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ABSTRACT: Most numerical simulations of the flow in an internal mixer are based on the assumption that the internal mixer is totally
filled with rubber compounds. However, in fact, the internal mixers are only partially filled with rubber compounds, thus posing
many challenges for researchers in simulating the flow in the internal mixer. In this study, the volume of fluid method and the
dynamic mesh technology of commercial CFD software FLUENT were used to simulate the flow of rubber compound in a partially
filled internal mixer. To improve simulation accuracy, every 18 degrees in circumferential direction, we manually re-meshed the calcu-
lated transient location of the rubber compound. Thus, we obtained the transient distribution of the rubber compound in the inter-
nal mixer as the rotors rotated. The simulation results showed that voids were mainly located behind the rotor blades, and there were

material exchanges in the bridge regions between the two chambers. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42496.
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INTRODUCTION

Internal mixers are widely applied in the rubber industry to mix
rubbers with carbon black and other ingredients to produce compo-
sites with desirable properties."> The mixing efficiency of an inter-
nal mixer directly depends on the flow characteristics in the mixing
chamber, whereas the flow characteristics in the mixing chamber are
related to the rotor geometry and the operational parameters such
as fill factor, temperature, rotor speed, and duration of the mixing
cycle. To improve the mixing efficiency of the internal mixer, the
flow characteristics in the mixing chamber and the relations
between the rotor geometry, the operational parameters, and the
flow characteristics in the mixing chamber must be well studied.
However, to the best of our knowledge, such studies on the flow
characteristics in the mixing chamber are far from sufficient.

So far many researchers have used experiments to study the
flow characteristics in internal mixers. Published experimental
studies on the internal mixer primarily involved measurements
of energy input, torque, pressure, and temperature history at
fixed positions.” The degree of mixing was usually characterized
by measuring the agglomerate size of fillers at various mixing
times by a scanning electron microscope.”” For example, Freak-
ley and Patel® used the results of mixing trials with a highly
instrumented Banbury mixer to examine the influence of fill
factor, rotor speed, and mixing time on the temperature and
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pressure generated in the rubber compound. But these experi-
mental approaches cannot determine how the rubber com-
pounds flow in an internal mixer. Understanding the flow in an
internal mixer is the primary step to establish a physical model
and then a mathematical model about the internal mixer. Flow
visualization allows a direct observation of the mixing process
and a better understanding of the flow in the mixing chamber.
This method was first reported by Freakley and Idris.” They
used a miniature mixer with a transparent plastic chamber to
observe the dynamics of the mixing of silicone rubber. Min and
White®® used a laboratory-scale mixer with glass front and
transverse windows to investigate the flow of SBR, BR, and NR,
and various molten plastics. Flow visualization gives important
information about the mixing process, showing the flow pat-
terns within the mixer. But flow visualization cannot provide
such data as local velocities, pressures, shear rates, and shear
stresses. In addition, this technique usually requires new rotor
structures and some special equipment, and is generally expen-
sive and time consuming. On the other hand, the flow simula-
tion of mixing is of increasing interest to researchers due to
recent performance increases in computer hardware and the
availability of advanced software packages for complex flow
simulation. Flow simulation can provide a fundamental under-
standing of the flow mechanics of an internal mixer and is a
powerful tool for optimizing the rotor.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42496


http://www.materialsviews.com/

ARTICLE

Figure 1. Geometric model and initial configuration of rubber compound
in partially filled internal mixer.

A substantial amount of simulation work on internal mixer has
been conducted by various researchers.'®?® Bai and Sundar-
araj'® studied the transient temperature development due to vis-
cous dissipation inside an internal batch mixer, using 3D
nonisothermal CFD modeling. Salahudeen et al'* performed
simulation work on an miniature internal mixer to compare the
mixing efficiency of various rotor geometries such as cam, Ban-
bury rotors, and roller. Ghoreishy and Nassehi'® modeled the
transient flow of rubber compounds in the dispersive section of
an internal mixer with slip-stick boundary conditions. However,
the above studies were all performed on the assumption that
the internal mixers are totally filled with rubber compounds. In
fact, for rubber mixing, the chamber of an internal mixer is
only partially filled with rubber compound. The fill factor,
which is defined as the ratio of the volume of the rubber com-
pound to the total volume of the chamber, is an important
parameter. The fill factor of an internal mixer suitable for the
mixing of rubber is about 70-75% through experience.” Appa-
rently the assumption of the totally rubber compound-filled
condition in most simulations conflicts with the real partially
rubber compound-filled mixing process in an internal mixer,
and consequently, this assumption leads to the low accuracy of
the numerical simulation. The purpose of the assumption of the
totally filled condition is to avoid solving the free surface flow
problem resulting from the partially filled condition. So far, the
numerical analysis of mixing in partially filled internal mixers
was only performed by Ghoreishy and Nassehi.**** A combined
Eulerian-Lagrangian approach was used to model the free sur-
face flow in an internal mixer. The most interesting feature of
the results was the appearance of a small vacuum region at the
back of the rotor. In their studies, the location of the free sur-
face corresponded to an element boundary, and the free surface
captured was relatively rough. The method may be more accu-
rate with a well-defined mesh. However, the method imple-
mented in their studies is not robust when modeling free
surfaces that merge, separate, or are convoluted. Overall, the
understanding of the flow behaviors of rubber compounds in
partially filled internal mixer is still far from satisfactory. In this
study, we explored the issue of free surface flow in a partially
filled mixer for a better understanding of the mixing process.

Numerical methods for solving the free surface flow problems
can be divided into Lagrangian, mixed Eulerian-Lagrangian, and
Eulerian methods.*® The Eulerian approach, which makes use of
a fixed mesh, does not involve high computational costs. Based
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on the Eulerian approach, the volume of fluid (VOF) method
has been confirmed by numerical studies? > to be well suited
for solving free surface flow problems and to yield good predic-
tions. This approach has been successfully used to model the
broken dam problem,?®** trickle-bed reactor,” casting filling
process,”® and rotating packed bed reactor.”*

In this study, the partially filled flow of rubber compound in an
internal mixer was computed by using the VOF method and
dynamic mesh technology of the commercial CFD software
FLUENT. Because of the restriction of computer ability at pres-
ent, the 3D simulations of internal mixer with free surface flow
are time consuming. Therefore, the present simulation was lim-
ited to 2D. To improve simulation accuracy, every 18 degrees in
circumferential direction, we manually re-meshed the calculated
transient location of the rubber compound. Thus, we obtained
the transient distribution of the rubber compounds in the inter-
nal mixer as the rotors rotated.

DESCRIPTION OF SIMULATION METHOD

The whole rubber compound mixing process in an internal
mixer can be divided into five stages: the broken stage, the mix-
ing stage, the dispersive stage, the distributive stage, and the
plasticized stage. It is difficult to simulate the first four stages
by CFD because solid mechanics and the interactions between
the fillers and the rubber matrix must be included in such
stages. In the last period of the fifth stage, rubber compound is
plasticized and the flow of rubber compound is appropriate to
be simulated by CFD. This article concentrates on simulating
the flow of the plasticized rubber compound in the last period
of the fifth stage using software FLUENT.

Finite Element Model

To simplify building the model, we assumed that at the initial
time, the rubber compound (black region in Figure 1) was
located in the lower part of the chamber in an internal mixer
with two tangential rotors and the rest region (white region in
Figure 1) of the chamber was full of air. The fill factor of the
configuration was limited to 70-75% suitable for the mixing of
rubber by adjusting the vertical location of the boundary line
between the rubber compound and the air. In the article, the
fill factor of the configuration is 73%. The model sizes are
acquired from the XSM-500 internal mixer in our laboratory.
The diameter of the chamber and the gap between the blade tip
and the chamber wall is 46 and 1.0 mm, respectively. The center
distance between the centers of the two rotors is 44.4 mm. The
CFD preprocessor GAMBIT was used to define the boundaries
and generate the meshes of the model. To guarantee calculation
accuracy, a small value was assigned to the element size. The
total numbers of elements and nodes for the initial geometry
are 59,466 and 30,637, respectively.

The Cross model®® was used to describe the rheological proper-
ties of the rubber compounds:

_ Mo
1+ " (L)

where 1), is the zero-shear viscosity, A is a model parameter rep-
resentative of relaxation time, and 7 is the Cross-law index.
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Fitting eq. (1) to the experimental data for the rubber com-
pound SSBR/N330, we obtained #,=21730 Pa-s, 1 =0.118 s,
and 7=0.086. The rubber compound was assumed to be
incompressible, and with a density of 1100 kg/m’. For air, the
density and the viscosity of air were 1.225 kg/m’ and 10> Pa-s,
respectively.

As no-slip boundary condition is commonly used in CFD
(computational fluid dynamics) and can meet the precision
requirements in engineering, it is applied at the rotor surfaces
and the chamber wall. Thus, the velocity of the fluid at the
rotor surfaces is equal to the velocity of the rotors, and the
velocity of the fluid at the chamber wall is set to zero. The two
rotors counter rotate with an identical speed of 6.28 rad/s. Body
forces are not included. It is reasonable to assume that the flow
of the rubber compound is isothermal because the temperature
of the rubber compound almost remains stable in the last
period of the fifth stage. In addition to concentrate on over-
coming the difficulty on the partially rubber compound-filled
condition in the simulation, the isothermal flow assumption is
reasonable and necessary. The simulation was performed by
using the commercial CFD code FLUENT. The dynamic mesh
method in FLUENT was used to model the moving rotors and
account for the continuously varying flow domain as the rotors
rotated by providing a starting volume mesh and a description
of the rotation of the rotors with user-defined functions
(UDFs).

VOF Model

The VOF model, proposed by Hirt and Nichols,” is based on
the description of the volume fraction of each phase in element.
The continuity equation for the volume fraction of the rubber
compounds in the computational domain is expressed as:

o,
ot

where o, is the volume fraction of the rubber compound in an
element and V,is the velocity of the rubber compound. If an ele-
ment is filled with the rubber compound, o, =1, and if an ele-
ment is filled with air, «,=0. The free surface of the rubber
compound can be considered to exist in the partially filled ele-
ments with o, values between 0 and 1, usually 0.4-0.5.>

+V - (a,7,)=0 @)

A single momentum equation is solved throughout the domain:

0 5
i (p¥)+V - (p¥¥)=—Vp+V . [,LL(VV-FVT/'T)] +F, (3)
where Vis the velocity vector, P is the pressure, p is the density,
u is the viscosity, and F, is the body force. The physical proper-
ties in the governing flow equation are determined as follows:

¢:¢raf+¢u(1_af) (4)

where ¢ is a physical parameter, ¢, and ¢, are the values of the
physical parameter for the rubber compounds and air,
respectively.

The solution starts from the initial distribution of the volume
fraction values. At the end of each time step, new values of o,
are obtained and the position of the free surface of the rubber
compounds is updated. However, because eq. (2) is solved
numerically, the free surface becomes more and more indistinct
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Figure 2. The variation of the fill factor with time. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

as computation goes on due to the numerical false diffusion of
o, even with a highly accurate integration of eq. (2). Therefore,
we developed a solution strategy to solve the problem. The
overall solution strategy is summarized as follows:

1. Start from an initial configuration and divide the whole
domain into meshes. The initial volume fraction of the rub-
ber compound in each element is known.

2. Solve the governing equations by FLUENT in time steps of
107° s each for 50,000 steps and obtain values of «, for
every element at each new time.

3. Calculate the threshold value «, to keep the volume of the
rubber compound constant. The rubber compound com-
pletely fill an element whose volume fraction o, is above the
threshold value o, ..

4. Assign the values of o, above o, to be 1, and the values of
o, below a,, to be 0. Export the volume fraction of each
element.

5. Construct new finite element meshes from the distribution
of rubber compound determined by the newly computed
values of o, and interpolate the new values of o, to the new
finite element meshes.

6. Repeat steps (2)—(5) until the final time is reached.

With the above solution strategy, a distinct free surface for the
rubber compound was obtained, and the volume of the rubber
compound was kept constant.

RESULTS AND DISCUSSION

At each new time during computation, the value of o, (the vol-
ume fraction of the rubber compound) and the volume of each
element are exported. Designate an initial threshold value of o,
as 0.5 and sum the volume of the elements with «,>0.5 to
obtain the value of V; (the volume of the rubber compound),
then divide V; by the total volume of the chamber to obtain the
fill factor. If the fill factor does not approximately equal to 0.73,
change the threshold value of o, and recalculate the fill factor
using the same method above until the fill factor is approxi-
mately equal to 0.73.
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Figure 3. Distributions of rubber compound at consecutive times.

Figure 2 shows the value of the fill factor at the corresponding
time points. The fill factor remains almost unchanged during
the process of simulation. The maximum relative difference is
0.32%.

Simulated Material Distribution

Figure 3 shows the rubber compound distributions at consecu-
tive times. After the rotors have rotated four times, the rubber
compound distribution of the current turn will remain the
same as that of the preceding turn. When the flow of the rubber
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Figure 4. Distributions of velocity vectors at four sequential locations of the rotors in a cycle: (a) 0 =36° (b) 0 =

compound is stable, they are mainly distributed in the regions
in front of the rotor blades and the gap regions between the
rotor blades and the inner wall of the mixing chamber, which
are referred to as the high shear regions. Such rubber com-
pound distributions imply that there are always rubber com-
pound going through the high shear regions at the tips of the
rotor blades. At the back of the rotor blades and below the ram,
there is no rubber compound. A thin layer of the rubber com-
pound is distributed on the inner wall of the mixing chamber.

(d

144°, (¢) 6=252° and (d) 0 = 360°.

(e) The left rotor tip region. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

WWW.MATERIALSVIEWS.COM

MakeS s

42496 (4 of 8)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42496



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Pressure (MPa)
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This situation may be caused by applying the no-slip boundary
condition.

Velocity Distribution

To analyze the flow characteristics, we select four sequential
locations of the rotors in a cycle between 5.0 and 6.0 s because
the rubber compound distribution remains unchanged from
one cycle to the next cycle after the rotors rotate four times.
The locations of the rotors are defined by the angle 0 between
the right blade tip and the X-axis.

From the velocity vector distribution shown in Figure 4, the
rubber compound in the left and the right mixing chamber
largely flow circularly, following the rotation of the rotors. In
the bridge regions between the two rotors, the intersection of
the velocity vectors implies that there is exchange of the rubber
compounds between the left and the right mixing chamber.

mixing-index
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Figure 5. Pressure distributions of at four sequential locations of the rotors in a cycle: (a) 0= 36° (b) 0=144° (c) 0 =252° (d) 0 =360 (e) The left
rotor tip region. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Furthermore, the exchange of the rubber compounds is more
violent with the rotor tip inside the bridge region than with the
rotor tip outside the bridge region. In the rotor tip region, the
existence of velocity vector opposite to the rotation of the rotors
implies that backflow takes place and the velocity gradient of
this region is relatively large. The scatter of the velocity vectors
around the blade tip corner indicates a kneading effect on the
rubber compounds. The exchange of rubber compound in the
bridge region, the backflow of rubber compounds, the relatively
high shear rate in the rotor blade tip region, and the kneading
effect on the rubber compounds are all beneficial to the mixing
efficiency of the internal mixer.

Pressure Distribution
Figure 5 shows the pressure distributions at four sequential
locations of the rotors in a cycle. The maximum pressure is

Figure 6. Mixing index distribution at four sequential locations of the rotors in a cycle: (a) 0 =36° (b) 0 = 144°, (c) 0=252° and (d) 0 = 360°. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Volume distribution of Ay at 0 = 36°.

located at the entry of the gap between the blade tip and cham-
ber wall, and the high pressure causes a squeezing effect on the
rubber compounds around the rotor blade tip corner. The pres-
sure then decreases as the distance between the outlines of the
rotor and the chamber wall increases until the pressure reaches
a low and uniform value. The squeezing effect helps to disperse
the filler added into the rubber matrix. The regions between the
blade tip and chamber wall and around the rotor blade tip cor-
ner may be the main place where the dispersion takes place.
The minimum pressure is located in the rear of the blade tip, in
accordance with experimental observations.® A relatively large
pressure gradient exists in the rotor blade tip region. However,
the pressure gradient in the rotor blade tip region is strongly
dependent on the relative positions of the rotors. There is a dif-
ference between the two rotors. The pressure gradient is larger
with the rotor blade tip inside the left or the right mixing
chamber than with the rotor blade tip inside the bridge region.

Shear stress (MPa)
0.24
0.22

Shear Stress (MPa)

Figure 9. Volume distribution of shear stress at 0 = 36°.

Dispersive Mixing

Because elongational flows are more effective for dispersion
than simple shear flows, a mixing index (A7) is proposed by
Manas-Zloczower” to measure the elongation flow and is
defined as

D]

Iz = = 5
M =5 ) (5)

where DI and QI are the magnitudes of the rate of deformation
tensor and the vorticity tensor, respectively. Ay varies between
0, for a pure rotational flow, to 1, for a pure elongational flow.

Figure 6 shows the mixing index distribution at four sequential
locations of the rotors in a cycle. Rotational flow (Ayz<0.2)
dominates the regions close to the rotors. The rubber com-
pound close to the rotors just rotate with the rotors. The high
values of mixing index (0.8 <Ayz<1.0) was found in the

(d)

Figure 8. Shear stress distribution at four sequential locations of the rotors in a cycle: (a) 0 =36° (b) 0 =144° (c) 0 =252° and (d) 0 =360°. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Average Values for Various Flow Characteristics in a Complete

Cycle

Time (s) Geometries Mz 7 (MPa) 7 (1/s)
51 0 =36° 0.4140 0.10011 16.709
52 72° 0.4483 0.10487 16.180
5.3 108° 0.4061 0.10125 16.245
54 144° 0.5214 0.12254 15.042
5.9 180° 0.5013 0.11691 15.419
56 216° 0.4145 0.10076 16.641
5.7 252° 0.4367 0.10274 16.920
58 288° 0.4262 0.10103 15.854
59 324° 0.5258 0.12269 15.033
6.0 360° 0.5003 0.11981 16.004

middle of the flow channel due to the shrinkage of the flow
channel. Although the elongational flow, which is advantageous
to disperse dominates in the middle of the flow channel, the
dispersive effect in such regions is not strong because the overall
stress of the regions is relatively small. The region near the wall
of the mixing chamber is mainly dominated by simple shear
flow (Apz=0.5). The most region of the flow field is domi-
nated by shear flow (0.4 < Az <0.6).

From the volume distribution of mixing index (Figure 7), we
can conclude that shear flow (0.4 < Ayz < 0.6) dominates in
most of the flow region. In addition, there is a relatively large
volume percentage of rubber compound experiencing rotational
flow (Anmz<0.2), and 50.05% of the rubber compound experi-
ences better than simple shear flow (Ayz > 0.5).

Apart from elongation stress, shear stress is also related to dis-
persive mixing, and the higher the shear stress the higher the
dispersion of the filler. Figure 8 shows the shear stress distribu-
tion at four sequential locations of the rotors in a cycle. The
shear stress is high in the gap between the rotor blade tip and
the chamber wall; that is, the rotor tip region is a main place
for the filler to disperse. Another high shear zone is located
near the chamber wall. The region behind the rotor tip has low
shear stresses, with low or even no dispersive effect.

Comparing the distributions of mixing index and shear stress,
we can see that the shear stresses are relatively low (<0.02 MPa)
in the region where the mixing index is a minimum. The flow
is mainly dominated by simple shear flow in the region where
the shear stresses are relative high (>0.22 MPa).

From the volume distribution of shear stress (Figure 9), it can
be clearly seen that shear stresses lower than 0.03 MPa occupy a
high volume percentage because the shear stress of the rubber
compound adhering to the rotors is low. The rotor design must
ensure that the rubber compound in the low shear stress region
can flow into the high shear region; otherwise, the mixing of
the rubber compounds must be poor.

Table I shows the volume-weighted average values of the mixing
index for the rubber compound, the shear stresses, and the
shear rates in a complete cycle. As the rotors rotate in a cycle,
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the relative difference between the maximum and minimum val-
ues is 25.9, 22.4, and 11% for the mixing index, the shear stress,
and the shear rate, respectively. This result indicates that there
are large fluctuations of the mixing index, the shear stress, and
the shear rate as the rotors rotate.

CONCLUSION

The main contribution of the article is that the rubber com-
pound distributions, the flow parameters such as flow velocity
and pressure in a partially filled internal mixer are obtained by
simulation. This work can provide an improved understanding
on the transient behaviors of flow patterns within an internal
mixer, and deep understanding of the flow behaviors and mix-
ing processes within an internal mixer is essential for its design,
optimization, and scaling up.

Based on the simulation results, the following specific conclu-
sions can be drawn:

1. After the flow has reached steady state, rubber compounds
always distribute in the regions in front of the rotor blades
and the gap regions between the rotors blades and inner
wall of the mixing chamber. At the back of the rotor blades,
no rubber compounds exist (Figure 3).

2. In the bridge region between the two rotors, there is
exchange of material between the left and the right mixing
chamber. Furthermore, the exchange of material is more
violent with the rotor tip inside the bridge region rather
than outside the bridge region.

3. The rotor blade tip region is a high shear zone and is a main
place for the fillers to disperse. Kneading effect on the rubber
compounds exists in the region near the blade tip corner.
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