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Gas transport in fibrous media:
Application to in-plane permeability
measurement using transient flow

Y Hou1,2, S Comas-Cardona1,3, C Binetruy1,3 and S Drapier2

Abstract

This article introduces a methodology to measure in-plane permeability of fibrous media using a transient one-dimen-

sional air flow with absolute pressures ranging from 103 to 105 Pa. The method, based on the measurement of gas

pressure at the boundaries throughout the transient flow, is convenient, clean and fast, avoids usage of a gas flow meter

and offers a way to study the gas transport within fibrous media. The transport of a compressible fluid is described by

several models to comply with different flow regimes which can occur during the experimental measurements. A thermal

analysis is given to verify the validity of isothermal conditions during the tests. The permeability, only depending on the
fibrous structure, is determined by inverse method, fitting the simulation results to the experimental data obtained using

raising or dropping pressure methods. The deviation from Darcy’s law caused by gas sliding effect is analysed and a

relative parameter of fabric material shows a dependence in permeability, with a similar trend as the Klinkenberg sliding

parameter in soils and rocks.

Keywords

Fibrous media, sliding flow, permeability, gas flow

Introduction

Permeability of a fibrous reinforcement used in the

structural composite community is an important

physical parameter when resin filling simulation of

liquid composite moulding has to be performed.

Most of the permeability measurement techniques

rely on liquid injection experiments1 and still show

high discrepancies.

In order to reduce this experimental discrepancies,

one option is to simplify as much as possible the

experimental bench to avoid errors from accumu-

lating. With such considerations in mind, set-ups

based on compression of saturated fabrics have been

built.2–4 To further bound the permeability, instead of

switching techniques (injection vs. compression), the

nature of fluid can also be switched (fluid vs.

gas).5–11 Experimentally, compared with liquid meas-

urement, the use of gas has an advantage of short

experimental time due to low gas viscosity, and

hence, gas permeability measurement has been exten-

sively applied to materials with small permeabilities,

such as rocks, soils, membranes and ceramics.12–15

Following a review of theoretical and experimental

aspects of gas flow in porous media (‘Fundamentals

on gas flow through porous media’ and ‘Review on

permeability measurements using gas’ sections), this

article proposes a methodology to measure fabric in-

plane permeability using a transient one-dimensional

(1D) gas flow using vacuum (‘Permeability measure-

ment of fibrous material using vacuum’ section). A

thorough study of the transport of a compressible

fluid is performed. Several models based of Darcy’s

law and sliding regimes are investigated for
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fibrous media. A thermal analysis is given to verify the

validity of isothermal conditions during the tests.

Permeability is extracted by solving the governing

equations with an inverse method. Results are given

for various types of fibrous materials and compared

with liquid injection and saturated compression per-

meability measurement techniques.

Fundamentals on gas flow through porous

media

Gas transport through porous media is based on four

independent mechanisms16:

(a) Viscous flow, in which the characteristic length of

pores within the medium is much larger than the

mean free path (i.e. the average distance between

molecule collisions) so that molecule–molecule col-

lisions dominate molecule–wall collisions;

(b) Free-molecular or Knudsen flow, in which the gas

density or the pore size is so low that the number of

collisions between molecules can be neglected com-

pared with the number of collisions of molecules

with the walls of the porous medium;

(c) Continuum diffusion, in which the different species

of a mixture move relative to each other under the

influence of concentration gradients, temperature

gradients or external forces; and

(d) Surface flow or diffusion, in which molecules move

along a solid surface in an adsorbed layer.

For gas permeability measurement of fibre reinforce-

ment, viscous, Knudsen and sliding flow (an interaction

regime between viscous and Knudsen flows) dominates,

thus diffusions can be neglected. The gas transport

regimes are determined by the Knudsen number Kn,
17

Kn ¼
�

l
ð1Þ

where � is the mean free path, which depends on pres-

sure, temperature and gas molecular weight and l the

characteristic length of pores within a medium. For gas

molecules at standard temperature and pressure, i.e.

25�C and 1 atm, � is approximately 8� 10�8 m.

Knudsen flow

When Kn> 1, the molecules do not frequently collide

with each other within the pores. The original studies of

Knudsen flow were limited to small holes in very thin

plates, and molecules were assumed to move entirely

independent of each other during their passage through

the holes. A Knudsen flow parameter Km (m), only

related to geometry of the hole and the gas–surface

scattering law, can be defined,16

Jk ¼ �Km �vr ~n ð2Þ

where �v is the mean velocity, ñ the molecular density

(mol/m3) and Jk the Knudsen flux (mol/(s�m2)).

Viscous flow

When Kn� 1, the size of pores within a medium is large

enough for molecules to collide frequently. In this case,

the flow is continuous, viscous and can be driven by

pressure gradients within the pores. A Newtonian vis-

cous flow can be described by the Navier–Stokes equa-

tion. Random paths of molecules after collisions with

walls induce a no-slip (zero velocity) boundary condi-

tion. For a laminar flow with a Reynold’s number

Re< 0.1, the inertial term in Navier–Stokes equation

can be neglected, and hence, the profile of velocity

depends only on the local microstructure. The viscous

flux Jvisc (mol/(s�m2)) is given by,17

Jvisc ¼ �ð ~nKv=�Þ
�P

�
¼ �ð ~nKv=�ÞrP ð3Þ

where �P is the pressure difference across the distance

�, Kv the viscous permeability (m2) and � the fluid

viscosity.

In a porous medium where the region of interest is

much larger than the representative volume element of

the porous medium, the flow can be represented with

Darcy’s law. When gravity is neglected, it writes

q ¼ �v ¼ �Kv

�
� rP ð4Þ

where rP is the pressure gradient vector and q the fil-

tration or Darcy’s velocity, which is related to the pore

(interstitial) average velocity v and the porosity �.

Sliding models

When Kn� 1, an interaction between Knudsen and vis-

cous flow produces a pattern referred to as sliding flow.

Dust gas model. In the dust gas model,16 the general flux

equation is

Jslid ¼ � 1

RT
Km �vþ

PavgKv

�

� �

rP ð5Þ

where R is the ideal gas constant and Pavg the average

of pressures at both sides of the considered domain.

From a mathematical point of view, equation (5) is a
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sum of equations (2) and (3) substituting the molecular

density ñ¼ n/V using the ideal gas law (where n is the

number of moles in the considered volume V). With this

formulation, the viscous permeability can be extracted

from the overall flow even if it combines viscous and

Knudsen flows.

Klinkenberg sliding effect. The Klinkenberg sliding effect is

observed and promoted on gas transport through fine-

grained low-permeability porous media, such as soils,

with small pore size.18 At low rates, the effective per-

meability Kg measured with N2 gas (calculated using

Darcy’s law) will be higher than the viscous permeabil-

ity K1 measured with brine. Klinkenberg explains

changes of permeability under different pressures by

the slippage of gases along the pore walls, since gas

does not adhere to the pore walls as liquid does. The

effective gas permeability Kg depending on gas pressure

is given by

Kg ¼ K1 1þ b

P

� �

ð6Þ

where K1 is the intrinsic viscous permeability, which is

considered to be the absolute permeability under very

large gas pressure at which condition the Klinkenberg

effect is negligible. The Klinkenberg factor b depends

on the mean free path of the gas molecules and the

microstructure of the pores. Jones and Owens19

fitted it to

b ¼ �kK
�0:36
1 ð7Þ

where �k is the Klinkenberg effect coefficient, which is

fitted to 0.251 based on the experimental data of 100

rock samples ranging in permeability from 10�17 to

10�12m2.20

Review on permeability measurements

using gas

Porous material

Because of low permeabilities of soils, rocks, ceramics

and membranes, many set-ups have been built using

pressures greater than atmospheric pressure.12,13,21

Measurements can be stationary (e.g. constant flow

rate) or transient (e.g. raising or dropping pressure).

The stationary flow measurement is the simplest way

to calculate permeability because the flow rate is dir-

ectly measured. Transient flow measurement has the

advantage of requiring simple equipments and no

flow rate meter. The permeabilities obtained by a

pressure-decay method and a stationary method show

an agreement for dense ceramics.13 Unsteady gas flow is

used extensively to determine permeability of soil in

field tests14 or in laboratory tests with dropping13,22

or raising pressure methods (DPMs or RPMs).15

Fibrous material

The literature of fibrous permeability measurement

using gas as fluid is rich. Because of the nature of the

process, the chemical vapour infiltration requires a good

knowledge of gas permeability. Starr and Hablutzel5

proposed a 1D steady-state gas flow technique using

helium gas. Permeability is extracted from Darcy’s law

integrated for an incompressible fluid and using a dif-

ferential pressure gauge and a flow meter. Later, several

researchers have modified and/or improved the steady

gas flow technique to measure fibrous reinforcement

permeability.7,8,10 Those authors build 1D or 2D (annu-

lar) benches and measured permeability with various

gases: nitrogen, helium or air. The system of equations

to model the flow included Darcy’s law and mass con-

servation (compressible fluid). The permeability is either

obtained from an analytical solution of the system of

equation or minimizing a difference between experimen-

tal and simulation results by an inverse method. The

main issue of these techniques rely on the fact that

depending on the level of permeability to measure, the

flow meter and pressure transducers have to be changed

to comply with the pressure and flow rate levels to

match low Reynolds numbers during the experiment.

Also, techniques using annular domains limit their use

to in-plane isotropic media.

One way to overcome the issue of measuring flow

rates is to use transient techniques as presented by Kim

and Daniel11 and Sequeira Tavares et al.9 The transient

evolution of the pressure levels at different locations

during the experiments are used to extract a value of

permeability. Some assumptions are done to simplify

the system of equations and obtain analytical solutions

of pressure profiles at specific locations in the domain

with respect to time.

Permeability measurement of fibrous

material using vacuum

Experimental apparatus and materials

The equipment designed to measure air permeability

of fibrous preforms by 1D flow is shown in Figure 1.

The preform is inserted between a set of top (30mm-

thick PMMA; poly (methyl methacrylate)) and bottom

(20mm-thick metallic) plates, sealed with a rubber

o-ring seal. The outlet and inlet are, respectively, con-

nected to a vacuum pump and the atmosphere, and
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controlled by valves. Four pairs of 50mm-thick steel

stiffeners are screwed so as to compact the preform

and to force the PMMA and steel platens to be in con-

tact with the steel shims, with a deviation on thickness

below 0.05mm during the test. The steal shims are pos-

itioned to secure a tight contact between the fabric

edge and seal. Hence, the gap between the fabric and

seal is the same magnitude of pore size, and racetrack-

ing is negligible. The same set-up has also been used

for the permeability measurements using liquid flow;

no racetracking with liquid was observed at the

boundaries.

The pressures P1 and P2 are monitored by pressure

gauges (Kistler 4260A Series, 0–1 bar absolute, 1%

accuracy) at room temperature and recorded with the

help of a data acquisition system. The laboratory

vacuum pump delivers a vacuum level of 3� 103Pa

(absolute). Carbon-based reinforcement combined

with representative architectures (woven, unidirectional

and bidirectional) have been selected. The main fea-

tures of the materials and the preform configurations

are given in Table 1. The average size of the samples

were 250mm in length and 150mm in width. Each per-

meability for a given fibre volume fraction has been

measured between 2 and 5 times with up to four

types of loading pressures.

Transient flow tests

Two types of 1D transient flows are studied: the DPM

or RPM. To create a flow using the DPM, the test

begins by setting the initial pressure within the cavity

and the sample to the atmospheric pressure Pa. This is

obtained by closing valve 2 and opening valve 1 until

the values of P1 and P2 become equal (Figure 1). Then,

valve 1 is closed and valve 2 is opened to let the vacuum

in (or the gas out). For a RPM test, the experiment

begins with an initial vacuum within the preform and

cavity; then keeping valve 2 closed, valve 1 is opened to

let the gas in.

Flow regime

In this section, the flow regimes induced by RPM and

DPM tests are evaluated. Viscous flow regimes (laminar

or turbulent) are governed by the Reynolds number Re.

Figure 1. 1D experimental apparatus for air permeability measurement.

Table 1. References of the materials tested in the study.

Label CTW CBD CUD

Architecture Twill-weave

2� 2

Bidirectional

stitched

Unidirectional

Fibre type Carbon Carbon Carbon

Areal weight (g/m2) 285 548 150

Manufacturer Hexcel Saertex Hexcel

Reference G986 Confidential Hexforce 43151

Stacking [0]6 [þ/�45]4 [0]15 and [90]15

Vf range [0.44,0.55] [0.52,0.59] [0.55,0.67]

CTW: carbon twill-weave; CBD: carbon bidirectional; and CUD: carbon

unidirectional.
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In the case of porous or fibrous media, a modified Re�
can be defined

Re� ¼ �vl�

�
ð8Þ

where l� is a characteristic pore size, � the viscosity,

v the gas velocity and � the gas density. It is accepted

that
ffiffiffiffiffiffi

Kv

p
is an appropriate estimate of l�. Typical fibre

preforms of interest in structural composites exhibit an

in-plane permeability in a range 10�13 to 10�8m2.

Figure 2 shows the Re� field for given gas velocities v

and pressures P, in the two extreme cases of permeabil-

ities of interest 10�13 and 10�8m2. Density is evaluated

from the pressure. Temperature is 20�C and sets the

viscosity. The dark regions in Figure 2 show the regions

of interest for the materials and test conditions of this

study. Therefore, for this type of flow, Figure 2 shows

that Re�< 1 for a maximum absolute pressure of

105Pa. The flow remains laminar and therefore gov-

erned by Darcy’s law. The non-linearities involved

with higher Re� that would require the use of

Forchheimer’s relationship are not of concern for

most of fibrous preforms of interest in this study.

Since perfect vacuum does not exist, partial vacuum

(or pressure) is of concern in this study. The fibrous

medium is therefore saturated with gas molecules.

When the pressure increases or decreases, gas molecules

are added or removed. The gas density varies along the

sample due to the motion of molecules. The notion of

impregnated/not impregnated region that define a fluid

flow front does not exist with gas.

Thermal analysis

The flow of gas in the fibrous preforms can be com-

pressed or expanded depending on the type of experi-

ments that will be performed. Such physical change

implies a temperature variation that has to be

estimated. This possible temperature change is import-

ant to be checked because, first, the viscosity of gases is

temperature dependent (Sutherland’s relationship)

�a ¼ �0

T0 þ C

Tþ C

� �

T

T0

� �3=2

ð9Þ

where e.g. for air, �0¼ 1.81� 10�5Pa�s, T0¼ 293K and

C¼ 117K. Second, the temperature influences the state

equation of an ideal gas

PV ¼ nRT ð10Þ

where n is the number of moles and R the ideal gas

constant (8.314 J/(mol�K)).

Thermodynamics can be used to predict the approxi-

mate temperature variation during the test. The first

law for open systems gives,23

dU ¼ �Qþ dHin � dHout ð11Þ

where dU is the differential change in internal energy,

�Q the infinitesimal amount of heat supplied to the

system, dHin and dHout the enthalpy entering and leav-

ing the system, respectively. For instance, in the case of

a RPM test where the cavity is initially emptied (vac-

uumed), one valve is opened to let gas at atmospheric

pressure in. The second valve remains closed (no gas

exits the system), therefore dHout¼ 0. For an ideal gas,

the internal energy U, enthalpy H and heat Q are

related to temperature T as

dU ¼ ĈvR � dðnTÞ dHin ¼ ð1þ ĈvÞRT � dn
�Q ¼ hcA1ðT0 � TÞdt ð12Þ

where Ĉv is the dimensionless specific heat capacity at

constant volume (3/2 for monoatomic gas, 5/2 for dia-

tomic gas and 3 for more complex molecules,
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Figure 2. Reynolds number related to pressure and velocity.
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A1 the surface of air in contact with the two plates of

the cavity, hc the heat transfer coefficient, from 10 to

100W/(m2�K) for air and T0 the environment tempera-

ture. Substituting equations (10) and (12) into equa-

tion (11), leads to

ð1þ ĈvÞ
PH

2T

dT

dt
þ hcT� H

2

dP

dt
þ hcT0

� �

¼ 0 ð13Þ

where H¼ 2V/A1 is the thickness of the cavity and

Ĉv ¼ 5=2. Equation (13) is a first-order differential

equation which can be solved with the variable-order

method. Representative test pressures (Figure 3(a)) are

used as inputs and the resulting temperature change is

less than 3%, as shown in Figure 3(b). Therefore, the

induced viscosity variation is negligible. Similarly, for

the RPM experiments, the temperature and viscosity

changes are even lower.

Governing equations

It has been shown in the previous sections that the flow

induced in the RPM and DPM tests of this study is

laminar and can be considered as isothermal. The

three unknowns of a compressible flow problem are

density, pressure and velocity. Therefore, three equa-

tions are necessary: (a) mass conservation, (b) equation

of state and (c) momentum equation.

For a compressible fluid, the mass conservation

equation is given in the Eulerian frame by

@�

@t
þ r � ð�vÞ ¼ 0 ð14Þ

The equation of state of an ideal gas is given by

equation (10). For the fibrous materials of interest in

structural composite manufacturing, two distinct

momentum equations for viscous and sliding regime

(Knudsen flow can be simulated using sliding model

by setting Kv¼ 0) have to be considered. For a flow

in the viscous regime with neglected gravity, the gov-

erning momentum equation is obtained by substituting

equations (4) and (10), respectively, Darcy’s law and

ideal gas law, into equation (14)

@P

@t
¼ 1

��
r � PKvrP ð15Þ

When the flow is not governed by the viscous effects,

inverse method based on Darcy’s law (equation (15))

does not return the viscous permeability Kv but the

average efficient permeability �Kg. In order to obtain

the correct viscous permeability, sliding model (equa-

tion (5)) can be used with equations (10) and (14).

The governing momentum equation in this case

becomes for 1D flow

@P

@t
� 1

�

@

@x
Km �vþ

KvP

�

� �

� @P
@x

� �

¼ 0 ð16Þ

Boundary and initial conditions

Since air is compressible, the air trapped between the

valve and the edges of the preform, as shown in

Figure 1, may cause fluxes at the boundaries when pres-

sure changes. The gas present in pipes and tubing outside

the valves are not affecting the test. Assuming a quasi-

static flow, the trapped air shares the same values of

pressure, density and temperature. For the points x¼ 0

and x¼L, the mass conservation equation (14) gives

@�

@t
Vþ �Aq ¼ 0 x ¼ 0 ð17aÞ

@�

@t
V� �Aq ¼ 0 x ¼ L ð17bÞ

Figure 3. Pressure (a) and temperature (b) variations calculated during DPM tests (P0 ¼ qP/qt).

DPM: dropping pressure method.
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where V is the volume of trapped air, A the cross-sec-

tional area normal to the gas flow and L the length of

the fabric sample. Combining equation (17) with the

ideal gas law (equation (10)) and Darcy’s law (equation

(4)), with Kg used instead of Kv), the boundary condi-

tions can be obtained in terms of pressure P

Kg

�
P
@P

@x
� @P

@t

V

A
¼ 0 x ¼ 0 ð18aÞ

Kg

�
P
@P

@x
þ @P

@t

V

A
¼ 0 x ¼ L ð18bÞ

where the volume-to-area ratio, V/A, is the dominant

parameter. For a set of experimental pressures P1 and

P2, the permeability obtained by inverse method could

change remarkably with different volume-to-area

ratios. The variation of the calculated permeability, if

the trapped air is taken into account or not can be

estimated as

Kg

K0

¼ 1þ 2
V

AL�
ð19Þ

where K0 is the permeability obtained by inverse

method with unmodified boundary conditions (i.e. neg-

lecting trapped air). As for initial conditions, for RPM

tests, the pressure is set to P(x, t¼ 0)¼Pvac (pressure

obtained with vacuum pump) and for DPM tests P(x,

t¼ 0)¼Pa, where Pa is the atmospheric pressure.

Inverse method

The simulation is based on solving the set of funda-

mental equations for P (equation (15) or (16)) with

proper boundary (equation (18)) and initial conditions.

The room temperature To is recorded before each

experiment. The gas viscosity � is calculated from

that temperature with equation (9). Pressures P1(t)

and P2(t) are recorded during experiments. The

porosity � of the sample is provided by the sample

thickness, the number of plies and the areal weight

(Table 1).

Then permeability Kv (or [Kv,Km] in sliding model) is

estimated by inverse method: the quadratic residual e

(equation (20)) between experimental and simulated

results is minimized to obtain the best-fitted permeabil-

ity. For RPM tests, P2(t) is compared, and simulated

results are obtained from equation (17b) at x¼L under

the prescribed pressure P1(t) at x¼ 0. In the case of

DPM tests, the experimental and simulated pressures

P1(t) are matched for given pressure P2(t) at x¼L and

equation (17a) at x¼ 0. The fitting error writes, for

RPM tests

� ¼ 1

Pa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

X

N

i¼1

Pi
2exp � Pi

2sim

� �2

v

u

u

t ð20Þ

where P2exp is the experimental pressure and P2sim the

simulated pressure at the boundary 2, N the number of

data points i and Pa the atmospheric pressure.

Results

Evaluation of measurements for Darcy’s flow

DPM and RPM have been applied to CTW preforms at

48.6% fibre volume fraction (Figure 4). In those cases,

Kn< 1, therefore simulations of flow based on Darcy’s

law fits well the experimental data.
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Figure 4. Comparison between experimental and simulated pressures P2 for CTW preforms at 48.6% fibre volume fraction.

DPM: dropping pressure method; RPM: raising pressure method; and CTW: carbon twill-weave.
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The air transient measurements of the CTW

reinforcements are carried out for various volume frac-

tions. Results show that permeability has a similar

trend as those extracted from liquid injection and

compression tests3 (Figure 5). Also, the use or nitrogen

(N2) instead of air shows no major change in the

results.

Sliding effect in air transport through porous media

It has been seen in ‘Fundamentals on gas flow through

porous media’ section that gas flow in porous media is

governed by the Kn number. Using equation (1) and

considering that l ’
ffiffiffiffiffiffi

Kv

p
, the Kn number field can be

plotted in the absolute pressure and permeability

domain (Figure 6). The domain is chosen based on

the fibrous materials of interest (Kv2 [10�15; 10�6]m2

and P2 [100; 106] Pa). For instance, as it can be seen

from Figure 6 that for CTW preforms, Kv2 [10�11;

10�9] m2, the pressure drops from 105 to 103Pa in a

DPM test and the flow is mostly viscous and governed

by Darcy’s law. For CUD with Kv2 [10�14; 10�12] m2,

the flow is mostly governed by the sliding and Knudsen

regimes. Consequently, equation (16) is applied in this

case and a better fitting could be obtained, relatively to

using Darcy’s law (viscous flow), as shown in Figure 7.

The sliding effect can be explained by Knudsen flow16

or Klinkenberg effect.18 Although the two models come

from different theories, they represent the same phe-

nomenon, and hence, permeability can be expressed

equivalently with equations (5) and (6), [Km, Kv] and

[b, K1] related by

K1 ¼ Kv, b ¼ Km

Kv

�v� ð21Þ

0.35 0.4 0.45 0.5 0.55 0.6

10
−11

10
−10

Best fitting of liquid compression K v →

V
f

K
v
 [
m

2
]

LIQUID injection

LIQUID compression

(a) 6 plies, air

(a) 6 plies, nitrogen

(b) 6 plies, air

(c) 10 plies, air

Figure 5. Comparison of permeability Kv obtained by transient air flow (back-calculated based on Darcy’s law: e< 0.7%, �Kg � Kv),

liquid compression and liquid unidirectional injection measurement methods on CTW for different volume fractions.3

CTW: carbon twill-weave.
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CTW: carbon twill-weave; CUD: carbon unidirectional.

8



The previous section has shown that the deviation of

transient gas measurement compared with liquid com-

pression is less than 25% for the cases that do not

display sliding. When sliding occurs, the apparent per-

meability measured using gas can be slightly higher

than the one using liquid, but the viscous permeability

back-calculated using a correct sliding model shows a

coincidence between liquid and gas measurements.

For a tube, theoretical values of Kv and Km predicted

byMason andMalinauskas16 are available, from which b

can be deduced

b ¼ 32
ffiffiffi

2
p

3
K�0:5

v ð22Þ

A comparison of b related to Kv for different structures

shows that the way b depends on Kv is determined by

the local microstructure (Figure 8: tube by Mason’s

theoretical prediction,16 granular media revealed from

experiments on soils and rocks by Jones and Owens,19

and fibrous media from experiments of this study).
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Figure 8. Comparison of the coefficient b related to Kv for different structures.

CTW: carbon twill-weave; CBD: carbon bidirectional; and CUD: carbon unidirectional.
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CUD preforms in the direction parallel to the fibers at 60.8% fibre volume fraction.

RPM: raised pressure method; CUD: carbon unidirectional.
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The Klinkenberg coefficients b obtained for the fibrous

materials of the study lie between the two extreme cases

of tubular and granular microstructures; for CUD (CUD

in the direction parallel to fibres), the relationship of

b and Kv is close to the one for tubular microstructures.

Figure 8 also shows flow regimes: viscous flow dom-

inates when b is smaller than 3� 103Pa and becomes

undetectable; Knudsen flow dominates when b is close

to 1� 106Pa and Kv is undetectable. According to

Klinkenberg’s model (equation (6)), once b is estimated,

flow regime can be determined by a comparison

between b and experimental pressure.

Conclusion

A methodology to measure fabric in-plane permeability

of fibrous reinforcements using a transient air flow has

been described. The method, based on the simple meas-

urement of gas pressure throughout the transient flow,

is convenient, clean and fast, avoids usage of a gas flow

meter and offers a way to study the air transport within

fibrous media. Beside the cleanliness/rapidity and the

limited number of sensors, a thorough gas flow (at

vacuum levels) regime study has been provided, i.e.

laminar vs. turbulent regimes, sliding vs. no sliding

regimes and thermal effects during the experiment.

Therefore, this study gives specific criteria of regimes

when Darcian or sliding model can be used. For each

range of fibrous media, one can choose the appropriate

set of equations to solve when performing gas flow

measurement.

The former studies also made assumptions like: neg-

ligible gas compressibility5 or low Reynolds number7

without actually verifying them. Gas compressibility,

has to be considered under a high-pressure gradient.12

Since pressure varies from 3� 103 to 105Pa, compress-

ibility becomes very important.

Transient gas flow has been used to detect the defects

of preforms and determine permeability,9,11 although

no author mentioned the risks and consequences of

eventual trapped air at the boundaries. Fundamental

equations and boundary conditions for gas flow in

fibrous media have been proposed. At the boundary

where gas flow is cut off by a closed valve, a slight

flux exists due to compressibility of the gas trapped

between the sample and valve and this changes the

overall gas flow field of the sample, leading to a signifi-

cantly underestimated permeability if proper boundary

condition is not implemented. To estimate the correc-

tion to apply on the permeability measured by ignoring

gas compressibility at the boundaries, an empirical rela-

tionship related to trapped gas volume and cross-

sectional area of gas flow is proposed. This has an

advantage if one wants to use air instead of fluid on a

conventional liquid injection bench.

Darcy’s law (viscous flow) can be applied to gas flow

through fabric with large pore size and high pore pres-

sure. For smaller pore size and lower pore pressure, gas

molecules slide on pore walls (Figure 6). The sliding

effect, also called Klinkenberg effect,18,20,24 reveals a

dependence of apparent permeability on pressure in

porous media. In rocks and soils, the Klinkenberg

effect is considered important when permeability is

lower than 10�18m2,24 while in this study, the

Klinkenberg effect is noticeable although the perme-

ability is much higher. This difference is due to the

fact that high pressures are used in rocks and soil per-

meability measurements. To explain this, the Knudsen

flow theory16 is introduced into the fibrous media. This

model provides a more thorough view into the sliding

flow regime, evaluating sliding effect with Knudsen

number. The results of viscous permeability measured

using gas match well the permeability measured with

liquid compression and injection techniques. Also,

Klinkenberg coefficient b of fibrous media is related

to viscous permeability Kv with a same trend as tubular

and granular media.
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