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Preface

During my postdoc I entered the field of porous media. The first thing I did was read
a few good books on porous media. In particular, the books of Professor Dullien
and Professor Sahimi helped me a lot to create an overview in this field. However, I
always kept the feeling that books on porous media could be written more
efficiently. In many books the level of detail is so high, that it is pretty difficult to
keep the overview as a newcomer in this field. When I became Assistant Professor, I
started to give courses to Master students on microfluidics and porous media. While
doing this I again felt the need for a more concise book helping students to catch up
without being distracted by numerous details.

When I was approached to contribute to the IOP series ‘Concise Physics’, it was
immediately clear to me that this was the opportunity for writing a book that
already existed in my mind: a brief but fundamental introduction to the field of
porous media with a main text of around a hundred pages. And I am proud that I
have achieved that limit.

The main challenge while writing was to eliminate stuff I loved but could distract
the reader from the main line. Sad, but necessary to realize my own ideal book. So I
had to abandon the idea of being complete. I regret that I could not cover
percolation theory, which has given me so much fun during my postdoc period.
Further, I could not include an in-depth discussion of gas transport in porous media.
However, I am convinced that a newbie in the field will have enough tools to become
self-propelling in further literature study.

I wish the reader a pleasant journey
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Symbols

Below a list of symbols and related units are given. As some symbols are used in
different disciplines for other physical properties, sometimes a symbol is used for
more than one variable. Further, in the text sometimes subscripts and superscripts
are used for specification, i.e. γ refers to the interfacial tension in general and γsl to
the tension of a solid–liquid interface. Here only the more general form of the
variable is given.

A Area [m2]
a Particle diameter [m]
Bo Bond number [−]

⃗C r( ) Correlation function [−]
Ca Capillary number [−]

⃗D Electric displacement [C m−2]
d Diameter [m]
Di Diffusion number [−]
⃗e Unit vector [m]: subscripts are used to indicate the direction

E Energy [J]
⃗E Electric field [V m−1]

F Helmholtz free energy [J]
f Force [N]
G Gibbs free energy [J]
H Enthalpy [J] or Front position [m]
h Height [m] or Average front position [m]
J Molar flux [mol m−2 s−1] along the direction of transport

⃗J Molar flux [mol m−2 s−1]
L Contour length [m]: for example to measure the path length of tortuous path
K Conduction: its units depend on the transport process of interest
k Permeability [m2]
L Length [m]: often used for the system dimension or a length scale of interest
L Contour length [m]: length measured along a certain path

Latent heat [J mol−1]
l Length [m]: mostly used for the length of pore segment
ℓp Typical pore size [m]
Ma Mach number [−]
N Number of molecules [mol]
N Deposition rate [m s−1]
n Molar density [mol m−3] or number density [m−3]
p Pressure [Pa]
pc Capillary pressure [Pa]
P r( ) Pore size distribution [m−1]
Q Volumetric discharge [m3 s−1] or Heat [J]
q Volumetric flux along the flow direction [m s−1]

⃗q Volumetric flux [m s−1]
R Radius [m] or gas constant [J K mol−1]
RH Relative humidity [%]
r Radius [m]: mostly used for the pore radius, but sometimes for the radius of a

droplet.

xii



⃗r Distance vector [m]
Re Reynolds number [−]
S Entropy [J K−1] or saturation [−]
Sr Strouhal number [−]
T Temperature [K]
U Characteristic velocity [m s−1]

⃗u r( ) Interaction energy of particles [J]
⃗u Velocity field [m s−1]

V Volume [m3] or characteristic velocity [m s−1]
W Work [J]
x Cartesian coordinate [m]
Y Generalized thermodynamical potential [J]
y Cartesian coordinate [m]
z Cartesian coordinate [m]: always chosen as the vertical direction

⃗x Position vector [m]
α Wave number [m−1]
γ Interfacial tension [N m−1]
ϵ Energy density [J m−3] or dielectric permittivity [F m−1]
η ⃗x( ) Porosity function [−]
θ Contact angle °[ ] or liquid content [−]
ϑ Angle °[ ]
ι The number of ions needed for a neutral unit [−]
κ Mean curvature [m−1]
λ Pore size distribution index [−], mean free path [m] and wave length [m]
μ Chemical potential [J mol−1] or dynamic viscosity [Pa s]
ν Rate [s−1]
ξ Characteristic length scale [m]
ρ Mass density [kg m−3]
ϱ Space charge density [C m−3]
σ Conductivity [S m−1]
τ Tortuosity [−]
ϕ Porosity [−]
φ Angular coordinate in cylindrical and spherical coordinate systems [−] or

volume fraction [−]
ψ Potential: its units depend on the transport process of interest
Ω Grand potential [J]
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Chapter 1

Introduction

1.1 Porous materials
Rocks, concrete, bricks, zeolites, sandbeds, sediments, wood: a list that can easily
be made longer. These materials have in common that they exist of a solid matrix
and contain pores. Depending on the geometry of the pore space, liquids and gases
can migrate through these materials via pressure driven flows or diffusion under
influence of concentration gradients.

The list also demonstrates the economic and societal importance of porous
materials in general and transport processes in particular. Despite the fact that there
is an urgent need for renewable energy, the global economy still depends on oil.
Efficient oil recovery is therefore a billion-dollar-scale industry hungry for new
insights in the flow behavior of water/oil mixtures in rocks. Without difficulty
another issue of global dimensions can be picked to illustrate the importance of flow
in porous media: water management. The whole field of flow in porous media
started with the pivotal works of the French engineers Darcy and Dupuit. Actually,
the major drive for these nineteenth century engineers was to give the common
people in Europe access to clean drinking water. Global access to and availability of
clean water is still an important issue, making knowledge on the migration of water
in the subsurface extremely valuable.

The aforementioned list also demonstrates that the origin of pore space in
materials can have many causes. In clay bricks or other porous ceramics, porosity
is a consequence of the fact that the materials are made by sintering particles: packs
of particles always contain a certain amount of void space. In wood, the pores are a
consequence of a biological growth process leading to a highly structured porous
material. In some rocks, pore space is a consequence of air entrapment during
solidification of the original magma. Other rocks have been formed by a process of
sedimentation of particles, and void space is again a consequence of the packing.
Concrete is formed by cement hydration leading to crystals glueing together but
incorporating pore space. Although a discussion of the genesis of porous materials is
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beyond the scope of this book, one should always be aware that there is a direct
connection between the geometry of the pore space in a material and the original
processes creating it.

Porous materials are generally divided into two families: the unconsolidated
and consolidated porous media. Unconsolidated media consist of particles that
are not bonded together. Typical examples are sand, peat and gravel. Actually all
soils are unconsolidated porous materials. In consolidated porous materials the
solid matrix is a sample spanning phase. In nature many consolidated porous
media have started their lives as unconsolidated media. Due to cementation
reactions or sintering processes, the original non-bonded particles have been glued
together.

As the title of the book already portrayed, the physics of fluids in porous materials
is the key topic. As the book is meant as an introduction to this field, the material has
been selected such that it helps the reader to enter the field. This book does not
pretend to be complete, but it aims to give its reader the skills and way of thinking
needed to attack more advanced topics.

1.2 The geometry of the pore space and porosity
In most cases, the geometry of the pore space of a natural or technological porous
material is highly complex, often stochastic in nature and heterogeneous below
certain length scales. The structure of some materials even have to be characterized
by multiple length scales. In figure 1.1 it is shown how the structure of a cementitious
material varies on a wide range of length scales. It is therefore not surprising that
detailed quantification of the morphology of the pore space is an extremely difficult
task. As a consequence, direct coupling of macroscopic transport properties with the
pore space geometry is also extremely difficult. Therefore, the approach of this book
is to work with idealized pore space models in order to illustrate the connection
between transport laws on macroscopic length scales and the physics governing
processes on microscopic length scales.

Despite this bad news with respect to pore structure quantification, there exist a
few parameters that can be used and experimentally verified. To that end, a property
η x( ) [−] is introduced that varies a function of the position x [m]: in the pore space
η = 1 and in the solid matrix of the material η = 0. Integrating η over the volume of

Figure 1.1. Scanning electron microscope (SEM) pictures of a cementititous material on different length scales.
Structure variations can be seen on a wide range of length scales. Courtesy of the Eindhoven Multiscale Lab of
the TU/e & Ahmet Bakarat.
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the material V [m3] results in the volume of the pore space Vp [m
3]. Now a material

can be characterized with a very simple parameter, the porosity ϕ [−]:

ϕ ≡ −V V . [ ] (1.1)p

The porosities of a wide range of materials are shown in table 1.1. The table
demonstrates that many materials have porosities between 0.1 and 0.5. This can be
understood as follows. Unconsolidated porous materials basically consist of
separate particles packed together. The porosity simply increases with a decreasing
packing efficiency, which is both related to the particle shape and the speed of the
packing process. Here it has to be mentioned that the porosity of perfectly packed
identical spheres is about 0.25. As consolidated porous materials result from particle
sintering at elevated temperatures or cementation reactions, their porosities stay in
the same range as the porosities of unconsolidated materials. In the course of time
cementation reactions can lead to a decrease in porosity.

Although we have already connected ϕ with the function η x( ), the mathematical
connection has not been discussed properly. The porosity equals the spatial average
of this function.

∫ϕ η η= ≡ −−V x x( )d . [ ] (1.2)
V

1

Table 1.1. The porosity ϕ of several porous media. Unconsolidated
materials are packs of loose particles. Sources: Freeze R A and Cherry
J A 1979 Groundwater (Englewoord Cliffs, NJ: Prentice-Hall) and Hall C
and Hoff W D 2009 Water Transport in Brick Stone and Concrete 2nd edn
(Boca Raton, FL: CRC).

Material ϕ

unconsolidated deposits
gravel 0.25–0.40
sand 0.25–0.50
silt 0.35–0.50
clay 0.40–0.70

rocks
fractured basalt 0.05–0.50
karst limestone 0.05–0.50
sandstone 0.05–0.30
dolomite 0.00–0.20
shale 0.00–0.10
fractured crystalline rock 0.00–0.10
dense crystalline rock 0.00–0.10

construction materials
calcium silicate brick 0.36
aerated concrete 0.84
hardened cement paste 0.28
cement-sand mortar 0.17

Fluids in Porous Media
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The brackets 〈〉 indicate that a volume average is taken. This expression directly
points towards a very crucial issue when dealing with porous media: homogeneity.
Porosity will only be a material property given that the volume averaging of η is
done over a sufficiently large volume. To be more precise: the length scale of
heterogeneities in the material should be smaller than the typical dimensions of the
material itself, as illustrated in figure 1.2.

To define average quantities at the macroscopic level, a characteristic volume is
needed. In porous media theory often this characteristic volume is referred to as the
‘representative elementary volume’ (REV). It is defined as the minimal volume of a
material that can be considered as being homogeneous. To elucidate the REV
concept the spatial correlation function of δη η η= − 〈 〉x x( ) ( ) will be used (note that
δη characterizes the deviation of the local structure from an averaged value):

ϕ ϕ δη δη⃗ ≡ − + ⃗ −−C r x x r( ) [ (1 )] ( ) ( ) . [ ] (1.3)1

Here ⃗r is the vector between the two points that are correlated in space. The brackets
〈〉 indicate that a volume average of ⃗δη δη +x x r( ) ( ) is taken. As a consequence C is
a sole function of the ⃗r . As δη ϕ ϕ〈 〉 = −x( ( )) (1 )2 this factor is used to normalise
the correlation function: =C(0, 0, 0) 1. Further, it can be shown that ∞ →C( ) 0

Figure 1.2. Schematic picture of the REV (representative elementary volume) concept and the spatial
correlation function. As an example, an exponential decaying correlation function is shown. Further, an
SEM image of the porous structure of an Fe3O4 particle pack is shown as background image. SEM picture
courtesy of the Eindhoven Multiscale Lab of the TU/e & Philip Ruijten.

Fluids in Porous Media

1-4



for ⃗∣ ∣ = ∞r , because δη x( ) and ⃗δη +x r( ) are no longer correlated and
⃗ ⃗δη δη δη δη〈 + 〉 = 〈 〉〈 + 〉x x r x x r( ) ( ) ( ) ( ) .

With this correlation function in hand, the concept of REV can be discussed
in more detail. For simplicity we assume spherical symmetry so that the direction
of ⃗r no longer matters and only the distance between two points ⃗= ∣ ∣r r has to
be considered. Actually, we assume that our medium is isotropic, meaning that
the structure is uniform in all directions. To simplify the problem a bit further
we assume that the correlation function decays exponentially: ξ= −C r r( ) exp( / ).
The interesting parameter in this function is the so-called correlation length ξ [m]
that measures the length over which spatial correlations in the structure persist.
Given that the length scale of interest is L [m], the material can be considered to be
homogeneous given that ξ ≪ L. Having an explicit equation for the correlation
function, a lower bound for the REV can be found by integrating C over the volume:

∫ π πξ= =
∞

V C r r r( )4 d 8 . [m ] (1.4)c
0

2 3 3

As an REV is generally defined as the volume at which the material can be
considered to be homogeneous, the volume of an REV VREV should be at least a few
times (order 10) bigger than Vc.

Having addressed the topics homogeneity and REV, there remain a few open
issues around the property porosity. Firstly, the accessible pore volume ′Vp might be
less than Vp as there could be isolated pockets of void space. As fluids will never
be able to reach these isolated pockets, this part of the porosity does not contribute
to transport and sorption. Therefore, in the rest of this book the following definition
of porosity will be used:

ϕ ≡ ′ −V V , [ ] (1.5)p

which deviates from the previous definition (1.1). Given this definition, the porosity
of a material can easily be determined by measuring the volume of liquid needed to
completely saturate the material. Care has to be taken that no air remains entrapped
in the material.

The latter brings us to the second important aspect of the property porosity: its
link to transport. Parts of the pore space might be accessible only from one side: the
so-called dead end pores. Obviously long distance traveling of molecules in a
material can only occur in that part of the porous network that can be accessed at
least from two sides. Dead-end pores do not contribute to this long distance motion.
Nevertheless, they play an important role in the kinetics via their ability to store
mass. Trapping in these dead-pores increases the residence time of molecules in the
system.

1.3 Pore sizes and the pore size distribution
Any discussion on the structure of porous media should include the notion of pore
size and the concept pore. Actually, we already used the word pore without a proper
definition. What is a pore? That this is a difficult question is nicely illustrated by
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the previously discussed microscopy picture of concrete in figure 1.1. In theory,
pores are discrete objects that together build the pore space. However, in practise the
pore space is a highly complex 3D network of void space and there are no objects
with an own identity. However, despite the fact that pores are ill-defined objects,
they are extremely useful in building models, as will become clear in the course of
this book. Therefore and only therefore this concept is widely used in the area of
porous media theory.

Before introducing the concept of pores and pore sizes, a length scale ℓp [m] is
introduced that still has a direct connection with the geometry of the pore space:

≡ ′ ′ −ℓ V A , [ ] (1.6)p p p

where ′Ap [m2] is the accessible pore surface area. This surface area can be estimated
from gas adsorption measurements with for example N2. When the surface is fully
covered by a monolayer of molecules, the absorbed amount no longer increases with
the applied gas pressure. With the help of the cross-sectional area of a N2 molecule
the property ′Ap can be calculated from the absorbed amount.

The connection with the concept of a pore can be made as follows. When the pore
space is assumed to consist of equally sized slits, cylinders or spheres with a diameter

≡d r2 [m] it can be shown that ℓp, respectively, equals r, r/2 or r/3. In the case of
cylinders and spheres r [m] is the radius. While switching from the actual observable
ℓp to the parameter r (pore radius), the concept of a pore is born. To account for the
complexity of the pore space the pore size distribution P r( ) [m−1] is introduced that

obeys ∫ =
∞

P r r( )d 1
0

as it is a probability density function.
To simplify the discussion we choose to model the pore space from now on with a

set of cylinders. When these cylinders are placed in one line, the length of this line
will be called the total accessible pore length L′p [m]. In this particular case P r r( )d
represents the fraction of the total pore length having a pore radius r. The pore size
distribution can be coupled with the pore volume

L L∫ π π′ = ′ ≡ ′
∞

V P r r r r( ) d [m ] (1.7)p p p
0

2 32

and

L L∫ π π′ = ′ ≡ ′
∞

A P r r r r( )2 d 2 . [m ] (1.8)p p p
0

2

The horizontal bars represent the averages over the pore size distribution. From
these expressions it follows that

=ℓ r r2 . (1.9)p
2

Although we do not have direct experimental access to P r( ), mercury intrusion
porosimetry (MIP) can give information on the distribution. MIP works as follows.
A sample is placed in a mercury bath and the mercury is forced into the sample by
gradually increasing the pressure. Assuming cylindrical pores the pressure to enter a
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pore equals γ r2 / [Pa], where γ [N m−1] is the surface tension of mercury. Due to the
curvature of mercury interface in a pore, an excess pressure, called capillary pressure
pc, exists in the mercury (for cylindrical pores γ=p r2 /c ). In section 3.3 the
backgrounds of capillary pressure will be discussed in detail. It follows from
the expression for the capillary pressure, that the biggest pores are invaded first.
The smaller the pores, the bigger the pressure needed for enforcing mercury
intrusion. With MIP, the intruded volume is measured as a function of the applied
pressure that can be transferred in an estimate of the pore radius r. A typical result
is shown in figure 1.3. When cylindrical pores are assumed, the intruded volume
V r( ) at a given pressure (corresponding to a specific pore radius) equals

L ∫ π′
∞

P r r r( ) dp r
2 . By using this expression the following equation can be used to

extract the pore size distribution from MIP data

L π
=

′
P r

r
V
r

( )
1 d

d
. (1.10)

p
2

The only unknown isL′p can be obtained by applying the normalization condition:

∫ =
∞

P r r( )d 1
0

. In the case where the structure of the pore space is such that
significant fractions of big pores can only be reached via small pores, expression
(1.10) will overestimate the fraction of small pores. This is called the ink-bottle-
effect.

In table 1.2 an impression is given of typical pore radii of some common porous
materials. Whereas most porous materials have more or less similar porosities,
see table 1.1, their pore radii can differ a lot. Often there is a correlation between the

Figure 1.3. MIP curve of a pressed Fe3O4 pill. The peak of the curve is located around 200 nm, which is in
agreement with the SEM images. SEM pictures courtesy of the EindhovenMultiscale Lab of the TU/e & Philip
Ruijten.
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typical radius of material and its genesis. For example, the pore radius of sintered
Al2O3 is determined by the particle size of the Al2O3 powder, used as starting
material.

1.4 Tortuosity
In the previous sections the most import concepts regarding the geometry of porous
media have been discussed. However, the property ‘tortuosity’ has not been
discussed and will hardly be used in this book. As it sometimes pops up in porous
media theory, this topic will be addressed briefly in this section.

The concept of tortuosity is explained in figure 1.4. Two types of porous media
are shown that both have a typical dimension L [m].Virtual tubes are drawn to
visualize the length of the transport pathsL [m] in both media. Tortuosity τ [−] is
now defined as

Lτ ≡ L, (1.11)

and in all cases τ > 1. It can be used as follows. Assume that our transport problem
can be mapped on virtual tubes with a radius r [m] and typical contour lengthL [m].
A natural choice for the tube radius would be the typical pore radius. The discharge

Table 1.2. Typical pore radii of various materials.

Material r
m

zeolite 10−10–10−9

porous silica 10−9–10−7

controlled pore glass 10−8–10−6

sintered Al2O3 10−8–10−6

fired-clay brick 10−7–10−5

sand 10−4–10−2

Figure 1.4. The concept of tortuosity. Tortuosity is the ratio between the contour lengthL of a pore and the
displaced distance L. The right pore is more tortuous than the left pore.
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through an individual tube is Q [m3 s−1]. As we do not want to specify the nature of
the transport process, we will adopt a simple linear law for the discharge

ψ= − ∂
∂

−Q K
x

, [m s ] (1.12)3 1

where ψ is the potential that drives the discharge. Further, K is the intrinsic
conduction of the tube and the dimension of ψK equals [m4 s−1]. When a potential
drop ψΔ is placed over a distance L, corresponding with a contour length L, the
discharge obeys

τ
ψ= − Δ −Q

K
L

. [m s ] (1.13)3 1

In the case where the potential drop ψΔ is kept constant, the discharge decreases
with increasing value of the tortuosity τ as the effective pathway for transport
increases with L.

So far the concept of tortuosity looks rather simple. However, its application is
complicated by the fact that the contour lengthL of the transport pathways can be
process dependent. For example, the typical pathways for diffusion or volumetric
flow might differ. Therefore, tortuosity cannot be regarded as a material parameter
as it is intrinsically coupled with the transport process and fluid of interest. This is
precisely the reason that the concept is not used in the rest of this book.

1.5 Guide to the reader
Until now not many words have been spent on the logic behind this book. Here the
outline and the ratio behind the chosen topics will be discussed. As thermodynamics
plays a role in various topics covered by this book, a recap of thermodynamics is
given in chapter 2. The emphasis of this recap is on the tools needed for describing
phase transitions and as such it gives the building blocks for understanding chapter 4.

Chapter 3 describes a key topic regarding forces in porous media: capillarity. It is
shown how the concept of capillary pressure emerges from the wetting properties of
the internal pore surface. Without the concept neither phase transitions, chapter 4,
nor multiphase transport, chapters 8 and 9, can be understood.

Chapter 4 shows how the confinement of the porous matrix influences phase
transitions such as melting, condensation and crystallization from solution. Before
transport in porous media can be discussed, first attention has to be paid to transport
theory in general. It will be shown that the capillary pressure is the key factor in
all these transitions.

In chapter 5 it is shown how pipe flow can be derived from the Navier–Stokes
equation. First, it is demonstrated that in porous media flow is nearly always in the
laminar regime and can be described with the Stokes equation. Pipe flow is derived
from the Stokes equation. As a pipe is an idealized pore shape, knowledge of pipe
flow helps to understand transport in porous media.

Single phase flow in porous media is discussed in chapter 6. The most famous
equation in the field of porous media is introduced: Darcyʼs law. Via this law the
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permeability of a medium is discussed and interpreted with simple models based on
pipe flow. The importance of the pore size for the flow is underlined.

Chapter 7 is a practical application of Darcyʼs law to the problem of flow of
unconfined aquifers. The Dupuit approach is covered and it is shown how a 3D flow
problem can be reduced to a 2D flow problem, given that the vertical dimension is
small compared to the horizontal dimensions. Finally, the application of the Dupuit
equation to flow around a well is analysed.

After the introduction of Darcyʼs law in chapter 6, more complicated flow
problems can be addressed. First, simultaneous flow of a liquid and air is introduced
in chapter 8. It is shown that the air flow in most cases can be neglected. As a liquid
can vaporize, it is discussed how vapor diffusion can contribute to the flow problem.

Finally, the flow of two immiscible liquids is explained in chapter 9. It is shown
that the ratio of the viscosities of both phases determines the behavior during a
displacement process. Attention is paid to the size of the front zone, separating the
two liquids. Further, the stability of the front is analysed.

Further reading
Dullien F A L 1991 Porous Media: Fluid Transport and Pore Structure 2nd edn (San Diego, CA:

Adademic) ch 1: a good introduction to the structure of porous media. It contains an
extensive discussion of several types of materials and their characteristics. Anyway, a classical
book in the field of porous media.

Hall C and Hoff W D 2009 Water Transport in Brick Stone and Concrete 2nd edn (Boca Raton,
FL: CRC) ch 1: a clear text with emphasis on construction materials.

Adler P M 1992 Porous Media: Geometry and Transports (Boston, MA: Butterworth-Heinemann)
ch 2: in depth discussion of geometrical aspects of porous media with a focus on theory.

Wong P Z (ed) 1999 Methods of the Physics of Porous Media (San Diego, CA: Academic Press):
overview of advanced experimental methods for studying both structural and transport
properties of porous materials.

At various points in the text, examples will be discussed to give the reader insight in the
typical values of important parameters. The text of these examples is framed within
boxes similar to the box framing the text you are reading right now.
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