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Abstract
The relationship between the mixing performance in extrusion and the process conditions is of great
importance but is never easy to establish. Although experimental prototyping of mixing equipment
provides insight into the mixing process, it is too time consuming and cost prohibitive to fully optimize the
geometry and the process itself. Alternatively, numerical methods can be used to provide more detailed
information on the mixing flows to alleviate the problems with experimental modeling.
The Boundary Element Method is an alternative technique which offers the possibility of modeling
complex systems since it requires only the discretisation of the model boundaries. In this paper, we
examine the use of a Boundary Element Method (BEM) model to predict the dispersive mixing
performance of Maddock-like mixing heads on single screw extruders. We use this method to calculate the
flow number on the middle plan of the studied geometries and compare it between different conditions of
extrusion.
The experiments were conducted with a classical Maddock mixing head (in-house design). Two materials
were extruded: a polypropylene/ calcium carbonate blend and a polyvinyl chloride/ red pigment blend. The
numerical simulations were compared to the observed mixing behavior.

1- Introduction
Mixing is a very important process when we need final products with uniform properties. The
state of dispersion (relative size of agglomerates) of filler minerals can be directly correlated to
the dynamic and mechanical properties of composites (1-2). Such as in every polymer process,
the mixing is a vital operation in single screw extrusion. Two types of mixing exist: Dispersive
mixing and Distributive mixing.
Dispersive mixing involves the rupture of clumps and agglomerates of solid particles such as
calcium carbonate or pigments. This rupture will happen only when the forces applied to the
agglomerate or droplet exceed the forces keeping it together. In single screw extrusion, we use
some devices to improve the mixing performance, like mixing heads, because dispersive mixing
depends on the strain rates applied by the mixing devices. To realize our experiments we used
Maddock like mixing heads. Classical Maddock mixing heads are primarily dispersive mixers.
The material traveling through it is forced over the narrow flight gap before exiting the extruder.
The other type of mixing, distributive mixing, spreads the dispersed or secondary phase
throughout the primary phase or the mixture.
Beside the experimental studies to characterize mixing numerical analysis can be conducted.
Various numerical methods have been used to simulate viscous creeping flows. In this numerical
study we use The Boundary Element Method (BEM). The main attractiveness of BEM is that, for
many applications, it provides the ability to reduce the dimensionality of the problem by one
since only the boundary unknowns calculated in order to get the whole solution. Given the
solution on the boundary, the unknowns inside the domain can be obtained.

2.1- Experimental study
The experiments were carried out on a 45 mm extruder. Two types of screw configuration are
used: standard single screw and single screw with a Maddock mixing head Figure 1.

Figure 1. Geometry of spiral Madock head

The first test was to incorporate 5% of calcium carbonate into polypropylene. Then an extruded
blown film was produced. The extruded film is transparent and can be observed with a
microscope, see Figure 2.

Figure 2 – Sample of PPCOCa3 film

The dispersion is evaluated on 20 µm thick film. For the same conditions of extrusion we
observed 30 samples from different parts of the film. In order to characterize the dispersion we
used the model developed by Bories (3) to calculate the dispersion index f.
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Where ni is the number of particles of diameter d i . As is the total surface observed. W f is the
film weight per unit surface,  f is the film density and  v is the mineral volume fraction. This

dispersion index f represents the volume ratio of agglomerates larger then 15μm and all
secondary phase.
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f can be greater then unity. Indeed, agglomerates are constituted of mineral, entrapped air and
polymer, so their density is lower then the mineral’s density. The important extrusion parameters
are: rotational speed, pressure and screw geometry. The average barrel temperature is 195°C.
Rotational speeds are 15, 20 and 25 rpm. The results are shown in Figure 3. It can be noted that
the effect of the mixing head is more important when we increase the rotational speed. Also,
applying higher pressure leads to better dispersion states.

Figure3. Measured dispersion index for different conditions of extrusion

The second test was the extrusion of PVC band. The problem was to determine the dispersion of
red pigment in PVC. The dispersion was determined counting the surface density of pigments.
The average barrel temperature is 180°C. The rotational speeds used for those experiments are
also 15, 20 and 25 rpm. The results are presented in Figure 4.

Figure 4. Experimental results quantifying dispersion of red pigment

We note an important effect of the mixing head on the quality of the product ( i.e. dispersion of
the red pigments).

2.2- Numerical study
The Boundary Element Method (BEM) offers the possibility of modeling complex systems since
it requires only discretization of the model boundaries (4). BEM is also a convenient technique
for modeling the rotating boundary problems such as the extrusion process because the domain
only needs to be discretized once. The main disadvantage of BEM is the treatment of the nonlinear problems. Where the method loses its principal’s advantages versus other numerical
methods. Some techniques to deal with this problem exist such as Cell integration method or Dual
reciprocity method (5).
In this study the polymer is assumed to be a Newtonian fluid and the flow process is considered
isothermal. The momentum balance and continuity equation can be written as:
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Where  jk is the total stress tensor and u is the velocity vector. The stress tensor can be written
as:
(3)
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Where p is the pressure,  jk is the Kronecker symbol,  is Newtonian viscosity and v jk is the
rate of strain tensor. Finally we obtain the classical boundary integral equation.
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Where the multiplier c i depends on the location of point i and takes the value: c i  1 when i is
inside the domain, c i  0.5 on the boundary and c i  0 outside the domain. v *jk and T jk* are the
velocity and traction components of fundamental solution respectively. The fundamental
solutions correspond to the solutions in the j direction at a field point resulting from an infinite
force applied in the k direction to the source point. In the case of viscous fluids for 3D problems
we can write:
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Where r is the distance between the source points and the points of calculation, ri , r j and r k are
the projection of r in x, y and z direction. Knowing the external solutions we can obtain the
solutions in every point of the domain (internal solutions) applying c i  1 . In this study we
meshed the boundary using two dimensional quadrilateral isoparametric quadratic elements.
We proceed to the BEM model assessment with the known analytical solution for a Couette flow.
Rotational speed applied on the internal cylinder is 40rad/min. For this simulation we used 400

quadratic elements. CPU time is 1002 s. The total error comparing those two solutions for
velocity are less then 0.25% and the same for velocity gradient are less then 3%, Figure 5.

Figure 5.Validation of the BEM simulation for Couette flow calculating the angular velocity error [%]

Numerical evaluation of mixing was done calculating the Flow number (6-7). The Flow number
is a non-dimensional quantity that could be used to asses the flow type. The flow number is
defined as:
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Where  is the magnitude of the strain rate,  is the magnitude of the vorticity tensor. The
maximum value for the flow number is 1 which represents an ideal elongational flow shown in
Figure 6.

Figure 6. Elongational flow

Figure 7 shows the first simulation for the case of extrusion using single screw without mixing
devices. The boundary conditions applied were simplified. The barrel is rotating and the screw is
stationary (8). 802 quadratic elements were used for this simulation. We placed the internal points
at the middle plane of channels where we calculate the flow numbers. CPU time is 140 min on
IBM RS6000 station. In the case when we apply the rotating velocity of 20 rpm and the pressure
difference of 300 kPa, one can see that the value of flow number is not more then 0.62. The
average value of flow number is 0.54.

Figure 7 – Results for the flow number for the case of extrusion with single screw.

The geometry of a classical Maddock mixing head shown in Figure 1. can be divided into three
identical section. Because the sections are identical the simulation is performed on two channels,
as shown in Figure 8.

a).

b).

Figure 8.-a) Geometry of mixing head, b) Part of the geometry to model and the boundary conditions.

We apply the following boundary conditions. The barrel is rotating and the mixing head is
stationary. Because the flow rate is constant, we impose the known velocity of the polymer at the
entrance and in the exit of the mixing head. The polymer is entering by the first channel, forced
through the narrow gap and exiting by the second channel, Figure 8b. For this simulation we used
791 quadratic elements. 126 internal points were used and placed at the middle plane inside the
geometry to calculate the flow number. For those simulations we worked with a constant flow
rate and we used different rotational velocities to study the influence of this parameter on the flow
number. CPU time is 125 min on IBM RS6000 station.
For the first simulation we worked with flow rate of 210g/min and we were applying the
following rotational velocities a) – 15 rpm, b) – 40 rpm and c) – 25 rpm. The results are shown in
Figure 9. We note that the flow number increases on the points entering the narrow gap. Inside
this zone, the mixing head produces an elongational type of flow such as shown in Figure 6. The
elongational deformation is more important then in others parts of mixing head. By increasing the
rotational velocity, the flow number is increasing in the zone entering the narrow gap.

a)
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c)
Figure 9 – Flow number distribution with flow rate of 210 g/min and different
rotational velocities: a) – 30 rpm, b) - 40 rpm, c) - 50 rpm.
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Figure 10 – Flow number distribution with the flow rate of 400g/min and with different
rotational velocities: a) – 30 rpm, b) - 40 rpm, c) - 50 rpm
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Figure 10 shows the flow number distribution where we used a constant flow rate of 400g/min.
and different rotational velocities. In this case the factor of pressure difference is more important.
With regard to the previous case, the average flow number is greater but is slightly weaker in the
region of narrow entrance. Increasing rotational velocity yields higher flow numbers as in the
previous case.

3- Conclusions
Experimental study on filler dispersions show that mixing heads are more efficient when we
increase the rotational speed. Also increasing the pressure yields to better dispersions. For single
screw without mixing head, increasing the rotational speed will result in a decrease of the quality
of dispersion. A pressure decrease inside of extruder resulted in worse dispersion. PVC’s
experiments show the necessities of using a mixing head. The rotational speed is a very important
factor to get better dispersions, especially for the screw without mixing head.
Even though in this study the polymer is considered Newtonian, Boundary element method give
us very quickly some useful information about the quality of mixing. For this study we have
evaluated the dispersion calculating the flow number. Simulation for mixing heads shows that the
presence of the elongational mode of the flow is important when the polymer is in the zone of the
entrance in the narrow gap. Increasing the rotational speed will increase weakly the flow number.
Also the effect of the flow rate caused by pressure difference is evident, producing higher flow
number inside the overall geometry.
The numerical results highlight the dependence of the dispersion to pressure difference and to the
rotational speed and are in god agreement with experimental results. These results are preliminary
and a more elaborate dispersive model will be used to try to obtain quantitative comparison
between the state of dispersion and the simulation.
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