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Novel approach for mold filling simulation
of the processing of natural fiber
reinforced composites by resin transfer
molding

Gaston Francucci, Exequiel S Rodriguez and Juan Moran

Abstract

Modeling the infiltration of reinforcements during the processing of composite materials by liquid composite molding
techniques is an important instrument for the prediction of flow front patterns, filling times and pressure gradients.
Darcy’s law is widely used to model most of these processes. However, when polar fluids are used together with natural
fibers, fiber swelling may occur and introduce further complexity to the simulation. In this work, a model that includes
the aforementioned phenomena is proposed, leading to a more accurate prediction of the flow front position than the

classic models that use a constant permeability value.
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Introduction

Nowadays, great efforts are being made to reduce the
environmental impact of materials and the dependence
on nonrenewable resources. Therefore, new composites
based on plant fibers and/or bio-resins are being pro-
duced. In most cases, these materials have low environ-
mental impact since they are bio-degradable and/or
they are produced from renewable resources. In add-
ition, bio-resins and bio-fibers usually have economic
advantages over petroleum-based materials.'

Liquid composite molding techniques such as resin
transfer molding (RTM) and vacuum assisted resin
transfer molding (VARTM) are suitable for processing
these materials into complex shapes with a good surface
quality on both sides of the part. In these techniques, a
catalyzed resin is forced through a mold which contains
the dry reinforcement. The reinforcement is impreg-
nated by the resin during the infusion, and after
curing, the part can be removed from the mold.

Nowadays, the manufacture process of a new com-
ponent made by RTM begins usually in the computer,
where the mold filling by the resin can be simulated.
This allows predicting the filling time, the zones where
air will be trapped, how the flow will workaround
inserts and probably lead to unfilled regions, the

presence of preferential paths for the resin flow, etc.
Therefore, the design of the molds can be performed
throughout computer simulations, modifying the geom-
etry and location of vents, injection ports and resin
distribution channels, until the result of the simulation
is acceptable. This optimizes the process and reduces
the production costs. As input parameters, these pro-
grams require the properties of the resin, such as the
reaction kinetics and the evolution of viscosity with
time and temperature. However, in most processes the
resin cure is inhibited until the mold filling is complete,
or activated afterwards by applying elevated tempera-
tures, which makes the modeling of the process much
easier as the resin viscosity can be considered to be
constant. Some properties of the reinforcement
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material are also needed as input parameters for the
model, being the permeability of the preform the
most relevant. Usually, the permeability is assumed to
be constant for a particular reinforcing material, and it
only depends on the fiber type, fabric architecture, and
fiber volume fraction. Therefore, a model that relates
the permeability of the preform with the fiber volume
fraction is essential to predict the behavior of the resin
flow during the processing of complex parts that pre-
sent different thicknesses and/or fiber volume fractions.
The modified Carman—Kozeny model can be used to
establish a relationship between permeability and por-
osity (defined as: 1-fiber volume fraction). The expres-
sion of the modified Carman—Kozeny model is shown
in equation (1), where n and C are empirical param-
eters. The use of the exponent n other than 2, is not
based on a flow mechanism and the model can be taken
as an empirical model which fitted the experimental
data as suggested by Francucci et al.,”> Rodriguez
et al.> and Shih and Lee.*

n+1
¢

K=—"
C(1—-9)

)

Constitutive equations

Darcy’s law is widely used to model the fluid flow
through a porous medium, and it is also extensively
used in modeling flow processes in composite mater-
ials manufacturing. This law is applicable when the
flow occurs at low Reynolds numbers because inertial
forces are neglected. In addition, the quasi-steady-state
assumption should hold valid. This means that the sat-
uration gradient developed at the flow front as a con-
sequence of the delayed impregnation of the dense fiber
tows with respect to the macroscopic flow front should
be negligible.” This effect is caused by the difference in
the local permeability of the inter-tow and intra-tow
regions, and the capillary effects developed in the
micro-pores inside the tows.

Darcy’s law is shown in equation (2), where u is the
averaged resin velocity (Darcy’s velocity), K is the per-
meability tensor, 7 is the fluid viscosity and VP is the
applied pressure gradient. Equation (3) shows the one-
dimensional form of Darcy’s law, taking into account
that the Darcy’s velocity is related to the superficial
fluid velocity, v (which is the observable velocity =%,
where x,is the flow front position), through the poros-
ity of the preform, ¢.

VP ©)
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In addition, if no sinks or sources of fluid exist
throughout the mold being filled, the continuity equa-
tion should be also used to describe the fluid flow.
The expression for the one-dimensional continuity
equation is

J _
7y W) =0 4)

Merging equations (2), (3) and (4) leads to

3 (K0P
=) = 5
3X<¢n 8X> ‘ ®

which means that the pressure distribution along the
wetted region of the preform follows a linear behavior.
The relationship between the pressure and the position
of the flow front can be found if appropriate boundary
conditions are established at the inlet and outlet resin
ports.

Variable permeability of vegetable fiber fabrics

The modeling of the mold filling stage during the pro-
cessing of composite materials by techniques such as
resin transfer molding, vacuum assisted resin transfer
molding, or vacuum infusion, has been studied by
many authors. Several works can be found in literature
showing different approaches and techniques used to
achieve successful simulations. Usually, the modeling
is based on the Darcy’s law and the permeability of
the reinforcement is considered to be constant.® '

However, when natural fibers are used as reinforce-
ment in RTM or VARTM processes, the permeability
of the preform does not necessarily remain constant
along the wetted region of the fabrics throughout the
infiltration process. Many authors have probed that the
permeability of natural fiber reinforcements decreases
as the infiltration process takes place.”'"™'® The main
explanations for the experimental observations state
that plant fibers absorb fluid from the main stream
and then swell, decreasing the porosity of the preform
as the open paths for flow are reduced. This effect adds
a new issue to the modeling of the infiltration stage of
the processing of natural fiber based composites: the
variable permeability of the preform. The amount of
fiber swelling and therefore, permeability variation,
depends on the fiber-fluid system. In general, more
polar fluids will enhance fiber swelling and will cause
higher fabric permeability variations than less polar
fluids."

In the present work, a brief review on the current
models developed to simulate the processing of natural
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fiber reinforcements by RTM and/or VARTM is pre-
sented. In addition, novel procedures are proposed to
model these processes. All the models proposed take
into account the variation in permeability of the fabrics
as the fibers absorb fluid and swell.

Materials and methods
Permeability tests

In order to verify the observations mentioned in the
previous section, permeability tests were carried out
on jute bidirectional woven fabrics (surface density
equal to 0.03g/cm?). Two different test fluids were
used: a nonpolar fluid, SAE 20 motor oil, which is
not absorbed by the natural fibers; and a 25% V/V
water/glycerin solution, which is a very polar fluid and
causes fluid absorption and fiber swelling.? Prior to
the permeability tests, the fabrics were washed with
a 2% V/V distilled water and detergent solution, to
remove contaminants and normalize the fabrics con-
ditions for all the injections. Fibers were dried
in an oven to remove humidity prior to the per-
meability tests. Unidirectional injection experiments
were performed in a rectangular metallic mold
(500 mm x 100 mm) with an acrylic lid. The depth of
the mold cavity used for each injection was set by
means of metallic spacers in order to obtain the
desired values of preform’s porosity. Mold deflection
during the infiltration tests was avoided by using a
3cm thick acrylic lid. Three injections were conducted
for each porosity and type of fluid. The viscosity of
the fluids used was measured before every infusion by
means of a Brookfield DV-II+cone and plate visc-
ometer. A vacuum pump was used to force the fluid
flow though the mold cavity. The pressure gradient
achieved was measured with a vacuum gauge, located
at the outlet line of the mold. Unsaturated permeabil-
ity values were obtained using Darcy’s law expressed
in the form of equation (6)

(P-m-p)

2AP ©)

Kunsat =

where K, is the unsaturated permeability (m?), m
(m?/s) is slope of the curve x* (square of the flow
front position) versus time, p is the fluid viscosity
(Pa.s) and AP (Pa) is the pressure drop along the
fiber bed. The relation between the flow front position
and the injection time was obtained by recording the
infusion process with a camera mounted on top of the

transparent flow cell and a graduated grid printed on
the acrylic surface.

Mold filling simulation

Masoodi and Pillai'*'> have proposed different
approaches to model the mold filling process when nat-
ural fibers are used as reinforcement. They obtained
good results by assuming that the permeability of the
wetted region of the preform to be a function of time
exclusively. This means that the permeability value is
uniform in the entire wetted part of the preform, and it
changes with time as the injection proceeds. The
authors proposed a linear relationship between the per-
meability of the wetted preform and time. Permeability
tests were performed with a swelling and a nonswelling
fluid to estimate the linear relationship parameters.
Despite the simple relationship proposed between the
permeability and time, the results obtained by the men-
tioned authors were acceptable, and they were more
accurate than the ones obtained by neglecting the
fluid absorption and fiber swelling effect on the perme-
ability. Their model will be referred in this contribution
as the homogeneously variable permeability model
(HVPM).

Homogeneously  variable  permeability model. In  this
approach, the variation in the porosity of the preform
as the fibers absorb fluid and swell is considered.
Therefore, in this case, the permeability is assumed to
remain constant for a given value of porosity and what
changes is precisely the free space for fluid flow
throughout the preform. The relation between the per-
meability and the time can be set by using the Carman—
Kozeny model, and considering that the porosity is a
function of time

n+1
Ky = 2 )

[1 = )"

In order to obtain the correct value of permeability
at any given porosity of the preform, the model param-
eters, n and C, should be estimated from a permeability
versus porosity curve. Permeability tests should be per-
formed with a nonswelling fluid, such as the SAE 20
motor oil. The position of the flow front could then be
predicted by solving equation (8)

oy e(t)) 8Py, 8
o (Il — o] x; ®)

where 8P, refers to the applied pressure gradient.
Then, in order to find x/(f) a mathematical expres-

sion that correlates the porosity of the preform with the

immersion time in the fluid is needed. The change in
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porosity with time can be calculated if the change in
fiber diameter with time is known, as shown in equation
(9), where ¢, is the porosity of the dry preform and
D(1)/Dy is the ratio between the instantaneous fiber
diameter and the dry fiber diameter.

2
o =101 = )(S52) ©)

Curves showing the change in diameter of the fiber
with the immersion time in the fluid can be obtained by
performing swelling tests, in which the fibers are
immersed in the test fluid and their diameter is moni-
tored using an optical microscope and recorded at
given periods of time with a digital camera.’

An exponential function is suitable for fitting the
change in fiber diameter with time, as suggested by
Masoodi and Pillai.'* Such a function has three empir-
ical parameters as shown in equation (10).

Dr(t) b
Dy o aexp(c + l)

The porosity of the preform as a function of time is
given by equation (11), and the flow front position can
be found using equation (12). It should be noted that
this model considers that the entire wetted region of
the reinforcement has the same porosity (or permeabil-
ity) at every given time since the fluid reached the begin-

ning of it.
b 2
=10 - w{es(-L)

o= [P f- = o exp(g;,)]zn }
nC {(1 —(00)[aexp<ci+t):|2}

The advantage of using this procedure is that only
one permeability versus porosity curve is needed (the
one obtained with the fluid that does not swell the
fibers) to model the behavior of any fluid to be injected
in the mold using any desired experimental condition.
Then, swelling test should be done for each fluid in
order to calculate the parameters @, b and ¢, but these
tests are easier, cheaper and have less experimental
complications than the permeability experiments. In
addition, if the empirical parameters are calculated
from permeability tests, the model might predict erro-
neously the flow front behavior if the real injection con-
ditions differ from the ones using during the tests. This
happens because the permeability tests could be fin-
ished before the fiber saturation time is reached, and

(10)

(11)

dr (12)

therefore, the modeling of real injections that take
longer filling times would not be considering the fiber
saturation effect.

Permeability field model. The model presented in the pre-
vious section is easy to use and can be solved without
implementing numerical methods. Despite it takes into
account the change in fiber permeability (or porosity)
as a consequence of fluid absorption and fiber swelling
as the injection proceeds, it assumes that those proper-
ties are constant throughout the entire length of the
wetted preform. This assumption could lead to a sig-
nificant error in predicting the flow front position when
bio-resins or polar fluids are used, because the porosity
of the fully saturated zones (more distant from the flow
front) can be very different of that of the unsaturated
zones (closer to the front flow).

Therefore, a novel model called the permeability
field model (PFM) is proposed in order to improve
the flow behavior prediction when natural reinforce-
ments are used. This model takes into account the
fact that the zones of the wetted preform located
more distant to the flow front remained immersed in
the fluid longer than the zones of the wetted preform
located closer to the front. This means that the degree
of fiber swelling changes along the length of the wetted
preform, leading to a field of porosities and
permeabilities.

In this model, Darcy’s law was used considering
incompressible flow. The movement of the flow front
was modeled with the technique called ‘volume of fluid’
(VOF), which uses the velocity field and a fully con-
vective scheme with SUPG stabilization. Details of the
technique can be seen elsewhere.'®!’

In this method, a variable called « that determines
the filling fraction of the domain is transported apply-
ing the material or substantial derivative (equation
(13)). o equals to zero in the empty zones, and it is
equal to one in the zones filled with fluid. The front
flow location is established where o =1/2.

do O
E—E‘I'VVO(—O

(13)

The material derivative is equal to zero, because no
source or sink exist along the process domain.

The model was solved using the finite element
method. The numerical scheme is performed in three
steps. First, the pressure distribution, P(x), is calculated
over the entire domain. Then, the fluid velocity field,
V(x) is calculated from the previous obtained pressure
field. Finally, the filling fraction, «, is advected by the
local average values of the velocity field. The advection
time is calculated for every step, and is chosen accord-
ingly to keep the Courant number close to unity.
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Figure |. Solving scheme adopted.

Courant number is defined as the ratio of the length of
propagation of a wave over a certain time increment
divided by a characteristic element length. In this par-
ticular case C,=u,*At/Ax. The time step is modified
as the flow front advances, ensuring the algorithm
stability. Figure 1 presents a flow chart showing the
calculus algorithm.

Dirichlet boundary conditions were imposed at the
nodes corresponding to the injection and vent points.

The element is filled. Local time variable starts

Yes T i
counting local time.

K=K(t)

At the injection point P =38P while at the vent location
P =0, where 8P is the relative injection pressure. Also,
the permeability value in the wetted region of the pre-
form (a > 1/2) is K(¢) and it depends on the instantan-
eous porosity of each element of the mesh. The
permeability in the dry region of the preform (« <1/
2) is assumed to be 10°~10* higher than the initial per-
meability, K, (the permeability calculated with a fluid
that does not swell the fibers). By assigning to the dry
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Impregnated Region
o=>0.5
Permeability: K(x.t)

Fluid Inlet Port

l’=ﬁl'>

a=1

Figure 2. VOF technique scheme.
VOF: volume of fluid.

region of the preform a permeability value several times
higher than to the wetted region allows to set a pressure
value almost null at the front flow, without the need of
setting boundary conditions to the moving front,
making the algorithm more simple.

Every time a new element is ‘filled’ by the fluid
(> 1/2), a local flag is raised by the program and a
local ‘element wetting time’ starts to be computed by
the algorithm. With this information, the algorithm cal-
culates the porosity of each element in the domain by
using equation (11), which empirical parameters should
be calculated from swelling tests performed with the
same fluid that is being modeled. The real permeability
of each element can be obtained with the Carman-—
Kozeny model (equation (7)) by using the empirical
parameters determined from the permeability curve
obtained with a fluid that does not change the fiber
diameter.

Figure 2 shows a scheme of the VOF technique to
model the one-dimensional mold filling.

Results
Permeability results

Figure 3 shows the relationship between the unsatur-
ated permeability of the fabrics and the porosity of the
fiber bed obtained with the two different fluids.
Experimental data was fitted with the modified
Carman—Kozeny model for both test fluids, and the
values of its parameters, » and C, are shown in Table 1.

As expected, the permeability of the fabrics mea-
sured with the polar fluid was lower than the perme-
ability of the same fabrics measured with the nonpolar
fluid, for the whole range of fiber volume fractions stu-
died. This shows how fluid absorption and fiber swel-
ling decreases the measured value of the permeability of
natural fiber preforms. In addition, it can be seen in
Figure 3 that the difference between both permeability
curves is more important at higher porosities (lower
fiber contents) because the amount of fiber swelling is

Dry Region
a<0.5
Permeability: 1000 K,

Flow Front

P=0

higher when the porosity and the free space between
fibers increase (free versus restricted swelling).

The permeability of any preform should be constant
for a given value of porosity, no matter the fluid used to
carry out the permeability tests (if the capillary effects
are neglected). What happens in practice is that fiber
swelling decreases the porosity of the preform when
polar fluids are used, and therefore its permeability
changes as the infiltration takes place, as found in a
previous work.?

Mold filling simulations

In the permeability field model, each element of the
mesh has its own permeability value, which is only a
function of time (the entire element has the same per-
meability value at a given time). A permeability field
along the wetted preform is generated because of the
different immersion times experienced by each element.
This implies that, despite the pressure drop is linear
within each element, the global pressure distribution
does not follow a linear behavior, as one would get
from the models that consider a constant permeability
value. Figure 4 shows the pressure curves for different
flow front positions, obtained with the three models
described in this contribution: the classic Darcy’s law,
HVPM, and PFM. The curves of the first two models
were plotted with the same color because the pressure
drop in both cases is linear and equal to AP/Ax. On the
other hand, the permeability field model predicts a
higher pressure drop in the zones where the fibers
experienced more swelling (further away from the
flow front) than in the zones where fiber swelling was
less significant (closer to the flow front).

The fluid velocity field predicted by the three models
is shown in Figure 5. As expected, the models that take
into account the decrease in porosity with time due to
fiber swelling led to lower velocity curves tan the classic
Darcy’s law model. In addition, it can be seen that the
velocity curves predicted by the models that consider
fiber swelling diverge in a certain time range (between

Downloaded from jem.sagepub.com at MINCYT on April 21, 2014


http://jcm.sagepub.com/

Francucci et al.

197

@ SAE 20 Motor Oil 0
20 {= = Carman-Kozeny model T
®  Water/Glycerin Solution T/
= === Carman-Kozeny model 7 -
<2 10 7 a
= S
:| 8 1 / s N
S 6 R
> < &
E 4 7 ﬁ o - A
3 Y
= e s
5 A
A 27 7 i
l I I 1 I I 1 I
045 050 055 060 065 0,70 0,75 0,80

Porosity

Figure 3. Permeability—porosity relationship for jute fiber preforms measured with apolar (water/glycerin solution) and a nonpolar

fluid (SAE 20).

Table |. Carman—Kozeny fitting parameters for the
permeability—porosity curves.

SAE 20 Water/Glycerin
Motor oil solution

n 1.954 1.289
2.538 EIO 3.567 EIO

180 and 2000 s). At the beginning of the injection
(before 240 s) the fluid flows very rapidly and all the
wetted preform stays immersed in the fluid approxi-
mately the same amount of time, and thus no signifi-
cant differences can be seen between both models. At
intermediate times the region of the wetted preform
where a gradient of porosities exists is significant,
and then both models predict a different fluid velocity
(HVPM and PFM). The PFM predicts a higher flow
rate than the HVPM, because the latter calculates the
permeability of the entire wetted preform by using the
time since the injection begins.

Therefore, the permeability predicted by the PFM is
higher over a wider area of the wetted preform than the
permeability predicted by the HVPM. Finally, after a
long period of time (after 2200 s), the fluid flows very
slowly, allowing the zones of the wetted preform closest
to the flow front to reach the saturation porosity (the
porosity when the fibers swell the maximum amount

100 —
— — Constant Permeability
Y & HVPM
25l & ——PFM
—
[
[=3
=
o 50+
2 ~
72 ~
8 25k ~
= ~
R
~
Wy
0 1
0.00 0.25 0.50 0.75 1.00

Position (m)

Figure 4. Pressure distribution predicted by the three models.

possible) and therefore the length over which the pre-
form presents a porosity gradient is negligible with
respect to the entire wetted preform. Consequently,
the flow front velocities curves predicted by both
models overlap at long injection times.

A scheme of the porosity variation in time predicted
by the models is shown in Figure 6. In this scheme, the
time range where the velocity curves separate is quali-
tatively indicated between #; and #,. In addition, the
fiber saturation time was also added to the scheme.
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Figure 5. Evolution of the fluid velocity in time calculated by the three models.

Figure 6. Variation in the porosity of the preform as the flow front advances: (a) HVPM; (b) PFM.
HVPM: homogeneously variable permeability model; PFM: permeability field model.
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Figure 7. Predictions of the flow front position.
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Despite the velocities predicted by both models are
not significantly different, the small difference in vel-
ocity persists over a long period of time. Therefore,
after the first stage in which no differences exist between
the velocities calculated by each model, the prediction
of the flow front movement is different, as shown in
Figure 7. In addition, the difference between the flow
front curves gets constant after the velocity curves cal-
culated by both models overlap (after 2000 s approx.).
As expected, Darcy’s law (that considers permeability
to be constant) predicts a faster mold filling that the
models that consider fiber swelling. Table 2 presents the
time required to fill a one-dimensional mold of one
meter of length as estimated by the three models pre-
sented, with a 20% V/V water/glycerin solution and a
dry porosity value ¢y =0.7. It can be seen that the per-
meability field model predicted a filling time 14% lower
than the HVPM.

Table 2. Filling times for a | m long mold calculated with the
three models.

Model Filling time (min)
Constant permeability 12.5

HVPM 53.5

PFM 6l

HVPM: homogeneously variable permeability model; PFM: permeability

Figure 8 shows the flow front position versus time
curves predicted by Darcy’s law and the permeability
field model, as well as the experimental data obtained
from the video recordings taken during the permeabil-
ity tests done with SAE 20 motor oil and the water/
glycerin solution. It can be seen that the constant per-
meability model will not accurately predict the flow
front movement when the water/glycerin solution is
used in the test. On the other hand, the permeability
field model showed a better fitting of the experimental
data.

It should be noted that this novel model can be
applied independently of the fluid used in the mold
filling stage, since the parameters needed can be easily
determined from the swelling tests for each fluid. If a
nonswelling fluid is used, the permeability field model
has the form of the Darcy’s law, because ¢(f)=¢q if
DAt)/Dyp=1 in equation (9).

Conclusions

In this work, two models were proposed to simulate the
flow front movement during the one-dimensional RTM
or VART processing of composite materials reinforced
with natural fibers. This problem has been previously
addressed by other authors; however, a different
approach is presented. These models consider the
effect of fluid absorption and fiber swelling on the por-
osity and permeability of the preform, which is not
taken into account in classic models for synthetic
fibers or in previous models for natural fibers
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Figure 8. Experimental data fitting by the constant permeability model (Darcy’s law) and the permeability field model.
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The homogeneously variable permeability model,
that was the first approach to model the process, con-
siders that the permeability of the preform decreases
with time due to fiber swelling, but the change in per-
meability is uniform throughout the entire wetted pre-
form and is only a function of the injection time. On the
other hand, the permeability field model, considers the
fact that different regions of the wetted preform experi-
ence higher or lower fiber swelling depending on the
amount of time that they have been immersed in the
fluid. This leads to a field of permeability along the
wetted fiber bed.

The results showed that all models that take into
account the swelling of the fibers predict a much
slower flow front movement that the model that
assumes that permeability is constant over time.
Comparing the two proposed models, the permeability
field model predicts a greater flow rate than homoge-
neously variable permeability model, as expected, but
this difference in the velocity field is small and occurs
only during a certain time range. At the early stages of
injection, the fluid flows so fast that the differences in
immersion time and fiber swelling along the wetted pre-
form are not significant. After the fluid has flowed a
long distance from the inlet, the flow gets very slow,
and the saturation gradient becomes very narrow and
negligible with respect to the wetted preform length.
Between these two mentioned events, the velocity
curves predicted by the proposed models diverge. As
a result, the flow front movement predicted by the per-
meability field model is faster, but this difference can be
seen after the first stage of the injection, and remains
constant even after the velocity curves predicted by
both models overlap.

The experimental data was much better fitted by the
permeability field model than by the constant perme-
ability model when a swelling fluid was used in the per-
meability test.
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