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Abstract

The incomplete saturation and the void formation during the resin infiltration into fibrous porous media in
the resin transfer molding process cause failure in the final product during its service. In order to better
understand flow behavior during the filling process, a finite-element scheme for transient flow simulation
across the micro-structured fibrous media is developed in the present work. A volume-of- fluid (VOF)
method has been incorporated in the Eulerian frame to capture the evolution of flow front and the vertical
periodic boundary condition has been combined to avoid unwanted wall effect. In the microscale sim-
ulation, we investigated the transient filling process in various fiber structures and discussed the mechanism
leading to the flow fingering in the case of random fiber distribution. Effects of the filling pressure, the
shear-thinning behavior of fluid and the volume fraction on the flow front have been investigated for both
intra-tow and the inter-tow flows in dual-scale fiber tow models.
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1. Introduction

The capability of manufacturing high performance struc-

tured composite materials at relatively low operation cost

made the resin transfer molding (RTM) process an attrac-

tive technique in aerospace, transport and automotive

industries (Bader, 2001). In the RTM filling processing,

either thermosetting or thermoplastic polymer is injected to

infuse a fiber preform that is placed in closed mold. In

most cases, the fiber preform is fabricated or stitched in

various architectures from fiber tows, which are bundles of

hundreds of parallel fiber filaments, to ensure that the fiber

content in composite product could be enough to carry the

mechanical loads. Such a fiber preform could be described

as dual-scales porous medium, since the gaps between

fiber tows are of the order of millimeters whereas the inter-

stices between fiber filaments inside the fiber tows are of

the order of micrometers. Accordingly, under normal fill-

ing pressure, the resin fills the intra-tow region between the

fiber tows at a much faster rate than inter-tow region within

the fiber tows. On the other hand, the random arrangement

of fiber filament in micro scale results in a non-uniformed

impregnation. As a consequence, poor saturation and voids

might be present in final parts, which possibly cause the

initiation of cracks during their service (Varna et al., 1995).

Hence understanding of the underlying physical phenom-

ena during fluid impregnation through a fibrous preform is

of great importance for the industry applications.

A number of previous works on the transient filling dur-

ing the RTM process can be found in literatures. In many

cases, the resin transportation into the fiber preform is mod-

eled by the standard Darcy’s law (Bruschke and Advani,

1990; Kang and Lee, 1999; Mohan et al., 1999). Although

these approaches were found to be successful in tracking

the flow front in the macroscopic flow, they are incapable

to give any information about the fiber tow saturation or

the air entrapment inside the fiber tow. Pillai et al. (2002)

proposed to add the ‘sink term’ in the momentum equation

to account for the resin impregnation into the fiber tow in

dual scale porous media. According to this modification,

Simacek and Advani (2003) introduced extra one dimen-

sional element into the standard finite-element/control-vol-

ume scheme to represent the saturation of fiber tows. The

saturation rate of the fiber tow is assumed to be linearly

proportional to the pressure of the macro flow in the inter-

tow region. Though simplified, the model was somewhat

successful in predicting the partially saturated region qual-

itatively.

Several researchers have investigated the impregnation

of fiber tow in meso-scale for transverse and longitudinal

flows. Both Sadiq et al. (1995) and Parnas et al. (1994)

demonstrated that the transverse flow is always delayed by

the viscous resistance of the fiber tow, even though there

exists strong capillary effect between individual fiber fil-

aments inside the fiber tow. To some extent, for the flow*Corresponding author: wrhwang@gsnu.ac.kr
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transverse to the fiber array, the hydrodynamic force seems

to be more dominant, when the filling pressure is larger

than the capillary pressure. Spaid and Phelan (1998) mod-

eled the transverse flow though fiber tow using the Lattice

Boltzmann (LB) method, which showed time-dependent

saturation profile inside the fiber tow and investigated void

formation dynamics as a function of the nominal porosity.

Chang (2003) also proposed a model to simulate coupled

flows in both intra-tow and inter-tow spaces and they

showed that the mechanism of air entrapment formed

inside the fiber bundles is caused by non-homogeneous

spatial distribution of permeability. Binetruy et al. (1997)

investigated the axial flow along the fiber tow and pro-

posed the mathematic model to predict the position of

delayed flow front in intra-tow region as a function of effi-

cient and saturated permeability. Even without considering

the capillary force in modeling the flow inside the fiber

tow, their result shows good agreement with experiment at

high volume content. Yang et al. (2006) modeled a similar

problem and employed a volume-of-fluid method to

observe the flow front along the fiber tow in dual scale

porous media. The effects of intra-tow permeability, filling

velocity and inter-tow dimension on flow front have been

studied.

In the present study, we track the flow front by the vol-

ume-of-fluid (VOF) method based on the finite element

scheme. In micro-scale simulations, we present flow pat-

terns for randomly distributed fiber array and investigate

the mechanisms leading to the flow fingering. In meso-

scale simulations, a fiber tow model is presented to inves-

tigate non-homogeneity in the flow front between the intra-

tow and the inter-tow flows, which is believed to be

responsible for the poor saturation or void formation inside

the fiber tow. Effects of the filling pressure, the amount of

shear-thinning in fluid, the viscosity, fiber volume fraction

and the inter-tow dimension on the saturation profiles have

been studied.

2. Modeling

2.1. Problem definition
In this work, the transversal flow crossing a porous

media is modeled as the flow through the unidirectional

fiber filaments with the circular cross section. By distrib-

uting fiber filaments in desired configurations, we could

mimic the fiber bed with various microstructures, including

the dual-scale model of fiber tows. Fig. 1 describes the

resin impregnation into the fiber tow driven by the pres-

sure, which is an example of the flow in dual-scale porous

media.

The computational domain in the present work is given

in Fig. 2. The Cartesian x and y coordinates are selected as

parallel and normal to the flow direction. The computa-

tional domain, denoted by Ω, has four boundaries, which

are denoted by Γi(i=1, 2, 3, 4). The fiber filament is

denoted by Bi (i=1, 2, 3..., N) and N is the number of

fibers. We used the symbol B to denote a collective region

occupied by the fiber. In our model, the constant pressure

injection condition is imposed on the inlet to drive the fluid

flow passively crossing the fiber array. In addition, the

periodic boundary condition has been introduced between

the upper (Γ2) and lower (Γ4) boundaries in y direction. The

periodic boundary condition in the vertical direction allows

a more flexible way to arrange fibers such that the fibers

could be located crossing the upper or lower boundary,

avoiding the unwanted wall effect in mold filling simu-

lation.

In the present study, we focus on the hydrodynamic

effects on the micro-scale filling in the porous media,

neglecting the capillary effect, since the capillary effect

only works dominantly when the local pressure is

extremely low (Wang and Grove, 2008; Dungan and Sas-

Fig. 1. The transversal impregnation inside the fiber tow during

the filling process.

Fig. 2. The computational domain with the combination of peri-

odic boundary condition to the vertical direction.
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try, 2002). In the case of practical manufacturing processes,

the filling pressure is normally chosen high enough to

make sure the filling stage could be finished before resin

starting to cure. Therefore, the flow induced by capillary

force could not be very significant during the transient fill-

ing stage.

2.2. Governing set of equations
The governing equations for Stokes flow of a generalized

Newtonian fluid are employed to describe the transversal

flow through micro fiber arrays.

, in (1)

, in (2)

, in (3)

Eqs. (1)-(3) are for the momentum balance, the conti-

nuity, the constitutive relation, and the symbols u, σ, p, I,

D and η are the velocity, the stress, the pressure, the iden-

tity tensor, the rate-of-deformation tensor and the viscosity,

respectively. The shear rate  is the second

invariant of 2D in the complex flow. The (truncated)

power-law model is employed to express the shear-rate

dependent viscosity in case of a non-Newtonian fluid:

. (4)

In this model, a limiting low shear rate  has been

introduced such that the shear rate smaller than  is

replaced by  to avoid unrealistic high viscosity in the

low shear regime The fluid attached on the fiber Bi must be

stationary:

, on . (5)

In addition, the flow is driven by the pressure gradient

between inlet and outlet:

(6)

A fictitious domain method (Wang and Hwang, 2008;

Hwang et al., 2004; Glowinski et al., 1999; Bertrand et al.,

1997) has been implemented to describe the fiber filaments

in our model. In this method, the fiber is considered as an

immobilized rigid ring, which is filled with the same fluid

as in the fluid domain and the zero velocity condition is

imposed only along the fiber boundary. It is called the

rigid-ring problem and it was introduced for the simulation

of particle suspensions by Hwang et al. (2004), and Hwang

and Hulsen (2006). This description is possible when fluid

inertia is negligible. The governing equations for a region

occupied by a fiber Bi are exactly the same as equations for

the fluid domain in Eqs. (1)-(3). Therefore, the additional

condition for the fiber is the zero velocity constraint on the

fiber boundary, as indicated in Eq. (5).

The interface between the fluid and air was captured by

the pseudo-concentration method, proposed by Haagh and

Van De Vosse (1998). This method is well suited with the

rigid-ring description for the fiber with the fictitious

domain method, since both methods are based on the Eule-

rian description with a fixed regular mesh over the entire

domain. In the pseudo-concentration method, the fluid and

air are identified by the concentration function f, indicating

the fraction of fluid materials: i.e., φ=0 for the air domain,

while φ=1 for the fluid domain. The interface is deter-

mined by the level set φ=0.5. The fraction of material

should be advected passively by the given flow and there-

fore the evolution of the concentration function φ is given

as follows:

(7)

In the frame work of the pseudo-concentration method,

the viscosity is now denoted by  over the entire domain:

. (8)

We use a constant air viscosity  of order 10−3 to min-

imize the artificial effect of air domain on the fluid flow.

Then, the constitutive relation for both fluid and air is

given by a single equation:

(9)

Since the periodic boundary condition has been applied

in the vertical direction, the continuity of the velocity field

and of the concentration function and the force balance are

required across the periodic boundary:

, , ,

, (10)

where t are tractions on the domain boundary.

When the fiber is located across the periodic boundaries,

it needs to be relocated into the computational domain to

∇ σ⋅ 0= Ω\B

∇ u⋅ 0= Ω\B

σ pI– 2ηfluid γ·( )D+= Ω\B
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Fig. 3. The description of a fiber crossing the periodic boundary

in the vertical direction. The part of a fiber exceeds the

upper or lower boundary of computational domain has

been relocated.
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the corresponding position as indicated in Fig. 3. We define

two sets of the coordinates: the unprimed set for the orig-

inal coordinate (before relocation) and the primed set for

the relocated coordinate. The relocated coordinate  is

determined by

, (11)

where ‘mod’ is the modular function: e.g., mod(1.7Y,H) =

0.7Y and mod(−0.7Y,H) =0.3Y for the positive number Y.

3. Numerical methods

Following the approach in the previous work for the per-

meability prediction (Wang and Hwang, 2008), we derive

the weak form and the discontinuous Galerkin (DG)

method is employed in weak form to get the stable solution

of the interface evolution equation (Eq. (7)). We introduce

two different Lagrangian multipliers λv and λB,i, which are

associated with the kinematical constraints for the peri-

odicity in the vertical direction (Eq. (10)) and the rigid-ring

constraint equation along the i-th fiber filament boundary,

respectively:

, (12)

Introducing the separate functional spaces U, P and Φ for

u, p and φ, respectively, the weak form over the entire

domain, along with the DG formulation for the evolution

equation, can be stated as follow:

For t>0, find , , ,  and

 such that:

, (13)

, (14)

, (15)

, (i=1,...,N), (16)

(17)

for all , , ,  and .

In Eq. (15), ne is the unit outward normal vector on the

boundary of an element e,  is the part of the boundary

e where  and  is the concentration in the neigh-

boring upwind element. The inner product (·,·)  is the

standard inner product in L2(Γj):

.

We remark that when a fiber is located outside the periodic

domain, the part beyond the domain needs to be relocated

according to Eq. (11). In this case, Eqs. (13) and (16)

should be modified as follow:

(18)

In a similar way, the inflow condition of the concentration

function (Eq. (10)) has been incorporated for the flow front

crossing the periodic boundary with the DG formulation

(Eq. (15)) by taking the coupled position of the periodic

boundary.

4. Implementation

4.1. Spatial discretization
For the discretization of the weak form, we use quad-

rilateral elements over the whole domain with the bi-qua-

dratic interpolation of the velocity, the linear discontinuous

interpolation for the pressure and discontinuous bi-qua-

dratic interpolation of the concentration function. For the

discretization of the weak form of the rigid-ring constraint

(Eqs. (13) and (16)), we employ the point collocation

method and details of implementation technique can be

found in Wang and Hwang (2008) and Hwang et al.

(2004). Presented in Fig. 4 is an example mesh for three

fiber filaments. In order to keep the flow rate, we

employed more collocation points for each fiber boundary

than in the particle suspension simulation (Hwang et al.,

2004). For the vertical periodicity (Eq. (17)), we used

nodal collocation method, the point collocation at all nodes

along the periodic boundary.

4.2. Time integration
At the initial time step, we set the concentration function

to be zero over the whole computational domain as no
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Fig. 4. The regular rectangular discretization is used for the entire

computational domain and the fiber is described by the

collocation points along its boundary.
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fluid filled inside. At following each time steps, we solve

the momentum equation with the constraints of the rigid

ring and the periodicity (Eqs. (13), (14), (16), (17)) to get

the velocity distribution un, then we predict the concen-

tration function (φ n+1) by integrating the evolution equation

of the concentration function equation (Eq. (15)) from un.

As the accuracy of the interface capture really depends on

the accuracy of the time-stepping method, we employ the

explicit third-order accurate TVD-RK3 (Total-Variance_

diminshing /3rd
−order Runge-Kutta) scheme combined

with discontinuous Galerkin method:

,

,

,

, (19)

where [M] is the mass matrix and vector g is the forcing

term due to the convection term in the evolution equation

of φ.

During solving the governing equations mentioned

above, we need to solve a large symmetric sparse matrix.

We use a direct method based on a sparse multi-frontal

variant of Gaussian elimination (HSL/MA41) to solve the

matrix system. Additionally, the Picard-type iteration has

been employed to deal with the non-linearity in the non-

Newtonian fluid problem.

5. Results and discussion

5.1. Micro-scale flow simulations
In this section we investigate the flow pattern in the uni-

directional fiber bed of randomly packed fiber filaments

for both Newtonian and shear-thinning fluids. For this pur-

pose, the first problem is set up with 25 randomly dis-

tributed fibers of the uniform radius r = 0.0275 in the

computational domain of the size (L,H)=(0.5,0.5) under the

pressure drop ∆p=50. Figs. 5(a) and (b) show the flow

front evolution at t=0.2, 0.5, 1, 2 for a Newtonian fluid

with the viscosity ηfluid=1 and for a shear-thinning fluid

with m =1 and n=0.5, respectively. In both cases, the inter-

faces get wiggling in time, which indicates the non-uni-

form infiltration. Such phenomena, so called the ‘interface

fingering’, appear more evident in the shear-thinning fluid

case. The long advancement of the interface is caused by

the local acceleration of the interface velocity through the

gap between two adjacent fibers. This acceleration was

also reported by Chen and Papathanasiou (2006) in their

steady flow simulation for unidirectional randomly dis-

tributed fiber media. Moreover, one could observe a long

tail of voids for each fiber boundary on the downstream,

after the flow passes by the fiber. The void structure is very

similar to the meld line formation in the injection molding

process. Though there is no experimental evidence of this

void formation right after the microscale fiber filament, it

seems to be largely affected by the distance between the

adjacent fibers in the flow direction. However, detailed

analysis of the flow front near the fiber needs to be carried

out in the future with full consideration of the interfacial

contact wetting phenomenon.

As mentioned previously, the non-uniformity of the inter-
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Fig. 5. The flow front evolution through 25 random distributed fibers at t=0.2, 0.5, 1 and 2 for each case (a): Newtonian fluid, (b): non-

Newtonian fluid with power-law index n=0.5.
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face in the shear-thinning fluid is more evident than in a

Newtonian fluid. To investigate the enhanced fingering in

case of the shear-thinning fluid, the shear-rate distributions

at t=1 for both cases are presented in Fig. 6, since the shear

rate is a dominant fact that leads to variations in the shear-

thinning fluid. As shown in Fig. 6(b), the high shear region

appears near the top and the bottom of the fiber bound-

aries, where the fingering of the flow front is enhanced.

(See the line segment denoted by A-B.) In the high shear

region, the velocity gradient is large, because the viscosity

gets low due to the shear-thinning property. Therefore, one

may expect the flow along the line segment A-B would be

a plug flow. The result is consistent with the enhanced

main flow path generation in the shear-thinning fluid in

Wang and Hwang (2008).

To investigate the enhanced fingering in the shear-thin-

ning fluid, we plotted in Fig. 7 the shear rate along the line

A-B (denoted in Fig. 6). We compared the shear rate at

t=0.5 and 2 in case of the Newtonian fluid and t=0.2 and

0.5 for the shear-thinning fluid, when the flow pattern is

similar to each other. In Fig. 7, one could observe that the

shear rate close to the fiber boundary is much higher in the

non-Newtonian fluid than in the Newtonian one, which

indicate the local plug-like flow formation near the gap and

thereby it enhances the fingering of the flow front in case

of the shear-thinning fluid.

5.2. Dual-scale flow simulations
As mentioned, the fiber preform is usually fabricated

from fiber tows, which are bundles of hundreds of parallel

fiber filaments, to ensure that the fiber content in the com-

posite product could be enough to carry the mechanical

loads. The flow in the fiber tow can be modeled as the

dual-scale porous medium: the gaps between fiber tows are

of the order of millimeters, whereas the interstices between

fiber filaments inside the fiber tows are of the order of

micrometers. Therefore the void formation due to the dif-

ference in the resin infiltration speed has been an important

industrial issue. In the present study, we model an elliptic

fiber bundle consisting of 107 fiber filaments with the uni-

form radius r=0.02 in the computational domain (L,H)

= (1.5,0.7) so that the dual-scale flow behaviors of the

macro flow around the fiber tow as well as the micro flow

inside the tow could be investigated in our simulation. We

remark that, due to the periodicity in the vertical direction,

the problem with a single fiber tow could represent the par-

allel arrays of fiber tow in the vertical direction.

Firstly, we investigate effects of the pressure gradient on

Fig. 6. The shear rate distribution at t=1. (a) Newtonian fluid. (b)

shear-thinning fluid with the power-law index n=0.5.

Fig. 7. The shear rate distribution along the line A-B (Fig. 6)

between the two adjacent fibers on the boundary of the

interface fingering at t=0.2 and 0.5 for a Newtonian fluid

and at t=0.5 and 2 for a shear-thinning fluid.



Transient filling simulations in unidirectional fibrous porous media

Korea-Australia Rheology Journal March 2009 Vol. 21, No. 1 77 

the saturation of fiber tow for a Newtonian fluid with

ηfluid=1. The evolutions of the flow fronts in both macro-

and micro-region at t=50, 100 and 300 under the pressure

drop ∆p=1 and at t=5, 10 and 30 under ∆p=10 are pre-

sented in Fig. 8(a) and 8(b), respectively. The flow front in

the macro gap of the inter-tow region (at the top and bot-

tom of fiber tow) always advances ahead of that of the

micro flow inside fiber tow and the distance between two

interface, called the lagged distance, increases in time dur-

ing the transient filling process. The lagged distance

between two different scaled flows could be a criterion to

evaluate the amount of incomplete filling and the potential

of void formation. In this study, due to the assumption of

Stokes flow, the flow field appears completely linear and

the evolution of flow front is found to be linearly depen-

dent on the pressure drop ∆p, by comparing flow patterns

at t=50, 100 and 300 under the pressure drop ∆p=1 in Fig.

8(a) and the saturation profiles at t=5, 10 and 30 under

∆p=10 in Fig. 8(b). In this regard, the result in Fig. 8 may

show the accuracy of the code developed in the present

study.

Secondly we considered the shear-thinning behavior of

the fluid, by setting the power-law parameters n=0.5 and

m=1, to investigate the effect of the pressure gradient

under the same filling condition as in the previous New-

tonian fluid. Plotted in Figs. 9(a) and 9(b) are the filling

patterns at t=50, 100 and 300 under the pressure drop

∆p=1 and at t=5, 10 and 30 under ∆p=10, respectively. In

comparison with Fig. 8(a) of the Newtonian fluid at the

same time step, the flow front advancement under the low

pressure drop is found slower in the shear thinning fluid in

both intra-tow and inter-tow regions and the lagged dis-

tance between these macro and micro flows has been

greatly reduced. On the other hand, with the high pressure

drop ∆p=10 in Fig. 9(b), the intra-tow flow inside the fiber

tow has been found faster than in the lower pressure drop

case and, at the same time, the inter-tow flow appears even

faster. Thus, the lagged distance is found to increase under

the high pressure gradient. The lowered viscosity under the

high pressure drop (high shear rate) is responsible for the

enhanced saturation in Fig. 9(b).

Next, the viscosity effect on the saturation of the fiber

tow were investigated for the Newtonian fluid under the

pressure drop ∆p=10 with ηfluid=1, 0.6 and 0.2. From the

Fig. 8. The flow pattern through a fiber tow in a Newtonian fluid (a) at t=50, 100 and 300 with the pressure drop ∆p =1; (b) at t =5,

10 and 30 with the pressure drop ∆p=10.

Fig. 9. The flow front evolutions in a dual scale media for a shear-thinning fluid with the power-law index n=0.5 (a) at t =50, 100 and

300 with the pressure drop ∆p=1; (b) at t=5, 10 and 30 with the pressure drop ∆p =10.
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flow patterns shown in Fig. 10, the lagged distance

between the two different scaled flows became larger with

the decreasing viscosity, although the decreased viscosity

accelerates the flow advancement in inter-tow and intra-

tow regions, which is quite similar to those occurring in

case of the shear-thinning fluid under the high pressure

drop. In the lowest viscosity case of ηfluid=0.2, the void

would be most possibly formed inside the fiber tow, as the

macro flow moves to the downstream much faster than the

micro flow penetrating into the fiber tow.

To investigate the effect of the fiber fraction inside the

fiber tow on the saturation behavior, we tested two fiber

volume fractions φ f of 12.8% (r=0.02, Fig. 11(a)) and

7.2% (r=0.015, Fig. 11(b)) under the pressure drop ∆p=10

in a Newtonian fluid with ηfluid=1. As shown in Fig. 11, the

fiber tow with the lower fiber content shows easier sat-

uration inside the fiber tow, while the inter-tow flow front

remains almost the same. As a consequence, the lagged

distance decreases in the media with the lower fiber con-

tent, which agrees well with the simulation results of Spaid

and Phelan (1998) with the lattice Boltzmann method.

Finally, effects of the inter-tow dimension on the satu-

ration of the fiber tow was investigated in a Newtonian

fluid with ηfluid=1. Plotted in Figs. 12(a) and 12(b) are the

interface evolutions under the pressure drop ∆p=10 in the

computational domain (L,H) = (1.5,0.7) at t=10 and (L,H)

= (1.5,0.8) at t=2, respectively. The vertical gap between

the fiber tows is increased by 0.1 in Fig. 12(b). The

increase in the inter-tow dimension causes the less infil-

tration into fiber tow (intra-tow flow), while the macro

inter-tow flow front appears almost the same. The results

presented in Figs. 11 and 12 indicates that the infiltration

characteristics of a dual scale fiber preform cannot be sim-

ply determined from the fiber volume fraction, but the

microstructures such as the fraction of the fiber filament in

the fiber tow and the inter spacing between the fiber tow

should be taken into consideration, besides the processing

parameters like the fluid rheology and the pressure drop.

6. Conclusions

In this work, the transient transverse flow behaviors

through unidirectional fibrous porous media have been

studied numerically. Based on the finite-element method,

we tracked the flow front using a volume-of-fluid method

and the fixed fibers are described by the rigid ring problem

with the fictitious domain method. In addition, the vertical

periodic boundary condition has been introduced to avoid

wall effects.

We observed the non-uniform filling in the microstruc-

ture with randomly distributed fibers and, more specifi-

cally, reported the formations of the interface fingering and

of local tails of the void along the fiber boundary in the

downstream. We found that the interface fingering phe-

nomenon can be enhanced in a shear-thinning fluid due to

local high shear regions in the vicinity of the fiber, intro-

ducing a plug-like flow, which is quite similar to the mech-

anism in the main flow path generation in a shear-thinning

fluid in randomly distributed fiber arrays. We confirmed

this argument by comparison of the local shear-rate dis-

tribution in Newtonian and shear-thinning fluids.

We performed meso-scale flows simulation for the fiber

tow to understand the inter-tow and intra-tow flow char-

Fig. 10. The flow front evolution in a dual scale media at t=4 in a Newtonian fluid under the pressure drop ∆p=10 with different vis-

cosities ηfluid =1, 0.6 and 0.2.

Fig. 11. The flow front evolution in the dual scale media at t=20

of Newtonian fluid under the pressure drop ∆p=10 for

two different fiber volume fractions (a) φ f =12.8%; (b)

φ f =7.2%.

Fig. 12. The flow front evolutions through fiber tow at t =10 in a

Newtonian fluid under the pressure drop ∆p=10 for two

different inter-tow dimensions (a) in the computational

domain (L,H)=(1.5,0.7) at t=10; (b) (L,H)=(1.5,0.8) at

t=2.
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acteristics that is largely responsible for incomplete filling

in the RTM process. Using a fiber tow consisting of 107

fibers in a vertically periodic domain, we investigated

effects of the pressure drop, the amount of shear-thinning

in a fluid, the viscosity, the porosity the gap distance

between the tows on the dual-scale flow and, more spe-

cifically, on the appearance of the lagged distance, the dis-

tance between flow fronts for both inter-tow and intra-tow

flows. In our simulation with a specific geometry of fiber

tows, we observed that the lagged distance would increase

with the low fluid viscosity, the high volume fraction and

the large inter-tow gap by increasing the lagged distance

between the two flows. The effect of the shear-thinning

viscosity was found to depend strongly on the pressure

drop: the high pressure drop enhances the intra-tow flow

inside the fiber tow, but at the same time the inter-tow flow

becomes even faster and thereby the lagged distance has

been found to increase.

The present work demonstrates the feasibility to inves-

tigate the microscale transient flow behavior in fibrous

arrays of various microstructures. The present scheme

could be a useful tool in predicting the incomplete filling

and void formation, which are quite important problems in

the industrial liquid molding process. In the future, we will

extend our scheme to incorporate the surface wetting effect

between the fiber and fluid and make comparisons with the

experimental results.
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