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1 | INTRODUCTION

Sandro Campos Amico’

| Liércio André Isoldi

Abstract

Flow behavior inside the mold cavity of liquid molding processes such as resin
transfer molding (RTM) is important information that is necessary to deter-
mine filling time and void formation. Most of the studies found in the litera-
ture use isothermal models with Newtonian fluids and constant viscosities.
However, for some specific applications, the mold filling time dependence on
temperature and the viscosity dependence on time and temperature must be
considered to precisely predict the flow advance inside the mold. In this study,
a viscosity model, that accounts for temperature and time dependence is
coupled with a standard computational fluid dynamics (CFD) model to simu-
late the resin advance inside an RTM mold cavity. The model is simpler than
similar methods that describe viscosity as a function of temperature and resin
conversion. Nevertheless, the results show that the proposed model is capable
of calculating flow advance, air and resin temperatures, and viscosity changes
with time and temperature as expected in actual RTM and correlated
processing of thick parts or with low injection pressure or high fiber content.

KEYWORDS

numerical simulation, polymeric resin, resin injection, viscosity temperature dependence,
viscosity time dependence

positioning of inlet/outlet vents. Moreover, control and
modeling of the thermophysical properties of the resin

Research on composite materials is an important techno-
logical issue and many efforts have been applied to this
topic. In many manufacturing processes, including liquid
injection processes, a polymeric resin is forced to flow
throughout a mold cavity previously filled with a rein-
forcement medium. Examples of such processes are resin
transfer molding (RTM) and its variants, such as light-
RTM (L-RTM) and vacuum-assisted RTM (VARTM). In
these processes, the final quality of the manufactured
pieces, in terms of mechanical properties, is highly
influenced by the correct specification and control of pro-
cess parameters such as injection pressure and

and reinforcement medium is also important, thus many
studies on resin viscosity 3! and reinforcement
permeability*®! are also found in the literature.
Numerical simulation has been extensively used by
researchers to improve the RTM manufacturing process.
The results produced from numerical simulations usually
show good agreement (qualitative and quantitative) with
those of laboratory experiments.”**! Due to improve-
ments in computer power and numerical techniques,
these solutions are becoming increasingly precise and
reliable. The flow behavior inside the mold cavity is
determined based on the operating conditions (injection
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pressure and geometry) and the physical properties of the
resin (viscosity and density) and reinforcement medium
(porosity and permeability). Simulation is only trustwor-
thy if all of these parameters are correctly prescribed.

This work focuses on correct the modeling of the
resin viscosity. The great majority of the literature con-
siders resin viscosity be constant, which in many cases is
actually a good approximation. However, in some appli-
cations, the resin viscosity dependence on temperature
and cure time must be considered, such as in the infiltra-
tion of thick parts with low injection pressure or high
fiber content for which the filling time increases.

The curing process in thermoset polymers occurs by
gelation and vitrification of the resin. These phenomena
alter the physical properties of the resin and affect its rhe-
ological behavior. In many applications, a heated mold is
used to decrease the resin viscosity and accelerate mold
filling. However, this method has an adverse effect on gel
time, which may occur before the resin reaches the mold
outlet vents."*'! In those cases, heat conduction and
convection play an important role in resin injection
modeling and should be considered in numerical
simulations.®!

Experimental studies have demonstrated that
high temperature gradients may occur during curing in
RTM processing. Due to these gradients, the degree of
cure is not homogeneous along the geometry (mold cav-
ity), and residual stresses occur. These residual stresses
may affect the mechanical properties of the produced
composite. Therefore, it is clear that thermal modeling
cannot always be neglected in the numerical modeling of
resin injection processes.

Several studies on thermoset polymers have modeled
the thermal influence on the viscosity behavior. Two
types of models are used in the most common approxi-
mation: (a) models in which viscosity varies with temper-
ature and time,>1%?°! and (b) models in which viscosity
depends on the temperature and conversion.*?2 An
interesting review of models and parameter estimation
techniques can be found in Ref. [2].

In terms of modeling the resin injection process, a
nonisothermal model assumes that the viscosity is depen-
dent on temperature and conversion. In these models,
fluid flow is solved with either the FE-CV method? or
the VOF method.”**! Two more transport equations are
added to account for the thermal problem: energy and
conversion. Examples of this type of modeling include
the work of Poodts et al.'** on the manufacture of a con-
rod beam via the RTM process. That work includes exper-
imental and numerical modeling and investigates
(among other factors), race tracking and, the thermal
effect on the flow and mechanical properties of the pro-
duced piece. Another nonisothermal three-dimensional

[17,18]

(3D) simulation was published by Shi and Dong,"*! who
developed their own code based on the VOF method to
solve the filling problem and estimate the mold tempera-
ture, injection temperature, and internal pressure, with
aim of optimizing the process parameters and reducing
the mold internal pressure.

Another interesting approach to viscosity variation
with time in resin injection processes was considered by
Deléglise et al.l>! Those authors considered the fact that
the first resin droplet to enter the mold remains there
longer than the following droplets and thus, its cure
occurs sooner. They explored this idea by analytically
and numerically solving two problems: (a) constant flow
rate injection and (b) constant pressure injection. An iso-
thermal simulation was performed and the effect of vis-
cosity variation on the pressure gradient and flow front
position was investigated.

As shown above, many studies are available on the
viscosity dependence of polymeric resins with tempera-
ture and conversion, as well as the use of these correla-
tions in a full CFD simulation of the resin injection
problem. In the CFD models found in the literature, vis-
cosity is formulated as a function of temperature and
conversion. However, this work proposes a different
approach in which the viscosity is formulated as a func-
tion of temperature and injection time. From the point of
view of the complexity of the numerical solution, every
new differential equation added to the mathematical for-
mulation considerably increases the simulation efforts
(in terms of processing time and convergence). Thus,
removing one of these equations substantially simplifies
the numerical solution. In this sense, this work aims to
simplify the problem by combining the temperature and
time effects on the resin advance by changing only the
viscosity.

2 | MATERIALS AND METHODS

In RTM, the mold cavity is filled with a reinforcement
medium and a polymeric resin is forced through it. This
reinforcement is modeled as a porous medium, and the
flow is considered incompressible and laminar. In this
work, the volume of fluid (VOF) method®¥! is used to
model the two-phase (air and resin) flow.

In VOF, the fluids are considered immiscible and only
one set of momentum and continuity equations are
solved for both fluids. The method is formulated with
three transport equations!?):

The continuity equation

V-v=0 (1)
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where, p is the density (kg m>®) and v is the veloc-
ity (ms™).
The momentum equation

a<§j}>+V'(pW)=—VIJ+V-(?)Jr/)?~"+7D @

where, u is the dynamic viscosity (Pa s), t is the time (s),
p is the pressure (Pa), g is the gravity acceleration (ms™2),
F is a force term (Nm™),and 7 is the stress tensor (Pa),
which for an incompressible flow is written as

J— — T
?:,u(VV+VV ) (3)
The volume fraction equation is

d(pa)
ot

+V- (pa?) =0 (4)

where, « is the resin volume fraction.

In Equation (2), the F term is used to include porous
media flow resistance in the mathematical model. In
addition, Darcy's Law.!2®!

V=-

Vp (5)

= | =

which correlates the velocity with the pressure gradient,
is used to formulate the problem. This is accomplished by
recognizing in Equation (5) that the pressure gradient is
actually the resistance force, and thus

F=Vp=-L£7% (6)

==

where, K is the permeability tensor (m?).
The average physical properties are defined based on
the cell volume fraction, such as in Ref. [27].

P = APresin + (1 _a)pair (7)

H = Oflpegin + (1 _a)ﬂair (8)

The thermal problem is solved by adding the energy equa-
tion to the model. In terms of temperature, can be written as

0 T -

Aencnl) | . (chv) =V (kgVT) 9)
ot

where, c is the fluid specific heat (J kg™' K™'), ¢y is the

hybrid (reinforcement + fluid) specific heat (J kg™* K™%),

I
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k is the fluid conductivity (W m™ K™), kg is the hybrid
conductivity (W m~" K™'), and T is the temperature (K).
The thermal physical properties of the fluid (air +
resin) are also averaged by the cell volume fraction as
follows
€= ACresin + (1—@)Cair (10)
k= akesin + (l_a)kair (11)

and the hybrid properties are averaged as in Ref. [28].

W;RM> (12)

P\ o+ p(1—w)

cg =cw+ cpy(1—w) (13)

C kwk
T kermw + k(1—w)

where, subindex RM indicates the reinforce medium, and
w is defined as

w= ; - (15)

where, ¢ is reinforcement porosity.

Thermal and fluid flow problems are coupled to the
resin viscosity dependence on time and temperature. For
isothermal solutions, the resin viscosity was previously
determined, and only Equations (1)-(4) must be solved.
This simplification is well accepted in most solutions;
however, in some cases, it is necessary to take into
account temperature the variations and resin cure inside
the mold cavity and thus, Equation 9 must also be solved.

Many empirical correlations are used to describe vis-
cosity dependence with temperature and time. 3192022
In this work, the correlation proposed in Zhou et al.
for an epoxy resin, was used. This correlation was based
on the dual-Arrhenius model given by

[19]

( _7735.0037
483633 11,587 x 10% T

)t)
Hresin = 1.138 X107 e (16)
where, T is the temperature (K) and ¢ is the time (s).
Another simplification compared with the solutions
found in the literature is that the proposed model does
not consider the energy generated from the exothermic
cure [see Equation (9)] because a heat generation model
based on time and temperature was not found in litera-
ture. The existing solutions are all formulated as a
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function of resin conversion and cannot be used in the
model proposed in this work.

2.1 | Computational modeling
A squared plate was chosen as a the computational domain
for all simulations. Figure 1 shows the geometry, dimensions
and inlet/outlet vents of the computational domain. In
Figure 1, a is the base length (m) and & is the mold height (m).
The fluid flow boundary conditions are the prescribed
pressure p = P, and resin volume fraction @ = 1 at the inlet
vent, and p = 0 Pa and g—z =0 (n is the normal to the face
direction) are prescribed at the outlet vents. For all other
surfaces, the no slip condition and g—z =0 are set for the
velocity and volume fraction equations, respectively.

Outlet

The thermal boundary conditions are the prescribed
temperatures at the inlet vent and at all mold walls. The
null temperature derivative (g—}: =0) normal to the flow is
set at outlet vents.

At the beginning of all simulations, as initial condi-
tions, the mold is assumed to be filled only with air, at
constant temperature T, and velocity equal to 0 m s~ ™.

Computational domain discretization was performed
with GMSH software.! Hexahedral elements were used
in most of the grid except at the inlet and outlet vent as
shown in Figure 2. The independent grid contains
154,272 volumes and was defined based on a previously
performed grid independence test.!>"!

The mathematical model presented in Equa-
tions (1)-(4) can be solved using the interFoam solver,
which is the isothermal implementation of the VOF

Probes

» Outlet

FIGURE 1 Computational domain
(A) (B)
o .
s
; e ; = ATTRRRARRRNEAN
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= EH i =2
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EZ E ZE ]
©
FIGURE 2 Discretization details: (A) top view, (B) outlet vent zoom, and (C) lateral view
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TABLE 1 OpenFOAM control parameters
Variable Parameter
Software version 7.0
Algorithm PIMPLE
Solvers

Velocity Smooth solver
Pressure PCG

Interpolation schemes

Transient Euler
Gradients Gauss linear
Divergent
div(phirb,alpha) Gauss interface compression
div(rho*phi,U) Gauss linear upwind grad(U)
div(rhoPhi,T) Gauss linear
div(phi, alpha) Gauss linear
div(phirb,alpha) Gauss interface Compression
limited

div((muEff*dev(T(grad Gauss linear

)
div(((rho*nuEff)*dev2(T Gauss linear

(grad(U))))
div((rhoCp*phi),T) Gauss upwind

method in OpenFOAM. The inclusion of the energy
equation (Equation (9)) required a modification in the
OpenFOAM standard solver. The modified version of
interFoam allowed the temperature viscosity depen-
dence to be considered. A new viscosity model,
expressed by Equation (16), was also added to the
OpenFoam software.

In all simulations, the Courant number (Co) was
used to control the integration advance in time.
According to the OpenFOAM reference manual,** Co
for the interFoam solver should be no greater than
1. Thus, in the current solutions, Co = 0.5 was used
over all of the computational domain. Other solver con-
trol parameters and discretization details are shown in
Table 1.

2.2 | Thermophysical properties and
process variables

All simulations presented in this work used an RTM
mold with the geometry shown in Figure 1. The resin
and transport medium properties were taken from
Shojaei et al.!*®! and the air properties were taken from
Incropera et al.l®?! The physical properties and process
variables used are shown in Table 2.

INSPIRING Polymer 2799
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3 | RESULTS
Initially, an isothermal solution for the problem

described in Section 2 is presented. Figure 3 shows the
top and cross-sectional views for resin flow advance
inside mold the cavity at ¢t = 30 s. Red represents regions
filled with resin (@ = 1), blue represent regions filled with
air (¢ = 0), and the interface between resin and air
(0 < a < 1) is represented with other colors.

In the simulation shown in Figure 3, all operating condi-
tions were set with the values presented in Table 2. The
reinforced medium is considered homogeneous with a con-
stant in-plane permeability (K, = K,,) that yields a radial
advance in the x and y directions. These in-plane permeabil-
ities are one order of magnitude larger than the transverse
permeability (K,). The resin advance in the transverse direc-
tion depends on the y = K,,/K, ratio. If y = 1, a close to cir-
cular (the gravity effect “flattens” the flow surface) advance
is also expected in the transverse direction. In the case
shown in Figure 3, y was set to 10; thus, the expected ellipti-
cal form for resin advance can be observed (Figure 3(B)).

To better quantify the flow advance inside the mold
cavity, the resin flow front was tracked along the x and
Z axes (see Figure 1) as a function of time. The results are
shown in Figure 4 for the two studied cases with
Ky, =2x10 m* (y = 10) and K, = 8 x 10> m?
(y = 25). In Figure 4, when the resin reaches the mold
walls, the curves in the graph become constant. This
behavior is observed in both the x and z directions only
for the case with K,, = 2 x 107 m? For the case with
K., = 8 x 107! m?, even after 450 s, the resin has not yet
reached the lateral walls.

3.1 | Modified viscosity model

The solution presented in Figure 4 was obtained with the
standard interFoam solver and constant viscosity, that is,
without the inclusion of the energy equation (Equation 9)
and the modified viscosity model [Equation (16)].

The first verification concerns with correct implemen-
tation of the viscosity model. To do so, the modified non-
isothermal solver, named interTempFoam, was used to
solve a constant temperature problem defined by the fol-
lowing thermal boundary and initial conditions: all mold
walls, inlet resin temperature, and initial air temperature
were set to a prescribed temperature T,. To compare the
calculated viscosity values with those obtained with
Equation (16), a probe was set at coordinates (0, 0, 0).
The problem described in Section 2 was solved for four
different temperatures, and the viscosity was made to
vary with time according to Equation (16). Figure 5 pre-
sents the viscosity variation for temperatures T, of 308 K
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TABLE 2
properties and process variables

Reference Thermophysical
[28]
[28]
[28]

[28]

[28]
[28]

[28]

[28]

[32]
[32]
[32]

[32]

Symbol Value
Resin properties
Density Presin 1100 kg m™3
Viscosity® Hresin 045Pas
Specific heat Cresin 1680 J kg ' K™!
Conductivity Kresin 0.168 Wm™ ' K™
Reinforced medium properties
Density D 2560 kg m™>
Specific heat CRM 670 T kg ' K™!
Conductivity kras 0.0335 Wm ' K !
Porosity € 0.6
In-plane permeability K=K, 2% 107° m?
Transverse permeability K, 2x 107 m?8 x 107! m?
Air properties
Density Pair 1.1614 kg m™
Viscosity Hair 1.846 X 10™° Pa s
Specific heat Cair 1007 J kg ' K™!
Conductivity Kair 0.0263 Wm™ K™!
Process variables
Inlet pressure P, 1 bar
Mold dimensions
Side length a 0.3m
Height h 0.012m
Inlet diameter Dy, 0.015 m
Outlet diameter Doyt 0.015m

*For isothermal solutions.

(35°C), 313K (40°C), 318 K (45°C), and 323 K (50°C).
Direct comparison of the solution presented in Figure 5
with the results presented in Zhou et all*!
(Equation (16)) showed good agreement.

3.2 | New solver verification and
validation

The new solver, interTempFoam, includes the energy
equation (Equation 9) in the interFoam solver. First, code
verification was performed with an analytical solution
also used by Refs. [33,34] to validate their codes. The
problem consists of rectilinear injection of resin (without
a reinforced medium) in a computational domain with
dimensions & X 2 h X L (h =1 m, L = 3 m). This problem
has an analytical solution given by

/ _ ©0 2(_1)n
G(X ,)")—Zn:(ﬂo /Inh

where, b :ﬂ%, 0=T- Tmold wall and An = (2]’1 + 1) %h

e cos(Any) (17)

Resin is injected at Ty = 273 K (0°C) while the mold
walls are maintained at Tyoig wan = 373 K (100°C). The
other constants in Equation (17) are the thermal diffusiv-
ity p = k/(p ¢) = 1 m* s, the velocity U = 1 m s~ and
the mold mid-plane coordinate y = 0 m. The results from
the analytical solution, this work and the Refs. [33,34],
are compared in Figure 6, where good agreement among
the different solutions can be observed. This comparison
verifies the current solution for the nonisothermal case of
resin and air flowing through an empty channel. How-
ever, the inclusion of the reinforced medium requires
another verification run.

In sequence, code validation was carried out using
the experimental results presented by Lin et al.l®! with a
nonreactive fluid (palatinol oil) and glass fiber reinforce-
ment. The laboratory experiment was performed in a cir-
cular (cylindrical) mold with an inlet radius (at center) of
0.0635 m, an outer radius of r= 0.2 m and thickness
W = 0.0127 m. However, in the current numerical model,
flow symmetry was considered to reduce the number of
grid elements and a 30° pizza-like geometry was used.
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(A)

A

FIGURE 3 Isothermal solution at t = 30 s: (A) top view, (B)
cross-sectional view along the B-B’ direction (not in scale) [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Flow position in the in-plane and transverse

directions [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7 presents the computational domain with geo-
metric dimensions and boundary conditions. The fluid
viscosity is temperature dependent and expressed is as

ﬂ:e(—16.376+¥) (18)

All other thermophyscial properties of palatinol oil and
reinforcement (glass fiber) are shown in Table 3.
Palatinol oil is injected with a constant flow rate of
34%x107°m?s™ (2.833 x 107° m? s in the 30° compu-
tational domain of Figure 7) at the inlet vent. The top
and bottom walls are held at a constant temperature of
348 K (75°C), symmetric boundary conditions are applied

912 INSPIRING Polymer 2801
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FIGURE 5 Verification of the viscosity time dependence
solution [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Verification of the thermal solution [Color figure
can be viewed at wileyonlinelibrary.com]|

to the sidewalls and fully developed flow is set to the out-
let vent. At the beginning of the simulation, the mold is
filled only with air at 348 K (75°C).

The temperature is tracked with two probes posi-
tioned 0.04 and 0.08 m away from the mold center (see
Figure 7). These probes are placed exactly at the mid-
plane between bottom the and top walls. Temperature is
measured as a function of time, and the results are plot-
ted in Figure 8. Figure 8 also plots the experimental
results reported in Lin et al.'** and the numerical results
of Tan and Pillai.l* For both probe locations, the results
from this work predicted that the temperature starts to
drop almost at the same time reported experimentally in
Ref. [35]; however, the temperature drops much faster in
the numerical simulation. The lowest temperatures for
probes 1 and 2 are reached at approximately at 11 and
26 s in the experimental run and at 4 and 14 s in the
numerical solution, respectively. The simulated lowest
temperature is 293.1 K (20.1°C), approximately 1 degree
lower than the experimental results.
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TABLE 3 Thermophysical properties of palatinol oil and reinforcement
p (kgm™) ¢ A kg k™)
Palatinol oil 0.98 1.62
Reinforcement 2.56 670

—— Present work
---. Tanand Pillai (36)

«\* Probe2
‘ e Linatal. (35)

Temperature (K)

T
15 20 25 30
Time (s)

FIGURE 8 Nonreactive solver verification and validation
[Color figure can be viewed at wileyonlinelibrary.com]

From comparison of current the solution with the
numerical results presented in Ref. [36], different degrees
of agreement were observed for the probe 1 and probe
2 temperature profiles. In both numerical solutions, at
the probe 1 location, a rapid temperature drop is
observed, with the current solution always approximately
1 degree lower. At probe location 2, the same rapid tem-
perature drop is predicted in the current solution, but the
results reported in Ref. [36] presented an unexpectedly
(compared with the probe 1 temperature profile)
smoother temperature drop, which better agrees with the
experimental results of Ref. [35].

Even though differences are observed between the
current solution and the results reported in the literature,
two important parameters are correctly predicted: the
instant when the temperature starts to decrease and the
overall temperature drops. However, the simulated

FIGURE 7
nonisothermal model verification [Color

Nonreactive and

figure can be viewed at
wileyonlinelibrary.com]

Bottom

[35]

k(Wm1k™? K (m?) £ u (Pas)
0.135 - - -
0.67 34%x107° 0.8 Equation (18)

temperature profiles are not in good quantitative agree-
ment with the experimental runs in terms of the time
needed to reach the lowest temperature, which is longer
in the experimental results reported in Ref. [35]. Despite
these minor differences, it is possible to infer that in a
general way the proposed computational model was veri-
fied and validated.

3.3 | Comparison with the conversion-
based model

This simulation compares the proposed model (in which
resin viscosity is a function of time and temperature)
with the widely accepted standard model (which corre-
lates resin viscosity with temperature and conversion).
Figure 9 describes the mold geometry and boundary con-
ditions for a problem studied in the work of Shojaei
et al.** At the inlet vent, the resin flow rate is fixed to
5.5x 107° m> s, and the temperature is 293 K (20°C).
Atmospheric pressure and a zero gradient in the flow
direction are prescribed for fluid and thermal problems,
respectively, at the outlet vent. All other boundaries are
walls (no slip) with a constant temperature of 348 K
(75°C). The simulation begins with the mold filled with
air at 348 K (75°C).
The viscosity model proposed by Ref. [34] is given by

ﬂ=uoe(§_§){ % (19)

ag—Q

:| (A+Ba)

where, A = 1.5 and B = 1 are nondimensional constants,
Ho is a reference viscosity (2.78 X 10™* Pa's), E, is the
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FIGURE 9

activation energy (18,000 J mol™), R is the universal gas
constant (8314 J/mol K™'), a is the conversion, and
ag = 0.1 is the conversion at the gel point.

Three probes are used to track temperature changes
as a function of time. The probes are positioned at coordi-
nates A (0.04 m, 0.04m, 0.02m), B (0.1 m, 0.04 m,
0.02m), and C (0.13 m, 0.04 m, 0.02 m) as shown in
Figure 9.

The viscosity correlation expressed by Equation (19)
cannot be exactly reproduced with the mathematical
model proposed in this work; it is a function of tempera-
ture and conversion, but the viscosity correlation used
here in this work (Equation (16)) is a function of temper-
ature and time. It is important to highlight that this is
not a verification of the proposed solution but a compari-
son with a widely accepted model reported several times
in the literature. Thus, Equation (19) is simplified by set-
ting the term (a,/[ag — a]) equal to 1, that is, the effect of
conversion to viscosity was neglected.

Another important difference exists between the flow
model used in this work and the one used in the work of
Shojaei et al.®* In this work, the VOF**! multiphase
model is used to determine the flow behavior of both air
and resin, whereas in Ref. [34], the control volume finite
element method (CV/FEM),"®! which accounts only for
the resin flow, was employed.

The temperature profiles of the current simulation
and the results presented by Ref. [34] are shown in
Figure 10. Initially, at the probe locations, only air and
temperature remain unchanged up to the moment that
the resin approaches. Because the temperature is lower
in the resin than in the air (due to the imposed boundary
conditions), when resin passes through the probe loca-
tions, the temperature begins to drop, and the observed
profiles are plotted in Figure 10.

The first point to be analyzed in Figure 10 is the
moment when the temperature starts to drop. In the two-
phase model proposed in this work, this moment occurs
very close to the instant when the resin reaches the probe
location (¢4, tg, and tc in Figure 10), whereas in Ref. [34],
the temperature starts to drop much earlier, indicating

Probes
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Reactive solver solution [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Comparison between the proposed model and

conversion-based model [Color figure can be viewed at
wileyonlinelibrary.com]

that in the two-phase model, energy takes longer to be
transferred from the air to the resin. The second analysis
is related to the overall temperature drop, which is much
faster in the proposed method than in the results pres-
ented in Ref. [34]. This observation is due to a simplifica-
tion in the current solution that does not include heat
generation during the curing process. In all models found
in the literature, heat generation due to the curing pro-
cess is formulated in the energy equation as a function of
conversion. Unfortunately, the main simplification pro-
posed in this work is not designed to solve this transport
equation. Thus, it could be necessary to find, or develop,
a heat generation term described as a function of temper-
ature and time, which is not the objective of this work.

3.4 | Nonisothermal simulation

For the nonisothermal simulation, the new solver (inter-
TempFoam) was used to solve the full problem described
in Section 2 by Equations (1)-(4) and (9). The constitutive
equations for the model are given by Equations (6)—(8)
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and (10)-(16). The problem is fully coupled because vis-
cosity depends on temperature; thus, the flow equations
are temperature dependent, and the energy equation
depends on the velocity field.

This case study is described with the computational
domain shown in Figure 1. The geometry dimensions,
boundary conditions and physical properties are pres-
ented in Table 2. The thermal problem was defined by
considering the initial air temperature at 308 K (35°C),
resin entering the mold at 308 K (35°C), bottom mold
wall at 323 K (50°C), top mold wall at 308 K (35°C) and
insulated lateral walls. At the outlet vent, a null tempera-
ture derivative was set in the flow direction.

Figure 11 shows the flow advance, temperature and
viscosity profiles at t = 5, 10, 50, 100, 150, and 200 s for a
cross-sectional cut along direction A-A’ (see Figure 3).

From Figure 11(A) and (B), it can be observed that
cold resin at 308 K (35°C) is forced through a heated

) Resin volume fraction
t=5s

t=10s

t=60s

t=100s

t=150s

Temperature (K)

t=5s

(bottom wall) mold. The resin flows up for approximately
t = 175 s before it starts to leave the mold through the
outlet vents. The viscosity profiles for the same time
instants are shown in Figure 11(C). Throughout the
entire injection time, the temperatures inside the resin
region and adjacent areas are lower, similar to its inlet
value of 308 K (35°C). In the regions not yet occupied by
resin, that is, with air only, a nearly linear temperature
gradient is observed from the lower bottom wall at 323 K
(50°C) toward the upper mold wall at 308 K (35°C). The
last plots (for t = 200 s) in Figure 11 represent a steady-
state condition in which the temperature and viscosity
profiles no longer change. Due to the lower temperature
boundary condition applied to the top wall and inlet vent,
a temperature gradient is observed from the bottom mold
wall (higher temperature) to the top mold wall (lower
temperature). As viscosity decreases with increasing tem-
perature, a viscosity gradient is also observed between
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= 1005
= 1505
2005
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© Viscosity @as) e |
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= 1005
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FIGURE 11 Resin cross-section profiles along the A-A’ direction (see Figure 3) as a function of time: (A) flow position,
(B) temperature, and (C) viscosity [Color figure can be viewed at wileyonlinelibrary.com]
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the bottom and top mold walls; however, the viscosity
has a larger value close to the cold (top) mold wall. A
time influence also exists on the resin viscosity, but its
effect is small compared with the temperature effect (see
Figure 5) and cannot be observed in Figure 11.
Temperature and viscosity were also investigated
along the transverse (z) direction. Five probes positioned
at coordinates x,, = 0.05 m, y, = 0.0 m, and z, = 0.002 m,
0.004 m, 0.006 m, 0.008 m, and 0.010 m (see Figure 1)
were used to track temperature and viscosity changes
with time as shown in Figures 12 and 13. At the begin-
ning, only air is present at the probe locations (cold resin
has not reached the probes), and a quick increase in tem-
perature is observed. Subsequently, when the resin
approaches the probes, the temperature starts to drop
and stabilizes a few seconds later at a lower value, which
remains constant during the entire injection process. At
approximately 175 s, resin reaches the outlet vents and a

325
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FIGURE 12 Temperature variations along the transverse (z)
direction at x = 0.05 m and y = 0.0 m [Color figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 13 Viscosity changes variations along the transverse
(z) direction at x = 0.1 m and y = 0.0 m [Color figure can be viewed
at wileyonlinelibrary.com]|
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steady-state condition is achieved for fluid flow. How-
ever, the temperature fields are not yet stabilized, and a
small increase in the temperature profiles can be
observed after this time. The temperature profiles finally
enter the steady state condition approximated at 200 s.
During the injection time, between 40 and 160 s, the tem-
perature profiles are almost constant with time and vary
in the transverse direction from approximately 315K
(42°C) at z = 0.002 m (closest to the heated wall probe),
to 308.5 K (35.5°C) at z = 0.01 m (closest to the cold wall
probe).

The viscosity profiles along the transverse direction
(see probe locations in Figure 1) are shown in Figure 13.
Before any interpretation of the results presented in
Figure 13, it is important to remember that in the current
model, the fluid physical properties are averaged with the
resin volume fraction « at every finite volume in the com-
putational domain. This has no effect in regions far from
the two-fluid interface but strongly affects all physical
properties at the resin flow front. At the beginning, when
only air is present at the probe locations, the flow viscos-
ity plotted in Figure 13 is actually the air viscosity
(1.45 x 107 Pa s). During the period of time when the
flow front passes by the probes, the flow viscosity is aver-
aged between the air viscosity and resin viscosity calcu-
lated with Equation (16) (at 308K [35°C],
Hresin = 0.189 Pa s). Subsequently, the resin is calculated
only with Equation (16). Thus, it is possible to explain
the quick change in viscosity presented in Figure 13
between 5 and 20 s. The temperature peaks observed in
Figure 12 do not result in a viscosity decrease in the pro-
files of Figure 13 because at this period of time, only air
is present at the probe locations. During the time period
with constant temperature profiles shown in Figure 12, a
very small change (increase) in viscosity is observed in
Figure 13. This increase is due to time effects (see Equa-
tion (16)), which are not significant for small injection
times and are almost unperceptible in Figure 13 for this
reason. However, the temperature change at the final
instants of the injection process is clearly observed as a
small decrease in the viscosity profiles in Figure 13.

4 | CONCLUSIONS

Numerical simulations of resin injection in RTM and
similar liquid molding processes have been largely
explored in the literature. Most of existing work found
assumed an isothermal condition in which all physical
properties, including viscosity, are kept constant. This
simplification may be adequate in many cases; however,
situations exist in which where the dependence of viscos-
ity on time and temperature must be considered, such as
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in the processing of thick parts with low injection pres-
sure or high fiber content.

In this work, OpenFOAM software was used to simu-
late the resin advance inside the mold cavity. The stan-
dard solver interFoam did not account for the thermal
solution or viscosity dependence on temperature and
time, and thus a new solver had to be compiled in which
transport equations for volume fraction, momentum,
continuity and energy form a fully coupled system of dif-
ferential partial equations. The new solver, called inter-
TempFoam, was tested with three verification and/or
validation cases.

The new solver was used to explore the viscosity
influence on the flow advance inside the mold cavity.
The results showed that both variables are important and
must be carefully controlled. At the beginning of resin
injection, temperature is the determining parameter that
defines viscosity, and the higher the temperature, the
lower the viscosity, which is beneficial because the over-
all injection process is faster. However, with higher tem-
peratures, the gelation/cure effects take place sooner, and
depending on the particular conditions, such as mold size
and reinforcement permeability, complete mold filling
may not be achieved because resin flow is prevented.
Based on the satisfactory results obtained with the com-
putational model presented in this article, future work
will improve the model with the inclusion of heat genera-
tion during the curing process.
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