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ABSTRACT

The forward or backward stagger angles of the kneading disks have great effects on configures of the special
center region along axial length in a novel tri-screw extruder. In this paper, the flow and mixing of a non-
Newtonian polyethylene in kneading disks of a tri-screw extruder were simulated using three-dimensional
finite element modeling based on mesh superposition technique. Three types of kneading disks, neutral
stagger, staggered 30° forward and staggered 30° reverse were considered for the tri-screw extruder. The
effects of stagger angles of kneading disks on the flow pattern in the tri-screw extruder were investigated.
Moreover, at different stagger angles, the dispersive and distributive mixing efficiencies in the kneading disks
of the tri-screw extruder and the twin-screw extruder were calculated and compared by means of mean shear
rate, stretching rates, maximal stress magnitudes, mixing index, residence time distribution (RTD) and
logarithm of area stretch. It is found that increasing the stagger angles decreases the axial velocities of
polymer melt in the center region for the tri-screw extruder. The staggered 30° reverse is relatively reasonable
for the tri-screw extruder and neutral stagger for the twin-screw extruder for the mixing efficiency. In
comparison, the kneading disks in the tri-screw extruder have higher distributive and dispersive mixing
efficiencies than those in the twin-screw extruder with the same stagger angles.

Keywords: Kneading disks of tri-screw extruders; Stagger angles; Mixing efficiency; Residence time
distribution; Finite element method.

NOMENCLATURE

a width of the transition region between 7, andn. W norm of the vorticity tensor

c(t)  concentration of the trajectories at the exit

D rate of deformation tensor
da surface deformation at time

T  stress tensor
n shear viscosity

dA  an infinitesimal surface Y 'eff?c.tlve shear -rate ]
E(t) density function of residence time N,  infinite shear viscosity
F(t) accur_nulative residence time distribution 5,  viscosity at zero shear viscosity
function . A model-specific relaxation time
n the power-law index . - .
P fluid pressure Il second invariant of deformation tensor rate
To smallest time observed in the exit plane At iterative time step
T7s  75% of the particles flow out of the exit AT meanTzs —To
\' velocity vector distribution vz Mixing index

area of stretch

and higher mixing efficiency (Huang and Chen,
2009; Jiang and Zhu, 2001). The tri-screw extruder

1. INTRODUCTIONS

Twin-screw extruders are a very common type of
extruders in polymer processing. Recently, with the
development of polymer industry, especially for the
nanocomposite processing, a novel tri-screw
extruder is explored due to its strong shear force

has one more screw than the twin-screw extruder.
Also, it has three intermeshing regions and one
dynamic center region. Therefore, as a complex
mixing setup for polymer processing, the modeling
and computational simulation of the tri-screw
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extruder remain very challenging, especially for the
special dynamic center region with period changes
of areas and geometric shapes (Zhu et al., 2009).

A complete modular screw in the tri-screw extruder
mainly consists of conveying, melt, mixing,
pressurizing, and pump sections. The compound
may include a polymer or a polymer blend and a
number of additives. Thus, the mixing section is an
important step, which evidently affects the quality
of final product. So far, the studies on the flow and
mixing profiles in the tri-screw extruders mainly
focus on the convey elements. While conventional
screws do not provide high mixing efficiency. Not
much published work is available on the analysis of
the effects of stagger angles on the flow and mixing
in the mixing sections of tri-screw extruders.

In previous researches, Jiang and Zhu (2008)
employed the simulation and experiments to verify
the stronger conveying capacity in the tri-screw
extruder. The high shear frequency of material in
the tri-screw extruder was also found. Hu et al.
(2004, 2006) studied the mean mixing
characteristics of the tri-screw and twin-screw
extruders using the finite element analysis codes,
Polyflow. Based on the calculated velocity fields,
the particle trajectories in both machines were
visualized using particle tracking technique. Zhu et
al. (2009) established a quasi-three-dimensional
modeling to simulate polymer melts flowing in a
convey element of the tri-screw extruders with
FEM. The temperature distributions, energy
consumption and capacity ratio in a tri-screw
extruder at different screw geometric parameters
and operational conditions were studied. More
recently, Wang et al. (2013) established a 2D
modeling to study the effects of screw clearances on
the mixing mechanism of tri-screw extruders. The
mixing evaluations and mechanics characteristics of
tri-screw extruder were studied with different screw
clearances and compared with twin screw extruder.
Zhu et al. (2013a) investigated the effects of
dynamic center region on the flow and mixing
efficiency of a convey element in a tri-screw
extruder using 3D finite element modeling. The
special contributions of the center region to the
entire convey section in tri-screw extruders of axial
flow and mixing efficiency were discussed. In
particular, the nonlinear dynamics of typical
particle motions in the center region and the mixing
process in the tri-screw extruder were analyzed with
Fast Fourier transform (FFT) spectrums and
Poincaré maps using a 2D finite element modeling
to study the effect of the dynamic motions in the
center region (Zhu et al., 2013b). However, no
much flow and mixing information in the kneading
disks of tri-screw extruders was presented with
considering the effects of stagger angles.

With the recent advances in computational fluid
dynamics to solve the problems related to rotational
fluid mechanics (), a large number of studies on the
flow and mixing mechanism in the kneading disks
of the twin-screw extruders use finite element
method (FEM) and finite volume method (FVM)
(For example, Alsteens et al.,2004; Bravo et al.,
2004; Ishikawa et al., 2001; Ghoreishy et al., 2005;
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Nakayama et al., 2011; Rafei et al., 2009; Sobhani
et al., 2010; Yoshinaga et al., 2000; Zhang et
al.,2009.). In a way, although similar in structure
and design to the twin-screw extruder, the tri-screw
extruder is different from the twin-screw extruder in
the flow and mixing mechanisms. From previous
researches, it is known that most of particles initial
distribution in the inlet plane of the center region
fast flow out the outlet and don’t pass through any
screw in convey element of the tri-screw extruder
(Hu et al., 2006; Zhu et al. 2013). This special
phenomenon may be changed in the kneading disks
with the forward or backward stagger angles for the
tri-screw extruder. This is due to the fact that the
stagger angle has great effect on configures of the
center region along axial length in the tri-screw
extruder. Therefore, the effects of stagger angles on
flow and mixing mechanisms in the kneading disks
of the tri-screw extruder are different from the
traditional twin-screw extruder and should be pay
more attention to understand the special flow and
mixing efficiency to enhance their optimization
design with great practical significance.

In this work, three-dimensional finite element
modeling of polymer melt flow and mixing in the
kneading disks of a novel tri-screw extruder was
established with mesh superposition technique. The
flow visualizations in the kneading disks of tri-
screw extruders were carried out with particle
trajectories. The effects of stagger angles of
kneading disks on the flow patterns in the tri-screw
extruder were investigated. Moreover, the
dispersive and distributive mixing efficiencies in
the kneading disks of the tri-screw extruder and the
twin-screw extruder were calculated and compared
by means of the mean shear rate, stretching rates,
maximal stress magnitudes, mixing index, residence
time distribution (RTD) and logarithm of the area
stretch, respectively. The main objective is to better
understand the special flow and mixing mechanisms
in the kneading disks of tri-screw extruders,
especially for the effects of stagger angles on the
flow and mixing efficiency in the kneading disks. It
is help to enhance the optimization design of tri-
screw extruders.

2. METHODS AND MATERIALS

2.1 Mathematical Modeling

In this work, the 3D time-dependent flow
conditions are considered. The flow domain is fully
filled with fluid under the conditions of non-
isothermal, incompressible and non-slip of surfaces.
At the same time, the inertia and gravitational
forces are negligible. The form of the continuity and
momentum equations are given as (Polyflow User’s
Guide, 2010)

V-v=0 1)
~-VP+V.1=0 2
Where v is the velocity vector; P is the fluid
pressure; t is stress tensor.

The stress tensor is described by

=2y (7)D @
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Where 77 is the shear viscosity, D:%[Vv+(vv)T:|

is the rate of deformation tensor, 7 is the effective
shear rate and given as

7=+/2D:D 4
2.2 Materials

In this study, high-density polyethylene (PE) melt is
used to the polymer processing in the tri-screw
extruder. Due to the low shear rate in the
experiment, it is appropriate to use the Carreau-
Yasuda model to describe the rheological behavior
of the blending as follows (Yasuda , 1981):

®)

is infinite shear viscosity, 7, is the

n-1
n=n,+0-n)[ 1+ |+
Where 7,
viscosity at zero shear viscosity, A is a model-
specific relaxation time and A = /2[1, , Il is the

second invariant of D. n is the power-law index,
which is a property of a given material. a represents
the width of the transition region between 7, and
the power-law n. In this work, the parameters of the
Carreau-Yasuda model for the PE melts at 463 K
are described in Table 1(Bai et al., 2011).

Table 1 Parameters of the polyethylene with
Carreau-Yasuda model

Param
oters P o - A n a
0
740 1580 0.17
PE kg/m® Pa:s g . 070 064

2.3 Geometry and Meshing

The tri-screw extruder investigated in this work has
three screws, which array in a triangle and are all
co-rotation. In order to avoid screws interfering
with one another, the numbers of screw flights are
three, as shown in Fig.1. The stagger angle is an
important factor to design and optimize the tri-
screw extruder. Therefore, we focus on the effects
of stagger angles on the flow and mixing efficiency
in this work. The geometric models of the tri-screw
extruder with three typical stagger angles, 30°, 60°
and -30° corresponding to Tri-P30, Tri-N60 and
Tri-R30 are depicted in Fig.2. The geometric
parameters of three types of kneading disks for the
tri-screw extruders are described in Table 2.

As illustrated in Fig.2, the Tri-P30 (pump element)
has an ability to pump the fluid to the main
transport direction due to the forward stagger angle.
The Tri-R30 (reverse element) has a backward
stagger angle and transports the material reverse to
the main transport direction. The Tri-N60 is a
neutral element and has not the ability to transport
material backward or forward. The finite element
(FE) models are established using Gambit software
with the mesh superposition technique (MST)
without re-meshing for the periodical geometric
changes (Polyflow User’s Guide, 2010). The
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kneading elements and barrel are meshed
individually. In order to catch the small velocity
changes in the small clearances and near the walls,
two boundary layer grids are employed in the FE
model. At the same time, the refined grids are used
in the special center region to catch the
circumfluence phenomenon (Wang et al., 2013).
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Fig. 1. Geometric model of kneading disk for the
tri-screw extruder.

Table 2 Geometrical configurations
of the tri-screw extruder

Parameters Symbols Values
Screw root radius R 13.0mm
Screw tip radius Ry 17.0 mm
Barrel radius Ro 17.4 mm
Centerline of disk-disk Ly 30.4mm
Depth of disk Lo 6.0 mm
Total length L 30.0 mm
Clearance of disk-disk o 0.4 mm
Clearance of disk-barrel 0, 0.4 mm
Disk flight numbers ny 3
Number of disks n, 5
P30 o =30°
Stagger angles N60 o =60°
R30 o =-30°
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(a) Tri-P30

(b) Tri-N60

(c) Tri-R30

Fig. 2. Meshes model with different staggering angle of kneading disks.

In order to make a comparison of the kneading
disks between the tri-screw and twin-screw
extruder, the geometrical parameters of the
kneading disks for the twin-screw extruder are
equal to the tri-screw extruder. The geometry
models of the kneading disks with three typical
stagger angles, 30, 60 and -30 degrees for the twin-
screw extruder are defined as Twin-P30, Twin-N60
and  Twin-R30, respectively,  which  are
corresponding to the Tri-P30, Tri-N60 and Tri-R30
for the tri-screw extruders. It is noted that the mesh
methods in the mixing section of the twin-screw
extruder, such as element types, grid density,
boundary layers and the MST are also the same as
those of the tri-screw extruder.

During the numerical calculations, the mini-element
and linear interpolations are used in the velocity and
pressure calculations, respectively. The robust
Picard iterative method is employed in the viscosity
calculation due to the power-law index less than
0.75. The convergence accuracy level is 1x10* in
all the simulations.

2.4 Evaluations of the mixing efficiency

Residence time distribution (RTD) function is an
important parameter to determine the mixing
performance of an extruder. The RTD density
function, E(t), shows the variation of the tracer
concentration at the exit and is given by the
following equation (Carneiro et al., 2004):

ety __ c®
[lemdt X chat
Where c(t) is the concentration of the trajectories at

the exit. At is the time step. Another function
related to E(t) is accumulative residence time
distribution function, F(t), and given as:

(6)
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t

> ctat
> oe(t)At
In order to accurately calculate the particle
trajectories, a small iterative time step, At =0.025s
corresponding to 6° of screw rotation is employed.
We have tested the accuracy with different numbers
of particles setting freely on the inlet, such as 2000
particles and 3000 particles. It shows that the
difference of their culmutive RTD with 2000
particles and 3000 particles is bellow 2%, which
prove the accuracy.

F(t) = j; E(t)dt = @)

In order to quantify and compare the RTD
functions, we define three parameters, To, T7s and
AT to characterize the RTD functions. To means
that the smallest time observed in the exit plane. Ts
denotes time that 75% of the particles flow out of
the exit. Whereas AT is equal to T7s —To.

In order to evaluate the dispersive mixing efficiency
inside the screw extruders, the mixing index is
employed and defined as (Cheng and Manas-
Zloczower, 1990)
__ v
" Pl Wi
Where W is the norm of the vorticity tensor. The
fluid in screw extruder will be in the rotational and
simple shear conditions with 4, =0and 4, =0.5,

®)

respectively. Whereas the 4,, is 1.0 meaning the
irrotational flow, such as pure elongational flow.

For the 3D flow in the tri-screw extruder, the local
stretching of the material infinitesimal surface can

be calculated from the mean value of the stretching
n per calculated unit area. Then the area of stretch

n can be expressed by (Manas-Zloczower, 1994)
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Fig. 3. Axial velocities in the kneading disks with maximal area of the center region.
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|da]

= lim 9
\dA\—»oldAl ©)
Where dA is an infinitesimal surface and deforms
with time. The surface deformation at time dt isda.

3. RESULTS AND DISCUSSION

31 Effect of Stagger Angles on the Flow
Patterns in Cross Sections

The tri-screw extruder, especially in the center
region, has periodic geometrical configurations with
screws rotation. In order to understand the effect of
the center region area on the axial flow pattern in
the kneading disks of tri-screw extruders with three
typical stagger angles, the axial velocity (Z-
velocity) profiles in the kneading disks with
maximal and minimum areas of the center region
are shown in Fig.3 and Fig.4, respectively.

Figure 3 shows the comparisons of axial velocity
profiles in the cross-sections of the kneading disks
with three stagger angles as the center regions of the
tri-screw extruders have maximal areas. It can be
seen from Fig. 3a that weak backflow (negative Z-
velocity) in the intermeshing region between two
screws and great axial velocity in the center region
for the Tri-P30. However, there is no backflow
pattern in the Tri-N60, as shown in Fig. 3b. In
Fig.3c, the Z-velocity in the Tri-R30 is opposite to
that in the Tri-P30, and the strong backflow exists
in the middle of center region, where there are the
great positive Z-velocities of polymer melt.

Figure 4 shows the Z-velocity profiles in the cross
sections of the kneading disks with three kinds of
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stagger angles, when the area of center regions of
the tri-screw extruders is smallest. For the Tri-P30,
it can be seen from Fig.4a that the backflow
phenomenon appears in the screw tip region, and
strong convey ability (great positive Z-velocity)
presents in the joint region of screw channel
between two screws. For the Tri-N60, there is
strong positive Z-velocity at the screw tip region
and no backflow phenomena, as shown in Fig.4b.
And for the Tri-R30 in Fig.4c, we can see that great
positive Z-velocity near the small center region and
negative Z-velocity in the joint region of screw
channels.

In comparison with Fig.3 and Fig.4, from the flow
field of view, it is found that the axial velocities of
materials in the center region of the Tri-P30 are
faster than other kneading disks for tri-screw
extruders. Therefore, the residence time in the
center region of the Tri-P30 may be shorter than
that of the Tri-N60 and Tri-R30. This is important
to determine the homogeneity and quality of final
products. The residence time of polymer melt in the
Tri-R30 may be longest, though the Z-velocity is
greatest when the area of center region is smallest.
From the residence time point of view, the Tri-R60
may be best choice to gain homogeneous final
products.

3.2 Spatial Flow Law of Particles
Kneading Disks of Tri-Screw Extruders

in

Distributive mixing can be evaluated by particle
tracking. In order to understand the special flow
characteristics of the tri-screw extruder, the
technology of particle tracking is used to follow the
trajectories by using a fourth order explicit Runge-
Kutta scheme. Initially, 2000 massless particles
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with two kinds of colors are set freely throughout
the inlet section (see Fig.5a). The transient motions
of particle tracking in tri-screw extruder with a
rotational speed of 40 rpm are described in Fig.5.
From Fig.5b and Fig.5c, it is found that most of
particles initially in the center region of the Tri-P30
quickly move in the center region along axial
distance due to the great axial velocities. This is
similar to the convey element of the tri-screw
extruder (Yoshinaga et al., 2000). The particles in
the Tri-P30 begin to flow out the exit at 5 s, as
shown in Fig.5¢, and in the Tri-N60 at 1.0 s, as
shown in Fig.5d. However, with the increase in
stagger angles, above phenomenon takes off
gradually in the Tri-N60 and Tri-R30. With the
increase of mixing time, the particles diffuse into
the whole flow region of the kneading disks, as
shown in Fig.5d. In comparison with three kinds of

Tri-N60
d)t=1s
Fig. 5. Flow processes of polymer particles in the mixing sections of tri-screw extruders.
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Tri-R30

kneading disks, it is found that the Tri-R30 has
more even distribution of particles than the Tri-P30
and Tri-N60. This implies that the Tri-R30 has
relatively better distributive mixing efficiency.

3.3 Dispersive Mixing Efficiency

The purpose of mixing is to break up and extend the
dispersed phase in continuous phase. The shear rate
and maximum stress magnitudes are important
parameters to evaluate the dispersive mixing for the
mixers. Figure 6 shows the mean shear rates along
the axial length between the tri-screw and twin-
screw extruders. It is found that the mean shear
rates of polymer melts increase in the kneading disk
edges and decrease in the kneading disk channel
within the twin-screw and tri-screw extruders. In
comparison with the twin-screw and tri-screw
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extruders, we can observe that the values of mean
shear rates in mixing section of the tri-screw
extruder are bigger than those of the twin-screw
extruder at the same stagger angles. This reveals
that the kneading disks of tri-screw extruder have
greater dispersive mixing efficiency than those of
twin-screw extruder. Meanwhile, the Tri-R30 has
biggest value of the mean shear rate followed by the
Tri-N60, and the Tri-P30 has minimal value of the
mean shear rate.

90

A —&— Tri-P30
80 4 /.\ —=— Twin-P30
[ & —a— Tri-NGO
—4&—Twin-N60

70

—e— Tri-R30
—&— Twin-R30

60

504

Shear rate (s™)

40,

30 { &

20

30
Axial distance (mm)
Fig. 6. Comparisons of mean shear rates along
the axial length between the tri-screw and twin-
screw extruders.

Figure 7 shows the comparisons of maximal stress
magnitudes along the axial length of the screws
between the tri-screw and twin-screw extruders. It
is found that increasing the axial distance increases
the maximal stress magnitudes in the screw
extruders. Moreover, with the increase of stagger
angles, the maximal stress magnitudes within the
twin-screw and tri-screw extruders increase. By
comparison, it is found that the kneading disks of
tri-screw extruder have greater maximal stress
magnitude than those of twin-screw extruder with
the same stagger angles, indicating the better
dispersive mixing efficiency induced by stress in
the tri-screw extruder.

0101 W
= 0.08+
=3
0
14
% 0.06 -
© —a— Tri-P30
£ —=— Twin-P30
3 —a— Tri-N60
= 0.04+ —2—Twin-N60
—e— Tri-R30
—o— Twin-R30
0.02 T T

T T T
10 15 20

Z-direction (mm)

25 30
Fig. 7. Comparisons of maximal stress along the
axial length between the tri-screw and twin-
screw extruders.

The shear rate and comparison the percentage of the
material particles with a certain value of shear rate
within three typical kneading disks of the tri-screw
extruders are illustrated in Table 3. The
probabilities with the shear rates larger than 50 s
in the Tri-P30, Tri-N60 and Tri-R30 are 8.14%,
13.68% and 27.95%, respectively. The probabilities
with the shear rates larger than 100 s in the Tri-
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P30, Tri-N60 and Tri-R30 are 7.75%, 8.58% and
7.89%, respectively. And the probabilities with the
values of shear rates greater than 200 s in the Tri-
P30, Tri-N60 and Tri-R30 are 7.76%, 8.56% and
7.13%, respectively. The results in Table 3 show
that the material particles in the Tri-N60 and Tri-
R30 have higher probability to obtain higher shear
rate than in the Tri-P30. Thus, the neutral and
reverse kneading disks, Tri-N60 and Tri-R30, have
predicted better mixing abilities for the mixing
sections of tri-screw extruders.

Table 3 Characteristic values for three typical
stagger angles of knead disks in tri-screw
extruders at speed of 40 rpm

Element
Property Tri- Tri- Tri-
P30 N60 R30
Pressure drop
(MPa) 0.03 -0.556  -1.165
particles with
shear rate (s%)
>50% 8.14 32.465 27.95
>100% 7.75 8.4241 7.89
>200% 7.76 6.817 7.13

Mixing index is an important parameter to evaluate
the dispersive mixing in the extruders. The
comparisons of mixing index along the axial length
between the tri-screw and twin-screw extruders are
shown in Fig.8. It can be seen that the kneading
disk of tri-screw extruder has greater mixing index
magnitude than that of twin-screw extruder at the
same stagger angles. It reveals that the tri-screw
extruder has greater dispersive mixing efficiency
than the twin-screw extruder for the mixing
sections. By comparison the twin-screw and tri-
screw extruders, it can be observed that the
difference of mixing index value between the Tri-
N60 and Twin-N60 is bigger than that between Tri-
R30 and Twin-R30. This may be due to the fact that
the Tri-N60 has greater axial velocities in the center
region than the Tri-R30. In addition, the mixing
index distribution in the Tri-P30 is similar to in the
Twin-P30 due to the great axial velocities of
material in the center region of the Tri-P30.

0.75
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» 0.65-
<)
° .
< —=— Tri-P30
g 0.60 —a— Twin-P30
é —&— Tri-N60
o o —=—Twin-N60
.55 4 .
—*— Tri-R30
y —#— Twin-R30|
0.50
T T T T T T

0 5 10 15 20

Axial distance (mm)
Fig. 8. Comparisons of mixing index along the
axial length between the tri-screw and twin-
screw extruders.

25 30
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It is well known that the stretch flow is more
effective than shear flow on mixing efficiency in

polymer process (Ottino et al., 1981). The
probabilities of maximal stretching rate is the
number of the particles that go through maximal
stretching rate at mixing time, respectively. Figure 9
shows the comparisons of probability of maximal
stretching rate between tri-screw and twin-screw
extruders with different stagger angles. The
probability curves of maximum stretching rate in
the mixing sections of the tri-screw extruders locate
on right of the twin-screw extruders. This
illuminates that the mixing sections of the tri-screw
extruders have a higher probability to gain the
elongational flow than those of the twin-screw
extruders at the same stagger angles. Furthermore, it
can be observed from Fig.9 that the probabilities
with the maximal stretching rate larger than 80 s
are 14%, 10% and 22% in the Tri-P30, Tri-N60 and
Tri-R30, respectively. Therefore, the Tri-R30 has
better stretching rates than other kneading disks for
the tri-screw extruders.
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0.8 - Twin-P30
Tri-N60
- - -Twin-N60
- 064 TrliR30
£ - - -- Twin-R30
a8 oo =T
= Bt
I
T 0.4 4
0.2
e " 70 75 80 85 90 95 100
00 T - T T T T
0 40 80 120 160 200

Maximal stretching rate (s™)
Fig. 9. Comparisons of probability of maximal
stretching rate between tri-screw and twin-screw
extruders with different stagger angles.

3.4 Residence Time Distribution

Distributive mixing performance in mixers can be
evaluated by the residence time distribution (RTD).
Based on the velocity profiles and particle
trajectories, the cumulative RTD distributions in the
kneading disks of the tri-screw and twin-screw
extruders are calculated, as shown in Fig. 10. It can
be seen that the cumulative RTD curve in the Tri-
P30 has an obvious flat section, which is different
from the conventional single-screw and twin-screw
extruders. The TO of the Tri-P30 is shorter than the
Tri-N60 and Tri-R30, which is disadvantageous for
the homogeneity of the final products. This is due to
the fact that the Tri-P30 has great axial velocity of
polymer melt in the center region (see Fig.3a). At
the same time, the pressure differences between
inlet and outlet for three kinds of kneading disks are
extremely significant, as shown in Table 3. The
pressure difference between the inlet and outlet in
the Tri-P30 increases to 0.03 MPa due to its strong
pump ability with forward stagger angle. Also, it is
contributed to decrease the minimum residence
time. The pressure difference in the Tri-R30
decreases 1.165 MPa due to the reverse of the main
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transport  direction. This decreasing pressure
difference is benefit to increase the minimum
residence time. Whereas the pressure difference in
the Tri-N60 decreases 0.505 MPa. Therefore, from
the pressure difference of view, the minimum
residence time in the Tri-P30 is shorter than that in
the Tri-N60 and Tri-R30.

1.0
0.8+ Inlet velocity = 6 mm/s
— Tri-P30
- Twin-P30
061 Tri-N60
= - = -Twin-N60
g Tri-R30
0.44 Al==-- Twin-R30
Flat section
0.2
0.04 05 10 15 20 25
T T T
0 5 10 15 20
Time (s)

Fig. 10. Cumulative RTD in the kneading disks
of tri-screw and twin-screw extruders

The RTD profiles and information of the To, T7s
and AT in the Tri-P30, Tri-N60 and Tri-R30 are
compared with in Twin-P30, Twin-N60 and Twin-
R30 at speed of 40 rpm are depicted in Fig.11 and
Table 4, respectively. It is well known that the
minimal residence time is an important parameter to
determine the homogeneity of the final products.
From Table 4, the minimal residence time in the
Tri-P30 is 0.47 s (This also can be observed in
Fig.5c), and much smaller than those in Tri-N60
and Tri-R30. The trends of kneading disks of twin-
screw extruders are similar to that of tri-screw
extruders, but the value of the RTD in the Twin-P30
is bigger than that in the Tri-P30. On the other
hand, the large distribution of the residence time is
the sign of inhomogeneities and is disadvantageous
to acquire good final products. Out of question, it is
ideal that all the particles flow out the exit with
same residence time. Therefore, it can be concluded
that the RTD distribution in the Tri-R30 is
relatively reasonable for the tri-screw extruder.
However, the RTD distribution of the Twin-N60 is
relatively reasonable for the twin-screw extruder.
These differences in the mixing section between of
the twin-screw and tri-screw extruders are mainly
due to great axial velocities of polymer melt in the
center region.

0.304
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- = -Tri-N60
Tri-R30
- = Twin-P30
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-- - Twin-R30
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Fig. 11. RTD profiles in the mixing sections of
the tri-screw and twin-screw extruders.
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Table 4 Effects of stagger angles on the RTD in
the knead disks at speed of 40 rpm

RTD T Tos AT=Tos =T,
Tri-P30 0.47 7.71 7.24
Tri-N60 0.56 5.91 5.35
Tri-R30 1.08 5.54 4.46

Twin-P30 1.09 6.67 5.58
Twin-N60 1.63 5.88 4.25
Twin-R30 1.27 5.29 4.02

3.5 Logarithm of Area Stretch

The mean logarithm of the area stretch usually is
used to measure the dispersive mixing ability for a
mixer. The calculated mean logarithm of the area
stretch for the different screw extruders at different
stagger angles is described in Fig.12. It can be seen
that with the increase of mixing time, all the
logarithm of the area stretch increases exponentially
in the twin screw and tri-screw extruder, which is of
benefit to efficient laminar mixing. In comparison
with the mixing sections of tri-screw and twin-
screw extruders at same stagger angles, it is obvious
that the values of the logarithm of area stretch in the
tri-screw extruder are much larger than those in
twin screw extruder due to the great folding and
stretch of materials in the tri-screw extruder.
Moreover, the results in Fig.12 show that the Tri-
R30 has higher stretching efficiency than other
kneading disk configures, indicating the better
distributive mixing.

—a— Tri-P30
—&— Twin-P30
—A— Tri-N30
—4&—Twin-N30
—o— Tri-R30
—e— Twin-R30

Logarithm ot stretch

20 25
Axial distance (mm)
Fig. 12. Logarithm of the area stretch in the
kneading disks of tri-screw and twin-screw
extruders with different stagger angles.
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4. CONCLUSION

In this paper, three-dimensional finite element
modeling of polymer melt flow and mixing in the
kneading disks of a novel tri-screw extruder was
established. The flow visualizations in the kneading
disks of tri-screw extruders were carried out with
particle trajectories. Moreover, the dispersive and
distributive mixing efficiencies in the kneading
disks of the tri-screw and the twin-screw extruders
were compared.

The results show that, firstly, the kneading disks in
the tri-screw extruder have greater shear rate,
stretching rates, maximal stress magnitudes and
mixing index than in the twin-screw extruder with
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same stagger angles. Therefore, the mixing sections
of the tri-screw extruder have greater distributive
mixing efficiencies than those of the twin-screw
extruder. Meanwhile, the Tri-R30 has highest
distributive mixing efficiency than other kneading
disks in the tri-screw extruder, followed by Tri-N60
and Tri-P30. On the other hand, the pump element
of kneading disk, Tri-P30, has great axial velocities
of polymer melt in the center region, which is
similar to the convey element of the tri-screw
extruder. However, increasing the stagger angles
decreases the axial velocities of polymer melt in the
center region, such as for the Tri-N60 and Tri-R30.
This phenomenon induces the difference in the
RTD characteristics of the kneading disks between
the twin-screw and tri-screw extruders. In RTD, the
Tri-R30 is relatively reasonable for the tri-screw
extruder, and the Twin-N60 is relatively reasonable
for the twin-screw extruder. Finally, the logarithm
of the area stretch in the tri-screw extruder is much
larger than in the twin screw extruder due to the
great folding and stretch material in the tri-screw
extruder. Moreover, the Tri-R30 has higher
stretching efficiency than other kneading disk
configures in the tri-screw extruder. So the Tri-R30
has higher dispersive mixing efficiency than other
kneading disk configures.
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