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Rubber mixing is an important link in the production of rubber products. Computational fluid dynamics (CFD) simulation is often
used to explore the effect of rubber mixing parameters on rubber mixing effect. Previous CFD-based rubber mixing simulation
studies did not consider the impact of using 2D or 3D numerical calculation models on the numerical simulation results. In order
to investigate the differences between 2D and 3D numerical computational models in rubber compounding CFD simulation
problems, in this paper, we compare and analyze the results obtained from 2D and 3D computational models under different
rotational speed conditions to investigate the differences between the models in the numerical simulation of rubber compounding.
Three different experimental speeds of the rubber mixer—39, 44, and 49 r/min—were set during the study using 2D and 3D
asynchronous rotor models with a speed ratio of 1.15, respectively. The rubber was processed using the Bird–Carreau model. The
phase interface between rubber and air was calculated using the volume of fluid (VOF) method. The numerical simulation results
of different models show that the rotational speed set to 49 r/min shows the best dispersion distribution effect; the mixing effect and
speed change rule obtained by the 2D model are consistent with the results obtained by the 3D model. The performance of the
results of the two models is consistent when exploring the numerical simulation of rubber compounding.

1. Introduction

Rubber products are widely used in the automotive industry,
such as automobile tires, window seals, automobile suspen-
sions, and so on. Before rubber is processed into various
products, the raw material has to go through many proce-
dures, and rubber mixing is an important part of the rubber
product processing. Rubber mixing process parameters, such
as rubber filling coefficient and rubber mixer speed, will
directly affect the final product quality of rubber products
[1]. Rubber mixing process parameters are usually deter-
mined using the test method, but the test method has the
disadvantages of a long cycle time, high cost, and low effi-
ciency. In recent years, with the development of supercom-
puters and the proposal of more accurate numerical
simulation algorithms, the efficient advantages of numerical
simulation analysis have become more and more significant.
When using numerical simulation methods to study rubber
mixing problems, the computational models can be catego-
rized into 2D planar models and 3D spatial models. The

2D model has only two dimensions, and the Navier–Stokes
equations have fewer unknown variables, resulting in a faster
solution. Although the 3D model matches the actual situa-
tion, the 3D model has three dimensions, and the number of
unknown variables in the Navier–Stokes equation increases,
resulting in a slower solution speed. Therefore, it is necessary
to explore the differences between 2D and 3D computational
models in numerical simulation calculations of rubber com-
pounding and to clarify the influence of the two models on
the calculation results.

At present, some scholars have conducted some studies
on the numerical simulation process of rubber mixing. Song
et al. [2] used a 2Dmodel to study the effect of different rotor
structures on the mixing effect of rubber. Das et al. [3] inves-
tigated the effect of different speed ratios on the rubber mix-
ing effect under isothermal conditions using 3D modeling
and indicated that the optimum speed ratio was 1.125. Con-
nelly and Kokini [4] used 3D modeling to study the rotor
mixing effects of Sigma structures. Kim andWhite [5] exper-
imentally investigated the optimal filling factor of different
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rubbers, and the experiment showed that the rubber mixing
effect was better when the filling factor was 75%. Frungieri
et al. [6] used a combined CFD and DEM approach to study
the dispersion process of rubber agglomerates in a 2D model.
Han and He [7] used a 3Dmodel to investigate the difference
between partial and complete filling under isothermal con-
ditions. Liu et al. [8] analyzed the transient distribution posi-
tion of rubber in a mixer using a 2D model and obtained
results similar to the conclusions drawn by Han and He.
Poudyal et al. [9] analyzed the rubber mixing effect of iso-
thermal and nonisothermal conditions using a 2Dmodel and
concluded that the change rule of the evaluation indexes
under the two conditions is consistent. Although related
scholars have explored the numerical simulation process of
rubber mixing, the study was carried out on the basis of
selected 2D or 3D computational models and did not con-
sider whether the difference in model selection would have a
greater impact on the simulation calculation results.

When performing numerical simulation calculations,
although the analysis using 3D models will be more in line
with the actual situation, the whole calculation process will
consume a lot of time, which is not conducive to the explo-
ration of the relevant laws. In contrast, the calculation effi-
ciency of a 2D model is higher than that of a 3D model.
Therefore, some scholars tend to use 2D models for analyz-
ing and calculating [10, 11]. However, some scholars tend to
use the 3D model for analyzing and calculating because it is
closer to the actual working conditions [12, 13]. Different
scholars used different models to explore the research. First,
it was determined to use 2D or 3D computational models,
according to which the effects of rotational speed, speed
ratio, filling factor, and phase angle on the rubber mixing
effect were investigated, as shown in Figure 1. Obviously, this

process does not consider the effect of model differences on
the results, and the study of the effect of 2D and 3D models
on the final rubber mixing effect is rarely reported. There-
fore, the purpose of this paper is to investigate the effect of
different models on the mixing effect by simulating the rub-
ber mixing process of the two computational models at dif-
ferent rotational speeds and evaluating the rubber mixing
effect using the Lagrangian statistical method [14], to inves-
tigate the consistency of the conclusions obtained from 2D
and 3D computational models at different rotational speeds,
and to provide theoretical and methodological guidance for
improving the quality of rubber compounding.

2. Geometry and Materials

The geometric model in this paper consists of a mixing
chamber and two biplane nonmeshing rotors. Figure 2(a)
shows the complete 3D rotor model, and Figure 2(b) shows
the cross-section of the 3D rotor model at Z= 473mm.
Figure 3 shows the 2D rotor model. The starting position
of the rotor is the same for both the 2D rotor model and the
3D rotor model for the Z= 473mm section. The left and
right rotors rotate in opposite directions, with the left rotor
rotating clockwise and the right rotor rotating counterclock-
wise. The left and right rotors are set as asynchronous rotors.

In the mixing chamber, set the rest of the area to be air,
except for the rubber material. Air has a density of 1.225 kg/m3

and a viscosity of 1.78× 10–5 kg/(m s). The material parame-
ters of rubber were measured experimentally, and the rubber
material parameters are shown in Table 1. In order to charac-
terize the flow properties of rubber in a rubber mixer, the
rheological properties of rubbermaterials are characterized using
the Bird–Carreau model, which behaves as a pseudoplastic fluid

Rubber mixing

2D model Isothermal

Rotational speed

Speed ratio

Filling factor

Rotor phase angle

3D model Isothermal

Rotational speed

Speed ratio

Filling factor

Rotor phase angle

FIGURE 1: General situation of rubber mixing research.
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at high shear rates and as a Newtonian fluid at low shear rates
[15]. The relationship between shear rate and viscosity can be
expressed as follows:

η γ̇ð Þ ¼ η1 þ η0 − η1ð Þ 1þ λγ̇ð Þ2ð Þ n−1ð Þ=2; ð1Þ

where η0 is zero shear stress, η1 is infinite shear stress, λ is
time constant, and n is power–law index.

3. Basic Equation

For polymer melt flow, the basic governing equation can be
expressed as follows:

Continuity conservation equation:

∂ρ
∂t

þ ∂ ρvxð Þ
∂x

þ ∂ ρvyð Þ
∂y

þ ∂ ρvzð Þ
∂z

¼ 0; ð2Þ

where ρ is density of the fluid; t is time; and vx; vy; vz are
components of the velocity vector in the x, y, and z
directions.

Momentum conservation equation:

Momentum equation in the X direction:

ρ
∂vx
∂t

þ vx
∂vx
∂x

þ vy
∂vx
∂y

þ vz
∂vx
∂z

� �
¼ ρgx −

∂ρ
∂x

þ ∂τxx
∂x

þ ∂τyx
∂y

þ ∂τzx
∂z

� �
:

ð3Þ

Momentum equation in the Y direction:

ρ
∂vy
∂t

þ vx
∂vy
∂x

þ vy
∂vy
∂y

þ vz
∂vy
∂z

� �
¼ ρgy −

∂ρ
∂y

þ ∂τxy
∂x

þ ∂τyy
∂y

þ ∂τzy
∂z

� �
:

ð4Þ

Momentum equation in the Z direction:

ρ
∂vy
∂t

þ vx
∂vy
∂x

þ vy
∂vy
∂y

þ vz
∂vy
∂z

� �
¼ ρgy −

∂ρ
∂y

þ ∂τxy
∂x

þ ∂τyy
∂y

þ ∂τzy
∂z

� �
;

ð5Þ

Right rotor Left rotor 

FIGURE 3: 2D rotor model.

TABLE 1: Non-Newtonian mechanical properties of rubber.

Time constant Power–law index Zero shear viscosity (kg/(m s)) Infinite shear viscosity (kg/(m s))

5.537 0.159 117,631.7 4.55e-7

Left rotor Right rotor

ðaÞ

Left rotor Right rotor 

ðbÞ
FIGURE 2: 3D rotor model (a); 3D rotor model Z= 473mm cross-section (b).
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where p is pressure of the fluid; τij is the cell surface stress τ;
and gx;gy; gz are the mass force along the x, y, and z direc-
tions on the surface of the unit.

Since the research in this paper is carried out under
isothermal conditions, the energy equation is not considered.

On the other hand, the simulation in this paper is par-
tially filled, and the mixing chamber is composed of rubber
and air, so it is necessary to track the rubber–air phase inter-
face. Here, phase interface tracking is performed using the
Euler-based multiphase flow volume of fluid (VOF) model.
The two different phases (air and rubber) are controlled by a
set of continuity and momentum equations, but the volume
fraction of each phase can be tracked in every cell over the
entire region. The equations of the VOF model are as fol-
lows:

∂Cm
∂t

þ V ⋅ rCm¼ 0; ð6Þ

where Cm is volume fraction of phase m.
In order to analyze the rubber mixing effect, a group of

massless particles is set, and the tensile length, distribution
index, and cumulative probability distribution of the maxi-
mum shear stress are calculated based on the massless par-
ticles. Track the position of particles during a numerical
simulation. In order to track these particles, a velocity field
interpolation scheme is used here, defined as follows:

dx
dt

¼ up; ð7Þ

where up is velocity of the particle.

4. Calculation Strategy

The 2D and 3D computational models were drawn using
CATIA software, and the computational models were pre-
processed through ANSYS DesignModeler software. The
finite element model meshing is done using Fluent meshing.
Through the 2D and 3D model mesh independence tests and
considering the computational efficiency, the mesh is divided
in the following way: For the static region of the 3D model, it
is divided into a mixed mesh of 7mm tetrahedra and hexa-
hedra, with a total of 159,473 mesh cells. For the dynamic
region, a polyhedral mesh of 6–7mm is used with 1013,137
meshes, in which the boundary layer mesh of the rotor
boundary region is four layers and the growth rate of the
boundary layer is 1.2. The static region is divided into a
hybrid mesh of hexahedra and tetrahedra with 146,336
meshes, as shown in Figure 4. The static region of the 2D
model uses a 4-mm triangular grid with a total of 6,934
meshes; the dynamic region uses a hybrid triangular quadri-
lateral grid with encrypted meshes at the tip of the rotor; the
2D model has a total of 21,700 grid cells, as shown in
Figure 5.

3D mesh model

Static watershed area Dynamic watershed area

FIGURE 4: 3D meshing.
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Numerical simulation calculations were performed using
the commercial CFD software Fluent with partially filled
isothermal conditions. The sliding grid method is used to
realize the motion process of the rotor. The dynamic and
static regions exchange data through the grid intersection
interface. Since rubber is a highly viscous fluid and its flow
process is laminar, the flowmodel is chosen as a laminar flow
model [16]. The pressure–velocity coupling is implemented
using the PISO algorithm, momentum is discretized using
the second-order format, pressure is discretized using the
PRESTO! algorithm, and the time term is discretized using
the first-order implicit format, with the time step set to
0.0005 s.

The volume fraction of the rubber phase was set to 75%,
and the volume fraction of the air phase was set to 25%. The
numerical simulation experimental speeds were set to 39, 44,
and 49 r/min for the left rotor and 44.85, 50.6 , and 56.35 r/
min for the right rotor. Figure 6 shows the initial distribution
of the rubber inside the rubber mixer.

5. Results and Discussion

After the numerical simulations, the dispersion mixing effect
and distribution mixing effect of the rubber are analyzed
using the Lagrangian statistical method. Here, dispersion
mixing denotes the process of breaking large agglomerates
of rubber polymer into small particles. Distributed mixing is
the process of uniform distribution of additives and dis-
persed small particles of carbon black throughout the rubber
polymer [17]. Existing scholars have pointed out that the
dispersive mixing is realized by the shear and tensile forces
generated by the rotary motion of the rotor, which is quan-
titatively analyzed using two indexes: the mixing index and
the cumulative probability distribution of the maximum
shear stress [18]. The effect of distributed mixing was quan-
titatively analyzed using two metrics: the distribution index
and the mean length of stretch [19]. By comparing the pres-
sure distributions, rubber phase distributions, mixing indi-
ces, cumulative probability distributions of maximum shear
stresses, distribution indices, and average tensile lengths

calculated by 2D and 3D computational models at different
rotational speeds, we explored the differences between 2D
and 3D computational models in the numerical simulation
of the rubber mixing problem, as well as the effects of the
differences in the model choices on the results of numerical
calculations.

5.1. Distribution of Pressure Field. Figure 7 shows the distri-
bution of pressure areas for the 3D model and 2D model at
different rotational speed conditions. The region in front of
the rotor rotation direction belongs to the high-pressure gra-
dient region, the region behind the rotor belongs to the neg-
ative pressure gradient region, and the maximum pressure
region is concentrated in the gap region formed by the rotor
tip and the wall of the mixing chamber. This is consistent
with the results of Han [7]. It shows the effectiveness of the
numerical simulation method in this paper. During the rub-
ber mixing process, the rubber flows into the channel formed
between the outer surface of the rotor and the wall of the
mixing chamber. The rubber flows from the front area of
the rotor into the high shear stress zone formed by the top
of the rotor and the wall of the mixing chamber and then out
to the rear area of the rotor. During this process, the large
rubber aggregates are broken up and dispersed into smaller
aggregates. After analyzing the percentage of high-pressure
regions in the 2D and 3D models, as shown in Table 2, it was
concluded that a large pressure gradient occurs when the
rotational speed of both models is set to 49 r/min. This strat-
ified pressure gradient facilitates the flow of rubber in the
high shear stress region and improves the crushing and
dispersing effects of large-grained rubber aggregates. Scholar
Das et al. [20] found in his study that increasing the rota-
tional speed leads to an increase in the pressure value, which
is in agreement with the results obtained in this paper
and proves the validity of the numerical simulation method
in this paper. Comparing the pressure area distribution
between the 2D and 3D models, the pressure in the mixing
chamber of the 3D model is higher than the pressure field in
the mixing chamber of the 2D model. The reason for this
phenomenon is the presence of axial flow in the 3D model,

FIGURE 5: 2D meshing.
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which exacerbates the squeezing action between the rubber
materials and produces a higher-pressure field.

Figure 8 shows the trend of the centerline pressure values
of the 2D model and the centerline pressure values of the 3D
model. The trend of the 2D model and the 3D model is the
same. However, at a rotational speed of 44 r/min, the distri-
bution of centerline pressure values for the 2D model and 3D
model is opposite to the distribution pattern of pressure
values for the remaining two rotational speed conditions.
The reason for this phenomenon is that the 3D model only
calculates the pressure distribution on the cross-section at
Z= 473mm, and the global pressure distribution of the 3D
model cannot be reflected by this cross-section alone.

5.2. Rubber Phase Volume Fraction. Figure 9 shows the cloud
view of the rubber phase distribution at 24 s of simulation. A
volume fraction of 1 represents a pure rubber phase, and a
volume fraction of 0 represents a pure air phase. The volume
fraction can also be used as an index for a preliminary eval-
uation of the mixing effect. When the rotational speed was
set to 39 r/min, a large number of air phase agglomerates
existed in the mixing chamber. When the rotational speed
was set to 49 r/min, the air phase agglomerates decreased,
indicating a better rubber mixing effect. In order to be more
accurate, by comparing the average volume fraction of the
rubber phase of the 2Dmodel and the 3Dmodel, as shown in
Table 3, it was concluded that the average volume fraction of
the rubber phase was the highest when the rotor speed was
49 r/min. This indicates that the rubber is more fully mixed
internally at a speed of 49 r/min. However, it should be
emphasized that this analysis is only from a visual point of
view and is not a basis for judging the final mixing results.

5.3. Dispersion Mixing. During the rubber mixing process,
large-grained rubber polymers are broken into small-grained

polymers by shear and tensile stresses. It has been shown that
tensile stress can promote the mixing of rubber agglomerates
more effectively than simple shear stress [21]. The mixing
index is an important indicator to quantify the dispersion
effect, and the mixing index is calculated as follows [22]:

λ¼ γj j
γj j þ ωj j ; ð8Þ

where |γ| is tensor of deformation rate and |ω| is speed
rotation.

Mixing index values range from 0 to 1.0 for pure rota-
tional motion, 0.5 for pure shear motion, and 1 for pure
tensile flow.

Figures 10 and 11 show histograms of the mixing index
probabilities for the 2D and 3D models, respectively, when
the simulation is computed up to 24 s. The highest percent-
age of tensile flow was observed when the 2D model speed
was set to 49 r/min. Compared to the remaining two rota-
tional speeds, the proportion of shear and tensile flow
increased. Analyzing the mixing index distribution of the
2D model at three simulation speeds, the proportion of mix-
ing index between 0 and 0.45 is relatively small when the
speed is set to 49 r/min. The proportion of mixing index
between 0.55 and 0.95 is higher. In summary, it can be con-
cluded that when the rotational speed is set to 49 r/min, the
dispersion mixing effect is better than the other two rota-
tional speeds. Comparing the mixing index probability his-
tograms at 24 s for the 3D model, the 3D model has the
smallest percentage of rotational flow at a speed setting of
49 r/min and a higher percentage of tensile flow components
than at a speed setting of 44 r/min. The mixing index dis-
tributions for the two different speed conditions are very

(a) (b)
Rubber–volume fraction

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.75 0.8 0.85 0.9 0.95 10.7

FIGURE 6: Rubber distribution at the beginning of mixing ((a) is a 2D model, and (b) is a 3D model).
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close to each other when compared to the speed setting of
39 r/min, but the percentage of tensile flow at the speed of
49 r/min is higher than the percentage of tensile flow at the
speed of 39 r/min.

Comparing the variation rules of mixing index between
2D and 3D models under different rotational speed condi-
tions, the trend of mixing index is different between 2D
and 3D models when the mixing index is in the range of

3D model of pressure field clouds at different speeds

(a)

(b)

2D model of pressure field clouds at different speeds

(c)

3D-49 r/min
Pressure (Pa)

Pressure (Pa) Pressure (Pa) Pressure (Pa)

Pressure (Pa) Pressure (Pa)

697,000

557,000 579,000 507,000
437,571
368,143
298,714
229,286
159,857

90,428.6
21,000

–48,428.6
–117,857
–187,286
–256,714
–326,143
–395,571
–465,000

503,857
428,714
353,571
278,429
203,286
128,143

53,000
–22,142.9
–97,285.7
–172,429
–247,571
–322,714
–397,857
–473,000

483,214
409,429

261,857
188,071
114,286

–33,285.7
–107,071
–180,857
–254,643
–328,429
–402,214
–476,000

40,500

335,643

741,000
647,857
554,714
461,571
368,429
275,286
182,143

89,000
–4,142.86
–97,285.7
–190,429
–283,571
–376,714
–469,857
–563,000

716,000
623,357
530,714
438,071
345,429
252,786
160,143

67,500
–25,142.9
–117,786
–210,429
–303,071
–395,714
–488,357
–581,000

612,643
528,286
443,929
359,571
275,214
190,857
106,500

22,142.9
–62,214.3

–230,929
–315,286
–399,643
–484,000

–146,571

3D-44 r/min 3D-39 r/min

3D-49 r/min-z = 473 mm 3D-44 r/min-z = 473 mm 3D-39 r/min-z = 473 mm

2D-left rotor-49 r/min 2D-left rotor-44 r/min 2D-left rotor-39 r/min

FIGURE 7: Pressure field distribution at different rotational speeds ((a) is the pressure distribution of the 3D model, (b) is the pressure
distribution of the 473 mm section of the 3D model, (c) is the pressure distribution of the 2D model).

TABLE 2: Percentage of high-pressure areas at different speeds for 2D and 3D models.

Left rotor speed (r/min) 39 44 49

Percentage of high-pressure areas in the 3D model (%) 3.66 4.59 7.12
Percentage of high-pressure areas in the 2D model (%) 3.45 5.52 6.51
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0.05–0.45, which is mainly due to the lack of axial flow and
the enhanced tendency of rotational flow of the rubber in the
2D model. In the region of 0.55–0.95, which is more favor-
able for rubber dispersion, the trends of mixing index
changes are consistent between the 2D and 3D models. It
shows better dispersion mixing at 49 r/min.

The crushing of large-grained polymers in rubber relies
mainly on the action of high shear stress at the top of the
rotor. The maximum shear stress cumulative probability dis-
tribution can visualize the rubber macroparticle polymer
experiencing the high shear stress region [23]. To evaluate
the maximum shear stress cumulative probability distribu-
tion, 2,500 massless particles (2D model) and 8,000 massless
particles (3D model) were injected at the beginning of mix-
ing. Massless particles are injected into the mixing chamber
in the form of circular surfaces, as shown in Figure 12.
Figure 13 shows the distribution of massless particles after

1, 4, and 12 s of numerical simulation calculations for differ-
ent velocity conditions of the 3D model. After the numerical
simulation is carried out for 4 s, the distribution of particles
is not uniform for the three velocity cases. As the rotor
moves, the particles are carried by the rotor tip to various
parts of the mixing chamber, and the distribution gradually
becomes uniform. The dispersion mixing effect was quanti-
tatively analyzed using the maximum shear stress cumulative
probability.

Figures 14 and 15 show the cumulative probability dis-
tribution of the maximum shear stress for the 2D and 3D
models, respectively. The 2D model assumes that the shear
stress of 200 kPa is the reference value, and the speed is set to
49 r/min. Then, about 70% of the particles are subjected
to the maximum shear stress of less than 200 kPa, and 30%
of the particles are subjected to the maximum shear stress
of more than 200 kPa. When the rotational speed is set to
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FIGURE 8: Pressure variation in the central axis at different rotational speeds for the 2D and 3D models ((a) is 39 r/min, (b) is 44 r/min, (c) is
49 r/min).
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39 r/min, the curve is closest to the upper-left corner, which
indicates that the proportion of particles experiencing higher
shear stresses is relatively small, which is not conducive to
the breaking of large rubber granules. This is not favorable to
the crushing of large rubber agglomerates. The maximum
shear stress cumulative probability distribution curve should
be shifted to the lower right corner as much as possible,
which indicates that more particles will experience higher
shear stresses, which is beneficial to the dispersion effect.
The curve is closer to the lower right corner when the rota-
tional speed of the 3D model is set to 49 r/min, which indi-
cates that the proportion of particles experiencing higher
shear stresses is increased, which is more conducive to the
improvement of the rubber mixing effect. This is because
with the increase in rotational speed, the shear rate generated
by the rotation of the rubber mixer rotor will also increase, and
the shear stress will become larger, thus improving the mixing
effect of rubber. According to the average shear stress change
curve of rubber, as shown in Figure 16, Zhang et al. [24]
pointed out that the shear stress suffered by rubber is positively

correlated with the rotational speed, which proves the effec-
tiveness of the numerical simulation method in this paper.

The combined analysis of the mixing index and the
cumulative probability distribution of the maximum shear
stress of the two models shows that the best dispersion effect
of rubber mixing is achieved when the rotational speed is set
at 49 r/min. This indicates that increasing the rotational
speed is beneficial to improving the dispersion effect of rub-
ber mixing. This indicates that increasing the rotational
speed is beneficial to improving the dispersion effect of rub-
ber mixing. The 2D and 3D models are consistent in investi-
gating the effect of rubber mixing speed on the mixing effect.
Scholar Thongpin et al. [25] experimentally investigated the
effect of rotational speed on the mixing effect and pointed
out that the size of the dispersed phase decreased with the
increase in rotational speed, indicating that the dispersion
effect became better. Scholar Andreas [26] pointed out that
the dispersion effect increases with the increase in rotational
speed for the same filling factor, and the dispersion effect
decreases after reaching the optimal rotational speed. Once

Rubber–volume fraction

3D-49 r/min-z = 473 mm3D-44 r/min-z = 473 mm3D-39 r/min-z = 473 mm

2D-49 r/min2D-44 r/min2D-39 r/min

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

FIGURE 9: Rubber phase distribution at different rotational speeds for 2D and 3D models.

TABLE 3: Average volume fraction of rubber phase.

Left rotor speed (r/min) 39 44 49

Average volume fraction of rubber phase in the 2D model 0.77 0.79 0.82
Average volume fraction of rubber phase in the 3D model 0.79 0.82 0.84

Advances in Polymer Technology 9



again, the effectiveness of the numerical simulation method
in this paper is proven.

5.4. Distribution Mixing. Determining whether the distribu-
tion of small particle agglomerates is uniform or not is one of
the methods to evaluate the mixing effect. In order to judge
the mixing effect of the rubber, the massless particles in the
2D and 3D models were tracked during the numerical cal-
culations. Figure 17 shows the position distribution of the
massless particles after 24 s of simulation calculations at dif-
ferent experimental speeds.
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FIGURE 12: Initial position of the massless particle.
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Figure 17 shows that the massless particles have been
dispersed essentially homogeneously throughout the mixing
chamber. In order to make a quantitative judgment of the
rubber mixing effect, the distribution index and mean length
of stretch were used for quantitative analysis. The distribu-
tion index characterizes the extent to which the actual parti-
cle position distribution calculated by numerical simulation
deviates from the ideal distribution and is calculated by:

f rð Þ ¼ 2
N N − 1ð Þ∑i δ ri

0 þ r
À Á

δ ri
0À Á¼

Z
rþΔr=2

r−Δr=2
c rð Þdr;

ð9Þ

where N is total number of particles, f rð Þ is correlation coef-
ficient between the particle pairs ranging from distance r−
Δr=2 to rþΔr=2, and c rð Þ is probability density function
such that area under the curve of c rð Þ is always constant and
equal to 1.

∑
r¼rmax

r¼0
c rð ÞΔr ¼ 1: ð10Þ

The distribution index represents the normalized resid-
ual value of the deviation from the ideal distribution, and the
smaller the value of the distribution index, the closer the
actual distribution is to the ideal distribution curve.

CDI ¼

Z 1

0
c rð Þ − c rð Þideal½ �2drZ 1

0
c rð Þideal½ �2dr

: ð11Þ

Figure 17 shows the actual particle-pair distance distri-
bution curves and the ideal particle-pair distance distribution
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FIGURE 13: Distribution of particle positions at different moments in the 3D model with different rotational speeds.
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FIGURE 14: Cumulative probability distribution of maximum shear
stress for the 2D model.
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curves for the 2D model at different moments under differ-
ent experimental rotational speed conditions. The particle
distance distribution curve deviates from the ideal curve at
the beginning of mixing, and with the increase in time, the
actual particle pair distance distribution curve is infinitely
close to the ideal distribution curve.

Figures 18 and 19 show the curves of the distribution
indices of the 2D and 3D models with time, respectively.
The distribution index is the highest at the beginning of
the simulation, and with the change of time, the distribution

index shows a decreasing trend, indicating that the actual
particle distribution state is getting closer and closer to the
particle distribution state in the ideal state. The curves show
oscillations caused by the circulation of particle clusters in
the mixing chamber. The overall distribution index of the 2D
model is at a lower value when the rotational speed is set to
49 r/min, indicating that the actual particle distance distribu-
tion curve is closer to the ideal particle distribution curve. It
has a better dispersing and mixing effect. Comparing the
change process of distribution index of 3D model, the trend
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curve of distribution index of 3D model is similar to that of
2D model, which indicates that 2D and 3D models have
consistency in exploring the influence of rubber mixing
speed on mixing effect.

In addition to the distribution index, the distribution
mixing effect can also be evaluated using the mean stretch
length. The mean stretch length is defined as follows and is
used to represent the ratio of different particles to the mean
distance [27].

Lλ ¼
Xtj j
X0j j ; ð12Þ

where Xtj j is average distance between particle pairs at
moment t and X0j j is average distance between particle pairs
at the initial moment.

As the mixing process proceeds, the particles begin to
move, the distance between pairs of particles changes, and
the tensile length increases. The greater the value of the
average stretch length, the more violent the movement of
the particles, which favors the mixing effect of the rubber.

Figure 20 shows the course of the mean length of stretch
of the particles with time. Due to the oscillation of the curve,
it is difficult to reflect the effect of rotational speed on the
mixing effect. Therefore, we used the cumulative average
over a period of time to calculate the average stretching
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length after filtration. Figures 21 and 22 show the average
tensile length after filtration at different rotational speeds for
the 2D and 3D models, respectively, and both models show
that the average tensile length tends to a higher value at a
rotational speed of 49 r/min, which indicates that higher
rotational speeds have vigorous particle movement, which
is conducive to the uniform distribution of particles.

Comprehensive analysis of the distribution index and the
average stretch length after filtration of the two models leads

to the conclusion that the distribution effect is best when the
rotational speed is set at 49 r/min. This indicates that increas-
ing the rotational speed is favorable to improving the mixing
effect of rubber. This indicates that the 2D and 3D models
are consistent in exploring the effect of rubber mixing speed
on the mixing effect. Scholar Salahudeen’s study [28] has
pointed out that when the speed of rubber mixing machine
increases, the tensile length of rubber also increases, and this
conclusion is consistent with the conclusion obtained from
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the study in this paper. The effectiveness of the numerical
simulation method is proven.

5.5. Computational Efficiency. The numerical simulation was
performed on a Dell personal workstation equipped with two
Intel Xeon Platinum 8,269CY CPUs and 128GB of RAM.
Figure 23 shows a comparison of the computational efficiency
of the 2D model and the 3D model, where the horizontal
coordinate represents the mixing time of the numerical sim-
ulation and the vertical coordinate represents the actual time
consumed by the time computer to complete the correspond-
ing numerical simulation. Comparing the computational effi-
ciency of the 2D and 3Dmodels, the computational efficiency
of the 2D model is approximately five times that of the 3D
model.

6. Conclusions

The numerical simulation method was used to setup three
different rotational speed working conditions. By comparing
and analyzing the results obtained from 2D and 3D model
calculations through evaluation indices such as mixing index,
cumulative probability distribution of maximum shear stress,
distribution index, and mean length of stretch, the following
conclusions can be drawn:

(i) The mixing simulation model was established, and
the effectiveness of the simulation method was veri-
fied by the evaluation and analysis of the mixing
results at different speeds and the comparison with
the results of open literature.

(ii) The speed has a great influence on the mixing. When
the speed is set to 49 r/min, it shows the best dispersion
and mixing effects and can achieve the effect of uni-
form distribution faster, showing the bestmixing effect.

(iii) The changes and trends of the evaluation indicators
of the 2D and 3D models are consistent, and the
conclusions drawn by the two models are the same.
The calculation efficiency of the 2D model is much
higher than that of the 3D model.

(iv) Within the working speed range of the rubber mixer,
increasing the speed can improve the mixing effect of
rubber.

It should be noted here that the conditions of this study
are isothermal conditions, and the energy equation is not
considered. The above conclusions are applicable to isother-
mal simulation conditions. The applicability of the above
conclusions to nonisothermal conditions still needs to be
studied. This is the limitation of this study. The advantages
and innovations of this research are that the consistency of
2D and 3Dmodels is proved through detailed research, which
provides a basis for future scholars to choose 2D and 3D
models. However, due to the limitation of the test conditions,
the test of the effect of rotational speed on the rubber mixing
effect was not conducted. This is the drawback of this study.
However, in order to demonstrate the accuracy of the results,
it is proved that the conclusions of this research are consistent
with the conclusions of existing public researches by consult-
ing the public research of relevant scholars, which has been
elaborated in the previous article. On the other hand, it proves
the accuracy of the conclusion.

Data Availability

All data, models, and algorithm structures in this paper are
available.
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