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Multiphase fows and mixing in partially flled conveying elements of twin-screw extruders (TSEs) were simulated by using
smoothed-particle hydrodynamics (SPH). A validation of SPH using experiment from the literature for a co-rotating twin-cam
mixer indicated good agreement. A two-phase Poiseuille fowwas also used to validate the accuracy of our approach.Te results of
two-phase fow in TSE show that the viscosity ratio signifcantly afects the fow and mixing of two-phase fuids. Te symmetry of
fow feld is broken with diferent parameters. In the full flled case, the pressure squeezes particles into the gap, which is conducive
to improve the performance of mixing of fuids. On the contrary, in the partially flled case, because there is no background
pressure, particles tend to bypass the gap and fow to the cavity of the chamber. Tis work laid a foundation for further study of
polymer blending by simulation.

1. Introduction

Multiphase fow phenomena can be frequently found in
variety of nature and industrial processes, such as sedi-
mentation processes in rivers [1], casting [2], and screw
extrusion [3].

As excellent mixing equipment, co-rotating, inter-
meshing twin screw extruder is widely used in polymers,
food, and pharmaceutical industries. Multimaterial fows
and mixing with sharp immiscible interfaces often occur in
TSE in processing operations. In addition, some complex
situations also need to be considered, such as complex
geometry, non-Newtonian fuids, and partially flled
regions.

Te early simulation technology for twin screw extrusion
mainly refers to the one-dimensional (1D) analysis method
based on lubrication theory [4]. In this method, the extruder
is unwound along the channel, and only the mean value of
parameters along the axial can be obtained. In recent de-
cades, numerical analysis technology has achieved un-
precedented improvement with the rapid progress of
computer technology. Among them, the representative

computational fuid dynamics (CFD) methods, such as fnite
diference (FD) [5], fnite element method (FEM) [6, 7], and
fnite volume method (FVM) [8], have been widely used in
the simulation of screw extrusion. Because FD needs
structured grids and FEM and FVM adopt structured grids,
unstructured grids, or hybrid grids, the latter two are mostly
used in the current commercial software, such as Polyfow
and Fluent (both are integrated in Ansys). At present, the
method for handling complex geometry with rotating
boundaries is very mature, for example, the MST (mesh
superposition technique) [6, 7]. For mesh-based methods, to
track the interface between phases, some special techniques,
such as the volume-of-fuid (VOF) and level-set method, are
required [9, 10].TeVOFmethod is robust, but the captured
interface usually spans several grid cells. In level-set method,
the interface can be sharply captured, but there is a problem
in mass conservation [11]. Because of the limitation of the
mesh-based methods, the current researches mainly focus
on the mixing of a single fuid, which means the fuid mixes
with itself [7]. Based on the above reason, the current
characterization of dispersive mixing mainly adopts the
microscopic imaging technology or calculation of mixing
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index, which includes some information of extensional
stress and shear stress [12].

In recent years, a meshless method, smoothed-particle
hydrodynamics (SPH), is attracting an increasing attention
of scientists and engineers [13–15]. For its excellent adaptive
property, it is very suitable for simulating complex fow, such
as a free surface fow or multiphase fow [16–18]. So far, SPH
has been used to study the fow and mixing in screw ex-
trusion.Te early research studies mainly focused on how to
improve SPH in the following aspects: calculation accuracy,
stability, boundary treatment, and computational efciency
[19–23]. Recently, some researchers tried to promote more
in-depth application of SPH in the feld of extrusion. For
example, Khinast and his co-workers investigated the
pressure build-up, power consumption, dissipation, and
distributive mixing behavior using SPH [24, 25]. Te most
current research studies attempted to use SPH to simulate
a free surface fow in TSE and mainly aimed at single-phase
fow [19–26].

In this work, we studied multiphase fow and mixing in
TSE by using SPH. Full flled and partially flled models were
both studied. Te governing equations and SPH method are
introduced in Sections 2 and 3, respectively. In Section 4, the
SPH simulation is validated against the mixing experiment
performed by Avalosse and Crochet [27]. In Section 5, a two-
phase Poiseuille fow is also used to test the algorithm. In
Section 6, we analyze the two-phase fow and mixing in
a TSE. Te conclusions are presented in Section 7.

2. Governing Equations

TeNavier–Stokes equations written in Lagrangian form are
given by

Dρ
Dt

� −ρ∇ · v,

Dv
Dt

� −
1
ρ
∇p +

1
ρ
∇ · τ + F.

(1)

Here ρ, v, p, and F are the density, velocity vector,
pressure, and a body force, respectively. τ is the shear tensor;
τ � 2με − 2/3μ(∇ · v)I, ε � 1/2[∇v + (∇v)T].

3. SPH Method

Te basic principle of the SPH formulation is the kernel
approximation of a function f which represents a feld
variable defned over a support domain of a particle [14]. It
can be written as
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where mj and ρj are the mass and density of particle j. ri and
rj represent position of particles i and j, rij � ri − rj. Wij �

W(ri − rj, h) is the kernel function, and h is the smooth
length to determine the size of the support region.

In this work, the cubic spline kernel with compact
support of 1.2 h has been used [28].
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where R � |ri − rj|/h, the normalisation constant αd = 15/
(7πh2) in two-dimension (2D), and αd = 3/(2π)h

3 in three-
dimension (3D).

For incompressible fuids, the SPH form of the mass and
momentum conversation equations for particle i is [29]
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where the quantity ∇iWij is the gradient of the kernel, vi

denotes the velocity of particle i, vij � vi − vj, and μ is dy-
namic viscosity coefcient.

An artifcial density difusion term is added to the RHS
of equation (4) to improve accuracy. It is written as

2ξhc
N

j�1
ρi − ρj 

rij · ∇iWij

r2ij + 0.01h
2

mj
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, (6)

where coefcient ξ � 0.1 is used.
A quasi-compressible approach is used to calculate the

pressure directly from the density using an equation of state
[30]:

p � B
ρ
ρ0

 

β

− 1⎡⎣ ⎤⎦ + p0, (7)
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where ρ0, ρ0, c, and p0 are the density, reference density,
sound speed, and background pressure, respectively.
β � 7, B � c2ρ0/β.

Usually, a criterion to estimate sound speed c is needed
to satisfy [29]

c
2 ≥

1
δ

V
2
0,
]V0

L0
, FL0 , (8)

where V0, ], and L0 are the velocity scale, kinematic vis-
cosity, and length scale, respectively. δ � 0.01 indicates that
the density fuctuation is less than 1%.

Te governing equations are integrated in time using
a two-stage symplectic method [31]. Te time step is con-
trolled by three stability constraints: the CFL condition,
mass force term, and viscous difusion term [26].
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]
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A dynamic boundary condition was used to treat the
complex surfaces of wall boundary [32]. Te boundary
particles satisfy the same equations of continuity and state as
the fuid particles, but their positions remain unchanged or
externally imposed (moving objects like screws). Tis
boundary method has two signifcant advantages: it is very
suitable for irregular boundaries and it simplifes the code.

4. Experimental Validation

In order to validate the method to simulate the mixing in
complex machinery, we simulated the mixing experiment of
Avalosse and Crochet for a co-rotating twin-cammixer [27].
A diagram of the twin-cam geometry is shown in Figure 1.
Te fuid in the experiment was a Newtonian aqueous so-
lution of glucose, with a viscosity of 50 Pa·s and a density of
1500 kg/m3. Te speed of counter-clockwise rotating cams is
0.5 rpm, yielding a Reynolds number of the order of 0.001.

Te left column of Figure 2 shows four snapshots of the
experiment by Avalosse and Crochet during the counter-
clockwise rotation of the co-rotating twin-cammixer for one
revolution. Te middle and the right columns of Figure 2,
respectively, show the FEM simulation by Avalosse and
Crochet and SPH simulation by us. Te computational
domain in SPH consists of 54891 fuid particles and 55583
boundary particles. All particles are arranged in a regular
manner. Reference [22] provides a detailed description of
how to convert a mesh into particles. 2175 tracer particles are
selected as shown in Figure 2(a). Unlike the FEM method,
the tracer particles here are real fuid particles that can be
selected in postprocessing software, such as ParaView.
Pawlowski found that if the Re< 40, the fow feld does not
depend on the viscosity value in another similar mixer
(single screw extruder) [33]. Robinson also reported that
because the time scale of the viscous forces is so small
compared with the rotating cams, the viscosity has little or
no impact on the solution [34]. In order to speed up the

calculation, the viscosity in the SPH simulation is set to 10−4

of that in the experiment. By comparing the snapshots in
Figure 2, the SPH simulation is in good agreement with the
experiment and FEM simulation results. As the cams rotate,
the tracer particles are divided into two parts by the lower tip
of the left cam and the top of the right cam, as shown in
Figure 2(b). Subsequently, as they approach the wall, the
velocity decreases and they are stretched into the shape of
tails. After one revolution, the two parts of particles mix
again at the center.

5. Numerical Validation: Two-Phase
Poiseuille Flow

As shown in Figure 3, a two-phase Poiseuille fow is per-
formed to study the algorithm’s ability to simulate two fuids
of diferent viscosity [35]. Te computational domain
consists of 3159 fuid particles and 648 boundary particles.
Like the single-phase case, two-phase fuids are driven to
fow along a 2D channel by a body force Fx � 10m/s2. Te
fow is centered at y� 0, and the density and the width of the
two phases are equal in this work (ρ�1 kg/m3,
H1 �H2 �H� 1m). μ1 � 3 Pa·s; μ2 � 9 Pa·s. Periodic bound-
aries are imposed in x direction, and the length is L� 2H.
Since Reynolds number is very low (less than 0.13), it is
unidirectional laminar fow.

Te analytical solution for velocity in each phase is [35]
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(10)

Figure 3 also shows the velocity distribution for the fully
developed two-phase Poiseuille fow. Unlike the single-
phase case, the velocity profle is not symmetric about the
center of the channel, which is the interface between the two
phases. Figure 4 shows the comparison of SPH results with
the analytic solution. Te velocity is normalized using the
velocity at the center of the channel. Te relative error in the
average velocity is less than 1%.

48 mm

60 mm 45 mm

Figure 1: Geometry of twin-cam mixer.
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6. Numerical Results: Two-Phase Flow and
Mixing in a TSE

In an industrial co-rotating TSE, numerous screw element
types are used, such as conveying element, kneading elements,
and specifc mixing elements, which are designed to improve
the quality of mixing. In order to simplify the problem, we
choose the screw conveying element as the research object and
assume the fow being Newtonian and isothermal.

Figure 5 shows the geometry of the screw conveying
element, which is defned by these parameters:

Number of fights: 2.
Outer screw diameter: 60.0mm.
Center distance C� 50.0mm.
Screw-barrel clearance δ1� 1.0mm (barrel diameter
D� 62mm).
Screw-screw clearance δ2�1.0mm.

Table 1 shows the simulation condition for the cases that
will be discussed below. Both full flled cases and partially
flled cases were studied. In SPH, when starting the simu-
lation, the screws are suddenly rotating at a speed, and the
fuid is suddenly pushed from a stationary state. Sometimes
(depending on the actual parameters), local cavities may
appear, especially in the full flled cases. Terefore, for the
full flled cases (case 1 and case 2), a background pressure
(p0 � 2000 Pa) is needed to prevent the particles from
clustering to form cavities. For the partially flled cases (case
3 and case 4), p0 � 0 Pa. Te rotational speed of screws is
60 rpm.

(a)

(b)

(c)

(d)

Figure 2: Comparison of experiment by Avalosse and Crochet [27] (left column), FEM simulation by Avalosse and Crochet [27] (middle
column), and SPH simulation (right column) during the counter-clockwise rotation of the co-rotating twin-cam mixer for 1 revolution. (a)
0°. (b) 120°. (c) 240°. (d) 360°.
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Figure 3: Velocity distribution for the fully developed fow.
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Te viscosity of fuids in real extrusion, such as polymers
and foods, is usually very high (up to 104 Pa·s and sometimes
even higher), which will lead to extremely small time steps.
On the other hand, in order to improve the calculation
accuracy, according to Wittek et al.’s suggestion [21], the
initial particle spacing (dx) is set to 0.25mm to ensure that
there are at least 4 layers of particles in the clearance. Tus,

nearly 10 million particles will be produced with this res-
olution (see Table 1). It will make the calculation extremely
time-consuming (usually in months), even if a parallel SPH
algorithm is used [22]. Robinson made a detailed analysis
about the efect of viscosity on the calculation [34]. For the
very low Reynolds number (much less than 1) in extrusion,
the time scale of the viscous forces is very small compared
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Figure 4: Velocity profle along channel compared with analytical solution.
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Figure 5: Geometry of the model. (a) Top view of 3D screw conveying element. (b) Cross section of the screw conveying element.

Table 1: Simulation condition.

Case no State
μ dx ρ0 n p0 c Re Number of particles

Pa·s
mm kg/m3 rpm Pa m/s — Total Fluid Boundary

Fluid 1 Fluid 2

1 Full flled 1 1

0.25 1000 60
2000

20 <3.9
9,990,642 8,824,766

1,165,8762 3 1
3 Half flled 1 1 0 5,563,596 4,397,7204 3 1
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with the rotating screws, itmeans that the viscous forces have
sufcient time to equilibrate the stress feld with the moving
of the screws. Tus, if the Reynolds number is very low (<40
by our tests), the viscosity can be reduced without afecting
the transport of the fuid. In this work, small viscosities of
two-phase fuids are used to speed up the integration. As
shown in Figure 6, it is assumed that two-phase fuids in-
cluding fuid 1 (in red) and fuid 2 (in blue) are fed into the
chamber at t= 0 s. In case 1 and case 3, µ1 = µ2 = 1 Pa·s, in
which there is actually only one phase fuid. In case 2 and
case 4, µ1 = 3 Pa·s and µ2 = 1 Pa·s. For the simulation of
multiphase fow, if the density ratio or viscosity ratio is very
large (more than 10), numerical instabilities of the standard
SPH will become even more serious. Fortunately, the actual
viscosity of the two phases is usually very close, which is
more conducive to obtain a fne dispersed phase morphology
[36]. Terefore, considering the stability of the algorithm, it
is reasonable to select the viscosity ratio of 3.

Sometimes, some particles may penetrate the solid
boundary because the pressure cannot balance the viscous
force. In Eitzlmayer and Khinast’s work, an additional re-
pulsive force is applied in the solid boundary [20]. In our
recent work, we solved it by setting a higher sound speed
[23]. It means that a higher value than that obtained by
equation (8) is used. Finally, by some numerical experi-
ments, a sound speed of 20m/s is set for both cases.

Te time step (dt� 3.75×10−6 s) is obtained by equation
(9). Te Reynolds number of the 3D screw conveying ele-
ment Re � nD2ρ/μ, whereD is the barrel diameter. Te body
force F is 0N.

For the periodicity of the geometry, periodic boundary
condition is applied in the axis direction. As mentioned in
Section 2, the dynamic boundary was used to treat wall
boundary. Te boundary and the fuid particles are arranged
in a regular manner. Te initial arrangement of particles was
elaborated in detail from 2D and 3D perspectives in
reference [22].

Figure 7 shows the comparison of axial velocity in the
cross section of the full flled twin screw element during
a quarter rotation between case 1 and case 2. Te color scale
ranges from 0m/s (blue) to +0.15m/s (red). An axial velocity
of 0m/s (green) is observed at the walls and also at the
rotating screws due to wall adhesion. Moreover, the fow
velocities in the intermeshing region are higher than those in
the channel. Obviously, two-phase fow breaks the symmetry
of velocity distribution. For example, in case 2, the maxi-
mum velocities in the right part of the channel are smaller
than those in the left part of the channel. On the contrary, in
case 1, the maximum velocities in the left part of the channel
are very close to those in the right part.

Figure 8 shows the results of mixing after one rotation,
which takes case 2 as an example. For a 3D case, in order to
see clearly the internal mixing efect, we select 5 cross
sections of the element with equal spacing perpendicular to
the Z axis. Te thickness in the Z-axis direction is set to be
3mm.

n

n

fuid 1
fuid 2

Figure 6: Two-phase fuids in the full flled twin screw element at
t� 0 s.

0 0.037 0.075 0.11 0.15

Axial velocity (m/s)

(a) (b)

Figure 7: Comparison of axial velocity in the cross section of the
full flled twin screw element during a quarter rotation between case
1 and case 2 (clockwise rotation) (case 1 results are on the (a); case 2
results are on the (b)).

6 International Journal of Chemical Engineering



0.05

0.04

0.03

0.02

0.01

0

Y 
A

xi
s

Z Axis

X Axis

X Axis

Y 
A

xi
s

Z Axis

-0.01

-0.02

-0.03

-0.04

-0.05
0.05

-0.05

-0.05

-0.04

-0.02

0.02

0

0.04

0.05

0.05 0
0.05

0.1

0.1

-0.1

-0.1

0

0

0

Figure 8: Te 5 cross sections of the element with equal spacing perpendicular to the Z axis for the results after one rotation.

(a) (b)

Figure 9: Comparison of the particle distribution after one rotation between the results of case 1 and case 2 corresponding to the 5 sections
in Figure 8 ((a) and (b) correspond to case 1 and case 2, respectively).
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Figure 10: Continued.

8 International Journal of Chemical Engineering



Figure 9 shows comparison of the particle distribution
after one rotation between the results of case 1 and case 2
corresponding to the 5 sections in Figure 8.Te left and right

columns correspond to the results of case 1 and case 2,
respectively. It can be found that after one rotation, the
particles are mixed locally for both cases. Tere is no

0 0.037 0.075 0.11 0.15

Axial velocity (m/s)

(i)

Figure 10: Distributions of particles in a half flled conveying element at diferent angles in one rotation (clockwise rotation) (results of case
3 are in the left column; results of case 4 are in the right column). (a) 0°. (b) 45°. (c) 90°. (d) 135°. (e) 180°. (f ) 225°. (g) 270°. (h) 315°. (i) 360°.

0 0.037 0.075 0.11 0.15

Axial velocity (m/s)

(a) (b)

Figure 11: Axial velocity in the cross section of a half flled conveying element during a quarter rotation (clockwise rotation) (results of case
3 are in the (a); results of case 4 are in the (b)).
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signifcant diference in the mixing efect between the two
cases, but the results of case 1 (single-phase fow) show
locally better than those of case 2 (see the results in the frst
row and the ffth row in Figure 9). Grace showed experi-
mentally that independent of fow type, the minimum
critical capillary number (Cacrit) for droplet breakup is
found to be around a viscosity ratio of 1 [12]. It also explains
that the single-phase fow with viscosity ratio of 1 between
fuid 1 and fuid 2 is more conducive to mixing than the two-

phase fow in this work. Furthermore, it can be predicted
that with the increasing of rotations, the diference will be
more obvious. 10 million particles would cause a huge
amount of calculation, and thus we only calculated one
rotation.

Figure 10 shows the distributions of particles in the half
flled conveying element at diferent angles in one rotation
for case 3 and case 4. In partially flled cases, the particles
rarely enter the gap between the screw and the barrel, which

(a) (b)

Figure 12: Te top view of particle distribution after 3 rotations between the results of case 3 (a) and case 4 (b).

(a) (b)

Figure 13: Comparison of the particle distribution after 3 rotations between the results of case 3 and case 4 corresponding to 5 sections
shown in Figure 8 ((a) shows the results of case 3; (b) shows the results of case 4).
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is diferent from the full flled cases. It is because in the full
flled cases, the pressure will press particles into the gap.
Obviously, in this work, the particle fuidity in case 3 (single-
phase fow) is better than that in case 4 (two-phase fow). It is
because in case 4, fuid 1 (3 Pa·s) has a higher viscosity than
fuid 2 (1 Pa·s). It also can be found from Figures 10(c)–10(e)
that the velocities in the bottom of the left chamber are close
to 0m/s. In the partially flled cases, the maximum velocity
appears not only in the intermeshing region but also in the
area close to screw fight. It demonstrates that for a partially
flled case, the fuid is mainly conveyed under the drag of
screw and barrel, while in a full flled case, there is additional
efect of pressure pumping.

Figure 11 shows the axial velocity in the cross section of
the half flled conveying element during a half of rotation
(clockwise rotation). In general, the velocity distributions of
the two cases are similar. However, the position of the
maximum velocity in the intermeshing region is diferent.
As mentioned earlier, two-phase fow breaks the symmetry
of fow feld. It also can be found from that the velocities in
the bottom of the left chamber are close to 0m/s.

By observing the mixing processes of case 3 and case 4 in
3 rotations, we found that the diference in viscosity of the
two phases is very unfavorable for their mixing, and even
some particles would gradually splash out. Figure 12 shows
the top view of particle distribution after 3 rotations between
the results of case 3 (the left column) and case 4 (the right
column). Obviously, in the upper left region of the right
fgure, a number of red particles have been stripped out. In
addition, the interface of the two phases in the right fgure is
also more irregular compared with the left fgure.

Figure 13 shows the comparison of the particle distri-
bution after 3 rotations between the results of case 3 and case
4 corresponding to the 5 cross sections shown in Figure 8.
Obviously, there are longer two-phase interfaces in case 3
than in case 4. Some red particles spread out in case 4. In
addition, due to the absence of background pressure in the
partially flled case, the particles are more inclined to bypass
the gap between the two screws.

7. Conclusion

In this work, we used the SPH method to simulate multi-
phase fow and mixing in a conveying element of a co-ro-
tating twin-screw extruder. Te fow and mixing of two-
phase fuids with diferent viscosity ratio in a full flled or
partially flled extruder were studied. We provided a detailed
analysis of multiphase fow in a 3D TSE. A two-phase
Poiseuille fow was used to validate the efectiveness of SPH.
Te SPH results showed good agreement with the analytical
solution.

SPH is very suitable for simulating multiphase fow in
complex industrial machinery. Due to the diferent pa-
rameters of the two-phase fuids, the symmetry of the fow
feld in the TSE is broken.Te diference of viscosity between
multiphase fuids is not conducive to blending. Because the
particles can bypass the gap, the mixing efect in partially
flled cases is not as good as that in full flled cases. For the

latter, particles are forced into the gap (especially the gap
between screw and screw), which is very conducive to
mixing.

In addition, in real polymer extrusion, the heat generated
by viscous dissipation within gap cannot be ignored.
Moreover, the actual polymer melt is a non-Newtonian fuid.
To ensure the calculation accuracy of fow and heat transfer
in clearance, a high resolution (small initial particle spacing)
is needed. Because very narrow clearance exists in extruders
and particles are uniformly arranged in the entire compu-
tational domain in the standard SPH, a high resolution will
lead to a huge computational cost. Tis is a limitation of the
current algorithm. Terefore, it is very necessary to develop
a particle refnement SPH method in the future.
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