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Abstract

The transportation of mixtures of particles and liquids using slurry pipelines plays a crucial

role in the petroleum and mining industries. Slurry pipeline flows are typically turbulent

and the presence of the particulate phase results in pipe wear and increased pumping cost.

As a result, slurry pipeline design and operation relies on analysis and modeling of turbulent

two-phase flows. The main objective of this research is to study the transport and dispersion

mechanism of particles in particle-laden turbulent flows. To achieve this goal, a series of

experimental studies were performed in a horizontal turbulent channel flow. The research

started by investigating the effect of the flow Reynolds number (Re), particle size, and

volumetric concentration of the solid phase on the turbulence statistics of the particles and

the liquid carrier phase. A combined two-dimensional particle tracking velocimetry (PTV)

and particle image velocimetry (PIV) was used to obtain the instantaneous velocity of the

glass beads and liquid phase. The PTV results indicated that the turbulence intensity of

the particulates decreases with increase of Stokes number (St). It was also observed that

the turbulence modulation of the liquid phase depends on the particle Reynolds number

(Rep). The turbulence intensity of the liquid phase augmented when Rep was large enough

to produce vortex shedding.

To study the interaction between the particles and turbulent events, an experiment was

conducted to simultaneously measure the velocity of particles and the carrier liquid phase.

Time-resolved three-dimensional PTV (3D-PTV) method based on shake-the-box algorithm

was employed in this study. A conditional sampling of the beads and their surrounding fluid,

based on the bead wall-normal motion, showed that the beads ascending from the bottom

wall were mostly located within ejection motions of the fluid. However, the beads descending
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to the bottom wall did not indicate any correlation with the streamwise fluid velocity.

Distribution of the glass beads in the near-wall region of a horizontal turbulent channel

flow was studied to investigate the effect of different particle transport mechanisms. In

addition to the gravitational settling and turbulence dispersion, it was identified that shear-

induced lift, particle-wall lubrication, and inter-particle collisions affect the distribution of

the beads. The shear-induced lift force was effective at larger Re and smaller concentrations,

and tended to create a core-peaking profile of particle concentration. The number of inter-

particle collisions became larger for the denser suspensions, which confined the beads to a

region of high concentration near the wall.

The simultaneous velocity of the beads and their surrounding fluid was used to calculate

the quasi-steady and viscous-unsteady forces in turbulent channel flow. It was observed

that the viscous-unsteady force is significant in turbulent solid-liquid flows. This force is

negatively correlated to the net force on the beads. It tends to reduce the magnitude of

the acceleration. Investigation of the quasi-steady force showed that this is the main source

of acceleration in the streamwise direction. The importance of this force reduced in the

transverse directions.
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Chapter 1

Introduction

1.1 Motivation

The transport of solid particles by turbulent liquid flows occurs abundantly in nature and

in the industry; two examples are particle transport in river flows and mining operations.

Slurry pipelines are an effective way of transport for tailings, mineral ores, and industrial

minerals. Material degradation and wear by erosion is one of the main concerns with these

pipelines. The erosion due to particle-wall collision reduces the lifetime of the pipes and

other equipment such as the valves and the pumps, and consequently, raises the cost of the

projects. For example, Pipe inspection and replacement, and maintenance cost up to $1

billion in the Alberta Oil Sands industry [Fuhr et al., 2014].

In an attempt to reduce costs from material wear in particle-laden systems, extensive

studies have been performed to understand the wear mechanism. Accurate models should

be developed to predict the wear rate as a function of the main flow conditions. However,

the knowledge is still limited since the erosion process is complicated and depends on many

factors. The velocity and concentration of the particulates near the surface, and the local

flow and turbulence field determine the frequency of particle-wall collision. These further

depend on the flow characteristics such as the flow Re, particulate size, and the bulk concen-

tration of the particulates. The main target of the current study is to answer the following

questions

- How do the main flow conditions such as the particulate size and flow Re affect the
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particulate velocity near the wall?

- How do the flow conditions change the concentration of the particles in the near-wall

region?

- How do the particulates interact with the turbulence in the carrier phase? and

- What are the main forces on the particles in solid-liquid turbulent flow?

One phenomenon that is particularly poorly understood, and one that most models

do not properly address, is the fact that carrier phase turbulence can be augmented or

reduced by the presence of the dispersed phase. The change in the turbulence kinetic

energy of the carrier phase when particles are added is referred to as turbulence modulation.

Turbulence modulation is important since it can modify the behavior of particle-laden

turbulent flows. Two mechanisms are identified to be responsible for turbulence attenuation:

(a) the increased effective viscosity of the suspension and (b) increased dissipation arising

from the particle drag [Balachandar and Eaton, 2010]. On the other hand, turbulence can

be enhanced because of (a) increased velocity fluctuation in a particle wake due to the vortex

shedding, and (b) buoyancy-induced instabilities arising from density gradients due to the

preferential particle distribution [Balachandar and Eaton, 2010]. The length scale at which

these mechanisms are effective varies. Accordingly, a particle can simultaneously enhance

or reduce the turbulence over a different range of scales, and the overall modulation depends

on the relative strength of these mechanisms. In addition, turbulence modulation depends

on many factors such as particle size and density, flow Re, and volumetric concentration

of the particles. Due to the wide differences in flow conditions of many earlier studies, it

is difficult to draw a definite conclusion on the effect of different flow conditions. This has

provided the motivation for this experimental investigation of turbulence statistics of the

carrier and particulate phases over a consistent and wide range of conditions.

Another aspect of particle-laden turbulent flow is the spatial distribution of the par-

ticles across the conduit. The particles are transported by several mechanisms including

gravitational settling, dispersion by turbulence, turbophoresis [Caporaloni et al., 1975],
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inter-particle collisions [Abrahamson, 1975], and shear-induced lift [Saffman, 1965, Auton,

1987]. These mechanisms may oppose each other and their strength varies with several

conditions including fluid velocity and turbulence, particle size and density, and bulk par-

ticle concentration [Kussin and Sommerfeld, 2002, Picano et al., 2015, Capecelatro and

Desjardins, 2015, Capecelatro et al., 2018, Zade et al., 2018]. As a result, the particles may

not uniformly disperse in the carrier phase. This is specifically important in the near-wall

region since the local particle concentration directly affects the pressure drop and wear-rate

of the surface material [Roco and Addie, 1987]. The relative strength of these mechanisms

over a wide range of Re and volumetric concentration in the near-wall region of a horizontal

channel is investigated in the current study.

A key feature of particle distributions in turbulent flows is the preferential accumulation

of particles over different turbulent events. Here, turbulent events refer to outward interac-

tion, ejection, inward interaction, and sweep. Distribution of the particles over these events

has been studied in the literature based on whether the particles ascend from, or descend

to, the bottom wall. This study also helps to identify how the particles are transported and

how they stay in suspension in turbulent flows. The ascending particles typically originate

from the slower near-wall flow and therefore have a smaller mean streamwise velocity than

the descending particles [Nino and Garcia, 1996]. It has been stated in the literature that

ascending particles preferentially accumulate in the ejection motions of the liquid phase,

while descending particles have less preference to segregate in the sweep motions of the

liquid phase towards the wall.

Accurate prediction of different forces acting on a particle is important in the modeling

and simulation of the particle dynamics in particle-laden flows. The equation of motion

for a small rigid particle was developed by Tchen [1947] and Maxey and Riley [1983].

This equation, known as the Basset-Boussinesq-Oseen (BBO) equation, relates particle

acceleration to the effect of quasi-steady force (often called the Stokes drag), the stress-

gradient force, the added-mass force, and the viscous-unsteady force (also known as the

Basset history force). The Basset force arises from the viscous unsteady effect and the
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temporal delay in the particle response. The delay is due to the time required for the

boundary layer on the surface of the particle to adjust to the varying relative velocity

[Traugott and Liberzon, 2017]. The computation of this term needs time-resolved data;

hence, this term is often neglected in many investigations. It is also required to know

the history of both particle and fluid acceleration for a sufficient time. This increases

the memory requirement for numerical simulation of systems that involve large numbers

of particles. Hence, the Basset term is usually neglected in numerical simulations. In

the current study, this force is measured in a horizontal channel turbulent flow, and its

correlation with the total acceleration of particles is investigated.

1.2 Objectives

This thesis aims to study particle-fluid interactions and the dispersion mechanism of parti-

cles in turbulent channel flows. Specifically, it is intended to

- study the turbulence modulation and investigate the effect of particle size, volumetric

concentration, and flow Re on the velocity statistics of both phases;

- Evaluate particle concentration distribution for different turbulent events to identify

mechanisms responsible for particle deposition and re-suspension;

- investigate the variation of local particle concentration in the wall region; and

- study the effect of quasi-steady and viscous-unsteady forces on the particle dynamics.

For this purpose, the instantaneous velocity of the particles and the carrier phase should be

measured simultaneously. This allows for evaluation of the turbulence intensity of particles

and the carrier phase, the velocity field around a particle, and particle dynamics. The

investigations will be carried out over a wide range of flow Re, particle size, and particle

concentrations to identify the effect of these conditions on the turbulence characteristics of

particle-laden flows.
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1.3 Thesis outline

This thesis includes 8 chapters; a brief description of each chapter follows.

Chapter 2 provides some essential background on turbulent channel flow and basic con-

cepts about particle motion in turbulent flows.

Chapter 3 first describes the experimental setup used to carry out particle-laden flow

experiments. The imaging setups and measurement techniques employed in this thesis are

also detailed in this chapter. These techniques include planar particle image and tracking

velocimetry (PIV/PTV) and time-resolved three-dimensional particle tracking velocimetry.

Chapter 4 provides a detailed investigation of the effects of flow Re, particle size, and

particle volumetric concentration on the turbulence statistics of both phases. Distribution

profiles of the coarse particles (glass beads) across the channel height are also presented in

this chapter. The extent of turbulence modulation for different cases is calculated, and it

is aimed to evaluate the modulation criterion established by Tanaka and Eaton [2008] at a

higher range of Re.

Chapter 5 focuses on the interaction between the nearly neutrally buoyant beads and the

fluid phase. The beads are sampled based on their wall-normal velocity, and the velocity

field around the beads and distribution of the beads over different turbulent events are

investigated. The pathlines of the beads in the near-wall region are inspected, showing the

effect of streamwise vortices which generate considerable spanwise motion.

Chapter 6 investigates the distribution of the particles in the near-wall region in greater

detail. The role of different mechanisms including shear-induced lift force and inter-particle

collision is discussed in this chapter.

Chapter 7 investigates particle dynamics in solid-liquid turbulent flows. The acceleration

of the beads is measured, and the contributions of the quasi-steady and viscous-unsteady

forces are determined.

Chapter 8 summarizes findings of the present study. The chapter also contains a dis-

cussion of future works.
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Chapter 2

Fundamentals of Turbulent and
Multiphase Flow

One of the main sources of turbulence production is shear in the mean flow. Due to the

no-slip condition at flow boundaries, there is a viscosity-dominant region near the wall

[Tennekes and Lumley, 1972]. Once the vorticity has been generated, the flow can proceed

to develop in the absence of the wall which is called free shear flow. The flows can also

remain attached to the surface and develop under its influence. These flows are usually

referred to as wall-bounded flows.

Wall-bounded flows constitute a major part of flows in industry and nature. Examples

include external flows such as the atmospheric boundary layer and flow of rivers, and internal

flows such as the flow through conduits. The main characteristics of single-phase turbulent

flow in channels and particle motions in turbulent flows are described in this chapter.

2.1 Wall-bounded turbulent flows

We consider the flow between two parallel plates separated by a distance of h as shown in

Figure 2.1. The mean flow is predominantly in the streamwise (x) direction, and the mean

velocity varies in the wall-normal (y) direction. The flow is statistically independent of the

spanwise (z) direction. The instantaneous velocities in the x, y, and z directions are U ,

V , and W , and the velocity fluctuations are denoted by u, v, and w, respectively. In this

chapter, Ui and ui are also used for instantaneous velocity and velocity fluctuation in ith
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direction (xi).

There is a flow-development region at the entry of the channel. At distances farther from

the entrance region, the velocity statistics no longer change with x, and the flow becomes

fully-developed. Fully-developed channel flow is statistically stationary and one-dimensional

since the velocity statistics only depends on the y location [Pope, 2000].

The channel flow can be characterized by the Reynolds number (Re):

Re =
ρUb h

µ
, (2.1)

where ρ is the fluid density, Ub is the bulk velocity (i.e. the mean velocity), and µ is

the dynamic viscosity of the fluid. The flow is laminar for Re < 1350 and turbulent for

Re > 1800; however, transitional effects may exist for Re up to 3000 [Patel and Head, 1969].

Figure 2.1: Schematic of a channel showing the coordinate system.

2.1.1 Governing equations

Using Cartesian tensor notation, the dynamical equation for a fluid can be written as

∂Uj

∂xj
= 0, (2.2)

and

ρ

[︃
∂Ui

∂t
+ Uj

∂Ui

∂xj

]︃
= − ∂P

∂xi
+

∂T v
ij

∂xj
, (2.3)

where P represents the static pressure and T v
ij is the tensor of viscous stress. The

Einstein summation convention is employed in these equations. Equation 2.2 shows the
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conservation of mass for an incompressible flow, and Eq. 2.3 is Newton’s second law writ-

ten for a continuum space. If the flow is incompressible and the fluid is Newtonian, the

momentum equation reduces to [Davidson, 2015]

∂Ui

∂t
+ Uj

∂Ui

∂xj
= −1

ρ

∂P

∂xi
+ ν

∂2Ui

∂x2j
, (2.4)

where ν = µ/ρ is the kinematic viscosity.

2.1.2 Reynolds stresses

The instantaneous velocity can be decomposed into mean, indicated by the symbol ⟨⟩, and

velocity fluctuations shown by the lower-case letters. The decomposition is expressed as

Ui = ⟨Ui⟩+ui. The pressure term is also decomposed as P = ⟨P ⟩+p. Decomposition of the

instantaneous motion is referred to as the Reynolds decomposition. Applying the Reynolds

decomposition to Eq. 2.1 yields the relations

∂⟨Uj⟩
∂xj

= 0, (2.5)

and

∂uj
∂xj

= 0, (2.6)

for the mean velocity and velocity fluctuation. Applying the decomposition to the momen-

tum equation results in

ρ

[︃
∂⟨Ui⟩
∂t

+ ⟨Uj⟩
∂⟨Ui⟩
∂xj

]︃
= −∂⟨P ⟩

∂xi
+

∂

∂xj

[︃
µ
∂⟨Ui⟩
∂xj

− ρ⟨uiuj⟩
]︃
. (2.7)

The terms in the square bracket on the right have the dimension of stress. The first

term is the viscous stress, and the second term is called the Reynolds stress. The total shear

stress is the sum of the viscous and the Reynolds stresses. In a fully-developed channel flow,

it can be written as [Pope, 2000]

τ = µ
d⟨U1⟩
dx2

− ρ⟨u1u2⟩. (2.8)

All the Reynolds stress components are zero at the wall; consequently, the shear stress is

completely due to the viscous contribution. Since the wall shear stress (τw) and kinematic
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viscosity are the dominant factors close to the wall, they can be used to define the velocity

and length scales in the near-wall region. Accordingly, the shear or friction velocity is

defined as

uτ =

√︃
τw
ρ
, (2.9)

and the wall unit or viscous length scale is

λ =
ν

uτ
. (2.10)

The normalized distance from the wall is denoted by y+ and calculated as

y+ =
y

λ
=

uτy

ν
. (2.11)

The magnitude of y+ can represent the relative importance of viscous and turbulent pro-

cesses.

2.1.3 Mean velocity profile

At high Reynolds numbers, there is an inner layer close to the wall where the mean velocity

profile is determined by viscous scales independent of h and Ub [Prandtl, 1921]. It can be

shown that [Pope, 2000]

d⟨U⟩
dy

=
uτ
y
ΦI

(︂y
λ

)︂
, for

y

h
≪ 1, (2.12)

where ΦI is a universal non-dimensional function. Equation 2.12 can be written in a non-

dimensional form as

d⟨U⟩+

dy+
=

1

y+
ΦI

(︁
y+

)︁
. (2.13)

Here, ⟨U⟩+ = ⟨U⟩/uτ . The integral of Eq. 2.13 is the law of the wall:

⟨U⟩+ = fw
(︁
y+

)︁
. (2.14)

The no-slip boundary condition on the wall and the normalized expression of wall-shear

stress (Eq. 2.8) at y = 0 gives fw(0) = 0 and f ′
w(0) = 1. Therefore, the Taylor expansion

of fw for small y+ can be expressed as

fw
(︁
y+

)︁
= y+ +O

(︁
y+2

)︁
. (2.15)
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The inner layer is generally defined as y/h < 0.1. Viscosity has an insignificant effect

at large values of y+ in the inner layer. Hence, the dependence of ΦI on ν vanishes in Eq.

2.12, and ΦI becomes a constant value usually denoted by 1/κ:

ΦI

(︁
y+

)︁
=

1

κ
, for

y

h
≪ 1, and y+ ≫ 1. (2.16)

Accordingly, the velocity gradient in this region is

d⟨U⟩+

dy+
=

1

κy+
, (2.17)

which yields

⟨U⟩+ =
1

κ
ln
(︁
y+

)︁
+B, (2.18)

where B is a constant and κ is the von Kármán constant. Equation 2.18 describes the

logarithmic law of the wall. The constants can roughly be expressed as B = 5.2 and

κ = 0.41.

2.2 Transport of particles in turbulent flow

2.2.1 Momentum coupling

The first analytical solution for flow passing a sphere at low Re was given by Stokes [1851].

Subsequently, Basset [1889], Boussinesq [1895] and Oseen [1927] investigated the motion

of a spherical particle falling in a quiescent fluid. The equation of motion for spherical

particles is called BBO (Basset-Boussinesq-Oseen) equations in the literature. Maxey and

Riley [1983] performed a detailed analysis of motion of small particles in a non-uniform and

unsteady flow. They introduced gravity, drag force due to the pressure gradient of the flow

undisturbed by the presence of the particle, quasi-steady force, apparent mass force, and

Basset force as the main source of particle acceleration. A brief description of each term is

provided here.

Quasi-steady force: The term is called quasi-steady since it refers to the force when

the relative velocity between the particle and fluid phase does not change significantly with

time. In order to incorporate the effects of Re, the quasi-steady force is usually written as

Fqs = 3πµdbfd(ui − vi), (2.19)
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where Fqs stands for quasi-steady force and fd is the drag factor. The drag factor can safely

be considered to be unity in creeping flow (Re < 1). However, it starts to deviate from

the Stokes law as the Re increases. There are several correlations available in the literature

for fd. The following correlation provided by Schiller and Naumann [1933] and predicts fd

within 5% of the experimental results for Reynolds number up to 800:

fd = 1 + 0.15Re0.687p . (2.20)

Here, Rep is the particle Reynolds number which is calculated based on the relative velocity

between the fluid and particle, i.e., ui − vi. The compressibility and rarefaction effects also

affect Fqs, but these are not applicable in the current study.

Virtual or apparent mass force: When a particle accelerates through a fluid, the

kinetic energy of the surrounding fluid changes. This change in the fluid kinetic energy

occurs at the expense of work done by the particle. This additional work is associated with

the virtual or apparent mass drag force. It can be shown that for a potential flow around

a sphere, this force is equal to

Fam =
1

2
mf

d

dt
(ui − vi). (2.21)

Basset force: This force accounts for the viscous effects of unsteady flow around a

particle. This term is also called the viscous-unsteady force. This force arises due to the

temporal delay in the development of a boundary layer around the particle when the relative

velocity between the particle and fluid phase changes.

The analytical solution of flow above an infinite plane due to a sudden acceleration in the

plane revealed that the wall effect diffuses into the fluid at a rate proportional to
√
νt. Here,

t is time, and t = 0 refers to the time when the sudden acceleration initials. The thickness

of the shear layer also varies with
√
νt. This is similar to a conducting solid when its bottom

temperature suddenly changes [White, 2006]. Considering a sudden change equal to ∆u0

in the velocity of the bottom plane, the shear stress changes with time as

τ(t) =

√
ρµ∆u0√
πt

. (2.22)
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Any general variation in the velocity of the bottom plane can be broken into a series of

stepwise changes as shown in Figure 2.2. Superposition gives the shear stress at time t as

τ(t) =

√︃
ρµ

π

[︃
∆u0√

t
+

∆u1√
t− t1

+
∆u2√
t− t2

+ · · ·
]︃
. (2.23)

For a very small time step ∆t′, the change in the velocity would be du/dt′∆t′. As ∆t′

approaches zero, the summation in Eq. 2.23 becomes

τ(t) =

√︃
ρµ

π

∫︂ t

0

du
dt′√
t− t′

dt′. (2.24)

Applying the same approach to a small spherical particle accelerating in a fluid at low

Reynolds number gives the Basset drag force:

Fvu =
3

2
d2b
√
πρµ

∫︂ t

0

d
dt′ (ui − vi)√

t− t′
dt′. (2.25)

In this equation, 1√
t−t′

is the so-called Basset kernel which is accurate at Re < 1. The

Basset kernel was extended by Mei and Adrian [1992] to finite Reynolds numbers using

KB(t− τ) =

{︄
(t− τ)1/(2c1) +

[︃√︃
π

ν

|ui − vi|3(t− τ)2

2νfh

]︃1/c1}︄−c1

, (2.26)

where

fh =

[︃
0.75 + c2

(︃
db|ui − vi|

ν

)︃]︃3
. (2.27)

The constants c1 = 2 and c2 = 0.105 were proposed by Mei and Adrian [1992]. The kernel

expressed in Eq. 2.26 suggests that it decays at a rate proportional to t−1/2 at short-time

periods, and decays at a faster rate of t−2 at long-time periods.

2.2.2 Response times

The response time of a particle to the changes in flow velocity is an essential parameter

that characterizes the motion of a particle suspended in a flow. Based on Stokes law, the

velocity of an initially stationary particle in a flow with uniform velocity of u0 changes as

v(t) = u0(1− e−t/τb), (2.28)
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Figure 2.2: Successive stepwise change in the velocity of the bottom plane.

where τb is the bead response time:

τb = ρbd
2
b/18µ (2.29)

which is the time required for a stationary particle released in a uniform flow to reach 63% of

the free stream velocity. The factor introduced in Eq. 2.20, fd = 1+ 0.15Re0.687p , is usually

included to correct the deviation from Stokes law when the particle Reynolds number is too

large to follow Stokes law, and the response time becomes τb = ρbd
2
b/18µfd. Here, Rep is

calculated based on the terminal settling velocity

Vs =
1

18µfd
d2bg (ρb − ρf ) . (2.30)

It was noted that the time response in Eq. 2.29 is derived by considering only the

quasi-steady force (Stokes drag) on the particle. This assumption is valid in gas-solid flows

where unsteady forces are negligible. However, in liquid-solid flows the unsteady forces are

significant and affect the particle dynamics. A simple way to account for the effect of the

apparent mass force is to replace ρb with ρb+ ρf/2 in Eq. 2.29 [Minier and Pozorski, 2017].

The ratio of particle to fluid time scales is called the Stokes number, St = τb/τf , which

characterizes the particle-laden flow behavior. If St ≪ 1, the particle responds quickly to

changes in the flow. Hence, the particles follow all the motions in the flow field. On the
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other hand, the particles do not respond to flow changes if St ≫ 1.

Different characteristic time scales can be considered for the flow. The viscous time

scale, τv = ν/u2τ , estimates the characteristic time scale of the flow near the wall. In this

region, flow time scale is smaller and the St has larger value than for the central region

of the flow. The integral and Kolmogorov time scales are also used in the literature to

calculate the St at the channel centerline. The integral time scale, τL, can be estimated

using dimensional analysis [Tennekes and Lumley, 1972]

τL =
1

3

⟨u2⟩
ϵ

, (2.31)

where ϵ is the turbulence dissipation rate at the channel centerline. The Kolmogorov time

scale, τK , is defined as

τK =
(︂ν
ϵ

)︂1/2
. (2.32)

The dissipation rate is calculated using [Milojevié, 1990]

ϵ = C0.75
µ

k1.5

lm
(2.33)

where Cµ = 0.09 and lm = 0.14h [Schlichting and Gersten, 2017]. The turbulent kinetic

energy k is calculated using ensemble averages of velocity fluctuations:

k =
1

2

(︁
⟨u2⟩+ ⟨v2⟩+ ⟨w2⟩

)︁
. (2.34)

2.2.3 Particle transport near the wall

Particle transport in the near-wall region is dominated by the dynamics of turbulent struc-

tures. Numerous flow visualization experiments revealed existence of streaks near the wall

[Kline et al., 1967]. The streaks correspond to the regions with velocity smaller than the

mean flow while the fluid between streaks is fast moving [Pope, 2000]. At some point, the

streak moves away from the wall which is called ejection of low-speed fluid. Corino and

Brodkey [1969] also identified regions of high-speed fluid moving toward the wall which is

called sweep events. Ejections and sweeps control the momentum transfer and also affect

the transfer of particles near the wall.
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The mechanism that generates and maintains ejection and sweep events is not identified

accurately. It is believed that quasi-streamwise vortices generate ejections and sweeps.

These vortices have a characteristic length of about 200 wall units separated by a distance

of about 400 wall units [Kline et al., 1967, Jiménez and Pinelli, 1999]. These vortices are

also tilted away from the wall by an average angle of about 9°and inclined slightly to the left

and right. Regions located between two vortices at the upwash side are characterized by a

streamwise velocity lower than the mean flow. In comparison, the regions at the downwash

side of vortices are characterized by a streamwise velocity larger than the mean velocity.

Low-speed streaks are longer than quasi-streamwise vortices with a length of around 1000

wall units. A single low-speed streak is usually surrounded by many quasi-streamwise

vortices [Minier and Pozorski, 2017]. In summary, the turbulence in the near-wall region is

dominated by the slow-speed and high-speed streaks generated by counter-rotating quasi-

streamwise vortices. These vortices are known to be the most usual vortical structures near

the wall.

Particles are not distributed uniformly in the near-wall region. It has been shown that

the particles accumulate preferentially in the low-speed regions [Nino and Garcia, 1996, Pan

and Banerjee, 1996]. A correlation was also observed between the particle flux toward the

wall and sweep events, and between particle flux away from the wall and ejection events.

The correlation is significant for particles of small St, and reduces with the increase of St.

This means there is a chance of finding large particles moving away from (or toward) the

wall while surrounded by a non-ejection (or non-sweep) event.

The action of ejection motions is effective in the suspension of particles in turbulent

flows. Sumer and Oguz [1978] used a photographic technique to record the trajectory

of inertial particles. They found that the ejection motion of the liquid phase transports

particles away from the wall and generates a negative streamwise velocity fluctuatio [Sumer

and Oguz, 1978, Rashidi et al., 1990, Ji et al., 2013]. Once the ejection motion weakens,

the suspended particles gradually approach the wall. The particles may be lifted up again

by another ejection motion and remain suspended in the flow.
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2.3 Particle-particle interaction

Turbulence is the main source of particle-particle collisions. Gravitational sedimentation,

the action of molecular forces, and Brownian motion are among the other mechanisms that

cause a particle to collide with another one. Determining the collision frequency of liquid

droplets or solid particles is of interest in investigation of two-phase systems. The collision

frequency, fc, in a system with a large number of particles is proportional to the particle

number density, n, which is the number of particles in a unit volume:

fc = βn. (2.35)

Here, β (m3/s) is called the collision kernel. Early models of inter-particle collision were

developed for turbulent flows with low energy dissipation [Camp, 1943, Saffman and Turner,

1956]. In these flows, even the smallest eddies are large enough to confine a particle. Hence,

the paths of the particles were fully determined by the eddy fluid velocities and accelerations

[Abrahamson, 1975]. Saffman and Turner [1956] presented the first formulation of a collision

kernel in this type of flow which works perfectly for zero-inertia particles. The collision

kernel based on the spherical formulation is

βsph = 2πR2⟨|vr|⟩. (2.36)

The spherical kernel actually describes the inward flow rate of the fluid across the surface

of the collision sphere as shown in Figure 2.3a. In Eq. 2.36, vr is the radial component of

relative velocity between two particles approaching each other. In a monodispersed system

R = db.

In cylindrical formulation, the collision kernel describes the volume of a cylinder passing

through a particle with cross sectional area of πR2 and length of |w| per unit time as

presented in Figure 2.3b. The collision kernel is then

βcyl = πR2⟨|w|⟩, (2.37)

where |w| is the magnitude of the relative velocity. This is different from vr which stands

for the radial component. It should be noted that the ⟨⟩ operator in Eqs. 2.36 and 2.37
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averages the velocity in all direction and in time. Hence, both kernel formulae are developed

for stationary and isotropic turbulent flow.

(a) (b)

Figure 2.3: Geometrical description of (a) spherical and (b) cylindrical formulation of col-
lision kernel.

In flows with much higher energy dissipation, the smallest eddy becomes smaller. Hence,

a particle usually transfers momentum with more than one eddy, and the models for low

dissipation turbulence become invalid. When the particles have considerably larger time

scale than the flow time scale, it can be assumed that the motion of particles are not

correlated. In this case, the velocity of particles become statistically independent which is

similar to the motion of molecules in the kinetic theory of gases. The collision kernel for

high-inertia particles provided by Abrahamson [1975]:

β = 4π1/2 2kb
3

R2, (2.38)

where kb is the turbulent kinetic energy of particles, and R is collision radius. Similar to the

previous relations, R = db for monodispersed particles. It is shown that the assumption of

independent particle velocities is suitable for high intensity turbulence in suspensions being

pumped or mixed under industrial conditions [Abrahamson, 1975].

The basic concepts of turbulence in channel flows, particle response to the flow, and

momentum transfer between the particles and fluid phase were introduced in this chapter.

These concepts will be used in the rest of the thesis to explain the flow conditions and
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interpret the results.
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Chapter 3

Experimental Setup and
Measurements

A horizontal slurry flow loop was used to perform experiments in the current research. The

flow loop contained a channel section, and the measurements were conducted in this section

of the loop. Glass beads with density (ρp) of around 2.60 gr/cm3 and polystyrene spherical

beads with ρp = 1.05 gr/cm3 of different sizes and at different concentrations were used

to produce suspensions. More details about the flow loop are provided in this chapter.

Different sets of velocity measurements were conducted in this research. The first one was

a two-dimensional particle image/tracking velocimetry (PIV/PTV) which was performed

to study the effect of particle size and flow Re on the velocity statistics of the dispersed

and carrier phases. This technique is detailed in Section 3.2 and the related results are

presented in Chapter 4. Two sets of three-dimensional PTV measurements, based on the

shake-the-box algorithm [Schanz et al., 2016], were also carried out. These measurements

are explained in Sections 3.3 and 3.4, and the related results are presented in Chapters 5

to 7.

3.1 Slurry flow loop

The experiments were performed in a horizontal slurry flow loop equipped with a centrifugal

pump (LCC-M, GIW Industries Inc.) which can circulate up to 2 m3/min of unladen water.

The schematic of the flow loop is displayed in Figure 3.1. The test section had a rectangular
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cross-section of 120 mm width and 15 mm height (h). The channel windows were made of

glass with high quality surface finish of 0.7 µm, which can be considered as a smooth surface.

The flow rate was measured using a Coriolis flow meter (Micro Motion, F-series) with mass

flow accuracy of ±0.10% of the measured flow rate. The centrifugal pump was controlled

by a variable frequency drive (A510, Teco Electric & Machinery Co., Ltd.) to hold the flow

rate constant during each experiment. The standard deviation of the time series of the flow

rate data was less than 0.03% of the average flow rate. The flow loop utilized two data

acquisition cards (NI 9211 and 9263, National Instruments) to record the mass flow rate,

temperature and mixture density at a sampling rate of 1 Hz, and to control the variable

frequency drive. A double-pipe heat exchanger was used to keep the fluid temperature

constant during the experiments. The test section was 2.5 m long; the measurements were

made at a distance of 1.65 m (220 h) downstream of the channel entrance (as indicated in

Figure 3.1) to ensure fully developed flow.

Figure 3.1: Schematic of the flow loop demonstrating its main components. The inset shows
the test section and the streamwise (x), wall-normal (y), and spanwise (z) directions. The
origin of the coordinate system is on the bottom wall of the channel.
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3.2 Two-dimensional PIV/PTV

A combined PIV and PTV method was applied to measure the velocity of the glass beads

and the carrier liquid phase from a common set of images. Methods based on fluorescence

tagging [Sridhar and Katz, 1995], intensity discrimination [Anderson and Longmire, 1996],

phase dynamics [Delnoij et al., 1999], and geometrical characteristics [Hassan et al., 1992]

have been used to discriminate the smaller tracers of the liquid phase from the larger

beads (i.e., the solid phase) in image-based measurements. There are specific challenges

and limitations associated with each of these methods. For example, fluorescence tagging

requires a substantial amount of fluorescent particles for a large-scale experimental setup

such as the flow loop used here. Khalitov and Longmire [2002] used the size and intensity

of tracers to distinguish them from larger and brighter particles. Kiger and Pan [2000] used

a two-dimensional median filter to separate images of particles and tracers. The median

filter increases the intensity difference of the tracers and dispersed particles to apply a phase

discrimination algorithm. An algorithm based on that of Kiger and Pan [2000] was used to

separate the tracers and the glass beads in the images.

The measurement setup is shown in Figure 3.2. Images were captured using two CCD

cameras (Imager Intense, LaVision, GmbH), each with a sensor size of 1040 Ö 1376 pixel,

arranged side-by-side to cover a larger streamwise portion of the channel for improved

statistical convergence. Each pixel of the CCD is 6.45 × 6.45 µm2 with 12-bit digital

resolution. A Nd:YAG laser (New Wave Research, Solo PIV III) with maximum pulse

energy of 50 mJ over 3–4 ns pulse width at 532 nm wavelength was used for illumination.

The laser beam was directed into a combination of two spherical lenses and a cylindrical lens

to form a 1 mm-thick laser sheet, which illuminates an x–y plane in the mid-spanwise section

of the channel. The cameras were equipped with SLR lenses (Sigma) with focal length of

f = 60 mm at an aperture diameter of f/16. Each camera lens was aligned normal to

the laser sheet and sidewalls to minimize astigmatism and variation of magnification in the

images. The field of view (FOV) of each camera was 11.8 mm by 15.5 mm along the x and

y directions, respectively. Overall, for the imaging system, the magnification and digital
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resolution were 0.57 and 88 pixel/mm, respectively. The estimated depth-of-field was about

5 mm, which was greater than the laser sheet thickness. The cameras were synchronized

with the laser using a programmable timing unit (PTU9, LaVision, GmbH) controlled by

DaVis 7.4 (LaVision, GmbH), acquiring double-frame images at a sampling rate of 3 Hz.

The particle displacement between two consecutive frames was set to 20 pixels by adjusting

the time interval between the two laser pulses. A large ensemble of 60,000 double-frame

images of the two-phase flow was captured for each experimental condition. The images

included the glass beads and the liquid phase seeded with the 2 µm silver-coated glass beads

(SG02S40 Potters Industries) with a density of 4 gr/cm3. This large number of images was

necessary to capture a sufficient number of particles for improved statistical convergence of

PTV results. Only 8000 double-frame images were used for the liquid phase PIV results.

Figure 3.2: The setup used for two-dimensional PIV/PTV.

The PTV algorithm detected and tracked the large glass beads in the double-frame

images. The diameter of glass beads in the images varied from 25 pixels for 285 µm particles

to 60 pixels for particles of 700 µm in diameter. The glass beads in the two-phase images

were detected using the ‘imfindcircle’ function in MATLAB (R2015a, MathWorks). This
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function uses the circle Hough transform to find the circle center and radius [Atherton and

Kerbyson, 1999]. The beads with average intensity below a threshold value were considered

out of the laser sheet and the information was discarded. A sample of two overlapped

frames with the detected glass beads is shown in Figure 3.3a. A tracking script developed

in MATLAB was used to search for the particle in an area specified by a search radius

(20 pixels for 285 µm and 30 pixels for 700 µm particles) around the predicted position

in the second frame. The particle position in the second frame was predicted using an

averaged velocity field obtained from an ensemble of the correlation maps [Meinhart et al.,

2000]. In the next step, two interrogation windows were placed around the particle pair in

the first and the second frames as demonstrated in Figure 3.3b and c. The interrogation

windows were cross-correlated to obtain the displacement of the bead. The area around

the perimeter of the glass bead in the first frame was cleared and filled with random noise

to minimize the impact of tracers in the cross-correlation. A cross-correlation coefficient

with a threshold of 0.85 was used to filter out the pairs that did not have a similar pattern.

The wall-normal direction was divided into 150 pixels (2 mm) bins with 50% overlap for

calculation of the particle mean velocity profile and turbulence statistics. The error analysis

for the PTV results of the particles is provided in Section 4.5. The rms of measurement

uncertainty is around 30.0 mm/s for the mean velocity and is in the order of 10−5 for

turbulence intensities.

A PIV algorithm was applied to the two-phase images to obtain the velocity of the liquid

phase surrounding the glass beads. The background noise was first removed by subtraction

of the minimum intensity of the ensemble of images in order to reduce the laser glare from

the wall and stationary image features [Raffel et al., 2007]. A median filter was then applied

for phase discrimination and to mask out the glass beads. The filter reduced the intensity of

the tracers while the intensity of glass beads remained almost constant. This is indicated in

the inverted images of Figures 3.4a and 3.4b. The image intensity is inverted here for image

clarity. The pixels with intensity above a threshold (dark areas in the inverted image) are

the glass beads, which are excluded from the cross-correlation algorithm. The kernel size

23



Figure 3.3: (a) A sample image of two superimposed frames. The detected pair of glass
beads is specified in blue (first-frame) and red (second-frame). (b) The interrogation window
around the glass bead of the first frame. The perimeter of the glass bead is filled with
random noise. (c) Interrogation window around the glass bead in the second frame includes
the surrounding tracer particles.

of the median filter depends on the size of the glass beads, but was about 25 Ö 25 pixel in

the measurements made in the current study.

A multi-pass PIV was applied in Davis 8.3 (LaVision, GmbH) to the images with masked-

out particles to obtain the fluid phase velocity. The first correlation pass applied an interro-

gation window size of 128 × 128 pixel and 50% overlap. The window size was reduced to 16

× 16 pixel (0.18 × 0.18 mm2, 0.012h×0.012h) and 75% overlap in the final cross-correlation

pass. The instantaneous vector field obtained from the sample image is shown in Figure

3.4c. The white areas represent the pixels occupied by the glass beads. The interrogation

windows that contained a masked-out area larger than 1% of the window area were rejected

to ensure no bias occured in liquid phase velocimetry. The results of the measurements

detailed in this section are presented in Chapter 4.
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(a) (b) (c)

Figure 3.4: (a) A sample inverted image after subtracting the sliding minimum. (b) The
image after applying the median filter to enhance the contrast of the large glass beads. (c)
The velocity field of the liquid phase obtained from the cross-correlation algorithm.

3.3 Time-resolved three-dimensional PTV

This section provides the details about the measurement system used for the study presented

in Chapter 5. A three-dimensional imaging system was used to simultaneously record time-

resolved images of the particle-laden flow from four viewing angles. To distinguish the

fluid tracers (2 µm) from the beads (370 µm), a median filter was applied to the images

to increase their intensity contrast [Kiger and Pan, 2000]. Using a threshold intensity,

the filtered images were decomposed to two sets: images of the tracers and images of the

beads. To obtain 3D trajectories of the tracers and the beads, the two image sets were

processed using a Lagrangian 3D particle tracking velocimetry based on the shake-the-box

(STB) method [Schanz et al., 2016]. This method enabled us to obtain simultaneous 3D

measurements of both the solid and fluid phase velocities.

The measurement volume was illuminated using a dual-cavity Nd:YLF laser (Photonics
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Industries, dual-head DM-527 series) with a maximum energy of 20 mJ per pulse at a

wavelength of 527 nm. The laser beam was expanded and collimated into an 8-mm-thick

sheet in the y direction and a width of 60 mm in the x direction. The laser sheet entered the

channel along the z axis through the sidewall, as shown in Figure 3.5. A mirror was located

normal to the illumination direction (z axis) to reflect the light back into the test section to

amplify the light intensity and to reduce the intensity difference between the forward and

backward scattering cameras [Ghaemi and Scarano, 2010]. Knife-edge filters were attached

to the sidewalls to remove the low-energy edges of the laser sheet and to obtain a relatively

top-hat intensity profile.

Figure 3.5: Schematic of the four cameras and the laser sheet with respect to the channel
and the coordinate system.
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The imaging system consisted of four high-speed CMOS cameras (Phantom v611) with

a sensor size of 1280 × 800 pix. Each pixel of the CMOS sensor is 20 × 20 m2 with 12-bit

resolution. As shown in Figure 3.5, the cameras imaged the measurement volume from the

top of the test section through the glass window. The cameras were arranged in a pluslike

configuration at a working distance of ∼35 cm. The aperture angle, defined as the angle

between two opposing cameras, was 65°. A camera lens with a focal length of f = 105

mm (Sigma) was connected to each camera using a lens-tilt adapter (Scheimpflug). The

aperture size of each lens was set to f/22 to decrease any astigmatism effect on the particle

images. The estimated depth-of-focus was 12 mm, which covered the thickness of the laser

sheet. The magnification of each camera was 0.43 with a digital resolution of 22 pix/mm,

which resulted in a measurement volume of 60 × 8 × 40 mm3 in the x, y, and z directions,

respectively. Using a high-speed controller (HSC v2, LaVision GmbH), the cameras were

synchronized with the laser to acquire single-frame images at 6000 Hz. Five sets of 5500

time-resolved images were collected.

The initial calibration of the imaging system was performed using a dual-plane 3D

calibration plate and the application of a third-order polynomial mapping function [Soloff

et al., 1997]. The root mean square (rms) of the fit error was less than 0.25 pix on both

planes of the 3D target. The remaining calibration error was corrected using the volumetric

self-calibration technique [Wieneke, 2005, 2008]. The volume self-calibration process was

repeated several times to obtain a mean disparity of 0.026 pix with the standard deviation

of 0.017 pix in the entire domain.

To reduce background noise, the minimum intensity of all the images was subtracted

from each image, and the images were also normalized using the average intensity of the

data set. The signal-to-noise ratio was further improved by subtracting a sliding minimum

over a kernel of 30 × 30 pix and local normalization by the average intensity in a kernel of

50 × 50 pix. To separate the beads from the tracers, a 6 × 6 pix median filter was applied.

This filter reduced the intensity of the small tracers (∼3 pix), but it had a negligible effect

on the intensity of the beads (∼8 pix). An intensity threshold was then used to obtain
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Table 3.1: Summary of the 3D-PTV system specifications.

Magnification
Digital

resolution (pix/mm)

Acquisition

frequency (kHz)

Field of view

(mm3)

Image diameter

(pix)

Particle Image

density (ppp)

tracers beads tracers beads

0.43 0.22 6 60 × 40 × 8 3 8 0.035 0.005

a mask identifying the high-intensity glass beads. The mask was applied to generate two

sets of images for the beads and tracers based on the initial images (i.e., before applying

the median filter). A Gaussian filter with a kernel of 7 × 7 pix was applied to the bead

images to obtain a Gaussian intensity distribution. The volumetric concentration of beads

resulted in an image number density of 0.005 particle per pixel (ppp), while the density of

fluid phase tracers was 0.035 ppp. To evaluate the uncertainty of the measurement system

and characterize the turbulent channel flow, unladen flow measurements were also carried

out at a particle number density of 0.04 ppp. It was observed that the measurements had

a maximum uncertainty of 0.15uτ (0.03 pixels) at y+ > 15. A summary of measurement

specifications is provided in Table 3.1.

To obtain the optical transfer function (OTF) for the STB algorithm [Schanz et al.,

2016], the measurement domain was divided into 15 × 8 × 9 subvolumes in the x, y, and

z directions, respectively. In the OTF process, an elliptical Gaussian model is fitted to the

particle shape for each subvolume to include the distortion effects from astigmatism and

blurring [Wieneke, 2013]. The fit area used for calculation of the OTF was 11 × 11 pix

for the beads and 3 × 3 pix for the tracers. The STB algorithm initiates particle tracking

by detecting local intensity peaks. A maximum triangulation error of 1.0 and 0.5 pix was

applied to the beads and the tracers, respectively. Particle pairs with spacing smaller than

2.0 pix were removed in the STB algorithm. For each image, the STB method performs an

iterative triangulation process (also called an outer loop) to detect particles that enter the

domain. The position and intensity of all detected particles were updated through another

iterative process (inner loop) that shakes the particles around the predicted position by 0.1

pix to find the optimal position [Schanz et al., 2016]. Four outer loop iterations, followed

by eight shaking iterations of the inner loop, were applied. The maximum displacement
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of particles between two successive frames was around 5 pix, and the allowable maximum

particle shift was limited to 8.0 pix. Calculation of OTF and particle tracking was performed

in Davis 8.4 (LaVision GmbH).

To increase particle positioning accuracy, a second-order polynomial was fitted to the

time series of particle positions (particle tracks) through a weighted linear least-squares

(‘rloess’) function (R2015a, MathWorks), as also applied by van Hout [van Hout, 2011] and

Oliveira et al. [Oliveira et al., 2013]. A polynomial kernel size of 40 time steps (equal to 6.6

ms) was applied to the beads and kernel of 20 time steps (3.3 ms) for the fluid phase. Using

the relation given by Milojevié [Milojevié, 1990] and Schlichting and Gersten [Schlichting

and Gersten, 2017] for a turbulent channel flow, the Kolmogorov timescale (τK) is 6.0 ms,

which is greater than the 3.3 ms kernel size. This ensures that only measurement noise or

turbulence fluctuations with negligible energy are filtered out. A larger kernel size was used

for the beads since they have a longer response time than the fluid phase. The velocity

and acceleration of the particles were also obtained from the coefficients of the second-order

polynomial.

3.4 Measurement setup for relatively dense flow

The apparatus introduced in the previous section is used again to acquire time-resolved

images of the glass beads suspended in relatively dense flows. The high-speed cameras

were arranged in a pluslike configuration as shown in Figure 3.6. The cameras were placed

underneath the channel to reduce the blockage by the glass beads in the line-of-sight of the

cameras. This enables performing the measurements at larger bead concentrations. The

results related to this section are presented in Chapters 6 and 7.

The cameras were placed at a working distance of approximately 30 cm and at an

angular aperture of 70°, defined as the angle between two opposing cameras. Four camera

lenses with a focal length of f = 60 mm were connected to the cameras using lens-tilt

adapters (Scheimpflug) to have the whole image in focus. An aperture size of f/11, which

resulted in an approximate depth-of-focus of 8 mm, was used to cover the entire thickness
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of the illuminated volume. The digital resolution of each camera was 90.9 µm/pix at a

magnification of 0.22. The dual-cavity Nd:YLF laser (Photonics Industries, dual-head DM)

was used to illuminate the measurement volume. A combination of cylindrical and spherical

lenses with a beam expander was employed to expand and collimate the laser beam in to

a sheet that entered the channel in the z axis direction. The laser sheet was also reflected

back to the test section by a mirror located normal to the illumination direction as seen in

Figure 3.6. To obtain a top-hat intensity profile, knife-edge filters were used to remove the

low-energy edge of the laser sheet. This resulted in a sheet with 3 mm thickness in the wall-

normal direction, y, and 80 mm width in the streamwise, x, direction. This system resulted

in a measurement domain with dimensions of 80×3×55 mm3 in x, y, and z directions,

respectively. The diameter of glass beads in the images was around 3 pix, and the particle

density in the images was less than 0.05 particle per pixel (ppp) for all the volumetric

concentrations investigated here. The images were processed using 3D-PTV introduced in

the previous section.

Thirty sets of 400 time-resolved single-frame images were acquired for each flow con-

dition. The bead displacement between two consecutive frames was set to ∼4 pix using

an acquisition frequency of 2,300 Hz for the bulk Re = 20,000, 4,200 Hz for Re = 40,000,

and 6,000 Hz for Re = 60,000. The total duration of the collected images was 370h/Uavg,

405h/Uavg, and 420h/Uavg for the smallest to the largest Re.

The minimum intensity of the ensemble of images was subtracted from each image

to reduce the background noise, and then each image was normalized using the average

intensity of the images. To further enhance the signal to noise ratio, a sliding minimum

with a kernel size of 10×10 pix was also subtracted. In addition, to enhance the uniformity

of intensity, images were also normalized using the local intensity averaged over a kernel

size of 20×20 pix.

The calibration and volume self-calibration were conducted as explained in the previous

section. The standard deviation of the fit was 0.16 pix and 0.12 pix for the two planes of

the 3D target. After applying the self-calibration process several times, the mean disparity
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Figure 3.6: The measurement setup indicating the arrangement of cameras, collimator, the
laser sheet with respect to the channel, and the coordinate system.

reduced to be less than 0.02 pix with a standard deviation of about 0.03 pix in the entire

domain.

An optical transfer function (OTF) was obtained for 20×5×10 sub-volumes in the x, y,

and z directions, respectively. A fit area of 3×3 pix was used to calculate the OTF. The

STB algorithm applied 4 outer loop iterations with a maximum triangulation error of 1.0

pix and 4 inner loop iterations with a shake width of 0.1 pix. The maximum particle shift

was limited to 8.0 pix, and the particles that were closer than 2.0 pix to each other were

removed from the tracking process. The aforementioned processes were performed in DaVis

8.4 (LaVision GmbH).

Quadratic regression was applied to the detected trajectories to enhance the accuracy of
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particle positioning and to obtain the particle velocity using a script developed in MATLAB

(R2018a). The kernel size of the regression was selected based on the method used by

Voth [2000] and Ebrahimian et al. [2019]. It was observed that the variance of streamwise

acceleration deviates from the fitted exponential function and increases noticeably due to

particle positioning errors for the kernel size smaller than 7 time steps. Therefore, the

kernel size of 7 was selected for regression, and the instantaneous velocity of the beads was

obtained from the coefficients of the fitted quadratics.

The instantaneous velocity and position of the beads and liquid phase tracers are mea-

sured using the aforementioned methods. The results of these measurements are presented

in the following chapters.
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Chapter 4

Turbulence Modulation

The present study provides a detailed investigation of the effects of particle size, flow Re,

and particle concentration on the turbulence statistics of both the liquid and solid phases

in a horizontal channel. The Stokes number is employed in the analysis to combine the

effect of particle size and flow Re. A combination of PIV and PTV techniques is used

for simultaneous measurement of the turbulence statistics of the carrier and particulate

phases. The mean velocity profile and Reynolds stresses of the unladen flow are compared

with the DNS results of Moser et al. [1999] for evaluation of the measurement system. The

measurements are used to obtain turbulence modulation data and evaluate the modulation

criterion established by Tanaka and Eaton [2008] at higher Re.

4.1 Introduction

Many earlier studies focused on gas-solid flows, where the influence of particles on the

overall flow and on the continuous phase is greater than in liquid-continuous flows because

of the larger density ratio and mass loading in gas-solid systems. That said, there are

many similarities between particle-laden liquid and gas flows: for example, the addition of

particles flattens the mean velocity profile of the carrier phase in the core region of the pipe

[Nouri et al., 1987, Tsuji and Morikawa, 1982, Tsuji et al., 1984]. In horizontal air-solid

channel flows, the maximum velocity moves away from the pipe axis due to the asymmetric

distribution of the particles [Tsuji and Morikawa, 1982]. In vertical gas-solid flows, Tsuji
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et al. [1984] observed a concave velocity profile with a local minimum at the center of the

pipe. Vreman [2015] observed that the mean velocity profile of the particles in downward

air-solid flow is flatter than the velocity profile of the carrier phase in the core region of

channel. Nouri et al. [1987] also observed that the velocity difference between the particles

and the unladen fluid decreases as the Re increases in a descending liquid-solid pipe flow.

As this short review reveals, there are many factors that influence the behavior of particle-

laden flows. The difference in previous results is due to the wide range of conditions tested.

Here, for improved relevance to mining and petroleum industry, experiments in high Re

horizontal solid-liquid flows are required.

One phenomenon that is not properly addressed by most models, is the fact that carrier

phase turbulence can be attenuated or amplified by the presence of the particles. The

change in carrier phase turbulence kinetic energy when particles are added is referred to

as turbulence modulation, which depends on several flow conditions including the flow Re,

particle density and size, and volumetric concentration (ϕv) of the solid phase [Gore and

Crowe, 1989]. The former factors are quantified using the particle Reynolds number (Rep),

which is defined based on the slip velocity and particle diameter. Measurements of Tsuji

et al. [1984] in a gas-solid vertical pipe flow showed that 3 mm polystyrene spheres with Rep

= 470 intensifies the carrier phase turbulence. They attributed the turbulence augmentation

to vortex shedding due to the large Rep. Although Rep is a critical parameter to characterize

carrier phase turbulence modulation, it is difficult to estimate the slip velocity a priori since

it depends to a great extent on the carrier phase turbulence [Doroodchi et al., 2008] and

local particle concentration [Lee, 1987]. Tanaka and Eaton [2008] introduced a particle

momentum number (Pa) to model turbulence modulation for a large set of experimental

data. The Pa combines Stokes number (St) with flow Re, Kolmogorov length scale, and

the characteristic dimension of the conduit. They observed that particles with Pa < 103

or Pa > 105 augment the turbulence kinetic energy while attenuation occurs when 103 <

Pa < 105. It is important to note that for the set of data examined by Tanaka and Eaton

[2008], Re was limited to 30,000. The experiments of the current investigation will extend
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evaluation of turbulence modulation to Re higher than 125,000.

There are a limited number of investigations focusing on the turbulent statistics of the

dispersed (solid) phase. The effects of particle concentration, particle size and density and

flow conditions (e.g. flow Re) have been investigated, typically over narrow ranges. As de-

scribed in the following paragraphs, different investigations sometimes provided conflicting

results. Tsuji and Morikawa [1982] measured solid-phase turbulence in a horizontal pipe flow

of an air continuous system using laser Doppler anemometry (LDA). They observed a rel-

atively uniform and flat distribution of solid-phase streamwise turbulence intensity across

most of the cross-section, which decreased with increasing particle concentration. Nouri

et al. [1987] also used LDA to observe the reduction of streamwise turbulence intensity of

acrylic particles in water with the increase of volumetric concentration from 0.1% to 14%

in a vertical pipe. The LDA measurements of Kulick et al. [1994] also showed reduction of

the turbulence intensity of copper particles in a channel flow of air with increasing particle

concentration. The decreasing particle turbulence intensity at higher particle concentra-

tions has been associated with the rise in the number of inelastic particle collisions. Most

studies on particulate phase turbulence were carried out in solid-gas flows or in vertical

pipes. The influence of volumetric concentration on turbulence in horizontal solid-liquid

systems remains unexplored, and is addressed in the current investigation.

Measurements in solid-gas flows have shown that, in general, larger and heavier particles

result in higher streamwise particle turbulence intensity. Kussin and Sommerfeld [2002]

observed the increase of particle turbulence intensity when the diameter of glass beads

increases from 60 to 190 µm in a channel flow of air. They associated the trend with larger

particle inertia and more collisions with the wall. Kulick et al. [1994] indicated that the

streamwise turbulence intensity of particles also increases with increase of particle density.

The effect of particle size on turbulence intensity in an upward liquid flow was investigated

by Shokri et al. [2017] using combined PIV and PTV. They investigated 0.5, 1 and 2 mm

glass beads atRe= 320,000 and observed, in contrast to the result of Kussin and Sommerfeld

[2002], that the smaller particles have higher near-wall turbulence. More investigation is
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required to clarify the discrepancy between the results obtained in gas and liquid carrier

phases. Specifically, no experimental investigation is found in the literature concerning the

effect of particle size on the particulate phase turbulence in horizontal liquid-continuous

flows. The current study investigates this relationship at different flow Re.

Another important aspect of two-phase particulate flows is the spatial distribution, or

concentration profile, of particles across the channel or pipe. This is particularly important

for modeling wear in two-phase pipelines [Shook et al., 1990]. In a vertical gas-solid pipe

flow, Lee and Durst [1982] carried out several experiments with 100-800 µm particles at Re∼

8000. It was found that small particles are concentrated in a region near the pipe wall while

the larger particles mostly accumulate in the core region. They attributed the distribution

to the shear-induced lift force (i.e., Saffman force) in the radial direction [Saffman, 1965].

The magnitude and direction of this lift force depends on the relative velocity between the

particles and the carrier phase around them. In the near wall region, the small particles are

faster than the surrounding fluid while the larger particles are slower than the surrounding

fluid. In the former case, the Saffman force acts towards the wall, while in the latter case

(for the larger particles) it acts in the direction of the pipe core. Concentration profiles of

buoyant particles at Re = 5600 were evaluated using direct numerical simulation (DNS) by

Picano et al. [2015]. Their results showed a generally uniform distribution of particles across

the channel except near the wall, where a near-wall local maximum at y/h ∼ 0.06 and a

local minimum at y/h ∼ 0.12 were observed. In their study, y refers to wall-normal distance

and h to the half-channel height. The investigations showed that the number density and

dispersion of the particles across the channel height depends on the carrier phase turbulence

and density ratio of solid and liquid phases. However, in general, lighter particles at high

Re have a more uniform distribution.

4.2 Experimental conditions

Glass beads with nominal diameters of 285 µm, 530 µm, and 700 µm (Manus Abrasive

Systems Inc.) and density of 2.60 gr/cm3 were used as the particulate phase. The actual
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size distribution of each particle type is obtained from the PTV images (detailed in Section

3.2) and their probability density functions are shown in Figure 4.1. An estimation of the

median diameter (db) of the beads is used to indicate the particle size as presented in Table

4.1. The experiments are conducted at different particle volumetric concentrations (ϕv)

and Re, as summarized in Table 4.1. The Re is calculated based on the channel height

(h) and average velocity (Uavg) at the test section. The first row of the table shows the

experiments conducted to study the effect of Re for different particle sizes. The results

of these experiments are detailed in Sections 4.4.2 and 4.4.3. The second and third rows

of the table present the experimental conditions selected to investigate the influence of

particle size and volumetric concentration, which will be discussed in Sections 4.4.4 and

4.4.5, respectively.

Figure 4.1: Size distributions of the four particle types used in the experiments in this
chapter, estimated from the PTV images.
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Table 4.1: Experimental conditions used in the two-phase experiments to investigate the
effect of Re, particle size and volumetric concentration.

Objective of the investigation Re× 10−3 db (µm) ϕv (%)

Effect of Re 50, 75, 100, 125 285 0.05

50, 75, 100, 125 530 0.05

50, 75, 100, 125 700 0.05

Effect of particle size 50 285, 530, 700 0.05

125 285, 530, 700 0.05

Effect of ϕv 75 340 0.03, 0.09, 0.18

125 340 0.03, 0.09, 0.18

Table 4.2: The unladen flow conditions obtained from PIV measurements detailed in Section
3.2.

Re
(︁
×103

)︁
Reτ

(︁
×103

)︁
Uavg (m/s) Uc (m/s) uτ (m/s) λ (µm)

50 1.20 2.45 2.74 0.12 6.1

75 1.65 3.67 4.08 0.16 4.6

100 2.25 4.89 5.40 0.22 3.3

125 2.75 6.12 6.70 0.27 2.7

4.3 Flow conditions

The non-dimensional numbers used for presenting and discussing the results are defined here.

Measured mean velocity and rms of velocity fluctuations in the two-phase experiments are

normalized by the centerline velocity (Uc). The average velocity (Uavg) is the average of

liquid phase velocity over the channel height at the mid-spanwise plane of the channel, and

is used to calculate the Re. These quantities are obtained from PIV measurements in the

unladen flow and are presented in Table 4.2. The table also presents the friction velocity,

uτ , and wall-unit, λ = ν/uτ , estimated using the Clauser method [Clauser, 1956] from the

measured PIV data. The Reynolds number based on the friction velocity and half-channel

height (Reτ = uτh/2ν) is also reported, where ν is the kinematic viscosity of water.

Both the flow characteristics and the fluid interaction with the particulate phase are
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Table 4.3: Calculated values of particle Stokes numbers (St) based on the Kolmogorov time
scale and the integral time scale (presented in parentheses).

Re = 50, 000 Re = 75, 000 Re = 100, 000 Re = 125, 000

db = 285 µm 4.1 (0.60) 7.5 (0.90) 11.4 (1.19) 15.8 (1.47)

db = 530 µm 8.1 (1.18) 14.8 (1.76) 22.5 (2.33) 31.0 (2.89)

db = 700 µm 10.6 (1.55) 19.3 (2.31) 29.4 (3.05) 40.6 (3.79)

governed by several non-dimensional flow conditions including density ratio, Re, and St.

The St is the ratio of the response time of particles to a characteristic time-scale of the flow,

typically the integral or Kolmogorov time scale. The integral time-scale (τL) is basically

computed using the autocorrelation function [Pope, 2000], which is not applicable here,

since it requires time-resolved data. Similar to the works of Milojevié [1990], Kussin and

Sommerfeld [2002], and Brenn et al. [2003], the integral (τL) and Kolmogorov (τK) time

scales are calculated using Eqs. 2.31 to 2.34.

The calculated values of St for the 285, 530, and 700 µm particles at the Re values

studied here (see Table 4.1) are presented in Table 4.3. The Kolmogorov Stokes number is

referred to as Stk and will be used for the analysis reported in this chapter. The settling

parameter is defined as the ratio of the terminal settling velocity Vs to the friction velocity,

uτ . When Vs/uτ is ∼ 1, the particles stay in suspension [Sumer and Oguz, 1978]. The

particle sizes and Re numbers considered here are such that a particle bed does not form in

the channel: Vs/uτ values vary from 0.31 for db = 285 µm and Re = 125,000 to 4.5 for db =

700 µm and Re = 50,000. It was observed that the particles remain completely suspended

in the flow when Vs/uτ = 0.31, while the particles mostly appear at bottom half channel

for Vs/uτ = 4.5.

4.4 Results and discussion

In this section, measurements for the unladen flow are compared with the DNS results

of Moser et al. [1999] for an uncertainty evaluation of the PIV system. The subsequent

subsections investigate the effect of Re, particle size and concentration on the turbulence
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intensity of the solid and liquid phases. The observations are discussed and compared

with previous studies reported in the literature (e.g., Kiger and Pan [2002], Shokri et al.

[2017], Varaksin et al. [2000], Zhao et al. [2015]). The velocity and turbulence intensity

results are plotted for the bottom half of the channel due to its higher solids concentration

and greater relevance to industrial applications. The instantaneous velocity U in turbulent

flow is decomposed into a mean, shown as ⟨U⟩, and a fluctuating component u, where

U = ⟨U⟩+ u.

4.4.1 Unladen turbulent channel flow

The mean velocity profile and turbulence intensities of the unladen flow at Re = 20,000,

40,000 and 75,000 are compared with DNS of Moser et al. [1999] in Figure 4.2. The Re

of the unladen flows are selected based on the availability of DNS data but they are also

within the range of Re of the two-phase flow experiments. The figures are normalized using

the channel height and centerline velocity. This outer layer scaling (h and Uc) is selected

since spatial resolution of the PIV system is selected to measure the full channel. The mean

streamwise velocity profiles are in agreement with the DNS results in the bottom-half of the

channel as shown in Figure 4.2a. The discrepancy between the DNS and the experimental

results is less than 1.0% at y/h > 0.025. The figure also reveals that the maximum velocity

is also located at y/h = 0.5, showing the symmetry between the top and bottom halves of

the channel.

The streamwise turbulence intensity, ⟨u2⟩/U2
c , plotted in Figure 4.2b, agrees with the

DNS results at y/h > 0.1 with a maximum discrepancy of 4.0%. The discrepancy closer to

the wall is due to the limited spatial resolution of the PIV system. The PIV measurements

of the wall-normal Reynolds stress, ⟨v2⟩/U2
c , in Figure 4.2c are smaller than the DNS values.

This figure indicates a systematic bias error with underestimation of approximately 8.5% at

y/h = 0.1 at Re = 75,000. The difference decreases approaching the channel centerline since

the turbulent scales become larger. The spatial averaging within the interrogation window

in the PIV measurement causes an underestimation of the turbulence intensities since the
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(a) (b)

(c) (d)

Figure 4.2: Profiles of normalized (a) mean streamwise velocity, (b) streamwise turbulence
intensity, (c) wall-normal turbulence intensity, and (d) Reynolds shear stress. The lines
represent the DNS data at Re = 20,000 (Reτ = 540), Re = 40,000 (Reτ = 1050), and Re =
87,300 (Reτ = 1995). The symbols indicate the PIV measurement results at Re = 20,000
(Reτ = 545), Re = 40,000 (Reτ = 1000), and Re = 75,000 (Reτ = 1640). Only one out of
two data points is presented for clarity of the plots.

turbulent energy contribution from small scale eddies is not resolved [Lee et al., 2016]. The

ratio of interrogation window size to the Kolmogorov scales rises with the increase of the

Reynolds number. Hence, the missing small-scale energy due to spatial resolution is larger

at higher Re. The Reynolds shear stress profiles of Figure 4.2d show agreement with DNS
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results at y/h > 0.15 where the profile is linear. A discrepancy is observed closer to the

wall with the deviation of 10% at y/h = 0.1.

The assessment of the deviation of PIV measurements from the DNS data shows that

measurement of ⟨u2⟩ is reliable at y/h > 0.1, with an uncertainty smaller than 4.0%. The

smaller displacement of the tracers in the wall-normal direction in the double-frame PIV

images increases the relative error in statistics that include the v component. Therefore,

the investigation of the wall-normal turbulent intensity and the Reynolds shear stress of the

liquid-phase is restricted to y/h > 0.15 in the next sections.

4.4.2 Effect of Re on mean velocity

This section investigates the effect of Re on the mean velocity profile of the liquid and

particulate phases. The normalized streamwise and wall-normal mean velocity profile of the

glass beads and the carrier phase over the bottom half-channel are plotted in Figure 4.3a–c

for the three particle diameters of 285 µm, 530 µm and 700 µm, respectively. Volumetric

concentration of the particles is 0.05% as mentioned in Table 4.1. The results are presented

for the bottom half-channel because most of the beads were found in this region, and thus

the computed statistics are more reliable. Each figure shows velocity profiles of liquid and

solid phases for Re of 50,000, 75,000, 100,000 and 125,000, as well as the streamwise velocity

of the unladen flow. In general, the impact of particles on the mean velocity profile at the

investigated concentration is negligible and the profiles of the liquid phase and the unladen

flow are essentially identical. However, the velocities of the carrier phase and the particles

are different, as discussed below. The wall-normal velocity profiles also indicate that the

net wall-normal velocity is negligible compared to the streamwise component of velocity,

and the glass beads stay in suspension.

Figure 4.3 shows that the relative velocity of the liquid and particulate phase depends on

both Re and particle size. Scrutiny of Figure 4.3 reveals that the mean velocity of db = 285

µm particles at all Re is smaller than the velocity of the liquid phase at 0.03 < y/h < 0.5

where reliable data for the particulate phase is available. For larger particles of db = 530 and
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(a) (b) (c)

Figure 4.3: Mean streamwise and wall-normal velocity profile of liquid phase and the dis-
persed phase of (a) 285 µm, (b) 530 µm and (c) 700 µm glass beads. The profiles are shown
for four Reynolds numbers of Re = 50,000, 75,000, 100,000, 125,000 that are discriminated
using different shades. The normalized streamwise mean velocity profile changes from al-
most 0.6 near the wall to 1.0 at the centerline. The data of the four Re are separated by
shifting the profiles upward by an increment of 0.2Uc.

700 µm, the mean velocity is smaller than the unladen liquid only at the lowest Re of 50,000

in the specified region. In other words, at higher Re, only the small particles have a mean

velocity lower than that of the carrier phase, while all the particles exhibit a finite (nonzero)

mean slip velocity at the lowest Re tested here. The observed lag is due to the preferential
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accumulation of the beads in low-speed regions. It has been shown by Kiger and Pan [2002]

and van Hout [2011] that most of the upward-moving beads (ejection motion) are located

in low-speed regions, while downward-moving beads (sweep motion) are distributed more

evenly over high-speed and low-speed flow regions. However, it is noteworthy that the glass

beads in the aforementioned cases might lead the fluid in the near-wall region (y/h < 0.03).

In the high velocity region of the channel (y/h > 0.3), the particles are slower than

the liquid phase at all flow Re tested here. This lag in particle velocity decreases as the

Re increases, consistent with the results of Rashidi et al. [1990] for the liquid-continuous

flow in a horizontal channel and those of Shokri et al. [2017] for the liquid-continuous flow

in a vertical pipe. In the near-wall region, the larger particles lead the liquid phase. For

example, the 700 µm particles of Figure 4.3c have higher mean velocity than the fluid phase

at y/h < 0.25 for Re = 100,000 and larger. The same result was found in upward pipe flow

by Shokri et al. [2017], and has been associated with the large wall-normal displacement of

high velocity glass beads from the center of the channel to the near-wall region [Vreman,

2015]. The larger particles travel a longer distance in the wall-normal direction and preserve

their momentum for a longer time, due to their larger St.

The point at which the velocity of the particle and the liquid phase are the same is

called the crossing point and is indicated by the symbol ‘*’ in Figure 4.3. No crossing point

is detected in the region 0.03 < y/h < 0.5 for the 285 µm particles at Re = 50,000 as

the particle velocity is smaller than the liquid phase across the measurement range. As

the particle size and Re increase, St also increases, and the crossing point moves away

from the wall. A similar trend was observed by Shokri et al. [2017] in an upward solid-

liquid pipe flow, while Lee and Durst [1982] observed that the crossing point moves closer

to the wall as the particle size increases in a solid-gas flow. This highlights the different

behavior of particles in liquid and gas flows. Increasing the St (by increasing particle density

or diameter) in gas flows reduces the particulate phase velocity across the whole conduit

cross-section, which moves the crossing point towards the wall [Kulick et al., 1994, Lee and

Durst, 1982]. However, with increase of St, the particulate phase velocity increases in the
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near-wall region for solid-liquid flows, and the crossing point moves away from the wall.

The particle Reynolds number is a critical parameter in evaluating the turbulence mod-

ulation and is defined here as Rep = |⟨U⟩ − ⟨Ub⟩|db/ν. This is computed using the mean

velocities of the liquid and solid phases and is shown in Figure 4.4a–c for db = 285, 530, and

700 µm particles, respectively. As expected, Rep is larger for larger particles and decreases

with increase of flow Re at y/h > 0.3 where the particle velocity is lower than that of the

fluid. However, the influence of flow Re on Rep is more pronounced for the larger particles

of Figure 4.4b and 4.4c. A large increase in Rep (and the relative velocity) is observed for

the larger particles of Figure 4.4c at wall-normal distances at y/h ⩽ 0.1. The Rep changes

from 11 at Re = 50,000 and reaches a maximum value of 225 for Re = 125,000 in this

region.

(a) (b) (c)

Figure 4.4: Particle Reynolds number across the channel based on the mean relative velocity
(⟨U⟩ − ⟨Ub⟩) for (a) 285 µm, (b) 530 µm, and (c) 700 µm glass beads at different Re.

The suspended particles can augment or attenuate liquid phase turbulence over different

length scales [Balachandar and Eaton, 2010], which can be discussed in terms of Rep.

Taneda [1956] investigated the wake of a sphere as it moved through a tank of water. It

was observed that when Rep < 22, the flow around the sphere is completely laminar and no

vortices can be found. As Rep increases to about 24, a pair of stationary vortices appear

in the wake. They stated that the vortices grow and stretch along the flow direction as

Rep increases. The vortices start oscillating when Rep of 130 is reached while they are
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still attached to the sphere. At larger Rep vortex shedding occurs behind the particle

and enhances the liquid phase turbulence. On the other hand, attenuation of liquid phase

turbulence occurs due to turbulence dissipation at smaller scales. The overall modulation

of turbulence in the liquid phase relies on the relative strength of the vortex shedding and

the dissipation mechanisms.

The average of instantaneous slip velocity, defined as ⟨|U − Ub|⟩, is a more accurate

representation of mean slip velocity for computing Rep, relative to the difference between

the average velocity of the liquid and particulate phase (⟨|U − Ub|⟩). Computing ⟨|U −Ub|⟩

requires measurement of liquid velocity, with high spatial resolution, in the immediate

vicinity of the glass beads, which is not available from the current PIV/PTV. Due to

preferential accumulation of glass beads in the low-speed streaks, Figure 4.4 can slightly

overestimate Rep. Lelouvetel et al. [2009] observed that around 60% of 200 µm glass beads

at Re = 30,000 are aggregated in the low-speed regions of the flow. However, distribution

of glass beads over high-speed and low-speed regions is expected to be more uniform in

the current experiment, since particle aggregation in low-speed streaks reduces with the

increase of St [Marchioli et al., 2003].

4.4.3 Effect of Re on turbulence and particle distribution

The effect of Re on streamwise turbulence of the liquid and solid phases at the bottom

half of the channel is shown in Figure 4.5a and 4.5b for db = 285 and 700 µm particles,

respectively. The streamwise turbulence of the unladen flow at the same Re is also shown for

comparison. In general, the streamwise turbulence intensity of the liquid in the two-phase

flow is slightly larger than the unladen flow. Therefore, turbulence production by vortex

oscillation is stronger than the dissipation of turbulence. For the 700 µm particles, which

are associated with larger values of Rep, the vortex shedding augmentation mechanisms

are stronger and a slightly larger difference is observed between the turbulence intensity of

the liquid phase in the two-phase flow and the unladen flow. The wall-normal turbulence

intensities of both the solid and liquid phases for db = 285 µm and db = 700 µm particles
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are shown in Figure 4.6a and b, respectively. The level of bias error in the ⟨v2⟩ profiles

estimated through comparison with the DNS data is shown by the error bars in the figure

for Re of 50,000 and 75,000. The augmentation in wall-normal turbulence is relatively

large; the addition of glass beads increases ⟨v2⟩ of the liquid phase up to two times that of

the unladen flow. The largest increase in liquid phase wall-normal intensity occurs for the

two-phase flow with the 700 µm particles.

(a) (b)

Figure 4.5: Streamwise turbulence intensity of the carrier and solid phases in flow with (a)
db = 285 µm and (b) db = 700 µm particles. The statistics of the unladen flow at the same
Re is also shown for comparison.

The streamwise turbulence intensities of the db = 285 µm particles (shown in Figure

4.5a) and db = 700 µm particles at Re of 50,000 as shown in Figure 4.5b are larger than

the carrier liquid phase. Due to the larger inertia of the particles, they maintain their

streamwise velocity longer than the fluid when transported in the wall-normal direction.

This results in larger streamwise velocity fluctuations of the particulate phase [Kulick et al.,

1994]. Comparison with ⟨u2⟩ shows the wall-normal turbulence intensity of the particulate

phase is smaller than the liquid phase intensity (see Figure 4.6a). Similar results were

47



(a) (b)

Figure 4.6: Wall-normal turbulence intensity of the carrier and solid phases in flow with (a)
285 µm, and (b) 700 µm particles. The statistics of the unladen flow at the same Re is also
shown for comparison. For legends, see Figure 4.5.

found by Kulick et al. [1994] and Varaksin et al. [2000] in downward air-solid flow and also

in horizontal channel air-solid flow by Sommerfeld [2003] and Zhao et al. [2015]. The power

spectra of the streamwise and wall-normal velocity show that the v fluctuation occurs at

higher frequency than the streamwise fluctuations [Kulick et al., 1994, Zhao et al., 2015].

Therefore, the smaller ⟨v2⟩ of the particles is associated with lack of response of the particles

to high-frequency wall-normal fluctuations of the fluid. This is consistent with the smaller

wall-normal turbulence intensity of the larger 700 µm particles in Figure 4.6b relative to

that of the smaller particles in Figure 4.6a.

Figures 4.5 and 4.6 also show that ⟨u2⟩ and ⟨v2⟩ of the particles decrease with increase

of flow Re and also by increase of particle diameter. The larger Re results in a smaller flow

time-scale and consequently larger St. Larger particles also indicate a longer response time

and larger St, as observed in Table 4.3. Therefore, increase of St reduces the turbulence

of the particles. This agrees with the results of Shokri et al. [2017] regarding the variation

of ⟨u2⟩ versus particle size. When St is large, the response of the particle to carrier phase

fluctuation decreases and transfer of turbulent kinetic energy to the glass beads is reduced.
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Hence, the turbulence intensity of particles is reduced with increase of Re and particle size

(increase of St).

The DNS results of Zhao et al. [2015] showed an opposite trend for variation of particle

streamwise turbulence intensity with St. They studied gas-solid flow in a horizontal channel

at low Re (Re ∼ 4200) and compared the turbulence intensity of 96 µm particles with

densities of 225 and 1350 kg/m3 at a volumetric concentration of 0.0073% (about ten

times lower than the concentration used in this study). Their results revealed that heavier

particles with larger St have higher streamwise turbulence intensity. The same result as

Zhao et al. [2015] was obtained by Kussin and Sommerfeld [2002] at Re of 42,500 and

Kulick et al. [1994] at Re = 13,800, for particle sizes ranging from 50 to 190 µm. The two

aforementioned studies also involved solid-gas flows at lower Re and smaller particle size

than the current study, which caused their St to be one to two orders of magnitude smaller

than those tested here. This implies that there should be a critical Stokes number Stcr

characterizing these two regimes. Turbulence intensity of the solid phase increases with St

for St < Stcr, and decreases for St > Stcr.

The Reynolds shear stress profiles are shown in Figures 4.7a and 4.7b for the 285 µm

and 700 µm particles, respectively. The maximum Reynolds shear stress of the particles

occurs at y/h ∼ 0.1, and in general they have larger ⟨uv⟩ than the liquid phase. This

is associated with the larger inertia of the glass beads, which allows them to maintain a

higher correlation between the u and v fluctuations. Figure 4.7 also shows that, as the

Re increases, the Reynolds stress of the particles is reduced across 0.1 < y/h < 0.5. The

reduction is associated with the attenuation of the streamwise and wall-normal Reynolds

stress of the particles as shown in Figures 4.5 and 4.6.

The distribution of glass beads across the entire channel at various Re is indicated in

Figure 4.8a for db = 285 µm and in Figure 4.8b for db = 700 µm particles. The channel

height is divided into 50 pixels (∆ybin = 0.57mm, 0.004h) bins with zero overlap, and the

number density profiles are computed as the ratio between the number of particles in each

bin (Ni) and the average number of particles in the bins (Navg). The profiles are not
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(a) (b)

Figure 4.7: Reynolds shear stress of the liquid and solid phases in flow with (a) 285 µm,
and (b) 700 µm particles. The statistics of the unladen flow at the same Re is also shown
for comparison.

dependent on the bin size because of normalization by Navg, and the area under each plot

is equal to unity. The number density is larger in the near-wall region for the low Re

cases. This is associated with the larger ratio of the settling velocity to the friction velocity,

which indicates poorer dispersion of the glass beads across the channel. With increasing

Re, turbulence dispersion becomes stronger, which results in more uniform distribution of

particles. A local maximum also appears at y/h ∼ 0.4 for the 700 µm particles at the

highest Re tested (Re = 125,000). Smaller wall-normal bead velocities compared to the

streamwise component as represented in Figure 4.3 indicates the bead distributions are in

an equilibrium state. Figure 4.6 also indicates that the ⟨v2⟩ of the particles is ∼ 0.04Uc,

while the maximum observed wall-normal settling velocity is ∼ 5×10−3Uc. The comparison

of these two values reveals that turbulence in the flow can disperse the beads and bring

them into suspension.
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(a) (b)

Figure 4.8: The number density distribution for (a) 285 µm particles, and (b) 700 µm
particles at Re varying from 50,000 to 125,000. The plots show the number of particles
detected in each bin normalized by the average number of particles in all the bins (Navg).

4.4.4 Effects of particle size on turbulence and particle distribution

The influence of particle size on the statistics of the liquid and solid phases at the bottom

half of the channel as well as the particle distribution across the entire channel are studied in

this section for the experimental conditions mentioned in the second row of Table 4.1. It was

observed in Figure 4.3 that the effect of particle size on the mean velocity of the liquid phase

is negligible, while it has a stronger effect on the solid phase velocity profile especially near

the wall. Increasing the particle size from 530 µm to 700 µm at Re of 100,000 and 125,000

flattens the velocity profile and moves the cross-over point (indicated by ‘*’) toward the

center of channel. The variation of the streamwise turbulence intensity of solid and liquid

phases with the particle size can be seen in Figure 4.9a for Re = 50,000, and in Figure 4.9b

for Re = 125,000. Smaller particles have larger streamwise turbulence intensity. The same

trend is observed in Figure 4.10 for the wall-normal turbulence intensity. It was explained

in Section 4.4.3 that smaller particles lead to smaller St and relaxation time; hence, they are

more responsive to the velocity fluctuations of the liquid phase. The turbulent eddies exert

a force on the particle and, consequently, part of the energy of the eddy will be transferred
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to the particle. This results in increase of the turbulence intensity of the particulate phase

[Gore and Crowe, 1989].

(a) (b)

Figure 4.9: The streamwise turbulence intensity of the solid and liquid phases at (a) Re =
50,000 and (b) Re = 125,000 for db = 285 µm, 530 µm, 700 µm particles. The streamwise
turbulence intensity of the unladen flow is also shown for comparison.

Figures 4.9 and 4.10 show that the difference between ⟨u2⟩ and ⟨v2⟩ of the liquid phase

in particle-laden and unladen flow is larger in the case of the 700 µm glass beads at Re =

125,000. This is attributable to the larger Rep of this case with an average value of ∼ 60

over the bottom half of the channel. It is observed in Figure 4.5a that the ⟨u2⟩ of particles

is reduced significantly with the increase of particle diameter (or St) at y/h < 0.1. The

flow has a smaller time scale in this region than in the central region, and the difference

between the local St of different particles is more pronounced [Righetti and Romano, 2004].

It can be seen that ⟨u2⟩ and ⟨v2⟩ for the 530 µm and 700 µm particles overlap at y/h > 0.1

while the 285 µm particles still have moderately larger turbulence intensity. This is related

to the fact that the 530 µm and 700 µm particles have similar St, whereas 285 µm particles

have considerably smaller St as seen in Table 4.3.

The number density distributions of the three sizes of glass beads are shown in Figures

4.11a-c for Re of 50,000, 100,000 and 125,000, respectively. The number density at y/h <
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(a) (b)

Figure 4.10: The wall-normal turbulence intensity of the solid and liquid phases at (a) Re
= 50,000 and (b) Re = 125,000 with db = 285 µm, 530 µm, 700 µm particles. The expected
underestimation is also shown using error bars for unladen flow at Re = 50,000.

0.15 increases with increasing particle size because of the associated increase in particle

settling velocity. The figures also show a clear difference for the largest particle size at Re

= 100,000 and 125,000; a local minimum appears at y/h ∼ 0.15. The number density at the

local minimum also decreases with the increase of Re as shown in Figure 4.8b. The local

minimum for the db = 700 µm particles at Re = 125,000 in Figure 4.11c is indicated by the

‘*’ symbol. A local maximum also appears at greater distance from the wall (y/h ∼ 0.3).

The number density of the particles increases at the local maximum with the increase of

particle size.

The distribution of the particles across the channel cross-section depends on the forces

acting on the particles in the wall-normal direction. The drag force, shear-induced lift

force [Saffman, 1965], gravity, and turbophoresis forces have been shown to be the most

important forces in particle-laden turbulent flows [Li et al., 2016, 2001, Marchioli et al.,

2003]. The interaction of particles with the non-isotropic turbulence causes turbophoresis

[Reeks, 1983, Caporaloni et al., 1975], defined as the tendency of particles to migrate in the

direction of decreasing turbulence [Marchioli and Soldati, 2002]. The turbophoretic force

53



(a) (b) (c)

Figure 4.11: The number density distribution for db = 285 µm, 530 µm, and 700 µm particles
at (a) Re = 50,000, (b) Re = 100,000 and (c) Re = 125,000. The number of particles in
each bin is divided by the average number of particles in the bins.

acting on the particles in the wall-normal direction is proportional to ρbVbd⟨v2⟩/dy, where

Vb is the particle volume and the term d⟨v2⟩/dy shows the gradient of wall-normal velocity

fluctuation for the particles [Caporaloni et al., 1975]. The magnitude of this force increases

with increasing particle size and also increase in ⟨v2⟩ of particles with increasing flow Re.

It is observed in Figure 4.10b that d⟨v2⟩/dy becomes almost zero at y/h ∼ 0.15 for the 700

µm particles. Therefore, the turbophoretic force is toward the channel center at y/h > 0.15,

while it changes direction and pushes the particles toward the wall for y/h < 0.15. The

change in the direction of turbophoretic force seems the most probable factor that causes

the local minimum point in Figure 4.11c.

4.4.5 Effects of volumetric concentration on turbulence intensity

The influence of particle volumetric concentration on the mean velocity and turbulence

intensity of the liquid and solid phases over the bottom half of the channel for db = 340 µm

particles at Re = 125,000 is shown in Figure 4.12 for ϕv = 0.03%–0.18% (mass loading of

0.48%). At higher concentrations, the blockage of the line-of-sight of the cameras by the

glass beads (i.e., occlusion) becomes significant. The 340 µm beads located between the

channel sidewall and laser sheet block approximately 8%, 24%, and 48% of the image area

at volumetric concentrations of 0.03%, 0.09% and 0.18%, respectively. These issues limit
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the current planar PIV/PTV measurement to 0.18% concentration.

Increasing ϕv from 0.03% to 0.18% has an insignificant effect on the solid and liquid

phase mean velocity as indicated in Figure 4.12a. It is also shown in Figures 4.12b–d that

increasing the volumetric concentration to 0.18% has only a slight impact on the turbulence

intensities and Reynolds shear stresses of the glass beads. Comparing the results with the

literature shows that the negligible variation is due to the low volumetric concentration.

Large eddy simulations of gas-solid flow in a downward channel conducted by Yamamoto

et al. [2001] revealed that inter-particle collisions reduce ⟨u2⟩ and intensify ⟨v2⟩ of 70 µm

copper particles at ϕv = 0.014%. Yamamoto et al. [2001] stated that the particle-particle

collisions convert the energy in streamwise turbulent fluctuations to the wall-normal direc-

tion. The same trend is observed by Nouri et al. [1987] in a downward liquid-solid flow. The

⟨u2⟩ of particles decreased by about 20% as the volumetric concentration of 270 µm acrylic

beads increased from 6% to 15%. Reduction in ⟨u2⟩ of the particulate phase with increasing

particle concentration occurs at much lower volumetric concentrations in gas flows.

Tsuji and Morikawa [1982] observed that the streamwise fluctuations of 200 µm particles

decreased when the volumetric concentration was increased from 0.04% to 0.33% (mass

loading changed from 0.4 to 3.3). The number of inter-particle collisions increases with

the number of particles contained in the flow. Hence, the streamwise turbulence intensity

should decrease, and the wall-normal turbulence intensity of the solid phase should increase

at higher volumetric concentrations. This implies that the collisions between particles is

negligible over the range of concentrations investigated in the current study.

Figures 4.12b and 4.12d show that varying the volumetric concentration of the solid

phase has a negligible effect on ⟨u2⟩ and ⟨uv⟩ of the liquid phase at y/h > 0.1. However,

Figure 4.12b indicates that ⟨v2⟩ of the liquid phase increases with the increase of volumetric

concentration. The influence of particles on the liquid phase indicates that two-way coupling

exists between the solid and liquid phases. The impact of volumetric concentration at Re

= 75,000 is also similar to Re = 125,000 (as shown in Figure 4.12); the results for Re =

75,000 are not presented here for brevity.

55



(a) (b)

(c) (d)

Figure 4.12: The profiles of (a) mean streamwise velocity, (b) streamwise turbulence inten-
sity, (c) wall-normal turbulence intensity, and (d) Reynolds shear stress at Re = 125,000.
The statistics of the unladen flow is also shown with the dashed line for comparison.

4.4.6 Turbulence modulation

The addition of solid particles to the flow can either increase or decrease carrier phase

turbulence. The difference between the root-mean-square (rms) of streamwise velocity fluc-

tuation of the liquid phase in the particle-laden and the unladen experiments measured at
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the channel centerline (y/h = 0.5) is defined as turbulence modulation, i.e.:

M(%) =

√︁
⟨u2⟩PL −

√︁
⟨u2⟩UL√︁

⟨u2⟩UL

, (4.1)

where the subscript PL refers to the particle-laden and UL denotes the unladen flow.

Several investigations have been carried out to predict M in particle-laden flows. Tanaka

and Eaton [2008] suggest a dimensionless number called particle momentum number, Pa,

to predict turbulence modulation of the particles. The Pa is defined as

Pa =
1

54
√
2

Re2

St0.5K

ρ1.5b

ρ1.5f

(︃
db
h

)︃3

. (4.2)

Tanaka and Eaton [2008] showed, using 80 data points, that turbulence modulation

can be divided into three regions in the Re versus Pa plot of Figure 4.13. These two

dimensionless numbers are selected since they appear in the non-dimensional particle-laden

Navier-Stokes equations. However, it appears that the classification mainly depends on Pa,

and Re has little effect, at least in the studied range of Re, which is limited to 30,000. The

critical particle momentum numbers are Pac1 ∼ 103 and Pac2 ∼ 105, and the turbulence

is attenuated when Pac1 < Pa < Pac2. The particles with Pa > Pac2 or Pa < Pac1 will

augment the carrier phase turbulence. The previous data summarized by Tanaka and Eaton

[2008], which includes turbulence modulation in air (indicated by circular markers) and also

augmentation in a liquid (indicated by square symbols), are shown in Figure 4.13a. In order

to evaluate the established criterion at a higher range of Re, the cases from the current

experiments that have a modulation larger than 2% have also been added to Figure 4.13a.

These cases include the 700 µm particles at Re of 75,000, 100,000 and 125,000 at ϕv = 0.05%

and also the 340 µm particles at Re = 125,000 and ϕv = 0.18%. The particle momentum

number is close to Pac1 for these four data points, and the liquid phase turbulence increases

as predicted using the criterion of Tanaka and Eaton [2008]. The variation of turbulence

modulation with Pa for the aforementioned cases is depicted in Figure 4.13b. These data

points fall within the range of 620 < Pa < 1200. An increase in M with the increase in

Pa is observed in this range, implying that turbulence augmentation in water can probably

also occur at Pa > 103. The turbulence intensity of the liquid phase in two-phase flow is
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compared with the turbulence intensity of the solid phase at the channel centerline using

the relative turbulence intensity (RTI), defined as

RTI(%) =

√︁
⟨u2⟩b −

√︁
⟨u2⟩l√︁

⟨u2⟩l
× 100, (4.3)

where the subscript b refers to the beads, and l denotes the liquid phase. The results for

the conditions shown in the first row of Table 4.1 are displayed in Figure 4.14. A number

of previous experiments were also examined, and the corresponding relative turbulence

intensity was estimated. The results are also presented in Figure 4.14. The collected

experimental data includes gas-solid flow in a channel [Kulick et al., 1994, Lain et al.,

2002, Wu et al., 2006] and pipe [Lee and Durst, 1982, Varaksin et al., 2000] in horizontal

and vertical orientations. Gas flows result in larger St than liquid flows at any given Re.

The data also contains experimental measurements in vertical liquid flow with ceramic,

polystyrene [Alajbegovic et al., 1994], and glass [Kameyama et al., 2014] beads. The details

of these experiments are summarized in Table 4.4. The table highlights the lack of any

measurement of turbulence intensity in a horizontal solid-liquid channel as addressed by

the current investigation.

Table 4.4: Summary of previous experiments used to estimate the relative turbulence in-
tensity (RTI) of the solid and liquid phase.

Ref. Flow descriptions Carrier phase Particles Re

Alajbegovic et al. [1994] Upward pipe Water Ceramic 60–92×103

Alajbegovic et al. [1994] Upward pipe Water Polysterene 60–92×103

Lee and Durst [1982] Upward pipe Air Glass 15× 103

Kulick et al. [1994] Horizontal channel Air Glass 15× 103

Varaksin et al. [2000] Horizontal pipe Air Glass 15× 103

Lain et al. [2002] Horizontal channel Air Glass 15× 103

Wu et al. [2006] Horizontal channel Air Polythene 15× 103

Kameyama et al. [2014] Downward pipe Water Glass 19.5× 103

For very low StK (< 10−3) and low ϕv, the particles act as tracers. Hence, RTI ∼ 0

at very low StK , and gradually increases until StK ∼ 2. In the StK range of the current

experiments (4.1 < StK < 40.6), RTI decreases with StK as shown in Figure 4.14. This
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(a) (b)

Figure 4.13: (a) Mapping of the experimental data for turbulence modification. The data
from the literature are collected by Tanaka and Eaton [2008], which include the turbulence
augmentation and attenuation in air, and turbulence augmentation in water that are indi-
cated in blue. The data of the current experiments which correspond to Pa < Pac1 region
(augmentation in water) are presented in red. (b) Streamwise turbulence modulation for
current experimental data as a function of Pa.

is associated with the reduction of turbulence intensity of the particulate phase due to

the decrease in transfer of turbulent kinetic energy to particles with larger StK . When

StK > 15, RTI < 0, indicating that the solid phase has smaller turbulence intensity relative

to the liquid phase. The line fitted to the current experimental results for a horizontal

solid-liquid flow shows that the relative turbulence intensity changes with the StK as RTI =

−14ln(StK) + 38.5.

4.5 Error analysis

The errors due to alignment of the laser sheet, deviation of the time delay between the laser

pulses, and change in magnification across the field-of-view are negligible in the current

PTV setup. The latter source is small since the observation angle is less than 3°and the

working distance is larger than the field-of-view. The uncertainty in measurement of the
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Figure 4.14: The turbulence intensity of the solid phase relative to the liquid phase as defined
in Eq. 4.14. The results of the current experiment (■) are fitted byRTI = −14ln(StK)+38.5
(– –). The other symbols show the relative turbulence intensity obtained from Alajbegovic
et al. [1994] for polystyrene (×) and ceramic particles (∗), Lee and Durst [1982] (▷), Kulick
et al. [1994] (�), Varaksin et al. [2000] (◁), Lain et al. [2002] (♢), Wu et al. [2006] (♦), and
Kameyama et al. [2014] (⋆). The experimental conditions of these works are summarized
in Table 4.4.

channel height can also lead to error in calculating the scaling factor. This is estimated to

be about εM = 7.3 × 10−5 mm/pixel based on an assumed uncertainty of 0.1 pixel. The

main source of random error in PTV algorithm is due to overlapping particle images, low

signal-to-noise ratio (SNR), and uncertainty in particle location [Kähler et al., 2012]. The

error associated with the overlapping particles is negligible here because of the small number

of glass beads in the each image. The SNR is also enhanced by subtraction of the minimum

value over an ensemble of images. In the current study, the PTV algorithm is followed

by cross-correlation of two interrogation windows around the particle pair (as presented in

Figure 3.3). The cross-correlation reduces the uncertainty associated with the inaccurate

estimation of glass beads position with a large non-Gaussian intensity. The remaining error
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in determining the displacement based on the cross-correlation with sub-pixel accuracy is

about εcc = 0.1 pixel [Westerweel et al., 1997]. The root mean square (rms) uncertainty of

the particle displacement ε∆s is given by

ε∆s =

√︄
(Mεcc)

2 +

(︃
∆s

M
εM

)︃2

(4.4)

where M is digital resolution and ∆s is the particle displacement between frames that

varies from 12 pixel near the wall to 20 pixel at the channel centerline. The computed ε∆s is

about 1.5×10−3 mm across the channel. The rms uncertainty of the instantaneous velocity

εU is estimated using

εU =

√︄(︃
1

∆t
ε∆s

)︃2

+

(︃
∆s

∆t2
ε∆t

)︃2

(4.5)

The error in the mean velocity, velocity fluctuation, and turbulence intensity is calcu-

lated using the error propagation method. The normalized uncertainty at the middle of

channel and also near the wall is reported in Table 4.5.

Table 4.5: Summary of rms measurement uncertainty estimated using error propagation
method.

Parameter y/h = 0.05 y/h = 0.25 y/h = 0.5

εU (mm/s) 28.8 30.7 32.7

ε⟨U⟩/Uc
4.7× 10−5 5.5× 10−5 7.8× 10−5

ε⟨u2⟩/U2
c

7.9× 10−6 7.1× 10−6 6.4× 10−6

ε⟨v2⟩/U2
c

3.8× 10−6 3.4× 10−6 4.3× 10−6

ε⟨uv⟩/U2
c

4.4× 10−6 4.0× 10−6 3.9× 10−6

An alternative method to estimate the random error is through statistical convergence

of the ⟨U⟩, ⟨u2⟩, ⟨v2⟩ and ⟨uv⟩ of the solid phase at the channel centerline as shown in

Figure 4.15. The statistics reach a plateau after about 3000 data points. The random

error is also estimated using the difference between the maximum and minimum values in

the last 3000 data points at three locations. The estimated errors are shown in Table 4.6

for comparison with the results of Table 4.5. It can be seen that the estimation based on

statistical convergence results in larger uncertainty than the error propagation method.

61



(a) (b)

Figure 4.15: The convergence of (a) mean velocity, (b) Reynolds stresses of the solid phase
at the channel centerline for flow with db = 530 µm particles at Re of 100,000.

Table 4.6: Summary of rms measurement uncertainty estimated using error propagation
method.

Parameter y/h = 0.05 y/h = 0.25 y/h = 0.5

ε⟨U⟩/Uc
6.1× 10−4 4.3× 10−4 1.1× 10−3

ε⟨u2⟩/U2
c

1.2× 10−4 2.9× 10−5 4.9× 10−5

ε⟨v2⟩/U2
c

6.4× 10−5 2.1× 10−5 1.4× 10−5

ε⟨uv⟩/U2
c

2.5× 10−5 1.8× 10−5 1.6× 10−5

4.6 Conclusion

The turbulence of both the solid and liquid phases for flow of two-phase mixtures in a

horizontal channel was investigated using PIV/PTV techniques. Flows with Re of 50,000,

75,000, 100,000 and 125,000 were investigated to study the effect of Re on turbulence

statistics for different particle sizes. Glass beads of db = 285, 530, and 700 µm were used to

investigate the effect of particle size at Re of 50,000 and 125,000. The effect of volumetric

concentration of the particulate phase was also studied over the range 0.03% ⩽ ϕv ⩽ 0.18%.

The instantaneous velocity of the liquid phase was obtained using cross-correlation, and the

solid phase velocity was measured by particle tracking from a common set of images.
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The results demonstrated that smaller particles (db = 285 µm) were slower than the

liquid phase at all Re tested, over the region 0.03 < y/h < 0.5 where statistically reliable

data for the particulate phase was available. Larger particles at higher Re lead the flow

in the near-wall region while their velocity was lower than the liquid phase at y/h > 0.3.

The mean streamwise velocity of the solid phase increased near the wall with increasing

St. The crossing point, which shows the point where the particle and liquid velocities are

equal, moved toward the channel centerline with increase of St.

In general, larger particles produced a greater increase in streamwise and wall-normal

turbulence intensity of the carrier phase. In case of the largest particles (db = 700 µm), the

liquid phase turbulence intensity was larger than the unladen flow, and the turbulence was

augmented as Re increased. A maximum turbulence modulation of 7.6% was observed for

db = 700 µm at Re = 125,000. This was associated with the large particle Reynolds number

(Rep ∼ 250) in the near-wall region, which was large enough to generate vortex shedding

and enhance carrier phase turbulence. Larger turbulence in the carrier phase strengthens

the dispersion of particles and prevent sedimentation. The measured turbulence modulation

was shown to be reasonably well predicted using the criterion established by Tanaka and

Eaton [2008].

The investigation of solid phase velocity fluctuations showed that the streamwise and

wall-normal turbulence intensity of the solid phase decreased as the particle size and Re

increased (i.e., with increasing St). Smaller velocity fluctuation of the particles in the near-

wall region corresponds to a smaller particle-particle and wall-particle collision frequency

which reduces the amount of surface erosion. Comparison with the literature revealed that

there is a critical Stokes number (Stcr) which divides the variation of particle turbulence

into two regimes. For St < Stcr, the turbulence intensity of the solid phase increases with

St while it decreases for St > Stcr. The turbulence intensity of the solid phase was also

compared to the liquid phase turbulence using RTI , the relative turbulence intensity. The

results showed that RTI varies with the StK as RTI = −14ln(StK)+38.5 for the StK range

of the current experimental study.
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The particle number density distributions indicated that at relatively low Re and large

particle size, when the particle terminal settling velocity was much larger than the friction

velocity, the particle number density increased monotonically from the center of the channel

towards the bottom wall. The distribution of particles became more uniform with increasing

Re, since the turbulent dispersion force increases with increasing Re. A local minimum was

observed in the particle number density profile at y/h ∼ 0.15 for the largest particles (db =

700 µm) at the highest Re tested here (Re = 125,000).

It was determined that varying the particle concentration from 0.03% to 0.18% had

no significant effect on the solid phase turbulent statistics but does affect the liquid phase

turbulence intensity, especially the wall-normal Reynolds stress. It is concluded that over

this range of particle concentrations, there is no interaction between particles, and the liquid

and solid phases interact through two-way coupling.
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Chapter 5

Particle-Turbulence Interaction

This chapter investigates the interaction between particles and turbulent flow by simulta-

neous measurement of the time-resolved three-dimensional (3D) velocities of particles and

the carrier liquid phase. The measurement system is explained in Section 3.3. The inves-

tigation is conducted in the horizontal channel flow at a bulk Reynolds number of 20,000.

The suspension contains nearly neutrally buoyant beads with a density of 1.05 g/cm3 and

a mean diameter of 370 µm at a volumetric concentration of 0.1%.

5.1 Introduction

In turbulent wall flows, suspended particles that are heavier than the liquid phase move

successively toward and away from the bottom wall [Sumer, 1974, Sutherland, 1967]. Sumer

and Oguz [1978] applied a photographic technique and recorded the trajectory of inertial

particles over a smooth surface. They concluded that the ejection motions of the liquid

phase transport the particles away from the wall and generate a negative streamwise velocity

fluctuation [Sumer and Oguz, 1978, Rashidi et al., 1990, Ji et al., 2013]. Once the ejection

motion attenuates, the suspended particles gradually approach the wall and may be lifted

up again by another ejection motion, keeping the inertial particles suspended. For inertial

particles that are smaller than the viscous sublayer thickness, it was observed by Yung et al.

[1989] that the particles initially slide on the wall and then are lifted up by ejection motions.

The interaction of particles with the liquid phase has traditionally been investigated
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based on whether the particles ascend from, or descend to, the bottom wall. The ascending

particles typically originate from the slower near-wall flow, and therefore they have a lower

mean streamwise velocity than the descending particles [Nino and Garcia, 1996]. To observe

the relation between particle motion and that of the surrounding fluid, Kiger and Pan [2002]

performed a simultaneous planar PIV of inertial particles and their surrounding liquid

flow. They confirmed a preferential accumulation of ascending particles in the ejection

motions, while less accumulation of descending particles was observed in the sweep motions

of the liquid phase. It was shown by Lelouvetel et al. [2009] that the quadrant distribution

of liquid velocity fluctuations around the descending particles was similar to that of the

unladen flow, suggesting a lack of correlation between the descending beads and the liquid

phase turbulence. In contrast, more than half of the ascending particles were located in the

ejection motions of the liquid phase, which showed a stronger correlation between ascending

particles and the surrounding fluid. A poorer correlation of descending beads with sweep

motions was also observed by van Hout [2011] in a square channel flow for nearly neutrally

buoyant particles.

A few investigations have shown that a suspension of particles is not restricted to stream-

wise plus ascending and descending motions. The direct numerical simulations of Brooke

et al. [1992] showed that inertial particles also have a strong spanwise velocity. In an ex-

perimental study of polystyrene beads [Kaftori et al., 1995], the ascending and descending

motion of the beads was associated with streamwise vorticity. Using DNS, Marchioli and

Soldati [2002] observed that sweep and ejection motions are generated by the downwash and

upwash sides of quasi-streamwise vortices. Their DNS was carried out for particles smaller

than the inner length scale, and with a St+ = 30. Here, St+ was calculated as the ratio

of the particle response time to the inner time scale of the turbulent flow. The volumetric

concentration of particles was also 6.0× 10−3%, which indicates a one-way coupling where

the particles have a negligible effect on the flow statistics [Elghobashi, 1991]. However, the

role of the spanwise motions and quasi-streamwise vortices in transport of larger particles

and at higher volumetric concentrations still needs to be evaluated.
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The investigation of the turbulent fluid flow surrounding finite-size particles has been

limited by challenges in both numerical simulations and experimental techniques. A large

number of numerical simulations have applied the classical point-particle method for model-

ing particles that are smaller than the smallest turbulent eddies present in the flow, examples

include studies by Zhao et al. [2013] and Lee et al. [2015]. These investigations have resulted

in significant progress for understanding the behavior of sub-Kolmogorov particles [Soldati

and Marchioli, 2009, Sardina et al., 2012]. However, such a method may not be applicable

to finite-size particles since it only considers the quasi-steady drag force, while forces such

as lift, added-mass, and Basset history forces are neglected. For an accurate simulation of

flow surrounding finite-size particles, advanced interface resolved simulations are required

(e.g. Lashgari et al. [2016] and Costa et al. [2018]). Furthermore, measurement of the

liquid phase surrounding finite-size particles is also experimentally challenging because of

blockage effects and strong reflections of the laser light by the large particles. The few

available experiments have also been limited to a wall-normal-streamwise plane, which does

not provide access to the spanwise motion of the particles and the surrounding fluid.

In the current investigation, the analysis in the literature is extended to higher particle

concentration, and the three-dimensional (3D) motion of the flow surrounding the particles

is investigated. The acceleration of particles is used to elucidate the momentum exchange of

the particles with the surrounding fluid. It is suggested that a particle sampling approach

using particle acceleration can be more effective since it indicates momentum exchange

between the particles and the surrounding flow. Simultaneous 3D measurement of particles

and the surrounding fluid velocity is carried out in a suspension of nearly neutrally buoyant

beads in a horizontal turbulent channel flow of water at a Re = 20,000. Large particles with

a normalized diameter, d+b , of 26 are used. Here, d+b is bead diameter normalized by the

wall unit. The volume concentration is 0.1%, in which two-way coupling between particles

and fluid is expected. Time-resolved volumetric particle tracking velocimetry based on the

shake-the-box (STB) algorithm [Schanz et al., 2016] is performed. This PTV method makes

it possible to perform measurements at relatively high particle volumetric concentrations
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(0.1%), in comparison with the previous 3D-PTV measurements in particle-laden flows,

such as 0.03% [Suzuki et al., 2000] and 1.4× 10−3% [Oliveira et al., 2015, 2013]. Based on

particle wall-normal motion and acceleration, Lagrangian particle trajectories are obtained

and used to conditionally sample the surrounding fluid. The 3D trajectories of the beads

are also inspected for their 3D motion.

5.2 Experimental conditions

The experiments were performed at a constant mass flow rate of 2.08 kg/s, i.e. Re =

20,000 based on the full channel height and the average velocity, Uavg, of 1.16 m/s. The

friction Reynolds number, Reτ , was 545, defined based on the half channel height and

friction velocity, uτ . The flow loop also utilized a double-pipe heat exchanger to maintain

the fluid temperature at 25 ± 0.1°C. For the particulate phase, polystyrene spherical beads

with a density (ρb) of 1.05 gr/cm3, and at a volumetric concentration (ϕv) of 0.1%, were

used. The mean diameter of beads (db) was 370 µm with a standard deviation of 35 µm.

The size distribution of the beads was obtained from 30,000 two-dimensional images with a

digital resolution of 69 pix/mm. The images were processed using the ‘imfindcircle’ function

(MATLAB R2015b, MathWork), which uses Circle Hough Transform (CHT) [Atherton and

Kerbyson, 1999] to find the diameter of the beads. About 61% of the data were within one

standard deviation of the mean.

The liquid flow was also seeded with 2 µm silver-coated glass beads (SG02S40 Potters

Industries) at a concentration of 8× 10−3% (by volume) to obtain the velocity of the fluid

phase. These tracer particles had a density of 4.0 gr/cm3 and were seven times smaller

than the wall unit. Their response time is 1.0 µs with St = 3.2 × 10−3. The latter was

calculated using the inner time scale of the turbulent flow, as will be discussed in the

following paragraphs.

The analysis of the velocity field in this chapter is carried out using dimensionless

numbers, which are normalized by outer and inner scales of the turbulent channel flow. The

average velocity of unladen flow across the channel height (Uavg) and the channel height
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(h) are used as the outer velocity and length scales, respectively. Inner scaling includes the

friction velocity, uτ , and the inner length scale (λ) of the unladen flow, which are equal

to 0.062 m/s and 14.05 µm, respectively. The inner scaling is obtained using the Clauser

method [Clauser, 1956], and the quantities normalized using inner scaling are indicated by

a superscript ‘+’. The turbulent scales are estimated from the 3D-PTV measurements of

the mean velocity profile. The inner length scale of the flow results in d+b = db/λ = 26.

The viscous time scale, τv = ν/u2τ , is considered as the charateristic time scale of flow.

The bead response time, τb, is also calculated using Eq. 2.29. The estimated time scales

are τv = 0.23 ms and τb = 9.2 ms, which result in a bead St+ of 40.0. This estimation of

St+ applies to the inner layer, since the flow time scale increases with distance from the

wall. The local St is expected to reach its minimum value at the center of the channel.

The settling parameter, Vs/κuτ , is about 0.2, showing that the effect of gravity is small. In

this parameter, Vs is the terminal settling velocity of the beads and κ is the von Kármán

constant [Sumer and Oguz, 1978, Marchioli et al., 2008]. The estimated Shields number,(︁
ρfu

2
τ

)︁
/ ([ρp − ρf ] gdp), is about 15, which also indicates small gravitational effects with

respect to wall shear stress [Miller et al., 1977]. For the current volumetric concentration

of 0.1%, the ratio of the mean distance between the beads (S) to bead diameter (db), S/db,

is 12. According to the criterion suggested by Elghobashi [1991], a small probability of

particle-particle collision exists at ϕv = 0.1%, and S/db ∼ 12.

The investigations of van Hout [2011] and Shao et al. [2012] were carried out on particle-

laden flows of solid-liquid in horizontal channels, and with similar particle-laden conditions

as the current experiments. van Hout [2011] experimentally investigated the dynamics of

nearly buoyant polystyrene beads with d+b = 12 and St = 0.27. Shao et al. [2012] carried

out a direct numerical simulation of beads with ρb ∼ 1.5ρf , db/h = 0.025 (the same as the

current experiment), and d+b = 10. Both studies showed preferential distribution of beads

in the low-speed region, suggesting its possibility for the current investigation.

For the results presented in this chapter, the channel height is divided into 0.5 mm

(0.03h) bins with 50% overlap to calculate the mean velocity and turbulence intensities. To
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obtain the fluid velocity surrounding a bead, the velocity of tracer particles is averaged in a

cubic volume, where the bead is located at its center. Different volume sizes were evaluated,

and it was found that the results are independent of the volume size when the volume is

smaller than 1.4 × 1.4 × 1.4 mm3 (3.8db × 3.8db × 3.8db). This cubic volume around the

bead is referred to as the ‘surrounding’ fluid.

The instantaneous velocity components are indicated by U , V , and W in the stream-

wise, wall-normal, and spanwise directions, respectively. The instantaneous velocity is de-

composed into mean, indicated by the symbol ⟨⟩, and velocity fluctuations shown by the

lower-case letters u, v, and w, e.g. U = ⟨U⟩+u. The average wall-normal and spanwise ve-

locities are negligible in channel flow; hence, for these two components, V = v and W = w.

Similar to Oliveira et al. [2015] and van Hout [2011], the velocity fluctuation of the beads is

estimated as the difference between the instantaneous velocity of the bead and the average

velocity of the liquid phase at the bead centroid, i.e., ub = Ub − ⟨Uf ⟩. The subscripts b and

f refer to the bead and fluid phases, respectively.

5.3 Turbulent channel flow

To evaluate the uncertainty of the PTV system, measurements of the unladen flow are

compared with the DNS results of Lee and Moser [2015]. The semilogarithmic profile of

mean velocity from 3D-PTV in the unladen flow at Reτ = 545 (Re = 20,000), along with

the DNS results of Lee and Moser [2015] at Reτ of 543, are shown in Figure 5.1a. The

measurements deviate from the law of the wall in the linear viscous sublayer (y+ < 5),

but the difference diminishes with increasing y+. The discrepancy between 3D-PTV and

DNS is smaller than 1.0% at y+ > 15 (y/h > 0.015), which is equivalent to 0.1uτ , or 0.02

pixel error in the estimation of particle displacement. The measurements agree with the

logarithmic law, ⟨Uf ⟩+ = 1/κln(y+) + B, where the von Kármán constant, κ, is equal to

0.384 and B = 4.6. This agreement confirms the accuracy of mean velocity at y+ > 5 and

the fully developed state of the turbulent channel flow. The large uncertainty at the near-

wall region of y+ < 5 is associated with the smaller displacement of the particles between
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the two laser pulses, maximum of 1 pix displacement. Another source of uncertainty in this

region is due to glare spots caused by the reflection of the laser from the surface. These

reflections interfere with particle detection and also skew the calibration map during the

self-calibration process. The mean disparity for the first calibration plane above the wall

is 0.039 pix with a standard deviation of 0.019 pix. This is larger than 0.026 pix mean

disparity and 0.017 pix standard deviation for the entire domain.

(a) (b)

Figure 5.1: Profiles of the normalized (a) mean streamwise velocity and (b) Reynolds stresses
for the unladen flow at Reτ = 545. The results are compared with the channel flow DNS
results of Lee and Moser [2015] at Reτ = 543.

All four nonzero components of the Reynolds stress tensor for the unladen flow, obtained

from 3D-PTV measurements, are shown in Figure 5.1b and are also compared with the DNS

results of Lee and Moser [2015]. In general, the Reynolds stresses agree with the DNS. At

y+ > 15, the maximum absolute error relative to DNS is equivalent to 0.03, 0.02, and

0.02 pixels for ⟨u2f ⟩, ⟨v2f ⟩, and ⟨w2
f ⟩, respectively. However, the smaller displacements in

the y and z directions result in larger relative errors in ⟨v2f ⟩ and ⟨w2
f ⟩. For example, the

maximum discrepancy is 12.9% at y+ = 26 for ⟨v2f ⟩. Overall, comparison of the 3D-PTV

with the DNS results shows that measurements are accurate at y+ > 15 (y/h > 0.015) with

a maximum uncertainty of 0.1uτ (0.02 pixel) for the mean velocity and 0.15uτ (0.03 pixels)
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for the Reynolds stresses.

Figure 5.2 shows the mean velocity and Reynolds stresses of the beads and the sur-

rounding liquid phase obtained from the simultaneous 3D-PTV measurements. In Figure

5.2a, at y+ > 20, the beads have a slightly lower mean velocity than the fluid. This suggests

preferential accumulation of the beads in low-speed regions [Kiger and Pan, 2002], as will

be discussed in the next section. At smaller distances from the wall (y+ < 20), the bead

velocity is higher than the fluid velocity, which is associated with the rolling and sliding mo-

tions of the beads along the wall. These motions relax the no-slip boundary condition, i.e.,

the beads have a finite slip velocity at the channel wall. Figure 5.2b shows that the beads

have larger Reynolds stresses than the fluid phase across the bottom half of the channel,

although the difference is smaller for ⟨v2⟩ and ⟨uv⟩. The larger Reynolds stresses are asso-

ciated with the relaxation time and St of the beads, which allows them to maintain their

velocity for a longer time when transported in the wall-normal direction. As a result, the

beads have a wider velocity distribution, which results in larger Reynolds stresses. Figure

5.2b also shows that the difference between the intensities of the beads and the fluid phase

decreases closer to the center of the channel. In this region, the local St is smaller and the

beads follow the fluctuations more closely.

In addition to the comparison with DNS results described earlier, an uncertainty analysis

based on statistical convergence is conducted (see Section 5.7) to estimate the random error.

The estimated errors for the mean flow and Reynolds stresses are shown using error bars

in Figure 5.2 at selected wall-normal locations.

5.4 Ascending and descending beads

In this section, the velocity of the beads and their surrounding fluid is investigated by apply-

ing conditional sampling based on the wall-normal bead motion (ascending or descending).

The reason for this sampling is to explore the fluid motions responsible for the upward and

downward bead motions, which are subsequently important in the entrainment and deposi-

tion processes. The conditionally averaged parameters are indicated by subscript c. From
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(a) (b)

Figure 5.2: Profiles of the normalized (a) mean streamwise velocity and (b) Reynolds stresses
for the beads and carrier fluid phase at Reτ = 545 and ϕv = 0.1% measured by 3D-PTV.
The error bars show the estimated uncertainty based on Section 5.7. Only three locations
are chosen to show the error bars for clarity.

a total of 1.7× 107 detected bead images, 54% had a descending motion and the remaining

46% were ascending, i.e. away from the wall. The slightly greater number of descending

beads is hypothesized to be related to the fact that the beads are slightly heavier than the

fluid phase (ρb/ρf = 1.05).

5.4.1 Conditionally averaged velocity

The conditionally averaged streamwise velocity of the beads and their surrounding fluid,

based on ascending (Vb > 0) and descending (Vb < 0) beads, is shown in Figure 5.3a. The

figure also shows the ensemble velocity of the fluid (without conditional sampling) as a

baseline for comparison. The ascending beads and the surrounding fluid have a lower veloc-

ity than the ensemble fluid velocity. This velocity lag was also observed by Kiger and Pan

[2000] and van Hout [2011] and suggests preferential accumulation of the ascending beads

in the low-speed regions. On the other hand, the descending beads and their surrounding

fluid have approximately the same velocity as the ensemble fluid velocity. This agrees with

the observation of Kiger and Pan [2002] that the descending beads do not demonstrate
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any preferential clustering and are evenly distributed in high- and low-speed regions. The

comparison of the beads and the fluid velocity in Figure 5.3a also shows that the apparent

slip velocity, defined as ⟨Uf ⟩c − ⟨Ub⟩c, is positive and larger for the ascending beads. The

maximum slip velocity of the ascending beads is about 8% of the ensemble fluid velocity

and occurs at y/h ∼ 0.1 (y+ ∼ 100), which is located in the outer layer.

(a) (b) (c)

Figure 5.3: Conditional average of (a) streamwise, (b) wall-normal, and (c) absolute span-
wise velocity of the beads and their surrounding fluid based on the wall-normal direction of
the beads.

The conditional averages of wall-normal and spanwise velocities, based on ascending and

descending beads, are presented in Figures 5.3b and 5.3c. The ⟨Vb⟩c profiles are symmetric

for the ascending and descending beads with equal magnitudes but opposite sign. However,

⟨vf ⟩c is less than ⟨Vb⟩c, which suggests a velocity lag or a reduced correlation between bead

and fluid velocity in the wall-normal direction. Bead inertia (i.e., finite St) is expected to

result in wall normal velocities that persist longer than those of the surrounding flow, which

contributes to the larger values ⟨Vb⟩c.

Figure 5.3c presents the conditional average of the absolute value of the spanwise veloc-

ity, ⟨|W |⟩c, for ascending and descending beads and their surrounding fluid. The absolute
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value is used to prevent zero averages caused by spanwise symmetry of the flow. For both as-

cending and descending beads, the spanwise velocity is higher than the wall-normal velocity.

The ⟨|W |⟩c of both ascending and descending beads is higher than that of the surrounding

fluid. The apparent spanwise slip velocity, ⟨|Wf |⟩c − ⟨|Wb|⟩c, is lower than the wall-normal

counterpart, which suggests a higher correlation between spanwise motion of the beads and

the fluid. The figure also shows that the ascending beads have a higher spanwise velocity

than descending beads.

5.4.2 Correlation of beads and surrounding fluid motions

To further investigate the fluid-particle interaction, the correlation of ascending and de-

scending beads with the surrounding fluid is estimated. The streamwise correlation is

quantified using ρu, defined as

ρu =
⟨ubuf ⟩√︂
⟨u2b⟩⟨u2f ⟩

(5.1)

Similar correlation coefficients are also defined for the wall-normal and spanwise direc-

tions using the corresponding velocity fluctuations, and indicated as ρv and ρw, respectively.

Variation of the correlation coefficients for the ascending and descending beads across the

bottom half of the channel is shown in Figures 5.4a-c. With increasing distance from the

bottom wall, the correlation coefficient of all the components increases. This occurs be-

cause the characteristic time scale of eddies increases with increasing distance from the wall

[Tennekes and Lumley, 1972], which reduces the local values of the bead St, making their

motion correlate more strongly with the fluid fluctuations.

For streamwise motions at y/h < 0.2 (y+ < 200), the descending beads are more

closely correlated with surrounding nearby fluid than are the ascending beads. This trend

reverses for y/h > 0.2, and a stronger correlation is observed for the ascending beads. The

relationship is further investigated in Figures 5.5a and 5.5b using quadrant analysis, in

which the velocity fluctuations are considered in the four quadrants of a v versus u plot

[Willmarth and Lu, 1972]. The quadrants of the plot are indicated by Q1 (u > 0 and

v > 0), Q2 (u < 0 and v > 0), Q3 (u < 0 and v < 0), and Q4 (u > 0 and v < 0), and they
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(a) (b) (c)

Figure 5.4: The correlation coefficients of ascending and descending beads with their sur-
rounding fluid in (a) streamwise, (b) wall-normal, and (c) spanwise directions.

are referred to as outward interaction, ejection, inward interaction, and sweep, respectively.

For each quadrant, the percentage of motion is calculated for the fluid surrounding the

ascending and descending beads, and plotted in Figure 5.5. In Figure 5.5a, most of the

ascending beads are surrounded by ejection fluid motions, and in Figure 5.5b most of the

descending beads are found within sweep events. At y/h = 0.06, 33% of the ascending beads

are situated in fluid ejections while 48% of the descending beads reside in sweep motions. At

y/h < 0.2 of Figure 5.4a, this larger percentage of sweep motions by the descending beads

results in their larger ρu with respect to the ascending beads. With increasing distance

from the wall, the fraction of ejection motions around ascending beads increases, while a

reduction in sweep events is observed for the descending beads, as shown in Figure 5.5. This

explains the larger values of ρu for ascending beads at y/h > 0.2, shown in Figure 5.4b.

Figure 5.4 also shows that ρu is stronger than ρv and ρw because of the greater momentum

of streamwise fluid motions.

The correlation coefficient of the wall-normal velocity of the ascending beads and their
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(a) (b)

Figure 5.5: The fraction of the fluid surrounding the (a) ascending and (b) descending beads
based on the four quadrants of velocity fluctuations.

surrounding fluid is small in the immediate vicinity of the wall (see Figure 5.4b). The

small coefficient indicates that the beads do not follow the fluid ejection motions in the

wall-normal direction. In Figure 5.4b, descending beads are shown to have larger values of

ρv than the ascending beads. Comparison of the results of Figures 5.5a and 5.5b also shows

that the total fraction of upward-moving fluid (i.e., the sum of fractions in Q1 and Q2)

surrounding ascending beads is less than the fraction of downward flows (i.e., the sum of

fractions in Q3 and Q4) around descending beads. This contributes to the larger ρv values of

the descending beads. A similar trend is shown in Figure 5.4c for correlations in the spanwise

direction. Descending beads have a stronger correlation with the surrounding fluid relative

to the ascending beads, although the difference in ρw for ascending and descending beads

is smaller.

To facilitate interpretation of Figure 5.4, the joint probability density function (JPDF)

of velocity fluctuations for the ascending and descending beads is presented in Figure 5.6 for

the data within 0 < y/h < 0.26. The JPDFs of ub and uf are shown in Figure 5.6a, and the
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JPDF of the wall-normal (vb, vf ) and spanwise (wb, wf ) velocity fluctuations are shown in

Figures 5.6b and 5.6c, respectively. An assumed perfect correlation between the beads and

the fluids would collapse the JPDF on the dashed lines shown in the figures (e.g., ub = uf ),

while a weak correlation would scatter the data around this line. In Figure 5.6b, as expected,

the JPDF of beads with negative and positive vb covers only half of the figure. A slightly

narrower JPDF is observed for the streamwise component of descending beads relative to

the ascending beads in Figure 5.6a, showing a stronger correlation of the descending beads

with the surrounding fluid. In Figure 5.6a, as expected, the JPDF of ascending beads skews

negatively; for ascending beads, ub and uf are more likely to be negative. Figure 5.6c shows

that ascending and descending beads have a similar JPDF distribution, which agrees with

the small difference between ρw of ascending and descending beads that is shown in Figure

5.4c. This shows that there is no spanwise preference for the ascending and descending

beads.

(a) (b) (c)

Figure 5.6: JPDF of (a) streamwise (uf , ub), (b) wall-normal (vf , vb), and (c) spanwise (wf ,
wb) velocity of beads and surrounding fluid for 0 < y/h < 0.26. The blue dashed contours
show the results related to the ascending beads, and red dotted contours represent JPDF
of descending beads. The JPDF percentages vary from 1.0% to 8.0% in steps of 2.3% for
the most inner to the most outer contour, respectively.

The flow field around particles was also studied by Lelouvetel et al. [2009] and van Hout

[2011] using planar PIV. Lelouvetel et al. [2009] studied the accumulation of glass beads in

ejection and sweep events in a free-surface channel flow without calculating any correlation
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coefficients. The authors stated that the ejection motions of the fluid contribute significantly

to the ascending motion of the beads. However, there is no clear correlation between the

turbulent events and the descending beads. Their statement does not agree with our results

for descending beads presented in this section. This discrepancy can be attributed to the

higher density of the glass beads compared with the nearly neutrally buoyant polystyrene

beads used in this study. Because of gravity, the glass beads descend independent of the

fluid motion, which weakens their correlation with the surrounding flow. In the other study,

van Hout [2011] performed experiments in a one-way coupled flow (ϕv = 0.014%) in a square

channel at Re = 15,000. He observed that ascending polystyrene beads accumulate heavily

in ejections at y+ > 50, while descending beads show less accumulation in the sweeps. As

presented in Figure 5.5, more ascending beads accumulate in fluid ejections at y/h > 0.25

(y+ > 250).

5.4.3 Velocity field around the beads

In this section, the 3D velocity fields around ascending and descending beads are inves-

tigated by obtaining the conditionally averaged fluid field in streamwise-wall-normal and

streamwise-spanwise planes. For this purpose, similar to the previous sections, the ve-

locity of the surrounding fluid was sampled in a cubic volume of 1.4 × 1.4 × 1.4 mm3

(0.09h × 0.09h × 0.09h) with the bead located at its center. The conditional samples of

the surrounding fluid were then averaged across the bottom half channel 0 < y/h < 0.5.

The obtained conditional averages of fluid velocity fluctuations, ⟨uf ⟩c and ⟨vf ⟩c, in the XY

plane around ascending and descending beads are shown in Figures 5.7a and 5.7b, respec-

tively. In these figures, the streamwise and wall-normal relative locations of the tracers with

respect to the bead are indicated as X and Y . The blank region at Y < 0 results from the

bead blocking the camera’s line of sight. The blank region at Y > 0 is due to the overlap

of the tracer images with the brighter bead image.

The conditional average of Figure 5.7a shows that ascending beads are surrounded by

an ejection motion of the fluid phase, in agreement with Kiger and Pan [2002] and Vinkovic
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et al. [2011]. The streamwise component of fluid velocity is also slightly larger than the wall-

normal component. For the descending beads of Figure 5.7b, the fluid shows a strong motion

toward the wall, and the wall normal velocity component of the fluid is significantly larger

than its streamwise component. The small streamwise component is associated with a strong

contribution of inward fluid motions (i.e., Q3), which cancels out the streamwise component

of the sweep motions. This is consistent with the observation of the results of Figure 5.5b,

where both Q3 and Q4 were significant around the descending beads. However, this is in

contrast to previous investigations that associated only the descending beads with the sweep

motions [Kiger and Pan, 2002, Vinkovic et al., 2011]. The data also show that about 45%

of descending beads across the bottom half-channel are surrounded by the sweeps, and 29%

of descending beads are situated inside inward motions. The larger negative ⟨uf ⟩c in Figure

5.7a agrees with the results of Figure 5.3a, where the fluid surrounding ascending beads

had a lower velocity than that of the ensemble fluid. The small positive ⟨uf ⟩c in Figure

5.7b also agrees with the slightly higher fluid velocity around descending beads relative to

the ensemble fluid velocity. The positive ⟨vf ⟩c in Figure 5.7a and negative ⟨vf ⟩c in Figure

5.7b also agree with the ⟨vf ⟩c sign for ascending and descending beads in Figure 5.3b. The

higher wall-normal fluid velocity around descending beads in Figure 5.7b also supports the

larger ρv of descending beads relative to the ascending ones which was shown in Figure

5.4b.

The conditional average of fluid velocity fluctuations in the streamwise-spanwise plane

is shown in Figure 5.8 for the ascending and descending beads. Again, since the average

spanwise velocity is zero, the absolute value of the spanwise velocity, ⟨|wf |⟩c, is used. The

figure shows a strong and uniform ⟨|wf |⟩c around both ascending and descending beads.

The magnitude of ⟨|wf |⟩c is similar for both descending and ascending beads. Figure 5.8

shows that the ejection and sweep motions around the beads are accompanied by strong

spanwise motions.

In Figures 5.7 and 5.8, the fluid velocity fluctuations were calculated with respect to

the ensemble average of the fluid velocity. However, to obtain the instantaneous fluid
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(a) (b)

Figure 5.7: Conditional average of fluid velocity fluctuation, ⟨uf ⟩c and ⟨vf ⟩c, surrounding
(a) ascending and (b) descending beads in the XY plane. The red arrow shows the reference
vector size.

velocity relative to the bead velocity, the instantaneous tracer velocity must be conditionally

averaged with respect to the enclosed bead Ur = Uf − Ub. The result produced, for the

XY plane, is shown in Figure 5.9. For both ascending and descending beads, the relative

streamwise velocity of the fluid is positive above the bead (Y/h > 0) and negative below

the bead (Y/h < 0). This shear layer pattern stems from the positive wall-normal velocity

gradient in the lower half of the channel.

In Figure 5.9, it can be seen that the surrounding fluid has a lower wall-normal velocity,

i.e., negative ⟨Vr⟩c, with respect to the ascending beads. In contrast, and shown in Figure

5.9b, the fluid has a higher wall-normal velocity with respect to the descending beads, i.e.,

positive ⟨Vr⟩c, which indicates that descending beads approach the wall faster than does

the fluid. This may appear contradictory since the fluid is expected to carry the bead,

and not slow it down. A possible explanation is that the wall-normal motion of a bead is

initiated by a strong ejection or sweep. The fluid ejection/sweep velocity decays while the

bead motion persists because of its longer response time. Therefore, based on conditional
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(a) (b)

Figure 5.8: Conditional average of fluid velocity fluctuation, ⟨uf ⟩c and ⟨|wf |⟩c, around (a)
ascending and (b) descending beads in the XZ plane. The vectors are scaled relative to the
reference vector shown in Figure 5.7.

averaging, it appears that the beads lead the fluid in the wall-normal direction. A similar

observation was made by Righetti and Romano [2004] for conditionally averaged Reynolds

shear stress of ejection motions, i.e., ⟨uv⟩Q2 . They observed that ⟨uv⟩Q2 of glass beads was

larger than that of the fluid phase, which was also associated with the longer time scale of

the beads, allowing them to maintain their motion after they are lifted up by strong fluid

ejections.

A clockwise vortex is observed in the conditional averages of Figures 5.9a and 5.9b.

The ascending beads are mostly located downstream of the vortex core, where ⟨Vr⟩c is

negative, while the descending beads are at the upstream side of the vortex core, where

⟨Vr⟩c is positive. It is also interesting to note that the superposition of the velocity fields

in Figures 5.9a and 5.9b results in a simple shear flow showing the fluid velocity relative to

both ascending and descending beads. The velocity gradient of the superposed flow field is

d⟨Ur⟩/dY = 35s−1, which is smaller than d⟨Uf ⟩/dY = 75s−1 of the ensemble fluid velocity

at y/h > 0.02 (y+ > 20). This smaller gradient shows that the beads are transported by

low-shear fluid motions.

The relative velocity fields around ascending and descending beads in the XZ plane are

shown in Figure 5.10. The absolute value of the relative velocity is used for the spanwise
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(a) (b)

Figure 5.9: Conditional average of fluid velocity relative to the beads, ⟨Ur⟩c = ⟨Uf −Ub⟩c,
in the XY plane for (a) ascending and (b) descending beads. The red arrow shows the
reference vector size.

direction, ⟨Wr⟩c = ⟨|Wf −Wb|⟩c. The figures show that ⟨|Wr|⟩c is uniform in the XZ plane,

and its value, approximately 0.03Uavg, is similar for both ascending and descending beads.

The spanwise slip here has an important effect on bead suspension since it can produce a

lift force in the wall-normal direction that is similar to the lift caused by the streamwise

slip.

A slip velocity can be calculated by averaging the instantaneous relative velocity in the

volume surrounding the beads. The average slip velocity for all the beads in the bottom

half channel is ⟨|Uf − Ub|⟩ = 0.036Uavg in the x direction, ⟨|Vf − Vb|⟩ = 0.030Uavg in the

y direction, and ⟨|Wf −Wb|⟩ = 0.033Uavg in the z direction, which corresponds to particle

Reynolds numbers, Rep, of 17.8, 14.7, and 16.3 in the x, y, and z directions, respectively.

If conditional averaging is carried out at specific y/h locations, a larger Rep of 33.5 is

observed at y/h = 0.06 that gradually reduces to 11.8 at y/h = 0.46. The Rep calculated

based on apparent slip velocity, ⟨Uf ⟩ − ⟨Ub⟩, across the bottom half-channel is 6.0 in the

streamwise direction, 1.7 in the wall-normal direction, and 2.1 in the spanwise direction.
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(a) (b)

Figure 5.10: Conditional average of fluid velocity in the XZ plane relative to the (a)
ascending and (b) descending beads. For the spanwise component, the absolute value of
relative velocity, i.e., ⟨|Wf −Wb|⟩c, is used. The vectors are scaled similar to Figure 5.9.

Therefore, use of the apparent slip velocity to calculate Rep produces a value that is lower

by a factor of one-half to one-third. This is an important result since Rep is a key parameter

in determining turbulence modulation in particle-laden flows.

5.5 Accelerating/decelerating beads

Acceleration or deceleration of a bead indicates momentum exchange with the fluid phase

through different forces. For finite-size particles, these forces include drag force, added

mass, and Basset history force. In this section, the flow pattern surrounding the beads is

conditionally averaged based on whether a bead is subject to acceleration or deceleration

in the streamwise direction. The conditional averages show the pattern of relative fluid

velocity around the bead, and therefore they indicate the direction of the drag force. Such

an analysis can be helpful for numerical simulations since in most cases only the drag force

is considered. The instantaneous streamwise acceleration of a bead is referred to as ab,

which is obtained from the Lagrangian trajectories obtained using 3D-PTV.
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5.5.1 Conditionally averaged velocity

The streamwise, wall-normal, and spanwise bead velocity and the surrounding fluid velocity

are conditionally averaged based on the sign of ab and are shown in Figure 5.11. The mean

fluid velocity (ensemble average) is also shown in Figure 5.11a for comparison. In Figure

5.11a, ⟨Ub⟩c of accelerating beads is lower than the surrounding fluid velocity. Hence, on

average, there is a positive slip velocity, which generates a force to accelerate the beads.

The streamwise slip velocity increases slightly with decreasing distance from the wall. In

Figure 5.11b, the accelerating beads are shown to have a positive ⟨Ub⟩c, which indicates

that they ascend toward the center of the channel as they accelerate.

(a) (b) (c)

Figure 5.11: Conditional average of (a) streamwise, (b) wall-normal, and (c) absolute span-
wise velocity of the beads and their surrounding fluid sampled based on the sign of ab.

The decelerating beads at y/h > 0.25 (y+ > 250) of Figure 5.11a have a slightly higher

velocity than the surrounding fluid. The beads also have a negative ⟨V ⟩c (Figure 5.11b),

which shows that they move toward the wall and into the lower-velocity layers, and the

resulting drag force decelerates the beads. However, at y/h < 0.25, decelerating beads are

slower than the surrounding fluid, i.e., ⟨Ub⟩c − ⟨Uf ⟩c < 0, while they still have a negative
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⟨V ⟩c. To further evaluate this observation, the average of instantaneous slip, ⟨Uf −Ub⟩, was

also calculated. It was found to be positive and equal to 0.01Uavg. A positive slip velocity

means that deceleration of the beads is not associated with the drag force. Therefore, at

y/h < 0.25, other forces such as added mass, Basset force, or friction due to collision and

momentum exchange with the wall contribute to bead deceleration.

Values of ⟨|W |⟩c for accelerating and decelerating beads, and the surrounding fluid, are

shown in Figure 5.11c. The beads have a higher spanwise velocity than the surrounding fluid,

which is similar to the trend in the wall-normal direction. Again, as was the case for the

wall-normal motions, it is hypothesized that the beads preserve their spanwise velocity for a

greater duration than the fluid phase, which results in a higher average bead velocity. The

spanwise velocity profiles are almost identical to the velocity profiles shown for ascending

and descending beads in Figure 5.3c; the effect of sampling criterion on spanwise velocities

is negligible.

5.5.2 Velocity fields around the beads

To relate the 3D flow field with the bead dynamics, the relative velocity fields, ⟨Ur⟩c =

⟨Uf − Ub⟩c, around accelerating (ab > 0) and decelerating beads (ab < 0) are illustrated

in Figure 5.12 for the XY plane and in Figure 5.13 for the XZ plane. The conditional

averaging is carried out across the bottom half-channel. It was shown in Figure 5.11a that

accelerating beads are slower than their surrounding fluid across the bottom half-channel,

and as a result the drag force contributes to their streamwise acceleration. However, the

relative velocity is not uniform around the bead. In Figure 5.12a, a net positive streamwise

⟨Ur⟩c is seen above the bead at Y > 0 and a negative relative velocity is present below

the bead at Y < 0. The relative velocity field is uniform and has a positive value in the

whole XZ plane, as shown in Figure 5.13a. Comparing Figures 5.9 and 5.12, we see that

the relative velocity fields around accelerating and decelerating beads have a structure that

is similar to the flow pattern around ascending and descending beads in the XY plane, but

with a lower wall-normal velocity. The velocity field around decelerating beads, shown in
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Figure 5.12b, has a positive relative velocity at Y > 0 and a negative relative velocity at

Y < 0. The averaged relative velocity in this plane is negative. Despite the presence of

accelerating beads, no uniform trend is observed in the XZ plane of Figure 5.13b.

(a) (b)

Figure 5.12: Conditional average of relative fluid velocity, ⟨Ur⟩c = ⟨Uf −Ub⟩c, in the XY
plane surrounding (a) accelerating (ab > 0) and (b) decelerating beads (ab < 0). The red
arrow shows the reference vector size.

5.6 Bead pathlines

The previous sections showed that bead motion is accompanied by a significant spanwise

velocity component, which is higher closer to the wall. To understand the phenomenon

that produces this spanwise motion, bead pathlines are examined here. Figure 5.14 shows

four sample pathlines and their projection on the xy, yz, and xz planes, within the field of

view of the 3D-PTV setup. The selected pathlines are representative of different pathline

patterns observed by visual inspection, and they are numbered in the yz plane of Figure

5.14. Pathlines (1) and (2) do not show frequent change in their wall-normal and spanwise

motions; pathline (1) is inclined 4° toward the wall, and pathline (2) has an angle of 5° away

from the wall. These pathlines are usually located in the outer layer, closer to the channel
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(a) (b)

Figure 5.13: Conditional average of relative velocity field, ⟨Ur⟩c = ⟨Uf −Ub⟩c, in the XZ
plane surrounding (a) accelerating beads (ab > 0) and (b) decelerating beads (ab < 0). The
red arrow shows the reference vector size.

center. Pathlines (3) and (4), on the other hand, show frequent changes in the direction of

their wall-normal and spanwise motions, which result in a spiral motion around the x axis.

The beads shown by pathlines (3) and (4) move forward by a distance of x/h ∼ 3.5 as they

undergo two full spins around a streamwise axis.

The frequent change in the bead wall-normal motion was also observed in the experi-

mental studies of Sumer and Oguz [1978] and Rashidi et al. [1990], but the bead spanwise

motion was not revealed by their 2D measurements. Pathlines (3) and (4) spiral in the yz

plane and result in the observed spanwise bead velocity. The spiral motion of the beads and

the change in their direction of motion are more apparent closer to the wall since the flow

time scale is smaller and the spiral motions are captured within the measurement domain.

Pathlines (1) and (2) are associated with motions having a longer time scale since they are

farther away from the wall. It should also be noted that the axes in Figure 5.14 do not have

the same scale, and the displacements are magnified in the y and z directions.

Inspection of the pathlines shows that the majority of descending beads approach the

wall and change direction when they reach y/h ∼ 0.05 (y+ = 50). To characterize this

change in direction statistically, the local maxima (ymax) and minima (ymin) in the y position

are detected using the slope (dy/dt) of the trajectories. An example is indicated by points
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Figure 5.14: Sample 3D trajectories of beads (shown in black) and their projection on xy,
yz, and xz planes. The spiral of the pathlines (3) and (4) about the x direction can be
recognized as they move forward. For better representation, y and z axes are magnified by
a factor of 3.5 with respect to the x axis.

A and B in Figure 5.14. The same analysis is also conducted to detect the points where the

beads’ spanwise motion changes direction; that is, extrema in the z direction indicated at

zext, like point C in Figure 5.14. The probability density function (PDF) of the number of

detected ymin, ymax, and zext is presented in Figure 5.15. It is observed that the PDF of ymin

is larger close to the wall, confirming that most of the descending paths change direction in

this region. In contrast, the PDF of ymax increases with distance from the wall; that is, with

increasing distance from the wall, a greater number of ascending motions change direction

and approach the wall. The change in the direction of motion from descending to ascending

is hypothesized to result from ejection motions of the fluid, or collision of the beads with

the wall. Because the ejections are stronger near the wall, the changes in the descending

motions occur more frequently in this region. On the other hand, the upward-moving beads
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usually change direction because of gravitational and drag forces, as highlighted in Figure

5.9a. This results in the gradual PDF increase for ymax with an increase of y. Figure

5.15a also shows that the number of spanwise extrema reduces with decreasing y, which is

associated with stronger spiral motions in the near-wall region.

To identify the effect of particle concentration and potential particle-particle collisions,

the number density profile of the beads is shown in Figure 5.15b. In this figure, the number

of beads in each bin (ybin = 0.4 mm) is normalized by the average number of beads per

bin (Navg). It can be seen that the distribution is almost uniform; the maximum number

density is only 17% larger than the minimum number density (Nmax/Nmin = 1.17). Hence,

variation in the number density of particles is small and is not expected to be associated

with an increased probability of particle-particle collisions.

(a) (b)

Figure 5.15: (a) The PDF of the number of local maxima (ymax) and minima (ymin) in
the wall-normal position of the beads, and the number of local extrema in the spanwise
position of the beads (zext). (b) Normalized number density profile of the beads across the
bottom-half channel.
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5.7 Uncertainty analysis

The random errors in the velocity statistics for the beads and the fluid phase are evaluated

here based on the statistical convergence of the data at y+ = 30, 250, and 500 (which

corresponds to y/h = 0.03, 0.23, and 0.46). Figure 5.16 shows the statistical convergence

of the velocity statistics of the beads at y+ = 500. The horizontal axis of the figure shows

the number of data points used for averaging (n) normalized by the total number of data

in the bin (N). The random error is estimated as the difference between the maximum and

minimum of the averaged quantity using the last 20% of the data points. The results are

presented in Table 5.1 for the beads and in Table 5.2 for the fluid phase.

(a) (b)

Figure 5.16: Statistical convergence of (a) the mean velocity and (b) Reynold stresses of
the beads at y+ = 500 (y/h = 0.46). The maximum and minimum values for n/N of 0.8
to 1 are used to estimate the random error.

5.8 Conclusion

The interaction between the beads and the fluid phase was investigated in a particle-laden

turbulent channel flow at Re = 20,000. The particulate phase consisted of nearly neu-

trally buoyant beads with db = 370 µm and St+ = 40.0 at a volumetric concentration of

91



Table 5.1: Estimated random error for the beads’ statistics.

Parameter y+ = 30 y+ = 250 y+ = 500

⟨Ub⟩+ 0.025 0.011 0.013

⟨u2b⟩+ 0.030 0.040 0.020

⟨v2b ⟩+ 0.006 0.006 0.003

⟨w2
b ⟩+ 0.011 0.010 0.006

⟨ubvb⟩+ 0.010 0.006 0.004

Table 5.2: Estimated random error for velocity statistics of the fluid phase.

Parameter y+ = 30 y+ = 250 y+ = 500

⟨Uf ⟩+ 0.021 0.012 0.007

⟨u2f ⟩+ 0.090 0.020 0.009

⟨v2f ⟩+ 0.020 0.003 0.004

⟨w2
f ⟩+ 0.030 0.006 0.004

⟨ufvf ⟩+ 0.020 0.005 0.007

0.1%. Three-dimensional time-resolved particle tracking velocimetry (3D-PTV), based on

the shake-the-box method, was used to measure the instantaneous velocities of the beads

and the fluid phase simultaneously. The beads’ velocity and the surrounding flow were con-

ditionally sampled based on the wall-normal velocity (ascending versus descending beads)

and the streamwise acceleration of the beads (accelerating versus decelerating beads).

The conditional averaging, based on the wall-normal velocity, showed that the stream-

wise velocity of the ascending beads and the surrounding fluid is lower than the ensemble

fluid velocity. This velocity deficit is associated with the preferential accumulation of the

ascending beads in the low-speed regions. In contrast, the descending beads and their sur-

rounding fluid had nearly the same average velocity as the ensemble fluid. The apparent

slip velocity, based on the difference of the average bead and flow velocity, was higher for the

ascending beads. It was also observed that the spanwise bead velocity was higher than the

wall-normal bead velocity. At y/h < 0.25 (y+ < 250), the streamwise velocity of descending

beads showed a strong correlation with the nearby fluid. However, this correlation decreased
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with increasing wall-normal distance since the preferential accumulation of descending beads

in sweep motions decreased. The descending beads also had a stronger correlation with the

wall-normal flow velocity. For the ascending beads, with increasing wall-normal distance,

both their correlation with surrounding flow and the extent of accumulation in ejection

motions increased.

The conditional sampling based on bead acceleration showed that accelerating beads

move away from the wall and have a lower velocity than the surrounding flow. Away from

the wall, at y/h > 0.25, the decelerating beads also have a higher streamwise velocity than

the surrounding fluid. Therefore, for both cases, the drag force caused by slip velocity

contributes to their acceleration/deceleration. However, at y/h < 0.25, decelerating beads

have a lower velocity than the surrounding flow, suggesting that the drag force alone is not

sufficient to model the dynamics of nearly buoyant beads.

The simultaneous measurements of bead and carrier phase velocities showed that the slip

velocity calculated from the difference between the average bead and fluid velocities, ⟨Uf ⟩c−

⟨Ub⟩c, significantly underestimates the actual instantaneous slip velocity. The conditionally

averaged flow fields also showed a remarkable spanwise slip velocity. The flow velocity

pattern with respect to an enclosed bead appeared as a clockwise vortex in the XY plane,

with a significant wall-normal velocity gradient. The conditionally averaged wall-normal

velocity of the fluid appeared to oppose the motion of ascending and descending beads.

This observation supported the notion that the motion of a bead begins with fluid ejection

that quickly decays, while the bead sustains its motion for a longer time.

The beads’ pathlines showed successive upward and downward motions, and also suc-

cessive changes in the direction of spanwise motion. The latter resulted in a spiral motion

around the x direction with a shorter turnover time in the near-wall region (y/h < 0.25).

The descending beads frequently changed direction in the near-wall region when approach-

ing the wall, while ascending beads frequently changed direction farther away from the

wall.
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Chapter 6

Distribution of Inertial Particles in
Horizontal Channel

Distribution of the glass beads in the near-wall region of a horizontal turbulent channel

flow is studied in this chapter. Glass beads with a diameter of 210 µm are used to make

suspensions at bulk volumetric concentrations (ϕv) of 0.05% to 0.27%. The measurements

are performed at Reynolds number (Re) of 20,000, 40,000, and 60,000. The measurement

technique explained in Section 3.4 is used to measure the Lagrangian velocity and determine

the position of the particles.

6.1 Introduction

Turbulent flows laden with solid particles frequently occur in slurry pipelines, fluidized beds,

and pneumatic conveying systems. In these systems, the particles are transported through

several mechanisms including gravitational settling, dispersion by turbulence, turbophoresis

[Caporaloni et al., 1975], inter-particle collisions [Abrahamson, 1975], and shear-induced lift

[Saffman, 1965, Auton, 1987]. These mechanisms may oppose each other and their strength

varies with several conditions including fluid velocity and turbulence, particulate size and

density, and bulk particle concentration [Kussin and Sommerfeld, 2002, Picano et al., 2015,

Capecelatro and Desjardins, 2015, Capecelatro et al., 2018, Zade et al., 2018]. As a result,

the particles may not uniformly disperse in the carrier phase. This is specifically important

in the near-wall region since the local particle concentration directly affects the wear-rate
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of the surface material [Roco and Addie, 1987].

In a horizontal flow, the gravity tends to settle down the particles and increase their

concentration close to the lower wall. On the other hand, the carrier-phase turbulence

suspends the particles and disperses them in the flow. A few investigations modeled the

particle dispersion by turbulence as a diffusion mechanism [Karabelas, 1977, Nasr-El-Din

et al., 1987, Gillies and Shook, 1994]. In these models, the wall-normal flux of particles

is equal to a particle diffusivity coefficient, εb, times the wall-normal gradient of particle

concentration. Similar to the eddy diffusivity, since the characteristic length-scale of the

turbulent dispersion is comparable with the size of the particles, εb needs to be empirically

determined for each flow condition. Assuming that only gravity and turbulence diffusion

dominate particle transport, the profile of particle concentration has been approximated by

a power-law distribution in horizontal flows [Chien and Wan, 1999, Kiger and Pan, 2002].

In this case, the concentration reduces with increasing wall-normal distance, and it mainly

depends on the Rouse number, Vs/κuτ where Vs is the terminal settling velocity of the

particles, κ is the von Kármán constant, and uτ is the friction velocity [Sumer and Oguz,

1978, Marchioli et al., 2008]. However, on the contrary, a few experiments and simulations

have shown that the particle concentration can increase with increasing wall-normal distance

[Nasr-El-Din et al., 1987, Capecelatro and Desjardins, 2015, Fornari et al., 2016]. Such a

trend has been associated with large Re and bulk volumetric concentration (ϕv), and cannot

be predicted by the diffusion-based model. The deviation has been associated with other

mechanisms such as turbophoresis, shear-induced lift, particle-wall lubrication, and inter-

particle collisions.

The turbophoresis mechanism refers to the migration of particles toward regions with

lesser turbulence intensity [Caporaloni et al., 1975, Reeks, 1983, Marchioli and Soldati,

2002]. Since the particle transport in the wall-normal direction is studied, turbophoresis

is assumed to be proportional to the wall-normal gradient of wall-normal Reynolds stress,

d⟨v2b ⟩/dy. Here, vb is the wall-normal velocity fluctuation of the beads and ⟨⟩ refers to

the ensemble averaging. The strength of turbophoretic drift also changes with the Stokes
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number which is defined as the ratio of the particle relaxation time to the time scale of

the flow. The turbophoresis effect is most significant when the time scales of flow and

particles are comparable [Sardina et al., 2012, Lillo et al., 2016]. Turbophoresis typically

causes accumulation of particles in the near-wall region because of the steep gradient of

⟨v2b ⟩ [Caporaloni et al., 1975]. This type of concentration profile is usually referred to as a

wall-peaking profile.

An increase of particle concentration toward the channel centerline has been observed

in numerical simulations [Li et al., 2001, Marchioli et al., 2007, Capecelatro and Desjardins,

2015, Fornari et al., 2016] and experimental investigations [Shokri et al., 2017]. The DNS

of Fornari et al. [2016] demonstrated a concentration peak at the center of a channel at

volumetric concentration of 5.0%, and normalized bead diameter of d+b = 10 with StK =

8.8. The peak that forms about the channel centerline is usually referred to as core-peak.

Here, d+b is bead diameter normalized by the inner scaling. They attributed the core-peaking

to the beads migration toward the conduit core due to the shear-induced lift force.

The shear-induced lift is proportional to the volume of particle, slip velocity between

the solid and the liquid phase, and velocity gradient [Auton, 1987]. In a vertical solid-

liquid flow, Shokri et al. (2017) experimentally observed core-peaking only for the largest

investigated beads with d+b = 540 and StK = 14.0. They also conjectured that this particle

migration is due to shear-induced lift. Marchioli et al. [2007] also observed this trend in

their numerical simulation. The negative slip velocity in their upward flow created a lift

force which shifted concentration peak toward the center of channel.

In addition to the aforementioned transport mechanisms, inter-particle collisions can

also contribute to particle transport and affect the mean concentration profile. Different

statements are given on whether particle collisions contributed to core-peaking or wall-

peaking. Kussin and Sommerfeld [2002] stated that in a horizontal gas-solid flow, inter-

particle collisions can result in the ejection of particles from a high concentration near-wall

region to the outer flow. The particles approaching the concentrated near-wall region may

also collide with the particles and rebound toward the central region. Therefore, the inter-
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particles collisions were believed to promote core-peaking.

On the other hand, Picano et al. [2015] stated inter-particle collisions make it difficult for

a particle to move away from the concentrated near-wall region, and therefore it contributes

to formation of a wall-peaking profile. The lubrication effect is critical in solid-liquid flows.

This force acts as a repulsive force when a particle approaches the wall or another particle,

and as an attractive force when they move away from each other. This makes the lubrication

force as a cohesion that tends to stabilize the motion of particles. It is believed that a

combination of lubrication effect and inter-particle collision traps the particles in near-wall

region of solid-liquid flows [Baker and Coletti, 2019].

In this study, the local concentration and velocity statistics of glass beads are investi-

gated in the near-wall region of a horizontal liquid channel flow. For this purpose, time-

resolved three-dimensional particle tracking velocimetry (3D-PTV) based on the shake-the-

box algorithm [Schanz et al., 2016] is applied. The experiments included suspensions at bulk

volumetric concentrations of 0.05, 0.12, and 0.27%, and at Re of 20,000, 40,000, and 60,000.

This range of flow conditions results in both wall-peaking and core peaking concentration

profiles, and allows to evaluate the contribution of particle transport mechanisms.

6.2 Flow conditions

Spherical glass beads with nominal diameter, db, of 210 µm and a narrow distribution with

a standard deviation of about 20 µm were used as the particulate phase. The beads had

a density, ρb, of 2.6 g/cm3. Nine sets of experiments were conducted at bulk volumetric

concentrations, ϕv, of 0.05%, 0.12%, and 0.27%, each at three Re of 20,000, 40,000, and

60,000. The Re is calculated based on the channel height (h) and average velocity (Uavg)

across the test section. Due to the blockage of the imaging system and the laser sheet

of the 3D measurements, it was not feasible to increase the concentration beyond 0.27%.

Assuming a uniform dispersion, for ϕv = 0.05%, 0.12%, and 0.27%, the ratio of the mean

distance between the beads to db were 12.0, 9.2, and 6.4, respectively.

A set of experiments were also performed in unladen flow to characterize the turbulence
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Table 6.1: The unladen flow conditions obtained from 3D-PTV.

Re Reτ uτ (m/s) λ (µm) τf (ms) τK (ms)

20,000 525 0.056 14.3 0.25 7.4

40,000 985 0.105 7.6 0.07 2.6

50,000 1,435 0.153 5.2 0.03 1.4

in the channel. In these experiments, the liquid flow was seeded with 2 µm silver-coated glass

beads (SG02S40, Potters Industries) with a density of 4 gr/cm3. The tracers were smaller

than the wall unit for all investigated Re and had a response time of 1.0 µs. Their St was

4.4×10−3 at Re = 20,000 and increased to 0.036 at Re = 60,000. The St is calculated using

the inner time scale of the turbulent flow, as will be discussed in the following paragraphs.

The results presented in this chapter are normalized using inner scales of the unladen

turbulent channel flow, which are estimated from the mean velocity profiles of the unladen

flow using the Clauser method [Clauser, 1956]. The estimated friction velocity, uτ , and

inner length scale, λ, are presented in Table 1 for different Re. In this table and the rest

of the manuscript, Reτ is calculated based on the friction velocity and half-channel height

(h/2). The quantities normalized using inner scaling of the unladen flow are indicted by

superscript ‘+’ in the following sections.

The beads relaxation time (τb) and the characteristic time scale of the flow (τf ) are

also estimated to calculate the Stokes number, St = τb/τf . The beads relaxation time is

calculated using Eqs. 2.29 and 2.20. Here, fd = 1.64 which gives τb = 5.0 ms. In these

equations, the dynamic viscosity of the water is considered 7.7× 10−4 kg/m.s at 30 °C. The

time scale of the flow can be estimated using the inner time-scale τf = ν/u2τ , where ν is the

kinematic viscosity of the fluid. The flow time-scale for different Re is provided in Table

6.1. The time-scale of flow increases toward the channel centerline, and this estimation of

τf only applies to the near-wall region. Table 6.1 also provides the Kolmogorov time scale

of the flow (τK) at the channel centerline that is calculated using the relations introduced

by Milojevié [1990].

Using the unladen flow conditions provided in Table 6.1, the dimensionless numbers of
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Table 6.2: The dimensionless numbers of the particle-laden flow.

Re d+b St+ StK P

20,000 14.6 20.16 0.68 1.30

40,000 27.6 72.00 1.93 0.69

50,000 40.3 168.00 3.60 0.47

the particle-laden flow including d+b = db/λ, St
+ = τb/τf , StK = τb/τK , and Rouse number

P = Vs/κuτ are presented in Table 6.2.

6.3 Evaluation of the unladen flow

To obtain the inner scaling of the turbulent flow, the unladen velocity profile is analyzed.

The uncertainty of the 3D-PTV is also investigated by comparing the statistics of the

unladen flow of water at Re = 20,000 (Reτ = 525) with the DNS of Lee and Moser [2015] at

Reτ of 543 and 1000. The semi-logarithmic mean velocity profiles are presented in Figure

6.1a. The 3D-PTV results deviate from the law of the wall in the viscous sublayer (y+ < 5

at Re = 20,000, y+ < 7 at Re = 40,000, and y+ < 12 at Re = 60,000). The discrepancy is

associated with larger errors in the disparity map of the self-calibration process; the near-

wall region has larger disparity error compared with layers at a farther distance from the

wall. The deviation from the DNS decreases with increasing y+ and becomes smaller than

2.5% at y/h > 0.005 (y+ > 5 at Re = 20,000, y+ > 9 at Re = 40,000, and y+ > 14 at Re =

60,000). This deviation is equivalent to 0.03 pixel in estimating the particle displacement

between two consecutive image frames. The mean velocity profile agrees well with the

logarithmic law of the wall, ⟨Uf ⟩+ = 1/κln(y+) + B, with the von Kármán constant κ of

0.38 and B = 4.6. This agreement confirms the accuracy of the 3D-PTV and the fully

developed state of the turbulent channel flow.

The 3D-PTV measurement of the non-zero components of the Reynolds stress tensor for

the unladen flow are compared with DNS of Lee and Moser [2015] in Figure 6.1b. For y+ > 3

at Re = 20,000, the maximum difference between 3D-PTV and DNS is about 0.03, 0.02,
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and 0.02 pixels for ⟨u2f ⟩, ⟨v2f ⟩, and ⟨w2
f ⟩, respectively. Because of the smaller displacement of

the beads and tracers in the wall-normal direction, this uncertainty translates into a larger

relative error for ⟨v2f ⟩, which is 12.2% at y+ = 26. In general, the unladen flow measurements

of the 3D-PTV agrees with the DNS at y/h > 0.005 with maximum uncertainty of 0.15uτ

(0.03 pixel) for mean velocity and Reynolds stresses. This analysis is also performed for

Re = 40,000, and the y/h > 0.005 range is also valid for this Re. Our investigations shows

that the y/h > 0.005 range also applies to other Re number and corresponds y+ > 15 at

Re = 60,000. This evaluation of uncertainty also applies to the 3D-PTV measurement in

the particle-laden flow since the image of the beads and the tracers both form a Gaussian

intensity profile with approximately 3 pixel diameter.

(a) (b)

Figure 6.1: Profiles of the normalized (a) mean streamwise velocity, and (b) Reynolds
stresses for the unladen flow at Reτ = 525. The results are compared with the DNS of
channel flow by Lee and Moser [2015] at Reτ of 543 and 1000.

6.4 Local particle distribution

The effect of Re and ϕv on the mean concentration profile of the glass beads is investigated

in Figure 6.2. The number of beads detected in each bin (N) is normalized by the average

number of beads per bin (Navg). Normalizing by Navg makes the profiles independent of
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the bin size since the average value across the domain equals unity.

Figure 6.2a presents the normalized concentration profiles at Re = 20,000. This Re

has the largest Rouse number of 1.30. The stronger effect of settling than the turbulence

dispersion results in the significantly larger concentration of the beads near the bottom wall.

However, the beads stay fully suspended in the flow and particle bed does not form in the

channel. Starting from the middle of the channel, the concentration profiles of Figure 6.2a

increase monotonically toward the wall and reach a maximum at y+ = 12 (y ∼ db). This

location of the maximum concentration corresponds to the bin with db/2 < y < 3db/2. The

thin layer at the immediate vicinity of the wall with lower bead concentration is associated

with the lubrication effect as stated by Picano et al. [2015]. The ratio of the maximum

concentration to the average concentration in the measured volume is 2.6 for ϕv = 0.05%

which slightly increases to 2.75 for ϕv = 0.12% and 2.85 for ϕv = 0.27%.

At Re = 40,000, the Rouse number reduces to 0.69, and turbulence dispersion becomes

more effective than gravity. Strong dispersion of the beads due to turbulence tends to

flatten the concentration profile and reduce its peak value. The maximum concentration

occurs at y+ = 25 (y ∼ db), and the peak values are 1.38, 1.44, and 1.58 for the smallest to

the largest ϕv, respectively. Figure 6.2b also shows that with increasing y+ for ϕv = 0.05%,

the concentration does not monotonically reduce from the wall after y+ > 25. The number

density profile reaches a minimum at y+ = 210, and local concentration increases toward

the channel centerline beyond this point. This trend vanishes at higher concentrations of

0.12% and 0.27%.

The distribution profiles at Re = 60,000 in Figure 6.2c show a similar trend as Re =

40,000. The Rouse number is 0.47 at this Re. At ϕv = 0.05%, with increasing y+, a shallow

near-wall peak forms at y+ = 40 (y ∼ db) followed by a flat section and then a steep increase

toward the channel centerline. The distribution profiles of ϕv = 0.12% and ϕv = 0.27% are

similar with a wall-peaking trend.

The measurements show a wall-peaking concentration profile for all the cases with ϕv =

0.12 and ϕv = 0.27%. However, for ϕv = 0.05, such a concentration is only observed at the
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lower Re. A core-peaking profile is observed for ϕv = 0.05 at both Re = 40,000 and 60,000.

(a) (b) (c)

Figure 6.2: Distribution profiles of the beads at (a) Re = 20,000, (b) Re = 40,000, and (c)
Re = 60,000 for ϕv = 0.05%, 0.12%, and 0.27%.

The local concentration of particles (ϕl) as a function of y+ is shown in Figure 6.3. It

is noteworthy that the actual concentration may be larger from the results presented here

since the measurement technique was not able to track all the image particles in the domain.

However, our evaluation showed that in all measurements, about 70% of the 2D particle

images are tracked. Hence, the underestimation is consistent among all data set.

6.5 Mean velocity and Reynolds stresses

The mean velocity and Reynolds stresses of the beads are studied in this section. The

normalized mean streamwise velocity of the beads are plotted in Figure 6.4 for Re of 20,000,

40,000, and 60,000, respectively. Each figure also presents the results for ϕv = 0.05%, 0.12%,

and 0.27%. The velocity profiles of unladen flow are also shown for comparison. These

figures present the mean velocity in the range of y+ > d+b /2 which are reliable based on the

uncertainty analysis performed in Section 6.3.

In the vicinity of the wall, the beads have a larger velocity than the unladen flow. This

larger velocity is due to the sliding and rolling motions of the beads over the wall as they
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(a) (b) (c)

Figure 6.3: Local concentration profiles of the beads at (a) Re = 20,000, (b) Re = 40,000,
and (c) Re = 60,000 for ϕv = 0.05%, 0.12%, and 0.27%.

do not adhere to the no-slip boundary condition. With increasing ϕv, a noticeable increase

in the mean streamwise velocity of the beads is observed at y+ < 40. This flattening of

the velocity profile at higher ϕv can be attributed to a greater number of inter-particle

collisions. Farther away from the wall, the velocity of the beads is smaller than the fluid. It

is also observed that with increasing ϕv and Re, the point where the velocities of the beads

and the unladen flow are the same, moves toward the channel centerline. In general, the

beads have a smaller mean streamwise velocity than the unladen flow at y+ > 30, which

has been associated with the larger concentration of the inertial particles in the low-speed

regions of a turbulent flow [Kiger and Pan, 2002].

The effects of Re and ϕv on the Reynolds stresses of the beads are presented in Figure

6.5. At all the Re, ⟨u2⟩ reduces with increasing ϕv. This reduction can be due to the larger

number of non-elastic inter-particle collisions [Kussin and Sommerfeld, 2002]. Comparison

of Figures 6.5a-c demonstrates that, with the increase of Re, ⟨u2⟩+ reduce. The same trend

was also observed in the 2D-PTV measurement of Ahmadi et al. [2019]. This observation

was associated with the larger St at higher Re, which reduces the response of the beads to

the turbulent fluctuations of the fluid.
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(a) (b) (c)

Figure 6.4: Mean streamwise velocity profile of the beads at (a) Re = 20,000, (b) Re =
40,000, and (c) Re = 60,000 at various bulk volumetric concentrations. The velocity profile
of unladen flow from 3D-PTV at the same Re is also shown for comparison.

(a) (b) (c)

Figure 6.5: Reynolds stresses of the beads at (a) Re = 20,000, (b) Re = 40,000, and (c) Re
= 60,000 at various volumetric concentrations. For legends, see Figure 6.4.

6.6 Shear-induced lift force

It is intended in this section to evaluate the shear-induced lift force, also called the Saffman

lift force, and its potential effects on the distribution of the beads in turbulent channel flow.
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It was observed in Figure 6.2 that at ϕv = 0.05% and Re of 40,000 and 60,000, the number

density of the beads increased toward the channel centerline at y+ > 200. The role of the

shear-induced lift force in this observation is investigated in this section.

A bead that moves in a shear flow experiences a lift force proportional to the slip velocity

between the fluid and bead, the diameter of the bead, and the fluid velocity gradient. The

shear-lift force calculated analytically by Saffman [1965] for small beads in a uniform simple

shear flow and extended to larger particle Reynolds number (Rep) by Mei and Adrian [1992].

The Rep is defined based on the slip velocity, Uf − Ub. In a channel flow at moderate Rep

of about 40, the lift force is proportional to [Sommerfeld, 2003]

FSL ∼ ρfd
3
b (⟨Uf ⟩ − ⟨Ub⟩)

d⟨Uf ⟩
dy

. (6.1)

The subscript SL in this equation refers to the ‘shear lift’ term. The term d⟨Uf ⟩/dy is

estimated here by the velocity gradient of the unladen flow since the fluid phase velocity is

not measured in this study. Investigation of the results presented in Figure 6.4 shows that

the gradient of the streamwise velocity of the beads at y+ > 70 is almost equal to d⟨U⟩/dy

of the unladen flow. Hence, it is quite reasonable to assume that the fluid phase in laden

flow also has the same streamwise velocity gradient as unladen flow in this region. The

mean velocity in this region follows the logarithmic law and the gradient term in Eq. 6.1

can be estimated as

d⟨Uf ⟩
dy

=
uτ
κy

. (6.2)

Equation 6.2 shows that the velocity gradient term varies linearly with the friction

velocity in the log-law region. Hence, the magnitude of the lift force becomes larger at

larger Re which is the reason that core-peaking only occurs at Re of 40,000 and 60,000. At

Re = 20,000, the gradient term is small, and the lift force is not strong enough to create a

net migration of the beads toward the core region.

The beads usually have larger velocity than the fluid phase in the near-wall region,

while they become slower at further distances from the wall in solid-liquid turbulent flows

[Rashidi et al., 1990, Shokri et al., 2017, Ahmadi et al., 2019]. This implies that the wallward
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direction of the shear-lift force in the near-wall region changes toward the channel centerline

at some distances from the wall. This can create a local minimum at number density profiles

as shown in Figures 6.2b and 6.2c at y+ ∼ 200. Intensive shear-induced migration of the

beads was also observed in DNS of Fornari et al. [2016] at ϕv = 5.0% and Reτ = 180 for

density ratios of the order of 10 that led to a concentration peak at the channel centerline.

This trend became weaker with the increase of the density ratio and completely disappeared

at the density ratio of 1000.

It was observed in Figures 6.2b and 6.2c that the increase of local concentration toward

the channel centerline at y+ >∼ 200 does not happen at relatively larger concentrations

of 0.12% and 0.27%. This is due to the larger number of inter-particle collisions at larger

considerations and the wall-lubrication effect as discussed in the following sections. The

other reason may be the weakening of the lift force at larger concentrations.

6.7 Relative velocity between the beads

The inter-particle collision frequency is proportional to the radial relative velocity between

the nearby beads. The pressure build-up between the particles approaching each other,

and consequently, the lubrication force also depend on the magnitude of the radial relative

velocity. The collision between the beads can modify the distribution of the beads in

different ways. A frequent inter-particle collision at dense suspensions reduces the mean-

free path of the beads which prevents remarkable migration of the beads away from the wall.

This can confine the beads in concentrated regions and increase the local concentration near

the wall as observed in Figures 6.2b and 6.2c at ϕv = 0.12% and 0.27%.

In a monodispersed system with a number density of n, the collision frequency is pro-

portional to [Wang et al., 2000]

fc ∼ 2πd2p⟨|vr|⟩n, (6.3)

where n stands for the number density (particle/m3) that was investigated in previous

sections. In this equation, vr is the radial component of the relative velocity between the

beads that shows the velocity at which the beads approach each other. In order to obtain
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vr, pairs of the beads that have a smaller distance than 5.0db are detected (called beads a

and b), and their relative velocity vector (vr = va−vb) is projected on the vector connecting

bead a to the bead b (xr = xa − xb). It should be noted that the threshold chosen for the

distance between the beads does not affect the trends presented in this section.

A larger relative velocity between pairs of the beads intensifies the frequency of the

collision [Sommerfeld, 2003]. Variation of ⟨|vr|⟩ as a function of wall-normal distance at Re

of 20,000, 40,000, and 40,000 are shown in Figure 6.6. Results are normalized using the

inner scales of flow at Re = 20,000 (uτ,20, λ20). The profiles reach a peak at y/λ20 ∼ 20

and then reduce toward the channel centerline. The peak of ⟨|vr|⟩ is located near the wall

where the turbulent kinetic energy of the beads are maximum. The magnitude of ⟨|vr|⟩

also increases with increase of Re as can be seen in the figure. These trends imply that

the turbulence in the flow is the main source of relative velocity between the beads, and

consequently, inter-particle collisions.

(a) (b) (c)

Figure 6.6: Variation of ⟨|vr|⟩ as a function of λ20 at (a) Re = 20,000, (b) Re = 40,000, and
(c) Re = 60,000.

The probability density functions (PDF) of the radial relative velocity between the

detected pairs at 0 < y/h < 0.2 and Re of 20,000, 40,000, and 60,000 are presented in

Figure 6.7. The relative velocities at all Reynolds numbers are normalized by the friction
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velocity at Re = 20,000 (uτ,20). The effect of volumetric concentration is also shown in

this figure. The PDFs are calculated as the ratio between the number of data in each bin

(∆vr = 0.1 m/s) and the average number of data per bins. Because of the normalization,

the areas under all plots are the same. Negative values of vr correspond to the pairs of

the beads approaching one another where collision is likely to occur. On the other hand,

positive values of vr represent the beads departing from each other and may belong to the

state after the collision.

The PDFs show symmetric distribution with a peak at zero. It can be seen in Figure 6.7

that the peak has the largest value at ϕv = 0.05% for all the Re. At larger concentrations of

0.12% and 0.27%, the PDFs become wider with smaller peak value at vr = 0 compared to ϕv

= 0.05%. However, the comparison of Figures 6.7a-c shows that the effect of Re on ⟨|vr|⟩ is

more noticeable than the effect of volumetric concentration. The relative velocity between

the beads becomes larger at higher Re due to the strengthening of the energetic eddies

which are the dominant factor in creating the relative velocity between the beads [Wang

et al., 2000]. Figure 6.7 represents the PDF of vr for all the detected pairs at 0 < y/h < 0.2.

The PDFs may stretch or shorten as the y location varies. However, scrutiny of the data

shows that the PDF becomes invariant when it is normalized by ⟨|vr|⟩. The results of this

normalization are shown in 6.8.

Estimation of ⟨|vr|⟩ is required to predict the collision frequency in a turbulent flow. An

analytical model was developed by Zhou et al. [1998] and Wang et al. [2000] to calculate this

term for isotropic stationary turbulent flows using the eddy-particle interaction model and

assuming that vr has a Gaussian distribution. This model gives ⟨|vr|⟩ as a linear function

of the mean turbulent kinetic energy of beads (kb), namely, ⟨|vr|⟩ ∼ αkb. The constant α is

a function of the beads relaxation time. Variation of ⟨|vr|⟩ as a function of kb is plotted in

Figure 6.9 for the current experiments in horizontal turbulent channel flow. The quantities

are normalized by uτ,20 and specified by the superscript ‘*’. It can be seen that the effect

of concentration is much smaller than the effect of kb. Hence, it is reasonable to consider

⟨|vr|⟩ as a sole function of kb that can be estimated as (1.10±0.06)kb. The model developed
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(a) (b) (c)

Figure 6.7: Distribution of the radial relative velocity at (a) Re = 20,000, (b) Re = 40,000,
and (c) Re = 60,000 for volumetric concentrations of 0.05%, 0.12%, and 0.27%. The Gaus-
sian distributions with standard deviation corresponds to ϕv = 0.05% at each Re are added
to the plots for comparison.

(a) (b) (c)

Figure 6.8: Distribution of the radial relative velocity normalized by ⟨|vr|⟩ at (a) Re =
20,000, (b) Re = 40,000, and (c) Re = 60,000. For legends see Figure 6.7.

by Zhou et al. [1998] and Wang et al. [2000] with assumption of Gaussian distribution for

radial relative velocity predicts ⟨|vr|⟩ = 0.62kb for the current flow conditions. In a Gaussian
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distribution ⟨|vr|⟩/⟨|v2r |⟩1/2 = 0.8, while ⟨|vr|⟩/⟨|v2r |⟩1/2 for the data presented in Figure 6.7

is 0.73 ± 0.02. The deviation from Gaussian distribution, as can be seen in Figure 6.7,

and also the non-isotropic nature of the channel flow explains the discrepancy from the

aforementioned analytical model.

Figure 6.9: Mean value of the absolute radial relative velocity as a function of mean velocity
fluctuation of particles in the measured volume (0 < y < 3.0 mm). The presented quantities
are normalized by the friction velocity at Re = 20,000.

Only a fraction of the detected pairs in the measurement volume (0 < y/h < 0.2)

will have collision. If the required time for the collision between a detected pair is large,

the beads have sufficient time to respond to the flow and adjust themselves. Hence, the

collision has less probability to occur. The estimated time required for the collision, with the

assumption that the relative velocity remains constant as the beads approach each other,

is calculated as

τc =
|x r − db|2

v r. (x r − db)
. (6.4)

The estimated collision time for the beads approaching each other is normalized by the

time scale of the beads, τ+ = τc/τb, and its PDF is presented in Figure 6.10. The bin
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size for τ+ is considered 0.2, and the number of data in each bin is divided by the average

number of data in all the bins. Here, zero τ+ means the beads are in contact with each

other. It was noted in Section 3.4 that the pathlines with a distance smaller than 2.0 pix

(or 180 µm) to each other are removed from the data set. This threshold is smaller than the

distance between the centroid of two beads when touching each other. Hence, applying this

criterion has no significant effect on the results presented in Figure 6.10. The profiles reach

a peak at a small τ+ and become very small at τ+ ∼ 6. Figure 6.10 shows that the PDF of

τ+ is narrower at larger Re; the peaks move toward zero and its value becomes larger. The

peak occurs at τ+ = 0.35 for Re = 20,000, τ+ = 0.25 for Re = 40,000, and τ+ = 0.15 for

Re = 60,000. The peak location is almost independent of the concentration. When τ+ is

about one and smaller, the beads do not have sufficient time to respond to the local flow,

and the collision is more probable to occur.

(a) (b) (c)

Figure 6.10: Distribution of the estimated time before collision for the beads with centroid
distance smaller than 5.0db at (a) Re = 20,000, (b) Re = 40,000, and (c) Re = 60,000 for
volumetric concentration of 0.05%, 0.12% and 0.27%.

The cumulative distribution of |τ+| and its variation with Re and bulk concentration

is shown in Figure 6.11. The results show that increasing the Re improve the chance of

collision for a pair of nearby beads. Around 60% of the pairs at Re = 20,000 has τ+ < 1.0;
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this fraction rises to 70% at Re = 40,000 and 77% at Re = 60,000.

Figure 6.11: Cumulative distribution of |τ+| for Re of 20,000, 40,000, and 60,000.

6.8 Particle trajectory

The coherence of the beads motions is investigated in this section. For this purpose, the

temporal autocorrelation of the velocity fluctuation of the beads is calculated from their

Lagrangian trajectory. This autocorrelation function is defined as ρuu(s) = ⟨u(t)u(t +

s)⟩/⟨u(t)2⟩. Variation of ρuu as a function of t+ = s/τf,20 are shown in Figure 6.12 for Re

of 20,000, 40,000, and 60,000. The coefficients are calculated for the pathlines originated

at two wall-normal intervals: an inner interval at y/h < 0.02, and an outer interval at

0.16 < y/h < 0.18. For each Re, the intervals correspond to a different y+ zone as can be

seen in the figures. For each data set, 10,000 pathlines with a minimum length of 70 time

steps are used to calculate the coefficients.

In general, the autocorrelation coefficients reduce with increasing time distance. Figure

6.12 also show that the correlation coefficients, and consequently the time scale of the
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beads’ motion, become larger at farther distances from the wall. This is due to the larger

length and time scales of turbulent structures at larger distances from the wall. The results

represented in Figure 6.12 show a general trend for the effect of concentration on the ρuu.

The autocorrelation coefficients become larger with the increase of concentration. One

reason is the dampening of the turbulence at larger concentrations as discussed in Section

6.5. At smaller turbulence intensities, the beads can keep their motion for a longer time,

consequently, show a larger time scale or autocorrelation coefficient.

Larger ρuu at higher concentrations in the near-wall region corresponds to a larger

integral time scale of the beads motion, Tb. Larger Tb refers to a more coherent motion

in the near-wall region for ϕv = 0.12% and 0.27% at Re of 40,000 and 60,000. This can

indicate that the beads motion are stabilized in a narrower region due to the lubrication

effect. This can lead to an accumulation of the particles in the near-wall region as observed

in Figures 6.2b and 6.2c for ϕv = 0.12% and 0.27%.

(a) (b) (c)

Figure 6.12: Temporal autocorrelation of streamwise velocity fluctuation of the beads at
Re of (a) 20,000, (b) 40,000, and (c) 60,000.
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6.9 Conclusion

Distribution of glass beads in the near-wall region of a turbulent channel flow was inves-

tigated using a time-resolved three-dimensional particle tracking velocimetry (3D-PTV)

based on the shake-the-box method. Beads with a diameter of 210 µm were used to pro-

duce suspensions with the bulk volumetric concentrations of 0.05%, 0.12%, and 0.27%. The

measurements were carried out at three Re of 20,000, 40,000, and 60,000. The Re was

calculated based on the channel height and average velocity in the channel.

The Rouse number, P = Vs/κuτ , was 1.30 at Re = 20,000. The stronger effect of

gravitational settling than turbulence dispersion at this Re resulted in a monotonic increase

of local concentration toward the wall. Number density profiles reached a maximum at

y ∼ db. The effects of shear-induced lift force became more important at larger Re. At Re

of 40,000 and 60,000, the lift force due to the mean shear in the flow created a net migration

of the beads toward the channel centerline at small concentrations (ϕv = 0.05%). In these

cases, the distribution profile showed a minimum at y+ ∼ 200, and the local concentration

increased beyond this point. This trend vanished at denser suspensions with ϕv = 0.12%

and 0.27% due to the action of inter-particle collisions and lubrication effects. The larger

number of collisions reduced the mean-free path of beads between collisions that did not

allow the beads to escape from the concentrated regions near the wall. This trend also did

not happen at Re = 20,000 since the gradient term was small, and the lift force was not

strong enough to create a net migration of the beads toward the core region.

It was observed that the normalized concentration of the beads increases near the wall

with the increase of volumetric concentration. This can be due to the action of inter-particle

collisions and wall-lubrication force. At higher concentrations, the beads experience a larger

number of inter-particle collisions. This confined the beads in concentrated regions and

increased the local concentration near the wall. The collision frequency in particle-laden

flows is proportional to the average relative velocity between neighbor beads (⟨|vr|⟩). Pairs

of the beads with the central distance smaller than 5.0db were detected to study vr. The

investigation of radial relative velocity between the beads showed that ⟨|vr|⟩ was mainly a
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function of the turbulent kinetic energy of the beads. Investigating the variation of ⟨|vr|⟩

as a function of y+ revealed that ⟨|vr|⟩ reaches a maximum at y+ ∼ 20. This is the region

where the turbulent kinetic energy also has its maximum magnitude.

It was also observed that the beads motion in the near-wall region had a larger integral

time scale for ϕv = 0.12% and 0.27% at Re of 40,000 and 60,000. Larger integral time

scale means a more coherent motion which can be the result of the wall-lubrication effect.

The lubrication force can stabilize the beads motion in the near-wall region. This is in

agreement with the observed near-wall accumulation of particles for larger concentrations

of ϕv = 0.12% and 0.27% at Re of 40,000 and 60,000.
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Chapter 7

Particle-Turbulence Momentum
Coupling

A remarkable effort has been made by many researchers during the past decades to under-

stand the physics of particle transfer in turbulent flows. The dispersion of inertial particles

plays an important role in both environmental and industrial processes. Accurate predic-

tion of different forces acting on a particle is crucial in the modeling and simulation of the

beads dynamic in particle-laden flows. The quasi-steady drag is the main component in

momentum coupling between the particle and fluid. The viscous-unsteady force (also called

Basset history force) is another force that contributes to the beads’ acceleration. This force

is not investigated sufficiently despite its importance in solid-liquid turbulent flows. It is

aimed in this chapter to investigate the quasi-steady and viscous-unsteady terms using the

measured instantaneous velocity of the particles and their surrounding fluid.

7.1 Introduction

The equation of motion for a small rigid bead was developed by Tchen [1947] and Maxey

and Riley [1983] and is known as the Basset-Boussinesq-Oseen (BBO) equation. Neglecting

the body forces, this equation can be written for finite particle Reynolds number, Rep, as
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Fqs

+mf
DUf

Dt⏞ ⏟⏟ ⏞
Fsg

+mfCM

(︃
DUf

Dt
− dUb

dt

)︃
⏞ ⏟⏟ ⏞

Fam

+3πdbµ

∫︂ t

−∞
KB(t− τ)

d(Uf −Ub)

dτ
dτ⏞ ⏟⏟ ⏞

Fvu

.

(7.1)

The left-hand side of the equation represents the net force on a bead as a product of the

net acceleration and mass of the bead (mb). Here, the velocity vector is specified by U and

the subscripts f and b refer to the fluid phase and the beads, respectively. It should also be

noted that Uf refers to the undisturbed fluid velocity at the bead position. The right-hand

side of the equation shows the contribution of quasi-steady force Fqs (often called the Stokes

drag), the stress-gradient force Fsg, the added-mass force Fam, and the viscous-unsteady

force Fvu (also known as the Basset history force) from left to right. In this equation ρ, µ,

and ν stand for density, viscosity, and kinematic viscosity of the fluid, and db is the diameter

of the bead. In this equation, CM is the added-mass coefficient, and mf is the mass of fluid

displaced by the particle. The added-mass term arises from the temporal acceleration of

the particle and its surrounding fluid. The last term in the equation is the Basset history

force which accounts for the unsteady viscous effects.

The early researches on the particle dynamics focused on an isolated particle usually

located in a uniform flow at small particle Reynolds number [Mei, 1992, Bagchi and Bal-

achandar, 2002, Limacher et al., 2018]. The analysis becomes more complicated at the

presence of the wall which creates spatial nonuniformity in the flow. Presence of other

particles, such as the case in particle-laden flows, also affects the situation through the

inter-particle interaction and backward coupling at relatively dense flows [Ling et al., 2013].

The quasi-steady force is the most dominant one on the particles in gas-solid flows where

ρb/ρf ≫ 1. However, the inertial forces (added-mass and stress-gradient) and history force

become important in solid-liquid flows where ρb/ρf ∼ 1. The scaling analysis of Bagchi and

Balachandar [2002] showed that the ratio of the inertial and history forces to the quasi-
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steady force are

Fam + Fsg

Fqs
=

1

ρb/ρf + CM
, (7.2)

and

Fvu

Fqs
=

1√︁
ρb/ρf + CM

. (7.3)

For the simplest situation of one spherical particle in a free stream CM = 0.5, which

often serves as a reference value in two-phase applications. Simcik and Ruzicka [2013]

calculated the added-mass coefficient in different flow situations including isolated and array

of spherical and ellipsoidal particles. It was observed that CM is smaller than 0.5 away from

the wall and reduces slightly with the increase of the volumetric concentration of particles.

This coefficient for a single particle moving parallel to the wall also reaches 0.58 at very

small distances from the wall.

Several numerical and experimental evidence has shown that the viscous-unsteady force

has a significant contribution to the acceleration of the particles moving close to a surface

[Armenio and Fiorotto, 2001, Olivieri et al., 2014]. Olivieri et al. [2014] investigated the

effect of this force on particle clustering in an isotropic homogeneous turbulent flow. It

was observed that this force is responsible for about 10% of the total acceleration of the

particles. Numerical analysis of Armenio and Fiorotto [2001] also showed that in a solid-

liquid flow with a density ratio of 2.65, the ensemble average of the ratio of viscous-unsteady

force to quasi-steady drag over time is about 0.4 that remains almost constant with an

increase in density ratio. Traugott and Liberzon [2017] found out that the magnitude of

the viscous-unsteady force is approximately one-half of that of the lift force that results in

the suspension of buoyant particles in the liquid flow. However, the viscous-unsteady force

is often neglected in numerical investigations since a history integral needs to be calculated

which is computationally time and memory consuming.

The viscous-unsteady force arises due to the temporal delay in the development of the

boundary layer around suspended particles. This term contains a kernel, KB(t), that decays

as t−1/2 in the limit of zero particle Reynolds number [Basset and Strutt, 1888]. It was later

observed that the kernel of the Basset force at finite Rep has a decay rate of -1/2 at small
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times and a decay rate of -2 at larger times. The relation proposed by Mei and Adrian

(1992) for Basset kernel was provided in Eqs. 2.26 and 2.27 which are repeated here

KB(t− τ) =

{︄[︃
4πν(t− τ)

d2b

]︃1/4
+

[︃
π|U f −U b|3(t− τ)2

dbνfh

]︃1/2}︄−2

, (7.4)

where

fh =

[︃
0.75 + 0.105

(︃
db|U f −U b|

ν

)︃]︃3
. (7.5)

The review of the literature reveals that very little information is available on nature

of the flow field and the resulting forces in turbulent channel flow where the turbulence

is non-homogeneous and non-isotropic. In the current investigation, The quasi-steady and

viscous unsteady forces on the particles in a horizontal turbulent channel flow at the bulk

Reynolds number of 20,000 are calculated. Glass beads with a diameter of 210 µm are

used to produce suspension at a volumetric concentration of 0.05%. The magnitude of

the Basset kernel and the time interval required for its calculation are also investigated

at various particle Reynolds numbers. The contribution of the quasi-steady drag to the

particle acceleration is calculated. For this purpose, the three-dimensional instantaneous

velocity of the beads and their surrounding fluid is measured using time-resolved volumetric

particle tracking velocimetry based on the shake-the-box (STB) algorithm [Schanz et al.,

2016].

7.2 Experimental Design

A set of spherical glass beads with nominal diameter (db) of 210 µm was used as the

particulate phase. The beads had a density (ρb) of about 2600 kg/m3. The beads had

a narrow distribution with a standard deviation of about 20 µm. The experiments were

conducted at the bulk volumetric concentrations (ϕv) of 0.05% and Re of 20,000. The Re is

calculated based on the channel height (h) and average velocity (Uavg) at the test section.

A set of experiment was also performed in unladen flow to characterize the turbulence

in the channel. The results of this experiment were provided in Section 6.3. In these

experiments, the liquid flow was seeded with 2 µm silver-coated glass beads (SG02S40

119



Potters Industries) with a density of 4.0 gr/cm3. The tracers were smaller than the wall

unit with a small response time of 1.0 µs. This results in the St+ of 4.4 × 10−3. The

inner time scale of the turbulent flow is used to calculate St+. The experimental conditions

remain the same as Chapter 6, and the flow conditions and inner scales can be found in

Tables 6.1 and 6.2 for Re = 20,000.

The measurement system and imaging setup were detailed in Section 3.4. The pathlines

of the beads and fluid tracers were obtained using a Lagrangian three-dimensional particle

tracking velocimetry based on the STB method [Schanz et al., 2016]. Quadratic regression

was applied to the detected trajectories to enhance the accuracy of particle positioning and

to obtain the particle velocity using a script developed in MATLAB (R2018a, MathWorks).

The kernel size of the regression was selected based on the method used by Voth [2000]

and Ebrahimian et al. [2019]. It was observed that the variance of streamwise acceleration

deviates from the fitted exponential function and increases noticeably due to particle posi-

tioning errors for the kernel size smaller than 7 time steps. Therefore, the kernel size of 7

was selected for regression, and the instantaneous velocity of the beads was obtained from

the coefficients of the fitted quadratics.

7.3 Estimation of undisturbed fluid velocity

The quasi-steady and viscous-unsteady terms contain the slip velocity term, Uf −Ub, which

is the difference between the beads velocity and fluid velocity estimated at the centroid of

the beads. In optical measurements, the tracers in the vicinity of the beads are usually

used to estimate the flow velocity at the beads centroid. Meller and Liberzon [2015] and

Traugott and Liberzon [2017] used the inverse distance weighting interpolation method to

estimate the fluid velocity at the bead position. They used the velocity of surrounding

tracers obtained from 3D-PTV and estimated the undisturbed fluid velocity as

Uf =
ΣiUir

−n
i

Σir
−n
i

. (7.6)

Here, n should be determined empirically, and ri is the distance between the tracer and

bead centroid as depicted in Figure 7.1. Traugott and Liberzon [2017] proposed n = 3 based
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on their 3D-PTV data in a turbulent boundary layer.

Figure 7.1: Interpolation of fluid velocity at the beads centroid using the velocity of sur-
rounding tracers.

This method is computationally simple and accurate if enough number of tracers exist

in the vicinity of the beads. However, it is difficult to have enough tracers in a small volume

around a bead due to the limitation on the particle image density. This challenge becomes

more serious in case of calculating the Basset force since it needs tracking of a bead and its

surrounding tracers through successive time steps. The beads may cover the tracers or the

tracers may leave the close vicinity of the bead during the tracking. This condition reduces

the number of successfully tracked beads required for statistical convergence.

In this study, the vortex-in-cell plus (VIC+) method developed by Schneiders and

Scarano [2016] was used to reconstruct the instantaneous velocity field of the liquid phase

from the time-resolved PTV data. This technique employs both instantaneous velocity and

Lagrangian derivative of velocity to reconstruct the velocity field on a regular fine grid.

Here, a two-dimensional median filter was first applied to separate the image of particles

and tracers as explained in Section 3.2. After the phase discrimination and applying STB,

the velocity of liquid tracers was employed to reconstruct the velocity fields using VIC+.

This process was performed in Davis 10 (LaVision GmbH). The reconstructed velocity was
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considered as the undisturbed velocity field, and Uf was interpolated at the location of

beads centroids. The grid size was considered equal to 8 voxels (0.64 mm) which discretized

the field of view into 6 vectors in the wall-normal direction.

7.4 Results and discussions

The momentum transfer between the beads and their surrounding fluid arises due to the

velocity difference between them. The forces acting on the beads mainly depends on the slip

velocity and Rep. The mean velocity profile of the beads and the fluid phase is presented

in Figure 7.2a. It is shown that the beads have a smaller mean velocity than the fluid

phase at y/h > 0.12 which is due to the preferential accumulation of the beads in the low-

speed regions. The beads migrating from the central regions toward the wall retain their

streamwise velocity for a longer time than the fluid phase because of their larger inertia.

This result in a larger mean velocity of the beads than the fluid phase in the near-wall

region.

(a) (b)

Figure 7.2: Variation of (a) mean velocity of the beads and the fluid phase normalized by
the friction velocity, and (b) absolute value of the mean particle Reynolds number as a
function of y/h.
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The kernel of the Basset force and the correction factor in the quasi-steady term (fd) is

a function of the Rep. Particle Reynolds number is defined based on the difference between

the velocity of the bead and fluid velocity interpolated at the centroid of the beads (also

called undisturbed fluid velocity). Variation of the absolute value of Rep at 0 < y/h < 0.2

is shown in Figure 7.2b. It can be seen that it reduces from ∼ 25 in the near-wall region

to ∼ 2.0 at y/h = 0.2. The larger value of Rep near the wall is due to the larger St in this

region that reduces the velocity fidelity of the beads to the local flow. The finite value of

Rep implies the deviation of the flow field around the beads from the Stokes regime and

highlights the necessity of using the correction factor (fd) for quasi-steady force and the

modified version of the Basset kernel.

Probability density function (PDF) of the acceleration of the beads and the fluid phase

in the streamwise, wall-normal, and spanwise directions normalized by their standard devia-

tions (σai) are shown in Figure 7.3. The distributions are scaled to have a maximum value of

the PDF equal to unity. This lets an easier comparison of the PDFs between various values

of ai/σai . The figure shows that all PDFs are almost identical at |ai/σai | ≤ 6, and the PDF

values reduce below 10−4 beyond this range. The similarity between the distribution of nor-

malized acceleration of tracers and inertial beads was observed before in homogeneous and

isotropic turbulent flows. The experimental investigation of Meller and Liberzon [2015] in

a quasi-homogeneous and quasi-isotropic turbulent flow showed that the acceleration PDF

of relatively small particles is independent of the particle size and density. Experiments of

Qureshi et al. [2007] in an isotropic flow also showed that normalized acceleration PDF has

a universal behavior in the size range of db = 12− 25η. Here, η refers to the dissipative or

Kolmogorov length scale.

The distributions fit a stretched exponential function which is shown in Figure 7.3. The

exponential function was proposed by Voth [2000] for PDF of acceleration in turbulent flow

between counter-rotating disks as

P (a) = Cexp

(︃
−a2

(1 + |aβ/ε|γ) ε2

)︃
. (7.7)

For the current set of data, C = 1.0, β = 0.52, ε = 0.75, and γ = 1.47. Parameter C is
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Figure 7.3: Probability density function of the acceleration of the beads and fluid phase in
the x, y, and z directions normalized by their standard deviations. The beads and fluid data
are presented by the filled circle and diamond markers, respectively. Different directions
are specified by different colors as shown in the legend.

chosen equal to unity to get P (0) = 1.0. Other parameters are obtained using a nonlinear

least square method.

7.4.1 Viscous-unsteady force

The acceleration due to the viscous-unsteady force on the beads is calculated in this section.

This quantity will be referred to as viscous-unsteady acceleration in the rest of the chapter.

This term contains an indefinite integral which includes the derivative of the relative velocity

between the phases as can be seen in Eq. 7.1. It was shown later that the viscous-unsteady

force only requires integration over a finite temporal range [Dorgan and Loth, 2007]. In

other words, the integration converges to the solution after a finite time interval. The
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other issue is that the integrand is singular when the upper integration limit is enforced,

(t− τ) → 0.

In order to overcome the singularity of the integrand at t = τ , the trapezoidal-based

method is used to approximate the integral [van Hinsberg et al., 2011]. The integral term

after the temporal discretization becomes

I(n) =

∫︂ t

0

U̇

K(t− τ)
dτ =

∫︂ n∆t

0

U̇

K(t− τ)
dτ =

∆t

6
Σn−1
i=1

⎡⎣ U̇ i−1

K (n∆t− (i− 1)∆t)
+

2
(︂
U̇ i−1 + U̇ i

)︂
K (n∆t− (i− 0.5)∆t)

+
U̇ i

K (n∆t− i∆t)

⎤⎦+

0.9∆t

6

⎡⎣ U̇n−1

K (∆t)
+

2
(︂
U̇n−1 + U̇n

)︂
K (0.55∆t)

+
U̇n

K (0.1∆t)

⎤⎦+

0.1∆t

2

[︄
8
√
2

3

U̇n

K (0.05∆t)
− 4

3

U̇n

K (0.1∆t)

]︄
.

(7.8)

The above relation estimates the integral for a finite time interval of n∆t. In this equation,

the U̇ term is used instead of d(Uf −Ub)/dτ and K = K−1
B . The term ∆t refers to the time

step between the frames which is equal to the reciprocal of the image acquisition frequency,

1/f , where f = 2, 400 Hz. This integral is calculated for pathlines with different Rep as a

function of n to find a proper kernel size that yields converged results. The results for three

sample pathlines are shown in Figure 7.4. The average Rep along these patlines are 12.8,

35.0, and 60.0. The average Rep for most of the detected pathlines falls within this range.

Figure 7.4 shows that the integral term approaches the converged solution with 2%

accuracy after n = 30 for all pathlines. Consequently, n = 30 is chosen to calculate the

viscous-unsteady term in this research. This is equivalent to n∆t = 12.5 ms. Scrutiny of

the data shows that the required time interval for the calculation of the Basset force term

is about 1.5τuv. Here, τuv is the viscous-unsteady time-scale. This time scale is defined as

the time where the transition from the slower to the faster decay rate of the Basset kernel

occurs. By equating the first and second terms of the Kernel term provided in Eq. 7.4, τuv
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Figure 7.4: Variation of the integral term as a function of n. The results are normalized by
the I (nmax = 75).

can be estimated as

τvu =

(︃
4d2b
πν

)︃1/3(︃
0.75 + 0.105Rep

Rep

)︃2

. (7.9)

Variations of the Basset kernel term as a function of t/τuv(= n∆t/τuv) for the three

selected pathlines are shown in Figure 7.5. At small values of t/τuv < 0.1, Basset kernel

decays as ∼ t−1.0 and the decay rate changes to -2.5 at t/τuv ∼ 4. It is also shown in

the figure that the transition from the slower to the faster decay of the kernel occurs at

t/τuv ∼ 1.0. At the intermediate values of 0.1 < t/τuv < 4.0, the effect of instantaneous

Rep on the kernel size is significant which affects the magnitude of the Basset force.

The PDF of normalized acceleration due to the Basset force in the x, y, and z directions

are shown in Figure 7.6. The standard deviation, skewness, and kurtosis of the data are

provided in Table 7.1. The statistics are close together in the y and z directions. The
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Figure 7.5: The Basset kernel (KB) as a function of t/τuv where t = n∆t is the kernel size
used for calculation of KB.

distributions are almost symmetrical, and the skewness of the data is close to zero. The

directional preference becomes apparent in the x direction. The viscous-unsteady accelera-

tion in x direction has larger statistical moments than other directions. This is due to the

larger relative velocity in the streamwise direction. The exponential function provided in

Eq. 7.7 is also used here to fit the data. The constants are C = 1.0, β = 0.44, ε = 0.75,

and γ = 1.47. The fitting coefficients ε and γ remain the same for the viscous-unsteady and

total acceleration. Comparison of Figures 7.3 and 7.6 also shows that the PDFs of Basset

force has a weaker tail than the PDFs of the total acceleration.

The correlation of the Basset acceleration (aB) with the total acceleration (aT ) is inves-

tigated here. For this purpose, the joint probability density function (JPDF) of aB and aT

in the x, y, and z directions are shown in Figure 7.7. A line is also fitted to the data using

the least-square method that reveals how ⟨aB⟩ varies with aT . The fitted lines have negative

slopes of −0.29, −0.49, and −0.45 in the x, y, and z directions, respectively. The negative
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Table 7.1: Summary of statistical moments of the viscous-unsteady force on the beads.

Direction standard deviation skewness kurtosis

streamwise 1.1× 10−7 0.17 6.6

wall-normal 8.8× 10−8 -0.02 5.1

spanwise 8.1× 10−8 -0.02 5.0

slopes show that the Basset force tends to reduce the magnitude of the accelerations. In

other words, the Basset acceleration is generally negative when the total acceleration is

positive and vice versa. The bin size is considered equal to 0.2× 0.2 in Figure 7.7, and the

JPDF percentages vary from 1.0% to 7.0% in steps of 1.5% for the most inner to the most

outer contour, respectively.

To investigate the temporal behavior of the viscous-unsteady acceleration, the power

spectral density (PSD) of aB in the x, y, and z directions are shown in Figure 7.8a. It can be

seen that at small frequencies of f < 40 Hz, the streamwise viscous-unsteady acceleration,

aBx, has a larger energy content than aBy and aBz. The Basset acceleration fluctuates

due to the velocity fluctuation of the beads and fluid phase. It was observed by Kulick

et al. [1994] that the turbulent energy is contained at higher frequencies in the transverse

directions compared to the streamwise direction. The PSD plots are also normalized by the

area under their curves (
∫︁
Eadf) and the results are shown in Figure 7.8b. The trends are

almost the same as Figure 7.8a. However, the the curves cross at f ∼ 30.

7.4.2 Quasi-steady force

The acceleration due to the quasi-steady force is calculated and scrutinized in this section.

This quantity will be referred to as quasi-steady acceleration. The correction factor fd =

1 + 0.15Re0.687p is used to incorporate the effect of finite Reynolds number [Schiller and

Naumann, 1933]. The scaling analysis of Bagchi and Balachandar [2002] implies that the

quasi-steady force has the largest contribution to the total acceleration among all the forces

included in Eq. 7.1. The PDF of the quasi-steady acceleration (aS) in the x, y, and z

directions on all the particles particles at 0 < y/h < 0.2 are shown in Figure 7.9. The
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Figure 7.6: Probability density function of the viscous-unsteady acceleration of the beads
in the x, y, and z directions normalized by their standard deviations.

standard deviation, skewness, and kurtosis of the data are provided in Table 7.2. The

standard deviation of acceleration in the streamwise direction is around two times of that

in the wall-normal and spanwise directions. This is due to the larger slip velocity in the x

direction.

The streamwise quasi-steady acceleration shows a positive skewness which is larger than

the skewness in transverse directions. It was shown in Figure 5.3a that the beads move

slower than their surrounding flow in the near-wall region. This causes the slip velocity,

and consequently, the quasi-steady force, be skewed to the right. It was also stated by

Ebrahimian et al. [2019] that the fluid applies a net positive force on the beads to accelerate

them in the streamwise direction. They showed that the mean streamwise acceleration is

positive at y+ > 20. Their experiment was performed in the same channel flow setup as
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(a) (b) (c)

Figure 7.7: Joint probability density function of the beads total acceleration and its Basset
component in (a) streamwise, (b) wall-normal, and (c) spanwise directions. The linear
variations of aB as a function of aT are also presented in the plots.

the current study at the bulk Re of 29,000.

The stretched exponential function fitted to the data is also shown in the figure. The

fitting parameters are C = 1.0, β = 0.50, ε = 0.62, and γ = 1.67.

Table 7.2: Summary of statistical moments of the quasi-steady force on the beads.

Direction standard deviation skewness kurtosis

streamwise 4.2× 10−7 1.04 10.0

wall-normal 1.7× 10−7 -0.12 5.5

spanwise 2.1× 10−7 -0.01 5.6

The JPDFs of the quasi-steady acceleration and net acceleration in the x, y, and z

directions are provided in Figure 7.10. The data is more scattered around the line calculated

based on the least-square method compared to the JPDFs presented in Figure 7.7. This

is due to the larger standard deviation of aS than aB. It can be seen in Figure 7.10a

that the data are scattered around the line ⟨aSx⟩ = 1.44aTx + 0.01. This means that, on

average, the quasi-steady force is 1.44 times of the net force applied by the fluid on a bead

in the streamwise direction. This shows that the quasi-steady force is the main source of

acceleration in the streamwise direction in turbulent channel flow.

Figures 7.10b and 7.10c show that the correlation between aS and aT becomes weaker
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(a) (b)

Figure 7.8: (a) Power spectral density and (b) normalized PSD (ĒaB ) of the viscous-
unsteady acceleration in the streamwise, wall-normal, and spanwise directions.

in the y and z directions. The slope of the fitted line reduces to 0.15 and 0.16 in the y

and z directions, respectively. The slip velocity is smaller in the y and z directions than

x direction which reduces the significance of the quasi-steady force. Hence, the effect of

other forces become more important. For example, the shear-induced lift force, which is

neglected in Eq. 7.1, is important in the y direction near the wall. The velocity gradient is

large near the wall which makes the shear-induced lift force significant. The JPDF plot in

the spanwise direction is symmetrical around the origin to a considerable extent as can be

seen in Figure 7.10c. This is because of the flow symmetry in the z direction.

The frequency content of the quasi-steady acceleration is shown in Figure 7.11a using

spectral analysis. The acceleration has the largest energy content over the whole frequency

range in the x direction. The energy content becomes smaller in the z direction and reduces

to a minimum in the y direction. This trend was expected since the fluctuation in quasi-

steady acceleration is directly related to the velocity fluctuation in the flow field. Since

the velocity fluctuation is larger in the x direction, it generates stronger fluctuation in

the streamwise acceleration. The results are also normalized by the area under the curves
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Figure 7.9: Probability density function of the quasi-steady acceleration in the x, y, and
z directions normalized by their standard deviations. The stretched exponential function
fitted to the data is also presented.

(
∫︁
Eadf), and the results are provided in Figure 7.11b. The normalized energy content

(ĒaS ) is larger in the streamwise direction than wall-normal and spanwise directions at

small frequencies (f < 30 Hz). Turbulent coherent structures have a smaller size in the

y and z directions than the x direction. This corresponds to a smaller time scale (larger

frequency) in the fluctuation in the y and z directions. Hence, ĒaS in the y and z directions

become larger at higher frequencies.

7.5 Conclusion

The beads dynamic was investigated in a particle-laden turbulent channel flow at Re =

20,000. The particulate phase consisted of glass beads with a diameter of 210 µm and

St+ of 20.16 at a volumetric concentration of 0.05%. Three-dimensional time-resolved
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(a) (b) (c)

Figure 7.10: Joint probability density function of the beads total acceleration (aT ) and
the quasi-steady acceleration (aS) in the (a) streamwise, (b) wall-normal, and (c) spanwise
directions. The fitted lines to the scattered data are also presented.

particle tracking velocimetry, based on the shake-the-box method, was used to measure the

instantaneous velocity of the beads and the fluid phase simultaneously. The velocity of

the fluid phase was used to reconstruct the fluid velocity field on a regular fine grid. The

reconstructed field was then used to find the fluid velocity at the centroid of the beads to

calculate the quasi-steady and viscous-unsteady forces.

A trapezoidal-based method was used to calculate the integral in the viscous-unsteady

term. The effect of kernel size on the magnitude of the force was investigated for pathlines

with different Rep. The results converged when the integral calculated over 30 time steps

(equal to 12.5 ms or 1.5τvu). The viscous-unsteady acceleration has almost identical nor-

malized PDF and statistical moments in the y and z directions. The statistical moments

became a bit larger in the x direction.

Investigation of the correlation between the viscous-unsteady acceleration and total

acceleration revealed that the viscous-unsteady force mainly tends to reduce the magnitude

of the acceleration. The line fitted to scattered plot of aB and aT had negative slopes of

-0.29, -0.49, and -0.45 in the x, y, and z directions, respectively. The spectral analysis of

viscous-unsteady acceleration showed that at f < 40 Hz, aB has a larger energy content in

the streamwise direction than transverse directions.
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(a) (b)

Figure 7.11: (a) Power spectral density and (b) normalized PSD (ĒaS ) of quasi-steady
acceleration in the streamwise, wall-normal, and spanwise directions.

The quasi-steady force on the beads was calculated in the x, y, and z. The PDF of

aS in the y and z directions were almost symmetrical, while it showed a positive skewness

in the x direction. The reason is that the beads move slower than their surrounding fluid.

Therefore, the slip velocity and quasi-steady force are more likely to be positive. The

statistical moments were also larger in the x direction which is due to the larger magnitude

of the slip velocity in this direction.

It was shown that ⟨aSx⟩ = 1.44aTx+0.01 which means that, on average, the quasi-steady

force is 1.44 times the net force applied on a bead. This showed the importance of quasi-

steady force in the acceleration of the beads in the streamwise direction. The significance

of the quasi-steady force reduced in the y and z directions. The spectral analysis of aS was

performed to compare the frequency content of aS in different directions. It was observed

that the normalized energy content is larger in the x direction than y and z directions at

small frequencies of f < 30 Hz.
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Chapter 8

Conclusions and recommendations

The transport of particles dispersed in a horizontal turbulent channel flow was experimen-

tally investigated. This research began with the study of velocity statistics of the solid

and liquid phases and their variation with particle size, flow Re, and solid-phase volumetric

concentration. Distribution of the beads over different turbulent events and also as a func-

tion of their wall-normal location were studied in the next step. The main forces acting on

the beads in solid-liquid turbulent flows were also investigated. The main conclusions of

these studies are presented in the first part of this chapter. The second part provides a few

recommendations for further investigations in this field.

8.1 Conclusion

Investigation of turbulence modulation was performed at large Re due to the greater rele-

vance to industrial flows. Smaller beads (db = 285 µm) were slower than the liquid phase

over the region 0.03 < y/h < 0.5 where the measured velocities were reliable. The velocity

of particulates in the near-wall region increased with the increase of St, and the particles

lead the flow. The crossing point, at which the velocity of the liquid phase and particles

are the same, moves toward the channel centerline with an increase of St. Larger Rep

was also observed at larger St. When Rep was large enough to produce vortex shedding,

the augmentation of the carrier phase turbulence was significant. A maximum turbulence

modulation of 7.6% was observed in the case with maximum St. In this case, Rep reached
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about 250 in the near-wall region.

The turbulence intensity of the particles mainly depended on the St. There was a Stcr,

of the order of unity, which divided the variation of particle turbulence into two regimes. For

St < Stcr, the turbulence intensity of the solid phase increased with St while it decreased

for St > Stcr. When St is large, the particles do not respond quickly to the carrier phase

fluctuations and less turbulent kinetic energy transfers to the particles.

The conditional averaging, based on the wall-normal velocity of the particles, showed

that the streamwise velocity of the ascending beads and the nearby fluid is lower than

the ensemble fluid velocity. This was associated with the preferential accumulation of the

ascending beads in the low-speed regions. In comparison, the descending beads and their

surrounding fluid had almost the same average velocity as the ensemble fluid. In the near-

wall region, the streamwise velocity of descending beads showed a strong correlation with the

surrounding fluid due to their accumulation in sweep motions. However, this correlation

did not increase remarkably with increasing wall-normal distance since the preferential

accumulation of descending beads in sweep motions decreased. The descending beads also

had a stronger correlation with the wall-normal flow velocity. For the ascending beads, both

their correlation with surrounding flow and the extent of accumulation in ejection motions

increased with increasing wall-normal distance. The conditionally averaged wall-normal

velocity of the fluid appeared to oppose the motion of ascending and descending beads.

This observation supported the notion that the motion of a bead begins with fluid ejection

that quickly decays, while the bead sustains its motion for a longer time.

A conditional sampling based on the bead acceleration showed that accelerating beads

mainly move toward the channel centerline and are slower than the surrounding flow. At

y/h > 0.25, the decelerating beads also had a larger streamwise velocity than the sur-

rounding fluid. Hence, for both cases, the quasi-steady drag force caused by slip velocity

contributed to their acceleration/deceleration. However, at y/h < 0.25, decelerating beads

had a smaller velocity than the surrounding flow, implying that the quasi-steady force is

not sufficient to model the dynamics of the nearly buoyant beads used in this study.
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When the Rouse number was larger than unity (db = 210 µm and Re = 20,000), the

effects of gravitational settling were greater than turbulence dispersion forces, which resulted

in a monotonic increase of the local concentration toward the wall with a maximum at

y ∼ db. Other factors became important as the Rouse number reduced. At Re = 40,000

and 60,000, the shear-induced lift force created a net migration of the particles away from

the wall at low concentrations (ϕ = 0.05%). Consequently, a core-peaking profile of local

concentration was observed. This trend vanished at larger bulk concentrations of ϕ =

0.12% and 0.27%. The increased number of inter-particle collisions prevented the particles

from leaving the region near the wall. Hence, a wall-peaking profile of local concentration

was observed at these concentrations. The particles in denser suspensions showed a larger

velocity autocorrelation coefficient compared to the particles at ϕ = 0.05%. This observation

implied that the wall-normal position of the beads was stabilized in the vicinity of the wall

at higher concentrations, and confirms the tendency of the particles to accumulate in the

near-wall region.

The average relative velocity between the particles was mainly dependent on their tur-

bulent kinetic energy. The profiles of ⟨|vr|⟩ as a function of y+ reached a maximum at

y+ ∼ 20 where the turbulent kinetic energy also had its maximum value. The relative

velocity in channel flow had a non-Gaussian distribution, and its average at 0 < y/h < 0.2

was estimated by (1.10± 0.06)kb.

Investigation of the correlation between the viscous-unsteady acceleration and total

acceleration revealed that the viscous-unsteady force mainly tends to reduce the magnitude

of the acceleration. The line fitted to the scattered plot of aB versus aT had negative slopes

of -0.29, -0.49, and -0.45 in the x, y, and z directions, respectively. The spectral analysis of

viscous-unsteady acceleration showed that aB had a larger energy content in the streamwise

direction than transverse directions at f < 40 Hz.

On average, the quasi-steady force on db = 210 µm beads at Re =20,000 was 1.44 times

of the net force on the beads. This indicates the importance of quasi-steady force in the

acceleration of the beads in the streamwise direction. The importance of the quasi-steady
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force reduced in the y and z directions. The spectral analysis of quasi-steady acceleration

showed that at small frequencies of f < 30 Hz, the normalized energy content was larger in

the x direction than y and z directions.

8.2 Recommendations for future studies

The research presented in this thesis has advanced the understanding of particle transport in

turbulent flows. Particle-laden flow has a complex nature, and there are still many aspects

which are poorly understood. A few recommendations are provided below to improve and

expand the studies performed in this thesis.

Turbulent characteristics at higher concentrations

The particle volumetric concentration in industrial applications is considerably higher than

the concentrations investigated in this thesis. The blockage of the line-of-sight of the cameras

by the particles (i.e., occlusion) limits the concentration in optical measurements. The

velocimetry algorithms are also accurate at low particle image density which further limits

the concentration. One way to overcome this limitation is to match the refractive index of

both the solid and liquid phases. The refractive index matching (RIM) technique can be

used in combination with PIV and PTV.

Particle-fluid interaction forces in solid-liquid flows

The quasi-steady force is the main source of particle acceleration in gas-solid flows. However,

other forces such as added-mass and viscous-unsteady forces become important in solid-

liquid flows. There are only a few measurements of these forces in the literature, and they

are limited to isotropic and homogeneous turbulent flows. Hence, it is necessary to perform

more experiments to characterize the particle-fluid interaction forces in non-homogeneous

and non-isotropic liquid turbulent flows.

It has been also observed in some experimental investigations (including this thesis)

that the PDF of particle acceleration, when normalized by its standard deviation, is inde-

pendent of the particle size. The mechanism responsible for this invariance is not explained
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yet. Different forces acting on the particles should be more investigated to explain this

observation.

Near-wall vortical structures in particle-laden flow

Experimental investigation of the vortical structures in the near-wall region of particle-

laden turbulent flows is incomplete. Numerical simulations are also mostly performed in

the one-way coupled regime using a point-particle approach. Resolving the vortical struc-

tures requires highly-resolved velocity data of the carrier phase. It was not possible to

reach the required resolution in this thesis. The phase discrimination method used in this

study eliminated some fluid tracers. In addition, some of the tracers were covered by the

inertial particles in the images. Hence, the liquid velocity field was relatively sparse. It is

suggested to seed the fluid with fluorescent particles and equip the cameras with band-pass

filters to record only the fluorescent emitted light. In this method, more than four cam-

eras are required for accurate measurement of the velocity of the solid and liquid phases

simultaneously.

8.3 Industrial Relevance

An efficient transportation of slurries are crucial in a diverse range of sectors, from food to

minerals processing; and oil sands processing to nuclear waste management. The character-

ization of solid-liquid turbulent flows is required for the design, optimization, and control

of the processes involving slurry flows.

Experimental investigation of this type of flow is necessary to understand the mecha-

nisms of particle transportation, suspension, and deposition. Providing experimental data

could also provide useful data for developing and optimizing numerical multiphase flow

models. This would help manage the flow to reduce the degree of erosion on pipe walls.

The erosion often leads to a reduction of hydraulic performance and affects the life of the

pipes and other equipment such as the pumps. Maintenance, inspection, and replacement of

the equipment result in an enormous cost. Failure of the parts due to erosion may also lead
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to the shutdown of the whole transportation system. Hence, the solid transport in conduits

and the resultant erosion requires an extensive investigation. However, the knowledge is

still limited due to the complex nature of turbulent two-phase flows and erosion mechanism.

The erosion is mainly depends on the particle velocity, particle impingement angle,

and frequency of particle impact on the surfaces. These parameters are influenced by

the turbulence in the carrier phase and the local concentration of the particles near the

walls. Therefore, it was aimed in the current research to investigate the particle-turbulence

interaction and distribution of the particles in the near-wall region. However, it should

be noted that the current investigation is conducted at concentrations smaller than the

industrial pipelines. This is due to the limitation of the applied measurement system.

Investigation at larger concentration of particles is recommended for future studies. To

investigate particles motion in dense particle-laden flows one can use a large number of

particles that their refractive index is matched with the carrier fluid along with a few

particles with a different refractive index than the fluid.
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