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Abstract
A method has been developed for flexible modelling of multi-component twin-
wire blade formers. Features such as suction devices, loadable blades, curved
blades, and partial contact between the blades and the forming fabrics are eas-
ily incorporated. New results include a series of calculations demonstrating
the non-trivial interaction between the pressure pulses when the blades are
positioned successively closer together, the effects of suction on the pressure
pulse generated by a blade applied to the opposing wire, and how blades of
modest curvature do not necessarily stay in contact with the fabric along their
full width and the implications of this on the pressure gradients in the machine
direction.

The behaviour of the fibre mats as they experience the first of the blade
pulses (after having been formed over a roll) is then considered in detail. Typ-
ically, the thickness of the mats decreases during the pulse, which reduces the
rate of deposition of new fibres onto the webs. The amount of fibres in the
sheets therefore changes marginally. Nevertheless, the resistance to drainage
presented by the fibre network is seen to increase significantly due to the low
permeability in highly compressed layers of the mat. As a result of the pressure
gradients in the machine direction, the shear stresses in the plane of the fibre
sheets can attain several hundred Pascal next to the forming fabrics.

Further, a model for sheared consolidation of flocculated suspensions is
presented that extends the concept of a concentration dependent yield stress,
previously employed in studies of uniaxial consolidation, to comprise flocculated
phase shear strength. Rate-dependent viscous stresses are also incorporated.
The theory is applied to the problem of combined compression and shearing of
a strongly flocculated suspension contained between two plates, one being fixed
and acting as a perfectly permeable filter, the other movable and acting as a
piston by which the load is applied. Qualitatively, the evolution of the volume
fraction of solids exhibits the same behaviour as during uniaxial consolidation
without shear. Applying shear is however predicted to increase the rate of the
drainage process, due to a reduced load bearing capacity of the flocculated
phase, and correspondingly higher pore pressures.

Descriptors: blade forming, pressure distribution, interaction, suction, drainage,
filtration, sheared consolidation, shear strength, plastic deformation, floccu-
lated suspension, soil mechanics, two-fluid model, mixture model



Preface

This thesis deals with models for the process referred to as ‘blade-forming’, that
is employed in papermachines to drain the fibre suspension and build up the
paper sheet. It is also concerned with the behaviour of flocculated fibre suspen-
sions (of which the fibre webs in the paper machine is an example) during filtra-
tion. The research was conducted within the framework of FaxénLaboratoriet,
a centre of excellence located at the Royal Institute of Technology in Stockholm,
Sweden.

The thesis is divided into two parts. In the first of these, an introduction is
given to the science of papermaking. A summary of the research conducted by
the thesis author and his co-workers is also given, with the objective to clarify
its context. The second part consists of five appended scientific papers. When
necessary, these have been reset in the format of the thesis.

Stockholm, March 2005
Claes Holmqvist
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Paper 1. Holmqvist, C., Dahlkild, A. & Norman, B., 2005 A flexible
approach for modelling flow in multi-component blade formers. Submitted to
Nordic Pulp & Paper Research Journal

Paper 2. Shugai, G., Holmqvist, C. & Vynnycky, M., 2002 Analysis of
a model for twin-wire forming. In Proceedings of the 12th ECMI Conference,
Jurmala, Latvia

Paper 3. Holmqvist, C., Dahlkild, A., 2005 Fibre mat behaviour in
twin-wire formers. To be submitted

Paper 4. Holmqvist, C., Dahlkild, A., 2005 Consolidation of sheared,
strongly flocculated suspensions. To be submitted
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on the sheared consolidation of flocculated suspensions. To be submitted
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Part 1

Overview and summary





CHAPTER 1

Papermaking and forming

This thesis is concerned with mechanical models for the forming of paper. It is
a fair guess that most readers will have at least some knowledge of mechanics in
general, since it is one of the fundamental, and classical, engineering sciences.
For this reason, it is also easy to find good introductions to the topic. A
reader who is not acquainted with the manufacturing of paper will, however,
find it harder to come across a presentation of the science of papermaking.
To set the stage for the presentation of the work that has been undertaken, I
therefore think it is appropriate to dedicate the first chapter of the thesis to
an introduction to the modern paper manufacturing process. As will become
evident, the drainage process referred to as ‘blade forming’ is given a more
lengthy presentation, since it has been the main focus area of the conducted
research.

1.1. Outline of the process from tree to product

There is no precise definition of paper. However, common to all products
referred to by that name is that they are nested structures of slender particles,
fibres, that are held together without the requirement of other components
than the fibres themselves. In most cases these have a biological origin, but
synthetic fibres are sometimes used as well.

After first having been developed in China in the 2nd century AD, paper-
making has evolved to the interdisciplinary high technology process it is today.
The large majority of paper products are wood based, and their production can
be divided into three significantly different parts, each of which corresponds to
an increased degree of refinement of the raw material:

• Forestry.
• Pulp production.
• Paper production.

During the pulp production, the fibres in the wood are freed through either
mechanical or chemical treatment. If this is not carried out on site, they are
delivered to the paper mill either as a concentrated suspension, or in the form of
dry sheets. At the mill, the pulp is transformed into a dilute suspension and is
then processed. Although the techniques employed to produce different paper
qualities (called grades) is more or less the same, the characteristics of the final
products differ a lot in terms of mechanical and other properties. The dry

1



2 1. PAPERMAKING AND FORMING

mass per unit area, i.e. the ‘grammage’, of board is e.g. about 200–400 g/m2,
whereas that of tissue is only 14-25 g/m2. The different stages of the paper
production are in order:

• Stock preparation.
Dissolving the pulp, Refining, Adding additives, Screening.

• Forming.
Dilution, Deaeration, Ejection onto the forming fabrics, Dewater-
ing.

• Wet pressing.
• Drying.
• Possibly calandering and/or coating.
• Rolling.

The step referred to as ‘forming’, will now be discussed in further detail.

1.2. The forming section

The internal structure of the fibre network constituting the paper is to a dom-
inating extent determined in the forming zone of the paper machine. An ex-
ample of a modern design of this section is illustrated in figure 1.1. In the
remaining parts of the process only the structure in the thickness direction
(referred to as the ‘z-direction’, or ‘ZD’) can be influenced. Consequently,
the forming zone has a critical influence on many, but not all, of the impor-
tant properties of the final product. These include the grammage distribution,
called formation, and the strength of the paper. As a result, it is of paramount
importance to a papermaker to understand the forming part of the process.
This need is the underlying motivation for conducting the research presented
in this thesis.

The fibre mass concentration of the thick stock entering the forming section
is 3–4%. It is then diluted with water that has been drained at positions further
downstream in the forming process, called ‘white water’, to a concentration of
0.1–1% depending on which grade is being produced. This diluted suspension
passes several cleaning/screening devices that remove contaminants before it is
fed into a nozzle in the part of the machine referred to as the ‘headbox’. The
nozzle ejects the suspension upon permeable fabric(s), where the dewatering
will take place. The forming fabrics are by papermakers also referred to as
‘wires’. In the thesis, the two terms are used interchangeably.

The headbox plays an important role in the forming process. A schematic
illustration of its design is given in figure 1.2. The downstream end is a narrow
slit, typically about 10 mm high and 10 m wide. It is important to have an
uniform flow across the exit, and the upstream part of the headbox is there-
fore usually a tapered header, the purpose of which is to create an uniform
pressure across the machine width (the ‘cross direction’, or ‘CD’). Whatever
non-uniformities remain after the tapered header are further reduced by the
stepwise enlargement of the flow channels between the header and the noz-
zle. This part of the headbox is referred to as the ‘tube bank’. Finally, the
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Figure 1.1. Illustration of a roll–blade twin wire forming sec-
tion (the Duoformer CFD forming unit by Voith).

suspension is accelerated to the required speed in the nozzle. Although the
concentration is usually low in the headbox, the fibres still have a tendency
to form clusters, called flocs, which will result in bad formation in the paper
sheet (i.e. uneven grammage distribution). The elongating flow in the nozzle
has a positive effect on the dispersion of the fibres, and helps to minimise this
problem. In addition, the acceleration dampens the relative turbulence levels
in the flow, which is necessary to obtain a jet of good quality, and velocity
non-uniformities in the CD are further reduced. However, a disadvantage of
the headbox is that the extensional flow causes anisotropy in the fibre orien-
tation. The fibres are aligned in the direction of flow (the ‘machine direction’,
or ‘MD’), which for some products has a negative effect on product quality.
Experimental studies of the flow in the headbox include the works by Chuang
(1982), Shands (1991) and Parsheh (2001). Among the numerical treatments,
one can mention those by Farrington (1991), Bandhakavi & Aidun (1999) and
Parsheh (2001).

The jet from the headbox impinges at a narrow angle on a forming fabric
moving at a speed of up to 30 m/s, depending on the capacity of the machine
and the grade that is being produced. As instabilities in the jet might impair
the homogeneity of the paper sheet (cf. the study on the hydrodynamics of
the liquid jet by Söderberg 1999), the distance travelled by the jet is kept
to a minimum, normally 10–20 cm. Often, a speed difference is intentionally
maintained between the jet and the fabric in order to favourably influence
the structure and properties of the sheet. When the jet hits the fabric, the
drainage starts. The water passes through the wire, while the fibres are left
on the surface, resulting in the build up of a fibre mat. In the rest of the
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Jet

Inflow

Side view:

Top view:
Tapered
header

Tube bank

Nozzle

Figure 1.2. A schematic illustration of a headbox and its
different parts: The tapered header, the tube bank and the
nozzle.

forming section, through the action of different dewatering devices (presented
in the following paragraphs), the drainage of the suspension continues till a
fibre network with an average concentration of about 4 % occupies the region
between the wires. Thereafter, a thickening process takes place during which
the concentration rises till a sheet of about 20 % fibre mass concentration has
been formed. After this the sheet is passed on to the press section.

The easiest way to achieve drainage is to move the wire horizontally and
let the pressure head, created by gravity, force the water in the suspension
through the fibre mat and the wire. An increased pressure difference across the
wire can be obtained by applying suction to the bottom side of the fabric. This
method, called Fourdrinier forming, was the one first used to produce paper in
a continuous process, and is still widely used, often in combination with other
techniques. The machine speeds obtainable in this way are however limited by
the instability of the free surface of the suspension residing on top of the wire.
To overcome this problem, twin-wire forming was introduced in the 1950’s and
is now the predominant choice when new machines are built. Overviews of the
history of forming and different machine designs have been given by Norman
(1989) and Malashenko & Karlsson (2000).

1.3. Twin-wire forming

The basic principle of twin-wire forming is that both sides of the suspension
are in contact with a wire at all times. This was not a new idea when practical
designs first appeared. However, early attempts had not been successful due to
the lack of insight that one must always (at any given position along the MD)
allow at least one of the wires to automatically adjust its lateral position as a
function of the current operating conditions. Drainage is achieved by deflecting
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the path of the fabrics, which are pre-stressed to a tension of about 5–10 kN
per metre width, thus creating a positive pressure difference between the region
enclosed by the wires and the surroundings. Compared to Fourdrinier forming,
twin-wire forming yields considerably higher dewatering rates. This is due to
the fibre mats building up on both of the wires simultaneously. In addition, the
flow resistance presented by the mat and wire on either side is significantly less
than that presented by a single wire and mat after the same amount of total
drainage. Another advantage is that carefully performed twin-wire forming
gives a paper whose two sides have a more equal structure than does Fourdrinier
forming.

1.3.1. Roll forming

During roll forming, the drainage pressure is achieved by wrapping the fabrics
over a cylindrical roll, as seen in figure 1.1. In early twin-wire formers, this was
the only means employed to achieve drainage. By using a roll with permeable
surface, two-sided dewatering can be obtained. Roll forming is a quite gentle
method in the sense that the pressure gradients in the MD are not as severe
as when blades are applied to the fabrics (cf. section 1.3.2). Further, the
amplitude of the dewatering pressure is somewhat lower, of the order 10 kPa,
than during blade forming. This yields a good retention of the fibres, the fibre
fragments (referred to as ‘fine material’) and the additives in the suspension,
which at higher pressure levels to a larger extent would follow the water through
the wires. However, as pressure gradients play an important role in breaking
up fibre flocs, their absence yields flocculation and a final paper with bad
formation. For studies of the pressure distributions and the drainage rates
during roll forming, the reader is referred to the works by Martinez (1998),
Zahrai et al. (1998), Dalpke et al. (2004) and Holm (2005).

1.3.2. Blade forming

An alternative technique to achieve drainage is blade dewatering. The wires
then follow an overall straight path, from which they are locally deflected by
ceramic blades that are applied across the CD. The principle of blade appli-
cation is illustrated in figure 1.3.c. In the figure, two wires pass a series of
three blades of which two are applied to the top fabric and one to the bottom
fabric. The deflection of the wires causes a pressure to be built up in the region
between them. The underlying mechanism is readily explained: Assume first
that the fabrics, and the suspension contained by them, move linearly past the
blades, on the verge of touching them but without actually doing so (figure
1.3.a). The pressure in the suspension will then be the same as outside of the
wires. If – hypothetically – the bottom blade could be used to push the lower
wire upwards without affecting the upper wire, a situation like the one in figure
1.3.b would occur (one could in this subfigure e.g. imagine the upper wire as a
permeable stiff wall). It is evident that the available cross section for the flow
of suspension has shrunk at the position of the middle blade. In order to adapt
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to this situation, the suspension must either pass through the wires, so that less
of it has to pass the middle blade, or it must push the upper fabric outwards
to create a larger cross section. In reality, both of these things happen simul-
taneously as illustrated in figure 1.3.c. The contraction experienced by the
flow results in a local increase of the pressure which, at the same time, forces
liquid through the fibre mats and the wires and displaces the opposing wire.
The fabrics, of course, resist displacement due to their tension. An interesting
question is why the suspension velocity does not increase at the blade, which
would also allow it to pass the narrow section. The answer is by no means
trivial. We give a tentative explanation by noting that if the wires are initially
parallel (as is the case if the pressure in the gap between the fabrics equals the
ambient pressure), the lower wire must at some point curve towards the upper
fabric. Since the fabrics are under tension, this implies that the pressure in
the gap at that position is higher than outside the fabrics. Consequently, the
velocity at that position is lower than far upstream of the blades, which means
that a deceleration takes place as opposed to the proposed acceleration.

MD

CD

Suspension flow

Blade Wire

Wire

a)

b)

c)

Figure 1.3. The principle of blade dewatering. Note that
the proportions are not correctly reproduced. MD – Machine
Direction, CD – Cross Direction. The different figures a–c are
explained in section 1.3.2.

If expelled water adheres to the outer surface of the wires, it will remain till
it is removed by centrifugal effects, or it is deflected away by the next blade or
some other slicing device. This redirection, which is called ‘doctoring’, results
in a pressure build-up close to the tip of the blade. It will influence the pressure
difference across the wire and hence also the local drainage.

Figure 1.3 focuses on the situation in the region around the middle blade.
Naturally, the positions of the fabrics at the different blades are not independent
of each other. Moving the middle blade upwards will create restrictions on the
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flow at the upstream and the downstream blades as well, and, due to the
same mechanism as explained above, regions of locally high pressure will be
generated at these blades. However, the corresponding wire curvatures have
not been properly illustrated in the figure. Further, it is stressed that, unlike
in the figure, blade dewatering is a slender problem. The distance between the
wires is typically in the range 1–10 mm while the distance between the blades
is an order of magnitude larger. The extension of the blades in the MD is
normally 10–50 mm. All of this should also be put in relation to the width of
the machine in the CD, which on a large production unit can be up to 10 m.

When a volume of suspension travels past a series of blades, it will repeat-
edly be exposed to regions of high pressure resulting in dewatering. From the
point of view of the suspension volume, these regions will be experienced as
pulses in time, although they are a result of translation in the MD. This has
led to the use of the term ‘pressure pulse’ for the region of increased pressure in
connection with a blade. The pressure pulses are of a quite different nature than
the dewatering pressure achieved during roll forming. Measurements by e.g.
Zhao & Kerekes (1995) and Zahrai et al. (1997) have shown that the magnitude
of these pulses can be as high as 25 kPa or more, hence of significantly larger
magnitude than what has been reported for roll forming (although, during or-
dinary operational conditions, the amplitudes of the pulses are not necessarily
of such high values). Because of this, pure blade forming results in poor reten-
tion, since fibres, fine material and additives then have a high tendency to pass
through the fibre mat and the wire until the former has grown sufficiently thick.
In addition, the pressure pulses are generally quite localised, and will therefore
yield large pressure gradients in the MD. It is believed that this causes disrup-
tion of fibre flocs in the suspension, and that it explains the good formation
of the final paper sheet that can be obtained by using blades for dewatering
(Nordström 1995). The underlying mechanism is not yet properly understood.
One theory is that the elongational flow resulting from the pressure gradients in
the downstream region of a blade will stretch the flocs and possibly tear them
apart. The study by Bergström (2003) indicates that the rupture of flocs in
the forming section is due to a shearing mechanism. As a result of the drainage
flow, flocs get pinned to the fibre mat, after which they are exposed to the
velocity difference in the MD between the undrained suspension and the mat
residing on the fabric. If the relative velocity is of sufficient magnitude, the
floc can be torn apart. The behaviour of flocs experiencing pressure pulses has
also recently been studied by Åkesson (2004).

In order to achieve a process with high retention in the forming section,
and an even grammage distribution in the final sheet, it is now common to
combine roll forming with blade forming (cf. e.g. figure 1.1). The idea is that
fibre mats should be built up on the wires during the roll forming in order
to generate sufficiently thick webs to prevent low retention in the subsequent
blade section. Only partial dewatering should take place over the roll though,
as the purpose of the following blade section is to break up fibre flocs in the
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remaining suspension. This would not be possible if the drainage has gone too
far.

Since the blades are not permeable, one might suspect that asymmetrical
drainage through the two fabrics has a detrimental effect on the quality of
the final paper. This is true to a certain extent, but if the blades are applied
alternately to the two wires, as in figure 1.3, a sheet with acceptable two-
sidedness is obtained.

According to Norman (1989) twin-wire blade formers were first developed
by Beloit and Black Clawson at the end of the 1960’s. At that time it was not
understood that the blades generated pressure pulses. In the Beloit Bel Baie
design the blades were not arranged in a straight configuration as is often done
today, but instead mounted so that they described a circular arc with the tips
lying on the circumference. The arc had a radius an order of magnitude larger
than that of a conventional forming roll. Indeed, the wires were wrapped over
the blades in order to mimic roll forming with a very large roll. The good
formation that was achieved was attributed to a dewatering pressure that was
thought to be of low amplitude and long duration, hence rather the opposite
of what is actually the case. Norman (1979) was the first to give a reasonably
accurate description of the physics of pulsating blade forming.

In the early designs incorporating deflection of the wires by blades, these
were mounted in fixed positions. Whenever blades were applied to both wires,
or blades were positioned on one side and other dewatering devices on the oppo-
site side, the process got very sensitive to changes in the operating conditions.
To understand this, one can e.g. look at the blade/counterblade arrangement
illustrated in figure 1.3. It is evident that no drainage pressure is generated in
the situation described by figure 1.3.a, where the blades are not acting on the
wires. However, if the operating conditions were changed so that the distance
between the incoming wires increased, while the blades remained in their posi-
tions, the blades would impose an obstruction to the flow and pressure pulses
would be generated as in figure 1.3.c. To reduce the sensitivity, adjustable
blades should be used, as suggested by Norman (1979). Baumann (1989) de-
scribed a forming section with fixed blades applied to one of the wires, and
flexible blades applied to the other side. These were pneumatically pushed
against the wire, and hence the forces by which the blades were applied could
be controlled. This has become standard practice.

1.3.3. Suction shoes

Drainage can also be achieved by lowering the pressure outside one of the wires
as compared to the pressure on the opposite side (usually the atmospheric pres-
sure). This is the design principle of the ‘suction shoes’ sometimes employed in
the forming zone. By creating a low pressure inside the shoe, water is sucked
out through the adjacent fibre mat and wire. To increase the control of the
process, the shoe is usually divided into several compartments (‘boxes’), with
the possibility to set different pressures in each one of them. An illustration
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of this is seen in figure 1.1. The upstream and downstream edges of the boxes
can generate pressure pulses in the same way as blades do.



CHAPTER 2

Modelling of multi-component blade formers

In this chapter, a review is made of previous research on blade forming, after
which the study reported in Paper 1 is discussed. Both Paper 1 and Paper 2
treat the modelling of multi-component forming sections. The latter is con-
cerned with the asymptotic behaviour (far upstream and downstream of the
blade section) of essentially the same equations that are solved in Paper 1.
It provides insight into nature of the mathematical description, but will not
receive any attention in the introductory survey given in the present chapter.

The main concern has been the pressure distributions in the forming sec-
tion. Being able to determine the variation of the drainage pressure along the
MD is vital, if predictions are later to be made regarding issues like dewatering
rates and structural changes in the fibre sheets.

2.1. Research on blade forming and suction shoes

2.1.1. Establishing the pressure pulses

Although pressure pulses were predicted by Norman (1979), it was not until the
work by Sims (1985) that experimental evidence (for a Beloit Bel Baie blade
former) was published. A trailing pressure transducer was inserted through the
headbox into the region between the wires, where an increased pressure was
detected at each blade. The same technique was also used by Brauns (1986).
The amplitudes of the pulses were found to increase when the wire speed or
the tension in the wire opposing the blades was increased. Amplitudes of up
to 7.5 kPa were detected for some operating conditions. Brauns’ work is also
interesting because it investigates the effect of applying suction in between the
blades. Yet another experimental study using a trailing pressure probe is the
one by Bando et al. (1994). This technique is one of few available to measure
the pressure during blade forming due to the difficulty in accessing the region
between the wires. It has a drawback in that the position of the probe in
the ZD can be neither controlled nor determined. It is also unclear to what
extent the presence of the probe influences the flow of suspension, and thus the
measured pressure, at narrow gap sizes.

Another technique consists of drilling pressure taps (i.e. ‘holes’) through
the blades, to which a measurement device is connected. For obvious reasons,
the pressure distribution can then only be obtained in the region covered by the
surface of the blade. Such studies have been undertaken by Zhao & Kerekes

10



2.1. RESEARCH ON BLADE FORMING AND SUCTION SHOES 11

(1995) and Zahrai et al. (1997), and it was found that the pressure pulses can
be of as large magnitudes as 25 kPa.

2.1.2. Analytical results

Zhao & Kerekes (1995) performed the first rigorous theoretical analysis of blade
dewatering. A quasi one-dimensional model was developed for an isolated blade
of infinitesimal extension in the MD. The wires extend an infinite distance in
the upstream and downstream directions, and approach and leave the blade
parallel at prescribed angles. The problem was treated like that of an inviscid
fluid translating between thin, perfectly flexible, moving walls of constant per-
meability. No effects of fibre web build-up on the drainage resistance (due to
deposition of fibres onto the wires) were included. An important condition for
the validity of the model is that the characteristic length scale in the MD is
much larger than the distance between the wires. The equations were linearised
and solved analytically, yielding pressure pulses located upstream of the blade.
It was noted that certain parameter combinations yield oscillatory solutions in
this region. Downstream of the blade, the analysis gave zero pressure differ-
ence across the fabrics and, consequently, straight wires. A comparison with
experimental data showed good agreement.

Moch (1995) constructed a one-dimensional model for the flow around a
single thin blade, including a variable permeability of the wires in order to
simulate the effect of fibre mat build-up. The pressure pulses were found to
become of larger amplitude and to extend for a shorter distance in the upstream
direction than when no fibres were deposited (as would be the case if the
suspension was replaced by pure water). Zhao & Kerekes (1996) performed a
study of the influence of suspension concentration on the pressure pulses by
using the model developed earlier (Zhao & Kerekes 1995), inserting different
values for the constant drainage resistance. They also concluded that increased
resistance gave pulses of larger magnitude. An attempt was made to relate the
calculated integrated velocity difference between the suspension and the wires
with experimental measurements of the formation, and a weak correlation was
reported.

Zahrai & Bark (1995) presented a two-dimensional analysis of the appli-
cation of a thin blade. The combined wire/fibre mat structure was considered
to be inertialess and of negligible thickness, with constant permeability. The
suspension was modelled as an inviscid fluid. A regular perturbation analysis,
using the angle of deflection of the wires as the perturbation parameter, resulted
in a linear analytical solution. Upstream of the blade, they found only small
gradients in the ZD, and the solution agreed well with the one-dimensional
analysis by Zhao & Kerekes (1995). The main difference was that the one-
dimensional model predicted a slightly higher pressure amplitude. However,
downstream of the blade, the two-dimensional analysis yielded quite large gra-
dients in the ZD. Notably, there was a region close to the blade in the ZD, that
extended a short distance downstream of the point of application, where the
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pressure was lower than outside of the wires. This is due to the acceleration
of the flow around the corner formed by the wire when the thin blade is ap-
plied to it. In their study, Zahrai & Bark (1995) made no assumption about
the magnitude of the ratio between the length scales in the MD and the ZD.
As a consequence, they were able to include the bending stiffness of the wires
in their analysis. It was found that it had no influence outside a very small
region close to the (thin) blade. A more accurate criterion for the appearance
of oscillations in the dependent variables than that derived by Zhao & Kerekes
(1995) was given as well. Among the first two dimensional models of blade de-
watering should also be mentioned the study by Nigam & Bark (1997), where
potential flow theory was used to study blade dewatering with a single flat or
cylindrically curved blade. Linear analytical results were obtained through a
perturbation analysis.

2.1.3. Numerical results

Zahrai & Bark (1996) and Zahrai et al. (1997) developed a numerical method
for solving the non-linear equations describing the two-dimensional flow over a
blade of arbitrary shape. It was applied to a flat and to a triangular blade, and
the results were compared with experimental data obtained using blades with
pressure taps. Good and reasonable agreement was found for the triangular
and the flat blade, respectively. During the numerical simulations, the drainage
resistance was assumed to be constant.

Green & Kerekes (1996) numerically solved a one-dimensional non-linear
model for a single thin blade incorporating a variable permeability for the
wire/fibre mat. The same conclusions were drawn regarding the influence of
fibre mat build up as those made by Moch (1995). In the model, the wire/fibre
mat was attributed a constant mass per unit area, and it could be concluded
that the influence of fabric-inertia on the calculated variables was small. The
influence of wall shear stress was accounted for in a rudimentary way. By testing
viscosity values of different magnitudes, it was concluded that this parameter
had a negligible influence on the pressures calculated with their model. An
indication of the effects of doctoring of drained water was found by prescribing
a pressure distribution on the outside of the wire in contact with the blade. It
was concluded that, as a result, the amplitude of the pressure pulse increased.
Green et al. (1997) developed the model to deal with a blade of finite extension
in the MD. Like Zahrai & Bark (1996) and Zahrai et al. (1997) they observed
that, unless the blade is of short length, it produces two pressure pulses – one
that is associated with wrap of the wires around the front edge and one with
wrap around the back edge. The model was also used to study the effect of
blade wear (Green & Roshanzamir 1997).

Roshanzamir et al. (1998) performed viscous two-dimensional simulations
with a blade of finite extension in the MD. The wire/fibre mat was given a
finite but constant thickness, and a constant flow resistance. This was the first
treatment including viscosity in a rigorous way, albeit under the assumption
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that the suspension behaves like a Newtonian fluid. Hence, an estimate of
the shear in the suspension was obtained. The viscosity level did however
not influence the calculated pressures. Roshanzamir et al. (1999) extended
the model to include effects of doctoring of water drained upstream of the
blade. Although the pressure building up on the outside of the wire due to
the deflection of the approaching water was limited to a very short distance
upstream of the blade, it was found that it can significantly affect the amplitude
of the pressure pulse in between the wires, thus confirming what was indicated
by Green & Kerekes (1996). More or less the same study can also be found
in the reference Roshanzamir et al. (2001). The effect, on a blade pulse, of
adding an inertial term to the permeability law for the drainage fabric was
investigated by Roshanzamir et al. (2000b). It was concluded that the influence
on the pressure distribution was small, as compared to applying a purely viscous
drainage law that results in the same amount of expelled water.

Green (1999, 2000) presented a one-dimensional model where suction was
applied in between two thin blades. Roshanzamir et al. (2000a) presented a
viscous 2D simulation of the same problem. Downstream of the first (upstream)
blade, the pressure in the gap between the fabrics was found to rapidly decrease
to a level half way between the pressure on the suction side and the pressure
outside the opposing wire. This corresponded to the pressure in the gap being
3–5 kPa lower than the ambient pressure, which in the simulations resulted
in an increased bending of the outer wire over the blades, and consequently
pressure pulses of larger amplitude than if no suction was applied. It is, how-
ever, unlikely that such a pressure difference over the wire opposing the suction
device could occur in a real forming section.

Although no time-dependent analyses of blade forming have been carried
out, such studies have been undertaken for roll forming by Turnbull et al. (1997)
and Chen et al. (1998).

2.2. Interaction effects

Previous work has given us insight into the physics of different devices employed
in blade forming. However, the focus has been on single components, e.g. a
single blade. As is obvious from figure 1.1, a blade forming section does not
consist of a single component. Instead, several blades are applied in series,
and often to both of the wires and in combination with one-sided suction.
The question naturally arises as to what extent the different devices interact
with each other. Previously, no models have been developed that clarify how
the configuration of the devices influences the process. Hence, the design of
forming sections, trouble-shooting, or tuning of the controllable parameters
after changes in the process, necessarily involves extensive use of trial and error
techniques. Especially when developing new designs, it would be advantageous
if theoretical analysis could replace some experimental work, at least in the
early stages. Since it is prohibitively expensive to disrupt the production in a
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mill, one must today resort to using pilot paper machines for trials. Although
less expensive, this is by no means a cheap solution.

2.2.1. A module based model of a forming section

In Paper 1, a model is presented by which blade forming sections of quite ar-
bitrary configurations can be studied (for a more lengthy treatment, see also
Holmqvist 2002), in particular with respect to the drainage pressure distribu-
tion. The ambition during its development was to obtain a numerical tool that
is flexible enough to permit major alterations of the geometry, and a rather
free choice of operation parameters. This was achieved by defining funda-
mental building blocks, ‘modules’, from which the desired forming section is
constructed. Each such module represents a segment of the machine, consist-
ing of either two free fabrics (and, naturally, the suspension mixture contained
between them), or one free fabric and a blade, as illustrated in figure 2.1. Suc-
tion boxes are accounted for by specifying a low pressure on the back side of
the wire to which the device is applied, thus increasing the effective drainage
pressure. The modules are solved independently and matched to each other
iteratively. By keeping the interface between the modules simple, considerable
flexibility is achieved.

To obtain a tractable description of the process, certain simplifications had
to be made. It is assumed that the fibre mats residing on the wires are separated
by a region of suspension of high mobility, referred to as the ‘free suspension’,
or sometimes the ‘bulk’ of the suspension. The free suspension is supposed to
behave like an inviscid fluid, which is justified according to the scaling analysis
in Paper 3. Confer also the study by Roshanzamir et al. (1998), in which
Newtonian viscous stresses are found to have a small effect on the blade pulses.
It is reasonable to assume that blade forming is a slender problem, in the sense
that the characteristic distances, over which the dependent variables change,
are much longer in the MD than in the ZD. An analysis akin to the shallow
water wave theory (cf. e.g. Acheson 1990) then reveals that the pressure and
velocity of the suspension are only dependent on the position along the MD.

Each combination of fabric and fibre mat (henceforth in this chapter re-
ferred to as simply the ‘fabric’, or ‘wire’) is treated like a single entity, perfectly
flexible and of negligible mass and thickness. It follows that when the term ‘sus-
pension’ is employed in the remainder of this chapter, we are always referring
to the free suspension. The classical Euler-Bernoulli beam theory is employed
to model the tensioned fabrics, the flow through which is assumed governed by
the purely viscous Darcy’s law. A drainage resistance that increases linearly
with the accumulated quantity of water expelled at upstream stations accounts
in a rudimentary way for the build up of fibre mats on the wires. Where ap-
plicable, i.e. unless it yields unphysical solutions, the fabrics are assumed to
follow the surfaces of the blades. The drainage flow is set to zero at wire-blade
contacts.
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The resulting governing equations are similar to those employed by e.g.
Green & Kerekes (1996) and Green & Roshanzamir (1997) to model a single
blade applied to a pair of fabrics. Since the sole independent variable is the
position along the MD, the computational effort to solve each module is small.
It is further reduced by partly integrating the system analytically prior to the
numerical treatment.

To solve a module, a certain amount of information must be available. For
example, in the case of a module consisting of two free wires, that informa-
tion includes the position in the ZD of the fabrics at the inlet and outlet of
the module, the drainage resistances at the upstream end, and the pressure
and velocity of the suspension at the downstream end. Normally, only part of
the necessary information is available for each module. This is the origin of
the need to match the modules iteratively to each other. The unknown pa-
rameters are guessed, and the solutions for the different modules are updated
repeatedly till they fit together in a physically correct manner. The quality
of the solution after each iteration is quantitatively measured by ‘matching
criteria’, or ‘matching functions’, which express the requirement that certain
dependent variables are continuous across module boundaries (i.e. the position
of the wires, the velocity of the suspension, the pressure, and the drainage
resistances), as well as other conditions which must be fulfilled. A blade that
is to be applied with a certain force results in a condition on the slopes of the
fabric at the blade edges (stemming from a force balance in the ZD for the
blade). If curved blades are employed, it is not certain, and not required, that
the blades remain in contact with the wire along its full width in the MD. This
is handled by introducing the position in the MD of the interfaces between the
modules as unknowns, which are then determined by requiring that the fabric
is tangential to the blade at the point of contact. The matching functions are
defined in such a way that perfect compliance corresponds to a zero returned
value. The problem of determining the unknown parameters and, in the pro-
cess, the solution of the governing equations in the forming section, hence turns
into the problem of finding a root.

2.2.2. Three blades and a suction box

The procedure outlined in paragraph 2.2.1 is applied in Paper 1 to study a
small blade forming section consisting of three blades and a suction box, as
illustrated in figure 2.1. The suction device is located between the blades
furthest upstream and downstream (it covers the region xu2 ≤ x ≤ xd1), facing
the middle blade. The velocity of the fabrics is U , and the density and effective
viscosity of the suspension are denoted ρ and µc, respectively. Both wires are
tensioned to T , and the initial resistance to drainage is R0. If desired, these
last two parameters can be set different for each fabric. Far upstream, the wire
separation is h0. The blades are of width D, and the spacing between them,
defined as the distance between the trailing edge of one blade and the leading
edge of the next blade downstream (which is applied to the opposite fabric), is
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δb. The (constant) concentrations in the free suspension, and in the mat, are
φs and φm, respectively, and the permeability of the webs/wires is assumed to
be of constant value k. The middle blade is applied by a force Q per unit width
of the machine. Since the blades are not necessarily flat, we let the functions
fu(x), gm(x) and fd(x) (which refer to the upstream, middle and downstream
blade, respectively) trace out the surfaces of the blades in the ZD. x is the
position in the MD. Note that gm(x) is only known up to a constant, which is
determined from the force by which the blade is applied. The position of the
fabric in contact with the fixed blades is denoted f(x), whereas the position of
the opposite fabric is g(x). The drainage pressure, and the suspension velocity
in the machine direction, are p(x) and u(x), respectively.
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Figure 2.1. Schematic view across a blade forming section
consisting of three blades. The dashed lines indicate module
boundaries. The two ‘upper’ blades are fixed, whereas the
‘middle’ blade is adjustable in the ZD and is applied with a
prescribed force Q. The suspension flows from left to right
between the wires. The external pressures pe1(x) and pe2(x)
can be set to arbitrary values, hence permitting devices for
one-sided suction to be simulated, e.g. the box in the figure.
f0, g0 and f1 denote known fabric positions upstream and
downstream of the blade section. p1 and u1 are the pressure
and velocity at the outlet of the considered domain. w1, w2

represent drainage flow, and R10, R20 are the initial drainage
resistances of the wires. Note that the relation between the di-
mensions in the x- and z-directions is not properly illustrated.
Confer the text for additional explanations of the notation.

2.2.3. Applying a suction pressure

In figure 2.2, the effect on the pressure distribution of applying one-sided suc-
tion is demonstrated. We first consider the case without suction, i.e. pv = 0.
Due to the close spacing of the blades, the generated pulses have partly merged.
Also, to achieve a wrap of the fabrics over the trailing edge of the third blade,
and thus mimic the effects of a fourth (loadable) blade, the third blade is given
a different position in the ZD than the outlet of the considered domain (cf.
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the caption of fig. 2.1 and 2.2). When the suction is applied, the pulses at the
middle blade are reduced. This is natural. In chapter 1, it was concluded that
the pressure pulses are a result of the need for the flow to adapt to the reduced
gap size when a blade is applied. Due to the suction, the drainage through the
fabric opposite the middle blade is enhanced. The large pressure drop across
the wire/mat also pulls that fabric into the suction box, which increases the
cross section available to the flow. As a result of these two factors combined,
the constriction created by the blade is less severe than without suction, which
explains the reduced amplitude of the pulse.
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Figure 2.2. The effect on the pressure distribution of one-
sided suction of magnitude pv in the forming section in fig.
2.1. (—) pv = 0, (- - -) pv/(ρU2) = −0.016. Th0/(ρU2D2) =
0.18, βφs/φm = 0.103 where β = µh2

0/(ρUDk), Q/T = 0.036.
δb/D = 1. f0/h0 = f1/h0 = 1, g0 = 0, p1 = 0, u1/U = 1,
R0h0/(ρUD) = 0.194. fu(x)/h0 = 1, fd(x)/h0 = 0.78 and
gm(x) = constant, i.e. flat blades. The triangles indicate the
positions of blade edges. The upstream and downstream end of
the considered domain is located at, respectively, x/D = −14.1
and 7.14.

Note also that the amplitude of the first pulse in figure 2.2 is significantly
increased when suction is applied, an effect resulting from a larger wrap of the
fabrics over the upstream blade. To a much smaller degree, the same occurs
at the downstream blade. An important feature of the suction profile in figure
2.2 is that the region in which the pressure is lower than the atmospheric
pressure, i.e. where p(x) < 0, is located above the middle blade. This prevents
backflow through the wire opposite the suction box, of either previously drained
water or air. The model is not capable of correctly handling such ‘reversed
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drainage’ (although a solution is obtained), a deficit it shares with all previously
developed models for blade sections and suction boxes. Since situations of this
kind can easily be envisaged, it can probably be regarded as the most serious
weakness of the model. If the middle blade had not been applied during the
suction, a pressure p(x) < 0 (i.e. lower than in the surroundings) would have
been predicted by the simulations in a large part of the region between the
upper blades. The fabric not in contact with the suction box would, due to
the higher ambient pressure, be ‘pushed’ towards the suction box. In a real
situation, there is no mechanism to maintain such a reversed pressure difference
between the surroundings and the suspension, and it is likely that the pressure
in the gap is never significantly lower than outside of the fabrics. Neither water
nor air flowing through the forming fabric from the outside would, through drag
forces, be able to give the fabric a curvature comparable to that of the wire
in contact with the suction box. Note that the latter is curved as a result of
a pressure drop generated almost exclusively over the fibre mat. This pressure
drop can be large due to the relatively low permeability of the mat. On the
other hand, during ‘reversed drainage’, the fibre mat cannot transmit large
forces to the fabric, and the forming fabric itself is designed to present little
resistance to liquid flow. Surface tension menisci in the pores between the
strands in the wire are also unlikely to be strong enough to prevent backflow,
and thus sustain a pressure difference of the required magnitude. These issues
are further discussed by Holmqvist (2002), as well as some ideas regarding ways
to improve the model to better handle situations where there are tendencies to
backflow.

2.2.4. Spacing between the blades

A good example of non-trivial interaction between pressure pulses is given in
figure 2.3, which contains the pressure distributions obtained in four simulations
where the blades are positioned successively closer together. No suction is
applied. Here, we have f0/h0 = fu(x)/h0 = fd(x)/h0 = f1/h0 = 1. Hence,
the fabrics are not wrapped over the trailing edge of the third blade, which
explains the absence of a pressure pulse at that position. In figure 2.3.c and
2.3.d, the pulses due to the upstream blade and the leading edge of the middle
blade are merging more and more. What is most interesting, however, is how
the pulses at the trailing edge of the middle blade and the leading egde of the
third blade are reduced when δb decreases, almost to the point of disappearing
for the smallest δb. These results cannot be deduced from studies of a single
blade applied to a pair of fabrics.

2.2.5. Blade curvature and pressure gradients

Although non-flat blades are normally not deliberately employed, curvature
can arise from wear of the blade surface. Such blades have previously been
studied by Green & Roshanzamir (1997). The pressure distributions in figure
2.4 correspond to blades with different (constant) radii of curvature, %. The
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Figure 2.3. The influence of the blade spacing on the pres-
sure pulses. No suction. (a): δb/D = 3.4. (b): δb/D = 1.8.
(c): δb/D = 1. (d): δb/D = 0.36. Th0/(ρU2D2) = 0.114,
βφs/φm = 0.103 where β = µh2

0/(ρUDk), Q/T = 0.043.
f0/h0 = f1/h0 = 1, g0 = 0, p1 = 0, u1/U = 1, R0h0/(ρUD) =
0.194. fu(x)/h0 = fd(x)/h0 = 1. Note the different scales in
the different subfigures.

circular blades are symmetric with respect to the ‘top’ of the blades. In the ZD,
the two upper blades are positioned so that their tops (this word is employed
even though the curved blade surfaces are pointing downwards) are at the same
level as the positions f0 and f1, cf. figure 2.1. Like before, the position of the
middle blade is determined as a part of the solution.

The curvatures of the blades are small, in the sense that the top of the
blades only protrudes a small distance ∆b with respect to the base of the blades
(see fig. 2.5). Roughly, we have that ∆b/h0 = D2/(8h0%). If e.g. h0, D and
% are taken to be 2 mm, 14 mm and 0.6 m, respectively (yielding %/D = 42.9
like in the case of the dotted curve in fig. 2.4), we find that the surface of
the blade merely protrudes a distance equivalent to 2 % of the far upstream
gap size. Nevertheless, there is still an influence on the pressure distributions,
as revealed in figure 2.4. The amplitudes of the pulses are modestly affected.
The most important influence of the blade curvature is presumably observed
on the pressure gradients in the MD. It is recalled from chapter 1 that these
are believed to play an important role to the break-up of fibre flocs, which is
essentially the reason why blades are employed in the drainage process. An
important part of Paper 3 in this thesis is the insights it provides regarding
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Figure 2.4. The influence of blade curvature on the pressure
pulses. No suction. Circular blades with radius of curvature
%. (—): Flat blades. (- - -): %/D = 71.4. (· · · ): %/D =
42.9. Th0/(ρU2D2) = 0.147, βφs/φm = 0.103 where β =
µh2

0/(ρUDk), Q/T = 0.033. δb/D = 1.8. f0/h0 = f1/h0 = 1,
g0 = 0, p1 = 0, u1/U = 1, R0h0/(ρUD) = 0.114. Confer the
text for the details regarding the blade positions in the ZD.
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Figure 2.5. The path of the lower wire, g(x), as it wraps the
middle circular blade (of curvature %/D = 42.9) in the simu-
lation corresponding to the dotted curve in figure 2.4. Note
that only partial contact between the blade and the wire is
obtained on the downstream side of the blade.

the role played by the pressure gradients in the MD in the generation of shear
stresses in the fibre webs residing on the fabrics. The pressure gradients for the
cases in figure 2.4 are plotted in figure 7 of Paper 1. The observed tendency is
that curved blades reduce the gradients associated with the downstream part
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of the pressure pulses, but sometimes enhance gradients during the build-up of
the drainage pressure (see below). Once the connection between the pressure
distribution in the blade forming section and the formation in the final sheet
is better understood, blade curvature could perhaps be a means to obtain the
most advantageous forming conditions.

The pressure gradients were not commented upon by Green & Roshanzamir
(1997). Another effect revealed by the simulations of curved blades, and which
has not been previously reported, is the fact that the fabrics are not necessarily
in contact with the entire surface of the blades. Figure 2.5 illustrates the
situation in the region around the middle blade for the case % = 42.9 in figure
2.4. Actually, none of the curved blades in the simulations in that figure are
in complete contact with the fabrics. Partial contact on the upstream side of
some blades explains the above mentioned effects on the gradients in the MD
upstream of the maximum pulse pressure. In such situations, where the fabric
makes contact with the blade downstream of the leading edge, high pressures
are built up over a short distance in order to deflect the fabric so that it makes
contact with the blade tangential to its surface. Evidence of partial wire-blade
contacts is seen in figure 2.4 where the slopes of the pressure curves change
discontinuously at positions other than at blade edges.

It should be mentioned that no effects related to the wedge-shaped space
between the fabric and the blade surface, that is present at partial contact,
have been taken into account. It is possible that water drained at upstream
stations, adhering to the external surface of the fabrics, can be forced back in
through the fabrics as a result of such gaps on the upstream side of the blades.
Both when % = 71.4 and 42.9, partial contacts are observed on the upstream
side of the blades applied to the upper fabric.



CHAPTER 3

Drainage of flocculated suspensions

Using the model presented in the previous chapter, it is possible to predict
the pressure distributions in a variety of forming sections operating under dif-
ferent conditions. Although of simple nature, the model has been found to
yield pressures that are in fair agreement with more advanced studies of sin-
gle blades, as well as experimental measurements (cf. Paper 1 and Holmqvist
2002). However, it is currently not possible to fully benefit from our knowledge
of the pressure distributions, since so little is known about the details of the
coupling between these and their effects on fibre flocs and the fibre mats. Since
the fibre mats will become the final paper sheet, establishing such relationships
is extremely important. In Paper 3, 4 and 5, a tentative is made to deal with
this issue. Paper 3 treats the behaviour of a fibre mat subjected to a blade
pressure pulse, whereas in Paper 4 and 5, a model is presented for the consol-
idation of a flocculated suspension subjected to both normal loads and shear
loads. This chapter of the thesis is devoted to a review of these three papers.
It is worth noting that not only would realistic descriptions of the fibre mats
allow us to learn more from existing predictions of the drainage pressure under
various operational conditions. By combining the new models with previously
developed models for the forming process, e.g. in the form of more accurate
boundary conditions, they could in their turn improve the calculations of the
pressure distributions and the drainage rates.

3.1. Previous modelling work

In studies trying to predict the pressure distributions during forming, the resis-
tance to drainage presented by the fabrics and the fibre webs they support, is
commonly either considered to be constant (e.g. Zhao & Kerekes 1995; Zahrai
& Bark 1995; Zahrai et al. 1997; Roshanzamir et al. 1998) or is assumed to in-
crease at a rate proportional to the (superficial) drainage velocity, which is also
referred to as the drainage flux (e.g. Green & Kerekes 1996; Roshanzamir et al.
2000a). The first of these two alternatives is clearly simplistic. The second one
rests on the assumptions that the drainage resistance is proportional to the
amount of fibres in the mat, and that the increase of the quantity of fibres is
determined solely by the drainage flux and the concentration in the free suspen-
sion above the mat. Although somewhat more elaborate, it has nevertheless
been put forward in an ad hoc manner, without considering the reactions of the

22
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fibre network constituting the web when it is subjected to the drainage flow,
and how this in turn influences the macroscopic dewatering resistance.

The fibre sheet can be envisaged as a permeable and deformable solid struc-
ture, saturated with a liquid. The reaction to applied loads of such porous
media is a problem relevant to many applications. Traditionally, the behaviour
of such systems has been considered in situations where the load is applied
uniaxially. The first treatments are found in the field of soil mechanics (cf. the
classical textbook by Terzaghi 1943). Later, Shirato et al. (1970) and Adorján
(1975) developed theories for the settling (i.e. sedimentation) of flocculated sus-
pensions. Note that the term ‘flocculation’ in general is employed to indicate
the presence of an interconnected network of particles, that through mechanical
contacts can transmit forces over distances considerably longer than the size of
the particles. Conceptually, one then deals with (large) regions of networked
material, rather than individual flocs as is sometimes the case in papermaking.
However, the fibre webs residing on the fabrics fall within the definition of a
‘flocculated suspension’, in the sense intended by most researchers outside the
paper industry. In their work, Shirato et al. and Adorján attributed a con-
centration dependent strength to the network. When the loads transmitted to
the flocculated structure exceeds that strength, collapse of the network occurs,
under the expulsion of water, until the solid structure through hardening is
again capable of carrying the applied load. The internal friction between the
phases is accounted for by Darcy’s law.

Both Shirato et al. and Adorján assume that the network stress always
equals the yield limit, which is not evident a priori. A less restrictive assump-
tion is made by Buscall & White (1987) in their treatment of sedimentation of
flocculated suspensions. In order to describe the collapse process, the network
is equipped with a concentration dependent dynamic compressibility. This
constitutive function governs the rate at which the flocculated structure is
compressed. However, under the assumption that the work performed on the
suspension during the collapse is (mainly) dissipated in the pore liquid, and
not through breaking and/or reformation of the inter-particle bonds, a scaling
analysis reveals that the stresses in the network never significantly exceed the
yield-limit (Buscall & White 1987; Landman et al. 1988). The supposition re-
garding the dissipation mechanism amounts to the statement that the collapse
rate of the network is determined by the need to displace the water from in
between the particles, rather than by the need to displace the particles relative
each other. Howells et al. (1990) also employ the same concept to model set-
tling in suspensions, whereas Landman et al. (1991), Landman & Russel (1993)
and Landman et al. (1995) use it in the context of pressure filtration.

Within the field of papermaking, models of the same nature have been
developed for the forming of the webs on the wires. An exhaustive review of
the early works is made by Meyer (1971). These treatments differ from those
of e.g. Shirato et al. and Adorján, only in that other constitutive relations are
used in order to account for the particular characteristics of pulp suspensions.
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However, it was not until the fairly recent study by Martinez (1998), that
a solution which accounts for the effects of mat compressibility was actually
calculated in the context of the forming process in paper machines. In that
work, the analysis by Landman et al. (1991) is adapted to roll forming, and the
drainage rates are calculated from measured pressure distributions. Reasonable
agreement is found with experimental data, the predictions were reportedly in
error of about 10 %. Martinez’ modelling assumptions result in an ordinary
differential equation for the concentration across the fibre mat. Boxer et al.
(2000) suggest that only a drainage pressure distribution that is constant in
the MD is consistent with the model, and provide an analytical solution of the
equations based on this supposition.

In an analysis similar to that by Martinez (1998), Zahrai et al. (1998) derive
an expression for the evolution of the thickness of the fibre mats along the MD
in a roll former. Assuming a constant drainage pressure, it is shown that the
governing equations permit a similarity solution for the concentration in the
mats. Although the solution is not calculated, the analysis reveals that the mat
thickness is proportional to the square root of the distance travelled in the MD.
This information was then employed to account for the drainage resistance of
the mats in simulations of the drainage pressure during roll forming, using a
model previously developed by Zahrai et al. (1997) for studies of blade forming.
The unknown proportionality constant in the expression for the thickness of
the mats was determined by calibrating the drainage rates to the data by
Martinez (1998) (a similar value for this constant was also deduced from the
uniaxial filtration data by Mantar et al. 1995). The predicted evolution of
the drainage pressure along the MD was in good agreement with the pressure
pulses employed by Martinez in his calculation of the corresponding drainage
rates.

Recently, Lobosco (2004) has presented a model for the drainage of a fibre
mat filling the available space between two forming fabrics, and the resulting
description is analogous to the problem of uniaxial piston driven consolidation.
The suspension is subjected to a series of pressure pulses, and large gradients
in the fibre concentration are observed in the ZD close to the wires. The con-
stitutive relation employed by Lobosco, connecting the local stress in the fibre
network to the local volume concentration of fibres, is interesting, since it ac-
counts for the hysteresis effects during loading and unloading of the flocculated
structure that have been observed in experiments (cf. e.g. Vomhoff & Schmidt
1997).

Normally, the inter-particle forces are assumed to be independent of the
rate at which the flocculated suspension is deformed. An exception is the
work on consolidation by Gustavsson (2003), aimed at sludge dewatering. She
supposes that the inter-particle forces manifest themselves both as a rate-
independent ‘particle pressure’1, and viscous shear stresses. The latter are

1Like the liquid phase pressure, this stress is isotropic.
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modelled after a Newtonian pattern, by attributing an effective viscosity, de-
pendent on the concentration and the shear-rate, to the particle phase. Another
characteristic of Gustavsson’s model worth pointing out is that it is not limited
to uniaxial situations.

It should also be mentioned that the consolidation models for liquid-particle
suspensions in general (although not always explicitly stated) comprise Terza-
ghi’s effective stress principle (cf. e.g. Terzaghi 1943). It implies that, at equilib-
rium, an external load applied to the flocculated suspension is balanced by the
sum of the interstitial pore pressure and the superficial average particle stress.
Its validity requires point-like contacts between the particles, and between the
particles and surrounding surfaces. This requirement is not necessarily fulfilled
in the case of pulp suspensions (Kataja et al. 1995).

3.2. Constitutive relations

Naturally, the applicability of the developed models for flocculated suspensions
requires certain constitutive relations to be determined for the system under
consideration. As examples, one can note that the strength of the flocculated
network must be related to some measure(s) defining the internal structure,
and that the forces resulting from relative motion between the liquid and the
solid phase must be related to the magnitude of the relative velocity and the
structure of the network. In the studies reported in this thesis, as in previous
investigations into filtration of flocculated suspensions, the network structure
is only taken into account through the volume concentration of the solid phase,
which clearly does not contain any information about directional dependencies.
This independence is obviously inherited by all quantities defined as functions
of the concentration, and the corresponding models are isotropic.

3.2.1. Internal friction forces and permeability

The relative motion between the liquid and the solid constituents in the suspen-
sion gives rise to the resistance to flow through the flocculated structure that
is observed at the macroscopic level. The modelling of these forces is normally
phenomenological, and based on the average velocities of the phases. In many
cases it is sufficient to assume that the inter-phase forces are proportional to
the relative velocity between the constituents (referred to as Darcy’s law), if
the proportionality factor is in turn taken to depend on the network structure.
Normally, it is supposed that the factor is set by the ‘permeability’ of the floc-
culated network (which is often taken to be a function of the volume fraction of
solids) and the viscosity of the liquid. The resulting model is acceptable when
the inter-phase forces are of purely viscous (frictional) nature. Occasionally,
also the inertia of the flow through the porous structure must be taken into
account. A popular way to achieve this is to add a term proportional to the
square of the relative velocity to Darcy’s law, and the total inter-phase forces
are then hence considered to be the sum of the viscous and the inertial contri-
butions. This approximation is referred to as Forchheimer’s relation. In this
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thesis, only the viscous part of the inter-phase forces is accounted for. In the
experimental study by Wildfong et al. (2000a), it is concluded that for dewa-
tering velocities of the same magnitudes as those encountered in commercial
papermachines, inertial effects make a significant contribution to the resistance
to drainage presented by the forming fabrics. However, no inertial effects are
conclusively seen to influence the solid-liquid forces inside the fibre sheets, and
it is these fibre webs that have been the concern of the work on drainage re-
ported in the thesis. It is worth noticing, that when a fibre mat and a wire are
considered as an ensemble, the main contribution to the dewatering resistance
presented by the two components is made by the fibre sheet. Further, there is
also an effect of fibres blocking the pores in the surface of the wire, and due
to this the total drainage resistance is larger than the sum of the resistances
presented by the fibre web and the forming fabric considered separately.

Due to its inseparable relation to the viscous resistance, the permeability
of porous materials has received a lot of attention. Frequently, power law re-
lationships have been employed to correlate experimental measurements of the
permeability to the volume fraction of solids, e.g. k(φ)/µc ∼ aφb, where k(φ),
µc, φ, a and b are, respectively, the permeability, the dynamic viscosity of the
liquid, the volume fraction of solids, and two fitting constants. Theoretical
models have also been developed, and many of the classical ones are still in use
(cf. e.g. Scheidegger 1957; Dullien 1992). In order to derive theoretical expres-
sions for the permeability, one can imagine the flow in the material to occur
either in a system of closed conduits, or around solid particles forming a spatial
array. In the simplest approach of the former kind, the interconnectivity of the
conduits is neglected. As a consequence, the resulting ‘capillaric’ permeability
models are inherently one-dimensional. Nevertheless, they are in widespread
use in engineering applications, especially the Kozeny-Carman model (cf. Dul-
lien 1992, p. 254), which has been successfully applied to granular materials.

Characteristic of most granular media, such as e.g. sand, is that the in-
dividual particles in many cases are essentially incompressible, and that the
corresponding porous structures have void fractions (or, alternatively, volume
fractions of solids) in a quite narrow range. Fibrous porous beds, on the other
hand, can form at significantly lower volume fractions of solids, and are in
general highly compressible2. Caution should therefore be exercised when ap-
plying a traditional permeability model to a fibrous medium. A survey of
experimental and theoretical works regarding the permeability of fibrous ma-
terials is undertaken by Jackson & James (1986). Ingmanson et al. (1959)
present a modification of the Kozeny-Carman theory that is applicable to fi-
brous mats subjected to drainage, when the fibres are randomly oriented in
the plane normal to the liquid flow. It accounts for the large variations of the

2It can be argued that the permeability concept is only relevant at sufficiently elevated con-
centrations, and therefore, especially when flocculated colloidal suspensions are considered,
researchers sometimes instead prefer to talk about a concentration dependent ‘hindered set-

tling factor’ (see e.g. Landman et al. 1988), which accounts for the hydrodynamic drag. In

practice, though, there is no difference.
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volume fraction of particles across the thickness of the mat, which results from
the different loads felt by different parts of the fibre network. At low concen-
trations, a simplified version of the permeability expression can be employed,
that is essentially a power-law of the same appearance as discussed previously
in this section, namely k(φ) = 1/(3.5φ1.5S2

0), where S0 is the specific surface of
the fibres. For fibres of known shape, this parameter can be calculated directly,
whereas for wood fibres it must be determined experimentally (under wet con-
ditions due to the swelling of the fibres when they are immersed in water).
Ingmanson et al. (1959) give the value 3.08 · 105 m−1 for an unbeaten bleached
sulphite wood pulp, from which fibre fragments and other ‘fines’ had been re-
moved. The small particles are however important to the specific surface and
the drainage resistance of industrial pulps, as has been observed in studies by
Mantar et al. (1995), Wildfong et al. (2000a), Wildfong et al. (2000b) and Par-
adis et al. (2003). Values for the specific surface encountered in the literature
typically lie in the range 105 − 106 m−1.

Koponen et al. (1998) calculate the permeability of fibre mats whose struc-
ture closely resembles those of paper sheets, by means of numerical simulations.
These are performed from ‘first principles’, and there are no adjustable param-
eters. Among the findings, it is seen that the modified Kozeny-Carman theory
by Ingmanson et al. yields permeabilities that are in good agreement with
the numerically obtained values, especially for volume fractions of solid less
than 0.1. In the study by Aaltosalmi et al. (2004), permeabilities determined
by the same numerical technique are compared to experimental values, and it
is found that the calculations accurately predict permeabilities in the direction
perpendicular to the fibre sheets, whereas experimental uncertainties prevents
conclusions for the in-plane direction.

3.2.2. Network strength

A number of experimental studies have been devoted to the investigation of
different properties of flocculated colloidal suspensions. Of particular concern
to the work reported in this thesis, is that finite yield-stresses are observed
during both normal compression and shearing of the suspension. Such results
are reported by Buscall et al. (1986) for polystyrene latex dispersions, by Bus-
call et al. (1987) in situations where the particles consist of polystyrene latex,
attapulgite clay and bentonite, and by Channell & Zukoski (1997) for aggre-
gated alumina suspensions. Power-law expressions have been found to give
reasonable fits to the experimental measurements. In the case of the alumina
suspensions, the power-law exponent is found to be almost the same for the
yield-limit in shear and in uniaxial compression. Normally, the yield-stress is
significantly lower in shear than in compression. As pointed out by Buscall
& White (1987), this is natural, since in shear a much larger fraction of the
inter-particle bonds are in a state of tension than during compaction, where
the majority of the bonds are in a state of compression.
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In addition to the yield-stress of the flocculated structure, the above ref-
erenced studies also consider other properties of the suspension, such as e.g.
elastic shear and bulk moduli. Recent developments of the techniques to mea-
sure yield-stress and permeability for flocculated suspensions as a function of
concentration are presented by, among others, Landman et al. (1999), Usher
et al. (2001) and Yeow & Leong (2001).

Although providing insights into the behaviour of flocculated suspensions
in general, there are certainly qualitative differences between colloidal systems
and flocculated fibre suspensions. The length of the wood fibres used to pro-
duce paper is typically at least two orders of magnitude larger than the size
of the particles in the colloidal suspensions mentioned above, and the diame-
ter of the fibres is one order of magnitude larger. The same can be said about
many industrially relevant synthetic fibres when compared to colloidal particles.
Partly due to the geometrical differences, the nature of the inter-particle forces
is different. Kerekes et al. (1985) defines four different mechanisms that gener-
ate forces acting at the particle contact points in a fibre suspension; colloidal
effects, mechanical surface linking, elastic fibre bending, and surface tension.
Presumably, forces due to surface linking and elastic bending are the most im-
portant to the strength of a fibre network. They are normally not present in
colloidal suspensions, at least not to the same extent as when the flocculated
structure consists of fibres. During papermaking, the effects of surface linking
are often enhanced due to the shredding and permanent deformations of the
fibres that sometimes occur during the preparation of the pulp.

For flocculated fibre suspensions, power laws have almost exclusively been
used to correlate empirical data of the strength (yield-limit) in uniaxial com-
pression to the concentration of fibres. Typically, steady-state experiments are
performed and an expression of the form σy(φ) = mφn is adopted, where σy

denotes the uniaxial yield limit and m and n are fitting constants. Nordén
& Kauppinen (1994) provide the values m = 5.0 · 105 Pa and n=2.6, whereas
Ingmanson et al. (1959) give m = 2.0 · 105 Pa and n=2.7. Naturally, the values
depend on the considered pulp. During repeated loading and unloading of fibre
webs, the network strength exhibits hysteresis. However, as shown by Vomhoff
& Schmidt (1997), both the loading and the unloading behaviour is consistent
with power law behaviour.

Similarly, measurements of the yield limit in shear is commonly fitted to a
function of the form τy = rφs, where τy, r and s are, respectively, the shear yield
stress, and two fitting parameters, the values of which depend on the suspension
under consideration. Experimental studies of τy have been undertaken for pulp
suspensions by Gullichsen & Härkönen (1981), Bennington et al. (1990), Swerin
et al. (1992) and Wikström & Rasmuson (1998). To give an idea of the network
strength, we mention that Bennington et al. found r and s for different pulps to
lie in the ranges 105−106 Pa and 2.72−3.56, respectively. A theoretical model
for the yield strength was also presented, based on the assumption that the
resistance to deformation of the network is a result of friction forces between
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elastically deformed fibres. According to the model, the yield strength should
be proportional to φ3. This is consistent with the experimental data, but
the predicted dependence of the yield limit on the aspect ratio of the fibres,
and their elastic modulus, do not agree with the observations. From this,
Bennington et al. conclude that other mechanisms than fibre bending are also
relevant to the yield strength. Another model for the network strength, that
allows for a continuous fibre length distribution, is presented by Andersson et al.
(1999). Fibre suspensions containing substantial amounts of gas, in addition to
the liquid and the solid phase, have been considered by Bennington et al. (1995).
Again, power-laws of the type τy = rφs were seen to well describe the data.
Since the volume fraction of wet pulp fibres is difficult to measure, expressions
based on the mass fraction of fibres are suggested by both Bennington et al.
(1990) and Bennington et al. (1995). A review of older studies is made by
Kerekes et al. (1985).

3.3. Fibre mat behaviour during pressure pulses

Paper 3 considers the behaviour of the fibre mats in a twin-wire roll–blade
former, as they experience the pressure pulse generated by the first of the
blades. The forming section is illustrated in figure 3.1, and the resemblance
to figure 1.1 is evident. The fibre sheets residing on the fabrics are assumed
separated by a region of freely moving suspension. A scaling analysis reveals
that this separating layer of ‘free suspension’ (also referred to as the ‘bulk’
of the suspension) can be treated as an inviscid fluid. Since we are primarily
interested in the fibre mats, the role of the free suspension is merely to provide
boundary conditions on the pressure and the velocity in the MD, at the free
suspension side of the sheets. For this purpose, the solution by Zhao & Kerekes
(1995) for these quantities is adopted. All interaction between the fibre mats
and the bulk of the suspension is hence disregarded.

3.3.1. Compression transversal to the fabrics

Like in the treatment by Martinez (1998) of drainage during roll forming, a de-
scription of the compression behaviour in the direction transversal to the web
is obtained by adapting the analysis by Landman et al. (1991) to the situation
at hand. The influence of the shear-strength of the fibre network on the com-
paction process is neglected, and the inter-fibre forces are supposed to present
themselves merely as an isotropic stress, the ‘particle pressure’. In essence, a
uniaxial description of the drainage process is obtained, and with respect to
deformations perpendicular to the fabrics, the fibre sheets are modelled as a
plastic-rigid material exhibiting a concentration dependent yield stress. When
the yield limit is exceeded, the fibre network is compressed, resulting in an
increased number of fibre-fibre contacts, and a stronger network. This strain-
hardening proceeds till the network is again capable of balancing the load.

By taking care to avoid relaxation of the loads transmitted to the fibre
webs, we can assure that the fibre structure is always yielding, or on the verge
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Figure 3.1. The roll–blade twin-wire former treated in Pa-
per 3. Compare this figure to the ‘real’ forming section de-
picted in fig. 1.1.

of doing so, and consequently the yield limit function provides a direct re-
lation between the stresses in the network and the volume fraction of fibres.
This is crucial to the undertaken analysis. However, as a consequence, the
drainage pressure cannot be allowed to decrease. Highly compacted parts of
the mats would then be of such strength that locally the network behaves like
a stiff structure. By contemplating the forming section in 3.1, one realises that
normally the drainage pressure would decrease after the roll before it increases
again as the blade is approached. In order not to violate the modelling assump-
tions, it is therefore necessary to assume that the blade is located sufficiently
close to the roll that the drainage pressures generated by the two components
merge into a single pressure distribution, monotonically increasing in the MD.
No consideration is given to the possibility of interaction between the blade
and the roll. Instead, the roll is assumed to generate a pressure of constant
amplitude given a priori (a simplistic assumption, as shown by Holm 2005).
The blade pulse is calculated using the theory by Zhao & Kerekes (1995), but
only the part of the pulse where the magnitude of the pressure exceeds the roll
pressure is used. At upstream positions, the drainage pressure is set by the
roll. This also determines the location of the blade in the MD.

The resistance to drainage presented by the wires is neglected. As a re-
sult of the constant roll pressure, the variation of the concentration across the
thickness of the fibre mats formed by the roll is then self-similar (Zahrai et al.
1998). In Paper 3 it is found that the similarity solution is closely approxi-
mated by the solution to a related asymptotic drainage problem, which can
be solved analytically. Since the attention of the study is on the region of the
blade pulse, such asymptotic webs are assumed to reside on the wires at the
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position where the blade pulse first dominates over the roll pressure. Further,
since it is desirable that the region where the blade pulse dominates is of as
long reach as possible, the roll pressure was set to a fairly low value. At the
onset of the blade pulse, the fibre mats are hence probably less dense than they
would have been during normal operational conditions.

The evolution along the MD of the concentration across the mats were
calculated for different sets of parameters, and examples are given in figure 5
of Paper 3. On the free suspension side of the mats, the concentration equals
the gel value, at which an interconnected network first starts to form. Further
towards the wire, increasingly more load is transmitted to the particle network
through friction between the liquid and the fibres, and the maximum concen-
tration is hence found on the fabric side of the web. The variation between
the two extreme values is quite gradual, and there does not seem to be ten-
dencies to ‘clogging’, in which case a thin cake of high concentration and low
permeability forms at the fabric and acts as a lid, preventing efficient drainage.
However, the pressure in the bulk of the suspension is normally influenced by
the resistance to drainage presented by the fibre network, and if this coupling
is accounted for, the conclusion might be different.

3.3.2. Drainage resistance

Figure 3.2 presents the evolution along the MD of the drainage resistance and
the amount of fibres in the webs for two cases corresponding to pressure pulses
that differ significantly in terms of both reach and magnitude. In the caption
of the figure, references are made to the parts in Paper 3 where the details
concerning the simulations are presented.

In the right subfigure, it is seen that the fibre contents of the webs only
increase modestly during the pulses. This is readily explained by the compress-
ibility of the sheets. As a result of the drainage flow through the fibre networks,
the mats are compacted. By consequence, the suspension side surfaces of the
webs move towards the fabrics, leading to small velocity differences between
the mat surfaces and the drainage flow, and thus also to low fibre deposition
rates. Nevertheless, according to the left diagram in figure 3.2, the dewatering
resistance of the webs, defined as the ratio between the drainage pressure and
the drainage flux, increases to a much larger degree during the pressure pulses.
The explanation is the low permeability arising when parts of the networks be-
come highly compacted. Clearly, the increase of the dewatering resistance along
the MD is not adequately accounted for by assuming that it is proportional to
the quantity of fibres in the web. Neither is this amount directly controlled by
the drainage flow. The influence of structural changes in the fibre mats on the
resistance need to be taken into account. It should also be pointed out that the
model in Paper 3 neglects all effects stemming from fibre fragments and other
small particles plugging the pores in the fibre network. In the experimental
study of sheet forming by Wildfong et al. (2000b), the pore plugging by fine
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Figure 3.2. Left subfigure: The increase of the drainage re-
sistance, R(x), normalised with the initial value R(x0). Right
subfigure: The increase of the quantity of fibres in the mat,
q(x), scaled with q(x0). x0 is the position in the MD where
the blade pulse first dominates over the roll pressure, and the
simulations start. The position in the MD, x, is scaled with
the length of the pressure pulse, Lp. x = 0 is the position
where the pulse attains maximum amplitude. 4: simulation
A. 2: simulation C. The pressure pulse is of longer reach and
higher amplitude in case C than in case A. Cf. tables 1 and 2
in Paper 3 for parameter values, and fig. 4 in the same paper
for the pressure pulses.

material in commercial pulps is observed to contribute more to the drainage
resistance than the reduced permeability caused by the compression.

3.3.3. Shear stresses

The fibre networks constituting the mats are exposed to shear stresses in the
plane of the sheet for two reasons. Firstly, the free suspension that is convected
towards the fabrics during the drainage needs to be accelerated to the local
velocities in the mat. Secondly, the pressure gradients in the MD act equally
on both the free suspension and the mat mixture, and shear stresses in the
webs prevent the mat suspension from being displaced relative the fabric to
the same extent as the bulk of the suspension.

Due to the neglect of the (rate-independent) shear-strength of the fibre
networks, the deformations in the plane of the webs resulting from the shear
loads are in Paper 3 governed by rate-dependent ‘viscous’ stresses in the fibre
sheets. Little is known about the viscous deformation behaviour of fibre mats
under the conditions encountered in twin-wire forming sections. In Paper 3, a
power law based on the empirical expression by Bennington & Kerekes (1996)
is used for the apparent viscosity of the suspension mixture as a function of
the fraction of fibres. Despite the fluid-like character of the mat mixture when
the shear strength of the network is disregarded, it was found that the larger
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Figure 3.3. The shear stress τxy
N in the plane of the mat

next to the free suspension
(
y = H(x)

)
, and next to the fabric

(y = 0), for the same cases as are presented in fig. 3.2. Top
subfigures: Case A. Bottom subfigures: Case C. µc, U and
H(x0) are, respectively, the viscosity of the liquid phase, the
wire speed and the thickness of the sheets at the onset of the
pressure pulse. The stress scale µcU/H(x0) equals 30 Pa. The
position x in the MD is scaled by the length of the pulse, Lp.
The solid lines are estimates based on the velocity profile in
the mat. The dashed lines are estimates based on the assump-
tion that the entire mat perfectly follows the wire during the
passage over the blade. Cf. Paper 3 for details.

parts of the fibre sheets (in the thickness direction) essentially follow the wires
during the passage over the blade, rather than take on the velocity of the bulk
of the suspension. As long as this general tendency remains true, predictions
of the shear stresses, particularly at the levels in the ZD close to the fabrics,
remain insensitive to the constitutive model for the stresses in the web.

Figure 3.3 provides estimates of the shear stresses in the plane of the sheets
for the same cases that are presented in figure 3.2. The solid lines are based on
the profiles in the ZD of the mixture velocity component parallel to the wires.
The dashed lines are based on the assumption that the entire mats perfectly
follow the wires during the passage over the blade. The reader is referred to
Paper 3 for the details regarding the simulations. Due to reasons also explained
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in that paper, the solid curves should be looked upon with caution far upstream
of the blade (i.e. at low values of x/Lp). Where the dashed and the solid lines
approach each other, and downstream of that region, the estimates represented
by the solid curves should be reasonable. The pressure scale µcU/H(x0) is
30 Pa, where µc, U and H(x0) are, respectively, the viscosity of the liquid
phase, the wire speed and the thickness of the sheets at the onset of the pressure
pulse. Consequently, the maximum shear stress at the free suspension side of
the mats is −0.59 Pa and −2.2 Pa in simulation A and C, respectively. At the
fabric side of the mats, the maximum values (neglecting the upstream part)
are several hundred times larger, −0.34 kPa and −0.54 kPa in simulation A
and C, respectively.

Of the two mechanisms causing these shear stresses, the one related to
the pressure gradients in the MD is by far the most important. Had it not
been present, the same shear stresses would have been predicted at the fabric
surfaces as those given by the dashed curves for the suspension side of the mats.
It is recalled that only the region upstream of the position corresponding to
the peak of the blade pulse is treated. The gradients in the region downstream
of that position are significantly larger than in the considered domain, and it
is thus possible that the mats are subjected to even larger stresses (of opposite
sign) in that region.

Even if the predictions of the shear stresses are insensitive to the choice
of constitutive model, the magnitude of the displacements is not. Due to the
impact of sheet deformations on the characteristics of the final product, and
given the large shear stresses caused by the pressure gradients in the blade
forming section, models need to be developed that accurately incorporates the
shear strength of the fibre network.

3.4. Sheared consolidation of flocculated suspensions

Paper 4 and Paper 5 in this thesis present a model for the drainage of flocculated
suspensions in which the previously neglected shear-strength of the particle
network is included. Although the thesis is concerned with papermaking, the
provisional nature of many aspects of the model makes it general, and the
basic ideas should be applicable to many liquid–solid systems exhibiting finite
resistance to shear deformations. Essentially, it is a generalisation of the yield-
stress models previously employed in uniaxial descriptions of consolidation.

3.4.1. Outline of a constitutive model

In traditional studies of consolidation, it is supposed that the load transmitted
to the suspension is oriented in a single direction during the whole process.
As a result, it suffices to express the stresses in the particle network with one
scalar measure, the particle ‘pressure’3 pd. In a more general situation, this
is not adequate. It is reasonable to expect that if a shear load and a normal

3In a real situation, the network stress counteracting the external load will be composed of

contributions from both the isotropic particle pressure, and deviatoric stresses. However, in
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load is simultaneously applied to a suspension (as is the case in e.g. fig. 3.5),
the course of events will be different than if merely a normal load is employed.
The shear stress should result in additional strains on the inter-particle bonds,
and decrease the capacity of the network to resist the normal load. In order to
account for such effects, we introduce a scalar measure qd of the shear stresses
(i.e. the ‘deviatoric’ stresses), the precise definition4 of which is given in Paper 4.
Here, as an explanation and a motivation, we content ourselves by saying that
for a purely elastic material5, pd would determine the stored elastic energy
due to volumetric deformations, whereas qd would determine the elastic energy
stemming from isochoric shape changes. By means of a function F (pd, qd, φ), we
then introduce a criterion that determines when the network is loaded to such
an extent that it yields. If the stresses generated in the flocculated structure
are such that F (pd, qd, φ) < 0, the network can resist the transmitted loads
without deforming. On the other hand, if F (pd, qd, φ) = 0, the network will
deform permanently (or ‘plastically’). The relation F (pd, qd, φ) = 0 defines
a ‘yield-surface’ in the (pd, qd)-plane that replaces the one-dimensional yield
criterion f(pd, φ) = 0 employed in the uniaxial studies. The dependence of the
yield criterion on the volume fraction of solids, φ, assures that the strength
of the flocculated structure is set by the concentration of particles. It is also
important to realise that each material point in the network is equipped with
its one yield-surface. Since φ often depends on the spatial position, so does the
yield limit. In Paper 4 and 5, a yield-surface is employed that was originally
proposed by Roscoe & Burland (1968) in the field of soil mechanics. It is
illustrated in figure 3.4.

Under no circumstances is it possible that F (pd, qd, φ) > 0. If the loads
are such that the flocculated structure is compressed, the local concentration of
fibres will increase, and also the number of inter-particle bonds. The magnitude
of the inter-particle forces may also change as a result of the compression.
Presumably they grow stronger due to e.g. higher normal forces at the contact
points between the particles. The net effect is that the network grows stronger.
In the constitutive model, this strain-hardening means that the size of the yield-
surface increases in such a way that F (pd, qd, φ) = 0 is fulfilled throughout the
deformation process. In other words, the stress state, measured by (pd, qd),
remains on the yield-surface when the network is deformed. To facilitate the
analysis, it is in Paper 4 and 5 assumed that the criterion F (pd, qd, φ) = 0 is
always satisfied. Hence, it is not necessary to deal with stress states located
inside the yield-surface. However, the prize that must be paid is that the loads
transmitted to the flocculated structure needs to be of such magnitude that the
material is always yielding, or on the verge of doing so. For the model problem
considered in Paper 4 and 5, this is not a severe restriction.

uniaxial experiments, it is impossible to distinguish between the two contributions, and they

may therefore equally well be lumped together in the particle pressure.
4Essentially, qd is the von Mises efffective stress, well known from classical plasticity theory.
5The reader should note that our model does not comprise elastic behaviour.
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Figure 3.4. The yield-surface employed in Paper 4 and 5.
pd is the isotropic particle pressure, qd the scalar measure of
the deviatoric inter-particle stresses. The surface is an ellipse,
centred at

(
p0(φ)/2, 0

)
, and with a major and minor axis of

length p0(φ), and Mp0(φ), respectively. Note how the size of
the yield-surface depends on the volume fraction of the solid
phase, φ. The shape factor M is constant. The axes can also
be associated with the volumetric deformation rate ε̇p, and the
shear rate ε̇q. ε̇ = (ε̇p, ε̇q) denotes a general deformation rate.
Compression corresponds to ε̇p > 0.

By way of the yield criterion F (pd, qd, φ) = 0, we have defined which stress
states result in deformations of the flocculated structure. However, we must
also specify the direction of the deformations. The word ‘direction’ is here
employed in a wide sense, since what is actually required is that the relative
size of the different strain-rate components is determined6. In Paper 4 and 5,
an associated flow rule is adopted. We shall here refrain from discussing in
detail what this means. However, it is instructive to relate the consequences of
the assumption to the yield-surface in figure 3.4. According to the associated
flow rule, the pd-direction in that figure also represents volumetric deformation
rates ε̇p (compression corresponds to ε̇p > 0). In the same way, the qd-axis
represents the shear rate measure7 ε̇q. A general deformation rate, represented
by the vector ε̇ = (ε̇p, ε̇q), contains both types of deformations. When yielding
occurs, the adopted flow rule implies that the deformation rates are such that
the vector ε̇ is directed along the outward pointing normal to the yield-surface
at the position (pd, qd).

Having said this, some general conclusions can be drawn by considering
figure 3.4. In the presence of a finite ‘shear load’ qd, the resistance of the solid
structure to an isotropic load pd is smaller than when qd = 0. In the latter
case, deformations occur when pd = p0(φ), and we hence identify the function

6The absolute magnitude of the strain-rates cannot be obtained without considering the

inter-play between different mechanisms as expressed by the momentum balances for the

liquid and the solid phase.
7The rate of strain at some point in a material is defined by the rate of strain tensor, which
have six independent components. The deformation rates ε̇p and ε̇q are scalar measures of

the combined effects of the strain-rates, just like pd and qd are measures of the stress state.
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p0(φ) as the isotropic load yield limit. If pd < p0(φ)/2, and qd is augmented
progressively till the network starts to deform, an expansion will take place (i.e.
ε̇p < 0). According to the reasoning earlier in this section of the thesis, the
volume fraction of particles will then decrease and the solid structure becomes
weaker. This behaviour might be realistic for some systems, such as saturated
granular materials. Whether it is also a reasonable scenario in the case of
flocculated fibre suspensions is not considered here. In this thesis, we are only
concerned with non-expanding cases, i.e. pd ≥ p0(φ)/2. Shear deformations
without volumetric deformation can only take place when pd = p0(φ)/2. This
condition is referred to as the ‘critical state’. It is clear from figure 3.4 that
the associated flow rule then does not provide any information regarding the
magnitude of the shear rates. When ε̇p = 0, any value of ε̇q results in a
deformation rate vector ε̇ = (ε̇p, ε̇q) normal to the yield-surface.

This situation of undetermined shear rates at the critical stress state is
explicable. Under ordinary conditions (corresponding to compression of the
network) the loads transmitted to the particle structure are balanced through
the strain-hardening mechanism. However, at the critical state, due to the
vanishing volumetric deformations, this mechanism is not active. If the model
is not to fail in such situations, some other type of stresses than the inter-
particle forces hitherto discussed must be present. According to e.g. the study
referenced in the next paragraph, it is reasonable to suppose that these stresses
are of viscous (rate-dependent) nature.

It is here appropriate to make a comment on the experimental study of
flocculated alumina suspensions by Channell & Zukoski (1997). They mea-
sured the shear load required to maintain a certain strain rate in a situation of
continuous shear. As discussed in Paper 4 and 5, in such situations all parts
of a flocculated network obeying the constitutive model outlined above will
eventually reach the critical state. If the assumed viscous stresses that then
control the shear deformations are small compared to the rate-independent
shear stress measure qd = Mp0(φ)/2, an experimentalist might conclude that
the shear load which have to be applied to the suspension in order to obtain
the desired shear rate, is independent of that shear rate. This is indeed what
Channell & Zukoski observed for low shear rates (less than about 1 s−1) at
concentrations above the volume fraction at which an interconnected network
first starts to form. At higher shear rates, however, the required load increased
rapidly, clearly indicating the presence of rate-dependent stresses.

In Paper 4, rate-independent inter-particle stresses of the kind discussed
in this section are included in the momentum balance for the particle phase
in a two-fluid description of a flocculated suspension. All inertial effects are
neglected. To avoid indeterminate shear rates at critical stress states, the model
is in Paper 5 extended to incorporate also viscous stresses. These are attributed
to the solid phase, and are modelled after a Newtonian pattern.
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Figure 3.5. The drainage problem considered in Paper 4
and 5. A flocculated suspension is trapped between two in-
finite flat plates, one which is impermeable to both phases
(the ‘piston’), and one which is permeable to the liquid phase
only (the ‘filter’). The piston is employed to apply a vertical
and horizontal time dependent load to the suspension (Σv(t)
and Σh(t), respectively), either directly or by specifying the
corresponding velocity components Uv(t) and Uh(t). The gap
size is denoted H(t).

3.4.2. Sheared piston driven consolidation

The theory for the shear strength of flocculated mixtures is in Paper 4 and 5 ap-
plied to the sheared consolidation problem depicted in figure 3.5. A flocculated
suspension is trapped between two parallel flat plates of infinite extension. The
upper plate, referred to as the ‘piston’, is movable and impermeable to both
phases. The lower plate is fixed and functions as a filter that is impermeable
only to the particle phase, and perfectly permeable to the liquid phase. All
effects from particles blocking the pore openings on the filter surface are ne-
glected. The velocities of both phases are assumed to obey no slip conditions
at the plates. The vertical and horizontal load by which the piston is applied
to the suspension is denoted Σv(t) and Σh(t), respectively. The correspond-
ing velocity components of the piston are Uv(t) and Uh(t), respectively. The
deformations are restricted to the xy-plane of figure 3.5.

It is apparent that the model problem is a somewhat generalised version of
the much studied case of uniaxial pressure filtration. Due to this, the role played
by the deviatoric rate-independent stresses resulting from inter-particle forces
is elucidated, and comparisons with previous studies are straightforward. It is
found that the evolution of the concentration in the gap between the piston and
the filter qualitatively follows the same advection–diffusion type of behaviour
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Figure 3.6. The evolution of the gap H(t) as a function of
time. Σv(t) and Uh(t) are constant. U0 = Σv/

(
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.

M = 0.287. p0(φ) = σ0φ
n, where n = 2.5 and σ0/Σv = 500.

Dashed lines: Purely plastic calculations. �: Uh = 0. 4:
Uh/U0 = 32.4. ◦: Uh/U0 = 162. 2: Uh/U0 = 324. Solid
line: Visco-plastic calculation, Uh/U0 = 3240, Λ = 5.6 · 10−3,
where Λ = (µc/µd)/

(
S0H(0)

)2. The horizontal line H = H∞
corresponds to the asymptotic gap size. Cf. Paper 5 for the
details.

that is observed in uniaxial studies. Nevertheless, there are quantitative differ-
ences between the sheared compression and its uniaxial counterpart. Applying
a shear-load in addition to the transversal load is predicted to increase the rate
of the compression. Due to the higher strains on the inter-particle bonds when
a shear load is applied, the capacity of the network to resist the transversal
load decreases. As a result, more of the external load is transmitted to the
pore liquid than in the corresponding uniaxial case. The higher pore pressure
makes the expulsion of liquid more efficient.

The evolution of the gap size H(t) between the plates as a function of time
is given for several different simulations in figure 3.6. In the ones referred to as
‘purely plastic’, only the rate-independent inter-particle stresses are included.
In the ‘visco-plastic’ case, also rate-dependent stresses are incorporated in the
description of the particle phase. These viscous stresses are of Newtonian type,
and a constant apparent dynamic viscosity µd has been attributed to the solid
phase. The vertical piston load Σv(t) and the horizontal piston velocity Uh(t)
are held constant. The evolution of the horizontal load Σh(t) is given in figure
3.7 for the different cases. The results in figures 3.6 and 3.7 are presented
in scaled forms. The velocity scale U0 is Σv/

(
S2

0µcH(0)
)
, where µc and S0
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Figure 3.7. Comparison of the shear loads Σh(t) for the same
cases as in fig. 3.6. Cf. the caption of that figure for an expla-
nation of the different line-types. For the case corresponding
to Uh = 0, we have Σh ≡ 0. The horizontal line Σh = Σ∞ cor-
responds to the asymptotic load in the purely plastic simula-
tions.

are the dynamic viscosity of the liquid phase and the specific surface of the
particles, respectively. In Paper 4 it is found that this is a suitable scale for
the vertical velocity components after sufficiently long time. It is not really
adequate for the horizontal components, which explains the large values of the
horizontal velocities. The magnitude of the viscous stresses compared to the
rate-independent stresses is expressed by the parameter Λ, which is defined in
the caption of figure 3.6. As a reference, figure 3.6 also contains the evolution of
the gap size H(t) in a situation of uniaxial consolidation with the same vertical
load Σv. For the details regarding the simulations, the reader is referred to
Paper 5.

In figure 3.6 it is seen how the rate of the consolidation process is increased
when the piston is given higher horizontal velocities Uh. This trend is seen
both in the purely plastic and the visco-plastic simulations. Larger velocities
Uh correspond to higher shear loads, as can be deduced from fig. 3.7. Eventu-
ally, the drainage of liquid ceases, and the volumetric deformations vanish, i.e.
ε̇p = 0. However, the shearing motion of the piston continues, and all parts of
the network are therefore at critical state. When the dewatering ceases, the
load Σv is at all levels balanced solely by the rate-independent stresses in the
particle network8. This, together with the information that the solid phase is
at critical state, permits us to conclude that the concentration is homogeneous

8In the absence of vertical deformations, there are no viscous normal stresses, wherefore this

is true also for the visco-plastic model.
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Figure 3.8. Velocity profiles for the solid phase in the gap
between the plates at the instances tU0/H(0)/10−3 = 0.075,
0.15, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, 19.2, 50. The co-ordinate y
is the vertical position. The piston and the filter are located
at y = H(t) and y = 0, respectively. Left subfigure: hori-
zontal velocity component ux

d(y, t). For the solid curves, time
increases with distance from the abscissa, whereas the oppo-
site is true for the dashed curves (which correspond to the last
three times). Right subfigure: vertical velocity component
uy

d(y, t). Time increases from left to right. Both subfigures:
The vertical load Σv is constant and the horizontal piston ve-
locity Uh/U0 = 324. The simulation corresponds to the case
2 in fig. 3.6 and 3.7.

in the region between the plates. Further, since Σv is the same in all simu-
lations, so is the asymptotic concentration and also the asymptotic gap size
H(t → ∞) = H∞, as seen in figure 3.6. For the uniaxial case, the asymptotic
plate separation is larger (and the concentration of particles is lower) than for
the sheared cases, since the flocculated structure then does not have to balance
the shear load in addition to the transversal load Σv.

In the case of the purely plastic model, the applied horizontal shear load is
necessarily balanced by the rate-independent stresses alone. As the asymptotic
concentration is given by the vertical load Σv, which is the same in all situations,
the fact that the network is at critical state then leads us to conclude that the
asymptotic shear stress Σ∞ = Σh(t → ∞) is the same regardless of the value
of Uh. Consequently, the asymptotic piston load (Σv,Σ∞) does not determine
the shear rates in the gap between the plates. The conclusion must be that
the shear rate profile is dependent on the load-history when the purely plastic
model is employed. Incorporating even small viscous stresses eliminates this
artefact, and one then finds that the piston load Σ∞ uniquely defines the plate
velocity Uh, and vice versa (given a certain vertical load Σv).
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Figure 3.8 contains the horizontal and vertical velocity profiles for the
solid phase in the purely plastic simulation for which Uh/U0 = 324. Note that
the time interval between two consecutive profiles increases as time proceeds.
Initially, there are no velocity gradients in the region next to the piston. The
upper part of the network thus translates like a stiff cake. Close to the filter,
however, the deformation rates are high. With time, the deformations spread to
the entire region between the plates. Progressively, the compression ceases and
the horizontal velocity approaches an asymptotic profile. In the purely plastic
simulations, due to the dependence of the asymptotic shear rate on the load
history, we can only speculate about the exact form of the limit profile. As soon
as viscous stresses are present, however, the situation is different. An apparent
viscosity dependent on the volume fraction of solids then always results in a
linear asymptotic velocity profile.

3.4.3. The model problem vs. a real forming section

The model illustrated in figure 3.5 is in several respects not representable of
the conditions encountered in the forming section of a papermachine. First of
all, as is concluded in Paper 3, gradients in the MD are certainly not negligible.
However, the modelling assumptions made in Papers 4 and 5 remove all such
effects. Secondly, the piston does not have any real counterpart in a twin-
wire forming section. In a uniaxial study, we could argue that the piston
represents a surface at which the relative velocity between the fibres and the
liquid vanish, and that such a surface (in an ideal situation) is found at the
symmetry plane between the two forming fabrics. Nevertheless, the ambition
is to study filtration in the presence of shear loads. The analogy between the
piston driven filtration and the twin-wire forming section then fails since the
symmetry plane implies vanishing shear stresses, which is clearly not the case
at the piston.

In an appendix to Paper 5, the constitutive theory developed for the
sheared consolidation is employed to derive an asymptotic solution for the
concentration in a mat of flocculated suspension, that is on one side bounded
by clear fluid and on the other by a permeable solid surface, subjected to a
combination of drainage flow and cross flow of pure liquid. This alternative
consolidation problem resembles the filtration process at the early stages of the
forming of a paper sheet.



CHAPTER 4

Concluding remarks

A tool has been developed for predicting the pressure distributions in multi-
component twin-wire blade forming sections. It has been employed to study
the effects on the pressure distribution from the interaction between the pulses
generated by different blades, and between blades and devices for one-sided
suction.

However, a lot of work remains before it is possible to quantitatively link
the pressure distributions to the effects on the final paper sheet. In the thesis,
some steps have been taken in that direction. It should be noted, that in
the presented models it is tacitly assumed that it is meaningful to describe the
fibre phase as a continuum. Due to the small thickness of the fibre sheets in the
forming section, the appropriateness of this approach should be contemplated
when considering the results. It is nevertheless motivated by the relative ease
by which continuum models can be developed.

The study of the behaviour of a fibre mat as it experiences a blade pres-
sure pulse illustrates how the knowledge of the pressure distributions could be
employed to analyse the effects on the fibre webs of the drainage process in the
forming section. In that particular study, there is no interaction between the
calculation of the drainage pressure and the reactions of the fibre mat, but it
could easily be envisaged.

It was found that the fibre mats are subjected to significant shear stresses
as a result of the pressure gradients in the machine direction. This observation
emphasizes the need to develop models for the drainage process that accurately
incorporate the shear strength of the fibre network. Unless such become avail-
able, the relative displacements during the forming process of fibres (or flocs)
in the plane of the sheet will not be possible to analyse theoretically. A ten-
tative model of that kind has been developed, by merging a plasticity theory
for the quasi-static yielding of soil with a two-fluid model for the flocculated
suspension. It will need further improvements before it can be considered to
describe a flocculated fibre network with any degree of accuracy. However, it
is hopefully possible to continue to draw upon the theories developed in the
field of solid mechanics in order to model effects arising from e.g. structural
anisotropy.

For the time being, the most serious obstacle to further development of
the model is that too little is known, even qualitatively, about the behaviour of
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fibre networks under conditions like the ones prevailing in the forming section
of papermachines. Naturally, this makes it difficult to decide in which way the
modelling work should proceed, not to mention the determination of values
for various parameters in the model. The latter problem will become even
more pronounced if the model grows in complexity. A possible extension of
the theoretical work, which could yield interesting results already within the
existing framework, is to account for the presence of fine material in the fibre
suspension. It would both be valuable to predict how the fine material is
distributed across the thickness of the sheet, and to consider its influence on
the drainage flow through the webs.
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