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Resin Transfer Molding (RTM) is a manufacturing qass in which a liquid resin is
injected into a closed mold pre-loaded with a pardibrous preform, producing complex
composite parts with good surface finishing. Rélsiw is a critical step in the process. In
this work, the numerical study of the resin flowRAMM applications was performed
employing a general Computational Fluid Dynamicdtware which does not have a
specific RTM module, making it necessary to us&tieme of Fluid method for the filling
problem solution. Examples were presented and coedpaith analytical, experimental
and numerical results showing the validity and @ffeness of the present study, with
maximum difference among these solutions of aroB%@ Besides, based on the
computational model for the RTM process, a new coatipnal methodology was
developed to simulate Light Resin Transfer Mold{b®&TM). In this process, resin is
injected into the mold through an empty injectitlmnel (without porous medium) which
runs all around the perimeter of the mold. The igbibf FLUENT package to simulate
geometries which combine porous media regions epgn (empty) regions was used. Two
specific cases were simulated, showing the differem time and behavior between RTM
and LRTM processes.

Keywords. Resin Transfer Molding (RTM), Light Resin Trandféslding (LRTM), resin
flow, computational modeling, FLUENBoftware
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Introduction

The use of composite materials has increased witédsince
the 50s as an alternative to heavy metals and dthaelitional
materials. Many different industrial techniques é&een developed
for the manufacturing of composite materials. Amadngm, Liquid
Composite Molding (LCM) techniques, such as Resnan$fer
Molding (RTM), are considered attractive procedeedabricating
low-to-medium volume composite parts of variousesiz In
addition, RTM offers the versatility to produce tsaof complex
shapes and features. The process consists of two steps. The
mold filling step involves injecting a thermosesire mixed with
catalyst and/or initiators into a net-shaped maldity containing a
dry fibrous unit, called the preform. The formuthtesin permeates
through the porous network formed by the fibersglding a
saturated preform. In the second step, the mixiareusually
subjected to heating that hardens the resin ardhedibers, and
produces the composite part (Nielsen and Pitchun2002). The
mold filling step is a critical aspect of the RTNopess, being the
focus of this work.

At present, most of the difficulties associatedwRTM revolve
around the filling stage. In order to create aneptable composite
part, the preform must be completely impregnatet vésin. This is
largely controlled by the fluid dynamics of theireflow into the
fiber reinforcement. The numerical simulation oé tmold filling is
important in assisting the design of RTM molds. @bsly, it is
more economically viable to run numerical simulatobefore
constructing the mold than to modify an existingldndesides, it
minimizes the risk of producing defective parts.
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The most used approach for modeling resin transpithin a
porous medium is to consider that the fluid flow dze determined
by the Darcy’s Law, which associates the velocityhe fluid with
the pressure drop inside the porous medium. Thespre field is
obtained by combining the mass conservation equatiod the
proposed Darcy's equation, resulting in a sindfemintial equation
for the pressure (Souza, Rocha and Amico, 2007@reThre many
methods used to solve the second order differerg@ation
developed for the pressure, but only a few simpses, with
specific fluid flow and geometry characteristicavh a closed
(analytical) solution. Therefore, a numerical tage is commonly
used to solve this equation (Ballata, Walsh andakiv1999; Modi,
Simacek and Advani, 2003). Several numerical appres are
available for the pressure field determination, athe most
frequently used formulations are based on finiféedinces, finite
elements or finite volumes.

Nowadays, the most used techniques for the nunherica

simulation of RTM are: the Finite Element/ControblMme (FE-
CV) and the Volume of Fluid (VOF) methods. For RéM flow

front line advancement determination in a singledfimodel with
the FE-CV method, the FAN technique is normallydug@ruschke
and Advani, 1990; Souza et al., 2008). The VOF pettils usually
applied to track the flow front interface betweesineand air in two
phases RTM models (Shojaei, Ghaffarian and Karimi2@04;
Yang et al., 2008).

Literature review showed that only the porous medione is
analyzed during the simulations. Therefore, fouakengineering
problems, there are inlet zones (without reinforeeth which
influence the flow inside the mold. If this influem is not
considered, mold filling time will be underestiméten the
numerical simulation. Surely this phenomenon is enaritical for
the Light Resin Transfer Molding (LRTM) process,axb the resin
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is injected into the mold through an injection chelnand runs all
around the perimeter of the mold through an empanael (without
porous medium). LRTM is a variation of the conventl RTM
process, where vacuum is used to drive resin flomugh the
fibrous reinforcement within a closed mold. In thisv pressure
(below 1bar) infiltration, resin is injected peripherally iheé mold,
converging to a central gate. The numerical sautbLRTM has
practical engineering interest, e.g. in the definitof the central
gate position, and has not been sufficiently regmbhlly the scientific
community.

Therefore, in the present work, a procedure for rthmerical
simulation of the mold filling in the RTM processpresented. This
procedure is based on the VOF method and uses Ltb&ENT®
commercial code. A few case studies are solved ltowa
comparison of analytical, experimental and numérfeéth PAM-
RTM® software) results in order to validate and showpheential
use of the present computational modeling to seend 3D RTM
problems. In addition, based on the previous modelnew
computational methodology was developed for the erigal
simulation of the LRTM process. This methodologyplekes the
ability of FLUENT® software to analyze geometries which combin
porous media with open (empty) regions.

Nomenclature

F = external force, N
f  =resin volume fraction
g = gravitational acceleration, m/s2
i = representing the x, y and z directions
j = representing the x, y and z directions
K = permeability, m?
P = pressure, Pa
r = flow front radial position, m
ro  =injection port radius, m
t =time, s
V  =velocity, m/s
X¢ = resin front line position, m

Greek Symbols
£  =porosity

M =viscosity, Pa.s

p  =density, kg/m3

r  =stress, Pa

0 = gradient operator

Mathematical Modeling

In the RTM process, resin flows through a fibrogisforcement
which can be modeled as a porous medium. Henceflthw can be
assumed to follow the Darcy’s Law, which stateg tha flow rate
of resin per unit area is proportional to the pnessgradient and
inversely proportional to the viscosity of the regBejan, 2004;
Morren et al.,, 2009). The mathematical formulatifor this
phenomenon is given by:

v =-Sigp
[ ’
u

@)
whereV; is the velocity vector x4 is the viscosity of the resi K;;

is the permeability tensor of the fiber reinforceme is the
gradient operatorP is the pressure and the indexi, j =1, 2, 3
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resin with constant physical properties and as rampressible
fluid, the mass conservation can be stated as:

O =0. )

The Volume of Fluid (VOF) Method

In the VOF method, the momentum, continuity anduvod
fraction transport equations must be solved sinmgtausly. In
this work, the VOF solution is obtained with the BENT®
software — a general CFD (Computational Fluid Dym@m
package based on the Finite Volume Method (FVM) clhi
includes a VOF module for the solution of problewith two or
more immiscible fluids where the position of theteirface
between the fluids is of interest (FLUENT, 2008)sigle set of
momentum equations is applied to all fluids, ané tholume
fraction of each fluid in every computational cédl tracked
throughout the domain (Silva et al., 2008).

For the RTM simulation, the two phases involved tire

roblem are the resin (liquid phase) and the as¢gus phase).
hus, the model is composed of the continuity éqonagiven by:

L/ f{ov;)=0; 3)
ot
the equation for the resin volume fract f , defined by:
o\ f
o(f) )+DEvai)=o; 4
ot
and the momentum equation, given by:
(Vv
—(at')+[|[Qp\/ivl)=—[|P+D[E,urijJ+pg+ F. (5)

being p the density,t the time, 7;; the stress tenso g; the
gravitational acceleration vector aF an external force vector.

In FLUENT®, porous media are modeled by adding a source term

to the standard momentum equations such as (FLUEGDB):

R=-ty. ®)
ij

Combining Eq. (5) and Eq. (6) and considering ' F tis very
large becauseKj is very small ~1><10"10), it is possible to
simplify Eq. (5) as follows:

U

oP

= \E ()

It is important to emphasize that Eq. (7) represéné Darcy’s
Law as well as Eq. (1).

Validation of the Proposed Model

To demonstrate the validity and effectiveness ef dieveloped
methodology, two RTM benchmark problems are studiest:
rectilinear flow and radial flow. The results ofetlpresent work are

represent thix, y and z directions, respectively. Considering thecompared with the analytical solution and with ntio& results
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ABCM



Three-Dimensional Numerical Modeling of RTM and LRTM Processes

commercial code for the numerical simulation of RTvbblems, 030 T Amalytical soluion
being based on Darcy’s Law and on the Finite Eleméathod —— PAMLRTM (82 elements)
(FEM) (PAM-RTM, 2008). In addition, a three-dimemsal RTM 025

- - - PAN-RTM (682 eleraents)

problem is analyzed. A mold with an inlet regiontheut porous — PANLRTM (2684 elements)
medium is used. A numerical simulation is carried disregarding 020 4

the inlet nozzle and the results are compared thvidbe obtained with E

PAM-RTM® software. Then, another simulation consideringirihet * s A

nozzle is made, comparing this study with experiaiaesults.

0104
Rectilinear Flow

00s T T T T T T T T
0 20 40 60 30 100 120 140 160 120

t(s)

In this case, the resin is boundary injected fromleft side of a
rectangular mold (Fig. 1). Reinforcement with ispic permeability

K =3.00x 10°m? and porosity e =0.70 was studied. Then, a resin

(density o =920.0kg It and viscosit i =0.06Palk ) is injected e K Analytical solution -
into the rectangular cavity of the mold under astant injection 025 _Eigglggﬂﬁg =
pressure R =0.35x 18 Pa. This problem can be considered one- _iigﬂgggggml'm?)

- Vo lares,
dimensional since the resin front line is movingainstraight line 0.20 A

normal to the bottom and top mold walls (Silva ket 2008). The
computational domain was discretized using an uastred mesh 015 1 p
with triangular cells.
y 4
0.10 A

Y ‘ 005 ’ ; : . : : . : (b)

0 20 40 60 30 100 120 140 160 180

tis)
Figure 2. Rectilinear flow solution: (a) Analytical x PAM-RTM® and (b)

xg (1)

0.10 m Analytical x FLUENT ©.
Outlet YA
Inlet
fie-
0
0.3m e

Figure 1. Computational domain for the rectilinear flow.
Injection
L A (r,=0.01 m)
For constant injection pressure, the flow frontusoh can be !

obtained analytically as follows (Hattabi, Echaatil Bensalah, 2008):

2K Pt
Xt :1/—0 , ®)
UE

being x; the resin front line position andhe injection time.

0.5m

%‘r

Figure 2 presents the comparison between the flownt f
position obtained with the analytical solution atite numerical
solution generated by PAM-RTMand FLUENT. Analyzing Fig.

2, it can be seen that both numerical formulatiorese able to
adequately determine the flow front position asimaction of time.
However, the FLUENY solution (VOF method) seems to be more
sensitive to grid refinement than that of the PANIAR. The problem was discretized using an unstructureghnwith
triangular cells. In Fig. 4, the results obtaineithweLUENT® and
PAM-RTM® are compared with the analytical solution given by
(Rudd, 2005):

Flow front
)

Figure 3. Computational domain for the radial flow.

Radial Flow

The second test problem is schematically shownign 3 This
is a two-dimensional problem where the resin flawances at the
same velocity in all directions. The resin injentits obtained by t= H {rzl [
applying a prescribed pressuR, at the center of the geometry. 0

The resin and reinforcement properties and thetigje pressure are
the same used in the rectilinear flow simulation. wherer is the injection port radius amds the flow front radial position.

Lj -2 _roz)} , ©)

fo
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a)
0.40 1
035 1
0.30 1
£ 025
»
0.20 1
015 * Analytical solution
. — PAM-RTIV (1226 elerents)
0.10 1 - - - PAM-RTIM (22670 eleraents)
005 —PAM-RTIV (46908 ele raents)
0 200 400 600 800 1000 1200 1400
t(s)
045
(b)
0.40 1
035 1
0.30 1
£ 025 1
»
0.20 1
* Analytical solution
0.15 1 ——FLUENT (1226 volumes)
2 == FLUENT (22670 volumes)
010 1§ ——FLUENT (46908volumes)
00s '—FLUENT(253584'\'0Iumes)

600 800

t(s)
Figure 4. Radial flow solution: (a) Analytical x PA M-RTM® and (b)
Analytical x FLUENT ©.

0 200 400 1000 1200 1400

Again, both numerical solutions followed well theadytical
solution. Here again, higher grid refinement degerne is observed
for the FLUENT solution. The FLUENY grid dependence
although somehow undesired, is expected. In the \f@dthod
presented here, four partial non-linear differdngguations are
simultaneously solved with a finite volume methaad &or this
reason the grid refinement test must be perforriiacs practically

does not occur with the PAM-RTMsolution because the used

methodology solves only a linear equation for pressLaplace
Equation). The formulation described in the refeeenmanual
(PAM-RTM, 2008) is not sufficient to undoubtedlytdemine what
type of method is used, but it appears that a FE+@&thod
combined with the FAN technique method is used.sTkind of

method, as reported by Silva et al. (2008), is miesls dependent

on grid refinement than the VOF method.

Three-Dimensional Flow

In this example, resin is injected into a three-ghsional mold.
The structure is comprised of the inlet nozzlei(megvithout porous
medium) and the mold cavity (region with porous meg. The
mold construction details are presented in Fig. 5.

Two different situations are analyzed. In the fose, the inlet
nozzle is disregarded. The mold cavity was modekidg a mesh
with 13304 tetrahedral cells. The resin and reirtéarent properties
and the constant injection pressure used in theerigal simulations
are presented in Table 1.

Results obtained in this work are compared witls¢hgenerated
with PAM-RTM® code (Fig. 6). Analyzing this figure, it can bese
that the results obtained with FLUERITagree well with those

generated by PAM-RTf| presenting a maximum difference of

5.56% for Case 1.

108 / Vol. XXXIV, No. 2, April-June 2012

Isoldi et al.

0 mlet nozzle (without porous medium)
~
wof | [
— cavity mold (with porous medium)/ outlet t
4.
m"l_
-
< - S
N~ " Q
© (L ©
“r4.25
wof |
g “r5
!
Figure 5. Three-dimensional mold dimensions (in mm)
Table 1. Properties and injection pressure for 3D s imulations.
Variable Case 1l Case 2
p (kg/ n?) 920.00 | 920.00
4(x102Palk) | 7.10 7.10
£(x1072) 71.30 67.00
K (x10°m?) | 3.02 1.74
R (x10° Pa) 0.10 0.10
030
025 A1
- 0.20
£
k)
0.15 4
0.10 4
+ PANMIRTM
0.05 4 ; ; ; : ———FLUENL.
0 200 400 600 200 1000 1200 1400
t(s)
Figure 6. Solution without inlet nozzle —- PAM-RTM ~ ® x FLUENT®.

After that, taking into account the inlet nozzleynrconstant
injection pressures are adopted. The total stracias discretized
with 29224 hexahedrons cells. The properties aefime as shown
in Table 1, but the injection pressure used in ezade (adjusted
from experimental data) was best fit to a polyndmiave, Eqg. (10),
since when the experiment starts, it takes some timthe injection
pressure to reach a plateau (i.e. constant prgssure

R =(c0+ at+ o + gt + guf + P+ P+ c717) Pa (10)

The ¢; coefficients used in Eq. (10) are shown in Tab. 2.

ABCM
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Table 2. Coefficients of Eq. (10).

Case 1 Case 1 Case 2 Case 2

(t<38.08) | (t>38.08) (t<40.00) (t> 40.08)

(o 2580.00 6200.00 3495.40 5500.00
c 412.19 0.00 205.22 0.00
c, | 257X 10t 0.00 -6622.60« 10° 0.00
C3 | 733.6% 10° 0.00 -2294.20« 10° 0.00
Cy | 132.94x 10% 0.00 4925.20< 107 0.00
Cs | 1010.03 107 0.00 -6602.70« 108 0.00
G 0.00 0.00 0.00 0.00
c 0.00 0.00 0.00 0.00

The numerical results obtained in the present waikh
FLUENT® are compared with experimental results (see Bigr'fie
experimental details are presented by Schmidt ¢€2@09).

0.30
025 A
- 0.20 A
£
o
0.15 A
0.10 A
= Experimental
005 -— - TPeenivok
1] 250 500 750 1000 1250 1500 1750 2000 2250 2500

tis)

Figure 7. Solution with inlet nozzle — Experimental X FLUENT®.

Figure 7 shows a good agreement between experimenth
numerical results, presenting a maximum differen€e8.12% in
Case 2. These results, combined with those prebenté-ig. 6,
indicate that the present FLUERTsolution is also capable of
reproducing the RTM injection process in 3D molds.

Results

RTM x LRTM

In this section, two 3D numerical simulations of tlRRTM
process were also performed with FLUEN@nd PAM-RTM to
validate the methodology developed in the FLUENSode. The
results showed that both simulations predictedstimae flow front
behavior and nearly the same filling time. Nexg ttRTM process

Figure 8. Geometries for the RTM processes (in m): (
and (b) Spherical shell.

a) Rectangular box

In Fig. 8, the inlet and outlet cylindrical nozzleave diameter
of 8x10°m and height of 30x10°m. The wall thickness is

10x10°m . The box was discretized using 129382 tetrahezidd
and the spherical shell was discretized using 6Gd#tdhedral cells.

A porous medium with isotropic permeabilitl{ =3.89x 10°m?
and porosity £ =0.88 was used, and the resin properties were
density p =916.0kg In? and viscosityy =0.0711%alk. For the

RTM process, an injection pressure #?=0.7x1F Pa was

considered and the results for different fillinghés are presented
for the rectangular box geometry shown in Fig. Be Pictures on
the left are the results obtained with PAM-RTMnd those on the
right represent those obtained with FLUENT

Filling time is the parameter used to compare tAMARTM®
and FLUENT solutions in the following examples. For the
rectangular box geometry, the estimated time topteraly fill the
mold was 377s and 383s, in the PAM-RTM and FLUENT
simulations, respectively. This represents a nedatlifference of
less than 2% between the two solutions. Figure @vshthat both
software predict the same flow advancement profdele the mold.

For the spherical shell geometry, in Fig. 10, thredpcted

was simulated in FLUENT to enable comparison between itsfilling time was 214 s with both software. The FLNE® results

obtained results and those for the RTM processttisy the ability

for the box and shell geometries demonstrated kErdehgreement

of the FLUENT code to study parts which include porous mediavhen compared with those obtained with PAM-R@I',M;howing

and open regions (channels) in the same simulatias explored,
showing the relevance of this work. In these aredyswo different
geometries were investigated, a rectangular boxassgherical shell
(see Fig. 8).
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once again the validity and effectiveness of thevettgped
computational model.
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Based on the obtained results, two numerical sitiouns of the
LRTM process were performed. The same geometries agopted,
although it was necessary to include a periphenahoel without
porous medium (called border) and to alter thetjmosdf the outlet
region to the central lower surface of the moldy(Ail). A gradient

pressure 0 AP =0.7x 1@ Pa between inlet and outlet regions was
considered in both cases. The border thicknesshisrectangular

box is 20x 10°m and, for the spherical she10x 103m.

Figure 9. Rectangular box filling at time: (a) t=81s, (b) t=181s and (c)

t=343s. border

(b)

Figure 11. Geometries for the LRTM process: (a) Rect angular box and (b)
Spherical shell.

The results generated in this work for differetiirfg times of
the LRTM process for the rectangular box and theespal shell
are shown in Fig. 12. The filling time of the recgallar box and
the spherical shell was, approximately, dand 7s, respectively.
As expected, the mold filling pattern in LRTM isrydifferent to
that of traditional RTM. This is due to the existerof the border
without porous medium which leads to a more dewedopesin
flow in this region. When the border is filled witksin, it acts as
an inlet region for the inner cavity of the mold gl contains the
porous medium. This explains the large differencdilling time
showed by RTM and LRTM processes for the same mblc
inclusion of the empty inlet region needed for LHRETM injection
process significantly increases the complexity toé thumerical
solution and, for this reason it is usually negbect or
approximated as a high permeability porous mediuth porosity
equal to one. Nevertheless, as shown in this wibkk presence of
the border considerably affects filling time of thRTM process
and cannot be neglected.

Figure 10. Spherical shell filing attime: (a) t=17s,(b)t=92sand(c)t=189 s.

110 / Vol. XXXIV, No. 2, April-June 2012 ABCM
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=6.8s

(@)

(b)

Figure 12. LRTM processes: (a) Rectangular box fill ing and (b) Spherical

shell filling.

Final Remarks

Resin Transfer Molding (RTM) is a versatile procéss the
efficient manufacturing of composite materials wéthmplex shapes
and high structural performance. The numerical &tian of the
mold filling stage in RTM is an important tool tesast the design of
molds and to minimize the risk of producing defeetparts.

A procedure for the modeling mold filling using tReUENT®
commercial code was used in present work. The Daicgw and
the Volume of Fluid (VOF) method are employed tedict the
mold filling time and the flow front position. Thigrocedure was
compared with analytical, experimental and numéfganerated by
PAM-RTM®
8.12% and demonstrating the validity and effectesmn of the
developed methodology.

In addition, a new approach for the numerical satiah of the
Light Resin Transfer Molding (LRTM) process was el@ped in
this work, demonstrating the viability of combinimgprous media
regions with open (empty) regions, as found inltRIM process.
The simulations carried out showed the large diffee in filling

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright

software) results, showing a maximum variation of
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pattern and required time for the complete fillioigthe same part
when comparing RTM and LRTM processes.
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