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Abstract The weather strip used to protect the interiors of
vehicles from rainwater, dust, and noise is manufactured
through the special extrusion forming process in which the
solid-state rubber material is forced to be compressed, melted,
and extruded out through the forming die. The extrusion
forming process is characterized by the thermal flow of melted
rubber material, which is in turn influenced by the slip condi-
tion at the inner wall of the head and the shear viscosity as well
as the flow vorticity. The die design, which substantially af-
fects the extrusion forming quality, is made based on the ther-
mal flow characteristics, particularly in the head region. In this
context, this paper is concerned with the numerical investiga-
tion of thermal flow characteristics in the head region by the
finite element analysis. The flow profile, streamlines, and the
temperature distribution are investigated with respect to the
breaker plate, wall slip condition, and the shear viscosity mod-
el. The extrusion forming using twin dies is investigated as
well with respect to the imbalance of the wall temperature and
inlet flow velocity.
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Nomenclature

N Flow domain in the head region
02  Boundary of flow domain
0f2r  Free surface contacting with surrounding air
0f2¢ Inlet and the cutting surface
Interfaces with breaker plate head wall and die
Shear viscosity of melted rubber flow
Shear rate
Consistency index
Flow behavior index
Temperature
Flow velocity
Mass density
Stress
Strain
Body force
Hydrodynamic pressure
Viscous dissipation function
Heat generation
v Volumetric specific heat
Thermal conductivity
he Convection coefficient
qr Frictional heat
t Frictional force
Vg Sliding velocity
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Ty Reference temperature

k Material-dependent parameter
1.,  Air temperature

T Flow temperature at inlet

1 Introduction

A weather strip is a long flexible rubber product having the
particular hollow cross-section that is assembled along the
door edge of various vehicles, such as automotive and vessel
[1, 2]. It is used to protect the interior space of a vehicle from
rainwater, external dust, and sound, and furthermore, it ab-
sorbs the structural vibration of the vehicle to some extent
[3]. Both the cross-sectional shape and the overall size depend
on the vehicle model and the cross-sectional configuration of
the fitting region where the weather strip is inserted.
Nevertheless, the common requirement of weather strips is
the dimension precision not only for the tight fit into the in-
stallation slot but also for securing the designed contact per-
formance. Furthermore, a weather strip is forced to be com-
pressed when door is closed and to be relaxed when door is
opened. Thus, the security of structural durability against the
frequent shutting/opening operations of door is desired up to
at least the life span of vehicle [1].

It is manufactured with solid-state raw rubber material by
the specially designed extrusion forming machine [4] in which
raw rubber material undergoes the phase change from the
solid state to the melted liquid state by the friction-induced
heat source. As will be shown later, the raw rubber material is
to be fed and compressed by the rotating screw, and further-
more, it is to be melted by the frictional slip between chamber
and compressor. One of apparent features of melted rubber
flow is the occurrence of vorticity while rubber material is
passing through the spiral-type compressor. Since the vortex
flow gives rise to the bad effect on the extrusion forming
quality, a metallic disc having a number of holes, called by
breaker plate [5], is placed at the inlet of the head to suppress
the vortex flow.

The field experiments reported that the product quality is
strongly influenced by the stabilization and uniformity of the
melted rubber flow, particularly in the head region. In other
words, the characteristic analysis of thermal flow is essential
for the optimum design of extrusion dies [6, 7]. Nevertheless,
the design of an extrusion forming die has been made through
a trial and error approach [8]. In this context, we intend to
investigate in this paper the thermal flow characteristics in
the extrusion forming process of weather strip, particularly
in the head region composed of die, breaker plate and
nozzle-type chamber. Besides the beaker plate, the melted
rubber flow is also influenced by the slip condition at the inner
surface of chamber and the shear viscosity of rubber flow. The
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Fig. 1 a Weather strips used for vehicles, b real forming scene

melted rubber flow exhibits the non-Newtonian behavior so
that its shear viscosity varies with the temperature and shear
strain [9]. Hence, the thermal flow characteristics such as the
flow velocity, streamline and temperature are numerically in-
vestigated with respect to the slip condition, the viscosity
model and the inlet flow velocity. As well, the effects of im-
balance of the wall temperature and the inlet flow velocity on
the thermal flow characteristics are investigated, particularly
for twin dies that is under study to increase the production

capacity.

2 Problem description
2.1 Extrusion forming process of weather strip

Referring to Fig. 1a, the type of weather strip is characterized
by its cross-sectional shape, which is in turn determined by the
geometric configuration and dimension of opening and shut-
ting region of vehicle where it is to be fitted. In other words,
both the overall size and the cross-sectional shape vary de-
pending on the vehicle model and the fitting location. The
original product extruded from the forming machine is ultra-
long seamless, as represented in Fig. 1b, and it is to be cut into
a number of pieces having the equal length which is deter-
mined by the edge length of vehicle door.

Referring to Fig. 2, the extrusion forming process is divid-
ed into feeding, compressing and head regions. In the feeding
and compressing regions, the raw rubber material is forced to
be fed and compressed by the rotating spiral-type compressor
and melted by the friction-induced heat generation between

Breaker
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Raw Rubber

C Material
\ ompressor

-V W e 8 .
e

Chamber —/

Head | Compressing Feeding

Fig. 2 Extrusion forming process of weather strip [4]
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outlet inlet

breaker plate

Fig. 3 Domain definition for the thermal flow analysis

the rubber and the inner chamber wall. The compressor
revolution-induced vorticity in the melted rubber flow is sup-
pressed by the breaker plate which is a disc-type metallic filter
having a number of holes. In the head region, the laminar
rubber flow is pushed into the forming die and extruded out
with the help of the external tension that is transferred through
the endless extruded product ahead.

2.2 Steady-state non-Newtonian thermal flow

The extrusion forming of weather strip is a steady-state pro-
cess, except for the initial short time period for stabilizing the
process. Thus, the current study focuses on the steady-state
thermal flow characteristics in the head region. Restricting to
the rubber flow between the breaker plate and the die front, as
depicted in Fig. 3, we denote {2 be the problem domain with
boundary 02 = 0§2¢cu082;U0S2 . Here, 012 denotes the inlet
and cutting surface I of the restricted domain, 02; the com-
mon interfaces with the breaker plate, head wall and die, and
082 the free surface contacting with surrounding air.
Assuming that the thermal flow is incompressible and non-
Newtonian and employing the Eulerian kinematic description
[4], the steady-state flow velocity v(x) is governed by the

continuity equation
Vv=0, in {2 (1)

and the momentum equations

p(vV)v=Vo+pf, in 2 (2)

Bingham

Fig. 4 Newtonian and non-
Newtonian fluids: ashear stress
versus shear rate, b shear
viscosity versus shear rate

Shear Stress

Dialant Fluid

with the boundary conditions

v(x) = V(x),
v(x)-n =0,

on 0S¢ (3)
on Of (4)

In which, p is the mass density, f the body force, n the
outward unit normal vector. In incompressible flow, the stress
tensor o;; is constituted with the strain-rate tensor e; = (v;;+v;,
2 as 0;;=—pd;+ 2 e; with the hydrostatic pressure p and the
shear viscosity p.

On the other hand, the steady-state temperature field 7(x)
of the rubber flow is governed by the energy equation

pCy(v-V)T-V-(kVT) = Qy + @ (5)
with the boundary conditions

T(x)=T(x), on 002c\I'¢ (6)
VT =gy (= [t|Inl), on o8 )
—kVT-n = hC(TiTair)a on aQFUFC (8)

Where, Oy denotes the heat generation and the viscous
dissipation & is defined by $=2pue;e;. On the other hand,
Cy is the specific heat at constant volume; x the thermal con-
ductivity, g,the frictional heat induced by the frictional force ¢,
and the sliding velocity v, /¢ the convection coefficient [5],
and 7' the flow temperature at inlet. The frictional force tis
calculated by the generalized Navier’s law such that #= kv
with the material-dependent parameter .

3 Shear viscosity in function of temperature
and shear strain

3.1 Power-law shear viscosity model

Referring to Fig. 4, fluids can be generally classified into
Newtonian and non-Newtonian, but in reality all the fluids
exhibit the non-Newtonian behavior. Differing from
Newtonian fluid showing the linear relationship between
shear rate and shear stress, non-Newtonian fluids display the

Dialant Fluid

Newtonian
Fluid

Newtonian
Fluid

Pseudoplastic

Shear Viscosity

Fluid
Pseudoplastic Fluid
Shear Rate Shear Rate
(a) (b)
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Table 1  The measured shear viscosities at the shear strain rate of 10 Table 2 The consistency indices K determined from the y—y plots
Temperature (°C) 60 70 8 90 100 110 120 Temperature 7(°C) 60 80 100 120
Shear viscosity x10° (m%/s) 8.44 7.05 6.03 4.84 4.17 3.62 3.06 Values of K 31,194.06 11,186.86  7085.18  5729.0

nonlinear relationship and their apparent viscosities are vary-
ing with shear rate. As shown in Fig. 4a, non-Newtonian
fluids are divided into dialant (shear hardening), pseudoplastic
(shear thinning), and bingham. The shear viscosity of shear
hardening fluid increases in proportional to shear rate, and
vice versa for shear thinning fluid. Meanwhile, bingham fluid
exhibits the same linear relationship between shear rate and
shear stress as Newtonian fluid, but it does not produce shear
rate until its shear stress reaches the specific level.

Most of high molecular substances such as elastomer ex-
hibit the shear thinning characteristic, and the melted rubber
material in the extrusion forming process of weather strip does
also belong to this category. Meanwhile, the apparent viscos-
ities shown in Fig. 4b of three kinds of fluids can be repre-
sented by a generalized power-law material model expressed
by [9, 10]

p=K(T)y" )

Where, ~ is the shear strain rate, K the temperature-
dependent consistency index, and n the temperature-
dependent flow behavior index, respectively. Depending on
the value of n, fluids are characterized as follows: n=1 for
Newtonian, n< 1 for shear thinning, and n> 1 for shear thick-
ening. And, two indices K and # are in turn expressed by

TTOTOD (10)

T-T,
n—no+B( ") (11)
i

K = Kyexp (A X [

100

-
o
1

Shear viscosity (ka/m-s) x 103

0.1 S—— —r—r—rrrrry S—
0.1 1 10 100

Shear strain rate
Fig. 5 Shear viscosities to the shear strain rate at different temperatures
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in terms of temperature. Here, four parameters Ky, no, A and B
are material-dependent constants, while 7} indicates the refer-
ence temperature (usually, 7p=320K).

3.2 Interpolation of shear viscosity

The rubber material considered in this study is CMB (carbon
master batch) W6033, and its kinematic viscosities at several
temperatures and strain rates are available. The values in
Table 1 at the shear strain rate of 10 and three plots in Fig. 5
at the temperatures of 80, 100 and 120 °C are provided from
the R&D Center of Hwaseung R&A Co. Those were obtained
by the ML(1 +4) experiment method [11] in which the shear
viscosity of a rubber compound specimen is measured during
four minutes after heated during one minute.

We first determined two indices K and # in Eq. (9) at three
temperatures of 80, 100 and 120 °C by applying the incremen-
tal scheme to the corresponding three plots in Fig. 5. It is
found that the flow behavior indices n are almost equal to
0.36 for three different temperatures, which can be confirmed
from the fact that the slopes of three plots in Fig. 5 are almost
the same. In other words, the dependence of the index 7 on the
temperature is negligible, implying that B in Eq. (11) is almost
zero. Meanwhile, the consistency indices K are found as fol-
lows: 11,186.86 at 80 °C, 7,085.18 at 100 °C and 5,729.0 at
120 °C, respectively.

The two constants K and A in Eq. (9) could be analytically
determined using the values of K at 80, 100 and 120 °C, but
this approach leads to the remarkable difference in Ky and A

35

K values

30 Curve fitting

25 -

20 4

K value (x10%)

T T
360 380 400
Temperature (K)

T
340

Fig. 6 Curve fitting of the consistency index K for rubber material
W6033
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Table 3 Material, process, and geometry data taken for the numerical
experiments

Items Data

Material & process parameters

Mass density, p(g/cm®) 1.18
Specific heat, C\(J/g - K) 223
Thermal conductivity, £(g - cm/K - s°) 4.0x10*
Convection coefficient, A~(g/K - s3) 9.56x 10°
Inlet temperature, 7/(K) 320
Inlet flow velocity, v, v,, vg(cm/s) 25, 14.4,25
Outlet pressure, p,(atm) 1.0

Major geometry data
Inlet, outlet diameters, Dy, Do(cm) 8.2,7.0
Head length, die thickness, Ly, tp(cm) 6.0, 1.0
Extrusion section size, bgy X hgy(cm) 2.89x1.74

depending on the choice of two among three values of K. In
other words, we have three equations for two unknowns. So,
we take the least square method using the values of K to
determine K, and A which are more reasonable over the wide
range of temperature between 60 °C and 120 °C. To increase
the accuracy of the least square method, the value K at 60 °C is
also determined by applying the incremental method to the
corresponding p—y plot at 60 °C. As shown in Fig. 5, the
1~y plot at 60 °C was interpolated using the shear viscosity
at 60 °C in Table 1 and the flow behavior index n equal to
0.36.

The consistency indices K determined from the pi—y plots at
four different temperatures are given in Table 2 and Fig. 6. By
applying the least square method to these four values, we
obtained the values of two constants: Ky=21,012.82 and
A=6.153, respectively. And, the final power-law model for
rubber material W6033 is given by

7-320
M :21,012,82~exp(—6.153 x [ 320 D-v"‘l (12)

with 7 being of 0.36. It has been found that these two values
K and A are positioned between the lowest and highest values

n : a . =

Fig. 7 Extrusion die: a real configuration, b finite element mesh

(b)

Fig. 8 Breaker plate: a real configuration, b solid model

that are obtained by the above-mentioned analytical approach.

4 Numerical experiments
4.1 Finite element modeling

The major geometry dimensions of the problem domain
shown in Fig. 3 are given in Table 3, where the extrusion
section size indicates the maximum width and height of its
cross-section. The material properties of rubber compound
W6033 were provided from Hwaseung R&A, and the inlet
temperature 7; was referred to the measurement data of
Hwaseung R&A.

The finite element approximation of the steady-state non-
Newtonian thermal flow governed by Egs. (1)—(8) leads to the
following coupled system of nonlinear equations:

-Q'v=0 (13)
C v)v+KV—QTp: ¥ (14)
D(V)T—i—LT:G(V) (15)

Velocity (m/s)
— 0.4

-0.0
Fig. 9 Velocity profile specified at inlet
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Velocity
[m sh-1]
1.69e+H1 0
l 1.50e+}(
1.32e+00
1.13e+00
9.42¢-01

7.55¢-01

5.68e-01
3.81c-01
I 1.93e-01

6.33¢-03

(a)

Fig. 10 Streamlines before and after breaker plate: a no slip, b free slip

The reader may refer to [4, 12] for the details on the matri-
ces and load vectors in Egs. (13)—(15). The velocity and pres-
sure vectors {V,p} are firstly solved from the coupled
Egs. (13) and (14), and then the temperature vector T is solved
in the staggered iterative manner. For the current study, the
numerical simulation of the coupled nonlinear equations was
carried out by commercial software, ANSYS CFX [13].

The head region shown in Figs. 2 and 3, including the
breaker plate, die and the melted rubber flow region, was
discretized with the total of 1,118,039 elements and 209,862
nodes. Figures 7 and 8 represent the real configuration of die
and breaker plate and their models respectively, where the
flow-passing regions were locally refined for the sake of nu-
merical accuracy. According to the measurement at Hwaseung
R&A, the temperature of melted rubber flow during the ex-
trusion forming process is as follows: 45~ 50 °C in front of
the breaker plate and approximately 80 °C in the head region,
respectively. These experimental data will be used as the ref-
erence temperatures for the verification of numerical simula-
tion in this study.

Velocity [m s~-1]

I4.OE+O1

—3.0e+01
2.0e+01
—1.0e+01

0.0e+00

(a)

Fig. 11 Velocity profiles at die outlet: a no slip, b free slip
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Velocity
[m s*-1]

9.00e-01
I 8.03e-01
7.05e-01
6.08e-01
5.10e-01
4.13e-01
3.16e-01
2.18¢-01
I 1.21e-01

2.32e-02

The inlet flow velocity v;={v,, v,, vy} was determined
based upon the diameters of chamber inner wall and compres-
sor, the rotational speed n =14 rpm, the helix angle 0,=17.5°
and the tread angle 67=30° of the compressor. Figure 9 rep-
resents the flow profile at inlet just before the breaker plate,
which is characterized by the vortex and radial flow compo-
nents. Both flow components are forced to be suppressed
while the rubber flow is passing through a number of cylin-
drical voids of the breaker plate.

4.2 Verification experiments

We first examine the flow boundary condition at the inner wall
of head, for which the shear viscosity of melted rubber flow is
assumed to be constant in order to avoid the highly time-
consuming temperature- and shear-dependent nonlinear ther-
mal flow analysis. Two kinds of wall conditions, no slip and
free slip, are considered, and the relative difference in flow
characteristics between these two wall conditions was not sig-
nificantly affected by whether the shear viscosity is

Velocity [m s~-1]

'1.7SE+01

—4.38e+00
8.75e+00
— 1.31e+00

0.00e+00
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Temperature
K]
[ 6.49e+02
6.03e+02
—5.56e+02

—5.10e+02
4.63e+02
[4. 17e+02
—3.70e+02

3.24e+02

2.77e+02

2.31e+02

Fig. 12 Temperature distributions at die: a no slip, b free slip

temperature- and strain-dependent or not. Based on the mea-
sured peak temperature 80 °C in the head region and the av-
eraged shear rate 10/s, a constant shear viscosity 2500 kg/m - s
was determined using Eq. (12).

The streamlines, together with the flow velocity profiles,
before and after the breaker plate are comparatively represent-
ed in Fig. 10. It is observed that the vortex is successfully
suppressed by the breaker plate in both cases. But, the no slip
condition shows higher velocity gradient across the flow
cross-section with higher peak velocity than the free slip con-
dition. For the no slip condition, it is of course natural to
satisfy the continuity condition for the same volumetric mate-
rial flow. In the real extrusion forming process, lubricant is
supplied [14] to help the melted rubber flow to be smoothly
extruded through chamber, breaker plate, head and forming
die.

Figure 11 comparatively represents the flow profiles at die
exit, where both cases show almost the same velocity profile,

Velocity [m s~-1]

[1.75€+01

—4.38e+00

| —8.75e+00

— 1.31e+00

0.00e+00

Temperature
(K]

I—3.77e+02
- 3.68e+02
- 3.5%+02

- 3.50e+02
—-3.41et02
m 3.32¢102
-3.23e+02
3. 14e+02

3.06e+02

2.97e+02

(b)

but, the no slip condition produces the peak flow velocity
which is more than two times as high as the free slip condition.
In aspect of forming quality, there is no doubt that lower ve-
locity gradient across the die cross-section is desirable. The
suitability of free slip condition can be also confirmed from
the comparison of temperatures at die exit shown in Fig. 12.
Owing to the excessive friction at the die wall, the no slip
condition produces the abnormal temperature distribution
with the maximum value close to 650 K. Considering the
measured temperature about 80 °C, the peak value is more
than four times as high. On the other hand, the free slip con-
dition leads to a reasonable peak temperature so that this
boundary condition seems more acceptable.

Next, the nonlinear thermal flow analysis is performed
using the shear viscosity which was estimated by the power-
law model given in Eq. (12). Figures 13 and 14 compare the
velocity profiles and the temperature distribution at die outlet
between two different shear viscosity models. When

Velocity [m s~-1)

[1.11E+01

—8.30e+00

[ —5.53e+00

—2.77e+00

0.00e+00

(b)

Fig. 13 Velocity profiles at die outlet: a constant viscosity model, b power-law model
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Temperature
(K]
77etH02
.68e+02
.5%e+02
.50e+02
4Het02
.32e102
.23e+02
.14e+02
.06e+02

.97eH02

(a)

Fig. 14 Temperature distributions: a constant viscosity model, b power-law model

Temperature

|

—3.40e+02

3.46e+02

3.43e+02

—3.37e+02

3.34e+02
3.31e+02
—3.28e+02
-25e+02

.23e+02

.20e+02

(b)

Table 4 Variation of the peak

temperature and the peak flow Inlet temperature T,(K)

Peak outlet temperature (K)

Peak flow velocity at die outlet (m/s)

velocity at die outlet to the inlet

flow temperature 320

333
343

347
356
365

6 11.10
7(2.62 %) 11.14 (0.36 %)
8(2.55 %) 11.15 (0.09 %)

compared with the case using a constant shear viscosity, the
power-law model leads to the slightly lower flow velocity and
temperature. The peak velocity is reduced by 36.6 % and the
maximum temperature is by 8.2 % respectively, implying that
the shear viscosity is more sensitive to the flow velocity mag-
nitude. From the fact that the shear viscosity is related to the
viscous dissipation @ in Eq. (5) and the friction at the wall, the
constant shear viscosity 2500 kg/m - s is found to be set slight-
ly higher. It was observed from Fig. 11 that the peak flow
velocity is proportional to the intensity of no slip at the wall.

Furthermore, differing from the flow velocities of two
cases which show almost the same profile, both cases give
rise to a noticeable difference in the temperature distributions.
The power-law model shows higher temperature at much

Fig. 15 Imbalance conditions: a
temperature at the head surface, b
flow velocity at inlet

normal

@ Springer

more points, because the shear viscosity is determined point
by point depending on the local values of temperature and
shear strain. The peak temperature obtained by the power-
law model is 73 °C that is more closer to the value measured
at Hwaseung R&A than the value obtained using a constant
shear viscosity. Thus, it has been confirmed that the power-
law model is more suitable to model the shear viscosity in the
real extrusion forming process.

4.3 Parametric and twin-dies experiments
The power-law model, together with the free slip condition, is

applied to investigate the thermal flow characteristics with
respect to the temperature value at inlet. Three different inlet

breaker plate

(b)



Int J] Adv Manuf Technol (2016) 87:2841-2851

2849

Temperature
K]

[ 3.35e+02
3.35e+02
—3.35e+02

—3.35e+02

3.34e+02
h: 3.34e+02
‘ —3.34e+02

3.380+02 d
[ 3.33e+02

3.33e+02

(a)

Temperature
K]

[3.41e+02
3.40e+02
—3.40e+02

—3.39e+02

3.38e+02
HEB.N e+02
ﬂ‘ 3.36e+02
3.35e+02
[3,34 e+02
3.34e+02

(b)

Fig. 16 Temperature distributions: a without temperature imbalance, b with temperature imbalance

temperatures are tested and the peak temperatures and flow
velocities at die outlet are compared in Table 4, where the
values in parenthesis indicate the relative increases with re-
spect to the values for the preceding inlet temperatures. It is
found that the peak outlet temperature increases in proportion-
al to the inlet temperature but the peak flow velocity saturates.
Thus, the control of inlet temperature affects the temperature
of extruded product, but its influence on the production speed
is negligible. In fact, the inlet temperature gives rise to the
effect on the final sectional shape of weather strip after
forming, because the extruded product from the forming die
experiences the thermal deformation to some extent during
cooling down.

Figure 15a shows an example of twin dies which was pro-
posed to increase the production capacity for a fixed number
of extrusion forming machines. In other words, the production
capacity becomes two times for each forming machine, pro-
vided that the extrusion forming is successful without causing
any kind of production imperfection. However, unfortunately
the test experiment at Hwaseung R&A encountered various
kinds of problems, such as the imbalance between a pair of

—— Right die
— Left die

Velocity (m/s)
(=]

0 T T T T T T T T T
Coordinate along line d—d’

(a)

Velocity (m/s)
T

products and the imprecision of dimension and sectional
shape. This kind of problem in extrusion forming using twin
dies was suspected to be mostly caused by the imbalance of
temperature distributions and flow velocity profiles between
two dies in the head region. In order to examine why such an
imbalance occurs, two kinds of imbalance conditions shown
in Fig. 15a, b are considered. One is the imbalance of wall
temperature in the head region, and the other is the imbalance
of inlet flow velocity in front of the breaker. In case of the
temperature imbalance, the normal temperature is set by 60 °C
that is similar to the process temperature while 7+ AT on the
right side is set by 70 °C. Meanwhile, for the flow velocity
imbalance, the normal velocity is the same as the value given
in Table 1 while the velocity on the left side is increased by
two times (i.e., v+ Av=2xv).

Figure 16 comparatively represents the temperature distri-
butions of twin products at die exit. The case without temper-
ature imbalance shows the exactly same distributions for both
products, but the other case with the temperature imbalance
leads to the apparent difference in the distributions. The sym-
metry and asymmetry at twin dies are also observed at the

NS

— Right die
g — Left die

Right die

: s

Coordinate along line d-d°

(b)

Left|di

e

Fig. 17 Velocity distributions along lines d—d": a without temperature imbalance, b with temperature imbalance
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Velocity [m s2-1)

[ 1.03e+01

9.21e+00
.05 e+00
.90e+00
.75e+00
.60e+00
—3.45e+00

[2'
1.
0

.00e+00

30e+00

15 e+00

(a)

Fig. 18 To the velocity imbalance at inlet: a velocity profiles at die exit, b velocity distributions along lines d—d"

flow velocity profiles, as shown in Fig. 17. The flow velocity
distributions at die exit are taken along two lines d—d' shown
in Fig. 16a which are identically defined for both dies. It is
observed from Fig. 17b that the right die subject to higher wall
temperature produces higher flow velocity than the left die.
The maximum difference in velocities at two points &’ is found
to be 0.67 m/s and it becomes 6.4 % of the peak velocity at the
left die. It was observed from the experiment that a little dif-
ference in velocity profiles causes the remarkable imbalance
of products, so this amount of difference is considered as a
major difference. As a result, it is confirmed that the imbal-
ance of wall temperature becomes a factor that causes an
asymmetry in the thermal flow profiles at twin dies.

Next, the thermal flow analysis was performed for the twin
dies subject to the imbalance of inlet flow velocity shown in
Fig. 15b. This case does not lead to the asymmetry in the
temperature distributions at die exit for both dies.
Furthermore, there is no asymmetry in the flow velocity pro-
files at die exit, as shown in Fig. 18a. It can be clearly con-
firmed, from Fig. 18b, that the flow velocity distributions
along two lines d—d' are exactly the same. Thus, it has been
confirmed that the imbalance of inlet flow velocity in front of
the breaker plate does not cause the asymmetry in both the
temperature and flow velocity distributions at die exit for twin
dies. It is because, referring to Figs. 9 and 10 any asymmetry
in the profile of the vortex flow in front of the breaker plate
disappears while passing through a number of cylindrical
holes that are formed in the breaker plate.

5 Conclusion

The thermal flow characteristics in the head region of extru-
sion forming process of weather strip were numerically inves-
tigated in this paper. The power-law viscosity model was
employed to account for the effects of temperature and shear
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strain rate on the shear viscosity. The material parameters in
the power-law model were determined based on the experi-
mental data and the least square curve fitting. The free slip
condition at the wall was chosen through the preliminary nu-
merical experiment on the flow streamline after the breaker
plate, the flow profile and the temperature distribution. The
free slip condition predicts the peak flow velocity and the peak
temperature at die exit which are close to the values that are
measured from the real forming process.

Both the constant and power-law shear models lead to al-
most the same flow velocity profiles at die exit, but the both
models show a noticeable difference in the temperature distri-
butions. Furthermore, both models lead to the remarkable dif-
ference in the peak flow velocities and the peak temperatures.
Based on the comparison with the measured temperature val-
ue and the improvement of cross-sectional flow uniformity at
die exit, it has been justified that the power-law model is more
appropriate to model the shear viscosity of melted rubber flow.
Meanwhile, it was found from the parametric investigation
with respect to the inlet temperature that the production speed
is not greatly influenced by the inlet temperature.

According to the thermal flow analysis to examine the
asymmetry in temperature and flow velocity distributions for
twin dies, the following observations are drawn. The imbal-
ance of wall temperature in the head region is a critical factor
causing the asymmetry in the extrusion forming of weather
strip using twin dies. But, the imbalance of inlet flow velocity
does not produce a noticeable asymmetry in the temperature
and flow velocity profiles because the flow imbalance is to be
recovered while passing through the breaker plate.
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