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Abstract 

 This paper focuses on the numerical simulation of the mixing stage of injection molding process, for 
Polypropylene/Multi-walled carbon nanotubes nanocomposites. and often employed for preparing nano-
composites. First, Twin screw mixer have been employed for preparing PP nanocomposites loaded at (2, 
5, 10%. wt) of MWCNT. Then a characterization of rheological behaviour for polypropylene as well as 
Polypropylene/multi-walled carbon nanotubes mixtures, at three temperatures (180, 200 and 220°C) has 
been carried out using capillary rheometer, in order to build a consistent flow model. The second part of 
the paper concerns the design of a transparent front wall for the twin screw mixer in order to measure the 
temperature field for the PP in the twin-screw mixer cavity using infrared camera with high quality thermal 
imaging. The final part is mainly devoted to the modeling of the polymer-filler flow during the mixing 
stage using the finite elements method. Both PP and MWCNT have been mixed by using a twin-screw 
mixer. A proper agreement between numerical simulation and experimental results concerning mixing 
torque, mixing index as well as temperature fields, has been obtained. 
 

Keywords: Mixing stage modelling, rheological behaviour, finite element method (FEM), Polymers, 
Carbon nanotubes. 
 

1. Introduction 

 Injection molding becomes a reliable manufacturing technology for complex shaped components by 
injecting material into a mold. Injection molding can be performed with a host of materials, including 
metals, glasses, elastomers, confections, and most commonly thermoplastic and thermosetting polymers. 
Material for the part is fed into a heated barrel, mixed, and forced into a mold cavity where it cools and 
hardens to the configuration of the cavity. 
For a nanocomposite elaboration, mixing is the first step in the injection molding process, it is important to 
ensure mixture homogeneity [1] in order to avoid defects, even though mixing is very important step  in 
the IM manufacturing process, it is probably the least understood and studied. The aim of this research is to 
develop engineering data needed to elaborate homogeneous mixtures. 

Manuscript
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In this present study, an investigation about polymers and loaded polymers flow in a twin screw mixer has 
been carried out through numerical simulation based on the finite element method. 

The first part of this paper concerns the rheological behaviour for Polypropylene “PP”, as well as 
PP/MWCNT nanocomposite using the capillary rheometer at three temperatures (180, 200, and 220°C), 
which aims to characterize theirs physical properties. The physical properties are used to identify viscosity 
laws parameters (Power law, Cross law, Carreau law and Carreau-Yasuda law) using Matlab® software. It 
is well-known that the viscosity of a polymer melt or a polymer solution changes significantly with the 
shear rate Fig.  2. Therefore the Newtonian model, characterized by a constant viscosity behaviour laws, is 
not a reasonable choice for modeling the polymeric flow. The simplest way to overcome that difficulty is 
to use non-Newtonian flow, i.e. to modify the Newton’s model by using the variable viscosity that depends 
on the share-rate and temperature according to some empirical law [2]. In this paper, in order to describe 
the polymer flow, the shear dependent viscosities obeying the Carreau-Yasuda law has been used and 
gives a proper agreement with the experimental data. 
 

The second part concerns the finite element analysis of the loaded polymer flows during the mixing 
process. Several 3D softwares have been developed and specially devoted to injection molding simula-
tions such as Moldflow®, Sigma3D®, Cadmould®. They are well suited to help design of molds and parts, 
but show limits when considering micro-geometries. Indeed, some research group developed their home 
made FEM 3D software to properly consider specific boundary conditions. Comsol® software has been 
chosen in this study because of its efficiency for solving multiphysic coupled problems as well as the 
possibility to add PDE (Partial Differential equations) and it can be connected to Matlab®. This approach 
allows to determine velocity fields and to relate shear rates, as well as temperature fields during the mixing 
stage. An excellent agreement between the experimental measured torque on the screw and the calculated 
one has been obtained. Therefore, one can consider that the physical flow is properly. well described. 

 
 

2. Elaboration of the mixtures for rheological testing and characterization 

Several feedstocks have been produced with a co-rotating twin screw mixer “Brabender® (Plastograph 
EC W50EHT, Fig.  1)” this is equipment can be configurated with different blades (roller, sigma, delta...). 
Within a series, the free mixer volume varies depending on the blades mounted, as example the use of 
roller blades allows to elaborate feedstocks up to 40 cm3. The temperature in the mixing cavities is reg-
ulated and can reach 500°C. Counter-rotation towards each other at different speeds provides excellent 
compounding and mixing characteristics, the speed ratio driven at idle screw is about 2:3. The fluid is 
contained in the cavity enclosed by the frame and the two screws. The left screw rotates in the clockwise 
while the right one rotates in the counter clockwise, the advantages of counter-rotating twin screw mixers 
are such as: forced feed, high output at short residence time, self-cleaning and careful plastification. Both 
mixing torque and temperature are measured using sensors and software. At first the polypropylene PP has 
been mixed at fixed temperature 200°C, and a screw speed eq. 60 rpm. After that PP has been mixed with 
various multi wall carbon nanotubes (MWNTs) content (2, 5 and 10%). The mixing temperature is fixed to 
200°C [3], with a screw speed fixed to 60 rpm. The specifications of MWNTs are as follows according to 
the specifications of the provider: diameter 9–11 nm range, mean length of the nanotubes: 1.2 µm, density 
1.3 g/cm3, and purity higher than 90%. 
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Fig.  1: Twin screw mixer (velocity max. 150 rpm, max. temp 500°C) 

 

 In order to build a consistent and appropriate viscosity model, a rheological characterization has been 
performed. The shear viscosities of PP and PP/MWCNT have been evaluated at different temperatures. 
The viscosity melt shows shear thinning non-Newtonian behaviour as shown in Figure 2-3. RH2000 ca-
pillary rheometer (Die diameter (φ = 1 mm)) is used for these measurements in the shear rate range (10-104 
s-1). The shear viscosity vs the shear rate for PP and PP/MWCNT, are related in Fig.  2. The test temper-
ature influence on the shear viscosity is shown in the Fig. 3 for the 10 wt.% PP/MWCNT composite. One 
can notice that the same results pattern is identifiable to the other temperatures and the other composites. 
One can notice that the same pattern results could be identifiable to the other temperatures and the other 
feedstocks (Pure PP and 2, 5 and 10 wt.% PP/MWCNT nanocomposites). This fixed value of the shear rate 
corresponds to an average shear rate of the mixing phase. At fixed temperature, the shear viscosity of the 
pure PP and PP/ MWCNT feedstocks decreases with the increase of the shear rate. These viscosity curves 
clearly indicate the significant effect of the MWCNTs content. When the shear rate is in the range (10-102 
s-1), the PP/MWCNT feedstocks exhibit a shear thinning effect whereas the pure PP exhibits only small 
shear rate dependence, revealing a Newtonian plateau. However, from 220°C, the PP viscosity curves 
present a much steeper slope at low shear rate, that means no Newtonian plateau within the shear rate 
range studied. On the other hand, when the shear rate is in the range (102-104 s-1) it is interesting to remark 
that with a 2, 5 and 10% loading of MWCNT, the flow characteristics of the nanocomposite is practically 
the same as the pure polypropylene. This is an interesting aspect because it means that this new material 
will be a “drop-in” additive which will result in greater physical properties in the end product. Both PP and 
its nanocomposites showed non-Newtonian behavior. When the shear rate is increasing, the shear thinning 
effect is enhanced and the wall slip phenomena occurring between PP/MWCNT as well as the wall of the 
rheometer is predominant, as it is supposed [4] and [5]. Finally for one PP/MWCNT composite shade, the 
viscosity curves indicate a decrease of the shear viscosity with the increase of the temperature Fig. 3. This 
is related to the fact that the shear viscosity of the polypropylene decreases when heating. At low shear 
rates, the addition of MWNT content causes an increase in viscosity; however, viscosity is less sensitive to 
addition of MWNT content at higher shear rates. 
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Fig.  2:  Shear viscosity vs the shear rate measured at 200°C for the PP and PP/MWCNT 
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Fig.  3: Shear viscosity vs shear rate measured at 180, 200 and 220°C for the 10% PP/MWCNT feedstock 
 

There are many equations which relate viscosity as a function of shear rate: power-law, Cross, and 
Carreau-Yasuda are the most common appearing in literature [3, 6]. Particularly the power-law model, is 
perhaps the most widely applied in many fields, which can be a result of its proper form of equations 
providing reasonable fitting, and also, a reasonable representation of equation constants in terms of degree 
of viscous and fluid flow behaviour. These equations are now expressed and described: 
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where 0µ  is the shear viscosities at zero shear-rate; T is the temperature; λ  is a time scale; n and a are 

power indexes and γɺ  is the shear rate expressed as followed in a Cartesian coordinate system: 

 2/1):2/1( DD=γɺ                                                                 (4) 

where D  is the strain rate tensor. Apart from the effect of shear rate, viscosity is also highly influenced by 
the changes of fluid body temperature. Fluid viscosity as a function of temperature normally exhibits a 
correlation between natural logarithmic of the viscosity and the reciprocal of absolute temperature. Thus, 
its relation is well represented by Arrhenius-type relationship [6], which has the following form of equa-
tion: 

 bTeT −= 00 )( µµ                                                                   (5) 

The power law (1) is useful because of its simplicity, but this law only describes approximately the 
behaviour of a real non-Newtonian fluid. For example, if n  were less than one, the power law shows that 
the effective viscosity would decrease with increasing shear rate indefinitely, requiring a fluid with infinite 
viscosity at rest and zero viscosity as the shear rate approaches infinity, but a real fluid has both a mini-
mum and a maximum effective viscosity that depend on physico-chemical properties at the molecular 
level. Therefore, the power law is only a phenomenological description of fluid behaviour across the range 
of shear rates to which the coefficients were fitted. From Carreau-Yasuda law (3), we find the Cross law 
(2) for a = 1 and Carreau law for a = 2. The laws appear to be a well suited compromise between the 
number of parameters used and the correct fit of experimental curves. The effect of the parameter (a) is 
shown in Fig. 5. Normally, (a) is less than one. Experimentally, it is first necessary to accurately determine 
the values of )(0 Tµ  and 1−n before defininga . This law is mostly used for many polymers, as well as 

loaded polymers. 
The rheological parameters ba,,,0 λµ andn were identified for each empirical model by solving an inverse 
problem using Matlab® software in order to reduce the discrepancy between experimental and models 
“Fig. 4”. The inverse problem is formulated as finding a set of rheological parameters starting from an 
analytical form of the constitutive equation to be identified through minimization of a coast fucntion [7]. 
The goal is to compute the parameter vector which minimizes an objective function representing, in the 
least square sense, the difference between experimental and numerical data. 

                                                                                       Inverse problem 

 

 

                                                                                          1−F  Model 

Fig.  4:  Inverse problem scheme 
 

In order to compare the trends of the various models, the evolution for PP/MWCNT 10 wt.% is repre-
sented in Fig. 5. The model parameters have been listed in the following Table 1. 
   

Table 1: Rheological models parameters for the PP/MWCNT 10 wt.% 

 refT °C 0µ  λ (s) n  a  b  

Carreau-Y 200 80 0.17 0.38 0.16 0.015 

                         

Identified 
parameters  
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Fig.  5:  Comparison of different flow models for PP/MWCNT 10 wt.% 

 
Comparison between the experimental data and the identified Carreau-Yasuda law for the pure PP and 

each PP/MWCNT composite is described in Fig. 6. One can notice a proper correlation between experi-
mental and Carreau-Yasuda model datas [6]. 

 

10
1

10
2

10
3

10
4

10
5

10
0

10
1

10
2

 Shear rate (1/s)

 S
h

ea
r 

vi
sc

os
ity

 (
P

a
.s

)

 

 

 Experimental data 2wt% CNT
 Carreau-Y law 2wt% CNT
 Experimental data 5wt% CNT
 Carreau-Y law 5wt% CNT
 Experimental data 10wt% CNT
 Carreau-Y law 10wt% CNT

 
Fig.  6:  Shear viscosity as a function of the shear rate measured at 200°C for the PP and PP/MWCNT 
feedstocks: experimental datas and Carreau law enriched temperature fitting curves. 

 

3. Numerical simulation for mixing stage 

In the present work, Comsol© software has been used to simulate the loaded polymer PP/MWCNT 10 
wt.% feedstock flow in co-rotating twin-screw mixer. The geometry of twin-screw mixer used for the flow 
simulation is the same that Brabender® (Plastograph EC W50EHT). Fig.  1 shows the finite element mesh 
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used for the flow simulation. For the flow simulation, the screws rotate at 60 rpm to provide excellent 
compounding and mixing characteristics. Since the present work at this stage is not focused on predicting 
the quality of mixing for specific polymers and loaded polymers, for the time being, a Non-Newtonian 
fluid model was used in the simulation. 

 
3.1 Coupled Navier-Stokes Equations 

In order to perform the numerical simulation of the mixing stage of PP/MWCNT, Navier-Stokes equa-
tions are essential to describe the fluid motion and to define a suitable model of the flow into the sub-
domains 321 ∪∪Ω  where 1Ω is the outer subdomain and 32∪Ω  are the inner subdomains as shown in Fig.7. 

 
Fig. 7.  Description of the geometrical problem of the twin-screw mixing chamber in term of material 

frames and boundary conditions definition.  
 

 0. =∇ u                                                                         (6) 

 ( )( ) ( ) fuTIuwu
t

u +∆+−∇=∇−+
∂
∂

,. γµσρ ɺ                                          (7) 

where I  is the identity tensor, ρ is the fluid density and f  is the external body force per unit mass. The 
stress tensor σ  given in (7) incorporates the isotropic pressure (p) and extra stress tensor (K), defined as  

 KpII +=σ                                                                  (8) 
When the influence of the temperature is taken into account, the temperature is described by the fol-

lowing convection and diffusion equation: 

 [ ] KTkTuC
t

T
C pp =∇∇−∇+

∂
∂

..ρρ                                                 (9) 

where pC is the heat capacity of the mixture, k the thermal conductivity, and T  is the temperature in the 

mixing chamber. The extra stress tensor of (9)for a generalized Newtonian fluid in an isothermal flow is 
given by  

DTK ),(2 γµ ɺ=                                                                 (10) 
where D  is the rate of deformation tensor and ),( Tγµ ɺ  is the Carreau-Yasuda viscosity function of the 
local shear rate, γɺ and the temperature T, as given in (3).  

3.2 Dispersive mixing characterization 
 

Studies of droplet breakup in simple shear and pure elongational flows have shown that elongational 
flows are more effective, especially in the case of polymeric blends with high viscosity ratios and low 
interfacial tension. The magnitude of the applied stresses can also affect the morphology of the resulting 
blend. Manas-Zloczower and Feke [8-9] formulate the same conclusion for the dispersion of solid ag-
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glomerates in liquids. As in work previously done, the dispersive mixing efficiency of a flow field can be 
characterized in terms that account for the elongational flow contribution and the magnitude of stresses 
generated. One simple way to quantify the elongational flow components is to compare the relative 
magnitudes of the rate of deformation, D , and the vorticity, ω , tensors. The parameterMIλ , defined as: 

 
ω

λ
+

=
D

D
MI                                                                    (11) 

 
can be used as a basic measure of the mixing efficiency when assessing processing and/or operating 
conditions. MIλ  is equal to one for pure elongation, 0.5 for simple shear and zero for pure rotation. 

Therefore, the closer the value of MIλ is to one, the better the dispersive mixing efficiency.  
 
3.3 Mixing torque calculation 

In order to calculate the mixing torque, an important physical quantity which is the stress tensor must be 
defined. The stress state at a point on the surface of the mixing screw is defined by stress vector as:  

 nT
n

.
)(

σ=                                                                  (12) 

This relationship implies that the stress vector 
)(n

T at any point P in a continuum associated to a surface 

with local normal unit vector n  can be expressed as a function of the stress vectors associated to the co-
ordinate axes planes, i.e. in terms of the components ijσ  of the stress tensor: 
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where 11σ , 22σ , and 33σ are normal stresses, and 12σ , 13σ , 21σ , 23σ , 31σ , and 32σ  are shear stresses. 

Thus the stress tensor for a non-Newtonian fluid is written in Cartesian coordinate [10] as: 
 xx up µσσ 211 +−==                                                       (14) 

 yy vp µσσ 222 +−==                                                      (15) 

zz wp µσσ 233 +−==                                             (30)                

                                  )(12 xyyxxy vu +=== µττσ                                                   (16)           

                                          )(23 yzzyyz wv +=== µττσ                                                   (17)          

                                    )(13 xzzxxz wu +=== µττσ                                                   (18) 
 

where ),,( wvu  are the velocity components in the Cartesian coordinate, and 
x

u
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∂= , 
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u
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∂= , 

0=
∂
∂=

z

u
uz , 

x

v
vx ∂

∂= , 
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v
v y ∂

∂= , 0=
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z

v
vz , 

x

w
wx ∂

∂= , 
y

w
wy ∂

∂= , 0=
∂
∂=

z

w
wz , and ( )T,γµ ɺ is the vis-

cosity “Eq. (3)” 
Generally the mechanic torque is defined as 

 rFTq ⊗=                                                                     (19) 

where Tq  is the torque vector and Tq  is the magnitude of the torque, r  is the displacement vector. vector 

from the point from where the mechanical torque is measured to the point where force is applied), F  is the 
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load vector, and F is the magnitude of the load, in case of the mixing screw, r  represents the displacement 
vector from the center of the screw cross section to a point belonging to the screw side surface, and F  is 
the product of normal stress acting on the side area of the screw “A”, and the side area itself. Thus the 
mixing torque is expressed as: 

   ∫∫ ⊗=⊗=
l

nn

A
dlTrLdATrTq ..

)()(
                                                        (20) 

where r  represents the displacement vector from the center of the screw cross section to a point belonging 
to the screw side surface “A” and L is the screw length in the z direction and is eq. 48mm. The integration 
is easily performed on the screw side area using Comsol©, the mixing torque is than calculated at each time 
step for the PP/MWCNTs nanocomposites as shown in Fig. 15. 
 
 
3.4 Material and process numerical implementation 

The Comsol© Multiphysics engineering simulation software environment facilitates all steps in the 
modelling process defining the geometry, meshing, specifying the physics, solving, and then visualizing of 
results. The fluid–thermal model has been implemented and can be assimilated to a multiphysic coupled 
problem between the ‘‘fluid flow module” (for the fluid problem), ‘‘heat transfer module” (for the thermal 
problem) and the ‘‘ALE moving mesh module” (for the moving meshes) as shown in Fig. 9. The total 
number of triangular elements is 3846 with 2373 nodes for the 2D model see Fig. 8. The rotation speed is 
fixed to 60 rpm for the idle screw, with maximum mixing temperature up to 200°C for the all feedstocks. 
An explicit time stepping scheme is used for the time dependant solver algorithm. The solution is given on 
the actual frames at each time step until final time tf =6s (6 revolutions).  The computer characteristics are 
CPU : Intel® Pentium® Dual 2.40GHz and RAM: 6.00Go. 

 

 

Fig.  8:  Mesh definition related to twin screws mixer discretization (30876 DOF) 
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Fig. 9: Interactions algorithm between ‘‘material flow”, ‘‘heat transfer” and ‘‘moving mesh module”. 
 
 

Table 2: Physical and thermal parameters for the PP and PP/MWCNT 10 wt.% Feedstock. 
 

 )( 3 gcmρ  )/( 1−kgJC p  )( 11 −− kgWmk  

PP 0.904 1800 0.2 

PP/MWCNT 0.816 2100 0.35 

 
 

4. Results and discussion 

4.1Vectors velocity profiles 

 

Fig.  10:  Velocity vectors indicating direction of the PP/MWCNT 10 wt.% flow and velocity magnitude 
(m/s) of the twin screw mixer after 3 revolutions 
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The velocity vectors indicating direction at one position in the twin screw mixer are featured in Fig. 10. 
They have been color scaled by the velocity magnitude. 

 
4.2 Dispersive mixing 

 
Fig.  11:  Mapping of the mixing index (MIλ ) for PP/MWCNT 10 wt.% in the twin screw mixer after 3 
revolutions from the initial position (a value eq.0 indicates pure rotation, a value eq.0.5 indicates shear 
flow and a value of 1 indicates pure elongation). 
 

A mapping of the inertial reference frame mixing index results in Fig. 11 show the mixer mainly used 
primary a shearing mechanism. The areas with the lowest MIλ  values in the zones of the twin screw mixer 
that are closed from the screw interaction region in Fig. 11. The rotating reference frame velocity is at a 
local maximum at the low point of the mixing index with a wide band of nearly constant values. The low 
values of the MIλ  and shear stress, together with the constant rotating reference frame velocity, indicate 
that the fluid in this zone is moving as a plug around the center of rotation zone rotating, but not de-
forming. The part of the flow with the most elongational character twin-screw mixer like flow domains 
occurring between the center of rotation and the plug flow zone. Unfortunately, since the shear stress is 
relatively low throughout that zone, the mixing there will still be less effective at dispersing cohesive 
clumps, immiscible droplets or bubbles. The zone of predominately elongational flow like flow domains 
continues to coincide with relatively low shear stress until close the screw tips, where the highest shear 
stresses are found in the single screw mixer 
4.3 Shear rate profiles 

 

Fig.  12:  Mapping of the shear rate distributions (1/s) for the PP/MWCNT 10 wt.% in the twin screw 
mixer and the twin screw mixer after 4 revolutions from the initial position. 
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Fig. 12 show that the shear rate is relatively high throughout the intermeshing region where the mixing 
paddles interact in the twin screw mixer and are combined with elongational flow, especially near the tip 
of the screws and in the gap between the screws and the mixing chamber. When the mixing index and 
shear rate are considered in combination with the velocity vectors, it can be seen the flow is split and re-
oriented or folded in this region, which allows for the creation of elongational flow conditions.  
 
4.4 Experimental and numerical temperature field of the pure PP 

 
 

Fig.  13: Transparent front wall design for experimental temperature field visualization by infrared camera 
used on the twin-screw mixer: a) Transparent front wall CAD (CATIA) for different view sights b) in-
frared thermal camera c) twin screw mixer equipped with transparent wall 

 
 

Fig.  14:  Temperature fields [°C] within the mixer obtained by the infrared camera 

The temperature field of the pure PP in the twin-screw mixer is shown in Fig. 14, the PP is introduced into 
the mixer after heated it at a temperature eq 200°C as shown in Fig. 12. b. After 90s of mixing with rota-
tion speed eq. 60 rpm, PP reaches the imposed temperature that guarantees optimal mixing conditions. 
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Fig.  15:  Temperature field (in K) at several time step for the PP/MWCNT 10 wt.% at t=0.5 (half revo-
lution)s b) at t=3s (3 revolutions); c) at t=6s (6 revolutions). 

 

The temperature variations during mixing is shown in Fig. 15. At the beginning of the simulation, the 
PP/MWCNT composite with  temperature is globally equal to 150°C except on the frame and screws 
walls, where the temperature is imposed (T = 200°C). During the simulation, the temperature in the cavity 
increases to a limit value equal to 200°C, corresponding to the imposed mixing temperature on the frame 
and screws walls. This simulation clearly indicates that the mixing temperature is quickly reached, which 
guarantees optimal mixing conditions. The heat transfer influence, at the mixer inlet, is shown in these 
figures. This shows that a significant variation of the temperature in the middle of the cavity, where the 
temperature is practically equal to the PP melting temperature.     
         

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

14 
 

 

0 20 40 60 80 100 120
0

5

10

15

20

25

30

 Time (min)

 T
or

q
ue

 (
N

.m
)

 

 

 PP/MWCNT 2wt.%
 PP/MWCNT 5wt.%
 PP/MWCNT 10wt.%

 

Fig.  16: Experimental mixing torque versus time for the PP and PP/MWCNT feedstocks (2, 5, 10%) 

 
The measured mixing torque versus time is shown in Fig. 16. One notices that the mixing torque in-

creases with MWCNT content. As a general tendency, the mixing torque decreases with time to a limit 
torque. It can be related to the temperature of the PP/MWCNT feedstock increases until the imposed 
temperature, resulting in a decrease of the polypropylene shear viscosity. Very high values of the mixing 
torque are measured until 6 min when introducing feedstock into the mixer. It explains the fact that the 
beginning of effective mixing phase starts after 8 min. 
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Fig.  17:  Numerical mixing torque versus time for the PP/MWCNT feedstock (2, 5, 10%) 

 
Fig. 17 shows that the torque increases with the MWCNT content. One can explain it due to the increase 

of the shear viscosity of the PP/MWCNT feedstock with the MWCNT content. The mixing torque de-
creases with time to a limit torque. It can be related to the temperature of the PP/MWCNT feedstock in-
creases until the imposed temperature, resulting in a decrease of the polypropylene shear viscosity. 

 

 
5. CONCLUSION 
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Recent analyses concerning physical modeling and numerical simulation of PP and PP/MWCNT vis-

cous flow in the laminar regime, based on properly identified material behavior have been investigated 
using FEM. 

The first part of the paper relates the experiments carried out for the determination of the rheological 
properties of PP and PP/MWCNT composite with various MWCNT contents estimated in the temperature 
range from 180 to 220 °C. The rheological properties have been determined in the range 10 à 104 using 
capillary rheometry. The significant effects of the MWCNT content have been proved, as the increase of 
shear viscosity versus MWCNT volumic fraction associated to shear rate increase. These rheological 
characterizations have been used to set up and to build a constitutive model for the flow of PP/ MWCNT 
based on the extension of the well-known Carreau law coupled with a thermal factor. The resulting pa-
rameters have been identified for the neat PP and the PP/MWCNT composites. A transparent front wall 
has been designed for the twin screw mixer in order to measure the temperature field for the PP in the 
twin-screw mixer cavity using infrared camera with high quality thermal imaging. 

The second part of the paper concerns the modelling of the PP and PP/MWCNT composite flow during 
the mixing stage in the twin screw mixer was performed using the finite element method in Comsol© 

software. 2D numerical simulation results have been compared with experimental results concerning 
mixing torque, mixing index as well as temperature fields. The comparaison between experimental mixing 
torques and the ones obtained through the finite element simulations attests about the validity of the rhe-
ological flow model as well as the finite element results. 
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Nomenclature 

K     : Extra stress tensor 
pC  : Specific heat 

D    : Tensor rate deformation 
n     : Power index 
b     : Power index 
a     : Yasuda index 
T    : Temperature 
p    : Pressure 
u     : Fluid velocity  
f    : External body force 
k     : Thermal conductivity 
Greek Symbols 
ρ    : Density 
σ    : Stress tensor 
ω    : Vorticity tensor 
γɺ     : Shear rate 
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λ     : Time characteristic 

0µ   : Shear viscosity at zero shear rate 
µ    : Shear viscosity 
Subscripts 
ref   : Reference 
MI    : Mixing index 
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Fig.  1: Twin screw mixer (velocity max. 150 rpm, max. temp 500°C) 

Figure
Click here to download Figure: ASME-fig.doc 
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Fig.  2:  Shear viscosity vs the shear rate measured at 200°C for the PP and PP/MWCNT 
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Fig.  3: Shear viscosity vs shear rate measured at 180, 200 and 220°C for the 10% PP/MWCNT feedstock 
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Fig.  5:  Comparison of different flow models for PP/MWCNT 10 wt.% 
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Fig.  6:  Shear viscosity as a function of the shear rate measured at 200°C for the PP and PP/MWCNT 

feedstocks: experimental datas and Carreau law enriched temperature fitting curves. 
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Fig. 7.  Description of the geometrical problem of the twin-screw mixing chamber in term of material 

frames and boundary conditions definition.  
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Fig.  8:  Mesh definition related to twin screws mixer discretization (30876 DOF) 
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Fig. 9: Interactions algorithm between ‘‘material flow”, ‘‘heat transfer” and ‘‘moving mesh module”. 
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Fig.  10:  Velocity vectors indicating direction of the PP/MWCNT 10 wt.% flow and velocity magnitude 

(m/s) of the twin screw mixer after 3 revolutions 
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Fig.  11:  Mapping of the mixing index ( MI ) for PP/MWCNT 10 wt.% in the twin screw mixer after 3 

revolutions from the initial position (a value eq.0 indicates pure rotation, a value eq.0.5 indicates shear 

flow and a value of 1 indicates pure elongation). 
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Fig.  12:  Mapping of the shear rate distributions (1/s) for the PP/MWCNT 10 wt.% in the twin screw 

mixer and the twin screw mixer after 4 revolutions from the initial position. 
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Fig.  13: Transparent front wall design for experimental temperature field visualization by infrared camera 

used on the twin-screw mixer: a) Transparent front wall CAD (CATIA) for different view sights b) in-

frared thermal camera c) twin screw mixer equipped with transparent wall 
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Fig.  14:  Temperature fields [°C] within the mixer obtained by the infrared camera 

The temperature field of the pure PP in the twin-screw mixer is shown in Fig. 14, the PP is introduced into 

the mixer after heated it at a temperature eq 200°C as shown in Fig. 12. b. After 90s of mixing with rota-

tion speed eq. 60 rpm, PP reaches the imposed temperature that guarantees optimal mixing conditions. 
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Fig.  15:  Temperature field (in K) at several time step for the PP/MWCNT 10 wt.% at t=0.5 (half revo-

lution)s b) at t=3s (3 revolutions); c) at t=6s (6 revolutions). 
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Fig.  16: Experimental mixing torque versus time for the PP and PP/MWCNT feedstocks (2, 5, 10%) 
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Fig.  17:  Numerical mixing torque versus time for the PP/MWCNT feedstock (2, 5, 10%) 
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Elaboration and ch 

   

Table 1: Rheological models parameters for the PP/MWCNT 10 wt.% 

 
refT °C 0   (s) n  a  b  

Carreau-Y 200 80 0.17 0.38 0.16 0.015 

                         

Table
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Table 2: Physical and thermal parameters for the PP and PP/MWCNT 10 wt.% Feedstock. 
 

 3( )cm g  1( / )pC J kg  1 1( )k Wm kg   

PP 0.904 1800 0.2 

PP/MWCNT 0.816 2100 0.35 

 


