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AbstractThe twin cam mixer (TCM), as a general-purpose mixer, shares many attributes in common with 3D
industrial mixers, like the internal mixer. We investigated the mixing process in a 2D TCM with two identical isosceles
triangular cams rotating at 0.5 rpm. A 2D numerical model coupled with the species transport model was employed to
study the influence of cam height-base ratio and eccentricity qualitatively and quantitatively, and both were found to
have a significant effect on the mixing behavior of the mixer. Furthermore, a dimensionless parameter, named the
modified pressurization coefficient, is put forward to quantify the geometry of the mixer. The logarithmic relationship
between the modified pressurization coefficient and the mixing quality was discovered and expected to provide new
ideas for establishing the relationship between the geometric parameters of a mixer and its mixing performance.
Keywords: Twin Cam Mixer, Mixing Process, 2D Numerical Model, Species Transport, Pressurization Coefficient

INTRODUCTION

Mixing is a common process in fields such as pharmaceutical,
chemical and food processing. Whereas the quality of mixing is
fundamental to guarantee the desired properties of products [1],
much research effort has been devoted to describing and under-
standing the mixing process for several decades. During the mix-
ing process, the fluid flow can be distinguished to laminar flow,
transition flow, and turbulent flow based on the Reynolds num-
ber (Re). For the mixing of highly viscous materials (e.g., dough,
plastic and rubber), which is dominated by the laminar flow, mix-
ers with the ability to generate vigorous advection are necessary.

So far, many mixing devices have been designed, which can be
divided into two categories: dynamic and static. One of the most
common static mixers is the tubular flow reactor where liquid is
mixed owing to the turbulent character of a liquid flux fed into it
[2]. However, dynamic mixers are more widely used in industry and
come in many varieties, such as vibromixers (mixers with recipro-
cating discs) [3], agitated vessels with rotational impellers, and rotor-
stator mixers [4]. The twin cam mixer (TCM) belongs to rotor-sta-
tor mixers and is equipped with two cams as rotors. The liquid inside
a TCM is mixed mainly due to the property of stretch and fold,
which makes TCM suitable for mixing highly viscous materials.
Furthermore, TCM is a general-purpose mixer that shares many
attributes in common with 3D industrial mixers [5]. It is compara-
ble to a 2D cross-section of internal mixer and twin screw extruder
(TSE), which are both commonly used for processing highly vis-
cous materials. Therefore, a substantial amount of investigation on

TCM has been conducted. Avalosse and Crochet [6] first studied a
TCM equipped with equilateral triangular cams experimentally and
numerically. Their numerical results exhibited a good correspon-
dence with the experimental counterpart. The flow in an identical
TCM was also simulated by Bertrand et al. [7], employing a ficti-
tious domain method and a mesh refinement technique. To ana-
lyze the mixing in the TCM, Robinson et al. [8] and Eitzlmayr et
al. [9] presented a Lagrangian method called smoothed particle
hydrodynamics (SPH). With the method, Robinson et al. [5] explored
the influence of cam geometry and operating conditions on the
mixing in the TCM. It is noteworthy that when studying the effects
of cam geometry, they concentrated on three different geometric
variations (see Robinson et al. [5]) instead of building a relation-
ship between a specific geometric parameter and the mixing per-
formance. In addition, Liu et al. [10] and Chen et al. [11] investigated
the fluid flow in the mixers comparable to a cross section of TCM.
To the best of the authors' knowledge, all the existing research on
TCM does not involve cam height-base ratio and eccentricity, and
it is for the first time that the effects of the two parameters on the
mixing process are considered.

A good understanding about the mixing capability of mixers
based on their geometric shapes is important to predict mixing pro-
cesses and design or optimize mixers [12]. The identification of
suitable geometries for mixers to achieve well-mixed products has
attracted increasing attention. Thus, a large amount of literature con-
cerning the influence of mixer geometry on mixing performance
can be found. For example, Salahudeen et al. [13] and Chen et al.
[11] conducted a comparative study of the mixers in terms of rotor
cross section. Luo et al. [14] and Xu et al. [15] compared the mix-
ing performance of a non-twin screws extruder (NTSE) with that
of a traditional TSE. Apart from rotor cross section, other design
variables, e.g., stagger angle [16-18], tip clearance [19] and tip angle



Mixing process in a Twin Cam Mixer 553

Korean J. Chem. Eng.(Vol. 38, No. 3)

[20,21], were also investigated by some as the impact factors of
mixing process. From these studies, it can be found that the mix-
ing capability of a mixer is largely determined by the geometry of
its mixing elements.

To understand the mixing capability of mixers, experimental
analyses of the flows in mixers are usually performed with the aid
of tracers. Carneiro et al. [22] carried out flow visualization stud-
ies on the flow patterns in a TSE through injecting a tracer into the
mixing field. Visualization studies were also conducted by Avalosse
and Crochet [6] to evaluate the mixing process in a TCM. Some
tracers with special properties can be adopted to conduct specific
experiments. Zhang et al. [17,23,24] used a fluorescent tracer to
measure residence time distribution (RTD) in a TSE. Shearer and
Tzoganakis [25-28] adopted a reactive tracer to investigate the dis-
tributive mixing in a TSE.

Although the experimental investigation technique is common
in evaluating the mixing capability of mixers, it is time-consum-
ing and expensive [29]. In recent years, with the rapid develop-
ment of the computational technology, numerical simulation has
become a powerful tool to get local and detailed information of
mixing processes [1,30-32]. For mixers with constant cross sec-
tions, a simplified 2D model can be applied to simulate flow in the
mixing field owing to similar flow patterns and mixing processes.
Connelly et al. [33-35] utilized a 2D finite element method to exam-
ine the mixing capability of single- and twin-screw mixers. 2D flow
in single- and twin-screw extruders was also simulated by He et al.
[36] with a fictitious domain method. Cheng and Manas-Zloczower
[37] employed 2D analysis to study the flow patterns in a Banbury
mixer. They found that the results of the analysis agreed well with
experimental observations. In the numerical study on TCM, Avalosse
and Crochet [6] introduced simplifications to reduce actual 3D
flow to 2D counterparts, and the numerical results exhibited a good
correspondence with their experimental counterpart.

The aim of this paper was to investigate the mixing process of
two initially stratified miscible fluids in a 2D TCM with triangular
cams rotating at 0.5 rpm. At first, by comparing the simulated mix-
ing process in a TCM with the experimental results from Avalosse
and Crochet [6], the 2D numerical model and species transport
model were validated. Then, the mixing mechanism in TCM was
explained with a selected case. Subsequently, using the two mod-
els validated above, the influence of cam height-base ratio and eccen-
tricity on the mixing process was investigated qualitatively and
quantitatively. Finally, a dimensionless parameter, namely the modi-
fied pressurization coefficient, determined by cam height-base ratio
and eccentricity, was proposed to characterize the mixing effi-
ciency in TCM. This paper gives an insight into the mixing pro-
cess in TCM and provides new ideas for establishing the relationship
between the geometric parameters of a mixer and its mixing per-
formance.

NUMERICAL SIMULATION METHODS

1. Mixer Geometry
A schematic of a 2D TCM geometry is shown in Fig. 1, which

consists of an 8-shaped cavity formed by two cylinders housing two
triangular cams that co-rotate around the two centers of the cylin-

ders (Prl and Prr represent the left and right centers, respectively).
The distance (a) between the two centers is 48 mm. The diame-
ters (d) of the cylinders are both 60 mm. The triangular cams con-
sidered in this study are isosceles. h and b are the height and base
of the cams, respectively. The height-base ratio (r) is defined as the
ratio of h to b. As shown in Fig. 1, Pcl and Pcr represent the cen-
troids of the left and right cams, respectively. The eccentric dis-
tance (E) is the distance between the center of the cylinder and the
centroid of the cam therein. The eccentricity (e) is defined as the
ratio of E to the radius of the cylinder. The (x, y) coordinate sys-
tem is shown in Fig. 1. The origin of the coordinate system is
located at the center of the cavity.

In this paper, the fluid mixing in the 2D TCM as a function of r
and e was studied. For the purpose of case study, r and e varied in
a certain range without structure interference taking place during
the rotation of the cams. To compare the mixing processes fairly,
the area of the cams was kept constant so that the area of the fluid
domain could remain unchanged. As noted above, isosceles trian-
gular cams are considered here, so the cams can be determined
for a given r. The case study with varying r and e is presented in
Section MIXING RESULTS.
2. Mathematical Model

In this study, the two-phase miscible, incompressible, and iso-
thermal flow in the 2D TCM was simulated. The flow in the cal-
culation domain was described by the governing equations, including
the continuity and momentum, which could be given as: [38]

(1)

(2)

where  is the fluid density, u is the velocity vector, p is the fluid
pressure, t is time,  is the viscous stress tensor and F is the source
term.

A species transport model was applied to solve the mass frac-
tion evolution of two miscible fluids in the 2D TCM. The conser-
vation equation of species i could be given by: [30]

(3)

where fi and Dm refer to the local mass fraction of species i and the

Continuity: 
t
------   u  0

Momentum: 
t
---- u     uu      p      F 


t
---- fi     fiu     Dmfi  

Fig. 1. Schematic of a 2D TCM.
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mass diffusion coefficient, respectively.
3. Numerical Details

The two miscible fluids employed by Avalosse and Crochet [6]
in their experiment were both aqueous solutions of glucose (with
a spot of glucose colored) that was a Newtonian fluid with a vis-
cosity of 50 Pa·s and a density of 1,500 kg/m3. In this study, the
two fluids, Liquid 1 and 2, with identical properties were adopted
in all simulations. Liquid 1 and 2 (see Fig. 2) were initially strati-
fied at the interface located along the line x=0 and fully occupied
the left and right cylinders, respectively, under the initial condi-
tions. As depicted in Fig. 2, the internal surface of the cavity was
set as a stationary no-slip wall boundary. The two cams of the TCM
were considered as rotational rigid bodies here and their outside
surfaces were defined as moving no-slip walls. Similar settings of
boundary conditions can be found in other literature [10,39]. In
addition, the two cams co-rotated counter-clockwise at 0.5 rpm,
which yielded a Reynolds number on the order of 0.001. Hence,
the laminar model was used to simulate the flow field in the TCM.

As mentioned above, Liquid 1 and 2 had the same properties;
thus a numerical study was conducted based on the following as-
sumptions:

• Chemical reactions did not take place between the two fluids;
• There was no interfacial tension between the fluids;
• Buoyant mixing did not occur due to the same density of the

two fluids, and the gravity was ignored here.
In this study, the commercial software ANSYS Fluent 19.0 was

employed to solve the above-mentioned equations. In all simula-

Fig. 2. Initial interface, boundary conditions and meshes of simula-
tions (r=0.866, e=0).

Table 1. Geometric parameters of TCM for the mesh independence
study
Parameters Values
Base, b (mm) 40
Height, h (mm) ~34.64
Height-base ratio, r ~0.866
Eccentricity, e 0
Cam area, Scam (mm2) ~692.82

Fig. 3. Variation of velocity (a) and mass fraction of Liquid 2 (b) with respect to the revolutions of the cams (r=0.866, e=0).

tions, the semi-implicit method for pressure linked equations (SIM-
PLE) algorithm was adopted to couple pressure and velocity. The
second-order upwind scheme was used for the spatial discretiza-
tion of the momentum and species, and the second-order implicit
scheme for the transient formulation. The spatial discretization
methods of PRESTO and least squares cell based were used for
pressure and gradient, respectively. In addition, the time step (t)
was set to 0.2 s, which corresponded to 0.6o rotation of the cams.
4. Mesh Independence Study

In this study, the dynamic mesh scheme is required due to the
constantly varying shape of the computational domain. In the
dynamic mesh scheme, the re-meshing and smoothing procedures
were adopted to update the grids. For smoothing procedure, the
Spring method was adopted. The convergence tolerance was set to
0.001 and the maximum iteration per time step was 20. For re-
meshing procedure, the methods of local cell and region face were
adopted. The threshold of cell skewness was set to 0.6 to avoid
excessive deformation of the grid cells. The re-meshing interval
was set to 50. According to ANSYS Fluent Users’ guide, [40] only
triangular mesh can be remeshed by Fluent in 2D simulation. Hence,
triangular meshes (see Fig. 2) were adopted for meshing the com-
putational domain.

A mesh independence study was performed using a TCM
equipped with equilateral triangular cams. The geometric parame-
ters of the TCM are listed in Table 1. Note that the cam area (Scam)
in our work was equal to that of the mesh independence study,
that is, approximately 692.82 mm2. The simulation results with three
mesh sizes (x), namely 0.1, 0.2, and 0.4 mm, were compared. To
reduce the computational cost, the simulations stopped when the
revolutions of the cams reached 4, which was sufficient for the mesh
independence test. The velocity (u) and mass fraction of Liquid 2
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(f2) were sampled at a point (Pr) located on the right of the right
cam (see Fig. 2) corresponding to the coordinates of (0, 52 mm).

Fig. 3 presents the variations of the velocity and mass fraction
of Liquid 2 at Pr with respect to the revolutions of the cams (N)
obtained with three different mesh sizes. The velocity profiles (see
Fig. 3(a)) indicate that the predicted velocity with mesh size x of
0.4 mm was already mesh independent, because the results obtained
with three mesh sizes almost overlapped. Also, the relatively large
initial velocity was due to the unstable initial conditions. Shortly
afterwards, the predicted velocity varied periodically with respect

Table 2. Computational parameters and costs at N=4 for different cases
Mesh size,
x (mm)

Time step,
t (s)

Revolutions
of the cam, N

CPU, core
count

Computational
time (day)

0.1 0.2 4 4 10
0.2 0.2 4 4 03
0.4 0.2 4 4 01

Fig. 4. Comparison of mass fraction contour with experimental
snapshots of the tracer by Avalosse and Crochet [6] during
the rotation of the triangular cams for 0-5/3 revolutions (r=
0.866, e=0).

Fig. 5. Comparison between present simulation results and experi-
ment results regarding the length of interface during the rota-
tion of the triangular cams for 0-5/3 revolutions (r=0.866, e=0).

to the revolutions of the cams, from which it can be concluded that
the change of mesh sizes due to the dynamic mesh scheme has
insignificant effect on the simulation results. On the other hand, it
can be observed that the results regarding the mass fraction of
Liquid 2 obtained with the mesh sizes of 0.1 and 0.2 mm (see Fig.
3(b)) are nearly identical, with an error smaller than 3%, while the
results obtained with the mesh size of 0.4 mm have distinct differ-
ence from those derived with the mesh size of 0.1 mm, with the
maximum error around 16%. Accordingly, the mesh size (x) of
0.2 mm was selected to guarantee the accuracy of simulations and
reduce the computational cost. The computational costs at N=4
for three cases are listed in Table 2.
5. Validation of Numerical Model

To assess the reliability of the present numerical model, the sim-
ulated results were qualitatively and quantitatively compared with
the work of Avalosse and Crochet [6] in which tracer spreading
was observed through visualization experiments at different revo-
lutions of the cams. The same geometric conditions (r=0.866, e=
0) and settings as those experimentally undertaken by Avalosse
and Crochet [6] were employed. The details on the experiments
can refer to the literature. As shown in Fig. 4, the tracer mass frac-
tion contours predicted by the present numerical model (in the
right column) and the experimental snapshots from Avalosse and
Crochet [6] (in the left column) were compared every 1/3rd revo-
lution of the cams. The comparison proves that the predicted tracer
mass fractions are consistent with the tracer patterns for varying
revolutions. Moreover, the length of interface between fluids with
and without the tracer was adopted for quantitative verification. At
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first, the experimental snapshots shown in Fig. 4 were processed to
calculate the tracer edge length as the length of interface through
the software Matlab. Then, the length of interface from the pres-
ent simulation was calculated by Fluent. Finally, a quantitative com-
parison between numerical and experimental results was conducted
and shown in Fig. 5. A good agreement with an error smaller than
10% can been found between the two groups of results. In sum-
mary, the present numerical model is reliable for studying the
mixing process in TCM.

QUANTITATIVE MIXING

For the quantitative assessment on the impact of cam height-
base ratio (r) and eccentricity (e) on the mixing process, three dimen-
sionless parameters--the mixing quality (), the mean mass frac-
tion of Liquid 1 in the left cylinder (flavg) and the length stretch
()--were adopted. The mixing quality, a usual parameter to esti-
mate the degree of mixing, [41,42] is defined as:

(4)

where 2 is the variance of mass fraction distribution and 2
max is

the maximum variance. In this study, 2
max is 0.25 under the sym-

metrical initial conditions as shown in Fig. 2. In Eq. (4), =1
means that the two fluids are homogeneously mixed, while =0
the two fluids are segregated. The magnitude of the variance of
mass fraction distribution (2) can be calculated by solving the
mean squared difference of the mass fraction at every mesh node
from the average mass fraction [42] or using the cell area weighted
method [41]. Here, since the meshes vary as the cams rotate, the
latter method was chosen and the calculation is given as:

(5)

where Aj is the area of jth cell, A is the total area of the whole
computational domain, n is the total number of cells in the whole
computational domain, f1j denotes the mass fraction of Liquid 1 in
the jth cell, and favg is the mean mass fraction of Liquid 1 in the
whole computational domain. As noted, Liquid 1 and 2 occupy
the left and right cylinders, respectively, under the initial condi-

tions, so favg=0.5 throughout the course of simulations.
To qualify the efficiency of mass transfer between the two cylin-

ders, the mean mass fraction of Liquid 1 in the left cylinder (flavg)
was employed and given as:

(6)

where Ak is the area of the kth cell in the computational domain
of the left cylinder (hereinafter referred to as “the left domain” for
short), Al is the total area of the left domain, m is the total num-
ber of cells in the left domain, f1k denotes the mass fraction of Liq-
uid 1 in the kth cell of the left domain.

In the laminar regime, stretch is a key operation to promote
mixing [43]. The length stretch () is a normalized parameter to
estimate the extent of stretch and defined as:

(7)

where lt is the length of interface between two fluids at time t, and
l0 denotes the initial length of interface. In the following investiga-
tion, the interface is located where the mass fraction of Liquid 1 is
0.5 and l0=36 mm (see Fig. 2).

MIXING RESULTS

In this section, the results of the 2D simulation of the mixing
process in a TCM equipped with isosceles triangular cams are pre-
sented. Firstly, some flow simulations are presented and employed
to discuss the mixing mechanism. Secondly, the impact of cam
height-base ratio and eccentricity on the mixing process is illus-
trated. Finally, a relationship between the mixing performance and
a dimensionless parameter determined by r and e is given.
1. Mixing Mechanism

To determine the mixing mechanism in a TCM with triangu-
lar cams, the mixing progress at the early stage when the interface
between Liquid 1 and 2 is clear should be investigated. In this work,
the geometric parameters of TCM are identical to those in the mesh
independence test (see Table 1).

Fig. 6 presents the mixing process in TCM from 0 to 5/12 revo-
lutions of the cams. At N=0, the two liquids are segregated left
and right with a clear interface. With the rotation of the cams, the

 1 


2

max
2

----------


2

  
i1

n Aj f1j   favg 2

A
--------------------------------------

flavg  
k1

m Akf1k

Al
----------------------

  
lt

l0
---

Fig. 6. Mass fraction contours of Liquid 1 for 0-5/12 revolutions of the cams (r=0.866, e=0).
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interface becomes curved and obviously longer when N=1/12. As
the cams rotate for 2/12 revolutions, two convex-shaped structures
are separately located at A and B, indicating macroscopic mass
transfer existed between the two cylinders. Liquid 1 is transported
from the B to the right cylinder, while Liquid 2 is transported in
reverse from A to the left cylinder. As the rotation of the cams
continues, due to the distinct difference between velocity of fluids
near the tips of the cams and the internal wall of the cavity, the
two convex-shaped structures are stretched out to two sharp angles
at N=3/12. Then, at N=4/12, the two sharp angles continue to be
stretched longer and turn into two strips. In addition, the upper
side of the strip below is disturbed by the left bottom tip of the
right cam and becomes concave. As the cams keep rotating, at
N=5/12, the strip above is further stretched, whereas the strip
below becomes gradually narrower and is being folded at C. The
mixing process in a TCM with triangular cams is basically domi-
nated by three primary mixing mechanisms: macroscopic mass
transfer between the two cylinders, stretch and fold.

A thorough study on the causes inducing the three primary mix-
ing mechanisms was conducted here. The flow path lines are col-
ored by the magnitude of velocity (u) at different revolutions of
the cams are obtained in Fig. 7. As expected, the velocity of the
fluid near the cams, especially the tips of the cams, is greater than
that of the fluid near the internal wall of the cavity. In all results,
some flow path lines colored by green, which corresponds to a
velocity of 0.6 mm/s, run through the whole mixer along the inner
wall of the cavity, which contributes to the macroscopic mass trans-
fer between the two cylinders as described above. Furthermore,
several vortexes caused by large velocity gradients can be observed
near all the tips of the cams. The vortexes, which are also called
secondary flows, can lead to the stretch and reorientation of the
interface [41] as demonstrated in Fig. 6, which will further enhance
the mass transfer between the two liquids. The stationary points in
the flow field are among the most important features to investi-
gate the dynamical behavior of fluids. The stationary points are
defined by a zero velocity of the fluid [44] and the fluid near sta-

tionary points has a reduced velocity [5]. As shown Fig. 7, the sta-
tionary points are marked with black solid dots. At N=2/12 or 4/
12, there is a stationary point at the center of the mixer, but at
N=1/12 or 3/12, there are two stationary points near the center of
the mixer. The cause for this phenomenon is that when a tip of
either cam appears at the center of the mixer, it and its adjacent
vortex will divide the stationary point into two and keep them
away from the center of the mixer, which, to some extent, will
avoid the formation of the dead zone.
2. Effects of Cam Height-base Ratio

To investigate the impact of the cam height-base ratio (r) on the
mixing process in a TCM with triangular cams, the eccentricity (e)
was kept constant and set to 0. The simulation results with r vary-
ing from 0.7 to 1.4 at an interval of 0.1 were compared with those
obtained in the mesh independence test with r=0.866 and e=0. To
compare the mixing processes fairly, all the simulations were ter-
minated when the revolutions of the cams (N) reached 10.

Instantaneous mass fraction distributions of Liquid 1 with r=
0.7, 0.866 and 1.4 are shown in Fig. 8. In all simulations, Liquid 1
and 2 were initially segregated in the left and right cylinders,
respectively. The mass fraction distributions at N=0 are therefore
not given here. At N=1/3, in all the three cases, Liquid 2 moves to
the left cylinder through the middle-upper part of the cavity while
Liquid 1 moves to the right cylinder by the middle-lower part of
the cavity, enabling the exchange of liquids between the two cylin-
ders. However, with r=1.4, the exchange is significantly more intense
than that in the other two cases. This is probably attributable to
different sweep ranges of the cams, and the cams with r=1.4 have
distinctly larger radial sizes in comparison with those with r=0.7
or 0.866. At N=2/3, the mass transfer between the two cylinders is
further increased. With r=1.4, Liquid 2 begins to occupy the lower
part of the left cylinder, and conversely, Liquid 1 starts to fill the
upper part of the right cylinder. However, with r=0.7 or 0.866,
Liquid 2 only reaches the upper left part of the left cylinder and is
squashed into a shuttle-shaped region, and at the same time, Liq-
uid 1 is stretched into a striation at the lower right part of the right

Fig. 7. Flow pattern for 1/12-4/12 revolutions of the cams (r=0.866, e=0).
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cylinder. In addition, slightly more liquids are transported with
r=0.7 than those with r=0.866. At N=1, with r=1.4, some of Liquid
1 transported to the right cylinder returns to the left one, whereas
some of Liquid 2 transported to the left cylinder goes back to the

right one, which induces the circulation of the two liquids in the
mixer. Besides, the interfaces between the two liquids begin to
interact with each other. With r=0.7 or 0.866, the liquids trans-
ported to the other of the two cylinders are stretched into narrow

Fig. 8. Mass fraction evolution of Liquid 1 with different height-base ratios at e=0.

Fig. 9. Effects of height-base ratio on the mean mass fraction of Liquid 1 in the left cylinder at e=0 ((a) r varies from 0.7 to 0.866, (b) r varies
from 0.866 to 1.4).
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striations, which is conducive to mixing. At N=2, interaction among
the interfaces takes place with r=0.7 and 0.866, but partial mixing
can be observed with r=1.4, which might be caused by the contin-
uous interaction of interfaces. As N=5, noticeable mixing can be
found with r=0.7 and 1.4, whereas isolated regions can be found
adjacent to all sides of the cams with r=0.866. When N is up to
10, non-uniform regions exist in spite of further mixing for all
simulations. With r=0.7 and 0.866, the liquid near internal wall of
the cavity is almost unmixed due to the large gap between the
cams and the internal wall of the cavity. In addition, with r=0.866,
the mass fraction distribution at the isolated regions is nearly the
same as before. With r=1.4, there are four regions of inconsistent
mass fraction distribution near the two cams, because the large
radial sizes of the cams lead to the extremely small gap between
the cams and the internal wall of the cavity and might dampen
the mass transfer of liquid on both sides of the cams.

Fig. 9 presents the variations of the mean mass fraction of Liq-
uid 1 in the left cylinder (flavg) regarding the revolutions of the
cams (N) with different r. For a constant r, flavg decreases rapidly
along with the increase of N in the initial stage. Then, flavg starts to
fluctuate around a constant value and the amplitude of the fluctu-
ation decreases gradually, rotation of the cam continues. The fluc-
tuation is caused by the cycling of the unmixed liquid in the mixer.
When part of unmixed Liquid 1 moves from the left cylinder to
the right one, flavg decreases from the maximum to the minimum.
When part of unmixed Liquid 1 moves from the right cylinder to
the left one, flavg increases from the minimum to the maximum.
The greater the deviation between r and 0.866 is, the more drastic
is the fluctuation and thereby the stronger is the macroscopic mass
transfer between the two cylinders. In addition, the greater the
deviation between r and 0.866 is, the faster the is decline of flavg is
at the beginning. As r varies from 0.7 to 1.0, the closer r is to
0.866, the higher the value flavg fluctuates around is due to the iso-
lated regions adjacent to the sides of the cams noted before. With
r=0.866, flavg fluctuates around 0.6, which is higher than that of all
other cases.

A plot showing the variation of the length stretch () which is
dependent on the revolutions of the cams when r=0.7 and e=0 is
presented in Fig. 10. Obviously,  initially increases along with the
increase of the revolutions of the cams (N). Approximately after
N=1.3,  fluctuates irregularly but maintains an upward trend on

Fig. 10. Variation of the length stretch with respect to the revolu-
tions of the cams (r=0.7, e=0).

Fig. 11. Effect of height-base ratio on the length stretch at e=0 ((a) r varies from 0.7 to 0.866, (b) r varies from 0.866 to 1.4).

the whole. The reason behind the phenomenon is that there is no
interaction among the interfaces before N=1.3 and the interaction
of the interfaces takes place after N=1.3. In the plot, the interface
without and with interaction in TCM can be observed at N=1
and 1.5, respectively.

Fig. 11 shows the variations of  with different r and N in the
range of 0 to 1, which is sufficient to determine the efficiency of
stretching in the mixer. In all cases,  generally increases as N in-
creases from 0 to 1. However, with r=1.4,  suddenly decreases when
N approaches to 1 due to the interaction of the interfaces, which
agrees with the observation in Fig. 8. As shown in both Figs. 11(a)
and (b), the closer r is to 0.866, the more slowly  increases, thus
the lower is the efficiency of stretching.

The mixing quality () with respect to the revolutions of the
cams (N) at different r is plotted in Fig. 12. As can be anticipated,
with a given r,  rises relatively fast at the beginning and then the
upward trend slows. At a constant N,  generally increases with
the increase in the deviation between r and 0.866. However, 
with r=1.4 is lower than that with r=1.2 and 1.3 when N>5, which
might be caused by the large radial size of the cams dampening
the mass transfer of liquid on both sides of the cams. In addition,
 reaches the maximum, that is, approximately 0.9, with r=1.3
and N=10. In summary, the cam height-base ratio (r) has consid-
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erable influence on the mass fraction distribution, length stretch
and mixing quality thereby affecting the performance of TCM.
3. Effects of Cam Eccentricity

In this section, the effects of the cam eccentricity (e) on the
mixing process in TCM are studied. In all cases investigated here,

the height-base ratio (r) was kept as 0.866 (as a result of the equi-
lateral triangular cams). The simulation results with e varying from
0.3 to 0.2 at an interval of 0.05 were obtained and all the simula-
tions also terminated at N=10.

Instantaneous mass fraction distributions of Liquid 1 with e=

Fig. 12. Effect of height-base ratio on the mixing quality at e=0 ((a) r varies from 0.7 to 0.866, (b) r varies from 0.866 to 1.4).

Fig. 13. Mass fraction evolution of Liquid 1 with different eccentricity at r=0.866.
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0.3, 0 and 0.2 are shown in Fig. 13. At N=1/3 to 1, the exchange
of liquids between the two cylinders with e=0.3 and 0.2 is
noticeably more than that with e=0. Moreover, at N=1, the inter-
faces in the mixer with e=0.3 or 0.2 have interacted with each
other, while the interaction of the interfaces does not occur yet
with e=0. At N=2 to 10, for all simulations, mass fraction distribu-
tions of Liquid 1 become increasingly homogeneous, and the mix-
ing rates with e=0.3 and 0.2 are significantly higher than that
with e=0. Furthermore, at N=10, the heterogeneous regions in the
mixer with e=0.3 or 0.2 have almost disappeared, whereas this is
not the case with e=0.

Fig. 14 shows the variation of the mean mass fraction of Liquid
1 in the left cylinder (flavg) with respect to the revolutions of the
cams (N) with different e. For a given e, flavg decreases sharply with
the increase in N at the beginning. Subsequently, flavg begins to
fluctuate around a certain value and the amplitude of fluctuation
decreases gradually as the rotation of the cams goes on. The fluc-
tuation is also due to the circulation of the unmixed liquid in the
mixer as mentioned above. However, the amplitude of fluctua-
tions in all cases is similar; thus e has little effect on the fluctua-
tion of flavg. The greater the deviation between e and 0 is, the faster
is the decrease of flavg at the beginning. With e=0.05, 0 and 0.05,
the value that flavg fluctuates around is larger than 0.5 due to the
isolated regions mentioned before. Especially, with e=0, flavg fluctu-
ates around 0.6, which is the highest in all cases.

Fig. 15 presents the variation of  with different e and N vary-
ing from 0 to 1. In all cases,  generally increases with the increase
of N from 0 to 1. However, when e is 0.2, 0.15 or varies from 0.3
to 0.15, the fluctuation of  occurs before N=1 due to the inter-
action of interfaces. The closer e is to 0, the more slowly  increases,
thus the lower the efficiency of stretching is.

The mixing quality () with respect to the revolutions of the
cams (N) with different e is illustrated in Fig. 16. As expected, for
a given e,  rises rapidly in the initial stage, and then the upward
trend slows. At a constant N,  generally increases with the in-
crease in the deviation between e and 0. In addition, when e=0.3
and N=10,  is around 0.95, which is closest to 1 among all simu-
lations here. Accordingly, the cam eccentricity (e) also has signifi-
cant effect on the performance of TCM.
4. Geometry Quantification of TCM

To characterize the rotor in a continuous mixer, Manas-Zlo-
czower and Tadmor [45] proposed a dimensionless parameter called
the pressurization coefficient (S):

(8)

where , c, h0, and H0 refer to the leading face angle, the tip width,
the minimum and maximum clearances between the rotor and

S  

1 
h0

H0
------

 
 

2

1  2c
h
---    

h0

H0
------ 
 

2
tan

-------------------------------------------

Fig. 14. Effects of eccentricity on the mean mass fraction of Liquid 1 in the left cylinder with r=0.866 ((a) e varies from 0.3 to 0, (b) e varies
from 0 to 0.2).

Fig. 15. Effect of eccentricity on the length stretch at r=0.866 ((a) e varies from 0.3 to 0, (b) e varies from 0 to 0.2).
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the inner wall of cavity, respectively. The derivation process of Eq.
(8) can be seen in Ref. [45]. The larger S is, the more materials will
undergo the shear and elongational flow near the cam tips, which
is conducive to dispersive mixing [11].

In a continuous mixer, the rotor usually consists of two identi-
cal wing tips; it is sufficient to consider only one tip in implement-
ing the geometry quantification of the rotor. However, the three
tips of a triangular cam are probably not the same, so all the three
tips should be taken into consideration. Since a larger S indicates a
stronger mixing ability [11], the maximum of three pressurization
coefficients corresponding to three tips is obtained to quantify the
triangular cam in a TCM. Furthermore, note that the tip width of
the triangular cam is 0, so the middle term of the denominator in
Eq. (8) is removed here. On this basis, the modified pressuriza-
tion coefficient (Sm) used for the triangular cam is defined as:

(9)

where h1, h2 and h3 denote the clearance between the three tips
and the inner wall of cavity, H1, H2 and H3 refer to the maximum

Sm   max
1 

h1

H1
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1 
h1

H1
------

--------------, 
1 

h2

H2
------

1 
h2

H2
------

--------------, 
1 

h3

H3
------

1 
h3

H3
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--------------

 
 
 
 
 

Fig. 16. Effect of eccentricity on the mixing quality at r=0.866 ((a) e varies from 0.3 to 0, (b) e varies from 0 to 0.2).

Fig. 17. Modified pressurization coefficient with respect to height-
base ratio and eccentricity.

Fig. 18. Mixing quality at N=10 with respect to modified pressur-
ization coefficient.

clearances between the inner wall of cavity and three leading faces
(namely three sides of the cam) corresponding to three tips.

The modified pressurization coefficients (Sm) for all cases inves-
tigated in the previous two sections are calculated and presented
in Fig. 17. When r and e are given, Sm can be determined. It can
be found that the minimum Sm is obtained when r=0.866 and
e=0. When r=0.866, the greater the deviation between e and 0 is,
the larger is Sm. Similarly, when e=0, the greater the deviation
between r and 0.866 is, the larger is Sm. Based on the conclusions
of the previous two sections, it can be inferred that the larger Sm is,
the better is the mixing performance, which agrees with Ref. [11].
To clearly determine the relationship between the modified pres-
surization coefficients (Sm) and the mixing performance of a TCM
equipped with triangular cams, the mixing quality at N=10 (N=10)
for all cases studied in the previous two sections except that with
r=1.4 and e=0 was obtained. As described in Section Effects of
cam height-base ratio, the mixing quality () with r=1.4 and e=0
is not as good as theoretically predicted and there still exist unmixed
regions at N=10 because the relatively large radial sizes of the
cams might dampen mixing. The variation of N=10 with respect
to Sm is plotted in Fig. 18, in which the optimal structure with
r=0.866 and e=0.3 and the reference structure with r=0.866 and
e=0 are marked. As expected, N=10 generally increases with the
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increase in Sm. The following logarithmic form is achieved by non-
linear fitting of these data (see Fig. 18):

(10)

The coefficients of the correlation (Eq. (10)) are determined by the
Levenberg-Marquardt (L-M) algorithm, which works well in most
cases and serves as a standard to nonlinear least square routines.
In addition, the 95% confidence interval of the correlation is also
shown in Fig. 18.

To verify the applicability of Eq. (10), the results of Sm in four
cases with r=1.0 and e=0.1, r=1.0 and e=0.1, r=0.7 and e=0.2,
r=0.7 and e=0.2, respectively, were obtained and shown in Fig. 18.
Data points corresponding to the four cases are near the fitting
curve. In addition, the errors between simulated N=10 (sim) and
N=10 calculated by the correlation (cal) in the four cases are listed
in Table 3, which are close to or less than 5%. Therefore, the cor-
relation can be used to predict the mixing performance in a TCM
with two identical isosceles triangular cams. The correlation is
applicable when a TCM works with a rotation speed of 0.5 rpm, a
cam height-base ratio of 0.7-1.3, an eccentricity of 0.3-0.2, and
two fluids with a viscosity of 50 Pa·s and a density of 1,500 kg/m3

fully occupy the left and right cylinders, respectively, in the initial
conditions.

CONCLUSIONS

The mixing process of two initially stratified miscible fluids in a
2D TCM with two identical isosceles triangular cams moving at
0.5 rpm was investigated through a verified 2D numerical model.
This study shows that flow circulation running through the whole
mixer along the inner wall of the cavity contributes to macroscopic
mass transfer; several vortexes near all the tips of the cams leading
to the stretch and reorientation of the interface were also observed.
The influence of cam height-base ratio (r) and eccentricity (e) was
studied. The qualitative and quantitative results both indicate that
the two geometric parameters have a significant effect on the mix-
ing behavior of the mixer. In general, the closer r is to 0.866 or e is
to 0, the worse mixing performance a TCM has. A modified pres-
surization coefficient (Sm) determined by r and e was proposed,
and a logarithmic relationship between the mixing quality () and
Sm was discovered, which provides an idea for establishing the
relationship between the geometric parameters of the mixer and
its mixing performance. It is hoped that the validated computa-
tional methods and models could be used to simulate the mixing
process of similar mixers with different conditions (e.g., a higher
rotating speed, non-Newtonian fluids) in the future.
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NOMENCLATURE

a : distance between the centers of the cavity cylinders [m]
A : total area of the whole computational domain [m2]
Aj : area of jth cell [m2]
Ak : area of kth cell in the computational domain of the left cav-

ity cylinder [m2]
Al : total area of the left domain [m2]
b : base of the cams [m]
c : tip width of cam [m]
d : diameters of the cavity cylinders [m]
Dm : mass diffusion coefficient [m2/s]
e : ratio of E to the radius of the cavity cylinder
E : distance between the center of the cavity cylinder and the

centroid of the cam at the same side [m]
f1j : mass fraction of Liquid 1 in jth cell
f1k : mass fraction of Liquid 1 in kth cell of the left domain
f2 : mass fraction of Liquid 2
favg : mean mass fraction of Liquid 1 in whole computational

domain
fi : mass fraction of the species i
flavg : mean mass fraction of Liquid 1 in the left cavity cylinder
F : source term [N/m3]
h : height of the cams [m]
h0 : minimum clearances between the rotor and the cavity wall

[m]
h1, h2, h3 : clearance between the three tips and cavity wall [m]
H0 : maximum clearances between the rotor and the cavity wall

[m]
H1, H2 H3 : maximum clearance between the cavity wall and three

leading faces [m]
l0 : initial length of the interface [m]
lt : interfacial length between the two fluids at time t [m]
m : total number of cells in the left domain
n : total number of cells in computational domain
N : revolutions of the cam
p : fluid pressure [Pa]
Pcl : centroid of the left cam
Pcr : centroid of the right cam
Pr : sampling point located at (0, 52 mm)
Prl : center of left cavity cylinder

N10   0.48058 Sm  1.0162ln

Table 3. The errors between simulation N=10 and N=10 predicted by the correlation

Cases r e Sm
Simulation
N=10 (sim)

N=10 calculated by
the correlation (cal)

Errors
(|simcal|/sim)

1 1.0 0.1 0.552 0.766 0.731 4.6%
2 1.0 0.1 0.808 0.896 0.914 2.0%
3 0.7 0.2 0.800 0.911 0.909 0.2%
4 0.7 0.2 0.776 0.849 0.894 5.3%
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Prr : center of left cavity cylinder
r : cam height-base ratio
S : pressurization coefficient
Scam : cam area [m2]
Sm : modified pressurization coefficient
t : time [s]
t : time step [s]
u : magnitude of velocity [m/s]
u : velocity vector [m/s]
x : mesh size [m]

Greek Letters
 : mixing quality
 : length stretch
 : leading face angle
 : fluid density [kg/m3]
2 : variance of mass fraction distribution
2

max : the maximum variance
 : viscous stress tensor
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