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Abstract

Koivu, Viivi
Analysis of fluid flow through porous media based on x-ray micro-tomographic
reconstructions
Jyväskylä: University of Jyväskylä, 2010, 158 p.
(Research report/Department of Physics, University of Jyväskylä,
ISSN 0075-465X; 9/2010)
ISBN 978-951-39-4032-4
diss.

This thesis deals with creeping fluid flow through fibrous porous materials. Perme-
ability through a porous medium is a measure of the ability of the material to trans-
mit fluids. For testing and demonstration purposes the permeability values of a few
fibrous heterogeneous materials, namely synthetic non-woven felt, wet pressing felt,
cardboard, newsprint and hardwood paper, were measured experimentally. Recon-
structions of the same materials under similar compression states were captured
by x-ray micro-tomography. The actual microscopic pore structure thus obtained
was utilised in the numerical lattice-Boltzmann analysis for solving the fluid flow
permeability of the materials. Agreement between the experimental and numerical
results was good. In addition, numerical permeability results for certain geometries
were compared to the values obtained by finite-difference and finite-element meth-
ods. All numerical results were found to be in close agreement. The resolution of
the tomographic reconstructions is limited causing discretisation uncertainty in the
numerical analysis. The reliability of the numerical results was estimated by per-
forming simulations for high and low resolution lattices. These results were further
compared to the corresponding analytical solutions. The discretisation uncertainty
was found not to be essentially larger than the typical total uncertainty of the exper-
imental results. The advantage of the combination of x-ray tomography and numer-
ical methods arises in the cases where direct experimental measurements are not
feasible. An example of such an application, reported in this thesis, is to analyse the
permeability of individual, distinct layers in a layer-structured material in order to
determine the contribution of this layer to the overall permeability.

In the final part of the work, tomographic reconstructions of porous heteroge-
neous materials were combined to a void space segmentation analysis. The utilisa-
tion of the method was demonstrated by running the analyses for a series of tomo-
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graphic reconstructions of liquid packaging boards. The methods facilitate e.g. the
analysis between the structural characteristics of pore structure and their relation
to imbibition process. Demonstration analyses indicate the void space segmenta-
tion analysis to give valuable information on correlations between the structure of
porous heterogeneous materials and their fluid flow properties.

Keywords Single phase fluid flow, compressible porous media, permeability, imbi-
bition, lattice Boltzmann method, x-ray micro-tomography, pore structure
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Nomenclature

a capillary radius [m]
A cross sectional flow area [m2]

Ap cross sectional area of pore channel [m2]

Aeff effective flow area [m2]

A0 area of permeable central region [m2]

c constant in Kozeny-Carman equation [dimensionless]
C water absorption coefficient [kg/(m2s1/2)]

δCA uncertainty of flow area [m2]

δCLii
uncertainty of sample thickness [m]

δCP uncertainty of pressure loss [Pa]
f body force [kg/(m2s2)]

g gravitation vector [m/s2]

h height of liquid column in capillary [m]
H average height of liquid column [m]
J constant in Drummont and Tahir equation [dimensionless]
k permeability coefficient [m2]

k⊥ permeability coefficient for flow perpendicular to cylindrical rods [m2]

k‖ permeability coefficient for flow parallel to cylindrical rods [m2]

kii diagonal component of permeability tensor [m2]

K constant in Drummont and Tahir equation [dimensionless]
lp perimeter of pore channel [m]
L characteristic length scale [m]
Le average length of tortuous flow paths [m]
Li thickness of sample (at state i), distance between two ends of capillary [m]
L0 thickness of sample at reference state [m]
m1 constant in Brundrett equation [dimensionless]
m2 constant in Brundrett equation [m2]

M mass of imbibibed liquid [g]
p pressure [Pa]
∆P pressure drop [Pa]
Pave average pressure [Pa]
Pin pressure at inlet [Pa]
Pout pressure at outlet [Pa]
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xii

q superficial volume flux [m/s]
qi volume flux in i-direction [m/s]
Q volumetric flow rate [m3/s]

r cylinder radius [m]
reff effective pore radius [m]
rh mean hydraulic radius [m]
Re Reynolds number [dimensionless]
S0 specific surface area [m]
t time [s]
u velocity [m/s]
V characteristic velocity scale [m/s]
W grammage [g/m2]

Z coordination number [dimensionless]

Greek symbols

γ surface tension [kg/s2]

θ contact angle [degree]
κ permeability tensor [m2]

µ dynamic viscosity [(kg m)/s]
ρ density [kg/m3]

τ tortuosity [dimensionless]
φ porosity [%]
φ0 porosity of sample at reference state [%]
φs solid volume fraction [%]
Ψ pietsometric head [Pa]
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Chapter 1

Introduction

Heterogeneous materials in the most general sense are composed of domains of
different materials or the same material in different states. For instance foams, com-
posite materials, concrete, paper, cardboard, textile felt, bone, sandstone, soils and
sea ice are very common examples of man-made and natural heterogeneous ma-
terials [Bear, 1972, Adler, 1992, Torquato, 2001]. Fluid flow phenomena in porous
heterogeneous materials can be found in many important processes in nature and
in society. In particular, fluid flow through a porous medium contribute to several
technological problems, e.g. extraction of oil or gas from porous rocks, spreading of
contaminants in fluid-saturated soils and certain separation processes, such as filtra-
tion [Torquato, 2001]. In paper industry single and multi phase fluid flow properties
in porous media play important roles related to manufacturing process and product
development.

The general laws describing creeping fluid flows are well known. However,
a detailed study of fluid flow in porous heterogeneous media is complicated. This
is a direct consequence of the often very complex, internal micro-scale structures
of these materials. That is, the interplay between fluid flow and complex internal
structure at the micro-scale gives rise to the effective fluid flow properties at the
macro-scale. The details of the internal micro-scale structures of various materials
can be revealed by utilising computerised x-ray micro-tomography [Coles et al.,
1998, Samuelsen et al., 2001, Goel et al., 2001, Thibault and Bloch, 2002, Holmstad
et al., 2003, Rolland du Roscoat et al., 2005, Goel et al., 2006, Stock, 2009]. X-ray to-
mography is a noninvasive and nondestructive imaging method where individual
x-ray images recorded from different viewing directions are used for reconstruct-
ing the internal 3D structure of the object of interest [Stock, 2009]. During the recent
decade, the precision of x-ray tomographic imaging techniques have reached the
sub-micrometre resolution and enables analyses of statistical properties of various
materials. Combined to numerical analysis the tomographic reconstructions facil-
itate analyses of the effective material properties of realistic porous media [Man-
wart et al., 2002,Thibault and Bloch, 2002,Aaltosalmi et al., 2004,Ramaswamy et al.,
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2 CHAPTER 1. INTRODUCTION

2004,Rolland du Roscoat et al., 2005,Kutay et al., 2006,Hyväluoma et al., 2006,Fourie
et al., 2007].

In various industrial and scientific applications an effective material property,
permeability, is used for describing the ability of porous materials to transmit fluids.
Permeability coefficient for single phase creeping fluid flow through a porous media
is defined by the phenomenological law by Henry Darcy as the a proportionality
constant between the average fluid velocity and applied pressure gradient [Darcy,
1856].

Permeability of various porous media has been studied analytically, numer-
ically and experimentally by many researchers [Darcy, 1856, Happel, 1959, Chen,
1982, Drummont and Tahir, 1984, Jackson and James, 1986, Succi et al., 1989, Brun-
drett, 1993, Boerner and Orloff, 1994, Vomhoff, 1998, Vomhoff et al., 2000, Pan et al.,
2006, White et al., 2006, Vidal et al., 2008, Thibault and Bloch, 2008]. The analytical
approaches are often confined to simplified sample geometries. Some of the numer-
ical studies are based on analysis made for computationally generated models of
porous media [Rasi et al., 1999, Aaltosalmi et al., 2004, Belov et al., 2004, Lundström
et al., 2004,Verleye et al., 2005,Verleye et al., 2007]. Tomographic reconstructions are
increasingly utilised in combination with numerical methods to analyse permeabil-
ity of porous heterogeneous materials [Manwart et al., 2002, Martys and Hagedorn,
2002, Aaltosalmi et al., 2004, Kutay et al., 2006, Fourie et al., 2007]. Some of the ex-
perimental methods are applicable only for measuring permeability of bulky rigid
samples [Saar and Manga, 1999, Abraham et al., 2000, Loosveld et al., 2002, Schlup
et al., 2002]. However, various challenges have arisen in measuring permeability of
soft thin sheet-like samples, such as paper and cardboard, under mechanical com-
pression. The transverse flow measurement involves compressing the sample be-
tween perforated or porous plates and inducing fluid flow through the plates and
the sample. The basic difficulty in such a measurement lies in even application of
mechanical load while maintaining undisturbed and controlled flow through the
sample. This is due to the reason that, the perforated porous plates have to be open
for fluid flow and at the same time solid and planar to supply mechanical load
evenly over the entire sample area. For the in-plane flow measurement the difficul-
ties arise from narrow flow area due to planar profiles of the samples or difficulties
in sample preparation. For both the transverse and in-plane permeability measure-
ments, misinterpretation of data can be caused by accumulated compression of soft
porous material in flow direction or leakages bypassing the sample.

The main objective of this thesis was to develop procedures for analysing fluid
flow permeability of soft porous sheet-like materials. The underlying motivation
for this was to find out if it is possible to numerically model fluid flow in realistic
porous materials and to obtain results that agree quantitatively with experimen-
tal data. The permeability coefficients were here analysed in two ways: on the one
hand, by using the numerical lattice Boltzmann method in combination with to-
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mographic reconstructions of the materials and, on the other hand, experimentally
by permeability measurement device. The three-dimensional structures of selected
samples were obtained by utilising x-ray tomography. These reconstructions were
further used as simulation geometries for numerical fluid flow analysis. Before nu-
merical analysis it is usually necessary to process the tomographic reconstructions
in various ways. All these steps may contribute to the final results of the numeri-
cal analyses. Special attention was paid to the tomographic sample preparation and
image processing in order to produce as realistic simulation geometries as possible.
The resolution of tomographic reconstructions is limited causing uncertainty for the
numerical results. This effect was also evaluated. The experimental method reported
in this thesis is especially designed for measuring thin sample sheets. The construc-
tion of the permeability measurement apparatus, the experimental procedure and
the data processing were all designed and manufactured in the purpose of minimis-
ing the known sources of uncertainty. The device was applied here for measuring
the transverse and in-plane flow permeability of the selected samples.

Generally, the fluid flow during permeability measurement is driven by ex-
ternal body force or pressure difference and the pore space of the medium is as-
sumed to be fully saturated. Another flow phenomenon considered in this thesis is
spontaneous imbibition process, where one fluid is displaced by another immisci-
ble fluid. Spontaneous flow of wetting fluids in porous media is often described by
capillary laws. The law of imbibition is often attributed to Lucas and Washburn [Lu-
cas, 1918,Washburn, 1921a,Washburn, 1921b]. Methods combining tomographic re-
constructions and advanced image analysis to study connections between structure
of void space and imbibition in porous heterogeneous materials are reported. This
work combines the experimental, image processing, and numerical methods to pro-
vide new insight into fluid flow properties of porous heterogeneous materials.

The outline of this thesis is as follows. In Chapter 2, the basic concepts and flow
relations for fluid transport in porous media are provided. In Chapter 3, the exper-
imental permeability measurement device and measurement procedures are pre-
sented. Chapter 4 focuses on the numerical lattice Boltzmann permeability analysis
and application of tomographic reconstructions for the simulations. Comparison of
the numerical and experimental methods is discussed in this chapter. Chapter 5 con-
centrates on applications of the experimental and numerical methods for studying
permeability values of various porous heterogeneous materials. In Chapter 6, imbi-
bition and structural properties in porous heterogeneous materials are studied. In
the final chapter, Conclusion and Outlook, the work is summarised and concluded.
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Chapter 2

Fluid flow properties in porous
materials

Fluid flow in a porous medium can be driven by e.g. external body force, pressure
gradient or capillary forces. The motion of incompressible Newtonian fluid in micro-
scopic level is described by the basic hydrodynamical flow equations, the continuity
equation

∇ · u = 0, (2.1)

and the momentum equation (Navier-Stokes eq.)

ρ

(
∂u

∂t
+ u ·∇u

)
= −∇p+ µ∇2u + f , (2.2)

where ρ is the density of the fluid, u is the velocity of the fluid, t is time, ∇ is the
gradient operator, p is the pressure of the fluid, µ is the dynamic viscosity of the
fluid and f represents forces per unit volume acting on the fluid (body force) [White,
2003, Adler, 1992]. The continuity equation is a mathematical statement for the rate
at which mass enters a system is equal to the rate at which mass leaves the system.
Momentum equation relates the sum of the forces acting on an element of fluid to
its acceleration or rate of change of momentum.

The ratio between the inertial and viscous forces is given by the Reynolds num-
ber:

Re =
ρV L

µ
, (2.3)

where V and L are the characteristic velocity and length scale of the fluid flow,
respectively. At small Reynolds number inertial forces are small in comparison to
the viscous forces, and the left hand side of Eq. (2.2) becomes negligible. Thus Eq.
(2.2) reduces to the Stokes equation:

∇p = µ∇2u + f . (2.4)

5



6 CHAPTER 2. FLUID FLOW PROPERTIES

For thermal flows, one needs in addition an energy equation. In this thesis, isother-
mal flows of Newtonian fluids are considered, and hence the energy equation is not
needed.

Equations (2.1-2.4) are valid on the microscopic (pore-scale) level. Fluid flow
on macroscopic level is often described by effective laws discussed in the next sec-
tion.

2.1 Permeability

Darcy’s law

With low values of Reynolds number, an incompressible steady-state isothermal
Newtonian fluid flow in porous materials is governed by the phenomenological
Darcy’s law [Darcy, 1856, Bear, 1972, Dullien, 1979, Adler, 1992]

q =
−κ

µ
·∇Ψ, (2.5)

where q is the superficial volume flux and κ is the permeability tensor. The pietso-
metric head Ψ is defined by∇Ψ = ∇p−ρg, where p is the pressure, ρ is the density of
the fluid and g is the acceleration due to body force (gravity), see Fig 2.1. In general,
permeability is a symmetric second-order tensor [Liakopoulos, 1965]:

κ =

kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

 . (2.6)

In this thesis, the diagonal values of the permeability tensor in a case depen-
dent coordinate system are found experimentally by the integrated form of Darcy’s
law

kii = − µqi
∆P/∆Li

= − µQi∆Li
A(Pout − Pin)

, (2.7)

where Q is the volumetric flow rate through the sample, A is the cross-sectional
flow area, ∆P = Pout−Pin is the pressure drop and ∆Li is the length over which the
pressure drop takes place. Figure 2.1 shows a schematic illustration of a case where
fluid flow (in negative z direction) occurs through a porous sample.

Equation (2.7) is valid for the incompressible fluid flows. For gas flows through
porous medium Darcy’s law must be slightly modified to account for compress-
ibility effects. For isothermal compressible flow the permeability coefficient is thus
given by

kii = − µqi
∆P/∆Li

Pout
Pave

= − µQ∆Li
A(Pout − Pin)

Pout
Pave

, (2.8)

where Pout is the pressure, Q is the volumetric flow rate at the downstream side of
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the medium, and Pave = Pout + 1
2
(Pin − Pout) is the average pressure [Bear, 1972,

Leskelä and Simula, 1998].
Although the permeability is generally perceived as a property of porous ma-

terial itself, various authors report higher values of permeability coefficient for gas
flow than for liquid flow through the same porous medium, see e.g. Refs [Klinken-
berg, 1941, Bear, 1972, Wu et al., 1998, Tanikawa and Shimamoto, 2006]. Possible in-
teractions between liquid and a porous material (e.g. swelling) can generate changes
in the pore structure and therefore cause difference between the results for gas and
liquid measurements. Also deviation from Darcy’s law occur e.g. at high flow rates
and with gas flows at low pressures.

FIGURE 2.1 A schematic illustration of fluid flow through a porous material.
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Permeability models

Several theoretical results for permeability coefficients have been reported in the
literature. Perhaps the most common formula which can be derived analytically for
simplified capillary model is the Kozeny-Carman relation

k =
1

c
τ 2S0

2 φ3

(1− φ)2
, (2.9)

where c is a constant that depends on the cross section of the capillaries (being c = 2

for circular cross section), S0 is the specific surface area, τ is the tortuosity of the
flow and φ is the porosity of the media [Bear, 1972, Dullien, 1979]. The tortuosity is
defined by equation

τ = (Le)
2/(Li)

2, (2.10)

where Le is the length of the flow path through a tortuous capillary tube and Li is
the length of a straight line connecting the two ends of the tube. For realistic porous
materials, tortuosity can be estimated by replacing Le by average length of tortuous
flow paths through a porous medium and Li by the thickness of the medium, see
Fig. 2.1.

Several analytical permeability results have been derived especially for fibrous
porous materials modeled as an array of cylindrical rods. Examples of those are the
formulas derived by Happel [1959], by Kuwabara [1959] and by Drummont and
Tahir [1984] for fluid flow perpendicular to an array of rods:

k⊥
r2

= 1
8φs

(
− lnφs + φ2

s−1
φ2

s+1

)
(Happel) (2.11)

k⊥
r2

= 1
8φs

(
− lnφs − 3

2
+ 2φs

)
(Kuwabara) (2.12)

k⊥
r2

= 1
8φs

(
− lnφs −K + 2φs − Jφs2

)
(Drummont and Tahir) (2.13)

where φs = 1−φ is the volume fraction of solids and r is the radius of the cylinders.
Equations (2.11) and (2.12) were derived for flow past an array of randomly placed
parallel cylinders. In Eq. (2.13), K and J are constants that depend on the arrange-
ment of the cylinders, having values K = 1.476 and J = 1.774 for square array,
and K = 1.498 and J = 0.5 for hexagonal array. Sangani and Acrivos [1982] used a
unit cell approach to find an exact solution for flow perpendicular to the square and
hexagonal arrays of cylinders. Their solutions were given in terms of series expan-
sions where the effect of boundary conditions must be found numerically. This result
can not be expressed in closed form, but Sangani and Acrivos provided tabulated
numerical results that can be applied in practical flow problems. For flow parallel to
an array of cylinders, examples of approximative formulas for permeability derived
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by Happel [1959] and by Drummont and Tahir [1984] are:

k‖
r2

= 1
4φs

(
− lnφs − 3

2
+ 2φs − 1

2
φs

2
)

(Happel) (2.14)
k‖
r2

= 1
4φs

(
− lnφs −K + 2φs − 1

2
φs

2
)

(Drummont and Tahir) (2.15)

In Eq. (2.15) the constant K has the same values as in Eq. (2.13) for square and
hexagonal arrays. Permeability of randomly oriented rods in 3D was derived by
Jackson and James [1986]:

k
r2

= 3
20φs

(− lnφs − 0.931) (Jackson and James) (2.16)

which is a weighted average of the permeabilities for flow parallel and perpendic-
ular to a bundle of cylinders. All these equations, Eqs (2.11)-(2.16) are applicable
for homogeneous bulk material well away from its boundaries. Another extremity
is very thin sample sheets, which can be considered as gauzes. Several equations
have been derived for predicting pressure loss caused by thin screens or gauzes,
see e.g. Refs [Weighart, 1952, Annand, 1952, Grootenhuis, 1954, Pinker and Herbert,
1967, Brundrett, 1993]. On the creeping flow limit and by identifying the effective
open area of the screen with volumetric porosity, e.g. the Brundrett law leads to the
equation

k = m1
φ2

(1− φ2)
, (2.17)

where m1 is a constant that depends on the structure of the screen and the Reynolds
number of the flow.

2.2 Imbibition

Imbibition in a porous material is defined as the displacement of one fluid by an-
other immiscible fluid. This process is controlled and affected by a variety of factors,
such as pressure gradient and capillary forces. Spontaneous imbibition in a porous
material occurs when wetting liquid invades it solely under the influence of capil-
lary forces, with no external driving pressure.

Wetting and capillary flow

Wetting behaviour is characterised by the contact angle θ at which a liquid – gas
interface meets a solid surface, see Fig. 2.2. Wetting behavior depends on the prop-
erties of all three phases involved. The contact angle is determined by the interac-
tions across the three interfaces. If the contact angle is less than 90, liquid is called
wetting, and if the contact angle is greater than 90, liquid is called non-wetting.

When the lower end of a vertical capillary tube is placed in a wetting liquid
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FIGURE 2.2 Capillary rise of wetting liquid in a cylindrical tube.

a concave liquid–gas surface with radius R arises. A schematic illustration of wet-
ting liquid in a cylindrical capillary is shown in Fig. 2.2. The pressure difference ∆p

across the formed concave surface is

∆p =
2γ

R
, (2.18)

where γ is the surface tension of the liquid [White, 2003]. The radius of the cylin-
drical capillary tube is a. By substituting R = a/ cos θ (see Fig. 2.2) in Eq. (2.18) the
so-called Washburn equation is obtained [Washburn, 1921a]:

∆p =
2γ cos θ

a
. (2.19)

This equation is useful for small capillaries in the cases, where gravitational effects
can be neglected. Assuming fully developed Poiseuille flow, the Newton’s second
law for a column of wetting liquid in the capillary becomes [White, 2003]

ρ

[
h
d2h

dt2
+

(
dh

dt

)2
]

=
2γ cos θ

a
− 8µh

a2

dh

dt
− ρgh, (2.20)

where h is the height of the liquid column. By neglecting the inertial terms and grav-
ity the classical Lucas and Washburn equation is obtained [Lucas, 1918, Washburn,
1921b]:

2γ cos θ

a
− 8µh

a2

dh

dt
= 0. (2.21)

The Lucas-Washburn equation describes processes where the driving capillary force
is balanced by the viscous drag. Integration of equation (2.21) gives the time evolu-
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tion of liquid column height:

h(t) =

(
aγ cos θ

2µ

)1/2

t1/2. (2.22)

Equation (2.22) is useful for the initial state of the imbibition experiments. It is
widely used for analysing of imbibition processes in porous materials, see e.g. Refs
[Bico and Quéré, 2004, Hyväluoma et al., 2006, Czél and Czigány, 2008]. However,
many authors have reported deviations from the Lucas-Washburn equation for re-
alistic porous materials [Zhmud et al., 2000, Schoelkopf et al., 2002, Alava et al.,
2004,Holownia et al., 2008,Hyväluoma, 2009] and several modifications of the equa-
tion have been published [Dube et al., 2000, Schoelkopf et al., 2002, Benavente et al.,
2002, Holownia et al., 2008]. These modifications typically include additional terms
related to e.g. porosity φ of the media, roundness of the pore channels δ, tortuosity
of the flow τ , pore coordination number Z (the number of neighbouring pores), the
effective pore radius reff and the evaporation rate ε.

The void spaces of actual porous materials are highly non-trivial [Bear, 1972,
Adler, 1992, Torquato, 2001] and in many cases time-dependent due to dynamic
processes, e.g. swelling [Dube et al., 2000]. Complex nature of the specific inter-
nal structures of such materials induce variations e.g. in capillary pressure (see a
visualisation of pore volume in a disordered fibrous sample in Fig. 2.3). Imbibition
process in a porous medium depends on the physics at the pore level, i.e. at the
length scales of a few micrometres or less [Dube et al., 2007]. The heterogeneity
of the structure causes local and global variations in imbibition process, inducing
delayed or accelerated movement of liquid front, and in consequence, imbibition
roughening [Buldyrev et al., 1992, Roberts et al., 2003, Alava et al., 2004]. A visuali-
sation of a roughened liquid front line in a porous material is shown in Fig. 2.3. This
is a visualisation of one slice in a tomographic reconstruction of imbibed and freeze
dried liquid packaging board sample. Potassium iodine was used in water solution
to trace the imbibed liquid front in the structure. The chemical properties affecting
imbibition process were found similar for the potassium iodine solution as for pure
ionchanged water [Appendix IV].
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FIGURE 2.3 Visualisation of a 2D slice of a tomographic reconstruction of a liquid
packaging board sample. Wetting liquid, gas phase and solid fibre material are pre-
sented by grey, white and black colours, respectively. Potassium iodine is used as con-
trast enhancement substance to detect the imbibing liquid front.



Chapter 3

Experimental permeability analysis

The permeability coefficients of soft fibrous porous samples have earlier been in-
vestigated by many researchers, often with applications to problems found in the
paper industry, such as water removal and wet pressing, see e.g. Refs [Ceckler and
Thompson, 1982, Vomhoff, 1998, Vomhoff et al., 2000, Vomhoff, 2000, Lindsay and
Brady, 1993a, Lindsay and Brady, 1993b, Boerner and Orloff, 1994, Reverdy-Bruas
et al., 2001, Thibault and Bloch, 2008]. For sheet-like materials, the values of per-
meability coefficients are typically studied for fluid flows in transverse or in-plane
directions. In Fig. 2.1 with the selected coordinate conventions, the z-direction rep-
resents the transverse direction, and x and y the two perpendicular in-plane direc-
tions. Similar coordinate convention is used for all the samples discussed below.

Typically, the transverse flow measurement involves compressing the sample
between perforated or porous plates and inducing fluid flow through the plates and
the sample [Ceckler and Thompson, 1982,Chen, 1982,Carlsson et al., 1983,Vomhoff
et al., 2000,Lindsay and Brady, 1993a,Lindsay and Brady, 1993b,Boerner and Orloff,
1994, Reverdy-Bruas et al., 2001, Thibault and Bloch, 2008]. The challenge in such a
measurement, where both compression and flow take place in the direction perpen-
dicular to the plane of the sample, lies in even application of mechanical load while
maintaining undisturbed and controlled flow through the sample. Minor oblique-
ness or insufficient rigidity of the supporting plates and structures are likely to
cause uneven macroscopic scale distribution of both load and flow through the
sample. During the transverse permeability measurements rough surfaces or partial
open area of the permeable compression plates can cause similar variations in small
scale. This, in turn, can lead to the phenomenon called basis-weight effect, where
the measured permeability increases with decreasing thickness (constant porosity)
of the sample [Vomhoff et al., 2000, Lindsay and Brady, 1993b]. Related to the in-
plane permeability measurements, contradictory observations of the basis-weight
effect have been reported in the literature [Lindsay and Brady, 1993b,Vomhoff et al.,
2000,Vomhoff, 2000]. For the in-plane permeability measurements the problems may
arise due to narrow flow areas and boundary effects, such as flow along the sample
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surfaces.
For both the transverse and in-plane permeability, additional experimental er-

ror can be caused e.g. by accumulated compression of contractible porous sample
in flow direction, leakages bypassing the sample and by gas trapped in the sample
or in permeable plates. Inhomogeneity of the sample such as large pores or perfo-
rating pin holes can lead to misinterpretation of the data. Altogether, these sources
of uncertainty can lead to significant error in the measured value of permeability
coefficient for materials such as thin fabrics and paper grades. For this work, the
construction of the permeability measurement apparatus, the experimental proce-
dure and the data processing were all designed and manufactured in the purpose of
minimising the known sources of uncertainty. Specifically, the experimental proce-
dures for measuring the permeability coefficients in the transverse direction and in
the in-plane directions are introduced.

3.1 Devices

The permeability measurement device (PMD) presented in this thesis can be used
for measuring Darcian permeability coefficient of soft porous materials under me-
chanical compression. Permeability measurements can be conducted by liquid or
gas flows in the transverse and in the in-plane directions.

A schematic diagram of the PMD is shown in Fig. 3.1. The device includes
a sturdy frame, a piston with a upper flow chamber, a moving sample basin with
a lower flow chamber and a hydraulic cylinder attached to the sample basin. In
addition, the equipment includes pressurised fluid tank, flow control system, flow
rate sensors, data acquisition system and a hydraulic pump (not shown in Fig. 3.1).
All the components in contact with fluids are made of stainless steel.

The flow sensor used for air measurements is Bronkhorst HI-TEC B.V with
maximum flow rate of 10 l/min and reading precision of ± 0.01 l/min. The pres-
sure difference between the lower and upper chambers (i.e. the total pressure loss
over the sample, the sintered plates and the perforated support blocks) is measured
using Rosemount 3051S differential pressure sensor with measuring range of 0 - 60
kPa and reading precision of ± 0.0001 kPa. To take into account the compressibil-
ity of air, pressure is also measured at the downstream side of the sample using
Keller 41X pressure transducer the maximum reading of 20 kPa and precision 0.1
%. During the measurements, the compressive stress onto the sample is adjusted by
a hydraulic hand pump and measured by Keller LEO3 -pressure gauge with mea-
surement precision of ± 1 kPa. The thickness of the sample is measured by three
Sangamo DG1 -displacement sensors arranged 120 degrees apart. The reading pre-
cision of each sensor is ± 4 µm.
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FIGURE 3.1 Schematic illustration of the PMD device for measuring permeability of
soft porous materials under compression [Appendix I].
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3.2 Transverse permeability

Sample chamber

The sample chamber of PMD for transverse permeability measurements is shown
in Fig. 3.2. It includes porous sintered stainless steel plates (see Sec. 3.2) of diame-
ter 90 mm attached to the piston and sample basin, which are both supported by
sturdy perforated blocks. The structure is rigid but allows flow from the lower flow
chamber through the support and flow distribution blocks, sintered plates and the
sample into the upper pressing chamber, and finally to flow transducer. During the
transverse measurements the sample is placed between polished sintered plates that
conduct support and mechanical compression to the sheet-like sample during the
measurements.

FIGURE 3.2 Illustration of the sample chamber for transverse permeability measure-
ments with sample compressed between the sintered plates [Appendix II].

Compression surfaces

During the measurements the sample must be supported from both upstream and
downstream sides to avoid unintentional transformation of the sample structure. On
the other hand, the compression pressure must be distributed evenly on the sam-
ple. Compression surfaces have apparently a very important role in permeability
measurements especially when measuring thin sheet-like samples. The amount of
systematic error for thickness measurement depends on the roughness and uneven-
ness of the surfaces. The compression surfaces must be smooth and fine structured
but porous enough to produce only small pressure loss and to deliver uniform fluid
distribution onto the whole sample area.
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Sintered stainless steel plates are composed of small grains solidified by heat
and mechanical compression. The compression surfaces were made by first mount-
ing the commercial sintered plates of diameter 90 mm and thickness 4 mm firmly in
the sturdy perforated supporting plates. The pores of the sintered plates were elec-
trolytically filled with metallic copper in a copper sulphate solution. Copper plating
was done in order to avoid blocking the pores during grinding. The sintered plates
together with the supporting plates were attached in a rigid jig with the same shape
as the final mounting assembly in the pressing chambers. The surfaces were then
carefully ground even and planar.

After grinding the copper was removed from the central region of the plates
by electrolysis using inversed polarity. The remaining surface pores in the periph-
eral region were filled with shrink-resistant metal glue, thus leaving a permeable
area of diameter 60 mm in the middle of each plate, see Fig. 3.3. According to test
compressions done for pressure-sensitive film, the metallic glue did not change the
thickness nor the compressibility of the peripheral region of the plates. Reverse elec-
trolysis corroded slightly the stainless steel parts and made the contact surface more
polished. However, the refining grooves on the surface of the sintered plates are still
visible in microscopic images, see Fig. 3.3.

According to microscopic observations, the maximum length of the largest sur-
face pores is approximately 0.3 mm which is much less than the mean length of the
wood fibers in paper -like samples. The order of sinter grain size is nearly 0.1 mm
which is comparable with the thickness of the paper samples. Based on microscopic
observations, the surface of the plates is highly planar and the pores are deep and
narrow, mode width of the pores being 26 µm. Intrusion of the fibres into the surface
pores under mechanical compression is assumed to take place in the small segments
of individual fibres rather than macroscopic areas of the sample sheets. Large scale
unevenness of the uncompressed plates were tested by profilometry and the varia-
tion was found to be ± 5 µ m. Obliqueness of the plates were corrected by adjusting
the measurement device until the plates were parallel to each other.
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FIGURE 3.3 One of the two identical sintered stainless steel plates with finished sur-
face. The diameter of the plate and the permeable central region are 90 mm and 60 mm,
respectively. Inserted microscopic image shows regions of ground steel (with machin-
ing grooves), low pores (light area without grooves) and deep pores (dark regions).
The relative areas of each region is 40 %, 35 % and 25 %, respectively [Appendix I].
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Measurement procedure

In the beginning of each measurement, a circular sample of diameter of 90 mm was
placed in the permeability chamber and the sintered plates were brought into con-
tact with the sample. The contact point was indicated by a slight increase of com-
pressing force. The pressure difference over the sample was first measured as a func-
tion of air flow rate to verify that the flow condition indeed is in the linear regime
where Darcy’s law is valid. Based on the results of this preliminary measurement,
the air pressure difference was adjusted such that the flow rate is well in this lin-
ear region for the nearly uncompressed sample, giving upstream pressure typically
around 20 kPa. The compressing force was then gradually increased typically in
steps of 1 kN until the maximum of 40 kN (corresponding to mechanical pressure
step of approximately 0.16 MPa) keeping the air pressure difference approximately
constant. Notice that since the flow rate decreases with increasing compression, the
flow condition remains in the linear regime throughout the compression experi-
ment. After each increase of compressing force, a short relaxation time was allowed
for the sample, and the steady state values of flow rate, pressure difference, sample
thickness and compressing force were recorded. The ratio between air pressure dif-
ference and compressive stress was kept small (in all cases less than 0.15) in order
to avoid non-uniform compaction of the sample due to network forces. After cer-
tain data corrections the value of the transverse permeability coefficient kzz at each
state of compression was calculated using Darcy’s law for compressible fluid flow,
Eq. (2.8). The effect of the compressibility was typically found to be 0–5 % for the
transverse measurements.

Data correction and uncertainty estimation

The particular objective of the development of the PMD was to obtain a method
that would be applicable especially for sheet-like samples. Special effort was made
in eliminating the known sources of inaccuracy both within the measuring device
and within the experimental procedure, and for correcting the data for secondary
flow effects. The measured values of thickness, pressure loss and flow rate must
be corrected for effects caused by elastic deformation of the device, for pressure
loss due to device geometry and for the effective flow area through the sample,
respectively.
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FIGURE 3.4 Examples of correction data sets. (a) Thickness correction vs. compres-
sion pressure with a fitting function. (b) Measured data for device loss, i.e. pressure
loss vs. volumetric flow rate for an empty device. (c) Example of a flow area correction
showing the uncorrected permeability data (calculated using the area A0 of the entire
permeable central region of the sintered plates), the value of permeability for uncom-
pressed sample and the data corrected for the effective flow area Aeff [Appendix I].
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The correction to thickness measurement was determined by first bringing the
sintered plates in contact (using a very small loading force) and adjusting the read-
ing of each displacement transducer to zero. The mechanical load was then grad-
ually increased to a maximum value of 40 kN while recording the readings of the
displacement transducers. The average reading of the three transducers is shown
in Fig. 3.4a together with a fitting function that is a combination of first order poly-
nomial and exponential functions. This compression pressure dependent correction
is subtracted from the measured thickness of the actual experiments. The thickness
correction was verified occasionally during measurements and redetermined after
disassembly and reassembly of any mechanical part of the frame of the device (see
Fig. 3.1). The typical effect of the thickness correction at the maximum mechanical
compression load is 10 % - 40 % of the measured thickness of the sample.

The air pressure difference is measured between the lower and upper flow
chambers. In addition to the loss caused by the sample, the measured pressure dif-
ference is thereby affected also by the loss appearing in supporting structures and
sintered plates. The influence of the structure was therefore determined by measur-
ing the loss coefficient i.e. the ratio between pressure difference and volumetric flow
rate for the empty device and subtracting the effect from the measurement results.
Fig. 3.4b shows the measured pressure difference as a function of flow rate for empty
device and clearly indicates linear behaviour that is in accordance with Darcy’s law.
The typical effect of this correction is 10 % - 40 % of the measured pressure differ-
ence.

FIGURE 3.5 Spreading of fluid flow in a porous sample.

The surface of the sintered plates is not completely open for flow, i.e. the flow
area measured from the surface pores of the sintered plate is smaller than the perme-
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able central region A0 of diameter 60 mm. On the other hand, the fluid emanating
from the pores of the sintered plates can spread in the sample in a manner that
depends on the pore structure of also the sample, see Fig. 3.5. The actual area of
flow through the sample is therefore not exactly known. The effective flow area,
Aeff can be found for each type of material by measuring the permeability of an
uncompressed sample with no sintered plates assembled in the device. In this ex-
periment, the sample is compressed only at its peripheral part to prevent any flow
on that region, and the central part is fully open for flow. The effective flow area is
then determined such that the value of permeability found in actual compression
experiments (extrapolated to zero compression) coincides with that measured with-
out sintered plates. Notice, that a small degree of compression is necessary for a
meaningful measurement with sintered plates in order to avoid leakages along the
surfaces. An example of the resulting correction to original data is shown in Fig.
3.4c. Clearly, this correction procedure is based on an assumption that the effective
flow area does not vary significantly with the degree of compression. Typical values
for the area ratio Aeff/A0 are between 0.6 and 0.9 for fibrous porous samples.

The most important sources of error involved in the present method appear to
be the error of the thickness measurement and the uncertainties included in various
corrections applied in the measured results. Rather conservative assumption is that
the relative uncertainties of the corrections made to thickness, flow area and pres-
sure difference are 40 %, 40 % and 10 %, respectively. The maximum relative error
of the permeability results can be estimated using equation [Taylor, 1997]

δkii
kii

=
δCLii

Lii
+
δCA
A

+
δCP
P

, (3.1)

where δCLii
, δCA and δCP are the error values for thickness, flow area and pressure

measurements after applied data corrections.

The upper limit of the error is met with thin samples under high mechanical
load. The effect of the thickness correction for thin samples is typically 40 %. The
thickness values of thin samples are often order of 100 µm. Under high compression
pressures the thickness correction is approximately 40 µm with error of δCLii

= ±
16 µm. The amount of flow area correction for sheet-like samples is about 30 %.
The area of the sintered plates is 0.00284 m2 and thus the error of the flow area is
δCA = ± 0.00034 m2. The effect of pressure loss correction for compressed samples
is estimated to be 20 %. The pressure loss during the experiments is typically of
the order of 20 kPa and the amout of the maximum instrument-specific correction
is 5 kPa with error of δCP = ± 0.5 kPa. Utilising Eq. (3.1) and the preceding error
assumptions the estimation of the maximum uncertainty of the present results is
less than 35 %. With thicker samples and with thin samples under low or moderate
loading, the relative uncertainty is less than the above-mentioned maximum value.
Taking into account the large variation of permeability between different materials
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and even with the same material under different states of deformation, this accuracy
can be considered satisfactory.

3.3 In-plane permeability

Sample chamber

The only difference between the transverse and in-plane measurement set-up is the
sample chamber. A schematic illustration of the modified sample chamber for in-
plane flows is presented in Fig. 3.6a. A rectangular sample of dimensions 70 mm
x (5 - 15) mm, is attached between smooth stainless steel plates presented in Fig.
3.6b. The gaps between the sample and the compression plates are sealed using
double sided tapes and elastic sealing compound. This is done in order to avoid
flow around the sample and to minimise contact boundary effects. The long side of
the rectangular sample sheet is perpendicular to the main flow direction.

FIGURE 3.6 (a) A detailed illustration of the sample chamber for in-plane permeabil-
ity measurements with sample placed between double sided tapes to avoid leakages
along the sample surfaces. (b) Upper and lower compression plates [Appendix II].

Measurement procedure

The measurement procedure was conducted similarly as during the transverse flow
measurements. The only significant difference was the sample preparation. In order
to increase the flow area, the sample sheets (with thickness in the range 100–500
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µm) were sandwiched as stacks of 3–10 layers by plastic impermeable double-sided
tapes. The sample stacks were then cut to the suitable dimensions. According to the
microscopy (see Fig. 3.7) and micro-tomography observations the pores on the cut
vertical edges were open for the fluid flow and significant gaps between the tapes
and samples did not exist.

FIGURE 3.7 A microscopy image of a stack of cardboard samples [Alaraudanjoki,
2008].

In the beginning of each measurement, a rectangular sample sheet or a sample
stack was placed in the permeability chamber, see Fig. 3.6. The sample was care-
fully taped between the rectangular supporting plates by double sided tapes and
the contact was confirmed by a slight increase of compressing force. The pressure
difference over the sample was first measured as a function of air flow rate to ver-
ify that the flow condition is in the linear flow regime. For the actual permeability
measurements, the average upstream pressure was typically selected to be around
30 kPa – 50 kPa. After each increase of compressing force, a short relaxation time
was allowed for the sample. The steady state values of flow rate, pressure differ-
ence, sample thickness and compressing force were recorded. Finally, the value of
the in-plane permeability coefficient kxx (or kyy) at each state of compression was
calculated using Darcy’s law for compressible fluid flow, Eq. (2.8). The effect of the
compressibility was typically found to be 5–15 % for the in-plane measurements.

Data correction and uncertainty estimation

For the in-plane measurements the pressure loss caused by the device is negligible
due to the geometry of the sample chamber, see Fig. 3.6. The whole inlet edge of a
sample is open for fluid flow and the concept of the effective flow area is not needed.
However, the flow area is calculated utilising the thickness measurement data. The
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thickness correction was estimated similarly as in the case of the transverse mea-
surement set-up, but taking the compressibility of the two-sided tapes into account.
The thickness correction was determined by first bringing the supporting plates in
contact with the two sided tapes (using a very small loading force) and adjusting
the reading of each displacement transducer to zero. The mechanical load was then
gradually increased while recording the readings of the displacement transducers.
This compression pressure dependent correction is again subtracted from the mea-
sured thickness of the actual experiments.

In the case of in-plane flow measurements, the terms for uncertainties of flow
area and pressure loss in Eq. (3.1) are neglected. The uncertainty of the thickness
measurement data (which determines the flow area) is estimated as in the case of
transversal measurements. The maximum uncertainty of the present results is esti-
mated to be less than 20 %. This upper limit is met with thin samples under high
mechanical load. With thicker samples and with thin samples under low or moder-
ate loading, the relative uncertainty is less than this maximum value.



26 CHAPTER 3. EXPERIMENTAL PERMEABILITY ANALYSIS



Chapter 4

Numerical permeability analysis
based on tomographic reconstructions

Flow through the pore space of complex structures have been widely studied also
with computational methods, e.g. Refs [Koponen et al., 1996,Succi, 2001,Aaltosalmi
et al., 2004,Arns et al., 2004,Belov et al., 2004,Kerwald, 2004,Ramaswamy et al., 2004,
Nordlund et al., 2005,Verleye et al., 2005,Levitz, 2005,Hyväluoma et al., 2006,Lund-
ström et al., 2005, Versaevel et al., 2006, White et al., 2006, Keehm et al., 2006, Fourie
et al., 2007, Nordlund et al., 2007, Wiegmann, 2007, Jaganathan et al., 2007, Verleye
et al., 2007, Vidal et al., 2008, Andersson et al., 2009, Frishfelds et al., 2009]. Some
of these recently published studies utilise computerised x-ray micro-tomography
(CXµT) reconstructions in combination with numerical methods. In this part of the
work, creeping flow through porous materials is solved by utilising the lattice Boltz-
mann method (LBM) with a numerical grid given by x-ray tomographic reconstruc-
tions of actual material samples. The LBM is based on solving the discrete Boltz-
mann equation instead of the standard continuum flow equations.

In this chapter, special attention is paid for developing the procedures for to-
mographic imaging, image processing and numerical analysis in particular appli-
cations related to fibrous porous heterogeneous materials. The reliability of the nu-
merical analysis results are estimated by comparing them with the experimental re-
sults or in some cases with the corresponding analytical values. The numerical LBM
results are also compared with the results obtained by other numerical methods,
namely finite-element method (FEM) and finite-difference method (FDM).

4.1 X-ray micro-tomographic imaging

Authentic simulation geometries were obtained by utilising computerised CXµT.
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 de-
pend on the techniques used. In this work, a table-top scanner (Sky-Scan 1172) based
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on x-ray tube, and a tomographic imaging facility ID19 of the European Synchrotron
Radiation Facility (ESRF) were used, see Fig. 4.1.

The voxel resolution of the table-top device can be varied from a few microme-
tres up to few tens of micrometres. Here the voxel resolution of the tomographic
reconstructions produced by the table top scanner was 4.48 µm and the diameter
of the samples 6 mm. The table top scanner was utilised for imaging the structures
of the synthetic non-woven felt and the wet pressing felt. With the set-up used at
ID19 facility, the voxel resolution was fixed to 0.7 µm and the diameter of the full
tomographic reconstruction was 1.4 mm. The ID19 facility was utilised for scanning
the cardboard and the paper -like samples. Specific plastic sample holders were de-
signed and manufactured to enable scannings of the samples under adjustable static
compression levels, see Figs 4.1b and c.

FIGURE 4.1 The tomographic devices used in this work. (a) SkyScan1172 tomographic
scanner and (b) insert to sample chamber. (c) Hutch of the beam line ID-19 and (d)
insert to show sample holder. Direction of the X-ray beam is presented for both the
scanning set-ups.
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4.2 Implementation of the lattice Boltzmann method

The LBM is particularly well suited for solving fluid flow in complex geometries
such as in the pore space of irregular porous media [Succi et al., 1989,Koponen et al.,
1996,Manwart et al., 2002,Martys and Hagedorn, 2002,Arns et al., 2004,Belov et al.,
2004, Kerwald, 2004, Kutay et al., 2006, White et al., 2006, Eker and Akin, 2006, Pan
et al., 2006, Vidal et al., 2008]. This advantage of the method follows mainly from
straightforward implementation of the no-slip boundary condition on fluid-solid
interface. In the LBM scheme used in this work, the no-slip condition was realised
by utilising the standard halfway bounce-back boundary condition. Furthermore,
the particular D3Q19 model of LBM with the linear two relaxation time approx-
imation of the Boltzmann equation introduced by Ginzburg et al. [Ginzburg and
d’Humiéres, 2003, Ginzburg et al., 2008] was used. 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 Bhatnagar-Gross-
Krook (BGK) model [Bhatnagar et al., 1954,Ginzburg and d’Humiéres, 2003,Hayashi,
2003, Pan et al., 2006, Ginzburg, 2008].

Numerical grid from tomographic reconstructions

Suitable subvolumes were cropped out of the full CXµT reconstructions, filtered by
variance-weighted mean filter [Gonzalez and Woods, 2002] and thresholded to yield
a binary image including the solid material and the pore space. A typical subvol-
ume size thus obtained for the felt samples were 500x500x(300-420) voxels, where
the last dimension is for the thickness of the sample and varies with the degree of
compression. For paper -like samples, the grid sizes were 300x300x(100-200) voxels.
For cardboard -like samples, the typical grid sizes varied from 300x300x(100-200)
voxels to 1000x1000x(300-600) voxels. A visualisation of a binarised tomographic
subvolume is presented in Fig. 4.2a. The processed tomographic subvolumes were
used as a uniform cubic grid (voxels of the tomographic image) for numerical solu-
tion of flow through the pore spaces. Figure 4.2b-c demonstrate the cubic numerical
grid based on a tomographic reconstruction. Within the numerical analysis by LBM
the velocities and pressures are defined at these lattice points (the centre points of
the cubic unit cells).

The binarisation processes of the CXµT reconstructions is known to affect the
numerical analyses results to some extent [Stock, 2009]. However, the major source
of uncertainty in numerical permeability analysis is the statistical error caused by
the heterogeneous structure of the materials together with the small size of the sam-
ples limited by the computational resources available. In order to minimize the ef-
fect of local variations in heterogeneous materials, representative samples for the
micro-tomography were selected carefully from larger samples sheets. For example,
an optical formation map of the paper and cardboard sheets were obtained using
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digital imaging with transillumination. The tomographic samples were then taken
from locations of the sheet where the local optical density equals the mean optical
density of the sheet. Also, the limited resolution of the tomographic reconstructions
have a contribution to the uncertainty on the numerical results. This discretisation
error is discussed later in Sec. 4.3.

FIGURE 4.2 Schematic illustrations of computational grid based on a tomographic
reconstruction of hardwood paper sample: typical binarised subvolume of a CXµT
reconstruction for numerical analysis (a) (voxel resolution of the reconstruction is 0.7
µm), insert to visualise the cubic grid of a small segment of the subvolume (b), insert
to show the lattice points in the real micro-scale structure (c) and implementation of
the standard halfway bounce-back boundary condition (d).

Body force and boundary conditions

During the numerical permeability analysis the body force mimics the upstream
pressure of the experimental measurements. The computed values of permeability
are, in principle, independent on the selected values of body force as long as the
resulting flow is well in the creeping flow regime.
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The standard halfway bounce-back boundary condition was utilised to imple-
ment the no-slip boundary condition on the fluid-solid interface, (see 4.2d).

On the sides parallel to the main flow direction, periodic or reflection symme-
try boundary condition was applied. Periodic condition was used for flow analysis
through computationally generated sample models and reflection symmetry for the
tomographic reconstructions. However, in the cases where LBM results were com-
pared with the results obtained by FDM, the periodic condition was enforced also
for the tomographic geometries.

Periodic boundary condition was applied in the flow direction. In order to
attenuate undesired propagation of the downstream information to the upstream
flow, thin layers of fluid were added on the upstream and downstream boundaries
of the sample and momentum averaging was applied on a single cross-section of
the fluid layer. These additional fluid layers also mimic the experimental measure-
ment conditions, where the boundaries of the samples in the flow direction are in
principle open for flow. In Fig. 4.3 are two visualisations of the flow speed (norm
of the velocity vector) fields (in z and x directions) through the subvolume that was
introduced in the Fig. 2.1.

FIGURE 4.3 Visualisation of numerically solved flow speed (norm of the velocity
vector) fields through the hardwood paper subvolume introduced in Figs 2.1 and 4.8:
fluid flow in z-direction (a) and in x-direction (b). Also shown are the additional ten
fluid layers on both sides of the subvolumes in flow direction. Red and blue colours
indicate high and low flow speed, respectively
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4.3 Comparison and testing

Regular geometries: comparison to analytical, FEM and FDM re-
sults

Numerical LBM permeability results for computationally generated regular rod ge-
ometries were compared with the values obtained by two other numerical methods,
namely FEM and FDM. The computationally generated regular geometries consist
of rods with circular and square cross sections. The numerical analyses are con-
ducted for hexagonal arrays or rods in four different porosity levels, namely 60 %,
70 %, 80 % and 90 %. In Fig. 4.4 are examples of visualisations of the flow speed
fields solved numerically using LBM in the pore space of hexagonal rod arrays in
porosity level of 70 %. Presented are the main flow directions parallel to rods z, and
perpendicular to rods y and x. The numerical FEM and FDM analyses for the same
geometries were performed by Geindreau et al. [2009].

Comparison between the numerical values of permeability for hexagonal ar-
rays of square rods in different porosity levels is shown in Table 4.1. The maximum
deviation between the numerical values given by the LBM, FEM and FDM is less
than 2.2 %.

TABLE 4.1 Comparison of numerical values of dimensionless permeability in three
coordinate directions for hexagonal array of cylinders with square cross section
(L = 1/2 side length of the cylinder cross section). Also is given the deviation
(kmax − kmin)/kmin between various numerical results [Appendix III], [Geindreau
et al., 2009].

For certain geometries the numerical results were compared with the analyt-
ical ones. Analytical permeability results for the flow parallel to the rods (kzz) are
calculated by the equation introduced by Drummond and Tahir [1984], Eq. (2.15).
Semi-analytical tabulated results for the permeability values for the flow perpendic-
ular to the rods (kxx and kyy) are given by Sangani and Acrivos [1982]. The agreement
between the numerical and analytical results is good, as indicated by Fig. 4.5.
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FIGURE 4.4 Visualisations of numerically solved flow speed (norm of the velocity
vector) fields through hexagonal arrays of (circular and square cross-section) cylin-
ders at 70 % porosity level. The main flows are in (a) z, (b) y and (c) x -directions.
Red and blue colours indicate high and low flow speed, respectively. The same colour
represents the same flow speed in all the visualisations.
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FIGURE 4.5 Numerical and analytical values of dimensionless permeability (for flows
perpendicular and parallel to rods) for hexagonal array of circular cylinders (with
radius r) at different porosity levels [Appendix III] [Geindreau et al., 2009].
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Estimation of discretisation uncertainty

The finite resolution of the tomographic reconstruction, as set by hardware limita-
tions or by trade-off between resolution and sample size, also sets a practical upper
limit for the density of the grid for numerical flow analysis. The straightforward
method for grid generation in which the numerical grid is a regular cubic lattice
based on the tomographic image itself is used. The unit cell of the numerical grid
thus equals the cubic voxel of the digital tomographic reconstruction. In order to es-
timate the accuracy of the solution obtained using such a relatively coarse numerical
grid, the values of permeability coefficients for a computationally generated model
geometries were analysed. For estimating the discretisation uncertainty, high and
low density grids of square array of circular cylinders at porosity levels of 60 %, 70
%, 80 % and 90 % were analysed. Numerical permeability analyses were conducted
for main flow parallel and perpendicular to the rods, z and x, respectively. The res-
olution of the low density grid was selected such that the diameter of the rods in
grid units corresponded the typical diameter of the fibres in units of voxel size of
the tomographic reconstructions. Visualisation of the flow speed fields through the
high and low density grids (at porosity levels of approximately 70 %) are shown in
the Fig. 4.6.

FIGURE 4.6 Flow speed (norm of the velocity vector) solved using high density grid
(a) and low density grid (b) for an array of circular cylinders (porosities 70 and 71 %,
respectively). The mean flow is in the x direction. Red and blue colours indicate high
and low flow speed, respectively [Appendix III].

The computed results for permeability obtained with high and low density
grids for square array of circular cylinders at different values of porosity are shown
in Fig. 4.7 together with corresponding analytical results. Analytical values for flow
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parallel to the cylinders (z direction) are given by Eq. 2.15 [Drummont and Tahir,
1984] and the semi-analytical results for flow perpendicular to the cylinders (in x−y
plane) by tabulated results of Sangani and Acrivos [1982]. The numerical results
obtained using the high density grid closely agree with the analytical predictions.
The numerical results obtained with the low-density grid deviate from the analytical
and more accurate numerical results. Including all the cases analysed, the maximum
relative deviation between the values of permeability obtained using low density
numerical grid as compared to either theoretical or high resolution numerical results
was, however, less than 10 %.

FIGURE 4.7 Numerical and analytical values of dimensionless permeability, for flows
perpendicular kzz and parallel kxx = kyy to the rods for square array of circular cylin-
ders at different porosity levels [Appendix III].

LBM in porous heterogeneous materials: comparison to FDM and
experimental results

Numerical analyses were conducted for the tomographic subvolumes of a synthetic
non-woven felt and a hardwood paper samples. The felt material consists of nearly
cylindrical smooth fibres of average diameter 34 µm. The fibres are curved to some
extent and have only weak tendency to be oriented in the plane of the felt. Within
that plane, the orientation is isotropic, in average. The structure of hardwood paper
and the internal shape of individual wood fibres are considerably more complicated
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than those of the non-woven felt. The hardwood paper handsheet is manufactured
from mechanical hardwood pulp and it has grammage of 56 g/m2 and thickness of
0.106 mm. Wood fibres typically include a lumen and a cell wall with flattened ir-
regular cross-section. The wall thickness and the average diameter of the fibres were
found to be approximately 4 µm and 20 µm, respectively. In paper -like materials,
the fibres are strongly oriented towards the plane of paper but are also isotropically
oriented within that plane [Rolland du Roscoat et al., 2007].

Visualisation of a subvolume of the synthetic non-woven felt and the 3D flow
speed field through it for main flow in z direction is presented in Fig. 4.8. Permeabil-
ity values were analysed in the directions x, y and z (see the coordinate convention
in 4.8a). Visualisations of the hardwood paper subvolume and the 3D flow speed
fields are presented in the Figs 2.1 and 4.3, respectively. Detailed 2D visualisations
of the flow speed fields inside the samples are shown in Fig. 4.9.

FIGURE 4.8 Visualisations of a tomographic subvolume of synthetic non-woven felt
material (a) and the flow speed (norm of the velocity vector) field simulated in the z
-direction through it (b). Additional fluid layers are removed from the visualisation.
In (b), red and blue colours indicate high and low flow speed, respectively.

The numerical permeability results were compared with the experimental data
for the same materials. Numerical and experimental results of permeability in three
directions for synthetic non-woven felt and hardwood paper samples are summarised
in Table 4.2. In this case the numerical results obtained by the two methods, LBM
and FDM, deviate from each other more than in the case of regular arrays. Most
likely, this is just an indication of both methods being less accurate in the complex
geometries. Notice that the boundary of the flow domain (pore space) is in this case
known only to the accuracy of the tomographic reconstruction. It is thus obvious
that the relatively coarse cubic grid provided directly by the tomographic images
does not allow for very accurate solution of flow especially near the solid bound-
aries and in narrow passages.
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FIGURE 4.9 Numerically solved flow field in synthetic non-woven felt (a) and hard-
wood paper (b). Shown is the scaled flow speed (norm of the velocity vector) on single
2D cross sections (x − y plane) of the full 3D solution space within the actual tomo-
graphic subsamples. Red and blue colours indicate high and low flow speed, respec-
tively. Solid material is coloured black. In (a) mean velocity is in the z direction. In
(b) mean flow is in the y direction. Notice also the fluid layers visible at the upstream
and downstream sides of the hardwood paper sample. Inserts show details of the pore
structure and flow velocity pattern with resolution of the numerical grid given by the
tomographic reconstructions (4.84 µm and 0.7 µm for (a) and (b), respectively) [Ap-
pendix III].

The most important single source of uncertainty in the present numerical re-
sults most likely is the rather poor statistics obtained due to the low number and
small size of subsamples. Even though several subsamples were analysed, the vari-
ation of permeability value thus obtained (and indicated in Table 4.2) does not nec-
essarily correspond to the total large scale variation of the sample materials but
merely the variation within the yet rather small original samples scanned. The sam-
ples used in the experiments are much larger and the results are therefore expected
to better represent mean values (apart from possible systematic errors remaining).
Nevertheless, the largest deviation between numerical and experimental results in
these cases is less than 30%. This is of the same order of magnitude than the overall
uncertainty inherent also in the used experimental method for thin samples.
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TABLE 4.2 Numerical and experimental values of permeability in x, y and z direc-
tions (in physical units) for synthetic non-woven felt and hardwood paper sample.
The numerical results obtained with LBM are given as mean values of results based
on five non-overlapping subsamples, and the experimental results as mean values of
five independent measurements with their standard deviation [Appendix II] [Gein-
dreau et al., 2009].
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Chapter 5

Permeability values of compressed
fibre mats

In this chapter the experimental and numerical permeability analysis methods are
applied for certain thin fibrous porous sample types (namely wet pressing felt, card-
board and newsprint) under mechanical stress. Finally in this section the permeabil-
ity of different structural layers of the wet pressing felt are estimated numerically.
Experimental measurements of the permeability values of individual layers are la-
borious or even unfeasible. The results and procedures presented in this section are
applicable e.g. in finding the relevant material parameters for macroscopic models
describing calandering, drying and wet pressing processes related to paper industry.

5.1 Comparison with model predictions and experimen-
tal results

Tomographic imaging of samples under compression

The geometries for the numerical analysis were again obtained utilising CXµT meth-
ods described in Sec. 4.2. In this case, however, the samples were scanned under
static compression enabled by tubular sample holders with adjustable compression
mechanism, see Fig. 5.1. The compression levels of the samples were selected to cor-
respond to the thickness values during the experimental measurements.

Besides the fluid flow properties, the CXµT techniques allows direct analysis
of also other relevant structural properties of the materials involved. For example,
porosity of the sample was obtained from the thresholded subvolumes as the ratio
of the number of pore voxels to the total number of voxels. Furthermore, compar-
ison of tomographic reconstructions of samples at varying degree of compression
shows that the volume of the solid phase remains approximately constant in uniax-
ial compression for the materials considered in this thesis. Using this result, a simple
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FIGURE 5.1 Tubular sample holder for tomographic imaging under static compres-
sion. During the scannings the samples were compressed between two polished class
pistons inside tubular plastic frame. The compression levels were changed by adjust-
ing the distance between the class pistons by compression screw.

relation between the porosity φ and thickness Li of the sample is obtained:

φ = 1− (1− φ0)L0

Li
, (5.1)

where φ0 and L0 are the the porosity and the thickness of the sample obtained from
the tomographic reconstruction in an arbitrary reference state, see Fig. 5.2.

FIGURE 5.2 Visualisations of tomographic reconstructions of a wet pressing felt sam-
ple under different compression levels.
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Numerical and experimental results

In Fig. 5.3 shown are the experimentally measured values of permeability coeffi-
cient as a function of porosity (calculated using Eq. 5.1) for plastic wet pressing
felt (grammage W=1630 g/m2 with original thickness of L0=2.248 mm), cardboard
made of chemical and mechanical pulp (W= 247 g/m2, L0= 0.412 mm) and soft nip
calendered newsprint made of mechanical pulp (W= 52 g/m2, L0= 0.098 mm). Also
shown are the corresponding results from LBM analysis. Four non-overlapping sub-
volumes from different locations of each tomographic reconstruction were used for
numerical analysis. The error bars in the numerical results include the estimated
statistical uncertainty due to the relatively small size of the samples that could be
used in the analysis. The statistical uncertainty of the numerically solved values of
permeability was thereby found to be less than ± 25 % for all sample types and
under different compression levels. The maximum deviation of the measured and
numerical values of permeability coefficient is less than 30 % including all cases. The
results for the three different materials are in an order of magnitude agreement with
earlier results for similar materials [Lindsay and Brady, 1993a, Lindsay and Brady,
1993b, Boerner and Orloff, 1994, Vomhoff et al., 2000].

The fitted curves based on equations by Happel, Kuwabara and Brundrett, Eqs
(2.11), (2.12) and (2.17), are shown for the samples in Fig. 5.3. For all the cases, the
Kozeny-Carman (not shown here) relation Eq. (2.9) gave results that were nearly
identical with Happel formula Eq. (2.11). For the wet pressing felt sample, the Hap-
pel formula shows only marginal agreement with the data. One reason for this may
be the highly inhomogeneous layered structure of the felt material. Nevertheless, the
Happel formula allows for an order of magnitude comparison with the measured
results: the radii of the two fibrous materials used in the present felt sample, i.e. the
wire used in the woven base structure and the fine batt used in the surface layers,
were analysed from the tomographic reconstructions, and found to be 115 µm and
30 µm, respectively. These are to be compared with fitted value 90 µm of the fibre
radius r that appears in the Happel formula. For the cardboard sample, the Happel
equation can not reproduce the measured data very well. However, the fitted value
of the fibre radius r is 7 µm for the cardboard sample, which is quite close to the
average wood fibre radius. For the wet pressing felt and the cardboard samples the
Kuwabara correlation predict much lower decrease of permeability with decreasing
porosity as compared to the measured values. However, the Brundrett correlation
can be well fitted for both the wet pressing felt and the cardboard.

The newsprint data can be well fitted by the Kuwabara correlation. The fitted
value of the fibre radius r that appears in the Kuwabara formula is 0.5 µm, which
underestimates the radius of wood fibres but represents more likely the fines of the
mechanical pulp. For the newsprint sample, the Happel and the Brundrett correla-
tions are qualitatively distinct from the experimental and numerical data. They pre-
dict much stronger decrease of permeability with decreasing porosity as compared
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to measured values. A plausible reason for this deviation is that the thin newsprint
sample might include ’pinholes’, i.e. more or less straight passages of flow through
the sample that are not significantly constricted by compression. Consequently, it
appears that the newsprint data can be well fitted by a modified Brundrett formula

k = m1
φ2

(1− φ2)
+m2, (5.2)

where m2 is an another constant.
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FIGURE 5.3 Numerical and experimental values of transverse permeability under
various porosity levels with Happel (1959), Kuwabara (1959) and Brundrett (1993)
fittings for (a) wet pressing felt, (b) cardboard and (c) newsprint samples [Appendix
I]. The error bars of numerical results include the statistical variation due to small
sample size estimated as the standard deviation for four independent subsamples (all
the four results shown only for the highest porosity level). Experimental results are
given for three similar samples. The total error of the experimental results is estimated
to be less than 35 % (not shown).
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5.2 Analysis of layered structures

The measured values of transverse permeability coefficient given in Sec. 5.1 were
calculated by Darcy’s law (Eq. (2.8)) using the total pressure difference over the en-
tire thickness of the sample. These results (and the corresponding numerical values)
thus represent effective mean values over the transverse dimension of the materials.
The structure of the wet pressing felt studied here 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 [Roux and Vincent, 1991, El-Hosseiny, 1991, Kataja
et al., 1992]. In wet pressing process 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 di-
rect 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. For this part of
the work, a wet pressing felt sample with grammage 1630 g/m2 and original (not
compressed) thickness 2.44 mm was studied.

Image analysis

The regions of different kinds of fibres in the triple-layered structure of the present
wet pressing felt overlap; the concept of a layer is, to certain extend, a matter of def-
inition (see visualisation of the 2D slices of tomographic reconstructions in Fig. 5.4).
Here the layers are defined by means of the distribution of average fibre diameter
in the transverse direction. Fig. 5.5 shows such distributions found by the maximal
sphere filling algorithm applied on the solid phase in binarised tomographic recon-
structions of the sample scanned at two levels of compression. The middle layer is
clearly visible as a plateau of fibres with relatively high value 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 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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FIGURE 5.4 2D slices of tomographic reconstructions 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. 5.5 [Appendix II]

FIGURE 5.5 Distribution of mean fibre diameter in transverse direction in two states
of compression of the wet pressing felt sample. The vertical dashed lines indicate po-
sitions of boundaries between the top, middle and bottom layers of the felt [Appendix
II].
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Transverse flow permeability

The numerically analysed dependence of compression (thickness of the entire felt
sample) on transverse permeability coefficients kzz for the three layers of the wet
pressing felt are presented in Fig. 5.6a. The mean permeability values for the en-
tire thickness of the sample determined numerically and experimentally is also pre-
sented. In Fig. 5.6b shown is the same data but plotted for each layer as a function
of porosity of the layer. The mean permeability results are plotted as a function of
porosity of the entire sample. The values of porosity were calculated using Eq. (5.1).
Numerical analyses 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.

The transverse permeability of the top layer is, as expected, lower than the per-
meability 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
in Fig. 5.6b, 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 higher value
of flow permeability than that of a corresponding bulk material.

Comparing the results shown in Fig. 5.6 indicates that the behaviour of the
mean permeability of the entire sample differs significantly from that of individual
layers. For the present wet 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. Clearly, such a difference should be taken
into account e.g. in numerical analysis of water removal in wet pressing process.
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FIGURE 5.6 Numerical values of transverse permeability for top, middle and bottom
layers of the wet pressing felt as a function of thickness of the entire sample (a) and
as a function of porosity measured separately for each layers (b). In (a) and (b) given
are also the experimental and numerical values of mean permeability for the entire
sample. Numerical analyses have been made for five subsamples in the cases of the
highest thickness/porosity value in order to estimate the statistical variation of the
results [Appendix II].
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In-plane flow permeability

The in-plane permeability coefficients kxx for the three layers of the wet pressing felt
as a function of the entire sample thickness are shown in Fig. 5.7a. Also shown is the
mean permeability for the entire sample determined by LBM and by experimental
measurements. In Fig. 5.7b shown is the same data but plotted for each layer as a
function of porosity of the layer. The mean values of permeability are plotted as a
function of the porosity of the entire sample. Numerical analyses 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. The in-plane permeability values are also
obtained by FDM for the lowest compression levels [Geindreau et al., 2009].

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). For the
wet pressing felt sample, the in-plane permeability of the top layer is smaller than
the mean in-plane permeability by a factor of 2-3 in the range of overall compression
studied here.

The results presented in the Sec. 5.2 and the Figs 5.7a and 5.7b demonstrate
clearly the advantage of the combination of numerical methods with CXµT for analysing
permeability values of complex materials. The experimental measurement techniques
are applicable only for measuring the mean permeability values and are not suitable
for detailed analysis of single layers.
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FIGURE 5.7 Numerical values of in-plane permeability for top, middle and bottom
layers of the wet pressing felt as a function of thickness of the entire sample (a) and as
a function of porosity measured separately for each layers(b). In (a) and (b) given are
also the experimental and numerical values of mean permeability for the entire sample
and the FDM results for the lowest compression levels. Numerical LBM analyses have
been made for five subsamples in the cases of the highest thickness/porosity value in
order to estimate the statistical variation of the results [Appendix II].
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Chapter 6

Structure and imbibition

Imbibition in porous heterogeneous materials is a complicated process due to the
complex internal micro-scale structures of the media. During the last century, the
phenomena related to the imbibition process have been investigated by various
methods, see e.g. Refs [Lucas, 1918,Washburn, 1921a,Washburn, 1921b,Dullien et al.,
1977, Bear, 1972, Dullien, 1979, Lenormand and Zarcone, 1984, Coles et al., 1998,
Senden et al., 2007, Turian and Kessler, 2000, Dube et al., 2000, Erickson et al., 2002,
Bico and Quéré, 2004, Mélean et al., 2003, von Bahr et al., 2004, Roberts et al., 2003,
Alava et al., 2004,Dube et al., 2007,Fabritius, 2007,Hyväluoma, 2009]. Some of these
recent studies are based on CXµT techniques. In this part of the work, tomographic
reconstructions are combined to a void space segmentation analysis for studying
structural characteristics of pore structure and their relation to imbibition process.
The utilisation of the methods is demonstrated by running the analyses for a series
of tomographic reconstructions of porous heterogeneous materials, namely liquid
packaging boards. Values of their water absorption coefficient (introduced by Be-
navente et al. [Benavente et al., 2002]) are obtained utilising the void space segmen-
tation analysis in combination with CXµT reconstructions. These values are com-
pared with experimentally measured results. Also the permeability results obtained
by the numerical lattice Boltzmann analysis are compared with experimentally mea-
sured permeability values. In this part of the work, the experimental permeability
values are obtained from dynamic imbibition measurements.

6.1 Spontaneous imbibition

In Fig. 6.1 is a schematic illustration of a measurement set-up where a strip of a
porous heterogeneous sample is placed in contact with wetting liquid and spon-
taneous imbibition occurs. The liquid front velocity during imbibition process in a
porous sample can be written using Darcy’s law Eq. (2.5) [Alava et al., 2004]

U =
dH

dt
=

1

φ

k

µ

∆p

H
, (6.1)
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FIGURE 6.1 A schematic illustration of imbibition process in a porous sample strip
[Appedix IV].

where φ is the porosity of the material, k is the permeability coefficient, µ is the
dynamic viscosity of the fluid, H is the average height of the liquid front and ∆p is
the capillary pressure.

Simple model for porous material consists of straight cylindrical capillaries
with radius a. The capillaries form an angle α with x direction, see Fig. 6.1. The az-
imuthal angle of the capillaries is randomly distributed. The permeability coefficient
for Poiseuille flow in such a capillary system is given by

k =
φa2

8τ
, (6.2)

where τ = 1/(cosα)2. Using capillary pressure ∆p = (2γ cos θ)/a together with Eqs
(6.1) and (6.2), the mass of the imbibed liquid per cross sectional area of the sample
can be solved. The result is

∆M

A
= φρH = φρ

√
aγcosθ

2τµ

√
t = C

√
t, (6.3)

where ρ is the density of the fluid, γ is the surface tension, θ is the contact angle, t is
time and C is the so-called water absorption coefficient [Benavente et al., 2002].

Although derived assuming a simple capillary model, Eq. (6.3) can be applied
to many porous materials by replacing τ with tortuosity of flow paths (see Eq.
(2.10)) and radius of the capillaries e.g. by the mean hydraulic radius rh = Ap/lp,
where Ap is the cross sectional area and lp is the perimeter of the pore channel. As
demonstrated below, the structural parameters φ, rh and τ contained in the water
absorption coefficient can be estimated directly from tomographic reconstructions
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of porous samples by utilising suitable 3D image analysis tools.

6.2 Demonstration samples and their properties

Sample preparation

Three distinct series of unsized (hydrophilic) and chemically identical cardboards
used in liquid packaging board production were prepared in laboratory conditions.
Laboratory sheets with grammage close to 250 g/m2 were prepared from refined
and unrefined bleached ECF softwood pulp using a dynamic Formette paper sheet
former. The refining degrees of the refined and "unrefined" pulps were 35 SR (Schop-
per Riegler number) and 15 SR, respectively. Different press loads were used to ob-
tain high and low density sheets. The aim of the different manufacturing procedures
was to produce dissimilar pore structures for testing and demonstration purposes.
The demonstration sample types are hereinafter identified by names Ref1, Ref2 and
Ref3. Samples Ref1 and Ref3 were prepared from the unrefined pulp and sample
Ref2 from the refined pulp. Sample Ref3 had the lowest pressing load. Visualisations
of tomographic reconstructions of the samples are shown in Fig. 6.2. The difference
between the samples Ref1 and Ref2 is the higher refining degree of sample Ref2.
Structural details of the samples are listed in Table 6.1.

FIGURE 6.2 Tomographic reconstructions of the demonstration samples: (a) Ref1, (b)
Ref2 and (c) Ref3. Physical dimensions of the visualised sample geometries are (x, y
and z) 700 µm x 700 µm x thickness of the subvolumes. The thickness values of the
subvolumes are 260 µm, 260 µm and 520 µm for Ref1, Ref2 and Ref3, respectively
[Appendix IV].
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TABLE 6.1 Porosity, thickness, grammage and density values of the demonstration
samples [Appendix IV].

Void space segmentation analysis and pore size distribution

Micro-scale structures of the demonstration samples are obtained by a void space
segmentation analysis (VSSA). In the beginning of the VSSA the whole pore struc-
tures in tomographic subvolumes (see Fig. 6.2) are divided to individual pores by a
watershed based segmentation algorithm [Berry and Burnell, 2001]. A single pore is
assumed to be connected to the neighbouring pores by local narrowings, i.e. throats.
Segmentation to individual pores is realised by fitting spheres into the whole void
space. The throats are defined as a local minimum of the radii of fitted spheres. Fit-
ting of spheres is performed in 3D, thus the throats are detected in all directions and
shapes. After locating the throats, the void space is divided to individual pores. A
schematic illustration of three neighbouring pores in the pore network is shown in
Fig. 6.3. Thus, in order to increase the image noise tolerance, isolated solid objects in
the void space of the reconstructions are allowed inside the fitted spheres. The seg-
mented void spaces can be used for analysing the pore and throat size distributions.
Image moments [Gonzalez and Woods, 2002] are utilised to calculate volumes, cen-
tres of mass and principal axes of the identified pores. The graph structures obtained
by the image moments include nodes representing the centres of mass of each pore
and lines connecting the neighbouring ones, i.e. chords presented in Fig. 6.3. Fur-
thermore, the information related to orientation and length of the chords, is used for
analysing fluid flow tortuosity τ through the void space. Line segments describe the
average dimensions of void channels to a certain direction. A few line segments are
sketched in the y-direction in the Fig. 6.3.

The pore radius distributions given by the VSSA were compared with experi-
mental mercury intrusion porosimetry results. Modes and medians of the distribu-
tions for each demonstration sample types are listed in Table 6.2. The methods gave
qualitatively similar distributions. Also the differences between the sample types
were found explicitly with both the methods. The VSSA combined to CXµT was
observed to be suitable for structural characterisation and comparison purposes. By
utilising the VSSA it is possible to characterise structural details of a porous material
within the tomographic imaging resolution precision.
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FIGURE 6.3 A sketch of three neighbouring pores separated by the VSSA. Centres of
mass, chords, pore throats, and line segments are identified. The void space is illus-
trated black [Appendix IV].

TABLE 6.2 The VSSA combined to tomographic reconstructions and mercury (Hg)
intrusion porosimetry values for modes and medians of the pore radius distributions
Image analysis results are given as mean values of the three analysed subvolumes per
sample type. Statistical uncertainty of the image analysis results is ± 20 %. Hg results
are given for one measured sample strip with dimension of 50 mm x 50 mm [Appendix
IV].

In-plane permeability

Experimentally determined in-plane imbibition speeds as a function of liquid col-
umn heights for imbibition processes in x and y directions are shown in the Fig.
6.4. Experimental measurements were conducted for sample strips with dimensions
of 40 mm x 150 mm, the long side being parallel to the imbibition direction, see
schematic illustration of the measurement set-up in Fig. 6.1. Dynamic imbibition ex-
periments were conducted by ion-changed water solution of (30 % in mass) potas-
sium iodine and blue litmus colour. Permeability is estimated (by utilising equation
Eq. (6.1)) from the fitted curves

U = fp
1

H
, (6.4)
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TABLE 6.3 Experimental and numerical permeabilities. Numerical LBM results are
given as mean values of three independent subvolumes per sample type. Statistical
variation of the numerical results is ± 20 % [Appendix IV].

where fp is a fitting parameter (see Fig. 6.4). Permeability is calculated from the
experimental data using constant capillary pressure, constant median pore radius
value (see Table 6.2) and constant porosity (see Table 6.1). The experimentally mea-
sured values for the surface tension, viscosity and contact angle were γ = 0.072 kg /
s2, µ = 0.001 (kg m)/s and θ = 9◦, respectively [Appendix IV].

Numerical lattice Boltzmann permeability analyses were conducted for three
independent tomographic subvolumes of each sample types. Numerical LBM and
experimental permeability results for the demonstration samples are listed in table
6.3. Factors between the experimentally determined permeability values and nu-
merical LBM results vary for samples Ref1 and Ref2 between 1.05–1.51. For the sam-
ple Ref3 the difference between the experimental and numerical results is higher.
The deviation between the results may be at least partly explained by swelling ef-
fects of the fiber structure due to wetting liquid. Also gravity can influence the ex-
perimental results. In the numerical analysis the gravity and swelling effects are not
included. The limited resolution of the tomographic reconstruction may also cause
uncertainty in the numerical results.
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FIGURE 6.4 Experimentally measured imbibition speed as a function of imbibition
height for imbibition processes in (a) x and (b) y directions [Appendix IV].
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Water absorption coefficient

Water absorption coefficients (in Eq. (6.3)) of the demonstration samples were mea-
sured experimentally and by characterising the structural properties (φ, rh and τ )
utilising the VSSA. Porosities of the samples were obtained from thresholded sub-
volumes as the ratio of the number of void voxels to the total number of voxels.
Pore throat sizes were estimated from pore throat size distributions as median val-
ues. Hydraulic radii of pore channels were estimated as ratio between the area and
the perimeter of the pores. Tortuosity values were analysed from the chord structure
obtained by the VSSA as ratio between the sum of lengths and the sum of length pro-
jections to analysed direction. Contact angle θ and liquid properties ρ, µ and γ of the
(ion-changed water, potassium iodine and blue litmus colour) solution were mea-
sured. These results were utilised for calculating the VSSA -based water absorption
coefficient, θ = 9◦, ρ = 1280 kg/m3, µ = 0.001 (kg m)/s and γ = 0.072 kg / s2.

The water absorption coefficients measured experimentally and estimated from
tomographic reconstructions utilising the VSSA for the demonstration samples are
listed in Table 6.4. The experimental and image analysis results are in good agree-
ment. The maximum difference between the results is 40 %. The difference between
the results may be explained by swelling effects of the fiber structure due to wetting
liquid or influence of gravity. Also limited resolution of the tomographic reconstruc-
tions may cause uncertainty for the numerical results. The sample type Ref3 has the
highest water absorption coefficient due to the highest porosity level. The water ab-
sorption coefficient of the sample Ref1 is on average 45 % higher than of the sample
Ref2. This is due to higher refining degree of the sample type Ref2. Compared to
the sample Ref1, the pore structure of the sample Ref2 is more complex and fine-
structured.

The analyses presented in this chapter demonstrate the utilisation of the com-
bination of CXµT and image analysis methods for studying connections between
the characteristics of pore structure and imbibition properties. The advantage of
the combination of CXµT and the VSSA is that the structural characteristics of a

TABLE 6.4 Water absorption coefficients measured experimentally and estimated
from tomographic reconstructions utilising the VSSA. Image analysis results are given
as mean values of three independent subvolumes. Statistical uncertainty of the image
analysis results is ± 20 % [Appendix IV].
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porous heterogeneous materials can be analysed straight from tomographic recon-
structions. This information can readily be utilised for predicting the fluid flow
properties of a porous heterogeneous material without solving the actual fluid flow
numerically, experimentally or analytically. However, advanced statistical analysis
is further required to establish the reliability of the results obtained by the VSSA.
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Chapter 7

Conclusions and Outlook

The objective of this thesis was to find out if it is possible to numerically model fluid
flow in realistic porous materials and to obtain results that agree quatitatively with
experimental data. To this end, numerical and experimental methods for analysing
fluid flow properties of porous materials were developed. Combination of a numer-
ical lattice Boltzmann method and micro-tomographic reconstructions was utilised
for analysing fluid flow permeability through porous media. Special attention was
paid for producing realistic computational grids for the numerical permeability
analysis utilising high-resolution tomographic imaging and advanced image pro-
cessing methods. A major potential source of uncertainty within the approach of
using a numerical method in combination with tomographic reconstruction is the
numerical error caused by the finite resolution of the numerical grid used. The dis-
cretisation error was estimated solving fluid flow through numerical grids of dif-
ferent sizes and the resulting values of permeability coefficient were compared with
analytically solved values. The discretisation error for the fibrous materials analysed
in this thesis was estimated to be less than 10%.

The results obtained by the numerical lattice Boltzmann method were verified
in several ways. First, by analysing permeability values of various rod geometries
and comparing the results with the corresponding analytical values and to the nu-
merical values solved by finite-difference and finite-element methods. Second, the
numerical lattice Boltzmann permeability values for realistic fibrous materials were
compared with the results obtained by finite-difference method. Finally, the numer-
ical permeability values were compared with experimental results. To this end, a
measurement device and a procedure for measuring the Darcian permeability co-
efficient of compressible porous materials was developed and tested. The method
was designed to be especially suitable for measuring thin sheet-like samples. The
construction of the permeability measurement apparatus, the experimental proce-
dure used and the data processing were all designed in the purpose of minimising
the known sources of uncertainty. Estimate for the maximum total errors for the
transversal and in-plane permeability results are 35% and 20%, respectively. The
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device was applied for measuring the dependence of transverse and in-plane flow
permeability for air on the degree of compression for different materials, namely
wet pressing felt, cardboard and newsprint.

The methods based on tomographic imaging and numerical methods for solv-
ing fluid flow properties in porous heterogeneous materials was tested to be suitable
procedure for evaluating permeability of porous heterogeneous samples under var-
ious compression levels. Permeability values of various compressed fibre mats were
evaluated under compression and decreasing porosity level by both the experimen-
tal and the numerical methods. The results were found to be in close agreement,
regarding the absolute values of permeability, and its dependence on porosity (de-
gree of compression) of the materials. Numerical permeability analysis was applied
in evaluating the transverse and in-plane permeability separately for top, middle
and bottom layers of the layer-structured wet pressing felt. This application demon-
strates the potential of utilising tomographic reconstructions and numerical analy-
sis methods for solving fluid flow in porous materials. Obtaining such detailed and
new information on material properties would be very difficult to obtain e.g. by
direct experiments.

Methods combining CXµT and image analysis for studying correlations be-
tween internal pore geometry and imbibition process in porous heterogeneous ma-
terials was developed. The usefulness of the image analysis methods was demon-
strated by estimating the water absorption coefficients of three differently manufac-
tured liquid packaging boards. Water absorption coefficients of same materials were
also measured experimentally and the results were found to be in good agreement
with those obtained from 3D tomographic image analysis. In addition, permeability
of the samples was determined both by experimental imbibition measurements and
by numerically utilising the lattice Boltzmann method in combination with x-ray
tomographic reconstructions. The experimental and numerical permeability values
were again in good agreement.

To conclude, the developed analysis methods provide an efficient combination
of tools for analysing the structural details and dynamic properties of existing ma-
terials and even for designing new ones. The methods can lead to new insight into
3D fluid flow properties in porous heterogeneous materials. As recommendations
for future work could be structural and fluid flow analyses of wet fibre webs. Flow
properties through wet fibre webs differ from the properties of dry samples. The dif-
ferences arise from the changes in the fibre structure (e.g. swelling of the fibres), the
portion of such pores which are not accessible for water flow and other flow effects.
The preceding characteristics and much more could be analysed from tomographic
reconstructions of wet samples utilising image processing and numerical analysis
tools. Perhaps in the near future, the development of tomographic imaging applica-
tions reveal the structure of wet fibre webs and thus facilitate the detailed analyses
related to many practical processes.
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