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Resin transfer molding (RTM) is a manufacturing process that uses liquid resin to saturate a fiber preform
placed in a closed mold cavity. For robust fabrication of the composite, fiber preform needs to be com-
pletely impregnated with polymer resin during mold filling. Hence, the understanding of resin flow and void
formation in RTM is very important to design the mold and processing conditions for successful production
of composite parts. In this study, three-dimensional (3D) numerical simulation was carried out to investigate
the resin flow behavior in a complicated mold. An automotive wheel rim was designed and fabricated using
carbon fiber preform and epoxy resin. Case studies were performed to minimize the void formation during
processing.
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1. Introduction

In recent years, many studies have focused on improv-

ing fuel efficiency by using lightweight components in

automotive industry. Indeed, weight reduction becomes an

important issue due to high oil prices and strict fuel effi-

ciency regulations. This can be achieved through several

approaches: New structural design, processing, and mate-

rials. In particular, replacing existing heavy materials with

lightweight materials can induce a big impact. However,

the application of such composite materials to automotive

parts is still limited due to their long processing cycle time

and production cost (Chen et al., 2019).

Carbon fiber reinforced plastics (CFRPs) used in auto-

mobile are mostly manufactured using the resin transfer

molding (RTM) process, which can fabricate complex

structure and thick product (Bruschke and Advani, 1990;

Laurenzi et al., 2014; Yim et al., 2018; Young et al.,

1991a; Young, 1994b). However, since various problems

occur during manufacturing large and complex parts,

numerical simulation of RTM can help design and opti-

mize the process. In general, the simulation focuses on the

filling step providing a guide regarding the processing

conditions such as flow rate and pressure (Young et al.,

1991b). For example, by predicting the resin flow behav-

ior, it can be determined whether or not a fiber preform is

completely filled. In addition, the resin inlet and vent posi-

tions can be optimized based on the simulation result

(Kim et al., 2000; Young, 1994a). Since a number of prod-

ucts manufactured via RTM are simple and thin, it has

been assumed that the flow in the thickness direction is

neglected in the simulation (Chan and Hwang, 1988;

1991; 1992; Coulter and Guceri, 1988; Hattabi et al.,

2008; Li and Gauvin, 1991; Lin et al., 1993; Yoo and Lee,

1996). However, it is necessary to carry out three-dimen-

sional (3D) flow analysis to comprehend underlying phys-

ics regarding flow behavior in complex and thick parts

produced using RTM (Bruschke and Advani, 1994;

García-Manrique et al., 2016; Isoldi et al., 2012; Lee et

al., 1994; Oliveira et al., 2015; Poodts et al., 2014; Sho-

jaei et al., 2003; Trochu et al., 1993).

In this study, numerical and experimental studies have

been carried out to manufacture a large and complex

CFRP part. As a representative part to substitute metallic

parts, an automotive wheel rim was selected and fabri-

cated (Fig. 1). The wheel rim is a component that can play

an important role in reducing the weight of automobiles.

3D numerical simulation was conducted to investigate the

resin flow behavior in the complex mold.

2. Modeling and Processing of RTM

2.1. Governing equations
Numerical analysis of RTM was carried out using finite

element method. The filling process was simulated at con-

stant temperature assuming that the resin was an incom-

pressible and Newtonian fluid. Fiber preform generally

has anisotropic permeability values depending on the fiber

orientation. For a thin CFRP, the flow in the thickness

direction is negligible compared with those in the other

directions. Therefore, the permeability is considered as a

2D tensor. However, the out-of-plane permeability needs

to be considered to manufacture thick composite parts
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since the flow in the thickness direction is meaningful. As

a result, 3D modeling can provide more improved accu-

racy and reliability of results than 2D modeling. When the

resin is incompressible fluid, pressure, and velocity fields

are obtained by solving the following equations: Darcy’s

law (Eq. (1)) and continuity equation (Eq. (2)).

,  (1)

 (2)

where u is the velocity vector of fluid, K is the permea-

bility tensor of porous medium,  is the Newtonian vis-

cosity of fluid, and  is the pressure gradient vector.

Darcy’s law can be integrated into continuity equation

for incompressible fluid to obtain the pressure field as fol-

lows:

.  (3)

A fill factor f is introduced to track the evolution of the

flow front:

 (4)

where  is defined as unsaturated region, so the

pressure is P = 0. f = 1 is defined as saturated region and

the pressure is .

The macro/micro-void formation is related to the flow

velocity and flow front of resin. At low flow velocity,

macro-voids tend to be generated, whereas high flow

velocity leads to micro-void formation. The percentage of

the macro- (Eq. (5)) and micro-voids (Eq. (6)) formation

can be modeled as follows (Patel et al., 1995; Ruiz et al.,

2006):

,  (5)

 (6)

where v is the component of the velocity vector.
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Fig. 1. (Color online) (a) Schematic illustration and (b) photographs of the mold and the CFRP.

Fig. 2. (Color online) Overall geometry and magnified cross-section of the CFRP rim: (a) to (d) for Case 1 and (e) to (h) for Case 4.
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In order to obtain more accurate void contents, it is

preferable to conduct an experiment with same resin vis-

cosity in advance to determine the equation. However, in

this study, it is focused on whether improvements have

been made between several cases rather than predicting

the exact void contents value.

2.2. Geometric modeling
The geometrical structure of the CFRP wheel rim is

shown in Fig. 2. The 3D model consisted of the preform

parts (i.e., the green and blue regions) and the distribution

media part (i.e., the brown region). The preform parts

were occupied by two different non-crimp fabrics, NCF 0º

and NCF ± 45º (Fig. 3). The NCF 0º had a low permea-

bility and was placed inside the rim. The NCF ± 45º with

a high permeability was located outside the rim. On the

other hand, since the NCF 0º had stronger anisotropic fea-

ture than the NCF ± 45º, it was stacked in the circumfer-

ential direction to further reinforce the mechanical

properties in that direction. For the simulation, the mesh

consisted of about 1.28 million tetrahedral elements and

was built more finely in the complex region.

2.3. Materials and processing conditions
Epoxy resin ( = 1145 kg/m3,  = 0.5 Pa·s) was used as

a liquid resin. The used carbon fiber (= 1800 kg/m3) was

supplied by Toray® T700SC12K. The permeability tensor

of each fabric was measured from our previous study as

listed in Table 1.

The permeability and fiber volume fraction values were

assigned to the elements. The distribution media was

given a permeability of 107 in all the directions. To deal

Fig. 3. (Color online) Photographs of the NCF used in this study. (a) Front side and (b) back side for the NCF 0º. (c) Front side and

(d) back side for the NCF ± 45º.

Table 1. Fiber volume fraction and permeability of the NCFs

used in this study.

NCF 0° NCF ± 45° 

Fiber volume fraction 0.416 0.425

Kaxial (× 109 m2) 2.149
3.573

Ktrans. (× 109 m2) 1.221

Kthick. (× 1012 m2) 2.011 0.242

Fig. 4. (Color online) Local and global coordinates: e1, e2, and e3 indicate axial, transverse, and thickness directions in the local

coordinate, respectively.
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with the orientation of the fiber preform, the local coor-

dinate systems were employed: Circumferential, axial, and

radial axes (Fig. 4).

A constant inlet pressure of 2 bar was imposed. This

value coincided with the experimental one. The inlet gates

and outlet vents were marked by the navy and yellow

arrows, respectively, as presented in Fig. 1a.

3. Results and Discussion

The numerical simulation was carried out to predict the

resin flow behavior and the void content. Based on these

results, the mold was designed, and the preforms were

laminated. For the simulation, the following cases were

considered:

Case 1: Narrow connection between the distribution

medium and the thin preform.

Case 2: Wide connection between the distribution

medium and the thin preform.

Case 3: Narrow connection between the distribution

medium and the thick preform.

Case 4: Wide connection between the distribution

medium and the thick preform.

The macro-void content is displayed in Fig. 5. Com-

pared with Case 1, Case 2 showed the improved resin

flow behavior such as the reduced filling time by means of

widening the connection part. However, Case 3, which

employed relatively thick preform and high content of

NCF ± 45º with high permeability, showed the poor resin

flow behavior such as the increased filling time. This indi-

cates that the inlet geometry played a major role in deter-

mining the resin flow behavior in the filling stage. More

detailed comparison was made between Case 1 and

Case 4.

Figure 6 shows the flow front of resin at the given filling

time for Case 1 and Case 4. The resin impregnated the dis-

tribution medium in several seconds and then flowed

evenly along the z direction in both cases. The predicted

total filling times were about 1091.1 s for Case 1 and

775.0 s for Case 4, respectively. Case 4 had a larger vol-

ume of the distribution medium than Case 1 because Case

1 employed the wide connection between the distribution

medium and the preform. Therefore, Case 4 needed more

time to fill the distribution medium at the beginning of

filling stage than Case 1. However, the entire filling stage

of Case 4 was facilitated more rapidly by the wide con-

nection (Fig. 7).

Figure 8 shows the results of the macro-voids predicted

numerically. Case 4 was found to have the significantly

reduced void content compared to Case 1. As demon-

Fig. 5. (Color online) Geometry and macro-void content of the CFRP rims.



Three-dimensional numerical simulation for resin transfer molding of automotive wheel

Korea-Australia Rheology J., 31(3), 2019 145

strated above, several differences between these two cases

existed: The thickness of the connection part, the preform

thickness, and the fabric layer structure. Hence, in order to

minimize the void content not only the inlet geometry but

also the fabric structure need to be controlled properly.

Based on the results of numerical simulation, the mold

geometry and preform structure were upgraded. Consid-

ering Cases 1 and 4, two wheel rims were fabricated

experimentally. Micro-CT measurement was carried out to

observe the voids inside the manufactured products

(Hwang et al., 2015; Lee et al., 2012). An X-ray Micro-

CT system (Skyscan, 1172) was employed with 59 kV and

10 Mp X-ray source. The micro-CT system was used to

perform 2D image analysis and realistic 3D visualization.

As shown in Fig. 9, Case 4 had much lower void content

than Case 1. Since one pixel size of the figure set as 11.55

m, Fig. 9 shows all voids (including macro- and micro-

voids) of a size larger than 11.55 m. As it is difficult to

distinguish macro-voids from micro-voids accurately,

higher resolution was set and the micro-CT experiments

were performed again. The shape of the fiber bundle can

be confirmed, but the distinguishment between macro-

Fig. 6. (Color online) Numerical results of the flow front: (a) to (d) for Case 1 and (e) to (g) for Case 4.

Fig. 7. (Color online) Filling percentage as a function of the time.

Fig. 8. (Color online) Overall and magnified cross-sectional views of the macro-void content calculated numerically: (a) to (d) for Case

1 and (e) to (h) for Case 4.
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and micro-voids is still difficult at high resolution. Also,

this study focused whether improvements have been made

in several cases rather than distinguishing macro-voids

from micro-voids. So, the experiments were conducted at

normal resolution. The results indicate that numerical sim-

ulation is an efficient tool to optimize real manufacturing

processes. In addition, the weight of the developed CFRP

wheel is 10.5 kg, which is 25% lighter than conventional

aluminum wheels with the same size. This suggests that

CFRP composites are sufficiently applicable to the auto-

motive wheels.

4. Conclusions

The 3D numerical analysis was performed to investigate

the resin flow behavior during the RTM process. To

improve the flow behavior and minimize the void forma-

tion, the mold geometry and the fabric structure were ana-

lyzed numerically. Based on the optimized numerical

results, the automotive wheel rims were manufactured.

The voids inside the manufactured CFRP wheels were

measured by the micro-CT equipment. It was found that

the numerical and experimental results were in good

agreement with each other, and the numerical optimization

led to significant improvement in the quality of the product.
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