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Abstract
Lateral migration of particles is the phenomenon in suspension flow which causes non-
uniform distribution of the dispersed phase due to lateral movement of particles in unidi-
rectional flow. Since its discovery, this phenomenon has brought a curiosity in the fluid
mechanics field because it has been widely understood that in unidirectional flow there is
only axial velocity component. Numerous studies have reported that the migration is due to
the exerted force from the fluid to the particle. The migration is complete when the particle
has reached the equilibrium position which has widely reported to be at the region between
the tube-axis and tube-wall in a Poiseuille flow.

In this thesis the combined effect of flow Reynolds number and particle concentration
on the particle migration in a Poiseuille flow is studied experimentally. Neutrally buoyant
spheres with diameter 𝑑 are used in the experiment as a dispersed phase. These two param-
eters have been reported to have opposing effects on the migration. An increase in Reynolds
number brings the particle to migrate closer to the wall, while an increase in particle concen-
tration generates a resistance to the movement of particles into the equilibrium position. To
investigate this effect, Reynolds number is varied in the range 𝑅𝑒 = 200 − 1200 and particle
concentration in the range 𝜙 = 0.05 − 0.5%. Particles radial positions are captured using
particle tracking method for each combination of experimental parameter at multiple obser-
vation distances from the inlet.

The results reveal that the increase in Reynolds number leads to particles migrate at a
longer distance to reach the equilibrium position. There is a decrease in the rate of particles
accumulation at the equilibrium position with higher Reynolds number. With an increase
in the particle concentration, it is shown that the probability to find the particles at the
equilibrium position is decreasing. Moreover, the experiment result reveals that the effect of
Reynolds number on the migration distance is less significant at higher particle concentra-
tion. The secondary phenomena following the particle migration, emergence of inner annulus
and the formation of particle trains are also studied in this thesis study. It is shown that
these secondary phenomena are highly related to the particles accumulation in the equilib-
rium position. Both phenomena are also observed to be affected by the variation in Reynolds
number and particle concentrations.
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1
Introduction

A suspension is a heterogeneous mixture of solid particles and a liquid, which can be classi-
fied as multiphase flows. The suspension has a wide range of applications in industry. Some
examples are mudflows in the drilling process, sanitation management in the metropolitan
areas, removal of sediment in the dredging process, and products distribution in pharma-
ceutical and cosmetic industries. These examples bring great interest to put an effort to
understand the nature of a suspension, especially for the application of suspension flow. In
recent days the physics behind suspension flow is still not well understood due to its in-
herent complexity. This condition results in inefficient design, low energy efficiency, and a
conservative operational condition limit. The discovery of new tools and knowledge to study
suspension has brought an observation to new underlying phenomena in suspension flows.
To understand the physics behind the suspension flow, it is necessary to understand the
behaviour of these phenomena.

When a suspension flows through a circular tube, the solid particles are not uniformly dis-
tributed over the cross-section of the tube. This phenomenon was first reported by Fahraeus
and Lindqvist in 1931 [7]. They observed that the erythrocytes were concentrated at the tube
axis during the blood flow experiment through a narrow capillary as seen in Figure 1.1. This
non-uniformity has been understood due to the fluid exerts an axially directed transverse
force on the particles. Based on this observation, it has been predicted that the particles
under a shear flow will experience a lateral migration. This discovery has generated interest
in the fluid mechanics field because previously it has widely understood that in the laminar
unidirectional flow there is no other velocity component except in the axial direction. The
radial motion of particles in unidirectional flow during the migration has brought curiosity
to study the physics behind this phenomenon.

Figure 1.1: The accumulation of erythrocytes in the axis of the tube in Fahraeus and Lindqvist experiment. Figure Adapted from
Wikipedia.org

1
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A remarkable observation in the study of particle migration was reported by Segré and Sil-
berberg in 1962 [38].They observed that when a dilute suspension of rigid spherical particles
flowed through a circular tube in laminar flow, the particles would concentrate at the radial
position about the halfway between the tube axis and tube walls (0.6 of the tube radii). The
particles will continue to stay at this radial position, thus the radial position is also called as
the equilibrium position. This phenomenon is called as the Tubular Pinch Effect, it is illus-
trated in Figure 1.2. The concentration of particles at the equilibrium position is forming an
annular which is called as the Segré-Silberberg annulus.

The studies following the discovery of tubular pinch effect have reported the significance
of flow Reynolds number in affecting the particle migration. Bretherton [4] shows through
theoretical analysis that in a creeping flow, where the Reynolds number is very low, there is
no migration occurred. This result was confirmed experimentally by Goldsmith and Mason
[9]. With an increase in Reynolds number, the migration starts to occur, and the location
of equilibrium position is progressively shifted closer to the wall [1, 22, 37]. What is not
yet understood is the effect of Reynolds number to the migration-development distance, the
distance of the particles reaching the equilibrium position from the inlet. Matas et al.[22] re-
ported that the migration-distance is increasing with an increase in Reynolds number. While
experimental evidence from Morita et al. [25] shows that the migration-distance increases
with Reynolds number. This contradiction has brought a need to provide evidence to con-
clude the effect of Reynolds number to the development of particle migration.

Apart from the Reynolds number, particle migration is also affected by the particle con-
centration of the suspension. Previous studies have reported that an increase in particle
concentration can create a condition where the particle-particle interaction becomes more
frequent [10, 11, 18]. This interaction will suppress the migration of the particles into the
equilibrium position and the particles are concentrated at the tube axis instead of the equi-
librium position. Although studies have recognized the effect of particle concentration, most
are restricted to the study at low Reynolds number. There is still uncertainty about the com-
bined effect of Reynolds number and particle concentration to particle migration. This study
is interesting because these parameters have a different effect to the migration, as mentioned
before an increase in Reynolds number brings the particles away from the tube axis while an
increase in particle concentration resists the particle to the tube axis.

Flow 
Direction

(a.) (b.)

Particle Migration

Segré-Silberberg
Annulus

Figure 1.2: The illustration of Tubular Pinch Effect, (a.) Initially particles are uniformly distributed near the entrance, (b.) Particles
experience a migration to reach the equilibrium position at 0.6 of tube radius to form the Segré-Silberberg Annulus.

In addition to the tubular pinch effect, it has been reported the occurrence of two sec-
ondary phenomena following the particle migration. Firstly, the generation of the second
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annulus, beside Segré-Silberberg annulus, at flow Reynolds number above 600 which lies
at the radial position close to the axis of the tube. This phenomenon was first observed by
Matas et al.[22] in 2004, and they call the formed annulus as the inner-annulus. Secondly,
the hydrodynamic interaction between particles leads to the formation of particle trains [21].
The particle trains are seen as the alignment of several particles in the direction of the flow
to form a train like structure. These secondary phenomena are both presented in Figure 1.3.
So far, however, there has been little discussion about these secondary phenomena. As a
result, it remains unclear the nature of this secondary phenomena to the change in the flow
parameter. Determining the effect of flow parameter to the secondary phenomena is essential
for understanding the nature of suspension in general.

Inner Annulus

(a.) (b.)

Figure 1.3: The secondary phenomena following the particle migration under laminar Poiseuille flow, (a.)Trains of particles,
Figure reproduced from Matas et al. [21] and (b.)The illustration of the Inner Annulus.

This thesis will focus to study the effect of two parameters, Reynolds number and par-
ticle concentration, to the particle migration. From the literature study, there is a gap in
understanding the combined effect of varying Reynolds number and particle concentration
on the development of the particle migration into the equilibrium position. Furthermore, the
occurrence of the secondary phenomena is still not well understood and need more explana-
tion. The effect of varying these parameters on the mentioned secondary phenomena is an
interesting subject in the effort to gain understanding about their natural behaviour. The
study in this thesis project will rely on the particle tracking method which has a limitation
in the concentration level of particles in the suspension. Early understanding of the effect
of particle concentration and Reynolds number at low concentration is a small step towards
the solid and complete understanding of the nature of the suspension flow.

1.1. Research Question
This study aims to enhance the physical understanding of the particle migration phenom-
ena. The study will concentrate on the combination of the effect of particle concentration
and Reynolds number into the development of the particles migration. There has been nu-
merous study indicate the importance of these parameters in altering the occurrence of the
phenomena. The research question can be formulated as:

“What is the effect of particles concentration and Reynolds number on the develop-
ment of lateral migration of particles under Poiseuille flow?”

The main research question can be divided into several sub-questions:

1. How are the particles distributed at different particle concentrations and Reynolds num-
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bers?

2. What is the effect of particle concentrations and Reynolds numbers into the occurrence
of the secondary phenomena:

• How does the inner annulus develop at different particles concentration and Reynolds
number?

• How do the trains of particle develop at different particle concentrations and Reynolds
number along with the tube length?

In order to answer these questions, experiments are conducted to capture the radial posi-
tion distribution of the particles in a Poiseuille flow. Radial position distribution is presented
in the form of probability distribution at different Reynolds number, particle concentration,
and observation distance.

1.2. Outline
This report starts with a theoretical background and literature review behind the phenomenon
of particle migration in chapter 2. Chapter 3 presents the experimental set-up which is used
in this thesis project. In chapter 4, several data processing steps, such as particle detection,
3D coordinate construction, and statistical correction are explained in a separate section. In
chapter 5, the experimental results are presented, and the discussion is conducted to the
physical phenomena that appears following the particle migration. The conclusion from the
thesis project and recommendations for the future work finally are given in chapter 6.



2
Literature Study and Theoretical

Background
This chapter discusses the theoretical background and previous studies in the subject of
lateral migration of particles. Section 2.1 presents the physical background of the migration;
it is divided into the presentation of the relevant parameters to the particle migration and
the governing equation which is commonly used to analyze the fluid mechanic’s case. The
chapter continues with a brief introduction to the concept of lateral particle migration in
section 2.2. Some of recent research and efforts to understand the importance of the inertial
effect and the effect of particle concentration in suspension to the migration is presented
in section 2.3. The chapter ended with important remarks from the literature study which
relevant to the thesis study in section 2.4.

2.1. Physical Background
2.1.1. Relevant Parameters
A number of parameters are defined in the form of dimensionless number that are of impor-
tance for the particle migration. The importance of these parameters to particle migration
have been reported by several studies, which will be discussed in detail in the next section.

Reynolds number is the ratio between the inertial force and the viscous force. Reynolds
number is an important parameter in fluid mechanics as an indicator of which force is dom-
inant in the flow. Reynolds number of the fluid flow is given by:

𝑅𝑒 = 𝜌𝑈፦𝐷
𝜇 (2.1)

Where 𝜌 is the density of the fluid, 𝑈፦ is the mean axial velocity of the flow which acts
as the characteristic velocity scale of the fluid, 𝐷 is the diameter of the tube which acts as
the characteristic length scale, and 𝜇 is the viscosity of the fluid. At low Reynolds numbers,
the viscous force is dominating the flow, and the flow regime is laminar. At High Reynolds
numbers the inertial forces dominate the flows; this is the case when the flow is turbulence.
The transitional Reynolds number from laminar to turbulence for pipe flow is at 𝑅𝑒 = 2100
[44].

When studying particle migration, it is also important to define the Particle Reynolds
number (𝑅𝑒፩) to characterize the flow regime around particles. In which particle diameter (𝑑)
acts as the characteristic length. 𝑅𝑒፩ is defined as:

𝑅𝑒፩ =
𝜌𝑈፦𝑑
𝜇 (2.2)

5
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Apart from the Reynolds number, when studying suspension flow, particle concentration
(𝜙) is an important parameter to describe the dynamic condition between the particles. Par-
ticle concentration can be described as the ratio of the mass of the dispersed phase (𝑚፩ፚ፫፭)
over the mass of the flowing suspensions (𝑚፬፮፬) :

𝜙 =
𝑚፩ፚ፫፭
𝑚፬፮፬

× 100% (2.3)

From particle concentration, average particle spacing (𝑑፬፩) can be estimated using equa-
tion 2.4 from Poelma [30]:

𝑑፬፩ = 𝑑 (
𝜋
6𝜙)

ኻ/ኽ
(2.4)

The flow geometry can be characterized by the ratio of particle axial distance from the
inlet and tube diameter (𝐿/𝐷) and the ratio of particle diameter and tube diameter (𝑑/𝐷). The
relevant parameter is summarized in table 2.1.

Table 2.1: Relevant parameters in the study of particle migration

𝑅𝑒 Bulk Reynolds number
𝑅𝑒፩ Particle Reynolds number
𝜙 Particle concentration in suspension
𝑑፬፩ Average particle spacing
𝐿/𝐷 ratio of axial distance of the particles from inlet and tube diameter
𝑑/𝐷 ratio of particle diameter and tube diameter

2.1.2. Governing Equation
Particle migration happens due to exerted force from the fluid to the particle. Therefore, in
order to study the particle motion, it is usual to start by studying the flow field when there is
a particle present. The flow field is governed by the laws of conservation of mass, momentum,
and energy. Conservation of energy is neglected in this thesis study because it is assumed
that the fluid has constant density (incompressible) and the temperature of the fluid is con-
stant.

Conservation of mass of an incompressible Newtonian fluid is given by [2]:

∇ ⋅ �⃗� = 0 (2.5)

As for the conservation of momentum for an incompressible Newtonian fluid, is given by
[2]:

𝜌𝐷�⃗�𝐷𝑡⏝⏟⏝
Inertia

= −∇𝑝⏟
Pressure

+ 𝜇∇ኼ�⃗�⏝⏟⏝
Diffusion

+ ∑�⃗�፨፝፲⏝⎵⎵⏟⎵⎵⏝
Body Force

(2.6)

In equation 2.6, �⃗� is the velocity of the fluid, 𝜌 is the density of the fluid, 𝑝 is the pressure,
and 𝜇 is the viscosity of the fluid. Equation 2.6 can be classified into four terms: inertia,
pressure, diffusion, and body force. The body force is the total of external force which is
experienced by the body of fluid. It is generally arises from the earth’s gravitational field.

When equation 2.6 is applied for the creeping flow (𝑅𝑒፩ < 1) case, the equation becomes
stokes equation which is given by:

−∇𝑝 + 𝜇∇ኼ�⃗� = 0 (2.7)
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The equation neglects the inertia terms which brings non linearity to the equation, thus the
solution can be derived analytically. However, many cases in fluid mechanics is involving in-
ertia effect. Oseen suggested an improvement for the solution of Stokes equation to consider
the inertia in the far field. Oseen equation is defined as:

−𝜌�⃗� ⋅ ∇�⃗� = −∇𝑝 + 𝜇∇ኼ�⃗� (2.8)

in which �⃗� is the particle’s steady velocity. In Oseen equation the frame of reference is mov-
ing with the object.

By solving the conservation of mass and conservation of momentum of the fluid, we can
estimate the force exerted by the fluid to particles, (𝐹 ). The total fluid forces 𝐹 related to
the particle equation of motion through 𝐹 = 𝑚፩𝑑�⃗�/𝑑𝑡, where 𝑚፩ is the mass of the particles
and �⃗� is the velocity of the particle. One of the example of equation to describe the motion of
particles is the so called Basset-Boussinesq-Oseen (BBO) equation. BBO equation describes
the motion of particles in an unsteady flow. Complete description and derivation of the
equation can be seen in the Maxey and Riley paper [23].

2.2. Lateral Migration of Particle
This section presents a brief introduction to the concept of lateral particle migration. It be-
gins from the early observation of the migration to the recent understanding of the physical
mechanism behind the migration based on the previous studies.

The phenomenon of particle migration was first observed as the non-uniformity of ery-
throcytes distribution in blood flow by Fahraeus and Lindqvist [7] as observed in Figure 1.1.
They observed that the erythrocytes were concentrated near the axis of the tube. From this
observation, it is predicted that in a suspension flow, there is a tendency for the particles to
sustain a lateral migration with a further distance from the inlet. This migration of particles
is observed due to fluid exerts a force on the particles in the direction of the tube axis.

The exerted force from the fluid to the particle can be estimated by solving conservation
mass (2.5) and momentum (2.6). The problem is that the inertia term brings the non-linearity
to the equation which makes it difficult to be solved analytically. Inertia term is the critical
component which cannot be neglected because, without the inertia effect, there is no particle
migration [4, 9]. The common method to solve this problem is using the matched asymptotic
expansion method. The method makes separate analysis using Stokes equation for region
close to the particle and Oseen equation for the far field. Both solutions are patched together
in order to get the full solution of the flow field. The more detailed description about this
method can be found in the papers from Kaplun & Lagerstrom [16] and Proudman and Pear-
son [31].

The early approaches of the analytical studies using the matched asymptotic expansion
were focused on estimating the lift forces that act on a spherical particle in a slightly inertial
and in an unbounded flow. Rubinow and Keller [34] used this method to study the motion
of a rotating sphere in a viscous fluid with uniform shear. It is found that the sphere will
experience a lift force which is given by:

⃗𝐹ፑፊ = 𝜋𝑑ኽ 𝜌Ω⃗ × �⃗� (2.9)

In which, 𝑑 is the diameter of the particle, Ω⃗ is the angular velocity of the particle, �⃗� is the
velocity of the particle. When the same method is applied to a poiseuille flow with parabolic
velocity profile, the lift force on a sphere at given radial position 𝑟 is given in the following
equation [34]:

𝐹ፋ = −4𝜋𝑑𝜌𝑈ኼ፦ፚ፱𝑟/3𝑅ኾ (2.10)
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From this equation it is observed that the resulting lift force is directed to the axis of the tube
when it is applied to poiseuille flow. The similar result was also derived by Saffman [35] and
Tollert [41].

In 1962, in the effort to study particle migration, Segré and Silberberg [38] conducted an
experiment to capture images of neutrally buoyant particles flow inside a circular tube and
observe their radial position distribution. This study shows that the particles accumulate
and form an annulus at about 0.6 of radii of the tube. The phenonmenon is called as the
Tubular Pinch Effect. This result indicates that the particle will migrate to the region between
the tube axis and wall not at the axis. It is suggested that the previous theoretical results
from Rubinow and Keller is incorrect or incomplete because it is unable to predict the motion
of particles away from the tube axis.

In order to investigate Segré and Silberberg result, Oliver [26] reported an experimental
result of the movement of a spinning sphere in a vertical tube. It is reported that the particle
migrates outward in the direction of the wall to the equilibrium position. The equilibrium
position is in the range of non-dimensional radial position (𝑟/𝑅) 0.5-0.65 which agrees with
Segré-Silberberg result. This result indicates the existence of a dominant lift force which is
directed outward to the tube wall. As particle move to the wall, this force will be balanced by
wall repulsion force.

The presence of the wall was reported to resist the movement of particle migration. From
the distribution of the lateral force from Ho and Leal in Figure 2.1, it is shown that there is a
high lateral force close to the wall which acts in the direction of the tube axis. Saffman [36]
explains that the presence of the wall acts on particles in two ways. First, the presence of
the walls gives the extra drag to the particles which makes the particle lag behind the flow.
Secondly, the region near the wall is dominated by viscous effect; thus the flow field around
the particle will differ from the tube axis.

Tube-Axis

Equilibrium Position Equilibrium Position

Figure 2.1: The graphic presents the distribution of non-dimensional lateral forces ፅᖤᑃ along the radial position ፬ from Ho and
Leal [12]. It is observed that region near the wall will have high lateral force in the direction of the tube axis.
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The advancement of computer technology has brought a new approach to study the phe-
nomena in fluid mechanics. It offers methods such as Finite Element Method (FEM), Finite
Difference Method (FDM), and Finite Volume Method (FVM) to discretise the governing equa-
tion in order to solve it. Still, there is a limitation regarding the computational power to solve
complicated cases, especially for the multiphase flow cases. Therefore, the first utilisation of
the approach is to solve simple multiphase cases.

Figure 2.2: (Left-Figure) Concept of lift force due to Poiseuille velocity profile, the surface of the particle at the wall-side (lower
bulk flow velocity region) has lower relative velocity compared to the surface of particle at the tube-axis side. This condition will
create a lower average pressure on the wall-side compared to tube-axis side which generates a lift force due to the pressure
difference between these sides. (Right-Figure) The non-dimensional pressure ፏ/(ኺ.ፔᎴᑞ) and shear stress Ꭱ/(ኺ.ፔᎴᑞ) distri-
bution around the sphere surface . There is a pressure difference between the third and fourth quadrant of the surface of sphere.
Figure is reproduced from Feng et al[8].

.

In the particle migration study, the computational simulation was used by Feng et al.[8]
using Direct Numerical Simulation (DNS) to study the movement of spherical particles under
Poiseuille flow at Reynolds number high enough to allow the particle migration to occur. It
was reported that the particles in Poiseuille flow will experience a lift force generated by the
curvature shape of the Poiseuille flow velocity profile. The concept of the lift force can be
explained schematically in Figure 2.2. The lift force is generated because lower pressure at
the wall-side particle’s surface compared to the tube-axis side. Low pressure region is cre-
ated due to relative velocity between the particle and the flow will be higher at the wall side
compare to the axis-side of particle’s surface. Therefore, the particle moves toward the wall
of the tube due to the pressure difference. The argument is validated from the simulation
result of pressure distribution along the spherical particle surface, as shown in Figure 2.2.
The significant pressure difference can be observed between the third and fourth quadrant
of the surface of the sphere.

To be concluded the physical mechanism of the lateral migration of the neutrally buoyant
particle in Poiseuille flow is due to the balance between two forces; Firstly, the lift force in the
direction of the wall which is generated because there is pressure difference on the sphere
surface due to the curvature of velocity profile. Secondly, the repulsion force from the wall
which resist the particles to touch it.

2.3. Research of the Particles Lateral Migration
This section presents the important research on the development of the particle migrations
and the effect of particle concentration in the suspension to the migration which are relevant
to the study in the thesis project.
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2.3.1. The Inertial Effect
One thing that we can learn up to this point is there is no particle migration without the pres-
ence of inertial effect [4, 9]. The experiments performed by Segré & Silberberg[38], Oliver[26],
Repetti & Leonard[33], and Jeffrey & Pearson[15] confirms that the particle migration occurs
at relatively high Reynolds number (below the transitional regime). This importance of the
inertia terms makes things complicated for the analytical approach to study the migration
because inertia term brings the non-linearity in the equation. Therefore, a simplification with
relevant physical reasoning is needed in order to use the analytical approach.

As mentioned before,the early approach to analyze the particle lateral migration was us-
ing the matched asymptotic expansion. Cox and Brenner [6] used the method to analyze
the lateral migration of a spherical-particle in Poiseuille flow. This report is considered as
the first attempt to study analytically the migration in complete three-dimensional Poiseuille
flow. A formula were obtained to explain the lateral migration of spherical particles in laminar
Poiseuille flow but it is not in an explicit form and cannot solve the direction and magnitude
of the lateral force at any given radial position. Even the presence or the absence of the
equilibrium position cannot be predicted.

Ho and Leal [12] used a similar approach with Cox and Brenner, They were able to estimate
the direction and the magnitude of the lateral force which acts on the neutrally buoyant
sphere until it reaches the equilibrium position. In the same report it is stated that the force
balance on the spherical particle is not generated instantly at the beginning of the tube. It
takes some distance from the inlet for the particle to reach the equilibrium position — the
trajectory of the particle migration is presented in Figure 2.3, The trajectory agrees with the
experimental results from Tachibana [40].

Figure 2.3: The theoretical trajectory of single particle migration under Poiseuille flow from Ho and Leal [12]. The trajectory
is compared to the experimental result from Tachibana [40] (marked by circle). The ordinate,፬, is the radial position of parti-
cle ፬  ኺ is the tube wall and ፬  ኺ. is the tube axis. The abscissa is the non-dimensional axial position of the particles
፱ᖤ[(ፔᑞ፝/᎙Ꮂ)(፝/ፃ)Ꮅ]. The Figure is reproduced from Ho and Leal [12]

.

The previous mentioned papers [6, 12] performed the analysis for the case of a spherical
particle at relatively low Reynolds number (𝑅𝑒<100). A study in higher Reynolds number is
important because the application of the suspension flow is not limited for low 𝑅𝑒. Schonberg
& Hinch [37] and Asmolov [1] conducted an analysis using the matched asymptotic expan-
sion method to study a motion of neutrally buoyant spherical particle confined by two infinity
walls at high 𝑅𝑒 up to 2000. Both studies were reported that the equilibrium position moves
closer to the wall with higher 𝑅𝑒. The lift force which brings the particle to the equilibrium
position is increasing with Reynolds number. This increase is the reason behind the shifting
of equilibrium position closer to the wall compared to the previous result from Segré & Sil-
berberg.
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Figure 2.4: Probability Distribution of particle radial position (ፏ(፫/ፑ)) based on Matas et al. [22]. Figure is reconstruction from
Matas et al.[22]

The results from Schonberg & Hinch and Asmolov was confirmed experimentally by Matas
et al.[22]. They studied the inertial migration of a dilute suspension under tube flow from
the particles radial position distribution. The result is presented in Figure 2.4 in the form of
the probability distribution of particles located at a given radial position, 𝑃(𝑟/𝑅). From the
probability distribution, it is observed that the equilibrium position of particle migration is
shifted to the radial position at about 𝑟/𝑅 = 0.8 for 𝑅𝑒 > 200.

Besides the equilibrium position shifting, Matas et al.[22] also reported the relation of the
Reynolds number tomigration-distance which is the distance where all the particles have con-
centrated at the Segré-Silberberg equilibrium position. They studied this relation by solving
theoretical solution from Asmolov [1] using computational simulation. Their result predicts
that the migration-distance decreases with an increase in the Reynolds number. It means
that the particles will be focused at the equilibrium position in a shorter distance from the
inlet at higher 𝑅𝑒. This result corresponds to the increase in the lift force which acts on the
particles as Reynolds number increases.

In contrast with Matas et al.[22], Morita et al.[25] reported that with an increase in
Reynolds number the migration-distance is increasing. They experimented with a dilute
suspension in multiple observation distances from the tube inlet to see the evolution of par-
ticles radial distribution with the distance from the inlet. It was observed that with higher
Reynolds number, at the same distance from the inlet, the probability to find the particles at
the equilibrium position is lower. This result indicates that the migration distance increases
with Reynolds number. They also proposed an illustration of the migration process as pre-
sented in 2.5. All the particles which are initially distributed at random position along the
tube cross-section will first migrate inward; then it started to migrate deliberately outward
toward the equilibrium position.

Early conclusion of the source of this discrepancy can be directed to the effect of particle
concentration on the distribution of particles. Matas et al.[22] studied the relation between
the migration length and Reynolds number from the analysis of a single particle, while Morita
et al. experimented in a dilute suspension. As will be discussed later, the presence of other
particles in the tube disturb the migration of the particle to the equilibrium position. With an
increase in concentration, the particles will reach the inter-particle distance which the hy-
drodynamic interaction between them is significantly affected the dynamics of the particles.
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Figure 2.5: Particles distribution development along the tube length . ፋᎴ is the length where most of the particles migrate toward
the tube axis, ፋᎳ is the length where the outward migration started to appear, and ፋᎲ is the length where the migration is fully
developed, which all the particles have migrated to the equilibrium position. Figure is reproduced from Morita et al.[25]

.

2.3.2. Particle Concentration Effects
Particle concentration is an important parameter to describe the dynamics condition of a
suspension flow. The effect of particle concentration on the suspension flow in a circular
tube was studied by Karnis et al.[17] using hand-analysed cinematography. From the re-
port, a change in the shape of velocity profile is observed when the particle concentration
of the suspension is relatively high. The change is observed from parabolic shape into a
blunted parabolic shape. Koh et al.[18] was confirmed the change in velocity profile through
laser doppler anemometry (LDA) experiment. It was suggested that the blunting is due to the
accumulation of particles at the centre of the tube. The blunted velocity profile is not evident
until 𝜙>20%. From the same report, it is observed that the accumulation of particles at the
tube axis is increasing with particle concentration.

Figure 2.6: Experiment using Nuclear Magnetic Resonance shows that with an increase in particle concentration (20-40%) the
fraction of particles at the tube-axis in fully-developed condition is increasing. The Figure is reconstructed from Hampton et
al.[10]

.

Leighton and Acrivos [19] reported that the accumulation of the particles in the centre-line
is due to the interaction between particles. It was observed that when there is an interaction
between two particles, the dynamic of the flow around it will be altered. The presence of the
third particle can alter the hydrodynamic interaction into a more chaotic manner for the flow
field around them.
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The particles radial distribution at the varying level of Reynolds number was studied by
Hampton [10] and Han et al. [11] using a nuclear magnetic resonance (NMR)machine. Hamp-
ton reported the distribution of particles radial distribution for 𝜙 = 20-60% as can be seen
in Figure 2.6. The particles tend to concentrate in the tube axis with an increase in 𝜙. The
accumulation of the particles at the tube axis is highly affected by the bulk flow Reynolds
number, the higher the Reynolds numbers the particles are more dispersed through the tube
cross section. This is an indication that the particle distribution is still affected by the inertia
even at high particle concentration. Segré-Silberberg equilibrium position is still evident even
at 𝜙 > 20%. Figure 2.7 shows the results from Han et al. The presence of Segré-Silberberg
equilibrium position can be seen as a local maxima at particles radial distribution at a radial
position about 𝑟/𝑅 = 0.5 − 0.6 which is marked in Figure 2.7. At even higher 𝑅𝑒፩, the local
concentration of particles around to the Segré-Silberberg equilibrium position is increasing.

Figure 2.7: Distribution of particles along the radial position at varying ፑ፞ᑡ for particle concentration (Ꭻ) ጻ ኼኺ%. This result
indicates that even at high Ꭻ the accumulation of the particles at the Segré-Silberberg equilibrium position is still present as
marked by the dashed-circle. The Figure is reconstructed from Han et al. [11]

.

Beside experimentally, the effect of particle concentration to the particle migration is also
studied using numerical simulation. Due to the limitation in the computational power, most
of the studies are limited at a low particle concentration regime (𝜙 < 5%). Shao et al. [39]
studied the effect of hydrodynamic interaction on the migration by varying the inter-particle
distance (𝛿). It was noticed that the hydrodynamic interaction between particles stabilize
the position of the particles at the Segré-Silberberg equilibrium position. A lower 𝛿 (higher 𝜙)
leads to the suppression of the occurrence of the inner annulus. The train like structure was
also recognized in the results. It was found that at high 𝜙 and 𝑅𝑒 > 1000 the train breaks up
due to the collision between the particles.

Another study on the effect of particles concentration using computational method was
done by Pazouki et al.[28]. The simulation was conducted at 𝜙 = 0.1 − 3.5%. Particles ap-
pear to spread along the cross-section of the tube for higher 𝜙. The report indicates that the
spread of particles at the higher particles concentration because of two reasons; Firstly, the
Interaction between particles in the form of drafting, kissing and tumbling, which prevents
the particles to coalesce at the narrow annulus. Secondly, a smaller particle distance leads
to hydrodynamic interaction between the particles through the wake generation which slows
down the migration into the equilibrium position. The slowing down of particle migration
can be seen in Figure 2.8 where a comparison of particle trajectories at different distance
between particles 𝛿 is presented. The number on the curve is the non-dimensional ratio of
the distance between particles over the particle diameter 𝛿/𝑑. The simulation was done with
the same particle diameter, so a decrease in the number on the curve indicate a decrease
in the distance between particles. It is observed that with a decrease in distance between
particles, it takes longer for the particle to reach the equilibrium position.
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Figure 2.8: The effect of distance between particles to the development length where the particles reach the equilibrium position.
The number on the plot is the ratio of the distance between particles and particle diameter. It follows that with smaller particle
distance (higher Ꭻ) the development length become longer. Figure is reproduced from Pazouki et al. [28]

.

Besides affecting the migration, the presence of suspended particles in the flow can also
alter the transition of fluid regime from laminar to turbulence. Matas et al.[20] examined
the effect of suspended particles on the transition of the flow regime. The presence of the
particles in the flow changes the transition Reynolds number, it depends on the ratio of
the tube diameter (𝐷) to the particle diameter (𝑑). For 𝐷/𝑑 > 65 the transition is shifted to
𝑅𝑒 > 2100 while for 𝐷/𝑑 < 65 the transition behaviour depends on particle concentration.
For 𝜙<10% the transition is shifted into lower Reynolds number, while for higher particle
concentration, the transition Reynolds number increases with 𝜙.

2.3.3. Secondary Phenomena of the Particle Migration

Inner Annulus

From Matas et al.[22], an interesting phenomena was reported, which at 𝑅𝑒 > 600 second
equilibrium position is present, as shown in Figure 2.9. The location of this second equi-
librium position is at a radial position between the centre-line of the tube and the Segre-
Silberberg equilibrium position. Due to its location, the annulus is named as the inner an-
nulus. The presence of the inner annulus is a new discovery in the particle lateral migration
study because it was not predicted from the previous theoretical analysis by Asmolov [1] and
Schonberg & Hinch[37].

Matas et al. analyzed the occurrence of the inner annulus from the distribution of lift
forces that acts on a sphere along the radial position as shown in Figure 2.10. The distribu-
tion of the lift forces was calculated numerically by solving the solution from Asmolov [1]. The
distribution shows that with an increase in Reynolds number the lift force distribution of the
lift forces is flatten. Even though the lift force distribution seems flat, if it is looked carefully
for 𝑅𝑒 = 1000, there exists a local minima of lift force at a radial position about 𝑟/𝑅 = 0.4
and local maxima at at a radial position about 𝑟/𝑅 = 0.85. If the lift force distribution results
are matched to the probability distribution of particle radial distribution results, it is shown
in Figure 2.10 that the inner annulus is located around the local minima position. They
concluded that the appearance of the inner annulus is due to the particles have insufficient
lift force to surpass the local maxima which are located at the Segré-Silberberg equilibrium
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position. The inner annulus is also reported to have stability at transition flow regime. It
is observed that at 𝑅𝑒 = 1600 only the inner annulus retained as the equilibrium position.
Thus, they concluded that the inner annulus is a real equilibrium position rather than a
transient phenomenon.

Figure 2.9: The appearance of the Inner Annulus in Matas et al. [22] results. The presence of the inner annulus is manifested
by the appearance of two peaks as shown in the right-hand side figure. Figure is reconstruction from Matas et al. [22]

Local Minima Local Maxima

Figure 2.10: Radial forces distribution along the tube radius. (Left-Figure) The distribution of the lift force acted on a sphere. The
oordinate is the non-dimensional lift-forces acted on a sphere (ፅ  ፅᑝፑᎳ/Ꮄᑔ ᎨᎽᎵ/(᎙ፔᑞፚ)), where ፑᑔ, is the tube reynolds number,
and Ꭸ  (ኺ.ፑ፞ᑡ)Ꮃ/Ꮄ and the abscissa is the non-dimensional radial position where ፳ is the distance from the tube-axis and ፥ is
the diameter of the tube. Figure is reproduced from Matas et al. [22]

.

The discovery of the inner annulus is followed by the reluctance that it is only a transient
phenomenon. Morita et al.[25] experimental result in Figure 2.11 indicates that an increase
in the non dimensional distance from the inlet (𝐿⁄𝐷) the probability to find the particle in the
inner annulus (𝑃።) is decreasing. On the contrary, the probability to find particles in the Segrè
Silberberg annulus (𝑃ፎ፮፭፞፫) is increasing. Morita et al. argued that the inner annulus could
be considered as the second equilibrium position. They concluded that the inner annulus is
just a transient phenomenon before particles reach Segré-Silberberg equilibrium position.
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Figure 2.11: Probability to find particles in inner annulus (ፏᑚ) will decrease with a further distance from the tube inlet at ፃ/፝=12,
for ፑ፞ = 200 (diamonds), 400 (circles), 600 (squares), 800 (triangles), and 1000 (cross). Figure is reproduced from Morita et al.
[25]

.

Trains of Particles

Trains of particles, as can be seen in Figure 2.12, is the phenomena where several particles
are aligned in the direction of the flow and form a line which looks like a train structure. The
alignment itself is a result of the hydrodynamic interaction between the particles due to the
flow field condition around them.

The formation of trains of particles is briefly mentioned in Segré-Silberberg report [38] as
”chains” of particles when the concentration of particles increased. Matas et al.[21] system-
atically studied the formation of trains of particles through the experiment at varying 𝑅𝑒 and
particle sizes. It was found that with higher 𝑅𝑒, the number of particles in the trains increases
until it reaches a peak point then the number of particles on the trains is decreasing after-
wards. The decrease in the number of particles in the trains after passing a particular value
of Reynolds number is highly related to the formation of the inner annulus. From the previ-
ous section, it is reported that the inner annulus starts to appear at 𝑅𝑒 around 600, which
from Figure 2.13 is the point where the number of particles in trains starts to decrease. From
the experiment observation, the trains will not be formed at the location of the inner annulus.

Figure 2.12: Image of Trains of Particles. Figure is reproduced from Matas et al. [21]
.

From the same report, the mechanism of the trains formation was studied through nu-
merically determined flow field around a particle in the trains for 𝑅𝑒፩=0 and 𝑅𝑒፩=10. An
important observation from the flow field analysis is the appearance of a closed streamline
region around the particles as can be seen in Figure 2.14(a.). For an increase in 𝑅𝑒፩, the
closed streamline collapses which result in an open and reversing streamline region as shown
in Figure 2.14(b.) pointed by the arrow. The neighbouring particles will be trapped in this
reverse streamline region to form a train like structure. The size of the reversing streamline
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region decreases with an increase in 𝑅𝑒፩. This relation is implied that the distance between
the particles in the train is decreasing with an increase in 𝑅𝑒፩.

Figure 2.13: Percentage of particles in trains vs Reynolds number at different particle sizes, ፃ/፝= 17(open-circle), 19(filled-
circle), 33(open-square). Figure is reproduced from Matas et al[21]

.

Figure 2.14: Streamline around single particles (a.) ፑ፞ᑡ=0 the closed streamline is observed in the flow field. An increase in
ፑ፞ᑡ can cause the closure breaks up as shown in figure (b.) for ፑ፞ᑡ=10 and reverse flow region is created (pointed by arrow).
Figure is reproduced from Matas et al.[21]

.

Matas et al. [21] stated that the trains are mostly located in the Segré-Silberberg equi-
librium position, therefore there is an indication of a direct relationship between the particle
migration to the formation of particle trains. Thus far, the study of the particle trains was
only conducted in one observation distance from the tube Inlet. Morita et al. [25] result indi-
cates the importance to make an observation of particle migration phenomenon in multiple
observation distances to see its development. There is a possibility that when an observation
is conducted at one distance only, the particle migration is not in a fully developed condition
yet and so does the trains formation.

Moreover, there is also a gap in understanding the effect of particle concentration on the
formation of trains. The formation of trains is closely related to the hydrodynamic interaction
between the particles. However, there has not been any study reported the effect of particle
concentration to the formation of particle trains in a circular tube. As already mentioned,
particle concentration is crucial for the dynamic condition between particles. This is an in-
dication that it will affect the formation of particle trains.



18 2. Literature Study and Theoretical Background

2.4. Concluding Remarks of The Literature Study
A particle which flows in a shear flow will sustain a lateral migration to the equilibrium po-
sition. The migration is due to exerted force from the fluid to the particle. In a Poiseuille
flow, the lift force is generated due to the curvature shape of the velocity profile. The pres-
sure difference on the particles surface creates a lift force in the direction of the tube wall.
As the particle moves to the wall, the lift force is balanced by the wall repulsion force. This
wall repulsion force is a present as a result of different flow regime around the particle near
the wall. The balance between these forces results in particle stays in an equilibrium position.

Based on the studies on the effect of Reynolds number to the particle migration, different
researchers agree that the migration is highly related to the inertia effect from the flow to the
particles. Experimental and Theoretical results have agreed that particle migration is not
present in the absence of the inertial effect, as in the case of creeping flow. The lift force that
acts on the particles is increasing concerning an increase in Reynolds number; this is evident
from the shifting of equilibrium position closer to the wall at a higher Reynolds number. How-
ever, there is a dispute about the influence of Reynolds number to the migration-distance.
The analytical result shows that the increase in Reynolds number causes shorter migration-
distance, while experimental work shows an opposite relation.

Particle concentration in a suspension has been reported to have the opposite effect with
the inertial effect. In contrast to the inertial effect, an increase in particle concentration
has been reported to suppress the particle migration to the equilibrium position. Instead of
migrating to the equilibrium position, particles are concentrated at the tube axis at consid-
erably high particle concentration. The resistance to particle migration at high particle con-
centration can be either from particle-particle collision or hydrodynamic interaction between
particles, depending on the level of particle concentration. This resistance is also affecting
the migration-distance, it has been reported from numerical analysis that particle migrates
at a longer distance with higher particle concentration. However, the available experimental
data is still scarce to confirm this result and derive a general conclusion about the effect of
particle concentration to the development of particle migration.

There are two new observed phenomena following the development of particle migration,
the occurrence of the inner annulus and the formation of particle trains. Both phenomena are
profoundly affected by the variation in the Reynolds number. The inner annulus is reported
to start appearing at Reynolds number around 600, while the number of particle trains is
gradually increasing with Reynolds number until at some level it is started to decrease. Even
though there is a number of evidence on the effect of Reynolds number to these secondary
phenomena, there is still a lack of evidence for the effect of particle concentration.

Previous research has indicated potential associations between the axial distance to the
development of particle migration. Most experimental studies in the field of particle migration
have only conducted an experiment at one observation distance. The advantage of observa-
tion at multiple distances from the inlet is the availability to see the development process of
the particle migration and study the effect of variation in the experimental parameter to this
process.
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Experimental Technique

This chapter presents the experimental technique which is conducted during the thesis
project. Section 3.1 explains the experimental setup which was used in the thesis study. The
explanation is divided into two parts, the flow system setup and the optical system setup.
Section 3.2 presents the result from the measurement of particles size which was used in
the experiment. In Section 3.3 the selection of the experimental parameters such as particle
concentration and Reynolds number were defined. Finally, the chapter is ended with the
description of the experimental procedure of this thesis study in section 3.4.

3.1. Experimental Setup

3.1.1. Flow System
The flow system of the experimental setup is schematically shown in Figure 3.1. The main
part of the flow system is a glass tube which has inside diameters 𝐷= 10 𝑚𝑚. There is four
glass tube inter-connected with plastic flanges which made 4.8 m length distance from the
inlet. In this thesis project, the observation distance was divided into four sections, which
were positioned at 𝐿/𝐷 =150,250,350,450, respectively.

Figure 3.1: Schematic overview of the flow system of the experimental Setup
.

The flow is driven using the hydrostatic pressure, which is controlled by varying the height
measured from the water surface in the top reservoir to the height of the tube (ℎ). At the

19
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highest elevation, the maximum Reynolds number can reach 𝑅𝑒 = 1500. The fluid was flow-
ing into the inlet chamber to be conditioned before reaching the glass tube. From the tube,
the fluid went into the bottom reservoir to be recirculated by the pump. An overflow system
is used to avoid over-filling at the top reservoir by bringing the excess fluid to the bottom
reservoir. Figure 3.2 shows pictures of the constructed system.

In an inner flow such as Poiseuille flow, there is a region near the entrance where the flow
profile is still disturbed by the growth of the boundary layer. The experiment is conditioned to
avoid this flow development effect in the experimental result. Thus, the observation distance
has to be longer than the entrance length, 𝐿ፃ, and it is calculated using equation 3.1 for
laminar flow [44]:

𝐿ፃ
𝐷 = 0.06 𝑅𝑒

(3.1)

For the maximum Reynolds number of the setup (𝑅𝑒 = 1500), the entrance length is calcu-
lated at 𝐿ፃ=84 cm.The first observation distance in the experiment is at 𝐿=150 cm. Thus, it
is free of the flow development effect.

Figure 3.2: Flow system setup for the experimental study, (a.) Upstream reservoir and Inlet chamber, (b.) schematic of the inlet
chamber, (c.) Glass-tube covered by optical box.

.

The inlet chamber in the flow setup has a purpose of decreasing the entrance length 𝐿ፃ
of the flow. Generally, the mechanism of the inlet chamber to diminish the eddies can be di-
vided into two processes. Firstly, the diameter of the inlet chamber greater than the diameter
of the tube from the top reservoir. As a result, there is a decrease in the Reynolds number of
the flow. A decrease in Reynolds number means that in the flow the viscous forces becomes
more dominant compared to the Inertia forces . As a result, there is an increase in the dis-
sipation of flow eddies. In addition to the eddies dissipation, the inlet chamber also has two
flow conditioners to break up larger eddies structure into smaller eddies, which is easier to
dissipate. Even though in the thesis experiment at the selected observation distance the flow
is already fully developed without the use of the inlet chamber, the experimental setup was
designed to have the capability for further study at the higher Reynolds number.
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The working fluid is a mixture of salt and water to match the density of the fluid with the
density of the particles to create a neutrally buoyant environment as illustrated in Figure 3.3
(a.). Salt was added into the water until the particles were uniformly distributed along the
depth of the glass container as shown in Figure 3.3 (d.). This condition is reached when a
mixture of salt and water density, 𝜌=1035 𝑘𝑔/𝑚ኽ. This density value agrees with the particles
density value which is listed in the product specification from the factory.

Figure 3.3: Distribution of particles vs the depth of the fluid (a.) neutral buoyancy (ᑗᑝᑦᑚᑕ  ᑡᑒᑣᑥᑚᑔᑝᑖ) , (b.) positive buoyancy
(ᑗᑝᑦᑚᑕ ጻ ᑡᑒᑣᑥᑚᑔᑝᑖ) , and (c.) negative buoyancy (ᑗᑝᑦᑚᑕ ጺ ᑡᑒᑣᑥᑚᑔᑝᑖ), (d.) example of neutral buoyancy (right) and negative
buoyancy (left).

Table 3.1 summarizes the key parameters of the flow system of the experimental facility
in this thesis study. The working temperature value is based on the measurement at the
time of the experiment was conducted.

Table 3.1: Summary of the key parameters of the experimental facility

tube inside diameter D 10 𝑚𝑚
total length 4.8 𝑚
total height 2.5 𝑚
𝑅𝑒 0-1500
fluid density 𝜌 1035 𝑘𝑔/𝑚ኽ
working temperature 20-24 ኺC
fluid viscosity at 24 ፨C 1 × 10ዅኽ𝑃𝑎.𝑠

3.1.2. Optical System
The schematic of the optical setup can be seen in Figure 3.4. The optical box is illuminated
by two LED panels. The images are taken with a scientific camera (Imager sCMOS) with
specifications listed in Table 3.2. The maximum frame per second in the experiment was set
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at 25 frames per second to avoid excessive data. The lense that was used in the experiment
is a NIKON 35 mm lense with a maximum aperture number (F#) is F#=2. The lense was set
at a distance from the object, 𝑍ኺ=300 mm. This means that the image has a magnification
factor, 𝑀 = 8.6, which is obtained from the ratio of the distance from the camera to the object
and distance from the lense to the camera sensor. With a camera sensor size at 16.6×14𝑚𝑚ኼ,
the field-of-view is determined to be 142 × 120𝑚𝑚ኼ. For the optical system configuration, the
aperture of the camera mostly set at F# = 4.0 and F# = 5.6. From particle size measurement
which will be presented in the next section, the particles have size 𝑑 = 520 μm and the pixel
size of the image of the particles (𝑑፭) is observed to be 9-10 pixels.

Figure 3.4: Arrangement of the optical system in the experiment setup.
.

Table 3.2: Specification of the Imager sCMOS camera (https://www.thorlabs.com)

Exposure Time 15 𝜇s-100 ms
Digital Output 16 bit
Number of Pixels 2560 × 2163 pixels
Pixel Size 6.5𝜇𝑚 × 6.5𝜇𝑚
Sensor Size 16.6𝑚𝑚 × 14.0𝑚𝑚
Frame Rate (max) 50 fps

The optical box is constructed from PMMA with a thickness of 4 mm. It is filled with the
same fluid as the fluid inside the tube. The purpose of this optical box is to decrease the
effects of optical aberrations, as a consequence of tube curvature. Optical aberration is the
condition where the light is not concentrated on one focal point; the light is spread out, which
makes the picture blurred. By introducing an optical box, the effect of optical aberration is
minimised.

In order to get the information about the position of particles in three different axis, a
mirror is placed above the optical box. With this step, two planes of images can be captured,
the first plane with the x-y position of the particles, and the second plane with the x-z po-
sition of the particles. From both acquired images, the three-dimensional position of each
particle can be constructed. Sufficient light sources are needed to produce a sharp image of
the particles. Two LED panels are used to illuminate the particles with the arrangement as
shown in Figure 3.5.

The application of the mirror will introduce a sharpness problem because the two opti-
cal paths are not equal. This application causes one image appears sharp while the other
is blurry. An easier solution to this problem is to decrease the camera aperture to create a
wider depth of field. However, this solution causes a decrease in the amount of light captured
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Figure 3.5: Schematic of cross-section of the optical box of the experimental setup. Two LED panels were used to illuminate the
particles. Figure is reproduced from Cenk Cetin

.

by the sensors due to the smaller diaphragm opening to the lenses. An alternative is to put
a box which is filled with a medium in front of the camera to correct the path of the light.
Refraction will bend the light path to lie in the depth of field of the camera. The requirement
of the medium thickness (𝑥) can be calculated with equation 3.2 from VanDuin [42]:

𝑥 =
Δ𝐿 − (𝑛፩፦፦ፚ − 𝑛ፚ።፫)2𝑑፩፦፦ፚ

𝑛፰ፚ፭፞፫ − 𝑛ፚ።፫
(3.2)

The thickness of PMMA (𝑑፩፦፦ፚ) is 5 mm with refractive index 𝑛፩፦፦ፚ = 1.49, 𝑛፰ፚ፭፞፫ = 1.33,
and 𝑛ፚ።፫ = 1. Δ𝐿 is the distance between the top of the optical box to the mirror. The distance
was measured to be at about Δ𝐿 = 40𝑚𝑚. Water is used as the medium in front of the cam-
era in this thesis project. The required water thickness (𝑥) is calculated to be 𝑥 = 107.5𝑚𝑚.
Water was stored in a pool constructed from PMMA with 5 mm thickness and it is placed in
front of the mirror plane.

3.2. Particle Size Measurement
Spherical polystyrene beads are used as dispersed particles. A Particle size measurement
was conducted to validate the size distribution of the particles. In order to measure the
particles size, a microscope integrated with the personal computer was used to capture the
images of different specimens. The specimens were a glass plate with several particles placed
on the plate.
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Figure 3.6: Example of the captured image of the calibration plate

Before capturing the images of the specimens, the image of the calibration plate was taken
as shown in Figure 3.6. From this image, the size of the pixels can be determined. It followed
that for the settings used, a pixel was found to correspond to 6 µm.

Figure 3.7: The captured picture of a specimen (left) which binarised in Matlab (right) to calculate the diameter of each object.

The next step is capturing the images of the specimens. An example of a specimen image
is shown in Figure 3.7. Multiple images of different specimens are captured to ensure the
convergence of the measurement results.

Each image is binarised to isolate the image of the particles from the background of the
images, as shown in Figure 3.7. The threshold number for binarisation is determined using
Otsu’s method [27]. The method relies on the histogram distribution of pixel intensity in-
formation of the image. Two classes are selected from the histogram, foreground (particles)
and background pixels. Then the variance of each classes, foreground class variance (𝜎ኼኻ)and
background class variance (𝜎ኼኺ) is calculated. A threshold is selected by finding the value that
minimises the results of equation 3.3[27]. The equation calculates the intra-class variance
𝜔ኺ and 𝜔ኻ, which are the sum of the probability of each class which act as the weighting
function.
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𝜎ኼᎦ(𝑇) = 𝜔ኺ(𝑇)𝜎ኼኺ(𝑇) + 𝜔ኻ(𝑇)𝜎ኼኻ(𝑇)

𝜔ኺ(𝑇) =
፭ዅኻ

∑
።ኺ
𝑝𝑖

𝜔ኻ(𝑇) =
፭ዅኻ

∑
።፭
𝑝𝑖

(3.3)

From the binarised image, the diameter of each particle is determined using the Circular
Hough Transform method [45]. The circular Hough Transform method is a technique which
detects circular shapes in an image through a voting procedure. The concept of the Hough
transform is illustrated in Figure 3.8. The candidate pixels for the voting procedure are the
pixels which are located at the boundary of the circle. The high gradient in the intensity
value of the pixels is an indicator that the pixel is located at the boundary of a circle. Every
candidate pixels will form a circle with a previously estimated fixed radius. From the formed
circles, the pixels located at the edge of the circles are accumulated in the array of votes. The
location of the most voted pixel is determined as the centroid of the circle.

Figure 3.8: Hough Transform Method to detect the circular shape in the image. The pixels which is located at the boundary of
the circle act as the voting agent to determine the centroid of the actual circle.

From every image of the specimens, the mean value of the particle image diameter (𝑑፭)
is approximately 88 pixels. The particle image diameter value is determined after the cal-
culated mean value converged at one particular diameter value. The particle image size can
be converted from pixel to micrometer using the calibration constant from the calibration
process. Figure 3.9 shows the results of the measurement in the form of size distribution
and convergence graph. The particles image diameter is converged at 𝑑፭ = 528𝜇𝑚.
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Figure 3.9: The particles size distribution from the measurement results. Particles image diameter (፝ᑥ) is converged at ፝ᑥ 
ኼዂ᎙፦

When using an optical measurement system attention should be given to the effect of light
diffraction. This effect, as illustrated in Figure 3.10, occurs because the ray of light which
initially occupied a wide space goes through the lense opening. As a consequence, it will
make the light slightly bent. Initially, each ray travels at the parallel distances, due to the
bending, the distance will be different. As a result, the so-called airy disk formation is formed.
The width of the airy disk is the maximum theoretical resolution of the optical system, also
called the diffraction limited image diameter (𝑑፬). This Diffraction effect can overestimate the
measurement results due to the formation of the airy disk.

Figure 3.10: The illustration of the diffraction effect which creates the Airy Disk structure at the particle images which causes
overestimation in the size measurement result.

The diffraction limited image diameter can be calculated using equation 3.4 from Raffel et
al.[32] where F# is the aperture number,𝑀 is the magnification factor, and 𝜆 is the wavelength
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of the light source.

𝑑፬ ≈ 2.44𝐹#(𝑀 + 1)𝜆 (3.4)

The measurement was conducted with F# =0.28, M = 11.4 and a light source with a wave-
length of approximately 520 nm. This condition yields (𝑑፬) equal to 4.4 µm. It means that
the measurement results are overestimated with approximately one pixel due to diffraction.
The optical system has a pixel size approximately 6 µm, using equation 3.5 from Raffel et al.
[32] the particles have diameters, 𝑑 = 520 μm.

𝑑፭ = √(𝑀𝑑)ኼ + 𝑑ኼ፬ (3.5)

The effect of the pump in changing the shape and the size of the particles was investigated.
The investigation is done by measuring the size of the original and used particles. The result
is shown in Figure 3.11 for both batches. The distribution shows that there is no significant
difference in size between the original and used particles. For the shape of the particles,
the investigation was done by observing the roundness of the used particles from the cap-
tured images. It can be concluded that the pump does not affect the particles shape and size.
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Figure 3.11: The particle distribution size of the original particles (circle) and the used particles (diamond). The distribution shows
that the pump has only small effect to the particle size.

3.3. Experimental Parameter
This thesis project, focuses on the effect of the concentration and Reynolds number on the
lateral particle migration. The range of these experiment parameter can be seen in Table 3.3.
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Table 3.3: The Experimental Parameter Variation

𝑅𝑒 200
500
1200

Particle Concentration 𝜙(%) 0.01
0.05
0.1
0.5
0.8
1.6

Observation Distance (L/D) 150
250
350
450

Frame per second (FPS) 10 for 𝑅𝑒 ≈ 200
15 for 𝑅𝑒 ≈ 500
25 for 𝑅𝑒 ≈ 1000

Three different Reynolds number is chosen, 𝑅𝑒=250, 500, and 1000. These numbers are
chosen because at these numbers the phenomena such as inner annulus and trains of par-
ticles were started to occur. This thesis does not aim to study the particle distribution at the
turbulence regime, maximum 𝑅𝑒 is chosen at 1200. From Matas et al. [21], the presence of
the particles in the fluid can bring the transition Reynolds number into a lower value of 𝑅𝑒.
Therefore, the experiment was not conducted at 𝑅𝑒 > 1200 to prevent the change in the flow
regime affect the analysis of the results.

The particle concentration is chosen to be varied at a relatively low concentration. It is be-
cause of the limitation in the experimental method to study at a high particle concentration.
Particle concentration was selected to start from 𝜙 = 0.01% because when the experiment
was conducted at 𝜙 < 0.01% the number of the particles in each frame will be very low. As a
consequence, a large number of frames needed to prevent high uncertainty in the experiment
result. However, only at 𝜙 = 0.05%, 0.1%, and 0.5% which the experiment was conducted at
all observation distance (𝐿/𝐷).

The frame rate of the camera (FPS) is adjusted concerning the flow rate. In this case, it is
fixed based on the bulk flow Reynolds number 𝑅𝑒. The higher the Reynolds number the frame
rate has to be higher to accommodate the higher speed of the particles. When the Reynolds
number is lower, the frame rate is adjusted into a lower rate to avoid excessive data is stored.

3.4. Experimental Procedure
For every single measurement at different 𝐿/𝐷, the experimental procedure is repeated. The
particle concentration is held constant until the measurement at all 𝐿/𝐷 is conducted for each
𝑅𝑒. The procedure is divided into three steps, pre-recording, recording, and post-recording.
The recording process is done with image processing software from LaVision (Davis 8.1) which
is directly connected to the camera during the recording process.

For every experiment, 2000 frames were recorded corresponding to 40 Gigabytes size of
data. As will be presented in the next chapter, the number of particles captured varied with
a variation in particles concentration.
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The frame rate of the camera has to be able to capture the position of the particles in
motion. Therefore the rate has to be higher than the maximum velocity of the particles at
any given Reynolds number. The frame rate is adjusted to the Reynolds number of the ob-
servation, as listed in table 3.3.

Pre-Recording :

• Before performing measurement, the temperature and the density of the working fluid
are measured using thermometer and hydrometer respectively.

• The fluid density is held constant through the experiment, if there is a change in the
density of the fluid the working fluid must be altered by adding the salt or water de-
pending on the change in the density.

• The top reservoir is positioned at a particular height with respect to the tube inlet posi-
tion, depends on the Reynolds number of the experiment.

• The mass flow rate is measured at the end of tube, then the mean velocity (𝑈፦) is
calculated using equation 3.6. �̇� is the mass flow rate which is measured at the outlet
of the tube. From the calculated 𝑈፦, the Reynolds number of the experiment can be
calculated using equation 2.1.

𝑈፦ =
�̇�
𝜌𝜋𝑅ኼ (3.6)

Recording:

• The image quality of the image is checked, especially the focus quality and the exposure
of the images from the live preview on the monitor. If the images appear with low focus
quality, the lens aperture is adjusted until the image sharpen. In this experiment the
lens aperture was only varied between F#= 4.0 and F#=5.6.

• The brightness of the image is adjusted by setting the shutter speed of the camera in
the Davis 8.1 software to give a suitable exposure level. In this experiment, the shutter
speed was set at 1/1500-1/2000. Beside an effect on the intensity of light on the image,
the shutter speed also affects the ability of the camera to capture the image. When the
shutter speed is too slow, motion blur might appear to the image of particles.

• The Frame rate is adjusted to match with measurement Reynolds number as shown in
table 3.3.

• The frame without the particles in the pipe is recorded as the reference frame for back-
ground subtraction.

• The images is recorded (2000 frames) for every change in parameter.

Post recording:

• The images quality is checked again to ensure that the quality is sufficient for image
processing.

• The images is exported to TIFF format.





4
Experimental Data Processing

This chapter presents the processing steps of the data gathered from the experiment. Sec-
tion 4.1 presents the big picture of the processing steps which were conducted in the the-
sis project. The data processing can be divided into three steps; particle detection, three-
dimensional coordinate construction, and statistical data processing. Each step is discussed
in a separate section in this chapter. This chapter ends with the estimation of the uncertainty
in the measurement results.

4.1. Data Processing Step
The flowchart of the experimental data processing is presented in Figure 4.1. Data process-
ing is started from reading the file of the captured images from the experiment. Then, the
process continue to crop the image to make sure only the region of interest remains on the
image. After the images are cropped, the images are subtracted with the reference image
which contains no particles. Therefore the remaining data in the pixels are the intensity data
of the particles. Median filtering is applied to the subtracted images to reduce any distortion
which can affect the particles coordinate retrieval. The particles coordinate can be acquired
from the peak intensity finding process. Threshold is applied to the image in order to separate
between the particles, which have high intensity, from other object. From the peak intensity
finding process, the x-y and x-z coordinates of the particles are obtained. To calculate the
radial and angular position of the particles, these particles coordinate have to be matched
between x-y and x-z plane in order to get the three dimensional position of the particles.

As will be discussed later, there is a bias problem in the experimental results because
of different particle velocity at different radial position. This bias can cause particles with
slower velocity appear more frequently in the data compared to the faster particles. The bias
is corrected by introducing the weighting function which is the number of frames needed for
the particles to leave the field of view (𝑡፫/ፑ). After the bias correction, the probability distribu-
tion of the particles along the radial position 𝑃(𝑟/𝑅) is calculated. The experimental results
is studied based on this probability distribution of the particles which will be discussed later
in the next chapter.

The purpose of this section is to give a big picture of the experiment data processing step.
The detailed explanation of each processing step will be presented in the next sections.

31
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Figure 4.1: Flowchart of the experiment data processing

4.2. Particle Detection
The data processing starts with the reading of image files from the camera in Matlab. Each
frame contains the image of two planes of tube, plane x-y and plane x-z. The image is cropped
to remove the unnecessary part from the image in order to reduce the processing time. The
cropped image of the tube is shown in Figure 4.2 (a.) and (b.).

The captured image is the arrangement of pixels which consists of the intensity level in-
formation in each pixel. The images in this thesis project were stored as an 8-bit grey-scaled
value by the Davis software used. This means that the intensity level of the images ranges
from 0 to 256. If a pixel has a value of 0, the pixel appears black (dark). When a pixel has a
value of 256, the pixel appears white (bright). When the value closer to 0 the pixel appears
darker compares to the value closer to 256.
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Figure 4.2: (a.) image of plane x-y and (b.) plane x-z (c.) image after background subtraction, (d.) example of a detected
particle.

The next step of the image processing is the separation of the image with particles from
the background. There are plenty of methods to separate the background from the image.
In this project, the reference image (without the particles present) was subtracted from the
captured images with moving particles. The method is illustrated in Figure 4.3. The result
is an image which only contains the particles. An example of this subtracted image is shown
in Figure 4.2 (c.).

Figure 4.3: Experiment image is subtracted by the reference image which contain no particles. As a result the subtracted image
will contain pixels information of particles only.

Median Filter

The processing is continued by applying median filter to the image. The purpose of using
median filter is to remove noise from the image which can cause inaccuracy in the peak in-
tensity finding. The concept of median filter is illustrated in Figure 4.4. As an example, there
is an image consist of 9 pixels. Each pixel contains the intensity value which ranges from 0
to 256. Median filter works by calculating the median of the intensity value inside the eval-
uating window which is illustrated by the dashed box. In this example, the window has size
3x3 pixels. In the Figure, the filtering process is conducted to the pixel value located at the
centre of the images, which initially has a value of 115. The intensity values inside the eval-
uating window are arranged from the lowest to the highest then the median can be retrieved,
which is at intensity value 126. This median value (126) changes the initial intensity value of
the evaluated pixel (115). The evaluating window moves to evaluate the intensity value at a



34 4. Experimental Data Processing

different pixel location. When a pixel is located at the boundary of images the lowest and the
highest intensity value in the evaluating window will repeat itself to obtain enough entries in
order to fill the 3x3 size evaluating window.

125 126 126

139115128

110 140 135

125 126 126

139126128

110 140 135

Evaluated 
Pixel

Neighbourhood Values:
110,115,125,126,126,128,135,139,140

Evaluating Window
Replaced by 

median 

3x3 Median Filter

Figure 4.4: Illustration of the median filter method.

Peak Intensity Finding

After applying the median filter to the image, the peak intensity value can be obtained. If
the images are properly illuminated, the location of the highest intensity is on the centroid of
the sphere. The location is obtained with 𝑝𝑘𝑓𝑛𝑑 function in Matlab.𝑝𝑘𝑓𝑛𝑑 function requires
the estimated size of the particles as an input in the pixel unit. Based on particle size mea-
surement the particle has a pixel size at about 9 pixels. This step is important to prevent the
impurities in the fluid, such as small debris, to be detected as a particle. The peak intensity
finding process is illustrated in Figure 4.5. The object with intensity level below the threshold
will not be stored in the measurement data. It is possible that some of the particles cannot
be detected due to non-uniformity in the particles illumination. Therefore, it is important to
check the number of particles detected with the actual number of particles in a frame at a
selected threshold.

Figure 4.5: Illustration of the peak intensity finding by applying the threshold to separate between the particles and other object.

The result of the particle detection process is presented in table 4.3. The table gives the
average number of particles detected in one frame for a given Reynolds number and particle
concentration.
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Table 4.1: The average number of particles per frame for a given ፑ፞ and Ꭻ from the particle detection

Re 𝜙
0.05% 0.1 % 0.5 %

260 45 102 326
480 48 97 359
1180 46 94 339

Particle detection results are compared to the theoretical value of the number of particle
at a given tube volume 𝑉ፅ፨ፕ which is calculated using following equation:

𝑛፭፡፞፨፫፞፭።ፚ፥ =
𝑉ፅ፨ፕ

𝑉፩ፚ፫፭።፥፞
𝜙 (4.1)

The value of each theoretical value is compared to the average of particle detection results
at a given 𝜙 as shown in table 4.2. It is observed that there is a difference between the
theoretical and the detection results. The difference becomes more significant when the
particle concentration is high, as observed in the case of 𝜙 = 0.5%. This problem occurs
because with higher particle concentration the number of particles which moves above/next
to each other is increasing, therefore the number of particles detected decreases.

Table 4.2: Performance of particles three-dimensional position construction in different particle-concentration

𝜙% Theoretical particles per frame Average particles per frame
0.05 64 47
0.1 128 97
0.5 720 341

4.3. Three Dimensional Reconstruction
Until this point, the positions of the particles in the images have been acquired. The par-
ticle position information at two plane needs to be matched to get three dimension particle
coordinate from each frame, ̄𝑥፣. The particle coordinate information in plane x-y and plane
x-z shares only one similar position which is x coordinate information. By matching the x-
position of a particle in both x-y and x-z plane, the 3D particle position can be obtained. This
process is illustrated in Figure 4.6. The obtained 3D position will be stored in an array for
each frame,�̄�.

y

x
x

z

X-Y Plane

X-Z Plane (𝒙𝟏, 𝒚𝟏, 𝒛𝟏)

ҧ𝑥𝑗 =
(𝑥1, 𝑦1, 𝑧1)

⋮
(𝑥𝑛, 𝑦𝑛, 𝑧𝑛)

(𝑥1, 𝑧1)

(𝑥1, 𝑦1)

Figure 4.6: Three-Dimensional coordinate construction of the particles from information of plane x-y and plane x-z. From the
information of y and z position of the particles the radial position (ፑᎲ) and angular position (᎕Ꮂ) can be acquired.

In order to obtain the radial position of the particles. It is more suitable if we changes the
coordinate from cartesian to cylindrical coordinate. Figure 4.7 shows the conversion process
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from cartesian to cylindrical coordinate. The particles position of frame 𝑗 now is stored in
cylindrical coordinate in an array,�̄�፣.

𝑟𝑛 = 𝑦𝑛
2 + 𝑧𝑛

2

𝜃𝑛 = 𝑎𝑟𝑐𝑡𝑎𝑛−1
𝑧𝑛
𝑦𝑛

𝑟𝑛

𝜃𝑛
𝑦𝑛

𝑧𝑛

𝒛

𝒚
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(𝒙𝟐, 𝒚𝟐, 𝒛𝟐)

ҧ𝑥𝑗 =
(𝑥1, 𝑦1, 𝑧1)

⋮
(𝑥𝑛, 𝑦𝑛, 𝑧𝑛)

ҧ𝑟𝑗 =
(𝑥1, 𝑟1, θ1)

⋮
(𝑥𝑛, 𝑟𝑛, θ𝑛)

Figure 4.7: The conversion from cartesian coordinates to cylindrical coordinates. The particles position is stored in cylindrical
coordinates in array ፫̄ᑛ

.

The performance of the three-dimensional particle position reconstruction is shown in
Table 4.3 for different particle concentrations. The matching performance results are the
average from the experiment at a given 𝑅𝑒 and 𝐿/𝐷. The performance test also included the
experiment with 𝜙 = 0.01% to show the effect of an increase in 𝜙 to the percentage of particle
matches.

Table 4.3: Performance of particles three-dimensional position construction in different particle-concentration

𝜙% %Particles-Matched
0.01 97.0
0.05 50.1
0.1 34.3
0.5 20.3

It is shown that with an increase in 𝜙 the percentage of particles matched is decreasing.
In the previous section, it is observed that an increase in particle concentration creates a
problem in the particle detection where there are plenty of particles which moves above/next
to each other. The problem is illustrated in Figure 4.8,when there is a particle which flows
above/next to each other one plane only detects a particle while the other plane detects
two particles at the same axial position. Therefore, there will be two candidates which are
matched with one reference plane or vice versa two references for one candidate. In order to
avoid the matching error, it is advisable to remove the particles with multiple candidates. The
consequence is a data loss in the particle matching process. With an increase in 𝜙, particles
which share the same x-position in one plane are also increasing. Due to this limitation
at high particle concentrations, the particle-matching method is not conducted for particles
concentration above 0.5%. The study on high particles concentration in this thesis is only
done by qualitative analysis of the captured images.
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Figure 4.8: The problem at high particles concentration where one particle reference can have two candidates for its match. This
is because with increase in particle concentrations the number of particles which moves next to each other is increasing. There
will be missing information at one plane due to particles moving above/next to each other.

4.4. Processing and Data Statistics
4.4.1. Bias in Measurement Results
The data of the particle radial positions from three-dimensional coordinate reconstruction is
constructed into histogram as can be seen in Figure 4.9 (b.).

Figure 4.9: (a.) Particle radial positions at cross section of the tube and (b.) histogram of particle radial positions for Ꭻ  ኺ.ኺ%,
ፑ፞  ኾዂኺ, and ፋ/ፃ  ኼኺ .

The collected data from the experiment contains a bias due to the Poiseuille flow velocity
profile. The problem can be explained in a simple case of particles flowing in Poiseuille flow
as illustrated in Figure 4.10. Initially, ten particles were uniformly distributed across the
tube cross-section at the inlet of the tube. From the shape of the Poiseuille flow velocity
profile, the particles which closer to the wall move slower compared to particles move at the
tube-axis. When a camera is used to capture the position of particles at a particular size of
field of view and frame rate, it is possible that a particle is captured multiple times because
its velocity is slower than the frame rate of the camera. Therefore, in the second frame, the
particle which has been captured in the first frame still retains within the field of view.
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Figure 4.10: The example case of particles flowing through Poiseuille flow.

The problem is illustrated in Figure 4.11 (a.) for the example case of Poiseuille flow. The
camera is taken the image at 1 frame per second for 5 seconds. Instead of 10 particles, the
data will calculate 28 number of particles, as shown in the histogram of Figure 4.11 (b.).
Therefore, the bias because of this velocity profile should be corrected.
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Figure 4.11: (a.) number of particles taken from the Poiseuille flow case for 5 time steps. The fastest particles (tube-axis) is
passing the field of view after two time step, while for the particle closest to the wall it will appear 5 times. (b.) The number of
particles captured by the camera at field of view in 5 time steps. Instead of showing 10 number of particles (which is the actual
amount of particles), the camera captured 28 number of the particles for five time steps.

In order to correct this bias, the weighting function is introduced. In this case, the number
of particles in the data (n) is proportional to (𝑡፫/ፑ) which is the number of frames needed for
particles to leave the field of view. 𝑡፫/ፑ can be calculated using following equation:

𝑡፫/ፑ =
𝑙

𝑢(𝑟)𝑓 (4.2)

where 𝑓 is the frame rate, 𝑙 is the length of the field of view, and 𝑢(𝑟) is the velocity of particles
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at a given radial position (𝑟).

From Figure 4.11 (b.) it can be seen that the particle close to the wall at 𝑟/𝑅 = 0.9 is cap-
tured five times which is more compared to the particle in the centre-line at 𝑟/𝑅 = 0 which is
obtained for two times. The number of frames needed for particles at the center-line (𝑟/𝑅 = 0)
to leave the field of view is two frames (𝑡፫/ፑ = 2) at one frame per second, while particles near
the wall (𝑟/𝑅 = 0.9) leave the field of view after ten frames (𝑡፫/ፑ = 10).

The true number of particles (𝑛፭፫፮፞) can be acquired when the number of particles at
each radial position (𝑛) is divided by 𝑡፫/ፑ which acts as the weighting function as shown in
following equation:

𝑛፭፫፮፞ =
𝑛፫/ፑ
𝑡፫/ፑ

(4.3)

Using equation 4.3 to correct the number of particles in the previous example of Poiseuille
flow cases will yield the total amount of particles, 𝑛፭፫፮፞ = 10, which is the actual number of
particles in the example. Figure 4.12 is the comparison between the corrected number of
particles to the uncorrected number of particles in the Poiseuille flow case example.

Figure 4.12: Comparison of the number of particles at each radial position of the simple Poiseuille case for corrected and
uncorrected bias.
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4.4.2. Bias Correction to Measurement Results
The correction method requires to calculate the axial velocity for each radial position. In a
Poiseuille flow, axial velocity for any given radial position can be calculated using equation
4.4 for laminar flow [44]:

𝑢(𝑟) = 𝑢፦ፚ፱ (1 −
𝑟ኼ
𝑅ኼ) (4.4)

Where 𝑢፦ፚ፱ is the maximum axial velocity at the centre-line 𝑟 = 0. There exists a relation
that 𝑢፦ፚ፱ = 2𝑈፦ [44]from the derivation of the equation.

Before using equation 4.4, we have to make sure that the velocity profile of the experi-
mental data is parabolic. From literature study, the presence of suspended particle in the
flow can change the shape of the velocity profile [6]. This change can be either from the ac-
cumulation of the particles at the tube axis or the transition in the flow regime from laminar
to turbulence regime.

Particle Tracking Velocimetry (PTV)
An investigation is done to the shape of the velocity profile using particle tracking velocimetry
(PTV). The PTV method in the experiment is based on particle-pair matching which used the
’nearest neighbor’ approach as illustrated in Figure 4.13. Particle images in the next frame
which gives the smallest displacement to the reference particles in the reference frame is
the proper particle match. The method is suitable for a very dilute suspension flow. From
the experiment, it is difficult to determine the velocity profile at 𝜙 ≥ 0.1%. Thus, at such
condition the shape of the velocity profile is concluded from the previous studies.
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Figure 4.13: Nearest neighbor scheme is used to match particles in successive frame. ፃᑚᑛ is a deviation matrix consisted of
the error between frame 1 and frame 2. The minimum error value is gained, by finding the particle in frame 2 which led to the
minimum contribution in the total error between frame 1 and frame 2.

PTV results are shown in Figure 4.14 for 𝜙 = 0.05%. It is observed that there is no sig-
nificant change in the shape of the velocity profile at 𝜙 = 0.05% for each Reynolds number.
Based on previous studies the shape of velocity profile of suspension will not change before
𝜙 = 0.14% [11, 18]. Therefore, it is safe to assume that at 𝜙 = 0.1 − 0.5% the parabolic shape
of the velocity profile is unchanged. As mentioned before the change in velocity profile can
also be caused by the change in the flow regime. It has been reported that the presence of
the dispersed phase in the flow can change the transitional Reynolds number. The change
depends on the concentration of particles and the size of the particles. Based on the previous
result [20] the selected Reynolds number in this experiment is still in the laminar regime.
Therefore, there is no change in the shape of the velocity profile due to change in the flow
regime.
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Figure 4.14: Measured velocity profile from particle tracking for particle concentration Ꭻ  ኺ.ኺ% for ፑ፞  ኼዀኺ, ፑ፞  ኾዂኺ, and
ፑ፞  ኻኻዂኺ.

After ensure that the flow velocity profile is parabolic. The correction method is applied to
all measurements performed in the thesis project. Figure 4.15 is an example of a correction
result to the measurement data. The significant effect of the correction method is a decrease
in the number of particles in each histogram bin.

Figure 4.15: The correction method is applied to the measurement result for Ꭻ  ኺ.ኺ%, ፑ፞  ኾዂኺ, and ፋ/ፃ  ኼኺ. It is shown
that the number of particles at the bias corrected plot is significantly decreasing.

Based on the correction applied to each experimental results, the total number of parti-
cles in each run is varying with particles concentration. Approximately the total number of
particles are 1000, 5000, and 10000 for 𝜙 = 0.05, 0.1, and 0.5% respectively. The number is
significantly less than the total particle positions captured in 2000 frames. This condition is
due to a significant decrease in the number of particles in each radial position from the bias
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correction method.

4.4.3. Probability Distribution
The next step is to calculate the probability distribution of particles along the tube radial
position. The data from the corrected histogram is normalized to yield the probability to find
a particle in a certain radial position, 𝑃∗(𝑟/𝑅). The general probability at a radial position 𝑟/𝑅
and angle θ is defined as 𝑃(𝑟/𝑅, 𝜃). The relation between 𝑃∗(𝑟/𝑅) and 𝑃(𝑟/𝑅, 𝜃) becomes [22]:

𝑃∗(𝑟/𝑅) = 𝜋ዅኻ∫
ኼ

ኺ
𝑃(𝑟/𝑅, 𝜃)𝑟𝑑𝜃 (4.5)

Assuming that the probability only depends on the variation of the radial position 𝑃(𝑟/𝑅, 𝜃)
becomes 𝑃(𝑟/𝑅) and can be written as equation 4.6[22]:

𝑃(𝑟/𝑅) = 𝑃∗(𝑟/𝑅)
2𝑟 (4.6)

Using equation 4.6, the probability distribution of the particles can be determined. This
step is taking into account the error in probability due to the difference in a bin (radial) size
as illustrated in Figure 4.16. The bin closer to the centre line will have less area compared
to a bin closer to the wall.

Figure 4.16: The error in probability due to differences in bin size.

The example result of the probability distribution of particles radial position is shown in
Figure 4.17. Compared to the previous uncorrected histogram in Figure 4.9; the probability
(𝑃(𝑟/𝑅)) are distributed more uniform along the radial position of the tube.

Figure 4.17: Probability distribution of particles radial position along the tube length for Ꭻ= 0.05%, Re= 480, and L/D= 250.
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4.5. Uncertainty in Measurements
The next step is to determine the uncertainty of the probability distribution of the experimen-
tal results. The uncertainty is coming from the fact that the number of particles is limited
in each bin. The uncertainty is calculated using the Bernoulli distribution approach. In this
approach a random variable (N) is divided into two conditions, N=1 means particles are lo-
cated inside a bin of the histogram and N=0 means that particles are located outside a bin.

Back to the probability distribution result from Figure 4.17, in this result the probability
of particle located in the first bin with a range from 𝑟/𝑅 = 0 to 0.04 is 𝑃[0, 0.04] = 0.095. This
means that there is 9.5% chance that the particle will be located at this bin, on the other
hand there is 90.5% chance that the particle will be located outside this bin as illustrated in
figure 4.18.

Figure 4.18: (a.) Probability distribution of particle located inside bin ፫ ⁄ፑ = 0-0.04 (b.) The Bernoulli distribution of the particles
located in bin, ፫/ፑ =0-0.04. N=0 means that the particles are located outside the bin and N=1 means that the particles are
located inside the bin (c.) The expected value of the measurements ፄ(ፗ) in the Bernoulli distribution.

The Bernoulli Distribution is shown in Figure 4.18 for the particles located inside the bin
𝑟/𝑅 = 0-0.04. The expected value of the measurement (𝐸(𝑋)) in the Bernoulli distribution is
derived as follows from Peacock [29]:

𝐸(𝑋) = 𝑃(𝑁 = 1) × 1 + 𝑃(𝑁 = 0) × 0
𝐸(𝑋) = 𝑃(𝑁 = 1) (4.7)

For this case 𝑃(𝑁 = 1) is equal to 0.095, thus the expected value of the measurement
𝐸(𝑋) = 0.095. The variance of the expected value (𝑉𝑎𝑟[𝑋]) in the Bernoulli distribution can
be calculated by using equation 4.8 from Peacock et al. [29]:

𝑉𝑎𝑟[𝑋] = 𝑃(𝑁 = 1)(1 − 𝑃(𝑁 = 1)) (4.8)
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Standard deviation (𝜎) is the square root of the variance, and it gives the information about
how the data is dispersed from the expected value X. The purpose of calculating standard
deviation is to calculate the standard error ( ̄𝜎፱), using equation 4.9, which determines the
uncertainty of the measurements. The standard error is highly dependent on the number
of particles in the measurement n, the higher this number, the smaller the error of the
probability distribution.

̄𝜎፱ =
𝜎
√𝑛

(4.9)

The calculated standard error is plotted with 𝑃(𝑟/𝑅) as shown in Figure 4.19. It can
be seen that the highest uncertainty is located near the centre of the tube (𝑟/𝑅 < 0.04) at
Δ𝑃(𝑟/𝑅) = ±0.0225. Similar results are shown when the same step is applied into other ex-
perimental parameters. A high uncertainty at the center of the tube is due to small number
of particles that are found inside the bin closed to the centre-line. Therefore, the physical
phenomena closed to the centre-line should be interpreted with this uncertainty in mind.
The uncertainty of the measurements can be decreased by increasing the number of frames
captured. As mentioned before in Chapter 3, for every experiment 2000 frames of particle
image are captured. A Higher number of frames will decrease the uncertainty of the mea-
surement results, but this comes at the cost of storage space and increased time for data
processing.

Figure 4.19: Uncertainty of the probability distribution of the radial position of the particles for Ꭻ = 0.05%, ፑ፞ = 480, at ፋ/ፃ=250.
The red circles is the location where the uncertainty is significantly high.



5
Results and Discussion

This chapter presents the experimental results and discussion of the physical phenomena
that occur. Section 5.1 displays the results on the development of the particles along the
tube length. Additionally, the effect of Reynolds number and particle concentration on the
particle migration development are presented in this section. Subsequently, the observation
on the secondary phenomena following the particle migration is discussed in section 5.2
for the inner annulus and section 5.3 for the trains of the particle. The chapter ends with
a discussion on the results of the experiment at high particle concentration, 𝜙=0.8% and
𝜙=1.6% and the investigation of the buoyancy effect to the experiment results.

5.1. Development of the Particles Radial DistributionAlong the Tube
Length

This section presents the development of the particle radial distribution at different obser-
vation distance with respect to the tube inlet (𝐿/𝐷). The presentation is divided into three
particle concentrations (𝜙), 0.05%,0.1% and 0.5%. For each particle concentration, the ef-
fect of Reynolds number to the development of particle distribution is presented. This section
ends with the discussion of the observed combination effect between Reynolds number and
the particle concentrations to the development of the particle migration.

45
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5.1.1. Particle Concentration = 0.05%
The evolution of the particle radial distribution along the tube length at three different Reynolds
number for 𝜙 = 0.05% is presented in Figure 5.1. At the closest observation distance to the
tube inlet (𝐿/𝐷 = 150) the particles are uniformly distributed for all 𝑅𝑒. The early process of
the particle accumulation is observed for 𝑅𝑒 = 260 and 𝑅𝑒 = 480, as pointed by an arrow in
Figure 5.1(a.) and (e.). For 𝑅𝑒 = 1180, the accumulation cannot be observed yet, as shown
in Figure 5.1(i).

At the next observation distance, 𝐿/𝐷 = 250, the particles are distributed differently for
different 𝑅𝑒. For 𝑅𝑒 = 260 and 480, as already observed in the previous observation distance,
the particle accumulation in the equilibrium position continues to develop. The accumula-
tion can be observed from a narrow distribution of particles at the radial position close to the
wall which is at the Segré-Silberberg equilibrium position as pointed by an arrow in Figure
5.1 (b.) and 5.1 (f.). The accumulation of particles at the equilibrium position for 𝑅𝑒 = 260 is
higher compared to 𝑅𝑒 = 480. For 𝑅𝑒 = 1180, the particle distribution has not shown any sign
of the particle accumulation. However, as pointed by an arrow in Figure 5.1(j), a movement
of particles to the direction of the wall is indicated by a gradual decrease of 𝑃(𝑟/𝑅) at the
radial position close to the centre-line of the tube.

At 𝐿/𝐷 = 350, particle accumulation is observed for all Reynolds number as shown in
Figure 5.1 (c.),(g.) and (k.). At this observation distance, the appearance of the particle accu-
mulation becomes more apparent compared to the previous distances. It is observed from the
appearance of the peak in the probability distribution at the equilibrium position (𝑟/𝑅 ≈ 0.8).
The inner annulus is observed for 𝑅𝑒 = 480 and 𝑅𝑒 = 1180. The appearance of the inner
annulus is indicated by the presence of the second peak in the probability distribution be-
sides the peak at equilibrium position. This second peak is the sign of the appearance of the
inner annulus, it is pointed by the arrow in Figure 5.1(g.) and 5.1(k.). The discussion on the
presence of the inner annulus will be presented later in the next section.

At the farthest observation distance with respect to the tube inlet, 𝐿/𝐷 = 450, the accu-
mulation of particles is more concentrated into a narrow region at the equilibrium position
as shown in Figure 5.1(d.), (h.) and 5.1(l.). Compared to the other Reynolds number, for
𝑅𝑒 = 1180, the height of the peak is at the lowest. This is an indication that for 𝑅𝑒 = 1180
the particles are migrated at a longer distance compared to the lower Reynolds number. The
same trend is also displayed from the comparison between 𝑅𝑒 = 260 and 𝑅𝑒 = 480, where
at 𝑅𝑒 = 260 the probability of the particles at the equilibrium position is higher compared to
𝑅𝑒 = 480.



48 5. Results and Discussion

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

P(r/R) P(r/R) P(r/R)

r/R
r/R

r/R
r/R

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

R
e=

48
0

R
e=

11
80

L/
D

15
0

25
0

35
0

45
0

R
e=

26
0

X

Z

Y

ϕ
=0
.1
%

(a
.)

(b
.)

(c
.)

(d
.)

(e
.)

(f.
)

(g
.)

(h
.)

(i.
)

(j.
)

(k
.)

(l.
)

Fi
gu
re
5.
2:

Th
e
de
ve
lo
pm

en
to
fp
ar
tic
le
ra
di
al
di
st
rib
ut
io
n
fo
rᎫ


ኺ.
ኻ%

.T
he

da
sh
ed

lin
e
is
th
e
ex
pe
ct
ed

eq
ui
lib
riu
m
po
si
tio
n
ba
se
d
on

M
at
as

et
al
.[2
2]



5.1. Development of the Particles Radial Distribution Along the Tube Length 49

5.1.2. Particle Concentration = 0.1 %
The evolution of the particle radial distribution along the tube length for 𝜙 = 0.1% is presented
in Figure 5.2. The clear effect of an increase in the particle concentration is an increase in the
dispersion of the particles along the tube cross-section. At 𝐿/𝐷 = 150, the particle distribution
is showing the same result as the 𝜙 = 0.05%, which the particles are uniformly distributed
along the tube cross-section. However, there is a significant increase in the number of par-
ticles accumulated at the centre-line of the tube. Figure 5.2 (a.) shows that there is high
probability 𝑃(𝑟/𝑅) to find the particles at the centre-line of the tube. It is observed that the
lower the Reynolds number the higher the probability to find the particles at the center-line
of the tube.

The accumulation of the particles in the equilibrium position increases at a slower rate
compared to 𝜙 = 0.05%. At 𝐿/𝐷 = 250, the presence of the accumulation is observed for both
𝑅𝑒 = 260 and 𝑅𝑒 = 480, as pointed by an arrow in Figure 5.2 (b.) and (f.). There is a signifi-
cant decrease in the level of particle accumulation compared to 𝜙 = 0.05% for both Reynolds
number. For 𝑅𝑒 = 1180 there is no sign of the accumulation of particles at the equilibrium
position.

At the next observation distance,𝐿/𝐷 = 350, the particles are still dispersed along the tube
cross-section with the development of a small peak at the equilibrium position for 𝑅𝑒 = 260
and 𝑅𝑒 = 480. Figure 5.2 (k.) shows that for 𝑅𝑒=1180 the accumulation is not observed at
this observation distance.

The accumulation of particles at the equilibrium position is observed at 𝐿/𝐷 = 450 for all
Reynolds number. Lower Reynolds number is observed to display more apparent sign of the
accumulation compared to higher Reynolds. Moreover, there is an indication that at higher
particle concentration the accumulation becomes less apparent. Compared to 𝜙 = 0.05%
at the same observation distance, the probability at the equilibrium position is significantly
lower compared to the other radial position.



50 5. Results and Discussion

P(r/R)P(r/R)P(r/R)

r/R
r/R

r/R
r/R

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

0
0.
2

0.
4

0.
6

0.
8

1

0.
05

0.
15

0.
25

R
e=

48
0

R
e=

11
80

L/
D

15
0

25
0

35
0

45
0

R
e=

26
0

X

Z

Y

ϕ
=0
.5
%

(a
.)

(b
.)

(c
.)

(d
.)

(e
.)

(f.
)

(g
.)

(h
.)

(i.
)

(j.
)

(k
.)

(l.
)

Fi
gu
re
5.
3:

Th
e
de
ve
lo
pm

en
to
fp
ar
tic
le
ra
di
al
di
st
rib
ut
io
n
fo
rᎫ


ኺ.
%

.T
he

da
sh
ed

lin
e
is
th
e
ex
pe
ct
ed

eq
ui
lib
riu
m
po
si
tio
n
ba
se
d
on

M
at
as

et
al
.[2
2]



5.1. Development of the Particles Radial Distribution Along the Tube Length 51

5.1.3. Particle Concentration = 0.5%
From the previous section, It has been displayed that an increase in particle concentration in-
creased the dispersion of particles along the tube cross-section. As a result the accumulation
of particles at the equilibrium position becomes less apparent. The same trend is shown for
𝜙 = 0.5%, as shown in Figure 5.3. At this concentration level, the accumulation is observed
at a longer distance from the inlet compared to 𝜙 = 0.1%. Even for 𝑅𝑒 = 260 and 𝑅𝑒 = 480
the accumulation is not observed before the particles reached 𝐿/𝐷 = 450. At 𝐿/𝐷 = 450. The
accumulation is indicated by the appearance of a small peak for every 𝑅𝑒 as pointed by an
arrow in Figure 5.3(d.),(h.) and (l.). As observed in 𝜙 = 0.01% there is a decrease in the
probability at the equilibrium position with higher particle concentration, The same result is
also shown at this concentration. However, the probability difference is not that significant
compared to 𝜙 = 0.01%.

For the effect of Reynolds number to the development of particle distribution interesting
result is occurred, which at this concentration the accumulation starts to become more ap-
parent at the same distance for all 𝑅𝑒. However, there is an indication that for lower 𝑅𝑒 the
accumulation process is more gradually with an increase in the distance from the inlet. The
difference is most evident at 𝐿/𝐷 = 350, at 𝑅𝑒 = 260 the probability distribution has displayed
a sign of the accumulation as pointed by an arrow in Figure 5.3(c.). For 𝑅𝑒 = 480 the sign of
the accumulation is observed from a gradual decrease of probability at radial position closer
to the center-line as pointed by an arrow in Figure 5.3(g.). While for 𝑅𝑒 = 1180 there is no
apparent sign of the accumulation at the probability distribution.

5.1.4. Discussion on the Development of Particle Distribution Results
Based on the results of the development of particle distribution along the tube length, a con-
clusion can be derived on the effect of Reynolds number and particle concentration in altering
the development of particle distribution along the tube length.

The results of the development of particle distribution along the tube length show that an
increase in Reynolds number leads to a delay in the accumulation of particles at the equi-
librium position. These results are consistent for all particle concentrations in this thesis
study as shown in Figure 5.1, 5.2, and 5.3. This observation agrees with the results from
Morita et al.[25] on the effect of Reynolds number to the development of particle migration.
It is indicated that an increase in Reynolds number will lead to an increase in the migration-
distance for particles to reach the equilibrium position. Figure 5.4 shows the probability to
find the particles around the equilibrium position at 0.7 ≤ 𝑟/𝑅 ≤ 0.9 (𝑃፨፮፭፞፫). The rate of the
particle accumulation at the equilibrium position can be estimated by the linear fit of 𝑃፨፮፭፞፫
as a function of 𝐿/𝐷. It is observed that the higher the Reynolds number results in a lower
accumulation rate, as shown in Figure 5.4(a.) for 𝜙 = 0.05%.
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Figure 5.4: (a.) Probability to find the particles at radial position ኺ. ጾ ፫/ፑ ጾ ኺ.ዃ (ፏᑠᑦᑥᑖᑣ) as a function of the observation
distance for Ꭻ  ኺ.ኺ%. The linear fit gives the expected rate of particles accumulation at the equilibrium position. It follows that
with an increase in Reynolds number, the rate become slower.
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(b.) and (c.) Probability to find the particles at radial position ኺ. ጾ ፫/ፑ ጾ ኺ.ዃ (ፏᑠᑦᑥᑖᑣ) as a function of the observation distance
for Ꭻ  ኺ.ኻ% and ኺ.%. the rate of the accumulation is slowing as the particle concentration increase. It follows that the effect
of Reynolds number to the accumulation rate is less significant at higher Ꭻ .
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The rate of the particle accumulation is also estimated for 𝜙 = 0.1% and 𝜙 = 0.5% as
shown in Figure 5.4 (b.) and (c.). It is observed that an increase in 𝜙 leads to a lower
rate of particle accumulation. There is an indication that the effect of Reynolds number on
migration-distance becomes less significant at higher particle concentration. From the ob-
servation on the rate of accumulation for 𝜙 = 0.5%, there is no significant difference in the
accumulation rate for different Reynolds number.

The higher the concentration the sign of the accumulation at the equilibrium position
becomes less apparent. This condition is shown in Figure 5.4 that 𝑃፨፮፭፞፫ at farthest observa-
tion distance from the inlet is significantly lower for 𝜙 = 0.1 − 0.5% compared to 𝜙 = 0.05%.
This result corresponds to an increase in the dispersion of the particle along the tube radial
position as particle concentration increases. The slowing down of particle accumulation rate
with an increase in particle concentration can also be directed to an increase in dispersion.
An increase in the particle dispersion induces the particle-particle interaction at the radial
position between the centre-line and the wall of the tube [11]. This particle-particle inter-
action opposes the inertial effect which directed the particles to move in the direction to the
wall. The resistance corresponds to the hydrodynamic interaction between the particles in
the form wake generated by the spherical particles [28]. This generated wake resist the mi-
gration of the particle to the equilibrium position.

The Observation of the equilibrium position results is shown in Figure 5.5. The equilib-
rium position is selected as the radial position between 0.7 ≤ 𝑟/𝑅 ≤ 0.9 where the maximum
probability 𝑃(𝑟/𝑅) lies. The Figure also presents the previous results of the equilibrium po-
sition from Matas et al. [22] and Sègre-Silberberg [38]. The experiment results show a slight
discrepancy from Matas et al equilibrium position results which can be directed to the dif-
ference in the particle size used in the experiment. However, with an increase in particle
concentration, it is observed that the difference in the equilibrium becomes slightly higher.
This increase corresponds to the movement of the equilibrium position closer to the center-
line as the particle concentration increases.
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Figure 5.5: The equilibrium position as a function of the Reynolds number. It is shown that for this thesis experiment result
the equilibrium position is located closer to the center-line compare to the previous results from Matas et al. [22]. There is an
indication with an increase in particle concentration the equilibrium position will move closer to the center-line
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5.2. Inner Annulus Appearance
As mentioned in section 5.1, the inner annulus is observed in this thesis results at 𝜙 = 0.05%
for 𝑅𝑒 = 480 and 𝑅𝑒 = 1180. The appearance of the inner annulus is indicated by the appear-
ance of the second peak which is located close to the centre-line as shown in Figure 5.6. In
the same Figure, the Polar-scattered plot of the detected radial positions of the particles is
presented to observe the presence of the two annuli on the tube cross-section. As observed
from the scatter plot, the Sègre-Silberberg annulus has a narrower distribution compared to
the inner annulus.

Figure 5.1 shows that the inner annulus is vanishing with a further distance from the in-
let. This result agrees with Morita et al.[25] which observed that there is only Segré-Silberberg
annulus presents at the fully-developed condition of particle migration. This result supports
the conclusion that the inner annulus is just a transient phenomenon in the process of the
particles migrate to the Segre-Silberberg equilibrium position.

Figure 5.6: The appearance of the inner annulus in the experiment results at particles concentration 0.05% for Re=480 and (b.)
Re=1180.

Figure 5.7: The appearance of the inner annulus in the experiment results at particles concentration ኺ.ኺኻ% for Re=1180.

Particle concentration is observed to be an important factor in affecting the appearance
of the inner annulus. In the case of 𝜙 < 0.05%, Figure 5.7 shows the appearance of the inner
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annulus at 𝜙 = 0.01% for 𝑅𝑒 = 1180. For 𝜙 > 0.05%, there is no appearance of the inner annu-
lus in every observation distance. This result can be related to the increase in the dispersion
of the particles as the particle concentration increases. At higher particle concentration the
particle will be more distributed throughout the cross-section of the tube. This condition
is more difficult for the formation of the inner annulus. Furthermore, experimental result
indicates that there is a limitation in the particle concentration for the inner annulus ap-
pearance. This condition can be explained from computational simulation results from Shao
et al.[39], which stated that an increase in particle concentration will resist the formation of
the inner annulus.

5.3. Trains of Particles
In this thesis experiment, the trains of particles are observed as shown in Figure 5.8. This
thesis only study the observation on the formation of the particle trains for 𝜙 = 0.05% and
𝜙 = 0.1%. From the experiment at 𝜙 = 0.01%, there was no trains formation observed. The
absence of trains formation because of high separation distance between particles at low
particle concentration. Thus, the interaction between particles is unlikely to present. For
𝜙 > 0.1%, there was a difficulty in distinguishing the train structure from the rest of the
particles, due to a high number of particles existed in a frame.

Figure 5.8: The Trains of particles observed from the conducted experiment (red-box)

Radial Position of the Trains
The measurement is conducted on the position of the observed trains at different observa-
tion distance (𝐿/𝐷). The Train radial position was determined with a similar approach as the
three-dimensional coordinate construction which was explained in chapter 4. The result is
shown in Figure 5.9 for 𝜙=0.05%, which the position of the trains are observed to be located
around the equilibrium position at 𝑟/𝑅 ≈ 0.8. For 𝑅𝑒 = 1180, the trains are not found before
𝐿/𝐷 = 350. This is because the formation of trains is closely related to the accumulation of
particles at the equilibrium position [21]. Figure 5.1 shows that the accumulation of particles
for 𝑅𝑒 = 1180 is started to appear at 𝐿/𝐷 = 350, which is the same distance where the trains
are started to appear. Figure 5.9 presents that there is no significant difference in the trains
radial position for different Reynolds number.
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Figure 5.9: Average position of the trains at different observation distance (ፋ/ፃ) for particles concentration Ꭻ  ኺ.ኺ% as a
function of ፑ፞. It follows that the location of the trains is at the equilibrium position.
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The Effect of Reynolds Number
The effect of the Reynolds number and the particle concentration are studied by calculating
the number of trains formed at the variation of these parameters. Figure 5.10 shows the de-
velopment of particle trains formation with a further distance from the inlet at 𝑅𝑒 = 260, 480,
and 1180. The percentage of particles in the trains is the ratio between the particles which
are located in trains over the total number of particles. An increase in the number of particles
in trains is observed with an increase in 𝐿/𝐷. The cause of the increase is suggested to be
related to the development of particle migration. It is observed that the accumulation of the
particles at the equilibrium position is increasing with an increase in 𝐿/𝐷. The increase in
the number of particles at the equilibrium position can lead to an increase in the probability
of the particles to form a train.

Figure 5.10 also shows the effect of Reynolds number on the formation of trains. It is
shown that the formation of particle trains is the highest at 𝑅𝑒 = 480. This result is con-
tradictory with the argument that the formation of the trains is due to the accumulation of
particles at the equilibrium position. From Figure 5.1 it is observed that the highest accu-
mulation is observed at 𝑅𝑒 = 260. This result shows that the percentage of particles in the
trains are the highest in 𝑅𝑒 = 480 not in 𝑅𝑒 = 260 where the accumulation is observed to be
higher. It is because the factor which is altering the trains formation is not only the number
of the particles in the equilibrium position but also the hydrodynamic interaction between
the particles [14]. The same result is also reported by Matas et al.[21] in Figure 2.6 which
shows that the amount of the particles in the train is increasing with the Reynolds number
until it reached the peak at 𝑅𝑒 ≈ 600 then it starts to decrease. Matas et al. analysed this
results through the mechanism of the particle trains formation. It is reported that the parti-
cles formed a train due to the particle trapped in the reversed flow which generated around
the particles when particles Reynolds number 𝑅𝑒ፏ >> 1, as illustrated in figure 2.14. The
size of the reverse flow area will increase with an increase in 𝑅𝑒ፏ, that is the reason when the
𝑅𝑒 increases there will be more trains formed. The reason for a decrease in the formation of
trains after 𝑅𝑒 ≈ 600 is related to a decrease in the accumulation of particle at the same 𝐿/𝐷
for a higher 𝑅𝑒. Thus, the effect of an increase in the size of the reverse flow region with a
higher 𝑅𝑒 is surpassed by the deficiency in the number of particles at the equilibrium position.
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Figure 5.10: The percentage of the particles in the trains as a function of observation distance (ፋ/ፃ) forᎫ  ኺ.ኺ%. The number
of the particles in trains is the most for ፑ፞  ኾዂኺ at every observation distance.

The Effect of Particle Concentration
Figure 5.11 shows that with the higher 𝜙 the number of the particle in trains is increasing,
except for the case of 𝑅𝑒 = 1180. The effect of the particle concentration on the formation
of the trains is explained with the existence of a distance preferred between particles (Δ𝑠).
Humphry et al [14] postulated that at sufficiently low 𝜙 only a single train is formed when
the number of particles per unit length in the x-direction (𝜆) is increasing until 1/𝜆 = Δ𝑠,
another train is formed. Δ𝑠 itself is observed to depend on the Reynolds number, as observed
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by Matas et al.[21], Δ𝑠 is decreased with an increase in 𝑅𝑒ፏ. With a higher 𝜙 the distance
between particles (𝛿) will decrease, this condition will ease the formation of the trains of the
particles.
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Figure 5.11: Comparison of the percentage of the particles in trains along the observation distance (L/D) at Ꭻ  ኺ.ኻ% and
Ꭻ  ኺ.ኺ% for ፑ፞  ኼዀኺ, ኾዂኺ, and ኻኻዂኺ. An increase in the percentage of particles in the trains is observed as the particle
concentration increases, except for ፑ፞  ኻኻዂኺ.

However, there is a discrepancy for the result at 𝑅𝑒 = 1180, the number of particle in the
trains is decreasing instead of increasing for a higher 𝜙. In section 5.1, particle accumula-
tion is observed to be delayed into the longer distance to the tube inlet with an increase in 𝜙.
Although it is not the case for 𝑅𝑒 = 260 and 𝑅𝑒 = 480, at 𝑅𝑒 = 1180 the delay in the accumula-
tion causes a decrease in the formation of trains. It is suggested that this discrepancy is due
to a combination effect between the deficiency of the particles concentrated at the equilib-
rium position and a decrease in the preferred distance between particles (Δ𝑠) in the trains as
Reynolds number increases. Even though the distance between particles is decreasing with
higher particle concentration, it cannot accommodate the mentioned combination effect for
the particles to form more trains compare to lower Reynolds number.

5.4. Results of The Experiment at High Particles Concentration.
The experiment method in this thesis project has a limitation in analyzing the case of parti-
cle concentration higher than 0.5%. Therefore, the discussion on 𝜙 > 0.5% is only conducted
with a qualitative analysis from the picture of the particles in the tube. Figure 5.12 and 5.13
are the pictures of the x-y plane of the tube for 𝜙 = 0.8% and 𝜙 = 1.6% for three different
𝑅𝑒 at 𝐿/𝐷 = 450. The longest observation distance is selected to see the development of the
particle at the farthest location with respect to the tube inlet. From the observation in section
5.1 with a higher 𝜙, the particles will be migrated into a longer distance with respect to the
tube inlet. Because of the limitation in the experimental setup, the observation cannot move
longer than 𝐿/𝐷 = 450.

The particle distribution shows that the particle dispersion along the tube cross section
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is increasing with the Reynolds number, as shown in Figure 5.12. For 𝑅𝑒 =260, the accu-
mulation of the particle at the top and bottom side of the tube are observed, as pointed by
the arrow in the same figure. As Reynolds number increases the accumulation is decreasing,
and the distribution is found to be more uniform through the tube cross-section. An increase
in the particle concentration to 𝜙 = 1.6% causes an increase in the accumulation of particles
at the top and bottom side of the tube. The accumulation also appears not only for 𝑅𝑒 =260
but also for 𝑅𝑒 = 480 as pointed by an arrow in Figure 5.13. While for 𝑅𝑒 = 1180, there is no
sign of accumulation of particles at the top and bottom side of the tube. These results can
be an indication of the presence of the buoyancy effect in the experiment results.

The effect of non-neutrally buoyant fluid to themigration is studied theoretically by Vasseur
and Cox [43] and Hogg [13]. It was reported that the presence of a slight buoyancy effect to
the migration will bring heavier particles to the bottom of the tube and lighter particles to the
top side of the tube. The slight buoyancy effect to the particle distribution is also discussed
in Matas et al.[22] report. It is reported that even for a slight dispersion in the fluid density
for about Δ𝜌 = ±0.003𝑘𝑔/𝑚ኽ, the light and heavy particles tend to migrate to the equilibrium
positions closer to the top and bottom of the tube. While for the neutrally buoyant particles
will be distributed along the equilibrium position. The buoyancy number describes the ef-
fect of the buoyancy, 𝐵 = 𝑈፦/𝑢፬ [13], where 𝑢፬ is the settling velocity. 𝐵 explains the ratio
between the inertial effect to the buoyancy effect, a low value of 𝐵 means that the buoyancy
effect more dominant compared to the inertial effect and vice versa.

Figure 5.12: Pictures of x-y plane of the tubewhich show the particles distribution forᎫ  ኺ.ዂ% at observation distance ፋ/ፃ  ኾኺ
for ፑ፞=260,480,1110. The lower the Reynolds number, it is indicated that the particles tend to accumulate at the top and bottom
side of the tube as pointed by the arrow. The accumulation is due to a slight dispersion in fluid density to the neutrally-buoyant
condition which causes the heavy and light particles migrate to the equilibrium position at the top and bottom of the tube.
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Figure 5.13: Pictures of x-y plane of the tube which show the particles distribution forᎫ 1.6% at observation distance ፋ/ፃ  ኾኺ
for ፑ፞  ኼዀኺ, ኾዂኺ, ኻኻኻኺ. The arrow pointed to the increase in the accumulation of particles at the top and bottom side of the
tube with an increase in particle concentration. It follows that the accumulation also appears for ፑ፞  ኾዂኺ. This is because an
increase in the buoyancy effect with an increase in particle concentrations.

The observation of Matas et al. regarding the buoyancy effect can explain the top-bottom
accumulation occurrence for 𝜙 = 0.8% and 𝜙 = 1.6%. As seen in Figure 5.12 the accumula-
tion of the particles at the top and bottom side of the tube only appears at 𝑅𝑒 = 260, which is
the smallest Reynolds number in the experiment. A lower Reynolds number means that the
inertial effect will be less dominant than the buoyancy effect. An increase in the particle con-
centration, as observed in Figure 5.13, will increase the number of the particles distributed at
the top and bottom side of the tube. This condition is caused by an increase in the buoyancy
effect due to an increase in particle concentration. Mcnown and Lin [24], Bogardi [3], Cheng
[5] reported the settling velocity (𝑢፬) is increasing with particle concentration. It means that
the 𝐵 value becomes lower for the same 𝑅𝑒. Because of this increase, the buoyancy effect
becomes more dominant than the inertial effect. As a result, the accumulation at the top
and bottom of particles appeared for 𝑅𝑒 = 480. While for 𝑅𝑒 = 1180, there is no top-bottom
accumulation to be found. It is because at this Reynolds number the inertial effect more
dominant compared to the buoyancy effect.

The analysis on the high particle concentration brings an important attention to study the
migration for high particle concentration at the neutrally buoyant environment. The buoy-
ancy effect which is initially not dominant at the low 𝜙 can become more significant as 𝜙
increase. Even for a slight difference to the neutral buoyant condition this effect can become
significant at high 𝜙.

5.5. Investigation of the Buoyancy Effect in the Experiment Re-
sults.

In order to investigate the buoyancy effect on the experiment results, the radial position dis-
tribution of the particles is plotted for each parameter from the experiment results in section
5.1. The tube cross-section is divided into six bins as illustrated in Figure 5.14. Then, the
fraction of the number of particles detected at each bin to the total particles detected is plot-
ted (𝑛∗), as shown in Figure 5.15. The sign of the presence of the buoyancy effect can be
observed if most of the particles are located at one particular bin, either at the bottom of
the tube (bin=1) or the top of the tube (bin=6). If the particles are distributed into a concave
shape distribution, which the particles are abundant in the top and bottom of the tube then
gradually decrease in the center. Then, there is a slight buoyancy effect on the experiment.
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Figure 5.14: Illustration of the distribution particle radial position plotting process. The radial position of the particles are dis-
tributed into 6 bins then the ratio of the number of the particles at each bin to total particles detected (n*) is plotted as a function
of each bin.

The results of the particle distribution are shown in Figure 5.15. The figure shows a
vertical concave shape distribution for experiment at 𝜙 ≥ 0.1% at 𝑅𝑒=260 and 480. The con-
cave distribution becomes steeper as the particle concentration increases. This condition is
because the buoyancy effect becomes more significant with an increase in particle concen-
trations. Thus, there is an increase in the number of particles at the top and bottom side
of the tube as the particle concentration increases. For 𝑅𝑒 = 1180, the distribution has a
shape closer to the straight line which shows that it is distributed more uniformly at higher
Reynolds number. As mentioned in the previous section the buoyancy effect is less affected
at a higher Reynolds due to inertial effect more dominant.

The presence of small buoyancy effect has to be a consideration in interpreting some of
the physics occurring in this thesis results, especially for 𝑅𝑒 =260 and 480 at 𝜙 ≥ 0.1%. For
example, this effect can be a major cause of the decrease in the significance of the Reynolds
number in altering the rate of the accumulation at high particle concentration as observed in
section 5.1. As seen in Figure 5.15 for 𝜙=0.5 % for 𝑅𝑒 = 260 and 480 the distribution showed
that there is a slightly buoyancy effect in the experiment. The decrease can be directed
to an increase in the buoyancy effect as the particle concentration increases instead of the
hydrodynamic interaction between particle as previously concluded. For the development of
particle distribution along the tube length results, it is plausible that there is an additional
effect to the particle accumulation because of the particle settling at the top and bottom of the
tube. Furthermore, from Matas et al. [22] it is implied that in a slightly non-buoyant fluid,
the particle distribution will be closer to the center-line of the tube. This condition agrees with
the equilibrium position results where this experiment has an equilibrium position closer to
the center-line compared to the previous reports.
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Figure 5.15: The distribution of the particles radial position at each bin for the given experiment parameters. The concave shape
of the particle distribution shows the presence of slight buoyancy effect in the experimental results.





6
Conclusion and Recommendation

6.1. Conclusion
The aim of the thesis project is to study the effect of Reynolds number and particle concen-
tration in the development of particle migration. Following the study of particle migration,
the effect of the parameters to the secondary phenomena, the inner annulus and the trains
of particles are also studied in this thesis project. The study was conducted using particle
tracking method to capture particle radial positions at different parameters and observation
distances. Based on the captured particle radial positions, the probability distribution was
determined for different experimental parameters.

For the effect of Reynolds number to the development of particles migration, it is observed
that an increase in Reynolds number increases the migration-distance of the particle mi-
gration. Based on the particle distribution results, for 𝑅𝑒 = 1180 the accumulation of the
particles does not appear until 𝐿/𝐷 = 350, while for lower 𝑅𝑒 the accumulation process is
observed started from 𝐿/𝐷 = 250. This result is an indication that the migration-distance is
increasing with an increase in 𝑅𝑒. The rate of the accumulation was estimated using a linear
fit from the calculated probability to find the particles close to the Segré-Silberberg equilib-
rium position. It was observed that the accumulation rate became lower as the Reynolds
number increases.

From the observation of the particle radial distribution at three different particle concen-
trations 𝜙 = 0.05%, 0.1%, and 0.5%, it is observed that an increase in particle concentration
increases the particle migration-distance. This increase is observed from the decrease in the
rate of accumulation of particles at the equilibrium position as 𝜙 goes higher. Furthermore,
it is observed that the effect of Reynolds number becomes less significant at higher particle
concentration. It indicates from the similarities in the rate of the accumulation for different
Reynolds number as the particle concentration increases.

From the study of the appearance of the inner annulus, it is observed that the inner an-
nulus vanishes with an increase in distance from the inlet. This result agrees with Morita
et al.[25] which stated that the inner annulus is only a transient phenomenon rather than
an equilibrium one. In the experiment result, the inner annulus is not found for the case of
𝜙 > 0.05%. This disappearance of the inner annulus corresponds to the increase in particles
dispersion with higher 𝜙. Therefore, it is difficult to observe the appearance of the inner
annulus structure in higher particle concentration.

The study of the trains of particles shows that the formation of the train is highly related
to the accumulation of particles at the Segrè-Silberberg equilibrium position. This conclu-
sion is derived from the measurement of trains radial position, which mostly is found near
the Segré-Silberberg equilibrium position. The number of trains formed is increasing with
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an increase in the distance from tube inlet. This result can be related to the result of particle
migration development, where the particle accumulation is increasing with an increase in
distance from the inlet. Furthermore, the trains formation is also altered by the variation in
particle concentration; it is observed that the trains formation increases with an increase in
particle concentration. A different result is observed for the experiment at 𝑅𝑒 = 1180 where
the number of trains formed is decreased with an increase in particle concentration. This
anomaly can be related to a decrease in the preferred distance between particles in a train
with an increase in 𝑅𝑒.

6.2. Recommendation
In this section, several recommendations for the future study in a related topic of research
will be suggested. The recommendation will be divided into two parts, recommendation to
the experimental technique and recommendation for future study.

6.2.1. Recommendation on Experimental Technique
In order to study the particle migration, this thesis relies on the optical technique to detect
the particle radial positions. There is a huge data loss due to the size of the field of view in
the experiment. As previously discussed in chapter 4, the technique which is used in this
thesis produces a bias due to a high number of frames needed (t) for the particles to leave
the field of view. As a consequence, the same particles recorded multiple times in the frame.
A technique is proposed to correct this bias by dividing the experimental data by the num-
ber of frames needed for particles to leave the field of view of the camera. This correction
method causes substantial data loss, for example, 20000 radial positions of the particles are
detected from only 300 particles. Therefore, in order to decrease the data loss from using
this correction method, there are two recommendations in the experimental technique:

Field of View of Camera Adjustment
The bias is present due to the shape of the velocity profile of the Poiseuille flow. By decreas-
ing the size of the field of view, the amount of data loss from the bias correction method will
decrease, as illustrated in Figure 6.1 Field of view (FOV) 1 is more extensive than FOV 2, as
a consequence, a particle is captured in both frame 1 and frame 2. In the case of FOV 2, the
particles have already left the field of view in frame 2. Therefore, the number of the same
particles exist in multiple frames can be decreased.
However, there is a limitation in decreasing the size of the field of view of the camera. The

Figure 6.1: Decrease the size of field of view to decrease the amount of data loss during the experiment.

size of the field of view has to ensure the capability to capture the image of particles in each
radial position. When the small field of view is selected, there is a possibility that the particles
with the highest velocity, which are particles located at the centre-line (𝑟/𝑅 = 0), has a travel
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distance longer than the length of the field of view. So, it is suggested that the minimum size
of the field of view is the travel distance of the particles located in the centre of the tube at
a given frame rate. To be noted that using this solution is not completely diminish the data
loss. Because the limitation of the size of the field of view is the travel distance of particle at
the centre of the tube, particles closer to the wall will still appear in multiple frames.

Frame Rate Adjustment
The frame rate of the camera can be set to match with the travelling time of particles leaving
the field of view. Therefore, the number of the same particles captured in multiple frames
can be decreased. The frame rate is set to the rate of the particles closer to the centreline
leave the field of view. If the rate is selected to be the same as the rate of the particles closer
to the wall leave the field of view, then there is a high probability that the faster particles will
be failed to be captured in the frame as illustrated in Figure 6.2. With this method, there is
no need to decrease the size of the field of view.

Figure 6.2: The problem when frame rate adjusted to the travel distance of the particles closer to the wall (፫/ፑ  ኺ.ዂ) than the
particles closer to the centreline.

Experiment in Multiple Observation Distance Simultaneously
In this thesis experiment, the observation at each distance was conducted at a separate run
for the same experimental parameters due to the limitation in the available equipment. This
method will cause slight discrepancy on the experiment results due to the change in the envi-
ronmental condition during the experiment. An example of the change in the environmental
condition is the change in the working fluid density due to evaporation of water. This change
in density, even for a very slight change, can cause the emergence of the buoyancy effect as
seen in this thesis result. If the experiment is conducted simultaneously at each observation
distance, the evolution of particle radial distribution can be observed without the discrep-
ancy in the experiment condition in mind. Therefore, the results will be more reliable, and
the repeatability of the experiment will increase.
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Figure 6.3: The problem when frame rate adjusted to the travel distance of the particles closer to the wall (፫/ፑ  ኺ.ዂ) than the
particles closer to the centreline.

6.2.2. Recommendation for Future Study
Based on the study of the particle migration under Poiseuille flow, there are several recom-
mendations for future study to enhance the understanding of the phenomena. Firstly, is
the investigation to the flow field around the particles to study the hydrodynamic interaction
between the particles. It has been concluded that the effect of particle concentration in de-
laying the particle migration is due to the hydrodynamic interaction between the particles.
However, there hasn’t been good documentation of the flow field around the particles to sup-
port this conclusion. Thus, an exact answer on the dynamic of the particles at reasonably
high concentration cannot be derived yet. Secondly, a study on the particle distribution in
the turbulence regime can be an exciting continuation of this thesis study. There will be a
new challenge in studying the particle distribution in the turbulence regime especially in the
selection of the experimental technique. It is still open to the possibility that new phenom-
ena can occur following the particle migration in turbulence regime. Lastly, is the study to
the individual particle trajectory to the effect of the variation of the experimental parameter.
Based on the captured trajectory, the lift forces acted on the particle can be calculated at
each position. The knowledge of the acted lift force can validate the previous theoretical and
computational results regarding the mechanism of the migration.
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