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ABSTRACT: Reactive mold filling is one of the impor-
tant stages in resin transfer molding processes, in which
resin curing and edge effects are important characteristics.
On the basis of previous work, volume-averaging momen-
tum equations involving viscous and inertia terms were
adopted to describe the resin flow in fiber preform, and
modified governing equations derived from the Navier–
Stokes equations are introduced to describe the resin flow
in the edge channel. A dual-Arrhenius viscosity model is
newly introduced to describe the chemorheological behav-
ior of a modified bismaleimide resin. The influence of the
curing reaction and processing parameters on the resin
flow patterns was investigated. The results indicate that,
under constant-flow velocity conditions, the curing reac-

tion caused an obvious increase in the injection pressure
and its influencing degree was greater with increasing
resin temperature or preform permeability. Both a small
change in the resin viscosity and the alteration of the injec-
tion flow velocity hardly affected the resin flow front.
However, the variation of the preform permeability caused
an obvious shape change in the resin flow front. The simu-
lated results were in agreement with the experimental
results. This study was helpful for optimizing the reactive
mold-filling conditions. VVC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 113: 3815–3822, 2009
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INTRODUCTION

Resin transfer molding (RTM) is one of the most effi-
cient and attractive techniques for the manufacturing
of advanced fiber composites; it is widely used in
the automotive and aerospace industries.1–9 Reactive
mold filling is a crucial stage in RTM processes, in
which edge effects and resin curing are important
characteristics.

In the RTM filling process, small air channels
existing between the fiber preform and the mold
edge may drastically alter the resin flow patterns;
this phenomenon is usually called the edge effect. In
previous articles on the modeling of the filling pro-
cess with edge effects, two mathematical models
have been proposed. In the first model, the equiva-

lent permeability approach is adopted to simulate
the edge flow, and the resin flow in the preform is
usually described by means of Darcy’s law.10–14 In
the second mathematical model, the Navier–Stokes
equations or modified equations derived from the
Navier–Stokes equations are introduced into the
edge area, and Brinkman–Forchheimer extended
Darcy equations or momentum equations consider-
ing viscous and inertia effects are used to model the
resin flow in the porous medium.15–17 Obviously, the
application of the latter model is wider than that of
the former models.
However, in these articles, the resin viscosity was

often deemed as a constant, and the influence of the
curing reaction on the resin flow fronts and pres-
sures was rarely investigated. In fact, the resin sys-
tem used in RTM is composed of resin, curing
agent, and additives, so the structure and viscosity
of the resin system differ with filling time and injec-
tion temperature. Particularly for composite parts
with high fiber fractions and long resin flow paths, a
long mold-filling time is usually consumed, and
there often exists a considerable extent of curing
reaction; consequently, the effects of the curing reac-
tion on the resin flow fronts and pressures should
be considered. In recent years, there has been
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notable attention paid to the curing reaction at the
mold-filling stage, and a variety of viscosity models
have been established.18–24

Therefore, on the basis of our previous study,17

the chemorheological behavior of a modified bisma-
leimide (BMI) resin at the mold-filling stage is newly
described by means of a dual-Arrhenius viscosity
model, which was obtained from the experiments by
Duan et al.23 The reactive resin flow process with
edge effects was simulated under constant-flow ve-
locity injection conditions, so the influence of the
curing reaction and various processing parameters
on the resin flow patterns was analyzed.

NUMERICAL PROCESS MODEL

Geometrical model

A geometrical model was constructed in a Cartesian
coordinate system, as shown in Figure 1, where d is
the distance between the mold wall and the fiber
preform and h is the thickness of the mold cavity.
The velocity component in the thickness direction
was very small, so the resin flow in the cavity was
deemed to be a two-dimensional flow.

Mathematical models

Filling in the fiber preform

The fiber preform is a dual-scale porous medium
composed of fiber tows and gaps, and the volume-
averaging method is widely adopted to obtain modi-
fied balance equations.17,25,26

The mass conservation equation follows:
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þ @ vh i
@y

¼ 0 (1)

where hui and hvi are the phase-averaged velocity
components in the x and y directions, respectively.

When the viscous and inertia effects are consid-
ered, the volume-averaging momentum equation is
derived as follows:17,27
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where q is the fluid density; / is the preform poros-
ity; t is the filling time; hpif is the intrinsic phase-
averaged pressure of the fluid; g is the dynamic vis-
cosity; Kx and Ky are the permeabilities of the fiber
preform in the x and y directions, respectively; and
geff ¼ g// is the effective viscosity.
The simulated domain is discretized into orthogo-

nal grids by means of the finite volume method. For
a control volume, q and g are calculated from the
following formulations:

q ¼ fq1 þ ð1� f Þq2; g ¼ fg1 þ ð1� f Þg2 (4)

where the subscripts denote different fluids, where 1
represents the resin and 2 represents the air, and f is
the resin filling fraction in a control volume. If
f(x,y,t) ¼ 1, the control volume is filled with the
resin. When f(x,y,t) ¼ 0, the control volume is full of
air or else the air and the resin coexist in the control
volume. f can be calculated by the fractional volume
function advection equation, which is used to cap-
ture the resin flow front and is shown next:17
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Flow in the edge area

In the edge area, the resin flow is described by the
following equations.
The resin flow is described by the mass conserva-

tion equation as follows:

@u

@x
þ @v

@y
¼ 0 (6)

where u and v denote the velocity components in
the x and y directions, respectively.
In this study, the x direction was assumed to be

the bulk flow direction. The difference between the
mold thickness and the edge channel width was too

Figure 1 Geometry of the filling model.
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small to ignore the viscous force in the thickness
direction. On the basis of the Navier–Stokes equa-
tion, the x-momentum equation in the edge area is
modified as follows:17
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where the effect of the mold thickness on the flow
pattern is well integrated with the momentum equa-
tion by the introduction of the equivalent permeabil-
ity (Kme), which is derived from the following
equations:17,14

Kme ¼ h2

96
1� 192h

p5d
tan h

pd
2h

8>: 9>;
� �

when d � h (8)

Kme ¼ d2

96
1� 192d

p5h
tan h

ph
2d

8>: 9>;
� �

when d > h (9)

In the y direction, on the basis of the Navier–Stokes
equation, the y-momentum equation is simplified
as:17
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The fractional volume function advection equation is
as follows:
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Isothermal chemorheological model

The chemorheological behavior of the resin system
during the mold-filling process was newly considered
in this study. For a thermosetting resin, the resin vis-
cosity is determined by the shear history, injection
temperature, resin reaction kinetics, and filling time.24

In the RTM filling process, the resin viscosity is not
very sensitive to the shear rate; therefore, the resin
can be regarded as a Newtonian fluid.23,28

In this study, the 6421 resin system, mainly com-
posed of bismaleimidodiphenymethan (BMIM) and
allyl bisphenol A and developed by the Beijing Insti-
tute of Aeronautical Materials (Beijing, China), was
used to infiltrate the preform in the simulation. The re-
active groups in this modified BMI resin system mainly
undergo homopolymerization, Alder-ene reactions, and
copolymerization to form crosslinking structures.29

Under isothermal conditions, the chemorheologi-
cal behavior of the 6421 resin system at the mold-fill-
ing stage was investigated experimentally by Duan
et al.23 With increasing filling time, more curing
reactions occurred in the resin system, and then, the

resin viscosity gradually increased. In addition, the
reaction rate increased with increasing temperature,
and then, the resin viscosity was more sensitive to
the filling time. These evolution laws of resin chemo-
rheological behaviors can be expressed by a dual-
Arrhenius viscosity model:23

lngðT; tÞ ¼ �23:996þ 10; 638=T þ 4:56� 107 � t

� expð�8971=TÞ ð12Þ

where T is the injection temperature.
With regard to g(x,y,t) in a control volume, it can

be seen from eq. (4) that it has a close relationship
with f. In detail, if f(x,y,t) ¼ 0, g(x,y,t) is the air vis-
cosity. When 0 < f(x,y,t) < 1, the resin viscosity in
the control volume followed the chemorheological
model [eq. (12)], and g(x,y,t) was calculated by
eq. (4). When f(x,y,t) ¼ 1, g(x,y,t) was equivalent to
the resin viscosity; as the case stands, the time in
which the resin flowed from the inlet gate to filling
up the control volume was fixed, so the resin viscos-
ity and g(x,y,t) in the control volume were unchange-
able, even when the filling time was increasing.

Hypotheses and boundary conditions

In this study, the fibers were assumed to be rigid,
and the inlet flow velocity of the resin was consid-
ered to be constant at the mold-filling stage.
The experiments on the resin chemorheological

behaviors23,24,30,31 or on the flow patterns of the
RTM processes with edge effects10,13,14,32,33 were also
mostly carried out under isothermal conditions.
Therefore, to conveniently select a proper viscosity
model fit for the mold-filling process and draw a
comparison between the experimental flow patterns
and the simulated ones, the isothermal assumption
was adopted in this study.
The whole region was considered to be a contin-

uum region, and the single-domain approach was
adopted. So the numerical simulation prevented the
explicit formulation of the boundary conditions of
the edge channel and the fiber preform, and then,
the continuity of velocity and normal stress was sat-
isfied spontaneously.
On the mold wall, the method put forward by Sal-

loum et al.34 was introduced to avoid irrational sim-
ulation results. The no-slip boundary condition (u
¼ 0, u is the velocity component in the x direction)
and traction free boundary condition (T � n ¼ 0,
where T is the stress tensor and n is the unit normal
vector) were transformed according to f. In detail,
for the mold wall filled with resin, the no-slip
boundary condition was adopted. On the contrary,
the traction-free boundary condition was applied in
the simulation.17,34,35
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SIMULATION METHODOLOGY
AND PROCEDURES

The simulated domain was discretized into orthogo-
nal grids by means of the finite volume method, and
the vector variables and the scalar variables were
stored separately in the staggered grids. The semi-
implicit method for pressure-linked equations (SIM-
PLE) was introduced to calculate the pressure and
the velocity fields.6,17 To track the resin flow front,
the volume of fluid (VOF) method was used.17,36

A flow chart of the numerical simulation is illus-
trated in Figure 2.

RESULTS AND DISCUSSION

The constructed rectangular mold cavity with an
edge channel along one side is shown in Figure 1,
with dimensions of 0.3 � 0.09 � 0.005 m3 and a
width of edge area of 0.004 m. The other input

parameters were as follows: q ¼ 1230 kg/m3, air vis-
cosity ¼ 2.1 � 10�5 Pa s, and / ¼ 0.81.17

In the following sections, the model constructed in
our study is referred to as the first model, and the
existing model from ref. 17 is referred to as the sec-
ond model. The only difference between the two
models is the resin viscosity: in this study, the cur-
ing reaction was taken into account, and therefore,
the resin viscosity varied with the temperature and
the filling time, which followed the chemorheologi-
cal model. In ref. 17, a constant resin viscosity was
adopted, which was equal to the initial value.
It is noteworthy that the pressure referred to in

this article is a relative value, which was equal to
the difference between the pressure at the inlet gate
of the preform and that at the outlet (air pressure).

Effect of the curing reaction on the flow patterns

In this section, the flow patterns simulated by the two
models are compared and discussed. The injection
conditions were identical for the two models: the resin
temperature was 413 K in the filling process, the pre-
form permeability was 2 � 10�9 m2,17 and the inlet
flow velocity of the resin was 0.004 m/s.
With filling times of 25.0, 31.25, and 37.5 s, the

shapes and positions of the resin flow fronts
obtained from the two models are illustrated in Fig-
ure 3. By comparing the simulated results from the
first and second models, we found that the occur-
rence of curing reactions hardly affected the resin
flow front in a short filling time. It was because,
when the dimensions of the edge channel were
unchanged, the shape of resin flow fronts was
mainly influenced by the permeability under con-
stant-flow velocity conditions.32

To investigate the influence of fluid viscosity on
the flow front shape in RTM processes with edge
effects, Bickerton and Advani32 carried out a set of
experiments in which the fluid was a mixture of corn
syrup, water, and clothing dye. The fluid viscosity
was varied in a range, whereas the other processing
parameters were maintained constant. The experi-
mental results show that no noticeable effect was
found on the flow front shape caused by the viscosity
change. Obviously, the characteristics of the simu-
lated results could be validated by the experiments.

Figure 2 Flow chart of the numerical simulation. The
whole filling stage is divided into many time steps, and Dt
is the time increment for each time step.

Figure 3 Simulated flow fronts based on the two models.
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Although the curing reaction had no obvious
effect on the resin flow front in the short filling time,
however, as shown in Figure 4, it resulted in an
increase of pressure because of the fact that the cur-
ing reaction made the resin viscosity increase. As
the reaction time increased, more polymerization
occurred in the modified BMI resin; then, the aver-
age molecular weight of the resin system and the
resin viscosity gradually increased. Therefore, the
influence of the curing reaction on the pressure was
greater.

Effect of the injection temperature
on the flow patterns

The injection temperature can influence the initial
resin viscosity, the monomer conversion rate, and so
on. As the best injection temperature for the 6421
resin system ranged from 403 to 423 K,23 the injec-
tion temperatures adopted in the simulations were
403 and 423 K, respectively. The preform permeabil-
ity was 2 � 10�9 m2, and the inlet flow velocity was
0.004 m/s.

As the curing reaction did not pose obvious effects
on the resin flow fronts (Fig. 3), the flow fronts
simulated by the first model were compared with
different injection temperatures, as shown in Fig-
ure 5. As expected, when the permeability in the
edge channel and that in the preform remained con-
stant, the flow front shape did not change greatly.
The small difference, in which the edge flow at
423 K was ahead of the one at 403 K, was caused by
the enormous change in the resin viscosity: when
the temperature increased from 403 to 423 K, the
resin viscosity decreased almost at one order of
magnitude. Consequently, a little higher possibility,
that the air was trapped inside the fiber preform,
may have existed at the higher temperature.

Combining the related simulated results in the
Effect of the Curing Reaction on the Flow Patterns
section with those in this section, we found that a
large variation of the resin viscosity may have
caused the small shape changes in the resin flow
front, but a small change in the resin viscosity
hardly affected the resin flow front. Similar results
were also revealed in ref. 6.
The curing reaction influences the pressure, and

its influencing degree may be alterable under differ-
ent processing parameters. In the following sections,
a dimensionless variable (p0), defined as follows, is
newly introduced to describe the influencing degree
of curing reaction on the pressure. At the same fill-
ing time, the pressure difference simulated by means
of the two models is divided by the pressure
obtained from the first model, as shown next:

p0 ¼ p1 tð Þ � p2 tð Þ
p1 tð Þ (13)

where p1(t) is the pressure simulated in the way of
the first model, p2(t) is the pressure calculated via
the second model, and t is the filling time.
A higher value of p0 indicates that the pressure

difference [p1(t) � p2(t)] induced by the curing reac-
tion occupies a larger portion of the total pressure,
and that the curing reaction results in a greater effect
on the pressure.
As shown in Figure 6, when the resin begins to

infiltrate the preform, p0 increases rapidly. At higher
injection temperatures, the crosslinking reaction rate
is faster, so the resin viscosity is more sensitive to
time, which leads to a more obvious effect of resin
curing on the pressure and a relatively larger p0. As
the time increases, the difference among p0 at differ-
ent temperatures is more distinct.
Higher injection temperatures bring on the better

fluidity of the resin system and the decrease of pres-
sure. However, the aforementioned analysis indi-
cated that with increasing temperature, both the
discrepancy between the bulk and edge flow and
the influencing degree of the curing reaction on the
pressure increased. As a result, a proper injection
temperature should be chosen, especially for large
structural elements that need a long filling time.

Figure 4 Pressure (p) histories based on the two models.

Figure 5 Effect of the injection temperature on the flow
front.
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Effect of the flow velocity on the flow patterns

In this part of the study, the resin temperature was
kept at 413 K, and the preform permeability was 2
� 10�9 m2. The flow velocities were chosen to be
0.004 and 0.006 m/s, respectively. As presented in
Figure 7, with the same filling fraction, the shapes of
the flow front were nearly the same under different
flow velocities. This was because, under different
flow velocities, the flow resistance in the edge area
and that in the preform were the same. In addition,
the alteration of the resin viscosity was too small to
cause a shape change in the resin flow front. A simi-
lar result was also observed in the experiments done
by Bickerton and Advani,32 in which with the injec-
tion flow velocity changed, no significant effect on
the resin flow front shape was noted.

p0 was introduced to express the influencing
degree of resin curing on the pressure under differ-
ent flow velocities. When the injection temperature

and the filling fraction were the same, at a lower
flow velocity, more filling time was needed; conse-
quently, the curing degree was greater, and the cur-
ing reaction resulted in a more obvious influence on
the pressure; correspondingly, p0 was relatively
larger. When the filling fraction increased, the differ-
ence between the filling times corresponding to the
different flow velocities was more significant; then,
the discrepancy of p0 became more obvious. The
results are illustrated in Figure 8.

Effect of the preform permeability
on the flow patterns

Preform permeability is a measure of the resistance
that the preform poses to the resin flow. To study
the influence of preform permeability on the flow
patterns, the preform permeabilities applied in the
simulation were 2 � 10�9 m2 (/ ¼ 0.81) and 0.97
� 10�9 m2 (/ ¼ 0.685),37 respectively. The inlet flow

Figure 7 Flow fronts at the same filling fraction under
different flow velocities.

Figure 8 p0 versus filling fraction at different flow
velocities.

Figure 6 p0 versus time at different temperatures.

Figure 9 Simulated flow fronts with different preform
permeabilities (K0s).
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velocity was 0.004 m/s. The resin flow fronts simu-
lated by the first model were compared under differ-
ent preform permeabilities.

The smaller the preform permeability was, the
larger the flow resistance was that existed in the pre-
form, and the transition zone between the bulk flow
and the edge flow was greater in the main flow
direction, as shown in Figure 9. When the resin vis-
cosity in the same degree decreased (increasing the
temperature from 403 to 423 K), the shape change of
the resin flow front was a little more obvious under
the smaller preform permeability [Fig. 9(b)]. This
was because either a drastic decrease in the resin
viscosity or a smaller preform permeability made a
larger transition zone between the bulk flow and the
edge flow in the main flow direction.

When the injection temperature and the filling
time were the same, the degree of the curing reac-
tion was the same. However, under the higher pre-
form permeability, f in the preform was larger, and
there were more curing reactions occurring in the
preform, so the curing reaction resulted in a greater
influence on the pressure and p0 was relatively
larger. The previous results are displayed distinctly
in Figure 10.

The previous simulated results indicate that,
under constant-flow velocity injection conditions, the
permeability is one of the most important factors
that determine the consistency of the resin flow front
in the whole domain. In turn, it affects the formation
of dry spots or other defects in the final composite
materials.

CONCLUSIONS

Under constant-flow velocity injection conditions,
the reactive mold-filling process with edge effects

was simulated, and the influences of the curing reac-
tion and various processing parameters on the resin
flow patterns were analyzed. The results show that
the resin curing reaction caused an increase in the
injection pressure and that the influencing degree
became greater with increasing resin temperature or
preform permeability. No noticeable effect was
found on the resin flow front caused by a small
change in the resin viscosity or the alteration of the
injection flow velocity. However, the permeability
was an important factor influencing the resin flow-
front shape. Consequently, it affected the possibility
that the air was trapped inside the fiber preform
and the quality of the composite material. This study
was helpful for optimizing the reactive mold-filling
conditions.
By comparing these simulated results with the

results in published articles, we confirmed the valid-
ity of these results. However, nonisothermal condi-
tions may make the reactive mold-filling patterns
significantly complicated. On the basis of this study,
an investigation involving nonisothermal conditions
should be carried out in the future.
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