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The polymer melt flow in the conveying region of an intermeshing co-rotating twin
screw extruder (TSE) was studied by using a mathematical model. In this model
the mixed finite element scheme was combined with generalized Newtonian 

rheological model to solve governing equations of continuity and momentum in a 3D
Cartesian coordinate system. Because of the complex geometry of the intermeshing 
co-rotating TSE, tetrahedral elements have been used in order to mesh for a complete
modelling. The Picard's iterative procedure was used to handle the non-linear nature of
the derived equations. The modelling is based on a quasi-steady state approach and
therefore, several sequential geometries were selected to demonstrate a complete
screw rotation cycle. In order to find the best optimum size and distribution of the 
elements, two mesh configurations were used with different degrees of refinement. The
accuracy of finite element approximations improved when the mesh refinement was
used for intermeshing and screws tip regions. The applicability of this model has been
verified by comparison of experimentally measured data and simulation results of high
density polyethylene (HDPE) melt. This comparison showed that there is a good 
agreement between the experimental data and model predictions.

INTRODUCTION

Intermeshing co-rotating twin
screw extruders (TSEs) are widely
used in polymer industry to achieve
intensive mixing, compounding,
devolatilization and also reactive
extrusion. The channels of these
extruders have two regions of
transfering and intermeshing. The
mechanism of material transport in
single screw extruders is drag-
induced while intermeshing TSEs
provide a positive displacement in
the flow direction. The flow in the
co-rotating TSE is divided into two
sections: one part remains in the

same screw channel and goes
through the intermeshing region,
while the other part goes into the
adjacent screw channel [1-4]. The
theory of the flow in TSEs has not
been well-developed yet compared
to that of single screw extruders.
The most important features of this
problem include: (1) a complex 3D
flow pattern, (2) unsteady and 
non-isothermal flow regions, (3) a
partially filled flow regime in 
conjunction with free surfaces in
channels and (4) moving bound-
aries. There are multiple parameters
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in TSEs such as screw configuration and geometry,
rotational speed, temperature, and feeding rate and
protocol that affect the operating conditions of these
systems. Therefore, it is difficult to adjust them for
optimization of a particular compounding, blending
and/or a reactive extrusion process. Computer 
simulation is now being widely employed as an
important and robust method for the optimization of
extrusion process [3,5]. 

A literature survey shows that numerical 
techniques such as a flow analysis network (FAN)
[4,6,7], finite element method (FEM) [8-10] and
finite volume method [11,12] have been used for the
simulation of the flow in TSEs. The FEM has a
greater geometrical flexibility than the other 
numerical techniques and various types of boundary
conditions can be applied with the minimum 
computational efforts, as well. There are two
approaches used for the numerical study of the flow
in TSEs. In the first approach that has been used by
Fukuka et al. [6,7] the geometry is simplified and a
model is developed in a 2D framework. The 
governing equations are then solved for unwrapped
channels. The main drawbacks of this approach are
the ignoring of the complex 3D flow domain and the
moving of the screws in the barrel.

Therefore, in the second approach, some
researchers have tried to take the complex 3D 
geometry and flow domain into account. In order to
adopt a 3D modelling by FEM, two types of 
elements, tetrahedral and hexahedral have been used
for discretization of flow path geometry in TSEs. 
Manas-Zloczower et al. [8,9], Lawal et al. [10],
Mours et al. [13] and Ishikawa et al. [14] have 
produced models of the fluid flow in TSEs using
FEM and hexahedral elements. However, with 
geometrical simplification of these elements it is 
possible to mesh the flow path in TSEs, although it
leads to lower accuracy. Tetrahedral elements can
completely mesh the complex geometries and 
therefore Bravo et al. [15], Shah et al. [16], Ishikawa
et al. [17] and Zhu et al. [18] have used these 
elements to simulate TSEs by using FEM. The 
simulation results by tetrahedral elements are more
accurate than hexahedral elements. Nevertheless,
tetrahedral elements cannot be used in conjunction
with reduced methods, e.g., penalty finite element

techniques. Consequently, choosing a proper element
and a numerical method is the most important issue,
because of their computational cost and efforts as
well as their accuracy and reliability of the results. 

It is therefore, the aim and novelty of this study, to
model the flow of polymer melts in the real geometry
of conveying region of an intermeshing co-rotating
TSE using mixed FEM and tetrahedral elements. The
validity of the selected approaches has been verified
for the first time in this work by comparison of the
simulated results with experimentally measured data.
In order to improve the accuracy of finite element
approximations, the mesh refinement has also been
used for small gaps in the flow path (i.e., intermesh-
ing regions and the regions between screws and 
barrel) and the results were compared with that of the
non-refinement state. This modelling which is based
on a quasi-steady-state method has been also used by
Manas-Zloczower et al. [8,9] and Zhu et al. [18]. Due
to the time dependency of flow boundaries, 
several sequential geometries were created to 
demonstrate a complete screw rotation cycle. 

In addition, dispersive mixing in TSEs can be
evaluated on the basis of the simulated flow fields.
There are different parameters that can be used for
this purpose such as shear strain, shear rate, shear
stress, elongational flow and residence time 
distribution (RTD) [3,8,9]. In the present work, we
have adopted the shear rate distribution and its
unevenness in the flow field to evaluate the dispersive
mixing efficiency in the TSE.

Based on the mixed FEM and using tetrahedral 
elements for solving the continuity and momentum
equations in 3D Cartesian framework, the mathe-
matical model was developed. The well-known
Carreau model [19] was also used to reflect the 
rheological behaviour of polymer melts. The main
assumptions made in the development of the present
models are: (i) a laminar polymer flow of an 
incompressible fluid, (ii) a 3D flow in a Cartesian
framework, (iii) negligible body forces, (iv) an
isothermal steady state flow regime and (v) fully
filled TSE channels.  

To examine the validity of the simulation results,
the pressure of polyethylene (PE) melt was measured
at the near of the kneading region (fully filled region).
In the following sections, we first describe the 
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mathematical model and then, the finite element
working equations are introduced. The simulation
results and their comparisons with experimental
results are presented in a separate section, followed by
conclusions.

MATHEMATICAL MODEL

In a 3D Cartesian coordinate system and in the
absence of body force, equations of continuity and
momentum that govern the flow of an incompressible
generalized Newtonian fluid [20] are as follows:

(1)

(2)

where, 
ρ : the material density, 
t  : the time, 
v : the velocity vector, 
p : the pressure and 
τ : the viscous stress tensor. 

The latter parameter is given for a generalized
Newtonian fluid in terms of the rate-of-deformation
tensor Δ by the following relation:

(3)

where, η is shear dependent non-Newtonian viscosity
of the fluid. The rate-of-deformation tensor is
expressed by eqn (4) as follows:

(4)

In the present study, viscosity (η) is selected to be
described by the Carreau model [19] as follows:

(5)

where η0 and η∞ are constant viscosities at zero and
infinite shear rates, respectively, λ0 is a material time
constant known as relaxation time, n is the power-law
index and I2 is the second invariant of the rate-of-

deformation tensor as defined by eqn (6):

(6)

FINITE ELEMENT FORMULATIONS

Different finite element formulations such as mixed
and penalty (continuous and discrete penalty) 
methods have been used by Donea et al. [21], Nasehi
[22], Zienkiewicz et al. [23], and Ghoreishy et al.
[24,25] to solve incompressible non-Newtonian 
equations of continuity and motion. Different 
elements can be used for the discretization of three
dimensional flow domains (e.g., hexahedral, 
tetrahedral and wedge elements). Selection of the type
of an element depends on both, the geometrical 
complexity of the flow domain and its compatibility
with the selected finite element scheme. The geome-
try of the flow domain in TSEs is very complicated
and thus the hexahedral elements cannot be used to
create the finite element mesh, successfully. Our
numerical experiments have shown that the 
tetrahedral elements should be used instead, to 
discretize the complicated flow domain in TSEs [26].  

Although penalty methods are more reliable and
need less computational resources compared to the
mixed methods, their applicability in conjunction
with tetrahedral elements is not guaranteed due to the
difficulty in definition of accurate and proper reduced
points inside the elements. Therefore, in this study we
have selected the mixed method to solve the 
continuity and motion equations. In the mixed finite
element method both velocity and pressure, in the
governing equations of incompressible flow, are
regarded as primitive variables and discretized
unknown functions. The weight residual statements of
the continuity and momentum equations over element
Ωe, in a discretized domain are formulated as follows:

(7)

(8)

where φL and φJ are appropriate weight functions, νo

is the velocity at a previous iteration step to linearize
the convection term in the discretized momentum 
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equation. The most necessary requirement in the
application of the mixed method is the satisfaction of
a stability condition known as the Ladyzhenskaya-
Babuska-Brezzi (LBB) condition. This requirement
arises from the absence of the pressure in continuity
equation. It has been found that the mixed method in
conjunction with elements generating equal 
interpolations of velocity and pressure yield 
inaccurate and oscillatory results. These oscillations
can disappear by elements of Taylor-Hood [21] or
Crouzeix-Raviart families [23]. 

In this study, tetrahedral elements belonging to the
Taylor-Hood family have been used in order to 
satisfy LBB condition. In these elements the velocity
and pressure fields are approximated using bi-
quadratic and bi-linear shape functions, respectively.
Therefore, there are 34 degrees of freedom consisting
of 30 nodal velocity components (corners and 
mid-sides of the element) and 4 nodal pressure 
components (corners of the element). These elements
provide unequal order of interpolations for velocities
and pressure and thus, the discretized velocity and
pressure are expressed in eqns (9) and (10) as follows:

(9)

(10)

(where, m < n)

The working flow equations of the mixed scheme can
be derived in matrix form as given in eqn (11) by 
using the weight residual finite element scheme and
Galerkin method [23] in which the weight and the
interpolation functions are identical:

(11)

where, [k11], [k12], etc. are the submatrices of the
stiffness matrix, {vx}, {vy}, etc. are the sub-vectors of
the vector of unknown function and {F1}, {F2}, etc.
are the sub-vectors of the right hand side vector  [22]. 

Solution Strategy
Using isoparametric mapping, the working equations
of the different schemes were formed into local 
natural coordinate system. The members of the 
sub-matrix and sub-vector were then computed for
each element by appropriate Gauss quadrature
method. The resulting algebraic equations were
assembled into a global matrix and after imposing the
appropriate set of boundary conditions they were
solved by a frontal solution algorithm [27]. The 
presence of the convective terms in the momentum
equations and also dependency of the viscosity on
velocity gradient made the final set of assembled
equations to be non-linear. Therefore, in the present
work, the Picard's iterative procedure [28] has been
used to handle the non-linear nature of the derived
equations. The convergence criterion used in this
work is the same as our previous work [25] which is
given by eqn (12) as follows:

(12)

where Xr
j denotes the field variables (velocity and

pressure components) corresponding to the degree of
freedom j at iteration cycle r and δ is the convergence
to tolerance (e.g., 10-3).

EXPERIMENTAL

Materials
The commercial high density polyethylene (HDPE)
used in this work was supplied by Tabriz
Petrochemical Co. Iran, with the trade name of
HDPE-5218. Table 1 gives the physical and 
rheological properties of the HDPE.

Table 1. Physical and rheological behaviour of the HDPE
melt.
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Figure 1. The conveying region in the TSE used.

RESULTS AND DISCUSSION

A computer programme, based on the above 
mentioned scheme, was developed in FORTRAN and
complied by a COMPAQ Visual Fortran compiler ver-
sion 6.5. This programme was then employed for the
simulation of the flow of a polyethylene melt through

the conveying region of a Brabender laboratory 
intermeshing co-rotating TSE. 

Figure 1 shows a 3D CAD drawn of the screws
configuration in this region. The geometrical 
dimensions of the various parts of the screws and 
barrel are recorded in Table 2. 

As it has already been mentioned in introduction,
due to the moving boundaries of the flow domain, a
quasi-steady state method has been used to 
demonstrate a complete screw rotational cycle. We
have selected 24 consecutive sequential geometries to
simulate a total cycle. Therefore, each sequence 
represents a 15° rotation with respect to its former
screw configuration. 

Figure 2 shows six steps out of the 24 different
geometries. Because of the highly complex shape of
the flow domain, tetrahedral elements were used to
create the finite element mesh in this problem. In
order to find the best optimum size and distribution of 
the elements, two mesh configurations with different
degrees of refinement were used. In the first 
configuration (I), elements with nearly identical size
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Specification Number
of tips

Screw diameter
(D)

Centerline distance
(Lc)

Length of conveying 
elements

Clearance
(δ)

Geometrical values 2 20 (mm) 17.3 (mm) 30 (mm) 0.3 (mm)

Figure 2. Some of the analyzed geometries, (a) θ = 0°, (b) θ = 30°, (c) θ = 60°, (d) θ = 90°, (e) θ = 120° and (f) θ = 150°.

Table 2. Geometry specification of the conveying region in the TSE.

(a) (b) (c)

(d) (e) (f)



have been used for all regions while, in the second
configuration (II), the small gaps have been 
discretized by a relatively finer mesh. The meshes of
the configurations I and II corresponding to the flow
domain at the start of rotation (θ = 0°) are shown in
Figure 3. 

In order to verify the accuracy of our model, the
simulation results were compared with the 
experimentally measured data. The screw speed was
set to 5 rpm and the pressure on the conveying 
elements, close to the kneading disks, were measured
at different screw configurations. We have experimen-
tally found that this region of extruder is fully filled
and the pressure can be measured in this region at low 
screw speeds. 

Figure 4. The instruments setup applied for measuring
pressure.

Figure 4 shows the extruder machine with inserted
transducers that were used to measure the pressure at
conveying region. These transducers could detect the
pressure at every second interval. Therefore, for the
selected screw speed of 5 rpm, the pressure was 
measured at 12 positions of each screw rotation.   

Non-slip boundary condition was assumed for
both screws and the barrel surfaces. The velocities of
screws in conjunction with a fixed barrel were 
selected as the wall boundary conditions. Pre- and
post-processing steps in the present work were per-
formed using an interactive commercial packaged
called Tecplot. 

The comparison of calculated results and 
experimental data for two mesh configurations at
screws speed of 5 rpm is shown in Figure 5. Table 3
also gives the error of the measured pressure for both 

Figure 5. The variation of pressure vs. the position of the
screws.
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Figure 3. Mesh configurations I and II for the flow domain in the TSE.

I II



Table 3. Error percentage for the two configurations studied.

configurations at different screw positions. The error
percentage was calculated according to the following
relation:

The accuracy of the results for the mesh 
configuration II is higher than that of configuration I
and there is a good agreement between the 
experimental data and calculated results with a 

relative error of less than 10% for configuration II.
The discrepancies can be attributed to the nature of
approximation numerical technique and also the error
in pressure determinations. The accuracy of the
results increases by using mesh refinement for small
gaps and thus mesh configuration II was selected for
the simulations. 

The variation of calculated pressure with respect
to the position of the screws for different rotational
speeds has been displayed in Figure 6. As it is
observed, the pressure changes with the rotation of
the screws and two peaks are appeared for pressure at 
different positions of screws.

A similar trend was found for different screw
speeds according to Figure 6. The pressure changes
with rotation of screws and variation of intermeshing
area. The highest amounts of pressure produces in the
intermeshing area since the tips of screws are close to
apex. The variation of pressure with the rotation of
screws from 0° to 180° is similar to 180° to 360°
because of the symmetrical geometry of screws.
Therefore, two peaks are produced due to the 
compression of the polymer melt induced by the
motion of the screw tips toward the apex. In addition,
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Figure 6. The variation of pressure vs. the position of the screws: (a) screws position at
θ = 0° and (b) screws position at θ = 120°.

(a) (b)



the pressure values have been increased with increas-
ing the screw speeds. 

Figure 7 displays the variation of pressure 
distribution of the conveying region at screw position
corresponding to θ = 90° for three screw speeds (10,
30 and 60 rpm). The pressure changes from a very
large positive value on the leading edge to a very large
negative value on the trailing edge. The negative 
pressure is due to the existence of backward flow in
the TSE. 

Figures 8 represents the vx profiles at different
axial distances of conveying region for screw speed of
60 rpm. The fluid undergoes a circular motion at 
intermeshing area and regions between each screw
and barrel. The flow exchanges between the two
screws and thus the flow in axial direction is reduced.
This leads to increase the residence time and mixing
efficiency at the conveying region. In order to 
understand the phenomenon of the axial movement of
the fluid inside the conveying region, the vz contours
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Figure 7. Pressure profiles at θ = 90° and different screw speeds: (a) 10 rpm, (b) 30 rpm and (c) 60 rpm.

(a)

(c)

(b)



at different cross-sections for screw speed of 60 rpm
was considered. These observations are presented in
Figure 9. The maximum values of vz are created in
both the screw tips and intermeshing regions. Also,
the areas of backflow can be observed near the screw
tips at the inlet and outlet regions of the conveying

region (z = 0 and 30). In contrast, a large amount of
forward and backward flows in the z direction was
observed in these sections. The backward flow is 
generated by an abrupt conveying or diverging flow at
the near of screw tips.

The shear rate distribution and its unevenness in
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Figure 8. vx profiles for the geometry of θ = 90° at screw speed of 60 rpm and different axial distances.



the flow field were used for evaluation of the 
dispersive mixing efficiency in the TSE. Figure 10
displays the shear rate profiles at different axial 
distances of the conveying region for screw speed of

60 rpm. As it is observed, the maximum values for
shear rate are created in both the intermeshing region
and between the screws and barrel regions. Therefore,
these regions have important role in dispersive mixing 
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Figure 9. vz profiles for the geometry of θ = 90° at screw speed of 60 rpm and different axial distances.



Figure 10. Shear rate profiles for θ = 90° at screw speed of
60 rpm and different axial distances.

of the TSE used. Maximum shear rate of 1000 s-1 has
also been calculated at the intermeshing region when
z is equal to 4.

CONCLUSION

Combination of a mixed finite element method and
tetrahedral elements gave rise to a robust scheme for
the simulation of the flow of polymer melts in the
complex geometry of the conveying region of 

intermeshing co-rotating TSEs. The flow field 
variables can be predicted in complete screw rotation
cycle using the quasi-steady state method.
The comparison of the calculated results and 
experimental data confirm the ability of the model 
in predicting the flow field variables. The shear 
rate distribution can also be employed for the evalu-
ation of mixing efficiency in different regions of
TSEs. 
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