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ABSTRACT thermal conductivity
Convective transport in an optical fiber coating applicator specific heat

and die system has been simulated for a non-Newtonian fluid. dynamic viscosity

Low density Polyethylene (LDPE) is employed for the numeri- density

cal analysis, though ultraviolet (UV) curable acrylates are com- shear stress

monly used, because of lack of property information for acrylates shear rate

and similar behavior of these two materials. The equations gov-
erning fluid flow and heat transfer are transformed to obtain flow
inacylindrical domain. A SIMPLE-based algorithmis used with

rate of strain tensor
acceleration of gravity
unit normal vector
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a non-uniformgrid. In contrast to the isothermal case, strean+ heat flux

lines for the non-Newtonian fluid are found to be quite different power-law index
for various fiber speeds. The temperature level in the applicator bscript

is much higher for the Newtonian case, due to the larger fluid fiber

viscosity and associated viscous dissipation. The shear near the in inlet

fiber is found to be lower for the Newtonian fluid. As expected,

the effects become larger with increasing fiber speed. Avery high

temperaturerise is observed in the die, regardless of fiber speed.

This study focuses on the non-Newtonian effects during the coat- INTRODUCTION

ing process, and several interesting and important features, as
compared to the Newtonian case, are observed.

For a Newtonian fluid, the shear stress is proportiona to
the rate of shear. Most gases and liquids, with relatively small
molecular weights, are known to be Newtonian [1]. However,
many important industrial fluids, such as colloidal suspensions

NOMENCLATURE and polymeric solutions, show non-Newtonian behavior in their
r radial distance flow characteristics[1,2]. Non-Newtonian fluids are encountered
z axia distance in materials processing, such as food extrusion and optical fiber
u redial velocity coating [3,4]. Depending on the shear rate in the fluid, operat-
% axia velocity ing conditions, process parameters, and the previous history of
R radius the fluid, the fluid can be called pseudoplastic, dilatant, Bing-
H height ham plastic, thixotropic, or rheopectic [1-6]. The last two cat-
\Y; velocity vector egories, thixotropic and rheopectic, are time-dependent. For a
w genera velocity pseudoplastic material (aso called shear thinning material), such
0] general variable as ketchup and polymer solutions, an increase in the shear rate
P pressure leads to a decrease in the apparent viscosity, which is the ratio
T temperature of the shear stress to the shear rate. However, for a dilatant fluid
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(also called shear thickening material), such as starch pastes, the
viscosity increases with an increasing shear rate.

The shear rate at the fiber surface in the coating applicator
and in the die has been found to be very high [7]. This high shear
rate is detrimental to a proper coating. It is important to under-
stand the fundamental aspects of the coating flow and of the as-
sociated heat transfer. In addition, many issues arise during the
coating process, such as a bubble entrapment due to meniscus
breakdown, instability and uniformity of the coating. However,
it is important to determine when the coating fluid behaves as
a non-Newtonian fluid and what triggers this behavior. For ex-
ample, beading of coating occurs due to hon-Newtonian effects,
and this resultsin improper coating, which could ultimately lead
to transmission loss [8]. Therefore, this study is directed at the
fluid flow and heat transfer in the optical fiber coating applicator
system for non-Newtonian fluids.

General methods for predicting properties of gases and lig-
uids and their behavior in a given environment are described
by Bretszngjder [9] and Reid [10]. Various numerical models
for characterizing the rheology of Low Density Polyethylene
(LDPE) are compared in the literature[11]. Chen et a. [11] pro-
posed an empirical viscosity model for polymer melts, based on
their experiments that considered the temperature effect on both
flow behavior and the consistency index in a power-law model.
The coefficients of theempirical model for LDPE and polypropy-
lene (PP) were obtained from capillary rheometer measurements.
Bird et a. [5] organized various non-Newtonian materials in
terms of their characteristics. Numerous sample problems that
can be encountered in polymer processing are solved. Properties
of polymers and their fundamental behavior in polymer process-
ing are also summarized by Tadmor and Gogos [6]. Jaluria [3]
focussed on heat and mass transfer during the extrusion process
for non-Newtonian materials such as plastics and food.

Not much work has been published in the open literature on
thefiber coating process using anon-Newtonian material. Matal -
lah et a. [14] used atime-stepping finite element method to study
atube-tooling wire-coating problem. A High-Density Polyethy-
lene (HDPE) grade polymer was used for the simulation and
modeled by a multi-mode Phan-Thien/Tanner (PTT) constitutive
equation, which utilizes a single-mode solution to obtain a first
approximate kinematics of the flow, to calculate each individual
stress mode based on the frozen flow, and to make a correction
on the kinematics. The focus was on the viscoelastic stresses
arising in the coating process, and the flow geometry was var-
ied to optimize the process by minimizing the induced stresses.
Mutlu et a. [15] simulated the tube-tooling coating process for
LDPE, using a finite element method similar to that of Matal-
lah et al. [14]. Mutlu et a. [15] used a single-mode exponential
PTT consgtitutive model, which is a transient network model to
describe nonlinear flow phenomena[16].

Karwe and Jaluria[4] numerically studied the transport pro-
cesses in a single-screw extruder for non-Newtonian materials.
They employed the creeping flow approximation, so that the in-
ertiaterms in the momentum equations were neglected. The cur-
vature effects were also neglected so that the screw channel was
mathematically treated as unwound. It was found that the tem-
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perature variation of the barrel had a small effect on the corre-
sponding velocity field. The flow was mainly governed by the
dimensionless volumetric flow rate, which is generally called the
throughput, emerging from the extruder. It was also found that
strong viscous dissipation resulted in heat transfer from the fluid
to the barrel in the downstream portion of the extruder. Lin and
Jaluria[19] further investigated the flow and thermal fieldsin the
single-screw extruder for non-Newtonian materials. The fluid
and solid regions were solved to study conjugate heat transfer,
and an iterative computational procedure was employed to match
these solutions at the interface between the fluid and the barrel
and the screw. It was found that the conjugate effects in the bar-
rel were significant.

Wapperom and Hassager [13] used a finite element scheme
to analyze a wire-coating process using Medium Density
Polyethylene (MDPE). A copper wire was pulled with constant
speed and the Carreau model was employed for the dependence
of the viscosity on shear rate. The model consists of a zero-
shear-rate viscosity, a power-law index and a time constant that
determines the viscosity for low shear rates. A strong depen-
dence on temperatureis employed. Thefocuswas on the thermal
field, and the wire velocity, inlet temperature and power-law in-
dex were varied. Also varied were the properties of MDPE, with
the specific heat and the thermal conductivity taken as linearly
dependent on temperature. The wire diameter was taken as 1400
pm, and the annular die entrance was taken as 2000 pm, while
the annular die exit was taken as 1100 um. They found that the
temperature rise was higher near the entrance and the die exit,
due to large viscous dissipation. Therefore, the inlet tempera-
ture was found to be very important. A higher wire speed led to
a much higher pressure drop, while the viscosity drastically de-
creased due to shear thinning and higher temperature.

Polymeric materials are commonly taken as generalized
Newtonian fluid (GNF), due to the simplicity and robustness of
this model [3,5]. The idea is to incorporate the shear depen-
dent viscosity into a Newtonian viscosity without causing any
additional complexity. The shear stress can be written in general
formas

T=—Ly @

where y is the shear rate, which is related to the second invariant
of the rate-of-strain tensor,y, as [5]

V=577
33 i @
T T

Empirical models have been suggested for the relation between
the shear stress and the shear rate, based on datafit of the experi-
mental results. Examples include the power-law model, the Ellis
model, and the Carreau model. For detailed descriptions of each
model, see[3,5,6].
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Figure 1. Schematic of a typical optical fiber applicator system

ANALYSIS

The schematic diagram of atypical optical fiber coating sys-
tem is shown in Figure 1. Axisymmetric, non-Newtonian, flow
and heat transfer are assumed and the appropriate cylindrical co-
ordinates are shown. LDPE is selected for the coating material
toidentify non-Newtonian fluid behavior, sinceits material prop-
erties are well-established [4-6, 11, 17]. The viscosities of this
materia at three temperatures are shown in Figure 2. Asis ex-
plained in detail later, the viscosity depends on both the shear
rate and temperature of the flow. It becomes smaller as either the
shear rate or temperature increases. All the properties, except
density, are taken as variable, since the density of most polymer
melts stays fairly constant at typical changesin pressure[19].

Governing Equations

As mentioned earlier, governing equations for incompress-
ible axisymmetric fluid flow and heat transfer in steady state are
solved. Thus, the continuity equationis

N

0 0
ar (pru)+ % (pv)=0 3

Unlike a Newtonian fluid, the viscosity is not constant with
change in shear stress. Therefore, the equation for the conser-
vation of the momentum becomes[12]

Owg aw(p oP [10 Tzp
p( o TV az>_%+{ra (rTr(p)‘f'E]‘f'pgcp (4)

where @ represents a general variable, with the corresponding
variables given as
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Figure 2. Viscosity variation of Low-Density Polyethylene (LDPE) with
shear rates at different temperatures [4]

Considering variable thermal properties, the energy equation for
the coating fluid becomes

C ua_T+Va_T — }2 kra_T g a_T
Pee(Yar TVaz ) = var Mar ) Taz\¥az
ou ov ov
-I-Trra +Tzzaz+ <a +az) 5

where the shear stresses are as follows;

ou
Trr = Zuar
ov
Tz= 2“62 (6)

ov odu
Trz = 24 a—l-a—z

All the governing equations, (3) - (6), for acomplex geometry are
then transformed to a simple cylindrical domain. For a detailed
description of the transformation, see [7].

For the current 2-D axisymmetric coordinates, equation (1)
has a shear rate, which is given by

: 0 ou 0 )
7= ﬁ GG Atz iaGe @

All thetermsin the physical grid aretransformedto simple cylin-
drical domain for easier computation [7]. The constitutive equa-
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Table 1. Wire-grade LDPE used for the calculations [4]

Property LDPE
Density p [kg/m3] 750
Reference dynamic viscosity o [NS'm?] 2000
Reference thermal conductivity ko [W/mK] 0.3
Reference specific heat coefficient ¢, [JkgK] 2570
Temperature coefficient of viscosity b[°C~1]  0.01
Power law index n 0.48
Reference strain rate yo [ 1] 1.0

tion for the viscosity finally becomes

'y n—1

= o (—) g o(T=To) ®)
Yo

The coefficients used in the equation and the reference materials

properties are shown in Table 1.

Boundary Conditions

A fiber is moving at the center of the applicator at a given
speed, as seen in Figure 1. The temperature distribution at the
fiber is calculated from the energy conservation and is denoted
by T+(2) [7]. The boundary conditions used for this study can be
written as

r=Ri; u=0,v=vs, T=Ti(2 9

r=Ry; u=0,v=0,4.-n=0 (20

z=Hi; u=0,v=0T=Tp (11)

z=H,; V.-fi=0,qG-A=0 (12)
ov oT

z=0; u=0, ~=0, - =0 (13)

At the fluid inlet, the vertical velocity is taken as zero, tempera-

tureisgiven as T, and theradia velocity, uin, is calculated from
the mass flow rate at the die exit. The applicator bottom wall

and the top surface are located at z= H1 and z = H, respec-
tively, as seen in Figure 1. At the die wall, the no-dlip boundary
condition is used. In order to investigate the effect of thermal

conditions outside the die wall, the heat transfer coefficient is
separately varied. At the top surface in the applicator, z=Ho, a
free surface condition is used, since ano-slip boundary condition

in the region has been found to yield higher shear rates along the
fiber [7].

Material Properties

Practically, a material exhibiting non-Newtonian behavior
is very complicated to be modeled. This complexity can be in-
creased largely due to the shear rate in the fluid, operating con-

4

Figure 3. Typical numerical grid used in the calculations

ditions, process parameters, or the previous history of the fluid.
Although UV-curable acrylates are typically used as coating ma-
terial for optical fibers, alack of property information and the use
of LDPE for metal wiresled to the choice of L DPE for modeling
of the flow and heat transfer. As explained earlier, much effort
has been directed at characterizing the non-Newtonian fluid be-
havior of LDPE. Thus, LDPE is selected for the current study.

It is assumed that the thermal conductivity for LDPE de-
pends on temperature. The corresponding equation employed is

k = a(1.0+ b(T — 297.5)) (14)

where ay is the thermal conductivity at a reference temperature,
To, and by isacoefficient. For the current study, ax=0.3 and by=-
0.0005 are used, sincetypical valuesof by for liquidsrangesfrom
-0.0005 to -0.0002 [10].

The specific heat for LDPE is also taken as temperature-
dependent, i.e.,

Cp = ac(1.0+ be(T — 423.0)) (15)

where a; is the specific heat at the reference temperature, and b
is a coefficient. For the current study, ac = 2570 and b, = 0.001
are adopted from Wapperom and Hassager [13].

Numerical Modeling

The conservation equations governing fluid flow and heat
transfer are transformed to be solved on acylindrical domain [7].
Non-uniform grids are generated, with smaller grids in regions
where high gradients are expected. For example, avery fine grid
is constructed near the fiber surface, since the shear rate near the
region has been found earlier to be very high [7]. A typica nu-
merical mesh used for the calculationis shownin Figure 3. Many
cases were tested to ensure grid independency, and 110x 70 is
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(a) At z/D=0.261

Figure 4.
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Comparisons of calculated axial velocities, for Re=196, at three downstream locations, with experimental results by Durst and Loy [18]
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Figure 5. Comparisons of streamlines at various fiber speeds for n=0.48

chosen for the applicator while 50x 120 for the die, bothiin (r,z).
A SIMPL E-based a gorithm was devel oped to model the op-
tical fiber coating process [20]. The pressure field is initially
guessed and then updated at each iteration, based on the velocity
field that was calculated from the previous iteration. The calcu-
lation continues until the pressure and the temperature fields are
unchanged. The following convergence criterion is adopted

ew _ pld
€ = max L’J(ﬂol;ﬂo’] (16)
N

where @ is a general variable, which can be P or T. The calcu-
lations are stopped when €p and e are less than 3x10~4 and
1x10~°, respectively. These values were varied to ensure that
the results are independent of the values chosen.

Numerous cases have been tested to validate the code used.
Durst and Loy [18] measured a velocity in a pipe with a sudden
contraction in its cross sectional area. This experiment setup is
very well suited for comparison with the current numerical sim-
ulation since the geometries are very similar and the diameter at

5

the coating die entrance is typically much smaller than that of an
applicator. Three downstream locations are selected to see the
flow structure near the contraction, which starts at z/D=0. The
higher the value of z/D, the closer it is to the flow inlet. Figure
4 shows that the two results match very well. A fully developed
flow near the entrance is seen to approach the smaller pipe, as
seen in Figure 4 (@), and the centerline vel ocity startsincreasing,
asseenin Figure 4 (b). A sudden reduction in areaand a transfer
of momentum from the outer region to the inner one resulted in
the bulge at the center, as seen in Figure 4 (c). This comparison
indicates the validity of the current simulation.

RESULTS AND DISCUSSION

Figure 5 shows the streamlines at various fiber speeds for
power-law index, n, of 0.48. In contrast to the isothermal cases,
where the pattern of streamlines was similar regardless of fiber
speed, the streamlines for the non-Newtonian fluid are found to
be different for various fiber speeds [7]. As the fiber speed in-
creases, the circulation in the applicator becomes stronger. Near
the fiber surface, the flow accelerates for all fiber speeds. It is
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Figure 6. Comparisons of streamlines at various fiber speeds for n=1.0

a so seen that the circulation becomes distorted as the fiber speed
increases. Thisis related to the non-uniform thermal field and
a relatively inadequate modeling in the low shear rate regions,
associated with the power-law fluid model. Thus, the modified
power-law model can be used to improve the current model since
it allowsthe apparent viscosity to become a constant at |ow shear
rates[3].

When the Newtonian fluid is employed, i.e., n=1.0, the flow
field is found to be dightly different from that for the non-
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Figure 7. Isotherms for Newtonian and non-Newtonian fluids at a fiber
speed of 0.1m/s

Newtonian fluid, as seen in Figure 6. As the fiber speed in-
creases, the flow pattern remains similar, but the strength of the
circulation becomes higher for Newtonian fluids than that for
non-Newtonian fluids. This is due to the larger fluid viscosity
for n=1.0. The flow is shown to accelerate moderately near the
fiber surface, as compared to Newtonian flow. Thisis dueto the
non-uniform thermal field that results in non-uniform viscosity,
such that shear near the region is lower for the Newtonian fluid.
Thiswill be discussed in detail later.

Asthefiber speed increases, thetemperaturelevel wasfound
to increase due to the corresponding increase in viscous dissipa-
tion [22]. Wapperom and Hassager [13] aso found severe tem-
perature rise near the entrance and the die exit, due to strong
viscous dissipation. Figure 7 shows the temperature contours
for both Newtonian and non-Newtonian fluids at low fiber speed.
For n=0.48, the temperature near the fiber was higher than that
in the remaining region, both in the applicator and in the fiber.
However, for n=1.0, the temperature in the die started increas-
ing and reached a maximum in the die. The fiber temperatureis
also found to increase asit travelstoward the die exit. For anon-
Newtonian fluid, the rising temperature and the high shear both
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Figure 8. Axial velocity profiles at the die exit for Newtonian and non-
Newtonian fluids at different fiber speeds

lead to a decrease in the viscosity, according to equation (8).
The axial velocity profiles at the die exit for both Newto-
nian and non-Newtonian fluids are compared with each other and
shown in Figure 8. The solid lineis for a Newtonian fluid while
the dotted line is for a non-Newtonian fluid. It is found that the
non-Newtonian flow effects become clearer as the fiber speed in-
creases. At low fiber speed, the two profiles are quite close to
each other, as explained earlier. However, with increasing fiber
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Figure 9. Comparisons of temperature distributions at various axial lo-
cations for n=0.48

speed, the difference between the two profiles becomes higher.
This is due to the low shear near the fiber for the Newtonian
fluid. The shear is found to become even lower with higher fiber
speeds. Thislow shear at higher fiber speed is seen as a longer
flat profilein the radial direction near the fiber, at r/R=0.
Thetemperature profilesat variousaxial locations are shown
in Figure 9. Asthe fiber speed increases, the temperaturelevel is
also found to increase accordingly. Thetemperatureriseislarger
at higher fiber speed. As one moves from the fiber entrance to-
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Figure 10. Comparisons of temperature distributions at various locations
for n=1

ward the die exit, which isfrom z= z3 to z= z;, the temperature
rise in the die becomes higher. Therefore, the fluid in the die
starts heating the fiber, as seen in the change of the direction of
the temperature gradient at the fiber surface at r/R=01in Figure9
(a). A stronger circulation at higher fiber speed and the flow re-
joining the circulation from the die entrance are responsible for
akink near the fiber in Figure 9 (b).

The temperature profiles at three axial locations for n=1 are
seen in Figure 10. When the shear effect is excluded from the
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Figure 11. Effect of fiber speed on coating thickness and maximum pres-
sure in the die

constitutive equation (8), for the viscosity of LDPE, that is at
n=1, similar results are obtained in the die at z= z;. However,
anoticeabl e differenceis the temperature level arisesin both the
applicator and the die. The temperature level in the applicator
is much higher for the Newtonian case, so that the fluid in the
applicator constantly heats up the fiber as it moves from the fiber
entrance to the die exit. Thisis seen in the positive temperature
gradient at r/R=0, the gradient being equivalent to a heat flux to
the fiber. This is due to the stronger viscous dissipation asso-
ciated with higher fiber speed. This high temperature rise and
the corresponding heating near the die exit was also observed by
Karwe and Jaluria[4] and by Wapperom and Hassager [13].

The fiber speed was found to be of critical importance dur-
ing the fiber coating process [7, 8, 13]. When the speed is in-
creased, the corresponding viscous dissipation becomes higher
so that it leads to aincrease in the temperature level. Thisrise of
temperature level resultsin a non-uniformthermal field so that it
also affects the flow field, and vice versa. Hence, thisinteraction
eventually can affect thefinal coating thickness. Figure 11 shows
the effect of the fiber speed on the final coating thickness and on
the maximum pressure in the die, respectively. It is found that
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Effects of thermal conditions outside the die wall on coating

non-Newtonian fluid effects are insignificant, as far as the coat-
ing thickness is concerned. However, the localized maximum
pressure in the die is found to be greatly affected by the non-
Newtonian behavior. The pressure field shows a significant dif-
ference between Newtonian and non-Newtonian fluids. At n=1,
the pressure is found to be much higher than that at n=0.48. As
seen in Figure 11 (b), both maximum pressures increase linearly
with the fiber speed. It should be noted that these high localized
pressures should be avoided, since it inhibits proper wetting and
degradesthe fiber strength [21].

The effect of thermal conditions outside the applicator dur-
ing the coating process was found to be insignificant [22]. This
study varied the therma conditions outside the die wall by
changing the convective heat coefficient, h, from 0 to 1000
W/m?K for afixed adiabatic applicator wall. Practically, thisis
equivalent either to cooling the die wall by surrounding it with a
cold jacket or to blowing a cooler fluid around the diewall. The
effect of h onthefinal coating thicknessfor both n=0.48 and n=1
is shown in Figure 12. It is found that the coating thickness for
n=1isalittle higher than that for n=0.48, but the overall behavior
for al the fiber speedsis similar.
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CONCLUSIONS

The convective transport in an optical fiber coating appli-
cator and a die system has been simulated for a non-Newtonian
fluid. LDPE is employed for the coating fluid, due to a lack of
property information for UV-curable acrylates, which are com-
monly used. Geometric and temporal effects are not included in
this study in order to focus on non-Newtonian effects. Variable
propertiesare used to investigate the effect of non-Newtonian be-
havior on the fluid flow and heat transfer, whereas the density is
kept constant. A Generalized Newtonian fluid is adopted for the
constitutive equation.

In contrast to the isothermal cases, where the pattern of
streamlines was similar regardless of fiber speed, the stream-
lines for non-Newtonian fluids are found to be different at var-
ious fiber speeds. Near the fiber surface, the flow accelerates
for al fiber speeds, the acceleration being higher for the non-
Newtonian fluid. The strength of the circulation becomes higher
for the Newtonian fluids than that for the non-Newtonian fluids
due to larger viscosity of the former. The temperature level in
the applicator is much higher for this Newtonian case, so that the
fluid in the applicator constantly heats up the fiber as it moves
from the fiber entrance to the die exit. For an increasing fiber
speed, the difference between the two die exit profiles becomes
larger. This is due to the low shear near the fiber for a New-
tonian fluid. As far as the coating thickness is concerned, non-
Newtonian fluid effects are found to be insignificant. At n=1, the
pressure is found to be much higher than that for n=0.48. The
thermal conditions outside the die wall are also found to be in-
significant. This study is directed at the non-Newtonian effects
during the coating processand many interesting results have been
presented. However, a further study is required for a complete
analysis to optimize the quality of the coating, die design, and
production rate for typical coating fluids.
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