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Abstract
At the division of  Paper Technology a forming unit consisting of  headbox, forming roll 
unit and reservoir system for suspension recirculation has been constructed, with the main 
purpose to experimentally study the paper forming event by visually following the fibre flow 
phenomena in the forming zone.
 The effect of  various running parameters upon the pressure distribution, which is in 
correlation to the flow phenomena occuring during forming, has been studied with a flush 
mounted pressure sensor. Some combinations of  running parameters resulted in highly 
oscillating pressure pulses, which were evaluated by their wavelength.
 The visualisation was made with a high-speed video camera and a pulsed laser light source. 
The forming zone was observed via a mirror mounted on the forming roll, thus following a 
specific small area of  the forming zone. This made it possible to follow floc motions relative to 
the forming roll/wire. The flocs were found to move towards the wire due to the dewatering 
flow wereupon the bottom part of  the floc was pinned to the wire. If  the suspension speed is 
different from the wire speed the floc will be stretched out, because the upper part of  the floc 
has a slightly different speed in comparison to the bottom part. If  this speed difference is high 
enough, the flocs may split and thus contribute to fragmentation.
 The floc-floc interaction has been studied in a Couette apparatus. It has been observed 
that voids in the suspension play a central role for the floc break-up process. The reason is 
belived to be that voids induce movement inside the suspension, which is a prerequisite for 
floc break-up. The floc-floc relative movements have been found to obey simple laws of  rack-
and-pinion principles.





Sammanfattning
Vid avdelningen för Pappersteknik har en formningsenhet bestående av en inloppslåda, 
en formningsvals samt ett vattentankssystem tillverkats med huvudmål att möjliggöra ex-
perimentella undersökningar av ett pappers formningsförlopp. Både analys av de viktiga 
körparametrarna såsom avvattningstryck samt visuella studier av strömningsförloppet har 
utförts.
 Effekten av olika körparametrars påverkan på avvattningstrycket har studerats, eftersom 
tryckförloppet i formningszonen påverkar strömningsförhållandena. Tryckmätningarna 
har utförts med en membrantryckgivare, vilken har monterats i formningsvalsens yta. Vissa 
körbetingelser visade sig orsaka oscillationer i tryckfördelningen, vilka analyserades genom 
våglängdsmätningar hos tryckvariationen.
 Visualiseringssytemet bestod av en höghastighetskamera samt en pulsad laser som bely-
sningsenhet. Formningszonen observerades via en spegel som var monterad på formnings-
valsens bakstycke, vilket medförde att en specifik del av formningsvalsen studerades. Detta 
möjliggjorde att en fiberflock kunde följas samt dess relativa hastighet gentemot formningsvi-
ran studeras genom hela formningszonen. Fiberflockarna befanns röra sig mot formningsvi-
ran på grund av avvattningsflödet, varefter den nedre delen av flocken låstes mot viran. Om 
hastighetsskillnaden mellan suspension (bulk) och vira är hög kan flocken brytas upp vilket 
leder till fragmentering.
 Flock-flock-interaktioner har studerats med hjälp av en Couette-apparat. Det visade sig att 
håligheter i suspensionen spelade en central roll för flockuppbrytningen. Orsaken tros vara 
att håligheter tillåter intern rörlighet i en suspension, vilket är nödvändigt för flockuppbryt-
ning. Den relativa rörelsen mellan flockar följer kugghjul-kuggstångsprincipen.





List of  Papers

Paper I  The KTH-former, a twin-wire model former; design 
and evaluation methods 

  Bergström, R., Åkesson, K. and Norman, B., 

Paper II Flow mechanisms during roll forming
  Bergström, R. and Norman, B., 

Paper III Floc interaction behaviour under shear
  Bergström, R. and Björkman, U.

Connected publication

Floc behaviour in twin-wire forming
Bergström, R., Åkesson, K. and Norman, B.
89th PAPTAC Annual meeting, Montreal, Canada, 2003





Table of  contents

Background 1

Fibre flocculation studies - measurement techniques 1

Discoveries in general paper pulp research suspension research 1
 Flocculation and fibre/floc behaviour 1
 Stresses in pulp fibre suspensions  2
 Modelling of  pulp fibre suspensions 2
Models and experiments in the forming unit 3
The purpose of  the present study 4

The KTH-former 6
 Headbox 6
 Dewatering zone 7
 Reservoir system 9
 Optical system and its working principles 9

Couette apparatus 11

Results and Discussion 12
 Forming zone conditions - entrance zone 12
 Floc behaviour in the forming zone of  a roll former 13
 Flocs under shear 19

Conclusions 26

Future work 27

Acknowledgements 28

References 29

Paper I 37
Paper II 57
Paper III      73





1

Background

Fibre flocculation studies - measurement techniques
Different measurement techniques have been applied to characterise fibre suspensions. 
There are mechanical methods when e.g. the strength of  a suspension is to be measured. 
When, on the other hand the flow characteristics are analysed, different visualisation and 
analytical probe methods has been used. Nerelius et al (1972) used a probe designed for 
flocculation measurements, which could be inserted into the flowing suspension and recorded 
the reflected light intensity, where a higher concentration (more fibres) reflects more light 
compared to a suspension with lower concentration. 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. 
 Also correlations between pulp velocity and concentration have experimentally been 
studied. Ek (1979) used combined laser doppler anemometry (LDA) and light reflection 
measurement techniques for measuring the local velocity and concentration 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, thus making it a powerful 
measurement tool. Ordinary reflective light methods can not reach into the interior of  a 
suspension at papermaking concentrations, because of  high levels of  secondary scattering. 
 Ringnér and Rasmuson (2000) presented a method based on x-ray tomography, 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. 

Discoveries in general paper pulp suspension research

Flocculation and fibre/floc behaviour
There are many parameters that affect the flocculation behaviour of  a fibre suspension. 
Erspamer (1940) studied the effect of  fibre parameters, chemical environment etc. on 
the flocculation of  a paper pulp suspension. To understand the flocculation/suspension 
behaviour, the motion of  fibres in a suspension became a field of  research. Rigid fibres rotate 
in a spherical/elliptical manner while flexible wood fibres rotate in a more complicated way. 
Mason (1950) discussed rigid fibre interaction in shear fields. As the concentration increases 
the fibres come closer together and thus increase the chance of  collision and interaction. 
Arlov et al (1958), described the difference between rigid and flexible fibres in single fibre 
motion. Kao and Mason (1975) showed the difference between influence of  extensional 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, 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 simultaneous acting mechanisms, 
a descrete caused by splitting and a continous caused by floc surface phenomena, and also 
discussed their rheological implications. Lee and Brodkey (1987) studied the behaviour of  
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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, fragmentation, 
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 mechanism 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. Kerekes and Schell (1992) 
described a parameter called crowding factor, which is defined as the number of  fibres located 
inside a spherical volume with a diameter equal to the fibre length. This measure was shown 
to describe the flocculation degree of  a suspension as a function of  both fibre concentration 
and slenderness. Kerekes and Schell (1995) demonstrated that e.g. an increased fibre length 
increases the size of  the fibre flocs, which also was observed by Beghello and Eklund (1997). 
They furthermore came to the conclusion that a lowered fibre aspect ratio gave more well 
dispersed suspensions, i.e. consisting of  smaller fibre flocs.   
 The behaviour of  flocculated suspensions is of  interest beyond the paper industry. For 
example, Blaser (1999) studied the flocculation of  colloidal particles (ferric hydroxide) in 
shear and straining flows. Brenner and Mucha (2001) discussed that particles moving in a 
viscous fluid interact, because each particle drags a portion of  fluid with it, which drags other 
particles along it.

Stresses in pulp fibre suspensions
Forgacs et al (1958), measured the stress a suspension could withstand by measuring the 
length of  a vertical suspension rod in water, before it broke by its own boyed weight. They 
also described that there are three different flow regimes when fibre suspensions are pumped 
through a pipe, viz. at low flow velocities plug flow, at intermediate velocities a mixed flow 
regime and at high flow velocities turbulent flow. Duffy and Titchener (1975) analysed the 
stress by three different methods, viz. visualisation of  the plug disruption, from velocity profile 
measurements and quasi statically. If  the energy input is increased far beyond the yield point 
the suspension can be fludized, which was observed by e.g. Gullichsen and Härkönen (1981) 
and Bennington and Kerekes (1996). At the point of  fluidization the suspension is starting to 
behave as a fluid. 
 To evaluate strength of  fibre networks, various yield stresses have been measured. The 
yield stress measures shown in the litterature for similar pulps might differ greatly between 
different researchers. This may be due to the heterogeneity in fibre suspensions as well as 
the effect of  different measurment apparatus design upon the stress obtained. 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.

Modelling of  pulp 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 he made several experiments regarding flow 
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phenomena in pulp suspensions. Much work remains in the area of  modelling though. Duffy 
(2000) implies that new models of  the fibre suspensions are needed because fibre suspensions 
can not be described as pseudoplastic, shear thinning or Bingham plastic, as has been done 
hitherto.

Models and experiments in the forming unit
The forming unit in twin wire forming can be divided into two separate parts, the headbox and 
the dewatering section. The main objective with the headbox is to transform the suspension 
flowing inside a circular pipe into a flat, thin sheet with even fibre distribution which calmly 
(but at a high speed) should be distributed to the dewatering section. The suspension leaving 
the headbox should have optimal flocculation characteristics. The product quality is not only 
due to the design of  the paper machine but also to e.g. paper chemsitry which has grown to 
be an important field. The chemical view on suspensions is however not going to be delt with 
in this thesis. 
 Extensive research activities regarding the forming unit has been carried out. Trufitt 
(1975) analyzed how the CD-manifold flow distributor to the headbox should be designed. 
He discussed three different cross-sectional configurations, viz. circular, rectangular and 
segmental cross-sections. 
 The suspension is flowing via the distributor into a step diffusor, with the function to even 
out the flow in cross-machine direction. Further it is assumed to induce turbulence in the 
suspension, which breaks flocs apart and results in giving a more even suspension. The last point 
however seems dobious beacause of  the rapid re-flocculation at papermaking concentrations. 
Finally the flow enters the contracting nozzle and flows through the nozzle outlet out of  the 
headbox, which makes the flow to accelerate. This acceleration tends to orient the fibres and 
further make the fibre flocs elongate or even break. Moss and Bryant (1938) photographed 
a very dilute suspension passing through a slice opening, thus showing the orientation effect. 
Furthermore they investigated separate fibre flocs, and concluded that they were stretched 
or even broken apart. Kerekes (1983) studied the accelerated flow when a long-fibred pulp 
suspension entered a constriction, and showed the same elongational effect but at a higher 
concentration and not just with single fibres or separate flocs. He also demonstrated, though, 
that the flocs could withstand extensive elongations. Ullmar (1998) showed the orienting 
effect of  the accelerated (nozzle) flow on nylon fibres at low concentration. Asplund, G. and 
Norman B. (2003) demonstrated that the fibre distribution (for rigid nylon fibres) was more 
isotropic in a boundary layer. He also showed that the turbulence occuring (or wake effect) 
after nozzle vanes locally reduced fibre orientation.
 Mardon et al (1966) reviewed free surface flows during papermaking, and showed that 
disturbances could arise at the free surface of  a jet, due to e.g. instabilities in the headbox 
flow. Söderberg and Alfredsson (2000) studied jets leaving the headbox and described four 
possible origins of  streaky jet structures; vortex stretching, centrifugal instability, boundary 
layer transition and wave instability. The streakiness of  the jet may result in formation defects 
of  the finished sheet.
 Shands (1991) suggested that there might be disturbances at the free surface after the 
jet has impinged on the wire. These disturbances (spouts) may be due to the flow direction 
change after impingment, which creates a centripetal acceleration field that causes the wavy 
structures of  the free surface to occur. Audenis (1999) modelled the jet impinging on the 
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dewatering wire and studied e.g. the effect of  impingement angle on the flow field inside 
the fluid. Jet impingement has also been modeled by Dalpke et al (2002), through a two-
dimensional viscous model that included the build up of  a fibre mat. 
 Two main principles are utilized in twin wire forming, viz. roll forming and blade forming. 
Webster (1962) designed one of  the first twin wire formers of  practical use, the roll former. 
The dewatering pressure is conventionally approximated as constant, T/R, where T is the 
wire tension and R is the forming roll radius. The development towards today’s formers has 
been summarized by Norman (1979), Malashenko and Karlsson (2000) and Norman and 
Söderberg (2001). Combinations of  the two principles can be used, in so-called roll-blade 
formers. 
 In the present work roll forming dynamics is studied. Nordström and Norman (1995) 
described the different characteristics of  roll and roll-blade forming. The roll-blade former 
gave better large-scale formation (3-30mm), while the roll former gave better small-scale 
formation (0.3-3mm), retention and Z-thoughness.
 The pressure inside the forming zone, both in roll and blade forming units, influences 
the forming scenario, i.e. the flow phenomena occuring during forming of  paper. Therefore 
several researchers has tried to model and experimentally measure for example, the pressure 
pulse and the dewatering rate. Hergert and Sanford (1984) installed a pressure transducer on 
the surface of  the forming roll and measured the pressure along the forming zone. Sims (1986) 
presented the pressure measured in the forming zone for a number of  different formers, and 
ranked the formers according to formation characteristics, fibre retention etc. Zahrai et al 
(1998) presented a physical model that estimated the web thickness for twin wire formers. 
Martinez (1998) modelled the dewatering rate in twin-wire roll formers and showed the 
pressure development, experimentally, in the roll forming zone of  a roll-blade former. The 
pressure scenario inside the forming zone was also measured and modeled by Holm (2002). 
Gooding et al (2001) measured the dewatering rate around a forming roll. He concluded 
that there were two separate dewatering mechanisms, one momentum-driven and one wire 
tension-driven. The first dewatering event is driven by the momentum of  the impinging jet 
and the second dewatering event is driven by the wire tension generated pressure.  
 When the suspension dewaters, it is quite common, with a velocity difference between mix 
and wire. Finger and Majewski (1940) studied the effect of  wire shake of  a Fourdrinier machine 
upon the fibre orientation anisotropy. They noticed that a velocity difference between fibre 
suspension and forming fabric caused the anisotropy to change accordingly. Svensson and 
Österberg [1965] showed that a increased jet-to-wire speed difference in Fourdrinier forming 
gave rise to a higher anisotropy. This has also been observed by Nordström and Norman 
[1994]. Nordström and Norman [1995] showed that the mix-to-wire speed difference during 
twin-wire roll forming affected the formation, tensile stiffness etc. of  the finished sheet. 
The blade dewatering event has been modelled by e.g. Zahrai and Bark (1995), Zhao and 
Kerekes (1995), Green and Kerekes (1998), Roshanzamir et al (1998) and Holmqvist (2002). 
The models obtained have different degree of  complexity, based on assumptions such as one- 
or two-dimensional flow fields and infinitely thin blade or finite blade width. 

The purpose of the present study
There have been, as shown above, extensive efforts to understand how the actual forming 
takes place, i.e. which the governing parameters for the forming of  paper really are. Normally 
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we want to measure and model the dewatering and pressure event to be able to understand 
how the flowing fibre suspension behaves. However there are no visual studies presented of  
the actual behaviour of  fibre suspension during high speed twin wire forming. The main 
objective with this work is to describe the roll forming event based on visual studies, i.e. how 
the flocs interact with wire and moving suspension. This would describe the flow mechanics 
of  pulp fibre suspensions while dewatering occurs.
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The KTH-former
A model former, the KTH-former, and a high speed video equipment are utilized 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.

F
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Reservoir
1m3

Reservoir
1m3

Reservoir
0.5 m3

1

4

6

3

5

Reservoir
0.5 m3

Forming zo
ne

Dewatering tray

Dewatering tray

2

Drain

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 and 6. extra reservoir system for smaller pump.

Headbox
The headbox in Figure 2 consists of  a height distributor, a step diffuser tube package and 
a contracting nozzle with a parrot’s 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 feeds only 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. 
 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 
conditions. 
 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 parrot’s beaks. The beaks smoothen the jet surface 
and allow the jet thickness to be varied. Maximum running speed was 900 m/min.
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Figure 2.   The original headbox design with a linear nozzle contraction. Discharge opening 0-14 
mm. Measures in mm. 1. Height distributor, 2. step diffuser package, 3. nozzle, 4. 
parrot’s beaks, 5. separate, lower distributor compartment and 6. fibre floc introduction 
tube.

     
 The linear contraction design with a sudden contraction at the outlet in Figure 2 causes 
experimental difficulties since the high acceleration at the nozzle outlet tends to break the 
fibre flocs into small fragments. A more constant acceleration in the nozzle gives more stable 
fibre flocs, Figure 3. This was achieved by mounting two curved blocs inside the nozzle.
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3

1
2

5

2 2

3

Figure 3. Nozzle contraction design for nearly constant acceleration.

 The parrot’s beaks were retained to give a smooth jet surface, with just ~1 mm protruding 
into the flow.

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.
 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 fixed 
recording the roll surface pressure (Entran EPX-N1, range 0-70 kPa). The diameter of  the 
membrane (3.81 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.
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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 and 5. 

Pressure sensor.

 Figure 5 shows schematically the complete structure of  the dewatering equipment.
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Figure 5. The dewatering part of  the model former:
 1. Driven Perspex forming roll, 2. Driven breast roll with wire tension measurement system, 

3. Wrapping angle adjustment roll, 4. Wire tensioning roll and 5. Lever arm with applied 
force
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 The roll forming unit is also equiped with a tensioning roll. The wire tension is adjusted 
by weights and a lever arm. 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. A water handling system collected the 
deatering flows for re-circulation.
 The forming unit can be equiped with three alternative forming double layered wires, a 
conventional (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 level could be studied, thus simulating different degree of  fibre mat build-up. 

Reservoir system
The reservoir system consists of  open tanks, 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 assure 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. 

Optical system and its working principles
To observe the dewatering zone two different techniques can be 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 6b. The void 
between plate and roll is filled with water, which “heals” the scratched Perspex surface making 
it optically smooth. The 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. The 
image analysis software NIH (National Institue of  Health, http://rsb.info.nih.gov/nih-image/) 
converted the images from the high speed video system and was further used for image 
evaluation.
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         (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.
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Couette apparatus
A Couette apparatus constructed by Björkman (1999) was utilized to study fibre suspension 
behaviour, Figure 7. The cylinder height is 400 mm and the cup and bob diameters are 140 
and 100 mm respectively, giving a gap width of  20 mm. The bottom of  the cup is connected 
directly to a lower AC motor axis and the bob to an upper AC motor, Figure 7a.  These 
computerized motors can be run from 0 to ±4000 rpm. They are controlled by a Macintosh 
IIx computer with a data-acqusition card (National Instruments) and a software, LabVIEW 3.0 
(also National Instruments). The bottom end of  the Couette apparatus is of  cone-and-plate 
viscometer type, with cone height equal to the gap width, i.e. 20 mm.

Cup

Bob

Upper
motor

Lower
motor

                          

Ωb

Ωc

  (a)                     (b)        (c)

Figure 7.  a) Photograph of  the Couette apparatus. b) Schematic view of  the transient shear field 
during the experiments c) The Couette instrument in three-dimensional rendering.

 The experiments where carried out at three velocities, 25, 50 and 75 rpm with cup and 
bob counter-rotating at equal speeds. A certain acceleration was imposed upon the cylinders 
to produce a shear field of  the type schematically shown in Figure 7b. The acceleration of  
the bob and cup was 0.033 m/s2 and 0.046 m/s2 respectively, resulting in an increase of  
rotational speed of  25 rpm in 4s, both for cup and bob. Observe that the higher tangential 
speed for the cup is for suppressing secondary flows like Taylor vortices. 
 The main reason for the observed shear field is assumed to be the velocity difference 
between the bottom wall of  the cup and the upper suspension surface (approximately 400 
mm above the cup bottom). This shear creates the torsional motion in the network, which is 
schematically illustrated by the full line in Figure 7c.
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Results and discussion

Forming zone conditions - entrance 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 8 shows an example of  trapped air between the outer wire and 
the forming roll, top view. This air entrapment could be reduced by adjusting the running 
conditions. Extensive air entrapment gives poor visual recordings since refraction phenomena 
at the rough air-water interface makes visual observations difficult.

Air/water interface Wire pattern

Gap filling position

10 mm

Flow Direction

Figure 8.   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. Downstream of  a rather sharp line to the left the gap >is filled with 
water, here marked with a broken line (some trapped air follows into the nip).

 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 initial gap filling position x 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 9. 
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Figure 9.    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.

 The paper forming event is further affected by other running parameters, e.g. permeability 
of  the wire/fibre mat system, jet-to-wire speed difference and blade force (if  blade forming 
is utilized).

Floc behaviour in the forming zone of a roll former
The jet thickness during the current investigation of  floc behaviour in roll forming, was 
approximately 9 mm and the 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, 
see Figure 10. The wire speed is calculated according to the Bernoulli equation, using nominal 
dewatering pressure and assuming zero mix-to-wire speed difference during dewatering. Notice 
that the wire speed is then somewhat lower compared to the jet speed, due to the deccelration 
of  the suspension caused by the increased pressure when the jet enters the forming zone.  
 When studying the initial phase of  dewatering and thus the part of  the suspension most close 
to the wire, the pressure has not climbed to its nominal value. 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 pulp suspension used was a long fibre fraction 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 also used for comparison (mean fibre length 1.0 
mm, dyed with Diresul black).
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 The dyed flocs fed through the introduction tube are slightly darker than the surrounding. 
The initial suspension concentration of  1 % before entrance into the headbox is used. 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. 
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Figure 10.  Typical pressure pulses for a conventional permeable wire. Jet speed 381 m/min. xroll=0 
at the pressure sensor trigger position.

 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 11 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 11 is the wire. The black lines (two vertical 
and two horizontal) in the images originate from a grid (10 * 10 mm in size) placed onto the 
glass plate inside the forming roll (see Figure 11, named Grid), to simplify keeping track of  floc 
dimensions and floc movement relative to the wire.  
 Figure 11:1 shows a floc just entering the forming zone having a width d1. 4 ms (or a wire 
movement of  26 mm) later, in Figure 11:2, the same floc has changed its width, to d2, where d2 
> d1. Some stretching of  this fibrous network 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.
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Figure 11.   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.

 Since water is flowing through the wire, the flocs are moving towards the wire (Figure 12a) 
whereupon the lower parts become attached to the wire, while the upper parts are subjected to 
the bulk flow, with resulting elongation, Figure 12b. 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 
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.
If  the shear rate is low the floc will only be extended, Figure 12c. If  the shear rate, on the other 
hand, is high, the floc might rupture into two or several daughter flocs, see Figure 12d, 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 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 dewatering forces. By 
running the non-permeable wire with same jet-to-wire speed difference as with the permeable 
wire it seemed that the rupture proportion 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 oscillations with more variable flow conditions, Paper I in this thesis, 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 
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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 Brodkey (1987), could 
be observed. The probable reason is the speed differences between floc and fluid especially 
where the flow accelerates. This speed difference 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). 

Low shear

High shear

(a) (b)

(c)

(d) (e)

~5 mm

Figure 12.   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 dewatering 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 dewatering 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.

 To study the mechanisms shown in Figure 12, 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 proportion B is the proportion of  flocs broken 
during a trial. In Figure 13 the floc elongation ε, and in Figure 14 the breaking proportion B are 
presented as a function of  jet-to-wire speed difference, where wire speed has been varied.
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Figure 13.  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 bars in the ε-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 examined for elongation only, thus increasing the uncertainty 
in ε-value. 
 The experimentally 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 marked 
with a circle in Figure 13. According to Figure 13 a change of  jet-to-wire speed difference 
around the dead-end dewatering point (vdiff equal to 117 m/min) increases floc elongation. 
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 elongation 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 alignment in the machine direction, 
thus increasing the anisotropy of  the finished sheet.
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Figure 14.  Floc breaking proportion, B, expressed as a function of  the jet-to-wire speed difference, 
vdiff. Data as in Figure 13.

 In Figure 14 the breaking proportion, 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. 
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Figure 15.  a) Influence of  nominal pressure, T/R, on floc elongation ε.
  b) The effect of  different nominal pressures upon floc breaking proportion B.
   Concentration of  the introduced pulp suspension 1 %, jet speed 447 m/min, and zero 

nominal mix-to-wire speed difference.

 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 deceleration of  the jet.
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 The pinning force for all the different nominal pressure trials is sufficient to keep the flocs 
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 dewatering time, contributing to faster fibre floc immobilization, as 
well as higher mix decceleration, thus reducing the floc elongation towards zero. The faster 
immobilisation reduces the elongation and the breaking ratio, Figures 15a and b. 
 Another important parameter affecting the flocculation of  a fibre suspension is the 
concentration, because a higher concentration gives denser flocs, which can resist elongation 
more extensively.
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Figure 16. a) The floc elongation as a function of  fibre suspension concentration.
  b) The floc breaking proportion 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 16a) and breaking proportion (Figure 
16b), going from a fibre concentration of  0.5 % to 1 %. This drop confirms the formation 
problems at higher concentrations in industrial practice. 
 In Table 1 a hardwood pulp has been compared to a softwood pulp regarding elongation 
and breaking proportion.

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 16.

ε Breaking proportion [%]

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 softwood has a greater 
elongation and breaking proportion, which is due to the weaker flocs.

Flocs under shear
Two main types of  deflocculation mechanisms can be observed in shear fields;
• floc break-up (splitting, Björkman (1999))
• floc surface erosion (sizing, Björkman (1999))
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 The first deflocculation mechanism means that the fibre flocs are split in two or few 
daughter flocs. The second mechanism means that fibres are torn away from floc surface, 
as described by Wagle, Lee and Brodkey (1987). Björkman (1987) observed that network 
splitting resulted in rheopexy (or anti-thixotropy) and floc shrinkage in thixotropy. For a 
network system consisting of  pulp fibres the floc splitting dominates at low shear rates. 
 At low shear rates the energy input is not sufficient for extensive individual fibre motion. 
Fibre erosion increases with shear rate but the floc break-up mechanism, continues to be 
important and an interaction between the two mechanisms seems to exist. At lower shear 
rates the fibre flocs move together (and interact) by stabilising each other. 
 At high shear rates, not only the direct action of  the erosion (fibre ablation) becomes 
important for the floc size. A second phenomenon is also crucial, viz. when fibres are torn 
away from the floc surface to the liquid phase between the flocs. The free-setting allows the 
fibres to interact and stick to other floc surfaces (fibre aggregation) and thus contribute to 
floc growth. Since the eroding forces causes both ablation and aggregation, a competition 
between the floc size growth and floc size reduction can be expected, which balances at 
average floc size.
 The accelerated bob and cup motions thus cause a transient torsional velocity field which 
locally correspond 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 17. This velocity 
gradient corresponds to a transfer of  momentum upwards in the gap. Due to the suspension 
heterogeneity, i.e. that the concentration varies throughout the suspension, the strength etc. 
of  the network will vary concomitantly. The relationship between fibre concentration and 
network strength has been investigated, by e.g. Forgacs, Robertson and Mason (1958) and 
Thalén and Wahren (1964). 
 Weak areas of  the network can be expected to play an important role for the floc break-
up, but also the presence of  network voids (low concentration regions). The function of  
these voids, seems to be to permit relative movements in the network (network deformations) 
necessary for a floc break up. With different parts of  the flocs sterically locked-in, no relative 
motion can take place and break-up therefore cannot occur.
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Figure 17.  The principal break-up mechanism in a shear field at relatively low shear rates. 

 When in Figure 17 momentum is transferred upwards by the tangential shearing, flocs in 
the lower part of  the suspension are pressed towards a compression barrier (grey arrow), i.e. along 
the direction of  greatest compression. A low-concentration area (grey region), void, marked 
A1 exerts lower resistance to motion than the surrounding flocs, and therefore favours motion 
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in that direction. A compression barrier is here defined as a “surface” towards compression 
occurs. A single void is, however, normally not sufficient to initiate floc rupture since one low 
concentration region usually does not allow sufficient relative motion between separate part 
of  the floc (the black floc) to result in rupture. A second void, AA, enhance the possibility of  
relative motions and together with the opposing region, A1, might result in a rupture line more 
or less perpendicular to the compression line. As a result of  the rupture both area A1 and area 
AA become compressed to the smaller areas A2 and AB, Figure 17. 
 Normally, break-up was observed to start some distance from the bottom of  the Couette-
apparatus. Dyed flocs were introduced approximately 50 mm above the bottom. About 50% 
of  these flocs were found to rupture. This indicates that at these low fibre concentrations 
(0.5%) and the low shear rates, the flocs “on average” did not have sufficient strength to 
resist splitting. It also seems plausible that the relative motion, and hence the magnitude and 
distribution of  the voids play an important role. It was observed that not all of  the dyed flocs 
were ruptured, which may be a result of  experimental difficulties to place the floc exactly 
where the shearing action was located. 
 A floc (black in Figure 17) will during the splitting process normally perform a rotation. The 
surface fibres of  a floc (at least at low shear rates) are in direct contact with the surface fibres 
of  surrounding flocs. In long-fibered pulp suspensions the surface fibres may even reach into 
the interior of  the neighbouring flocs. Even if  such fibre/floc contacts are transient, the floc 
surfaces thereby get a considerable more efficient roughness with increased concentration. 
The surface roughness of  the fibre flocs promotes floc rotation.
 The mechanical analogy model in Figure 18a & b offers an easy explanation of  the rupture 
mechanism in form of  a rack-and-pinion system. The velocity difference between the lower 
and higher rack results in forces on the flocs (flocs here called F1 and F2). 
 If  the flocs are non-interlocked, both flocs have the possibility to move, i.e. the cogwheels 
can rotate, Figure 18a. This rotation may cause the network to split (rupture), in two different 
directions (horizontally, A, and vertically, B).  The horizontal splitting region is located 
between the lower part of  the suspension and the bottom parts of  the flocs, named A in 
Figure 18a. The other splitting region, B, is in vertical direction, which in actual systems 
corresponds to when the floc surfaces because of  floc rotation are rubbed against each other. 
It should also be emphasized that the tangential velocities between the flocs are in opposite 
directions in region B.
 The kinematics of  this system resembles somewhat the modules used by Björkman (1999) 
to model flocculated fibre flow.
 If  the flocs, F1 and F2, in Figure 18b are interlocked, i.e. the cogs of  the flocs are in grip, 
rotation is prohibited. As a result the network cannot split and this in addition allows higher 
momentum transfer from the lower part of  the suspension to the upper part.
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Figure 18.  Mechanical analogy model for network rupturing and fracture mechanics.
   a)  The flocs, F1 and F2, are non-interlocked. Rotation therefore allow two zones of  

rupture, A and B.
   b)  F1 and F2, are sterically interlocked. Rotation is prohibited, which results in a stable 

network.

 The deformation opportunities is essential for the floc break-up at lower shear rates. It can 
be imagined that the length, drupture, of  the more stable floc (black in Figure 19a) relative to 
the lengths, d1 and d2, of  the low concentration regions play an important role whether or not 
the floc will rupture. Figure 19b presents a photograph of  a suspension with fibres (lighter 
regions) and voids (outlined darker areas).
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Figure 19. An important geometric factor for floc rupture at low shear can be assumed to be the size of  
the low concentration region (void size) relative to the rupture length. 

 a) Schematic. 
 b)  Photograph of  suspended fibres at concentration of  0.5 % by weight. Darker void 

regions outlined.

 It might be argued that the areas of  low concentration are more important than the 
diameter of  the voids. Consider for example, two different low concentration regions of  the 
same size differing only in geometry. The region of  greatest length in the direction of  the 
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rupture line is reasonably more efficient in promoting deformation. Therefore for ruptured 
flocs, the rupture length, drupture, is plotted against the total size of  the voids, dvoid = d1 + 
d2, Figure 20. The result indicates that a minimum of  available space must exist to form a 
rupture of  a certain length. If  the floc size is below this critical minimum value it can be 
broken up. As floc size increases the necessary free space, dvoid, increases according to the 
broken line in Figure 20. As long as the floc size falls below this line (the shaded region) it will 
have a chance to rupture.
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Figure 20. The size of  the floc region drupture vs. the size of  the void regime dvoid = d1 + d2 for 
ruptured flocs.

 Figure 21 shows the length of  the ruptures, drupture, versus the dimensionless number 
drupture/dvoid, called the mobility factor. The mobility factor expresses the space at disposal for floc 
deformation. 
 The broken line in Figure 21 represents the theoretical minimum mobility demand, 
which corresponds to the maximum floc size that could be ruptured at a certain size of  
the low concentration regions. It is located at a mobility factor drupture/dvoid of  1.0. I.e. to 
separate a floc of  diameter D, into two separate entities, each of  size D, voids of  total size D 
is required. 
 The experimental minimum mobility demand is slightly lower than the theoretical, which 
can be expected in the non-ideal fibre suspensions. That voids are normally not fully filled-
out, means a higher motion demand than in the ideal case. Flocs below this experimental line 
(grey area) will in most cases have enough space for rupture. 
 The experimental results furthermore indicate that the floc size does not influence the 
minimum mobility demand, i.e. increase in floc size demands an equal increase of  the size of  
the voids. The minimum mobility demand is possibly influenced by the same variables as the 
network strength, e.g. concentration and fibre properties, because a higher network strength 
usually result in a lower mobility. 



24 25

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14 16 18 20

d rupture
dvoid

Theoretical minimum
mobility demand

Experimental minimum
mobility demand

drupture [mm]

Figure 21.   The mobility factor, drupture/dvoid, as a function of  rupture length drupture. 

 The studied floc interaction phenomenon may also have bearings on other phenomena 
discussed in the literature. For example, the so-called self-healing effect has been described 
to take place when fibres are starting to build up on the paper making wire. Some areas of  
the wire then obtain lower fibre concentration and as a result a higher permeability. This 
higher permeability is believed to increase the flow velocity through the wire compared to 
surrounding areas with lower permeability, and therefore induce a flow towards this region 
which in turn drags the fibres in that direction. The result would be a paper with better 
formation. Wrist (1961) suggested that the dewatering on a Fourdrinier wire was to some 
extent self-healing, in the meaning that formation (evenness) is somewhat enhanced compared 
to a so-called random paper sheet. To check this assumption Haglund, Norman and Wahren 
(1974) compared the wavelength spectra for random and well formed laboratory sheets. They 
found that the random sheets were more uneven than the laboratory sheets in the small-scale 
range, i.e. some evening-out effect had occurred in the laboratory formed paper. In the large 
scale range, above 10 mm wavelength, a laboratory sheet is more uneven than the random 
sheet, indicating some degree of  flocculation, Norman (1995).
 Regarding long-fibered suspensions flocculation plays an important role. If  the shear forces 
are not high enough individual fibre motion will be small and the above described explanation 
not applicable. Some kind of  “healing effect” can, however, also be expected to act on floc-
level. It is less likely that flocs (consisting typically of  some hundreds to thousands of  fibres) 
at least if  they are composed of  long fibres, will follow the fluid flow to a low permeability 
area due to an increased flow velocity towards these regions. Two facts speaks in favour of  
this view, viz. that the inertia of  a floc  is larger than for a single fibre. Single fibres will easier 
follow the local flow than flocs. The other fact is that the fibre flocs are not moving freely in a 
suspension, under technical relevant conditions. They are always surrounded by about similar 
neighbouring flocs, opposing their motion. There is, however, some resemblance between the 
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explanation for the single fibre case and the flocculated suspension case, since in both cases 
the fibres might be driven towards the high permeable areas giving better formation, but for 
different reasons. The higher permeability regions can also be viewed as regions of  lower 
concentration, i.e. voids in the above used terminology, and thus, as  also described above, act 
as an important mobility factor. It seems more energetically favourable (exclusion principle, 
described by Björkman (1999)) for the flocs surrounding this region to move towards this 
region compared to pushing its neighbouring flocs, i.e. the flocs block eachothers path of  
motion. This effect is here called floc blocking. At normal papermaking concentrations the 
void driven mechanism (floc blocking) may be more important than the permeability driven 
mechanism (self-healing).
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Conclusions
The rough surface of  the jet leaving the headbox might contribute to air entrapment inside 
the forming zone of  a one-sided roll former. This air gives rise to poor visual recordings due 
to the very low light permeability of  the air/water interface. The air entrapment, which could 
effect paper formation, could be reduced by changing running parameters.
 The pressure build-up is moved further into the forming zone (hence increased wire 
deflection) by;

• Increased jet speed
• Decreased wire tension

 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. If  a velocity 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 force to the fibre flocs is of  paramount importance. In 
the permeable 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, force transfer is less effective, because the 
floc are not pinned to the wire.
 It was found that floc elongation/rupture increases with the absolute value of  suspension-
to-wire speed difference. Above a certain velocity difference the elongation levels off, but the 
breaking proportion increases further. This elongation is believed to contribute to increasing 
the fibre orientation anisotropy of  the paper produced. A change in nominal dewatering 
pressure 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 thus decreases the 
elongation and the breaking proportion of  the fibre flocs.
 An increase in fibre suspension concentration decreases the elongation and breaking 
proportion, 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 floc consisting of  softwood fibres are stronger than 
hardwood flocs, and show a lower degree of  elongation and breaking proportion. 
 Two mechanisms for deflocculating a suspension containing fibre flocs in shear field have 
been observed; floc break-up (splitting) and fibre erosion. The erosion mechanism seems 
to increase in importance with increasing shear rate, but under normal conditions both 
mechanisms interact. Due to re-flocculation (both in the splitting and erosion region) an 
equilibrium floc size is believed to exist for every shear rate. Voids in the vicinity of  a floc 
appears to be important for floc/network rupture at low shear rates. These voids are more 
easily compressed than the flocs and therefore facilitates floc deformation. Deformation is 
necessary for floc splitting. The splitting mechanism has been found to obey “rack-and-
pinion” principles. 
 Larger flocs require larger voids, because the relative motion demand increases with 
increasing floc size. It seems, however, that the minimum mobility factor, drupture/dvoid, is 
fairly independent of  the floc size. A possible reason for this is that an increased floc size 
requires a corresponding increase in size of  the low concentration area.
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Future work
The flocculated suspension behaviour in the early stage of  a forming zone of  a roll former 
has been investigated with respect to certain running and fibre parameters in this thesis. The 
effect of  decreasing permeability caused by fibre mat build up (or with a semi permeable wire) 
is important for knowledge also about the later dewatering stages. Further investigations of  
the single fibre behaviour inside the flocs during forming would be usful when considering e.g. 
the anisotropy effects created during forming.
 Investigations regarding the effect of  the chemical environment would be important, due 
to the increased usage of  different paper chemicals.
 There are still large knowledge-gaps when it comes to fundamental understanding of  
fibre suspensions, e.g. in the area of  floc deformation and floc-floc interaction mechanisms at 
different stress levels. This area should also be investigated with regard to paper chemicals.
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