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Mechanical Aspects of Fibre Spinning Process in Molten Polymers
Part IIL: Tensile Force and Stress

By Andrzej Ziabicks
With 16 figures in 19 details and 2 tables

Introduction

In the former papers concerning the
mechanies of fibre gpinning (1,2) the process
was considered from the kinematical point
of view. The tensile force F was not precisely
defined nor estimated. 1t is the purpose
of this paper to give a theoretical analysis
of force and stress constituents in the fibre
spinning process and to compare them with
experimental results found for melt-spun
polyamide fibres.

Theoretical

Considering the fibre forming material
(polymer-melt or solution) as a liquid, the
general hydrodynamical equations for motion
may be written:
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*) Address for correspondence.
1) The validity of this assumption will be discussed
in the next section.

(Reeeived August 23, 1960)

For free liquid stream, not limited by any
vessel walls we have:

P=0.
The considered process is assumed to be

continuous and steady and the velocity field
is assumed to have no constituents but ¥, 1)

BVyot =0; Vy=V,=0; aV,jdy =0V,jdz=0
With above conditions the equation [1a]
may be written as follows:
fo + 1 (@2V/dx?) — o V, 0V,[0x) = 0. 2]
The variable x is a distance from spinneret

measured along the stream (spinning way
! in former papers) (see fig. 1).

I
!
|
|
|

Fig. 1. Vide text



Ziabicki, Mechanical Aspects of Fibre Spinning Process in Molten Polymers. 111 15

In eq. [2] the force density f, is composed
of several constituents which will be dis-
cussed below. The term: #»-P2V, [or:
7 (0?V,/82?) in the conditions assumed] is
a force density arising from the internal
friction of newtonian liquid. In our problem
the considered macromolecular liquids are
non-newtonian in general. Hence it seems
to be more correct to replace the term:
7n-V?V, by a general expression fme, (the
density of rheological force) which describes
the drag of internal friction. In the particular
case when the liquid is newtonian it is:

frheo =0 P2 V5.
The term: ¢ V,-(0V,/0x) describes the

force density due to inertia. The eq. [2] in
its final form may be written:
fz + frheo — @ Vg + (8V4/0x) = 0. [2a]
In the above equations the symbol f
determines the density of tensile force in a
given point of liquid stream f, = dF_/dv,
and F determines the force acting on the
whole stream on the distance x from spin-
neret.

The constituents of force F

In eq. [2a] besides the above explained
rheological and inertial terms there is a
complex force density expression f, composed
of 3 constituents. In the following treatment
the force constituents directed conformably
to velocity will be taken positive, those
directed oppositely to velocity—negative.

The force density f, consists of:

force of gravity (fgav = 0 ¢, positive)
aerodynamical drag of polymer stream
(fibre} "running in a gaseous medium
(facro » Degative)

force arising from the surface tension of
polymer liquid (fswr, negative).

Assuming the force density distribution
to be uniform through the stream cross-
section :

ofjoy = offoz = 0

eq. [2a] may be multiplied by the area of
cross-section A and the expressions of force
density replaced by force gradients along
the spinning way: f-4 = dF/dx. Con-
sidering additionally the equation of con-
tinuity :

oV-4=const. =W, [3]
it may be finally written:

A Faero AFsurf dFtheo —wile chc

04— dr . dw de - “dx =0.14

+

Phe gravitational constituent of tensile force
The weight of the hanging fibre:

L
FgraVZ/QgAdx [5]
2 -

should be taken into account when thick
fibres are spun. For thin fibres the gravita-
tional force (an integral of ggd in the
limits from x to the end of spinning way L)
makes only a small part of the whole force
needed for fibre formation. The force Fyp,y
has its maximal value at the beginning of
the spinning way (r = 0) and monotonically
decreases to zero at the end of the spinning
way (x = L).

If we assume, in the first approximation,
the stream (fibre) to have on the whole way the
same final thickness, the gravitational force
results in amount of about 10-* dynes/
1 denier - 1 cm of the spinning way.

The aerodynamical constituent results from
an external friction of running stream (fibre)
in the surrounding medium. According to
the principles of aerodynamies the force
dF 4er0 resulting from the friction of surface
nd - dx moving with a velocity V in gas of
density ¢ amounts to:

dFsero = (0 V¥2) md - dx - O (Re) , [6]
where Re is a Reynolds number:

V-L
ol

Re =

There are no drag coefficients C'(Re) given
in the literature for wires or thin fibres run-
ning axially in gaseous medium asrequired in
our problem. As an approximation the
coefficients of Prandil (3) for flat plate have
been. applied, as have done other authors
investigating the spinning of cellulose
fibres (4, 5).

C(Re) = 1.327 Re~*> for laminar motion [7a]
C(Re) = 0.074 Be®2 for turbulent motion [7b]

Putting in eqs. [6, 7a, and 7b] the
parameters of an air, the formulas for force
gradient result:

dFaerofde = 9.77 x 10~4d - L05 V1.8 [7e]
for laminar motion
dFaero/d.’l} =098 x 1044 - L2 V1.8 [7d]

for turbulent motion.

In the conditions usuvally applied in
technological practice, e. g. L = 450 em and
V = 300-3000 m/min, the Reynolds numbers
are of the order 106-107 (transition region).
For the estimation of maximal values of
Fyero In this section the formula [7d] was
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used. For the calculation of Fuy, in the
spinning experiments carried out with rather
low velocity the formula [7¢] was used.

From the above formulas it may be seen
that the aerodymamical force strongly in-
creases with fibre velocity V. For the
conditions occurring in practice, e. g. for a
bundle of 12 fibres each of diameter 0.005 cm,
450 om long, running with a velocity V
= 1000 m/min, Fye, amounts to 490 dynes,
and makes several percents of the whole
drawing force.

The force Fyeo for any distance x from
spinneret should be calculated as an integral
of force gradient in the limits from x to L

L
Faero = const. /d - Ima Ve dy, [Te]
z

where a = 0.5 and 0.2 for laminar and
turbulent motions respectively.

Like Fgpy, the aerodynamical force has
its maximal value at * = 0 and decreases to
zero at x = L.

The constituent Faero is much more important in
the cage of spinning fibres after the “‘wet-spinning”
procedure. The friction in the viscous liquid bath may
be some orders greater than that in an air and is one
of the limitations for take-up velocity.

The surface tension of fibre-forming liquid
is connected with a force Fy,¢, which tends
the liquid stream to shrink and to increase
its diameter. Hence it is directed oppositely
to the velocity and negative in our treatment.

On the distance x from spinneret, where
the stream has a diameter d the force Foyr
amounts to:

Fsmt=ad-pu, [8]
where 4 = surface tension.

It may be assumed that the surface
tension of a macromolecular, fibre-forming
liquid is not greater than that of simple
organic liquids of similar constitution. Put-
ting e. g. u = 50 dynes/em, Fg,r results in
amount of 50 dynes per 1 ecm of fibre peri-
meter. The maximal values of Fy s occur
at x = 0, where d = d, — the diameter of
spinneret channel.

E. g. for the 12-filaments-yarn spun of
a spinneret with channels d, = 0,025 cm, the
maximal Fgyr will be of the order of 47 dynes.
It is so small as compared with other
constituents, that it may be completely
neglected in calculations.

In the spinning of fibres of very fluid
liquid, the surface tension may come into
consideration as a factor tending to split
the stream into single drops.

The inertial term Fipe — is a force needed
to the acceleration of polymer mass from
a given velocity V to the final, take-up
velocity V. This force is, of course, directed
oppositely to velocity, hence negative in
our treatment.

In the continuous stream:

AFsnert/de = W - dV|dx [9a)
and
Finert,x = W (Vg — V) . [9b]
The maximal value occurs at x = 0 and
amounts to W. (Vg —~ V). Fiyes mono-
tonically decreases along the spinning way
till to x =1, where it becomes zero.
Dependently on flow intensity W and take-up
velocity Vi, Fiet in practice may amount
to 10-10% dynes.

The rheological force Fie, — is a substantial
part of drags connected with fibre formation.
Fine, varies along the spinning way according
to rheological behaviour of polymer stream,
its cross-section, and velocity gradient G.
Considering the deformation of polymer
stream as a viscous or plastic traction with
variable coefficients of viscosity 4 (1) the
local rheological force Fine, . is given by
relations:

Frhe(),;c =A4-2 (Z) M fl—z- [103;]
for viscous traction
and
av
Fypeo,z =4 ay (%) + Ax) - e [10b]

for plastic traction with a variable yield stress oy, .

The egs. [10a] and [10b] comprise the
unknown functions A(z) and o,(x) — the
distributions of apparent Troufon viscosity
and yield stress along the spinning way.
Therefore the calculation of Fiy,, even when
the stream profile is known

av
A (), and %—(x) ,

cannot be accomplished. Instead of it, the
force Fine, may be determined from the
balance of forces as shown below.

The eq. [4] multiplied by an infinitely
short element of spinning way dz, with
neglecting the constituent Fy,¢ may be
written :

09 Adx—constd- V2O (Re)-dx+ dFtheo— W-dV =0
(11]
and after integration in the limits z, L:

L L
fgg-Adx—constfd-V2C(Re)dx
T X

~+ Frheo, L — Frheo, 2 — W (Vg — V) = 0. [12]
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Besides it is known, that at the end of
spinning way (x = L) the rheological force
Fineo,1, 18 equal to the external, take-up
force Fe produced by the winding drum
of the take-up device:

Frheo, L = Fext . [13]

The last one can be easily measured with
a tensometer at the end of spinning way.
Putting Fey in the eq. [12] we obtain:

L
Frheo, 2 = Fext +ngA dx
E ‘

L
— const f d- V20 (Re)de—W (Vg—7V,) [14a]
x

or in other symbols:
Frheo, & = Fext + Fgrav,2 — Faero, 2 — Finert,z . [14Db]

Basing on these formulas, the rheological
force, very important for the spinning
process, will be calculated in further sections.

The external force Foyy — appearedin eq. [14]
from the limiting condition [13]. This con-
stituent should be meant as a difference
between the sum of drags connected with
spinning (sum of negative constituents:
rheological, aerodynamical, inertial) and the
gravitational force.

When the fibre being spun is rather thick
and low viscous, the additional force Fey
needed to cooperate with the gravity in the
balancing of drags is small. In some cases
the gravitational force may be strong
enough to surmount all the drags; then
Fo =0 and we have to do with so-called
“gravitational spinning” i. e. with a drawing
of stream upon its own weight. The condition
for gravitational spinning is:

Foxt =0 [15a]
or
Fgrav = Frheo + Faero -+ Finert - [15b]

When Foy; = 0 the normal spinning is not
possible. The fibre cannot be wound on the
drum or bobbin and it makes an appearance
if the fibre was not solidified and “flew” as
a liquid. The substantial origin of this effect,
however, is not “fluidity” of polymer but the
lack of external force and stress.

In the case of spinning thin fibres with
high viscosities, the sum of drags is much
greater than the gravitational force Fgpny
and so is the external force Fo . In most
cases in practice the gravitational force is
negligible small as compared with Fey;. Then:

Faray < Fext [16a]
and

Fext ~ Frheo + Faero + Finert - [16b]

Since F. is constant on the whole
spinning way, in the case described by
eq. [16b] the sum of drags is also constant
along the way. In other words, the profile
of stream and the distribution of diameter,
velocity and velocity gradient must be so,
that in every point z the sum of drags is
constant.

On the contrary, in the first case (Fex; = 0)
the drawing force, as well as the sum of
drags, continuously decreased along the
way. From the technical point of view the
spinning with higher external forces and
constant sum of drags seems to be more
steady and to give more even fibres.

The problem of  transverse (radial) velocity
gradient

The above treatment was based upon the
agsumption, that the distributions of force,
velocity and viscosity were uniform through
the stream cross-section. In the following
considerations this assumption will be dis-
cussed, and consequences are analyzed arising
from the radial distribution of polymer
viscosity. In the following treatment the
hydrodynamical equation will be written in
cylindrical coordinates with a condition of
symmetry:

of, V, Mfop = 0.
Two problems will be discussed separately:

1. The radial velocity distribution in the
region placed immediately below the
spinneret (“region of equalization™).

2. The radial distribution of viscosity, velo-
city and stress in the farther region,
where the conditions of flow in the channel
of spinneret do not play any important
role (“steady region’).

The distribution of stream wvelocity in the
“region of equalization”

The profile of velocity of a viscous liquid
flowing through a capillary is parabolic.
Such a distribution of velocity is assumed
to oceur in the channel of spinneret?). In the
moment when the liquid leaves the spinneret
(. = 0) disappears the origin of radial
velocity distribution: the friction of outer
layers on the walls of channel is zero. The
process of laminar motion begins to turn:
the fast running central layers are now
braked by slower peripherical ones, what

2) When very short channels are applied, the normal,
parabolic profile of velocity cannot be realized; the

perfection of velocity distribution within the spinneret
channel, however, is quite another problem.

2
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leads to an equalization of velocity through
the stream cross-section (fig. 2a). The flow
of a viscoelastic, fibre-forming liquid in the
short channel of spinneret is accompanied
by the effect of stream-broadening and de-
creasing of average stream velocity (2). That
effect results from the relaxation of residual
internal stress and, probably, of the dis-
orientation of macromolecules, oriented in
the channel. When a definite point of maxi-
mal broadening is passed (what evidently
corresponds to the complete relaxation and
disorientation) begins the process of drawing
and increasing the average stream velocity
(fig. 2b).

!
!
i
a) b)
Fig. 2. Profiles of stream velocity in the ‘“‘region of

equalization”. a) without stream broadening — b) with
a stream broadening

It seems to be evident, that the decrease
of average velocity in the region of broaden-
ing shortens the process of equalization. It
may be supposed in normal spinning, that
the zone of equalization is of the same order
as the zone of broadening, i. e. several
millimeters or centimeters. Such processes
seem to play no important role in the
forming of fibre structure and properties.

The distribution of velocity, viscosity and stress
in the “steady region”

In the region, where the spinneret has no
influence on the flow, there are two possible

origins of deviation from the uniform radial
distribution of velocity and stress:

a) the surface forces
b) the radial viscosity gradient.

Amongst the above considered force con-
stituents, there are two acting on the surface
of stream only: the aerodynamical drag, and
the surface tension. Let us consider the first
of them.

Assume, that on the surface of an infinitely
short segment dz of stream with diameter d
acts forece dF .. The deformation of stream
resulting from that action is similar to that
occurring in the capillary, while the peri-
pherical layers are braked and slide respect-
ively the central ones.

The maximal tangential stress amounts to:

_ @Faero
Pmax = Tt

[17a]

and the corresponding maximal transverse

velocity gradient:

_Dmax = [a V/aT ]max = ;(Tl—n dl’:;;m
Substituting in the eq. [17b] the values

of dF yero/dz from eq. [Te, d] it results:

. [17b]

Driax = 3,11 X 1072 L0:5 15yt [18a]
for laminar motion
and
Dmax = 0,312 x 10~ L~%2 P18 51 [18D]

for turbulent motion.

For the maximal take-up velocities of the
order 3000 m/min and minimal stream
viscosity # = 1000 poises the maximal
gradient Dy,,, amounts to 10-2 — 103 gec.
The transverse velocity gradients within the
channel of spinneret are of the ‘order
103-105 sec-!, and the parallel velocity
gradients oceurring in the spinning process of
the order 1,0-10% sec~l. Hence the effects
arising from the surface forces are negligibly
small and do not play any important role in
the process of spinning. The forces, and the
transverse velocity gradients connected with
surface tension are even smaller.

Only by wet-spinning, where we have to do
with a friction in a liquid, viscous bath, the
effects arising from the surface forces may
be stronger pronounced.

The radial distribution of viscosity

In the fibre spinning from molten polymers
there is always some radial temperature
gradient, connected with a gradient of vis-

cosity: 7 -
@Afory = (W) (_ar—) . [19]
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Considering the cooling of polymer stream
as an unsteady process of heat transfer, the
radial temperature gradient may be expressed
as a function of Biof number Bi, stream
radius R, the distance from the stream axis
and the temperature on the axis (r = 0),
referred to the temperature of surroundings
6, (6): .

(0T jory = [ (Bi, R, 7, 8,) . [20]

The starting point for the calculations is
the Heisler’s diagram of the relation:

(04/0) = D (s, Bi), [21]

s = r/[R — relative distance from stream axis

@; = Ty — Tsurr = the temperature on the
distance s referred to the
temperature of surround-
ings T, surr

— Ty = the temperature on the
axis (¢ = 0) referred to the
temperature of surround-
ings.

Bi = Biot number.

where:

6, = T,

T T T T T T T T
02 03 04 05 06 07 08 09 10
=L

R
Fig. 3. Function [d®/ds]p; versus s = 7/R

0 o1

In the fig. 3 there is shown the diagram of
function (d®/ds)g;, vs.s as obtained from
transformation and differentiation of Heis-
ler’s diagram. It may be easily shown, that
the radial temperature gradient is related
to function (d®/ds) by equation:

_ 6,  do
R ds

The temperature gradient has maximal
values in the initial region of cooling (high
0,/ R ratios) and decreases along the spinning
way.

The temperature variation of polymer
viscosity may be approximately described

[0T[or]B:, R, r,0, = (B, s = r[R). [22]

by Eyring-Frenkel equation:
4 = A - exp (E|RT) [23]
hence

dAJdT = — EAJRT® - exp (EJRT) = — E/RT= - ). [24]

The absolute values of d4/dT increase with
decreasing temperature along the spinning
way.

In order to estimate the order of magnitude
of the maximal radial viscosity gradients
occurring in the process of spinning, the
conditions on the initial part of the spinning
way were considered.

Assume the activation energy of flow
E = 15000 cal/mole, an absolute temperature
T, = 523°K and corresponding Trouton
viscosity 4 = 6000 poises.

The decrease of viscosity per 1° K results
from eq. [24]:

dAjdT ~ 166 poises/° K .

Assuming fibre radius to be B = 0.005 c¢m,
0, = 523 — 298 = 225°K, and Bi = 0.1
the maximal temperature gradient (on stream
surface, s = 1) results from eq. [22] with an
aid of fig. 3:

[dD|ds)s <1,Bi=0.1 = 0.105
[07/0rTmax ~ 1180° Kjcm
and the maximal viscosity gradient:
[0A/OrImax ~ 1,96 x 10° poises/cm .

Similar, or even greater viscosity gradients
along the stream radius may be expected
in other spinning procedures. In the
spinning after “dry-method” the viscosity
gradient is connected with a gradient of
polymer concentration:

di dc
[az/a]_(do) <8r)'
In the spinning after the ‘“wet—method”
in a precipitation bath this effect is more
complicated because of the coagulation and
precipitation of polymer from the solution.
Viscosity gradients in “wet-spinning” are
probably much greater than those occurring
in the melt-or dry-spinning; there is a rigid,
outer layer of precipitated polymer, “‘skin”,
distinctly separated from the inner, fluid
“core”.
The “skin-effects’” in melt-spinning, if
occurring, are only slightly pronounced.

(25]

The consequences of the occurrence of radial
viscosity gradient

By the non-uniform radial distribution
of viscosity, the hydrodynamic equation[la]

2%
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should be written in form:

2 2

fonton [z 4 Ele L) Oy, o,

[26]

The solution of eq. [26] is rather difficult
to obtain. In the present paper only some
special cases will be qualitatively discussed.

A non-uniform radial distribution of
viscosity excludes the possibility of simultan-
eously - oceurring of uniform velocity- and
stress-distribution. Two particular cases will
be discussed below:

1. uniform stress distribution: ds/ér = 0

2. uniform velocity distribution: 0V/dr =0

1. Assume that the only force acting on
the liquid stream in the direction  is gravity.
The condition:

Ofylor =0
is automatically fulfilled, and the tensile
stress calculated on the area of stream
cross-section is constant.

Consider a short, cylindrical segment of
stream, consisting of concentrical layers of
different, increasing from axis to surface,
viscosity (fig: 4).

| |
Fig. 4. Model of stream deformation at uniform stress

distribution and a radial viscosity gradient; left: stream,
right: velocity distribution

Every layer of thickness dr undergoes an
action of force

dF =2ar.dro.

When constant stress o is applied, the
velocity gradients G resulting in various
layers are different:

g

G(r) = [@V]or] (r) T [27]

and for
oAjor > 0; oGjor < 0.

The central layers of less viscosity will be
stronger deformed than the more viscous

peripherical ones. It leads to the mutual
sliding of the layers —to the shearing.

The force dF acting on the element of
cross-section d4 = 2z v - dr will be distribut-
ed between the viscous traction and shear-
ing:

AdF = 2myr-dr-o

=2xr-dr-A(r)Q(r) + 27ar-de-n(r)D(r) [28a]
or:
dF|dr = 2zmr|A(r) aal;w

It is evident from this simplified model,
that the deformation comprises bothtraction
and shearing; besides the parallel velocity
gradient ¢ and Trouton viscosity A appear
the transverse velocity gradient D and
newtonian viscosity. The assumed con-

dr + 7 (r) a—;x— dx) . [28b]

Fig. 5. Model of stream deformation at uniform velo-
city distribution and a radial viscosity gradient;
left: stream, right: velocity distribution

dition of constant stress which leads to an
appearance of transverse velocity gradient
can be accomplished only in some special
cases: e. g. by infinitely slow (without
acceleration) gravitational spinning. The
technical spinning process is very far from
such conditions. In technology, however, the
second case is more important: the uniform
velocity distribution.

2. Consider the model shown in fig. 5. An
axially symmetrical stream consists of thin
conical layers of different viscosity. The
dashed area determines the solid body which
does not undergo deformation in given
conditions.
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At the distance x =1, the fibre is
completely solidified, has a constant dia-
meter dg, and velocity V. The distance I,
determines the beginning of an appearing
of solid layer, which gradually grows to
z=1l,.

In the region of solid fibre (x=1_) the
velocity is constant through the cross-
section and amounts in every point to V.
At the beginning of the spinning way (z = 0)
the velocity is also constant through stream
cross-section (for x =0 is assumed here the
“point of equalization’ below the spinneret).

STRESS CONSTANT VELOCITY CONST.

viscosity

i STRESS

i |
|
a. b.

Fig. 6. Scheme of viscosity, stress and velocity distri-
butions. a. stress distribution uniform — b. velocity
distribution uniform

Hence, if the condition of continuity is
to be fulfilled, in every stream cross-section
placed on any distance x from spinneret the
velocity V, must be constant on the stream
radius: 0V ,/or = 0. In order to obtain equal
deformations in layers of different viscosities
a non-uniform distribution of stress is needed.

It was shown, that the uniform distribution
of stress brings about a non-uniform distri-
bution of velocity; the uniform distribution
of wvelocity brings about a non-uniform
distribution of stress. Those distributions in
both cases are schematically drawn in fig. 6.
The occurring of different viscosities and
stresses at equal deformations in wvarious
layers causes a different orientation of
macromolecules on various fibre radius
[cf. mechanism of orientation (7, 8)]. The
more viscous peripherical layers will be more
oriented, the central, less viscous ones—less
oriented. The radial distribution of viscosity
is in fibre spinning process connected with

a radial distribution of orientation and with
“skin effects”.

The forming of a solid layer on the
surface of stream (“skin’) is especially
important in the “wet-spinning” procedure.
In the region of “growing skin” (|l , | in
fig. 6) the thin, solid skin transfers the most
part of the drawing force. It leads to the
strong orientation of the macromolecules in
the “skin” on one hand, and makes limits for
deformation- and precipitation rates on
another one. Similar, but more slightly
expressed effects may be expected also in
other spinning procedures.

Experimental

The purpose of experiments carried out
on polycapronamide fibres was:

1. to determine the external (take-up)
force F. and to calculate the distribution
of force constituents, stress and apparent
viscosity along the spinning way.

2. To investigate the influence of spinning
conditions upon the take-up force, rheological
force and stress.

The material (polycapronamide), apparatus, and
methods of spinning were described in thefirst paper(1).

The measurements of force Fexy were carried out
with an electronic, recording tensiometer TENSOTRON
(f-ma Zimmer) equipped with measuring heads 10 G
and 30 G. The measurements of force Fext were ac-
complished immediately before the first winding drum

I

| F

Fig. 7. Scheme of fibre leading system. § — spinneret,

F — stream (fibre), D;, D, — winding drums, W — wetting

disc, B — leading roll, B — bobbin; position “a” (solid

line) — freely running fibre; position “b”’ (dotted line) —
fibre led through the wetting device
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D 1 by free-running fibre, without leading through the
wetting device or any other drags (see fig. 7, position
“a”"). The measurements of force in technical conditions
(fig. 7 position “b”’) were carried out in separate
experiments.

Some typical force diagrams as obtained from
tensiometer are shown in fig. 16. In the calculations of
stress and viscosity the data of stream cross-section 4,
and velocity gradient G were taken from the first

paper (1)

Results and Discussion

The distribution of tensile force, stress and
apparent viscosity along the spinning way

In the figs. 8 and 9 the distribution of
individual force constituents along the way
is shown for two monofilaments:

A 5. gravitational spinning

(Fext = 0), Td =124 drs; Vg=210m/min; L=450cm
A 8. normal spinning

(Fext 5 0), Td =40drs; Vg =656 m/min; L= $50cm.

In the diagrams presented by figs. 8 and 9
the take-up force Fey is a result of direct
measurements; the constituents Faray, Faero
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<S
L

204 Fgrav

o
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e force [dynes]
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S

Fig. 8. Distribution of force constituents along the
spinning way. Experiment No. A5
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Fig. 9. Distribution of force constituents along the
spinning way. Experiment No. A8

Fipery, and Fie, were calculated point by
point according to formulas [5,7¢, 8, 9b, 14a].
The positive constituents (Fexs and Fgay)
were plotted above, the negative ones
(drags): Faero, Finert and Finee, below the
x-axis.

It is evident from fig. 8 that in the
gravitational spinning the only positive
constituent (Fg,y) strongly decreases along
the spinning way. This leads to a similar
decrease of rheological force Fine which
makes about 809, sum of drags. Over the
distance I, both Fga,y and Fiye, linearily fall
to zero at « = L.

When a rather thin monofilament is spun
(fig. 9) the total drawing force (sum of
positive constituents) consists of a constant
Fexy and a variable Fyp,,. The last one is
small as compared with Fey and in its
maximal point (z = 0) does not exceed
10,3% Fiot = Fext + Faray. The rheological
force Fye makes about 86,5%, sum of drags
and is more constant on the way than by
gravitational spinning. The extrema visible
on the HFye-curve are connected with
variation of other constituents. The force
Foero, at given velocities and diameters not
exceeding 1-5 dynes, i. e. 1-3% sum of
drags, falls in the region 0, I, curvilinearily,
and in the region 7, L linearily along the
way. The force Fiyet, proportional to the
velocity difference, has an inflexion point,
corresponding to the maximum of velocity
gradient (x = 1,) and falls to zero at z = I,.
The maximal values of Fi,+ do not exceed
12-229, sum of drags.

In the figures 10, 11, 12 there are shown
the distributions of stress ¢ = Fpeo/A4, and
apparent Trouton viscosity A, = o/G for
three spinning experiments described in the
first paper (1):

A 5. gravitational spinning,
Td = 124 drs; Vi = 210 m/min; L = 450 cm

A 19. normal spinning,
Td = 68 drs; VE = 381 m/min; L = 450 cm

A 8. normal spinning,
Td = 40 drs; Vg = 656 m/min; L = 450 cm.

- For each experiment the stress has a
maximum placed at the point z = I, and
over [, linearily decreases. This decrease is
expressed the stronger, the thicker the
fibre is. In the gravitational spinning A 5 ¢
falls to zero at x = L; in an extreme case
of infinitely thin fibre it would be constant
above x = [ .
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It is characteristical for each experiment,
that the viscosity variation shows a distinct
turn at the distance [, = 30-35 cm. On this
distance a maximum of velocity gradient G
was always observed (1). This is an evidence

for previously expressed suggestion
concerning the transition effects in
polymer in this point. All the visco-
sity-spinning way characteristics are
monotonically increasing curves. This
increase, postulated in theoretical con-
siderations (1) is a fundamental prin-
ciple of fibre spinning process.

The effect of spinning conditions upon
the take-up force, gravitational force
and stress

As comparative characteristics for
the force constituents in a given spin-
ning experiment, the maximal values
at * = 0 were calculated.

The gravitational force Fyy,y was cal-
culated with a simplification, assuming
the fibre on the whole way to have
constant, final thickness (7'd deniers).
Hence, for L = 450 cm.:

Forav,0 ~ 0,5 T'd (dynes) .

A similar assumption was taken for
aerodynamical force, which was cal-
culated for I = 450 em and the final
velocity V5, according to formula:

Faero’() [ 0,0212 WO’E VE .

The inertial force Fi,.in the distance

z = 0 amounts to:

Finert, o=W (VE - Vo)
and the rheological constituent resulted
from the balance of the residual con-
stituents including Fexi:
Frheo,O = Fext + Fgrav,O — Faero,O - Finert, 0-

In each diagram there are three
functions given:

1. the total drawing force (sum of
positive constituents):

Fiot = Fext + Fgrav,o .

2. the rheological force Fine, 0

3. the maximal stress op. calcu-
lated on the final cross-section:

omax = Frheo, O/Ax=loo .

Effect of take-up velocity Vy at constant
intensity of flow: W = const.

An increase of take-up velocity V,
at W = const. and variable fibre thick-

ness is accompanied by nearly linear
increase of Fio and Fue, (fig. 13). The in-
crease of velocity is here combined with an
increase of the rate of cooling due to the
increasing ratio: fibre surface/fibre volume.
Such changes lead to a decrease of the
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gravitational constituent in the total drawing
force from 13.8%, at V; = 332 m/min and
Td = 78.6 drs to 0.3%, at V = 2860m/min
and T'd = 9.13 drs.

Since all the negative constituents (drags)
increase nearly linearily with V,, the rheo-
logical force is also a linear function of
velocity and amounts to 82 4 29 of the
sum of drags.
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Fig. 13. Dependence of total drawing force, rheological
force and stress on the take-up velocity at constant
intensity of flow W = 2.9 g/min

The stress increase is more rapid than
linear against V5. This is a result of two
equally directed effects: an increase of
velocity gradient and an increase of cooling
rate, as mentioned above.

Effect of take-up velocity Vg at constant fibre
thickness: Td = const.

The change of take-up velocity at constant
fibre thickness and variable intensity of
flow leads to quite other effects. The total
drawing force and naturally the fibre cross-
section remain constant, while the rheo-
logical force and stress decrease with ¥,
(fig. 14).

From the analysis of individual con-
stituents it may be seen, that the inertial
and aerodynamical forces increase from
9%, sum of drags at V; = 364 m/min and
W = 3.15 g/min to 469, at V; = 862 m/min
and W = 7.55 g/min. The corresponding
decrease of rheological force is given re-
spectively by 919, sum of drags at V5 =
364 m/min and 549, at V,; = 862 m/min.

An increase of velocity at constant fibre
thickness is combined, as a rule, with a
decrease of cooling rate and an increase of

average fibre (stream) temperature. The
observed decrease of stress is a result of two
opposite effects: an increase of velocity
gradient, and a decrease of average viscosity.

Effect of fibre thickness T'd at constant take-up
velocity: Vg = const.
The change of fibre thickness (titre-
deniers, 7'd) and naturally its diameter d
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Fig. 14. Dependence of total drawing force, rheological
force and stress on the take-up velocity at constant
fibre thickness T'd = 78 drs

was accomplished by increasing the number
of dies » in the spinneret at constant inten-
sity of flow W. The increase of number of
filaments » is connected with an increase of
cooling rate and average viscosity of stream.

As is could be expected, an increase of n
brought about an increase of total- and
rheological force as well as an increase of
stress (see fig. 15).

Simultaneously increased the part of
rheological force in the sum of drags from
72.6% at n» = 1 and T'd = 67.6 drs to 96.39%,
at n = 12 and 7d = 5.64 drs. In view of
the above said, such a behaviour seems to
be quite obvious.

The effect of cooling conditions was in-
vestigated also by changing the conditions
of air flow in the leading tube. Two spinning
experiments were carried out at constant
take-up velocity, flow intensity and fibre
thickness: '

1. with leading tube closed in its lower end
and practically immobile air within the
tube;

2. with leading tube open in the lower end,
and a natural air draught of about
1-2 m/sec speed.
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The results for two sets of spinning
conditions are shown in table 1.

Table 1
Take-up force Fext (dynes) for various cooling con-
ditions
A: monofilament yarn 7'd = 50 drs; Vg = 720 m/min
B: multifilamentyarn 7'd = 120/12drs; Vg =866 m/min
A B

1. Leading tube closed, immobile air 400 4900
2. Leading tube open, natural air draught 610 5400

It is evident, that an intensification of
cooling, arising from an air draught, leads
to an increase of take-up force Fey. Similar
effects have been also observed in fibre
birefringence (9).
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Fig. 15. Dependence of total drawing force, rheological

force and stress on the number of filaments, at constant

total intensity of flow W = 5.25 g min and take-up
velocity Vg = 675 m/min

The effect of the diameter of spinneret
channel d, was not observed, when mono-
filaments of constant thickness and at
constant take-up velocity were spun. The
take up force oscillated about some average
value. This behaviour seems to be clear, since it
was formerly found that the diameter d,
affects but slightly the initial part of the
stream. The slight changes of Fg,, and
Foero were not detected by our experiments.

Bffect of friction of fibre on the wetting device

All the force data discussed above were
obtained from the measurements in which

the fibre ran freely between the spinneret

and the winding drum. Such a system of

experiments was marked in fig. 7 as “po-

sition a”.

In technical conditions the fibre is, as a
rule, led through a wetting device, consisting
e. g. of a wetting disc (W) and leading roll
(R) (fig. 7). In order to establish the effect of
friction on those elements, the force measure-
ments were carried out in 3 systems:

1. free running fibre, without wetting (fig. 7
pos. @ an);

2. fibre wetted by a tangential contact with
the wetting disc W but without leading
through the roll R;

3. fibre led through the leading roll B and
the wetting disc W as in technical
practice (fig. 7 pos. “b”).

pa

g e

,.
T .

Fig. 16. Tensiometric curves for various systems of fibre

leading. 1. — freely running fibre; 2. — fibre tangentially

wetted; 3. — fibre led through the leading roll and the
wetting disc. (cf. table 2, yarn B) '

The results are shown in the table 2 and
in fig. 16.

Table 2
Take-up force Fext (dynes) for various systems of
fibre leading
A: monofilament yarn 7'd = 70 drs, Vg = 477 m/min
B: multifilament yarn 7'd =70/12drs; Vg = 675 m/min

A B
1. Freely running fibre 312 3375
2. Fibre wetted tangentially 1113 . 4750
3. Fibre led through the roll B and the
disc W 1500 8750

It is clearly evident that the forces measur-
ed with included wetting device are several
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times greater than those found for freely
running fibre. Moreover, the inclusion of
wetting device leads to an increase of the
amplitude of oscillation (see fig. 16). The
stress between the elements of wetting device
and the winding drum, though greater than
the tensile stress o between the spinneret and
the leading roll, seems to have no influence
upon the spinning process. In this region
fibre should be solid and not undergo an
irreversible deformation. The force measure-
ments, however, carried out with included
wetting device are incompetent for the
conditions of fibre formation. All the force
measurements which are thought to char-
acterize the spinning process must be always
carried out on a free running fibre without
wetting and any other mechanical drags.

The above described relations between the
spinning conditions and the tensile stress ¢
are somewhat similar to those found for
spinning conditions and the fibre bire-
fringence (7). The birefringence, like stress,
increases with take-up velocity at W = const.
For polycapronamide the relation: An vs.
Vg is a saturation curve, while the relation
o vs8. Vg is a concave one. An increase of
number of filaments at W = const., Vg
= const. leads to an increase of birefringence
as well as of stress. A different behaviour oecurs
by the effect of velocity V at constant fibre
thickness. In the investigated range of
variables, the stress was found to decrease
with V5, while birefringence increased with
velocity. Hence the conclusion, suggested in
previous works (9) that the tensile stress is
more sensitive to the cooling conditions than
to the rate of deformation. The birefringence
shows an opposite behaviour. The explana-
tion of the mechanism of that phenomenon
requires, however, more extensive theoretical
and experimental studies.

Some correlation between the degree of
orientation (birefringence) and the tensile
stress, or take-up force, makes it possible to
apply the simple and continuous tensiometric
measurements to the observations and con-
trol of the spinning process in practice. The
force Foy is sensitive as well to the oscilla-
tions of take-up velocity as to the hard-
measurable changes in cooling conditions,
polymer viscosity fluctuations etc. In any
way the continuous measurements of take-
up force Foxy will allow to compare the work
of various spinning machines and to find
the origins of some disturbances in the
technological process.

Conclusions

The theoretical analysis of mechanical
effects occurring by fibre spinning process has
shown that this process can be approximately
treated as a motion of liquid in which the
tensor of velocity consists of x-constituents
only, and the wvelocity gradient in the
directions of y and z is zero:

Viz, 0,0
V= { 0, O, O}
0, 0,0

In the discussion of possible origins of the
appearing of transverse velocity gradients it
was shown that the initially parabolic
velocity profile in the channel of spinneret
will be equalized in a short distance from
spinneret, near the zone of stream broaden-
ing. Some small surface forces (aerodynamical
drag, surface tension) practically do not
affect the velocity distribution. The sub-
stantial factor, which should be taken into
account is a radial viscosity gradient arising
in  “melt-spinning” from a temperature
gradient, in “dry-spinning” from a concen-
tration gradient, and in a ‘“‘wet-spinning”
from the heterogeneous diffusion processes
(gelation, precipitation).

Fibre spinning is a peculiar physical
process in which takes place a continuous
transition of the flow of a liquid stream in
the running of a solid fibre. This feature is
common for all spinning procedures while
in each one there is another physical origin
of this transition:

the cooling and solidification of polymer
melt in the “melt-spinning”, solvent eva-
poration in the “dry-spinning”, and the
gelation and precipitation of polymer in the
“wet-spinning” procedure. The main pro-
cesses connected with fibre formation proceed
in the liquid stream. The transition into
solid, however, leads to some special features.
In the solid polymer the distribution of
velocity through fibre cross-section is natur-
ally uniform. In the initial part of liquid
polymer stream, the distribution of velocity
is uniform too, when the effects of spinneret
channel are equalized. Hence, as a conse-
quence of the principle of continuity, in any
transverse stream cross-section will occur
a uniform distribution of velocity.

At such conditions, the radial viscosity
gradient leads not to an appearance of radial
velocity gradient, but to the corresponding
stress distribution. As a result of it, appears
in the final fibre a non-uniform  radial
distribution of the degree of orientation, in
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some cases combined with so-called “skin-
effects’.

The theoretical analysis of force constitu-
ents and the experimental data obtained
from polycapronamide led to an estimation
of the relative importance of various factors
in spinning conditions. Some analogies be-
tween the tensile stress and fibre birefringence
threw a little light upon the mechanism of
structural processes.

The experimentally determined distribu-
tion of Trouton viscosity along the spinning
way confirmed our former assumptions
about the significance of maxima in the
velocity gradient distributions. All the
curves: viscosity vs. spinning way are
monotonically increasing and show a distinet
turn in the point corresponding to the
maximum of velocity gradient.

Acknowledgement

The author wishes to express his gratitude
to Mrs. R. Takserman for many helpful
discussions held during the writing of this

paper.
Summary

The general theoretical analysis of mechanical effects
in the fibre spinning process based upon hydrodynamics
has been given. The possibilities of an occuring of radial
velocity gradient, and effects connected with the radial
viscosity distribution have been discussed. The tensile
force and its constituents: the external take-up force,
gravitational force, aerodynamical drag, surface
tension, and inertial constituent havebeen analyzed and
discussed.

For melt-spun polyamide fibres the direct measure-
ments of take-up force have been carried out and
calculated the distributions of stress and viscosity
along the spinning way.

The effects of take-up velocity, fibre thickness,
cooling intensity and friction on the wetting device
upon the take-up force, rheological force and stress
have been investigated and discussed.

Zusammenfassung

Eine allgemeine theoretische Analyse der mechani-
schen Effekte beim FaserspinnprozeB, begriindet auf
die Hydrodynamik, wird gegeben. Die Moglichkeit des
Auftretens radialer Geschwindigkeitsgradienten und
die Effekte, verbunden mit der radialen Viskositits-
verteilung, werden diskutiert. Die Zugspannung und
ihre Anteile: die &uBere Abzugskraft, die Schwer-
kraft, aerodynamische Reibung, Oberflichenspannung
und Trigheitswirkung werden analysiert und disku-
tiert.

Fiir Polyamidfasern nach dem Schmelzspinnverfah-
ren wurden direkte Messungen der Abzugskraft aus-
gefithrt und dje Verteilung von Spannung und Vis-
kositat langs des Spinnweges berechnet.

Die Effekte von Abzugsgeschwindigkeit, Faserdicke,
Abkiihlung und Reibung an der Befeuchtungseinrich-
tung auf die Abzugskraft, die Fliefkraft und die Span-
nung werden untersucht und diskutiert.
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Note on the Dielectric Relaxation Distribution Function in High Polymers

By Kaoru Yamafuji and Yoichs Ishida

With & figures

The shape of the dielectric relaxation time
spectrum, L,(7), for the solid high polymer
seems to have the following distinguishable
characteristics compared with the mechanie-
al retardation time spectrum, L,,(z):

(1) The gradient of L.(r) is, in general,
much sharper than that of I, (r) especially
for the amorphous polymer. The values of
the Cole’s parameters, 8, for the dielectric
dispersions in various polymers are plotted
against the temperature in fig. 1, where the
g, the mean gradients of the log L.(r) vs.

(Received July 29, 1960)

log 7 curves corresponding to 8, are also
plotted on the right hand side. In the
amorphous polymers such as polymethyl-
acrylate (PMA), polybutylmethacrylate
(PBMA) and polyvinylacetate (PVAc), the
values of g, for the dielectric «-dispersions
are nearly equal to 1 or so. These values of
g are much larger than !/,, which is known
as the value for the mechanical x-dispersion.
On the other hand, the values of § for the
dielectric «-dispersion in the crystalline
polymers such as polymonochlorotrifiuoro-



