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Abstract

The flow behaviour, and primarily the floc-floc interaction, of pulp paper suspensions
have been studied visually. Analogy models based on these observations have been
developed as well as the identification of important parameters of floc break-up in low
shear rate flow fields. Floc compressions and the locations of voids (areas of lower
fibre concentration) where found to influence the floc splitting mechanism. Based
on this investigation an equipment for measuring the load carrying ability of fibre
flocs and networks was designed, and the effect of measurement geometry, network
structure and fibre suspension concentration was investigated. The load carrying
ability with concentration increases rapidly when going from 1% to 2% in initial
suspension concentration.

A model handling the fibre floc behaviour during extension and compression has
been developed, and some basic flocculated flow mechanisms are discussed on an
analogy basis. A modified Voigt element is use, describing mainly the compressional
behaviour and plastic behaviour of loose fibre network structures. Further the pos-
sibility of stress chain formation is discussed on a fibre level as well as on a floc
level.

The effect of fibre flow (shear field) occurring in the forming zone of a roll former
has been studied in detail. Basic forming mechanisms on floc scale has been investi-
gated, and the effect of running parameters like dewatering pressure and jet-to-wire
speed difference as well as the fibre type and concentration of the pulp suspension has
been evaluated. It is evident that floc elongation increases with shear rate (jet-to-wire
speed difference) and lower dewatering rate. The latter is because the fibre floc is
subjected to the shear field longer due to slower immobilisation. Shorter fibre tends
to create weaker networks, which promotes a higher elongation of the flocs.
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Preface

Several phenomenological aspects of fibre suspension flow is taken into account

in this work, from shear flow fields to flow fields in a paper forming unit. The

different scales, from atomic to system scale, is considered and their relevance

discussed. The fibre floc scale is further studied, because it is physical relevant

to most unit processes involving fibre suspensions. Basic network deformation

mechanisms are studied (visually) and material parameters such as modulus

of elasticity and Poisson ratio is studied. Both analogy and thermodynamic

models is suggested based on the experimental work performed.

Stockholm, June 2005
Roger Bergström
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Chapter 1

Introduction

1.1 Historic background

Papermaking is a tradition that is about 2000 years old, originating from China.
The paper sheet is built up of fibres that have been crushed or ground, where
each fibre is a construction unit. Paper was preceded as writing material by e.g.
papyrus. The Egyptians manufactured papyrus from the stem of the Papyrus
plant Cyperus papyrus 5000 years ago. Other writing materials like Tapa, from
the polynesian word for bark paper, mainly manufactured from the inner bark
of the mulberry tree. Other used species was e.g. fig tree. The tapa was used
in south East Asia in 4000 B.C. and in Peru 2100 B.C. Huun, manufactured
by the Maya, was also a bark-based writing material. The Aztecs, after the
Mayas, manufactured a material called amatl from the largest branches of the
amaquahuitl, the aztec word for paper tree. The branches were soaked over-
night, where after the outer bark was removed and discarded. The inner bark
was removed and beaten to a sheet, which was dried and glazed. Ricepaper is
not, as the name implies, related to actual paper. It is manufactured from the
marrow of branches and stem of the the rice paper plant Tetrapanax papyriferus.
Pergament is named after the town Pergamon and were used from 100 B.C. It
is based on the skin of sheep, goat or calf.

In ancient China the writing material was made from silk. Silk is an expen-
sive raw material and experiments to find a susbstitute were conducted. Hemp,
bamboo, etc. were tested. The pulp (raw material and water) was beaten in
stone mortars. The suspension was diluted and the fibres were gathered on
a wire frame. The art of paper manufacturing spread in 500 A.D. to Korea
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2 CHAPTER 1. INTRODUCTION

and in 600 A.D. to Japan by Buddhist monks. By 700 A.D. the Chinese were
selling paper to their neighbours in the West, mainly the Arabs. At this time
the Arabs mostly manufactured papyrus. At 700 A.D. the Arabs conquered
Transoxania and other provinses, neighbouring the Chinese empire. At this
time two Turkish princes were flying at each others throats, whereupon one of
them was seeking the Chinese as allied. The Arab intervened and defeated the
princes at 751 A.D. near Samarkand. Among the prisoners there were Chinese
paper makers who tought the Arab the art of papermaking in exchange for
freedom. Because mulberry trees did not grow in these areas, the paper had to
be manufactured from rags, based on fibres, linen or hemp, which came from
old ropes etc. These fibres had already been subjected to some beating during
their usage.

The Arabs brought the paper to Europe, initially to Moric Spain, in the
end of 800 A.D. In the middle of 1000 A.D. it arrived to the Christian part of
Europe. Paper documents is mentioned in Sweden 1345 A.D. Pastor Schäffer
tried in the late 1600’s to use other raw materials than rags. He used everything
from wasp nests to pine wood, but it wasn’t until 150 years later F.G. Keller
managed to defibrate wood fibres. Together with Heinrich Voelter, Keller built
the first pulp grinder. Voelter together with the machine company J.M. Voith
further developed the grinder during the 1850’s.

In the later part of 1700 experiments with cooking straw, wood. etc. in
alkali commenced. In the 1890’s the sulphite process became an interesting
alternative method of wood pulp manufacturing. The process of using sul-
phate as cooking liquor (Na2S and NaOH) has been used in Sweden from the
mid 1880’s. It was not until the 1930’s the sulphate bleaching process reached
the light of day. With the methods of chlorine dioxide and hydrogen peroxide
bleaching processes it became possible to get white paper from pine wood.

Paper was initially manufactured by hand using a so called paper mould, Fig-

ure 1.1.

Lower frame

Deckle frame

Support bars

Wire

Paper mould

Figure 1.1. Design of classical European paper mold
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The time consuming process of making paper by hand was improved by Nicholas-
Louis Robert in the end of the 1700’s, with the design for a paper making
machine. Henry and Sealy Fourdrinier’s paper machine from 1803 was based
on the Robert design. Therefore, the paper machine with horisontal wire is
still today called the Fourdrinier former, Figure 1.2a. Another early design
machine is called the vat former, where the wire is formed as a cylinder mantle
of a horisintal cylinder, Figure 1.2b. This cylinder type of former is mainly
used for heavier grades such as board.

Sweden’s first paper machine was built in Klippan, 1832 and had a wire
width of 1.35m. The paper machines were subsequently a subject to successive
development, resulting in wider and faster paper forming that allowed higher
production rates and lower production costs. At the turn of the century the
fastest newspaper machines produced paper at a speed of about 100m/min
while fine paper machines operated at a speed of about 50m/min. In the mid
30’s the width had increased to about 8m and the speed up to about 400m/min.
For further detail see e.g. Rudin (1987). The table rolls (support the wire
after the headbox) has in today’s machines been replaced with drainage foils
to assure high production rates (by decerasing the suction pulses compared to
the former rolls). For further aspects of the development of the paper machine,
see Hansen (1989).

Headbox Suction boxes

WireTable rolls

Paper web transfer felt

Vat containing pulp

Forming cylinder

(a) (b)

Figure 1.2. a) Fourdrinier paper machine, old design with rolls supporting

the horisontal part of the wire. b) Vat former

The principle of twin wire forming was commercially used for the first time
in 1958 in a machine called Inverform. Forming in the gap between two wires
(roll former) was patented by Webster (1953). This principle allows two sided
dewatering, which is necessary at higher wire speeds. In a roll former the outer
wire is self-adjustable. By bending the wires over the roll the in-plane wire
tension creates a pressure gradient between the wires that forces water to be
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expelled from the fibre suspension, thereby concentrating it. Another dewater-
ing method is blade forming, where the wires are deflected over a number of
blades creating pressure pulses in the suspension. The main difference between
roll forming and blade forming can more generally be described as that for
roll forming the produced paper has good retention but ”poor” formation and
blade formers creates good formation but ”poor” retention. 1 By combining
the two formation strategies in the twin wire roll-blade former Figure 1.3, it
was possible to produce a paper with both good formation and good retention,
Malashenko and Karlsson (2000).

Headbox

Rolling
forming

zone

Blade
forming

zone

Figure 1.3. Twin wire roll blade forming unit.

Today the paper machines are highly computerized and the indivudal parts
of the machine such as headbox, press, dryer, etc is extensively developed by
machine manufacturer, universities and research institutes.

1.2 Suspensions

A suspension consists of particles with a solid, liquid or gasous matrix. In pa-
permaking the fluid is water-like (today often mixed with e.g. retention aids)
and the solid particles consists of wood fibres (fines, fillers etc). The fibres in
this suspension, named pulp suspension or just pulp, are subjected to many
different operations from the tree to finished paper product. Much research
has been made over the years to elucidate various aspects of pulp and paper-
making. The purpose of the present work is to increase knowledge concerning

1By good retentions is meant that the fine material, which has been added to the fibre

suspension prior to the headbox in order to give the paper sheet better properties will actually

remain in the sheet. The vibrations set up in the suspension have a tendency of free-setting

the fine material and it is flushed away with the drainage water.
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flowing wood fibre suspensions. To understand the behaviour of fibre suspen-
sions a number of parameters has been measured and different measurement
techniques can be found in the literature. These methods may be direct or
indirect, where direct e.g. means direct observation of the suspension by eye,
photographically or cinematically, and indirect e.g. measurement via a spectral
method. The measurements can also be grouped in intrusive and non-intrusive,
where in the intrusive method e.g. a probe is inserted in the suspension, while
in the non-intrusive case the measurement sensor is not brought into contact
with the suspension. If possible, non-intrusive methods are to be prefered.
The influence of chemical additives (e.g. retention aids) on pulp suspension
flocculation is not considered in this work.

1.3 The general behaviour of fibre suspensions

In pipe flow of fibre suspensions three different flow regimes can be discerned;
plug flow at low flow rates, mixed flow at medium flow rates and turbulent flow
at high velocity, Forrest and Grierson (1931), Robertson and Mason (1957),
etc. In plug flow the entire fibre network move as a unity, in mixed flow the
network closest to the wall is broken up and, subjected to shear flow but a
central sheared network plug core remains, and in the turbulent flow regime
the entire pipe cross section is subjected to shear flow.

In a late investigation Nerelius, Norman and Wahren (1972) described an
optical light reflection probe suited for measuring the flocculation tendency
of pulp suspensions up to a concentration of about 1.2%. The results were
presented as wavelength power spectra, giving the floc size distribution. The
signal from such a probe can be analysed with different mathematical methods.
Norman and Wahren (1972) applied a power spectrum method for describing
the variance in for example suspensions or paper sheets, thus giving the floc size
status. Ek (1979) used combined laser doppler anemometry (LDA) and light
reflection measurement techniques for measuring the local velocity and con-
centration simultaneously inside a glass pipe. Li and Ödberg (1997) measured
the velocity with NMR imaging, which gave the velocity profile throughout the
suspension non-invasively. Yan (2004) used a wavelet technique to statistically
study the flocculation inside a headbox nozzle.

Svensson and Österberg (1965) showed that an increased jet-to-wire speed
difference in Fourdrinier forming gave rise to a higher anisotropy as well as
better formation. This has also been observed in twin wire forming by Nord-
ström and Norman (1994) who also pointed out the positive effect of a large
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headbox nozzle contraction. Nordström (1995) showed that the mix-to-wire
speed difference during twin-wire roll forming affected the formation, tensile
stiffness etc. of the finished sheet. Ullmar (1998) showed the orienting effect of
the accelerated (nozzle) flow on nylon fibres at low concentration. Asplund and
Norman (2004) demonstrated that the fibre distribution (for rigid nylon fibres)
was more isotropic in a boundary layer. They also showed that the turbulence
occuring (or wake effect) after nozzle vanes locally reduced fibre orientation.

In the fifties Mason (1954) studied the motion of single flexible wood fibres
exposed to a shear field in an apparatus of Couette type. He also studied how
fibre flocs formed due to collision and adhesion processes (Mason, 1950). Arlov
et al. (1958), described the difference between rigid and flexible fibres in single
fibre motion.

Polymer induced flocculation kinetics were studied by Wågberg (1985) with
a system based on frequency analysis of a reflected laser light signal. The rela-
tive change in flocculation in different floc size ranges was evaluated (absolute
calibration was not possible).

Beghello et al. (1996) designed a method using a digital camera where
two-dimensional light reflection pictures of the flowing fibre suspension were
recorded. From such images the mean flocculation scale was evaluated for
different fibre and paper chemistry parameters.

Ringnér and Rasmuson (2000) presented a method based on X-ray tomog-
raphy, which made it possible to measure the local fibre mass distribution. It
was also possible to estimate the inter-floc and intra-floc concentration, thereby
giving an appreciation of the three-dimensional structure of the suspension.

The suspension, passing through different unit processes in pulp and paper
manufacturing, can be subjected to e.g. shear and extensional flows. Moss and
Bryant (1938) photographed a very dilute suspension passing through a slice
opening, thus showing the orientation effect. They also studied separate fibre
flocs, and concluded that they were stretched or even broken apart. Kerekes
(1983) studied the effect of floc elongation in the entry flow into constrictions.
He concluded that elongational flow is very effective in inducing geometrical
changes of flocs. An unbleached kraft pulp at 0.5% concentration could, how-
ever, withstand rupture well. Kerekes and Schell (1992) demonstrated the
influence of fibre slenderness upon the flocculation of a pulp suspension. A
short fibre suspension is usually more uniform and contains less stable flocs
than a long fibre pulp. The long fibre pulp contains flocs that to a greater
extent keep their integrity. One reason is that flocs made out of long fibres are
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more entangled and therefore stronger.

Kao and Mason (1975) showed the difference between influence of exten-
sional flow and shear flows. They studied single flocs consisting of colloidal
PMMA spheres inside the above mentioned flow fields. Their conclusion was
that extensional flow was more effective in floc disruption compared to the
shear field, because in the shear field the floc tends to rotate and thus resist
dispersion more effectively. In extensional flow fields, the particles of the floc
are removed directly after they have been torned from the floc surface, which
results in a faster dispersion event. Björkman (1987, 1991) identified two si-
multaneous acting mechanisms, a discrete caused by splitting and a continous
caused by floc surface phenomena, and also discussed their rheological implica-
tions. Lee and Brodkey (1987) studied the behaviour of single flocs (of Jaquelin
type) in a shear field. They concluded that there were two types of phenomena
that a floc could be subjected to, viz. global and local. The global phenomena
were divided into five different types of dispersion mechanisms, i.e. break, frag-
mentation, shedding, stretching and disintegration. The local phenomena were
of erosion character, which act on the floc surface. The breaking mechansim
was concluded by Wagle et al (1988) to be a faster floc size reduction mecha-
nism compared to the erosion mechanism. They also described how these two
mechanisms interacted, i.e. first the flocs were broken apart, then there was
surface erosion, followed by another breakage and so on.

The behaviour of flocculated suspensions is of interest not only for the
paper industry. For example, Blaser (2000) studied the flocculation of colloidal
particles (ferric hydroxide) in shear and straining flows. Brenner and Mucha
(2001) discussed the interaction of particles in viscous fluids in terms of a
particle drags a portion of fluid with it, which drags other particles along it,
etc.

1.4 Fibre suspension measurements

Forgacs, Robertson and Mason (1958) investigated different aspects of the hy-
drodynamic behaviour of pulp fibres. They e.g. evaluated the fibre network
strength by measuring the maximum length a network in a vertical glass tube
could resist its own weight in water without breaking. They concluded that the
breaking length, hence network strength, was influenced by the degree of beat-
ing, the suspension concentration, etc. Thalén and Wahren (1964) observed a
similar effect of fibre concentration, using a large scale elasto-viscometer de-
signed for measuring the shear strength of pulp suspensions. The compressional
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behaviour of pulp suspensions where studied by e.g. Steenberg (1979).

Softwood pulps has been observed to have higher network strengths, com-
pared to hardwood pulps, e.g. Duffy and Titchener (1975). Yield stress values
for pulp suspensions have also been presented by e.g. Bennington et al. (1990)
and Wikström (1998). If the energy input is increased well beyond the yield
point the suspension can be brought to fludization, Gullichsen and Härkönen
(1981) and Bennington and Kerekes (1996). Yield stress measures presented
in the litterature for similar pulps differ greatly between different researchers.
This may be due to the heterogeneity in fibre suspensions but also due to
the use of different measurment instrument design for these yield stress mea-
surements. For example, Bennington et al. (1990) showed that the difference
between succesive measurements could be as high as 100%. The apparatus
they used was a roto-viscometer and a rotary shear tester with the yield point
defined as the point when the rotor moved continously. Kerekes and Schell
(1992) observed that pulp suspensions of long fibres (softwood) resulted in a
more flocculated suspension. Instead of using concentration as a measure of
the suspension, they used a parameter called crowding factor, which is a num-
ber that describes how many fibres that are situated inside a sphere having a
diameter equal to the fibre length.

The rheology and structural mechanics of pulp suspensions involve highly
heterogeneous and complex structures on micro, meso as well as macro scales.
Swerin et al. (1992) studied the linear viscoelasticity of pulp fibre suspensions,
and concluded that the onset to nonlinear behaviour occurred at low strains
when the fibre network starts to break. At low strains the elastic component
is more pronounced for higher frequencies. The viscous component increases
at lower frequencies, Swerin (1995).

1.5 Modelling fibre suspensions

Fibre suspension modelling is a non-trivial task, e.g. due to the complexity
of flow. Only a couple of examples will be described. Farnood et al. (1994)
showed a simple model and discussed the interlocking forces in a flocculated
suspension and Björkman (1999) has extensively modeled floc mechanics, and
further made several experiments regarding flow phenomena in pulp suspen-
sions. Much work remains in the area of modelling though. Duffy (2000) argues
that new models of the fibre suspensions are needed because fibre suspensions
cannot be described as hitherto as pseudoplastic, shear thinning or Bingham
plastic.
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Fibre floc dispersion has been modelled on a particle level by Switzer and
Klingenberg (2003). The fibres consists of rigid parts linked by ball and socket
joints for allowing a flexible behaviour. These fibres are subjected to short-
range repulsion and fibre-fibre friction. Holmqvist (2005) modelled drainage of
fibre suspensions, based on a Cam-clay plasticity theory. If shear load is applied
on a draining suspension the pore pressure is increased, hence an increased
drainage rate.

1.6 Own work in relation previous research

This work is directed to further understanding of the behaviour of fibre suspen-
sion, such as e.g. load carrying ability, floc-floc interaction, fibre floc dewatering
mechanisms and discussion of inner geometry of fibre flocs. To make this possi-
ble several measurement equipment and methods of analysis has been adopted.
Models, mathematical and analogous, of flocculated suspensions is described





Chapter 2

Fibre suspension interaction

mechanisms

2.1 Material and methods

The pulp suspension investigated in this study of interaction mechanisms in
fibre suspensions was a long fibre fraction of unbeaten bleached softwood pulp
with an average fibre length of 2.7 mm (MoDo, Örnsköldsvik, Sweden) at a
representative headbox concentration of 0.5% by weight. A larger Couette
instrument designed by Björkman (1999) was used, Figure 2.1a.

Cylinder height was 400 mm, cup (i.e. the outer cylinder) and bob (i.e. the
inner cylinder) diameters 140 and 100 mm, respectively, giving a gap width
of 20 mm. Bottom end of the Couette instrument is of the cone-and-plate
viscometer type with cone height equal to the gap width, i.e. 20 mm. The cup
is driven by a lower AC-motor and the bob by an identical upper AC-motor.

The speed of the engines (ElectroCraft, SERVO-AC) can be varied between
0 and 4000 rpm. The cylinder motions are controlled by a Macintosh IIx
computer with a data-acquisition card (National Instruments) and a software,
LabVIEW 3.0 (National Instruments Ltd.).

The experiments were carried out at three rotational speeds, 25, 50 and
75 rpm, and with the cup and the bob counter-rotating at equal rotational
speeds. Therefore, the cup with its larger diameter obtains a higher tangential
velocity than the bob, which suppresses secondary flow, i.e. Taylor vortices.
During the experiments the cup and bob were accelerated to the above rota-
tional speeds in 4 seconds, which in the 25 rpm case corresponds to a linear

11
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acceleration of the bob and cup of 0.033 m/s2 and 0.046 m/s2, respectively.
During the acceleration the horisontal bottom of the cup will gain a higher
velocity than the free suspension surface at the top of the Couette apparatus,
creating the vertical directed torsional shear field shown in Figure 2.1b. The
lower end design of the Couette apparatus can be seen in Figure 2.1c.

Cup

Bob

Tachometer

Upper
motor

Lower
motor

Tachometer

Brass

Ball
Bearing

connected
to motor

Perspex

Ball
Bearing

Machine
structure

(a) (b) (c)

Figure 2.1. a) Photograph of the Couette apparatus. b) Schematic view

of flow system geometry and the induced transient shear field during the exper-

iments. c) Design of lower end of Couette apparatus

2.2 Interaction mechanism

The accelerating bob and cup generate a transient torsional velocity field, which
locally corresponds to an axial shear flow field. During acceleration the lower
part of the suspension moves faster than the upper, i.e. v1 is greater than v2

in Figure 2.2. This velocity gradient transfers momentum upward in the gap.
Due to the heterogeneity of the suspension, i.e. that the concentration varies
throughout the suspension, the local strength of the network also varies.

When momentum is transferred upwards through the gap in Figure 2.2

by the induced tangential shearing, the flocs in the lower part are on average
pushed in the direction of greatest compression towards an elastic resistance
(or rampart) set up by the surrounding flocs, in the figure represented by the
broken line marked compression barrier. A region with low fibre content, named
void and represented by the grey region A1 exerts lower resistance to floc mo-
tion than the surrounding flocs. Therefore, floc motion in that direction is
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favoured compared to motion in other directions. A single void has, however,
been found to normally be insufficient to initiate floc rupture by not allowing
sufficient large relative motions between different parts of the floc. A second
void, Aa, however, enhances the possibility of relative motion. Together with
the opposing region A1 this might result in a rupture line more or less perpen-
dicular to the compression line. As a result of the rupture, both area A1 and
area Aa will diminish to the areas A2 and Ab, Figure 2.2b.

v1

v2

A1

Compression
barrier

Compression
barrier

Rupture/
Shear line

Aa

Floc pushing
direction

A2 Ab

v2 v2

v1 v1

(a) (b)

Figure 2.2. A break-up mechanism in a shear field at lower shear rates. Voids

in the vicinity of the black floc in the centre (A1 and A2) promotes movement

and thereby floc deformation and break-up a) Before rupture, b) After rupture.

A floc, e.g. the black one in Figure 2.2, will during the splitting process
normally rotate due to contact between surface fibres of different flocs. In
long-fibred pulp suspensions some of the surface fibres may even reach into
the interior of the neighbouring flocs, giving the floc a more effective surface
roughness. This effect can be assumed to increase with fibre concentration,
and further promote floc rotation.

Figure 2.3a and 2.3b represent a simple way of imagine this floc interlocking
in flocculated fibre suspension at low shear through mechanical analogy. If the
flocs F1 and F2 are non-interlocked i.e. no void between them exists, both
flocs have the possibility to rotate, Figure 2.3a. This rotation may result in
crack formation in two different directions; horisontally A and vertically B.
The analogy with network rupture is that if there is not a void between the
pinions, i.e. they are in grip, there is no possibility for motion, Figure 2.3b,
and network rupture cannot occur.
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A A

AA

B

v1

F1

v2

F2F1 F2

v2

v1

(a) (b)

Figure 2.3. Mechanical analogy for network rupture. a) Non-interlocked flocs

F1 and F2. Rotation will allow two rupture zones A and B. b)Sterically inter-

locked flocs F1 and F2. Rotation is prohibited, resulting in a stable network.

d1

d2

d1

d2

(a) (b)

Figure 2.4. An important geometric factor for floc rupture at low shear is

supposed to be the size of the low concentration region (void size) relative to

the rupture length. a) Schematic. b) Photograph of suspended fibres at con-

centration of 0.5% by weight. Darker void regions outlined.

The deformation possibility is essential for the floc break-up at lower shear
rates. To shear a floc apart according to the mechanism in Figure 2.2b the
upper and lower part of the floc must be subjected to a relative displacement
with the length drupt equal to the floc extension in that direction. One may as-
sume that the relation between drupt and the sum of the adjacent void lenghts



2.2. INTERACTION MECHANISM 15

d1 and d2 plays an important role, see Figure 2.4a with fibre flocs (black and
white) and voids (grey). Figure 2.4b shows a photograph of a suspension.

Consider for example, two different low concentration regions of the same
size differing only in shape. The region of greatest length in the direction of the
presumptive rupture line will then be more efficient in promoting deformation.
To test this hypothesis the rupture length drupt was plotted against the total
size of the voids dvoid = d1 + d2, see Figure 2.5.

0

0,5

1

0 5 10 15 200 5 10 15 20
0

0.5

1
25 rpm
50 rpm
75 rpm

Theoretical minimum
mobility demand

Experimental determined
mobility demand

Figure 2.5. The mobility factor, drupt/dvoid, as a function of rupture length

drupt.

Figure 2.5 shows the length of the ruptures drupt versus the ratio drupt/dvoid,
named the mobility factor. This factor expresses the magnitude of the space
at disposal for floc deformation. To verify the objectivity of the estimates of
drupt/dvoid, five different persons were asked to measure the mobility factor,
which gave a distribution of ±0.05 units (t-distribution with 95% confidence).
The broken line represents the theoretical minimum mobility demand. This
corresponds to the maximum floc size that can be ruptured at a certain size of
the low concentration regions, i.e. corresponding to drupt/dvoid = 1.0.





Chapter 3

Compression of fibre suspensions

3.1 Materials and methods

A system for to measuring the elasticity and the Poisson ratio of the suspended
fibre network consists of a laboratory scale (Kern ABS 220), a micrometer stage
and a digital camera (Fujifilm FinePix 6900Zoom), Figure 3.1. The camera is
mounted on a rotation plate, which in turn is attached to a laboratory jack.
This facilitates change in camera positioning. A cylindrical container (inner
diameter 42 mm) with mantle walls in perspex and glass bottom, allow visual
observation from all directions. The cylindrical container form makes the wall-
interaction axially symmetric, avoiding corner effects in a rectangular jar. An
angled mirror permits observation of the network from below. Compression
of the network is effectuated by a micrometer stage and a compression rod
(diameter 25 mm). The lower end of the compression rod, the compression
plate, is during the experiments in contact with the fibre network. The vertical
forces set up by compressed network is registered as the weight by the scale and
sent to a personal computer (Hewlett Packard HP D330). The entire system is
mounted on an optical table. The fibres used is of bleached softwood type with
a mean fibre length of 2.1mm, not otherwise specified. It should be pointed
out that this is a qualitative and not quantitative work.

The elasticity of fibre networks at low concentrations is so small that even
the surface tension between the fluid, the cylinder wall and compression rod
has to be considered. To minimise these the diameter of the compression rod
just above the compression plate is reduced to 3 mm. Another problem was
found to be caused by water vaporisation. A thin layer of paraffin oil on top

17
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of the water efficiently to reduce both the surface tension and the evaporation
problem. The main reason for reducing the surface tension is the difference in
affinity between fluid and wall. With paraffin oil the fluid smoothly advances
and retreats when the level is changed, contrary to with pure water. (The effect
of paraffin is even more pronounced in rectangular containers).

INFO

6x OPTICAL ZOOM

0.0235 g

Optical
table

Laboratory jack

Figure 3.1. Schematic picture of the Kern ABS 220 balance. The Fujifilm

digital camera and the compressional system. The perspex container with glass

bottom installed mirror contains the water, fibre network and paraffin oil.

Four different deformation geometries were used to study the effect of the com-
pression geometry upon the modulus of elasticity in a suspension of bleached
softwood pulp:

• Single fibre floc with initial height of about 8 mm, 25 mm plunger, no
anvil, Figure 3.2a.

• Suspension with initial height of about 8.3 mm and a diameter of 42 mm
(diameter of container is 42 mm), with supporting side walls, Figure 3.3a.

• Suspension with initial height of about 8.8 mm, placed between plunger
(diameter 25 mm) and anvil (diameter 27 mm), Figure 3.3b.

• Initial suspension layer height of about 8.8 mm, placed between plunger
(diameter 25 mm) and anvil (diameter 27 mm) with supporting side walls,
Figure 3.3c.
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Figure 3.2. a) The compression container with photograph of a fibre network

structure during compression. b) Photograph of structure (1% concentration)
taken from undeneath. The light circular path at left and lower edge of the

picture is the rim of the compression plate.

The measurement procedure was as follows (for added amounts se Table I ):

1. Initially a specific volume of fibre suspension was added.

2. The plunger was lowered to contact with the fibre network.

3. Water was added very slowly to not disturb the fibre suspension. The
resulting liquid layer above the fibre suspension covers the lower wide
part of the plunger, thereby reducing surface effects that otherwise would
occur in the suspension/air/plunger interface.

4. A layer of paraffin oil was poured on top of the fibre suspension/water
mixture. This reduced the surface tension effect between the fluid and
the container wall and also the vaporisation.

5. The network was compressed stepwise by 0.5 mm at a rate of 0.5 mm/3s.
The influence of velocity was not investigated here. [To ensure network
relaxation, the time between succesive compressions was 30 seconds after
a force value had been measured for the network cases and 35 seconds for
fibre floc case. The force for plotting was obtained 10 seconds after the
compression. The network/floc was let to relax for about an additional
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20 seconds. Observe that almost all relaxation has occurred after 10
seconds].

All experiments were performed at room temperature, 20±3 ◦C.

Water

Parafinum layer

Fibre suspension
Plunger
Anvil

Side walls

During compressionBefore compression

Plunger

Anvil

Fibre suspension

Plunger

Anvil

Fibre suspension

Photographs

(a) (b)

(c) (d)

(e)

Figure 3.3. a) Suspension of about 8.3mm initial height, diameter of 42mm

(interacting with container wall). b) Cylinder of suspension with initial height

of about 8.8mm between plunger (diameter of 25mm) and anvil (diameter 27mm).
Photographs showing the increase of pulp cylinder diameter during compres-

sion.c) Photograph of suspension pad before compression. d) Photograph of

suspension pad during compression. e) Suspension with initial height of about

8.8mm between plunger (diameter of 25mm) and anvil (diameter 27mm) with

side walls hindering sideways expansion of the network.

Table I. Volumes of fibre suspension, water and parafinum oil in ml

Plunger-container Plunger-anvil Floc
Figure 3.3a Figure 3.3b and c Figure 3.2

Fibre suspension 12 5 5ml floc+water
Water 13 30 20
Paraffin oil 10 10 10
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3.2 Measurements and discussion

The Poisson ratio is defined as, ν = −εtransverse/εlongitudinal, where longitu-
dinal is defined as in the compression direction and the transverse defined as
is in the perpendicular plane.

From the change in maximum projected floc cross-section areas from photos
taken from below and the measured compression, ε, the Poisson ratio can be
obtained. The dependence of the Poisson ratio on concentration can be studied
in Figure 3.4. This compression concentration has been calculated without
taking Poisson ratio into account because in some of the measurement (Figure

3.3 ) the network was not allowed to expand in the transversal direction.
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0.5

0.25

0

-0.25

-0.5
2 3 4 5 6 7

c [w%]

ν

1% Fibre floc concentration
0.5% Fibre floc concentration

10

Figure 3.4. The compressional effect of a bleached softwood pulp of 0.5 or

1.0 % initial concentration upon the Poisson ratio.

The Poisson ratio seems to be around 0.1. At low compressions (and concen-
trations) the measurements are uncertain. A small error in transverse length
scale measurement then results in a large error in the Poisson ratio. With
increasing longitudinal compression this error is reduced, as can be observed
as a more narrow distribution at higher compressions. No observable effect of
changing initial floc concentration from 1 to 0.5% could be found.
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The stress σ was obtained by dividing the applied force (= mass reading
× gravity constant) by its area. We define the relaxed modulus as when most
of the relaxation has been finished in the network, which here is 10 seconds
after each stepwise compression. From σ the relaxed modulus of elasticity Er

is calculated as Er = σ/ε, where ε is the strain. ε = ∆l/l0, where ∆l = l − l0
is the compression in comparison to the initial network height, l0.

In Figure 3.5 the result is instead presented as Er versus the actual con-
centration in the network at a certain strain.
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Figure 3.5. The compression effect of a bleached softwood pulp of 0.5 or 1.0

% initial concentration upon the relaxed E-modulus.

Seven and nine different series have been measured for suspensions with initial
concentrations of 0.5 and 1%, respectively. Figure 3.5 showss that for one mea-
surement (initial concentration 0.5%) the level is too low, probably an outlier.
The level of the moduli of elasticity for these networks are very low; in the order
of Pa to be compared to e.g. metals with hundreds of GPa. The E-modulus
of a pulp network at the studied concentrations is about 10−11 times smaller
than for metals.

According to Figure 3.6 a fibre floc, i.e. a fibre network portion, behaves
rather differently to suspended fibre network consisting of sintered together
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fibre flocs in Figure 3.5a. To begin with, the modulus of elasticity for the
floc is of an order of magnitude smaller. A reason for this may be that the
relaxation behaviour is somewhat different. It may also be a result of that
the effective area during the compression is altered. Furthermore, no steric
restrictions exist for sideways expansion during the compression of the flocs.
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Figure 3.6. Modulus of elasticity as a function of concentration for single

network entities (fibre floc) and fibre suspensions. Bars: t-distribution 90%

confidence.

Four different initial concentration has been analysed and the behaviour is
shown in Figure 3.7. Only a small difference between 0.5 and 1.0% initial
concentration is observed. In this fibre concentration regime good formation is
obtained in paper machines. When the compression starts from 2 and 3.6% the
difference is considerable compared to the lower initial concentration curves.
At the higher concentrations the network can initially carry about twice as
high loads. For the 0.5 and 1.0% networks the suspension is relaxes somewhat,
which was not observed for the higher concentrations; probably due to higher
crowding of fibres, i.e. more contact points between the fibres.
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Figure 3.7. The modulus of elasticity as a function of initial concentration

and concentration increase due to compression. Bars: t-distribution 90% con-

fidence.

In Figure 3.3b and e the two different set-ups plunger-anvil without and with
side walls, respectively, are shown. With side walls the network cannot expand
sideways, i.e. the network Poisson ratio is zero. Without sidewalls the network
expands sideway naturally, i.e. the free network surface is stress-free. The re-
sult is shown in, Figure 3.8. with having suspension covering the entire bottom
part of the container (Figure 3.3a). The effect of side walls thus is small (if
any due to the unavoidable larger scatter caused by the heterogeneity of these
flocky fibre networks). An anvil gives higher stresses, and therefore a higher
modulus of elasticity, than without, i.e. using the entire container bottom as
in (Figure 3.3a). This may be explained by the formation of stress chains in
the fibre network which focuses on the anvil, Figure 3.9.
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Figure 3.8. Modulus of elasticity as a function of concentration for different

system geometries in Fig. 3.3. Bleached softwood pulp of 1.0% initial con-

centration, compression rate of 0.5 mm/3s in steps every 30 seconds. Bars:

t-distribution 90% confidence.

Stress chain

Figure 3.9. The formation of force chains during compression, not necessar-

ily parallel to compression direction.

With the help of stress chains the difference between the results in Figure

3.8 for the two cases plunger-container (Fig. 3.3a) and plunger-anvil without
side walls (Fig. 3.3b) may be explained in the following way. Asume that the
network is compressed a certain degree and that the same number of stress
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chains are formed. In the plunger-container case some of these may to a higher
degree spread out more horisontally before they reach the conatiner walls than
in the plunger-anvil case where they are forced to return to the anvil. As result
a smaller fraction of the internal over-pressure built-up in the network due to
the compression will be directed downwards. That the result for the plunger-
anvils with side walls (Fig. 3.3b)case is logical since this system geometrically
falls between the two other cases but closer to the plunger-anvil case.



Chapter 4

Fibre suspension model

It is possible to adopt a thermodynamic view, such as for atomic systems, on
flocculated systems. The potential curve, for an atomic pair, has the general
form as normally presented in Figure 4.1a.

Figure 4.1. a) The Lennard-Jones energy potential ELJ and separation force

F = ∇ELJ for atomic interaction as a function of the distance rij between

the centres of the atoms. Attraction at long distances and repulsion at short

distances. Definition of the direction of Fij . b)quadratic c)circular pair

27
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For atom centre distances smaller than equilibrium value the negative slope
thus means that the repulsive forces dominate and a positive slope that the
attractive forces dominate. At equilibrium distance req the attractive and the
repulsive forces balance. If an external force Fij that separates the atoms is
defined as positive, it becomes the negative gradient of the pair potential, i.e.
F = ∇E, as also shown in the figure.

4.1 Case 1. Fibre ablation

A fibre floc submersed in a flow field responds in a number of ways. To begin
with, a velocity difference between the surrounding fluid, which normally is
water-like for paper pulp suspensions, and the fibre floc surface, creates viscous
forces which bend fibre ends protruding into the flow.

If the viscous forces are sufficiently large, fibres may eventually be torn away
(ablated) from the floc as illustrated in Figure 4.2a, i.e. the floc is eroded.

Consider a system consisting of a suspended fibre floc. Let then a surface
fibre be slowly dragged out of the floc. During this process contact points
between the fibres in the interior will be released one by one, Figure 4.2b. The
force F needed to pull the fibre out ideally decreases stepwise simultaneously
with the decreasing number of contact points, and the frictional forces fall
correspondingly as illustrated schematically in Figure 4.3. It therefore becomes
easier to pull out the fibre when the number of contacts is reduced and the fibre
becomes less locked-in. The curve form is determined by the number of contact
points as well as their nature. It can be expected to depend on the, fibre
morphology (fibre friction), chemical additives, geometry of the interlocked
fibre etc.

(b)

(a)

Figure 4.2. Fibre ablation from a floc. a) Ablation of a surface fibre from

the floc due to a velocity difference between fluid flow and fibre floc surface.

b)Close-up views of the ablation process, schematically.

The work done on the system to ablate the fibre is W =
∫

F (x) dx, where
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x is a coordinate along the fibre. The energy E added to the system equals
this work.

A principal question concerns where this energy ends up. Part of it goes
into the ablated fibre and partly into the floc as recoverable elastic energy. The
rest is dissipated and goes into the liquid and fibres as heat, thereby increasing
the system temperature. If the heat dissipated in the contact points during
the frictional sliding is symmetrically distributed between the two involved
fibres, equal amounts of heat has after the tear-out been completed gone to
the extracted fibre and the remaining fibre floc. It may be suggested that the
dragging out of the fibres from the floc induces frictional slidings also between
other contact points in the floc, and that this would generate extra frictional
heat in the floc. Against greater asymmetries of this kind, however, speaks
that the force balance must also be fulfilled for the entire system, and that this
does not allow to much extra contact point sliding in the floc.

Figure 4.3. Energy E and force F for withdrawing a fibre from within a fibre

floc. Here lint is the length the fibre reaches inside the floc interior.

4.2 Case 2. Flocs splitting

Under an applied load a floc may separate into two or more daughter flocs,
Figure 4.4, cf. Björkman (1999). This case may be viewed as multiple ablation
of single fibres as just treated. Instead of using the coordinates of the individual
fibres we transform to the centres of the daughter flocs.
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R0
R1 R1

Figure 4.4. The deformation and separation of one floc into two daughter

flocs. rij is the floc-centre distance.

The separating force as a function of floc-centre-centre distance, rij , is shown
principally in Figure 4.5. At small rij , the force is large due to the high amount
of entangled fibres. The force the smoothly decreases towards zero when the
two daughter flocs are fully separated. The initial floc has a radius of R0,
giving rise to two daughter flocs that separates after 1.59R0.

Figure 4.5. Floc splitting. The force and energy demanded for floc separa-

tion. Radius of daughter flocs is 1.59R0 if concentration in the flocs is to be

maintained.

The force vs. floc deformation curve, Figure 4.5, may thus be considered as the
superposition of several single fibre separation curves, Figure 4.3. This force
curve represents a elastoviscous material that can flow and change its config-
uration irreversible. The curve consists of two parts; elastic and plastic part.
Observe that the elasticity of a low-concentration pulp suspensions is not very
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pronounced. The elastic component increases with concentration. The curve
is not necessarily smooth due to stick-slip and flow behaviour. The form of the
curve is not experimentally investigated in this work.

4.3 Case 3. Floc compression

If two flocs are brought in contact and subsequently compressed the mechanism
is ideally as in Figure 4.6.

Figure 4.6. Two fibre flocs brought together and compressed.

The energy vs. deformation curve for fibre floc compression is shown in Fig-

ure 4.7a when the network is considered as elastic, or as in Figure 4.7b as an
elastoplastic material.

(a) (b)

Figure 4.7. Compression and expansion of fibre flocs. a) Energy development

for elastic material. b)Energy development for elastoplastic material.

For the elastic case, the compression and decompression curves coincide, Fig-

ure 4.7a. I.e., the entire energy stored in the system during compression is
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recovered during the subsequent expansion. For elastoplastic networks the
compression and expansion curves do not coincide (hysteresis), Figure 4.7b.
The energy is lost due to viscous flow and plastic compression.

4.4 Case 4. Plastic shear interaction

A more common situation is shown in Figure 4.8, viz. that two flocs are
subjected to a oblique interaction, e.g. in a shear flow field. The interaction
will impose an extra-rotation upon the flocs and also a change of the floc
motion, Bergström and Björkman (Paper1).

α

α

Figure 4.8. Plastic shear collision. Two flocs with at different y-positions h
are forced into contact whereafter the flocs start to rotate and passes each other

analogus to a rack-and-pinion model in Bergström and Björkman (Paper1).

The force curve for this compression-rotational behaviour can be viewed schemat-
ically as in Figure 4.9a. The total energy, based on work performed on the
systems, is presented, in Figure 4.9b.

The rij -distance is assumed to be constant after the initial compression,
i.e. when the flocs starts to rotate. Here the force rises when the floc is
compressed (broken line), and when rotation starts new parts of the flocs is
compressed keeping rij -distance constant. During the rotation some energy will
be dissipated through frictional sliding of fibre surfaces (fibre sliding, broken-
dotted line), cf. the roll resistance for tyres. When the flocs rotate, earlier
compressed areas of the flocs experience elastic recovery (dotted line) i.e. some
energy is restored (area under dotted line) to the system and not dissipated as
plastic deformation or frictional heat. The total force of the system is the sum
of the three different phenomena described above (total force, black line).
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Figure 4.9. Shear interaction. a)Force curve for floc system in Figure 4.8.

Force demand for compression, whereafter some is recovered in elastic recoil.

Additional force demand due to fibre sliding. The total force demand of the

system is the sum of the three above mentioned phenomenon. b) Total energy

demand for floc system in Figure 4.8.

4.5 Floc model and inner structure

The floc behaviour can be described according a modified Voigt element in
series with a dashpot (Figure 4.10 ), The spring and dashpot in parallel con-
nection governs the visco-elastic nature of the fibre suspension. There is a
hooking mechanism making the network only carry compressible load and not
extensional. The dashpot in series (r2) iallows plastic deformation.

Not only the load deformation characteristics of the flocs is important when
deforming a fibre suspension but also the inner geometry of the suspension, i.e.
how the flocs are situated in respect to each other. In particulate systems
stress can be transmitted along lines in the direction of compression, stress

chains, Figure 4.11. Notice that initially only a part of the flocs carries load,
whereupon more and more are under stress when the suspension is further
compressed. Observe that there might be stress chains inside a floc, but in this
work mainly the floc level is regarded.
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Figure 4.10. Modified Voigt element with dashpot in series. r =lenght of

element, k =spring coefficient, µ =viscous component
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Figure 4.11. Stress chains in a compressed flocculated fibre suspension. Stress

is transferred from floc to floc mainly in the direction of compression
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Floc interaction in roll forming

5.1 Materials and methods

A laboratory roll former system (the KTH-former) and a high speed video
system were utilised to study the flow behaviour of fibres and fibre flocs in the
dewatering zone. The former was of recirculation type, which contributes to
experimental simplicity. It was composed of a headbox, a roll former and a
reservoir system, Figure 5.1.

A flush-mounted pressure sensor of membrane type that was mounted in
the forming roll recorded the roll surface pressure (Entran EPX-N1, range
0-70 kPa). The diameter of the membrane 3.81 mm was selected to give a
representative pressure recording.

The signals are sampled by a Macintosh computer with a data acquisition
card, National Instruments PCI-MIO-16E-4, at a sampling rate of 25 kHz.
The design of the headbox contraction is non-standard, i.e. non-linear through
inserted perspex blocks. This makes the acceleration profile (elongational flow
rate) smoother. With a smoother beginning, as in Figure 5.2, the turbulence
intensity is reduced although the acceleration will not be exactly constant. The
flow was evened out just enough to avoid too extensive floc rupture.

The parrots beaks at the nozzle outlet is intended to give the jet a smooth
surface. With a prutrusion into the flow of just about 1mm extensive floc
rupture can be avoided.

35
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Figure 5.1. The main elements in the former: 1) Transparent Headbox. 2)

roll forming unit. 3) magnetic flow meters. 4) flow loop pumps. 5) main

reservoir system. 6) extra reservoir system for smaller pump.
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Figure 5.2. Headbox with floc introduction tube and contraction blocks.
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For observing the dewatering zone two different techniques have been used;

• A mirror mounted at the centre of the forming roll allows a floc to be
followed through the forming zone, Figure 5.3a.

• A mirror attached to the machine structure, at the same position as the
rotating mirror, allows observation at a fixed area of the dewatering zone.

The forming roll mantle in perspex was easilly scratched, which resulted in
disturbing reflections. A glass plate was therfore attached to the roll surface
as a chord, Figure 5.3b. Such reflections were efficiently eliminated by filling
the void space between plate and roll was filled with water. The lens effect of
this liquid also reduced the optical distortions due to the curved inner surface
ot the forming roll.

The events in the forming zone were recorded with a high-speed camera,
Redlake Imaging HR1000 recording rate up to 1000 images per second. These
rates made a pulsed IR-Laser (Oxford Lasers HSI 1000) necessary. Both inci-
dent and reflected light were guided by the same mirror.

Laser

High speed
Camera

Mirror

Roll

Water
Glass plate

(a) (b)

Figure 5.3. To observe the dewatering zone a co-rotating mirror, was used.

a) The forming roll and positining of the camera, the laser and the mirror. b)

Closer-up view of the inner roll-surface design with the glass plate mounted as

a chord and with the void between the roll and the plate filled with water.
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5.2 Results and discussion

Air may enter into the forming zone together with the fibre suspension flow, e.g.
entrained by a somewhat rough jet surface. When such an uneven jet surface
lands on the outer wire the trapped air can pass trough the wire. At the
forming roll side such air may, however, be trapped by the roll surface and the
surrounding fluid. Figure 5.4 gives an example of such air trapped between the
outer wire and the forming roll, view form above. This air entrapment could be
reduced by adjusting the running conditions. Extensive air entrapment results
in inferior quality of the video recordings primarily due to refraction in the
resulting rough air-water interface.

Air/water interface Wire mark

Gap filling position

10 mm

Flow Direction

Figure 5.4. Top view of roll forming zone. Water flow from left to right. The

headbox discharge opening was 10 mm, both jet and wire speed 470 m/min,

wire of conventional type. The wire pattern can be observed in the areas with-

out light scattering air/water interface. The rather sharp undulating line to the

left hand marked with a broken line shows where the gap becomes filled-up with

water. Some liquid, however, entered into the nip.

To optimise the observation conditions, the influence of different running vari-
ables on the amount of air entering the nip and the position for initial gap
filling must be considered. The gap filling position, is defined as where the fi-
bre suspension jet fills-up the gap between the wire and roll surface. With the
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high speed video camera and the stationary mirror set, this gap filling position
could easily be determined. The image analysis software (free-ware from Na-
tional Institue of Health, NIH at http://rsb.info.nih.gov/nih-image/) converted
the images from video format to a one fitted for image analysis.

The initial gap filling position varies with e.g. wire tension and jet speed.
A decrease in wire tension and an increase in jet speed moves it into the nip.
250 images containing the gap filling boundary were sampled and thresholded
by making the image black and white, and the thresholded boundaries in all
images averaged. From such average pictures the of gap filling position as a
function of wire tension and jet speed in Figure 5.5 was obtained.
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Figure 5.5. The influence of jet speed and wire tension on gap filling position

for a permeable wire. At xroll = 0 the wire is in contact with the roll without

jet. Wire and jet speed were equal in these determinations.

Fibres used are unbeaten bleached softwood fibres, average length of 2.7mm.
The fibre suspension leaves the floc introduction tube as a more or less ho-
mogeneous plug flow stream. It is subsequently subjected to the acceleration
flow in the headbox contraction. This separetes the plug into fibre flocs, see
Figure 5.6. This separation is necessary to follow the behaviour of individual
flocs in the forming zone. When a floc enters the forming zone it is observed
from above, (Figure 5.6 ). A grid attached to the inner side of the forming roll
surface makes it possible to also observe the relative motion between fibre floc
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and wire/forming roll in the forming zone. The arrows on the grid mark the
direction of flow.

10mm

Floc separated from
the suspension rodFibre network plug

Floc introduction
tube

5 mm

Grid pattern Fibre floc

(a) (b)

Figure 5.6. Fibre flocs in the headbox and in the dewatering zone. a) The

suspension stream is split up into separate flocs by the accelerating flow in the

headbox nozzle contraction. Volumetric flow rate 350 l/min. b) A floc inside

the forming zone, top view at 0 m/min speed difference between the suspension

and wire (calculated from T/R and the Bernoulli equation). A 10 × 10 mm

grid attached to the inner surface of the forming roll allows observatons of the

relative motions between the floc and the wire/roll.
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Figure 5.7. The effect of different wire/fibre mat permeabilities on the pres-

sure development. Jet speed 477 m/min, wire speed 422 m/min for semi-

permeable wire and conventional wire with water (Jet speed 484 m/min and

wire speed 431 m/min for conventional wire and fibres).
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The jet thickness during the studies of the floc behaviour in roll forming, was
approximately 9 mm. The wire was conventional double-layered if not specified
otherwise. The nominal dewatering pressure is not reached in the entire form-
ing zone with conventional wire and water without fibres due to fast drainage,
Figure 5.7 from Bergström et al. (Paper7). The wire speed is calculated ac-
cording to the Bernoulli equation, using the nominal dewatering pressure and
assuming zero mix-to-wire speed difference during forming. Due to complex
flow phenomena inside the forming zone, the mix speed could only be eval-
uated approximately. Therefore, jet-to-wire speed difference will be used as
parameter instead of the physically more relevant mix-to-wire speed difference.
Under certain running conditions (jet-to-wire speed difference, wire tension
etc.) dead-end dewatering may occur, i.e. when the mix has the same speed
as the wire.

The dyed flocs entering through the introduction tube are slightly darker
than the surrounding. The initial suspension concentration before entrance into
the headbox is 1% , if nothing else is mentioned. After orifice of the introduction
tube, the suspension plug breaks up into flocs or clusters of a few flocs. This
break-up and the fact that the pipe wall surrounding the flocs is removed
contribute to an expansion of the flocs that lowers the fibre concentration.
Within 10 to 40 mm from the orifice the flocs expand in diameter about 25%.
After this first expansion the form stabilises.

Between the entrance and the exit of the forming zone the flocs are subjected
to shear forces that deform the flocs, and if this force is large enough even may
break them apart. Figure 5.8 gives an example of a fibre floc in the forming
zone. The initial jet speed was here 447 m/min and the wire speed 488 m/min
giving a jet-to-wire speed difference of 59 m/min, i.e. about 1 m/s. The
fine-meshed pattern in the background of Figure 5.8 is the wire threads. The
two vertical and two horisontal black lines belong to the 10 × 10 mm grid
attached to the inside of the glass plate in the forming roll, see Figure 5.8.
Figure 5.8a shows a floc just entering the forming zone having a width d1 =.
After 4 milliseconds, during which the wire has noved 26 mm) the same floc
has changed width, to d2 > d1, Figure 5.8b. Some stretching of this fibrous
network has meanwhile taken place. Analysing this film sequences, reveals that
some parts of the floc remain attached to the original spot on the wire, while
other parts of the floc have moved relative the wire. The right side part of the
floc thus follows the wire while the left part has a relative speed difference and
thus appears to be moving slower compared to the wire. In this picture the
floc appears to flow from right to left, although the real direction of flow and
roll rotation is from left to right; a visual effect caused by that wire speed is
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higher than the suspensions speed.

1mm 1mm

Grid

(a) (b)

Figure 5.8. A floc before, a), and after b) elongation. 4 ms between the pic-

tures: wire movement 26 mm. d is floc width. Jet speed 447 m/min, wire speed

488 m/min and wire tension 2.27 kN/m (T/R = 7.0 kPa). Nominal mix-to-

wire speed difference −100 m/min. Long fibre pulp at 1%. Conventional wire

used.

Since the water in this case is flowing through the wire, the flocs also move
towards the wire (Figure 5.9a) whereupon the lower parts become attached to
the wire, while the upper parts are subjected to the bulk flow, with resulting
elongation, Figure 5.9b. The force, which pins the floc to the wire, is assumed
to depend on the water flow speed past and through the floc and the wire.
When the fibre mat forms on the wire, the permeability decreases, which de-
creases the dewatering flow speed. This probably contributes to a lower floc
pinning force during later phases of the dewatering process. The mechanisms
based on many observation is schematically presented in Figure 5.9b.

If the shear rate is low the floc will only be extended, Figure 5.9c. If the
shear rate is higher the floc may eventually rupture into two or several daughter
flocs, see Figure 5.9d, e.

During the operations that the fibre suspension has been subjected to before
the headbox a liquid boundary layer between the flowing fibre floc and the solid
apparatus walls normally exits, i.e. the so-called wall-slip. This layer limits
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the magnitude of shear forces that can be transferred to the flocs. The pinning
mechanism therefore enhances the forces that can be transferred to the floc
and promote floc rupture.

Low shear

High shear

~5 mm

Figure 5.9. Schematic picture of possible floc developments for positive mix-

to-wire speed. a) The floc is initially carried towards with the drained water.

b) Due to water flow past and through the floc, it is pressed against the wire.

A speed difference between wire and mix makes the upper and lower part of the

floc move at different speeds, thereby stretching the floc. c) As the dewatering

continues, the entire floc eventually become flattened and attached to the wire.

d) If the liquid drag is sufficiently large, parts of the floc may be torn away.

e) The result is two (or more) daughter flocs.

The floc elongation ε ≡ (d1 − d0)/d0, where d0 is the initial width of the
floc and d1 is the width after deformation. The floc breaking fraction B is the
proportion of flocs broken during a trial.

The evaluation of floc width is difficult with automated techniques (power
spectra, wavelet transforms, etc.) due to the absence of well-defined floc bound-
aries, optical disturbances and the somewhat limited resolution of the high
speed video equipment. The elongation estimates are therefore obtained by vi-
sually estimating the floc width before and after elongation. The human visual
system is extremely good in detecting changes in gray-level of complex images.
To objectivise the evalauations several persons were asked to evaluate the floc



44 CHAPTER 5. FLOC INTERACTION IN ROLL FORMING

size. Using a 95% confidence interval of a t-distribution gave a difference in
elongation of ±0.09. This is for most of the measurement points in the follow-
ing figures below the uncertainty caused by the hetrogeneity of the suspension.
It should also be kept in mind that in this connection it is not the absolute
level of elongation that is important but trends.
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Figure 5.10. Floc elongation ε, vs. jet-to-wire speed difference vdiff . Jet

speed 447 m/min, Pnom 7.0 kPa and csusp 1% before headbox dilution. Long

fibres, conventional wire.

In Figure 5.10 the floc elongation ε, and in Figure 5.11 the breaking frac-
tion B are shown as a function of jet-to-wire speed difference for changing wire
speed. The uncertainty bars in the elongation and breaking fraction diagrams
represent a t-distribution of the measured values, with 90% confidence interval.
(The t-distribution is more suitable compared to using the standard deviation
when the number of experimental data is somewhat limited.)

The rather large scatter in the experiments is mainly caused by the inherent
heterogeneity of the fibre suspension. At certain running conditions the floc
break-up was extensive, giving a low number of flocs that could be evaluated,
which increases the uncertainty in ε. The experimentally determined location
of the zero mix-to-wire speed difference is at about 117 m/min jet-to-wire speed
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difference (the jet is faster than the wire). This point is marked with a circle
in Figure 5.10. Theoretical calculations based on the nominal pressure give a
jet-to-wire speed difference of 59 m/min at zero mix-to-wire speed difference.

According to Figure 5.9 a change of jet-to-wire speed difference around the
dead-end dewatering point vdiff = 117 m/min increases floc elongation. The
elongation seems to level out at a positive mix-to-wire speed difference of about
50 m/min (correspondng to a jet-to-wire speed difference of 160 m/min), cal-
culated from the minimum shear point. Outside of this range the elongation
levels off. For negative speed differences, the elongation seems to be somewhat
higher, i.e. the elongation for negative and positive speed difference appears
to be asymmetric.

0

10

20

30

40

50

60

70

80

90

100

-150 -50 50 150 250-150 -100 -50 0 50 100 150 200

100

80

60

40

20

0
250

Figure 5.11. Floc breaking fraction B as a function of the jet-to-wire speed

difference, vdiff . Data as in Figure 5.10.

Assuming that the direction of the fibres inside a floc is initially more or less
isotropically distributed, an elongation in the flow direction would therfore
cause an increased fibre alignment in the machine direction, i.e. an increase in
the anisotropy of the finished paper sheet.
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In Figure 5.11 the breaking fraction B is shown as a function of jet-to-
wire speed difference. Increasing the speed difference further, from where the
elongation has levelled out, the increased shear ratio is high enough to break
some flocs. For high speed differences, nearly all flocs are broken. The effect
of the nominal pressures Pnom = T/R has been studied since it is known to
influence the dewatering rate, and hence the time taken for removing sufficiently
much water to immobilise the flocs, as well as deccelerate the jet.

0

0,5

1

1,5

2

0 5 10

εnorm

P [kPa]

Pnom [kPa]

0.5

0.0

1.5

1.0

5 100
0

10

20

30

40

0 5 10

B [%]

Pnom [kPa]
5 10

10

0

30

20

40

0

(a) (b)

Figure 5.12. a) Influence of nominal pressure T/R on floc elongation ε. b)
The effect of different nominal pressures upon floc breaking fraction B. Con-

centration of the injected pulp suspension 1%, jet speed 447 m/min, and zero

nominal mix-to-wire speed difference.

The pinning force for all the different nominal pressure trials is sufficient to
keep the floc fixed to the wire without slip (in very few cases it was observed
that a fibre floc was torn away from the wire, but not sufficienly frequently
to be important). Increased nominal dewatering pressure decreases the dewa-
tering time, contributing to faster fibre floc immobilization, as well as higher
mix decceleration, which reduces the floc elongation towards zero. A faster
immobilisation reduces the elongation and the breaking fraction, Figures 5.12a

and b.

Another important parameter that influences the flocculation of a fibre sus-
pension is fibre concentration. Higher concentration gives denser flocs, which
can resist elongation more extensively.
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Figure 5.13. a) The floc elongation as a function of fibre suspension concen-

tration. b) The floc breaking fraction as a function of suspension concentration.

Jet speed 447 m/min, jet-to wire speed difference of 59 m/min and a Pnom 7.0

kPa.

There is a substantial drop in floc elongation (Figure 5.13a) and breaking
fraction (Figure 5.13b) when the fibre concentration increases from 0.5% to
1%. This drop is in line with the formation problems at higher concentrations
experienced in the industry.



Acknowledgement

I want to thank all the people that have made this work possible. Ulf Björkman
is thanked for excellent supervision, without him this thesis would not be in
front of you right now. Bo Norman is thanked for his guidance in the world of
paper technology. Further I would direct my deepest gratitude for my closest
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Li, T.-Q. and Ödberg, L. (1997): Studies of flocculation in cellulose fibre sus-
pensions by NMR imaging, Journal of Pulp and Paper Science 23(8), J401.

Malashenko, A. and Karlsson, M. (2000): Twin wire forming - An overview,
Annual Meeting Paptac, Montreal, A189.

Mason, S. G. (1950): The motion of fibres in flowing liquids, Pulp and Pa-
per Magazine of Canada, April, 93.

Mason, S. G. (1954): Fibre Motions and Floccation, Pulp and Paper Mag-
azine of Canada, December, 96.

Moss, L. A. and Bryant, E. O. (1938): Photographic study of the motion
of fibers and water in flowing fiber suspensions, Paper Trade Journal, April 14,
Tappi Section 226.

Nerelius, L., Norman, B. and Wahren, D. (1972): Measurement of floccu-
lation characteristics by light reflection, Tappi Journal 55(4), 574.

Nordström, B. and Norman, B. (1994): Influence on sheet anisotropy, for-
mation, Z-toughness and tensile stiffness of reduced feed area to a headbox
nozzle, Nordic Pulp and Paper Research Journal 9(1), 53.

Nordström, B. (1995): Effects of headbox design and dewatering conditions
on twin-wire forming of TMP, Ph.D. Thesis, Department of Pulp and Paper
Chemistry and Technology. Stockholm, Royal Institute of Technology (KTH).



52 BIBLIOGRAPHY

Norman, B. and Wahren, D. (1972): A comprehensive method for the de-
scription of mass distribution in sheets and flocculation in suspensions, Svensk
Papperstidning 75(20), 807.

Ringnér, J. and Rasmuson, A. (2000): Characterisation of fibre suspension
using X-ray computed tomography and image analysis, Nordic Pulp an Paper
Research Journal 15(4), 319.

Robertson, A. A. and Mason S. G. (1957): The flow characteristics of dilute
fibre suspensions, Tappi 40(5), 326.

Rudin, B. (1987): ”Papperets Historia”, Alltryck, Pappersgruppen, Stockholm
ISBN 91-970-8880-3.

Steenberg, B. K. (1979): Oozing and consolidation (scalar and vector forces)
in fibre/water systems (under compression), Paper Technology and Industry
(October), 282.
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Abstract

The interaction between fibre flocs in a Couette instrument with 20 mm gap has been
studied with video technique. A rather general mechanism has been identified for floc
splitting in the flocculation/deflocculation process.

At low shear rates (in the order of 1 s−1), regions of lower than average fibre
concentration located adjacent to a floc is found to be important for the floc/network
rupture process. Such low-concentration regions, here named voids, are observed to
be more easily compressed than the flocs themselves, and therefore promote network
deformation. Relative floc motion of counter-rotating cogwheel motion type appears
also to be important for the splitting process. It is found that larger flocs require
larger voids for rupture.

1 Introduction

During the past half-century the flow properties and the flow mechanisms in
wood fibre suspensions have been studied by a number of investigators. For
example, Mason (1954) studied the motion of individual flexible wood fibres in
shear flow fields in a large Couette device, where he described the mechanism of
fibre motion. He also showed how fibre flocs formed through a fluid mechanic
collision/adhesion mechanisms, Mason (1950).

A floc is in this work defined as a fibre-containing region that is sepa-
rated from other flocs through structurally different zones between adjacent
flocs (concentration difference, fibre orientation difference, etc.) rather than a
coherent physical object as e.g. so-called Jacquelin flocs, Jacquelin (1966).
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The structure of flocculated pulp suspensions has been studied by a number
of authors with different techniques, e.g. with transmitted or reflected light.
Thus Beghello et al. (1996) developed a photographic technique based on
two-dimensional still pictures of the flowing fibre suspension from which the
flocculation conditions could be measured. Polymer-induced flocculation was
investigated by Wågberg (1985) with a system based on frequency analysis of
reflected laser light, and the relative change in flocculation in different floc size
ranges was evaluated. E.g. it was found that the flocculation was increased by
the addition of high molecular weight cationic polyacrylamide.

Network strength has been measured for various pulp suspensions with dif-
ferent techniques. For example Forgacs et al. (1958) investigated different
aspects of the hydrodynamic behaviour of pulp fibres, e.g. the fibre network
strength measured through the breaking length, i.e. the length a fibre suspen-
sion rod can withstand under its own buoyed weight. This strength measure
was found to correlate with beating, suspension concentration, etc. Thalén and
Wahren (1964) measured the shear strength of different pulp suspensions using
a special-constructed large-size elasto-viscometer.

Both shear and elongational flow fields induce floc deformation, which ulti-
mately may lead to floc rupture in flocculated pulp suspensions. Thus, Kerekes
(1983) studied the floc elongation in constriction entrances and concluded that
elongational flow was efficient in deforming the flocs. He e.g. showed that
an unbleached kraft pulp at 0.5% by weight withstood rupture. Kerekes and
Schell (1992) demonstrated that short-fibre suspensions normally were more
uniform and contained less stable flocs than long-fibre pulps. More stable flocs
may have been the reason for the higher network strength in softwood pulps
observed by Duffy and Titchener (1975).

Type 2 interaction

Type 1 interaction

Dewatering flow

Figure 1. During the formation of a paper sheet, two different floc interac-

tions partake. Type 1 interaction takes place between the wire and the fibre

flocs, and Type 2 between two different flocs.
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During paper formation in roll formers two main types of floc interactions
in the pulp suspensions during the initial dewatering have been observed to
take place. Bergström and Norman (Paper8) studied the first of these, mecha-
nisms, termed Type 1, which designates the interaction between the fibre flocs
and the wire, see Figure 1.

This work is directed towards the study of the Type 2 interaction, i.e. the
floc/floc interaction occurring in a flowing wood fibre suspension, here a shear
flow field.

2 Materials and methods

2.1 Fibre material

The pulp suspension investigated in this work was a long fibre fraction of un-
beaten bleached softwood pulp with an average fibre length of 2.7 mm (MoDo,
Örnsköldsvik, Sweden) at a technically realistic headbox concentration of 0.5%
by weight.

2.2 Experimental set-up

A large Couette instrument designed by Björkman (1999) was used, Figure 2a,
in this study.

Cup

Bob

Tachometer

Upper
motor

Lower
motor

Tachometer

Brass

Ball
Bearing

connected
to motor

Perspex

Ball
Bearing

Machine
structure

(a) (b) (c)

Figure 2. a) Photograph of the Couette apparatus. b) Schematic view of the

geometry of the flow system and the induced transient shear field during the

experiments. c) The low end bearing design, principally.
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Cylinder height is 400 mm, cup (i.e. the outer cylinder) and bob (i.e. the
inner cylinder) diameters 140 and 100 mm, respectively, giving a gap width of
20 mm. Bottom end of the instrument is of the cone-and-plate viscometer type
with cone height equal to the gap width, which is 20 mm. The cup is driven
by a lower AC-motor and the bob by an identical upper AC-motor.

The speed of the engines (ElectroCraft, SERVO-AC S-3016) can be varied
between 0 and ±4000 rpm. The cylinder motions are controlled by a Mac-
intosh IIx computer with a data-acquisition card (National Instruments) and
a software LabVIEW 3.0 (National Instruments Ltd.) of virtual instrument
type.

A video system consisting of a high speed video camera (Redlake Imaging
HR1000) and a flash (high speed pulsed IR-laser, Oxford Lasers HSI1000) was
used for the visualisations. With this system it is possible to obtain recordings
from 50 up to 1000 frames per second. High speed recordings is to prefer if
fast interaction phenomena is to be observed.

2.3 Experimental method

The experiments were carried out at three rotational speeds, 25, 50 and 75 rpm,
with the cup and the bob counter-rotating at equal rotational speeds. Because
of the larger diameter of the cup than of the bob, the tangential liquid velocity
increases radially outwards in the gap, which efficiently supresses centrifugal
instabilities of the Taylor vortices type. During the experiments the cup and
bob were accelerated to the above rotational speeds in 4 s. This corresponds
to a linear acceleration for 25 rpm at the bob and cup of 0.033 m/s2 and 0.046
m/s2, respectively. During the acceleration the horisontal bottom of the cup
will gain a higher velocity than the free suspension surface at the top of the gap.
This creates the vertically directed torsional shear field schematically shown in
Figure 2b. The centering of the bob, lower end, and the connection between
the cup and the lower motor is schematically shown in Figure 2c.

The shear field is estimated approximately as the velocity difference be-
tween the cup bottom wall and the upper suspension surface (about 400 mm
above the cup bottom), i.e. γ̇ = vdiff/d, where γ̇ is the shear rate, vdiff is the
velocity difference between upper and lower part of the Couette apparatus and
d is the height of the shear field. With a rotational speed of 75 rpm and the
the upper suspension velocity, v ≈ 0 the shear rate becomes 1.37 s−1.
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3 Result and discussion

3.1 Background

Two main types of floc-size-changing processes can be observed in flowing floc-
culated fibre suspensions, Björkman (1999);

• floc splitting (floc break-up)

• floc sizing (e.g. floc bulk compression, floc surface modification, fibre
ablation from and fibre depositions on floc surfaces)

The first process implies that a fibre floc is split in two or more separate
daughter flocs. The third mechanism of the second process, i.e. that the fibres
are torn away from the floc surface was described by Wagle, Lee and Brod-
key (1987), however only for coherent Jaquelin flocs. By comparing rheolog-
ical transient behaviour and visual/photographic flow observations Björkman
(1987) concluded that floc splitting resulted in rheopexy (or anti-thixotropy)
and floc shrinkage in thixotropy. For a network system consisting of pulp fibres
the floc splitting dominated at low shear rates. In this work was observed that
at low shear rates the reflocculation occurred almost instantaneously.

At lower shear rates the energy input into the system is insufficient for a
more general individual fibre motion. Fibre erosion increases with shear rate
but floc splitting continues to be important, and an interaction between the
two mechanisms seems to exist.

At higher shear rates in addition to direct floc erosion also a second mecha-
nism appears to be important, viz. that fibres that are torn away from the floc
surface are added to the liquid phase between the flocs. These free-swimming fi-
bres may subsequently be deposited on other floc surfaces and then contribute
to an increase in floc size. The dynamic average size equilibrium is reached
when size-increasing and size-decreasing mechanisms balance.

3.2 Visual observations of the floc rupture process on floc-size scale

The acceleration of the bob and cup generates a transient torsional velocity
field, which locally corresponds to a transient axial shear flow field. During the
acceleration the lower part of the suspension moves faster than the upper part,
i.e. v1 is greater than v2 in Figure 3. This velocity gradient transfers momen-
tum upward through the gap. Due to the heterogeneity of the suspension, i.e.
that the concentration varies throughout the suspension, the local strength of
the network also varies. The relationship between fibre concentration and net-
work strength has been investigated by e.g. Forgacs et al. (1958) and Thalén
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and Wahren (1964). Weak network zones is assumed to play an important role
for the floc break-up, but also the more or less fibre-free regions (i.e. network
voids), by permitting relative movements in the network (i.e. internal net-
work deformations). If different parts of the flocs are sterically locked-in (i.e.
without voids in the near vicinity), relative motion and break-up cannot take
place.

v1

v2

A1

Compression
barrier

Compression
barrier

Rupture/
Shear line

Aa

Floc pushing
direction

A2 Ab

v2 v2

v1 v1

(a) (b)

Figure 3. Observed break-up mechanism in shear flow fields at lower shear

rates. The grey network voids A1 and A2 in the vicinity of the central black

floc promotes floc displacement, floc deformation and eventually floc break-up.

When the momentum is transferred upwards in the instrument gap in Figure

3 by the tangential shearing, the flocs in the lower part on average are pushed
in the direction of greatest compression towards a resistance (or rampart) de-
veloped by the surrounding floc; in the figure represented by a compression
barrier. A region with low fibre content, named void and represented by the
grey region marked A1, exerts lower resistance for floc motion than the sur-
rounding flocs. This favours floc motion in that direction. A single void has,
however, been found to normally be insufficient to initiate floc rupture by not
allowing sufficiently large relative motion between different parts of the floc. A
second void Aa enhances the possibility for this. Together with the opposite
located region A1 this may be enough to create a rupture more or less parallel
to the compression direction. As a result of the rupture, the two void areas A1

and Aa diminish to the areas A2 and Ab, Figure 3b.

Floc break-up was normally observed to commence some distance from the
bottom of the instrument. Dyed flocs were introduced approximately 50 mm
above the bottom. About 50% of these flocs were cleaved. This indicates that
at the investigated concentration of 0.5% and the low shear rates used, the flocs
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in general do not have a sufficient strength to resist splitting. It also indicates
that the relative motion and the magnitude and the distribution of the voids
are essential.

A floc, e.g. the black in Figure 3, will during splitting normally be sub-
jected to rotation. At low shear rates (i.e. without extensive fibre abblation),
a great number of floc surface fibres are in direct contact with similar surface
fibres of surrounding flocs. In long-fibre pulp suspensions some of these surface
fibres may reach into the interior of adjacent flocs. Thereby the flocs obtain a
higher effective surface roughness, which can be assumed to increase with fibre
concentration. Such contacts will promote floc rotation.

3.3 A machine element analogy

The machine element analogy in Figure 4 in form of a rack-and-pinion system
is a simple mean of explanation of the observed rupture mechanism. The
velocity difference between the lower and higher rack results in forces on the
pinions/flocs F1 and F2.

A A

AA

B

v1

F1

v2

F2F1 F2

v2

v1

(a) (b)

Figure 4. Machine element analogy for the observed network rupture. a)

Non-interlocked flocs, F1 and F2. Rotation allow two types of rupture zones

A and B. b) Sterically interlocked flocs F1 and F2. Rotation is prohibited,

resulting in a stable network.

If the flocs are non-interlocked, i.e. without void regions between them, both
flocs may rotate, Figure 4a. This rotation may result in a rupture in two
different directions; horisontally marked A and vertically marked B, which re-
sembles network rupturing in real fibre suspensions. Without voids between
the pinions, i.e. in grip cogs, no possibility for motion exists, Figure 4b, which
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corresponds to that no fibre network rupture may take place. This also, as in
real floc systems, permits a higher momentum to be transferred between the
lower and the upper parts of the suspension.

Figure 5 shows the standard classification in fracture mechanics, see e.g.
Gdoutos (1993). In Figure 5a the rupture is caused by a tearing motion in
vertical direction. In Figure 5b the rupture is due to a horisontal relative
compression/tension displacement.

With this classification scheme the horisontal splitting region located be-
tween the lower part of the and the bottom parts of the flocs, named A in
Figure 4a mainly is of modus 1, Figure 5a. Since fibre networks are deformable,
a certain amount of modus 2, however, also must contribute, Figure 5b. The
splitting region B runs in vertical direction. In real fibre floc systems this cor-
responds to the case when the floc surfaces due to the floc rotation are rubbed
against each other. The tangential velocities between the flocs then takes place
in opposite directions in the region marked B.

F

-F

F

-F

(a) (b)

Figure 5. The two standard rupturing modes of fracture mechanics. a)

Modus 1 characterised by two vertical opposing forces causing a horisontal crack

b) Modus 2 characterised by two horisontal opposing forces causing a horison-

tal crack

3.4 The visual appearance on a larger scale

Figure 6 gives an example of the observed rupturing texture on a larger scale
than in Fig. 3. Also in this picture the velocity difference v1 − v2 > 0 is due
to the transient axial shear flow field generated by the accelerating cylinders
of the Couette instrument.
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The rupture lines in Figure 6 (cf. also Fig. 3 ) are normally directed
upwards in the direction of the motion. A rupture line is generally accompanied
by a compression line roughly perpendicular to the rupture line, which in
turn is followed by another rupture line, etc. The video recordings reveal
an overall wavy appearance due to the successive changes between rupture
and compression lines. During the acceleration of the flow, the rupture zones
slowly travel upward in the gap by about 1 cm/s until the entire suspension
has attained a uniform motion without further internal relative motions. After
this no further axial momentum transfer takes place, and the rupturing process
comes to a natural end.

Compression line
Rupture line

Floc pushing
direction

v2

v1

Figure 6. The large scale appearance of the rupturing process. The observed

region has a somewhat wavy appearance due to the inclination ot the rupture

lines. Lower located flocs pushes against the upper floc, which results in com-

paction, floc rotation and eventually floc rupture as described in the previous

section.

3.5 Floc rupture correlations

The possibility for deformation thus appears to be essential for floc break-up
at low shear rates. To shear apart a floc according to the mechanism presented
in Figure 3b, the upper and lower part of the floc must be subjected to a
relative displacement by the length marked drupt, i.e. corresponding to the
floc extension in that direction. It may then be conjectured that the relation
between drupt and the sum of the adjacent void lenghts d1 and d2 is essential,
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cf. Figure 7a showing a suspension with whitish fibre flocs and darker voids
regions.

d1

d2

d1

d2

(a) (b)

Figure 7. Rupture geometry. The assumed geometric factor for floc rup-

ture at low shear is the size of the low concentration region (void size) relative

the rupture length. a) Schematically. b) Photograph of suspended fibres at

concentration of 0.5% by weight. Two void regions are outlined.

Consider for example, two separated void regions of about the same size (i.e.
with about equal area in the figures) but with different shapes. The region with
greatest length in the potential rupture line direction can then be assumed to
be more efficient in promoting floc deformation. To test this conjecture the rup-
ture length drupt was plotted against the total size of the voids dvoid = d1 +d2.
The result is shown in Figure 8. Since all experimental points in Figure 8 fall to
the right of the broken line, the conclusion is that a floc needs to be surrounded
by a void space larger than itself to have a chance to deform sufficiently for
rupturing. The larger a floc drupt is, the larger the voids dvoid need to be for
initiating the rupture or splitting process.
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Figure 8. Rupture correlations. The size of the floc region drupt, vs. the void

magnitude dvoid = d1 + d2 for ruptured flocs. The flocs were observed during

20 seconds.
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Figure 9. Rupture criteria. The mobility factor drupt/dvoid as a function of

the rupture length drupt.
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Figure 9 shows the rupture length drupt vs. the mobility factor drupt/dvoid.
This factor is measure of the space at disposal for floc deformation. To verify
the ojectivity of these estimates of drupt/dvoid, five persons were asked to do
the same evaluations of the mobility factor. This resultes in a distribution of
±0.05 units (t-distribution with 95% confidence). The broken line represents
the theoretical minimum mobility demand. This corresponds to the maximum
floc size that can be ruptured at a certain size in the low concentration regions,
i.e. drupt/dvoid = 1.0. The theoretical minimum demand may be given a simple
geometric explanation as in Figure 10.

Figure 10. Geometric interpretation of the theoretical minimum mobility de-

mand for floc rupture, schematically. a) Before rupture and b) After rupture.

According to Figs. 8 and 9 the experimentally determined minimum mo-
bility demand is smaller than the theoretical 1.0. The reason for this may be
that in actual fibre suspensions the voids normally does not become completely
filled-out after rupture. Flocs below this experimental line, i.e. in the grey area
in Fig. 8, will in most cases have enough void space to split. The results also
indicate that the floc size does not influence the minimum mobility demand,
i.e. increase in floc size demands an equal increase in void size.

3.6 Technical implications

The investigated interactions between suspended fiber flocs may be related to
other phenomena reported in the literature. For example, in paper machines
the so-called self-healing effect has been proposed to explain the the evening-
out effect observed in the wire section, Wrist (1961). The arguments goes
like the following. Assume that a local region on the wire with lower fibre
concentration has a higher permeability than the surroundings with higher fibre
concentration. This increases the drainage flow velocity through the wire in
this low-concentration region compared to the surrounding regions. As a result
of this a flow will set up in the wire plane towards this low concentration region.
This induced flow drags fibres in the same direction, which gives a mechanism
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for how the fibre mat on the wire is evened out. To verify this assumption
Haglund, Norman and Wahren (1974) compared the wavelength spectra for a
theoretical random sheet and spectra for well-formed laboratory sheets. They
found that the random sheets were more uneven than the laboratory sheets
in the small-scale wavelength range below 10 mm, which perhaps implies that
some evening-out effect had occurred in the laboratory formed paper. On the
other hand, in the large-scale wavelength range above 10 mm, a laboratory
sheet was more uneven than the random sheet, implying a certain degree of
flocculation, Norman et al. (1995).

For long-fibred suspensions flocculation is, however, important. If the forces
are not sufficient large individual fibre motion will be small and the above de-
scribed mechanism for the self-healing effect not necessarily applicable, because
it is less likely that flocs (consisting typically of some hundreds to thousands of
fibres) will be dragged along with the fluid flow towards the low concentration
region with higher permeability. Some kind of evening-out effects can, how-
ever, also be imagined on floc level. In that case the higher permeability regions
may be viewed as regions void regions of lower concentration and, as described
in this work, the act as mobility promotors. It is energetically favourable for
the flocs around this low concentration region to move into it compared with
displacing a neighbouring floc. That is, the flocs block each others path of
motion (cf. application of the exclusion principle as described in Björkman,
1999). This effect may be named floc blocking. At normal papermaking con-
centrations such a void driven mechanism may be more important than the
permeability driven self-healing mechanism. This explanation is also more in
line with the general behaviour of flocculated fibre flow systems.

4. Conclusions

Floc break-up mechanisms have been studied in sheared fibre suspensions.
Regions deplete of fibres, so called voids, in the vicinity of a floc seems to be
important for floc/network rupture at low shear rates. These voids are more
easily compressed than the flocs and therefore gives opportunity for a defor-
mation sufficient for floc splitting. The splitting mechanism can be imagined
to obey rack-and-pinion principles. A certain minimum force on a network is,
however, necessary for floc break-up.

Larger flocs require larger voids for splitting, due to the geometric fact that
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the relative motion demand increases with increasing floc size. However, it

appears that the minimum mobility factor drupt/dvoid is rather independent

of the floc size. A possible reason for this may be that an increased floc size

requires equal amount of increase in the size of the low concentration area.
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List of parameters

γ̇ = shear rate [s−1]
d = height of shear plane [m]
D = length [m]
drupt = rupture length [m]
d1 = length of void [m]
d2 = length of void [m]
dvoid = total length of void [m]
F = Force [N]
vdiff = velocity difference [m/s]
v1 = shear velocity [m/s]
v2 = shear velocity [m/s]
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Material parameters of suspended wood fibre networks.

I. Methods of measurement.

Roger Bergström and Ulf Björkman
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Abstract

A new equipment for measuring the load carrying ability of fibre flocs has been
developed. The method of measurement is described and the effect of fibre floc initial
concentration upon Poisson ratio and the modulus of elasticity is discussed. The
initial concentration of the fibre flocs seems to have an effect on the modulus of
elasticity. The Poisson ratio for fibre flocs at an initial concentration of 0.5% and 1%
is around 0.1. The measurement of Poisson ratio has a wide distribution, due to the
difficulty of measuring the floc area.

1 Introduction

The rheology and structural mechanics of pulp suspensions involve highly het-
erogeneous and complex structures on micro, meso as well as macro scales.
Swerin et al. (1992) studied the dynamic viscoelasticity of pulp fibre suspen-
sions, and concluded that the onset to nonlinear behaviour occurred at low
strains when the fibre network starts to break. At low strains the elastic com-
ponent is more pronounced for higher frequencies. The viscous component
increases at lower frequencies, Swerin (1995). Shear strengths measurement of
pulp suspensions were performed by Thalén and Wahren (1964). Yield stress
values for pulp suspensions have also been presented by e.g. Bennington et al.

(1990), Wikström (1998).
Bergström and Björkman (Paper1) studied the dynamic interactions be-

tween pulp fibre flocs in shear flow fields. The importance of the fibre floc

1
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mobility was discussed as well as the network compressibilty, which allow floc
motion. This floc motion depends on material parameters like the Poisson ratio
and the modulus of elasticity. This work focuses on these parameters. Fibre
flocs are initially used to estimate the compressible effect upon single network
entities.

2 Materials and Methods

The system used to measure the elasticity and the Poisson ratio of the sus-
pended fibre network consists of a laboratory scale (Kern ABS 220), a micro-
meter stage and a digital camera (Fujifilm FinePix 6900Zoom), Figure 1. The
camera is attached to a rotation plate mounted on a laboratory jack. This
facilitates the change in camera settings. A cylindrical container (diameter
of 42mm) with Perspex walls and glass bottom, permits visual observations.
The circular form makes the fluid-wall interaction isotropic. Corner effects of
a squared jar is avoided. A mirror allows observating the network from bellow.
Compression of the network portion is effectuated by the micrometer stage
and the compression rod (diameter of 25mm). The lower end of the compres-
sion rod, called the compression plate, is brought into contact with the fibre
network. The weight measured by the scale is sent to a personal computer
(HP D330). The load carrying ability of fibre networks at low concentration
is so small that even the surface tension phenomena, caused by the interac-
tion between fluid and container wall and compression rod, may introduce
non-negligible errors in the measurements. Therfore the diameter of the com-
pression rod, just above the compression plate, is reduced to 3mm. Another
problem caused by the vaporisation of the water. Addition of a thin layer of
paraffin oil on top of the water was found to reduce the surface tension problem
and lower the evaporation problem. The difference in affinity between fluid and
wall is the main reason for reducing the surface tension effect. With paraffin
oil the fluid smoothly advances and retracts when the level changes in contrast
with water (especially in a squared container).

The fibre material was a bleached softwood pulp with a mean fibre length
of 2.1mm, not otherwise specified. Notice that this work is qualitative and not
quantitatvie.
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The measurement procedure is:

1. The suspension is prepared to correct concentration with tap water.

2. 20ml of water is added to the container, whereupon an extra 5ml of water
containing a fibre network structure is added.

3. The container is inserted on the scale and the compression rod is moved
towards the floc, past the water surface. The compression rod is moved to
the floc surface, viz. ∼8mm noted on the micrometer stage (the bottom
of the container is located at position -0.2mm according to the stage). A
reduced value on the stage means that the compression rod is closer to
the bottom of the container.

4. 10ml of paraffin oil is added on top of the water surface.

5. The fibre network is compressed 0,5 mm stepwise at a speed of 0.5mm/3s,
Figure 2a. The effect of compression speed is not evaluated in this work.
For every compression step the load is measured for about 35 seconds.
This procedure is repeated until the stage position is about 1mm (depend-
ing on the initial network thickness, resulting in a final concentration of
about 5% .

6. The load at 10 seconds is used for plotting because here the applied load
has levelled out, the dynamic behaviour is thus not investigated.

7. Photographs from underneath the fibre network is taken for every com-
pression step, Figure 2b.

8. The area of the fibre network is measured for each compression step by
using the magnetic lasso tool in photoshop to mark the boundaries of
the network structure. Further ImageJ is used to measure the marked
area. If a circle having the same area as the network a diameter might
be obtained, which can be used for Poisson ratio measurements. The
area is useful for transferring the load to stress, and hence to the relaxed
modulus of elasticity, Er. Notice that the area measured is the largest
projected area, i.e. the diameter of the floc can vary over floc height
coordinate.

All experiments were performed at room temperature, 20±3 ◦C.
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Figure 1. Schematic picture of the Kern ABS 220 balance, The Fujifilm

6900Zoom digital camera and the compressional system. The Pespex container

with glass bottom and installed mirror contains the water, fibre network and

paraffin oil. The mirror allows observations from bellow.
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Figure 2. a) The compression container with photo of a fibre network struc-

ture during compression. b) Photograph of structure (1% concentration) taken

from undeneath. The light circular path at left and lower edge of the picture is

the rim of the compression plate.
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3 Results and discussion

Typical measurement curves can be seen in Figure 3. The fibre network curve
consists of the load carrying ability of the network as well as the buoyancy
effect of the compression rod moving into the measurement jar.

0
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0.0005

0
0 25 50 75 100 125

t [s]

F
 [
N

]

Fibre floc
Water

Figure 3. Load behaviour for a softwood pulp structure of 1% in comparison

to compression in the measurement jar without pulp, i.e. calibration curve.

Only the first 10 seconds of each compression is plotted.

The load carrying behaviour of the fibre network structure is obtained, by
taking the difference between the network curve and the curve for water (cali-
bration curve). Because the low evaporation rate of paraffin oil, 0.0015g/min,
this effect is negligable. The overshoot for each compression step might arise
due to relaxation phenomena in the scale, i.e. the balance has to be relaxed
before correct weight measurements can be obtained. Of course relaxation of
the network can occur but it is difficult to measure with this measurement
set-up.
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Figure 4. a) The concentration effect of a bleached softwood pulp of 0.5

(lighter area) or 1.0 % (darker area) initial concentration upon the relaxed E-

modulus. b) The compressional effect of a bleached softwood pulp of 0.5 or 1.0

% initial concentration upon the relaxed E-modulus.
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By dividing the force (mass × gravity constant) applied on the network by
its area, the stress is obtained. From this stress the relaxed modulus of elastic-
ity can be calculated, Er = σ/ε, where σ is the stress and ε is the compression
(hence negative strain). With relaxed modulus we here mean that the most of
the relaxation has occurred in the network, which is after 10 seconds for each
stepwise compression. Figure 4a and b shows the modulus of elasticity as a
function of either compression, ε = ∆l/l0, or concentration of the fibre net-
work calculated from the initial concentration and the volume decrease caused
by the compression (Poisson effect not considered due to network propagation
complexity). Here ∆l is the compression in comparison to the initial network
height, l0.

There is an effect between using 0.5 or 1% bleached softwood pulp on the
relaxed E-modulus at higher compressions. Seven and nine different measure-
ments has been done for suspensions with initial concentrations of 0.5 and 1%
respectively. From Figure 4 it is obvious that for one measurement the level
is to low, probably an outlier. The level of E-modulus is very low, here in the
order of Pa, compared to e.g. metals, which have modulus of elasticity in the
order of hundreds of GPa. In other words, a low concentration pulp network
has an E-modulus that is in the order of 1010 times smaller than that of metals.

From the change in maximum projected cross-section area of the network
and the compression, ε, one can obtain the Poisson ratio. The Poisson ratio
is defined as, ν = εtransverse/εlongitudinal, where longitudinal is in the com-
pressional direction and the transverse is in the cross-sectional plane. The
dependence on concentration and compression can be seen in Figure 5a and b

respectively.

The Poisson ratio seems to be more or less constant around 0.1. At low
compressions (and concentrations) the measurements are somewhat erroneous
due to low compressions, hence achieving the Poisson ratio by dividing the
transverse strain with the very low longitudinal compression. A small error
in transverse length scale measurement results in a large error in Poisson ra-
tio. As this longitudinal compression increases this error is reduced, as can be
observed as a more narrow distribution at higher compressions and concentra-
tions. There was no observable effect changing initial floc concentration from
1 to 0.5%.



8

-0,5

-0,25

0

0,25

0,5

0 1 2 3 4 5 6 7

Koncentration [w%]

0.5

0.25

0

-0.25

-0.5
2 3 4 5 6 7

c [w%]

ν

1% Fibre floc concentration
0.5% Fibre floc concentration

(a)

10

-0,5

-0,25

0

0,25

0,5

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Koncentration [w%]

0.5

0.25

0

-0.25

-0.5
0.1 0.2 0.3 0.4 0.5 0.6 0.7

ε

ν

1% Fibre floc concentration
0.5% Fibre floc concentration

0.8 0.9

(b)

0

Figure 5. a) The concentration effect of a bleached softwood pulp of 0.5 or 1.0

% initial concentration upon the Poisson ratio. b) The compressional effect of

a bleached softwood pulp of 0.5 or 1.0 % initial concentration upon the Poisson

ratio.
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4 Conclusions

A higher initial concentration of the fibre flocs results in higher modulus of
elasticity at higher compressions. The Poisson ratio for fibre flocs at initial
concentration of 0.5% and 1% is around 0.1. The measurement of Poisson ra-
tio has a large distribution, due to the difficulty of measuring the floc area.
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Material parameters of suspended wood fibre networks.

II. Measurements.

Roger Bergström and Ulf Björkman
Department of Fibre and Polymer Technology

The Royal Institute of Technology, 100 44 Stockholm, Sweden.

Abstract

The difference in load carrying ability between a single fibre network entity (fibre
floc) and a suspension (several fibre flocs) has been studied. The observed difference
is substantial. Further the suspension initial concentration has been investigated,
where a large increase in load carrying ability for initial concentrations above 2% is
observed. This is belived to be caused by the lack of relaxation ability for the higher
concentrations due to crowding of fibres, thus lower fibre mobility.

Different measurement geometries has been used to detect the effect of measure-
ment apparatus and pulp pad geometry upon load carrying ability phenomenon. The
difference in stresses may be described by stress chain theories.

1 Introduction

Heterogeneous materials like particulate suspension are complex in their flow
behaviour, as well as how they carry load under compressional strain and shear.
Normally material parameter measurements have wide distributions due to the
mentioned heterogeneity. In the case of pulp fibre suspension the network can
be divided into mainly five different scales, i.e. atomic scale, sub fibre scale
(in the order if fibrills), fibre level, fibre floc scale and post fibre floc scale
(floc-floc interaction scale). These different scales will possibly have rather dif-
ferent rheological and compressional behaviour, i.e. the sizes in the different
unit processes of paper making will affect the flow/motion of the suspension
greatly. E.g. the network structures inside the contracting nozzle having an

1
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characteristic lengt in the order of decimetres (height of the nozzle inlet) be-
haves somewhat different in comparison with the flow inside the forming zone
with a characteristic length in the order of millimetres.

Steenberg (1979) discussed the compressional behaviour pulp slurry, com-
pressed between two plane surfaces. Rheological measurements of pulp fibre
suspension has been produced by Swerin and Ödberg (1992), who concluded
that the network started to flow at very low shearing strain. A phenomeno-
logical study of pulp suspensions has been performed by Björkman (1999) and
Bergström and Björkman (Paper 1) who described crack disruption and floc-
floc interaction during shear flow. The yield stress of suspensions has been
investigated by several workers, recently by Bennington et al. (1990) and Wik-
ström and Rasmuson (1998). This work is directed towards compressional
measurements of fibre suspension, to give estimates of the relaxed modulus of
elasticity. Different measurements geometries has been used to investigate the
geometrical load carrying ability, which is necessary for correct phenomenolog-
ical modelling of fibre network structures.

2 Materials and Methods

Due to the weak network structures of low concentration fibrous suspensions,
a sensitive measurement equipment has to be used. Here a micrometer stage
controls the compression and the forces on the network is measured with a bal-
ance that measures parts of milligrams. This measurement system is described
in detail by Bergström and Björkman (Paper 2).

Three different experimental geometries has been used, with a suspension of
bleached softwood pulp (average fibre length: 2.1mm not otherwise specified),
to give an estimate of the influence of compression geometry upon the modulus
of elasticity:

• Suspension initial height of about 8.3mm and a diameter of 42mm (di-
ameter of container is 42mm) having supporting side walls, Figure 1a.

• Suspension initial height of about 8.8mm, placed between plunger (diam-
eter 25mm) and anvil (diameter 27mm), Figure 1b.

• Initial suspension layer height of about 8.8mm, placed between plunger
(diameter 25mm) and anvil (diameter 27mm) with supporting side walls,
Figure 1e.
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Water

Parafinum layer

Fibre suspension
Plunger
Anvil

Side walls

During compressionBefore compression

Plunger

Anvil

Fibre suspension

Plunger

Anvil

Fibre suspension

Photographs

(a) (b)

(c) (d)

(e)

Figure 1. a) Suspension of about 8.3mm initial height, diameter of 42mm

(interacting with container wall). b) Cylinder of suspension with initial height

of 8.8mm between plunger (diameter of 25mm) and anvil (diameter 27mm).

Photographs showing the increase of pulp cylinder diameter during compres-

sion. c) Photograph of suspension pad before compression. d) Photograph

of suspension pad during compression. e) Suspension with initial height of

8.8mm between plunger (diameter of 25mm) and anvil (diameter 27mm) with

side walls hindering sideways expansion of the network.

The measurement procedure is as follows (for added amounts se Table 1 ):

1. Firstly a certain amount of fibre suspension is added.

2. The plunger is moved in contact with the fibrous network.

3. Water is very calmly added, not to disturb the fibre suspension. This
results in a liquid layer above the fibre suspension, which is for covering
the bottom wide part of the plunger that reduces surface effects otherwise
occurring in the suspension/air/plunger interface.

4. A layer of paraffin oil is placed on top of the fibre suspension/water
mixture. This is to reduce the surface tension effect between fluid and
container wall as well as reducing vaporisation.

5. The network is compressed 0.5mm at a time at a rate of 0.5mm/3s.
Effect of velocity is not here investigated. This is done every 30 seconds,
to ensure network relaxation.
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Table 1. Volumes of fibre suspension, water and paraffin oil

Plunger-container Plunger-anvil Plunger-anvil
Figure 1a Figure 1b Figure 1c

Fibre suspension [ml] 12 5 5
Water [ml] 13 30 30

Paraffin oil [ml] 10 10 10

3 Results and discussion

Due to the heterogeneous and complex nature of fibre suspension different mea-
surement approaches has to be performed to understand the effect of floc-floc
interaction as well as the effects of different measurement geometries.
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Figure 2. Modulus of elasticity as a function of concentration for single net-

work entities (fibre floc) and fibre suspensions (Figure 1a). The initial concen-

tration of bleached softwood pulp was 1%. Fibre floc curve from Bergström and

Björkman (Paper 2). Bars: t-distribution 90% confidence.

Bars in diagrams is the distribution, viz, t-distribution, 90% confidence. The
concentration is calculated from compression, not regarding the Poisson ratio
effect due to complex transversal expansion phenomena.
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According to Figure 2 a fibre network entity (fibre floc) behaves rather
differently in comparison to a suspension consisting of several flocs (case as in
Figure 1a). The single network entity has an order of magnitude lower mod-
ulus of elasticity. The probable reason for this is that relaxation behaviour
is somewhat different as well as that the effective area of compression is al-
tered during compression. Further there is no sterical hindrance to sideways
expansion during compression.
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fidence.

What the fibrous supension has been subjected to historically has importance
upon the material parameters such as modulus of elasticity. The parameter
here studied is the initial concentration (set-up as in Figure 1a), i.e. the effect
of dilution. Four different initial concentration has been analysed and the be-
haviour is shown in Figure 3. Only a small difference is observed between 0.5
and 1.0% initial concentration. This is the area that is observed to give paper
with good formation. Starting at a concentration of 2 and 3.6% the difference
is considerable in comparison to the lower initial concentrations. At the higher
concentrations the network is able to carry load about two orders of magnitude
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greater initially. For the low concentration networks the suspension is able to
relax to a high extent, which is not possible for the higher concentrations due
to higher crowding of fibres. This initial concentration effect is important for
theoretical modelling as well as for making machinery for high concentration
forming.
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Figure 4. Modulus of elasticity as a function of concentration for different

measurement geometries. Bleached softwood pulp of 1.0% initial concentration,

compression rate of 0.5mm/3s every 30 seconds. Bars: t-distribution 90% con-

fidence.

In Figure 1b and e two different set-ups is described, plunger-anvil with and
without side walls, which is for analysing the forces when the network is ster-
ically hindered to expand perpendicular to the compressional direction due to
the poisson effect. These two different measurements geometries is compared,
Figure 4, with having suspension covering the entire bottom part of the con-
tainer (Figure 1a).

The effect of having side walls is very low (if any, because there is a rather
large distribution when measuring with heterogenous fibre suspensions) com-
paring the measurements with anvil. Having an anvil results in higher ten-
sions and thus higher modulus of elasticity than using the entire container bot-
tom. A hypothesis that explain this behaviour is the creation of stress chains,
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which is not necessarily directed as the shortest line betwen the plunger and
anvil/bottom, Figure 5. Stress chains is complex phenomena that has been
studied and visually observed for particulate systems, see e.g. Geng, Longhi
and Behringer (2001).

If the stress chains are not parallell to the compression direction the mea-
sured force occurring on the anvil/bottom of container is lower due to that
there is a horisontal force composant which is not measured, viz. it is only the
vertical composant that is measured. Having an anvil of the same size as the
plunger the stress chains is probably forced to have a more vertical appearance,
and there is no way to transfer force horisontal to the container walls, which
would decrease the measured force. Adding a side wall to the plunger-anvil
geometry would make it possible to transfer some force horisontal. In Figure

4 the curve showing the effect of side walls is somewhat lower, which how-
ever is not statistically certain. The problem with stress chains is that their
configuration is virtually impossible to predict in complex particulate systems.
Probably are the configurations rather different from the plunger-anvil system
in comparison to the plunger-container system.

Stress chain

Figure 5. The creation of stress chains during compression, not necessarily

parallel to compression direction, for measurement geometry in Figure 1.

4 Conclusions

There is a large difference between using single fibre network entities and more
suspension like modules consisting of several single fibre network entities when
measuring material parameters such as modulus of elasticity. This is proba-
bly due to the difference in relaxation possibilities of the networks. Further
the suspension history is very important, for example the initial concentration
from where the network compression was initiated. There is almost no effect
changing the initial concentration from 0.5 to 1%, but when the initial con-
centration is 2 or 3.6% there is an observable increase in modulus of elasticity.
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This is belived to be caused by the lack of relaxation ability for the higher
concentrations due to crowding of fibres, thus lowering fibre mobility.

For these complex particulate systems stress chains is believed to form be-
tween the plunger and anvil/bottom of container. For the plunger-container
geometry the stress chains is able to be formed not necessarily exactly parallel
to the applied compressional direction thus lowering the measured force for a
certain compression. This is because it is only possible to measure the vertical
forces, and if there are horisontal force composants the total force is larger
than the measured one. This might be the reason for a somewhat lower values
of the obtained forces in comparison to the plunger-anvil system without side
walls where no horisontal force transfer is possible.
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Swerin, A. and Ödberg, L. (1992): Linear and nonlinear dynamic viscoelas-
ticity of pulp fiber suspensions, Nordic Pulp and Paper Res. J. 7(3), 126.

Wikström, T. and Rasmuson, A. (1998): Yield stress of pulp suspensions -
The influence of fibre properties and processing conditions, Nordic Pulp and
Paper Res. J. 13(3), 243.



Basic physics of suspended fibre flow systems.

I. System scales and basic thermodynamics.

Roger Bergström and Ulf Björkman
Department of Fibre and Polymer Technology

The Royal Institute of Technology, 100 44 Stockholm, Sweden.

Abstract

Suspended fibre systems display scales ranging from atomic level, i.e. nanometre scale,
up to apparatus level, which may be several metres. The relevance of the different
scales in this wide spectrum is discussed. The basic dynamics and thermodynamics
at the different level are described. Four idealised cases for fibre floc systems are
discussed in thermodynamic terms;

• Fibre ablation: Single fibres are eroded from the surface of the fibre floc.

• Floc splitting: A fibre floc is extend into two daughter flocs.

• Floc compression: Two fibre flocs are colliding and thus compressed.

• Shear collision: Off-centre collision where the flocs are somewhat compressed,
rubbed against and rotating past each-other.

1 Introduction

In most fibre-based industrial processes the fibres are transported and pro-
cessed in liquid-suspended form. Under technically relevant conditions the de-
formation of suspended fibre networks and the related problem of flow of fibre
suspensions is complex partly due to a mechanistic diversity but partly also due
to the inherent heterogeneity of the biological fibres that normally are used.
To understand the behaviour of many fibre-based processes, with the ultimate
goal of increasing their efficiency, it is therefore important to understand the
basic deformation and flow mechanisms, e.g. the interaction between the flow

1



2

units, which under technical conditions normally consists of groups of fibres,
so-called fibre flocs. In order to model such systems rationally it is impor-
tant to take the different structures/scales that may occur into consideration,
identify those which are important, and finally see which of these that can be
influenced.

2 System scales

A fibre suspension displays a number of structural levels:

• Molecular level (nanometre scale): Interaction on atomic or molec-
ular level. This interaction (a combination of attractions and repulsion of
different origins) is normally characterised by the so-called Lennard-Jones
potentials.

• Fibre morphology level (micrometre scale): This is the scale of
the fibre structures such as the fibre wall thickness. The fibre structures
can be subjected to various deformations, e.g. fibre collapse during wet
pressing of papers. The contact points between different fibres belong to
this level.

• Fibre/floc level (millimetre scale): This is the level of fibre length
and of the smallest fibre flocs. The fibres in a pulp suspension are
grouped, i.e. they are the building blocks of fibre flocs. The behaviour
of the fibres and fibre flocs during e.g. flow is complex.

• Floc/floc level (centimetre scale): Interactions between different
flocs take place in different processes during the manufacturing of pa-
per, e.g. in pipe flow and in the flow field in headbox nozzles.

• System level (apparatus size-dependent scale): This level varies
widely between different equipment; ranging from some millimetres (in
e.g. refiners) up to several meters (in e.g. storage towers).

The nature of the forces involved at these structural levels will next be consid-
ered somewhat in detail.

2.1 The molecular level (nanometre scale)

The nanometre level is the scale of the molecular bonds and the atomic shells.
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It is basically the high resistance towards compression of the atomic layers that
gives solid materials, e.g. wood, their hard character. The physical pressure P ,
defined as the normal stress per unit area, is the sum of all such atomic forces.
It often presented in form of the equation of state F (P, V, T ), where V is the
volume and T the temperature, see e.g. Moore (1962). A well-know example is
the general gas law PV = nRT valid for ideal gases. Pressure is by definition
isotropic, i.e. equal in all directions, but can only be measured through the
deformation or displacement of interfaces, which may be solid (e.g. a piston or
a membrane), liquid (e.g. the manometer fluid) or gaseous (e.g. a gas bubble).
For an ideal gas the physics behind the general gas law is the moving gas atoms
or molecules that bouncing against each other and the container walls. The
pressure is here a pure expression of their inertia. In a solid an increase in
pressure is due to elastic compression of the atoms (the electron orbitals). In
a liquid the pressure is a combination of both kinetic (Brownian motion) and
elastic (orbital compression) origin.

Continuum theory, which models the above physics by smearing out mass
evenly in space, also uses a pressure which should not be mixed up with the
physical pressure concept. The pressure concept of continuum theory is ba-
sically a force balance for a small volume element embedded in this model
continuum, or to be more exact it is the isotropic part of of the stress tensor,
which also is a smeared-out continuum average model of the forces between the
atoms.

That both pressure concepts have got the same name is unfortunate, but
since long so established that is nothing to do about. Normally it does not
matter too much, besides giving a screwed picture of the physics behind various
natural and technological phenomena. However, situations exist, and modelling
of flocculated fibre flow is one, when it is important to keep them apart to not
risk severe physical confusion.

The interaction between two atoms with closed shells is well described by
e.g. the Lennard-Jones model with a pair potential, ELJ , given by Goodisman
(1973).

ELJ(rij) = 4ǫij

[(
σij

rij

)12

−

(
σij

rij

)6
]

, (1)

where σij and ǫij are the Lennard-Jones parameters, varying for different
atomic pairs and rij the distance between the atom centres. This potential
is built up of two components; a short-range repulsion (σij/rij)

12 from the
electrostatic repulsion between the positive kernels and a long-range attrac-
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tion (σij/rij)
6 between the positive kernels and the negative electron clouds

(London-van der Waals forces).

(a)

Figure 1. a) The Lennard-Jones energy potential ELJ and separation force

F = ∇ELJ for atomic interaction as a function of the distance rij between the

centres of the atoms. There is an attraction at long distances and repulsion at

short distances. b) Elongation of a bar. c) Separation of two atoms.

The normal way of presenting this potential curve is shown in Figure 1a. The
curve thus represents the potential energy of the system. If e.g. the atoms are
pressed together the potential energy of the system increases, and if they are
sufficiently separated the potential energy vanishes. This potential energy of
the system at a certain particle separation is therefore equal to the work done
on the system from infinite separation to reach that specific separation.

This view is appropriate when, as initially, we are interested in the ther-
modynamics of the systems themselves. But later the focus will shift to the
effects of the system on the surroundings. In continuum theory and rheology
an external normal force is normally defined as positive when the material sub-
jected to this force is lengthened, Figure 1b. If then as in Figure 1c, an external
force Fij similarly is defined as positive when separating two particles (atoms,
flocs, etc.) it is easy to check with Figure 1a that it is equal to the gradient
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of the pair potential, i.e. Fij = ∇E. For atom centre distances smaller than
equilibrium value the negative slope of E thus means that the repulsive forces
dominate and a positive slope that the attractive forces dominate.

For non-spherical molecules, especially large molecules like polymers, the
interactions become more complicated e.g. due to vibrations and rotations
around the chemical bonds. The energy potential then may be characterised
as a hyper-surface in many dimensions, Lewars (2003).

2.2 The fibre morphology level (micrometer scale)

The fibre surface structure level is important for e.g. fibre-fibre and fibre-
apparatus interactions. Fibre surface topological effects such as compression
of fibres are important in e.g. wet pressing of paper. The elastic modulus of
the fibre wall here plays a role as shown by e.g. Bergander and Salmén (2000).

The surface topology (including the near surface region) and the chemical
composition of the fibre surface also determine the frictional forces acting in
fibre-fibre contact points. This in turn affects the the behaviour of fibres in
a crowded network. Bennington et al. (1990) concluded that fibre suspension
with higher frictional coefficient results in a more stable network in terms of
higher yield stress.

The friction of paper pulp suspensions has a long and interesting historic
background. The dane Sigurd Smith (1923) studied the friction of pulp suspen-
sions. Baldwin and van den Akker (1939) studied the friction between moving
paper stock suspensions and a solid surfaces as well as the internal friction
of the suspension. A more recent friction investigation is of Andersson et al.

(2000). They showed that the relation between frictional forces and normal
forces for pulp fibres does not obey the normal relation Ff = ηN , where Ff is
the frictional force, η the friction coefficient and N the normal force. Instead
an extra term has to be added resulting in Ff = ηN + F0 where F0 indicates a
non-zero frictional force at zero normal force, which may be due to e.g. fibril
hooking between fibres. Two fibres that are rubbed against each other often
display a stick-slip behaviour, Andersson and Rasmuson (1997).

2.3 The fibre/floc level (millimetre scale)

Wood fibres are some millimetres long. Depending on wood specimen, defi-
bration method (mechanical or chemical) etc. the fibre properties vary. A
thermo-mechanical pulp (TMP) fibre is short and stiff whereas a chemically
defibrated softwood fibre is long, slender and flexible. Fibres may at enough
high concentration form more or less homogeneous network structures, here
called flocs. Almost all pulp fibre suspension at industrially relevant concen-
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trations are flocculated, which results in concentration variations throughout
the entire suspension. This heterogeneity may result in quality loss (e.g. visual
appearance and mechanical properties) of the final product.

In crowded pulp suspensions the fibres are in contact with several other
fibres. The fibre length for a certain number of fibres will affect the number of
contact points in the network, which in turn affects the networks capacity to
carry loads.

The internal geometry in a fibre network cannot be described by the vol-
umetric fibre concentration cv, the fibre length lf and the fibre diameter df

alone since it also depends on the fibre size distribution, fibre straightness etc.
A number based on the above parameters have been used in the literature.
One such measure, the crowding factor ncr gives the number of fibres in the
volume of a sphere with diameter equal to the straight-fibre length, Kerekes
et al. (1985). It is an extension of Mason’s (1950) critical concentration con-
cept which was based on ideas about how flocs form in shear fields through
fibre collisions. This formation mechanism is less relevant in flocculated fi-
bre systems of the technical type studied in this work. Therefore, the more
neutral fibre centre span (number) Ncs can be used, Björkman (1999). This
is just a space average that gives the ratio of the fibre length to the length
between fibre centres (the midpoint of straight fibres) if these are spread out
evenly in space (rhombohedral configuration), i.e. roughly the number of fi-
bre centres a straightened-out fibre can reach. Strightforward calculations give
Ncs = [(2/π)cv(lf/df )2]1/3

≈ 1.35ncr. It is easy to imagine that the possi-
bility for even networks (i.e. without larger holes) to exist ceases when the
fibres on average no longer have a chance to reach each other, corresponding
to Ncs ∼ 2 − 3, corresponding to crowding factors ncr ∼ 6 − 20.

The stiffness of the fibres affects the normal forces at the contact points,
which in turn influences the resistance against fibre/fibre sliding. Chemical
treatment of fibre surfaces with e.g. flocculation chemicals can be supposed to
act on fibre morphology level, i.e. influence the fibre-fibre interaction, which in
turn influences the ability of the fibres to form stable networks. This will not
be further discussed in this work.

2.4 The floc/floc level (centimetre scale)

This is the structure level of floc interaction. This level is important for the
structure of the suspension and therefore for its physical properties, which in
turn may be important for the product quality. Flocculated flow is the normal
flow form in the different processes under technically conditions. A number of
investigations of the rheology of pulp suspensions can be found in the literature.
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Thus Swerin et al. (1992) studied the rheology of suspended fibre networks,
and concluded that break-down commenced at very low strains; even before
(the flocs actually had started to break up and that this resulted in irreversible
configuration change in the network. Björkman (1999) studied the flocculated
flow of suspended wood fibres and also presented a theoretical description of
the floc/floc interaction. Bergström and Björkman (Paper 1) studied the inter-
action between fibre flocs in shear flow fields. Their main conclusion was that
low concentration regions (voids) promoted floc motion and floc deformation.
Flocs were furthemore observed to pass another in a rotary cog wheel-like mo-
tion. The same kind of motion is contained in the thermodynamics-like module

suspension theory by Björkman (1991,1999)

2.5 The system level (apparatus-dependent scale)

The magnitude of flow region in the equipment used in paper manufacturing
varies widely; from millimetres in e.g. refiners to several meters in (e.g. storage
towers). The type of interaction between the flocs and fibres depends on equip-
ment size, accelerations, shear forces etc. Although they are of great technical
and economic importance such technical/practical aspects are not considered
further in this work.

3 Thermodynamics

Traditionally suspended fibre networks and fibre flow systems have been treated
as mechanical and/or fluid mechanical fibre systems. A more profound under-
standing of the structure and behaviour of suspended fibre systems cannot,
however, be obtained without considering the structure dynamics of the entire
system. A first attempt to address this question was made with the module sus-

pension theory by Björkman (1991). With such complex systems as suspended
fibre systems, where a detailed knowledge of local conditions can never be ob-
tained to such an extent that a formal mechanic or fluid mechanic treatment
requires, it becomes more natural to consider these systems as thermodynamic
systems, Björkman (1999). Hereby, the focus automatically shifts from details
to the entirety.

To be useful a thermodynamic theory cannot be too abstract or unstruc-
tured, but should be based on observable mechnisms. Before such a theory is
formulated it is therefore important to identify the basic mechanisms. Some of
them have already been found. The purpose of this work is to formulate the
thermodynamics for a number special mechanisms. In all cases motion is slow,
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i.e. inertial effects are absent.

Case 1. Fibre ablation

A fibre floc submersed in a flow field may respond in a number of ways. To
begin with, a velocity difference between the surrounding fluid, which normally
is water-like for paper pulp suspensions, and the fibre floc surface, creates
viscous forces that bend fibre ends protruding into the flow. This surface fibre
bending may in turn through the fibre/fibre contact points gradually spread to
all fibres in the floc. The overall effect becomes a shrinking of the flocs with
increasing deformation rate and vice versa. This effect can be described as a
Poisson ratio difference effect, i.e. the difference in Poisson ratio between the
liquid phase and the fibre phase, Björkman (1999). I.e. upon compression in
one direction the liquid expands more sideways than the fibre floc. This effect
will, however, not be discussed further in this work.

If the viscous forces are sufficiently large, a fibre may eventually be torn
away (ablated) from the floc as shown in Figure 2a.

(b)

(a)

Figure 2. Fibre ablation from a floc. a) Ablation of a surface fibre from the

floc due to a velocity difference between fluid flow and fibre floc surface. b)

Close-up views of the ablation process, schematically.

Consider a system consisting of a suspended fibre floc. Let then a surface
fibre be slowly dragged out of the floc. During this process the contact points
in the interior will be released one by one, Figure 2b. The force F needed to
pull the fibre out ideally decreases stepwise simultaneously with the decrease
in the number of contact points. The frictional forces will fall correspondingly
as illustrated schematically in Figure 3. The exact curve form is determined
by the number of contact points as well as their nature. It can be expected to
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depend on the, fibre morphology (fibre friction), chemical additives, geometry
of the interlocked fibre, etc.

The work done on the system to ablate the fibre is W =
∫

F (x) dx, where
x is a coordinate along the fibre. The energy E added to the system equals
this work.

A principal question concerns where this energy ends up. Partly it goes into
the ablated fibre and partly into the floc as recoverable elastic energy. The rest
is dissipated and goes into the liquid and fibres as heat, thereby increasing
the system temperature. If the heat dissipated in the contact points during
the frictional sliding is symmetrically distributed between the two involved
fibres, equal amounts of heat have after the tear-out been completed gone to
the extracted fibre and the remaining fibre floc. It may be suggested that the
dragging out of the fibres from the floc induces frictional slidings also between
other contact points in the floc, and that this would generate extra frictional
heat in the floc. Against greater asymmetries of this kind, however, speaks
that the force balance must also be fulfilled for the entire system, and that this
does not allow to much extra contact point sliding in the floc.

Figure 3. Energy E and force F versus fibre length, x for withdrawing a fibre

(with three contact points) from within a fibre floc. Here lint is the length the

fibre reaches inside the floc.
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Case 2. Flocs splitting

Under an applied load a floc may split into two or more daughter flocs, Figure 4,
cf. Björkman (1999). This case may be viewed as multiple ablation of single
fibres as just treated. Instead of using the coordinates of the individual fibres
we transform to the centres of the daughter flocs.

R0
R1 R1

Figure 4. a) The deformation and separation of one floc into two daughter

flocs. rij is the floc-centre distance. b) Sphere that is separated into two sepa-

rate spheres. The total volume of sphere/spheres is kept constant

The separating force as a function of floc-centre-centre distance, rij , is shown
principally in Figure 5. At small rij , the separation force is large due to the the
still large number of entangled fibres. The force decreases towards zero when
the two daughter flocs gradually are separated. If the floc volume is assumed
to be conserved the radius of a daughter floc becomes R1 = R0/

3
√

2 ≈ 0.794R0.
Theoretically, the distance between the daughter flocs at separation therfore
is 1.59R0. As a first approximation one may assume that the magnitude of
the separation force is proportional to the number of involved contact points
which is dependent on the number of fibres and the floc separation (fibre con-
tact point release described in Figure 3 ). The number of fibres is proportional
to the cross sectional area between the separating flocs. This gives the form of
the force curve in the figure. The change of cross section area is ideally (us-
ing spheres as model flocs) shown in Figure 4b. The relation between original
sphere radius, R0, the floc centre distance, rij and the cross section radius, a, is:
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As the number of contact points is reduced for a certain fibre by increasing rij ,
that fibre contributes less to the stability of the floc. The actual force can be
described as the cross section area, πa2, reduced by a factor, f(rij), handling
the reduction of fibre contact points.

F (rij) = πa2
− f(rij) (3)

The above decription of the splitting process is purely theoretical, but con-
ventional. Fibre flocs of the technical type are (contrary to so-called Jaquelin
flocs) basically non-coherent, i.e not kept together by themselves. Due to the
basic non-coherence of real fibre flocs, it is in practice difficult to get grip of
them without first squeezing them transversely, e.g. between the fingers, before
tearing them apart like a cotton wad. Real suspended fibre flocs are instead
squeezed apart because of the difference in Poisson ratio between the liquid and
the fibre phases.

Figure 5. Floc splitting. The force and energy development for floc separa-

tion. Radius of daughter flocs is 1.59R0/2 if concentration in the flocs is to be

maintained.



12

The force vs. floc deformation curve, Figure 5, may thus be considered as the
superposition of several single fibre separation curves, Figure 3. This force
curve represents a elasto-viscous material that flows and changes its configu-
ration irreversible. The curve consists of two parts; elastic and plastic part.
Observe that the elasticity of a low-concentration pulp suspensions is not very
pronounced. The elastic component increases with concentration. The curve
is not necessarily smooth due to stick-slip and flow behaviour. The form of the
curve is not experimentally investigated in this work.

Case 3. Floc compression

The mechanism when two flocs are brought in contact with each other and
then compressed may idealised be described as in Figure 6.

Figure 6. Two fibre flocs brought into contact and subsequently compressed.

The energy vs. deformation curve for fibre floc compression is shown in Fig-

ure 7a when the network is considered as elastic, or as in Figure 7b as an
elastoplastic material.

Figure 7. Energy development for compression and expansion of fibre flocs.

a)Elastic material. b)Elastoplastic material.
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For the elastic case, the compression and expansion curves coincide, Figure 7a.
The entire energy stored by the floc system during compression is recovered
during the subsequent expansion. For elastoplastic networks the compression
and expansion curves do not coincide, i.e hysteresis. The energy is lost due
to plastic compression, Figure 7b. The same discussion applies to the force
curves, Figure 8a and b.
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Figure 8. Force development of compression and expansion of fibre flocs.

a)Elastic material. b)Elastoplastic material.

The area under the compression force-curve represents the energy for compress-
ing the fibre network. Upon force release, the area under the decompression
curve represents the recovered elastic energy. The difference corresponds to
the plastic energy dissipation. No deformation of suspended systems can take
place without also viscous dissipation. The motion is, however, here assumed
to be so slow that these energies are negligible compared to the elastic and
plastic contributions.

It is illustrative to study the principal differences between Case 2 and Case 3,
especially the expansive phase. In Case 2 the fibres are combed out when the
mother floc splits. In Case 3 the surface fibres of the flocs cannot be expected
to penetrate to much, but are probably more folded in, Therefore, it seems less
likely that the fusion of two flocs is effectuated by this mechanism.

Case 4. Plastic shear interaction

A more common situation is shown in Figure 9, viz. that two flocs are subjected
to a oblique interaction, e.g. in a shear flow field. The interaction will impose
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an extra-rotation upon the flocs and also a change of the floc motion, Bergström
and Björkman (Paper 1).

α

α

Figure 9. Plastic shear collision. Two flocs with at different y-positions, h,

are forced into contact whereafter the flocs start to rotate and passes each other

analogous to a rack-and-pinion model in Bergström and Björkman (Paper 1).

The force curve for this compression-rotational behaviour can be viewed schemat-
ically as in Figure 10a. The work performed on the systems, is presented, in
Figure 10b.
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a) b)

Figure 10. Shear interaction. a)Force curve for floc system in Figure 9.

Force demand for compression, whereafter some is recovered in elastic recoil.

Additional force demand due to fibre sliding. The total force demand of the

system is the sum of the three above mentioned phenomenon. b) Total work

done on the floc system in Figure 9.
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The rij -distance is assumed to be constant after the initial compression, i.e.
when the flocs starts to rotate. Here the force rises when the floc is compressed
(broken line), and when rotation starts new parts of the flocs is compressed
keeping rij -distance constant. During the rotation some energy will be dissi-
pated through frictional sliding of fibre surfaces (fibre sliding, broken-dotted
line), cf. the roll resistance for tyres. When the flocs rotate, earlier compressed
areas of the flocs experience elastic recovery (dotted line) i.e. some energy is
restored (area under dotted line) to the system and not dissipated as plastic
deformation or frictional heat. The total force of the system is the sum of the
three different phenomena described above (total force, black line).

4 Conclusions

Fibre suspension is a multiphase material that have several orders of geomet-
rical levels, from atomic scale to process scale (which can be up to several
meters). This work focuses on the floc level where fundamental actions on
fibre flocs are discussed from an energy and force perspective, i.e. the effect of
e.g. floc splitting, floc compression and fibre ablation.
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Symbols

ǫ = lennard-Jones parameter
σ = lennard-Jones parameter
η = coefficient of friction
a = cross section radius
c = concentration
d = diameter
E = energy
f = contact point reduction factor
F = force
l = length
N = number
P = pressure
r = distance between atom/particle
R = radius
T = temperature
V = volume
x = co-ordinate

Subscript
0 = reference
1 = daughter floc
cr = crowding factor
cs = centre span
f = fibre
ij = particle distance
int = interior
v = volumetric
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Basic physics of suspended fibre flow systems.

II. Analogy models.

Roger Bergström and Ulf Björkman
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Abstract

The primary flow units in technical fibre flow systems are the fibre flocs. These
flow units consist of small rounded portions of fibre networks with rather undefined
boundaries. The similarity between a fibre floc and the electron cloud of atoms will
be utilised to model fibre flow with the help of molecular dynamics MD. For this
purpose constitutive relations (pair potentials) for fibre flocs are needed. Mechanical
analogy modelling and comparison with dynamical mechanical analysis is used to
probe realistic forms of these relations.

1 Introduction

Analogy modelling may serve several purposes, besides that most models can
be viewed as analogy models of Nature; a force as an arrow, an electron as a
spinning ball, an orbital as a directed cloud, a chemical bond as a line, etc.
The analogy modelling in this work is primarily theoretically motivated and
has two main purposes.

The first purpose is to summarise the experimentally observed macro-rheo-
logical behaviour of suspended fibre networks with the purpose to get a better
intuitive understanding of the underlying physics, i.e. the deformation geom-
etry and stress generation mechanisms. The focus will thereby be on general
behaviour rather than on dependence on various parameters of practical inter-
est like fibre content, various fibre properties, surface chemistry, etc.

1
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It is good scientific practice to establish a general qualitative understanding
of a studied phenomenon before commencing with the often time-consuming
but routinely quantitative investigations of the influence of such parameters.

The second purpose with the analogy modelling in this work is numerical
modelling of flocculated fibre flow, as described by Björkman (1999). Thereby,
microhydrodynamics and computational fluid dynamics (CFD) will not be
used; partly because this has already been done (e.g. Batchelor, 1970 and
Schmid and Klingenberg, 2001) and partly because the authors of this work
believe that a particulate view is necessary when modelling flocculated fibre
flow.

The idea is here to utilise the fact that a fibre floc constitutes a small part
of fibre network with a rather undefined boundary has much in common with
an atom. The first part of this program consists of matching the mechanical
behaviour of fibre networks with the behaviour of various mechanical analogy
models in order to from the analogy models formulate constitutive relations for
the fibre flocs, i.e. dependence between forces and deformations. The intention
is that these should subsequently be inserted in an already existing molecular
dynamics machines (MD), e.g. Gromacs. The atomic pair-potentials, which
in MD often is of Lennard-Jones type, will then be substituted by these floc
pair potentials. This approach has already been initiated for a more limited
scale with the Runge-Kutta simulations by Björkman (1997, 1999). To reach
more realistic systems magnitudes it is necessary with a stronger numerical
technique that can handle a higher number of flocs. MD has been shown
capable of dealing with much larger number of particles than will be needed in
the fibre floc systems, Karlsson et al. (2004).

These MD simulations are, however, not the goal in itself but only a mean
towards a more basic understanding of the system dynamics. Both the mech-
nical and that chemical parameters are known to influences the flow of sus-
pended fibre systems. These more general considerations are, however, outside
the scope of this work, which is limited is to developing constitutive relations.
Thereby, problems have to be coped with that have no direct correspondence
in ordinary atomic MD, e.g. energy dissipation, plasticity, liquid separation
(the so-called Poisson ratio difference effect, Björkman, 1999), etc.
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2 Theory

In molecular dynamics (MD) Newtons equation of motion is solved for a system
composed of N interacting atoms.

mir̈ i = f i, i = 1 . . .N, (1)

where the mass of the atom i is designated mi , its position vector r i and dots
aim at time differentiation. Here the atoms will thus be interpreted as fibre
flocs. The total force f i on the atom/floc i due to the other atoms/flocs is
normally expressed as the negative gradient of a potential V (r 1, r2, . . . , rN ),

f i = −∂V/∂r i. (2)

In MD this potential is built up of pair-potentials, i.e. the potential energy
between two particles, Figure 1.

Figure 1. Schematic picture of the Lennard-Jones potential.

If multiple-particle synergism is negligible, the total energy E of the system
can be described as a sum of pair potentials Ep,ij , i.e.

E =
∑

i,j

Ep,ij =
∑

i,j

Ep(ri, rj) =
∑

i,j

Ep(r ij) (3)
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where
r ij ≡ r i − r j (4)

and
r i = {xi, yi, zi}. (5)

Judging from the the slope of Lennard-Jones curves at multiples of equi-
librium distances, this approximation perhaps is reasonable for atom systems.
For crowded fibre floc systems, where the main interaction comes from flocs
directly pressing against each other, this also appears realistic as long as tran-
sient stress chains do not start to develop. In a central force system of spherical
particles, the force f ij exerts on an atom/particle i acts through its centre in
the direction of the centre of the other particle/atom j, i.e. is directed along
along r ij .

For conservative systems the total energy of the system E, which consists
of potential (i.e. recoverable) energy Ep, may be obtained from the work W ,
i.e.

E = Ep = W =
∑

i,j

∫
f ij · dr ij (6)

needed to carry the systems to that state from some reference state, e.g. force-
free conditions f i = f

0
= 0 prevail. This metod will be used to calculate the

energy for the analogy models described in this work. The response of such
analogy model will be in accordance with the convention of continuum theory,
i.e. a force F is defined as positive when stretching out a material element, see
Bergström and Björkman (Paper 4). This gives the formal relation

F = ∇E. (7)

3 Analogy models

A number of analogy models will be discussed, which gradually approach the
behaviour of actual suspended fibre networks. A major problem with fibre-
system specific concerns how to include the looseness and the plasticity. Loose-
ness in this work has the same mening as non-coherence, e.g. that the floc
systems have no basic internal strength and thus exist only if kept together by
the surroundings. Such boundaries may be other flocs and/or boundaries (solid
boundaries like a container wall, liquid boundaries in an emulsion, or gaseous
boundaries with bubbles or at a free surface). This looseness is hierarchical in
that it exists on different levels; on fibre level and on floc level, between groups
of flocs, etc. In this work only looseness between flocs will be consider, i.e.
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the fibre systems is assumed to be so crowded that the flocs prevail. Problems
concerning e.g. the splitting of flocs will thus not be considered here.

3.1 Elastic responses. Looseness

i. Hookean element The mechanical analogy for a linear elastic response is a
Hookean spring, Figure 2. If F is the spring force, rik its length and r0 its
force-free rest length we have

F = k (rik − r0) . (8)

.

Its energy E, which in this case consists of recoverable elastic potential energy
Figure 3, is obtained through the work

E = W =

∫ rik

r0

F drik =
1

2
k(rik − r0)

2. (9)

r0

Figure 2. Linear elastic system. a) Force response of a Hookean spring, b)

Force response of linear elastic spherical particle.
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Figure 3. a) Energy curve for a Hookean spring, b) Energy curve of linear

elastic system of spherical flocs.

ii. Loose Hookean element

A loose Hookean element consists of a linear spring that, as shown in Fig-

ure 4, takes up load under compression from a force-free reference length r0,
but separates without resistance upon expansion from the same reference state,
Björkman (1999). The element response is purely elastic.

F

F

F

F

Figure 4. Force response of a loose hookean spring.
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The energy curve for the linear loose spring is shown in Figure 5a. A floc
system with such an response is shown in Figure 5b.

The loose spring force is given by

F =

{
k · (rik − r0) if rik ≤ r0

0 if rik > r0

(10)

If this is integrated the system energy is obtained as

E = W =

∫ rik

r0

F drik =

{
k · (rik − r0)

2/2 if rik ≤ r0

0 if rik > r0

(11)

This model is illustrated in Figure 4 & 5 with a linear spring, i.e. constant
spring parameter k. A non-linear spring with varying constant k(rik) may also
be used. When modelling a fibre floc a dependence of the fibre concentration
cv may also be introduced, i.e. k(rik, cv).

rik

F

F

F

F

Figure 5. a) Energy curve for a loose spring. b) Energy curve of loose

elastic fibre floc system. The system can carry load in compression mode but

not in tension mode past r0.

3.2 Towards fibre floc behaviour. Elasto-viscous responses

The behaviour of a suspended fibre system is more complicated than described
by the previous models. For example, both viscous and elastic effect occur. The
least complicated analogy model including thes effects is the Voigt element,
Figure 6a. To include also the non-coherence of real fibre floc systems the
Voigt model may be modified as in Figure 5b, with a hook mechanisms that is
releases for expansions larger than the reference length r0.
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Figure 6. a) Schematic view of the Voigt element. Spring and dashpot in

parallel connection. b) Schematic view of the loose Voigt element showing the

added hook mechanism.

The response of the ordinary Voigt element may be described as an elastic
and viscous element acting in parallel. This gives

Fe = k · (rik − r0)
Fv = µ1 · ṙik

}

⇒ F = Fe + Fv = k · (rik − r0) + µ1 · ṙik (12)

Integrating equation 12

E =

∫ rik

r0

[k · (rik − r0) + µ1 · ṙik] drik =
1

2
k · (rik − r0)

2 + µ1

∫ t

0

ṙ2

ik dt (13)

If loosenes is introduced in the Voigt model, i.e. with help of the hook
mechanism, the responce may descirbed through

E =

{
k · (rik − r0)

2/2 + µ1

∫
ṙ2

ik dt if rik ≤ r0

0 if rik > r0

(14)

The effect of velocity during compression is shown in Figure 7 for the force
response and in Figure 8a for the energy response, where an increased velocity
results in a steeper curve; for constant v = ṙik with a linear increase in both
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rik − r0 and v. If a compressed network is elongated after compression it will
expand to initial size r0, but energy will partly be lost due viscous energy
dissipation, Figure 8b. A higher elongation rate results in a larger dissipation.

v ik
=
0

Figure 7. The force behaviour of a modified Voigt element during compression.

Figure 8. The behaviour of a modified Voigt element. a) During compression.

b)During tension.

At lower fibre concentration the yield stress of the fibre network is so small
that plastic deformation takes place, i.e. a compressed floc does not spring
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to its original form when stresses are realeased. The Voigt model, even the
loose version in Figure 6b, cannot account for this permanent deformation.
With a dashpot in series with a modified Voigt element the behaviour of a real
suspended fibre floc is further approached, Figure 9.

Figure 9. A modified Voigt element in series with a dashpot that account for

the sustained deformation.

The dynamics of the model system is given by

F = F1 = F2 ⇒ k · r1 + µ1ṙ1 = µ2ṙ2 (15)

where subscript 1 and 2 is represents the modified Voigt model part and the
dashpot part, respectively. In addition we have

rik = r1 + r2 (16),

ṙik = ṙ1 + ṙ2. (17)

Here the the material parameters are k, µ1, µ2 and the measurable parameters
F, rik, ṙik. The spring parameter may also here be taken as a function of the
compression and/or fibre concentration and may also be made dependent on
e.g. velocity. For simplicity such complications are, however, not included to
this model.
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For non-loose systems the above relations result in differential equations that
are treated acoording to the methods of linear viscoelasticity, see e.g. Schowal-
ter (1978). A fuller characterisation of the behaviour of the loose systems in
Figure 9 remains to be done.

4 Liquid separation

Wood fibre suspensions consist of two phases; a compressible fibre network
and an (almost) incompressible fluid. When a fibre suspension is compressed,
a separation between the liquid and the fibre network takes place (synerism).
Basically this occurs because the network is more compressible than the sus-
pending liquid. This effect may popularly be described as that the liquid is
squeezed out of the network. Formally it may be ascribed the Poisson ratio
difference between the liquid and network phases. This can be illustrated as in
Figure 10a. For a linearly elastic network the force and energy curves are the
same as as in Figure 5a and b.

Figure 10. a) Separation s(rik) between the suspending medium and fibre

network during compression. The compression of the liquid is assumed to be

negligible (i.e. the Poisson ratio νl = 0.5) compared to that of the network (with

Poisson ratio νf ≈ 0). b) Separation s, vs. compression rik from-stress free

state at r0 where s = 0.

The separation between fluid and fibre network can be expressed as s = sl/sf ,
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see Figure 10b. Under stress-free conditions r0 the liquid separation is s = 1,
i.e. no separation. The separation then increases with the degree of compres-
sion according to Figure 10b. In a flocculated fibre suspension this separation
results in liquid layer surrounding the flocs. This influences the stress and
therefore belongs to the micro-rheology of this types of suspensions.

5 Experimental example

The effect of compression velocity upon the load carrying capabilty of a bleached
softwood pulp (not otherwise specified) was studied with a Dynamic Mechan-
ical Analysis instrument (DMA Q800, TA Instruments, force range 0.0001 to
18 N, linear deformations up to 25 mm, frequency range 0.01 to 200 Hz), Fig-

ure 11. With this instrument it is possible to ramp (and/or oscillate) location,
strain and force, ramping temperature etc. in various defromation modes (e.g.
shear and compression). A submersible clamp was special-designed for the sus-
pended fibre networks. The plunger and cup of this system is shown in Figure

12.

Figure 11. Dynamic Mechanical Analysis equipment (DMA Q800, TA Instruments).
To the left is the measuring head. and to the right the control panel.
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Plunger

Figure 12. The plunger and cup designed for studying the mechanical be-

haviour of the suspended fibre networkswith the DMA Q800 instrument. a)
Plunger b) Cup.

Figure 13 gives an example of the type ot results obtained with this instrument
for a fibre network cyclically compressed. The load is varied between 0.001 and
0.05 N with a rate of 3 N/min. The floc is compressed from a height of about
10 mm to about 6.5 mm during the first cycle. When the load is released the
network springs back just under 8 mm, i.e. the network has been subjected
to a permanent deformation. For every new compression cycle the stresses de-
creases and the remaining permanent deformation increases. These result are
more in line with Swerin et al. (1992) than of Thalén and Wahren (1964).

A fuller analysis of the DMA results will be given in a separate report.
The general conclusion hitherto is that both elastic, viscous effects must be
taken into account for stress and that the viscous/plastic permanent deforma-
tion effects must be considered to describe the behaviour of these systems. A
constitutive relation for suspended fibre network must at least be based on a
mechanical analogy model of the type shown in Figure 9.
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Figure 13. Bleached softwood (1%, not otherwise specified) pulp under cyclic

load in the DMA instrument.

4 Conclusions

The similarity between a fibre floc and the electron cloud of atoms will be
used to model fibre flow with the help of molecular dynamics (MD). For this
purpose constitutive relations (pair potentials) for fibre flocs are needed. Dy-
namical mechanical analysis is described, based on the behaviour of fibre flocs
under compression, to probe realistic forms of these relations. An example of
compression behaviour under cyclic load is shown, using a Dynamic Mechan-
ical Analysis equipment (DMA Q800). It is found that this model must take
viscous effects, elastic effects as well as plastic effects, i.e. remaining deforma-
tions, into account.
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Symbols

µ = viscous term
ν = Poisson ratio
c = concentration
E = energy
f = force on atom
F = force
k = spring constant
l = length
m = mass
N = number
r = length
s = separation coefficient
t = time
v = velocity
V = potential energy
W = work
x, y, z = co-ordinate

Subscript
0 = reference
dma = DMA
f = floc
i, j = atom
i, k = particle
l = liquid
p = pair potential
v = volumetric
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Stress chains in fibre suspensions. A formation

scenario.

Roger Bergström
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Abstract

In this work a scenario for stress chain formation in suspended fibre due to the
system deformations is presented. Interaction of fibre level, floc level as well
as the interactions between the levels are discussed.

1 Introduction

Stress chain formation occurs in particulate systems subjected to compressive
loads. Normally only a small fraction of the particles carries the load. The un-
stressed particles can be removed without changing stress state of the material.
The number of stress chains increases with applied force. As the applied force
increase, eventually a state is reached where all particles cary about the same
load, Hidalgo et al. (2002). If the load on a specific stress chain grows beyond a
certain limit an rearrangement takes place, normally resulting in stiffer chains
more directed in compression direction, Hidalgo et al. (2002)

Aste et al. (2002) modelled the fragile structure and behaviour of stress
chains, for systems with different particle sizes, particle distribution etc. They
described how the stress chains could change direction, when the particu-
late material is compressed. Goldenberg and Goldhirsch (2002) with a model
showed how stress chains that spread out sideways; more of the chains becomes
directed in the direction of compression. Two different cases of force distribu-
tion could be observed at the bottom of the packing of particles depending

1
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on the particle size distribution, Bouchaud et al. (2001). If the packing is
homogenous equal-sized particles, the force is concentrated around two peaks,
but if a particle size distribution exists only one peak is observed, Figure 1.
The spreading of force chains have been measured for sand, e.g. Serero et

al. (2001), and the branching visually observed by e.g. Geng, Longhi and
Behringer (2001).

F

F

F

F

(a) (b)
Figure 1. a) Force distribution below a loaded packing of equal-sized particles.

b) Force distribution below a loaded packing of particles with size distribution.

If a shear load is applied on an already compressed particulate system, the
existing stress chains may start to ”flow,” clearly demonstrating that they can-
not take up larger sideway forces, Cates et al. (1999). The results is a plastic
deformation. Stress chains can thus only take up load in its own direction.

Modelling od suspended fibre network on fibre level is a difficult, mainly
because such networks are built up of millions of flexible fibres. In spite this
some interesting attempts to study fibre networks from about 100 fibres have
been carried out by e.g. Switzer et al. (2003).

2 Theory

Stress chains may form in different particle systems under load; in systems
composed of of glass beads as well as in flocculated fibre suspensions. The sci-
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entific efforts to understand this behaviour have mainly been directed towards
the compact systems like those composed of e.g. spherical particles instead
of towards less concentrated stress chain systems like those in suspended fi-
bre systems composed of slender flexile particles in complex three-dimensional
network arrangements.

It is difficult to describe the inner geometry of a suspended fibre network
in detail, e.g. the location of contact points, their state, and if the network is
compressed the location of the increasing number of contact point. Figure 2

show an idealised elementary load carrying unit of fibre network unit consisting
of four fibres. Three of the fibres are directed out of the plane of the paper
sheet, and one fibre is located in the plane of the paper at an angle α to the
horisont. On the middle of the fibres directed in the paper plane a vertical
force F is applied. This force is balanced by counter forces from two outer
fibres. If the distances between the contact points, for simplicity, are assumed
to be equal, the outer fibres will carry half the applied load, i.e. F/2. The load
transferred to the centre of the fibre in the paper plane may be decomposed
in a normal force directed Nf perpendicular to the fibre and a component Ff

parallell to the fibre. Elementary trigonometry gives the magnitude of these
components as

Nf = F · cos(α)

Ff = F · sin(α)

Durig the compression the fibre network becomes more anisotropic, i.e. the
fibres will be more horisontally directed. This means that α, on the whole,
diminshes. As a result Nf will increase while Ff will decrease, see upper right
figure in Figure 2. Let the fibre stiffness asumption then be released as in the
lower right fibre ensemble in Figure 2, which more resembles the inner geometry
of an actual wood fibre suspension.
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Figure 2. Forces on fibres in a fibre network

A force applied on a fibre network deforms the network. Through the fibre-fibre
contact points the force is passed down through the network, Figure 3. The
applied load is balanced by a reaction force at the lower wall. It the network
is isotropic in the horisontal plane (i.e. orthotropic) the average direction of
the resulting stress chains due to the symmetry is the same as the compres-
sion direction. With a deformation-based stress chain formation mechanism
it is possible to obtain differences between quasi-static and dynamic compres-
sions, which does not seem possible with the force-based mechanisms mostly
found in the literature. With the view that the formation of the stress chains
is a dynamic process, the compression kinematics and the starting point and
progression of the stress chains becomes an important factor.

F

F1 F2 F3

Stress chain

F

F

Figure 3. Contact forces acting on fibres in a suspension network during com-

pression process.
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During the compression process gradually more fibres come in contact with
each other, thereby creating more stress chains and more contact points with
the lower wall. As a result the applied load becomes distributes over more
stress chains. The force balance for the network in Figure 3 (right hand side)
then develops from one to three.

The above simple scenario offers a way of explaining the non-linear load
carrying ability reported in the literaure. Initially the network is unable to
carry largers loads. When the compression increases the resistance to defor-
mation increases, Bergström and Björkman (Paper 4). Before the compression
has commenced the network can be asumed to be approximately isotropic (in
space). In such networks the average angle α in Figure 2 is larger before than
after the compression. According to Figure 2 the normal force component
is therefore initially lower and the parallel force component higher than dur-
ing the following compression. If Ff is so high that the the frictional force
Ffriction = N · µ (µ is the coefficient of friction) is exceeded the fibres starts
to slide. As a result some of the build up forces will be released. When the
network during the deformation becomes more anisotropic (i.e. the fibres are
arranged more perpendicular to the compression direction) the applied force
is balanced over more stress chains. This lowers the force in the stress chains
on average. As a result the applied load on the fibre-fibre contact point in
Figure 2 is reduced, thus reducing the force parallel to the fibre. During the
compression α dereases and this force is even further reduced. In addition the
normal force components increase in relative importance, making fibre-fibre
sliding more difficult. When the fibre slidings are reduced the force carrying
ability of the network increases, thereby contributing to the observed non-linear
stress-strain relationship.

Technically relevant fibre suspensions are flocculated, and the networks con-
sists of crowded sintered-together fibre flocs. In such networks the stress distri-
bution cannot be discussed only on fibre level, Also the structure on floc level
must be considered. In Figure 4 a fibre suspension is imagined enclosed in a
vessel and a compressive load applied. The forces are here transferred from
floc to floc to finally reach the container walls.
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F

F1 F2

F3

F1 F2

Fa

Fb

Fc

Fd Fe

Figure 4. Stress chains in a flocculated network. Two different scales, inter-

floc based stress chains and intra-floc based stress chains. Some of the stress

chains (Fd and Fe) ends up in the container bottom, while other (Fa, Fb and

Fc) ends up in the side walls.

As the compression continues more and more stress chains develop. In this
process also branching of the stress chains may take place, cf. Geng et al.

(2001). More and more flocs starts to carry load. It should be observed that
no contradiction with the earlier discussion of the force transfer between fi-
bres exists, since the force transfer between the flocs on fibre level must be
of the same type as shown in the magnification to the right in Figure 4. In
Figure 5 the development of stress chains in fibre suspension under compres-
sion is shown. The photograph is taken from above the free surface. Due
to the compression, stress chains are formed (dotted line) in the direction of
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compression.
It is easier to study the behaviour of the stress chains on floc level because

the lower number of flocs than fibres, thereby reducing the complexity of the
proble. Even after reducing the number of units through the use of fibre flocs,
predicting when, where and how the stress chain is going to be formed is
difficult, not to say, impossible in practice. One way to describe the system is
thermodynamically. Then it is possible to view the system as a truly discrete
system in comparison to many models that are based on continuum theories.
The main advantage with thermodynamic modelling is that also flocculated
flow can be included.

F

F

Stress chain

Figure 5. Photograph of stress chains in a flocculated network under compres-

sion. Volumetric fibre concentration about 2%.

The floc-floc interaction has been modelled by Björkman (1999), who stud-
ied the behaviour when elastic flocs interacted. Even with a few number of
flocs (seven in the modelled presented by Björkman) the interactions become
complicated.
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The KTH-Former, a model gap former; design and

evaluation methods
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Abstract

A one-sided model twin wire gap former, the KTH-former, has been developed. The
former consists of headbox with transparent gables, forming unit, including a forming
roll with a transparent surface and outer forming wire and a reservoir system for
water/fibre suspension handling. To allow the study of blade forming, a blade can be
introduced against the outer wire to generate a pressure pulse.

Two measurement techniques have been utilized to study the flow mechanisms of
fibre suspension flow in the forming zone;

• A pressure sensor has been used to study the dewatering pressure along the
forming zone.

• A high speed video system was used to visually study the suspension flow.

The study was made with pulp fibres. Fibre flocs were introducecd in the center of
the headbox at the beginning of the linear nozzle contraction, by a introduction tube
with an inner diameter of 10 mm. The acceleration in the nozzle contraction was
used to separate the fibre flocs in the suspension making them move individually,
thus making the visulisations easier. To avoid the problem of floc break-down at
nozzle exit when using a conventional linear nozzle with parrots beak outlet, two
curved contraction blocs were inserted, giving a more constant acceleration profile,
letting the flocs keep their integrity in the emerging jet.

The high speed video system had two main arrangements, for the study of floc
behaviour in the forming zone. A mirror installed on the machine structure visualised
a certain area of the forming zone. Alternatively, a mirror fastened to the back plate
of the forming roll followed a specific area of the wire (and roll), making it possible
to follow the flocs through the entire forming zone. It is then possible to detect any
relative motion between flocs and wire.

1
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1 Introduction

In a roll former the two wires are stretched over a forming roll and dewa-
tering may be one-sided or two-sided. The dewatering pressure is a result of
the outer wire tension, T , and the radius of curvature of the wire, r (normally
approximated as the roll radius, R). Webster (1962) designed the first twin wire
former of practical use. The pressure is conventionally approximated as con-
stant, T/R, here called nominal dewatering pressure. As will be shown below,
the dynamics of the process, however, might give rise to pressure oscillations
along the roll forming zone.

In blade forming, the geometrical arrangement of the blades, which forces
the wires to deflect locally, induce pressure pulses in the fibre suspension be-
tween the wires, as originally described by Norman (1979).

Generalizing somewhat, a blade former gives a paper with good formation
but low retention level whereas a roll former gives better retention but less good
formation, Norman (1989). A modern paper machine, applying the principles
of roll-blade forming, combines the benefits of both techniques, Nordström and
Norman (1994).

At the Division of Paper Technology, KTH, a one-sided model roll former
has been developed by Fransson (1998) and Johansson (1999), to study the
flow of fibre suspensions during forming. A forming blade is included in the
apparatus to permit the investigation of either blade or roll forming. Other
pilot/model twin-wire gap formers that have been used for forming studies
have been developed at STFI (the Fex pilot machine described by Röding and
Norman, 1986), at PAPRICAN (the PAPRI former described by de Montigny
et al., 1967) and at McGill University (described by Hammock and Garnier,
2000).

Fibre orientation anisotropy and paper formation are affected by velocity
gradients during dewatering, Nordström and Norman (1994). However the
mechanisms for formation improvements are not yet known and therefore ought
to be investigated.

The behaviour of fibres and fibre flocs in flowing fibre suspensions, shear
flows or elongational flows, is dependent on fibre properties and concentration.
The flow mechanisms of fibre suspensions in twin wire gap formers are difficult
to predict, even if measurements of e.g. the pressure development in the form-
ing zone are performed. In the present work, a former made for visualisation
of the paper forming event is described.
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2 Materials and methods

A model former, the KTH-former, and a high speed video equipment are uti-
lized to experimentally investigate the behaviour of fibres and fibre flocs in the
dewatering zone. The model former is of recirculation type, which contributes
to experimental simplicity. It is composed of a headbox, a roll former and a
reservoir system, Figure 1.
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Figure 1. The main elements in the former: 1) Transparent Headbox. 2)

roll forming unit. 3) magnetic flow meters. 4) flow loop pumps. 5) main

reservoir system. 6) extra reservoir system for smaller pump.

2.1 Headbox

The headbox in Figure 2 consists of, a height distributor, a step diffuser tube
package and a contracting nozzle with a parrots beak outlet. The tube package
is 100 mm wide with eight tube rows, each with three tubes. The height
distributor is divided into two separate compartments of which the lower one
feeds the bottom row of the tube package. This allows fibre addition just in
the lower part of the headbox to simplify visual studies in the forming zone.
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In the centre (middle of width and height) a tube with an inner diameter
of 10 mm was mounted for fibre floc introduction. This location was chosen to
give the most stable flow condition.

The initial nozzle design is shown in Figure 2, where the contraction is 489
mm long and 298 mm high and ends in two adjustable parrots beaks. The beaks
smoothen the jet surface and allow the jet thickness to be varied. Maximum
running speed was 900 m/min.

43

1

130 120

2112
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90 489

30

32

111112
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100

Figure 2. The original headbox design with a linear nozzle contraction. Mea-

sures in mm. 1) Height distributor. 2) step diffuser package. 3) nozzle.

4) parrots beaks, discharge opening 0-14 mm. 5) separate, lower distributor

compartment. 6) fibre floc introduction tube with syringe like injection device.

The linear contraction design with an instantaneous contraction outlet in Fig-

ure 2 causes experimental difficulties since the high acceleration at the nozzle
outlet tends to break the fibre flocs into small fragments. A constant acceler-
ation in the nozzle gives more stable fibre flocs, Figure 3a.

(a) (b)

Figure 3. a) Contraction design for constant acceleration. b) Modified

for more stable flow.
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However, the constant acceleration design might induce undesirable turbulence
at the contraction inlet. With a smoother beginning, as in 3b, the turbulence
intensity is reduced although the acceleration will not be exactly constant. The
flow is evened out enough to avoid extensive floc rupture.

The parrots beaks are retained to give a smooth jet surface. With just
about 1 mm protruding into the flow, no high, sudden floc breaking elonga-
tional flow occurs.

2.2 Dewatering zone

The forming zone is located around the perimeter of the forming roll, with the
mantle surface made in perspex. A transparent material was chosen to allow
visual studies through the forming roll. The roll diameter is 646 mm and the
width 100 mm. Inwards dewatering could not be allowed, since this would
create optically irregular surfaces on the inside of the roll. The forming roll
cross section can be seen in Figure 4.
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Figure 4. Cross section of the forming roll. Measures in mm. 1) Transparent

perspex ring. 2) ring holder. 3) ring girder. 4) leakage seals. 5) pressure

sensor.
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A ring holder and a ring girder stiffen the perspex ring. Two leakage seals
prevent sideways suspension flow. At the ring centre a flush-mounted pressure
sensor of membrane type is mounted recording the roll surface pressure (Entran
EPX-N1, range 0-70 kPa). The diameter of the membrane (3.8 mm) was chosen
to give a representative pressure recording.

The signals are sampled by a Macintosh computer with a data acquisition
card, National Instruments PCI-MIO-16E-4, at a sampling rate of 25 kHz.

The position along the forming roll surface, xroll, is defined as the distance
from the contact line between wire and roll surface, with no jet fed into the
nip. Upstream positions have negative values. Triggering was arranged with a
stationary Hall-effect switch and a magnet on the rotating forming roll.

Figure 5 shows schematically the complete structure of the dewatering
equipment. A wire tension measurement system was installed on the driven
breast roll. The signal was collected by the Macintosh system. The wrapping
angle around the forming roll may be adjusted by a movable roll. The roll form-
ing unit is also equiped with a tensioning roll. The wire tension is adjusted by
weights (Force created by the weights, m2 × g, balanced by the weight of the
movable roll, m1 × g) and a lever arm. A water handling system collected the
dewatering flows for re-circulation.

 Forming 
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Dewatering tray

Figure 5. The dewatering part of the model former: 1) Driven perspex form-

ing roll. 2) optional forming blade. 3) driven breast roll with wire tension

measurement system. 4) wrapping angle adjustment roll. 5) wire tensioning

roll.
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The forming zone can be equipped with a blade, allowing floc behaviour stud-
ies during blade forming. The blade is pressed towards the wire by a lever
arm, Figure 5 inside the broken circle. This configuration is, however, not of
the conventional blade forming type, since the opposing wire positions are not
self-adjusting. The construction serves its purpose though, i.e. to generate
pressure pulses.

The forming unit can be equiped with three alternative forming wires, a con-
ventional (ordinary industrial type) wire, a conventional wire laminated with
a polymer making it semi-permeable and a conventional wire laminated with
polymer making it non-permeable (Martinsson, Albany International AB). In
other words, three different permeability levels could be studied, thus simulat-
ing different degrees of fibre mat build-up.

2.3 Reservoir system

The reservoir system consists of reservoirs, valves, pumps and flow meters,
Figure 1. Since the headbox is divided in two feed sections, two separate
pumps are needed. The main pump (Ahlström 9.3 kW) feeds 7/8 of the total
headbox flow and the smaller pump (Vadstena Pumpar 4 kW) feeds the bottom
row of the step diffusor. In both pump lines magnetic flow meters (Elsag Bailey
MAG-SM) were used to allow correct feed velocities.

Both pumps can be fed from the main reservoirs, but the smaller pump
alternatively from the extra reservoir system. It is possible to feed only the
smaller pump with pulp and the main pump with water. The fibres are then
introduced just into the dewatering zone adjacent to the wire.

2.4 Visualisation system

To observe the dewatering zone two different techniques have been used;

• A mirror mounted at the centre of the roll, which makes it possible to
follow one floc through the forming zone, Figure 6.

• A mirror attached to the machine structure, which makes it possible to
observe a fixed position of the dewatering zone.

The forming roll mantle made in perspex is soft and easilly scratched resulting
in disturbing reflections. A glass plate is therfore attached to the roll surface,
as a chord, Figure 6. The void between plate and roll is filled with water,
which heals the scratched perspex surface making it optically smooth. The
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flatness of the glass plate also reduces the optical distortions caused by the
curved geometry of the inner forming roll surface.

The events in the forming zone were recorded with a high-speed camera,
Redlake Imaging HR1000 recording rate up to 1000 images per second. At
these rates a pulsed IR-Laser (Oxford Lasers HSI 1000) was needed. Both
incident and reflected light are guided by the mirror.

Laser

High speed
Camera

Mirror

Roll

Water
Glass plate

(a) (b)

Figure 6. To observe the dewatering zone a mirror, co-rotating type, is used.

a) The forming roll and arrangement of camera, laser and mirror. b) Closer

view of inner roll-surface design, glass plate as a chord and void between roll

and plate filled with water.

3 Results and discussion

3.1 Visualisations of the roll forming zone

Air may enter the forming zone with the fibre suspension, e.g. entrained by a
somewhat rough jet surface. When the uneven surface of the jet hits the outer
wire the trapped air can pass trough it, but at the forming roll side air might
be trapped by the roll surface and the surrounding fluid. Figure 7 shows an
example of trapped air between the outer wire and the forming roll, top view.
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Air/water interface Wire mark

Gap filling position

10 mm

Flow Direction

Figure 7. Top view of roll forming zone. Water flow from left to right. The

headbox discharge opening was 10 mm, the jet speed 470 m/min, the wire speed

470 m/min and the wire was of conventional type. The wire pattern is visible

in areas without light scattering air/water interface. A rather sharp line to

the left shows where the gap downstream is filled with water, here marked with

broken line (some trapped air follows into the nip).
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Figure 8. Influence of jet speed and wire tension on gap filling position for a

permeable wire. xroll = 0 where wire contacts the roll when no jet is fed into

the nip. Wire speed equals jet speed.
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This air entrapment could be reduced by adjusting the running conditions.
Refraction at the rough air-water interface makes visual observations difficult.

To obtain the best observation conditions, the influence of different running
variables upon the amount of air entering the nip and the position for initial
gap filling must be taken into account The gap filling position is here defined
as the geometrical position where the fibre suspension jet fills the entire gap
between the wire and roll surface. Using the high speed video camera and
the stationary mirror set-up, the gap filling position could be detected visually.
The image analysis software (NIH, http://rsb.info.nih.gov/nih-image/) was used
for image evaluation.

The initial gap filling position changes with e.g. wire tension and jet speed.
Decreased wire tension and increased jet speed moves the initial gap filling
further into the nip, Figure 8. 250 images of air/water interface were averaged
whereupon the obtained average image was thresholded (making the image
black and white) whereupon the location of gap filling position (intersection
between black and white) could be measured.

10mm

Floc separated from
the suspension rodFibre network plug

Floc introduction
tube

5 mm

Grid pattern Fibre floc

(a) (b)

Figure 9. Fibre flocs in the headbox and in the dewatering zone. a) The

suspension stream is split up into separate flocs by the accelerating flow in the

headbox nozzle contraction. Volumetric flow rate was 350 l/min. b) A floc

inside the forming zone, top view at 0 m/min speed difference between suspen-

sion and wire (calculated from T/R and the Bernoulli equation). A grid (10

× 10mm) on the inner surface of the forming roll makes it possible to follow

relative movements between floc and wire/roll.
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When the suspension leaves the floc introduction tube it is as a more or less
homogeneous stream. It is subjected to the acceleration flow in the headbox
contraction, causing it to rupture, separating fibre flocs, see Figure 9. This sep-
aration is necessary to simplify floc visualisation in the forming zone. When
the floc enters the forming zone it is observed from above (Figure 9 ). A grid
has been installed on the inner side of the forming roll surface, making it pos-
sible to follow every relative motion between fibre floc and wire/forming roll
throughout the forming zone. The arrows of the grid mark the direction of flow.

3.2 Roll forming pressure

In Figure 10, the effect of three different wire+web permeability levels upon
the dewatering pressure can be seen.
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Conventional wire, fibre suspension
Conventional wire, water

Suction pulse, 
Conventional wire, water

T/R = 7.0 kPa

200 300 400 500 600

Figure 10. The effect of different wire+fibre mat permeabilities upon the pres-

sure development. Jet speed 477 m/min, wire speed 422 m/min (Jet speed 484

m/min and wire speed 431 m/min for conventional wire and fibres).

All the water is removed in the forming zone when a conventional wire is used,
but some water is retained if the permeability of the wire/fibre mat system
is lowered, i.e. when adding fibre suspension instead of pure water or using
a semi-permeable wire. A lower permeability results in a more oscillating de-
watering pressure. Lower wire tension and higher jet speed have also been
found to promote oscillations. Holm (2002) made a theoretical analysis of the
oscillating phenomena of the wire, concluding that an increased jet speed and
lowered wire tension increase the frequency of the oscillations.



12

When the wire leaves the forming roll, a distinct suction pulse occurs. For a
conventional wire, with complete dewatering before the suction pulse, a double
negative pressure peak is observed, see Figure 10. This double peak behaviour
has not been observed when water is still retained between wire and forming
roll (partial dewatering) at the separation position. According to Hergert and
Sandford (1984) the double peak is created be the removal of two wires from
the forming roll, i.e. in twin wire forming. The phenomenon observed in Figure

10 is however present with only one wire.

3.3 Blade forming pressure

When a blade is forced against the outer wire of the forming unit, the pressure
will be somewhat different in comparison to the pressure event during roll
forming, Figure 11.

-10

0

10

20

-150 -50 50 150 250

180 N/m
360 N/m

Blade Load 

Blade

0

Figure 11. The effect of two different blade forces (180 and 360 N/m) upon

the pressure event in blade forming. Jet speed was 413 m/min, wire speed 420

m/min and wire tension 1.08 kN/m. Wire of non permeable type. xroll = 0
here defined from the front end of the blade.

A higher blade force creates a higher pressure peak, which can give an in-
creased improvement of floc break-down. The pressure event after the blade
shows oscillating effects, which will not be discussed further in this paper.
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4 Conclusions

The fibre suspension is inserted as a suspension stream at the beginning of
the headbox contraction. When subjected to the accelerated flow of the con-
traction, individual flocs are separated, thus moving in a more separate manner.
The headbox nozzle was modified to give a more constant acceleration profile
than a linear contraction with parrots beaks, thus avoiding the floc rupture
due to heavy acceleration near the headbox outlet.

The rough surface of the jet leaving the headbox might contribute to air
entrapment inside the forming zone of a roll former. This air give rise to poor
visual recordings due to the very low light permeability of the air/water inter-
face. The air entrapment could be reduced by changing running parameters.

The gap filling position is moved further into the forming zone (hence in-
creased wire deflection) by;

• Increased jet speed

• Decreased wire tension

The pressure event can be recorded by a flush mounted membrane type pressure
sensor, mounted at the forming roll surface. The permeability, for mentioning
one process parameter, is important for the shape of the pressure pulse. A
lower permeability increases the pressure oscillations. The former is designed
to study either roll or blade forming.
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Floc behaviour during roll forming
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Department of Fibre and Polymer Technology

The Royal Institute of Technology, 100 44 Stockholm, Sweden.

Abstract

The effects of different running-, fibre- and suspension parameters upon the flow
mechanics of paper pulp suspensions in the forming zone of a one-sided roll former, the
KTH-former, has been studied through visualisations with a high speed video system.
For making the results applicable and contributing to understanding of the suspension
flow during forming, the fibre suspension was subjected to the same treatment as in
industrial applications. In other words the suspension passed a headbox, jet and
finally entered a forming zone. The suspension consisted of pulp fibres, because other
kinds of fibres have somewhat different behaviour in flow fields.

The initial dewatering mechanism for flocculated flow in the forming zone can be
summarized as:

• Flocs entering the forming zone move towards the wire due to the dewatering
flow.

• The flocs are pinned to the wire, due to the dewatering flow past and through
them.

• This pinning enhances momentum transfer from the bulk flow to the floc struc-
ture. Such momentum transfer manifests itself in a resulting shear force, thus
making the flocs elongate and eventually rupture.

Floc elongation and breaking fraction were found to increase with:

• Increasing absolute value of mix-to-wire speed difference (i.e. the speed differ-
ence between the suspension and the wire inside the forming zone).

• Decreasing suspension concentration

• Decreasing wire tension, which increase immobilisation time and thus increase
the elongation.

1
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A hardwood pulp (short fibres) was compared with a softwood pulp (long fibres), and
it was found that floc elongation and breaking fraction were lower for the softwood
flocs, which is in agreement with literature reports that softwood flocs are stronger.

The force transfer to the flocs was higher for a conventional wire compared to a
non-permeable one, since in the latter case there was no pinning action to enhance
the force transfer process.

1 Introduction

A number of studies in the area of fibre flocculation can be found in the lit-
erature. This research field contains many aspects; study of flow mechanisms,
network strength measurement, the effect of chemical additives etc. In the
fifties Mason (1954) studied the motion of single flexible wood fibres exposed
to a shear field in an apparatus of Couette type. He also studied how fibre
flocs formed due to collision and adhesion processes (Mason, 1950).

Forgacs, Robertson and Mason (1958) investigated various aspects of the
hydrodynamic behaviour of pulp fibres. They e.g. evaluated the fibre net-
work strength by measuring the maximum length a vertical rod of suspension
which could resist its own weight in water. They concluded that the breaking
length, hence network strength, was influenced by degree of beating, suspen-
sion concentration etc. Thalén and Wahren (1964) saw a similar effect of fibre
concentration, using an elasto-viscometer for measuring the shear strength of
pulp suspensions.

Different techniques have been utilized to study the flow of pulp suspen-
sion. Nerelius, Norman and Wahren (1972) described an optical light reflection
probe suitable for measuring the flocculation tendency of pulp suspensions up
to a concentration of about 1.2%. The results were presented as wavelength
power spectra, giving the floc size distribution. Polymer induced flocculation
kinetics were studied by Wågberg (1985) with a measurement system based
on frequency analysis of a reflected laser light signal. The relative change in
flocculation in different floc size ranges was evaluated (absolute calibration was
not possible).

Beghello et al. (1996) designed a method based on a digital camera where
two dimensional light reflection pictures of the flowing fibre suspension were ob-
tained. From the images the mean flocculation scale was evaluated for different
fibre and paper chemistry parameters.

Besides being sheared apart, fibre aggregates can rupture in elongational
flow. Kerekes (1983) studied the effect of floc elongation in the entry flow into
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constrictions. He concluded that elongational flow is very effective in inducing
geometrical changes of flocs. An unbleached kraft pulp at 0.5% concentration
could however withstand rupture well. Kerekes and Schell (1995) demonstrated
the influence of fibre slenderness upon the flocculation behaviour of a pulp sus-
pension. A short fibre suspension is usually more uniform and contains less
stable flocs than a long fibre pulp. The long fibre pulp contains flocs that to a
greater extent keep their integrity. One reason is that flocs made out of long
fibres are more entangled and therefore stronger. This higher network strength
for the softwood pulp was also observed by Duffy and Titchener (1975). Kerekes
and Schell (1992) observed that pulps consisting of long fibres (softwood) con-
tributed to a more flocculated suspension. Instead of using concentration as
a measure of the suspension, they used a parameter called crowding factor,
which is a number that describes how many fibres that are situated inside a
sphere having a diameter equal to the fibre length.

Svensson and Österberg (1965) showed that an increased jet-to-wire speed
difference in Fourdrinier forming gave rise to a higher anisotropy as well as
better formation. This has also been observed in twin wire forming by Nord-
ström and Norman (1994) who also pointed out the positive effect of a large
headbox nozzle contraction. Nordström (1995) showed that the mix-to-wire
speed difference during twin-wire roll forming affected the formation, tensile
stiffness etc. of the finished sheet.

This paper is based on visual studies of flocculation/deflocculation mech-
anisms in the forming zone of a roll former. The original forming unit, the
KTH-former, was designed, assembled and started up as MSc thesis works by
Fransson (1998) and Johansson (1999). Further developments of the forming
system was described by Bergström et al. (Paper 7). Holm (2002), modelled
the pressure event in that roll former geometry.

2 Experimental

2.1 The model former

The KTH-former includes headbox, forming zone and dewatering tray system,
Figure 1. The transparent forming roll (perspex) allows visual observations
of the flow mechanisms in the forming zone. For details see Bergström et al.

(Paper 7). There the effect of different running parameters upon dewatering
pressure, starting position of the forming zone, oscillating pressure phenomena
etc. was demonstrated.

The pulp suspension used, unless otherwise stated, was a long fibre frac-
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tion of an unbeaten bleached softwood pulp from MoDo (mean fibre length
2.7 mm). The pulp was dyed with Diresul Black (S.A. Cardoner, Spain) to
make it possible to observe the fibres better against the wire background. A
fractionated unbeaten short fibre pulp was used for comparison, with a mean
fibre length of 1.0 mm, dyed with Diresul black.

 Forming 
zo

ne

Dewatering tray

1

3F

2

Dewatering tray

Figure 1. Schematic view of the model former containing headbox (1 ), form-

ing zone (2 ) and dewatering tray system (3 ).

2.2 Optical system and its working principles

Web forming in an industrial roll former is extremely fast and finished within
the order of 50 milliseconds. It is therefore crucial that the optical recording
system is fast enough. A high speed video camera, Redlake Imaging HR1000,
and a pulsed laser, Oxford Lasers HSI1000, with recording rates up to 1000
Hz met the requirements. The length of the individual laser pulses can be set
from 1 to 80 µs, normally between 20 and 40 µs, depending on machine speed
and requirement of light intensity. The normal recording rate was 500 Hz, the
necessary rate to catch these events. At this rate, the flocs move about 13 mm
between each image at a forming speed of 400 m/min.

Because the objective was to follow a separate floc and study its flow mech-
anisms, it was necessary to record it along the entire forming zone. The optical
system was therefore arranged to follow a single floc along the passage of the
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forming zone, using a mirror co-rotating with the roll, and angled 45 degrees
to the roll axis, Bergström et al. (Paper 7). The camera then records the same
area on the roll surface at all times.

3 Results and discussion

The jet thickness during the current investigation of floc behaviour in roll
forming, was approximately 9 mm and a double layered conventional wire was
used, not otherwise specified. The nominal dewatering pressure is not reached
with a conventional wire and water, due to the fast drainage, Bergström et al.
(Paper 7). The wire speed is calculated according to the Bernoulli equation,
using the nominal dewatering pressure and assuming zero mix-to-wire speed
difference during forming. Due to complex flow phenomena inside the forming
zone, the mix speed could then only be approximately evaluated. Therefore,
jet-to-wire speed difference will be used as parameter, instead of the physically
more relevant mix-to-wire speed difference. For certain running conditions (jet-
to-wire speed difference, wire tension etc.), there is dead-end dewatering, i.e.
when the mix has the same speed as the wire.

The dyed flocs fed through the introduction tube are slightly darker than
the surrounding and with an initial suspension concentration of 1% before
entrance into the headbox is used, if nothing else is mentioned. After leaving
the introduction tube, the suspension breaks into single flocs or clusters of
a few flocs. This break-up and the fact that the pipe wall surrounding the
flocs is removed contribute to an expansion of the flocs, thus lowering the
concentration. Within 10 to 40 mm, the flocs expand in local diameter in the
order of 25%. After this first expansion they become more stable.

Between the entrance and the exit of the forming zone the floc is subjected
to shear forces that have the ability, if large enough, to change the geometry of
the floc or even break it apart. Figure 2 shows a fibre floc inside the forming
zone. The initial jet speed was 447 m/min and the wire speed was 488 m/min
giving a jet-to-wire speed difference of 59 m/min. The fine-squared pattern in
the background of Figure 2 is the wire. The black lines (two vertical and two
horisontal) in the images originate from a grid (10 × 10 mm in size) placed onto
the glass plate inside the forming roll (see Figure 2, named Grid), to simplify
keeping track of floc dimensions and floc movement relative to the wire.
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1mm 1mm

Grid

1) 2)

Figure 2. A floc before, (1 ), and after (2 ) elongation. Between pictures:

4 ms and wire movement 26 mm. d is floc width. Jet speed 447 m/min, wire

speed 488 m/min and wire tension 2.27 kN/m (T/R = 7.0 kPa). Nominal

mix-to-wire speed difference -100 m/min. Long fibre pulp, 1%. Conventional

wire.

Figure 2:1 shows a floc just entering the forming zone having a width d1.
4 ms (or a wire movement of 26 mm) later, in Figure 2:2, the same floc has
changed its width, to d2, where d2 > d1. Some stretching of this fibrous net-
work has occurred. Analysing the film, the sequence reveals that some parts
of the floc remain attached to a certain spot on the wire, while other parts of
the floc are moving. The right side part of the floc follows the wire while the
left part has a relative speed difference and thus appears to be moving slower
compared to the wire. This relative movement causes the observed elongation.
Notice that it seems like the floc is flowing from right to left, while the actual
direction of suspension flow and rotation direction of the roll is from left to
right. This is because the wire has a higher speed compared to the mix.

Since water is flowing through the wire, the flocs are moving towards the
wire (Figure 3a) whereupon the lower parts become attached to the wire, while
the upper parts are subjected to the bulk flow, with resulting elongation, Figure

3b. The force, which pins the floc to the wire, can be assumed to be dependent
on the water flow speed past and through the floc and the wire. When the fibre
mat forms on the wire, the permeability decreases, thus lowering the dewatering
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flow speed, which probably contributes to a lower floc pinning force at later
dewatering phases. The phenomena studied in this work concerns these initial
forming mechanisms.

Low shear

High shear

~5 mm

Figure 3. Schematics for single floc (for the case where the mix-to-wire speed

is positive). a) The floc is initially carried towards the wire when the dewater-

ing starts. b) Due to water flow past and through the floc, it is pressed against

the wire. A speed difference between wire and mix makes the upper and lower

part of the floc move at different speeds, thus elongating it. c) As the dewa-

tering continues, the entire floc eventually become flattened and immobilised.

d) If the shear is sufficiently high, parts of the initial floc can be torn away.

e) When this system is dewatered the result is two (or more) daughter flocs

instead of the initial one.

If the shear rate is low the floc will only be extended, Figure 3c. If the shear
rate, on the other hand, is high, the floc might rupture into two or several
daughter flocs, see Figure 3d, e. Kao and Mason (1975) concluded that an
elongational flow is more effective than a shear flow regarding floc break-up.
This was however related to ”free” flocs.

In earlier unit operations, which the fibre suspension has been subjected
to during its way from tree to paper product, there is usually a boundary
layer between the flowing fibre floc and the solid apparatus walls. There is
then usually a ”slip” between the suspension and the wall, which limits the
shear force transfer. In conclusion: the pinning mechanism seems to be a
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very effective way of promoting floc rupture, i.e. making shear force transfer
effective.

A non-permeable wire has been used in some experiments, to avoid dewa-
tering forces. By running the non-permeable wire with same jet-to-wire speed
difference as with the permeable wire it seemed that the rupture fraction was
low and only small geometrical changes of the flocs could be detected inside the
forming zone. Further, using a non-permeable wire gave rise to pressure oscil-
lations with more variable flow conditions, Bergström et al. (Paper 7), which
in turn could cause speed oscillations, hence accelerations. The floc ruptures
occurring seemed to be caused by acceleration. Because the acceleration gives
a speed difference between the front and back of the floc, the size of the floc
is believed to be important, i.e. a bigger floc is subjected to a higher speed
difference and thereby an higher elongational ratio which makes larger flocs to
rupture more easily. Of course the size also affects the force transfer and floc
stability.

A slight floc erosion (fibre ablation) as described by Wagle, Lee and Brod-
key (1987), could be observed. The probable reason is the speed differences
between floc and fluid especially where the flow accelerates. This speed dif-
ference might cause rupture if high enough but only fibre erosion if below a
certain level. Observe that flocs moving by themselves are weaker than flocs
travelling together in a network system, because single moving fibre aggregates
are not stabilised by surrounding structures, Björkman (1999).

To study the mechanisms shown in Figure 3, the jet-to-wire (hence also
the less well defined mix-to-wire) speed difference of the roll former has been
changed and the course of events visually observed. The resulting mix-to-wire
speed difference is the important parameter when it comes to floc elongation
and break-up.

The floc elongation ε, is defined as ε = (d1 − d0)/d0, where d0 is the initial
width of the floc and d1 is the width after stretching. The floc breaking fraction
B is the proportion of flocs broken during a trial.

The evaluation of floc width is difficult to perform using automatic methods
due to the difficulty of defining floc boundaries, optical disturbances and the
somewhat limited resolution of the high speed video equipment. The elonga-
tion results are obtained by visually estimating the floc width before and after
elongation. The human eye is good at detecting gradient changes in gray-level
of complex image. Because it is a subjective method, several people have been
asked to evaluate floc sizes from the images. Further a semi-automatic method
has also been used to measure the elongation. This method is based on thresh-
olding an image and thus fitting an ellipse to the particle (the floc) obtained
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in the image. Using a 95% confidence interval of a t-distribution the different
people and methods would give a shift of elongation level of ±0.09. This is for
most measurement points below the effect of suspension heterogeneity. Notice
that it is not the absolute level of elongation that is important but the trends.

In Figure 4 the floc elongation ε, and in Figure 5 the breaking fraction B
are presented. as a function of jet-to-wire speed difference, where wire speed
has been varied. The bars in the elongation and breaking fraction diagrams
represent a t-distribution of the measured values, with 90% confidence interval.
The t-distribution is more suitable compared to using the standard deviation
when the number of experimental data is somewhat limited.
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Figure 4. Floc elongation ε, as a function of jet-to-wire speed difference vdiff .

Jet speed 447 m/min, Pnom 7.0 kPa and suspension concentration 1% before

headbox dilution. Long fibre pulp and conventional wire.

The rather large scatter in the experiments is mainly caused by the inherent
heterogeneity of the fibre suspension. At certain running conditions the floc
break-up was extensive, giving a low number of flocs that could be examined
for elongation only, thus increasing the uncertainty in ε-value. The experimen-
tally determined location of zero mix-to-wire speed difference is at about 117
m/min jet-to-wire speed difference (the jet is faster than the wire), which is
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marked with a circle in Figure 4. Theoretically calculating from nominal pres-
sure, the jet-to-wire speed difference should be 59 m/min for zero mix-to-wire
speed difference.

According to Figure 4 a change of jet-to-wire speed difference around the
dead-end dewatering point (vdiff equal to 117 m/min) increases floc elonga-
tion. The elongation seems to reach an equilibrium at a positive mix-to-wire
speed difference of about 50 m/min (jet-to-wire speed difference of 160 m/min),
calculated from the minimum shear point. Outside of this range the elonga-
tion levels off. For negative speed differences, the elongation is a bit higher,
i.e. the elongation for negative and positive speed difference is not perfectly
symmetrical.

Assuming that the direction of the fibres inside a floc is initially more or
less isotropically distributed, an elongation would cause an increased fibre align-
ment in the machine direction, thus increasing the anisotropy of the finished
sheet.
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Figure 5. Floc breaking fraction, B, expressed as a function of the jet-to-wire

speed difference, vdiff . Data as in Figure 4.

In Figure 5 the breaking fraction, B, is shown as a function of jet-to-wire
speed difference. Increasing the speed difference further, from where the elon-
gation has levelled out, the increased shear ratio is high enough to break some
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flocs. For high speed differences, nearly all flocs are broken. The effect of the
nominal pressures, Pnom, has been studied since it affects the dewatering rate,
and hence the time taken for removing sufficiently much water to immobilise
the flocs, as well as the decceleration of the jet.

The pinning force for all the different nominal pressure trials is sufficient to
keep the floc fixed to the wire without wall slip (in very few cases it occurred
that a fibre floc was torn away from the wire, but not frequently enough to
make it important). Increased nominal dewatering pressure decreases the de-
watering time, contributing to faster fibre floc immobilization, as well as higher
mix decceleration, thus reducing the floc elongation towards zero. The faster
immobilisation reduces elongation and breaking ratio, Figures 6a and b.

Another important parameter affecting the flocculation of a fibre suspen-
sion is the concentration, because a higher concentration gives denser flocs,
which can resist elongation more extensively. There is a substantial drop in
floc elongation (Figure 7a) and breaking fraction (Figure 7b), going from a
fibre concentration of 0.5% to 1%. This drop confirms the formation problems
at higher concentrations in industrial practice.
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Figure 6. a) Influence of nominal pressure, T/R, on floc elongation ε.
b ) The effect of different nominal pressures upon floc breaking fraction B.

Concentration of the introduced pulp suspension 1%, jet speed 447 m/min, and

zero nominal mix-to-wire speed difference.
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Figure 7. a) The floc elongation as a function of fibre suspension concentra-

tion. b) The floc breaking fraction as a function of suspension concentration.

Jet speed 447 m/min, jet-to wire speed difference of 59 m/min and a Pnom 7.0

kPa.

In Table 1 a hardwood pulp has been compared to a softwood pulp regard-
ing elongation and breaking fraction.

Table 1. Elongation and break-up data for a pulp with long and short fibres

respectively. Concentration of the introduced pulp suspension 1%. Data

according to figure 7

ε breaking fraction [%]
Hardwood (short fibres) 1.04±0.06 33

Softwood (long fibres) 0.46±0.15 0

The hardwood pulp, a suspension with short fibres in comparison with soft-
wood has a greater elongation and breaking fraction, which is due to the weaker
flocs.

4 Conclusions

The flow behaviour of fibre flocs in the forming zone of a roll former has been
studied. For this purpose a fibre suspension consisting of pulp fibres has been
used, because most model fibres differ from those in rheological behaviour.

The flocs have been found to be pinned to the wire during dewatering by
the water flowing past and through the flocs and eventually through the wire.



13

If a speed difference between suspension and wire exists, the bulk flow can
cause a shearing action and thus elongate or even rupture a floc pinned to the
wire.

The ability of transferring shear forces to the fibre flocs is of paramount im-
portance. In the conventional wire case, such force transfer is effective because
the lower part of the floc is pinned to the wire. If a non-permeable wire is used
this force transfer is less effective, because the floc are not pinned to the wire.
The effect of different running parameters has been studied. It was found that
the floc elongation/rupture increases with the absolute value of mix-to-wire
speed difference. Above a certain speed difference the elongation levels off, but
the breaking fraction increases further. A change in nominal dewatering pres-
sure affects the dewatering time and, thus, the time a pinned floc is subjected
to the bulk flow before it is completely immobilised. An increase in nominal
pressure decreases the elongation and the breaking fraction of the fibre flocs.

An increase in fibre suspension concentration decreases the elongation and
breaking fraction, because it increases the network strength, which is a well
known fact. A hardwood pulp (short fibres) was compared with a softwood
pulp (long fibres), and it was found, in agreement with literature reports, that
the softwood floc are stronger than the hardwood flocs. The effect is that the
elongation and breaking fraction is higher for the hardwood flocs.
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Ulf Björkman, Krister Åkesson, Greger Asplund and Huawei Yan is thanked
for rewarding discussions regarding fibre flocculation, forming etc.

List of parameters

ε = strain
B = breaking fraction
c = concentration
d = width
P = pressure
R = roll radius
T = wire tension
v = velocity
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Subscript
diff = difference
nom = nominal
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