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Fill Factor Effects in Highly-Viscous
Non-Isothermal Rubber Mixing Simulations

A finite volume technique in a commercial computational
fluid dynamics (CFD) code is employed in this study to simu-
late transient, incompressible, non-Newtonian and non-iso-
thermal rubber mixing. The simulation processes are con-
ducted in a two-dimensional(2D) domain, where a mixing
chamber partially-filled with rubber is equipped with a pair
of two-wing non-intermeshing counter-rotating rotors. The
main objective is to assess the effect of different fill factors
of rubber on dispersive and distributive mixing characteristics
by simulating 15 revolutions of the rotors rotating at 20 min".
50%, 60 %, 70 %, 75 %, 80% and 90 % are the six different
fill factors chosen for the study. An Eulerian multiphase meth-
od has been applied to solve for the two different phases, rub-
ber and air. The non-Newtonian property of rubber is handled
using the shear rate dependent Carreau-Yasuda model, along
with an Arrhenius function to include the temperature depen-
dency. In addition to the governing equations related to the
conservation of mass, momentum and energy, the volume of
fluid (VOF) method is chosen to track the interface between
air and rubber. With regard to the results, flow patterns, ther-
mal distributions, viscosity behavior and volume fraction are
analyzed for the different fill factors. In addition, dispersive
and distributive mixing behavior is also assessed in detail
using Lagrangian statistics, such as mixing index, cumulative
distribution of maximum shear stress, cluster distribution in-
dex (CDI), scale of segregation (SOS) and length of stretch
(LOS), calculated from massless particles. Both the Eulerian
and Lagrangian results showed that fill factors between 70 %
and 80 % presented the most reasonable and efficient mixing
scenario, and also exhibited the best dispersive and distribu-
tive mixing characteristics combined.

1 Introduction

Mixing of highly viscous materials such as rubber and other
kinds of elastomers is a critical and basic step in the entire man-
ufacturing process involving such materials. By definition,
mixing is a process that will enhance some basic engineering
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properties such as mechanical, chemical, and physical proper-
ties by reducing the non-uniformity of the ingredients, which
in turn will affect the throughput as well as the final product
quality (Tadmor and Gogos, 2013). For rubber industries like
tire manufacturing, mixing is represented by compounding
rubber, which is mainly synthesized from petroleum by pro-
ducts (Alsteens et al., 2003), with different types of solid and
liquid additives. The high viscosity of rubber results in signifi-
cant internal heat dissipation. Hence, an isothermal assumption
might not be appropriate for such problems (Malkin
et al., 1999). There are typically different types of mixing de-
vices used for high viscosity mixing (see US patents,
US1689990 A, US1260684 A, US2067458 A, US2015618 A,
US5158725 A, US2694224 A). Various factors that affect the
performance of mixing include the size and shape of the mix-
ing chamber, rotor speed, speed ratio (with two rotors rotating
with different speeds), fill factor (volume percentage of rubber
inside the chamber), and ram pressure all affect the flow field
and in turn the mixing efficiency (Das et al., 2016), and the
two primary mixing mechanisms include dispersive and distri-
butive mixing mechanisms (Manas-Zloczower et al., 1984).

Dispersiveness of mixing in a system indicates the manner in
which particles are dispersed in a continuous phase. On the
other hand, distributive mechanism refers to the spreading of
all the ingredients throughout the domain (Wang and Manas-
Zloczower, 2001). The rotating motion of rotors increases
shear, which breaks down the agglomerate constituting the rub-
ber and other filler materials. This is called dispersion, which is
mainly achieved by shear and elongational forces. Several
studies have shown that elongational flow is more effective in
comparison with simple shear flow, for dispersion (Manas-
Zloczower, 1997). Quantities such as mixing index and maxi-
mum shear stress can help quantify the dispersive characteris-
tics, and are presented in this study. For investigating distribu-
tive mixing though, a large set of massless particles are
introduced into the mixing chamber for a period of time to cal-
culate statistics such as cluster distribution index (CDI) and
scale of segregation (SOS). For analyzing the efficiency of
mixing, length of stretch (LOS) is also presented and finally,
for assessing the viscous heat dissipation, the thermal distribu-
tion is analyzed as well.

There have been previous experimental studies that have fo-
cused on quantifying the dispersive and distributive mecha-
nisms of mixing (Collin et al., 2006; Cotten, 1984; Kim and
White, 1989; Leblanc and Lionnet, 1992; Limper and Hesse,
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2005; Nikiel et al., 2016). For instance, Limper and Hesse
(2005) experimentally assessed the effect of rotor design on
dispersive and distributive mixing. Collin et al. (2006) experi-
mented with different initial sized pellets to assess its effect
on dispersive mixing, and results were also compared with nu-
merical simulations. With the advent of very powerful compu-
ters over the past decade, numerical simulations of such prob-
lems are becoming more feasible, and are more cost-effective
and convenient to setup compared to experiments.

A lot of numerical studies have also been conducted in the
past (Alsteens et al., 2003; Avalosse and Rubin, 2000; Cheng
and Manas-Zloczower, 1998; 1990; 1989; Connelly and Koki-
ni, 2004; 2007; Dhanasekharan and Kokini, 2003; Emin and
Schuchmann, 2012; Rathod and Kokini, 2013; Salahudeen
etal., 2011; Takeshi et al., 2002; Vyakaranam and Kokini,
2012; Yang and Manas-Zloczower, 1994). Among those,
Cheng and Manas-Zloczower (1989) studied the velocity and
pressure profile of a 2D Banbury mixer using a finite element
method. They also developed a model to assess the effect of
rotational speed, gap size and speed ratio on the flow character-
istics and distributive mixing as well (Cheng and Manas-Zloc-
zower, 1998; 1990). The effect of changing gap on distributive
and dispersive mixing efficiency was assessed by Yang and
Manas-Zloczower (1994) by using a variable intermeshing
clearance. Connelly and Kokini (2004) studied dough mixing
using finite element methods and analyzed the ability of single
and twin screw extruders. They also examined the effects of
rheology with different viscoelastic and shear thinning models
and assessed the effectiveness of mixing through statistical
tools such as segregation scale, cluster distribution index, mix-
ing index, length of stretch and efficiency of mixing (Connelly
and Kokini, 2007). A detailed comparative study of three dif-
ferent rotor designs: cam, banbury and roller was carried out
by analysing velocity profiles and particle trajectories by Sala-
hudeen et al. (2011). All these studies assumed a fully-filled
mixing chamber, which practically is never the case.

There have been however a few studies more recently, invol-
ving a partially filled mixing chamber. One study on partially-
filled mixing was by Fukutani (2013), where they measured
flow rates to assess distributive mixing for two different fill-
factors, while employing the volume of fluid (VOF) method
for the calculation of the free surface. Liu et al. (2015) in their
VOF calculations investigated partially-filled flow of a rubber
compound and observed voids behind the rotor wings, and ma-
terial exchange occurring in the middle of the chamber. In ad-
dition, the current research group has also been involved in
several partially-filled mixing calculations of rubber com-
pounds (Das etal.,, 2016; Das etal., 2017; Dhakal etal.,
2017). All these studies assumed isothermal mixing.

There have been a few numerical studies performed under
non-isothermal conditions as well. Non-Newtonian and non-
isothermal flow simulation codes were developed in twin
screw extruders using the finite element method, which could
simulate the fully-filled part of several kinds of screw ele-
ments, such as full flight screws, kneading discs, rotors, and
their combinations (Takeshi et al., 2000; 2001). Nassehi and
Ghoreishy (2001) studied the non-isothermal mixing of a non-
Newtonian fluid in a partially-filled 2D intermeshing type
mixing device, by calculating the free surface using a finite
element method coupled with an Eulerian-Lagrangian method.
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3-D transient fully-filled numerical simulations of twin screw
extruder configurations were presented in Avalosse et al.
(2002), including an analysis of different non-isothermal fea-
tures that characterize the flow induced by a co-rotating as well
as a counter-rotating configuration. Bai et al. (2011) studied
the temperature distribution and heat transfer mechanism for a
fully-filled mixing chamber under non-isothermal conditions.
Also, the effect of rotor speed on distributive and dispersive
mixing in a partially-filled non-isothermal mixing chamber
was studied by Poudyal et al. (2016). There are several advan-
tages to modeling partially-filled rubber mixing with applica-
tions to manufacturing, using a non-isothermal model. Firstly,
it represents a more realistic scenario from a manufacturing
standpoint. Secondly, this representation can provide informa-
tion about mixing time limits with impact on the overheating
of material and device.

So the main goal of this study is to develop a two dimen-
sional (2D) computational fluid dynamics (CFD) model to as-
sess the effect of different fill factors on distributive and dis-
persive mixing characteristics of rubber mixing chamber in
non-isothermal conditions. While a 2D model is not entirely re-
presentative of the practical mixing scenario due to the absence
of the axial direction for any material movement, such calcula-
tions can still provide a lot of valuable insights into the effects
of various operating conditions on mixing efficiency, at a rela-
tively lower cost. For instance, the computational time of a 3D
calculation with the equivalent grid and particle distribution
would be at least five times that of a typical 2D calculation pre-
sented here. Fill factor, which is the volumetric percentage of
rubber in the mixing chamber, is a very important parameter
for mixing efficiency. For under-filled conditions, the ram of
the mixing device is not able to create enough pressure for
achieving shear mixing, and over-filled conditions restrict the
ram to reach the bottom of the chamber. This makes fill factor
a critical parameter for optimizing mixing (Dhakal, 2016). To
the authors’ knowledge, there have not been any studies per-
formed yet dealing with fill factors under non-isothermal con-
ditions. For varying the fill-factors, the volume percentage of
rubber with respect to the entire mixing chamber is varied and
the rest of the chamber is filled with air. The fill factors investi-
gated in this study are 50 %, 60 %, 70 %, 75 %, 80 % and 90 %.
The other assumptions include considering rubber as a homo-
geneous non-Newtonian Carreau-Yasuda fluid for simplicity.

2 Geometry and Materials

The geometry consists of a mixing chamber equipped with a
set of two-wing non-intermeshing rotors. Figure 1A shows the
complete schematic in 3D of the rotors, which are oriented at
180 ° with respect to each other. For this study, a 2D cross-sec-
tion created at the middle of the vertical axis of the rotor, as
shown in Fig. 1A, is employed. The cross-section itself is
shown in Fig. 1B. Note that a 2D cross-section at the centre is
chosen arbitrarily in this study. If it were chosen at a different
location, the geometry would differ and consequently, the re-
sults would be different. However, the conclusions with respect
to the fill factor performance would possibly stay the same for
a specific geometry. To prove this though, one has to carry
out an additional set of fill factor calculations with a different
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2D cross-section (or geometry), which is beyond the scope of
this study. Here, the left and right rotors counter-rotate about
their own axes. Each rotor has a radial dimension of 278 mm
with a clearance of 8 mm in between rotor tip and the chamber
wall. This is a typical rotor used for batch mixing processes in
the polymer industry. The basic design of this rotor is based
on the U.S. Patent 4,714,350, and the design parameters can
be found in the patent (Wu, 1971).

The material properties are chosen from a previous study of
the same research group (Das et al., 2016). The main ingredient
here is rubber. The chamber is assumed to be partially filled
with incompressible, non-Newtonian rubber at different fill
factors representing the different cases investigated here. The
density of rubber is chosen to be p; = 1 100 kg/m>. The viscos-
ity of rubber is estimated with the Carreau Yasuda model (Vin-
gaard et al., 2007) (see the next section for details). Besides
rubber, the rest of the chamber is assumed to be filled with
air, which is assumed to be an ideal gas. The density of air is
chosen as p, = 1.18 kg/m?, with a constant dynamic viscosity
of W, = 1.86 x 107> Pa s. The axis of rotation is assumed to
be horizontal, which is the reason why rubber is filled at the
bottom end of section A-A due to gravity.

The non-Newtonian as well as physical and thermal proper-
ties of the rubber are shown in Tables 1 and 2, respectively.

3 Governing Equations

For the numerical solution presented here, the governing equa-
tions of mass, momentum and energy are solved. The conser-
vation of mass or the continuity equation is given by Eq. 1,
conservation of momentum is given by Eq. 2, and due to the
non-isothermal conditions, the conservation of energy is solved
and is given by Eq. 3.

op

Kection A-A

Fig. 1. Two-wing counter-rotating rotor geo-
metry showing the (A) 3D model, and (B) 2D
mid-cross section across A-A employed in
the current study
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Density Thermal conductivity Specific heat
kg/m? W/m K J/kg K
1100 0.25 1400

Table 2. Physical and thermal properties of rubber

o(pV
(apt)+V-(pVV):—Vp+V-r+pg, (2)
0(pCpT)0t + V- (VpCyT) =V - (kVT) 4 1: VYV, (3)

Here p is the density, t is time, V is velocity vector, ¢ is Cau-
chy’s stress tensor, g is acceleration due to gravity, C;, is specif-
ic heat, T is temperature, and k is thermal conductivity. The
tensor product, t: VV, is the viscous dissipation and t is the
viscous stress tensor, given by:

T =2uD. (4)

Here D is strain tensor, defined as:
1
D=3 [VV+VVT]. (5)

The viscosity of non-Newtonian rubber considered here, p, is
shear dependent and can be estimated using the non-Newto-
nian Carreau-Yasuda model (Vingaard et al., 2007), which is
defined as:

= 1(T) = B + (o — Roo)(1+ ()72, (6)

Here, the power constant, n = 0.4, the zero-shear viscosity,
Mo = 100,000 Pa s, the infinite-shear viscosity, p,, = 100 Pa
s, and the relaxation time constant, A = 10 s (Goodyear, 2015;
Das et al., 2016; 2017; Dhakal et al., 2017). Here, vy is the shear
rate, defined as:

7=1/(2D: D). (7)

Time Power-law Zero shear Infinite shear Reference Activation
constant index viscosity viscosity temperature energy
S kg/m s kg/m s K K
10 0.4 100,000 100 373 876

Table 1. Non-Newtonian rubber properties
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Also, note that while rubber compounds are indeed viscoelastic
in nature (Manas-Zloczower, 2012; Osswald and Hernandez-
Ortiz, 20006), their viscoelastic response is not taken into ac-
count here in order to reduce the computational complexity in
terms of a tractable solution. Future investigations of par-
tially-filled rubber mixing could include the effect of viscoe-
lasticity into the model.

Due to the non-isothermal conditions, the zero-shear viscos-
ity, Mg, in Eq. 6 is temperature-dependent, and is defined by
using an Arrhenius function as follows:

Ho(T) = Ael(®), (8)

where the material constant, A = 99, 185, activation energy,
E, = 876 K, and R is molar gas constant = 287 J/kg K.

Since the chamber modeled here is partially-filled with non-
Newtonian rubber with the rest of the chamber filled with air, it
is necessary to track the rubber-air interface. This interface is
solved by using the Eulerian-based VOF method. The two dif-
ferent phases (rubber and air) are governed by a single continu-
ity and momentum equation, but the volume fraction (fraction
of the volume of fluid in a cell as a function of the total volume
of cell) of each phase is tracked within each individual cell
throughout the domain. In the absence of any source/sink terms
for the volume fraction evolution, the formulation of VOF is
given by:
ac—m-l—V-VCm:O., 9)

ot
where C,, is the volume fraction of m" phase. Also, mixing
quantities such as length of stretch, cluster distribution index,
cumulative distribution of maximum shear stress are calculated
by injecting a set of massless particles. For tracking the posi-
tions of these particles, an interpolation scheme from the veloc-
ity field has been applied, which is defined as:

dx
dt
where u,, is the particle velocity.

- (10)

4 Computational Model

A commercial CFD software is used to simulate rubber com-
pound mixing in a chamber equipped with non-intermeshing,
two-wing rotors, under non-isothermal conditions. The two
wings are counter-rotating at a constant speed of 20 rpm and
the left rotor rotates in the clockwise direction. The mixing
chamber is partially-filled with Carreau-Yasuda described rub-
ber, with the rest of the volume occupied by air. A total of six
simulations are carried out with different fill factors of rubber
and are presented here. The fill factors are 50 %, 60 %, 70 %,
75 %, 80 % and 90 %. Figure 2 shows how the rubber is initially
filled for the different fill factor cases. Note that the y direction
is considered to be the direction of gravity.

With regard to the mesh, a combination of structured quadri-
lateral and triangular mesh elements that constitute 200,274 in
number is used. To ensure adequate mesh resolution and re-
solve the high velocity gradients, an additionally finer mesh is
created between the rotor tip and chamber wall. This region
does play an important role in the heat generation in such prob-
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lems, which can indeed be analyzed with the non-isothermal
model here. Figure 3 shows the mesh for the entire domain. In
addition, the mesh in the region between rotortip and boundary
wall is also shown in order to indicate the finer mesh resolution
in this critical area. The grid resolution employed for these
simulations was chosen after conducting a mesh-independence
study using three different resolutions as was done in the
authors’ past studies as well (Das et al., 2016; Dhakal et al.,
2017). In addition, the CFD model developed here for par-
tially-filled rubber mixing has been validated qualitatively
and quantitatively with previous experiments (see the authors’
previous studies for a specific description of these validation
studies (Das et al., 2017; Dhakal et al., 2017)).

In order to achieve rotational motion of the rotors, a moving
mesh technique is used. In this technique, the fluid region en-
compassing the rotors rotates, while the rest of the fluid region
stays unmoved. Hence, a direct interface between these fluid

Fig. 2. Initial representation of the different fill factor calculations
presented in this study

Fig. 3. Structured quadrilateral and triangular mesh for the different
parts of the computational domain
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regions is created such that mass can transfer through the inter-
face. The two zones, which are the ones made up of the rotor
and the region between the rotor and the chamber itself, will
move relative to each other along the mesh interface. As the ro-
tor rotates, the implementation does not require node align-
ment along the mesh interface. The Reynolds number, Re is
very small (< 1), owing to the fact that rubber has an extre-
mely high viscosity, implying laminar flow. The momentum
and energy equations are spatially discretised using second or-
der unwinding and temporally discretised using an implicit
first order method. For solving pressure and velocity, a segre-
gated solver is used and the PISO scheme is employed for the
pressure-velocity coupling. An Eulerian multiphase model
based on the volume of fluid (VOF) technique is used to solve
the interface between air and rubber. VOF is a technique that
can track a free surface or an interface between two immiscible
fluids. Here a single set of momentum equations is shared by
the fluids, and the volume fraction of each fluid is calculated
for the entire domain using the VOF transport equation. Its fra-
mework does not require a mesh deformation technique to be
implemented. An implicit formulation is employed for the tem-
poral discretisation of the VOF transport equation and a high-
resolution-interface capturing (HRIC) scheme (Tsui etal.,
2009) is used for spatial discretization. A time step size of
0.0007 s was employed for all the calculations and a residual
criteria of 1073 was used as a convergence criteria.

For performing additional analysis related to distributive
mixing behavior in rubber mixing, a set of 2500 massless parti-
cles is also introduced into the domain after an initial period of
time. Several statistical quantities are computed through the
tracking of these particles. All of these are accomplished via a
one-way coupled discrete phase model (DPM). It is called
one-way because information passes from the flow field to the
particles, but not vice versa. Since the simulations presented
here are transient, a total of 15 revolutions of the rotor or 45 s
of simulation time are presented.

At the initial time, the rubber and air are assumed to be at rest.
With regard to the boundary conditions, a no-slip boundary con-
dition is applied to the chamber and rotor wall boundaries,
which means the fluid on the rotor wall will have the same ve-
locity as the rotor itself, and the fluid on the chamber wall will
have zero velocity. For the thermal boundary conditions, initi-
ally, the temperature of rubber, air, rotor and the chamber wall
are all set to be at 313 K. In the large-scale mixer which is typi-
cally used in the industry, the mixer is continuously cooled by
water or air, and the rate of heat transfer from the polymer melt
to the mixer wall can be controlled by changing the flow rate of
the coolant fluid. Here, it is assumed that the rotor walls are per-
fectly cooled and hence, have a constant temperature of 313 K at
all times during the simulation. On the other hand, since the
polymer melt in the mixer has a very low thermal conductivity,
the heat transfer mechanism is dominated by convection. There-
fore, a convective heat transfer coefficient of 40 W/m? K (Good-
year, 2015) is employed for the chamber wall. The chamber wall
is responsible for suppressing the temperature rise of the poly-
mer by extracting heat generated due to viscous heating and dis-
sipating externally to the coolant fluid. While in reality, this
coefficient might not be a constant for the entire chamber, it is
chosen here as a first approximation towards building a more so-
phisticated model.
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5 Results and Discussion

This section presents results from all the simulations conducted
here. A detailed assessment of the different fill factors is car-
ried out in order to understand specifically their effects on dis-
persive and distributive mixing characteristics. Since the simu-
lations presented are non-isothermal, this section begins with a
presentation of the thermal field.

5.1 Thermal Distribution

As mentioned above, the computations are carried out under
non-isothermal conditions and so it is appropriate to under-
stand the thermal or temperature distribution and even the heat
generation. As the rubber compound considered here is highly
viscous, there is expected to be internal viscous heat dissipa-
tion due to the internal friction of rubber between the different
layers, while undergoing rotating motion. As for the initial con-
dition, temperature of the whole domain is chosen to be 313 K,
representing the rubber to be cold before the start of any rota-
tion. For the present study rubber viscosity is estimated by
the Carreau-Yasuda model (Vingaard et al., 2007), which is
also combined with the temperature dependency (Eq. 8).
Figure 4 shows the evolution of the average temperature
throughout the domain for different fill factor cases with time.
Firstly, as expected, for all the cases, as time increases, the in-
crease in shear results in increase in velocity, and in turn in-
crease in heat generation and temperature. With regard to the
fill factor, the 50 % case has the lowest temperature throughout
the mixing time, whereas the 90 % case has the highest tem-
perature. This is because of the combined effect of velocity
and viscosity that leads to this kind of behavior. So an increase
in the fill factor results in an increased viscous heat generation
and temperature. It is also interesting to note from Fig. 4 that
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Fig. 4. Evolution of the average temperature distribution throughout
the domain with time for the different fill factor cases
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the 50 % and 60 % cases are almost together (at least for most
of the simulation) on the lower end of the spectrum, while the
90 % case is alone at the higher end of the spectrum. The tem-
peratures for the 70 %, 75 % and the 80 % cases are similar to
each other for the entire mixing cycle and are in the middle of
the overall temperature range. Figure 5 presents the evolution
of the average laminar viscosity of rubber throughout the do-
main, with time. There is a consistent reduction in viscosity
with increase in fill factor and this is due to the increased heat
generation resulting from the larger amounts of the rubber in
the higher fill factor cases.
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Fig. 5. Average viscosity distribution throughout the domain with re-
spect to time for different fill factor cases
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From a previous isothermal study of the same research group
(Dhakal, 2016), a 75 % fill factor case showed better dispersive
and distributive mixing characteristics compared to fill factors
such as 45 %, 60% and 90 %, and hence better goodness of
mixing. Hence, it is not surprising that fill factors in and around
the 75 % range (i.e. 70 %, 75 % and 80 % cases here) show a
temperature distribution that is neither too high and neither
too low, all of which is an indication of their higher mixing ef-
ficiency.

5.2 Flow Pattern

Figure 6 shows instantaneous velocity contours of rubber on
the plane after 15 revolutions of the rotors. Note that a volume
fraction of 1.0 represents pure rubber, and the rubber phase ve-
locities are obtained by only selecting those regions where the
volume of fluid >0.5, which is a representation that it is pure
rubber in that cell. Cells that have volume of fluid <0.5 are
not shown in the figure because their represent pure air based
on the criteria used here for post-processing. For all the cases,
as expected, the region around the rotor tips experiences higher
velocity than the rest of the domain. With increase in fill factor,
it can be seen that the area of high velocities keeps increasing,
until the 90 % fill factor case, which shows very high velocities
in the top of the chamber. Also, the 50 % and 60 % fill factor
cases have very low velocities especially behind the rotors tips,
in comparison to the other fill factor cases.

5.3 Rubber Volume Fraction

The volume of fluid (VOF) technique is used in this study to
track the interface between rubber and air. This technique helps
in identifying the computational cells occupied by the rubber
during the simulation. Figure 7 represents contours of the rub-
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Fig. 6. Instantaneous velocity contours of
rubber at t = 45 s, or at 15 rotor revolutions,
for the different fill factor cases
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ber volume fraction for different fill factor cases after 45 s of
simulation time. Again, volume fraction of 1.0 represents pure
rubber. These figures are a visual indication of how the rubber
is distributed in the entire domain.

The volume fraction can also be used as a crude indicator of
the extent of good distributive mixing. For instance, the 50 %
and 60 % fill factor results show a lot of big wide open spaces
(or air pockets) between the rotors. This could possibly result
in lesser shear in order to break down the agglomerates, or in
other words, worse dispersive mixing characteristics compared
to other cases. On the other hand, the 90 % result shows almost
the entire mixing chamber filled with pure rubber, indicating
that there are probably not as much open spaces for the rubber
to get dispersed and distributed. In this respect, the 70 %, 75 %
and 80 % cases qualitatively seem to show best distribution of
rubber, because visually, there seems to be a good number of
air pockets interspersed between the rubber agglomerates.
Again, it should be emphasised that such an analysis is purely
from a visual point of view, and one cannot quantitatively
judge the dispersive and distributive mixing characteristics
based on rubber volume fraction distributions. For this pur-
pose, certain specific statistics need to be analyzed, and these
are discussed in the detail in the next two sections.

5.4 Dispersive Mixing

As mentioned earlier, good dispersive mixing is achieved by
shear and elongational forces present in the mixing chamber.
The shear stress is the primary reason for breaking the agglom-
erates and elongational flow characterizes the flow pattern.
Studies have previously shown that elongational flow is more
effective for agglomerate dispersion in comparison with simple
shear flow (Yang and Manas-Zloczower, 1994). For under-
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Fig. 7. Volume of Fluid (rubber) after 45 s of
running time

standing and quantifying this flow pattern and its dispersion ef-
fects, mixing index and maximum shear stress are presented.

Mixing index is a very common parameter used to quantify
dispersive mixing (Collin et al., 2006; Connelly and Kokini,
2004, 2007; Das et al., 2016; Manas-Zloczower, 1997; Vyakar-
anam and Kokini, 2012). Mixing index can be calculated from
the following equation (Manas-Zloczower, 1997):

)\MZ = .
7]+ |of

Here |Y| and || represent the shear rate and vorticity tensor, re-
spectively. Mixing index ranges from O to 1, with the value of 0
indicating pure rotational flow, 0.5 for simple shear flow and 1
for pure elongational flow. Figure 8 shows the probability den-
sity function (PDF) of mixing index calculated over 45 s of
mixing time. The PDF represents the number of cells through-
out the domain experiencing a value of mixing index within a
certain range. Firstly, from the figure, it is clear that the 50 %
case has the most pure rotational flow compared to all the other
cases. The 80 % and 90 % cases show the best elongation flow
characteristics, whereas the 70 % case shows the best simple
shear flow characteristics. With regard to simple shear flow,
although the 70 % case is the best, all the other cases except
for the 50 % case do perform almost as good. So based on the
premise that elongational components are the more effective
for agglomerate dispersion, the 80 % fill factor case seems to
be the best for dispersive mixing.

While mixing index is one indicator of effective agglomerate
dispersion, it still does not provide any information about re-
gions of high shear that can effectively break the agglomerate
(Avalosse et al., 2005). The distribution of maximum shear
stress (Manas-Zloczower and Cheng, 1996; Yang and Manas-
Zloczower, 1994) is a quantity that can be used to assess disper-
sive mixing, particularly for a shear-driven flow such as the
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problem in the current study with a viscosity of 10° Pa s. To
achieve this, 2500 massless particles are injected into the do-
main after 5 revolutions. The shear stress is calculated at the lo-
cations of these particles over 10 rotor revolutions and using this
data, the cumulative distribution of the maximum shear stress is
determined. In addition to mixing index, an important parameter
that illustrates the dispersive mixing capability is the maximum
shear stress (Manas-Zloczower and Cheng, 1996; Yang and
Manas-Zloczower, 1994), particularly for a shear-driven flow
such as the problem in the current study with a viscosity of
10° Pa s. The higher the shear stress experienced by the ingredi-
ent, the greater is the dispersion. Figure 9 shows the cumulative
distribution function (CDF) of maximum shear stress calculated
over 10 revolutions of the rotors or 45 s of the simulation time.
The way to explain the max shear stress behavior is as follows:
The CDF of maximum shear stress represents the percentage of
particles experiencing a shear stress above a specific value. For
instance, if one considers a reference value of the shear stress
of 20 kPa, the 70 % fill factor case has a CDF value of 70 % at
this max shear stress, which means that this case will have
30% of particles experiencing a shear stress higher than
20 kPa. The corresponding number for the rest of the fill factors
is less, for instance 25 % for the 80 % fill factor case and 10 % for
the 90 %fill factor case. So the further a curve is towards the
right of the plot, the better is its dispersive mixing characteris-
tics. Of course with the assumption of a homogeneous rubber
compound for the material employed in these simulations, there
is really no information about the shear stress needed for ag-
glomerate breakup. If the critical value required for rupture of
filler materials is known, one can determine the number of parti-
cles broken down by shear stress (Avalosse et al., 2005). So
based on an arbitrarily chosen value of shear stress needed for
breakup such as 20 kPa, the 70 % fill factor case displays the
best dispersive mixing characteristics. These trends hold true
for a large part of the range of the maximum shear stress values.
So for a threshold between 10 kPa and 30 kPa, 70 % fill factor
shows the best dispersive mixing. For a threshold shear stress
outside this range, the curves are very close to each other with
no discernible difference between them.

5.5 Distributive Mixing

For good mixing, while the breakup of agglomerates is impor-
tant, the spatial resolution of the broken agglomerates is also
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Fig. 8. Probability density function (PDF) of
mixing index for the different fill factor cases
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Fig. 9. Cumulative distribution of maximum shear stress for the differ-
ent fill factor cases

Fig. 10. Initial position of massless particles as form of cluster

critical. This can be quantified by distributive mixing character-
istics. As the name suggests, it is a process of distributing the
broken particles throughout the domain. In order to calculate
all the statistics that can quantify distributive mixing in this pa-
per, tracking of the 2500 massless particles (used for the maxi-
mum shear stress calculations above) is carried out. Figure 10
shows the initial position of the set of massless particles inside
the domain. As it can be seen in the figure, the particles are in-
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jected in the form of a rectangular cluster. Figure 11 shows the
instantaneous particle positions after 45 s of mixing time for all
the different fill factor cases. Purely by visualization of the parti-
cles, it can be inferred from these figures that the particles are
clustered together to a larger extent for the 50 % and 60 % fill
factor cases whereas there are slightly more open spaces in the
90 % case. The 70 %, 75 % and 80 % cases seem to show the best
distribution of particles visually. This distribution of particles
can in fact be quantified using parameters such as cluster distri-
bution index (CDI), mean length of stretch (LOS) and scale of
segregation (SOS), which are discussed next.

CDI (Connelly and Kokini, 2007) compares the calculated
mixing distribution to the ideal one. The ideal distribution is de-
termined by assuming that the particles are uniformly distribu-
ted throughout the domain, and hence, it is the most optimum
distribution that can be achieved by the mixer. The following
equation is used to calculate CDI (Manas-Zloczower, 2012):

r+Ar/2

f(r) = ﬁ:&r/i +1)3(r's) = / c(r)dr.

r—Ar/2

(12)

Here, f(r) is the coefficient of the correlation function for the
distance between the particle pairs and this represents the
probability of finding a neighboring particle in the range of
r—Ar/2 to r+ Ar/2 of the i particle located at rj. And
Or = 1 represents the fact that the particle is present, otherwise
dr = 0. ¢(r) indicates the coefficient of the probability density
function of the correlation function, f(r). Note that the area un-
der the curve c(r) is a constant. So

I=TImax

Z c(r)Ar=1.
r=0

(13)
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Here, 1, is the largest distance of the domain. So no particle
can be found at a distance greater than r,,,. This means
c(r > rmax) = 0. Hence CDI can be defined as:

€= f(;)o [e(r) — C(r)ideallzdr.
Jo [e(0)igen] dr

Here, c(r) is the calculated distribution, c(r);,,, is the ideal
distribution and ¢ is the CDI, which depends on the initial po-
sition and number of the particles. Initially (at t = 0), while
particles are clustered together € should have a large value.
After a certain period of time, as the calculated distribution
gets closer to the ideal distribution, values of € are expected
to decrease.

Figure 12 shows the evolution of CDI with time for the dif-
ferent fill factor cases. Here, as expected, initially the values
of CDI are higher, and then they decrease with time. The lower
the values of CDI, the better is the distributive mixing behav-
ior. The entire range of CDI values are not shown, especially
during the initial times (t < 10 s), in order to illustrate the be-
havior of CDI when the values between the fill factor cases
are comparable to each other. The peaks found in the curves
are due to stretching and unstretching of the cluster of particles.
From the figure it is clear that the 50 % case has the worst dis-
tributive mixing based on the relatively higher CDI values
throughout the mixing cycle. With regard to the best distribu-
tive mixing from the point of view of CDI, the 80 % and 90 %
cases are quite close to each other, with the 80 % case inching
past the 90 % for t > 25 s.

Along with CDI, another quantity, called SOS introduced by
Danckwerts (1952; 1953), closely describes the mixing behav-
ior. It was used by Tadmor and Gogos (2013) to describe the
texture of the mixing and Connelly and Kokini (2007) to quan-

(14)
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Fig. 11. Distributed particles throughout the
domain after completing 15 revolution rota-
tional motion of the rotors for different fill
factor cases
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tify distributive mixing. SOS is defined by the following equa-
tion:

e
Ly = [ R(r)dr, (15)

/
where

N

S~ X~ %)
R() = (16)
Then

M 2

> (xj —X)
= (17)

Here, R(r) is the coefficient of correlation which measures the
degree of correlation between the concentrations of two parti-
cles separated by a distance r. R(0) = 1 means that the two par-
ticles have the same correlation separated by zero distance. On
the other hand, R({) = 0 means that there is no correlation be-
tween the particles separated by a distance {. Again, x| and x/'
are the concentrations of the i" pair and X is the average con-
centration. M is the total number of particles and N is the total
number of pairs. S? is the variance which is calculated from
the concentration of all the particles. j represents the index of
the particle, and L is the SOS.

The SOS is calculated as follows: After carrying out the fluid
flow and mixing calculation with the particles for a certain peri-
od of time (in this case t = 22 s, chosen arbitrarily), the particles
are tagged according to their current location. So all the particles
in the top half of the chamber are assigned a value of zero,
whereas the particles in the lower half are assigned a value of
1. The calculations are performed further for another 23 s of
simulation time, leading to the now-tagged particles with tags
of either zero or 1, being distributed or segregated throughout
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Fig. 12. Evolution of the cluster distribution index (CDI) with time for
the different fill factor cases
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the domain. With the whole chamber is divided equally by two
portions. Initially a simulation was run for twenty two seconds
to give some time for particles to get distributed throughout the
region. The time period was chosen arbitrarily. After that, the
concentration of the particles that stay in the upper portion were
assigned with the value of zero and the particles that stay in the
lower portion were assigned with the value of 1. So after running
the simulations for a certain period of time, two different types
of particles having two different concentrations will be segre-
gated throughout the domain. Therefore with time, the segrega-
tion will decrease and by tracking the particles, this can be quan-
tified in the form of SOS. The lower the value of SOS, the better
is the distributive mixing.

Figure 13 shows the evolution of SOS with time for the dif-
ferent fill factor cases. As expected, the SOS values are very
high initially, because of the two sets of particles with different
concentrations (of 0 and 1) separated in the upper and lower
portions of the mixing chamber. But with time, they continue
to decrease. For instance, at a time of t = 25 s, the 90 % and
70% cases have the lowest and highest SOS values, respec-
tively. Also, the SOS profiles do display some oscillations, an
indication of the stretching and unstretching of the material. It
is interesting to note that the 80 % case has the least oscilla-
tions. Overall, it is the 80 % case that maintains its low value
mainly because of the lower oscillations compared to the rest
of the cases. Hence, the SOS shows that the 80 % exhibits the
best distributive mixing.

Another quantity that is also considered to quantify distribu-
tive mixing is LOS, defined by Ottino (1989). LOS is the ratio
of the distance between the different particle pairs. This quan-
tity could also be used for determining mixing efficiency
(Manas-Zloczower, 1997). The mean LOS can be expressed
by following equation:

X
Ly,=—, (18)
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Fig. 13. Scale of Segregation with respect to the time for different fill
factor cases
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where, Xy and X, are the distances between the particle pairs at
the beginning of simulation and at time, t, respectively. For any
cluster of particles, it is expected that L, will increase with
time, and the higher the value of LOS, the better is the spatial
distribution.

Figure 14A shows the value of evolution of mean LOS with
time for the different fill factor cases. As expected, LOS values
for all the cases are zero initially and increase with time. The
lowest LOS values during the initial period are not shown in
the figure in order to focus on the mixing behavior in the later
stage of the simulation. It is hard to judge the mixing from the
mean LOS plot, mostly because of the oscillations in all the
curves. The oscillations are again due to the stretching and un-
stretching of the material resulting from the rotational motion.
The 50% case displays the highest magnitude oscillations,
while the 80 % case displays the lowest. So, while the 50 %
case shows high LOS values periodically, indicating better dis-
tributive mixing, it also shows low LOS values during other
periods, suggesting the opposite trend. To obtain a clearer pic-
ture of the LOS behavior, a filtered version of the mean LOS
is introduced and presented here. This filtered form is calcu-
lated by averaging two consecutive values of the mean LOS.
Figure 14B shows the cumulative average of the mean LOS as
a function of time. This curve still displays oscillations, but
with a much lesser magnitude. Again, in this curve the
case 50 % shows the highest magnitude oscillations and hence,
with its display of the lowest LOS values, one can conclude
that the 50 % fill factor case exhibits the worst distributive mix-
ing characteristics. Aside from the 50 % case, and on compar-
ing the rest, it can be seen clearly that the 80 % fill factor case
shows the best distributive mixing with its consistently high
LOS values.

6 Conclusions

Two-dimensional non-isothermal numerical simulations of
rubber mixing in a chamber partially filled with the material,
and equipped with a set of two-wing non-intermeshing coun-
ter-rotating rotors are conducted using a commercial CFD
code. The model developed here assumes that the material is a
highly-viscous Carreau-Yasuda rubber along with a tempera-
ture-dependent viscosity. The main objective of the study was

to comprehensively assess the effects of the different fill fac-
tors on distributive and dispersive mixing characteristics. Fill
factor is the ratio of the volume of rubber to the entire volume
of the mixing chamber as a percentage. Six different fill factors
of rubber are chosen for this study. They are 50 %, 60 %, 70 %,
75 %, 80 % and 90 %. A fill factor of 50 % means that 50 % of
the volume of the mixing chamber is rubber, while the rest,
i.e. 50% is air. Several quantities are presented here to de-
scribe qualitatively and quantitatively the mixing behavior.

The presentation of results begins with a description of the
thermal distribution. Average temperature throughout the do-
main was calculated and shown with respect to time. All cases
showed a temperature increase due to the internal heat dissipa-
tion as a result of the high viscosity of rubber. Understanding
the temperature distribution is critical in such applications, be-
cause of its impact on choice of material for additives and
equipment. Fill factors of 50% and 90 % showed the lowest
and highest temperatures throughout the mixing cycle, respec-
tively, whereas the 70 %, 75 % and 80 % had similar tempera-
tures, that were in between the extremes. Also, flow pattern in
the domain was presented through distributions of velocity
magnitude, which showed that 50 % and 60 % cases had larger
regions with lower velocities compared to other cases. Again,
relative to these extreme cases the 70 %, 75 % and 80 % cases
showed reasonable velocity distributions. In addition, volume
fraction helped identify to the open spaces (or air pockets) in
the domain. Rubber volume fraction contours were presented
to describe visually the impact of the fill factor on the spatial
distribution of rubber.

In order to analyze dispersive and distributive mixing in de-
tail, several statistics, mostly Lagrangian, were calculated and
presented. The first quantity was called a mixing index calcu-
lated to assess dispersive mixing. A probability density func-
tion of the mixing index helped to identify the extent of elonga-
tion components vs. simple shear components vs. plot flow
components. With elongation flow primarily being responsible
for agglomerate dispersion, the 80 % case displayed the best
dispersive mixing characteristics. While mixing index has sev-
eral advantages in terms of its simplicity and ease of calcula-
tion, it still cannot predict the probability of particles going
through those high shear regions. For this purpose, a cumula-
tive distribution of the maximum shear stress was presented
using a set of massless particles injected into the domain. The
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length of stretch and (B) cumulative average
of mean length of stretch, for the different fill
factor cases
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physical significance of this quantity is such that if more parti-
cles experienced a shear stress higher than a specific value,
then the breakup of the agglomerates is easier and more effec-
tive. Results of maximum shear stress distribution showed that
the 70 % fill factor case provided the best results.

Along with breaking up the agglomerates, another factor that
determines the goodness of the mixing is the spatial distribu-
tion of the broken agglomerates. This is referred to as distribu-
tive mixing. Again, several parameters were presented to quan-
tify distributive mixing. CDI or cluster distribution index
quantitatively compared the calculated mixing distribution to
the ideal distribution. The ideal distribution was calculated by
assuming that particles were uniformly distributed throughout
the domain. So a lower value of CDI represented a better distri-
butive mixing ability. CDI showed that the 80 % fill factor case
performed the best. SOS or scale of segregation, another statis-
tic that calculated the separation between tagged particles also
showed that 80 % had the best distributive mixing abilities. Fi-
nally, results of the mean LOS or length of stretch concluded
the same as well.

While the simulations presented here are two-dimensional,
some valuable insights have been drawn with regard to the ef-
fect of fill factor on dispersive and distributive mixing, espe-
cially considering the fact that this study presents the first at-
tempt at comprehensively analyzing fill factor in non-
isothermal partially-filled rubber mixing simulations. Even
though the results do not show a clear winner in terms of mix-
ing efficiency, it can be concluded that in general fill factors
between 70 % and 80 % exhibit the best dispersive and distribu-
tive mixing characteristics combined.
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