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Abstract

Computer simulation has been an efficient and cost-effective tool for the Liquid
Composite Molding, including the RTM, the VARTM, and resin infusion, compared to trial-and-
error. The Control Volume Finite Element Method (CVFEM) has been the predominant method
for simulation. When the CVFEM simulation is used for the VARTM process, because of the
existence of two distinct flow media: fiber preform and High Permeable Media (HPM), 3-D
models are required. Since the HPM is usually much thinner than the fiber preform, a large
number of nodes and elements need to be used in simulation, which significantly increases the
computation load and time. In addition, the time-consuming pre-processing process makes

simulation not feasible for industry applications.

This paper presents an Equivalent Medium Method (EMM) for fast and accurate
VARTM process simulation. This method increases the thickness of the HPM or both the HPM
and the fiber preform and applies the equivalent material properties. This is an improved method
over previously presented Equivalent Permeability Method by correcting its two shortcomings:
1) The EPM does not account for the influence of the porosity of HPM, thus the resin flow
through HPM is changed; 2) The EPM does not consider the change of through-thickness
permeability after the equivalence. A new mesh generation algorithm is also discussed, which
provides a faster and more convenient way for pre-processing. The approach presented in this

paper provides the fundamental for developing a universal computer simulation tool for both the
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RTM and VARTM processes. The effectiveness of this approach has been validated by

comparing to the conventional CVFEM simulation and experiments.

Keywords: Equivalent Medium Method (EMM), Vacuum Assisted Resin Transfer
Molding (VARTM), Seemann Composite Resin Infusion Molding Process (SCRIMP), High
Permeable Medium (HPM), Control VVolume Finite Element Method (CVFEM)



1 Introduction
The vacuum assisted resin transfer molding process (VARTM) offers many advantages

over the traditional resin transfer molding such as lower tooling cost, room temperature
processing. This process has been employed to manufacture many large components ranging

from turbine blades and boats to rail cars and bridge decks.

In the VARTM process, parts are made by placing dry fiber reinforcing fabrics into a
mold, applying a vacuum bag to the open surface and pulling a vacuum while at the same time
infusing resin to saturate the fibers until the part is fully cured. This process allows for easy
visual monitoring of the resin to ensure complete coverage to produce good parts without

defects.

This study focuses on the Seemann Composite Resin Infusion Molding Process
(SCRIMP), which was invented and patented in the late 1980’s by Bill Seemann. In this
VARTM process, a highly permeable distribution medium is incorporated into fiber preform as a
surface layer. During infusion, resin flows preferentially across the surface and simultaneously

through the preform thickness, which enables large parts to be fabricated.

The VARTM process can be divided into five steps. First, in pre-molding, the mold
surface is cleaned. Then mold release agent and gel coat are sprayed onto the surface. Next,
during reinforcement loading, dry fiber mats are mounted into the mold and covered by a flexible
bag film. The cavity is sealed, e.g. by vacuum tapes. A vacuum is created in the mold cavity to
draw the resin into the fiber mats. After the cavity is filled with resin, the resin cures and
solidifies into the composite part. Finally, the solidified composite is taken out of the mold.
Although this process appears simple, in actual fabrication, the procedure can be quite
complicated. The locations of the inlets and outlets must be carefully selected so that the mold
can be completely filled. The mold and resin temperature must be monitored to avoid resin

gelling during resin infusion.
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Figure 1: Vacuum assisted resin transfer molding process

Complete filling of the mold with adequate wetting of the fibrous preform is critical in
the VARTM. Incomplete impregnation in the mold leads to defective parts containing dry spots.
In order to achieve good quality, processing parameters such as the locations and numbers of

gates and vents need to be properly set.

Traditionally, trial-and-error techniques are widely applied in the composite industry,
which largely depend on the experience and skills of operators. It is very costly and time
consuming. With the development of computing technology, simulation has become a powerful
tool for the design and process optimization. The Control Volume Finite Element Method has
been the predominant tool for simulation [1-6]. It forms and solves a set of equations for nodal
control volumes as if they were finite elements. Mesh regeneration is not required, which makes

the computation more efficient.

Fiber is the only flow medium in the conventional RTM process. The RTM parts are
often shell-shape. Thus, the through-thickness flow can be neglected and a 2-D simulation is
sufficient. The simulation is quite developed and several commercial simulation software
packages are available [7-9]. In the VARTM process, there are two distinct flow media, the fiber
preform and a thin layer of High Permeable Medium (HPM). The resin flow in the fiber preform
has a dragging effect at the boundary of the fiber preform and HPM, which is similar to the
boundary layer flow. However, the Boundary Layer Theory was developed for the case of flows
for which the characteristic Reynolds number is large [10]. The resin flow In the VARTM
process is a low Reynolds number laminar flow. Thus, the simulation is usually done by 3-D

CVFEM. When a 3-D model is used, for large parts, the VARTM simulation requires a large



number of nodes and elements during meshing. In addition, the HPM is usually much thinner
than the preform. Therefore, a finer mesh is needed to avoid high aspect ratios, which may result
in difficulty in convergence and discretization error. This significantly increases the
computation load and simulation time, thus, makes the simulation not feasible.

Many VARTM simulation studies have been carried out. Mathur et al. [11] developed an
analytical model, which predicts the flow times and flow front shapes as a function of the
properties of the preform, distribution media and resin. Further, they formulated a performance
index to give a measure of the process efficacy. Loos et al. [12] developed a 3-D model to
simulate the VARTM manufacturing process of complex shape composite structures. Mohan et
al. [13] modeled and characterized the flow in channels using equivalent permeability. The
equivalent permeability is used as input for numerical simulation of the mold filling process.
The numerical simulations are based on a pure finite element based methodology. The mold
filling in the VARTM was investigated by Sun et al. [14] based on a High Permeable Medium
and Ni [15] et al. based on grooves. A 3-D Control Volume Finite Element Method was adopted
to solve the flow governing equations. Based on experimental observations and CVFEM
simulation, a simplified leakage flow model was presented, where they considered the preform
and the peel ply as a sink for the resin, while modeling the flow in the distribution layer. Tari et
al. [16] derived a closed form model for vacuum bag resin transfer molding under several
simplifying assumptions. They assumed that the resin velocity in the saturated fiber preform is
negligible. Hsiao et al. [17] avoided this assumption and hence the velocity for the resin, as well
as the shape of the flow front through the thickness of the fiber preform, was accurately captured.
Han et al. [18] proposed a hybrid 2.5-D and 3-D flow model.

From the literature survey, most of the studies focused on the development of simplified
models due to the extensive computation involved in the 3-D CVFEM method. Currently, since
RTM simulation is quite developed and has been commercialized, it is very desirable to develop
a universal simulation tool incorporating both the RTM and VARTM processes. In a study
previously conducted [19], an Equivalent Permeability Method was developed to incorporating
two different materials, fiber and HPM. Although this method yields a very close mold filling
time, it has two shortcomings: 1) The EPM does not account for the influence of the porosity of
HPM, thus the resin flow through HPM is changed; 2) The EPM does not consider the change of

through-thickness permeability after the equivalence. In this paper, an improved method, the



Equivalent Medium Method (EMM), is presented, which has corrected these shortcomings of the
EPM and yields the same pressure distribution and flow pattern as the traditional CVFEM. The
EMM can be applied not only to the HPM, but also to the fiber preform when a large part is to be
simulated. The 3-D mesh information can be generated from a 2-D mesh, which makes the pre-
processing process much simpler. By using this method, fewer elements are needed in the

simulation. Thus, the computation time can be significantly reduced.

2 Approach

2.1 Control Volume Finite Element Method (CVFEM)
The flow of a viscous fluid through an anisotropic, homogenous, porous medium is

represented by Darcy’s law [20]:
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where Kj; (i, j = x, y, or z) are the components of the permeability tensor. op/ox, op/dy and op/oz

are the pressure gradients in the three directions respectively.
For an incompressible fluid, the mass conservation equation can be reduced to the form:
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Equation 2 can be integrated over a control volume and leads to:
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Using the Divergence theorem (Gauss’s theorem), the control volume integral can be
transformed into a control surface integral. Thus, Equation 3 can be written as:
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where ny, ny and n, are the normal components of the surface vector of the control volume.

Substituting Equation 1 into Equation 4 yields:
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Equation 5 is the working equation for solving the problems of flow through anisotropic
porous media and is a combination of the mass and momentum equations, while the momentum

equation is represented by using the Darcy’s law.

In order to solve such moving boundary problems as the resin flow front advances using
the traditional finite element method, it requires the computation domain redefinition and mesh
regeneration. Mesh regeneration needs a large amount of computation time as the domain
becomes complicated. Alternatively, the control volume finite element method, which forms and
solves a set of equations for nodal control volumes as if they were finite elements, does not

require mesh regeneration. Thus, the computation is more efficient.

The control volume formation is illustrated using the three-node triangular element
configuration. As shown in Figure 2, each three-node triangular element is divided into three
sub-areas by connecting the centroid to the midpoints of all three sides. A control volume is
composed of eight sub-areas, which have a common node at the center of the control volume.
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Figure 2: Control volume

The boundary conditions for mold filling simulation are as follows:

At the flow front:
p=0. (6)
At the inlet gates:

For constant pressure: p=p,; (7)
For the constant flow rate: v=v,. (8)

At the mold boundaries:

p
—=0. 9
p (©)

At the flow front, a parameter f is used to represent the status of each control volume in
the flow domain. If the control volume has not been occupied by the fluid, f is equal to zero. If
the control volume is partially filled, f is equal to the volume fraction of the fluid occupying the
control volume. f factor is set to 1 if the volume is completely filled by advancing fluid. The
control volumes with f values varying between 0 and 1 are considered flow front elements. The
pressure in these partially filled flow front control volumes is set to the ambient pressure. With
the aforementioned boundary conditions, the set of linear algebraic equations can be solved to
determine the pressure field at each time step during mold filling. Based on the calculated

pressure field, the velocity field can then be computed using Darcy’s law.



2.2 RTM and VARTM Simulation
In the traditional RTM process, fiber preform is the only flow medium. The through-

thickness resin flow can often be neglected and thus a 2D model can be applied, as shown in

Figure 3.
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Figure 3: 2-D CVFEM model for RTM process

In the VARTM process, however, another flow medium, High Permeable Medium
(HPM), presents. Considering a 1-D flow in the VARTM process, the resin flow front is plotted
in Figure 4. The HPM is much thinner than the preform. The flow is assumed to be well

developed and can be divided into two regions: saturated region and flow front region.
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Figure 4: Resin flow in VARTM process

A general rule of thumb in FEA is to avoid high aspect ratios. High aspect ratios often
lead to problems and difficulty in convergence. In this 3-D VARTM simulation, since the HPM
is much thinner than the fiber preform, a large number of elements are needed to satisfy the
required robustness in numerical computation, as shown in Figure 5. This, in turn, tremendously

increases computation time. To overcome this shortcoming, the most convenient way is to



increase the thickness of HPM to match that of the fiber preform. Thus, fewer elements are
needed. After the thickness increment of the HPM, its material properties need to be modified to
yield the same pressure distribution and flow pattern. This introduces the concept of the

Equivalent Medium Method (EMM).
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Figure 5: 3-D CVFEM model for VARTM process

2.3 Equivalent Medium Method
The concept of the EMM is shown in Figure 6. When the 3-D mesh is generated, the

thickness of the HPM is increased to that of the fiber preform. The material properties need to
be modified to accommodate this increase. The modified material properties are used in the
simulation. Since the thickness of the HPM is equal to that of the fiber preform, fewer elements

are needed than in the traditional CVFEM.
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Figure 6: Equivalent Medium Method (EMM)
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Generally, the material properties relevant to flow are the porosity ¢, the in-plane

permeability K11, Ks2, and the through-thickness permeability Kas.

First, the porosity of the equivalent HPM is derived. After the thickening of the HPM,
the flow velocity and mass flow should be the same. Thus,

u =u. (10)
U*h;¢; =uh,g, . (11)
From Equations 10 and 11, the porosity of the equivalent HPM is

hy
h,

By = (12)
After the equivalent porosity is derived, the equivalent in-plane permeability K;; and Ky,

is derived. From the Dacry’s law,

* *

Hu =— Ky AP ’ (13a)
o dx

%u=_rﬁ&”g9_ (13b)
uodx

Since the pressure field should be the same after the thickening of the HPM, i.e.
dp*/dx = dp/dx, the in-plane permeability of the equivalent HPM can be derived as

* h
Kin = Ky F (14a)
h
Likewise,
. h,
K22h = K22h : h . (14b)

=

Last, the equivalent through-thickness permeability Ks3 is derived. After the thickening
of the HPM, the through-thickness flow velocity should be the same. Thus,

w'=h/t, (15a)

w=h, /t. (15b)

11
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From the Darcy’s law,

w = w (17a)
A

w=KanlP (17b)
¢hhh

Substituting Equation 12 into 17 yields

*

W _ Kgan . (18)
W Ky,

Substituting Equation 16 into 18 yields,

. h'
K33h = K33h h_h (19)

h
In some situation, when a large part is to be simulated, both the HPM and the fiber
preform can be thickened to reduce the number of elements and maintain good aspect ratios.

As shown in Equation 1, permeability of fiber is represented as a tensor. The
components of the tensor are defined in a 3-D Cartesian coordinate system. Since the
permeability values of a fiber mat are usually defined in its principal directions, an important
issue is to relate the material coordinate system to the global coordinate system.

As shown in Figure 7, the principal directions of a fiber mat compose the material
coordinate system 1-2-3. The permeability values in the material coordinate system can be

transformed to the global coordinate system by

K XX Xy sz Ill I12 |13 Kll O 0 Ill I21 |31
ny Kyy Kyz = I21 |22 |23 0 Kzz 0 |12 Izz |3z (20)
X zy K 2z |31 |32 |33 O K33 |13 |23 |33
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where l;j is the directional cosine of local coordinate X, y, and z with respect to the principal axes

1, 2, 3; K1, Kaz, and K33 are the permeability of the fiber mat in three principal directions.

Figure 7: Principal directions of a fiber mat in the global coordinate system

In order to relate the material coordinate system to the global coordinate system, two
vectors u; and u, are defined, where u; and u, are the unit vector of principal axes 1 and 2 in the

global coordinate system, u, =u, xu,. Thus, the permeability can be defined in three principal

directions and the directional cosines can be derived based on u; and us.

The equivalent permeability can be derived in the principal directions first and converted

to the permeability tensor in the global coordinate system by using Equation 20.

2.4 Considerations in Mesh Generation
A general issue in the CVFEM based mold filling simulation is mesh generation,

including both the RTM and the VARTM simulation. Generally, a finer mesh yields a more
accurate simulation result but significantly increases simulation time. In order to obtain a
general rule of thumb for meshing to achieve the accuracy requirement and time efficiency, a 1-
D RTM mold filling simulation using different mesh density was studied since the closed form
solution could be easily found by

13



= LZ (21)

where ts;; is the mold filling time and | is the 1-D flow distance.

The part being simulated is a flat square panel of 200 mmx100 mm. Linear injection at
1x10° MPa was assumed. The viscosity is 200 cP. The permeability of fiber is 60 darcy and the
porosity is 51%. The mold filling processes using two different mesh densities (8 and 800
elements) are shown in Figure 8, along with the closed form solution. The mold filling time is
plotted vs. the number of mesh seeds in Figure 9, along with the closed form solution and
relative error. It concludes that as a general rule of thumb, in order to control the relative error
within 5%, the number of mesh seeds should be at least 20. This can be applied to both the RTM
and the VARTM simulation.

14
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Figure 8: Influence of mesh density on mold filling process
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Figure 9: Influence of mesh density on mold filling time

2.5 Mesh Generation Algorithm

An issue in applying the VARTM simulation is 3-D mesh generation. Traditionally,
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when a different HPM or fiber preform is used, the pre-processing process needs to be repeated,

which includes building a new CAD model and meshing. This is not convenient for the

composite product and process design optimization. Thus, it is necessary to develop an

algorithm to avoid such repeated pre-processing process.

If the thickness of the HPM and the fiber preform is known, the 3-D mesh information

can be obtained from geometry calculations. Thus, if an algorithm converting 2-D meshes to 3-

D is developed, only a one-time 2-D CAD model and mesh need to be created. In this way, users

can try several options of HPM and fiber preforms without going through the repetitive
preprocessing process. A comparison between these two methods is shown in Figure 10. An

example of 3-D mesh generation from 2-D is shown in Figure 11.
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a) Conventional CVFEM b) Equivalent Medium Method

Figure 10: Comparison of the conventional CVFEM and the Equivalent Method on the simulation process

Figure 11: 3D mesh generation from 2D mesh

The algorithm is illustrated by a 1-D example. As shown in Figure 12, the line elements
P,P, and P,P, are expanded into 2-D elements P1P,PsP., etc of thickness h, which is defined

by users. The problem can now be regarded as given the coordinates of P; to P3 as (x1, Y1), (X2,

y2), and (Xs, y3), find the coordinates of P, to Pe.

17
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Figure 12: Mesh generation algorithm

The 1-D elements can be regarded as a series of vectors whose directions are determined
by the mesh connectivity information, i.e.

X, — X X, — X
PP, =1"? 1},PP:{3 2}.
v {yz—yl B 7R

The normal vector can be expressed as

_ h(y, - )
o) T
YO =% +(y, - v,
_ h(y; - v,)
vy -] ‘h?;s)zfx(zy)s %) (22b)
V=% F + (- v, )

The coordinates of points P4, Ps, P7, and Py can be simply derived as

18



Yo=Y

H R T

X, =X

\/(Xz _Xl)z +(y2 - Y1)2

y,+h

Ys y3+h X32_ X, 2
\/(X3—X2) +(Y3_y2)
Yo = Y:
X, +h
X? _ \/(XZ_X1)2+(y2_y1)2
Y7 X2 % ’

< _h Ys = Y2
{} 3 J<x3x2>2+<y3y2>2}

_—h
’ \/(XZ_X1)2+(y2_y1)2

Ys— Y,
{Xg}z \/(Xs_X2)2+(Y3_Y2)2
Yy ys_h X3 =X,

\/(Xs _X2)2 +(ya _YZ)Z

(23)

(24)

(25)

(26)

The coordinates of points Ps and Pg are more complex. Ps can be regarded as the

intersection of line P,P, and line P,P,. The equation of line P,P, can be expressed as

X, =X Yo=Y
y- y2+h : = :l_ X{th
[ \/(Xz —X )2 + (yz -V )2 X2 =% \/(Xz -

i.e.

2

(Y2 - yl)x_(XZ _Xl)y = (X1YZ _Xzyl)_h\/(xz _Xl)z +(Y2 - yl) :

Likewise, the equation of line PP, can be expressed as

2

(Y3_Y2)X_(X3_X2)y:(xzy3 _Xsyz)_h\/(xa_xz)z +(y3_y2) .

By solving Equations 27 and 28, the coordinates of Ps are

Yo Yi ]}
X1)2 + (yz - yl)2

(27)

(28)
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h[(xs =X, )\/(Xz - Xl)z + (Y2 - Y1)2 _(Xz - Xl)\/(XS — X, )2 +()/3 -Y, )Z}

X, +

{XS}: i XY, =X Y1 X Y3 = XY, + X3y, — XY, .
Ys h[(ys Y NG =)+ (=2 = (Vs = YN =%, ) +(y5 - ¥, )2}

XYy =X Y1 XY = X3Y, £ X3Y, — X Y3

Y, +

(29)

Likewise, the coordinates of Pg are

hl:(xa - X, )\/(Xz - X1)2 +(Y2 - Y1)2 _(Xz - Xl)\/(XS — X )2 + (Y3 -Y, )2:|
X —
{XB}: i X1Yo =X Y1 + X Y3 = XY, + X3 — X1 Y3
Ys h[()’s YN =% Y (v, =2 = (Vs = Y W% =% ) +(y5 - ¥, )2}

XY, =X Y1 XY = X3¥, £ XY — X, Y3

Y, —

(30)

3 Model Validation

First, the VARTM processing of a simple flat panel was simulated. The dimensions of
the flat panel, as shown in Figure 13, are 100 mmx100 mmx4 mm. The material properties are

shown in Table 1. The single port injection method was used.

Gate

Figure 13: A flat panel

Table 1: Material properties of flat panel

h(mm) ¢ Ky (darcy)  Kgs (darcy)
Fiber 4 05 100 20
HPM 1 0.8 3000 3000

20



Half of the structure was modeled due to symmetry. The resin was injected into the mold
cavity at full vacuum and its viscosity was 200 cP.

When the traditional method was used, five elements were used in the thickness direction
to achieve good aspect ratio because of the big difference in thickness between the fiber preform

and the HPM. When the EMM was used, the thickness of the HPM was increased to 4 mm and

only two elements were needed in the thickness direction. The mesh is shown in Figure 14. The

equivalent material properties of the HPM were computed as: ¢, =0.2; K, = 750 darcy and

K =12000 darcy.

Figure 14: Mesh of flat panel

Left: traditional method; right: Equivalent Medium Method

The simulation results by the traditional method and the EMM are shown in Table 2 and
Figure 15. It shows that the EMM vyields a comparable accuracy (Relative error = 15.6%) while

achieving a computation time saving of 93.2%.

Table 2: Filling time of flat panel
Number Number of  Computation Mold filling

of nodes elements time time (s)
Traditional method 3444 2400 1h2019" 30.1
Equivalent Medium Method 693 400 5'28" 25.4

21



Figure 15: Mold filling process of flat panel

Left: traditional method; right: Equivalent Medium Method
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Next, validations were further conducted against the results from Reference [15]. As

shown in Figure 16, the length and width of the fiber mat are 640 mm and 110 mm, respectively.

The single port injection method was used. Half of the structure was modeled due to symmetry.

The injection pressure was at constant full vacuum pressure.

When the EMM was used, the same mesh was used for all the four cases. Thus, the

thicknesses of both the fiber preform and the HPM were increased in cases 1-3, and only the

thickness of the HPM was increased in case 4, as shown in Tables 3 and 4, along with the

original and equivalent material properties.
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Figure 16: Test part in reference [14]
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Table 3: Material properties of fiber preform

*

*

*

Number of  h; Kass Kass hi Kyt Kass
Ca%e  fiver mats 4
(mm) (darcy) (darcy) (mm) (darcy) (darcy)
1 2 4 0.49 60 10 12 0.163 20 30
2 3 6 0.49 60 10 12 0.245 30 20
3 4 8 0.49 60 10 12 0.327 40 15
4 6 12 0.49 60 10 12 0.490 60 10
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Table 4: Material properties of HPM

* *

hh Kllh K33h h; * Kllh K33h

Case h
(mm) (darcy) (darcy) (mm) (darcy)  (darcy)

1-4 038 0.85 2800 2800 12 0.057 186.667 42000

Figures 17 and 18 show the flow fronts simulated by using the traditional method and the

EMM for case 1 and 4, respectively. The complete simulation results using the traditional

method, the EMM and the leakage model [14], along with the experimental results [14] are

shown in Table 5 and plotted in Figure 19.
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Figure 17: Mold filling process of case 1
Left: traditional method; right: Equivalent Medium Method
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Figure 18: Mold filling process of case 4
Left: traditional method; right: Equivalent Medium Method

Table 5: Simulation and experimental results

Mold filling time (s)

Viscosity (cP)/ —
Case 2 Traditional Leakage .
Room temp (°C) method EMM modelg Experiment
1 325/26.0 994 940 728 807
2 325/26.0 1312 1238 942 960
3 430/21.7 2142 1996 1509 1680
4 470/20.5 3154 2916 2157 2340

8. 616E+02
?.833E+402
7. 0S0E+02
6. 266E+02
5. 483E+02
4, ?00E+02
3.916E+02
3. 133E+402
2, 350E+02
1.567E+02
7.833E+01
0. 000E+00

2. 673IE+03
2, 430E+03
2. 187E+403
1.944E+03
1.701E+03
1. 458E+03
1.,215E+03
9. ?20E+02
7. 290E+02
4, B60E+02
2, 430E+02
0. 000E+00
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Figure 19: Comparison of EMM with traditional CVFEM, leakage model, and experimental results

Conclusions are drawn from Table 5 and Figure 19 that the simulation result from the

EMM agrees very well with that from the traditional method. Both the traditional method and

the EMM vyield a longer mold filling time than the experiments, which may be caused by the

racetracking phenomenon not included in modeling. The leakage model gives a shorter mold

filling time. The Equivalent Medium Method is capable of simulating the mold filling process

with acceptable accuracy.

4 Case Study — Cover Plate of UAV
As a case study, the cover plate of an Unmanned Aerial Vehicle (UAV) made by the

VARTM process, as shown in Figure 20, was simulated by both the traditional method and the

Equivalent Medium Method. The approximate dimensions are: length: 840 mm; width: 281 mm;

height: 137 mm.
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Figure 20: Cover plate of Unmanned Aerial Vehicle (UAV)

Half of the structure was modeled due to symmetry. The mold filling process was
simulated by traditional method and the EMM respectively. The mesh is shown in Figure 21.
The traditional method used 5940 elements while the EMM used only 660 elements. The

original and equivalent material properties are shown in Table 6.
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Figure 21: Mesh of cover plate
Left: traditional method; right: Equivalent Medium Method

Table 6: Material properties of cover plate

£3

h p Ki Kas h 5 K1 Kas
(mm) (darcy) (darcy) (mm) (darcy) (darcy)
Fiber 3 0.50 60 10 3.0 0.50 60 10

HPM 0.5 0.85 2800 2800 3.0 0.14 466.67 16800
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The simulation results are shown in Figure 22. The mold filling time by the original
simulation method is 708 sec and the computation time is 6h38'35". The mold filling time by the
EMM is 600 sec and the computation time was reduced to 52'23". The difference of mold filling
time is 15% while the time saving is 87%.

6.493E+02
5.903E+02
5.313E+02
4.723E402
4. 132E +02
3.542E+02
2.952E402
2.361E+02
1.771E+02
1. 181E+02
5.903E+01
0.000E+00

5.502E+02
5.002E+02
4,50ZE+02
4, 002E+02
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Figure 22: Mold filling process of cover plate
Left: traditional method; right: Equivalent Medium Method

5 Conclusions
Computer simulation has been an efficient and cost-effective tool for the Liquid

Composite Molding, including the RTM, the VARTM, and resin infusion, compared to trial-and-
error. The Control Volume Finite Element Method (CVFEM) has been the predominant method
for simulation. When the CVFEM simulation is used for the VARTM process, because of the
existence of two distinct flow media: fiber preform and High Permeable Media (HPM), 3-D
models are required. Since the HPM is usually much thinner than the fiber preform, a large
number of nodes and elements need to be used in simulation, which significantly increases the
computation load and time. In addition, the time-consuming pre-processing process makes

simulation not feasible for industry applications.

This paper presents an Equivalent Medium Method (EMM) for fast and accurate
VARTM process simulation. This method increases the thickness of the HPM or both the HPM
and the fiber preform and applies the equivalent material properties. This is an improved method
over previously presented Equivalent Permeability Method [19] by correcting its two
shortcomings: 1) The EPM does not account for the influence of the porosity of HPM, thus the
resin flow through HPM is changed; 2) The EPM does not consider the change of through-

thickness permeability after the equivalence. When the EMM is used in simulation, since fewer
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nodes and elements are required to ensure good aspect ratios, the computation load is reduced
significantly. The effectiveness of this approach has been validated by comparing to the
conventional CVFEM simulation and experiments. It shows that the simulation time can be
reduced by more than 85% while maintaining a comparable accuracy. The pre-processing
algorithm discussed provides a faster and more convenient way for mesh generation. The
approach presented in this paper provides the fundamental for developing a universal computer
simulation tool for both the RTM and VARTM processes.
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