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Abstract

This thesis deals with fibre orientation in wall-bounded shear flows. The pri-
mary application in mind is papermaking. The study is mainly experimental,
but is complemented with theoretical considerations.

The main part of the thesis concerns the orientation of slowly settling
fibres in a wall-bounded viscous shear flow. This is a flow case not dealt with
previously even at small Reynolds numbers. Experiments were conducted using
dilute suspensions with fibres having aspect ratios of rp ≈ 7 and 30. It is found
that the wall effect on the orientation is small for distances from the wall where
the fibre centre is located farther than half a fibre length from the wall. Far
from the wall most fibres were oriented close to the flow direction. Closer to
the wall than half a fibre length the orientation distribution first shifted to be
more isotropic and in the very proximity of the wall the fibres were oriented
close to perpendicular to the flow direction, nearly aligned with the vorticity
axis. This was most evident for the shorter fibres with rp ≈ 7.

Due to the density difference between the fibres and the fluid there is an
increased concentration near the wall. Still, a physical mechanism is required
in order for a fibre initially oriented close to the flow direction at about half a
fibre length from the wall to change its orientation to aligned with the vorticity
axis once it has settled down to the wall. A slender body approach is used
in order to estimate the effect of wall reflection and repeated wall contacts on
the fibre rotation. It is found that the both a wall reflection, due to settling
towards the wall, and contact between the fibre end and the wall are expected
to rotate the fibre closer to the vorticity axis. A qualitative agreement with
the experimental results is found in a numerical study based on the theoretical
estimation.

In addition an experimental study on fibre orientation in the boundary
layers of a headbox is reported. The orientation distribution in planes parallel
to the wall is studied. The distribution is found to be more anisotropic closer
to the wall, i.e. the fibres tend to be oriented closer to the flow direction near
the wall. This trend is observed sufficiently far upstream in the headbox.
Farther downstream no significant change in the orientation distribution could
be detected for different distances from the wall.

Descriptors: fluid mechanics, fibre orientation, shear flow, wall effect, fibre
suspension, papermaking
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Preface

This doctoral thesis in mechanics deals with near wall fibre orientation in flow-
ing suspensions. The primary application in mind is manufacturing of paper,
where a fibre suspension flows along solid surfaces in the early stage of the pro-
cess. The thesis is divided into two parts. Part I provides a brief introduction
to papermaking as well as an overview of relevant work performed in the area
of fibre orientation. Part II consists of five papers that, for consistency, have
been adjusted to the format of the thesis.

February 2009, Stockholm

Allan Carlsson
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Overview and summary





CHAPTER 1

Introduction

This thesis focuses on near wall orientation of fibres in flowing suspensions.
Flowing fibre suspensions are present in various applications. The primary
application in mind for this work is paper production. The study is mainly
experimental in nature, but is also complemented with theoretical considera-
tions. Below a brief background is given to the process of papermaking and the
relevance of fibre orientation. The primary sources for the text in this chapter
is Fellers & Norman (1998) and Gavelin (1990).

1.1. Paper manufacturing

The ability to produce paper has its origin in China, where paper was man-
ufactured roughly 2000 years ago. Originally all paper sheets were made by
hand in a slow process, whereas today there are machines that produce more
than 600,000 tons/year. Although paper as a product has been around for sev-
eral centuries, many of the physical mechanisms present in the manufacturing
process are not well understood. Thus, the prospects of improving the process
are still promising.

Paper consists of a network of fibres, where the most commonly used fibres
in manufacturing are cellulose fibres from wood. To produce paper the first
step is to extract fibres from wood to produce pulp. This is done in a pulping
process and can be done in several ways. How the pulp is prepared depends
on the desired properties of the final paper. The fibre suspension, that enters
the initial part of the paper machine called a headbox, consists of a mixture of
water and cellulose fibres. The mass fraction of fibres are usually less than 1%
and the suspension can also contain some fine material, so called fillers such as
clay or chalk and chemical additives.

The main assignment of the headbox is to transform a pipe flow, with a
diameter of about 800 mm, to a uniform free jet around 10 mm thick and up
to 10 m wide. The jet leaving the headbox impinges on one or two permeable
bands called wires. The headbox, jet and initial drainage of water through
the wires are often referred to as the forming section of the paper machine. A
schematic of the forming section is shown in figure 1.1. The forming section is
followed by large machinery consisting of a press section and a drying section.
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2 1. INTRODUCTION

The primary aim of the press and drying section is to remove the remainder of
water from the suspension to generate the thin network of fibres called paper.

Figure 1.1. Schematic of a forming section of a paper machine.

1.2. Fibre orientation

A parameter of relevance for the final properties of a paper sheet is the fibre
orientation. The fibres in the final product are to a large extent oriented in
the machine direction. This leads to a stronger tensile strength in the machine
direction, than in the cross direction. However, the desired orientation distri-
bution varies with the type of paper produced. Generally it is not desired that
the orientation distribution changes over the plane of the paper sheet or over
the thickness of the paper. When a fibre dries it changes its dimension and
shrinks more radially than axially. This leads to internal stresses in the paper
that result in deformations and undesired properties of the paper. For instance,
if there is a variation in orientation distribution over the thickness of the paper
this can make the paper curl or twist which can lead to problems such as paper
jams in copy machines and printers. There are also other issues where the fibre
orientation is of significance. In a recent overview Odell & Pakarinen (2001)
made a more thorough overview on fibre orientation related defects on different
scales and their effect on the paper sheet.

The orientation distribution of the final paper sheet is determined in the
forming section of the paper. Shortly after the free jet impinges on the wire,
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water is drained and the fibre concentration of the suspension is rapidly in-
creased. Quickly, the fibres form a network and as a result they cannot alter
their orientation in relation to each other. In order to be able to control the
fibre orientation in the final paper sheet it is therefore essential to understand
how the fibres interact with the fluid and surroundings in this early part of the
paper machine.

As stated earlier the study of near wall fibre orientation in shear flows is
the main theme of this thesis. In a headbox nozzle, which may be described as
a planar convergent channel, there are often a set of thin flexible flow dividers
implemented. The flow dividers will here be referred to as lamellas. A reason for
implementing lamellas is that such devices can reduce large scale fluctuations
in the flow, which could lead to an uneven mass distribution of fibres in the final
paper sheet, i.e. a poor formation. At the interface between the suspension and
the solid surfaces of the lamellas the velocity of the fluid is zero. This leads
to a formation of thin layers of shear along the surfaces of the lamellas, where
the velocity rapidly increases with the distance to the solid surface. The fluid
mechanical term for these layers of shear is boundary layers. The boundary
layer thickness, i.e. the thickness of the sheared region of fluid, in the headbox
is of the order of 1 mm. Recall that the thickness of the jet leaving the headbox
is about 10 mm and due to the lamellas there can be several boundary layers
in the headbox. Therefore, the lamellas may have a significant impact on the
orientation distribution of fibres leaving the headbox in the outgoing jet and
also on the orientation distribution in the final paper.

This work mainly deals with a different parameter regime than that op-
erated at in a paper machine. Experiments have been performed in a viscous
wall-bounded shear flow, where the inertial effects are expected to be consider-
ably smaller than in the boundary layers of a headbox. This has been done in
order to develop an experimental methodology to measure the orientation and
velocity of fibres in flowing suspensions. Also, this is a flow case which is still
not fully understood even when inertial effects are absent.
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CHAPTER 2

Fibre orientation in flowing suspensions

In this chapter an introduction is given to the field of fibre suspension flows.
Extensive work has been performed in this and related areas. Particular em-
phasis is given to the motion of fibres in shear flows.

2.1. Fluid motion

The motion of an incompressible Newtonian fluid is described by Navier-Stokes
equations

∂u

∂t
+ (u · ∇)u = −1

ρ
∇p+ ν∇2u + f (2.1)

∇ · u = 0, (2.2)

where u is the fluid velocity, t is the time, p is the pressure and f is a body force
term. The fluid properties, density and kinematic viscosity, is denoted by ρ and
ν, respectively. In order to get an indication of the characteristics of a flow a
non-dimensional number, referred to as the Reynolds number Re = UL/ν,
is often introduced. The parameters U and L correspond to a characteristic
velocity and length scale, respectively, for the particular flow. For steady flows
where the inertial effects are negligible as compared to effects of viscosity, i.e.

Re << 1, equation (2.1) is reduced to

1

ρ
∇p = ν∇2u + f . (2.3)

Flows that are described by equation (2.3) are generally called Stokes flows or
creeping flows. It is worth noticing that equation (2.3) is linear. This implies
that Stokes flows have a couple of specific features worth mentioning:

• Stokes flows are reversible. If p, u form a solution to equation (2.3) then
−p, −u is a also solution, provided that the motion of all boundaries
and the body force term are reversed.

• It is possible to apply the principle of linear superposition and superim-
pose flows that satisfy equation (2.3).

These features are not shared with Navier-Stokes equations since the non-linear
term (u · ∇)u in equation (2.1) does not change sign with u.

5



6 2. FIBRE ORIENTATION IN FLOWING SUSPENSIONS

2.2. Fibre suspension flows

We will now consider flows where fibres, i.e. rod-like particles, are suspended in
a fluid. Although extensive work have been done in the field of fibre suspension
flows there are still issues that remain to be solved. This is the case even
for fundamental flows such as sedimentation of fibre suspensions, e.g. Koch &
Shaqfeh (1989), Mackaplow & Shaqfeh (1998) and Herzhaft & Guazzelli (1999).
The origin to the difficulties is partly that the motion of a fibre is orientation
dependent. A sedimenting fibre, which is oriented obliquely to gravity, will for
instance have a non-zero velocity component in the direction perpendicular to
gravity. Another factor contributing to the complexity of fibre suspensions,
is that the velocity disturbance of the fluid due to the presence of a fibre
decays slowly. Unless the suspension is very dilute, this results in long-range
hydrodynamical interactions between multiple fibres.

The main interest here is the fibre motion and orientation in wall-bounded
shear flows. It was mentioned in the preceding chapter that the properties of a
manufactured paper depends on the fibre orientation. Knowledge about fibre
orientation in flowing suspensions is also crucial in order to understand the
bulk flow of the suspension. The Navier-Stokes equations mentioned above are
only valid for Newtonian fluids where the shear stress of the fluid is linearly
proportional to the rate-of-strain. When fibres or other particles are suspended
in a fluid this relation is in general not true, for the mixture as a whole, even
though the fluid phase is Newtonian. The study of non-Newtonian fluids is
termed rheology. The coupling between the fibre orientation and the rheological
properties of the suspension will not be considered in this study. There are a
number of reviews on the rheology of fibre suspensions, e.g. Powell (1991),
Zirnsak, Hur & Boger (1994) and Petrie (1999).

Another restriction in this work is that the effect of Brownian diffusion is
considered to be negligible. Brownian motion is particularly significant for sus-
pensions with very small particles. It is convenient to introduce a rotary Péclet
number Pe = G/Dr to to determine whether Brownian motion is significant
or not, see for instance Brenner (1974). In the expression G is a characteristic
rate-of-strain or shear rate of the fluid and Dr is a rotary diffusivity coefficient
dependent on the temperature, viscosity and particle parameters. For the flow
conditions in a headbox Pe >> 1 and Brownian diffusion is negligible.

2.2.1. Unbounded shear flows

Jeffery (1922) derived the governing equations of motion for an isolated ellip-
soid, with a surface defined by x′2/a2 + y′2/b2 + z′2/c2 = 1, suspended in a
linear flow field. It was assumed that all inertial effects are negligible, that the
particle is non-sedimenting and that the fluid is Newtonian. The situation for
a shear flow given by u = γ̇yex, where γ̇ is the shear rate is illustrated in figure
2.1. For the case when b = c, i.e. a spheroid, the equations for the rotation
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rate are

φ̇ = − γ̇

r2e + 1
(r2e sin2 φ+ cos2 φ) (2.4)

θ̇ =
(r2e − 1

r2e + 1

) γ̇

4
sin 2φ sin 2θ, (2.5)

where re = a/b is the ellipsoidal aspect ratio, θ is the polar angle between the
vorticity axis z and the major axis of the spheroid x′ and φ is the dihedral angle
between the xz-plane and the x′z-plane. In the remainder of this text, when re-
ferring to the orientation of a spheroid or another elongated particle, the major
axis is implied. Equations (2.4) and (2.5) are valid for both prolate spheroids
(re > 1) and oblate spheroids (re < 1), but since the main focus of this study
concerns fibres only the motion of prolate spheroids will be considered.

Figure 2.1. Coordinate system for elongated particle sus-
pended in a shear flow.

From the equations it is clear that φ̇ and θ̇ are both linearly dependent on
γ̇. The rotation is periodic with a period given by

T =
2π

γ̇

(r2e + 1

re

)

. (2.6)



8 2. FIBRE ORIENTATION IN FLOWING SUSPENSIONS

Equations (2.4) and (2.5) can be integrated with respect to time, which gives
that

cotφ = −re cot
(2πt

T
+ φ0

)

(2.7)

tan θ =
Cre

(r2e sin2 φ+ cos2 φ)1/2
, (2.8)

where C is the orbit constant and φ0 is the phase angle, both determined by
the initial conditions. It is worth noticing that φ is independent of C. During
rotation the end points of the spheroid form closed orbits in space. These are
usually referred to as Jeffery orbits. A number of possible orbits, illustrated in
the xy-plane, are shown in figure 2.2, for re = 40. The position of the fibre end
point is normalized with the fibre length l.

Figure 2.2. Different Jeffery orbits formed by the end points
of a rotating spheroid with re = 40.

The fibre will spend most of its time nearly aligned with the xz-plane.
With regular intervals of T/2 the spheroid rapidly flips around the vorticity
axis. As C → ∞ the spheroid will be oriented in the xy-plane as it undergoes
this flipping motion. For C = O(1/re) the spheroid still flips, although the
angle to the xy-plane is never large during any phase of the orbit. For C = 0
the spheroid spins around its own major axis aligned with the vorticity axis,
with a constant angular velocity γ̇/2.

Bretherton (1962) extended Jeffery’s analysis to be valid for almost any
body of revolution, with a fore-aft symmetry. As a result equations (2.4–
2.8) are valid also for fibres of cylindrical shape, provided that an equivalent
ellipsoidal axis ratio is found.
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A fibre rotating according to Jeffery’s equations will stay in the same orbit,
defined by C, for an infinite time. In his study Jeffery also computed the aver-
age rate of dissipation of energy during the periodic motion. It was suggested
that after a sufficiently long time a spheroid should tend to adopt the value
of C that results in the minimum average dissipation of energy. For prolate
spheroids this value was found to be C = 0.

In an attempt to verify Jeffery’s minimum energy hypothesis Taylor (1923)
was the first to conduct an experimental study on spheroids, in a flow between
two concentric cylinders. The spheroids were observed to exhibit the flipping
motion found by Jeffery, but no quantitative measurements were done to ana-
lyze the orbits. Nevertheless, prolate spheroids with re < 3 finally aligned with
the axis of vorticity as suggested by Jeffery.

In a similar study on a similar experimental setup, Binder (1939) studied
the rotation of cylindrical particles with varying aspect ratios rp = l/d, where
l is the length of the particle and d is the diamater. For particles with an
aspect ratio less than rp ≈ 15 the particles reached a final state corresponding
to C = 0. However, for longer particles steady orbits of large C were observed,
thus clearly not consistent with Jeffery’s minimum energy hypothesis. Binder
suggested that inertial effects in the experiments could be one reason for the
discrepancy.

Trevelyan & Mason (1951) were first to experimentally verify Jeffery’s solu-
tion quantitatively. Their experiments were performed in a Couette apparatus
using cylindrical particles with rp ranging from 20 to 120. An equivalent aspect
ratio was determined by measuring the period of rotation and extract re from
(2.6).

Later the equations of Jeffery have been verified experimentally in several
studies, e.g. Goldsmith & Mason (1962), Anczurowski & Mason (1968), Stover
& Cohen (1990). In the study by Goldsmith & Mason the experiments were
conducted in a circular Poiseuille flow, i.e. with a velocity governed by

u(r) =
2Q

πR4
(R2 − r2), (2.9)

where Q is the volume rate of flow, r is the radial distance from the center of
the tube and R is the radius of the tube. The motion of the rods was in good
agreement with Jeffery’s equations, provided that an equivalent aspect ratio
was found from the measured period and equation (2.6), with γ̇ taken at the
r-position where the centre of the rod was located.

That fibres will rotate in Jeffery orbits also in parabolic flow was also shown
analytically by Chwang (1975). He computed the rotation rate of spheroids in
flows governed by u = K(y2 + z2)ex, where K is a constant of unit [1/ms].
The final solution for the rotation rate is equivalent to the solution of Jeffery
if the shear rate is evaluated in the particle centre. However, in these flows the
translational velocity of the fibre centre will not be constant during one period
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of rotation. This can also be inferred from the results by Pittman & Kasiri
(1992) who applied slender body theory on a fibre in a general Stokes flow.

As already mentioned work has been conducted in order to find the equiv-
alent ellipsoidal aspect ratio for cylindrical particles, e.g. Trevelyan & Mason
(1951), Goldsmith & Mason (1962), Anczurowski & Mason (1968), Cox (1971)
and Harris & Pittman (1975). Anczurowski & Mason measured the periodic
orbits of spheroids in a Couette flow. The results were in good agreement with
Jeffery’s equations. In the same study experiments were conducted on cylin-
drical particles, primarily in order to determine the point of transition from
discs (re < 1) to rods (re > 1), corresponding to orbits of oblate and prolate
spheroids, respectively. The transition was found to take place at a particle
aspect ratio of rp = 0.86. A second result from the study was that rp = re
when rp = 1.68. Experiments were also carried out on particles of rp up to 100
and the equivalent re was calculated.

One of the key results in the theoretical study by Cox (1971) was an ex-
pression relating rp of cylindrical bodies to an equivalent re

re =
( 8π

3L

)1/2

rp(ln rp)
−1/2, (2.10)

where L is a constant dependent on the shape of the blunt ends of the body.
Cox compared equation (2.10) to the experiments conducted on cylindrical
particles by Anczurowski & Mason and concluded that L = 5.45 resulted in
the best fit. Equation (2.10) is derived for long bodies and is valid only for large
rp. Another expression relating rp of cylindrical particles to an equivalent re
was deduced by Harris & Pittman (1975). Experiments were made in a plane
Couette flow, which resulted in

re = 1.14r0.844
p . (2.11)

The expression was reported to agree with the measurements of Trevelyan &
Mason, within 5%, down to rp = 1.

There are several analytical studies on elongated particles in Stokes flows,
which are not necessarily restricted to shear flows. For instance Chwang & Wu
(1974, 1975) presented a number of exact solutions to Stokes flow problems,
including flows past prolate spheroids.

A branch of theoretical studies which is of relevance when studying fibre
suspensions is slender body theory. The essence of slender body theory is to
approximate the velocity disturbance of the fluid, due to the presence of the
fibre, with a line distribution of flow singularities along the axis of the fibre.
The singularities are adjusted, in nature and in strength, so that the no-slip
condition is fulfilled at the fibre surface. As the name implies the theory make
use of the slenderness of fibres. In an outer limit, where the distance δ from the
fibre centre δ >> d, the fibre appears as a line with finite length but with zero
thickness. In an inner limit, where δ << l and δ = O(d), the fibre has a finite
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thickness but appears infinitely long. Solutions are found in these two limits
and are matched in a region where d << δ << l in order to form a consistent
solution.

There are several studies using slender body theory in Stokes flows, e.g. Batch-
elor (1970), Cox (1970, 1971), Tillett (1970), Keller & Rubinow (1976), Geer
(1976), Johnson (1980). The studies by Cox and Tillett both considered bod-
ies of circular cross-section, where Cox also allowed a curvature of the body.
Batchelor studied straight bodies with an arbitrary non-circular cross-section.
Keller & Rubinow investigated slender bodies that may twist and dilate and
Johnson introduced a more accurate description and accounted for the flow
near the fibre ends.

2.2.2. Wall-bounded shear flows

The analysis by Jeffery was made under the assumption that Stokes equations
are valid. Apart from this assumption it was also assumed that there were
neither particle interactions nor any wall effects. A few studies have been
made concerning the motion of elongated particles in the presence of solid
boundaries.

Yang & Leal (1984) considered the motion of a slender body near a fluid-
fluid interface. By setting the viscosity of the nearby fluid to infinity a wall is
modeled. It is shown that this causes a small disturbance to Jeffery’s solution.
The motion is shown to be periodic both for translation and rotation. As in
unbounded shear flows the fibre end points form closed orbits. The periodicity
of the motion is due to the symmetry of the problem and the reversibility
condition of Stokes flows.

Dabros (1985) calculated numerically the motion of a prolate spheroid, with
an aspect ratio re = 2, close to a solid boundary. The spheroid was located
in the flow-gradient plane, i.e. far away from the wall the motion would be
described by Jeffery’s equations for C → ∞. At large distances from the wall
the angular velocity φ̇ of the spheroid coincided with the solution of Jeffery.
Near the wall, at a distance of y/a = 2.1, where a is the half length of the
spheroid and y is the distance from the wall to the particle centre when φ = 0,
the angular velocity of the spheroid was slightly smaller. This was in particular
seen in the phase of the orbit when the spheroid was oriented parallel to the
wall, i.e when φ = 0.

Hsu & Ganatos (1989, 1994) used a boundary integral method to compute
the motion of a prolate spheroid in a shear flow, at distances from the wall down
to y/a = 1.1. As in the study by Dabros the spheroid was fixed in the flow-
gradient plane. The spheroid underwent a periodic tumbling motion similar
to the motion described by Jeffery, but also oscillated periodically in the wall
normal direction. A similar study with similar results was done by Gavze &
Shapiro (1997). Also here a periodic oscillation was found towards and away
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Figure 2.3. Projection of the particle centre, of a spheroid
with re = 4, in the (a) xy-plane and (b) xz-planes for y/a =
1.25. The various lines correspond to an initial angle to the
xy-plane of Φ0/π = 0 (dotted line), Φ0/π = 0.125 (dashed
line), Φ0/π = 0.25 (solid line), Φ0/π = 0.375 (thick solid line)
and Φ0/π = 0.46875 (bold solid line). From Pozrikidis (2005).

from the wall for small distances to the wall. It was also concluded that the
tumbling motion could approximately be described by Jeffery’s equations, but
with a larger period closer to the wall.

Pozrikidis (2005) made a numerical analysis of the motion of a spheroid
near a solid wall. This study, was however not restricted to motions where the
particle was fixed in the flow-gradient plane. The initial inclination angle Φ0

of the spheroid, to the flow-gradient plane, was varied in the computations.
The motion of the particle centre is shown in figure 2.3, where ∆y and ∆z
are the displacements in y and z from the initial value at x = 0. Also in this
study the particle centre moved periodically in the wall normal direction, when
located near the wall. A periodical motion parallel to the vorticity axis was also
found when the spheroid was not initially oriented in the flow-gradient plane
nor directed parallel to the vorticity axis. As expected the end points of the
spheroid formed closed orbits during rotation also in the presence of the wall.
For all initial conditions under study a longer period than the Jeffery period
was found near the wall. For a particle with re = 4 the period increased with
approximately 10%, at a distance from the wall of y/a = 1.25, for any initial
angle to the flow-gradient plane.

The period of the rotation has experimentally been found to agree with
Jeffery’s solution down to distances from the wall of one fibre length, e.g. Stover
& Cohen (1990) and Moses, Advani & Reinhardt (2001). Stover & Cohen
made measurements on fibres with rp = 12 in a pressure-driven flow between
two solid walls. Closer to the wall than one fibre length the motion was still
periodic, but with a longer period than predicted by the shear rate and Jeffery’s
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solution. This trend was seen independent of the value of C. Furthermore, a
non-hydrodynamic fibre-wall interaction was observed for fibres with a large
value of C located at a distance from the wall smaller than half a fibre length.
During the flipping phase of the rotation the leading end was observed to make
contact with the wall and the fibre was pushed away from the wall so that its
centre ended up close to half a fibre length from the wall. This was referred
to as a “pole vaulting” motion. A requirement for Stokes flow reversibility and
symmetry of the problem is that the average distance from the wall of the fibre,
averaged over a complete period of rotation, should be maintained. The fact
that this was not observed shows that the “pole vaulting” interaction with the
wall is not a pure Stokes flow interaction.

Holm & Söderberg (2007) made another interesting experimental observa-
tion. The fibre orientation was studied in planes parallel to a wall in a fibre
suspension flowing down an inclined wall. Experiments were conducted on fi-
bres with aspect ratios in the range between 10 and 40. The fibres had a slightly
higher density than the fluid making the fibres sediment slowly. For small as-
pect ratios a significant amount of the fibres were oriented perpendicular to the
flow direction in the near wall region.

Carlsson et al. (2007) made measurements on essentially the same experi-
mental setup on fibres with rp ≈ 7. It was found that most fibres were close to
aligned with the flow direction down to distances from the wall of y/l = 0.5.
Closer to the wall the fibres adopted orientations within the reduced set of pos-
sible orientation for fibres rotating in Jeffery orbits without hitting the wall.
In the very proximity of the wall basically all fibres were oriented close to
perpendicular to the flow direction.

The slender body theory, mentioned in the preceding section, can be a
useful tool also in wall-bounded flows. The image system of a slender body
near a solid wall was studied by Blake (1974). The no-slip condition at the
wall was obtained by introducing a distribution of flow singularities along the
axis of a mirrored image fibre in addition to a point force distribution along
the physical fibre.

The image system of Blake was used by Russel et al. (1977) in order to
calculate the motion of a rod falling due to sedimentation near a vertical wall.
Two types of interactions with the wall were found. There was one so called
glancing interaction for a fibre approaching the wall with a small angle to the
wall. In this case the fibre turned its orientation to parallel to the wall and
drifted away from the wall with the same fibre end leading. The other type of
interaction was called reversing. This was found for fibres with larger angles
to the wall. The leading end of the fibre encountered a near wall interaction
and turned its orientation so that the opposite end was leading as it drifted
away from the wall. These interactions were also observed experimentally in
qualitative agreement with the theoretical results.
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2.2.3. Fibre-fibre interactions

In fibre suspension flows and other multiphase flows, the particles in general
interact through fluid stresses or direct mechanical contact. The velocity dis-
turbance due to a fibre barely decays until the separation from the fibre is about
one fibre length. This implies that the volume set into motion by a moving
fibre is O(l3). Therefore it is natural to introduce nl3, where n is the number
density per unit volume, to denote the concentration of a suspension.

A common procedure to get an indication of the significance of fibre-fibre
interactions is to consider different regimes of concentration. Appropriate
regimes in linear flow according to Sundararajakumar & Koch (1997) are di-
lute (nl3 << 1) where interactions are rare, semi-dilute (nl3 >> 1, nl2d << 1)
where far-field hydrodynamic interactions are dominating and semi-concentrated
(nl2d = O(1)) where near-field interactions as well as mechanical contacts be-
come frequent. In the headbox of a paper machine nl3 is typically between 5
and 50 and would usually be considered to be in the semi-dilute regime.

It was shown by Harlen, Sundararajakumar & Koch (1999) that mechanical
contact between fibres could be of significance also at lower concentrations if
the flow is non-linear, i.e. if the velocity gradient is not constant over the length
of the fibre. Another interesting finding of this work is that lubrication forces
will not prevent fibres from contact unless the fibres are nearly aligned.

It is well known that fibre tend to flocculate, i.e. that fibres form aggregates
or bundles. This results in strong local variations of the fibre concentration.
Mason (1954) conducted experiments in a cylindrical Couette apparatus to
study fibre interactions in a shear flow. Experiments were done with spheres,
cylindrical particles and pulp fibres. Mason concluded that the main mecha-
nism for flocculation of fibres was mechanical interactions between fibres. In
a later study by Kerekes & Schell (1992) the crowding factor N was found to
be useful to characterize the regimes of fibre flocculation. N is defined as the
average number of fibres located in a volume of a sphere with diameter l. It is
worth noticing that N only differs from nl3 by a numerical factor, N = πnl3/6.

Some attention has been given to understand how fibre-fibre interactions
are expected to affect the fibre dynamics in shear flows. In the dilute regime
Jeffery’s analysis has been verified numerically and experimentally. However,
it turns out that the analysis provides a good approximation also for higher
concentrations. Koch & Shaqfeh (1990) derived a correction to the rate of
rotation, due to hydrodynamic interaction in a semi-dilute fibre suspension.
For a Jeffery rotation rate of O(γ̇) in a dilute suspension the correction due to
hydrodynamic interactions was shown to be O(γ̇/ ln(1/cv)) in the semi-dilute
regime, where cv is the volume fraction of fibres.

Sundararajakumar & Koch (1997) made numeric simulations in an attempt
to capture the fibre motion in the semi-concentrated regime. Hydrodynamic
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interactions were neglected and only interactions due to direct mechanical con-
tact were included. It was concluded that collisions between fibres caused them
to flip more frequently.

A number of experimental studies have also been performed in order to
investigate how the orientation distribution is modified in shear flows due to
interactions. Mason & Manley (1956) studied the motion of cylindrical particles
on low concentration suspensions (nl3 < 1) with rp in the range between 20
and 120. A drift towards a preferential orientation in the flow direction was
seen, for all initially isotropic suspensions. The drift was stronger for larger
rp. Similar experiments were performed by Anczurowski & Mason (1967). The
orbit distribution of rods of rp = 18.4 was investigated for concentrations in
the range nl3 = 0.016 to 0.52. For nl3 < 0.1 the distribution of orbits was
independent of the concentration. About 50% of the fibres rotated in orbits
with C < 0.2. Although only low concentrations were investigated a small shift
in the direction of orbits corresponding to higher values of C was seen when
the concentration was increased.

Stover, Koch & Cohen (1992) carried out experiments on index-of-refraction
matched suspensions in order to visualise suspensions in the semi-dilute regime.
The experiments were done in a cylindrical Couette apparatus. The fibre aspect
ratios were rp = 16.9 and 31.9 and the concentrations varied between nl3 = 1
and 45. The particles were reported to rotate around the vorticity axis similar
to Jeffery orbits, also for the highest concentration. At small concentrations
lower values of C was favoured, but with an increase of concentration the C-
distribution was shifted towards higher values, i.e. towards a distribution more
aligned with the flow direction. Thus, the shift towards a more preferential
orientation in the flow direction, with increasing concentration, continues also
in the semi-dilute regime.

Experiments with fibre suspensions with rp ≥ 50 and concentrations be-
tween nl2d = 0.2 and 3, were conducted by Petrich, Koch & Cohen (2000). In
consistency with Sundararajakumar & Koch the period of rotation was shorter
than the period predicted by Jeffery. At nl2d = 0.2 the period was about 20%
shorter than that given by equation (2.6). However, when the concentration
was increased the period returned to values close to the dilute result. The
fibre orientation was also considered. With an increasing concentration the
distribution of orbits shifted slightly towards smaller values of C.

2.2.4. Deformed and flexible fibres

The majority of the mentioned studies so far have only been considering straight
and rigid fibres. In industrial applications fibres are generally deformed and
flexible to some extent. This is very much the case in papermaking. Meth-
ods for measuring the flexibility of wet pulp fibres have been developed by
Samuelsson (1963) and Tam Doo & Kerekes (1981, 1982). The flexibility varies
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significantly with the different kinds of pulp. Tests by Tam Doo & Kerekes
showed that chemical pulps could be up to 30 times more flexible than me-
chanical pulps from the same wood.

It is convenient to introduce a non-dimensional parameter χ = 8πµγ̇l4/EI,
which is a measure of the ratio between hydrodynamic and elastic forces, to
estimate whether a fibre is likely to deform, e.g. Tornberg & Shelley (2004).
Here µ is the dynamic viscosity of the fluid and EI is the rigidity of the fibre
including the Young’s modulus E and the area moment of inertia I. From Tam
Doo & Kerekes the value of EI is found in the range (1 − −200) · 10−12 Nm2

for different kinds of pulp. With fibre lengths between 0.5 and 3 mm and a
typical shear rate of around 1000 s−1 near the wall of a headbox this results in
values of χ between 0.01 and 1000. Thus, the siginificance of flexibility effects
is likely to vary with different kinds of pulp.

Mason (1954) and Arlov, Forgacs & Mason (1958) studied the motion of
individual pulp fibres in a cylindric Couette apparatus. A rigid but curved
fibre was observed to rotate in a nearly constant orbit, similar to the motion
expected for a straight fibre, in over 80 rotations. For flexible fibres the motion
was more complex although it was found possible to qualitatively classify the
different motions into a limited set of groups. In figure 2.4 the different groups
are illustrated.

Further studies on the flexibility of fibres were conducted by Forgacs &
Mason (1959a,b). The fibres were analyzed in the flow-gradient plane. For
small aspect ratios, i.e. in the rigid regime, the period of rotation was found to
coincide with Jeffery’s theory. At some aspect ratio, where the fibres could no
longer be regarded as rigid, the fibres started to move in a motion referred to
as a “springy rotation”, figure 2.4 (c). The linear relation between the period
of rotation and the aspect ratio was no longer valid. Note from equation (2.6)
that the period is almost linear for large aspect ratios. As the aspect ratio was
increased even further there was a sudden drop in the period of rotation as
the fibres started to undergo a “snake turn”, figure 2.4 (d). Another finding
by Forgacs & Mason was that the rotation of a curved but rigid fibre in the
xy-plane could be described as a Jeffery orbit with a smaller effective aspect
ratio. This aspect ratio was found to be close to the aspect ratio of a body
formed by revolution about a choord joining the ends of the curved fibre.

The different motions of flexible fibres in shear flows found by Mason and
co-workers have been qualitatively reproduced in several numerical investiga-
tions, e.g. Yamamoto & Matsuoka (1993), Ross & Klingenberg (1997), Skjetne,
Ross & Klingenberg (1997), Stockie & Green (1998), Lindström & Uesaka
(2007) and Qi (2007). There has also been a number of studies on the tendency
of a flexible fibre to adopt preferential orbits, e.g. Skjetne, Ross & Klingenberg
(1997), Joung & N. Phan-Thien (2001), Wang, Yu & Zhou (2006). A general
conclusion from these studies is that a flexible fibre will tend to end up in an
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Figure 2.4. Typical rotational orbits of flexible fibres. The
black dots denote the same end throughout the same type of
rotation: (a) flexible spin, (b) flexible spin superimposed on a
spherical elliptical orbit, (c) springy rotation, (d) snake turn
and (e) s-turn. From Arlov, Forgacs & Mason (1958).
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orbit corresponding to C = 0 (flexible spin around the vorticity axis) or C → ∞
(rotation in the xy-plane), depending on its original orientation.

2.2.5. Inertial effects

The Stokes flow model is valid only if all inertial effects can be neglected. A fibre
will generally tend to travel with a velocity close to that of the surrounding fluid.
Therefore the relative velocity between the fibre and fluid is often small and
neglecting inertia is often a meaningful approximation. Nevertheless, if there
is a large velocity gradient in the region around the fibre, inertial effects could
be siginificant. In order to determine whether inertial effects are siginificant or
not it is convenient to introduce an appropriate Reynolds number. The most
frequent Reynolds number encountered in literature is Rel = γ̇l2/ν, where γ̇l
is a characteristic relative velocity. If Rel << 1 neglecting the inertial effects
is generally a sensible assumption. However, close to the wall in a headbox
Rel can reach values of about 1000 and inertial effects can certainly not be
expected to be negligible.

A theoretical study concerning fluid inertial effects on long slender bodies
was performed by Khayat & Cox (1989). In the absence of inertia a sedimenting
fibre will maintain its orientation. When inertia is present a sedimenting fibre
rotates to an equilibrium horizontal orientation, perpendicular to the direction
of gravity.

In shear flows it has been shown that a small Rel will tend to drift elongated
particles to finally be rotating in the xy-plane, e.g. Qi & Luo (2002, 2003) and
Subramanian & Koch (2005). It has also been shown that particle inertia will
tend to drift a elongated particles to be rotating in this plane, e.g. Subramanian
& Koch (2006) and Altenbach et al. (2007).

Subramanian & Koch (2005) considered a slender fibre in a simple shear
flow and concluded, apart from the drift in orientation, that at a critical Rel

the fibre stops rotating and obtains a final stationary orientation in the xy-
plane. The case where both shear and sedimentation were accounted for was
also examined. A Reynolds number based on the sedimentation velocity Used

was introduced, Resed = Usedl/ν. For a sufficiently large Resed, as compared
to Rel, the orbit constant C will instead drift towards zero and finally align
with the vorticity axis.

Aidun, Lu & Ding (1998) and Ding & Aidun (2000) also found that the
period of rotation increases to infinity at some critical Reynolds number for
elliptical cylinders and oblate spheroids in simple shear flows. It was also
found that this critical Reynolds number increased with an increasing solid-
fluid density ratio. According to Qi & Luo (2002, 2003) a neutrally buoyant
prolate spheroid with re = 2 increases its period of rotation with Rel, but the
particle never ceases to rotate. For small Rel there was an orbit drift towards



2.2. FIBRE SUSPENSION FLOWS 19

C → ∞, but for larger values of Rel than about 345 the spheroid finally ended
up at C = 0.

It can be worth pointing out that the results of Subramanian & Koch (2005)
and Qi & Luo (2002, 2003), concerning if the particle continues to rotate or not
at larger Rel, are not necessarily contradicting. Recall that the particle shapes
under consideration are very different. Another factor is that the spheroid
considered by Qi & Luo was neutrally buoyant and the particle inertia of the
spheroid will tend to reduce changes in the angular momentum. It is thereby
not inferred that including particle inertia in the study by Subramanian &
Koch would have altered their result. As mentioned before, the volume of fluid
set into motion by a fibre is O(l3). This should be compared to the volume
of the fibre which is O(ld2). This implies that, for a neutrally buoyant fibre,
the momentum of the fibre induced velocity disturbance is much greater than
the momentum of the fibre itself. As a consequence fluid inertia is expected to
be more significant than particle inertia for slender bodies. This relation holds
as long as Rel is sufficiently small and the density ratio between the fibre and
fluid is not too large. For the case of a spheroid with a small aspect ratio the
difference in volumes between the spheroid and the velocity disturbance is not
so large and it is therefore not justified to neglect particle inertia.

2.2.6. Flow at large Reynolds numbers in a headbox

The headbox nozzle is basically a planar converging channel. The free jet that
exits the headbox, with a velocity of up to 30 m/s, is generally about 10 m
wide and 10 mm thick. An estimation of the boundary layer thickness and the
shear rate along the headbox walls can be found from the similarity solution for
laminar flow in a two-dimensional convergent channel, e.g. Schlichting (1979).
The velocity is then given by

u

Ue
= 3 tanh2

( η√
2

+ 1.146
)

− 2, (2.12)

where Ue is the velocity of the fluid outside the boundary layer and η is defined
as

η = y′

√

Ue

−(x′ − x′0)ν
, (2.13)

where the coordinates are defined in figure 2.5. The boundary layer thickness
decreases in the streamwise direction and is typically below 1 mm near the end
of the contraction. The shear rate in the boundary layer is typically of the
order 1000 s−1, although this also changes with the streamwise position and
distance from the wall.

Due to the high flow rates in a headbox the flow is to a large extent tur-
bulent. However, if a turbulent boundary layer is accelerated by a strong
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Figure 2.5. Two-dimensional convergent channel.

favourable pressure gradient it can return to a laminar-like state, see for in-
stance Moretti & Kays (1965) or Parsheh (2001). This phenomenon is usually
termed relaminarization. Parsheh studied the flow in a 2D convergent channel
experimentally, with application to headboxes. It was found that the initially
turbulent boundary layer approached the laminar self-similar state near the
end of the contraction. A non-dimensional acceleration parameter

K =
2ν tanψ

q
(2.14)

is often introduced to quantify the relaminarization process, where ψ is half the
contraction angle and q is the flow rate per unit width. If K is above a critical
value relaminarization is initiated. This value of K was found to be about
3.5 · 10−6 by Moretti & Kays and about 3.1 · 10−6 by Parsheh. In a headbox
K is typically between 5 · 10−7 and 6 · 10−6. Note that a self-similar mean flow
profile is not sufficient to conclude that the boundary layer is purely laminar.
Furthermore, it has been shown that turbulent structures can remain in a
relaminarized boundary layer, e.g. Warnack & Fernholz (1998) and Talamelli
et al. (2002).

The fibre orientation distribution in a headbox tends to be highly anisotropic
where the majority of the fibres are oriented close to the flow direction near the
end of the contraction. The main mechanism for aligning the fibres is the posi-
tive streamwise rate-of-strain in the contraction, i.e. Ue increases downstream.
This orientation is reflected in the orientation distribution in the final paper,
where most fibres are oriented in the machine direction (MD).

It is emphasized that the final orientation distribution is not solely deter-
mined by the flow in the headbox. Fibres can alter their orientation also in
the jet and during the following dewatering process. For instance a jet to wire
speed difference has been shown by Nordström (2003b) to have an impact on
the orientation in the final paper sheet. Both a positive and negative speed
difference has been shown to result in a higher anisotropy, i.e. fibres more
aligned in MD. Setting the speed difference to zero resulted in a more isotropic
distribution. Nordström also found that the orientation distribution is more
isotropic at both sheet surfaces than in the core of the paper. A more isotropic
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distribution was also found by Asplund & Norman (2004) near the surface of a
wall-bounded jet exiting a headbox. In the experiments by Asplund & Norman
a lamella was also introduced in the center of the headbox. The orientation
distribution was more isotropic in the wake behind the lamella than in the
surrounding flow.

Aidun & Kovacs (1995) suggested, guided by their computations, that
secondary flows, due to the boundary layers in the headbox, is the main cause
for a non-uniform orientation distribution in the cross direction of the paper
(CD).

A number of studies have been performed in order to estimate the fibre ori-
entation distribution in a headbox. In a theoretical investigation Olson (2002)
neglected all turbulent effects. The main conclusions from this investigation
were that the fibre orientation distribution is independent of the flow rate thr-
ough the headbox and that the fibres were more oriented in the plane of the
paper than in the plane of the contraction. Also, it was concluded that the
only geometrical factor affecting the fibre orientation is the contraction ratio.
According to the derivations the shape of the headbox does not affect the ori-
entation distribution at the end of the headbox.

To account for turbulence, coefficents for translational and angular dis-
persion can be entered into a convection-dispersion equation, which is usually
called the Fokker-Planck equation. Thereby the evolution of the orientation dis-
tribution in time and space can be computed, e.g. Krushkal & Gallily (1988)
and Olson & Kerekes (1998). This procedure has been implemented to study
the orientation in convergent channels, e.g. Olson et al. (2004), Brown (2005),
Parsheh, Brown & Aidun (2005, 2006a,b), Hyensjö et al. (2007) and Hyensjö
& Dahlkild (2008). In order to validate the computations the experimental
results of Ullmar (1998) are frequently used. Ullmar measured the fibre ori-
entation in a laboratory scale headbox and showed that a more anisotropic
distribution was obtained by an increased contraction rate. It was also found
that altering the flow rate for a given contraction rate had a very small effect
on the orientation distribution. This can also be inferred from the study by
Nordström (2003a) where the flow rate through the headbox had a small effect
on the orientation distribution in the final paper.



22 2. FIBRE ORIENTATION IN FLOWING SUSPENSIONS



CHAPTER 3

Slowly settling fibres in a wall-bounded shear flow

This chapter gives a brief presentation of experimental and theoretical results
on slowly settling fibres in a wall-bounded shear flow. For a more thorough
presentation of the results the reader is referred to paper 1, 2 & 3 in part II of
this thesis.

3.1. Experimental setup and flow situation

The orientation of slowly settling fibres suspended in a shear flow of a New-
tonian fluid over a solid surface has been studied experimentally by Carlsson,
Lundell & Söderberg (2007, 2009b) (Paper 1 & 2) and theoretically by Carls-
son & Koch (2009) (Paper 3). The experiments were conducted on dilute fibre
suspensions with rp ≈ 7 and 30. The experimental setup is sketched in figure
3.1. A film of the suspension with a thickness of h ≈ 17 mm flowed down
a slightly inclined plane, driven by gravity. The parallel section of the open
channel is 1050 mm long and 100 mm wide. At the inlet there is a 150 mm
long contraction that tend to make the orientation distribution aligned with
the flow direction.

A coordinate system is introduced where x is the downstream position
from the inlet of the open channel, y is the wall-normal position and z is the
spanwise position. A camera is placed underneath the transparent plane, at
x = 750 mm (P in figure 3.1), to capture images parallel to the xz-plane. The
orientation β is the orientation from the flow direction to the major axis of a
fibre in this plane.

The flow is laminar with a velocity u in the x-direction given by the relation

u =
g

2ν
y(2h− y) sinα, (3.1)

where g is the constant acceleration of gravity, ν ≈ 385 · 10−6 m2/s is the
kinematic viscosity of the fluid and α ≈ 2.6◦ is the inclination of the plane
with respect to the horizontal. It was shown by Carlsson et al. (2007) that
equation (3.1) holds quite accurately also for the fibre velocity in the streamwise
direction.

The velocity of individual fibres is determined with a particle tracking ve-
locimetry (PTV) algorithm. Combined with equation (3.1) the fibre velocity

23
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(a)

(b)

Figure 3.1. Schematic figure of the flow section, (a) Top
view, (b) Side view. P denotes the camera position for the
fibre orientation measurements.

is used to determine the distance from the wall of individual fibres. The ori-
entation β, in the xz-plane, of the fibres is determined with a ridge detector
within the class of steerable filters, e.g. Freeman & Adelson (1991). The par-
ticular ridge detector used here was derived by Jacob & Unser (2004) and was
evaluated for the present purpose by Carlsson et al. (2009a) (Paper 5).

3.2. Results & discussion

Holm & Söderberg (2007) observed that fibres with rp ≈ 10 close to the wall
were oriented perpendicular to the flow direction. In their experiments, how-
ever, the distance to the wall of the fibres was poorly resolved. With the same
experimental setup Carlsson et al. (2007) investigated the possibility to influ-
ence the results by modifying the surface structure of wall. The smooth surface
was replaced by a surface with ridges. A consequence was that fewer fibres set-
tled all the way down to the wall. In addition the y-position of the fibres was
now better resolved, than in the study by Holm & Söderberg, and new results
were found for the flow over a smooth surface. It was shown that the orien-
tation distribution only changes at distances from the wall closer than about
half a fibre length. This is illustrated in figure 3.2 (a), where the orientation
distribution, with darkness being proportional to the number density per unit
angle, is shown for rp ≈ 7 and nl3 ≈ 0.01. In order to compensate for the
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Figure 3.2. Orientation distributions and concentration pro-
files for rp ≈ 7 and nl3 ≈ 0.01 in (a) & (b) and for rp ≈ 30
and nl3 ≈ 0.25 in (c) & (d).

variation with y the distribution is normalized at each distance from the wall.
The solid line in the figure denotes the minimum distance to the wall a fibre
rotating in Jeffery orbits can be located at without touching the wall during
the flipping phase of the rotation. It is clear from the figure that the fibres
tend to adopt orientations above the solid line where motion in closed Jeffery
orbits are possible.

In figure 3.2 (b) the fibre concentration as a function of y is shown for the
same case. There is an increased concentration in the very proximity of the
wall, where the fibres spin around their major axes aligned with the vorticity
axis z. The increased concentration near the wall is due to the density dif-
ference between the fibres and the fluid. The fibres sediment with a velocity
of about 10−6 m/s in the y-direction. For comparison the velocity in the x-
direction at y/l = 0.5 is about 5 · 10−3 m/s. There is another local increase
of the concentration slightly above y/l = 0.5. It was noted in Carlsson et al.

(2009b) that moving the peak to y/l = 0.5 would be within the accuracy of



26 3. SLOWLY SETTLING FIBRES IN A WALL-BOUNDED SHEAR FLOW

the measurements. It is likely that this peak is a result from a “pole vaulting”
motion near the wall, a motion observed earlier by Stover & Cohen (1990).

In figure 3.2 (c) and (d) the orientation distribution and concentration
profile is shown for rp ≈ 30 and nl3 ≈ 0.25. It is clear from figure 3.2 (d)
that there are fewer fibres at the wall for this aspect ratio. This is to some
extent expected since the distance from the wall is scaled with the fibre length.
This means that the residence time in the channel before reaching a certain
x-position, for the longer fibres with rp ≈ 30, will only be roughly a quarter of
the time it takes for the shorter fibres with rp ≈ 7 to reach the same position.

Since the concentration is low near the wall for rp ≈ 30 the statistics of
the orientation distribution is probably rather inaccurate in figure 3.2 (c) and
should therefore be interpreted with care. It was reported in Carlsson et al.

(2009b) that the fibres below the solid line are all curved or mismatched in the
PTV-algorithm.

Concluding, all straight fibres detected tend to adopt orientations above
the solid line in figure 3.2 (a) and (c). The fibres located in the proximity of
the wall are oriented in the region around β = 90◦. It is possible that the lack
of fibres with rp ≈ 30 near the wall could be an inertial effect. Recall that an
effect of fluid inertia at small Rel is to make a fibre migrate across orbits to a
final state where the fibre is rotating in the xy-plane, e.g. Subramanian & Koch
(2005). The wall reflection due to the settling towards the wall is expected to
make the fibre migrate towards lower values of C to a final orientation aligned
with the vorticity axis, Carlsson & Koch (2009).

In Carlsson et al. (2009b) the inertial effect was estimated based on the
study of Subramanian & Koch and the effect of the fibre settling towards the
wall was estimated based on the study by Carlsson & Koch (2009). The particle
Reynolds number based on the shear rate near the wall is Rel ≈ 0.01 and 0.2
for the fibres with rp ≈ 7 and 30, respectively. The inertial drift towards larger
C was estimated to be stronger than the wall reflection induced drift towards
lower values of C for fibres with rp ≈ 30, for most orientations as long as there
is no contact with the wall. This could possibly explain the indicative result
that there are so few fibres with rp ≈ 30 near the wall. For fibres with rp ≈ 7
the inertial effects are expected to be small as compared to effects from settling
towards the wall.

A slender body approach was used by Carlsson & Koch (2009) in order
to estimate the effect of settling towards the wall on the fibre translation and
rotation. All inertial effects are neglected and the fluid flow is assumed to be
governed by Stokes equations. The shear induced wall reflection perturbs the
motion given by Jeffery, but the motion maintains periodic and there is no
cumulative orbit drift, e.g. Yang & Leal (1984) and Pozrikidis (2005). There-
fore, only the velocity disturbance reflected at the wall due to the fibre settling
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Figure 3.3. Orbit drift due to wall reflected velocity distur-
bance as a fibre settles towards a wall, (a) the evolution of the
x and y-component of the unit vector p and (b) the evolution
of C with time.

towards the wall and its effect on the fibre rotation is superimposed on Jeffery’s
equations for the fibre rotation.

The solid body contact is also modeled by introducing a contact force,
applied at the fibre end in contact with the wall. No near wall hydrodynamic
effects are included before this occurs and the wall reflection is neglected during
the phase of the rotation when there is wall contact. This is motivated by
assuming that the fibre rotation due to wall reflection is weak in comparison
to the shear induced rotation given by Jeffery, which ensures that the wall
contact will only take place in a small fraction of the period of rotation. A
non-dimensional number Γ = ∆ρgd/µγ̇ << 1 is introduced to quantify the
validity of this assumption. In the experiment described above Γ ≈ 0.007. The
mathematical details are given in Carlsson & Koch (2009).

The wall reflection due to settling towards the wall will tend to drift the
Jeffery orbit towards lower values of C. This can be explained qualitatively
by the following argument. Consider a fibre in quiescent fluid settling towards
a wall. Independent of the orientation the wall reflection will always tend to
rotate the fibre towards alignment with the wall. Since superposition applies,
the fibre rotation due to wall reflection can be superimposed to the solution of
Jeffery. In all phases of the Jeffery orbit when the fibre is not aligned with the
wall the additional rotation rate due to the wall reflection will tend to rotate it
towards alignment with the wall. As a result the amplitude in y that the fibre
end points form in space during rotation will be smaller and smaller for each
rotation.

An illustration of the orbit drift is shown in figure 3.3 (a) and (b). Note that
here the fibre is positioned sufficiently far from the wall so that no wall contact
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Figure 3.4. Experimental cumulative β-distribution in (a)
and computational cumulative β-distribution with no slip and
free slip wall contact condition in (b) and (c), respectively.
Experimental and computational concentration profiles with
both no slip and free slip condition shown in (d).

occurs. The drift is also stronger than in the experimental case, Γ = 0.07, in
order to better illustrate the effect in a limited number of orbits. In 3.3 (a) the
evolution of the x and y-components of the unit vector p directed along the
fibre is shown. It is seen that the amplitude of the orbits in y decreases with
time. This implies that C decreases with time as shown in 3.3 (b).

Also the wall contact was shown to decrease the value of C. Two different
wall contact conditions were implemented; a no slip condition were the fibre
end point is not allowed to change its (x, z)-position at the wall and a free slip
condition were the tangential components, with respect to the wall, of the wall
contact force is equal to zero.

Since there is little data on the fibre orientation near the wall for the
experiments with rp ≈ 30, due to the low concentration there, a comparison of
the model is made only for the case with rp ≈ 7. By choosing a large set of
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fibres at the inlet of the channel the orientation distribution and concentration
can be computed at the x-position downstream corresponding to the position
where the camera was located in the experiments. In the computations the
initial orientation distribution was estimated by using the following relation
for the steady state fibre orientation distribution for dilute and semi-dilute
fibre suspensions

f(C) =
RC

π (4RC2 + 1)
3/2

. (3.2)

Equation (3.2) was found by Rahnama et al. (1995) in the limit of large aspect
ratio. R ≈ 0.57 is found to approximately match the experimental β distri-
bution at distances y > l, where the orientation is assumed to be unaffected
by the wall. The concentration at the inlet of the channel is assumed to be
homogenous in space.

In figure 3.4 (a), (b) and (c) the cumulative β-distributions for different
y-positions are shown for the experiments and computations with both wall
contact conditions. The general trend is that more fibres tend to adopt higher
values of β as the distance from the wall is decreased, i.e. lower values of C closer
to the wall. This is seen both in the experiments and computations. However,
there is a local deviation from this trend. The thin solid line corresponds to the
distance farthest away from the wall, 1 < y/l < 1.25. In the computations in
(b) and (c) the orientation distribution barely changes, as the distance to the
wall is decreased, until y/l < 0.5. It is seen that as the distance to the wall is
decreased just below y/l = 0.5 the distribution shifts towards lower values of β.
This is so because fibres with orientations close to β = 0 will make wall contact
and begin to pole vault, while fibres with larger values of β continues to settle.
This leads to an accumulation of fibres with small β close to y/l = 0.5, which
is also seen in the concentration profile in figure 3.4 (d). This explains why the
distribution can be shifted towards lower values of β, even when all fibres in
the computations individually drift towards higher values of β with time.

A similar shift in the orientation distribution is found also in the experi-
ments in figure 3.4 (a), although here the shift takes place somewhat farther
away from the wall. A likely explanation to this can be deduced by returning
to the concentration profile in (d). For y/l > 0.5 it should not be possible
for the fibres to “pole vault”. Still, the fact that the concentration starts to
increase above y/l = 0.5, suggests that there are fibres present in the region
that have begun to “pole vault”. It is likely that the increase of concentration
for y/l > 0.5 is primarily due to inaccuracies in measuring the y-position of the
fibres. If it is true that some of the fibres in the region just above y/l = 0.5
actually are pole vaulting it is not surprising that there is also shift towards
lower β as seen in 3.4 (a).
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Closer to the wall there is a qualitative agreement between the experimental
and computational results. At the wall the fibres are nearly aligned with the
vorticity axis, perpendicular to the flow direction.



CHAPTER 4

Near wall fibre orientation in a headbox

In this chapter experimental results from measurements on the fibre orientation
in a boundary layer of a headbox are presented. A more detailed presentation
is given in paper 4 in part II of this thesis.

4.1. Experimental procedure and flow situation

In Carlsson, Söderberg & Lundell (2009c) (Paper 4) experiments were con-
ducted in a laboratory scale headbox. The headbox is illustrated in figure 4.1.
It consists of a tube bank and a planar contraction. The width of the contrac-
tion in the y-direction is 100 mm, i.e. much less than an industrial headbox, and
the other measures of the contraction are provided in the figure. A coordinate
system is defined from the outlet of the contraction, where x runs upstream
along the upper wall of the contraction and z denotes the normal distance to
the upper wall.

A camera was mounted to capture images in planes parallel to the upper
wall, i.e. planes parallel to the xy-plane. A light sheet, slightly thicker than
1 mm at the centre of the channel in the y-direction, was generated parallel
to the upper wall. The light sheet was traversed in order to study the fibre
orientation at different distances from the wall. Measurements were done at
x = 0.09, 0.25 and 0.45 m and at different z-positions.

A suspension of bleached unbeaten birch fibres was used. The mean fibre
length was lm ≈ 0.7 mm and the mean width wm ≈ 18 µm. The concentration
was estimated to nl3 ≈ 0.15, i.e. the suspension is very dilute as compared to
an industrial case. The velocity of the outgoing jet was 8.7 m/s.

The fibre velocity profile close to the wall and the boundary layer thickness
was measured by tracking the velocity of a limited set of fibres for various z-
positions at x = 0.25 and 0.45 m. The results are shown in figure 4.2. The
solid lines are given by the similarity solution for laminar flow in a 2D planar
contraction, see equation (2.12) and (2.13). Each dot shows the measured
velocity of an individual fibre and the stars denote the measured mean velocity
at a particular z-position. The measured fibre velocities are surprisingly close to
the similarity solution. This implies that the boundary layer thickness, defined
as the distance from the wall where the velocity is 99% of the free stream
velocity, is about 0.6, 1.3, 2.3 mm for x = 0.09, 0.25, 0.45 m, respectively. The
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Figure 4.1. Schematic of the headbox with a coordinate orig-
inating from the outlet of the contraction. The measures are
given in m.
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Figure 4.2. Velocity profiles at x = 0.25 and 0.45 m. Solid
lines given by similarity solution for 2D planar converging lam-
inar flow.

shear rates at the same x-positions and z = lm are estimated to 230, 480 and
350 s−1. Particle Reynolds numbers based on these shear rates and the mean
fibre length are Rel ≈ 110, 240 and 170, respectively.

4.2. Fibre orientation in boundary layer

The fibre orientation distributions are shown for different (x, z)-positions in
figure 4.3. It is noted that the distribution is asymmetric for x = 0.45 m in
figure 4.3 (a). This is surprising and is most likely due to an asymmetry in up-
stream flow. Farther downstream this asymmetry is less distinct. Disregarding
the asymmetry a distinct trend is observed for x = 0.45 and 0.25 m in (a) and
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Figure 4.3. The orientation distribution of β for different
distances from the wall z at (a) x = 0.45 m, (b) x = 0.25 m
and (c) x = 0.09 m.

(b). The distribution is more anisotropic near the wall, i.e. the fibres are more
aligned with the flow at small z. A speculative explanation is that effects of
fluid inertia could be more significant near the wall, where the shear rate is
strong. Recall that a small but finite Rel in a shear flow will tend to make a
fibre more aligned with the flow direction, e.g. Subramanian & Koch (2005).
Another possible explanation is that there are stronger fluctuations in the flow
farther from the wall than near the wall in the relaminarizing boundary layer
(as it appears from figure 4.2). Fluctuations are likely to make the fibre orien-
tation distribution less anisotropic. However, here it should be recalled that a
relaminarized boundary layer does not mean that the boundary layer is truly
laminar, e.g. Warnack & Fernholz (1998) and Talamelli et al. (2002).

Farther downstream at x = 0.09 m in figure 4.3 (c) the z-dependency seen
in (a) and (b) is not observed. The orientation distributions for different z more
or less coincide at this x-position. As mentioned in section 2.2.6 concerning
headbox flows, the positive streamwise rate-of-strain in the headbox is the main



34 4. NEAR WALL FIBRE ORIENTATION IN A HEADBOX

mechanism, far from the walls, for fibre alignment with the flow. The mean
streamwise rate-of-strain increases in the downstream direction. Possibly the
rate-of-strain has grown sufficiently strong in order to become the dominating
mechanism influencing the fibre orientation also near the wall at x = 0.09 m.



CHAPTER 5

Concluding remarks

The main part of this study deals with settling fibres in a wall-bounded shear
flow. This is a phenomena not dealt with previously even at small Reynolds
numbers. A methodology has been developed in order to measure the fibre
orientation in planes parallel to the wall and simultaneously measure the ve-
locity of individual fibres. The velocity of a fibre indicates how far from the
wall it is located. Thereby it is possible to obtain and investigate orientation
distributions at different distances from the wall.

In the experiments the fibres enter a contraction far upstream from the
point of measure. The contraction tends to align the fibres with the flow
direction. It is shown that slowly settling fibres in a viscous shear flow finally
end up very close to the wall aligned with the vorticity axis. The wall effect
on the orientation is found to be weak for fibres located farther form the wall
than half a fibre length from the wall.

A likely explanation for why the fibres end up aligned with the vorticity
axis is the wall reflection of the velocity disturbance that is generated by the
settling fibre in combination with repeated wall contacts during rotation. A
fibre sedimenting towards a wall will tend to rotate toward a plane parallel to
the wall. Superimposed on the shear induced rotation given by Jeffery (1922)
this yields a slow migration toward lower values of C. This can be realized
by considering a fibre with a rotation rate close to the equations of Jeffery. In
every phase of the rotation where the fibre is not perfectly aligned with the
flow-vorticity plane the wall reflection, due to settling toward the wall, will
tend to rotate the fibre toward this plane. This leads to a spiraling motion
toward the vorticity axis. The contact between the fibre end and the wall in
each flip of the rotation will enhance the drift toward lower values of C.

In an experimental study in a boundary layer of a headbox the fibre ori-
entation distribution and velocity was investigated. The study was carried out
with pulp fibres with a flow rate smaller, although comparable, to the flow
rates in an industrial headbox.

The velocity profiles in the boundary layers coincided surprisingly well with
the similarity solution for laminar flow in a 2D convergent channel. The orien-
tation distribution in a plane parallel to the wall was found to be more aligned
near the flow direction with a decreasing distance to the wall. This trend was
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observed far upstream in the headbox. Farther down at the measurement sta-
tion closest to the end of the contraction the orientation distribution appears
to be independent of the distance from the wall. At least no difference can be
detected within the accuracy of the measurements.



CHAPTER 6
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The authors’ contributions to the scientific papers and where the results have
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Paper 1
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Experiments, analysis and writing were performed by AC with input from
LDS and FL. Parts of the results have been presented at PaperCon ’08 -
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Paper 5
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A. Carlsson, F. Lundell & L. D. Söderberg.

AC performed experiments and analysis under supervision of FL and LDS. AC,
FL and LDS wrote the paper jointly.



APPENDIX A

Formation of fibres in streamwise streaks

Historically “turbulence” has been considered to be useful in fibre suspension
flows in order to break up fibre aggregates and make the fibre concentration
more homogenous, e.g. Norman & Söderberg (2001). It is well known that
particles in turbulent flows can tend to concentrate in certain regions associated
to the turbulent motion. A review on preferential concentration of particles in
turbulent flows is given by Eaton & Fessler (1994). Here, it will be shown that
a turbulent flow can also make fibres aggregate in streaks.

Measurements on a fibre suspension film flowing down a slightly inclined
glass plate have been made. The setup is illustrated schematically in figure
A.1 and is similar to the one used by Holm & Söderberg (2007) and Carlsson,
Lundell & Söderberg (2007, 2009b). A CCD-camera was mounted below the
glass plate in order to visualize the fibres in a plane parallel to the wall.

The fibre supension considered here consisted of cellulose acetate fibres
with rp ≈ 10 suspended into tap water. The Reynolds number, based on the
film thickness h ≈ 8 mm and a free surface velocity us ≈ 0.5 m/s, was about
4000. The flow was considered to be turbulent. The density of the fibres was
approximately 1300 kg/m3.

A typical image is shown in figure A.2. Due to the relatively large density
difference between the fibres and the fluid, a large amount of the fibres settled
to the wall. At the wall the fibres moved slowly down the plate, mainly in the
streamwise direction x, with a time-dependent velocity.

An interesting observation from the experiments was that the fibres tended
to aggregate in streamwise streaks on the wall. In an attempt to quantify the
streakiness the fibre density for each spanwise position z in the images was
computed. This was done by a summation of all rows (x) in the image at each
column (z). If the fibre density at a certain z-position exceeded a threshold
value this indicated that there was a streak at this z. This also made it possible
to study the evolution of the streaks as a function of time. In figure A.3 the
white regions show where the fibre density is high and the black regions where
there are few fibres. It is clear that the streaks are not stationary. The streaks
drift in the spanwise direction and are observed to merge with each other and
also to separate into more streaks. Further details can be found in Fjellgren
(2007).
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