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Abstract 

Resin Transfer Molding (RTM) and its variant, Light resin transfer molding 
(LRTM) are liquid composite processes largely used in manufacturing pieces 
with high mechanical properties and good finishing in both sides. In these 
processes, a polymeric resin is injected into a mold cavity previously filled with 
a reinforced media. Besides the reinforced media, and when light pieces are 
necessary, an impermeable material is placed at the core section of the 
assemble. The final sandwich piece is a composite compound by a polymeric 
matrix, a fibrous reinforced media and a light non permeable core. Good 
mechanical properties associated with a low density composite are the desired 
characteristics of this structure. In this work, numerical modelling of the resin 
advance through the porous reinforced media has been used to predict filling 
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time and void formation in a sandwich composite piece. The pieces are 
manufactured with the LRTM process on which a lateral empty (without 
reinforcement) border is used to injected the resin. In the LRTM process, the 
computational domain is divided in two regions: A porous (with reinforcement) 
and the empty channel. The volume of fluid (VOF) method was used to solve the 
fluid mechanical problem in both domains. Results has shown that the proposed 
methodology is capable of predict flow advance inside the mold, however 
solution is highly dependent on the physical properties of the reinforcement, 
mainly the permeability. Case studies are presented for different operating 
conditions. 

1. Introduction 

Resin transfer molding (RTM) is a liquid molding process largely 
used in automotive, naval and more recently, aerospace industry. In the 
RTM, a polymeric resin is forced to flow inside a mold cavity filled with a 
porous reinforced media. Manufacturing is completed with the cure 
process, which occurs right after molding injection. Complex pieces with 
good mechanical properties and good finishing in both sides are easily 
produced with this process. When light pieces are desire, it is possible to 
build low weight composites by the addition of an impermeable core to 
the reinforced media, producing a lighter piece that stills having good 
mechanical properties. 

A variant of the traditional RTM, the Light RTM (LRTM), brings two 
advantages to the manufacturing process: Composite molds (less 
expensive) can be used and fast injection is obtained. In this process, 
resin flows first through an empty (without reinforced media) lateral 
channel that surrounds the mold cavity and then starts to flow from the 
borders toward to the center. Outlet section is usually positioned at the 
geometric center of the piece. Process drawbacks are the fact that only 
low pressures can be used and piece thickness usually present undesired 
variations. 

In these processes, numerical modelling of resin advance inside mold 
cavity plays and important whole to mold design and injection problems 
prediction. Many methods have been proposed to simulate the resin flow 
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advance ([1], [2], [3]), however the two most used methodologies are the 
finite element-control volume (FE-CV) [4], and the volume of fluid (VOF) 
[5]. 

Development of FE-CV and VOF methodologies applied to RTM problems 
have been study by several authors. Studies include edge effect [6], new 
methods [7], void formation [8], among many others. 

Other works have concentrated their enforces to improve the 
capability of the methods in detecting dry spots (voids) inside the 
composite ([8], [9], [10]). With the VOF method, void formation is 
automatically detect, however this method is much more time consuming 
and have some convergence problems. The FE-CV methods are faster and 
much more stable in terms of convergence, however dry spots can not be 
predicted without the use of a specific formulation. 

In other to predict the injection with good agreement in terms of 
filling time, physical properties of resin and reinforced media need to be 
precisely determined. In most cases, experimental runs are used to 
permeability determination, however a few works uses a combination of 
experimental data with numerical solution in order to calculate media 
permeability. Some examples are given by [11] and [12]. 

In terms of RTM mold design, one of the most common problems in 
RTM is related to the positioning of injection and outlet ports. Related to 
this issue, numerical mold is an important tool to reduce costs and time 
in mold design ([13], [14]). 

Finally, there are applied studies that concentrate in study a specific 
engineering problem and propose and efficient solution in terms of 
process operation, mold design or final piece quality. Examples are [14], 
[15], and [16]. 

In this work, it is presented a study about the use of numerical 
modelling to predict injection problems in a sandwich piece. Numerical 
and experimental solutions are compared in order to validate the 
numerical approach and 3 possible situations are numerical simulated in 
order to predict resin behaviour during the injection process. 
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2. Problem Description 

A sandwich part is assembled with a impermeable core covered by a 
composite structure made with resin and fabric. RTM-Light process is 
used to infiltrate resin into a reinforced media previously placed in the 
mold cavity. 

2.1. Geometry and computational domain 

Figure 1 shows the problem geometry. Reinforced media is 
represented by the green part while the lateral injection channels, 
together with the tubes that connects upper and lower reinforced sheets 
are showed in orange. The space between the two reinforced plates is 
filled with a non permeable material (not shown in Figure 1). Inlet and 
outlet ports are also presented in Figure 1. 

 

Figure 1. Geometry of the sandwich part. 

Problem geometry shown in Figure 1 is a representation of the real 
mold which was build in a composite material. The injection channel was 
drawn with several rectangles, however in the real geometry these 
channels are irregular, i.e., the geometry presented in Figure 1 is a 
idealized representation of the constructed model. The geometry has 
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0.6m, 0.3m, and 0.025m in the ,, yx  and z directions, respectively, inlet 

and outlet diameters of 0.005m and connection tubes with diameter equal 
to 0.0025m. 

The geometry is simple, however there is a large size difference 
between the major faces (side, bottom, and up), and the diameter of the 
tubes connecting the upper and lower sheets. This non-uniformity brings 
no problems for the geometry creation, but forces a large number of 
elements in the discretization. The grid was made uniform where ever 
possible and hexahedra elements were used in creation of the lateral 
injection channels (outside orange parts in Figure 1), and the reinforced 
media (green in Figure 1) was created with prismatic elements. The 
computational domain was discretized with about 43,000 hexahedra       
(6 faces) and 280,000 prisms (5 faces). 

Geometry and discretion where performed with GMSH [17] software. 
In Figure 2 is shown details of the inlet and outlet sections, respectively. 

 
                               (a)                                                     (b) 

Figure 2. Geometry discretization: (a) inlet section and (b) outlet section. 

2.2. Mathematical formulation 

OpenFOAM software [18] has been used to solve the resin flow 
advance problem inside the mold. OpenFOAM uses the VOF (volume of 
fluid) [5] to solve multiphase problems with two or more immiscible 
fluids. In current solution, the phases are resin an air. This formulation 
considers all phases well defined and the volume occupied by one phase 
can not be occupied by the other phase. In this method, a volume fraction 
function, ,α  is defined such as: 
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(i) If 0=α  the cell is full with air. 

(ii) If 1=α  the cell is full with resin. 

(iii) If 10 <α<  the cell contains the interface between phases air 
and resin. 

Fluid flow problem is solve with only one set of momentum equations. 
Same velocity and pressure fields are used for both fluids, and the 
volume fraction calculated for every computational grid cell (control 
volume) is tracked throughout the domain by the addition of a transport 
equation for .α  The formulation for an incompressible flow is composed 
by the continuity, momentum and volume fraction equations (Equations 
(1), (2), and (7)). 

The continuity equation is given by 

( ) ,0=⋅∇ V   (1) 

where V  is the velocity vector [m/s]. 

The momentum equation is given by 

( ) ( ) ( ) ,α∇κσ++ρ+τµ⋅∇+∇−=ρ⋅∇+
∂
ρ∂ FgpVVt
V

  (2) 

where ρ  is the density [ ] µ,mg 3k  is the absolute viscosity [Pa s], p is a 

pseudo-dynamic pressure [Pa], g  is the gravity vector [ ],sm 2  and τ  is 

the stress tensor [Pa]. 

Term F in Equation (2) is used to model the flow resistance imposed 
by the reinforced media. From Darcy’s law, it is possible to correlate 
velocity and pressure drop such as 

,V
K

pF µ−=∇=  (3) 

where K  is the permeability tensor [ ].m2  
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Physical properties are average among phases by the volume fraction 
as [19] 

( ) ,1 airresin ρα−+αρ=ρ   (4) 

( ) .1 airresin µα−+αµ=µ   (5) 

Last term on right in Equation (2) considers the effect of the surface 
tension. In this term, σ  is the surface tension coefficient [ ]mN  and κ  is 

the curvature of the interface calculated as [20] 

.
α∇
α∇=κ   (6) 

The volume fraction equation is given by 

( ) ( ) ,01 =α−α⋅∇+α⋅∇+
∂
α∂

cVVt   (7) 

where [ ]VVcVc max,min α=  and ,αc  a factor to be specified by the 

user. 

The last term on right of Equation (7) is defined as the artificial 
compression and is used to guarantee physical results at the interface of 
the fluids [20]. 

2.3. Numerical modelling 

According to Figure 1, the following boundary conditions were set: 

- Inlet: Prescribed pressure 0P  and prescribe volume fraction .1=α  

- Outlet: Prescribed pressure equal to zero (gauge) and zero gradient 
for .α  

- Walls: Prescribed velocity equal zero and zero gradient for .α  

The initial conditions in all computational domain for volume fraction 
and velocity fields were set to zero. 
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Several cases have been simulated with small differences in 
boundary condition and geometry, however the basic physical properties 
and operating conditions are shown in Table 1. 

Table 1. Physical properties and operating conditions 

 Symbol Value Dimension 

Courant number xtVCo ∆∆=  0.5 – 

Inlet pressure 0P  0.7 bar 

Density ρ  919 3mgk  

Viscosity µ  0.065 Pa s 

Porosity ε  0.85 – 

Permeability K 91083.1 −×  2m  

With the parameters set as in Table 1, each simulation has a filling 
time of approximated 15 min an takes about 4 days running in parallel 
(four cores) in an Intel(R), Xeon(R) CPU E31240 @ 3.30GHz workstation 
under CentOS linux operating system. 

OpenFOAM uses the finite volume method to discretize the 
conservation equations. As shown in Subsection 2.1, the diameter of the 
connection tubes is 240 times smaller than the mold length in x direction, 
thus the grid shown in Figure 2 is considerable refined and solution 
independence to space and time discretizations was insured by keeping 
the Courant number at a low value as shown in Table 1. Maximum 
Courant number recommended for the interFoam solver is 0.5 at fluid 
interface and 1 in all others regions. In current simulation, Courant 
number was kept at 0.5 in all computational domain. As grid elements 

are constant, time step is set to s101 8−×  at the beginning and let free to 
vary during simulation in order to guarantee .5.0<=Co  Usually, 

maximum time step reached was of ,s101 4−×  however in order to avoid 

possible solution problems, maximum time step was set to .s101 3−×  
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Most of the solver control parameters were kept constant, however 
some of them have being chanced to facilitate the convergence. The 
modified parameters and other important sets are shown in Table 2. 

Table 2. Physical properties and operating conditions 

Variable Parameter 

Algorithm  PIMPLE 

Solvers  

Velocity  PBiCG 

Pressure PCG 

Interpolation schemes  

Transient  Euler 

Gradients  CellMDLimited Gauss linear 1.0 

Divergent  

div(phirb, alpha) Gauss interfaceCompression 

div(rho*phi, U)  Gauss upwind 

div(phi, alpha)  Gauss upwind 

2.4. Experimental set up 

The mold used in all experimental runs is shown in Figure 3. It was 
built in composite material by manual lamination with glass fiber and 
polyester resin. Mold cavity produces a rectangular sheet with 
dimensions of 620 × 310 × 16mm. 

Before injection, mold preparation include the following steps: 

(i) Mold cleaning to avoid possible imperfections to the produced 
piece. 

(ii) A layer of demoulding is applied to both mold and counter mold 
(Figure 3(a)). 

(iii) Reinforced media (fabric) is homogeneously positioned inside the 
mold cavity (Figure 3(b)). 

(iv) The impermeable core is placed above the first reinforced layer 
(Figure 3(c)). 
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(v) Another layer of reinforcement is positioned over the impermeable 
core (Figure 3(d)). 

(vi) Mold and counter mold are assembled (Figures 3(a) and 3(f)). 

Mold closing is done with vacuum. Positive pressure is set at injection 
point while vacuum is imposed at the vents. Positive pressure is imposed 
during injection only, while vacuum at the vents is kept until the end of 
resin cure. 

 

Figure 3. Mold assemble: (a) mold with demoulding; (b) lower layer of 
reinforced media; (c) impermeable composite core; (d) upper layer of 
reinforced media; (e) mold closing; and (f) mold closed for injection. 
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3. Results 

In LRTM, the empty (no reinforcement) lateral channel makes resin 
to flow first through this channel, and than to converge into a vacuum 
point forming a circular like flow front as shown in Figure 5. 

Numerical to experimental comparison was performed not by 
injecting a polymeric resin, which is expensive and more difficult to 
control the process parameters, but with a soyabean oil (properties are 
shown in Table 1), which is less expensive and simple to manipulate. 
Figure 4 shows results for resin position at different filling times. In 
Figure 4(a) (at 1s), the fluid has not come across the channel, while in 
Figure 4(b) (at 3s) resin has already filled the lateral channel and starts 
to enter the reinforced medium. In the experimental injection resin flow 
advance is not perfectly radial and converging to the center. This 
behaviour is due to the imperfections (heterogeneity) in the mold 
geometry (lateral channels mainly) an in the fibrous medium, making 
impossible to have a symmetric flow. In the experimental run, the mold 
was completed filled in 18s. 

 

Figure 4. Experimental profile infiltration for different filling times:       
(a) 1s; (b) 3s; (c) 5s; (d) 10s; (e) 15s; and (f) 18s. 

Geometry and process operating conditions of the experimental run 
showed in Figure 4 were than numerically simulated. In this solution, 
the total molding time was 14.8s, which is about 18% smaller than the 
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experimental filling time. Main difference between experimental and 
numerical solutions occurs at the beginning of the injection. For time 
equal to 1s, in the numerical simulation resin is already entering the 
fibrous medium while in the experimental run resin starts to come across 
the porous media only after 3s of injection. 

Difference between numerical and experimental results may be 
explained by: 

(i) Non-heterogeneity in experimental fiber physical properties 
(porosity and permeability). It is important to highlight that media 
permeability, which is a function of fabric positioning inside the mold and 
compression of the fibers, was obtained in a different experiment with a 
rigid (metallic) mold. 

(ii) In the experimental run, the inlet pressure at the first moments of 
the injection is not constant, however it is considered constant in the 
numerical simulation. 

(iii) The geometry of the lateral channel in the experimental mold is 
irregular and in some parts differs considerably from the virtual 
geometry. 

Even with the differences discussed above, it is possible to perform a 
qualitative comparison between numerical and experimental solutions. 
The total filling time agrees in order of magnitude however flow front 
position differs if Figures 4 and 5 are compared. The border to center 
profile is observed in both numerical and experimental solutions, 
however in the numerical solution, resin starts to penetrated the 
reinforced media even before the lateral channels become completely 
filled. As expected, perfect symmetric profiles are obtained in the 
numerical solution. 
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Figure 5. Numerical profile infiltration for different filling times. 

The experimental mold was build with only one outlet positioned at 
the middle section of the upper reinforced media sheet. Thus, it was 
necessary to drill holes in the impermeable core allowing the air to flow 
from the lower sheet to the upper sheet and leave the mold through the 
outlet section. This holes are shown in a cut along the major symmetry 
axes of Figure 6. 

In Figure 6, it can be seen that resin flows inside both upper and 
lower sheets at the same velocity. At the end of the simulation (15s), air 
bobbles can be visualized inside the connecting tubes. 
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Figure 6. Numerical profile infiltration for different filling times cut. 

In Figure 7, the region next to the outlet section is amplified. It 
shows that the injection should last longer than 15s to ensure that all 
regions are completely filled with resin, however current simulation 
predicts that the air bubbles entrapped in the connecting tubes will start 
moving, producing a final piece with undesired void regions (see orange 
parts in Figure 7). 
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Figure 7. Numerical profile infiltration for different filling times cut 
detail. 

In a following experiment, it was investigated what would happens if 
a second outlet were positioned at the lower sheet. In this case, the 
connecting tubes are not necessary because the air in the lower sheet will 
leave the mold by this second outlet. It was expected a decrease in the 
total filling time however this behaviour has not been observed. The only 
advantage in including the second outlet was related with the air bubbles 
formation, which did not appear in this simulation. In Figure 8, 
calculated resin profiles for different times are shown. 
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Figure 8. Numerical profile infiltration for different filling times - two 
outlets. 

In the last case-study simulated, both the lower outlet and the 
connection tubes were removed. The idea was to simulate an “extreme” 
case, with a predictable mold design error, on which a large area without 
resin impregnation was expected to occurs in the lower sheet. The 
predicted air bubble is shown in Figure 9. As can be seen in this figure, 
resin starts to advance normally inside the mold in the first few seconds 
and then the air in the lower sheet become entrapped forming and 
undesired void zone. 
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Figure 9. Numerical profile infiltration for different filling times - one 
outlet and no connection tubes. 

4. Conclusion 

In this work, the VOF method has been used to simulate resin 
injection in a sandwich composite piece fabricated with the LRTM 
process. Numerical and experimental runs were compared in terms of 
filling time and flow profiles inside the mold cavity. Results have 
confirmed that it is possible to predict flow advance and void formation in 
RTM composites using numerical techniques. 

Three case-studies were run. The first one was used to validate the 
numerical solution. It was compared with an experimental run. Filling 
time agreed within 18% difference and resin flow front comparison 
showed similar profiles. These results were considered good because the 
irregular geometry of the injection channel could not be precisely drawn 
(computational domain) and media permeability was estimated in a 
different experiment. 
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The second case-study modifies the experiment run and investigates 
the viability of reducing filling time with the addition of a second outlet 
to the lower section of the mold. As was explained, numerical run showed 
that filling time is almost identical in both cases. 

In the third and last case-study, the first run, with only one outlet, 
was simulated again, however this time the connection tubes used to 
facilitate air to escape from the lower sheet were removed. In this case, 
as expected, it was numerical predicted that a large amount of air would 
be entrapped at the lower part of the mold. 
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