
International Journal of Advances in Science Engineering and Technology, ISSN: 2321-9009,                                   Spl. Issue-3 Mar.-2016 

Three-Dimensional Modeling Of The Filling Process In Vartm Including The Fiber Compaction Effect 
 

122 

THREE-DIMENSIONAL MODELING OF THE FILLING PROCESS IN 
VARTM INCLUDING THE FIBER COMPACTION EFFECT 

 
WEN-BIN YOUNG 

 
Department of Aeronautics and Astronautics, National Cheng-Kung University, Tainan, Taiwan 

E-mail: youngwb@mail.ncku.edu.tw 
 

 
Abstract- One of the important processes to fabricate high performance composites is the vacuum assisted resin transfer 
molding (VARTM). In this process, resin is drawn into the mold to impregnate the fiber reinforcement to a form composite. 
Therefore, resin pressure will increase during the filling process, which reduces the pressure borne by the fibers. As a result 
of it, the compaction of fiber preform will change accordingly. This study applied the theory of consolidation and flow in a 
porous medium to have a general model for the three-dimensional VARTM process. The fiber deformation strain in the 
thickness direction due to the change of compaction pressure is also proposed by relating it to the reinforcement porosity in a 
simple from. Based on the model analysis, one can predict the pressure, velocity, and laminate thickness for the process, 
which is coupled with the thermal and curing analysis of the resin. 
 
Keywords- Resin transfer moulding; Resin flow; Computational modeling; VARTM 
 
I. INTRODUCTION 
 
Resin transfer molding (RTM) is a process that 
injects the pre-catalyzed resin under pressure to fill a 
reinforcement preplaced mold cavity and cures 
subsequently to form a polymer composite. The 
process offers the flexibility for an engineer to select 
different combinations of fiber reinforcements and 
resin systems. The major factor that determines the 
quality of a RTM molding part is the wetting degree 
of the fiber preform during the molding. Poor wetting 
causes formation of voids in the molded parts that 
will reduce the mechanical property. Extensive 
efforts have been put on the research including 
analysis of mold filling and curing processes, 
modeling and measurement of fiber mat permeability, 
fiber deformation in the pre-forming process, and 
experiments of the RTM molding. Different 
experimental methods to measure the fiber 
permeability were reported by Adams et al. [1], Ahn 
and Seferis [2], Chan and Hwang [3], and Young and 
Wu [4]. By applying the Darcy's law for flow through 
porous media to the filling of fiber reinforcement, one 
can develop a numerical model for the mold filling 
and curing processes, which can predict the essential 
parameters during the molding process including flow 
front advancing and variations of the pressure, 
temperature, and conversion. Lin et al. [5] and Chan 
and Hwang [6] constructed a non-isothermal model to 
simulate the filling and curing processes by the 
control volume finite element method. Young [7] and 
Shojaei et al. [8] reported the non-isothermal three 
dimensional simulation of the mold filling process. 
Young [9] also developed a model to simulate the 
resin and mold temperatures in the filling and curing 
process. The effect of process conditions on the 
quality of the RTM molding products were reported 
by Hayward and Harris [10], Young and Tseng [11]. 
There are some fabrication processes that make 
modifications to the conventional RTM process. The 

compression transfer molding is a process where 
resin is injected with a gap height between the upper 
and lower halves of matched metal dies. Mold filling 
is performed by a squeezing motion of the upper 
mold die[12-13]. Senibi et al. [14] presented a 
comparison of the effect of vacuum assist resin 
transfer molding (VARTM) to RTM based on the 
product quality. Their results quantified the 
importance of the VARTM process with a vacuum 
tight mold for minimizing micro-voids. In the 
VARTM process, a highly permeable distribution 
medium can be placed on top of the preform as a 
surface layer. During infusion, the resin flows 
preferentially through the surface layer and 
simultaneously fills the fiber preform through 
thickness enabling large parts to be fabricated. 
Several studies were reported concerning the filling 
simulation of the VARTM process[15-16]. In 
VARTM, resin is drawn by a vacuum pressure to fill 
a flexible mold which does not restrain the perform 
expansion. In the beginning of the process, the fiber 
preform is compacted by the applied vacuum 
pressure. As the resin enters the mold and causes the 
increase of the resin pressure, and thus reduces the 
pressure borne by the fibers. The preform compaction 
across the thickness of the parts will change as the 
resin fills the mold. Simulation of VARTM might 
include the effect of the preform compaction during 
the resin filling [17-19]. In this study, a three 
dimensional model is developed to simulate the non-
isothermal filling flow of the VARTM process, 
including the model of the fiber compacting. The 
thermal effect in the thickness direction caused by the 
resin distribution medium will also be discussed. 
 
II. VARTM MODELING 
 
In the VARTM process, the fiber preform is 
impregnated by resin through the vacuum pressure. 
Usually, a highly permeable distribution medium is 
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placed on top of the preform to facilitate the filling 
flow. Resin will flow through the top distribution 
layer and the fill the reinforcement in the thickness 
direction. Figure 1 shows the schematic diagram of 
the VARTM filling flow. The vacuum pressure also 
serves as the compacting force of the reinforcement 
during the process. In the beginning of the process, 
vacuum is applied to compact the reinforcement 
under a pressure depending on the quality of the 
applied vacuum. If a condition of perfect vacuum is 
assumed, the compacting pressure will equal to 1 atm. 
After the inlet is opened, resin will be drawn into the 
reinforcement, which causes the resin pressure to rise. 
Therefore, the pressure acting on the reinforcement 
will decrease and its thickness will change 
accordingly. The filling flow of VARTM is 
analogous to the phenomena of the flow through a 
porous medium. Thus, the resin flow in the 
reinforcement can be described by the Darcy's law. 
For flow in porous media containing incompressible 
fluid within the pores, the stress is given by the 
equilibrium equation as follows: 
 

fp p    (1) 
 
where is the applied vacuum pressure, pf is the 
fiber stress (i.e., the stress born by the fibrous bed of 
the reinforcement), and p is the resin pressure. If a 
control volume of the composite is considered, the 
total applied vacuum pressure, , is equal to the sum 
of the fiber stress, pf, and resin pressure, p. The fiber 
structure of the control volume can be treated as a 
non-linear spring, and the value of the fiber stress, pf, 
will be a function of its thickness. 
 

 
Fig. 1 A schematic diagram of an advanced grid stiffened panel 
 
In order to simulate the filling process of VARTM 
several assumptions must be made to simplify the 
problem. The preplaced reinforcements in the mold 
cavity are assumed rigid in the planar direction and 
only deforms in the thickness direction during the 
filling stage. Inertia effect is neglected because of the 
low Reynolds number of the resin flow. Also, the 
surface tension and capillary effect are considered 
negligible as compared to the dominant viscous force. 
For an incompressible fluid, the flow equation can be 
adopted from the soil consolidation process and 
expressed as [20] 
 

 1 ( ) 0
1 f

e p k p
e p t 
 

   
  

 (2) 

where  is the viscosity, e is the void ratio, and k  is 
the permeability tensor. The void ratio, e, is defined 

as the volume of voids, which contain resins, per unit 
volume of solid fibers in the composite.  
If the temperature is assumed to be in local 
equilibrium at any specific time due to its slow filling 
speed (i.e., the temperature is the same for both resin 
fluid and fiber reinforcement at each local position), 
the equations of energy and species balance can be 
expressed as  
 
energy: 2
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species: 2
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where T is the temperature,  is the resin conversion,   
is the mass generation rate, m  is the fiber porosity, 
and H is the heat of reaction. The lumped thermal 
parameters are defined as: 
 

p pr r pf fc c w c w   

 ( ) / ( )r f f r r fw w       (5) 
 ( ) / ( )r f f r r fk k k k w k w   
where  is the density, cp is the specific heat 
coefficient, and k is the thermal conductivity. The 
thermal parameters used in equations 3 and 5 are 
represented by using subscript "f" for the fiber 
reinforcement and "r" for the resin fluid.  
The major contribution to the heat generation is the 
polymerization. For different types of polymerization 
the reaction kinetics may vary and more complicated 
kinetic models may be required. In this study, the 
mass generation term is assumed: 
 

1 2
1 2( )(1 )m mm k k      (6) 

 
The rate constant k1 and k2 are expressed in the 
Arrhenius form: 
 

1 /
1 1

E RTk Ae     , 2 /
2 2

E RTk A e  (7) 
 
where A1 and A2 are constants, and E1 and E2 are 
activation energies associated with the rate constant 
k1 and k2 respectively. R is the gas constant, and Tabs 
is the absolute resin temperature.  
The resin viscosity is assumed to be a function of 
temperature and conversion. Initially, the viscosity 
decreases with the increase of resin temperature. 
When the reaction starts, the resin viscosity will 
increase rapidly due to the formation of polymer 
network. The resin viscosity change for a 
thermosetting polymer can be expressed by a widely 
used model: 

 / ( , )( )E RT g f T

g

A e  





 



 (8) 

where g is gel conversion, E  is the activation 
energy, and f( ,T), A , a and b are the equation and 
constants determined by experiments. 
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III. NUMERICAL FORMULATIONS 
 
If represents the entire domain of the 
reinforcement with b  and t  being the boundaries 
on the vacuum bag and tool surfaces respectively, 
initial and boundary conditions are mathematically 
expressed on the following set of equations. 
 
initial conditions: 
 
 ( ,0)      

( ,0) 0     f

p z for z
p z for z

 
 

 (9) 

 
boundary conditions: 
 
 ( , ) 0         b t

p z t for z and
z




    (10) 

 
where z is along the thickness direction of the 
reinforcement. Equation 2 can be written in the 
following form: 
 

 ( )v
p km p
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where coefficient of volume compressibility 
 
 1
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f

em
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A control volume finite element method was applied 
to perform the numerical calculations. In the 
numerical formulation, the cavity is discretized into a 
family of six-node wedge-type elements with linear 
shape functions. The centroid of each element is 
connected to the center-points of its surfaces to form 
a control volume. The connection envelopes control 
volumes around the grid points at which several 
elements meet. In this way, the control volumes are 
defined by dividing each element into six equal sub-
elements, and then connecting all the sub-elements 
that have the common node. Integration of equation 
12 with respect to a control volume results in: 
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The pressure gradient can thus be expressed as: 
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where 
 [J] : Jacobian matrix 
 [N] : matrix of derivatives of the shape functions  

and 
1 1 0 0

[ ] 1 0 1 0
1 1
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where  ,  , and  are the local coordinates defined 
in an element. The matrix [N] is the derivatives of the 
linear shape functions of the wedge type element. 
Substituting Eq. 14 into Eq. 13 and discretizing the 
time derivative result in: 
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where t is the time step, the superscript of the 
resin pressure is to designate the time step n, Vi is the 
volume of the element, and m is the number of 
elements in a control volume. The equation 16 can be 
applied to the flow domain that yields a set of linear 
algebraic equations. Together with the appropriate 
boundary conditions, the transient resin pressures 
during the filling can be derived.  
Using implicit method for the conduction and 
convection terms, equations 3 and 4 can be integrated 
over a control volume. Applying the convergence 
theorem to the result leads to [7]: 
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In moving the flow front in the filling stage, a 
parameter f, defined as the ratio of the occupied to the 
total volume, is used to represent the status of each 
control volume in the flow domain. Calculations are 
performed on the domain where the control volumes 
are completely filled. In the filling stage, the 
calculation domain changes with time. For each time 
step, the net flow rate into each partially filled control 
volume can be evaluated and the corresponding 
values of f can be updated during the filling stage. 
Thus, the new calculation domain can be determined.  
The momentum, energy, and species equations are 
coupled together. An assumed viscosity fields is 
applied to solve the momentum equation for the 
pressure field. Then, the energy and species equations 
can be computed based on the pressure field. The 
resulting temperature and conversion are used to 
compute the updated viscosity. An iteration 
procedure is needed to solve the problem. The details 
of solving the equations 16~18 with the control 
volume finite element method were described in 
reference [7]. 
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IV. PROPERTY OF FIBER REINFORCEMENT 
 
The coefficient of compressibility, mv, in the 
momentum equation is related to the void ratio of the 
reinforcement. The void ratio of the reinforcement is 
a function of the fiber pressure. In general, a simple 
compression test can be performed to determine this 
function. In this study, the TGFW-600 glass fiber mat 
(Taiwan Glass Industrial Corp., Taiwan) is selected 
as the reinforcement, and a compression test was 
conducted by cutting the reinforcement to the size of 
15x15 cm2. Ten layers of the reinforcement are 
stacked together and compressed between two metal 
platens under the pressure up to 1 atm. A curve fitting 
was conducted to derive the equation of thickness 
with respect to the compacting pressure for a layer of 
TGFW-600. 
 

15 2 9 47.67 10 1.619 10 6.081 10wl f fh p p         (19) 
 
where hwl is the thickness of one layer of TGFW-600. 
The glass fiber density and surface density of the 
TGFW-600 are 2560 kg/m3 and 0.585 kg/m2 
respectively. If the compaction is assumed to affect 
the fiber thickness only, the void ratio of the 
reinforcement can be derived from the thickness as: 
 

11 2 61 3.56 10 7.085 10 1.661f
wl f f

fs

e h p p



        (20) 

and 
 11 67.12 10 7.085 10f

f

e p
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 (21) 

The permeability tensor, k , quantifies the flowability 
of the fluid in the fibrous network. The principle 
permeabilities of TGFW-600 in the x, y and z 
direction are derived from experiments as 
 
  131.31 10 exp 15.036 wxk    (22) 
  130.88 10 exp 15.036 wyk    (23) 
  120.88 10 exp 15.036 wzk    (24) 
 
The fiber porosity can be related to the void ratio as 
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From equation 20, the relation of the reinforcement 
thickness can be related to the porosity and the strain 
in the thickness direction as: 
 1

1
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where z is the strain in the thickness direction and 

o is initial reinforcement porosity compacted by the 
vacuum pressure.  

With the known resin pressure, the fiber pressure can 
be determined and the corresponding change of fiber 
thickness and porosity can also be calculated. The 
update porosity will be used to calculate the new 
values of permeabilities, and the change of the 
thickness will cause the movement of the node points 
in the finite element model. 
 
V. RESULTS AND DISCUSSION 
 
5.1. Thermal effect of the resin distribution layer  
In using the resin distribution layer, it is able to 
facilitate the filling process. Resin will flow through 
the distribution layer first and fill the reinforcement in 
the transverse direction. A simple rectangular cavity 
with 20x10x0.4 cm was used to study the temperature 
variations in the reinforcement during the filling stage 
of the VARTM process. The thickness of the resin 
distribution layer is 0.1 cm and the thickness the fiber 
reinforcement is 0.3 cm. Permeability of the 
distribution layer is assumed to be kx = ky = kz = 
1x10-9 m2 and that of the fiber reinforcement is kx = 
ky = kz =1x10-11 m2 with the same porosity of 0.4. 
The chosen kinetic and rheological parameters, and 
material properties of the resin and fiber were listed 
in Table 1 for the resin system Araldite 
LY564+HY2984 from Ciba-Geigy.  
 
If the resin and the mold are kept at 20 ℃ , the 
resulting 2D and 3D simulation flow front evolutions 
are shown in Fig. 2. Apparent leading flow at the top 
resin distribution layer can be observed on the 3D 
simulation flow front. For the 2D simulation, an 
average permeability across the thickness was used. 
The resulting filling time from the 2D simulation is 
about the same as the 3D simulation, and the 
corresponding flow front positions locate between the 
actual top leading flow and the bottom main flow.  
 

Table 1 Thermal, kinetic and rheological parameters used in 
RTM simulations 
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Fig. 2 The flow front evaluations of the 2D and 3D simulations 
 
Temperature distributions on the through thickness 
cross section along the mold center line are plotted in 
Fig. 3 to show the thermal effect caused by the resin 
distribution layer simulated by the 3D model. A 
through thickness end gate is used for both the 2D 
and 3D simulations. Since the mold wall is heated to 
a higher temperature, the cool resin enters the mold 
cavity and flows down the cavity uniformly in the 2D 
simulation with an average permeability. The center 
part has a low temperature close to the resin near the 
gate while the temperature near surfaces rises toward 
the mold temperature. In an actual flow predicted by 
the 3D simulation, the leading flow along the 
distribution layer has a lower temperature as the resin 
reaches this region in a short time. Near the bottom 
tool surface, resin will take longer time to reach this 
place, allowing the resin to absorb thermal energy to 
increase the temperature. An asymmetric temperature 
distribution is expected in the process with the resin 
distribution layer. If a surface gate is used in the 
filling, the resulting temperature distributions on the 
cross section are shown in Fig. 4. The surface gate 
means that the gate is arranged at the end but located 
on top of the reinforcement. There are two cases 
shown in Fig. 8 for heating on both mold surfaces and 
heating on the bottom tool surface. The filling speed 
increases with the resin temperature due to the mold 
heating effect. Asymmetric temperature distributions 
are also resulted for processes with the resin 
distribution layer. 
 

Fig. 3 Temperature distributions on through thickness cross 
section for 2D and 3D simulations at the end of mold filling 

(unit: ) 

 
Fig. 4 Temperature distributions on through thickness cross 
section for 3D simulations at the end of mold filling with a 

surface gate (unit: ℃) 
 
5.2. Deformation of reinforcement 
A larger rectangular cavity with 100x20x0.4 cm was 
used to study the deformation of the reinforcement 
during the filling stage of the VARTM process. The 
thickness of the resin distribution layer is 0.1 cm and 
the thickness the fiber reinforcement is 0.3 cm. 
Permeability of the distribution layer is assumed to be 
kx = ky = kz =1x10-9 m2 and the fiber reinforcement is 
TGFW-600 woven glass fiber with the permeability 
shown in equations 22~24. 
 
The fiber reinforcement will deform during the filling 
process as the pressure acting on it decreases due to 
the increase of resin pressure. Figure 5 shows the 
thickness increase of the fiber reinforcement at the 
end of filling. Large increase of thickness near the 
inlet gate is expected as the pressure acting on the 
reinforcement is released at the opening of the inlet 
gate. An opening gate assumes a resin pressure 
equaling to atmosphere pressure. Near the outlet end, 
the resin pressure is close to zero, which has the 
thickness remains unchanged as the original 
compacted value. The corresponding porosity 
distribution of the fiber reinforcement is shown in 
Fig. 6 at the end of filling process. Higher porosity is 
observed near the inlet gate due to the relaxation of 
the fiber pressure as the resin pressure increases. 
 
CONCLUSIONS 
 
A three-dimensional model applying the theory of 
consolidation and flow in a porous medium was 
constructed to simulate the filling process of 
VARTM. Deformation of fiber reinforcement during 
the process was analyzed to incorporate the variation 
of fiber porosity and permeability. A strain in the 
thickness direction of the fiber reinforcement was 
defined to determine the deformation of the finite 
element model. With the three-dimensional model, 
the actual temperature and conversion distributions in 
the VARTM with a resin distribution layer can be 
simulated. The effect of the resin distribution layer 
not only provided a preferential flow path, but also 
changed the temperature field of the resin that altered 
the filling time further. 
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Fig. 5 The distribution of thickness increase from the 3D 

simulations at the end of filling 
 

 
Fig. 6 The porosity distribution of fiber reinforcement at the 

end of filling 
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