Special Topics & Reviews in Porous Media — An International JoyéB): 205-216 (2011)

NUMERICAL STUDY OF LIQUID COMPOSITE
MOLDING USING A SMOOTHED PARTICLE
HYDRODYNAMICS METHOD

Di Su, Ronghui Ma,” & Liang Zhu

Department of Mechanical Engineering, University of Maryland Baltimore County, 1000 Hilltop
Circle, Baltimore, MD 21250

*Address all correspondence to Ronghui Ma E-mail: roma@umbc.edu

Original Manuscript Submitted: 8/20/2010; Final Draft Received: 3/7/2011

Liquid composite molding is an important manufacturing process for a variety of composite components. The motion
of fluid in a porous preform during a mold-filling process plays an important role in determining the quality of the
composite part. In this study, a smoothed particle hydrodynamics (SPH) model is developed based on the Brinkman-
Forchheimer-Darcy equation to study the mold-filling process with a special emphasis on the effects of operational
conditions on the distributions of the fluid in the preform. The capillary pressure, which is important for a metal-based
composite, is included in the model using the continuum surface force method. Two-dimensional simulations were
performed to examine the effects of infusion rate, multiple infusion gates, and capillary pressure on the filling process.
The results suggest that the SPH model provides an effective tool with sufficient accuracy for simulation, design, and
optimization of mold filling for complex components.

KEY WORDS: liquid composite molding, smoothed particle hydrodynamics, free surface flow, capillary
pressure, continuum sutface force method

1. INTRODUCTION preform to achieve a rapid yet steady filling of the mold
and a complete expulsion of air. Inadequate design and
Liquid composite molding (LCM) is a commonly useaontrol of the filling process may cause nonuniform dis-
manufacturing process for fiber-reinforced, low-weightribution of the fluid and formation of voids (Pillai, 2004).
and high-strength composites that are extensively used e behavior of the fluid infiltration is affected by a num-
many areas such as sporting goods, defense, automotres,of parameters, such as infusion rates, the properties
and aerospace. LCM includes resin transfer molding, vax-the fluids and porous preforms, the arrangement of air
uum assisted resin transfer molding, structural reactie@ents and injection gates, and the deformation of the pre-
injection molding, etc. (Trochu et al., 2006). In LCMform. A thorough understanding of the fluid transport in
liquid resin is forced to infiltrate through a porous prahe preform and quantitative information on the location
form placed inside a closed rigid mold by an externahd shape of the flow front during the filling process is
pressure or suction. The filling process involves a fluditical for a better design and optimization of an LCM
infiltration in porous materials with a free moving frontprocess.
After the mold-filling process, a cure process is initiated Numerical simulation has demonstrated to be a pow-
and the resin reacts into a cross-linked network (Shojaeful tool for investigating the behavior of resin flow,
et al., 2003). The manufacturing of high-quality composptimizing the filling process, and designing the control
ite parts requires a well-controlled fluid infiltration in thalgorithm (Johnson and Pitchumani, 2007; Nielsen and
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NOMENCLATURE
a acceleration vector 1% volume of the mold
Bo Bond number W kernel function
Ca capillary number X position vector
c color function
c¢s  speed of sound Greek Symbols
f  field function 2% surface tension
F  force coefficient
g gravitational acceleration 5 Dirac delta function
vector S surface delta function
h  smooth length € porosity of the porous
K  permeability of the media
porous media 0 contact angle
L  characteristic length v dynamic viscosity
m  mass ) density
n unit vector o stress tensor
p  fluid pressure ¢ viscous strain rate
pe capillary pressure
q infusion rate Subscripts
r radius f fluid
t time c capillary
u average fluid velocity i,j  particle index
vector
U  characteristic Superscripts
velocity «, 3 coordinate direction

Pitchumani, 2002; Hsiao and Advani, 2004; Devillard etithout the need of interface tracking (Trochu et al., 2006;
al., 2005; Hsiao et al., 2004). In most of the numeric@lleary et al., 2007; Comas-Cardona et al., 2005). Sawley
simulations, preforms are assimilated to porous medital. (1999) developed a pore-scale SPH model to study
and the mold-filling process is modeled as resin flow nesin flow through the pores of a porous medium, and in-
an unsaturated porous medium with a moving flow frontestigated the effect of the edge flow. Although the model
A comprehensive review of the numerical methods fgave good qualitative results, it is difficult to simulate the
molding filling can be found in Trochu et al. (2006). Thélling process at a mold scale using the pore-scale simula-
finite element with control volume (FE/CV) method hason. Comas-Cardona et al. (2005) used coupled FE-SPH
been widely used to investigate the resin flow in the LCk simulate the hydromechanical coupling process.
process (Trochu et al., 1993; Kelly and Bickerton, 2009). In this study, we conducted 2D simulations of LCM us-
A major challenge for the traditional methods based émg the SPH method. The Brinkman-Forchheimer-Darcy
fixed meshes is the complex algorithm to track the movimgjuation is employed to describe the fluid infiltration be-
interface (Tezduyar, 2001; Sethian and Smereka, 2003use of its ability to address a large variety of flows in
Meshless methods, such as the lattice Boltzmann gratous media. The capillary force on the flow front was
smoothed particle hydrodynamics (SPH) method, haweluded in this model using the continuum surface force
emerged as novel modeling tools in this area due to th@SF) method so that the model can be applied to metal-
ability to handle moving interface with large deformatiobased composite parts. The model was used to study the
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effects of operation parameters, such as infusion réflajd velocity, andd,, is the representative grain diameter
multigate infusion, and capillary pressure, on the fillingf the porous medium. When Re& 10, which is the case

process in molds of various geometries. for mold filling, fluid inertia becomes inappreciable (Hsu
and Cheng, 1990); thereby, the last term on the right-hand
2. MATHEMATICAL MODEL side of Eq. (2) is neglected.

2.1 Governing Equations 2.2 Boundary Conditions

We consider that the fluid is isothermal, incompressiblgy, resin flow during a mold-filling process is a free sur-

and Newtonian, and the porous medium is isotropic, "o flow with one or more interfaces with the air in the
mogeneous, and nondeformable (Bickerton et al., 20004, preform. As the fluid wets the porous matrix, the
Comas-Cardona et al.,, 2005; Dai et al., 2004; Pillq,oniscus can be either concave or convex, depending on
2004). Itis also assumed that the liquid phase is free g, \yetting properties of the fluid on the solid. The sur-
add|t|ve_s, voids, and chemlcal react_lons between the ﬂ'\"éfé:e tension of the fluid exerts an extra force that either
_and solid phase. The I|qU|d phe_lse IS fuI_Iy satL_Jrated, “tavors or resists the motion of the fluid. Typically, this
is the only phase considered in this simulation, WhiGhe 4 ction is considered as the capillary presguract-
implies that air in the mold can be expelled expediently i, the direction normal to the interface. The capillary
through'the awyents. . pressure is dependent on the average pore size, wetting
Existing studies of mold-filling processes have sug,nety of the liquid on the solid, and surface tension

gestgd that Darcy's equatipn i_S sufficient to describe re¥efficient of the fluid. In an idealized capillary tube, the
flow in the preforms (Shojaei et al., 2003). However, Eapillary pressure is (Dullien, 1992)

does not consider the effects of viscous drag due to the

solid boundary and inertia force, which might be impor- 2y cos 0

tant for applications such as fluid flow in biological tis- Pe =" e (3)
sues or high-velocity flows through porous media (Vafai , ) -

and Tien, 1981). In order to develop an SPH model thatt{'€reY is the surface tension coefficient of the flull,
not only suitable for mold filling but also has the poterlS the contact angle, and is the radius of the capillary
tial to address a broad range of applications, we employd€- For flows in porous media, is taken as the average
the Brinkman-Forchheimer-Darcy equation, which ifadius of the pores, which is related to the porosity and

cludes the effects of impermeable boundaries and ineRgMeability through the equation (Kopenon et al., 1997)

(Vafai and Tien, 1981). The continuity and generalized SK
Brinkman-Forchheimer-Darcy equations are Te =1/ - 4
%(pf) + V- (pfu) =0 (1) Note that when the contact angle<®0 deg, the menis-
cus formed inside a capillary tube is concave and the
capillary pressure tends to pull the liquid front into the
L3 [611 +(u-V) u} =—-Vp+ Ev2u + prg — ﬁu porous material; otherwise, there exists a resistance to the
e Lot € K motion of the liquid. Two dimensionless numbers, cap-
_ Pifinere [u-u]J ) illary number (Ca) and Bond number (Bo), are used to
VK compare the magnitude of capillary pressure with viscous

force and gravitational body force, respectively. With
defined as the characteristic velocity ahdas the char-
acteristic length (the radius of a pore for porous media),
the capillary and Bond numbers have, respectively, the
expressions of

whereu is the average fluid velocity vectay,is the av-

erage pressure, is the porosity,ps and p are the fluid

density and viscosity, respectivelyis the time,K is the

permeability of the porous mediunt;,., is the dimen-
sionless inertia term coefficierd,is the gravitational ac-
celeration vector, and = u/|u| is a unit vector oriented W

along the velocity vector. The last term on the right-hand Ca=-—, Bo
side of Eq. (2) refers to the inertial effects. The signifi- Y

cance of inertia can be evaluated by the Reynolds nuRiuid flow in porous media is dominated by the capillary
ber, which is defined as Rep7Ud, /., whereU is the force when Ca< 10~° and/or Bo< 1.

_ pgL?

Y (®)
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In a mold-filling process, the air is assumed to hawand Liu, 2003). A quartic kernel function takes the form
negligible influence on the motion of the fluid, thus thef
tangential component of the viscous stress is zero on the <

free boundary. The normal stress on the free surface is 2 — 252 + Es3 — 534)

determined by the pressure of the environmegrand the 3 24 32
capillary pressurg., W(s,h) =aq{ 0<s<2 9)
on = —(ps + pe)it (6) 0

s> 2

where oy, is the normal component of the stress tensor

on the free surface, andl is the unit vector normal to wheres — X; — X;|/h, s is the relative distance between
the free surface. No-slip conditions and constant infusiggo particles at the positions éfandj, andoq takes the
velocity are used for mold surfaces and the infusion gat@jue of15/7mth? and315/2087h? for two and three di-

respectively. mensions, respectively.
The derivation of SPH formulations for the continuity
2.3 SPH Method and SPH Equations and Navier-Stokes equations is demonstrated clearly in

Liu and Liu (2003). Using the same SPH particle approxi-

The governing equations (1) and (2) are solved NUM@L=inn the Brinkman-Forchheimer-Darcy and continuity

ically using the SPH method. The SPH method and 1§, ations can be reformulated as (Liu and Liu, 2003)

modified versions have been widely used in hydrodynam-

ics, heat transfer, and mechanics (Liu and Liu, 2003). Un- Du® pi p;\ OWy

like traditional FE/FV methods, a continuum medium in Dtl =& ij <p2 + p2_> I

the SPH is represented by a set of discrete particles, each J ! J E

particle having a mass:, a densityp, a velocityv, a po- (Hi(pgxrs W (p;cf3> oW,

sition vectorx, and other quantities. The particles interact + Z m; 5 5 P

with each other, and the evolutions of the density, veloc- J Pi 0 Xi

ity, and position with time are governed by the hydrody- _ & Mquf Fegt ﬁfs (10)
namic equations written in the SPH form. The basic con- Kipi ; 7 Pi

cept of the SPH is that a function can be approximated

as summation of interpolants using a kernel functign Dp Zm'(“' ) OW5; (11)
with a smoothing length. The SPH approximations of a Dt - ST oxP

field function f and its first derivative at particleare ) )
where the Greek superscriptsand § denote the coordi-

N oo nate directionsgp*P is the viscous strain rate, arfiglis
(fy=>_ LWy (7)  the volumetric body force, which is added in the equation

=1 P to handle the capillary pressure on the interface (Morris,
2000). The viscous strain ratg*? is expressed as (Liu

al and Liu, 2003)

me
(Vy=> SHEViW ®)
=t ™ op :zmj p Wiy +Zﬂu<&aWi'
respectively, wherg represents the neighboring particles 7t Ox pj 7' oxP
within the smoothing length; m; andp; are the mass
and density of particlg; W andVW are the kernel func- 2 m;j B
tion and the gradient of the kernel functioniatrespec- 13 Z o wiViWi; |9 (12)
tively; and NV is the total number of the particles within
the influence domain that contribute to the valuef@it \here 5 is the Dirac delta function. An artificial state
particlei. Approximation of higher-order derivatives caquation based on the idea that a theoretically incom-
be carried out by nested approximation using lower-ordgfessible flow is practically compressible is widely used

derivatives. Among various forms of the kernel functiongy compute the pressure in the SPH method, which is
we chose the quartic kernel function in this study because

of its good accuracy and stability (Monaghan, 1992; Liu p=c2(p—po) (13)
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where p, is the reference density of the fluid andis updated using the predictor-corrector integration scheme,
the speed of the sound. The sound speaudust be cho- which is as follows:
sen carefully to ensure a stable and accurate solution of

a given problem (Morris, 2000). Typically, it should be uft+m/2 =u;,; + 1ai,tAt (15a)
chosen according to ’ 2
1
2 P Cw 1
(c?) ~ max (TQ, :TUC’ FCL> (14) Xirare = Xit T 2uz,tAt (15b)

wherep designates the predictor. With the predicted ve-
wherel = Ap/po, U andL are the characteristic velocitylocity and position vectors at the half time step, the accel-
and length, respectively, anfl is the magnitude of the eration of particle at the half time stepa; ;1 a¢/2, Can be
body force (Liu and Liu, 2003). computed using Eqg. (10). The particle velocity and posi-
tion vector can then be corrected by

3. NUMERICAL IMPLEMENTATION

1
. . L uy =u;+ - At 16a
The flow of resin in a porous medium is simulated by LtHAL/2 BT QT AL/2 (162)

updating the density, pressure, velocity, and position of 1

each particle at each time step following the algorithm X; 1 ae/2 = Xit + 5uf’Hm/QAt (16Db)
presented in Fig. 1. The density and pressure are obtained ) ) )

by numerical integration of Egs. (11) and (13) over a timherec designates the corrector estimates. Finally, the

step At. The velocity and position of each particle ar¥elocity and position vectors at the end of each time step
can be calculated as

Wit ar = 20544 apjp — Wi (172)

| — Xit+ At = 2X[ 1 g0 — Xit (17b)
Input initial conditions l ’
12 According to the Courant-Friedrichs-Levy (CFL) condi-
Calculate Kernel tion, the time step is proportional to the smallest particle
function using Eq. (9) resolution (Liu and Liu, 2003), i.eAt ~ min(h;/cs).
[
Calculat:density change 4. NUMERICAL TREATMENT OF CAPILLARY
rate using Eq.(11) FORCE ON THE MOVING INTERFACE
' The existing studies of mold filling using SPH are lim-
Update pressure using ited to zero capillary force on the flow front, which is
Eq.(13) _l not applicable to metal-based composites where the ef-

fect of capillary force may be important (Michaud and
Morensen, 2001). In a case where the surface force and

Calculate momentum change

rate using Eq. (10)

I 7 tangent component of the viscous stress are zeroes, the

Update velocity, position (Eq. 15-17), nature of the SPH method allows the motion of the free

density, etc boundary to be simulated straightforwardly. However, the
presence of the capillary pressure requires a special treat-

m ment of the surface force. In this study, the CSF method
is used to translate the surface pressure into a volumetric

forcef, exerted on the particles located on the free surface

Time=time+At m No (Brackbill et al., 1992). It is expressed as
Yes fs = pcés (18)
m wherep. is the capillary pressure on the free surface cal-

FIG. 1: Flowchart of the SPH solution algorithm.  culated by Eq. (3), and is a surface delta function that
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peaks at the interface. The integrabgfacross the bound-whereV,,.14 is the volume of the molds is the porosity

ary must be unity. To evaluate, at the flow front, the of the composite matrix, and is the constant infusion
color function method and virtual particles are used in thate. When the effect of gravity and capillary pressure are
numerical algorithm. As shown in Fig. 2, a number afeglected, the relative inlet pressure, which is the pressure
virtual particles of the same density as the fluid are ddifference between the inlet and the environment, is
ployed outside the flow front. The virtual fluid particles

move with the fluid but do not affect the motion and prop- Pije; = — eUpL (21)
erties of the fluid particles. A color functior™is used to K

distinguish different types of particles, whichds= 1 for We performed a 1D simulation in a mold of 15 cm in

the fluid particles ana; = 0 for virtual particles (Morris, length for two constant infusion velocities: 0.05 m/s and

2000). Based on the distribution of the color function, the, "« t1he resin viscosity is 0.1 Pa s, and the poros-
surface normal function is evaluated as ity and permeability of the preform are 0.5 anck110~°

N o m?, respectively. The time step used in this simulation is

= Z Dj (ej =€) ViV (19) 4 us, and the total number of liquid particles is 1600. The
’ variation of the fluid density in the computation<3%.

On the basis of the CSF methall, = |n| (Brackbill et The effects of the gravity and capillary pressure were not

al., 1992; Morris, 2000). considered.
Figures 3(a) and 3(b) show, respectively, the flow front

positions for the inlet location of = 0, and the relative
5. RESULTS AND DISCUSSIONS inlet pressures as a function of time predicted by the an-
5.1 Model Validation alytical and numerical solutions. Both quantities increase
linearly with time as predicted by the analytical solutions.
The SPH model for the mold-filling process was valithe numerical results agree well with the analytical pre-
dated by comparing flow front positions and relative inlelictions.
pressures obtained from analytical solution and numerical

simulation. For a constant infusion rate, the filling time is
calculated as (Dai et al., 2004) 6. SIMULATION OF MOLD-FILLING PROCESS

The primary objective of a mold-filling process is to
(20) achieve a complete and uniform filling of the mold, while
4 minimizing the filling time and formation of voids and de-
fects. Given a mold of specific size and shape, information

t— 8vao]d

. ] on the spreading of resin is important for the design of the
'®) 0 Vlrtual pal’tlcles infusion gate, air vent location, and the selection of the in-
fusion rate (Pillai, 2004). In this study, 2D simulations of
O O o) O the resin flow in thin composite parts were performed us-
'e) o O O ing the SPH model. For thin composite parts, only flow in
'e) O n o the planar direction is considered.
O O 6.1 Case 1. Single Gate Infusion
'®) O 0 Figure 4(a) shows schematically the configuration of the
® o molding filling with a single gate. The width of the gate
® ) - Ne) 0O is 2 cm and the mold size is 8 3 x 0.4 cm. Air vents
< fluid Eamdes ® O are positioned on the sides and bottom of the mold. The
- - O O fluid and preform properties used in this study are given
® ® ® o) in Table 1. We used a time step ofig and a smooth
* bt ® ) O length i of 0.1 cm in the SPH simulation. Total number
FIG. 2: Fluid and virtual particles used for the calculationf solid particles is 2400. Doubling the number of the par-
of the surface delta function. ticles leads to a global difference &f3% in the velocity
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TABLE 1: Properties of resin and preform used in the simulation

Properties Value Reference
Resin viscosity (Pa) 0.1 Bickerton et al. (2000), Tan and Pillai (2008)
Infusion velocities (m/s) 0.05,0.1 Elgafy and Lafdi (2007), Sawley et al. (1999)
Resin density (kg/mh) 1400 Elgafy and Lafdi (2007), Lefevre et al.
(2007)
Surface tension coefficient of resin35 Goncalves et al. (1997), Toy (1965)
(dnes/cm)
Contact angle of resin on carbon fiber (deg}0 Gongalves et al. (1997), Toy (1965)
Preform porosity 0.5 Dai et al. (2004), Trochu et al. (2006),
Tan and Pillai (2008) Young and Lai (1997
Preform permeability () 10-°-10"'0 | Bickerton et al. (2000), Elgafy
and Lafdi (2007), Tan and Pillai (2008)
Material of preform Carbon Elgafy and Lafdi (2007)
600
100 - 0.1 m/s | | 0.1 m/s
° 0.05 m/s 500 o 0.05 m/s
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FIG. 3: (a) The variations of the flow front location with time for different infusion velocities; (b) the variations of
the relative inlet pressure with time for different infusion velocities.

and pressure fields. The same numerical parametersiaceease nearly exponentially with time in order to main-
employed in cases 2 and 3. tain a constant infusion rate. Similar trends of the inlet
The evolution of the flow front in the preform depictegressure variation have been reported for a constant infu-
in Fig. 4(b) shows that the flow is nearly isotropic besion rate (Comas-Cardona et al., 2005).
fore the flow front reaches the bottom of the mold. This We performed 2D simulations with different infusion
is because the preform is assumed to be homogenewatocities of 0.005, 0.05, and 0.1 m/s to study how the in-
Figure 5 shows that the volume percentage occupiedfhgion rate affects the flow front shape. Figure 7 depicts
the resin increases linearly with time, which agrees weéltle shapes of the flow fronts when the center of the front
with the analytical calculations (Dai et al., 2004; Shojaadvances to the samedocation for different infusion ve-
et al., 2003). Figure 6 gives the histories of the relatiVecities. Since a high infusion rate leads to a fast pene-
inlet pressures for two infusion rates. The inlet pressurtestion of the fluid in the vertical direction within a short
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constant infusion rate
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FIG. 4: (a) The schematic of the mold-filling process for the 2D SPH model; (b) the distributions of the resin flow in
the mold.

filling time, it also results in a narrower spreading of theeeded when selecting the size and location of the infu-
resin in the lateral direction; however, the difference in tlsdon gates. The meshless nature of the SPH makes it a
spreading width is insignificant. A pronounced influena®nvenient tool for modeling the merge of the irregular-
of the infusion rate on the front shape is anticipated whehaped flow fronts in a filling process. In this study, we
the preform is anisotropic and/or deformable. simulated a mold filling process with single and multi-
ple gates as shown in Figs. 8(a) and 8(b), respectively.
The comb-shaped mold has three circular cavities and five
6.2 Case 2. Multigate Infusion in a Mold of branches. The size of the mold isx86 x 0.4 cm, and
Complex Geometry the width of each gate is 1 cm. A constant infusion ve-
locity of 0.05 m/s is imposed on each of the gates during
Multigate infusion is widely used in the LCM, especiallyhe infusion. The evolutions of the resin distribution with
for molds of complex geometries, to shorten the fillingingle and triple gates are shown in Figs. 9(a) and 9(b),
time, avoid the pressure buildup, and to yield uniformespectively. At the beginning of the filling process, the
wetting of a preform (Dai et al., 2004; Kang et al., 2000jesin flows around the cavities, followed by a merge of the
With more than one infusion gate, special attention filsiid before entering the braches. A single infusion gate
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FIG. 5: The variations of resin-filled mold volume with
time for different infusion velocities. FIG. 7: The shapes of the flow front for various infusion
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FIG. 6: The variations of relative inlet pressures with N . _
time for various infusion velocities. 6.3 Case 3. Mold Filling with Capillary Pressure

on the Flow Front

causes the resin to infiltrate predominantly along the veiftier typical resin infiltration conditions, the capillary pres-
cal centerline and favors the center branch. Consequerglyie in the fiber preform under a low infusion rate usu-
the distributions of the resin in the branches are not uaily is on the order of thousands of Pascals. The capillary
form. When the resin is infused through three gatesnamber Ca is usually10~°, and the Bond number Bo is
better resin distribution and a shorter infusion time aggeater than one, suggesting that the capillary pressure is
achieved. The pressures applied on the infusion gatesrmwedominant. However, capillary pressure can be an im-
given in Fig. 10. It can be seen that a single gate infusiportant factor for metal-based infiltration because of the
requires an increased pressure and extra time to fill taege surface tension coefficients of metal fluids (Michaud
side branches at the end of the filling process. For mulind Morensen, 2001). A typical capillary pressure can be
gate infusion, the pressure for the center gate is higlaerhigh as 10 MPa. We studied case 1 with the consider-
than the other two gates. The position and size of the gaéisn of various capillary pressures on the flow front. De-
can be adjusted to obtain an evenly distributed load apidted in Fig. 11 are the evolutions of the inlet pressure
uniform wetting. with time for different capillary pressures. It is clear that
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FIG. 9: (a) The evolution of the resin distribution for single gate infusion; (b) the evolution of the resin distribution
in the mold for multigate infusion.

80 7. CONCLUSION

- e An SPH model was developed for studying the mold-
- - filing process based on the Brinkman-Forchheimer-
Darcy equation. The meshless and the adaptive nature
of the SPH method enable the treatment of the free sur-
face flow in a mold of complex geometry with great ease.
e - Multi- gate-center The comparison of the numerical simulation with the an-

[}
S
T
\

\

——— Multi-gate-left

Inlet pressure (KPa)

""""""""" Muti-gate-right alytical solution shows that the Brinkman-Forchheimer-

20 Muti-gate-average Darcy equation is suitable for resin flow through porous
- - - - Single gate media in a mold-filling process. Two-dimensional simula-

tions were performed to study the effects of infusion rate

S T B S and multigate infusion on the evolution of the resin distri-
Time (s) bution in a porous preform. This shows that the multi-

FIG. 10: Th luti f th lative inlet %ate injection provides an extra maneuverability of the
with.timé € evolutions of the relalive Iniet Pressure g distribution and inlet pressure, but it requires care-

ful design of the gate location and infusion rate. In ad-
dition, capillary pressure on the flow front is included
a high capillary pressure can significantly reduce the inlatthe SPH model using the CSF method, thus enabling
pressure during the filling process for a constant infusitime SPH model to be applied to a metal-based infiltration
rate. process. Since the numerical work presented in this pa-
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