown in the Figs. 4.91 to 4.94 [22, 2, 3]: Fig.
4.92 shows a spinning beam with melt valve and pump connection beam that depending on the number
and the type of spinning beams and spin packs can be exchanged. The spin packs for textile filaments are
relatively light and are bottom loaded and secured with flange screws. The distribution beam above it can
stretch over several spinning beams.

to Dowtherm
loss condenserV

TEAL

melt supply

Sf"

TE

PE

bJ to spinning beam



Table 4.21 Materials, etc., for Spinning Machines up to 600 (70O)0C

Materials for

Apparatus construction
Machine parts
Extruder, barrels,

screws
Clearance (cylinder/screw)
Electric heating for < ± 100C

for < ± 5 ° C
Electric power supply
Insulation = A^C^-felt
Pack filters, woven,

edging gasket
Spin pumps

- Driveshaft tang

Temperatures
<450°C

H 1.4571 and H.
1.4541
1.4006
1.4122
Standard x 1.3
ceramic heating band

<600°C

1.4541 or 1.4948
1.4828 or similar

1.4921
1.2787
x 1.4

Electric resistor heating rod cast in Br or Ms radians sealed
1.3
^150
1.4408
AlMgZr
Barmag/Feinpriif.
for cleaning up to 5500C
Nichols-Zenith for 7000C. up to 300 bar

1.5
§=180
1.4541
1.4541
Zenith

1.4828

<700°C

1.4909
1.4909

±8°C

^210mm

from extruder

Figure 4.90 Example of a melt distribution
manifold; symbols as in Fig. 4.89
and additionally
d) Flanges for connecting melt

pipes to the spinning beam
e) Flanges for connecting

Dowtherm vapor and
condensate return to the
spinning beam

Figure 4.91
Cross-section through a spinning beam for top-
loading spin packs, with welded-in pump mounting
flange (pump block). (Automatik [22])



Figure 4.92
Cross-section of a spinning beam with an
exchangeable pump block [22]
a) for spinning pumps
b) spin packs
c) bottom-loading
d) melt feeding pipes in Dowtherm vapor

housing
e) condensate return
/ ) spinning pump driveshaft
g) freezing valve

Figure 4.93
Dowtherm vapor heated spinning beam with electrical
heating of liquid Dowtherm in the sump (g). Symbols as
in Fig. 4.92, and additionally, h) partly removable
insulation. The toploading spin pack (c) is seated against
the pump block (a) by means of a jacking screw (j) [2]

Figure 4.94 explains for a spinning head with top loading spin packs the connection of the spinning
beam with a dow vapor heating system. Here the spin pack is pressed with a pressure screw against the
melt supply pipe and tightened.

The principle of a spinning beam that is particularly flexible with respect to spinnerets and spinning
pumps is shown in Fig. 4.95a [24], where spin packs, distribution beam and pumps can be changed from
the top. At the same time it is indicated how the dow vapor sump heating system can be designed with
resistor calrods in the sump of the box. In the cold state the level of the liquid dow should be
20 . . . 25 mm above the upper edge of the calrods. For control it is also necessary to have a level control at
the outside that looks out of the insulation with a mirror reflex indicator. Figure 4.95b is a photo of two
such spinning positions [33].

Figures 4.96 show a particularly simple spinning beam for staple fiber spinning with bottom loading
spin packs and pump drive from the top. The disadvantage of this design are the hanging pipes between
melt supply and each spinning pump.

Should the spinning head be liquid heated, it is necessary to provide installations in the heating
medium flow that direct it in such a way that it will reach otherwise dead corners at sufficient speed to
ensure the necessary heat transfer numbers (Fig. 4.97).

Of course the spinning beams have to be sufficiently insulated. To the bottom usually 40 mm
insulation thickness are sufficient, and to the other sides 150 mm. The insulation should be closed to the
bottom by a stainless steel sheet to keep spinning vapors out, with fitting and dished openings for



Figure 4.94
Spinning beam for 8 spinnerets/position, top-loading; each
spinneret is divided into 2 kidney spinnerets with 8 double
stream metering pumps; with external Dowtherm-vapor heating
system (Karl Fischer [3]); symbols as in Fig. 4.90.. . 4.93 and
/) Dowtherm vapor distribution pipe,
j) electrically heated Dowtherm vaporizer,
k) jacking screws for spin pack sealing

changing spin packs. To the other sides covering with galvanized steel sheets or better from Al 99.5 is
sufficient. The latter has to be easy to exchange in this area for pump changes and in the case of top
loading for spin pack changes. The surface temperature of the insulation should be <60°C.

The mentioned changing of spin packs has led to the development of specific spinneret diameters and
shapes that can each be arranged in a row per spinning position, but that also determine the minimum
gauge. Figure 4.98 is a selection table of a producer [22] that exists similar to other producers [3, 4, 33,
etc.]. Thus for a textile titer program spin packs with 4 to 16 spinnerets for coarser and finer titers can be
used in the same spinneret mouth. The same is true for the changing of 2 rectangular spinnerets (e.g. for
carpet yarn) for up to 2 x 3 round spinnerets for 2 filaments—3 color carpet yarns; Fig. 4.91 shows the
cut through the corresponding spinning beam for top loading.

Heat Requirements
The spinning beam leads the melt without loss of heat from the supply to the spinnerets. Even for a
possible temperature increase due to the pressure reduction in the spin pack no heat is needed.

A heat requirement calculation is easiest done for a liquid heated spinning beam, using Fig. 4.97 as
an example. It has for an 800 mm gauge an insulation surface area of 2.6m2/center position and 3.2
m2/end position with an average of 50 0C surface temperature at an assumed room temperature of 30 0C.
The opening of the spinneret mouth shall be 500 x 180 mm = 0.1044 m2/position at 2800C. Due to the
chimney air flow around the spinning beam a = 20 kcal/m2h K can be assumed. This results in a heat
loss of 6561 kcal/h. Added are estimated values for heat ruptures, pump shafts, hinges, etc. of 1440 kcal/
h. Together this is 9.3 kW. Marlotherm as a heat transfer oil has a specific heat of 0.696 kcal/dm3K. If



Figure 4.97
4-position spinning beam, liquid
heated, with special flow guiding

and distribution vanes

Figure 4.95 Example of an exchangeable spinning beam with U-shaped Dowtherm vapor housing and
exchangeable interior parts; symbols as in Fig. 4.92.. . 4.94
a) Schematic drawing
b) 2 position spinning beam for 4 double stream metering pumps and 8 spin packs/position (Barmag

[33])

Figure 4.96 Section of a simple 6 position staple fiber spinning beam
(symbols as in Fig. 4.92)



10C (K) temperature drop between inflow and outflow is permitted, the circulation quantity becomes
11.5 m3/h plus supply loss quantity, resulting in the calculated pump size that needs to be designed for a
pressure loss of Ap ^ 1 . . . 2 bar.

The heating power for the same spinning beam results from e.g. 100 kg/100 mm length plus
40 kg/100 mm length for the insulation with csteei^0.12 and CjnsulatiOn & 0.2 kcal/kg K. The beam is
heated from 20 to 2800C, the insulation to the average value. Thus the necessary heating power is
33,380 kcal/h x position. This requires for 4 positions and 12 h heating time additionally approximately
16m3/h pump and heating power, respectively about 3OkW plus pipe losses plus safety. This will
require a heater of about 5OkW with a pump power of about 30m/h.

This calculation is valid with the corresponding data for dow vapor heaters, where the pump with its
power needs can be left out, but the piping has to be dimensioned appropriately.

Melt Temperature Changes Due to Differences to the Heating Room Temperature
When spinning often crimping filaments can be observed that they are due to the difference in
temperature of the melt near the wall to that in the center. According to Fig. 4.99 this temperature
difference creates a bicomponent structure of the filament formed from the two components, that has
different shrinkage properties in its two halves and thus crimps.

The temperature change of the melt when flowing through a pipe of constant wall temperature can be
calculated with the following formula [99]:

Nu = a-d/X = 3.66 -lf{\ + 0.086 • Pe • d/1) < ^3.7 (4.30)

for Pe = v I/a < 10 with a = X/y • c? = Pr • Re.
Thus for example for a pipe of d/L = lSd{/22da • 1000mm length with 40kg/h melt through flow

(for PET 8 x 167dtex POY) the melt temperature is increased by about 0.20C (K) per 10C (K) over
temperature of the dow vapor as long as the through flow is secured, which is negligible. Even a pipe of
approximately 3.5 m length of the same cross section as they occur in an 8-position spinning head,
results only in < ^ 0.6 0C (K) melt temperature change. The mentioned numbers only show the average
temperature change of the passing melt; the wall layer can be influenced more than the center by a
multiple due to the longer dwell time and the lower heat conductivity (cf. Fig. 4.87).

Since the time integral over the temperature difference x dwell time difference has an influence on
the eveness of the melt, this becomes particularly critical in the near wall zones and can easily lead to
depolymerization up to carbonization of the layers stuck to the wall. Since the passing melt always picks
up smallest particles from the near wall layer, this continuously leads to infringements of the filaments
with smallest enclosures up to filament breaks. Even the installation of static mixers cannot remove this
effect, but only distribute it more evenly. This is the reason for the requirement to regularly clean the
complete melt piping system to make the melt contact inside wall metal blank.

4.6.5.3 Electrically Heated Spinning Heads

If the advantages of the dow vapor heated spinning heads are not necessary and the limits according to
Table 4.20 are observed or operating temperatures of above 350.. .3800C are needed, and/or for
laboratory purposes, the spinning heads can also be heated electrically. The above mentioned rules are
also valid here.

Figure 4.100 shows a laboratory spinning head of the most simple kind for an extruder connection (d)
from one solid stainless steel block that depending on the spinneret and pump size can has a diameter of
approximately 130... 200 mm x approximately 350. . . 500 mm length, containing the necessary spaces
and bores and is practically heated with two heater bands, one on top and one at the bottom. The
spinning head needs to be insulated as previously required.

A similar spinning head for 2 round spinnerets in rectangular spin blocks for "top loading" is shown
in Fig. 4.101. The melt flows from the extruder (d) via the double stream spinning pump (b) to the two
spin blocks (a). These can also be replaced by a single pump and an rectangular spin block with
rectangular spinneret according to Figs. 4.98 and 4.150. The electric heating is done by mica resistor belts



Figure 4.98 Spinneret and spin pack arrangement in modular spinning head construction (for pack exchangeability, with corresponding minimum spinneret gauge.

Spinning beams:
Spinneret configuration
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2. Technical yarns

Spinning gauge (minimum): mm

600 I 700 I 800 I 900 11000 11100 11200 11300

Spinneret dimensions (maximum): mm

uoiijsod jad sjajauujds

4 100 120 130

6 65 80 90 100

8 50 60 70 80 90 100

8 70 80

12 32 36 45 50 60 65 70 80

16 28 33 38 45 50 55 60

2 x x x

2 140 160

4 100 120 130 140

Spinning beams:
Spinneret configuration

Carpet yarn

4. Staple fibers

Spinning gauge (minimum): mm

800 I 900 I 1000 I 1200

Spinneret dimensions (maximum): mm

uoiijsod jad sjejauutds

245X100
2 245 X 80

210X 80

2 160

4 130 150

6 100 110 120

tricolor
Spinneret gauge: mm

300 400 500 600

1 420X120

2 210X120

1 180 220

1 240 300



Figure 4.99
The development of a bicom-
ponent crimping effect in the
individual filament of a
multifilament yarn by
overheating the supply pipe
wall

Figure 4.100
Electrically heated 1-position
laboratory spinning head (Fourne
[24])
a) Spin pack
b) Spinning pump
c) Spinning pump drive
d) Spin extruder connection
e) Heating belts

pressed on by steel plates, that depending on the mass of the heated head parts must be controlled in
different zones (TIC). The temperature eveness is also strongly influenced by the quality of the insulation
(see 4.6.5.2).

The connection between spin extruders, measuring heads, and spinning head of a 4-spinneret
bicomponent system with electric heating up to approximately 3400C is shown in Fig. 4.102. Extruder
(d), measuring heads and connection tubes (e) are all equipped with mica heating belts. The spinning
head has longitudinal bores to accommodate the calrods. The bore diameter is approximately 0.5 mm
larger than the calrod diameter (g). The spin blocks (a) are top-loaded and pressed against the melt
distribution beam (i) with pressure screws (f). On its other side there are four double stream spin pumps
(b) attached by screws. These are driven by the pumps drive shafts (c) from a switch gear, and they are
variable in small increments (right half: left half= 85: 15 . . . 50: 50 . . . 15: 85%). The switch gear is
driven by a small reluctance motor (k) with reduction gear via a chain. Parts of the spinning head that are
not in contact with the melt are manufactured from steel.

A high temperature spinning head (< 600 0C) is equipped with resistor calrods cast into heater shells
with stainless steel jacket (1.4541 e), (Fig. 4.103a) with design details in Fig. 4.103b. The extruder
connection (d) with conic flange is arranged for fast changes so that the melt does not start cracking. Also
the spin pump needs to be heated accordingly (e) and protected to the outside by a heat conduction block.
The hot shroud consists of a similar heating jacket with an inner tube from 1.4541. The casting material
for the shell can be brass up to 5000C and beyond this up to 6000C gray cast iron.

The bores transporting melt inside a distribution beam must be planned very precisely, as shown in
Figure 4.104 for 4 double stream pumps (c-f) and 4 bicomponent spin blocks, so that they do not
intercept. Both (sideways entering) melt flows (a, b) are guided by the pumps (c-f) to the spin block
connections (1^) , so that each of the flows a and b are flowing equally distributed to (1-^). This block
can easily be exchanged for another one.



Figure 4.101 Electrically heated spinning head for 1 or 2 packs, top-loading (Fourne [24])
a)...e) See Fig. 4.100
/) Jacking screws for 1 or 2 spin packs

The same is true for the distributions blocks that can be recognized in Figs. 4.92, 4.93, and 4.95. The
main advantage is that these melt distribution beams can be operated independently from the welded
spinning head, especially the ground and polished (Rx < 1 urn) pump connection surfaces.

4.6.6 Polymer or Melt Valves

For short term blocking of the melt or solution flow stop valves can be arranged in the pipes. For longer
stoppages with the risk of degradation or cracking they must be able to be rinsed. Also for splitting or
detouring the flow the blocked off pipes must be able to be deaerated and rinsed.

Normal pass through valves have too much dead space; ball valves are as freely passable as the pipe
when opened, but when closing polymer can settle between the housing wall and the ball. Also the usual
seals from PTFE are only functional up to about 2000C, from special materials up to about 3000C.

Figures 4.105 show the most commonly used principles of such valves that are all completely situated
in the heated area.

a) Squeeze valve: A ball calotte (2) with the same radius as the pipe extends half way into the pipe. To
the outside it is sealed by a stuffing box. With the threading (5) it is turned to the inside and thus
blocks part of the pipe diameter. This does not provide total blockage against high pressure.

b) A piston valve (2) with lapped-in cone seat [81], blocking against the flow. For big valves of this kind
the sealing head (2) is set onto the valve rod (2) with the ability to rotate. In a good design this valve
is pressure (up to > 700 bar) and vacuum proof against the room (1).

c) A dead space free blocking and distribution valve based on two piston valves (b) [81].
d) A stopcock, sealing by turning the piston rod (5), but difficult to seal completely.
e) A freezing valve with free pipe passage from (1) to (1). To block cold compressed air is blown in at

(6—>) that freezes the melt pipe piece. After disconnecting the compressed air this part is heated up
again by the surrounding heated space and becomes freely passable.

f) A rotary slide valve allows to let the flow pass in one of the two directions (1).



Figure 4.102 Bicomponent spinning position, complete, electrical heat (Fourne [24]),
a)...f) As in Fig. 4.101
g) Electric heating rods in bores (clearance = 0.5 mm)
h) Extruder drives
0 Bicomponent melt distribution block (see Fig. 4.104)
k) Change gearbox for spinning pump drive

An application for the principle (b) is shown in Fig. 4.106 for an injection valve: The main melt
stream (1) passes by the injection position (8). The to be injected flow comes from (8) and enters the main
stream at (2) as long as the piston is positioned as in (5). If this head is turned against the sealing surface
the stream (8) is blocked, and the injection position is blocked dead space free [24].

Of course such valves can be equipped with manual operation as for example in Fig. 4.106, or with
power operation. Many manufactures for these exist.

4.6.7 Static Mixers

As opposed to rotating mixers (Fig. 4.73) these mixers work without dynamic own movement according
to the principle of the flow separation and reunification in different sequence or combination. Of the many
different types [104] only three have found major acceptance for melt processing [101-103]. These are
distinguished by size of the mixing cells and their sequence (Fig. 4.107). The concentration distribution
behind a Sulzer SMX mixer after two (a), after four (b), and after eight (c) mixing elements over the pipe
cross-section is shown in Fig. 4.108 [102]. Already after four mixing elements the total deviation is less



Figure 4.103
Left: Electrically heated (round) spinning head for spinning temperatures up to 5000C, with heated shroud and for
heaters melt-bearing parts (Fourne [24])
d Spin extruder connection,
Od2 Spinning head and pack (a)
PE Pressure sensor (Dynisco for up to 7000C)
b Spinning pump for up to 500 0C
e Heater shells for up to 6000C (electric calrod heaters for up to 7500C casted into special brass)
N Hot shroud for up to 500 0C
H Power connection for heaters
Right:
Heater shell design for up to 6000C and bending instruction for stainless steel calrods for up to 75O0C; bend, to be
compacted after bending (Fourne [24])

PE

TE

H

N

Figure 4.104 Bicomponent melt distribution beam for the extruder spinning head in Fig. 4.102, with melt entrance
from both sides, for 4 double stream metering pumps and 4 bicomponent spin packs (Fourne [24])



Figure 4.106
Injection valve (Fourne [24]); annotation
as in Fig. 4.105

Figure 4.105 Valves for polymer melt (principles)
a) Throttle valve (for cross-section reduction only) d) Stopcock
b) Piston valve with lapped-in cone seat e) Freezing valve with melt stream (1),
c) Dead-space-free distribution valve cold compressed air (6) and

with 2 valves as in b) Dowtherm vapor space (7)
1) Melt stream f) Rotary slide valve
2) Piston valve 6) Compressed air
3) Stuffing box flange 7) Vapor-heating space
4) Stuffing box 8) Injected meet
5) Valve handle (screw or torsion rod) 9) Heating band



than 10%, and after eight less than 1%. With the coefficient of variation as a measure for distribution
quality after a standardized length L: D=IO one obtains *S/Cv = 0.04 for the Sulzer SMX mixer
respectively for the "Toray-High-Mixer" [103] and for the Kenics mixer [101] 0.5; i.e. the Sulzer mixer
requires for the same mixing effect the shortest and the Kenics mixer the longest time and way.

The through flow resistance £D =f(Re, type) can be calculated as
PSM = 0.5 • n • w • Zn(Re)LfD2 for Re <^ 50 (4.31)

according to Fig. 4.109.
However this is only valid as is the good efficiency for metallic clean mixers. Also for mixers there is

a border layer flow similar to the pipe flow (Fig. 4.87) with long melt dwell times at the metal surfaces—
however without the increase in temperature—that can lead to thermal damaging of the polymer within a
short period of time.

Therefore the following advise for practical operations is given:

Installation useful behind an additive or melt supply or in front of or behind the spin pump and/or as
close as possible to every spin pack (to even out the temperature of inner and outer pipe flow),
easy exchangeability,
use a mixer with at least eight mixing elements,
consider the pressure loss, but not a problem for extruder screws and gear pump transport,
frequent cleaning: latest after 2 . . . 4 spinneret changes,
it is advantageous to combine a dynamic mixer at the screw end with a static mixer in front of every
spin block.

A mixer can never remove previous polymer damages but only distribute it evenly over the cross section
so that the results are minimized.

4.6.8 Spinning Pumps and Other Gear Pumps

4.6.8.1 Spinning Pumps
As spinning pumps only gear pumps of extreme exactness are used [105] that can transport the melt or
solution flow etc. with constant volume and pressure and at the same time even out variations in the
supply—even at increasing pressure loss of subsequent filters, e.g. in front of the spinneret. Thus per
spinneret a separate pump stream is needed because the hydrodynamic separation is not exact enough.
Spin pumps are combinations of plates/gears and shafts with manufacturing tolerances of < ^ 0.5 urn and
therefore have to be handled with care. Smallest dust contamination between the plates already results
in pump blocking.

Figure 4.107 Static Mixers
b) Toray [103] g) Sulzer SMV [102]
d) Kenics [101] h) Sulzer SMX [102]

Figure 4.108
Radical concentration differences at the end of Sulzer
SMX static mixers having 2, 4 and 8 elements:
d= 50 mm, s = 6.5 mm, m = 10 mm; a) after 2, b) after 4
and c) after 8 mixing elements [83]
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Figure 4.110 describes the principle of a simple gear spinning pump: The melt or solution pressed in
at (a) fills the spaces between the teeth, is moved to the outside by the rotation and is pressed out of the
housing at (c), because in the further rotation the spaces are almost completely filled by the combing teeth
of the counter gear. The transported melt or solution weight is thus:

G [g/min] = V [cm3/revolution] • n [revolutions/min] • y [g/cm3] (4.32)

with [cm3/revolution] = specific pump size and y = density of the melt.
For a pre-pressure of about 100 bar the allowable pressure differential is depending on the pump size

and type 150 or 350 or 450 etc., up to 1000 bar.
The correct selection of materials is particularly important, because of the resistance against corrosion

as well as expansion due to temperature: spinning pumps must be able to work cold and at up to about
330. . . 4800C or up to over 6000C. Table 4.22 shows some recommendations.

Figure 4.110 Working principle of a gear
pump for a melt metering
a) Melt entrance
b) Gear driveshaft
c) Melt discharge

Flow resistance
coefficient

ID =

Ap-D/Lpw2/2 Figure 4.109
Flow resistance coefficients £D as function of
the Reynolds number Re^ = w • D/y for
various static mixers. £ is valid for
ReD > 10, and APSM/APpipe valid for
ReD > 50Re0 = w D/y

Static mixer £D ApS M /AP

a) pipe 0.02 1
b) Kenics-Mixer 3 7
c) Toray High-Mixer 11 38
d) Sulzer SMX 12 10. . . 60
e) Sulzer SHV 6 . . . 12



Table 4.22 Recommended Materials for Spinning Pumps

Steel For
containing Polyester Polyamid Polyramid 6500C

PP 700 bar

C 2.0 1.25
Cr 12.0 4.3
M 0.85 0.9
W 12.0
V 3.8
Ni - Hastelloy C 276 CPM 10-V

CPM-T-15
x200 Cr 12 similar to

1.3202 1.2601 (Zenith) (Zenith)

Special materials: Hastelloy C 276, Stellite [89]

Especially for smaller titers the size of the spinneret is often smaller than the width of the pump.
Therefore spin pumps with 2, 3, or 4 exit streams were developed to fit onto the same contact surface
respectively width. In principle a corresponding number of plates are put on top of each other (see Fig.
4.112) with an entry hole and an exit hole per gear pair respectively gear level, that all lead into the
connecting plate (Fig. 4.111 for a double stream pump) [107].

The number of exit channels can be doubled by using 3 gear combinations in every gear level, as
shown in Fig. 4.112 in an explosion drawing. This pump has accordingly with 2 gear levels and 1 melt
entry in the rear plate (20) four melt exit holes to the following spin packs.

With four and more gear levels the pumps are built very high, resulting in possible temperature
differences between the gear pairs near the connecting plate and near the drive. This can be avoided with
planetary gear pumps (Fig. 4.113) [106-107] that arrange all 3 to 8 pump gears in one level around one
planetary gear as the drive. The melt entry is in the center and each of the n exits in a corresponding gear
wedge.

Table 4.23 shows an overview over the complete spin pump program of one producer [106], arranged
by contact surface and capacity. Pumps with same contact surface and number of exit streams can be
interchanged. The round pumps with 100 respectively 120 mm diameter are planetary gear pumps.
Because of the great exactness of the spin pumps they may only be connected to surfaces of an eveness
and roughness of < about ± 0.5 urn; this can only be achieved by machining and subsequent polishing.
For a spin beam design with welded pump connection plates this is almost impossible. In those cases
protective plates of at least 30 mm thickness are set under the pumps, and their entry and exit holes are
sealed at the machine side by Al or temperature corresponding sealing discs that are machined to the
aforementioned precision. They also allow the installation of spin pumps with different connection
dimensions. The pumps of different producers [106—109 et al.] are also interchangeable if the tenth of a
mm deviation between the metric and inch system is acceptable.

4.6.8.2 Spin Finish Pumps

Spin finish pumps correspond in their design to the spin gear pumps with 1 or 2 exits per gear level and
up to 12 dosing streams per pump. Because of the low viscosity of the spin finishes, usually water—spin
finish—emulsions, and because of their low lubrication effect the manufacturing precision has to be even



Figure 4.111 Double stream metering pump [107] with mixing staff
a) Common melt entrance
b) Two separate discharge ports
c) Mixing entrancer

higher than for spin pumps. The exposed drive shaft has to be sealed. The production rpm is between 20
and 90rpm, mostly around 50...65rpm. A 12-fold pump is shown in Fig. 4.114 [106, 107]. With
respect to drive and applications see chapter 4.6.12 [110, 111].

4.6.8.3 Discharge Pumps and "In-Line" Pumps

In many cases, these pumps replace the traditional discharge screws (Fig. 2.21) and the melt extruders
(Section 4.6.4).

The large input cross-section (Fig. 4.115) is ~ (6 . . . 10) x the outlet cross-section, however for "in
line" pumps only (1.2 . . . 1.3) x output cross-section. They have to be vacuum proof (< 0.1 mbar) for
allowable counter pressures of 200 bar and jacket heated, usually for dow vapor up to 340 0C. A special
tooth base design facilitates the sideways flow of the melt during combing. A pump series [107] comes
in sizes of 30 . . . 3100 cm3/revolution for maximum throughput of 111 PET/h of about 2500 P at 40 rpm.
Another "Vacorex" pump [112] is shown on the right side of Fig. 4.115 with dimensions and power
specifications for Fig. 4.116. The housing is made from St-G, gears and shafts from special steel,



Figure 4.112
F o u r - f o l d t o w e r s p i n n i n g p u m p ( e x p l o d e d v i e w [ 1 0 7 ] ) ; 2 x 3 g e a r p u m p
2) Front plate
4) Coupling in 6) coupling plate 17) Axle
7) and 8) Intermediate plates 18) Driving shaft
10) Pump gear with key way 19) Centering bush
11) Pump gear without key way 20) Rear plate
12) Pump gear plates

hardened and polished, and it has a simple or double sliding ring seal. The input pressure can be
between 10 ~5 and 7 bar for viscosities up to 105 P; the counter pressure should be < 250 bar. The high
throughputs and drive powers require appropriate infinitely variable drives, possibly pressure controlled,
preferably double joint cardano shaft (Fig. 4.117).

Evaluations of the throughputs of spin pumps and discharge pumps at 2/3 of the maximum capacity
results in melt speeds as in Fig. 4.118. The curve (2b) shows that at the vacuum sucking side for
40 . . . 100 mm pipe diameters only 1.2 cm/s, for extruder feeding 2 . . . 3 cm/s can be expected, however
on the pressure side 3 . . . 5 cm/s.

Spin pumps and the aforementioned pumps should also be cleaned on a regular basis, usually every
six months.

4.6.9 Melt and Solution Filters

Contaminations in the pre-products—in melt or in solution, degradation removed from pipe walls, etc.,

can cause interruptions in the production process and result in a deterioration of yarn quality. A

contaminant particle of 10 urn is as large as the diameter of a 1 dtex filament, or equals 25% of the

diameter of a carpet yarn filament. Using monochromatic light, one can show that the filament tension-

Figure 4.113

Sixfold planetary gear spinning pump, opened [106]

Next Page



Table 4.23 Commercial Spinning Pumps [106]

Type
cm /revolution

0.16
0.3
0.6
0.9
1.2
1.75
2.4
3.0
4.5
2 x 0.16
2 x 0.3
2 x 0.6
2 x 0.9
2 x 1.2
2 x 1.75
2 x 2.4
2 x 3
2 x 4.8
2 x 0.3
2 x 0.6
2 x 0.9
2 x 1.2
2 x 1.75
2 x 2.4
2 x 3
3 x 0.3
3 x 0.6
3 x 1.2
3.5
5.5
10
2 x 3
2 x 5.5
2 x 10
2 x 15
2 x 20
6
10
13
20
30
2 x 6
2 x 10
2 x 13
2 x 20
30
40
50
30
40
50
50
70
100
150

Base area
mm

66 (64) x 70

66 (64) x 70

78 x 95

64 x 70

64 x 97

80 x 145

80 x 122

80 x 122

96 x 152

126 x 160

133 x 200

Weight
kg

1.0
1.2
1.3
1.2
1.3
1.4
1.6
1.8
2.0
1.5
1.5
1.6
1.7
1.9
2.1
2.4
2.7
3.3
1.8
1.9
2.0
2.1
2.3
2.5
2.8
1.5
1.6
2.0
3.2
3.5
4.1
4.6
5.4
6.4
6.6
7.0
3.5
4.0
4.0
4.7
5.7
5.5
6.4
6.5
9.0
8.3
9.2
10.0
13.0
15.0
16.0
18.0
21.0
25.0
28.0

Type
cm /revolution

3 x 0.3
3 x 0.6
3 x 1.2
3 x 1.75
3 x 2.4
3 x 3
4 x 0.3
4 x 0.6
4 x 0.9

4 x 0.3
4 x 0.6
4 x 0.9
4 x 1.2
4 x 1.75
4 x 2.4
4 x 3
4 x 0.6
4 x 1.2
4 x 1.2
4 x 2.4
4 x 4.8
8 x 0.6
8 x 1.2
8 x 1.2
8 x 2.4
8 x 4.8

75
100
150
250
350
500
375
500
750
750

1000
1500
2300
3000

150
250
500
750
50

150
250
350
500
750

1000
1500
2300
3000

Base area
mm

78 x 95

64 x 70

78 x 95

D=IOO

D= 120

Z)=IOO

D =120

D = 200

D = 240

D = 340

D = 460

D = 640
flange

connection

flange
connection

jacket
heated

Weight
kg

3.3
3.4
3.8
3.8
3.9
4.4
2.5
2.7
2.9
3.2
2.6
2.9
3.0
3.3
3.7
3.9
4.4
4.8
4.8
9.0
9.4

10.0
5.7
5.7

10.3
11.0
12.6

28
32
39
54
58
72

130
160
195
340
340
380
380
960
45
60

205
250
45
60

160
160
270
270
270
600
600

1000



Figure 4.114
12-fold spin finish pump [107]; capacities available for 1 . . . 12
streams are given in table

induced (optical) lines surrounding the contaminant particle are so compressed that the local yarn tension
becomes as high as double the average tension; this can cause incipient cracks which result in yarn
breaks. Contamination can arise anywhere in the production stream, through, e.g., depolymerization, gel
formation, cross-linking or carbonization occurring as a result of a locally-high residence time, among
other causes. Clean melt or solution flowing past these areas of local contamination can remove degraded
matter from the boundary layer, with negative consequences. Figure 4.119 shows some extreme cases: In
(a) the melt carbonizes in the sharp flow bend (2) of a spinning pump, and in (b) the same occurs in the
small gap between the pipe wall and the inner diameter of the sealing gasket. Contamination sheared off
above, as well contamination arising from pipe walls after long usage, can be partly reduced or avoided
by careful design and construction. They can also subsequently be filtered out, at latest by a pack sieve (3)
above the spinneret, as in (c). Degradation occurring downstream of the filter sieve (e.g., c6) cannot be

Figure 4.115
Discharge gear pump
[112]
a) melt inlet (under

either pressure or
vaccum)

b) pump gears
c) high pressure

delivery
d) heating jacket

Manufacturer: Barmag Feinpriif [106]
capacities

cm3/rev./stream

0.05
0.08
0.16
0.30
0.60
1.0

0.05
0.08
0.16



Figure 4.116
Dimensions, capacities and
driving power of the " Vacorex"
discharge gear pumps. Data
for PET [107]

Capacity Dimensions Driving power Melt velocity
spec, abs h$ ^ D <^D (j)S nmax k W at 2/3 nmax, at 2/3 max. power

lOObar, 5000 P
suction side pressure side

cm3 /rev. At/h mm mm mm mm rpm pumping frictional cm/s cm/s

46.3 0.36 235 100 50 225 200 1.3 + 0.95 1.28 5.13
176 1.03 380 175 80 350 150 3 + 1.8 1.2 5
716 2.80 520 250 125 430 100 7.8 + 4.5 1.59 6.35

1482 4.94 584 300 150 530 85 13.5 + 7 1.94 7.76
3200 8.78 730 400 200 640 70 25 + 10.5 1.94 7.74
6108 14.36 915 500 250 770 60 40 + 15.5 2.03 8.13

removed by filtration, but can be avoided by careful construction: sharp run-out holes in the underside of
the distributor plate and a cone mounted on the upper side of the spinneret, the base of the cone extending
up to the first ring of holes (annular spinneret), or the use of "shower-head" hole distribution spinnerets
having a minimum gap between the distributor plate and the upper side of the spinneret.

Figure 4.117
Drive of 1482cm3/rev. discharge gear
pump having a double cardan shaft,
gearbox and motor. The required power is
ca. 25kWat68.. .15rpm[112]

melt supply
or

suction side

heatingheating

pressure side

drive



Figure 4.118
Melt velocity in spinning- and discharge pumps as
a function of the pipe diameter D, at 2/3 of their
maximum capacity
1) Barmag, Feinpruf spinning pumps
2) Maag discharge pumps
a) Discharge (pressure) side
b) Melt entrance (suction) side

Gels cannot be filtered out in this manner; one must use more effective sand filters. From experience,
filters having a lower load are more effective, i.e., contaminants should be filtered out as early as possible,
and this should be followed by further downstream filtration. The last filter before the spinneret improves
the uniformity of pressure distribution through its pressure loss: the greater the filter resistance, the lower
is the filament to filament titer difference.

4.6.9.1 Filter Media and Construction

The simplest filter comprises one or more layers of woven stainless steel wire: in plain weave construction
with mesh sizes down to 25 jim (=40000 mesh/cm2), as a reinforced fabric, with mesh sizes down to
14 um or as a braided construction capable of achieving apertures down to 5 um. The fine woven wire
mesh must be supported and protected against damage. Multi-layer constructions of, e.g.,
6000 - 40 000 - 6000 - 200 mesh/cm2 (the last resting on the distributor plate) have proved highly
effective. For up to ca. 330.. .350 0C, the sieve layers are edged in aluminum; the edge also serves as the
sealing gasket. As the press and edging tools are relatively expensive, one should select existing filter
sizes from the manufacturer's catalog when designing new machines. Table 4.24 gives an extract from
such a catalog [113], which has ca. 300 sizes of gasketed round filters between D1 = 19.7 and 325 mm,
ca. 20 additional gasketed filters for annular spinnerets, ca. 60 kidney filters, ca. 50 longitudinal (oval)
filters with rounded corners and ca. 20 rectangular filters [113, 114]. Often a 20 . . .30 mm high layer

Figure 4.119
Development of depolymerization and carbonized polymer
residue above the spinneret
a) in a gear spinning pump

1) Melt
2) Deadspot in a bend

b) At a flange gasket seat
2) Circumferential dead space

c) Above a flat spinneret with circular hole distribution,
3) Filter
4) Distributor plate
5) Dead spots
6) Stagnation point
T) Spinneret bores

Black areas denote degradation
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Table 4.24 Pack Filter and Spinneret Shapes and Dimensions—Selection

"max • 4

a I e Area number of
mm mm mm mm2 holes

26 458 4 8 030 400
56 236 5 11297 700
60 314 5 15163 946
65 200 5 10350 644
65 415 5 21668 1350
85 410 6 28 792 1800
95 420 6 33 299 2080

Bore

A
mm

36
42
52
60
64
70
85
90

100
115
125
160
170
190
250

Filter or Spinneret

a
mm

35.4
41.4
51
59
63
69
84
89
99

114
124
158.5
168.5
188.5
248

b
mm

25.4
30
43.5
50
54
60
75
78
88

102
112
147
157
176
235

e
mm

5
5
5
4
4
4
4
5
5
5.5
5.5
5.5
5.5
5
6

Max. no. of
holes at 4 mm

pitch
(shower head

pattern)

32
44
94

140
174
273
294
375
502
610

1050
1200
1510
2680

«max • 4
a I e Area number of
mm mm mm mm2 holes

66 108 5 4370 340
66 268 5 14430 900
81.7 181.7 5 12310 769
94.8 369.8 7.5 32740 2046

of quartz sand—or better, shattered stainless steel powder—is placed above the sieve filter and held in
place by means of a bordered fabric-filter (sand retainer) (Fig. 4.120a). Such "sand" filters retain at least
some of the gel particles. Typical throughput loadings for these filters lie between 1.5
and 2.5 g/cm2/min.

Stainless steel powder [116] is available from 304L, 316L and 410L steels. The powder is sold as
fractions, sieved according to ISO 565—1983. Fractions from 45 .. .90 up to 700 um are available. The

Figure 4.120
Various filter media
assembly
a) Sand filter above stain-

less steel wire mesh
filter

b) Fuji filter
c) sintered metal powder
d) sintered metal fiber

(nonwovens)a) bl c) dl



bulk density varies from 3.0 (for fine grade) to 1.7 g/cm3 (for coarse grade). After use, the powder can be
cleaned of PET or PA by boiling in TEG or by vacuum pyrolysis.

The same powder is used to make sintered metal filters [117, 118], which are available as plates or
tubes, with finenesses down to ca. 1 urn. As the contaminant particles can penetrate deep into the sinter
material, the cleaning of such filters is very difficult, particularly for inorganic particle contamination
(Fig. 4.120c).

The Fuji filter, constructed from woven sieves of varying fineness which are sintered together, is an
effective filter (Fig. 4.120b, [119]), as are filters made from sintered stainless steel fiber (Fig. 4.12Od,
[120]), which can also be produced having pore finenesses down to 1 urn. These filters exhibit depth
filtration, where the filter is more slowly blocked by the filter cake. This permits longer filter life, higher
throughputs and greater throughput flux.

Table 4.25 gives guide values for filter capacities, both based on experience and taken from [122]. As
not all raw material and process conditions are known, the table should not be treated as an exact
specification, but rather as a guide.

Figure 4.121 shows the comparative performance of three different filter types, all having a fineness
of 15 um. The non-woven filter (a) retains more than 98% of particles > 10 um, while a woven wire filter
achieves the same retention rate only for particles > 15 um.

At a filter loading of (1.5) — 2.5 — (4) g/min/cm2, the corresponding average flow velocity is
0.35 x 10~4 m/s and the Reynolds number is Re = (0.4. . . 10) x 10~8: a definite creep flow, with
£ > 103 (see Section 7.10.2). The pressure drop required here is not dependent on the extruder or on the

Table 4.25 Filter Capacities

Polymer/Product

Pack filters
PET POY

PA 66 POY
PA 66 tire yarn

PET tire yarn
PET staple fiber

PA 6 carpet yarn
PP carpet yarn

-carpet staple fiber
-carpet spunbond
-carpet staple fiber

Large volume
pre-filters for

PET
DGT (fresh)

(from recovery)

Pack filters for
PAN solution

Filter
material

D + S

D + S
D + S
v + s
D + S

V

D
D
D
D
D

D
V
V

D

fineness
jim

20

10. . . 20
20

20
20

20
70
70
70
70

20
10
80

30

Filter flux
(specific throughput)

min • cm2

1...2

2.5
2.5

1 . . . 1.5
2.5

2.5
5

1.5... 2
3
3

2.2
2.5

1 . . . 1.6

h - m 2

1200
600

1500
1300

600
1500

1500
3000

1500
200

2000
1300
1300

600. . . 1000
320...500

2000...3000

Maximum
throughput

kg/m2

1200000
500000
500000
200000

600000
(5 . . . 8) • 105

^1O6

1500000
2000000

1100000
1000000
2000000
2000000

50000.. . 10000

100 000. . . 200 000
95 000
15000

100000

Filter
life

(approximate)
days

62
31
24
62

31
20 . . . 30

50
21

28
31
30
30
60

= 3 . . . 1

5 . . .7
9

2 . . . 6

Remarks

good
average

with GVF
20|am

with spinneret
blanketing

with GVF
20 um

natural

pigmented

D = wire fabric D + S = D + sand V = pre-filter GVF = large volume pre-filter



spinning pump inlet pressure of <10. . .50 bar. The required spinneret size can be calculated from the
allowable filter loading. For example, a 100 spin decitex POY at 3600 m/min spinning speed has a
spinneret throughput of 36 g/min. Taking p = 1.2 g/cm3, the required filter area is 24 cm2, equivalent to
a filter diameter of 5.53 cm. Here one would use 60 mm front diameter, = 70 mm outside diameter. In
this spinneret, 2 rings of capillaries can be fitted. Using a hole spacing of 4 mm, up to 68 capillaries for
spinning 1.47 spin dpf (ca. 1 dpf final) can be accommodated.

Figure 4.121
Dirt retention as function of the particle size for different filters (%
efficiency = % dirt retention)
a) Fiber felt
V) Sintered bronze of 200 x 1400 meshes/cm2

c) Stainless steel wire mesh fabric of 1400 x 10,000 meshes/cm2

There are many ways of increasing the filtration area of a spinneret of given outside diameter; this is
shown in Fig. 4.122. The flat filter (a) can be pleated (b) and turned into a filter candle (c). Many small
candle filters can be fitted to the distribution plate (d), an enlargement of which can be seen in Fig. 4.123.
In order to avoid dead zones, the space between the candle filters can be eliminated by fitting solid pins
[119]. Figure 4.122e illustrates a sandwich filter, composed of many biconical double filters, for use in
large diameter spinnerets. Here the melt flows from outside to inside, then is led away centrally. One can
also fill the intermediate volume with filter sand on the inlet side.

The filtration of gel particles improves with lower shear—and hence absolute velocities; this is valid
for freshly-inserted spin packs. If, owing to the thickness of the filter cake, a critical pressure is exceeded,
the gels are deformed by shearing and are forced through the filter medium. This can be observed when,

particle size lpm)

fil
tr

a
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n
 (

%
)

Figure 4.122 Comparison of various filter types which can be used in the same pack volume (70 mm
diameter x 100 mm height) to give increased filter area

Filter type

a Flat filter
b Pleated flat filter
- Cylinder
c Pleated cylinder

(candle)
d Many small cylinders

(candles)
e Biconical disk filter assembly

Filter material

Stainless steel mesh
Stainless steel mesh
Sintered stainless steel powder
Stainless steel mesh

Fuji filter medium or stainless
steel mesh

as in d

Filter
area
cm2

33
150
113
970

580

450

Effective filter
area at 3000C

cm2

33
90

100
590

580

450

/'max

kg/cm2

3 . . .5
5

40
210

350

300

a) b) c) d)



Figure 4.123
Candle filter arrangement for two kidney-
shaped spinneret hole-fields in a round
spinneret [119]. Pins are used to reduce the
dead volume

after a period of problem-free spinning, an "avalanche" of filament breaks occurs simultaneously with a
noticeable reduction in pressure upstream of the filter. If, however, one continues spinning, the situation
regarding filament breaks can return to normal after some time. This purging period is, however,
generally so long that the spin bobbin must be doffed.

4.6.9.2 Use of High Load Filtration to Protect the Spinning Pumps

Metal particles in the granulate (chip) which are smaller than the clearance in the motoring zone of the
extruder are—unless previously removed by magnetic separation—carried along by the melt and can
cause serious damages to the spinning pumps. The simplest way to filter out these particles is shown in
Fig. 4.124. A relatively coarse filter sieve (b) is supported on a breaker plate (c) located close to the tip of
the screw. Since, because of the high filter load, these sieves must be changed frequently, many
automatic-change filters have been developed; a few of these are shown. In the simplest system, a disk
containing two filters is rotated between 2 plates, one for melt inlet and the other for melt outlet. One filter
is in operation, while the other—after changing—is on standby. The principle of filter changing is shown
in Fig. 4.125, where the filter elements are changed stepwise in such a manner (with pre-filling of the
channels and degassing) that continuous operation is possible without air entry. The "Auto-screen filter"

Figure 4.124
Flat filter at an extruder exit
a) Extruder screw
b) Sieve package
c) Perforated support plate
d) Connecting (measuring) head

Figure 4.125
Continuous change filter
(GneuB GmbH, Bad
Oeynhausen)



Figure 4.126
"Auto-screen" filter [105]
a) Stainless steel wire mesh filter tape
b) Polymer melt
c) Cooling
d) Heating
e) Tape exit cooling
J) Solidified melt

(Fig. 4.126, [105]) consists of a single- or multilayer filter belt which crosses the melt stream at right
angles, and is driven by the blockage pressure. All of these filters are sealed by small gaps. The melt is
extruded through these gaps and then solidifies to form a seal.

4.6.9.3 Large Area Filters

For long duration filtration of high throughput solutions or melts, a large filter area is required, preferably
in the smallest volume possible. Figure 4.122(c) and (e) are examples of this concept. It is possible to
have a filter area of up to 300 m2 per cubic meter of housing. The surface area ratio of candles made from
flat material, from pleated material and from filter plates (disks) is 1:3.6:2. For throughputs and life
times, see Table 4.25. Figure 4.127, taken from a catalog [33] for candle filters similar to that shown in
Fig. 4.129, gives the relationship between melt residence time, filter area and specific throughput.

Candle filters, both pleated or flat, are made predominantly in 2 sizes: ca. 0.15 or 0.4 m2 (Fig. 4.115).
These candles are fixed to distributor plates and placed in a large housing [33, 115]; each candle has one
inlet and one outlet, similar to the example in Fig. 4.129 [33]. Other sizes are available with up to 93
candles, giving a total filter area of 46.5 m2 (pleated) or 9.3 m2 (flat filter). For uninterrupted spinning,
two of these housings are encapsuled in a Dowtherm (Diphyl)-heated casing (Fig. 4.129) fitted with the
necessary polymer inlet and outlet pipes, together with melt charge-over-, degassing- and purging valves.
The melt pressure is measured both before and after the filter, the latter being used to control the extruder.
The pressure difference Ap is used to trigger an alarm to signal the need for changing from the spent
filter to the (clean) standby filter.

Figure 4.127
Specific filter throughput (flux) as function of the melt dwell
time and filter area for a Barmag NSF filter [33]

Figure 4.128
Filter candles for large area filters [115], either with smooth or
pleated filter areadwell time in the filter (s)
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Figure 4.129 Non-stop candle filter type NSF 7 of Barmag [80]
1) Melt inlet 9) Filter candle heads
2) Deaeration 10) Melt exit
3) Top plate 11) Melt flow and exit plate
4) Distribution plate 13) Fixing calotte (jacking screw recess)
5) Candle filter plate 15) Top assembly screws bolts
6) Guiding bar 18) Fixing screws
7) Filter housing 19) Positioning pin
8) Candle filters with 21) Bottom assembly bolts

section A-B

lapped i staggered

Figure 4.130 Pressure development during a filter operation cycle
a) Before and b) after the filter / ) Flushing or purging time
c) Throughput before and d) after the filter g) Switching chambers or changing the filter
e) Filter operation time

flooding
p
max

pressure

time
Qnomthroughput
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4.6.10 Spinnerets

Spinnerets are the actual filament-forming components. They convert the melt or solution into the
required number of filaments, and largely determine the filament cross-section and single titer uniformity.
For high melt inlet pressures spinneret plate thicknesses of 8 .. .25 mm are used, while plate thicknesses
of 0.8 .. .2 mm are used for low inlet pressures, e.g., for solutions and for melts where >50 holes/cm2

are used. Table 4.26 lists the various materials of construction according to application, as well as some
important properties. Typical capillary hole spacings are given in Table 4.27.

4.6.10.1 Spinnerets for Melt Spinning

For uniform melt flow distribution and uniform filament cooling, the following points should be noted:

No dead zones having excessive dwell time in the melt flow. This means that the outer bores should
have their inlet to the corresponding counterbore as close as possible to the latter's outer inlet edge (or
to the inner side of the aluminum gasket).
In the case of annular spinnerets, a central cone should be fixed to the inlet side of the spinneret plate,
its base extending close to the first (inner) ring of capillaries, in order to avoid a dead spot in the
center of the spinneret.

Figure 4.131
Electrically heated 2-
candle, non-stop
filter [24]

(half) section B-B

(half!section A-A

section C-C

The pressure build-up during filter operation is shown in Fig. 4.130. Under normal conditions, pmax

should be <100...150 bar. The time to reach this pressure should be determined by plant trials, as the
values given in Table 4.25 are guide values only and do not take into account factors such as, e.g.,
polymer cleanliness.

Mechanisms [33, 115] have been developed for automatic chamber switch-over to ensure interrup-
tion-free spinning.

Once removed, soiled filter elements must be cleaned very carefully. Older types contaminated with
PET or PA should be cleaned in TEG, while decalin is used for elements having spun PP. The newer
(welded) filter candles are robust enough for vacuum pyrolysis cleaning (compare Section 6.6.6).

Based on the same principle, in-line filters have been developed, where one filter candle is in
operation and the second is on standby [24]. An example of an electrically-heated version is shown in
Fig. 4.131.



Spinning process

Temperature

Spinneret materials

Solution spinning
wet spinning

<90°C

gold-platinum-iridium
nickel

tantalum
glass

dry spinning
<3500C

1,4580
tantalum

Melt spinning

<4000C

1,4580
1,4571

AlSl 316

<6000C

1,4550

<14000C

platinum-
rhodium

Table 4.26a Construction Materials for Spinnerets

Do not use: Ta with NaOH, HF
1.4580 with H2SO4+ H2O
Ni with HNO3, HCl, H2SO4 + H2O

Table 4.26b Properties of Spinneret Materials

Material

AuPtIr
Ni
Hastelloy C
Ta
1,4122
1,4550
1,457
1,4580
A S 17/4 PH
Pt-Rh-80/20

A t r
0C

300
300
300

300 (450)

(700)... 1350

00.2

kg/mm2

2,3. . . 5
10.. . 21

>32(<420°C)

54
14
15
15

8 + 3

Hardness

^250HV

110 HV (treated 300 HV)

130... 190HB

270...290 RC/=450HB

Table 4.27 Typical Spinneret Hole Spacing

Spinning method and filament cooling

Solution
wet spinning
dry spinning

Melt spinning with
wet cooling
air cooling, laminar
air cooling, weakly turbulent
air cooling, strongly turbulent
(compact)
filament fusion
microfibers
tirecord yarn

Spinning speed
range

m/min

2 . . . 80
100... 1000

10.. . 80
200...8000
1000...2000

0.8
20. . . 100
5 . . . 1000

Typical spinneret hole
spacing (mm) for

fine titers
(«1 . . . 4dpf )

>0.5 x dpf
>3 x dpf

coarse titers
(«12 . . . 25 dpf)

>0.8 x dpf
dpf

>10
3<a<dpf

~ 1 5
1.5

<0.2
« 3/dpf -

>1.5 x dpf

dpf= final decitex per filament



Figure 4.133 Round spinneret, divided into 2 (respectively 4) bore fields, with spinning pump for 2 (respectively 4)
melt streams

If we take a wake half angle of ca. 10°, the width of the wake is ca. 1.8 mm after a hole to hole row
distance of 5 mm. If this latter hole is displaced 0.9 mm sideways relative to the hole of the first row, the
latter hole falls outside the wake of the first hole. Only after 5 rows does a hole once again fall within the
wake of the first hole. Spinnerets for high added value yarns therefore have a maximum of 4 rows, so that
the temperature difference of the quench air flowing from filament row to filament row is minimized.

Longitudinal sections of possible spinning bores, showing inlet cone, counterbore, exit cone and
capillary are shown in Fig. 4.135. In the case of profiled capillaries, the bottom of the conterbore is flat,
so as to make the cross-section of equal length. In melt spinning, a round hole produces a round filament
(Fig. 4.136), while profiled capillaries produce a shape corresponding to the hole shape. As soon as the
distance between 2 or more capillaries is <0.2 mm, the filaments fuse together to form a profiled
filament, entrapping voids between the filaments. Hollow filaments, e.g., can be formed by means of such
fusion: the filaments from two semi-annular capillaries fuse together to form a hollow cylinder. A

Figure 4.134 gives commonly-used hole layouts for rectangular and annular spinnerets. Calculation
of the wake angle of a filament in the quench enables optimum capillary to capillary distances to be
determined.

Figure 4.132
Spinneret and pack filter
shapes according to Table
4.24; additional common
shapes are shown here

Round and rectangular spinnerets have been presented in Table 4.24. There are, in addition—
particularly for compact staple spinning "trough" spinnerets (Fig. 4.132), which are used for spinning
fine titer filaments at hole densities of up to 150 holes/cm2 = 44000 holes in a spinneret of
450 mm x 65 mm2. These capillaries are 2 mm long and have no counterbore. To increase the
spinneret throughput when spinning fine multifilament yarns, the spinneret can be divided into 2 to 4
separate hole areas, each served by separate pump streams from double or four-fold spinning pumps, as
shown in Fig. 4.133.



Figure 4.134 Hole layouts for melt spinnerets
a) densest (staggered) arrangement : triangular pitch
b) arrangement for round spinnerets : radial spacing and tangential spacing
c) slightly staggered hole rows

a) b) c)

Figure 4.135
Cross-sections of typical
melt spinneret capillaries

Figure 4.136
Profiled melt
spinneret holes and
their corresponding
filament cross-
sections

Figure 4.137 Spinneret hole configuration for spinning a monofilament yarn for a felt-tipped pen, and the
corresponding tip micro cross-section [123]

a) b)



particularly ingenious example can be seen in Fig. 4.137: the capillary configuration (a) produces, after
solidification, the capillary monofilament fiber of external diameter 0.5 mm in (b), which is used for felt-
tipped pens [123].

For radial (outflow) quenches, one uses annular spinnerets having the holes on concentric circles, and
fits a flow cone in the center of the spinnneret (Table 4.24). The inner ring of capillaries is ca. 15 mm
distant from the quench candle. If, for example, the quench candle has an outside diameter of 100 mm,
then the diameter of the first ring of spinneret holes will be 130 mm. If there are 10 concentric rings of
holes, each ring separated by 3.5 mm, the diameter of the outside ring will be 193 mm, and there will be
202 holes in the outer ring. The spinneret will contain a total of 1690 holes and have a spinneret pitch of
500 mm.

The same spinneret can be used for outside-to-inside (inflow) quenching, provided the outflow
quench has an inner diameter of ca. 225 mm. Owing to the need for supplying the air from outside, the
spinning position pitch will increase to 600 mm.

Ring spinnerets having quench air supplied from above through the spin pack require a much larger
diameter, are very complicated and have only a relatively small filtration area. They are thus seldom used
anymore (Fig. 4.144).

For the circular and rectangular spinnerets given in Table 4.24, as well as for similar versions, the
thermal expansion tolerances of the spin pack interior bores given in Table 7.12 must be taken into
account, so that the spinnerets can be removed from the housing when hot or when contaminated by
polymer. The same argument applies to support plates, distributor plates and the outside diameter of the
bordered gaskets.

Spinneret capillary tolerances are summarized in Table 4.28. The throughput of a capillary varies
with the 3rd power of its effective diameter and linearly with length; the single filament titer varies
correspondingly.

Table 4.28 Capillary Tolerances for Spinnerets for Melt Spinning

Round
hole diameter
mm

0.04... 0.1

0 . 1 . . . 0.2

0.2. . . 0.5

0.5 . . . 1

> 1

Profiled hole
lobe width
W mm

0.05 . . . 0.06
0.06... 0.10

0.10... 0.20

>0.20

L/D

1...2

1...3

1...5

1 . . . 10

1 . . . 20

LJW

1...6
1 . . . 10

1 . . . 20

1 . . . 20
or more

Diameter
tolerances

standard

±0.002

±0.002

±0.002

±0.003

±0.003

special

±0.001

±0.001

±0.001

±0.002

±0.002

W tolerances
standard

±0.003
±0.003

±0.004

±0.004

special

±0.0015
±0.0015

±0.002

±0.002

Capillary length
tolerances

standard

±0.025

±0.025

special

±0.01

±0.01

Inlet cone
tolerance

±1°

±2°

Finish

counterbore:
0.15.. . 0.2 jun
cone:
0.04... 0.1 jim
capillaries:
0.03 . . . 0.08 jim
discharge face
0.03.. . 0.1 urn

plate diameter:
±0.01/±0.05mm

plate thickness:
±0.01/±0.05mm

hole spacing:
±0.02/±0.05mm



4.6.10.2 Spinnerets for Solution Spinning

The commonly-used solutions of PAN, PVC, PVA, etc., have only very low viscosities (100.. .500 P)
and their spinning temperatures lie below ca. 150 0C, consequently the pressures required for spinning are
only around 3 to 15 bar. Here the well-known viscose and acetate spinning system [124] can be taken
over and developed further (Fig. 4.138). For wet spinning, hat-shaped spinnerets up to ca. 25 mm
diameter are used for textile multifllaments, and plate-shaped spinnerets up to ca. 200 mm diameter for
both the production of staple fibers and for dry spinning. For the latter, however, ring spinnerets as per
Fig. 4.157, having, e.g., 208 mm OD x 158 mm ID, are more suitable, as the inner opening allows the
spinning gas to flow parallel through the filaments to the outside.

a) b)

Figure 4.138 Cup and ring (annular) spinnerets for solution spinning (a) and bore shapes (b)

For the wet spinning of staple fibers, cluster spinnerets are increasingly being used (Fig. 4.139). These
spinnerets are made from a stainless steel plate into which many hat-shaped spinnerets are inserted. In
this way, a spinneret having an OD of 160 mm can be made to contain ca. 100000 holes per spinning
plate. Special size spinnerets can contain up to 200 000 holes. The lands between the individual "hat"
spinnerets facilitate the flow of spinning solution to each yarn bundle. In addition, plate spinnerets having
hole distributions as in Fig. 4.140 are still being used.

"Hat" and "plate" spinnerets used in wet spinning have a hole density of (0.1)... 0 .2. . . 0 .5 . . .
(1.2) mm2/hole, with a strong tendency towards 0.2 mm2/hole.

Figure 4.139 Cluster spinneret [109], example:
a) Body: cluster plate of suitable special steel
b) Inserts: e.g., 55 spinnerets of Au-Pt-Ir with 1818 holes each =99,990 holes total; spinneret

dimensions, e.g., 18/16 mm diameter x 10 mm height, 0.25 mm bottom thickness; cross-section
as Fig. 4.138b

b a



Figure 4.140
Disk (plate) spinneret hole
arrangements for wet spinning
A) (Irregular) circle arrangement
B) Radial alley arrangement
C) Ray arrangement
D) Ring alley arrangement
E) Fan arrangement
F) Combined ray and ring alley

arrangement

For dry spinning, "hat" and "plate" spinnerets of up to 100 mm diameter (max.) are used, with hole
spacings as per Table 4.27. For higher hole numbers, ring spinnerets are chosen; these give a lower titer
variation coefficient. Using such a spinneret of dimensions 208 mm x 158 mm for PAN dry spinning as
an example, up to 2800 holes can be accommodated.

The spinneret plate thickness for wet- and dry spinning lies between 0.8 and 2 mm, depending on
spinneret size. Spinneret construction material properties can be found in Table 4.26. Figure 4.138 shows
hole shapes for round and profiled holes; these are mainly punched. The bores can be cylindrical, conical
cylindrical or hyperbolic cylindrical. Profiled holes require a flat base for the capillary. The most
commonly used bore tolerances are given in Table 4.29.

4.6.10.3 Special Spinnerets

This category includes spinnerets for melt spinning at temperatures up to ca. 700.. .1300 0C, from glass
(or similar substances) to basalt. Here spinning is carried out according to the gravimetric principle, i.e.,
the hydrostatic pressure above the capillaries must be held constant by a constant level of melt. As
construction material, practically only PtRh20 can be used, as it has the necessary resistance to oxidation
in air, as well to corrosion by the melt. At 12000C, it still has a a02 = 14 N/mm2 [128].

Figure 4.141 shows such a spinneret for a 22 multifilament and a second spinneret having 750 holes.
The bores are made as nipples of ca. 1.5 mm external length and 1.6.. .2.2 mm internal diameter. For
heating by the passage of electric current, both sides have a tongue connector 2.5 .. .4 mm thick, to which
a water-cooled, electrical connection shoe is clamped. The specific electrical resistance of PtRh20 at
20 0C is 0.21 Ohm/mm2/m. The 22 filament spinneret shown would thus require a regulated connection
of 1...5 Vat 15000...5000 A.

Damaged spinnerets should definitely be returned to the manufacturer, as the cost of material is 150
to 200 DM/g (1985/86 prices), while the manufacturing cost is less than 10% of this. Spinnerets made
from sintered Al2O3 plates have not proved successful, as the edges of the melt exit holes abrade too
rapidly.

Glass spinnerets [131] have also been used for normal solution wet spinning processes.

A B C D

6 F



Figure 4.141
High temperature spinneret
made of Pt-Rh-80-20 for
glass or basalt spinning at
temperatures of up to
13000C [109]
a) With 24 holes for fila-

ments
b) With 750 holes for

cables or tow(b)

(a)
PtRh 80-20

thermocouple section: A-A

Table 4.29 Capillary Tolerances for Spinnerets for Solution Spinning

Round
hole diameters
mm

0.03.. . 0.05

0.05.. . 0.10

0.10... 0.20

>0.20

profiled hole
lobe width W
mm

0.025... 0.04
0.04... 0.07
0.07... 0.10
0.10... 0.15
>0.15

Tolerances
L/D

0.7. . . 1

0.8. . . 1

1 . . . 1.5

1...2

L/W

0.6. . . 1
0.8. . . 1.2
1... 1.3
1... 1.5
1... 1.5

L

+ 0
-0.020

± 0
-0.020

+ 0
-0.020
±0.010

L

+ 0
-0.020

D

±0.002 (standard)

±0.000 (special)

W

between
±0.002

and
±0.005

Finish

discharge side

mirror finish
0.02... 0.05 urn

0.04... 0.08 um

hole walls:

inlet cone: 0.04... 0.06 um
capillaries: 0.02... 0.05 um

inlet cone: 0.05 . . . 0.07 um
capillaries: 0.03 . . . 0.05 \im

Material

precision metal
alloy

Tantalum

precision
metal alloy

Tantalum



4.6.11 Spin Packs (Housings) and Bolting

4.6.11.1 General
Spin packs incorporate, in one housing, the components in the flow direction: pack top cover (including
melt distribution), pack filter, support or distributor plate and the spinneret. It must also be possible to
exchange the spin pack quickly and easily. Basically, one differentiates between 2 types of packs:

Bottom-loading packs, inserted from below. For pack weights up to 10 kg and temperatures up to ca.
3200C, these are manually inserted using a pack insertion tool. Packs of weight greater than
10.. .15 kg are fitted using a lifting device (Fig. 4.154).
Top loading packs are inserted from above. For pack weights up to ca. 20 kg, a special insertion tool
is used. An electrical hoist is used for packs weighing > 20 kg and for typical staple packs weighing
up to ca. 160 kg. In special cases, packs can weigh up to 800 kg.

Pack housings—round or rectangular—must be designed according to the regulations covering
pressure vessels [5]. They should be made from suitable construction materials to withstand the spinning
temperature + > 50 0C. They must also be resistant at the maximum cleaning temperature, and should be
designed to take the total extrusion pressure, as this pressure can be exerted on the housing at a pack leak.

The pack design pressure range is matched to the spinning pump. For normal textile staple and
filament, 400 bar internal pressure is chosen. The pack steel used must be corrosion resistant to the melt.

The inner and outer dimensions of individual pack parts should conform to the tolerances given in
Table 7.12 for hot threads; bores are always made to the normal DIN (German Standards) tolerances.
Threads of greater than 30 mm outside diameter should be made as trapezoidal or saw-toothed threads,
according to application, while threads of > 52 mm outside diameter must be thus made; thermal
expansion tolerances are given in the same table above.

All surfaces which come into contact with polymer must be polished to Rt ^ 0.4.. .0.6 urn. Metal
sealing flanges should be fine finished, or better, lapped; mating flanges must be made plane parallel.

4.6.11.2 Spin Packs for Circular Spinnerets

These housings are made for one or two spinnerets. Fastening to the pack port can be done by means of
threading from below, by a flange below or by means of a jacking screw from the side opposite to the melt
inlet into the pack cover plate (also for top loading packs) (Fig. 4.142a-e). The construction is similar,
and has previously been described.

A special sealing method is shown in Fig. 4.143, where the upper and lower pack bodies are pressed
together by means of two conical half-shells. Bolts passing through the shell into the upper body secure
the sealing of the pack.

Figure 4.144 shows an annular staple spin pack developed for up to ca. 3000 holes per spinneret. The
melt inlet to the pack can be shut off by a piston valve to exchange the spin pack or spinning pump. The
upper melt distribution duct has its maximum height at the point of melt entry and descends, in 2 half
rings, conically with decreasing diameter. The melt then flows through three consecutive support plates,
between which sieves are sandwiched, into the cavity above the spinneret. The quench air is introduced
through the hollow interior of the melt flow distribution cone. Internal insulation is required for the
quench air and an internal heating band for heating the annular spin pack to compensate for possible heat
losses to the air flow. An annular spinneret can also be modified to take 4 polymer inlets for 4 kidney-
shaped spinnerets, which can be served by an outflow quench. This "Quaterly Shaped" system (Fig.
4.145), which can be extended to 8 round spinnerets, is used by certain manufacturers of tirecord, carpet
yarns and technical yarns.

Self-sealing spin packs are becoming increasingly important. Figure 4.146 shows a schematic of such
a pack and the method of insertion for bottom loading. The saw-toothed thread of the pack housing (e) is
screwed into the counterthread (e) in the pack port, whereby the pack is sealed by the aluminum gasket
(s). On being pressurized by melt, the flange presses downwards against the spinneret (d), forcing it
against the spin pack housing (e), thus sealing the whole system.



Figure 4.142
Spin packs for round spinnerets
A) With screw-in thread
B) Double spin pack with flange
C) Double spin pack for top loading
D) Two spin packs for top loading, exchangeable against one rectangular spin pack according to Fig. 4.150
a) Screw-threaded top cover h) Pack removal bolts
b) Flat filter Q Pack fastening bolts
c) Distributor plate k) Insulation
d) Spinneret s) Sealing (gasket)
e) Spin pack housing t) Recess for jacking (sealing) bolt
J) Top plate respectively top housing u) Melt inlet pipe
g) Sand filter v) Spinning beam/heated chamber

Figure 4.143
Round or rectangular spin pack, held together by two internally conical
ring clamps (3, 4; DBP 3 224 833 of July 9, 1983, Barmag [88])
J) Ring or plate clamps. For other explanations, see Fig. 4.142

D

C

A

B



Figure 4.147 shows another self-sealing system. The melt enters sideways through (j); sealing is
effected by the contact pressure from (h). The melt then flows through the biconical filter (h) centrally
onto the spinneret (h). The high pressure forces the top cover plate, via a ring gasket, against the conical
screwed ring, thereby sealing the whole system.

A similar sealing principle is shown in Fig. 4.148. In contrast to the above spin packs, this version
demonstrates the use of candle- or flat filters. The melt flows through the support plate (h), then through
the expansion gap between an inner- and outer cone onto the spinnneret. The exact centering of the 2
cones relative to each other is achieved by means of a toothed construction of the outer cone. The
pressure drop in the expansion slit is given by:

(4.33)

These spin packs are well-suited to high pressure spinning, as the pressure drop is converted into an
increase in temperature via shear work.

The pressure drop can also be achieved by the use of filters of appropriate resistance; the pressure
drop is then similarly converted into a melt temperature rise. The disadvantage here is that the pressure
drop increases with filter blockage, as does the melt temperature rise. A further self-sealing pack utilizes a
V-shaped ring gasket, which is pressed outwards to seal. Initial melt pressurization is needed to make the
seal, which then improves as the pack pressure rises (Fig. 4.149) [72].

Figure 4.144
Annular spin pack with shut-off valve, designed for
radial air quenches [24] with air supply through the
pack
/) Electric heating
m) Spinning pump connection. For other labels, see

Fig. 4.142

Figure 4.145
Annular or round spin pack divided
into four or eight spinnerets for a
radial air quench chamber



Figure 4.146 Self-sealing spin pack series for spinnerets of D = 30 . . . 120 mm, with sand filter (g) or without sand
filter and correspondingly reduced height (Barmag [88]); right: installation method for bottom loading, a) top plate
b) filter sieves c) distributor plate d) spinneret e) sand-retaining sieves g) sand or stainless steel powder filter
s) aluminum gasket

Spinnerets with sandfilters

Spinneret Filter area Minimum pitch for spinnerets/pos.
diameter 4 6 8 9 12 16
mm cm2 mm mm mm mm mm mm

30 4-2 400 500 600 650 800 1000
7.3

36 6-6 450 550 650 700 850 1100
10.5

40 8-6 450 550 700 750 900
13

50 11 500 600 750 850 1050
20

55 IZ 500 650 800 900 I
24

59 20 500 700 85o 950 |
28 I

64 23 550 700 900 1000
33

70 28 550 750 950 1050 I
39 I

80 56 600 8oo 1000 I I
51

85 11 650 850 1100 I I
57 1

100 58 700 950 I I I
79 J I

d

s f

a
•e
9
b
c



Figure 4.148
High pressure spin pack (for up to 1000 bar inlet
pressure), used at, e.g., 600 bar inlet pressure, reduced
to the 30 . . . 50 bar pressure required to force the melt
through the spinneret capillaries by friction in the
filters and between the inner cone (a) and the housing
wall cone (e) Increase in extruded meet temperature =
(600-30) bar x 4°C/100bar = 22.8°C

Figure 4.149
Internal construction of a self-sealing round spin pack with
sand filtration (g); (Automatik [22])

4.6.11.3 Spin Packs for Rectangular Spinnerets

Round spinnerets have a more uniform melt and pressure distribution above the spinneret than
rectangular spinnerets, but rectangular spinnerets permit a more uniform cooling of the filaments
when the optimum quench design is used (see Section 3.3, particularly Fig. 3.12), as there is always
the same number of filaments per unit width for the quench to penetrate. In the case of rectangular
spinnerets, uniform melt and pressure distribution above the spinneret must be achieved by correct design
of the melt distributor above the spinneret, and by use of a high pressure drop filter. Figure 4.150 shows a
simple top loading spin pack, which can also be modified to take two round spinnerets in the rectangular
housing. If the rectangular spinneret is relatively long (e.g., >400 mmx >80 mm), it is recommended
that, after entry to the pack, the melt first be distributed lengthwise via a conical channel having parallel

Figure 4.147
Round spin pack, self tightening by ring sealing (s)
in the conical ring, with double plate fabric filter
(p), melt supply from the side (j) and pressure screw
from the other side (h) [88]

volume \jm

f t 30% , 500 / 850

2. 50% , 350 /500

3. 20% , 250/ 350
s=gasket (seal)
d=spinneret



Figure 4.150
Rectangular spin pack (left: without sand filter, right: with sand or
candle filter, for top loading) exchangeable with two spin packs
according to Fig. 4.142d; explanation as in Fig. 4.142

Figure 4.151
Long, rectangular spin pack (up to
approximately 700 mm) with biaxial melt
distribution [22]

Figure 4.152 Rectangular spin pack for spinnerets longer than 500 mm, with several melt supply inlets and
distributors



walls and at the lower ends of which a double conical distribution in the cross direction be used (Fig.
4.151). One must also provide sufficient bolts along the length between the spinneret and the upper
housing so that the latter does not buckle under the high internal pressure. If the spin packs become still
longer, it is possible to fit many subsections into the housing in such a manner that the distributors fit
together seamlessly (Fig. 4.152).

Another method, proven for spinnerets of up to 3 m long, is illustrated in Fig. 4.153. Here the inlet
channel F 0 is first divided into two streams of cross-section F1 each. After a half pitch, polymer is taken
off to the long spinneret by a channel of cross section Fn. The melt main body then flows through a
section of cross section F2, at the end of which a channel, again of cross-section Fn, leads melt to the
long spinneret, etc. Cross-sections are calculated according to the formula given in Section 6.4.2. The
melt distribution to the long spinneret is done as per Fig. 4.152. Melt flow through the channels F n can
be improved by the use of small apertures free of dead spots.

Figure 4.153
Melt distribution for
extremely long spin packs
according to
Fm = Fm_i + F n and
F0 = IxF1

4.6.11.4 Auxiliary Devices for Pack Insertion

For manual insertion of bottom loading spin packs, a simple pack insertion device comprising a rod and a
plate for holding the pack suffices, provided that the top of the pack is recessed to avoid damage (Fig.
4.146). Use of a "snapper" or latch to hold the pack in position before bolting simplifies the operation.
The spin pack can also be temporarily held by two opposed bayonet slots before bolting.

Lifting devices (Fig. 4.154) are available for heavier packs. The pack is placed on the tray of the
lifting device, which is then moved sideways to the appropriate spinning position, where the pack is
electrically or hydraulically raised into the pack port of the spinning beam by means of a parallel linkage
[134].

Figure 4.154
Pack insertion device
for bottom loading of
heavy spin packs
(Neumag [167])



It is also possible to raise the spin pack using a chain or steel cable which passes upwards through a
pipe in the spinning beam, and then to bolt the pack from below.

4.6.11.5 Spinneret Bolting

In piston spinning, dry spinning and wet spinning, there is often no space for the complicated (melt)
distribution described above. It suffices therefore to fit the spinneret, the distributor plate and the filter
sieve into a special domed cap nut, and to bolt this to the solution delivery pipe fitted to the spinning
machine. Figure 4.155A shows such a fitting suitable for a solution pressure of up to 20. . .30 bar, and
capable of spinning upwards, horizontally or downwards, depending on the shape of the delivery pipe.
This construction can be made for spinneret diameters from ca. 20 mm to greater than 200 mm. Figure
4.155B shows a similar spinning head, but modified for liquid heating or cooling of the spinning solution,
as is done in dry spinning at higher temperatures. The internal displacer in the inlet pipe can be used for
solution temperature—and/or pressure measurement.

The piston spinning device in Fig. 4.156 is suitable for melt or solution spinning; the spinneret
bolting is shown in the figure. Depending on detailed construction (e.g., flanging or bolting, with or
without support plate, etc.), this device can be used for pressures up to 300 bar (or even up to 1000 bar)
and for temperatures up to 500 0C. Provided that the piston travel is long enough to reach the spinneret,
"dead-spot free" spinning is possible.

A

B

Figure 4.155 Solution spinneret bolting [24]
A) On a spinning pipe for upwards wet spinning
B) For dry spinning with heating respectively cooling jacket for the dope supply pipe
a) Dope supply pipe e) Filter sieve direct in front of
b) Heating or cooling jacket /) Solution spinneret
c) Spinning filter just in front of g) Outer spinneret bolting
d) Breaker plate, or respectively as basket K) Spin pack bolting

Figure 4.156
Spin pack below a piston type spinning unit,
suitable for melt or solution spinning [24]



The bolting of an annular spinneret for staple fiber dry spinning is shown in Fig. 4.157. The spinneret,
support plate and filter are connected to the distributor ring by means of an interior- and exterior screw
thread. The complete pack can be fitted to the solution delivery pipe by means of a quick change
connection device. Despite the high local gas temperatures, cooling normally is not required, as the
solution throughput is around 100 kg/h for large plants; the very short residence time practically excludes
any warming effect.

4.6.12 Spinning Pump Drives

As a consequence of the high finishing accuracy and narrow tolerances, spinning pumps use more energy
to overcome friction than in pumping and pressure generation. This is obvious from Fig. 4.158: for every
extra 100 bar pressure difference, the driving torque increases by only 43% [136, 137]. Also, 2- and 4-
fold spinning pumps require almost exactly twice and four times the torque required for a single pump of
the same capacity. In general, the following speed range should be adhered to for spinning pumps:

10 r/min < nspinning pump < 42 r/min

For spinning pumps of up to 20 cm3/r, Spinning PumP should be <36 r/min for pumps in continuous
operation; pumps of capacity >20 cm3/r should run at <30 r/min. The optimum speed range for all
pumps is 15. . .25 r/min. At rotational speeds below 8 r/min, the periodic effects due to rotation and
gear teeth become too large [138] (corresponding Uster component ^0.4%) (Fig. 4.159).

Figure 4.157
Annular spin pack for dry spinning, with quick-change
device (Fourne [24])

a) Annular spinneret (see Fig. 4.138a, right) h) Calotte in cone m) Fixing nut for (h)
b) Solution distribution channel (conical) i) Support tube n) Outer solution supply
c) Outer spinneret bolting J) Support housing for connection for a flexible
d) Inner spinneret bolting annular spin pack (possibly hose
e) Spinning ring filter heated or cooled) o) Solution temperature
/ ) Perforated breaker ring plate k) Dry spinning tube jacket sensor
g) Solution supply pipe



Figure 4.159
Effect of spinning pump rotation on melt pressure fluctuation
between pump and filter (pump speed n = 12rpm); the effect
becomes smaller with increasing pump speed

The spinning pump drives must be by synchronous motors supplied by frequency converters of
<0.01% deviation. Both permanent magnet- and reluctance motors can be used. The motors must be
capable of holding the speed constant to achieve constant throughput, even should the extruder pressure
rise too high. On switching off a pump drive, the spinning pump must not be driven, like a hydraulic
motor, by high pressure at the pump inlet. Each spinning pump must be capable of being switched off
independently of the other pumps, this being done electrically or mechanically. Friction drive clutches are
not acceptable.

Each spinning pump is connected to the pump drive by a spinning pump driveshaft, e.g., by a
telescopic shaft having a universal joint and a shear pin (Fig. 4.160), or by a hollow shaft gear through a
floating shaft (Fig. 4.162) with a flexible coupling and a shear pin. The shear pin should be sized for 0.8

Figure 4.158
Required torque at the pump driveshaft tang; formula for other
pressure differences:
MD 2 = ( I + 0.0043 x Ap (bar)) x MD1

Driving power: Af (kW)~ 10~3 x n (rpm) x MD (mkg)
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Figure 4.160
Telescopic type spinning pump driveshaft with universal joint (1),
distance ring (2), shear (overload) pin (3), spline shaft (4) and
exchangeable pump driving plug (tang) (5), made of hardened, high
tenacity steel suitable for spinning temperature

Figure 4.161
Vertical spinning pump drive [33, 24]



to 0.9 times the allowable spinning pump drive torque. The spinning pump driveshaft tang is a change
part subject to wear; the tip of the driveshaft tang should have a clearance of 0.5 .. .1 mm between itself
and the pump drive socket in the hot stage to avoid overloading the drive shaft and the pump.

For computer monitoring, a toothed gearwheel can be fitted to each pump driveshaft between the
shear pin and the spinning pump, for monitoring the pump speed and printing out the results periodically.

Various drives are available for the many, parallel spinning pumps in a spinning machine:

A single drive per pump, having either a horizontal drive shaft (Fig. 4.154) or a vertical drive shaft
similar to that in Figs. 4.160/4.161, depending on the pump mounting position. Each drive consists of
a self-starting synchronous motor and a worm gear [141-143], a planetary gear [120] or a "Cyclo"
gear [140]. The synchronous motor runs at 600.. .3000 r/min; a step-down ratio of 1:70 is required
to obtain the above spinning pump speeds. The gearboxes should be designed for 20 000 h of
continuous operation.
The previously-described motor and gearbox units often require a much greater pitch than the many
adjacent spinning pumps. For this splitting one uses mechanical reduction gearboxes with, e.g., 4
floating driveshafts (Fig. 4.162) and double worm drive between the motor and the driveshafts [22].
According to Fig. 4.163, one can also use a main shaft worm drive and helical gear split gearbox [24].
By using change gears between the left hand and the right hand sides of the gearbox, it is possible to
obtain different speeds for spinning bicomponent yarns. Individual pumps can be brought into
operation by means of manual dog clutches.

Figure 4.162 Spinning pump worm gearbox for 4 pumps with hollow and stub shafts [22]

Figure 4.163
Bicomponent spinning
pump drive gearbox
with 4 change gears,
adjustable within the
range of
85 :15 . . . 50:50
. . .15:85 in small
steps; with mechanical
clutches [24]



The popular, previously-used single pump drives using synchronous motors and PIV (positively
infinitely variable) gearboxes or fine-control gearboxes are today not accepted as meeting the require-
ments of titer uniformity. For single discharge pumps, however, suitably sized PIV gearboxes, often with
normal asynchronous motors, are acceptable as variable speed drives (and are easier to make explosion-
proof).

4.7 Quench Cabinets

4.7.1 General

Filaments extruded from the spinneret capillaries are quenched as single filaments almost parallel to one
another, and are solidified under almost time-constant conditions, without filament flutter or fusion; they
are—if possible—cooled to a temperature below the glass transition temperature. For these reasons, the
quench and quench cabinet must meet certain criteria.

With the exception of Du Pont [144] (since 1938), yarn was spun downwards through vertical
interfloor tubes of 4 . . .8 m length and cooled by the relative motion of yarn to air until about 1956. Other
yarn producers imitated Du Pont [145-148], and after 1956 most producers very quickly converted to
spinning with a cross flow quenching zone below the spinneret. As a result of the improvement conferred
by this system, today it is possible to spin at 6000 m/min using interfloor tubes of 2 . . .3 m, at up to
1800 m/min (LOY) using 1.3 m long tubes and at 40 . . .50 m/min using 0.4 m long tubes: the savings in
the reduced volume of the spinning building, the proportional reduction in conditioned air costs and the
improvements in fiber and yarn quality are evident.

Figure 4.164 explains the elements of a quench chamber. The molten filaments (2) emerging from the
spinneret (1) are (sometimes) blanketed by steam or an inert gas at spinning temperature (3). Monomers
emerging from the molten filaments are aspirated by (4). The quench air (6) passes through the filaments
(2) at right angles, removing heat as in a tube bundle cross flow heat exchanger, and transports the heated
air out through the permeable quench cabinet door (7) into the spinning room. In POY spinning, the
filaments are dressed with spin finish at (9), the finish being dosed by the spin finish pump (14), then
passed through a yarn guide (10) below the applicator. The converged yarn then travels down to the
traverse guide (11) before being taken up on bobbins (12) by the winder. The quench air (13), conditioned

Figure 4.164
Schematic of air quench chamber

1 Spinning head with spinneret
2 Filaments
3 Spinneret protective gas (blanketing gas)
4 Monomer aspiration
5 Quench air plenum
6 Quench air flow
7 Front door (permeable), with
8 Window
9 Spin finish applicator

10 Yarn guides
11 Yarn control, cutter, aspirator
12 Bobbin take-up (winder)
13 Quench air supply
14 Spin finish pumps

Next Page



according to polymer type, enters the quench plenum (5) under specified conditions and is distributed
across the upstream side of the air rectifier (15) in order to achieve a desired air velocity profile at the
filaments.

In LOY spinning, finish application (9) in the quench is mostly omitted, and the finish is applied
above the take-up machine.

This basic principle has been developed further by various fiber producers according to their own
requirements. One can distinguish between 9 different types of quench chambers (Fig. 4.165, [150]), of
which (B, F, G and H) have the widest application in practice, (B) particularly for rectangular cross flow
quench and (G or H) for radial quench.

Laminar cross flow from the air rectifier is necessary for quenching textile filaments, particularly for
achieving good dye uptake uniformity. Weakly turbulent cross flow air can be used to cool staple fiber
tow. In compact staple spinning lines having a high filament density and tension, a strongly turbulent
air flow is permissible. The type (c) quench is only employed when the product of the spinning speed
v [m/min] x spin dtex/fil. > 30 000 for PP, > ca. 50000 for PA and > ca. 90000 for PET.

See Section 3.3 for calculation of individual dimensions:

Uster value optimization as a function of the air velocity ([151], Fig. 3.14),
heating up of the quench air as it passes through the filament rows ([152], Fig. 3.10),
the cooling of filaments to below the glass transition temperature, including cooling of the hintermost
row,
the maximum distance of the hintermost filament row from the air rectifier (formula 3.21),
the distance of the spinneret from the top of the quench,
the required cooling air flow rate (formula 3.10),
the cross flow quench zone length (Fig. 3.18).

The quench internal width is derived from the spinneret hole geometry: the distance between the
outermost filaments and the quench chamber sidewalls should not be greater than 20. . .30 mm [153]. If
this distance is greater than 40. . .50 mm, a suitably thick partition plate should be inserted here, as well
as inside the air rectifier. A second type of partition plate, to avoid cascade breaks when one yarn breaks,
is also recommended to avoid all the threadlines above one winder breaking. Mechanical stability
requires that the external width of the quench cabinet be ca. 120 mm greater than the internal width. In
special cases, the 120 mm can be reduced to 80, or even to 45 mm. Figure 4.166 shows an example of the
layout of the interior width of a quench chamber for 8 spinnerets of 70 mm external diameter (52 mm
perforated diameter) spinning two groups of 4 threadlines for take up by two 4-bobbin winders. The
spinning position pitch required is greater than 840 mm, e.g., 900 or 1000 mm (compare Fig. 4.98). If
one replaces the single spin packs with double (2 spinneret) spin packs, about 40 mm of width can be
saved, and an interior quench width of 670 mm can be achieved, corresponding to a spinning position
pitch of > 800 mm.

When spinning 167 final dtex at 3600 m/min (/= 1.5), the throughput per spinneret is 5.41 kg/h, or
43.28 kg/h yarn for the configuration in Fig. 4.166. Using p = 0.64 (Table 3.4),/PET = 1.213, QZG = 8
and T= 25 0C, Fig. 3.10 gives QBS = l52, i.e., 658 Nnr/h of quench air is required for filament
cooling. With 36 filaments per spinneret, dtex/fil x v = 25 000, and from Fig. 3.18—H1 =0.88 m. As
no more than 4 filaments lie one behind the other, the required quench length is 1.00 m. The oiler can be
located immediately after this length.

According to Fig. 3.13 and Table 3.6, the air velocity profile can lie between A and B. This gives an
average air velocity of v = 0.3 m/s using a quench width of 620 mm, and v = 0.25 m/s at a width of
720 mm, or—for profile A—about 0.36 m/s or 0.3 m/s.

This completes the geometric data required for the design/construction of the quench.
The air velocity profile can be further improved through plant trials [155-157]. In this way, Uster

values of better than 0.6% can be achieved. A requirement here is that the air velocity profile be constant
across the quench width in cross flow quenching or constant along the circumference for radial
quenching. The shorter the quench zone becomes, the less effect has the vertical air velocity profile.
One can therefore use the constant profile B for quench zones of less than 500 mm. The air velocity
profile has practically no influence on the air quantity required for cooling; this also follows from the law
of conservation of energy. For cooling PA66, the cross flow should occur as close to the spinneret as



E) Highly turbulent
quench chamber
H^(2 or 3) x 0.1 m
Countercurrent (!)
Q^36 x G
v > 6 m/s
For high spinneret hole
density PET staple fiber
spinning

D) Turbulent I-chamber
H < 0.4 m
W (H) = constant
Q[Nm3/h]<40Gmelt

v > 0.8 m/s
Preferably v> 1.5 m/s for
POY spun at high yarn
tension

Q Extra long quench chamber
H > 2 . 5 . . . 5 m
Air velocity profile set as in
B), for 2 or 3 zones
Q2, above « 35 G
Q2, below « 12 G
v < 1.3 m/s
Preferred for POY when
final dpf > 8 .. . 20

B) Standard quench chamber
H«0.4.. .1.8m
Air velocity profile set by
a deflector plate (Figure 3.13)
Q[Nm3/h]«(15...30)Gmelt

v = 0.1...0.5...0.7...1.3 m/s
Continuous velocity profile

A) Turbulent chamber
H«1.4.. .2.2m
Zone air velocity profile set
by hinged inlet vanes
Q>20xGm e l t[kg/h]
v > 0.4 m/s
Step profile

Figure 4.165
Various quench chamber
types [150]

I) Radial quench chamber
As H, but with air inlet
from above, through core of
spinneret

H) Radial quench chamber
(outside -• inside)
H < 1.2 m
Q^16G
v< 1.0 m/s
weakly turbulent

G) Radial quench chamber
(inside -> outside) H < 1.2 m
v«0.4...1.0m/s
Q « 8 (for PET)... 25 (for PA)
x G [kg/h]

Preferred for staple tow (in
vertical spinning)
Number of spinneret holes > 2000

F) Slit quench chamber
H < 0.05 m
Q > 4 0 G
v > 10 m/s
For PET and PP compact
staple fiber spinning
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Figure 4.166 Determination of the required air rectifier width from the spinneret layout in the pack box. In the
example, there are 8 spinnerets of 70 mm outside diameter/60 mm inner diameter, which require
pack bodies 86 mm wide. There is 1 winder per 4 spinnerets, and an AIMg3 partition wall avoids
"cascade" breaks between the winder positions. The required air rectifier width is 720 mm

Figure 4.167 Preferred quench air velocity profiles
a) for fine filament textile yarns from PA66

A) for end titer 40fl 7 dtex at 6000 m/min
B) for end titer 40fl 7 dtex at 4800 m/min
Q for end titer 40fl 7 dtex without yarn

b) for various applications:
A, F) for textile PET multifilaments, POY
B) for PET staple fiber, with rectangular spinnerets
Q for microfilaments
D, E) for higher dpf, and for higher spinning speed

(H) can be determined from Fig. 3.18)
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possible without cooling the filaments too rapidly, i.e., the quench should begin a few cm below the
spinneret with v = 0 m/s, then increase quickly ([158], Fig. 4.167a). Many other vertical velocity profiles
are in common use, as it can be seen in Fig. 4.167b.

The above velocity profiles have been measured without yarn running. With yarn running, the air
velocity profile is significantly modified, as shown in Figs. 3.15 and 3.16; the yarn velocity also
determines the amount of air dragged vertically downwards and the yarn tension.

4.7.2 Preferred Quenches

Of the nine quench types shown in Fig. 4.165, only the ones below are industrially significant.

The rectangular cross flow quench cabinet (Fig. 4.165B).
This quench, first used in 1938 [144], is today still the most widely used type. The general drawing in
Fig. 4.168 explains the most important details, The inlet air (Z) is first filtered by a quick-change filter
(6.3); the air flow rate to the quench is then regulated (6.4) before being rectified by (6.1). In the
plenum (1.5) the pressurized air flow direction is changed from vertical to horizontal by the air
rectifier (2). The air velocity profile in the quench cabinet (1) can be set, amongst other means, by the
deflector plate (5), as shown in Fig. 3.13.

The filaments emerging from the spin pack on the centerline are displaced by the cross flow to the
trajectory curve shown in the diagram, their displacement being (a). The front door(s) should be
permeable to air and have the lowest possible air resistance; this improves the Uster value. The opening
(3), above the quench door, permits observation of the spin packs and/or enables monomer aspiration to
be incorporated. The filaments are taken up by the winder through the interfloor tube (8).

The three topmost sides of the plenum (1.5) (or air rectifier (2)), as well as the tops of the quench
cabinet sidewalls, must be sealed gas-tight against the insulation of the bottom of the spinning beam to
avoid outside air leaking in. For reasons of handling the spinnerets, the total height of the quench cabinet

Figure 4.168 Laminar quench cabinet having regulator flaps above the floor (left) and below the floor (middle)
(see also Figure 4.212 B)
/ Quench cooling chamber 6.3 Quick-change filter
1.2 Side walls 6.4 Airflow regulator
1.4 Front door 6.5 Measuring aperture plate
1.5 Air inlet plenum 2 Laminar air rectifier
5 Deflector plate 3 Opening for monomer aspiration
6.1 Inlet rectifier 1.6 Window
6.2 Shut-off valve Total height: HG « 1.75 . . . 2.1 m

Z Z



above the floor should be 1.7.. .2.1 m, preferably 1.9 m. The quench cabinet housing is made from stable
steel sheet, gray cast iron or glass fiber composite. The quench cabinet itself and the interfloor tube are
made from rust-free stainless steel and/or AlMg3; these parts are preferably anodized black or dyed
electrolytically, as the yarn is mostly white.

These quench chambers are used for circular and especially for rectangular spinnerets, where many
packs are placed in series in a cabinet. Detailed sizing, energy requirements and capacity calculations are
given in Section 3.3; these are particularly applicable to this type of quench.

The externally-similar, multi-zone quench chamber (Fig. 4.165A) suffers from the disadvantage that
turbulence is created where the different flow rates in the different zones leave the air vanes and emerge
into the quench chamber; turbulence occurs particularly in the overlapping zone boundary layers.

Particularly long quench chambers, similar to the one shown in Fig. 4.165C, comprise 2 or 3 quench
chambers of type B.

A quench chamber incorporating alternate, opposed counterflow zones—claimed, as well, in [144]—
can reduce the cooling length required for heavy yarn bundles by up to 40%, but exhibits turbulence due
to the opposed counterflow.

Outside to inside (inflow) radial quench chamber (Fig. 4.169)
Inflow quench chambers are used in combination with circular spinnerets having an annular hole
distribution. The quench air enters a hollow, cylindrical rectifier surrounding the filament bundle,

Figure 4.169 Radial quench chamber with outside —> inside quench flow
a) Principle, and dimensions of a PET staple fiber quench, given as an example

1 Stand 7 Interfloor tube with perforated upper part
2 Inlet air plenum 9 Inlet air flange
3 Air rectifier 10 Filament bundle
4 Pneumatic piston

b) Outside-to-inside radial quench chamber (shown opened), with filaments from annular spinneret
[24]

perforated



penetrates the filament cylinder radially, and the air flows into, and down with, the hollow space
within the annular bundle. The air within the bundle is squeezed out above the yarn convergence
point. As in cross flow quenching, the air is warmed in penetrating the filament bundle in the upper
quench zone. In the lower quench zone, the air once again penetrates the filament bundle during its
expression to outside. For this reason, inflow quenches are not suitable for materials of low glass
transition temperature.

For spin pack insertion/removal and for yarn throw-down at the start of spinning, these inflow
quenches can be pneumatically (or otherwise) lowered by 400.. .500 mm. A variant which produces
good Uster values when spinning continuous multifilament is shown in Fig. 4.170 [33]. Here 2 to 8
sintered metal tubes (3) or Fuji paper rectifiers are encased in a pressurized box (8) to which the inlet
air is admitted; these tubes are extended below the box to form the interfloor tube (7). The air
exhausts into the room at the end of the tubes. The air tube is sealed above against the spin pack by
means of an insulation ring and a concertina bellows (4) which is smooth on the inside.

The inside to outside (outflow) quench chamber (Fig. 4.171)
Outflow quench is particularly suited to staple fiber spinning, as a round spinneret can easily
accommodate 12 concentric rings of capillaries. With the dimensions given in Fig. 4.171, 3000 holes
can be fitted in one spinneret to give a throughput of 160 kg/h/spinneret when spinning fine titer. The
upper quench tube (3), made from sintered metal and incorporating a flow cone (11), needs only
(T= 300C, p = 1,/= 1.11) ca. 1240 Nm3/h cooling air for PET, corresponding to a velocity of ca.
0.5 m/s at entry to the first filament ring. The quench air, after passage through the sintered tube, is
still 30% turbulent; this does not adversely affect the spun filaments, as the measured
CV ~ 10. . . 12% shows. The corresponding inlet air velocity in (9) is 14.5 m/s, and the system
requires an inlet pressure of 300.. .500 mm w.g.

Spin finish application is either as per page 368, using a ring which also keeps the filaments away
from the air inlet pipe, or—better still—as shown in Fig. 4.171 using a U-shaped spin finish
applicator ring (pos. 12).

Figure 4.170
Outside-to-inside quench chambers for spinning
PET filament yarns [33]
Description is as per Figure 4.169a, but addition-
ally:
4 Corrugated tube connector to spinneret face,

insulated
5 Switch for hydraulic lift
8 Housing for 4 quench tubes
Comment: The quench tube (S) is usually
constructed from porous sintered metal



Figure 4.171 Radial quench chamber having inside-to-outside flow (outflow quench)
a) Principle, and dimensions of a PET staple fiber quench, given as an example. Description as per

Figure 4.169, and additionally:
3 Porous sintered metal tube

11 Cone insert for shaping air velocity profile
12 Ring-shaped spin finish applicator

b) Radial quenches of Ems AG [152] spinning PET staple fiber

Figure 4.172
Slit quench of a compact staple fiber
spinning machine

The slit quench chamber (Figs. 4.172 and 4.165F)
The slit quench is used practically only in conjuncton with compact staple spinning machines
(Section 5.1, Fig. 5.2). In one example, the 450 x 80 mm rectangular spinneret has ca. 60 000 holes
with a hole to hole spacing of ca. 0.8 mm, i.e., it has about 50. . .60 rows of holes. The spinning
speed is typically 30. . .50 m/min; for this, a slit height of 20 . . .30 mm suffices. At a spinneret



throughput of 80 kg/h (w 2 kg/h/cm spinneret width), an air flow rate of 4 0 . . . 50 Nm3/h/cm width
is used, corresponding to an air velocity of 20 . . .40 m/s, which is strongly turbulent. As the
spinning tension is high and the distance of the spinneret to oiler is only ca. 200.. .300 mm, the
filaments are relatively stable. For polypropylene, the quench flow is angled ca. 5 . . .10° to the
spinneret, so that the filaments are partly solidified directly after extrusion from the capillaries [33].

This principle can also be used for annular spinnerets (Fig. 5.8). A construction intermediate
between the slit quench and conventional cross flow quench is given in Figs. 4.165E and 5.10. Here,
in the first 100 mm below the spinneret, the quench flows from front to back, simultaneously
removing the monomer evolved. In the next 100 mm, the quench flows from behind through the
filament bundle to the front and into the spinning room. Using this system, fine filament PET staple
can be spun with up to 25 hole rows and 1500 holes/10 cm spinneret width at a spinning speed of
1700 m/min using a quench velocity of 10.. .15 m/s, achieving a CV value of 10.. .11% in the
finished fiber.

4.7.3 New Quench Chamber Developments for Very High Spinning Speeds
(Fig. 4.173, [318-323])

In order to achieve the required higher heat transfer from filaments to cooling air, one can

increase the heat transfer coefficient a by increasing the air pressure in the cooling chamber (b) to
0.5 .. .3 bar overpressure,

Figure 4.173 Quench chambers for spinning speeds of 6 0 0 0 . . . 12 000 m/min
a) Over-pressure quench with venturi jet take-up
b) Radial quench (inflow) with venturi jet take-up
c) Self-aspirating quench with air aspiration
d) Example of air aspiration in an over-pressure quench for 2 yarns.

1 Cool compressed air inlet 5 Vacuum-assisted air aspiration
2 Protective cylinder and sieve 6 Room cooling air aspiration
3 Venturi jet 7 Take-up godet
4 Yarn suction jet



use the increased air flow aspirated at higher spinning speeds, then suck this air
out directly below the convergence point: (c) and (d) (Fig. 9.15),
use a venturi jet (a).

The cooling air, at 1. . .3 bar overpressure, is forced into the cooling chamber (a, b), flows—after
distribution by sieves—to the filaments and moves downwards with the filaments through a jet (a) or is
sucked away from the filaments (d). The take up force is possibly enhanced by a second jet (b), which
reduces the yarn tension to the winder. These new quench types have been suggested for PET at
>6000 m/min, optimally for 9000 m/min and for even up to 12 000 m/min spinning speed. For PA66
and PP, they have only been recommended for 6000.. .9500 m/min.

4.7.4 Construction Elements for Quench Chambers

Other than the plenum and casing—and, in the case of rectangular cross flow quenches, the sidewalls—
many other elements are required to bring the quench air flow, in the desired condition, into contact with
the filaments. Included here are aspirators, spin fhish applicators, etc. In particular:

4.7.4.1 Quench Air Rectifiers

Air flow rectifiers originally served to achieve a uniform velocity distribution across the surface of the
quench. To this end, a perforated plate, an air gap and a sheet of air-permeable foam material about
10 mm thick, all encased in a change frame and placed in the air flow direction, sufficed. The air flow
from such a device was, however, still slightly turbulent. For radial quenches, a perforated tube wrapped
in an air-permeable foam material was used. When the foam material became blocked, it was simply
replaced with new foam.

Today air rectifiers for achieving the required laminar flow in the desired flow direction when
spinning fine textile and technical yarns, and for damping the pressure fluctuations in the inlet air, consist
of perforated plates, combinations of fine wire sieves and possibly, inbetween these two, Alucell
honeycomb plates and air-permeable foam sheets. Using such combinations, the turbulence in the
inlet air of (mostly) >1.2 can be reduced to <1.01 on leaving the rectifier. The woven wire mesh
becomes progressively finer in the flow direction; the fine mesh must, however, be stable and be protected
against mechanical damage, including during cleaning. To achieve exit air flow at right angles to the
screen, only plain weave or parallel braid construction (twill) can be used. The fineness of the front sieve
should be about 60-100 urn. To achieve laminar exit flow, the maximum mesh size for plain weave
should be 350 urn for 0.6 m/s, 180 um for 1.3 m/s and 100 urn for 1.8 m/s. By appropriate construction,
Tu may be made less than 1.01 [161].

Every screen frame comprises two or more of the above-mentioned components (Fig. 4.174). The
distance between 2 consecutive meshes should be at least 60 to 80 times the mesh size; this is normally
rounded to the nearest 10 mm in practice. If the void between 2 meshes is filled with Alucell (a
honeycomb construction made from aluminum foil), pressure compensation cannot occur parallel to the
plane of the (vertical) screen front. In this case, a definite vertical air velocity profile occurs at the rectifier
exit in the quench chamber (Fig. 4.174b). If the void between 2 meshes is left open (i.e., no Alucell),
pressure compensation at right angles to the flow direction occurs, and the exit air velocity profile
becomes more uniform (Fig. 4.174a).

Figure 4.174 also explains how the rectifier can be changed quickly; it should be possible to do this
within the time required for a pack change. After loosening and pushing away both fastening clamps (1),
the quench sidewalls (2) are removed and the rectifier (3) is pulled out towards the front.

Table 4.30, a calculated example, gives the coefficient of resistance, the pressure loss and the
turbulence damping for a 4-layer air rectifier. With a damping of D — 109.7, the turbulence of the inlet air
is reduced from 16 to 0.15% in the quench chamber.

In order to avoid fluttering, caused by turbulence, in the still-molten filaments emerging from the
spinneret capillaries, two measures are necessary:



Figure 4.174b
Air flow rectifier having 3 stainless steel meshes
with Alucell flow straighteners in-between the
meshes (SW= 1 mm). Also shown are the clamps
for fixing the rectifier to the quench chamber
sidewalls [24]
/ Fixing clamp
2 Sidewalls of quench chamber
3 Air rectifier

Table 4.30 Quench Chamber Air Rectifiers Calculated Example for v = 0.6 m/s, 1 Perforated Plate and 3 Woven
Meshes (Numbers from Section 7.10)

Layer ft Re y C p (kg/m2) Damping

Mesh 4 0.0397 1500 37.5 6.20
Mesh 3 0.8 10.46 5 21.5 4.74
Mesh 2 0.38 27.80 3 12.9 1.62 3.73
Perforated plate 1 0.111 turbulent 16.65 150 3.38

Sum 221.9 5.00 110

An air flow diverter plate, more than 50 mm long and inclined upwards at 10.. .12° to the horizontal
to avoid air flow break-away at the top of the air rectifier (Fig. 4.175a). Alternatively, in the case of
multi-layer air rectifiers, the interior frames of the rectifier are expanded stepwise from inside to
outside.
Sealing, on all 3 sides, of the top of the quench cabinet to the underside of the spinning beam
insulation (Fig. 4.175b) is necessary to avoid outside air leakage into the top of the quench chamber.

Every protuberance increases the air velocity on the perimeter of the air rectifier. Assembling the air
rectifier internal frames incorrectly, so that there are protuberances, is not acceptable, as this will lead to
turbulence at the frame edges.

Figure 4.174a
Air flow rectifier having 4 stainless
steel meshes (finest, in front: 3600
mesh/cm2): 7wfront~0.16 to
Tu<0.01 [24]



Figure 4.175b Examples of quench door seals (b and c) and a quench rear wall seal (d)

The front mesh of the air rectifier, made from stainless steel, should preferably be electrolytically
dyed black in order to be able to see the mostly white or translucent filaments. The front mesh must be
tautly tensioned, as the air flows out normally to the tangent, and a wavy mesh would result in a non-
uniform velocity distribution. Figure 4.174b illustrates how the mesh can be tensioned: it is spot welded
to a stainless steel strip along its perimeter, which is then laid over the frame and screwed down into the
sides of the frame.

The front mesh must also be protected against contamination. The top of the screen becomes
contaminated by condensed monomer, and the whole screen area can be soiled by melt dripping onto it.
Strong turbulence is generated in the neighborhood of these dirt particles [138, 154]. Dirt on the inlet side
of the screen leads to the same effect. To prevent monomer condensation, thin copper strips can be fixed
to the top of the screen frame and extended to touch part of the hot spinning beam; these strips conduct
heat, remain warm and prevent condensation. To avoid melt dripping onto the front screen, there must be
a minimum gap between it and the first filaments (compare formula 3.21).

4.7.4.2 Quick-Change Air Filters

These are used to clean the inlet air to the quench rectifier. Either flat filters or pleated (folded) filters (Fig.
4.176) are used; the latter have a much greater surface area. These filters should have at least one mesh

d)

c)
spinning

head

b)

a)

Figure 4.175a
Flow separation plate fitted to the top of the air rectifier to avoid
eddying directly below the spinneret
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which is as fine as—or finer than—the finest mesh in the rectifier (3), as well as a coarser support mesh
(2). The housing locking mechanism permits a filter change in less than 5 s [24]. As the quench inlet
air—even from the best air conditioning plants—is not as clean as required for the air rectifier (because of
the long air ducts), use of these filters can extend the working life of the rectifier by a factor of 3, and
thereby also maintain good Uster values for a longer time. The air rectifier should be exchanged for a
cleaned one as soon as the Uster value exceeds an acceptable limit (Fig. 4.177).

Figure 4.176
Quick-change air filter (folded type) [24]

U < 0,5%

A

U = 1.15%

B

U = 1.95%

C

U < 0.5%

D

Figure 4.177
Uster diagrams as a function of the duration
of operation (i.e., degree of contamination
of, especially, the front layer) of an air
rectifier

Uster diagram A B
Time in operation < 1 h 10 days
Uster value U <0.5 1.15

Uster diagram C D
Time in operation 20 days freshly

cleaned
Uster value U 2.45 0.5



4.7.4.3 Air Flow Regulation

In order to reduce pressure variations in the quench inlet air, one can increase the inlet resistance of every
quench chamber, either by using a series of parallel butterfly flaps (which have a relatively low resistance
when open) or by using a sandwich of 2 high resistance perforated plates which can slide relative to one
another. It is possible to make the inlet resistance to the quench cabinet so high that the individual
differences become irrelevant. Increasing the resistance does, however, lead to the need for higher inlet air
duct pressures, but this—in turn—results in better damping of pressure pulsations.

A quench supply shut-off flap can often prove useful, e.g., when throwing yarn down the interfloor
tube. In the absence of the shut-off flap, the freely-falling yarn can be blown out of the quench chamber.
A foot-operated lever is recommended for operating the closure flap.

4.7.5 Quench Chamber Accessories

These accessories can sometimes be of advantage, but are not always necessary or useful. Included here
are:

4.7.5.1 Monomer (Fume) Aspirations

In the first 5 . . . 15 cm below the spinneret, about 0.2. . . 1.2 w/w% (depending on polymer and
temperature) of low molecular weight monomers or degradation products diffuse from the still molten
polymeric filaments into the air. About 40 . . .70% of this monomer is removed by the quench air, the
remainder condensing on cool parts, such as the quench sidewalls, the top of the air rectifier frame and
even on the screen itself. Only by heating to above 220 0C can this be avoided, but this is not, however,
practical. One way of coping is to mechanically scrape off this growing layer at regular intervals. If not
removed, PA66 monomer grows to a thickness of a few mm within a week. In the case of small quench
cabinets, this encrustation can disturb the air flow in the upper regions.

Monomer remaining in the quench air is removed, together with its carrier air, by a monomer
aspirator. As shown in Fig. 4.178, there are various methods:

An unheated aspirator hood, 80 .. .150 mm high and having the width of the quench, is positioned
immediately below the spin pack, close to the extruding filaments. The hood sucks away the quench
air in this region, heated to 50 . . . 100 0C by heat exchange with the filaments, with a velocity of 1.2 to
1.5 times the quench air velocity. Every hood is connected to a common monomer extraction duct by
means of a quick-change coupling. Soiled hoods are exchanged and cleaned in the workshop. Initial
duct velocities of 12.. .20 m/s prevent monomer deposition in the duct, as long as there are no
obstructions in the duct. The aspirated air can largely be cleaned of monomer by a water jet injector
pump or by water spraying.
When the above-described extraction hoods and ducts are heated to above 180.. .2200C (e.g., by
leakage-free heated plates and/or heating cuffs), the contaminated aspirated air can be led directly to a
washer. The heating power (flux) required here lies between 0.1 and 0.2 W/cm2, based on the duct
interior surface. Overheating electrical protection must be provided for the ducts.
The monomer-laden quench air in the upper quench zone is directly aspirated into an exhaust duct,
which has a water spray jet located behind a plate beyond the duct opening. The water spray
condenses or dissolves the monomer. Figure 4.179 shows a schematic of a complete monomer
aspiration plant. There is a water jet injector pump for every 2 quench cabinets. As well as showing
the required supply and preparation accessories, process conditions are given as an example. All
components coming into contact with water should be made from 1.4541 steel, as a minimum
requirement.

4.7.5.2 Spinneret Blanketing

Blanketing of the spinneret with steam superheated to the temperature of the spinneret is particularly
beneficial in PA66 spinning. The steam dissolves most of the monomer diffusing out of the filaments and
carries the mixture downwards as a boundary layer, thus largely preventing monomer baking onto and
coking on the spinneret face. Superheating the steam up to nearly 3000C can be done either by passing



Figure 4.179 Process scheme of a complete
monomer aspiration system
a) Quench ducts
b) Openings for spinnerets
c) Extraction hoods, with
d) Quick-fit coupling
e) Water jet pump
f) Water de-aeration
g) Collector tank for n positions
h) Water filter
/) Circulation pump
J) Suction fan
k) Overflow
I) Fresh water, cold
m) Water main ( ~ 1.5 m/s)
n) Drain pipe (~0.8 m/s, c~3%)
o) Exhaust air (~ 8 . . . 10 m/s)
p) Spray water (c ~ 2%)
Example 2: 2 spinning positions, each
90 Nm3/h aspiration through 0.1 m x b^
(= internal quench chamber width — ca.
20 mm)« 8 m/s x pipe cross-sectional area.
Water consumption: ca. 3 m3/h.
Make-up water: ca. 150 1/h x position + 30%

Figure 4.178
Monomer aspirations
A Aspiration hood, dry, heated
B Aspiration through a water-sprayed duct
C Aspiration through a water-sprayed chamber
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Figure 4.180 Spinneret
blanketing (protective gas)
attachment, electrically
heated, for retro-fitting [24]
a) Saturated steam line for

2 spinning positions
b) Steam distributor
c) Electrical steam super

heating and blanketing
device

d) Shut-off valve
e) Pressure gage
—• flow direction

the steam delivery pipe through the spinning beam (Fig. 4.164, pos. 3) or by electrical heating, as shown
for 2 spinning positions in Fig. 4.180. Live steam (a) is pressure-reduced at (d) to give the required steam
flow rate, which is approximately 20. . .30% of the throughput rate. The steam is then superheated by
electrical resistance heating rods at (c), after which it streams out from both sides of the spin pack parallel
to the spinneret faces, uniformly across the spin pack length.

There is no demonstrable advantage for steam blanketing when spinning PA6. For other polymers,
particularly those which are very oxidation-prone, it may be necessary to use the above-described
apparatus with pure nitrogen instead of steam.

4.7.5.3 Hot Shrouds (Collars)

For highly viscous polymers, e.g., for tirecord, a 100.. .300 mm long, dry shroud, electrically heated to
spinning temperature is fitted immediately below the spinneret to retard or delay the cooling of the
filaments. Figure 4.181 shows an example of such a hot shroud (post-heater, after-heater) in cross-section.
The interior of the heater is made from rust-free stainless steel, and outside it is electrically heated and
temperature-controlled. The shroud sits below a round spinneret (a) for spinning PET tirecord using
\Y\~\ = 1.0 and a spinning temperature of 310 0C. The front side of the heater should be openable upwards
for servicing the spinneret, particularly in the case of rectangular spinnerets or rows of spinnerets.

A hot shroud can be beneficial for spinning many new, special polymers and spinnable liquid crystals.

C

C

b

a
dey

Figure 4.181
Hot shroud (heated collar)
a) Spinneret
b) Stainless steel body
c) Electric heating bands, with
d) Temperature sensor
e) Insulation

e

a

d

bc



Spun waste can also be taken away by compressed air aspirators of large cross-section, located below
the air rectifier, into waste containers. When stringing up onto the winder, the yarn is cut out of the
aspirator, the aspirator is switched off and the yarn is thrown down, to be caught by the suction gun.

4.7.5.5 Interfloor Tubes

Interfloor tubes are used to protect the yarn against unwanted environmental interference between the
bottom of the quench chamber and the take up machine by enveloping all threadlines from one spinning
position. They are mostly made by welding AlMg3 sheets together; the insides must be smooth to prevent
yarn snagging. In multi-storey spinning towers, the types (A) and (B) shown in Fig. 4.183 are used; they
isolate the yarn in the tube from the different floor pressures. The penetration holes in the floors or decks
are usually sealed with polyurethane foam. Interfloor tubes for single yarns can be round, those for
multiple yarns or rectangular spinnerets are rectangular. The latter can—like quench cabinets—be
separated by separator plates; their depth in the quench direction should be not less than 300 mm.
Interfloor tubes are sealed at the outlet ends by openable flaps, which have a slit to allow the yarn to pass
through them.

In compact spinning plants having an open grille floor and a short distance between the quench and
the take-up machine or winder, the interfloor tubes are left open at both ends (Fig. 4.183C) since there is
no pressure difference between the spinning room and the winding room.

When closed interfloor tubes (A, B) are used, it is necessary to have pressure control between the air
conditioning units serving the quench floor room and the winding room. The overpressure on the quench
floor should be set such that, with the flaps closed, the exit air velocity in the yarn exit slit is ca. 2 m/s
downwards.

Figure 4.182
Spinning start-up waste chute
a) Spinneret
b) Filaments
c) Waste chute
d) Wagon for waste yarn
e) Quench air inlet
f) Quench air rectifier
g) Quench chamber
h) Interfloor tube

4.7.5.4 Waste Disposal

A simple method of preventing the spun waste from falling down the interfloor tube is to hang a waste
chute in the quench. With the quench doors opened, the waste chute protrudes out above a waste wagon;
extruded polymer and spun waste slide down the chute into the waste container (Fig. 4.182). Using a
separating flap on the chute (c) solid waste (polymer blocks) can be separated from spun waste ("wool").
To minimize weight, the chute is made from AlMg3.



Figure 4.183
Interfloor tubes (made from Al 99.5 or
AlMg3)
A) Round or rectangular, with lower closure

flap and slit for yarn passage
B) Rectangular/conical, with lower closure

flap and slit for yarn passage
Q Open, round or rectangular, for compact

plant in a single room

When spinning PA66 LOY or MOY, the interfloor tube is also used to steam-condition the yarn.
Figure 4.184 shows a steam conditioner in use since 1938 [144, 162]. A single multifilament yarn (13) is
conditioned by 100 0C saturated steam at atmospheric pressure in the interior tube, while the jacket (54)
acts as a steam heater to prevent condensation on the inner wall of the interior tube, which would result in
a dyeing fault where the yarn runs against the condensate. These steam conditioning tubes can also be
angled sideways to give the correct yarn path to the winder. Whether steam conditioners are required
when spinning PA66 POY is open to debate.

A steam conditioner, based on the same construction principles, but made for 16 parallel fine titer
multifilament yarns (13) is shown in Fig. 4.185, including the steam injection (2) and the jacket heating
(54). The flaps (51, 52) are internally steam heated to prevent condensation. Together with the cover (53),
(52) can be opened frontwards to facilitate yarn throwdown. A condensate collection tray, with
condensate return, runs around the bottom of the inner tube (50). Right at the top of the tube, vapor
is sucked out and condensed externally.

The "tube spinning system" (Fig. 4.186) was developed from the single end steam conditioner. Using
one compressed air injector per multifilament threadline, each yarn is blown down its own guide tube.
After yarn throw-down using high presssure, the pressure is reduced until optimum yarn tension above
the winder is attained. This system results in an exact yarn guidance and prevents cascade breaks when
one threadline breaks [163],

A) B) C)

grid floor (open)

Figure 4.184
Steam conditioning tube with jacket heating, single end
[75, 24]



Figure 4.185 Steam conditioning tube for 16 PA66 yarns: upper section [24]
2 Steam injection tubes 54 Heating jacket

51 Fixed, heated flap 13 Yarns
52 Openable, heated flap 50 Internal pipe
53 Hinged cover

4.7.5.6 Quench Air Supply Ducts

In very tall spinning towers, the mezzanine between the quench chamber floor and the winding room floor
is used as a buffer pressure chamber for the conditioned quench air supply, in order to be able to supply
all quench chambers from one large volume at constant pressure. To this end, the room pressure must be
held constant, and the supply air from the air conditioning plant must enter the quench chamber
connecting flange without disturbance. By additional subdivision of these rooms, the spinning room can
be supplied with comfort air and the winding room with correctly-conditioned air.

The development of more compact spinning machines has led to the use of exactly-dimensioned
quench air supply ducts, which supply exactly the correct flowrate and pressure at the quench chamber
inlet. In order to simplify manufacture, the quench supply duct has a constant cross-section over its entire
length; the resistance of each quench inlet must then be adjusted to make the flow rates up all quench riser
ducts the same.

It is, however, better to make the quench air supply manifold as shown in Fig. 4.187, using either
conical- or rectangular step sections in such a way that the flow rate Qn up each riser duct is the same.
The air velocity in the manifold should be in the range of 6 . . .10 m/s; above 8 m/s the duct becomes
noisy. The duct walls should not pulsate, and the air flow in the manifold should not come into
resonance. As individual quenches can be shut off during production, one builds in overpressure louvre
by-pass flaps at the ends of the ducts; these must have a very short response time, as the electrical
regulation of the fan (or fans) of the air conditioning plant respond with considerable inertia.



Figure 4.186
The Lurgi Tube Spinning System [163]

1 Granulate inlet
2 Spinning extruder
3 Polymer melt distributor pipe
4 Spinning beam
5 Spinning pump
6 8 spinnerets
7 Quench chamber
8 Take-up and interfloor tubes, with compressed air inlet (A)
9 POY take-up machine, with spin finish applicator, yarn cutter and

aspirator
JO Yarn separation and intermingling (tangling)

4.7.5.7 Air Flow Restriction in the Quench Chamber

In cooling yarn bundles, each containing many filaments, it is beneficial to force the quench air to flow
through—and not around—the filaments. Figure 4.188 demonstrates the advantage of placing a flow
restrictor plate (fairing) close to the outer filaments of a filament bundle in terms of the uniformity of
filament displacement by the quench and its corresponding effect on the isotherms in the displaced
bundle. The non-uniformity of the temperature lines in the left half (at large distance between the
sidewalls and the outer filaments) results in a lower and less uniform drawability than the right hand side,
which has a very small distance to the quench sidewall [153].

In practice, such flow restrictor plates should follow the outer filament bundles all the way through
the quench zone; the plates should be slightly convergent, so as to equalize the air resistance of the
converging bundle. To reduce air consumption, one can incorporate corresponding flow restrictor
masking plates of ca. 200 mm length on the inlet side of the air rectifier.

The flow restrictor plate in the quench chamber can be held in position by fixed distance pieces, by
swivel end screws or pneumatically, with retraction, in order to avoid the filaments snagging against the
inclined plates at yarn throwdown [24].

Figure 4.187
Dimensioning of a quench air
supply duct
Q = ZQBSn

Qn = constant
Q11 = Q-ZQn

= Q-nQBS
v « 6 m/s ( < 8 m/s)



Figure 4.189
Spinneret protective plate to shield spinneret from
quench (Example is for 6-fold spinning [24])
a) Spinning beam
b) Spin pack
c) Spinneret
d) Insulation
e) Quench inlet plenum
J) Quench air rectifier (interior stepped above)
g) Filaments
h) Fixed plate
i) Movable plate with fixing screws
J) Quench chamber sidewall
k) Internal quench chamber separator plate
/) Front door, with
m) Quench door grille
n) Angled supporting bracket
o) Seal between quench and spinning beam
v) Quench airflow direction

Figure 4.188 a) The effect of the flow-limiting plates in the quench chamber; above: without; below: with plates
b) Flow-limiting plates in the quench chamber, adjustable to within ca. 10 mm of outer filaments [24]
c) Double quench chamber with flow-limiting plates [24]

a)
b) c)

b)



When there are many yarns being cooled in a quench chamber, it is recommended that air vanes
( = separator plates) be placed between the yarns, with a separation of 20. . .25 mm between the outer
filaments and the plates. For ease of handling, these separator plates should either be easily removable or
should retract when the chimney door is opened.

It is often worthwhile—particularly for fine titer—to shield the spinnerets against the quench flow,
as is shown in Fig. 4.189. The upper air deflector plate is fixed normal to the front of the air rectifier
and is extended in the flow direction by a slideable plate, which has sections cut out to allow passage of
the filament bundles during spinning. These restrictor plates function as a very weak heated shroud, as
the air between the plates and the spinneret is stagnant. This can also result in an improved Uster
value.

4.8 Spin Finish Application Systems

Spin finish application is necessary to make the yarn more pliable, antistatic and more moist. For the
downstream processing of tirecord, the yarn must also be made more receptive to rubber adhesion by
treatment with resorcinol formaldehyde. In addition, there is the possibility of reducing the air friction
component of yarn tension by converging the filaments as close to the spinneret as possible (compare
Section 3.3.2). If the spin finish applied at spinning is not sufficiently durable, finish is again applied once
or twice more during further processing, possibly after washing off the original spin finish. The tendency
is, however, to make the spin finish suitable and stable for all further processing stages. In the case of PET
POY for drawtexturizing, e.g., the finish must be able to withstand temperatures up to 240 0C, must not
decompose and must remain on the yarn in sufficient quantity. For this reason, possibly more finish must
be applied at spinning than remains in the end product.

For continuous filaments, the oil on yarn level should preferably lie between 0.8 and 1.5 w/w%,
based on dry yarn, while staple tow requires up to 4% if washing occurs downstream. Spin finish is
applied as a 10.. .25% solution or emulsion in distilled water. Layering of the spin finish or component
separation can be avoided by stirring or by circulation. Finish damaged by oxidation cannot be re-used.

There are five different methods of applying finish at four different production positions:

The level of finish applied at spinning must be sufficiently high to achieve the 0.6.. .0.8% level required
for further processing, taking into account losses during intermediate processing:

when the yarn contacts the finish (particularly in POY spinning), one observes that the finish is
explosively atomized and is taken up by the room air as an aerosol. This finish-contaminated air must
be cleaned by washing and/or catalytic combustion.
losses during hot drawing of yarn or tow by evaporation, decomposition or washing.
drying out losses.

As more finish is again applied at further processing, the spin fhish material balance, from beginning
up to finished goods, is fairly complicated, and is not evident to the spinner. One should therefore limit
oneself to optimizing the spin finish level up to the winding stage, and possibly the next processing stage.

staple line

rwinding-/take up machine

rewinding machine

quench chamber

spraying
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4.8.1 Roll Application

This is the oldest finish application system, and is still used today particularly for wide tows and for
speeds below ca. 1800 m/min. Roll application can be fitted at the inlet to the take-up machine, at the
bottom of the quench chamber or at tow processing.

The sintered corundum lick (kiss) rolls [146] have a diameter of 120... 180 mm and a width which is
given by: max. tow width + > 50 mm. The roll drive is continuously adjustable within a range of
3 .. .20—preferably 5 .. .9 r/min, the roll running in the same direction as the yarn. For very wide rolls,
stainless steel cylinders, plasma-coated with coarse Al2O3, then ground, are also used.

The bottom of the rotating roll dips into a shallow tray, which has an inlet in one corner and an
adjustable-level overflow in the opposite corner. When built into a spinning machine, a yarn guide
(10.. .20 mm) and the tip of the spin finish tray protrude beyond the face of the machine.

When built into the quench chamber, the upper part of the roll is protected against yarn waste by an
openable cover (Fig. 4.190). The spin finish supply can be held in a sufficiently large machine tank.
Finish is pumped from the tank to the tray by a submersible centrifugal pump via polyethylene tubing, the
excess finish returning via similar tubing of larger diameter to the tank, where it is filtered. When built
into the front wall of a spinning machine, all rolls can be driven by a continuous shaft, either directly or
via a chain drive.

Figure 4.190
Spin finish lick roll for
installation in the quench
chamber [24]

1 Spin finish trough
2 Spin finish roll
3 Spin finish inlet pipe
4 Adjustable overflow
5 Yarn-retaining guide
6 Yarn warp (band)
7 Quench chamber sidewall
8 Support rods
9 Chain drive

13 Drive motor
18 Bearing housing = side

wall to (1)
19 Hinged cover

The uniformity of finish application is only ± 40%. One spin finish roll per spinning position, both
for wetting and for finish application, sufficies when spinning long campaigns of the same product. For
more frequent changes of titer, batch or product, two finish rolls in series are recommended, the first
(upper) roll for wetting and the second (lower) roll for finish application. To change the ratio of moisture
to finish then requires only changing one or the other of the roll speeds, and not the spin finish
concentration.

4.8.2 Rod (Bar) Application

The rod applicator (Fig. 4.191) is, in principle, a corundum plasma-coated stainless steel tube of the same
length as a lick roll width, having a row of closely spaced bores for the spin finish outlet above the point
where the filament sheet contacts the rod. Any finish not removed by the yarn is collected in a slot at the
bottom of the rod and led away. The spin finish supply system is the same as for roll application [24].

For use with radial quench, the tube can be bent semi-circular or U-shaped.

4.8.3 Spray Application

In spray application, the finish is sprayed onto a running tow from above by atomizing jets. It is seldom
used alone, but is often used above a finish roll when the latter cannot transfer sufficient finish, as, e.g.,
before staple tow take up in cans. Normally a centrifugal pump delivers the finish to the spray jets.



Figure 4.191
Spin finish applicator rod
a) Yarn path
b) Spinneret
c) Spin finish applicator rod
d) Spin finish applicator delivery pipe having slits or drilled

holes
e) Spin finish overflow collector
f) Overflow pipe
g) Slide rails (for height adjustment)
h) Carrier rods
Comment: The spin finish applicator tube (c to e) can also be
curved, e.g., round

4.8.4 Dipping Bath Application

Dipping baths can either have 2 or 3 silicone rubber coated calender rolls running in a heated finish
trough or 1 to 5 dipping rolls running in a finish pan, both followed by nips to squeeze out excessive
finish (see Section 4.13.5).

4.8.5 Pin Application (Metered Spin Finish)

Each threadline is dosed the required quantity of spin finish and water by an individual spin finish
applicator (pin), this quantity being supplied by a single chamber of a toothed gear pump. Spin finish
losses (spray-off) can be compensated by a slightly increased pump speed to give the finish level required
for the given yarn. The spin finish applicators are placed either in the quench cabinet (after the yarn has
cooled to below the glass transition temperature) or at the top of the take up machine. The dosage rate can
be fairly accurately calculated, and needs only minor subsequent corrections.

A sample calculation, using metered spin finish, is given for a 6-fold PET POY yarn of
83.3 .. .167 dtex final titer (125 .. .250 dtex spin titer), spin at 3500 m/min and dressed with 1% finish
oil on yarn using a 20% aqueous emulsion:

Spun titer x m/min x % oil on yarn/concentration = g/min emulsion pick up

Spin finish pump size, cm3/r = g/min emulsion pick up at 8... 65 r/min (4.33)

This gives 2.19.. . 4.38 g/min ^ 27.4.. . 54.8 r/min for a 0.08 cm3/r pump. A 6-chamber pump is
required.

Figure 4.192 shows the detailed construction of a metered spin finish system. Each finish applicator
(2), tiltable through the angle (3) to optimize its contact with the running yarn, is supplied by an
individual finish inlet pipe (1). The finish emerges in the applicator shortly before the yarn/applicator
contact point (4). In the event of a yarn break, the surplus finish runs down the pipe (6) in the mounting
block (5) into an overflow collector (7). Because of the low throughput (ca. 50 mm3/s in the example



Figure 4.192 Metered spin finish application [24]
a) Closed execution, b) Open execution [33]

1 Dosed spin finish 9 Locking latch for carrier
2 Ceramic applicator ("oiler") assembly
3 Adjustable angle of inclination 10 Protective
4 Oiler rentention pin covering
5 Retention block 11 Yarn guide
6 Spin finish overflow cover plate
7 Spin finish overflow collector 12 Carrier rod
8 Adjustable yarn guide 13 Vertical carrier rod

above) and the corresponding danger of oxidation, re-use of the overflow finish is not possible. Waste
finish from all applicators is collected in a common waste tank. A yarn guide (8) is positioned about
100.. .200 mm below the finish applicator. The yarn guide both pulls the yarn into the applicator from
above and facilitates the threadline path from oiler to winder. There is no agreement on whether the finish
applicator should point into—or away from—the quench air flow stream. Pointing it away from the
quench has the advantage that the threadline can be seen; about 85% of spinning positions have this
configuration.

As the spin finish cover is an important factor in yarn quality and uniform runnability, the flow rate to
each applicator is often monitored and displayed on a scanner. The applicator carriage (5) has a quick-
latching device (9) to enable it to be swung aside or moved out of position when throwing down at the
start of spinning.

Metered spin finish has a uniformity of around ± 7%. The distance between the oiler and the
spinneret must be adjustable, as a short free length of yarn above the convergence point is favorable for
good Uster values, as well as conferring low yarn tension. In PET POY spinning, a convergence distance
of 400 mm suffices for 0.5 dtex final dpf, 600.. .800 mm for 1.5 .. .2.5 dpf, 1200.. .1300 mm for 5 dpf
and 1700 mm for 10 dpf.

Figure 4.193 shows a double-sided applicator [24], used for microfilaments of high count and for
thick multifilament bundles. Threading up through the applicators is facilitated by a matt hardchromed
wire guide.

a) b)



Figure 4.193 Double-sided metered spin fnish application in the quench chamber. This is used particularly for
large yarn bundles and for microfilament yarns, and is adjustable in height. It is fitted with yarn
guides and thread-up guides [24]

Similar applicators with individual inlets can also be fitted at the yarn inlet to take up machines (see
Section 4.9).

Figure 4.194 shows a spin finish pump assembly, together with drive. The 2 to 12 chamber pump is
bolted onto the housing and joined, via a flexible coupling, to a reluctance geared motor bolted on from
the other side of the housing; the system runs at 10.. .80 r/min and has a maximum power of ca. 60 W. A
static frequency inverter powers all the finish pumps in a spinning machine. The earlier, often used

Figure 4.194 Spin finish pump assembly for many yarn ends, fitted with gear tooth pumps as per Figure 4.114 and
a small, geared reluctance motor of 4 0 . . . 60 W to give 8 . . . 60 rev/min [24, 87, 106, 107]



Figure 4.195 Metered spin finish application system, from spin finish mixing tank (7) through machine spin finish
tank (3) to spin finish applicators {10, 11) [24]
1 from vessel (8, 11) Figure 6.30 9 PE tubing
2 Filter < 5 /mi 12 Spin finish applicator block
4 Float valve (in 6.31) (e.g., Figure 4.192)
5 Overflow = return flow to (5) in Figure 6.30 11 Spin finish return (after a yarn break; not
6 Three-way valve for drainage, and for re-usable)
7 Inlet to individual spin finish pumps 13 Spin finish waste collector drum
8 Spin finish pumps (Figure 4.194), one per

spinning position

system of having the driven gear, attached to the pump, driven by a pivoted drive gear (similar to that
used in wet spinning), stresses the pump driveshafts too much and leads to early leakage at the pump
shaft.

Finish is provided for the individual pumps from a machine-based spin fiiish tank (Fig. 4.195).
Finish, supplied from the central spin finish storage tank, is filtered by a 5 um filter before entering the
machine tank, where its inlet is controlled by a float valve and a level sensor, which switches the supply
pump at finish make-up on and off. In addition, an overflow pipe on the side returns excess finish to the
central supply tank. On the underside of the machine tank, a two-way ball valve permits either drainage of
the finish or supply to a header pipe, from which individual outlets, each having a shut-off valve, lead to
the spin finish pumps via individual PE tubes. PE tubing is also used to connect individual finish pump
chambers to individual spin finish applicators.

4.9 Spinning Take-Up Machines

Spinning take-up machines incorporate all the necessary devices to take up, to handle and to wind the
yarn emerging from the interfloor tubes. All take-up machines—except those for godetless POY—should
nowadays be equipped with yarn guides, yarn cutters and aspirators, cold and/or heated godets or duos,
yarn presence sensors and winders. Heated godets or duos and high speed winders for above 5000 m/min
are encapsulated. Also encapsulated are intermingling (tangling) jets, air jet texturing devices for BCF
yarns, etc. Figure 4.196 [33] shows photographs (to same scale) of the extrusion floor of a double-deck

Next Page



godetless POY spinning machine (above) and the take-up section (below). The upper deck contains the
spinning beam, the pump drive, the quench cabinets and the spin finish application (behind the glass
doors). Similar details can be seen in Figs. 4.60 [33], 4.62 [22] and other previous figures.

4.9.1 The Various Types of Take-Up Machines

Table 4.31 presents take-up machines suited to various intermediate or end products and having
differences in construction and/or components to this end. These are presented in Figs. 4.197A-N.
Figure (A) shows the principle of the earliest of these take-up machines, where the axes of the spun
packages were parallel to the machine face and to the axis of the spinning machine. As the spun package
size was limited by the machine pitch, construction of such machines ended around 1962, and was
replaced by the construction shown in Fig. (B) [167], where the total package weight is limited only by
the weight the package spindle can carry, and the diameter by the machine pitch. This principle is still in
use today, and is being fiirther developed.

Figure 4.197B2 shows an intermediate solution, where the threadlines from the spin packs are turned
through 90 ° by godets to enable 2 .. .8 packages per side to be wound up as per (B). This system was also
abandoned after a few years, as the turning of the yarn sheet between the row of spin finish applicators in
the quench chamber and the traverse guide arm above the winder results in a small deviation angle and
therefore less ability to change the yarn tension.

Figure 4.196
POY melt spinning plant [33], with (from top to
bottom) spinning beam plus spinning pump
drives, quench chambers and spin finish appli-
cation, intermediate floor, interfloor tubes, yarn
sensor assembly and double deck high speed
winder bank



Figure 4.197 Spinning take-up machines: front views; yarn paths
A) Early generation machines having long friction drive rolls and package chucks parallel to

machine front; built until ca. 1963; v< 1500 m/min.
B) As per A), but with individually-driven friction winders; since 1963 for v < 2000 m/min; from

1972: v < 5000 m/min; from 1980: up to 6000 m/min; from 1992: up to 8000 m/min.
BI) As per B), but with the yarn plane turned through 90° by means of mutually-perpendicular

godets; ca. 1972 to 1984.

A) B) B 2)

I I

C) E) F)

Figure 4.197 {Continued) Spinning take-up machines: front views; yarn paths
Q As per B), but with tension-controlled precision winders; v < 3200 m/min; yarn tension > 5 g

(Leesona [73]), otherwise > 40 g.
E) POY machine without godets, single deck winders [33]
F) POY machine without godets, double deck winders [33]

{Continued on the following page)



Table 4.31 Take-Up Machines: Additional Information to Figs. 4.197 A-N

Fig. Main titer range Winder speed Year of Winder Godets/duos Yarn ends per Application area
(final dtex) range m/min construction type position

up to/from

A 10. . . 300. . . 3000 250. . . 1500 1962 Fr cold 1...4 textile and technical
A2 10. . . 30 . . . 300 250. . . 1500 1970 Fr cold, turned 90° 4 . . . 16 textile
B 10. . . 30 . . . 3000 400. . . 2500 1960 Fr cold 1 . . . 4 textile and technical
C 100.. . 3000 300. . . 2500 1975 YT cold 1...4 textile and technical
D 10...300 300...2000 1975 Fr cold 2 . . . 4 textile POY
E 20 . . . 300 1000... 4000 1970 - 4 . . . 8 textile POY
F 2 0 . . . 300 3000... 6000 1980 Fr - 8 . . . 16 textile POY
H 2 0 . . . 300 3000... 6000 1981 Fr cold for POY 4 . . . 12 textile
J 20 . . . 300. . . 1700 2000... 4000 1980 Fr hot for ROY 4 . . . 8 textile and technical ROY

...6000 1985 Fr -for POY 4 . . . 16 technical ROY
M 500...2000 2000...4000 1985 Fr 1G + 4 duo 2(4) technical, tirecord, ROY
N 500. . . 3000 2000... 4000 1985 Fr 2 duos, etc. 2 . . . 4 BCF
H 30 . . . 300 3000... 8000 1992 SD cold 2 . . . 6 textile, FOY

Fr: Friction drive YT: yarn tension-controlled (dancer arm) SD: Spindle driven (surface speed-controlled)

Figure 4.197 {Continued) Spinning take-up machines: front views; yarn paths
H) Spin draw take-up machine with two heated godets and two air-bearing separator rolls [33]
J) Spin draw take-up machine with 2 or 3 heated godets having air-bearing separator rolls and a

high speed winder. By displacing the winders sidewards [33], the machine can be converted to a
spin POY take-up machine without godets

{Continued on the following page)
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Because yarn tension is crucial in good geometrical package formation (Fig. 3.50), spinning
machines were built incorporating tension-controlled winders (Fig. 4.197C) [33]. It was soon established
that dancer arm tension control was only satisfactory for tensions above 30...5Og, which thus limited
the spun titer to above 300 dtex and ruled out these take up machines for textile titers. An exception here
is the tension-controlled winder made by Leesona [180], which functions well at tensions as low as
2 x 5 g.

Once spinning speeds increased, these take up machines became obsolete, as the maximum speed of
the tension-controlled winder is about 2500 m/min. On the other hand, it was fairly easy to attain speeds
of above 4000 m/min using take up machines of type Fig. 4.197B. These latter machines succeeded
because the two godets in Fig. 4.197B separate the higher tension below the spinneret satisfactorily from
the optimum, lower yarn tension required for winding. Godets also damp the tension impulses arising
from the yarn traverse motion, thereby reducing titer non-uniformity and improving the Uster values (Fig.
3.49).

Barmag [33] succeeded around 1970 in separating these two tensions sufficiently in their SW4 high
speed winder range by the use of a winder-integrated grooved overfeed roll. In take up machines using
these winders, the godets can be omitted (Fig. 4.197E). This can also be demonstrated from formula 3.17.
To increase the throughput per spinning position, the winders were increased in size and arranged in a
double deck configuration (Figs. 4.196 and 4.197F). A simultaneous increase in the length of the package
spindle (chuck) enabled up to 8 packages per winder to be wound. With configuration F, up to 32
threadlines per spinning position can be spun.

Figure 4.197 (Continued) Spinning take-up machines: front views; yarn paths
M) Tirecord spin draw take-up machine with 4 stage drawing for 2 x 1680 dtex x up to 4000

(6000) m/min, 2 ends/position
N) Principle of a carpet yarn spin draw texturizing machine for BCF yarns [170], 4 ends with 2

revolver winders
(Continued on the following page)
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In order to produce fully drawn yarn in a continuous spin-draw-wind process, the two godets in Fig.
4.197B are fitted with separator rolls, enabling the yarn to be wrapped many times around the godets, and
to be drawn between the lower- and upper godets. The second godet must run faster than the first one, the
difference depending, inter alia, on the polymer type. The first godet must also be heated to the optimal
drawing temperature. For various polymers, it is advantageous to replace single-stage drawing by two-
stage drawing using 3 pairs of godets and separator rolls (Fig. 4.197J).

By extending the number of godets further, one arrives at the tirecord spin draw machine, shown in
Fig. 4.197M; this machine has a cold first godet (+separator roll), 3 heated duos, 1 cold duo and a 2 cop
high speed turret winder. Depending on yarn titer, it is possible to produce 4 ends on one winder or 4
ends on two 2-cop winders.

A special development later led to the continuous spin-draw-texturize-wind process for 2 or 4 ends
per position (Fig. 4.197N). The yarns are pre-tensioned by two small rolls before being stretched between
two heated duos, after which they are texrurized by hot air, cooled, relaxed between 2 godets and then
wound up.

Further increases in spinning- and winding speeds up to 6000.. .8000 m/min today, with a tendency
towards 10 000 m/min, and—on the other hand—the spinning of microfilaments has resulted in increased
spinning tensions and a move once again back to separating the spinning and winding tensions, i.e. a
return to the configuration in Fig. 4.197B, in which the spinning and winding tensions can be separated
without problems by the insertion of two godets. Even the Barmag SW4 to SW8 [33] winders need
godets in this speed range.

POY and ROY take-up machines have a height of about 1800 mm, BCF machines of up to 2500 mm
and tirecord machines of up to 2700 mm. In addition a working width of 1500.. .2000 mm behind the
machine is necessary and at least 3000 mm in front of the machine; the latter increases to a minimum of
4000 mm for two opposed, mirror image machines. Using this information, the distance below the
quench interfloor tubes, the quench cabinet height and the height of the granulate silo, the spinning
building can be planned. For the required electrical supply and frequency inverters, see Section 7.1.
Compressed air requirements are given in Section 6.5, and air conditioning is specified in Section 6.2.

A seldomly-built spinning/spin draw machine is shown in Fig. 4.197K for take-up with tension-
reducing godets and in Fig. 4.197L for integrated spin draw. Here the spinning beam is at the ca. 8 m
level and the godet service platform at the ca. 3 m level, below which are found the high speed winders in
double deck configuration.

Figure 4.197 (Continued) Spinning take-up machines: front views; yarn paths
MI) Tirecord spin draw take-up machine, 2 ends, up to 4000 m/min [170]

{Continued on the following page)
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Stable welded construction and sheet metal cladding (with noise abatement coating on the inside)
suffice for LOY machines. The faster the godets and the winders must run (i.e., for POY and higher
speeds), the higher the quality of the construction materials must be, i.e., gray cast iron GG40, or even
GG48. The winders are mounted on rails or fixture plates to enable rapid winder change. For this reason,
electrical- and pneumatic connections have plugs or sockets.

4.9.2 Yarn Inlet Zone

Modern take-up machines have a yarn sensing system for each threadline. At a yarn break, all winder
ends are cut, aspirated and pneumatically transported to a waste container. This sensing system, in the
direction of yarn travel, comprises (per threadline):

• inlet yarn guide • yarn guide
• yarn aspirator • intermingling jet
• yarn cutter • yarn sensor
• yarn oiler (if not in quench cabinet) • yarn guide

Figure 4.197 (Continued) Spinning take-up machines: front
views; yarn paths
K) Multi-storey POY plant with godets and

double deck (Toray) revolver winders [22]
L) Similar to K, but with a single stage draw

using godets for FDY

L)

K)



Figure 4.198 Yarn inlet and yarn presence sensing for a spinning machine
a) Single end, to be combined with other units [24]

1 Yarn guide 5 Yarn guide
2 Yarn aspiration 6 Pinch rolls for depth adjustment
3 Yarn cutter 7 Compressed air connection
4 Yarn oiler

b) 4-end version. Explanation as per a) [24]

section A-B

b)
a )

Figure 4.199 Yarn separation and sensing unit — parallel to winder axis:
L = (n — I) x t + a + bJ, a, b according to winder dimensions, t = yarn package pitch
1 Inlet yarn guide 3 Yarn cutter
2 Yarn aspirator 4 Yarn sensor
The yarn sensor (or an additional yarn guide located below the sensor) should be >3.5 x the
traverse stroke length above the center of each yarn package [24]

.6 bar
waste yarn



If the yarn sheets runs parallel to the machine face, the above elements, up to and including the guide
after the oiler, are located on the machine face; the remaining elements are positioned above the winder
(Fig. 4.198). The above elements should be adjustable in depth in order to match the yarn path.

In godetless POY spinning, the winder axes are at right angles to the axis of the spinning beam, and
therefore so also is the sensor/cutter system (Fig. 4.199). The separation of the elements is the same as the
package to package pitch. Connected to each aspirator, an aluminum pipe transports the aspirated yarn
into a waste collector at the back of the machine. In all cases, the last yarn guide or element must be
centered 3.5 to 4 times the traverse stroke length above the winder traverse guide.

The yarn aspirator and cutter (one per threadline) are activated by a common magnetic valve,
operating at 6 . . .7 bar compressed air pressure.

For spinning speeds of < 2000 m/min, spin finish rolls having troughs are used, as per Fig. 4.190. The
roll cover can be omitted, as this part of the roll lies behind the machine face. The lick rolls can be driven
by a long, continuous driveshaft running the length of the machine. The lick rolls are made from sintered
corundum (p. 368), have 140 .. .180 mm diameter and are about 40 .. .50 mm wider than the maximum
yarn width at this position. The exact contact length between the yarn and the roll surface is adjusted by
means of a yarn guide attached to a micrometer screw.

In Germany it is common to use 2 finish rolls, one above the other. The upper roll wets the yarn and
the lower one applies spin finish. In the USA, one roll suffices for both functions.

4.9.3 Rolls, Godets, Draw Rolls

Godets are rotating rolls which transport, stretch or thermally treat yarns, tows or warps. They are
classified according to size and usage:

Diameter Surface speed Comments Section
mm m/min

Separator rolls 12...60 < 1200 ballbearing* 4.9
< 6000 air bearing**

Godets (draw roll, small) 75 . . .300 < 8000 (almost always) 4.9
driven

Draw rolls (large, for draw frame) 200. . . 1000 < 400 driven
(special cases: < 1000)

* =not driven; ** or possibly turbine

4.9.3.1 Godets (Small Draw Rolls)

As godets are mostly mass produced, the purchaser should select from a range of standard dimensions
and specifications. The overview in Table 4.32 should be consulted, as well as the suggestions given here:

For surface temperatures below 260.. .2800C, a hard-chromed surface of 25 ± 2 urn thickness is
adequeate. Tractive godets are smooth and bright, having Rt < 0.5 urn; they are possibly ground.
Godets used for reducing yarn tension are matt hard-chromed to give R1= 1 . . . 2 urn. Draw rolls
used to deliver yarn at low tension after drawing can have a bright inlet- and a matt outlet surface.
For temperatures > 240 0C, plasma-coated godets are used. The coating can be, e.g., Al2O3 plus
admixtures. The surface is either ground to Rx < 0.5 um or is finished as "orange peel".
Manufacturing accuracy should be better than k8. Dynamic balancing over the application speed
range is absolutely necessary.
Motor drives of > 200 Hz, corresponding to 10 000 r/min for 2-pole motors, should be avoided. For
higher frequencies, the synchronous motor armature stampings must be made from special steel
having low eddy current loss.
Common speed ranges for cold godets are 400, 700.. .1800, 3000.. .4000 and 5400.. .6000 or to
8000 m/min.



The possible number of godet types is very large; only a few types can therefore be described below.
Cold godets, similar to Fig. 4.200A, where the godet is clamped directly to the motor shaft or as per
Fig. 4.200B, where the godet has its own shaft. These godets have a flange or collar at the rear end to
prevent yarn wraps running onto the drive shaft and a taper cone of 2 . . .3 ° by 15 .. .20 mm long in
front to facilitate the removal of yarn wraps manually using a plastic knife.

The bore taper is either 1:20 or MK3, with seating only at the front and back. The tightening nut
must be counter-threaded and have a locking washer to prevent accidental loosening. The moment of
inertia of godets of 150 mm diameter x 150 mm length is GD2 « 0.1 kgm2.

The godets in Fig. 4.200 can also be driven by gears or a chain drive.
Heated godets having a stationary, internal resistance heater (Fig. 4.200B). These consist of a
stainless steel tube cast in aluminum or gray cast iron having internal heating spirals and cold,

Table 4.32 Commonly-Available Godets (Rolls, Draw Rolls)

Dimensions
Cold or induction heated

Diameter
mm

80
100
120
150
160
180
190
220
250
300

Length
mm

40
40 . . . 50

60
160
160
180
180

200.. . 250
250. . . 350

300

Working width
mm

20
20
30
90
90

100
100

140.. . 170
190.. . 260

(L-80)

With vapor jacket
Diameter

mm

160

190

220
220
220

Length
mm

160

180

250
250
250

Working width
mm

100

120

180
180
180

max. drawing
force
kg

0.5
1
2
3
6

10
10
15
25
40

Temperature range and type of heating

Surface temperature [0C] Heating method Construction, materials

Cold

Hot water
Steam

Oil

Electrical resistance
heaters

. Inductive
heating

direct
vapor jacket

Welded

Special steel,
cavity-free, forged

Special stainless
steel, molded

Diameter (mm) < 100 150 180 220 300

Circumferential speed (m/min)

for filament <2000 4000 6000 8000

for staple 1000 800 400

Infrared

= 140

= 240

= 400

= 600



Figure 4.200
Godet constructions
A) Cold godets fitted to the motor shaft or

with bearing stock. Depending on detailed
construction, up to 6000 m/min for
150 mm diameter or up to 8000 m/min
for 180 mm diameter. Shaft bearings
provided with angular ball bearings;
construction tolerance k8, dynamically
balanced [33].

B) Godet with stationary electric resistance
heating, surface temperature control and
adjustable separator roll [24].

Q Godet with induction heating, surface
temperature control and remote sensing
[171].

D) Godet with multi-zone induction heating
to improve temperature uniformity [171]
Key for A to J
a) Godet shell
b) Resistance thermometer PtIOO (close

to surface)
c) Electric resistance heater
d) Clamping block
e) Front cover plate
f) Separator roll
g) Holder for/), with angle adjustment
K) Grease nipple (for special grease)
i) Induction heater
j) Measurement transmitter, rotating
k) Measurement transducer, stationary
J) Inner shell with vapor space (belongs

to a))
m) Synchronous motor

A

A

B

C

D



Figure 4.200
E) Godet with (water) vapor jacket and

induction heater [33, 170]. Control
as per C)

F) Infrared radiation-heated godet [24]
with 3-zone temperature control
system for up to 5000C surface
temperature.

/ Godet shell
2 Cold nose for threading up

(<60°Cto rG ^ 5000C)
3 to 6. Infrared ( < 7000C) heating

circuits (4)
7 PtIOO resistance thermometer for

temperature control
10 Insulation
11 Air insulation
12 Nose for yarn run in
13 Cooling air flow rate adjustment

G) Godet duo with infrared heating as
per F, but with cooling of the front
part and insulation housing, for
speeds up to 1000 m/min and string-
up without opening the insulation
housing [24].

H) Infrared radiation-heated godet with
bright emitter for temperatures up to
7000C [24]
3 Bright radiator (in quartz tubes,

up to 10000C)
7 Thermocouple in collar

14 Shaft cooling
15 Bearing cooling
16 Separator roll
17 Sliding ring gland

G

H

F

E



Figure 4.200
I) Vapor heated godet with

condensate return (18)
by means of a double
sliding ring gland (7 7)
[24]

J) Principle of a liquid-
heated godet

protruding ends. The gap between the internal diameter of the godet shell and the heated surface
should be as small as possible (<0.5 mm for 150 mm diameter). This system is very sluggish, both
in heating up and in controlling.
Godets, similar to Fig. 4.200C, having induction heaters. The electrical current induced in the
specially profiled brass rings, centrifugally spun onto the inside of the godet shell, determines the
axial temperature profile (Figs. 4.201a and b); this profile is made slightly more uniform by many
yarn wraps of sufficient heat capacity. The godet may alternatively be provided with a number of
induction heaters, one after the other (Fig. 4.200D). Each heater induces its own maximum
temperature on the godet surface, resulting in a smaller temperature deviation than when a single
induction heater is used (Fig. 4.20IB).

An induction heating system is characterized by fast heating up times and low control inertia.
Godets having a vapor heated jacket, similar to Fig. 4.200E. A high pressure steam jacket is
incorporated between the rotating short-circuit ring and the outside of the godet shell. This vapor
space is filled with a precise amount of water and is then evacuated and sealed gas-tight. Heat
conducted from the rotating short-circuit ring vaporizes the water, which condenses on the inner
surface of the godet shell, heating it uniformly. The surface temperature profile, measured between ca.
15 mm from the godet flange and 25 .. .30 mm from the front of the godet, is better than ± 1 0C (Fig.
4.201a). The high heat of vaporization ensures a sufficient supply of heat.

Manufacturers have developed various vapor space profiles to provide greater heat transfer
surfaces, while at the same time containing the very high internal pressures (50 to ca. 200 bar
overpressure is permissible) and large centrifugal forces. In the case of vapor-heated godets which
(because of their construction) cannot contain excessively high pressures, safety elements, such as
bursting disks, must be incorporated. These disks rupture once a critical pressure or temperature has
been exceeded, as could, e.g., happen if the maximum temperature cut-out were to fail.

Figure 4.202 shows three important jacket constructions. In (A), two concentric pipes (1, 3) and
the short-circuit ring (4) form the vapor space (2). This construction is suitable for temperatures up to
ca. 245 0C and vapor pressures up to ca. 50 bar. In (B), the inner surface of the jacket pipe has a

J

I



serrated body and a short-circuit ring (4). The longitudinal slots (2) are connected at either end by
rings. In this way, heat is brought closer to the outer jacket. Depending on the connection between the
jacket and the inner ring, this construction is suitable for up to ca. 265 0C and 50. . .80 bar
overpressure. Construction (C) comprises a thick-walled stainless steel jacket tube (5) containing
longitudinal bores (2) parallel to the godet axis and an induction ring (4). It is suitable for
temperatures up to 374 0C (maximum) at 225 bar overpressure. Figure 4.202D gives a schematic
for calculating centrifugal forces and the force balance. After long usage, water vapor jacketed,
induction heated godets exhibit temperature deviations caused by a mixture of air and degradation
products in the vapor space. If this happens, the godet shell steel is not sufficiently corrosion-resistant
to the high steam temperatures, and the porosity of the shell is too high for the high vacuum which

Figure 4.201
Temperature profile of an induction-
heated godet (A) fitted with an additional
vapor jacket (B) [172] and 1 to 4
induction heaters [24]. Godet with
induction heaters
a) 1
b) 1 (corrected induction ring)
c) 2
d) 4

Max. temperature difference over
working width in 0C

a) 18 . . . 21
b) 10. . . 13
c) 6 . . . 8
d) 4 . . . 6
C) Barmag [33] or Neumag [167] multi-

zone induction heating system using
2500 Hz

idling power
750 W

idling power
2950 W

idling power
2450 W

idling power
3700 W

idling power
3700 W
Yarn Load
1200 W
Temperature
Measuring point
in mm

80 °C
3500m/min

180 8C
3500m/min

220 0C
17Q0m/min

220 0C
3500m/min

220 0C
3500m/min
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arises when the godet is switched off and allowed to cool down. Repair can only be effected by the
time-consuming evacuation and re-sealing of the vapor jacket. It was mainly for this reason that the
induction heating principle in Fig. 4.20IB was further developed into a multi-zone, multi-control
system, either with n equal heating zone lengths [33] or with unequal length heating zones [154,
155]. Each heating zone is controlled by its own PtIOO; there is, however, only one temperature
transmitter, which transmits measurements sequentially. Heating is carried out with a higher
frequency in [33]; this enables the short-circuit ring to be eliminated. The temperature constancy
achievable at 1500C is ±1.5 0C [33]. It is also possible to set an axial temperature profile (Fig.
4.20IC). This system is particularly suitable for fine titer, while the vapor induction heater still has
compelling advantages for high total titer.
Godet heating using dark infrared radiation, for surface temperatures of up to ca. 500 0C, can be
achieved by the construction shown in Fig. 4.200F. Immediately below the jacket, radiation heaters
are uniformly distributed across the surface, their cold ends protruding rearwards out of the godet or
its thermal insulation. In the multi-zone version, the front and rear zones should have a slightly higher
heating power, and should be separately controlled. In this way, an uniformity of ± 10 0C at a surface
temperature of 5000C can be achieved over the working length of the godet [24]. The photograph
4.200G shows an execution with godets of 250 mm diameter; this is a particularly small construction
for this type of godet.
For surface temperatures of between 500 and 600 0C, a construction using electric wire in quartz
bright radiation is suitable (Fig. 4.200H). When in operation, the front godet bearing and the shaft in
this region must be cooled by water or oil.

Figure 4.202
The forces in a vapor-heated double shell godet: explanations and descriptions:
A) The liquid/vapor space is formed by an outer hollow cylinder (7) and an inner

shell (3), together with a short-circuit ring (4). Total heat is transferred through
the vapor (2) to the surface [33]: px < 50 bar; T0 < 245°C.

B) The vapor/liquid space (2) is formed from semi-circular grooves, distributed
uniformly along the godet circumference. The radial heat transport is
predominantly by heat conduction to the surface, and is supplemented by the
vapor condensation in (2), which improves the temperature profile [153]:
Pi < 50 bar; T0 < 265°C.

C) The liquid/vapor space (2) comprises axial bores in the godet shell (5). The
heat generated in (4) is conducted to the godet surface; the condensing vapor
improves the surface temperature profile [154]: px < 225 bar; T0 < 374°C

a: Load due to pressure:

G = ^ - ^ Fp = 0.5 P 1 - D - I (4.34)

b: Centrifugal force due to rotation

GTOt = g - v 2 F101 = P - V 2 ^ s - L (4.35)

At circumferential speeds of < 1000 m/min, GRot is negligibly small.
D Godet inside diameter
s Wall thickness of godet shell
L Godet length
S Density of godet construction material
v Surface circumferential speed
P1 Pressure of liquid/vapor system
Fp Radial force due to pressure
FRot Centrifugal force due to rotation
G Tensile stress induced by Fp and FRot

D)

C)

B)

A)



Figure 4.2001 shows a steam heated godet with condensate return. Steam inlet and return is by
means of a double sliding ring gland (17) at the rear end of the shaft. Steam flows through the outer
pipe and condensate returns via the inner pipe, the front end of which is jointed (18) to facilitate
complete condensate removal from the godet.

The godet construction must conform to the rules for pressure vessels (Fig. 4.4). The temperature
distribution is particularly uniform.

The roller- or ball bearings should be to specification c3 or c4, depending on their working
temperature. Similarly, the lubricants must be matched to the working temperature.

A liquid heated godet is shown in principle in Fig. 4.200J. The liquid entry and exit is the same as
that of the steam-heated godet, and here too the construction must conform to the pressure vessel
codes. The internal volume of the godet is reduced by means of a displacer to ensure that the heated
liquid velocity close to the godet shell is high enough to achieve good heat transfer coefficients. The
displacer should have at least two pressure equalization bores. It is unimportant that the displacer will
then be filled by heating fluid during the heating up phase. The temperature decreases slightly in the
axial direction, depending on flow rate and heat extraction, but is still considered to be uniform at
high liquid flow velocities.

4.9.3.2 Duos (Godet Pairs)

To obtain multiple yarn wraps on two godets (Fig. 3.56a), it is necessary to tilt their axes, i.e., to have a
small angle between the 2 godets (Section 7.6). The second (fed) godet has its axis perpendicular to the
machine face, while the first (feeding) godet has its axis inclined to the second. The angle between the
axes should be < 3 °; on no account should 5 ° be exceeded. The inclination of the axes can be done in the
following ways [171]:

The second godet has its flange tilted through the desired angle relative to the first godet, and is then
bolted to the back wall (Fig. 4.203).

Figure 4.203
Godet duo ( = double godet): one godet is
fixed, the second can be angled within a cone
of angle <5° (<7°); in Germany, according
to UW regulations, the clearance between
godets should be > 120 mm [171]
b) with universal ball joint and 2 clamping

flanges
c) with adjusting screws
d) with 2 slightly skew rings, which are

counter-twisted and clamped in position

d)

c)
b)



The godet and its motor have a universal joint, which can be slightly twisted in the retainer plate, then
fastened with two locking rings (b). In the case of heavy godets with drive motors, a flange—normal
to the godet axis and located behind the universal joint—permits the positioning of the godet axis by
means of 3 or 4 pressure screws. The two locking rings are tightened afterwards.
In (c), two slightly conical disks (d) are positioned between the godet flange and the tightening plate.
These can be twisted relative to one another by means of a sickle spanner manually inserted from
outside. At 2.5 ° inclination of both disks, any angle between the godet axis and the clamping surface
between 0 and 5 ° can be set.

4.9.3.3 Accessories for Godets

Temperature measurement and control
In old machines having godets, one still frequently finds the so-called "collar" method of measuring
temperature. (Fig. 4.204). Here, in a slot in the rear of the godet flange (collar), a temperature sensor
(1) measures the temperature of the rotating godet. This is a rather poor indicator of the actual godet
surface temperature, as the distance from the sensor through the godet shell to the surface is rather
large, and, secondly, the convective heat transfer from slit to temperature sensor is dependent on the
speed and load of the godet. The deviation in temperature can easily exceed 100C.

The preferred temperature measuring system for all heating and control circuits consists of 2
PtIOO resistance thermometers in deep bores just under the surface of the godet shell (Figs. 4.200B-
D, F). Because of the sensor's location close to the godet surface the deviation from the true
temperature is less than 0.5 0C.

The sensors are connected to the temperature transmitters, which consist of stationary and
rotating parts by means of wires running through the driveshafts. The temperature transmitters supply
the PtIOO with current and transmit their signals, as per Fig. 4.205, to the control cabinet, which
holds both measured values and set points [171]. The control accuracy of such systems is nowadays
within ± 10C when the sensors are correctly located. Using high frequency, time-sequenced
switching, up to 8 adjacent heating circuits can be monitored by one measurement transducer [33,
171, 172].
Insulation boxes for heated godets are required to protect the workers, as well as to maintain uniform
godet temperatures. Figure 4.206 shows an insulation box for a duo. The box must be openable to the
front and must have inlet and outlet slits for the yarn. In addition, a small, measured air flow must
ventilate the godets of vaporized spin finish, etc.

Figure 4.207 shows a large insulation box for the 2 godets shown in Fig. 4.200F or G. The box
can be opened to the front, and has 2 observation windows and inside overhead illumination. A
particular feature of this construction is that the yarn can be threaded up over the godets without
opening the insulation box, and that the protruding front ends of the godets do not exceed 60 0C, even
when the godet and interior temperature is at 5000C. Because of the interlocking slit (12), the rear
high temperature is not conducted to the front cold head. Conversely, the cold head does not
influence the interior temperature.

Figure 4.204
Godet flange temperature measurement [336]
1 Temperature sensor
2 Godet flange
3 Circumferential slit
4 Heater (stationary)



Figure 4.205 Principle of contactless godet temperature control [171,172]. Installation of the two temperature
measuring elements and connection to signal transmitter (rotating) as, e.g., per Figure 4.200 C

4.9.3.4 Operating Data for Godets and Duos

When used in the multiple wrap mode, individual yarn wraps on the godet must not run into one another,
i.e., the wrap separation must be greater than the yarn wrap width on the surface. Low titer yarns run onto
the godet with a wrap width of b. Evaluations similar to that in Fig. 3.57 give:

for filament counts of / r = 1 . . . 18 > 18 . . . < 500
the number of filaments (4.36)

in the height nn=\ nH = 0.712 + 0.01515/
in the width (on surface) nw —fx nw = 28 + 0.2/

Figure 4.206
Openable heat insulation cover box for a
godet duo (g)
a) Insulation box
b) Front door, with
c) Window, and
d) Hinges
e) Slits for yarn entry and exit

(polished)
f) Running yarn
h) Aspiration aperture
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Figure 4.207
Insulation box for a multiplicity of
godets as per Figure 4.200 F or G,
which permits cold string up of the
yarns from outside; the yarns then
automatically run in their correct
positions in the (unopened)
heated section [24].
a) Insulation box
b) Front door, in 2 parts
c) Insulated window
d) String-up slit, in yarn warp plane
f) Door mounting (above and below)
g) Bearing housing
h) Heated godet
i) Cold head (Figure 4.200 F)
j) Connecting toothed gears
k) Contactless temperature

measurement transmitter

The height and width in mm are obtained by multiplying the above number by the single filament
diameter (for PP, PA, PET ~ O.Oliy^ffdtex]) or width (for non-circular filaments). If the number of
vertical filament layers (nn) is >2, it is better to use 0.9 x filament diameter, owing to the filament
packing effect (compare Fig. 3.57). For 10 500 dtex f420, the above rules give b = 6.3 and
hmax = 0.031 mm, and for 20 dtex f7, b = 0.38 mm and /*max = 0.05 mm. For safety reasons, a
minimum wrap separation of 5 mm is used. For tow widths see Table 3.11.

Using 180 ° wraps, each godet can alter the yarn tension by, at most, e/i7ra. If, however, Z\ is the inlet
yarn tension, Zn the yarn exit tension and n = the number of wraps, then the maximum tension (force) on
each godet is given by:

Q ̂ ( Z 1 +Zn). (4.37)

As an example, 4 ends x 167 dtex x 6 wraps, having an inlet tension of 100 g/end and an outlet
tension of 330 g exerts a force of ca. 2.6 kg on each godet.



The required godet drive power is determined from the sum of the power required to overcome air
resistance, bearing resistance and yarn tension, and is given by:

N = - (0.102 xbxdx v1125 + ^ £ ) [ k W ] (4.38)

(see also Section 7.5; all above dimensions in m, kg, s).
Examples:

(I) 4 ends x 167 dtex are hot-drawn. The drawing force is 2 g/dtex at 5400 m/min (=90 m/s), and the
godet dimensions are b = d— 180 mm. r\, including bearing friction, is assumed to be 0.7. Thus:

N = ^- (0.522 + 1.179) = 2.43 kW at 159.2 Hz.

The 2-pole synchronous motor must therefore have > 0.763 kW at 50 Hz.

(II) 2 ends x 2300 dtex are hot-drawn. The drawing force is 2 g/dtex at 2400 m/min (=40 m/s), the
godet dimensions are b — d= 190 mm, and r\ is again assumed to be 0.7.

N = 7T^(°-234 + 3.608) = 5.49 kW at 201 Hz/6-pole = 1.37 kW/50 Hz

It follows from both examples that the air resistance component cannot be ignored for high speeds and
low titers, whereas it only contributes less than 10% for speeds less than 3000 m/min and heavy titers.

The required heating power of a godet arises from the sum of the power required to heat the yarn and
the power lost to the environmental air. The heat transfer coefficient of a rotating cylinder in air can be
approximated by:

a = d-02[lA(TG - TLf25 + 3.6w08] kcal/m2h.

Here one can ignore the first term for AT< 230 0C, as it is only ca. 4% of the second term for rotating
godets. The heat given up to the surrounding air then becomes:

QL « 4 . 2 x 1 0 - 3 x u ° \ T G - TL)d0S x L x n [ k W ] , (4.39)

Table 4.33 gives guide values for a godet temperature rG = 240°C and an ambient temperature
rL = 40 0C. The power to heat the yarn is given by:

Q F ^ 1 x 1 0 ~ 9 x d t e x x u x c(Te - T2) [ k W ] (4.40)

where c = specific heat [kcal/kg K], ra = yarn inlet temperature and re = yarn exit temperature [0C].
Guide values are again given in Table 4.33.

From formula (4.39) it can be seen that the energy required by the godet decreases as the difference
between the final yarn temperature and the environment temperature decreases. This stresses the need for
a good insulation box around the godet (Fig. 4.206).

4.9.4 Separator Rolls

Separator rolls—normally without a drive—serve to change the direction of travel of the yarn or, when
used in combination with a godet, to displace the travelling yarn to form many parallel wraps on the godet
of a few mm separation, which can be increased or decreased by adjusting the angle between the
separator roll and the godet axis (see Chapter 7). In operation, they have the same circumferential speed
as the godets, but reach a maximum speed at ca. 1500 m/min in the case of ball bearing separator
rolls, this limit being given by the maximum rotational speed of a ball bearing. Above 1200, and up to
6000 m/min, air bearing separator rolls must be used.

The surface of the separator roll is matt hardchromed, with a roughness of Rt m 1 um. For lubrication
of ball bearings, only non-adhesive special grease or a small amount of spindle oil must be used. The
inclination to the godet axis is achieved by drilling a 3 to 5 °-inclined bore in the shaft bush (Fig. 4.200B),
which—as a hexagonal screw head—can be rotated from behind the flange holding the separator roll.

Next Page



Table 4.33 Required godet heating power

Circumferential speed u Dimensions 0 x 1 a Power Q for 240 . . .40 0C
m/min mm kcal/m2hK kW

1000 100 x 92 20 0.12 (for 8 5 . . . 200C)
4000 150 x 150 151.4 2.49
2000 190 x 190 87 2.29
4000 190 x 190 144.4 3.81
6000 190 x 190 199.8 5.27

190 x 190

Drawn titer Material u T2 Qysm
dtex m/min 0C kW

167 PET 1000 85 0.027
4 x 167 PET 3600 200 1.29
2 x 1680 PET 3000 200 4.43
2 x 2400 PA6 2400 160 4.5

Examples Drawing force ^drawing
g/dtex kW

1680 PET cord 7 0.68
167 PET textile 2 0.007

Figure 4.208 shows executions of the two separator roll types discussed above. Standard ball bearing
separator rolls are either of diameter 21.2 mm x 47. . .77 mm long or of a diameter 26, 36 and
50 mm x 70, 110 and 200 mm long. Air bearing separator rolls are of diameter 1/2 or 1" x 0.5 .. .3.5"
long or [33] of 26.5 or 33.5 mm diameter x 135.. .170 mm long. To facilitate start up, air bearing
separator rolls are sometimes fitted with a turbine at the rear end.

Figure 4.208D explains the internal construction of an air bearing separator roll capable of speeds up
to 6000 m/min [24]. Exhaust holes for the compressed air are drilled in the bearing shaft at an angle to
the rotational direction in such a way that in addition to the sleeve carrying force—a circumferential
rotational component is generated. The rotational direction can be reversed by reversing the bearing shaft.
To make start up easy, the sleeve of the air bearing separator roll should be as thin and light as possible.
During operation compressed air is exhausted from both ends of the separator roll; the yarn must either be
protected from this or be led away from this region. Air consumption is approximately given by (diameter
in cm) Nm3/h. In the case of small rolls the load can be ca. 1 kg, while the largest rolls can take loads of
up to 10 kg.

4.9.5 Winders

The yarn package is the most important way of collecting yarn; this also applies to storage, further
processing and dispatch. The only exceptions are the cops from (draw) twist machines and—in a few
special cases—balls and hanks of very coarse yarn. At the production plant, the packages must be doffed
without any damage and then be transported for further processing. From this, the following requirements
arise:

• good transportability and durability • good yarn take off properties
• good storage properties • no effect on yarn properties

(see also Section 3.7)



To produce such packages, the required winders must meet the conditions A to G, and—at the same
time—(1) to (n) in Table 4.34. Fiber producers, in general, prefer the following combinations:

for carbon fibers, amongst others: A1-B1-C1-D2-E2-F1-G1
for monofils, tapes and draw frames: A1-B1-C1-D4-E2-G2
for winding LOY, MOY: A3-B3-C2-D2 or D4-D1 or E2-F1-4-G4
for winding technical yarns and BCF, amongst others: A3 or A2-B3-C2-D3-E1-F2-G4 or G5
for spin take-up POY or FDY: A3 or A2-B3 or B1-C2 or C1-D4 or D3-E2-F1-8-G5 or G6.

In addition, there are conical- and biconical winders for rewinding the yarn. While such packages
have good take-off properties, the winders do not, to date, run at constant winding speed. Examples are
pineapple cone machines or biconical friction drive winders of types A3-B3, suitable for speeds up to ca.
1400 m/min, and used on drawtexturizing machines.

There is a tendency to increase spinning and take-up speeds to 8000 m/min [33, 178] and even up to
10000 m/min [33]. In the case of PET, one motivation is improvement in dyeability and other yarn
physical properties. Machine construction, however, is reaching its limit at these speeds. The improve-
ments required in polymer quality have also not yet (1992) been clarified.

Figure 4.208
Separator rolls with ball bearings [176]

Figure 4.208D
Air-bearing separator rolls for up to
60000 r/min (6000 m/min) [24].
a) Bearing neck (journal)
b) Compressed air connection
c) Bearing housing with holes for

compressed air
d) Roller tube (good running fit on the

inside)
e) Wire clamping rings
j) Axial bearings

type 1

type 2

type 3

A

B

C

D



Table 4.34 Winder Types

Winding Bobbin Control Chuck Traverse Packages/chuck Speed range
type drive (Package kg yarn/package m/min

spindle)
A B C D E F G

Precision Spindle Yarn tension- 2 chucks Stationary 1...4 <30 (1)
winding (1) drive (1) controlled (1) 1 chuck (1) (1) (30. . . 60) (10. . . 25) < 400 (600) (2)

(mobile) (2)
Step- Mixed drive Speed- Revolver (3) Mobile (2) 1 . . . 8 < 1200 (3)
precision (2) controlled (2) Stationary (4) (30. . . 60) (5 . . . 15) <3000 (4)
winding (2) 1000.. .4000 (5)

2000... 6000 (6)
Random Friction 3000... 8000 (7)
winding (3) drive (3)

The most widely used winder drive, the friction drive, reaches its limit between 5000 and 6000 m/
min, depending on polymer, titer and spin finish. The heat generated by frictional transmission and the
non-uniform axial temperature distribution due to the external rotor synchronous motor result in
unacceptably high local surface temperatures which lead to bad package builds, and even to sintering
of the surface yarn. For this reason, yarn tension-controlled winders (without dancer arm) or surface
speed-controlled winders are used for speeds above 6000 m/min. More than 95% of winders for speeds
> 6000 m/min are of these 2 types.

4.9.5.1 Package Drives

Unlike in normal winding of textile yarns, winders used for spinning require an exact and uniform
package circumferential speed: it must be better than ±0.01%, as every deviation manifests itself as a
titer deviation. Even at temperatures below the glass transition temperature—which is absolutely
necessary—and/or directly after spindrawing, imposed changes have a negative effect on the yarn
uniformity because of the relatively long storage times.

Table 4.34 gives the following drive combinations:

In the friction drive (B3), a friction roll, usually of 150.. .180 mm diameter, is driven at constant
circumferential speed. Here one can either use a self-starting, external rotor synchronous motor (Fig.
4.209, [175]) or an external motor flanged to the friction roll shaft, in both cases for a maximum
speed of 5000.. .6000 m/min.

At both ends, the friction drive roll has start-up rings, which have a diameter of 0.5 mm greater
than the roll diameter. The function of these start-up rings is to make the empty paper tube speed ca.
0.3% faster than the friction roll circumferential speed, with a view to catching the yarn from the
suction gun or from the other spindle on a turret (revolver) winder more securely, and winding it.
Only after a number of wraps on the paper tube (n) does the yarn layer become sufficiently thick for
the yarn to touch the drive roll body and assume its linear speed.

The surface of the friction roll is matt hardchromed, and has a roughness of ca. 1 urn. Because of
its high rotational speed, it must be dynamically balanced to the highest precision.

The drive power required for the friction drive roll, both without and with packages running, can
be calculated (see Section 7.5) as the sum of the power to overcome bearing friction, air resistance
and yarn tension for a given roll speed, diameter and length.
In spindle drive, the package spindle (chuck) is driven and its surface speed is regulated. As the
package diameter increases, the spindle rotational speed and drive frequency decrease. To this end,
one can measure the package diameter through the displacement of the bail roll or directly using a
light beam or an ultrasonic transducer. The spindle and the above-described friction roll can both be
separately driven by two static inverters. In this case the friction roll runs with constant rotational



speed (frequency), while the spindle runs with a rotational speed (frequency) which diminishes
according to the increasing distance of the spindle axis from the friction roll.

In another system, the yarn inlet tension to the winder is measured and held at a constant value by
changing the spindle speed. A higher yarn tension implies too high a spindle speed, which must be
reduced, and conversely. Yarn tension measurements can be done as follows: either using a dancer
arm with its accompanying strong changes of yarn direction, which limits the winding speed to
1000. . .3000 m/min [33, 170, 180] or measuring the practically straight running yarn [33, 171]. For
the latter, two methods are presently known. In the first, the excursion force is measured by a small
pin rotating at the yarn speed, while in the second method a very fine compressed air jet is used. Both
methods can be used without problems for high winder speeds.

Table 4.34a Example of a Winder Selection Table [33] Covering Speed Ranges, Spindle Lengths, Number of
Packages per Spindle and Package Dimensions

Winders for textile yarns

V Spindle Type Traverse Width Tube Package Package volume (dm3)/Stroke (mm)
length system without inner 0

package 0

m/min mm mm mm mm 4 ends 6 ends 8 ends 10 ends

920 CW4T camshaft 5 5 5 9 4 4 2 0 2 4 - 7 / 1 9 0 15-6/120
920 CW4T camshaft 6 n ^ ^ 29.9/190 18.9/120

1200 CW4T camshaft 5 5 5 9 4 4 2 0 32-5/250 22.1/170 15.6/120
1200 CW4T camshaft ^ ^ 4 4 Q 35^/25Q 24A/\10 17.2/120

2500-4000 Q9n r w . T , . . 555 94 420 24.7/190 15.6/120 10.9/84
920 CW6T birotor ^ ^ ^ ^ ^ ^ ^ ^ ^

1200 CW6T birotor 5 5 5 9 4 4 2 0 3 2 ' 5 / 2 5 0 2 2 ^ 1 Z 1 7 0 1 5 ' 6 / 1 2 0

1200 CW6 1 birotor ^ 9A ^ 35.8/250 24.4/170 17.2/120

1500 CW6T birotor 611 110 420 - 30.0/220 19.9/157 16.4/120

oon <-WAT K- t 5 5 5 9 4 4 2 0 24.7/190 15.6/120 10.9/84

920 CW6T bxrotor ^ ^ ^ ^ ^ ^ ( ^ ^ 8 4 _
2500-6000

1200 CW6T birotor 5 5 5 U 0 4 0 0 2 8 - 5 / 2 5 0 1 9 ' 4 / 1 7 0 1 3 ' 7 / 1 2 0

1200 CW6 1 birotor ^ nQ ^ 3 5 . i / 2 5 0 23.9/170 16.9/120
920 CW7T birotor 611 110 440 26.7/190 16.9/120 11.8/84

2500-7000
1200 CW7T birotor 611 110 440 35.1/250 23.9/170 16.9/120

920 CW8T birotor 611 125 425 24.6/190 15.3/120 10.9/84
2500-8000

1200 CW8T birotor 611 125 425 31.7/250 21.6/170 15.2/120



Table 4.34a (continued)

Winders for industrial yarns

V Spindle Type Traverse Width Tube Package Package volume (dm3)/Stroke (mm)
length system without inner 0 0

package

m/min mm mm mm mm 2 ends 3 ends 4 ends 6 ends 8 ends

9 2 0 CW6I birotor 5 5 5 9 4 4 0 0 " 29-3/250 22.3/190 14.0/120
(900) 611 94 440 - 35.8/250 27.2/190 17.2/120

2500-4000

555 94 400 - - 29.6/250 19.9/170 14.0/120
1200 CW6I birotor 611 94 440 - - 35.8/250 24.4/170 17.2/120

,00 cw6, «™, % » S %v% ; ; ; ;
2500-6000

9 2 0 rwfiT hirntnr 5 5 5 9 4 4 0 0 " 29.3/250 22.3/190 14.0/120
(900) 611 94 440 - 35.8/250 27.2/190 17.2/120

ionn P W U w t 5 5 5 n o 3 8 ° - - 25.4/250 17.3/170 12.2/120
1200 CW6I birotor ^ nQ ^ _ _ 3!V7 2 5 0 21.5/170 15.2/120

600 CW7I birotor 611 110 420 31.7/250 -

700 CW7I birotor 611 110 420 38.6/305 -
2500-7000

/vrL C W 7 1 b i r o t o r 6 1 1 n 0 42O - 31.7/250 24.1/190 15.2/120

1200 CW7I birotor 611 110 420 - - 31.7/250 21.5/170 15.2/120

2500-8000 600 CW8 I birotor 611 110 420 31.7/250 -

Winders for carpet yarns

1ROO-SOOO 6 0 0 C W 5 C b i r o t o r 5 5 5 7 3 4 0 0 30.0/250 -
900 CW5C birotor 555 73 400 - 30.0/250 -

The rotating magnetic field motor [181] is in principle a poor squirrel cage induction motor; its
torque reduces almost linearly with increasing rotational speed up to its frequency-dependent slip
speed. It is only suitable for high yarn tensions and low speeds (« 50 g, ca. 2800 r/min) and is
therefore only used for thick monoflls, tapes, etc. This also applies to a displacement-rotor motor,
where the rotor is displaced axially relative to the stator by the dancer arm acting via a steep worm
gear. The torque available changes according to the rotor insertion depth.



4.9.5.2 Yarn Traverse Systems

In order to achieve good package build, the yarn is traversed backwards and forwards across the rotating
package during winding. This is achieved by yarn traverse guide devices, which are either traversed
sideways or rotate. The disadvantage of reciprocating traverse guides is that they rapidly change their
direction at the edge of the stroke on reversal. This results in very large acceleration forces and
consequent rapid wear. Rotary systems can traverse the yarn more rapidly, but can stress the yarn strongly
at the reversal point.

The maximum linear speed of reciprocating traverse guides is 10.. .12 m/s, possibly even 13 m/s.
Traverse guide reversal must occur within 0.001 s, which equates to a reversal force of 2000 x g. It is
therefore important to make the traverse guide light and strong: weights of less than 150 mg are
sometimes used. The expected liftetime of a traverse guide running at the speed corresponding to a
winder speed of 3600 m/min is 6 weeks; this reduces to less than one week at higher speeds.

Figure 4.210 shows views of the traverse cam and its housing, including the guide rails for the
traverse guide linear motion. PA6 or PA66 injection moldings are widely used for the guide shoe; the
sintered AI2O3 slit guide is inserted into the molding. The guide has angled arms of unequal length to
make it self-threading at string up.

While the traverse guide shoe runs without tilting between the traverse cam groove and the
trapezoidal guide plate in the housing, at reversal the guide is tilted at an angle which is twice the
crossing angle. In this way, yarn helix angles of ca. 8.5 ° can be obtained at winding speeds of up to ca.
4000 m/min.

While previously many traverse cams were made using trapezoidal-shaped grooves (Fig. 4.210a),
simple grooves (Fig. 4.210b) are preferred for today's higher winding speeds. The reversal in the cam
must have a special shape to enable the traverse guide to tilt. The guide shoe must be long enough to run
straight in the groove.

Various other measures are necessary to obtain a good package build: In random winding, it is
important to avoid so-called mirrors or patterns, where successive windings lie parallel to one another on
the package for a short time, as these mirror regions have less grip relative to the friction roll. Such
mirrors can be largely avoided by "wobbling" the traverse speed, i.e., by allowing it to increase and
decrease continuously by a few percent (Fig. 3.46).

As the yarn reversal at the edge of the package produces a small radius in the yarn lay, more material
is deposited here than across the width of the package between reversals. A slight axial displacement of
both reversals and/or a special acceleration causing the traverse guide to tilt at reversal [169] avoids hard-
and excessively high edges on the packages.

Either the traverse guide itself or an additional yarn hook per package enables a yarn waste bunch
(reserve) to be formed at package string up before the yarn is traversed normally. The traverse guide can
be stopped for a short time, then started again after a pre-set delay, but this is too slow for high speed
winding. Alternatively, at package start up the yarn can be held to the side by a hook, then released to be
automatically caught by the running traverse guide after a pre-set delay. The spiral winding after the waste
bunch is used to knot the free end of a new package to the tail of a package about to run out on a transfer
creel, thus avoiding re-threading at further processing.

Figure 4.209
Friction drive roll for
winders up to ca.
12 700 r/min [175]
a) Casing (hard

chromed, matt)
b) End shield or plate
c) External rotor

motor
d) Internal stator



To obtain a good package build, the helix angle of a flat yarn should be >7° . This gives the
relationship between linear traverse speed Vch and y a m speed vF: vCh = sin 7°, i.e., 12 m/s linear traverse
speed permits a maximum winding speed of 5908 m/min.

One possible way of making the traverse guide reversal in the traverse cam "soft", but ensuring that
the yarn is traversed quickly through the reversal, is given by the double traverse using an additional
grooved roll [33]; this is shown in Fig. 4.211. Here the yarn runs through the traverse guide in the traverse

Figure 4.210
Traverse cams
a) Photograph: single revolution per traverse

stroke and many revolutions per traverse
stroke

b) Contraction data (for many revolutions per
stroke)

c) Bearing housing with (1) traverse guide and
(2) slot plate to constrain traverse guide to
horizontal displacement only

O

traverse guide slit for

2 1

b)

circumference

axis

a)



Figure 4.211
Traverse- and friction roll drive of the high speed winder series
SWA... [333, 334]
KW Traverse cam
FW Friction roll
NW Grooved roll
SP Yarn package (spindle bearing is stationary)
b) Grooved roll with bearing and timing belt gear
c) Photograph showing yarn running in grooved roll D)

cam (KW) and into a groove in the grooved roll (NW), after which it passes over the friction roll (FW)
and onto the package (SP). As it moves the yarn only, the reversal groove can be sharp-sided and
therefore reverse the yarn more exactly than a cam and guide traverse. The grooved roll is constructed as
an external rotor motor and drives the traverse cam via a toothed timing belt.

Further advantages of the grooved roll are the possibility of reducing the yarn tension to the winder
by taking advantage of the 90 ° angle of wrap around the roll to overfeed by up to ca. 30%, and the
possibility of equalizing the yarn tension between reversal and the middle of the package by cutting the
groove to different depths. In this way, a post metered spin finish applicator yarn tension can be reduced
from 60 g to 30 g, and even to 23 g when using the grooved roll with 6% overfeed. If the groove depth is
uniform, the yarn tension varies by ± (3 .. .4) g, while if the groove is made deeper at the reversals, the
tension varies by only ± 1 g. By means of the "Redutens" system [169], an even stronger reduction of
winder inlet tension is possible. In Fig. 4.212, the yarn coming from the spinneret runs through the first
traverse guide (2), the overfeed roll (3) and finally a second traverse guide (4), placed half a cam (5)
groove pitch from the first guide, and lagging it. On leaving the second guide, the yarn is taken up by the
friction roll (6) and delivered to the package (7). As the yarn lies on the overfeed roll (3) without relative
movement, the possible reduction in tension is greater than with the previously-described grooved roll, as
static friction is involved.

Figure 4.213 shows how a double traverse guide system (Twin traverse system [182]) can reduce the
acceleration of the traverse guide. There are 2 counter-running traverse guides which transfer the yarn
from one to the other: the first guide (before reversing) passes the yarn to the second guide (after
reversal). In this way, the guide reversal (without yarn) can be made more gentle ("soft" reversal).

With the rotary traverse system, traverse linear speeds of > 20 m/s can be attained, as the rotor runs in
one direction only. This system has been known since 1965 [183, 184] and used in Japan since 1968
[168] and in Europe since 1984 [185] for winders for man-made fibers. The principle of the system is
elucidated in Fig. 4.214. The yarn is pushed along the straight line or curve K by rotor B from F1 to F2.
As soon as the furthermost point of rotor B disappears beneath the line K, the counter-rotating rotor A
takes over the yarn at F2 and pushes it back across to F1. When the rotor arm A disappears below line K,
rotor B again takes over the yarn, the above procedure continuing. For the yarn transfer from A to B to be
carried out at the correct moment, the Toray system [185] needs 2 rotor wings, the Barmag system [186]
3 (Fig. 4.215). To equalize the sine wave form velocity along line K, this is made a curve. In Germany
there are more than 30 patents covering this [186]. Figure 4.216 shows an example of the special layout

a)

,KW

NW
FW

SP



of the two counter-rotating rotors, which have displaced centers, and Fig. 4.217 is a section through a
winder with a tension-equalizing hoop (76), grooved roll (11) and friction roll (50) for the package (6)
drive. Here, too, one can drive the roll (50) and the package (6) separately to reach higher winding speeds
of up to 8000 m/min (1992).

Another traverse system using a grooved roll (Fig. 4.218) was taken over from staple tow spinning,
but was later abandoned because of excessive yarn friction for speeds above 3000 m/min [57, 187, 203].

A special traverse mechanism enables the formation of a conical, cross-wound package on a
cylindrical tube, or a pineapple cone on a conical tube (Fig. 4.219). The traverse guide sits in the
guide shoe (a) containing the traverse guide slot (b); the inclination of the shoe is altered by slotted
brackets acting on a signal from the bail roll (c). When the guide shoe (a) has a small angle, the traverse
stroke is long. Conversely, a large angle results in a short stroke. The quality of the package faces

Figure 4.214 Explanation of the "Rotor" yarn laying system. The rotor arm A (rotating to the right) takes over the
yarn from rotor arm B (rotating to the left) at point F2. Rotor arm B then disappears below the line of the tak-up roll K
and then reverses.
Designs: Toray [185] n x 2 wings; Barmag [33] 3 wings

A B

F2
Fi

K

Figure 4.212
"Redutens" system
with double traverse
guides [169]
1 Yarn
2 and 4 Traverse

guides
3 Overfeed roll
5 Traverse cam
6 Friction roll
7 Cross-wound

yarn package

traverse grooves

thread line from
A - B

crossover point

yarn path

Figure 4.213
"Twin Traverse System" [182];
the yarn path is superimposed
on the movement of the 2
traverse guides

developed projection
of the traverse

camshaft

thread line
from B-*-A*

A

B



Figure 4.215
Three-winged rotor fitted to the Barmag SW... winders
("Birotor" [33])

Figure 4.216
Rotor construction and yarn path restriction in the
Birotor system [33]

Figure 4.217
Pendulum suspension of grooved roll (11) and fric-
tion roll (50) in the yarn path of a rotary traverse
having yarn restrictor plates on both sides (76).
The system also works with a spindle drive for the
bobbin (6) without a friction roll (50) [33]

Figure 4.218 •
Grooved drum traverse
1 Godet
2 Grooved drum
3 Friction roll
4 Empty yarn tube
5 Full package
6 Yarn path to
7 Package holder
8 Instantaneous yarn run-in
a Traverse triangle

depends on the precision of the winder components. This winding system is, however, only suitable for
winding speeds of up to 1200.. .1500 m/min. In addition, when using conical tubes, the winding speed is
not constant. Pineapple cones have the best unwinding characteristics at further processing.

4.9.5.3 Package Spindles (Chucks) and Holders

The first requirement of the spindle is to seat the empty yarn container or tube, to clamp it against
slipping when running and to receive the yarn winding. The spindle must run true, must be balanced and
must protrude about > 10.. .20 mm beyond the yarn package(s) at both ends. In its simplest form—and



Figure 4.219
Device for building a pineapple cone on a cross-bobbin winder
a) Guide shoe c) Yarn guiding roll
b) Guide notch

suitable only for low speeds—a spindle has a bearing at one end or a bearing at each end and a spring
system to clamp the tubes. A rubber ring, pushed into a groove on the inside of the tube and tensioned by
a spring in the slightly larger diameter chuck, works for up to a few hundred m/min.

For speeds up to about 1200 m/min, the tubes can be clamped between two cones. The first cone sits
on the transverse carrying arm, onto which it is fitted by light twisting, while the second cone is a part of
the carrier handle, which can be folded sideways to fit the tube. Most false twist texturizing machines use
this system (Fig. 4.224).

For take-up speeds up to ca. 1500 m/min and package weights up to ca. 20 kg, dynamically-balanced
phenolic resin paper tubes of internal diameter 140.. . 180 mm are mainly used. These are fitted
to the chuck as shown in Fig. 4.220. In execution (a), pulling out the left hand lever separates the two
cones slightly, whereby the inner cones move outwards, dropping the slotted collar ring slightly. The
tubes are then slid over the chuck, the lever is released and the tubes are clamped as the cones move
inwards. In execution (b), turning the knurled knob on the right clockwise or counterclockwise tensions
or compresses the tension spring, thereby clamping or releasing the package. In this example, the chuck
runs on longitudinal ball bearings on the hardened steel shafts [188].

For higher winding speeds, the spindles shown in Fig. 4.221 have been developed. Types (A) and (N)
are capable of 6000 m/min, type (B) more than 8000 m/min. Each of the paper tubes needs its own
clamping device. In (B) a self-clamping device [189] is used. On turning the spindle to the left, a free-
standing ball bearing is displaced onto an inner surface, thereby clamping the paper tube from the inside.
At the end of the doff, the stationary spindle is turned ca. 45 ° to the left to release the clamping (Fig.
4.222). Spindle working lengths of 900 mm x 94 mm tube diameter are able to carry, e.g., 100 kg of
yarn (or 8 packages x 9 kg each) at up to 6000 m/min. This corresponds to a rotational speed of
20 000 r/min at start-up and 4200 r/min at full package weight. Automation makes heavy demands on
the spindle.

Another spindle for 6 packages is shown in Fig. 4.22 IA [174]. Here the clamping levers are actuated
by compressed air to clamp the paper tubes from the inside.

A further example is shown in Fig. 4.22IN [167]. The tube clamps are held in position by spring-
loaded spindles. On mounting empty paper tubes and twisting them to the left, the clamps engage the
tubes.

These four high speed, clamping spindles are suitable for automatic take-off and doffing, and can also
be driven by a motor from the rear.

4.9.5.4 Relative Movement Between Package and Roll, Including Turret Motion

The earlier, commonly-used system of having the package spindles, mounted on swing arms, parallel to
the machine and driven by a continuous friction roll the length of the spinning machine, together with
godets parallel to, or at right angles to the friction roll (Fig. 4.223), has long since been abandoned. In
modern machines, the axes of the spindle and the friction roll are always at right angles to the machine



face. Winders having stationary friction rolls and pivoted spindles are currently built by only two firms
[190, 197]. Such winders require a pneumatic chuck force compensation system to equalize the force
component due to the package weight increasing during the running time; the compensation force also
depends on the yarn- and package density. This system is also sensitive to more mirrors (wind ratios) than
its fixed-spindle counterpart. In the latter, the traverse and the friction roll (if still required) are grouped in
a housing, which moves vertically upwards relative to the spindle as the package diameter increases. This
so-called traverse carriage (housing) has a constant weight, and so a constant package contact force can
easily be maintained pneumatically. The traverse carriage moves upwards or downwards on two rods
within the winder frame.

It is only in relatively slowly running winders (< 1500 m/min) that pivoted package holders are used.
Figure 4.224 shows an example of a multi-tiered application in a drawtexturizing machine. Here both
cylindrical cross-wound packages and (after a simple arm adjustment) biconical cross-wound packages
up to 12 1 volume can be made. Figure 4.225 shows a winder used in converting drawtwisters to draw-
winders. Using a thick paper tube and two horizontal slides, the package holder and package are pushed
away from the machine as the package grows. This method gives better package builds for flat yarns than
the pivoted package holder system.

As the manual stringing up of one or more threadlines onto empty tubes requires skilled workers and
also generates 1. . .3 min of waste (depending on the number of threadlines and titer), automatic package
changing from the full package to the empty tube without process interruption is economically
advantageous and a necessary component of full automation. For this to happen, the spindle carrying
the empty tubes must be accelerated to at least the circumferential speed of the full packages, the latter
spindle must be moved—in the yarn running direction—out of position and the spindle carrying the
empty tubes must be brought into the former's position. The threadline run in tangents must become
equal, the yarn must be broken or cut from the full packages without braking them and must be taken
over by the empty tubes. The spindle carrying the full packages is braked and moved into the exact
position required by the doffer, the packages are doffed and replaced by empty tubes. This process is

Figure 4.220
Package spindle (chuck) for phenolic resin paper tubes and speeds of less than 2000 m/min
a) with tensioning of a split ring sleeve by an internal cone
b) with expanding mandrel for one or two yarn tubes [188]
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Figure 4.221 Package spindles (chucks) for high speed winders
B) Self-clamping, according to the free-running bearing principle of Barmag [33]
A) With compressed air actuation. (Here for 6 paper tubes = 6 yarn packages) [190, 179]
AO Self-clamping, with spring-loaded mandrels (Neumag [167])
R) Self-clamping, with flattened cylinders boosted by cones (Rieter [170])
A9 N and R are suitable for use up to 6000 m/min, B can be used up to 8000 m/min

B

A

N

R



Figure 4.222
The free-running clamping principle of Figure 4.221 B
[33]
24 Free-running rollers 4 Paper tube
25 Cage 5 Yarn package

explained in Fig. 4.226. The spindle carrying the empty tubes (10) moves anti-clockwise as the winding
packages increase in size and move to (10'), when the new empty spindle reaches (10). The threadlines
can either be clamped and cut on the spindle (37) or can be caught and broken off by slits in the paper
tubes (38) so that they will wind onto the empty tubes. Both spindles are bolted to a turret. Each spindle is
driven either by two timing belts, which are separated from one another by the turret axis, and from where
they again drive the spindle, or—preferably—by individual drive motors. As the turret rotates in one
direction only, the motor current direction must be continually changed by means of slip rings [182].
Patents covering this are given in [189-202].

The yarn reserve/waste bunch and the transfer of the yarn to the traverse guide must be fine-tuned.

4.9.5.5 Number of Packages and Package Size
For modern LOY, POY and ROY winders, wound paper tubes of 75-94-125 and 143 mm internal
diameter are used to carry the yarn. The tube length is the same as the traverse guide pitch; the yarn
stroke is 30. . .50 mm shorter. Today winders have typically 2 .. .8 ends, depending on titer and desired
package weight. Although winders made by different manufacturers differ slightly in stroke, a table from

Figure 4.223 Package holding device and friction drive roll in earlier spinning take-up machines winding system
shown in Figure 4.197 A (IWKA [166])
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Figure 4.225 Friction winder for speeds up to 2000 m/min (Comoli [191]) having parallel displacement of the
winder

Barmag [33] has been used as being typical of the relationship between traverse stroke and chuck length
for various winders running at 2500.. .8000 m/min using different traverse systems (Table 4.34). Single
end high speed winders are no longer mass-produced.

Package bulk densities are: PET « 0.75 kg/dm3, PA « 0.7 and PP « 0.65; soft-wound BCF has a
bulk density of ^ 0.4 kg/dm3.

4.9.5.6 Special and Optional Equipment

In addition to the essential winder elements described above, special and/or optional features are
available:

the PCC system (precision controlled contact pressure system) [33]. Here the friction roll is bedded in
a rocker and the spindle in a sliding carriage; both can be pneumatically regulated. The contact
pressure can be more accurately controlled than for a fixed position spindle. This can be particularly
important for sensitive yarns requiring low contact pressure.
acceleration or start-up motor for the spindle. This is essential for a turret (revolver) winder in order
to accelerate the spindle carrying the empty tubes. It is also useful on friction roll drives in preventing

Figure 4.224
Friction-driven winding head for speeds
up to 1200 m/min [33], used in draw-
texturizing machines and to convert
drawtwisters to draw-winders. The
package weight is ca. 10 kg, and there is
a choice of cylindrical or biconical
package shape



Figure 4.226 Principle of an automatic-doffing revolver (turret) winder
a) Side view (developed) 18 Yarn traverse triangle at string-up
b) Front view 19 Package spindle (chuck)
c) Yarn clamping 21 Turret fitted with 2 chucks
3 Yarn traverse guide 37 Yarn catching slot in chuck, or

10 Empty paper tube 38 Yarn catching slit in paper tube
W Full yarn package
17 Yarn traverse triangle during winding

paper tube frictional damage during acceleration. The drive can be an asynchronous motor or a
compressed air turbine. When an acceleration motor is used, the friction roll has only to compensate
for the difference in speeds at the moment of contact.
step-precision winding achieves a ribbon-free winding process: a computer-controlled traverse speed
system combines the advantages of random winding and precision winding (Fig. 4.227) [33]. The
procedure entails winding at a constant wind ratio {Ku K2, etc. in (a)), then decreasing the traverse
speed practically instantaneously and winding at another wind ratio, and so on, during the package
formation. At each wind ratio, the traverse speed is constant. In this way, no mirror windings occur,
and the transport stability of the wound package is improved.

An alternative to the above is ribbon-free random winding (b), which is also computer controlled.
Here the traverse speed is changed shortly before entering a mirror pattern (which does not then
occur), then changed back again to its previous value after the mirror region. Each traverse requires
its own inverter, as well as its own controller [33].
Automatic parallelization between the yarn packages on the spindle and the friction roll. Very long
spindles carrying a large package weight bend slightly; this deviation from the parallel to the friction
roll must be taken into account, preferably pneumatically. This system ensures that the contact
pressure between the roll and the 4 . . .8 packages is made more uniform [182].

b

c

a



Figure 4.227
Improved traverse speed disturbance system
[33] (Compare Figs. 3.45 and 3.46),
= mirror disturbance, for large package
diameters, -weights, -speeds and fine titer
yarns.
a) Step-precision winding
b) Ribbon-free random winding (RPR)
—) Core bicone winding (CBC). Used to

avoid crossed threads and package
bulging in turret winders. At the start of
package formation, a longer stroke is
used; this is then progressively made
smaller as the package builds (only
possible with single inverters) [33]

The facility for changing the winder, in order to avoid long down times and loss of production. The
winder can be, e.g., mounted on a ground plate or a vertical wall, and be equipped with quick-change
connectors for electricity, services and control. The winder is removed using a trolley or a lift.

4.9.5.7 Winders for Spinning and Further Processing

A winder essentially comprises a housing containing the prescribed elements. An example of a winder is
shown in Fig. 4.228 [33]. The winder housing (a) carries the traverse- and friction roll housing (b) on
vertical slide rods, the latter—with pneumatic assistance—being forced upwards as the package diameter
increases. The four (in this case) yarn packages are wound on the spindle (c). At package start, the string
up swing arm (d) swings across the spindle, causing the yarn to be caught in the paper tube slit and to
build the waste bunch, after which the yarn moves into the traverse (h), which—here—consists of 4
traverse guides (h) in a 4 revolutions/stroke cam (i) and a grooved roll, (f) is the electrical terminal box
and (g) is for compressed air and lubrication; both are located at the rear and connected by plugs.

Figure 4.229 shows a similar high speed winder [148] for winding two packages, but with automatic
package changing (revolver), recognizable by the two empty paper tubes on the second spindle on the
common turret.

Figure 4.230 shows another type of winder, where the friction- and traverse housing slides
horizontally outwards on roller bearings as the package increases in size.

Reference [186] lists the most important technical details of high speed winders on the market in
1991. A summarized version is to be found in Table 4.35, and front views of these winders, to the same
scale, are given in Fig. 4.231. Here the difference in size and height between manual- and turret winders
is evident. Spindle driven winders for up to 8000 m/min require higher drive power than friction roll
winders designed for less than 6000 m/min. Winders can be grouped according to their operating speed:

for LLOY, i.e., mainly for wet spinning, carbon fibers and others, either winders similar to that shown
in Fig. 4.224 or dancer arm, tension-controlled winders are used (Section 4.9, 5.8), as they are for
LOY yarns, for which winders similar to those in Figs. 4.225 and 4.230 [191] are used, as well as
simplified MOY winders as in Fig. 4.23 IA or B.

The most important applications are in conventional melt spinning (ca. 500 .. .1700 m/min) and
in dry spinning of elastane (Spandex) yarns [191]. In all cases, two godets are used in an S-
configuration. The same is true for
MOY winders, with or without turrets, which are used mainly for carpet (BCF) yarns (which require
soft winding), technical yarns, etc.
Winders for POY yarns, i.e., for speeds between ca. 3000 and 6000 m/min. The winders shown in
Fig. 4.23 IC, D and I have either an overfeed roll or a grooved roll, and can therefore be used without
godets; all other winders require 2 godets in an S-wrap configuration.
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Figure 4.228 High speed winders: Barmag
SW.. . series [33]
• SW4 (since ca. 1970) for 1 to 4 yarn packages • SW8 ("Craft winder") (since 1992)

and 1000 to 4000 m/min for 3 to 8 yarn packages and 3000 to 8000m/min with
• SW4.6 (since ca. 1975) for 2 to 8 yarn packages - Birotor traverse

and 2000 to 6000 m/min — fully-automatic package and tube doffing
a) Housing with saddle — integration into a process automatisation system possible
b) Housing containing friction roll, grooved roll — single drives for chuck, bail roll, traverse and turret

and traverse cam (running in the same direction)
c) Package spindle with paper tubes
d) Yarn bunch mechanism
e) Package press-off mechanism
f) Pneumatic control
g) Electrical control
h) Traverse guide slot
i) grooved roll

Figure 4.229
Revolver (turret) winder RK4000 with friction drive, for
winding speeds up to 4000 m/min [167]

Figure 4.230
Revolver winder for speeds up to 2000 m/min [191],
particularly for elastic yarns



Figure 4.231 Front views of high speed winders commercially available in 1990/91 (to the same scale). For
technical details, see Table 4.35

ROY winders, such as, e.g., the Barmag SW8-.. . or the Toray high speed winders, capable of
6000.. .8000 m/min or even 10000 m/min, require 2 godets in an S-configuration.

The following similarities and differences can be seen in the above high speed winders:

Seen from the front, the yarn inlet is mainly between the center of the winder and ca. 150 mm from
the right; there are 2 exceptions [33, 190] where the yarn entry is on the left. All winders can be used
in double deck configuration.
Only a few have a winder width of < 500 mm [33, 190], permitting a winder pitch of < 500 mm.
Only one model without turret is 550 mm high [33], another (also turretless) [190] is 770 mm; all
others are > 1000 mm high.
Only in 2 winders [33, 174] is the winding tension independent of the spinning tension. A special
winder configuration [178] has an additional godet ca. 500 mm below the spindle.
All winders have friction drives.
Spindle drives for fine titer are made only by [33, 178], and for coarse titer by [33, 148, 170, 178]
using yarn tension control.
Single package high speed winders are no longer built. Winders having chuck lengths of 600-800-
900 mm are built for 2 . . .4 packages; winders having chuck lengths of 900 and 1200 mm are
available for 3, 6 and 8 packages.
Package diameters: without turret: 420.. .450 mm

with turret: 360 .. .420 mm (the latter by [178]).
Traverse: All manufacturers offer a traverse cam system. Additional grooved rolls or incorporated
godets are only supplied by [33, 174]. Rotor traverse is, to date, only provided by [178, 33].
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Table 4.35 High Speed Winders (corresponds to Fig. 4.231)

Barmag

SW 4.6-IS 900

textile

since 1988

2000...6000

90Ox
94/550

3 . . .8

Friction

cam + grooved roll
900... 760

250 x 1800

revolver,

pneum.

0.95 S
0.225 AC

600

Barmag

SW 4 IR/600

technical yarns

since 1987

2000...6000

600 x
94/420

2

Friction

Birotor
900

manual initially;
later pneum.
+ revolver

0.75 S
0.225 AC

Barmag

SW 4 IR/600

BCF

since 1984

1500...4000

600 x

75/420

2

Friction

cam + grooved roll
600

250 x 1500

manual initially;
later pneum.
= revolver

0.75 S
0.225 AC

Barmag

D

SW4 series

15... 300

developed
continuously
since 1970

1000...4000
...6000

400 x
52/360

(1). . .4

Friction

cam + grooved roll
400

manual initially;
later pneum.

500

Automatik
Wicklerbau

C

DSG 6000L

15... 300

up to 1991

1000...5500

900 x
94/420

2 . . . 8

Friction

cam
500

112 x 2350
250 x 900

pneum.

3

1.25 S
0.5 AC

600

Sahm
(Alucolor)

B

(DSG 4000)

15...1500

(1985)
1991

100... 4500

600 x
94/360

1. . .4

Friction

cam
400

112 x 1800
250 x 900

pneum.

3

0.2 S
0.1 AC

500

Teijin

A

MW 808

50... 300

2500...4500

820 x
89/360

4

Friction

cam
600

190 x 1570

pneum.

3 . . . 4

0.45 S
0.125 AC

600

Manufacturer

Fig.

Type

Titer range (dtex)

Year of construction: up
to/since

Speed range (m/min)

Total chuck working
length x 0i/0fUn

No. of packages

Package drive

Traverse
Vmax (m/min)
Stroke (mm) x DS/minmax

Doffing
expected waste (%)

Electric motor
Spindle (kW/50 Hz)
Traverse (kW/50Hz)
Installed winder pitch (mm)
single/(double) deck



Table 4.35 (continued)

Toray Eng.

K

TW 602/7000

textile

8000

800 x
120/460

4 . . . 8

Spindle

rotor

252 x 1600

rev. pneum.
<0.02

0.4 AC

675

Toray Eng.

TW562 RA

40... 300

3000...6000

800 x
120/460

4 . . . 8

Spindle

rotor

162 x 2500

rev. pneum.
<0.02

660

Neumag

L

NS 5000 W

600

2000...5000

920 x

94/435

3 . . . 8

Spindle

cam
715
200/

450... 2000

rev.
<0.02

3.7 AC-C
0.18 AC

600

Neumag

NS 8000

2000...6000

i

2000...6000

4 . . . 8

Spindle

cam
730
200/

450...2150

rev.
<0.02

2.6 AC-C
0.35 AC

Rieter

G

32/A6-096

15...3000

1989

6000

900 x
94/420

6

Spindle

cam
800

115/3200

1 + res. sp.
<0.02

• AC

600

Rieter

F

J7/A3

500... 4000

500... 4000

600 x

75/300

2 or 4

Friction

cam
800

250/1600
120/3300

1 + res. sp.
<0.02

6kW AC-C

450

Barmag

SW 8.2 S-600

textile

since 1991

2000...8000

60Ox
143/460

2 or 4

Spindle

Birotor
1200

250 x 2400
120 x 5000

Rev. pneum.

4.35 S
0.11 AC

6kWAC-C

Manufacturer

Fig.

Type

Titer range (dtex) textile

Year of construction: up
to/since

Speed range (m/min)

Total chuck working
length x 0i/0Ml

No. of packages

Package drive

Traverse
Vmax (m/min)
Stroke (mm) x DS/minmax

Doffing
expected waste (%)

Electric motors
Spindle (kW/50Hz)
Traverse (kW/50 Hz)

Installed winder pitch, min.
(mm) single/(double) deck

rev.: revolver Other winders made by Teijin Eng. (H), Murata (L), Savio



Auto-doff winders are supplied by all manufacturers except [190]. One model is provided by [153].
The maximum winding speed for [179] is 4500 m/min. All others can reach 6000 m/min. Only [33,
161] can run at up to 8000 m/min.
Lubrication: Periodic oil droplet or oil mist injection is recommended for >4500 m/min, while
special grease or grease/oil emulsions can be used as lubricants at all low speed winders.
Winder encapsulation and noise abatement are only provided, to date, by [33, 196], while [190]
provides partial encapsulation. Such encapsulation can also be used to improve the air environment of
the winder.

When it comes to the selection of a winder for a particular spinning line, the following criteria must be
addressed after considering what has already been presented above:

Number of yarn packages and their size per winder and per spinning position, and the type of winder
drive,
speed and yarn tension range. The actual winding tension must be of the order of 0.1 g/dtex, and the
traverse-induced tension fluctuations must not run upwards to the spinneret. Table 4.36 gives an
overview of the possibilities of combining various winder elements.

Table 4.36 Possible Winder Combinations

Winding Package Control Chuck Traverse Packages/chuck Speed
type drive (package kg yarn/package range

spindle) m/min

Precision Spindle 2 chucks 1... 4 < 30
winding drive tension- 1 chuck stationary (30.. .66) (10.. .25) 400(600)

controlled (mobile)
Step- Mixed
precision drive revolver 1... 8 1200
winding speed mobile (30... 60) (5.. . 15) 3000

controlled
Random Friction stationary 1000... 4000
winding drive 2000... 6000

3000...8000

Figure 4.232
Drive of a yarn tension-controlled precision
winder (Bandomat 300 E [179]) for
300... 10 000 dtex, < 500 m/min, 1 or 2 yarn
package(s) per spindle, yarn tension control-
lable between 20 and 1200 cN, up to
25 kg/spindle package weight



Table 4.37 Dancer-Arm, Tension-Controlled Yarn Winders

Important Carbon fiber Tape Spinning Spin draw Large packages
application for Extrusion

Speed range m/min 0.. .(15.. .3O) <400. . .600 < 1200 <2500 200(300)
Titer range dtex 500. . . 30 000 300. . . 5000 100.. . 2000 300. . . 3500 <4000
Yarn tension cN 100... 1200 15...400 10...200
Package volume 1 10. . . 13 15 . . . 80 3 . . .10 30 . . . 80 30 . . . 140
Diameter x mm 270 x 250 350 x 300 250 x 200 480 x 416 400 x 600
stroke, e.g.
Dimensions:

width mm 500 525 1010
height mm 320 402 1800

Manufacturers Ba, Sa, Le Ba, DS, Sa Ba, Sa, Le Sa, Le DS, Sa

Ba = Barmag, Sa = Georg Sahm, Le = Leessona, DS = Dietze + Schell

Figure 4.233
Yarn tension-/dancer roll-controlled precision winder
from the Barmag EKS series [33]



Figure 4.234
Yarn tension-/dancer roll-controlled precision
winder SAHM 3002 [162] for up to 2 yarn
packages, 3000 m/min and 2 x 33 kg yarn
packages (Previously Alucolor DSG3000p [179])

4.9.5.8 Winders with Spindle Drive and Dancer Arm Tension Control

Such winders are normally designed for precision winding, but can also be controlled for random or
mixed winding. The spindle drive can be by:

Displacement armature motor or 3-phase motor with a displacement electromagnetic clutch. The
dancer arm mechanically moves the rotor in the axial direction, the torque generated then depending
on the displacement into the stator.
DC motor, which is controlled by a non-contact potentiometer turned by the dancer arm. Brushes and
collectors require permanent inspection and maintenance. It is known that only one manufacturer
[180] is able to control the yarn tension down to below 5 g.
Standard-dimensioned 3-phase motors (which are robust and maintenance-free). Here the dancer arm
turns a non-contact potentiometer, which—acting through a single-board microprocessor—alters the
frequency of an inverter to drive the spindle motor.

The yarn tension can be set on the dancer arm, usually by means of a spring or weight and damping.
Typical minimum yarn tensions lie between 20 and 40 g, and the working range is as for friction winders
up to 3200 m/min. Predominantly single end winders are produced, although it is possible to obtain such
winders for 2 to 4 ends. In order to minimize yarn waste at the doff, an extra winder per row is fitted. At
the doff, the running threadline from the full package is taken across to the empty winder, wrapped
around the paper tube a few times, the yarn is cut at the full package, and the full package is removed.
The procedure is repeated for all winders in the row or bank.

In precision winding, the traverse- and spindle rotational speeds must be fixed in the ratio of an
irrational number (Section 3.7). This is achieved by the use of a fixed gearing and timing belts, as shown
in Fig. 2.232 [166], or by a pair of precision-frequency motors.



Figure 4.235 Yarn tension-/dancer roll-controlled precision winder for coarse yarns up to 70 000 dtex, 400 or
600 m/min and 50 1 yarn volume (Dietze & Schell [253])

Table 4.37 gives technical details and operating ranges of currently-available dancer arm, tension-
controlled winders, and Figs. 4.233 and 4.234 illustrate two executions. Figure 4.235 shows a winder
[253] capable of winding particularly coarse counts of up to 70 000 dtex at (the typically-used) speeds up
to a maximum of 400, or even 600 m/min. The stroke is 150.. .300 mm, and the maximum diameter is
420 mm, giving a package volume of up to 50 1. By incorporating a godet and separator roll, this winder
can be used for both spun and drawn yarns.

The use of winder banks containing dancer arm, tension-controlled winders in vertical columns and
horizontal rows is discussed in Section 5.7: carbon fibers.

4.10 Drawtwisting and Draw-Winding Machines

Up to ca. 1960, all continuous synthetic filaments were drawtwisted in order to obtain the required
tenacity, the low elongation associated with elastic behavior and a certain degree of protective twist. The
use of drawtwisters has since declined for many applications, but there now seems to be a slight revival in
their usage again. The use of intermingling in the recently introduced draw-winding and warp-drawing
processes has resulted in protective twist becoming less important. Figure 4.236 shows process routes
used in converting melt spun fibers to flat yarns on packages, cops or beams. Drawtexturizing and BCF
are discussed in separate sections.

Next Page



Figure 4.236
Yarn process flow diagram, from melt spinning to
finished goods

Flat yarns produced on drawtwisters still have the best characteristics, and this is still an economical
route for fine titer drawn yarn. Only 8 end spin-draw-winding per spinning position achieves the same
cost of production as drawtwisting. In addition, conventional LOY spinning at 600.. .1700 m/min,
followed by drawtwisting or draw-winding, is still the most risk-free way to produce flat yarns.

4.10.1 Drawtwisting Machines (Drawtwisters)

Drawtwisters were developed from ring twisting machines by adding one or more cold- or heated
drawing zones, as demanded by the polymer, titer and yarn properties. Figure 4.237 shows a schematic
drawtwister position: (A) is for PA6; for drawing PA66, an additional cold draw pin is added (see Fig.
2.34). For drawing PET (B), two heated godets (4) and possibly a heated plate (6) in the main drawing
zone are required. By using a third cold godet (4) and possibly an additional hot plate (6), PET and
bicomponent yarns can be drawn and heat set to reduce shrinkage (C). Configurations (B) and (C) are
also suitable for polypropylene. The yarn inlet (1, 2, 3) and twisting sections (7 to 13) are the same for all
configurations.

The undrawn or partly drawn yarn is taken off over-end from the supply package (1). A
polyformaldehyde ring (e.g., Delrin®) prevents snagging of the last yarn layers by the edge of the
tube. The yarn is taken through a guide (2) and pretensioned by wrapping it a few times around a double
rod yarn brake before being wrapped at least four times around the silicone rubber-coated feed roll (cot)
and grooved traversing guide, after which it runs off the continuous delivery roll (3) into the first drawing
zone and over the godets, separator rolls and hot plates (4, 5, 6) already described. The yarn finally runs
through the balloon guide (7) (which traverses up and down with the ring rail) into the yarn balloon,
through the ring traveller (8) and is wound up on the spindle tube or cop (9, 10). The traversing of the ring
rail (to which individual ring holders (8) are locked by means of an individual latch (11)) is governed by a
(common) program, which determines the package (cop) shape. Each spindle can be stopped indepen-
dently (12), and the ring tray (8) can be dropped by means of the latch (H)). The draw point, which is
only a few mm long, should be located on the feed roll or drawing pin. Hot plates and draw pins are
wearing parts and must be regularly checked; the use of heated godets only is therefore advantageous.
Typical adjustable draw ratios for the various zones and the installed power are given for drawtwisters in
Tables 4.38 and 4.39. The most important technical details of two commercially-available drawtwisters
and one draw-winding machine are given in Table 4.40; machine cross-sections are shown in Fig. 4.238.
Instead of line driveshafts running the length of the machine, single synchronous motor drives are being

melt spinning

RDYPOY

FDY

LOY

BCF

drawtwisting> draw texturizing draw-warping

twisting

(coning)

beaming-

sizing (slashing)

weaving, knitting, etc



Figure 4.237 Schematic of a single-stage (left), two-stage and three-stage (right) drawtwisting/draw-winding
position

1 Spin bobbin
2 Yarn tensioner 11 Single ring tray disengagement
3 Feed roll with yarn traverse and cot roll 12 Spindle brake
- draw ratio, single stage: 1 : (2.5 . . . 9.5) 13 Spindle drive whorl

three stage: as before and: 1 : ( 1 . . .2) - Spindle speed: max. 16000
4 Godets (draw rolls), hot or cold, max. (textile)... 7500 (technical) r/min

speed: 1200... 1800 m/min - Ring rail double strokes: 2 . . . 12/min
5 Separator rolls — Ring rail speed: 0.6 4.2 m/min
6 Hot drawing plates or -pins - Ring rail acceleration: 3 times
- total draw ratio: up to 1:12 - Titer range: 10. . . 330 dtex (textile);
- lowest godet: cold 100... 1200 dtex (technical)
7 Balloon guide 14 to 19. Draw-winder, 2-ends
8 Drawtwist ring, self-lubricating 14 Two yarns from a common godet
- diameter= 130... 150 mm, with traveller (draw roll)
9 Drawtwist bobbin (tube, pirn), length 15 Friction roll housing

380. . . 520 mm for textile yarns, 500 mm 16 Traverse mechanism, 2-fold
for technical yarns 17 Friction roll

10 Package length = tube length - (40. . . 60) mm 18 Two drawn yarn packages

A B



Table 4.38 Draw Ratio Ranges

Drawtwister with 1 2 3 draw zones

Feed roll cold. 100.. . 600 m/min
1st zone 1:2. . . 12 1 : 1 . . . 1.2 1 : 1 . . . 1.2

1:2. . .12 1:1. . .6
1st draw roll cold < 140 < 140 0C

200. . . 1500 m/min
2ndzone - 1:2. . .12 1:2. . .12

2nd draw roll - <240 <240 0C
200. . . 1500 m/min

3rd zone - - 1:08. . . 1.4
3rd draw roll <240 0C

200. . . 1500 m/min

Table 4.39 Installed Power of Drawtwisters

For textile titer 1 2 3 Max. drawing Max. titer Source
kW kW kW speed, m/min dtex

1

£ Drive, total 25. . .40 25. . .40 36. . .50 1200 380 [33]
o 1 motor drive 2 5 . . . 33 1300 330 [205]
5 2 motor drive 54 1300 330 [205]
"1 Spindle drive 24 15000 r/min 235HT [33]
§ Draw drive 18 1600 235HT [33]

for cord yarn 30 . . . 48 6000 r/min 3000 [57. 190]
700

Comments:
per draw roll (resistance) heater: 0.3 kW
per hot plate 200mm long: 0.12kW; 300 long: 0.21 kW; 400 long: 0.3 kW
per hot pin: 80W

increasingly used. Spindles are driven either by belt drives, in groups of 4 spindles, from drum drive
shafts running the length of the machine, or by single synchronous motors. In the above example, the
draw-winder has 2 winders per 4 ends, while the example shown in Fig. 4.225 has 2 winders per 2 ends.

Drawtwisters and draw-winders are usually constructed from heavy castings and have a drive casing
at one end containing the drive gears, draw gears and exchange gear sets, as well as—if used—the
mechanical ring rail motion drive. There is a vertical cast frame for every set of 12 spindles. The godet
boxes lie between these frames and have continuous driveshafts with helical bevel gears to drive the
godets. The yarn creel and take-off guides are fixed to the top of the machine frame. Figure 4.239 shows a
side view of such a drawtwister.

4.10.2 Construction Elements for Drawtwisters

The spun yarn creel is located on the top of the machine (Fig. 4.240) in the case of old PA6
drawtwisters. The yarn is taken off over-end from the supply package (1) and passes downwards
through a pretensioning yarn guide (2). If multiple drawing zones are used, another creel arrangement
is preferable, because of otherwise excessive machine heights—either a transportable creel standing



Table 4.40 Drawtwisting and Draw-Winding Machines — Examples

Manufacturer Zinser Spinnzwirn/ Zinser
Erdmann Erdmann

Type Drawtwister Draw-winder Draw-winder
Model SZ 517/1 DM24.5 SW 547
Suitable for PA6, PA66 PA, PP, PET PA, PP, PET
Drawn titer range dtex 17 . . . 460 2 x (17 . . . 460) < 460

or 1 x (55 . . . 660)
Drawing speed (max) m/min ^ 1800 ^ 2000 ^ 1200
Max. spindle speed rev/min < 16000 n/a n/a
Cop/package weight kg ^ 3.5 ^ 2 x 14 ^ 12
Drawing positions (max.) 144 or 156 108 for 2 ends 144

= 216 threadlines
Draw roll pitch mm 190 380 2 x 190
No. of drawing zones 1 2 or 3 2
Drawing zone length mm 400 474/327/600 275/635
Ring diameter inches 61/8" n/a n/a
Package diameter or
cop length mm x 400 360 x 170 275 x 135
Stroke length mm ^ 410
Tube/cops length mm ^ 450 210 x 75/85 320
Machine length mm 17185 20520* 15670
Machine width2) mm 1085 1560 1900
Machine height2) mm 3080 2650

*for216 ends
^without creel

on an extra floor above the drawtwister or a side creel standing on the floor, both as shown in Fig.
4.241. Figure 4.242 shows the detailed construction of a take-off thread guide, which is carried on a
rod or arm (4) and which can be swiveled to the vertical for operation or to the horizontal for a supply
package change, by using the cross-slotted swivel head (5). The guides (1) and (3) maintain the inlet
and outlet position of the yarn, which is pretensioned by the multiple wraps over the braking rod (2)
before running onto the feed roll (3) in Fig. 4.243.
Figure 4.243 shows the yarn feed system (g, Fig. 4.241), which includes the rubberized inlet- and
pressure roll or cot (1) and the traverse guide (2), which is oscillated a few mm sideways with a period
of 3 .. .6 min by a small geared motor. After at least 4 wraps around (1) and (2), the yarn runs off the
bright, hardchromed delivery roll (4) into the first drawing zone and then onto the godet (4) in Fig.
4.237. The diameter of the delivery roll is reduced between threadlines to facilitate cutting and
removing yarn wraps during running; the length of this section is about 80. . .100 mm.
The godets used on drawtwisters are, in principle, similar to those shown in Figs. 4.200A for cold
godets and 4.200C for inductive heated godets, but have diameters of only 80 or 100 mm and lengths
of 45 .. .80 mm (Fig. 4.244). The separator rolls correspond to those shown in Fig. 4.208a.
Hot plates similar to that in Fig. 4.245 [33, 171] have a matt hardchromed or hard metal covered
plate, which is heated from behind and is usually exchangeable. The plates are wear parts; in the case
of semi-dull PET, the working surface (7) needs to be recoated after 1. . .2 working months. Hard
material, plasma-coated running surfaces are therefore better, particularly when combined with yarn
traversing. The required installed heating power is given by: N = (T/3 — 10) x L/200 [W];
(T[0C]= hot plate working temperature and L = length [mm]). During operation the insulation
cover (3) should be closed and the vapor aspiration (2) switched on.
Hot draw pins (Fig. 4.246) are either directly electrically heated (d) by resistance elements or by
liquid Dowtherm (Diphyl) (B), which enters and exits through (d). Another version has a central



Figure 4.238 Drawtwister and draw-winder sections:
A) Drawtwisters with heated drawing zones from Barmag-Spinnzwirn [33] and Erdmann [171].
These machines have a continuous delivery roll, single-drive draw rolls and 4 spindles driven by one
belt

electrical heater (d in C) and circumferentially distributed air cooling channels (h). All have an
aluminum core for heat distribution and an exchangeable plasma-coated wear shell (a). The
inclination of the draw pin can be adjusted by means of a pivot (A), an inclined bracket (B) or a
rotatable mounting plate (C). The pin is inclined to avoid contact between the pre-drawn and post-
drawn yarn.
The spindles used are normal roller-bearing twist spindles suitable for heavy weights and speeds up to
14 000. . . 16000 r/min. The spindles must have two seats for spring-loaded spherical caps, which
press against the inside surface of the drawtwister tube to hold it in place. The traveller rings are of
normal type, with wicks for oil lubrication, and are shaped to take C- or ear travellers. The spindles
have a whorl for the belt drive and a braking surface for manual- or knee-activated stopping by a
brake lever.
Unless single motor spindle drives and a common inverter are used, the normal spindle drive is the
so-called 4 spindle belt drive. For relatively light spindles, an endless hot-welded belt can be used, as
in Fig. 4.249a, while for heavier spindles, the drive in (b) is used. Mostly the drive in (b) is used
nowadays. Often, on braking, it is necessary to lift the drive belt from the spindle. The continuous
drive can either consist of a long continuous drum drive or of a continuous shaft incorporating a drive
drum at every (separate) belt wrap.
Traveller rings and travellers are polished smooth and have a lubrication system: either a ring oil wick
is used or the ring itself is sintered. For textile titers, HZ type C-travellers are mainly used (Fig.
4.247), while for technical- and coarser counts, NSC rings and -travellers are also used, the latter

A



Figure 4.238
B) Zinser draw-winding machine [205]. Machine

execution is as per A), but winders as per
Figure 4.225 are fitted in the place of the
spindles.

Q Draw-winders of Barmag-Spinnzwirn
[33] and Zinser [205].

(For technical details, see Table 4.40)

Figure 4.239
Side view of the drawtwister in Figure 4.238 A [33]
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Figure 4.240
Spun yarn bobbin creel above a drawtwister. Alterna-
tively, the creel may be placed on a platform above the
drawtwister
1 Supply package
2 Pretensioning yarn guide

A

Figure 4.241
Spin bobbin creels for drawtwisters
A) Opposite the machine, hanging
B) Opposite the machine, stationary or

on wheels
Q Above the machine, as pendant creel
D) Above the machine, on wheels on a

platform, or hanging
b) Transportable spun yarn creel
c) Pendant spun yarn creel
e) Spin bobbins
f) Yarn inlet guide and yarn brake
a) Intermediate platform
g) Feed roll with cot
h) Godet (draw roll)
k) Distance > 0.8 m

having a nylon foot running on the inside of the ring. Table 4.41 can be used to match the traveller
number to the drawn titer [248].
The ring rail package build control system, on starting, first forms the waste bunch and transfer tail at
the bottom of the drawtwist tube, then builds up the yarn layers (Fig. 4.250). The way in which the
yarn windings are laid is important for yarn take-off and the tension variations associated therewith
(Fig. 3.55). A simple switch-over system must suffice. This then actuates a 4-thread spindle system

SZ=draw twister

B

D-



Figure 4.242
Yarn take-off device for a spin bobbin creel. The arm
bearing the yarn guide can be swung out of the way
for doffing or donning spun packages
1 Inlet yarn guide
2 Yarn brake guide
3 Pigtail guide for yarn take-off
4 Support arm
5 Swivel head with cross nut
6 Swivel arm, with
7 Spring-loaded bolt

Figure 4.243
Feed roll of a
drawtwister
1 Pressure roll (cot),

rubberized, with
swivel arm

2 Traversing guide,
possibly with 5
grooves

3 Traverse bar, with
drive (ca. 4 . . . 7 mm
reciprocation)

4 Feed roll, with
5 Smaller diameter for

yarn wrap removal

Figure 4.244
Draw godet for a drawtwister,
induction heated, with single
synchronous motor drive [171] and
Thermicon® temperature control
(without temperature sensor, using
voltage and current measurement)
a) maximum working width
(ca. 48 mm)



having a clutch, gears and end switches. Alternatively, a microprocessor system and hydraulics can be
used. A hydraulic cylinder operates chain drives running the length of the machine; these chains raise
and lower the ring rail.
Programmable starting allows the threaded-up spindles to accelerate gently in order to avoid start-up
yarn breaks. This system can also be used to reduce the tension differences between the top and
bottom of the ring rail stroke.
Cops doffers [205, 249] automate the doffing process. They remove the full packages (cops), place
them on a transport wagon and refit empty tubes onto the spindle shafts (Fig. 4.251). The total doffing
time is ca. 5 min per drawtwister. A robot can serve up to 8 machines. Threading up of the yarn
through the traveller and onto the spindle must still, however, be done manually.
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Figure 4.245
Explosion drawing of an electrically heated drawing
plate (hot plate) [33] and section AA (a) [171]; (b)
relationship between power and temperature
1 Insulated housing
2 Vapor aspiration
3 Insulated door, hinged for opening
4 Mounting plate
5 Electrical connection
6 Yarn guide pins
7 Heater surface, hard chromed or plasma coated
8 Heating element: 400. . . 600 W, 400 mm long
9 Insulation

A

A

A



Figure 4.246 Hot draw pins [171]
A) Inclinable, with electrical heating e) Front insulation
B) With fixed inclination, for liquid heating /) Swivel bolt
Q With air cooling and electrical heating; g) Fixing plate

swivels horizontally h) Bores for cooling
a) Sheath, coated, exchangeable /) Cooling air distributor
b) Aluminium core j) Temperature sensor
c) Steel core k) Cooling air connection
d) Heating rod or tube

Table 4.41 Ear travellers for textile titers -
traveller number and weight [248]

Drawn titer Traveller Weight
dtex HZ number mg/each

11 30 . . . 32 2 1 . . . 16
17 32. . .34 24. . .21
22 30 . . . 32 29 . . . 24
44 2 8 . . . 30 39 . . . 29
67 26. . .28 60. . .39
100 2 5 . . . 27 7 5 . . . 48
167 21. . .23 150...110
220 19. . .21 255...150

The construction of heavy drawtwisters for technical and tire yarn has been terminated in favor of
integrated spin draw machines and warp draw machines (Barmag SZ8 [33]).

The stepped draw roll (Fig. 4.252) and the multi-step godet, which was developed from the former for
incremental drawing, have not found acceptance in practice, as the required draw ratios of up to 5:1
imply roll diameters which are too great to fit within a spindle pitch of ca. 175 mm.

A)

B)

C)



Figure 4.249
Four-spindle belt drive
a) for light and b) for heavy spindles and

yarn packages (cops) (> 2 kg)
1 Drive drum
2 Spindles
3 Belt tensioner
4 Drive belt

Spindle settings for textile titers
Spindle speed: < 16000 r/min
Tube length: < 420 mm
Yarn stroke: <380 mm
Ring diameter: 130... 155 mm
Ring rail double strokes: 2 . . . 12/min
- Speed: 0.6.. . 4.2 m/min
— End of stroke acceleration: < 3 times
Yarn guide stroke: | x ring rail stroke

b)

Figure 4.248
Spindle for
drawtwister [205]
a) Drawtwist package

tube holder
b) Drive whorl
c) Bearing and

housing
d) Tightening nut

a b c

Figure 4.247
Traveller ring cross-
sections and travellers
[248]
a) C-traveller
b) Ear traveller
c) NSC traveller and

-ring
1 Yarn
2 Oiling wick
3 Nylon shoe

a)



Figure 4.250 Possible winding modes and cops shapes achievable on a drawtwister [205]
a) Parallel winding with stroke reduction with time, and constant ring rail speed.
b) Parallel winding with stroke reduction with time: number of ring rail strokes/min = constant
c) As per a), but with downward stroke continuously decelerated and upward stroke continuously

accelerated.
d) As per b), but with downward stroke continuously retarded and upward stroke continuously

accelerated
e) Parallel winding, with slower stroke length displacement upwards
f) As per e), but with downward stroke continuously retarded and upward stroke continuously

accelerated
g) Combined winding
h) As per g), but with downward stroke continuously retarded and upward stroke continuously

accelerated

Figure 4.251
Drawtwist cops doffer
a) Section through drawtwister

with doffer [205]
(Continued on the next page)
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4.11 Warp Drawing, Warp Sizing and Slashing

To avoid the costly processing of single ends of flat yarn between the spin bobbin and warp beam, warp
drawing (also termed draw-warping) is used. Here the spun yarn packages are housed on creels, from
which the ends are taken to form a flat sheet of closely-spaced yarns, known as a warp. The warp is drawn
by a series of drawstands (heated and/or cooled, as required), between which heating ovens are located. If
the drawn warp is taken up as single ends on a bank of dancer arm, tension-controlled winders, the
process is known as warp-draw-winding. If the drawn warp is wound up as a warp sheet on warping or
hosiery beams, the process [207] is termed warp-draw-beaming, usually simplified to "warp drawing".
For technical yarns, the drawing speed lies between 400 and 1200 m/min.

This process is applied to textile titer flat yarns, especially using POY as the supply yarn, on warp
drawing and warp-draw-sizing machines to produce, in one step, hosiery or warping beams ready for use
in warp knitting or weaving. The twist which would have been inserted at drawtwisting is replaced by
intermingling the POY to > 10 nodes/m. Using such POY, it is possible to achieve <2 yarn breaks/
1000 kg in warp drawing. If the POY intermingling is reduced to 5 nodes/m, the break rate can easily
increase to 5/1000 kg. The processing speed is between 500 and 800 m/min. The quality of these yarns
and beams is excellent, both because of the POY quality and because all threadlines are given the same
drawing treatment at the same time.

The capacity of a warp draw line is given by:

3.74 x 10~5 kg/shift x no. of threadlines x dtex/end x m/min [207] (4.41)

Using 1200 ends of 76 drawn dtex per beam and working 64 shifts/month, production rates of
120.. .150 t/month/line are easily achieved. LOY supply yarn also achieves good results, but one
must reckon on 20. . .30 slubs/1000 kg yarn and 70. . .80% of the above capacity.

Figure 4.253 shows a warp draw line [33, 209] integrated into a POY spinning plant. After doffing,
the POY spun packages are taken by the doffer (1) and loaded onto the transport buggies, which form the
creel (2). Yarn tensioners ensure uniform threadline tensions at the reed (3), which leads the warp into the
drawing zone (4). After drawing, the warp enters the tangling reed (5), is relaxed in the relaxation zone
(6), is warp-oiled by the oiler (7), passes through the warp accumulator (8) (which can store up to 16 m of
yarn) and is finally taken up on beam by the beaming machine (9). The full beams are then transported to
the weaving machine (10) or to the warp knitting machine (11). Drawing takes place between a 200 mm
diameter trio and a second, water-cooled trio in (3). For PA, the first trio has unheated rolls, while for PET
the second and third rolls are heated, and a heated plate is located between the two trios. The draw ratio
can be continuously adjusted up to 1: 5 by thyristor-controlled DC motors. Rubberized pressure nip rolls

Figure 4.252
Stepped draw roll.
Draw ratio i — d/D
(for yarn lateral
displacement, see
Section 7.6)

Figure 4.251
b) Doffer in operation [57]
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8 Yarn accumulator
9 Warp beamer for sectional - or warping beams up

to 1016 mm flange diameter x 2210 mm outer
width

10 Weaving machine, or
11 Warp knitting machine

Figure 4.253
Warp-draw line integrated into POY spun yarn
production [33]
1 POY spinning machines equipped with auto-doffer
2 POY bobbin creel
3 Warping reed
4 Drawing stage with heated drawing rolls and drawing

plates (see Figure 4.254)
5 Tangle (intermingling) reed for single end intermingling
6 Relaxation zone
7 Warp reed and oiling



control the warp inlet to, and outlet from, the draw stands. The machine size (without working space) is
ca. 20 m x 5 m. A waste yarn winder allows a broken end to be replaced and/or can be used for quality
control.

The yarn transport buggies and creels are those typically used in the textile industry, and the draw
rolls (including bearings and drives) are similar to those used for drawing wide staple tows. The
photograph, Fig. 4.254 [33], shows details of the drawing zone, including the pneumatically-driven
presser rolls described above. The heated drawing plate lies between the rolls, and can be pneumatically
depressed to avoid contact with the warp sheet, which is done at a line stoppage. The beamer is the same
as that used in warping.

Figure 4.254
Drawing section of the draw-
warping line shown in
Figure 4.253 [33]

A warp-sizing (slashing)- and drying unit can be integrated into such a warp draw line. It is, however,
advisable to work with a greater threadline separation to avoid sized ends sticking together, and to use the
smaller hosiery beams [194]. Twelve such hosiery beams are then assembled onto one (larger) weaving
beam. After sizing (slashing), the warp sheet is dried in a 2 x 5 m long air drying oven, followed by
contact drying on a 5 roll hot calender. The line is designed for standard warping beams of 765 or
1016 mm flange diameter. After drawing, the yarn is entangled before entering the sizing (slashing)
bath.

Warp draw lines manufactured by [208] have a working width of 1600.. .1900 mm, an installed
power of 130 kVA and a drawing force of 2500 N; the line previously described [33] is designed for a
working width of 1600 mm and a drawing force of 4000 N. A warp draw line which has the drawframe
gearboxes in the center and the draw rolls protruding both to the left and right, is provided by [210]; here
there are two half-sheets, one on either side of the central gearbox. For PA66, a 2-stage drawing zone is
recommended, and a single zone for PET. The drawing rolls are heated 5 . . .20 0C above the glass
transition temperature of the polymer. A further system [24] employs wet drawing, intermingling, sizing
(slashing), high frequency drying followed by 5-roll hot calender contact drying and beaming. These
machines are particularly well-suited for microfilament yarns.

4.12 Texturizing and Drawtexturizing

Texturizing (or texturing) aims to convert the "synthetic" appearence of flat yarns to a more acceptable
textile aesthetic and to confer on these yarns the properties associated with natural yarns such as wool and
cotton, which have an inherent crimp or bulk. Further effects, such as high voluminosity or high
elasticity, are also taken advantage of, but are often largely cancelled out in a further processing stage, as,
e.g., in double heater, set yarns.

Next Page



The first torsion crimping processes were developed by Heberlein [212] and Bemberg [213], but
because hydrated cellulose yarns are not stable when wet, the process was not implemented before 1940.
The first machine for the continuous crimping of horse hair-like yarn of 1100 dpf in bundles of ca.
( 1 . . . 2.5) x 106 denier, followed by decrimping, was built by Fourne [214]. Stabilization was achieved
by using formaldehyde derivatives. Heberlein [212] licensed Helanca® [215], a polyamide, world-wide.
In 1952 Fourne converted doublers to produce highly elastic PA6 bulked yarns [216, 217], first using the
real twist process and—after 1954—using the false twist process. In 1952 texturizing throughput was
100.. .300 kg/1000 spindles per month; today it is 100.. .600 t/1000 spindles per month, depending on
titer. World production of textured yarns reached 1.8 x 106 t/a in 1977 and 15 x 106 t/a in 1988.

Table 4.42, derived from [219, 220], gives an overview of known texturizing processes. The real twist
process [217, 218], the Agilon® process [221] and chemically-induced texturizing are currently not of
commercial interest. The twist separation process, knit-de-knit and gear crimping [222] do not contribute
significantly to total world production.

4.12.1 Comparison of Texturizing Processes

The following overview gives a short description of the various texturizing processes and the most
important characteristics concerning the texturizing aggregates, including the yarn properties thereby
achieved. The overview is arranged according to:

the classical process [217]
the effects on yarn elongation:
with spindle twist, preferably using magnetic bearings, or with 3 spindle friction disk aggregates, or
with crossed belts, or with disks
yarn drawing: without drawing (i.e., ex draw twist pin), or with sequential drawing, or with
simultaneous drawing.

Today the simultaneous drawtexturizing process (i.e., twisting and drawing in one stage) is almost
exclusively used for apparel titers. In contrast, BCF is only produced via the sequential process. The

Table 4.42 Texturizing Processes—Overview

Process

Mechanical • Air jet process (cold)

Examples

Torsion process

Mechanical/thermal

Chemical/thermal

Chemical

Real twist process

False twist process

Twist/detwist process

Twist separation process

Stuffer box crimping

BCF gas jet process

Knit-de-knit process

Edge crimping process

Gear crimping process

Bicomponent

Salt solution baths

single heater

double heater

Taslan®

Texturized yarn

<1960

>1957

set yarn

Banlon®

Staple

BCF

Agilon®

<1950



mechanical stuffer box is no longer used for textile yarns and has limited application for BCF yarns,
but is absolutely dominant for the crimping of wide tow to staple fibers. Knit-de-knit is also becoming
less important.

The real twist process [213, 217] is shown in Fig. 4.255A. Here the yarn is highly twisted on an
uptwister, is heat setted on aluminum foil-wrapped paper tubes which allow shrinkage, is detwisted
(i.e., back-twisted to achieve zero net twist), and is then doubled (S and Z) to achieve zero torque
yarn.

The disadvantages of this process were the very low throughput rates and the somewhat "sharp"
or spikey appearance of the yarn and/or finished goods, unless the process parameters were
maintained exactly constant (Fig. 9.8).

Under the effects on yarn elongation (Fig. 4.255B), we distinguish between:

HE (highly elastic) and set (i.e., double heater) yarns. Both of these yarns are produced in a
continuous process involving twisting, heat setting, cooling and de-twisting. Twist is inserted by a
false-twist generating aggregate: the twist runs from the aggregate back towards the first delivery roll,
is set in, and is then de-twisted between the aggregate and the second delivery roll. If the texturized
yarn is then wound up at low tension, HE yarn is obtained. If, instead of winding up, the textured
yarn is relaxed through a second heater, allowed to cool and is then wound up at low tension, so-
called set yarn is obtained. The first (primary) heater is a contact heater, and the second (secondary,
setting) heater is a convective heater; both are Dowtherm (Diphyl) vapor-heated. The cooling plate
after the primary heater is also of the contact type.

Approximate throughput at various titers is:

Titer(den) 30 60 90 120 150
Throughput at 1000 m/min fa « 0.9) [kg/pos/24 h] 3.89 7.78 11.66 15.5 19.4

Figure 4.256a shows typical longitudinal views of the above three textured yarn types.

In terms of the drawing mode (Fig. 4.255C), we distinguish between:

Sequential- and simultaneous drawtexturizing. LOY yarn should be drawn in one stage and be
continuously texturized in a second, following stage (sequential drawtexturizing). Although POY
yarn can also be processed as above, it is advantageous to draw and texturize POY in one step
(simultaneous drawtexturizing). The yarn appearance and physical properties of HE and set yarns
processed by the sequential and simultaneous routes do not differ significantly, provided that both are
friction-textured.

The type of twist insertion aggregate also differentiates the various false-twist machines:

Magnetic pin twist spindles (diabolos) (Fig. 4.257A) rotate in the gap formed by two pairs of rotating
disks and are held in position magnetically. They impart a positive twist to the incoming yarn: one
revolution of the spindle imparts one turn in the yarn. If pre-twisted yarns are texturized, the pre-twist
remains. The maximum spindle rotational speed (1990) is 800000r/min, which results in a
maximum yarn speed of 250. . .350 m/min. Pin twist is therefore used mainly for very high or
very low twist levels, as well as, e.g., for profiled special yarns. The appearance of the textured yarn is
similar to that shown in Fig. 4.256a (A).
Three spindle, disk friction false-twist aggregates (Fig. 4.257B) generate twist by friction between the
disk and the yarn. The twist inserted depends on the so-called DAf ratio, the ratio of the disk
circumferential speed to the yarn speed; the DAf ratio is typically 2.0. Disk rotational speeds are of
the order of 18 000 r/min. The friction aggregate shown in Fig. 4.257B is the most widely used today.
Further details can be found in Section 4.12.2.2. The textured yarns produced by this system can be
seen in Fig. 4.256a (Bl, B2).
The nip twister (NCV = nip controlled vector drive, Fig. 4.257C) achieves an almost slip-free friction
twist at the point where the two belts, pressing against one another, cross. The yarn twist is
determined by the yarn speed and the belt speed vector (corresponds to the DAf ratio), and is variable.
For a single yarn, 8 mm wide belts are used; for double yarns, the belt width is 14 mm.
The disk false-twisting unit (Ringtex = NCV drive, Fig. 4.257D) achieves a practically slip-free



Figure 4.255 Torsional texturizing processes
A) Real twist process
B) Different processes for influencing yarn twist: highly elastic (HE, single heater) yarns and heat

set yarns (double heater)
Q Different methods of yarn drawing: sequential ( = separate drawing and texturizing zone) and

simultaneous drawtexturizing ( = drawing and texturizing in one zone)
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Figure 4.257
The most important aggregates or processing elements for the various texturizing processes
A) False twist magnetic spindle, inserted in the gap between two pairs of double, rotating drive disks
B) False twist friction disks
Q False twist double belt system (nip twister)
D) False twist double flat disk system (Ringtex)
{Continued on page 43 T)

Figure 4.256a
Microscopic views of yarns processed as per Figure 4.255B
A) According to the real twist process (mainly known as Helanca®)
Bl) HE (single heater) yarn i
Bl) Heat set yarn (double heater) } «**»««» Processes
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friction twist insertion at the contact point between two rotating circular friction surfaces. At least one
disk is pressed against the other by a compressed air piston to form the contact point. The ratio of
disk circumferential speed to yarn speed at the contact point (r/y ratio) and the twist angle P
determine the yarn twist, r/y is typically 1.4, and the maximum yarn speed is around 1000 m/min.
The appearance of the NCV textured yarn is similar to that shown in Fig. 4.256a (Bl, B2).
In the twist separation process (Fig. 4.257E), two multi- or monofilaments are separately led into the
twist unit, are twisted together, heated and cooled together, and finally separated by means of a
special aggregate (e.g., "Twisttex"). Twist stopper rollers are necessary in the inlet zone. Two
compensation rollers having approximately the same yarn speed run in the twist separator aggregate;
no other rotating parts are required for separating the two yarns. The construction is simple, the
energy requirement is low and the unit does not generate much noise. Threading up requires an
auxiliary twist unit.

The Twisttex aggregate of Retech AG [336] is self-regulating and requires no drive. For fine titers,
the maximum yarn speed lies between 600 and 1000 m/min. The twist level achievable is limited.
The textured yarns have average to high stretchability and elasticity, large-loop texture and exhibit, to
some extent, torque-liveliness. The two yarns sometimes also exhibit differences in texture,
depending on process conditions (Fig. 4.256b).
Air jet texturizing (Fig. 4.257F) is particularly suited to PET POY, which is first drawn on a heated
draw pin in the first zone. The yarn is overfed into the texturing zone. Texturing is carried out either in
a Venturi jet with an impact plate at the end or in a smooth bore tube having asymmetric compressed
air inlet jets which blow the yarn at an angle against an impact sphere. Yarn uniformity is improved
by wetting the yarn before entry into the texturizing jet. In the heat-setting zone, the yarn shrinks and
is compacted and stabilized. Yarns with protruding single filaments and other effect yarns can be
produced by the process. For yarn titers of 100.. .3000 dtex running at ca. 500 m/min and using
compressed air at 8 .. .10 bar pressure, the air consumption is ca. 8 . . . 15 Nm3/h per jet. The air jet
texturing process is suitable for processing PA, PP, viscose, acetate and glass fiber yarns.
Stuffer box texturing (crimping) using a mechanical stuffer box chamber (see Fig. 4.308) requires
fully drawn yarns or tow. The yarn or tow is forced into the stuffer box by two opposed delivery rolls
acting in a pinching mode. The stuffer box can be heated or cold or can have steam injection at the
inlet. Steam injection improves crimp, crimp uniformity and dye uptake regularity. While
continuous filament yarns are seldom processed using this system (compare Fig. 4.270), the
mechanical stuffer box is predominant in the crimping of staple fiber tows. For crimp character, see
Figs. 3.60 and 9.8.
The gas-dynamic stuffer box texturing process (see Figs. 4.281 to 4.286) can be used in a separate
texturing process, independently of spinning (i.e., using drawn yarn feedstock), as well as—and
especially—in an integrated spin-draw-texture-wind process; such latter machines are described in
Section 4.12.6. Here the spun yarn travelling down from the quench chamber is first drawn between
two heated godets and/or duos, is then aspirated at full yarn speed into the texturing jet using heated
compressed air, and is practically brought to a halt by impact with the yarn plug in the section where
the gas is separated from the yarn, the gas exiting the chamber sideways, while the filament bundle
opens and the tangled yarn is continuously folded on the upper surface of the yarn plug. The yarn plug
exits the end of the texturing jet and falls onto a rotating cooling drum. Here the loose plug is pulled
against the cooling drum and cooled by the inspiration of room air through the drum. The cooled yarn
is taken from the drum, and—after passing the relax rolls—is wound up as a package by the winder.
The yarn bulk can be influenced by the hot air temperature and pressure, as well as by the individual
speeds of the machine rolls. The bulked yarn is voluminous to very voluminous, has a soft or fleecy
handle, a low elongation and low elasticity. The appearance of the yarn is as in Fig. 4.256c (A).
The knit-de-knit (crinkle) process is a relatively cumbersome method which gives a specific crimp
structure (Fig. 4.256c (B)). Before bulk development, the yarn is highly stretchable and has a marked
wavy crimp structure, derived from the knitting stitch. After bulk development, the crimp has a wavy,
two-dimensional, overlapping structure. The yarn is produced by knitting a sleeve from drawn yarn
on a circular knitting machine. The knitted sleeve is then beamed and either heat set in saturated
steam or dyed at high temperature, after which the sleeve is unravelled to give single yarns.
Polyamide yarns of from 11 to a few thousand dtex are the preferred feedstock. Polyester does not
give sufficient crimp stability.



Figure 4.256b •
Twist-separation crimped yarn

Figure 4.257
E) Twist-separation texturizing process

Figure 4.257
F) Air jet texturizing jet using cold, compressed air. Above: Du Pont; below: Heberlein {Continued on page 439)
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Figure 4.256d
Bicomponent spinning processes: factors affecting bicomponent S/S yarn [150]
a) Longitudinal view of 2 PA66/C0-PA66 monofilament yarns
b) Longitudinal view of PA6 multifilament yarn (HE, single heater)
c) Microscopic cross-section PA6 bright PA6 semi-dull

with Y]XQX = 3.2 = 2 . 7
d) Microscopic cross-section PET (clear) PET (black), both having [n] = 0.67

1 Spinning temperature 3050C 2800C
2 Spinning temperature 2900C 287° C
3 Spinning temperature 2800C 3050C

(a)

(b)

(c)

dl

d2

d3

Figure 4.256c
(Continued from page 437)
Microscopic view and cross-sections
of yarns texturized by various
processescB

A



Figure 4.256c
G) Edge crimping process (known as

"Agilon", this process is no longer
used because of its poor crimp
stability)

H) Heated intermeshing gear crimping
process; the gear teeth are specially
profiled

Bicomponent texturing is described in detail in Section 5.2. Bicomponent fibers, made from polymers
of different shrinkage, only develop bulk when the two components are eccentric to each other,
functioning best when side-by side configuration is used ( = S/S type, Fig. 4.256c (C) and 4.256d).
After drawing, bicomponents develop bulk either directly or after a shrinkage treatment.

Bulked bicomponent yarns have a poorer crimp stability than mechanical/thermally-crimped
yarns, and are therefore not at present suitable for use as carpet yarns. Fine titer bicomponent lingerie
made from polypropylene has also not achieved the required shape retention.

4.12.2 False Twist Texturizing Machines

4.12.2.1 Construction and Components

By far the greater amount of textile apparel yarns is texturized, predominantly on false twist machines.
The best-known false twist texturizing machines are shown in Figs. 4.258 [33] and 4.259 [226]. Both of
these machines are supplied as single heater and double heater machines. Figure 3.39 shows possible
yarn paths and heater configurations. Components bearing the same numbers in Figs. 4.258 and 4.259
have the same function, even if they differ somewhat in constructional details:

The bobbin creel always has two bobbins per threadline to enable the free end of the reserve bobbin to
be knotted in or spliced to the transfer tail of the running bobbin (transfer creel).
Figure 4.260a shows a simple creel of this type. The creel on the left is for four running
threadlines = two false twist heaters. In (b) it is shown how the creel peg swings outwards to
facilitate bobbin changing. A carrousel creel (Fig. 4.260c) also facilitates rapid bobbin changing,
particularly for large POY bobbins.
The yarn supply system can be like that on a drawtwister (Fig. 4.243), with one or many wraps
around the feed roll, or it can comprise a rubberized presser roll exerting its weight on the delivery
roll as the supply yarn makes a 3/4 wrap around the latter. (See Fig. 4.261b, [226]). The delivery
system using rolls and rubber belts (apron feed, Fig. 4.261a [33]) has also proved successful. To
thread up, the apron is disengaged from the roll. After re-engagement, the apron automatically runs
over two tensioners fitted with ball bearings, which clamp the yarn, thus ensuring slip-free delivery.
Heaters: In sequential drawtexturizing, the same hot draw pins (Fig. 4.246) and/or plate heaters (Fig.
4.245) are used as for drawtwisting. In many cases, centrally-heated thermal oil is used.

H

G



Figure 4.258
Barmag Type FK6 M80 [33]
false twist drawtexturizing
machine. Yarn path is no. 2 in
Figure 3.39

1 Spun yarn creel
2 Yarn cutter
3 Feed roll
4 Heater string-up device
5 Primary heater
6 Cooling plate
7 Texturizing aggregate
8 Yarn sensor
9 Yarn sucking

10 Secondary heater
11 Bobbin winding
12 Bobbin holder
13 Traverse cam
14 Friction drive roll
15 Traverse guide
16 Yarn guide bar
17 Spin finish application
18 Possible operating platform
19 Aspiration

Up to about 1980, electrically-heated twin track primary heaters were used; these have now been
abandoned because of poor temperature uniformity [33].

For the normal temperature range of 160.. .ca. 240 0C, Dowtherm (Diphyl) vapor heating is used
exclusively, both for primary and for secondary heaters. According to the schematic in Fig. 4.262, a
liquid sump (a) is located at the bottom of the Dowtherm vapor-heated body of the heater. An electric
resistance heater in the sump vaporizes the liquid Dowtherm, which then heats the yarn contact
surface (d) or the tubes (f) (from the outside) [33, 226, 172]. The condensate drains back into the
sump.

Temperature sensors (c) and (g) must indicate the same temperature. Since this system operates
under a vacuum, the liquid- and vapor volumes must be absolutely gas-tight. While the twin-track
primary heater transfers heat to the rapidly twisting yarn through contact, the tubular secondary
heater must heat the almost tensionless, bulked single filaments by convection. The tube of the
secondary heater is sealed at the top and bottom by Al2O3 eyelet guides, both to prevent yarn contact
with the tube and to minimize heat loss.

For yarn speeds of 1000 m/min, the primary heater should be 2.50 m long, the secondary heater
1.60 m. Primary heaters (twin track) have an installed power of 330 W, secondary heaters of 100 W



Figure 4.260
Creels for false twist texturizing machines
a) Simple creel for 2 x 4 running ends, with reserve package for knotting in

[33]
b) Swivel creel for 2 x 6 running ends, having additional swivel function for

individual packages and for reserve package knotting in (transfer) [226]
c) Carousel creel, with reserve package knotting in (transfer), for 2 x 6

running ends [226]

per tube. Actual power consumed is ca. 55 . . .70% of the installed power. Care must be taken to
insulate the primary heater well, including the openable door.

Depending on detailed design, the minimum heat flux required for hot draw-plates is
1.1.. .1.3 W/cm2, while the maximum flux—even for hot plates of a few m length—is ca. 2.8 W/
cm2. The temperature uniformity of these hot plates is at best ± 4 ° C at 200.. .2400C for a 400 mm

a)

c)b)

Figure 4.259
Rieter-Scragg Type SDS1200A false twist
drawtexturizing machine [226]. Yarn path
(modified) is no. 5 in Figure 3.39. Heater
length: 2 m; Cooling plate contact length:
1.5 m. Recommended for multinlaments
of < 40 dtex. Single heater machine. (For 1
to 19, see Figure 4.258)



Figure 4.262
Electrical Diphyl (Dowtherm) vapor heating systems for primary heaters (grooved) and secondary heaters (heated
tube) in drawtexturizing machines [172]
a) Electric heater in liquid Diphyl sump e) Double grooves in heater
b) Diphyl liquid level / ) Secondary heater tubes
c) Lower temperature sensor g) Upper temperature sensor
d) Diphyl vapor volume

Figure 4.261
Yarn input roll with apron feed [33], from the drawtexturizing machine shown in
Figure 4.258
a) 1 Apron feed b) Pressure feed roll fitted to the machine

2 Yarn sensor shown in Figure 4.259
3 Yarn cutter

b)

a)



long plates, and ± 80C for 1600 mm hot plates, both deviations being measured over the working
length of the heater. In contrast, the Dowtherm vapor-heated tracks, tubes and pins achieve a
temperature uniformity of ± 10C over their working dimensions.

The present generation (1992) of false-twist texturizing machines is reaching its limit of operation
because the lengths of the heaters and cooling plates rule out an increase in processing speed. For
higher speeds new shorter heaters, operating at higher temperature differences, are required. Such
heaters are convective and only ca. 0.6 m long when operating at 5000C.
Coning oil applicators: Part of the spin finish is vaporized on the primary heater. To compensate for
this, as well as for later coning, coning oil is applied by rolls before take-up. The plasma-coated lick
rolls run in small, stainless steel troughs, which are held at constant liquid level. The lick rolls are
driven at ca. 4 . . .12 r/min by a continuous driveshaft running the length of the machine.
Take-up: The take-up shown in Fig. 4.224 [224], among others, is suitable for up to ca. 1200 m/min.
It must be possible to make either straight-edged or biconical cross-bobbins, depending on customer
requirements. For retrofitting, take-ups similar to those in Fig. 4.224 are used.

In order to keep a large number of complicated machines, mostly with 216 positions, in continuous
operation throughput the year, various auxiliary devices are required, and maintenance and cleaning must
be done from time to time:

A large percentage of the spin finish vaporizes and cokes in the tracks of the primary heaters. These
fumes must be uniformly aspirated from all primary heaters into a common fume duct, which is
connected to a high pressure suction fan. The exhaust air is expelled to atmosphere, preferably
through a washer (scrubber).
Yarn aspiration tubes are located just above the take-up winders. Their apertures can be opened or
closed by means of a threaded sleeve. From these tubes, the yarn is aspirated into a waste collector
held at negative pressure by a high pressure fan; the high pressure side of the fan expells the exhaust
air above the roof of the building.
Yarn sensors—mostly without contact—are placed between the coning oil applicator and the winder.
The yarn cutter, activated by the sensor at a yarn break, is located between the creel and the yarn feed
roll.
Threading-up aids: The present high processing speeds and the height of the machines (4 to 6 m)
dictate that string-up aids must be used, so that a man, standing on the ground, can thread the yarn up
over the heater and cooling plate. The primary heater string up tool [33] has a yarn guide at its
extremity. The guide is pulled down, the yarn is put into the yarn guide, and the guide is then pushed
upwards into the operating postion. Similar tools are required for other two-storey operations.
Depending on the height of the texturizing units above floor level, a service platform trolley having a
number of steps may be required. The trolley, having its guard rail on the creel side, runs between the
texturing aggregates and the creel. On receiving the weight of a man, the trolley automatically locks
in position.
Noise protection: As the noise level, comprising unpleasantly high frequencies, is usually > 90 dB, it
is recommended that the texturizing aggregates be encapsulated with noise-protection material. In
addition, workers should be equipped with ear protectors.
Housekeeping (cleaning): Despite the aspiration of finish fumes, a mixture of spin finish, monomer
and dust deposits on some machine parts. Depending on plant experience, these contaminated areas
must be regularly cleaned according to a laid-down cycle. Particularly vulnerable to these deposits are
yarn guides and the primary heater inlet and exit sections, as well as machine parts above the latter.
Spare texturizing units should be available in sufficient quantity to avoid time-consuming repair work
on the machine.

4.12.2.2 Texturizing Aggregates

The most important difference between false-twist texturizing machines lies in the false-twist aggregates.
The pin twist aggregate (Fig. 4.257A) has a limited range of application nowadays and is used practically
only for speciality yarns. Most aggregates in use today are of the friction disk type, particularly for PET
set yarns and for fine titer high bulk PA yarns.



Magnetic spindle false-twist aggregates
Magnetic spindles are designed for up to 800000 r/min, possibly for even up to 106 r/min. Their
development began in 1952 [229] with a spindle rotor for a maximum speed of 90000 r/min. In
1954/55 Fourne used a disk driven spindle reaching ca. 50000 r/min, and Richter [230] attained
64 000 twists/min with a duo double threadline false-twist spindle. The currently-used system is
shown in Fig. 4.263. The spindle has an internal diameter of 0.65 mm for up to 56 dtex, 1.0 mm for
up to 167 dtex and 1.3 mm for up to 220 dtex. The spindle is forced to run in the gap between two
rotating disk pairs by a magnet; the drive transmission ratio is 17:1. This gives a spindle speed of
600 000 r/min when using a magnetic spindle of 2 mm outside diameter and a drive belt speed of
25.87 m/s. The frictional heat generated is removed by a centrifugal air flow of 1.2 Nm3/h. The yarn
(F) is wrapped around the sapphire pin (S), ensuring that the yarn is twisted by the spindle. Because
the yarn runs through the spindle in the axial direction, the yarn balloon is small. Figure 4.264 shows
the construction of such an aggregate: top view, left for S-twist, and right for Z-twist. The twist
direction can be altered by having the belt run in front of or behind the drive spindle. Figure 4.265
gives the drive power of such an aggregate and Table 4.43 machine settings for a pintwist PET set
(double heater) yarn process [229].
Friction disk false-twist aggregates
Around 1960, hollow spindle friction aggregates were built. The spindle had rounded internal edges,
and the yarn made 90 ° angles with the friction tube at both inlet and exit. Because of threading up
difficulties, this system was abandoned [231]. It was only with the use of friction disks, the most
widely-used twist aggregate today, that it became possible to thread the yarn through the twist
aggregate using a yarn aspirator (suction gun). Friction aggregates for 22 . . .220 dtex PET and PA
POYare available as single aggregates (Fig. 4.266 [176]), as well as double aggregates, for belt-driven
speeds of 12 000. . . 20 000 r/min. The friction disks—which are exchangeble—can be selected from
Table 4.44 as a function of disk material and yarn titer.

Polyurethane disks are particularly suited to fine PA yarns; the other disk materials are suitable for
PET. Many disks (up to a maximum) improve the twist generation and its uniformity, depending—of
course—on the material and speed. More than the optimum number of disks can, however, cause

Figure 4.263
Principle of a false twist Figure 4.264
magnetic spindle Example for mounting for a FAG false twist magnetic spindle for S- and Z twist
R) Twist insertion tube [176]
S) Twist pin 1 Yarn inlet 8 Safety hook
L) Air outlet 2 Yarn inlet guide 9 Roll journal
T) Drive disks 3 Drive (and supporting) disk 10 Whorl
N, S) Permanent magnet 5 Yam guide tube 11 Existing machine bracket
F) Yarn 7 Magnet system

Z-twist'Ss F

R
F TT

N S

T T
L' L



Figure 4.265
Power requirement of FAG false twist spindle
[176] (After 20 h running-in-time, belt
tension 1700 g, MFD 800, i = l : 24) [159]
a) 1/1 duty for a single aggregate with

counter disk (S- or Z twist)
b) I duty for a double aggregate with counter

disk (SS- or ZZ twist)
c) 2 duty for a double aggregate without

counter disk (S- and Z twist)

Table 4.43 Machine Settings for a Magnetic Spindle, False Twist Draw-Texturizing Process
[229]

Machine type Heberlein "Unitex" FZ 42/1
Spindles Double roller, magnetic spindles FBU 808
Yarn (undrawn) PET POY
Spin titer 300 dtex f30
Final titer 167 dtex f30
Spindle speed 800000 rev/min
Twist level 2518t/m
Draw roll speed, roll 2 317.7 m/min
Draw ratio, roll 2: roll 1 1.74
Second heater overfeed, roll 2: roll 3 14.8% (=1.148)
Package take up overfeed, roll 2: winding roll 8.7%
Temperature 1st heater 2000C

2nd heater 205 0C
Test results
Titer 182.7 dtex
Tenacity 3.9 cN/dtex
Elongation 33.9%
Crimp contraction 18.4%
Crimp stability 47.8%

processing problems. The step wise generation of twist in the travelling yarn, from inlet to exit, is
illustrated in Fig. 4.267 [230]. The twist transfer from the disks to the fully-twisted inlet yarn (J1 in
Fig. 4.267) can only be approximately estimated. The smallest yarn cross-section is given by:
F — k2 x dtex x 0.866 x cos ft with tan/? = 1000/[t/m] x d x n, where P = twist angle. In false-
twist, p « 35°, which makes dWl%i & 1.21 x k x Vdtex [um]. Accordingly, / = Adisk/dwisi = about
510.. .580 for 30 dtex and = ca. 220.. .250 for 167 dtex. At 18000 r/min disk speed therefore,
about (10.4... 4) x 106 twists/min would be imparted to the yarn. The yarn, however, crosses the
disks at less than 45°, so that only 100 x cos 45° «* 70% of this is converted to yarn twist,
corresponding to ca. (5.2. . . 2) x 106 turns/min or 5700... 2200 turns/m As—in the case of
30 dtex—only 3540.. .4170 t/m are required for false-twist, the disk speed must be correspondingly
reduced and use be made of slip to attain the correct twist. This can only be more accurately
determined by trials.

Figure 4.266a (left) shows the aggregate opened up for threading, and (b) the aggregate in the
running position, with the lever closed and the yarn in the twisting position [229].

Ceramic disks are mainly used for PET [233]; for fine titer PA, plasma-coated disks are also used.
Nickel and diamond-coated disks are seldom used. Hardened polyurethane disks [176] give better
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Figure 4.266 a) Friction texturizing disk assembly [176]
2 Bearing 6 Machine mounting bracket
1 Timing belt 7 Protective cover (to reduce

4, 5 Spacing bushes noise and fouling) and yarn guide
3 Whorl 8 Friction disks

FAG type FTS 471 FT4717
A 33.7 38.5 mm
d 12 12 mm
D 45 50 mm
dx 26 26 mm
w (10000 r/min) 1413.7 1570.7 m/min
^nyarn 100 dtex 4.016 4.462-106 turns/min
PET slip-free

Figure 4.266
b) Power requirement P as a function of the friction disk
rotational speed n and the yarn take-up speed VA [176]
1 Friction disk without yarn

— Polyurethane disks (combination 1/7/1) or ceramic
disks (combination 1/10/1)

2 Friction disk with yarn
— PET dtex 167D0, draw ratio= 1.73, D/y = 22
— Ceramic disks (combination 1/10/1)

3 Friction disk with yarn
— PET dtex 167f30, draw ratio= 1.73, D/y = 2A
— Polyurethane disks (combination 1/7/1)

(measured on the drive whorl (D = 28 mm) for the
FTS52R disks and on the motor shaft for the
FTS52M disks)

operating
position

threading-up
position

VAlmmin1)yarn speed
D/y = 2.2
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Table 4.44 Recommended Friction Disk Combinations for 6 mm
Thick Disks [176]

Disk material
Polyurethane Diamond coated All ceramic Titer range

dtex

3/3/1 2/4/1 - 11...78
1/4/1 11...55

3/4/1 2/6/1 1/6/1 44...150
3/5/1 2/7/1 1/7/1 78...330

Figure 4.267
Schematic representation of twist distribution in a multi-disk
friction aggregate [232]

yarn handling. All disks can be driven at up to 18 000 r/min, corresponding to 1900.. .2170 m/min
circumferential speed. Typical d/y (disk speed to yarn speed) ratios lie between 1.8 and 2.1, i.e., the
disks are suitable for yarn speeds of up to 900.. .1200 m/min, when correctly selected.

• Crossed belt false-twist aggregates (e.g., Murata's NIP system [223], Fig. 4.257C) work with two
crossed, rotating belts. In the nip region, the belts twist the yarn with practically no slip, while the vy

speed component transports the yarn. The yarn tensions in the highly-twisted inlet zone (7\) and the
outlet zone (T2) can be set by means of the yarn speed and the twist angle. Figure 4.268 shows the
relationship between turns/m and the d/y ratio for two polyester titers, done in the same plant trial.
The Ringtex friction texturizing aggregate [234] works with two rotating friction disks, pressed
against one another, which meet at a cross-over point, nipping the yarn between the disks. The vector

T1 T2 T3

FSt1 ^St2 FSt3

Figure 4.268 Relationship between twist/m (or twist/inch), twist angle and titer, as well as yarn tension [g], both
before and after the friction disk, as a function of the d/y ratio for 2 titers [223]

d/y belt / yarn speed ratio
twist belt angle 9°
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Vy transports the yarn forward, while the other vector twists the yarn with a twist angle of a. These
aggregates also twist the yarn with practically no slip, achieving an r/y ratio of ca. 1.4 [235].
According to the manufacturer, this system produces textured yarn having a 10% higher elongation
and tenacity, as well improved bulk in high bulk yarns.

4.12.2.3 Drives for (Draw-) Texturizing Machines

As texturizing machines have their origin in the textile machinery construction industry, their drives (up
to now) are the same as those used for textile machines, with long continuous driveshafts for delivery-,
friction- and traverse drives running the entire length of the machine. These driveshafts are connected by
change gears or timing belts in the machine headstock. In many cases everything is driven by a single
common motor (Fig. 4.269). In some constructions the twist aggregates are driven by a dedicated, vertical
motor. Here, too, the belt drive runs the length of the machine. In the case of a 216 position machine, the
length of the stretched belt is ca. 27 m. These specially-made belts (e.g., [237]) have their free ends
spliced and welded in a special device, enabling them to run as endless belts without any jarring. On the
motor side, there is a slightly convex belt pulley and two edge pulleys, while on the far side there is the
same belt pulley, but running in a longitudinal bearing, and tensioned by weights (or a hydraulic system)
to give a fixed belt tension to compensate for belt stretching (jockey pulley system).

For the texturizing unit belt drive, a thryistor- or frequency-controlled electric motor of 30 . . .50 kW
is required; it runs at 50 . . .60% of full load. To obtain a friction disk speed of 10 000 r/min when using a
whorl diameter of 26 mm requires a slip-free belt speed of 13.614 m/s. The leather/plastic combination
woven belt is capable of running at 30 m/s [237].

The drives for texturizing and draw texturizing machines differ only in the region of the primary
heater, i.e., delivery rolls I and II, where the draw ratio has to be taken into account:

Zone Operating as a ... Texturizing machine Draw texturizing machine
using as feedstock... FDY LOY/MOY POY

Primary heater 1st roll: 2nd roll (1.1... 1): 1 (overfeed) (2.5 ... 4): 1 (1.1... 2): 1
Secondary heater 2nd roll: 3rd roll 1: (0.8... 1) 1: (0.8... 1)
Winding 3rd roll:friction l:(0.9...1) l:(0.9...1)

In the other zones (and also in the primary heater zone of texturizing machines), the speed differences
are so small and so constant (< ± 1% of the differences) that change gears or timing belt gearwheels are
an ideal solution. In Fig. 4.269 [226], the spindle drive is taken from the main drive motor over pulleys at
90 ° in order to achieve a constant ratio of twist to yarn speed. This machine has a 45 kW AC main drive
motor for 216 threadlines.

Precision-frequency drives of better than ±0.01% also permit the various horizontal shafts to be
individually driven; this is also possible for the friction aggregates. Using this system, the traverse
wobbling is simplified.

4.12.3 Stuffer Box Crimping Machines for Filament Yarns

Stuffer box crimping of textile titers is described in many patents [217], even though it had been used for
a long time previously for crimping synthetic tow. Since 1960 Ban-Lon® [239] has been produced using
a stuffer box crimping head similar to the one shown in Fig. 4.270. The drawn feedstock is forced into
a heated crimping chamber [241] by two nip rolls and is removed from the chamber by a de-looping
yarn brake at around 250 m/min. After 1970 attempts were made to increase the process speed to ca.
1000 m/min [179]. The contemporaneous development of air jet texturizing at ca. 2000 m/min resulted
in a loss of interest in the stuffer box route.



Figure 4.269
Schematic of the mechanical drive system of a Rieter-Scragg SWS
700/900/1200 false twist texturizing machine [226]

Independently of the above, a sniffer box crimper for carpet yarns [206] was produced in small
numbers in 1964. This crimper could operate at ca. 500 m/min with PA, but only at up to 200 m/min with
PP, because of the frictional heat generated.

Production of both of the above machines stopped long ago. To date, a stuffer box crimping machine
for 300.. .4000 dtex and speeds of 100.. .500 m/min, depending on the material [24], is still being built
for laboratory work, particularly for producing color samples. Also still being produced is a draw-stuffer
box crimping machine for carpet yarn, capable of 470.. .890 m/min (Fig. 4.271, [242]). Drawn yarn
coming from the last godet of the drawing zone is pressed into the U-shaped, rectangular stuffing box by
a pair of nip rolls, where it is heat set by steam. The stuffer box back-pressure can be set by adding
weights to the flap on the right hand outlet of the J-box. Because of limited throughput and because
carpet yarn producers prefer a voluminous bulk, this machine, too, was not able to survive the advent of
air jet texturizing.

4.12.4 Air Jet Texturizing; for Loop- and Entangled Yarn

In air jet texturizing machines, multifilament yarns are aerodynamically so entangled that loopy yarn,
resembling natural fiber, is produced. The nature of the loops and their frequency can be determined by
the process conditions. The process steps required here are: the flat, non-twisted feedstock yarn is opened
up by overfeeding before the individual filaments are entangled to form loops in a jet. High overfeed
results in more loops. The stability of the loop structure increases with the co-entanglement of
neighboring filaments. The jet must have a turbulent, asymmetrical flow at a speed above the speed of



Figure 4.271
a) Schematic of a Textima PA6 carpet yarn draw-crimping machine

[242]
1 Spin bobbin
2 Feed roll
3 Hot draw godet
4 Drawn yarn take-up godet
5 Yarn deflection roll
6 Stuffer box crimping inlet rolls
7 Stuffer box crimping chamber
8 Steam injection for heat setting
9 Heat setting chamber

(on right) Take-up rolls and yarn traverse
10 Friction drive roll
11 Soft-wound bobbin

b) Photograph of a stuffer box crimping position [242]

Figure 4.270
Ban-Lon stuffer box for textile yarns [239]

a)



sound in air. As a result of the 90 ° deflection at the jet exit, many loops protrude strongly from the
opened yarn. Shortly after the deflection plate, at the edge of the air flow stream, a plaited zone forms,
which anchors the loops and binds the filaments together.

Figure 4.257 shows schematically the two most widely-used air jet texturing jets:

In the Hema Jet® [229], the compressed air jet is at 45 ° to the yarn path through the body of the jet.
The compressed air forces the yarn at high speed against the impact sphere, from where it is taken up
at right angles to the jet body.
In the Du Pont Jet [228], the yarn is forced through a venturi jet by compressed air symmetrically
disposed within the jet. The yarn is forced out of the jet at high speed against an impact cylinder or
plate, from where it is again taken up at right angles to the jet body. Many patents cover the shape and
nature of the impact plate [245].
In the Taslan Jet® [246], which can be fitted to any air jet texturing machine, loopy yarn is like-
wise produced. Loop formation takes place in the internal texturing zone (Fig. 4.272 [247]). Using
this jet, even yarn pretwisted to 160.. .450 turns/m can be "Taslanized". A PET yarn of 89 dtex
f68-400 Z/m, Taslanized using 20% overfeed, results in, e.g., a processed titer of 107 dtex having ca.
32 loops/cm. The original 4.7 g/dtex tenacity and 26% elongation is transformed by the Taslan
process to 2.7 g/dtex and 15% respectively. Similar Taslan processing of a PA6 multifilament of
5.0 g/dtex and 26% elongation yielded 2.7 g/dtex tenacity and 20% elongation, with the titer
increasing by 18. . .20% and the yarn volume by 50. . .150%. Further special jets are described
in [243].

The operation of an air jet texturizing machine sourced from POY feedstock is shown in Fig.
4.273. Since drawing and loop formation cannot be combined, the POY yarn is "sequentially" drawn
(Fig. 4.255C). A texturizing zone is then added, comprising an inlet and outlet roll, between which
one of the previously-described texturing jets is located. The textured yarn can either be wound up
directly or can be heat-relaxed onto a further roll before being wound up.

A yarn wetting device, located before the texturizing jet, amplifies the texturing effect and permits
a ca. 20% higher yarn speed. Figure 4.274 shows a slotted yarn guide which locates the yarn while it
is sprayed with water mist. The water consumption is 0.6. . . 1.5 kg/h per yarn when using a
compressed air pressure of more than 2.5 bar to generate the aerosol.

Figure 4.275 shows an air jet texturizing machine for drawn yarn feedstock (a), having a
combination device for wetting and for compressed air (c). Similar machines, for the use of POY
feedstock or for doubling or for core/effect yarns, are produced by a number of manufacturers [252].
One manufacturer [253] produces machines for very heavy titers. This process can also be used with

Figure 4.272
Section through an air jet texturizing jet [246] used in the "Taslan"
process
4> = 16mm (f) =3.96 mm
<j) G = 1.575 mm cf> T = 5.56mm
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Figure 4.273
Various methods of
producing air-textured
yarns [229]
A) FOY yarn, single or

parallel
B) FOY and POY

yarn, parallel
C) POY yarn, core/

effect
a) Take-off bobbin
b) Feed and/or draw

rolls
c) Hot draw pin
d) "Hema"

moistening and air-
texturing jet

e) Take-up or post-
drawing rolls

f) Heat setting heater
g) Take-up

continuous filament glass fiber [253], as well as with natural or synthetic ceramic yarns. A machine
for processing POY, having components based on a false-twist texturizing machine, and a second
machine capable of producing many yarn variations [224], can process titers of 100.. .5000 dtex,
500 dtex at 500 m/min and 5000 dtex at 250 m/min. Views of sample yarns (some magnified) are
shown in Fig. 4.276; the variation in bulk is particularly noticeable. The measured and installed power
of air jet texturizing machines is given in Table 4.45, together with data from manufacturers' catalogs
and the literature. These values should only be regarded as guide values.

4.12.5 Air Consumption and Yarn Tensions of Texturizing and Aspirating Jets

Since aspirator jets, operating with super sonic air speed, permit no back-flow or -reaction, the air
consumption is largely dependent on the jet diameter and the effective pressure in the inlet

Figure 4.274
Principle of a yarn moistening device. Left: yarn running through a grooved yarn
guide; right: spray jet

POY core/ effect yarn

C

Air texturing processes
FOY and POY yarn

parallel _
D

FOY yarn
single or parallel

A

heaterheater

compressed
air

waterwater
compressed
air

water

compressed
air . I



Figure 4.275 Schematic of an air jet texturing machine [251]
a) FOY feed bobbins dx Take-up bobbin
b) Feed rolls d2 Full bobbin being ejected
c) Moistening and texturizing chamber e) Doffing automat
1 Entry of 2 yarns f) Package reception and lateral transport
2 Moistening g) Switch box
3 Air texturizing
4 Insulated housing
5 Texturized yarn

Figure 4.276
Loop-textured yarns from a Barmag air jet texturizing machine of
type AM4 [224]



chamber, which differs only very slightly from the connected chamber pressure. The flow rate g N of
standard air QT N = 1.0132 bar, yN = 1.276 kg/m3, TN = 288 0K, x= 1.405) through a Laval jet of
diameter d [mm] is given by [243]:

(4.42)

where the index "O" denotes outlet conditions and "W" the jet throat; the equation is valid for
ênvironment//7O ^ 0-528, i.e., for p0 ^ 1.9 bar. In practice, the working pressure po is >3 bar (always). A
simpler calculation uses an interpolation formula derived from the measurements of Bock [243], where:

(4.42a)

Although the opening of the yarn increases with increasing jet diameter, the jet having a 1.78 mm
diameter shows the best air texturing effect; the yarn, however, must run asymmetrically relative to the
Laval jet axis. Comparative measured results are found in Fig. 4.277.

Both the yarn tension and the yarn opening increase with increasing vessel pressure po (Fig. 4.278) or
flow rate. This is, however, only valid for over-critical jets (flow velocity > speed of sound in air).
Figure 4.279 shows an over-critical jet (3 mm orifice) and a sub-critical jet (7.35 mm orifice). In the
latter, the yarn tension reaches a maximum at 1.5 .. .1.7 bar, then decreases with increasing pressure.
The yarn tension can be derived from Formula (4.42) [243]:

(4.43)

(Dimensions are: gN L [m3/h], T0 [K], po [bar], d [mm]). A prerequisite for the validity of this formula is
that the force transferred to the yarn only occurs within the jet, and that the yarn opening (KF) does not
change in this region.

Figure 4.280 illustrates the effect of air pressure on yarn properties at two different yarn speeds: while
at 250 m/min stable yarn properties are achieved at 5 bar, at 500 m/min stability is only achieved at
8 .. .9 bar.

Table 4.45 Energy Consumption of a Barmag FK6 T90 Air Jet Texturizing Machine [33]

Drive, single draw
double draw

Heating power per heated draw pin
per 1600 mm long setting heater

Auxiliary drives and aspiration
Air consumption (depends on jet selected)

for Heberlein jets
compressed air

compressed air specification:
dew point + 4 0 C
dirt content 0% for > 0.1 am
technically oil-free, i.e., 0.1 ppm
temperature 20 • • • 30 ° C

Installed power
W/position

443/yarn
693/yarn
300/pin
100/yarn
306/yarn

Utilization
%

« 4 1

«12
^ 5 0
^ 6 6

T321
8.9 Nm3/h/unit ± 5 % tolerance

± 5 % for leakage
10±0.1 bar (adjustable 5 • • • 10 bar)

compressor: 12 bar, 16.7 Nm3/h/unit; utilization: ca. 54%



Figure 4.277
Air consumption of texturizing and take-up jets as a function of
chamber pressure and jet diameter [233]

Figure 4.278
Yarn tension before the jet and opening of the yarn
k¥ as a function of air vessel pressure po [243]

Figure 4.279
Relationship between the yarn tension ratio and air pressure for an
over-critical (D = 3 mm) and an under-critical (D = 7.35 mm) jet.
(pcr is the critical point)

Figure 4.280
Textured yarn physical properties as
a function of air pressure po and
texturizing speed V3 [243]

Instability
Loop frequency
Elongation at maximum load
Coefficient of mass variation
Nep/slub frequency
Tenacity at maximum load
vr = 250m/min
v3 = 500m/min
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4.12.6 BCF (Bulked Continuous Filament) Texturizing

This gas-dynamic texturizing process employing heated compressed air has been used since ca. 1975 for
carpet yarns, and—less frequently—for staple tows, and has practically driven out all other processes for
texturizing carpet yarns. The BCF process produces a good textured effect and matches the spinning
speed optimally (ca. 600...700; recently up to 1000 m/min). Using a draw ratio of (3.2...3.4),
texturizing speeds of 1800.. .3400 m/min can be achieved for typical carpet yarn titers and dpf's. The
current texturing process is basically the same as that first patented (Fig. 4.281, [254]). Figure 4.281 also
shows modern, closed texturizing jets [255-269].

Hot compressed air enters the jet at (14), flows up the channel (7) and enters the yarn channel (5) at
(1), thereby aspirating the yarn into the injector jet (4) and transporting it downwards at high speed into
the expansion chamber (10) containing lamellae, where the yarn—heated to plastification temperature—
strikes the slowly-moving plug, causing the yarn to fold continuously as it is laid on top of the yarn plug.
The hot air then escapes through the gaps between the lamellae (10), the plug moves slowly downwards
and is pulled out of the stuffing box.

Recent developments include an openable ("split jet") texturizing chamber. Here the chamber can be
opened and threaded up using a yarn aspirator gun; up to four threadlines can be processed in a 4-jet
chamber (Fig. 4.282). The hot compressed air enters from the side at (c), passes through the dosing jet
(d), entangles the yarn, which strikes the yarn plug at (g), after which the air passes through the gaps
between the lamellae (g) and exhausts at (e).

A continuous spin-draw-texturize-winding (BCF) machine was shown and described in Fig. 4.197N,
together with its constructional elements. In addition to these, other components are required for BCF
processing and for improving the texturizing effect. Excluding the texturizing jet itself, these are:

Figure 4.281
BCF texturizing jets
A) From patent document

1975, and B) from
1990

B) For up to 2000 dtex
Q For up to 6000 dtex

A B C



Figure 4.282
Four-fold BCF air texturizing jet with 4-groove cooling drum ([170], Rieter AG);
openable jet (split jet). Principle and photograph.
a) Yarn entry (smooth) e) Texturizing gas outlet
b) Texturized yarn f) Parting plane
c) Hot gas inlet g) Lamellae around expansion chamber
d) Dosing jet

A heater for the texturizing compressed air, which should be heated to the optimum heat setting
temperature for each polymer. Figure 4.283 shows a proven construction [171] for such a heater. Cold
compressed air (a) flows through the outer jacket, reverses direction and is pre-heated while flowing
through the inner cylinder, after which it flows through the spiral tube wrapped around the electrical
heater (d), where it is brought to the final processing temperature before it flows out through (b) into
the texturing jet. The temperature sensor (c) should be as close to the texturing jet as possible.
A cooling drum to cool the plug from the texturizing jet to below the glass transition temperature. The
plug is deposited on a 150.. .180 mm diameter perforated vacuum drum. After every revolution, the
plug is displaced sideways to make space for new yarn emerging from the stuffer box [224]. After
3 .. .4 wraps around the vacuum drum (Fig. 4.284), the plug has cooled to such an extent that the
internal temperature of the plug lies below the glass transition temperature. The yarn is then taken off
the suction drum, at which point the plug is unravelled.

A suction cooling drum of 320 mm diameter having only one perforated track per yarn through
which room air is aspirated [270], is sufficient to cool the yarn down after a wrap of only 300.. .330°.

Figure 4.285 shows the spatial arrangement of these heating and cooling aggregates in relation to the
texturing jet. The distance between the compressed air heater and the texturizing jet should be as short as
possible. The circumferential speed of the cooling drum V0^ can be calculated from
^cd/^yam = 1-28 x 104 x dtex/P x p x D2, where p = yarn density [kg/dm3], (D = texturizing jet
diameter [mm] and P = relative packing density of the yarn plug).

The texturized yarn is removed from the cooling drum at a lower speed than that of the flat yarn
entering the texturizing jet. In addition, the plug must be unravelled. The possibilities here are:

a step-roll duo [170], similar to that shown in Fig. 4.197N. The yarn is first taken to the smaller
diameter, wrapped a few times, then taken to the larger diameter, after which it needs a fairly long
length for relaxation before being taken up by a winder and soft-wound. Preferably, there is a dancer
tension-compensator above the winder (Fig. 4.252).



Figure 4.283 Compressed air heating chamber for BCF jets ([171], Erdmann)
a) Connection for cold compressed air c) Temperature sensor
b) Exit for heated compressed air (as near to d) Electric heating rod: 0.8 . . . 3 kW

the texturizing jet as possible) e) Electrical plug

Figure 4.284
Principle of BCF spin-draw-texturizing
process, 2-fold, having a multi-wrap cooling
drum (DBP2 632 082 of 13.5.1983, Barmag
[33])

1 Spinneret
2 Filament quenching
3 Yarn path

4,5 Hot draw rolls
6 Hot drawing plate
7 Air texrurizing jet

11 Yarn take-out (and braking) rolls
12, 13 Texturized yarn plugs

14 Suction cooling drum
15 Yarn plug laying shoe

21, 22 Texturized yarns
20 Take-off godets
23 Yarn sensor

24, 25 Friction winders

two separately-driven godets with separator rolls, of which the second runs slightly faster than the
first. This system has the same function as the step-duo, but has the advantage that the relax ratios are
continuously variable [33].

Figure 4.286 [148] shows a gas-dynamic texrurizing jet for a filament tow of up to
30000 dtex x <2000m/min. The operating principle of this jet is the same as those previously
described, the differences being only the correspondingly larger jet dimensions, the higher air usage
and the thickness of the yarn bundle. For staple fibers, the preferred crimping route is the mechanical
stuffer box, although a mixture of both types has advantages in certain end-uses (e.g., fill fiber). A few



Figure 4.285
Schematic of a BCF texturizing jet (6) having a
compressed air heater (25) and a multi-wrap cooling
drum (7), as well as a take-off roll (4) with a suction fan
(21) and throttle (20). Photograph [24]

Figure 4.286
Air texturizing jet for a spun-drawn staple fiber
tow of up to ca. 50000 dtex ([167]; Neumag)

1 Drawn tow
3 Hot compressed air

4, 5 Suction jet, openable (split jet)
6 Exhaust air chamber, and -flow
7 Yarn plug, texturized



details concerning the design of a gas-dynamic texturizing jet are: in Fig. 4.281, the internal diameter of
the expansion (stuffing) jet is 14 mm. It is surrounded, on the outside, by 0.8 mm thick lamellae
1.. .1.5 mm apart, to permit the air to exhaust sideways. The stuffer box is slightly conical, its internal
diameter increasing from 14 to 16 mm lower down, to ease movement of the yarn plug. The texturizing
jet is inclined at 30. . .45 ° to the vertical to facilitate the change of direction from jet to cooling drum.
The jet air consumption can be calculated as per Section 4.12.5.

4.13 Staple Fiber Plants

Staple fiber is first spun as continuous filament, then stretched, crimped and cut to staple length. The cut
staple is suitable for blending with other synthetic, chemical or natural fibers, for (secondary) spinning
into yarns and for use in non-wovens. Typical single filament titers are 0.5 and 1.0 dtex for fine fibers,
1.25 and 3 dtex for cotton-type (C), 3 .. .8 dtex for wool-type (W), 10.. .ca. 25 dtex for carpet yarn type
and up to 330 dtex for coarse fibers for, e.g., needle felt. The staple length for cotton type is between 28
and 60 mm, for wool type for carded yarn between 60 and 90 mm or for worsted yarn between 120
and 150 mm and for carpet yarn mainly between 150 and 160 mm, but also up to 220 mm. High
tenacity (HT) fibers have tenacities of > 7 g/dtex, and high modulus (HM) fibers an elastic modulus
of > 70 g/dtex.

Stuffer box crimped fibers, hot air jet textured fibers (in small quantities) and (the attractive) side-by-
side bicomponent stuffer box crimped fibers are in common usage.

Flock fibers, of ca. 2 mm length, are almost exclusively cut in the so-called "guillotine" process.
Staple fibers can also be directly spun, e.g., by the melt-blowing process, where fibers of a few mm

length to many dm can be produced. Another such method is flash spinning (high pressure, thin film
extrusion into a liquid cooling bath). Staple fiber can also be produced from tow by stretch-break or
cutting conversion. Yarn waste, spun or drawn, can also be processed into staple fiber.

4.13.1 Overview

The principle of a conventional staple fiber line is shown in Fig. 4.287, together with variations required
for producing staple fiber, tow or sliver.

a) The melt is either delivered by a continuous polymerizer (since 1988, with a capacity of up to
250 t/24 h—in the meantime up to 500 t/24 h)—which is commonly the case for polyamide
and polyester—or from a spinning extruder, which can have a maximum screw diameter of
300 mm and deliver up to 94 t/24 h of PET melt, 65 t/24 h of PA6 melt or 48 t/24 h of PA66 or PP
melt, preferably through a large area non-stop filter.

b) Spinning beams having a capacity of up to 4000 kg/24 h per position when spinning 1.25 dtex PET
(drawn), which corresponds to 24 positions for ca. 100 t/24 h— or, in back-to-back configuration—
2 x 32 positions for ca. 250 t/24 h, using spinning pumps of 100 cm3/rev per position and
spinnerets having up to ca. 3500 holes per plate.

c) Quenching the filaments in radial quench chambers using ca. 2500 Nm3/h air or in rectangular
quench chambers using ca. 3700 Nm3Zh, and a quench length of about 1200 mm for PET or up to
1900 mm for PP. It may be necessary to provide monomer aspiration over the first 120.. .150 mm
below the spinneret.

d) Take-up of the yarn bundle over one (or two) spin finish lick roll(s) and a direction-changing pin or
godet, for a total spun titer of 17 500 dtex per spinneret, and then plying the tows from each spinning
position horizontally.

e) Additional spin finish application using rolls and/or a spray device.
f) Take-up of the complete spun tow by a quintet or septet, at 1000.. .2000 m/min for fine titers (mainly

at 1500.. .1700 m/min for cotton type), or at 400.. .1200 m/min for carpet yarn (mainly at
500.. .700 m/min).

Next Page



Figure 4.287
Staple fiber melt spin and drawing line [295]
— continuous polymerization or spin extruder
b) Spin beam with q) Heat setting calender

spin pump drive r) Drawing septet, cold
cl) Quench cabinets s) Spin finish applicator or -bath
c2) Interfloor tubes t) Tow plying
d) Yarn take-up wall u) Steam oven
d2) Control box s2) Tension control
e) Additional spin finish v) Stuffer box crimper

application wl) Tow distribution into
f ) Take-up rolls w) Drier and heat setting oven
g) Sunflower w2) Tow take-off
g2) Can traversing table x) Staple cutter
e) Can creel y) Pneumatic staple transport
/) Tow reed y2) Condenser
m) Tension controller z) Bale press
ri) Drawing and dipping bath
6) Drawing septet, heated
p) Hot air oven

A) Staple line for PET
B) Staple line for PP and PA

A

B



g) Deposition in round or rectangular cans, and
h) Can transport to
i) Can creel as the beginning of the
j) Fiber draw line, which, e.g., in the case of 2 drawing stages, comprises:
k) Cans in the can creel.
1) Tow reed to adjust the tow width.
m) Tow pre-tensioner, usually braked rolls or combined with
n) Dipping bath with immersed rolls, or dipping and squeezing-off calender.
o) (Two) delivery and drawing frames with partly heated, partly cooled rolls.
p) Heated drawing ovens, using hot air or superheated steam. In many processes hot water draw baths

are included, especially in the first drawing zone.
q) Heat-setting at constant length between rolls, especially for cotton type,
r) Tow cooler, especially for high tenacity and high modulus types,
s) Tow finish application,
t) Tow spreader and folder.
u) Continuous steamer for moistening and heating tow.
v) Stuffer box crimper(s).
w) Dryer and heat-setter, using conveyor belt or suction drum.
x) Staple cutter(s), with tow pretensioner.
y) Pneumatic opener and staple transport,
z) Baling press.

In this complex sequence, in which some of the above-described components or units can be
repeated, careful co-ordination and fine-tuning are absolutely essential, particularly the component
sequence, the speeds, the temperatures and the tow width. In addition, reserve or replacement machines
or buffers must be on stand-by to ensure continuous, breakdown-free, production. A machine stoppage on
such a line results in about 20. . .30 kg/min waste per 1 x 106 dtex. A stoppage of the line while in
production results in ca. (30.. .90) kg/min x tow dtex of yarn with different physical properties relative
to normal production; such yarn is of a lower quality. The feed rolls before the draw rolls are
particularly vulnerable to wraps arising from filament breaks. The stuffer box and the staple cutter are
other vulnerable areas, owing to wear of rolls, lips and knives. Microprocessor control and continuous
data logging are important in continuous production, as well as for tracing off-standard batches.

Further-processing lines for solution spun fiber contain partly the same or similar components; these
are described in Section 4.15.3.

Staple fiber lines (e.g., Fig. 4.287) have a space requirement per line of 10.. .15 m width x ca. 60 to
more than 100 m length x ca. 5 m height above the drawline, increasing to at least 7.50 m height at the
baling press (Fig. 1.17).

4.13.2 Melt Spinning Lines for Staple Fibers

These spinning lines differ only from those used to produce yarns (Section 4.6.5^.6.11) in the sizes of
the spinnerets and spinning pumps. Before 1970, 1. . .4 round spinnerets of 160.. .190 mm diameter
having 600.. .900 holes each were almost exclusively used [276]. Later these spinnerets were replaced by
rectangular spinnerets of up to ca. 500 x 100 mm, having up to 3000 holes per plate. For a few years
now, more and more round spinnerets of 200.. .300 mm diameter having up to 3500 holes in annular
configuration have become evident. The advantages of this configuration, particularly concerning
spinning throughput and fiber quality, are illustrated by Fig. 3.12 [277]. The main disadvantage of the
older, smaller circular spinnerets was that the different numbers of holes behind one another led to large
temperature differences between the filaments [154]. In rectangular spinerets, these temperature
differences are smaller and more uniform, allowing a higher and more uniform drawability of the
entire yarn bundle.

Parallel to such improvements and owing to the optimization of the quench chambers (Section 4.7),
the spinning speed of PET cotton type staple was increased from 1000... 1200 m/min in 1965 to
1700.. .1800 m/min in 1990. This resulted in an increase in throughput from ca. 25 kg/h/spinneret to ca.
125 .. .150 kg/h/spinneret in the case of 1.75 dpf final titer.



If one compares staple fiber compact spinning (Section 5.1), which has up to 80000 capillaries per
spinneret and a throughput of ca. 80 kg/h/spinneret when spinning 1.75 dtex filaments at 120 m/min
(after drawing) or up to 3600 capillaries/spinneret at 120 kg/h/spinneret, one readily sees the superior
throughput of modern conventional staple fiber spinning, particularly for large lines. In contrast, compact
lines can produce only 10.. .30 t/day. The distance between the spinning beam and the melt source must
not be too large, or else the time-dependent depolymerization can become too large. As melt velocities in
large manifolds should not exceed 6 .. .8 cm/s, a 10 m long manifold will have an average residence time
of 3 min and a residence time of more than 30 min at the wall (Section 4.6.5 and Fig. 4.87). To this must
be added the residence time in the large area product filter (if fitted) of 2 .. .3 min (average), as well as up
to 20 min residence time for areas of poor or stagnant flow. Because of the residence time differences
between the pipe axis and the wall, static mixers should be fitted before every pipe branch in the
manifold.

The conditions given in Fig. 4.85 must be strictly observed, and the entire system must be heated by
Dowtherm (Diphyl) vapor in order to achieve as little temperature variation as possible.

Even with large circular spinnerets, the (dry) temperature gradient of a few degrees from outside to
center is no cause for alarm, as the high melt throughput will heat up the spinneret uniformly after a short
running time, as long as the spinning beam heating—without melt flow—is acceptably good and
uniform.

The spinneret hole-to-hole distances should be 3 .. .max. 4 mm for cotton-type titers. For other dpf's,
the rules given in Section 4.6.9 should be observed.

The quench chamber rectifier should protrude only ca. 20 . . .25 mm on either side of the filament
bundle. The quenching length and air quantity should be determined according to the rules given in
Sections 3.3 and 4.7. There is still no agreement whether (roll) spin finish application should take place at
the foot of the quench chamber or on the tow take up machine. Attempts over many years to spin staple at
POY speeds have been abandoned for various reasons [279].

4.13.3 Spinning Take-Up Walls and Can Take-Up

Up until the 1960's, conventional LOY package take-up winder walls were often used, the spun packages
being plied from creels in front of the drawstand. These take-ups are now completely obsolete, except for
a few special cases. Can take-ups are able to combine the tows from 24. . .36 spinning positions, laying a
single large tow of up to 500000 spun dtex in one can. A drawing line producing a final titer of, e.g.,
6 x 106 dtex requires a can creel holding only ca. 48 cans, whereas—if spun packages are used—the
creel would have to hold more than 1200 bobbins.

A typical, double-sided spinning wall and can take-up for round cans is presented in Fig. 4.288. The
multifilament tow coming down from the quench is first wrapped around a waste godet, then taken over
one or two finish rolls and wrapped 90° around a deviation pin to deflect the tow in the horizontal
direction. The assembled tows are then once again dressed with a large quantity of spin finish, are taken
up as a single tow by a sextet and deposited in a rotating and traversing can by two special gear wheels
which are resistant to filament wraps (sunflowers). The tow deposition in the can is epicycloidal, but the
crinkle of the fast-running tow soon covers this (Fig. 4.289). By slightly adjusting the traverse relative to
the can movement, uniform filling of the can is achieved.

Figure 4.290 shows a side view of a modern staple take-up having 48 positions. Each position has a
spin finish roll, a yarn presence sensor, -cutter, -aspirator and yarn guide. The deflection of the yarn
bundle to the horizontal is done by means of a toothed godet, driven by a synchronous motor. Further on,
the tow is generously moistened, taken up by a sextet and fed onto a godet vertically above the two
special gearwheels, from which the tow is deposited in rectangular cans (Fig. 4.291). Here the pair of
sunflower wheels is traversed forth and back along the internal width of the rectangular can, while the can
itself is traversed at right angles to the sunflower movement, with ca. 1/10 of the sunflower traverse speed.
At a full can change, the left hand can of two empty cans is moved one can pitch to the right, whereby the
full can is also jerked one pitch to the right, pushing the full can standing there onto the room floor. Tow
laying in the new can is in a meandering pattern, due to the bi-axial speed relationship, which is again
overlaid by the crinkle of the fast-running tow.



Figure 4.290
Staple take-up section with roll-applied spin finish, yarn
guides, yarn aspiration-cutters and -sensors, deflection
godets and tow guide rolls [174] (Fleissner)

Equal tow length in all cans is important for good process economics. After a pre-set doff time, the
tow running into the full can is automatically cut, and the running end is transferred to the new, empty
can. The free, cut ends can be spliced to other tows in the creel.

Nowadays round cans are supplied with ca. 1.6 m diameter x 2 m height ( ^4m 3 ) and rectangular
cans have equal external dimensions, yielding a volume of ca. 5.1 m3. The ca. 24% greater volume of

Figure 4.289 View into a half full round can [276]

Figure 4.288 Double-sided staple tow take-up section with round cans (licenced by IWKA from Fourne [24]). Can
rotational speed: 1 . . . 4 r/min, preferably 2 .5 . . . 3.5 r/min; double strokes/min: ca. 0 . 1 . . . 0.4; to
avoid twist insertion: incomplete rotation, i.e., 350° clockwise, then 350° counter-clockwise, etc



rectangular cans gives them an advantage over round cans; the same argument applies at the creel, as the
tow running time increases by this percentage, with a consequent reduction in labor time.

As the tow is deposited without tension, wraps must be avoided. Up to about 1200 m/min, the two
sunflower wheels can be made from nylon of modulus 12; the tooth crowns are slightly rounded. For up
to 1800.. .1900 m/min, special "combing" gears, as shown in Fig. 4.292, are used. By means of
adjustable front apertures (6), air is sucked in. This air is blown out after every second tooth to prevent
broken filaments wrapping. The slightly combing and contact-free running teeth (8) of both wheels have
hard metal, plasma-coated, exchangeable crowns, as the gear wheels run 10.. .20% faster than the tow. In
addition, one of the gear wheels must have a horizontally-floating bearing in order to cope with knots,
thick sections and wraps. POY can take-up, which would be necessary at speeds above 2000 m/min, is
based on taking up the tow in or around a cylinder, the tow then sliding downwards in or around the
cylinder in a continuous spiral at a descending speed of as low as 100.. .300 m/min onto the bottom of
the can [278-280]. Although the advantages of increased spinning throughput per position, increased
storage life before drawing and possibly one less drawing zone are promising, high speed can laying
has not been implemented. Firstly, tow laying at POY speeds is much more critical than at
1700.. .1800 m/min, and secondly, the tow is taken out of the can so fast at drawing (because of the
reduced draw ratio required) that the tow tangles easily, preventing trouble-free running.

Can take-up and can creels in large production plants and/or for large transport volumes are
integrated into automatic supply systems (Fig. 4.293). Using such an automatic system, many can creels
can be supplied from an unequal number of spinning lines. To achieve this, the routes to the creels must
be kept free.

4.13.4 Creels

The creel's function is to combine multifilament yarns or tows from spinning into thicker tows or warps.
We differentiate between the following types of creels:

for round cans

can creels for rectangular cans with plying reeds

bobbin creels over-head take-off

rolling take-off of spindles single end warp

Figure 4.291
Staple tow take-up
(sextet) with can
take-up for
rectangular cans
[167] (Neumag)



Figure 4.293
Automatic can creel supply system [295]
a) Can traverse unit below sunflowers
b) Can transport and distribution in the
c) Can creels
d) Recovery of empty cans
e) Supply of empty cans

The yarns or tow must run loop-free and with equal tension into the comb or reed and must exit with the
desired width and pitch.

A double can creel for round cans, having the take-out yarn guides about 2 m above the top of the
cans, is shown in Fig. 4.294. For threading up, the tow guide support can be electrically lowered to
the level of the cans. The tow from each can is then hung in this large eyelet guide and, after about 4

Figure 4.292
Fiber tow-laying wheel (sunflower) [24] (Fourne KG)
1 Wheel disk Sunflower- or gear rim
2 Rear cover disk diameter:
3 Front cover disk 1200 m/min: 180 mm
4 Ventilation slit disk 1500 m/min: 320 mm
5 Centering 1800 m/min: 520 mm
6 Slit sealing disk Sunflower wheel tooth
7 Tow string up ring width = tow width + ca.
8 Tooth profile 2 x 70 mm
11 Locking ring
13, 14, 15 Connecting screws
16 Outlet slits



Figure 4.294
Two parallel can creels,
one in operation, the
other awating re-supply;
double-sided; for round
cans; with yarn guides
which can be vertically
raised ([24], F. Fourne)

A creel for rectangular cans having fixed overhead yarn guides above the cans, is shown in Fig. 4.295.
The tow take-out guides are about 0.5 . . . 8 m above the cans, and consist of disentangling pins in a
weak zig-zag configuration. The straightened tows are then taken through a comb guide to the
drawing line.
The cans, whether round or rectangular, are made from AlSi or AlMg3; they have a stable, round bead
at the rim to prevent filaments snagging, reinforcing beading along their height and a stable base to
enable them to be moved. The base may also have feet for lifting by a forklift truck or steerable
wheels. The can weight is the weight of the empty can plus ca. (0.2. . . 0.25) kg/dm3 for the tow.
Holes are drilled in the base of the can to prevent excess spin finish and water from forming pools
there.

The run-out time of a can can be calculated as in the following example: A 24 position spinning
line producing 1.5 dtex (final) dpf x 3.4 (draw ratio) and 2767 holes per spinneret supplies a
338 680 dtex tow to the can at a throughput (rj = 1) of ca. 73 150 kg/24 h. At a spinning speed of
1500 m/min and using cans having a volume of 1 m3 (corresponding to ca. 250 kg of tow), the time
to fill a can = can changing time = 4.92 min. The time to empty a can in the creel when drawing at
180 m/min (=180/3.4, based on undrawn tow) is 139.45 min. The can creel must contain 28.3/
(rj = 0.9) = 32 cans.
Bobbin creel for over-head take off. Each bobbin is provided with a yarn pretensioner and guide, as in
Fig. 4.242. The bobbins are then held on spindles on a single or double-sided frame, as shown in Fig.
4.296. Comb guides are fitted, on either side, outside the frame to guide the tows to the front of the
creel, where they are assembled by a comb or reed guide. Single end sensors can be fitted to the
comb.

Over-head take-off of the undrawn filaments functions well up to above 400 m/min. For very low
take-off speeds, it is recommended that end-caps be fitted to the spin bobbins. In over-head take-off,
the yarn automatically obtains one twist per yarn wrap around the bobbin.

can pitches, it runs through a stationary yarn guide on the triangular holder, after which it runs into
the tiltable warp sheet yarn guide on the right. The tow width can be adjusted by angling the comb
guide, which is fitted with fused corundum guide pins. At process start, the tow guide support is again
raised. The free length between the tow surface in the can and these raised yarn guides is sufficient for
untangling at take-off speeds of between ca. 30 and 70 m/min. The second creel is charged with full
cans while the first is in operation.



Figure 4.296
b) Installation of two double-

sided bobbin creels for a
total of 320 spin bobbins

Figure 4.296 a) Package creel for over-end take-off, double-sided ([24], F. Fourne)

Figure 4.295 Can creel for large rectangular cans, with service
platform ([291], Neumag). Left: tow cans
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A rolling take-off bobbin creel avoids the above twist generation, unless—of course—the spun yarn
already contains twist. As shown in Fig. 4.297, the yarn or tow is taken off tangentially from the
rolling bobbin. Because of the spindle bearing resistance, the yarn is taken off under tension. In the
case of 10.. .20 kg bobbins, the take-off tension varies from ca. 200 g at full bobbin to about
50. . .100 g just before bobbin run-out. Using belt brakes, tensioned by weights or springs, the take-
off tension can be increased and therefore made more uniform. Figure 4.297 also shows a rolling
take-off spindle with its bearing and a bobbin tensioner suitable for use with spinning tubes of
different sizes.

For a tensionless take-off, there are two possibilities: a DC spindle drive or air bearing spindles
(Fig. 4.208D), with or without start-up turbines.

After rolling take-off, the yarns pass through a comb guide in front of the creel (as in Fig. 4.296b)
before forming the warp. Electronic yarn sensing can again be fitted, as previously.

a)

b)

c)

Figure 4.297
a) Rolling take-off bobbin creel for
twist-free unwinding [24]. Two
examples of bobbin chucks are shown
in b) and c)

L



4.13.5 Tension Compensation and Dipping Bath

The yarns or tows coming from the creel should have a uniform tension, and—if wet processing is
involved—a uniform moisture content.

For thin tow resp. multifilament sizes, the normal tensioners, consisting of two rows of combs, can be
used. Using a counterweight to adjust the pin meshing achieves good uniformity of tension in the tow.
This system can be used up to a maximum titer of ca. 60 000 dtex.

In larger lines, many rolls of relatively small diameters (80.. .150 mm, Al2O3 plasma-coated) are
arranged in a zig-zag configuration (Fig. 4.298a). For wet processing, the rolls are immersed in a bath
which may contain spin finish. On emerging from the dipping bath, the tow is squeezed or nipped
uniformly to remove excess fluid.

A 3-roll calender, which has the lowest roll dipping into the bath (Fig. 4.298b), is suitable for this
application too. The tow led over the bottom or middle roll is pneumatically squeezed between the two
upper rolls before proceeding further. To this end, the two upper rolls are silicone rubber-coated.

The dipping bath is made from stainless steel and is usually heated.

4.13.6 Drawing Frames

(Also see Sections 3.9, 3.10 and 4.9.3.1).
Drawstands containing rolls are used to feed, draw, dry and heat set synthetic yarns, tow, film and

fiber. They consist of (rarely) 1 or 2 rolls, usually of 5 or more sequential rolls for transport of yarn or
tow, for avoidance of slip through coefficient of friction and angle of wrap, for increasing or decreasing
yarn tension, for thermal treatment, etc. Figure 4.299 shows typical roll configurations and gives guide
values for the total angle of wrap of each configuration.

In Germany the U W safety regulations [283] stipulate a clearance of > 120 mm between rolls to
avoid injury to hands when operating the drawstands. For staple production, the configurations "quintet
H" and "septet" are preferred, together with a long, septet-like array of up to 24 or more large rolls for
drying and—particularly—for heat setting. Coefficients of friction are given in Chapter 2 Sections 6.7
and 7.2 for various polymers and fiber types. The drawstand drive power required can be calculated from
formula (3.28). For large drawing lines, a thryristor-controlled single DC motor drive per drawstand is

Figure 4.298 Tension-regulating calender
a) Yarn comb guide (reed) and free-running, individually-braked godet septet [167]
b) Spin finish application in a bath containing a calender



Figure 4.299 Drawstand roll configurations and approximate wrap angles (V = vertical; H = horizontal)

preferred, although the higher power requirements constantly arising tend to favor AC motors driven by
static inverters (1990: ca. 50 .. .70 kW). For large drives especially, the motor efficiency must be carefully
calculated. As a starting point the following guide values can be used:

Motor power range Approx. efficiency
kW Drive system gearboxes Total

500...200 0.9 0.9 0.81
200...40 0.7 0.9 0.63
40... 10 0.5 0.85 0.43

10 0.4 0.8 0.32

The power requirements are, e.g.:

N> 0.051 kW for 1 g/dtex x 1000 m/min x 100 dtex
N> 30 kW for 1 g/dtex x 100 m/min x 106 dtex, and for large, single drawstands:
N> 435 kW for 2 g/dtex x 180 m/min x 6 x 106 dtex.

The torque and radial forces acting on the rolls and drive aggregates up to the motor must be calculated.
Here it must also be taken into account that each roll has an inlet and outlet tension, as does the drawstand
as a whole. Since the tow acts as a belt running over the rolls, there can be an idling torque and
regenerated power to be taken into account. This is handled by the braking power of the 4-quadrant
thryristor. The acceleration- and braking power (from G x D2) must also be taken into account.

The individual drives must be carefully matched, considering the above criteria. It must also be taken
into account that many lines utilize a crawl speed (ca. 30 m/min, after drawing) for stringing up and
starting.

In older and smaller drawing lines, the speed control can be achieved by using infinitely variable PIV
gearboxes (Fig. 4.300), joined to one another by universal driveshafts. They have one main drive
motor located on the main draw stand. This is an energy-saving solution, as the relative drawing forces
on either side of the drawstand are compensated by the driveshafts which run the length of the machine.

configuration description
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octet S

octet V

16 roiis 2 octets V

wrap angledescription
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duo V
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An advantage of these PIV drives is that the torque increases by about 250% as the speed is reduced
when the draw ratio is about 6 :1 , whereas the torque of an electric motor remains constant over a wide
range.

Figure 4.300
Drawstands, controlled by mechanical PIV
gearboxes and connected by universal-jointed
drive shafts

Multi-roll calenders for drying, heat-setting and cooling are mostly fluid or vapor heated, or are water
cooled. They have large rolls, mainly of diameter 500 .. .900 mm. The tow is alternately heated on one
side, then on the other, which is advantegeous in obtaining a through-tow temperature of < ± 1 0C after
heat-setting. PA6 tows must reach a temperature of 180...1900C, and PET tows 190...2300C.
Subsequent tow cooling must also achieve such uniformity in cooling the tow down to below the
glass transition temperature.

For the best temperature uniformity between 100 and ca. 220 0C, roll heating is done by steam, with
condensate removal, as shown in Fig. 4.2001. Liquid heating or cooling of rolls is done as per Figs.
4.200J or 4.301. The hot water or thermal oil inlet and outlet is done at the rear end of the roll by means
of a rotating double slide ring gland (Fig. 4.302) [284, 285], which is held stationary by a torque
converter bearing. Two flexible hoses connect the fluid inlet and outlet to the fluid heater. The roll shown
in Fig. 4.2001 has a self-bending siphon within the roll shell for removing condensate. The double ring
gland needs constant checking and maintenance, as sealing disk wear and eccentricity between the roll
shaft and shell can lead to leakage.

To allow for possible roll bending, a double row of swivel joint (or spherical) roller bearings should
be used, as in Fig. 4.301; allowance must be made for the maximum roll temperature. Up to ca. 1500C,
grease or oil circulation lubrication systems can be used. Higher temperatures require special high
temperature grease, appropriate for the temperature class. In all cases, the shaft bearings are heated from
the inside. Self-regreasing bearing bushes are often advantageous.

Figure 4.301 Drawstand-mounted liquid-heated draw roll with shaft, gear and double sliding ring gland connection
[167, 295]

The rolls or shafts of a drawing frame are connected by helical gear wheels or gears having staggered
teeth—taking into account the direction of rotation. These gears can be clamped to the shafts or fixed
thereto by two opposing wedges.

Drawing and heat-setting units which operate at high temperature are usually equipped with suction
hoods. The whole unit may be enclosed, with access only via doors and windows. In the case of large
lines, it is advantageous to install automatic wrap removers on the rolls where filament wraps occur.



Figure 4.302
Rotating double sliding ring gland [284]
(Maier)

These comprise either brushes running the length of the rolls or pins made from a soft metal (e.g., Ms)
which traverse the roll length, running in weakly-spiral grooves in the roll.

4.13.7 Hot Drawing Ovens

Hot drawing ovens are used to thermally treat the tow between drawstands. Their working medium is
either hot air or steam superheated up to ca. 250 0C; their function is to heat the tow or to hold it at a given
temperature. The widely-used hot liquid drawing baths are discussed in Section 4.15.2.1. One
differentiates between:

Hot air ovens. Hot air ovens have working widths equal to the tow width +ca. 100 mm; in practice
this means working widths of 350 to 1450 mm. They are usually 2500.. .4000 mm long, and can be
opened for threading up (see Fig. 4.303). There are two hot air circuits, one above and one below.
Each hot air circuit is fitted with a circulation fan, an air heater and a thermometer, enabling
adjustable, linear air velocities in the tow direction of up to 25 m/s to be obtained. Typical fan and
heater powers can be found in Table 4.46. The air temperature uniformity in the working area should

Figure 4.303 Schematic of a hot air drawing oven. The oven can be pneumatically opened ca. 25 mm for tow
insertion at string up and ca. 400 mm for cleaning. Working temperature is up to ca. 2500C
A) Air flow control flaps D) Electrical connection and control
B) Radial fan E) Air flow direction reversal (hot air to tow)
C) Blow-out cage and electric heater



Table 4.46 Electric Heater Power and Fan Motor
Power of Hot Air Drawing Ovens

Inner width Length Fan motor Air heater
mm mm kW kW

350 2500 2 x 1.5 15
900 2x3 36
1450 4 x 3 52
350 4000 2 x 1.5 18
900 2 x 3 40

1450 4 x 3 58

be <±1.5°C, and the air velocity constancy should be <±0.1 m/s (or < 1 % for air velocities
> 10 m/s). The internal duct material should be 1.4301 stainless steel, and the heating can be either
electrical or by steam.
Drawing ovens using superheated steam. The internal dimensions correspond to those of hot air
ovens. Dry saturated steam, free of water droplets, led into the oven by piping and spray jets, is
blasted against the inside of the cover and the bottom of the oven, which both hold cast Al heating
plates, screwed onto the cover plates from the outside. The heating plates are temperature-controlled
and have over-temperature protection (Fig. 4.304). The superheated steam passes through perforated
plates, enters the channel through which the tow passes and heats the tow. To seal the oven, the tow
inlet and outlet sections have labyrinth seals, with a smallest gap of only a few mm. The steam must
be automatically switched off when the ovens are opened to prevent the workers being scalded by the
steam. The required heating power corresponds to the sum of the fan and heater power given for hot
air ovens in Table 4.46.

Figure 4.304
Hot air drawing oven for drawing in
superheated steam. Saturated inlet
steam is passed over electrically-
heated superheating plates (E)
[24]

Saturated steam ovens are used mainly to "soften" the tow or yarn, e.g., before stuffer box crimping
in order to improve the crimp. The tow is treated with 100 0C saturated steam at atmospheric pressure.
In order to avoid condensed water droplets, the jacket of the oven is heated with the same steam
supply (Fig. 4.305). The internal dimensions are the same as those of the ovens already described.
The length should be ca. — (0.8 x tow m/s)m, i.e., >1.6 m long for a tow speed of 200 m/min.
Water droplets must be removed from the steam (e.g., by a centrifugal separator) before entry into
the oven.

4.13.8 Tow Spreading and Plying

While the tow should run through the drawing and heat-setting zones as thin and as wide as possible, the
tow must be assembled into a narrower and thicker band for the stuffer box crimper, in order to match the
dimensions of the stuffer box. During this latter operation, various sub-tows are overlaid and mixed.



Figure 4.305
Saturated steam heating and moistening
oven [24], with steam spray injection and
heated jacket, for sideways tow guiding

If the change in the tow width required is small, the tow can be led over a series of consecutive arc-
shaped rods, suitably coated so as to be wear-resistant, having their chords held parallel to one another in
a frame. The curved rods are then angled in such a way that the tow, running over the rods in a zig-zag
path, achieves the desired width: making the rods concave narrows the tow, while making the rods convex
widens the tow. As this action can increase the tow tension considerably, not more than 6 to 7 consecutive
rods should be used, and the change in tow width should not exceed ca. 30%.

To achieve large fractional changes in tow width, a roll stand (tow stacker) as in Fig. 4.306 can be
used. Both stands contain free-running, fixed top rollers and free-running, inclinable lower rollers, which
can be angled so that the part-tows run normally onto the roll axis and on exit produce the desired
(almost) rectangular tow package.

In the case of very thick tows, a mirror image tow stacker is mounted above the tow stacker shown in
Fig. 4.306. The half-tows, from above and below, are then plied.

To control the tow tension and/or the speed of the following machine, dancer- or pivot rolls, shown in
Fig. 4.307, can be employed. If the middle (dancer) roll or the pivot roll dips, limit switches can be
activated to change the speed of the following machine, either in small steps or continuously.

Figure 4.306
Tow stacker

Figure 4.307
Tow tension control by means of dancer
roll
a) with floating roll
b) with pivoted roll

b)a)



The system in Fig. 4.307a (or a series of consecutive systems) can be used as a tow accumulator. The
accumulated length of the system is then twice the distance between the upper and lower rolls. Frictional
or pneumatic damping must be included to inhibit the dancer rolls from oscillating.

4.13.9 Stuffer Box Crimpers

Stuffer box crimpers are currently built for continuous filament yarns of a few hundred to a few thousand
dtex, as well as for staple fiber tows of up to 3 million dtex. They are suitable for single filament titers
from ca. 0.8.. .100 dtex and for speeds up to 300.. .500, or even up to 2000 m/min. Thicker single
filaments make it more difficult to crimp the filaments (Section 3.11). Too high a fiber elastic modulus
and pre-crimping temperatures > crimping temperature in the stuffer box affect the end product properties
and crimp. Since rotating and stationary parts work together in the crimping machine, two constructional
principles are possible:

The gaps between the rotating and stationary parts are made so small that no filament is carried along
with the rotating part. For a 1 dpf filament, the gap would have to be < 10 fim. At up to 8 m/s gliding
speed and with a temperature increase of from 200C to up to ca. 2000C, this is very difficult,
particularly when the gap(s) and the clearance of the cheek plates must be set by the cam (e, Fig.
4.308) and shims, or
all gaps are made much larger, but no single filaments can enter these gaps, neither at the inlet nor at
the cheek plates, nor between the compression rolls and the lip of the chamber plates. With this
construction, speeds of from >8 m/s up to, at present, <ca. 33 m/s can be attained [167] with PP,
and 60 m/s with PA.

The crimping rolls are normally made from hardened and ground tool steel (e.g., St 1.208O = X 210
CrI 2), the cheek plates and stripper lips (both wearing parts) from oil-impregnated, forged bronze (e.g.
Caro bronze). The cam, made from hardened steel (e), is approximately 0.2 mm eccentric. The cheek
plates are allowed to rotate slowly, so that their inner sides remain flat.

The crimping roll shafts are internally water cooled and equalized in temperature. They therefore
have a large diameter and relatively thin, slightly conical tires. External diameters of 200 mm and lengths
of up to 500 mm for the rolls and crimping chamber are typical. One can reckon on
(1.5...2) x 105 dtex/inch crimping chamber width. The tow is moistened and heated with 1000C
saturated steam, and spin finish is applied before the tow enters the stuffer box. Additional steam can also
be injected into the stuffer box via angled bores in the side plates. The tow plug in the stuffer box is
warmed up by both frictional heating and the kinking of the tow (see Section 3.11).

Figure 4.308
Stuffer box crimper, with
gap width(s) adjustable by
means of the stripper plate
cam (e) [24]



In older stuffer box crimpers (for up to ca. 300 000 dtex), the tow entered the staffer box vertically
[148, 24], and the stuffer box could easily be opened to the front, allowing the tow to be inserted from the
side. The pinch rolls were made strongly conical across their width. The chamber pressure was adjusted
using a micrometer screw via a Belleville spring washer acting on a front swivel plate. The maximum
processing speed was ca. 200 m/min. When more than 500 000 dtex was crimped, the shaft bent,
resulting in the cantilevered crimping roll having a larger gap at the outside of the roll than inside; the
crimp on the outside was consequently weaker.

The already-described modern, high capacity stuffer box crimper has a horizontal chamber and a pair
of crimping rolls with bearings at either roll end. The rolls are driven by a pair of universal-jointed shafts
(Fig. 4.309) and have an installed drive power of ca. 10 kW/106 dtex/100 m/min. Crimp values of 10
crimps per 10 mm are easily achievable (Figs. 4.310 and 3.60). The upper section is openable for easy
maintenance.

New developments have led to a stuffer box crimper capable of up to 2000 m/min tow speed. The
maximum tow width is 10.. .20 mm and the maximum dtex 75 000 [148]; the tow enters vertically. It
would be suitable for use on a compact staple fiber spinning machine [167]. As stuffer box crimpers in
continuous production are subject to breakdowns, it is sensible to have a standby machine available. At a
crimper breakdown, the tow is then quickly diverted to the standby crimper.

Figure 4.309a Stuffer box crimper [167]
(Continued below)

Figure 4.309b
Principle of a high speed stuffer box crimper. The tow is crimped in the
space between the inner wheel, the outer wheel and the co-rotating side
cover plate

5 Support for 8 Internal crimping roll
10a Counter pressure plate 13 Tow inlet



Figure 4.310
Stuffer box crimper for a wide tow (up to ca.
2.5 x 106 dtex x 400 m/min) [295]. (a): Fleissner
crimper; (b): Barmag crimper [33], showing
crimped tow outlet

According to a Japanese patent [339], the generation of frictional warming during stuffer box
crimping can be avoided by giving the tow and all stuffer box components the same speed. To this end
(Fig. 4.309b), the tow is squeezed between the inner surface of a rotating hollow cylinder Qj) and a
crimping roll(8), which has its bearing in an oscillating crank (5), and is pressed from inside onto (O).
The clamped wide tow runs an adjustable distance beyond the clamping point and then against the flap
(10a), and is crimped by the increasing resistance. The crimped yarn is taken out by the next machine in
me sequence.

4.13.10 Dryers and Heat-Setting Machines

In drying and heat-setting, the tow moisture content and shrinkage are reduced, the crimp is set and the
tow or yarn is allowed to shrink until the residual shrinkage is only ^0 .5%. There are essentially 3
machine types for 3 different product treatments:

- Rolls Tow (straight) under tension (adjustable)

- Suction drum / Tow (meandering)

- Conveyor bel tLpiber (flocks Hfor sh r ink inS

The tow or fiber must be distributed with uniform areal density over the dryer width. To allow the tow or
yarn to shrink easily, it is laid on the conveyor belt before entry into the dryer in a meandering form, by
traversing the tow or yarn at right angles to the direction of travel of the belt. It is possible that
consecutive, single lays overlap one another, causing potential problems at take-off. This can be
overcome by having either a slowly-oscillating chute or a narrow slide (trunk) which traverses across
the entire width, fitted before the stuffer box.

The tow or fiber is first dried in order to obtain a uniform moisture content. Should there be wet or
moist islands present in the tow when it is heat set, these wet areas will have a shorter heat setting time
than the drier areas, as the excess moisture needs time to evaporate. This results in variable heat-setting
effects, particularly concerning shrinkage and dye uptake. A cooling zone must come after the heat-



setting zone in order to stabilize the heat-setting effect. When heat setting using hot air recirculation, it
suffices to use normal room air which has been passed through a water-cooled, ribbed tube heat
exchanger. Here—as in drying—attention must be paid to the ratio of fresh-to recirculated air.

At the dryer or heat-setting machine outlet, the tow is taken upwards through an untangling zone and
a large tow guide, after which it is pulled into the next machine. The tow is taken out over a pivoting roll
of the same width as the conveyor; the height of this roll (and/or an optical signal) drives the speed of the
following machine. Because of the effects of shrinkage and crimping, the take-out speed is lower than the
inlet speed to the dryer.

The roll heat-setting machine (see also Section 4.13.6) is mainly used for heat-setting the tow under
high tension. If the correct temperature is set, the shrinkage can be reduced to > 1% (see Section
2.3.6.4). The speeds can be varied from roll to roll or from roll group to roll group, depending on
process know-how. Since, however, runnability over the rolls requires a certain minimum tow tension,
shrinkages of < 3% are not easily achievable. The minimum tension requirement also applies to the
suction drum system.
In the conveyor belt heat-setting process to reduce shrinkage, the tow or yarn is spread uniformly and
without tension across the width of the conveyor belt. It is also possible to lay two or more
meandering tows side by side. There should be no gaps in the lay, otherwise the hot air will flow
preferentially through these gaps, resulting in non-uniformity across the width.

In the suction drum dryer (Fig. 4.311), the tow is taken up by rolls (a) and deposited onto the feed
conveyor (c) in 2 parallel meanders by a slide or trunk (b). The conveyor tranfers the 2 meandering
tows to the suction drum (e) at (d). The suction of the fan (f) holds the tows on the surface of the
suction drum, even when the tows run on the undersides of the suction drums (second, fourth drum,
etc.). After the last suction drum the 2 meandering tows are transferred to the take-out conveyor (g),
are taken up by the rolls (h) and are baled (j) from the traversing chute (i). The section of the suction
drum which does not bear tow is blocked off from the inside by stationary plates to prevent air
flowing through these non-working surfaces.

Normal perforated plate—or woven wire mesh drums have a free area of from 30 to 45%. Special
suction drums [286], which have diameters of up to 3500 mm and lengths of up to 7000 mm, are
made with up to 90% free area, yet are still uniform. The movement of the tow over the arcs made by
the drums results in a worthwhile saving in machine (and building) length.
Conveyor dryers and/or heat-setters are used particularly when it is difficult to hold the tow on the
underside of a suction drum, when a particularly long residence time is required, and when the tow is
very thick and/or has a particularly low bulk density. The conveyor belt comprises either a special
corrugated rod weave, or—mostly—a belt made from perforated plates. The latter is made from many
perforated stainless steel folded and overlapping platelets, fastened on both sides to an endless chain.
The open area should be as large as possible.

Figure 4.312 shows a schematic of such a conveyor dryer and heat setter [167]. The tow is taken
up by feed rolls (a) and laid on the conveyor belt (b), which traverses at its outlet end, and from where
the tow drops into the gap (c) between the drum and the conveyor belt of the dryer. The tow is then
taken through a drying, heat-setting, cooling (d) and conditioning zone (e), after which it is taken up
over a tow guide and brake (f). In each dryer compartment, a fan (g) recirculates the air via a heater
(or cooler) (h) through the tow on the conveyor belt, the air flowing from above the tow to below. The
fan (i) exhausts a certain proportion of the drying air to atmosphere. Fresh make-up air is aspirated at
another position. A 22 t/24 h drying and heat-setting line would have a length of 19.2 m, from tow
inlet to outlet.

Conveyor belt dryers can have very varied constructions, such as having the feed belt close to the
floor, or—to shorten the machine length—having a three storey configuration. In the latter, the tow is
fed from the uppermost storey and exits the dryer on the ground floor.

Figure 4.313 shows the moisture content and temperature of a tow as a function of length in a
dryer/heat setter. The diagram is valid both for belt dryers and suction drum dryers when the air flow
conditions are the same.

The rate of drying when using a penetrative air velocity of 1 m/s is 10 times faster than when an
air velocity of 5 m/s is blown parallel to the tow surface or air of the same speed is blown through
slits [295].



Figure 4.311 Perforated cylinder drier and heat setter [295] (Fleissner)
a) Tow inlet, double f) Fan and drum drives
b) Two tow spreaders g) Outlet chute and take-away conveyor belt
c) Inlet conveyor belt h) Enclosed take-out rolls
d) Heating or cooling chambers /) Tow laying chute
e) Perforated cylinders, 50% open area j) Baling

Figure 4.312 Belt drier and heat setter [167] (Neumag)
a) Tow inlet
b) Tow laying chute f) Tow take-out
c) Tow deposit g) Recirculation fan
d) Heating and cooling chamber h) Heat exchanger
e) Tow transport conveyor belt i) Exhaust air fan



Figure 4.313
Tow temperature T and moisture content as a
function of the length in the dryer (at constant
tow width inside dryer) for a perforated cylinder
(suction) dryer/heat setter (S) and a belt
dryer/heat setter (B). The required external
dryer/heat setter insulation housing length is ca.
2 m for (S) and ca. 5 m for (B) per field.

4.13.11 Tow Packaging

If endless tow is to be despatched for use off-site, cardboard cartons or large woven bags having a plastic
coating (or liners) can be used. These containers are secured by a steel strapping band. Bale weights vary
between 100 and ca. 300 kg and fiber densities between 0.35 kg/1 (PP) and 0.45 kg/1 (PET).

Figure 4.314 shows a schematic of a tow bale packing machine. The tow is taken up by inlet rolls (a)
and an open sunflower wheel (b), which delivers the tow to a traversing laying chute (c), which then lays
the tow in the cardboard carton. The carton slowly traverses at right angles to the movement of the chute
in order to obtain a meandering tow lay. During the filling of the carton, the laying chute continuously
moves upwards, so that there is always a gap of 300.. .500 mm between the tip of the chute and the tow
surface in the carton. On reaching the maximum height for later compaction (which is here given by
extending the carton top cover flaps upwards), the carton is moved by the conveyor belt (e) to the
compaction station (f). At the same time an empty carton is moved into the filling position. At the
compaction station, the carton is temporarily reinforced on 5 sides by pivoted, solid walls (g) and the

Figure 4.314
Tow baler (Tamper;
see also Figure 4.311/)
a) Tow inlet
b) Sunflower wheel
c) Tow laying chute
d) Carton (box)
e) Traverse table
f) Carriage rollers
g) Flap for removing

full carton
h) Pressure ram

tow in the dryer-
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contents are compressed by a hydraulic ram (h). After strapping, the reinforcing sides (g) are lowered and
the bale is removed. At a carton change, the tow is automatically cut in such a way that both the end from
the full carton and the end going into the new carton hang over the tops of the respective cartons. Instead
of cartons large coated bags can be used. The laying chute can be set to traverse between 15 and 100
double strokes/min and the carton to traverse between 1 and 4 double strokes/min. The deposition speed
of the tow in the carton is the same as the tow delivery speed of the dryer or heat-setter. The tow should
be laid in the carton in straight, meandering lines with very little loopiness.

4.13.12 Staple Cutters

Staple cutting machines cut the continuous—and almost always crimped—filament tow to the staple
length (= effective length) desired for secondary spinning. Although natural fibers have a broad
distribution of lengths, man-made staple fibers are expected to have a narrow length distribution,
which depends on the type and quality of fiber. Over-length fibers (0. . .10%) and under-length fibers
(0 .. .10%) should each constitute less than 10% w/w. An overview of staple cutters up to 1967 is given
by [288]. Excepting for the "Gru-Gru" cutter [289], none of these is currently used for man-made fibers.
Of the later developments, only the "Lummus cutter" [290] and the Neumag staple cutter [291] achieved
dominant, world-wide application (i.e., excepting special cutters for high tenacity and flock).

"Gru-Gru" cutter [291, 292]
In the "Gru-Gru" cutter in Fig. 4.315, the tow enters from above and is pinched by the opposed,
rubber teeth of the counter-rotating slotted wheels. One blade of the rotating knife passes between the
two gaps near the pinch point and cuts the tow. A rather complicated special gearbox is required, both
for driving the slotted wheels and for driving the knife. A large number of change gears is needed, as
well as a large number of slotted wheels of different pitch for different staple lengths. The slots
require a special flank geometry, and the knife must be inclined at a particular angle (Fig. 4.316,
[292, 293]). Such cutters are suitable for up to 1 100000 dtex dry and up to 700000 dtex wet at
300 m/min. In an alternative version [288], twice the above titer can be cut. The lifetime of the knives
is only a few hours, depending on the material and delustering agent level. A continuously operating
line must therefore be equipped with a standby cutter. As the tow clamping by the rubberized teeth
cannot be perfect, a few filaments are always pulled or stretched by the impact of the knife during
cutting, resulting in under-length and over-length staples (Fig. 4.317). As soon as the 10% limits are
exceeded or double-length staple is produced, the slotted wheels and/or the knives must be changed.
A "Gru-Gru" staple cutter [292], together with its components, is presented in Fig. 4.318. The
brake roll (a) must tension the crimped tow sufficiently to pull out the crimp before the "flat" tow is
nipped by the slotted wheels (b), and cut between the gaps in the teeth by the knives in the knife
head (c), which is driven by a spiral-toothed, bevel gear pair (d). The change gearbox (e) drives the
two slotted wheels (b) and is connected to the knife head (c) drive. The left-hand slotted wheel (Jo2)
can be pressed against the right-hand one by means of a spring washer (f) to compensate for changes
in tow thickness, such as knots. An advantage of this cutter over the cutter next described, is that it is
possible to change the staple length immediately by gear changes (on the standby machine).
"Lummus Cutter" [290, 295]
The principle of the Lummus cutter is very simple and is explained in Fig. 4.319. The tension of the
entering tow (a) is increased to pull out the crimp by the difference in speed between the braking roll
(b) and the cutting wheel (c). The cutting wheel rim (d) has knives protruding outwards, onto which
the tow (a) is wrapped. The pressure roll (e) is adjusted so that the gap between itself and the tips of
the knives is only a few mm, with the result that, after a few wraps around the cutting drum, the tow is
pressed so forcefully against the knives that the inner layer of the tow is cut and pressed out between
the knives to the inside of the cutting wheel at one position. The staple length diagram is very
uniform and remains so until the first knife becomes blunt or ragged, when single filaments pull
neighboring filaments with them and the dreaded multi-length staples (crackers) arise. The fiber ends
in the cross-section can become so hot that they fuse. It is also important to ensure that the tow width
is the same as the knife width. An electronic knife cutting edge monitor [290] can be used to signal
when a cutting wheel change is necessary.



Figure 4.315
"Gru-Gru" staple cutter, opened. Photograph showing
principle [24].
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Figure 4.316 Special knife for "Gru-Gru" staple
cutter [293]. (Material: 85CrI or similar, =1.2004,
possibly carbide coated)

Figure 4.317 Staple cut length/frequency diagram for
PET staple fiber cut on the Neumag staple cutter Type
NMC ("Gru-Gru") [167]
[— represents the theoretical cut length of 40-80-154 mm
( = knife spacing)]



Figure 4.319 Cutting principle of the Lummus cutter ([232] in the USA; [279] in Germany). License holder:
Eastman Kodak)
a) Tow d) Knife
b) Tow tensioner e) Pressure roll
c) Cutting wheel f) Cut staple fiber
Photograph: Cut staple fiber emerging from the cutting wheel outlet

To avoid the "pinching cut" effect, machines similar in principle, but using traversing knives
[296, 291] or a scissors-action cutting [297] or rotating cutting disks [299] have been developed.
Because of their complexity, however, the above developments have not been commercialized. In a
further development [279, 300], the tow is wound onto a slotted drum and is cut, against the tow
tension, by a slightly inclined rotary knife having its axis at right angles to the axis of the drum.
Neumag staple cutter [167]
As shown in principle in Fig. 4.320, the tow is fed into the entry gap (a) between the rotating knife
head (b) and an inclined, free-running pressure disk (c), which is dragged along by the tow friction.

Figure 4.318 Schematic of a "Gru-Gru" staple cutting machine [258, 24]
a) Inlet rolls d) Knife head drive
b) Slotted rolls e) Gear housing
c) Knife head f) Pneumatic contact pressure



Figure 4.320
Working principle (above) of the Neumag staple
fiber cutter [285]
a) Cutting rotor with tow and radial knives (d)
b) Pressure plate (loose, travelling)
c) Rotating pressure excenter
f) Cut staple fiber (falling down)
and photograph of the machine working (right),
showing tow inlet, and cut staple being discharged
under gravity

Staple cutters for hard fibers (e.g., polyaramid, glass fiber, carbon fiber, etc.) operate on a principle
similar to that shown in Fig. 4.323. In (a), used for glass fiber, the tow is pinch-cut between a rotary
knife roll and a hardened pressure roll, while in (b), used for polyaramid, the tow is cut by the
shearing blades on one roll intermeshing with wide slots on the counter roll. When using normal
staple cutting knives, these become blunt and ragged within a few minutes. These special cutters
work better at high tow tensions.

4.13.13 Staple Fiber Transport

The clumps of cut staple which fall from the staple cutter stick together because of the crimp and the spin
finish. These clumps must be opened and transported to the condenser in front of the baling press by the
transport air. This can be achieved by using special fans having open smooth blades on one side. The
filaments, however, can be over-stressed on colliding with the fan blades, and it is preferable to use a
suction conveyor system.

After travelling 180°, the pressure plate (c) presses the tow against the radially-aligned knives,
cutting the tow. The cut tow is forced through the gaps between the knives and falls out below as cut
staple, as shown in the photograph. The cutting speed is about 3 . . .5% of the tow speed. The
maximum tow thickness is given as a function of cutting speed for two machine types in Fig. 4.321.
The most commonly-used staple cut lengths are ca. 30. . .50 mm for cotton-type, 70. . .100 mm for
worsted spinning, 120.. .160 mm for carded spinning and 130.. .200 mm for carpet staple. The
staple cut length can be adjusted in small steps in the following ranges: Gru-Gru: 28 to 240 mm
(depending on size); Lummus and Neumag: > 6 to 240 mm (depending on size); the cutter using a
slotted drum: >2 mm; guillotine cutter (for very short fibers): down to ca. 0.5 mm. The specific
motor drive power of the first three cutters can be found in Fig. 4.322 or can be calculated from:

kWMotor « 5 x 10~6 x m/min x g/dtex x y/dtextow (4.44)

Maximum allowable tow thicknesses are ca. 2.2 x 106 dtex (dry) for the Gru-Gru cutter, ca.
4 x 106 dtex for the Lummus cutter and ca. 3 x 106 dtex for the Neumag cutter. In the guillotine
cutter, compressed tows of up to a few 107 dtex can be cut, but only up to a maximum cutting rate of
ca. 200 cuts/min.



Figure 4.323
Staple cutter (in principle)
for hard fibers (a), such as
glass or polyaramid, and for
polyester (b) [302]. (Enka)

During transport, the staple has a bulk density of between 0.1 and 0.5—preferably 0.35 kg staple/m3

of transport air. The staple is blown or sucked at ca. 20 m/s in smoothly bent, round aluminum pipes
having large bend radii (7?>10D) (compare Section 4.2.4). The suction system has the additional
advantage that the filaments are not twisted and do not form plaits. The staple enters the condenser (Fig.
4.324) by means of a bifurcated pipe, alternately from one side, then the other, in order to fill the
condenser uniformly. The exhaust air, after filtration, can be returned to the spinning room, exhausted
above the roof or—in the case of large staple lines—returned to the fan.

4.13.14 Balers

In order to make the storage and transport of staple fiber economic, it is compressed (like cotton and
wool) into standard bales of 200.. .500 kg weight, which are wrapped in plastic foil, covered by woven
cloth and secured by steel straps.

While cut staple is continuously delivered by the cutter, the baling is a batch process, requiring a
certain time to compress and pack the bale. A buffer is therefore required, and the fiber must also be
separated from the transport air in a condenser, as shown in Fig. 4.325 [303]. The press is hydraulically

a) b)

tow size (106 dtex PET)

Figure 4.322
Required drive power of staple fiber
cutterst o w speed (m/min)

Gru-Gru
Lummus

Figure 4.321
Cutting capacity of the Neumag staple cutter type
NMC600 (a) and NMC 450 (b, c) [301]
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Figure 4.324
Staple condenser with double-sided staple entry in
order to achieve uniform filling of the condenser [303]
(Autefa)

driven. Packaging material supply should be automated, especially on large lines. Table 4.47 lists the
throughput of a series of balers of average capacity [303]. As an example, 5 PET staple bales/h can be
compressed using a force of 70 t to give a bulk density of 0.4 kg/1.

If one considers that a 70 t/24 h staple line produces a ca. 300 kg bale every 6 min and a 250 t/24 h
line a bale every ca. 100 s, then the need for automation is self-evident. To this end, the tow or staple is
deposited into boxes, which—when full—are transported to the baler on a rolling conveyor, where they
are hydraulically positioned for compression and wrapping, preferably automatically. The completed
bales are then pushed out onto a roller conveyor for transport to the store, while the empty boxes are
returned for re-filling (Fig. 4.326).

Figure 4.327 shows the layout plan of a carousel press [303]. The staple is conveyed from (1) into the
condenser (2), where it is uniformly distributed across the working area, is separated from the transport
air and falls through the filling shaft (3) onto the floor. The filling volume per charge is monitored by

Figure 4.325 Working principle of a baler
1 The material to be compressed is separated from the transport air in the condenser, is dumped

into the charging chamber and then pushed into the compression zone batchwise.
2 The charging chamber is refilled while the fiber in the compression zone is compressed.
3 While the compressed bale is being wrapped and strapped, newly-arrived staple is stored and pre-

compressed in the charging chamber



Table 4.47 Capacities of Two Balers [287]

Type Press area Bale density
kg/m3

m x m 10 15 20

capacity
kg/h

400 1.1 x 0.64 350 400 450
1.37 x 0.64 430 500 550

1200 1.1 x 0.64 950 1200 1950
1.7 x 0.64 1200 1500 1605

Staple fiber bale weights
Press force Press area Bale weight

t m x m kg

25 1.1 x 0.64 170...220
1.37 x 0.64 200...260

70 1.1 x 0.64 200...260
1.37 x 0.64 240...310

photocells, after which a push blade presses this part-charge in the pre-pressing box. During this
operation, the continuously arriving material is pre-stored in the filling shaft. After each pre-compression
a new part-charge is supplied, until the desired bale weight (set by means of the hydraulic pressure) is
reached.

The carousel device then rotates the box containing the pre-compressed material under the main
press, simultaneously supplying the pre-press with an empty box. While the pre-press repeats the above
procedure, the main press (5) completes the final compression and raises the compression box
hydraulically. The free-standing bale is then wrapped and strapped manually before being sent for
weighing and dispatch.

Should a large amount of second grade staple arise over time, this can be separately transported from
the cutter to a special storage bin, from where it can be periodically transported in separate ducting to the
(empty) bale press to produce a second grade merge (lot).

Figure 4.326 Fully automatic tow balers for 4 parallel-running tows [303]



Figure 4.327
Layout of carrousel balers [303] (Autefa)
1 Cut staple transport pipe 6 Box lifting mechanism

from cutter 7 Carrousel
2 Condenser 8 Suction fan
3 Staple accumulator g Exhaust air filter
4 Baling chamber 10 B a l e removal
5 Hydraulic ram

4.14 Dry-Spinning Plants

The first rayon—Chardonnet's "artificial silk"—was spun by a solution dry-spinning process in 1904.
This was followed, between 1920 and 1923, by cellulose acetate, produced by Celanese, Rhodiaceta and
the Tennessee Eastman Corporation. Between 1935 and 1941, various PVC fibers were produced by the
Carbide & Carbon Corp. (Vinyon), IG-Farbenindustrie (PeCe fiber) and Rhodiaceta (Rhovyl). In 1946 Du
Pont started the production of PAN (Orion), as did Casella, which was later acquired by Bayer AG
(Dralon). Dry-spinning is also commercially practiced today for PVA, PAN copolymers, PUR and
aromatic polyamides, amongst others. It has recently been used to spin water-soluble SAP, water glass
and others.

4.14.1 Principle of Dry-Spinning

A heated solution of polymer in solvent is extruded into a hot stream of gas (which may be continuously
heated during its passage). The solvent evaporates, and the fiber reacts to the loss of solvent by passing
through a gel to a solid state. Since the fiber surface hardens first, while solvent is still diffusing out from
the interior, a cylinder under external over-pressure is formed. The internal pressure decreases with
increasing distance from the spinneret, and the surface suddenly collapses [304], giving rise to a round,
oval or serrated, deformed cross-section, depending on the polymer [305]. Acetate is usually puckered
lobate, while PAN is dumbbell-shaped, with the core having a lower density than the sheath [309]. Since
they are freed of solvent in the interior of the sheath, the molecular chains become pre-oriented in the
direction of the filament axis in dry-spinning. The exact spinning conditions (concentration, viscosity,
temperature, spinning gas flow rate, etc.) are polymer-and solvent specific. Falkai [307] (Table 4.48)
shows how spinning conditions influence the technological properties in dry-spinning.

Next Page



Table 4.48 Dependence of the Properties of Dry-Spun Chemical Fibers on Selected Spinning Parameters
(Increasing a Parameter in the First Column Changes the Properties in that Row as Shown [307]

Property Solution Spinn- Residual Spin- Cross- Luster Mechanical properties
viscosity ability solvent stretch- sectional tenacity elongation

Spinning parameter content ability form
of fiber **

boiling point

density

Solvent insoluble
content

Concentration

Solution viscosity
(0.2-.-2kg/m x s at 4O0C)

Degree of Polymerization
number

Spinneret diameter
h o l e capillary length

spinneret

Temp. spinning tube

quench air

Spinning length

tube diameter

countercurrent

Air speed co-current

Spinning speed

Spin-draw ratio
(in spinning tube)

/ improvement in properties ** cross-sectional form
\ deterioration in properties F = flat
r^ property reaches a maximum G = curved
A property reaches a minimum H = hollow
^ X n o classification possible R = round
- no relationship

To operate dry-spinning economically, the recovery of the solvent is absolutely essential, and recovery
of the spinning gas may be advisable. According to the polymer, the amount of solvent required may be 3
to 10 times that of the polymer flow rate. When dry-spinning a 24% solution of PAN in DMF, 9.5% of the
polymer and 3% of the solvent are lost when the solvent recovery rate is 97%. These high losses are
attributable firstly to the fact that the high spinning gas temperature of 300 0C leads to the formation of
acetaldehydes, and secondly to losses occurring in the recovery process and in the exhaust gas. The PAN
fiber must retain ca. 9% DMF when it leaves the spinning tube, otherwise it becomes too brittle.

This DMF retained in the fiber is extracted at further processing; the first draw- and washing bath can
extract up to 5 .. .8% of the DMF into the water. The bath water is concentrated, then distilled, returning
re-usable DMF solvent. Table 4.49 lists further solvents for dry-spinning. As most solvents (or their



Table 4.49 The Most Important Solvents in Dry Spinning

Solution
spinning

temperature
0C

56... 59
70

120... 145

60...

Typical solids
cone, range

%

20...27
30

22. . . 26

40...60
20... 50

130...160
20... 30

Flame point

0C

-18

57

21

70... 80
30...45

63

Explosion limits

g/m3

50...310

50... 200

50... 290

30... 158

vol%

2. . .13

3.. .11

2. . .12

1.8... 8.6

Heat of
evaporation

kcal/kg

125

116

540

118.9

Boiling point

0C

55... 56

159

66

100

166.1

Solvent Used for

Acetone CH3COCH3 2-acetate modacryl
+ CS2 PVC

+ alcohol + CH2CH2OH
2-acetate

Carbon disulfide CS2

Dimethylformamide
HCON(CH3)2

(DMF) PAN
PUR

Dimethylsulfoxide
(DMSO)
Tetrahydrofuran Vinylidene chloride

Copolymers
Water r waterglass

SAP
I PVA

Dimethylacetamide PAR



vapors) are potentially explosive, it is necessary in such cases to employ protective gas (which also can
keep the fibers whiter). When spinning PAN/DMF, the spinning gas has a temperature of 300.. .3500C
before reaching the face of the spinneret; this drops to 100.. .150 0C in the first 30. . .40 cm below the
spinneret due to heat exchange with the filaments, indicating that after-heating of the gas is required. The
protective gas is usually nitrogen, but purified CO2 and other gases can also be used. As the lower
explosion limits of the solvents given in Table 4.49 are around 2%, it is safe to use a spinning gas
containing less than 2% of O2. If the temperature of this < 2% O2 spinning gas is too high, more
yellowing results than with purified nitrogen.

When extracting the solvent from the spinning gas using, e.g., 17 .. .20 0C cooling water, about 40 g/
m3 of DMF is retained by the gas. After being heated and entering the spinning tube, the concentration of
DMF in the spinning gas increases very quickly to an over-critical value, reaching up to 300 g/m3. At this
concentration and at about 1600C, this mixture is aspirated from the bottom end of the spinning tube
(Section 8.7).

4.14.2 The Dry-Spinning Tube (Shaft, Duct)

Three dry-spinning tubes are compared in Fig. 4.328. Tube A, an (old) acetate-spinning tube, is
an example of a very simple dry-spinning process [309]. For spinning secondary cellulose acetate
(2-acetate) the shaft is heated with water at 50. . .700C at atmospheric pressure. Spinning speeds of
200.. .600 m/min are attainable. Tube B shows a closed loop gas circuit for dry-spinning of PAN fibers
[318]. The spinning gas (c) is heated in the heating zone (e) and rises because its density decreases. It
then falls down the right-hand side as its temperature decreases, despite the heater at (e), and contacts the
filaments emerging from (g). The solvent condenses out in the lower bend and is drained at (f). Tube C is
a modern dry-spinning tube for PAN tow. The protective gas, heated to ca. 350 0C, enters the tube at the
top, flows downwards with the filaments and is extracted at the bottom of the tube at a temperature of ca.
1600C. When spinning PAN between 200 and 600 m/min using an annular spinneret containing 2600
capillaries, a throughput of ca. 600 kg/24 h/tube can be achieved.

The spinning tube size is determined primarily by the spinneret size and its throughput. Table 4.50
gives the most important technical details for 3 typical spinning tube sizes. For constructional reasons, the
spin pack outside diameter is about 40 mm larger than the spinneret. There must also be place for the
spinning gas to pass through, i.e., the gas must have at least the same cross-sectional area as the spinning
tube: Dj — Df + Dpa — D^. A plate spinneret of 120 mm diameter has D P a =160mm and
Dpi = 86 mm. For a tube having Dx = 250 mm, DT = 284 mm, but—taking a standard size—
DT = 318 mm would be selected. On aerodynamic grounds, a total cone angle of 7 ° would be used
(Fig. 4.329), thereby making LK = (DT - D1)/2 x tan3.5° = 556 mm. Table 4.50 shows, however, that
for spinning 480 kg/24 h D1 = 320 mm would be better. This changes DT to DT = 347 mm, or—using
standard sheet metal—DT = 1250/7T = 398 mm, making LK = 638 mm.

The upper cone is also important: its function is to keep the laminar gas flow from the upper filter
pack laminar for as long as possible, despite the high Reynolds number. When combined with a highly-
polished tube inner wall, the transition to turbulence can be delayed to a point far down the tube, thereby
improving the titer CV%. At the lower end of the spinning tube (Fig. 4.328), the filaments and the
spinning gas are separated, the gas being aspirated circumferentially through a sieve concentric with the
spinning tube into an annular channel on the outside of the tube (n in Fig. 4.331).

To begin spinning, the service hatch is opened (Fig. 4.330 or (b) in Figs. 4.331 or 4.332) or the
filaments, saturated with solvent, are spun into a spongy ball, which is then thrown down the tube, exiting
at the lower service flap (j). The tow is then threaded through the yarn guides and taken to the winder.

There are 2 basic forms for the upper cone:

As per Fig. 4.331, for spinning staple fiber [24]. After the spinning gas distribution at the top of the
tube, the gas is heated by a Dowtherm (Diphyl) vapor-heated spiral (k) and filtered by a multilayer gas
filter pack (1) (which must be easily exchangeable). A spinneret pack (as shown in Fig. 4.157) is
hung in the shaft, clamped by the device that holds the solution inlet pipe (d). The internal area
around the service hatch (d) is fitted with a smooth, shaped filling piece, and the gas-tight cover (b) is
closed.



Figure 4.328
Dry spinning tubes (for measurements, see Table 4.50)
A) (left) Schematic of a dry spinning machine for acetate, PVC and other polymers

1 Pipe 5 Spinning support 8 Spin bobbin
2 Spinning pump 6 Spinneret 9 Traverse guide
3 Connecting pipe 7 Spinning tube
4 Filter candle

B) (middle) Schematic of a convection dry spinning tube for PAN multifilament
(Rhone-Poulenc Textiles)
a) Solution c) Spinning gas e) Tube heating g) Spinneret
b) Yarn d) Tube cooling f) Condensate

Q (right) Dry spinning tube for PAN staple (for measurements, see Table 4.50) [24]
a) Pre-heated spinning gas e) Spinneret i) Spin gas take-up C
b) Spinning gas after-heating f) Service flap and return to gas recovery
c) Spinning pump; g) Tube heating J) Service flap
d) Heat exchanger h) Tube heating k) Spun tow

n-multiflament dry spinning tube (shaft): see Figs. 4.330 and 4.392

BA



Table 4.50 Dry Spinning Tubes

Spinning tube inside diameter (cylindrical part) 250 318 400 mm
Cross-section 0.0491 0.0794 0.1256 m2

Inlet zone
for laminar flow [299] (Tu < 1%) 115 115 125 118 m
for turbulent flow [299] 8.15 13.35 12.24 20.2 m

Boundary layer thickness after 8 m wall length 11.4 12.46 14 18 mm

Spinneret dimensions Do/D{ 205/161 205/161 197/100 mm
surface area 21918 21918 22 626 mm2

number of holes (pitch 3.76 mm) 1550 1550 1600

PAN (c > 0.24) in DMF (c > 0.76):
1.5 dtexfinal = 6 dtexspin

for/ = 4 and v = 350m/min 19.53 19.53 20.16 kg/h

Rate of evaporation of DMF
(c = 0.76 ^ 0.09 w/w%) 54.52 54.52 56.28 kg/h
at an outlet concentration of 200 g/m3

and an inlet concentration of 40 g/m3

corresponding to a spinning gas throughput of 340.75 340.75 351.75 m3/h
corresponding spinning gas velocity of 1.928 1.177 1.284 0.778 m/s

Re (1700C. y air, N2 = 31.43 x 10~6m2/s) 15336 11983 13073 0001
for cylindrical tube > 2300 == Rc^t
therefore: inlet cone, stabilized laminar inlet

Figure 4.329
Upper inlet cone and ring spinneret of a
staple dry spinning tube

For spinning multifilament yarns (e.g., PUR elastane (Spandex)), 4 . . .16 filter and spin packs as per
Fig. 4.155B are inserted from above into the spinning tube shown in Fig. 4.332 [24]. The spin packs
which protrude through the spinning gas filter, are supplied with solution by 2 to 8-fold spinning
pumps.

The temperature uniformity from tube to tube is particularly important. The tube wall temperature
can be slightly regulated by having 2 or 3 liquid-heated (e.g, using Marlotherm [313]) zones, with the

door-1



Figure 4.330
a) Dry spinning shaft [24]—inside view of the spinning

chamber showing an annular spinneret for PAN staple
fiber in the process of spinning

b) Inside view of a spinning chamber having 8 individual
spinnerets for elastane (Spandex) yarns. See also Figs.
4.332 and 2.108 pos. a)

Figure 4.331
Dry spinning tube for staple fibers [24]
a) Spinning tube with heating jacket
b) Service flap for spinneret access
c) Ring spin pack (see Figure 4.430)
d) Spin pack locking
e) Solution delivery pipe
f) Thin film heater (e.g., Alfa Laval type)
g) Spinning pump swivel, mounted to
h) Spinning pump drive
i) Solution delivery pipe
J) Spinning gas supply
k) Head gas re-heater
J) Sieve packet for spin gas
m) Spinning gas aspiration
n) Cylinder sieve
o) Lower service flap
p) Yarn exit
q) Condensate return



Figure 4.332
Single dry spinning tube for elastane
(Spandex) yarns with 8 spinnerets
[24]
Description as per Figure 4.331, but
additionally
c) eight spin packs with solution

inlet pipes similar to that in
Figure 4.155B

p) eight yarn guide outlets

temperature decreasing downwards. The spinning gas temperature, coming from a central heater, will
certainly be different at the start and end of the main gas ring in the case of long spinning machines.
The gas must therefore be re-heated in every spinning tube, preferably to the condensation
temperature of a Dowtherm (Diphyl) vapor-heating system.

Typical spinning tube lengths, from spinneret to yarn exit, are 5 . . .7 m; these lengths can be
adjusted for existing floor levels in available buildings. The upper (spinneret) service hatch should be
1.50...1.7Om above the (local) floor.

Spinnerets, spinneret bolting and spin packs have been described in Figs. 4.155 and 4.157.

4.14.3 Staple Fiber Dry-Spinning Lines

A complete, double-sided staple fiber dry-spinning line is presented in Fig. 4.333 [24]. The spinning
ducts (a) are supplied with fresh hot gas by the gas ring main (b). The spent gas is exhausted at the bottom
of the duct into the gas return ring main (c), from where it goes to a gas recovery unit (e, in Section 8.7).
Part of the recovered gas is bled off and replaced by fresh gas, after which the gas is returned to the gas
ring main for re-use. An effective spinning duct height of 6 . . .7 m permits spinning of a tow comprising

door-1
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Figure 4.333 PAN staple fiber dry spinning plant [24] (F. Fourne, for Mitsubishi Rayon Co. Ltd.)
a) Dry spinning tubes f) Tow take-up wall with additional
b) Hot spinning gas inlet spin finish application
c) Spinning gas return g) Take-up sextet
d) Solution inlet pipe h) Can take-up (see Figure 4.288)
e) Spinning gas preparation i) Can rotating—and exchange table

(see Figs. 8.13 and 8.13a) J) Spinning cans

1.5... 1.7 5 dtex single filaments at a throughput of 500.. .600 kg/24 h per tube when using ring
spinnerets as per Fig. 4.157. The spun tow is plied horizontally at (f) and deposited in spinning cans
(h), ready for transfer to further processing.

The further-processing line corresponds to that of a solution wet-spinning machine (Section 4.15),
except that the spinning section and the coagulation bath are replaced by a can creel. Single filament titers
(final) between 1.2 and ca. 13 .. .14 dtex can easily be spun using the dry-spinning systems previously
described; higher dpf's should be wet-spun.

In the dry-spinning of multifilaments, the lower service port has as many yarn guides and outlets as
there are spinnerets in the tube (or spun yarn packages). For most solution-spun polymers, the take-up
speed lies between 400 and 1200 m/min. The calculation of the amount of solvent in the gas is exactly
the same as for the case of spinning staple fiber tow.



4.15 Solution Wet-Spinning Plants

Cupro-cellulose filaments were first produced in 1900 by precipitation in a water bath. The wet-spinning
of viscose (=hydrated cellulose), in which sodium cellulose xanthogenate is precipitated in a bath
containing water plus ammonium sulfate, assumed great importance [316]. A large amount of rayon
continuous filament and staple suddenly appeared on the world market, particularly after 1933 [309, 316].
These references discuss in detail the technology, both physical and chemical, including machine
construction.

In 1964 the wet-spun proportion of world man-made fiber production was as high as 75%. This
decreased to ca. 41% in 1978 and further to only 23% in 1987. Recently, however, there has been a
revival in viscose wet-spinning, and many, new "high tech" yarns and staples are wet-spun, or can only
be wet-spun.

4.15.1 Wet-Spinning Process

After the preparation of a homogeneous solution (or after solution polymerization), the most important
factor in successful wet-spinning is good filtration—often multiple filtration—to remove gels and
substances solvated by the solvent, and to de-gas the solution. Unlike viscose, solutions of synthetic
polymers do not require a time-dependent "ripening". One should, however, ensure that the age of the
solution reaching the spinnerets is about the same. The pipes taking solution to the spinnerets should also
be free of dead spots and stagnant areas, where the residence time of the solution may be indefinite.

Figure 4.334 shows a number of arrangements for the relative positioning of the spinneret and the
spinning (coagulation) bath. The configuration to be selected depends on the requirements of polymer,
solvent, concentration, spinning bath path and—particularly important—ease of handling.

a) Spinning in a flat bath. Here the front face of the spinneret is almost vertical, and the filaments are
taken up almost horizontally through the bath. Baths of length 0.4.. .ca. 5 m are known in the
literature. A worker should be able to stand within 0.6 m (= arm's length) of each point to be
serviced.

b) When spinning from a deep bath, the submerged spinneret face is practically horizontal, and the
filaments are taken up either vertically or at a slight angle through, and out of, the bath. If the
spinning pipe must be swung upwards out of the bath at the start of spinning—or to change a
spinneret, the swivel radius R must not be tangent to any side of the bath. For this reason, the typical
maximum depth of the spinneret below the liquid level is 0.6.. .0.8 m. For spinning PAN solutions
into naphtha or petroleum, spinneret depths of ca. 3 m have been used [337].

c) Cone (funnel) spin process. In most cases, the yarn and the liquid travel co-currently in order either to
pre-stretch the yarn using the fluid friction or to obtain smaller speed differences between the
filaments and the liquid, as, e.g., in Cuoxam spinning in water. PVA is spun upwards through an
inverted funnel (see Section 2.7.2). Horizontal funnel spinning using baths (a) or (e) is known for
wet-spinning of PUR.

d) Air gap spinning. The spinneret face is parallel to, and above, the bath liquid surface. On exiting the
spinneret, the filaments first pass through a gap—either of air or a protective gas—of a few mm to up
to ca. 1 m length before travelling vertically downwards into the coagulation bath. After penetrating
about 0.8 m, the direction of travel of the filaments is reversed, and they leave the bath at a small
angle to the vertical. If protective gas is used, the gap between the spinneret and the bath should be
encapsulated in such a way that the filaments remain visible and easily reachable. Air gap spinning
with a funnel and/or submerged spinning (similar to b) is used in the wet-spinning of polyaramids,
amongst others (Section 2.11.2).

e) Spinning using many spinnerets per bath. This is similar to (a), but many spinnerets are used; the
filaments can either be wound up parallel to one another or can converge onto a winding roll. If these
filaments are later to be processed as single ends, the yarn separation should be 4 . . . 10 mm,
depending on titer. Separator plates can be inserted in the bath to prevent cascade breaks when one
yarn breaks.



Figure 4.334
Possible configurations of spinnerets in above coagulation
bath in wet spinning
a) Shallow bath spinning
b) Deep bath spinning (upwards spinning)
c) Funnel spinning
d) Air gap spinning
e) Shallow bath spinning, with convergence of filament bundles from many spinnerets to form a tow
f) Increasing the length in the coagulation bath during shallow bath spinning
g) Deep bath spinning, with parallel guidance of the filaments to increase the length in the bath and to converge the

filaments to form a tow

f) Spinning bath with extended effective length. If the filaments reach a certain minimum tenacity after
a pass of one bath length, the filament direction can be reversed by pins or guides, and the filament
can be zig-zagged through the bath.

g) Spinning bath extension by means of many parallel spinnerets inclined to the bath surface, is possible
for baths up to ca. 500 mm wide. After travelling at an angle to the bath, the filaments are taken
vertically upwards by godets. Here the spinning pipes and spinnerets must be individually swivellable
in the same direction.

h) Double pass through the coagulation bath or single passes through two baths. Here the filaments are
taken up as per (b) or (g), and then, after the first godet, either diverted back into the spinning bath or
are diverted into a parallel bath above the first bath, after which the filaments are taken up by a second
godet, possibly with stretching.

i) "Extreme" spinning bath extension, absolutely necessary for certain special filaments, is described in
Section 4.15.2.1.
The above is by no means an exhaustive treatment of spinning bath configurations. If one cannot,

from experience, find an appropriate configuration for a new development, recourse must be had to
experimentation to find the optimum geometry and operating conditions, as the osmotic- and diffusion
processes for fiber coagulation have not been theoretically investigated to the point where calculations
can be made. The coagulation time of currently-known polymers varies between 1 s and 12 .. .15 min.

The coagulation of the filament occurs by diffusion of the solvent out of the filament into the spinning
bath, this process taking place under osmotic pressure. The filament surface coagulates first, forming a

a)
b) c! d)

e) f)

9)



gel hose under external over-pressure, which collapses with simultaneous stretching in all 3 dimensions
[304, 305]. Depending on polymer and conditions, the filament cross-sections can vary from slipper-
shaped through dumbbell-shaped, etc., to octolobal.

Table 4.51 lists the most important solvents and coagulation agents for the wet-spinning of various
polymers. For a detailed discussion of work done on PAN, see Hunyar [320, 321], inter alia.

Table 4.51 Gear Dosing Pumps for Spinning Solutions (fixed
mounting [107]) (see also Figs. 4.339 and 4.340b)

Available pump sizes 33 0.2... 60 cm3/rev
Number of pump streams 1
Rotational speed range ca. 10... 80rev/min
Inlet pressure 1... 20 bar
Counter pressure up to ca. 25 bar
Working temperature 40... 12O0C
Viscosity 0.01... 500 P

[Weight 1.5 kg

Dimensions of a ™ * * ° 5 m m

medium-sized pump T
H e 1^ * ^ mm

F F Length Lx 100 mm
Total length L 135 mm

4.15.2 Constructional Details of Wet Spinning Lines

Here the first consideration must be corrosion resistance of all parts coming into contact with the solution
and the bath coagulating agent, as these liquids are often extremely aggressive. Polyaramid, e.g., is
dissolved in n-H2SO4 and spun into a bath containing water and H2SO4, a particularly corrosive
combination. Often 1.4571 stainless steel can be used, sometimes plastic-coated. Hastelloy-
(C = NiCrI7FeW) and Nickelalloy (2.4360) combinations can also be used, but are very expensive.
An additional problem is that the bath vapors can sometimes be explosive in air or cause health problems.
In such cases, extraction hoods are fitted above the bath surface. The antimony-free pure lead sheets
previously used in viscose spinning with a strong sulfuric acid coagulating bath (the "Muller" bath,
[309]) are nowadays replaced by 1.4571 stainless steel, PVC plates or metal plates having 6 to 10 layers
of plastic coating. In addition, gearboxes and bearing housings must be sealed against the bath vapors, as
a small amount of vapor in the air can cause corrosion.

4.15.2.1 Spinning Baths

The wide variety of spinnerets in use was shown in Fig. 4.334. In the simplest execution, the spinnerets
are welded using corrosion-resistant stainless steel. If resistance to hydrochloric acid gas, amongst others,
is required, recourse must be had to appropriate coating processes. Figure 4.335 gives construction details
for spinning pumps, either long and flat or short and deep, as well as the positioning of the spinning pipe.
In Fig. 4.336, the liquid enters the spinning bath at (d) and flows laminarly across the width. After flowing
through the bath volume, the liquid exits via an adjustable weir at the yarn oulet side. The following
overflow tank has a quick-change sieve at its exit.

The spinning bath tank can, if required, be fitted with either a jacket for heating or cooling, or an
immersible coiled pipe. Tow processing speeds of more than 100 m/min are critical, as at speeds of
120.. .140 m/min the bath is quickly emptied by the liquid dragged out by the tow. At speeds above
80 m/min, stripper brushes and liquid return systems must be provided. Baths which generate gas or
vapors must have removable or openable cover lids provided with drop run-off edges.
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Table 4.52 Wet Spinning Solutions and Coagulation Baths

Examples

Dolan

Acrilan

Beslon

Beslon

Courtelle

Kash-milon

T
0C

5.. .25

20... 30

10... 40

85

25

0 . . . 20

25. . . 10

40.. . 90

20... 27

Cone.
%

40... 60
60... 40
40.. . 65
60...35
50
50
100

>70

15
14

85
10
90
30 (70)

50...55
20...40
50... 60

^90%

Coagulation
bath

DMF
water
DMAC
water
DMSO
water
heavy benzene
(naphtha)

ZnCl2
ZnCl5
NaCl
water
NaSCN
water
HNO3(H2O)

H2SO4/H2O

water/ acetonitrile
water
water + capropyl
alcohol +
cyclohexanone
water + DMAC
+ calcium

rhodanide
water + DMF

T
0C

20.. . 40

60

Cone.
w/w %

17...25

20

20

10

10...15
10...13

15

15... 20

20. . . 30

Cone.
%

100

100

100

100

85
15
60:40
54
4
42
50
50
65.. . 80

70... 75
90.. . 85
10...15

100

Solvent

dimethylformamide

dimethylacetamide

dimethylsulfoxide

dimethylformamide

ethylene carbonate
-water
zinc chloride-water
zinc chloride+
sodium chloride
-water
sodium rhodanide
-water
nitric acid/water

sulfuric acid/water
ethylene glycol
carbonate/water
acetonitrile
acetone
cyclohexanone

dimethylacetamide +
(1.. . 3) % calcium
chloride
dimethylformamide

Fiber type

Polyacrylonitrile

Modacrylic

Polyvinyl-chloride

Polymetaphenylene
isophthalamide

Polyurethane
elastomer



Figure 4.335
Wet spinning position with spinning pump, spinning pump
drive and spinning nozzle. The apparatus can be tilted for
either shallow bath spinning or upwards (deep bath)
spinning.
a) Solution inlet
b) Pivot bracket
c) Spinning pump on pivot arm and spinning nozzle
f) Spinning nozzle for upwards-spinning
g) Spinning bath
i) Tap for solution sampling
J) Spinning pump drive shaft

Figure 4.336
Design details of a spinning bath
a) Gutter for spinning start up
b) Water discharge
c) Spinning bath
d) Bath inlet and distribution
e) Overflow, with
f) Bath level regulator (overflow weir)
g) Spinning bath discharge
h) Cover plate
/) Aspiration slit (for gases)
J) Heating/cooling jacket
A) Spinning side
B) Yarn exit side

Underwater pins or rollers are used to locate the tow exit point; their lower ends should dip at least
50 mm into the liquid.

Figure 4.337 shows a schematic section of a large spinning bath for a staple tow having 8 . . .16
parallel spinnerets, each for up to 200 000 final dtex, fed by spinning pumps (a) and having a service
passage from which the spinning pipes and spinnerets (b) can be pivoted upwards. It is also fitted with
liquid strippers (c), a bath liquid return (e) and an overflow tank (d) [302]. The total lengths is ca. 9.3 m.
For wet-spinning very thick tows, two baths can be opposed, with the tows running to the center between
them and being taken up vertically together as a single tow.

Spinning pumps and spinning pipes are generally mounted in such a way that they can be swivelled
out of the bath. This simplifies shutting down one position, the changing of spin packs and starting to

Figure 4.337
Bath for shallow spinning of PAN [318] (ARCT
[318])
a) Spinning pump d) Discharge channel

and -drive e) Recirculation trough
b) Spinneret (offset) / ) Aspiration slits
c) Liquid-stripping

' comb

A) B)

H

L3



spin, where the solution can initially be spun onto the start-up gutter (a in Fig. 4.336) before being taken
by hand through the bath.

4.15.2.2 Spinning Pumps, Spinning Pipes and Spinnerets
In addition to the gear pumps used for melt spinning (described in Section 4.15.2.1, [57]), pivotable or
flange-mounted pumps used in viscose spinning can be used, provided that the corrosive properties of the
solution are taken into account (Fig. 4.338). Additionally, Fig. 4.339 shows a pivot lever, which can be
used to make pumps which have their driveshafts running through the lever, or melt spinning pumps,
pivotable. The solution passes through the pivot axis into the lever, flows down into the pump chamber,
and is then pumped out through the opposite side of the lever. The seal, made from a hardened cone
having a hardened spherical cap plug on the other side (in Fig. 4.340), remains tight both during pivoting
and when in position. The required base plate is shown in Fig. 4.340. The solution flows in at (f), passes
into the pump (a) fixed to the lever and leaves via the pivot holder (c) into the spinning pipe connection
(b) The pressure sealing screw (e) is sufficiently tightened so that the three seals (d) remain tight and
pivotable.

Figure 4.338 Two opposed, wet spinning baths having a common, central tow take-off, in order to achieve constant
length in the bath for all spinning positions [167] (Neumag). The spin pumps and spinning nozzles
are pivoted

Fixed-mounted solution spinning pumps (Fig. 4.340b [33]) have a driveshaft mounted in bearings and
fitted with a gland located in the cast mounting bracket, and are usually driven as shown in Fig. 4.341.

The pivoted intermediate gear (d) serves to engage or disengage the pump from the fixed driveshaft
(b). Solution spinning pumps are not heated, as the solution temperatures are usually below 60 0C, and are
generally designed for viscose spinning (in terms of construction materials). Should melt spinning pumps

Figure 4.339
Pivotable pump mounting with
spinning pump for wet spinning
machines [33]
a) Toothed gear pump
b) Pump mounting, with
c) Lapped mounting face
d) Pump drive shaft
e) Gland
f) Solution inlet
g) Solution oulet (pressurized)
K) Pivot handle



Figure 4.340
Mounting plate for a pivoted spinning pump
(a) and a pivoted spinning nozzle (b) [168]
c) Spinning nozzle holder
d) Universal joint in conical seal
e) Contact pressure screw
f) Solution inlet pipe
g) Plate centering pin
h) Securing bolts

be used, their suitability for the solution must be checked. The spinning pumps are generally driven by a
common driveshaft for the whole machine, onto which are fitted individual gears for each pump. The gear
engagement given in Fig. 4.341 must be observed, so that the gears are self-locking when running—
which facilitates operation.

Figure 4.342 shows a spinning nozzle with the connecting nut (B) located in position (b) in Fig.
4.340. The solution then flows through a candle filter (f) to the spinneret holder (g). The latter can also be
made as per Fig. 4.155a. A manometer and a temperature sensor can be built into each filter and spinning
nozzle (just before the spinneret), respectively. The appropriate spinnerets and their bolting are described
in Sections 4.6.10.2 and 4.6.10.5, and shown in Figs. 4.138ff and 4.155a. The spinneret capillary
diameters lie mostly between 60 and 150 urn, and the hole spacing is of the order of 0.5 mm. The
spinning filter has a fineness of 5 .. .10 urn.

4.15.2.3 Drawing and Extraction Baths

The materials of construction and constructional details are the same as those pertaining to Fig. 4.336.
The bath liquid must flow in the same direction as the yarn or tow travel. The drawing and washing
(extraction) baths differ only in the manner of the tow immersion (Fig. 4.343):

A) The tow from the last delivery roll (a) is either hydraulically depressed vertically by two rolls (c) or by
two rolls on pivot arms (d). In operation, the resultant tow forces on the inlet and outlet roll must
point past the pivot points (as shown in the diagram) to make the system self-locking.

B) The last draw roll (a) and the corresponding pulling roll (e) are both submerged in the bath. (B2) and
(B3) show configurations for one and two drawing stages.

C) In a new process, the tow runs between the delivery roll and the pulling roll(e), practically touching



Figure 4.340 b
Solution spinning pump for fixed mounting, with molded
mounting bracket [33]

Figure 4.341
Pivoted spinning pump drive—principle
a) Spinning pump drive gear
b) Gear wheel mounted on continuous

machine driveshaft
c) Position stop (limiter), adjustable
J) Connection block (Figure 4.340)

the rim of the drawing bath. Immersion of the tow is achieved by having the liquid recirculation pump
(i) deliver at an extremely high throughput, so that the liquid level (c) is always a few mm to cm
higher than the tow, the excess liquid overflowing the bath at (g) being caught in the overflow tanks
(h) and returned to the pump (i). To prevent too strong a surge of water in drawing bath, an impact
plate (or similar) (j) can be fitted above the pump outlet.

While the above-mentioned baths are suitable for both wet drawing and extraction (the processes differing
only in the tow tension applied), the baths below can only be used for extraction or washing.

Figure 4.344a shows the principle of a frequently-used tow washer. Successive washing tanks are
raised in the direction of the tow travel, so that they overflow counter-currently to the tow travel. The

pressure side

,(outlet)
inlet

(minj
30



Figure 4.342 Spinning nozzle with quick-fit screw connection (B), candle filter (J) and spinning pipe and spin pack
(b); spinning nozzle configuration is for either shallow- or deep bath spinning [24]

tow is squeezed to remove excessive water on leaving each washing tank. When clean washing water
is added to the last (i.e., tow outlet) tank, the solvent accumulates in the first (tow inlet) tank, from
where it can either be sent back to the spinning bath or to solvent recovery.

• Figure 4.344b shows how tow can be extracted by running through a washing bath located between
two squeeze rolls (wringers). The bath water flow is as per Fig. 4.344a.

• Figure 4.344c illustrates a tow washer employing a suction drum. The washing water is sucked into
the drum through the tow, from where the water flows into the recirculation pump and back into the
bath. The tow can also be sprayed above the suction drum.

• Figure 4.344d shows a spray washer, used particularly for thin tows. The tow runs over a series of
parallel upper and lower rolls, and is sprayed with water from above.

• Figure 4.345 shows a combination machine which simultaneously draws and extracts the tow. At the
exit of the coagulation bath of the wet spinning machine, a washer having 10 or more compartments
is added. The speed of the rolls (and wringers) is progressively increased in steps from beginning to
end (incremental drawing). For normal tow sizes, the lower rolls are free-running. Drawing increases
the wringing effect, and the simultaneous washing and drawing process is said to be particularly
effective.

4.15.2.4 High Throughput Wet-Spinning Machines

These large spinning machines are used for spinning Acrilan® (PAN in DMAC) [323], Dolan® (PAN in
DMF) [326], Courtelle® [324], Beslon® (PAN in ZnCl2/water) [325] and Kashmilon® (PAN in HNO3)
[327]. Polyaramids, such as, e.g., Kevlar® and Twaron®, are wet-spun as solutions (n-H2SO4) and further
processed as above.

view A

bent 2°30
from here on

door-1

door-1



Figure 4.343 Q
Tow path through drawing baths—principles
A) Immersion bath with immersed transport rollers
Bl) Immersion bath with underwater feed and draw rolls
B 2, B3) As per Bl, but with sextets for drawing
C) Overflow drawing bath

a) Feed roll for h) Bath supply
b) Tow (beneath c)) i) (strong) centrifugal
c) Immersion roller or pump
d) Pivoted immersion roller v ) Bath level
e) Take-off roll R) Resultant force (self-locking)
f) Filter j) =(= flow deflector plate
g) Overflow

In the schematic wet-spinning and further-processing line shown in Fig. 4.346, the coagulation bath
(A) is followed by one or two drawing baths (B and C), which are followed by a series of extraction/
washing baths (G, H, etc.). After application of spin finish, drying and stuffer box crimping, the tow is
(mostly frequently) packed for later processing on a converter or (less frequently) shrunk by heat-setting,
cut to staple length and baled. If the required number of consecutive baths (G, H, etc.) becomes too large,
and the following washing and extraction stages consequently take up too much space, the baths can be
folded into a 3-storey arrangement (Fig. 4.347). The tow emerging from the drawing baths on the ground
floor is diverted towards the spinning machine on the first floor, after which it is again diverted to the next
floor and emerges from the last washing bath running in the original direction.

Unless contradicted in this section (4.15), the individual further processing stages are the same as
those used in melt spun staple fiber production. Figure 4.348 shows such a line having four spinning
positions, the individual tows from which are plied and drawn in three stages, extracted using a suction
drum washer, post-stretched and then dried at constant length on a tension-controlled calender. After two
double-sided spin finish applicators, there are 6 steamers and 6 stuffer box crimpers (because of the
extremely thick tow), after which the tows are transported to 6 tow packers. If the drum dryer were to be
replaced by a suction drum or conveyor dryer with meandering lay, the tow residual shrinkage would be
very low. Similarly, the tow packing line can be substituted by staple cutters and bale presses.

In this case, the contact dryer/calender rolls each have a diameter of ca. 900 mm; a suction drum
dryer would have rolls of diameter 1400 mm. Typical drying temperatures lie between 130 and 1500C.
The speed of the dried (uncrimped) tow is generally 45 .. .55 m/min.

High bulk PAN yarns are made by intimately mixing 40. . .60% fully-shrunk PAN staple with
60.. .40% high shrinkage PAN staple at secondary spinning. Such yarns are mainly used for knitting.

A Bi

B2
B3



Figure 4.344 Tow path through extraction or washing baths (which are also suitable for spin finish application)—
principles—simple dipping bath as in Figure 4.343A
a) Deep washing baths, with gravimetric fluid flow from right to left; tow passage is from left to

right.
b) Simple immersion washing with squeezing rolls between baths [318] Roll length for 1.5 x 106

dtex: 400 mm; for 3 x 106dtex: 750 mm; drive power: ca. 0.5 kW/106 dtex
c) Suction drum washing, with spraying and squeezing [295]
d) Spray washing with partial immersion of the lower rolls

a Spraying system e Pump
b Upper rolls (driven) / Bath level (adjustable)
c Lower rolls (idling) g Vapor venting
d Sump discharge

The high bulk is developed by heat-setting the secondary spun yarn, when the high-shrinkage component
shrinks, causing the pre-shrunk filaments to form (over-length) loops.

4.15.3 Aftertreatment Lines for Dry-Spun Tow

The same further-processing lines are used as for wet-spun tow, except that the coagulation bath is
replaced by a can creel, as dry-spun yarns are mostly deposited in cans (Section 4.13.4).

Undrawn dry-spun PAN in the can still contains ca. 9% DMF. As in melt- and wet-spinning, the tows
are plied to form a broad sheet, which then passes through drawing, extraction, drying, crimping, heat-
setting, etc., and is finally packed as tow or baled as staple. The tow speed is not, however, limited by the
wet-spinning process. After drawing, speeds of up to ca. 120 m/min are possible, but most processes run
at only 80. . .90 m/min, limited by the speed through the processing baths. The draw ratio required for a
dry-spun tow can often be larger than 1:4; this must be taken into consideration in machine design.

The high DMF content of 7 .. .15% in the undrawn tow can only be reduced to ca. 4 . . .7% after
passing through the first drawing/washing bath. It therefore becomes expensive to recover DMF from
subsequent baths by evaporation. As fine filaments (down to a final single titer of 0.5 dtex) can be

a) b)

c) d)



Figure 4.347 Three deck arrangement of further-processing baths

produced by dry-spinning, the post-drawing stage sometimes used in wet-spinning to produce fine
filaments, can be omitted. Dry spun filaments, even without thermal treatment, are bulkier than wet-spun
filaments; this must be taken into consideration at take up in cans, fiber transport and baling.

4.15.4 Solution Wet-Spinning of Multi- and Monofilaments

Wet-spinning of continuous filaments requires special designs in order to achieve economic throughputs
at small machine size. The excessively long further-processing stages need to be converted to something
more manageable. The spinning pumps, spinning pipes and spinnerets shown in Figs. 4.339 and 4.342

Figure 4.346 Configuration, yarn path, bath flow direction and required piping [24]

Figure 4.345
Combined drawing/washing
machine for PAN tow (incre-
mental drawing)
1, 7 Squeezing rolls

(pneumatically pressed)
2 Driven rolls
3 Heater
4 Driven rolls
5 Vapor vent connection
6 Tow guides
8 Direct steam injection

Sb.

Wb.

A B C G H



Figure 4.348 Wet spinning—and further-processing line for PAN tow [295]
Space requirement: ca. 170 m x 10 m x ca. 5 m high
1 Four wet spinning machines 6 Tow drying
2 Three stage drawing 7 Spin finish, double sided
3 Tension and speed control 8 Steaming and stuffer box
4 Tow washing (see Figure 4.344c) crimping machine
5 After-drawing 9 Tow packing machine

can be used here. Even if the pumps and spinnerets are staggered, the threadline pitch remains ca.
100 mm.

As the spinneret hole-to-hole separation in multifilament spinning needs to be only 0.5.. .1 mm,
much smaller spinnerets can be used. A spinneret plate of 10.. .14 mm diameter permits up to 80. . .100
capillaries. Here the usage of the spinning pump and spinneret assembly shown in Fig. 4.349 is
recommended; this employs one 4-fold pump and has a spinneret pitch of 30 mm. If the spinning pipe
heating and the feeding of a second solution component is omitted, the spinneret pitch can be reduced to
ca. 24 mm. The spinning pipes can be individually pivoted upwards, but individual solution flows cannot
be switched off. For this reason, the coagulation bath should have a spinning start-up trough (as in Fig.
4.336).

If the threadline-to-threadline pitch is too large for further processing, the filaments can be taken out
of the coagulation bath, either by using a grooved roll having the groove pitch equal to the desired
threadline pitch, or a form of tow stacker can be used, as shown in Fig. 4.306. In this way, monofilament
warps of 4 to 6 mm yarn pitch or 120 dtex multifilaments of 8. . .10 mm pitch can be assembled for
further processing.

An example of a washer for a parallel warp is shown in Fig. 4.350; here all rolls must be aligned
parallel to one another. If, however, each vertical pair of rolls is inclined towards the other, up to 4 parallel
filaments per roll pair can be handled independently of the others. By using a number of wraps around the
rolls, the filaments can run onto the rolls at the rear, traverse across the roll width, and exit the roll front as
a group.

If the drawing- and yarn tension behavior during processing is not known, a free-running roller
system (Fig. 4.351) can be employed. Each filament, however, must be able to withstand the yarn tensions
arising. One or two filaments are wrapped around the grooves in the upper- and lower free-running rolls;
they advance one pitch sideways after every wrap and are taken up. Nelson rolls, well-known in viscose
spinning, can be used in treating single yarns (Fig. 4.352). The yarn is spun from the spinneret (1) and
taken over the rolls (2) onto the inclined rolls (3), where the small angle of inclination causes the wraps to
advance along the axis of the rolls. The yarn passes through the funnel (11) and is taken up in the
centrifugal spinning pot (12), from where it is later rewound. In the extraction bath (4), pumps spray the
yarn from above the upper rolls. The water runs down the filaments, with an intensive washing action
occurring on the washing boards (5). If the longitudinal rolls are provided with axial slits (Fig. 4.200F),
each zone can be treated as a separate bath, and a drying head can be fitted at the end of the shaft.

Using rolls of 150 mm diameter 800 mm apart and inclined at 3 °/0.3 °, a yarn path of 170 m per 1 m
roll length can be obtained.

1 2 3 4

5 6
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Figure 4.349 Pump and 4 spinning nozzle aggregate for the wet spinning of multifilaments or, here especially,
hollow fibers (with additional core fluid-dosing according to the bicomponent C/S process; spinneret
diameter 16 mm; 4-fold spinning pump; with jacket heating of the spinning nozzles [24]) (Fourne
Maschinenbau)

If the filaments suffer a length change during processing, only a parallel roll system containing many
rolls can be used for the washing and drying unit. The roll speeds must be finely adjustable, either singly
or in groups (see Fig. 4.344d).

Figure 4.353 [313] shows another possible method of transporting the filament wraps sideways. Two
cage rolls, inclined to one another, mesh in such a way that the lands on opposite sides of the two rolls
protrude, pushing the filament wraps towards the front of the roll, from where the yarn is taken up onto
another roll to be dried or wound up. This system has not, however, been used since ca. 1970.

Figure 4.354 shows a layout for spinning 16 hollow filament yarns from polyethersulfone. A solution
of the polymer in DMAC is introduced at (a) and stored in (b). The solution is extruded from four 4-
aggregate spinnerets (e) through a ca. 400 mm long inert gas zone into the coagulation bath (c), which is
topped up with coagulant from (d). On emerging from the bath, the filaments are brought closer together
by a grooved roll (f), are taken up by the trio (g) and are drawn approximately 1:2 in the liquid drawing
bath by a second trio (i). The filaments are washed in (j) and dried as a warp in the hot air recirculating
oven (k) before running over a tension-regulating trio (1) to be wound up on a hank winder (m). The take-
up speed is between 10 and 13 m/min at (g) and 20. . .25 m/min at the trio (1). The coagulation bath (c)
consists of a 50: 50 mixture of DMAC and water.



Figure 4.351
Free-running yarn roller reel for extremely long
yarn paths [24]
left: reel configuration
right: constructional details of yarn roller

Figure 4.350
Yarn washing machine with yarn warp spraying from above
[24]
a) with parallel upper and lower rolls for one warp
b) with lower rolls angled relative to the upper rolls, for 1

to 4 parallel tows per roll pair
a

b

door-1



Figure 4.352
Continuous aftertreatment of 1 (or 2) yarn(s)
according to the "Nelson" principle

1 Spinneret
2 Take-off rolls
3 Inclined rolls with yarn displacement
4 Washing bath plus heater
5 Washing board in yarn path

11 Yarn funnel
12 Centrifugal winding pot with drive

Figure 4.353
Sideways yarn wrap transport on two mutually
inclined reeling rolls (Industrial Rayon Corp.)

Figure 4.354 Solution spinning machine for hollow filaments ([24]; Fourne Maschinenbau)
a) Solution preparation tank and air separator g) Take-up stand
b) Solution storage tank K) Hardening bath
c) Spinning bath /) Drawstand
d) Core fluid storage tank and dosing j) Washer
e) Spinning pump and spinneret packs k) Recirculation air drier

(16 spinnerets in a width of 600 mm) /) Tension control
f) Collection take-up m) Hank winder (for modules)



Figure 4.355 Hank winder [24]

A hank winder should ideally be driven by a soft-torque motor to even out the differences in speed
between the center and edges of the hank; it also needs a long, vertical slotted yarn guide (Fig. 4.355,
[24]).

4.16 Piston (Rod) Spinning Units

Piston spinning is used when the melt or solution cannot withstand shear forces, when spinning is done
by the sinter-extrusion process or when only very small sample quantities are available for spinning.

4.16.1 Spinning of Very Small Quantities

Filaments can be spun from even small quantities of polymer produced in laboratory syntheses. From
10 g of polymer, ca. 800.. .900 m of undrawn 100 dtex yarn (or ca. 3000 m of drawn 30 dtex yarn) can
be produced. This length of yarn can be knitted into a ca. 5 m long sock on a circular knitting machine
for dye uptake- and textile testing. Even the smallest extruder spinning head must first be filled before any
extrusion can be performed; this small filling quantity remains in the head after extrusion (Table 4.52).
The smallest available rod spinning device, however, retains only ca. 1 cm3 of melt or solution at the end
of extrusion, and operates practically without shear or mixing. Available sizes vary from ca. 150 cm3 to
2 dm3. They can be heated up to 350.. .500 0C and operate at maximum pressures of 100,400 or even up
to 1000 bar. As shown in Fig. 4.356, a reluctance motor drives, via a worm drive, a spindle having a
motion thread (taper or trapezoidal threads). Attached to the spindle is a tight-sealing piston, which is
driven down the heated cylindrical bore to contact the molten polymer or solution. Above the spinneret



filter there are sensors for melt temperature and pressure. Molten polymer or solution below the piston is
extruded through the spinneret to form filaments, which are cooled or coagulated, etc., as required. The
extrusion rate Ex is given by:

Ex (g/min) = Spindle feed [cm/min] x Cylinder x n/4 x <Pmeit [g/cm33-

The throughput must be checked by weighing, as the granulate (bulk density ~ 0.7 g/cm3) is compressed
during melting. These spinning devices can obviously only be operated batch-wise.

Table 4.52 Minimum Volume to Fill Extruder Spinning System(= waste) [338]

Extruder screw diameter Spinning pump Spinneret diameter Minimum volume to fill system
mm cm3/rev mm cm3 (ca.)

10 0.6 32 34
13 1.2 42 44
18 1.8 52 75
22 2.4 52 96
25 3.3 64 130
30 4.5 80 180

This process can also be used for spinning hollow filaments, bicomponents and multicomponents (see
Fig. 4.357); in this case, the "dead" volume is somewhat larger. The advantage here, though, is that no
abraded metal—not even traces—comes into the melt; this is, e.g., important for optical fibers.

Figure 4.356
Piston spinning apparatus for spinning
extremely small quantities of material (Polymer
or solution, > 10 g up to max. 2 1) (Fourne
Maschinenbau [24])
a) Reluctance motor
b) Hollow shaft worm drive
c) Spindle nut
d) Spindle
e) Piston (plunger)
f) Spinning cylinder
g) Spinneret
h) Melt pressure transducer
/) Melt temperature sensor
j) Heating collars
k) Filling funnel (removable)



Figure 4.357
Bicomponentspinning head for two piston
spinning devices [24]
a) Piston spinning device
b) Distributor head
c) Electrical heating
d) Insulated housing
e) Bicomponent spin pack

4.16.2 Ram Extrusion [330]

Ram extrusion is, in principle, the same as piston extrusion, but the devices are larger, having extrusion
volumes of up to 30 1 per 1 m cylinder length. They are used particularly for the extrusion of PTFE, gel
solutions, pitch and—in smaller amounts—PA. Depending on melt viscosity, pressures of up to 800 bar
may be required, e.g., for PTFE sinter-extrusion, where the viscosity can reach 1010 Pa x s.

In Germany, two ram extrusion machine types are produced, one having a vertical [331] and the other
a horizontal cylinder [332]. The internal diameters are ca. 200 mm and the stroke lengths ca. 2000 mm.
Both are hydraulically driven. For reasons of wear and corrosion, 1.4550 steel (=AISI 347) or St52
(internally hardchromed or—better still—chemically nickeled) are recommended. The piston, mainly
made from gunmetal (red bronze) or, better, from forged sinter bronze, has a play of ca. 0.1 mm for small
diameters and up to 0.3 mm for large diameters.

For temperatures up to ca. 220 0C, the cylinder is heated either electrically or by thermal oil. Electrical
resistance heating cuffs are used up to 340 0C, and for temperatures up to ca. 600 0C, electrical resistance
heating rods are cast into special brass. If, in the case of large ram extruders, the same polymer is always
used, one need not be so concerned about complete extrusion of the total volume. Instead, a flow
distributor (displacement body) should be fitted close to the spinneret to improve the melt temperature
uniformity.
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5 Special Processes and Plants

In addition to the processes and plants for producing man-made fibers and filaments described in
Chapters 2 and 4, new products and processes are continuously being developed to meet particular
requirements related to polymers, production or the properties of the end products, among others.
Examples here are the short-spinning process, bicomponent spinning and micro-, super micro fibers and
carbon fibers. Also, many "high tech" fibers are spun in such small quantities that laboratory or pilot-
sized plants are more than adequate. While 11/24 h carbon fiber is a large production rate, the required ca.
2t/24h PAN fiber precursor is a very low production rate for PAN, which nevertheless needs to be
produced on a special plant. For medical application, special fibers are produced at a rate of only a few
kg/24 h; the same applies for optical fibers. As a compilation of special processes could include as many
types as one likes, and as many new processes are continuously being developed, only certain processes
and plants are discussed as examples in the sections below.

5.1 Short-Spinning Processes

The development of an improved filament cooling process quickly led to plants utilizing the shortest
cooling length, so that today a cooling length of ca. 20 mm suffices for polypropylene, a poor heat
conductor, spun at ca. 30m/min. This led to single storey spinning plants. This also applies to fine single
titer polyester, which can be spun at 1700m/min using a cooling length of 200 mm. The very low
polypropylene spinning speed is compensated by having a very large number of holes per spinneret (to
date, up to 90000), so that comparable throughput can be obtained relative to the high speed process.

There are two processes for this very low spinning speed: the upwards-spinning process for
polypropylene [1], (Fig. 5.1) and the downward spinning process employing an extremely short cooling
length (Fig. 5.2), [3, 6]. Similar compact spinning processes have also been developed for spinning
speeds between 400 and 700m/min [4].

Fig. 5.1 Compact staple fiber melt spinning plant, with upwards take-off from the spinneret [1] (only for PP)
1 Filament extrusion 5 Draw rolls (output)
2 Spun yarn take-up and cooling 6 Stuffer box crimper
3 Draw rolls (input) 7 Take-up can for crimped tow
4 Hot air drawing oven



Fig. 5.2a Compact staple fiber spinning plant from Automatik [3] for PP, PE, PET and PA, 1.1 to 70dtex per filament (see Table 5.2)—no longer built. 1 Polymer and
masterbatch dosing and mixing unit, 2 Spin extruder (sized according to spinning capacity), 3 Spinning system comprising spinning beam, spinning pumps and drives, 4a.
Slit quench system, 4b. Spin finish applicator, 5 Monomer fume suction, 6 Control cabinet, 7 Machine frame, 8a Plying of spun tows, 8b Draw rolls (quintets or septets,
depending on duty), 9 Hot air drawing oven (predominantly using hot air, but occasionally also using superheated steam), 10 Spin finish application, 11 Tow stacker, 12
Stuffer box crimper, 13 Drying and heat setting, 14 Staple cutter, 15 Pneumatic transport and condenser, 16 Bale press. The version above, right represents a simplified
arrangement for polypropylene. The total length of this plant is ca. 50 m. The lower (detailed) version represents a plant for processing recycled PET bottle polymer, and has
a length of ca. 76.9 m

fibre line baler

compact spinning plant

Space for tow
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space for'
flap
operating



Fig. 5.2b
Section through spinning machine [3]

5.1.1 "Automatik" Compact Staple Spinning System for PP, PE, PA and PET,
Combined with a Fleissner Drawing and Crimping Line [3, 5]

These plants are similar to the configurations shown in Fig. 5.2. They have from 4 to 16 spinning
positions. The spinning machine is standard from the extruder to the underside of the spinnerets, the
difference lying in the spinnerets specified in Table 5.1. The highly turbulent, short quench, located
immediately below the spinneret, corresponds to that shown in Fig. 4.172. The air velocity is sufficiently
high to adequately cool even the filament row furthest from the quench; up to 50 or 60 such filament rows
can be quenched. The spin finish is applied by means of a finish lick roll, after which the spun tow is
transported horizontally, stretched between two drawstands in a hot air oven, crimped, dried, heat set, cut
to staple length and then baled.

Depending on the single filament titer, such a line has a throughput of 35 . . . 90 kg/h/spinneret. The
fiber titer variation coefficient of such a line is 13 . . . 15%, somewhat worse than the 9 . . . 12% obtained
from a conventional 2-stage process, but for many applications the two qualities can be considered to be
equivalent.

In the case of PET, the strongly asymmetric cooling results in a side-by-side morphology of the
individual filaments. As a consequence, tenacities of only ca. 3.5 g/dtex can be achieved, in contrast to the
4 . . . 5 g/dtex obtainable via the conventional route. HMHT PET fibers for cotton-type cannot be
produced using this route.

PIRC
TIRC

spin pack monomer
exchange aspiration

spin finish



Table 5.1 Technical Details of the Automatik Compact Staple Spinning Machine [3]

Polymer PP PET PA Dimensions

Single filament titer range (drawn) 2.2. . . 200 3 .3 . . . 35 3 .3 . . . 50 dtex

Final take-up speed 150... 200 150... 200 150... 200 m/min
Holes per spinneret for finest titer 60000

3 dtex 32000 32000 32000
6 dtex 15000 15000 15000

16 dtex 7000 7000 7000
Max. throughput 3 5 . . . 80 3 5 . . . 80 3 5 . . . 80 kg/h/spinneret
Energy consumption: spinning 0.18 0.22 0.22 kWh/kg staple

drawing, crimping, cutting 0.19kWh/kg + 1.2 kg/kg steam
Dimensions (12 spinning positions, L x W x H [m])

spinning section £«10x2.2x3.3 m
drawing, crimping, cutting, baling (40. . . 50) x 3 x (2 . . . 3) m

Spin dyeing can be performed by, e.g., dosing masterbatch into the granulate or by the use of a
sidestream injection extruder. The small spinneret capillary pitch permits bicomponents to be spun only
from polymer mixtures; no "constructed" bicomponent cross-sections are possible.

At the same spinning beam pitch, annular spinnerets enable 30 . . . 40% more capillaries to be
obtained. The fiber quality achievable is the same for both spinneret types.

5.1.2 "Barmag" Compact Staple Spinning System for PP, PE and PET [152]

Although similar to the above Automatik system in layout, there are considerable differences between the
two systems. In order to obtain higher throughputs, the spinning extruder can be subdivided into a
melting extruder, a metering extruder and an additive injection extruder (Fig. 5.3). The melt is mixed in a
3DD mixer (Fig. 4.73c) and filtered in a large area change filter (Fig. 4.129) before being pumped to the
spinning beam. Two spinning positions (=2 spinnerets) can be supplied by a double stream spinning
pump (> 2 x 60 cm3/rev). In each spin pack, the melt is hydraulically split into two streams, which go to
the front and back filament rows respectively (Fig. 5.4). Textile physical properties achievable using
this line are given in Figs. 5.5 for PP, 5.6 for LLDPE and 5.7 for PET [153]. The tenacity increases with
draw ratio and decreases with MFI (i.e., increases with [rj]), while the elongation decreases with draw
ratio and increases with MFI. Recycled bottle grade PET (^0.72IV) yields higher tenacity and
elongation than virgin granulate of ^0.63 IV.

5.1.3 Other Compact Spinning Plants

Many manufacturers of plastics machines have been able to convert their monofilament and film
extrusion machines to the relatively simple staple processes and plants described above, particularly for
polypropylene. The "Mackie" spinning line (Fig. 5.1) [1] illustrates how easily PE and PP can be spun
"upwards", particularly for single filament titers of 3 . . . 20 dtex.

In the Fare compact staple spinning plant, the filaments are extruded downwards, rapidly cooled,
dressed with spin finish, then led horizontally to (possibly) two stage drawing. For spinning
400 . . . 3000 dtex PP high tenacity (up to 8 g/dtex) multifilament, the spinning beam, of 8 . . . 12 positions,
is placed at right angles to the yarn running direction. Before the first (take-up) septet, the yarns are
brought together to form a warp of ca. 20 mm yarn pitch; these are then drawn in 2 stages, spin finish is
applied and the drawn yarns are wound up on tension-controlled winders at up to 400 m/min.



Fig. 5.3 Process schematic of compact extruder spinning system of Barmag, having a cascade extruder and
masterbatch addition via a side stream extruder into the mixing zone of the main extruder [152]. Fixed and
variable process parameters are shown

Fig. 5.4
Spin pack for spinning plant shown in Fig. 5.3 [152]
a) Melt entry port
b) Melt distributor canal
c) Melt distributor plate
d) Filter package
e) Distributor plate
/ ) Spinneret
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Fig. 5.7 Textile physical properties of PET fibers spun on a Barmag compact spinning plant [152]
a) Virgin PET (new polymer)
b) PET bottle chips (recycled)

Meccaniche Moderne [9] offers a similar compact spinning line (Fig. 5.9), but only fitted with
annular spinnerets. The short quenching is illustrated in Fig. 5.8. After being quenched from inside the
bundle to outside by an annular jet, the filaments pass vertically downwards through a long path in free
air before being divided into 2 bundles, each of which passes over a spin finish lick roll before being
taken up by a horizontal godet close to the ground, and transported as a tow to further processing.

draw ratio draw ratio bottle PET

Fig. 5.6 Textile physical properties of LLD PE fibers spun on a Barmag compact spinning plant [152]

draw ratio draw ratio LLDPE

Fig. 5.5 Textile physical properties of PP fibers spun on a Barmag compact spinning plant [152]

draw ratio draw ratio PP
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Fig. 5.9 8 position compact staple fiber spinning plant of Meccaniche Moderne [9]

Fig. 5.8
Filament quenching and take-up system of a Meccaniche Moderne
compact staple fiber spinning plant [9]
a) Annular spinneret / ) Spin finish applicator rolls
b) Annular filter g) Take-up godets (roll)
c) Slit quench h) Spun tow transported horizontally to
d) Filaments drawing section
e) Quench air supply



5.1.4 Compact Staple Spinning Plants for Take-Up Speeds up to 2000m/min

As a result of developments in quench chamber technology, it is possible to cool and solidify 2 dtex p.f.
PET filaments at 1700m/min and PP filaments of the same dpf at up to 500m/min using laminar air flow
and a quench length of 0.4 m (Fig. 3.18). If one accepts turbulence—which is allowable for fibers—the
cooling length can be halved.

Based on this, a PET staple fiber tow spinning machine can be constructed according to Fig. 5.10
having a height of 2 m between the spinnerets (which have a ca. 2 mm hole pitch) and the floor. The
quench cabinets are as in Fig. 4.165E. In the first 100 mm below the spinneret, the quench air flows from
the service side backwards through the filaments into an exhaust duct, which also serves as a monomer
aspirator. In the next 100 mm, the quench air flows towards the front, into the room. Using an air velocity
of about lOm/s in both directions for 1.75 final dpf PET, about 120... 130kg/h can be cooled. The
spin finish lick roll is about 450 mm lower down, and about 400 mm above the floor, driven transport
godets transport the tow horizontally to a can take-up. The whole configuration can be fitted into one
storey.

Figure 5.11 shows a PP staple fiber compact production line [11] for converting granulate to finished,
cut staple fiber in one step. The extruder (1), spinning beam with spinning pump drive (2), quench cabinet
and short interfloor tube (3), spin finish application (4) and horizontal tow transport are as for a normal
PP staple spinning machine. The double-sided spinning line has 6 rectangular spinnerets per side, each of
2000 capillaries. When spinning at 1500m/min, the throughput is 6.4t/24h at 1.25 final dtex p.f. and
20...25t/24hat5dtexp.f.

Fig. 5.10 Single storey staple fiber spinning plant for PET of 1 . . . 3.5 dtex per filament (final) titer, at
1500 . . . 1900m/min take-up speed (undrawn)
a) Spinning beam d) Quench (forward-blowing)
b) Spin pack e) Roll spin finish applicator
c) Quench according to Fig. 4.165E f) Transport godet (roll)

On both machine sides, the assembled yarns are drawn using 3 induction heated godets, after which
the 2 yarns are texturized in a common BCF jet (Fig. 4.286 [H]), are laid on a cooling transport conveyor
(Fig. 5.12) and then are taken up and cut in a high speed staple cutter (as in Fig. 4.320). The throughput
of these machines is limited by the maximum speed and titer of the BCF jets. The texturizing is 3-
dimensional.

door-1



Fig. 5.11 Compact high speed spinning staple plant of Neumag [11] having air jet texturizing and high speed
cutting, for up to 2000 m/min
/ Spinning extruder 5 Drawing stage, with heated duos
2 Melt manifold 6 Airjet texturizing
3 Quench cabinet 7 Tow cooling
4 Spin finish 8 High speed staple cutter

Fig. 5.12
View of the last two draw roll
duos, high speed stuffer box
crimper and take-away conveyor
for the crimped tow, at
1800 m/min (Pos. 5 and 6
in Fig. 5.11 [4])



Fig. 5.13 Coarse titer staple fiber spinning plant for 40 to ca. 400 dtex per filament, with water quenching (Fourne
[14])
a) Spinning extruder /) Underwater guide or roll
b) Melt filter g) Vacuum for water removal
c) Spinning beam, with h) Take-up quintet or septet
d) Spin pack for toploading /) Drawing bath I
e) Water bath

With increasing dpf, stuffer box crimping becomes coarser and less effective. For dolls' hair and wig
production, coloration is added as masterbatch either to the raw white granulate or via a side-stream
extruder into the first third of the compression zone of the main extruder, where it is well mixed by means
of a screw mixing torpedo. The ca. 1000 dtex B 2 drawn yarn is taken up on a winder, after which the yarn
is rewound onto copses (the diameter of which later determines the curliness of the hair) and heat set in
saturated steam. Special sewing machines are used to sew this yarn into dolls' heads or wig backing
material.

The multifilament yarn can also be continuously wound with sideways displacement on a heat setting
tube (Fig. 5.14), which has approximately the same diameter as the hair curl. After heat setting and
cooling on this tube, the set yarn slides off the tube in the form of a coil, which is later used on the special
sewing machines [14].

This spinning process has been further developed to produce high tenacity yarns [15]. The water
cooling bath should be at <60°C, and the spinning speed is 50m/min. The first septet has a surface
temperature of between 100 and 150 0C, and must be able to heat the yarn to above 100 0C. In a hot air

5.1.5 Compact Spinning Machines for Coarse Filaments and Fibers

The melt spinning methods utilizing air quenching are uneconomical for >60 final dpf and/or for
< 300 m/min take-up speed, i.e., for V [m/min] x [dtex] ^ V [m/min] x 10 x *JD [/mi] = 30000. Coarser
filaments of up to ca. 150 dtex can, however, be spun on compact spinning lines using either short
cooling lengths or by means of upwards spinning. Coarse filaments and fibers can also be spun
according to a water-quenching process by Fourne (1962 [14]). By this means, dolls' hair, e.g., of
25 . . . 30 dpf (PA 6 spun-dyed) or fibers for needle-punched carpets, predominantly of 50 . . . 300 dtex
spun-dyed, can be produced.

The very simple spinning and take-up process is shown in Fig. 5.13. Granulate transport, extruder,
spinning beam and top-loading spin packs are standard execution. The spinneret hole to hole distances
should not be less than 10 mm for 30 . . . 60 dpf and not less than 15 mm for 70 . . . 100 dpf. After drawing,
the take up speed can be 150... 200 (possibly up to 300) m/min for 30 dpf and 120... 180 m/min for
100 dpf, for PP, PA6 and PET. A 160 mm diameter spinneret has, for 60 dpf, ca. 120 holes and has a
throughput after drawing of ca. 160 kg/24 h/spinneret at 160 m/min [13].



Fig. 5.14
Continuous hair curling machine for
man-made doll's hair [18]

circulation oven between the first and second septets, the PP yarn is drawn at least 6 times. After this, the
yarn runs over cooled godets, followed by a hot air oven which brings the yarn temperature to a few
degrees below the crystallite melting point, after which it is again cooled, dressed with spin finish and
taken up by individual winders at 200. . . 300m/min.

5.1.6 Compact Spinning Machines for Filaments

As for staple spinning lines, it was next attempted to run the threadlines of a continuous filament spinning
machine horizontally after passing through the quench chambers. An example of this is the "ECOFLEX"
spinning machine ([16], Fig. 5.15). After ca. 1.2 m of vertical cooling, 8 to 16 multifilament yarns per
spinning position are led horizontally (or vertically, at a slight angle) by means of a long godet. After spin
finish application, the yarns pass to a second godet set, then travel vertically downwards to the high speed
winders. The throughput of such a 4-position line spinning 8x167 dtex/position at 2700 m/min POY
speed is ca. 3000 kg/24 h. The spun yarn can be directly processed at drawtexturizing.

Further developments, however, led to vertical high speed spinning machines, possibly having a
folded yarn path, for 1 . . . 8 threadlines per position, sometimes having 2 godets, with 1 or 2 high speed
winders per position. At 3400 m/min, a 167dtex final titer PET threadline has a throughput of ca.
5 kg/h/spinneret. Figure 5.16 shows the present-day technical standard of such a godetless POY machine
[152]. In this configuration, all spinning components are conventional; the machine has a short quench
and is fitted with 6000 m/min rotary traverse revolver winders. The spinning beam has vertically-driven
spinning pumps and self-sealing, bottom-loading spin packs as per Fig. 4.146. The spinnerets are located
vertically above the spun yarn packages, so that there is no deliberate bend in the threadline path; the total
height of the machine is less than 5.2 m.

Figure 5.17 [19] shows a cross-section of a commercial production machine having a typical
configuration and number of spinning positions. The bottom of the spinning beam is only 2.40 m above
the winder floor. The quench has a length of 450 mm, and each spinning position has 2 high speed
winders.

If inductive heated godets or duos are added to these machines, an FDY machine results; an example
is given in Fig. 5.18. Depending on polymer, final titer and yarn specification, the machine may be fitted
with 2 to 4 drawing stages. At 2000... 2500 m/min winding speed, the capacity is ca. 20 . . . 50kg/h/8
spinnerets. The total machine height of 3.7 m permits installation in a single storey building. Mirror
configurations are possible [86].

Similar machines for 300. . . 3000 dtex are produced in the USA [20, 21]. Such a machine produces
ca. 86kg/h yarn when spinning 1000 dtex flat yarns, has a nominal inverter power rating of
195 kW + 75kVA, uses ca. 1.2Nm3/min compressed air at 7 bar and requires HOOkg/h cooling water.



Fig. 5.15 Compact POY filament spinning plant of type "ECOFLEX" of Didier Engineering [16] for PET at
2 5 0 0 . . . 3500m/min take-up speed
a) Crystallizer (Fig. 4.63) g) Four position quench
b) Column drier (Fig. 4.65) K) Take-up roll
c) Chip conveying i) Roll-applied spin finish
d) Chip silo j) Transport godet
e) Spinning extruder k) High speed winder
f) Spinning beam ( 2 x 2 positions, each of 8 . . . 16 J) Framework

spinnerets per position)

One to three color spin-draw-texturize BCF machines are also available in single storey configuration
(Fig. 5.19) [152]. The left hand side of the machine is that of a typical spinning machine comprising an
extruder, spinning beam, spinning pump drive and lick roll spin finish application. The spun yarns are
transported to a bank of BCF drawtexturizing machines on the right, similar to those in Fig. 4.197N. A
2-threadline BCF spin-draw-texturing machine of limited height and of a width of only 1.25 m is shown
in Fig. 5.20. It consists of an extruder spinning segment, the quench and a spin finish applicator system,
which is integrated into the right hand side of a BCF draw texturizing machine similar to that shown in
Fig. 4.197N. The machine has a total height of 3.10 m, including the extruder (h), and runs at a winding
speed of up to ca. 3000m/min.

There has been, for about 15 years, a trend towards spinning and processing machines having a total
height of less than 3 . . . 4 m, particularly for smaller plants and for speciality yarns; such machines cannot
always be found in the market place.

5.1.7 Film Tapes and Monofilaments

Both these products are only tangentially related to the production machines used in man-made yarns and
fibers in their finest titers and essential parts, therefore the reader is referred to the summarized
presentations given in [24, 25]. Such plants, in their post-extrusion sections, utilize air or water cooling
(as discussed above) to quench the fibers or yarns. Monofilaments are extruded into water, as described in
Fig. 5.13. According to the end product desired, these monofilaments are drawn 1 to 3 times, in a hot
water bath in the first drawing zone, and/or in all (other) drawing stages in hot air drawing ovens. They
are mostly wound up on winder banks using dancer-controlled winders [26, 15] at 160 m/min for 0.1 mm

door-1



Fig. 5.16
Compact POY spinning machine of Barmag
[152], having straight yarn path from spinneret
to winder
a) Spinning extruder
b) Melt distribution piping
c) Melt manifold
d) Spinning pump drive
e) Spinning beam
/ ) Spin packs
g) Quench cabinet
h) Spin finish applicators, yarn sensors, etc.
/) Revolver (turret) winder

Fig. 5.17
Compact PET POY spinning machine of Ems-
Inventa AG [19]
a) Spinning extruder
c) Spinning beam
d) Spinning pump drive
e) Quench cabinet
/ ) Spin finish applicators, yarn sensors, etc.
g) Traverse unit
h) High speed winder



Fig. 5.18 Compact FDY spinning machine of
Erdmann [86], having 8 threadlines, up to 4 drawing
zones and 2 threadlines per winder

Fig. 5.19 Single-storey BCF spin-draw-texturizing
machine of Barmag [152]

Fig. 5.20
Compact BCF spin-draw-texturizing machine
[87]
a) Spinning beam
b) Two threadlines (filaments)
c) Airflow restrictor inserts
d) Spin finish application
e) Yarn aspiration, yarn sensors, etc.
/ ) BCF drawtexturizing unit for 2 threadlines
g) Revolver winder
h) Spinning extruder

door-1



diameter and at 80 m/min for 0.8 mm diameter. Above 0.6, and particularly above 1 mm diameter, there is
the danger that certain polymers may develop vacuoles; these are lengthwise-stretched gas bubbles inside
the filament, and are not acceptable in terms of product quality.

Fine monofilaments, particularly of PET, having diameters of 40 . . . 160 jam are spun at 80 . . . 30 m/min
with air cooling and are wound up at about 5 times this speed. The required quench lengths can be
determined from Fig. 3.18. The processing lines should be designed for up to 400 m/min winding speeds.

Film tape lines are similarly constructed. Flat strips are extruded into water, are wrapped around two
water-cooled godets in an S-configuration or are extruded as blown film, cut and processed as a 2-layer tape,
in a similar way to monofil processing. Films are cut into strips, are fibrillated on needle rolls or, utilizing
the longitudinal grooves present in the film, are torn at drawing using the "Barfilex" process [152].

5.2 Bi- and Multicomponent Yarns and Fibers

By the term bicomponent or multicomponent, one understands fibers or yarns which comprise two or
more polymers of differing chemical constitution and/or physical properties and/or morphology, already
present during spinning, which are, in each filament, separable or inseparable, and are spun joined
together or parallel to one another. Mixed yarns, which first arise at twisting or at secondary spinning, do
not belong to this category. Bicomponent or multicomponent yarns can be produced in various ways:

Spinning from two or more spinnerets having separate melt delivery systems per spinning position.
An example is 2 or 3-colored carpet yarns.
Insertion of filaments into a spinning bundle from each spinneret, inside or below the quench cabinet.
An example would be the insertion of 2 to 3 graphite-doped, electrically-conducting filaments into a
bundle of 100 raw white or spun-dyed filaments per spinneret, for static-discharging carpet yarns.
Plying of many multifilaments from a corresponding number of spinnerets on the take-up godet, or plying
of these multifilaments at drawtwisting. In this plying process mentioned above, it is better to ply as soon
as possible, i.e., beneath the spinneret. The components must then have the same drawability.
Two or more molten polymers are brought together in or before each spinneret capillary and fused, so
that the single filaments of the finished yarn consist of at least two joined components. There are,
however, polymers where the fusion is so weak that the components split during drawing.
Hollow filaments having a later-removable inner component are also bicomponent filaments, while
hollow filaments spun from C- or (C)-spinneret capillaries consist of only one polymer.

The crimp of wool and cotton [34] arises from a biconstituent morphology. Reference [27] gives a
broad overview of the literature and reference [29] summarizes the patent situation. The oldest patent
[31] (1937) describes chemical fiber bicomponents. The spin pack used consisted of two identical
spinneret plates. Solution was extruded from the upper spinneret plate through a second solution
between the plates, both solutions emerging from the capillaries of the lower spinneret plate, a
principle which is nowadays only used for PAN bicomponents [32]. The first patent for bicomponents
from polymeric materials was for the nylon/copolyamide "Cantrece®" [33]. Meanwhile, many yarns
and fibers have been (and are) produced according to bicomponent methods, even when manufacturers
do not always make this explicit, as, e.g., in some PET staple production. On the other hand, a large
part of the PP S/S carpet yarn production has been terminated because the recovery and "wheel-
chair" resistance are inadequate in comparison with thermal-mechanical texturized BCF yarn.
Concentric hollow filaments, however, have enabled for the first time water purification, blood
dialysis and gas phase separation using fiber bundles.

5.2.1 Bicomponent Spinning Processes, -Spinnerets and -Filament
Cross-Sections

Here two or more polymer melts are kept separate up to the spin packs or even up to the spinneret
capillaries [28-30], and are then extruded through the capillaries to form filaments. Figure 5.21 gives a
summary, in tabular form, of filament cross-sections, longitudinal views, spinnerets, distributor plates and
the way in which the polymer canals are bored for the most important or most frequently occurring
bicomponent yarns.



Fig. 5.21 Bicomponent and multicomponent yarns: cross-sections, longitudinal views, spinnerets and capillaries
1) melt stream 1 a) t o / ) : examples of various bicomponent yarns
2) melt stream 2

Polymer 1 and polymer 2 extruded separately
from 2 capillary rows of a standard spinneret—or
from 2 parallel spinnerets—both having separate
pump streams (round filaments)

a

b 1

Side-by-side, regular (S/S-r), arising from 2 polymers joined together as melt

3-color: Fig. 5.30
4-color: Fig. 5.28

3 colors extruded from 3 spinnerets, each spinneret
having its own pump stream

{Continued on next page)
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Fig. 5.21 (Continued) Bicomponent and multicomponent yarns: cross-sections, longitudinal views, spinnerets and
capillaries

b

Side-by-side, irregular (S/S-irr). As per bl , but the polymer paths of melts 1 and 2 have been lengthened, possibly by
threads in the spinneret counterbore [36]
Polymer 1 Longitudinal view (exaggerated)
Polymer 2 Side view

polymer 1 longitudinal section
, (vertically exaggerated)

side view

d

Uniform skin-core (s-c) or hollow filaments, achieved by exact centering of the
core right up to the capillary exit. Eccentricity can lead to self-crimping

c 2

Centering in skin-core (s-c) filaments
(sensitive to spinneret cleaning)

Irregular skin-core for hollow filaments, achieved, e.g., by
having a longer common polymer path in the capillary
counterbore

(Continued on next page)



Fig. 5.21 (Continued) Bicomponent and multicomponent yarns: cross-sections, longitudinal views, spinnerets and
capillaries

d 1

Matrix ("islands in the sea") filaments
a: endless matrix

p: Matrix fibrils of limited length (1)— interrupted by melt 2 irregularity
d 2

e 1

Splittable filaments: E.g.,
PETandPA6(<15%)
filaments split after drawing
into n segments. Example
shown: a = 3.1 dtex round
splits into P = 3/6 = 0.5 dtex

or hollow filaments made from
2 components: 5 dtex into
16 x 0.26 dtex
PET+ 16 x 0.26 dtex PA

spun filaments after drawing

e2

(Continued on next page)
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Fig. 5.21 {Continued) Bicomponent and multicomponent yarns: cross-sections, longitudinal views, spinnerets and
capillaries

f 1

similar to c 1
or Fig. 5.32

spinneret bore

core tube, front
pressed flat

f: layer filaments
f 1 : with one layer

jn spinneret for
round filaments

fn: with n layers

melt distribution

Yarns from mixed polymers
a: mixed granulate in an extruder; standard spin

packs, standard spinnerets, etc.
p: 1 extruder and pump stream per polymer;

mixing occurs within a static mixer placed at
the pack entry port

y: 1 extruder per polymer, with mixing occurring
in inserts (X) in the spin pack

9

3 component yarn
a: Melts 1 and 2 are mixed in a static mixer and are

then sheathed by a third melt, and extruded
together

p: Melt 1 forms the core, and melts 2 and 3
together form the sheath

h

i

Grid spinning process using granulates Pi and F2', a random mixture ensues, forming irregular side-by-side (S/S)

A

A
B

C C B



Bifilament yarns (al) can be spun either from one spinneret or from two spinnerets having two melt
manifolds. Trifilament yarns (a3) are most easily spun from three parallel spinnerets, as, e.g., in 3-
color BCF yarn.
Side-by-side (S/S) yarns can be spun both with regular (bl) or irregular (b2) distribution of polymers
in the filament cross-section and longitudinal section. For regular S/S filaments, the separating edge
where both polymers flow together should be as nearly as possible directly above the capillary hole.
With increasing distance of this separating edge, the S/S structure becomes more irregular, e.g.,
because of small viscosity fluctuations in both polymers or because the capillary counterbore has a
surface which causes irregular flow. The line separating the two polymers is straight only when the
viscosities of the two polymers, at the moment of extrusion, are the same, otherwise the polymer of lower
viscosity will wrap itself around the other polymer (Fig. 5.22). The crimp, on the other hand, is only
influenced by the mass ratio and the shrinkage potential of the two polymers (Fig. 5.23, [36]).

The differing shrinkages of the two components also cause a spinning problem immediately after
extrusion. The extruding filament bends towards the stronger-shrinking side on experiencing a
reduction in temperature (i.e., an increase in viscosity), which can result in the filament sticking to the
spinneret before being pulled off by the winder tension (Fig. 5.24), making the yarn unusable and
possibly leading to a spinning break.
Core/sheath (C/S) filaments are produced by extruding an inner melt core surrounded by an
enveloping sheath (cl). If the inner- and outer bores are made exactly concentric, the filament will
be exactly concentric; the same argument applies if the inner bore is made eccentric. If the end of the
inner bore and the spinneret surface lie on a plane, or if the inner bore juts out beyond, the C/S effect
becomes regular. The further the end of the inner tube is from the spinneret surface (but always
remaining within the counterbore of the lower spinneret), the more irregular the position of the inner
component becomes in the cross-section (c2). If the core melt is extruded into the outer melt without
a tube (c3), the position of the inner melt becomes so irregular that the filament often breaks and the
filaments from the lower main bore extrude unevenly. Additionally, the inner melt must have a
considerably higher viscosity than the outer melt.

Fig. 5.22
Schematic representation of the influence
of the bicomponent constituents in S/S
filaments
a) Influence of the mass ratio
b) Influence of viscosity

Fig. 5.24 "Kneeing" of a bicomponent filament
having strongly differing viscosities of the two
eccentric components, directly after exiting the
spinneret capillary

Fig. 5.23 Effect of differential shrinkage
DS of the two components on crimp radius
Kx [36] (DF = filament diameter)

spinneret capillary contact
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If one extrudes the inner melt through a large number of fine tubes into the counterbore of the
spinneret of the outer melt and draws off the complete filament, one obtains a matrix fiber (M-, dl,
"islands in sea" filament); the same comments apply to their formation as were made for C/S fibers.
As with S/S filaments, all C/S and M-filaments can knee back onto the spinneret if the eccentricity is
too great or if strong viscosity differences are present.

If the space between the upper and lower spinnerets is laid out as per (dl), the inner filaments
from the upper spinneret plate can be cut off by the melt from the space between the plates by non-
uniform flow, and the matrix filaments can contain longer or shorter fibrils. If the outer component
(sheath) is made from, e.g., polystyrene and the matrix, e.g., from PET, the polystyrene can be
dissolved away using saponification after fabric production, leaving the PET component as a super
microfiber; this is known in Germany as, e.g., Alcantara®.
Splittable filaments (e) can be produced in many ways. One uses the fact that there are polymers
which stick together weakly during melt flow, but separate on cooling or on drawing; examples are
PET and PA. The microphotograph Fig. 5.25 clearly shows how the segments are separated by a star-
shaped core, of another polymer, and that there is practically no adhesion to this second polymer.
According to (el), the main polymer (=PET =1) flows through the inner bore to the exit. The second
polymer is forced from the chamber (d2, PA) through radial holes (e) into the main polymer stream,
forming a number of segments, which then leave the capillary together with the first polymer. If a pin
(f) is inserted into the main bore, a hollow filament is formed. It is also possible to inject inert gas
through this inner pin; this stabilizes the hollow filament effect, producing filaments shown in (e2)
[50].

In a similar process, two annular spinnerets are laid one on top of the other. The lower spinneret
has bores in an annular pattern, and the upper plate has single fine bores in circular patterns, through
which the second polymer flows into the annulus of the first polymer. The filaments so formed from
the two polymers exit the spinneret plate through a normal capillary.
Filaments containing one or more through-running vertical films of a different polymer can be
produced by flattening the exit tips of the tubes in hollow filament spinnerets, as in (c2), so that both
tips touch the wall of the conical counterbore above the capillary. The filament exiting the spinneret
then has a cross-section containing a longitudinal film (fl).

Fig. 5.25 Orange-type spinneret and filaments spun from it
(left); construction of the spinneret (right) [52]
A, B: two polymers
a) Top plate c) Inlet for B
b) Bottom plate (spinneret) d) Distribution space for A
Below: Construction of the inlet for B, with side bores for entry of A
e) Possible core needle

B

A

IB

A A



In order to produce a filament containing many thin longitudinal films, two polymers can be fed
to the counterbores in multi-annular configuration (f2), so that each capillary, lying on a circle, takes a
cut from the multi-layered polymer. Such filaments are predominantly used to conduct away static
charge in multifilaments in, e.g., carpet yarns. Here the inserted films consist of graphite-dosed PA or
PP; the major portion of such filaments consist of raw white, which—especially after dyeing—masks
the black of the thin films. For further cross-sections of this type, see Fig. 9.6. These antistatic yarns,
comprising 3 . . . 7% by weight of the carpet yarn, are inserted either as undrawn yarn in the quench
cabinet or as drawn yarn before texturing.
Yarns from mixed polymers. To spin these yarns, one could either mix polymers before entry into the
extruder throat or one could use 2 extruders and mix the polymers either by means of static mixers or
by mixing elements inserted into the spin packs.

According to another spinning process, one can pass the mixed granulate, particularly PE and PP,
against a sieve heated to extrusion temperature, then take off the filaments upwards or downwards.
The filaments have two or more areas of mixed polymer, and constitute a type of S/S filament.
3-component yarns can be obtained, e.g., by mixing two melts in a static mixer, then extruding the
resultant polymer into a third melt and spinning a matrix filament. One can also spin a core/sheath
filament, then force it into a third melt before extrusion as a final filament. The above overview is by
no means complete. Additional complex filaments are being developed continuously.

5.2.2 Melt Manifolds for Bicomponent Yarns, etc.

In the simplest and most versatile two component spinning process, two extruders are used, one for each
polymer. The melts are then separately led to the individual spinning pumps, and from there the
individual melts are pumped to the bicomponent spinnerets. Figure 5.26 illustrates an example, in which
two melt streams are led to 4 double pumps, which feed 4 bicomponent spinnerets.

As in Fig. 5.27, two separate melt streams can also be led to two special double bicomponent
spinning pumps, with each pump supplying one spinneret with two polymer streams. In this method, the
bicomponent spinning pumps deliver the two polymers in a fixed volumetric ratio, while in the first
method the volumetric ratio can be changed either in small steps (Fig. 4.163) or continuously.

If the desired biconstituent properties can be achieved by viscosity changes to the polymer, the
granulate can be melted in one extruder, a partial stream can be diverted, led through a heat exchanger
and then—as described for two polymers—be led to the spinning pumps and spin packs.

If a multicomponent yarn comprises a base polymer, with the differences in the components being
due to additives, the additives can be melted separately as masterbatches and injected into part-streams of
the main polymer, being kept separate through the spinning pumps to the spin packs (Fig. 5.28). Good
mixing must be achieved in the individual streams, by using, e.g., static mixers.

Fig. 5.26
Bicomponent melt manifold for two
polymers A and B serving 4 double-
stream spinning pumps (1 to 4) which
serve 4 bicomponent spin packs (a to S)
(E.g., A-I-a, B-3-a). (For details of the
4-fold bicomponent spinning pump
drive, see Fig. 4.163.) Pumps 1 and 2
have a common speed, pumps 3 and 4 a
(possibly different) common speed

door-1



Fig. 5.28 Flow scheme of a 4-component spinning machine [18] having 2 spinning positions
served by a main extruder (A) and 4 side stream extruders (B . . . E)

In bicomponent spinning, the two round filters become relatively small. A better, but relatively
expensive, solution is to use two kidney-shaped filters. Normal filter areas can be achieved by using two
filter candles in parallel, placed before each bicomponent spinneret (Fig. 5.29).

As long as the two polymers have similar spinning temperatures, one Diphyl (Dowtherm) heating
system can be used, which is also the case if two very different temperatures are used in the polymer
manifolds before the spinning beam. As long as the residence times of the two melts in the spinning beam
are sufficiently short, small differences in melt temperature cause no problems. If greater temperature

Fig. 5.27
Principle of bicomponent yarn spinning using special bicomponent
double-stream spinning pumps (each having 2 inlets and 2 outlets),
for fixed throughput ratio

a P

BA;

Ex 60 (50)

Ex 22 Ex 22 Ex 22 IEx 22

A*B A+C I A + DA+E A + B A+C A+D A + E



differences are required upstream of the spin pack, the spinning pumps (1) and (2) in Fig. 5.26 and (3)
and (4) can be heated by separate heating boxes, as can the pump blocks. The spin packs (a to 3) and the
face connected to the polymer manifold can be heated to the spinning temperature by means of a third
heating box, but this is rarely done.

When spinning bi- or multicomponent yarns using one extruder per component, the respective melt
streams flow separately to the corresponding spinning pumps and spin packs, and the filaments are
combined either in the quench chamber or later. The process scheme in Fig. 5.30 is used more frequently
(for example, for multicolor BCF yarn spinning) than that in Fig. 5.28.

Fig. 5.29
Spin pack for bicomponent yarn spinning having increased pack
filter area
left: candle filter; A, B = melt streams
1 Top gasket 8 Separator plate
2 Top plate 7, 9 Distributor plate
3 Sealing ring 10 Bicomponent spinneret
4 Candle filter 11 Bottom gasket
5 Flat filter 12 Housing
The distributor plate (9) and the spinneret can be changed to spin
various bicomponent types. Recommended filter fineness:
40 . . . 10 um for PET and PA, with additional shattered stainless
steel powder for PA66, and > 70 um for PP, without steel
powder

Fig. 5.30
Principle of 3-color BCF spinning
system. I, II, III = polymer melts from
3 extruders. A, B, C = melts of 3
different colors
a) Each of 3 spinning pumps to
b) Each of 3 spinnerets to
c) One yarn package

A B

M B C\

A B C A B C
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5.3 Hollow Filaments

Hollow filaments can be spun either from melt or from solution using different methods, depending on
the end use:

Hollow filaments of precise concentricity and having an exact wall thickness uniformity can be spun
by bicomponent technology from spinnerets given in Fig. 5.21 cl, as long as the core component is a
temperature-stable solvent which can be removed later. The uniformity of filaments and wall
thickness improve if fewer holes per spinneret are used. For very exact hollow filaments one
therefore uses spinnerets having only one hole fed by only one gear-toothed spinning pump for the
sheath, with the core flow being supplied by a special dosing apparatus [172]. The best concentricity
and most uniform wall thickness is obtained when the concentricity of the spinneret plate can be
adjusted under a microscope (Fig. 5.31). Filaments spun according to these methods achieve pressure
differences (inside to outside) of up to 30 bar, provided an appropriate polymer is selected.

Fig. 5.31
Exact and (under microscope) centerable spinneret for hollow filaments
having an extremely uniform wall thickness [18]
A) Polymer melt or solution a) Centered core
B) Filling fluid b) Pack body

c) Adjustable spinneret plate

Hollow filaments of poorer concentricity can be spun from spinneret holes as per Fig. 5.32C, and
under reduced requirements—in particular, after many cleaning cycles—from holes such as B.
Spinneret capillaries according to Fig. 5.32A can also be used to spin hollow filaments; the melt
collapses and fuses shortly after exiting the spinnerets. Such hollow filaments can, however, sustain
an inside-to outside pressure difference of only ca. 3 bar. At higher differential pressure, the hollow
filament welds can break. These filaments are particularly suitable as textile material, and increase the
thermal insulation properties of textiles made therefrom.

Fig. 5.32
Principle sketches of spinneret capillaries for spinning
hollow filaments
A) Polymer extruded through annular segments

collapses to form hollow filament: 9—12mm2/hole
B) C/S, irregular: 16mm2/hole
Q C/S, almost regular: 50 mm2/hole (compare Fig.

5.21 cl for c/s, regular-centric: 70mm2/hole)

A B

C

A B



5.4 Fine Filament Man-Made Fibers

Here there are a number of possible processes. The two first-mentioned processes are suitable for
continuous filament production and the remaining processes for staple.

5.4.1 Microfilaments

Yarns having single filament titers between 0.3 and ca. l.ldtex belong to this class. Spinning and
texturizing processes for such fibers were developed after ca. 1990. Spinning machines for microfila-
ments are basically as previously described, but the following conditions have to be taken into account in
order to produce usable yarns.

very clean and homogeneous polymer. PET of [rj] = 0.67 ± 0.01
absence of dead spots and short residence time: Average <4min; suitable polymer pipes without

corners
very good polymer filtration, with minimum
time variation. Filter fineness. ca. 5 urn
higher melt temperature than for
standard filaments + 1 0 . . . 15 0C
larger capillary hole distances 6 . . . 8 mm
shorter quench and lower airflow ca. 0.3Nm3/hdtex
rate or quench velocity, ca. 0.28 m/s
and a quench length of ca. 200 mm
spin finish applicator soon after the ca. 400 mm below spinneret
quench; preferably double-sided Upper spin finish applicator
spin finish application having a wide slot, lower applicator having a

narrow slit; total height between applicators
ca. 100 mm

reduced POY spinning speed 3000... 3200 m/min
short yarn path, i.e., distance between
spinneret and first yarn guide or godet preferably < 3 m
correctly optimized traverse for winding according to winder type
yarn wind up tension < 0.12 g/dtex
good, uniform intermingling >40knots/m, without loops
filament titer before drawing of ca. 0.7. . . 1.0 dtex

The following supplementary actions will improve the quality of the 5OfIOO (0.7 spun dpf) example
cited above:

PET polymer from a continuous polymerizer is generally more homogeneous and cleaner than
polymer from a batch autoclave
Melt ducts should not end in a right angle bend, but should (like spinning pump inlets and outlets)
have streamlined inlets and outlets.
A spinneret for 100 holes having D = 100 mm and a hole to hole distance of 7 . . . 8 mm is better than
one having D = IO mm.
Quench air turbulence <0.5%
The spinnerets should be as close as possible to the top of the quench air rectifier.
Intermingling jets operating with just sufficient air pressure that the required number of knots/m is
achieved.
High speed winder having an as effective as possible tension-reducing roll.

Despite the above precautions, the number of yarn breaks increases for finenesses of < 1 dpf.
Similarly, the number of filament loops, caused by polymer inhomogeneity and too high an intermingling
pressure causing single filaments to protrude, also increases.



In microfilaments, the initial elastic modulus and the tenacity increase, and the elongation becomes
correspondingly lower. The enhanced crystallization in the quench chamber cooling zone results in
higher yarn tension than when spinning normal titers. Also at texrurizing the yarn tensions before and
after the texrurizing aggregate (friction- or spindle-) are higher for microfilaments, and the tension ratio
post: pre aggregate is reduced. All irregularities during texrurizing result in a larger number of filament
breaks, reduced bulk and worse yarn take-off properties.

Adhering to the above precautions, PET POY microfilaments spun at 3000... 3200 m/min can
achieve Uster values of 0.6. . . 0.9%. When knitted, many more single filament loops are raised than when
woven. Microfilament yarns produce many more single filament loops than standard 2 . . . 4 dpf yarns
from POY, when knitted or woven.

5.4.2 Superdrawing

Undrawn PET filaments of amorphous structure can be drawn 10 to 75 times at 20 . . . 60 0C above the
crystallization temperature to yield correspondingly fine filaments, provided the polymer is suitable [73].
Spun, drawn, extracted and dried PAN filaments can be drawn 5 to 20 times in superheated steam up to
2500C when delivered by draw rolls heated to practically the drawing temperature, followed by water
cooled take-up rolls. This process is used, e.g., for wet spun PAN multifilaments used in carbon fiber
production in order to reduce the PAN precursor dpf to ca. 1.

5.4.3 Melt Blowing Process

This process was originally developed by the US Naval Research Laboratories [53] and was commer-
cialized by Exxon Chemical [54-56]. In combination with two further processes [57, 58], it is widely
used to produce economical polymeric non-wovens. Figure 5.33 shows important differences in spinneret
construction. The Exxon blowing jet (A) consists of a long sword, at the bottom of which is a straight row
of jets which are fed from both sides by hot compressed air, which draws the extruded melt into long
filaments, breaks them off and lays them on a conveyor belt. The Fourne jet (B) is a multi-row,
rectangular spinneret employing C/S capillaries (Fig. 5.2IcI); the melt flows in the core, and the
filaments are drawn and broken off by the hot compressed air in the mantle, etc. The Schwarz jet (C)
consists of a coarse-woven wire mesh, through the apertures of which small tubes extruding polymer
protrude, with the hot compressed air flowing between the tubes and the wire mesh, drawing the fibers
off.

The fiber web so formed is, according to Fig. 5.34 a,b either laid onto a suction drum and taken to
further processing after a half wrap on the drum, (horizontal process) or is, in the vertical process, laid
onto a conveyor belt provided with suction, and led shortly afterwards to further processing, which
consists essentially of calendering (h) or spraying and drying, followed by beaming (i).

Because of adiabatic expansion, the compressed air used for drawing the fiber must have a higher
temperature than the melt (according to polymer, melt temperature and pressure, ca. 30 . . . 1000C). On
reaching the suction drum or conveyor belt, the air must be separated from the web by strong suction.
Other fibers, powder, spray mist etc., can be injected into the melt-blown stream to achieve certain desired
effects [59]. The melt must be of very low viscosity, achieved either by use of very high spinning
temperature or, in the case of PP, by using an MFI of > 600. Achievable web weights lie between 5 g/m
and a few 100 g/m2, which still allow the aspiration of the quench air through the web. The specific web
weight can be varied by changing the suction drum or conveyor belt speed. The uniformity of cover is
usually better than ±3%.

From trials with PP, the following relationships have been derived [60, 57]: the filament diameter is
statistically distributed about the mean (Fig. 5.35a); with increasing throughput and decreasing
temperature (b), the mean diameter varies between 1 and 12 urn; increasing quench flow rate reduces
the diameter (c), and the filament tenacity reduces with increasing MFI (d).



Fig. 5.33
Spinnerets for melt-blowing (core: polymer; sheath: hot compressed air)
a) Melt, b) Hot compressed air, c) Melt distribution chamber, d) Housing, f) Filaments
Main differences and results from the above three spinneret types are:

A: Exxon [54] B: Fourne [57] C: Schwarz [58]

Filaments from Mainly PP and PE, AU melt spinnable Mainly PP, PA and PS
but also PA, PET polymers
and PMMA

Spinneret 1 row with 1.5 mm pitch Surface with 5 mm Surface with 4 mm

hole pitch hole pitch

Capacity < 1.5 g/min/hole < 1.5 g/min/hole < 0.9 g/min/hole

Max. no. of holes, 66 200 ^ 300
based on
100 mm x (50) mm
Corresponding 99 300 90 . . . 270
g/minx 100 mm

Energy consumption:
Compressed air 3 bar x 40 kg air/kg melt 1.6 bar x 30 kg air/kg melt
Air heating 4.4 kWh/kg melt 3 kWh/kg melt

Fiber dimensions 0 .5 . . . 4dtex x 30 . . . 80 0 . 1 . . . 6dtex x 70 . . . 100
mm long mm long (possibly > 100 mm)

5.4.4 "Flash" Spinning

In this spinning process, the hot spinning mass is sprayed as a thin film under high pressure into a
spinning bath and is converted into many, possibly a network of, fibrils [2].

In solution flash spinning, the polymer-containing solution is sprayed at a temperature above the
solvent boiling point (with p = saturated vapor pressure), so that after leaving the spinneret, the sudden
pressure decrease to atmospheric pressure leads to an explosive vaporization of the solvent, which, in turn,
results in a fine filament network structure of high orientation, possibly having protruding arms [61]. The
use of a dispersed polymer solution which, under heat, forms softened particles, is described in [62].

The industrial production of such a fiber web from PE or PP starts, e.g., from a 19% solution of PE in
a mixture of light petroleum, n-pentane and isopentane at 18 . . . 20 arm. and 165 0C, or from a 17 mol PP
in 100 mol n-hexane solution at 28 bar and 185 0C. The pressurized solution is sprayed through an

A B C
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Fig. 5.34b Melt-blowing plant, with vertical blowing onto a conveyor belt
Description as per Fig. 5.34a, and additionally
1.4 Extruder measuring head 9 Air compressor 12 Air outlet
5 Conveyor belt for transporting filaments 10 Air heater
6 Suction 11 Air inlet

expansion tube (1200 mm long x 4 mm inside diameter, jacket-heated in this case of PE) into a
pressureless autoclave, which contains the same (but cold) solvent; the expansion tube ends about
150 mm under the liquid surface. The loose fibrous mass of ca. 18g/dm3 is removed using an overflow
and a suction drum filter, then extracted and dried. In a following carding process, the mass is loosened
to form a wadding structure of only 10g/dm3. The filament diameter is only 3 . . . 6um
(= 0.08 . . . 0.3 dtex), and the filaments are 5 . . . 25 mm long. The web weight is 11.2 g/m . Expansion
nozzles are described in [63]. Reference [64] explains the production of PP fibers of 1 . . . 3 mm length
and 15 . . . 25 um diameter (= 1.8... 5 dtex). Further detail is given in [65-67].

Fig. 5.34a
Melt-blowing plant,
with horizontal blow-
ing onto a suction
drum [40, 57]
1.3 Extruder
1.5 Spinning pump

drive
1.6 Spinning beam

having n melt-
blowing
spinnerets

3 Blowing zone
(insulated)

4 Suction drum
7 Winding insert

(e.g., oil paper)
6.3 Heating/cooling

equipment for
6.1 Calender
8 Beam winder



Fig. 5.35 Relationships between filament diameter, frequency, throughput, air consumption and melt flow index
(MFI230/2.16) during melt-blow spinning of PP [60]
a) Filament diameter/frequency distribution
b) Melt throughput/filament diameter, with melt temperature as parameter (at constant air speed)
c) Filament diameter as a function of air throughput, with melt temperature as parameter, for a C/S

spinneret
d) Effect of melt index on tenacity (filament diameter: 2 urn)

Without using the high pressures needed for extruding, one can produce fine filament fibers by means
of shearing effects and the beating of polymer solutions or melts [68]. With turbulent flow and strong
shear forces, one can bring the polymer solution to coagulation, whereby a cellulose-like pasty substance
having fibril-like growth arises, which is further subdivided by beating. Hereby fine filament, short fibers
arise [69]. Gel-like substances [70-72] or polymer and solvent mixtures can also be processed in this
manner.

5.5 Spunbond

Here granulate or polymer is converted into a textile web of tangled, continuous filaments. The fabric
weight can vary between 5 g/m2 and many kg/m2 [74-87]. Almost all melt-spinnable polymers are similar
in terms of fiber and yarn spinning. The take-up speeds range from LOY [90] to POY speeds [88]. Higher
take-up speeds result in higher single filament tenacities, stronger waviness on the take-up conveyor belt
and more uniform cover. There is, to date, no correlation between single filament tenacity and elongation
and fabric tenacity and elongation.

air flow rate ( Nm3/h/hole)c) d) melt flow index, MFI 230/2.16

hole throughput (g/min/hole)b)filament diameter (u.m)a)
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Both world production of spunbonded and its annual growth rate have increased remarkably from
1970 to the present (Table 5.2). Table 5.3 shows that world spunbonded spinning capacity in 1989 was
less than 2% of world man-made spinning capacity.

Table 5.2 World Production of Spunbond ([92], Edena)

Year 1970 1978 1980 1982 1984 1985 1988

t/a 4000 43 650 55120 67 200 90360 97 680 ^285 000
Annual growth (%) 12.37 10.42 15.96 8.10 ^42

Table 5.3 Estimated World Spunbond Capacity in 1989 in 1000 t/a
([93], ace. to I. E. Ruzek)

Polymer PET PP PA PE Melt blown Total

Europe 53 71 1 20 2 147
US 25 80 3 20 27 165
Other countries 27 14 4 - 3 48

Total 105 165 8 40 32 360

5.5.1 Spinning Equipment

From the extruder (or continuous polycondensation plants) to the spinning beam (including spinning
pumps) and spinning beam heating, the spinning equipment for spunbondeds is the same as that used for
conventional fiber spinning.

The spinnerets are distributed as closely as possible to one another across the web width, which is, at
present, up to ca. 5 m. Spinnerets can be round [91], rectangular [87], rectangular with many capillary
fields [88] or long [90], usually with one pumped stream per spinneret. Typical hole spacings are from
~ 3.5 mm for 2 . . . 3 dtex up to 8 mm for 8 . . . 9 dtex. Round spinnerets usually have a "shower head"
hole distribution, and rectangular spinnerets displaced rows. Figure 5.36 shows a well-known rectangular
spinneret of dimensions 385 x 140 mm having 7 filament fields. The ca. 15 mm separation of the 7
filament fields [88] facilitates the string up of the associated 7 compressed air take-up jets. A high filter
resistance immediately before the spinneret ensures an acceptably uniform distribution of melt through
each hole. The surrounding spin pack housing dictates a spinneret-to-spinneret distance of 60 mm. In
this (and similar) case(s), one can reckon on up to 2600 holes/m web for 2 . . . 3 dpf and up to 1000
holes/m web for 8 . . . 9 dpf. The hole throughput is ca. 1 . . . 1.2 g/min for 2 dpf, and 2.8 . . . 5 g/min for
10 . . . 12 dpf. The polymer velocity in the spinneret capillaries is between 1.0 and 1.5 m/s. The spinning
beam throughput is between 5 5 . . . lOOkg/h/m width [90] and 120. . . 170kg/h/m width [88]. Round
spinnerets are packed as closely together as the spin pack housings and surrounding Dowtherm heating
boxes allow. In order to get a fairly uniform distribution of spinneret holes across the web, the spinneret
rows are inclined at an angle of less than ca. 45 ° to the web width [91].

Figure 5.37 shows how spinning heads Al to A, containing rectangular spin packs, are inclined to the
web direction [87]. The corresponding cooling shafts (B) are oscillated through an angle a (or a
displacement b). The webs produced on this line are known for their good uniformity.

Melt distribution systems having a "fishtail" or "clothes hanger" shape were derived from wide film
extrusion. When combined with spinnerets having a uniform hole distribution, uniform webs of up to 5 m
width can be produced [90]. Here throughputs of up to 80kg/h/m width can be achieved.



Fig. 5.37 Arrangement of rectangular spinnerets in a Lutravil® spunbond spinning machine [89]

There are two hot bonding methods. In the first method, lower melting point polymer filaments are
spun from parallel spinneret hole rows, at the same filament density as the normal filaments, into the
filament bundle and the mixed web is laid on the conveyor belt by the take-up jets. In the second method,
core/sheath filaments (C/S) are spun without core centering (i.e., irregular), with the sheath having a

Fig. 5.36 Spinneret from a Docan® spunbond spinning machine [88]
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slightly lower viscosity. These filaments are then hot-bonded. The sheath contains less than 20% of the
mass. Also, an S/S filament configuration—because of the large number of filament crossings—always
leads to an acceptable number of fusion points (welds).

Quenching takes place mostly in quench chambers, the lengths of which are given by the rules in
Section 3.3. The width of the quench chamber fields should be the same as the spinneret capillary field
width length plus 2 x (20.. .25mm) [88-90]. With many filament rows one behind the other, it is
important to check that the row furthest away from quench rectifier is adequately cooled. Figure 5.38
shows an arrangement of spinning beam, monomer extraction, quench and compressed air take-up jet.
Monomer extraction is essential for PP and PA. The velocity in the mouth of the aspirator is about 1.2
times the local quench air velocity. While a constant vertical quench air velocity profile is very often
used, a slowly increasing air velocity profile over the first 200...400mm below the spinneret is
recommended for PP, especially for coarse dpf (Fig. 5.39).

The thick filament bundles also pump quench air downwards (see Section 3.3); the quantity of air
pumped requires that the interfloor tubes be open at both ends. A vertical air velocity of 4m/s/1000
filaments has been measured in a duct of 0.16 m2 cross-sectional area.

Fig. 5.38
Spunbond filament cooling and yarn
take-up [18]
a) Spinning beam
b) Centerline of spinnerets
c) Quench air inlet
d) Quench plenum
e) Quench cabinet
/ ) Monomer aspiration
g) Air flow adjustment (monomer

exhaust)
h) Quick exchange filter
/) Traversing roll
J) Interfloor tube, open above and

below
k) Slow traversing mechanism



Fig. 5.39
Quench velocity profile
and rectifier pressure
loss of a spunbond
quench in a spinning
machine as per Fig. 5.38
[18]
ai) Optimal for

filaments > lOdtex
per filament

a2) Results in harsh
handle ("lifeless")
for PP >10dtexper
filament, but
optimal for
< 3 dtex/filament

In the filament take-up according to Fig. 5.37, the filaments and the quench air are taken up
simultaneously (Fig. 5.40). Quench air is introduced alongside the spinneret holes, as described in Fig.
5.33A, but at such a low air pressure that the filaments do not break. After a 100.. . 200mm path in air,
the quench and take-up ducts follow; the ducts contain downward-inclined air delivery vanes [87, 79]. At
the lower end of this double-sided "Venetian blind" quench, the air is separated from the filaments, the
filaments pass through a further air path and are taken up on the conveyor belt. Low air consumption, low
energy content and very uniform filament take-up characterize this process, which is used for PET, as
well as for PA and PP.

Fig. 5.40
Spinning and take-up schematic of a "Lutravil" spunbond
process
a) Extruder g) Lamellae with
b) Spinning pumps downward-inclined
c) Spinning beam with slits

n rectangular spin packs h) Quench box
d) Spin packs with 0 Quench exit slit
e) Primary air J) Filament layers
fufz) Filaments k) Suction drum
Comment: The quench air from (g) is aspirated away at the
quench box exit
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Figure 5.41 [90, 96] illustrates another combination of quench and take-up device. The quench air,
introduced through downward-inclined slots on both sides, is accelerated in a downstream venturi jet,
after which the air is aspirated, leaving the filaments to fall onto the take up conveyor belt. The drawing
effect is relatively small, making the process predominantly suitable for high dpf PP webs.

In Fig. 5.42 [167], the filament bundle closely passes a plate containing downward-inclined slots
delivering quench air. At 0.5 mm yarn/plate separation, the yarn is given a tension of ca. 0.07 xp for a
single slot and 0.23 xp for 30 consecutive, parallel slots, with/) = compressed air pressure before the jet
in bars and yarn tension in N. Using this process, it is possible to produce PP fibers of up to ca. 2 dpf
from 0.5 mm diameter spinneret capillaries. The compressed air consumption is ca. Q [Nm3/h]=S
[mm] x b [mm] xp [bar], with s = yarn/plate separation and b = gap length.

Fig. 5.41
Filament cooling and take-up schematic of a "Reicofil" spun-
bond plant [90]
a) Spinneret (with "coat hanger" distributor)
b) Spinning beam (electrically heated)
c) Filaments
d) Quench chamber having
e) Quench supply air to
/ ) Downwards-inclined lamellae
g) Air acceleration jet
K) Quench air aspiration
i) Partly drawn filaments
j) Transport conveyor with fleece (web)
k) Aspirator box
right: with alternating air flows (filaments not shown)

Fig. 5.42
Filament cooling system and take-up of Corovin GmbH [99]
a) Spinneret
c) Filament bundle
e) Quench air
i) Distribution tube, rotating

Quench air plenum
Blowing quench air and filament take-up

j) Distribution pan, oscillating
k) Laying sieve with sucking



5.5.2 Filament Take-Up Devices

Unless, as described in Section 5.5.1, special quenches are used, compressed air jets are employed for
filament take-up.

Figure 5.43 shows an example [88], which consists of a normal compressed air-operated injector jet,
a long tube for conveying yarn and air, and a filament-laying nozzle. Figure 5.43b shows an alternative
version of such a device, for separating the compressed air and the filaments, which, however, still allows
the major part of the compressed air to strike the transport conveyor belt, thereby causing an additional
erratic intermingling effect in the web at the point of contact with the belt.

As there is free exit of air and filaments at the bottom of the tube, one cannot, according to [100], use
the formulas and diagrams given in Section 5.5.1 uncritically. For the highest yarn tensions, the following
formula has been derived:

„. = 5 , 4 ^ - j (ML _ UF),̂  _ ^ 2 J _ _ L H , , ^ - 8 1 j g !

with F = Filament having a diameter d and a final diameter = d2 (e.g., for PP: p v = 890kg/m3;

d2 = 0.128 XlO"5 , P ^ [m])
V py

/?L = air density (at 20 0C: 0.123 kg s2/m4)
vL = kinematic viscosity of air (at 200C: 15.1 x 10~6m2/s)
uF = filament speed [m/s] (60 m/s)
^L = take-up air velocity (in direction of t/p) [m/s] (270 m/s)
LB = quench zone length [m] (1.80 m)
Lz — filament aspiration length [m] (0.60 m)

The magnitudes given in the example result in a filament tension of crv = 110 g/mm2 & 0.112 g/dtex.
Using this equation, Gehrking calculated the optimal take-up speeds, the corresponding air velocities,
etc., as a function of the filament diameter and the so-called efficiency factor (which is usually less than
1%). Just as for airjet-texturized yarn bundles, one must also allow for the bundle-opening effect through
the correction factor kF.

Using aerodynamically correctly designed- and optimally tuned take-up jets (as per Fig. 5.43),
the following take up speeds can be achieved for PP (PET): ca. 4500 (5200)m/min for 2dpf, 3700
(4500)m/min for 5dpf and 3000 (3800)m/min for lOdpf; the corresponding compressed air pressure
is 17. . . 7 bar.

Only the system shown in Fig. 5.44 ensures uniform LOY and POY take-up speeds. After being
cooled in a quench chamber, the filaments are taken up by godets. For take-up from the last godet,
compressed air jets similar to that in Fig. 5.43 are required; these distribute the tows on the take-up
conveyor belt. Using heated godets and one or more drawing zones (achieved by increasing successive
godet speeds), a web comprising fully drawn fibers can be obtained. To assist in the separation of the
filaments from the last godet, the latter should either have a matt, hardchromed surface or have a flat-
toothed profile, as explained in Section 4. If electrostatic splaying of the filament bundle is used as per
Fig. 5.44, one can process an extremely large number of single filaments on a rather narrow spinning and
drawing system, using shorter godets, which, in turn, enable higher drawing and take-up speeds to be
achieved [18, 75, 76].

Figure 5.45 explains the concept of electrostatic splaying of the filament bundle [75, 76]. The
filaments are all charged in the same sense (+) and opposite to that of the take-up conveyor belt. As the
charging density is uniformly distributed across the filaments, the web formation also becomes very
uniform.

As the take-up air can be separated from the filaments before the take-up conveyor belt, and as the
conveyor has the opposite electrical charge to that of the filaments, the filaments are attracted to the
conveyor, thus enabling the compressed air to be separated earlier from the filaments. To cite an example:
from a spinneret having a 210 mm long capillary field and using turbulent cooling, 3700 filaments of
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Fig. 5.43
Compressed air take-up jet for non-woven
fiber bundle (a) [86] (Inside diameter
3 mm, air consumption ca. 60 . . . 80Nm3/
h/jet at 6 . . . 16 bar) and alternative yarn
splayers (b, c)

Fig. 5.44
Non-woven production using
godet take-up (Du Pont,
prior to 1984)
a) Spinning beam
b) Quench chamber
c) Aspirated room air
d) Godets (possibly heated) of

increasing speed
e) Compressed air take-up jet
f) Yarn bundle, to be splayed

Fig. 5.45
Schematic of electrostatic splaying of a yarn bundle [75, 76]
1 Filaments 8 Filaments,
2 Spinneret with electrostatically charged and splayed

capillaries 9 Web
3 Take-up jet 10 Transport conveyor
4 Compressed air 7, 11, 12 Earthing
5 Ionizer with 13, 14 Voltage measurement
6 Connection to 3, and 24 Electrostatic capillaries

a b c



1.2 dtex can be produced at a take-up speed of 5200 m/min (last godet speed). This yields a throughput of
130kg/h, which—after splaying—can be laid as a 1.3 m wide web. Spinnerets of ca. 200. . .300 mm
length can produce webs of 0.6 to 1.8 m width on the conveyor belt.

The aspirator jets are placed in a row at a convenient working height, their pitch (suction side) being
that of the spinneret fields when using spinnerets as per Fig. 5.36, i.e., ca. 55 mm. On the exhaust side, the
tube ends should have a uniform pitch, i.e., e.g., ca. 64.3 mm with a spinneret pitch of 450 mm and 7
spinnerets. In addition, start up aspirators of ca. 15 . . . 25 mm diameter are placed ca. 0.5 to 0.7 m behind
the row of aspirator jets with 1 . . . 1.4 m spacing, with the waste being taken to a waste pipe system. To
start spinning, the filaments are taken up by the start-up aspirators and fed to waste. Filament bundles,
one per spinneret, are taken one at a time from the waste aspirators and cut into the working aspirators in
the front.

According to [88], compressed air of between 6 and 16 bar is needed to operate this aspirator system.
At 16bar, the air consumption is approximately 6 0 . . . 80Nm3/h/aspirator, or 6.0. . . 8Nm3/kg yarn
throughput. Table 5.4 gives measured titers and throughputs for up to 950 dtex/aspirator jet (correspond-
ing to 0.6. . . 0.8 mm multifilament bundle diameter). The filaments contact the conveyor belt at speeds of
85. . .50m/s.

Table 5.4 Number of Capillaries per Spinneret (ace. to Fig. 5.36), Single Titer, Throughput, etc.

Holes/spinneret with 7 fields 1302 910 770 602 Dimension

Single filament titer PP 2 4 7 11 dtex
Take-up speed 5200 4000 3200 2800 m/min
Hole pitch 5.46 6.5 7.0 8.0 mm
dtex/take-up jet 372 520 770 946 dtex
Spinning capacity 81.2 89.3 103.4 111.2 kg/h/spinneret

The transport conveyor belt consists of either a grille or a special, stainless steel weave. On the one
hand, it must transport the web without filaments protruding through it, and on the other hand, it must
separate the filaments from the aspiration air and the air dragged down by the filaments. The air flow rate
in the canal is approximately 1.5 to 2 times the compressed air flow rate. The conveyor belt speed is
adjusted to give the web density required; speeds of up to 400 m/min are possible.

5.5.3 Spunbond Lines

Fig. 5.38 shows part of a spunbond line, from spinning beam to the underside of the suction table; this
part is discussed here. In many instances, 1 or 2 take-up rolls are included between the bottom of the
interfloor tube and about 500 mm above the suction table, their purpose being to reduce instability in the
filament bundle. The "Docan" line [88], for reasons of throughput, is fitted with 2 extruders and 2
spinning beams. It is supplied in widths from nx0.45m up to 5.4m, and has 1 xn aspirator jets.
Thermal expansion of the spinning beam must be taken into account when aligning the quenches and
the spinning beam; this amounts to ca. 1.2 mm/m/100 0C, taken from the central fixed point of the beam.
The web on the transport conveyor belt is first pre-calendered, then either sprayed with bonding agent,
dried and beamed (scheme A), or is hot-calendered and beamed (scheme B). If the line speed is high,
any needle-punching should be done in a separate process stage (Fig. 5.46).

This line enables webs of 1.7 to 3 dpf to be produced at web weights of 17 . . . 120 g/m2, and webs of
1 . . . 8 dpf to be produced at web weights of 95 . . . 700 g/m2. Webs of finer titer and lighter weight are
usually calendered, and are used for hygienic products, such as diaper covers, and as backings for PVC
coating. Higher dpf, heavier webs are predominantly needle-punched for geotextile end use. Because of
the turbulent flow above the conveyor belt, the uniformity of the web weight is only up to ±15%.

Figure 5.47 [91] shows a side view of a similar line operating as per scheme B. This line has two
spinning beams, a double-sided quench and two rows of aspirator jets. After hot calendering, the web is
slightly moistened and beamed. The beam has a maximum diameter of 3 m, and automatic beam
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Fig. 5.46 Process schematic of a "Docan" non-woven spinning plant (2-layer web)
A) with wet bonding, B) with thermo-calender bonding, a) extruder, possibly with coloration, b) filter, c) spinning beam, d) quench, e) take-up jets and tubes,
f) take-up conveyor with air aspiration (below), h) moistening, i) beaming, j) reserve beam or take-up beam for, k) cutting and/or beam assembly, m) drying,
n) aspiration

non-woven
web

polymer

'non - woven
web

[sieve
belt

belt
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Fig. 5.47 Compact spunbond line of STP Impianti [91]

changing is provided. On a following machine, the full beams can be unwound and cut into separate
lengths, which are taken up on a final beam. The capacity of such a line is 70 . . . 135 kg/h/m width for
widths between 2.10...5.2Om, and it can produce web weights of 15 . . . 150g/m2. In addition to
working space all round the machine, an installation area of 14 m x 50 m is required; the large beams
require a generous space for handling.

The "Reicofil" spunbonded spinning machine (Fig. 5.48) uses, in part, completely different
components. These consist of a single (and only) gear pump between the extruder and the spinning
beam (irrespective of web width), a spinning beam having a "fishtail" melt distributor (taken from film
production), one (only) long spinneret having holes uniformly distributed over the entire web width and a
quench and take up duct as per Fig. 5.41. According to the manufacturer, the PP selvedges (trimmed
width waste) can be fed back directly into the extruder. The energy consumption for PP is of order of
magnitude of 1.5kWh/kg web [102]. The line is particularly suitable for coarse filament PP webs.

5.5.4 Web Bonding [92]

The method of bonding and the auxiliary agents used in bonding are as important as the choice of
polymer in determining the physical properties of the web. Three bonding methods are predominantly
used:

Chemical or binder-medium bonding is, to date, still the most widely-used method, although this is
being replaced by other methods. Binders used are mainly acrylic acid polymers, butadiene
copolymers and vinyl derivatives. These enable a wide variety of web properties to be achieved.
On cost and safety grounds, binders are mainly dissolved or dispersed in water; organic solvents are
seldom used. Powder- and foam systems are also used. Application is by impregnation, coating or
spraying. These webs can also be calendered, either using smooth rolls or print-bonding rolls. Webs
which are surface-treated with solvent, then calendered (where the filament cross-overs are fused),
consist of only the web base material after solvent extraction.
Thermal bonding (=hot bonding), achieved either by application of short, controlled heating, which
melts the web surface and causes fusing of filament cross-overs, or by use of a second fiber or
bicomponent fiber having a lower melting point polymer, which fuses at the filament cross-overs in a
hot air drier, an embossing calender or between heated rolls. The web remains particularly soft and
elastic. This process is becoming increasingly important for lightweight webs.
Mechanical bonding is achieved by needle-punching. The friction between the many diverted
filaments results in a general tangle effect. Using this process, two or more different webs can be
needled together.

Entangling the filaments by means of a fine, high pressure water jet or similar, fine air jets, also
leads to a relatively stable and soft web with good folding characteristics. With appropriate jet
orientation, decorative web structures can be produced (spun lace).
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Fig. 5.48
Schematic representation of a "Reicofil" spunbond line [102]
Description as per Fig. 5.46, and, additionally d) Quench chamber
having quench air acceleration for filament take-up (similar to Fig. 5.41)

Hot calendering of the web using bonding agents results in filament fusion at the cross-over points.
The melting point of the bonding agent must be significantly lower than the softening point of the
main material. The calender roll temperature employed depends strongly on the web processing
speed, and can be up to ca. 1000C higher [103]. Attention must be paid to the effect of temperature
on the handle of the web.

Equipment for dosing dyestuffs and additives to the polymer is supplied by [108]. Web further-
processing machines, as described above, are supplied, inter alia, by [103-107]. The processes and
machines for, e.g., printing, dyeing, coating, embossing, fluffing-up, etc., are the same as those used
for woven goods.

5.5.5 Properties

Independent of the manufacturing method, nonwovens should, as far as possible, have uniform properties,
such as web weight, filament thickness, -tenacity and -elongation, and be directionally isotropic. Without
special processing, the latter requirement is unattainable, since the filaments are entangled at right angles
to the running direction and are laid in coils, like fish scales, in the running direction.

Table 5.5 gives examples of commercially-available webs and their physical properties. Figure 5.49
shows how the filament diameter is statistically distributed about the mean value, and, in Fig. 5.50, it can
be seen that the filaments are predominantly distributed in the web running direction. By means of a
deliberate traversing of the lay-down head, the strip tenacity and -elongation can be made almost
independent of web test direction. In the example given in Fig. 5.51, properties in the running direction



Table 5.5 Properties of Non-Wovens (Examples)

Material PP PP [109] PP[IlO] PET [112]
Non-woven type Polyfelt TS Fibretex Reicofil Remay

[88] Geotextile

Areal density (fabric weight) [g/m2] 140...400 150...400 30 . . . 150 22.3.. .22
Thickness at 0.02 bar [mm/g/m2] 0.011.. .0.008 0.008 0.15.. . 0.8
Pore size (D = 180 mm) [urn] 0.12... 0.07 0.4. . . 0.28
Bursting strength 0.4. . . 8.3 8 9 .3 . . . 10.9

(250 x 250 mm2) [N/g/m2]
Fabric tenacity 2.8...2.75 1.8... 1.1 1.0... 1.4 3. . .2.2

(Ly + 200) x 50 mm2 [N/5 cm x g/m2]
Fabric elongation [%] 50 . . . 80 110-160 (30...60)/(80... 120) 4 0 . . . 60
Tear strength [%] 45 40 45
Usable in pH region [%] 1 . . . 13

filament diameter (|im)
Fig. 5.49 Filament diameter/frequency distribution for 3 different
average titers

Fig. 5.50 Evaluation of filament orientation in
web

differ from those in the cross-direction by only some 10. . . 20%. Table 5.5 shows, generally, that webs
made from different materials having different filament properties do not differ much in their web
properties.

5.5.6 "Claw" Mats

These high dpf webs, having filament diameters of 0.2. . . 0.8 mm, are spun from the spinnerets under
gravity alone to form coils, which then fuse at their contact or cross-over points. In combination with a
second fabric, "claw" mats are used for drainage fabrics (for housing foundations, drainage pipes, etc.) or
to secure the latter in flooded soil (river bank stabilization, stabilization of waste tips). There are two
major production methods:

preferred filament angle

running direction
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Fig. 5.51 Isotropy of Corosoft® PP spunbond produced by Corovin [107]
left: tenacity; right: elongation to break (also see Table 5.5)
MD = machine direction; CD = cross direction

From polymers having a lower density than water, e.g., PP [57, 58]. The melt, extruded from a
spinning head having a spinneret containing uniformly-distributed spinneret holes, and being slightly
wider than the web, is extruded through a 0.5. . . 0.8 m air gap before being nipped between two
perforated plate rolls. Coils of 10. . . 30 mm diameter form above the water level between the two
rolls and are fused at their contact points on passing between the rolls (17, 18 in Fig. 5.52). The mat
thickness is adjustable between 10 and 35 mm, and its take-up speed can be varied between 1.5 and
0.5m/min for mat weights of 400 up to 800 g/m2. These mats are fused, either thermally or

MD MD

Fig. 5.53 "Claw" mat spinning system for PA or
PET, with filament fusion underwater [113-115]
Description as per Fig. 5.52, and, additionally:

2) Feedstock for 26) Beaming device
24) Insert for 27) Inclined

strengthening conveyor

Fig. 5.52 "Claw" mat spinning system for PP (Fourne
system, [57], [58]), with filament fusion above water bath

13) Spinneret holes
8, 14) Spinning beam with long spinneret

23) Infrared radiator
24) Air draft shield
75) Coarse filaments

17, 18) Forming rolls, perforated
19) Take-out roll
16) Cooling water trough
21) Hydraulic lift
22) "Claw" mat



Fig. 5.54 PP "Claw" mat [57, 58]
left: top view
right, above: cross-section
right, below: cross-section, with mat welded to a filter mat

ultrasonically, with other nonwovens or with mats made from kapok, etc., the fusion points having a
diameter of ca. 12 mm and a pitch of 50 . . . 100 mm.

Using a polymer melt distributor above the pack filter and spinneret as given in Fig. 4.153, a 3 m
wide web can be produced having a filament diameter uniformity of <±10% and a web weight
uniformity of < ± 3%.

• Polymer melts having a greater density than water, such as PA or PET [113-115], are extruded into a
water bath from a 10. . . 20 cm height. Directly above the water level, the filament coils fuse, sink
onto the inclined conveyor belt (27, Fig. 5.53), are taken away sideways and beamed. Protrusions on
the conveyor belt leave their indentations in the mat. Using spinneret capillary diameters of 0.4 mm,
340 g/min throughput and mat take up speeds of 3 . . . 3.5 m/min, mats of 305 . . . 325 g/m2 having a
transversal tenacity of ca. 1200 N/m [113] are obtained.

5,6 High Temperature Spinning

Here we differentiate mainly between 3 temperature ranges:

Filaments derived from high-temperature-resistant polymers having spinning temperatures between
ca. 350 and 5500C. Examples are PEEK or liquid crystals.
Filaments derived from solutions or melts which are spun at temperatures below ca. 320 0C, and
which are transformed by thermal or chemical post-treatment, such as carbon fibers.
Filaments spun from the melt at ca. 700. . . 1400 0C, such as glass or basalt.

5.6.1 Melt Spinning at Temperatures up to ca. 550 0C

The equipment used is similar to that used for PET, but the materials of construction, the mating of the
parts and the heating must be suitable for the higher temperature. Figure 5.55 shows such a high speed
spinning plant for PEEK, having compact construction and heating elements cast in brass, as per Fig.
4.103. The plant, having an extruder and a spinning head, is operated at a heater temperature of ca.
4600C and a wind up speed of 4000 m/min. The cross-flow quench and quench air flow rate are
determined from Section 3.3 or Fig. 3.18. The spin finish applicator is placed between the bottom of the
quench and the first take-up godet.



Fig. 5.55
Left: Extruder spinning head for temperatures up to ca. 550 0C
[18].
Right: Extruder spinning plant for PEEK; temperatures
380-4500C, take-up speeds adjustable between 2000 and
6000m/min and throughputs of ca. lOkg/h [18]

The achievable uniformity of the electrical heating in Fig. 5.55 or Fig. 4.103 is better than ± 4 0C
between 350 and 5000C. If this accuracy is not required, ceramic heating bands containing spiral
radiation elements suffice; these achieve a uniformity of ± 8 0C.

5.6.2 Melt Spinning Plants for Temperatures above 7000C

Such equipment is used predominantly for glass-, quartz- and mineral filament and fiber extrusion. A
summarized overview is given by Falkai [116]; Fig. 5.56 shows the principles involved in such spinning.

• Continuous filaments are spun according to (A) in Fig. 5.56. Melt from the trough (a) flows under
gravity through the bores (b) and is cooled in the free air path (c), without forced quenching, to form
filaments. These are converged at (d) and dressed with spin finish, after which the multifilament yarn
is wound up at (f). The spindle-driven winder winds the yarn up at 2500.. . 5000m/min. For most
materials, the spun packages should not come into contact with a friction roll [117].

• For spinning fibers such as mineral wool (B), the melt (b) flows from the melt oven (a) onto a rapidly-
rotating disk (g), made from steel or ceramic, and is sprayed from this disk as filaments. In the case of
glass, these have a diameter of ca. 12 . . . 30 urn x 60 . . . 200 mm length [118].

• In (C), the melt (b) first falls into a hot, compressed air stream, where it is drawn into single fibers and
then moves into a second air stream, where it is cooled and transported [119].

• In the centrifugal spinning process (D), the melt flows from a crucible (a) into the centrifugal
spinning head (k), from where it is forced through bores by centrifugal force to form fibers (c), which
are transported away. This process can also be used to spin candy floss. Here solid, crystalline sugar is
introduced into the centrifugal spinning head, heated to 210 0C, is melted and centrifugally spun into
filaments, which are wound up on a stick. Here the very high hygroscopicity must be taken into
account. In industrial extruder spinning, the process air must have a relative humidity of < 10% [18],
and the filaments produced must be immediately sealed in an aluminum-coated packing. In contrast,
glass- and rock wool can be taken up as in (B) or (C).

In continuous filament basalt spinning, the first stage involves melting the mineral and dropping
the melt into water to purify it; a pellet-sized granulate is produced. This granulate is introduced into
the silo (a) in Fig. 5.57, from where it is dosed into the melt crucible (b). The melt then flows into the



Fig. 5.56
Glass- and mineral filament spinning processes
A) Spinneret and winder process for continuous filament spinning d) Convergence and spin finish application
B) Spinning disk process according to Hager-Rosengath e, f) Multifilament bobbins
C) Cross-flow quench process g) Spinning disk
D) Centrifugal spinning h) Gas stream for drawing filaments
a) Spinneret or melt trough /) Gas transport stream
b) Melt J) Glass-or mineral fiber
c) Filaments

A B C D

Fig. 5.57
High temperature spinning plant (up to 14000C) for basalt [18]
a) Granulate silo e) High speed winder
b) Melt crucible f) Multifilament (basalt, glass, etc.)
c) Spinning crucible and spinneret g) Electric transformer (see also
d) Spin finish roll Fig. 2.131)
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spinneret (see Fig. 4.141 a) (c), which should be as close to the crucible as possible. The PtRh 20
crucible and spinneret are directly heated by passage of an electrical current of
1 . . . 5 V x 10000... 30000 A. The filaments (f) are extruded by nipple-shaped holes in the spinneret
(c), are dressed with spin finish by the finish roll applicator (d) and are wound up without contact by
the winder (e) at 2000 to 4000m/min [18]. The main problem with this process is the large number
of spinning breaks, which have their main causes in the unsatisfactory purity of the basalt and
inadequate temperature control of the melt, the viscosity of which is very temperature-dependent
(Fig. 2.130).

5.7 Carbon Fibers

Although first produced for electric lamp filaments from cuprocellulose by Pauly, Fremery, Bromert and
Urban at Oberbruch near Aachen, Germany, in 1898, carbon fibers only gained in significance after 1963.
Despite a comprehensive literature describing other starting materials, nowadays high-value carbon fibers
are produced almost exclusively from PAN, and lower tenacity versions from pitch [120]. An example of
the use of carbon fiber is as the woven substrate for the Teflon coating of the re-entry nose cone of the US
space vehicle, which had to withstand temperatures of up to 1700 0C. Production rates predicted in 1981
[121] have proved to have been too optimistic. At that time, 45% of US production went into aircraft and
aerospace usage and 45% into sporting goods. In 1987/88, 8000 t/a was produced, but the usage rate was
only ca. 5000 t/a. The annual consumption rate increase of 10. . . 15% was lower than the increase in
production capacity [120] in later years. The previously strongly falling sales price now seems to have
stabilized as sales prices approach the limit of production costs.

5.7.1 Processes

It seems that PAN fibers spun from salt solutions produce better carbon fiber properties than PAN
produced by other means. Due to the extracted salt (ZnCl2 [122] or rhodanide [123]), such PAN fibers
have greater voids and a more open structure, which results in better internal diffusion. The as-spun PAN
fiber must be drawn in superheated steam to ^ 1.1 dpf, > 5 . . . 6 g/dtex and E > 100 cN/dtex. The effect of
coagulation conditions, drawing conditions and imperfections in the PAN yarns is clearly shown in [124].
These PAN yarns (= precursors) consist of thousands to ten thousands of single filaments, one thousand
being designated by the letter "K". For the first thermal cross-linking, the filament surface sizing layer is
washed off and the fiber is oxidized in air at 180... 300 0C for 1 . . . 2.5 h, preferably at 250 0C for 2 h.
During oxidation, the filament color changes from yellow to brown, then suddenly becomes black. There
is a simultaneous loss of weight due to escape of volatile degradation products (prussic acid, ammonia,
water). The process is strongly exothermic, evolving ca. 30 . . . 40kJ/mol nitrile group between 240 and
3000C. A reduction of the oxidation time to Ih by use of a stronger oxidizing agent (e.g., nitric acid
atmosphere) has, to date, not resulted in acceptable final properties. In contrast, the yarn tension during
oxidation and during further processing has a significant effect on the final carbon fiber properties (Table
5.6). In the next process stage, the yarn is carbonized for ca. 20min at 1000... 1700 0C in an inert gas
atmosphere having < 1 ppm O2. At the end of this stage, the filaments have only 50% of the weight of the
PAN precursor, and hence only 50% of the dpf. This completes the thermal degradation and results in HT
(high tenacity) carbon fiber. A further graphitization can occur within seconds at 2000.. . 2800 (possibly
up to 3000 0C), yielding HM (high modulus) carbon fiber. Here again the yarn tension has an effect on
the elastic modulus (Table 5.6): a strong stretch during graphitization increases the elastic modulus and
tenacity. Table 5.7 gives the changes in weight during the processing stages and Fig. 5.58 shows a flow
diagram of the three process stages described above. After carbonization or graphitization, an electro-
chemical filament surface polishing process is often incorporated to eliminate fine surface cracks which
would otherwise result in stress concentration during loading.

Pitch or coal extracts can be melt spun, either in the isotropic form or after conversion to the
mesophase. Conversion is achieved by strong shearing at ca. 200 0C for many hours [116, 120, 126-132].
Both materials can be spun using piston extruders, single screw- or double screw extruders and spinnerets
containing up to 6000 holes. After cooling the filaments in a quench chamber using a very low air



velocity, the yarn is taken up practically tensionlessly on a spindle-driven winder having a constant
circumferential speed, controlled without spin bobbin contact. The resulting yarn is very fragile, which
causes difficulties in further processing, such as filament fusion during stabilization or yarn breaks during
winding. In contrast, in the Exxon melt-blown nonwoven process, the web is transported on a suitable
conveyor belt (e.g., a silicium carbide weave) through the stabilization and carbonization stages to
produce fibers having a tenacity of 2000 N/mm2 and an elastic modulus of between 380000 and
517000N/mm2. Table 5.8 outlines the process stages in producing carbon fiber from pitch [27, 145-150].

5.7.2 Process Stages for PAN Precursor Fibers

The long processing time of ca. 2 h for stabilization necessitates a very low yarn speed: 1 m/min already
requires a yarn length of 120 m in the stabilization oven and ca. 20 m in the carbonization oven. As single
yarn cross-overs cause mutual depressions in the yarns, the individual yarns must run in an exactly

Table 5.7 % Mass Changes During Carbon Fiber Production

After heating to 400 1200... 1600 2800 0C
composition before

C 62 . . . 70 >98 >99.5 %
N 20 . . . 24 1...2 %
O 5. . .10 - %
H 2 . . . 4 <0.5 %
Total 100% %
Density 1.17... 1.19 1.5 1.8 <2.0 g/cm3

Carbon fiber (at 12000C) produced
from cellulose fiber without
stretching

Stretch Tensile Elastic
during strength modulus

graphitization
% kg/mm2 t/mm2

Cellulose fiber - 8 5 . . . 126 4.5
Carbon fiber 0 35. . .85 6.3
(graphitizedat2800°C) 2 74 6.6

16 88 9.8
36 126 15.4

134 255 38.5

Table 5.6 Effect of Tension during Oxidation and Graphitization on the Mechanical Properties of Carbon Fiber

Oxidation
Load

g

0
10
20
30
40

at 2200C, 24 h
change in length,

based on PAN fiber
%

0
88

102
115
136

Carbonization at 10000C
Tensile strength

kg/mm2

70
70
85

140
140

Elastic modulus
t/mm2

9
11
14
15
15

Graphitization at 2500 0C
Tensile strength

kg/mm2

55
70
85

140
140

Elastic modulus
t/mm2

21
27
33
37
42
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Fig. 5.58 Process scheme for manufacture of carbon fiber from PAN [116]

parallel warp. Figure 5.59 shows a schematic of a complete stabilization, carbonization and graphitization
line having a process speed of 1 m/min; this implies a yarn throughput of 1.04 kg/24 h PAN (or ca. 0.5 kg/
24 h HT carbon fiber) for a precursor of 6 K filaments (^ 7200 dtex). The transport roll width both inside
the ovens and between ovens should be ca. (200 + 2Ox n)mm, i.e., for ca. 20kg/24h, approximately
600 mm. The subsequent processing machines and apparatus are specified in the figures. This relatively
small machine requires a space of ca. 50 m long x 4 m wide and a minimum height of at least 4 m.

An electrochemical filament surface treatment, including neutralization, is placed between the warp
washing machine (15) and the subsequent take-up zone (16). The graphitization oven can be placed in
series with the above plant, i.e., directly after the second carbonization oven (14). This requires inlet and
outlet quintets on either side of a 400. . . 500 mm long graphitization oven capable of reaching
temperatures of up to 2800... 3000 0C. As only a small proportion of carbon fiber is graphitized, a
stand-alone graphitization line is recommended. This consists of a rolling take off creel, a delivery roll
system, the graphitization oven, a take up roll assembly, spin finish application and a winding system.
The electrolytic polishing and drying occur before spin finish application.

In the section following, particular details of the above equipment are explained where these differ
from standard warping, which is described elsewhere.

The precursor yarns on spinning tubes are twist-free and must be taken off in the rolling mode. Yarn
tensions of < 0.1 g/dtex are acceptable for PAN. Pitch yarns require tensions of < 0.01 g/dtex, which
can be attained by using either controlled, driven take-off spindles or air-bearing spindles. The first
wash bath, for removing the sizing agent, is at 60 . . . 70 0C.
Instead of the horizontally-traversed stabilization oven (7) in Fig. 5.59, it is also possible to use a
vertical warp transport oven, as in Fig. 5.60, where the three zones can be run at different
temperatures and tensions, the latter made possible by three independently-driven trios. The bearings
of the oven transport rolls are located outside the oven thermal insulation. External bearing seals are

1. process stage 1

pretreatment up to ca. 3000C

2. process stage 2

carbonization up to ca. 1200 0C

3, process stage3
graphmzatfon

up to ca. 280O0C

PAN yarn air inert gas
N2J CO2 orH2

inert gas
Ar

inert gas
Ar

thermo-
oxidative

reticulation
ca.180-300°C

graphitization
> 20000C

drawing
ca.90-190°C

(water /steam )

carbonization
300-12000C

carbonization
1000-16000C

draw-
graphitization

> 20000C

thermo-
oxidative

reticulation
with simultaneous
drawing at
ca.180-300°C

volatile
byproducts

volatile
byproducts

carbon fiber yarn
carbon fiber I graphite fiber

yarn yarn



only necessary if the oven temperature uniformity would otherwise be affected, since the process
itself requires air (or oxygen). Rolls longer than 1 . . . 1.2 m should have bearings on both sides.
As long as temperatures above 12000C are used, carbonization can be carried out in 2 or more
consecutive ovens, if necessary at different tensions and temperatures. An example would be a first
oven at ca. 1200 0C, followed by a driven roll system, then a second oven at up to 1700 0C and a third
oven, half as long, at up to 18000C.

Ovens for up to 1200 0C can be made from dense, sintered Al2O3 wound with heating coils made
from Kanthal®, which can also be obtained as ready-made, insulated half shells [134]. All high
temperature ovens can be heated by internal silicium carbide heating rods [134] or by direct
transmission of electrical current through the graphite walls of the oven. Figure 5.61 shows the entry
or exit to such an oven, and Fig. 5.62 an oven for a warp of 16. . . 20 multifilament bundles, which is
fitted with silicium carbide heating rods.

The sectional view in Fig. 5.62 shows details of the protective gas purge (h), the inlet and outlet
seals and the drain for evolved condensate. The yarn inlet and outlet are sealed by mutually-opposing
carbon fiber brushes.
Ovens having an operating temperature of up to ca. 30000C are used for graphitization. Figure 5.63
shows an example [135]. The inner graphite tube is heated by passage of an electrical current of a few
volts and more than 10000 A. It is therefore surrounded by a gas-tight, temperature-resistant shell

Table 5.8 Process Scheme for Nippon's Carbon/Graphite Fiber from Pitch
Derived from Petroleum Stock [27]

Petrol distillation residue

Acid separation

Acid-free residue

1. Dry distillation

2. Dry distillation

Pitch

Melt spinning

Pitch filaments

Surface modification

Spin finish application

Stabilized yarn

Carbonization

Pitch carbon fiber

Graphitization

Pitch graphite fiber

by means of AC electrical heating

under N2, 305 ± 10 0C, 5 . . . 24 h

under reduced pressure, 280 ± 100C,
3 . . . I h , 15mmHg

150.. . 270 0C spinning temperature
at 40 . . . 300 mm Hg, 310. . . 420
m/min take-up speed, without
contact

Treatment with Cl2, < 60 0C, 1 . . . 3 h

Stabilization (oxidation) in air,
2500C, > l h

(not ignitable)

in N2, 8000C, Ih

in N2, ^28000C, 15...20min
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Fig. 5.59 Carbon fiber production plant, starting from PAN precursor, via stabilized (black) filaments, to carbonized
filaments (For explanation, see text) [18]

1 Rolling take-off creel for PAN bobbins of 9 . . . 45 kg weight, having take-off tension
adjustable between 100 and 500g.

2 Warp compensation brake
3, 4, 5 Quintets (pre-draw and draw rolls)

6 Washing bath for removal of sizing, byproducts or degradation products
7 Two multi-pass stabilization ovens in series, each having a yarn path length of up to 5 m, with

4 temperature/tension zones each
8, 9, 10 Three carbonization ovens, the first rising from 300 to 1200 0C, the second rising from 1100 to

17000C and the third constant at 17000C, all under inert gas and having yarn inlet seals.
11 Warp washer, having 2 washing baths
12 Spin finish bath with dipping roll
13 Hot air warp drier
14 Package winding machine, with tension-controlled spindle-drive winders

Fig. 5.60 Stabilization oven for PAN precursors, having vertical warp travel (as sketched: 1.5 m vertical roll to roll
distance and 17 m warp length per chamber)



section A-A

Fig. 5.62 Carbonization oven for temperatures up to 1700 0C [135]. Dimensions are applicable for (16. . . 20) x 6 K.
Description as per Fig. 5.61, and additionally:
i) Heating rods
J) Radiation thermometer for 1000... 2000 0C (possibly up to 3000 0C)

insulated on the inside with graphite wool and is externally cooled by means of a water jacket. The
yarn inlet and outlet have similar seals to that of the carbonizing oven, but they are more voluminous.
Large processing lines of nominal capacity are laid out for warp widths of up to 5 m, and stabilizing
lines have heights of up to 8 m. For good thermal insulation, the ovens are often bricked in. Radiation
pyrometers are used for temperature measurement in carbonizing- and graphitizing ovens.
If necessary, electrolytic post-treatment [137-139] is carried out for ca. 9min at 700C using, e.g., an
aqueous sodium hypochlorite solution and a current density of 2 .5 . . . 12mA/cm2 filament surface
area. After this follows neutralization, washing, hot air drying, spin finish application and winding
(Fig. 5.64).

Fig. 5.61
Entry yarn seal of a carbonizing oven [18]
a) Carbon fiber brush
b) N2 chamber
c) Carbonizing chamber, N2-filled
d) Graphite heating tube
e) Graphite insulation tube
J) Insulation tube containing N2

g) Yarn insulation
h) N2 bleed

A

A
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section A-B

Fig. 5.63
Graphitization oven for up to 30000C [135]. Description
as per Figs. 5.61 and 5.62, and, additionally:
k) Condensate return

Dimensions:

Type A B C D E F G

HTR 32 1500 540 80 530 920 220 NW 40 KF
HTR 41 1400 540 100 500 890 200 NW 40 KF
HTR 51 1700 600 140 450 1000 290 NW 100 LF
HTR 51 1700 600 140 600 1000 290 NW 100 LF

Fig. 5.64 Principle of electrolytic surface polishing of carbon filaments
a) Incoming warp e) Bath containing electrolyte
b) Anodes (+) / ) Hot air drier
c) Cathodes (-) g) Hot air fan
d) Guiding rolls, undriven h) Winding or beaming

A

B



F i g . 5 .65 C a r b o n fiber y a r n w i n d i n g b a n k (wa l l ) o f G e o r g S a h m [ 1 4 4 ] , h a v i n g nx4 w i n d e r s for w i n d i n g s p e e d s
f rom 0.5 . . . 3 0 m / m i n

Dry surface polishing, e.g., in N2 containing 900. . . 3200 ppm O2 [140, 141], in a CO2 atmosphere
[142], in 5% halogen gas at >400 0C [143] or in organo-metallic compounds are also known, but are
seldom used.
Spin finish is applied to carbon filaments either using the system used in the staple fiber industry or
using a dip roll system (Position 12 in Fig. 5.59).
Carbon filaments are wound using tension-controlled, spindle-driven winders mounted in banks (Fig.
5.65, [144]). The warp runs above the winder bank, and single yarns are taken downwards to
individual winders. Because of the low yarn speed of 0.5 . . . (15 . . . 30)m/min and the yarn winding
tension of between 50 and 120OcN, the winder spindle drive is more complicated than normal.
Bobbin diameters of up to 300 mm for 3 . . . 12 K filaments are typical. The running time for such a
bobbin winding 3000 dtex at 6m/min is approx. 50h. Each winder should be fitted with a length
counter and an exact doff terminator in order to produce beams giving no over-run or under-run
yarns, as carbon fiber is very expensive. Bobbin doffing must be performed without hand contact
with the bobbin.

5.7.3 Composites and Prepregs

A large portion of carbon filaments and fibers is treated with reactive resins to produce reinforced fabrics,
which derive their strength from the carbon fiber content. Carbon fiber impregnated with high
temperature resin is used to form composites of extremely high tenacity and low specific weight. Such
composites are used mainly in space- and aircraft applications, but also in high added value sports
equipment, such as skis and tennis rackets, and for automobile parts. Here the required feedstocks are
carbon fiber yarn warps and appropriate resins (epoxy, phenol-, polyester or polyimide). These
composites are prepared on special machines and are later pressed, as multilayer fabrics, into special
forms.
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Figure 5.66 [151] shows a proven line for producing such prepregs. The quality of the prepreg is
determined by the uniformity and parallelism of the yarn layers, the uniformity and penetration of the
bonding agent and the constancy and reproducibility of the operating conditions. For the user of these
prepreg machines, adjustability is important, as different fibers and resins may sometimes require very
different settings. Composite weight should not differ by more than ±2%, and the temperatures in each
treatment zone should be constant within ± 2 0C.

Fig. 5.66 Schematic of a line for producing prepregs by Caratsch AG [151], Bremgarten, Switzerland
a) Yarn package creel g) Cooling zone
b) Rolling take-off of paper or woven cloth h) Gelation chamber
c) Guide element /) Calibration roll
d) Impregnation k) Cutting device
e) Heating zone I) Wind-up device
/) Lamination

5.8 Converters (Tow to Top or Tow to Spun Yarn Process)

Here one understands machines and processes which, by tearing- and/or cutting action, convert the
filamentary yarn tow from the (primary) man-made fiber spinning machine or drawing line into a staple
top (sliver) or, using a (secondary) ring spinning process, into a staple yarn. Although the "tow to top"
process had been patented in 1929 [154, 155], it was only after 1949 that it was used for "fuze"
production [156]. The situation in 1960-63 is described in [159]. Cut converters [157, 158], as well as the
Turbo Stapler [161] and the Converter-Direct-Spinning process [162-164] were abandoned in favor of the
stretch-break converter or combinations of cut-stretch converters. The starting material nowadays is
mostly a tow of 50 . . . 220 ktex, produced on a typical staple fiber drawing line without a staple cutter and
baler. Table 5.9 gives details of typical, current stretch-break converter systems.

Next Page



Table 5.9 Raw Materials for Stretch-Break Converters, and Market Tendencies

Polyacrylic fibers (worsted yarn sector)
Tow production: ^ L l million t/a
Tow titer: 50...210ktex

Fiber titer [dtex]

% thereof

Knitting end use ̂ 9 5 %
High bulk ̂ 60%
Tendencies:
Polyester fibers (stretch broken tow)
Worsted yarn production
Sewing yarn production
Tendencies:

Polypropylene fibers
Production of fibrillated blown film
Production of stretch-broken tow:
Tendencies:
Viscose fibers
Tendency:
Polyamide fibers
Tendencies:
Carbon fibers
Tendencies:
Aramid fiber
Glass-, metal fibers
Wool, ramie, etc.

1.3 2.2 3.3 5 6.7 8.9

2 6 70 15 5 2

Weaving end use ̂ 5 %
Completely heat set ^40%
Higher tow titer, finer single titer

« 35 000 t/a
« 2000 t/a
Compact spinning plants, POY processing. Fine single titers (1.5 dtex)
for better handle and wear properties

10000 t/a
Innovation phase
Compact spinning plants, fine titer up to 1.7dtex/fil.

Improved tow quality

Worsted yarns (up to 5 dtex), fine titer (1.7 dtex) for mohair-like yarn
(oxidized polyacrylonitrile)
Fine titer, up to 1.3 dtex

(Short staple breaking)

5.8.1 PET Tow for Stretch-Break Conversion [165]

The PET tow production of ca. 300 000 t/a and the stretch-break processing capacity of only ca. 50 000 t/a
in 1990 are insignificant, but are constantly increasing. PET tow for stretch-break conversion should have
the following characteristics:

Tow properties for Application

Worsted yarn sewing yarn
(low pill) (high tenacity)

Tow weight [ktex] 50 . . . 100 ca. 20
Single filament titer [dtex] 2 . . . 5 1.3
Tenacity [cN/tex] 20 . . . 40 60 . . . 70

Tow to be delivered without twist or half-twist.
Uniform spin finish application to ensure uniform gliding between filaments during stretch-breaking
Lowest crimp possible
Highest tow- and bale weight
Low and uniform elongation to break.

A broad elongation distribution of, e.g., 60 ±40% gave 21% unbroken filaments when stretched
200%, as opposed to < 1% for an elongation distribution of 60 ± 12%.
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Fig. 5.67 Stretch-break converter "Compact Jumbo Type 860" of Seydel [156]
1 Shaking take-off device 8 Tow bales of 200. . . 1000 kg
2 Overhead feeding frame 9 Aspiration
3 Cooling transport conveyor 10 Post-breaking zone
4 Steam chamber 11 Breaking zone
5 Saturated steam at 1 bar 12 Second pre-breaking zone
6 Tow compressor 13 First pre-breaking zone
7 Pre-draw zone 14 Round can laying device

Short-staple stretch-break converters have smaller nip distances between the stretch-break rolls.
These are almost only used for PAN tow intended for further processing on cotton spinning machines or
possibly on automated rotor spinning machines.

In the earlier machine of Warner & Swasey [157], as in the Schlumberger cut converter [166], the tow
is squeezed between a knife- and an anvil roll (Fig. 5.70) with a contact force of up to 105 N. This results
in a non-true cut, i.e., a tear break. Short-cut staple fibers can also be produced in this manner. Figure
5.71 and the accompanying photograph illustrate the pinch knife roll of the cut converter. After cutting,
the top passes through a needled head to order and parallelize the staple fibers.

In both systems, needle punch beds can be incorporated into the converter, which then produces a roll
of nonwoven web, packed in polyethylene film, ready for use. Finally, Fig. 5.72 shows how the tenacity
and elongation of PET staple change during the conversion process.

5.8.2 The Seydel Stretch-Break Converter [156]; The Schlumberger
Converter [166]

From Table 5.9 it can be seen that the Seydel stretch-break-converter is suitable for most man-made
fibers. The construction of such a converter is shown in Fig. 5.67. The input tow is opened up and pre-
drawn, after which it is pre-torn in 2 zones, followed by stretch-breaking (twice), compacting, steaming
and stuffer box crimping (Fig. 5.67). After cooling and aspiration, the top is deposited in cans. The
smaller machine is suitable for up to lOOktex PET towxup to 150... 190m/min, while the larger
machine is for up to 200ktex x up to 230m/min tow speed. In Fig. 5.69, it can be seen that the length/
frequency distribution of Seydel top is similar to that of 64's wool, while that of the cut converter is
more uniform.



Fig. 5.71 Schematic and photograph of the cutting zone of a Schlumberger Converter [166]

Fig. 5.70 Schematic of cutting roll of cut
converter of Schlumberger [166]
a) Cutting roll with rubber ring (turned

90°) c) Tow
b) Fiber d) Anvil roll
Contact pressure adjustable between
(7 . . . 9.2) x 104N; DA > Z)8; DA = 193 mm;
.Ds- max. 168 to min 156 mm

Fig. 5.69
Fiber length distribution of wool and PET tops (WIRA
instrument) [160]

Fig. 5.68
Seydel converter injection jet (sliver
condenser) for stuffer box crimper
[156]
a) Tops
b) Injection jet
c) Stuffer box crimper, with
d) Rolls
e) Compressed air connection
f) Tow guide
g) Take in tow guide
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Fig. 5.72 Tenacity and elongation development in cut converter ( —) and stretch-break ( — ) process: A = tow
feedstock, B = processed tow, C = processed tow after steaming, D = after dyeing as tops

5.9 Tirecord and Other Technical Yarns [170]

Tirecords and technical yarns make extreme demands on certain yarn properties, namely: a particularly
high elastic modulus, high tenacity, low elongation, high fatigue resistance, high temperature resistance,
etc. In the beginning, high tenacity cotton cord was used, followed by high tenacity viscose yarns (HT
viscose, Tyrex, Super Tyrex, etc.). These were superseded by polyamides 6 and 66, polyethylene
terephthalate (PET), polyaramid (Kevlar®, Twaron®) and steel (Table 5.10). Consumption of these
materials is shown in Table 5.11; since 1984 there has been strong growth.

Table 5.10 Process Stages in Tire Cord Production
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Table 5.11 World-Wide Consumption of Technical Yarns (1984) [lOOOt/a]

Viscose Polyamide Polyester Steel

Western Europe 230 220

USA 310 150
Japan 160 90
Eastern Europe and USSR 270 150
Rest of the world 200

Total 80 620 420 1170 610
of which, for tires 65 320 145 550 610

5.9.1 Yarn Production

In addition to steel, the following raw materials are particularly important:

Material Relative Intrinsic Molecular Glass Flex fatigue
viscosity viscosity weight temperature temperature

iyrei IV Mn Tg 0 C °C

PA6 3 . 0 . . . 3.2 28000 40 93
Stabilized 3.2 45 160
PA66 3 .0 . . . 3.2 28000 55 130
Stabilized 158
PET 1.85 0 . 9 5 . . . 1.0 31000 75 132
Stabilized 170

The utmost polymer purity and a very narrow distribution of r\xe\ or IV are essential requirements for
these yarns. Analogous to Fig. 2.40, Fig. 5.74 shows that the COOH end group content increases
strongly with melt temperature and residence time; there is a corresponding reduction in IV and
tenacity. For this reason, the melt temperature must be kept as low as possible for as long as possible
with the help of high pressure spinning (Fig. 3.4 and Fig. 4.148). Figure 5.75 shows the march of melt
pressure, melt temperature and [rj], measured at discrete points, between the extruder (1) and the high
pressure spin pumps (12, 13), and the pressure release in the spin pack (14, 15). The pressure release,
from ca. 350 bar to atmospheric, causes the melt temperature to increase from 292 to 305 0C, i.e., 4.3 0C/
100 bar. Despite these measures, the IV still degrades from 0.93 to 0.89. At a constant temperature of
305 0C between (1) and (16), the final IV was reduced to 0.81.

The spinning section is generally as described in Sections 4.5 and 4.6, but has more static mixers
incorporated. For the typical 6 dpf final titer, the spinneret hole pitch at right angles to the quench
direction should be >6mm, and ca. > 10 mm in the quench direction.

Optimally, not more than 4 rows of spinneret holes should be used, but—if necessary—up to 6 rows
can be used, the holes in each row being displaced relative to the holes in the next and previous rows.
Thus 940dtex fl40 requires a minimum hole field length of ca. 210 mm and 1380... 1440 dtex f210 a
length of 315 mm. 1680 dtex can be accommodated in the 315 mm field by using 5 (instead of 4) hole
rows. Two such rectangular spinnerets can be fitted into one spinning position.

At 600m/min first godet speed, the above three twin-threadline processes have a throughput of
32.8 . . . 50.2 . . . 58.6 kg/h/position; a hot draw of >ca. 1:5 is used. The quench chamber has an internal
width of ca. 500 mm for the 2 x 210 mm spinnerets and 670 mm for the 2 x 315 mm spinnerets. The
quench length should be ca. 1.2 m for PET, ca. 1.6 m for PA and 2.4. . . 2.6 m for PP.

The spin draw take-up used for PA- and PET tirecord and for high tenacity PP is given in Fig. 4.197
M. A complete tirecord spin-draw-wind machine, from extruder to winder, can be seen in Fig. 4.63.
Rubber compatibility requires the use of special spin finishes; these are roll-applied at the inlet to the spin
draw machine.
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Fig. 5.75
Change in polymer pressure and melt temperature (and
the resulting effect on [rj] = IV) between extruder and
spin pack [170]

The tenacity of PET tirecord yarn is given as a function of fjre\ and draw ratio in Fig. 5.73. Typical
tenacities are 9g/dtex for PET-, lOg/dtex for PA tirecord and ca. 8g/dtex for high tenacity PP.

5.9.2 Cord Construction

Tirecord yarn from a single bobbin is first twisted, either on a 2- for 1 twister or, better still, on a ring
twister, as the latter produces a harder twist due to its higher winding tension. The twist factor Tf is given
by: Ti—nx ^dtex/p [g/cm3], where n — twists/m. Figure 5.76 shows tenacity at break as a function of
the twist factor for a polyamide yarn; the tenacity increases to a maximum as twist increases, then
decreases again.

Next, two or more of the twisted yarns are plied and twisted together in the opposite twist direction to
form a tirecord. In Europe, the preferred cording route is from packages, while in the USA cording from
beam is more usual; the latter permits higher tensions and thus harder twist. Typical twist and cord
constructions are shown in Table 5.12.

The cord on beam used to be hot drawn to circumvent "flat spotting", in which, after standing for
some time, the tire would become distorted at the area of contact with the road, and would then run
"unround" for some minutes after starting from cold. Today the hot dipping treatment described below

Fig. 5.74 Effect of COOH end group content of PET
polymer on the residual tenacity (via increased
thermal-, aminolytic- and hydrolytic resistance) [170]
Test conditions: Tenacity was measured before treat-
ment, then after 1, 2 and 3 h in dry, flowing ammonia
at 1500C

Fig. 5.73 Effect of relative viscosity and draw ratio of
PET on the yarn tenacity in the spin-draw-wind process
[170]
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twist factor x 1000

Fig. 5.76 Dependence of the tenacity of a
polyamide yarn on the twist factor

suffices. Figure 5.77 illustrates how tirecord ply cloth is woven. The cloth, ca. 1.5 m wide, consists of
cords in the warp and a weft yarn with a repeat spacing of 10. . . 25 mm, which gives an open weave. It is
advantageous if the weft yarn can be removed before further processing, as the weft has no function in the
tire itself.

The final stage in the process (which can also be done by the yarn producer) is the hot stretching and
latex impregnation of beamed cord or woven cloth before delivery to the tire-making process (Fig. 5.78).
The drying and annealing temperatures required are given in Table 5.13.

Table 5.12 Typical Tirecord Twist Levels
and Cord Constructions

Rayon dtex 1840 (Z 472) x 2 (S 472)
dtex 2440 (Z 410) x 2 (S 410)

PA 66 dtex 940 (Z 472) x 2 (S 472)
PA 6 dtex 1400 (Z 393) x 2 (S 393)

dtex 1880 (Z 335) x 2 (S 335)
PET dtex 1100 (Z 472) x 2 (S 472)

dtex 1440 (Z 393) x 2 (S 393)
Aramid dtex 1680 (Z 330) x 2 (S 330)

dtex 1680 (Z 270) x 3 (S 270)
dtex 3360 (Z 190) x 3 (S 190)
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)

Fig. 5.77 Schematic representation of tirecord fabric preparation
a) Feedstock beams e) Schematic of tirecord fabric, showing
b) Driven trios f) Weft yarn (mostly viscose)
c) Weaving reed g) Woven fabric take-up
d) Weft yarn insertion

5.9.3 Cord Physical Properties

The tenacity, modulus, elongation and shrinkage of dipped tirecord yarn (or yarn removed from woven
cloth) is shown in Table 5.14. Important, too, is flex fatigue (Fig. 5.79); here PA and PET are superior to
other cord materials. There are two main methods of measuring flex fatigue. In the Du Pont (or Firestone)
test, a vulcanized, rubber-coated tirecord tube, bent through 90 ° and clamped at both ends, is moved
synchronously at both ends so that the bend is continually extended and compressed. In the AKZO

a

b c
d
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Fig. 5.78
Dipping unit for tirecord and other rubber
adhesive yarns
a) Feedstock beam
b) Dipping trough
c) Drying zone
d) Hot stretching zone
e) Normalizing zone
/ ) Second dipping trough
g) Drying zone
h) Beaming

Table 5.13 Summary of Drying and Setting Temperatures

Pre-dip Main dip (RFL)

Rayon - 175 0C

Polyamide 6 - 150/2101 + H
Polyamide 66 - 150/2301 + H

230/180 H + 1
Polyester 240* 220*
Pre-treated polyester - 230*
Aramid 240* 230*
Pre-treated aramid - 230*

*Pre-drying (at 15O0C) is recommended

pendulum test, a vulcanized, rubber-coated strip of woven cloth is clamped between 2 jaws, which are
swung perpendicular to the plane of the strip. The same method is used on composites to determine the
fatigue resistance of the synthetic filler material or to measure its vibrational damping. Fig 5.79a shows
an example of a modern, automobile winter tire. Here various materials, such as PA, PET, aramid and
steel, have been combined, based on criteria such as modulus and fatigue resistance.

Table 5.14 Properties of Dipped Tirecord

Material Tenacity Elastic modulus Elongation at break Shrinkage
mN/tex mN/tex % %

Polyamide 700 4500 18 4
Polyester 600 7000 12 2
Polyaramid 1550 35000 5 0
Steel cord 310 16000 2 0
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Fig. 5.79
Comparison of the maximum number of flex cycles of vulcanized strips
made from various tire cord yarns, as a function of load, according to the
AKZO pendulum test

Fig. 5.79a:
Automobile winter tire (Dunlop)
1) Nylon and aramid bead reinforcement
2) Steel and aramid bead
3) Casing made from synthetic material
4) Steel belts, double layer
5) Wound nylon ply
6) Tread made from rubber incorporating carbon black, silicon-, sulfur-,

and zinc-compounds (for traction at low temperature)
7) Small S-shaped cuts (sipes) to improve traction and directional stability
8) Broad profile blocks (for traction on snow and ice)
9) Wide, circumferential, water escape tread grooves (protection against

aquaplaning)
10) Arrow-shaped tread pattern (reduction of aquaplaning and rolling

noise)

5.10 Fiberfill

Fiberfill (fibers used as filling material) should be as soft, voluminous, insulating and elastic as goose
down, have the same recovery—particularly when loaded perpendicularly to the fiber axis—and have a
high elastic modulus. PET (Fig. 9.51) particularly meets this requirement, PP partly and PE to some
extent. Also in favor of PET are its good crease recovery for 3 dpf and above, and the fact that its elastic
recovery at elongation >7% is greater than that of other man-made fibers. Only at very low temperatures
is PE better. PA is too expensive for this end use.

Stuffer box crimping and carding or combing, on their own, result in a high voluminosity. As this
type of crimping is 2-dimensional, the fibers can agglomerate into "parcels", conferring on them low
volume at right angles to the fiber axis. Helical crimped fiber also occupies a large volume, but, again,
two or more fibers can become entwined. Optimal, therefore, would be a mixture comprising two spirals
separated by a layer of stuffer box crimped fiber, i.e., the helically-crimped filament would be separated
by 4 (or better, 6) stuffer box crimped fibers from its neighbouring spiral fiber.

Helical crimp can be obtained either through a bicomponent structure such as S/S (side-by-side) or
from eccentric hollow filaments. The latter can be spun by using spinneret capillaries shown in Fig. 5.80,
either by having both hole shapes A and B in one spinneret plate or having 2 spinnerets, each containing
1 hole type. In the latter case, the drawing can be done separately, but this then requires a thorough
doubling at carding.

load (mN/tex)

^polyamide 6

polyester
s. Twaron
\Tworon HM

glass
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Fig. 5.80
Micro section of a PET fiberfill
bundle having a mixture of hollow
filaments and round filaments. The
spinneret capillary holes are shown:
A = round filaments, B = hollow
filaments

Theoretically, the best mixture consists of 35^0% helically crimped fibers, with planar crimped
fibers forming the rest. Figure 5.80 shows actual cross-sections of such spun fibers [171].

To reduce fiber-to-fiber friction, the texturized tow is often siliconized by spraying a silicone solution
onto the tow in a state of low tension (Fig. 5.81, [4]). The tow is taken up by a godet after crimping, is
sprayed with silicone from above and below, is dried and cut by the staple cutter. The silicone avivage is
applied as a 10% solution, either in water or in a solvent.

Fig. 5.81 Siliconizing (finish spray) unit [4]
1 Texturized tow
2 Siliconized tow (to drying and cutting)
3 Godet (driven)
4 Reversing roll
5 Silicone spraying unit
6 Silicone solution tank
7 Spin finish pump

A silicone pick-up of 0.2-0.4% is recommended for circular filaments, and 0.4-0.8% for profiled
cross-sections. Silicone-free avivages have recently been developed for this application [173].

5.11 Biodegradable Fibers [174-179]

Biodegradable fibers are important for two reasons:

they can be used as surgical sewing thread which is absorbed by the body within a few weeks, and
as a means of replacing the ever-increasing load of waste fabric, consisting of a mix of various fibers
and plastics, which accumulates on refuse tips, or is burnt. Biodegradable fibers can have a longer, the
same or a shorter half-life than conventional fibers. By using certain comonomers, the half-life of
most current polymers can be shortened. Usually PVC, PAN, fluorocarbons and polycarbonates have

spinneret bore

A

B



a long half-life, PET, PA, PE and PP a moderate one and cellulose derivatives, silk and wool a rather
short half-life.

A good example of a biodegradable fiber is polylactic acid (PLA) [178], which has properties
between those of PA and PET (Table 5.15). Polylactic acid yarns can be texturized and dyed in disperse
dyes, and the staple can be used in spunbonded nonwoven end uses.

Table 5.15 Effect of Weathering (12 Months) on Yarn Physical Properties (Ace. to Lunenschlofi et al. [178])

Material Residual tenacity Residual elongation Residual work to break
% % %

Cotton yarn 33 41 15
NM 17

Rayon cord 13 33 5
Td 1100/480/60 bright

Cellulose acetate yarn Totally degraded Totally degraded Totally degraded
Td 300/50/150 bright after 9 months after 9 months after 9 months

Nylon cord 37 45 14
Td 840/140/40 bright

Polyester cord 50 37 15
Td 1000/300/100 bright

Draloncord 100 91 92
Td 3000/650/100 semi-dull

Rhovyl spun tow 95 85 74
Td 3500/600 bright

Td = titer (denier)/filaments/twist perm
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6 Auxiliary Plants and Equipment

Trouble-free manufacture of a high quality product requires the use of auxiliary plants and equipment.
Such equipment, and its requirements, are outlined in this chapter. The design and supply of such custom-
made equipment is best left to specialized firms. Auxiliary equipment begins with granulate transport,
package- and yarn handling, includes air conditioning, spin finish- and additive preparation and ends with
the very important cleaning plants. Plant-, control- and process compressed air is required practically
throughout the plant. The supply of water, steam and electricity, ensured in sufficient quantity, quality and
continuity, is not discussed in this chapter. Even frequent storms and lightning strikes in the plant vicinity
can cripple the electrical power supply and result in an expensive re-heating and re-starting of the plant,
which can only be avoided by the installation of emergency equipment and reservoirs to keep at least the
melt heating equipment in operation. An emergency lighting system must also be considered, as the
production rooms are normally dark. All this must be carefully considered when designing the plant.

6.1 Package Handling

Owing to increasing package weights and increasing automation, package handling is becoming ever
more important:

rationalization by means of higher package weights results in fewer doff cycles/t yarn, fewer yarn
knots and, proportionally, less handling.
quality improvement through reduced manual handling (less soiling, less yarn damage, at the same
running length).
sorting of packages into full doffs and those having too short a running length, according to weight.
Less printing of stickers showing yarn break statistics and yarn break diagnosis.
saving of paper tubes and packing materials.
humanization of the work place and avoidance of heavy manual labor.

The force that a person is able to handle is limited: a 10 kg weight held at extended arms' length
implies a vertical load of 298 kg on the spine. When the arms are lowered to form a 30° angle between
the shoulder and the arms, the force is still 134 kg. Packages of greater than 4 . . .5 kg weight should
therefore not be manually handled. All yarn packages should be designed such that no manual contact
with the yarn body is necessary.

6.1.1 Simple Yarn Package Transport Equipment

All modern yarn winders have a package push-off device which, at doff end, ejects the packages forwards
onto an exactly-centered receiving spindle forming part of a package transport trolley (Fig 6.1 [I]).

In random doffing, the package transport trolley is placed about 1.5 .. .2 m in front of the spinning
machine, the package to be doffed is gripped by the spindle of a manual package lifting device (Fig. 6.2),
is transported to the package transport trolley and is pushed onto the spindle of the trolley.



Figure 6.1
Package doffing and transport trolley docked to a winding position at the
moment of package transfer [2]
a) Winder spindle (chuck) /) Transport trolley, with
b) Friction roll (at take-up machine) g) Package transfer spindle
c) Full yarn bobbins and h) Wheels
d) Paper tubes i) Locating pin
e) Pneumatic push-off device J) Yarn winder

Similar systems can be used in further processing and in packing, where the packages can be
classified and those showing, e.g., > 10% underweight and/or having broken filaments or overthrown
ends on the package sidewalls can be downgraded. Certain yarn packages—particularly those for tirecord
and carpet yarn—must be equilength, as otherwise the weaving warp length is limited by the shortest
package, thereby incurring a high level of waste. The above-described package handling and transport
systems have their economic upper limit at 1000.. .2000 packages/24 h [6].

Figure 6.2
Manual package handling
device (Zimmermann) [3] and
"Servolift" from Barmag [4].
left: engagement; middle:
transport and turning; right:
release of package

6.1.2 Doffer Systems

Semi-automatic doffers are available which can be programmed via a keyboard to adjust their position
and angle (using a 5-axis system) for (partly) clock doffing [7, 8]. The drive can be achieved by means of
servomotors and 4-quadrant thyristor controllers. These doffers are of compact construction and can be
fitted to various types of winders. The doffer runs in front of the take-up machine on rails embedded in
the floor, or—better still—above the machine. After a programmed transfer of the packages from a
winder, the doffer turns through 180° and delivers the packages to a yarn buggy behind the doffer; the
buggy may either hang from an overhead transport rail or run on rails embedded in the floor (Fig. 6.3).

Another system can, for example, be fully automated from the yarn winder to the creel of the
drawtexturing machine [8]. In the case of non-automatic doffing (i.e., manual) winders, the doffer first
cuts and aspirates the running yarn, then does the doff, including the fitting of empty paper tubes and the
yarn transfer.

door-1



AWD4

AD4
WD4

SW46SSD

Figure 6.3 Package doffer for high speed winder without turret (i.e., manual winder). Above: approach, yarn
aspiration and package transfer from Barmag SW 46 SSD winder to AD4 doffer [4]
below, left: pushing empty paper tubes onto the chuck and yarn string-up
below, right: transfer of doffed packages to the creel wagon

Figure 6.4
Cross-section of an overhead package conveyor system rail [11]



Figure 6.5 Complete transport and packing system for POY packages [4], (1) POY spinning machine. First transport loop: transport of empty paper tubes to the spinning
machine; (2) doffing as per Fig. 6.3; transfer of packages (3a) to inspection (4a) and sorting (4). Transfer and transport (6) to intermediate storage (5) or to
automatic packing on pallets (9); fitting a carton (10), baling (10), (11), weighing (12) and identification for despatch (13)
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Figure 6.6 Automatic package handling line for drawtexturizing machines, from POY supply through to despatch [4]: POY packages in creel change wagon (2);
drawtexturizing machine Barmag FK6 (3); doffer for texturized packages (4); intermediate storage (6); weighing and inspection (7 .. .10); sorting according to
quality standards (11); packing, weighing, identification (12, 13); carton storage (14); cartons stacked onto pallets and prepared for despatch (15)



In the case of revolver winders in single—or double deck configuration, the complete doff and
package transport, from winder to further-processing creel, can be fully automated. When combined with
running length time control on the spinning machine, equilength yarn packages can be produced. By
including a weighing machine, titer control can also be realized.

6.1.3 Package Transport, Storage, and Packing

Transport trolleys holding packages can be wheeled, moved by electric forklift trucks or transported by
overhead conveyors, to e.g., drawtexturizing—or drawtwisting machines, as well as later to sorting and
packing. Similar doffer systems are available for doffing cops of drawtwisters (Section 4.10.2).

For overhead conveyors, double rail systems [11] have proved effective (Fig. 6.4). Here chains are
used to pull the trolleys along a closed loop. Using controlled switches (points), one can remove trolleys,
lead them into neighboring bays or replace them with the aid of special platforms. Reversal of direction is
not, however, possible.

These overhead transport systems also lend themselves to the transport of single packages. According
to the literature [9], up to 160000 packages/24 h can be transported.

Doffing and transport, etc., can be further automated, as shown in Figs. 6.5 and 6.6. In such systems,
the POY packages are doffed from the winder, placed on the buggy creels and—after sorting—are sent
either to despatch packing or to drawtexturizing. After drawtexturizing, they are then sent to packing and
despatch. These systems [4, 10, 11] are presently being developed further to make yarn production more
economical and to improve yarn quality.

Finally, Fig. 6.7 explains a palletizing and packing station: alternate layers of packages and
corrugated cardboard separator sheets are placed on a pallet, up to 2 m high. The so-formed package
is wrapped in film and welded, enveloped in a folded corrugated cardboard carton and is strapped and
identified for despatch.

For intermediate storage, either yarn buggies are closely stacked in large area halls or a computer-
controlled overhead rack system is used, the latter often part of the overhead conveyor system.

Figure 6.7 Palletizing and packing line for yarn packages (Innovatex [H])



6.2 Air Conditioning: Conditions and Plants

Since man-made yarns and fibers—like other textile materials—are to some extent hygroscopic, they
require uniform and optimal air conditions for processing as soon as they come into contact with air. The
required air conditions are material—and process specific, and also depend on the spin finish. For these
reasons, the planning and construction of air conditioning plants should be left to experienced specialist
firms [12]. Reference [13] gives basic information concerning climatic conditions and air conditioning
plants.

In the planning and construction of the required air conditioning plants, the plant constructor/end-
user must provide and take into account the following:

buildings designed with K < 0.6 W/m2 hK
outside air conditions, i.e., maximum and minimum dry bulb temperature and maximum wet bulb
temperature, both for summer and winter.
particular external conditions, e.g., solar radiation, prevailing wind conditions, maximum dust or soot
content of outside air, etc.
cooling water conditions, maximum and minimum temperature thereof, and quantity, corrosive
properties, chlorine content and/or cooling water analysis.
room air requirements in individual rooms: target temperature, relative humidity and tolerances,
target pressure constancy and possible pressure differences between rooms.
energy generation in individual rooms, possibly with location of generation specified.
available energy sources and their specification (allow 80 W/person).

In all areas where fiber does not come into intimate contact with the environmental air—which
includes the neighborhoods of processing machines, but excludes the air quenches—it is only necessary
to provide comfort air for the workers, i.e., 2 1 . . .27 0C and 65 .. .55% RH. Where this is not possible,
e.g., in polycondensation or drier rooms, or above and below the spinning beams, 32 0C (or in extreme
cases, 35 0C) should not be exceeded. The exhaust air ducts—mostly below the deck—are laid out for a
maximum temperature of 400C. The air exchange rate (=m3/h circulated air/m3 room volume) is
typically 25-35 fold.

While all other data are location-, plant- and construction-determined, air conditioning firms
understandably give no recommendations concerning production-determined air conditions: these are
part of the know-how of the planner and end-user. The following sections can give only an initial
indication.

6.2.1 Quench Air Conditioning Plants

For cooling the molten filaments down to below the glass temperature (exception: PP), the following
relation holds for the quench air supply temperature:

V supply < Fglasstemp. ~ H ' Arrows ~ (ca.)K) ± 1 °C,

with n = number of filament rows behind one another. Too little cooling time is gained by using colder
quench air: for a filament having 2800C extrusion temperature, the use of 20 or 15 0C quench air
temperature gains only 2% in cooling rate (or shorter cooling length). In contrast, the effect of the glass
temperature is considerable: a PA66 yarn having T% ~ 42 0C and 6 rows with ATrow = 2.2 0C requires a
quench air temperature of < 15 0C in order for the furthest filaments to be adequately cooled. Quenching
the filaments down to only >42°C increases—according to experience—the yarn break rate 6 to 10-
fold above the optimal achievable rate of < 1 break/t yarn, plus yarn breaks expected during doffing. On
this basis, the following guidance values for spinning man-made fibers should be maintained:



For PET PA6 PA66 PP

Glass temperature 70 40 42 5 0C
Quench air

temperature 2 3 . . . 25 14 14 10 0C
constancy ±1.5 ± 1 ± 1 ±2.5 0C

Relative humidity 75 85 90 80 %
constancy ±2.5 ± 2 ± 2 ± 3 0C

Air quantity (approx.) 10.. .20 18 .. .30 18 .. .30 20. . .34 Nm3/kg
air/melt

The temperature and flow rate of quench air required can be significantly different when only one or
two (staggered) rows of filaments are to be quenched, as, e.g., for PA monofil (Table 3.4). Many PA
spinning plants operate with a quench air temperature of 200C. This can be partly compensated by
suitable choice of spin finish, as long as the quench air temperature beyond the filaments remains below
30...ca. 350C.

The quench air conditioning plant should be designed for a cross-flow air velocity of at least 0.6 m/s,
unless the detailed calculation in sections 3.3 and 4.7 indicate a higher velocity. Strong throttling
increases damping, and thereby reduces air velocity variations and turbulence. According to Fourne [14],
the maximum supply pressure variation permissible is Ap/p < 0.007. The pressure in the quench cabinet
supply duct or at the quench cabinet inlet flange should be between 30 and 100 mm w.g. (according to
detailed design) and up to 600 mm w.g. for sintered metal radial quench candles.

The upstream dirt particle cut-off size is not adequate for the quench air supply cleanliness. It is
therefore necessary to build into every quench air cabinet inlet a quick-change filter which ensures that
< 0.3 mg/m3 of dust of particle size 1. . .3 urn and 0 mg/m3 of particle size > 3 um passes into the
quench cabinet. The filter mesh should be of the same material as the finest mesh in the air rectifier, but
one size finer. Dust finer than the above has no significance.

The quench cabinets increase the supply of air to the spinning room: the interfloor tubes connect the
quench cabinet to the spinning room and the threadlines by their air dragdown pumping action, transfer
air downwards. Two configurations are possible:

tall (old) spinning towers having sealed floors and interfloor tubes as the only connection between the
two floors. Here a constant pressure difference must be maintained between the two floors in order to
achieve a uniform air flow in the interfloor tubes. Standard conditions are a variable overpressure
above of 0.2 .. .0.4 mm w.g. and an air exit velocity of max. ca. 0.5 m/s at the yarn exit flap at the
bottom of the interfloor tube. Fourne showed in 1964 (Fig. 6.8, [15]) that a periodic pressure
difference of ±0.2 mm w.g. results in corresponding changes in Uster value and dye uptake
uniformity in the case of PA6 monofilaments. Pressure equalization between the floors must therefore
be done very accurately. This can be achieved either by means of a pressure control valve in an
unused interfloor tube or by controlled exhaust of return air out of the spinning tower. Furthermore,
airlock doors must be fitted both between the quench floor and the winding room, as well as between
these rooms and the outside.
in compact spinning plants having the spinning and winding sections in one room and large open
interconnecting interfloor tubes [14], it is not necessary to have either pressure equalization or
airlocks.

The air flow balance between spinning and winding is also influenced by

monomer extraction below the spinnerets. The air flow rate is determined by (1.2.. .1.4) x quench
air velocity in this region x suction area. This air is contaminated with 0.2.. .0.5% (based on melt
extrusion rate) of monomer in the case of PA and PP; this monomer must be removed by spray
water and/or catalytic burning. In the case of PET, not much monomer is evolved, so the extracted
air can be led outside the building to reduce odors in the room.
the air dragged down the interfloor tube by the yarn (see p. 190). In the case of interfloor tubes having
closure flaps and a slit for the yarn exit, the dragdown air is <0.5 m/s x slit area, and can generally
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Figure 6.8
Diagram showing the effect of periodic
disturbances in the pressure difference
between a spinning room and a winding
room having a sealed floor, on the yarn
tension beneath the quench cabinet, the
spun titer of a nylon 6 filament, the drawn
titer and the dye depth when dyed with a
sensitive metal complex dyestuff [15]

be ignored. The remaining dragdown air—which constitutes the greater part—flows as secondary
upward circulation against the walls of the interfloor tube and causes threadline instability,
saturated steam is often introduced into the interfloor tubes when spinning PA 66. Here condensation
in the tube and dripping onto the winders below must be avoided. The surplus steam is aspirated at
the bottom of the tube and led outside—see Figs. 4.184 and 4.185.
when yarn contacts the spin finish either on kiss rolls or in ceramic applicators, particularly at high
speed, this generates fine droplets and aerosols in the conditioned air. These sprays/aerosols must be
treated either by washing or catalytically before the air streams can be used again or can be exhausted
out of the building.

6.2.2 Air Conditioning of the Winding Room

It is important that the air surrounding the winding packages is correctly conditioned, otherwise every
friction drive or (heated) godet transfers a large amount of energy to the surrounding air, altering its
temperature and relative humidity. The only point of dispute is whether the fresh, conditioned air should
be blown from above down onto the winders (which simplifies the aspiration of fluff, fly and dust) or
from below up over the winders (which makes construction easier and better when the yarn packages lie
below the friction rolls).

The following air conditions are recommended for air surrounding packages of various materials:

For PET PA6 PA66 PP

Air temperature 20...23 20 18 . . . 19 20...25 0C
constancy ±1.5 ± 1 ± 1 ±2.5 0C

Relative humidity 50...55 40...45 40...45 50...60 %
constancy ±2.5 ±1.5 ±1.5 ±3.5 %

Package doffers and -transport systems, located close to the winders, have an unknown energy input
into the room, and must also be uniformly climatised. The simplest solution is to encapsulate winders and
godets and to provide them with their own internal air flow. The air flow over the heated godets can be
maintained so low that the air temperature inside the box is practically the same as the godet surface
temperature. This results in a more rapid heating of the yarn, as well as reduced cooling of the heated
yarn between godets and/or separator rolls. Encapsulation of the winder also reduces noise levels. Both
interiors are supplied with the minimum quantity of the necessary. The air flow through the winder
capsule must be calculated exactly, since the amount of heat liberated can be considerable. Furthermore,

pressure
difference

yarn
tension

spun titer

drawn titer

dye depth



the insides of the capsules must be periodically well cleaned of, e.g., slung-off spin finish. By these
measures, it is possible to keep the number of air changes per hour down to below 40 in the winding room
and to below 10 for the godets; the winder encapsulation, however, needs 200 to 500 changes per hour.

The air change rates given above are only rough guide values. Average air conditioning flow rates are
given by [21, 23]:

For PET PA6 PA66

Nm3/h x position 1500.. .2800 500.. .1500 1000.. .2000

In small, cramped buildings, spinning POY at 6000 m/min could require 4000 Nm3/h x position.
Based on the room volume, this implies an exchange rate of ca. 400, whereas old, conventional LOY
plants winding at up to 1700 m/min require only 25 to 40 changes per hour.

6.2.3 Air Conditioning of Staple Fiber Plants

For extrusion, quench and take-up room, the above criteria are valid. This is also true for cable-laying in
the cans, provided that the cable does not need to be extremely moist for good laying. At wet drawing,
drying and heat setting, only comfort air conditioning is required for the workers' comfort. The area
around the bale press and bale storage area should be air conditioned as described in the next section,
even if only to achieve the correct selling weight at the prescribed relative humidity.

6.2.4 Climatization of Other Rooms

For reasons of uniformity, conditions of (20.. .27) ± 2 0C and (60 .. .65) ± 2.5% RH are used practically
everywhere, including work stations and in the neighborhood of packages. The constancy of the
temperature and relative humidity is more important than their absolute values.

For textile laboratories, BISFA rules [91] require: T = 20± 1 0C at 65 ± 1.5% RH. These values must
be strictly adhered to in order to enable comparisons of different results to be made. Before testing, the
samples should be conditioned for 24 h to 3 days in the standard climate (see chapter 9).

6.2.5 Dust Content of Conditioned Air

The dust content of the air must be maintained as low as possible, as it can affect the yarn, the fibers, their
contact surfaces and the process air:

as dust, which can adhere to the filament surface, particularly beneath the spinneret, and
as dust mixed with spin finish and extractables, which can adhere to the filaments, the yarn guides
and the draw rolls, making them sticky.

Dust is electrostatically attracted throughout the whole room, therefore it must be aspirated with the
room air and washed out before recirculation. This also applies to the outside air (Table 6.1), which is
mixed with the recirculated air and washed together with it. Outside make-up air constitutes between 10
and 20% of the air circulation. Dust filtration for the quench air and take-up room air must meet the
requirements given in Section 6.2.1.

Figure 6.9 shows the effect of dirt in the quench air supply. Constantly growing islands of dirt form
on the finest sieve of the air rectifier; these blockages reduce the local air velocity, lead to turbulence and
increase Uster values. Figure 4.177 shows the same effect on another machine. For this reason, a pre-filter
is a necessity. Regular screen cleaning at short time intervals is also recommended.
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Table 6.1 Average Dust Content of Air

Location Average dust content mg/m3

In the countryside: after rain 0.05 .. .0.1

dry 1. . .5
In towns, depending on traffic 0.3 .. .5
In industrial areas 1. . .5
Workshops 1...10
Cement factory 100.. .200
Fuel combustion areas 1000.. .15000

Figure 6.9
Effect of dirt on the quench cabinet air rectifier in terms of quench air velocity
profile in the lower section of the quench and turbulence at a fixed spot

6.2.6 Air Conditioning State Plotted on ix-Diagram

The state of the conditioned air and its changes, from outside air through the various processing stages up
to exhaust air, can be more easily followed on a Mollier ix-diagram [16, 74]. Here again we must
distinguish between two plant configurations: the multi-storey building having a sealed floor between the
quench cabinets and the take-up room, and the open, compact plant contained in one room. One must
also distinguish between summer and winter operation for most locations. The ix-diagram relates the
temperature, the absolute and relative humidity/water content, and the enthalpy of moist air. Two
examples are given to explain the use of the diagram:

the (older) closed system having pressure equalization between the quench floor and the winding
room through a sealed interfloor, or a building having an intermediate floor between quenching and
take-up, where air conditioning plants for both decks are located:

Figure 6.10 shows in the upper ix-diagram the changes in air state for spinning and quench:
Outside air (1) is humidified in summer, cooling it down to the dew point (2). The quench air
component is cooled down further to (3) and is then blown out of the quench rectifiers at 14.. .20 0C,
after which it is heated up to the quench air exit temperature (5) by heat transfer from the filaments.
The spinning room inlet air mixes with the quench cabinet exit air, absorbs heat from the machines
and reaches the spinning room exhaust air temperature (6) and, in summer, is exhausted to outside
(7). In winter, outside air (8) and exhaust air from the quench and spinning room (9) are mixed (10)
and humidified to the winter dew point (11). The quench air component is cooled to the quench air
dew point (3). The remaing process is as in summer. The spinning room inlet air absorbs the spinning
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heat load and reaches the spinning room exhaust air condition (12). The quench exhaust air
component (5) and the spinning room exhaust air (12) form the mix air point (9) in winter. The
number of air exchanges at spinning is ca. 70-fold in this case.

The same diagram also shows the air conditioning changes for the winding room. The outside air
state in winter is given by (8) and in summer by (1). The former is brought to state (2) by heating and
humidification, the latter by cooling; the air is then heated to state (3), the inlet air condition for the
winding room. Through mixing with the dragdown air from the interfloor tubes, the air arrives at state
(4). After absorbing the room heat load (motors, lighting, services, etc.), it arrives at a state between
(5) and (6). The number of air exchanges in this case is ca. 57-fold.
In the case of machinery in a single, open building, the correctly conditioned air is led to the winding
section (see Fig. 6.10 below), absorbs heat and rises as spinning room air. The quench air is treated as
per Fig. 6.10 above to reach state (4). Both are mixed in front of the quench cabinets, and can—
depending on summer or winter conditions—be exhausted as outlet air and/or partly used for
recirculation air.

In many cases, chillers are required for both the quench air and the winder air. These chillers produce
cold water having a temperature of + 4 0C, which is pumped into the separate air conditioning systems.
The dimensioning of these systems should also be left to the air conditioning firms.

6.2.7 Air Conditioning Plants [12]

Air conditioning plants and air ducts are either part of the buildings, consisting of installed components
from machine manufacturers and sheet metal fabricators or, particularly in the USA, comprise pre-
fabricated, compact units which are installed in the various buildings. Figure 6.11 shows an air
conditioning plant and air ducts [21] for a POY spinning plant and its associated drawtexturizing. The
quench air conditioning plant is, in this case, located on the roof of the spinning tower, and that for the
high speed winding room in the cellar. The separate air conditioning plants for drawtexturizing are in an
adjoining cellar and at the end of the roof, as is the air conditioning plant for coning and twisting. Air
conditioning plants require a large space, and this must be taken into account when planning the
buildings. The following points must also be considered:

building-integrated concrete or cement slab ducts must not release dust into the air flow
metal ducts, made from, e.g., zinc or galvanized steel sheeting, must be stable enough for the walls
not to come into resonance and pulsate
the air in the ducts must not be able to come into critical resonance
the air velocity in the ducts should not exceed 5 m/s for comfort air and 8 m/s for industrial
applications. In the branched air ducting leading to the quench cabinets, 3 . . .4 m/s should not be
exceeded.
the air exit velocity into the rooms should be < 2 m/sec, and the air velocity within the rooms should
be less than 1 m/s. If dust or fluff is present, the air velocities must be reduced to below the critical
speeds for these substances.

In order to meet these requirements and to ensure good mixing of the conditioned air with the air in
the rooms, air conditioning firms have developed concepts and devices [16], e.g., exit grilles impart a
twisting motion to the air. The air flow in front of the quench cabinet doors also needs careful design, as
this can influence the quench cabinet and thereby the yarn quality.

Complete air conditioning plants for production plants of ^ 10 t/24 h capacity require, per plant, ca.
(4 . . . 5) m width x (12 . . . 18) m length x ca. 4 m height. For sizing and planning, the values in Table
6.2 can be used. For the conditioning of quench air and air for the winding room, water chillers are almost
always required; these cool the cooling water down to + 4 0C.
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vapor pressure (mbar)

Figure 6.10 Mollier ix-diagram of an extrusion and winding plant (Neumag [74] and Krantz Lufttechnik [16]; see
text for explanations); above: for multi-storey buildings having sealed floors; below: for an extrusion/
winding plant without sealed floors (i.e., single storey or having open grilles in the floor)
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Figure 6.11 Schematic presentation of air conditioning plants for production and further processing of man-made
fibers. A: for spinning, particularly the quench; B: for POY package winding; C: for drawtexturizing;
D: for twisting and coning [21]

Table 6.2 Approximate Data for Sizing Air Conditioning Plants

Room Material Process Temperatures Temperatures Quantity Supply
(max) inlet (max) outlet pressure

^C ^C m3/h mm WC

Polymerization — Polym, drying 2 1 . . .27 35 15V 10
Spinning — melt spinning 23 35 (20.. .3O)V 10.. .20
Quench PA melt spinning 14 (20) Tg-10 35G > 30

staple, BCF 14(20) Tg-10 4OG >60
PET textile filaments 20. . .23 40 (45) 22G > 50

staple 20...23 30 22G >60
staple (radial) 20...23 30 12G < 350

PP staple 20(14) 30 4OG >40 (100)
Winding LOY 20 25 30V 15

POY 20 25 (50...10O)V 15
Draw twisting
Draw texturing 1 23 30 25V 15
Coning [

V = relevant room volume (m3); G = spinning throughput (kg/h)

6.3 Heating Systems and Heat Transfer Media

Temperatures up to ca. 150 0C are typical for solution polymers, up to 320 or 350 0C are typical for melt-
or dry spinning, and special polymers often require up to 450 0C. Glass and minerals require temperatures
up to 14000C and carbon fibers temperatures of 1800 to 30000C. Table 6.3 gives an overview of the
appropriate heating methods and media.
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The most commonly used liquid heat transfer media are water, Marlotherm and Diphyl (Dowtherm),
particularly when heat transport is also involved. For vapor heating, steam and Diphyl (Dowtherm) vapor
are most commonly used; here the condensate should be drained away from the surfaces to be heated.
Table 6.4 lists some properties of Diphyl [25] and Marlotherm [24], while Fig. 6.12 gives pressure and
typical heat transfer coefficients for commonly-used heat transfer media.

With a central heating plant, it can be advantageous to use secondary heat exchangers before each
user and to regulate these separately using a supply from a central high temperature heating system.

6.3.1 Heating Plants

Figure 6.13 shows an example of a Diphyl (Dowtherm) vaporizer. Here the electrical heating tubes are
embedded in a protective outer tube, which is welded to the vessel flange, making it possible to exchange
single heating elements without interrupting production.

Table 6.3 Heating Media and—Methods

Application
temperature

range 0C

7...160

100.. .240
140.. .240
120...300

180...370
180...390
70. . .400

50. . .400

60...400

60. . .400

200...500
200...600

400.. .700

200...500

200.. .700

50...1200

70...1400

Up to 1800

Up to 3000

Corresponding
pressure range

bar

1...8

1
1

0.02...2.5
0.15...7.6

Specification

Water (for gentle heat transfer)

Steam
Induction heater with steam jacket
Liquid: mineral heat transfer oils
Marlotherm® S
Diphyl
Dowtherm S
Vapor: Diphyl
Dilotherm OMO (vapor)
Santotherm (liquid), with
accompanying heating
Syltherm 800 (liquid, pressurized)
for 150 250 300 350 4000C
p 0.3 2.6 5.1 8.8 13.8 bar
Induction heater with inductor
cooling
Electric Mecanit heating bands

Electric ceramic heating bands
Electric resistance heaters, molded
into Ms or Gg
Radiation heaters

Molten salt (with accompanying
heating)

Liquid metals (with
accompanying heating)
Gases, particularly combustion
gases
Direct electrical current flow
(e.g., PtRh)
Direct electrical current flow:
metal carbide rods
Direct electrical current flow:
graphite in protective gas

Recommended application

Dissolving tanks, vacuum driers,
chem. apparatus
Chem. apparatus, drying drums
Drawrolls, godets
Heating by forced circulation, also
for higher temperature ranges,
cooling 1

Chem. apparatus, spinning beams
Chem. apparatus, spinning beams
Chem. apparatus

Chem. apparatus

Drawrolls, godets

Extruder cylinders, simple small
apparatus
See above
High temperature extruders and
- spinning beams
High temperature godets (multi-
zone)
Upto400°CinST35-8

Up to 6000C in 1.4541

Glass- and mineral melts

Achievable
temperature

constancy ± 0C

1

1
1

2. . .4
2...2.5

2

1
1

2.5

2.5

3.. .7

4. . .7

5...10

3 = 1%

1%(>4)

2. . .3

3 . . . 1 % (>4)

2 . . . 1 % (>4)

Source

[24]
[25]
[35]
[25]
[26]
[27]

[28]

[33]

[29]

[31]



Table 6.4 Properties of Diphyl [25] (Dowtherm) and Marlotherm S [24]

Diphyl Marlotherm S

Temperature Vapor Density Density Heat Heat Density Specific
pressure liquid vapor content content liquid heat

0C bar kg/m3 kg/m3 liquid vapor kg/m3 kJ/kg K

0 1043 1.51
60 1029 0.0045 66.4 423.4 1001 1.71

120 0.0169 979 0.0812 173.9 511.6 959 1.92
180 0.146 927 0.6301 290.5 608.2 918 2.13
240 0.725 873 2.881 415.5 710.6 876 2.34
300 2.48 818 9.339 549.3 817.7 834 2.55
360 6.54 759 24.23 692.2 925.9 782 2.76

Diphyl = Eutektic mixture of Diphenyl and Diphenyloxide

Diphyl Marlotherm S Diphyl

Max. film temperature 0C 410 370 Specific heat 1.55 kJ/kg K
Boiling point at 1 bar 0C 256.. .258 «390 at 20 0C 166
Freezing point 0C 12.3 ^ - 3 5 Average
Flame point 0C 115 ^ 190 molecular
Ignition temperature 0C 615 >500 weight

Figure 6.12 Heat transfer coefficients of various heat transfer media in a 2" pipe at a fluid velocity of 2.5 m/s
(turbulent flow) (right) and vapor pressure of various heat transfer media as a function of temperature
(left)
a) Water d) Thermal oils, nonpressurized
b) Thermal oils, etc. (Dowtherm, (Marlotherm, etc.)

Diphyl) e) Molten salts
c) b, pressurized / ) Liquid metals up to 12000C;

hot gases

temperature I0C)temperature (0C)
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Figure 6.13
Electric Dowtherm (Diphyl)
vaporizer, 81 kW, 2.5 bar, 3200C
(Klopper-Therm GmbH [34])
a) Electric heating elements
b) Heating element flange
c) Electrical connection
d) Dowtherm vapor dome
e) Vapor exit to plant
f) Liquid level indicator
g) Condensate return line

The vapor rises through the dome (d) and the connecting flange (e) to the machine or user to be
heated, after which the condensate returns through (g). A liquid level gage is incorporated between the
flanges (f). In order to avoid thermal damage to both the heating elements and the Diphyl, a heat flux of
ca. 4 W/cm2 should not be exceeded; better still would be a design flux of 2.5 W/cm2. In heat exchangers
for secondary circuits, the above protective tubes can be replaced by a tube bundle bearing the primary
flow.

The principle of an electrical through-pass heater for thermal oil is shown in Fig. 6.14. The heat
transfer fluid flows in the narrow gap between the outer, protective tube and the heating rod. In another
version having many small protective heating tubes (Fig. 6.15), crescent-shaped plates fixed at right
angles to the tubes ensure that the flow occurs predominantly across the tubes or bundles (Fig. 6.15).

Figure 6.14 Electric heat exchanger for thermal oil, 50...20OkW, 1.0 bar+ pump circulation pressure,
220...3200C
a) Cold liquid entry to exchanger
b) Heated liquid exit (to machine)
c) Heat exchange tubes, with
d) Electrical heating tubes of large diameter



Figure 6.15 Electric heat exchanger for thermal oil, up to 3200C
a) Cold liquid inlet / ) Heating flange
b) Heated liquid outlet (to machine) g) Pressure and temperature
c) Electric box indicator

All heating equipment must be optimally insulated. In liquid heating, the system must include an
expansion vessel, while in vapor heating, a loss condenser must be attached above the user. The
calculation and construction should be done according to German AD-Instructions and the VDI
Warmeatlas [94], and it should be manufactured and operated according to German TUV conditions
and procedures (different norms and standards apply in other countries). See Fig. 4.4 for German
requirements.

Dowtherm vaporizers are located at least one storey below the user, while the loss condenser must be
at least one storey above the user. If the safety thermometer in the loss condenser indicates a fall in
temperature, the plant must be vented or the Dowtherm changed on account of degradation products
therein.

6.4 Protective Gas [40]

The most widely-used protective gas is nitrogen having <5 ppm O2 and a dew point of under — 400C.
This is used, e.g., at a pressure of 20 . . .50 mm w.g. for blanketing molten polymer surfaces. Under a
pressure of 8. . .15 bar, such nitrogen is also used to extrude polymer from autoclaves. For dry-spinning
of PAN, among others, <2% O2 suffices. Also used are CO2 (rarely) and, for high temperature processes
(carbonization, graphitizing, etc.), nitrogen or argon having < 1 ppm O2.

The following methods can be used for provision:

high pressure flasks, filled at a pressure of 200 bar, then reduced down to the required pressure—only
for small consumers
purchase of liquid nitrogen (very rarely)
stoichiometric burning of hydrogen or hydrocarbons with air
low temperature cooling of air,

the latter two possibly together with catalytic cleaning. Combustion plants for production of N2 are
available in sizes of 25 .. .300, possibly up to 1000 Nm3/h for 97. . .99.5% purity N2 [36-38]. The N2

production costs (1988) are DM 0.4/Nm3 for smaller plants and DM 0.20/Nm3 for larger plants.
The cleaning plants for gas operate catalytically and have a water separator and a gas drier. To ensure

removal of residual oxygen, an excess of H2 must be added.
Table 6.5 gives guide values for nitrogen usage; these, however, can vary widely according to the

experience of the plant personnel.
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Table 6.5 Guide Values for Nitrogen Usage

For Purity, pressure Quantity
Nm3/h

Poly condensation plants, autoclaves
PA Flushing <5 ppm O2I^O mm wg 0.2.. .1

Extruding, normal viscosity / 8 . . .10 bar 10 Nm3An3 x batch
Extruding, high viscosity /15 bar 15 N m V x batch

PET - 400C dew point, as above
<5 ppm O2

PA6 VK tube as for flushing 0.4
Chip silos for melt spinning

PA, PET <20 ppm O2MO mm wg 0.1/m gasket
+ 0.2/silo

PP, PE — —
Vacuum drier, flushing < —35°C dew point 2 Nm3/m3 x batch

<20 ppm O2/I.5 bar
PAN (and other) dry spinning <2% 62/IOO mm wg 1 Nm3/tube open

+ 0.1/tube
Polysulfone, wet (air gap) spinning <0.1% O2 0.1/spin pack set
Carbonization oven <1 ppm O2

Graphitization oven <1 ppm O2

6.5 Compressed Air

Compressed air usage, particularly in POY- and FOY-spinning, can be considerable; automation tends to
increase usage strongly. When winding at 4000 m/min, 8 bar over-pressure suffices for both winding and
general use. In 6000 m/min spin-drawing, this increases to 16 bar, which is also required for some non-
woven processes. AlO bar over-pressure air compressor suffices for 8 bar plant operation. At 9 bar, the
compressor automatically cuts in and fills a surge vessel of size Fvessel[m

3] = [Nm3/h usage]/8(P1111n"
1).

Figure 6.16 shows the requirements for a POYor FDY winding position: the compressor (a) delivers,
e.g., 12 bar to the general surge tank (reservoir) (b), which directly supplies the hand aspirator and
machine-based aspirator (c), as well as the yarn cutter (d). A second buffer tank (reservoir) (f) is supplied
via a non-return valve (e), which separates the second tank from the first tank. After drying (g) and as fine
filtration (h), the separator rolls (j), if fitted, and the winder (i) are supplied from this second tank with
both operating-and control air, the latter after pressure reduction (k). Larger spinning machines require 2
to 3 such stations, which must be separated, since excessive aspiration in one system could otherwise
cause the other systems to trip out.

Using the average consumption values in Table 6.6, the compressed air demand of an 8-ends per
position, 8 position POY machine can be calculated: 16 x 2 (Al) + 16 x 1.7 (Al) Nm3/minx
10 min + 1 x 4 x 60 (D2) x 1 h = 32 Nm3/h (Al) + 432 Nm3/h (D2). Two separate systems would
be required, so that switching on the yarn aspirators (D2) would not trip out the winders (Al). The
systems would also require two buffer tanks of ca. 0.8 m3 for (Al) and 7 m3 for (D2), with a flow-
limiting non-return valve from (D2) to (Al) to cater for continual short-term demand variations.

A compressor station for a man-made fiber spinning and winding plant comprises (screw)
compressors, a compressed air buffer tank per air circuit, the corresponding compressed air (cold)
drier, the fine filter and pressure control or reduction [41, 42]. Good noise reduction and location in a
separate room are necessary, as the noise level can sometimes exceed 85 dB. The required motor power is
ca. 0.65 kW/bar x m3/min. See [40] for fittings and detail.

The ca. 10 bar compressed air for general factory use has not been discussed here. Care must be
taken to dimension the compressed air pipelines sufficiently large to cater for the sudden, high air
demand of the aspirator guns. The compressed air supply pipes are usually laid out in the form of a ring
main connecting all users.



Figure 6.16
Compressed air supply for a winding machine—mains and
distribution
a) Compressor (8-10 bar)
b) Surge tank (air reservoir)
c) Hand yarn aspirator gun or machine-based aspirator
d) Yarn cutter
e) Non-return valve
/ ) Buffer tank
g) Water trap
K) Fine filter
0 Winder
J) Yarn separator roll (air bearing)
k) Switching-reduction valve

Table 6.6 Guide Values for Compressed Air Usage

Component Specification Specification Duration Air
Usage Pressure (for

Nm3Zh x item bar calculation)

Separator roll, air bearing 2 . . .4 5 . . .7 cont. Al
High speed winder

up to 4000 m/min 2 7 cont. Al
up to 6000 m/min 3 7 cont. Al

Control air <0.1 3 cont. Bl
BCF texturizing jet 40 7 cont. C2
Yarn aspirator and cutter, machine mounted 100 7 5 min/h D2
Hand yarn aspirator

up to 4500 m/min 240 7 5 min/h D2
up to 6000 m/min 480 16 5 min/h E2

Non-woven jets
Docan 30 16 cont. E2

+120 7 D2
Melt blowing 4 Dl

A-E: separate systems; 1: dry, oil-free, dirt < 0.1 urn; 2: oil-free, dirt< 1 urn

6.6 Cleaning of Polymer-Soiled Parts

The parts transporting polymer, melt or solution become contaminated through depolymerization, cross-
linking, carbonization, gel formation, etc., during operation, and must then be removed and cleaned. The
cleaning must result in shiny metal faces, free from the smallest contamination. The running time before
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cleaning can be determined in the case of filters, e.g., by observing the pressure increase before the filter
(Fig. 6.17), and for spinnerets by noting the time between insertion and "dripping", and taking about 2/3
of these averages as the running time before cleaning. If, e.g., the filter (b) in Fig. 6.17 reaches its pre-
determined limit of 100 bar after 40 days, it should be changed after 26 to (max.) 30 days. In the case of
spinnerets, attention must also be paid to the behavior of the metal/sand filter and possible carbonization
on the spinneret face. Table 4.25 gives achievable filter lifetimes and throughputs, which also limit the
spinnerets lifetime. In the case of spin pumps, one can reckon on an exchange time of 3 to 6 months;
smooth polymer distribution pipes can run for more than one year before cleaning is necessary.

Figure 6.17
Pack lifetime of PA66 spin packs (a) without prefilter, (b)
with prefilter [92]

An overview of the many cleaning methods and processes is given in [43]; only some of these are
suitable for man-made fiber production equipment. A large cleaning plant always has several of these
processes available.

Most cleaning processes consist of a pre-cleaning, a second high quality cleaning, a post-cleaning,
neutralization, ultrasonic bath cleaning and a final drying in dust-free air.

Cleaning of parts by hand using a tool and blowlamp should be the exception, as parts can be
damaged and the process is labor-intensive.

6.6.1 Burning-Out Ovens

The parts to be cleaned are placed in a circulating air oven running at ca. 500 0C for 12 .. .24 h. After
removal and cooling, the parts are cleaned of ash and combustion residues with a brush and are then
ultrasonically cleaned. This process is very time- and labor-intensive, and also depends on the skill of the
operatives.

6.6.2 Molten Salt Bath Ovens

The main cleaning can be carried out in a crucible containing molten sodium nitrite at 350 0C, and lasts
for 4 . . .6 h. Better still is the use of Kolene® [44], which, depending on type, can perform the main
cleaning as a melt between 350 and 450 0C within 10 to 60 min, giving a good result. Figure 6.18 shows
a salt bath cleaning system, comprising a crucible (b) for the molten salt, two cleaning baths (c, d) and a
neutralization and rinsing bath (e). The workers must be protected against melt-spitting and explosive
popping caused by traces of water. All polymer is burnt, and releases a considerable amount of soot
and combustion gas, which—like the contaminated salt—must be disposed of. Salt consumption is ca.
3 kg/kg polymer at 350 0C, reducing to ca. 1 kg/kg polymer at 450 0C. The process is exothermic: if the
cleaning load is sufficient, the salt only needs to be melted. The nominal power requirement is
0.4.. .0.3 kW/1 salt bath.

This is the most effective cleaning process when, in addition to polymer, pigment and additive
residues clinging to metal surfaces need to be removed.

PA 66
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Figure 6.18
Kolene®—10 salt bath system for clean-
ing small parts in man-made fiber
production [44]

6.6.3 Aluminum Oxide Fluidized Bed Process

This system, known as the Procedyne® process [45], abrades and burns off polymer from metal parts
suspended in a fluidized bed OfAl2O3 powder at 500.. .5500C air temperature (Fig. 6.19) [45]. The
cleaning of external surfaces is very good, but the particle size of the Al2O3 prevents the cleaning of
filters, internal cavities and spinneret capillary bores of less than 0.2 mm size. The abrasion process,
however, results in the rounding of the once-sharp spinneret capillary exit holes.

All of the above three cleaning processes generate soot and smoky exhaust gas, which must be treated
in an after-burner. Figure 6.20 shows such a system, which can be larger than the cleaning system itself.

6.6.4 Hydrolytic (Pre-) Cleaning

Polyester-contaminated parts, in particular, can be pre-cleaned by hanging them in a vessel (2) as in Fig.
6.21 which is heated to 400.. .500 0C and filled with superheated steam. The polyester is hydrolyzed to
low viscosity and drips from the contaminated parts into a collector pan (3). The steam requirement is
only 10. . . 20 kg/h x m3 oven volume, the installed power is about 30. . .35 kW/m3 and the pre-cleaning
time is 3 .. .4 h.

Figure 6.19
Principle of the "Procedyne" fluid bed cleaning system [93]
1) Lid 6) Diffusion plate
2) Gas exhaust 7) Retort
3) Fluidizing gas inlet 8) Fluidized bed (Al2O3)
4) Band heaters 9) Metal parts to be
5) Protective sieve cleaned
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Figure 6.20
Necessary post-cleaning of exhaust gas from "Procedyne" (or
similar) cleaning plant [45]
a) Procedyne cleaning plant d) Fan
b) Cyclone dust remover e) After-burner
c) Washer / ) Exhaust gas

Figure 6.21
Hydrolysis pre-cleaning oven (Messrs. Fourne Maschinenbau
[50])
1) Hydrolysis vessel 5) Steam entry
2) Parts to be cleaned 6) Electrical heating (up to
3) Collection pan 5000C)
4) Hydrolysis exhaust gas T) Lid, electrically heated

8) Insulated housing

6.6.5 Solvent Cleaning

Polyester- and polyamide contaminated parts can be cleaned in ethylene glycol (EG) at >280°C in a
vessel pressurized to > 15 bar; this makes sense only when, e.g., EG recovery is available in the PET
polycondensation plant. More advantageous—whether with or without pre-cleaning by saponification—
is boiling in triethylene glycol (TEG) at atmospheric pressure at 280 .. .285 0C for 4 .. .6 h. Figure 6.22
illustrates the principle of such a cleaning plant [50]. After the initial cleaning in soiled TEG, a second
cleaning is done in purified TEG (Fig. 6.23). An initial post-cleaning with a 150 bar/150 0C water jet
(= automobile motor cleaner) can be useful. Further post-cleaning is done in 15% aqueous HNO3 and/or
only in 20. . .30% aqueous alkali, followed by neutralization and ultrasonic cleaning.

This process is particularly useful for cleaning multi-layer- and candle filters, sealed filter housings,
shattered stainless steel filter powder and spinnerets having fine capillaries. Carbonized residues present
on the metal parts always require the above-mentioned post-cleaning in aqueous HNO3.

Metallic catalyst residues (e.g., Sb2 from antimony trioxide) can be removed from surfaces by an
appropriate bath composition [50].

TEG cleaning vessels of volume greater than 300 1 should have a pumped circulation system, since
otherwise the heating up and cooling down cycles would take too long.

PET-contaminated autoclaves and spinning beam polymer distribution pipes, amongst others, can be
cleaned by pumping boiling TEG from the cleaning plant through them. A filter must be built in before
the pump.
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Figure 6.22
Triethylene glycol (TEG) cleaning bath, atmospheric (Fourne Maschinenbau [50])
a) Heating and cooling cuffs f) Condensation of volatiles
b) Cooling cuffs g) Cooling water inlet
c) Boiling vessel h) Cooling water and condensate return
d) Parts to be cleaned i) Volatiles condensate
e) Reflux condenser j) Valve

During the cleaning of PET-contaminated parts by TEG, there occurs an absorption of end groups by
TEG, as well as the splitting of PET chains, which leads to a lowering of the TEG boiling point [43] to
below 2700C, at which point no further cleaning action occurs. After 18 h of boiling PET/TEG, the
mixture consists of TEG and about 0.28% H2O + 5.11% EG + 0.8% DEG, and has a boiling point of ca.
255 0C. Before starting a new cleaning cycle, the low boiling point fraction is boiled off by not supplying
cooling water to the reflux condenser until its temperature exceeds 275 0C; the distilled products are
collected separately.

The contaminated TEG is either returned to the manufacturer [52] for recovery or is distilled from the
cleaning vessel using a special hood. The bottoms, which constitute 3 .. .4 kg TEG/kg polymer, must be
disposed of.

Figure 6.23
TEG cleaning cycle
a) 1. Cleaning with partly soiled TEG
b) 2. Cleaning with clean TEG
c) Cleaning in water + (20.. .25)%

HNO3 or water + caustic cleaner
d) Washing with water
e) Ultrasonic cleaning in water bath

containing 5% soda or tenside, etc.
j) Drying in dust-free hot air
g) Dust free compressed air blowing
h) Vacuum sucking
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6.6.6 Vacuum Pyrolysis [47-50]

If the burning-out process described in 6.6.1 were to take place in a vacuum of ca. 100 mbar, the polymer
molecules would be broken down into their basic components and aspirated by the vacuum. The exhaust
gases would mainly consist of oxygen- and hydrogen bond compounds of the other atoms, and—as
such—not be seriously detrimental to the environment. Figure 6.25 shows the CSB value in mg O2A
water of the vacuum pump, the water conductivity (mS) and the pH value of the water as a function of
time during the vacuum pyrolysis of PA6 contaminated parts. It is even more beneficial to allow most of
the polymer to either melt off or be hydrolyzed from the parts to be cleaned. In this way, 90. . .95% of the
polymer can be removed before the remaining polymer clinging to the parts is pyrolyzed.

As shown in Fig. 6.24, such a vacuum pyrolysis cleaning system comprises an air-tight vacuum
vessel (a) and a heating system, which may either consist of internal radiant heating rods (g), which,
when the interior temperature has been raised to 500 0C, only result in a vessel jacket surface temperature
of ca. 1500C, or a heating jacket. By means of a spray condenser fitted with a filter (d), the water jet
vacuum pump (e) draws the required vacuum. The parts to be cleaned are placed on a metal trolley, which
is pushed into the oven. During the melting phase, polymer melt drains into the cold collector pan (c),
from which it can be disposed of. The valves (h, i, j) are used to bleed in air or steam and to ventilate the
vessel at the end of the cleaning process. As part of the safety system, a bursting disk (k) and a non-return
valve (1) are incorporated. A similar pyrolysis cleaning process can be run using nitrogen at atmospheric
pressure.

Figure 6.25 shows the process as a function of time for a meltable polymer. After introducing the
soiled parts and closing the vessel, the vacuum is fully applied and the temperature is increased to
70.. .900C above the polymer melting point, then held there for about 1 h. The temperature is then
increased and controlled at, e.g., 450 0C for PE and PP, 480 0C for PA6 or 500.. .525 0C for PET and PA
66 and held constant for ca. 3 h. It has been shown useful to open valve (i) in Fig. 6.24 about 1. . .2 h
before the end of the process to allow in sufficient air to oxidize the last traces of polymer and carbon still
clinging to the parts to be cleaned.

Non-melting polymers such as PAN and PAR are directly heated to the second stage. Polyaramid
(PAR), e.g., is taken directly to 525 .. .535 0C under full vacuum, also with an oxidation stage in the last
1 . . .2 h.

Exhaust gases which do not dissolve in water can result in an odor problem. Such gases can be
removed by an active carbon filter.

Figure 6.24
Vacuum (pyrolysis) burning
out oven (Fourne
Maschinenbau [50])
a) Burning out vessel
b) Cover with parts

carriage, movable
c) Collection vessel, with

pan
d) Spray condenser
e) Water jet vacuum

pump
/ ) Water flow regulator
g) Heating elements
KUJ) Valves
k) Bursting disk
/) Non-return valve



Figure 6.25
Vacuum pyrolysis cleaning: process diagram and soiling
of waste water

This system also cleans the interiors of parts, so that—after some experience—spin packs do not have
to be disassembled before cleaning. The finest spinneret capillaries and filters suitable for treatment at
these temperatures can be well-cleaned by this method.

6.6.7 Final Cleaning and Comments

After cleaning filters and machine parts by any of the above methods, a final aqueous ultrasonic cleaning
is necessary, often with 5% soda or detergent added to the water bath. Here all commercially-available
ultrasonic baths operating at 25 .. .40 kHz and heatable to 60. . .700C are suitable. Ultrasonic cleaning
requires between a few and 10 min, with the parts turned during this time.

Finally, dust-free drying must be done, either using compressed air or, better, a hot air oven, followed
by a check on cleanliness or functioning. For testing filter candles, a bubble point tester is available; this
is used to check the air throughput and the formation of bubbles [50]. Before the cleaned parts are re-used
on the production machines, they are heated to 20. . .30 0C above their working temperature in order to
insert them without problems. In large spinning machines, special pre-heating ovens are located nearby.
This pre-heating should not last more than 8 .. .16 h to avoid oxidation of the metal faces.

High pressure steam—or water jet spray lances able to achieve 1500C water/steam temperature and
up to 150 bar jet pressure (as in automobile engine cleaners) are a valuable tool for removing adhering
inorganic residues from the parts cleaned by any of the above methods. Such pressure lances can also be
used to clean multi-layer filters using a "shock therapy": hot at high pressure, then cold at high pressure,
repeated many times and possibly from both sides to dislodge TiO2.

According to a new process (Du Pont), polymer can be removed from soiled faces using water lances
operating at ca. 300.. .700 bar, either cold or up to ca. 200 0C, distanced 2 .. .15 cm from the part to be
cleaned.

6.6.8 Cleaning Plants [50]

Generally, a cleaning line must incorporate a number of consecutive processes, particularly when there is
a high demand on the cleanliness of the parts, e.g., when using filter candles for fine titer yarns or making
film of thickness < 10 }im. Figure 6.26 shows a layout of such a cleaning line, comprising a hydrolysis
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Figure 6.26
Lay-out plan for a combined vacuum pyrolysis- and
TEG cleaning plant, including auxiliary equipment [50]
A) Entry of soiled parts, disassembly
B) Delivery of cleaned parts
a) Disassembly h) Neutralization
b) Vacuum pyrolysis /) Boiling out (water)
c) 2 TEG cleaning baths J) Ultrasonic bath
e) Intermediate storage k) Washing, blow drying
f) Acid post-cleaning /) Drying (clean air)
g) Alkaline post-cleaning m) Inspection,

re-assembly

oven, dismantling table, 2-vessel solvent cleaning line, steam jet cleaning (as used for automobile engine
cleaning), various washing and post-cleaning baths, ultrasonic cleaning, circulating air drier (dust-free),
bubble point tester and assembly bay. In many cases, a distillation plant is also required for recovery of
soiled TEG. If vacuum pyrolysis is used, the washing and post-cleaning baths can be omitted.

For the cleaning of apparatus or equipment which cannot be disassembled, a solvent cleaning system
of sufficient volume having a recirculation pump for pumping around nearly-boiling solvent is required.
The plant to be cleaned is connected to the pressure side of the pump, and the solvent vessel receives the
returning solvent, which is returned to the pump inlet. The pump must be protected by a quick-change
basket filter.

6 J Spin Finishes and Spin Finish Systems

Without the correct spin finish, no yarn package could be wound, no staple fiber produced and no yarn
would reach or pass through further processing. The incorrect or non-optimal spin finish can easily
increase yarn break rates by one or more factors often. Should the yarn break rate exceed 1 (or possibly
2) breaks per tonne of yarn (excluding voluntary doffing breaks), spin finish specialists should be called
in. Slubs, single filament breaks, etc., should be counted in with yarn breaks. Overthrown ends at winding
can be caused by spin finish, but not necessarily so.

Spin finish application can be classified according to

continuous filaments ^ ^ ^ ^ ^^^^ spinning take-up/winding

staple fibers -^^ ^ further processing

A good spin finish must satisfy the following conditions:

good and stable solubility or -dispersability
good filament to filament cohesion
non-sticky
no migration from the yarn surface
can be easily washed off
effective at minimal oil on yarn levels
biologically biodegradable and non-toxic

There are, additionally, various further requirements which depend on further processing, such as
good heat stability, particular fiber to metal or fiber to fiber friction, and—on the one hand—good fiber
cohesion and good sliver cohesion, and—on the other hand—good fiber opening after cutting, etc.



6.7.1 Spin Finish [53]

Paraffinic mineral oil derivatives [51] having temperature resistance up to 200 or 2400C mostly form
the basis of spin finishes, constituting up to 50% by weight. Sterically-hindered esters of fatty acids,
e.g., derivatives of trimethylolpropane or pentaerythritol; decyl- or pelargonic acid esters of these
alcohols:

Trimethylol propane tridecylate Penta erythritoltetrapelargonate

are an alternative to mineral oil derivatives.
The mineral oil lubricants also bestow good fiber cohesion; if ester oils are used instead, fiber

cohesion must be obtained through the use of an additive.
Non-ionic emulsifiers must not affect the fiber material nor must they attack machine parts, such as

cots and rolls on texturizing machines, etc. Emulsifiers are predominantly oxylates of aliphatic alcohols.
Antistatic agents are also required; they are mostly derivatives of phosphorus pentoxide (P4O10).

These waxy mixtures of phosphoric acid mono- and di-esters are reacted, e.g., with bases to yield oil-
soluble salts. Long chain amino oxides [52] of type CnH2n+1-(CH3)2N—O, with n = 2 .. .22, are also
well-known. One can also use derivatives of POCl3 as antistatic agents, i.e., a considerable number of
phosphoric acid nitrile esters. For further simple formulations, see [53-56].

6.7.2 Frictional Behavior

The frictional behavior of a fiber dressed with spin finish containing a lubricant on frictional behavior is
discussed in [51, 57, 58] (Fig. 6.27). Boundary layer friction (range I) occurs between a gliding speed of
10~4 and 0.1 m/min. In this region, there is intermittent contact between fiber and surface (e.g., a godet,
etc.). Between 0.1 and 5 m/min, there occurs a mixture of contact -and fluid friction (range II), with
friction decreasing both with increasing speed and increasing fluid friction participation. Above 5 m/min,
pure hydrodynamic friction (range III) occur with friction increasing both with speed and with viscosity
of the finish film. Increasing the pressure between the yarn finish film and the frictional body, as well as a
limited increase in the roughness of the frictional body, leads to a reduction in friction [57]. Thus, e.g.,
bright hard-chrome has a higher friction than matt chrome, and polished Al2O3 a higher friction than matt
Al2O3.

The friction coefficient of spin finish-dressed yarn depends mainly on the viscosity of the spin finish
(Table 6.7), and the friction coefficient of dressed yarn can exceed that of dry yarn. The temperature
dependence of the friction coefficient ji is inconsistent. Figure 6.28 shows three examples; the reduction
of friction with increasing temperature is the expected result.

The dependence of the friction coefficient of various fibers and yarn guide materials is given in Fig.
7.7. Unfortunately, no details are given for these commercially available spin finishes.

Figure 6.27
Frictional behavior of yarns
a) boundary layer friction
b) hydrodynamic friction
c) mixed friction (a + b)
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Figure 6.28
Friction coefficient of filaments dressed with various
spin finish types as a function of temperature
a) Hostaphat FO 380
b) HoeT2561
c) LeominWG

6.7.3 Filament Cohesion

The available results describing the cohesion between the filaments of a multifilament yarn or tow can be

summarized by the formula:

where:

Ps = force to separate filaments

Y\ — spin finish viscosity

L — contact length

W — relative speed of separation

S = distance between the filaments

a = surface tension of the spin finish

k = constant depending on the separating medium
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Table 6.7 Effect of Topography and Fiber Structure on Hydrodynamic Friction, Measured at 164 m/min, 1.02 cN
Inlet Tension and a Wrap Angle of 70° over a Ceramic Pin at 200C and 65% Relative'Humidity

Fiber

Polyamide
Viscose
Orion®= PAN
Acetate
Dacron®=PET

Titer

dtex/f

78/34
84/30
84/30
84/24
78/34

Luster

semi-dull
dull

semi-dull
dull

semi-dull

Twist

m"1

50Z
5OZ

8 Z
O
O

Frictional coefficient (2% oil on yarn)
without
finish

0.27
0.32
0.40
0.60
0.6

with finish, of viscosity (mPa-s)
10

0.29
0.26
0.30
0.23
0.36

30

0.32
0.24
0.39
0.27
0.43

150

0.49
0.33
0.56
0.47
0.61



It follows that a "flowable" spin finish, which increases filament to filament cohesion, will also increase
the yarn adhesion to other surfaces, a result which is not often desirable.

6.7.4 Antistatic

"Antistatic behavior" means the prevention of the build-up of static charge. Spin finishes, however, only
reduce the acquired static charge after application. In spinning, this is particularly important, as the
freshly-spun yarn acquires its static charge before spin finish application. Ionic substances are good
antistatic agents, whereas non-ionic substances are only weakly antistatic, but have the advantage of
being less moisture sensitive: they require an environmental relative humidity of only 40%. Increasing the
concentration of antistatic agent and/or the spin finish pick-up increases the antistatic effect, but also
increases the hydrodynamic friction.

6.7.5 Emulsifiers

These almost exclusively non-ionic products are added for the application of the spin finish. Here it is to
be noted:

the adhesion properties of the emulsifier must fit those of the lubricant, and not make the latter
"rough" or "dull"
it must not affect the yarn (e.g., must not swell the yarn)
it must be ecologically harmless

Based on these and other criteria, the dominant materials in use, particularly for primary spin finishes,
are the oxethylates of aliphatic alcohols, with a minimum polyethylene glycol content.

6.7.6 Spin Finish Application in Practice

Spin finish oils are diluted with distilled water in the ratio of 1:20 to 1:5 to form solutions, dispersions
or emulsions. Often the user establishes the final (optimal) concentration of commercially-available spin
finish (or pre-products) to be used based on local plant conditions, which are often the decisive factor.
After drying or heat treatment, the finish concentration can increase to ca. 1:3 or 1:1.

The diluted spin finish is applied either by means of sintered corundum kiss rolls (see Section 4.4) or
ceramic spin finish applicators (Fig. 6.29). These applicators are supplied with finish by gear-toothed
metering pumps; the application can be single or double. In staple fiber production (two stages), the plied
cable is once more treated with spin finish to increase its moisture content to 10.. .20% in order to
facilitate tow laying in the cans, and the canned cable is again treated with spin finish in a dip bath (with
excess stripping) on entry to the fiber drawing line.

An example is given from PET staple fiber spinning: a 10 g/1 aqueous finish solution/dispersion is
applied to the spinning cable using 1 or 2 spin finish rolls to obtain a 0.05 .. .0.06% finish pick-up. After
plying and before deposition in the cans, the same finish is applied to raise the tow moisture content to ca.
20%. After drawing the tows from the cans and plying on the drawline, the tow is dipped in a finish bath
at 35 . . .45 0C to raise the moisture content, the excess being scraped off. Often heated spin finish is
applied to the tow below the 5th drum of the delivery system. Thereafter, in the second draw bath, a finish
suitable for further processing is applied at a 0 .1 . . .0.12% oil on yarn level. The effective finish usage is
between 18 .. .24 kg active finish per ton of fiber.

Catalogs of the various spin finish manufacturers give a wide range of products suitable for various
yarn and fiber types [60-64], all of which are suitable. The application level needs to be optimized for
local conditions; here the manufacturers' specialists can be utilized.

door-1



Figure 6.29
Double metered spin finish application, 4-fold spinning [77]

6.7.7 Spin Finish Preparation

Spin finish oil is slowly added to distilled (or, if necessary, fully desalinated) water in a plastic, glass or
stainless steel vessel at a temperature >50°C and stirred intensively until completely dissolved or
dispersed. In the spin finish preparation plant shown in Fig. 6.30, the tanks (1) are for storage and (2, 3)
for dosing pure water and spin finish oil. These are mixed with rapid stirring in the heated vessel. After
filtration (7), the prepared finish is held in the storage vessel (8), where it is stirred rapidly to prevent
separation or sedimentation. The preparation finish is filtered once more (10) and is then pumped to the
spinning machine storage tanks.

Figure 6.31 shows a possible configuration of such a spinning machine spin finish storage tank. The
storage tank contains about 3 .. .5 h supply of finish. The inlet to the tank has a basket filter of < 5 urn
fineness (b), and the tank liquid level is controlled by a float valve. A level control switch (g) activates the
delivery pump (11 in Fig. 6.30). The tank is provided with an overflow (f) and an outlet supplied with a 3-

- way valve (d), from where the finish flows through individual shut-off valves (e) to the individual spin
finish pumps.

To prevent the spin finish applicators from dripping when the spin finish pump is not running, the
heights in Fig. 6.32 between spin finish level, pump and applicator should be maintained.

When using rolls or slit application, the excess spin finish can be returned to the machine tank. In the
case of pin applicators, however, the throughput is so low that the excess finish oxidizes. For this reason,
the finish overflow is led away in separate piping to waste containers.

6.7.8 Uniformity of Spin Finish Application

There is much contradictory opinion concerning the uniformity of spin finish application. One can,
however, reckon on ± 40% variation when using rolls or slits, and ± 7 . . . 10% variation when using
metered spin finish and applicator pins, both variations being measured shortly after application. Soon
after the yarn has been wound onto the spun package, finish migration occurs, reducing the variability.
Improvements of more than ca. 30% of the above values are not, however, to be expected.

In the micro-length range, the non-uniformity is significantly worse, as can be seen in Fig. 6.33 for a
PET 22fl filament. There are many places where almost no finish is present. In the case of 150 dtex £30
PET, the "no finish" areas disappear with time, as they do when excess finish is applied, but there is no
improvement over a 50 mm range (= 1 stripe distance) [90]. These results can be confirmed by
measurement on PA 6 yarns of various titers using diverse, simple liquids (glycerol, ethylene glycol, etc).



Figure 6.32
Optimal height relationship between machine spin finish tank, spin
finish metering pumps and spin finish applicators [76, 77]

Figure 6.31
Spinning machine spin finish tank [50]
a) Inlet from position 8, Fig. 6.30
b) 5 um fine filter
c) Float valve
d) Delivery manifold for outlets
e) Outlets to individual spin finish pumps
/ ) Level switch for pump, position 11, Fig. 6.30
g) Overflow to position 14, Fig. 6.30

Figure 6.30
Spin finish preparation plant

1) Supply tanks for spin finish components, with
delivery and dosing pumps

2) Weighing tank for distilled water
3) Weighing tanks for spin finish components

4,6,9) Valves
5) Mixing tank

7,10) Filters
8) Storage tank for spin finish emulsion

11) Pumps for transporting spin finish to machine
storage tanks

13) Dosing pumps
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Figure 6.33 Spin finish distribution on spun yarn [90]
A) on PET (Diolen®), 22 dtex fl, drawn without extra finish application, fresh
B) Yarn from A, 4 h later, 0.73% oil on yarn, at 200 m/min
BL: baseline—no spin finish on yarn
a-e) on PET (Diolen), 150 dtex f30 semi-dull, 40% spin finish in benzine, 1% oil on yarn
a) freshly spun, b) after 1 h, c) after 6 h, d) after 1 day, e) after 4 days

Here it seems that water absorption by the freshly-spun, cooled down fiber before finish application
plays a role, since the fresh fiber is presumably coated with a layer of water molecules onto which the spin
finish is attached.

Other important factors affecting finish uniformity are: unsteady threadlines, resulting in the yarn
striking the finish film, collapse of the finish film and spraying (and the sideways forces on the yarn
arising therefrom). These factors have, to date, not been thoroughly investigated.

6.8 Delustering and Spin Dyeing

To eliminate the often undesirable shine of man-made fibers, the polymer is delustered before spinning,
mostly using anatase titanium dioxide (TiO2). Some polymers cannot be dyed in a dyebath. In this case,
the melt is mixed with a dyestuff (max. 2 . . .4%); this is termed spin dyeing [66]. Addition of these
additives to the monomer is no longer carried out, as this contaminates downstream plant and results in
delays when the additive is changed. Today these additives are added as far downstream as possible, yet,
however, good distribution of additive must still be achieved (Fig. 6.34) [67]. Determination of additives
after addition often results in values too high by 0 .1 . . .0.2%, as inorganic additives and the ash of non-
volatile catalysts and stabilizers are often included [68].

6.8.1 Delustering

Anatase TiO2 is almost exclusively used for delustering. It has a refractive index of 2.55, a pH value of
7.5 .. .8, an average particle size of 0.26 um, a Mohr Hardness of 5.. .6 and a reflectivity of Ry = 97 [67].
Additionally, AI2O3, SiO2 or Mn-modified titanium dioxide are (rarely) offered to make the additive more
suitable. Only elastane (spandex) is delustered using rutile TiO2.
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Figure 6.34
Filament cross-section showing good TiO2
pigment distribution [67]

When TiO2 is added at the start of polycondensation, the TiO2 is first intensively slurried with a
polymer solvent and milled, then diluted, filtered and dosed. The earlier process of washing and
sedimentation is not necessary today. Table 6.8 gives recipes for TiO2 preparation; TiO2 loadings can be
found in Table 6.9.

Table 6.8 TiO2 Preparation

For Mix/mill in Concentration Temperature
% 0C

PET Glycol 55
PA 6 Caprolactam 50...60 85
PA 66 Water, distilled 50.. .60
PAN 5% PAN in DMF 30

One can also add TiO2, mixed with a little polyglycol, to the granulate in a given weight ratio, and
mix it thoroughly. The last positon for doing this is in the silo of the extruder, such silo being fitted with a
mixing agitator. Better, however, is the addition OfTiO2 in the form of a masterbatch [69-71, etc.] to a
side-stream extruder [50].

Table 6.9 Polymer Delustrant Level

Description Symbol TiO2 concentration
%

Clear C 0.. .0.03
Bright B 0.03.. .0.05
Semi-dull SD 0.25.. .0.35
Dull D 0.45... 1
Fully dull FD >1(<3)

Such masterbatches can contain up to ca. 50% TiO2 in the case of PA and up to ca. 40% TiO2 in the
case of PET. A dosing pump meters the molten masterbatch into the main (raw white) extruder, e.g., into
the last third of the compression zone, after which it is well dispersed by, e.g., the extruder mixing head
and a static mixer on exiting the extruder. Downstream filtration must be sufficiently coarse to allow the
additives to pass.
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6.8.2 Dyestuffs for Spin Dyeing

Dyestuffs for spin dyeing are either pigments or dyestuffs soluble in the melt or the spinning dope
(solution). They must be sufficiently thermostable and, in view of their particle size (ca. 0 . 1 . . .1 urn),
lend themselves to fine and uniform dispersion in the melt. A very high degree of fastness is achievable.
All major dyestuff producers ([69-71], among others) manufacture such dyestuffs for spin dyeing,
marketing them in various forms, mainly as masterbatch, powder or polymer/powder blends.

The demand for spun-dyed, however, is relatively small, since textile producers prefer to color goods
as far down the textile chain as possible. Spin dyeing is employed mainly for the non-dyeable polymers
such as PP and PE, and for articles such as hydraulic engineering materials, dolls' hair, wigs, military
uniforms and sailcloth, etc., where fastness is important. It has not been possible to date to achieve, via
spin dyeing methods (e.g., using Hostasol® [70]), fluorescent dyeings of comparable quality to those
achieved by aqueous dyeing methods. This is also true for the (light blue) dyeing of X-ray films. Table
6.10 shows a selection of dyestuffs for spin dyeing supplied by various manufacturers for different fibers.
Using these dyestuffs, practically any color can be obtained, as can be seen from color cards, customer
color sample cards, etc. Details can be obtained from these manufacturers.

Table 6.10 Spin-Dyeing Pigments and Dyestuffs

Manufacturer For For For For
PA PP PET PAN

BASF [69] Palamid Luprofil
Lufilen

Hoechst [70] Renol AN PV fast PV fast PV fast
Remafin Polysynthren Remastral

Hostasol
Renol AT

Sandoz [71] Sandofil Sandorin Sandorin Sandorin
Sandorin Graphtol Graphtol Graphtol

Sanduror Estofil
Sanylene

6.8.3 Addition of Pigments/Dyestuffs

According to the type and form of the dyestuff, the polymer and the machine, one of the methods of
addition given below is used. Important considerations are production security, good and uniform
dispersion and minimum cleaning at a color change. It is also beneficial to spin long color programs,
working from lighter to darker shades. After spinning the darkest color, the spinning machine must be
cleaned.

The competitive processes are:

the chip surface coating process: The dyestuff is tumbled together with the granulate, to which an
adhesive agent (e.g., polyglycol) may be added, and the dyestuff coats the chip surface. Only light
pastel shades are achievable using this method. There is a danger that extruder vibrations could shake
off part of the adhering dyestuff, which could collect in the extruder throat and later result in non-
uniform coloration.
the thermodiffusion process: The dyestuff is added at 120... 185 0C during vacuum drying, diffusing
into the surface of the granulate. This method cannot be used with pigment dyestuffs. The dyestuff
must be thermally stable for at least 10.. .15 minutes at spinning temperature plus ca. 200C. This
method, too, is only suitable for small lots and light shades. Suitable, inexpensive dyestuffs are
available for this method.



Continuous mixing of powdered dyestuff or colored chip in the extruder throat. The dyestuffs must
have sufficient time-temperature stability. Two methods of addition can be used here:

the volumetric addition of powder or masterbatch [72]: This method is suitable for many practical
applications. The constancy of color addition is not 100%. In the case of large single shade
(monocolor) BCF carpets, this leads to non-uniform coloration.
gravimetric addition, e.g., according to the electronically-controlled "loss in weight" system [73]
shown in Fig. 6.35b. The color uniformity achievable is very good because the dosage of powder
or masterbatch is electronically coupled to the throughput of the extruder.

Continuous dosing of masterbatch melt from a side-stream extruder via a controlled drive, toothed-
gear metering pump (Fig. 6.35a) into the main extruder, either into the compression zone or into the
start of the metering zone; here the main extruder should be fitted with a mixing head (Section
4.6.4.1). Masterbatch can also be dosed through an injection valve (Section 4.6.5) after the sidestream
extruder into the manifold after the finisher of the continuous polymerizer or into the main extruder,
as well as before the main stream polymer gear pump; in each case, a dynamic and/or static mixer
should be fitted before the consumer. Figure 5.28 explains this process: the main melt stream is
divided into four parts, each of which is dosed with a possibly different additive by a side stream
extruder via an injection valve.

section B-B
section A-A

Figure 6.35a
Extruder injection head for
masterbatch melt [50]]

Figure 6.35b
Dyestuff or masterbatch electron-
ically-controlled dosing unit
having a "loss in weight" system,
for location at the extruder throat
[73]

BB
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As here the addition is done at the latest possible position, this process has the greatest flexibility
and causes the least problems with contamination. It is, however, the most capital intensive.

If G is the throughput in kg/h and c the concentration of the final product, then:

where the indices o and m refer to the main extruder and masterbatch respectively.
As an example, if G—100 kg/h, masterbatch concentration cm = 30% and 2% dyestuff

concentration (c) is required in the main stream, then:
G0 = 10Ox(I -0.02/0.3) = 93.333 kg/h, and Gm = 6.667 kg/h. The difficulty with this

process lies in the exact control and coupling of the dosage rate to the main polymer flow,
particularly when a spinning pump is activated or de-activated, thereby causing a change in the main
stream flow.

6.8.4 Additives

In addition to delustering and spin-dyeing, there is a large number of additives which are used to modify
particular polymer properties to achieve certain desired effects. These additives can be introduced before
polymerization (bP) or into the granulate as masterbatch (M) or powder (P), or can be first applied to the
spun yarn in a manner similar to spin finish application. Prior to 1964 [15], 0.3% "Flexamine" was added
to caprolactam to improve its thermal stability [88]; the resulting "golden caprolan" [87] showed an
improvement in flex fatigue temperature of from ca. 93 0C to ca. 1600C.

A detailed listing of polymer additives and their effect on polymer properties is given in [89]. Table
6.11 lists fiber-specific additives; the table is by no means complete. These additives can be dosed
according to one of the methods already described for dyestuffs. For addition before polymerization, the
additive must be a fluid or a melt-spinnable substance of sufficient thermal stabilty. It then forms a
comonomer, going either into the main chain or joining as a side group. Some properties can,
understandably, be adversely affected, in particular tenacity and elastic modulus; in the case of anti-
pilling fibers, this can be desirable. Application of additive-based emulsion to the finished fiber is not
water-resistant enough, and is not therefore used. If standard granulate is used in production, the most
widely used method is masterbatch injection into the melt.

6.9 Testing of Spinning Pumps

New spinning pumps, as well as pumps which have gone through a number of cleaning cycles, must be
checked for the following deviations:

0-0n - = throughput deviation < 0.005

— — = pressure dependence < 0.01
Qpi

(Qn = individual throughput; Q — average batch throughput; pi and p2 are pump back pressures, usually
20 and 60 bar respectively). Testing is done using oil; silicone oil TKO17/35 is recommended. Such a test
stand for one to four spinning pumps, each of 1 to 4 pump streams, is shown in Fig. 6.36. Each pump has
a quick clamping device, and they are driven by a common drive of ca. 6 kW. If the deviations found are
greater than those given above, the pumps should either be reworked or sorted [76, 77].

Similar test stands are available for checking spin finish pumps having up to 12 parallel streams [77].
The temperature of the test oil must be checked during testing, as it can warm up through compression.



Table 6.11 Additives and Reasons for Application

Purpose

Heat
stabilization

Light stabilizer
(against photo-
oxid-action)

Dyestuff
enhancer

Transparency
agent
Optical
brightener

Flame retardant

High shrinkage
fibers

Anti-pilling

Additive

Anti-oxidants
— Cu salts (possibly with halogen
or phosphorus bonds)

"Flexamine"

- Cu acetate + iodide (e.g., KF)

— Phenol with thiothan
- Phenolic AO + phosphite or
phosphonite
- HNO3, preferably organic
phosphite or phosphate
Sterically-hindered amine possibly
with Ni (e.g., HALS)
- Also pigment effect
- AOIX + Ph 1

- Incorporation of acid groups
(e.g., sulfo isophthallic acid)
- N-dicarboxylic acids
- 5 sulfoisophthallic acid
- By increasing or reducing amino
end groups
- Organic metal complexes
(particularly Ni complexes
- Polyvinyl pyridine, polyamide
or amine

"Estorin"

"Leukopur EGM"

"Uvitex MES"
- Organic metal complexes
(particularly Ni complexes)
- Polyvinyl pyridine, polyamide
or -amine
2,2-bis (4,4'hydroxy ethoxy-3,5
dibromophenyl) propane,
polyphosphate
Neopentyl glycol

Advantages (+) and
disadvantages ( - )

Strong coloration (—)
Water extractables (-)

Strong (golden brown)
coloration (—)
Increases long-term
thermal stability to ca.
1600C (+)

Melt stabilization (+)

Attacked outer layers
protect core
Cationic dyeing
Reduction of glass temp (—)

For differential dyeing

For selected dispersion
dyes
For acid-, metal
complex- and dispersion
dyes
PA becomes almost
invisible in (sea) water (+)
Whitens and brightens
fabric (+)

For selected dispersion dyes

For acid-, metal complex -
and dispersion dyes
Flame retarder (+)
Flame retarder (+)

Boiling water shrinkage
20%
Hot air shrinkage 40%
Reduction in tenacity (—)
Brittleness (-)
Flex resistance

Typical
concentration

50 ppm Cu
« 1000 ppm
halide

30 ppm Cu Ac. +
1000 ppm KF
0.02...0.1%
0.02...0.1%

0.05...0.1%

0.25.. .0.5%

0.5 + (0. . .0.5)%

0.2%

0.01...0.1%

^ 12%
5 . . .7%

For

PA

PA6 tire
cord

PET

PP
HMPE

PET

PP

PA
PET, PA
PET, PA

PET
PET
PA

PP

PA

PET

PP

PP

CoPET
CoPET

CoPET

CoPET

(Co) PAN

Addition
point

bP

bP

bP

bP

bP
bP

bP
bP
Poly

bP

M

M

bP

bP

bP
bP

bP

bP

bP

Manufacturer

Bayer, Ciba Geigy,
Cyanamid..., Hoechst,
ICI
Naugatuk Chemicals,
Conn., USA

BASF, Bayer, Ciba
Geigy, Hoechst
Du Pont

Du Pont, Hoechst,
ICI

Stockhausen

Sandoz, Ciba Geigy

Du Pont (Dacron 775)
Toyobo

Hoechst

Du Pont (Dacron 64)
Hoechst (Trevira
350, etc.)
Akzo (Diolen 21, etc.)
Hoechst (Dolan 44)

Abbreviations: HALS: hindered amine light stabilizer; AO: anti-oxidant; Y: applied to yarn;f: liquid; M: masterbatch: P
powder in granulate; bP: before polymerization
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6.10 Testing of Spinnerets

Present day demands for high precision necessitate the checking of new and cleaned spinneret capillaries
for uniformity, lack of damage and cleanliness. Many producers use a system involving one set in
production, one set in reserve and one set undergoing cleaning, and replace the spinnerets once a year.
Many yarn producers have established that Al2O3 fluidized bed cleaning causes more damage to the
spinnerets than vacuum pyrolysis, which, in turn, causes more damage to spinnerets than solvent
cleaning. There are three different test methods for checking capillaries:

using a binocular microscope ( > 60 x magnification) to view the face of the spinneret, each
capillary is checked, since the edge of the hole exit is particularly important. This method is
ponderous, time-consuming and depends on the person doing the examination, but is the least
capital intensive for small firms.
the second method is basically an automated version of the first method, with the capillaries
magnified 30 to 1500 times on a monitor [78]. Spinneret scanning carriages are available for up to
240 mm diameter round spinnerets and for rectangular spinnerets up to 500 x 200 mm.
the oil throughput of every capillary is measured; this corresponds to practical usage. Here a fixed oil
flow rate is forced through each capillary, the pressure required is measured and stored in a computer.
The equipment is fully automated [79]. Figure 6.37 shows a process diagram and Fig. 6.38 a typical
evaluation diagram. With experience, it is possible to recognize the type of damage from these
diagrams or to draw conclusions about recurrent damage patterns from the frequency distribution.

Figure 6.36
Spinning pump test stand for 2 gear pumps [76], and flow
diagram [77], also valid for spin finish pumps



Figure 6.38 Evaluation of a spinneret oil flow test [79]: Ap = 0.75 bar: pressure reduction from 7.96±0.58% to
7.21 bar± 1.3% after wear, and max. allowable erosion of the capillary outlet

6.11 Yarn Containers (Spinning Tubes, etc.)

These yarn containers, drawtwist tubes and yarn beams, amongst others, accompany the yarn up to
weaving or knitting, and are then replaced by appropriate beams, mostly flangeless wooden spindles.
Although containers are partly standardized in some countries, a multiplicity of dimensions has arisen
from agreement between yarn producers and end users. Only a few examples are given:

spinning tubes for speeds up to ca. 2000 m/min are wound using phenol-impregnated hard paper
[84], are hardened, grooved (up to 12 grooves/cm) on the surface, mainly lacquered with a colorless
lacquer and dynamically balanced for speeds > 1000 m/min. Although these tubes are scored by

oil pressure (bar ]

p = 7,31 bar
Var. = 1,3%

p = 7,96 bar
Var. = 0,58%

BA
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knives used to cut off yarn residues, their usability is not impaired by this common practice. A
frequently used size was 150± 0.2 mm inside diameter/162 ± 0.2 mm outside diameter and a length
of 200 ± 0.5 mm. A hand cut notch at the end of the tube facilitated yarn string up. Such tubes are
suitable for strokes of 100.. .260 mm.

Spinning tubes made from such phenolic paper, when used above 1500.. .3000 m/min, are very
noisy during acceleration before yarn capture, and can explode under the centrifugal forces,
for speeds up to 6000 or 8000 m/min, the spinning tubes are made from special paper; they are
diagonally wound and then formed under pressure, and have a yarn-catching groove or slit at one end
(Fig. 6.39) [85, 86]. Frequently-used dimensions are: 75 ±0.2 mm inside diameter/87.3 zb 0.3 mm
outside diameter, 90 zb 0.2/105 ± 0.4 mm, or 120 ±0.2, 140 or 143 ±0.2 mm inside diameter, with
a wall thickness of 6 . . .8 mm (the underlined size is the 1990 preference for up to 6000 m/min). The
tube length is determined by the package pitch ± 0.2 mm. As a consequence of the high demands
made by the chuck, acceleration, etc., these tubes can only be used once, in both POY and FOY
spinning. For reasons of further processing, only one tube per yarn package is allowable.

s e c t i o n : e - e

s e c t i o n : a - a

s e c t i o n : b - b

e

d

e

c-d

<r

a

a

b

b
section: d-d

section: c-c
Figure 6.39 High speed spinning paper tube for spin-

ning up to 6000 m/min [85]

drawtwist tubes: These were originally cut from aluminum tubes, drawn into a slightly conical form
and then shrink-wrapped with a plastic tube cover. Today one-trip drawtwist containers, made from
molded parts and paper tubes similar to spinning tubes, are preferred. Typical dimensions are: 330 to
475 mm length and 46 to 75 mm outside diameter, depending on the ring diameter of the
drawtwister. The internal triangular or square-sided support must fit the spindle positively (Fig.
6.40, [95]). Spindle speeds of up to 16000 revs/min are typical.
tubes for twisting and texturizing are cylindrically-wound paper tubes. If these tubes are involved in
steam setting, the walls are made thin so that they can collapse during yarn shrinkage, and the tubes
are coated with aluminum foil so as not to desorb dyestuff.
conical tubes are often used in twisting and texturizing for direct sale to customers. The preferred
cone angles are 3°30/ or 5° 57', the larger (seating) diameter is typically 46 . . .90 mm and lengths are
175 .. .300 mm (Fig. 6.41); the preferred package shape is the pineapple cone (Fig. 3.48b).



Figure 6.40 One-way drawtwist tube (for cops) [85]

flanged bobbins (Fig. 3.48c). Despite the existence of standards, there are many forms, and the user
should select a standard from the manufacturer's catalog, since the molds for these usually-sprayed
bobbins are expensive. Dimensions to be noted are: seat (larger) diameter and/or support form, inner
(winding) diameter and flange outer diameter, distance between the flanges and possibly winding-
and shrinkage tensions. Flanged tubes are seldom used, and then only for thick monofilaments and
hollow yarns in parallel winding. Single flanged bobbins are often used on heavy duty ring twisting
machines.
sectional beams and warping beams are used at knitting and especially at weaving, beginning with the
warp-draw line (Section 4.11). Despite standards, there is again a plethora of beam sizes; practically
every knitting- or weaving machine requires its own dimensions. The flange to flange distances are
mostly adjustable. Beam loads, measurements and weights can be very large: a sectional warping
beam can weigh 200 to 300 kg, a warping beam having an inner length of 1600 mm x 800 mm
flange diameter can weigh more than It. The latter requires special transport and storage devices.

type B 2 with border groovetype B1 without border groove

thread reserve groove other details as in type B1

detail X

Figure 6.41 Conical tube

ABS top plug
steel driving
plug

paper tube with
parchement cover
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6.12 Maintenance

Under "maintenance" one understands all technical, organizational and economic measures undertaken
to delay the wear and tear and/or maintenance of the functional and working potential of the plant,
including the security of technical working aids [81], subdivided according to Fig. 6.43. If one estimates,
e.g., the out-of-production costs of a 200t/24 h PET polycondensation plant, including the associated
staple fiber lines, at ca. DM 40.000/h, then the costs of a breakdown lasting many hours, including
cleaning and re-starting, become evident.

These plants therefore require

continuous cleaning, maintenance and checking, as well as
preventive maintenance,

this work being done during the breaks in the production program, e.g., at a pack change, package doff or
staple can change. Individual machines and equipment must therefore be constructed to be maintenance-
and repair-friendly, capable of being run continuously without breakdown for, e.g., 8400 h per year. In
the case of machines having many wear-prone parts, e.g., stuffer box crimpers and staple cutters, a second
(standby) machine or machine component should be installed in the production line, enabling the tow to
be diverted to the standby while the original is repaired. It must be possible to change spin packs in
1 min. max. and spinning pumps in 5 min. max. High speed winders should have a minimum number of
plugs, connectors and fastening bolts, so that they can be quickly exchanged using a winder exchange
trolley. A requirement here is sufficiently trained personnel and an adequate supply of spare parts.

Many parts, such as spin packs and pumps, filter sieves and quench air rectifiers, yarn guides, spin
finish applicators, etc., must be preventively changed according to a fixed schedule. Table 6.12 gives
recommended schedules for cleaning, checking and replacement of parts. Each producer should adapt
Table 6.12 to his own production conditions, and observe and modify the schedule accordingly. Any large

Figure 6.42 Tube printer of Sibille Tubes [85] for
printing yarn identification on tube ends

They are manufactured mainly from steel or aluminum alloys, and have insertable drive spindles,
mostly square shafts of 25 .. .40 mm width.
Identification: The large volume and multiplicity of yarn types flowing through a production plant
makes identification essential. To this end, printing machines have been developed which print the
yarn identification on the edge of the paper tube. Figure 6.42 shows such an identification printer and
two examples of tubes identified on their edges [85].



Figure 6.43 Structure of maintenance and housekeeping [82]: effect of housekeeping on reduction and avoidance
of sudden damage and losses

Table 6.12a Running Time for Process Parts (Before Cleaning)

Part Contamination Running time Recommended cleaning
days procedure

Intermediate product filter in Dirt, metal from reduction of 40 . . .60 RL (TEG)
PET polycondensation Sb2O3 RL (H2O + 30% HNO3)
Large area product filter Dirt, metal parts, gel, etc. 7 .. .20 for PET and PA: RL (TEG)
(between extruder and
spinning beam)
Spin pumps As above, coking 90. . .150 VHT, Proa, RL
Spinning pumps packs As above, coking 7 . . .20 VHT, RL, burning out oven
Spinnerets As above, plus carbonized 7 . . .20 For D < 0.2 mm, VHT, RL

residues on the bottom face
Stainless steel (shattered metal) As above, plus gel 7 .. .20 RL (TEG + HNO3) or other
powder solvents
Polymer distribution pipes As above 150.. .350 VHT or RL with appropriate

solvent
Polymer autoclaves As above As required Circulate or boil using

appropriate solvents

Abbreviations: RL: cleaning bath; VHT: vacuum pyrolysis at high temperature; Proa: Procedyne

deviation from these (and own) schedules should be investigated, and the problem corrected. There are
always incidents requiring repair or complete exchange of parts. Here the downtime must be minimized.
Many parts can be changed without stoppage, e.g., heating bands, heating rods and temperature-
measuring elements, among others. In the case of polymer manifolds, it is often sufficient to allow these
to cool down to a temperature which does not destabilize the melt, instead of cooling them down
completely.

Even in an environment where the infrastructure for maintenance and repair work is favorable (e.g., in
Central Europe or the USA), one must still reckon on 10.. .20% maintenance personnel, based on the
numbers used in direct production. For the chemical section of the plant, these personnel would include
equipment constructors, pipe fitters and argon arc welders having the necessary training and certification.

Housekeeping Standpoint

Effect on avoidance
of losses

Type of action,
effect on avoidance
of damage

restorative housekeepingpreventive housekeeping

cleaning and
maintenance

testing housekeeping modernization

preventive
repair

restorative
repair
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Table 6.12b Approximate Lifetime of Machine Parts

Part Clean after Renew/exchange after

Extruder screw, -cylinder 1 year 2 . . .3 years

Static mixer 2 . . .6 weeks —
Spin 3 . . .6 months Test and possibly exchange
Spin packs and -filters 1. . .8 weeks Replace filters
Spinnerets 1. . .8 weeks 6 . . .12 months when using Al2O3

cleaning, ca. 24 months using vacuum
pyrolysis, salt bath or TEG cleaning

Quench air rectifier, front mesh 2 . . .4 weeks According to test results
Stationary yarn guides, oil applicators Check daily 2 . . .6 weeks
Traverse guides 1. . .4 weeks
High speed bearings in winders, godets 2 . . .6 months at > 5500 m/min

1 year at ca. 3500 m/min
3 months at « 5500 m/min

PtIOO in heated godets 1. . .4 weeks at 8000 m/min
Stuffer box components (staple) Daily < 1 week
Yarn cutting knives (staple cutter) 3 .. .8 h using knife steel

8 . . .30h using hardened steel
Hot plates for drawing 0.5 weeks 1. . .2 months when hard-chromed (or

metallized)
4 . . .6 months when hard-coated

Aspirator mouth piece 6 . . .8 weeks

For the plant as a whole, the requirements are for machine fitters, machine constructors and precision
mechanics, as well as the necessary electricians and electronic technicians, etc.

The workshop must be so equipped that all necessary jobs can be done there, i.e., next to argon arc
welding there should be lathes, milling machines, drilling machines, etc., including possibly a horizontal
boring machine, and the required personnel must be available. There should also be an electrical
workshop having the necessary measuring instruments, including transportable balancing machines,
stroboscopes, temperature- and speed measuring equipment, oscilloscopes, etc. According to plant size, a
small to medium sized precision workshop is also required for making apparatus and other machine parts.

Furthermore, call out personnel must be available at all times during plant operation, even if they
have to be telephoned, as is typical for small plants. Every production stoppage can prove to be very
expensive.
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7 Auxiliary Devices, Calculations, and
Construction

7.1 Control Drives

The most important process drives are speed-, tension- or throughput-controlled, and are differentiated
(Table 7.1) into:

continuously-adjustable, either manually or electrically,
sensor-driven control drives,
self-regulating drives.

7.1.1 Mechanically Adjustable and Control Drives (Table 7.1)

These are further differentiated according to the type of speed setting/control:

Change gear and change (toothed)-pulley drives. These are used when the production speed will
remain constant for a given product for a long time, but needs to be changed from time to time when
the product changes, as, for example, with drawtwisters and draw texturizing machines. These drives
only permit changes in small discrete steps, but are exact and remain constant. Finer gear gradations
require a two-stage gearbox, comprising, e.g., 50% or 100% change gears.
Mechanical control drives, in common with change gear drives above, deliver higher torque at lower
speeds. Their uniformity and reproducibility are, however, no better than ± 0.3% for PIV (positively
infinitely variable) drives and > ± 0.5% for friction roll drives. Additionally, their maximum output
speed is limited to a few thousand revs/min [15].
This group includes:

PIV gearboxes (Fig 7.1 [10]), which use a toothed- or toothed roller-chain that grips in two
adjustable toothed conical disks. These drives have an output power of from ca. 0.25 kW to a few
hundred kW and are adjustable over a range of 1:6.
Steel conical friction roll gearboxes, from, e.g., Heynau [7] and PIV for low power drives. Friction
conical wheel control gearboxes, among others, for low power drives [7, 10, 11], adjustable over a
range of up to 1:10.
Mechanical shift gearboxes, e.g., Gusa gearboxes or "Harmonic Drives". Because of the gear
play required for changing gears, these drives do not always run truly round [6].
Adjustable belt drives, in which a (special) V-belt runs between a normal pulley and an adjustable-
gap, two disk conical pulley, the speed adjustment being made by spring pressure, which opens or
closes the gap, thereby altering the pulley diameter [10, 9, 3].

7.1.2 Control Motors (Table 7.1)

There are many different types of electric motors:

Parallel-wound (shunt) DC motor, mostly with additional series-windings to increase starting torque.
These are frequently used for spinning extruders up to 400 kW or for fiber draw lines up to 1000 kW,



Table 7.1 Control Drives, Motor Types, Power Supply and Working Ranges

Examples of application

Robust, subordinate
drives
Robust, relatively
accurate drives
Small drives
Not rotationally exact

Spin extruder

Draw frame drives

Replacement for
DC drives
Draw rolls for coarse
titer
Draw rolls, spin pumps

Draw rolls etc. and
frictional drives

Direction of
rotation

r./l.

r./l.

r./l.
1.

r.; 1. on reversal of
field current
r./l. with reversal
of armature voltage.

1.

r./l.

r./l.

r./l.

r./l.

Control
range

6. . .10

4 . . . 6

9 . . .
~ 6

<100

1.3... 4.5

10... 100

8

8

8

Speed
accuracy

0.5%

1.5%

2%

1.5%

1.0%

1.5%

1.0%

0.1%

0.01% or

<0.1%1}

Rotational
speed range

300... 3000

300...2200

(0)300... 3000
0...225

20...3000

30... 2800

600...3000

2. . . 1200
(...24000)
500... 7000

200... 1200

200...1500
(...24000)

Power source

AC motor

AC motor

AC motor
AC motor

1 Q thyristor

4 Q thyristor

Mains

Frequency
inverter
Frequency
inverter
Frequency
inverter
Frequency
inverter

Power range
inkW

0.25... %40

0.6... «150

0.6... ^6(75)
0.12... «10

1.. . 1300

20... 2000

0.04... 2800

1...20

0.2... 6/50 Hz

0.28... 2.35/50
Hz

Speed/control range
determinant

0Ll: 0L2

Armature voltage

Rotor voltage

Standard frequency
and voltage
As above, with
digital speed control
Frequency

Frequency

Type

Belt drives [3, 10]

Chain drives [10]

Geared rolls [7]
Gearbox drives [6]

Parallel-wound (shunt)

DC motor [12, 1, 4]

AC slip ring motor

AC squirrel-cage
induction motor

AC reluctance motor
[8, 12]

AC permanent magnet
motor [12]

AC = alternating current; DC = direct current; Q = quadrant
1} Depending on frequency inverter, up to better than 0.01%
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Figure 7.1 PIV Variable Drive Gearbox RH 10; left: top view into housing; right: schematic [10].
a) Fixed disk e) Contact roll
b) Chain f) Shaft
c) Engaging/disengaging disk g) Cam
d) Pressure cylinder h) Pressure spring

although there is a tendency to replace them with regulated AC motors. Disadvantages are their
maintenance costs and the need to replace worn parts (commutator and carbon brushes). The usual
enclosure class P22 can cause problems when used under moist or wet conditions. Because of cooling
requirements, higher protection classes necessitate larger constructions, although protection up to
"extra dry" is possible [16]. Control accuracy and reproducibility of from 0.5% to 0.1% is possible,
but the extra costs are only justifiable for larger motors.
The AC squirrel-cage induction motor, available in all sizes and protection classes, is the most widely
used drive motor. It exhibits load-dependent slip, both when mains-operated and/or when driven by a
frequency inverter. Speed constancy and reproducibility are only 1 . . . 1.5%; this can be significantly
improved by means of auxiliary controllers. For speeds above 3000 rev/min for 50 Hz, there is no
alternative. By fitting an additional digital tachometer, the precision can be improved to 0.1% [3,17],
so that it can be used for yarns of high titer and for duo (godet roll pair) drives, but is, however, still
not exact enough for textile yarns.
Reluctance motors are AC motors having a stator with an AC winding and distinct poles. They always
have an even number of pole pairs, stable settings and, after acceleration, run in synchronization with
the mains supply. On being externally loaded, reluctance motors run with a lag (slip), the lag angle
depending on the load. This is, in practice, of no consequence. Fitted with a short-circuiting ring in
the rotor cage, these motors accelerate asynchronously then jump into synchonization at their slip
speed. The pull-in torque is normally designed to be 150% of the nominal torque [18]. The power
factor is normally cos cp ^ 0 . 4 . . . 0.5; in particularly well designed versions, 0.63 . . . 0.68 can be
achieved [18]. The efficiency of rj = O.$.. .0.9 corresponds to that of an asynchronous motor of
equivalent power. For > 180 Hz shaft frequency, special dynamo blades must be used, otherwise
self-induction would prevent attainment of high power (at high rotational speed). The reluctance
motor is particularly suited for use with static frequency inverters, where its speed accuracy depends
only on the frequency accuracy of the inverter: a 16-bit control enables an accuracy of <0.01% to be
achieved. Here it is essential to have the V/f (Volts/Hz) characteristic of the inverter in the form of
a 4-point polygon, fitted between 0 and the nominal frequency. Figure 7.2 compares the
characteristic curves of a reluctance motor and a squirrel cage motor. The start-up current of a
reluctance motor is 7 to 8 times that of a squirrel cage motor. When only one reluctance motor is



Figure 7.3
Operating curves of a permanent magnet synchronous
motor (for a winder friction drive roll, average values
derived from data in [12]).
Rotational speed n (r/min) = 30 • f [s - 1 ]
Pull-out torque = 1.6 x nominal torque
Pull-in torque = 0.36 x nominal torque
Starting torque = (2.5 . . . 4) x nominal torque
a) Starting current
b) Operating current
c) Nominal (rated) current
d) Idling current

connected to the inverter, it can be accelerated at the limiting current of the inverter. The use of
reluctance motors is recommended, particularly when a small number of synchronous motors is
involved.
The permanent magnet motor [1,2,12] is constructed in the same way as a normal AC asynchronous
motor, but has, in addition to the cage start-up winding in the rotor, specially-constructed magnetic
paths and gaps filled with non-magnetic material (Fig. 7.4). The permanent magnet excitation
(according to the manufacturer) results in better operating characteristics (cos q> and rj) and up to 50%
reduced current during steady operation, but also in an approx. 16-fold increase in start-up current

Figure 7.4 Schematic
design of:
a) a 4-pole Siemosyn motor

[12]:
1 Permanent magnet flux
2 Stray flux
3 Ferrite block magnets
4 Non-magnetic gaps
5 Squirrel cage rods and

short-circuit ring
b) a Siemosyn external rotor

motor of a winder friction
drive roll
1 Stator
2 Drum casing, including

rotor
3 Squirrel cage rods and

short-circuit ring
4 Permanent magnets
5 Stationary shaft

a)

b)

Frequency (Hz)

Voltage
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Figure 7.2 Comparison of the characteristic curves of a normal
squirrel cage induction motor (1) and a reluctance motor (2), here
size 132 M4 according to DIN 42673
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(Fig. 7.3). These motors are particularly recommended when a large number of motor drives are
required for spinning pump drives (4.6.11), draw roll drives (section 4.9.3.1) and friction winder
drive rolls (section 4.9.5.1, Figure 7.4). The V/f (V/Hz) ratio must be set so that ca. 95% of the
inverter mains supply voltage is not exceeded. Also, the max. permissible externally-applied torque
given in Fig. 7.5 must not be exceeded in order to allow the self-accelerating synchronous motor to
jump into synchronization. Two pole synchronous motors should only be used when the required
speed of > 5500... 6000 r/min necessitates their use, otherwise 4-pole motors should be used.

Figure 7.5 Allowable externally-applied moment of inertia (e.g.
of draw rolls) GD2 for "Siemosyn" motors (Compiled from

Nominal Capacity NIkW, 50Hz) tables given in [12])

Small synchronous (geared) motors [20] of 20 . . . 80 W are used for driving small aggregates, e.g.,
spin finish pumps, where, e.g., 4- or 6-pole flange motors with gear-down ratios of 1:10 to 1:1000
and of 40 or 60 W are used for a speed range of 12 . . . 80 r/min.
DC-excited synchronous motors have lower starting currents than the motors described above, but are
nowadays hardly used [21].

7.1.3 Current Converters and Inverters

The above-described motors only become control drives when connected to appropriate, adjustable
current converters. Their speed accuracy depends on the combination. Only in the case of synchronous
motors is the frequency inverter accuracy alone decisive. Table 7.2 gives an overview of the most
important devices (taken from [12]).

Today DC shunt-wound motors are still preferred for control drives of > 10OkW, sometimes fitted
with additional series-windings to assist start-up. According to the VDE (German electrotechnical
association), an overload factor of 1.5 should be sustainable for 60 s. The standard armature voltages are
150, resp. 260 V for single phase thyristor sets using 220, resp. 380 V mains supply and 400 resp. 440 V
for 3-phase sets using 380 V supply with 4-, resp. 1-quadrant operation. A smoothing choke is not
required only when the nominal motor speed < maximum motor speed [74, 75].

The approximately wave-shaped output voltage must be taken into consideration in the dimensioning
of the system. The best option is a thyristor having a 6-pulse upper voltage wave: this requires a current
factor of 1.25 to 1.10. Less favourable are semi-regulated three-phase current bridge switches or semi-
and fully-regulated single phase bridges with current factors of 1.30... 1.72, which can be reduced to
1.15 . . . 1.25 by means of a smoothing choke. The latter should only be used for motors of <5kW. The
control range is also influenced by the stop/start frequency and the quality of the motor cooling.
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Converter

Motor
Speed determining factors

Principle of speed adjustment

Control execution

Typical speed adjustment
range or frequency range
in the case of AC

Principle of torque reversal

Typical application

Typical applications
after modification

Typical power range

G = equipment series

Typical characteristics

Main fields of application

Single phase
transformer

two phase
transformer

Parallel-wired (shunt) DC motor
Motor armature voltage. If necessary, also
motor field voltage

Control of armature voltage via regulated
line transformer

Fully-digital microprocessor controller with
standardized interfaces (optional analog
control with hybrid integrated circuit)
1:100 1:100

Reversal of the field
current via external
contactors

One direction, motoring

Resistance braking

1 . . . 1300 kW (G)

. . . 10000 kW
and larger

Reduced transformer
expenditure; limited
torque reversal frequency

All types of
process machinery

Reversal of the
armature current
electronically

Two direction
motoring and
braking

indirect
inverter
Synchronous AC motor and special case motor
Stator frequency and voltage

Control or regulation of the stator frequency
via machine- based, self regulating transformer;
controlled adjustment of the stator frequency
via regulated mains transformer

1:10

Reversal of the indirect current

Two directions, motoring

Braking by means of controlled resistance or
impedance under pulse resistance or via anti-
parallel line-powered current (depending on
the series)

2.. .125OkW(G)

. . . 10000 kW
and larger

High performance
control dynamics

Cranes, drawstands,
paper-, plastic-
and textile machines,
machine tools

0.40... 380 kVA (G)

High inverter frequencies, high frequency
constancy and reproducibility, stable in no-load
operation, can tolerate 50% over load for 60 s

Preferred for group drives e.g., textile
machines, fans

Table 7.2 Control Motors and Thyristor Sets [12]

Drive system



The required thyristor sizing for DC motors can be calculated from:

^Typ,catalog - 4iotor * / * 0 + ax ' ^x) 'ft ' K>

where: /— upper voltage wave factor
R — control range
JC = 1: ax = 0.1 for solid yoke motors
JC = 2 : ax — 0.33 for sheet metal-encased motors
ft = factor for environment temperature = 1 1.05 1.1 1.16 1.24

for a motor environmental temperature of 40 45 50 55 600C
kz = correction factor for start/stop operation = 0.6 0.7 0.8 0.9

for a starting frequency of 16 25 40 60%.

Even in the most favorable cases, there is a current factor of 1.25 between the motor and the thyristor set
[75]. For DC motor drives, one transformer per motor is usually used. Braking action, whether caused by
stretching tensions in fiber draw lines or by stopping the machine, must be calculated as above. Here,
however, the current generated must either be dissipated through resistances or must be fed to other
thyristors.

In the case of frequency-controlled drives, it is possible to use one inverter per motor and, when
required, to couple many motors to the same frequency for constant speed operation, or to supply many
motors running at the same speed from a common inverter, for example for spinning pump drives or draw
roll motors in a drawtwister, etc.

The following comparison is therefore made (for 12 motors):

Single inverter per 1 motor Common inverter for n motors

* — ^ ^ motor, nom •*• — V^ *•) ^ motor running, max ~r -* motor start, max

Example: 12 friction rolls at 6000 m/min: /nom = 4.5 A; cos cp = 0.8; /running, max = 4.16 A;
Starting, max = 77.5 A at / = 212 Hz

per motor: / > 4-4.16/0.8 = 20.8 A

Total: Itotai > 12 • 20.8 «250 A Total: / = ( 1 1 - 4.16 + 77.5)/0.8 « 154 A

iVtotai« 216 kW (at 424 V) N& 43 kW, or
1- as left, to start: 20.8 kW
+ 12-13.75 IcW = ZtOt8I= 185.8 A

Operating results:
/op = 12 • 4.66/0.8 ^ 63 A /op « 64 A

The sample calculation using 12 motors clearly shows the common inverter to be advantageous. This
can be taken for granted when using more than 6 motors, but must be checked for the case of 4 motors.
The advantages and disadvantages of both systems are, additionally:

if one inverter trips out, remaining 11 con- • a trip out stops the entire system
tinue to operate
easy exchange of modular cards
interference in mains and line caused by sine • exact sine wave current
pulse approximation
n single controllers • only a single controller, which can therefore

be designed to give greater process security.
cost advantageous for up to 4 or 5 synchro- cost advantagous for >6 to 8 synchronous
nous motors running at same speed motors per inverter, unless there are other

reasons which require the use of single inver-
ters.

Rapid braking can also be important in many processes, as in the stopping of full packages or draw rolls,
or in wobbling. The latter involves a fairly strong increase and decrease in the rotational speed of the
traverse of up to 5% using frequencies of 0.5 . . . 0.05 Hz derived from a given curve. In the case of single



inverters, the braking energy must be dissipated, e.g., by means of a ballast resistance (ca. 30 Q at
11 kW); a common inverter can absorb this. The control cabinet temperature must not be allowed to rise
above 35 (.. .40) 0C. This may possibly require external, forced cooling.

For further dimensioning of the frequency inverter, account must be taken of:

maximum voltage of the frequency-regulated circuit: t /m a x= Uune — ca. 20 V (e.g., for a line of
3 x 380 V: max. 360V)
maximum frequency: using an 8 kHz carrier frequency, an output frequency of 300Hz can be
achieved without too large a loss, as long as the motor dynamo plates permit this, otherwise the self-
induction losses above ca. 200 Hz are too large.
a U/f ratio of max. ca. 2.5 V/Hz should not be exceeded; e.g., 360V/212Hz« 1.7 V/Hz.
The current is given by I=N/U- V^-cos(p, and should be /design > 4 •/max (-1.1, recommen-
ded) > current at locking-in torque.

For operational safety reasons, static inverters must meet the following requirements [3]:

set point potential separation, e.g., by means of a light wave conductor and- coupler (LWL
technology)
electronic overload protection during short-circuiting and earthing. Fuses which melt are no longer
sufficient.
over-voltage protection.
high overload factor, i.e., high quality power circuit
generously-dimensioned intercircuit condenser.
no automatic re-starting after error correction
if possible, operation without forced air cooling.
contact protection according to DEsF-VDE 0160 [88]
stored chopper-mains component for on-going bridging of short-term mains interruptions
temperature monitoring of power components
least possible mains interference during error correction.
as far as possible, continuous interference suppression according to VDE 0871
protection class IP54, incorporated into control cabinet construction.

In addition, the static frequency inverter must include the following differentiated fault alarms:

intercircuit overvoltage, short circuiting and earthing
motor over-temperature, in conjunction with motor cold conductor monitoring.
over-temperature in power circuits.
overload in motoring- and generating modes.
motor stator frequency.

The standard accuracy of ± 0.5% is sufficient for the following drives: spin extruders, spin finish rolls or
pumps, traverse mechanisms and dancer-roll-controlled package winding. In contrast, drives for spinning
pumps, draw rolls and winder friction drive rolls, amongst others, require an accuracy of better than
± 0.01%. The latter accuracy is also required for the yarn delivery systems of drawtwisters, draw-winders
and drawtexturizing machines.

Figure 7.6 shows the circuit diagram of a dancer-roll-controlled package winder equipped with a
hyperbolic controller for regulating the frequency converter, which requires an additional 0 . . .10V
signal [3].

A machine having 2 or more synchronous motors can only be designed according to the principle of
single inverters when these motors are electrically equivalent and are accelerated together at maximum
current to their common operating speed. Using the motor data given in Table 7.3, there are three possible
layout configurations for a godet duo (drawroll pair):

two frequency inverters for two motors in independent operation: A, N > each (3.4 A or
0.6kW) • 4 = 13.6 A or 2.4kW per inverter
one frequency inverter for starting both motors (only) together: A, Af>(2-3.4A or
2 • 0.6 kW) • 4 = 27.2 A or 4.8 kW.
one frequency inverter for two motors: either motor can be switched to the status of the other
(stopped/running): A, 7V>(3.4 + 32) A or (0.6 + 13)kW = 35.4 A or 13.6kW.
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Figure 7.6 Yarn winder
with speed/yarn tension
control via a dancer roll,
using an asynchronous motor
[3]

Table 7.3 Examples of Data for the Siemens "Siemosyn" Motor, Type A68/91/145: 2-pole [12]

Frequency 50 100 150 200 230 Hz
Voltage 90 180 270 360 414 V
Nominal current 2.9 3.0 3.1 3.3 3.4 A
Operating current 1.92 2.07 2.15 2.25 2.40 A
Starting current 13 21 27 30 32 A
Operating power 56.3 108.2 223.6 394.6 553.9 W
Starting power 1516 4326 7891 10850 12981 W

The first two solutions are technically equivalent; the third results in too large an inverter, but—like the
first solution—allows each godet to be started and stopped independently.

7.2 Yarn Guides, Spin Finish Applicators, and Yarn Sensors

These items are used to converge and guide yarns. The most important materials of construction are
sapphire (seldomly used), sintered aluminum oxide (Al2O3), hard coated hardened steel and glazed
porcelain. The most important materials are given in Table 7.4. The coefficient of friction of yarn running
over a yarn guide is strongly dependent on the fiber type (Fig. 7.7a), the guide material and its coating or
surface treatment, the spin finish (section 6.7.2) and the fiber delusterant. Natural Al2O3 yarn guides are
white; a small amount of chrome oxide colors them ruby red.

Winder
di = 40mm
da = 200mm dancer roll Winding Force = 100 N

Speed v = 150 m/mi n

F

Dancer
Controller
Type 8916

Generating modeMotoring
Hyperbolic
Calculator
Type 8915

Intermediate
coupling circuit

Frequency Inverter

Power Supply 3x380 V / 3x^15 V 50-60 Hz



Yarn guides:
1 Aluminum oxide "Rapal", polished 8 Porcelain, brown, glazed
2 Aluminum oxide "Rapal", ground and scoured (tumbled) 9 Porcelain, matt-blue, glazed
3 Aluminum oxide "Rapal", "as is", scoured (tumbled) 10 Porcelain, green, glazed
4 Titanium dioxide Ta 11, "as is", scoured (tumbled) 11 Ceramic coated
5 TiO2, ground and scoured (tumbled) 12 Ceramic coated and polished
6 TiO2, polished 13 Zircon oxide
7 Porcelain, white, glazed 14 Hard chrome, matt, on steel

The surface roughness of Al2O3 in its natural state is i ? a ~0 .4 . . . 0.9 urn, polished Al2O3 has an
i? a ^0 .15 . . . 0.3 um and the surface roughness of the often-preferred matt silk finish lies inbetween
these values.

The gliding speed of yarn over a guide or yarn brake has an effect on the braking force, as can be seen
in Fig. 7.7b for various guide materials and yarns. The lowest friction is also associated with the lowest
electrostatic charge. Most results available in the literature are ill-defined, omitting to mention, among
others, inlet tension, test conditions, spin finish, etc.. The twist separation method gives the most reliable
results, though only similar or identical textile materials can be used.

Figure 7.8 gives a frequently-used selection of yarn guides from the many forms available from
manufacturers' catalogs, while Fig. 7.9 shows a similar selection of spin finish applicators [23-26,
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Table 7.4 Construction Materials for Yarn Guides and Spin Finish Applicators

Material properties Steel Sintered Porcelain,
material glazed

hard-chromed Surface Al2O3

plasma
coated

Density [g/cm3] 7.85 7.85/3.4 3.9 - 2 . 4
Vickers Hardness (HV, 500 g) 1100 1750
Bending strength [MPa] 300.. . 450
Thermal expansion coefficient 7.5

between 20 . . . 500 0C [10"6/K]
Thermal conductivity 200C [W/mK] 30 30 30 20. . .25
Specific heat cp [J/g • K] 0.9
Max. application temperature [0C] 160 250 1500
Electrical resistivity at 20 0C [Q • cm] 1014

at 1200C 108

Comparative frictional coefficient 0.23.. . 0.35 0.2.. . 0.4 0.25... 0.4 0 .3 . . . 0.8
range at roughness Ra [um] ~0.1 ~0.25 ^0.3 <0.1

Vetrotex 34 tex Z28
Kevlar 49 380 den
Silenka 34 text Z40
Twaron 420 dtex f 1250

Vetrotex 60 tex Z28
Kevlar 29 200 den
Carbon Tenax W 1000

Figure 7.7a Friction coefficient between various yarn guide materials at 50% R.H. and various fiber types [24].
Yarns:
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Figure 7.7b Post-pin yarn tension as a function of pin material at constant angle of wrap [86] (pre-pin tension is
low); wrap angle ca. 390° ~ 6.81 radians. Additional approximate coefficients of friction (measured by
the twist separation principle) [85]

Materials friction Materials friction
coefficient coefficient

wool/wool CA/CA (acetate) 0.56
in scale direction, dry 0.11 CLF (Saran) 0.55
against scale direction, dry 0.14 PA 66/PA 66 0.47
against scale direction, wet 0.22 PET/PET 0.58

cotton/cotton 0.22 glass/glass fiber dry 0.28
silk/silk 0.52 fiber with finish 0.18... 0.2
CV/CV (rayon) 0.43
Teflon/hard chrome, matt, static 0.20

dynamic 0.28

among others]. As the ceramic guide molds are very expensive, standard guides should be selected, as
appropriate, from manufacturers' catalogs. Electrically conductive versions are often available.

The preferred areas of application for the yarn guides shown in Fig. 7.8 are:

(1) yarn aspirator mouthpieces
(2,3,4) traverse guides

(5,7) centering yarn guides for stringing up using an aspirator pistol.
(6) guides for coning- and textile winding machines
(8) comb guides, for many yarns in parallel
(9) roll guides for single yarns or for many wraps, placed after delivery rolls on, e.g., drawtwisters.

(10) yarn assembly- and separator tube and pin guides, e.g., in warping

Figure 7.9 shows typical spin finish applicator guides:

(1) short applicator for low oil pick-up
(2) applicator recommended for POY spinning, 4 0 . . . ca. 230 dtex
(3) applicator for technical- and BCF yarns

For guides which experience motion (e.g., yarn winder traverse guides), the most important criteria
are self-threading ability, guide form (short or protruding) and guide weight, the last-mentioned
determining the maximum traverse guide speed (section 4.9.5.2, Fig. 7.10). In these guides, the yarn-
bearing AI2O3 ceramic (e.g. 2 or 3 in Fig. 7.8) is molded into apolyamide shoe for small guides or is screwed
to the shoe for larger guides in order to achieve a smooth gliding motion in the groove of the traverse cam.
Often Molycote® [29] is applied to the guide on insertion to improve lubrication (Fig. 7.11).

Perlon® (PA 6)

Viscose Rayon

Test Arrangement v=300mlmin v = 600mlmin
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Figure 7.8 Selection of commercially-available yarn guides taken from manufacturers' catalogs [23—26]
1 Eyelet, closed 6 Shoe guide
2 Self-threading eyelet 7 Pigtail guide
3 Self-threading traverse guide 8 Comb guide
4 Slit guide 9 Various roll guides
5 Re-threadable eyelet guide 10 Tube guides, pin guides
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Figure 7.10
Maximum linear traverse speeds of yarn guides in cross-winding
(statistical)

In Fig. 7.11, guide (A) is intended for a POY winder [22] and permits a linear guide speed of max.
11 m/s, guide (B) is from a MOY winder with up to 8 m/s traverse speed, guide (C) for a POY winder
with up to 11.7 m/s and guide (D), with its protruding guide-bearing arm, for up to 4 m/s linear traverse
speed.

Owing to its lever-action tilting effect, guide (B) gives a particularly good edge lay (good sidewalls).
An initial rough estimate of the expected traverse guide lifetime can be calculated from the formula: z
(lifetime in days)~ 100/[m/s] x (g). The need to change traverse guides quickly necessitates a boat-
shaped shoe and an insertion gap in the cam housing rail (Fig. 7.12).

Spin finish applicators are also a type of slit yarn guides in which the spin finish is dosed through a
small bore in the applicator body so as to wet the yarn before it contacts the applicator body, and is then
kept in contact with the descending finish for a sufficiently long time. Often two opposed spin finish
applicators are used when the yarn filament count is high and/or when more uniform finish penetration is
required.

Guide Weight ( g )

Compact

2-part or
ProtrudingMa
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Figure 7.9 Commercially available spin-finish applicators,
selected from catalogs [23, 24]
1 Round type
2 Narrow-slot type
3 Wide-slot type

Edges Slightly Rounded



Figure 7.11 Examples of traverse guides
A) from a high speed winder (up to 6000 m/min) [22]
B) from a high speed winder (up to 4000 m/min), with tilting acceleration at reversal [31]
Q from a winder for 6000 m/min [22]
D) from a 2000 m/min winder, with extended guide-bearing arm and integrated traverse camshaft

[22]
The versions A) to Q are self-threading

Figure 7.12
Insertion of a traverse guide (B in Fig. 7.11) into the guide rails
and cam groove [31]

As the applicator bores tend to block after a short time, despite the use of single finish pump dosing, a
careful daily check is necessary; when required, the bores should be rodded clean using a soft, fine copper
wire.

Yarn sensors are also a type of yarn guide, having the function of sensing or signalling whether yarn
is travelling past the guide. Here the yarn can run through an eyelet- or slit-guide or over a pin. Because
of their importance in automation, yarn sensors are located immediately above the winder traverse

A B

C.

D
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Figure 7.13
Electronic yarn sensors
(contactless) [28]

triangle in order to trigger the required signals at a yarn break (Fig. 7.13). Microswitches having an
extended, Al2O3-coated lever arm were previously used [27]. These function satisfactorily only up to ca.
lOOOm/min; they are nowadays rarely used.

Non-contact yarn sensors can be used as length monitors when producing equilength yarn packages
[28]. They can be used, e.g., to automatically initiate a doff after a pre-set time on a revolver winder or to
signal the need for corrective action at a yarn break.

7.3 Yarn and Tow Cutters

These cutters are positioned in the yarn path either shortly after the yarn/tow aspirator or before the take-
up device, their function being to cut the yarn at a yarn break on receipt of a signal from the yarn presence
sensor and to permit the still-running yarn to be aspirated, thereby avoiding yarn wraps and tangles on the
machine. The most frequently used types are the anvil cutter for textile yarns (Fig. 7.14) and the scissors
cutter for multi-cables or wide cables (Figs. 7.15 to 7.17). Both types are compressed air activated, and
cut either simultaneously with the activation of the complementary yarn aspirator, or after a delay of ca
0.1 s [30].

Figure 7.14
Yarn cutter (anvil principle) [22]
1 Housing 4 Compressed air cylinder
2 Anvil 5 Clamping screw
3 Percussion knife 6 Pin F i S u r e 7 - 1 5

Fourfold yarn cutter
(scissors principle) [31]



Figure 7.17 Tow cutter [30]

Figure 7.16
Wide-band cutter [30]
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In the scissors cutter, the cutting surface meets the other surface at a small angle in order to spread the
cutting forces uniformly across the cable. Such large tow cutters facilitate the stringing up of cables from
drawstand to drawstand and can contribute to automation.

7.4 Air Jets

7.4.1 Yarn Aspirator Jets

The relationships given in Section 4.12.5, among others, are valid for yarn aspirators. The most important
area of application of aspirators is on the spinning machine, where both machine-mounted and hand-held
aspirators are used. Hand aspirators are also used in further-processing machines. The aspirator principle
is shown in Fig. 7.18: air flow Qx at pressure/? enters the inner tube through a slit, thereby aspirating the
air flow Q2 and the yarn (a) through the gun mouthpiece; they emerge at the gun exit (b) together as flow
Q3-

The photograph in Fig. 7.18 shows a typical hand-held aspirator gun [33]. Figure 7.19 shows the
aspirator air consumption and the achievable yarn aspiration speeds as a function of compressed air
pressure. Further data are given in Table 7.5.

Figure 7.20 shows, as an example, the threading up of 4 ends from a godet (delivery roll) onto 2
winders in double-deck configuration, each winder having 2 yarn packages. The 4 ends are aspirated into
the hand gun after the godet, then 2 ends are threaded into the upper winder traverse triangle yarn guides
and the remaining 2 ends into the lower winder traverse triangle yarn guides. The 2 upper threadlines are
next pulled into the catching grooves of the paper tubes of the upper winder, and the lower threadlines
into the grooves of the lower winder paper tubes. On being caught, the threadlines immediately wind onto
the tube, thereby breaking the yarn at the aspirator mouthpiece. Both high titer yarns and technical yarns
must, however, be cut during donning (stringing up).

The exhaust air—and waste yarn aspirator hoses must be wide enough, must be electrically
conductive and need to be earthed.

Similar aspirators, one per threadline, can be built into the spinning take-up machine. It is also
possible to fit an aspirator at the bottom of each quench tube to suck away spun yarn waste at start-up. In
this case, the yarn take-up speed is irrelevant (Fig. 7.21 [22]).

The yarn tension induced by the aspirator should be > 10 cN/yarn for textile yarns and >30 cN/yarn
for technical and carpet yarns, as the lick-back ("sticking to roll ) tension of godets is of the order of
8. . .10 cN/yarn.

Figure 7.18
Schematic section of a single-stage hand-
held yarn aspirator (gun) having a ring air
injector [33]
Qi = compressed air
Q2 = air aspirated with yarn
Q3 = yarn transport air
Qi = Q2 + Qx
a) mouthpiece (exchangeable, made from

sintered Al2O3)

Q
3- Q i * Q 2

Q 2

Qi

Q 3



Figure 7.19 Air consumption of the hand aspirator shown in Fig. 7.18 as a function of inlet pressure (left) and
achievable yarn speed for various yarns (right) [33]

Table 7.5 Technical Details of Yarn Aspirator Jets

Velocity Titer Process Yarn type Aspirator Air pressure Air consumption
nozzle
diameter
D

m/min dtex mm bar Nm3/h

5=2000 5=2000 Turns/m Textile, techn., 10 6 65
carpet yarn Fixed to

<20000 tow 15 6 150 machine
<1700 <80000 Fiber tow 20 6 500

2000 <1000 Textile 7 6 100
3500 6 235

I <3000 BCF, POY, FOY 7 | |
5500 technical 16 300
3500 POY5FOY 6 340 H a n d g u n

(4. . .8) POY 7
x 250) FOY Also from

6000 godets (rolls) 10 540

Air Consumption
[Nm3/h]

Supply Air Pressure [ bar ]

Yarn Speed
[m/min]

Supply Air Pressure [bar]

1: PA ,76 dtex, Spin Finish "Smooth• . -R"
2: PES, 76 dtex, Spin Finish "Smooth R"
3: PES, 76 dtex, Spin Finish "Smooth. . .R"

Figure 7.20
Threading-up of a 4-fold, double deck yarn take-up
machine using a hand aspirator (measured yarn
tensions are given) [33]
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Figure 7.21
Machine-mounted aspirator [22]
a) Thread to be aspirated
b) Aspirated yarn to waste, after

cutting
p) Compressed air connection

(6 bar)
k) Clamping device

In order to reduce the very high air consumption (particularly for speeds >5500 m/min), an aspirator
pistol has been developed in which the yarn is taken up inside a centrifuge and is then taken away under
the conditions: ^200Nm3/yarn x 7 bar and 100 cN/yarn [22].

7.4.2 Intermingling Jets (Tangling Jets)

Intermingling has proved to be a good and cost-effective substitute for the previously widely-used twist or
protective twist of 10. . . 20 turns/m. Intermingling is also carried out after texturizing on draw-texturized
or BCF yarns. Both open (Fig. 7.22) and closable (Fig. 7.23) tangling jets are used; in both cases they can
be threaded up using a hand aspirator.

In the case of closed or closable intermingling jets, the air stream is directed onto the yarn (almost)
perpendicularly and intermingles or tangles the individual filaments to form a distinct knot. This system
works well up to ca. 1200 m/min.

The open system [37] incorporates an impact plate, and can be threaded up with a hand aspirator at
speeds above 4000 m/min. Air consumption is given in Fig. 7.22. The technical data given in Table 7.6
[33] is generally valid. Additional intermingling jets—also for higher titer ranges—are made by [33, 38-
40]; Figure 7.24 shows an example of such a jet. Reference [39] gives compressed air requirements.

Two yarn ends can also be joined by means of intermingling (Fig. 7.25); previously they were knotted
together. The two ends to be spliced together are laid slightly diagonally in the splicer, the free ends are
cut off and the compressed air is switched on. After splicing, the yarn is removed. The size of a hand-held
splicer can be seen in the photograph in Fig. 7.25.

Air Flow Rate
(NnrVh]

Air Pressure [bar]
Air Consumption of the Jet

Filament (Cross Section)
in the Tangling Zone

Noise Reduction Execution
at 6 bar: appr. 8OdB(A)

Figure 7.22 Intermingling jet [33] incorporating a noise-reduction principle (ca. 80 dB at 6 bar), air consumption at
different pressures and a photograph of it mounted on a drawtwister



Figure 7.23 Intermingling jet: openable for threading up, closed during operation (19 mm deep x
12.5/28 mm wide x 30.2 mm high) [38]
1 Stainless steel pin 4 Plate, 1.4301
2 Ceramic yarn guide, swivels to open 5 O-ring
3 Ceramic insert 6 Rotational axis for item 2
Technical data:

Jet inside diam. titer range compressed air consumption at
inches mm den kg/cm2 1.4 2.1 2.75 3.4 4.1
0.1 2.5 250. . . 600
0.06 1.5 110... 250 Nm3/h 2.4 3.3 3.9 4.6 5.3
0.05 1.3 70 . . . 110
0.04 1.0 30 . . . 90 Nm3/h 0.7 0.9 1.1 1.3
0.03 0.8 15 . . . 70

Figure 7.24 Intermingling jet for 200. . . 3000 dtex [40], drawing and installation.
Compressed air requirements:
- pressure deviation: max. 0.1 bar
- temperature: 25 °C ± 5 °C
- RH: 40%
- residual oil content: < 0.2 ppm (ideally, oil-free and chemically neutral)
- contamination: free of abrasive particles
- particle size >0.2 um: 100% to be removed (1 ppm^ 1 mg/m3)
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Figure 7.25 Hand splicer—used to join two yarn ends by intermingling: principle and photograph [33]

7.5 Rotating Cylinders (Godets, Yarn Bobbins, etc.)

A rotating cylinder of finite length drags an air boundary layer with it, and therefore requires a torque of
MD = 0.087 Re" 0 2 b • d2 (p • v /2) [41] to maintain its rotational speed.

From this torque, the drive power required can be calculated:

N[kW] = 0A02b-d2 -vLU5,

with b — roll length [m], d — roll diameter [m] and v = circumferential speed [m/s]. The factor (for
running in air) and the exponent may need to be adjusted according to experimental results. A friction
drive roll of 150 mm diameter x 900 mm long running at 6000 m/min would therefore require a power
input of 2.448 kW; its corresponding paper tube of 104 mm OD approximately 1.622 kW extra. At full
package size (420 mm diameter), this would increase to 5.804 kW; the energy transfer to the package
occurs through friction. The total power required therefore becomes 7.452 kW at 12732 r/min
(=212.2 Hz) friction roll speed, which corresponds to 1.756 kW at 50Hz. The corresponding calcula-
tion for a chuck and empty tubes gives 0.97 kW. The larger value must be used for sizing the motor.

To the above power requirement must be added the power to overcome bearing friction (20%) and
yarn tension (8-10%), as the example in Fig. 7.26 shows.

The power transmitted from the winder friction drive roll to the spun yarn package appears in the
form of frictional heat, which must be removed by the air conditioning, so that neither the friction roll nor

Table 7.6 Technical Details (Average Values) of Commercially-Available
Intermingling Jets [38, 39, 40, Standardized]

Supply pressure 3 . . . 4 bar for textile (20. . . 220 dtex)
4 . . . 8 bar for BCF (<2500 dtex)

Supply air pipe diameter (2.26 ±0.05) [mm]
Yarn transport pipe diameter (0.006 ± 0.003) • dtex [mm]
Air consumption (0.0039 ± 0.001 • p (bar) • dtex [Nm3/h]
Entanglements/m 20 . . . 60 for textile yarns

8 . . . 20 for BCF
5 . . . 15 for high speed and ceramic insert

BCF heat set yarn [39] for up to 5500... 12000 dtex



Figure 7.26
Measured and calculated friction drive roll motor power
without (calculated for 2 chuck lengths) and with yarn
packages, c) without and b) with bearing friction and
a) including yarn winding tension [42]

the yarn package exceeds the glass temperature. This overheating effect has, e.g., led to cases where PA
66 bobbins have become unacceptably deformed, and the only solution then was to use a spindle
drivewinder.

7.6 Inclined Rolls

A yarn running on a roll or godet always leaves the roll normal to the roll axis [43]; this makes it possible,
by using two mutually-inclined rotating rolls, to transport the yarn sideways wrap after wrap. There are
three possible ways of doing this:

As Nelson rolls, first used on a continuous v—scose spinning machine ([44, 45], Fig 4.352), with a
godet center to center distance of a ^>D—the most widely used system today. The sideways

Figure 7.27
Yarn transport and
accumulation by means of
two mutually-inclined rolls
(4-fold) [17]

Chuck
Length

v ( m / s e c )
Winding Speed

M
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displacement of the threadline (pitch) per half wrap is, according to Fig. 7.27 (see comparative
photograph), given by:

/ ^ a tan a + b tan /?,

where a is the angle in the connecting plane and P is the angle perpendicular to this. When P = O, the
roll to roll distance becomes increasingly smaller, and the yarn instability increasingly worse (unless
the yarn shrinks during transport). An effective setting is a ^ 0.1 p. Table 7.7 gives guidance values
for the yarn sideways displacement/(pitch). If D2 <£ Dx, (e.g., a godet fitted with a separator roll),
then:

/ & a tan cc-\— tan p.

Table 7.7 also gives guidance values for this case.

Table 7.7 Yarn Pitch on Inclined Godets (Rolls) (See Fig. 7.27 for a, D, f)

2 rolls, each of diameter D [mm] a-D=\20 a - D = 1000 1 godet with idler roll

120 7.54 12.15 4.09
150 9.27 13.88 4.95
190 11.58 16.19 6.10
220 13.31 17.92 7.00

(a-D=UO)
500 29.45 34.06

The Boos reel [46], which has pins placed on 2 circles. The pins are located alternately on two
eccentrically-running circles.
The spooling reel (Fig. 4.353), in which the pins, axially protruding as above, additionally move
forwards and then backwards after meshing with the pins of the second roll [47].

The latter two systems are practically obsolete.

7.7 Melt and Solution Viscosity

These two viscosities and their variation coefficients are important production variables. Solution
viscosity characterizes the polymer uniformity and enables—through given relationships—calculation
of the molecular weight. Melt viscosity determines the polymer flow through the spinneret capillaries
(bores) and its uniformity, namely the titer uniformity; temperature deviations, shear stress and molecular
weight distribution also play a role.

7.7.1 Melt Viscosity

The capillary throughput per hole can be calculated from the relation: Qx =nD4p/\2SrjL [48]. If one
equips the measuring apparatus with a flow-measuring pipe or gap, one can—after taking into account
the Hagenbach correction [49], among others—obtain the melt viscosity from the pressure drop Ap and
the throughput Qx, at constant temperature, and evaluate it using a microprocessor. Figure 7.28 shows
results obtained from such a capillary melt viscosimeter [50] for a series of PET polymer samples
having a range of viscosity CVs. Such an instrument can be so sensitively set that even the polymer
pump rotation and pump gear teeth can be detected (Fig. 4.159). By switching off the temperature
compensation, the effect of temperature variations on the Uster value can be determined by in-line
measurements, by spinning with- and without temperature compensation.

In another method (Couette principle), two concentric rotating cylinders are used to determine melt
viscosity; the result is as exact as the above method.

Next Page



Figure 7.28 Pressure and temperature recordings of polymer melt flow using a Fourne Visco-Data-Processor, and a
microprocessor evaluation of viscosity deviations [30] (A = time signal)

The melt viscosity temperature dependence can be experimentally determined using the same two
methods above. It can also be calculated from:

Y\—A- eE/RT(—K-Y2'5), where A and E are molecular weight-dependent constants.

7.7.2 Solution Viscosity

The determination of solution viscosity is important, as it enables (via theoretical relationships) the
calculation of the molecular weight of the polymer and its variation, from which its spinnability can be
judged and the effect on the resulting properties assessed. For historical and geographical reasons, many
different solvents, methods and definitions are still used in solution viscometry. Section 10.2 summarizes
some of these, and gives constants and nomograms for conversion from one system to another.

The Ubbelohde viscosimeter, in an accurately controlled temperature bath (Fig. 7.29; section 10.2), is
used to determine solution relative viscosity. The run-through times of the polymer solution and the pure
solvent are measured, and the relative viscosity is calculated from:

>?rel = fA/o = 'PAoPo ^ 'Ao>

Figure 7.29
Principle of Ubbelohde solution viscosimeter
a), b) Calibration marks
c) Volume for determination
d) Solution storage
e) Constant temperature bath

A p

(bar)

CV (Ti)

T
( 0 C)

(%)
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where t — drainage time, p = density and "O" designates the solvent. In order to obtain a desired accuracy
in r]rQh the measurement conditions given in Table 7.8 [77, 52] must be strictly adhered to. As the
theoretically-required extrapolation of the polymer concentration to the limit c^Q is very difficult, in
practice certain agreed-on concentrations are used (see also Table 7.8).

Table 7.8 Accuracy of Solution Viscometry [52]

Desired accuracy in r]rel ±1 ±0.5 ±0.1 %
Required temperature constancy ±0.1 ±0.05 ±0.01 0C
Allowable measurement error ±0.33 ±0.17 ±0.03 %
Measurement time 250... 100 330... 100 650... 100 s

As it is frequently used, the method has been automated and the test results are calculated using a
microprocessor, which takes into account the Hagenbach correction (DIN 51512, 53728). Up to 12
Ubbelohde viscosimeters are placed in one bath; the entire process of sucking up solution, drainage,
timing and calculation has been automated [83].

The origins of PP lie in the plastic industry, and a different system of measuring viscosity was
therefore adopted, the so-called MFI (melt flow index) method (Section 2.4.1.1). To date, only
experimental relationships exist between MFI and rjTe\ or [rf] (e.g., Fig. 2.69). In the MFI method,
melt at an exactly-defined temperature is forced through a defined nozzle under a defined pressure, and
the throughput in g per 10 min is measured to give the MFI index. Table 7.9 gives standard test
conditions. The most frequently used MFI test is carried out at 2.16 kg load and 230 0C, the result being
quoted as MFI230, 2.16- Figure 7.30 shows the principle of a MFI tester [84].

The deviation from the average solution viscosity characterizes the uniformity (narrow molecular
weight distribution) of polymer from a batch. Here one should measure, e.g., 6 samples from each charge
for all n charges, and from these results calculate the batch average and deviation (A). These A values
should not exceed the experience values in the table below. It should, however, be noted that the
solution viscosity can decrease by 0.02... 0.05 as a result of thermal degradation, etc., during melt
spinning.

Allowed deviations of rel. viscosities

Polymer PA PET PP

For production of ?/rei (H2SO4) ± [t]]± MFI ±

Microfibers 0.005 0.005
Tire cord 0.01 0.01
High tenacity (technical) yarns 0.015 0.015 0.4
Textile yarns 0.02 0.02 0.5
Staple fibers: HMHT 0.015

standard 0.03 0.02 0.5
ex waste polymer 0.06 0.05 1.0

7.7.3 Molecular Weight, Polymerization Degree, etc.

The theoretical relationships between solution viscosity, molecular weight, polymerization degree, chain
length distribution and melt viscosity are given in [54, page 197; 55, page 193 and 51, page 394] in
sufficient detail for our purpose here. As these relationships are of a very theoretical and experimental
nature and are not confirmed in the general literature, only those results and constants which are
frequently used in practice are given below, without comment on their reliability or exactness.



Figure 7.30 MFI measuring apparatus [84], schematic and execution with microprocessor evaluation

The Mark-Houwink-Staudinger equation applies to homologous polymer macromolecules of >100
monomer units:

r\rex = KnM
<x, where

rjTel = average relative solution viscosity

Kn, a = polymer and solvent-specific constants (0.5 < a < 1, mainly 0.65 . . . 0.8)

M — average molecular weight.

Table 7.9 Test Conditions
for MFI Determination

Load Temperature
kg 0C

1.2 190

2.16 230*

3.8
5.0 ±0.5

10.8
21.6

*mainly for PP
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Table 7.10 Effect of Solvent Temperature on Kn and a

Polymer Solvent Measurement ^ - 1 O 4 a
temperature dl/g
0C

Polyacrylonitrile (PAN) Dimethylformamide 20 1.77 0.78
Dimethylformamide plus 0.9 g/1 NaNO3 25 2.10 0.74

Polyamide 6 (PA 6) Trifluoroethanol 25 5.36 0.75
Aqueous formic acid (85%) 25 2.36 0.82

Polyamide 66 (PA 66) Aqueous formic acid (90%) 25 3.53 0.786
Polyamide 12 (PA 12) Hexa flouroisopropylalcohol 25 8.43 0.68

w-Cresol 25 6.21 0.73
Polycarbonate (PC) Methylenechloride 25 1.19 0.80
Polyethylene high Tetralin 120 3.8 0.73

density (HDPE) a-Chloronaphthalene 127 6.9 0.67
Polyethylene terephthalate Trifluoroacetic acid 30 4.33 0.68

Phenol/Tetrachloroethane (3/5 VoI) 30 2.29 0.73
Polypropylene (PP) Decalin 135 1.10 0.80
Polystyrene (PS) Toluene 25 1.05 0.73
Polyvinylalcohol (PVA) Water 30 4.28 0.64
Polyvinylchloride (PVC) Cyclohexanone 25 1.38 0.78

Tetrahydrofuran 30 6.38 0.65

Table 7.10 gives the effect of solvent temperature on Kn and a.
From the Mark-Houwink-Staudinger equation, simplified formulas can be derived (DP = degree of

polymerization):

for PA 6, DP^ 100 (rjrel - 1), or M^ 11300 0/rel - 1),
with t]rei measured using W-H2SO4 at 20 0C

for PET, DP^ 520 (ijrel - 10.5), or M ^ 105 0/rel - 1.05),

with ffrei measured using tricresol (0.5 g/100 ml) at 200C.

The chain length distribution (molecular weight distribution, polydispersity) can be defined by [54]:

U = MJMn-I1

with Mw = weight average molecular weight and Mn = number average molecular weight.
For very uniform products, Mw = Mn, i.e., U = O and for non-uniform products Mw = 2Mn , i.e.,

U=I. The accuracy cannot be better than the sum of errors in Mw and Mn.
The dependence of melt viscosity rjm on molecular weight and temperature can be empirically

expressed by [78]:

l o g > 7 m = , 4 + i M ^ 5 + | ,

with A9 B and C = constants for a given polymer and T= absolute temperature [0K].
According to another investigation, rjm = K-M35. Numerous evaluations of results show a deviation

of up to ±8%.



7.8 Uster Uniformity Testing [57, 58]

In this test, the mass distribution along the length of a yarn is measured, registered and evaluated,
enabling one to infer certain properties, and—with additional test equipment—to explain the causes of
defective production at fiber spinning and further processing. Test equipment made before 1987 could
detect titer deviations down to 0.4%; newer equipment is sensitive down to 0.1%.

The measurement principle is as follows: a well-conditioned yarn runs with a defined speed through a
capacitative field of defined length. Mass deviations in throughput change the field; this will be recorded
and evaluated. It is essential that the yarn is well conditioned and that the spin finish application is
uniform, as these factors affect the measurements. After zero suppression and scale adjustment, the
deviations are amplified and recorded on a high speed chart recorder, giving the Uster diagram. The
microprocessor evaluation gives, in addition to the Uster value, the frequency and position of the
periodicity. According to Fig. 7.31, the coefficient of variation is given by CV=SfX [58], with
S = standard deviation and X = average value of the measurement (x 100 to give %). For a normal
distribution, U= ^2/n CV^ 0.8 CV, where U is the average deviation. The deviation for a non-normal
distribution is small.

Figure 7.31
Evaluation of average titer, standard
deviation and coefficient of variation

In order to use or evaluate the Uster diagram, the following information is needed:

all yarn data: material, nominal titer, filament count, spinning position or processing position, yarn
speed, draw ratio (if required), etc.
for machine-related effects: all relevant machine data, starting with, e.g., extruder rpm, and including
spinning pump type, -size and -speed, temperatures and pressure, quench air velocity, spin finish, as
well as mechanically-related data such as godet speed and -diameter, winder take-up speed, package
size, friction drum diameter and rotational speed, traverse double strokes and stroke length, yarn
tension—and, if possible—yarn tension variations, etc.
all test/apparatus data: diagram scale, paper speed, yarn speed and possibly false twist insertion.
if the yarn has been further processed: particularly draw ratio, temperatures, machine position, godet
diameters and rotational speeds, separator roll data, etc.

The evaluation, particularly concerning the influences of machine components and operating
conditions, requires experience, as can be seen from Fig. 7.32 A to G, which form a series of
measurement results related to particular effects, chiefly those of traverse, unround spin bobbins and
quench air turbulence. The defective spinning pump (the 420 m periodicity can only be established by
measurement and calculation) is an exception. (The test apparatus used here could not measure
periodicities of >40m).

Zellweger, Uster, Switzerland have produced an evaluation scheme for similar, periodic defects; use
of this diagram is recommended [60] (Fig. 7.33).

In an investigation at a production site, Fourne [81] investigated the effect of individual process
parameters on the Uster value; results are given in Table 7.11, and show that 2/3 of the Uster variation
could be explained in terms of mechanical effects between the spinneret and the spin bobbins.
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Figure 7.32 Typical Uster diagrams [57-60]

Example Material/Titer CV Comments
Form %

A PA66-22f7 0.4 good; no distinct maxima in diagram
drawn cops

A

Example Material/Titer CV Comments
Form %

B PET-84fl6Z 0.5 Still good; periodicity between 2.8 and 8 m: transverse effect

B



Example Material/Titer CV Comments
Form %

C PET-84fl6Z 0.6 No longer good; periodicity at 1-1.3, 2.6, 3.6, (4.8), 7, 14m could be
traverse effects (dominant period and multiples); the 7 m period could also
be caused by out-of-round bobbins

c

Example Material/Titer CV Comments
Form %

D PET-84fl6Z 0.68 Still uniform. Periodicity at 3.5 and 7 (=2 x 3.5)m: traverse effects.
Periodicity at 30-38 m and ^4Om: quench air effects

D



Example Material/Titer CV Comments
Form %

E PA66-22f7Z 2 Faulty traverse showing ca. 7 m periodicity, broadened to 5—12 m by
wobbling. Periodicity ~ 40 m: quench air effect

E

Example Material/Titer CV Comments
Form %

F PA66-17f7 5.87 Periodicity of 1 m comes from package circumference, but is unimportant
relative to periodicity of 10-40m: strongly turbulent quench air flow

F



Example Material/Titer CV Comments
Form %

G PET 55f24 3.72 Periodicity 8-9 m: spin bobbins running out-of-round. Periodicity 25-
40 m: quench. Periodicity > 420 m (calculated from distances of maxima):
defective spinning gear pump

Figure 7.33 Wavelength ranges, evident in Uster diagrams, which can be attributed to machine defects [58, 60]

G

Draw ratio of man-made fibers
as a function of spinning speed

A: Draw ratio
B: Spinning speed (m/min)
1 : Polyester
2:Polymide 66
3:Polymide 6

Draw-twister
Ring rail stroke: empty tubes
Ring rail stroke: full packages
Godet (draw roll) diameter
Production speed

Spinning machine

Material Polymide 66
Final titer TE =dtex 11Of34
Spinning pump throughput per rev Fp =2.4g
Production speed VP =90-m/min
Winder tube outside diameter dA= 11 cm
Winder stroke 25 cm
Max.spun package diameter dw =40 cm
Traverse double strokes HD =340 min~1

Godet (roll) diameter dG = 12 cm
Required draw ratio at draw-twisting
(see fig above) RV = 3.2
Titer of undrawn yarn T=RVTE=3.2.110 = 352dtex
Required throughput per minute Ftot =T.yP . 10~3 = 25,3.900.10~3 =31.68g
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Figure 7.33 (continued)
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Cause

Spinning pump period,
measured on spun yarn

Spinning pump period,
measured on drawn yarn
Eccentric spun package,
at spun package start
Same fault, measured on
drawn yarn (cops)

Eccentric spun package,
at full spun package size

Same fault, measured on
drawn yarn (cops)

Traverse, measured on
spun yarn
Traverse, measured on
drawn yarn (cops)
Godet (roll) eccentricity,
measured on spun yarn

Calculation of wavelength
range

Vp-Fp 900-2,4
X l = Ftot " " 31.68 = 6 8 ' 1 8 m

X2 = Rv -X1 = 3.2 -68.18 = 218.2 m

X3 = dA-7i = ll-3.14 = 34.5cm

X4 = Ry-X3 = 3.2-34.5 = 110.5 cm

X5 = dw-TT = 40-3.14 = 125.6 cm

X6 = Rv-X5 = 3.2-125.6 = 402 cm

Vp 900
x ' = s ; " 2 - 6 5 m

X8 = Rv-X7 = 3.2-2.65 = 8.48 m

X9 = dG-Ti = 12-3.14 = 37.7 cm
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Cause

Gearbox of the drive
roll
Gearbox of the spun
package drive shaft
Turbulence beneath
spinneret
Turbulence caused
by quench air

Extruder

Godet (draw roll)
eccentricity,upper roll
Godet (draw roll)
eccentricity,lower roll
Spindle eccentricity:
empty tubes
Spindle eccentricity:
full packages

Traveler defective
Ring rail period:
empty tubes
Ring rail period:
full packages

Calculation of wavelength
range

normally shorter than Xj*

normally shorter than X7*

normally between 1...10Om

normally between 1...10Om

normally greater than 1000 m**

X1=dG-7t-Rv=12-3.14-3.2 =
= 120.6 cm

X2 = dG-7T = 12-3.14 = 37.7cm

X3 = dH-Ti = 4.5-3.14 =14.1 cm

X4 = ds-7t = 10-3.14 = 31.4cm

X5 = dR-it = 15-3.14 = 47.1cm

6̂ = ti 'vP = 7-36 = 252m

X7 = t2-vP = 5-36 = 180m

Fault
category

1 /3/4/5

1/3/4/5

almost
periodic
almost
periodic

1/3***

1

1

1

1

1/3/5

3

3

(continued)



Figure 7.33 (continued)

Causes of perodic and nearly-periodic defects at high speed spinning

Material Polyester Max. package diameter ds = 30 cm
Final titer TE = dtex 50f20 Spinning pump throughput per rev.

V = 5 cm3

Production speed VP = 4500 m/min Density p = 1.346 g/cm3

Spinning tube outside diameter dA = 11 cm
Package stroke bs = 20 cm Traverse double strokes HD• = 1450 min-1

Required draw ratio at drawtexturing (see fig. above) Rv= 1.4
Titer of (high speed) spun yarn T = RV-TE= 1.4-50 = 70 dtex = 7Tex
Required polymer throughput per minute Ftot = t-VP-10~3=7-4500-10~3=31.5g
Spinning pump throughput per rev. FP =p-V = 1.346-5 = 6.73G
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Cause

Spinning pump period
Eccentric spun package:
almost no yarn
Eccentric spun package:
full package

Traverse

Drive roll transmission

Spun package drive shaft

Turbulence beneath
spinneret
Turbulence due to
quench
Extruder

Calculation of wavelength
range

X| = V F P = 45O0.6,73 = 961m

rtot Jl. j

X2 = dA-TT = ll-3.14 = 34.5cm

X3 = ds- TU = 30 -3.14 = 94.2 cm

normally shorter than A,4

normally shorter than X4 *

normally between 1 ...100m

normally between 1... 100 m
normally greater than 1000 m * * *

Fault
category

1/3

1

1

2/3/4

1/3/4/5

1/3/4/5

almost
perodic

almost
perodic

1/3***

* The gearing is required for exact calculation
* * Can be deduced from diagram by repetitive measurement within a package
* * * Almost perodic defects can also occur here, depending on the cause

Table 7.11 Example of an Investigation into the Factors Affecting the Uster Value [81]

Description

e\
ei
<?3

eA

e5

e6

e7

eg
e9

ed

Variable

Molecular weight uniformity

Melt temperature
(beneath spinneret)

Melt pressure variations,
pressure variations due
to spin pump
Quench air and turbulence
Filament position in bundle
Yarn tension
Traverse
Diverse, unknown sources

Affects

Viscosity
Melt tensile strength
Viscosity

Melt tensile strength
Throughput

Cooling
Cooling

Periodicity

None
None
Depends on
temperature
fluctuations

Pump speed

Irregular
None

Stroke frequency

Example from investigation
c !-determined
approx.
component

0.08
0.1
0.14

0.06

0.21
0.06

0.2
0.15

1.00

CV
component
%

0.6
0.5
0.85

0.4

0.8
0.2

0.43
0.5

CV= 0.613
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Figure 7.34
Example of installation of a Dynisco melt pressure—or melt temperature
sensor (a) with intermediate flange (b) in a machine wall (c), with flat
membrane (d) for pressure—or with sword (e) for temperature measurement
[30]

7.9 Temperature Measurements, Melt Pressure
Measurements

These measurements require a high degree of precision, and if the sensor is located in the melt or
solution, particular care must be taken that there are no dead spots formed at or around the probe where
stagnant polymer could form. The insertion must be correct in terms of polymer flow and must be robust
enough so that it does not break off at, e.g., low melt temperature. Installations such as a sword-shaped
probe dipping into the fluid or a tangential membrane are preferred. In order to enhance the machine
appearance, the probe is often provided with a flange fitting (Fig. 7.34).

7.9.1 Temperature Measurement

The type of temperature-measuring element required can be selected for the required temperature range
from Fig. 7.35. In Europe, resistance thermometers—particularly PtIOO—are preferred for use up to
500 0C. After calibration, these are more exact than the thermocouples preferred in the USA, which,
however, have the advantage of small size, being almost point-sized. The smallest PtIOO, diameter = ca.
3 mm x length = ca. 8 mm, is usually adequate.

Standard elements according to DIN or ASME, although slightly different, are obviously acceptable.
Semiconductors (thermistors) have a large temperature gradient and furthermore their response changes
so rapidly that they need to be recalibrated within a year. Above 450 to ca. 10000C, NiCr-Ni
thermocouples can be used, and above this—up to ca. 1300-14000C—PtRh-Pt thermocouples. As
thermocouples indicate the temperature difference relative to a cold junction, the constancy of the latter
must be maintained. For measurement of still higher temperatures, radiation pyrometers are used.

For measurement of external surface temperatures, use is made of contact (or so-called secondary)
thermometers. One can also use temperature-sensitive colored pencils or temperature dye characteristic
bodies. Here attention must be paid to the time specified for the color change.



Temperature ft

Figure 7.35 Application ranges of temperature measuring elements or apparatus
usual, seldom-used range

PtIOO resistance thermometers should preferably be used in a 3-wire configuration to take into
account the distance between the sensor and the indication or controller. As the effect of temperature and
resistance on the leads of a 4-wire configuration are insignificant, these are even more preferable.

A selection of temperature sensor mountings is shown in Fig. 7.36:

a) for chemical apparatus, with standard connection head
b) as per a), but for measurement in air or gas
c) for spinning beams, spin extruders, inter alia, the preferred form, often with a contact cone on the front

surface and an extension piece between the measuring point and the surface of the insulation, if fitted.
d) two special elements for use in confined spaces, e.g., for temperature measurement immediately below

a draw roll surface (Fig. 4.200 B)
e) for measurement of surface temperature
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Liquid-in-Glass Thermometer (- 200 to 750)
Pentane (- 200 to 20)

Alcohol (-110 to 50)
Toluene (-70to 100)

Hg-Vacuum (- 30 to 280)
Hg-Pressurized Gas in Quartz-Glass (- 30 to 750)

Fluid-Spring Thermometer (Bourdon Tube) (- 35 to 600)

Hg, 100 to 150 atm. (- 35 to 600)

Vapor Pressure-Spring Thermometer (Bourdon Tube) (- 200 to 360)

Metal Expansion Thermometer (- 30 to 1000)
Bimetallic Thermometer (- 30 to 400)

Expanding Rod Thermometer (--100O)

Resistance Thermometer (- 220 to 550 resp. 750)

Cu (-50 to 150)
\ Ni (-60to 180)

Pt (- 220 to 550; resp. 750)
Semiconductor (-20 to 180)

Thermocouplê - 200 to 1300; resp. 1600)

Cu-constantan, Manganin-constantan (- 200 to 400; resp. 600)
Fe-constantan (- 200 to 700, resp 900)

NiCr-Ni (- 200 to 1000; resp. 1200)
- PtRh-Pt (-100; or 0 to 1300; resp. 1600)

Radiation Pyrometer (- 40 to ...)

• Total-Radiation Pyrometer (- 40 to ...)
Narrow-Band Pyrometer (200, 800, etc.)

Temperature-Sensitive Dyestuffs (40 to 1350)
Temperature-Sensitive Colored Pencils (65 to 670)

Temperature Dye Characteristic Body (100 to 1600)

ft [0C]



Figure 7.36 Installation configuration of commercially-available temperature sensors (for explanations of a) to f),
see text)

f) for melt temperature measurement using an immersed sword probe of length L (at least 15, preferably
up to 40 mm). (This can be incorporated into the Dynisco pressure sensor, Fig. 7.38.)

These constructions are valid for both resistance thermometers and thermocouples.
The measuring element should be inserted against the polymer flow, or—in the case of condensation

heating—in the vapor space. For low viscosity fluids and vapors, the elements are placed in a welded
pocket for ease of removal, while for measurements in metal bodies, the element is placed directly in a
hole bored into the body. For good thermal contact with the measuring surface, a 120° cone is better than
a flat base at the bottom of the tube. In solutions and melts, the elements are inserted directly into the
fluid, using, e.g., bolts and flanges (e.g., as per Fig. 7.34). In measurements in fluids or vapor, the further
the measuring element is from the tube wall, the more exact is the measurement. When built into heated
metal bodies, the measuring sensor should not be more than 20 (to 25) mm away from the source of heat
in order to avoid too great a temperature hysteresis in the body.
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Figure 7.38 Dynisco melt pressure measuring element [63], measuring range 0 . . . 250 t o . . . 2000 bar at
temperatures up to 400, respectively 7000C. (Dimensions in inches). Smallest measuring range
0 . . . 10 bar (opto-electronic).

For display and recording—unless it is integrated in the microprocessor—thyristorized instruments
are used which have digital display increments of 1, 0.5 or 0.1 0C. Too fine a digital display increment can
lead to flutter after the decimal point and give the false impression of higher accuracy. In many control
circuits, ±0.5 0C is called for; this is synonymous with an accuracy of ±0.2 0C in the individual
components (installation, measuring element, display, etc), and, at 3000C, demands an instrument of the
0.05% class.

Often a single display is used to serve many measuring elements, a press button being used to call up
the required temperature: this is acceptable for readings which are seldom required or for automatic
scanners. Separately wired, double measuring elements, each having its own display, are recommended
for important positions, for measuring and controlling and for recording or printing.

7.9.2 Melt and Solution Pressure Measurement

Since melts, and possibly solutions, block dead spots and can depolymerize or crack there, sensors which
protrude into the fluid must be tangential to the fluid and not result in the formation of dead spots. The
required sensors are either of the tongue type or are pressure membrane sensors having either a
transmitter fluid or an electrical measuring bridge and corresponding display equipment.

Tongue pressure sensors (Fig. 7.37, for example [62]), like membrane pressure sensors of this type,
usually have a mercury filling, the displacement of which is measured by a flat- or spiral spring
manometer (Bourdon gage). The output signal is transmitted via a rotary potentiometer. Because of the
mercury filling, these sensors are temperature sensitive, and must therefore be calibrated at their operating
temperature. Membrane sensors are available in the ranges 0 . . . 6 bar and up to 100 bar, while tongue
sensors cover the range 0 . . . 30 bar up to ca. 400 bar.

Figure 7.37
Tongue gauge pressure sensor for pressure ranges of 0 . . . 30 to
0 . . . 300 bar [62]



Electrical pressure sensors—e.g., "Dynisco" [63]—have a sensing membrane of only 7.75 mm
diameter and incorporate an internal resistance-measuring bridge. They are available in discrete pressure
ranges, from 0 . . . 10 bar up to a few thousand bar, and for temperatures up to 7000C. One should
nevertheless select a sensor which closely matches the actual operating pressure and temperature ranges.

Figure 7.38 shows such a "Dynisco" sensor, complete with connecting head. The machine
installation can also be enhanced by fitting an intermediate flange, as in Fig. 7.34.

When a product (large area) filter is fitted between the spin extruder and the spinning pumps, the
controlling pressure sensor should be located before the spinning pump, and an additional alarm pressure
sensor before the filter to monitor the effective extruder pressure.

The pressure controller and display must have:

• a low pressure contact alarm. This alarm is bridged for start-up, but activates, when the pressure
subsequently drops below a minimum, in order to switch off the extruder for reasons of low melt flow,
awaiting polymer charging.

• a control range which can be set, comprising maximum/minimum switching.
• a high pressure contact alarm, in case the extruder pressure unexpectedly rises too high.

Typical pressure application ranges are:

For Viscosity, P Pressure range, bar Precision: the lower of Measurement sensor

Solutions 100...400 3...6...(10...30) < ± 10%, <± lba r Tongue sensor

Melts 600... 1200 40... 120 < ± 3 bar, < ± 3% Membrane sensor
1200... 2500 60... 150 < ± 3 bar; < ± 3% Membrane sensor
2500... 5000 60... 200 < ± 3 bar; < ± 3% Membrane sensor
... 20000 ... 700 < ± 3% Membrane sensor

7.9.3 Moisture Measurement

Moisture is liquid taken up on or in the material and is defined in DIN [89]. Water of crystallization is
excluded from this definition. The moisture content (on a dry basis) is given by (mm — md)/md, where the
indices m = moist and J = dry, and m refers to the mass [90].

For normal textile moisture contents 1... 17%, it is usually sufficient to weigh the material in the
moist and dried states. In the case of conditioned samples, the sample is considered conditioned if its
weight does not change by more than 0.05% over a 10 minute period (according to DIN).

For the quick checking of the moisture content of staple bales, it is often sufficient to insert a
hygrometer [92]. This works by an absorption principle and is not very accurate. Measurement using the
Turbo tester gives relatively accurate results, but is seldom used [91]. Here a defined quantity of air
(myam ^ mair) is forced through a fiber sample in a closed air loop. The electro-capacitive, electrostatic
and thermo-electric measurement processes are no longer used because of the cost of the apparatus and
the availability of modern chemical methods.

In the distillation process, the yarn sample is added to a high boiling point liquid (toluene, xylene,
etc.) in a glass flask and heated. The water in the distillate is measured volumetrically. The method is very
accurate, and the test requires only 15.. .30min. In the extraction process, water is removed by n-H2SO4

(e.g.), and the extract is then titrated with Iodine.
All the above processes have been superseded by simple, automatic moisture measuring equipment

which can give greater accuracy in a shorter time: the Karl Fischer method (similar in principle to the
extraction process), the DuPont Moisture Tester and the Aquatrac Moisture Meter [92].

In the Aquatrac system, the water reacts with calcium hydride to give hydrogen gas:

CaH2 + H2O ̂ Ca(OH)2 + 2H2

in an electrically heated reaction vessel. The hydrogen evolved causes the pressure to rise. The pressure,
directly proportional to the water content, is measured by a piezoresistive pressure transducer. The sample
is first weighed, the weight is given to the Aquatrac and the sample is placed in the test chamber, which is



evacuated to a pressure of 5 mbar. The sample is then heated to one of five temperatures between 80 and
1900C. The pressure transducer automatically calculates the % moisture content. Depending on the
sample holder size and the fiber (bulk) density, sample weights of between 0.5 and 96 g are possible. The
normal measurement range is from 0 to 0.1.. .4%. The measurement deviation is ± 2 % of the measured
value ± 1% of the measurement range. A specially modified version (for PET, amongst others) can
accurately measure moisture contents below lOppm H2O.

In the Karl Fischer method, the water is removed by heating the sample in an oxygen-free, dry
nitrogen stream at about 200 0C, is absorbed in anhydrous methanol and subsequently titrated with Karl
Fischer reagent (KFR). The activity factor T of KFR (mg H2O per ml KFR) is first determined by
titration. About 15 g (E) of material to be tested is heated and the water envolved is absorbed in 50 ml of
methanol, which is then titrated with KFR, requiring A ml. The moisture content of the sample (%) is
then given by [93] A T/(10 • E).

7.10 Fluid Mechanics

Although aero- and hydrodynamics are among the best-researched areas in physics, both mathematically
and experimentally [48, 49], flow processes for Re < 100 and particularly for <0.1 have not been
thoroughly researched, and there is little published in this area. These regions are, however, the important
ones for polymer flow. Table 7.12 gives guide values for some polymer melts and solutions, which—due
to polymer properties—can vary widely in comparison with water and air. At typical flow velocities (Fig.
4.118) in a 20 mm pipe, the Reynolds numbers of melts range between 0.003 and 0.05. The Reynolds
number for air flow in quench chambers is about 0.3 . . . 50, while that for melts flowing through filters
can be as low as 10 ~6 .

Table 7,12a Flow Properties of Fluids

Substance Temperature Spec, weight Density Viscosity Kinematic viscosity
0C kg/m3

kgs2 /m4 ^-106 v-106

= y/g kg-s/m2 m2/s

Water 20 998 101.7 102 1.01
60 983 100.2 47.9 0.478

100 958 97.85 28.8 0.295
Air 20 1.20 0.123 1.85 15.1

100 0.95 0.096 2.22 23.1
200 0.746 0.076 2.66 35.0

Caprolactam 80 1013.5 103.3
DMT 180 1080 110.1 seepages
Ethyleneglycol 20 1113.6 113.5 831-832

180

PA 6 270 970 98.9 14.8 • 106 0.15 • 106

PA 66 285 980 99.9 8.6-106 0.86-105

PET 290 1250 127.4 28.4 • 106 0.22 • 106

PP 250 780 79.5 40.7 • 106 0.5 • 106

PAN (25% in solution) 100 1000 102 2.5 • 106 2.45 • 104

PE (7% in decalin) 180 960 97.9 1.2-109 12.3 • 106

door-1



Table 7.12b Density and Viscosity of Various Substances

Substance Tempera- Spec. Density Viscosity rj Kinematic
ture weight * §2\ viscosity

0C y(g/cm3) g \ m 4 / (P) (Pa-s) kgs/m 2 m2/s

PET (0.95 IV) 310 1.22 124.4 104 103 102 0.82
PP 260 0.7 71.36 5000 500 51 0.715
PET (0.63 IV) 285 1.25 127.4 2500 250 25.3 0.20
PA 6 265 1.00 102 1000 100 10.2 0.1
PA 66 285 1.00 102 750 75 7.65 0.075

100 10 1.02
Solution 150 1.00 102 200 20 2.04 0.02
Water 90 0.985 32.6 3.2 • 10" 3 3.2 • 10" 4 3.26 • 10"5 0.3 • 10" 6

20 1.00 102 10~2 10~3 1.02-10~4 10~6

Air 200 0.75 10"3 0.076 2.61 • 10~3 2.61 • 10" 5 2.66 • 10" 6 3.5 10~5

20 1.2-10"3 1.22-10"1 1.81-10"3 1.81 • 10" 5 1.85 • 10~6 1.51 • 10" 5

7 . 1 0 . 1 A i r F l o w s f o r R e = 0 . 1 . . . 5 0 0

For flow through pipes and along plates, the transition from laminar to turbulent flow is generally
characterized by Recri t^2300 and a cone angle of 7°. In contrast, for the above-mentioned flow range
[65],

Recrit < 80 and the cone angle ^ 12°;

this is demonstrated, inter alia, in Fig. 7.39 [65] and is valid for flow through

fine-woven wire mesh, when Re is based on the maximum velocity through the mesh [66] and
RQp = Re//?, where p = 1 — (d/T)2, J = wire diameter and T= pitch. From the above, the resistance

p v2

coefficient £ = Ap/-- in Fig. 7.40 can be calculated [66].
o v

Dutch weave (in which the fine wires running in one direction lie close to one another, having T=d).
This has approximately the same resistance curve as Fig. 7.40 when one substitutes
RelA/ = Re^/100. One is here only considering those Dutch weaves where the air exits the screen
normally, not at an angle (Fig. 7.40a, b).
perforated plates, as defined in Fig. 7.41. These always have turbulent exit flow. The resistance
coefficient £, depends only on the free area ratio /? (Fig. 7.41).
sintered metal surfaces. The air flow rate through these surfaces depends on the pore fineness and the
pressure difference, as shown in Fig. 7.42. When used for radial quenches, the required inlet pressure
is 100... 600 mm WG for a velocity range of ca. 0 . 1 . . . 1 m/s. The bend in the curve at ca. 0.1 m/s
(Fig. 7.43) shows that the flow becomes turbent above 0.1 m/s; this is confirmed by the turbulence
measurement in Fig. 7.44, which shows a ca. ± 10% variation relative to the mean velocity with time
and a ca. ± 50% variation with distance. This arises from the statistical variation of particle size, pore
size and their distribution.

Figure 7.45 gives the air velocity profile along a quench candle 1.2 m high x 0.1 m diameter.
Because of the high E, value, the velocity becomes constant beyond 0.3 m from the air entry. In
contrast to this, a similar quench candle made out of fine wire mesh has an air velocity profile that is
10 times higher immediately below the top end than 0.2 m lower down. Below this, the velocity
decreases rapidly to ca. 0.03 . . . 0 m/s.
a bend in the flow direction of angle S also results in a resistance coefficient (see Fig. 7.46).
resistance coefficients of various solid and permeable bodies are given in Table 7.13a for Re < 200.



Figure 7.40a
Fine-wire woven mesh:
photographs of examples
[67].
a) Twill weave

Re - Re / 0 ^ Reverse plain Dutch
P weave: air flow normal

Figure 7.40 to screen
Resistance coefficient of fine-wire woven mesh; Re^ = Re//?; c) Dutch twilled weave:
p = 1 - (d/T)2 = free area ratio air flow at an angle to
A: C = 0.72 + 49/Re^; W: measurements according to Wieghardt screen—unusable

7.10.2 Laminar and Turbulent Flow

A characteristic of turbulent flow is that the three velocity components in (u2 + v2 4- w2)/V2 = Tu
exceed a given value, e.g., 0.01 or 0.015. This is certainly the case for air ducts; on account of their
dimensions and V ^ 8 . . . 2 m/s, Recrit > 2300. The degree of turbulence almost always lies between
0.15 and 0.3, and continues up to the quench chamber air rectifier.

The air rectifier must reduce the degree of turbulence down to <0.01. Fine wire woven mesh serves to
damp turbulence [68], each layer reducing the turbulence by ^ l + £n. The damping decrement of a set of
n meshes having a mesh distance ^> mesh aperture is given by D — f] J\ + ^n Fm/Fn [69]. According

n=m

to the sample calculation in Table 7.14 (p. 688), the degree of turbulence is reduced from ca. 0.3 to
0.011 by the third sieve and from 0.011 to 0.0015 on exiting the fourth sieve. Both these latter values are
adequate for laminar quench cabinet cooling.

P
2

b)

c)

Figure 7.39
Streamlines behind a small cylinder according to Homann [65]
(photograph from [70] shown, Recri t« 60).

Re =

a)



Figure 7.42 Air permeability of sintered metal surfaces [87]

The above does not apply if the sieve distance is too small [71].. Two or more similar sieves
superimposed give rise to a Moire pattern, i.e., the air flow resistance becomes periodically less—and
more dense along the length of the sieve set. The air flow rate in the densest areas is reduced in the same
way as when the screen blocks up with dirt (section 4.7.4.1). There is a shear gradient in the transition
zone which causes turbulence.

Laminar air flowing into a cooling chamber is subject to the flow laws of a large, rectangular air duct,
i.e., a new boundary layer having a thickness S = 3y/L/V forms on the walls [70]. This flow also
undergoes a transition to turbulence as soon as Re= V -L/y >2300 (see section 3.3.2).
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The velocity profile in a tube or between two walls also depends on the type of flow: there is always
adhesion to the walls. The velocity distribution is parabolic (2nd power) in laminar flow and is described
by a 7th power law in turbulent flow; this arises from the intensive energy exchange, which also occurs
perpendicularly to the direction of flow. At higher viscosity the curve approaches an nth power polygon
fit; at 5000 P, e.g., a 4th power fit applies (Fig. 4.87). Extremely slow, so-called creep flow, corresponds

Figure 7.45 Air velocity profile of a quench candle of 0.1 m
diameter x 1.2 m height [87]

Figure 7.46
Resistance coefficient of a bend of
air stream angle S
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Figure 7.44
Turbulence measurements on a sintered metal candle
according to Fig. 7.43 and 7.45
a) along the candle length [mm] and b) with a stationary

measuring element to give a time-dependent result
(Fourne)

Figure 7.43
Pressure drop through a sintered metal quench candle
[87]
a) at ca. 30 mm distance from the surface
b) at the surface: see Fig. 7.42
c) additional measured values to (b): fineness 100 um,

s = 3 mm (measured by Fourne)
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Table 7.13 Various Flows and their Corresponding Approximate Reynolds Numbers

Medium, state Velocity Flow regime Definition Dimensions Re
m/s

Water 200C 2 Pipe 010 mm 20000
0100 mm 200000

Air 200C 6 Square duct Im2 \\\ 1.13 m 448 000
0.5 m2 ( 0 . 8 m 317 000

3 Duct ace. to BS 20 x 617 mm 41265
1 Air rectifier mesh 3700 M/cm2, 0.063 mm 0 , p = 0.38 11

1000 M/cm2, 0.125 mm 0 , 0 = 0.36 23.6
580 M/cm2 0.16 mm 0 , ^ = 0.38 27.9

0.5 Quench air cooling L-ReK = 4200 Re = 0.2 m: LTu = 0.63 m ReB = 6620
chamber with B1 = 0.67 m: LTu = 0.19 m =21 630
inlet damping
~0.5 mm

Solution 0.1 Manifold pipe 1251/h A 30 kg/h 015 Re = 0.015
70...1500C y = 0.02m2/s

0.4331 Spinneret hole (bore) 0.1 g/min = 5 dtex 070 |im; 50 m/min; 0.0015
c = 0.25

Polymer 0.05 Main 100 kg/h 026.6 mm
melt PA 6 y = 0.1 m2/s 0.0133

10000 kg/h
0.071 PET y = 0.2 nr/s 0200 mm 0.071
0.000271 Spin pack block 167 dtex PET spinneret 0 O D 8O/0ID 70 9.5 • 10~5

3600 m/min A
78.16 g/min

0.638 Spinneret capillary 0.2 mm 0 52 holes, otherwise 6.38 • 10~4

as before
(as before, 62f)

Table 7.13a Resistance Coefficients £ for Re < 200

C =
Disk (90° to flow direction) 64n/Re
Sphere, ball 24/Re
Cylinder (axis 90° to flow direction) %n/Re (2-ln Re)
Woven mesh 0.72 + 49/Rep
Sand 94/Re0Ae to 2000/Tte
Pipe 03164/Re025

Gap, slot 0 AlZl/Re025

Flow along wall (single-sided) 1.327/y/Re

on the other hand to a potential flow [70]. From this it follows, e.g., that slow melt flows having Re < 0.01
develop streamlines which are extremely stable.

7.10.3 Heat Transfer from Yarn to Air

In the case of filaments extruded from the spinneret and taken up at high speed, it is to be expected that,
given the short transit time, the individual filaments can only transfer their heat to the axially-developed
boundary air layer, i.e.—excluding radiation—the filament gives up only that amount of heat which the
boundary layer can transport away. This boundary layer is then transported away by the cross-flow



Table 7.14 Turbulence Damping by Means of Woven Mesh Screens (Screen Separation

Mesh Free Wire Rep for C ECn YlV^+^ = D Tu\°/o\
number area diam. v = 0.5m/s " n for
1/cm2 P mm Tu0 = O

700 0.38 0.14 12.2 4.74 2.396
4.74 0.083

1500 0.38 0.1 11 5.17 5.951
9.91 0.034

2500 0.37 0.08 7.16 7.56 17.41
17.47 0.011

3700 0.38 0.063 5.49 9.65 56.82
27.12 0.0015

Figure 7.47
Nusselt number as a function of the
Reynolds number

quench. From this it follows that increasing the take-up speed, in contrast to the quench velocity, results
in only an inconsequential increase in the heat transfer. On this basis, the surface heat transfer coefficient
a can be calculated from the Nusselt number, which itself—according to Fig. 7.47—is a function of the
Reynolds number of the cross-flow quenched yarn cylinder ((X = Nu- X/D, X = thermal conductivity of
air = 0.0150k cal/mh K at 200C and 0.0208 at 1000C and 1 bar).

7J l Construction Materials

For all parts which do not come into contact with pre-, intermediate or final products, the normal
materials of construction of machines and apparatus are used.

For parts coming into any kind of contact with production materials, the following recommendations
are made:

1. Welded parts coming into contact with monomers, addi- material 1.4541 (up 550 0C)
tives, melts, solutions, etc. or 304 L

for higher corrosion resistance, except for PET and 1.4571 (up to 400 0C)
its pre-products or 316 L
for chlorine-containing cooling water 1.4462 (>20% Cr, <10% Ni)

(only in emergencies, 1.4571 up to
ca. 80ppm Cl, < 100 0C, short term)

log N u

log Re0
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2. Turned parts (without welding) 1.4305
3. High tenacity parts up to 4000C 1.4122

(for example, small extruder screws)
4. Parts running against items 1 . . . 4, 1.4006

Extruder cylinders, internally centrifuged with Xalloy 306 or Reiloy Rl21
5. Moving parts, from standard steels Ck 45—Ck 60—St 50—St 60—

50 Cr V4 (42 Cr Mo 4)
6. Spinnerets (up to 4000C) 1.4580 or 1.4571 (better 1.4549

or 1.4057)
7. Dowtherm-heated boxes, autoclaves, boiler plate steel HII

heating jackets, welded-in tubes for calrod heaters, etc. (= 1.0425)
8. Machine and welded parts up to

600 0C 1.4948 = X6 Cr Ni 18 11
7500C 1.4909 = X2 Cr Ni Mo N 17 12 [72]

9. Electric resistance heater plates
up to 3500C electric resistance wire encased

in mica sheet or "Mekanit", or
electric calrod heaters cast in AlSi
(without Mg!)

up to 5500C electric calrod heaters cast in Ms
up to 6500C stainless steel calrod heaters cast

in Gg 40
10. Screws for normal loads and <350°C

10.9 (hot-rolled screws)
12.9 for low elongation

for 200. . . 500 0C
nuts 24 Cr Mo 5
screws, bolts 21 Cr Mo V511 (preferred)

(possibly 24 Cr Mo V55)
stainless steel 1.4541

For dimensioning, the 00.2 limit is recommended; for torsional strength, one can estimate using 0.8 • GQ2

if no better figures exist (Fig. 7.48)

Figure 7.48
cro.2 tensile strength of various construction materials as a
function of temperature
a) Inconel 700
b) X15 Cr Mo 17
c) Hastelloy C
d) X2 Cr Ni Mo N 1712
e) XlOCrNiMoTi 1810
J) XlOCrNiTi 18.9
g) C (k) 35 St 35.8Temperature (0C)

Te
ns

ile
 S

tre
ng

th
 a

t
0.2

%
 E

lo
ng

at
io

n!
 O

n,,
 N

/m
m

2)



Comparison of Steels

German DIN AISI BS Main usage
material (EN) (USA) (GB)
number

1.0037 St 37-2 (S235JR) 1015 FE 360 B Construction steel,
1.0060 St60-2(E335) A572 Gr.65 FE 590-2FN welded parts
1.0425 HII (P265GH) - 1501 Boiler plates, dow boxes
1.7035 10.9 = 41 Cr 4 5140 530 Warm rolled screws
1.7225 12.9 = 42 Cr Mo 4 4140 708 Low elongation screws
1.8070 21 Cr Mo v. 5-11 - - Screws
1.7258 24 Cr Mo 5 4130 708A25 Nuts < 500 0C
1.4948 X6 Cr Ni 1811 - - < 600 °C)\ Construction
1.4909 X2 Cr Ni Mo N 1712 - < 700 0C)jand/or welded parts
1.4006 XlO Cr 13 410S21 e.g. extruder barrels, centrifuged
1.4122 X35 Cr Mo 17 - - high strength parts for 3000C, eg.

small extruder screws
1.4306 X2 Cr Ni 1911 304L 304SII stainless St., not for welding
1.4541 X6 Cr Ni Ti 1810 321 321S31 St. steel, good weldability
1.4571 X6 Cr Ni Mo Ti 1801 316Ti 320S31 higher corrosion resistance as before
1.4841 X15 Cr Ni Si 250 314/310 314S25 st. steel, good weldability
1.4542 X5 Cr Ni Cu Nb 174 630 - melt spinnerets

= 17-4HP 431S29 hardenable (formerly 1.4580)
1.4057 X 2 2 C r N i l 7 431
1.4462 X2 Cr Ni Mo N 22 - 318S13 low chlorinated water (< 80 ppm

Cl, <180°C)
1.4577 X5 Cr Ni Mo Ti 2525 - - st. steel for viscose equipm. (CV)

11. Sealing materials, gaskets
In general, for pressure or vacuum appli-
cation
up to ca. 800C soft (synthetic) rubber
up to ca. 1800C silicone rubber
up to ca. 2200C PTFE (e.g., Teflon®)
up to ca. 3000C PTFE, metal-bordered, probably armored by glass
> 300 0C or metal powder

metal on metal
- for polymer or pre-product Al 99.5 (better: Al 99.9)

transporting parts: for up to 2000C
3000C AlMn 1.5
400 0C AlMnISiI .5 (if possible, with 0.2% Zr)
500 0C Cu, Ni-plated ( 1 . . . 3 fold)
6000C 1.4541

For special purposes, optimized materials must be selected, e.g., ace. to [73, 82].

7.12 High Temperature Threads

Bolts which need to be screwed at 20, as well as at 300 to 350 and possibly even at 450 0C, and need to
retain sufficient load-bearing strength at these higher temperatures (for example, for sealing spin pack
blocks at 400 bar internal pressure), must have trapezoidal—or saw-toothed threads dimensioned
according to Table 7.15. From experience, the nut threads should always be made according to DIN/ISO,
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Nominal Pitch Effective Flank Core Core
diameter p diameter diameter diameter diameter
range d d2 d3 Trapezodial d3 Saw-tooth

mm

20. . . 26 2 -0 .3
2 8 . . . 60 3 -0 .5 -0 .2 -4 .0 -4 .75
6 3 . . . 100 4 -0 .75 - 3 . 0 -5.25 -6.24
105.. . 170 6 - 1 . 0 -4 .0 -8 .0 -9.49
180... 240 8 -1 .2 -5 .5 -10.2 -12.19
250...330 10 -1 .5 - 7 . 0 -12.5 -15.00
340. . . 400 12 -1 .8 - 8 . 7 -15.3 -18.28

Example Tr 200 x S: d (bolt, eff.): 200-1.2 = 198.8 mm
d2 (flank): 200 - 5.5 = 194.5 mm
d3 Trapezoidal : 200 - 10.2 = 189.8 mm

S 200 x 8: d3 saw-tooth: 200 - 12.19 ~ 187.8 mm
Nut Thread
Trapezodial threads: ace. to DIN 103 (metric, 150)
Saw-tooth threads: ace. to DIN 513

and the bolts threads should always have a smaller diameter than the nominal diameter, as given in Table
7.15. Using such bolts, the spin pack block can be hot-torqued in a hydraulic press.

The same dimensions are valid for bolts in non-threaded bores.
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8 Waste Processing and Recovery (Recycling)

8.1 Overview

In 1970, one could still expect 5 . . . 7% waste from polymerization to finished staple or yarn. Falkai [1]
reported in 1981 up to 15% waste and low quality product for some processes. Owing to advances in the
quality of intermediate materials and automation, including continuous processing, modern plants today
produce only about 3 . . . 4% waste. This waste consists of lumps of oxidized polymer and low bulk
density filament waste, undrawn, partly drawn and fully drawn. 2 . . . 3% waste is normal in fiber
production. In the case of 2 staple fiber lines each producing 200 t/d, this equates to 500 kg/h waste—
which, valued at 1 DM/kg—results in an annual cost of approximately 4 000 000 DM, thus justifying the
argument for recycling. The filament waste, valued at 0.30 DM/kg, is worth approximately 900 000 DM
p.a.; selling this waste does not recover its true cost. Recovery of starting materials, intermediate products
or end products is nowadays significantly more economical. Table 8.1 shows production routes where
waste arises and possibilities of re-using such waste. Additionally, certain production routes permit the
recovery of intermediate products or auxiliary agents and their re-use, which may be necessary to make
these processes economically viable.

Table 8.1 Recovery and Utilization of Waste

Waste
from

as

using chemical route using thermal route using mechanical route

Polymerization Casting

Granulate

PET bottles Spinning

Aftertreatment

Textile usage

Various fibersSpun waste
Block
polymerChemical

intermediate
products

Filter

Polymerize

Waste
granulate

Melt

Granulate

Mix

Sort

Compact

Plastic
polymer

Spin

Fibers



Extruded solid polymer waste is almost always oxidized on the surface. Yarn and fiber waste is mostly
dressed with spin finish. Solvents and intermediate products are more or less strongly contaminated with
other chemical substances, e.g., degradation products, or are strongly diluted with water or precipitation
agents, which may make evaporation or distillation necessary. This complexity necessitates recovery
being examined on a case by case basis; the sections following can only give advice regarding some
important recovery processes.

8.2 Chemical Processing of PA 6 Waste

8.2.1 Recovery of Caprolactam from PA 6 by Thermal Decomposition

The temperature-dependent equilibrium between polyamide 6 and lactam:

polycondensation
equilibrium lactam

decomposition

can be exploited to recover lactam from PA6 waste; this lactam can be removed by an excess of water or
by vacuum [2]. In practice, an autoclave is filled to ca. 75% capacity with about (0.15 x volume [I]) kg
of size-reduced PA6 waste, and 1.7... 3.5 w/w% phosphoric acid is added. After about 0.5 . . . 1 h, one
obtains a 30% condensate. The maximum amount of lactam is obtained at 280. . . 300 0C. On refilling
with the same amount of polyamide and somewhat less phosphoric acid, ca. 50 charges can be
processed. The recovered lactam is extracted by centrifuging and concentrated by evaporation and
distillation under a high vacuum to obtain pure lactam, as shown in Fig. 8.1 [I].

Figure 8.1 Process schematic of a lactam recovery plant [1]
1 Cracker (cracking vessel) 8 Evaporator stage

2, 9, 14, 18 Condenser 11 Thin film evaporator
3 Refining 13 Raw lactam column

4, 7, 10, 12, 16, 20, 22 Pumps 17 Pure lactam column
5 Filtration

6, 15, 19, 21 Vessels, storage tanks

water to PA6 chip extraction

pure lactam to
PA 6 polymerization

vacuumvacuum!
filtration
additives

oxidation
additives

cracking
catalyst

solid
polyamide 6

waste

water from
PA 6 chip extraction

depolymerization refining filtration
eva-

poration

oligo -
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separa -
tion
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lactam
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8.2.2 PA 6 Recovery through Depolymerization-Filtration-
Re-PoIymerization [3]

Using this process, even contaminated PA 6 waste can be recovered. Figure 8.2 shows a process having,
e.g., a 2 m3 autoclave (2) which is filled with ca. 500 kg PA 6 waste from which spin finish, if present, has
been removed by washing. After adding ca. 200 kg water, the autoclave is heated to 220. . . 225 0C at 2
bar pressure. Higher temperatures and a greater quantity of water increase the caprolactam content during
depolymerization, but reduce the capacity and increase the pressure, making the autoclave uneconomical.
The resulting solution is forced through a very fine (quality-determining) large area filter (3) into the re-
polymerization vessel (5) (which could also be a pressureless VK tube), where it is polymerized at
257...2800C (as described in Section 2.2.3.6). Contamination and oxygen present during the
depolymerization result in slight yellowing. This can only be avoided by using pure input material, by
evacuation and by purging with pure nitrogen in the melt autoclave (2). A further disadvantage of this
process is the long processing time of 24 h per charge.

Figure 8.2 Depolymerization-nltration-repolymer-
ization process [3]
1 Exhaust vapor
2 Depolymerization pressure vessel
3 Filter
4 Exhaust steam and exhaust gas (to a condensor)
5 Polymerization pressure vessel

8.2.3 Recovery through Reprecipitation of PA 6 [4,5]

The waste is dissolved in caprolactam at 170 0C, and the solution is extruded into water [6]. One can also
use hydrochloric acid, sulfuric acid, calcium chloride or phenol at slightly higher tmperature. The most
economical process is that using hydrochloric acid. A yield of up to 80% is possible. The product has an
ash content of 0.04... 0.2% and contains 0.03 . . . 0.1 % chlorine, 5 . . . 10 mg iron/100 g and 1 . . . 2%
water; a solution viscosity of 2.0 to 2.3 is achievable. After extrusion into water and granulation, the
recovered product can be blended with new granulate at up to 5% loading.

8.2.4 Lactam Recovery across the Entire Production Process

In a production plant, waste, monomer and oligomer arise at various stages, as illustrated in Fig. 8.3. The
main arisings are:

• from the vacuum stage in polymerization (highly concentrated) (1)
• granulate- or fiber tow washing water, of 5 . . . 10% cone. (2)
• monomer from monomer aspiration (3) and
• sublimation products from the quench chamber upper inner wall (3)
• oxidized polymer waste from spinning start-up, spin pump- and pack changes (4)
• yarn waste from spinning start-up, etc. (5)
• yarn waste from spinning start-up from aspirators (6, 7)
• yarn waste containing spin finish, from spun packages and doffing (8)
• yarn waste from further processing
• waste yarn cut from short packages, package residues or from yarn segregation



Figure 8.3 Waste generation at polycondensation, spinning and further-processing
1 Monomer condensate from the vacuum finisher, or 7 Yarn suction waste from hand
2 Extraction water from granulate washing aspirator gun
3 Monomer exhaust gas and monomer washing water 8 Yarn or filament waste
4 Polymer waste from spin pack change (lumps) 9 Extraction water or drawing bath
5 Spinning start-up waste (filament) water, possibly contaminated with
6 Yarn suction waste from machine-mounted aspirator solvent and/or spin finish

spray water from the monomer aspiration circuit, of very low concentration and strongly oxidized
from drawstands (8) and
extractables in washing and drawing water (9).

Unless used for shoddy, this waste should be chemically recovered, sometimes after evaporation.
Polymer lumps (hard waste) should first be size-reduced.

During PA 6 spinning, monomer and its associated derivatives of concentration 0 . 1 . . . 0.5% in air are
aspirated by the monomer extraction, the amount of monomer depending on the monomer content of the
granulate or melt; in the case of PP, the monomer content is 0.3 . . . 0.8% w/w. Provided that it does not
condense on the quench chamber sidewalls, the monomer is exhausted to atmosphere by the suction
hood, the monomer concentration being 0 . 1 . . . 0.5% in air. When using heated extractor hoods, followed
by a pipe air extract velocity of lOm/s, the monomer/air mixture is led to a spray tower where the
monomer is precipitated by water. It is not economical to recover any materials here. Non-heated
monomer extractor hoods must be changed weekly for cleaning.

If one ignores recovery of the above waste, there are three further sources worth considering:

highly-concentrated waste, such as melt, lumps, yarn with or without spin finish, etc. (hard and soft
waste). These should be size-reduced or compacted, then depolymerized.
waste in solution, usually of between 4 and 10% concentration, typically granulate washing water, etc.
These solutions are concentrated via multi-stage evaporation.



spray water from the monomer extraction system. Concentration is mostly not economical, but—for
environmental reasons—it should be treated in a purification plant.

Because of the low lactam concentration, evaporation requires a very high energy input. The investment
and energy costs have been roughly estimated [35]:

Process Investment Energy costs

2 stage average average
3 stage high low
1 stage with mechanical vapor concentration high very low
1 stage with steam jet vapor concentration low average

For middle-sized plants, the mechanical vapor concentration has proved to be the most economical.
Distillation is purposely carried out batchwise to cope with the variable throughputs at polymeriza-

tion. A three stage program of residual water evaporation, pre-distillation and oligomer separation, as well
as fine distillation, ensures an optimal lactam quality. The oligomers are pumped off for cracking, the
pure lactam is sent directly to the polymerizer and the distillation waste products can be burnt.

8.3 Chemical Processing of PA66 Waste

The monomers are recovered by means of hydrolysis; there are many possibilities:

The waste is treated with 50% H2SO4 at 115. . . 1200C in an autoclave. After separation of the
dicarboxylic acid, the hydrolyzed solution is neutralized with a paste made from caustic lime and
water at 900C. Water and diamine are then distilled off, after which the condensate is rectified [8].
In the alkaline hydrolysis process [9,11], the waste is treated with 10 . . . 15% alkali under pressure at
200 0C, followed by extraction of the diamine from the hydrolyzed solution using an organic solvent,
or

distillation of the diamine from the hydrolyzed solution in the presence of an alkaline salt of the
dicarboxylic acid, or
acidification of the dicarboxylic acid salt, after removal of diamine, using a strong mineral acid,
and separation of the carboxylic acid by means of crystallization.

Total hydrolysis in water [10] using a strongly acidic ion exchanger. The previously size-reduced PA
is brought to reaction by the water and the ion exchanger at between 50 and 150 0C, after which the
ion exchanger is separated from the water, and the monomer adhering to it is dissolved using reagents
of appropriate pH (e.g., aqueous ammonia at increased temperature)
Hydrolysis in the presence of the original acid [12], i.e., the dicarboxylic acid used in the
polymerization of the polyamide. After complete hydrolysis, the excess acid is neutralized by the
original diamine, and the resulting salt solution can be directly used for renewed polymerization.
In production polycondensation there are problems with contamination of the HMD (hexamethylene
diamine) solution. This problem is relatively easy to solve when using solid AH salt or HMD and
adipic acid as starting materials, since a rectification stage can be built into the intermediate
evaporation stage, from where the condensate of the distillate can be either taken to the salt-
dissolving vessel or to neutralization and then re-used. If, however, the production process involves
an AH salt solution, the condensate from the evaporation stage must go into the waste water. This
results in a very expensive distillation stage, as—on the one hand—the HMD must be recovered, and
on the other hand as little HMD as possible must end up in the waste water, since it is both toxic and
difficult to bio-degrade [35].
The solid deposits in the neighborhood of the spinneret, particularly on the upper, inner walls of the
quench chamber, need to be mechanically scraped off from time to time if they are to be recovered, as
described at the beginning of this chapter. Such waste constitutes 0.5 . . . 0.75% of the spun PA66-
throughput.



8.4 Depolymerization of Polyester

For trouble-free re-use of polyester waste, only decomposition to the original monomers is practicable;
here there are three possibilities:

Hydrolysis using water (alkalis or acids)
Alcoholysis using methanol or glycol
Decomposition using glycol, followed by conversion to DMT

8.4.1 Conversion of Polyester to TPA or DMT

The plant required for depolymerization (Fig. 8.4) is quite simple: a 2- to 10-fold excess of water is added
to the waste in a pressure vessel, which is heated for 3 . . . 5 h at 230. . . 250 0C under a pressure of 30 bar.
The depolymerization vessel (3), of, e.g., 1000 1 volume, is charged with 250 kg PET waste and 500 kg
water from the vessel (2), and is then heated for 2 h at 230 °C/30 bar without stirring. The heating is then
switched off and the vessel is slowly stirred by an anchor-shaped agitator. After a cooling down time of
3h, the contents reach 900C; the reaction mixture is pumped into the cold vessel (1), where the
temperature is allowed to fall to 20 . . . 30 0C. The drained and centrifuged product then contains ca.
205 kg TPA of 98 . . . 99% purity. If followed by a pressurized esterification using methanol and vacuum
distillation, a pure DMT of yield ca. 95% is obtained.

Figure 8.4 Schematic of apparatus for regenerating
terephthalic acid from PET
1 Stirring vessel (cold)
2 Centrifuge
3 Autoclave for pi = 35 atm.
4 Dowtherm (Diphyl) evaporator
5 Reflux cooler
a) Waste
b) Washing water
c) Steam
d) Waste from (2)
e) Dowtherm (Diphyl) vapor
f) Raw TPA

A change in the PET/water ratio between 1:2 and 1:12 has no effect on the yield. Already after 2h
cooling time a yield of 92% crystalline TPA is achieved. An acidic hydrolysis using 50% concentration
nitric acid, sulfuric acid or phosphoric acid is also possible, but—owing to the high acid costs—has found
no industrial application.

Solution of 5 parts (w/w) PET in 12 parts (w/w) 15% NaOH at 180 0C and 6 . . . 8 bar for a max. time
of 6 h also produces a product which, after boiling with 50 parts (v/v) of water, can be crystallized at
80 . . . 90 0C by adding 16 parts (v/v) n-HCl to yield 95% (of theoretical) crystalline TPA.



8.4.2 DMT Recovery via Glycolysis of PET

One obtains diglycol terephthalate by means of non-pressurized treatment of PET in ethylene glycol, or
by means of pressure using an ethylene glycol solution [18]. At the end of the glycolysis an equilibrium
(with n = 1) prevails:

The equilibrium concentration of this diol ester, in the presence of a small quantity of water, shifts with
temperature until the temperature has fallen to half its value. On further cooling, crystals of the diglycol
ester (Bp =1110C) precipitate in quantitative yield. Although this process appears to be very
advantageous, in practice it is very difficult, as the necessary purity for recycling is difficult to achieve.
Even after frequent recrystallization, the product retains a slight yellowish color.

8.4.3 Recovery of DMT via Polyester Methanolysis

DMT is directly generated according to the formula:

Methanol vapor, superheated to 240 0C, converts PET directly to DMT + ethylene glycol in the presence
of phosphoric acid as catalyst [16]; the product is contaminated with 2 . . . 7 % monomethyl ester.
Pressurized methanolysis in the presence of an aryl sulfonic acid (e.g., benzene- or naphthalene sulfonic
acid) is more favorable. Uniform addition of DMT accelerates the decomposition [17]. Use of 0.0027 mol
zinc acetate as catalyst at 2 0 . . . 30 bar results in a yield of 85 . . . 88% after ca. 2.5 h [14].

8.4.4 Gaseous Byproducts in PET Production

Acetaldehyde, residual glycol, methanol and oligomer are released mainly in the exhaust gases of the
vacuum system and partly beneath the spinneret. They are, however, present in such low concentration
that they are sensibly mixed with the combustion air of the central heat transfer oil burner and incinerated
or are catalytically burnt in an after-burner.

If, however, the vacuum system operates with glycol and glycol vapor, the impure glycol arising can
be treated in the central glycol recovery plant.

In the TPA-PET esterification process, one tries to lose as little glycol as possible with the water
arising from cracking. By the use of very expensive distillation columns to purify the water/glycol vapor
directly, glycol (the sump product) can be re-directed back into the esterification reactor [35].

The byproduct methanol can be sufficiently concentrated by integrated rectification columns that it
need not be re-distilled before re-use [35].

8.5 Mechanical Waste Processing

The state of the waste determines the form of processing. Hard waste (polymer blocks) and PET bottles
are granulated, filament waste is compacted, and drawn filament waste is shredded or cut. The first-
mentioned can be melted and processed as such, the last-mentioned can be recycled as textile staple,
usually of lower quality. Textile material comprising more than one polymer and/or natural fibers can only



be processed to shoddy. Mixtures of some polymers can often be reformed into large plastic parts. If the
waste is dressed with spin finish, it should be scoured free of finish, then dried.

In all the above processes, metal parts must be removed, e.g., by magnetic separators. Depending on
the starting material, one of the following processes is used.

8.5.1 Polyester Bottle Granulate

Polyester bottles are available in large quantities. The paper labels must be removed, after which the
bottles are washed and granulated. Like PET granulate, the bottle chips are crystallized, dried and melt-
spun using an extruder. Large area product filters and Dowtherm-heated spinning beams are appropriate
for spinning staple fiber, fiberfill or non-wovens for further processing.

8.5.2 Polymer Blocks (Solid Waste and PET Bottles)

According to [19], size reduction occurs between the rotary knife of the granulator and the sieve, through
which the granulate is forced (Fig. 8.5). The motor sizes have been optimized for the available machine
types, and determine the throughputs (Fig. 8.6). If these limits are exceeded, the material to be ground can
become too warm and can stick together. The machine rotor in Fig. 8.7 (a) serves to size-reduce compact
pieces; the open rotor (b) is for bulky material, hollow pieces and filament waste, among others. Highly-
drawn yarn can, however, cause problems here. (C) is used for working large lumps of waste [20].

Figure 8.5
Cutting mill, having a horizontal axis
and an openable top
a) Open rotor
b) Stator knife
c) Sieve insertion
d) Feeding zone

The machines are made operator-safe by having the inlet hopper large or high and/or by automatic
charging of feedstock. Ease of cleaning is equally important.

The processed granulate should have a chip size of between 3 and 6 mm, and should be dust-free.
Electrostatic charge can be almost totally eliminated by the use of a water mist spray to produce almost
saturated air. The (pneumatically) transported granulate can be cleaned by cyclones, separators, etc.

8.5.3 Compaction of Filament Waste [24-26]

The filament waste is cut in a cutting mill granulator, between a rotary knife (as in Fig. 8.7 b) and a fixed
knife. The sieve insert, having a square mesh opening of 12 . . . 20 mm, determines the size of the waste
granulate which is pneumatically transported away. A speed-regulated stuffing screw (a) (Fig. 8.8) presses



material from the compacting zone centrally against a pair of disks (Fig 8.9), one being a stator and the
other a rotor—from inside to outside. In the first part of the shearing zone, the material is accelerated
radially and tangentially, causing its bulk density to increase. This is followed by a kneading zone and a
rolling zone, and thereafter an external cooling-, relaxation- and exit zone. By means of motorized
adjustment of the gap between the two disks, the frictional heat and thereby the temperature of the
material can be adjusted, enabling one to achieve the optimal plasticizing temperature in the neighbor-
hood of the softening point, but below the melting point. Figure 8.9 shows the various conditions. The
sintered agglomerate is fed to a second cutting mill granulator having a 4 . . . 8 mm sieve opening in the
sieve insert and a large housing which can be air- or water cooled. A cyclone in the pneumatic transport
line removes dust and fine particles.

The waste yarn to be processed can have up to 7% moisture content. Any spin finish present is largely
evaporated by the temperatures which arise during processing. There is no danger of thermal degradation,
as the sintering temperature is always well below the melting point. Any moisture remaining after
processing can be removed by vacuum drying. The bulk density of the compacted granulate is given in
Table 8.2.

A compactor disk size of 500 mm diameter is optimal, permitting a throughput of 400-500 kg/h,
depending on the feedstock. The required power would be 90-11OkW.

8.5.4 Yarn to Staple Processing

There are small specialist firms which buy yarn waste, sorted or unsorted, and convert it to staple. Spun or
POY yarn residues on tube can be taken off overhead from a creel, plied, drawn and crimped in a one
stage process. During processing, new waste packages can be knotted—or spliced into the running tow.
Here the "Lummus" staple cutter has proved itself useful (section 4.13.12). After cutting, the staple is
pneumatically conveyed to a bale press, where it is compressed, baled and strapped.

Waste packages from draw texturizing machines, after pre-tensioning, can be knotted into the above-
described tow and thus processed as above.

Yarn cut off from waste packages is compressed and cut to small size in a guillotine. It is then used as
staple or flock.

Figure 8.6 Throughput of a cutting mill as a func-
tion of the installed power

Figure 8.7
Rotor design for horizontal cutting
mill
a) Solid rotor
b) Open rotor
c) Milling rotor
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Figure 8.8 Design of a compactor having a stator-rotor as central processing unit of the plant, and upgrading
photograph (opened)
a) Supply screw c) Kneading zone
b) Compression zone d) Relaxation zone

Figure 8.9
Polyester fiber shown at various stages of
compression during processing
a) Loose fibers
b) Compressed fibers
c) Agglomerate
d) Compacted granulate

Table 8.2 Bulk Density of Granulate after Compaction

Feedstock Comparative throughput Bulk density
kg/h g/1

PE film 450...500 335...350
PP film 400 350
PP staple 320 345
PA film 300 470
PA 6 staple 350 420
PA 66 staple 350 450
PET film or staple 350 600



The staple so made can vary considerably in cut length, tenacity and elongation. One therefore tries to
set an average staple length of 70 . . . 90 mm so that the staple can be used in worsted yarn, possibly only
as a blend component.

8.6 Direct Extruder Processing of Yarn and Film Waste

As long as the waste material is of one type, e.g., only PP or only PET, it can be reprocessed to granulate
or chip by an extruder modified for the purpose. It is possible to add up to ca. 5% of the regranulate to
fresh granulate without noticeably affecting the quality of the staple fiber. Here, however, the following
questions need to be clarified:

how much degradation (in rjreh [rj] or MFI) is permissible in the recovery process, both in the
regranulate and in the final product as mixture?
how high a % of regranulate is permissible in the final product when particular final properties, e.g.,
viscosity, tenacity and elongation, should not be negatively affected?
which, and how much, contamination is allowable in the regenerated granulate, and which melt
filtration should be used?
if the desired final product properties have not been achieved, is it possible to improve them by means
of another process stage or by additional further processing?

The pre-treatment of the waste comprises sorting, metal removal, washing, possibly crystallization
and drying. The spin finish can be statisfactorily removed by using an extruder with two de-gassing
zones. The extruder throat has an entry funnel fitted with a stuffing screw, which—because of the low
bulk density—begins in the conical part of the hopper (Fig. 8.10) and continues (as a cone) in the main
screw, covering the first 4 pitches (diameter ratio 1:2.5 to 1:3).

A good measure of the plastification and homogenization is the shear work:

for a single screw extruder for a twin screw extruder [34]

do_ _ Vo dv _ V0 - va

dx~ t dx~ Sk

Figure 8.10
Feed hopper for loose bulk material (a), with
stuffing screw (b) [7] and extruder feed screw
with enlarged entry zone for voluminous (waste)
material (c)

a)

b)

c)

door-1



where vo = circumferential speed of the screw root, va = circumferential speed of the screw outside
diameter, Sk = the gap between the above parts and t = screw depth.

Single screw extruders have good axial mixing, counter-rotating twin screw extruders poor axial
mixing and co-rotating twin screws the best mixing. To evaporate the moisture absorbed by PA and the
spin finish, one de-gassing zone may suffice, but two de-gassing zones are preferable. With co-rotating
twin screws, the incomplete filling results in a suitable surface being formed for satisfactory functioning
of the vacuum.

For effecitve de-gassing, the following is important:

long residence time under vacuum at the highest possible temperature
increasing shear deformation
low filled volume, i.e., large polymer surface in the degassing zone
good pre-drying, as described in Section 4.5

Although the counter-rotating twin screw extruder provides optimal conditions for degassing,
satisfactory results can almost always be obtained with the single screw extruder when using one or
two de-gassing zones [27].

The quality of the product is also determined by the filtration. Here large area product filters having a
pore fineness of 20—or sometimes even 10 um—are fitted. From experience, clean material (only aspirated
waste) contains < 0.01% inpurities, finish-dressed fiber up to 2% and slightly soiled residues up to 4%.

Finally, the recovered product can either be granulated, possibly crystallized and dried and then mixed
with fresh granulate or be spun as a 100% recycled product of lower quality; in the case of PET one must
expect >10% [r\] reduction. Direct spinning to staple fiber gives a somewhat better quality, but the
product is by no means of prime quality. Figure 8.11 shows a plant for converting filament waste to
granulate.

Type A B C D E F

HKS 120/70/1 2300 1200 1800 2895 4040 ca. 7900

HKS 140/90/1 2800 1800 1800 3550 4690 ca. 9000

Figure 8.11 Extruder-based plant for converting yarn waste to granulate [27]
a) Pneumatic suction of waste chaff (raffia) e) Extrusion head
b) Waste buffer storage f) Cooling conveyor with water spray
c) Degassing extruder g) Granulator
d) Continuous change filter h) Dewatering and granulate transport



Figure 8.12 Hydrolytic degradation of polyester and injection of the depolymerized product into a continuous
polymerizer [7, 14]
a) Cutting mill h) Static mixer
b) Fan /) Static mixer
c) Washing unit, and J) Finisher (for waste melt)
d) Charging apparatus and single screw extruder k) Reactor (= finisher,

with enlarged feed zone (= depolymerizing zone) 215°Cl6 h/0.3 mbar)
e) High viscosity pump /) PET melt filter
f) Filter m) PET melt to spinning or strand
g) Prefilter in polycondensation stage, extrusion (for chips)

for pre-product

If the producer has a PET polycondensation plant, the waste can be deliberately decomposed in an
extruder and, after good filtration, pumped into the main stream before the finishing reactor via a static
mixer (Fig. 8.12). The end product retains its value.

8.7 Recovery and Cleaning of Gases and Fluids

Spinning and further processing which employ solvents and involve wet processing only become
economic when the components are recovered, and are only ecologically acceptable when process water
and exhaust gases are cleaned. If one takes the solvent price as being half the polymer price, and reckons
on a 25% polymer solution, the cost case becomes clear. Protective gas (e.g., N2), too, is expensive, and
must be recovered and re-used in the dry spinning process. Exhaust gases laden with solvent also need to
be aspirated, both for health reasons and to avoid explosion hazard.

Figure 8.13a shows a gas and solvent flow diagram for a PAN dry spinning process. N2 protective gas
is heated to 330. . . 350 0C in a Dowtherm vapor-heated heat exchanger and flows to each spinning tube
head, where it is individually superheated to an exact temperature, e.g. 352 ± 2 0C. During the fiber transit
down the tube, the DMF concentration increases from 40 to ca. 400 g/m3. Simultaneously the spinning
gas cools down, being at ca. 250 0C somewhat below the spinneret and at 150 0C on exiting the end of the
tubes. This exhaust gas is used to preheat the regenerated gas from 20 . . . 25 0C to 100 0C. After cooling
down, the DMF concentration decreases to about 40 g/m3. Part of this gas stream is diverted through an
active carbon filter for purification.

Losses are compensated by fresh nitrogen, which is pumped through the heat exchanger previously
mentioned into the main gas circuit (Fig. 8.13b and c).

door-1



Figure 8.13a Flow sheet of a plant for purifying the spinning gas of a PAN dry spinning machine [36]
a) Fresh gas containing 60 g/m3 of DMF (depends on the cooling watertemperature)
b) Gas/gas heat exchanger (serving a) and n), ca. 1400C)
c) Fresh gas pump (fan)
d) Dowtherm (Diphyl) vapor-heated gas heater (up to 3500C)
e) Hot gas manifold
f) Gas booster heater (one per spinning head tube) with Dowtherm (as per d)
g) Spin pack(s) (mostly annular spinnerets)
K) Yarn bundle
0 Spinning tube, with

j), k) Jacketed heating zones for liquid heating
/) Inlet for heat transfer medium (above: up to 350 0C; below: mostly 200. . . 250 0C)

m) Outlet for heat transfer medium (above: mostly between 250 and 200 0C; below: well above the
boiling point of the solvent)

n) Spinning gas aspiration (one per tube)
o) Gas-cold water heat exchanger (serving c) = return gas fan
p) (Spray) condensor
q) Condensate pump for recovery
r) Active carbon filter for gas part-stream (with fan c)
s) Extractor hood
t) Plied spun cable

KW) Cold water (as low a temperature as possible)



Figure 8.13b
Spinning gas purification column belonging to
flow sheet Fig. 8.13 [36]

/ Condensate outlet
VI Sump
XI Spinning gas return to gas/gas heat

exchanger
X Spinning gas return to

VIII Gas/water heat exchanger
XVII (Cold) spinning gas inlet to gas/gas

heat exchanger
XII Pre-heated spinning gas Dowtherm

(Diphyl) vapor/gas heat exchanger
XV Hot spinning gas

Figure 8.13c
Photograph of a PAN dry spinning machine (double-sided,
2 x 4 spinning tubes) and the included spinning gas recovery
unit (for 32 positions [36])
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Figure 8.14 Bath- and vapor recovery system of a wet spinning and/or further processing line
a) Bath reservoir tank W Water
b) Spinning bath with surface aspiration KW Cold water
c) Drawing-and post-treatment baths SP Spinning bath
d) Fume extractor hoods L Solvent
e) Fan K Condensate
f) Condenser

Figure 8.15 Recovery plant for glycol, methanol, etc. [34, 35]
a) Cracked glycol from the polycondensation f) Intermediate storage
b) Pre-evaporation g) Recovered glycol to polycondensation
c) Distillation h) Residue to incineration
d) Condensation j) Pumps
e) Vacuum generation



The DMF condensate formed as a result of cooling, mixed with a small amount of water, is pumped
from the sump to a regenerator; after distillation, it is re-used as solvent. The PAN cable emerging from
the spinning tube still contains 7 . . . 9% of DMF. As the tube is at a slight overpressure, some DMF vapor
escapes with the tow on exiting the tube. Together with the aspirated air, this vapor is condensed in a cold
water heat exchanger and led to the recovery unit.

In a wet spinning and after-processing plant (irrespective of whether the PAN has been dissolved in
DMF or DMAC), demineralized water is fed into the last washing bath; it flows countercurrent backwards
to the first drawing bath, becoming enriched by about 10% solvent, then flows via a storage tank to
evaporation and recovery. In addition, the solvent vapor above each bath surface is aspirated via slits
close to the bath surface (Fig. 4.336, pos. i); these vapors are condensed in a cold water heat exchanger
and returned to the recovery unit (Fig. 8.14).

In the glycol recovery plant shown in Fig. 8.15, the use of two stage distillation enables a high quality,
pure glycol to be obtained at 98% yield; the plant is very flexible. Methanol and DEG can also be
recovered by such a plant provided the design has made allowance for such application. The products of
cracking from the polymerizer are pumped into the pre-evaporator. Low boiling point components, as
well as glycol and DEG, pass into the distillation column; the low boiling point components distil off at
the top, while glycol and DEG collect in the bottom. In the second distillation, the column settings are
optimized for the separation of DEG and (mono-) glycol.

The low boiling point fraction and the bottoms from the pre-evaporator and distillation column are
mixed and incinerated in the central heat transfer fluid burner. The exhaust gas from the glycol ring main
pumps of the vacuum generator of the vacuum plant, as well as the exhaust gas from the polycondensa-
tion plant, can also be sent to the heating plant for combustion [35].
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9 Testing and Influencing the Properties of
Man-Made Fibers
by Peter M. Latzke

9.1 Introduction to Testing

9.1.1 Aims and Tasks

The testing of chemical fibers is a necessary and integral part of the production process. It is multi-
faceted, can be carried out at various stages in the production process and can be viewed from different
aspects with the following emphasis [I].

Quality control and quality assurance
Process optimization during fiber production and further processing
Product development of fibers and yarns
Input and output controls for monitoring specifications
Failure analysis in each stage of production
Investigation into how textile articles behave in use.

Figure 9.1 illustrates the fundamental aspects of measurement and testing technology required for
product quality assurance. In addition to the time-proven investigative methods, computer-driven
measuring processes are increasingly being used. These are sometimes fully-integrated systems (or
lines) which automatically carry out testing and evaluation.

textile testing and measurement technology
control instrument

product quality

designed quality
(conceptual quality)

achieved quality
(operational quality)

standardized measuring- and test methods
specification based on objective, measurable properties

determining factors:
• fiber-/yam properties
• fabric properties
• design of finished goods

response time:
cannot be changed quickly

determining factors:
• raw materials
• production machinery
• process technology
• test- and control equipment
• organization of quality control

response time:
can change rapidly (process disturbances)

Figure 9.1 Textile testing- and measurement technology as control instrument



As apparel, textiles, carpets and other articles are also judged by their outward appearance, visual
methods and sensor-based measurements (such as dye uptake uniformity, pilling, etc.) are still used in
addition to textile testing of fibers and yarns. Statistically-evaluated wearer or application trials are still
required for performance-in-use evaluation, as, e.g., for fiber development. Similar testing is necessary in
the case of new fibers or new types of fibers and for their conformity with design quality.

There is an increasing tendency to move away from the chemical and physical testing of fibers
in monitoring producer quality, and to move towards control of process variables on the machine
itself:

Process control replaces Product control
Process parameters Fiber/yarn properties
e.g., temperature, pressure, speed, etc. e.g., tenacity, elongation

This requires a re-orientation in thinking, from product control to the individual process parameters: the
more reproducible a production process is, the less need there is for subsequent random samples for
chemical or physical testing in the laboratory. Taken to extremes, an absolutely reliable reproduction of
process parameters eliminates the need for subsequent product testing in the laboratory, except for a few
random samples. Figure 9.2 compares the methodology of process control (left) and product control
(right).

An example of the above is given in Fig. 9.3: The external yarn regularity (Uster CV%) and the
elongation at break depend on the quench air flow rate as parameter [6]. For the radial quench
chamber, both the lowest Uster value and the lowest elongation occur at 40Nm3Zh. This process
parameter should therefore be held constant within a technically-achievable range. In order to be able
to predict the properties correctly, regular confirmatory tests must confirm the relationship established
between the parameter and the properties,
the predictive quality assurance connects:
cause —> effect
process —> fiber properties

In this way, the yarn properties prescribe the allowable deviations in the machine set points.
In the case of backward-looking quality control (= product control), the relationship is reversed.

During further-processing (such as weaving, knitting, washing, dyeing, thermofixing, etc.), the process
variables: tension, temperature and swelling have the greatest effect on the fiber and its further products,
which is why a knowledge of the appropriate product properties is important.

When signing purchase contracts for staple fiber and filament yarn, it is usual to specify both the fiber
properties and their regularity. Despite the use of predictive quality assurance, it is still necessary to test
the sales product for conformity to type. This should not, according to the above described process
control system, be necessary, but the further-user (buyer) has no means of evaluating the product other
than measuring its properties and their ranges.

9.1.2 Fundamental Principles of Textile Testing

For the fiber producer, textile testing is many-faceted and complicated, since the test must encompass the
raw yarn, the fabric and the finished goods. Industrial textiles require many additional, special tests,
sometimes requiring other test equipment.

Laboratory equipment: If the emphasis is on production quality control, not much equipment is
needed, but the degree of automation is high and computerized evaluation is required. Quality
assurance for customers, for special-application products or for general research, conversely, requires
a variety of test equipment specific to cover these diverse needs. Here the test methods could be
simple and practical, or they could be complicated research-related analytical methods.



Figure 9.2 Quality assurance by means of process control and quality control

In order to obtain comparable and reproducible results, it is necessary to use normed test methods
having specified conditions and evaluation procedures. Users in different locations at different times
must be able to measure given properties of a fiber or a yarn within agreed accuracy at reasonable
cost. As an example, Table 9.1 gives test conditions for assessing the performance-in-use of textiles,
and points out the consequences of not meeting these requirements.

Normed methods for testing the properties of man-made fibers and their performance-in-use are
provided by various organizations:

international norms and rules:

ISO - International Standardisation Organisation
CEN - Commission Europeenne de Normalisation
BISFA - Bureau International pour Standardisation des Fibres Artificielles
IWTO - International Wool Textile Organisation
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national standards organizations

ASTM - American Society for Testing and Materials
AATCC - with emphasis on performance-in-use: American Association of Textile Chemists

& Colorists
DIN - Deutsches Institut fur Normung e.V
BSI - British Standard Institution (in United Kingdom)
AFNOR - Association Francaise de Normalisation (in France)
SVTM - Schweizerischer Verband fur Technik und Materialprufung

When standardized test norms are not available, it is advisable to use methods provided by fiber
producers, test equipment manufacturers or research institutes [25].

Testing climate: To eliminate the (sometimes strong) influence of testing climate on laboratory
results, climatic conditions are standardized:
- standard climate (20 ± 2) 0C, (65 ± 2)% relative humidity (RH%) (Fig. 9.3, Table 9.1)
- special conditions for the tropics: (27 ± 2) 0C, (65 ± 2)% RH
- special conditions for testing electrical equipment: (23 ± 2) 0C, (50 ± 2)% RH

Figure 9.3
Example: Uster CV value and elongation as a function of
quench chamber conditions (polyester POY, 76 dtex f36,
3200 m/min)

Table 9.1 Assesment of Performance-In-Use

Requirements

1. Strong correlation between measurements
and actual performance-in-use

2. Good reproducibility and repeatability

3. Minimum test effort
3.1 Short testing time
3.2 Minimum of test equipment

Consequences of not meeting requirements

Incorrect assessment of performance-in-use

No inter-laboratory comparison is possible
Test method is not valid for terms of delivery

Not usable for routine testing because of long testing time
needed
Ruled out for routine testing on grounds of material usage,
costs and time expenditure

quench flow rate (Nm3/h )

elongation

radial quench

Uster CV AOO

rectangular quench

radial quench

(%)

(%)



The atmospheric pressure should be between 800 and 1060mbar [6].
In order to rule out swelling hysteresis, samples should reach equilibrium moisture content by
absorption during conditioning. Should the fiber be too moist, it should be somewhat more strongly
predried so that it reaches the test condition by absorption in the standard atmosphere [5].
Sampling and evaluation of results: As textiles are non-homogeneous, the sample taken must be made
to be representative of the properties of the lot. To this end, statistical methods must be used to ensure
that the property to be measured is accurately estimated (Section 10.10).

The same reasoning applies to the evaluation of results. Certain characteristics of textiles can only
be assessed by using ordinal scales (e.g., gray scale for dye stripiness)
Appropriate evaluation methods are given by ISO and ASTM [7].
Measurement units: In 1970, the "Systeme International d'Unites" (SI unit system) was adopted for
use in textile testing on the recommendations of "ISO 1000" and "DIN 1301". Use of the older
textile units (such as, e.g., "denier" or "metric number", etc.) has not to date been completely
eliminated, and they are still used as standards in certain countries. Conversion factors are therefore
given in Section 10.2.

9.1.3 Quality Systems

The fundamental objective of quality systems is to provide quality assurance which ensures failure-free
production without interruption to the production flow of goods. The man-made fibers- and textile
industry therefore adopted quality systems of high process standard having well-developed instrumenta-
tion from other branches of industry, and put them to use in quality control to ensure high product quality.
The present-day demands of product liability reinforce this trend, right up to the end-user. This area is
covered by DIN/ISO 9000-9004 norms.

ISO 9004 describes which parts of the manufacturing firm are to be incorporated into the quality
loop, and lays down the responsibility, from management to product assurance and liability (Fig. 9.4).

For the above reasons, the application of the optimal technology in combination with an appropriate
process control system in production is a requirement for mastery of the production process and thus
constant product quality. To this end application of textile testing and measurement technology enables
proof and assurance of acceptable product quality.

9.2 Terminology and Morphology

9.2.1 Man-Made Fiber Terminology

Alongside classification of the man-made fibers into various species, the exact specification of concepts
and practical definitions is a necessary requirement for common communication. In addition to the
abbreviations for chemical fiber classes (Section 10.5), there are also classes according to the spinning
speed ranges (Table 10.4), the titer ranges (Fig. 10.3), as well as for tenacity, modulus, staple cut lengths,
etc. These are partly laid down in norms, but also include frequently-used terms which have crept into
usage through repetition. As most polymers are also used in the plastics industry, a comparison of DIN
and BISFA abbreviations is given in Table 10.5.

Figure 9.5 shows man-made fiber classifications according to DIN 60001, part 3, ISO 2076 and
BISFA recommendations. These classifications are, however, continuously supplemented and modified in
the light of new developments (Fig. 9.4).

The fundamental classification is by polymer type [5]:

If a polymer or copolymer contains more than 85% w/w of a component, that component determines
the polymer type.
Should each and every component constitute less than 85% w/w, a new category can be formulated or
the fiber can be described as a mixture: e.g., x% polymer Al y% polymer B.



Figure 9.4
Quality circle accord-
ing to ISO 9004.
QE means, according
to DIN 55350 Part 11,
"Quality element(s) on
the basis of... " (e.g.,
Production and respon-
sibility for the Quality
Assurance Elements
(QS))

BISFA recommends the following terminology for fibers made from mixtures of chemically-different,
non-reacting polymers or copolymers:

• Multi-constituent fibers, whose cross-section consists of at least two different polymeric components,
practically continuous along the fiber length. The average composition of the components is constant,
but composition can vary in any ratio along the fiber length. When only 2 components are present, the
fiber is termed biconstituent

• Multicomponent fibers, whose cross-section consists of at least two polymeric components, each
component being relatively constant in cross-section and having a continuous length distribution. In
the case of only two components, the fiber is termed bicomponent (Section 5.2).
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Figure 9.5 Example of a combination of two or more components in a man-made fiber
A: Two semicircular components; the proportions can be widely varied; the boundary between the two

components can be straight or sickle-shaped. (See Fig. 5.22)
B: Two components in core/sheath configuration; ratio and centricity are variable.
C: Many single fibrils in an enclosing fiber, the so-called "island in sea" matrix fibers; the mixing ratio

is highly variable, as is the number of the island fibrils.
D: A modification composed of examples A to C, with three components

Figure 9.6 gives definitions and examples of usage. The types S/S (= side by side), S/C (= sheath/
core, skin/core), hollow fiber, M/F (= matrix/fibril) and other types are explained in Section 5.2. Many
variations are possible by combining the basic types. The mass ratios of the components are usually
adjusted according to the end-use. For example, a 50:50% ratio is used for texturing, a 10% sheath is
used for thermobonding (S/C types), etc.

The fibers can have a round or profiled cross-section. Examples in application are given in Ref. [4].
The multiplicity of cross-sections possible is illustrated in Figure 4.136.

Figure 9.6 shows electrically-conductive fibers produced using a carbon filling.

9.2.2 Morphology of Man-Made Fibers

Table 9.2 and Fig. 9.7, taken from DIN, summarize the most important differences in filament, from
staple fiber to bristle. This classification also serves as the definition of special yarns.

Additionally, in the case of meltspun fibers, differentiation is made between the spinning technology
(and especially the take-up speed (Table 10.4)) and the single filament titer (Figure 10.3). The two last-
mentioned are not defined by norms: every fiber producer has its own definitions. This leads to the usage
of macromolecular orientation to describe the structure of LOY yarns and of crystallinity and orientation
to describe POY yarn structure. An objective description of the degree of orientation is given by
birefringence measurement (Section 9.3.1).

Flat man-made yarns are texturized to improve their bulk (voluminosity) and/or elasticity. The
texturizing process is specified in DIN 60900, part 5, and is described in detail in Sections 3.6 and 4.12.
Figure 9.8 shows the characteristic visual appearance of various textured yarns, which differ in both
crimp structure and crimp intensity.

Hetero-yarns or mixed-filament yarns can be produced either at spinning or during further processing
by plying and/or intermingling. Included here are mixtures of dpf (titer per filament) and filament cross-
section. Staple fiber blends belong to this group. Here the advantages of the component staples must be
synergistic: in blends of PET (or PA 6) staple and viscose (or cotton) staple, the cellulosic component
improves the physiological properties, while the polyester enhances abrasion resistance (Figure 9.104).
Single filament titer (dpf) differences affect handle and appearance, cross-section blends affect tactile
properties and appearance, etc. (Figures 9.6-9.8, Table 9.2).

9.2.3 Application and Fiber Properties

Table 9.3 gives a summarized overview of the field of application of fibers.

A B C D



Figure 9.6
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Table 9.2 Explanation of the Terms Used in Fig. 9.7

Term Explanation

Filament Textile fiber of very great (practically endless) length (ace. to DIN 60000)

Monofil A filament having a diameter of ca. 0.1 mm or more (ace. to DIN 60900, Part 1)
Tow A multiplicity of filaments having no significant twist, e.g., a pre-cursor for

staple fiber
Filament yarn A yarn composed of one or more filaments, with or without twist. The single

filaments can have a diameter of up to 0.1 mm (ace. to DIN 60900,
Part 1/01, 88)

Flat filament yarn Non-textured filament yarn (ace. to DIN 60900, Part 1)
Textured filament yarn Filament yarn which has been textured (crimpled, bulked) (ace. to DIN 60900,

Part 5)
Intermingled filament yarn Definition according to DIN 60900, Part 1
Flock Short fibers deliberately produced for further processing other than by staple-

spinning (DIN 60000)
Staple fiber Textile filament of limited length (from DIN 60000/01.69)
Top (sliver) A fiber band or sheet produced from a tow, the filaments of which are

maintained parallel, and are cut or broken to the same or different lengths
Bristle Monofilament of limited length

air jet texturing

real twist texturing
(twist/set/untwist)

false twist texturing
single heater

false twist texturing
double heater

stuffer/box texturing

knit-de-knit texturing

gear crimping

edge (Agilon) crimping

bicomponent texturing

Figure 9.8
Optical representation of yarns textured by various processes.
(For the methods, see Figure 4.25, etc.)



Filament yarns are further categorized into industrial and textile applications. Industrial applications
require special properties; sometimes other properties become unimportant. Fishing yarns, e.g., must
have very high wet tenacity, wet knot-strength, and chemical resistance to seawater, but must additionally
be practically invisible underwater. Tirecords must combine high elastic modulus, high tenacity and
excellent fatigue resistance. Hollow filaments used for reverse osmosis need only be moderately strong,
but must have high porosity (Table 9.3).

Table 9.3 Typical Process/Product Scheme
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- 100%, and
mixed yarns
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- Underwear
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- Upholstery
- Industrial yarn
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- Mattresses
- Curtains,
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- All-weather clothing
- Sports clothing
- Automotive textiles
- Upholstery
- Curtains and covers
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- Underwear
- Bedding
- Protective clothing

9.3 Physical and Textile Properties

9.3.1 Fiber Structure and Fiber Properties

The fiber manufacturing process, in combination with further processing and finishing, results in a
definite fiber structure regarding molecular structure and order, from which arises the fiber properties and
finally the fiber capability in use. During fiber- and textile further processing, process conditions bring
about further structural changes on the next "cause and effect" level. In this way, the final properties of



Figure 9.9 Effect of production process, further processing and finishing on fiber structure and properties

In view of the importance of these process parameters in fiber manufacture and in the determination of
properties in multi-stage processing to end-products, the effects of these "3T's" on properties are often
evaluated after each process stage. The properties measured after each processing stage enable a
backwards-evaluation of the process conditions used and their effects, as well as prediction as to the
effects to be expected in further processing, in particular:

Temperature: The process temperature influences the Uster value, shrinkage, birefringence, elonga-
tion and tenacity at break of, e.g., PET POY. Higher temperature results in a higher crystallinity, a
more dense molecular packing in the crystal, a coarser structure having more disorientation in the
amorphous phase.
Tension: Increasing tension leads to increased orientation, an increase in the crystal length and a
reduction in chain back-folding
Tension/time interaction: The temperature effects described become, in general, greater at low tension
(and conversely).
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the finished product are determined (in terms of fiber properties). The textile construction and finishing
also have a decisive influence on the final properties of the finished product [12]. At the end of the cause/
effect chain, the fiber processor, the textile designer and the user are confronted with

fiber textile physical properties,
dyeing properties,
properties-in-use of the end product.

Figure 9.9 shows these relationships, together with some process parameters. Here the

chemical properties of the polymer,
process stages of fiber production and further processing,
process parameters

determine the fiber structure at each process stage during manufacture, further processing and usage:



Research has shown that higher temperature results in higher crystallinity, denser packing of the
molecules in the crystal lattice, larger crystals (= coarser structure) and more disorientation in the
amorphous regions. One then establishes (as in Fig. 9.11) which fundamental changes result from an
increase in temperature and tension, which effect these have on fiber properties, and how these can be
influenced by previously-mentioned process parameters. These analyses are usually costly and compli-
cated, take a long time and must be done in the laboratory. Table 9.4 gives a condensed version of
appropriate and typical analytical methods.

The most important aspect of the analytical methods is the investigation of fiber structure and its
parameters:

Crystallinity as degree of order in crystalline, paracrystalline and amorphous regions. Table 9.5
shows X-ray structural analytical methods and Table 9.6 methods for determining density. Figure 9.12
shows characteristic data for a drawn PET yarn, obtained by small-angle X-ray scattering (SAXS),
including the long period and fibril width. The long period is ca. 200. . . 300 A° (1 A° = 10" l om),
the crystal height is ca. 50 . . . 100 A° (1.5 x crystal width) and the crystal width is ca. 30 . . . 80 A°.
In the case of high speed spun yarns, crystal size depends on the take-up speed, while for drawn
yarns, crystal size depends on both temperature and tension.

Figure 9.11
Schematic effect of process conditions on fiber propertiesspinneret temperature (0C)
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• Time: The above effects increase asymptotically with increasing residence time: crystallinity is
particularly affected.

The effect of spinneret temperature on various properties of PET POY can be directly seen in Fig.
9.10 [14], which serves as a model for the application of practical quality control testing. In this case, the
fiber structure and its changes are not explicitly examined. Here particular process variables—preferably
only one (in this case, spinneret temperature)—are changed, and the results are plotted as a function of the
variable changed (Fig. 9.10). The resulting relationships are then used for process control.



Table 9.4 Methods for Investigating Fiber Structure

I 1 I
Structural element Method Dimensions

Fiber Optical microscopy > 0.2 um
Electron microscopy > 100 A

Fibrils/lamellae (Irradiation, scanning electron microscope)
Voids Small-angle X-ray scattering 1000... 10 A

Crystalline regions Wide-angle X-ray scattering 10. . . 1 A
Non-crystalline regions Small-angle X-ray scattering 100.. . 10 A

Spectroscopy (IR, NMR,
dielectric, dynamic-mech., etc.) Molecular groups

Orientation X-ray scattering (wide- and small angle) Lamellae, crystallites
Infrared, birefringence, sonic velocity Molecular segments or groups

Table 9.5 X-ray Scattering

Wide-angle X-ray scattering
• molecular distances (e.g., unit cell dimensions)
• crystallite size (length, breadth, height)
• crystallite (crystalline) orientation

Small-angle X-ray scattering
• long period = crystallite length + length of amorphous region
• orientation of crystalline and amorphous regions

Note: X-ray structural analysis is deemed to be a "direct" method, as the measured properties are absolute values,
given, e.g., as length units (e.g., 10~10 m) or as angles

Table 9.6 Determination of Density

Determination of density (p = m/ V) by the flotation method, as a measure of molecular packing density

• Crystalline density pc—the maximum density of a polymer, obtained from the molecular weight and volume of
the crystal unit cell

• Amorphous density pa—obtained by measuring the density of a fully-amorphous sample
• Degree of crystallinity (v/v) a:

oc = P~Pa -100%
Pc-Pa

p — measured density (g/cm3)
pa = amorphous density; PET = 1.3310 g/cm3

pc = crystalline density; PET= 1.4550 g/cm3

The result is calculated from the measured density and assumed values for the crystalline and amorphous densities.
The degree of crystallinity gives the crystalline volume fraction. The amorphous volume fraction is given by (1 — a)

Density can be easily determined by means of a density gradient column (see Table 9.6). Density is
very sensitive to spinning speed and temperature [15]. A distinction is made between the fiber bulk
density and the density of the amorphous region. Above 3500m/min, PET yarns show a distinct
increase in the bulk (= filament) density, i.e., the starting point for speed-induced crystallization



Figure 9.12
Structural model of drawn PET yarn (Given data: average chain length:
1700 A, crystallinity of the drawn yarn= 10—30%, orientation factor of the
crystalline zone = 0.98 and of the amorphous zone = 0.7. . . 0.85)

(Figs. 9.12, 9.13). Further-processing temperatures have an additive effect on the filament density, as
can be seen for texturized PET yarn in Figure 9.14, where the density is given as a function of the
primary heater yarn effective temperature. In contrast, the method of texturizing (spindle vs. friction)
has no significant effect on filament density, within the limits of experimental error. From the linear
increase in density with increasing yarn temperature, one can assume an increase in crystallinity and
thus an increase in the density of molecular packing (Figs. 9.13, 9.14).

Figure 9.13 Density (g/cm3) of amorphous and Figure 9.14 Density (g/cm3) of PET yarn as a
high-speed PET spun yarn as a function of the function of the effective primary heater yarn
spinning speed temperature

Orientation can be determined as per the scheme in Table 9.7. Orientation is a measure of the
alignment of the crystallites in the crystalline and amorphous regions parallel to the filament axis.
Optical birefringence measures the total birefringence of the fiber. X-ray analysis can be used to
measure the crystal orientation, thus enabling the amorphous orientation to be calculated. The
dependence of crystalline (/c) and amorphous (/a) orientation on spinning speed is given in Fig.
9.15, which can be compared with Fig. 9.13. As is to be expected, crystalline orientation occurs only
after the onset of sufficient crystallization. Only above ca. 7000m/min can one talk in terms of total
orientation having saturated (Table 9.7, Fig. 9.15). Interference microscopy (= measurement of
fringe displacement) enables radial non-uniformity of birefringence to be measured. Such non-
uniformity can arise from core/sheath effects or from asymmetrical cooling. Figure 9.16 shows such
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Table 9.7 Determination of Orientation

Birefringence*
Optical method for determination of total orientation

• Crystalline orientation Ac

• Determined from wide-angle X-ray scattering
• Amorphous orientation Aa

Calculated from degree of crystallinity and crystalline orientation

*only applicable to fibers of round cross-section

Sonic modulus

Measurement of velocity of sound (pulse propagation method) as determinant of total orientation
(A higher orientation results in a higher velocity of sound)

Figure 9.15
Orientation factors of PET yarn as a function of spinning
speed: fc in crystalline region and fa in amorphous region

take-up speed (m/min) (vol/vol) [15]

effects for a PA6 POY yarn spun at different extrusion temperatures, and also for the same yarn
after drawing. The increase in birefringence from core to sheath of the POY is evident, as is its
magnification after drawing [17]. Relationships between orientation and shrinkage and shrinkage
force are covered in Section 9.3.4. Figure 9.17 shows the birefringence of PET yarn as a function of
shrinkage force (a) and of shrinkage (b), both of which increase with degree of orientation (i.e.

Figure 9.16
Birefringence An(r) = n\\(r) — n\(r) of a PAJ>Jiber as a function of radius r, as
well as averaged over the cross-section A: An = A~l J An(r) • dA{f)
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Figure 9.17 Birefringence of PET yarn: O Mw = 35 000, x Mw = 27 000, • Mw = 20 000 a) as a function of
shrinkage force, b) as a function of shrinkage

birefringence) [18]. Combining density and birefringence (measured on the same sample) on a
single diagram provides comprehensive information regarding the structural character of a man-
made fiber. Fig. 9.18 shows such a plot for PET yarns spun at various speeds. This precise
evaluation of structural state enables changes in further processing to be localized in terms of their
effect. In particular, it relates which structural parameters are most strongly affected by the change.
Tables in Chapters 10 and 11 give the densities of various fiber types, including a few birefringence
values from the literature (Figure 9.18).

Figure 9.18
Birefringence of PET yarn as a function of

3 density, with spinning speed (m/min) as
density (g/cm ) parameter

Thermal reactions and melt behavior and the relationships among melt behavior, partial melting and
thermal resistance for the different stages of yarn production and further processing and the
consequences thereof, are summarized in Fig. 9.19. Differential Thermal Analysis (DTA) and
Differential Scanning Calorimetry (DSC) (Fig. 9.20) are frequently-used methods of investigating
thermal properties, from room temperature through glass transition temperature to complete melting.
Here heat flow to and from the sample (enthalpy) is measured as a function of a specified rate of
heating. If structural changes occur in the sample during heating, heat can either be given out (e.g.
during crystallization) (exothermic reaction) or heat can be absorbed (e.g. during partial melting)
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Figure 9.20
One sample holder carries the fiber sample, the second holder contains a
reference sample. Both holders are heated uniformly at a linear rate of
temperature increase up to the sample melting point. The difference in
the required heat input is recorded vertically, the sample temperature
horizontally. S=holder + sample, R = holder + reference.
Q = (Qs + QF) — QR, where Q = heat quantity, and the indices
S = sample holder, F= fiber and R = reference sample

(endothermic reaction). These extremely small amounts of heat are recorded on a thermogram as a
function of the sample instantaneous temperature, thus enabling the nature of the reaction to be
determined (see Fig. 9.21 for undrawn PET). With increasing spinning speed (from LOY to POY at
3500m/min), the reaction remains exothermic, and the crystallization temperature decreases as the
speed increases [20], i.e., the crystallization peak shifts to lower temperatures while the heat of
crystallization (peak area) simultaneously decreases (Fig. 9.20).

Typical applications in which the thermal history can be traced are found in:

yarn production: spinning, drawing, heat setting, steaming
texturing: primary- and secondary heater temperature effects
finishing: dyeing, heat setting
general: polymer granulate, ageing

During production and post-processing, man-made fibers are subjected to a wide range of
temperature effects, sometimes involving partial remelting and further crystallization. Here the DSC

individual
heater

Pt
sensors

S R

Figure 9.19 Relationship between process stages of yarn production and finishing and their effects on the material
structural state

action (cause)

spinning

drawing

texturizing

further thermal
processing; e.g.,
washing, drying,
dyeing, fixing,

finishing

material structural state ( effect)

feedstock, e.g. undrawn yarn for texturing,
has low crystallinity (small proportion of crystalline
regions) and a large proportion of amorphous phase

thermal treatment causes increase in crystallinity by
building a network of crystallites

transformation of molecular structure by
crystallization and/or melting and recrystallization

fiber contains a crystalline structure made up of a
spectrum of crystallites. The higher the process
temperature, the more thermally stable is the crystalline
network (higher concentration of crystalline phase,
lower concentration of amorphous phase)
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Figure 9.22 Thermograms of two polyester yams:
a) conventionally drawn on a drawtwister: drawing

temperature = 91 ° C
b) spin-drawn: drawing temperature= 1060C

diagram is a valid indicator of the thermal stability of the crystallites so formed. As an example,
Figure 9.22 compares the DSC diagrams of drawtwisted and spun-drawn yarns. From the differences
in thermal treatment and effective yarn temperature, one would expect to see differences in shrinkage,
shrinkage force and dyeability. This is substantiated in Fig. 9.23, which shows the relationships
among pretreatment temperature, residence time and heating medium. At short residence times (0.2 s
during texturizing), the effective yarn temperature is lower than the machine temperature [21], while
for sufficiently long residence times (e.g., 20 s during thermosetting) the two temperatures approach
one another. Hydrothermal treatment (e.g., during high temperature dyeing) results in a significantly
higher temperature (by ca. 400C) than a dry heat treatment [61,62], which means that crystallites of
higher thermal stability are produced. Structure, large crystalline regions and stress on the tie
molecules can affect the melting point. If no measurements are available, the glass temperature Tg
can be estimated from the melting point temperature Tm using Tm = ca. 3 Tg/2 [13]. In the case of
PA6, crystallite modification and -length has an effect on the melting point: an increase in crystallite
length increases the melting point. High speed spun PET filaments behave similarly (Fig. 9.24), and
the melting point can increase to 2700C [10].

• Dye uptake depends predominantly on the fiber morphology, i.e. on crystallinity and orientation. The
dyestuff molecules diffuse through the structure and lodge themselves in the microscopic- and
submicroscopic voids in the amorphous region. Figure 9.25 illustrates how dye uptake is affected by
fixation (temperature) in the case of PET yarn: a minimum occurs at 180... 190 0C [27]. This results
from two opposing processes: on heating to higher temperature, crystallinity increases at the expense
of the amorphous region; the diminished amorphous region can hold less dyestuff (lighter dye depth).
On heating to still higher temperature, the crystallinity increases further, but at the same time larger
crystallites are formed, thus strongly increasing the free volume in the amorphous region and
enabling more dyestuff molecules to lodge there (darker dye depth). The dependency of dye uptake
on orientation can be indirectly determined from Fig. 9.26: with decreasing elastic modulus (i.e.,
lower draw ratio = lower orientation), dye uptake increases. Samples which were allowed to shrink

temperature (0C)
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Figure 9.21
Thermograms of undrawn PET filaments) from LOY to POY.
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Figure 9.25
Effect of setting temperature on the dye uptake
of Terylene (=PET, dyed using 2% Dispersol
Scarlet B 150 for 90 min at 1000C [28])

Figure 9.24 DSC-determined melting point of PET fiber as a function of the spinning speed and the reciprocal
crystal size

take-up speed (m/min)reciprocal size of crystallite -~z
A

Figure 9.23
Relationship between pretreatment
temperature, residence time (or pretreat-
ment medium) and the observed position
of the transition in the thermogram (a:
hot air, 20 s; b: false twist texturizing,
0.2 s; c. position of the endotherm tran-
sition after a hydrothermal treatment at
1300C for 20 resp. 90 min)

hot air 20 s

false twist
textured 0.2 s

position of endothermic
transition after hydro-
thermal treatment
(13O0C, 20 resp. 90min)

pretreatment temperature TV(°C)
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have a tendency to lower dye uptake than samples which were not, as disorientation takes place in the
amorphous regions during shrinkage [19]. In finishing, the setting temperature (which determines the
crystallization) and the tension during heat setting (which determines the orientation) are particularly
important influences. Figure 9.27 shows these relationship contours in three dimensions (a) and
projected onto two dimensions (b); these confirm Figure 9.25 in principle [21].

Figure 9.26
Correlation between static elastic modulus at 2% elongation
and dye absorption in mg dyestuff/g fiber (1% w/w) Sirius
Light Blue BRR (Durazon Blue B) in aqueous dyebath at pH
5 and 95°C for less than 1 hour) for PA 6 yarns of differing
pretreatment:

drawn, not heat set
drawn and heat set at constant length
drawn and heat set under free shrinkage

- - heat set in saturated steam at 110... 1300C

Figure 9.27 a) Relative dye uptake (Eax/Eorig) of PET yarns as a function of pretreatment temperature and
-tension (20 s fixation time).
Dyeing conditions: 90 min, 1300C, free shrinkage, 3% Resolin Marine Blue GLS, liquor ratio
1:500

b) Projection of lines of constant dye uptake onto the base area
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In spite of strict adherence to process parameters and their allowed tolerances, differences in dye
uptake affinity still occur. These differences can be levelled out either by use of high dyeing temperature
or by application of various additives (levelling agents, carrier, etc.), both of which can additionally
improve dye fastness.

9.3.2 External Form and Constitution of Fibers

Certain desired properties can be built into man-made fibers during production. Typical characteristics are

The above characteristics confer on the fiber certain properties which are advantageous in further
processing and especially beneficial to the properties of the end product ("fitness in use").

The following modifications are also employed in order to achieve the various properties of the final
product:

fiber cross-section and surface
filament size reduction (microfiber, superdrawing, alkalization)
filament mixture (fineness, cross-section)
bicomponent fibers
bulk/texture (texturing, bi-shrinkage and high bulk yarns)
after-treatment (crimping through texturizing)
twisting, intermingling
mixed yarns (hetero yarns, mixtures)

9.3.2.1 Cross-Section and Surface

Cross-section and filament surface form strongly influence the properties of the final product. In the case
of melt-spun staple and yarn, the producer can determine the cross-section and surface form, as well as
decide on whether to produce solid- or hollow filaments, whereas these are partly determined by the
strong influence of spinning conditions in the case of solution-spun yarns. Once chosen, the filament
cross-sectional shape and form determine many yarn properties, which, in turn, determine the optical,
tactile, physiological and technological properties of the final article. There are further opportunities to
modify the cross-section and surface shape of fiber or fabric during further processing (e.g. texturizing,
alkalization) in order to change the properties of the final product, but these are less effective than a
modification introduced in the production stage.

Investigation into filament cross-section and surface shape
Objectives
Identification of polymer type (cf Section 9.5)
Determination of cross-sectional deformation (e.g., as a result of texturizing)
Failure analysis (process deviations, damage)
Distribution of delusterant, optical whitener, dyestuff and sheath/core effects
Determination of fiber fineness (see Section 9.3.2.2)
Mix ratios of fiber, titer and cross-section mixtures and of filament surface, i.e., with
longitudinal pictures

Staple

Filament

Length

Cross-section
Fineness

Bulk
Twist and
yarn cohesion



Surface structure, to determine roughness, pores, vacuoles, damage
Surface deposits (oligomers, spin finish residue, etc.)
Surface modification resulting from further processing (e.g., alkalizing of PET) or for process
identification (e.g., spindle or friction texturizing)

• Definition of cross-section and surface form
Their multiplicity necessitates a series of definitions:
- Cross-sections are firstly subdivided according to

cross-sectional form

round profiled

Profiled encompasses 2-lobed, 3-lobed (trilobal), rectangular (rounded, 4-lobed) and star-shaped
(n-lobed) (Fig. 9.28)

characteristics of fiber cross-sections

cross-sectional form cross-sectional area

round
(circular)

profiled solid hollow

oval band

angular
(gonal)

lobal serrated

Figure 9.28 Characteristics of fiber cross-sections

- Surfaces can be categorized according to the matrix:

Surface constitution

determined by
growth or production

determined by
further processing

smooth structured



Figure 9.29 Characteristics of fiber surface constitution

Investigation and evaluation of cross-sections and surfaces can be carried out according to the
following scheme:
- Preparation of a cross-sectional (or microtome) cut of 5 . . . 10 um thick.
- Analysis by optical microscopy (using various light sources and illumination techniques) or by

electron microscopy (SEM), and
- Documentation by means of photographs, drawings or computer-assisted picture analysis.

Fiber surfaces are investigated in the same manner, the documentation being in the form of a
longitudinal picture (Fig. 9.29).

Geometrically-defined form relationships can give useful information about the cross-sectional shape.
A planimeter can be used to measure the cross-sectional area. Frequently the modification ratio M=RIr
is used, as shown in Fig. 9.30, the modification ratio being the ratio of the radii of the circumscribed-
and inscribed circles. M = 1 means that the filament is round. As M increases further, so the deviation
from roundness increases. Figure 9.31 shows that, for a triangular PET yarn (upper left, M = 1.61), the
force/elongation curve is shifted to lower force and higher elongation when the modification ratio
(lower right, M= 1.44) is deliberately reduced and made less regular. Garments made from the above
two yarns are optically different (Fig. 9.30).

In friction texturizing, it is not sufficient to look only at the least expensive friction disk material in
terms of lifetime and twist generation, but it is also necessary to observe its effect on the filament surface,
as this affects the optical and tactile properties of the finished goods (Fig. 9.32). Additionally, there is a
strong correlation between the degree of change of the filament surface and the yarn tenacity, which
decreases with increasing roughness (Fig. 9.33). The change to the filament surface partially weakens the
tenacity of the sheath structure [23].

Fibers with structured surfaces can be further subdivided according to morphological fine structure
(Fig. 2.29). Cross-sectional deformation and/or surface modification can change the yarn properties,
and thereby also the properties of the final product (optical and/or handle).

characteristics of fiber surface constitution

surface determined by
growth or production method

surface determined by
after-treatment

smooth structured smooth structured

fibrillated cracked grooved scaled sideways
displaced

roughened peeledsmoothe-
ned



Polyurethane Plasma

Figure 9.32 SEM pictures of filament yarns having been texturized using various disk materials

Nickel/diamond Ceramic

Figure 9.30
Diagram used in determination of modification ratio: modification ratio
M = R/r. (R = radius of the circumscribed circle and r = radius of the inscribed
circle)

Figure 9.31
Effect of the modification ratio on the tenacity/
elongation curve of a triangular (delta) polyester
yarn (above, left) and an irregular version of the
same (below, right)elongation (%)
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tenacity (cN/tex)

Figure 9.33 Relationship between the degree of surface change and tenacity for a 167 dtex f30 polyester
multifllament yarn

9.3.2.2 Fineness of Staples and Yarns

Definition and concepts
Linear density is the basis for specification of fiber fineness (or titer). In the SI system, the basis is
kg/m (see Section 10.2), while DIN 60905, page 1, specifies the Tex system (1 Tex= 1 g/lOOOm) for
textiles. In addition, certain geographically- or historically-based systems persist. Two, in particular,
remain firmly entrenched: 1 den (denier) = 1 g/9000 m (an old Florentine silk measure) and 1 Nm
(metric count) = 1 km yarn/1 kg. The relationship between the Tex system and the equivalent
diameter of a round filament is given by

and is shown in Figure 9.34 for various materials. Figure 10.3 gives a classification according to
fineness. In the case of mono- and multifilament yarns, the number of filaments per yarn is specified

Figure 9.34
Relationship between fiber fineness (titer)
and equivalent filament diameter
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Table 9.8 Methods for Determining Staple Fiber Fineness

Method Calculation of fineness Tt Measuring principle

Gravimetric method j , _ G • IQ4 .. _. , A definite length of parallelized staple
* ~ Z - I fiber is cut and weighed

G = fiber mass (mg)
/ = cut length
Z = no. of single fibers in bundle

Counting the no. of fibers in the tow TF = Tg : Z Fibers or filaments are counted, and the
cross section single filament titer is calculated from

the total titer
rF = single filament titer
Tg = total titer
Z = no. of single filaments

Optical methods Tx = d2 • - — ^ - [dtex] Measurement of fiber diameter using a
microscope or special measuring

n . p equipment
Measurement of filament with: ^ — C d = fiber diameter (urn)
diameter 4 • IU ^ = filament density (g/cm3)

Tt = d2 C C = constant: wool = 0.01021
polyamide 6, 66 = 0.00903
polyester =0.01084
polyacrilonitrile = 0.00918

Measurement of filament Tt = 0.01 -A - p [dtex] Planimetry of microtome-cut section
surface area under microscope magnification

A = cross-sectional area (|im2)
p = filament density (g/cm3)

Vibration methods T — — fdtexi Determination of the resonance
1 f2 frequency of a fiber of a defined

length oscillating under a defined load
C = constant depending on length and

pretension of the fiber
/ = fiber resonance frequency

Air permeability Air flow is proportional Measurement of air flow rate or
to fineness pressure drop through a fiber sample

under defined conditions

in addition to the total titer of the yarn. Thus, e.g., 167 dtex f 32 denotes a multifilament yarn of total
decitex 167 having 32 individual filaments of 167/32 = 5.22 dtex per filament. DIN and BISFA make
the following distinctions:
- Nominal fineness: Staple or yarn is specified by its nominal titer
- Actual fineness; Titer measured under actual, specified conditions. Here distinction is also made

between spun (undrawn) and drawn fineness.
- Target fineness: Titer to be achieved in the production process.
- Commercial fineness: Titer appearing in the sales document, including moisture- and oil content.

Methods for determining fineness are listed in Table 9.8. The gravimetric method is predominantly
used for yarns and twisted products. There are two necessary steps in the gravimetric method:



- generation of a specified length by laying or wrapping
- weighing using a balance of sufficient accuracy
- calculation of fineness in dtex (with recourse to statistical methods, as per Section 10.6.9).

Manual or motorized wrap-reels are normally used, although fully-automated devices are also
employed, particularly as part of an automatic tensile tester. Because of the limited length tested,
deviations are experienced, typically 1-5% coefficient of variation on 0.1m lengths, 0.9% on 1 m
lengths, 0.5% on 10 m lengths and 0.3% on 70 m lengths. This leads to continuous titer measurement
(see Sections 9.3.5 and 7.8).

Significance of fiber fineness
Process parameters which determine fineness (spin pump speed, take-up speed, draw ratio, relaxation,
temperatures, etc.) are set in the production process in such a manner that the nominal fineness is
achieved. Table 9.9 shows how corrections can be made during each stage of production. Changes in
mass occurring in further processing can be similarly taken into account. Fineness affects, above all,
the handle and aesthetics of the finished goods. In many instances, one strives to reproduce the titer of
natural fibers. Originally this was done with a view to substitution by the new specific staples and
yarns, but today it represents a valuable supplement.

9.3.2.3 Spun Fiber (Staple) Length

Significance of staple length
Staple length is a very important characteristic for further processing and yarn- and final product
properties. It affects, e.g., carding performance, the nip point distances in drafting, and determines the
spun yarn fineness, tenacity and elongation and their uniformity. (For the effect on downgraded
goods, see Section 9.4).
Measuring methods for determination of fiber length are summarized in Table 9.10. The "fiber
beard" determination incorporates computer support. Above all, the following characteristic values
must be given:
- average fiber length (mm)
- coefficient of variation of fiber length (%)

Table 9.9 Formulas for Calculating Change of Fineness

Formula Comment

Total titer (no twist)
t̂otai = total titer

T1, T2, Tn = individual titers
Z = number of plies

Change of titer caused by length changes
Th = titer after treatment
T0 = titer before treatment
S = shrinkage
e = twist contraction

Change of titer caused by change of mass
Th = titer after treatment
T0 = titer before treatment
p = mass loss, due to washing, loss of spin finish, etc.
q = increase in mass due to process additives
ij/t, xjjti various moisture contents at various RH levels



Table 9.10 Summary of Various Methods for Measuring Fiber Length

Method Comments on procedure

Measurement of single fibers (ace. Measurement of the length of single, uncrimped fibers

to BISFA and DESf) Staple fiber length distribution diagram

Combing process (Johannsen-Zweigle- Using appropriate equipment, the fibers are sorted according to length
Schlumberger)

Fiber beard methods (Fibrograph, A straightened-out staple fiber sample positioned on a baseline is
WIRA, Almeter) scanned using various measuring methods:

a) Measurement of the dependence of light transmittance on the
thickness of a fiber bundle using photocells

b) Measurement of the light reflection of a staple fiber layer on a
black background

c) Measurement of a straightened-out staple fiber using a capacitor,
and display of the length distribution diagram by means of a
recorder

- most frequently-occurring fiber length (%)
- proportion of most frequently-occurring fiber length (%)

The measurement basis could be either weight or fiber frequency, in which case the characteristic
values can show considerable differences. The man-made fiber lengths are determined by the process
conditions (Section 4.13.12 and 5.8), whereby the staple cutter delivers a seemingly constant
distribution of fiber length (e.g., Fig. 4.31), while the converter generates a more natural fiber
length distribution (e.g., Fig. 5.69).

Mechanical demands during the various further processing stages (e.g., carding) can give rise to
staple length reduction, which has a negative effect on certain yarn properties (tenacity, yarn
cleanliness). Figure 9.35 shows an example (measurement principle: measurement of a staple using a
condenser). A sample taken after carding shows deviations to shorter staple length in the range of
5 . . . 15 mm (length reduction). This points to fiber damage during the carding process (Table 9.10,
Fig. 9.35).

Figure 9.35
Polyester staple fiber
diagram, showing a
most-frequently occur-
ring fiber length of ca.
34 mm. The shorter
fibers arise from damage
during the carding
process(%)
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9.3.2.4 Crimping (Bulking) Properties

There are two basic ways of measuring crimp in staple fibers or textured yarns:

a) geometrically-based crimp properties: number of crimps per unit length—their form—their ampli-
tude—degree of crimping—crimp development

b) crimp properties developed in the fiber: decrimping force and work—crimp stability—crimp
modulus.

The concepts for evaluating crimp properties given in Table 9.11 are valid for both staple fiber and
textured yarn.

The staple fiber crimp and its subsequent interaction with the spin finish is important in further
processing: smooth fibers require higher crimp, and vice versa. Because of the relatively low crimp
stability of staple, crimp properties hardly manifest themselves in the finished product.
All chemical fibers, however, are more or less strongly crimped and there can be large differences in
the form and size of the crimps. Figure 9.36 (left) shows the principle of measuring crimp and the
number of crimps per unit length. A single fiber is pretensioned to a defined tension (0.0025 cN/tex)
in an apparatus (e.g., torsion balance, tensile tester, crimp balance, et al.), the length Ll is measured,
the number of crimps in the spanned length is counted and the crimp number per 100 mm is
calculated [25]. In a simplified version of the measurement, a defined length of fiber Ll is cut, laid in
a slide frame, the number of crimps is counted and the crimps per 100 mm is calculated. Here the
form and size of the crimps can be determined optically or the image can be electronically measured.

Table 9.11 Concepts for the Evaluation of Crimp (Bulk) Properties

Material property

Crimp before decrimping

Crimp after decrimping

Degree of crimp

Crimp stability

Decrimping force

Bending resistance
(ace. to Bohringer)

Bending resistance
(ace. to Onderstal)

Bending stiffness
(ace. to Bohringer, Herzog)

Average curvature

Comment

L1 = length at force F1

L2 = length at force F2, F1 > F2

L3 = length at force F2 after loading

Point of inflection in the decrimping
diagram

W0 = work of decrimping
W\ = work of decrimping after one

load/relax cycle

sti = initial tensile stiffness
Tt = fiber fineness (titer)
p = filament density
p = cross-sectional form factor

Calculation



Figure 9.36
Diagram illustrating the measurement of crimps per 100 mm
(see Table 9.11)

Typical crimp values are 40 . . . 200/100 mm, depending on fiber type, end use, etc. For stuffer box
crimping, 80 . . . 140 crimps/100 mm is the preferred level. Two additional characteristics, crimp level
and crimp stability, can be evaluated using Fig. 9.36.
- The crimp level is defined as the difference between the drawn-out (de-crimped) length Ll and

the crimped length L2, divided by the de-crimped length L2, expressed as a percentage
- The crimp stability is based on length measurements before and after one or more mechanical

and/or thermal loading(s), and is defined as:

, .,. crimp after loading
crimp stability = A- x 100%

crimp before loading

Crimp stability can lie between 100% (full recovery) and 0% (no recovery).
Textured yarns have greater elongation, elasticity and voluminosity than flat yarns. Here the
following textured yarn properties are relevant:
- Crimp elasticity.
The measurements are done predominantly on skeins according to the sequence in Table 9.12. Skeins
can be measured either manually on measuring stands or automatically using suitable test equipment,
as, e.g., the Texturmat supplied by Textechno [39]. With the equipment described in Section 9.3.5.2,
it is possible to measure crimp elasticity continuously. The conditions for developing latent crimp are
matched to the further-processing conditions: dyeing requires generation of crimp in water, hot air
texturizing requires the same in hot air, etc. Crimp contraction values of texturized yarns in water
(Fig. 9.37a) and in hot air (b) [24] are very dependent on the polymer type, and are important for
further processing (washing, de-sizing, dyeing, thermofixing). For PET textured yarns, water
temperatures below 70 0C (= glass temperature) have very little effect on loss of crimp. In texturizing
or friction-drawtexrurizing (Fig. 9.38), choice of process parameters enables the crimp contraction to
be selected according to the requirements of the end product [31]. False-twist textured yarns can be
categorized in terms of further processing requirements as follows:

Crimp E = 35 . . . 50%-highly elastic (HE) yarns for weaving
E = 25 ... 35%-medium elastic (ME) yarns for weaving
E = 25% —lowly elastic (LE, usually SET) yarns for knitting, curtaining, etc.

- Crimp stability
For textured yarns, the same definition is used as for staple fibers (Fig. 9.36). Further processing can
be simulated by mechanical loading of the yarn. According to Fig. 9.39, two textured yarns can have
the same crimp stability at low stress but one yarn (b) can have much lower crimp stability than the
other (a) when more highly mechanically stressed. A high crimp stability is important in reducing
waste during the production of elastic and bulky woven- and mesh fabrics. In practice, crimp stability
values of over 50% are deemed necessary.

FF



Table 9.12 Determination of Crimp Elasticity

Measuring method Heberlein DIN 53840

Hank length 10 m variable

Hank titer variable 2500 dtex
Pretensioning during hank wrapping 1 cN/tex 1 cN/tex

Crimp development Polyamide: Polyamide and Polyester:
10 min in distilled water at 60 . . . 70 0C, 10 min in hot air at 120 0C
followed by centrifuging and drying Polyacrilonitrile: 800C
Polyester:
10 min in distilled water at 600C,
followed by boiling for 15 min, then
centrifuging and drying

First measurement 30 s in water at 600C Apply force of 0.01 cN/tex
(2 g/1 wetting agent) and 0.99 cN/tex
Apply force of 1.8 cN/tex for 1 min
Measure L0 Measure L0 after 10 s

Second measurement 60 min at 600C; dry Allow to relax under a load of
Cool for 60 min 0.01 cN/tex
Apply force of 0.018 cN/tex Measure L\ after 10 min
Measure L1 after 1 min

Calculation KK = L° ~ Ll . 100% E = L° ~ ^1

water temperature (0C) hot air temperature ( 0 C)

Figure 9.37 Results of crimp contraction measurements
a) as a function of water temperature (Treatment time: polyamide 10 min, polyester 10 min and

15 min at the boil)
b) as a function of hot air temperature (Treatment time: 10 min)
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9.3.2.5 Twist and Intermingling (Tangling)

Twisting of yarns and cables
For staple fiber yarns, the insertion of twist is done primarily for tenacity. For continuous filament
yarns, twist is inserted in order to obtain certain yarn properties, as well as to improve further
processing and reduce waste. Twist insertion influences important technological yarn properties, e.g.,
tenacity, elongation, modulus, elasticity, fatigue resistance (in tirecords) and filament cohesion; it also
affects the optical and tactile properties of fabrics, such as surface constitution, glitter (Fig. 9.92),
volume and handle. All these characteristics depend on the level of twist inserted.
- Determination of twist.

Twist can be determined by mechanical (e.g., twist counter) or optical methods. In the latter case,
the angle of inclination of the single filaments is measured. Table 9.13 lists possible methods for
measuring twist in yarns and cables. The de-twisting method is, however, of limited use in the
case of highly twisted- or entangled yarns, as it is not always possible to parallelize the single
filaments. Entangled and twisted yarns are produced by intermingling prior to the spinning or
drawing machine take-up, and are subsequently twisted.

- Characteristic properties of twisting are the:

twist number (level) = number of turns/m (of twisted yarn)
twist direction = spiral inclination of the twisted filaments

from above, left to below, right = S-twist
from above, right to below, left = Z-twist (see Fig. 3.32).

Figure 9.39
Crimp stability of two yarns as a function of loadspecific load (cN/ tex)

a=normal load
b= low load b
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Figure 9.38 Crimp contraction values of texturized yarn
a) as a function of primary heater temperature, with disk spacing (DS) as parameter
b) as a function of draw ratio for POY yarns, with D/ Y ratio as parameter
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Table 9.13 Methods for Determining Twist in Yams and Cables

Measuring method Measurement principle Calculation of twist

Direct untwisting A denned length of twisted yarn or cable is _ T- 1000 (1/m)

untwisted under defined tension until the ~~ L0

filaments are parallel L0 = clamped length (mm)
Clamped length L0 ace. to DIN 53832 (twisted length)
Staple yarns: 10, 25, 50 mm
Filament yarns: 250, 500 mm

Torsion-break method Twisting of a sample at constant length n = ^(Tr — Tv) (1/m)
ace. to Marschik against the twist direction until it breaks Tx — no. of reverse twists to break

(rr), and twisting of a second sample T̂  = no. of forward twists to break
in the direction of twist until it breaks
(TV)

Tension-sensor method Untwisting the yarn until | of the sliding None, since the rev. counter gives
length of the sample is reached, then n (1/m)
twisting back to the original length
The clamped Length L0 is the same
for all yarns

Microscopic measurement Using a microscope, the helix angle (p n_ tan<y> • 1000 (1/m)
on staple yarns (relative to the fiber axis) and the yarn ~~ d • n

diameter d are measured <i=yarn diameter (mm)

tan q> • 106

Microscopic measurement Using a polarizing microscope, the n = — (1/m)
on monofilament yarns helix angle (p is measured. Using the ' n

measured diameter d, the twist is calculated d = yarn diameter (um)

- Twist coefficient (factor)
Table 9.14 gives various relationships. The twist coefficient a relates the yarn diameter (fineness
in Table) and the twist level (indirectly as angle of inclination of the filaments relative to the
yarn axis in Table), and is, in practice, based on the twist level for 1000 tex. This leads to the
conclusion that yarns of different fineness having the same twist angle of their filaments will
display the same yarn properties. In the lower part of Table 9.14, twist factors are given for
cabled yarns and for spindle false twist textured yarns, the latter designed to give a similarity
relation between twisted and textured yarns.

Intermingling (entanglement, tangling, interlacing) of multifilament yarns
Intermingling is carried out mainly to give the non-twisted multifilament yarn sufficient filament
cohesion for further processing, to enable interruption-free take-off from yarn packages at high speed,
and—inter alia—to simulate the protective twist obtained in drawtwisting. As this is the case, most
synthetic multifilament yarns are nowadays intermingled:
- flat multifilament (undrawn or drawn) for textile and technical application,
- texturized yarns for textile products and carpets (tufting)
Section 7.4.2 describes intermingling using compressed air. The intermingling process results in a
loose association of filaments having intermittent plaited sections (cohesion points) which are
responsible for the filament cohesion. The number of entanglement nodes per unit length, their
mechanical stability and their distribution is determined by:
- construction details of the tangling jets and their positioning in the yarn path,
- process conditions (air pressure, yarn speed and tension, etc.),
- yarn constitution (flat, textured, filament count, spin finish, wet or dry)
The intensity and structure of intermingling determines the yarn behavior during further processing
and the waste levels. Further processing of textured yarns requires tight, mechanically-stable nodes in



order to avoid later snagging of filaments. Sheen, handle, volume and aesthetic are important
properties of finished goods. Intermingling nodes can cause, e.g., stripiness and Moire patterns. To
minimize the amount of fabric downgrading, the number of tangling nodes remaining should be
small—which is contrary to processing requirements.
Definition
According to DIN 60900, Part 1, intermingled filament yarns are single- or multiple, fiat or textured,
filament yarns which have common cohesion points. Regarding intensity and structure, differences
are possible (Fig. 9.40)
- periodic interlacing
- statistically random intermingling nodes (a)
- continuous interlacing
- partly intermingled, without prominent nodes (b)
- periodically continuous intermingling
- combinations of (a) and (b), in accordance with (c)
- knots formed from some or all entangled filaments of a yarn,
measurement of intermingling characteristics
Figure 9.41 gives an overview for determination of the following characteristics:
- open length (nodal distance) = distance (cm) between consecutive nodes
- density of nodes = number of nodes/m
- distribution function of the characteristic values.

Table 9.14 Formulas for Calculating the Twist of Yarns (According to Various Authors)

Formula Comments

ace. to Kochlin
a = twist coefficient
Tx = yarn titer
ace. to Laetsch
x = minimum 0.62
x = maximum 0.75
ace. to Matthes
q = 0.8 . . . 1.2, depending on fiber type
x = 0.60... 0.64, depending on titer
ace. to Schwarz
a = angle of inclination
d = yarn diameter
K — constant

ace. to Kochlin
dx = twist coefficient
TXz = effective twisted titer in dtex
ace. to Holtzhausen
c = twist constant
v = reduction factor, dependent on the packing

ace. to Heberlein
Tx = yarn fineness in dtex

ace. to Fourne
Tx = yarn fineness in dtex

ace. to Press
T1 — yarn fineness in dtex

ace. to Kochlin
Tx = yarn fineness in dtex
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NPT Entanglement Reutlinger Interlace Counter Obestat
Tester (Rothschild) lntemat (System Enka Technica)
ET-500 Entanglement (System Enka Technica)
Tester (Toray)

Figure 9.41 Characteristics of intermingled yarn

Figure 9.42 [22] shows the frequency distribution of internodal distance of three textured yarns. A
yarn having a narrow distribution of internodal length has advantages for further processing: sizing
and/or twisting is not required for a weaving weft yarn, but—on the other hand—fabric downgrading
increases, and special equipment may be required. Figure 9.43a shows additionally that the maximum
number of nodes is reached with low titer/low air pressure (55 dtex-2.5 bar), and that the number of
nodes decreases with increasing titer, in spite of increasing the air pressure.
Stability of the nodes
In further processing, the tangled yarn experiences considerable applied tension, sometimes of a
periodic nature, and unstable nodes can be pulled out, leaving the yarn more open. The node stability
is defined as:

number of nodes after processing
node stability = — A x 100%

number of nodes before processing

a) periodical tangling
(interlacing)

cohesion point
opening length

b) continuous tangling

combination a + b

Figure 9.40
Definition of
tangled (inter-
mingled) yarn
a) periodic

entanglement
b) continuous

entanglement
c) combination

of a) and b)

characteristics of intermingled yarns

number/distance
of nodes and their

distribution
structure of nodes

A needle is inserted into the
running yarn. On contacting
a node, a count is registered

counting number of
nodes or measurement
of distance between
nodes

counting of nodes by
sensing changes in yarn
thickness

counting number of
nodes or measurement
of distance between
nodes

opening up of intermingled yarn by:
electrostatic charge
fluids (e. g., water)
gases (e.g., steam)

depiction of filament structure



Figure 9.43 Number of cohesion points (nodes) (a) and cohesion point stability (Z?) of intermingled yarns as a
function of air pressure and multifilament titer

The determination of node stability requires a second measurement, which will simulate the
processing conditions (yarn path, mechanical loading). Figure 9.43b shows an example. From
practical experience, knot stability should be greater than 50% (0% = nodes totally removed;
100% = nodes totally retained).

9.3.3 Mechanical Properties

By mechanical properties one understands characteristic material properties derived from dynamometric
drawing or from elastic recovery testing.

Modern equipment for tensile testing works with constant rate of extension in order to ensure that
samples having different force/elongation characteristics are treated Theologically equivalently, thus
ensuring comparability of sample characteristics.

Fig. 9.44 shows a schematic of tensile testing.
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Opening length frequency distribution
for various intermingled yarn types
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Figure 9.44 Schematic of tensile testing

Principle of tensile testing:
The sample, pre-tensioned between two jaws, is drawn to break in the tensile testing mode. For
elasticity measurements, the pre-tensioned sample is subjected to a defined loading program, e.g.,
cyclic tensioning and relaxation.

A tensile tester comprises: clamping jaws to hold the sample and a drive to pull the jaws—force-
measuring cell with amplifier—recorder for force/elongation diagram (recorder or computer) and
possibly automation of the test cycle. Some force/extension diagrams of man-made fibers are shown
in Fig. 9.45 [28]: further examples are found in the Fiber Table (Chapter 11) and in Chapter 2.

Knowledge of these diagrams is important for fiber production, processing and further processing, as
Fig. 9.46, for example, shows for the effect of further processing speed. For all man-made fibers, the
effect of temperature during tensile testing is important (hot drawing, texturizing, sizing, etc.). This also

tensile testing

linear (straight) sample special sample geometry

knot strength

Weaver's knot
Fisherman's knot

loop strength

special sample conditions

wet testing tensile testing at/in various

temperatures
relative humidities

media: air, water, oiltesting in drying oven

standard sample conditions

standard test

20 °C/65% RH

Figure 9.45 Tenacity/elongation curves for (a) "silk-like" and (b) "wool-like" man-made fibers
(For details of modifying PET fibers to resemble natural- or chemical fibers, see Fig. 2.87)
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Figure 9.47
Tenacity/elongation curves of a PET
multifilament yarn measured at various
temperatures

applies during application (Fig. 9.47). In order to maintain the constancy of results, it is necessary to
observe the conditions listed in Table 9.15 [24]. Table 10.2 gives calculation factors for converting
between the SI System and other units still in use.

9.3.3.1 Tensile Testing and Properties Derived Therefrom

The tenacity/elongation curve gives significant information for process control, further processing and
the end product properties. The elastic modulus (E-modulus) belongs to the tensile properties. There are
three formulations for the E-modulus: the initial tangent to the curve passing through zero (initial
modulus), the straight line passing through zero and a point on the curve at a specified elongation (secant
modulus) and the tangent at any desired point on the curve (tangent modulus). For textile applications,
the initial modulus is usually the most important; the same applies for textured yarns, where it is termed
the crimp modulus (Fig. 9.48).

The secant modulus is mainly used for technical yarns (e.g., as M10 in Fig. 2.61 for the modulus at
10%); it gives the average slope of the curve over a given region. The tangent modulus corresponds to the
first derivative (dcr/de) of the tenacity (cr)/elongation (s) curve, as, for example, in Fig. 9.49 [27]. Here
the difference between a drawn (only) and a drawn and thermoset PA6 fiber can clearly be seen. The
curve can be divided into three sections [12,13,27]:

change in elongation (%)

te
na

ci
ty

 (
g

/d
te

x)

te
m

pe
ra

tu
re

 (
0
C

)
te

na
ci

ty
 

(g
/d

e
n

)

elongation (%)

Figure 9.46
Tenacity/elongation diagrams of oriented linear polyethylene (HDPE),
with rate of elongation as parameter [26]
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Table 9.15 Overview of Various Influencing Factors in Tensile Testing (left) and the Derived Characteristic Values
(right) (p = Density)

Influence

Type of tester
Accuracy
Sensitivity and time constant
of the display
Type of jaw
Jaw geometry
Slip in the jaws

Sample conditioning time
Tension during conditioning
Movement towards moisture
equilibrium
Relaxation during conditioning
Test length
Rate of extension or rate of
force increment of the sample
Pretension
Type of test
(knot-, loop strength)

Testing medium: air, gas,
water, steam
Degradation during testing
Temperature of the test
medium
Relative humidity

Source of
the effect

Test equipment

Test conditions

Environmental
conditions

Concept

Pretension, based
on linear density

Tenacity, based
on linear density

Max. tenacity, based
on linear density

Tenacity at break,
based on linear
density

Pretensioning stress

Tensile stress

Max. tensile stress

Tensile stress at
break

Elongation

Elongation at max.
force

Elongation at
break

Symbol

Ry

R

Rn

RB

(TV

G

<*n

S

£B

Formula

decrimping point

decrimping work

uncurling
Fo

fy

crimp modulus =
force at 100% elongation

Figure 9.48
Schematic diagram for
defining crimp modulus
and other relevant
properties

elongation
E modulus

stretch region 1: - quasi-elastic extension region.
stretch region 2: - predominantly loading of the tie molecules linking the crystalline and amorphous

regions. With increasing modulus, further orientation of the still intact tie molecules
and the crystalline regions occur,

stretch region 3: - region of irreversible plastic flow (sliding); slipping of the tie molecules in the
amorphous and crystalline phase, terminating in fiber breakage.



Figure 9.49 Tenacity/elongation characteristics of oriented PA 6
a) (J(S)/Q; drawn, non heat setted
b) (J'(S)/Q: drawn and thermally treated yarn (heat set in saturated steam without

tension at 1300C). The shaded region shows where the gradient changes sign

elongation region non heat set PA 6
elongation region heat set PA 6
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Figure 9.50 Characteristic properties derived from tensile testing
Initial modulus ' MA = tan a
Yield elongation (strain)
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These relationships can be used to show which structural parameters affect the measured fiber
characteristics obtained during tensile testing. Figure 9.50 defines these: the orientation predominantly
affects the characteristics of the initial phase of stretching, while both orientation and crystallinity affect
the latter part of the force/elongation diagram [12,13]. Figure 9.51 gives an overview of the initial
modulus of textile fibers.

cotton
wool
silk

viscose
acetate

polyester (textile)
polyamide (textile)

polyacrylic
modacrylic

polypropylene
polyethylene

polyvinyl chloride

elastane (spandex)

(

9.3.3.2 Tenacity in the Non-Axial Direction

In addition to the (usual) tenacity in the fiber axial direction, tenacity in the non-axial direction is of great
importance for some processes and end uses.

Sewing thread yarns are usually tested in the form of a loop (Fig. 9.52), and fishing net yarns in the
form of a knot. The respective tenacities are usually determined in this way [2].

Figure 9.52
i , i I Yarn geometry in instrument clamps for
KM Ol IOOP loop_ a n d ^ 0 1 s t r ength testing

Knot tenacity (knot strength):
For knot tenacity, the following knots are employed in sequence, corresponding to the stage in the
fishnet production process: overhand knot (S or Z direction)—weaver's knot—fisherman's knot. Knot
tenacity is quoted as a percentage of the normal tenacity.
Loop tenacity (loop strength).
Two pieces of the same yarn are interlooped, pretensioned and drawn to breaking point on the tensile
tester. The breaking load is divided by a factor of two, since the load is borne by two yarns. Loop

Figure 9.51
Initial modulus
ranges of various
fiber typesinitial modulus (cN/tex)



tenacity is similarly quoted as a percentage of the normal tenacity. Figure 9.53 shows some
comparative values.

9.3.3.3 Elastic Properties

During production and further processing, external forces act on the fibers and yarns, tending to deform
them. Intermolecular binding forces, however, oppose these actions, and seek to restore the fiber to its
original condition. By the term elasticity one understands the more or less complete recovery of the fiber
from its deformation once the deforming force has been removed. One also differentiates according to the
nature of the deformation:

tension or compression - tensile or compressive elasticity
bending - bending elasticity
torsion - torsional elasticity

Knowledge of elastic properties is important for further processing and particularly so for selection of the
polymer with regard to the end-use application.

- Elastic tensile properties
The above-mentioned concepts, definitions and knowledge can be partly or wholly used for
measurement of elastic properties under different loading conditions. Figure 9.54 gives a systematic
overview of elasticity tests described in DIN 5385. The multiplicity of test variations is explained by
the multiplicity and complexity of the demands made in further processing and application, e.g.,
hundreds of load cycles in weaving, repeated stretching of clothing across the knee or the repeated
flexing of automobile tires, etc. As an example, Figure 9.55 shows a single-loading elasticity test
having fixed extension limits and immediate jaw return. Using diagram (b), frequently-used elasticity
concepts can be defined:

total elongation etotai — the total elongation experienced, either as the limit set in an elongation-
specified test, or the elongation achieved in a test where a force limit is set.

Figure 9.53
Loop strength of various fiber types
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Figure 9.54 Schematic of elasticity tests according to German Standard DIN 53835

Figure 9.55
Composition and combination of the phases of
an elasticity test (a)
Point 0: Start of the test
Curve OA: Elongation of the sample at
constant rate of extension (above) and
resulting force (below)
Point A: Upper (selected) elongation limit and
corresponding force are achieved. Reversal of
the clamp begins.
Curve AB: Sample can relax at the same rate
of extension as in the loading cycle. Force
reduces.
Point B: Sample is completely relaxed.
Recovery cycle shows change of speed.
Curve BC: Further time-retarded recovery of
the deformation; sample shows residual
elongation.
Point C: A fully-elastic material would show
no residual elongation, i.e., Point C would
coincide with Point C'.
Curve CD: Further possibility of deformation
recovery
Point D: End of the recovery. Extension and
loading start again.
Curve DE: Elongation of the sample as per
previous cycle.

By combining the above force and elongation
curves in a co-ordinate system, one obtains a
characteristic diagram (b) for the elasticity
test. Using this diagram, the concepts and
definitions of tensile elastic behavior can be
established
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degree of elasticity
at 2% elongation limit Dcrt 10% elongation limit

Figure 9.56 Degree of elasticity ranges of various fiber types

9.3.4 Shrinkage and Shrinkage Force

Thermal or hydrothermal treatment of man-made fibers can result in changes in length (usually reduction
in length). In the case of fibers and yarns, this is termed "shrinkage", while for fabrics the term
"dimensional change" is used. To avoid dimensional changes, the article can, e.g., be held to length and
thermoset, in which case internal restoration forces arise, the shrinkage force. Both shrinkage and
shrinkage force are characteristics which need to be added to the description of the temperature and
tension-related behavior of man-made fibers. Factors affecting shrinkage are given in Table 9.16; these
again depend on fiber structure.

9.3.4.1 Shrinkage of Fibers and Yarns

- The shrinkage mechanism can be explained in terms of structural models involving molecular chains.
In the case of PET, the two phase fibril model (Fig. 9.12) can be invoked. A drawn man-made fiber
consists of fibrils comprising alternating ordered (crystalline) and non (or weakly)-ordered (amor-
phous) regions. A molecular chain can wander through both regions, in which case it is termed a tie
molecule. It is possible for a chain to exit and re-enter the same crystalline region: a back-folding of
the chain [30]. Figure 9.57 can be used to explain shrinkage in the molecular structure [29]: on
heating to above a fiber-specific temperature (glass temperature, preferably termed glass transition
temperature or second order transition temperature), the molecules in the amorphous region become
more mobile, thus freeing restoration forces which had previously been blocked at lower temperature.
The molecules then strive to attain the lowest energy state and coil up, i.e., they shrink (state C). On

cotton
wool
silk

viscose
acetate

polyester (textile)
polyamide (textile)

polyacrylic
modacrylic

polypropylene
polyethylene

polyvinyl chloride
elastane (spandex)

elongation limit 300%

residual elongation £r—the elongation remaining when the load is removed and the specified
pretension is attained.

elastic elongation £ei — the difference between the total elongation £totai and the residual elongation sr.
elastic elongation ratio D = degree of elasticity — the ratio of elastic elongation to total elongation.

The work of deformation can also be used to specify the elastic properties. According to Fig. 9.55, the
total work comprises the reversible, elastic work and the irreversible, non-recoverable work. The ratio of
non-recoverable work to total work is the hysteresis loss. This concept is applied particularly to elastane
(spandex), wrapped yarn, textured yarn, etc. Figure 9.56 shows the degree of elasticity for some
important fibers, quoted for 2% and 10% extension.



Figure 9.57
Intermediate crystalline stages during shrinkage
C State when allowed to shrink above Tg but

below Teff
D State when allowed to shrink at T^
E State when allowed to shrink above Teff but

below Ts

further temperature increase, the less thermally stable crystallites melt, followed by the more
thermally stable network points, whereby the amorphous regions become fully disoriented and
kink and shrink (state E). Further temperature increase causes melting of the remaining crystalline
regions (except for liquid crystals).

The various highly-oriented molecules in the amorphous region of a fiber largely determine the
shrinkage behavior [30]. Designating fa — amorphous orientation factor, Vc — crystalline volume
fraction and (1 — V0) = amorphous volume fraction, the shrinkage can be plotted as a function of
(1 - Vc)fa as, e.g., in Fig. 9.58 for the hot air shrinkage of PET at 160 0C. The shrinkage is therefore
a function of both the amorphous orientation and the degree of crystallinity. In general, shrinkage
and orientation increase with increasing processing tension. Contrarily, increasing processing
temperature results in a reduction of shrinkage and an increase in crystallinity [31]. Accordingly,
with increasing spinning speed, the speed-induced crystallinity increases, thereby initially stabiliz-

state C state D state E

shrinking

Table 9.16 Factors Influencing Shrinkage

Source

MaterialPolymer
Chemical constitution

Crystallinity

Orientation
. Technology (single stage)

Temperature
Drawing

Process

Time
Medium
Heating rate

Temperature
Medium dry (air)

moist (steam)
wet (water)

Time, Conditioning in medium
Measuring rate

Treatment
testing



Figure 9.58
Hot air shrinkage (HAS) of a fiber at 1600C as a
function of/a-(I - Vc)

ing the shrinkage. Increasing the spinning speed yet further, the increasing crystallinity reduces the
shrinkage more strongly. In the example (Fig. 9.59), shrinkage reaches a maximum at a spinning
speed of 2100... 2200m/min.
Methods of measuring shrinkage
The preceding considerations (but not the actual values) are, in general, valid. Using different test
methods, however (shrinkage with or without tension, thermomechanical analysis or continuous
shrinkage force measurement), different results are obtained, results which can, however, be generally
given a common interpretation. The test conditions should be as closely matched to the processing
conditions to be used as possible, thus:

boiling water (boil-off) shrinkage for washing and dyeing treatments
hot air shrinkage for heat setting and drying processes
shrinkage in saturated steam for steam processing.
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relaxation
conditioning

measure initial length I0
(before shrinkage)

allow sample to shrink under defined
conditions (temperature, time)

tension-free under tension

measure final length /?
(after treatment)

calculate shrinkage

s = 4p4.1Oo%

Figure 9.60 Shrinkage testing sequence

Figure 9.59 Boil-off shrinkage of spun PET fiber as a
function of spinning speed. (Spun shrinkage = orientation-
induced shrinkage minus crystallization-blocking effect)
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Table 9.17 gives an overview of commonly used shrinkage methods; Figure 9.60 describes the test
method sequence. Shrinkage can be measured tensionlessly or under tension (the latter for tirecord or
HMHT PET staple fiber), continuously or before and after thermal treatment (tirecord).

- Shrinkage measurement results are given in Figs. 9.61-9.66.
According to Fig. 9.61, the three main shrinkage methods (boiling water, hot air, saturated steam)
give different results with PA 6, PA 66 and PET. Hot air shrinkage is most dramatic for PET, much
weaker for PA 6, but PA 6 shrinks the most in saturated steam (Fig. 9.61).
Up to a temperature of ca. 1000C, the shrinkage of PET (without swelling) is independent of the
heating medium, but at temperatures above this, hot air shrinkage is lower than shrinkage in oil (Fig.
9.62) [33]. According to Fig. 9.63, an increase in tension during shrinkage in hot air reduces the
shrinkage, i.e., disorientation becomes smaller. When the externally-applied load exactly equals the
internal restoration forces, the shrinkage becomes zero (Fig. 9.63). Treatment time and rate of heating
have, according to Fig. 9.64, an effect on the development of shrinkage [24]. A shock-temperature
treatment results in shock-shrinkage. Here, in general, the crystallization proceeds more slowly than
disorientation, particularly if the heating rate is lower. Orientation and crystallization developed
during thermal treatment can be measured using birefringence (Fig. 9.65). Density measurement
enables crystallinity to be calculated [33] (Fig. 9.66). Additionally, the birefringence reduction
( = disorientation relative to the starting material) can be established. The disorientation arising with
increasing temperature depends on the heating medium, as can be seen in Fig. 9.62. During shrinkage
at constant length, the orientation hardly changes. This is of importance in fiber production or later
thermal treatment. When measured after shrinkage, filament density increases almost linearly with
treatment temperature, i.e., the crystallinity increases. This enables shrinkage to be stabilized after a
correctly-determined thermal treatment. Heat setting at constant length = dimensional stability during
further processing.

Table 9.17 Methods for Determining Boiling Water Shrinkage, Hot Air Shrinkage
and Shrinkage in Saturated Steam

Type of Shrinkage

Hank length

Pretensioning during wrapping

Relaxation time before treatment

1st length measurement at a pretension^ of

Thermal treatment

Relaxation time after treatment

2nd length measurement at a pretension1} of

Calculation of shrinkage

In boiling water In hot air In saturated steam

10 m for yarns <250 dtex; 1 m for yarns >250 dtex

Flat yarns: 0.5 cN/tex
Textured yarns: 2.0 cN/tex

24 h in normal climate

Flat yarns 0.5 cN/tex; Textured yarns 2.0 cN/tex
Measure length h on measuring stand after 10 s

Boil
in cotton bag

15 min, 19O0C
hanging freely

PA 6: 3 min, 125 0C

l^T
66: }3min, 1300C

24 h in normal climate

Flat yarns 0.5 cN/tex; Textured yarns 2.0 cN/tex
Measure length I2 on measuring stand after 10 s

Shrinkage = ll ~ ll • 100%
h



9.3.4.2 Shrinkage Force

- Mechanism of shrinkage force
The shrinkage force determines the magnitude of the shrinkage achievable, as the shrinkage force
developed acts in opposition to the externally-applied forces on the fiber. A fiber cannot therefore
shrink freely, as the external forces counteract such shrinkage (Fig. 3.66). In general, shrinkage is
possible when the internal shrinkage forces are greater than the externally-applied forces on the fiber;
the converse is also true. The same molecular relationships apply for shrinkage force as for shrinkage.

Figure 9.63
Effect of temperature and
tension on shrinkage (left: low
shrinkage yarn; right: high
shrinkage yarn)t e m p e r a t u r e
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SD: saturated steam

Figure 9.61 Results of shrinkage measurements on PA 6, PA 66,
PET; K= Boiling water (boil-off) shrinkage, SD = Saturated steam
shrinkage, HL = Hot air shrinkage

temperature (0C)

Figure 9.62 Shrinkage of a polyester fiber
as a function of shrinkage temperature

Shrinkage after 10 min in a hot air oven
Shrinkage after 1 min in oil

polyamide 6
110 dtex f20

polyamide 66
100 dtex f 26

polyester
110 dtex f 36



Figure 9.66
, . , , , #« ̂  % Density of a polyester yarn as a function of the shrinkage

shrinkage temperature (0C) temperature

Above the glass transition temperature, the chain segments become mobile, changing the amorphous
regions from ordered (oriented) to less ordered (unoriented), thereby releasing the "frozen-in"
tensions (restoration forces). If the sample length is held constant (= shrinkage blockage), the
released restoration forces (= shrinkage forces) can be recorded (Fig. 9.67 for PET). Shrinkage and
shrinkage force are minimal below the glass transition temperature. With increasing temperature,
shrinkage force rises to a maximum (FSH, Fig. 9.67), corresponding to the maximum disorientation
of the amorphous region (Fig. 9.57, state E). Further temperature increases then continuously
release more blocked forces (thermal relaxation): the continuous melting of the crystalline regions
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Figure 9.65 Birefringence of a polyester yarn after
shrinkage and heat setting at constant length as a
function of shrinkage- and heat setting temperature

in oil, at constant length
with shrinkage in air
with shrinkage in oil

Figure 9.64 Effect of shrinkage time and -temperature on
the shrinkage of a polyester yarn

shrinkage
heat setting.

temperature (0C)

time (s)
medium!

boiling water
hot air
saturated steam

before shrinkage

bi
re

fri
ng

en
ce

sh
rin

ka
ge

 
(%

)



Figure 9.67
Shrinkage force (Fs) as a function of shrinkage
temperature (T) for a 15 tex f34 PET yarn
(medium: air; heating rate: 30°C/min)

begins. By this action, the binding points of the tie molecules are successively weakened: they lose
their position in the crystallites by sliding action. In the melt region there is complete flow; the
locked-in tensions tend to zero.

The shrinkage force is a necessary piece of information for a comprehensive description of the
shrinkage behavior of fibers. Figure 9.68 therefore shows the shrinkage force as a function of hot air
shrinkage at constant temperature measured in a tension-free state. There is no clear relationship
between high shrinkage and high shrinkage force. The tangent to the shrinkage curve (shrinkage
modulus) does, however, enable predictions to be made concerning expected shrinkage behavior as a
function of the temperature and applied tension during further processing.

- Methods of measuring shrinkage force.
The apparatus used needs to be able to measure the force/elongation curves, and needs to be fitted
with a temperature-controlled heating zone for the sample. Shrinkage force measurement and
thermomechanical analysis require the following steps:

medium: air
heating rate: 30°C/min

T

^s

(0C)

(cN)

Figure 9.68
Shrinkage force as a function of shrinkage for PA 6, PA
66 and PETshrinkage (%)
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Figure 9.69
Shrinkage force (F8) as a function
of shrinkage time (t) for a 15 tex
f34 PET filament yarn. Preten-
sion = 1 cN; shrinkage medium:
air; shrinkage temperature = TK

(parameter)

Shrinkage force measurement results
Shrinkage force/time diagrams of three materials are shown in Fig. 9.70 at 1800C under different
tensions. At low tension (= external force), the shrinkage force tends to a constant value after only
4 . . . 7 s, after which the force decreases asymptotically to its final value after about 10...2Os. From
this it follows that tension equilibrium is only attained when the external forces counterbalance the
internal, "frozen-in" forces [34]. Figure 9.71 shows the dependency of shrinkage force on externally-
applied pretensioning. These cut the 1:1 equivalence line at a definite pretension: the equilibrium
shrinkage force corresponding to the "effective tension" at the given temperature, i.e., the prevailing
blocking tension.

9.3.5 Uniformity of Yarns and Fibers

Non-uniformity (= fluctuation of characteristic values, DIN 53829) can be of an internal or external
nature (Fig. 9.72). External uniformity is often judged visually (sometimes using auxiliary agents) or can
be recognized in textile fabrics [35]. Internal uniformity is principally characterized by the properties
of the fiber structure, and is not usually directly visually recognizable. It can, however, affect color,

t (s)

^s

(cN)

pretension : 1 cN
medium : air
temperature T«: parameter

Preheating and regulation of the measuring zone at the required measuring temperature.
Clamping the sample and pre-tensioning.
Insertion of the sample into the temperature zone by positioning of the oven.
Recording of the shrinkage force/time curve, and evaluation of results.

On insertion of the sample into the pre-set temperature zone, very high and undefined heating rates
can occur. These must be taken into account when interpreting the results. Figure 9.69 shows
shrinkage force as a function of time for a given PET yarn, with shrinkage temperature as parameter.
As is to be expected (because of the higher heat transfer rate), samples at higher temperature reach
their maximum shrinkage force (F8) earlier; the times to reach maximum shrinkage force can differ
by many decades. At higher temperatures, relaxation occurs after attainment of maximum shrinkage
force, i.e., the melting of the crystalline regions begins with the loss of the binding points of the tie
molecules. These material-dependent shrinkage/time curves are relevant for residence time selec-
tion in thermal treatment processes.
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Figure 9.70 Shrinkage force as a function of time, with pretension as parameter, for PA 6, PA 66 and PET
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Figure 9.71
Shrinkage force as a function of pretension for
PA 6, PA 66 and PET
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Figure 9.72 Uniformity of yarns (schematic)

dyeability, modulus, tenacity, elongation, etc. Both types of non-uniformity can occur at the same time. A
change in linear mass can, e.g., manifest itself visually as a change in thickness, be less drawn, take up
more dyestuff and therefore appear darker.

Figure 9.73 shows, as an example, the production stages in which testing can be done, and Fig. 9.74
how the upstream properties can affect the properties after further processing: for example, texturizing
cannot improve the Uster CV value. The CV value of dry-spun PAN tow of ca. 7% can increase to ca.
11-12% as a result of washing and drawing. Figure 9.74 confirms this strong correlation between titer
uniformity of a POY yarn and the resulting textured yarn [36].

Yarn manufacture
(Spinning)

Yarn processing

Drawing
Texturizing
Air texturizing

Yarn aftertreatment

Twisted
Dyed
Sized (slashed)
Impregnated

Textile end uses
Industrial end uses
Sewing thread yarns
Carpet yarns

Drawn yarn
FOY
Texturized yarn
FT,AJT, BCF

Undrawn yarn
(MOY, POY)
Spun-drawn yarn
(FOY)

Figure 9.73 Application areas for yarn uniformity testing

Figure 9.74
Relationship between Uster CV values of undrawn-
and drawtexturized filament yarn
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This test scheme can also be used for other undrawn yarns, e.g., for LOY, MOY.

Figure 9.75 Model investigation of packages according to a quality control scheme

9.3.5.1 Test Methods for External Uniformity

Discontinuous Testing
The samples are of limited length: e.g., 20 cm for tensile testing, 8 m hanks for crimp contraction testing,
32 . . . 160 mm for single fiber testing. The following tests are typical:

- Yarn samples are tested visually (for example, for thick places, filamentation, etc.) by wrapping on an
inspection table (mostly black, Seriplane).

- Fabrics are made from yarns to be tested (raw white or dyed), e.g., knitted socks or narrow woven
bands (without changing the weft yarn) for periodic or start marks.

- Tenacity/elongation testing.
- Crimp testing: Fig. 9.76 (left) shows results from a Dynafil test [39,40] on a PET 167dtex set

(= double heater) yarn: a periodicity of ca. 200 m is evident. The diagram on the right shows results
of repeated testing using 8 m hanks: a periodicity of 25 to 28 hanks can be seen.

Continuous Testing
The samples are very long and are taken off from a bobbin or as spun tow. The most common method of
measuring titer variations uses a capacitor. The most widely-used test apparatus is the "Uster" tester,
described in detail in Section 7.8 for diagnosis of causes of failure in production machines which
manifest themselves in yarn deviations, and where many results are presented. The measurement
principle requires the yarn to be tested to be run between the two capacitative plates under uniform
tension and torsion. In order to eliminate moisture and spin finish influences, the sample must be
sufficiently conditioned.

The effect of poor quench flow uniformity is shown in Table 9.18b. The take-up tension varies in
parallel with the quench air variation. The individual components can be obtained by performing a
Fourier analysis on the Uster diagram.

packages sent to texturizing

texturize single packages
to establish the effect of
spun yarn defects found,
and to try to find an end
use for the out-of-specifi-
cation texturized yarn

special investigation to
find the cause of the problem

sort or downgrade
packages well out of
specification

no

yes

results
within
limits ?

limits for each
specific test
e.g., UsterCV<1%

Dynafil drawing
force test

test each package using specific test method

To this end, a generally-valid testing scheme is given in Fig. 9.75. With appropriate sorting norms,
each production stage can be controlled and the causes of out of specification production traced and found.

model investigation of packages according to quality control scheme
(complete routine investigation ), or



Figure 9.76 Textured yarn test according to German Standard DIN 53840 on 167 dtex BO PET drawtexturized set
(double heater) yarn:
Left: continuous crimp contraction force test with 5% underfeed, 20 m/min test speed, 1200C heater

temperature and 25 g pretension.
Right: comparable crimp test according to German Standard 53840 DIN on consecutive yarn hanks

Table 9.18a Titer Variations, their Most Frequent Causes and Magnitudes (These Variations are only sometimes
Additive)

Take-up speed (m/min) 800-1700 3200-3800 =5200
- Quench air variations 3 0 ^ 0 m/1.2 40-60 m/0.6 50-80 m/0.4
- Pulsation of air ducting 1-2 s/0.4 1-2 s/0.3 1-2 s/0.2
- Spinneret temp, variations (T) ace. to T/0.1/°C ace. to T/0.1/°C
- Turbulence in quench 10-40 m/1.0 (broad) 20-60 m/0.5 (broad) 25-80 m/0.3 (broad)
- Traverse:

with godets 0.7-2 m/0.8 1-1.3 m/0.4 1.3-2 m/0.25
with integrated overfeed roll - 3 m/0.3 3.5 m/0.2
(e.g., grooved roll)

- Package running out-of-round* 1-3 m/0.5 1-1.3 m/0.3 1-1.3 m/0.2
- Out of round godets 0.5 m/0.1 0.5 m/0.1 0.5 m/0.1

*and wound yarn length per double stroke

Table 9.18b Investigation into Variables Affecting the Uster Value (Compare Table 7.11 and Fig. 7.32F)

No. Variable Parameter Period Example of investigation
Approx. fractional CV contribution
contribution %

1 Spinning extruder Temperature 1.8 min 0.03 0.4
Pressure 0.83 s 0.01 0.28

2 Spinning beam Temperature 2.6 min 0.09 0.8
3 Melt temperature Viscosity 2.6 min 0.06 0.10

(immediately below spinneret)
4 Melt delivery pressure Melt Pump speed 0.04 0.44
5 Quench Cooling ca. 2 s to irreg. 0.25 1.60
6 Yarn position Cooling ca. n x 2 s 0.05 0.32
7 Yarn tension ca. 2 s 0.20 1.35
8 Traverse Stroke frequency 0.16 0.56
9 Miscellaneous 0.11 0.65

1.00 6.50

hank number

cu
rli

n
g

 
(%

)



Figure 9.77 Uster diagram and wavelength spectrogram of a PA 66 22 dtex Tl multifilament yarn showing three
faults:
A) periodic cross-sectional changes having a wavelength of 4.5 m, caused by an eccentrically-running

spun yarn bobbin,
B) periodic fault showing a ca. 35 cm wavelength caused by an eccentric drawroll on the drawtwister,
Q variation of linear density (titer), caused by pulsating cross-flow quench and an upwardly-pulsating

air flow in the interfloor tube

Table 9.19 Acceptable Uster CV Values (1990)

The Uster test gives: (see also Section 7.8)
the average (mass) titer (= AF value, average factor)
a diagram of titer variation
the CV value (% coefficient of variation): the most important characteristic value for the external
uniformity
the spectrogram, for periodicity analysis and for back-relating to the machine settings (Section 7.8).

Figure 9.77 gives a further example, including the necessary explanations of causes. The Uster Tester
II (old model) can register periods of 2 cm. . . 40 m, the Model III up to 500 m — which makes it the
preferred choice of yarn producers. This model was used to determine the values in Table 7.10, which
serve as an example of complete evaluation [43]. The main influences on the Uster value in this example
were deviations in melt temperature, quench and the traverse. Figure 9.78 shows that it is possible to
convert the linear mass variations along the fiber length into amplitude frequency, thus helping to find the
cause of the disturbance (see also section 7.8).
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1.0... 2.0
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3.0
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(normally not visible after dyeing)

Uniform
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Finally, Table 9.19 gives typical 1990/91 Uster CV criteria for yarn acceptability. The correlation
between these Uster values and end product acceptability determines which values can be accepted in
practice. Uster values above 0.6% become evident in the final product, e.g., as stripiness in solid shades.

In the case of staple fibers, CV values of 7% are considered very good, values of 1 1 . . . 12% are still
acceptable, while—in the case of mixed-spun yarns having a high content of another component—CV
values of up to 25% can be used.

9.3.5.2 Test Methods for Internal Uniformity

The internal uniformity is determined by the morphological and chemical structure of the molecular
constitution and their deviations, which in turn affect the dyeing, the dynamometric properties (modulus),
shrinkage, shrinkage force, crimp, etc. The following tests are mainly used for the investigation of
internal uniformity:

- Dye uptake test
A circular-knitted sock (or a piece of woven fabric for the weft) is dyed in a large vessel at the
appropriate temperature using a test dyestuff, is washed, dried tensionlessly and is then visually
assessed:

- as rings and bands in the knitted sock [74]
- or the sock is unravelled and the yarn dye depth is measured optically
- or the stripes in the sock are marked and the affected yarn lengths are measured (Fig. 9.78, Table

9.19).
- The six stage Toray FYL-500 test system [44] lends itself to continuous evaluation (Fig. 9.79). From

the bobbin magazine (left), a 10 m length of yarn (mainly textured) is taken from each sample and
knotted to the next sample, up to 360 samples per hour being possible. The yarn is dyed with a
special dyestuff (Toray Blue), followed by rinsing. The dye uptake and its variation is then measured
in an optical analyzer, speeds up to 60 m/min being possible. The computer evaluates the so-called
FYL value and its deviations from these inputs. Figure 9.80 shows the dependence of the FYL value
on false twist level and heater temperature [44]. The system lends itself to setting temperature
controls on textile machines, to temperature optimization at texrurizing and to establishing the
relationship between texrurizing conditions and downgrading. It can be used for all yarns (staple and
filament) in all material states (undrawn, drawn, texturized, dyed, etc.), as well as with supplementary
equipment in gaseous or fluid mediums at various temperatures.

- Force measurement at defined change of length.
The "DynafiT tester [39] operates according to this principle (Fig. 9.81, left). In the case of undrawn
yarn or POY, a defined draw ratio is used, whereas a specified overfeed is used for textured yarn. The
yarn runs through a heated tube at a defined pre-tension (g/den), over a roller to which is fixed a force
measuring cell, and is then taken off by means of a take-off roll. The drawing force (or crimp
contraction force) and its deviation are recorded.

- Changes in length at defined force [47].
The Lawson-Hemphill Textured Yarn Tester (TYT, Fig. 9.81, left) measures changes of length and
their deviations. The yarn runs over godets or duos into a heated tube at defined pretension (g/den),
after which the first sensor measures the crimp contraction (total recovery). The speed ratio of
input:output roll gives the percentage change in length. In addition to crimp contraction, the
apparatus measures yarn shrinkage and actual bulk at a specified temperature. It can also be used for
undrawn MOY and POY yarns.

The test results from these latter two methods can be compared, although the reactions of the different
characteristic values to process changes differ (Fig. 9.82). An increase in the first heater temperature, e.g.,
results in an increase in crimp intensity (total recovery), whereas the Dynafil shows a reduction in
the crimp contraction force. The relationships given in Fig. 9.83 show the influence of the process
parameters on the crimp contraction and permit interpretation of the source of the causes of error
(Fig. 9.83).



Figure 9.78
Evaluation scheme for Uster
spectrograms [42]

In addition to the diagrams giving deviations in the characteristic values of internal uniformity, the
following computer/statistical criteria must be added:

- average values of one or more bobbins, e.g., of a machine doff
- standard deviation or coefficient of variation within and/or between the tested values.

Tolerance limits can be given and strongly-deviating packages can be marked or eliminated. Here,
too, mathematical analysis (similar to the Uster spectrogram) can be used to analyze frequencies and
wavelengths with a view to finding their causes. Figure 9.84 shows an example of how texturizing errors
can affect crimp intensity, and how causes of failure can be systematically assigned.

- Dynamic force/elongation diagrams
Dynamic tensile testing, with or without the influence of temperature, is another method for analysis
of internal uniformity [38]. Figure 9.85 compares a static force/elongation curve with that of a
dynamic one derived from the Dynafil (175 0C heater, 100 m/min) for a 335 dtex f48 PET MOY yarn.
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Figure 9.80 Results of an evaluation on a PET false twist yarn using the equipment in Fig. 9.79
a) dependence of the FYL (or L) value on twist level
b) dependence of the FYL (or L) value on first heater temperature

Next, the drawing force is measured at different draw ratios at otherwise constant settings, and the
results plotted on a co-ordinate system—which gives the dynamic force/elongation diagram. Because
of the effect of temperature, this curve is flatter than the static curve, and the typical plastic flow
region of the under-drawn yarn is absent. The dynamic force/elongation curve is more representative
of the real (thermal) process, as here the rheological relationships at higher temperature (e.g., hot
drawing or drawtexturizing) can be analyzed.

9.3.5.3 Results from Investigations into Uniformity, and Causes of Non-Uniformity

If one arranges the measurable characteristics of internal and external uniformity with regard to their
correlation with the most noticeable faults in fabric in a matrix, as in Fig. 9.86, one notices that average
titer and its coefficient of variation (CV) affect stripiness strongly, while average drawing force and its CV
affect dyeability in particular. In the case of textured yarn, changes in length or crimp contraction force
characteristics are mainly an indicator of changes in voluminosity (volume stripiness), but also indicate
changes in dyeability.

By means of analysis and interpretation of Uster diagrams and spectrograms, the sources of titer non-
uniformity can be assigned, as per Fig. 9.87.

- Polymer condition
Viscosity (molecular weight and temperature uniformity)

- Spinning machine
Extruder faults, e.g., loss of pressure—melt temperature and deviations—spinneret temperature—
insulation or bedding in of the spinnerets—quench chamber faults and flow pattern—quench air flow

twist (t/m)
heater temperature (0C)
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Figure 9.79 Continuous yarn testing using the six-stage Toray FYL-500 S dye uptake tester
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Figure 9.81 Apparatus for determining the internal uniformity of yarns.
Left: Dynafil apparatus (Textechno) — force measurement at specified length change.
Right: Textured Yarn Tester (Lawson-Hemphill) — measurement of length changes at specified force.
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heater 1 heater 2 draw ratio D/Y ratio

Figure 9.83 Comparison of results on 167 dtex f30 PET using methods in Figs. 9.81 and 9.82 with Dynafil and with
TYT tester

rate, quench air velocity, including its distribution and turbulence—godet and winder eccentricity—
and bearing problems, roll contamination and damage—traverse mechanism and its faults—spin
finish faults (defective or false, too high or irregular)—variation in intermingling intensity and poor
filament cohesion—take-up speed errors

- Drawtwist machines.
Godet eccentricity, bearing problems, roll contamination and damage—defective separator rolls—
differences in drawing, drawing faults, yarn slipping over the rolls—defective yarn guides or ring

Polyester 167 dtex f 30
Textured Yarn Tester (TYT)

Figure 9.82
Measurement results of the TYT tester (Fig.
9.81)
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travelers—eccentric and vibrating spindles—yarn tension variations (e.g., from ring rail stroke: which
results in titer deviations in the drawn cop)
Warp-draw machines
deviations in the draw ratio—defective reeds—problematic intermingling—start and stop lines after a
yarn break—warp yarn end change resulting from a yarn break.

Figure 9.86
Relationship between yarn uniformity
and downgrading, as a correlation matrix
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Figure 9.85 Tenacity/elongation diagrams
A) from static measurements (tensile
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B) from dynamic measurements (Dynafll

apparatus)
a) reference point (170%)
b) usable range for drawing force

measurements

Figure 9.84 Interpretation of Textured Yarn
Tester TYT results on PET 167 dtex, and assign-
ment of faults found in terms of total recovery
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Figure 9.87
Relationship between the Uster CV value of PA 66 POY yarn and

Uster Value ( normal) POY(%) the % of stripe-free, dyed textured yarn

Twisting machines
changes in the number of twists (e.g., through deviations in spindle speed or twist build-up in front of
yarn guides)—yarn tension variations due to twist generation—winding problems (with multi-tier or
doubling machines)
Texturizing machines
bad package formation—drawing problems during drawtexturizing—heater temperature uniformity
(venting, coking)—too high a yarn speed for a given heater and cooling zone—input and delivery roll
slippage—twist slippage at the twist aggregate—rotational speed of the twist aggregates and their
uniformity—disk surfaces—deposits
Further processing
Assessment of the suitability of the yarn already produced for the planned further processing—
prediction concerning expected quality fall-out, in particular concerning visual uniformity (Figure
9.87). There are sufficient results, both from investigations and from experience, to assess the
characteristic values of internal uniformity, and to use these to establish adequately the causes of
deviations in the process conditions and to demonstrate errors in
Polymer condition/state
viscosity, factors affecting viscosity and its uniformity—differences in chip moisture
Melt spinning and feeder yarns
spinning pumps and their delivery accuracy—spinning temperature, and its effect on viscosity and
degradation—ageing of MOY and POY—spin finish pick-up and its influence on orientation—
moisture in feeder yarn
Drawtwisting
Temperature deviations of individual components and their effect on the stability of drawing and the
draw point—variations in draw ratio—changes in yarn modulus caused by the ring rail stroke—yarn
tension variations caused by ring rail and spindles (bearings, ring traveler, etc.)
Warp-drawing
Variations in draw ratio—yarn temperature effects at starting and stopping
Twisting
tension changes during twisting (tension accumulation)
Texturizing
temperature effects of primary and secondary heaters—variations in draw ratio—variations in disk/
yarn speed (D/Y ratio)—slippage of belts—yarn slippage on disks—incorrect yarn path—package
builds (volume changes on package sides)
Yarn package
modulus changes through package (outside/middle/inside effect) caused by relaxation—winding
effects and package side effects in spun and (particularly) texturized packages
Further processing
temperature and yarn tension effects (e.g., during warp preparation, sizing, dyeing, steaming).
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Figure 9.88 Cause/effect model for investigation of causes of faults in fabrics, relating back to polymer

Figure 9.87 clearly shows that an Uster value of U =0.6% is required in order to achieve 100%
stripe-free goods in the case of PET (a similar relation holds for PA 6 and PA 66), while an Uster value
of U= 1.0% will result in only 85% of stripe-free product. Yarn having an Uster value of 0.7% is
therefore not suitable for general textile application, but can only be used for special applications in
which dye-levelling is used.

For staple fiber production, similar relations can be established, and—from these—the production
parameters and their allowable deviations. From polymer to spun tow, the relations are similar to those
mentioned above, but—after tow stretching—the relationships become much more complex and many-
sided.

control level of properties

finished goods

make-up
cutting

TEXTILE
FABRIC

equipment
finishing

textile
construction
(fabric)

yarn

fiber
filament

fiber type
polymer

direct effect
indirect effect

interaction level of properties

From these individual, listed causes of uniformity variation and from experience, it is possible to
establish

Tolerances for process parameters, particularly for a regulated process control (see Section 9.1.1).
These then form the basis for optimal manufacturing conditions for producing optimal products, as
well as for derived properties and uniform end product quality. The process parameter tolerances
established are "backward-looking", i.e., from the quality of finished fabrics backwards to the
properties of the feeder yarns in each stage of production, right up to the polymer. As an example,
Fig. 9.88 shows a cause/effect model relating the finished goods quality (stripiness) to the yarn
properties, the textile further processing and yarn manufacture. Both objective and subjective criteria
are included in the establishment of the tolerances, e.g., yarn type, end use, dyestuff, etc., constitute
the objective criteria, while, e.g., fashion and customer wishes are taken into account as subjective
factors.
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9.4 Fiber and End-Use Properties

As a consequence of the cause and effect relationships on many levels, the relationship between fiber- and
finished product properties is extremely complicated and multi-faceted. All stages in the production chain
can be treated as a series of input-output relations. The following four stages determine the properties of
the end product:

Fiber properties
Polymer and additives—fiber mixtures—fiber form (cross-section)—filament properties (smooth,
textured, chemically-treated)—elongation
Type of fabric (woven, knitting, non-woven)—construction (binding, number of yarns, surface)
Finishing/after-treatment
stentering, type of dyeing and dyestuff selection—chemical/mechanical/thermal post-treatment (resin
finishing, alkalization, roughening, singeing, surface treatment)
Make-up
type of cutting—form and assembly of individual components in the case of technical textiles.

"Fiber engineering" therefore requires that the appropriate polymeric fiber meeting the criteria above
is used, so that the article produced has a maximum value in use, the so-called "fitness for use".

9.4.1 Cause and Effect Chain Between Fiber and Endproduct

Figure 9.88 is an interaction diagram showing how the polymer and fiber properties persist through into
both the fabric structure properties and the final article properties. While the original polymer/fiber
properties persist into the final article, they can, however, be indirectly changed to a greater or lesser
extent during each process stage. The physical or chemical properties of the fiber can be so strongly
modified by other factors (e.g., crimping, twist, weaving construction and finishing) that the latter
predominantly determine the properties of the final article.

There is a direct relationship between fiber cross-sectional form and, e.g., fabric handle: non-round or
hollow cross-sections have a greater bending moment than round fibers and therefore confer higher
bending stiffness, which results in a harsher handle in the end product. Here the indirect effects of fabric
construction and equipment interact strongly and can gradually weaken the former effects. For
orientation, Fig. 9.89 gives an overview of the final product properties and the factors which affect
them; fiber type, fabric construction and finishing. These illustrations, to be understood as sets, are to be
interpreted as follows: certain properties (e.g., moisture relations, antistatic, antiflam) can be influenced
by the fiber properties or the finishing. Here it is to be noted that, in regard to the permanence of
properties, the original property represents the more durable form.

9.4.1.1 Fiber Shape: Tactile and Optical Properties

The surface constitution of a fabric construction can be deliberately influenced (Fig. 9.90) by the choice
of fiber cross-section. In melt spinning, this is done by selecting the appropriate spinneret hole geometry
(e.g., Fig. 4.136). This, in turn, determines the optical, tactile, physiological and technological properties
of the final product. Figure 9.90 summarizes the dependence of various properties on cross-sectional
shape, area and fiber surface.

To influence luster, titanium dioxide is added to the polymer (Section 6.8.1). The relationship
between luster, cross-sectional shape and degree of delustering is shown in Fig. 9.91 for a carpet yarn
[55]. Even semi-dull (=0.35% TiO2) already shows a noticeable reduction. The addition OfTiO2 results
in duller colors after dyeing. In addition, triangular or Y-shaped profiles produce strong luster, possibly
even glitter effects.

The variation of fiber/filament fineness (which can be reduced down to 0.1 dtex) is important in
"engineering with fibers". Reducing fineness achieves more attractive handle, aesthetic, drape, etc., while
coarser filaments lend themselves to easier fiber production and further processing, have some better
properties in use (abrasion, pilling) and are more suitable for carpet fibers (recovery). Dependence
tendencies are given in Table 9.20.
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Figure 9.89 Relationship between finished goods properties, fiber type, fabric construction and finishing
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lighter
higher
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rougher
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lower
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lower
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weaker
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smoother
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smaller
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stronger

harder
rougher

larger
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optical properties
brightness (luster)
transparency
covering power
color impression (dye depth)
dyestuff consumption
dirt visibility
particle adhesion

tactile properties
handle
friction
bending resistance
voluminosity

physiological properties
fiber surface area
moisture transport
thermal insulation

Figure 9.90 Overview: Influence of fiber cross-sectional shape and surface area on optical and tactile properties

One can also achieve certain effects by means of yarn twisting (Table 9.20a), while—at the same
time—influencing further processing (yarn take-off, beaming, air consumption in air-jet weaving).
According to Fig. 9.92, luster also decreases with increasing twist: this is explained by the helical form of
the filaments after twisting.

Further processing, such as texrurizing or alkalization, modifies the cross-section and/or surface, and
thereby the appearance or handle of the final goods. These modification possibilities are, however, of less
importance than the original fiber cross-section.



Table 9.20 Relationship between Fineness (Single Filament
Titer) and the Properties of the Endproduct

Source: Lenzinger Berichte, Folge 38 and Enka results

Table 9.20a Effect of Twist

TiO2 content (%)

Figure 9.91 Relationship between luster,
cross-sectional shape and titanium dioxide
content

twist level

Figure 9.92 Effect of yarn twist level on luster
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Source: Lenzinger Berichte, Folge 38

Property

Elasticity
Crease resistance
Snagging
Air permeability
Hand (handle)
Bending stiffness (drape)
Voluminosity (bulk)
Covering power
Optical appearance

Single filament titer

fine

lower
lower
lower
lower
softer
lower
higher
higher
more matte

coarse

higher
higher
higher
higher
harder
higher
lower
lower
more shiny

Property

Creasing resistance
Air permeability
Hand (handle)
Voluminosity (bulk)
Covering power
Fabric appearance
Snagging

Twist
low
(non-twisted)

lower
lower
softer
higher
higher
more diffuse
lower

high

higher
higher
harder
lower
lower
sharper
higher



Source: Lenzinger Berichte, Folge 38

Pilling tendency:
Pills are ball-shaped fiber entanglements which are pulled out of the fabric by abrasion during wear.
They are considered to be visually so objectionable that their presence often results in the garment
being discarded. There is a wealth of information covering investigations into the pilling phenom-
enon, from which methods of reducing or completely eliminating pilling have been derived. Figure
9.93 shows the dependence of pill formation on fiber fineness, fiber length and fiber cross-section as a
function of the number of abrasion cycles. The course of pill formation should be noted: more fibers
entangle themselves into pills, the pill density reaches a maximum, the pill density then reduces and
finally (possibly) totally disappears as the anchor fibers in the fabric surface break off. One solution is
to use fiber-forming polymers having low tenacity in the non-axial (= radial) direction: these can be
produced, e.g., by including comonomers in the polymer chain. Such polymers promote the breaking
off of pill-forming fibers on the fabric surface. Figure 9.94 shows the abrasion resistance (propor-
tional to cycles) of PET as a function of the solution viscosity rjrei, with qualitative pilling resistance
limits indicated. Short chain molecules also tend to result in earlier breaking off of the filaments.
The number of flex cycles to break is dependent on the draw ratio (Fig. 9.95). Thermal treatment
(crystallization) also reduces flex fatigue resistance. Figure 9.96 gives a summary of the interactions
of fiber, yarn, fabric construction and finishing on pilling behavior. Here the influence of the fiber
and its further processing can clearly be seen.

9A.1.2 Influence of the Fiber Properties on Various Endproduct Properties

Table 9.21 shows how weaving density affects the properties of the end product in use. A similar
relationship holds for the effect of the length of the float stitch (Table 9.21a). These properties are also
affected by the finishing, particularly regarding the shrinkage developed, which increases the weaving
density.

Table 9.21 Relationship between Yarn Stitch Density and Finished Goods Properties

Source: Lenzinger Berichte, Folge 38

Table 9.21a Effects of Woven Fabric Float Stitch

Property

Tenacity
Areal density
Creasing resistance
Seam strength
Air permeability
Water vapor permeability
Fabric quality

Yarn density
low

lower
lower
higher
lower
higher
higher
poorer

high

higher
higher
lower
higher
lower
lower
better

Property

Elasticity
Snagging
Seam strength
Voluminosity (bulk)
Fabric appearance

Length of float stitch
short

lower
more
higher
lower
more matte

long

higher
less
lower
higher
more shiny
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fiber length
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Figure 9.93
Relationship between pilling behavior and
fiber properties
a) Titer b) Length c) Cross-section

cycles
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Figure 9.94 Relationship between flex abrasion cycles and
solution viscosity of polyester, with pilling behaviour indicated

solution viscosity

Figure 9.95 Flex cycles to break of a textile
PET fiber of average molecular weight as a
function of draw ratio and thermal treatment
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Creasing behavior
During the wearing of garments (particularly on sleeves and trouser legs) and through incorrect
laundering, folds and creases occur (Fig. 3.62), which subsequently more or less disappear. They
may, however, persist, thereby making the garment unacceptable to the wearer.
Crease formation involves two interlocking processes
- Crease formation —, the bending of a fabric structure — the magnitude of the effect depending

on the effective bending moment, the bending resistance and climatic conditions, particularly
humidity and temperature

- Crease recovery — the time-dependent recovery of the crease deformation —, itself a function of
the bending elasticity and the factors which influence it (Fig. 3.68).

According to Fig. 9.88, the factors influencing creasing can be categorized as
internal influences: polymer — fiber, filament — yarn structure — textile construction of the fabric
- finishing, after-treatment, make-up
external influences: loading (tension, pressure, etc.) — climate (humidity, temperature) — time

The method of measuring crease recovery is relatively simple: the fabric is bent 180°, held under a
defined force for a defined time, then the angle of recovery is measured as a function of time, or the
fabric appearance is assessed visually (Fig. 9.96). Figure 9.97 shows the crease recovery of PET as a
function of both orientation and crystallinity, an increase in both of which results in higher crease
recovery. The dependence of creasing behavior on yarn fineness can be seen in Fig. 9.98 for a PET
yarn (note: 8 ̂  best value): increasing filament titer improves crease resistance, because the resistance

property/stage pilling resistance occurs when:

friction
bending stiffness
initial modulus
tenacity
abrasion resistance
bending resistance
(flex abrasion cycles)
titer
length
cross-section
shrinkage

spinning process
twist
singles yarn/twisted
hairiness

yarn anchorage
float
fabric density

heat setting
cropping
alkalization (PET)
spraying
(spot damage)
spraying
(spot adhesion)

high
high

low
low
low

high
great
structured, profiled
high

tangled state
high
twisted
low

high (mesh < weave)
short
high

intensive
intensive
intended
intended

intended

fiber

yarn

fabric

finishing

Figure 9.96 Interaction model: pilling behavior of and between fiber, yarn, textile fabric and finishing treatment



Figure 9.99
Main yarn and woven fabric property
determinants of creasing behavior
(schematic)

moment of the fiber increases likewise. Figure 9.99 shows schematically the dependence of creasing
behavior on woven construction. In addition, finishing used has a decisive effect on creasing
behavior, especially the use of substances which hinder crease formation.
Electrostatic behavior
Table 9.22 gives an overview of the applications where the electrostatic behavior of textiles is relevant
[58]. The effects can vary from irritation in use in the case of apparel to risk of explosion in the case
of technical yarns. The mechanism of static generation in fibers is that rubbing during use generates
an electrical charge, which—because of the poor electrical conductivity of the fiber—cannot be
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Creasing behavior of "Diolen Ultra" as a function of
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Figure 9.97 Crease recovery of PET as a function of morphological order

crystal l inity (%)
degree of lateral order (%)

cr
e
a
se

 
re

co
ve

ry
 (

°)

cr
ea

se
 r

ec
ov

er
y 

(°
)

A
K

U
 

cr
e
a
se

 t
e
st

 s
ca

le



Table 9.22 Relevance of Static Electricity for Textiles

Discomfort Difficulties, poor functioning, financial loss Dangers, risks

- Dirt attraction, - Interference in computers, switching - Ignition, explosion
soiling of wall circuits (in automobiles, aircraft), Mining
hangings, furniture, "high tech." equipment Petrochemical industry
curtains Hospitals

- Electric shocks - Machine- and production stoppages
Carpets, furniture Spinning
Automotive textiles Textile processing

Cutting and make-up
- Clinging, sticking

of clothing

discharged quickly enough. In this way, the textile user can, under certain conditions, acquire a
certain electrical charge, which is then suddenly discharged to earth, resulting in the phenomena
shown in Table 9.22. To achieve an antistatic effect, the specific electrical resistance of the fiber must
be so reduced that the charge developed can be quickly conducted away. This requires that the limits

Table 9.23 Determination and Classification of Antistatic Properties

3 Exceptional to very good
3 . . . 5 Good
5 . . . 8 Acceptable

8 Bad

at22°C/25%RH

given in Table 9.23 are not exceeded. From the dependence of the electrical resistance of various
fibers on the relative humidity of the environment, the following cause and effect dependence can be
derived:

relative humidity
moisture content of the fiber

electrical resistance of the fiber
conduction of the charge

As Fig. 9.100 shows, the electrical resistance decreases by a few decades between 20% and 80%
relative humidity. This leads to a solution for the problem:

staple—spinning of polymer mixtures containing highly conductive substances (Section 2.12.8),
or a combination of carbon-containing polymer from the same source as the main polymer
(Fig. 9.6)

Resistances:
- Solids (ace. to Ges. der chem. Industrie, Germany), at 23 °C/50% RH < 109

- Automotive textiles (ace. to General Motors/Opel), at 22°C/65% RH < 1010

- Clean room clothing, at 22°C/40% RH < 106

- Carpets, at 23 °C/25% RH < 1010

Field strengths:
- Product = log (Field strength x decay half-life), e.g., log (100 V/cm x 1 s) = 2 < 2
Cling time:
- Linen, linings, light female clothing (PA 6)

Development and classification according to experience

Cling time Classification according to antistatic comfort
min



Figure 9.100
Electrical resistance of various fibers as a function of air

air relative hum.dity relative h u m i d i t y

- Continuous filament—combination containing one or more conductive filaments (containing
carbon or metal)

- staple fiber yarns—co-mixing of up to 1% of conductive fiber (containing carbon or metal)
- fabrics—systematic incorporation of conductive yarns or application of antistatic surface coating

(the latter is usually washed out and is not durable)

The co-spinning of conductive substances has proved to be optimal in terms of antistatic properties,
but carbon-containing polymer causes a change in dye shade. This effect can be reduced by using
bicomponent techniques (Fig. 9.6).

9.4.1.3 Fiber Properties and Physiological Behavior

For clothing applications, the term "wearer comfort" is used: this, in turn, can be subdivided into four
categories [59]:

thermophysiological properties
sensory/tactile comfort
comfort through movement/dexterity
psychological comfort

In Table 9.24, the above comfort concepts are causally related to stages in the textile manufacturing
process. Also included are environmental factors (climate) and subjective wearer opinion.

thermophysiological comfort
When the heat generated by the wearer's body is in equilibrium with the bodily heat transported
through the clothing into the environment, the wearer feels himself to be in a state of thermo-
physiological comfort. The textile construction of the yarn and/or the fabric construction is mainly
responsible for the thermal insulation of the garment. To achieve such insulation, the structure should
contain as much air as possible, since air has a lower thermal conductivity than the fiber (Table 9.25).
The amount of air contained in a garment depends mainly on the fabric construction, this amount
being directly proportional to the fabric thickness. Cutting and layering can also influence the thermal
regulation of the garment via ventilation. To achieve good wearer comfort, bodily sweat generated
during physical activity should be transported away. Moisture removal can be achieved by absorption,
transport, textile construction or a sufficiently high permeability. The main contributors to physio-
logical comfort are the moisture absorption of the fiber, its morphological constitution, the textile
construction and the garment construction. The moisture absorption of various fibers at 65% relative
humidity is given in Table 9.26. From Fig. 9.101, it can be seen that the fiber surface area increases
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strongly with decreasing filament titer. It therefore follows that finer fibers have greater surface-
dependent moisture transport potential. Profiled cross-sections also have greater surface area than
round sections. Figure 9.102 gives the schematic relationships between the main properties required
for physiological comfort and the morphological shape properties of the fiber (Table 9.25).
sensory/tactile comfort
Sensory/tactile notions of comfort are subjective, and are derived from the feeling arising from skin
contact with fabrics. These sensations include unpleasant ones, like skin irritation, scratching, itching
or clinging of the fabric to the skin (caused by perspiration or electrostatic charge). The fiber
properties contributing to these effects are given in Fig. 9.90. Woven construction, finishing and
make-up also contribute to this aspect of wearer comfort.
Comfort through movement/dexterity
This aspect of comfort is related to the functionality of the clothing and is significantly affected by the
cut and make-up. Clothing which is cut too small or has too little stretch is considered uncomfortable.

Table 9.25 Thermal Conductivity of Fibers

Fiber Thermal conductivity
W/m x K

Air 0.026
Aramid 0.130
Cellulose acetate 0.226
Cotton 0.461
Polyacrylonitrile 0.200
Polyamide 0.243
Polyester 0.141
Polypropylene 0.117
Polyurethane 0.126
Poly vinyl chloride 0.167
Viscose 0.289
Wool 0.193

Table 9.24 Comfort in Clothing

Thermophysiological comfort
Thermal insulation (heat gain/loss)
Moisture absorption/moisture conduction
Water vapor permeability

Sensory/tactile comfort
Fiber surface, cross-sectional shape
Fabric surface: textile construction,
finishing

Comfort through mobility/dexterity
Cut, fit
Elasticity

Psychological comfort
Subjective "feel good" factor:
fashion, cut, styling
Appropriate for application and
social enviroment

Fiber type-
Yarn
Fabric

Make-up
Enviroment
Activity -
Wearer •



Figure 9.101
Filament surface area for various
linear densities (titer) and cross-
sections * ' t e r (dtex)

A model showing the relationship between clothing fit and stretchability of textile structure is given in
Fig. 9.103. Elastane (spandex), textured and core-spun yarns, in particular, are used in stretchable and
elastic fabrics (corsetry, sports clothing, special medical clothing, etc.). A garment which fits well, is
correctly designed for its end use, allows free movement of the body extremities and frees the hands
for work, is considered comfortable. Other components of comfort come from fitting the fabric
construction to the end use: fabric weight, bending stiffness, stretchability and elasticity (Fig. 9.103).
Here the fiber contributes only partly to the nature of the fabric.
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Table 9.26 Moisture Absorption and Water Retention of Fibers

Fiber type Moisture absorption Water retention
(at 65% RH) % %

Cotton 7 . . .11 45. . .50
Wool 15 . . . 17 40 . . . 45
Silk (boiled-ofr) 9 . . . 11 40. . .45
Viscose 1 1 . . . 14 8 5 . . . 120
Cupro 1 1 . . . 14 8 5 . . . 120
Acetate 6 . . . 7 20 . . . 28
Polyester 0.2. . . 0.5 3 . . . 5
Polyamide 3.5. . . 4.5 10. . . 15
Aramid 4 .5 . . . 5.0 12 . . . 17
Polyacrilonitrile 1.0... 2.0 5 . . . 12
Modacrylic 0 .5 . . . 4.0 10. . . 20
Elastane (Spandex) 0.5 . . . 1.5 7 . . . 11
Polypropylene 0 unknown
Polyethylene 0 unknown
Polyvinyl chloride 0 . . . 0.2 25 . . . 35
Vinal 3.5. . . 5 4 . . . 6
Glass fiber 0 unknown
Carbon fiber 1.0 unknown
Superabsorbent < 10 500. . . 3000



Figure 9.103 Relationship between fit and stretchability of textile fabrics

- Psychological comfort:
Psychological comfort implies that the wearer feels that the clothing has the right cut, is fashionable
and is correctly appointed for the activity in mind (e.g., job, sport, leisure), that the clothing matches
his/her financial, social and functional status, and that the clothing confirms these values. The
physical properties of the fibers, yarns and fabric have here hardly any contribution; styling, dyestuff
selection, etc., are far more important (Fig. 9.103).

9.4.1.4 Fiber Mixtures

Synthetic-, chemical- and natural fibers each have their own specific properties, none of which alone may
satisfy the requirement of a specific end use. In such cases, it can be advantageous to combine the
properties of two or three fiber types in order to obtain an optimum for the end use in question or to
enhance a particular product characteristic. As an example, a mixed yarn made from 84 dtex f 24 viscose
(ca. 13% moisture content at 65% RH) and 44 dtex f 10 PA 6 (4.0% moisture content at 65% RH) has a
cross-section as shown in Fig. 9.104 (Neva Viscon®) and constitutes a lining material having optimal
wear properties in terms of physiology and behavior in usage.
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Figure 9.102 Schematic influence of cross-sectional shape, cross-sectional area and filament surface area on
thermophysiological comfort
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Figure 9.104
Heteroyarn: mixed filament yarn comprising "Neva Viscon"
(viscose) and PA 6 (Akzo Nobel)

In principle, the following methods can be used to mix or blend fibers or yarns:

- combining different staple fibers or staple fiber with natural fiber in flock or at carding
- combining filament yarns and/or staple yarns by means of plying, twisting or entangling
- combining yarns during fabric manufacture (at weaving, in warp and/or weft; in netting structures by

means of the yarn delivery system).

The following fiber combinations have proved themselves successful in terms of processability and
optimization of product properties:

a) chemical- or synthetic fibers with natural fibers
polyamide with wool—polyester with wool, cotton or flax—polyacrylonitrile with wool—polypro-
pylene with wool—viscose with wool and cotton

b) chemical- or synthetic fibers with one another
polyamide 6 with viscose, acetate, polyvinyl chloride, polyamide 66, polyester or electrically-
conductive fibers (containing carbon or metal for antistatic protection)—polyester with polyacrylo-
nitrile, elastane (spandex) or viscose—viscose with acetate, polyacrylonitrile or polypropylene

c) natural fibers with one another
wool with ramie, silk or mohair—mohair with silk—cotton with flax

The above list is by no means complete in itself, and furthermore, new fiber mixtures are constantly
being devised for reasons of fashion and technological advance. Existing mixtures disappear from the
market, sometimes re-appearing a few years later.

dimensional stability

crease recovery
pleat retention

laundering properties

tenacity

abrasion resistance

handle

pilling tendency (low pill types)

voluminosity / bulk

moisture absorption

very good good satisfactory poor

Figure 9.105 Effect of the blending ratio of two fiber components on aesthetic properties

% PET
% wool



Figure 9.105 shows the effect of continuously varying the proportions of PET and cotton on various
aesthetic properties of the widely used cotton/wool blend [53]. From these results, one can conclude that
the optimum ratio is 55% PET/45% wool.

Fiber combinations of staple or continuous filament yarns include mixtures of the same or different
polymers having different morphological, physical and chemical properties (compare Section 9.23), e.g.:

a) morphological combinations involving fineness (fiber/filament), cross-section and crimp
b) physical combinations, particularly involving shrinkage (high/normal shrinkage), elastic modulus,

flat/textured, luster (bright/matte).
c) chemical combinations, with a view to dyeing effects (differential dyeing), solution viscosity.

Table 9.27 gives a summary of the most commonly used blends, typical blend ratios and their end uses.

Table 9.27 Typical Apparel Fiber Blend Ratios

Blend components Blend ratios % Application examples

cotton 50/50, 65/35, (67/33), Underclothing, shirts, blouses,

PET/ nightwear, clothing, poplin coats,
cellulose 70/30 work- and sportswear

PET/linen 65/35, 80/20 Leisurewear, clothing
PET/silk 70/30, 75/25, 80/20, 85/15 Leisurewear, clothing
PET/wool 55/45, 70/30 Suits, trousers, costumes, dresses, coats, jerseys,

pullovers, uniforms
PET/PAC 50/50, 60/40, 65/35, 70/30 Leisurewear, clothing, women's slacks, pullovers,

jerseys, tableware

PAC/wool 55/45, 70/30, 60/40 Jerseys, clothing, pullovers, socks
PAC/cellulose 55/45, 70/30 Jerseys, clothing
PAC/linen 55/45, 80/20 Leisurewear, knitted goods

Wool/PA 75/25, 80/20, 85/15 Uniforms, socks, handknitting yarns
Wool/cellulose 50/50, 70/30 Suits, jackets, sports coats

PET/PAC/wool 55/15/30, 30/40/30 Jerseys, clothing, pullovers
PET/PAC/cellulose
PET/PAC/others

Staple combinations 30 . . . 40% high shrinkage Jerseys,clothing, pullovers,
of high shrinkage PAC component handknitting yarns
or high shrinkage PET Trousers, clothing, jackets

9.5 Methods of Fiber Identification

Because of the existence detailed, specialized literature [46, 60, 23] and the availability of normed test
methods [63], we confine ourselves here to identification tests related to application. The most commonly
used fiber types are listed in Tables 9.28 and 1.1, as well as in the Fiber Table. Furthermore, many fibers
are only known by their trade names, even when they are, in fact, normal fiber types, and show only small
differences in identification tests and further processing. Table 9.28 gives the simplest characteristic
differences between various fiber types. In Germany, the most commonly used identification methods
involve dyeing or dissolution in solvents, while in the USA (as per ASTM) [63], infrared spectroscopy is
the preferred method.



Table 9.28 Characteristics for Differentiation of the Most Important Textile Fibers

Identification and separation of synthetic fibersInvestigative methods and fiber differentiation

Dyeing

Dyestuff III: greenish-
black
Neocarmin W: yellow
Neocarmin MS: red-
orange
RI: bright yellow

Neocarmin W: yellow
Neocarmin MS: red-
orange

No affinity for most acidic
dyestuffs; not dyed by
Sanger reagent: other
polyamides stain light
yellow (66% ethyl
alcohol + 2%
dinitrofluorobenzol +
2% sodium bicarbonate)

Solubility

Easily soluble in
chlorohydrate 1.9 g/cm3

H2O
Insoluble in
chloralhydrate
1.25 g/cm3 H2O

Slowly soluble in
chloralhydrate 1.9 g/cm3

H2O
Slowly soluble in
chloralhydrate
1.25 g/cm3 H2O

Soluble in m-cresol, cone,
formic acid
Insoluble in warm cone.
HCl

Melting
point
determination

Sp: 2500C
Melting point
salt: KClO3

(2500C)

Sp: 215 0C
Melting
point salt:
KHSO4

(2100C), p-
oxybenzoic
acid (215 0C),
anthracene
(213 0C)

Fluores-
cence
in UV light

Blue-white

As for
Nylon 66

Dry
distillation

Litmus
paper:
alkaline
(blue)

As for
Nylon 66

Alkaline
fumes

Burning test

No ignition
Melts slowly
to form a
dark brown
mass having
small bubbles
Pyridine smell

As for
Nylon 66

Melts together
without
turning brown

Microscopic view

cross-section

Round to
weakly oval

As for
Nylon 66

Round

longitudinal

Smooth
structureless

As for
Nylon 66

Lengthwise
cracks

Color

Bright luster,
white

Lustrous,
white,
transparent

Charact-
eristic
fiber

Nylon 66

Nylon 6

Perlon U



Table 9.28 {Continued)

Identification and separation of synthetic fibers

Dyeing

Dyestuff III: dirty yellow
Neocarmin MS: pale
violet

Dyestuff III: brownish
pink
Neocarmin MS: Orion,
Pan, Dralon, etc. dye
green
Other polyacrolonitriles
dye yellow to yellow-
green

Dyestuff III: red-brown
Neocarmin MS: pink

Solubility

Insoluble in chlorinated
zinc iodide solution: is
tinted weakly yellow;
Insoluble in cold, liquid
phenol; Soluble in hot
phenol and in hot
nitrobenzene

Insoluble in p-nitrophenol
(70%, hot), acetone,
phenol (80%); Soluble in
calcium rhodanide (70%,
cold), dimethyl-
formamide (hot), cold,
cone, nitric acid

Soluble in acetone,
cyclohexanone, phenol
(80%)

Melting
point
determination

Sp:257°C

Becomes
sticky above
225 0C

Fluores-
cence
in UV light

Intense
yellow

Dry
distillation

Initially
neutral, on
further
heating,
acidic

Initially
neutral
fumes; On
further
heating,
alkaline

Litmus
paper: acidic
(red)

Investigative methods and fiber differentiation

Burning test

No ignition
Melts together
No specific
smell

Browns and
melts together,
then burns,
emitting
yellow soot;
Flames; No
to slightly
sweet smell

Not
flammable;
Burns while
in the flame,
but self-
extinguishes
on removal

Microscopic view

cross-section

Round,
limited
smoothness

Dumb-bell
to bisquit-
shaped

Dumb-bell
shaped

longitudinal

Smooth,
structureless

Slight
lengthwise
cracks

Smooth

Color

Slightly
ivory to
white, opaque

Weakly amber
(cream
colored)

Golden yellow
to clear

Charact-
eristic
fiber

Polyester
(Terylene)

Polyacri-
lonitrile
(Orion)

Dynel



I1OOr<Ov-Si3

Identification and separation of synthetic fibersInvestigative methods and fiber differentiation

Dyeing

Neocarmin MS: dark pink

Neocarmin MS: dark pink

Dissolve in 30% H2SO4

and add a few drops of
iodine/potassium iodide
or carbazol sulfuric acid:
blue color

Solubility

Insoluble in trichloro-
ethylene, xylene, acetone

Soluble in trichloro-
ethylene, xylene, acetone

Soluble in boiling xylene

Soluble in molten alkali
metals; Soluble in
fluorine gas and
trifluorochloromethane at
high temperature and
pressure

Melting
point
determination

Shrinkage
point 2100C;
browns
noticeably

Sp: 105-
1100C

Decomposition
temperature:
399 0C

Fluores-
cence
in UV light

Matt blue-
green

Dry
distillation

Litmus
paper: acidic
(red)

As for PCU

Burning test

Incombust-
ible, not
flammable;
Fuses into a
black mass
Smell of
burning

As for PCU

Difficult to
ignite

Ignites and
burns slowly,
like high
melting point
wax

Glows in the
flame, but
does not
burn; Melts
at 400 0C
with
decomposition

Microscopic view

cross-section

Elongated,
with fine
grooves on
circum-
ference

Kidney-
shaped

Bean-shaped

Round

Round

longitudinal

Fine grooves

Smooth

Fine length-
wise cracks

Smooth

Smooth

Color

White

White

Dirty gray-
white

Charact-
eristic
fiber

PCU

PC

Polyvinyl
alcohol

Polyethylene

Teflon



Table 9.28 (Continued)

Identification and separation of synthetic fibersInvestigative methods and fiber differentiation

Dyeing

Dissolve 0.1 g of
polystyrol in 5 cm3 cone.
HNO3 to form a clear
yellow solution;
Addition of 20 cm3 H2O
results in a lemon-yellow
precipitate;
Extract twice with
ethylether, then twice with
dil. NaOH;
Neutralize with HCl
Add zinc and warm,
followed by a few drops
of 5% aqueous sodium
nitrate solution and
alkaline /?-naphthol
solution: bright red color

Not dyeable except in
spinning solution

Dyestuff III: black; RI:
green

Solubility

Insoluble in 20-25%
H2SO4 and glacial acetic
acid; Soluble in
chloroform and
tetrachloromethane

Insoluble in cold H2SO4

(80%) and cone. HCl up
to 400C
Soluble in boiling 5%
NaOH and sodium
hypochlorite

Melting
point
determination

Fluores-
cence
in UV light

Bluish-white

Dry
distillation

Burning test

Leaves an
irregular,
bloated, black
mass,
in some
ways like
silk

Microscopic view

cross-section

Round

Round,
square, etc.,
according to
spinneret
hole

Round or
weakly
elliptical

longitudinal

Smooth

Smooth

Overlapping
scales

Color

Transparent

Gray to black

Charact-
eristic
fiber

Polystyrol

Polybuta-
diene

Wool



Table 9.28 {Continued)

Identification and separation of synthetic fibersInvestigative methods and fiber differentiation

Dyeing

Dyestuff III: black; RI:
blue

Dyestuff III: mid-gray;
RI: bright-to mid-yellow

Dyestuff III: pink (violet-
gray)
Neocarmin W: red to red-
violet
Neocarmin MS: blue-
violet to violet
RI: deep yellow

Dyestuff III: bright olive
Neocarmin W: greenish-
yellow
Neocarmin MS: orange
RI: red

Solubility

Soluble in 10 parts
ZnCl2 + 10 parts
H2O + 2 parts ZnO and
in 10 g CaCl2 in 100 cm3

90% formic acid, or in
boiling 5% NaOH

Soluble in ammoniacal
copper oxide

Soluble in acetone

Melting
point
determination

Decompo-
sition
temperature ca.
1700C

Fluores-
cence
in UV light

Bluish-white

Yellow-
white to
yellow

Yellowish-
white to
yellow
(Cupra:
reddish
white)

Bluish-violet

Dry
distillation

Burning test

Burns
constantly
with weak
hissing
Smells of
burning hair;
Extinguishes
on removal
from flame

Burns with a
blue flame

Burns with
blue flame;
Smells of
burning paper

Microscopic view

cross-section

Round to
rounded
triangle

Irregular,
dumb-bell
shaped

Irregular,
with more or
less large
notches

Highly
folded

longitudinal

Smooth

Tortuous

Lengthwise
stripes to
fine surface
structure

Lengthwise
stripes

Color

Matte white

Slightly off-
yellow

Lustrous white

Charact-
eristic
fiber

Silk

Cotton

Cellulose
hydrate
(viscose)

Cellulose
acetate

Note:
RI = Reactive Identex (S.A. Francolor, Paris, France). Dye using 2 g/1 at 90. . . 95 0C, liquor ratio 1:40, wash and treat twice for 3 min in 5 g/1 Primatex CG at 80 0C. Wash cold and dry
Neocarmin: Supplied by Fesago, Chem. Fabrik Dr. Gossler GmbH, Heidelberg, Germany.
Dye mixture III: Chromorhodine BR + Cellitonechtgelb C + Acilandirektblau: 0.5 g in 200 cm3 H2O + 1 cm3 acetic acid (56%). Boil fiber in mixture for 3 min, then rise at 400C
(according to Schaeffer).



9.5.1 Diagnostic Dyeing Tests

Four diagnostic dyestuffs [60] are used: Neocarmin W, -MS, -TA and Carmine Azurol [65]. Each dyestuff
will dye a given fiber to a particular color which is characteristic for that fiber type (Table 9.29).

Dyeing method: Neocarmin dyeings require 5 minutes. Neocarmin W is dyed cold: Neocarmin MS
and TA at the boil; Carmine Azurol requires 10 minutes at 85-90 0C, followed by rinsing until the water
is clear. These test dyeings can only be used as a pre-test, as slight differences in polymer constitution
make themselves noticeable. Pretreatment and copolymerization can also produce considerable differ-
ences. Mixed yarns or differences in the warp and weft can easily be detected. Fibers which have dyed
differently can be easily separated mechanically. Heavily dyed samples cannot be dyed with the above
diagnostic dyes. Bicomponent fibers can usually be easily identified in microscopic cross-section.

9.5.2 Microphotographs of Fibers

Longitudinal- and cross-sections of unidentified fibers can be compared with sections of known fibers as
an aid to identification. For longitudinal viewing, the fiber is laid in distilled water or diluted glycerin.
During cutting, the cross-section must not be damaged: this can happen in the case of shear- and cross-
sections. A darning needle can be used to pull a fiber bundle through a cork (or Plastiline), after which the
cork is sectioned using a sharp razor blade in a pulling mode to give a thin section, which can be placed
on a glass slide with a drop of water, covered with a cover glass and examined under the microscope.
Examples of fiber microphotographs can be found in this chapter, in the Fiber Table and in the literature
[62,63]. Particularly clear pictures are obtained from the scanning electron microscope (SEM).

9.5.3 Solubility

No knowledge of chemistry is necessary for these tests. A requirement, however, is an unambiguous
solubility reaction, e.g., solution of PAN in cold glacial acetic acid and acetate is conclusive, but
dissolution in boiling DMF, however, is not conclusive proof of PAN. For this reason, it is necessary to
complete the whole solubility test scheme [46,63,67], from which Table 9.30 is derived [60]. A simplified
scheme, valid for synthetic fibers and acetate [62], is given in Fig. 9.106 and in [63].

These tests can be further refined by modifying the solvent by addition of a miscible component,
distilled water (usually) or methanol. Fiber/solution mixtures which are difficult to resolve can be made to
reveal their components by this method, or the dissolved component can be precipitated.

These investigations can be done either macroscopically (in a beaker) or microscopically on a glass
slide. The type reactions below are based on the above methods.

9.5.4 Type Reactions [60]

These are special reactions, valid for every type of fiber, which—if fully carried out—give an
unequivocal identification. They should only be applied when the identity of the fiber has already
been guessed, or a preliminary test has suggested a fiber type.

With this as prerequisite, the fibers can be allocated to solubility groups (according to Stratmann: I to
IV [60]). Tables 9.29 and 9.30 show how to proceed further.

9.5.5 Embedding the Fiber in Specific Reagents

If the microscopic examination is carried out with the fiber immersed not in an inert medium, but in a
swelling or dissolving medium, many fibers follow a specific reaction course. According to the speed of
penetration through the skin or the cut end, the swelling can appear tulip-, trumpet-, hat- or mushroom-
shaped [60].



Table 9.29 Diagnostic Dyeing of Fibers Using Test Dyestuffs [25]

^ ^ " \ ^ Dye
"̂~~"~\̂ ^ Neocarmin W Neocarmin MS Neocarmin TA Canninazurol

Fiber ^ ^ \ ^ ^

Cotton Co pink to blue violet - wine red
Kapok Kp yellow pink-violet - blue-violet
Flax Fl pink to blue purple - wine red
Hemp He pink to blue bright violet slightly dirty blue- dark wine red

gray
Ramie Ra pink to blue lilac-blue - wine red
Jute Ju dirty yellow red slightly dirty pink dark blue
Wool Wo strongly yellow red strongly blue bright blue
Mulberry silk Ms Fibroin: yellow Raw silk: strongly Fibroin: pale yellow red-violet

red
Serizin: blue Boiled-off: strongly Serizun: blue

pink
Tusseh silk Ts Fibroin: yellow red-blue strong dirty blue strong bright blue

Serizin: blue
Cupro CC blue strongly blue - red
Viscose CV pink, lilac, blue strongly violet - red
Acetate CA yellow red-orange pink-yellow
Triacetate CT pale yellow yellow golden yellow
Alginate AL brown-violet blue-violet dirty bright blue- red-brown

green
Regen. protein KA strongly yellow red, purple, brown, dark blue-black strongly violet-blue

violet to black
Poly amide PA 3, bright yellow strongly orange dark blue-green blue
3, 6, 66 6, 66 PA 3: orangish
Polyamide 11 PA 11 pale yellow yellow-orange dark blue-green pale gray-blue
Poly amide 12 PA 12 pale yellow yellow-orange strongly blue pale lilac
Qiana PA (Q) - pale beige bright greenish-blue pale gray-blue
Nomex PA (N) - pink - bright greenish-blue
Polyurea PUA bright yellow orange-yellow dark greenish-blue gray-blue
Polyester PES - pale dirty pink yellow (Dacron 64: pale blue

pink)
normal types

I Vycron PES (V)

Grilene PES (G) - very pale pink yellow pale blue
A-TeIl PES (A)

PES Kodel PES (K) - - yellow pale blue
Polycarbonate PC - - or pale pink bright yellow bright blue
Acrylic PAC - yellow-green, blue (basic bright blue

orange, pink-blue copolymer) pink
(acidic copolymer)

Polyvinylchloride PVC - strong pink-blue dirty yellow-pink bright blue
PVC post- PVC+ - strong pink-blue dirty yellow-pink bright blue
chlorinated
Polyvinylidene PVC - strong pink-blue bright yellow bright blue
Copolymers PVM - pink dirty pink pale blue
Vinal PVA blue, starts dissolves dissolves dissolves

dissolving
Vinylal PVA+ yellowish, blue violet dirty pink; yellow- violet-blue

green
Polyolefine PE, PP - pale to strong pink yellow bright blue
Fluoroethylene PTFE - -
Polyurethane PUR pale yellow salmon bright blue-green very pale gray-blue
Rubber LA yellow red-blue dirty olive bright blue
Elastomer PUE yellow red olive, green to blue- blue

green
Vyrene: dirty pink

The information in the table is based on results from normal production. Deviations can be caused by polymer
modification.



Table 9.30 Scheme for Qualitative Chemical Analysis of Fibers (ace. to M. Stratmann)

Glacial acetic acid, cold

Required reagents:

0.5 n hydrochloric acid (cone. HCI diluted 1:1)
Nitric acid, cone.
Soda solution, 10%
Glacial acetic acid
Formic acid, cone.
Acetone
Methylene chloride
o-Dichlorobenzene
Dimethylformamide
Ethylenediamine hydrate
Phenol, 80%
Cyclohexanone

insol.: nat. and chem. Cellulose (Triacetate), Wool, Silk

Acetone, cold

nat. and chem. Cellulose (Triacetate)insol.sol.:

PeCe fiber
(Triacetate)
(Dyne!) slowly

2. Methylene chloride,
cold

• 0.6 n HCI1 cold

sol.:
1.2 1/2 Acetate
2. Triacetate

insol.:
Triacetate
21/2 Acetate

1. Methylene
chloride, cold

or 2. Phenol (80%, cold)

sol.:
Nylon
Perl on, etc.
Eftrelon

Polyvinyl acetal

sol.:
1.Triacetate

PeCe fiber

insol.:
Dynel

Dilute with
water

ZTriacetate PeCe fiber
Dynel

insol.: nat. and chem. Cellulose,....
Methylene chloride, boiling

sol.:
Polyvinyl chloride
(PCU only si. sol.)

Triacetate

insol.:

Polyester
PCU
Saran
Courlene

Cone, sulfuric
acid, cold

Precipitate solution
Nylon stays clear:

Perion, etc. Polyvinyl acetal
Eftrelon

Dimethlylformamide,
boiling

sol.:
Perion, etc.
Eftrelon

insol.:
Nylon

sol.:
Triacetate

insol.:
Polyvinyl chloride

Phenol (80%, cold)

sol.:
Rilsan

insol.:
Polyester

PCU; Saran
Courlene

Phenol (80%, boiling)

Sol.:
Polyester

PCU (slowly)
Saran (slowly)

insol.:
Courlene

(swells during
high shrinkage)

Sulfuric acid (cone, cold)

sol.:
Polyester

insol.:
PCU, Saran

Cvclohexanone. cold

soi.:
PCU

insol..
Saran



Table 9.30 {Continued)

...Alginate, chem. Protein fiber, Potyamide, Polyvinyl, Polyethylene, Courlene, Polytetrafluoroethylene, Teflon

..Wool, Silk, Alginate, chem. Protein fiber, Polyamide, Polyester, Polyvinyl (except PeCe and Dynel), Courlene,
Teflon

...(Triacetate), Wool, Silk, Alginate, chem. Protein fiber, Rilsan, Polyester, Polyvinyl (except PeCe, Dynel and
Polyvinylacetal), Courlene, Teflon

nat. and chem. Cellulose, Wool, Silk, Alginate, chem. Protein fiber, Rilsan, Polyester, PCU1 S a ran,
Polyacrilonitrile, Acrilan, Zefran, X-51, Creslan, (Dynel), Verel, Darvan, (Polyvinylacetal), Courlene, Teflon

o-Dichlorobenzene, boiling

Molten lumps
(Darvan)
(Dynel)
(Verel)

(having fiber structure)

Acetone, boiling

sol.:
•Dynel
Verel

insol.:
Darvan

Acetone,
boilina

sol.:
Dynel
Verel

insol.:
Darvan
Creslan

Formic acid
cone, boiling

sol.:
Creslan

insol.:
Darvan

Ethylenediamine
hydrate, boiling
molten lumps

without fiber structure
and does not dye:

Dynel
molten lumps having

f ber structure and dyeing
reddish-brown:

Verel

insol.:
Dimethylfprmamide, cold

...nat. and chem. Cellulose, Wool, Silk, Alginate,
chem. Protein fiber, Polyacrilonitrile, Acrilan, Zefran,
X-51, Creslan, (Dynel), (Verel), (Darvan), (Polyvinylacetal), Teflon

...nat. and chem. Cellulose, Wool, Silk, Alginate,
chem. Protein fiber, Polyacrilonitrile, Acrilan, Zefran,
X-51, (Polyvinylacetal), Teflon

...nat. and chem. Cellulose, Wool, Silk, Alginate,
chem. Protein fiber, X-51, (Polyvinylacetal), Teflon

Wool, chem. Protein
fibers, Teflon

sol.:
Darvan
Dynel
Verel

Creslan

insol.:

Dimethylformamide, boiling

sol.:
Polyacrilonitrile

Acrilan
Zefran

insol.:

Sulfuric acid, cone, cold

sbl.:
nat. and chem.
Cellulose
Silk, Alginate
Polyvinylacetal
CopolymerX-51

irfsol.:

Ethylenediamine, boiling

sol.:
Wool

insol.:
chem. Protein
fiber, Teflon

Sulfuric acid
cone, boiling

sol.: insol.:
chem.Protein Teflon

fiber

Soda solution
10%, boiling

sol.:
Alginate

insol.:
nat. and chem.
Cellulose

Silk,(Polyviny1acetal)
CopolymerX-51

Formic acid, cone, cold

sol.:
Polyvinylacetal
(partly slow)

insol.:
nat. and chem.
Cellulose
Silk, X-51

Nitric acid,cone, cold

sol.:
CopolymerX-51

insol.:
nat. and chem.
Cellulose, Silk

Microscopic
differentiation



Figure 9.106 Simplified analytical scheme for identification of fibers, based on solubility [29]
c = cold, for 30 min; b = boiling, for 30 min. For fiber type abbreviations, see Table 10.5

Using this method, the degree of heat setting of polyester yarns can be determined by iodine
absorption [68]. The iodine absorption (mgl/g fiber) depends on the specific surface area. Figure 9.107
shows the functional relationship.

Figure 9.107
Iodine absorption of polyester yarn as a
function of specific surface area and heat
setting temperature [35]

yarn sample

CA,CTA,PVC PA,PAN,PET,EL

PAN,PETPA ,ELCA,CTA PVC

CTA CA PA EL PET PAN

PA11 PA6 PA 66

tetrahydrofuran, b.
soluble insoluble

new sample+formic acid, cone, cold formic acid, cone, boiling

insolublesoluble

glacial acetic acid, b. o-dichlorobenzol, b.

soluble insoluble soluble insoluble

cyclohexanone, b.
soluble insoluble

dimethyl formamide, b.
soluble insoluble

methylene chloride, c.

soluble insoluble

soluble insoluble

temperature
(0C)

iodine absorption j
(mg l/g fiber)y

spec, surface area (cm2/g)
untreated



9.5.6 Thermal Tests

Included here are:

- Melting point determination: This can be done under a microscope fitted with a melting stage or,
more indirectly, by thermomechanical analysis (see Section 9.3.1). If the heating rate is sufficiently
low, the melting point determination gives exact results. Even small differences can be used to
differentiate fiber types. The melting point can also be determined microscopically under polarized
light, since birefringence disappears instantaneously on reaching the melting point.

- Dry distillation: The fiber sample, together with a moistened cotton-wool ball, is sealed in a glass tube
and heated to red heat. The tube is then cooled down, broken and the pH value of the moist cotton-
wool ball is measured and the result compared with the values given in Table 9.31. The pyrolysis
residue can also be examined using thin layer chromatography.

Table 9.31 Typical Behavior of Man-Made Fibers During Burning and Dry Distillation

Fiber FP Smell Residue pH value of vapor evolved
0C during dry distillation

PAC carbonizes Sweet, aromatic Hard, brittle, black irregular 10 . . . 11
pearls (globules)

PA 6 215 . . . 220 Weak smell of burning hair, Hard, tough, gray-brown, 10 . . . 11
PA 66 255 . . . 260 not pungent round pearls
PET 250. . . 260 Sweet aromatic, slightly Hard, tough black-brown 3 . . . 4

pungent round pearls
PVC 160.. . 200 Pungent, irritant, causes Hard, black irregular pearls 1

coughing
PVA carbonizes Similar to burnt sugar Brownish, brittle 4 . . . 5
PP 160.. . 175 From burning paraffin to Light brown, round pearls 6 . . . 7

undefinable

- Burning test: A small fiber sample is brought close up to a flame, is slowly introduced into the flame
and is then removed from the flame. All changes and odors are noted and compared with those listed
in Table 9.31 or with experience.

- DSC or DTA methods: Here it is also possible to identify partly crystalline polymers, relying
particularly on melting point, heat of fusion and reaction temperature and -energy. The melting point
is characterized as an endothermic peak in the diagram, while solid state polycondensation is an
exothermic process. The total energy can be measured by planimetry.

Measurements are usually carried out from 400C to 400C above the melting point on samples of
0.3 . . . 3 mg size at heating rates of 20 °C/min. Figure 9.108 shows an evaluation of the results of such a
measurement, giving the enthalpy H and the specific heat cp, as a function of temperature for isotactic
polypropylene and two polyethylene types. Table 9.32 gives results for other polymers.

These methods can also be used to elucidate the prehistory of the fiber. Figure 9.109 shows, for PA 66
(Nylon) and PET (Terylene®), the effect of changing quenching conditions at spinning (with quench or
without quench, as per program). Interpretation is, however, a matter of experience and still needs to be
catalogued.

9.5.7 Infrared Spectral Analysis

ASTM [63] gives detailed rules. Figure 9.110 shows an on-line measuring equipment, Fig. 9.111, a
scheme for the analytical procedure. A double-beam infrared spectrometer is used. Measurements require
both experience and reliability of equipment. Measurements can be done on solids (fibers or films), as
well as on melts, the latter being particularly useful for analysis of components and impurities.



Table 9.32 Results from DSC Measurements on Various Fiber Types [38]

Fiber Name/trade name Melt Filament
Melting temp. Heat of fusion

0C cal/g 0C

PA PA 6 217 12
PA 66 257 14
PA 610 218 14
PA 11 185 10

PET Terylene, Dacron, Diolen 249 7.5 140.. . 150
Kodel411,Kodel211

Polyolefin PE (branched) 102 14
PE (linear) 128 35
PP (isotactic) 156 15

Poly vinyl chloride Saran 162 4.0
Cellulose acetate Arnel, Tricel 278...296 2.2...7.8 120.. . 145

206

Table 9.33 Recommended Methods for Producing Films
of Acceptable Quality for Infrared Spectroscopy

Fiber type Film cast from

Acetate Acetone solution
Modacrylic Acetone- or butyrolactone solution
PA 6, 66, etc. Melt
Polyacronitrile Acetone- or butyrolactone solution
Polyolefin Melt
Polyester Melt
Saran Melt
Cellulose triacetate Methylene chloride solution
Vinal Methylene chloride solution
Vinyon Methylene chloride solution

(The methods listed are known to be practicable. The list is
not, however, complete in terms of fiber types and/or alterna-
tive solvents)

Figure 9.108
Enthalpy H, based on O0C (top), and specific
heat Cp (bottom) as functions of temperature
a) Isotactic polypropylene b) Atactic polypro-
pylene c) Linear polyethylene d) Branched
polyethylene

temperature (0C
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In the case of a mixed yarn, the fiber components must be separated, optimally by dissolving the fiber
to be investigated using a very pure solvent taken from Table 9.33. Alternatively, separation can be
done by melting under an inert gas in order to obtain a cast film. These are TFE-fluorocarbon platelets
which are pressed in a hydraulic press at a pressure of 14MPa (ca. 15 bar) for 2 . . . 5min. In the
measuring cell they are scanned over a wavelength range of 2 .5 . . . 15 um. One obtains infrared
absorption diagrams which can then be compared with known, catalogued diagrams. Here the
smallest deviations in polymer composition or the presence of impurities can be detected in the
spectrogram. ASTM [63] cites 31 examples, of which Fig. 9.112 is an extract of frequently-occurring

Figure 9.110
Schematic of on-line infrared
spectrometer

infrared spectrum of
the polymer melt

information concerning product quality
production
control

computer

process
calculatorinterferometer

pressure control
temperature control

IR measuring cell

melt pump

polymer melt manifold

Figure 9.109 DSC heat flow diagrams for two synthetic fibers cooled under different conditions
a) PA 66 (Nylon 66) 1 cooled in quench chamber
b) PET (Terylene) 2 cooled according to program

- Fiber analysis (Table 9.32 [63]).

temperature (0C)
temperature (0C)

Nylon 66
a 1 b 1 Terylenea) a)

a2 b) b2 b)



Figure 9.111
Scheme for analysis of infrared spectra. Absorption bonds are ordered in terms of wavelength in fim.
P) present; A) absent: A/W) absent/weak
A) present at 5.75 |im; B) present at 6.23, 6.30 and 6.70 Jim
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Figure 9.112 Typical fiber (film) infrared spectrograms
Typical polyamide fibers

d)
Qiana
(DuPont)

c)
PA 11

b)
PA 66

a)
PA 6



e)
PET (e.g.
Dacron,
Terylene,
Diolen,
Trevira
etc.)

f) (1,4-)
Cyclo-
hexane-
dimethanol
(Kodel)

g)
(l,4-)Bu-
tanediol
(Fortrel)

h)
PET-oxy-
benzoat
(A-TeIl)

Figure 9.112 (continued) Typical fiber (film) infrared spectrograms
Typical polyester fibers



O
PAN
(Acrilan,
Orion,
Dralon, etc.)

J)
Modacrylic
MAC
(Dynel,
Verel, etc.)

k)
Polyethylene

0
Polypro-
pylene

Figure 9.112 (continued) Typical fiber (film) infrared spectrograms
Typical PAN fibers
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m)
Kevlar

n)
Nomex

Figure 9.112 {continued) Typical fiber (film) infrared spectrograms
Typical polyaramid fibers

PET containing DEG, 2,86 % DEG
1,1*5% DEG'
0.68% DEG

wave number (cm"1)a)
wave number (cm"1)b)

S:*^^

DEG content (%)c)

Figure 9.113
(a): Section of IR spectrum of molten PET containing
various DEG (diethylene glycol) concentrations: a= 1%,
6 = 2%, c = 3% DEG
(b): IR spectrum of pure PA 6, and PA 6 containing 13%
talcum powder as filler (shaded). The main differences are
found at a wave number of 1030 cm"1

(c): Absorption peak height versus DEG content of PET
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synthetic fibers. One should, however, identify one's own measurements by fiber type, chemical
analysis, trade- and manufacturer's name, date, etc. and archive it for categorization later.

- Melt investigation
Instead of using static films derived from solution or melt, one can pump a melt or solution
continuously through a specially-constructed cell. Since the main product is known, one can obtain a
deviation signal by comparing the actual signal with that of a standard infrared spectrogram, and
thereby obtain a continuous product analysis: uniformity, purity, etc. [69]. Figure 9.113 shows two
examples of PET and PA 6 having foreign contamination. The apparatus can operate up to 200 bar/
4000C.
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10 Conversion Factors and Other Tables

Despite the existence of SI units and standards (ISO, DIN, etc), the literature contains a multitude of
dimensional units. The units cited in the literature have, in most cases, been retained in this book in order
to make comparison with the original source easier. The tables given in this chapter enable the reader to
perform the conversions. In the man-made fiber and textile industry, many other non-standard units, are
used, e.g., m/min, dtex = den: 0.9, Nm or Ne. Some of these have once again been officially adopted in
various countries. For specific (i.e., linear density based) tenacity alone, one finds more than twelve
different units in the literature. The differences are not only country-specific, but also depend on the
author and the topic discussed. In many cases, the material density (mostly in g/cm3) is involved in the
tenacity calculation, thereby introducing a variation of ±2%, depending on source.

This chapter provides a collection of conversion formulas for spinning data, solution viscosities and
stoichiometric formulas, as well as the Mollier i, x diagram for air conditioning calculations and physical
and chemical properties of important monomers, solvents and polymers. Sometimes the data cited in the
literature contains significant discrepancies; in such cases, two values or ranges are quoted here.



Table 10.1 Decimal Definitions and SI Units [1]

Prefixes for SI I
Units Factor Prefix Symbol Usual name

Germany/England USA/France

1018 exa E trillion quintillion
1015 peta P billard quadrillion
1012 tera T billion trillion
109 giga G milliard billion
106 mega M million million
103 kilo k thousand thousand
102 hekto h hundred hundred
101 deka da ten ten
1 0 - 1 deci d tenth tenth
10 ~2 centi c hundredth hundredth
10~3 milli m thousandth thousandth
10 ~6 micro |i millionth millionth
10 ~9 nano n milliardth billionth
10~12 pico p billionth trillionth
10 ~15 femto f billiardth quadrillionth
10~1 8 atto a trillionth quintillionth

SI Units
Physical unit

Symbol Name

Basic units
I length
m mass
t time
/ electrical current
T thermodynamic temperature
/ v luminous intensity
n reaction quantity
Supplementary units
a, P, y plane angle
a), Q solid angle
Derived units
F force
E energy, work, heat
P power
p pressure, stress
v frequency
Q electric charge
U electrical potential

difference, voltage
R electrical resistance
G electrical conductance
C electrical capacitance
e relative permittivity
<I> magnetic flux
L electrical self-inductance,

magnetic conductance
B magnetic flux density
Ov luminous flux
Ev illumination
- radioactivity
- radiation dose

Name

meter
kilogram
second
ampere
kelvin
candela
mole

radian
steradian

newton
joule
watt
pascal
hertz
coulomb
volt

ohm
Siemens
farad

weber
henry

tesla
lumen
lux
becquerel
gray

Physical unit
Symbol



Table 10.2 Dimensional Conversion Factors

Length

Area

Volume

Mass (weight)

Force

Pressure

Work, energy, heat

Power

Density

Time

Specific heat

Velocity, speed



Flow rate Breaking length under own weight (=Rkm)

Filament diameter (round only)

Production capacity (in the fiber industry): 340
daysjy x 24 x h/d

Temperature

Leakage rate

Square-woven wire mesh

Solution viscosity

Specific tenacity, elastic modulus

Kinematic viscosity

Dynamic viscosity

Linear density (fineness, titer)

Heat transfer coefficient

Thermal conductivity



Table of Solvents, Test Conditions and Huggins Constants

Polymer Index* Test conditions K = Huggins constants

PA 6, PA 66 1 Sulfuric acid (96%), 1 g/dl, 25 0C 0.25
2 Formic acid (90%), 1 g/dl, 25 0C 0.25
3 m-Cresol, 1 g/dl, 25 0C 0.22
4 Formic acid(90%), ASTM D 789

PET 1 Phenol/tetrachloroethane (1:1), 0.5 g/dl, 200C 0.35
2 Phenol/tetrachloroethane (1:1), 0.5 g/dl, 25 0C 0.35
3 Phenol/tetrachloroethane (6:4), 0.5 g/dl, 25 0C 0.37
4 m-Cresol, 1.0 g/dl, 200C 0.27
5 Phenol/ 1,2-dichlorobenzene (1:1), 0.5 g/dl, 25 0C 0.35

PP 1 Decalin, 0.1 g/dl, 135 0C 0.29
2 2.15 daN (kg), 2300C (MFI test)

*see Figs. 10.1 and 10.2 [2]

Fig. 10. 2 Conversion nomogram for PA 6
and PA 66 relative viscosity t]rei (for rjrel

indices, see Table 10.2 (solution viscosity))
Examples:
rjreh (sulfuric acid) = 2.50 -> ^14(ASTM
789) = 40
*7rei3 (m-cresol) = 3.80 -> f/rel2(formic
acid) = 3.14
nrel4 (ASTM 789) = 85 -* ^rei3(m-
cresol) = 4.05

Fig. 10. 1 Conversion nomogram for PET intrinsic viscosity IV (For
IV indices, see Table 10.2 (solution viscosity))
Examples:
IV2 (Ph/TCE, 1:1, 25 0C) = 0.750 -* IV4(m-cresol) = 0.610
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Table of Stoichiometric Formulas, etc.

Gas density = Z individual gas densities
e.g., (H2 = 0.09 g/dm3) + (CI2 = 3.17 g/dm3) = (0.045 + 1.585)= 1.63 g/dm3 HCl

Molar volume = — = 22.4 dm3 for gases (in above example: 36.5/1.63 = 22.4)
weight per liter

Molecular weight = sum of individual atomic weights, e.g., HCl = 1 . . . . + 35.5 . . . = 36.5 . . .
1 mole = molecular weight in g; e.g., 1 mol. HCl = 36.5 g HCl
1 mol./m3 solvent = kg/m3 = g/dm3

1 g-equivalent = 1 mol./valency. E.g., I g - equiv. sulfate ion = 96:2 = 48 g SO^"
1 g - equiv. Al ion = 26.98:3 = 8.99 Al3+

pH value = hydrogen ion concentration
Equivalent acids and alkalis pH Merck indicator
1 n hydrochloric acid O
n/1000 hydrochloric acid 3 dark red
Pure water 7 yellow green
Sea water 8.3

10 violet
1 n sodium hydroxide 14
Water chalk content 5 10 15 20 25 g/1001
German hardness scale = 1 . . . 7 8 . . . 12 1 3 . . . 17 18 . . . 22 25 0 GH
1 ° GH = 10 mg CaO/1 H2O = 1.25 ° English H = 1.79 ° French H
(here the total salt content is calculated as CaO equivalent)
Atomic weight x spec, heat = atomic heat = 25.978 J = 6.2 cal.

Table 10.3 Molecular Weights of Raw Materials [2]

Substance

Acetaldehyde
Acetylene
Acrylonitrile
Adipic acid
AH salt
Benzene
Caprolactam

Diglycol terephthalate
Dimethyl terephthalate
Ethylene
Ethyleneglycol
Formaldehyde
Urea
Hexamethylenediamine
Hexamethylenetetramine
Carbon dioxide
Carbon monoxide
Melamine
Methane
Methanol
Oxalic acid
Phenol
Propylene
Oxygen
Terephthalic acid
Toluene
Vinyl chloride
Water
Xylene

Formula M

44.05
26.04
53.06

146.14
262.35
78.11

113.16

254.23
194.19
28.05
62.07
30.03
60.06

116.21
140.19
44.01
28.01

126.12
16.04
32.04
90.04
94.11
42.08
32.00

166.13
92.14
62.50
18.02

106.17



Table 10.4 Definition of Yarn Types According to Spinning and Drawing Speed

Spinning Drawing/winding Symbol Description Examples
speed speed
(m/min) (m/min)

10. . . 100 30 . . . 300 LLOY Slowly spun yarn Wet spinning, compact spinning
300. . . 2000 a) as per spinning LOY Low orientation yarn Classical melt spinning

speed
b) drawn at RDY Mechanically fully BCF, tire yarn

1000... 3500 drawn yarn
1700... 2800 MOY Middle orientation yarn
3000... 4000 POY Partially oriented yarn PET POY

.. . 6000 POY PA POY
4500 HOY Highly oriented yarn

5000... 8000 FOY (Almost) completely PET FOY
(spun) drawn yarn

Each x draw ratio ROY (Mechanically) fully PA ROY, etc.
drawn yarn* e.g., with godets

*either continuously drawn at spinning or processed in 2 stages, e.g., LOY spun yarn drawn on a draw twister
Abbreviations: L = low, M = middle, P = partially, H = high, F = MIy; R = ready,

BCF = bulked continuous filament, O = oriented, Y = yarn
For single filament titer dependence, see Fig. 10.3

Fig. 10. 3
Filament and fiber types according to filament
fineness (decitex per filament)
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Table 10.5 Abbreviations for Fibers, Polymers, Pre- and Intermediate Products [20, 21, 22]

Fibers and polymers Abbreviation ace. to
BISFA* DIN 7728

(plastics)

Synthetic fibers continued
Polyarylether ketone PEEK
Polybutylene terephthalate PBT
Polyester PES SP

(saturated)
Polyethylene PE PE
Polyethylene terephthalate PET
Polyether sulphone PES
Polyimide PI PI
Polyoxyamide POA
Polypropylene PP PP
Polypropylene, chlorinated PP-C
Polyurethane PUR
Polytetrafluorethylene PTFE PTFE
Polyvinylalcohol PVA PVAL
Polyvinylchloride CLF PVC
Polyvinylchloride, chlorinated PVC-C
Polyvinylidene chloride CLF PVDC
Polyvinyl fluoride PVF
Polyvinylate PVAL

Inorganic
Carbon fiber CF
Glass fiber GF
Metal fiber MTF
Silica fiber SF
Asbestos AS

*BISFA = Bureau International pour Standardisation des
Fibres Artificielles (Section 9.1.2)

Fibers and polymers Abbreviation ace. to
BISFA* DIN 7728

(plastics)

Natural fibers
Cotton CO
Flax (linen) LI
Wool (also W) WO
Mulberry silk Ms
Silk SE

Chemical Fibers
Acetate CA AC
Alginate ALG
Cupro CUP
Elastodiene (rubber) ED
Lyocell CLY
Modal CMD
Nitrocellulose CN
Protein PROT
Triacetate CTA CTA
Viscose CV

Synthetic fibers
Acrylonitrile AN
Aramid AR
Chlorofiber CLF
Elastane (Spandex) EL
Fluorofiber PTFE
Modacrylic MAC
Polyacrylonitrile PAN
Polyamide (with additional PA PA
numbering of PC atoms in
amine and acid)

Abbreviations for Pre-products, Intermediate Products and Auxiliary Agents

ACN Acrylonitrile (also AN)
. . . -Ac . . . acetate
AH salt Hexamethylene diamine

adipic acid (nylon 6.6 salt)
AIBN Azoiso butyronitrile
BG Butylene glycol
BT Butylene terephthalate
CHDM 1,4-cyclohexane dimethylol
-COOH Carboxyl end group
CL e-Amino caprolactam
DAB 1,4 diamino butane
DGT Diglycol terephthalate
DMAC Dimethyl acetamide

DMF Dimethyl formamide
DMSO Dimethyl sulfoxide
DMT Dimethyl terephthalate
HP-TPA High purity TPA
MDI Diphenyl methane-4,4/diisocyanate
MP-TPA Middle purity TPA
NMP N-methyl pyrrolidone
PTMEG Polyether glycol
TDI Toluene diisocyanate
TEG Triethylene glycol
THF Tetrahydrofuran
TPA Terephthalic acid
VAC Vinyl acetate



Table 10.6 Formulas for Spinning, etc.

Spinning throughput

Extrusion velocity (in the spinneret capillary)

vB (m/min) = 4 (g/min)B/7i d | (mm)p (g/cm3) with p = melt density (g/cm3)

(g/min) =10 4 (dtex) • i • (m/min)
(kg/h) = 6 • 10 ~6 • (dtex) • i • (m/min)

(dtex) = 104 (g/min) • i~* • (m/min) ~*
(dtex) = 106 (kg/h) • i " * • (m/min)" */6

(m/min) = 104(g/min • • • i~* • (dtex)"l

(m/min) = 107 (kg/h • i~ l • (dtex)"l/6
i = draw ratio

1 t/a = 0.123 kg/h
106 lbs./y = 55.5 kg/h 4 1330 kg/d

ySpm dra//1 (̂ pm stretch ratio)

*sP = ^F/^B Indices: B = spinneret
F = filament

Spin finish application

With spin finish applicator and dosing pump:

(g/min)L = (g/min)F • a(%)/cL(%)

L = solution or emulsion
a (%) = oil pick-up of the fiber
cL = solution or dispersion concentration

With kiss roll: correction of oil pick-up:

n2/ni = (a2/al)2/3

1 = actual, 2 = target
Comment: correction does not take into account the water
pick-up. When using 2 rolls, each roll is corrected individually
according to the formula

Winding

- Package circumferencial velocity u (m/min):

u (m/min) = y/v^ — v\

— Helix angle

tan a = 4 DH b/vF

V1 (m/min) = traverse speed
= 2 DH {m\n~l)b (m)

DH (min" l) = no of double strokes
b (m) = traverse stroke

Twisting

T (twists/m yarn) = n (spindle, r/min)/i?F (m/min)
Note whether S- or Z twist is required (see Fig. 3.32)

False twist texturizing

250 00Of
r -T i t e r (d t ex ) + 4 0 ( t W 1 S t S / m )

For formulas by other authors, see Table 9.14, p. 744

f = 1.0 for conventional texturizing
= 1.1... 1.2 for simultaneous draw texturizing

Textile testing

Conversions: dtex = den/0.9
tex =9.1 den
Nm =10000/dtex

Tenacity (based on linear density, max. force):

o (cN/dtex) = 0.98cr (g/dtex) = 0.88<7 (g/den)
= 0.098o-(kg/mm2)//> (g/cm3)
= 0.01(7 (N/mm2)/p (g/cm3)

p — density (g/cm3)



Table 10.7 Statistics [2]

Without class intervals

x = average value s = standard deviation
Xi = individual value CV — coefficient of variation [%]
n = number of individual values U = linear non-uniformity [%]
s2 = variance

With class intervals

x = average value xa = average of class m = 0 as assumed average
m = interval number
fm = class frequency n = Y^ fm total number of individual values
d = interval width

Confidence interval of average

fji — true average s = standard deviation
x = calculated average n = number of individual values
q = distance of the confidence limit from x t = factor (depends on statistical confidence S and n)

n= 4 5 7 10 15 25 100 oo

5 = 95%, t= 3.18 2.78 2.45 2.26 2.15 2.06 1.98 1.96
5 = 99%, t= 5.84 4.60 3.71 3.25 2.98 2.80 2.63 2.58



Table 10.8 Pre-Products, Solids: Properties

Terephthalic acid
TPA
[7,8]

Dimethylterephthalate
DMT [6, 12]

8-caprolactam [4, 5]AH salt, nylon 66, salt [3],
hexamethylene diamine adipic acid
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166.13

Bulk density: 1.066

425 (in sealed tube)

Water content < 0.2%
40 kg sacks or
1 t or 23 t containers

white powder
100...200...600 urn
particle size

(Continued on next page)

194.18

At 200C: 1.35
15O0C: 1.08
18O0C:

(140.63 ... 140.64)

282

In 40- or 100-kg
Molten: in
heated tank wagons

at 1400C: 1.47
1410C: 1.74

159.1

At 1700C: 342.5

113.16

At 80°C: 1.0135
1000C: 1.0083
1200C: 0.9829

(69.2)

268.5

Water content < 0.05%
Molten: in heated
tank wagons

White, crystalline
flakes (hygroscopic).
Molten; clear, colorless;
characteristic smell

at 20. . . 60 0C: 1.34
800C: 2.14

1500C: 2.34

4

124

140

At 1050C: 628
168 0C: 574
268 0C: 481

31900

262.34

62% aqueous solution:
90 °C 1.082
crystalline: 1.2014

202 ... 205 on evolution of water

As salt: H2O content < 0.5%
As 40% aqueous solution

White salt

(10% solution in H2O, 25 0C)

62% solution: 3.02

crystalline: 1.67

62% solution: 0.420 at 35 0C: 0.104
crystalline: 0.275 at 76 . . . 183 0C: OJ

Units

g/mol

g/cm3

0C
0C

kJ/kg K

W/mK

kJ/kg

W/kg

kJ/kg

kJ/kg

Formula

Molecular weight

Density

Melting (solidification) point

Boiling point

Delivery

Appearance, particle size

pH value

Specific heat

Thermal conductivity

Heat of fusion (melting)

Heat of polymerization

Heat of vaporization

Heat of combustion



Table 10.8 {Continued): Pre-products, Auxiliary Agents, Fluids: Properties

Ethylene glycol
[23] EG

HO(CH2)2OH

62.07

1.1133...1.1140(200C)

+ 11...12

196...199

With < 0.1% H2O in iron or PE barrels
(220 kg) or in tankers (not galvanized)

2.3 (2O0C)

0.29

0.19 (20 °C)

<0.1 (20 °C)

3.0/

119

410

<100

Dimethylacetamide
[24] DMAC

(CH3)2-N-CO-CH3

87.12

0.945 (15.6 0C)

-20

166.1

With <0.02%H2O

0.1742(22.20C)

498

0.92 (25 0C)

2.7(250C)

63.. . 70

490

Dimethylformamide
[10, 13] DMF

HCON(CH2)2

73.1

0.9445 (25/4 0C)

-61

153

With < 0.02% H2O

2.315 (200C)

197.3 (1000C)
11.8 ( 4O0C)
4.87 ( 25 °C)
0.86 ( 00C)

2.2/15.2
3

Acrylonitrile
[9] AN

C3H3N
CH2=CH-CH

53.06

0.806(200C)

-83.1

77.3

Liquid, having
0.2... 0.5% H2O

Clear, colorless,
slightly volatile,
typical odor

5% aqueous
solution: 6.0... 7.5

0.35 (200C)

0.1 (200C)

3.0/17

-1 (in a closed kettle)

480

1.3882... 1.3891

<380

Units

g/mol

g/cm3

°C

°C

kJ/kg K

W/mK

kJ/kg

Cp

mbar

Vol. %
At % O2

0C

ppm

Formula

Molecular weight

Density

Solidification (melting) point

Boiling point

Delivery

Appearance

pH value

Specific heat

Thermal conductivity

Heat of evaporation

Dynamic viscosity

Vapor pressure

Explosion limits
(in air, upper/lower)
(in N2)

Flame point

Ignition temperature

Refractive index

Impurities (excluding water)

Comment: For additional properties, see original sources (manufacturers' catalogs), chemical analyzes, etc. {Continued on next page)



Table 10.8 (Continued): Important Properties of Polymers, Yarns and Fibers [12]

Polyamide PA 6l) PA 66
Repeat unit -(C6H11ON)x- -(C6H14N2 + C6H8O2)n-
Relative solution viscosity rjrei (in n-H2SO4) 2.4 | 2.7 | 3.3 2.5
TiO2 pigment [%] 0.03.. . 0 .3 . . . 1.6 0.03
Density [g/cm3] 1.13... 1.14 | 1.14 1.14
Melting point range [ 0C] 215 . . . 220 255 . . . 260
Molecular weight [g/mol.] 12000 | I 25 000
Heat of fusion [J/g] 95 . . . 100 70 . . . 75
Specific heat (20 0C) [J/g K] 1.5 . . . 1.7 1.6 . . . 1.7
Extractables [%] ^0 .6 | =£0.6 | ^0 .2 ^0 .1
Melt spinning range [ 0C] 260. . . 280 | 270. . . 300 280. . . 300
Melt density [g/cm3] 0.95 . . . 0.99 0.98
Melt viscosity (at 290 0C) [Pa • s] 50 | 100 | 160 50 . . . 60

Yarns and fibers
Moisture content [%] ~ 0.5 or < 0.08 ^ 0.08
Delivered, ready for spinning < 0.08 < 0.52)

at 20 °C/65% RH 3.5 . . . 4.5 3.5 . . . 4.5
/100% RH 9. . .10 9 . . .10

Extractables [%] ^ 2 | <0.8 | <0.2 <0.5

1) See also Fig. 10.4
2) Only for spinning with a steam-blanketed grid melter

(Continued on next page)

average
molecular weight (X103)

Fig. 10.4
Properties of PA 6 granulate [18]
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Table 10.8 (Continued): Polyester Granulate [15] Polyethylene terephthalate)

Property Unit Value Test method1

Specification - 1.36... 1.39 0.5% in phenol/o-dichloro-

Relative viscosity benzene in weight ratio 3 :2;
measurement temperature 25 0C
BASF no.: 3101

Limiting viscosity [n], (IV) dl/g 0 .645 . . . 0.690 Calculated using Huggins
constant IC = 0.35

Moisture content % BASF no.: 3201
- in bags, up to ca. 1000 kg max. 0.5
- delivered by large capacity trucks max. 0.1

Titanium dioxide content % 0.05 . . . 0.07 BASF no.: 1403

Product characteristics meq/kg max. 30 BASF no.: 3121

COOH end groups

Color number (APHA) - max. 25 BASF No.: 3601

DEG content W/W % max. 1.1 BASF no.: 3702

Reflectance2) BASF no.: 3602

- lightness (Ry) % 6 0 . . . 67
- yellowness index (Rx - Rz) % 0 . . . 4
Granulate size mm ca. 2,5 x 3.5 x

2.5 (cylindrical)

Specific chip number chips/g ca. 50

Oversized chips 3) plus undersized 4) chips % 0.2

General properties

Melting point 0C >259 BASF no.: 2301

Density (chip, fiber) g/cm3 1.39

Bulk density kg/m3 ca. 750
1} Available to customers on request
2) Rx, Ry and Rz are the unconnected % reflectances measured using a tristimulus measuring instrument from Zeiss.

The color filters used are FMX/C, FMY/C and FMZ/C; the illumination is standard light source C.
3) At least three times one of the given dimensions
4) At most half of one of the given dimensions



Table 10.8 (Continued): Polypropylene Granulate for Fiber Production [16]

Mechanical and thermal properties of VESTOLEN® P polymers

Homopolymers

Property Test method Units 2000 2000 CR 3000 D 4000 5000 6000 7000

ISO DIN (X2618) (X4504) (X4144) (1200) (2200) (3200) (5200)

Melt flow index ISO 1133 DIN 53735
MFI 190/5: Proc. 18 Code T g/10 min 70 60 45 33 20 10 4
MFI230/2: Proc. 12 Code M g/10 min 40 35 25 20 13 7 2.5
MFI230/5: Proc. 20 Code V g/10 min ca. 160 ca. 140 ca. 100 80 50 30 10
Crystallite melting Polarization 0C 164... 164... 164... 164... 164... 164... 164...
temperature microscope 168 168 168 168 168 168 168
Density at 200C ISO/R 1183 DIN 53479 g/cm3 0.908 0.908 0.907 0.907 0.906 0.906 0.905

Impact strength ISO 179/2 D DIN 53453 kj/m2 60 80 80 80 80 90 unknown
ace. to Charpy
Notched impact ISO 170/2 C DIN 53453 kJ/m2 2 3 3 3 3 3.5 4.5
strength according norm, rod
to Charpy

Drawing tension ISO/R 527 DIN 53455 N/mm2 42 38 40 40 38 36 34
Elongation Elongation

Tenacity at break rate D rate VI N/mm2 35 30 30 30 30 30 30
Sample Sample
according size 3

Elongation at break to Fig. 1 % > 50 > 50 > 50 > 50 > 50 > 50 > 50

Hardness ISO 2039 DIN 53456 N/mm2 90 83 85 85 83 82 76
(ball pressure) (H 358/30) (H 358/30)

Elastic modulus ISO 178 - N/mm2 1700 1500 1600 1600 1500 1400 1300
Shear modulus ISO 537 DIN 53445 N/mm2 850 750 800 800 750 700 650

Method A
3.5% bending stress ISO 178 DIN 53452 N/mm2 42 38 40 40 38 35 33

Standard
sample 5.1

Vicat softening point ISO 306 DIN 53460
VST/B/50 0C 105 100 100 100 100 100 100
Shape retention ISO 75 DIN 53461
under heating Method A 0C 60 55 55 55 55 60 55

Method B 0C 105 100 100 100 100 100 100
Linear expansion DIN 53752 K" 1 1.5-HT4 1.5-HT4 1.5 • 10"4 1.5 • 10"4 1.5-IO"4 1.5 • 10~4 1.5 • 10~4

coefficient
Specific heat capacity Adiabatic kJ-kg"1 . 1.68 1.68 1.68 1.68 1.68 1.68 1.68

calorimeter K"1

Table 10.8 (Continued): PAN Powder (Example) [13, 14]

White powder
Bulk density 200. . . 250 g/1 Carbon content 65.7.. . 67.4%
Particle size 5 . . . 40 urn Hydrogen content 5.45 . . . 5.90%

(average 20 . . . 30 urn) Comonomer content 5 . . . 14%
Molecular weight [M] 80 000. . . 83 000 g/mol. Typical comononers Methacrylic acid or
K-value 90 ± 1 acrylic acid methyl ester,
Intrinsic viscosity 1.61 vinyl pyridene, itaconic acid
Ash content 0.1% (< 0.12%) or ester, vinyl acetate, etc.
Iron content < 0.0005% Acid number below 0.25 mg alkali/g PAN
Peroxide content < 0.001%
Nitrogen content 23.0.. . 24.1 % Water content < 0.7%
Sulfur content 0.27... 0.54%



Table 10.8 (Continued): Densities of Fibers from Various Polymers and Other Materials

Material

Acetate 2\
Acetate, tri
Alginate
Asbestos, amphibole
Asbestos, chrysotile
Basalt
Cotton
Boron
Cupro
Elastane (Spandex)
Flax
Glass
Jute
Ceramic
Kodel
Carbon fiber: PAN black
Carbon fiber: high modulus (HM)
Carbon fiber: high tenacity (HT)
Steel (AISI 316 L)
Modacrylic
Polyacrylonitrile: homopolymer
Polyacrylonitrile: mixed polymer,

>85% PAN
Polyacrylonitrile: Dunova,

water absorbent
Polyamide 6 and 66
Polyamide 46

Density (g/cm3)

1.32
1.3
1.78
3.1
2.5
2.6
1.54
7.6
1.52
1.14... 1.30
1.43... 1.52
2.45.. . 2.6
1.45

ca. 2.7
1.22... 1.23
1.40
1.91
1.77
7.9
1.30... 1.42
1.17...1.19
1.17...1.19

0.9

1.14
1.18

Material

Polyamide 11
Polyamide 12
Polyaramid: Kevlar, Twaron
Polyaramid: Kermel 1
Polyaramid: Nomex
Polycarbonate
Polyester: PET
Polyester: PBT
Polyether ketone
Polyethylene
Polyimide
Polypropylene
Polytetrafluorethylene
Polyvinyl alcohol
Polystyrol
Polyvinylidene chloride
Polyvinyl chloride
Polyvinyl chloride, post chlorinated
Protein
Qiana (polyamide 472)
Silk, raw, boiled off
Silicon dioxide
Titanium
Viscose
Whisker, C
Whisker, Fe
Wool

Density (g/cm3)

1.04
1.08
1.45
1.34
1.38
1.2
1.38... 1.39
1.35
1.3
0.94... 0.96
1.41
0.9
2 . 1 . . . 2.3
1.26... 1.30
1.05
1.68... 1.75
1.38
1.44
1.3
1.03
1.37
1.8... 2.0
4.5
1.52
1.9
7.8
1.32



moisture content [glkg)

saturation temperature (wet bulb) ( 0 C)

Fig. 10.5 Mollier's ix-diagram [19].
(Psychrometric charts).
See Fig 6.10 for an explanation of how to use the diagram
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Fig. 10. 5 (continued) Mollier's ix-diagram [19].
(Psychrometric charts)
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The first fiber table appeared in the 1950s as "Man-made Fiber Table" in the US journal "Textile World".
In 1960 the Deutsche Forschungsinstitut fur Textilindustrie (German Research Institute for the Textile
Industry) translated the table into German. Fourne supplemented this with further fiber types, and
generated a Fiber Table, which appeared in his book "Synthetische Fasern" (Synthetic Fibers) in 1964.
This fiber table was revised once more in 1975 by E. Kleinhansl of the above German Research Institute
in Denkendorf and was published in "TEXTIL PRAXIS". With their permission, these tables have been
further supplemented, revised and published in this book. Part of this (new) information can be found in
Table 1.1. Additionally, new SEM photographs of fibers have been included, as have additional
force/elongation curves due to Latzke and Fourne, as well as research work done by the Fraunhofer
Institute.

In view of the many, different sources and—arising from this—the variations in describing certain
properties or their characteristics, the data can only be compared within certain limits. This is not only
particularly true for given qualitative properties, but also for quantitative properties which are derived
from a multitude of polymer- and production modifications. These very variations, however, enable
"tailor-made" fibers and yarns to be produced.

Comments on the Fiber Tables

1) Pure polyurethane does not appear in the Fiber Tables, as it is not produced as fiber commercially.
2) The properties are strongly dependent on the polymer blending ratio and the spinning conditions.
3) When PVA is cited, the reference is to insoluble PVA yarn.
4) The linear density-based tenacity at maximum force is based on German Standard DIN 53815.
5) The titer-based tensile force is obtained by extrapolating the tangent of the quasi-linear region of the

force/elongation curve up to an elongation of £= 100%
6) Minimum reaction time in medium: 3 min.
7) Oxygen content of an oxygen/nitrogen atmosphere in which the fiber continues to burn.
8) Yarn tenacity as % of the original tenacity, after treatment for a long time.
9) Values are for yarns exposed to sunlight in Florida for 12 months.

10) Results are based on resistance to decomposition, mold and rotting.
11) Selected examples, incomplete: only soluble when solution takes place within 30 min; insoluble

when fiber only swells, becomes lumpy or disintegrates. Acids and bases are concentrated.
12) Fiber types selected from information provided by the manufacturer or from knowledge of the

market. Where data is incomplete, this is due to lack of samples in the market or because production
has ceased.

13) The long-term temperature resistance is not clearly defined. Often it is taken to mean the temperature
at which the sample experiences a 20% reduction in tenacity when exposed for 1000 h.

14) Sketched from an image converter screen.

11 Fiber Tables



Natural fibers

Cotton (CO) Flax/Linen (LI)

o 
(c

N/
te

x)

o 
(c

N/
te

x)

e (%)z {%)

Cellulose/fiber Cellulose/long fiber

1.. .1.6. . .2 . . .4 Elementary: 1 . . . 7
tech. 10-40

10.. .25.. .32.. .60 Elementary: 10-40
tech. 45-80

Staple Staple
1.50... 1.54 1.43... 1.52

20.. .50(35.. .7O) 30.. .55 (45...80)

100... 110 105... 120 (tech. fiber)
65...70 20...40
60...100
6...10 1.5...4.0
100...110 110...125
6...10 1.5...4.0
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Natural fibers Chemical fibers

Wool (WO) Silk (mulberry) SE Viscose (VI)

N normal type
HWM high wet modulus
P Polynosic
T technical type

e (%)
e (%)

e (%)

o 
(c

N/
te

x)

o 
(c

N/
te

x)

Keratin/ staple Fibroin/yarn Viscose (cellulose hydrate)

2 . . . 50 (ace. to source) 1 . . . 4 N/H/T: 1.3-22; P: 1.3-3.6

50. . . 350 (ace. to source) — 38-200

Staple Filament yarn Staple, filament yarn, tow
1.32 1.37 (raw)/1.25 (boiled-off) 1.52 1.52

N H P T
10... 16 (13-21) 25...50(30...60) 18...35 35...45 40...75

(25...55) (55...70)(60...125)
70...90 75...95 40...70 70...80
75...85 60...80 20...60 15.. .20 30...70
80...85 80...85 30...70 25...65
25...50 10...30 15...30 8...18 7...15
110...140 120...200 100...130 120...150 150...200
25...50 10...30 —
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„ . . _. Fibers from poh condensation
Chemical fibers pO[ymers

Acetate (2±) CA)/ Polyamide 6 (e.g. Perlon®) (PA6)
Triacetate (CT) Polyamide 66 (Nylon) (PA66)

(if different from PA6)

For triacetate, see p. 862

2j acetate or ace. to spinneret (e.g., p. 862)

deacetylized
(Fortisan36)

T technical type
N normal type
C tire yarn
L from compact

spinning

e (%)e (%)

a 
(c

N/
te

x)

a 
(c

N/
te

x)

o 
(c

N/
te

x)

Solution spinning Melt spinning

2. . .10 1.4...22,30...3OO < 2 m m 0
40. . . 120 38 . . . 200; continuous filament
staple, filament yarn staple, filament yarn,

tow. Monofil
1.29... 1.33 1.14

N T
10...15(13...2O) 40. . .60(45. . .7O) (60...90

(70.. . 100)
50...80 80...90 80...90
70...90 65...85 70...79
80...90 80...90 60...70
20...40 20...60 15...25
120...150 105...125
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Fibers from pol\ condensation polymers

Polyamide 11 (PAl 1) Polyester (PES) Polyester (PES)
(Rilsan) Polyethylene terephthalate (PET) Polybutylene terephthalate (PBT)

POY

Round or ace. to spinneret hole or ace. to spinneret hole Round or ace. to spinneret; e.g.,
trilobal for BCF

T technical type
N normal type
SPA super low pilling

e 1%)

e (%)
e (%)

Melt spun Melt spun Melt spun

3. . .7 O . 1 . . . 2 m m 0 0.6...44 O.O8. . .2mm0 3 . . . 9 ,12 . . . 20
continuous filament 38 . . . 200; continuous filament 38 . . . 200; continuous filament
Filament yarn Monofil Staple; filament yarn Staple, filament yarn

Tow Monofil
1.04... 1.05 1.36... 1.38 1.3... 1.35

N T
4 5 . . . 68/47.. . 70 2 5 . . . 60(35... 90) 2 5 . . . 35

70...95(95...130)

100 95...100 95...100
— 30...95 80...95 70...95
75 70...80 40...70
15...40 15...50 8...20 24...40

100...105

o 
IcN

/te
x)

a 
(c

N/
te

x)

o 
(c

N
/t

ex
)
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Fibers from pol> condensation polymers

meta-Aramid (m-AR) para-Aramid (p-AR)
(aromatic PA) (aromatic PA)

Nomex
above: Twaron; below:
Kevlar

•Yigh modulus

normal

E (%)e (%)

o 
(c

N/
te

x)

o 
(c

N/
te

x)

Solution spun Solution spun

1.6...12 1.1...1.3
38 . . . 120 38...120
Staple, filament yarn, Staple, filament yarn,
Tow Short cut staple
1.38 1.44... 1.45

44. . .53/60. . .75 170...270/250...400

7 5 . . . 80 100
95 50. . .80

15...30 2 . . .5
60 . . . 80 not known
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Solution spun, wet or dry Solution spun, wet or dry

30...500 0.6...25 1.5...26;
Continuous filament 38 . . . 200 30 . . . 60 for artificial hair
Filament yarn Staple, continuous filament yarn, 38 . . . 200

tow Staple, tow
1.14... 1.18 1.30... 1.42

(depends on spinneret hole T: 35 . . . 45/40. . . 55
cross-section)
4 . . .12 /8 . . .15 20. . .35/23. . .40 10. . .25/13. . .40
75...100 80.. .95 80...100
not known 30... 70 (T: 60) 50... 70
not known 70... 80 ca. 80
400...800 20. . .70(T: 20...40) 25. . .50
100 80.. .95 80...100

Very variable; depends on manu-
facturing process; fused, with voids

e {%)

e (%)

e (%)

o 
(c

N
/t

ex
)

o 
(c

N
/te

x)

o 
(c

N
/t

ex
)

Elastane (EL) (Spandex); Polyacrylonitrile (PAN) Modacrylic (MAC) (2)
also polyurethane (PUR) (1)

with > 85% acrylonitrile (dry with < 85% ACN
spun). T: technical, 100% ACN

Fibers from polymerisates
Fibers from polycondensation

polymers



Fibers from polymerisertes

Polypropylene (PP) Polyethylene (PE)

N: low-, H: high pressure

or ace. to spinneret or ace. to spinneret; also tapes

e (%)
e (%)

ND low pressure typeHD high pressure type

F heat setted typeHT high tenacity

o 
(cN

/te
x)

o 
(cN

/te
x)

Melt spun Melt spun

1.5...40(...30O) 10...25
38. . . 200, 38 . . . 200, filament yarn,
Staple, filament yarn, tow, Staple, filament yarn
Monofils
0.90 N: 0.95... 0.96; H: 0.92... 0.94

T: up to 85 N H
15...60 (13...55) 32.. .65 34.. .70
F: 15...30
100 100 100
85-95 70 . . . 90 80-100
70.. .90 10...45 20. . .60
15. . .200;F:70. . .300 100
100
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Fibers from polymerisates

Polyvinylchloride (PVC) I Polyvinylalcohol (PVAL), Vinal I Fluorofiber
A: water soluble, Polytetrafluoroethylene (PTFE)
B: water insoluble (3)

both wet spun peeled (14)

e (%)
e (%)e (%)

CS normal type
F heat set type

o 
(cN

/te
x)

o 
(cN

/te
x)

a 
(c

N
/t

ex
)

Mostly solution spun; also melt spun Suspension dry-spun/sintered

1.5...20; 30...60 artificial hair 1.5. ..10 5. . .9 10. ..25
38...200 38...200 — —
Staple, filament yam, tow Staple, filament yam, tow Staple, filament

Staple, yarn, tow Filament yarn
C: 1.35... 1.42; D: 1.65... 1.75 1.26... 1.31

2.1 2.1

C D 8...14/ 5... 12/
20...30 10...25 20...65/25...80 16...28 not 10...26

bleached
60% bleached drawn 4 times

100 100 6 5 . . . 85 100 100
60.. .90 45.. .65 35. . .80 60.. .90 not known
65 45.. .75 75. . .90
10.. . 35 10. . . 40, slowly spun 10. . . 30 18. . . 75 not 2 5 . . . 50 undrawn

100... 200 bleadied 8 drawn

120... 140 100 100



Inorganic fibers from PAN

Carbon fiber (CF)

Fibers from metal

X12CrNi 18. 8 (and higher) alloys

round mainly round; multi-stage drawn
through dies

e (%)E (%)

high tenacity type
(HF, HT)

high modulus/
type (HM)

high
elongation
type (HS)

inter-
mediate modulus

type (IM)

o 
(c

N
/t

ex
)

o 
(c

N
/te

x)

Carbonized or graphitized yarns Monofilament

0 5 . . . 12 jam 0 4 um and 8 . . . 12 urn
variable

Staple, filament yarn, short Staple, filament yarn, non-
cut staple wovens
1.7... 1.9 7.9

110...280(200...50O) 22.. .29 (175...225)

100 100
0 65 . . . 75 (filament yarn)
0 60. . .90
0.4...2 1...2
100 100 (filament yarn)
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Fibers from non-metallic , . „ __ _, _ . fl.
elements (special) Glass fibers Ceramic fibers

Boron

e 1%)

o 
(c

N/
te

x)

Staple Filament yarn, staple Filament yarn, staple

0 c a . 100 jam 0 5 . . . 15 jam 0 3 . . . 15 jam
Continuous filament or 6 . . . 80 Continuous filament or 6 . . . 80

Staple Filament yarn, staple Filament yarn, staple
2.6 2.45.. . 2.60 Zircon oxide: 5.6... 5.9

Aluminum oxide: 3.25

10. . . 13 (280.. .350) 70 . . . 120 (175.. .300) 1.5.. .6 (40.. . 150)
100% (90.. . 80% when in daily
use)
15...30
10...25

0.5...0.9 2 . . .5 1...3
100
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Natural fibers

Cotton (CO)

300...600

6. . .8
15...20

16

53.. .56

75
45

7. . .11
14...18
45. . .50

low
low

106 . . .108

-/180..32O
120.. .150/-
-/400
400
430

not known
not known
not known

1.3

0.3. . . 0.5

does not melt
ignites
continues burning rapidly
burnt paper
gray-white ash
19

Flax/Linen (LI)

800.. . 1000 (tech. yarn)

6. . .8
15...20

8...10

48.. .52

not known

8...10
up to 20
50.. .55

low
low

10 8 . . .10 n

-/215...24O
260. . .320/-
-/not known
not known
320

not known
not known
not known

1.4

0.3

does not melt
ignites
continues burning rapidly
burnt paper
yellow-gray ash
not known
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Natural fibers Chemical fibers

Wool (WO)

150...300

4 . . . 7
7. . .12
8...13
8...10

48.. .52

95.. .99
60.. .70
45.. .50

15...17
25.. .30
40.. .45

low
average

10 8 . . .10 n

-/160...17O
120.. .140/-
-/not known
590...600
not known

not known
not known
not known

1.3...1.6

0.2

does not melt
ignites
continues burning slowly
burnt horn
carbon residue
25

Silk (mulberry) (SE)

700.. 1100

11...14
20.. .22
30
15...23

51

95
70

9. . .11
20.. .40 (boiled off)
40. . .45 (boiled off)

low
average

108 . . .1010

- /140. . .165
120/-
- /170. . .180
not known
not known

not known
not known
not known

1.4... 1.5

0.2.. . 0.4

as for wool

Viscose (VI)

N H P T
200...300 650...750

5.. .10

8.. .12 18...25 25. . .50

12...18 30.. .35 40. . .70

70.. .95
40. . .60
not known

11...14
26.. .28
N: 85.. .120;H/P/T: 65.. .75

low
low

106 . . .109

- /150. . .180
120.. .140/-
-/175.. .205
420

0.5. . . 10
not known
not known

1.3... 1.5

0.3. . . 0.6

does not melt
ignites
continues burning quickly
burnt paper
gray-white ash
20
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Chemical fibers

Acetate (2±) (CA)/
triacetate (CT)

200...350

5
8
9
6. . .8

44. . .50

90.. .95
CA: 40...60/CT: 55.. .70
not known

CA: 6.. .7/CT: 2 . . .5
CA: 13 . . . 15/CT: 8.. .10
CA: 20...28/CT: 10. . . 17

low
average

CA: 109...1012/CT: 1014

CA CT
not known 170... 180
180...220/180

...220/220...250
120/190 130/190...250

250/280 300/300
475 480

not known 5 . . . 20
not known not known
4 . . . 5 0.5...2

1.3... 1.5 1.5

0.3 0.3

melts
ignites
burns further
pungent, acidic
dark lumps
18...19

Fibers from
poly condensation polymers

Polyamide 6 (e.g. Perlon ®)
(PA6) Polyamide 66
(Nylon) (PA66)
(if different from PA6)

N T
50...300 600...900

1...4 4 . . . 5
3. . .8 10...20
5.. .20 25.. .75
3 7 (12)

27.. .41

95...100
95...100 90.. .95
90.. .95 83.. .90

3.5. . . 4.5
6. . .9
10...15

average 1 much lower
high J in antistatic types

10 9 . . .10 n (109...1012)

40. . .42
185...190/150
(220...225/180...200)
120...160/185...190
(120/200...225)
215...220/-(255...260/-)
510...530(530)
— (-)

1 . . . 15
1. . . 15
2. . .18

1.5... 2.0

0.2.. . 0.3

melts, drips, shrinks
ignites
burns on hesitantly
aromatic, amine odor
dark ball
20



Fibers from pol\ condensation polymers

Poly amide 11 (PA 11)
(Rilsan)

45...50/450

36.. .44

100
100
not known

0.9.. . 1.3

3

40.. .50

120/120

ca. 190

Similar to PA 6

Polyester (PES)
Polyethylene terephthalate (PET)

N T
250...400 700...1200
4. . .12 10...18
9. . .16 35.. .45
10...23 50.. .65
6.5 11 (12)

30.. .49 47. . .48

90. . .98
70.. .90
50.. .80

0.2.. . 0.5
0.8. . . 1.0
3. . .5

average
high

10 n . . . 10 1 4

72.. .75
180...230/150...200

120... 180/230...240

254. . .260/-
510

0.5. . . 8
2. . .15
3. . .20

1.1... 1.4

0.2.. . 0.3

melts, drips, shrinks
ignites
burns on hesitantly
aromatic
dark ball
21.. .22

Polyester (PES)
Polybutylene terephthalate (PBT)

0.2.. . 0.5

average

224/not known

N: 3. . .4; BCF 1
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Fibers from polycondensation polymers

meta-Aramids (m-AR)
(aromatic PA)

750...1450

not known

4.5...5
6.5...7
12...17

not known

not known

280...290

- / -
- / > 3 7 0
675
350

1.5
0.1
0.5

1.2

0.13

does not melt

ignites and carbonizes
self-extinguishing
not known
carbonized fiber;
dripping is reduced in mixtures
28

para-Aramids (p-AR)

8000... 10 000

not known

3. . .4
4 . . . 7
7

not known

not known

300

—/—
-/550

0.1
0.1
0.1

1.4

not known

does not melt

ignites
extinguishes after 10.. 15 s
undefinable
dark residue

29
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Fibers from pol\ condensation
polymers

Elastane (EL) (Spandex)
also polyurethahe (PUR)

0.3...0.7 (...1.2)

0.04

at 300%: 93.. .98

0.15... 1.5
0.5. . . 1.5
7. . .11

not known

-60 . . .-20 (soft segments)
180... 200/150... 180
190/160
-/230
not known

up to 15
5.. .10
not known

not known

0.15

shrinks and melts

ignites
continues burning
undefinable
dark residue

not known

Fibers from polymerisates

Polyacrylonitrile (PAN)

300...500

5.. .12
10...20
10...30
10

45.. .60

90.. .95
50.. .90
5 5 . . . 80

1.0... 2.0
2 . . .5
5. . .12

108 . . .1014

30.. .75 in water, 50 . . . 100 dry
-/150. . .180
140/200
-/250
510...560

N: 0.5...5
high shrinkage type: 20 . . . 40

1.2... 1.5

0.2

shrinks strongly on contact
with flame
ignites
continues burning
aromatic, pungent
hard, dark residue

18

Modacrylic (MAC)

100...450

4. . .10

8...20

10...25

95.. .99
85.. .98
55.. .95

0.5...4
1...6
10...20

1012...1013

85.. .95
10. . . 110/not known
120/130...200
130...170/170
650...700
250...350

0.2...5
1300C: 5. . .30

not known

not known

not uniform

self-extinguishing

27
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Fibers from addition polymers

Polypropylene (PP)

Filament yarn Staple
300...500 50...250

7. . .9 4 . . . 6
13...15 8...12
20.. .30 12...18

90.. .95 95...100
85.. .90 90.. .95
80.. .85 85.. .90

0
0
not known

average
average

>101 3

- 5 . . . - 1 0
not known/130
120/150...160

160. . .175/-
430...450

0. . .5
30. . .50

1.6... 2.0

0.1...0.3

as for PE

19

Polyethylene (PE)

N H
N H
150...500 20...200
7.. .15 1...5
15...30 2 . . .8
25.. .30 3.. .15
0.5

9 5 . . . 100
90.. .95
80.. .90

0
0
not known

high
high

1013...1017

N: -35; H -80
not known
N: 105.. . 120; H: 70. . .90

N: 125.. . 135/-; H: 105.. . 120/-
not known

N: 5...10; H: 40. . .60

1.4... 2.0

0.2.. . 0.4

shrinks and melts
ignites
burns slowly
undefinable
dark ball
not known



Fibers from addition polymers

Polyvinylchloride (PVC)

C D
200...400

4 . . . 8
5. . .9
8.. .12
6. . .7
27.. .55

70 . . . 90 not known
60...65
not known

0...0.2
0. . .1
25.. .35

average
high
1012...1014

C: 70; CS: 100; D: not known

not known/65... 70;
not known/125... 130
D: not known/90... 150
C, CS:-/160...20O; D: 180
not known
not known

Starts to shrink (C, D): 60 . . . 80
30%: C: 85.. .95; CS 180

0.8. . . 1.3

0.2

shrinks rapidly, with partial melting
does not ignite
C: CS: does not burn
pungent
Dark lumps
37; 45

Polyvinylalcohol (PVAL), Vinal
A: water soluble, B: water insoluble

300...600

4 . . . 6
8.. .12
12...18
9. . .15

60.. .80
40. . .60
30.. .50

3.5...5
not known
4 . . . 6

low
average

75...130
90 . . . 98/not known

110/210 dry
60. . . 120 wet
-/240...26O
not known

B: 2 . . . 3; A: forms gels
not known
not known

not known

not known

shrinks
ignites
continues burning
undefinable
carbon residue
20

Fluorofibers
Polytetrafluoroethylene (PTFE)

35 . . . 200 not bleached 50 . . . 460

bleached, reduced drawn
1..3 1
2 . . .7 2
4. . .13 4
2 . . .3 <12

not known not known

0 0
0 not known
not known not known

not known not known

1018

30 not known
not known/not known

180/327 not known/327

327/- 327/-
not known not known
not known not known
zero-strength: 310

2 not known
not known not known
177 0C: 3
177 0C: 100 h 11
288 0C: 100 h 24

1.0 1.1

0.23 0.23

Does not melt;
poisonous fumes
evolve not known
as per 2.

not known 95
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Inorganic fibers from PAN

Carbon fiber (CF)

200...500kN/mm2

1
1
not known

Kr3

Resistant to > 2000 0C
in inert gas: Oxidation
begins in air at ca.
4000C

0.7

15...120

not known

>60

Fibers from metal

X12CrNi 18.8 (and higher) alloys

1500...2600

75.. .95

100

0
0
not known

0.7 x 10"4

Glows at: 980-1010
Sinters at: 1050
ca. 600/-
1400...1450/-

0.46

15.0

Does not burn
glows
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Fibers from non-metallic
elements

Boron

1500/38 000... 40 000

700/1900

0
0
not known

105...106

ca. 2300/-

Ignites in air at ca. 7000C

Burns to boron trioxide

(Special) glass fibers

2800...3400

Tenacity/elongation curve
without flow zone

160 (4000)
85. . . 88

100

0
0.3
not known

average
high

1012...1015

Softens at: 805...960
Glows at: 650...810

Melts above softening point

0.7... 0.8

0.8... 1.0

Does not burn

Ceramic fibers

260/7000

87...89

~ 0

900

Does not burn



Natural fibers

Cotton (CO)

high
high
low
low

60. . .80/0 . . .20
60. . .80/0 . . .20
60. . .80/0 . . .20
60. . .80/0 . . .20
average resistance

90 . . . 100/90... 100
80. . .90/80. . .90
90 . . . 100/90... 100
good resistance, but is attacked by
10% sodium hydroxide

20.. .30
0. . .20

120/100/40...60
120/1/80...100

unbleached: low

Sulfuric acid: k/h
ammoniacal copper oxide

Mordant (also diazotization and
coupling), developing, vat, sulfur,
reactive, oxidation, pigment, basic

Sodium chlorite
Sodium hypochlorite
Peroxide

Flax/linen (LI)

high
high
high
low

More resistant than cotton

not known

unbleached: low
bleached: good

Sulfuric acid: k/h

as for cotton, but vat dyestuffs
should only be used under special
conditions

Sodium chlorite
(peroxide may result in
damage)



Natural fibers

Wool (WO)

low

low
low

90. . . 100/20...60
90 . . . 100/0...20
90 . . . 100/90... 100
90.. .100/20.. .60
average to satisfactory
resistance; attacked by
concentrated acids

90...100/90...100
0. . .20/0 . . .20
80. . .90/0. . .20
average resistance, but
destroyed by alkalis

0. . .20
0. . .20

120/100/60...80

120/1/50...80

not moth-proof;
good resistance to rotting

Sulfuric, nitric, phosphoric
and hydrochloric acid: h
potash lye
Acid, mordant, basic,
vat, reactive dyes

Peroxide, sulfur dioxide

Silk (mulberry) (SE)

very high

low

somewhat lower resistance
than wool

0. . .20
0. . .20

120/100/60...80

120/1/70...90

when not bleached: low

Sulfuric, phosphoric and
hydrochloric: k/h
potash lye, formic acid
Acid (also chrome- and
chrome complex), mordant,
basic, vat, reactive dyes
developing

Peroxide, sulfur dioxide

Chemical fibers

Viscose (VI)

N: very high; P: high
N: very high; P: high
N: low; P: high
low

similar to cotton:
average resistance

similar to cotton:
good resistance;
dissolved by 10% sodium
hydroxide
P: resistant to mercerizing
H: resistant to mercerizing
when mixed with 50% cotton if
certain precautions are taken

0. . .30
0

120/100/20...40 resp. 65/8/70-
85
120/1/80-95

low

Sulfuric: k/h; nitric, phosphoric
and hydrochloric: h

Mordant, cationic, sulfur,
vat, developing, reactive dyes

Chlorite, hypochlorite



Chemical fibers

Acetate (2±) (CA)/
Triyacetate (CT)

CA CT
low average
average average
low low
low low

90. . . 100/90... 100
80. . .90/0 . . .20
60. . .80/90. . . 100
80. . .90/80. . .90
average resistance (CA and CT)

60. . .80/70. . .90
0. . .20/40. . .60
60. . .80/60. . .80

20.. .45 (CA and CT)
O...25

CA: 120/100/55... 70

CT: 130/250/70...80
CA: 120/1/40... 60: CTnotknown
Good

CA, CT: sulfuric, nitric,
phosphoric and hydrochloric: k/h;
tetrachloroethane: h; acetone,
o-chlorophenol, m-cresol, phenol,
cyclohexanone, dioxan, DMF: k/h
CA: nitromethane: k; butyronitrile: h
CT: methylene chloride: k/h
CA: dispersion (results in
brilliant color)
CT: dispersion, acid (more
difficult to dye than CA)
Peracetic acid, chlorite,
hypochlorite

Fibers from
poh condensation polymers

Polyamide 6 (e.g. Perlon ®) (PA6)
Polyamide 66 (Nylon) (PA66)
(if different from PA6)

low (better than PA6)
high
low
low

90 . . . 100/90... 100
90 . . . 100/90... 100
90 . . . 100/90... 100
90 . . . 100/90... 100
Good resistance, but attacked by
cone, acids

90 . . . 100/90... 100
90 . . . 100/90... 100
90 . . . 100/90... 100
Good resistance, but attacked by
10% sodium hydroxide

20 . . . 30 Delustered types are
5 . . . 15 very susceptible;

improved by light
stabilization

120/100/60.. .80. Improved
by light stabilization
T: 80/1000/90...100
120/100/70...90
Good to very good; contradictory
reports concerning termite resistance

Sulfuric, nitric, phosphoric,
hydrochloric and formic acids: h;
o-chlorophenol, m-cresol,
phenol k/h; DMF: h
PA66 is insoluble in DMF h
Acid (also metal complex and
chrome), mordant, basic, vat,
dispersion, reactive (the last
restricted to differential dyeing
types)

Sodium chlorite, sodium
hypochlorite



Fibers from polycondensation polymers

Polyamide 11 (PAIl)
(Rilsan)

average
strong

not known

Similar to PA6
good

Similar to PA6
good

Similar to PA6

good

as for PA6

as for PA6

as for PA6

Polyester (PES)
Polyethylene terephthalate (PET)

low
high-low with correct heat setting
none; low with modified PET
strong: low or none with modified
PET

90. . . 100/90... 100
90 . . . 100/90... 100
90 . . . 100/90... 100
90 . . . 100/90... 100
good resistance; attacked by cone,
acids; copolyester is less resistant

90 . . . 100/90... 100
90 . . . 100/90... 100
90 . . . 100/90... 100
good resistance, degraded by cone,
alkalis; copolyester is less resistant

60 . . . 80 (improved by stabilizers)
5. . .15

120/1000/90...100 resp.
180/100/60...70
120/100/70...90

very good

Sulfuric acid: k/h
Potassium alkalis,
tetrachloroethane, o-chlorophenol,
m-cresol, phenol, o-dichloro
benzene, DMF, TEG: h

Dispersion, basic (for modified
PET), also developing, oxidation,
vat. With special equipment:
(HT = high temperature, carrier,
Thermosol). Dyeability increased
or made easier by polymer
modification.
All typical bleaching agents

Polyester (PES)
Polybutylene terephthalate (PBT)

Similar to PET

Similar to PET

Similar to PET

Similar to PET

Similar to PET

can be dyed carrier-free at 1000C.
Dyestuffs as for PET

as for PET



Fibers from polycondensation polymers

meta-Aramids (m-AR)
(aromatic PA)

90 . . . 100/90... 100
90.. .100/80. . .90
80.. .90/90.. .100
90.. .100/80. . .90
good to satisfactory: attacked by
cone, acids

90 . . . 100/90...100
not known/90... 100
90 . . . 100/90... 100
good to satisfactory resistance;
attacked by hot, cone, alkalis.

Similar to PA66; 40 h in
Fade-O-meter: 50%

50

180/1000/90...100
260/1000/60...70
150/1000/20...40

very good

Sulfuric acid: k/h;
Phosphoric acid, Potassium
hydroxide: h; organic polar
solvents + solubility agent
(e.g., LiCl)

Spun dyed
Own color: raw white

Chlorite, hypochlorite: can only be
bleached at room temperature

para-Aramids (p-AR)

good

good

65.. .80 after 16 weeks
not known

good

Loss of tenacity starts at

200...3000C

very good

Sulfuric acid: h
n-methyl pyrrolidone + 5%
LiCl

Own color: yellow



Fibers from poly condensation
polymers

Elastane (EL) (Spandex)
also polyurethane (PUR)

90...100/not known
90. . . 100/0...20
90. . . 100/90... 100
90 . . . 100/90... 100
Polyetherdiol: satisfactory
Polyesterdiol: less resistant

Polyetherdiol: at the upper limit
Polyesterdiol: at the lower limit
Resistant enough for typical
cotton dyeing

Sufficiently resistant for normal
application

Has good resistance during thermal
processing; can be heat set

Generally good. Polyesterdiol is
somewhat poorer

Sulfuric acid: k/h; phosphoric,
formic, sodium hydroxide,
tetrachloroethane, chlorophenol,
m-cresol, phenol, cyclohexanone,
DMF, DMAC: h

Acid, metal complex, chrome,
dispersion; partly
also: reactive, direct, vat,
sulfur, napthalene

Dithionite, formaldehyde,
sulfoxilate (reduction bleach),
perborate, hydrogen peroxide
or sodium hypochlorite (cold)
when bleaching with cotton

Fibers from addition polymers

Polyacrylonitrile (PAN)

average

not known
average/strong

90 . . . 100/80...90
90 . . . 100/80...90
90 . . . 100/90... 100
90.. .100/80. . .90
Good resistance. Soluble in cone,
acids (except hydrochloric acid)

90.. .100/90.. .100
90.. .100/60. . .80
90.. .100/90.. .100
Good resistance. Attacked by cone,
alkalis, esp. by hot, 10% sodium
hydroxide

Very good resistance

60.. .80
50.. .60

120/1000/70...100
Fiber yellows
T: 120/100/70...90
Very good

Sulfuric, nitric acid: k/h;
phosphoric acid, DMF, DMAC: h

Basic, acid, dispersion, vat. T-PAN
is difficult to dye, but
can be improved by
comonomers

Chlorite

Modacrylic (MAC)

average

average/strong

Good resistance. Attacked by cone,
acids to various degrees, depending
on type.

Very good resistance

Depending on type, can be very
resistant

Depends on type, otherwise similar
to PAN

Good to very good

Sulfuric acid, acetone, phenol,
cyclohexanone, pyridine: h. DMF,
DMAC: k/h

Similar to PAN. Some types can
also be dyed with
mordant and development dyes

Chlorite



Fibers from addition polymers

Polypropylene (PP)

average
high
strong

Very good resistance.
Attacked by cone, nitric
acid

Very good resistance.
Attacked by hot, cone,
alkalis.

0; 3 months: 0. . .20
0; 3 months: 0. . .10
Improved by stabilizers

Large tenacity loss when
subjected to > 1200C for a
long time
Very good

Sulfuric acid,
trichloroethylene, toluene,
xylene: h

Weakly dyed by acid, metal
complex, chrome, direct,
soluble polymer dyes.
Pigments are used for unmodified
PP.

Chlorite

Polyethylene (PE)

high

average

Very good resistance.
Attacked by cone, nitric
and cone, sulfuric acid

Very good resistance.
Attacked by hot, cone,
alkalis.

Very good resistance,
provided it is not modified.

Acceptable resistance for
>70. . .90°C

Very good

Sulfuric acid,
tetrachloroethylene,
toluene: h; only H:
tetrachloromethane, benzene,
chloroform, trichloroethylene: h. H
has much greater solubility than N.

As for PP when modified.
Otherwise can only be spun-dyed.

Chlorite



Fibers from addition polymers

Polyvinylchloride (PVC)

C, CS: low; D: unknown

average

C, CS: very good resistance.
Only attacked by hot, cone,
nitric acid
D: good resistance

C; CS: Good resistance
D: Attacked by cone,
ammonia solution

C, CS: 0.. .90; D: 10...20
not known

Low resistance because of

low softening point

Very good

Sulfuric acid, ethylene
chloride, tetrachloroethane,
cyclohexanone, dioxan: h;
DMF, o-chlorophenol: k/h; C
is often soluble in chem. dry
cleaning solvents; CS can be
dry cleaned.

Dispersion (esp. with carrier)

Basic, development for C/CS

Polyvinylalcohol (PVAL), Vinal A:
water soluble, B: water insoluble

high
very high
not known
strong

Good resistance. Attacked by
cone, acids

Good resistance

not known

Average to acceptable

resistance. Shrinks strongly
above 1100C

Very good

Sulfuric, nitric, phosphoric
acids: k/h; potassium alkalis,
m-cresol, phenol, DMF: h

Dispersion, mordant, vat,
development

Dark shades are difficult to
dye.

Chlorite

Flurofibers
Polytetrafluoroethylene (PTFE)

not known not known

not known not known

Very good not known
resistance.
Bleached by
boiling, cone,
mineral acids

Very good Very good
resistance resistance

100 very good
100

177/1000/90... 100 temp up to
3000C

288/1000/65...75 unknown
Can be held for
a short time up
to 316 0C not known

not known

Only solvent is as left
perfluorated solution
at 3000C. No disinte-
gration, swelling or
lump formation in
typical solvents

No dyeing possible No dyeing
possible

own color: own color:
dark brown white

(without bleach)

With 98% nitric acid at 316 0C
for 1 h. Stepwise hot air
treatment at 232 and 3040C
for ca. 2 days



Inorganic fibers from PAN

Carbon fiber (CF)

Very good resistance

Oxidation with tenacity loss
above 4000C

Very good

Insoluble

Fibers from metal

X12Cr№18.8 (or higher) alloys

Good resistance
Good resistance
Attacked by hydrochloric
and sulfuric acid

Good resistance

Very good

Insoluble in normal
solvents, but attacked by
halogenated solvents

Forms "shadows" with metal
complex dyes.

Oxide, peroxide.
Damaged by chlorite



Fibers from non-metallic ,„ . „ . _. _ . _,
. . (Special) glass fibers Ceramic fibers

Boron

Attacked by HNO3, aqua regia

Good resistance

Cone. HNO3, aqua regia

Attacked by inorganic acids,
particularly hydrofluoric acid

Very good

Hydroflouric acid

Very good, except for
fluorine-hydrogen compounds

Very good

Very good

Very good, but varies ace. to type

Very good

Hydroflouric acid



Additional SEM photographs of various man-made fibers

Viscose (techn)

(see p. 833)

Viscose (modal)

(see p. 833)

Cupro

Triacetate

(see p. 834)

PA6 trilobal

(see p. 834)

PAN (wet spun)
(Faserwerke Lingen)

(see p. 837)



Additional SEM photographs of various man-made fibers

PVA fiber (dry spun)

(see p. 839)

Basalt, melt-spun at ca.
13200C
above: centrifugally-spun below:
spun and wound at
3300 m/min

Glass: melt-blown

(see p. 841)

Polyimide P 84
(Lenzing AG)

Ceramic filaments
Melt-blown

(see p. 841)

PAN: porous fiber
"Dunova"
(Bayer AG) (14)

(see p. 837)



Additional SEM photographs of various man-made fibers

PE non-woven
(Reifenhauser)
(see p. 838)

PE fiber
(HuIs AG)
(see p. 838)

PE from compact spinning plant
(Rieter-Automatik)
(see p. 838)

LLDPE from compact spinning
plant (Barmag AG) (see p. 838)

A B C D
A) SiO2 filament spun by sol-gel process. Used for strengthening polymer matrices.
B) a-Al2O3 filament spun by sol-gel process and treated for 1 h at 100O0C in air. Reinforcement fiber for
ceramic and metallic composites.
C) Piezoelectric lead zircona titanate-PZT fibers spun by sol-gel process and sintered at 9500C. Used for
developing active or passive functional fibers for sensors, etc.
D) a-AL2O3/Y3Al5Oi2 fiber (eutectic mixture) spun by sol-gel process and treated in air for 1 h at 1750 0C.
Used for developing high-temperature stable reinforcement fibers.

The scanning electron microscope (SEM) photographs of inorganic fibers A to D were provided by the Fraunhofer
Institute for Silicate Research in Wiirzburg, Germany.
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Air-textured yarn 452 
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Auto-screen filter 324 
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heat transfer 232 
reactor      46 
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shapes       232 236 
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Auxiliary devices 645 
for pack insertion 341 
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B 
Baeskai      36 

Baffle dewatering device 248 

Baffle separator 256 

Balers       486 
capacities 488 
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Bar grate    190 

Barfilex process 539 

Basalt       143 570 

Basalt fibers 10 159 
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raw material 160 

Batch chip extraction 52 

Bath/vapor recovery system 
wet spinning line 709 

Bayer, O.    1 

BCF 
air texturizing jets 457 
spin draw texturing 29 280 376 538 
spinning     277 548 
texturizing 456 

BCF yarn 
3 color      277 548 
PA 6         56 
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Bell twisting 200 

Beslon       113 506 

Bicomponent 
crimp        544 
crimping effect 307 
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Birotor      401 

Blanketing 612 

Bleaching    854 
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construction 207 
precision winding 207 
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Boil-off shrinkage 758 

Boiling effect 217 
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Boos reel    665 

Border layer 185 

Boron        843 853 863 

Boron nitrite 143 

Boron oxide fibers 152 

Bottom loading 335 

Breathing    208 

Bromert      1 

Broom        13 

Bulging      210 

Burning test 799 

Burning-out oven 615 

C 
C.-Fischer method 75 258 681 

Cable        744 

Cam          397 

Camel        11 

Can creels 
for rectangular cans 466 
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Can deposition 460 

Can take-up 
for round cans 463 
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Cantrece     539 

Capillary melt viscosimeter 665 
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melt spinnerets 331 

Caprolactam 21 36 42 
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Carbide fibers 152 

Carbon fibers (CF) 1 4 11 143 
 571 842 852 862 

carbonization oven 574 575 
coal extracts 572 
entry yarn seal 576 
for converters 580 
from PAN: process scheme 573 
from pitch: process scheme 571 
manufacture from PAN 573 
N2 bleed     576 
pitch/mesophase 571 
production 571 575 
transport roll width 573 
yarn winding bank 578 

Carbonization 11 
at different temperatures 574 

Carboxyl end groups 71 

Carmine Azurol 796 

Carothers    1 36 

Carpet yarn draw texturizing machine 376 

Carpet yarn spin-draw-texturing plant for BCF 29 

Carrousel balers 489 
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Change filter 324 

Chardonnet 1 

Chemical analysis of fibers, qualitative 798 

Chemical equipment 230 

Chemical fiber industry 14 

Chemical fibers 5 10 159 

Chemical processing of waste 
PA 6         695 
PA 66        698 
polyester    699 

Chip blending system 256 

Chip container 256 

Chip dehydration, mechanical 248 

Chip dimensions 247 

Chip dryer 
continuous 268 269 
with molecular sieve 267 

Chip feeding 241 

Chip gate valve 262 282 

Chip hopper 
open         257 
with dosing screw 295 

Chip production, powder 250 
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Claw mat spinning system 567 

Cleaning     618 

Cleaning installation 281 

Cleaning of polymer-soiled parts 614 
high pressure steam/water jet spray 620 
hydrolytic 616 
ultrasonic 620 

Cleaning plant 621 

Clothes hanger spinneret 557 

Co-polyamides 34 

Co-polymerization 33 

Coarse filaments 534 

Coco         12 

Cold granulation 245 

Column (tower) dryer for PET 266 

Compact BCF spin-draw-texturizing machine 538 

Compact FDY spinning machine 538 

Compact POY filament spinning plant 536 

Compact spinning machines 30 602 
Automatic    526 
Barmag       528 
Faré         528 
Mackie       525 



876 
Index terms Links 

 
This page has been reformatted by Knovel to provide easier navigation.  

Compact spinning machines (Continued) 
Meccaniche Moderne 531 
Neumag       533 
for filaments 535 

Barmag       537 
Ecoflex      535 
Ems-Inventa 537 
Erdmann      538 
Hill         536 

Compactor    703 

Composites 578 

Compressed air 613 
heating chamber 458 
requirement 614 
specification for air jet texturing machines 454 
supply       280 614 

Compressor station 613 

Cone spinning 145 

Conical rubes 635 

Construction material 688 
melt pipes 299 
spinning beam 299 
spinning machines 301 

Contact dryer 
for PAN tow 507 

Contact heating 
drying       214 

Continuous change filter 324 

Continuous chip dryer, large 268 

Continuous polycondensation 
for PA 66    61 
for PET      81 82 
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for PA 6     54 

Control drives 643 
electrically 643 
mechanically 643 

Converters 579 

Cooling      60 186 

Cooling air flow 192 

Cooling drum 456 

Cooling water 606 

Cooling zone length 192 

Copolyamide 154 

Cops         427 636 
built-up     210 
doffers      425 
shapes       428 

Cord         583 588 
Akzo pendulum test 586 
Firestone test, flex fatigue 586 
physical properties 588 

Corovin-filament cooling system 559 

Cotton       2 539 834 844 
 854 

Couette principle 665 

Courtelle    113 506 

Crease 
angle        220 
recovery     782 
resistence 783 

Creasing behavior 781 

Crimp 
contraction values 744 
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Crimp (Continued) 
elasticity 743 
modulus      750 
number       741 
properties 741 
stability    742 744 

Crimping     216 
effect       307 
properties 741 

Cross bobbin 209 
bi-conical 209 
conical      209 
cylindrical 209 

Crystallinity 101 222 724 

Crystallization 222 258 260 265 
continuous 265 
degree       2 101 
density      222 
rate         100 

Cup spinneret 332 

Cupro        10 

Cutter       658 

Cutting mill 701 

Cylinders    663 

D 
D/Y ratio    204 

Damköhler number 173 

Decaline     138 

Deep bath spinning 499 

Deflector sheet 187 

Degassing screw 289 
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Delustering 627 

Denier       4 

Density      220 
determination 725 
fibers       828 

Dew point    264 

Diagnostic dyeing 796 
test dyestuffs 791 

Differential seaming calorimetry (DSC) 728 801 

Differential thermal analysis (DTA) 2 728 

Diglycole terephtalate 69 

Dimensional change 756 

Dimensional stability 759 

Dimethyl terephtalate 67 823 

Diphyl       609 

Dipping unit 587 

Direct cord twisting 201 

Dirt retention 323 

Discharge gear pump 
dimensions, capacities 319 
driving power 319 
melt velocity 320 

Discharge pumps 315 

Discharging/filling valve 
vacuum dryer 262 

Disk spinneret 333 

Dissolving 235 

Docan non-woven 563 

Docan spunbond 
lines        562 
spinneret    556 

Doff cycles 595 
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Doffer systems 596 

Dolan        506 

Dosing screw 295 

Double cone mixer 141 

Double ring gland 472 

Double screw extruder 293 
back pressure bearing design 294 
chip dosing screw 294 
special axial roller bearings 295 

Double stream metering pump 317 

Dralon       112 

Draw 
crimping machine, schematic 450 
godet        424 
ratio        419 448 
roll duos    533 
rolls        380 
texturizing 29 106 431 440 
texturizing machine 406 599 
twist tubes 635 
twisting machines 416 
winding machines 275 416 

Drawing      193 
baths        504 
filament neck point 194 
flow effect 199 
frames       470 
ovens        473 
PA 6         55 
PA 66        63 
PET          89 
plate        425 
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Drawing (Continued) 
temperature 89 194 
zone         89 194 
zone length 199 

Drawstands 
for tow      470 

Drawtwisters 419 426 

Drive power 
drawing zone 216 
drawstand    470 
granulation 247 
of discharge gear pumps 319 
of godets    391 

Drives for 
spinning pumps 343 
(draw) texturizing machines 448 

Dry granulating machines 245 

Dry spinning 132 489 
annular spin pack 343 
dependence of the properties 490 
of elastane 132 
of PVAL      128 
process 

of PAN       121 123 
of SAP       153 

tubes        132 492 

Dry surface polishing 578 

Dry-jet-wet spinning 145 146 

Dryer 
continuous 258 
for staple fiber, tow, sliver 462 
tow temperature 481 
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Dryer (Continued) 
vacuum       258 

Drying       6 258 266 

DSC          730 801 

DTA          728 801 

Du Pont moisture tester 681 

Duos (godet pairs) 387 

Duos         471 

DuPont jet 451 

DuPont test 
flex fatigue 586 
moisture test 258 

Dust content 
conditioned air 604 
effect in quench air supply 604 
outside air 604 

Dust removal device 255 

Dust separator 267 

Dwell time distribution 174 298 

Dye absorption 732 

Dye uptake 730 732 769 

Dyeability 220 

Dyeing       790 854 

Dyeing additives 733 

Dyeing carrier 733 

Dyestuff affinity 220 

Dyestuffs    98 
addition     630 
chip surface coating 629 
thermodiffusion process 629 

Dyeswell     98 99 

Dynafil      769 
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Dynel        33 

Dynema gel filaments 142 

Dynisco melt pressure 677 

E 
Elastane (EL) 9 128 839 849 

 859 
chain enlarging 130 
cross-sections of elastomeric fibers 135 
doffer winder 133 
dry spinning 132 

spinneret arrangement 132 
spinning capacity 133 
yarn number ranges 133 

installations 131 
production 129 
properties 134 
reaction spinning process 133 
trade products 129 
wet spinning 131 
yarn         128 

Elastic modulus 194 750 

Elastodien 7 

Electric heating 609 

Electric lamp filaments 571 

Electrical resistance of fibers 784 

Electrically conducting filaments 155 

Electrostatic behavior 783 

Electrostatic spinning 106 157 

Emulsion spinning 157 

Evaporation 698 

Expansion nozzle 553 
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Extraction 52 504 

Extruder     282 569 705 
connection head 300 
cylinder     282 
injection head 630 
LTM-screw    287 
mixing head 628 
model laws 291 
screw        284 

angle        284 
compression 285 
drive power 288 
flights      288 
groove incline 284 
melt temperature distribution 287 
mixing elements 288 
mixing torpedo 287 
passages     285 
pressure build-up 288 
zone length 289 

single screw spinning 283 
spinning plant 257 569 
waste processing 704 

Exxon-spinneret for melt blowing 552 

F 
Fabric       217 

Fabric preparation, tirecord 586 

Failure analysis 713 

False twist principle 203 

False twist texturing 201 205 

False twist texturizing machines 439 
creels       441 
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False twist texturizing machines (Continued) 
fume aspiration 443 
housekeeping (cleaning) 443 
take-up      443 

Fiber 
analysis     803 
animal       5 11 
combination components 718 
combinations 789 
cross-section 735 777 
densities    828 
draw line    462 
electrical resistance 784 
enthalpy     802 
fine filament 550 
fineness     737 
form         733 
high temperature 142 
identification 790 800 
inorganic    5 10 842 852 

 862 
length distribution 582 
mixtures     788 
natural      5 11 
polycondensation 7 
polymerization 5 
properties 777 834 
raw materials 5 
solubility 796 
structure    2 722 
surface      786 
surface constitution 735 
testing      713 
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Fiber (Continued) 
uniformity 763 
vegetable    5 12 

Fiberfill    588 701 

Filament 
bending      216 
cooling      180 182 205 361 

 557 
cross-section 330 539 
cross-section/inertia 216 
draw forces 212 
formation during solution wet spinning 182 
heating/cooling 205 
loops        550 
neck point 194 
outlet slot 190 
surface      733 
take-up      182 560 
temperatures 191 205 

Filament tension 204 
electrically conducting 155 

Filkar       144 

Film tapes 536 

Film waste 704 

Filter 
auto-screen 324 
capacities 322 
construction/assembly 321 
loading      322 
media        320 
melt pressure measurement 325 
sieve        318 

Fine filament fibers 554 
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Fine filament network structure 552 

Fine-woven wire mesh 683 

Finish application 
uniformity 

roll application 368 

Finisher 
for PET      80 

for PA 66    61 

for polyester (PES) 26 
for PA 6     51 

Finishing    723 

Firestone test for cord-flex fatigue 586 

Flanged bobbins 209 636 

Flash spinning 552 

Flat bath    498 

Flax         12 834 844 854 

Flex abrasion cycles 781 

Flex fatigue of cord 586 

Floating speed 239 

Fluid mechanics 682 

Fluidized bed crystallizer for PET 265 

Fluids 
flow properties 682 

Fluorocarbon fibers 6 

Formation mechanism for polymers 33 

Fourné       203 553 

Fremery      1 571 

Friction coefficient 653 
traveler     211 
yarn-guide 652 
yarn-yarn    652 
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Friction drive 208 
for winders 394 
roll         397 
winding heads 279 

Friction winder 406 

Fuji filter 321 

Funnel (cone) spinning 499 

Fused filaments 539 

G 
Gas phase separation 539 

Gaseous byproducts 700 

Gear pumps 312 500 

Gel spinning process 138 
PAN          142 
polyethylene 138 

Gels 
in melt      320 
particles    323 

Glass fibers (GF) 10 143 843 853 
 863 

Glass transition temperature 185 198 205 222 
 728 761 

Glide ring sealing 230 

Glycol recovery 710 

Glycolysis of PET 700 

Godets       209 380 471 
cold         381 
construction 382 
drive power 391 
heated       381 386 
heating power 391 
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Godets (Continued) 
inductive heating 381 
infrared heating 381 
insulation boxes 388 
liquid heating 387 
manufacturing accuracy 380 
number of wraps 209 
resistance heating 381 
temperature 381 388 
temperature profile 385 
vapor jacket heating 381 
with double sliding ring gland 387 
vapor heating 384 

Graft polymerization 153 

Granulating 244 
chip dimension 247 
cutting forces 247 
cutting production rate 245 

Granulator 245 
cutting capacity 244 
knife        247 

Graphitization 11 577 

Gravimetric spinning 160 

Gru-Gru cutter 482 

Guanaco      11 

H 
4 HS process 56 

Hair         4 12 

Hair curling machine 535 

Hand aspirator 660 

Hand slicer 663 
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Hank winder 514 

Heat setting 217 462 472 
hot air      220 
saturated steam 220 
shrinkage    218 478 
time         219 
with swelling agents 218 

Heat transfer coefficient 183 610 
false twist texturing 207 
in autoclaves 235 
of godets    391 
surface      688 
turbulent flow 192 
yarn-air     214 

Heat transfer media 608 

Heater for texturizing compressed air 457 

Heater length 
false twist texturing 205 
installed power 206 

Heating      574 
for vacuum dryer 258 
media        609 
plants       609 

Heberlein    203 

Helanca      435 

Hema jet     451 

Hemp         12 

Heteroyarns 719 789 

Hexamethylene diaminadipate 8 57 

Hexamethylene diamine 58 

High modulus fibers 142 
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High pressure 
flasks       612 
spin pack    339 
spinning     584 

process      180 

High shear mixer 141 

High speed 
spinning paper tube 635 
staple cutter 533 
staffer box crimper 477 533 
winders      410 

High temperature 
fibers       142 
spinning     334 568 
threads      690 

High tenacity (HT)/high modulus (HM) 
filaments    138 
gel spinning process 138 
process scheme 140 

HM carbon fiber 571 

HM-HT cotton type polyester staple fibers 91 

Hollow fibers 147 511 719 

Hollow filaments 
bicomponent 539 
inside-to-outside pressure difference 549 
solution spinning machine for 513 
spinnerets 549 
wet spinning machine for 513 

Hook         1 

Hosiery      217 

Hostaflon    136 
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Hot air 
oven         473 
setting      220 
shrinkage    758 
warp dryer 575 

Hot bonding methods 556 

Hot cut      250 

Hot dipping treatment 

Hot draw pins 426 

Hot shroud 180 361 

HT carbon fiber 571 

Huggins constants 817 

Huggins formula 75 

Hydrate cellulose 10 

Hydrolytic (pre-) cleaning 616 

Hydrolytic degradation of polyester 706 

Hygrometer 681 

I 
Identification of fibers 790 

Identification of tubes 637 

Igamid U     136 

Indirect inverter 648 

Infrared spectral analysis 801 
production of films for 802 
schematic of spectrometer 803 
scheme for analysis 804 
spectrograms, examples 805 

Injection valve for melt flow 309 

Inorganic fibers 152 

Insulation 237 
insulation boxes 388 
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Insulation (Continued) 
spinning beam 302 
thickness    240 

Interfacial polycondensation 155 157 

Interfloor tubes 362 

Intermingled yarns 550 747 
characteristics 747 
cohesion point 748 
definition 746 
for high titer ranges 661 
node stability 747 
opening length frequency distribution 747 

Intermingling jets 661 

International norms and rules 715 

Intrinsic viscosity 74 86 

J 
Jute         13 

K 
Köchlin formula 746 

Kashmilon    506 

Kenaf        13 

Kenics mixer 312 

Keratin      11 

Kermel       145 

Kevlar       1 143 148 506 

Klare, H.    1 

Klarte       1 

Knife for Gru-Gru cutter 482 

Knife material 247 

Knot tenacity 753 
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Knotting     661 

Kodel        67 

Kolene oven 616 

L 
Laboratory equipment 714 

Lactam recovery plant 695 

Lama         11 

Laminar flow 192 500 684 

Lawson-Hemphill 769 

Laying chute 482 

Laying wheel 465 

Linen (LI) 12 834 844 854 

Liquid crystal 2 145 

Liquid heating 
for drawstand rolls 472 
for spinning beams 302 

Liquid nitrogen 612 

Lloyds       230 

Loop tenacity 753 

Loop yarn    449 

LTM-screw    287 

Lummus cutter 482 

Lurgi tube spinning system 365 

Luster       779 

Lutravil spunbond process 558 

M 
Maintenance 637 

Man-made fibers 
silk-like    749 
terminology 717 
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Man-made fibers (Continued) 
wool-like    749 

Manila       12 

Marlotherm 609 

Marsh        2 

Masterbatch dosing 630 

Matrix fibers 719 

Matrix filaments 542 

Mechanical waste processing 700 

Melt capacity 62 

Melt ducts 550 

Melt flow 
distribution valve 308 
freezing valve 308 
injection valve 309 
piston valve 308 
squeeze valve 308 

Melt flow index (MFI) 97 667 

Melt grid    55 

Melt grid, function 295 
for wet granulate 295 

Melt pipes 299 

Melt pressure 677 

Melt spinning 1 177 270 
design data 272 
machines     272 462 

Melt viscosity 74 665 

Metal fibers 11 842 852 862 

Metered spin finish 369 

Micro crimp 216 

Micro photographs 796 

Micro shish kebab 138 
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Microfibers 4 

Microfilaments 550 

Microtome cut 735 

Mixer 
extruder screw 288 
static, for melt processing 309 

Mixing       235 

Modacrylic (MAC) 6 839 849 859 

Modal (CMD) 10 

Mohair       11 

Moisture absorption 787 

Moisture measurement 681 

Molecular sieve 267 

Molecular weight 97 667 
average      97 
average viscosity 97 
distribution 97 
raw material 818 

Mollier ix-diagram 605 829 

Molten salt bath ovens 615 

Monofilaments 536 

Monomer (fume) aspiration 359 

Monomer extraction 557 

Morphology of fibers 718 

Multicomponent fibers 718 

Multicomponent yarn 539 

N 
Naphta       24 

Natural fibers 11 

Neck point 89 

Nelson after-treatment 513 
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Nelson rolls 664 

Neocarmine 796 

Network      3 

Neumag staple cutter 484 

Nitride fibers 152 

Nomex        1 143 

Non-stop filter 274 326 

Non-woven    562 

Nusselt number 688 

O 
Octet        471 

Oenanthe acid 1 7 

Oil flow test 636 

Oiler        370 

Optical fibers (POP) 
bicomponent melt spinning installation 155 
doting component 156 

Optical properties 777 

Orange-type filaments 545 

Orientation determination 727 

Orion        4 112 219 

Overhead rack system 600 

Overhead transport system 600 

Oxidation/graphitization 
effect of tension 572 

P 
PA see Polyamide 

Pack filters 321 

Pack housings 335 

Pack insertion device 341 
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Pack lifetime 615 

Package 
creel        468 
doffer       597 
drives       394 
handling     595 
holders      401 405 
push-off device 595 
size         405 
spindles     401 
transport    600 
transport trolley 595 
weight       595 

Pallet       600 

PAN see Polyacrylonitrile 

PAR see Polyarylate 

PBT see Polybutylene terephtalate 

PCC system 406 

PE see Polyethylene 

PEEK see Polyaryletherketone 

Perforated plates 685 

Perlon       1 36 219 

Perlon U     136 

PES see Polyester 

PET see Polyethylene terephtalate 

PET-POY spinning plant 278 

Phenol       36 

Phenol resin fibers 153 

Physiological behavior 785 

PI see Polyimide 

Pilling      780 

Pin application 369 
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Pin mixer    288 

Pineapplecone 209 400 

Pipes        237 
flow velocities 238 
for melts    297 

Pirn wind    212 

Piston (rod) spinning 514 

Pitch/mesophase for carbon fibers 571 

PIV gearboxes 471 645 

Plant layout 228 271 

Plate fabric filter 339 

Plate spinneret 333 

Plying of (multi-) filaments 539 

Polyacrylonitrile (PAN) 1 6 112 839 
 849 859 

capacities 114 
comonomers 112 
dissolving plant 120 
drawing/washing bath 509 
dry spinning machine 708 
dry spinning process 121 
fiber prices 22 
fibers from salt solutions 571 
filtration 119 
homopolymer 112 
mechanical properties 197 
melt spinning installation 121 
polymerization 113 

Redox        117 
solution     116 

powder       827 
production plant 21 



900 
Index terms Links 

 
This page has been reformatted by Knovel to provide easier navigation.  

Polyacrylonitrile (PAN) (Continued) 
Sohio-process 113 
solutions    114 
solution suspension 115 
solvents     113 
spinning     121 
spinning baths 114 
thermal treatment 219 
vacuum de-aeration 119 

Polyaddition 33 

Polyaddition fibers 5 

Polyamide    2 34 

Polyamide 3 (PA 3) 7 

Polyamide 4 (PA 4) 7 36 

Polyamide 46 (PA 46) 8 64 
properties 65 

Polyamide 5 (PA 5) 7 

Polyamide 6 (PA 6) 7 35 836 846 
 856 

4 HS process 56 
addition of water 40 
addition of water and AH salt 41 
batch chip extraction 52 
birefringence 727 
cationic polymerization 38 
chip properties/final products 45 
continuous polymerization plant 54 
drawing      55 57 
extract content 42 
extraction 52 
extrusion, pelletizing, drying 44 
hydrolytic polymerization 37 
influence of a catalyst 40 
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Polyamide 6 (PA 6) (Continued) 
influence of vacuum 43 
lactam and oligomers reformation 42 
low molecular parts 41 
material flow 44 45 
melt viscosity 44 
polycondensation 37 229 

autoclave    46 
continuous 47 
equilibrium constant 38 
VK tube      47 

polymerization 37 40 
postcondensation 263 
POY spinning 55 
prices       22 
process characteristics 44 
recipes      46 
residual draw 56 
solid phase polycondensation 263 
spinneret take-up speed 55 
spinning     55 57 
stabilizing the chain lengths 39 
take-up speed 56 
thermal treatment 219 
vacuum finisher 51 
waste        695 

chemical recovery 695 
depolymerization process 696 
reprecipitation 696 

Polyamide 66 (PA 66) 2 8 57 836 
 846 856 

chemical waste processing 698 
continuous polycondensation installation 61 
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Polyamide 66 (PA 66) (Continued) 
cooling air 64 
depolymerization 62 
Dow vapor melt grid 62 
drawing      63 
finisher     61 
material flow 58 
monomers     57 
polycondensation 

continuous 60 
in autoclaves 58 

postcondensation 263 
properties 836 
solid phase polycondensation 263 
spinning     60 
take-up speed 64 
thermal treatment 219 
vapor melt grid spinning 62 

Polyamide 7 (PA 7) 7 65 

Polyamide 8 (PA 8) 8 

Polyamide 9 (PA 9) 8 

Polyamide 10 (PA 10) 8 

Polyamide 11 (PA 11) 8 66 837 847 
 857 

Polyamide 12 (PA 12) 8 66 

Polyamide 610 (PA 610) 8 65 

Polyamide fibers 580 

Polyamide yarns 
properties in comparison 65 

Polyaminotriazole 1 

Polyaramides 9 143 145 
meta         145 
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Polyaramides (Continued) 
modification by heat setting 145 
modification by hot dry drawing 145 
para         145 
process diagram 145 
structural formulas 145 

Polyarylates 143 

Polyaryletherketones (PEEK) 9 

Polybutylene terephtalate (PBT) 9 67 94 837 
 847 857 

BCF yarn     84 
polycondensation 94 
raw material 94 

consumption 95 
yarn properties 95 

Polycarbosilane 150 

Polycondensation 33 
autoclave    76 235 
batch        77 
catalyst     72 
continuous 60 79 
filament/staple fiber plant 227 
finisher     26 80 
liquid crystals 147 
plant        26 227 
polyamide 4 (PA 4) 36 
Polyamide 46 (PA 46) 64 
Polyamide 6 (PA 6) 37 

autoclave    46 
VK tube      47 

polyamide 66 (PA 66) 58 
polyamide 610 (PA 610) 65 
polyamide 7 (PA 7) 65 
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Polycondensation (Continued) 
polyaramides 145 
polybutylene terephtalate (PBT) 94 
polyethylene terephtalate (PET) 71 
polyetherketone 146 
polyurethane 128 

autoclave    131 

Polycondensation fibers 5 7 

Polyester (PES) 1 8 67 837 
 847 857 

bottle granulate 701 
chemical processing of waste 699 
consumption of glycol 68 
finisher     26 
granulate    826 
hydrolytic degradation 706 
iodine absorption 800 
methanolysis 700 
molecular weight 75 

Polyether sulfones 146 

Polyetherketone 146 

Polyethylene (PE) 5 112 840 850 
 860 

crystallinity 111 
heat transfer coefficient 111 
high tenacity-high modulus filaments 138 
specific heat 111 
specific volume 111 
types        112 

Polyethylene terephtalate (PET) 8 67 837 847 
 857 

catalyst     71 
chips        74 
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Polyethylene terephtalate (PET) (Continued) 
column (tower) dryer 266 
continuous polycondensation 79 
conversion to TPA/DMT 699 
cord         584 
direct esterification 70 
drawing      89 
equilibrium moisture content 264 
explosion proof 232 
fiberfill    589 
fiber length distribution 582 
finisher     80 
flow/draw zone form 89 
fluidized bed crystallizer 265 
gaseous byproducts 700 
intrinsic viscosity 76 
mechanical properties 91 197 
melt viscosity 76 
melting point 731 
neck point 89 
polycondensation 71 84 

autoclave    76 
continuous 79 
ether formation 72 

postcondensation 263 
properties 70 92 
spinneret take-up speed 91 
spinning     86 89 726 
take-up speed 87 
thermal treatment 219 
thermograms 730 
transesterification 69 79 
yarn properties 92 
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Polyethylenoxide 1 

Polyflouride (FL) 6 

Polyimides (PI) 143 149 

Polymerization 33 
alkalic      38 
cationic     38 
emulsion 

of PVC       122 
gas phase    97 
hydrolytic 37 
in a Redox system 115 

of PAN       115 
polyamide 12 (PA 12) 67 
solution     116 
solution suspension 115 
suspension 97 

of PAN       115 
of PVC       122 

without water 39 

Polymerization degree 2 5 37 40 
 75 667 

Polymethane 1 

Polyoxymethylene 1 

Polypeptide 3 

Polypropylene (PP) 1 5 30 95 
 840 850 860 

BCF yarn     105 
birefringence 101 
draw texturing 106 
dyeswell     98 
foil yarns 107 
gas stage polymerization 97 
isotactic    96 
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Polypropylene (PP) (Continued) 
mechanical properties 103 107 
molecular weight 97 109 

distribution 97 
monomer      96 
POY optimization for draw texturing 108 
propylene    96 
powder       97 
rate of crystallization 100 
rate of surface cooling 101 
spin take-up speed 106 
spinneret hole geometry 100 
spinneret take-up speed 103 
spinning     98 104 
stereo regularity 100 
stereo specific 96 
stress-strain diagrams 103 
suspension polymerization 97 
take-up draw resonance 103 
take-up resonance 103 

Polypropylene fibers 580 

Polysulfonates (PSU) 143 

Polysulfones 146 

Polytetraflourethylene (PTFE) 7 136 841 851 
 861 

drawing      136 
peeling filaments 137 
properties 138 
spinning     136 

Polyurea     9 

Polyurethane (PUR) 9 
hard fibers 136 
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Polyvinyl chloride (PVC) 6 122 841 851 
 861 

polymerization 122 
solving      123 
spinning     123 

Polyvinylalcohol (PVAL) 125 841 851 861 
dissolving plant 125 
dry spinning 128 
fiber production 125 
hardening baths 128 
polyvinylacetat 125 
spinning     127 
syndiotactic 123 

Polyvinylidene chloride (PVDC) 6 

Postcondensation 258 
continuous 267 
PA 6         263 
PA 66        263 
PET          263 

POY melt spinnning plant 373 

POY take-up machines 27 

PP see Polypropylene 

Precision winding 207 

Precursor    573 

Prepreg      578 

Pressure controller/display 681 

Pressure drop 
spin packs 337 

Pressure feed roll 442 

Pressure roll 
for drawtwisters 424 
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Pressure vessels 
classification 231 
testing      231 

Price indices 23 

Primary crimping 216 

Primary heater 440 

Procedyne process 616 

Process control 714 

Properties 
man-made fibers 713 
mechanical 748 
physical     455 
various fibers 854 

Propylene    96 

Protective gas 612 
dry spinning 492 
PAN spinning 492 

Protein fibers 10 158 

PTFE see Polytetraflouroethylene 

PVAL see Polyvinylalcohol 

PVC see Polyvinylchloride 

Q 
Qiana        1 8 34 

Quality control/assurance 713 

Quality loop/quality systems 717 

Quartet      471 

Quartz       143 

Quench air 
cross        187 
radial       187 

Quench air conditioning plants 601 
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Quench air rectifier for quench chambers 355 
Alucell      355 
calculated example 355 
effect of dirt 605 
parallel braid construction 355 
plain weave 355 
quick change 355 
stainless steel meshes 357 
stainless woven wire mesh 355 

Quench air supply ducts 364 

Quench air velocity distribution 189 

Quench air velocity profile 106 347 349 

Quench cabinets 346 
cross flow 347 
external width 349 
laminar      347 350 
radial       351 

inside-outside 353 
outside-inside 351 

schematic    346 
sidewalls    347 

Quench candle 686 

Quench chambers 
accessories 359 
air flow regulation 359 
for staple fiber 462 
for very high spinning speeds 354 
protuberance 356 
quench air rectifier 355 

air flow diverter plate 356 
Alucell      355 
calculation example 355 
parallel braid construction 355 
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Quench chambers (Continued) 
plain weave 355 
quick change 355 
stainless steel meshes 356 
stainless woven wire mesh 355 

quench supply shut-off flap 359 
quick change air filters 357 
self aspirating 354 
spinning head insulation 357 

Quench door seals 357 

Quench duct 189 

Quench internal width 347 

Quick change 407 

Quintet      471 

R 
Radial quench chamber 351 460 

Ram extrusion 137 516 

Ramie        13 

Random winding 397 

Reaction spinning 157 

Reactors     173 
autoclave    46 
cascades     176 
design       176 
dimensions 175 
duration     175 

Reamur       1 

Recovery     694 
of gases/fluids 706 
of solvents 490 

Recycling    28 694 
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Redutens system 400 

Reicofil spunbond plant 559 

Rein, H.     113 

Relaxation tube 141 

Reluctance motor 645 

Reynolds number 683 

Rhodanide    113 571 

Ribbon casting 242 

Ribbon cooling 243 

Ribbon granulating 245 

Rilsan       66 

Ring spinneret 332 

Ring twisting 199 

Roll dryer 478 

Roll heating 472 

Rolling take-off creel 469 575 

Rolls        664 

Rotary drum dryer 263 

Rotary slide valve 308 

Rotating cylinders 663 

Rothe        38 

Rotor yarn laying system 400 

Running length 275 

Rutil TiO2 627 

S 
S-twist      199 744 

S/S-yarn     539 

Sand filters 274 

SAP-fibers 153 

Saran        122 
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Saw tooth cutting 245 

Schlack      1 36 

Schlumberger converter 581 

Schwartz     37 

Schwarz spinneret for melt blowing 553 

Screws       287 

Sebacic acid 8 

Secondary crimping 216 

Secondary heater 440 

Sectional beams 636 

SEM photographs 864 

Separator rolls 380 391 
air bearing 393 
with ball bearings 393 

Septet       471 

Servolift    596 

Sewing threads 199 

Sextet       471 

Seydel stretch break converter 581 

Shallow bath spinning 499 

Sheath (skin)/core (SC-) filaments 540 

Sheath/core (skin/core) fiber 719 

Short spinning processes 525 

Shrinkage    756 
at constant length 759 
during heat setting 218 
force        756 760 
influencing factors 757 
measurement 759 
mechanism    756 
spinning speed 758 
temperature 762 
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SI unit      717 814 

Side-by-side yarns 544 
irregular    541 
regular      540 

Siemosyn motor 646 

Silicon carbide fibers 150 
dry spinning conditions 151 
properties 151 

Silicon dioxide fibers 150 

Siliconizing 589 

Silk         4 
mulberry     12 
natural      2 12 835 845 

 855 

Single filament titer/endproduct properties 779 

Single inverter 649 

Single phase transformer 648 

Single screw extruder 704 

Single screw spinning extruder 283 

Sisal        13 

Skin (sheath)/core (SC-) filaments 540 

Slit quench chamber 353 

Solid phase condensation 258 

Solid phase polycondensation 263 

Solubility analysis 
for fiber identification 800 

Solubility of fibers 796 

Solution agents 144 

Solution spinning 181 

Solution viscosity 665 
accuracy     667 
automated    667 
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Solution viscosity (Continued) 
relative     666 
uniformity 667 

Solution wet spinning 
filament formation 182 
of multifilaments 509 

Solvents 
for dry spinning 490 491 

Spandex      9 128 

Specific heat 802 

Spherolites 3 

Spin bobbins 64 423 

Spin draft 178 

Spin draw process 181 

Spin draw take-up 
for tirecord 584 

Spin draw take-up machine 
single stage 375 
double stage 375 

Spin dyeing 627 

Spin finish 277 621 
aerosol      367 
antistatic 624 
applicator 651 
conditions 621 
construction materials 652 
emulsifiers 624 
filament cohesion 623 
frictional behavior 622 
lick roll    368 
number of rolls 380 
oiling system 274 
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Spin finish (Continued) 
pin application 369 
preparation plants 626 
pumps        314 371 
rod (bar) application 368 
rolls        376 
spray        589 

application 368 
tank         626 

Spin packs 
bicomponent yarn 548 
for circular spinnerets 335 336 
long         340 341 
insertion device 341 
plate fabric filter 339 
pressure drop 337 
rectangular spinnerets 339 
self sealing 338 

Spin smoke aspiration 277 

Spindle 
drive        394 
for drawtwisters 427 
settings     427 

Spinneret 
arrangement 274 
blanketing 359 
bolting      342 
bores        177 332 
capillary tolerances 331 
cluster      332 
configuration 306 
construction materials 328 
core/sheath filaments 556 
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Spinneret (Continued) 
dry spinning 333 
for PET fiberfill 589 
for solution spinning 332 
for spunbond 555 
hole         100 

layout       330 
spacing      328 

number of capillaries 562 
profiled holes 330 
protective shield 366 
round        555 
size         186 271 
special      333 
swell        183 
take-up speed 55 103 
temperature 724 
throughput 271 
wet/solution spinning 332 

Spinning 
PAN          121 
PA 6         55 
PA 66        62 
PET          86 
PP           104 

Spinning baths 500 

Spinning beams 296 460 

Spinning capacity 296 

Spinning conditions 177 

Spinning disk process 570 

Spinning equipment 555 

Spinning extruder 282 
capacity     286 
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Spinning extruder (Continued) 
construction 292 
selection table 286 
single screw 283 
size         274 
temperature 293 

Spinning gauge 306 

Spinning heads 294 

Spinning mechanism 177 

Spinning nozzle 504 506 

Spinning process 98 

Spinning pumps 312 503 
drives       343 
efficiency 271 
materials    314 
overview     314 
pivotable mounting 503 
planetary gear 318 
pre-pressure 313 
size         296 
working principle 313 

double stream 315 
simple       313 

Spinning take-up machine 372 375 
POY, with godets 378 
POY, without godets 375 
single stage 378 
table        375 
with individually-driven friction winders 374 
with long friction drive rolls 374 
with tension-controlled precision winders 374 

Spinning take-up walls 463 
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Spinning towers 602 

Spinning tubes 634 

Spinning winders 408 

Spooling reel 665 

Spray washing 508 

Spraying     368 589 

Spunbond (non-woven) 
capacity     555 
filament diameters 566 
filament orientation 566 
quench velocity profile 558 
spunbond line 562 
STP Impianti 564 
world production 555 

Stabilization oven 573 

Stabilizers 98 

Standards organizations 716 

Staple bulk density 486 

Staple condenser 485 

Staple container 257 

Staple cutter 462 482 485 

Staple fiber 
capacities 228 
crimp        741 
diagram      740 
heat setter 462 
lines        460 497 
melt spinning plant 525 

Static mixers 309 

Staudinger 1 2 

Steamer      462 

Stirring vessel cascade 173 



920 
Index terms Links 

 
This page has been reformatted by Knovel to provide easier navigation.  

Stopcock     308 

Storage      600 
intermediate products 253 
raw material 281 

Strand casting 242 

Strand cooling 243 

Strand extrusion die 242 

Strand take-up 253 

Stretching speed 199 

Stuffer box 477 

Staffer box crimper 216 448 462 478 
 588 

Stuffing box 230 

Stuffing screw 704 

Suction drum dryer 478 

Sulzer SMV 312 

Super-absorbing products (SAP) 153 

Super-tyrex 2 583 

Suspension spinning 157 

Syltherm     609 

T 
Take-up speed 

for PA 6     56 
for PA 66    64 
for PET      87 

Tangled yarn 747 

Tape cutting 245 

Taslan jet 451 

Technical yarns 584 

Technora     144 

Teflon       4 136 
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TEG cleaning 618 

Temperature control 388 678 

Tenacity     196 583 750 

Tensile testing 749 

Terephtalic acid (TPA) 67 

Terminology of man-made fibers 717 

Tertiary copolyamide 154 

Testing of fibers 713 

Testing of spinnerets 635 

Testing of spinning pumps 631 

Tex system 737 

Textechno    772 

Textile testing 714 

Textured yarn tester (TYT) 767 773 

Textured yarns 721 

Texturizing 431 
air jet      436 
classical    432 
edge crimping process 439 
gas-dynamic 436 
gear crimping process 439 
knit-de-knit (crinkle) process 436 
processes, overview 432 
Ringtex      434 
stuffer box crimping (mechanical) 436 
twist separation 436 
with double belt system 434 
with friction disks 434 
with magnetic spindle 434 

Texturizing aggregates 443 
crossed belt false twist 447 
friction disks 444 
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magnetic spindle 444 
Ringtex friction 447 

Thermal properties 844 

Thermal testing 801 

Thermal treatment 219 

Thermobonder 34 154 719 

Thermocouples 677 

Thermograms 730 

Tirecord     199 584 
dipping      586 
fabric preparation 586 
production 583 
spin draw take-up machine 376 377 
spinning plant with spin take-up machine 277 
yarn         585 

Titer control 600 771 

Titer variations 193 209 767 
Fourier analysis 766 
frequent causes 767 
magnitudes 767 

Toray 
FYL-500 tester 771 
static mixers 312 

Torque control 232 

Tow 
balers       488 
cooler       462 
cutter       658 
finish application 462 
holding forces 212 
packaging    481 
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Tow (Continued) 
path         508 
pivoted roll 475 
plying       474 
pre-tensioner 462 
reed         461 
running width 213 
speed        486 
spreader     462 
squeezing    506 
steaming     219 
tension      214 476 
thickness    485 
washer       505 
widths       390 461 

Traveller    210 421 

Traveller rings 421 

Traverse cams 398 

Traverse guides 397 656 
crossing angle 397 
insertion    656 
maximum linear speed 397 
reversal     398 
speed        397 655 

Traverse shifting 212 

Traverse system 
birotor      401 
grooved drum 401 
grooved roll 399 
Redutens system 400 
rotor        400 

Traverse triangle 209 

Traversing roll 557 
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Triacetate 10 

Trio         471 

Trivinyl     7 

TšV          230 
inspection drawing 262 

TTT          723 

Tube printer 637 

Tube spinning system 365 

Tumbling dryer 259 

Turbo tester 681 

Turbulence damping 688 

Turbulent flow 684 

Twaron       143 148 506 

Twin screw extruder 704 294 

Twin track heater 440 

Twin traverse system 400 

Twist 
angle        201 
coefficient 745 
direction    199 744 
level        199 
loss         207 
methods for determination 745 
separation principle 653 
shortage     203 

U 
Ubbelohde viscosimeter 666 

Ulrich       3 

Ultrasonic cleaning 620 

Underwater granulator 245 252 
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Uniformity of yarns 765 
external     766 
internal     769 
schematic    765 

Unit size    19 

Upwards spinning 106 525 

Urban        1 

US Naval melt blowing plant 551 

Uster diagrams 671 
evaluation 670 
examples     671 
machine defects 675 

Uster spectrograms 770 

Uster tester 766 

Uster uniformity 
average titer 670 

Uster value 
quench chamber conditions 716 
radial quench 716 

Uster values 
affecting variables (examples) 768 
CV values    769 
draw-texturized/undrawn 765 
influence of the quench air profile 187 

V 
V-belts      234 

Vacuum de-aeration 119 

Vacuum demonomerization 51 

Vacuum drum 262 

Vacuum dryer 
sampling port 262 
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Vacuum dryer (Continued) 
heat carrier oil 258 
hot water    258 
vapor        258 

Vacuum drying 
conditions 258 

Vacuum pyrolysis 619 

Vacuum tumbling dryer 259 

Vacuum/pressure vessel 218 

Vestolen     827 

Vicuna       11 

Vinyl chloride 1 

Vinylal      6 

Viscose      835 845 855 
fibers       580 
rayon (CV) 10 

Viscosity    40 683 

VK tube      47 176 

Vohwinkel, H.D. 1 

Volume contraction 757 

W 
Warp drawing 429 

Warp sizing 429 

Warp slashing 429 

Warp washer 575 

Warping beams 636 

Washing bath 575 

Waste disposal 362 

Waste processing 694 
chemical     695 
extruder     704 
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mechanical 700 

Waste recovery/processing 694 

Water 
bath         534 
chiller      606 
glass        151 
purification 539 
removal      534 
retention    787 

Web bonding 564 
binder medium 564 
chemical     564 
hot calendering 565 
needle punching 564 
thermal bonding 564 

Wet spinning 500 510 
bath/vapor recovery system 709 
process      498 
solution     501 

Whinefield 1 

Whirl chip heater 264 

Whisker      143 

Wig production 534 
changing facility 407 

Winders      392 
combination 413 
equipment    406 
selection table: packages/speed ranges/traverse system 396 
spindle length 396 
types        394 
with dancer roll 415 
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Winding head 274 

Winding speed 277 

Winding tension 209 210 

Wing twisting 200 

Wobbling     208 397 

Wool         4 11 539 835 
 845 855 

World production 
of monomers 28 
textile fibers 18 

X 
X-Ray scattering 725 

Y 
Yak          11 

Yarn 
bifilament 540 
intermingled 

characteristics 747 
cohesion point 748 
node stability 747 
opening length frequency distribution 748 

tangled      747 
technical    583 
tension compensation 470 
textured     721 
uniformity 

external     766 
internal     769 
schematic    765 

world wide consumption 584 
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Yarn apirator jets 659 

Yarn aspiration 379 

Yarn aspiration cutter 464 

Yarn aspiration tube 443 

Yarn break 
contamination 318 
depolymerization 318 
rate         621 

Yarn contact length 215 

Yarn cutters 379 657 

Yarn density factor 186 

Yarn feed system 420 

Yarn guides 379 651 
construction materials 652 
friction coefficient 652 
selection    654 

Yarn heating 214 

Yarn inlet zone 378 

Yarn moistening 452 

Yarn package 
creel        579 
density      211 
manual contact 595 
number per winding head 279 
outside      274 

Yarn pitch 665 

Yarn properties 
PA 46        65 
PA 66        834 
PAR          144 
PET          92 
PP           107 



930 
Index terms Links 

 
This page has been reformatted by Knovel to provide easier navigation.  

Yarn properties (Continued) 
PVA          127 

Yarn sensor 379 657 

Yarn take-off device 424 

Yarn tension 202 390 452 

Yarn twist 744 

Yarn winder 651 

Yarn winding bank 578 

Yarn wrap transport 513 

Z 
Z-twist      199 744 

Zein         10 

Zellweger uster 670 

Zinc chloride 571 

Zirconium oxide fibers 151 




