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ABSTRACT
In this work we demonstrate the use of computerized x-ray
micro-tomography and numerical simulations in evaluating ﬂow
permeability of ﬁbrous porous materials. This ab-initio approach
involves solving ﬂuid ﬂow through material samples in the actual
pore space obtained by tomographic techniques. The procedure is
applied here in three different materials, namely plastic nonwoven felt, newsprint and wet pressing felt. All numerical results
presented are compared with experimental data for the same
materials. The non-woven felt material, having a relatively simple
structure, is ﬁrst used as a test case for comparing two different
numerical schemes, lattice-Boltzmann method and a ﬁnitedifference method. Here, values of both transverse and in-plane
permeability are obtained. The transverse permeability of newsprint and wet pressing felt under varying degree of compression is
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then found using lattice-Boltzmann method. Finally, we apply the
same approach in estimating permeability in different structural
layers of the wet press felt material. These material parameters are
laborious or even unfeasible to determine experimentally. The
procedure is applicable e.g. in ﬁnding the relevant material
parameters for macroscopic models describing calandering,
drying and wet pressing processes.

INTRODUCTION
An important problem in analysing and modelling many complex processes
found in the industry and nature is to determine realistic material laws that
would properly represent e.g. the transport properties of materials involved.
An essential factor affecting those properties for heterogeneous materials, is
their speciﬁc internal micro-scale structure. That structure is often very complex and difﬁcult to characterize in a manner that would be readily useful in
ﬁnding correlations between structural and transport properties of these
materials. X-ray microtomography is a relatively new but effective tool for
revealing the intrinsic 3D micro-structure of many types of heterogeneous
materials [1–6]. Combined with numerical methods, this structure information can be used to ﬁnd the effective transport properties of such materials
[7–11].
↔
Permeability coefﬁcient k, as deﬁned by Darcys’s law [12,13]

for creeping ﬂow through a porous material is a measure of the ability of the
material to transmit ﬂuids. Here →
q is the (superﬁcial) volume ﬂux and μ is
the dynamic viscosity of the ﬂuid. The piezometric head ψ is deﬁned by
∇ψ = ∇p − ρ→
g where p is the pressure and ρ is the density of the ﬂuid, and
→
→
g is the acceleration due to a body force (gravity). Generally, k is a tensor
valued quantity. In what follows, we apply Eqn. (1) in cases where – ∇ψ is in
the direction of mean ﬂow that takes place in the three mutually perpendicular coordinate directions (see below). In this case, Eqn. (1) is reduced in a
form
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where kii’s are the diagonal components of the permeability tensor. Experimental values of coefﬁcients kii are usually determined using an integrated
form of Eqn. (2), namely

where Δψ is the measured piezometric head difference over a ﬁnite distance
Δxi.
A number of theoretical and experimental correlation formulas have been
derived that relate the components of permeability coefﬁcient with various
structural properties of the porous medium [13,14].
In this work, we demonstrate the approach combining computerized x-ray
micro-tomography with direct numerical simulations in evaluating the values
of ﬂow permeability coefﬁcient of porous ﬁbrous materials. We start by considering the transverse and in-plane permeability of a plastic non-woven felt
having a relatively simple structure. Here, we use two numerical methods,
lattice-Boltzmann method and ﬁnite-difference method, and compare the
results with experimental data for the same material. Next, the approach is
applied in ﬁnding the dependence of transverse ﬂow permeability on the
degree of compression (porosity) for newsprint and wet pressing felt. Also in
these cases, the numerical results are compared with experimental data
obtained for the same materials. Finally, we utilize the tomographic information on the layered structure of press felt and ﬁnd the permeability coefﬁcient
separately for the top, middle and bottom layers of the felt. The motivation is
to demonstrate the potential of the computational approach in obtaining
detailed information which is difﬁcult to obtain e.g. by direct experiments.
METHODS
In this section we brieﬂy introduce the various methods used in this work,
namely x-ray microtomography, ﬁnite difference and lattice-Boltzmann
methods for solving ﬂuid ﬂow, and an experimental method for measuring
transverse as well as in-plane permeability of soft porous materials under
mechanical compression.
Tomography and 3D image processing
Computerised x-ray microtomography (CXμT) is a non-intrusive method for
3D imaging of heterogeneous materials with micrometer or sub-micrometer
resolution. The method is based on taking a large number (typically, of the
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order of 103) of x-ray images (shadowgraphs) of the object from different
directions. These 2D images are then used to reconstruct the 3D structure of
the object using a computational inversion algorithm. Both synchrotron
based x-ray beams and conventional x-ray tubes are used as the radiation
source. The adequate resolution and the overall quality of the images
depends on the techniques used. In this work, both a table-top scanner (SkyScan 1172) based on x-ray tube, and a tomographic imaging facility ID19 of
the European Synchrotron Radiation Facility (ESRF) were used. The resolution (detail detectability) of the table-top device can be varied from a few
micrometers up to few tens of micrometers. With the set-up used at ID19
facility, the resolution was ﬁxed to 0.7 μm.
The tomographic images of material samples were used as a uniform
(cubic) grid for numerical solution of ﬂow through the pore space of each
sample. To this end, subsections of appropriate size were ﬁrst cropped out of
the original image and ﬁltered by variance-weighted mean ﬁlter [15].
Examples of subsections of the original 3D tomographic images for each
material type together with the used coordinate convention are shown in Fig.
2 below. The ﬁltered images were thresholded to yield a binary image where
the sample volume is divided into solid material and pore space. The three
material types were ﬁltered and binarized similarly by selecting the threshold
value within the region where the resulting porosity is least sensitive to the
threshold value.
Numerical methods for ﬂow solution
The Finite-Difference Method (FDM) implemented in Geodict software [16]
was used in this work as a reference numerical method in the case of nonwoven felt sample and with selected press felt samples. The diagonal elements
↔
of permeability tensor k were obtained within FDM by ﬁrst solving over a
periodic representative elementary volume (REV) the following boundary
value problem arising from the homogenization process:

where Ωf and Γ represent the ﬂuid volume and the ﬂuid-solid interface,
respectively. These three equations are the conservation of momentum, conservation of mass and the no-slip condition on the ﬂuid-solid interface. Here
→
v stands for the periodic microscopic velocity ﬁeld, p is the ﬁrst order
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periodic ﬂuctuation of the pressure and ρ→
g is the body force. The velocity
→
v and the pressure p are discretized on a staggered grid: velocities are
deﬁned on their respective voxel faces and the pressure is deﬁned in the centre
of the voxel. Then the partial differential equations are solved by using the
“FFF-Stokes solver” based on Fast Fourier Transform. This solver appears to
be fast and memory efﬁcient for large computations dedicated to 3D images
[17]. It is used directly on the voxel model without further need for meshing.
Due to the staggered grid, if narrow channels (a few voxels) are present, an
overestimation of the microscopic velocity, i.e. an overestimation of the
permeability is generally obtained.
The Lattice-Boltzmann Method (LBM) is based on solving the discrete
Boltzmann equation. This can be shown to yield the solutions of the NavierStokes equations in the continuum limit [18]. The standard LBM involves an
explicit time iteration scheme with a constant time step, uniform grid and
local data dependencies. It is ideal for parallel computing. LBM is particularly well suited for solving ﬂuid ﬂow in porous heterogeneous media due to
the straightforward implementation of the no-slip boundary condition on
ﬂuid-solid interface [18–23]. Here, we use the standard halfway bounce-back
boundary condition. Furthermore, we use the particular D3Q19 implementation of LBM with the linear two relaxation time approximation of the
Boltzmann equation introduced recently by Ginzburg et al. [24]. It appears
that this approach avoids the problem of dependence of permeability on
viscosity that is encountered within more simple models such as the single
relaxation time BKG model [25,26].
The both numerical approaches are well established and also increasingly
implemented in commercial softwares. Implementations of the methods are
both rather straightforward; however, the FDM being slightly more multielement. Moreover, the computational times and memory demands for both
the methods are nearly the same.
In the present approach the detailed ﬂow solution obtained by FDM or
LBM are used to ﬁnd the numerical estimates for the components of the
permeability coefﬁcient using Eqn. (3). Here, the ﬂux qi is given by the computed total volumetric ﬂow rate in direction xi divided by total cross sectional
area of the sample for a given body force ρgi = (Δψ / Δxi) and viscosity μ. The
computed values of permeability are, in principle, independent on the
selected values of body force and viscosity as long as the resulting ﬂow is well
in the creeping ﬂow regime.
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Experimental method for permeability measurement
In order to validate the numerical results, the permeability coefﬁcient of the
three ﬁbrous materials was measured experimentally using the permeability
measurement device (PMD) presented in ref. [27]. That original device can be
used to measure the transverse permeability of soft porous sheet-like samples
under compression, and using both liquids and gases as permeating ﬂuids.
For the purpose of this work the device was modiﬁed such that also in-plane
permeability can be measured. In transverse ﬂow measurement, a circular
sample of diameter 90 mm is placed between smooth sintered stainless steel
plates of the same diameter. The peripheral annulus of the sintered plates is
blocked leaving a central area of diameter 60 mm open for ﬂow. In the case of
in-plane measurements a rectangular sample of size 70 mm × 5 mm, is
attached between smooth stainless steel plates and sealed using double sided
tapes and elastic sealing compound to avoid ﬂow around the sample and to
minimize contact boundary effects (see Fig. 1).
During the measurements the samples were compressed to approximately
the same thickness (porosity), or the same range of thickness as the corresponding samples scanned by x-ray tomography (see below). Experiments
were conducted with air ﬂow in order to prevent structural changes due to
swelling of ﬁbres. This is important in order to obtain similar structure of
materials in experiments and in numerical ﬂow solution based on the pore
geometry given by tomographic images of dry material samples. Measurements were repeated for ﬁve macroscopically identical samples in order to
obtain an estimate of the statistical uncertainty of the results.

Figure 1. A schematic illustration of the permeability cell and measuring principle
used in the PMD apparatus [27] for transverse (a) and in-plane (b) ﬂow directions.
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MATERIALS
Three ﬁbrous porous materials with different characteristics were studied. As
a ﬁrst test case of the present method we use a plastic non-woven felt used e.g
in sound insulating purposes. The internal structure of this material is relatively simple. It is macroscopically quite uniform, isotropic in the in-plane
directions and not notably layered in the transverse direction. It is made of
plastic ﬁbres with smooth surface and nearly uniform circular cross-section.
The structure of newsprint and the shape of individual mechanically pulped
wood ﬁbres are clearly more complicated. Wood ﬁbres typically include
a lumen and a cell wall with ﬂattened irregular cross section. The ﬁbres
are strongly oriented towards the plane of paper and may have preferred
orientation within that plane. The conventional wet pressing felt studied here
consists of a woven base structure made plastic yarn and needled top and
bottom layers of plastic ﬁne batt. The structure of pressing felt is thus
anisotropic and less homogeneous than the sound-insulating felt. All these
materials are, however, heterogeneous within length scales smaller than a few
millimetres. Basic properties of these three ﬁbrous materials are given in
Table I. Here, porosity and diameter of ﬁbres are found from binarized 3D
tomographic images. The representative ﬁbre diameter was determined as the
mean value of the diameters of maximal spheres ﬁlling the ﬁbre space in
such an image.
The tomographic images of the two types of felts used in this work were
obtained using a table-top tomographic scanner at resolution 4.84 μm which
appears sufﬁcient for revealing the structural properties of these plastic
materials. The newsprint sample was scanned at ESRF at resolution 0.7 μm.
Newsprint contains high level of ﬁnes which tend to agglomerate and adhere
to ﬁbres. Fines can be distinguished from tomographic reconstructions if the
size of agglomeration exceeds the resolution of the image. Virtually the ﬁnes
are detectable in these tomographic reconstructions. When the total volume
of the solid phase of the newsprint image is multiplied by a reasonable
approximation for wood ﬁbre density, 1200 g/m3 [28], one receives nearly the
experimentally determined basis weight of the sample, see Table I.
The diameter of the samples scanned was 6 mm and 1.4 mm for the two
felts and the newsprint samples, respectively. A speciﬁc plastic sample holder
was used that allows scanning of samples under adjustable static compression
in the transverse direction. Visualization of (subsections of) tomographic
images of the three materials are shown in Fig. 2 together with the coordinate
convention used. For the pressing felt, x direction corresponds to the
‘machine direction’. For the newsprint sample, machine direction is not
known. The image dimensions (Nx x Ny x Nz) given in the ﬁgure caption of
14th Fundamental Research Symposium, Oxford, September 2009
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Table I. Some characteristic properties of the materials studied. For pressing felt,
the diameters of both the thick base yarn and the ﬁne surface batt are given.
Character
Material
Basis weight [g/m2]
Uncompressed
thickness [mm]
Uncompressed
porosity [%]
Representative ﬁbre
diameter [μm]

Sound-insulation felt

Newsprint

Press felt

Plastic
420 ± 20
1.34 ± 0.01

Mechanical pulp
52.0 ± 0.5
0.098 ± 0.009

Plastic
1630 ± 20
2.44 ± 0.01

62 ± 1

55 ± 1

42 ± 1

34 ± 1

20 ± 1

190 ± 5 / 39 ± 5

Figure 2. 3D visualization of subsamples of (a) plastic sound-insulation felt, (b)
newsprint and (c) plastic wet pressing felt. The grid dimensions of the subsamples are
(400 × 400 × 277), (300 × 300 × 121) and (500 × 500 × 490), respectively. The physical
dimensions can be obtained by multiplying these dimensions by imaging resolution
which is 4.48μm for the two felts and 0.7μm for the newsprint. Also shown in Fig. (c) is
the coordinate convention used.

Fig. 2 also give the size of the computational grid used in the numerical
solution of ﬂuid ﬂow through these samples.

RESULTS
Before applying the method discussed above in more complicated materials,
we aim to test the applicability of the selected numerical schemes and to
evaluate the overall accuracy of the method using a ﬁbrous material with
relatively simple (but random) structure. Comparison of corresponding
numerical and analytical results for regular periodic structures has been
reported for example in Ref. [11]. To this end, we ﬁrst ﬁnd the transverse and
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in-plane permeability of a plastic non-woven sound-insulation felt using the
two numerical methods, FDM and LBM, and compare the results with
experimental data for the same material. The felt samples scanned by the
table-top tomographic device and the samples measured using the PMD were
both slightly compressed in the transverse direction such that their thickness
was the same in both measurements (within the accuracy of approximately
±15 μm). The numerical and experimental results are summarized in Table II.
Here, the transverse permeability k ⬜ is for mean ﬂow in the z direction and the
in-plane permeability is given as the mean value of results computed/measured in x and y directions (see Fig. 2 c). The numerical results obtained by
LBM are given as mean values of results from ﬁve non-overlapping subsamples, and the experimental results as mean values of ﬁve independent
measurements. The FDM results given are based on a single subsample.
The largest deviation between the numerical and experimental values is
found to be less than 20 % in this case. This is to be compared with the several
orders of magnitude variations found in the values of permeability constant
between different ﬁbrous materials and even within a single material e.g.
under different states of compression. The agreement between numerical and
experimental values of permeability coefﬁcients is thus found to be very good
in this particular case.
We next turn to results from evaluating the dependence on the degree of
compression (porosity) of the transverse permeability of newsprint and
pressing felt. In this case, individual samples were scanned using the synchrotron facility (newsprint) or the table-top scanner (felt) several times varying
their degree of compression between the scans (see Fig. 5). The 3D images
thus obtained were processed as discussed above and used as the computational grid for numerical solution of ﬂow by LBM. The transverse permeability of the same materials was also measured using PMD within the same
range of degree of compression as used in tomographic imaging.
Table II. Numerical and experimental values of transverse and in-plane
permeability for plastic sound-insulation felt. Also given is the statistical uncertainty
of LBM and experimental results estimated as the standard deviation of ﬁve
independent computations/experiments.
Method
FDM
LBM
Experimental

k ⬜ [10−11 m2] k || [10−11 m2]
3.05
2.70 ± 0.30
2.70 ± 0.05

3.42
2.90 ± 0.30
3.11 ± 0.09
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Figure 3. Numerical (LBM) and experimental results for transverse permeability
coefﬁcient of newsprint (a) and pressing felt (b). The statistical error shown for
numerical results is the standard deviation of four analyzed subvolumes. The
uncertainty of the experimental results is estimated to be 30 % [27].

Figure 3 shows the computed and measured values of transverse permeability coefﬁcient as a function of porosity. Here, the value of porosity  for
the numerical results is obtained by a straightforward analysis of the binarized tomographic images. For the experimental results it is evaluated using
the equation
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where h is the measured thickness of the sample, and 0 and h0 are the porosity and thickness obtained from a tomographic image of the same sample in
an arbitrary reference state. This equation is based on the result that the
volume of the solid phase remains approximately constant in compression, a
result obtained by analysing the tomographic images of the samples at varying degree of compression. The statistical uncertainty of the numerical
results for newsprint indicated in Fig. 3 was estimated by repeating the solution for several subvolumes cropped from different locations of the original
tomographic image for the highest porosity value. Also in this case the
agreement between the measured and numerical results is very good both
regarding the order of magnitude of the transverse permeability coefﬁcient
and its variation with porosity.
The measured values of transverse permeability coefﬁcient given above
were found from Eqn. (3) using the total pressure difference over the entire
thickness of the sample. These results (and the corresponding numerical
values) thus represent some ‘effective’ mean values over the transverse dimension of the materials. As discussed above, the structure of the pressing felt is
layered, and the properties of the top and bottom layers may differ considerably from those of the middle layer. It is thus unclear, whether such effective
mean values are actually useful if applied e.g. in modelling wet pressing
[29,30,31]. In wet pressing a paper web is compressed against the top layer of
the felt, and the typical thickness of that layer is much larger than the thickness of the web. It thus appears that a proper description of ﬂuid ﬂow from
the web into the felt requires knowing the properties of various layers of the
felt separately and especially, the properties of the top layer next to the paper
web. While a direct measurement of e.g. permeability of various layers of a
pressing felt might be quite tedious, the present method based on tomographic imaging and numerical ﬂow solution provides a straightforward
means for such evaluation.
The regions of different kinds of ﬁbres in the triple-layered structure of the
pressing felt overlap; the concept of a ‘layer’ is a matter of deﬁnition. Here,
we deﬁne the layers by means of the distribution of average ﬁbre diameter in
the transverse direction. Figure 4 shows such distributions found by the
maximal sphere ﬁlling algorithm applied on the solid phase in binarized
tomographic images of the sample scanned at two levels of compression. The
middle layer is clearly visible as a plateau of relatively high values of mean
diameter. The positions of the boundaries between the layers are deﬁned as
locations where the average ﬁbre diameter has the value half-way between the
typical values at the middle and surface layers. The same criterion for the
layers is used for all states of compression. It was veriﬁed by visual inspection, that the layers speciﬁed in this manner indeed include closely the same
14th Fundamental Research Symposium, Oxford, September 2009
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Figure 4. Distribution of mean ﬁbre diameter in transverse direction in two states of
compression of the pressing felt sample. The vertical dashed lines indicate positions of
boundaries between the top (paper side), middle and bottom (roll side) layers of the
felt.

Figure 5. 2D slices of tomographic images of the wet pressing felt sample in two
different states of compression. Also shown are the top, middle and bottom layers as
speciﬁed in Fig. 4.

ﬁbre material points in tomographic images corresponding to different levels
of compression. It thus seems justiﬁed to compare the results obtained for
each individual layer under varying degree of compression.
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The numerically computed dependence on compression (thickness of the
entire felt sample) of transverse and in-plane permeability coefﬁcients for the
three layers of pressing felt are shown in Fig. 6. In Fig. 7 shown is the same
data but plotted for each layer as a function of porosity of that layer. Computations have been made using LBM for several subsamples in the cases of the
highest porosity values and for a single subsample in all other cases. Also
shown are the results for the in-plane permeability obtained by FDM for the
highest values of porosity. The transverse permeability of the top layer is, as

Figure 6. Numerical values of transverse (a) and in-plane (b) permeability
coefﬁcient for top, middle and bottom layers of the pressing felt as a function of
thickness of the entire sample.
14th Fundamental Research Symposium, Oxford, September 2009
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Figure 7. Same as Fig. 6, but the data for each layer plotted as a function of porosity.
That is, the porosity is measured separately for each layer.

expected, lower than the permeability of the middle layer. This is simply due
to higher speciﬁc surface of the ﬁne batt ﬁbres in the top layer. Instead, the
transverse permeability of the bottom layer at a given degree of compression
is much higher than that of the top and middle layers. This is explained partly
by the higher porosity of the bottom layer, as shown by Fig. 7 (a), and partly
by the fact that the bottom layer is very thin. Obviously, it includes open ﬂow
channels through the entire layer. This results in a lower value of ﬂow resistance than that of a corresponding bulk material. Instead, as shown by Fig. 7
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(b), the in-plane permeability of the top and bottom layers fall approximately
on the same curve when plotted as a function of porosity. This is as expected
since the radius, and thus the speciﬁc surface of ﬁbres in these surface layers
is nearly the same (and there is no channelling effect present in the lateral ﬂow
direction).
Comparing the results shown in Fig. 3 (b) and Fig. 6 (a) indicates that the
behaviour of the mean transverse permeability differs signiﬁcantly from that
of individual layers. For the present pressing felt sample, the transverse permeability of the top layer is smaller than the mean transverse permeability by
a factor of 2–3 in the range of overall compression studied here. Similar
result is valid also for the in-plane permeability. Clearly, such a difference
should be taken into account e.g. in numerical analysis of water removal in
wet pressing. Notice however, that the results shown in Figs. 6 and 7 are for a
room-dry sample of pressing felt, and given here in the purpose of demonstrating the use of the present techniques. In order to obtain results appropriate for actual wet pressing applications the analysis should be repeated for
wet and swollen felt samples. That analysis is left for a future work.

CONCLUSIONS
Experimental approach is often considered as the only practical means for
ﬁnding the macroscopic transport properties of heterogeneous materials.
Even in the case that the basic transport dynamics is well known, the complex
and irregular microstructure of those materials, unknown in general, may
render analytical or numerical approaches based on averaged or statistical
methods ineffective or inaccurate. Combining x-ray micro-tomography with
numerical methods can provide new possibilities in ﬁnding transport properties of heterogeneous materials such as paper and paper-making fabrics.
Within this ab-initio approach detailed structural information obtained by
micro-tomography is used as input to numerical solver to ﬁnd the necessary
macroscopic transport properties by means of direct numerical simulation in
the micro scale.
In this work we demonstrated the applicability of this procedure in ﬁnding
the Darcian ﬂow permeability coefﬁcients for three different ﬁbrous
materials. The method was ﬁrst validated for a non-woven plastic felt
material with rather simple (but random) structure. The internal microstructure of this material was found using a table-top tomographic scanner.
The values of the transverse and in-plane permeability coefﬁcients were then
found using two conceptually different numerical methods, ﬁnite difference
method and lattice-Boltzmann method. The results were compared with
14th Fundamental Research Symposium, Oxford, September 2009
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experimental values of permeability measured for air ﬂow through the same
material. The maximum deviation between numerical and experimental
results was less than 20 %. The procedure was then applied in evaluating the
behaviour of transverse permeability of newsprint and pressing felt under
mechanical compression. Here, the structure of the pressing felt sample was
again obtained by a table-top tomographic device, while the paper sample
was scanned at the ID19 laboratory of the European Synchrotron Radiation Facility, both under varying degrees of compression. The numerical
results were obtained by the lattice-Boltzmann method and the results were
compared with the corresponding experimental results. The agreement
between experimental and numerical results was again found to be very
good for these two materials regarding both the absolute value of the transverse permeability coefﬁcient and its dependence on the degree of
compression.
Finally, the same procedure was applied in evaluating the dependence on
degree of compression of transverse and in-plane permeability – separately
for top, middle and bottom layers of the pressing felt. This application demonstrates the potential of the present method in obtaining such detailed and
new information on material properties that would be very difﬁcult to obtain
e.g. by direct experiments.
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Lars Wågberg

KTH

Thank you very much for a clear and very interesting talk. In one of your
studies, I think it is second to last slide (ﬁgure 7 in the paper in the proceedings, ed.), you showed that at the same porosity you have a very large difference in permeability between the layers. Could you explain this? What is that
depending on, is it the orientation of ﬁbres, or distribution of pores, or some
other reason?
Viivi Koivu
Yes, I think it comes from the ﬁbre diameter which causes higher speciﬁc
surface area on the top and bottom layers compared to the middle layer. The
diameter of the ﬁbres on the top and bottom layers is slightly different. I
think it has something to do with that.
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Lars Wågberg
Yes, this approach deﬁnitely opens up new dimensions for network optimization. It is a new tool for optimizing structures and orientations and selecting
new parameters. Very interesting. Thank you.
Kit Dodson

University of Manchester

These are really fascinating results. Could we look at the slide for the newsprint sample (ﬁgure 3a in the paper in the proceedings, ed.)? The remarkable
thing here – if we go back to the table – you have a table of the values in-plane
and perpendicular for the newsprint, am I right, this is for the newsprint?
Viivi Koivu
No, the results are for the non-woven felt.
Kit Dodson
Do we have this data for the newsprint in a table?
Viivi Koivu
No, I am sorry.
Kit Dodson
Okay! Then, it is the next slide (Table II in the paper in the proceedings, ed.).
So from that table, there is very little difference between the in-plane and
perpendicular. Now in the case of the newsprint, we have deﬁnitely a layered
structure. We have probably 10 layers of ﬁbres in a sense, we have got something like 10 ﬁbres deep, so we would expect the difference. Do we have a
difference detected?
Viivi Koivu
Yes, deﬁnitely, there is a difference; but it was not included into this work. The
factor is from 2 to something like 6.
Kit Dodson
Yes, thank you.
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Jean-Claude Roux

University of Grenoble

In your experiments on the wet press felt, am I correct if I say that when I
increase the compression, I will reduce the difference between permeability of
the top and bottom surfaces?
Viivi Koivu
Yes.
Jean-Claude Roux
Thank you.
Ilya Vadeika

FPInnovations

Again following on the questions about the felts. Felts often have treatments
on the top and the bottom is not treated. The treatment varies depending on
the felt, the batt ﬁbres can be heat treated or chemically treated to change the
structure of the top side of the felt. In your case, was the top side of the felt
treated or not?
Viivi Koivu
This particular press felt is very old, so I think there is no treatment. Actually,
I do not know.
Ilya Vadeika
Okay, but the ﬁbres themselves of the batt on the top and the bottom, are
these the same or different?
Viivi Koivu
They are a slightly different.
Ilya Vadeika
Thank you.
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Shri Ramaswamy

University of Minnesota

In your numerical method, how do you compute the permeability when you
are looking at the individual layers: top, middle, and bottom? Do you actually
compute the ﬂow velocity and pressure loss for each section?
Viivi Koivu
We calculate ﬂow velocity and pressure loss, and by Darcy’s law we calculate
the permeability.
Shri Ramaswamy
And that is for the whole sample and you do the same thing for the individual
sections?
Viivi Koivu
Yes, thank you for the question.
Ramin Farnood

University of Toronto.

I assume that the purpose of this type of study is to look into the press
section. During the pressing operation, there is a transient behaviour where
we have drainage and, at the same time, there is a compression of the web.
Can you comment on the applicability of parameters which you are using in
your model to this transient process? And have you examined if the Darcy’s
coefﬁcient that you are extracting would be valid for a rapid compression in
the press nip?
Viivi Koivu
I have to admit that I am not a specialist on those rapid measurements or
rapid phenomena. So I think, I cannot answer that question; but anyways
these results can be used to model press section, somehow, hopefully, one day!
Wolfgang Bauer

Graz University of Technology

In paper you also have capillary ﬂow, can you account for that too?
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Viivi Koivu
No, we enforce the ﬂow with pressure and we do not take any capillary forces
into account. At least, not at the moment.
Tetsu Uesaka

FPInnovations

This is a comment. One of my colleagues, David Vidal of FPInnovations, did
a similar kind of Lattice-Boltzmann simulation to predict permeability with a
coating structure. The coating structure consists of a randomly packed particle system, which is very similar to the one we have in the paper. What he
found was that, basically, most of the permeability data ﬁts very well to the
conventional Kozeny-Carman equation, with a slight modiﬁcation. Everything ﬁtted very, very well – disappointingly. So this means that he was very
much disappointed by the fact that, what he predicted with all this effort very
much ﬁtted to the kind of equations which were developed many, many years
ago. So did you ﬁnd something similar; did you try to organise the data in
such a way?
Viivi Koivu
No, and thank you for your question.
Ilya Vadeika

FPInnovations

A quick technical question, what was the size of the system that you modelled
in-plane.
Viivi Koivu
For the press felt, it was about 2.5 mm × 2.5 mm in real physical dimensions.
Ilya Vadeika
And for the paper?
Viivi Koivu
For the paper, it was of the order of 0.5 mm × 0.5 mm.
Ilya Vadeika
Thank you!
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