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Abstract

Liquid Composite Molding is a composite manufacturing process in which fiber preforms consisting of stitched,

woven or braided bundles of fibers, known as fiber tows, are stacked in a closed mold and polymeric resin is injected to

impregnate all the empty spaces between the fibers. An important step is to ensure wetting and saturation of all the fiber

tows and regions in between them. Mesolevel analysis refers to study at the order of a fiber tow. Numerical simulations

at the mesolevel are conducted by incorporating the governing equations for free boundary flows around and inside a

fiber tow into a set of subroutines. The simulation can track the advancement of the resin front promoted by both

hydrodynamic pressure gradient and capillary action. Efficiency and appropriateness of several stabilization techniques

is explored. Numerical results are in good agreement with reported experimental studies. The results clearly show that

wicking flow plays an important role at the mesolevel and cannot be omitted.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Liquid Composite Molding (LCM) is a class of low

injection pressure processes in which a pre-placed dry

fiber preform is held stationary in the mold (the mold

may have two rigid surfaces or one rigid and one flexible

face) and a thermoset resin is injected into it to cover the

empty spaces between the fibers. LCM processes such as

Resin Transfer Molding (RTM) and Vacuum Assisted

Resin Transfer Molding (VARTM) are widely used to

manufacture advanced composites with continuous fiber

reinforcements [1]. Resin infiltration into the fiber
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preform must be carefully controlled in order to avoid

poor wetting and to minimize residual voids content,

which can be detrimental to the performance of the

fabricated parts. Resin can be allowed to cure only after

the injection is complete. Therefore one of the main

objectives of the related fluid flow analysis is the deter-

mination of the free boundary advance pattern, together

with identification of regions of probable voids or dry

spots occurrence.

Fiber preforms are usually composed by knitted or

woven layers from fiber tows which allows one to create

composites with very high fiber volume fractions and

tailor their mechanical properties to meet the require-

ments. On the other hand, this type of fiber preform

forms not single but a dual scale porous medium be-

cause the spaces between the fibers are of the order of

fiber diameter which is around 5–20 lm while the spaces
ed.
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between the fiber tows are of the order of millimeters. 1

This order of magnitude difference in spacing causes the

resin to impregnate the spaces in between the tows at a

different rate than within the tows.

The flow at the fiber tow scale can be characterized as

mesoscale flow. It causes non-uniformity in the resin

progression, not only across the thickness, but also in

the plane of the flow. Many researchers [2–8] have clo-

sely examined the mesolevel impregnation and explored

various parameters related to the fiber tow filling delay

or advance. In addition, simplified analytical formulae

determining these parameters were established for flows

across fiber tows in [2,3] and for infiltration along tows

in [7], however only radial flow into fiber tows is con-

sidered, therefore final formula in [7] assumes filling

delay solely. Other analytical studies are presented in

[9,10], but again only radial filling is considered. Resin

front progression at the mesolevel has other phenomena,

which are not well understood either experimentally or

theoretically and in which the role of capillarity action

may play a crucial role [11].

We define transition region as a region formed along

the macroscopic boundary or in the neighborhood of

dry spots, where the flow has not yet stabilized (more

details about this definition will be given later on, see

also [12]). Partially saturated region, on the other hand

refers to a region where the empty spaces between the

fiber tows or within intra-tow spaces has been occupied

by the resin but has not entirely filled the empty space

between the fibers. In this article, we summarize some of

the reasons for the formation of the transition region

and predict them by mesolevel numerical simulations of

the resin advancement along and across fiber tows.

Numerical results are calculated by Free Boundary

Program (FBP) and show good agreement with the

experimental data presented in [2–8], especially regard-

ing the flow front shape. There are still not sufficient

experimental data available, allowing one to predict the

fiber tows impregnation delay or advance, as a function

of the inlet pressure or flow rate and material parameters

such as resin viscosity, surface tension and contact an-

gle, inter- and intra-tow porosity, and fiber diameter.

Currently, as FBP can address flow in two dimensions,

flow across fiber tows is analyzed in transverse direction

and along fiber tows in rotational symmetry. Isothermal

conditions were chosen in order to draw conclusions

independently of the viscosity variation due to changes

in temperature.

Additional benefits from these simulations are that

one can determine the requirements on the resin prop-
1 In homogenization terminology, a basic cell at the micro-

scale (the scale of the fibers) is approximately two to three

orders of magnitude smaller than a basic cell at the mesoscale

(the scale of the fiber tows).
erties and process conditions for favorable filling with-

out the danger of void formation by imposing properties

and conditions that will cause the flow front to stay

uniform. Also one can detect possible filling anomaly

that originate at the microlevel and cannot be repre-

sented at the macrolevel filling simulation with macro-

scopic variables. FBP results have been published for

microlevel filling along with first methodologies for rel-

ative permeability and homogenized capillary pressure

determination under restriction conditions in [12]. Cur-

rently, FBP can handle micro- and mesolevel filling, its

efficiency of calculation was improved by inclusion of

several stabilization techniques, improving not only the

speed of calculation but also the accuracy of calcula-

tions. In simulations, it will be clearly shown that

wicking flow plays an important role and cannot be

omitted at the mesolevel scale.

Not much work has been done so far in modeling free

boundary viscous flows at the mesolevel in the LCM

manufacturing processes. Many simulations available

nowadays in other fields of research are applicable to

inviscid fluids and popular method of smoothed particle

hydrodynamics could hardly be applicable here. To our

knowledge only simulations by Lattice Boltzman meth-

od [13] can handle time-dependent mesolevel filling but

they require a very different approach. However, due to

the numerical stability of the method, the authors did

not include homogenized capillary pressure inside the

fiber tows but instead used surface tension influence of

the same level as in inter-tow spaces. FBP can deal with

any level of capillary pressure inside the fiber tows.
2. Physics and governing equations of the macrolevel

infiltration

Physically, the resin movement is promoted by

pressure gradient and capillary action and resisted by

viscous forces. With this in mind, it is useful to separate

the pressure in the hydrodynamic part (corresponding to

the externally applied contribution) and the capillary

part (resulting from the surface tension effect). Resin

impregnation or infiltration is modeled as a liquid

flowing though a porous medium. At the macrolevel,

Darcy’s law, as an exact homogenization result for

macrolevel analysis when incompressible Newtonian

resin slowly flows at microlevel under steady state con-

ditions [14,15] is commonly used in numerical simula-

tion codes. As most of the fabricated parts are thin, 3D

simulations are usually simplified by introduction of a

through-the-thickness averaged permeability [16]. Fixed

mesh algorithms are more common than moving mesh

ones. In standard approaches sharp flow front is as-

sumed and the new flow front is determined from frontal

velocities under quasi steady state condition by CV/



2 The term homogenized region is used because in periodic

porous media the stabilized flow corresponds to the fully

saturated flow with periodicity conditions applied. If inlet

conditions do not allow periodicity, an initial region (more

details are given in Section 4.3) can also be identified along the

sample.
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FEM (control volume finite element method [17]), CE/

FEM (control elements finite element method [18]), or

VOF (volume of fluid method [19]) method. In such

cases the new front is in fact calculated from the kine-

matic free boundary condition [20,21]:

Df
Dt

¼ of
ot

þ vD

/
� rf ¼ 0 ð1Þ

with the explicit scheme implemented. In Eq. (1) implicit

function f ðxðtÞ; tÞ ¼ 0 describes the moving sharp flow

front, x is spatial variable, t is the time, / stands for the

porosity of the fiber preform, r for spatial gradient and

Darcy’s velocity vD is the phase averaged velocity related

to the intrinsic phase average vf by vD ¼ /vf .
Liquid advance can also be achieved by introduction

of a new variable, saturation s, which modifies the

continuity equation into [22,23]

/
os
ot

¼ �r � vDðsÞ ð2Þ

and allows one to capture partially saturated region.

Explicit time integration can be used again but also

implicit approaches have been developed [22].

Although Eq. (2) is adopted by several authors,

Darcy’s law is rarely modified to satisfy Eq. (2) exactly.

Effective (instead of absolute K) permeability tensor Kef

should be used, because the flow has not yet stabilized in

the transition region and surface tension influence rep-

resented by homogenized (macroscopic) capillary pres-

sure can be important in the flow front region. In

summary, two more functions, relative permeability kðsÞ
and macroscopic capillary pressure PcðsÞ, both being

functions of saturation, must enter into the analysis

[24,25] and modify Darcy’s law as shown below:

vDðsÞ ¼ � kðsÞ
l

K � rðPðsÞ þ PcðsÞÞ; ð3Þ

where vDðsÞ can be expressed as s/vf ðsÞ, l is resin vis-

cosity, effective permeability KefðsÞ ¼ kðsÞK (in aniso-

tropic case it is better to use Kef
ij ¼ kijðsÞKij (no sum),

kij 2 ½0; 1�, kijð0Þ ¼ 0 and kijð1Þ ¼ 1) and P ðsÞ is the

intrinsic phase average of the local hydrodynamic pres-

sure P ðsÞ ¼ spf ðsÞ. PcðsÞ is a macroscopic analog of the

microscopic pc; it obeys Pcð1Þ ¼ 0 and unlike pc, it acts in
the full transition region without being dependent on the

actual ‘‘front curvature’’. Although the negative sign of

the homogenized capillary pressure PcðsÞ is usually

omitted, we use it with the correct sign to be consistent

with the microlevel value. Its definition can be set as

Pc ¼ 2chHi, where hHi is the averaged mean curvature

and c is the resin surface tension. In order to apply the

pressure gradient in Eq. (3) functional dependence of

saturation on spatial variable x must be known. Eqs. (2)
and (3) reduce to the steady state formulation in the

fully saturated region, i.e. for s ¼ 1.

PcðsÞ and kðsÞ must enter macroscopic analysis as

known data; therefore they must be determined else-

where, experimentally or by exploiting homogenization

techniques applied to resin progression results from

micro and/or mesolevel. Experimental data on PcðsÞ and
kðsÞ are available in other fields of research, but unfor-

tunately they can hardly be used in composite manu-

facturing because of the very different nature of the

porous medium architecture. Han in [26] implemented

into macrolevel simulations both, PcðsÞ and kðsÞ, esti-
mated by suggested functions from other research fields

with coefficients of these functions determined experi-

mentally. Formation of the transition region can also be

captured in macrolevel simulation by keeping track of

both fronts, primary front in inter-tow spaces and wick

front inside the tows [27,28].
3. Formation and evolution of the transition region

We defined transition region as a region along the

macroscopic boundary, where the flow is not yet stabi-

lized. Formation and evolution of the transition region

can be detected across the thickness as well as in-plane

of the components. Across the thickness, it can be

studied even with macrolevel variables and the difference

between the transition and partially saturated region can

be clearly seen in the following example. For instance, a

specimen with uniformly distributed pressure at the left

end, with total length 0.3 m, two layers with equal

(unrealistically high for the sake of the results clarity)

thickness 0.05 m and with porosity / ¼ 0:5 is shown in

Fig. 1. One can observe two regions: the stabilized or

homogenized and the transition region along the sample.

The transition region corresponds to the region were the

flow is not yet stabilized, i.e. in this particular case,

where the transversal flow still takes place in order to

equilibrate the flow into the homogenized pattern. 2

Therefore the transition region should be considered

broader than the partially saturated region; however,

this would enter in slight conflict with Eqs. (2) and (3)

and therefore usually the influence of the saturated part

of the transition region is neglected. In this example the

averaged permeability calculated by the rule of mixtures

works fine in the homogenized region, but in the tran-

sition region it overestimates the effective permeability.



Fig. 1. Formation of the transition region across the thickness

of a sample.
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Origin of the transition region for the in-plane com-

ponents lies in the dual porosity phenomenon and

therefore the best explanation can be provided by themes-

olevel analysis. The understanding can be separated into

two basic flowdirections: flowacross and along fiber tows.

In the case of flow across the fiber tows, experimental

evidence shown in [2,3,6] and numerical results pre-

sented in [13,29] clearly demonstrate that filling of the

fiber tows is delayed. Resin advance, although helped by

strong intra-tow capillary pressure, must overcome a

fiber arrangement with much lower intra-tow perme-

ability; thus there could hardly exist some scenario,

which would move the front more or less uniformly. It is

also known [30] that very high surrounding pressure

acting on the tows can significantly change the single

fibrils positions and actually close some spaces between

them. Usually only a thin strip along the fiber tow cir-

cumference is filled when the primary resin front enve-

lopes it, then the air is compressed inside the tow until it

is balanced with the surrounding resin pressure. Hence

the capillary action becomes the only factor that can

drive the resin inside the tow. When the air pressure

becomes higher than the surrounding pressure, the air

can escape from the tow in the form of microvoids.

Nevertheless this is just an academic case. If the resin is
Fig. 2. Inter- and intra-to
not forced to flow only across the fiber tows, it will

naturally choose the easier (higher permeability) direc-

tion, i.e. along the fiber tows in this case.

In flow along fiber tows, permeability is much higher

(4–90 times) and capillary action is generally twice as

strong as in flow across the tows. Therefore two situa-

tions can be found in flow along fiber tows [4,5,8].

Wicking flow front inside the fiber tow can be either

advanced or delayed with respect to the primary front in

the inter-tow spaces, which also pre-determinates the

location and shape of emerging voids (Fig. 2). Because

capillary action does not depend on the externally ap-

plied inlet conditions, but it is purely a function of the

resin surface tension, contact angle and geometry, these

two scenarios can be explained as follows. When the

externally applied pressure or flow rate is relatively high,

viscous action is dominant, wicking gradient is not so

strong when compared to the hydrodynamic pressure

gradient and therefore inter-tow spaces (the higher per-

meability regions) are filled first. On the other hand,

under lower externally applied action, wicking flow can

become dominant and resin advances more rapidly in-

side the tows. There must naturally exist a situation,

when these actions are ‘‘equilibrated’’ and resin pro-

gresses more or less uniformly. It should be remarked in

this context, that higher external conditions are used

with the objective to reduce the filling time, as a main

cost factor. On the other hand it is well known that

lower external conditions are favorable for better

accomplishment of the infiltration phase and quality of

the part, because sufficient time must be given to the

resin–fiber interaction to form an interface increasing

the adhesion between the two phases. However, in very

slow filling it is conceivable that the resin will cure and

solidify before all the empty pores are filled.

Transition region can be studied at the macrolevel

by many techniques, and if the relative permeability
w void formation.
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and homogenized capillary pressure are known, one

could also use commercial software such as ANSYS

(analogy with thermal analysis [31]) and ABAQUS

(SOILS procedure [11,22]). These types of studies allow

one to identify situations in which the intermediate re-

gion is significant and cases where the standard ap-

proaches would be sufficient. Final results allow one to

study the depth of the transition region and saturation

distribution, with respect to the given functions kðsÞ and
PcðsÞ, and with dependencies on other process parame-

ters.

In ANSYS simulation, there is no concept of relative

permeability input, i.e. kðsÞ � 1. In [31], pressure values

are shifted by the total range of the capillary pressure.

Terms initial Pi ¼ 0 and saturated pressure Ps � �Pcð0Þ
are used and it is assumed that c0 � Ps ¼ / and
about Darcy’s velocity and pressure distribution in the transi-

tion region of one-dimensional problem [31].
/
os
ot

¼ c0
oP
ot

� c0
oPc
ot

ð4Þ
are fulfilled in the transition region, where c is analogous
to a fictitious ‘‘specific heat’’. High c0 (and consequently

low Ps) corresponds to low depth of the transition re-

gion. Both curves, Pc and s as function of spatial vari-

able, are convex, rather than concave as in [4], Figs. 3

and 4. However, here as well as in [4] sðxÞ is propor-

tional to PcðxÞ, implying that PcðsÞ is linear. Eq. (4) then
corresponds approximately to the linear decrease in

Darcy’s velocity with respect to the spatial variable

(Fig. 4) and the expected transition region depth, d, can
be estimated from known parameters (for more details

see [31]).

From ABAQUS simulations, let us present simple

one-dimensional example of a porous medium 30 mm

long being filled by constant in-flow velocity 0.2 mm/s.

Parameters of the porous medium are: / ¼ 0:5,
si ¼ 0:012 which will result in a theoretical filling time of

74.1 s, K ¼ 5:37� 10�3 mm2 corresponding to the cross-

section of in-line packed cylindrical fibers of diameter

1.35 mm with distances between their centers equal to

1.7 mm. The resin viscosity is l ¼ 226 mPa s and con-

sequently the maximum pressure, when the specimen is
inlet

IIIZone
IIZone

IZone

saturation

hydrodynamic 
pressure 

capillary 
pressure 

Fig. 3. Schematic displaying saturation and pressure distribu-

tion at the mesolevel [4].
completely filled, is 250 Pa. Three different capillary

pressure variations were chosen according to Fig. 5a

(case B is plotted and cases A and C are schematically

explained) and three relative permeability distributions

(cases 1–3) according to Fig. 5b were selected. Case A

was thus chosen as the case, where the maximum

hydrodynamic and the maximum capillary pressure at

initial saturation are the same. Combining all the pos-

sibilities from Fig. 6, nine different situations can be

obtained, however, cases C1 and C2 did not converge

and from B cases only B1 and B3 are presented, as B

cases exhibit very similar results.

According to the depth of the intermediate region,

the cases can be arranged in descending order as follows:

A3, A2, A1, B3, B1 and C3, illustrating the influence of

the magnitude of the capillary pressure. Stronger the

capillarity, larger is the intermediate region. Cases in C

exhibit very short intermediate region, hence the con-

vergence difficulties, and therefore one can ignore the

capillary action for such cases anyway. Relative per-

meability influence is significant for high capillary effect

(cases A), while it is almost negligible for low capillarity

(cases B and C). These conclusions can be seen in Fig. 6,

in which for t ¼ 40 s the pressure and saturation distri-

bution along the specimen are shown for the six cases.

Obviously, pressure gradient in the fully saturated part

is the same for all cases (it is proportional to the inlet

velocity) and integral of saturation distribution is also

the same for all cases (it is proportional to the total resin

volume injected until that time). It is seen again that sðxÞ
and PcðxÞ are rather convex than concave, and that they

are not proportional, because PcðsÞ was not a linear

function of s. For more details see [11]. It could be re-

marked at this point that we did not find any discrep-

ancy between the analytical and numerical filling time as

noticed in [22].
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4. Mesolevel analysis

4.1. Physics and governing equations for the mesolevel

infiltration

Because of the infiltration complexity, resin flow

must be studied in its time-dependent nature at all three

scales: micro, meso and macro. Especially mesoscale is

interesting, because it gives the best view on the transi-

tion region formation and evolution. Systematic inves-

tigation of mesoscale flow is still required in order to

understand void formation mechanism and voids

dynamics.
In mesolevel analysis, liquid flowing along two dif-

ferent scales must be considered. Single scale porous

media (fiber tows) and open spaces (inter-tow spaces)

are presented and therefore different flow regimes are

linked together. Because fiber tows have uniformly dis-

tributed pores, sharp flow front can be assumed in the

intra-tow spaces. Moreover quasi steady state assump-

tion still holds and can be exploited. As the flow is slow,

inertia terms can be neglected, implying that Stoke’s

problem in inter-tow spaces XS
tk
and Darcy’s problem in

intra-tow region XB
tk
have to be solved at each discretized

time tk . In fact, Darcy’s law must be modified to

Brinkman’s equations, in order to account for viscous



Fig. 7. Schematic of flow domain with designations related to Eqs. (5) and (6).
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stress at the interface between these two regions (CS–B
tk

),

which rapidly decreases with the distance from CS–B
tk

(Fig. 7). In summary, it must be satisfied at each time

step, tk :

in inter-tow spaces:

r � v ¼ 0

rp ¼ lDv in XS
tk

ðStoke0s equationsÞ; ð5aÞ

in intra-tow spaces:

r � vD ¼ 0

rpf ¼ lDvD � lK�1 � vD in XB
tk

ðBrinkman0s equationsÞ:

ð5bÞ

Here v and p are local velocity vector and pressure,

respectively, and D ¼ r � r.

If fibers inside the tows are rigid, impermeable and

stationary, the following boundary conditions, under

usual omission of the air pressure, must be fulfilled at

the free front:

rv
t ¼ 0 and ðrv � nÞ � n� p ¼ rv

n � p � �p ¼ �pc ¼ �2cH

at CS
tk
; ð6aÞ
pf ¼ Pc at CB
tk
; ð6bÞ

and progression of the free boundary can be determined

according to

Df
Dt

¼ of
ot

þ v � rf ¼ 0 at CS
tk
; ð6cÞ
Df
Dt

¼ of
ot

þ vD

/t
� rf ¼ 0 at CB

tk
; ð6dÞ

where rv is local viscous stress, n stands for the outer

unit normal vector to the free front in Stoke’s region CS
tk
,

CB
tk
is the free front in Brinkman’s region and /t is intra-

tow porosity. Other boundary conditions as symmetry,

periodicity and inlet conditions are related to the par-

ticular problem under consideration.

FBP is concerned with the moving flow front,

which requires results at time tk , approximation of the
front at tk locally smoothed in order to determine

outer normals for use in the kinematic free boundary

condition (6c) and (6d); determination of the new re-

sin front position at tkþ1, approximation of this front

locally in Stoke’s region by a smooth curve in order to

determine its curvature; and application of boundary

conditions. Then the base analysis is solved by

ANSYS FLOTRAN module and the process is re-

peated. FBP has to deal with the usual problems of

moving mesh algorithms with remeshing of the filled

domain at each time step, like boundary identification,

preventing of normal crossing, free boundary looping,

etc.

ANSYS FLOTRAN can account for porous media

influence by introduction of distributed resistance.

Averaged values in Eqs. (5b), (6b), (6d) are therefore

important mainly from theoretical viewpoint, while

numerically either velocity or pressure maintain their

meaning as nodal variable in both regions, preserving all

necessary continuity requirements at CS–B
tk

.

Verification of the correctness of the distributed

resistance introduction can be conducted in several

ways. For instance, flow across in-line arrangement of

cylindrical fiber tows with circular cross-section of rel-

ative radius 0.3 and intra-tow porosity /t ¼ 0:9 can be

considered. Let each tow contains 89 fibers of relative

diameter 0.02 with in-line arrangement, yielding intra-

tow permeability of 1.28· 10�4 unit2. According to

homogenization techniques permeability equals to

averaged velocity when a unit macroscopic pressure

gradient is imposed on a saturated basic cell containing

a unit viscosity liquid. Periodicity of liquid velocity and

oscillating part of the local pressure are applied at the

outer boundaries, simplified by symmetry consider-

ations. Results of velocity and pressure distribution are

in agreement with expected and published results [32,33].

Dimensionless homogenized permeability is determined

as 0.0131, which corresponds to the 19% increase against

0.011 of permeability of the same geometry with

‘‘impermeable tow’’. It should be remarked in this con-

text, that homogenized permeability cannot depend only

on /t, because dimensional factor is always important.

Numerical simulation results are dependent on the

‘‘dimensional’’ intra-tow permeability. The same value
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of 1.28· 10�4 unit2 could be achieved e.g. for /t ¼ 0:6
and 10 fibers of relative diameter 0.12.

In order to support correctness of the results, local

mass conservation (LMC) error is also calculated. LMC

error is FBP additional calculation. The absolute value

for the total fluid flux entering and exiting each FE,

should be zero. The relative LMC error switches the

absolute value into dimensionless number by dividing it

by the square root of the FE area and by the maximum

velocity component related to this element. It was veri-

fied that both absolute and relative LMC error are

concentrated at the inlet/outlet boundaries, only in rel-

ative values there is slight increase along the tow outer

surface, but not significant. Therefore introduction of

distributed resistance is a viable way of modeling.

When free boundary progression is treated in meso-

level simulation, one has to be careful with the capillary

pressure application, Eqs. (6a) and (6b), and with the

interpretation of the free boundary condition, Eqs. (6c)

and (6d), implying that velocities extracted in intra-tow

spaces for the new front determination must be cor-

rected by a factor 1=/t. The numerical simulation issues

are clearly related to the transition node at the inter-

section CS
tk
\ CB

tk
\ CS–B

tk
, where application of Eqs. (6a–b)

and (6c–d) is ambiguous. In order to eliminate this

ambiguity, FE mesh around the transition node is re-

fined, conditions from Eqs. (6a) and (6b) are imposed

only at proximal frontal nodes; and automatic correc-

tion of the free front to straight line using two neigh-

boring new nodal positions, as it is shown in Fig. 8, is

implemented instead of the kinematic boundary condi-

tion at the transition node.

For classification of mesolevel flows, dimensionless

measures of the importance of the viscous versus capil-

lary forces are useful. Inter-tow capillary number Nci,

modified capillary number Ncm and intra-tow capillary

number Nct can be introduced. Because these numbers

depend on some characteristic velocity of the problem,

they can have directional character as

Nci;x ¼
vxl
c

; Ncm;x ¼
vxl

c cos h
;

Nct;x ¼
vDx l
c

¼ Kxx

c
oP
ox

���� ����; ð7Þ
straight line formation 
using adjacent nodes 

new transition 
node position 

possible formation of a 
new transition node 

transition  
node 

old front 

tow surface 

Fig. 8. Treatment of the free boundary advance at the transi-

tion node.
where vx or vDx is some typical velocity of the related

problem and x is permeability principal direction.

When Nci is very low in Stoke’s region, it is difficult to

preserve an acceptable numerical solution. Resin front

approaches constant curvature surface and although low

Nci creates more favorable conditions for injection in

view of air entrapment, negative effect of low Nci in view

of numerical simulation is, that the resin front is more

sensitive to the time step magnitude and unphysical non-

smoothness are more probable to occur. Resin front can

start to oscillate because of these factors. For better

control, a maximum normal advance maxi Dxin;tkþ1
(user

input) is used to calculate the actual time increase Dtk .
Better LMC can obviously be obtained for finer FE

mesh, although, application of this general knowledge is

not so straightforward here. Reducing the element size

and the time step Dtk proportionally does not improve

the stability of the flow front. Therefore different control

must be used for different purposes. In ANSYS termi-

nology key points are distributed evenly along the flow

front and are used for the new front localization and

curvature determination. They cannot be very close to

each other, as this would increase the danger of

unphysical non-smoothness. In this way generated

frontal lines can contain several FE nodes, more nodes

are used along key points touching some boundary. In

addition, the maximum normal advance is reduced

independently on the element size or key point distances.

Four stabilization techniques of the flow front in

both regions some of which also address capillary

pressure in Stoke’s region are implemented in FBP in

order to decrease the danger of front oscillations, in-

crease exactness of the results and permit usage of larger

maximum normal advance, which in consequence can

reduce CPU time. The first stabilization technique I, is

based on parameter a, relating the normal advance Dxin;tk
at a frontal i-point with the normal velocity vin;tk , as

Dxi;an;tk ¼ Dtk � vin;tkþa
. In fully explicit approach a ¼ 0,

however, more correctly it might be assumed that:

vin;tkþa
¼ ðvin;tk þ vin;tkþ1

Þ=2 ¼ ðvin;tk þ bi
tk
vin;tk Þ=2

¼ vin;tk ð1þ bi
tk
Þ=2; ð8Þ

where parameter bi
tk
can be calculated from LMC in the

form:

Ri
tk
vin;tk ¼ ðRi

tk
þ Dxin;tk Þv

i
n;tkþ1

¼ bi
tk
ðRi

tk
þ Dxin;tk Þv

i
n;tk

; ð9Þ

where Ri
tk
is curvature radius of the free front at i-loca-

tion. This procedure maintains better LMC especially in

curved regions, as it can be seen in Fig. 9. An iterative

algorithm according to Eqs. (8) and (9) is included in

FBP, where in the first iteration radius Ri
tk
from smooth

curve approximation is implemented, while in conse-

quent iterations areas formed by straight lines are used

to update bi
tk
. Number of consequent iterations can be



 

region, which is 
assumed to be filled 

region, which 
can be filled 

correction of 
the progression 

old front 

Fig. 9. Stabilization technique I of LMC for significantly

curved fronts.
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equal to zero in the case of fully explicit approach, when

bi
tk
¼ 1 8i; k.
Stabilization technique II removes unphysical non-

smoothness and it is explained in Fig. 10. When a

‘‘sharp’’ angle on the flow front (concept of this sharp-

ness is determined by user specified value) is detected,

the new position xi
tkþ1

is moved to the location in the

middle of the normal line to the original (k)-front con-
necting intersection with a straight line between two

neighboring new points xi�1
tkþ1

and xiþ1
tkþ1

and the sharp

location. Also this algorithm is introduced in an iterative

way. It is very efficient in smoothing the front, however,

no additional mass verification is included, because it is

not intended as a principal techniques allowing very

large normal advances.

Stabilization technique III concerns with the capil-

lary pressure imposed on CS
tk
. It is based on least square

approximation (calculated in software Maple module)

and it actually requires a rough idea about curvature

variation along the front. For instance if constant cur-

vature surface is expected, least square approximation

by constant function can be used and will speed up

significantly the calculation. However, if sufficient care is

not taken, results can be physically unrealistic. Finally,

Stabilization technique IV, smoothes the local capillary

pressure values in the same way as Stabilization tech-

nique II smoothes the front. It is thus capable of pre-

serving physical variation of the capillary pressure along
0.3

0.4

0.5

0.65 0.75 0.85

(k)-front

(k+1)-front with 
sharp nodes

(k+1)-front after 
stabilization

Fig. 10. Stabilization technique II eliminating unphysical non-

smoothness.
the front, and therefore it is convenient in cases when

curvature variation along the front cannot be guessed in

advance.
4.2. Homogenized capillary pressure estimates

Fiber tows in mesolevel analysis belong to a single

porous medium with uniform pore sizes, therefore

transition region can be omitted and homogenized value

Pc can be estimated from microlevel considerations and

applied as a constant value within intra-tow spaces on

CB
tk
. If contact angle (equilibrium advancing contact

angle for steady state assumption) is known, then the

total capillary force can be calculated exactly by inte-

gration of ‘‘surface tension projection’’ along each wet-

ted perimeter. Intrinsic phase average value Pc can be

then obtained by relating the total force to the averaged

pore space area. This can be done easily for flow along

aligned fibers, but in flow across the fibers, fiber surface

is curved and therefore except for the contact angle, an

angle of the surface must be included in the projection.

From literature either relation proposed by Carman, or

notion of the hydraulic radius or direct implementation

of Young–Laplace equation leads to [34–36]

Pc ¼ Sc cos h; Pc ¼
c cos h
m

; Pc ¼
4c cos h

De

; ð10Þ

where S is the ratio of the surface area of the medium to

its pore volume, the hydraulic (mean) radius m is defined

as the ratio of the average pore cross-sectional area to

the average wet perimeter, De stands for equivalent

diameter of the pores and h for the contact angle. All the

geometrical parameters from Eq. (8) can be estimated

for particulars of the porous media. For example, in the

case of flow along and across fibers, De is suggested in

[36] in the way that:

Pc;L ¼
4c cos hð1� /Þ

/df
¼ 4eP and

Pc;T ¼ 2c cos hð1� /Þ
/df

¼ 2eP ; ð11Þ

respectively, where df is the single fiber diameter. First

expression in Eq. (9) does not need any estimate and can

be obtained immediately from first two relations in Eq.

(8). For flows across fibers, the first relation in Eq. (8)

yields again Pc;T ð¼ Pc;LÞ ¼ 4eP , while, the second relation

in Eq. (8) gives coefficients p or 8=p in front of eP ,
depending on if the average integral is calculated with

respect to an angle or a distance. In our understanding

(see also [12]), when resin passes a single fiber, total

capillary force in the direction of the flow can be exactly

calculated, once the contact point is known. Then after

expressing the pore space, the intrinsic average Pc;T ,
either integrated over an angle or a distance, yield the
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same value as in [36] Pc;T ¼ 2eP ; hence Eq. (9) will be

implemented in our examples.
4.3. FBP mesolevel results for flow along fiber tows

Fiber tows with circular cross-sections could only be

studied, because of the rotational symmetry. Three dif-

ferent inlet situations were chosen and applied on a

specimen 4 mm long with external radius of 0.5 mm and

tow radius of 0.35 mm. Case A was constant inlet

pressure 2 kPa. Case B was constant inflow velocity of

10 mm/s forced to have the same phase averaged value

in intra-tow spaces as well and Case C was constant

inflow velocity 10 mm/s allowed to decrease in the intra-

tow spaces by the porosity value. Each of these cases

were studied for high (case I: 1.6 · 10�3 mm2) and low

(case II: 1.6· 10�5 mm2) permeability values, while the

porosity, viscosity, surface tension and contact angle

were kept the same for all situations as 0.4, 50 mPa s, 25

mN/m and 0�, respectively. This means that in cases I

single fibers have diameter of 0.08 mm and intra-tow

capillary pressure corresponds to 1.9 kPa, while in cases

II these values are 0.62 mm and 0.24 kPa, respectively.

Higher permeability is therefore obtained by bigger

fibers, which consequently decreases homogenized cap-

illary pressure.

Flow front pattern, pressure for intermediate stages

and wicking front delay or advance Dz (calculated as top

advance in Stoke’s region minus advance on the rota-

tional symmetry axis, i.e. positive for filling delay) are

shown in Figs. 11–13, for cases AI, AII, BI, BII, CI, CII,

respectively.

Case AI shows typical tow filling delay with front

shape which compares well with experimental results

from [8]. When comparing wick front delay in cases AI

(�1 mm) and AII (�0.1 mm), there is an order of

magnitude difference as predicted by formula presented

in [6–8]:

Dz ¼ dt

ffiffiffiffiffiffiffi
Kef

i

Kt;r

s
; ð12Þ

where dt, Kef
i and Kt;r stand for tow diameter, effective

inter-tow and radial intra-tow permeability, respectively,

under assumption that Kef
i is the same for AI and AII.

Eq. (12) with rough estimate of effective inter-tow per-

meability predicts wick front delay as 8 and 0.8 mm for

cases AI and AII, respectively. The discrepancy from

numerical prediction is related to the fact, that Eq. (12)

does not consider longitudinal wicking flows, which are

present in our examples and which can significantly re-

duce the infiltration delay. Eq. (12) shows good agree-

ment with experimental data and was also tested for

cases with high hydrodynamic pressure gradient, where

longitudinal wicking flows are insignificant.
When wicking front is only slightly advanced (cases

AII, BI and CI), an additional advance close to the tow

surface inside the tow can be seen (Fig. 11). This might

be caused by the fact, that we used isotropic perme-

ability and did not decrease the radial value with respect

to the longitudinal one. In real situations, moreover,

some spaces between fibers near the tow surface could be

closed because of the acting pressure, and resin could

thus spread over the tow surface. This case cannot be

captured by simulation with ‘‘ideal’’ parameters. We did

not pay much attention to these situations, because in

unidirectional fabrics it is also natural, that initial pore

spaces close to the tow surface might be larger.

When intra- and inter-tow fronts completely separate

(cases BII and CII), which can happen only in tow filling

advance, flow out of the tows are neglected in numerical

simulations, because it can be assumed that in such case

capillary action is so strong that it would keep the resin

inside the tow. On the other hand, presence of these

flows would give larger possibility to voids formation. In

our simulations wick front is practically straight in BII

case, while in CII case (which has more natural inlet

conditions) it exhibits slight curvature, as reported

experimentally [4,5].

All cases B and C have the same Ncm ¼ Nci ¼ 0:02.
Therefore their classification should be done in terms of

Nct. It turned out to be quite difficult to estimate Nct in a

way to link similar front patterns together.

It can be concluded that tow infiltration cannot be

ensured only by radial flows. Cases with equilibrated

flow front or advanced wick front, which are confirmed

experimentally in [4,5], and which are shown here in

numerical simulations, cannot be justified without

longitudinal wicking flows inside intra-tow spaces.

These longitudinal flows are not pressure driven as can

be concluded from pressure distribution shown in

Fig. 12.

4.4. FBP mesolevel results for flow across fiber tows

In experiments dealing with flow across fiber tows,

only a thin strip along the fiber tow circumference was

filled (practically instantaneously), when the primary

front has passed over the tow [2,3,6]. We can confirm

such situation numerically and suggest resin and process

parameters ensuring much favorable tow infiltration.

Two different inlet situations were chosen and ap-

plied to a specimen 6 mm long with three fiber tows of

elliptical cross-section having semi-axes equal to 0.8 and

0.35 mm: constant inflow velocity of 20 and 1 mm/s.

Intra-tow porosity, viscosity, surface tension and con-

tact angle were kept the same as 0.4, 50 mPa s, 20 mN/m

and 60�, respectively, giving Nci equal to 0.05 and 0.003.

Intra-tow permeability was chosen as 1.6 · 10�7 mm2,

which implies that single fibers have diameter of 14.7 lm
and intra-tow capillary pressure corresponds to 1.9 kPa.



Fig. 11. Flow front pattern for cases AI, AII, BI, CI, BII and CII, respectively.
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Flow front pattern and final filling stage are shown in

Figs. 14 and 15. It is clearly seen that for lower inter-tow

capillary number, tow filling is only slightly delayed with

respect to the primary front, while for high Nci tow

infiltration practically stops.

4.5. Comparisons

It can be seen that in flows along fiber tows with

constant inlet pressure, as resin advances, hydrodynamic

pressure gradient in Stoke’s region decreases, while

capillary action remains the same. Therefore after some

initial period, Dz starts to decrease. Separation of

homogenized (stabilized) and transition region is thus

better seen in cases with constant inflow velocity. In such

cases, there is always present an initial, homogenized
and transition region. Initial and transition regions be-

have in similar ways. Both adapt by radial flow either

inlet or free front conditions. Once they are formed, they

keep their depth, this is clearly seen in Fig. 13, where in

cases B and C wick front delay or advance stabilized and

keeps its value in later parts of the graph. Homogenized

(stabilized) region extends along infiltration and no ra-

dial flows are present there.

Similar situation can be observed in flows across fiber

tows, although transition region changes its character-

istics periodically.

It should also be remarked that the ideal numerical

simulations presented in this article do not justify voids

formation, which need some additional perpendicular

impulse in form of stitching or other fiber tows in woven

fabric [4,5] or defects [3].



Fig. 12. Pressure distribution for selected intermediate stage for cases AI, AII, BI, CI, BII and CII, respectively (thick short lines link

the contour legend to the corresponding figure).
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5. Conclusions

In this article an analysis of the transition region

formation and evolution during the resin impregnation

stage of LCM process was presented. Numerical results

at the mesolevel were obtained by FBP, which can track

the advance of the resin front accurately by accounting

for the surface tension effects at the boundary. FBP

integrates routines and interconnecting moduli written

in Ansys Parametric Design Language (APDL), FOR-

TRAN and Maple and applies directly to FLOTRAN

CFD ANSYS module to resolve a base analysis. Cur-
rently only two-dimensional problems or problems with

rotational symmetry can be treated; extension to three

dimensions is a subject for further research. No prob-

lems were detected at the interface CS–B
tk

.

It should be stressed that FBP belongs to the group

of moving mesh algorithms with remeshing of the filled

domain at each time step, because free front curvature

has been found essential to introduce correct surface

tension effects. FBP has possibility of restarting the

analysis from a specified time step and of modifying

parameters related to the analysis for each time step.

Implemented stabilization techniques are directed by
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Fig. 13. Wicking front delay or advance Dz (positive for filling delay) with respect to filling time for cases AI, AII, BI, CI, BII and CII,

respectively.

Fig. 14. Flow front pattern and final filling stage (different color designates resin in inter- and intra-tow spaces) in flow across fiber

tows with Nci ¼ 0:05.

Fig. 15. Flow front pattern and final filling stage (different color designates resin in inter- and intra-tow spaces) in flow across fiber

tows with Nci ¼ 0:003.
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used specified values. FBP has full capability of cap-

turing voids formation and of prediction process and

material parameters for favorable filling without danger
of dry spots formation. In posterior applications shear

thinning fluids, coupling with thermal analysis and

inclusion of fiber deformation will be examined.
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Numerical simulations presented in this article clearly

showed that wicking flows play an important role in

fiber tows infiltration and cannot be omitted at the

mesolevel scale. In flows along fiber tows it was dem-

onstrated and concluded that tows impregnation is not

ensured only by radial flows. Longitudinal wicking flows

inside intra-tow spaces are important and must be con-

sidered. Cases with equilibrated flow front or advanced

wick front, which are confirmed experimentally, and

which are shown here in numerical simulations, would

not be possible to justify without longitudinal wicking

flows inside intra-tow spaces. Numerical results pre-

sented in this article were found in good agreement with

the experimental studies presented elsewhere.

Additional studies must be dedicated to the correct-

ness of the numerical treatment of the tow surface in

cases when inter- and intra-tow flow fronts are com-

pletely separated. Also a possible formation of a contact

angle on the tow surface should be considered. Either

known phenomena from experimental observations can

be modeled, or tow ‘‘surface’’ will have to be studied at

microscale or even at nanoscale by molecular dynamics.

There is no basis for flow interference with neigh-

boring tows, either in flows along or across the tows;

therefore generalizations can be drawn from the simple

examples presented in this article. Unfortunately, con-

stant pressure or constant flow rate inlet conditions can

hardly reproduce the real situation in the neighborhood

of the macroscopic flow front.
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