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( ) ( )The heat transfer of a single solid cylindrical poly ether imide PEI pellet in
( )polyethylene PE melt under simple shear flow was studied using experiments and

numerical simulations. This included two approximate 2-D representations of the geom-
etry, and a rigorous 3-D geometry matching the experimental conditions. A generalized
power-law ®iscosity model for PE melt, and temperature-dependent conducti®ity and
specific heat were used for PEI in the models. Viscous dissipation was included in the
simulations. From the experimental temperature history, the mean heat-transfer coeffi-

2cient h was determined to be 370 Wrm � K, with the assumption of a uniform con®ec-
2ti®e en®ironment. From the simulation, h was determined to be 1,160 Wrm � K and

420 Wrm2� K in the 2-D simulations with circular and rectangular pellet, respecti®ely,
and 250 Wrm2� K for the 3-D simulation. Results from the 3-D simulation pro®ed that
the uniform con®ection assumption used to calculate h for the experiment was not
acceptable.

Introduction

Understanding of heat-transfer-related problems during
polymer blending is one of the very fundamental steps to
control the polymer blend morphology. In particular, heat
transfer between solid polymer pellets and a polymer melt is
extremely relevant to modeling polymer blend processing.
Numerical modeling is becoming a powerful tool to study the
extrusion process, especially considering the ever-increasing
power of computers. Thus, the models can incorporate physi-
cal-property variations with processing conditions, such as
temperature and local shear rates, as well as accommodate
complex geometries of the polymer processing equipment.
The computational algorithms are becoming sophisticated to
be able to handle free surface deformations, such as melting
that occurs as a pellet moves down the extruder. Two basic
flows are generated inside extruder channels: viz., shear flow
and extensional flow. The right combination of these flows is
used to achieve good mixing action. Numerous articles reveal
the close relationship between polymer blend properties and

Žits morphology for example, Wu, 1985; Bucknall et al., 1986;
Favis and Chalifoux, 1987; Majumdar et al., 1994; Sundararaj

.et al., 1995; Kudva et al., 1999 . The morphology of polymer
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blends is determined by the individual components’ proper-
Žties as well as processing conditions for example, Willis et

al., 1991; Utracki and Shi, 1992; Sundararaj and Macosko,
1995; Sundararaj, 1996; Huneault et al., 1995; Oshinski et al.,
1996; Levitt et al., 1996; Li et al., 1999; Qian and Gogos,

.2000 .
Experimental studies of the polymer blending process show

that significant morphology change occurs during the initial
Žmelting of polymers during extrusion for example, Scott and

Macosko, 1991, 1995; Sundararaj et al., 1992; Lindt and
.Ghosh, 1992; Potente et al., 2001 . The detailed information

of heat transfer between the barrel and polymer pellets, and
between the melted polymer and polymer pellets under ac-
tual stress fields are essential to understand the morphology
development as well as to design new mixing devices. Heat
transfer strongly depends on the flow conditions, such as ve-

Ž .locity and pressure. Chandrasekaran and Karwe 1997 mea-
sured the velocity profiles of a Newtonian fluid in a reversing
section of a corotating twin-screw extender, while Bravo et al.
Ž .2000 obtained the pressure and velocity profiles in kneading
elements through numerical simulations.

Ž . Ž .Sastrohartono et al. 1995 and Chiruvella et al. 1996 di-
vided the flow domain in a twin-screw extruder into a transla-
tion region and intermeshing region. They also studied the
heat transfer and the fluid flow for non-Newtonian polymers
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using numerical methods. In their study, only one component
was included, thus no information about morphology devel-
opment along the extrusion channel could be obtained from
their models. The concept of equivalent radius was adopted

Ž .by Lai and Yu 2000 to study the heat transfer for blending
two polymer phases in a single-screw extruder. In their model,
the melting behavior of solid polymer was simplified to that
of a metal, which is obviously not true for real polymers. Qian

Ž .and Gogos 2000 discussed the contributions of deformation
of solid pellets to the thermal energy inside an extruder.

Ž .Tenge and Mewes 2000 focused on the metering zone of a
twin-screw extruder and studied the heat balance experimen-
tally. Only one phase was involved; however, viscous dissipa-
tion was included in their study. Potente’s research group
ŽPotente and Melisch, 1996; Potente and Bastian, 2001; Po-

.tente et al., 2001 concentrated on the melting of polymer
granules in a twin-screw extruder to study the morphology
change during melting. Mean temperature of a solid pellet
and a pure drag flow model were used in their theoretical
investigation of the melting process. The solution was done
analytically using a steady-state approximation to what is in-
herently a transient heat-transfer process.

In the present work, the heat-transfer characteristics be-
tween a single solid polymer pellet and a polymer melt under
a predominantly shear flow condition in a batch mixer was
studied experimentally. This corresponds to the initial pro-
cess of a pellet heated in a polymer melt before it softens and
deforms. Specifically, the temperature history at the center of
an initially cold cylindrical pellet immersed in a melt was
monitored. Such a history was used to back calculate a heat-
transfer coefficient between the pellet and the melt. The same
process was modeled using the standard continuum mechani-
cal equations and the generalized non-Newtonian model. Im-
portant variations of thermal properties with temperature
were also accounted for using measured values of such prop-
erties. The equations were solved using the standard finite-

Želement tools that are available in the package FIDAP Fluent
.Inc. . A heat-transfer coefficient was also calculated from the

simulation results.

Figure 1. Variation of thermal conductivity with temper-
( )ature for PEI. Data supplied by GE Plastics.

Figure 2. Specific heat of PEI with temperature.

Experimental Procedures
Polymer properties

Two polymers were used in the present work: viz.,
Ž . Ž .polyetherimide PEI from GE Plastics and polyethylene PE

from Petromont, Canada. PE was the matrix phase, and PEI
was the dispersed phase in the form of a pellet. PEI has a
much higher softening temperature than PE, so that the PEI
pellet was in the solid state during the entire process. Figure
1 shows the thermal conductivity of PEI as a function of tem-
perature.

The specific heat of the two polymers was measured using
a TA Instruments DSC 2910, and Thermal Analyst 2200 soft-
ware was used to analyze the data. The heating rate was
20�Crmin. Figure 2 shows the specific heat variation of PEI
with temperature. For the matrix PE, a constant thermal con-
ductivity k s0.182 Wrm �K was used since its temperaturePE

Žhad small variation during the whole process Han et al.,
.1990 . Its specific heat variation with temperature is shown in

Figure 3. Since polymers melt over a range of temperatures,

Figure 3. Specific heat of PE with temperature.
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Figure 4. Viscosity of PE at three different tempera-
tures.

not at one specific temperature, we approximated the en-
Žthalpy change due to melting using specific heat data that is,

the specific heat peak in Figure 3 can be integrated over tem-
.perature to obtain the enthalpy change due to fusion .

The dynamic rheological properties of PE were deter-
mined using a Rheometrics RMS 800 rheometer with paral-
lel-plate fixtures. Figure 4 shows the variation of shear viscos-
ity of PE with frequency at different temperatures. Using the
Cox�Merz rule, which states that the complex viscosity vs.
frequency curve is almost exactly like the steady shear viscos-
ity vs. shear-rate curve, we were able to use the dynamic data
in our model. A consistent shear-thinning behavior is ob-
served at different temperatures. A correlation proposed by

Ž .Van Krevelen et al. 1976 is used to generate the functional
form of the temperature-dependent viscosity of PE. Based on
the shear thinning and temperature effects, a generalized
power-law viscosity model was obtained as

�s350�470�� Žny1.�exp y0.02 �Tq1.88�10y5T 2 ,Ž .˙
1Ž .

where the power exponent ns0.9. At lower shear rates, the
viscosity was only dependent on temperature and the power-
law constant was set to 1.0.

Batch-mixer experiment
The Haake Rheocord 90 Torque Rheometer fitted with a

series 600 internal batch mixer was used for the experiments.
Two cylindrical rollers were built to generate a simple flow in
the mixer. Figure 5 shows the experiment setup. Since we
replaced the normal rollers, which have indents with cylindri-
cal rollers, the melt volume was significantly reduced by using
the cylindrical rollers. All materials were heated at 80�C un-
der vacuum for 12 h before being added into the mixer. The
barrel temperature of the mixer was preheated to 190�C, and
the motor speed was set at 50 rpm. About 16 g PE was added

Figure 5. Batch-mixer experimental setup.

to the mixer to form the melt phase. To record the tempera-
ture history of the pellet, a small hole was drilled along the
cylinder axis of the PEI pellet, but not through the full length
of the pellet. The size of the hole was carefully controlled so
that a thermocouple could be inserted into the hole, and the
thermocouple was in close contact with the inner surface of
the hole in the pellet. Epoxy was used to glue the thermocou-
ple with the pellet so that there was no air between the sur-
faces to create any thermal contact resistance. The thermal

Ž .conductivity ks0.20 Wrm �K of the epoxy was comparable
to the solid PEI pellet. Before the PEI pellet was inserted
into the PE melt, the PE melt temperature was measured,
and its value was set as the reference temperature for the
corresponding simulations. For our experiment, the refer-
ence temperature was measured to be 197�C. The tempera-
ture history of the central point was recorded at every 0.1 s
using an OPTO 22 data-acquisition system.

The classic analytical solution for transient conduction heat
transfer from a cylindrical pellet to an infinite medium sub-
ject to a convective boundary condition was used to deter-
mine the mean heat-transfer coefficient on the melt side by
matching the experimentally measured temperature history
at the center of the pellet with the analytical model. This
method involves using the superposition of transient solu-
tions that is well documented in standard heat-transfer text-

Ž .books for example, Incropera and DeWitt, 1996 . Table 1
summarizes all the parameters that are used in the calcula-
tion. Figure 6 shows the flow diagram to calculate the mean

Žh-value from experimental data refer to Incropera and De-
Ž .Witt 1996 for transient infinite cylinder and infinite plane

.wall equations . This model, of course, assumes that all the

Table 1. Parameters of PEI Pellet Used in Calculating the
Mean h-Value from Experimental Data

Parameter Value
3Ž .� kgrm 1,270

Ž .C Jrkg �K 938p
Ž .k Wrm �K 0.23

Ž .T K 470ref
Ž .D mm 2.0
Ž .L mm 12
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Figure 6. Flow diagram for calculating the mean heat-
transfer coefficient, h, from the experimental
temperature history.

cylindrical surfaces are exposed to the same heat-transfer en-
vironment at all times, hence what we calculate as a heat-
transfer coefficient from this approach can be thought of as
an effective mean heat-transfer coefficient from the pellet on
the melt side. In particular it is to be treated as an average
over the interface and over the time interval. We can only
obtain this effective mean heat-transfer coefficient from the
single temperature measurement made in the experiment. In
the actual experiments, since there is an unsymmetrical flow
around the pellet, and the viscosity is a function of tempera-
ture, the heat-transfer environment around the pellet�melt
interface will not be uniform in space and time and the heat-
transfer coefficient changes with space and time. Such varia-
tion will be taken into account in the simulations.

Model Equations
The governing equations are the standard conservation laws

for mass, momentum, and energy. The following assumptions
were made to model the flow around the pellet that is placed
in the gap between two cylindrical rollers. The melt is as-
sumed to be incompressible and inelastic, but its viscosity
obeys the generalized power law. Viscous dissipation is in-
cluded in the energy equation for the melt phase. The poly-
mer melt is assumed to be in perfect contact with the pellet,
and, hence, the contact resistance between the melt and the
pellet is assumed to be zero. For the PE melt, the governing
equations are as follows

Continuity Equation

��Vs0. 2Ž .

Momentum Equation

� V
� qV ��V sy�Pq��� , 3Ž .ž /� t

where the shear stress � is related to the rate of strain tensor
D, through

� s2� � ,T D , 3aŽ . Ž .˙

and � is the non-Newtonian viscosity, which has the follow-
ing form

�s� meŽyaTqbT 2 .� Žny1. . 3bŽ .˙0

Energy Equation

� T
�C qV ��T s�� k�T q� :�V . 4Ž . Ž .p ž /� t

The energy equation was used for the PE melt. Because the
velocity inside the pellet is zero and there is no viscous dissi-
pation, for the PEI pellet, the energy equation is reduced to
the following transient heat-conduction equation:

� T
�C s�� k�T . 5Ž . Ž .p � t

Boundary conditions
Two 2-D models were built to simulate the flow in the gap

between the two cylinders of the batch mixer. To capture the
flow characteristics of the experiment, there are two possible
orientations for the pellet in the simulations. If we assume
the axis of the cylinder is in the z-direction perpendicular to
the paper and infinitely long in that direction, the pellet can
then be orientated either as a circle perpendicular to the axis
of the cylinder or as a rectangle parallel to the axis of the
cylinder. The geometry and boundary conditions are shown
in Figures 7a and 7b. All the material properties used in the
simulations are summarized in Table 2. Obviously, there are
important geometrical differences between the experiments
and the 2-D simulations. To eliminate the geometry differ-
ence, a 3-D batch-mixer geometry was built and is shown in
Figure 7c. The 3-D geometry is the same as the experimental
setup except for the length of the cylinders, which was re-
duced from 47 mm to 6 mm to save computational cost. Even
so, the time required for the 3-D simulation was about 10
times longer than the time required for the 2-D cases. There-
fore, if the 2-D representations are accurate, it would be ad-
vantageous to use them in future modeling efforts. The fi-
nite-element grid distributions are shown in Figures 8a�8c
for the three geometrical variations.

The 2-D geometries are treated as open systems with in-
flow and outflow boundaries, while the 3-D geometry is a
closed system with all of the polymer melt inside the batch
mixer. A no-slip condition is imposed at all of the wall
boundaries. For the 2-D case, at the left and right bound-
aries, the vertical component of the velocity is set to zero, but
the horizontal component is computed by the Galerkin
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Figure 7. Geometric model and boundary conditions:
( )a 2-D approximation with axis perpendicular

( )to flow; b 2-D approximation with axis paral-
( )lel to flow; c 3-D geometry of the batch mixer.

Figures not to scale.

Ž .finite-element method FEM . For the temperature, an
isothermal condition is imposed on the walls, with the tem-
perature being equal to the initial melt temperature, while
the interface between the melt and the pellet have the same
temperature on the melt and pellet side of the interface. The
heat flux across the interface is also imposed to be continu-
ous. For the velocities, the no-slip condition is also imposed
at the pellet�melt interface. Note that the two rollers in the
experiments rotate at different speeds; the right roller rotates

Table 2. Property Values of PE and PEI Used in the
Simulations

3Ž . Ž . Ž . Ž .Sample � kgrm C Jrkg �K k Wrm �K � Pa � sp

PE 954 Figure 3 0.182 Eq. 1
PEI 1,270 Figure 2 Figure 1 Solid

Figure 8. Finite-element grid distribution for the three
geometries considered in this work.

at two-thirds the speed of the left roller. Hence the upper
and lower plate velocities in the case of 2-D simulations are
set at 0.06 and 0.09 mrs, respectively, and, of course, the 3-D
simulation uses the different speeds for the two rollers.

Ž .The successive substitution S.S. method was used to solve
the nonlinear system of equations at each time step using the
solver FIDAP version 8.6. The time integration was per-
formed using the backward Euler method. Once the solution
is obtained, macroscopic quantities like average temperature
or heat-transfer coefficients can be computed at each instant
of time. The local heat-transfer coefficient at every point on
the interface is calculated from the equation

q�
i

h s , 6Ž .i T yTref i

where q� is the local heat flux at a point on the interface thati
is computed from Fourier’s law applied on the pellet side
using, q�syk�T , T is the reference temperature, whichref
is 470 K for this work, and T is the local interface tempera-i
ture. The local heat-transfer coefficient can then be inte-
grated over the interface A to get an average heat-transferi
coefficient at each instant of time from

h dAH i i

h t s . 7Ž . Ž .
Ai

June 2003 Vol. 49, No. 6 AIChE Journal1376



Figure 9. Comparison of the experimentally measured
center-point temperature with those predicted
from the simulations.
Thermocouple dynamics were not accounted for.

The time-average heat-transfer coefficient h is found using

N

h tŽ .Ý
ns1hs , 8Ž .

N	 t

where 	 t is the time step and N is the number of time steps.

Results and Discussion
Experimental results

Figure 9 shows the pellet’s inner temperature vs. time for
the experiment and the three different simulations. The time
for the pellet to reach the reference temperature from 3-D
simulation matches well with the time from the experiment,
although there are important differences in the temperature
history that require further scrutiny, namely, the rates of
temperature increase in the simulations were not the same as
that in the experiment, even for the 3-D simulation. This is
attributed to the dynamics of the thermocouple.

Every type of thermocouple has its own characteristic dy-
namics. A first-order time constant is widely used to capture
this. To measure the time constant of the thermocouple, we
used the OPTO 22 data-acquisition system to record its tem-
perature history after inserting the thermocouple into an oil
bath held at a certain temperature. The time when the
recorded temperature reached 63% of the final temperature
was taken to be the thermocouple’s time constant for the
measuring temperature. An average time constant was calcu-
lated based on time constants obtained with different bath
temperatures. According to our measurement, we found that
the time constant of the thermocouple used in the experi-
ment is about 0.9 s. This value is very close to the time con-
stant of 1.0 s supplied by the thermocouple manufacturer
Ž .Omega Engineering, Inc. .

Figure 10. First-order process approximation of the
(thermocouple dynamics time constants0.9

) ( )s : a model used to shift the 3-D simulation
( )curve to include thermocouple delay; b

model used to shift the experimental curve
to remove thermocouple delay.

The first-order process approximation of the thermocouple
was employed to shift the data from the 3-D simulation to
include the thermocouple dynamics, and to shift the data from
experiment to remove the thermocouple dynamics to see how
well the two sets of data matched. Figure 10 shows the block
diagrams of the two process approximations. The thermocou-
ple dynamics were added to the simulation result, and the
shifted curve is shown in Figure 11a. The measured experi-
mental curve is also shown for comparison. It can be seen
that the shifted simulation curve and the measured data
match quite well. The thermocouple dynamics were removed
from the experimental data, and the shifted curve is shown in
Figure 11b. Again, we see that simulation and experiment
match well if we account for the thermocouple dynamics.

In the initial stages, since temperature was differentiated
with time to shift the measured experimental data, a small
variation in the recorded temperature could cause large oscil-
lations, as seen in Figure 11b. The discrepancy at the initial
stage may also be due to the heat transferred into the poly-
mer pellet through the thermocouple itself, which would cause
the central temperature to rise faster in the experiment than
in the simulation, while at later stages, heat was taken out
from the pellet because the temperature of the thermocouple
was higher than the air outside the batch mixer. This may
explain why the temperature rise in the experiment is slower

Ž .than that seen in the shifted simulation curve see Figure 11a .
Based on the uncorrected experimental temperature his-

tory and using the algorithm outlined in Figure 6, the mean
h-value from the experiment was computed to be hs370

2Wrm �K. This h-value was obtained based on the assump-
tion of uniform convective environment, and the thermocou-
ple’s dynamics were not accounted for. To shift the experi-
mental curve to account for the thermocouple dynamics, we

Žneeded to take a derivative of the measured temperature see
.Figure 10b , which created error and oscillations as shown in

Figure 11b. Therefore, we used the uncorrected data for the
initial determination of the h-value. Figure 12 shows the
comparison between the curve from experiment and the one
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Figure 11. Results of shifting 3-D simulation and experi-
ment data using a first-order process ap-

( )proximation with time constant 0.9 s: a sim-
ulation curve shifted to include thermocou-

( )ple delay; b experimental curve shifted to
remove thermocouple delay.

2predicted using a constant value of hs370 Wrm �K. It is
seen that the predicted temperature rises slower than the ex-
perimental one initially, and at later times, the slope of the
predicted curve is larger than the experimental one. The dis-
crepancy between the two curves may be due to the assump-

Ž .tions we made. While the same algorithm Figure 6 can and
will be used to determine an average heat-transfer coefficient
from each of the simulations, such a calculation would be
subject to the same assumptions as uniform convective envi-
ronment, which is a necessary assumption in the case of ex-
perimental data, but an unnecessary one in the case of simu-
lation, as local and average heat-transfer coefficient can be
calculated according to Eqs. 6 and 7.

Figures 13a�13c present heat-transfer coefficients ob-
tained from Eqs. 6 and 7 vs. different times from the 2-D and
3-D batch-mixer simulations. Since the heat flux at the inter-

Ž .face has a singularity infinite heat flux at ts0, there are
large numerical errors at the beginning of the simulation.
Similarly, at the end of the simulation, temperatures at some
nodes along the interface are almost equal to the reference

Figure 12. Comparison of the center-point temperature
curves from the experiment and that pre-
dicted with hs370 Wrrrrrm2�K using algorithm
outlined in Figure 6.

temperature, leading to division by zero in the heat-transfer
coefficient calculation, and thus resulting in large errors.
Hence the results for heat-transfer coefficients are presented
for a certain time range. Using Eqs. 6�8, the average heat-
transfer coefficients for each of the three cases were deter-
mined to be 1,160, 420 and 250 Wrm2�K for the 2-D circle,
2-D rectangle, and 3-D cylinder, respectively. Table 3 sum-
marizes all the calculated heat-transfer coefficients and the
time ranges used to calculate them.

Heat transfer for an infinite-length circular cylinder in
Žcrossflow is correlated by the Churchill equation Churchill

.and Bernstein, 1977

4r55r81r2 1r30.62 Re Pr ReD D
Nu s0.3q 1q , 9Ž .D 1r4 ž /2r3 282,0001q 0.4rPrŽ .

where the Reynolds number is Re s0.00039 and the PrandtlD
number is Prs4.3�106 for this work. From this correlation,
the mean heat-transfer coefficient was calculated to be 210
Wrm2�K. Although the flow condition is different from our
experiment, the value is surprisingly close to the one found

Ž .from the simulation results. Rao 2000 provided another
correlation for non-Newtonian flows over a cylinder in cross-
flow. Using this correlation, the calculated heat-transfer coef-
ficient is over 2,000 Wrm2�K; however, the Re number and
Pr number in our work are not within the ranges specified for
use of this correlation.

Based on the shifted experimental curve shown in Figure
11b, using the algorithm outlined in Figure 6, the mean
heat-transfer coefficient, h, was calculated to be between 600
and 650 Wrm2�K. This value is much larger than the value
obtained by averaging the local heat-transfer coefficients from

Ž 2 .the 3-D simulations 250 Wrm �K . For comparison, the same
Ž .algorithm shown in Figure 6 was used to calculate h based
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Figure 13. Variation of spatially averaged h-values with
( )time: a 2-D simulation with axis perpendic-

( 2 ) ( )ular to the flow hs1,160 Wrrrrrm �K ; b 2-D
(simulation with axis parallel to the flow hs

2 ) ( ) (420 Wrrrrrm �K ; c 3-D simulation hs250
2 )Wrrrrrm �K .

on the center-point temperature data from the 3-D simula-
tion; however, the calculated value for h was also over 600
Wrm2�K, which is not consistent with the value calculated
using the heat-flux and temperature data from the simulation
Ž 2 .250 Wrm �K . Therefore, the assumption of an even convec-
tive environment used in the algorithm outlined in Figure 6 is
not an acceptable one to calculate h. If we consider real

Table 3. Heat-Transfer Coefficients from Experiment and
Simulations

h Time
2Ž . Ž .Data Source and Method Wrm �K s

�2-D simulation-circle 1,160 1�5
�2-D simulation-rectangle 420 1�11

�3-D simulation-cylinder 250 2�10
��Data from 3-D simulation-cylinder �600 0�14

��Measured data from exp. 370 0�14
��Data removing time delay from exp. �600 0�14

Churchill correlation 210

�Integration from local heat-transfer coefficient
Eqs. 6�8.
��Algorithm outlined in Figure 6.

polymer pellets used in polymer processing, which are short
cylinders with LrD of about one, the assumption of uniform
convective environment is even less valid.

We can see the match between the simulation and the ex-
periment by comparing the center-point temperature curves
obtained from the 3-D simulation and the experiment. From
Figure 11, we see that the simulation and experimental tem-
perature vs. time curves match well if we account for the
thermocouple dynamics. Therefore, we can assert that the
heat-transfer coefficient obtained from simulation is the cor-
rect heat-transfer coefficient, since it accounts for the uneven
convective environment.

Comparison between the experiment and the simulations
shows that the 3-D simulation represents the experimental
process the best. From the simulation, we can get a more
accurate value for the heat-transfer coefficient than that from
the experiment, because no assumption for even convective
environment and no effect of thermocouple dynamics were
included in the calculation of the heat-transfer coefficient
value for the 3-D simulation.

Simulation results
One major advantage of the numerical modeling is that

detailed information can be extracted from the simulation re-
sult. Figure 14 shows the temperature contour and the veloc-
ity vectors at a time of 1 s. The velocity has reached its fully
developed state already, and dynamic changes in flow due to
changes in viscosity near the pellet are small. The effects of
heat conduction inside the pellet and heat convection outside
the pellet are clearly seen in this figure as shaded contours.
The heat transfer inside the pellet is seen to have progressed
to a significant level even after 1 s. In the 2-D simulations,

Ž .because the velocity of the bottom surface left roller is
Ž .greater than that of the top surface right roller , a degree of

unevenness in the cold region is seen near the faster moving
surface.

To obtain detailed quantitative results from the 3-D simu-
lation, variation of field quantities along a line parallel to the

Ž .x-axis through ys0.0, zsy3.0 , which crosses the pellet at
Žthe location of the thermocouple, was chosen Figure 8c shows

.the x, y, z directions . Figures 15a and 15b show, respec-
tively, the U variation and the temperature variation alongy
the chosen line at three different times of 1, 5, and 10 s. The
vertical component of the velocity, shown in Figure 15a, shows
that the velocity varies linearly in the gap, except near the
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Figure 14. Temperature profile and vector plots of the
velocity field for the three cases are shown
at the end of 1 s.

pellet surface due to temperature-dependent viscosity effects,
and it is identical at all three sampling times. From detailed
examination of the velocity profiles near the pellet, we saw
that there were eddies near the surface of the pellet. For
example, the y-component velocity near the right roller at

Ž .the sampling line is going up or is positive see Figure 15a
and the melt recirculates down at a higher z-position. It can
be seen in Figure 15b that the temperature at the core of the
pellet has already changed at 1 s from its initial value of 298
K to over 350 K. At ts5 s and 10 s, the temperature near

Ž .the left roller which moves faster is slightly higher than near
the right roller. Actually, the maximum temperatures at ts5
s and 10 s are several degrees higher than 470 K. This is due
to a higher rate of viscous heating near the pellet surface,
which experiences a higher shear rate. As expected, the rate
of temperature change between 5 and 10 s is smaller as the
temperature driving force decreases with time.

For a non-Newtonian fluid, like the PE melt in this work,
shear rate is another important parameter that affects the
flow, and hence the heat transfer. Figure 16 shows the shear
rate along the same line across the pellet at three sampling
times. Within the solid pellet, the shear rate is always zero.
At the interface, the shear rate reaches its maximum value.
The different velocities of the left and right roller result in
the unsymmetrical shear-rate profiles. There is almost no dif-
ference between the profiles at the three times. This result
again conforms to the expectation that the shear rate is higher

( ) ( )Figure 15. a y -Component velocity variation, and b
temperature variation from the 3-D simula-

( )tion along x ys0, zs�3 .
The sampling line cuts across the pellet as shown in the
inset. Axes are defined in Figure 8c.

near the left roller and that the flow changes very little with
time.

As previously mentioned, the viscosity of PE depends on
temperature and shear rate. Figure 17 gives the viscosity vari-
ation at different times along the same line through the pel-

Žlet. There is no viscosity for the solid PEI pellet distance:
.y1 mm to 1 mm . From Figure 16, we see that the shear rate

is higher at the interface and that it is highest on the lefthand
Ž .side where the roller is moving faster . Since polymer melts

are shear thinning, high shear rate corresponds to low viscos-
ity, and low shear rate corresponds to high viscosity. Hence
the viscosity should be lower at the interface and it should be
lowest near the left side, as seen in Figure 17. Furthermore,
the effect of temperature on the viscosity can be seen. The
initially cool pellet reduces the temperature of the surround-
ing melt at early times, and hence, the viscosity at ts1 s is
higher than at subsequent times. For any time greater than
10 s, there is little temperature variation, so only shear rate
affects the viscosity. Even at ts1 s, the sharply increased
shear rate very close to the interface dominates the changes
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Figure 16. Shear rate plots along a line through the pel-
let from the 3-D simulation at different times.

Ž .The location is along x ys 0, zsy3 . Axes are defined
in Figure 8c.

in viscosity and the viscosity decreases resulting in the steeper
velocity gradient near the interface seen in Figure 15a. Obvi-
ously, compared to an experiment, much more detailed infor-
mation about the process can be extracted from the numeri-
cal modeling results.

Conclusions
The heat-transfer coefficient was determined experimen-

tally and numerically for a polymer pellet in an intensive mix-
ing flow. The 3-D simulation represents the experiment the
best. In the experiment, the dynamics of the thermocouple

Figure 17. Viscosity plots along a line through the pel-
let from the 3-D simulation at different times.

Ž .The location is along x ys 0, zsy3 . Axes are defined
in Figure 8c.

had a significant influence on the temperature history of the
pellet. There was some discrepancy between the temperature
curves from the experiment and the 3-D simulation, but by
adjusting the data using the thermocouple dynamics, the two
temperature curves matched very well. The time for the pel-
let to reach the reference temperature and the center-point
temperature history obtained from the experiment match well
with values obtained from the 3-D simulation. Simulation re-
sults allowed us to understand the experiment better, and we
were able to obtain a more representative heat-transfer coef-
ficient, since we could account for the uneven convective en-
vironment in the mixer. It was shown that shear rate and
viscosity varied significantly near the pellet surface.
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Notation
asconstant

A slocal areai
bsconstant

Bi , Bi sBiot number for infinite cylinder and plane wallc p
C scoefficientn
C sspecific heatp
Dsdiameter of the pellet
Dsstrain rate tensor
hsheat-transfer coefficient

h slocal heat-transfer coefficienti
hstime-averaged mean heat-transfer coefficient

Ž .h t smean heat-transfer coefficient at time t
J , J sBessel functions of the first kind0 1

ksthermal conductivity
Lslength of the pellet
msconstant

Nu smean Nusselt numberD
Pr sPrandtl numberD

q�slocal heat fluxi
Re sReynolds numberD

ssLaplace transform variable
tstime

	 tstime interval
T stemperature from 3-D simulation3- D

T sshifted temperature from 3-D simulation3- D , s
T slocal temperaturei

T smeasured temperaturem
T sshifted temperature from measurementm , s
T sreference temperatureref
U sx-component velocityx
U sy-component velocityy
Vsvelocity vector

Greek letters
�sthermal diffusivity
� sshear rate˙
�sdimensionless temperature from finite cylinder

� � ,� � sdimensionless temperature from infinite cylinder and planec p
wall

� sdimensionless temperature from experimentm
�sviscosity

� szero shear-rate viscosity0

 sroots of transcendental equationn
�sdensity
� stime constant for thermocouple
� sstress tensor
�sfrequency
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