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Abstract: Polyurethane foams were produced by using a homogenizer as a mixing equipment. Effects of stirring speed on the
foam structure were investigated with SEM observations. Variation of the bubble size, density of the foam, compressive
strength, and thermal conductivity were studied. A hybrid foam consisting of polyurethane foam and commercial polystyrene
foam is produced. Mechanical and thermal properties of the hybrid foam were compared with those of pure polyurethane
foam. Advancement of flow front during mold filling was observed by using a digital camcorder. Four types of mold geome-
try were used for mold filling experiments. Flow during mold filling was analyzed by using a two-dimensional control vol-
ume finite element method. Variation of foam density with respect to time was experimentally measured. Creeping flow,
uniform density, uniform conversion, and uniform temperature were assumed for the numerical simulation. It was assumed
for the numerical analysis that the cavity has thin planar geometry and the viscosity is constant. The theoretical predictions
were compared with the experimental results and showed good agreement.
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Introduction

Reaction Injection Molding (RIM) is a processing method
1or rapid production of complex plastic parts directly from
1w viscosity monomers or reactive oligomers injected into a
110ld[1]. Since the 1970s, during which special high-pressure
¢ quipment for efficient mixing of the reactants was proposed,
}IM technology has been widely used for polymer processing,
« specially in the automotive industry[2].

A schematic diagram of the reaction injection molding
jrocess is shown in Figure 1. In the RIM process, two or more
Iow viscosity liquid streams, which become reactive when
Irought together, are mixed in the mixing head by utilizing
1arbulent mixing prior to being injected into the mold where
ey are polymerized and solidified[3]. Polyurethane, the most
“requently used system for RIM, has various characteristics
. ccording to the composition of monomers or formation of
aligomers. Polyurethane foam, used for thermal insulation
of home appliances, is produced by reaction injection

nolding (RIM) with blowing agents that have been mixed
with the polyurethane resin in advance[3,4]. Polyol and
socyanate are required monomers that are mixed along with
nther additives, such as catalysts, surfactants, and blowing
gents. Polyurethane foam generally has low mechanical
nroperties but has many advantages such as weight reduction,
-avings of materials, increase in impact strength, improvement
+f sound and thermal insulation[5].

In order to obtain final products of improved physical
nroperties, polymers are often processed with the addition of

arious kinds of fillers or reinforcing materials such as
-hopped fibers, flakes and continuous fibers. They are added
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to one of reactants for the RRIM (Reinforcement Reaction
Injection Molding) process or reinforcing materials are
placed into the mold before injecting the reactive mixture for
the SRIM (Structural Reaction Injection Molding) process
[6,7]. The main objectives of the reinforcement are
improvement in dimensional stability and mechanical
properties.

In this study, commercial polystyrene foams were placed
in the mold before injection of the polyurethane resin to
produce the hybrid foam. Thermal conductivity and
compressive strength of pure polyurethane foams which
were produced at different stirring speed were compared
with the properties of the hybrid foam. Mold filling of
polyurethane foam was observed by experiment, and
theoretical modeling was performed for cavity filling.

Experimental

Materials

Table 1 lists polyol and MDI used in the experiment.
Commercial polystyrene foam beads with the average
diameter of 12 mm were obtained and used as the insert in
the mold. Some physical properties of the polystyrene foam
are given in Table 2.

Table 1. Materials used in the experiment

Isocyanate MDI(4,4'diphenylmethane diisocyanate)

Polyol Propylene oxide based diols

Polyol (100 wt%) + Silicon surfactant (2.0 wt%)
+ Catalyst (1.7%) + Blowing Agent

Polyol mixture

Blowing agent | Physical blowing agent : dichlorofluoroethane

Chemical blowing agent : H,O
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Table 2. Physical properties of commercial polystyrene foams

Densit Thermal
Geometry ( /Cmg})’ Porosity conductivity
& (W/m-K)
Sphere 0.042 045 0.036

(12 mm diameter)

CONDITION

METER

MOLD

=

Figure 1. Schematic diagram of the reaction injection molding
process.
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Figure 2. Schematic diagram of the mold used in the experiment.

Processing of Polyurethane
The polyol was mixed with the stoichiometric amount of
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Figure 3. Mold geometry for producing the hybrid foam.
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Figure 4. Schematic diagram of the experimental setup for
observation of the mold filling.
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isocyanate in a polyethylene cup using the homogenizer. The
mixing was carried out for about 20 seconds at a various
stirring speed of 6000, 8000, 10000, and 12000 rpm. The
nixed reactants were immediately poured into the mold, and
hen the blowing agent dissolved in the polyol yielded gas to
orm bubbles in the polyurethane. Finally, polyurethane
oams are obtained with respect to various stirring speeds.
'he mold used in this study is shown in Figure 2. Dimensions
»f the end gated rectangular mold cavity are 100 cm (length)
<30 cm (width)x4 ¢cm (thickness). For samples obtained in
i:ach experiment, density, thermal conductivity, and compressive
strength are measured. Thermal conductivity was measured
1y using a heat flow metering instrument (HC-074) supplied
rom EKO Instruments Trading.

Processing of Hybrid Foam

Hybrid foams consist of two different foamed materials.
igure 3 shows the installation of the mold and the
»xperimental procedure is as follows. After a mold release
igent was applied to the entire mold surface, the rod-net was
ocated inside the mold and polystyrene foams were placed
nside the installed rod-net area. Then, the polyurethane
nixture, which was mixed by using a homogenizer, was
youred into the mold. At the early stage, polyurethane foam
illed the free space by self - expansion which is induced by
yubble growth. After filling all the free space, polyurethane
oam began to penetrate through the pre-filled polystyrene
eads and polyurethane foam filled all the spaces between
he polystyrene foams. At last, hybrid foam consisting of
:xpanded PS beads and polyurethane was produced.

Mold Filling
Advancement of the flow front during mold filling was
bserved by using a digital camcorder as shown in Figure 4.
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Motion and still pictures were obtained to determine the
flow patterns during the entire mold filling. Mold cavity
pressure was also measured with the aid of pressure
transducer which was mounted at the end of the gate. The
experiments were carried out by utilizing different mold
types of 4 kinds as shown in Figure 5.

Numerical Analysis

Governing Equation

In order to numerically analyze the polyurethane flow in
two-dimensional rectangular mold, the following assumptions
were made.

(1) Two-dimensional thin cavity.

(2) Creeping flow.

(3) Uniform density.

(4) Uniform conversion.

(5) Uniform temperature.

From the above assumptions, continuity and momentum
equations are derived as follows:

dp . du  dv _

E‘f‘pa—)“*‘p;} =0 (1)
_ dp, d( du

0= -+ aln%) @
/A G

0= o T az(”az) ©)

where p is the density, 1 the viscosity, p pressure, u and v are
the velocity components in the x and y direction.
Boundary conditions are shown below.
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figure 5. Schematic diagram of the mold; (a) without any block, (b) with a block at the lower left corner, (c) with a block at the bottom, (d)

vith expanded polystyrene beads in the rod-net.
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du _ dv

a_Z = 5—2' = ) at = 0

Equation (2) can be integrated in the thickness (z) direction.
du _ zdp
dz ~ nox @

Velocity can be found by the integration of equation (4) in
the thickness (z) direction.

(K =2)op )
2n ox
Average velocity can be obtained as shown below.
1 19 K9,
7Joudz = 2nha”j (h*~2")dz = “ﬁa‘i ©6)

Similarly, velocity in the y-direction, v, can be obtained as
below.

- 1w _ 1 dppr,,2 2 _h28p
Vv = I;J‘OVdZ = _Wlay'[o(h Z )dZ = _?778_)) (7)
Besides, Darcy’s law can be applied to the porous media
- _ Kop
U= (®)
— Kodp
Vo= = 9
19y
Thus, average velocity vectors can be rewritten as below.
- Kop
i= L2 (10)
- K op
v = —= an
ndy

2
*| = % if without porous media

= K if with porous media

After integration of equation (1), the following relations can
be derived.

o u , o
ot dx dy

_[gdg]tpd aa(fgudz)+ a—iUgvdz) =0
31nzp (9(‘[ d) (Jvdz):

dinp  Jd - _
e ( )+&y(v) =0 (12)

Substitution of equations (10) and (11) into equation (12)

=0
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yields the final pressure equation as below.

dlnp a(K 3p) 8(K 91?) 0 (13)

o a\nax) M\ 7oy

where K is the permeability of porous media, & the thickness
in the z direction, u and v the average velocity components
in the x and y direction. The viscosity is assumed constant in
this study and the viscosity measured by Kim and Youn[4] is
used (h,=53.07 Pa-s).

Numerical Formulation

Governing equation for pressure can be solved by the
control volume finite element method (CVFEM). In the
control volume finite element method[8-10], pressure field is
determined in order to satisfy the conservation law, which is
evaluated from the flux across the control-volume boundary.
Figure 6 shows finite elements and their definition of control
volume. The sub-control volume surrounding a given vertex
includes one-third of each area of six primary triangular
elements sharing the vertex, so that each triangle of area A is
divided into three equal quadrilateral areas of A/3.

Boundary conditions for equation (13) are as below.

at C, p=0
at C;yor C, 8—p =0
on
where n denotes the outward normal direction. Equation (14)
is derived from equation (13) as follows.

J (K (9p) L9 (K* ap) Jlnp

ox\nox) oy\nady “or
(Ky,) = dnp
V(TIVP)_ or

A3

Figure 6. Triangular finite elements and definition of control
volume.
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d, 2

7igure 7. Triangular element and vectors used in pressure
-alculation.

iy (5

Vp)dA =[], a%pdA

j Vp nds = [J, alnpdA

= 3], Gl

Kq“-e
7 jse Vp - ndS*

K alnpA
E‘FIS“VP ' 2 (14

where subscript e represent an element, and A the area of
:ach element.

Figure 7 shows vectors used in the pressure calculation. If
he pressure is assumed to vary linearly in the element, the
sradient of pressure can be expressed as below.

(p3—p)d,—(p,—pd}s
74,

where superscript + means that the vector is rotated clockwise
Jy an angle 7z/2 along the plane. Let m be the vector that is
10rmal to the boundary of sub-control volume and has the
same length as the sub-control volume boundary. Then, the
surface integration term of equation (14) can be evaluated
1sing the relation below.

Vp = -

(15)

m = —(m+m}) = -2,

1
5@p—diy) =—3dn  (16)

The relation of @' - b* = a - b is used for the deviation of the
above. From equations (14) and (16),

Z{4Ae -lpsdy - dsy, —prdi3-dypy - pids, - d32]}

81npA an

=X

Substitution of equation (17) to (14) leads to the following
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equation.
S Bpy+ Y Cpy+ > D
e e €
P = e (18)
ZA
where
Y ST
A = T o432
4A°n
e K*e e e
B = — edm'd}z
4A
(-4 K:k‘.> e -4
C = P’ €d12'd32
4A
e 91npAe
D = ——Lf—
Jr 3

Node-by-node iterations make it possible to obtain the
pressure field and neither stiffness matrix nor coordinate
transformation is necessary[11].

Results and Discussion

Properties of Polyurethane and Hybrid Foams
Polyurethane foam was produced at various stirring
speeds. Figure 8 shows SEM pictures of the foamed
polyurethane samples. Measured properties of the samples
are listed in Table 3. Mean diameter of the cells was
measured by an image processing technique with respect to
the mixing speed. It was found that faster stirring speed
yielded smaller mean diameter of bubbles. Therefore, the

(c) 106000 rpm

(d) 12000 rpm

Figure 8. SEM pictures of the foamed polyurethane samples with
respect to stirring speed.
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Table 3. Measured properties of polyurethane foam for different stirring speed

Woo Ho Lee et al.

Stirring speed Mean diameter Densigy Cell fizenszity Thermal conductivity Compressive strength
({m) (kg/m”) (10"/m™) (W/m-K) (MPa)
6000 rpm 332 319 1.42 0.0198 5.78
8000 rpm 273 326 2.36 0.0206 7.74
10000 rpm 217 354 4.66 0.0194 8.23
12000 rpm 194 38.4 6.73 0.0208 8.43
Hybrid foam 62.8 0.0311 43.02

®

Figure 9. Hybrid foam samples; (a) Top view, (b) Cross-sectional
view perpendicular to the flow direction.

stirring speed plays an important role in nucleation and
growth of bubbles. Density of the foam and the number of
cells were increased as the mixing speed was increased.
Compressive strength of the polyurethane foam was increased
with respect to the stirring speed as shown in Table 3.
Thermal conductivity of the foam was slightly increased as
the stirring speed was increased. If the density of the plastic
foam is in the range of 30 to 80 kg/m’, density is not an
important parameter influencing the thermal conductivity[3].
Variation of the thermal conductivity is similar to that of the
density. In this experiment, polyurethane foam produced at
the speed of 12000 rpm was used when the hybrid foam was
made. Compared with pure polyurethane foam, the
compressive strength of hybrid foam is quite larger but

(a) Sa

(b) 155

(c) 35s

(d) The end of filling

Figure 10. Advancement of the flow front without the block.
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(a) 5s

(b) 15s

(c)25s

(d) The end of filling

‘igure 11. Advancement of the flow front with the block at the left
‘orner.

hermal conductivity of the hybrid foam is higher than that
f the pure polyurethane foam. Figure 9 shows pictures of
he hybrid foam sample.

viold Filling

Mold filling behavior for each experiment is shown in
“‘igures 10 to 13. In Figure 10, flow front of the polyurethane
oam is radial near the gate and then rectilinear as the flow
ront touches the cavity side walls. In the case of hybrid
oam, polyurethane foam filled up the free space first. After

(d) The end of filling

Figure 12. Advancement of the flow front with the block at the
bottom.

filling all the free space, polyurethane foam began to
penetrate through the compacted polystyrene beads and
polyurethane foam filled all the gaps between the polystyrene
beads as shown in Figure 13. Density change of a pure
polyurethane foam was measured with respect to time, as
plotted in Figure 14. An empirical equation for density
variation is proposed as follows: p = py + Aexp(—Bt), po(g/
cm’) = 0.0396, A (g/lem®) = 0.8226, B (s™') = 0.0835. In the
early stage, as time increases, the density suddenly decreases.
But, in the next stage, the density decreases slowly.
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(d) The end of filling

Figure 13. Advancement of the flow front through the polystyrene
foams.

Comparison with Numerically Predicted Results
Numerical simulation was carried out for three different
types of the mold. Figure 15 represents the finite element
mesh for the end-gated rectangular mold cavity without any
block. There are 239 nodes and 404 finite elements.
Advancement of the fluid front predicted with respect to
time is illustrated in Figure 16. In 100 seconds, two thirds of
the mold is filled and the numerical calculation is
terminated. Figure 17 shows the pressure distribution and the
velocity vectors at the end of simulation. The maximum

Woo Ho Lee et al.
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Figure 14. Density variation measured as a function of time.
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Figure 15. Two-dimensional finite element mesh used for the
filling analysis without the block.
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Figure 16. Flow front advancement with respect to time.

pressure is about 0.28 Pa, and the reference vector represents
1.0 x 107" m/s. The finite element mesh for the mold with a
solid block at the lower left corner is presented in Figure 18.
It has 233 nodes and 392 elements. Advancement of the
fluid front predicted with respect to time is represented in
Figure 19. Compared with the case of the mold without the
block, filling time is a little longer. The pressure distribution
and velocity vectors at the end of simulation are shown in
Figure 20. The maximum pressure and the reference vector
shown in Figure 21 are also much larger than those of the
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Figure 17. Pressure contours and velocity vectors at the end of
fi ling.
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Figure 18. Two-dimensional finite element mesh used for the
f.lling analysis with the block at the lower left corner.
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}igure 19. Flow front advancement with respect to time.

110ld without the block. Lastly, finite element mesh of the
110ld with a solid block at the bottom is presented in Figure
. 1. There are 229 nodes and 380 elements. Fill time is the
1 )ngest among three different molds as shown in Figure 22.
I'igure 23 represents the pressure distribution and the
* elocity vectors at the end of simulation. The maximum
jressure and the reference vector are respectively about 0.19
l'aand 5 x 107 m/s.

As can be seen in the experiment, flow front is radial near
t1e gate and then becomes rectilinear as the flow front
touches the cavity side wall. Compared with experimental
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Level Pressure
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Figure 20. Pressure contours and velocity vectors at the end of
filling.
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Figure 21. Two-dimensional finite element mesh used for the
filling analysis with the block at the bottom.
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Figure 22. Flow front advancement with respect to time.

results, the predicted flow front shape and advancement are
in good agreement.

Conclusions

Polyurethane foams were produced by using a homogenizer
as a mixing equipment. Effects of processing conditions on
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Level Pressuie
Z1 0.19520%
19 0176614
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Figure 23. Pressure contours and velocity vectors at the end of
filling.

the foam structure are studied with SEM observation. As the
mixing speed is increased, the mean diameter is decreased
but foam density, number of cells, and compressive strength
are increased. Hybrid foam consisting of commercial
polystyrene foam and polyurethane foam was made. Compared
with pure polyurethane foam, compressive strength of the
hybrid foam was much larger but thermal conductivity was
higher. Mold filling of polyurethane foam was studied
experimentally and numerically. In the experiment, advance-
ment of the flow front during mold filling was observed by
using a digital camcorder. Mold filling of the cavity by self-
expansion of the polyurethane foam is predicted by a
CVFEM simulation. Pressure based control volume finite
element method is successfully applied to the moving
boundary problem to predict the pressure and velocity
variation with respect to time. The theoretical prediction

Woo Ho Lee et al.

showed good agreement with the experimental results for
flow front advancement and fill time.
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