JOURNAL OF APPLIED POLYMER SCIENCE VOL. 15, PP. 2395-2415 (1971)

Rheological and Heat Transfer Aspects
of the Melt Spinning of Monofilament Fibers
of Polyethylene and Polystyrene

DOMENICO ACIERNO,* J. NELSON DALTON,
JORGE M. RODRIGUEZ, and JAMES L. WHITE,** Department
of Chemical and Metallurgical Engineering, University of Tennessee,
Knozxville, Tennessee 37916

Synopsis

Two experimental studies of the melt spinning of fibers have been carried out using
low-density polyethylene and polystyrene. First, isothermal spinning experiments were
carried out and the relationship between the fiber kinematics and drawdown force was
studied. The data were correlated by using the following two methods: (1) the concept
of a non-Newtonian elongational viscosity and (2) a nonlinear integral theory of visco-
elastic fluids. In the second experiment, the spinline temperature profile of a mono-
filament fiber being pulled down from a spinneret through stagnant air was measured
and the heat transfer coefficient computed. A correlation between the local Nusselt
number and a fiber Reynolds number was obtained. An integral boundary layer anal-
ysis of forced convection heat transfer from a descending fiber was carried out.

INTRODUCTION

In the years since the development of the melt spinning method of manu-
facturing fibers by Carothers, Hill, Bolton and their colleagues of the du
Pont Company,!-? a great industry has grown about the process. Through
the years most research in this area has been oriented toward product de-
velopment, and only in the past decade has attention been given to at-
tempting to quantitatively understanding the melt spinning process. The
publications of Ziabicki and his associates?®* in 1960-61 did much to open
up this area and have exerted a strong influence since that time.

Fundamental research on melt spinning may be divided into two cate-
gories involving the investigation of (1) rheological phenomena and heat
transfer in the upper part of the spinline near the spinneret, and (2) strue-
ture formation, specifically orientation and crystallinity in the middle and
lower parts of the spinline. Experimental studies of the former problem
have been carried out by Ziabicki,®* Kase and Matsuo,> Wilhelm,® and
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Ishibashii, Aoki, and Ishii.” Consideration of the rheological character-
istics have generally followed the classical analyses of stretching of New-
tonian fluids by Trouton,®® only with the additional complication that the
tensile viscosity is temperature dependent. Some efforts have been made
in the direction of considering the non-Newtonian characteristics of the
melts. Ballman' and Cogswell!! have attempted to measure tensile vis-
cosities of melts, while White,'? Matoviech and Pearson,’® and Han,!
among others, have published theoretical analyses showing the significance
of non-Newtonian effects in spinning. Studies of the variation of bire-
fringence, density, and x-ray orientation factor of fibers spun under dif-
ferent conditions have appeared in the literature, as have variations of
birefringence along the spinline.”-!5:1¢ A recent study of Katayama,
Amano, and Nakamura'® has utilized a new x-ray technique to investigate
the variation of crystal structure along the spinline. Ziabicki':*® has at-
tempted to model the entire fiber spinning process, including structure for-
mation. This author has also provided a ecritical review of much of the
earlier literature.®

It is the purpose of this paper to present a critical study of the rheological
and heat transport characteristics of fibers in the upper part of the spin-
line. The paper is divided into two sections; the first part considers fiber
spinning under isothermal conditions, and in the second part the tempera-
ture profile along the spinline is evaluated and a heat transfer correlation is
developed. Our reason for studying isothermal spinning is that the pres-
ence of large temperature gradients masks the detailed rheology and al-
lows correlation of experimental data with almost any expression containing
arbitrary temperature-dependent coefficients. This research project on
our part represents an extension of our group’s studies of the flow of melts
in capillary dies.!*—*!

ISOTHERMAL SPINNING
Theoretical Analysis

If we make a force balance between an arbitrary position z (measured
from the spinneret) in a fiber spinline and a position L, which may be the
position of the take-up device or simply represent where the force F is
measured, we may write3:12:13

R(L) R(x)
f ZﬂpVZdT —_ f 21I'TPV2d7' = FL + Fgmv - Fdrag - Fsurf - Fz
0 0
1)

where Fg.. i8 the gravitational force pulling the fiber downward, Farag
is the frictional drag of the ambient air on the surface of the fiber, Fourt
is the surface tension force, and F, is the tensile force within the fiber at
position x. As generally all of the quantities except F, are known, eq. (1)
may be used to calculate the tensile forces within the melt. In particular,
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if we presume a flat velocity field within the moving filament, we may write

L
Fz = ‘n‘Rz(x)Uzz(x) = FL + f [pgTRZ(E) - 21I'R(E)0'n: su‘rf]df

Aw) — A(L)
ADAL) ] @

wherein @ is the volumetric flow rate and A(z) is the cross-sectional area
at position z, i.e., 7R%(x).

If an expression for ¢.,(x) is available, it will then be possible to predict
the variation of R(z) or A (x) with distance along the length of the descend-
ing fiber. Alternatively, one might use experimental data for A (x) versus
z to compute o.;(z). One would also be able to then express ¢, as a func-
tion of the deformation processes in the spinline. It is this approach that
we will take here.

If the melt being spun may be considered to be a Newtonian fluid, i.e.,
its constitutive equation has the form??

surf - PQZ[

oV oV
oy = — pdy; + nl:—i + b_xj] (3a)
1
then
dv _ i Q
o'zz(z) = 39 da 3"7 de [A(.’I:)] (3b)

Knowledge of dV /dx and the shear viscosity should allow us to compute the
profile of tensile stress versus axial distance.

On the other hand, if the melt is viscoelastie, i.e., the stress depends upon
the history of the deformation,?? then

s=t
gy = — p&n + F,,I-em(t_—-_ S)] (43;)

with e, being a suitable strain tensor. E.g.,

ox; Or
bu = (_> [bx.: bx: 6”] (1b)

where &, are the Cartesian coordinates of a material point in the fiber at
times s, and z,, at time ¢{. For a long-duration steady extension flow with
constant axial velocity gradient, the strain tensor may be expressed in a
Rivlin-Ericksen expansion and the stress o,,(x) can be written?
dv

dx

where x is an elongational viscosity which depends upon the axial veloeity
gradient. Forsmall dV/dx we have

lun X = [f G(s)ds:\ = 39 (5b)

(;')ll)

U'JI(S) =X
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where 7 is the zero shear viscosity and G(s) is the relaxation modulus of
linear viscoelasticity. If dV /dx varies slowly with z, an expression of the
form of eq. (5a) will still be valid.

If the period of deformation is small or if the variations in dV /dz relative
to the characteristic time Aen (e.g., maximum relaxation time) are large,
no such simplification of eq. (4) will be possible, and the functional F,
must be expressed in terms of integrals of e,, and the deformation history
substituted. (Compare the remarks of Metzner, White and Denn.?)
For any of the realistic constitutive equations utilized to represent polymer
melts,?3:25.28 the results would be indeed very complex. However, for
relatively small axial velocity gradients, the problem may be simplified
by using an asymptotic form of F;;. A reasonable approximation for low
deformation rates and small deformations is the so-called Lodge fluid,??:%
which represents a sort of second-order correction to linear viscoelasticity
theory (see our earlier remarks on this?*-3!). Lodge’s equation is of the form

Fy=2 f_ ot — s)eu(s)ds ©

where ¢(t) is (—dG(t)/dt) and is thus uniquely determinable from linear
viscoelastic data.

In order to compute ¢..(x) for a Lodge fluid, we must specify the kine-
matics. If we presume that a virgin melt emerges from the die and moves
vertically downward with a flat velocity profile, the deformation may be
thought of in terms of the uniaxial extension of a cylinder of initial eross-
sectional area A(0) and differential thickness. It may readily be shown
that

§=1 A2(S) A(t)
Uzz(x) = J;=_ © ¢(t - S) [Az(t) - ;I—(S—)] @
s=t d [A2(S) é_(_tz

Ty e T A

:I ds (7)

s§=

where A (s) is the cross-sectional area of the filament at a time s after the
same material particles exit the die. (Note that a(s)A(s), where a(s)
is the effective extension ratio of the differential material cylinder, is con-
stant during the deseent.) If G(¢) and the kinematics are known, o,,(2)
may be computed.

A weakness in the analysis of the above paragraph is that it presumes that
the melt does not remember the high shearing rates in the capillary and
the converging flow in the reservoir preceding the capillary. This ig, of
course, not the case, and it is possible to take this type of situation into
consideration.?? Let us divide the integral of eq. (6) into two parts, one
considering capillary shearing from time — e« to time 0 and the second
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considering extensional flow from time 0 to time {. To a first approxi-
mation; it may be shown that, at time ¢ and position z,

fm G (s)ds . d
0u(@) = 0:(0) | |+ | Gt — ) ——

f sG(s)ds j; dit — s)

0
A%s) AW
X [A%t) - A<s>]ds' ®)
EXPERIMENTAL
Materials

Low-density polyethylene (Dow 560 E} and polystyrene (Dow experi-
mental polymer) were used in this study. Gel permeation chromatography
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Fig. 1. Shear viscosity u(I') and dynamic 9 (w) for low-density polyethylene.
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was used to evaluate the molecular weight distribution of the polystyrene.
The number-average molecular weight was found to be 48,000 and the
weight-average, molecular weight 188,000.3*% The GPC unit had been
calibrated with polystyrene standards. The density of the polyethylene
at room temperature was 0.92 g/em? and that of the polystyrene, 1.02 g/
em?®.  Shear viscosities were determined on these melts in an Instron cap-
illary rheometer (high shear rates) and a Weissenberg rheogoniometer (low
shear rates). Dynamic viscosities were also obtained on the Weissenberg
rheogoniometer using an oscillatory experiment. These are summarized
in Figures 1 and 2.

Equipment and Procedure

The polymers were fed into a 1-in. Modern Plastics Machinery screw
extruder which has been described in an earlier paper.!® The melt was
then foreed through screens into a metering pump and a monofilament
spinneret whose capillary had diameters from 0.03 to 0.10 in. and L/D
ratios of 5 to 10. The molten polymer was then pulled downward by a
multispeed take-up device. The take-up devieces were driven by a 0-4000
rpm variable speed motor operated by a Heller controller. The molten
fiber was then pulled through an electrically heated chamber containing two
6 X ¥/sin. glass windows. Two types of take-up devices were used. One
was a spool type on which the fiber was wound up. The second device
consisted of two spools, one electrically driven and the other spring loaded
so that tension could be applied to the fiber and the fiber pulled between
the spools without being wound up on the take-up. The one spool could
only be used on the polyethylene. The second spool device could be used
for either the polyethylene or the polystyrene. All of the polystyrene
was taken up with this two-spool device. The basic equipment is out-
lined in Figure 3.

Tensions in the descending fiber were measured with a Rothschild
tensiometer utilizing a 0-10 g measuring head. In using this instrument,

1—Polymer Pellets

\_/
p
One Inch \ g

Screw Extruder /' /Wmdow

Spinneret
\ Isothermal
Chamber
Descendin
Fier —= Take-Up

Device

Fig. 3. Diagram of isothermal fiber spinning operation.
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Fig. 4. Fiber diameter as a function of distance from the spinneret for a polyethylene
run at 160°C.

one is limited by the size of the fibers on which the tension can be measured.
The mass flow rate was determined for a run by dividing the weight of the
{iber produced by the time involved. '

Photographs were taken of the fiber desecending through the heated cham-
ber in order to analyze isothermal spinning. A 35-mm camera with fine
grain film (fs 3.5, s.5. /100 S€c) was used to take the photographs with an
enlargement varying from 1/1 to 2/1 depending upon the experiment.
The negatives were blown up (by a factor of 200/1 to 400/1) on a grid
screen using a slide projector, and the diameter d(x) of the fiber at increas-
ing distances from the spinneret was measured (see I'ig. 4).

About 50 runs at 160°C, 180°C, and 200°C were made for the isothermal
spinning experiment.

RESULTS AND DISCUSSION

From @ and d(z) data, the velocity V(z) and velocity gradient dV/dx
were computed. Typical results are shown in Figure 5. From the ten-
siometer results for F,, A(z), and eq. (2), the tensile stress ¢..(z) could be
similarly evaluated (see Kig. 6). Drag forces on the fiber were found to be
small when calculations were made using equations in the literature.8.34
Surface tension forces and inertial contributions were negligible.

The first attempt at interpretation of data was to evaluate x from eq.
(9a) and plot it as a function of dV/dr. Several data points could be
obtained from each run. The results are summarized in Figures 7 and 8.
Values of three times zero shear viscosity are indicated on the plots. If
the melts were Newtonian fluids, x would simply be 3». This was seen
rather strikingly not to be the case. FYor polyethylene, data were ob-
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Fig. 5. Velocity and elongation velocity gradient as a function of distance from the
spinneret for polyethylene at 160°C.
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Fig. 6. Predicted stress vs. time using the Lodge theory (G(¢) obtained from the rheo-
gonimeter) and experimental stress vs. time for polyethylene at 160°C.

tained in the range of 0.1 to 1.0 sec—!. The x value increases strikingly
with dV /dz, which more or less agrees with the conclusions of Cogswell.!?
For low dV /dzx, x seems to approach 3n. Elongational viscosities for poly-
styrene wereé measured in the range of 0.03 to 2.0 sec—'. The elongational
viscosities for these melts were found to decrease with dV/dzx. The de-
ereasing x value was also surprising from the viewpoint of rheological theory,



MELT SPINNING OF MONOFILAMENT FIBERS 2403

|
-=—=-160°C yd
—_ o — ° V4
Z P otl 1280%.% e /
S 8 el
— -~
—
3 '///
Z 2 |- -~
o =
28 -~
> 8, 8"
- S A0 o =1
T F —=———
-
22 L. ~~~d
X ——
22 —— ]
3 1
10
[°X] 1.0

Shear Rate T
ond Elongation Rate dV/dx (sec)

Fig. 7. Elongation viscosity of polyethylene.

T t (I[‘II T T ATT_rTl] T T 117171
10° — —
5 r 7
@ - .
(e - m
o
~ I §
10° - =
10‘ oL aanl ook Lt o1rige
- -1

10°¢ 10 $ 10

dW/dx (sec’)

Fig. 8. Elongation viscosity of polystyrene.

for the second-order fluid predicts that the elongational viscosity should
increase with extension rate.!?

Considerable scatter was obtained in the x-versus-dV/dz plots. When
a polynomial was fit to the x-versus-dV /dx data, an average per cent devia-
tion was found of about 409, for the polyethylene data and about 159
for the polystyrene (see Table I). The large changes in dV/dx with z
and in particular the polyethylene data suggested to us that a more sophis-
ticated applieation of rheological theory might be justified. It was there-
fore decided to attempt to analyze experimental data in terms of the Lodge
fluid theory outlined earlier in this paper, specifically eqs. (7) and (8).
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TABLE I
Agreement of Various Rheological Theories with Stress
Development Along the Streamline

Percent deviation, 9

Lodge model
Arbitrary arbitrary G(t) Lodge model G(t)
elongational  (form generally determined from

Polymer Temp., °C viscosity x  taken as Ge~%/") rheogoniometer
Polyethylene 160 27.4 (7) 28.0 (8) 89.1 (8)
Polyethylene 180 37.7 (6) 74.6 (5) 242 (4)
Polyethylene 200 55.4 (8) 24.9(7) R0.3 (7)
Polystyrene 180 16.3 (3) 14.3 (3) 79.7 3)
Polystyrene 200 13.4 (3) 16.0 (3) 6250 (3)

 Figures in parentheses indicate the number of runs.

The situation near the beginning of the spinline was interpreted as a long-
duration, fully developed Poiseuille flow which continues until the maxi-
mum bulge, at which point the kinematics change to pure elongational
kinematics. Two different approaches were taken to apply this deforma-
tion history to o,.-versus-z data. First, one might presume an expression
for G(t); substitute it into eq. (8) and then find the best form of this rela-
tion which fits the data. We have taken

G@t) = Ge~ ¥ )

where 7, i1s the maximum relaxation time, and then utilized it in this man-
ner to determine ¢ and 7,. In some cases, two exponential terms were
used (see Table II). In carrying out this analysis, we have taken the first
term on the right-hand side of eq. (8) to be

022(0)e Y™,

The G(t) values determined from the different runs were plotted together.
This would be the equivalent of our x as a function of dV /dx from the same
runs. The results are shown in Table II and Figures 9 and 10. Consider-
able scatter may be seen, but this may be due to the fact that fiber spinning
is a bad, 1.e., insensitive, way of measuring G(t) as one is relating an integral
of this function to get the stress. Iurthermore, eq. (9) is probably not a
good representation of the materials’ true behavior.

Since we have obtained dynamic viscosity data from the Weissenberg
rheogoniometer, we may compute G(t) from this data by fitting %’ (w) with3s

' Gi'ri ("171 Gvnﬂ'm

¢ = ~ - - 10
7'() ,,-gl 1 4 w22 1 4 win? 1 4+ wir,? (10)

and obtaining the best set of constants (G, Gy, 71, and 7,). This may be
compared with the G(¢) determined with o,.(x) data as shown in Figures 9
and 10. The agreement is generally reasonable though not exceptionally
good.
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Fig. 9. Experimental relaxation moduli determined from rheogonimeter and fiber
spinning for low-density polyethylene at 160°C.
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Fig. 10. Experimental relaxation moduli determined from rheogonimeter and fiber
spinning for polystyrene.

A second way of looking at this problem is that we should be able to
predict the stress along the spinline directly from the kinematics and the
rheogoniometer dynamic data, i.e., Gi, G,, 7, and 1, are evaluated and
7"(w) and eq. (9) are substituted into eq. (8) and integration carried through
to obtain ¢.,. Figure 6 contains a plot of theoretical predictions and ex-
perimentally determined values of ¢,, along the streamline for a typical
polyethylene run.

Finally, we have contrasted the fit of 0,,(x) data with (1) rheogoniometer
7'{w) data and the Lodge fluid model, eq. (8); (2) mean G(¢) as determined
from various fiber spinning runs and the Lodge fluid model, eq. (8); and
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(3) mean x(dV/dr) from fiber spinning and eq. (5a). The results are sum-
marized in Table I. The Lodge fluid with arbitrary G(f) gives perhaps a
marginally better fit of the data than the use of an arbitrary x function.
Use of the Lodge fluid and a rheogoniometer-determined G(¢) gave by far
the worse fit. For more details see the thesis of Dalton.®

Certainly more work needs to be done here. Our group is currently
studying improved representations of the kinematics and utilization of more
sophisticated constitutive equations. Additional spinning experiments
are to be carried out on more thoroughly rheologically characterized poly-
mers.

HEAT TRANSFER
Theoretical Analysis

Consider a molten polymer filament descending from a spinneret surface
to a take-up roll. If radial temperature gradients within the fiber are
neglected,? 7 the filament temperature 7', at position z is determined by

ar,

AV =L
p,CAV dr

= 2aRWMT; — T.) + Grea (11)
with initial condition T,q = 7., where A is the heat transfer coefficient
for the cooling of the fiber and gr.q is the radiative heat transfer. The
situation is more complicated when radial temperature gradients must be
considered and when crystallization occurs. The former problem is dis-
cussed by Ziabicki'® and the latter by Morrison.” However, these effects
need not be considered here. Equation (11) may in the absenece of radiation
be directly integrated to give the temperature profile along the length of the
fiber:

T,— T, * 2Rh
————— = eXp —
The central problem in the study of the cooling of fibers during spinning
should be seen to be the determination of the heat transfer coefficient h.

The heat transfer coefficient connects the temperature at the fiber sur-
face with the temperature profile in the ambient air through

dz. (12)

Frad oy T
InR +rT,— Ty = —k o (B,x). (13)
If one presumes radial symmetry, the temperature field in the ambient air
is given by
oT oT 10/ oT oT
“a”a—“[za(’a—) +axx2] a9

where a is the thermal diffusivity. Solution of this partial differential
equation is necessary to obtain the heat transfer coefficient. To proceed,
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we must specify boundary conditions and the velocity field. These will
depend upon the detailed design of the equipment and, in particular,
whether or not air is blown parallel or perpendicular to the filament. Inour
equipment, the fiber descends through the quiescent air of the laboratory.
This allows us to specify 7'(« ,a) as being T., and to write the Navier-Stokes
equation for the ambient air as

oun ou vb(b’u

= rS;

o=t (2 gar - 1) (15)

where symmetry has been used to delete the 8 component and a boundary
layer approximation has been utilized to neglect the x component of the
viscous forees. The term g8(T — T.) represents buoyancy forces. The
u and v components are related by the continuity equation

— 4+ -— (rv) = 0. (16)

The boundary conditions on % and v are
w(Ryzx) =V u(eo,x) =0

(17)
v(R,x) =0 v(o,z) =0

The solution éf this system of equations will indeed be very complex, even
in the case where buoyancy may be neglected and the motion assured to be
lamingr. Heat transfer to a developing boundary layer moving in an axial
direction over a eylinder held at constant temperature has been considered
by Seban and Bond,*® and natural convection heat transport from a cyl-
inder held at constant temperature, by Sparrow and Gregg.** Simul-
taneous natural and forced convection near a vertical flat plate has been
analyzed by Aerivos.® (No solution for eylinders has appeared.) How-
ever, as first pointed out by Sakiadis,®* there is a fundamental difference
between the classical boundary layer and the velocity field around a con-
tinuously generated surface. Tsou, Sparrow, and Goldstein! have con-
sidered heat transfer from a continuously generated sheet, and Griffith,*2
Rotte and Beek,** and Vasudevan and Middleman** have developed
solutions for the heat transfer coefficients of cooling fibers. Only the work
of Vasudevan and Middleman is, however, of interest to our need to obtain
an expression for the heat transfer coefficient. Here, we will make three
contributions to this problem. First, we will utilize the methods of di-
mensional analysis to obtain the form expected for 2. Then we will give a
new boundary layer analysis to compute it. Finally, in succeeding sec-
tions an experimental program will be described which results in a correla-
tion for the heat transfer coefficient.

Dimensional Analysis

Let us introduce a characteristic velocity V (fiber velocity—we neglect
diameter changes in the filament hereafter), lengths L (distance from the
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spinneret to a point on the fiber), and R. After integration of the con-
tinuity equation and use of the axial temperature profile in the fiber, we
may write the Navier-Stokes and energy equations in dimensionless form
as follows:

ou* 1 /ou* r Qu* JLT1 o o
* 27 rEF = et *
o T <3"*) j;*=1 (bﬂc*) ne VR? [r* o+ u*jl

gwﬁ(Tﬁ — TL? . (L)z —Mz*] 2
+ " i) 0 (18)

v

0 1 ™ [ou*
u* o [oe—Mz*] - a_a_ (06_1‘”*) (_u_> *d?‘*
. 7 K1

all 1 0 o]
= oo e | 0o

where z* is made dimensionless with L and 7* with B. Furthermore,

A= 2xRH
preAV
Ty — Tae
= —r—— 20
T, ~ 7. (20
The dimensionless heat transfer coefficient is the Nusselt number given by
hR of

NNu = —I—c— = — (a;) (1;*, r¥ = 1) (21)

Using the classical methods of dimensional analysis (see Goldstein®?),
u* may be expressed as a function of z*, ¥, 6, M, (L/R), and the Reynolds,
Prandt], and Grashof numbers Nge, Ner, and Neg::
LV Tw— To)L

NRe = - NPr = 1; NGI‘ = g‘ﬂ( % ° )—- (22)
14 o Ve
Tn the Grashof number, the characteristic length L’ is measured vertically
upward. The Nusselt number may be similarly shown to be given by

R\? Ty — T)L'? L’
NNu = NNu [NRe (_> ,NPr; M, 5 &c_f)' (23)
L _V2 L pC
If there is little variation in the thermal properties of the polymers con-

sidered and all experiments are carried out in air, this may be reduced to

R>2 g8(Ty — T)L'? g]

NNuzNNu[NRe(Z 3 2 yL

24)
Boundary Layer Analysis

We shall outline an integral momentum analysis of this problem. An
integral momentum study of boundary layer development along a contin-
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uously generated cylinder was originally given by Sakiadis,** and an in-
tegral study, though of limited sort, for interphase transport was considered
by Griffith,4? The integral energy equation may be obtained by integra-
tion of eq. (14) with neglect of the axial conduction term. The equation
obtained is

|4 4 fs 20ru(T — T.)dr = —k2xR (O—T) (25)
oV o, o)dr = R\, . 5
Introducing 8 of eq. (20), we presume the Sakiadis velocity profile and
1 y
0=1——=In{l+ =) 26

The thermal boundary layer thickness A and the momentum boundary
layer thicknesses § are found to be

§=R@ -1 A=RE -1 27)
where the quantity g’ is given by

B (- a) a1+ 3) + 2
» [dx(w'z el T M Tel) T

e 1 —e® e —1 1
EEF ST N
* (s + 3w~ am my @9

Bis given by Sakiadis. The Nusselt number may be shown to be

Nyw=—7=— (29)

where 8’ is a function of R*V/vz or Ng. (B/2)? and Ne.. We have nu-
merically solved eq. (28) coupled with the equivalent equations for the
hydrodynamic boundary layer given by Sakiadis.

These results have been contrasted with the solution of the same prob-
lem by Vasudevan and Middleman. At lower Reynolds numbers (zv/R*V
greater than 50), the Nusselt numbers of our solution are about 159, lower
than the results of these authors. For higher Reynolds numbers, our
Nusselt numbers are considerably lower than those of Vasudevan and Mid-
dleman.

EXPERIMENTAL

Materials

Four polymers were used in this study. These included the polyethylene
and polystyrene used in the isothermal spinning experiment and two addi-
tional polystyrene melts. These were Dow Styron 666 whose rheological
characieristics were described in an earlier paper,!? and a Dow Styron 678.
The molecular weight distributions of these polymers are not pertinent to
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this study. However, they have been obtained and will be given in the
forthcoming thesis of Salladay.?

Equipment and Procedure

In the heat transfer studies, no heated chamber was utilized and the fiber
was pulled from the Modern Plastics Machinery screw extruder through
stagnant air at 20-25°C. Temperature measurements were made along
the length of the fiber using a Thermodot infrared pyrometer in the upper
part of the spinline near the spinneret and a Hastings-Raydist contact
pyrometer in the lower portion. The Thermodot has to be used on large
fibers since it is necessary for the object to cover completely the field of view.
This limits the fiber diameter at points of measurement to 0.15 em or
greater. It is necessary to know the emissivity for the descending molten
filament to use the Thermodot. The emissivities for polyethylene and
polystyrene were obtained experimentally by calibrating against known
fiber temperatures. The Hastings-Raydist contact pyrometer used in the
lower portion of the spinline also had its problems, for if the fiber was molten
it would stick to the sensing device, and if the temperature was below 100°C
there was a loss of sensitivity. Temperature profiles determined from using
both the Thermodot and the H-R pyrometers do not show discontinuities.

The fiber kinematics were determined as in the isothermal spinning ex-
periments.

Twenty-four runs with melt emerging from the spinneret at 200°C (22
runs) and 180°C (2 runs) were carried out to study heat transport.

RESULTS AND DISCUSSION

Typical temperature—distance plots for the polystyrene and the poly-
ethylene are given in Figure 11. The polyethylene data show the effects
of the heat of crystallization. A temperature plateau in the range of
130-135°C was observed. It was also clearly observed that increasing
the elongation rate near the crystallization temperature increases the
plateau temperature. In a run with a low dV /dx, the plateau value was
130°C. When this was increased to an effective local elongation rate
(dV /dzx) of 0.22 sec, this temperature rose to 133°C and at an elongation
rate of 0.50 sec™!, to 135°C. The phenomenon of deformation increasing
the rates of crystallization and indeed the equilibrium melting tempera-
ture has long been observed in stretching vulcanized rubber#s and polymer
melts* 4748 ag well as in shearing flows of melts.#® Justification by sta-
tistical mechanical arguments exists.0.51.52

The effect of radiation on the total rate of heat transfer has been taken
into aceount and subtracted out [see eq. (11)] before evaluation of the heat
transfer coefficient. Radiation accounts for approximately 209, of the
total heat loss near the spinneret and 109, as the fiber approaches 100°C.

Figure 12 contains a plot of the local Nusselt number AR /k as a function
of local Reynolds number R2?V/vx. The maximum value of the length
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Fig. 12. Nusselt number vs. 4xv/VR2.

Reynolds number 2V /v used is close to 20,000. As Griffith found the
transition from laminar to turbulent flow for wet-spun fibers is about
100,000,%2 we would expect our data to be within the laminar range. Also
contained in this figure are the theoretical curves for the boundary layer
analysis given earlier. The lack of agreement is disappointing. It might
be due to differences in boundary conditions such as fiber diameter vari-
ation. For values of zv/R?V below 750, the measured Nusselt numbers
are larger than predicted, while for xv/R?*V greater than 1000, the Nusselt
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numbers become smaller. Tor xv/R?V less than 240, the Nusselt number
becomes constant.

It was of some concern whether there are significant natural convection
effects in the data. A regression analysis was carried out for an expression
relating the Nusselt number to a sum of term linear in the fiber Reynolds
number and a second term proportional to the !/s power of the Grashof
number. Almost no improvement in the heat transfer correlation was
found by including the term in the Grashof number. In fact, the pro-
portionality constant of this term was found to be negative.

The data of Kase and Matsuo® agree well with our own. Those of
Wilhelm® and Ishibashi, Aoki, and Ishii’ are somewhat higher. Ishibashi
et al’s data are at high-length Reynolds numbers (70,000-210,000), and
this may indicate turbulent rather than laminar flow. We are not certain
of the reasons for the deviation of Wilhelm’s data. Some type of spinning
chamber may well have been used. This might explain the difficulties.
The different thermal properties of polyester as opposed to hydrocarbon
melts could be of significance.

We have correlated our data with the following equations:

v

Ny =072 oo

< 200

o (R
Ny = 9.45Ng.” (;) 200 < E?f/ < 500 (30)

R\?
Nnu = 200Ng. <;> —=> 500.

CONCLUSIONS

An experimental study of the melt spinning of fibers has been carried out.
Thestudy was in two parts: (1) isothermal spinning, and (2) heat transfer.
Elongational viscosity and a nonlinear viscoelastic integral theory ap-
proaches were used to correlate kinematic and tensiometer force data in the
former study. The integral theory seems to yield a better correlation.
Both a new theory of heat transport from fibers was outlined and a new ex-
perimental correlation for the Nusselt number was obtained in the second
study.
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