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A nonisothermal transient process of temperature increase due to viscous heating
was simulated for a 69 cm3 internal batch mixer (BM) using a computational fluid dy-
namics (CFD) software, Polyflow 3.9 form ANSYS, Inc., to obtain the temporal temper-
ature distribution and characterize the heat transfer between polymer melt and mixer
wall. The melt temperature obtained from simulation was verified with experiments.
Starting from a uniform temperature of 463 K, when a rotation speed of 5.24 rad/s is
imposed, viscous heating caused a maximum temperature rise of 3 K for a polyethyl-
ene (PE) resin, and 6 K for a polystyrene (PS) resin. The transient flow fields inside
the batch mixer were characterized with velocity profiles and a mixing index parame-
ter, which show that laminar flow dominates inside the mixer while a small percentage
of elongational flow, converging flow, and recirculation flow is also present. VVC 2010
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Introduction

The internal batch mixer is an important piece of polymer
mixing equipment that is widely used in the rubber process-
ing industry for producing final parts and in research labora-
tories for preliminary testing such as new materials develop-
ment, studying polymer–polymer interactions and verifying
mixing quality.1–6 With the emergence of nanotechnology,
internal batch mixers have also been used extensively to de-
velop polymer nanocomposites and hybrids. This mixer is
virtually in every polymer processing laboratory in univer-
sities and polymer companies that does product or process
development. Since 1960, ThermoFisher Scientific alone has
sold over one thousand of these mixers. Brabender has been
selling these mixers for a longer time and has sold a similar

number of these mixers. The mixer that is used to mix ther-
moplastic polymers and fillers consists of two roller blades
counter-rotating in a mixing chamber. The mixing domain of
the internal batch mixer can be divided into two parts (1)
the narrow region between the rotor tip and chamber wall
with unidirectional flow at high-temperature and high inten-
sities of shear stress, and (2) the rest of the mixer with mul-
tidirectional flow at lower-temperature and lower intensities
of shear stress.7–8 The high viscosities of polymers and the
large-shear rates generated in the narrow gap produce inten-
sively high-shear stress to breakup polymer droplets or filler
aggregates, and, therefore, promote polymer and/or filler dis-
persion. On the other side, the high viscosities of polymer,
combined with high-shear rate, may also result in an
increase in temperature due to viscous dissipation.9–11 For a
given polymer or filler, if the temperature rise due to viscous
dissipation is significantly higher than the polymer’s or fill-
er’s desired processing temperature, thermal degradation
occurs and deteriorates the polymer properties. Moreover, in
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reactive polymer compounding, a few degrees of temperature
change can have significant effects on reaction rate, viscosity
and other key parameters, and also in the resulting morphol-
ogy.12 The effect of viscous dissipation is also significant for
mixing nanofillers with polymer, since for nanocomposites,
compared to polymers or conventional composites, a signifi-
cantly higher shear stress (produced by high-shear rate and
high viscosity), and a relatively longer mixing time is
required in order to get nanoscale dispersion that results in
the desired material properties. As a result, temperature
increase due to viscous dissipation is higher (duo to the
combined effects of high-shear rate and high viscosity.) and
materials’ exposure time to higher-temperature is longer.
Therefore, a better understanding of temperature rise due to
viscous dissipation, together with shear rate distribution and
flow patterns inside the internal mixer, would potentially
provide useful information to evaluate mixing performance
of this equipment and aid in development of new polymer
materials in the mixer.

The approximate shear rate and shear stress in the unidir-
ectional region of an internal batch mixer can be obtained
from its rotor speed and torque.13–19 By approximating the
mixer as two concentric cylinder viscometers and using a
Newtonian fluid, Goodrich et al.13 calculated the viscosity,
shear rate, and shear stress inside the mixer. For poly-
ethylene and polystyrene, the calculated viscosity data are
comparable with those obtained using an Instron capillary
rheometer. Based on Goodrich’s work, Bousmina et al.17–18

developed more detailed correlations that derive the viscosity
data from the torque rheometer for a non-Newtonian viscos-
ity model. Although an average shear rate and shear stress in
the unidirectional flow region can be obtained from these
analytical models, the local flow information in that region
is still missing and the shear rate and shear stress in the mul-
tidirectional flow region are unknown.

The flow field and mixing performance of an internal
batch mixer have been studied by various researchers under
isothermal and nonisothermal conditions.19–27 Various viscous
models have been used to characterize the non-Newtonian
behavior of a polymer melt, but most of the work used 2-D
geometry and the axial flow in the rotor axis directions was
neglected. Nonisothermal 3-D modeling for a Banbury-type
mixer was first studied by Kim and White28 using the hydro-
dynamic lubrication theory and a rotating reference frame.

In this work, we study the transient process of the temper-
ature development due to viscous dissipation inside an inter-
nal batch mixer using 3-D nonisothermal CFD modeling.
Batch mixers are usually operated at a constant wall temper-
ature well above the material’s melting temperature. Once
materials are added to the mixer, heat is transferred from the
mixer wall to melt the material, and the temperature of the
material increases. During this process, energy is supplied
both from heaters inside the barrel and from the viscous
heating generated from polymer melt due to rotating the
rotors. After the temperature of material reaches the wall
temperature, the melt temperature continues to increase due
to heat generated inside the mixer by viscous dissipation
until reaching a pseudo thermal steady state. At this point,
energy is supplied by viscous heating to the melt and heat is
transferred from the polymer melt to the mixer wall. When
the pseudo thermal steady state is reached, the heat-transfer

rate across the wall equals the power consumed. To keep the
wall temperature constant, heat from the polymer melt needs
to be removed from the mixer wall instantly. For any large-
scale batch mixers used in industry, the mixer is cooled
using cooling water or air, and the heat-transfer rate can be
controlled by adjusting flow rate of the cooling fluid. How-
ever, because of the small volume of laboratory scale batch
mixers, they are often cooled by surrounding air, and it is
assumed that the heat removed by natural convection is suf-
ficient to keep the wall temperature constant. In this article,
we investigate the heat transfer during this viscous-heating-
dominated process to verify whether a constant wall tem-
perature can be maintained by natural air convection for a
69 cm3 internal batch mixer.

In previous simulations of heat transfer in internal batch
mixer, various simplified geometry and simplified conserva-
tion equations were used. For an accurate representation of
the realistic scenario, a numerical model with full 3-D geom-
etry and the complete mass, momentum and energy conser-
vation equations are needed to capture the details of flow
field and temperature development. The model results need
to be compared with experimental data. In our work, the
entire process was simulated using a commercial finite ele-
ment code, Polyflow 3.9, for the full 3-D batch mixer geom-
etry and the mesh superposition technique was used to han-
dle the motion of the irregular counter-rotating elements.

Experiment

The Haake Rheocord 90 Torque Rheometer fitted with a
Series 600 internal batch mixer was used for the experiment.
The rollers and the experimental setup are shown in Figure
1. The barrel was preheated to a temperature of 463 K. The
rotational speed of the left rotor (left side as seen from the
front of the mixer) is 5.24 rad/s, and the speed of the right

Figure 1. Experimental setup to record temperatures at
five locations.

The protrusion of thermocouples into the mixer is: T1:0.5
mm; T2:1 mm; T3:1.5 mm; T4 and T5:0.2 mm, respec-
tively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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rotor is 2/3 of left rotor speed but in the opposite direction.
Five thermocouples were inserted into the barrel of the mixing
chamber to monitor the temperatures of polymer melt at dif-
ferent locations. Three of them (T1,exp, T2,exp, and T3,exp) were
located in the middle of the mixer between the two rotors,
and were inserted into the polymer melt 0.5 mm, 1 mm and
1.5 mm from the wall, respectively. The other two (T4,exp and
T5,exp) were inserted into the left chamber and right cham-
ber, respectively, and each protruded 0.2 mm into the mixer.
All five thermocouples were type K with a diameter of
3.175 mm, and a response time of 0.6 s. The thermocouples
were calibrated using a Fluke 725 calibrator, and the accu-
racy of the thermocouples is � 0.1 K.

The polymer pellets were stuffed into the mixer until the
mixer was fully filled. After the polymer pellets were com-
pletely melted, the melt temperature measured by thermo-
couples (T1,exp – T5,exp) gradually increased until finally
reaching constant values, which indicate that the previous
described pseudo thermal steady state was reached. The
motor was then stopped, and we waited until the melt tempera-
tures slowly decreased to the barrel temperature. After the melt
temperature was constant for 5 min, the motor was restarted.
The melt temperature and the associated torque were recorded
every second using an OPTO 22 data-acquisition system. Dur-
ing the restarting process, only viscous dissipation contributed
to the polymer melt’s temperature increase. The above process
was repeated three times to check reproducibility.

High-density polyethylene (PE, Petromont, Canada), and
polystyrene (PS, Dow Chemical) were used in the experi-
ments. The rheological properties of PE and PS were meas-
ured using a Rheometrics RMS 800 rheometer with parallel-
plate fixtures. The shear viscosities of PE and PS at 463 K
and 473 K are shown in Figure 2.

The combined Approximate Arrhenius law and Carreau-
Yasuda law is used to characterize the viscosity change of
PS vs. shear rate and temperature

g ¼ 8357:8 1þ ð0:3347 _cÞ0:6686
h i0:3215�1

0:6686

� expð�0:006466ðT � 463ÞÞ ð1Þ

The PE viscosity vs. shear rate curves at 463 K and 473
K are close to each other, so the viscosity dependence on
temperature is neglected, and the viscosity dependence on
shear rate is characterized by Carreau-Yasuda law

g ¼ 1580 1þ ð0:17 _cÞ0:64
h i0:7�1

0:64

(2)

Other properties of PE and PS are summarized in Table 1.
The rotor properties were assumed to be the same as those
of the stainless steel AISI 316.

Computational Model

The following assumptions were made in the simulations:
1 The mixer is fully filled with polymer melt at all

times.
2 The polymer melt is incompressible.
3 A no-slip boundary condition applies at the barrel wall

and the rotors surfaces.
Gambit 1.3 was used to generate the geometry and the

meshes of the internal batch mixer as shown in Figure 3.
The mesh is composed primarily of tetrahedral mesh elements
with a small amount of hexahedral, pyramidal, and wedge
elements where appropriate. The average mesh size of the
elements is about 0.8 mm with a larger size of 1 mm in the
moving parts, and a smaller size of 0.1 mm in the gap areas.

Figure 2. The viscosity data of PE and PS at 463 K
(referred to as PE_190 and PS_190, respec-
tively), and 473 K (referred to as PE_200 and
PS_200, respectively).

The viscosity data was fitted by Carreau-Yasuda model. The
fitted curves for PE at both 463 K and 473 K were over-
lapped and refereed as PE_fit. The fitted curves for PS at
463 K and 473 K were referred to as PS190_fit and as
PS200_fit, respectively.

Table 1. Properties of Polymer and Rotor

Density at
473 K (kg/m3)

Thermal
capacity
(J/kg�K)

Thermal
conductivity
(W/m�K)

Viscosity
(Pa�s)

PE 740 2100 0.182 Eq.1
PS 882 2098 0.123 Eq.2
Rotor 8000 400 15 Not available

Figure 3. Geometry of the internal batch mixer and the
roller blades.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The governing equations used in the simulation are the con-
servation laws for mass, momentum and energy. A mesh super-
position technique (MST, Polyflow) was used to model internal
moving rotors and the conservation equations are as follows:

Continuity equation

r � V ¼ 0 (3)

Momentum equation

HðV � VÞ þ ð1� HÞ �rpþr � sþ q
@V

@t
þ V � rV

� �� �
¼ 0

(4)

Energy equation

ð1� HÞ qf cpf
@T

@t
þ V � rT

� �
� s : rV �r � ðkfrTÞ

� �

þH qscps
@T

@t
�r � ðksrTÞ

� �
¼ 0 ð5Þ

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

s ¼ 2gðc� ;TÞD (6)

and H is a step function, which is 0 for fluid field, and 1 for
inner moving part. These equations were numerically solved
using the finite element code, Polyflow 3.9 from Fluent, Inc.
(now part of ANSYS, Inc.). The thermal boundary conditions
(TBC), and flow boundary conditions (FBC) for the simula-
tions are summarized in Table 2.

The simulations were performed on an IBM RS/6000
Power 4 workstation with 8 GB memory. It took an average
of three weeks to complete each run.

Results and Discussion

Heat transfer

Heat Transfer Inside Mixer Due to Self-Heating. We
studied the temperature evolution of polymer melt in an in-
ternal batch mixer at a constant wall temperature. The two
roller blades counter-rotate with a specific rotation speed
ratio of 3:2 (left rotor: right rotor). The left rotor’s rotational
speed is 5.24 rad/s, and the right rotor’s rotational speed is
3.49 rad/s. So the left rotor rotates in a repeated cycle of 1.2
s, and the right rotor rotates in a repeated cycle of 1.8 s. The
two rotors come back to their initial configuration every 3.6
s. The initial temperature of the polymer melt is the same as
the wall temperature, and the temperature increases because
of the heat generation caused by viscous dissipation. The
energy balance can, therefore, be expressed in the following
form

qst ¼ dðmcpTÞ
dt

¼ qg � qout (7)

where qst is the rate of change of stored energy in the melt
which determines the temperature of the material, m is the
amount of PS in the mixer, Cp is the heat capacity of PS, T is
the temperature, qg is rate of heat generation due to viscous
dissipation, and qout is the heat transfer from polymer melt to
the mixer wall. The temperature of the polymer melt continues
to increase until the heat transferred to the mixer wall equals
the heat generated by viscous dissipation. A thermal steady
state is then achieved. This steady state is periodically stable
due to the rotors’ configuration and rotational speed ratio. At
5.24 rad/s, the flow repeats every 3.6 s.

In the experiments, the torque evolution during the transient
process was recorded for two cases; (a) PE melt, and (b) PS
melt. The total mechanical power vs. time, plotted in Figure 4a
and 4b, was obtained by multiplying the measured torque with
the angular speed. The transient curves show that the power
consumed jumps up from zero to its highest value when the
rotors start rotating, and then gradually decreases to a constant
value, which indicates that a thermal steady is reached.

Table 2. Boundary Conditions Used in the Simulations

Flow BC Thermal BC

Left rotor �5.24 rad/s Not applicable
Right rotor 3.49 rad/s Not applicable
Barrel wall Vn ¼ 0 T ¼ 463 K

Vs ¼ 0

*Counter-clockwise is positive.

Figure 4. The evolution of qg (rate of heat generation
due to Viscous dissipation), qout (heat trans-
fer from polymer melt to the mixer wall), and
P (experimentally measured power) for (a) PE,
and (b) PS, respectively.
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In the simulation, the heat generation rate qg was calcu-
lated according to the following equation

qg ¼
Z
v

trðr : DÞdv (8)

where r is the Cauchy stress tensor, D is the rate of
deformation tensor, tr(r: D) is the sum of the diagonal term
of r: D, V is the total volume of the mixer. The hear-transfer
rate qout is calculated as the magnitude of the heat flux
integrated over the mixer wall

qout ¼
ZZ

A

�krTk kdA (9)

where k is the heat conductivity of polymer melt, !T is
the temperature gradient, and A is the total surface area of
the mixer.

The evolution of qg and qout is plotted in Figure 4a for PE
melt, and Figure 4b for PS melt. Although the mechanical
power P should all be converted into heat qg generated by
viscous dissipation in the polymer melt, it is found that the
experimentally measured P is initially higher than the theo-
retically calculated and then is slightly lower than qg after
thermal steady is reached. The explanation for the initial dis-
crepancy is that part of mechanical energy is lost to over-
come the frictional force in the bushings outside the mixer
when the rotors start rotating. For mixers used in the rubber
industry, it was reported that the mechanical loss in a large
internal batch mixer is usually 10–15% of the total con-
sumed energy depending on the size of the mixer.29–30 In
our case, the mechanical loss is much smaller because of the
small size of the mixer (69 cm3), and because a torque cali-
bration that was done with an empty mixer. In addition, the
current torque measurement may account for the small dis-
crepancy at long times.

During the transient process, the heat generation by vis-
cous dissipation raised the temperature of the material and,
therefore, a temperature gradient was created between the
polymer melt and the mixer wall. As temperature increases,
the heat-transfer rate increases with time and finally equals
the heat generation rate, as shown in Figure 4a and 4b. On
the other hand, the temperature increase of the material
resulted in a lower viscosity, and this in turn lowered the
heat generation rate because the heat generation rate is pro-
portional to material’s viscosity according to Eq. 8. Because
the viscosity of PE is less dependent on temperature than on
the viscosity of PS, the rate of heat generated by viscous
dissipation for PE does not change much over time, while
the rate of heat generated by viscous dissipation for PS
gradually decreases. For both materials, it takes about 80 s
to reach steady state. The PS melt generally consumes more
power than does the PE melt because of the higher viscosity
of PS.

Heat transfer outside mixer due to self-heating

The heat-transfer rate from the simulation is plotted in
Figure 4a for PE melt, and Figure 4b for PS melt. The corre-
sponding overall heat-transfer coefficient can be calculated
from the value of qout using the following formula

h ¼ qout
AsðTw � T1Þ (10)

where As is the total outside barrel wall surface area, Tw is the
constant wall temperature (463 K), and T1 is the surrounding
room-temperature (ca. 298 K). If the instantaneous wall
temperature is always constant, the temperature difference
between the wall and the surrounding air would be constant.
The overall heat-transfer coefficient would be proportional to the
calculated heat-transfer rate and is shown in Figure 5 for both PE
and PS. The h values increase over time for both materials.

In reality, the front and back walls of the mixer are vertical
plates and have a much larger area than the side walls do. So
the heat loss from the side walls can be neglected. For a steady
free-convection flow over the vertical plates, the Churchill-Chu
correlation equation31 as follows can be used to calculate the
overall natural convection heat-transfer coefficient

Nu ¼ 0:68þ 0:670Ra1=4

½1þ ð0:492= PrÞ9=16�4=9
Ra � 109 (11)

The Nusselt number and the Rayleigh number are
expressed as

Nu ¼ hNaturalL

k
(12)

Ra ¼ gbðTw � T1ÞL3
va

(13)

Based on the properties of air at the average temperature of
381 K (averaging Tw (463 K) and (298 K)), the Prandtl num-
ber is Pr ¼ 0.6939, and the Rayleigh number is Ra ¼ 9.92 �
106 for this work. From this correlation, the natural convection
heat-transfer coefficient was calculated to be 7.62 W/m2�K,
and this value is shown in Figure 5. When the instantaneous
overall heat-transfer coefficient is lower than hNatural, heat
removed by the surrounding air is greater than the heat trans-
ferred from polymer melt and the heaters inside the wall work
to keep the wall temperature constant. When the instantaneous

Figure 5. The evolution of the instantaneous overall
heat-transfer coefficients (h_PE and h_PS)
and the Churchill-Chu natural convection
heat-transfer coefficient (h_natural) during
the transient process.
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overall heat-transfer coefficient is higher than hNatural, the heat
removed by the atmosphere is less than the heat transferred
from polymer melt to the wall and will accumulate inside the
wall to raise the wall temperature. As a result of wall tempera-
ture increase, less heat is transferred out from polymer melt
and in turn the polymer melt temperature increases even faster.
A high-polymer melt temperature can result in polymer degra-
dation and other processing problems.

For the PE melt, the instantaneous heat-transfer coefficient
to the wall is lower than the natural convection heat-transfer
coefficient for the first 50 s and slightly higher afterwards.
Because the surface area of the mixer and the temperature
difference between the wall and the surrounding air (since
we have constant wall temperature and constant surrounding
air temperature), after thermal steady state is reached, the
wall temperature can be kept constant via air convection
only. For the PS melt, the instantaneous heat-transfer coeffi-
cient to the wall increases quickly and is greater than the
calculated after about 20 s. The heat transferred from the PS
melt cannot be completely removed by air convection and
the PS melt temperature will be higher than it should be
from the numerical simulation where a constant wall temper-
ature was assumed. We also found that the experimental
wall temperature was 1-2 K greater than the simulated tem-
perature for the PS melt, while it matched the simulation
result for the PE melt, i.e., it was constant with the h values
of PE and PS vs. hNatural.

The time-averaged heat-transfer coefficient from the simu-
lation is found using

h ¼
PN

n¼1 hðtÞ � Dt
N � t (14)

where Dt is the time step, and N is the number of time steps.
On the first 80 s, the time average heat-transfer coefficient is
6.3 W/m2�K for PE and 9.2 W/m2�K for PS. These values are
close to the natural convection heat-transfer coefficient
determined from the Churchill-Chu correlations, so this
indicates that air convection can remove most of the heat
generated in the polymer melt due to viscous heating.
However, it should be noted that correlations like the
Churchill-Chu relation have �25% error.

Temperature evolution

Three thermocouples designated as T1,exp, T2,exp, T3,exp are
located in the middle ridge of the mixer as shown in Figure
1. The melt temperature at the three middle locations vs.
time for the experiment and the simulation are shown in Fig-
ure 6a for PE melt, and Figure 6b for PS melt. The predicted
temperatures are taken from the simulation results at the
same locations and are designated as T1,sim, T2,sim, T3,sim. To
understand the temperature gradient close to the wall, the
thermocouples protrude into the mixer at different depths.
For both polymers, it takes about the same time for the three
temperatures to reach their corresponding thermal steady-
state temperatures. The time for the temperature to reach
thermal steady state from the simulation also matches well
with the time obtained from the experiment. All tempera-
tures initially increase with time until the thermal steady
state is achieved. The experimentally measured T2,exp and

T3,exp match each other in the first 80 s, while the experi-
mentally measured T1,exp is always lower than T2,exp and
T3,exp. Since the temperature of polymer melt inside the
mixer is always higher than the preset wall temperature in
our work, the measured temperatures at locations closer to
the wall are lower than the temperature away from wall
even though this may not represent the actual melt tempera-
ture. The actual melt temperature at locations near the walls
is higher than the measured values due to the interface of
the controlled constant barrel temperature which will lower
the temperature measured. Even though T3,exp has a 0.5 mm
deeper protrusion into the melt than T2,exp, the recorded tem-
peratures are about the same because T3,exp is closer to the
front wall while T2,exp is in the middle of the mixer where it
should be hotter. T1,exp is close to the back wall and has the
less protrusion into the melt, so the recorded temperature
T1,exp is much lower than the other two. Experimentally, vis-
cous heating causes about a 3 K increase for the PE melt,
and a 6 K increase for the PS melt at all three locations.

The temperatures predicted from the simulation at the
same three locations have curves similar to the measured
data except that in the simulation result, T2,sim is slightly
higher than T3,sim. The difference between the experimental
data and the predicted data is due to the fact that the wall
temperature is constant throughout the process in the simula-
tion, while in the experiment, the wall temperature fluctuates
around the preset temperature because of the competing effect

Figure 6. Comparisons of the experimentally measured
point temperatures at three different loca-
tions (T1, T2 and T3, respectively) with those
predicted from the simulations for (a) PE, and
(b) PS.
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of heat removal by natural air convection and the barrel heat-
ing system. Because of inefficient heat removal by natural air
convection, experimental barrel temperature may exceed the
simulated temperature. This is especially true for the PS case
(Figure 6b); because the heat-transfer coefficient in the melt is
greater than the heat-transfer coefficient due to natural con-
vection outside the mixer (see Figure 5). In addition, the
measured temperatures at the locations closer to the front and
back walls have a larger deviation from the simulated value.

While the wall temperature of the mixer in the simulation
can be fixed at a constant value, the wall temperature of the
mixer in reality is controlled by a dynamic system. For all
internal batch mixers, the mixer walls have a built-in heating
system to supply heat. Although larger internal batch mixers
also have a controlled cooling system to remove heat either
by forced air or water cooling, the mixer used in our experi-
ments is cooled by the surrounding air only. During a heating
process, the heating system inside the wall not only supplies
heat to the material inside the mixer, but also provides heat to
the surrounding air because the operating temperature is
always much higher than room-temperature. During the cool-
ing process, the heat transferred from the material to the wall
is removed by the air surrounding the mixer and the actual
wall temperature tends to be slightly higher than the preset
wall temperature, which results in the slightly higher overall
rate of heat transfer from the mixer to surrounding air.

Thermocouple T4,exp and T5,exp are located at the bottom of
the left chamber and the right chamber, respectively. Because
of the small clearance between the tips of the rotors and the
wall, T4,exp and T5,exp are only inserted into polymer melt

about 0.2 mm. Figure 7 shows the comparisons of the experi-
mentally measured temperatures with predicted ones from
simulation (T4,sim and T5,sim). Close to the mixer wall, the
temperatures measured by these two thermocouples are much
lower than the other three in the middle. In our work, the left
rotor of the mixer runs 50% faster than the right one. So the
temperature next to the left rotor will be greater than that
near the right rotor. For the same clearance between the rotors
and the wall, higher rotational speed (i.e., rotor tip velocity)
means a higher shear rate and more viscous heating. There-
fore, at longer times, the average temperature in the left
chamber is always higher than the average temperature in the
right chamber. Using the same reasoning that was used for
T1,exp, T2,exp and T3,exp, we can explain why the measured
values at T4,exp and T5,exp are also higher than the predicted
ones. At shorter times, because the thermocouples at the left
and right chamber are located so close to the barrel wall, the
controlled barrel wall temperature may interfere with the
actual measurement of the melt temperature. Essentially,
when we have a lower-temperature difference (i.e., at shorter
time), the experimentally measured temperatures will be lower
than the actual melt temperature. Overall the temperature at
T4,exp increases 1.8 K for PE and 2.5 K for PS, while at
T5,exp increases 1 K for PE and 1.5 K for PS. Again, the high
viscosity of PS creates higher viscous dissipation and a higher
temperature increase as shown in Figure 7b.

Figure 8 shows the averaged temperature obtained from
simulations along the axial direction at different times for
PE and PS (i.e., the surface-averaged temperature was
obtained by integrating the point temperatures of the melt
over the cross-sectional surface and dividing it by the cross-
sectional area.) The axial distance was normalized as the
axial distance divided by the mixer length giving a range
from 0 to 1. Initially, the temperature in the flow domain is
very close to the starting temperature and the average temper-
ature profile is quite flat. Due to the heat generated by viscous
dissipation, the temperature increases and a symmetric tem-
perature profile is developed. The middle cross-section surface
(i.e., z ¼ 0.5) has the highest temperature at any time. The
curves of average temperature vs. axial distance increase or
decrease sharply at locations close to the back and front walls,
respectively, and become flat around the middle of the mixer.
Because of its higher viscosity, thus, its higher viscous dissi-
pation, the PS melt has a higher average temperature than the
PE melt over the whole transient process.

Additional Simulation Results

More detailed information about the temperature field and
the flow field can be obtained from the simulation results to
give us a better understanding of what happens inside the
mixer during the simulated transient process.

Heat flux

Figure 9 shows the heat flux at the mixer wall as a func-
tion of circumferential distance at three different times for
PE and PS, respectively. The heat flux q

00
is calculated by

the following equation

q00 ¼ �krTT¼Twk k (15)

Figure 7. The temperature development of thermocou-
ple T4 and T5, located in the left chamber
and the right chamber, respectively, for (a)
PE, and (b) PS.
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The heat flux direction is perpendicular to the wall and
flows out of the mixer as indicated by the black arrows.
The starting point in the plot is shown as a dot on the top
of the mixer in Figure 9a, and the heat flux is plotted in
the direction indicated by the white arrow tangent to the
circumference from the right chamber to the left chamber
and back. For both materials, the heat flux across the wall
increases with time and finally reaches a thermal steady

state. From 50 s to 80 s, the heat flux increases very little,
although the temperature of the polymer melt continues to
increase and reaches a thermal steady state as shown in
Figure 6. At the thermal steady state, the average heat flux
for PE is approximately 700 W/m2 in the right chamber,
and 1050 W/m2 in the left chamber. For PS, the average
heat flux is approximately 900 W/m2 in the right chamber,
and 1300 W/m2 in the left chamber. The heat flux ratio of
the right chamber versus left chamber is about 2/3: the
same as the rotation speed ratio of the right rotor vs. left
rotor.

Figure 8. Surface-averaged temperature changes along
the axial distance of the entire mixer: (a) illus-
tration of the normalized axial distance, (b)
temperature change for PE, and (c) tempera-
ture change for PS.

The origin (x, y, z) is (0, 0, 0). Note different scales on (b)
and (c). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 9. Heat flux across wall around the circumfer-
ence at the mid-depth for different times (a)
location where the heat flux is calculated, (b)
heat flux for PE, and (c) heat flux for PS.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

2664 DOI 10.1002/aic Published on behalf of the AIChE October 2011 Vol. 57, No. 10 AIChE Journal



Temperature distribution at a cross section

Figure 10 shows the steady-state temperature distribution at
the axial middle cross section for both PE and PS from a
starting temperature at 463 K. Because of a higher rate of vis-
cous heating near the wall, the temperature at the clearances
is as high as 466.6 K for PE and 469.7 K for PS, while the
average temperature in the mixer increases to 464.5 K for PE
and 465.5 K for PS. It is found that the temperature in the
clearance area is about 1 K higher than the temperature in the
area between two rotors, and that the temperature in the left
rotor side is about 0.5–1 K higher than the temperature in the
right side. Considering the size of the mixer is only 69 cm3,
the temperature rise is relatively large for both polymers.

Velocity profile

Due to the high viscosities of polymer melts, laminar flow
is the dominant flow in polymer mixing equipment. Various
laminar flow patterns such as shearing, squeezing or elonga-
tional flows play a very important role in achieving uniform-
ity of polymer blends and nanocomposites, and in dispersing
minor components throughout the matrix.32 As shown in
Figure 11, the velocity profiles are very similar for PE and
PS. The velocity profile consists of two parts: high-shear
flow in the region between rotor tips and wall; and elonga-
tional flow in the middle region between the two rotors and
in the converging-diverging sections as the gap between
rotors and wall changes. When viewing the velocity profiles
in Figure 11, one should note that the rotational speed ratio
of the left rotor to the right rotor is 3 to 2 in the internal
batch mixer; the magnitude of the velocity is scaled by the
arrow length; and the color on the legend bar also indicates the
magnitude of the velocity vector. The maximum velocity of
0.1 m/s occurs on the tip of the left rotor where the gap is the
smallest. While a small amount of extensional flow exists in

the middle area between two rotors, shear flow dominates in
the narrow region between the rotor tip and chamber wall. As
expected, the largest velocity always occurs near the rotor tips
and, therefore, the polymer melt is squeezed in these areas. In
the gaps between the two rotors, the materials from left and
right chambers meet in the upper area and then split again in
the lower part. The velocity profiles show that shear flow dom-
inates in the gap between the rotors and barrel wall, and all
other flow types such as folding, elongation and splitting occur
mainly in the middle region between the two rotors.

The flow types were further characterized using a mixing index
(MI) parameter defined by Manas-Zloczower,33 which was also
called flow strength or flow number to quantify the dispersion

MI ¼ Dj j
Dj j þ xj j (16)

where Dj j and xj j were the magnitudes of the rate of strain and
vorticity tensors, respectively. MI was the relative portion of
the magnitude of the rate of strain vs. the sum of the magnitude
of the rate of strain and themagnitude of the vorticity tensor. For
pure solid rotation, the magnitude of the rate of strain was zero
because there was no strain change and, therefore, MI was zero.
For shear flow, the magnitude of the rate of strain equaled the
magnitude of the vorticity tensor, and MI equaled 0.5. The
magnitude of the vorticity tensor was zero for elongational flow
and MI equaled 1. Since MI was an indicator of flow type, it
became an indirect parameter to characterize dispersive mixing.
This parameter was used by Manas-Zloczower group34–35 to
compare the dispersive mixing efficiency of different mixing
equipment and processing conditions.

Figure 12 showed MI distributions of BM at a cross section.
The blue, green and red color indicated solid rotation (0), shear
flow (0.5), and elongational flow (1), respectively. It can be
seen that the rotors experienced the pure rotation all the time.
Elongational flow existed in the middle part between the two
rotors while shear flow dominated in the rest of the chamber.

Since the two rotors have different configurations
along the axial direction, the velocity profiles at different

Figure 10. The steady-state temperature distribution
at the axial middle cross section (a) PE, and
(b) PS.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 11. Steady-state velocity profiles at the axial
middle cross section for (a) PE, and (b) PS.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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axial cross sections are different. Figure 13a,–c plot
velocities at the center portion of three axial cross sec-
tions at the dimensionless axial distances 0.36, 0.50, and
0.86. Figure 13a shows the section at z ¼ 0.36, which
is near the back of the mixer. The tip of the right rotor is
slightly higher than that of the left rotor, and, hence, the flow
from the right chamber is folded and then joins the flow from
the left. Since the left rotor tip pushes the materials into the
right chamber, most of the materials in the gap in the middle
of the mixer go to the right chamber. In Figure 13b at z ¼ 0.5,
the flow pattern is in the opposite direction, but the extent of
folding of the flow from the left chamber at this location is
less than that from the right rotor at z ¼ 0.36. When the tips of
the two rotors are at the same level as in Figure 13c (z ¼
0.86), the flows from the two chambers join together and then
split almost equally in two directions. There is not much fold-
ing in this configuration.

Figure 14a–f shows how the flow field changes between
two rotors for the cross section at z ¼ 0.50 during one rota-
tion of the left rotor (y ¼ 0� to y ¼ 360�), which takes 1.2 s
at 5.24 rad/s. Due to the different rotational speeds of the
two rotors, different configurations occur creating various
flow patterns that promote the dispersion and distribution of
the minor component. Depending on the positions of the two
tips, folding may occur in the upper, center, and/or bottom
parts of the middle section of the mixer, or no folding may
occur at all. Initially in Figure 14a, the materials mix and
mostly flow into the right chamber and folding is seen near
the bottom of the mixer. After the left rotor turns 60� (Fig-
ure 14b), the tips of two rotors are almost in the same posi-
tion and there is no folding at all. At 120� (Figure 14c), the
tips of both rotors are located in the central area with the
right rotor located slightly higher. Hence, the materials are
squeezed and elongated to the maximum extent. In the next
two positions (Figure 14d and e), the flow is folded near the
bottom of the mixer and in each case material flows to the
chamber opposite to the tip that is located in a lower

Figure 12. Mixing index (MI) distribution at the axial
middle cross section (a) PE, and (b) PS.

MI is 0 for pure rotational flow, 0.5 for shear flow and 1
for elongational flow. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 13. The radial velocity profiles at three typical
cross-sections (scaled by the same legend
bar shown in Figure 11.), (a) the enlarged cen-
ter of z 5 0.36, (b) the enlarged center of z 5
0.50, and (c) the enlarged center of z 5 0.86.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 14. Transient velocity profiles of the internal batch mixer at cross section z 5 0.50 (scaled by the same
legend shown in Figure 11).

a–f shows velocity change at the center of MB during one turn of the left rotor (a) y ¼ 0, (b) y ¼ 60�, (c) y ¼ 120�, (d) y ¼ 180�, (e)
y ¼ 240�, and (f) y ¼ 300�. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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position. When left rotor turns 300� (Figure 14f), both tips
appear in the upper part of the mixer and the folding occurs
mainly near the top of the mixer. Although the repeating pe-
riod is 3.6 s at a rotational speed of 5.24 rad/s, the positions
of the tips of both rotors in each particular cross section
return to their original locations every 1.2 s because there
are three identical tips per rotor.

Conclusion

For both the PE and the PS melt, the mechanical power
consumed was calculated from the experimental torque
and matched with the value obtained from a 3-D CFD
simulation. The predicted heat-transfer coefficient h from
simulation increases with time, and is in rough agreement
with h values obtained experimentally. The observed wall
temperature is about 1-2 K higher than the preset value of
463 K. Because of the increase in wall temperature that
occurs in the experiment, the temperature of the PS melt
is higher than the predicted value. Natural air convection
is sufficient to keep the mixer wall temperature constant
for the low-viscosity materials, but for high-viscosity mate-
rials (i.e., having higher viscous dissipation), forced air
convection is necessary to remove the heat produced by
viscous heating so that a constant wall temperature can be
maintained.

Simulation results give us a detailed picture of the temper-
ature distribution and flow distribution inside the mixers and
how these distributions develop over time. The higher rota-
tional speed of the left rotor results in a higher temperature
and higher heat flux in the left chamber. The simulation
results also verified that multiple flow modes coexist in the
mixer. For both PE and PS, experiments and simulation
showed that it takes approximately 80 s to reach a thermal
steady state for a left rotor rotational speed of 5.24 rad/s.
The maximum temperature rise due to viscous dissipation is
about 3 K for PE and 6 K for PS.

The methodology developed in this work can be further
used to model larger-scale mixers, where the temperature
variation due to viscous dissipation is much more significant,
but experimental measurements are limited.

Notation

A ¼ local surface area
Cp ¼ thermal capacity

D ¼ rate of deformation tensor
g ¼ gravity
h ¼ heat-transfer coefficient
h ¼ time-averaged mean heat-transfer coefficient
k ¼ thermal conductivity
L ¼ characteristic length
m ¼ mass
Nu ¼ mean Nusselt number
P ¼ pressure
Pr ¼ Prandtl number
q
00 ¼ local heat flux

Re ¼ Reynolds number
t ¼ time

Dt ¼ time interval
T ¼ temperature

Tm ¼ measured temperature or melting temperature
V ¼ velocity vector or Volume

Greek letters

a ¼ thermal diffusivity
_c ¼ shear rate
g ¼ viscosity
g0 ¼ zero shear rate viscosity
q ¼ density
s;s ¼ stress tensor
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