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Resin Transfer Molding (RTM) is largely used for the manufacturing of high-quality composite components
and the key stage during processing is the resin infiltration. The complete understanding of this phenomenon is of
utmost importance for efficient mold construction and the fast production of high quality components. This paper
investigates the resin flow phenomenon within the mold. A computational application was developed to track the
resin flow-front position, which uses a finite volume method to determine the pressure field and a FAN (Flow
Analysis Network) technique to track the flow front. The mass conservation problem observed with traditional
FE-CV (Finite Element-Control Volume) methods is also investigated and the use of a finite volume method
to minimize this inconsistency is proposed. Three proposed case studies are used to validate the methodology
by direct comparison with analytical and a commercial software solutions. The results show that the proposed
methodology is highly efficient to determine the resin flow front, showing an improvement regarding mass

conservation across volumes.
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1. Introduction

The use of composites materials has increased worldwide since the
50s, being mostly considered an alternative to traditional metals. Many
processes have been developed for the manufacturing of composite
materials. Among these techniques, RTM (Resin Transfer Molding)
is regarded as fast, flexible and capable of producing parts with good
surface finishing on both sides. In the RTM process, a dry fibrous
preform is placed in the mold cavity, being subsequently impregnated
with a liquid resin. The resin enters the mold through a number of
injection ports (holes) and slowly flows within the mold cavity.

The numerical problem comprises the determination of the resin
advancement inside the mold cavity. Knowledge of the shape and
position of the resin/air interface as a function of the injection time
is usually the main goal of the simulation. With this information, the
mold designer is able to determine the optimum position of inlet and
outlet gates. An adequate mold design should minimize injection time,
avoid resin wasting through unnecessary output holes and allow the
production of a homogeneous (density, resin content, void fraction,
among others) final part. These characteristics could also be achieved
following a trial-and-error experimental procedure, but this is highly
expensive and time consuming.

The fibrous reinforcement media is mathematically formulated as
aporous media and Darcy’s Law is used to correlate pressure field and
velocity inside the computational domain. Published works show that
the available mathematical models considerably differ in complexity.
In these models, the medium is normally considered homogeneous
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regarding porosity, but they may be isotropic!, i.e. with constant
permeability in all directions, or non-isotropic>*, when permeability
is set as a tensor. In some experimental works, porosity of the fibrous
media is also considered to vary (e.g. as a function of the medium) in
the empirical mathematical formulation®. In addition, the model can
be isothermal or include the temperature field determination inside
the mold. For non-isothermal models, resin viscosity is formulated
as a function of the temperature and time, and this also allows the
investigation of the resin curing process’.

For isothermal problems, which is the focus of the present work,
the resin advance transport phenomenon in RTM problems is usually
solved in two steps: i) determination of the pressure field inside the
computational domain filled with resin, and ii) determination of the
resin flow-front line (interface between resin and air). For the first, as
shown later, it is necessary to solve a second order Laplace equation
for the pressure. This is normally an easy task, although difficulties
related to discretization of complex geometries may arise. In the
great majority of the reported works, the referred Laplace equation
is solved using a finite element method, which is the obvious choice
for complex geometry discretized domains. The difficulty associated
with the use of the Finite Element method regards the evaluation of
the mass flow-rate along the grid, which is commonly carried out by
creating control volumes around the grid nodes and using the element
local system of coordinates to calculate the resin fluxes along the
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faces of these control volumes. This particular method is called the
FE-CV (Finite Element-Control Volume) method®’.

The finite difference method is rarely used to determine the
pressure field in RTM problems. For simple geometries, the finite
difference method is much easier to formulate and program than the
finite element method. On the other hand, if a complex geometry must
be discretized, the computational implementation using the former
method may become as complex as that using the latter.

Finite volume methods can also be used to determine the
pressure field inside the computational domain®. They have long
been associated with incompressible flows and simple geometry
discretization perhaps due to the fact that earlier works focused on
the treatment of the non-linear terms of the momentum equations,
paying less attention to geometry discretization®. Indeed, the first
formulations® were difficult to implement for complex geometries,
but the “new generation” of methods are fully capable of being used
with unstructured grids for both 2D'*!! and 3D geometries'.

In this work, a finite volume method is used to determine the
pressure field inside an RTM mold. The advantage of using this
method in comparison with FE-CV methods is that the latter presents
difficulties related to mass conservation of the resin flow along the grid
elements. According to Joshi et al.'*, mass conservation is sometimes
violated when the Galerking formulation is used with isoparametric
finite elements to calculate the pressure field. The authors observed,
for rectilinear (1D) flows, that the mass conservation was never
violated, whereas for 2D flows, the error could reach 10%. Others
authors have also reported on the mass conservation problem
associated with the FE-CV methods'*!>"".

On the other hand, conservation of all properties (e.g. mass,
momentum, energy) is already incorporated into the basic formulation
of the finite volume methods®*'¢, allowing easy calculation of the
mass flow rate through the faces of all grid volumes. In the particular
case of resin flow in a porous media where Darcy’s equation is used
to calculate flow velocity, the pressure equation to be solved is
actually the continuity equation for an incompressible fluid in which
velocity is written as a function of the pressure and the physical
properties of the resin and the media. Since a finite volume method
has been used to solve this equation, mass conservation across the
grid is automatically enforced for the volumes fully filled with resin.
Furthermore, a procedure, described in section 2.3, is proposed to
approximate mass balances for the flow front volumes.

The position of the resin front line is determined by monitoring
volume faces that connect empty volumes (resin volume fraction
equal to zero) to volumes that are partially (or fully) filled with resin'’.
The front line volumes are usually only partially filled and the resin
position is actually somewhere inside that control volume, instead of the
control volume boundaries predicted by the mentioned algorithm!”. All
published works in the literature focusing on the FE-CV method applied
to RTM problems use a similar front line determination algorithm. On
the contrary, geometry reconstruction algorithms are usually employed
with the VOF (Volume of Fluid) method'®.

VOF is a general method largely used to model multiphase flows
with two or more inviscid fluids which has been sometimes applied
to track the resin flow front position in RTM problems'**2!. This
technique requires larger computational effort because a system of
differential equations needs to be solved. The solution model includes
momentum, continuity and volume fraction differential equations
which are simultaneously solved in time and space. One of the
advantages of this method relies on the fact that it can be applied to
volumes with or without the solid phase (reinforced media), allowing,
for example, to model the inlet channels of the RTM-Light process, a
variant of the RTM process in which part of the flow occurs through
peripheral open channels.
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In VOF method the volume fraction f of each fluid volume is
determined by solving a transport equation for £, but this solution tends
to smear in the volumes close to the moving surface?’. The gradient
of fshould be singular at the interface of two inviscid fluids, however
it becomes finite in the numerical solution, causing this abnormality.
This problem has been originally addressed using the donor-acceptor
scheme'®. This scheme identifies one cell as the donor of a particular
amount of fluid from one phase and another (neighbor) cell as the
acceptor of that amount of fluid, this in turn prevents numerical
diffusion at the interface®. Several others algorithms, many of them
highly complex, have been proposed to avoid numerical diffusion
and oscillations'***%.

In the present work a new flow front monitoring technique is
proposed. This approach differs from the VOF methods in which
geometry reconstruction is part of the mass balances through the
front line (resin/air) control volumes, and also differs from the FE-CV
methods where the flow front is determined as the interface between
empty elements and those with resin. The proposed technique uses a
flow tracking algorithm to precisely determine the resin/air interface
inside the grid elements. The aim of this algorithm is not to ensure
mass conservation, what is intrinsic of the finite volume formulation,
but to determine, even for a coarse grid, a realistic flow front position,
allowing the geometrical reconstruction of the flow front geometry.

2. Numerical Solution

The computational domain shown in Figure 1 represents an
actual lab-scale mold geometry. In this example, the injection hole
is located at the center of the mold and the radial flow of the resin
is investigated. This is a simple problem with an available algebraic
solution until the flow reaches the mold walls.

Darcy’s Law is used for the modeling of the resin flow
advancement inside the mold. The media is said to be homogeneous,
thus constant porosity is applied for the entire computational domain.
The process is also considered isothermal.

The mathematical formulation of the phenomenon described above
can be expressed by the Darcy’s equation (Equation 1) which correlates
the pressure gradient and the velocity within a porous media.

VP (D

N =
where V' is the resin velocity vector [m/s], P is the pressure [Pa], K
is the permeability tensor [m”] and | is the viscosity [Pa.s].

Injéction port

Front ~lixne
(PZPh)

0.075 m
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Figure 1. Computational domain for a simple radial problem.
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Typical polymeric resins used in the RTM process show a
non-Newtonian behavior. However, for the purpose of the present
work (investigation of the progress of the resin front line), a Newtonian
approach is completely suitable. Indeed, this consideration is largely
used in numerical investigations of the RTM process*’?, being
generally acceptable due to the relatively low velocity of the fluid,
the wide channels in which the fluid flows and the low range of
shear variation during flow. Thus, assuming the resin as a Newtonian
incompressible fluid, the mass conservation equation assumes the form

V.7 =0 @

Combining Equations 1 and 2, the equation for the pressure can
be written as

v.|Evp -0 3)
U

In Equation 3, media permeability and resin viscosity are kept
inside the derivative, which is the most generalist case. In the present
solution, resin viscosity is considered constant whereas permeability
is considered either isotropic (K is constant) or orthotropic (K _# K,
andK =K =0). Equation 3 is numerically solved using the method
described in section 2.4

The boundary conditions to be used with Equation 3, also shown
in Figure 1, are given by:

e P =P at the injection point;

e OP/0n=0

wall); and

e P= Pf at the resin front line, where Pf is the front line preset

pressure.

A finite volume method'*'>?” was used for the solution of
Equation 3 inside the gray region of Figure 1, and determine the
pressure field gradient throughout the resin impregnated area. The
pressure field is then used (in Equation 1) to determine the velocity
field and, consequently, the volumetric flow-rate through the control
volume surfaces.

at the mold walls (# is the direction normal to the

2.1. Transient solution
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does not include a transient term, the transient solution is obtained
by successively solving Equation 3 until mold filling is complete.

In this work, the main goal of the simulation is to determine
the resin flow-front position as a function of the injection time.
The used methodology is very similar to that of well-known finite
element/control volume (FE-CV) methods, except that the finite
element method is substituted here for a Control Volume Finite
Element method (CVFE). The finite volume method already has in its
basic formulation the definition of elements and control volumes, each
of them composed of four nodes (points), and the control volumes
are created around the nodes with the contribution of four different
elements. The mass (i.e. resin) crossing each volume is accounted for
by integrating the continuity equation through the volume boundaries
(surfaces). The discretized domain and the approach followed to
create the volumes are shown in Figure 2. The gray area in this figure
represents the region already impregnated with the resin.

Monitoring of the advancement of the resin flow-front was
obtained using a Flow Analysis Network (FAN) technique!’. Starting
from a condition in which the inlet locations and injection pressure
are known, and assuming the pressure for all volumes outside the gray
area in Figure 2 equal to zero, solution of Equation 3 will determine
the pressure field all over the computational domain. The velocity
field is obtained by substituting the pressure field in Equation 1.
The flow rates crossing the boundaries of the control volumes can
be calculated by multiplying the normal velocity by their respective
areas. After that, the smallest time step needed to fill at least one
volume, (Af) . is calculated by

(At) . =min v’—’ (4)
min V(t)

where V; is the total volume of the finite volume i, Vlf (t)=f; ()Y,
denotes the total volume of fluid that has entered volume i at time ¢
and V is the volumetric flow-rate into volume i.

The (At), . is then used to determine the filling volume fraction
and then a filling factor, f, for the control volume i defined as

V'f (t) — Atmin\'%,(t)

The numerical solution of Equation 3 is quite simple, but it must fi (z + At) =1 5)
be continuously solved during the simulation. Since Equation 3 Vi
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Figure 2. Discretized domain.
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In Figure 2, all volumes with filling factor f = 1 are painted in
gray. It may be noted that the volume boundaries are not plotted
and that the grid lines represent the element boundaries (not the
volumes). The description of nodes and volumes is shown in the
zoomed in region of Figure 2. In this figure, the black nodes indicate
the volumes near the resin front line, whereas the white nodes indicate
the volumes in the fully resin infiltrated region, which are not in
contact with the resin front line. The volumes with hatched nodes
have a filing factor defined as 0 < f< 1, and therefore are said to be
in the non-infiltrated region. The front line position is tracked after
each time-step integration, being defined at a position between the
last volume inside the resin-infiltrated region (black nodes) and the
volumes in the non-infiltrated region (hatched nodes).

For all non-infiltrated volumes, the transport equation (Equation 3)
is substituted by

P=Pf=0 6)

and the pressure field is determined only for the infiltrated region.

Moreover, solution of the flow front advance algorithm can be
summarized as:

1) specify P = P, to all inlet locations;

2) specity P = P to all empty volumes;

3) solve Equation 3 to obtain the pressure field;

4) calculate the velocity field with Equation 1;

5) determine V, , Vlf (¢), V and Ar,;, for all flow front

volumes;
6) calculate ffor all flow front volumes;
7) if the mold is not completely filled, return to step 2.

2.2. Front line geometry reconstruction

Determination of the front line position is sketched in Figure 3. A
simple, but precise algorithm was written to interpolate the position
of the resin front line inside the partially filled volumes.

For the radial flow problem shown in Figure 1, the exact (algebraic)
coordinates of the flow front (X, V) Were plotted inside the grid
domain sketched in Figure 3. In this figure, the hatched volume has
f=1, while the volume with dashed boundaries has 0 <f< 1. Based on
these coordinates at different volumes and times, Equation 7, proposed
in this study, can be used to calculate the numerical coordinates (x,y)
inside each partially filled volume of the flow front.

xf=x+‘::—|(f—0.5)d (Ta)
v
yf:erm(f—O.S)d (7b)

As shown in Equation 7, the coordinates of the front line position
(xf, yf) are obtained as a function of the volume center coordinates
(x, y), the velocities at this point, the filling factor f and a scale
parameter 2d = \/ﬂ , where A is the area of the 2D volume and d is
the diagonal of a square volume.

Using Equation 7 for volume j in Figure 3, which is partially
filled, i.e. with 0 < f < 1, the resin front line position (xf, yf) will pass
through a point between the center of volumes i and j. Moreover, if
0.5 < f< 1, which means that more than half of the volume j is filled
with resin, Equation 7 will calculate (x/, yf) in a position further from
the center of volume j. The other three possibilities are:

o Iff=0, (x, y,) will be a point halfway between volumes i and j;

o Iff=1, (x,y) will be close to the center of element j;

e Iff=0.5, (x, yf) will be the exact coordinates of the center of

volume j (x, y).
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This simple strategy may be easily implemented, being less
time-consuming than more refined geometry reconstruction methods.

2.3. Mass conservation across the grid volumes

Mass conservation across grid volumes is probably the most
important and difficult parameter to be controlled during simulation.
In general, Equation 3 can be easily solved with any finite element
or finite volume method and good results may be obtained even for
coarse grids. The problem with mass conservation lies on the difficulty
of determining the flow through the volume surfaces. Assuming that
Equation 1 provides a good approximation for the velocity field, the
flow through the volume boundaries could, in theory, be calculated
with sufficient accuracy.

The most common approach is to create control volumes centered
at the grid nodes. In this work, the control volumes were built with
the contribution of four different elements in such a way that their
boundaries are in the middle of these elements. Thus, a local system
of coordinates (s and ¢ in Figure 4) is used to calculate the pressure
derivatives needed to solve Equation 1.

Inside the fully filled volumes (f = 1), mass conservation is
obtained with the finite volume formulation. In this method, the
mass flow is integrated over the whole volume and mass conservation
is enforced for all grid volumes. The term inside the brackets in
Equation 3, if multiplied by the density, becomes

pEVP - [k—gi] 8)
u

Sm2

If this property balance (inlet equal to outlet for a steady flow)
is guaranteed, the resulting pressure field will approximate mass
conservation through the control volumes. As described in section 2.4,
Equation 3 is integrated over the control volume and the resulting
volume integral is converted into a surface integral that will be
evaluated over the control volume faces.

For the volumes in the front line (0 < f < 1), it is necessary to
determine in which faces the resin is entering or leaving this control
volume. For the flow characteristics shown in Figure 5, it is not possible

Element j
Algebraic front line
position (x,,,ly ) Volume j | .......! LV
'8 8 ‘ v /2
. ° (. y) ®
( g '
Yy
Front line node ” s \0 <f<]

\

Calculeted front line position

i

f,’:/]

V9lurne i

Figure 3. Front line determination.
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to know in advance the exact position of the flow front inside the volume
i, therefore the vectors drawn in Figure 5 show resin entering by the
West face and leaving through the North face of the volume. Faces
South and East are said to be in a domain region without resin. Note
that velocity is only defined in the region partially or fully filled with
resin. The calculated pressure gradients in faces South and East of this
volume are not null, and Equation 1 will determine a non-zero velocity
vector for these faces. To avoid the calculation of mass flux through
these faces, a criteria must be established to determine which fluxes
will be considered in the mass balance of volume i. A reasonable and
precise criteria is to consider that flow flux may only occur through the
faces that belong to at least one volume with f= 1. This criteria will not

Element

A

Figure 4. Control volume formation.
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verify for all volumes in the grid, but the errors involved in the mass
flow calculations are expected to be very small. As shown later, the
results of this work validate this approximation. The procedure followed
for the calculation of mass fluxes through the control volumes is also
simple and may be easily implemented.

2.4. Numerical solution of the pressure equation

In the present formulation, a finite volume method that includes
finite elements in its formulation was used to solve the pressure
equation'*'>?". The computational domain was discretized with
four-node rectangular elements. For each node, a control volume is
created with the contribution of four different elements, as shown
in Figure 4. A local coordinate system (s,f) is created inside each
element and all variables and derivatives inside the element can be
expressed using this system.

The most fundamental concept of any finite volume method lies
on the integration of all differential equations over the discretized
control volumes. Thus, for each control volume of the grid, Equation 3

becomes

v Evp|=0
v.C n

&)

The divergence theorem states that the above volume integral can
be replaced by a surface integral such as

j Kyplai=o (10)
s| u

N
\

Resin front line

Figure 5. Mass flow through the control volumes.
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Integration of Equation 10 over the control volume shown in
Figure 4 results in

K 3k .
jS HVP ~dA:;JSi EVP -dA; =0 (11)

where the index i represents each one of the eight faces of the control
volume shown in Figure 4.

Each integral in the right side of Equation 11 can be expressed
using a generic matrix notation as

K -1
J‘S‘. EVP dAl —E Kxx ny aP/ax . Ay =0 (]2)
K, K, oP/ady| | -Ax

Finally, for each volume face

j Kyp ~le-1(1< P g aP]Ax—
0

} XX 5 Xy .

S| ox dy (13)
1 oP oP

—-—|K,—+K, ,— |[Ay=0

H[ B ay) i

Shape functions are defined inside each element based on the local
coordinate system. The pressure at any position (s, ) inside the element
can be approximated as a function of the nodal calculated variables' as

1
P(s,z)=z[PlN1+P2N2+PaN3+P4N4] (14)

where N, = 0.25(1 +s)(1 + 1), N, =0.25(1 - )(1 +1), N, = 0.25(1 - )
(I-Hand N, =0.25(1 +s)(1 - 1).

The pressure derivatives are also defined as a function of the
local coordinates by

oP

Pl N p (15)
Bx ax (s,t)

1

(st) =1

More detailed information about the shape function can be found
in the literature for finite elements®?* or finite volumes'**".

The combination of Equations 13, 14 and 15 results in a linear
system of equations. The resulting coefficient matrix is sparse, but the
solution has proven to be stable and fast. An ILU (Incomplete LU)
decomposition method* was used to solve this linear system.

3. Results

The numerical methodology described above was validated by
solving three case studies. The first one is the radial injection problem,
with an algebraic solution. The second and the third cases do not have
an algebraic solution, therefore the results are compared with those
of a commercial general purpose CFD (computational fluid dynamic)
package — FLUENT, in order to evaluate the ability of the present
methodology in solving more complex problems.

The general parameters used in all simulations are presented in
Table 1. The injected fluid (resin) is considered Newtonian, with
constant viscosity (u ) and density (p). Two different conditions are
set for the porous media: isotropic (K = K ), cases 1 and 2, and

xx VY
orthotropic (K # K| ), case 3.

3.1. Radial infiltration (Case 1)

Figure 1 shows a sketch of the radial infiltration problem. The
injection point is located close to the geometrical center of the mold.
For this simple case, the numerical results can be compared with the
analytical solution® (until the resin reaches the mold walls), which
is given by
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B T (RN A R Y S
t 2KPO[r 1n[r0) 2(r ro)] (16)

where P, is the pressure at the injection point [Pa], 7 is the time [s],
r the position (radius) of resin front line [m] and r, the radius of the
injection port [m].

The analytical and numerical solutions are compared in Figure 6.
Both solutions are nearly identical in the first few seconds of the
simulation (Figure 6a), later distancing from each other due to errors
in the mass flow calculation along the control volumes surfaces. Since
the numerical solution consists of a time integration procedure (not
iterative), all errors propagate until the end of the simulation. As
expected, this effect can be minimized by using more refined grids.

To quantify the deviation between solutions, a second figure
is presented (Figure 6b), showing the relative error between
the numerical (x, ) and algebraic (xnlg) solutions, as defined in
Equation 17. This error is quite significant for the coarser grid,
becoming considerably smaller for the more refined grids.

0.07
0.06
0.05
0.04

r (m)

0.03
0.02

0.01

0.00 T T T T T 1

— Algebraic =~ - 6880 volumes
------ 4352 volumes --- 1848 volumes

6880 volumes
4352 volumes
_5 J\l\/\f\,\fv\/\/\/\_/\/w

1848 volumes

Error (%)

—20 1 T T T T T 1
0 2 4 6 8 10 12
t(s)
(b)

Figure 6. Radial flow solution: a) front line position; and b) relative error
between analytical and numerical solutions.
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Xnum ~ Xalg

Error(%)=100 (17)

x}’l um

To analyze the resin front line position and also the errors in the
mass flow calculations, a zoomed region, close to the resin front line,
is presented in Figure 7. The gray area again represents the domain
region fully filled with resin, i.e. for f=1 (actually, f> 0.999). Next
to that region, there is a borderline zone where all volumes show
0 <f< 1. Some of these volumes are highlighted (with dashed lines)
and the respective f values are shown close to each respective upper
right corner. The calculated front line position (Equation 7) inside
each volume is indicated in Figure 7 with the “+” symbol. The position
of the numerical front line (), plotted in Figure 6a can be visualized
in Figure 7, which also shows the algebraic position of the resin front
line for comparison.

Analysis of the control volume called /610 (f=0.076), shows that
resin is considered to be entering this volume by 4 out of 8 boundary
faces. It is also assumed that no resin is leaving this volume through
its faces. The volume 76170 is almost empty, and therefore the mass
flow that could eventually leave volume /610 and enter volume /611
or /629 may be disregarded in the mass flow balance of volume /6170.

Table 1. General simulation conditions.

Property/Variable Value
T, 0.004 m
P, 1 bar
K 3% 10°1°m?
Kw 3x 10" m?
Kr}' = Kvx 0 m2
u 0.07 Pa s
€ 0.75
P 920 kg.m?
+
+ +
AlgebraicI front line
(r=0.0579 m)—
+
+
100000
" BN—1629
\\+
0.076 0.000
Numerical front line 16‘1+0 1611
(r=0.0554 m) +
N 0.000,
1592 \
+ \
0:555
\
Grid' with 1848" volumes 1573
time = 6.392 s) \

Figure 7. Determination of the resin front line position.
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According to Figure 7, volume 1611 will not show any flow entering
or leaving its boundaries at that time step and, as a consequence,
will remain empty on the following time step. This is exactly what
happened with volume 7592 one time step earlier to that.

The above paragraph describes the approximations in the mass
flow calculation of the proposed method. As shown in Figure 6, coarse
grids yield larger errors that diminish following grid refinement.
However, good results may be obtained even with a coarse grid.
The proposed methodology has already been compared with the
VOF method?*? and the results (Figure 8) showed that the number
of volumes required by the former method to achieve the desired
accuracy is considerably smaller. Note that in Figure 8, the coarser
grid has 5328 volumes which nearly represent the more refined grid
in Figure 6, preventing visualization of the relative error between the
numerical and algebraic solutions.

3.2. Two-dimensional mold infiltration in an
isotropic media (Case 2)

The computational domain shown in Figure 9 represents another
actual lab-scale mold geometry. In this solution, the injection hole is
near the left wall and there are no pre-set output ports. The simulation
is interrupted when all grid volumes are fully filled. From the circular
injection port, a radial flow pattern can be observed in the very
beginning of the simulation. When the resin reaches the top and
bottom walls, the front line becomes progressively closer to a straight
line, normal to these walls, and a rectilinear (1-D) advancement
of the flow front is then observed. After that, the x-coordinate of
the front line position (xf) can be determined as a function of the
injection time (t).

0.48
0.42
0.36
0.30
0.24
0.18 -
0.12
0.06
0.00 ; . . . T T T )
0 200 400 600 800 1000 1200 1400 1600
t(s)
(a)

CVFES

X, (m)

0.48 -
0.42 -
0.36
0.30
0.24
0.18 -
0.12 -
0.06
0.00 . . . . . . : .
0 200 400 600 800 1000 1200 1400 1600

FLUENT

%, (m)

— Algebric 83472 volumes
------- 21016 volumes ---- 5328 volumes

Figure 8. Radial flow solution for the CVFES and FLUENT applications®.
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Even for this simple geometry, the region close to the injection
port does not have an analytical solution. Results obtained with the
developed code, which will hereafter be called CVFES (Control
Volume Finite Element Solver), were compared with the solution
obtained with the FLUENT software®. In this software, the VOF
method?*, combined with the porous media formulation, is used to
track the advancement of the resin inside the mold cavity. Identical
grids were used in both codes. In addition, it is important to bear in
mind that the use of the FLUENT software for RTM problems has
already been validated®.

The position of the resin front along the horizontal symmetry
line shown in Figure 9 as a function of time is used to compare the
results obtained with the two codes. Two different grids were used in
the simulations: i) all elements with the same size (Figure 10a), and
ii) a more refined grid in the region close to the injection port, x < 0.1
m (Figure 10b). In this region, the elements are three times smaller
than in the 0.10 m < x < 0.32 m region. Grid refinement was carried
out for both meshes. Simulations were performed using the mesh
of Figure 10a with 5340 and 21984 elements. For the configuration
shown in Figure 10b, grids with 2498, 4026, 5916 and 8534 elements
were evaluated.
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Figure 9. Computational domain for a 2D mold injection.
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Figure 10. Grid used with the 2D mold injection problem: a) Regular grid;
and b) Refined grid near the injection port.
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Initially, the grid shown in Figure 10b was chosen for the
simulations. Grid refinement in the regions with larger gradients in
the variables fields (pressure, in this case) is a common practice when
solving CFD problems. This technique helps reducing the number of
grid elements and, consequently, simulation time.

The solutions obtained with the grid presented in Figure 10b
showed a particular behavior. Both solutions were very similar for
the first 15 seconds of the simulation. However, the flow advancement
calculated with FLUENT (VOF) seems to slow down at the boundary
of the region of more refined grid (at x,= 0.1 m), whereas the CVFES
solution does not display this behavior in any of the tested grids.

Figure 11b displays the results for a refined grid with
8534 elements. In this figure, it is possible to observe that while the
CVEES solution remains locally unchanged (the flow front advance is
linear with time), the VOF solution obtained with FLUENT changes
abruptly at x,= 0.1 m and then returns to its previous behavior, with
a trend similar to that of the CVFES solution. This was noticed even
though a grid refinement test had been previously performed and
the solution was found to be grid-independent for meshes with more
than 5916 volumes.

The regular mesh shown in Figure 10a was used to evaluate the
grid refinement effect on the solution and the results are plotted in
Figure 11a. Analysis of this figure leads to the conclusion that the
CVEES solution seems unaffected by grid size change, whereas the
solution obtained with the VOF method, from FLUENT, showed to
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Figure 11. Front line position along the symmetry line shown in Figure 9
(isotropic): a) regular grid; and b) refined grid.



2011; 14(3)

0.30

0.25

0.20

0.15

X, (m)

0.10

0.05

0.00 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

t(s)

------- CVFES — FLUENT

Figure 12. Comparison between the orthotropic and isotropic solutions.
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Figure 13. Front line position along the symmetry line shown in Figure 9
(orthotropic).

be dependent. Since a smooth element size change is generally used,
a pronounced effect is not usually observed.

A deeper investigation of this phenomenon is out of the scope
of this work. Nevertheless, this observation helps highlighting the
benefits of the solution obtained with the present formulation, i.e.
in the CVFES solution, resin mass conservation through the faces
of the volumes is expected even within regions with large variations
in grid volume size. In addition, Figure 11a shows almost identical
results for both methods and, therefore, the solution obtained with
the CVEES is also considered validated for this problem.

3.3. Two-dimensional mold infiltration in an orthotropic
media (Case 3)

This test problem uses the same geometry presented in Figure 9
and is nearly the same problem except that the permeability in the x
direction (K ) now differs from the permeability in the y direction
(Kyy) (see Table 1). This kind of behavior is found when in-plane
unbalanced layers are used>* or when different reinforcements are
stacked together along the thickness, making up a so-called laminate
(in this case K is also important).

In this study, a single reinforcement layer is considered to have
distinct permeabilities in each coordinate axis. This problem was
used to evaluate the computational implementation of a non-isotropic
permeability tensor and the results were again compared with the
solution obtained with FLUENT for the grid shown in Figure 10a. The
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front line position (x)) is plotted along the horizontal symmetry line
(Figure 12 at y =0.075 m) for the grids with 5340 and 21984 volumes.

The permeability in the y direction was preset ten times lower
than in the x direction, i.e. resin will flow faster in the x direction
than in the y direction. In addition, the overall resistance to resin flow
is greater than in the isotropic case and, because of that, the resin
takes longer to reach the right wall of the mold. Even though the
geometry in Cases 2 and 3 are identical, the orthotropic solution is
more complex than the isotropic one. The results in Figure 13 show

a reasonable quantitative agreement between the two numerical

. FLUENT _ _CVFES
solutions (X7 —X7 <lem ),

The resin front line position at different times for the isotropic
and orthotropic problems are illustrated in Figure 13. For the isotropic
problem, the resin quickly reaches the top and bottom mold wall and
its front line becomes a straight line normal to these walls, whereas
this does not occur for the orthotropic problem, yielding an elliptic
shape flow pattern.

4. Conclusions

This work presents an alternative methodology for the tracking of
the resin flow-front within a mold cavity applied to the resin transfer
molding of composite materials. The proposed methodology uses
a control volume finite element method to determine the pressure
gradient inside the porous (fibrous) media and the flow analysis
network (FAN) technique to determine the filling of the volumes next
to the resin front line. This methodology focuses on how to evaluate
the resin mass flow through the faces of the volumes and how to
reconstruct the flow front geometry.

The results showed that using a finite volume method to evaluate
the pressure gradients inside the mold ensures mass conservation
through the internal (fully filled) volumes. Thus, the mass balance
inconsistency is nearly restricted to the flow front volumes. For the
volumes in the front line (0 < f < 1), an algorithm was proposed to
determine in which faces the resin would enter or leave the control
volume, improving the evaluation of the mass flow through its faces
and also reducing the mass imbalance of the flow front volumes.

A detailed description of the method is reported along with three
validation problems, the first had an analytical solution and the others
were solved with the aid of the FLUENT software for comparison. All
of them showed a very good qualitative and quantitative agreement.
In all, the proposed methodology combines simple formulation and
easy computational implementation, and the obtained results showed
a good estimate of the mass flow across the faces of the volumes,
ensuring mass conservation even for coarse grids and for abrupt
variations in the size of the grid elements.
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