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A B S T R A C T   

Stokes-Brinkman coupling with the optimal characteristic parameters is applied to evaluate void formation and 
migration in effective dual-scale fibrous porous media during liquid composite molding. The optimal parameters, 
i.e., the effective viscosity in the continuous interfacial stress condition and stress jump coefficient in the stress 
jump condition, are accurately characterized. A series of multiphase flow simulations have been conducted to 
describe the evolutions of the void formation and its migration against the flow front position of the resin. We 
report that the voids are formed at low tow permeabilities and small aspect ratios of the fiber tow (relatively 
narrow channel). The distance between two fiber tows is observed to affect the number of voids formed. Voids 
immerged in resin subjected to a high permeability and a large surface tension yield a large mobility. Results 
from the particle tracing method reveal that in the case of high permeability and large surface tension, enhanced 
seepage flow adjacent to the flow front is formed because of the fountain flow nature and the bubble pushing 
mechanism, from which the voids in these cases migrate faster and therefore can easily escape from the resin.   

1. Introduction 

Liquid composite manufacturing (LCM) processes refer to the 
numerous techniques involved in manufacturing polymer composites 
based on resin injection through reinforcements [1]. LCM is widely 
applied in a large number of fields including aerospace, automobile, 
architecture, military and so on, owing to its remarkable advantages 
such as low injection pressure, relatively short cycle times, complex 
structure with a large scale, high efficiency and low pollution [2–4]. 
LCM processes include resin transfer molding (RTM) and vacuum 
assisted resin transfer molding (VARTM), which are the most common 
methods in manufacturing thermoset polymer composites [5]. In the 
process of RTM, the fiber reinforcement, also known as preform, is 
preplaced in a mold. Liquid resin is then injected to impregnate the 
preform and is cured to obtain a final solid part [6]. 

In RTM, the space between the fiber tows is on the scale of milli
meters, whereas the space in-between individual fibers within the tow is 
in the order of microns, creating a dual-scale porous medium. Flows in 
the channel between adjacent tows (inter-tow flow) and those inside the 
fiber tow (intra-tow flow) are dominated by the pressure gradient, 

viscous forces, and capillary forces, respectively [7]. The competition 
between the inter- and intra-tow flow leads to the formation of voids by 
the hydrodynamic entrapment of air [8,9], which deteriorates the me
chanical properties of the composite products [10–12]. Therefore, the 
main task becomes to minimize the presence of voids in the final part of 
the material. It has been reported that the vacuum application in air 
vents employed in VARTM can reduce the void content in the final 
product [13,14]. Besides, understanding the void formation mechanism 
as well as the effect of certain characteristic factors (e.g., processing 
parameters, resin and preform properties) on the void formation and its 
migration may play a key role in obtaining high-quality composite 
products with minimum void contents. 

There have been extensive works reporting the void creation mech
anisms or/and its migration during the LCM processes. For example, Vila 
et al. [7] conducted in-situ vacuum-assisted infiltration experiments 
using synchrotron X-ray computed tomography to study the mechanisms 
of microfluid flow within a fiber tow. They found that the fluid propa
gation at the microscopic level as well as the void transport mechanisms 
within the tow were related to the wetting between the fluid and fibers, 
the rheological properties of the fluid, and the local microstructure 
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details (e.g., fiber volume fraction, fiber orientation) of the fiber tow. Hu 
et al. [10] developed a mathematical model to describe the void for
mation mechanism during RTM processes. The results showed that for a 
given fiber preform, the ratio of the weft axial permeability and warp 
permeability is responsible for the size of the void. Frishfelds et al. [11] 
modelled the motion of bubbles through inter-bundle channels in biaxial 
non-crimp fabrics using a permeability network model, bubble defor
mation criteria and a variety of analytical and probabilistic methods. It 
was found that paths of bubbles depend significantly on the position of 
the threads and the number of fibers crossing the inter-bundle channels. 
Shih and Lee [15] fabricated straight and confined micro-sized flow 
channels to visualize the void transport in LCM processes. It was re
ported that the mobility of the bubble is related to both the bubble size 
and wetting between fluid and solid surface. Gourichon et al. [16] 
proposed a numerical procedure to predict the dynamic void content in 
LCM by introducing critical pressure for void mobilization. They found 
that fast injection could lead to low global void content but very high 
local void content. Kang and Koelling [17] employed a transparent flow 
cell to visualize the void movement and deformation in the RTM process. 
Two critical capillary numbers determining the breakup and mobiliza
tion of drops have been provided. In addition to advective transport of 
voids, the air within the voids may dissolve into the resin [18]. 

The above-mentioned studies considered the effect of the realistic or 
quasi-realistic fibrous microstructure, when describing flows within the 
porous region, which may raise considerable difficulties in dealing with 
the dual-scale flow problems. For example, it may increase the compu
tational cost remarkably for the numerical work. To simplify this, a 
model referred to as the ‘representative porous region’ with certain 
characteristic measures (e.g., permeability, porosity, etc.) was intro
duced to replace the actual porous microstructure [2,9,19–23]. With the 
Stokes equation (inter-tow flow) and the Darcy or Brinkman equation 
(intra-tow flow, i.e., flow in the representative porous region), the so 
called ‘Stokes-Darcy’ or ‘Stokes-Brinkman’ coupling can be utilized to 
evaluate the dual-scale flow in LCM processes. Brinkman’s extension of 
Darcy’s law is preferred mathematically and physically to the original 
Darcy’s law in examining boundary layer effects [24]. In most cases, the 
effective viscosity in the Brinkman equation is considered to be the same 
as the fluid viscosity [2,9,20–22]. However, recently, it has been re
ported in the authors’ previous work [24] that the optimal effective 
viscosity and the stress jump coefficient can be expressed in terms of the 
free interfacial geometry of the fibrous porous media. 

In this work, Stokes-Brinkman coupling with optimal characteristic 
measures is applied to evaluate the void formation and migration in 
effective dual-scale fibrous porous media during the liquid composite 
molding. The optimal parameters, i.e., the effective viscosity in the 
continuous interfacial stress condition and stress jump coefficient in the 
stress jump condition, are accurately characterized. A series of two- 
dimensional multiphase simulations have been conducted to describe 
the evolutions of the void formation and its migration against the flow 
front position of the resin. The effects of the porous geometry (e.g., tow 

structure and permeability) and surface tension of the bubble on the 
void formation and its migration are also evaluated. It is worthwhile to 
mention that as the 2D simulation will not resolve the flow in the third 
(spanwise) direction, it will fail to describe the effect of the channel 
cross-sectional shape (e.g., circular, square, thin channel, etc.) on the 
bubble (void) formation and migration. Besides, it will also fail to cap
ture the fully 3D behaviors of the bubble cross-sectional shape, defor
mation, break-up as well as the coalescence process [25]. However, in 
this work, the focus is set on the effect of the tow characteristics (e.g., 
permeability, interfacial stress boundary condition, tow geometry, etc.) 
on the bubble formation as well as on its mobility, without considering 
the detailed morphology of the bubble. Due to its low computation cost, 
the 2D simulation was introduced as an effective tool in the present 
work. 

2. Modeling 

We begin with the problem definition of the multiphase flow 
described by the Stokes-Brinkman coupling as shown in Fig. 1. A 
pressure-driven flow is defined to pass through a dual-scale domain Ω, 
which is composed of a fluid domain Ωf and a porous domain Ωp. The 
interface between the fluid and porous domains is denoted by Γpf , and n 
is the outward normal vector at the interface. Assuming the incom
pressibility is valid everywhere, the continuity equation is then 

∇⋅u = 0, (1)  

where u is the velocity vector. Neglecting the inertia in such a small scale 
in this problem and any body forces like gravity, the flow in the fluid 
domain can be described by the Stokes equation 

− ∇pf + μ∇2uf = 0. (2) 

The symbols p and μ denote the pressure and fluid dynamic viscosity, 
respectively. We employ the Brinkman equation to describe the flow in 
the porous domain as 

− ∇pp + μe∇
2up −

μ
K

up = 0. (3) 

The symbols μe and K are the effective viscosity and permeability of 
the porous domain, respectively. By introducing a scalar parameter λ, 
which takes the value of zero in the fluid domain and one in the porous 
domain, the flow in the entire domain can then be described by a single 
equation: i.e., the Stokes-Brinkman coupling 

− ∇p+ μ∇2u+ λ
(
(μe − μ)∇2u −

μ
K

u
)
= 0. (4) 

The velocity continuity should be satisfied across the fluid/porous 
interface, while either a stress continuity or a stress jump boundary 
condition can be considered (see also in [24]) 

n⋅
(
σp − σf

)
=

{
0(

μ
/ ̅̅̅̅

K
√ )

T⋅u
continuous stress condition

stress jump condition (5) 

The symbols σ and T are the total stress tensor and stress jump tensor, 
respectively. In this work, we apply an isotropic tensor βI to replace the 
second order tensor T for simplicity, with β being the stress jump coef
ficient. It should be noted that, as suggested by Ochoa-Tapia and Whi
taker [26] for the stress jump condition, the effective viscosity in the 
Brinkman equation is fixed as μe/μ = 1/(1 − ϕs), with ϕs being the solid 
volume fraction, and the stress jump coefficient β remains as an 
adjustable parameter. 

It would be worthwhile to briefly review the authors’ previous work 
[24] on the estimation of the optimal choices of the effective viscosity in 
the continuous stress condition and the stress jump coefficient in the 
stress jump condition for the two-dimensional unidirectional fibrous 
porous media. For a simple pressure-driven flow over a flat porous 
surface with a top no-slip plate, the effective Navier-slip condition over 

Fig. 1. Schematic description of the multi-phase flow with Stokes-Brinkman 
coupling. Subscript ‘p’ denotes the porous media while ‘f’ denotes the sur
rounding fluid. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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an imaginary smooth interface between the fluid and porous media can 
describe the slip velocity as well as the velocity profile in the fluid 
domain accurately for various unidirectional porous architecture, even 
for anisotropic flows [27]. The slip velocity can be expressed in terms of 
the slip length b in the following manner 

us =
H/

̅̅̅̅
K

√
⋅
(
H/

̅̅̅̅
K

√
+ 2

̅̅̅̅
K

√
/b
)

2
(
1 +

̅̅̅̅
K

√
/b⋅H/

̅̅̅̅
K

√ ) ⋅uD, (6)  

here the symbols H and uD are the height of the pure fluid channel and 
the Darcy velocity, respectively. In the authors’ earlier work [27], we 
reported the slip length for various fibrous porous architecture and 
porosities, and interestingly, we showed that the slip length can be 
approximated by a single master equation independent of the porous 
architectures, once it is normalized and the dimensionless void length d* 

is employed. The dimensionless void length denotes the fraction of the 
free surface at the interface and can be expressed as d* = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϕs/ϕsmax

√

with ϕsmax being the maximum solid volume fraction in a unit cell 
(ϕsmax = π/2

̅̅̅
3

√
in the hexagonal structure). Then, the dimensionless 

slip length b* in the transverse direction, normalized by the fiber radius 
R, can be fitted by a single master equation as 

b* = 0.67d*2.41
+ 0.09, b* = b/R, (7) 

In the case of the Stokes-Brinkman coupling, based on the governing 
equation and the boundary conditions (see also the Eqs. (4) and (5) in 
the present work), one can readily obtain the solutions in the fluid re
gion and porous region for the continuous stress condition and stress 
jump condition, respectively. Specifically, the slip velocity at the fluid/ 
interface can be expressed in terms of the effective viscosity for the 
continuous stress condition [Eq. (8)] and in terms of the stress jump 
coefficient for the stress jump condition [Eq. (9)], respectively. Details 
can be found in [24], 

us =
H/

̅̅̅̅
K

√
⋅
(
H/

̅̅̅̅
K

√
+ 2

̅̅̅̅̅̅̅̅̅̅
μe/μ

√ )

2
(
1 +

̅̅̅̅̅̅̅̅̅̅
μe/μ

√
⋅H/

̅̅̅̅
K

√ ) ⋅uD (Continuous stress), (8)  

us =
H/

̅̅̅̅
K

√
⋅
(

H/
̅̅̅̅
K

√
+ 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1/(1 − ϕs)

√ )

2
(

1 − β⋅H/
̅̅̅̅
K

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1/(1 − ϕs)

√
⋅H/

̅̅̅̅
K

√ )⋅uD (Stress jump). (9) 

By comparing the slip velocity at the interface from the Navier-slip 
expression [Eq. (6)] with the effective slip length to the slip velocities 
subjected to the continuous/discontinuous stress conditions [Eqs. (8) 
and (9)], one can readily obtain the closed form expressions for the 
relative effective viscosity (normalized by the fluid viscosity μe/μ) and 
the stress jump coefficient (β) as follows 

μe

μ =
K
b2, (10)  

β =

(
1/(1 − ϕs) −

̅̅̅̅
K

√
/b

)(
H2/2K − 1

)

H2/2K + H/b
. (11) 

In the present work, we would like to employ these optimal 

parameters to evaluate the void formation and migration processes 
through a representative porous region. It is noted that the above pro
cedures seeking for the optimal values of μe and β have been successfully 
extended to a porous medium composed of 3D spheres, details can be 
found in [28,29]. 

To track the evolution of the interface between the resin and air, the 
level-set method, which is commonly used in multiphase flow simula
tions, (for example, see Gangloff et al. [21,22], Hwang and Advani [30], 
and Frishfelds et al. [31]) is employed. The level-set function with the 
symbol ϕ is introduced to describe the different components of the fluid. 
The evolution of the interface is then governed by the convection 
equation of the level-set function 

∂ϕ
∂t

+u⋅∇ϕ = γ∇⋅
(

ε∇ϕ − ϕ(1 − ϕ)
∇ϕ
|∇ϕ|

)

(12)  

γ is the initialization parameter and ε is the interface thickness con
trolling parameter, which is usually set as hmax/2, with hmax being the 
maximum size in the elements. To obtain a smooth phase distribution 
over the interface width, we apply a numerical smeared-out delta 
function 

δ(ϕ) =
{

6ϕ(1 − ϕ)
0

0 < ϕ < 1
otherwise . (13) 

A numerical Heaviside function H(ϕ) is then obtained by integrating 
the delta function over ϕ as 

H(ϕ) =

⎧
⎨

⎩

0
3ϕ2 − 2ϕ3

1

ϕ = 0
0 < ϕ < 1

ϕ = 1
. (14) 

With the Heaviside function in Eq. (14), for given fluids, e.g., the 
resin and air, the mixture viscosity can then be approximated as μ(ϕ) =

μair + (μresin − μair)⋅H(ϕ). It should be noted that, Eq. (14) implies that the 
resin/air interface is represented by the 0.5 level set (ϕ = 0.5). Addi
tionally, the effect of the interfacial tension between bubbles and resin is 
also considered by adding an additional source term F into Eq. (4). The 
interfacial tension force F can be expressed with the continuous surface 
stress model [32] as 

F = ∇⋅
(
σ
(
I −

(
nnT) )δ(ϕ)

)
, (15)  

where σ is the surface tension coefficient. With the equations above and 
the applied pressure drop Δp at the inlet, the weak form of the present 
problem can be stated as follows: For t > 0, find u ∈ U, p ∈ P and ϕ ∈ Φ 
such that 
∫

Ω
q(∇⋅u)dΩ = 0, (16)  

−

∫

Ω
p(∇⋅v)dΩ+

∫

Ω
2μ(D(u) : D(v) )dΩ+

∫

Ω
2λ(μe − μ)(D(u)

: D(v) )dΩ+

∫

Ω
− λ

μ
K

u⋅vdΩ

= − σ
∫

Ω

( (
I −

(
nnT) )δ(ϕ)

)

: D(v)dΩ+

∫

∂Ωinlet

Δp(n⋅v)dΓ (17)  

∫

Ω
Ψ⋅

(
∂ϕ
∂t

+ u⋅∇ϕ − γ∇⋅
(

ε∇ϕ − ϕ(1 − ϕ)
∇ϕ
|∇ϕ|

))

dΩ = 0 (18)  

for all v ∈ U, q ∈ P and Ψ ∈ Φ. 

Fig. 2. Schematic description of resin/air two-phase flow through effective 
fiber tows using the Stokes-Brinkman coupling. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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3. Results and discussions 

3.1. Void formation process 

Fig. 2 shows the schematic description of the resin/air two-phase 
flow past two effective elliptic fiber tows. A pressure drop is assigned 
in the horizontal direction between the inlet (pinlet = 10 Pa, left) and the 
outlet (poutlet = 0 Pa, right). Two effective elliptic tows characterized by 
the permeability K and effective viscosity μe are initially placed in the air 
domain with the semi-major axis length a, semi-minor axis length b and 
tow distance d in-between. The bottom and top boundaries are consid
ered symmetrical. The air phase (or void) is modeled as a fictitious 
incompressible fluid with the viscosity and density being 100 times 
smaller than those of the resin to avoid large magnitude differences in 
the final assembled stiffness matrix, whereas still be able to address the 
differences in physical behaviors of the air from that of the resin, see also 
[21,22,29]. The Stokes-Brinkman coupling (Eq. (4)) with either the 
continuous stress or stress jump conditions at the resin/porous interface 
is employed. Because of the larger flow resistance in the porous media, 
there appears to be a competition between the flow velocity in the pure 
fluid channel and that in the effective porous media. When the perme
ability is small enough, a void or dry spot is formed. In addition to the 

permeability, the geometric parameters of the fiber tows, e.g., the aspect 
ratio b/a and tow distance d/a may also affect the void formation. 
Therefore, in the remaining part of this section, the focus is set on the 
effect of these parameters on void formation. Note that the application 
of the effective elliptic tows (or the representative porous region) 
without any detailed information on the microstructure of the porous 
media implies that the capillary effect between the resin and porous 
media will be neglected in this work. In the Appendix section, one may 
find the strategy to incorporate the capillary pressure in our numerical 
framework as well as its effects on the process of both the bubble for
mation and migration. COMSOL Multiphysics 5.2 with the quadratic 
velocity, linear pressure interpolations, and linear level-set function is 
employed to implement the simulations. Even though not presented 
here, we tested the accuracy of the solution with the mesh refinement 
and checked for the good convergence of all the simulations. 

We first evaluate the effect of the tow permeability on the void for
mation mechanism. It is assumed that the elliptic fiber tows are filled 
with equal-sized cylinders, which are packed as ‘hexagonal’ structures. 
The schematic description of the unit cell has been presented in Table 1. 
(One can also refer to the works of Lu et al. [27] and Gebart [33] for 
details.) The solid volume fractions ϕs are chosen as 0.1, 0.2, 0.5, and 
0.8, respectively. The widths of the unit cell L are 0.2 mm, 0.1 mm, 0.1 
mm, and 0.1 mm, respectively, with the Gebart’s equation [33] 

K =
16

9π
̅̅̅
6

√

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π/2
̅̅̅
3

√

ϕs

√

− 1

⎞

⎠

5/2

⋅R2, (19)  

and the relationship between the solid volume fraction and radius of the 
cylinder, ϕs = 2πR2/

( ̅̅̅
3

√
L2), the corresponding values of the radius are 

0.0332 mm, 0.0235 mm, 0.0371 mm, and 0.047 mm, respectively. The 
tow permeabilities can thus be calculated as 1.46× 10− 9 m2,1.73×

10− 10 m2, 2.25× 10− 11 m2, and 5.43× 10− 13 m2, respectively. In this 
case, the continuous stress condition with the optimal effective viscosity 
is applied to implement the two-phase flow simulations using the Stokes- 
Brinkman coupling. The optimal choices of the effective viscosity can be 
determined using Eqs. (7) and (10) such that 

μe

μ =

((

0.67
(

1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϕs/
(

π/2
̅̅̅
3

√ )√ ))

+ 0.09
)

⋅
K
R2, (20)  

which are 11.246, 5.655, 1.227, and 0.03, respectively. To check the 
cases with very low permeability on the void formation process, the 
width of the unit cell L has been decreased to 0.01 mm, while the solid 
volume fraction was kept the same value, ϕs = 0.8. The corresponding 
radius of the cylinder and permeabilities are 0.0047 mm and 5.43×

10− 15 m2, respectively. It is noted that even though the unit cell width 
along with the cylinder radius changes, the effective viscosity will not 
change, because it scales only with the solid volume fraction, according 
to Eqs. (19) and (20). The values of solid volume fraction, fiber radius, 
permeability and effective viscosity in this case for various unit cell 
widths have been also listed in Table 1. Fig. 3 shows the profiles of the 
resin flow front (ϕ = 0.5) from the initial state to the state when the flow 
front leaves the second tow for various tow permeabilities. As expected, 
the flow resistance in the porous media increases, as the tow perme
ability decreases, and the time to reach a similar resin front location 
increases. For example, from the initial to the present state, the elapsed 
time values are 10.23 s, 32.26 s, 35.6 s, 34.82 s, and 34.49 s, respec
tively, as shown in Fig. 3(a) - (e). In the case of larger permeabilities 
(Fig. 3(a)-(b)), the differences in the resin velocity in the channel and 
that in the tow are not apparent, resulting in a non-distorted shape of the 
flow front and no voids can be detected. However, when the tow 
permeability is small enough (Fig. 3(c)-(e)), the resin in the channel 
moves significantly faster than that in the tow, heavily distorting the 
shape of the resin flow front and therefore voids are formed. In the case 
of very low permeabilities (e.g., Fig. 3(d)-(e)), there are no apparent 

Table 1 
The schematic description of the hexagonal unit cell with the solid volume 
fraction, radius of the fiber, permeability and optimal effective viscosity for 
various unit cell widths.  

L [m] ϕs  R [m] K [m2] μe/μ  

2×

10− 4   
0.1 3.32×

10− 5  
1.46×

10− 9   
11.246 

1×

10− 4   
0.2 2.35×

10− 5  
1.73×

10− 10   
5.655 

1×

10− 4   
0.5 3.71×

10− 5  
2.25×

10− 11   
1.227 

1×

10− 4   
0.8 4.7×

10− 5  
5.43×

10− 13   
0.03 

1×

10− 5   
0.8 4.7×

10− 6  
5.43×

10− 15   
0.03  

Fig. 3. The profiles of resin flow front (ϕ = 0.5) at different stages for various 
tow permeabilities: (a) 1.46× 10− 9 m2, (b) 1.73× 10− 10 m2, (c) 2.25×

10− 11 m2, (d) 5.43× 10− 13 m2, (e) 5.43× 10− 15 m2. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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differences of the flow front profiles at each stage. 
Subsequently, the effect of two geometric parameters on the void 

formation mechanism is studied (i.e., the aspect ratio of the fiber tow b/a 
and tow distance d/a, see Fig. 2). As shown in Fig. 4(a) – (c), the aspect 
ratios b/a are 2/3, 1/3, and 1/6, respectively, with the same semi-major 
axis length a. The tow permeability is K = 2.25 × 10− 11 m2 in all the 
three cases. With a high aspect ratio, the pure fluid channel becomes 
narrower (Fig. 4(a)), leading to a blockage of the channel. Thus, resin in 

the channel is decelerated, yielding the resin velocity in the channel 
comparable with that in the tows. The profile of the flow front was found 
undistorted, and consequently, no voids have been created. However, 
for low aspect ratios (Fig. 4(b) and (c)), the resin velocities in the 
channel are significantly higher than those in the tows owing to the 
spacious pure fluid channel; therefore, voids are formed. Additionally, 
as expected, the consuming time also varies significantly with the aspect 
ratio to reach a similar state as shown in Fig. 4: from Fig. 4(a) to (c), the 
consuming time values are 381 s, 35.6 s, and 13.3 s, respectively. 

Fig. 5 shows the resin flow front for various tow distances, i.e., (a) d/
a = 1/6, (b) d/a = 1/2, and (c) d/a = 3/2. It should be noted that in 
these three cases, tows possess the same permeability (K = 2.25×

10− 11 m2) with the aspect ratio (b/a = 1/3). From Fig. 5, it can be 
observed that in the case of a small tow distance (Fig. 5(a) and (b)), in 
which the two tows are located closely, the resin touches and infiltrates 
the second tow without fully filling in the gap between the two tows, 
forming only one void. However, when the tow distance is large enough 
(Fig. 5(c)), before reaching the second tow, the resin first fills in the gap 
between the two tows, leaving the first void to be trapped by the resin 
within the first tow. As the resin infiltrates the second tow, additional 
voids are formed. Hence, the tow distance may determine the number of 
voids formed in the final state. 

Before closing this section, an arbitrary case is chosen to evaluate the 
effect of the stress boundary conditions applied at the fluid/tow inter
face on the void formation mechanism. The tow permeability K is given 
as 2.25× 10− 11 m2. The aspect ratio (b/a) and tow distance (d/a) are 1/ 
3 and 1/2, respectively. In the case of the continuous stress condition, 
both the identical (μe/μ = 1) and optimal (μe/μ = 0.03 in this case) 
effective viscosities are considered. In the case of the stress jump con
dition, the optimal stress jump coefficient can be obtained from Eq. (11) 
(see also [24]), which is found to be 4.83. The profiles of resin flow front 
from the initial state to t = 7.89 s with various interfacial stress con
ditions have been presented in Fig. 6. It can be observed that the resin 
migrates at different speeds with different interfacial stress conditions: 
in the continuous stress condition with the identical effective viscosity, 
the resin moves fastest, whereas it moves slowest with the optimal one. 

Fig. 4. The profiles of resin flow front (ϕ = 0.5) at different stages for various 
aspect ratios: (a) b/a = 2/3, (b) b/a = 1/3, (c) b/a = 1/6. These three cases 
possess the same permeability (K = 2.25× 10− 11 m2) and the tow distance 
(d/a = 1/2). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 5. The profiles of resin flow front (ϕ = 0.5) for various tow distances: (a) 
d/a = 1/6, (b) d/a = 1/2, (c) d/a = 3/2. These three cases possess the same 
permeability (K = 2.25× 10− 11 m2) and the aspect ratio (b/a = 1/3). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. The profiles of resin flow front at three different stages for various stress boundary conditions at the fluid/porous interface. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Schematic description of a void transport in resin channel bounded by 
an effective porous wall using Stokes-Brinkman coupling. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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The authors’ earlier work [24] indicated that, under different interfacial 
stress boundary conditions (e.g., continuous or discontinuous), the ve
locity profile within the porous media varies each other especially in the 
boundary layer. As there is no corresponding experimental data avail
able, it is difficult to draw conclusions that which stress condition yields 
the best behavior in predicting the resin migration. This issue will be 
addressed in our future work. 

3.2. Void migration process 

In this section, we explore the migration process of a void immerged 
in a resin channel bounded by an effective permeable wall with two 
characteristic parameters, i.e., the permeability K and effective viscosity 
μe. As shown in Fig. 7, a pressure drop is assigned in the horizontal di
rection between the inlet (pinlet = 10 Pa, left) and the outlet (poutlet =

0 Pa, right). The top and bottom walls are subjected to the symmetry 
boundary condition. As dragged by the resin, the void is expected to 
move with the resin, creating a race between the void and resin flow 

front. The goal of this simulation is to identify the effect of certain pa
rameters, for example, the tow permeability K and surface tension co
efficient σ, on the void migration process and the capability of voids to 
escape from the resin. By choosing the optimal effective viscosities 
(Section 2), the Stokes-Brinkman coupling with the continuous stress 
boundary condition is applied to solve this problem. COMSOL Multi
physics 5.2 was employed to implement the simulations and the mesh 
refinement has been conducted, though not presented here. 

First, the effect of the porous permeability on the void migration 
process is scrutinized. As listed in Table 1, four different permeabilities 
of the effective porous media are considered, i.e., K = 1.46× 10− 9 m2, 
1.73× 10− 10 m2, 5.43× 10− 13 m2, and 5.43× 10− 15 m2. The corre
sponding optimal effective viscosities are μe/μ = 11.246, 5.655, 0.03, 
and 0.03, respectively. Evolutions of the void as well as the resin flow 
front position at different moments are recorded in Fig. 8. It can be 
observed that in the case of large permeability (e.g., K = 1.46×

10− 9 m2), the resin flow front in the channel migrates slower than those 
subjected to small permeabilities. Because the amount of impregnated 

Fig. 8. Void evolution as well as profiles of resin flow front at different moments for various permeabilities. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 9. Void evolution as well as profiles of resin flow front at different times for various surface tension coefficients.  
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resin in the porous media is large compared to other cases, the 
advancement of the flow front in the channel is slower with a high 
permeability. At the same time, the void with a large permeability is 
found to be closer to the resin flow front, causing the void to escape from 
the resin earlier. In the case of very low permeability, e.g., K = 5.43 ×

10− 13 m2 and K = 5.43× 10− 15 m2, the flow fronts advance at the same 
speed, which implies that the effect of viscous dissipation within the 
porous media vanishes. The porous media behave like a no-slip wall, 
which is consistent with the result in the above void formation process; 
see Fig. 3(d) and (e). Fig. 9 shows the evolutions of the void and resin 
flow front at different time periods for various surface tension co
efficients, e.g., σ = 0.02 N/m,σ = 0.01 N/m, and σ = 0.005 N/m, 
respectively. The void with largest surface tension coefficient (i.e., σ =

0.02 N/m) is observed to migrate slowest, and escape from the resin the 
earliest. This may be interpreted by the “bubble pushing effect”, i.e., 
bubble with a high surface tension coefficient behaves like the rigid 
particle and it may push the fluid into the porous media for enhanced 
seepage flow, causing the advancement of flow front in the channel to be 
slower compared to other cases. Similar phenomena with rigid particles 
have been reported by Hwang et al. [34]. 

To quantitatively characterize the migration behavior of the void 
against the resin flow front, the void mobility is introduced, which is 
defined as the ratio of the void velocity to the resin flow front velocity 

M =
uvoid

uresin
. (21) 

The symbols uvoid and uresin denote the velocity of the void and resin, 
respectively. Mobility greater than one (M > 1) indicates that the void 
migrates faster than the resin flow front, and thereby the void could 
escape from the resin; otherwise, it may be trapped in the resin. Fig. 10 
shows the evolution of the mobility with time for various permeabilities 
(Fig. 10(a)) and for various surface tension coefficients (Fig. 10(b)). It 
can be observed that, in each case, the bubble mobility is always larger 
than one, which indicates faster bubble motion relative to the flow front, 
if the bubble is located near the centerline between porous media. 
However, as reported by Cubaud and Ho [35], for the bubbly flow (e.g., 
the liquid volume fraction close to one) in square microchannels, the 
bubble mobility is always less than one, which implies the bubble may 
be trapped in the liquid. The slip effect of the porous wall in the present 
work seems to be responsible for such an enhanced bubble mobility. 
Moreover, as the bubble approaches toward the flow front and partic
ularly in close proximity of the interface, film drainage needs to occur to 
displace liquids toward the wall. This hydrodynamic drainage is usually 
slow and exerts a repulsive force against the bubble motion, which leads 
to reduction in the mobility in time (Fig. 10(a) and (b)). Additionally, 
the cases with larger permeabilities (Fig. 10(a)) and larger surface ten
sion coefficients (Fig. 10(b)) yield higher bubble mobility. It may be 
because in these cases, the high permeable effect and “bubble pushing” 
effect lead to more resin wetting the fibers within the porous media, 

Fig. 10. Evolutions of the mobility with time for (a) various permeabilities and for (b) various surface tension coefficients. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Relative velocity vector profiles in the channel at t = 1.8s for various 
tow permeabilities: (a) 1.46× 10− 9 m2, (b) 1.73× 10− 10 m2, (c) 5.43×

10− 13 m2. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 12. Schematic description of the seepage flow into the porous media 
during the filling process. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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therefore the flow front in the channel moves slower compared to other 
cases. As for the effect of the surface tension (Fig. 10(b)), another 
possible mechanism might be slow film drainage with a large bubble 
deformation in case of a low interfacial tension. Low interfacial tension 
yields large deformation of a bubble near the flow front such that the 
area surrounding the drainage increases. This may lead to slower film 
drainage and a bubble motion might get slower as well, which seems to 

be responsible for the reduction in the mobility. Thus, voids in the cases 
subjected to larger permeability and higher surface tension coefficient 
could escape from the resin earlier, which is consistent with the results 
shown in Fig. 8 and Fig. 9. It is worthwhile to mention the work of 
Gangloff et al. [21] on the bubble transport in a parallel flow channel 
bounded by permeable walls for comparison. The mobility ranges from 
around 1.25 to 1.5 and the case with a higher permeable wall shows a 
lower mobility, which is opposite with what we have found in the pre
sent study. The reason for this discrepancy is not clear at the moment. It 
is probably due to non-optimal effective viscosity and related seepage 
flows. It needs further investigation. 

The reason for enhanced mobility with the permeability can be 
interpreted with the presence of seepage flow through porous media and 
fountain flow effects. During the filling process, the resin flow in the 
channel is considered as a fountain flow [36]. Fig. 11 shows the profiles 
of relative velocity vector ((u − ufront,v), with ufront being the velocity at 
the flow front) in the channel for various tow permeabilities. One can 
observe that resin at the center of the channel migrates faster than that 
adjacent to the wall. The material at the flow front is pushed forward 
and ‘fountains’ to the channel wall. In the present case, the channel is 
bounded by a porous wall, which facilitates the resin starting adjacent to 
the flow front to penetrate through the porous wall, i.e., the formation of 
seepage flow. As shown in Fig. 12, at a certain time, the seepage flow 
rate can be obtained by integrating the vertical velocity component per 
unit width on the porous interface: i.e., 

∫ x2
x1

vdx. Fig. 13 shows the in
tegrated seepage flow rate for various permeabilities and surface tension 
coefficients as a function of time. It can be observed that the cases with 
larger permeabilities and larger surface tension coefficients yield a 
higher seepage flow rate, which indicates that more resin adjacent to the 
flow front in these cases propagates into the porous media, leading to 
low transport speed of the flow front; therefore, the voids can escape 
from the resin more easily and earlier. 

To prove the presence of the seepage flow associated with the 
fountain flow, the particle tracing method has been applied. A large 
number of massless fluid particles are placed at the inlet of the channel 
and the migration of the particles is recorded to trace the flow of the 
resin. For a given time, the particle distribution within the channel along 
with the resin flow front for various permeabilities and for various 
surface tension coefficients are presented in Fig. 14 and Fig. 15, 
respectively. In each case, a large number of fluid particles are detected 
in the porous region, which verifies the presence of the seepage flow. 
Further, a considerable number of particles are found in the porous re
gion in the cases of large permeability (Fig. 14(a)) and of large surface 
tension coefficient (Fig. 15(a)), indicating that much more resin flows 

Fig. 13. Integrated seepage flow rates for (a) various permeabilities and (b) various surface tension coefficients. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Particle distribution as well as profiles of resin flow front at t = 7.5s, 
for various permeabilities: (a) 1.46× 10− 9 m2, (b) 1.73× 10− 10 m2, (c) 5.43×

10− 13 m2. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 15. Particle distribution as well as profiles of resin flow front at t = 7.5s, 
for various surface tension coefficients: (a) σ = 0.02 N/m, (b) σ = 0.01 N/m, 
(c) σ = 0.005 N/m. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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into the porous media, which is consistent with the above interpretation 
that the cases with large permeability (Fig. 13 (a)) and with large surface 
tension coefficient (Fig. 13 (b)) exhibit a higher seepage flow rate. 

4. Conclusions 

Stokes-Brinkman coupling with optimal parameters was applied to 
evaluate the void formation and transport in dual-scale fibrous porous 
media during the advanced composites processing. These optimal pa
rameters, i.e., the effective viscosity in the continuous interfacial stress 
condition and stress jump coefficient in the stress jump condition, were 
accurately characterized. A series of multiphase simulations with the 
level-set method have been conducted to record the evolutions of the 
void formation and the void transport against with the flow front posi
tion of the resin. It was found that the void appears in cases with low tow 
permeabilities and small aspect ratios. Additionally, the tow distance 
between the two fiber tows seems to affect the number of voids formed. 
Voids immerged in the resin subjected to high permeability and large 
surface tension yielded large mobility values, which indicated that these 
voids can easily escape from the resin. Evidence from the particle tracing 
method reveals that in high permeability and large surface tension cases, 
more seepage flows are observed adjacent to the flow front owing to the 
fountain flow nature and the “bubble pushing effect”, which indicates 
that the voids in these cases transported faster, and therefore, can easily 
escape from the resin. 
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Appendix A 

In modeling the filling stage of Liquid Composites Molding (LCM) processes, the capillary effects have been often neglected, as the capillary 
pressure is usually much lower than the inlet resin pressure [37]. Nevertheless, when dealing with flows through the fabrics, which exhibits a dual- 
scale behavior, it is of great importance to include the capillary pressure, which affects the saturation of resin in the tow. In this regard, here we 
introduce a strategy to incorporate the equilibrium capillary pressure along the resin flow front inside a porous domain in the presence of the 
interfacial slip in our numerical framework. The stress jump due to the interfacial tension is often integrated into the momentum equation as an 
additional body force or the surface stress that are distributed over the neighborhood of the interface, when it is formulated within a Eulerian frame 
work such as the volume-of-fluid method [38] or the level-set method [39]. The former is usually called the continuous surface force (CSF) [40] and 
the latter is called the continuous surface stress. For the problem in the present study, one may introduce an additional distributed body force, 
(pcanδ(ϕ) ), with pca being the equilibrium capillary pressure around the resin-air interface inside porous media (∂Ωintf ∩ Ωp), to incorporate the 
capillary pressure contribution within a single momentum equation (Eq. (17) in the main text) with both the continuous and discontinuous interfacial 
stress condition (See also [30]) 

−

∫

Ω
p(∇⋅v)dΩ+

∫

Ω
2μ(D(u) : D(v) )dΩ+

∫

Ω
2λ(μe − μ)(D(u) : D(v) )dΩ+

∫

Ω
− λ

μ
K

u⋅vdΩ = − σ
∫

Ω

( (
I −

(
nnT) )δ(ϕ)

)

: D(v)dΩ+

∫

∂Ωinlet

Δp(n⋅v)dΓ+

∫

Ωp

λca(p − pca)nδ(ϕ)dΩ. (A1) 

In Eq. (A1), the last term indicates a constraint for the distributed body force pcanδ(ϕ)along the interface inside the porous media 
(
∂Ωintf ∩ Ωp

)
with 

the Lagrangian multipliers, which are defined over the porous domain λca ∈ L2(Ωp). Though the above weak form is complete in its form, it is not 
appropriate to directly implement Eq. (A1) within the current numerical framework, as a large number of the equation rows with the Lagrangian 
multipliers λca outside the resin-air interface become singular. To correct this, we have added a naturally satisfied equation of the continuity as the 
augmented constraints to the weak form instead of the single last term in Eq. (A1): 
∫

Ωp

λca(p − pca)φ(δ)nδ(ϕ)dΩ+

∫

Ωp

λca(∇⋅u − ε)(1 − φ(δ) )nδ(ϕ)dΩ, (A2) 

We choose the tolerance ε as 10− 6 and the interface function φ(δ) is defined by one near the interface 
(⃒
⃒
⃒
⃒H(x) − 1

2

⃒
⃒
⃒
⃒ < ε

)

and by zero elsewhere, 

where the numerical Heaviside function was defined in Eq. (14) in the main text. By doing this, one can avoid singular row equations from the 
Lagrangian multipliers λca outside the resin-air interface. We use the continuous linear interpolation for the Lagrangian multiplier λca. 

The capillary pressure refers to the pressure difference across the interface between immiscible fluids. It can be estimated using the Young-Laplace 
equation [41], i.e., Δp = σ(1/R1 +1/R2)The symbols σ, R1, R2 denote the surface tension coefficient, the radii of curvature of interface between the 
immiscible fluids. Based on the Young-Laplace equation, Bayram and Powell [42] derived the expression of the capillary pressure with certain 
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geometric quantities and the equilibrium contact angle between the fibers resin: pca = σcos(θ+αb)/(r(1 − cosαb)+d ), with the symbols θ, r, d, and αb 
being the contact angle, fiber radius, half of the gap distance between fibers, and directional body angle, respectively. For flows through the transverse 
tow, it is accepted that the resin flow front moves inward perpendicular to the fibers and thus the mean capillary pressure is used. According to Neacsu 
et al. [43], for the hexagonal packing structure of the fibers, the mean capillary pressure is 

pca = (σ/r)⋅
[
sin(αsub + θ) − sin

(
αinf + θ

) ]

(
5π
6 (1 + η) − 1 −

̅̅̅
3

√
/2

) , (A3)  

where η =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π/(2
̅̅̅
3

√
(1 − εt))

√

− 1, αsup ≈ (π/2 − θ), αinf ≈ (θ − π/2), and εt is the porosity. In the present work, the usage of the physical capillary 
pressure yields convergence issue during simulations. Therefore, we tested only the relative capillary pressure to the inlet pressure. 

The effect of capillary pressure on the process of both the void formation and migration have been investigated, as shown in Figs. A1 and A2. Three 
different capillary pressure cases are considered: i.e., pca/pinlet = 0, − 0.01and − 0.1, respectively. Detailed information of the boundary conditions can 
be found in the main text. For the void formation process, based on the evolutions of the resin flow front profile shown in Fig. A1, one can observe that, 
for very low capillary pressure cases (e.g., pca/pinlet = 0and − 0.01), the profiles of the resin flow front are almost overlapped from the beginning to the 
final state. In the case of a larger capillary pressure (pca/pinlet = − 0.1), as the saturation develops, the resin flow front impregnates faster than those 
subjected to low capillary pressures due to the capillary effects inside the porous region. At the same time, the resin profile in the channel advances 
slower than the other two cases, which in fact eliminate the difference of the saturation speed in the porous region and that in the pure fluid channel, 
making the shape of the resin flow front undistorted. The capillary effect was found to hinder the formation of the void from this simulation result. 

For the bubble migration process, according to the profiles of the resin flow front (Fig. A2), one can observe that in the case of a larger capillary 
pressure (pca/pinlet = − 0.1), the bubble breaks up earlier. This may be caused by a higher seepage flow rate towards the porous region. It is of great 
interest that, at the early stage before the bubble breaks up, the resin flow front subjected to higher capillary pressure moves fastest, while at the final 
stage after the bubble breaks up, it yields a slowest migration speed. Details of effects of the capillary pressure in the presence of the slip should be 
investigated through extensive simulations in the future. 

Fig. A1. The profiles of resin flow front (ϕ = 0.5) at different stages for various capillary pressures. The permeability in this case is.K = 1.73× 10− 10 m2.

Fig. A2. Void evolutions as well as profiles of resin flow front at different moments for various capillary pressures. The permeability in this case isK = 1.46 ×

10− 9 m2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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