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Abstract

In this thesis fibres in turbulent flows are studied as well as the effect of fibres
on hydrodynamic stability.

The first part of this thesis deals with orientation and spatial distribution
of fibres in a turbulent open channel flow. Experiments were performed for
a wide range of flow conditions using fibres with three aspect ratios, rp =
7, 14, 28. The aspect ratio of the fibres were found to have a large impact
on the fibre orientation distribution, where the longer fibres mainly aligned in
the streamwise direction and the shorter fibres had an orientation close to the
spanwise direction.

When a small amount of polyethyleneoxide (PEO) was added to the flow,
the orientation distributions for the medium length fibres were found to ap-
proach a more isotropic state, while the shorter fibres were not affected.

In most of the experiments performed, the fibres agglomerated into stream-
wise streaks. A new method was develop in order to quantify the level of ag-
glomeration and the streak width independent of fibre size, orientation and
concentration as well as image size and streak width. The width of the fibre
streaks were found to correspond well to the width of the well known low veloc-
ity streaks found in turbulent boundary layers. Furthermore, the streakiness,
i.e. the tendency for fibres to agglomerate into streaks, was shown decrease
with Reynolds number.

In order to increase the knowledge on the effects of fibres on hydrodynamic
stability, experiments in a curved rotating channel was performed with water
and a nano-fibrillated cellulose (NFC) suspension. Flow visualisations were
used to obtain a stability map as a function of rotation rate and flow rate.
The addition of NFC was found to stabilise the primary instability. The effect
on the secondary instability was inconclusive, however, no destabilisation was
observed.

In addition to the experiments, a linear stability analysis was performed
with different volume fractions of fibres using two different stationary orienta-
tion distributions. The linear stability analysis was found to under predict the
increase in critical Reynolds number compared to the experiments.

Descriptors: Fluid mechanics, fibre suspension, turbulence, image analysis,
hydrodynamic stability, nano-fibrillated cellulose.
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Preface

In this thesis, fibres in turbulent flows as well as the effect of fibres on hydro-
dynamic stability are studied. The thesis is divided into two parts. The first
part provides an introduction to fibre suspension flows, gives an overview of
the experimental setups and summarises the results. The second part consists
of three papers;

Paper 1 Mathias Kvick, Karl H̊akansson, Fredrik Lundell, Lisa Prahl Witt-
berg and L. Daniel Söderberg;
Fibre orientation and fibre streaks in turbulent wall bounded flow

Paper 2 Karl H̊akansson, Mathias Kvick, Fredrik Lundell, Lisa Prahl Witt-
berg and L. Daniel Söderberg;
Measurement of width and streakiness of particle streaks in turbulent flows

Paper 3 Mathias Kvick, Fredrik Lundell, Lisa Prahl Wittberg and L. Daniel
Söderberg;
Effects of nano-fibrillated cellulose on curvature- and rotation-induced instabil-
ities in channel flow

May 2012, Stockholm
Mathias Kvick
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The ability to think differently today from yesterday distin-
guishes the wise man from the stubborn.

– John Steinbeck
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Part I

Overview & summary





CHAPTER 1

Introduction

This thesis investigates the behaviour of fibres in turbulent flow as well as
the effect of fibres on hydrodynamic stability. The aim is to increase the un-
derstanding of the coupling between fibres and turbulent flow. The work is
mainly experimental, though comparisons with theory is performed in the part
considering the hydrodynamic stability.

The flow of fibre suspensions are of importance in many manufacturing
processes. Thus, the first chapter describes a few important aspects as well as
some of the difficulties in understanding these processes.

1.1. Industrial motivation

Turbulent fibre suspension flows have been of general interest for a long time, to
a large extent due to their connection with papermaking and the manufacturing
of composite materials. However, when Toms (1948), as stated by Virk et al.
(1967), found that the addition of polymers in a turbulent pipe flow resulted
in drag reduction, the topic of elongated particles in turbulent flows gained
increased attention. Even though this phenomenon is still not fully understood,
it is widely used in industry. The reason for this extended use is that a small
amount of polymers or fibres can reduce the energy needed to transport fluids,
resulting in economical benefits, Virk (1975) reported as much as 80% drag
reduction in an experiments with a solution containing 1000 ppm by weight of
polyethyleneoxide.

1.1.1. Composites & papermaking

The use of fibres in different kinds of composites is very old, and can be traced
back to the Egyptians1, where mud was mixed with straw in the 15th cen-
tury BCE in order to increase the strength of the material. A composite is
defined as a product consisting of two materials (fibre and matrix), which,
when mixed, provides enhanced properties compared to each material on its
own. Since the Egyptians first attempts, the manufacturing of composites has
of course advanced, although the principles remain. During the 20th century,
through the invention of plastic and glass fibre, many of the composites that

1http://composite.about.com/
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4 1. INTRODUCTION

were previously produced from biodegradable materials were replaced by oil-
based composites. In recent years, when concerns regarding the oil supply as
well as global warming has risen, the demand for biodegradable and recyclable
composites has increased and wood based products has gained an increased
interest once again.

Papermaking and the manufacturing of composites shares several aspects
due to the use of fibres in both cases, the main difference between the two being
that in papermaking there is no matrix present.

1.1.2. Fibre orientation & distribution

In all composite materials and paper, the overall orientation of the reinforc-
ing part (fibres) plays a crucial role in deciding the mechanical properties of
the final product. Cox (1952) showed a strong correlation between the fibre
orientation and the bending stiffness of paper. Even though the connection
between orientation and strength has been known for a long time, no complete
explanation has been given to why the fibres end up with a certain orientation.
In many industries, an optimal product has been found by trial and error, re-
sulting in that the optimal product actually is not optimal, but simply the best
that could be achieved.

The overall spatial distribution of fibres in a composite or a paper, has of
course also an impact on the final material, the material will become weaker
where there are less fibres, see e.g. Norman (2005). This can partly be avoided
by the disruption of fibre flocs, which can be present in the suspension. To a
wide extent, turbulence has been the mechanism used to break up these flocs,
and there are several different methods on how to implement this.

In a paper machine, large turbulent scales are generated by inserting vanes
into the headbox, which together with the accelerated flow are used to break
up the fibre flocs. However, it has been suggested, e.g. by Karema et al. (1999),
that even though the turbulence generated by these vanes will break the flocs
and enhance the mixing in the headbox, the flocs will thereafter reform due to
coherent structures forming in the flow. The overall effect of these vanes has not
completely been investigated, and there might be more efficient deflocculation
methods.

1.2. Particles in flowing fluids

In order to gain understanding of how the fibre orientation and the distribution
of the fibres are affected by the flow, it is important to realise that the fibres
themselves also affect the flow. When considering particles in a flow, there are
several ways to describe how the flow and particle motions are connected. The
simplest approach being the one-way coupling, where the particles follow the
flow due to the forces acting on the particles, i.e. the particles are light. The
second is the two-way coupling, where forces are exerted in both directions, i.e.
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a)

c)

b)

d)

Figure 1.1. Interactions between particles and fluid. In a)
the particle follows the fluid, in b) the particle has inertia and
affects the fluid, in c) additional hydrodynamic interaction be-
tween particles are considered, and in d) the particles also
collide. In the figure above solid lines are streamlines, dashed
lines are particle trajectories, grey lines are wakes behind par-
ticles, white dots are light particles and black dots are heavy
particles.

the fluid act on the particle and the particle acts back on the fluid, e.g. due to
wakes behind particles. In a three-way coupling, in addition to what was previ-
ously mentioned, the particles interact with each other through hydrodynamic
forces, this is of increased importance for larger concentrations. In a four-way
coupling, the model is extended to include particle - particle collisions. The
four different couplings described here are depicted in figure 1.1, for a more
complete description see e.g. Crowe et al. (1998).

However, when the particles in question are located close to a solid surface,
there are more factors that need to be taken into consideration. The mechanical
contact between the particle and the wall is of course of importance, but also
the hydrodynamic interactions between the particle and the wall needs to be
considered.
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All of the above mentioned effects, become even more complex when non
spherical particles are considered. This is because the rotation of the particle
needs to be taken into account since the force transfer for non-spherical particles
also will depend on the orientation of the particle.

The non-dimensional numbers describing the flow of a particle suspension
are the particle Reynolds number, Rep, defined as the ratio between the vis-
cous and inertial forces in the near surrounding of the particle and the Stokes
number, St, defined by the ratio of the relaxation time of the particle and a
relevant timescale of the flow.

It is possible to model the presence of particles in a fluid, spherical or non-
spherical, as an effect on rheological the bulk properties instead of accounting
for each individual particle. The rheology of a fluid describes how the fluid
reacts when a force is applied. For a Newtonian fluid this is described by a
single parameter, i.e the temperature dependent viscosity. When particles are
added to the fluid, more complex relations between the stress and strain rate are
obtained. When fibres are considered, this model consists of an additional stress
coupled with the orientation tensor, a tensor related to the fibre orientation
distribution, see e.g. Advani & Tucker III (1987) and Batchelor (1970b). The
reason for the coupling between the orientation and the stress, is that a fibre
suspension will be able to resist different amount of force in different directions
depending on the local fibre orientation. This is directly related to what was
previously discussed concerning the manufacturing of composites, where the
orientation of the fibres in the matrix to a large extent decides the strength of
the final composite in different directions.

The above implies that the fibre orientation distribution needs to be known
explicitly in order to calculate the stress, which is not possible in many cases
when complex flow fields are of interest. The calculation of the orientation
distribution is usually avoided by obtaining fourth order orientation tensors
which is a function of the flow. However, this fourth order tensor will depend
on the sixth order tensor and so on, leading to a closure problem similar to
that found for the Reynolds stresses in turbulence. In order to overcome this
closure problem, a closure approximation is needed. Petrie (1999) reviewed
many of the closure approximations that have been suggested and in detail
explains what needs to be considered when constructing a rheological model.

In addition to the modelling of the rheology not being trivial, to measure
the viscosity of fibre suspensions is in itself not an easy task and the literature
regarding shear viscosity measurements is scarce. For a review of what has been
accomplished in this ares see e.g. Derakhshandeh et al. (2011), where a short
section handles the shear viscosity of fibres suspensions. Derakhshandeh et al.
(2011) points out, that even though there is a lack of experiments regarding the
shear viscosity of cellulose fibre suspensions, more work has been done using
other types of fibres, and there are similarities that can be exploited.



1.3. PRESENT WORK 7

1.3. Present work

The increased accuracy in the modelling of fibre suspensions, by the coupling
of DNS and fibre motions, calls for quantitative experimental data to be used
in the validation process. In order to provide data regarding fibres in turbulent
wall-bounded flow as well as investigating differences from laminar flow, the
effects of different flow- and fibre-parameters on orientation distributions and
spatial distributions are investigated in this work.

Two experiments have been performed. In the first, fibre orientation and
spatial distribution in a turbulent flow are studied. Detailed orientation mea-
surements for a wide parameter space are given. Furthermore, the tendency
for fibres to form streaks is carefully quantified.

The second experiment concerns flow instabilities in a curved rotating chan-
nel. Nano-fibrillated cellulose (nanometer sized cellulose fibrils derived from
pulp) is added to the flow and the effects on the stability is investigated. The
experimental observations are compared to linear stability analysis.
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CHAPTER 2

Fibres in flowing fluids

In this chapter, a short review is provided regarding the basics of fibres in
flowing suspensions.

2.1. The motion of fibres in laminar flows

When Jeffery (1922), derived the equations of motion for an ellipsoidal particle
in simple shear, this was a first step toward understanding how fibres behave
in different flows. The rotational velocities for an ellipsoidal particle in simple
shear are given by:

φ̇ = − γ̇

r2e + 1
(r2e sin2 φ+ cos2 φ), (2.1)

θ̇ =

(
r2e − 1

r2e + 1

)
γ̇

4
sin 2φ sin 2θ, (2.2)

where γ̇ is the shear rate, re the aspect ratio for the ellipsoidal particle, θ the
angle between the vorticity axis and the major axis of the ellipsoid and φ is
the angle between the flow-vorticity plane and the plane made up by the major
axis of the particle and the vorticity axis.

The work by Jeffery (1922) has been verified several times, e.g. Trevelyan
& Mason (1951), who studied the motion of spherical and cylindrical particles
in a Couette flow experimentally. Goldsmith & Mason (1962) expanded the
previous mentioned study by investigating the effect of a varying velocity gra-
dient in Poiseuille flow. In these experimental studies, cylindrical rods were
used. The results provided an equivalent aspect ratio by assuming a rotation
time equal to the analytical solution for an ellipsoidal particle as was reported
by Jeffery (1922). Harris & Pittman (1975) presented the following empirical
formula:

re = 1.14r0.844p , (2.3)

to be the best fit to their experimental data for values of rp between 1 and 120,
where rp is the aspect ratio of the cylindrical particle.

The equations of motion for spheroids have later been derived for any body
of revolution by Bretherton (1962), and for bodies with arbitrary cross sections
by Batchelor (1970a). In recent years, the effects of particle- and fluid-inertia

9
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has become an area of interest. Two recent examples are Subramanian & Koch
(2006), who studied the effects of fluid and particle inertia on almost spherical
particles and Lundell & Carlsson (2010) where the effect of particle inertia on
ellipsoids in Stokes flow were scrutinised.

2.2. Fibres in turbulent flow

Even though the motion of spheroids has been studied for almost a century, it is
not until recently, when direct numerical simulations (DNS) of turbulent fibre
suspension flows has become feasible to perform, that numerical results are of
interest to use in more complex applications with high accuracy. Zhang et al.
(2001) was first to perform a DNS coupled in one direction with the equations
of motion for non-spherical particles in a turbulent channel flow. The equations
of motion included hydrodynamic forces, torques, shear induced lift and gravi-
tational forces. The numerical methods since then have been developed to also
include inertia by Mortensen et al. (2008). Marchioli et al. (2010) extended
the parameter range in terms of aspect ratios and particle response time. An-
dersson et al. (2012) developed a torque-coupling scheme between Lagrangian
point-particles and an Eulerian fluid, and applied the method on a particle
laden turbulent channel flow.

As more detailed results from numerical simulations emerges, the demand
for detailed experimental results to be used in the validation process has in-
creased. Of interest are orientation of the fibres and their translational- and
rotational velocities. This information is necessary to be able to compare sta-
tistical data as well as providing possible explanations for the mechanisms
responsible for the fibre orientation.

2.3. Hydrodynamic stability of fibre suspension flows

The effects of fibres on the transition from laminar to turbulent flow, is an area
that has not received the attention needed. The few experiments that have
been performed are not conclusive and indicate that fibres can stabilise certain
instabilities while destabilising other.

Vaseleski & Metzner (1974) measured pressure drops in pipes of differ-
ent diameters in order to investigate drag reduction of suspensions containing
various volume fractions and aspect ratios of nylon fibres. They found that
the transition to turbulence was delayed, i.e. the flow was stabilised due to
the presence of fibres. Pilipenko et al. (1981) on the other hand, found that
the addition of plant fibres in a Taylor apparatus decreased the critical Taylor
number and thereby destabilised the flow.

Theoretical results within this area are more coherent and suggests that
fibres have a stabilising effect on various flows. Gupta et al. (2002) studied
the transition in the Taylor-Couette flow of a semi-dilute, non-Brownian, fibre
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suspension by means of a linear stability analysis, and came to the conclu-
sion that regardless of closure approximation for the orientation tensor, the
critical Reynolds number increased. Moreover, fibre-fibre interactions, mod-
elled by an interaction coefficient, were proposed to be the main reason for
this stabilisation. Nsom (1996) investigated the effect of fibres and gap-width
on the stability of a Dean flow. The critical wavelength was determined to
be unaffected by the presence of fibres, while the transition to turbulence was
delayed both in the dilute and semi-dilute regime. Azaiez (2000) performed a
linear stability analysis of a mixing layer containing fibres and found that the
orientational diffusivity due to hydrodynamic interactions was the main reason
for stabilisation. Similar results were reported by Zhenjiang et al. (2004) who
studied the linear stability of a fibre suspension in two-dimensional channel
flow and found that the addition of fibres stabilised the flow but also had an
effect on the critical wavenumber, which is contradicting previously mentioned
results by Nsom (1996).

Due to the lack of experimental work to validate the simulations, no quan-
titative results are available. Furthermore, contradictions such as Vaseleski &
Metzner (1974) vs Pilipenko et al. (1981), where one reports that fibres acts
stabilising and the other destabilising, indicate that there is a lack of knowledge
regarding the appropriate modelling of the effects of fibres on hydrodynamic
stability. The reason for the few experimental studies are possibly due to the
difficulty to determine the rheological properties of the suspension for a rele-
vant situation, where for example a measurement of the shear viscosity is not
enough to decide the properties of the fluid. Furthermore, there are several
parameters that are difficult to control in the experiments, such as distribu-
tion (particles tend to form clusters) and orientation of the fibres. In addition,
measuring fluid velocity in a dense fibre suspension is difficult due to the lack
of optical access.
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CHAPTER 3

Experimental setups, methods & theory

In this chapter, two experimental setups and the techniques used in acquisition
and analysis of data are described, as well as the theory used to model the
effect of fibres the hydrodynamic stability in a curved rotating channel. For a
more detailed description the reader is referred to the papers in Part II.

3.1. The water table

In order to increase the understanding of the behaviour of fibres in turbulent
boundary layers and obtain data that can be used as validation for numerical
simulations, cellulose acetate fibres are introduced into a half channel flow,
Kvick et al. (2012a). The experimental setup consists of a water table and
a camera, displayed in figure 3.1. The water is pumped from a downstream
reservoir to an upstream reservoir, allowing the suspension to flow down the
inclined glass plate. The camera is placed at a position more than 100 heights
of the water layer downstream of the inlet, where images of all the fibres in
the region of interest in the flowing suspension are acquired through the glass
plate.

The fibres in the images are identified using a second order ridge detector
within the class of steerable filters, Carlsson et al. (2011), providing the position
and orientation for each individual fibre in the flow-vorticity plane.

Since the flow down the inclined glass plate is driven by gravity alone,
it is possible to calculate the wall shear stress, τw, through the force balance
between the water and the plate;

τw = ρgh sinα, (3.4)

where ρ is the density of water, g is the gravitational acceleration, h is the
height of the water layer and α is the inclination angle of the glass plate defined
positive in the clockwise direction with α = 0 in the direction of the x-axis.
This is a half channel flow, and the friction Reynolds number, Reτ , is typically
defined as;

Reτ =
h

ν
uτ =

h

ν

√
τw
ρ

=
h
√
gh sinα

ν
, (3.5)

where uτ is the friction velocity and ν is the kinematic viscosity. The non-
dimensional numbers describing particles in the flow are the particle Reynolds

13



14 3. EXPERIMENTAL SETUPS, METHODS & THEORY

x

y

z

Figure 3.1. Schematic of the water table.

number, Rep, defined as the ratio between the viscous and inertial forces in
the near surrounding of the particle and the Stokes number, St, defined by
the ratio of the relaxation time of the particle and a relevant timescale of the
flow or equally by the density ratio times Rep. Rep is defined as, Aidun et al.
(1998);

Rep = γ̇
l2f
ν

=
τw
ρν

l2f
ν

=
l2fgh sinα

ν2
, (3.6)

where γ̇ represents the shear rate at the glass plate and lf is the fibre length.
An equivalent Stokes number, St, can be calculated by multiplying Rep with
the density ratio of the particles and the fluid, Lundell & Carlsson (2010).
The physical water layer thickness, h, is 8—12 mm depending on parameter
combination. In the experiments, Reτ is varied between 50 and 210, which
corresponds well with the low Reynolds number turbulence in which DNS are
performed, and Rep is varied between 10 and 103.

The fibres used in the experiments are cellulose acetate fibres with a density
of ρf = 1300 kg/m3, with lengths of lf =0.5, 1, and 2 mm. The concentrations
of fibres used in the experiment is relatively low, 0.00042− 0.0033% by weight
(corresponding to a number density of nl3 = 0.0008 − 0.0066), where n is the
number of fibres per unit volume. Since the fibres are sedimenting in the flow,
most of the fibres will be located close to the plate when reaching the position
where the images are acquired.

A typical image acquired during one of the experiments is displayed in
figure 3.2. It shows an instantaneous image of the black fibres in the flow at
the acquisition point, located 1100 mm downstream of the inlet of the glass
plate. The orientation of the fibres as well as their non-uniform distribution
will be discussed later.
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z

x

Figure 3.2. Typical image of the fibre suspension acquired
during experiment. The flow is in the positive x-direction. The
black dyed fibres can clearly be seen in the flow.

3.2. Curved rotating channel

3.2.1. Experimental setup

The experimental setup, sketched in figure 3.3, was previously used by Matsson
& Alfredsson (1990). The setup consists of a rectangular curved channel that
covers 180◦ and has a radius of curvature Ra = 400 mm. Before the contraction
at the inlet, packed spheres are placed in order to increase the pressure drop
and break up large turbulent scales.

The flowing fluid in the setup is, apart from the driving pressure force, un-
der the influence of two different forces; (i) a centrifugal force due to curvature
and (ii) a Coriolis force due to rotation. These two forces are both destabilising
by themselves. However, depending on fluid velocity, Ub, angular velocity, Ω,
kinematic viscosity ν and channel width, d, the forces can either enhance the
destabilisation or counteract each other. The two governing non-dimensional
parameters this are the Reynolds number, Re, and the rotational number, Ro,
defined as;

Re =
Ubd

ν
, (3.7)

Ro =
Ωd

Ub
. (3.8)

Re is varied between 300 and 800 based on the viscosity of water, and Ro is
in the interval [−0.2, 0.2], where positive values of Ro indicate that the channel
is rotating in the direction of the flow.
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Figure 3.3. Sketch of the curved channel. The inlet is to the
right in the image, packed spheres, a screen and a contraction
are used to reduce the turbulence in the beginning of the chan-
nel.

In order to visualise the flow, a small amount of Iriodin (plate like particles
that visualise flow structures) is added to the fluid. A CCD camera placed at
a position of 65 channel widths downstream of the inlet captures images of the
flow structures. The images are analysed by visual examination and assigning
the set of images to one of six flow regimes: laminar, weak primary insta-
bility, strong primary instability, weak secondary instability, strong secondary
instability and turbulent.
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3.2.2. Theoretical considerations

The flow in the curved rotating channel is governed by the Navier-Stokes equa-
tions together with the continuity equation in cylindrical coordinates;

Dur
Dt
− u2θ

r
= −1

ρ

∂p

∂r
+ ν

[
∇2ur −

ur
r2
− 2

r2
∂uθ
∂θ

]
+ 2uθΩ, (3.9)

Duθ
Dt

+
uruθ
r

= − 1

ρr

∂p

∂θ
+ ν

[
∇2uθ −

uθ
r2

+
2

r2
∂ur
∂θ

]
− 2urΩ, (3.10)

Duz
Dt

= −1

ρ

∂p

∂z
+ ν∇2uz, (3.11)

∂ur
∂r

+
ur
r

+
1

r

∂uθ
∂θ

+
∂uz
∂z

= 0, (3.12)

where;

D

Dt
=

∂

∂t
+ ur

∂

∂r
+
uθ
r

∂

∂θ
+ uz

∂

∂z
, (3.13)

∇2 =
∂2

∂r2
+

1

r

∂

∂r
+

1

r2
∂2

∂θ2
+

∂2

∂z2
, (3.14)

and the velocity vector is given by;

u = urer + uθeθ + uzez. (3.15)

When fibres are added to the flow, an additional term appears in the stress
tensor of the form;

σ = −pδij + 2µε+ µfibreε < pppp >, (3.16)

where µ is the viscosity of the suspending fluid, µfibre is a rheological parameter
dependent on concentration and aspect ratio of the fibres, ε, is the strain rate
tensor and p is the orientation vector for the fibre.

The fourth order orientation tensor, a4 =< pppp >, in equation 3.16, is
dependent on the sixth order orientation tensor, and so on, where <> denotes
the ensemble average. This closure problem is analogue to the closure problem
for the Reynolds stresses in turbulence. It is necessary to make an approxima-
tion in order to close these equations, this closure can be performed in many
different ways, see e.g. Petrie (1999). In the present study this approximation
is avoided by assuming that all fibres are performing Jeffery orbits in the rθ-
plane, providing the possibility to calculate the fibre orientation distribution
and thereby obtaining the necessary terms in the orientation tensor.
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Assuming perturbations of the form;

u′r = R(r)eiβz+st (3.17)

u′θ = Θ(r)eiβz+st, (3.18)

u′z = Z(r)eiβz+st (3.19)

p′

ρ
= P (r)eiβz+st, (3.20)

where β is the spanwise wavenumber and s the temporal growth rate, it is
possible to obtain the linear stability equations for the fibre suspension flow.
Using the narrow gap approximation, γ = d

Ra << 1 and thus neglecting terms

of order γ2 and higher, this results in the following system of equations;

4(D2 − β2)2(1 + γη)R+ 4γD(D2 − β2)R− 2β2Re(γV + Ro(1 +
γ

2
η))Θ+

+AΦ

[
4arrrrβ

2D2(1 + γη)R+ 2γarrrrβ
2DR+

+ 4arrrθβ
2D2(1 + γη)Θ− 2γarθθθβ

2DΘ

]
=

= 2sRe(D2 − β2)(1 + γη)R+ γsReDR+ O(γ2), (3.21)

4(D2 − β2)(1 + γη)Θ + 2γDΘ− Re(2V′ + 4Ro)(1 + γη)R− γReVR+

+AΦ

[
4arrrθD

2(1 + γη)R+ 4γarrrθDR+ 2γarθθθDR+

+ 4arrθθD
2(1 + γη)Θ

]
=

= 2sRe(1 + γη)Θ + O(γ2), (3.22)

where D = ∂/∂η, V = V/Ub is the non-dimensional mean streamwise velocity,
η = 2

γ ( r
Ra − 1) is the non-dimensional spanwise coordinate, A is a rheological

parameter, see e.g. Batchelor (1971), Φ is the volume fraction of fibres and
aijkl are elements in the fourth order orientation tensor where only non-zero
elements remains in the equation assuming all fibres are located in the rθ-plane.
Solving this eigenvalue problem for s, where real positive values of s indicates
a growth of the disturbances, results in critical wavenumbers, βcr, Reynolds
numbers, Recr and rotational numbers Rocr.



CHAPTER 4

Results & discussion

In this chapter, the author’s contribution regarding fibre orientation and for-
mation of fibre streaks in turbulent channel flow as well as the effect of fibres
on curvature- and rotation-induced stability are summarised.

4.1. Fibre orientation

In the experiments on the water table it is found that the most important pa-
rameter controlling the fibre orientation close to a wall is the fibre length. In
figures 4.1a - 4.1c, fibre orientation distributions for three different fibre lengths
and different friction Reynolds numbers are displayed. The fibre orientation
angle β is defined with β = 0 in the streamwise direction. For all fibre orienta-
tion distributions, orientations for fibres in 150 images with 150 – 1500 fibres
in each image is used. This is found to be sufficient to achieve convergence for
all cases.

As it is evident from figures 4.1a - 4.1c, the longer fibres with aspect ra-
tio rp = 28 are mostly aligned in the flow direction while the shorter fibres
with aspect ratio rp = 7 have an orientation close to the spanwise direction.
The medium sized fibres, with aspect ratio rp = 14, assumes a more isotropic
distribution. Carlsson et al. (2007) and Carlsson (2009) reported similar exper-
imental results for a laminar flow. The reason of the difference in orientational
behaviour was suggested to be a competition between effects of sedimentation
towards the wall, direct wall interaction and fluid inertia. Moreover, this theory
was strengthened by a numerical investigation.

4.1.1. Effect of polymers

A small amount of polyethyleneoxide (PEO) is added to the flow, viscosity
measurements of the fluid phase shows that the small amount had no effect on
the bulk shear viscosity. The anisotropy, defined as A = a11/a22, where aii are
the diagonal components in the second order orientational tensor, Advani &
Tucker III (1987), is used to quantify differences in orientation. In figure 4.1d,
the suspensions containing PEO, (�,O), are compared to the corresponding
reference case, (�,H), where water is the carrying fluid phase. The addition of
PEO does not notably effect the anisotropy for the shorter fibres with rp = 7
(�). However for the fibres of medium length with rp = 14 (O), the anisotropy

19



20 4. RESULTS & DISCUSSION

0.001 
 

 0.005

30

210

60

240

90270

120

300

150

330

180

0

a) r
p
 = 7

 

 

Re
τ

 = 81

Re
τ

 = 135

Re
τ

 = 178

0.001 
 

 0.005

30

210

60

240

90270

120

300

150

330

180

0

b) r
p
 = 14

 

 

Re
τ

 = 79

Re
τ

 = 121

Re
τ

 = 169

0.001 
 

 0.005

30

210

60

240

90270

120

300

150

330

180

0

c) r
p
 = 28

 

 

Re
τ

 = 80

Re
τ

 = 124

Re
τ

 = 173

50 100 150 200 250
0

0.5

1

1.5

2

2.5

3

3.5

Re τ

A

 

 d)
r
p
=14, PEO

r
p
=14, ref

r
p
=7, PEO

r
p
=7, ref

Figure 4.1. Fibre orientation distributions for (a) rp = 7,
(b) rp = 14 and (c) rp = 28 at different friction Reynolds
numbers. d) Anisotropy for suspension containing PEO (O and
�) compared to the reference (H and �) where the fluid phase
is tap water.

is lower in all cases. The reason for the difference in the result for different
fibre aspect ratio is believed to be related to the location of the polymers in
the flow. White et al. (2004) found that the addition of polymers in a turbulent
boundary layer had an effect in the buffer layer, at heights between 5l+−30l+,
where l+ = ν/uτ is the viscous length scale, see e.g Pope (2000). Since the
length of the fibres with aspect ratio rp = 14 (lf = 6l+ − 18l+) corresponds
to the location of the buffer layer, while the shorter fibres with aspect ratio
rp = 7 have a length (lf = 3l+−9l+) which is close to the height of the viscous
sublayer, the addition of polymers are believed to only affect the fibres located
in the buffer layer.

4.2. Fibre streaks

In most of the experiments the fibres agglomerated into streamwise streaks, as
observed in the image in figure 3.2. In order to quantify the fibre streaks, a
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Figure 4.2. (a) Relative streakiness, Ξ, as function of Reτ
for different fibre aspect ratios. (b) Normalised streak widths
for rp = 28 (•), rp = 14 (H) and rp = 7 (�) where 50 l+/h
(full line) and 70 l+/h (dashed line) are shown for comparison.

correlation based method using the positions of the fibres is used, described in
H̊akansson et al. (2012). The lack of data for the longer fibres with rp = 28
in figure 4.2a are due to the results not converging due to lack of images. In
figure 4.2a, the relative streakiness, Ξ, a measure of how strong the tendency for
the fibres to agglomerate into streaks are, is shown versus the friction Reynolds
number for different fibre aspect ratios. As can be observed, there is a maximum
of the streakiness at Reτ ≈ 110. The width of the fibre streaks is in figure 4.2b
compared to the empirical value of 50l+ of low velocity streaks in turbulent
boundary layers, Zacksenhouse et al. (2001). The streaks are seen to scale in
the same manner, although most fibre streaks are wider than the low velocity
streaks. Similar results has been reported earlier, Zhao et al. (2010) found that
the addition of spherical particles caused the velocity streaks to widen.

4.3. Effect of nano-fibrillated cellulose on stability

Example images from four of the six different regimes (laminar, weak primary
instability, strong primary instability, weak secondary instability, strong sec-
ondary instability and turbulent), used in the analysis of the images acquired
of the flow structures in the curved rotating channel, are shown in figure 4.3
for the Newtonian case. In figure 4.3a an example of the laminar case, for Re
= 595 and Ro = −0.024, can be seen, with almost no change in image intensity.
Indicating that there are no flow structures present. Increasing the rotational
number to Ro = 0.006, the primary instability is reached in figure 4.3b with
its well defined streamwise vortices. In figure 4.3c and 4.3d, as the rotational
number is increased further to Ro = 0.039 and Ro = 0.076, the vortices break
down. This is considered to be a sign of the secondary instability. A further
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a) b)

c) d)

Figure 4.3. Example images for a) laminar, b) strong pri-
mary instability, c) weak secondary instability and d) strong
secondary instability regimes, with Re = 595 and Ro =
−0.024, 0.006, 0.039 and 0.076 respectively.

increase in Ro leads to turbulence. Evidently, the primary instability is quite
easy to distinguish whereas the second transition point is more difficult to pin-
point. In the images in figure 4.3, the background for a laminar case with the
same flow conditions have been subtracted in order to increase the visibility of
the structures in the flow.

In figure 4.4, the results from the visual inspection has been summarised
in two plots showing the regime each case belongs to for the Newtonian fluid
and the nano-fibrillated cellulose (NFC) suspension in the Re-Ro-plane. In the
figure the following notation is used; laminar (◦), weak primary instability (×),
strong primary (∗), weak secondary instability (�), strong secondary instability
(O) and turbulent (�). The Reynolds number in the two figures is based on the
viscosity of the suspending fluid. The most obvious difference between figures
4.4a and 4.4b is that in the case of NFC suspension, the secondary instability
is never reached.

Figure 4.5a depicts the contours of the first and second transition for the
case of the Newtonian fluid as well as the first transition for the NFC suspen-
sion. The results presented here are not trivial to analyse. The viscosity of
the NFC suspension is in reality greater than that of the the suspending fluid,
in addition it is also shear thinning. The shear viscosity versus the shear rate
can be found in Kvick et al. (2012b), where µs = 1.8µl can be taken as an
approximate value, where µs and µl are the viscosities of the suspension and
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Figure 4.4. State diagrams for a) Newtonian fluid and b)
NFC suspension. The Reynolds number is in both figures
based on the viscosity of water.
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Figure 4.5. a) Contours showing the onset of the pri-
mary and secondary instability for the Newtonian and NFC-
suspension. The Reynolds number is based on the viscosity of
water. b) Neutral stability curve obtained by linear stability
analysis for different volume fraction of fibres, Φ.

the suspending liquid, respectively. If this viscosity were to be applied on the
curve in figure 4.5a, this implies that the fibres are acting as a destabiliser.
However, since the orientation of the fibres are unknown in the channel as well
as in the rotational viscometer, this conclusion lacks support. Instead, using
an effective viscosity of µs = 1.4µl would collapse these two curves onto each
other.

Considering that the orientation in the viscometer is random (mixing took
place between each measurement) and using the fact that fibres aligned parallel
to the vorticity axis would have no effect on the shear viscosity, it is possible
to state that the effective viscosity will have a value in the interval 1µl < µs <
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1.8µl. The correct value of this viscosity can not be found until the orientation
of the fibres in the flow and the velocity in the channel are known.

Figure 4.5b shows the neutral stability curve in the Re-Ro-plane for differ-
ent volume fractions, Φ, of fibres obtained by a linear stability analysis. It is in
this case assumed that the fibres are performing Jeffery orbits in the rθ-plane
given an aspect ratio rp = 340 and an interaction coefficient Cl = 0.05, result-
ing in a effective viscosity of µs = 1.4µl. As evident, an increased concentration
of fibres causes an increase in the critical Reynolds number. Furthermore, the
fibres also seem to affect critical rotational number, where a suspension con-
taining high concentration of fibres demands a larger Coriolis force in order to
be stabilised.

Although there are several simplifications in the modelling of the effect of
fibres in the linear stability analysis, the curves in figure 4.5a and 4.5b show
some interesting similarities. The location of the peak are for both cases located
close to Ro = −0.03, although the value at the peak are much greater in the
case of linear stability. This difference is most likely due to the fact that the
inlet conditions in the experiment may not be completely laminar.



CHAPTER 5

Conclusion & outlook

In this thesis the orientation and distribution of fibres in a turbulent channel
flow are studied as well as the effect of nano-fibrillated cellulose on curvature-
and rotation-induced stabilities.

Regarding the behaviour of fibres in a turbulent wall bounded flow, it is
found that, independent of flow conditions, the fibre orientation distribution
was to a large extend decided by the aspect ratio of the fibres. Fibres with a
large aspect ratio tended to align in the flow direction, while the fibres with a
smaller aspect ratio ended up with an orientation close to the spanwise direc-
tion. The reason for this was suggested to be a competition between effects of
sedimentation towards the wall, direct wall interaction and fluid inertia.

When a small amount of PEO (polyethyleneoxide) was added to the flow,
this had a consistent impact of the fibre orientation, driving the distribution
toward a more isotropic state. The effect was found to depend on the aspect
ratio of the fibres and is believed to occur when the length of the fibres and
the position of the buffer layer coincide, since polymers are known to have an
effect on the flow in the buffer layer.

The fibre streaks that were seen in the experiments were found to have
a width which scaled similarly to the low velocity streaks that can be found
in turbulent boundary layers. The width of the fibre streaks were slightly
wider than the low velocity streaks. Furthermore, the tendency for the fibres
to agglomerate into streaks (i.e. the streakiness) was found to decrease with
increased Reynolds number.

When NFC (nano-fibrillar cellulose) fibres were added to the flow in a
curved rotating channel this was found to have a large stabilising effect on
the flow. The magnitude of the stabilisation could neither be predicted by
viscosity measurements nor from results obtained by a linear stability analysis.
Furthermore, the results from the viscosity measurements over predicts the
critical Reynolds number, while the linear stability analysis under predicts it.

These results bring forth the difficulty in experiments and modelling of the
effects of fibres on hydrodynamic stability. Where, in this particular case,
rheological measurements and simulations fail to quantitatively predict the
effect NFC has on the stability of the flow.

25
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Regarding fibres in turbulent boundary layer, more experiments are needed
in order to provide data for verification for simulations. The data needed should
if possible include velocity data for the fibres and the fluid, as well as rotational
velocity and orientation for the fibres.

Due to the inconclusive results from the experiments on the effects of fibres
on stability, the need for further studies on this subject is apparent. A study
of the orientation of NFC in the channel coupled with the onset of the primary
instability would greatly increase the understanding.



CHAPTER 6

Papers & author contributions

Paper 1
Fibre orientation and fibre streaks in turbulent wall bounded flow
M. Kvick (MK), K. H̊akansson (KH), F. Lundell (FL), L. Prahl Wittberg
(LPW) & L. D. Söderberg (DS)

The orientation and spatial distribution of fibres in a turbulent wall bounded
flow is studied experimentally. MK and KH performed a majority of the exper-
iments and analysis in close collaboration under supervision of FL, LPW and
DS. In addition, KH performed the LDV measurements and MK implemented
the anisotropy as an analysis method. MK, KH, FL and LPW wrote the paper
jointly with input from DS.
Parts of these results have been published in:

Streak Formation and Fibre Orientation in Near Wall Turbulent
Fibre Suspension Flow
M. Kvick, K. H̊akansson, F. Lundell, L. D. Söderberg & L. Prahl
Wittberg
ERCOFTAC bulletin, 2010, Vol. 84

Fibre Streaks in Wall Bounded Turbulent Flow
M. Kvick (MK), K. H̊akansson, F. Lundell, L. D. Söderberg &
L. Prahl Wittberg
7th Int. Conf. on Multiphase Flow
May 30 – June 4 2010, Tampa, FL, USA

Paper 2
Measurement of width and streakiness of particle streaks in turbulent flows
K. H̊akansson (KH), M. Kvick (MK), F. Lundell (FL), L. Prahl Wittberg
(LPW) & L. D. Söderberg (DS)

A new method for the quantification of particle streaks is developed. KH and
MK developed the method and performed the analysis under supervision of FL,
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LPW and DS. KH investigated and accounted for the dependence of concen-
tration, image size, artificial particle size and streak width in the method. MK
incorporated the Voronoi method into the analysis. KH, MK, FL and LPW
wrote the paper jointly with input from DS.

Paper 3
Effects of nano-fibrillated cellulose on curvature- and rotation-induced instabil-
ities in channel flow
M. Kvick (MK), F. Lundell (FL), L. Prahl Wittberg (LPW) & L. D. Söderberg
(DS)

The effect of nano-fibrillated cellulose on instability is studied experimentally
in a curved rotating channel. MK performed the experiments and analysis
under supervision of FL, LPW and DS. MK wrote the paper with input from
FL, LPW and DS.



Acknowledgements

The Wallenberg Wood Science Center (WWSC) through the Knut and
Alice Wallenberg foundation is greatly acknowledged for the funding of this
work.

I would like to thank my main supervisor Fredrik Lundell, for his great en-
thusiasm in the world of fibre suspension flows, as well as always being available
when a question needed an answer.

Great thanks also to my other supervisors, Daniel Söderberg, who accepted
me as a PhD student and introduced me to the world of papermaking and Lisa
Prahl Wittberg for the many corrections on various texts and ideas on analysis
and interpretation.

Karl H̊akansson, who has been collaborating with me on a large part of
this thesis, is greatly appreciated for making work interesting and enjoyable,
as well as providing an excuse to relax after work, when needed.

A special thanks to Dr. Mihai Mihaescu for comments and suggestions
regarding the contents and layout of the thesis.

Prof. Matsubara and Kenta Watanabe are highly appreciated together
with the rest of the group at Shinshu University for taking care of me during
my visit to Japan.

Thanks to Allan who provided valuable input on the reasoning regarding
the fibre orientation and Gabri who showed me how to find my way around the
lab.

Thanks to all of you who went out for lunch each day, Karl, Outi, Thomas
K, Shintaro. As well as the people who have joined later, Tomas R and Michail.

For the great atmosphere and interesting topics at the coffee breaks in the
lab special thanks go to; Bengt ,Ylva, Shahab, Sohrab, Renzo, Sissy, Markus,
Fredrik, Malte, Olle, Johan, Niklas, Emma, Alexander, Ramin, Alexandre,
Afshin, Ramis, Antonio and Ramin.

At OB18 I would like to especially mention Peter, Marit, Stevin, Florian,
Johan M, Qiang and Feng.

29



30 ACKNOWLEDGEMENTS

All the people at WWSC, both in Stockholm and Göteborg are appreciated
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L. D. 2012a Fibre orientation and fibre streaks in turbulent wall bounded flow.
To be submitted.

Kvick, M., Lundell, F., Prahl Wittberg, L. & Söderberg, L. D. 2012b Effects
of nano-fibrillated cellulose on curvature- and rotation-induced instabilities in
channel flow. Manuscript in preparation.

Lundell, F. & Carlsson, A. 2010 Heavy ellipsoids in creeping shear flow: Transi-
tions of the particle rotation rate and orbit shape. Physical Review E 81, 016323.

Marchioli, C., Fantoni, M. & Soldati, A. 2010 Orientation, distribution, and
deposition of elongated, inertial fibers in turbulent channel flow. Physics of Fluids
22 (3), 033301.

Matsson, O. J. E. & Alfredsson, P. H. 1990 Curvature- and rotation-induced
instabilities in channel flow. Journal of Fluid Mechanics 210, 537–563.

Mortensen, P., Andersson, H., Gillissen, J. & Boersma, B. 2008 On the ori-
entation of ellipsoidal particles in a turbulent shear flow. International Journal
of Multiphase Flow 34 (7), 678 – 683.

Norman, B. a. 2005 The Ljungberg Textbook - Paper Processes. Fibre and Polymer
Technology, KTH.

Nsom, B. 1996 Stability of fiber suspension flow in curved channel. Journal de
Physique II 6 (10), 1483–1492.

Petrie, C. J. 1999 The rheology of fibre suspensions. Journal of Non-Newtonian
Fluid Mechanics 87 (2-3), 369 – 402.

Pilipenko, V. N., Kalinichenko, N. M. & Lemak, A. S. 1981 Stability of the
flow of a fiber suspension in the gap between coaxial cylinders. Soviet Physics
Doklady 26, 646.

Pope, S. B. 2000 Turbulent flows. Cambridge University Press.

Subramanian, G. & Koch, D. L. 2006 Inertial effects on the orientation of nearly
spherical particles in simple shear flow. Journal of Fluid Mechanics 557, 257–
296.



REFERENCES 33

Toms, B. A. 1948 Some observations on the flow of linear polymer solutions through
straight tubes at large reynolds numbers. In Proceedings of the First Interna-
tional Congress on Rheology , , vol. 2, pp. 135–141. North Holland Publication
Company.

Trevelyan, B. & Mason, S. 1951 Particle motions in sheared suspensions. I. rota-
tions. Journal of Colloid Science 6 (4), 354 – 367.

Vaseleski, R. C. & Metzner, A. B. 1974 Drag reduction in the turbulent flow of
fiber suspensions. AIChE Journal 20 (2), 301–306.

Virk, P. S. 1975 Drag reduction fundamentals. AIChE Journal 21 (4), 625–656.

Virk, P. S., Merrill, E. W., Mickley, H. S., Smith, K. A. & Mollo-
Christensen, E. L. 1967 The toms phenomenon: turbulent pipe flow of dilute
polymer solutions. Journal of Fluid Mechanics 30 (02), 305–328.

White, C., Somandepalli, V. & Mungal, M. 2004 The turbulence structure of
drag-reduced boundary layer flow. Experiments in Fluids 36, 62–69.

Zacksenhouse, M., Abramovich, G. & Hetsroni, G. 2001 Automatic spatial
characterization of low-speed streaks from thermal images. Experiments in Fluids
31 (2), 229–239.

Zhang, H., Ahmadi, G., Fan, F.-G. & McLaughlin, J. B. 2001 Ellipsoidal parti-
cles transport and deposition in turbulent channel flows. International Journal
of Multiphase Flow 27 (6), 971 – 1009.

Zhao, L. H., Andersson, H. I. & Gillissen, J. J. J. 2010 Turbulence modulation
and drag reduction by spherical particles. Physics of Fluids 22 (8), 081702.

Zhenjiang, Y., Jianzhong, L. & Zhaosheng, Y. 2004 Hydrodynamic instability
of fiber suspensions in channel flows. Fluid Dynamics Research 34 (4), 251 –
271.


