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Abstract

The use of foam, rather than water, as a material carrier in the manufacturing of
novel paper-like structures has recently been studied intensively. This new tech-
nology provides potential savings in terms of raw materials, energy and water in
comparison with traditional water forming. Such foam forming technology can not
only produce materials with properties such as improved material homogeneity
and reduced density, but also tailor the microporous structures with the foam
properties. The pore structures of the foam-formed sheets and water-formed
sheets were compared using imaging techniques such as X-ray microtomography,
scanning electron microscopy, and light microscopy, which showed that their pore
size distributions differed significantly. The relationship of the fibre network and
foam properties was investigated by comparing the pore structure with the meas-
ured bubble size distribution and it was shown that both the pore structure and
corresponding macroscopic sheet properties could be affected by the mean bub-
ble size. The foams were generated with axial mixing, where the bubble size and
its distribution was affected by several factors such as rotational speed, air content
and surface tension. Responses of wet foam to inclusion of natural and regenerat-
ed cellulose fibres were quite different. The mean bubble size became smaller for
natural fibres than for regenerated fibres. In addition, the bubble size distribution
became narrower for natural fibres. The reason behind this behaviour is likely to
be the rough surfaces of the natural fibres and their fine particle fraction, which are
absent with regenerated fibres.
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1. Introduction

‘‘ Where shall I begin, please your Majesty?’’ he asked.
 ‘‘Begin at the beginning,’’ the King said, gravely, “and
  go on till you come to the end: then stop.”

Lewis Carroll, Alice’s Adventures in Wonderland

The forestry industry is extremely important in Finland. Finland has the vastest
forested area in Europe, which covers 75% of the country (Nordic forest owners'
association). The paper manufacturing technology is now in decline as for, in
particular, printing and writing paper, because news, books, and magazines are
also read in electronic devices. Therefore, a need has emerged to develop new
fibre based materials combined with reducing the operation costs and at the same
time improving the properties of such products. The continuing research of new
fibre based products is one of the main functions of VTT Technical Research
Centre of Finland Ltd.

In the 1970s experiments were conducted in which foam was used instead of
water as the medium in which to suspend the fibres (Radvan and Gatward 1972;
Smith et al. 1974; Kidner 1974; Punton 1975). They were able to produce paper-
like materials which had a very uniform fibre distribution with increased bulk1 and
porosity. Using this technology, the saving potential is around 30% in raw materi-
als and energy costs (Poranen 2012). The high bulk obtained reduces the raw
material use. Furthermore, the forces affecting fibres during dewatering are small-
er compared to the conventional water forming. This can save energy during the
drying process. However, this forming technology did not find ground in pulp and
paper industry at that time.

Foam-forming applications started as a wet-laid nonwoven materials production
(Gatward 1973), since foam can handle long fibres. The striking features however
of the foam process such as the improved formation and the increased bulk and

1  In the paper industry, the inverted density is often used, which is called the bulk, but there
is no qualitative difference between the two.
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porosity made this process applicable in the paper making industry. Therefore,
considerable interest has been devoted during the last few years to the foam-
forming technology at VTT (Poranen, 2012; Lehmonen et al. 2013; Poranen et al.
2013; Lappalainen et al. 2014; Mira et al. 2014). Up-to-date, most of the new fibre
based materials have been made in a laboratory scale and only a few in the pilot
scale. The development of foam-formed materials is going on with a great interest
from industry and researchers.

This dissertation is divided into five chapters. Chapter 1 introduces the motiva-
tion and the general objectives of this work. Chapter 2 describes the fundamentals
of wet fibre laden foams, in addition to a background regarding the structure and
properties of sheets formed by water and foam processes. Chapter 2 also com-
piles the findings of previous studies on wet fibre laden foams in axial mixing, in
addition to the microscopic and macroscopic sheet properties resulting from water-
and foam-forming. Chapter 3 describes the experimental set-up and various
measurements that were utilized during this study. Furthermore, it also presents a
theoretical derivation of the mean radius of the bubble. Chapter 4 pertains to the
measurement results and discussion; primarily it is divided into four sections. The
first two sections are devoted to the properties of wet fibre laden foams. In the last
two parts, a structural comparison between sheets made with foam-forming and
water-forming is presented. The last section summarises the work and conclu-
sions are discussed.

1.1 Motivation

As a highly technical attempt, the use of foam in industry as the material carrier
instead of water depends profoundly on the accumulation of knowledge. This
includes fundamental research in the foam-forming technology. The fundamental
research starts with understanding of the properties of wet foams and the interac-
tion of water based foams added with natural and regenerated fibres. Also, study-
ing how fibres affect the properties of pure foams is important. Moreover, the link
between the foam properties and the properties of foam-formed samples should
be clearer. Furthermore, understanding the relationship between the structure of
foam-formed paper and the mechanical and optical properties of such paper is
highly important. This work thus contributes to scientific research that aims at
improving and promoting the foam forming technology.

This study deals with wet foam, where the typical volume of air in the foam
ranges from 60 to 80% and the bubbles are of the order of 20-100 m in radius.
The foam used in this study consists thus of small round bubbles with relatively
thick layers of water between them. It is worth mentioning that wet foams have
been studied to a lesser extent than dry foams (Exerowa and Kruglyakov 1998).

Foam-forming provides many advantages in comparison with the conventional
water-forming. In particular, the formed material has an excellent homogeneity,
since fibres inside the foam are mostly trapped between the foam bubbles. This
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allows using long fibres and a high consistency2 stock without significant fibre
flocking. As discussed earlier, it is possible to make a very bulky structure using
this technology. This feature can reduce the use of raw materials. With foam-
forming there is also a possibility to alter the network structure with foam proper-
ties. Another thing to note is the suitability of this process to different kind of fibres
with different sizes. This opens up a new way to develop tailored materials for a
broad range of raw materials.

1.2 Thesis objectives

The aim of the work in this thesis was to understand the formation mechanisms
and properties of fibre foams with a view to making novel fibrous paper-like struc-
tures. The specific objectives were:

 Study experimentally the foam properties with and without fibres as a func-
tion of rotational speed as a result of an axially agitated mixing (Papers I,
II).

 To develop a theoretical model for the mean bubble size where the air con-
tent is included as a parameter (Paper I).

 Study the response of wet foam to added fibres for a spectrum of fibres of
different fibre type and dimensions, and of the properties of the fibre sur-
face (Paper II).

 Study the pore structure of foam-formed sheets. The results were com-
pared with those for similar structures obtained with water-forming (Paper
III).

 Study the effect of foam bubble size on the fibre networks formed by a
foaming process (Paper III).

 Making comparison between different characterisation techniques to find
suitable techniques for assessing the pore structure of low density materi-
als (Paper IV).

2  The term consistency refers to the mass fraction of solid material in suspension.
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2. Background

“That is part of the beauty of all literature.
 You discover that your longings are
 universal longings, that you are not lonely
 and isolated from anyone. You belong.”

             F. Scott Fitzgerald

This chapter presents a brief overview of fibre laden foams and characterisation of
the void structure of foam-formed fibre networks. A general introduction to foams,
and to properties of surfactants and foams, is given, followed by an overview of
fibre laden foams and foam-forming. Pore structure analysis of both foam-formed
and water-formed sheets is described in detail. Finally, the strength properties of
foam-formed and water-formed sheets are discussed.

2.1 Foam

This section is a review on foam properties, gives a theoretical background to
bubble rupture mechanisms and discusses some rheological studies on the foam.

2.1.1 Foam basics

Foam can be defined as a system consisting of dispersed gas bubbles in a liquid
matrix (Weaire and Hutzler 1999; Cantat et al. 2013; Exerowa and Kruglyakov
1998). The air percentage inside the foam determines whether the foam is ‘‘dry’’ or
‘‘wet’’. Dry foam is produced when the air content is higher than 80%, which
means that the liquid fraction is limited to a small amount of water in the so called
Plateau borders3 and bubble vertices (Weaire and Hutzler 1999). The shape of the

3 The edges of polyhedra at which three films meet.



15

bubbles in this case is not spherical, but they rather have a polyhedral shape. On
the other hand, wet foam is produced when the air content in the system is be-
tween 60-80%, where the shapes of the bubbles are spherical with quite thick
layers of water between bubbles.  Figure 2.1 shows examples of both wet and dry
foam.

Figure 2.1. Wet (left) and dry (right) foam. The size of the images is 1.8 mm x 1.5
mm.

In order to make foam, a surfactant is needed as pure liquid does not foam (Rosen
2004; Pugh 1996; Malysa and Lunkenheimer 2008). Surfactant molecules absorb
at the air-water interfaces such that they alter the free energy of those surfaces
(Rosen 2004) and are made up of both hydrophobic and hydrophilic groups. In an
aqueous solution when surfactant molecules are dissolved, the hydrophobic part
starts to distort the structure of the water (Rosen 2004). As a consequence of that,
surfactant molecules move to the interface which becomes covered with a layer of
surfactant molecules with their hydrophobic part oriented towards the air. Thus,
the surface tension of water is decreased.

At a higher concentration called the critical micelles concentration (CMC), mi-
celles are formed, all additional surfactants go to the micelles, and the surface
tension becomes constant.

The surfactants can be classified into four categories according to their hydro-
philic group: anionic, cationic, zwitterionic and non-ionic surfactants (Rosen 2004).
In this work, the anionic surfactant Sodium Dodecyl Sulphate (SDS) was used.
The molecular formula of SDS is shown in Fig. 2.2.
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       Nonpolar Polar

          (Hydrophobic part)            (Hydrophilic part)

 Figure 2.2. Sodium Dodecyl Sulphate (SDS), C H OSO Na .

SDS is used in many different industrial applications. It is commonly used in e.g.
shampoos, toothpastes and shaving creams. The price of SDS is quite low. SDS
has a small molecular mass (289.4 g/mol) and thus it diffuses easily. It can there-
fore be used for a rapid foaming.

The choice of the type of surfactant depends on application requirements. Dif-
ferent kinds of surfactants have been investigated by (Mira et al. 2014) in terms of
the rate of foam generation and liquid drainage. An important conclusion was that
SDS and two other surfactants allowed a more rapid forming than the others. In a
recent thesis (Sievänen 2010), a comparison between casein, polyvinyl alcohol
(PVA) and SDS in foam formation has been made. The best results in foam stabil-
ity were achieved for SDS.

2.1.2 Air content and bubble size distribution

Foam can be produced by using various methods of introducing gas into an aque-
ous solution of surfactants (Weaire and Hutzler 1999; Cantat et al. 2013; Exerowa
and Kruglyakov 1998). The most common method however of foam generation in
industry is use of a mechanical mixer and it is surprising how little research has
been done on this foam generation method, mainly because of the complex cou-
pling between the macroscopic flows in the vessel and the rheology of the foam.

Important parameters of the foam are air content and bubble size distribution,
which play significant roles in determining the structure of the end product since
they have an impact on foam properties such as viscosity, stability and drainage.
The bubble size distribution was considered to be the most important parameter in
determining the end products of the textile substrates, where foam has been used
as the material carrier (Isarin 1985). Also, the bubble size distribution has been
found to be extremely important in a both ore and wastewater treatment (Ro-
driques and Rubio 2003).

Na+
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There have been numerous studies in the last decades conducted on the de-
termination of the bubble size distribution. The experimental techniques used have
mainly been the electrical conductivity (Clark 1948; Xie et al. 2004) and direct
image processing (Lappalainen and Lehmonen 2012; Ventura and Cilliers 2000).

The air content and bubble size distribution depend however profoundly on the
way the foam is generated. For example, if the foam is generated by a mechanical
mixer, then the air content and the bubble size distribution can be varied by
changing the rotation speed of the mixer (Lappalainen and Lehmonen 2012). It
has been found that the bubble size distribution is mainly determined by the shear
stress in the mixer (Kroezen and Groot Wassink 1987).

2.1.3 Bubble rupture mechanisms

There are many articles which discuss the bubble formation and their break-up for
various foam generation methods (Skelton 1987; Saint-Jalmes 2006; Wang and
Neethling 2009; Darton and Sun 1999; Hinze 1955; Nazarzadeh and Sajjadi 2010;
Hohler and Cohen-Added 2005). Most of the models proposed are for the air lift
system, where the small bubbles are formed in the liquid by blowing air into the
system. These models are based on determination of the forces which affect the
motion of a single moving bubble in the liquid.

In order to break-up a bubble, it has to be first deformed, and at this stage the
Young’s-Laplace’s equation plays an important role, where the pressure difference
between the inside and outside of the bubble can be determined from

P = ( + ), (2.1)

where  is the surface tension and r  and r  are the principal radii of curvature. In
the case of a spherical bubble of radius r, Eq. (2.1) reduces to P = 2 /r . This
equation tells us that the difference in pressure depends on the surface tension
and the radius of the bubble. The pressure inside a small bubble is greater than in
larger ones. Assuming that r = 15 µm and  = 63 mN/m, we have a Laplace pres-
sure around 104 Pa. Therefore, in order to deform such a bubble, an external
stress in excess of this value should be applied. To achieve such high shear
stresses, a sufficient energy needs to be introduced into the system. This equation
also indicates that the amount of energy needed to deform and break-up the bub-
ble is less when the surface tension is lower, which can be achieved by adding
more surfactant. Moreover, the type of flow is extremely important, where eddies
of a length scale smaller than the bubble size are required to break the bubble,
whereas larger eddies merely transport the bubble (Clift et al. 1978). Depending of
the type of the flow, the cause of deformation varies.

The capillary force that resists a shape change can be expressed in the form

= 2 (2.2)
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with  the radius of the bubble and  its surface tension.

If we consider a single bubble moving slowly in a liquid phase, we can estimate
the viscous force acting on it. The drag force of a liquid on a spherical bubble
depends linearly on velocity and is given by Stokes’ law,

= 6 , (2.3)

where  is the dynamic viscosity of the suspending liquid,  is the radius of the
bubble and  is the velocity difference between the bubble and the fluid. This
linear dependence holds only at low Reynolds numbers (Re < 1).  At higher bub-
ble velocities the drag force becomes

= C 4 d
1
2 , (2.4)

where CD is the drag coefficient, dmax is the maximum stable bubble size, and  is
the liquid density. The drag coefficient is a function of Reynolds number. At low
Reynolds numbers, the drag force is proportional to  instead of . Therefore,
Eq. (2.4) reduces to Eq. (2.3).

The bubble starts to break-up once the capillary force is smaller than the drag
force. Another dimensionless number, the capillary number (Ca), is often used to
compare the liquid viscosity and surface tension,

F
F =

6 r
2 r =

3
= Ca. (2.5)

The other dimensionless number is the Weber number (We) which represents
the relative effect of inertial forces and the surface tension,

F
F =

C 4 d 1
2

2 r =
C

4 = We. (2.6)

If the rupturing force acting on a bubble is the shear stress, the force acting on
the bubble becomes

= = , (2.7)

where  is the shear stress,   is the viscosity, is the shear rate  and A is the
cross-sectional area. The capillary number can be expressed in the form
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= . (2.8)

The bubble will start to break-up once the critical values of Ca or We are ex-
ceeded.  Thus, the estimated bubble radius follows the relations:

= , (2.9)

= . (2.10)

Equation (2.9) is used for systems, where viscous shear forces dominate the
bubble-fluid interaction, whereas Eq. (2.10) is used for systems, where inertial
forces are dominant. Typical values of the critical Weber number are 2-22 for air
bubbles in water [Darton and Sun 1999], while the critical capillary number has a
value in the range 5-25 for isolated bubbles. The capillary number for foam can be
an order of magnitude smaller [Gonzenbach et al. 2007; Denkov et al. 2009;
Tcholakova 2008].

Gonzenbach an coworkers (Gonzenbach et al. 2007) used Eq. (2.9) to describe
the rupture of bubbles in a wet foam stabilized with partially hydrophobized inor-
ganic particles as a balance between interfacial stresses and shearing stresses
applied during the mixing process. The air content in the foam ranged from 45 to
90% and the bubbles were of the order of 10-200 m in radius. An important con-
clusion was that the average bubble size decreased according to Eq. (2.9) as both
the amphiphile content and particle concentration were increased. They attributed
that to a decrease in the surface tension of the suspension and to an increase in
the effective foam viscosity.

2.1.4 Viscosity of foams

Foams are non-Newtonian fluids, which means that their viscosity depends on the
shear rate. The measured shear stress of a foam is usually fitted using the Her-
schel-Bulkley equation,

= + , (2.11)

where is the yield stress,  is a flow index and  is a consistency index. The
viscosity of the fluid is given by

= + . (2.12)

At a high shear rate the first term is negligible, and the values for  and  can be
found by fitting Eq. (2.12) to the data.
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Pipe flow was incorporated in the first published rheological results on fibre lad-
en foams (Jäsberg et al. 2015), in which the slip velocity and bubble size were
measured using a high speed imaging technique. The air content of the foam was
around 70% and its consistency was 2%. They found the average value 0.5.
This value was in agreement with the value predicted by (Tcholakova et al. 2008).
Many scientists have however fitted their experimental data on pure foams with
the Herschel-Bulkley equation, and reported a flow index in the range 0.25 to 1.0
(Hohler and Cohen-Addad 2005; Gardiner et al. 1999; Larmignat et al. 2008).

2.2 Fibre laden foams

This section discusses the types of fibre used in the experiments described in later
chapters and in addition an introduction to foam forming technology is also pre-
sented.

2.2.1 Fibre sources

Paper-like materials are made out of cellulose fibres. Fibres can be classified
according to their origin as natural or man-made fibres. Natural fibres are found in
plants, animals or minerals. The wood fibres are made of cellulose, hemicellulose
and lignin. The paper properties are determined based on fibre properties. The
fibre properties can vary with the wood species and pulping method (Niskanen
2008). The man-made fibres can be classified into regenerated and synthetic
fibres. The regenerated fibres are those made of natural polymers, whereas the
synthetic fibres are made of synthetic polymers. Wood is disintegrated into fibres
by a process called pulping. There are two different types of pulping, namely
chemical and mechanical pulping (Niskanen 2008).

Differences of chemical and mechanical pulps lead to different sheet properties.
For instance, the lignin content is as high as 30% after mechanical pulping, but
can be negligible after chemical pulping (Niskanen 2008). The fibres can also be
damaged during mechanical pulping, and can be associated with a high fines
content. The density of sheets made of a mechanical pulp is low and the fibres are
stiff. In chemical pulping fibre damage is low in comparison with mechanical pulp-
ing and the fibres are more flexible. Paper made up of a chemical pulp is stronger.

2.2.2 Foam forming technology

In the mid 1970s several articles were published using foam in papermaking as a
fibre suspending medium instead of water (Radvan and Gatward 1972; Smith et
al. 1974; Kidner 1974; Punton 1975). The foam was generated by adding a small
amount of surfactant to the pulp and injecting air under controlled conditions, the
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air content of the foam was around 65% and the bubble size was 20 to 100 m in
diameter. The fibre consistency was between 0.75 and 1.0%.

In foam forming, wood-pulp is mixed with foam, and this mixture is transferred
through the headbox to the wire, where foam is removed using a vacuum. The
fibres are essentially separated by foam bubbles until they collapse because of the
vacuum. This provides excellent sheet homogeneity, and enables the use of high
consistency stock. In addition to that, a high bulk and porosity can be obtained.
The main drawback of this technology is a decrease in strength. The loss in
strength can be regained by wet pressing and/or beating (Smith et al. 1974).

This area of research has been actively investigated by VTT for the past few
years. Most of the recent research on using foam in papermaking at VTT has been
aimed at producing material with a very homogeneous distribution of fibres with a
very bulky structure and high tensile strength. To address the loss of strength in
foam-formed sheets, it has been demonstrated that the strength of foam-formed
sheet can be regained by using micro-fibrillated cellulose (MFC) without losing the
bulky structure (Kinnunen et al. 2013).

It is highly important however to understand the interaction of foam and fibres,
and how fibres affect foam properties.  The effects of adding natural fibres to foam
under dynamic mixing conditions have been studied, and it has been found that
the bubble size has been reduced when natural fibres have been added, because
of an increase in the liquid viscosity (Lappalainen and Lehmonen 2012).

2.3 Fibre network structure

Paper is a complex material comprised of a network of bonded fibres. The macro-
scopic sheet properties vary in the machine direction (MD4), the cross-machine
direction (CD) and the thickness direction (ZD) (see Fig. 2.3).

Figure 2.3. Definition of the three directions in paper (Ek et al. 2009).

4 Machine direction is the direction in which the stock flows onto the paper machine wire.
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2.3.1 Pore structure analysis

The structure of the sheet consisting of fibres and pores is determined by the fibre
network. The pore size distribution is a key paper property in many processes
such as drying, coating and printing.

For paper-like materials, the most important property that the papermaker is
usually concerned with is achieving a homogeneous fibre network structure. In the
traditional water-forming processing the fibres tend to flocculate. Thus, turbulence
in the suspending medium is usually created in order to reduce the flocculation of
fibres. Non-uniformity becomes extremely severe for long fibres (the fibre length
used for usual paper grades is a couple of millimetres) and/or at high consistency
stock. Therefore, studying the role of the suspending medium is extremely im-
portant when forming a network structure.

In order to achieve a better understanding between the various processing fac-
tors (e.g. fibre consistency, fibre orientation, drainage, wet pressing, drying) and
the paper properties, it is highly necessary to obtain knowledge of the pore struc-
ture of the paper. There are many techniques to determine the microstructure of
porous materials including the 3-d reconstruction approach using X-ray CT, 2-d
imaging techniques such as SEM and light microscopy, or fluid penetration meas-
urement such as mercury intrusion porosimetry, MIP.

A considerable amount of pore structure characterisation in the pulp and paper
industry has concerned water-formed samples (Chinga-Carrasco 2009; Goel et al.
2001; Samuelsen et al. 2001; Aaltosalmi et al. 2004; Holmstad 2004), but little
research has been done on the structure of foam-formed fibre networks. In con-
ventional water-forming, the pore size distributions obey the log-normal distribu-
tion, which means that the amount of large pores is relatively small (Niskanen
2008). On the other hand, a different pore size distribution can be obtained by
using foam as the material carrier instead of water (Hjelt et al. 2011; Kinnunen et
al. 2013).

Recent studies have shown that a non-invasive technique, X-ray µCT, provides
considerable additional information compared to 2-d cross-sectional imaging tech-
niques (Goal et al. 2001; Samuelsen et al. 2001; Holmstad 2004). However, SEM
has become more or less the standard tool for researchers in the pulp and paper
industry. SEM is available at almost every pulp and paper research institute.
Therefore, it is natural to use SEM for studying the paper structure as long as it
can provide the structural information of interest. The high resolution achieved by
SEM in the low-vacuum mode permits visualisation of pigment particles and inter-
particle volumes (Chinga-Carrasco 2002). Sample preparation is however time
consuming and the structure may distort during the preparation of the cross-
sectional samples.

In a recent study by (Hjelt et al. 2011), X-ray µCT was used to evaluate the
pore structure of foam-formed and water-formed samples made of chemi-thermo-
mechanical pulp (CTMP).  An important conclusion was that the porous structure
obtained with foam-forming differs remarkably from that obtained with water-
forming.
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The capability of mercury intrusion porosimetry (MIP) to evaluate the pore struc-
ture in handsheets and commercially available paper made of different kinds of
pulp has been demonstrated by (Moura et al. 2005). The main drawback of MIP is
that high pressure is needed to force the mercury into the small pores since pres-
sure is inversely proportional to the pore size. This may distort the skeletal porous
structure of the sample, in particular when cellulose or latex are present. In addi-
tion, large pores may also be shielded by small throats at the surface (Gane et al.
2004).

2.3.2 Porosity

Porosity measures the relative void volume in a material. If a sheet has a
ume , and  is the volume occupied by the fibres, then porosity can be ex-
pressed in the form

= = 1 , (2.13)

where  is the sheet density and  is the fibre density.
Porosity of paper can be determined by a variety of techniques. The most

commonly used technique is taking cross sections of the sheet and subsequently
using image analysis to determine the relative amount of voids in the solid materi-
al. Sample preparation may however cause some distortions. The three dimen-
sional (3-d) method of X-ray µCT is now possible for various analyses of the sheet
structure.

Vernhes et al. have compared results of X-ray µCT with those of ESEM for pa-
per structure (Vernhes et al. 2008). Lower porosity values were observed with
ESEM than with X-ray µCT. They attributed that mainly to sample preparation,
where cross-sectional images were distorted. Other researchers (Chinga-Carrasco
et al. 2008) have however found that porosity has been lower for the cross-
sectional images of X-ray µCT than those of SEM, and for 3-d reconstraction
images obtained from water-formed samples of thermo-mechanical pulp.
Nevertheless, for small pores the resolution is important, with SEM being capable
of much higher resolution than X-ray µCT.

2.4 Mechanical properties

The mechanical properties that are often investigated in paper are the elastic
modulus and the tensile index. In the paper industry the term index means that
strength is normalised by grammage to get rid of variation in the basis weight of
the sample. Figure 2.4 shows a typical stress-strain curve of paper. The concept
of stress, i.e. force per unit area, is fundamental. In the paper industry, the term
tension is usually defined as force divided by width because the thickness is not
constant across the paper structure.
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Tensile strength is often defined as the maximum force per width of the strip
(kN/m). Tensile index is the tensile strength divided by grammage (Nm/kg). Ten-
sile stiffness is the force divided by the elongation and width of the test sample
(kN/m). The tensile stiffness is the slope of the linear part of the stress-strain
curve. The elastic modulus is the tensile stiffness divided by the thickness of the
test sample (MPa).

Figure 2.4. A typical stress-strain curve of paper (Ek et al. 2009).

Smith and coworkers (Smith et al.1974) have studied the tensile properties for
both water-formed and foam-formed sheets. The densities of the water-formed
and foam-formed sheets were respectively 217 kg/m3 and 185 kg/m3. The foam-
formed sheets had approximately a half of the strength of the water-formed
sheets. They attributed loss in the strength to reduction in the consolidating forces
during the drying process caused by the presence of surfactant in the foam-
formed sheets. They found however that wet pressing and/or beating were very
effective ways to regain the strength. The problem with wet pressing and beating
is that the obtained bulk is decreased. Kinnunen and coworkers (Kinnunen et al.
2013) addressed the loss in the strength of foam-formed sheets made of kraft and
CTMP fibres by adding micro-fibrillated cellulose (MFC) to suspensions, where no
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wet pressing was applied to the sheets. Results were astonishing since MFC
improved the strength of foam-formed sheets, while still retaining a high bulk struc-
ture.

The tensile strength and elastic modulus of water-formed and foam-formed
sheets have also been investigated recently by (Lehmonen et al. 2013). Their
comparison was carried out at almost equal sheet density. They concluded that
the tensile properties of both sheets, made with different forming techniques, were
quite similar.
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3. Methodology

You see things; and you say “Why?” But I dream
things that never were; and I say “Why not?”

George Bernard Shaw, Back to Methuselah

In this chapter we describe the experimental and theoretical methods used in this
study. The experimental set-up involved foam generation and handsheet prepara-
tion. We describe also the surface tension measurements, air content and bubble
size measurements and the pore size analysis. Moreover, the physical measure-
ments of the macroscopic sheet properties are also presented. Furthermore, a
theoretical derivation of the Sauter mean radius of bubble size is discussed.

3.1 Foam generation

Foam can be made in many different ways (Weaire and Hutzler 1999; Cantat et al.
2013; Exerowa and Kruglyakov 1998). In this Thesis, foam was generated by an
axially agitated mixing. Anionic surfactant sodium dodecyl sulphate (SDS)
C12H25SO4Na was added into the liquid before the mixing operation. SDS was
obtained from Sigma–Aldrich and had 90% or 99% purity. Most of the mixing ex-
periments were carried out in a transparent cylindrical vessel of a 20 cm diameter
(see Fig. 3.1a). Three baffles (cross-section 14 mm × 8 mm) were used to help the
foaming process. Another vessel of a 27 cm diameter was used only for studying
the impact of shear forces on the bubble size in different parts of the vessel. In this
case, shear forces were expected to be smaller due to the larger ratio between the
impeller and vessel diameters and the absence of baffles. The rotation speed
varied in the range 2000–6900 (RPM). Mixing was carried out long enough (10-30
min) for the air content of the foam to stabilise.

Using one or two impellers in the mixer was not sufficient to draw air into the
system, at low rotation speeds in particular. Addition of a third impeller helped to
generate the foam. The main benefit of such a set-up was to raise the air content
to a high level. Moreover, using this kind of set-up increased the range of different
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bubble sizes and extreme rotation speeds that could be used. The lowest impeller
was always as close to the vessel bottom as possible, whereas the second impel-
ler was placed always at the initial liquid surface. The third impeller was initially in
free air and got involved only after the first two impellers had raised the foam sur-
face high enough so as to reach the third impeller.

Figure 3.1. a) Side view of the cylindrical vessel that was used in most of the
experiments with three impellers. The line shows the initial suspension level when
mixing was begun. b) Mean bubble size (Sauter mean radius) as a function of
rotation speed N. The air content varied in the interval 66-71%, and the SDS con-
centration was 0.2 g/l at 90% purity. (Paper I)

The Sauter mean bubble radius obtained for one, two and three impellers is
shown in Fig. 3.1b. The distance between the impellers was 4 cm. The SDS con-
centration was 0.2 g/l. In spite of quite similar air contents (between 66% and
71%), bubble sizes were strongly influenced by the number of impellers. This
indicates that the average shear rate in the foam is not only controlled by the rota-
tion speed, but also by the geometrical arrangement of the experiment.

It is worth mentioning here that whenever the SDS concentration is mentioned
in this Thesis without mentioning its purity, it refers to 90% purity. Otherwise, the
purity of SDS will be mentioned explicitly in the text.

a b
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3.2 Surface tension measurements

The static surface tension at the air-water interface was measured of the suspen-
sion using a narrow capillary tube of 0.7 mm radius. The SDS concentration was
between 0.005 and 10 g/l. The surface tension was measured several times for
each concentration and results were fitted by the Szyszkowski equation (Rosen
2004),

= ln(1 + ), (3.1)

where  is the surface tension of the suspension,  is the surface tension of pure
water,  is the bulk surfactant concentration,  is the maximum amount that can
be adsorbed at the interface,  is the Langmuir equilibrium adsorption coefficient,

 is the absolute temperature and  is the gas constant.
In addition to the static surface tension measurments, the dynamic surface ten-

sion for a varying bubble life time was also measured using a BPA-800P bubble
pressure tensiometer (KSV Instruments Ltd., Helsinki, Finland) for the 99% and
90% SDS purities at a concentration of 0.3 g/l. Furthermore, the dynamic surface
tension for a varying bubble life time was measured at 0.2 g/l SDS concentration
and at 99% purity. The dynamic surface tensions were also obtained by adding
0.33% refined kraft fibres and 0.33% rayon fibres to suspensions which contained
0.2 g/l SDS at 99% purity.

3.3 Fibre materials

The fibres used in this study were natural or regenerated fibres, see Fig. 3.2. The
natural fibres were unrefined bleached kraft5 (denoted below as kraft U, SR 186),
(pre-)refined bleached kraft (kraft R, freeness 607 ml) or chemi-thermo-
mechanical (CTMP, freeness 570 ml) fibres, whereas the regenerated fibres were
Lenzing viscose staple (viscose L), Kelheim viscose staple (viscose K) or rayon
fibres. The basic properties of the fibres studied are provided in Table 3.1.

Viscose and rayon fibres had a density of approximately 1500 kg/m3, which is
close to that of pure cellulose. The natural fibres had however a lower density,
approximately 1000 kg/m3, because natural fibres include a lumen which is an
open core of the fibre.

The reason for using regenerated fibres is that the fibre length can then be con-
trolled. This is impossible to achieve with natural fibres for which a distribution of
fibre lengths is always present. The regenerated fibres have smooth surfaces,
whereas the natural fibres have rough surfaces and they are associated with fine
particles.

5 Kraft is German word for ‘‘strength’’. The German developer Carl Dahl called his invention
the kraft process because of the superior strength of the resulting paper.

6 SR (Schopper-Riegler) number and freeness both indicate the dewaterability of pulp sus-
pension.
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Table 3.1. The basic properties of the fibres used in this study.

Fibre type rayon viscose L viscose K kraft U/R CTMP

Length (mm) 0.35 10 6.0/3.0 2.3 1.6
Width (µm) 13 18 20 35 26
Coarseness (mg/m) 0.19 0.17 0.17 0.14 0.22

Figure 3.2. Light microscope images of different types of fibre used in the study:
(a) rayon (0.35 mm), (b) rayon (1.0 mm), (c) viscose L, (d) viscose K, (e) kraft R,
(f) CTMP.
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3.4 Air content and bubble size measurements

Air content was obtained by determining the total foam volume and the initial
amount of water used to generate the foam. The volume could be read out from
the vessel scale immediately after mixing was stopped.

A narrow gap between two glass plates was used to collect the foam samples
(see Fig. 3.3).  The distance between the two glass plates was 1.6 mm. Foam
samples were collected by dipping the cuvette into the foam. Then images of the
foam were taken with a CCD camera within 10-20 seconds after taking the sam-
ple. Resolution of the images was 2448 x 2048 pixels and its typical absolute size
was 1.8 x 1.5 mm. For wet foam the bubbles usually were of a spherical shape
and determining their radius was an easy task. The number of measured bubbles
varied between 250 and 2000. The Sauter mean radius was usually used to de-
scribe the foam properties rather than the arithmetic average.  The Sauter mean
radius can be defined such that

= , (3.2)

where r is the bubble radius.

Figure 3.3. Cuvette used for collecting the foam samples with a 1.6 mm spacing
between the two glass plates (Lappalainen and Lehmonen 2012).
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3.5 Hand sheet preparation

The procedure of making a foam-formed handsheet is shown in Fig. 3.4. The area
of the related handsheet mould was 0.1 m2, and the target grammage of the
handsheets was 100 g/m2. The forming fabric was set onto a fixed position with
the help of some water and it was fitted tightly to the edge of the mould (Fig. 3.4a).
The lid was closed and locked tightly, the metal plate set in a position, where the 5
mm gap between the plate and the wall stayed constant throughout the whole
series (Fig. 3.4b). When a steady state of the foam-fibre mixture was achieved,
the mixture was quickly decanted into the handsheet mould (Fig. 3.4c).  Then the
metal plate was removed by sliding it rightwards and slightly pushing against the
foam to even out its surface level. The mixture surface was covered with a vinyl
sheet. After the foam was settled, it was filtered through the forming fabric using a
vacuum chamber (0.5 bar vacuum initial dewatering) (Fig. 3.4d). The vinyl sheet
was removed from top of the surface (Fig. 3.4e), and a supported fabric was put
onto the wet sheet (Fig. 3.4f), the smoother side against the sheet. Then the wet
sheet with the two fabrics was transferred from the mould to a special suction
table for pre-drying (Fig. 3.4g). Suction table had a slit 5 mm wide, and air was
sucked through the sheets through this slit with 0.2 bar vacuum. The wet sheet
was slid over the suction slit for 5 times. Then, the upper fabric was removed
carefully (Fig. 3.4h). The wet sheet was kept temporarily between aluminium foils.
Wet sheets were finally transferred to plates covered with another fabric to be
dried in an air tunnel for one night at 23°C, 50% relative humidity (Fig. 3.5).

The water-formed handsheets were made of the same fibre materials as the
foam-formed handsheets. The target grammage was 100 g/m2. The sheets were
made with a standard handsheet mould. The process was exactly the same ex-
cept that there was no vacuum during the filtration process. The same forming
fabric was used during the filtration process as for the foam-formed sheets.  The
size of the sheets was 16.5 cm x 16.5 cm. The initial consistency was 0.045%.The
pre-drying on the suction table and final drying in the air tunnel were carried out in
the same way as for foam-formed handsheets.
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Figure 3.4. A schematic diagram of the foam-formed handsheet making process.

Figure 3.5. The drying process of a foam-formed handsheet.
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3.6 Sheet properties

3.6.1 Basic sheet properties

The grammage (basis-weight), thickness and density of both water-formed and
foam-formed handsheets were measured. The grammage of the sheets was de-
termined according to the standard method ISO 536. The thickness measure-
ments were carried out with a Lorentzen & Wettre device. This device avoids
pressing of the sheet during the measurement. Thickness was obtained as the
average of 10 measurements for each sheet. These measurements were done at
an equal spacing between the measurement points in order to represent the whole
area of the sheet. In order to determine the density of each sheet, their grammag-
es were divided by thicknesses. In the paper industry, the inverted density is often
used, which is called the bulk, usually given in cm3/g.

3.6.2 Macroscopic sheet properties

Tensile strength: The tensile strength measurements of the handsheets were
performed with an Alwetron TH1 horizontal tensile tester in accordance with ISO
1924-2. 12 strips of 15 mm width were tested from each handsheet. Six strips
were cut in the machine direction (MD) and six in the cross-machine direction
(CD).
Air permeability: The air permeability measurements of the handsheets were
performed with a Lorentzen & Wettre SE114 device in accordance with ISO 8791-
2. These measurements were based on the amount of air flow in the surface struc-
ture of the sheet. Sample was placed on a glass plate under a weight with a hole
in the circular measurement area. Ten parallel measurements for each side of the
sample were done separately. The measurement range of this Bendtsen tester
was 0 to 3500 ml/min.
Opacity: The opacity measurements were performed with a Lorentzen & Wettre
SE070R Elrepho spectrophotometer in accordance with ISO 2471.
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3.7 Pore structure analysis

3.7.1 X-ray micro-computed tomography

The non-invasive X-ray µCT technique was employed for assessing and charac-
terising the structure of the foam-formed and water-formed sheets. The first com-
mercial X-ray tomography device was developed by Hounsfield in 1971 (Bock and
Jacobi 2013) for medical imaging. After this tomography became a very popular
method in medical science. Now this technique has been reported to successfully
depict paper samples in 3-d with a relatively high resolution (Holmstad 2004).

In this study we used the data obtained by X-ray µCT as a benchmark for other
characterisation techniques. µCT used for the measurements was an Xradia Mi-
cro-XCT-400. The device used a standard X-ray tube.

Imaging was performed for 2 mm x 3 mm sample regions. The imaged area
was chosen in a region located a bit away from the edge of the sample to mini-
mise the effect of the inhomogeneity near the border. Image was taken with a 1.1
µm resolution in all directions.

3.7.2 Sample preparation for cross-sectional imaging

There are several techniques for obtaining the cross-sectional images such as
those of a scanning electron microscope SEM, transmission electron microscope
TEM and light microscope LM. In this study SEM and LM were used for assessing
the pore structure of the sheets.

Sample preparation was extremely important for cross-sectional image analy-
sis. It was highly important that sample preparation was performed carefully in
order to access the detailed sheet structure. The sample preparation involved
embedding the paper sample in epoxy resin under vacuum. The idea behind this
method was to give a rigid support to the paper structure.

In this study samples 25 mm long were embedded in epoxy resin. After harden-
ing of the resin, cross-sectional surfaces were made by grinding and polishing.
Then, these cross-sections were examined under SEM. The resolution used was
0.56 m per pixel, and 4 images were taken from each sample.

For LM, the samples were embedded in epoxy and then cross-sections were
cut by microtome to produce thin slices. The resolution was 1.37 m per pixel, and
4 images were taken from each sample.
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3.7.3 Direct surface imaging

Direct images of the sheet surfaces were taken with a CCD camera. The number
of pixels in the CCD elements was 2448 x 2048 and the typical absolute size of
the image was 1.8 x 1.5 mm. Figure 3.6 shows examples of surface images taken
with the CCD camera for foam-formed sheets made of kraft and CTMP fibres at
2000 RPM. The number of parallel images was 8.

Figure 3.6. Images of foam-formed sheet surface made at 2000 RPM of (a) kraft
and (b) CTMP fibres. The size of the images is 1.8 mm x 1.5 mm.

3.7.4 Mercury intrusion porosimetry

Mercury is a non-wetting liquid, thus an external pressure is needed to force mer-
cury into porous samples. A high pressure is required to intrude mercury into small
pores, whereas a low pressure is required for mercury to intrude a large pore,
since pressure is inversely proportional to the pore size. In this study the applied
pressures varied between 0.014 and 400 MPa so as to force mercury into the
sample. The contact angle and the surface tension used for all tests were respec-
tively 140o and 0.48 N/m.

a b
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3.8 Determination of the pore size distribution

A MATLAB routine developed at VTT was used for characterisation of the void
structure. First, the interested area was cropped (Fig. 3.7a). Then, the grey-scale
image was converted to a binary image by interactive thresholding. After that, a
distance transform (Rosenfeld and Pfaltz 1966) was done of the image. For each
pixel, the distance transform assigns a number that is the distance between that
pixel and the nearest black pixel corresponding to the material. Finally, the void
space was filled by circles of maximal radius using results of the distance trans-
form (Fig. 3.7b).

Figure 3.7. a) A light microscope image of a kraft sheet at 2000 RPM. b) Filling
the void space of the cropped area by circles of maximally large radii using the
results of the distance transform. (Paper IV)

For X-ray µCT, the volume-weighted pore size distribution was derived from de-
termination of the local thickness, see Fig. 3.8. The local thickness at each point
represents the diameter of the largest sphere that fits inside the void space and
contains the point. More complete descriptions of this method are given in (Hilde-
brand and Rüesgsegger 1996; Saito and Toriwaki 1994).

a)

b)
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Figure 3.8. Local thicknesses in a 3-d rendered image (xz cross-section) for a
CTMP sheet made with foam-forming, foam made at a rotation speed of 2000
RPM. Some fibres are visible as long horizontal objects. (Paper IV)

3.9 Theoretical model for the mean bubble size

The aim of this section is to derive a single formula that can explain the average
behaviour of the mean bubble size in mixing flows. Before using Eq. (2.9) as a
starting point to our derivation, its modification is needed in order to replace the
shear rate with the rotation speed. According to (Metzner and Otto 1957) the
characteristic shear rate can be related to the rotation speed such that

= , (3.4)

where  is a constant which depends on the mixing geometry and the fluid rheolo-
gy. Metzner and Otto (Metzner and Otto 1957) suggested that  was approxi-
mately 13. Moreover, we assume that flow index n is  unity  in  Eqs.  (2.11)  and
(2.12), which means that dependence of the viscosity of foam on its shear rate can
be neglected. Thus Eq. (2.9) becomes

~ . (3.5)

This equation tells us that the average bubble size depends on surface tension
and the inverse of rotation speed of the mixer. Figure 3.9a displays the average
bubble radius plotted against the inverse of rotation speed for different SDS con-
centrations. It is evident that the linear trend between the average bubble size and
the inverse of rotation speed does not work for high rotation speeds. Thus, Eq.
(3.5) does not describe the bubble size at a high rotation speed. Figure 3.9b dis-
plays the average bubble radius plotted against the surface tension. It is evident
that for a high rotation speed such as e.g. 6400 RPM, the mean bubble size is
decreased when the surface tension is increased. Therefore Eq. (3.5) obviously
needs (an) additional refinement(s).
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Figure 3.9. The mean bubble size for several SDS concentrations plotted against

a) the inverse of rotation speed and b) surface tension. (Paper I)

The effect of air content on bubble size is missing in Eq. (3.5), although it plays an
important role in determining the average bubble size. In order to understand the
effect of air content, the mechanisms of surfactant in stabilizing the bubbles should
be understood. When a bubble is deformed, surfactant molecules start to stabilise
the underlying deformation (Rosen 2004). As the bulk surfactant concentration is
increased, the amount of active surfactant molecules becomes larger. This means
that bubbles sustain higher deformations (Rosen 2004). However, the amount of
active surfactant molecules is affected by the total interfacial area, which is obvi-
ously affected by the air content.

In the following we determine the effect of air content on the interface surfactant
concentration and relate that to bubble size.

First notice that the Sauter mean radius can be expressed in the form

= = , (3.6)

where  is the air content, is the total volume of the system and is the total
interface area of bubbles. The amount of surfactants is divided between the bulk
liquid and the interfaces. For the initial suspension before mixing, the total surfac-
tant mass is (1 , where  is the initial bulk surfactant concentration. Now,
the mass balance equation for the surfactants is given by

(1 ) = + (1 ) , (3.7)

where  is the average concentration of excess surface surfactants and  is the
surfactant concentration in the liquid phase. The initial bulk surfactant concentra-
tion is assumed to be below the critical micelle concentration. From Eqs. (3.6) and
(3.7) we can now conclude that

(1 ) = . (3.8)

The Langmuir isotherm can be expressed by (Rosen 2004)

a
)

b
)
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=
( )

, (3.9)

where and  are constants. For small , the surface concentration is approxi-
mately given by . Thus, Eq. (3.8) can be expressed in the form

(1 ) =
3

.
(3.10)

Rewriting Eq. (3.10) such that

3
( )(1 ).

(3.11)

In this equation c  follows c c  for the steady state because the steady state is
always associated with finite values of the air content and bubble size. The leading
effect of air content on bubble size is thus given by

~
1

1 1
.

(3.12)

Combining Eqs. (3.5) and (3.12) and assuming that viscosity varies only little in
the range of rotation speed used in this study, we find that

~
N(1 1)

.
(3.13)
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4. Results and discussion

“Knowledge is the only instrument of production that is not subject to diminishing

returns.”

 J. M. Clark, Journal of Political Economy, Oct. 1927

The main results obtained in this work were organised into four parts. The first two
parts present the properties of pure foams and fibre laden foams. In the last two
parts, comparison of the structure of sheets made with foam-forming and water-
forming is presented.

4.1 Foam properties without fibres

4.1.1 Bubble size in different parts of the vessel

In order to study the effect of shear on the bubble size, we took foam samples
from different parts of the vessel during mixing. A vessel of 27 cm diameter was
used as it allowed the easiest control of the place, where the sample was taken.
Figure 4.1 shows the different locations around the second impeller:

1. near the impeller
2. between the impeller and the wall
3. at the wall
4. above the impeller
5. near the stirrer shaft.

The mean bubble size seemed to be affected by shear forces that varied at dif-
ferent locations, as shown by Figs. 4.2 and 4.3. The bubble size was quite similar
near the impeller (location 1) and further towards the wall, (2). At the wall however
(3), the bubble size looked more even with slightly smaller mean size than at the
locations 1 or 2. On the other hand, above the impeller (4), both small and large
bubbles appeared perhaps due to break up of large bubbles due to shear forces
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caused by the flow passing the impeller. The mean bubble size was also smallest
at the location 4.

It can be concluded that foam properties are not homogeneous in a mixer, es-
pecially near impellers, even after the air content has been stabilised. In all further
analyses, we always tried to take the samples at roughly the same location (es-
sentially above locations 4 and 5), well away from the topmost impeller.

Figure 4.1. Different locations of the vessel, at which foam samples were taken.

Figure 4.2. Images of foam at different locations for 2800 RPM.
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Figure 4.3. The mean bubble size at different locations for 2800 RPM. The SDS
concentration was 0.2 g/l.

4.1.2 Variations in the air content and mean bubble size at different flow
regimes

In the following, we study how the air content and mean bubble size are affected
by the type of flow, rotation speed and the surfactant concentration.

Figure 4.4a displays the air content of the foam plotted against the rotation
speed for different SDS concentrations. The SDS concentrations were well below
CMC. It is evident that air content is insensitive to the SDS concentrations as long
as the rotation speed in mixing is below 5500 RPM. Above 5500 RPM, a dramatic
change happened in the air content: it became strongly sensitive to the SDS con-
centration. Above 5500 RPM, the air content increased with increasing rotation
speed. The air content can also drop at a low SDS concentration however.

Below 5500 RPM, the macroscopic flow of the foam was quite stable and there
were no small vertices on the surface of the foam. Situation was totally different
above 5500 RPM however, where flow patterns were chaotic with vertices on its
surface (see Fig. 4.5). The characteristic shear rate for the onset of macro-
instabilities, given by Eq. (3.4), is ~1000 1/s. The corresponding characteristic
shear viscosity of the foam can be estimated to be around 50 mPa s (Gardiner et
al. 1999). The critical Reynold number therefore for the onset of macro-instabilities

Location



43

is Re~3500.  Despite the differences with the previous studies (Nouri and White-
law 1990; Hasal et al. 2008) in terms of the mixing geometry and fluid rheology,
the critical Reynold number for the onset of macro-instabilities is close to the val-
ues given in these studies.

Figure 4.4b displays the average bubble size of the foam plotted against the ro-
tation speed for different SDS concentrations. Below 5500 RPM the average bub-
ble size decreases with increasing rotation speed and with decreasing surface
tension. Above 5500 RPM the average bubble size increases with increasing SDS
concentration and with increasing rotational speed for a few highest SDS concen-
trations.

Figure 4.4. Air content (a) and average bubble radius (b) as the function of rota-
tion speed (N). In the stable flow regime (below 5500 RPM), the air content was
quite insensitive to the surfactant concentration, whereas in the unstable region

a

b
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(above 5500 RPM) the air content depended strongly on the surfactant concentra-
tion. (Paper I)

Figure 4.5: The macroscopic flow of the foam during mixing, a) below and b)
above 5500 RPM. Below 5500 RPM the macroscopic flow of the foam was quite
stable and no vertices appeared on the surface, whereas above 5500 RPM its
surface flow became unstable.

Figure 4.6 shows images of bubbles at rotation speed 6700 RPM for 0.7 g/l and
0.2 g/l SDS concentrations. The air contents were 0.79 and 0.68 respectively for
the 0.7 g/l and 0.2 g/l SDS concentrations. Bigger bubbles were obtained for high-
er SDS concentrations with a non-spherical shape. For lower SDS concentrations
the bubbles were smaller and quite spherical.

The surface tension can be lowered by addition of surfactant, thus bubble size
should be smaller. This is not the case here however. SDS molecules moved
along the bubble interfaces in such a way that their concentration gradients bal-
anced possible bubble deformations. For high SDS concentrations above 5500
RPM bubbles were easier to deform because of a smaller surface tension. For
SDS, bubbles could withstand higher deformations before they broke, and hence
the shape of these bubbles became closer to hexagonal.

a b
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Figure 4.6: Images of bubbles at rotation speed 6700 RPM for SDS concentra-
tions of a) 0.7 g/l and b) 0.2 g/l. The respective air contents were 0.79 (a) and 0.68
(b). The size of the images is 1.8 mm x 1.5 mm. (Paper I)

4.1.3 The behaviour of air content and mean bubble size at different SDS
purities

Figure 4.7 shows the effect of SDS purity on the air content and mean bubble size.
SDS concentrations were 0.2 g/l and 0.3 g/l. The air content at both SDS purity
levels increased with increasing rotation speed until the onset of macro-
instabilities occurred. The locations of these onsets of macro-instabilities were
different for different SDS purities.  For the higher (99%) SDS purity the onset
occurred for 0.2 g/l and 0.3 g/l SDS concentrations respectively at 6000 RPM and
6700 RPM. The drop in the air content was sharp for 0.2 g/l. This decay was as-
sociated with the reduction of the mean bubble size. A similar decrease in the air
content and mean bubble size happened for 0.3 g/l.

This behaviour of air content and average bubble size was probably caused by
adsorption kinetics at the air-water interfaces. The lower surface active impurity
reduced the free energy of the system and hence increased the bubble stability
(Gonzenbach et al. 2006).  A lower SDS purity resulted in a higher amount of
surface active impurities absorbed at the air-water interfaces. Surface tension was
decreased by absorption of impurities.

It seems that the dynamic surface tension (Fig. 4.8) is probably more important
at high rotation speeds than the static surface tension. The processes of bubble
formation and break-up are fastest near the impellers. A high rotation speed not
only increased the shear rate, but also caused bubbles to enter the impeller region
more frequently. For a short bubble life time below 0.5 s, the measured surface
tensions were almost equal for both purities. For longer bubble life times, diffusion
of impurities to bubble interfaces reduced however the interfacial energy. The
resulting drop in the surface tension was stronger for the lower SDS purity. More-

a b
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over, the complex coupling of the macroscopic flows in the vessel with foam vis-
cosity, and thus with the air content, gave additional complication in understanding
the behaviour of such systems. The Reynold number was decreased with increas-
ing viscosity because of increase in the air content. This on the other hand could
reduce the shear rate and stabilize the flow.

Figure 4.7: Air content (a) and mean bubble size (b) of the pure foam for a varying
rotation speed (N). SDS purities and concentrations were 99% and 0.2 g/l, 90 %
and 0.2 g/l, 99% and 0.3 g/l, and 90% and 0.3 g/l. The estimated absolute error in
the air content measurement was ±0.01. For the mean bubble size, the standard
error of the mean is indicated. (Paper II)

Figure 4.8: Dynamic surface tension for a varying bubble life time as measured
with a BPA-800P bubble pressure tensiometer (KSV Instruments Ltd., Helsinki,
Finland) for 99% (solid curve) and 90% (dotted curve) SDS purities at a concentra-
tion of 0.3 g/l. We also indicate the static surface tensions for both purities. For the
99% purity, the static value was measured using a Sigma 701 force tensiometer
(Attension, Espoo, Finland). For the 90% purity, the capillary method was used.
(Paper II)

a b
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Figure 4.9 shows the measured bubble size in comparison with Eq. (3.13) for both
purities. The bubble size was well predicted with Eq. (3.13). The pre-factor was
slightly higher for the higher purity.

Figure 4.9: The bubble size versus Eq. (3.13) for both SDS purities, 99% (dia-
monds) and 90% (triangles). (Paper II)

4.2  Properties of foams laden with fibres

In the following, we study the effect of addition of cellulose-based fibres on the
foam properties. We start with a general picture with a large set of data. These
data have been obtained for varying fibre type, fibre length, consistency and SDS
purity. Later the effects of certain fibre properties are studied more closely.

Figure 4.10a shows the air content plotted against the rotation speed for differ-
ent fibre laden foams. The behaviour of air content in the stable region, i.e. below
5500 RPM, was quite similar to that without fibres. This behaviour was rather
similar for almost all types and consistencies of the fibre, and for SDS concentra-
tions and purities. The macro-instability behaviour began a bit earlier than for the
pure foam, roughly between 5000-5500 RPM. The location of the onset depended
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on the fibre type and consistency. Above this speed range, the air content behav-
iour for most regenerated fibres was similar to that of the pure foam at 90% SDS
purity.

Figure 4.10b shows the corresponding bubble size as a function of rotation
speed. Variation in the bubble size was much wider than in the air content, below
the onset of macro-instabilities in particular.  When natural fibres were included in
the foam, the mean bubble size in the stable region was below that for the pure
foam. When the foam was laden with regenerated fibres, its mean bubble size was
sometimes larger than for the pure foam, but there were some cases, where re-
generated fibres reduced the mean bubble size in the same way as the natural
fibres. We did not try to analyse this behaviour any further.

Figure 4.10: Air content (a) and mean bubble size (b) as functions of the rotation
speed for all fibres, consistencies, surfactant concentrations and SDS purities
studied. The solid circles show data for regenerated fibres (viscose, rayon), and
similar data for natural wood fibres (kraft, CTMP) are shown by the crosses. The
data for the pure foam at 0.2 g/l SDS concentration are shown with solid (99%
purity) and dotted (90% purity) lines. (Paper II)

In the following, the behaviour of wet foams in response to adding natural or re-
generated fibres is discussed in more detail.

Figure 4.11 shows the effect of surface properties of the fibres on the air con-
tent and mean bubble size of the foam. Comparison is made of refined kraft fibres
with viscose fibres at 0.66% fibre consistency and 0.3 g/l SDS concentration.  The
average fibre lengths were respectively 2.3 and 3.0 mm of the kraft and viscose
fibres. The kraft fibres have rough surfaces, whereas the viscose fibres have
smooth surfaces. An additional feature of the kraft fibres was that they were asso-
ciated with approximately 10% of fibrillar fines in the suspension.

a b
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In Fig. 4.11a, the air content was quite similar for the two types of fibre in the
stable region. For both types of fibre it was slightly below the one for pure foam. At
6000 RPM, where the macro-instability occurs, a big difference was observed in
the air contents of these fibres: The difference was around 0.08 per cent units.
The mean bubble size was however more or less equal at this speed. In general,
the mean bubble size in the stable region was smaller for the kraft than viscose
fibres (Fig. 4.11b). Nevertheless, the difference was reduced at higher rotation
speeds in both the air content and mean bubble size.

 Figure 4.11. Air content (a) and mean bubble size (b) for viscose K (circles) and
Kraft R (crosses) fibres at 0.66% consistency and 0.3 g/l SDS concentration. Fibre
properties are given in Table 3.1. The data for the pure foams are shown by the
solid (99% SDS purity) and dotted (90% purity) lines. (Paper II)

Figure 4.12 shows images of foam with viscose and kraft fibres at 4000 RPM. The
SDS concentration was 0.3 g/l. Polydispersity in bubble size was observed in the
foam laden with viscose fibres, whereas almost no big bubbles were observed in
the foam laden with kraft fibres. The area-weighted bubble size distributions for
the pure foam, the foam laden with viscose fibres and the foam laden with kraft
fibres are shown in Fig. 4.13. The bubble size distributions of the pure foam and
the foam laden with viscose fibres were quite broad with almost no effect of addi-
tion of viscose fibres to the distribution. On the other hand, addition of kraft fibres
made this distribution narrow. This result is important since it has an impact on the
industrial foam processes.
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Figure 4.12. Examples of bubble images for foams laden with a) viscose K and b)
Kraft R fibres at the rotation speed 4000 RPM and SDS concentration 0.3 g/l.
(Paper II)

Figure 4.13: Area-weighted bubble size distribution for the pure foam (diamonds,
solid curve), the foam laden with Kelheim viscose fibres (circles, dotted curve) and
the foam laden with refined kraft fibres (crosses, dashed curve). The rotation
speed was 4000 RPM and SDS concentration 0.3 g/l. The curves are Gaussian
distributions resulting from fits of the data points. (Paper II)

The reason behind the difference in the response of wet foam to natural and re-
generated fibres can be attributed to several factors:  Fines reduce the surface
tension, but they are too large and immobile to stabilise large bubble defor-
mations. As shown in Fig. 4.14, the dynamic surface tension for a kraft fibre sus-
pension decreases for long bubble life times. Regenerated fibres seem not to
affect the dynamic surface tension at all since they are not associated with fines.
Reduction of the dynamic surface tension in a kraft fibre suspension can explain
the smaller average bubble size of Fig. 4.11b. On the other hand, rough surfaces
can capture air and act as a reservoir for Ostwald ripening (Cantat et al. 2013).
This can explain a larger proportion of middle-sized bubbles in Fig. 4.13.
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Figure 4.14. Dynamic surface tension for a varying bubble life time as measured
with a BPA-800P bubble pressure tensiometer for a pure 0.2 g/l SDS (99% purity,
solid curve), and the corresponding suspensions obtained by adding 0.33% re-
fined kraft fibres (crosses) or rayon fibres (circles) to the stock. Rayon was used
as a model regenerated fibre in the measurement because of its short length.
(Paper II)

4.3 Fibre network structure

4.3.1 Foam- vs. water-forming

This section investigates the fibre network structure of paper manufactured using
the foam-forming and water-forming technology. The basic sheet properties are
given in Table 4.1. We fit the X-ray CT pore size data with a linear combination of
the Gaussian ( ( )) and log-normal distributions:

f(r) = A (r, , ) + (1 A)lognorm(r, , ), (4.1)

in which A is the (fitted) amplitude, ,  and ,  are fitting parameters of the distri-
butions, which describe the mean and standard deviation of ( ) or similar pa-
rameters for the natural logarithm in the case of the  log-normal distribution.
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Figure 4.15 shows the volume-weighted pore size distributions of water-formed
sheets obtained for CTMP and kraft fibres. It also shows the new fitting
tion ( ), log-normal and Gaussian distributions of both cases. It is evident that
the characteristic shape of water-formed sheets for both types of fibres is domi-
nated by the log-normal distribution. This is consistent with results of the previous
studies (Bliwsner 1964; Niskanen 2008; Dodson and Sampson 1996). There is
however a small contribution from the Gaussian component. This could be ex-
plained by many factors such as fibre flexibility, fibre orientation, forming con-
sistency, hydrodynamic conditions during forming and fibre dimensions. All these
factors play an important role on how fibres are distributed in a sheet. A slight
deviation from the log-normal distribution is thus not surprising.

Table 4.1: Basic sheet properties of water-formed and foam-formed paper. In
foam-forming, the surfactant concentrations were 0.2 g/l for the kraft pulp and 0.3
g/l for the CTMP pulp. (Paper III)

Fiber
type

Rotation
speed

(RPM)

Grammage
(g/m2)

Thickness
m)

Density
(kg/m3)

CTMP

2000 83.5 835.3±20.7 100.0±2.5

3500 97.4 845.8±17.8 115.2±2.4

5000 83.8 752.9±15.5 111.3±2.3

6900 100.3 864.4±20.8 116.0±2.8

Water 96.0 895.2±26.1 107.2±3.1

KRAFT

2000 98 559±17.6 175.3±5.5

3500 110 557.3±20.1 197.4±7.1

5000 104 536.6±17.9 193.8±6.5

6900 112 520.6±18.1 215.1±7.5

Water 101 420±21.2 240.5±12.1
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Figure 4.15. Volume-weighted pore size distributions (probability density functions
PDF) of the water-formed sheets obtained for a) CTMP and b) kraft fibres. The
solid lines are fits by Eq. (4.1) to the distribution whereas the dashed lines indicate
the contributions to them of the log-normal and Gaussian components. A and 1

are parameters of the fitted Gaussian component, see Eq. (4.1). (Paper III)
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Figure 4.16. Volume-weighted pore size distributions of the foam-formed sheets
obtained for CTMP fibres at rotation speeds a) 2000 RPM, b) 3500 RPM, c) 5000
RPM and d) 6900 RPM. The solid lines are fits by Eq. (4.1) to the distribution
whereas the dashed lines indicate the contributions to it of the log-normal and
Gaussian components. A and 1 are parameters of the fitted Gaussian compo-
nent, see Eq. (4.1). (Paper III)
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Figure 4.17. Volume-weighted pore size distributions of the foam-formed sheets
obtained for kraft fibres at rotation speeds a) 2000 RPM, b) 3500 RPM, c) 5000
RPM and d) 6900 RPM. The solid lines are fits by Eq. (4.1) to the distribution
whereas the dashed lines indicate the contributions to it by the log-normal and
Gaussian components. A and 1 are parameters of the fitted Gaussian compo-
nent, see Eq. (4.1). (Paper III)



56

Table 4.1: Parameters of the fitted pore size distributions (see Eq. (4.1)) for both
foam-formed and water-formed paper made of CTMP and kraft fibres. A is the
(fitted) Gaussian amplitude. ,  and ,  are fitting parameters of the distributions,
which describe the mean and standard deviation of the Gaussian distribution (in-
dex 1) or similar parameters for the natural logarithm in the case of the  log-normal
distribution (index 2). The last column gives the Sauter mean pore radius. (Paper
III)

Fiber type Medium A 1 1 2 2 r32

CTMP Foam, 2000 RPM 0.79±0.03 66.3±3.3 43.9±1.8 2.9±0.1 0.67±0.06 63.7±1.3

Foam, 3500 RPM 0.74±0.03 80.0±2.7 42.5±1.9 2.9±0.1 0.69±0.04 57.5±0.8

Foam, 5000 RPM 0.76±0.03 70.8±2.1 38.0±1.5 2.9±0.1 0.65±0.04 51.9±0.7

Foam, 6900 RPM 0.72±0.03 65.2±2.0 35.8±1.3 2.8±0.1 0.65±0.05 48.7±0.7

Water 0.25±0.10 44.1±4.6 21.5±4.5 3.6±0.1 0.94±0.03 37.7±0.6

Kraft Foam, 2000 RPM 0.52±0.18 39.4±3.0 18.0±2.5 3.0±0.2 0.83±0.10 26.5±0.6

Foam, 3500 RPM 0.50±0.14 35.9±2.2 16.7±2.1 3.1±0.2 0.86±0.07 25.1±0.6

Foam, 5000 RPM 0.52±0.15 35.6±2.2 16.6±2.1 3.1±0.2 0.86±0.08 24.9±0.6

Foam, 6900 RPM 0.53±0.16 35.1±2.4 16.6±2.1 3.0±0.2 0.86±0.09 24.8±0.7

Water 0.41±0.10 26.7±1.7 12.6±1.6 3.2±0.1 0.83±0.04 22.1±0.5

Figures 4.16 and 4.17 show the pore size distributions of foam-formed sheets
made of CTMP and kraft fibres. The pore size distributions of the foam-formed
sheets were much wider than those of the corresponding water-formed sheets.
Equation 4.1 fits well the distributions of almost all foam-formed sheets. The char-
acteristic shapes of the distributions of the foam-formed sheets are dominated by
the Gaussian distributions. The fraction of the Gaussian distribution is larger for
sheets made of the CTMP fibres for which parameter A was around 0.75, whereas
its value was around 0.50 for sheets made of kraft fibres (Table 4.1).

The Gaussian component comes from interaction of fibres with bubbles. During
the forming process, the air bubbles keep the fibres apart. This has an impact on
the fibre orientation and also on fibre bending (see Fig. 4.18).
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Figure 4.18.  CTMP fibres (consistency 1.25%) in the foam made with SDS sur-
factant (concentration 1 g/l). The geometric restrictions caused by bubbles not
only affect the location and orientation of fibres, but also cause their bending.
(Paper III)

The pore size distributions of sheets made with foam-forming depends on foam
properties. The relationship between the mean pore radius and the mean bubble
radius of CTMP and kraft fibres are shown in Fig. 4.19, and in both cases the
relationship is shown to be linear. It seems that in the case of stiff CTMP fibres the
bubble size has a strong impact, stronger than in the case of flexible kraft fibres.
We got almost the same values for the mean pore radii in sheets made by water-
forming as extrapolation of the curve to vanishing or zero bubble size in sheets
made with foam-forming.

Figure 4.19. Sauter mean pore radius as a function of mean bubble radius for a)
stiff CTMP fibres and b) flexible kraft fibres. The value of the mean pore radius for
the water-formed sheets is shown in the y-axis. (Paper III)
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4.3.2 Pore structure characterisation of foam-formed sheets using
different imaging techniques

Because of recent developments in the foam-forming technology, need has
emerged for an efficient characterisation of the porous structure at very low densi-
ties. In order to find an effective and practical choice among all structure charac-
terisation methods imaging techniques were used to compare the pore size distri-
bution of foam-formed samples made of two different types of cellulose fibre. The
techniques included the X-ray micro-computed tomography (X-ray µCT), scanning
electron microscopy (SEM), light microscopy (LM), and direct surface imaging
using charge-coupled device (CCD) camera. The values obtained using X-ray
µCT were used as a benchmark for other characterisation techniques since X-ray

CT allows scanning of the whole sample and gives more accurate information
about pore structure analysis.

 Figure 4.20 shows the mean pore radius for sheets obtained for CTMP and
kraft fibres determined by X-ray CT, SEM, LM and a CCD camera. Rotation
speed of the mixer varied in the range 2000-6900 RPM. The 2-d methods slightly
underestimated the mean pore size in the case of the CTMP sheets, and overes-
timated the pore size for the kraft sheets. Looking more closely at the pore size
distributions, the 3-d approach indicated a smaller proportion of large pores even if
the 3-d pores were volume-weighted and the 2-d pores area-weighted. Thus, it
seems the voids differ strongly from a spherical shape.

For sheets made of CTMP fibres, there were clear differences in the results ob-
tained by different characterisation techniques. The values obtained using SEM
(cross-sectional) images were quite close to those obtained with X-ray CT. Also,
LM gave similar results at a low rotation speed. At high rotation speeds the values
obtained using LM and a CCD camera images were quite similar with a significant
difference from those obtained using X-ray CT. On the other hand, comparison of
the mean pore sizes as obtained by different methods from the sample made of
kraft fibres showed to some extent a similar behaviour.

For SEM and LM, the number of images for each sample was four, which gen-
erally is not sufficient for pore size distributions of high accuracy. The foam-formed
materials were however very homogeneous. The mean pore size could therefore
be estimated quite accurately from only a few images.
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Figure 4.20. Sauter mean pore radius plotted against the rotation speed as
determined by X-ray CT, SEM, LM and CCD surface images for a) CTMP and b)
Kraft sheets. (Paper IV)

4.3.3 Comparison of X-ray micro-computed tomography with mercury
intrusion porosimetry

Figure 4.21 shows the total 3-d porosity of sheets made of kraft and CTMP fibres
at respectively 2000 RPM and 6900 RPM as determined by X-ray CT and MIP. In
general, the porosity of both furnishes shows quite similar results for the two tech-
niques. The largest difference was found for the kraft sample made at 2000 RPM,
its porosity was 0.83 and 0.91 respectively by X-ray µCT and MIP.

a) b)
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Figure 4.21. Porosity of foam-formed sheet samples made of kraft and CTMP
fibres at 2000 RPM and 6900 RPM as determined by X-ray µCT and MIP. (Paper
IV)

Figure 4.22 shows the mean pore radius determined by X-ray µCT and MIP of
samples made of kraft and CTMP fibres at two rotation speeds, 2000 RPM and
6900 RPM. Overall, the mean pore radius as determined by MIP was higher for
the kraft fibres. Situation was the opposite for the sheet made of the CTMP fibres
at 2000 RPM. This can be explained by Fig. 4.23. Detection of pores larger than
115 µm is not possible with MIP. X-ray µCT can however determine pores bigger
than this as there is no detection limit. The range of pore diameters in the sheet
made of the CTMP fibres at 2000 RPM was 2-247 µm in the X-ray µCT -image
and 0.0037-115 µm in the MIP-image, while at 6900 RPM they were respectively
2-170 µm and 0.0037-115 µm. In MIP pressure was increased incrementally, and
because the CTMP sheet made at 2000 RPM was more porous than the one
made at 6900 RPM, penetration of mercury was accomplished in a very short
pressure range. Analysis was thus limited to small pores only (size below 115
µm).
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Figure 4.22. Mean pore radius of samples made of kraft and CTMP fibres at 2000
RPM and 6900 RPM, as obtained using X-ray µCT and MIP. (Paper IV)

In the medium pore-size range, the qualitative behaviour of the pore size distribu-
tion obtained by MIP for the CTMP fibres was similar to those obtained by X-ray
µCT. MIP indicated an increased proposition of pores in the size range of the
bubbles of the foam. This may be caused by the fast penetration paths along large
pores formed by the foam-fibre interaction. Penetrating mercury may find these
‘large-pore-routes’ more easily than what is possible with structural imaging.
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Figure 4.23. Volume-weighted pore size distributions (probability density func-
tions, PDFs) of samples made of CTMP fibres as obtained by X-ray µCT (solid
circles) and MIP (open circles) at rotation speeds A) 2000 RPM, and B) 6900
RPM. The solid curves represent fits of the X-ray CT pore size data by a linear
combination of the gaussian and log-normal distributions. (Paper IV)
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4.4 Strength properties

It is important to understand the influence of sheet structure on its tensile
properties. Density is a very important macroscopic structural parameter of paper
and can be influenced by many factors such as fibre type, fibre consistency, wet
pressing, drying process and many others. Accuracy of the determination of
density is related to accuracy of the thickness measurements. As we pointed out
earlier, thickness measurements were carried out with a device that largely
avoided pressing the sheet during the measurement.

Figure 4.24 shows the apparent density of foam-formed and water-formed
sheets. It is evident that the density of sheets made of the CTMP fibres is low in
comparison with sheets made of the kraft fibres. In addition, the density of foam-
formed kraft sheets varied with the rotation speed. This is not the case for the
CTMP sheets however.

Figure 4.24. Apparent density of foam-formed sheets of a varying rotation speed
and of water-formed sheets made of CTMP and kraft fibres. The CTMP sheets
were made with an SDS concentration of 0.3 g/l, whereas kraft sheets were made
with an SDS concentration of 0.2 g/l.

Measured values of the tensile strength of the kraft sheets correlated strongly
with their measured density (Fig. 4.25). Situation was quite different for the CTMP
sheets however. Their density varied much less with the rotation speed, and the
corresponding water-formed and foam-formed sheets had a similar density with no
apparent correlation with the rotation speed. The tensile strength of the sheets
was however found to depend strongly on their mean pore size as shown in Fig.
4.26.

KraftCTMP
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It is well known in the paper industry that there is a clear link between the bulk and
strength properties of paper (Niskanen 2008).

Figure 4.25. Tensile index in the machine direction plotted against density for a)
CTMP and b) kraft fibres. Data include both foam-formed sheets for a varying
rotation speed and water-formed sheets (red).

A narrower pore size distribution causes a more uniform microstructure of the
network and a better connectedness of fibres. Moreover, in the foam-forming
process, capillary forces become weaker during drainage, which could result in a
reduced bonding of fibres.

Figure 4.26. Tensile index in the machine direction plotted against the mean pore
radius for a) CTMP and b) kraft fibres. Data include both foam-formed sheets for a
varying rotation speed and water-formed sheets (red). (Paper III)

a) b

CTMP   Kraft

a) b)

CTMP   Kraft
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When comparing the tensile indices of kraft sheets made with 0.2 and 0.6 g/l SDS
concentrations at a quite similar sheet density (Figs. 4.27 and 4.28), it appeared
that adding more surfactant decreased the tensile strength. This difference was
much larger in water-formed sheets however, where SDS had been added to the
suspension without making foam. Moreover, in foam-forming the sheet density
could be decreased more using a small quantity of SDS. This has a great practical
importance in industrial processes.

Figure 4.27: Apparent density of foam-formed sheets for a varying rotation speed
and water-formed sheets of refined kraft fibres at 0.2 and 0.6 g/l SDS.

Figure 4.28. Tensile index of water-formed and foam-formed sheets of refined
kraft fibres.

Foam Forming
0.2 g/l

Foam Forming
0.6 g/l

Water Forming

      0.2 g/l SDS       0.6 g/l SDS Water Forming
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5. Conclusions

Be sure that you go to the author to get at his meaning, not to find yours.
                                                         John Ruskin, Sesame and Lilies

Foams have been shown to produce novel fibre structures when used instead of
water as the fibre carrier. This new forming technology produces materials of
increased homogeneity, bulk and porosity with potential savings in raw materials,
energy and water. Therefore, fundamental research is required on the main
mechanisms underlying their material structure. The thesis discusses laboratory
studies on basic foam-fibre interactions without complications caused by product-
specific industrial processes like foam production, wet pressing, drying etc. All the
objectives presented in Section 1.2 were met by the work. The main results and
findings of this Thesis can be summarised in the following way:

Foam-fibre interaction: In axial mixing, the bubble size and its distribution
could be affected by several factors such as the rotation speed, air content and
surface tension. In axial mixing the mean bubble size could be described with a
simple formula including air content as one of the parameters. Response of wet
foam to natural and regenerated fibres was quite different. The mean bubble size
became smaller for natural than regenerated fibres, and the bubble size distribu-
tion became narrower for natural fibres. The reasons behind this behaviour were
likely to be the rough surfaces of the natural fibres and the related fraction of fine
particles, which were absent for regenerated fibres. In the mixing of wet foam
laden with fibres, fibre type influenced much the bubble size at a low or moderate
mixing speed, whereas air content was insensitive to it. This has great practical
importance, as quite often only air content is followed in industrial foam processes.
At high rotation speeds however, beyond a macro-instability of the flow, also air
content became sensitive to the type and consistency of the fibres.

Characterisation: The micro-structure of the sheets was characterised using
X-ray micro-tomography, scanning electron microscopy, light microscopy, direct
surface imaging using a CCD camera and mercury intrusion porosimetry. X-ray
micro-tomography provided the best information about the porous structure. The
2-d microscopies (SEM, light microscopy) slightly underestimated the mean pore
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size of samples with a significant amount of very large pores, and overestimated
the pore size when the relative amount of small pores increased. The pore size
distributions obtained from CCD camera images were surprisingly similar to those
obtained by the other 2-d imaging techniques. It was possible in particular to ob-
serve changes in the pore structure caused by varying foam properties. Thus, this
technique could have potential in an industrial control of the on-line quality for
those uncoated products which do not require a significant wet pressing or contact
drying during their production.  Mercury intrusion porosimetry was able to charac-
terise pore sizes also in the sub-micron region, but led to an increased relative
volume of the pores around the mean bubble size of the foam. This may be relat-
ed to the penetration channels created by the foam-fibre interaction.

Micro-structure: The microscopic pore structure of foam-formed sheets and
water-formed sheets at a roughly equal density were significantly different. The
pore size distribution of the foam-formed sheets was much wider than the corre-
sponding distribution of the water-formed sheets. The characteristic shape of the
distribution of foam-formed sheets was dominated by a Gaussian component,
whereas in the water-formed sheets the distribution was dominated by a log-
normal component. The pore size distribution of foam-formed sheets correlated
with the mean bubble size. This had also an effect of tensile strength. In particular,
for sheets with constant density, the tensile strength depended strongly on their
mean pore size. In short, the foam-forming technology provides material with
striking features such as improved bulk and porosity. Moreover, it is possible to
tailor the formed structure with foam properties.
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Appendix A: Corrigendum

The author regrets that there is a typing error in Equation 17 in Paper I. The cor-
rect equation should be without a number 4 in the denominator.


