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Introduction

Fibrous networks are encountered in many industries for
different applications. We present in this paper both the
experimental device and results concerning given woven
structures that may be applied to different industrial appli-
cations. However, we will focus our attention on paper-
making. Paper pulp contains roughly 95% water and only
5% of fiber mass. Therefore, the main purpose of each unit
operation of a paper machine is to remove water from the
wet fibrous network. Initially, the paper pulp is laid on a
fabric, and the suspension is concentrated by filtration.
The drainage is improved by depressor elements such as
vacuum boxes in contact with the fabric. Next, the sheet

supported by the felt is pressed between rolls. Finally, the
wet sheet is dried by heated rolls to remove the excess
water and to reach a dryness ratio of 0.95 (ratio of dry and
humid masses). 1The energy necessary to remove the same
quantity of water by drying may be as much as six times
higher than by pressing. Hence, for obvious economic pur-
poses, each section of a paper machine has to be opti-
mised. To achieve this aim, the transfer mechanisms that
occur in each section, have to be understood. Our work
deals here with the press section. When passing through
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the press nips, both paper and felt are compressed between
two rolls (Figure 1). The deformation leads to a dramatic
increase in hydraulic pressure. As this hydraulic pressure
gradient exists in the press nip, a water flow occurs. 

With the improvements of the felt making process,
using new raw materials such as synthetic fibers, and new
felt design (double and triple base weave), it is necessary to
characterise the new products. Therefore, the flow resist-
ance measurement will help to give a better understanding
not only of the physical mechanisms in the press nip but
also of felt design. 

Considering classical pressing conditions, especially tem-
perature and pressure, the water may be considered as an
incompressible Newtonian fluid. Hence, at the microscopic
level (the fiber scale), the liquid flow may be described by the
Navier-Stokes equation. The time dependency of equations
vanishes, as the speed variations of the paper machine pro-
duction are negligible (steady-state condition). On the other
hand, the viscous forces are classically considered to be
much larger than the inertial forces [1]. Thus, the momen-
tum equation corresponding to the steady-state Stokes
equation (equation (1)) may be written as follows:

(1)

where P is the pressure, v the velocity vector, µ the kine-
matics viscosity.

At the macroscopic level, the relationship between the
velocity and the pressure P, is considered to follow Darcy’s
law (equation (2)).

(2)

where , in which Ωk is the considered

volume for the mean calculation.

In order to optimise a press section, models taking into
account the considered technology may be used [2–5]. The
results of these models will be in good agreement with real-
ity only if the physical properties of the different compo-
nents of the press section are known quantitatively (e.g.
roll resilience, felt resilience, felt permeability). Keeping in
mind these main aims, this paper deals with the permeabil-
ity measurement of strained press felt. 

This paper is divided into four parts. The first is focused
on the experimental device used for the permeability
measurements. The second deals with the description of
the experimental protocol. Results and discussion are
exposed in the third part. In the last part, a conclusion will
end this paper.

Description of the Experimental 
Device

In the literature [4, 6–8], when studying the flow through a
press nip, the flow in the thickness direction is considered
as the most important for the process efficiency. Neverthe-
less, in order for the pressing operation to be accurately
modeled, the flow in the press section has to be considered
in three spatial directions. During this process, the felt is
strained by the compression. Furthermore, the felt is tight-
ened in order to drive the non-motorised rolls. Therefore it
is important to determine the flow resistance for different
levels of felt strain. 

The transverse flow cell is briefly described in the next
subpart. The second subpart focuses on the device that
allows characterisation of the in-plane permeability tensor
of press felt. Water has been used in our experiments in
order to avoid any problem due to fluid compressibility, as
may be the case with gas.

The Transverse Flow Cell
Classically, in such an experimental device, the flow is
imposed orthogonal to the felt plane. The pressure drop
created by the felt is related to the seepage velocity of the
fluid. The device we used in previous work (Figure 2) is
presented in detail in reference [9]. No sealing of the cell is
realised in order for this equipment to measure permeabil-
ity of felt installed on machines. A guard ring is used to
measure the flow not affected by the leakage. Therefore,
such an apparatus allows flow resistance measurement of
felt that is at the same time compressed and tightened. 

The In-Plane Flow Cell
The flow resistance of non-woven textile is studied in vari-
ous domains such as medicine or geomechanics. Different

Figure 1 Schematic view of a press nip in paper process.
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experimental techniques have been used. They may be
classified with respect to the used fluid (liquid or gas) and
the flow direction (radial flow or unidirectional flow, see
Figure 3). For example, in the resin moulding process, a
woven or non-woven textile is placed inside a mould. In
this industrial field of resin moulding, numerous undertak-
ings have been conducted to study the permeability anisot-
ropy of fiber beds. These works deal with both radial flow
and unidirectional flow techniques. In the first method, the
fluid is injected in the center of the sample. The progres-
sion front is correlated to the pressure injection. This
method leads to direct evaluation of the flow resistance
tensor. In the second method, the fluid is canalised and
flows in only one direction. Therefore, the flow permeabil-
ity is measured in this direction only. Several studies, such
as Lekakou et al.’s work [10], compare flow resistance
measurements using both techniques considering glass
fiber beds with porosities (equation (3)) larger than 0.4.
With the unidirectional method the measurements are one
order of magnitude higher than with the radial method.
The fluid front progression inside the porous media is
found to be well described by Darcy’s law. However the
permeability depends on the flow rate. Hence the pro-
posed model is nonlinear. According to the author, the
nonlinear phenomenon is created by the fibrous bed strain.

(3)

where ε, Vv, Vt, ρf and e represent respectively the poros-
ity, the void volume, the total volume of material, the fiber
density and the thickness.

Parnas [11, 12] finds similar results using both tech-
niques. The porosity of the tested non-woven media ranges
from 0.8 to 0.45. The corresponding permeability measure-
ments gap between 100 and 1 µm2. However, it has to be
underlined that the main directions of the permeability
tensor of the tested textile are not the same as the main
directions of the structure. Gebart [13] comes to the same
conclusion. Notwithstanding, he shows that the radial flow
technique may be erroneously influenced by the deforma-
tion of the apparatus. Then, Lundström [14] shows that as
the porosity of tested fibrous media ranges from 0.7 to 0.5,
the permeability decreases from 150 to 17 µm2. Moreover,
as the radial flow technique is based on the observation of
the fluid front, only transparent media may be used for the
apparatus design. This is a major limiting factor for the
choice of the raw material (generally made of Plexiglas).
Nevertheless, original methods based on the radial flow
technique exist using either optic fibers [15] or thermocou-
ples [16]. With such methods, there is no need for any visu-
alisation of the flow. Hence, the frame of the apparatuses
may be made of stiffer raw materials.

Existing devices that measure the in-plane flow resist-
ance of papermaking press felt are based on unidirectional
flow. Generally, felt flow resistance is measured in one
direction corresponding to the paper machine direction and
sometimes in the cross machine direction. Macklem carried
out first studies on press-felt permeability [17]. Porosity of
wool-made felt under compression ranges from 0.7 to 0.3
and the corresponding in-plane permeability ranged from
67.4 to 0.1 µm2. Kershaw [18] conducted a similar work on
felt with mixed synthetic wool fibers. Porosity of such felt
under compression ranges from 0.8 to 0.6 and the corre-

Figure 2 Schematic view of the
experimental cell used to measure
the transverse permeability.
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sponding in-plane permeability ranges from 100 to 50 µm2.
Ballard [19] and later Chevallier [20] completed this work,
taking into account the tension influence and studied felts
made only of synthetic raw materials. Porosity ranged from
0.6 to 0.3 and permeability from 100 to 1 µm2. Finally,
Lundström et al. [21] and later Thibault [9] measured felt
flow resistance of modern felts.

In the preceding paragraph, the unidirectional and
radial techniques were shown to be equivalent. However,
the experimental conditions associated with the radial tech-

nique have to be carefully controlled especially the defor-
mation of the structure of the apparatus. Regarding the
stress level during pressing, the unidirectional flow method
is more adapted to the context of this study. In order to
avoid adventitious strain of the felt, the cell is not sealed.
The flow in the felt plane is imposed using three parallel
slits. The hydraulic pressure in the external slits is higher
than in the central one. Thus, the designed cell imposes a
flow through the felt plane from the external slits to the
central one (Figure 4). These slits may be orientated in any
direction of the plane.

A guard area is used to take into account only the flow
that is not influenced by the boundary conditions. Indeed,
the water flow inside this area is used to perform flow
resistance measurements. The flow inside the cell was pre-
viously simulated using Matlab© to check the efficiency of
the chosen design. Darcy’s equation and mass conservation
were used in order to evaluate the pressure gradient. The
chosen geometry was a horizontal cross section of the cell.
This numerical investigation showed that the flow inside a
central part of the cell was not influenced by the outside
boundary conditions (Figure 5). Furthermore, assuming
that the in-plane flow resistance was lower or equal to the
transversal one, the in-plane flow stream was 20 times
longer than the transversal one. Preliminary work was car-
ried out on transverse flow resistance, which validated this
assumption [22].

The flow resistance measurement device is 240 mm
high × 205 mm long × 166 mm large. It is made of stain-
less steel. The total cell diameter is 120 mm large. The

Figure 3 Illustration of devices using in-plane unidirec-
tional (top) and radial (bottom) flow.

Figure 4 Flow in the apparatus
cell. The view of this section is per-
pendicular to the slits.
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whole device is compressed using a pneumatic jack. The
force applied on the device may reach 60 kN, which corre-
sponds to a mechanical stress on the felt of 6 MPa. A frame
is used to tighten the felt up to a tension of 1200 daN.m–1.
This frame is placed in the felt plane. Typically on a paper
machine, the compressive stress on the felt may reach 6 to
10 MPa and felt tension about 700 daN.m–1.

Three tanks, one upstream and two downstream, are
used to impose a constant pressure gradient inside the felt
(Figure 6). The maximum height between upstream and
downstream vases is 2 m. This corresponds to a maximum
pressure loss of 20 kPa. The vase heights are measured
with a vertical scale; the accuracy is 1 mm. Hence, the

measurement error on the pressure loss is 20 Pa. Higher
pressure drop [400 kPa] may be reached using a water net-
work. The position of the upper part of the compressing
device is measured with a LVDT displacement captor. This
allows the evaluation of the felt thickness with an accuracy
of 20 µm for a thickness of 2 mm.

To test the efficiency of the guard area, two preliminary
experiments were performed. The first was conducted
under standard conditions, i.e. allowing lateral leakage
(water flow that goes outside the cell without pouring the
downstream tanks) and introducing a felt. The second was
carried out on the same felt without any leakage. The
results are presented in Figure 7. The both resulting curves

Figure 6 Schematic diagram of the
permeameter equipment.

Figure 5 Pressure field inside the
in-plane permeability cell (simu-
lated with Matlab) for an applied
pressure of 20 cm water.
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are very close this leads to the conclusion that the guard
area is efficient. 

These results also justify the use of Darcy’s law due to
the linearity of the relationship between the ratio pressure
drop – viscosity and the seepage velocity inside the guard
area when the pressure drop is smaller than 20 kPa.

Experimental Procedures

In order to evaluate the appearance of nonlinearities due
to, for example, the presence of bubbles in the liquid, the
“water network” was used. The water is stocked in a tank
24 hours before its use in the experiment, in order for dis-
solved air in the liquid to reach a steady concentration.
Hence, no air bubbles are expected to appear and conse-
quently the flow is monophasic. Furthermore, 24 hours
before the experiments, the felt sample is saturated with
water. For each felt, no swelling effect has been noticed. In
this article, results related to transverse and in-plane per-
meability measurements are presented. 

The relationship between the pressure drop and the
flow rate of the apparatus without any felt sample is ini-
tially studied. In the case of the in-plane permeability cell,
this pressure drop is found to be negligible compared to
the one due to the felt. This is not the case for transverse
permeability. Hence the relationship between the pressure
drop and the flow rate of the apparatus without any felt is
taken into account when evaluating the transverse permea-
bility.

Before any measurements, the cell is compressed with-
out any sample in order to determine the deformation of
the experimental apparatus under stress. Afterwards, a felt
sample is introduced into the cell, which is tightened to a

chosen stress level. Next, the felt is compressed to a chosen
stress level. After the felt creep (15 to 20 minutes), the
relationship between the pressure drop and the flow rate is
evaluated and the temperature is measured. Indeed, tem-
perature variations are taken into account in the evalua-
tion of the water viscosity. Each measurement is made
under steady-state conditions regarding the saturated felt
compression and the water flow conditions. The linearity,
and thus the validity of Darcy’s law, is verified for all meas-
urements. The pressure drop (∆P) versus the flow rate
relationship is obtained using the least square regression
method involving at least four experimental points for
any strain level. The uncertainty range is computed for
each permeability evaluation. When measuring the in-
plane permeability, the direction of the flow is evaluated
using the slit marks on the felt batt obtained just after the
compression.

Results and Discussion

Felt Sample Features
The flow resistance investigation of four different felts is
presented in this paper. Some characteristics of these sam-
ples are presented to demonstrate the efficiency of the
equipment for different felt structures (Table 1). The dif-
ferences between felts C-1 to C-4 are mainly in the orienta-
tion of their batt fibers. The batt fibers of C-1 are oriented
in the cross machine direction. C-2 ones are isotropic ori-
ented. C-3 ones are oriented in the machine direction.
Finally, C-4 batt is constituted by a successive matt of fib-
ers oriented ± 45° relatively to the machine direction.

The classical Kozeny-Carman’s relationship (equation
(4)) and an exponential law (equation (5)) were used to

Figure 7 Comparison of the ratio
of the head loss of the device with
a sample to the water viscosity
versus the seepage velocity.
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analyze the experimental results concerning the transverse
permeability of felt in previous work [9]. In this work, the
exponential law was also found to fit better the experimen-
tal results than Kozeny-Carman’s law. However the main
drawback of such a law is that as the porosity tends to zero,
the permeability tends to a non-zero value. A power law
(equation (6)) is also used here to fit the experimental
results.

(4)

(5)

(6)

where ε, K, τ and Sv represent the porosity, the permeabil-
ity, the tortuosity and the specific volume surface, respec-
tively. ko, α, β, Λ and Ψ are parameters.

First, results on transverse permeability are presented.
Secondly, those concerning in-plane permeability are
exposed.

Transverse Permeability
Before the compression step, the felt sample is tightened in
the paper machine direction to one of the three tension lev-
els: 2,33 kN.m–1, 5,47 kN.m–1 or 8,53 kN.m–1. After each step
of tightening, the relationship between felt compression and
its permeability is studied. The compression stresses are
identical for all performed experiments. The successive lev-
els of compression are 0.4 MPa, 1.6 MPa and 4.7 MPa. 

When the compression increases, the transverse perme-
ability decreases monotonously (Figures 8 to 11). A power

Table 1 Description of the tested felt structures illustrated with a tomographic reconstruction of a single base weave felt 
(C-4).

Sample
Basis weight Base Batt

Base yarns 
diameter

Batt fibers 
average diameter

kg/m2 mm µm

C-1
C-2
C-3
C-4

1100 380 720

Single base 
weave

MD(1) 6 × 0.20
CMD(2) 0.40

31

Figure 8 Felt C-1 transverse per-
meability versus porosity.
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relationship correctly fits all the experimental results
(equation (6)). Fitting results are presented in Table 2. In
order to compare felt permeability behavior, the permea-
bility is related to porosity.

The felt tension has no significant influence either on its
compressibility or on permeability. Only the compression
strain modifies the permeability. The woven base of the felt
increases dramatically the rigidity in the machine direction.
Hence, minor structural strains are allowed when the felt is
tensioned. Therefore, the permeability remains almost con-
stant. On the contrary, in the thickness direction batts are
compressible compared to the base. When compressed, the

felt porosity decrease is mainly due to the batt fibers. This
aspect was pointed out in [23].

The influence of the fiber orientation on the permeabil-
ity reveals that the isotropic batts (C-2 felt) present the small-
est flow resistance (Figure 9), whereas the stratified structure
(C-4) presents the largest flow resistance (Figure 11). This is
interesting as the C-4 felt has a higher porosity than the C-
2 felt. Orientated batt fibers either in MD (C-3, Figure 10)
or CMD (C-1, Figure 8) have no significant influence on the
transverse permeability. Nevertheless, porosity is slightly
higher for the felt C-3.  

Figure 9 Felt C-2 transverse per-
meability versus porosity.

Figure 10 Felt C-3 transverse per-
meability versus porosity.
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In-plane permeability

All felts were compressed to stresses ranging from 0.5 to 6
MPa. The corresponding porosity evaluated from the
thickness measurements ranged from 0.65 to 0.25. The felt
rheology (that is to say, the relationship between porosity
and applied stress) is shown in Figure 12. This result con-
firms that the felt C-4 has a higher porosity than other felts
no matter what the compression level is.

For each type of felt, the in-plane permeability is meas-
ured in three different directions: machine direction
(MD), cross direction (perpendicular to MD) and 45° rela-
tively to the MD. After measuring permeability in one
direction the felt sample is removed and is replaced by a
new one. Experimental results show that the in-plane per-

meability tensor is isotropic for all tested felt (Figures 13 to
16). C-type felts present similar permeability behavior in
respect to porosity. Fiber orientation does not seem to
affect the in-plane permeability tensor component either
in anisotropy or in the evolution in respect to compression.
The power relationship between the porosity and the per-
meability fits the experimental results either in the trans-
verse direction or in any in-plane directions.

The tension dependence of the in-plane permeability is
only presented for the C-1 sample in the machine direction
because all in-plane permeability measurements of felt were
found to be similar. The measurements show identical results
as in the previous permeability study (Figures 13 to 16). Con-
trary to the idea proposed in literature [20], the tension stress
has no significant influence on the permeability tensor.      

Figure 11 Felt C-4 transverse per-
meability versus porosity.

Figure 12 Porosity versus applied
stress. Each trend line is the result
of fitting with the two parameters
(A and B) law: ε = 1 – AσB.
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Figure 13 C-1 in-plane permeability evolution with the felt compression.

Figure 14 C-2 in-plane permeability evolution with the felt compression.

 at PENNSYLVANIA STATE UNIV on May 27, 2015trj.sagepub.comDownloaded from 

http://trj.sagepub.com/


Permeability Measurements of Strained Fibrous Networks  X. Thibault and J.-F. Bloch 483 TRJ

Figure 15 C-3 in-plane permeability evolution with the felt compression.

Figure 16 C-4 in-plane permeability evolution with the felt compression.
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Table 3 illustrates the differences between the felt per-
meabilities. The respective permeabilities were calculated
for a given porosity ( = 0.4) from the expression presented
in Table 2.

Conclusion

In order to optimise a paper press section a felt has to be
chosen. Classically this choice is made in respect to the
unstrained felt transverse permeability. On the other hand,
numerical models of the paper pressing process need data
to take into account the felt permeabilities evolution dur-
ing the pressing operation. The experimental device
described in this paper allows the investigation of the per-
meability tensor of strained fibrous media. 

First, the measured permeability values agree with the
values classically found in the literature. The presented
results show that structure orientation does not signifi-

cantly influence in-plane flow resistance. Nevertheless, the
permeability is higher in the thickness direction when batt
fibers are not oriented. To establish a numerical model, the
power model fits correctly to the behavior of permeability
in respect to the porosity.

The presented equipment is also useful for other kinds
of materials involved in different industrial sectors in
which the evaluation of the permeability tensor for various
strained states has to be known to improve the knowledge
and therefore the efficiency of the considered industrial
operation.
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