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ABSTRACT

To evaluate the validity of the computer program developed to simulate the mold filling in the
resin transfer molding (RTM) process, flow visualization experiments of mold filling were
conducted. In flow visualization experiments, the measurement of permeability was also carried
out. Mold filling experiments were conducted with various types of molds and executed at
specified processing conditions. The effects of mold shape variations were studied by observing
the movements of the flow font of a non-reactive fluid filling in transparent molds in which fiber
reinforcements were preplaced. Experimental observations were compared with corresponding
numerical simulation results. Reasonable agreement was obtained between numerically-predicted
and experimentally-determined locations of flow front. From the results of visualization
experiments, the physical phenomena of the mold filling was able to be interpreted. And also the
information for operating the RTM process and designing the mold was obtained.
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1. INTRODUCTION

Resin transfer molding(RTM) process is the
manufacturing of polymer composite by injecting
reactive resins which impregnates the fiber pre-
form and fills the heated mold where it cures to
create a composite part. RTM process has the
potential of becoming a dominant low cost
process for the fabrication of large, integrated,
high performance products. The expanded use of
RTM composites in high performance products
requires efficient structual design methods.
Although its potential and benefits have been gen-
erally acknowledged and the process is already
being used to make parts, there is very little actual
information available to guide the designer in the
selection of process, equipment and material vari-
ables|1-5].

Various studies have been reported in RTM
process. A large part of the research effort is the
computer simulation of the mold filling process.
Also, there are experimental observations on the
mold filling flow and studies on various process
variables. One of the most important input para-
meters to simulate the resin transfer molding
process is the permeability of fiber mat. Adams et
al.[6-8] developed a technique for measuring the
in-plane permeability of homogeneous, anisotrop-
ic fibrous mat. They also studied the flow of flu-
1ds in heterogeneous multilayer constructions and
transverse flow mechanism was proposed as being
responsible for filling the low permeability layers.
Coulter et al.[9-11] undertook the experimental
investigation and compared to corresponding
numerical results using the boundary-fitted coor-
dinates numerical grid generation. Trevino at
al.[12,13] and Young et al.[14] predicted the flow
front progression and pressure fields during mold
filling by use of finite element/control volume
method. Predictions of the model were compared
with flow visualization experiments involving
permeability variations. Moreover, several
researchers have studied the numerical and experi-

mental mold filling in RTM process[15,16].

The first parameter influencing in composite
processing is the permeability of fiber reinforce-
ments. For flow visulaization experiment, an
accurate value of permeability is required. Several
researchers have studied the permeability of fiber
mats used in the manufacture of structural com-
posites[7,17-19]. There are still no established
permeability measurement methods for fiber mats.

 Though some measurement techniques have been

reported, the measured value of permeability is
not accurate since the effect of capillary pressure
is not considered. The modified experimental
method which is capable of simultaneous mea-
surement of permeability and capillary pressure is
proposed in this study. Measured permeability
values were used in a numerical simulation to
examine the results of mold filling experiment.

We studied on the simulation of mold filling in
RTM process in Part I as previously stated. It was
focused on the mathmatical numerical method in
flow development. In order to validate the previ-
ous mold filling program and to interpret the
physical phenomena of mold filling, the visualiza-
tion experiments of mold filling are carried out in
this Part 1I. This paper discusses the methods to
determine the values of the permeabilities. Flow
visalization experiments are performed using a
transparent mold to determine the locaions of the
flow front. The experimental results are compared
with numerical simulation results.

2. DETERMINATION OF THE PERME-
‘ ABILITY VALUES

2.1. Radial flow model

Darcy's law relates the fluid flow to the pressure
gradient using the fluid viscosity and the perme-
ability of the porous medium.
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in which v is the superficial velocity, u is the
viscosity of the fluid, VP is the pressure gradient,
and K is the permeability tensor of the porous
medium. For fiber mats exhibiting circular fronts,
the differential equation is obtained as follows ;

2’p 2’p
Kx —-9——)—(-2— + Ky—-a? m=()ereererrenniin (2)

A kinematic condition imposed at the moving
front requires that the boundary propagate with
the local fluid velocity. For the radial flow, the
differential equation obtained from the kinematic
condition is ;

dry _ KaP L, 3)
dt et Ren(R+/Ro)

where Ry and R, are the radii at the inlet and lig-
uid front respectively, K=K;=K, because of
isotropic flow and AP is the difference between
them. The fiber volume fraction is determined
from the properties of the fabric using equation
(8) of Part 1. Subject to the initial condition ;

Re=mRo  at t==0 ceeeerrermmmmminm. (4)

the solution to equation (3) is ;

Gsy= ECIa=DH _

where & is a dimensionless radial extent and @
is a dimensionless flow time. These are expressed
by following equations ;

R¢
& Ry (6)
KAPt
TR (7

Since AP is specified experimentally and 4 is a
known property of the test fluid, discrete Ry(t)

data may be plotted in the form of G(&,) versus
time as suggested by equation (3). From the slope
of the least squares line through the data, m, the
isotropic in-plane permeability, K, can be
obtained from the following equation ;

In describing impregnation of porous fibrous
medium, the contribution of the capillary pressure
should be considered, particularly for permeation
at low applied pressures. A number of techniques
have been focused attention on obtaining more
realistic values of permeability. Nevertheless, the
validity of techniques has not been extensively
established, particularly in the presence of capil-
lary pressure. An improved analytical model for
the contribution of capillary pressure to the over-
all driving force in the impregnation of fibrous
medium was presented and direct measurement of
the capillary pressure and the unsteady state per-
meability was suggested.

Considering the effect of capillary pressure, the
intrinsic permeability at specified fiber volume
fraction could not be directly calculated by the
slope of the plot because it was dependent on
applied pressure and surface property of fluid. The
permeabilities obtained from the slope of the
isotropic data plots could not be regarded as
intrinsic constants of the fiber mats. Hence, this
amounted to replacing K by Kqpp in equation (6)
which has the following form ;

2
Kapp= MEURY e, )

The correction for the error introduced by the
presence of the capillary pressure was employed
in following equation.

meggoz

Kin= 5. 7AP,
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As easily shown by equation (10), in the pres-
ence of high applied pressure, the relative contri-
bution of the capillary pressure was reduced.
Looking into the above equation, the intrinsic per-
meability could be calculated from the slope of a
curve, which was plotted the product of apparent
permeability and applied pressure as a function of
applied pressure under specified fiber volume
fraction.

2.2. Permeability Measurement

The experiments to measure the isotropic per-
meability of commercial fiber mats were under-
taken and the experimental apparatus was manu-
factured as illustrated in Fig. 1. Two 30x30cm
square plates formed the upper and lower bound-
aries of a radial flow region. The upper transpar-
ent acrylate plate permitted visual observation of
the in-plane flow process. A 1 cm diameter inlet
hole was centered in the lower plate, and spacers
of constant thickness were used to maintain a uni-
form thickness in the layered fiber mats between
the mold plates. Compressed nitrogen gas was
used to push the liquid through the fiber mats
placed between two mold plates. The radial posi-
tion and the shape of the advancing front were
monitored as a function of time. Discrete time
data were typically taken in at radial intervals of
about 0.5 cm. At least three specimens are used to
characterize fiber mats and the experimental
results are averaged.

Silicone oil was used as the experimental fluid.
The viscosity of the fluid at room temperature was
measured using a cone and plate geometry on a
Rheometrics Mass Spectrometer. The silicone oil
exhibited a behavior of Newtonian fluid. The fiber
material used in this study was Kevlar mat of 3/1
twill weave type supplied by DuPont Co. The sur-
face density of the fiber mat and the fiber density
were measured as 0.0173g/cm® and 1.44g/cm’,
respectively.

2.3. Permeability Calculation
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Fig. 1. Schematic diagram of the experimental apparatus used
in this study

Experimental data for the Kevlar fiber mat were
shown in Fig. 2, in which G(y) versus time due to
variation of applied pressure was plotted. As
clearly shown in this figure, in all three cases the
data correlated well with least squares lines. This
linear relationship was observed for the fiber mats
with a constant fiber volume fraction of 0.3844.
The permeability obtained from the slopes of the
isotropic data plots was property constants of the
fiber mats.

We experimentally investigated the effects of
applied pressure on apparent permeability. The
apparent permeability was measured as the
applied pressure varied from 0.5x10° to 1.55%
10°P,. The fluid with viscosity of 2.6 Pa - s was
selected. As shown in Fig. 3, the apparent perme-
ability was decreased with the increase of the
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Fig. 2. Variation of function G vs. time for Kevlar fiber mats at
V1=0.3844 under the various pressures

applied pressure. This was explained by that as
more high pressure was applied, the capillary
effects became negligible. In Fig. 4, as expected, a
linear relationship was observed. This linearity
confirmed the validity of the analysis suggested in
this study. From this figure, the permeability
determined as the slope of the plot was 1.0976 %
10"m” at the fiber volume

fraction of 0.3844. The capillary pressure was
also calculated as the horizontal axis intercept val-
ue and the value was 1.85x 10°P,.

It was argued that the capillary pressure could
be comparable to the applied pressure as the lig-
uid advanced through dry fiber mats. But as the
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Fig. 3. The pressure dependence of the apparent permeability
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Fig. 4. The plot of Kapp * P vs. P to determine the capillary
pressure in the filling of silicone oil through Kevlar fiber
mats

capillary pressure term in equation (10) was
small, it might be neglected and approximate val-
ues of apparent permeability could be obtained
directly from Fig. 2. In conclusion, permeability
measurement techniques developed in this study
could provide more realistic value of permeabili-

ty.

3. FLOW VISUALIZATION EXPERI-
MENTS ~

A number of simple experiments were conduct-
ed to achieve a better understanding of the physics
of resin transfer molding process and to verify the
results of the numerical simulation. The experi-
mental apparatus was used the same as that of per-
meability measurement illustrated in Fig. 1. A flat
plate mold was used consisting of two plates held
apart by a spacer plate. The top plate was made of
acrylate in order to monitor the flow progression
on camera. The gap height could be varied by
inserting the mold spacer with different thickness.
The fiber mats were surrounded by the mold spac-
er. After positioning the fiber mats and closing the
mold, the fluid was injected at the edge from a
pressure tank. The driving pressure was set by
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Table 1. Materials properties and processing conditions used in -
the numerical simulations and experiments of mold Y Y \
filing. X v k
Materials fluid silicone oil \ f
Properties viscosity 26Pa-s | J ; ‘
- OOt 1320 1800 2400
fiber mat Kevlar, 3/1 twill weave . ! ‘ i
permeability 1.21741 X 10"’ d d . )
Processing mold thickness 1.25mm ! /
1 7 7
Conditions inlet gate width 2cm - : a
fiber volume fraction 03844 v : Experiment
inlet pressure 155X 10Pa + Humerical Simutation

pressurizing the space silicone oil with com-
pressed nitrogen. The pressure at the inlet gate
was held constant using a pressure gauge to adjust
the tank pressure. Photographs were taken during
mold filling from the top to determine the flow
front position at each time step. The material
properties and processing conditions used in these
experiments were listed in Table 1.

4. RESULTS AND DISCUSSION

In order to validate the predicted mold filling
results obtained from the numerical simulation,
simple experiments were carried out.

For rectangular mold, the experimental and
numerical flow fronts were represented at speci-
fied filling time step. As seen in Fig. 5, the experi-
mental flow fronts agreed reasonably well with
the numerical predictions. The shape of the flow
front was initially circular around the injection
port as expected from numerical simulation. It
could be seen from the numerical results that as
the flow progressed, the resin front gradually
revealed the shape of straight line. However, the
experimentally observed resin fronts did not show
straight line and the observed movement of con-
tact point at mold wall lagged the numerical
movement throughout filling. This deviation
might be related to the installation of the mats
inside the mold. The fiber mats were cut manually
and it was difficult to obtain a consistently

Fig. 5. Experimental and numerical flow front locations in the
filling of the rectangular mold cavity (t.exp=2640s,
tfsll‘num:26088)

straight cutting. When the fiber mats were com-
pressed inside the mold, along the edges the fiber
mats could get squeezed or exceed slightly the
clearance of the mold. Thus, this phenomenon
decreased the local permeability along the edges
as observed in experiment. The change in perme-
ability due to these causes might vary for each
experiment and it was difficult to evaluate the
effects quantitatively. The fill time in experiment
was observed as 2640s and in simulation it was
calculated as 2608s. The quantitative agreement
between the sets of data was reasonable.

Fig. 6 showed the experimental and numerical
results of flow front locations at different filling
time step for the square mold. The fill time was
observed experimentally 3780s. This fill time was
less than the predicted fill time of 4051s. This
lack of quantitative correlation could be attribut-
able to several factors including the explanation
mentioned above. From the figure it could be seen
that the predicted and experimental flow front cor-
responded relatively well. However, the experi-
mentally observed resin fronts showed a dissym-
metry between the top and bottom wall. As the
injection port was located on a horizontal middle
line, the numerical results displayed a symmetri-
cal progression of the resin front. At bottom wall
the experimental flow front moved faster along
the mold wall. This effect was also observed fre-
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quently during the experiments. Some deviation
seen in Fig. 6 was probably due to the flow chan-
neling between the reinforcements and the edge of
the mold. The fiber mats did not fit the mold sur-
face exactly, which resulted in lowering of the
fiber volume fraction near the mold wall. This
often occurred even if the fiber mats were com-
pletely against the wall which was the case here.
Looking at both Fig. 5 and Fig. 6, it was noted
that even a slight shift in the position of the fiber
mats had a significant effect on the flow near the
walls. This meant that the permeability near the
wall was very sensitive to the positioning of the
fiber mats in the mold. Thus there was practical
limitations to model accurately for RTM process.
Also, this lack of close correlation between in
experimental and numerical flow front could be
explained as numerical error. The computational
complications might arise from the determination
of the boundary conditions that applied at the con-
tact point of the free surface with mold walls.
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Fig. 6. Experimentat and numerical flow front locations in the filling
of the square mold cavity (t,exp==3780s, ti aum=4051s)

Throughout the numerical simulation correspond-
ing in these cases, full slip movement of the free
surface at mold wall contact points was applied.
Two notable features appeared in the experiment
results. First, the resin established preferred flow
paths along the edges where the fiber volume frac-
tion was lower. The existence of fiber termination
as in this case could lead to the observance of a
slip like phenomenon in the near wall regions.
Second, the flow fronts were delayed in small
localized regions of lower permeability by com-
pacted fiber mats. The resin front movement at
contact point of mold wall showed that a no slip
type flow condition existed along the mold wall.
In order to model the resin flow more accurately,
it could be suggested that the modification of
boundary condition at contact point should be
necessary. And the best type boundary condition
might be one of partial slip, with degree of slip
depending on exact mold and preform configura-
tion.

Fig. 7 showed the experimental and numerical
results for two opposite flow directions for the
mold with linear variations along its length. For
diverged mold the fill time of 3240s was experi-
mentally obtained and 3068s was numerically cal-
culated. For converged mold, the experimental
value was 2940s and the numerical value was
2802s. Although there were some deviations for
the same mold configuration, the experimental
results corresponded qualitatively well with the
numerical results. Here, we proved the conformity
of numerical results by the experimentation.
Again it could be announced that as far as the fill
time was concerned, the converged mold was
favorable in comparison with the diverged mold.

Fig. 8 showed the comparison of the flow fronts
for the mold with the round insert. In experiment
the fill time was observed as 2660s and in numeri-
cal simulation it was calculated as 2789s. Agree-
ment between predicted and experimental front
locations was good until the front reached the
insert. But there were some discrepancies in the
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Fig. 7. Experimental and numerical flow front locations in the
filling of the width-tapered mold cavity ; (a)width-
diverged (tinexp=3240s, tunnwm=3068s), (b)width-
converged (i exp=29408, iy num=2802s)

shape of the flow front in the region after the
insert, where the flow tended to move faster in
experiment. Two possible explanations of this
effect were given. The first was explained by the
fact that perhaps the fiber volume fraction in the
rear of insert was actually less than that given ini-
tially. Since the mold tended to deform when the
mold was clamped together, it was likely that the
mold thickness was increased by inserting the
round part. Therefore the fiber volume fraction
changed by some variation in mold thickness,
causing the increased permeability. Another was
illustrated in numerical side that the boundary
condition posed at insert might not be appropriate
since it was difficult to fit exactly the fiber mats
on the surface of the inserted object.

It is clear from our results that although we
were able to predict flow front movement for rela-

1620} 2100

: Numerical Simulation

Fig. 8. Experimental and numerical flow front locations in the
filling of the mold cavity with a circular insert (ti,exp=
2660s, tin.num=2789s)

tively complex geometries under variable process-
ing conditions, we still need further understanding
of flow phenomena connected with interactions
between the fluid and the fiber mats. Furthermore,
it is necessary to predict how the permeability of
the fiber mats is influenced by non consistencies
near the mold walls and to determine the appro-
priate boundary condition in order to match exact-
ly the conditions of experimentation.

5. CONCLUSIONS

An experimental and numerical analysis of
mold filling in the resin transfer molding process
was carried out to test the computer program
developed in previous paper Part | .

In permeability measurement techniques, a sim-
plified analytical model for evaluating the contri-
bution of capilliary pressure during the impregna-
tion of fibrous media was proposed. The limited
experimental results indicated that the existence
of the capillary effect could be often significant.

Visualization experiments of mold filling were
carried out over five types of mold geometry.
From flow visualization experiments, important
information of the filling process can be obtained,
which is valuable in the design of tooling and
processes. Above of all, the modification of
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boundary condition at the contact point along the
wall should be necessary. Consequently, it was
found that the observed experimental behavior
agreed well with the numerically predicted results.

NOMENCLATURE

K permeability tensor

Kap  permeability at applied pressure
Kiner intrinsic permeability

p pressure

P, applied pressure

P, capillary pressure

Ro radius at the innlet

R¢ radius of liquid front

t time

v superficial velocity

X,y global coordinates

Greek letters

& dimensionless radial extent
£ porosity

v viscosity

o

dimensionless flow time
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