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1. Introduction material stitched to a mat) because they exhibit high permeability
Some large and complex shaped composite parts are produced
using Liquid Composite Molding processes (LCM), such as Resin
Transfer Molding (RTM) or Liquid Resin Infusion (LRI). In such tech-
nologies, a dry fibrous preform is first placed in a mold and the li-
quid resin is forced through it. Once resin cure is completed, the
part is demolded. Automation, low COV emission and reproducibil-
ity are some of the advantages of LCM processes.

Manufacturers often blend resins and fillers for specific pur-
poses. Some fillers decrease the overall part cost, others induce up-
graded properties. Two classes of particles must be distinguished:

� Nano-scale particles, for which filler content is usually kept low.
� Micron-scale particles (e.g., calcium carbonate) for which filler

content may vary from a few percent to 40 vol% or more.

Dealing with particle-filled resin in LCM processes induces an
increase of viscosity and possible filtration of the particles by the
fibrous preform. Both phenomena slow the resin flow down and
lead towards longer production cycle time or in the worst cases
clogging of the fiber reinforcement. Those issues are a major con-
cern especially in mass transportation manufacturing where fire
and smoke tolerances of parts are tight. For that type of applica-
tion, a minimum of 30 vol% of filler is most of the time required.

For rather high particle content parts, the fibrous reinforce-
ments are typically mats or hybrid materials (a felt or a non-woven
as-Cardona).
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due to their microstructural openness.
The present paper investigates and simulates the RTM molding

of a composite part consisting of a particle-filled resin and a con-
tinuous fibrous media. The study will be limited to microscopic fill-
ers and to unidirectional flow. Following a background on particle-
filled liquid viscosity evolution and filtration, an experimental
investigation of the particle filtration during the injection of com-
posite parts is presented. Then, the modeling of the physical phe-
nomena coupling (i.e., suspension viscosity evolution, flow
through porous media and filtration) is given and implemented. Fi-
nally a 1D-molding simulation is realized and compared to exper-
imental results.

2. Background

2.1. Viscosity evolution of a particle-filled resin

Numerous studies have investigated the evolution of suspen-
sion (liquid + filler) viscosity with respect to filler content. It has
previously been stated that the suspension viscosity increases
when:

� the filler content increases [8,4],
� small particles rather than coarse ones are used [19],
� irregular shaped, rough surfaced particles rather than smooth

spherical ones are employed [11].

Coussot and Ancey have also observed that a Newtonian
suspending liquid displays a shear-thinning behavior with the



Nomenclature

b entrapped liquid coefficient
b0 initial value of b
d inter-fiber distance
e porosity of the filter
e0 initial porosity of the filter (clean bed filter)
_c shear rate
/f fiber volume fraction
g suspension viscosity
gr relative viscosity
g0 pure resin viscosity
W particle content in the final part
r retention i.e. ratio of the volume of deposited particles

to the total volume
C concentration of the moving suspension
C0 inlet concentration of the suspension
d particle diameter
D filter grain diameter
K fiber reinforcement with retained particle permeability

Kd deposit (retained particles network) permeability
KF initial fiber reinforcement permeability
k0 filtration coefficient
L total length of the fibrous medium
m constant
n power-law index
p pressure
Pinj injection pressure
r constant
s 1/n
t time
T filling time
U suspension velocity (Darcy’s velocity)
�m average velocity
vmax maximal velocity
V interstitial velocity of suspension
x 1D coordinate
presence of fillers [6]. The effect is even magnified when the filler
content is sufficient and allows particles interaction and clustering.
Other studies have shown that a blend of 25% of ‘‘fines” with 75% of
‘‘coarse particles” where the diameter ratio of coarse particles to
fines is at least seven provides a rather good optimization of the
suspension viscosity [9]. It should be noted that optimization lead
to satisfactory effects for filler content greater than 40 vol%.

2.2. Experimental investigations of flow of a particle-filled liquid in a
porous media

The flow of a particle-filled liquid in a fibrous medium is dic-
tated by both the filler size and the fibrous pore size. Experimen-
tally, three different behaviors can be distinguished:

� Cake filtration: The particle size is larger than a critical size that
depends on the porous medium characteristics. The particles
accumulate onto the medium and form a cake. Thus, particles
will not penetrate into the medium and surface filtration occurs.

� No retention: Particles are very small compared to the pore size.
The suspension flows easily in the openness of the medium;
there is no or very little retention.

� Retention: The suspension flows within the medium, but it pro-
gressively captures particles (retention). This phenomenon is
called deep filtration. In some cases, the amount of retained par-
ticles is such that the network is clogged-up.

Obviously cake filtration does not have industrial interest for
composite manufacturing since fillers never enter the fibrous rein-
forcement. No retention is the ideal case, where all particles can
enter the fibrous reinforcement and be well distributed, but that
case rarely occurs because a large content of small particles in-
duces very high viscosity leading to very high cycle times or even
a difficulty to fully impregnate parts. Retention is the case that is
most likely to happen in industrial applications. Because of reten-
tion and filtration, filler content and, thus, the subsequent property
(e.g., fire resistance) are not homogeneous throughout the compos-
ite part, which may become defective. In the most severe condi-
tions when the use of high fiber content fabrics or high filler
content is necessary, mold filling becomes difficult or hindered.

According to Sakthivadivel [16], the ratio D/d (where D and d
are, respectively, the filter grain and particle diameters) mostly
influences the flow of a suspension in a granular porous media.
2

That study has shown that when D/d < 10 cake filtration occurs;
for 10 < D/d < 20 retention takes place and if D/d > 20 no or limited
retention is expected. However, in the case of fibrous media, the
definition of D is less obvious since there are no filter grains.

2.3. Filtration

Filtration phenomena have been extensively studied in several
industrial fields such as water treatment [10], oil well recovery
[2], or paper industry [17]. Recent studies have coupled cake for-
mation, particle shapes and fluid flow [13]. Concerning the filtra-
tion of particle-filled resin through a fibrous preform during
composite processes, some models and investigations have also
been published. Filtration models were based on macroscopic ap-
proaches coupling kinetics of retention to conservation of mass
[10,7,12]. Chohra et al. used a geometric and probabilistic model
to represent retention of particles in the thickness direction during
infusion process [5]. Using particle image velocimetry (PIV), a more
recent study observed the preferential retention sites and mecha-
nisms involved during composite molding when particle-filled re-
sin flows in a fibrous media [14]. Lately, experimental studies have
focused on filtration of nano-particles in fibrous reinforcements
[1]. Hence, both experimental and theoretical studies have been
published on these particular matters.

2.4. Flow of non-Newtonian fluid in a porous media

As mentioned in a detailed review and previous works, several
methods can be used to deal with such flows: capillary bundle ap-
proach or drag theory for instance [3] or homogenization [15].
However, those methods are not easy to work with because they
require to input parameters such as tortuosity or dynamic specific
area and also because the equations are solved on periodic cells
which are not well defined for random materials.

2.5. Motivation

Even though filtration models exist, no study has coupled them
to a flow solver and to resin viscosity evolution when retention oc-
curs during composite materials processing. The retention of parti-
cles in the preform will change the porosity and, thus, the
permeability of the preform and the resin flow will be affected.
Moreover, since the fibrous medium progressively retains particles



Fig. 1. Relative viscosity of suspensions (resin + 12 lm-particles) with respect to
shear rate and particle concentration.
of the suspension, the quantity of particles in the suspension de-
creases and influences the viscosity. Therefore, the resin flow sim-
ulations should be implemented including those variations with
respect to time and position. This paper proposes to simulate the
injection molding of a composite part consisting of a fiber rein-
forcement, fillers and resin that includes flow, filtration and mate-
rial property evolution.

3. Experimental investigations

3.1. Materials

The suspension is constituted of an unsaturated polyester (UP)
resin and spherical micro-beads. The UP resin (Crystic 3027 LV,
Scott Bader) has a viscosity of 0.2 Pa s at room temperature
(20 �C) and a density of 1.2 g/cm3. For fillers, spherical glass or
ceramic micro-beads (3M, Sovitec, Potters) were preferred to irreg-
ular shaped particles so as to only modify size and not overall
shape. Their physical properties are presented in Table 1. When
micro-beads and resin are blended, 1.5% of additive (BYK-W 980,
BYK-Chemie) is used to limit filler sedimentation and aggregation.

A synthetic PET fiber felt and an E-glass fiber mat have been
used. Such materials have been chosen because they are represen-
tative of the materials used when dealing with high filler content
applications such as fire resistance in mass transportation parts.
The fiber reinforcement properties are given in Table 2. The PET fi-
ber felt has also been chosen for two reasons: it is a single-scale
porous media and also it is completely eliminated after sample
burning, so filler content profiles can be easily determined in the
final parts. In order to achieve fiber volume fractions ranging be-
tween 10% and 25%, the number of plies layed-up in the mold cav-
ity varied from 1 to 4 for the felt and from 3 to 5 for the mat.

3.2. Viscosity measurements

Viscosity measurements have been carried out with a Couette
device mounted on a rotational rheometer ARES (Rheometric Sci-
entific). Relative viscosities gr (Eq. (1)) have been measured for fil-
ler content ranging between 0 vol% and 50 vol% and shear rates
between 1 and 100 s�1. The corresponding results are depicted in
Fig. 1. As expected, the viscosity increases with filler content, and
displays a shear-thinning behavior.

gr ¼
g
go

ð1Þ

where g is the viscosity of the particle-filled suspension and go the
one of pure resin. Pipe flow experiments have also been performed
and show no migration of fillers.

3.3. Experimental setup and procedure

The experimental setup is composed of a rigid tooling (steel half
mold and thick PMMA top plate). The mold cavity is 90 mm wide,
Table 1
Physical properties of micro-beads.

Volume average diameter (lm) 3 12 30 48

Material Ceramic Glass Glass Glass
Density (g/cm3) 2.5 2.46 2.54 2.46

Table 2
Physical properties of fiber reinforcements.

Fiber reinforcement E-glass fiber mat PET fiber felt

Fiber density (g/cm3) 2.54 1.39
Reinforcement areal weight (g/m2) 450 300–400
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4 mm thick and 400 mm long. The mold is fed at constant pressure
(0.2 MPa) using a pressure bucket, equipped with a motorized mix-
er so as to maintain a homogeneous blend of the suspension
(Fig. 2).

Two types of experiments were run. First, the experiments con-
sist in impregnating a preform of length L with the suspension (re-
sin and particles). Several experiments have been run while
modifying fiber volume fraction, particle diameter and particle
content. Because of the large amount of experiments, instead of
repeating several times the same experiment, the choice of realiz-
ing many experiments in the d, Co, /f domain has been made. Both
fiber mat and felt have been tested. The flow is monitored through
the PMMA mold top plate that allows observations. The corre-
sponding results are given in Section 3.4.

The second type of experiments deals with injecting composite
parts with the same setup, however, the fibrous reinforcement is
the felt (/f = 17%) and the polyester resin is filled with micro-
beads. During the injection, the flow front positions are recorded
with respect to time and the injection time is measured. Once
the resin has cured, the part is demolded. Samples are cut at vari-
ous locations and are submitted to a burn-off test procedure so as
to evaluate the filler content profile in the final part. Readers may
refer to Lefevre et al. [12] for details about that procedure. The re-
sults obtained are compared to simulation in Section 6.

For both types of experiments the top lid of the mold deflection
has been checked and remained below 100 lm during the mold
filling.

3.4. Experimental results

The modification of fiber volume fraction, filler content and par-
ticle diameter influenced the flow of the suspension in the porous
media. As expected, three cases occurred:
Fig. 2. Experimental setup.



� Cake filtration: The particles accumulate ahead of the fiber rein-
forcement as soon as the injection starts, only resin flows within
the reinforcement.

� Progressive clogging (retention): The suspension flows within the
fiber reinforcement for some time, particles accumulate into the
porous medium and then cake filtration starts.

� Flow (no retention): The suspension flows within the fiber
reinforcement.

The results have been depicted in Fig. 3 where each experiment
is reported with a specific marker (circle, triangle or cross). It is
common to relate filtration phenomena to particle diameter, thus
Fig. 3 depicts the results in that sense (x-axis is the particle diam-
eter d). For the two reinforcements, when fiber volume fraction
and particle size increase, the flow is most of the time hindered.
The large particles cannot flow easily in the space left between
the fibers. For small particles and low volume fraction, the suspen-
sion flows easily. However, some experiments (e.g., 50 lm-diame-
ter particles and 25 vol% fiber volume fraction in Fig. 3b), show
either flow or immediate clogging. The difference during such
experiments came from the particle content. Considering only fiber
volume fraction and particle size when plotting experimental re-
sults lacks interest since clogging may also appear with suspension
clustering when the particle content is high.
Fig. 3. Visual observations during mol

Fig. 4. Visual observations during mold
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Therefore, the experimental results have been plotted using
modified axes in Fig. 4. Because both particle size d and suspension
concentration C0 represent the volume of particle flowing through
the fibrous medium, it would be more relevant to plot the experi-
mental data as a function of the variable dC0, as shown in Fig. 4.
With this axis, the experimental data are spread out more evenly
in the (dC0, /f) domain. For low /f, d or C0 the suspension flows eas-
ily. Then, when particle size or suspension concentration or fiber
volume fraction increases, retention increases and the fibrous
medium gradually clogs up. For high values of /f, d or C0 clogging
(cake filtration) occurs instantaneously.

4. Modeling

4.1. Coupling

When dealing with injection of particle-filled resin within fiber
reinforcements, several phenomena take place and are coupled. For
instance, the suspension velocity depends on fibrous reinforce-
ment porosity and permeability and of course on the viscosity of
the suspension. Nonetheless, viscosity depends on the filler con-
tent, the latter depending on filtration, which also depends on flow
velocity. Fig. 5 shows in detail the coupling between flow and
filtration, and how parameters and variables are coupled and
ding plotted in the (d, /f) domain.

ing plotted in the (dC0, /f) domain.



Fig. 5. Flow and filtration coupling during Liquid Composite Molding processes.

Table 3
Values of the power-law index n of the suspension as a function of C0.

C0 (vol%) n sþ3
sþ1 with s = 1/n

20 0.992 1.99
30 0.926 1.96
40 0.866 1.93
50 0.708 1.83
affected. The suspension flows in the reinforcement with a velocity
U. In some cases, filtration and retention r may occur and lead to
local variations of porosity e and particle suspension concentration
C. Such modifications will also lead to changes in viscosity g and
permeability K, which will affect flow velocity. In the following,
the details of the modeling (flow, filtration and properties update)
are given.

4.2. Flow sub-model

Darcy’s law (Eq. (2)) has been widely used as the momentum
equation to model flow through porous media. The suspension
interstitial velocity is V(t, x), varies with the porosity of the filter
and is linked to the Darcy’s velocity U. Even though the suspension
has a non-Newtonian behavior (Fig. 1), since the filtration model is
macroscopic, the viscosity g will be considered constant within an
element of the discretized domain. Details of the viscosity estimate
are given in Section 4.4.1.

U ¼ Ve ¼ �K
g
rp ð2Þ

where rp is the pressure gradient.

4.3. Filtration sub-model

The understanding of the occurrence of filtration in Liquid Com-
posite Molding processes will be realized using a macroscopic
model for filtration. The main equations are given in this section;
the readers may refer to Lefevre et al. [12] for details in derivations
and assumptions of the model.

All molding experiments have been unidirectional; therefore
the problem is reduced to a 1D domain. As the suspension flows,
particles are retained in the fibrous medium. This phenomenon is
called the retention and is expressed by r, which is the volume
fraction of retained particles in the filter volume. The porosity of
the filter e available to the suspension decreases with time as it
is clogged by particles, i.e.:

e ¼ e0 � br ð3Þ

where b represents the presence of entrapped liquid between the
retained particles or between the retained particles and the fibrous
medium. That entrapped liquid will neither participate in the flow
of the suspension nor in the dilution. For dilute suspension and lim-
ited retention, the entrapped liquid can be neglected in the equa-
tions, but in this study, the concentrations and retention can
reach high levels and requires taking into consideration such vol-
ume. Furthermore, it is also assumed that b is not constant during
the injection and that it directly depends on the retention r:

b ¼ b0 � rr ð4Þ
5

where b0 is the initial value of b and r is a constant. More details on
the effect on the b coefficient on the retention profiles are given in
[12].

Assuming no diffusion and no physico-chemical interactions,
the mass balance equation can be written as:

@ðrþ eCÞ
@t

þ U
@C
@x
¼ 0 ð5Þ

Substituting Eqs. (3) and (4) into Eq. (5) leads to:

e
@C
@t
þ U

@C
@x
¼ ðb0C � 2rCr� 1Þ @r

@t
ð6Þ

A constitutive equation for particle deposition kinetics is chosen
as follows:

@r
@t
¼ k0UC ð7Þ

Eq. (7) assumes that the deposition rate is proportional to the
particles present and conveyed in the suspension, i.e. UC. The pro-
portionality coefficient k0 is called the filtration coefficient. There-
fore, the filtration sub-model consists of two governing equations
(Eqs. (3) and (6) and two constitutive equations (Eqs. (4) and (7))
that are used to solve for the unknowns of the problem: C, r, b
and e.

4.4. Properties update

Since material properties (suspension viscosity and permeabil-
ity) evolve with time and position, it is necessary to evaluate them
at each time step.

4.4.1. Viscosity
The suspension viscosity depends on both filler concentration

and shear rate. Therefore, a double interpolation is necessary and
performed based on those two parameters. The filler concentration
profile is known at each time step from the filtration sub-model.
Regarding shear rate, which is unknown, it will be estimated from
the Darcy’s velocity U as a first approach. The local average shear rate
in the porous media is approximated from the velocity profile of a
power-law fluid in a tube whose dimensions are representative of
the porous media. The flow of a power-law fluid in a pipe shows that
the average velocity �m is linked to the maximum velocity mmax by:

mmax ¼ �m
sþ 3
sþ 1

ð8Þ

where s = 1/n and Table 3 lists the values of the power-law index n.
The index n has been obtained from a fit of the viscosity data dis-
played in (Fig. 1) to the power-law relationship:

g ¼ m _cn�1 ð9Þ

The average velocity �m can be approximated to the interstitial
velocity in the fibrous medium:

�m ffi V ¼ U
e

ð10Þ

and similarly for the average shear rate:

_c ffi mmax

d=2
ð11Þ



where d is the average distance between fibers. The average dis-
tance between fibers in a mat or felt can be estimated by [18]:

d ¼
ffiffiffiffi

K
p

ð12Þ

where K is the permeability of the porous media (fibers and re-
tained fillers) which evolves with respect to time and position.
Substituting Eqs. (8), (10), and (12) into (11), the estimated average
shear rate of the flow in the porous media becomes:

_c ffi
�mðsþ3

sþ1Þ
d=2

ffi 4U
de
¼ 4U

ffiffiffiffi

K
p

e
ð13Þ
4.4.2. Permeability
Regarding permeability, since the fibrous preform retains fillers,

the new filter system (fibrous preform + retained particles) has a
permeability that has to be evaluated. Assuming perfect saturation
of the new filter system, the equivalent permeability K is the aver-
age permeability of the two systems in parallel. The permeability
of this evolving filter system is given by:

1
K
¼ 1

KF
þ 1

Kd
ð14Þ

The permeability of the fiber felt (/f = 17%) is
KF = 4.92 � 10�10 m2 and has been measured on an injection per-
meability bench. The deposit permeability Kd can be estimated
using the Kozeny–Carman relationship:

Kd ¼
d2ð1� rÞ3

36hkr2 ð15Þ

where 36hk = 150 for granular media.
Fig. 6. Flow chart of the simulation of a particle-fi
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5. Simulation

All equations described previously will be implemented to sim-
ulate 1D filling of the composite parts made experimentally.

5.1. Flow chart

The general flow chart of the simulation is given in Fig. 6. Input
parameters are constant and depend on material, geometrical and
technological considerations:

� Length of the mold L, injection pressure Pinj.
� Fiber volume fraction /f (or initial porosity e0), average distance

between fibers d, fiber reinforcement permeability KF.
� Filtration coefficient k0, initial liquid entrapment coefficient b0,

parameter r.
� Initial filler concentration C0.

The values of the input parameters are given in Table 4.
The domain is unidirectional and has 101 nodes (100 1D ele-

ments). The time step dt is not constant during the simulation
and is calculated so as to exactly fill the next 1D element. Because
the experimental injections are realized at constant pressure, the
flow velocity decreases and dt increases with the mold filling (i.e.
with time).

The main calculation loop (Fig. 6) contains three main steps
which are successively solved at each time step:

� Flow sub-model: A finite difference solver for Darcy’s law (Eq.
(2)) (including spatially non-constant viscosity and permeabil-
ity) has been developed using Matlab (The MathWorks). The
lled resin injection through a fibrous preform.



Table 4
Parameters used in the simulations.

Parameter Value

C0 21.5% 30.3% 40.5%
L 0.2 m
/f 0.187
e0 0.813
KF 4.92 � 10�10 m2

b0 6.5 5.15 4
k0 0.0157 cm�1

r 30
d

ffiffiffiffi

K
p

(Eq. (14))
d 12 lm
Pinj 0.2 MPa
main inputs are: permeability KF, viscosity g, porosity e, length L
of the mold and injection pressure Pinj. The output of that solver
is the suspension velocity U.

� Filtration sub-model: A finite element method is used to solve for
Eqs. (3), (4), (6), and (7). A commercial code (COMSOL Multi-
physics 3.3, COMSOL AB) is used. The input parameters are the
suspension velocity U, the porosity e, the retention r and the
filler concentration C profiles. The filtration coefficient ko, fluid
entrapment coefficient b and constitutive equation parameter r
are the ones already obtained in a previous study for identical
materials (see [12] for details). The outputs are the porosity e,
the retention r and the suspension C concentration profiles.
The code has been validated in the case when no particles are
present and compared to the 1D Darcy’s analytical solution at
constant injection pressure. Also both influence of the mesh
refinement on the solution and the convergence of the solution
have been checked.

� Material properties update: permeability K (Eqs. (14) and (15))
and viscosity g (Eqs. (9) and (13)) are updated with time and
position from the suspension velocity U, porosity e, retention r
and suspension concentration C profiles.
Fig. 7. Simulation results for an injection of a suspension with a filler content C0 = 30.3
experimental values (s) of filler content profile W in the final part.
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The main loop is implemented using Matlab, the filtration mod-
el is called as a slave routine.

5.2. Initial and boundary conditions

The boundary condition for pressure in the flow sub-model is
p(x = 0, t > 0) = Pinj. Regarding initial conditions, t = 0, p(x, t = 0) = 0.
For the filtration sub-model, there are initially no particles in the do-
main and thus, for any location within the media, the particle con-
centration is C(x, t = 0) = 0 and the retention is r(x, t = 0) = 0. The
initial porosity is the one of the clean fiber bed i.e. e(x, t = 0) = e0.
The boundary conditions are C(x = 0, t) = C0 at the inlet and free con-
vective flux at the outlet (x = L). However, because of the concentra-
tion singularity at x = 0 and t = 0, the concentration will be gradually
raised from 0 towards C0, within the first 10�2 s of the injection,
using a Heaviside function.
6. Results and discussion

The results from the simulations give various profiles with re-
spect to position and time: permeability, viscosity, porosity, filler
concentration, retention as shown in Fig. 7 (with the C0 = 30.3
vol% injection case). The retention decreases along the part length
and induces a variation of permeability as dictated by Eq. (14).
Meanwhile, the porosity (space left for the suspension to flow) is
lower at the inlet than at the outlet, because of retention. The en-
trapped liquid coefficient b is also lower at the inlet because more
and more particles are able to agglomerate in the retained clusters.
The suspension concentration profile directly induces the viscosity
trend. The pressure profile within the part is no longer linear. It
shows a curvature that reflects the combination of permeability
and viscosity variations along the part. The final filler profile in
the part agrees well with the experimental one. The filler concen-
tration profile is U-shaped due to the fact that when particles are
retained they also entrapped liquid that neither contributed to
vol% of 12 lm diameter particles in the PET felt. Comparison of simulated (–) and



Fig. 8. Comparison of the experimental and simulated results for resin flow front
advancement prediction in the case of C0 = 21.5, 30.3 and 40.5 vol%.

Table 5
Predicted and experimental times.

Filler concentration (vol%) 21.5 30.3 40.5
Predicted injection time (s) 190 474 1831
Experimental injection time (s) 190 320 1065
the flow nor to the dilution. On micrographs, some locations show
resin-rich regions which are much larger that the particle diame-
ter. Therefore, the fluid entrapment induces a filler concentration
increase at the front. That effect has been seen for many experi-
ments. Readers may refer to previous published results for more
details on that matter [12].

The simulation has also been performed for the two other con-
centrations (C0 = 21.5 vol% and C0 = 40.5 vol%). The results show
very similar trends and profiles, and the final filler contents in
the part agree well with the experimental ones.

The flow results from a competition between a low permeabil-
ity and viscosity at the mold inlet and a high permeability and vis-
cosity at the outlet. The simulation code is also able to predict the
flow front advancement for the three filler concentrations as de-
picted in Fig. 8. The latter shows a rather good agreement for 20
vol% of filler and starts to deviate for larger filler contents. The pre-
dicted injection times are compared to the experimental ones in
Table 5 and show a good agreement in terms of order of
magnitude.

Deviation between experimental and predicted results may
arise from the different assumptions and estimations that have
been chosen. As a matter of fact, a small error on permeability or
viscosity estimates directly impacts the filling times. Since this
work was a first attempt to couple flow and filtration during
LCM processes, the assumptions and estimates that have been cho-
sen were rather straightforward. Looking at the results obtained,
some of the estimates should be modified and especially the per-
meability and viscosity ones that directly govern and impact the
flow response. Also, it has been chosen to couple the (macroscopic)
Darcy’s equation with a power law model for viscosity. However,
other methods have been studied or are still under investigation
so as to handle non-Newtonian flows in porous medium [3,15].
Because the choice in this study has been made to build a
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macroscopic model, the next stage of the study should involve a
microscopic modeling coupling power-law flow in a porous med-
ium with a local filtration model.

7. Conclusions

The filtration model previously proposed [12] has been coupled
to a flow solver to simulate the molding of a resin-filled composite
part. This coupling allows to quite precisely predict such molding.
Process optimization when dealing with particle-filled resins could
be undertaken. Also the code allows the user to distinguish the
amounts of moving from retained particles with respect to time
and position. Such distinction is interesting to predict because they
cannot be easily measured experimentally. The code should also
predict when clogging occurs and at what location. Clogging detec-
tion is achieved looking at porosity evolution with respect to time:
when the porosity is null, there is no more available volume for the
suspension to flow. That feature should be validated with several
experiments comparing maximal lengths that can be injected for
a resin/filler/reinforcement system for instance.
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