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Abstract
The use of composite materials in large structhessincreased in recent years. Aircraft industiy tegently begun to
investigate the field of Liquid Composite MoldingGM) through research programs because of itstghii produce
large parts at low cost. The resin motion throupgb fibrous perform is described using Darcy's lamd anass
conservation. The 3D flow is solved numericallyngsithe Boundary Element Method (BEM). The simulatiare
performed using an updated lagrangian mesh inesatal conditions. The numerical model is assesgetbmparing
computed results with the analytical solution ia tase of radial injection from a spherical inlet.

1 Introduction

Composite materials have been used in the airordfistry over the past three decades for their
excellent specific mechanical properties. Largeicttral parts made of resin/fiber composites requir
specific forming processes. The traditional prepergoclave process produces high quality parts, but
involves heavy manufacturing cost due to autoclavestment and use of high value added raw maserial
As an alternative, recent technologies in Liquidnposite Molding (LCM) have become established rdgen
under the designation of infusion processes. Lidredin Infusion (LRI) is one of them. It consisidarcing
the liquid resin to circulate transversally inte ttiry preform using a distribution medium, consieely to
the vacuum application [1].

Prediction of resin flow during the infusion filgnstage requires a full three-dimensional model in
order to take into account the lag due to the ibigion medium. Previous works revealed the adegwéc
Boundary Element Method (BEM) solving the Darcywild2-4]. It was performed assuming a two-
dimensional flow, neglecting the impregnation tigluhe thickness.

The present paper is focused on a three-dimensiooaierical modeling of the Newtonian
isothermal flow using constant Boundary Elementsm@ining Darcy’s law with incompressibility equatio
leads to Laplace equation which is solved using B&Meach step time on an updated lagrangian mesh.
Preliminary results are presented, i.e. BEM sinmofat performed in the case of central injectionm@ated
results are compared with an analytical solution.
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2 Governing equations
2.1 Modeling assumptions
The liquid resin flow through homogenous and ndbderable porous medium (i.e. fibrous reinforcemest)
modeled by the phenomenological Darcy’s law [Sktbgr with incompressibility equation. The fillistage
is assumed to be isothermal.
2.2 Darcy’s law
The average velocity is proportional to the pressure gradient accorttrttpe following equation:
_ K|=
V= —U Dp (l)
U

where [K] is the permeability tensorp the resin pressure and the liquid resin viscosity. Combining
Equation 1 and incompressibility equation gives:

i{~%§ip}=0 )

For sake of simplicity, we assume in this papet tha principal orthogonal axis of the reinforcemen
coincides with the reference coordinates systesh as|K | reduces to diagonal matriquation 2 can then
be reduced to Laplace equation in the isotropicivedgnt domain by stretching the coordinates. la th
Cartesian coordinate system, the equivalent coatelirX, may be deduced from the physical coordinates
using the following transformation:

X, = [—=X (3)

where K, is a principal value ofK] and K, the equivalent permeability given s =3/K,.K,.K; . In the
isotropic equivalent domaiiquation 1 and Equation 2 reduce simply to:

v, =——20p 4)
U

Ap=0 (5)
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2.3 Analytical solution

Following the approach introduced by Adams et @], pn analytical solution is used to calculate the
evolution of the flow front versus time. Computatcare performed in the isotropic equivalent sysigsing

the equivalent permeabilit%e and the spherical injection gate of radiys. A constant pressure injection
P, is applied, so that the macroscopically resin figimpe is spherical of radius . In such configuration
the resin pressure varies only in the radial dioeciccording to:

1_1
p_pf — rO re
T =1 6
Py ~ P i_i ©
Oe rfe

Substituting the expression of the gradient pressup Darcy’s law and introducing the system pibyos
gives the radial component of the front velocity:

v, _Re (po - pf) 0

The evolution of the flow front is governed by flolowing differential equation:

:drfe :& (pO_pf) (8)

ot ,Ué’r 1 1
. r.Oe rfe

Finally, the time dependant flow front position da@ deduced integrating the previous equation dutfie
filling stage. This leads to the following solution

2
r r K -
|: fe:l _|:2ﬁ_3:|+1: GMt 9)

Fo, lo HE roe2
Equation 9 gives immediately the flow front whighspherical in shape for an isotropic reinforcement
the orthotropic case, the reciprocal transformaigapplied to give the three semi-axis of the flfrant
which is ellipsoidal in shape.

e
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3 Numerical simulation

3.1 Boundary Element Method

The calculation domain is delimited by its bound&ry er I, - A known value of pressuré
(resp. normal pressure gradieﬁt) is prescribed on the boundary surfades (resp. rq). Equation 4 is

multiplied by the Green functior’p*. Integrated by parts twice over the calculatioomdmm and using
Green’s theorem leads to the well-known Somigliegaation [7, 8]:

cp, +I pqg dr :j p'gdr with ¢ :% (10)
r r

where P, is the value of the pressure at a poMt located on the boundary (which is supposed to be
smooth), q* the pressure gradient associated \Milﬁ and @ is the internal angle of the corner in radians.
For a three-dimensional domaip, andq are given as:

1 -rn

-~ and ==
A7r d an r?d

p = (11)

where r is the distance from the poiril; of application of the Dirac delta function to apgint under
consideration. Meshing the boundary into N condtauindary elements and applying Equation 10 gives:

N N
ap+ypfadr=>q [pdr (12)
=1 r IS
Introducing the N*N matrixH and G, Equation 12 is then transformed into:

ZpiHiJ =Zinu (13)

where H; :%5". +jq*dr and G; =_[p*dr
T I

Finally, Equation 13 is reordered to take the fafma linear system as:
AX =F (14)

whereX is the vector of N unknowngh is a N*N matrix obtained by reordering andG. F is the know
vector computed from the boundary conditiohk,and G matrix.
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3.2 Fluid domain updating

The fluid domain is continuously expanding as @, constraining to update the resin flow front.
The filling stage is regarded as a succession a$iggteady states, so that the geometry is redkfiheach
time step. Unknown pressurgs and normal pressure gradiemjsare calculated using Equation 14. Nodes

on the moving boundary are relocated using a batk®&aler integration scheme:
X(t +At) = X(t) + At(v.n)n (15)

Combining Equation 15 and Equation 4 yields to:

X(t+At) = X(t) - At(K, ) (16)
U

The procedure updates the resin flow front, butiged confined mesh degeneration. To overcome
this difficulty, an additional adjustment is perfogd relocating the nodes in contact with the mold.

3.3 Algorithm
The implemented algorithm is summarized below:

« Initial computation domain is meshed.

e Stationary boundary conditions p or q are applieeéach BEM element.

* Nodes coordinates are transformed according totiegqua.

* Normal pressure gradients g are calculated acaptdiiEquation 14.

* Normal pressure gradients are prescribed on eatdh aneraging values from surrounding elements.

¢ Nodes on the moving boundary are relocated acapriirEquation 16. Nodes in contact with the
upper mold wall are relocated according to a homizggion procedure.

* New normal pressures p and normal pressure gradigtre calculated next steps. The three last
steps are repeated until the allotted mold-filliimge is reached.

» Nodes coordinates are transformed according toettiprocal transformation.

4 Validation of numerical simulation
4.1 Boundary conditions

The simulation consists in propagating the regntfinto an anisotropic reinforcement characterized
by its permeability tenso[rK] and its porositye . A constant pressurp, is prescribed at the spherical inlet

of radius r,. On the flow front, the pressurp, is constant and set by the vacuum pump. Processidg

rheological parameters assigned are referencedbieTl. They keep close to the LRI process condithuut
the distribution medium is not taken into accouwnadirst approach.
Figure 1 shows the boundary conditions prescribethe boundary of the initial fluid domain. The

non penetration condition is assumed assigla'ngo at the upper mold wall.
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[K] @o®me) 4 (Pas) ¢

upper mold wall 5 = py
q_ ~0 “ 4 00 0.1 0.5
0 20
5 =p, 0 01
N P, (Pa) Py (Pa) F, (m)
1.10° -1.10° 3.107
Figure 1: Boundary conditions Table 1: Rheological and processing parameters

4.2 Comparison with analytical solution

For symmetry reasons, the simulation is performea guarter domain meshed using 540 elements
as shown in Figure 2. The step time is set &s10CPU time for the complete simulation is aroond hour
on Intel® Core™2 Duo CPU using Matlab® environmeéltie computed flow fronts are in fair agreement
with the analytical one as shown in Figure 3. Atsl@lapsed time, the deviations between the nuaiexicd
analytical flow fronts positions do not exceed 1Rfolongating the simulation until 60 s gives deviad
around 3%, due to the gradual mesh degeneratitreaterations go along. Figure 4 illustrates toavffront
evolution during the filling stage, comparing tmerit shapes at t=0.5 s and t=10s.

The initial mesh generation is performed on theivadent isotropic domain. In order to assess the
mesh effect on the numerical method, some simulstiave been carried out meshing the physical domai
Deviations are all the more important that the peanility values are different. This is due to the
transformation from Equation 3 which stretchesrtiesh, degenerating elements before any calculation.
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Figure 2: Initial meshed domain Figure 3: Comparison with analytical solution
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Figure 4: Flow front computed for t=0.5 s and t=s10

4 Conclusions

The resin flow front propagation is accurately dimbed using a backward time-stepping algorithm.
This technique is efficient for short distancesmpregnation, giving a high accuracy of the froosigion.
However, it is unsuitable for larger distancesgcsithe calculated position becomes inaccurate @as &g
elements are degenerated. Including remeshing guoes is possible but could be time consuming.

Finally, the implementation of the present nunarimethod becomes tedious for dividing and
merging resin fronts resulting from interior ob$g¢gcor multi-injection ports. Future works will iestigate
the combination of Boundary Element Method withrefixgrid techniques such as the Level Set method.
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