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Fiber reinforced composite materials often consist of fibers gathered in bundles.
Thus, during manufacturing, a liquid resin impregnates a multiscale porous medium.
For wetting systems the capillary pressure jump becomes much higher in the smaller
pores, i.e., within the bundles, and in addition to any applied pressure gradient there
will be a local driving pressure gradient between the small- and large-scale areas.
Such gradients will influence mechanisms, such as void formation and particle filtra-
tion. Hence, it is of interest to clarify the mechanisms for the wetting in general and
the influence from the detailed geometry of the fiber network in particular. In this arti-
cle, a porous pore-doublet model is studied in order to determine if an overflow of liq-
uid can explain a leading flow in the smaller capillaries, and at which conditions it
takes place. Experiments, as well as theoretical calculations on this generic geometry
show that the leading front can be in the smaller capillary, as well as in the larger
one. The outcome is dependent on the actual permeability of the porous material being
a parameter that determines to what extent the larger capillary feeds the smaller one.
� 2007 American Institute of Chemical Engineers AIChE J, 54: 372–380, 2008
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Introduction

It is well established that voids are formed at liquid flow
fronts when resins impregnate fiber reinforcements.1–4 The
reason for this is that the fibers are clustered in bundles, and
the resin will move faster in some areas eventually enclosing
gas in other areas.1,2 It has been shown that when capillary
actions dominate the impregnation, the leading flow front is
in the smaller capillaries within the bundles, while when an

applied pressure takes over, the larger capillaries formed
between the bundles are filled first.4 This interesting behavior
can be studied by usage of the pore-doublet model.5 The
model consists of one capillary being branched off into a
small, and a large one that after a certain distance rejoin; cf.
Figure 1. The model was derived already in 1956,5 but has
recently been extended to deal with inertia effects appearing
at large Reynolds numbers.6 It is obvious that as long as the
Reynolds number is low enough, and the driving pressure
(capillary or applied) and any body forces are working in
the same direction, the liquid will always move faster in the
larger capillary. The result of this is that air is entrapped in
the smaller capillary. Hence, the original form and the
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extended version of the pore-doublet model can, conse-
quently, not explain the observations made in.4

A main difference between the pore-doublet model in its
original form and various-sized capillaries in real fiber rein-
forcement, is that the latter are connected, often continu-
ously. Hence, a large capillary can feed a smaller one. It will
here be investigated if such an overflow of liquid can explain
a leading flow in smaller capillaries, and at which conditions
this takes place. Focus is set on the pore-doublet model in its
original form, but with a porous channel between the capilla-
ries, hence, a porous pore-doublet model, the pp-doublet
model.

Experimental

To mimic the geometry of the pore-doublet model two
notches were formed in a PMMA plate. The depths of the
notches is about 1 and 2 mm, respectively, and they are posi-
tioned in parallel 6 mm apart (see Figure 2). This setup
made it possible to put a porous material between the
notches through which the experimental liquid could flow
from one capillary to the other. Two types of porous material
were used. The first was a metal net positioned between the
capillaries. The net consisted of metal wires having a diame-
ter of about 60 lm in a plain weave. The second porous ma-
terial was obtained by scratching very shallow cross-flow
channels between the capillaries. By this technique the capil-
laries are still connected by a sort of porous medium without
a driving capillary pressure in the main flow direction. In all
experiments the porous material and the capillaries were
sealed with a tape (see Figure 2). As experimental liquid
95% Ethanol was used due to its very good wetting behavior
(l 5 4 lPa 3 s and clv 5 22.8 mN 3 m21 at 208C; tabu-
lated values for 99% Ethanol). The plate was put horizontally
on a table to minimize the effect from gravity and the capil-
laries were attached to an unlimited liquid supply. The sup-
ply was leveled with the capillaries so that the fluid moved
by capillary action only. To secure the registration of the rel-
atively fast movement of the liquid through the capillaries all
experiments were videotaped with a Panasonic F15 HS video
camera connected to a video recording system.

We will here present the outcome of three sets of experi-
ments. In the first experiment the liquid was allowed to flow
into the capillaries and weave separately. As derived from the
Washburn Eq. 7, the liquid then moves slower in the smaller
capillary as compared to the larger one. This is evident from
Figure 3 where it is also observed that the front moves even
slower in the weave. The reason for this is that the resistance
to flow in smaller capillaries dominates over the higher capil-
lary pressure jump at the flow front. Furthermore, the plots of
the fronts in the larger and smaller capillary have a perfect fit
to a straight line (the regression is 0.999 and 0.998 in respec-
tive capillary). This indicates that the notches have a uniform
cross-section in the flow direction.

In the second experimental setup the weave was put
between the capillaries, making it possible for the liquid to
move between the capillaries through the weave. As apparent
from Figure 4 the situation is now completely different; the
flow in the weave is leading with a speed about four times
that obtained when it is not connected to the capillaries.
Also, at the last two measuring points all fronts in this
experiment move faster than the front in the smaller capillary
in the previous experiment. Hence, there is a developed flow
between the capillaries.

In the third experimental setup the weave was removed
and the capillaries were connected through the cross-flow
channels previously described. When the density of these
notches is fairly low (one every 5 mm), giving a low-perme-
ability, the liquid moves fastest in the larger capillary (cf.
Figure 5). When increasing the permeability by doubling the
number of notches, it is from the beginning no longer possi-
ble to distinguish which front is leading. Eventually the front

Figure 1. Pore-doublet model when a wetting liquid displaces air.

Figure 2. Cross-section of PMMA-plate with capillaries.
Figure 3. Fluid front position when the capillaries are

separated: the temperature was 22.38C.
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in the smaller capillary takes the lead. Hence, it is obvious
that the location of the leading front is dependent on the re-
sistance to flow in the material between the capillaries.

The experiments were repeated to confirm the results, but
are still associated with some uncertainties. The major errors
are temperature variations and differences in the level of liq-
uid in the supplying beaker. However, neither of these varia-
tions influence the comparisons presented. The temperature
was, for instance, the same for the first two experimental set-
ups, 22.3 8C, while it increased somewhat during the third,
24.2 8C. This might be one reason why the liquid moves
faster in the larger capillary in the third series as compared
to the first experiment (cf. Figure 3 and Figure 5). The maxi-
mum variation in the level of the liquid supply is estimated
to 0.5 mm. This will result in a driving pressure of less than
5 Pa, as compared to the pressure jump at the larger capillary
front approximated to be around 50 Pa. Hence, the maximum
error in the driving pressure is roughly 10%, and, thus, much
lower than the differences highlighted in this article.

Theoretical Background

Theoretical models will be derived that can explain some
of the observed results. The general assumptions introduced
are that:

� The fluid can be treated as Newtonian.
� The Reynolds number is so small that inertia effects can

be neglected.
� There is a fully developed Poiseuille flow in the capillaries.
� The scratches are ideally spaced and has uniform cross-

section, and the plain weave is homogeneous in its structure.
� The capillary pressure can be described with the follow-

ing equation

Dp ¼ � 2c
r
cos h (1)

where neither contact angle y, nor surface tension modulus c
depend on the local capillary surface velocity v.

� Darcy’s law is applicable for flow in the weave.
Following the third assumption above the flow rate in the

capillaries can be derived from the following expression

Q ¼ �ar4
dp

dl
(2)

where p denotes pressure, and l is the length along the capil-
lary with characteristic sectional size r. In the case of a cir-
cular cross-sectional area, r can be chosen as the radius of
the capillary, and a 5 p/8l. The average velocity in such a
tubular capillary, is, thus, given by

�v ¼ Q

pr2
¼ � ar2

p
dp

dl
: (3)

Let R1 and R2 denote the radii for the respective capillary,
and p1, p2 represent the corresponding pressures. Then the
flow rates within each capillary become

Q1 ¼ �aR4
1

dp1
dx

; Q2 ¼ �aR4
2

dp2
dx

: (4)

These rates depend on the flow from the capillaries to the
weave, and will be denoted as qi, i 5 1, 2: where q1 and q2
correspond to capillary 1 and 2, respectively. Continuity now
yields that these flow rates can be expressed as

dQ1

dx
¼ �q1;

dQ2

dx
¼ �q2 (5)

which combined with Eq. 4 yields

aR4
1

d2p1
dx2

¼ �q1; aR4
2

d2p2
dx2

¼ �q2: (6)

The flow rates from the capillaries to the porous medium
q1, q2 depend on the internal geometry. In the case of a
weave, Darcy’s law may be written as

Figure 5. Fluid front position when the capillaries are
connected with tiny notches every 5 mm
(open symbols) and 2.5 mm (filled symbols):
the temperature was 24.28C.

Figure 4. Fluid front position when the capillaries are
connected with the weave: the black sym-
bols denote results from Figure 3; the tem-
perature was 22.38C.
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q ¼ � k

l
gradnp (7)

where gradnp is the pressure gradient component in the
weave, normal to the boundary, and k is the permeability of
the weave. The homogenized velocity in the weave is related
to q via the porosity P

v ¼ q=P: (8)

For the scratched notches the situation is similar. If the
notches have circular cross-section the flow rate in respective
capillary may be expressed as

qi ¼ �r4n
a
Dln

dpi
dy

8i : i ¼ 1; 2 (9)

where rn is the average radius of the notch, and 1/Dln is the
spatial frequency between two neighbor notches (notch den-
sity). The derivative in Eq. 9 is taken along the notch.

The case with notches and the flow between the capillaries
will be dealt with in the Modeling of the Flow in the Capil-
laries section. It will, however, first be shown how the theo-
retical concepts introduced above can explain why the flow
front always leads in the net.

Modeling of the Flow in the Weave

Consider, the dimensionless form of Darcy’s law in the
weave according to

v� ¼ �grad p� (10)

where the pressure p* is normalized so that p* 5 1 on the
moving weave/air boundary. From Eq. 10, and mass conser-
vation of an incompressible liquid, the 2-D Laplace equation
can be formed in the following way

@2p�

@x2
þ @2p�

@y2
¼ 0 (11)

which applies to the pseudo-2-D domain of the weave as
shown in Figure 6a.

The boundary conditions are crucial for the model. At the
inlet, on the segment AB atmospheric pressure is applied
implying p�0 5 0. On the boundaries shared with each chan-
nel, BC and FA, Eqs. 6, 7 and 8 are valid, leading in general
to boundary conditions of mixed type. To demonstrate the
concept it is assumed for simplicity that the capillaries have
much higher liquid transport capabilities as compared to the
weave, a situation common in composites manufacturing.
Notice that the draining effect itself will be analyzed in the
next chapter. With the assumption earlier presented, zero inlet
pressure and Eq. 1 as boundary condition on the free capillary
surfaces, Eq. 6 has a simple linear solution according to

p�i ¼ � x

L�i R
�
i

(12)

where the dimensionless radii R�
i are normalized, with R�

i 5
Ri/rpore eff and L�i are the positions of the free surfaces in the
capillaries, the points C (x 5 L�1) and F (x 5 L�2). Thus, Eq.
12 serves as boundary conditions on segments BC and FA in
the model, while the boundary condition on the free surface
DE corresponds to the initial normalization p*|DE 5 1. The
conditions on CD and EF have to ensure L0 continuity of p*
along the closed contour G1 5 ABCDEF. Thus, although p*
must have a unique value everywhere, infinite tangential de-
rivative of p* can be allowed at isolated points of G1. It can
be proven that the statement previously ensures a finite mass
transport on any segment of G1. The L0 continuity of p* is
valid on the contour points A and B where there is no inter-
phase boundary. Similarly, points D and E lie on the bound-
ary between the net and air, and, thus, the same capillary
pressure exist in both contour directions. However, at points
C and F capillaries with large radii are bound together with
the much finer net, the weave. A simple formal approach by
substituting the characteristic size in a 1/r pressure multiplier
of the capillary pressure formula Eq. 1, leads to pressure
jumps at points C and F, and corresponding nonphysical infi-
nite local velocities. Let us instead, in a physically reasona-
ble way, assume that the free surface of liquid inside an in-
ternal volume can take up a shape, which eliminates unrealis-
tic velocities, and let us describe that shape in the simplest
way possible. For geometric reasons it is likely that the net
curvature radii change significantly when the liquid approa-
ches the edge of the capillary (see Figure 6b). Hence, the

Figure 6. (a) Capillaries connected with weave: The contour ABCDEF encloses porous media (net), which is filled
with liquid; (b) capillaries connected with weave: the concept of free microsurface in the section SS’
between capillaries and the net.
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capillary pressure on these boundary lines can dramatically
change with a small liquid consumption. Thus, the following
statement is introduced

@p�

@n

����
CD;EF

¼ 0 (13)

In fact Eq. 13 always ensures a leading position of the liq-
uid front in the weave near the edges, thus, L�fi [ L�i where x
5 L�f1 on D, and x 5 L�f2 on E, Figure 6a. However, in the
middle of DE the free surface may lag. Thus, depending on
the shape an average position of the liquid front DE in the
weave can lead or lag with respect to the fronts in the capil-
laries.

In order to determine the exact shape of the free boundary
DE numeric simulations are performed by applying the
boundary element method (BEM) to Eq. 11. This method
implies a division of the domain boundary into segments of
finite length—boundary elements. For each j-th element
some fictive ‘‘charge density’’ (the term is borrowed from
BEM solution of electrostatic problem; for a more detailed
discussion and BEM theory see Refs. 8 and 9) qj(xj,yj) is
chosen with respect to the applied boundary conditions. In
order to obtain smooth derivatives on the boundary contour
these ‘‘charges’’ are set on an outer contour G2, which sur-
rounds G1 lying near to it. Since G2 closely resembles G1 it
is not shown in the figure. Finally, the pressure in each point
inside the contour G1 is expressed as

p�ðx; yÞ ¼
X
j

Gjðx� xj; y� yjÞq�j (14)

where Gj(x,y) is an analytical solution of a potential of a uni-
formly charged infinite plate being oriented in the XY plane
in the same way as a corresponding j-th. boundary segment
of G2. The values of q�j are obtained from boundary condi-
tions Eqs. 12 and 13 by solution of the linear system: Aijqj
5 Bj with a fully populated matrix A for each time step.

Also at each time step the free boundary DE is moved by
vDt, where the local velocities v on DE of G1 are given by
Eq. 10. Only the x-coordinate of the moving boundary point
is affected via special polynomial mapping algorithms allow-
ing {v�x , v

�
y} ? {v�x ,0} on the free boundaries. Notice that

capillary meniscus positions (points C and F in Figure 6a)
may be expressed as

ðL�i Þ2 ¼ 2cR�
i tþ ðL�i0Þ2; i ¼ 1; 2 (15)

where L�i0 is the initial values of L�i , and c is a constant of
unit order of magnitude. Here c is set to unity, and R�

1 5 R�
2

5 4. The spacing between the capillaries are normalized in-
dependently, |AB| 5 1 together with time scale selection, to
ensure Eq. 10.

The square of the predicted fluid front average position in
the weave has an almost linear relationship with time (see
Figure 7), and the distance between the free surfaces in,
respectively, capillary, and the weave increases with time in
conformity with experimental data (cf. Figure 4). In addition,
the capillary flow front positions C and F are between those
for the weave in the system and the unconnected weave, con-
firming the experimental results in Figures 3 and 4.

Due to the assumptions L�1 5 L�2, L1f 5 L2f and p�1 5 p�2
the velocity of the corner points vc 5 dL�f1/dt 5 dL�f2/dt can
be roughly approximated with

dL�fi
dt

¼ 1� p�i
L�fi � L�i

; i ¼ 1; 2 (16)

which with substitution of Eqs. 12 and 15 for L�fi yields the
following self-consistent albeit partial solution

L�f1
� �2

¼ L�f2
� �2

¼ 2j2tþ j2 L�01
� �2

=R�
1 (17)

where j is a solution of

j2 � j
ffiffiffiffiffi
R�
i

p þ 1=R�
1 ¼ 1 (18)

The solution of Eqs. 17 and 18 is shown in Figure 7 as a
curve labeled ‘‘analytic’’. The agreement is rather good on
late front development stages (x2 [ 1, t [ 1), on which the
aforementioned expressions can be used for the estimation of
weave leading effects. In earlier stages the fluid front in the
weave is far from being a straight line (see Figure 8), where
BEM predicted front shapes at some averaged front positions
are shown. Notice the retardation of the front in the middle
of the region, when liquid feeding from capillaries is low.
Thus, for small t, x Eqs. 17 and 18 are evidently invalid.
However, for large x the shape of the front is almost a
straight line (with a linear p distribution between L�1 and L�if ),
in agreement with the famous St. Venant mechanics princi-
ple. In such a case Eqs. 17 and 18 can be used as analytic
criterion for leading flow positions in the weave. For more
general cases (for example, with a nonzero injection pressure

Figure 7. Square of modeled dimensionless fluid front
position in the weave as a function of dimen-
sionless time when the capillaries are of
equally size: (1) averaged front position in the
weave in the system; (2) averaged front posi-
tion in the weave with no supply of liquid
from the capillaries; (3) position of capillary
fronts, points C and F; and (4) analytically
computed front position in the weave using
Eqs. 17 and 18.
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p�0, and nonisotropic permeability of the weave), it is of
course possible to solve Eq. 16 in an iterative way.

Modeling of the Flow in the Capillaries

The model presented in the previous section cannot
explain that the flow front in one capillary overtakes the lead
from the other capillary. In order to develop such a model,
finite qi are introduced for the pp-doublet problem when the
porous medium consists of scratched notches (see Figure 9).
This case is chosen for analysis principally because of its
simplicity allowing for direct analytical approaches.

Two mathematical models are developed. The first one is
semianalytic, and can be used for parametric studies. Here,
rather rough assumptions are utilized in order to have a result

in the form of closed expressions. In the second model,
numeric methods are used so that liquid front positions can
be predicted in a more accurate way, thus, validation of the
main concepts can be achieved.

Analytic model

In the domain x \ L0 all notches are completely filled
with the fluid, therefore,

dp1
dy

¼ � dp2
dy

¼ p2 � p1
l� (19)

where l* is the distance between the capillaries. Then Eq. 6
together with Eqs. 9 and 19, yield the following system of
second-order linear differential equations

d2p1
dx2

¼ b1 p1 � p2ð Þ (20)

d2p2
dx2

¼ b2 p2 � p1ð Þ (21)

where the constants b1 and b2: bi 5 r4n (R4
i l* Dln)

21 are only
dependent on geometric characteristics of the capillaries and
the porous medium, the notches.

The general solution of Eq. 21 is

pi ¼ ð�1Þibi K1 sinh kxð Þ þ K2 cosh kxð Þ½ � þ K3x þ K4;

8i : i ¼ 1; 2 ð22Þ

in which k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b1 þ b2

p
, and where the constants K1, K2, K3

and K4 are determined by applied boundary conditions. For
simplicity, the pressure scale is shifted so that the atmos-
pheric pressure vanishes

p1jx¼0 ¼ p2jx¼0 ¼ 0: (23)

These relationships can be satisfied by Eq. 22 if K2 5 K4

5 0.

Figure 8. BE model predicted shape of free boundary
in the, weave regarding the model case with
equally sized capillaries.

On the horizontal axis—width of the weave, on the vertical
axis—front deviation from its average position. The shapes
correspond to average corner point positions, Lf, of 0.5, 1,
2 and 10 units.

Figure 9. Possible advance scenario of fluid front in the system of scratched notches.
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The length L0 defined in Figure 9 is naturally the same for
both capillaries, while the boundary conditions on x 5 L0
differ according to

p1jx¼L0
¼ pL01 ; p2jx¼L0

¼ pL02 (24)

leading to the following expressions for K1 and K3

K1 ¼ 1

k2
pL02 � pL01
sinh kL0ð Þ

K3 ¼ 1

k2
pL02 b1 þ pL01 b2

L0

(25)

The average velocity in respective capillary can be ob-
tained by differentiation of Eq. 22. From Eqs. 3, 22 and 25
it follows that

�vi ¼ � aR2
i

pk
ð�1Þibi

pL02 � pL01
sinh kL0ð Þ cosh kxð Þ þ pL02 b1 þ pL01 b2

L0k

� �
;

i ¼ 1; 2 ð26Þ

and, consequently, Eqs. 22 or 26 can be used as a part of a
general model in which processes in the region L0 \ x \ Li
are described (see Figure 9). However, it is also possible to
employ the analytical model alone in order to have some
qualitative results. Then it needs to be assumed that the fol-
lowing inequalities hold

ZLi
L0

qidx

������
������ � QiðLiÞj j and

piðLiÞ � piðL0Þ
piðL0Þ � 1

8i : i ¼ 1; 2 ð27Þ

where Li are positions of the fluid fronts in the respective
capillary as shown in Figure 9. The earlier assumptions
ensure that the pressures pL0i in Eq. 26 are approximately the
same as the pressure on the front of the free boundaries, pLii
as prescribed by capillary forces Eq. 1

pLii ¼ � 2c
Ri

cos h 8i : i ¼ 1; 2 (28)

for respective, i-th capillary. For simplicity, and further on
cosy is set to 0.5. Application of the explicit expression for
bi, and Eqs. 26 to 28 yields the following expression for the
velocity at x 5 L0

�vi L0ð Þ ¼ jr4nR
2
i

kR1R2

ð�1Þi R1 � R2

R4
i

tanh�1 kL0ð Þ þ R3
1 þ R3

2

kL0R3
1R

3
2

� �
i ¼ 1; 2 ð29Þ

in which j is independent of geometric quantities, such as Ri

and Lj. In the framework of conditions Eq. 27, velocities from
Eq. 29 coincide with the speed of the corresponding capillary
fronts. The ratio P 5 v1(L1)/v2(L2) can now be expressed as

Pðn;gÞ ¼ �v1ðL1Þ
�v2ðL2Þ ¼ g

1� gð Þ tanh�1ðnÞþ g4þ gð Þn�1

g4� g3ð Þ tanh�1ðnÞþ g3 þ 1ð Þn�1
(30)

where the nondimensional quantities n, g are defined as

n ¼ L0k ¼ L0
r2nffiffiffiffiffiffiffiffiffiffi
l�Dln

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

R4
1

þ 1

R4
2

s
; g ¼ R1=R2 > 1 (31)

Now let 1 � n � 5, 1 � g � 2, and let us study the
response of P(n, g), Eq. 30, see Figure 10. The lower left
edge of the P plot lies at a unit distance from the (n, g) plane
since it corresponds to the case when the radii are equal. The
P(n, g) surface near the top right corner (n 5 1, g 5 2) is
located higher than the unity mark of the vertical axis,
implying that the flow front in the larger capillary advances
faster. To the contrary the region of functional plot of P near
the right bottom edge (n 5 5, g 5 2) is below the unit label,
indicating that the capillary front in the smaller capillary is
leading.

The obtained results, qualitatively agree with experimental
observations since L0 Eq. 31 increases with n values, and for
low L0, the front in the larger capillary is expected to be
faster. While for high L0, the front in the smaller capillary
should lead (cf Figure 5).

Such a tendency is readily understood. The number of
filled scratches, and, therefore, connections between the
capillaries increase with L0. For small values of L0 the capil-
laries have a weak connection, and can be treated as separate
objects. The capillary pressure is proportional to the radius
of capillary, 1/R, while the hydrodynamic resistance is pro-
portional to R22, therefore, the capillary front speed is pro-
portional to R: �v(x 5 L0) ! R21/R22 5 R, i.e., the larger
capillary is supposed to have faster liquid speed. Now con-
sider that both capillaries are well connected through the
notches as is the case of large L0. The fluid tank is far from
the capillary surfaces, and the smaller capillary may drain
the larger one through the notches due to higher capillary

Figure 10. Plot of capillary tubes velocity ratio, P 5 v1/
v2 as function of capillary radii g 5 R1/R2
and nondimensional average front advance
position, n, see Eq. 31.

Depending on position in the (n, g) plane the fluid front in
the smaller capillary advances faster or slower, as com-
pared to the one in the larger capillary. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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pressure. Now the larger capillary may take a role of a major
fluid contributor, feeding the advancement of both capillary
fronts. In competition for the common fluid supply the larger
capillary has lower driving force, and, likewise, a slower
capillary front.

Another interesting feature of the simplified model, and
particularly of Eq. 30, are negative P(n, g) values in the case
of large n, which corresponds to negative flow in one of the
capillaries. The condition for P(n, g)\ 0 is

n
tanhðnÞ �

g4 þ g
g� 1

(32)

Condition Eq. 32 corresponds to a very distant liquid sup-
ply, thus, it is stated that at the point of equality of Eq. 32,
the fluid front in larger capillary will stop.

Finite difference model

The model described previously is constrained by assump-
tions Eq. 27. For more exact front position predictions in the
pp-doublet model studied, a finite difference (FD) method
based numeric model is developed.

The grid used has the same period as the mesh of
scratched notches. Each notch may be empty, partially filled
or fully filled with liquid. By definition a fully filled n-th
notch has position xn 5 nDl0 \ L0 (see Figure 9). The finite
difference equivalent of Eq. 21 may now be formed as

pi;nþ1 � pi;n
� �

=Dþ þ pi;n�1 � pi;n
� �

=D� ¼ D�bi pi;n � pj;n
� �

(33)

where all three spatial differences D1, D2 and D6 5 (D1 1
D2)/2 are equal to Dln since the mesh of notches is equally
spaced, i = j, i, j 5 {1,2}, and n is the number of the notch.

In the domain of partially filled notches, L0 � x �
max(L1, L2), Eq. 21 has to be replaced by

d2pi
dx2

¼ bil
�

lni
pi þ c

rn

	 

(34)

where lni is the length of the filled part of the n-th notch
from the side of the i-th capillary.

The finite difference equivalent of Eq. 34 is

pi;nþ1 � pi;n
� �

=Dþ þ pi;n�1 � pi;n
� �

=D� ¼ D� bil
�

lni
pi;n � pn
� �

(35)

being similar to Eq. 33. However, since the position of the
free surfaces Li may be arbitrary: Li [ L0 the D1 and D6 are
not equal to Dln in this case.

Systems 33 and 35 are solved at each time step, and the
velocities in each capillary on front positions L1 and L2 are
obtained from the FD equivalent of Eq. 3. Similarly the aver-

age liquid speed in an individual nonfilled notch L0 � xn �
Li is calculated from

�vn ¼ � ar2n
p

3
pn � piðxnÞ

lni
(36)

Then the following numeric integration gives the positions
of the capillary surfaces in, respectively, capillary L1, L2

Liðtkþ1Þ ¼ LiðtkÞ þ �viðt ¼ tk; x ¼ LiÞdt (37)

and the partially filled notches for the next time-step tk11 5
tk 1 dt. After integration, the amount of liquid within each
partially filled notch is checked. If ln1 1 ln2 � l* then the
n-th. capillary is marked as completely filled. Finally L0 is
updated so that it follows the notch that is just to be entirely
filled.

The model constants used for the simulation are presented
in Table 1, where the geometric characteristics are taken as
close as possible to the experiments, and the physical con-
stants a and c are derived from t,x2 fittings to the experiment
with single capillaries (see Figure 3).

The results from the numerical modeling are shown in
Figure 11 and Figure 12. In Figure 11, the distance between
the notches are 5 mm, while in Figure 12, this distance is
just 2.5 mm. In contrast to the unconnected capillaries the
square of the positions are not linearly dependent on time
anymore. In the first case, Figure 11, the liquid front in the
smaller capillary just approaches the liquid front in the larger
capillary. In the second case, Figure 12, capillaries are inter-
connected to a larger extent, as a result L1 and L2 curves
have a cross-point as also obtained in the experiments. By
further comparisons with the experimental curves plotted in
Figure 5, it can be concluded that modeled results are in
qualitative agreement with observations, while there are

Table 1. Model Parameters

rn (mm) R1 (mm) R2 (mm) l* (mm) Dln (mm) a 3 1024 1/(Pa 	 s) c mPa/m

Fig. 11 0.3 1 2 6 5 5.44 22.8
Fig. 12 0.3 1 2 6 2.5 5.44 22.8

Figure 11. Modeled front advance scenario in pp-dou-
blet problem with scratched notches, notch
density 1/5 (notch/mm).
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some minor quantitative discrepancies. The latter is due to
differences in the setups, the capillaries in the model have,
for instance, a perfect circular cross-section, while the exper-
imental are more triangular in shape.

In Figure 11 and Figure 12 a L0 curve is also plotted. A
noticeable property of the model used is that this curve is
not a smooth function underlining the fact that L0 jumps
from one scratch to another.

Conclusions

Experiments have shown that in a porous pore-doublet
model the leading front can be in as well the smaller capil-
lary as the larger one. The outcome is dependent on the
actual permeability of the porous material. It may also hap-
pen that the front is leading in the porous material. Hence,
leading flow-fronts within the denser constituent in a multi-
scale porous media, such as a fabric used in composites
manufacturing, can be explained.

The experimentally observed results are confirmed by rela-
tively simple models that successfully explain the observa-
tions presented earlier, thus, it can be stated that the main
mechanisms behind porous pore-doublet model in this parti-
cular case are known.
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Notation

a5 capillary liquid transport constant
b1, b25 analytic model parameters

G1 5ABCDEF 2 domain boundary

G25 fictious domain boundary, used by numeric algorithm of
BEM model

c5 surface tension modulus
D, D1, D65 forward, backward and centered finite differences

g5dimensionless parameter g 5 R1/R2

y5wetting contact angle
j5geometry independent constant
k5 exponential root of analytic solution
l5fluid viscosity
n5dimensionless parameter
P5porosity of weave
k5permeability of weave
l5 length along capillary
l*5 scratch length
L05position of first completely filled scratch

L1, L2, Li5positions of feeding capillary surfaces
L�1, L

�
2, L

�
i 5 normalized (by weave width) positions of weave feeding

capillary surfaces
L�i0 5 initial (t50) dimensionless positions of weave feeding

capillary surfaces
L�f1, L

�
f2, L

�
fi 5dimensionless positions of free boundary at weave corner

1/Dln5notch scratch frequency
p5 local pressure
p*5normalized pressure

pL0i , i 5 1,25pressure in capillaries at l 5 L0
Dp5 capillary pressure

Q, Q1, Q25 sectional flow through capillary/capillaries 1,2
q1, q25 capillary (side-)draining flux, m2/s
R1, R25 radii of feeding capillaries
R�
1, R

�
2 5normalized (by rpore eff) radii of feeding capillaries

rpore eff5 effective pore radii, yields experimentally observed free
surface speed ratio between unconnected weave and
unconnected capillaries

v5 local velocity
v5 average velocity in capillary
v*5normalized velocity in a net

x, y5 coordinates along and transverse main infiltration direc-
tion
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Figure 12. Modeled front advance scenario in pp-dou-
blet problem with scratched notches, notch
density 1/2.5 (notch/mm).
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