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Abstract

Resin Transfer Molding (RTM) is a widely used composite manufacturing process where
liquid resin is injected into a closed mold filled with a fibrous preform. By applying this
process, large pieces with complex shapes can be produced on an industrial scale, presenting
excellent properties and quality. A true physical phenomenon occurring in the RTM process,
especially when using vegetable fibers, is related to the absorption of resin by the fiber
during the infiltration process. The real effect is related to the slowdown in the advance of
the fluid flow front, increasing the mold filling time. This phenomenon is little explored
in the literature, especially for non-isothermal conditions. In this sense, this paper does a
numerical study of the liquid injection process in a closed and heated mold. The proposed
mathematical modeling considers the radial, three-dimensional, and transient flow, variable
injection pressure, and fluid viscosity, including the effect of liquid fluid absorption by the
reinforcement (fiber). Simulations were carried out using Computational Fluid Dynamic
tools. The numerical results of the filling time were compared with experimental results,
and a good approximation was obtained. Further, the pressure, temperature, velocity, and
volumetric fraction fields, as well as the transient history of the fluid front position and
injection fluid volumetric flow rate, are presented and analyzed.
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1. Introduction
Nowadays, society’s technological demands require the use of materials with unusual

combinations of properties, which generally cannot be met by ceramic materials, metals, or
polymers alone. However, they are fully satisfied by the use of composite materials, which
have been well used in a wide variety of applications, such as in the defense, aerospace,
automotive, sports, medical, and consumer industries, among others [1]. In the aerospace
industry, the following applications can be mentioned: satellites, space centers, launch
vehicles, spaceports, remote manipulator arms, and cargo bay doors, among others. In the
automotive industry, the following applications can be mentioned: body and door panels,
engine blocks, drive shafts, automotive brakes, clutch discs, bumpers, frames, and rocker
covers, among others.

This situation is easily proven when one observes, in recent decades, the growing
application of composites to replace traditional materials, especially in the aerospace
industry [2]. It should be noted that the composites market in 2022 was estimated at
USD 106 billion and is projected to have a compound annual growth rate of 6.1%, reaching
USD 191 billion in 2032 [3], proving the great current and future importance of this segment.

Among the different manufacturing processes of polymeric matrix composites, liquid
molding in closed molds can be mentioned, which has relevant industrial importance as it
enables large-scale production with less environmental impact when compared to other
production processes [4]. In the list of processes for the production of composites by liquid
molding, there is Resin Transfer Molding, well known as RTM. This technique consists of
the injection of a low-viscosity thermoset resin into a closed mold containing a dry fibrous
preform [5].

The production of polymer matrix composites by RTM has been widely used because
it has several advantages over other production processes [6,7]. The following are some of
them: easy daily operation; reduced labor costs; reduced production time; parts produced
with good surface quality; the possibility of manufacturing large parts; a wide range of
usable reinforcements; applicability for production of parts of complex geometries; the
final product has good dimensional tolerances; low material wastage; low environmental
impact; flexibility of the tools used in the process; the possibility of adding inserts to the
product; low exposure of operators to the chemicals used in the process; the low possibility
of an air presence inside the product; and the low cost, eliminating the use of complex and
expensive equipment such as compression rollers.

Among the factors that affect the RTM composite production process are the resin prop-
erties, mold geometry, fiber–resin interaction, fiber volumetric fraction, injection pressure,
resin injection points in the mold, air outlet points in the mold, and mold temperature [8,9],
and it is necessary to control all these parameters to obtain composites with high quality,
aiming at minimizing production costs and increasing the quality of the product obtained
post-process.

Due to the thermal dynamics of the RTM process, the viscosity of the resin varies
as the injection into the mold progresses, which is a critical point of production control.
The flow of the high viscosity resin inside the porous medium is more difficult, causing
partial infiltration in some regions of the mold and increasing the void fraction, which is
responsible for the reduction in the mechanical properties of the composite material.

In order to optimize the flow of resin inside the porous medium, it is possible to
use heated molds, which causes a reduction in the viscosity of the resin, facilitates its
impregnation in the reinforcement and, consequently, reduces the total time of filling the
mold [10].

On the other hand, the absorption of resin by the fibrous reinforcement, that is, the
infiltration of the resin into the micropores between the individual fibers of the fiber bundles,
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is a relevant physical phenomenon present in the production process by RTM [8]. The
complete understanding and modeling of this absorption phenomenon is fundamental for
the improvement of the RTM process, also contributing to the minimization of the fraction
of voids in the composite produced, being of interest to the academic and industrial
environment, especially with regard to composites produced with high quality standards,
essential, for example, in aeronautical and aerospace applications [11,12].

In the experimental context, studies related to the RTM process can be easily found in
the literature [13–19]; however, there is little research that evidences the phenomenon of
resin retention by reinforcement [20,21].

On the other hand, when analyzing the current panorama of studies related to mathe-
matical models and computer simulation applied to the production process of composites
by RTM, it is verified that there is a large number of studies that make use of simplified
modeling. These models often consider the isothermal and single-phase flow (resin only),
disregarding the effect of the presence of air in the mold and considering the viscosity
of the resin constant [22–25]. These considerations approximate the numerical results of
simplified analytical models.

Another group of works, which are less numerous, insert the physical effect of mul-
tiphase flow (resin–air) in their mathematical models, bringing numerical simulations
closer to the real physical phenomenon, but still considering the viscosity of the resin
constant [26–28]. The consideration of the multiphase flow allows the evaluation of the
air–resin interaction, making it possible, for example, to evaluate possible points of air
trapping in the produced composite. It is, therefore, a more careful and complex analysis.

A small number of studies insert another complicating factor in the modeling, in
addition to multiphase flow, which would be the consideration of non-isothermal flow [29].
The effect of inserting the energy conservation equation in the mathematical model allows
the evaluation of a new range of production parameters, such as the resin temperature
during the infiltration process and the mold temperature, thus allowing the optimization of
production processes and better understanding of the evolution of the resin curing process
and the effect of temperature gradients in the resin–air–porous medium thermo-fluid
dynamic system on the quality of the composite produced.

There is also intermediate modeling, where single-phase non-isothermal flow is con-
sidered, with the viscosity of the resin variable [30–33] or constant [34,35]. This type of
model allows the evaluation of the thermal effect in the process, without inserting in the
modeling the physical and numerical complications of the multiphase flow; however, this
provides a lower degree of detail of the process.

Finally, it is also verified that there is initial research into the macroscopic approach,
with simplified models (isothermal and monophase flow, with constants including the
fluid properties and injection pressure) examining the effect of resin absorption by the
micropores of the reinforcing fibers [8,9,36]. The infiltration of the resin by the fiber reduces
the depth of penetration and delays pressure stabilization, which generates the need to
optimize the interactions between the fiber and resin inside the closed mold. However,
despite the importance of this research, it is necessary to apply the consideration of the
effect of resin absorption by the fiber in more elaborate and robust models, especially using
powerful CFD tools, in order to increase and deepen the degree of understanding of the
RTM process. For a better understanding of the importance of the sink term, its effect on
the RTM process should be indicated to depend on the fiber architecture: for example, if
the resin flow occurs along the fiber-to-fiber direction, the resin flows easily through the
channels between fibers instead of impregnating the fibers completely; on the other hand,
when the resin flow is perpendicular to the fiber directions, the resin tends to flow more
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evenly with a lower delayed effect, influenced to a lesser extent by the pressure drop at
the inlet.

In view of the above, it is evident that there is a lack of a more robust and complete
numerical model in the literature to describe the RTM process, especially with regard to
resin absorption by the fibrous reinforcement in radial infiltration processes. In this sense,
the present research aims to contribute to the numerical study (via CFD) of the composite
manufacturing process by RTM, filling this gap. The proposed three-dimensional and non-
isothermal multiphase mathematical modeling considers the transient flow regime, variable
viscosity of the injected fluid, and variable injection pressure, and includes the phenomenon
of absorption of the injected fluid by the micropores of the fibrous reinforcement. Thus, this
work intends to help researchers and engineers with better understanding and modeling
the physical phenomena that govern the manufacturing process of composites by RTM,
especially in radial systems.

2. Methodology
2.1. The Physical Problem and Mold Geometry

In this research, the fluid flow in a porous medium contained in a closed and heated
mold is theoretically studied. The fluid is injected at the center of the mold and flows
radially towards the exit gates located at the corners of the mold, exchanging heat with the
reinforcement and with the mold walls.

The analyzed mold is parallelepipedal with a square base, with an area of 300 × 300 mm2,
thickness of 2 mm, and an injection point located in the center of the mold, as well as
four symmetrical exit points positioned next to its vertices, as illustrated in Figure 1. All
injection and exit points are radial holes with a diameter of 4.58 mm and are positioned at the
bottom of the mold, i.e., the injection is ascending and the outlets are descending.

(a) 

(b)

Figure 1. View in (a) perspective and of (b) the bottom of the mold under study.
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2.2. Numerical Mesh

To study the impact of mesh refinement on the numerical results, the Global Con-
vergence Index (GCI) method was used. The GCI method has been used by several re-
searchers [37,38] and estimates the discretization errors related to the degree of refinement
of the numerical mesh used [39]. At the end of this stage, an optimized numerical mesh
was obtained, which was structured and composed of 22,852 hexahedral elements, with
29,260 nodes, as illustrated in Figures 2–5. This numerical mesh was built using the Ansys
Icem CFD 2021 R2 trading software, and the simulations were run using the Ansys CFX
2021 R2 trading software. Ansys CFX was used instead of software dedicated to the RTM
process, such as PAM-RTM, because it has a wider range of numerical models available,
including for multiphase flow and heat transfer, in addition to allowing modification and
implementation of the differential equations that physically govern the phenomena.

Figure 2. Bottom view of the optimized numerical mesh.

 
(a) 

 

(b) 

Figure 3. Injection point positioned near the base of the numerical mesh (a) and detail A of this
injection point (b).
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(a) 

 

(b) 

Figure 4. One of the four exit points near the base of the numerical mesh (a) and detail B of this exit
point (b).

Figure 5. Side view of the numerical mesh.

2.3. Mathematical Modeling
2.3.1. The Conservation Equations

To investigate the multiphase flow of injected fluid and air inside a heated mold, filled
with fibrous reinforcement (porous medium), during the composite manufacturing process
by RTM, the following considerations were adopted in mathematical modeling:

(a) Three-dimensional, transient, non-isothermal, and laminar flow;
(b) Incompressible fluid;
(c) Isotropic porous medium;
(d) No internal heat generation;
(e) The injection pressure and viscosity of the injected fluid are variables;
(f) The phenomenon of absorption of the injected fluid by the fibrous reinforcement

is considered.

Figure 6 illustrates the phenomenon of fluid infiltration into the micropores inside the
bundles of reinforcing fiber yarns.
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Figure 6. Schematic representation of the resin flow in the RTM process, with emphasis on the
phenomenon of absorption of the injected fluid by the fibrous reinforcement.

To predict the behavior of the fluid inside the porous medium during the infiltration
process, the general equations of the conservation of mass, momentum, and energy were
used, considering a homogeneous multiphase model, i.e., a single velocity field for both
fluids. These basic equations are shown in sequence:

(a) Mass conservation equation:

The general equation of mass conservation for the fluid injected into the mold is
as follows:

∂

∂t
( fr φρr) +∇·

(
frρr

→
Um

)
= −SM = −sρr (1)

where φ represents the porosity of the porous medium (ratio between the volume of voids
and the total volume of the porous medium); fr is the volumetric fraction of the injected
fluid; ρr is the density of the injected fluid; Um is the surface velocity vector of the fluids;
SM is the source term that represents the mass flow rate of fluid injected, per unit volume
of that fluid absorbed by the porous medium; and s is the source term that represents the
mass flow rate of fluid injected, per unit mass of that fluid absorbed by the porous medium.

The general equation of mass conservation applied for the fluid (air) inside the mold
is of the following form:

∂

∂t
( fa φρa) +∇·

(
faρa

→
Um

)
= 0 (2)

where fa is the volumetric fraction of the air, and ρa is the density of the air.
The volumetric fractions of the injected fluid and the air, at any point in the porous

medium, are related as follows:
fr + fa = 1 (3)

(b) Linear Momentum Conservation Equation:

The conservation equation of the linear momentum is of the following form:
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∂

∂t

(
φρm

→
Um

)
+∇·

(
ρm

→
Um ⊗

→
Um

)
−∇·

[
µm

(
∇

→
Um +

(
∇

→
Um

)T
− 2

3
δ∇·

→
Um

)]
= φ

→
Sα − φ∇p (4)

where ρm is the weighted density of the fluids, µm is the weighted dynamic viscosity of
fluids, δ is the unitary vector, Sα is the source term of linear momentum, and p is the
pressure, including the gravitational effect.

The weighted density of the fluids is calculated as follows:

ρm = frρr + faρa (5)

The weighted dynamic viscosity of the fluids is calculated as follows:

µm = frµr + faµa (6)

where µr is the dynamic viscosity of the injected fluid and µa is the dynamic viscosity of
the air.

The source term of linear momentum, Sα, includes in modeling a loss of motion due
to the yield strength caused by the porous medium, given as follows:

→
Sα = −µm

K

→
Um − Kloss

ρm

2

∣∣∣∣→Um

∣∣∣∣→Um (7)

where Kloss is the quadratic moment loss coefficient and K is the permeability of the porous
medium. In this research, the second term was considered null, due to the low velocities to
which the studied flow is subjected.

(c) Energy Conservation Equation:

To include the thermal effect in the simulations, it is necessary to add the energy
balance to the system of conservation equations. In this equation, a non-homogeneous
multiphase flow was considered, i.e., distinct temperature fields for each of the fluid phases
and for the solid (porous medium). In this case, the energy conservation equation is
as follows:

• For the injected fluid, it was calculated as follows:

∂

∂t
( fr φρrhr) +∇·

(
frρr

→
Umhr

)
−∇·( frkr∇Tr) = 0 (8)

where hr is the enthalpy per mass unit of the injected fluid, kr is the thermal conductivity of
the injected fluid, and Tr is the temperature of the injected fluid.

• For the air, it was calculated as follows:

∂

∂t
( fa φρaha) +∇·

(
faρa

→
Umha

)
−∇·( faka∇Ta) = 0 (9)

where ha is the enthalpy per unit mass of the air, ka is the thermal conductivity of the air,
and Ta is the temperature of the air inside the mold.

• For the porous medium (fibrous preform), it was calculated as follows:

∂

∂t
[(1 − φ)ρsCsTs]−∇·(ks∇Ts) = 0 (10)
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where ρs is the density of the porous medium, Cs is the specific heat of the porous medium,
ks is the thermal conductivity of the porous medium, and Ts is the temperature of the
porous medium.

The Reynolds number is a relevant dimensionless parameter for characterizing a flow,
representing the ratio between the inertial forces and viscous forces acting on the fluid. For
a fluid flowing into a porous medium, this dimensionless parameter can be expressed as
follows [40]:

Repm =
ρr × U ×

√
K

µr
(11)

where Repm is the Reynolds number for flow in porous media and U is the surface velocity
of the fluid in the direction of flow.

It should be noted that it is not necessary to add equations that govern the phenomenon
of turbulence to the proposed mathematical model, since the Reynolds number for flow in
porous media calculated by Equation (11), for this research, is approximately 2 × 10−5, and
is therefore much lower than 1, so that the flow is classified as laminar in the Darcy regime.

2.3.2. Boundary Conditions

Figure 7 illustrates the study domain (mold) with emphasis on the injection point (A)
and the four exit points (B–E). The boundary conditions to which the domain is subject are
as follows:

Figure 7. The mold studied, with emphasis on the injection point (A) and the four exit points (B–E).

(a) Injection channel (point A):

The injection of vegetable oil, with a temperature of 23 ◦C and prescribed gauge
pressure as a function of time, can be modeled as follows [41]:

pinj =

{
305.6180 × t , f or t < 89 s

27, 200 , f or t ≥ 89 s
(12)

where pinj is the injection gauge pressure (Pa) and t is the time (s).

(b) Output channels (points B–E):

The prescribed gauge pressure is null.

(c) Mold walls:

The fluid velocity is zero (non-slip hypothesis), with a prescribed temperature of 60 ◦C.

(d) Porous medium:

The prescribed initial temperature is equal to 60 ◦C, and the medium is fully filled
with initially static air (zero velocity), with a prescribed initial temperature equal to that of
the porous medium (60 ◦C).
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2.4. Properties of Materials

The porous medium studied is a commercial flat fabric 0/90◦ type E fiberglass
(300 g/m2), with the properties described in Table 1. For s = 0 s−1, the permeability
of this porous medium was calculated using Equation (13) [8]. For s = 0.5 × 10−4 s−1, the
permeability was estimated based on the experimental results [41].

K =
µ∗ × φ

2
∫ t f f

0 pinjdt

[
r f f

2 × ln

(
r f f

rinj

)
− 0.5

(
r f f

2 − rinj
2
)]

(13)

where µ* is the arithmetic mean viscosity of the injected fluid, considering the viscosities of
the fluid at the injection temperature (23 ◦C) and the mold temperature (60 ◦C), rff is the
radial position of the flow front at a given instant, rinj is the radius of the injection channel,
and tff is the time at which the flow front reaches the position rff at a given instant.

Table 1. Properties of the porous medium used in simulations.

Property Value
(for s = 0.0 × 10−4 s−1)

Value
(for s = 0.5 × 10−4 s−1)

Porosity (-) 1 0.5783
Permeability (m2) 4.50 × 10−11 4.25 × 10−11

Density (kg/m3) 2 2575
Specific heat (kJ/kg.K) 2 0.8025

Thermal conductivity (W/m.K) 2 1.275
1 [41], 2 [42].

The fluid injected into the mold was refined commercial vegetable soybean oil, with the
properties described in Table 2. The dynamic viscosity of the fluid follows the function be-
low, obtained from an adjustment curve of experimental data from [41], with R2 = 100.00%:

µr = 0.02575516693 ×T2 − 17.34556439 × T + 2936.636549 (14)

where µr is the dynamic viscosity of the injected fluid (vegetable oil) (cP) and T is the
temperature of that fluid, between 296.15 and 333.15 K.

The justification for using vegetable oil instead of polymeric resin, typically used in
RTM processes, is that the reference [41] reported different experimental data for this fluid
flowing radially into a glass fiber preform placed in a closed mold, sufficient to be used
in the proposed mathematical modeling and to validate the data predicted by the model.
Furthermore, no experimental work related to radial and non-isothermal injection of resin
into fibrous preforms, including the sink term, was found in the literature. However, the
numerical model proposed in this paper is applicable to both the fluids, resin and vegetable
oil, adapting only the physical and chemical properties of each fluid. The resin curing
phenomena can be coupled to the model by inserting an equation that models the dynamic
viscosity appropriately [43].

Table 2. Properties of the injected fluid used in simulations.

Property Value

Dynamic viscosity (cP) Equation (14)
Density (kg/m3) 1 913.9

Specific heat (kJ/kg.K) 2 1.9348
Thermal conductivity (W/m.K) 2 0.1533

1 [41], 2 [44].
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The air inside the mold at the beginning of the injection process has the properties
described in Table 3 [45].

Table 3. Properties of the air used in simulations.

Property Value

Dynamic viscosity (kg/m.s) 2.0061 × 10−5

Density (kg/m3) 1.0597
Specific heat (kJ/kg.K) 1.0081

Thermal conductivity (W/m.K) 0.028517

3. Results and Discussion
3.1. Thermo-Fluid Dynamic Analysis of Flow

To validate the methodology for constructing the numerical grid, as well as the
mathematical model proposed in this article, the experimental data reported by the refer-
ences [41,46,47] were utilized. These authors used a mold with the same dimensions [46,47],
and the same fluid, fibrous reinforcement, and injection conditions [41] used in this paper.
For this, the time in which the injected fluid touches the walls of the mold predicted by the
numerical simulation was compared with the same parameter obtained experimentally.

In the simulations, a better approximation between the numerical and experimental
results for the time in which the flow front reaches the edge of the mold, tnum and texp,
respectively, was obtained when it was implemented in the model as s = 0.5 × 10−4 s−1, a
condition that was obtained after applying the trial-and-error method. For this situation,
the error between the theoretical and experimental parameters was reduced from −9.23%
(s = 0.0 × 10−4 s−1) to −0.64% (s = 0.5 × 10−4 s−1) (Table 4), validating the numerical
modeling adopted, and evidencing the robustness of the modeling proposed in this research
to predict the infiltration of vegetable oil into the fabric fiber.

Table 4. Comparison between the times in which the injected fluid reaches the edge of the mold
obtained experimentally and numerically.

s (×10−4 s−1) texp (s) 1 tnum (s) Error (%)

0.0 780 708 −9.23
0.5 780 775 −0.64

1 [41].

Figure 8 graphically illustrates the evolution of the flow front of the injected fluid over
time, for simulations with the absorption source term equal to 0.0 and 0.5 × 10−4 s−1. By
analyzing this figure, physical coherence is observed. As the value of the absorption source
term increases, it is clear that there is a delay in the advance of the flow front over time,
especially in more advanced process times, where there is a greater amount of fluid mass
injected into the mold and greater absorption of this fluid by the micropores of the fibers.

The evolution of the volumetric fraction of the injected fluid (vegetable oil) inside
the mold as a function of time is shown graphically in Figure 9, for simulation with an
absorption source term equal to 0.5 × 10−4 s−1. Analyzing this figure, it is possible to
observe an almost linear increase in the volumetric fraction of the injected fluid up to
approximately 1000 s. From that moment on, a rapid increase in this variable can be
perceived, which reaches a level above 0.99 between 1900 and 2000 s, and then there are
subtle increments in the volumetric fraction of the injected fluid over time. The complete
stability (steady flow regime) of the volumetric fraction of the injected fluid was reached
between 10,300 and 10,400 s, and a volumetric fraction of the injected fluid inside the
mold equal to 0.999983 (99.9983%) was observed at this moment of the process. Physically,
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the linear increase in the volumetric fraction of fluid injected into the mold occurs until
approximately the moment when the flow has a predominantly radial behavior. From this
moment on, the mixed, linear–radial flow intensifies, and there is then a rapid increase in
the volumetric fraction of the injected fluid, until the mold is almost completely filled.

 

Figure 8. Evolution of the fluid flow front with time for the mold heated to 60 ◦C, and different
absorption terms.

 

Figure 9. Evolution of the volumetric fraction of fluid injected into the mold as a function of time.

The transient history of the volumetric flow rate of the injected fluid at the inlet and
outlets of the mold as a function of time is shown in Figure 10. After analyzing this figure,
it is verified that there is a rapid increase in the volumetric flow rate at the inlet gate, at the
beginning of the injection, where there is an injection pressure transient (0 to 89 s), reaching
the maximum volumetric flow rate of Q = 11.6 × 10−8 m3/s in 89 s. This can be justified
by the fact that, over time, the porous medium present inside the mold is increasingly
filled with the injected fluid, causing the resistance to its flow to increase, reducing the inlet
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volumetric flow rate. This phenomenon is more pronounced in the approximate time of
1000 s, this being the instant in which the vegetable oil reaches the exit gates, and practically
stabilizing in times greater than 1500 s.

 

Figure 10. Evolution of the volumetric flow rate of the fluid injected at the inlet and outlets of the
mold as a function of time.

Finally, still analyzing Figure 10, it can be seen that, for times greater than 10,400 s, the
steady flow regime is reached, where the difference between the volumetric flow rate of
injected fluid at the inlet, 8.64 × 10−8 m3/s, and at the outlets (total), 7.74 × 10−8 m3/s,
represents the quantity of injected fluid absorbed by the fibrous reinforcement in the steady
flow regime, 0.90 × 10−8 m3/s. This quantity is numerically equal to the product of the
absorption source, 0.5 × 10−4 s−1, the total volume of the mold, 1.8 × 10−4 m3, and the
volumetric fraction of the injected fluid, 0.999983, being represented by the mass balance
expressed by Equation (15), valid for the condition of steady state flow.

Qin − Qout = Qabs = s × V × fr (15)

where Qin is the inlet volumetric flow rate of the injected fluid into the mold, Qout is the
outgoing volumetric flow rate of the injected fluid from the mold, Qabs is the volumetric
flow rate of the injected fluid absorbed by the porous medium, and V is the total volume of
the mold.

Figure 11 shows the behavior of the gauge pressure in the midline of the mold thickness
(1 mm) as a function of the radial position, for the times equal to 100, 300, 775, 1000, and
10,400 s (steady state flow), considering s = 0.5 × 10−4 s−1. When analyzing the history of
this parameter, the existence of physical coherence is verified, where higher pressures near
the injection channel and approximately zero pressures are perceived with radii equal to or
greater than the radius of the flow front, for times equal to or less than the time in which
the injected fluid touches the mold wall (tnum = 775 s). There is a nonlinear behavior of this
parameter in the radial direction which increases with the progress of the fluid infiltration
in the mold. The reverse is true for the pressure gradients in the radial direction, where
there is a decrease in this parameter with the process time.
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Figure 11. Evolution of gauge pressure in the midline of the mold thickness as a function of the radial
position, at different process times.

In Figure 12 is shown the power required to pump the fluid injected into the mold as a
function of time, for the condition in which s = 0.5 × 10−4 s−1, determined by Equation (16).
By analyzing the results obtained, it can be seen that there is a rapid increase in the power
required at the beginning of the process, in the stage where the injection pressure is variable
(up to 89 s), with the peak power (3.14 × 10−3 W) observed at 89 s, corresponding to
the instant when the peak of the injection volumetric flow rate is verified. A subsequent
decrease in the required power is also observed over time, being explained by the reduction
in the volumetric flow rate of fluid injection, which is accentuated in the approximate time
of 1000 s, corresponding to the instant in which the vegetable oil reaches the exit gates. The
stabilization of the required power (steady state) occurred in times greater than 1500 s, and
a required power for pumping equal to 2.35 × 10−3 W was observed.

Pot = Qin ×
(

pinj − ps
)

(16)

where Pot is the power required to pump the fluid injected into the mold and ps is the
gauge pressure at the mold outlets.

The transient history of the temperature of the injected fluid at the midline of the mold
thickness (1 mm) as a function of the radial position, at the instants of 100, 300, 775, and
10,400 s (steady state flow), for s = 0.5 × 10−4 s−1, is shown in Figure 13. Analyzing this
figure, similar temperature profiles can be seen for all the times analyzed, where a rapid
heating of the injected fluid is observed with the increase of the radius of the flow front,
reaching the mold temperature (60 ◦C) at rff > 30 mm (20% of the maximum radius). It is
also observed that there is a slight displacement of the curves to the left for higher process
times and rff < 30 mm, which is expected, due to the fact that the injected fluid has a longer
contact time with the mold, absorbing a greater amount of heat from it and raising its
temperature even more.
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Figure 12. Evolution of the power required for pumping the injected fluid as a function of time.

 
Figure 13. Evolution of the temperature of the injected fluid in the midline of the mold thickness as a
function of the radial position, at different process times.

Figure 14 shows the behavior of the dynamic viscosity of the injected fluid in the
midline of the mold thickness (1 mm) as a function of the radial position, for the injection
times of 100, 300, 775, and 10,400 s (steady flow regime), for s = 0.5 × 10−4 s−1. Carefully
observing the results predicted by the mathematical model and numerical simulation,
similar dynamic viscosity profiles can be verified for all the times analyzed, with a rapid
decrease in this parameter with the increase in the flow front radius, reaching a value of
16.5 cP in the mold temperature for rff > 30 mm (20% of the maximum radius). Also in
this figure, the results of the dynamic viscosity of the injected fluid at the mean line of the
mold thickness (1 mm), calculated by Equation (14), as a function of the radial position and
process time equal to 10,400 s, are presented. An excellent approximation between these
results given by Equation (14) and those verified in the simulation is observed, for the same
time, which is expected, since Equation (14) is the input parameter for the mathematical
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model used in the numerical simulation. The idea is to show that all the calculations of the
input parameters are being done correctly, contributing positively to the simulated results.

 
Figure 14. Evolution of the dynamic viscosity of the injected fluid in the midline of the mold thickness
as a function of the radial position, at different process times.

During the manufacturing process of polymer composites, for example, due to the
curing process, the viscosity of the resin decreases due to the increase in the temperature
of the resin inside the mold during the infiltration process. However, in this research, the
phenomena of curing and crystallization were not considered. Variations in the viscosity of
the resin strongly impact the capillary number, which relates the viscous drag forces and
the surface tension forces acting through the interface between the resin and the air present
in the capillary, as well as in the formation of voids within the mold.

Figure 15 illustrates the distribution of the volumetric fraction of fluid injected into
the mold at the process times equal to 100, 300, 775, 1000, and 10,400 s, considering the
sorption term s = 0.5 × 10−4 s−1. Analyzing this figure, a perfectly radial flow is observed
until the injected fluid touches the mold walls (t = 775 s), due to the fact that the porous
medium is homogeneous, isotropic, and with constant porosity. If the fibrous system had
variable porosity, a non-circular distribution would certainly appear on the fluid flow front
(fingers). From 775 s of the process, the flow behavior changes from perfectly radial to a
mixed radial–linear flow, motivated by the interference of the impermeable mold walls on
the fluid flow. There is a tendency for the fluid to be directed to the exit gates located in the
vicinity of the vertices of the mold.

Figure 16 illustrates the volumetric fraction field of the injected fluid in the area next to
one of the mold outlets. This area is one of the last filling sites, being completely occupied
with injected fluid only at high process times, in such a way that these places are potential
points of existence of voids in the produced composite. The figure also illustrates the
velocity vector field of the injected fluid in this same region. After analyzing this figure, it
is observed that the flow of injected fluid is directed to the mold outlet (low pressure zone).
No turbulence zones were observed.
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Figure 15. Distribution of the volumetric fraction of fluid injected into the mold at different
process times.

 
(a) (b) 

Figure 16. Distribution of the volumetric fraction (a) and velocity vector field (b) of the fluid injected
into the mold in the region near the vertex of the mold (t = 2000 s).

Figure 17 illustrates the gauge pressure distribution inside the mold at the process
times of 100, 300, 775, 1000 and 10,400 s, considering s = 0.5 × 10−4 s−1. After analyzing this
figure, the existence of maximum pressure in the injection nozzle and a negative pressure
gradient with the increase in the radius of the flow front can be verified. It is observed
that, in the steady state (10,400 s), there are low pressure zones (almost zero) next to the
four mold exits, which is expected, since the gauge pressure at the mold outlet is considered
zero. This pressure distribution originates the behavior of the volumetric fraction of the
injected fluid inside the mold at the same moment of the infiltration process.

In Figure 18 is illustrated the temperature distribution of the injected fluid in the
midline of the mold thickness (1 mm) at the process times equal to 100, 775 and 10,400 s,
for s = 0.5 × 10−4 s−1. Analyzing this figure, very similar fields are verified for all times
analyzed, with rapid heating of the injected fluid, reaching the temperature of the mold
(60 ◦C), which is expected, due to the high contact area between the heated mold and the
flowing fluid, the low thickness of the mold, and the thermal properties of vegetable oil,
which make it a good heat conductor.
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Figure 17. Gauge pressure distribution inside the mold for different process times.

Figure 18. Temperature distribution of the fluid injected into the mold at different process times.

3.2. Robustness and Limitations of the Proposed Model

The numerical–mathematical model developed in this article proved to be robust
when applied to the production of composites by the RTM process, well-representing
the flow of fluid in a porous medium, considering multiphase, three-dimensional, and
non-isothermal flow, in a transient regime, and including the phenomenon of sorption
of the injected fluid by the micropores of the fibrous reinforcement. This robust model
can be applied to evaluate different process parameters, from a porous medium to resin,
helping facilitate a deep understanding of the process, which is potentially very important
in practical applications and RTM experiments, favoring process optimization. In addition,
it becomes possible, as seen, to accurately estimate the permeability of the porous medium,
an important parameter for evaluating porous reinforcement.

Despite the advantages of the proposed modeling, it is important to highlight the
main limitations of this modeling, which can be improved in future studies:

(a) Due to the implementation of a constant sorption source term in the model, there is
no identification of the saturation limit of the micropores of the fibers;

(b) The phenomenon of thermal expansion of the mold (mechanical and thermal) is not
taken into account;
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(c) The effect of the infiltration of the injected fluid into the individual fibers, such as
swelling of the fibers, is not taken into account;

(d) Different microscopic effects (trapped microvoids, void migration, void compression,
and resin microflow) during fiber filling were neglected;

(e) The dimension, shape, orientation, movement, and accommodation of the fibers,
interaction between individual fibers, and deformation of the preform were neglected;

(f) Curing effects were neglected;
(g) Modifications in the thickness and deformation of the mold due to the action of

pressure inside the closed cavity (mold) and temperature were neglected.

4. Conclusions
In this research, in the context of the production of composites by the RTM process,

the thermo-fluid dynamic behavior of the three-dimensional and transient flow of veg-
etable oil inside a mold filled with fibrous reinforcement (porous medium) was analyzed,
including the effect of the absorption of part of the injected fluid by the micropores of the
reinforcement. CFD tools were applied, using the commercial software Ansys Icem CFD
2021 R2 and Ansys CFX 2021 R2, where in the former, the geometry and numerical grids
were built, while in the latter, the simulations and analysis of the results were carried out.

The simulations performed revealed the good performance of the mathematical model
proposed for prediction of the phenomenon, proven by the good approximation between
the numerical and experimental results of the time in which the fluid front reaches the
edges of the mold. From this comparison, after successive simulations, an absorption
source term equal to s = 0.5 × 10−4 s−1 was obtained, which physically reproduced the
injection dynamics observed experimentally, for a mold heated to 60 ◦C and fluid injected
at 23 ◦C. History curves of several relevant process parameters were plotted, as well as
visualizations of the evolution of some relevant property fields, which contributed to a
better understanding and consequent optimization of the composite production process
by RTM.

The inclusion of the sorption effect of the injected fluid by the fiber (characterized by
the presence of a source term in the macroscopic equation of mass conservation) suggests
that the delay effect has an influence in the progress of the flow front in a slight way, and
has an influence on the pressure drop at the inlet gate. This effect becomes more significant
in situations where anisotropy occurs, proving that the exploration of such a line of research
has great potential. The authors recommend that future studies should be directed towards
the development of a model that includes the sorption term dependent on the direction
of fluid flow and capillary pressure between the injected fluid–air inside the mold, which
can lead to greater accuracy in simulations related to the manufacture of fiber-reinforced
polymer composites using the RTM process.
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