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Partially Filled Flow Simulation Using Meshfree
Method for High Viscosity Fluid in Plastic Mixer

A novel simulation technique for the flow in plastic mixers
based on Element-free Galerkin Method (EFGM) has been de-
veloped in this study. To improve the simulation accuracy, a
“rearrangement” scheme has been employed which eliminates
errors caused by the irregular distribution of data points.
Through several numerical tests, the new simulation technique
has been validated to be applicable to high viscosity fluid flow
with enough accuracy. Furthermore, simulation examples for
realistic mixers were carried out using the developed techni-
que. From the results, it was found that the developed techni-
que is capable to investigate the relationship between flow be-
havior inside realistic mixers and operating conditions.

1 Introduction

Twin screw extruders and mixers have been used in polymer
processing and for producing chemicals, because they have
good mixing performance and provide mass-production. There
are many studies to evaluate the mixing performance of extrud-
ers and mixers. Especially, flow simulations to understand
flows inside extruders and mixers are useful to get detailed in-
formation like velocity and stress distributions.

Yang et al. (1992), for example, conducted a three-dimen-
sional non-Newtonian flow analysis of the kneading disk re-
gion in a co-rotating twin-screw extruder on the basis of finite
element method (hereinafter “FEM”). Kajiwara et al. (1996),
on the other hand, conducted a three-dimensional non-Newto-
nian flow analysis on a melt-conveying zone in an intermeshed
counter-rotating twin-screw extruder by FEM using the flow
passage shape created by full-flight screws with a spiral angle.
There are many other reports; however, most of them assume
that flow passages are filled with melt, and very few analyses
have been made on the flow in a partially filled state occurring
in actual mixing.

Applying a mesh method, such as FEM, to the simulation of
partially filled state requires extremely complicated processing
of free surfaces whose shapes change with time, making practi-
cal analysis difficult. Against this background, mesh-free
method has attracted attention in recent years. As shown in
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Fig. 1, mesh-free method has no “mesh” and calculation points
(nodes) can move freely along the flow. Thus, mesh-free meth-
ods eliminate the issues associated with meshing and have an
advantage that they can solve large deformation problems in-
volving free surfaces more easily than mesh methods. Fukuza-
wa et al. (2015) developed a simulation technique for highly
viscous non-Newtonian fluids on the basis of moving particle
simulation (MPS) and analyzed the phenomena of molten resin
flowing through a twin screw extruder in a partially filled state.
Eitzlmayr et al. (2015a; 2015b) applied Smoothed Particle Hy-
drodynamics method (SPH) to study the flow and mixing in a
conveying element of a co-rotating twin-screw extruder in par-
tially filled states. However, the results of these flow predic-
tions are still qualitative and have not yet led to quantitative
evaluation. Against this background, this study has been con-
ducted with the aim of improving the accuracy, so that the ana-
lyses based on a mesh-free method can be used for the design-
ing of mixers in a sufficiently quantitative result.

When typical techniques of the mesh-free method including
SPH (Monaghan, 1992) and MPS (Koshizuka and Oka, 1996)
are applied to highly viscous fluid, a fatal error occurs in rigid
body rotation. This problem, on the other hand, does not occur
in the Element-free Galerkin method (EFGM) based on a weak
form integral equation, because this method mainly handles the
problems in structures with high stiffness and postulates high-
order interpolation. In addition, velocity boundary conditions
can be easily introduced without any complicated boundary
treatment, such as the placement of special boundary particles
as required by SPH and MPS.

Hence, in this study, EFGM is applied to partially filled flow
of molten plastic with the aim of improving the accuracy.
Furthermore, a new scheme keeping distances among data
points is introduced to improve simulation accuracy. As valida-
tion, the simulation results are compared with the experimental
results. Moreover, partially filled flow simulations in realistic
plastic mixers are carried out using the developed simulation
method.

2 Simulation Method

2.1 Governing Equation

This study has been conducted based on the following assump-
tions. The material is a viscous body that is almost incompres-
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sible in isothermal conditions, in which the viscosity is a func-
tion of only strain rate. The equation of motion is given as fol-

pu=V-o+b inQ, (1)
n-c=t inI,, (2)
u=u inT, (3)
oij = 2pé’y + My, 4)

where: Q, object domain; I'y, boundary prescribing surface
force; I'y; p, density of fluid; u, time differential velocity vec-
tor; boundary prescribing velocity; ¢, stress tensor; b, body
force vector; V, vector differential operator; u, velocity vector;
n, vector normal to boundary; u, boundary velocity vector; and
t, surface force vector. Gjj, éi’j, £y, stress, strain deviator, volu-
metric strain respectively; p, viscosity of fluid; A, a resistance
coefficient to volume change and enough large against fluid
viscosity. 8;;; Kronecker delta. The velocity boundary condi-
tion is derived from the penalty method.

2.2 Approximation of Velocity Field Based
on MLS Interpolation

In the EFGM, the velocity component at an arbitrary point of a
continuum body is expressed by a moving least squares inter-
polation (hereinafter MLS interpolation) as follows. Firstly,
the following polynomial equation is defined:

o(x) =p' (x)a(x), (5)
where suffix T indicates transposition, p(x) is the base vector

of a polynomial of degree m and a(x) is a coefficient vector.
In the case of two dimensions, the following holds:

m=0 p'(x)=[1], a(x)=/[ax) (60)
m=1: p'x)=[Lxyl ak) = [ax), ak), ax]"

(6b)
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Fig. 1. Mesh method (A) and mesh-free meth-
od (B)

Next, in order to determine a, residual J(x) is defined as fol-
lows:

J@zim®W%m®—m? ()

where wi(x) is a weight function, n is the number of nodes
within the influence domain, and suffix I indicates the value
for node I (a discretization point). J(x) represents weighted
squared sum of the differences between ¢(xy) and ¢;. Minimiz-
ing this makes a to be expressed as follows:

a(x) = A”'(x)B(x)o, (8)
where

(PT:[(plv(PZv"'v(pN]v (9)
Ax) = ZWI(X)P(XI)PT(X1)> (10)
B(x) = [Wi(X)p(x1), -, Wa(X)p(Xn)]- (11)

Further, Eq. 8 is incorporated into Eq. 5 to provide the follow-
ing:

o(x) = N(x)o, (12)
where
N(x) = p'(x)A"' (x)B(x), (13)

and N(x) corresponds to the shape function in FEM. Equation
13 is differentiated with respect to X, which provides the fol-
lowing equations:

(p_i = N,i(l)» (14)
N;=pijA"'B+p'A;'B+p'A”'B,, (15)
where suffix (i) indicates differentiation with respect to x, y or
z. It should be noted that the following equation is used as a

weight function:

2
—ou(r/r -0
76 /) ¢ 7r§r0

l—e@ , (16)
0 , I >T1p

wi(x) =
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where r = |X — X/, a is a constant and r is the radius of the
domain of influence. The example calculation assumes
o = 7 and ry is a factor 2.6 larger than the initial inter-node
distance.

2.3 Discretization

The velocity of an arbitrary point is expressed as follows based
on Eq. 12:

u(x) = XH:NI(X)ﬁb (17)
1=

where Ny is the I component of N vector, u is the velocity inx
direction and uj is the velocity of node I in the same direction
(the same applies to other directions). Using the above equa-
tions, the governing equations are discretized to the following
equations:

Ka = f, (18)
K = / B/ DB;dQ + k / N{N,dr, (19)
Q Tu
fi = / NibdQ + / Nitdl" + k / Niudr, (20)
Q I't T'u

where u represents the velocity vector, suffixes I and J indicate
components for node I and J respectively. In the case of a two-
dimensional problem, each matrix component is expressed as
follows:

N, O
Bi=| 0 Ny, (21)
NI,y NI,x

N = [lf)‘ 131} (22)

ap/3+%  =2u/3+A1 0
D=|-2u/3+Ar 4u/34+% 0, (23)
0 0 n

where p is the viscosity. These matrices correspond to the fol-
lowing relational expressions (stress and strain rate are ex-
pressed in vectors):

o = [Gx; Oy, Txy]Ty (24)

T

i — [g :e,y,yxy} [6u/ax, dv/dy, du/dy + ov/ax]T,  (25)

6 = Dg, (26)
Q

&¢=Bu=) B, (27)
1

=l v, (28)

As a result of this processing, the equation of continuity is al-
most fully satisfied.
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2.4 Integration Method

In general, the EFGM requires cells for numerical integration
(Belytschko et al., 1994), a factor that increases the calculation
load. Hence, integration points are made to conform to node
points (Beissel and Belytschko, 1996; Chen et al., 2001) to
eliminate the need for integration cells. In this case, Egs. 19
and 20 respectively become as follows:

Q Iy
Ky = Z BI(Xa)TD(Xa)BJ (Xa)Va +x Z N (Xa)TNJ (Xa)sga

(29)
Q I'
f1 2 Ni(x)b(x)Va + Y Ni(x,)E(x,)S}
Iy
+ KZNI(Xa)ﬁ(Xa)Sg7 (30)

where V, is the volume occupied by node a, and S} and S} re-
spectively represent the areas on I'y and I'y occupied by node
Q

a. Although the ) in the above equation formally applies to

all the nodes, BI(;&) = 0 and Ny(x,) = 0 hold at points I out-
side the domain of influence of node a. Therefore, only the
sum inside the domain of influence must be calculated. Further,
K is a penalty number, which allows making S} = 1.

Now, for convenience, V, is calculated by the following
equation under an assumption that the initial nodes are ar-
ranged equally spaced:

Vi
o fluid
ng +np/2
v, = e/ , (31)
1V boundary
2nf + Ilb/2

where V, is the total volume of the fluid, n; is the number of
fluid nodes and n;, is the number of boundary nodes. In the
equation, the volume of the boundary nodes is regarded as half
that of fluid nodes.

It should be noted that no processing was performed to sup-
press the pressure oscillation associated with the nodal integra-
tion.

2.5 Time Marching Method

A fully implicit method is used for determining node velocity,
while the coordinates are updated by a secondary Runge-Kutta
method. The following describes the procedure:

Step 1: p'(x) = [1], & = K(X,,t) 'f(X,, 1),

a(x) = [ai(x)], (32)
Step 2: Determining the interpolation speed U; of nodes by
Eq. 17,

1
Step 3: Xt+At/2 = Xt + EAtUt, (33)
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: 1\ 1
Step 4: ug a2 = K <Xt+At/27 t+5 At) f <Xt+At/27 t+5 At) ,
(34)

Step 5: Determining the interpolation speed Ugyay2 of nodes
by Eq. 17,

Step 6: Xiar = X¢ + AU a2, (35)

where suffix t indicates values at time t, while At is the time
step size.

In the case where p depends on strain rate, it would be most
accurate if the strain rate was calculated after Step 6 to make a
correction to [t and if the calculations were repeated from Step 1
without progression of time until the variation of p becomes
equal to or smaller than an allowable value. Here, however,
for the purpose of simplifying the algorithm, p for the strain
rate at the previous time step is used as an approximate value,
and the calculations are not repeated.

The viscosity of plastic that becomes the main application
target of this study can be very high, in the order of 10* Pa - s
at maximum. Therefore, if an explicit method or a semi-impli-
cit method was to be used for the time integration, the time step
size satisfying the stability condition for diffusion number
would become extremely small, resulting in an enormous
amount of calculation time. Because of this, a fully implicit
method, which is unconditionally stable, is used here.

2.6 New “Rearrangement” Scheme for Improving
Calculation Accuracy

A common problem with the above mesh-free methods is the
deterioration of accuracy caused by uneven inter-node distance
(Belytschko et al., 1994). That is, in the case of mixing simula-
tion, the fluid node arrangement is disturbed as the rotation
proceeds, causing significant accuracy deterioration. In order
to solve this problem, a new technique, called “rearrange-
ment”, has been devised. The following describes the proce-
dures for discretization and calculation.

Step 0: 4 = 0, X9 = X, (36)

Step 1: Calculating the force Q acting on the nodes by the fol-
lowing equations:

1 X; — X

= = 37

Q Jz:;qIJ|XJ—XI| (37)
kdyy, oy < 0

qu = ) (38)
Oa 6IJ 2 0

8[] = |X] — XI| — 8o, (39)

Step 2: Updating the velocity and coordinates by the following
equations (note: the coordinates of boundary nodes are deter-
mined by Eqs. 32 to 35):

U A7 = U + AY(Q — ci), (40)
Xirar = Xi + Atugyap, (41)

where k is spring stiffness, ¢ is damping factor, At is time step size
and s is collision detection distance. Steps 1 and 2 are repeated
the number of times specified by the user or until the variation
of dy becomes an allowable value, e.g. when all &y are larger
than 0. In the following examples, we repeated the steps 32 times.

According to the above algorithm, a repulsive force works
on the nodes when the inter-node distance becomes sq or smal-
ler, making the nodes unlikely to cluster and to be arranged
homogeneously as shown in Fig. 2. For two-dimensional cases,
So is given by the following:

2 v,
= )
S0 \/§nf—}—nb/2 ( )

That is, in a perfectly homogeneous arrangement, three neigh-
boring nodes form an equilateral triangle, and sy represents
the side length of a fluid volume equaling the summation of
the triangular areas.

Further, k, ¢ and At do not have any physical implications
and can be determined arbitrarily. This study uses the follow-
ing equation which is independent of unit system:

k=0.25/(1-n?), (43)
c=2nvk,(0<n<1), (44)

where 1 is a viscosity constant. The above equation gives a nat-
ural period of 2m. Therefore, At can be set to an appropriate
value of 2r or smaller. The following calculation example uses
n=0.1, At ==n/8.

The above processing alters the coordinates of nodes. Thus,
unless the values of strain rates are updated, an error occurs
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—r -~ -
. . e ~
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; - \
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\ 2 N 2 1 (@) 1
1 l\ O ]
7 !
= P
- 4 g -
L oy o s 25 \\'-- - r" \\\ o, -
4 T e A e ~
F e -~ & + v v oy \\
s b : o | "," o 1
' A
N 1 1 O ) \\ ’ A N !
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W N Lt bl S Y - Fig. 2. Schematic views of the “rearrange-
Eiats - ment”. Calculation points position before ap-
A) B) plication (A), and after application (B)
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for materials having dependence on strain rate. In addition, an
error occurs which is caused by the free-surface shape being
distorted by the non-physical rearrangement processing. In or-
der to minimize these errors, and as the most convenient
means, a small At is taken and a rearrangement is made for
each step to minimize the coordinate variation per step.

3 Validation of Developed Method

In order to validate the accuracy and efficiency of this devel-
oped method, the simulation results are compared with experi-
mental results on for a highly viscous fluid.

3.1 Comparison with Experiment on Rotating Cylinder

An experiment as shown in Fig. 3 was conducted using a rota-
tion apparatus consisting of a cylindrical barrel and a cylindri-
cal rotor. The apparatus was filled in half with silicon oil (KF-
96H-100 Kcs, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan).
Then, the cylindrical rotor was rotated, and the behavior of
the oil was observed in video. The results were compared with
the analysis results. The experimental apparatus had dimen-
sions of: barrel inner diameter, 50 mm; rotor diameter,
20 mm; rotor rotation velocity, 3 min~!; and apparatus length,
90 mm. Since the cross-sectional shape is constant along the

®) D)
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longitudinal direction, a two-dimensional simulation was
conducted. The conditions of the simulation were: with rear-
rangement; the number of fluid nodes, 3639; the number of
boundary nodes, 442; the initial inter-node distance, 0.5 mm;
At, 0.0556 s; density, 1000 kg/m?; the acceleration of gravity,
9.8 m/s; and viscosity, 100 Pa s.

Figure 4 shows the experimental results. Many bubbles were
observed during the experiment (see Fig. 4A, C). Figure 4A is

Cross-section plane
Photographing direction

Fig. 3. The model of experiment on rotating cylinder

Fig. 4. Experimental results of rotating cy-
linder with bubbles (A, B), less bubbles (C,
D), (A, C) initial state, (B, D) after 3 rota-
tions. The red line in Fig. 4B shows the out-
line of free surface
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a snapshot just after feeding the silicon oil into the barrel,
Fig. 4C is a snapshot after leaving 15 h. However, as shown in
Fig. 4C, an experiment conducted with less bubbles condition
confirmed that these bubbles have little effect on the free sur-
face shape of the fluid. Therefore, the free surface shape of ex-
periment with bubbles is comparable with that of simulation. It
is also to be noted that the viscosity represents the value mea-
sured for ¥ < 50 s~! at the ambient temperature and can be re-
garded to be constant within the scope of this experiment.

Figure 5A shows the chronological change of node positions
obtained by the simulation along with the experimental results.
The red solid line in each diagram represents the contour, ob-
tained from the corresponding photo, of the free surface. As
shown by this figure, there is a good agreement in the shapes
of the free surface. In the experiment, a steady state where the
free-surface shape remains almost unchanged was achieved at
one rotation. The simulation also shows a good agreement in
the free-surface shapes after one rotation and three rotations,
reproducing the steady state.

Figure 5 compares the results with and without rearrange-
ment. In the case without rearrangement, the nodes are separat-
ed with the accuracy significantly deteriorating after one
rotation, showing that the rearrangement processing is
indispensable in this case. The CPU time required for this sim-
ulation was 528 s per rotation (i5-3210 M, 2.5 GHz, 1 core).
The same calculation performed by an explicit method took a

Cross-section plane

factor of approximately 200 more CPU time than this solving
method (fully implicit method). Actual resin mixing involves
much higher viscosity, implying that the use of an implicit
method is also indispensable.

3.2 Comparison with Experiment
on Triangular-Shaped Rotor

A model mixer including a rotor with three tips (Hotani and
Kuroda, 2009) was simulated and the simulation results were
compared with experimental ones. Figure 6 shows the iso-
metric view of the experimental model and the two-dimen-
sional shape analyzed. Experiments were conducted using a ro-
tor with a same cross-sectional shape as Fig. 6A. Initial fluid
position of simulation is divided into three parts to obtain stea-
dy state quickly as shown in Fig. 6B. The rotor has no torsion
in the axial direction to avoid the flow in the axial direction as
much as possible. The rotor has an axial length of 89 mm, and
the barrel has an axial length of 90 mm, leaving gaps of 1 mm
in total at the axial ends.

The cylindrical barrel was partially (80 %) filled with silicon
oil (KF-96H-1 Mcs by Shin-Etsu Chemical Co., Ltd., Tokyo,
Japan) and the triangular-shaped rotor was rotated. During the
experiment, the torque acting on the rotor was measured, and
the free-surface shape of the fluid was observed in video. The

Fig. 5. Simulation results with “rearrange-
ment” (A), and without “rearragement” (B).
The red line shows the outline obtained from
experimental result

BRarrel(r=19.7)

Tluid

18.5

__\~Rotor

Fig. 6. The calculation and experimental
model of triangular-shaped rotor. Isometric

\ 1:3: _
/\<(5 g i
LY o
Photographing direction 304
A) B)
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view of simple mixer (A), and cross-section
model of initial state of simulation (B)
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conditions of the simulation were: with node rearrangement;
the number of fluid nodes, 23400; the number of boundary
nodes, 2898; the initial inter-node distance, 0.2 mm; density,
1000 kg/m?. The smallest rotation speed is 3 min~! in these ex-
periments. The interval time of each tips passage is 6.7 s. The
fluid didn’t deform by gravity while in the interval. The gravity
was ignored in this simulation.

The highly viscous silicon oil used in this experiment is
shown to exhibit shear thinning at high strain rates. In the sim-
ulation, the viscosity which is measured by a frequency visc-
ometer was calculated by the following equation:

_ {2491.72 046> 1000

. 45
1000 , 1 <1000 (45)

Figure 7 compares the steady-state flow behaviors of the simu-
lation and experiment (rotation velocity: 6 min~"). The red sol-
id lines in Fig. 7B are the contours, retrieved from the experi-
mental results, of the free surface and represent the free
surface shape at the center in the axial direction. As shown in
this figure, the 3 separate fluid portions have roughly the same
free-surface shape.

Figure 8 shows the torque measured for each number of re-
volutions in the simulation and experiment. This figure indi-
cates that the analytical results (T, ) yield smaller torque than
the experimental results (T, ).

A possible cause of this difference is as follows: The simula-
tion was conducted on a two-dimensional model, while the ex-
periment was performed on an apparatus having gaps between
the axial end faces and the ends of rotor, as described above.
Torque is also generated in these gaps. In addition, in the ex-
periment, an axial flow occurs although slightly, which may
cause the torque to be changed. Among these factors, the tor-
que generated in the gaps between the axial ends and rotor ends
can be calculated. The result reflecting this torque (T, is
also shown in Fig. 8. It should be noted that, for simplifying
the calculation, the triangular shape is converted to a circle
having the same area, and the fluid is assumed to fill the entire
gaps.

As demonstrated in Fig. 8, T, agrees well with T, , veri-
fying the validity of this simulation.

A) B)
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4 Results and Discussion of Flow Simulation
Inside Realistic Mixers

The partially filled simulation of the plastic mixer becomes
possible using the developed method, so that it is possible to
know the internal filling state which could not be achieved by
the conventional fully filled simulation. Therefore, in this sec-
tion, we investigate the change of the internal filling state with
respect to the change of operating condition for continuous
mixer with different rotor shapes.

4.1 Numerical Simulation Condition

We carried out partially filled simulations for melt mixing
zones of counter-rotating continuous mixers shown in Fig. 9.
The following describes the calculation models and conditions
of the simulations. There are both screw zone and mixing zone
in each calculation model. Regarding screw zones, both mod-

Torque

TCEI.[.
T L

Lol

0 10 20 30

Number of revolution

40 min' 50

Fig. 8. Simulated torque acting on rotor vs. speed of revolution

Fig. 7. Steady state flow condition at 6 min™
of experimental result (A), and simulation re-
sult (B). The red line shows the outline of free
surface of experimental result
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els have same screw shapes. Regarding the mixing zone, they The density is 900 kg/m>. The rotation speeds were 200, 400,
have the same cross-sectional shape. The configurations are 600 min~'. The feed rates were 185, 544, 907 kg/h. We investi-

Model-FF (only forward rotor; Model-FB) forward and back- gated all combinations of two rotor shapes, three rotation
ward rotor. Nominal barrel diameter is 100 mm, mixing zone  speeds and three feed rates. The surface boundary condition is
length is 144 mm, and barrel length is 254 mm. In this simula-  no slip. The outlet cross-sectional boundary condition is free
tion, we use Newtonian viscosity. The viscosity is 1000 Pa s. outflow. The inlet cross-sectional boundary condition is con-

Modcl-FF Model-FB

Forward

Y e Totor
Forvs

Rotor

l Fig. 9. Calculation Model-FF (A) and Mod-
A) B) el-FB (B)

D) E) F)

Fig. 10. Filling states of Model-FFs (upper) and Model-FBs (bottom) at 200 min™', A) Modell-FF 181 kg/h, B) Modell-FF 544 kg/h, C) Modell-FF
907 kg/h, D) Modell-FFs 181 kg/h, E) Modell-FFs 544 kg/h, F) Modell-FFs 907 kg/h
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stant velocity. In the initial states of the simulations, mixers are
empty. Fluid is fed from the upstream ends of the screw zones.
The simulations are finished when the flow behaviors were
constant.

4.2 Results and Discussion
4.2.1 Filling State and Filling Ratio Inside Mixer

We observed the filling state inside the mixers. The filling
states at the rotation speed of 200 min~! obtained by the simu-
lations are shown in Fig. 10 (the results of Model-FFs are
shown at the top; those of Model-FBs are shown at the bottom).

In the cases of Model-FFs, polymer exists just only around
the tips of the rotors. On the other hand, the mixing zones in
Model-FBs are almost fully filled with the polymer. This fea-
ture of filling state appeared at other rotation speeds.

The relationship between the filling ratios against rotation
speed and feed rates are summarized in Fig. 11 and 12. Filling
ratios at feed rates of 185, 544, 907 kg/h are shown in Fig. 11.
The filling ratios at rotation speeds of 200, 400, 600 min~! are

100% ModelFTi |
—=— Model-I'I7
% LLE -@ 200 min
80% - _'_...-:G-::_"_,:-"" —&—Model-FF
70% T | - -g T 400 min™
o) zz-
2 60% A —#— Model-FF
m 500 600 min?
[w)] 4]
= o =& «Model-TB
= 40% 200 min*
L 200
30% == -Model-FB
20% R 400 min”
109, et - - & = Nodel-I'R
0% 600 min”'
4]

0 200 400 600 kg/h 1000
Feed rate

Fig. 11. Relationship between filling ratio and feed rate

100%

K —&—Modcl-FF

%% b == oo __ Ao 181 kg/h
80% S -~eao o _ p N S S S A —a—Moddl-FF

70% &=~ B s P R 0 S44kghh
':‘9% 60% L TTITI----- ] —ﬂ—g‘l;;dkul;ﬁP
E: 50% & M d i FB

—& -Model-

é 40% 181 kg
L 30% - & -Model FB

20% L S 544 kgih
10% ___\&kg =& -Model-FB

—1 |
0% ™1 — . 907kgih
200 400 min"' 600

Rotation speed

Fig. 12. Relationship between filling ratio and rotation speed
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shown in Fig. 12. These results show that the filling ratios of
Model-FBs are larger than those of Model-FFs in all cases.
From this trend, it is mentioned that the backward rotor which
generates flow resistance increases the filling ratio of the mix-
ing zone.

Kim and White (1994), White and Chen (1994) and White
et al. (2006) carried out experiments and simulations and men-
tioned that the screw is filled in the backward screw and the
forward screw before them. On the other hand, in this simula-
tion, Model-FBs are not fully filled even though they have
backward rotors. The reason for this difference is the condition
difference downstream of the backward rotor. Free outflow
boundary condition is applied for outlet boundary in this simu-
lation. Fluid near the outlet is easy to be out under this condi-
tion and filling ratios of Model-FBs are getting down to 65 to
85%. In the future, various outlet boundary conditions must
be considered and discussed in detail.

As shown in Fig. 11, the larger the feed rate is, the higher the
filling ratio is for all rotation speed cases. These results occur
because pressure drops increased along with increasing feed
rates. As shown in Fig. 12, the higher the rotation speed is, the
lower the filling ratio is for all feed rate cases. These results oc-
cur because pumping capabilities are increased along with in-
creasing of rotation speeds. Regarding Model-FFs, the pumping
capabilities of both screw and mixing zones are increased be-
cause they have only forward torsion. Regarding Model-FBs,
the pumping capabilities of mixing zone are not increased be-
cause the length of forward rotor and that of backward rotor is
the same. In other words, only the screw zones have pumping
capability for Model-FBs. From these results, it is found that
the pumping capability of the screw zones affects the filling ra-
tio of the mixing zone in the partially filled condition.

Lertwimolnun and Vergnes (2006) noted that the effects of
feed rate Q and screw speed n are usually expressed through
the ratio Q/n, which is proportional to the filling ratio of the
screws. Figure 13 shows the relationship between the filling ra-
tios and the ratio of feed rate and rotation speed Q/n. Regarding
Model-FFs, there is a strong correlation between the filling ra-
tio and Q/n. The larger the Q/n is, the higher the filling ratio
is. In other words, the filling ratios of Model-FFs can be con-
trolled by Q/n. Model-FFs are regarded as only forward screw
because they have only forward torsion. Therefore, screw theo-
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% |
80% P L
70% O
m O Model-FF |

60% dolF
50% OModel-IB |

40%
30%
20% e
0% 1 e

0%

Filling ratio
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Fig. 13. Relationship between filling ratio and Q/n
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ry can be applied, and the results are like screw results. On the
other hand, regarding Model-FBs, it can be mentioned that
there is a weaker correlation between the filling ratio and the
Q/n than for Model-FFs. The effect of forward torsion is lim-
ited in Model-FBs as mentioned above. Therefore, it can be
considered that the screw theory is not completely applied,
and the correlation is weaker than for Model-FFs.

4.2.2 Average Residence Time

Average residence time (t,,) is calculated by the equation
shown below:

tave = 3600 M, (46)
feed
where p is density of fluid, V ;, is fluid volume inside mixing
zone, Qy..q is feed rate in kg/h.
The average residence times at feed rates 185, 544, 907 kg/h
are shown in Fig. 14. In both configurations, the larger the feed
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Fig. 14. Relationship between average residence time and feed rate
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rate is, the shorter the average residence time is. The average
residence times of Model-FBs are longer than those of Model-
FFs for all feed rates. From these results, it can be mentioned
that the reduction of feed rate or the configuration which has
backward rotor is one of the ways to obtain good mixing per-
formance.

Average residence times at rotation speeds of 200, 400,
600 min~! are shown in Fig. 15. Regarding Model-FBs, the
average residence time is almost constant in each feed rate.
From the results shown in Fig. 14 and 15, the average residence
times of Model-FB that have backward rotor are controllable
by almost only feed rate.

From these results, we can say that the rotors with backward
rotor can be appropriate for a mixing that needs longer resi-
dence time. It would lead to strong mixing. On the other hand,
we can say the a rotors with only forward rotor can be appro-
priate for a mixing that needs shorter residence time. We can
say that the configuration with only forward rotors strongly is
related with feed rate and rotation speed. We conclude that
the mixer shape and operating conditions are strongly related
with the degree of mixing and we can predict the degree of
mixing by using our simulation technique.

5 Conclusion

In the present work, a new simulation technique for partially
filled flow has been developed. The mesh-free method has
been employed and a new scheme called “rearrangement” has
been proposed for partially filled simulations of plastic mixers.
It is found that the scheme is effective to improve simulation
accuracy and the developed simulation technique can predict
partially filled flow phenomena with high accuracy.

Furthermore, the developed simulation technique has been
used for realistic mixers to investigate the effects of rotation
speed and feed rate on the filling state and average residence
time. The investigation was carried out for two different mix-
ing rotor shapes. From the results, it is found that our devel-
oped simulation technique is capable to reveal flow behaviors
inside counter-rotating continuous mixers and the operating
conditions that have strong correlation with the average resi-
dence time for each configuration. As a conclusion, it is found
that our technique is useful to know flow phenomena inside
mixer that is difficult to obtain by conventional simulation
techniques.

In the future, we will clarify the stress distribution or the re-
sidence time distribution of partially filled state to investigate
more detailed mixing conditions.
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