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Abstract

In liquid composite molding (LCM), composites are produced by impregnation of a dry preform with liquid
resin. The resin flow through the preform is usually described by Darcy’s law and the permeability tensor
must be obtained for filling analysis. While the resin flow in the thickness direction can be neglected for
thin parts, the resin flow in the transverse direction is important for thicker parts. However, the transverse
permeability of the preform has not been investigated frequently. In this study, the transverse permeability
was measured experimentally for five different fiber preforms. In order to verify the experimental results,
the measured transverse permeability was compared with numerical results. Five different fiber mats were
used in this study: glass fiber woven fabric, aramid fiber woven fabric, glass fiber random mat, glass fiber
braided preform, and glass/aramid hybrid braided preform. The anisotropic braided preforms were man-
ufactured by using a three dimensional braiding machine. The pressure was measured at the inlet and outlet
positions with pressure transducers.
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1. Introduction

In liquid composite molding (LCM), composite parts are
produced by impregnation of the dry reinforcement with
liquid matrix resin (Advani et al., 1994; Jones, 1975). Per-
meability of the fiber assembly has been of special interest
because determination of the permeability tensor for a fiber
preform is essential for the flow analysis of LCM (Endru-
weit et al., 2002; Wu et al., 1994; Bechtold and Ye, 2003;
Sadiq et al., 1995; Sayre and Loos, 2003; Drapier et al.,
2002; Kim and Daniel, 2003; Weitzenböck et al., 1998;
Markicevic and Papathanasiou, 2003; Lim and Lee, 2000;
Phelan Jr. and Wise, 1996). For thin parts, the resin flow in
the thickness direction can be neglected and thin parts are
considered as two-dimensional composites. Many inves-
tigations have been reported on determination of the in-
plane permeability of fiber preforms (Gebart and Lidström,
1996; Amico and Lekakou, 2001; Ferland et al., 1996;
Weitzenböck et al., 1999). For measurement of the in-
plane permeability, two techniques are generally utilized,
i.e., one-dimensional flow method and radial flow method.
As fiber preforms are usually anisotropic, they have dif-
ferent permeability depending upon the different flow
directions (Tang and Postle, 2000; Ghaddar, 1995;
Pochiraju, 1999; Song et al., 2002; 2004; 2005; Seong et

al., 2002; Cho et al., 2003).
The resin flow in the thickness direction is important for

thicker parts but the transverse permeability of the preform
has not been investigated frequently. There are two meth-
ods for measurement of the transverse permeability: simul-
taneous measurement of all three principal values of the
permeability tensor and independent measurement of the
in-plane and the transverse permeability values. The simul-
taneous measurement of three principal values has been
carried out in many studies (Kim and Daniel, 2003;
Weitzenböck et al., 1998), but it is complicated. The inde-
pendent handling of the in-plane and the transverse per-
meability measurement is simpler than the simultaneous
measurement of the principal values. In this study, we mea-
sured the transverse permeability for various preforms and
compared the experimental data with numerical results.

2. Theory

2.1. Transverse permeability
Darcy’s law is a commonly accepted rule for modeling

fluid flow through porous media, e.g., the fibrous structure
used for reinforcement. 

(1)

where = Darcy's velocity vector (m/s)
    η = Newtonian viscosity of the fluid (Pa·s)

u
K
η
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    =pressure gradient vector (Pa/m)
      K= permeability tensor of the porous medium (m2)

In this study, the out-of-plane transverse permeability is
experimentally determined based on channel flow through
a circular tube with cross-sectional area A and flow length
l. The total flow length l is divided into flow length of the
permeable solid wall, lw, and flow length of the preform, lp

as shown in Fig. 1. Therefore, one-dimensional Darcy’s
law for flow through porous media can be used to calculate
the transverse permeability. The one-dimensional form of
Darcy’s law relates the volume flow rate, Q, to the pressure
gradient, dP/dz, in the direction of the flow, 

(2)

where Kz is a proportionality constant.
In the case of one-dimensional flow experiments, the

fluid flows through the preform in one direction. After the
circular tube is completely filled with fluid, steady-state
data are collected by measuring the volume flow rate and
the pressure drop along the flow direction. The volume
flow rate Q is measured by weighing the fluid that has
passed the flow channel. 

2.2. Series model
The transverse permeability can be calculated by

applying the one-dimensional Darcy’s law equation.
However, the transverse permeability measured by using

the experimental set-up built in this study is affected by
the transverse permeability of both permeable walls and
the preform. The permeable wall was used to keep fiber
volume fraction and flow length uniform. In order to
obtain the transverse permeability of the preform, a
series model was introduced. It was assumed that the
total volume flow rate of the resin in the transverse
direction of the fabric is the same as that of the per-
meable wall as shown in Fig. 2. 

(3)

where Qt is the total flow rate through both the preform
and the permeable wall. The total pressure drop is given as
bellow.

(4)

The volume flow rates of the resin in the thickness direc-
tion of the preform and the permeable wall are derived as
follows.

(5)

(6)

where
Qt, Qp, Qw = total volume flow rate, volume flow rate

through the preform and permeable wall 
Kt, Kp, Kw = total transverse permeability, transverse per-

meability of the preform and permeable wall
ΔPt, ΔPp, ΔPw = total pressure difference between the

inlet and outlet positions, pressure difference across the
preform and permeable wall

At, Ap, Aw = total cross-sectional area, cross-sectional area
of the preform and permeable wall

∇P
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Fig. 1. Permeable wall and preform employed for measurement
of the out-of-plane transverse permeability.

Fig. 2. Schematic diagram for series model.
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lt, lp, lw = total length, length of the preform and perme-
able wall
The pressure drop across the preform and permeable wall
are expressed as follows.

(7)

(8)

The pressure drop ΔPp acts on the preform and ΔPw acts on
the permeable wall. The total pressure drop across the
entire thickness is given by adding each pressure drop.

ΔPt =ΔPp + 2ΔPw (9)

Substitution of Eqs. (4), (7) and (8) in Eq. (9) yields

(10)

The volume flow rate is constant through each layer.

Qt = Qw = Qp (11)

(12)

The cross-sectional area of the permeable wall (Aw), the
total cross-sectional area (At), and the cross-sectional area
of the perform (Ap) are equal. Therefore, Eq. (13) is
obtained by multiplying Eq. (12) by the total area, At.

(13)

In this study, Kt, Kw, lt, lp, and lw were measured by exper-
iments. The transverse permeability of the preform can be
obtained by using Eq. (13). 

3. Experiments

3.1. Materials
3.1.1. Fiber preform 
Five different fiber mats were used in this study. Two
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Fig. 3. Fiber preforms used in the experiment.
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fabrics were glass fiber woven fabric and aramid fiber
woven fabric, and the others were glass fiber random mat,
glass fiber braided preform, and glass/aramid hybrid pre-
form (Fig. 3). The hybrid preform was used to examine the
hybrid effect on the in-plane and transverse permeabilities.
The braided preforms were manufactured by using a three
dimensional braiding machine equipped with 48 ×12 car-
riers. The carrier of the braiding machine was activated by
a pneumatic piston using compressed air and the glass fiber
braided performs were produced using E-glass roving
yarns. The hybrid preform was composed of aramid fiber
and glass fiber bundles and had the same structure as the
braided preform. The multi-axial braided preforms made
by using the braiding machine have higher strength in
thickness direction than the conventional multi-layer plain
woven preforms.

Fiber mats were carefully placed in the cavity of the
experimental mold and the orientation of fibers was pre-
served. In order to prevent the edge effect, the circum-
ferential edge of the perform and the permeable wall was
blocked by using a silicone grease. Since permeability is a
strong function of porosity, fiber volume fraction of the
preform must be determined to identify the porosity. The
fiber volume fraction was varied with respect to the cavity
thickness and calculated by using the following equation. 

(14)

where Vf
* : volume fraction of fiber preform

     ρf : density of fiber
     ρm : density of mat

3.1.2. Resin
The test fluid used in this study was a silicone oil (dim-

ethyl siloxane polymer, DC 200F/100CS) supplied from
Dow Corning. Because the silicone oil was Newtonian
fluid with the viscosity of 9.7× 10−2 Pa⋅s, the Darcy’s law
was applied.

3.2. Experimental set-up
3.2.1. Mold design
A mold was designed and built for measurement of the

transverse permeability as shown in Fig. 4. The experi-
mental mold for measuring the permeability in the trans-
verse direction consisted of a pair of porous circular walls
and the space between them could be adjusted. Pressure
was measured at the inlet and the outlet of the mold. A cir-
cular fiber mat with 12 cm diameter was cut by using a
cylindrical mandrel. The parallel permeable walls with
12 cm diameter were placed in the mold. The circular pre-
form layers were placed between the permeable walls like
a sandwich. The liquid was injected in the transverse direc-
tion through the stacked fiber mats under constant inlet
pressure. Four different permeable walls as shown in Fig. 5

were tested in the experiment to investigate effects of per-
meable walls on the flow through the preform. The steady
transverse flow was achieved by injecting the fluid through
a central gate of 5 mm diameter for a sufficient period of
time.

3.2.2. Experimental set-up
The Experimental set-up to characterize the transverse

permeability is shown schematically in Fig. 6. Compressed
nitrogen gas supplied from the supply tank was accumu-
lated in a pressure pot. The resin was injected into the mold
under constant pressure. The Pressure at the inlet and outlet
position was measured with pressure transducers. It was
assumed that saturation was achieved when the mass flow
rate became constant and air bubbles were not observed in
the silicone oil leaving the cavity. A data acquisition sys-
tem collected the value of pressure at the inlet and outlet
positions. The permeability was measured at different fiber
volume fractions which were obtained by compressing the
fiber mat to different thickness.

3.3. Measurement of the transverse permeability
The transverse permeabilities of four preforms, glass

fiber random mat, glass fiber woven fabric, aramid fiber
woven fabric, and glass fiber braided preform, were deter-
mined by applying a circular channel flow. To identify
whether there was any difference in the permeability
depending upon different permeable walls, permeability of
the glass random mats with 20 layers was measured by
using four different permeable walls whose permeabilities
had been experimentally determined before the measure-
ment. Different number of perform layers were placed in
the cavity in order to examine the effect of compaction on
the transverse permeability. The volume fraction of the pre-

Vf
* ρm

ρf

------=

Fig. 4. Constructed mold used in the transverse flow experiment.
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form was calculated by measuring thickness of the cavity.
The flow rate at the steady state was measured by col-
lecting the fluid exiting from the mold during measured
time period and by weighing collected oil. Constant injec-

tion pressure was applied by using a pressure pot. The
measurements were carried out in the saturated flow, i.e.,
the fibers were completely impregnated. Pressure gradient
was calculated from two values of the pressure transducers.
Each experiment was performed at least 5 times under the
constant inlet pressure. From these data, the transverse per-
meability of the fiber preform was calculated through the
Darcy’s law.

4. Results and discussion

4.1. Influence of the permeable wall on the trans-
verse permeability

Influence of the permeable wall on the transverse per-
meability was determined by using 20 layers of glass fiber
random mats under constant inlet pressure. The perme-
ability of the permeable wall was experimentally obtained
without the preform between them. The transverse per-
meability of the fiber preform was calculated by consid-
ering the predetermined permeability of the permeable
wall. The glass random mat used in the experiment has the
fiber density of 2.5 g/cm3 and the initial porosity of 0.79.
Volume of the injected fluid and the exact elapsed time
were measured. Two pressure values were measured by
two pressure transducers located in the mold. 

The permeability of each fiber preform was calculated by

Fig. 5. Four different permeable walls used for measurement of the transverse permeability.

Fig. 6. Schematic diagram of the experimental setup used for
measurement of the transverse permeability.
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using the Eqs. (3), (13) and (15).

(15)

where m : mass flow rate 
    ρr : density of the resin

Permeability data of the glass fiber random mat is listed
in Table 1 when different permeable walls were used for
the experiment. The transverse permeability was different
depending upon the type of permeable walls employed.
Although the transverse permeability was affected by the
type of permeable walls, the difference in the permeability
was not large and the average value was close to that of the
permeable wall with 68 holes shown in Fig. 5(d). The
selected permeable wall with 68 circular holes of 0.8 cm
diameter was used for measurement of the transverse per-
meability. 

4.2. Comparison of numerical and experimental
results for the aramid fiber woven fabric

In order to verify the experimental results, numerical
analyses performed in the previous study (Song et al.,
2002) were utilized and compared. In the study, the in-
plane and transverse permeabilities for the aramid fiber
woven fabric were predicted numerically with the coupled
flow model which combined microscopic and macroscopic
flows. The microscopic and macroscopic flows were cal-
culated by applying a three dimensional CVFEM (control
volume finite element method) to micro and macro unit
cells. Reverse and simple stacking of the aramid woven
fabric was taken into account and relationship between the
permeability and the preform structure such as the fiber
volume fraction and stacking order was identified. Unlike
other studies, the CVFEM analysis was based on more
realistic three-dimensional unit cell. It was observed that
the in-plane flow was more dominant than the transverse
flow within the woven preform (Song et al., 2002; 2004).

The aramid fiber woven fabric which had been chosen
for the numerical analysis was employed for permeability
measurement. The aramid plain woven fabric has the fiber
density of 1.4 g/cm3. In Fig. 7, it is shown that experi-

mental and numerical results are in good agreement and
the experimental method employed for measurement of the
transverse permeability yields good results.

4.3. Comparison of the permeability obtained for
glass fiber random mat, glass fiber woven fab-
ric and aramid fiber woven fabric

Transverse permeability of the glass fiber random mat
was compared with that of the glass fiber woven fabric to
examine the effect of preform structure. Since low Rey-
nolds number flows are applied to resin transfer molding,
the permeability depends only on the geometry of the pre-
form (Ghaddar, 1995). In order to determine the effect of
preform structure, twenty layers of glass fiber random mats
and of glass fiber woven fabrics were tested. Glass fiber
random mats and glass fiber woven fabrics were consid-
ered as isotropic material in plane direction. The transverse
permeability was measured at different fiber volume frac-
tions which were achieved by compressing the fiber mat to
different thickness. The transverse permeability calculated
from the experimental results for each preform structure is
shown in Tables 2 and 3. The transverse permeability for
each glass fiber fabric was increased as the porosity was

Q
m
ρr

----=

Table 1. Transverse permeability of the glass fiber random mat obtained by using different permeable walls

             Permeable wall one circular hole
(3 cm diameter)

37 circular holes
(1.2 cm diameter)

85 circular holes
(0.8 cm diameter)

68 circular holes
(0.8 cm diameter)

Used fabric Glass fiber random mat 20 layers

Porosity 0.79

Inlet pressure (×105 Pa) 0.71 0.34 0.34 0.38

Outlet pressure (×105 Pa) 0.13 0.21 0.21 0.20

Transverse permeability (×10−10 m2) 6.31 5.99 7.05 6.63

Fig. 7. Measured and predicted transverse permeability of the
aramid plain woven fabric with respect to fiber volume
fraction.
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increased. The transverse permeability of the glass fiber
random mat is lower than that of the glass fiber woven fab-
ric at the porosity of 0.69. It can be explained by the com-
plication of the flow path. Because the glass fiber random
mat has more complex flow path than the glass fiber
woven fabric, the flow through the glass fiber random mat
is slower than that through the glass fiber woven fabric.

Transverse permeability of the glass fiber woven fabric
and that of the aramid fiber woven fabric were measured to
observe the effect of the number of perform layers. In order
to observe the effect of the number of layers on the trans-
verse permeability, two fabrics were chosen with the same
structure. The experiment was carried out at the porosity of
0.59 and 0.69. The results showed the effect of the number
of layers on the transverse permeability for the glass fiber
woven fabric and the aramid fiber woven fabric (Figs. 8, 9
and 10). It is shown in the figures that increase in the num-
ber of perform layers reduced the permeability.

Effects of number of layers disappear when more than
ten layers of the fabrics were used. It can be explained by
the tortuous flow paths (Wu et al., 1994) which were cre-
ated due to the blocking effect at the interface between two
adjacent fiber mats. However, Fig. 10 illustrates that the
number of layers has higher effects in the case of aramid
fiber woven fabric despite of the fact that it has the same
structure as the glass fiber woven fabric. A large reduction
in permeability of the aramid fiber woven fabric with
respect to the number of layers can be explained by the
flexibility of the aramid fiber. The aramid fiber induces
higher blocking effect because the aramid fiber is more
flexible and may shift more easily at the interface between
the layers. 

Table 2. Transverse permeability measured with respect to poros-
ity for 20 layers of glass fiber random mats

Porosity 0.69 0.73 0.77

Flow rate (cm3/min) 389.00 418.38 459.09

Inlet pressure (×105 Pa) 0.66 0.65 0.47

Outlet pressure (×105 Pa) 0.18 0.17 0.19

Transverse permeability (×10−10 m2) 2.39 3.88 5.93

Table 3. Transverse permeability measured with respect to poros-
ity for 20 layers of glass fiber woven fabrics

Porosity 0.56 0.62 0.66 0.69

Flow rate (cm3/min) 250.36 314.02 327.41 353.48

Inlet pressure (×105 Pa) 0.85 0.71 0.64 0.65

Outlet pressure (×105 Pa) 0.11 0.14 0.17 0.17

Transverse permeability
(×10−10 m2)

0.96 1.72 2.36 2.67

Fig. 8. Transverse permeability measured with respect to the
number of layers for the glass fiber woven fabric at the
porosity of 0.66.

Fig. 9. Transverse permeability measured with respect to the
number of layers for the glass fiber woven fabric at the
porosity of 0.56.

Fig. 10. Transverse permeability measured with respect to the
number of layers for the aramid fiber woven fabric at the
porosity of 0.56.



Hee Sook Chae, Young Seok Song and Jae Ryoun Youn

24 Korea-Australia Rheology Journal

Table 4. Comparison of numerical and experimental results of
the braided preform

Numerical
results

Experimental
results

Porosity 0.69

In-plane
permeability

(×10−9 m2)

x-direction 4.6 9.12

y-direction 14.7 13.52

Transverse permeability (×10−9 m2) 5.12 0.065

Fig. 11. Transverse permeability measured for the braided pre-
form with respect to the porosity.

Fig. 12. Transverse permeability measured with respect to the
number of layers of the braided preform at the porosity
of 0.69.

Fig. 13. Phase shifting and blocking effect during unfolding of
the cylindrical braided preform.

Table 5. Comparison of the in-plane permeability for the hybrid
and braided preform

Braided
preform

Hybrid
preform

Porosity 0.66

Inlet pressure (×105 Pa) 0.35 0.42

In-plane
permeability

(×10−9 m2)

x-direction 5.547 5.475

y-direction 1.073 1.094

4.4. Transverse permeability of the braided preform
In the case of the braided preform, the transverse per-

meability was obtained for various porosities and number
of layers. The similar procedure was repeated with the
same equations to determine the transverse permeability of
the braided preform. The transverse direction was set to be
z-axis for the preform that was unfolded from the hollow
cylindrical shape.

In order to evaluate the experimental results, numerical pre-
diction obtained by the previous study (Song et al., 2004)
was compared. In the study, the complete permeability tensor
for a 3-D circular braided preform was calculated by solving
a boundary value problem for a periodic unit cell. The exper-
imental results were compared with the predicted transverse
permeability of the braided preform as shown in Table 4.

The transverse permeability measured for the various layers
of braided preform was plotted in Figs. 11 and 12. It was
found that the transverse permeability of the braided preform
was increased with respect to the porosity. However, as
shown in Table 4, there were some discrepancies between

numerical and experimental results in the case of the trans-
verse permeability. The differences may be attributed to the
shifting and blocking of fiber tows within the layers as shown
schematically in Fig. 13. A perfect unit cell is assumed for
numerical calculation but the real unit cell of the braided pre-
form may be distorted in the thickness direction during
unfolding the cylindrical preform. In order to investigate the
hybrid effect, in-plane permeability of the hybrid preform
was measured and compared with that of the glass fiber
braided preform. As shown in Table 5, there was no dif-
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ference in the in-plane permeability between hybrid and
braided preforms. It was also proven that the permeability
was affected by the geometry and the porosity significantly.

5. Conclusions

Five different fiber mats were used in this study. Two
fabrics were glass fiber woven fabric and aramid fiber
woven fabric, and the others were glass fiber random mat,
glass fiber braided preform, and hybrid braided preform.
The braided preform and hybrid preform were manufac-
tured by using a 3-D braiding machine equipped with 48 ×
12 carriers. Porosity and fiber volume fraction of the pre-
form were varied by changing the cavity thickness. In
order to verify the experimental data, they were compared
with numerical analysis results. Experimental and numer-
ical results of the transverse permeability were in good
agreement. The transverse permeabilities of the glass fiber
random mat, glass fiber woven fabric, and braided preform
were measured with porosity variation. The experimental
results showed that the transverse permeability was
reduced as the number of layers was increased. For the
braided preform, similar results were obtained. However,
there are some discrepancies between numerical and exper-
imental results in the case of transverse permeability. 
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