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Abstract

Erosive wear due to particle–wall collision is an important challenge for slurry pipelines and

solving this challenge requires a detailed understanding of particle motion near the wall. The

complex phenomenology of the near-wall motion of particles in turbulent flows and the lack

of a comprehensive theoretical or numerical approach to characterize it, highlight the need

for experimental studies in this field. The objective of this research is to advance the current

understanding of the near-wall motion of particles in turbulent flows and to study the effect

of Reynolds number (Re), particle shape, size, and concentration on their motion using

experimental methods. The analysis started with the investigation of particle dynamics

and wall-collision in turbulent flows using Lagrangian particle tracking (LPT) techniques.

It was found that the viscous forces decelerate near-wall particles in the streamwise direction,

while the near-wall lift forces pushed the particles away from the wall. The change of Re

affected the mean acceleration of particles and their collision with the wall. The effect of Re

on particles acceleration reduced by increasing the distance from the wall. The analysis also

showed the effect of particle size and shape on particles’ dynamics and their collision with

the wall. In addition, investigations showed that increasing the concentration of particles

reduced their kinetic energy and acceleration in the streamwise direction while it increased

these two parameters in the wall-normal direction. Finally, the motion of particles in a

drag-reduced polymer solution was investigated. The results demonstrated the potential of

polymer additives in reducing erosive wear in slurry pipelines.
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The results from Chapter 5 of this thesis has been published in the Journal of Fluid Me-

chanics as

M. Ebrahimian, R. S. Sanders, and S. Ghaemi. Dynamics and wall collision of inertial

particles in a solid–liquid turbulent channel flow. J. Fluid Mech., 881:872–905, 2019.

The results from Chapter 8 of this thesis has been published in the Experiments in

Fluids journal as

M. Ebrahimian, R. S. Sanders, and S. Ghaemi. Near-wall motion of inertial particles in
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Chapter 1

Introduction

1.1 Motivation

Slurry pipelines are economical and conventional means of material transportation (Neville

et al., 2007; Parent and Li, 2013). The existence of inertial solid particles in the turbulent

flows inside these pipelines increases the pressure drop (Wasp et al., 1977; Kaushal et al.,

2005), requiring higher power to pump the mixture. In addition, the kinetic energy that the

particles absorb from the carrier phase dissipates through their inelastic collision with the

wall (Joseph et al., 2001) and other particles (Morgado and Oppenheim, 1997). The higher

pumping power and erosive wear due to particle-wall collision are among the important

remaining challenges of slurry pipelines (Karabelas, 1978; Kosel, 1992; Gupta et al., 1995).

To study the pipe erosion, we can investigate a piece of a pipe wall which has been

exposed by particle-wall collision in a specific flow condition. The erosive wear rate of

the pipe can be estimated by performing mass loss measurement (Ramesh et al., 2009).

Scanning the sample using a microscope can reveal details about the erosion patterns (Alam

et al., 2016; Okonkwo et al., 2016). These methods provide information about the resistance

of pipe material against different types of wear mechanisms that can be helpful to modify

the pipe material or predict its lifetime. However, they do not provide detailed information

about the mechanism of particle-wall interaction. To understand the mechanism of particle-

wall interaction, the motion of particles in the vicinity of the wall and the factors that affect

it need to be investigated.
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The dynamics of an inertial particle in a turbulent flow is different from the carrier

phase due to its different inertia and is typically modeled by Maxey-Riley equation of

motion (Maxey and Riley, 1983; Bec et al., 2006; Ireland et al., 2016a,b). In numerical

approaches, for implementing the equation of motion, typically (not always) particles that

are smaller than Kolmogorov length scale, η, and have large density ratio with respect to

the fluid, rρ (e.g., Vreman 2007; Baker et al. 2017; Kasbaoui et al. 2019) are considered. In

addition, the interaction of particles with each other and with the wall is either neglected

(e.g., Cencini et al. 2006; Marchioli et al. 2008; Lavezzo et al. 2010; Salazar and Collins

2012) or assumed to be perfectly elastic (e.g., Sundaram and Collins 1997; Zamansky et al.

2011; Mehrabadi et al. 2018; Lee and Lee 2019). Moreover, particle shear-induced, rotation-

induced, and wall-induced lift forces (known as Saffman, Magnus, and wall-repulsive forces,

respectively) are typically neglected (e.g., Goswami and Kumaran 2010; Salazar and Collins

2012; Daitche 2015; Yu et al. 2016). The simulation of inertial particle motion in turbulent

flows can be very costly and time consuming without considering these simplifications.

In many applications including slurry pipelines, however, particles are bigger than η,

their rρ is on the order of unity (e.g. solid particles in liquid), and their interactions with

each other and with the wall are not perfectly elastic. The particle lift forces are also

important, particularly in near-wall turbulent flows where the velocity gradient is high

(Soldati and Marchioli, 2009) and particle rotation is significant under the effect of shear

flow (Jeffery, 1922) and particle-wall collision (Cherukat and McLaughlin, 1994).

The motion of a particle in a fluid has also been modeled using a numerical algorithm

called interface-resolved DNS (Uhlmann, 2008; Costa et al., 2018, 2020). In this algorithm,

the fluid motion is modeled using the continuity and Navier-Stokes equations. These equa-

tions are solved together with the Newton-Euler equations that govern the particle motion.

The fluid and particle equations are coupled by the no-slip and no-penetration boundary

conditions at the surface of the particle. The boundary of the particle is replaced by a

force field defined on a number of mesh points following the immersed boundary method

presented by Peskin (1972). Despite the recent achievements of the interface-resolved DNS
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in modeling particle-laden turbulent flows, the implementation of this algorithm has been

limited to a small fluid volume, low Re, and small number of particles immersed in the

fluid due to its high computational cost. Therefore, experimental studies are still necessary

not only to validate the numerical simulations, but also to investigate the characteristics of

particle motion which are costly to find numerically, such as particle acceleration and their

interaction with other particles and the wall.

1.2 Objectives

This thesis aims to improve our understanding of inertial particle motion in the near-

wall region of particle-laden turbulent flows. In this regard, the distribution, velocity and

acceleration of particles in turbulent flows, and their interaction with turbulence, other

particles, and the wall will be investigated. The influence of important factors including Re,

the size, shape, and concentration of particles, and the fluid rheology on these interactions

also will be studied.

1.3 Thesis overview

This thesis contain nine chapters and the rest of it is organized as follows:

� Chapter 2 provides the essential background and basic concepts about the turbulence

and particle interaction with turbulence, other particles, and the wall.

� Chapter 3 describes the experimental setup used for performing the experiments of

this thesis. The chapter includes a discussion of the flow facility, the carrier fluid, the

flow tracers, and the inertial particles.

� Chapter 4 explains the measurement systems used in this thesis including two- and

three-dimensional LPT systems, the rheometer, and the pressure measurement sys-

tem. The data processing steps and the uncertainty of the LPT systems are also

discussed in this chapter.
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� Chapter 5 advances the current understanding of particle dynamics and wall collision

in a near-wall turbulent flow. The velocity and acceleration of particles are mea-

sured and the contribution of the turbulent motions that affect particle dynamics are

discussed.

� Chapter 6 investigates the effect of Re and particle concentration on distribution,

velocity, and acceleration of particles and their interaction with the wall and other

particles.

� Chapter 7 compares the near-wall motion of spherical and non-spherical particles

in a turbulent flow and investigates the effect of particle size on the velocity and

acceleration statistics of particles and their interaction with the wall.

� Chapter 8 examines the effect of a polymer drag reducer on particle kinematics in near-

wall turbulent flows and discusses its potential in reducing erosive wear in particle-

laden pipelines. Polymers with large molecular weight are well known to be effective

in reducing drag and pumping power in unladen turbulent liquid flow (Virk et al.,

1970; Luchik and Tiederman, 1988; Warholic et al., 1999). However, their effect on

the kinematics of particles in turbulent flows is not known yet.

� Chapter 9 summarizes the conclusions of this thesis and discusses proposed future

studies.

Chapters 5 to 8 include the introduction, experimental design, and the discussion necessary

to follow their corresponding objectives.
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Chapter 2

Background

This chapter provides the required background to understand the physics governing the

motion of a particle in a turbulent flow. The first part of this chapter starts with the fun-

damental equations of fluid dynamics, i.e. the continuity and the Navier-Stokes equations,

followed by describing the flow classification based on the Reynolds number and explain-

ing laminar and turbulent flows. Next, the fundamental concept of turbulence, i.e. the

cascade of energy, and the Kolmogorov time and length scales are briefly discussed. The

specifications of turbulent channel flow are explained afterward along with the associated

continuity and Navier-Stokes equations. In the second part of this chapter, the governing

equation for the motion of a particle in a fluid, i.e. Maxey-Riley equation, is presented and

its limitations are explained. Finally, the motion of particles in particle-laden turbulent

channel flows is discussed, reviewing the numerical and experimental investigations on the

interaction of particles with turbulence, other particles, and the wall. The first part of this

chapter is mainly adapted from Çencel and Cimbala (2006), Pope (2000), and Chen et al.

(2010) and the theoretical background of the second part of this chapter is mostly based on

Crowe et al. (2012).

2.1 Fluid dynamics

The dynamics of fluid is governed by the fundamental principles of classical physics: the

conservation of mass and the conservation of momentum. The conservation of mass implies
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that the change of the mass of a closed fluid volume in a given time must be equal to

the mass that passes through its boundaries, resulting in the continuity equation in fluid

dynamics expressed as

∂ρf
∂t

+∇ · (ρfUf ) = 0, (2.1)

where ρf is the fluid density, t is time, Uf is the fluid instantaneous velocity vector, and ∇

is the gradient operator.

The principle of momentum conservation dictates that the momentum of a closed fluid

volume must remain constant over time when it is not affected by external loads. Based on

Newton’s second law, the rate of change of momentum of the fluid volume is equal to the

resultant force applied to it. In fluid dynamics, Newton’s second law and the principle of

momentum conservation are applied through the Navier-Stokes equation presented as

∂Uf

∂t
+Uf · ∇Uf =

−∇p

ρf
+ ν∇2Uf +

F

ρf
, (2.2)

where p is the instantaneous pressure, ν is the fluid kinematic viscosity, and F represents

the vector of body forces.

The ratio between the inertial forces to the viscous forces is known as Reynolds number,

Re. At a low Re the viscous forces dominate the Navier-Stokes equation, resulting in stable

flow streamlines. This type of flow is known as a laminar flow. At a high Re, the inertial

forces become dominant and cause perturbations in the flow. These perturbations are not

completely damped by the viscous forces and make the flow chaotic. This type of flow is

called a turbulent flow.

2.1.1 Turbulent flow

A turbulent flow consists of swirling fluid elements, known as “eddy”, with different sizes.

The size of the largest eddy in a turbulent flow is on the order of the largest dimension of the

flow boundaries. Due to the unstable nature of turbulence, the large eddies break up into

smaller eddies and this procedure continues until the eddies become small enough that the
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viscous forces can dissipate their energy into heat. This concept is known as the “cascade

of energy” in turbulent flows which was introduced by Kolmogorov (1941a,b). Based on

Kolmogorov’s theory, the smallest scale in turbulent flows can be determined using the scale

of the eddies with Re = 1. Considering ϵ to be the amount of energy transferred from the

largest eddies to the smallest eddies per unit mass and unit time, the smallest length scale

in turbulence, known as Kolmogorov length scale, is defined as η = (ν/ϵ)1/4. Based on this

concept, the Kolmogorov time scale is defined as tη =
√︁

ν/ϵ. In this thesis, the variables

that are nondimensionalized using the Kolmogorov scales are denoted by the subscript ‘η’.

2.1.2 Turbulent channel flow

An internal flow between parallel plates, as seen in figure 2.1, is called channel flow. Figure

2.1 presents the schematic of a channel with a rectangular cross-section of Wi× 2H, along

with the coordinate system located at the channel entrance showing the positive streamwise,

x, wall-normal, y, and spanwise, z, directions. The components of the instantaneous velocity

vector of the flow in the x, y, and z directions are represented by U , V , and W , respectively.

The Re for a channel flow is typically defined as

ReH =
2ρfUbH

µ
, (2.3)

where Ub is the flow bulk velocity, µ is the fluid dynamic viscosity, and H is the channel

half-height. A channel flow with ReH > 4000 is typically considered turbulent with no

transitional effect.

In a turbulent channel flow, the mean velocity profile is independent of x when (x/H) >

180 (Coulson et al., 1999), known as fully developed turbulent flow. The mean velocity

profile is also independent of z and the flow is two-dimensional in the x − y plane when

(Wi/H) > 14 (Vinuesa et al., 2014). In a fully developed two-dimensional turbulent channel

flow, the mean streamwise velocity, ⟨U⟩ (where ⟨ ⟩ is the ensemble average operator over

time), is maximum at the center-line, i.e. y = H, and gradually reduces to zero at the walls

due to the no-slip boundary condition.
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Figure 2.1: Schematic of a channel with a rectangular cross-section. The flow moves in the
x direction.

The mean velocity profile between the wall and the channel center-line can be divided

into four layers including viscous sublayer, buffer layer, log layer, and the outer layer. In

the first layer next to the wall, the viscous sublayer, viscous forces are dominant. In this

layer the wall-normal gradient of the mean streamwise velocity, i.e. ∂⟨U⟩/∂y, is constant.

The viscous shear stress at the wall can be calculated based on the ∂⟨U⟩/∂y in this layer

as τw = µ∂⟨U⟩/∂y. The τw can be used to determine a scaling velocity for the flow that

is known as friction velocity and calculated as uτ =
√︁
τw/ρf . Based on the uτ , one can

determine a scaling length and time for the flow as λ = ν/uτ and tτ = ν/u2τ , respectively.

In turbulent channel flow studies, variables are normalized by uτ , λ and tτ (known as inner

scaling) and denoted by the superscript ‘+’. The Reynolds number is also defined based

on the friction velocity as Reτ = uτH/ν. The width of the viscous sublayer extends from

the wall up to y+ ∼ 5, where y+ = y/λ. In this layer, U+ = y+, where U+ = ⟨U⟩/uτ .

Beyond the viscous sublayer, the ∂⟨U⟩/∂y is not constant anymore and it is a function of

wall-normal location and fluid properties. At the buffer layer, 5 < y+ < 35, both viscous

and inertial forces have a significant effect on the flow motion and provide large turbulence

in this region. Farther from the wall in the log and outer layers (y+ > 35), the contribution

of viscous forces is significantly smaller than the inertial forces. In the log-layer, the U+

has a logarithmic relationship with y+ as U+ = ln(y+)/κ+B, where κ is known as the von

Kármán constant and B is the intercept of the log-layer velocity profile. For a Newtonian
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turbulent boundary layer, κ = 0.41 and B = 5.2.

Due to the statistical homogeneity in the x and z directions and based on the no-

penetration boundary condition at the walls, the continuity equation for a two-dimensional,

fully developed, incompressible, steady turbulent channel flow results in ⟨V ⟩ = 0 and ⟨W ⟩ =

0, showing that the mean wall-normal and spanwise velocities of the flow are zero. The

Navier-Stokes equation for this flow can be rewritten as

Af ≡
∂Uf

∂t
+Uf · ∇Uf =

∇p

ρf
+ ν∇2Uf , (2.4)

where Af is the instantaneous acceleration vector of the flow. The instantaneous velocity

vector can be decomposed into mean and fluctuating components based on the Reynolds

decomposition as Uf = ⟨Uf ⟩+uf , where uf = [u, v, w] is the fluctuating velocity vector and

u, v, and w are the fluctuating velocity components in x, y, and z directions, respectively.

Using the decomposed velocity vector and the ensemble average operator, one can write the

average of Equation 2.4 as

⟨Af ⟩ ≡ ⟨uf · ∇uf ⟩ =
−∇⟨p⟩
ρf

+ ν∇2⟨Uf ⟩. (2.5)

Equation 2.5 shows that the average acceleration of the turbulent channel flow is de-

composed into a pressure-gradient term, −∇⟨p⟩/ρf , known as irrotational acceleration and

a viscous term, ν∇2⟨Uf ⟩, referred to as solenoidal acceleration. Based on Equation 2.5, the

mean acceleration of a two-dimensional, fully developed, incompressible, steady turbulent

channel flow in the streamwise, ⟨Ax⟩, wall-normal, ⟨Ay⟩, and spanwise, ⟨Az⟩, directions are

⟨Ax⟩ ≡
∂⟨uv⟩
∂y

=
−∂⟨p⟩
ρf∂x

+ ν
∂2⟨U⟩
∂y2

, (2.6a)

⟨Ay⟩ ≡
∂⟨v2⟩
∂y

=
−∂⟨p⟩
ρf∂y

, (2.6b)

⟨Az⟩ ≡
∂⟨vw⟩
∂y

= 0. (2.6c)
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Hereafter, the ⟨ ⟩ operator shows the average of the associated parameter in the stream-

wise and spanwise directions as well as in time.

2.2 Spherical particle motion in fluid

Stokes (1851) presented the first equation of motion for a point-like spherical particle moving

in a creeping flow, i.e. a flow with Re ≪ 1, as

mp
dUp

dt
= 3πdpµ(Uf,p −Up), (2.7)

where mp is the particle mass, dp is the particle diameter, Up is the particle velocity vector

at the time t, and Uf,p is the fluid velocity vector at the particle location at the time t.

The right-hand side term of Equation 2.7 is called the Stokes drag force. For the motion of

a particle falling through a quiescent viscous fluid under gravity, Equation 2.7 is rewritten

as

mpg = 3πdpµV +mfg, (2.8)

where g is the gravitational acceleration, V is the particle velocity, mf is the mass of the

fluid displaced by the particle and mfg is the buoyancy force. For a particle with the density

of ρp, Equation 2.8 can be solved for V as

V = tpg, (2.9)

where tp is known as particle response time and defined as

tp =
(ρp − ρf )d

2
p

18µ
. (2.10)

The maximum velocity that is attainable for a particle falling through a quiescent fluid

is known as its terminal settling velocity, Vt. For a spherical particle falling through a

Newtonian fluid, Vt is calculated as

Vt =

√︄
4gdp(ρp − ρf )

3ρfCd
, (2.11)
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where Cd is the drag coefficient of the particle. The drag coefficient can be estimated using

the particle Reynolds number calculated based on Vt. The particle Reynolds number based

on Vt in a Newtonian fluid is defined as

Rept =
Vtdp
ν

. (2.12)

In the literature, the particle Reynolds number is also defined based on its slip velocity with

respect to the surrounding fluid, Us, as

Reps =
Usdp
ν

. (2.13)

The terminal settling velocity is also used to calculate the Rouse number, Ro, a non-

dimensional number that describes the transportation of particles in a flow (Rouse, 1937).

The Rouse number determines the balance between settling velocity of a particle and its

suspension by turbulence and is calculated as

Ro =
Vt

κuτ
. (2.14)

Since 1851, several studies have tried to extend the application of the particle equation

of motion and capture the effect of different forces applied to a particle moving in a fluid

(e.g. Basset 1888; Boussinesq 1903; Faxén 1922; Oseen 1927; Corrsin and Lumley 1956).

Maxey and Riley (1983) derived the equation of motion for a point-like spherical particle

moving in a creeping flow as

mp
dUp

dt
= 3πµdp(Uf,p −Up) +mf

DUf,p

Dt
+

mf

2

(︃
DUf,p

Dt
− dUp

dt

)︃
+(mp −mf )g +

3d2pρf
√
πν

2

∫︂ t

0

(︃
d(Uf,p −Up)

ds

)︃
ds√
t− s

,

(2.15)

where D/Dt is the material derivative operator. Equation 2.15 is known as Maxey–Riley

equation. The second term on the right-hand side of this equation represents the force

applied to the particle by the undisturbed flow (also known as pressure gradient force) that

is equivalent to the acceleration of the fluid element located at the position of the particle.

The third term is known as the added mass and represents the force that is applied to the
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particle due to the acceleration of the surrounding fluid when the particle moves. The fourth

term is the buoyancy force and the last term is known as the Basset force that accounts

for the time delay in the boundary layer development with changing the slip velocity of the

particle. The point-particle model used for driving the Maxey–Riley equation is based on

the assumption that this equation can perfectly model the perturbation of the flow around

a moving particle (Maxey and Riley, 1983; Auton et al., 1983, 1988). This assumption is

valid when the length scale of the eddies in the flow is larger than the particle size and

Reps ≪ 1.

Despite the contribution of several studies in extending the application of Maxey–Riley

equation to finite-size spherical particles using Faxén corrections (e.g. Calzavarini et al.

2009) and to finite Reynolds numbers (e.g. Mei et al. 1991; Mei and Adrian 1992; Kim

et al. 1998), results of simulations based on this equation still have some discrepancies with

experimental investigations (Volk et al., 2008). For example, experimental studies of Voth

et al. (2002) and Qureshi et al. (2007, 2008) in homogeneous isotropic turbulence (a tur-

bulent flow far away from physical boundaries that the average of its properties, including

pressure, velocity and acceleration statistics, are independent of position and direction)

showed that the profile of probability density function (pdf) of particles acceleration nor-

malized by the root-mean-square (rms) of their acceleration was not significantly dependent

on dη = dp/η and it could be fitted with an exponential function. However, the numerical

simulation of particle motion based on Maxey–Riley equation corrected for finite-size par-

ticles by Calzavarini et al. (2009) showed that the tails of the normalized pdf of particles

acceleration became narrower by increasing dη.

The restrictions of the Maxey–Riley equation are not limited to the discrepancies of its

results with the experimental findings. This equation only considers the effect of the flow

on the particle and does not account for the effect of the particle on the flow. It also does

not consider the particle lift forces including Saffman (due to pressure distribution on the

particle) and Magnus (due to particle rotation) forces, which are known to be important

for large particles in turbulent flows (Rubinow and Keller, 1961; Saffman, 1965; Kim and
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Balachandar, 2012; Meller and Liberzon, 2015). In addition, the effect of particle inter-

action with the other particles and the physical boundaries of the flow on its motion is

not considered in the Maxey–Riley equation. Besides all of these limitations, the imple-

mentation of Maxey–Riley equation for simulating the particle motion in a turbulent flow

is computationally costly due to its complexities, specifically for large particles and using

Faxén corrections. To reduce its complexities, simplified versions of Equation 2.15 are typ-

ically used in numerical approaches by simulating the motion of particles with dη ≪ 1 and

rρ ≫ 1, as discussed in section 1.1. However, these simplifications cannot be implemented

for large particles with rρ ∼ O(1), which are common in slurry pipelines. Therefore, to

better model particle motion in turbulent flows and support the continued development of

numerical approaches, high-quality experimental data of particle dynamics for such flows

are required.

2.2.1 Spherical particle motion in particle-laden turbulent flow

The motion of a particle in a particle-laden turbulent channel flow depends on its interaction

with turbulence, other particles, and the walls. These interactions are discussed in this

section in the form of a brief literature review to summarize the current understanding of

them.

2.2.1.1 Particle-turbulence interaction

In most previous studies, particle-turbulence interaction (PTI) has been characterized based

on Stokes number, St, which is the ratio of tp to the flow time scale. This number represents

a comparison between the particle inertia and the viscous force in the flow. In the literature,

St has been estimated in different ways, depending on the flow characteristic time used for its

estimation. The St based on the characteristic time of energy-containing eddies, te = le/ue,

is defined as

Ste =
tp
te
, (2.16)

where le and ue are the characteristic length and velocity of the eddies, respectively. The te

can be roughly estimated as te ≈ κtτy
+ (Tennekes and Lumley, 1972; Righetti and Romano,

13



2004). The Stokes number is also estimated based on the inner time-scale of the flow as

St+ =
tp
tτ
, (2.17)

or based on the Kolmogorov time scale as

Stη =
tp
tη
. (2.18)

Although the St has been widely used in the literature to characterize PTI, some studies

have argued that the interaction of finite-size particles with turbulence cannot be described

by St only and the contribution of dη and rρ must be simultaneously considered (e.g.

Qureshi et al. 2007, 2008).

Particles with St ≪ 1, can preferentially respond to fluid fluctuations. This mechanism

is known as preferential sampling. Previous numerical investigations for sub-Kolmogorov

spherical particles with large rρ showed that due to the preferential sampling mechanism,

particles with small St have a higher kinetic energy compared to the particles with large

St (Salazar and Collins, 2012; Ireland et al., 2016a) since they can follow eddies with high

turbulent kinetic energy (Squires and Eaton, 1991). Salazar and Collins (2012) showed that

for particles with St < 0.2, the kinetic energy of particles was even larger than the fluid and

increased with increasing St. For St > 0.2, increasing the St reduced the ratio of particles

kinetic energy to fluid kinetic energy (Salazar and Collins, 2012; Ireland et al., 2016a).

Qureshi et al. (2008) argued that the effect of preferential sampling on a particle motion

attenuates when the particle is bigger than the characteristic size of the active regions of

the flow, which is 10 to 20 times bigger than η (Aliseda et al., 2002).

When St of a particle is on the order of unity or larger, its interaction with turbulence

is affected by its inertia; it only responds to energetic flow turbulence and filters out the

low energy eddies (Bec et al., 2006; Ayyalasomayajula et al., 2008). Particles with higher

inertia typically have lower kinetic energy (Salazar and Collins, 2012) and lower accelera-

tion (Ireland et al., 2016a) than particles with lower inertia. The numerical investigations

of Zaichik and Alipchenkov (2008) and Ireland et al. (2016a) for sub-Kolmogorov spherical

particles with large rp in isotropic turbulence showed the reduction of acceleration variance
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with increasing St. However, Qureshi et al. (2008) illustrated that this trend is not mono-

tonic and depends on dη and rρ. Their results showed that for 10 < rρ < 70, increasing dη

from 16.5 to 21 increased the streamwise acceleration variance of particles. They argued

that increasing dη further exposed particles to energetic flow motions and increased their

acceleration variance. The reviewed literature investigated the interaction of turbulent flow

and particles with different St. However, particle motion in particle-laden flows can be also

influenced by their interaction with each other.

2.2.1.2 Particle-particle interaction

Previous analytical and numerical studies indicated that particle-particle interaction (PPI)

rate for spherical particles in homogeneous isotropic turbulence is proportional to dp, particle

number density, and the velocity of particles relative to each other, Vr, (e.g. Saffman and

Turner 1956; Abrahamson 1975; Yuu 1984; Sundaram and Collins 1997; Wang et al. 2000).

The dependence of PPI rate on the particle number density and Vr shows the important

effect of particle concentration and PTI on the PPI rate. Due to this fact, the level of PPI

effect on particle motion in particle-laden turbulent flows has been typically characterized

based on particle concentration and St (Elghobashi, 1994). For sub-Kolmogorov particles

with large rρ, Sundaram and Collins (1997) showed that at low St, the PPI rate sharply

increased with increasing St, due to the preferential concentration of particles in high-shear

regions and larger Vr. The PPI rate peaked at the St associated with tp ≈ Te, where

Te is the large-eddy turnover time, and decreased thereafter due to the reduction of Vr

(Sundaram and Collins, 1997). Sundaram and Collins (1997) assumed perfectly elastic

collision between particles and neglected the effect of the lubrication layer (the fluid layer

between two particles that are moving toward each other). Results of their simulations

for PPI rate were consistent with those of Saffman and Turner (1956) for St → 0 and

Abrahamson (1975) for St → ∞. Sundaram and Collins (1997) also indicated that the PPI

rate for sub-Kolmogorov particles with St = 1 follows a square dependence relative to dη

that changes to a cubic dependence when dη → 0. These investigations shed light on the
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effect of the concentration and St of sub-Kolmogorov particles with large rρ on the PPI

rate in isotropic turbulence. However, more studies are required to investigate the PPI rate

and Vr of particles with dη > 1 and rρ ∼ O(1) in non-isotropic turbulence.

The effect of PPI on the distribution of particles and their velocity statistics in wall-

bounded turbulent flows, which are non-isotropic close to the wall, has been previously

investigated in several studies. The increment of PPI reduces the particle number density

close to the wall and increases it away from the wall (Varaksin et al., 2000; Kussin and

Sommerfeld, 2002; Sommerfeld, 2003). It also increases the particles’ average streamwise

velocity close to the wall and reduces it away from the wall (Láın et al., 2002; Lin and Chang,

2016; Li et al., 2016). By increasing PPI, the streamwise velocity fluctuation of particles

increases away from the wall, but it may increase or decrease near the wall, depending on the

particle concentration (Lin and Chang, 2016; Shokri et al., 2017). Previous investigations

also showed that increasing PPI increases wall-normal and spanwise velocity fluctuations of

particles (Lin and Chang, 2016; Sommerfeld, 2003; Li et al., 2016; Shokri et al., 2017), but

reduces their Reynolds shear stress (Shokri et al., 2017). Despite the valuable contribution

of these studies in elucidating the effect of PPI on particles kinematics and distribution,

more experimental investigations are necessary to investigate particles dynamics and relative

velocity in non-isotropic turbulence.

2.2.1.3 Particle-wall interaction

Another factor that affects particle motion in wall-bounded turbulent flows is their inelastic

interaction with the wall, which reduces their kinetic energy (Láın et al., 2002) and affects

their distribution (Sommerfeld and Huber, 1999; Sommerfeld, 2003). The effect of particle-

wall interaction (PWI) on the kinematics of a particle has been typically characterized based

on particle collision Stokes number, StV , which for a spherical particle is defined as

StV =
ρpVidp
9µ

, (2.19)

where Vi is the particle wall-normal impact velocity. Investigations of particles restitution

ratio, eV , the ratio of particle wall-normal velocity after the collision to its Vi, in quiescent
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fluids have shown larger eV for higher StV (Gondret et al., 2002; Joseph and Hunt, 2004;

Stocchino and Guala, 2005; Legendre et al., 2006; Ardekani and Rangel, 2008; Ardekani

et al., 2009). Previous studies have also investigated the effects of other factors on PWI

including particle shape (Sommerfeld, 2002; Sommerfeld and Lain, 2018), wall roughness

(Nguyen and Wells, 2005; Schade and Wozniak, 2010), fluid viscosity (Joseph et al., 2001;

Stocchino and Guala, 2005), and impact angle/velocity (Salman et al., 1989; Sommerfeld,

1992). In particle-laden flows, PWI is also affected by PTI and PPI through their influence

on impact angle/velocity of particles.

2.3 Non-spherical particle motion in fluid

The motion of a large non-spherical particle in a fluid is more complex and less known

than a spherical particle since its interaction with the fluid depends not only on its Re but

also on its shape and orientation. In the literature, the shape of non-spherical particles

has been characterized based on different factors such as equivalent diameter, aspect ratio,

sphericity, roundness, and dynamic shape factor. The equivalent diameter for a particle

is defined as the diameter of a sphere with an equal volume of the particle (Jennings and

Parslow, 1988). The aspect ratio of a particle is the ratio of its sizes in different dimensions.

The sphericity for a particle is calculated as the ratio of the surface area of a sphere with the

same volume as the particle to the surface area of the particle (Wadell, 1934). Roundness

is defined as ratio of the averaged radius of curvature of convex regions of the particle to

its circumscribed circle (Wadell, 1932). The dynamic shape factor for a particle moving in

a fluid is determined as the ratio of the drag force experienced by the particle to the drag

force that is applied to a volume-equivalent sphere moving in a similar fluid with the same

velocity (Fuchs, 1964).

Similar to the equation of motion of spherical particles, the translational motion of a

non-spherical particle in a fluid is described based on Newton’s second law. However, in

addition to the Stokes drag, pressure gradient, added mass, Buoyancy and Basset forces,

non-spherical particles also experience a lift force even in Stokes flow. The rotational mo-
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tion of a non-spherical particle can be described by Euler’s equations. The net torque on

a non-spherical particle is determined as the summation of the torques caused by the hy-

drodynamic forces, due to the non-coincident centers of mass and pressure of the particle,

and the resistance torque applied to a rotating particle in a fluid, which acts to reduce the

particle angular velocity.

Calculation of the forces and the torques applied to a large non-spherical particle in a

fluid has the same challenges explained in Section 2.2 for spherical particles along with more

complexities caused by particle shape and orientation. Previous studies have been mostly

focused on determining the drag, lift, and moment coefficients of regularly-shaped particles

such as ellipsoids, cylinders and cubes with different Reynolds numbers using analytical

approaches (Jeffery, 1922; Brenner, 1964), empirical analysis (Ganser, 1993) or numerical

simulations (Zastawny et al., 2012; Ouchene et al., 2016; Zarghami and Padding, 2018). In

real applications, however, particles are typically non-spherical with irregular shapes and

understanding their drag, lift and moment coefficients still needs more investigations and

experimental data.

2.3.1 Non-spherical particle motion in particle-laden turbulent flow

Similar to spherical particles, the motion of non-spherical particles in wall-bounded particle-

laden turbulent flows depends on their interactions with turbulence, other particles, and

the wall. Investigation of these interactions is an area of active research and the effect

of particle and flow characteristics on these interactions are not well characterized. Some

recent numerical simulations, however, provide great insight on the motion of regularly-

shaped non-spherical particles in turbulence. These simulations investigated the effect of

particle shape on their rotation and orientation (e.g. Parsa et al. 2012; Marchioli and Soldati

2013; Parsa and Voth 2014; Challabotla et al. 2015), slip velocity (Zhao et al., 2014) and

distribution and velocity statistics (van Wachem et al., 2015). Numerical studies provide

a valuable contribution in characterizing the effect of particle shape on their kinematics

and distribution in turbulent flows. However, to better simulate non-spherical particles
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motion in turbulent flows and validate the outcomes of numerical studies, experimental

investigations of non-spherical particles dynamics are in need.
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Chapter 3

Experimental setup

This chapter describes the experimental setup that is used to perform the experiments of

this thesis. The specifications of the flow facility, carrier fluids, flow tracers, and inertial

particles used in the experiments are described in the following sections.

3.1 Flow facility

All the experiments were carried out in a horizontal closed flow loop shown in figure 3.1.

The flow-loop had a 3 m long transparent channel with a rectangular cross-section with

the dimensions of (Wi × 2H) = 120 × 15 mm2. Measurements were conducted at 220H

downstream from the channel entrance to ensure a fully developed turbulent flow inside

the test section which had glass walls for optical access. Two gradual transition sections

were used at the two ends of the channel to connect it to the 2-inch diameter pipe sections.

The flow was circulated inside the loop by a centrifugal pump (LCC-Metal, GIW Industries

Inc.). A Coriolis flow meter (Micro Motion F-Series, Emerson Industries) with mass flow

accuracy of 0.2% was used to measure the flow rate and the fluid temperature. A double-

pipe heat exchanger was used to keep the temperature constant during the experiments.

The pressure ports with 1 m distance were located before the channel section to measure

the pressure drop in the flow loop. The origin of the coordinate system was at the center

of the bottom wall of the test section. The positive direction of the y-axis was toward the

top wall.
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Figure 3.1: (a) Schematic of the horizontal flow loop showing the centrifugal pump, the
Coriolis flow meter, the double-pipe heat exchanger, and the rectangular channel. (b)
Schematic top view of the test section showing the flow direction and the coordinate system.
The origin of the coordinate system was at the center of the bottom wall of the test section.
The positive direction of the y-axis was toward the top wall.

3.2 Carrier fluid

The carrier fluid used in the experiments of Chapters 5 to 7 and the Newtonian flow exper-

iments of Chapter 8 was water. For the non-Newtonian flow experiments of Chapter 8, a

90 ppm solution of an anionic polyacrylamide (APAM) polymer with high molecular weight

and medium anionic charge density, known as Superfloc (SF) A-125V (Kemira Chemicals

Inc.), was used. The polymer powder was weighed using a scale (Mettler Toledo, AB104-S)

with 0.1 mg resolution to prepare a 90 ppm SF solution in water. This polymer concentra-

tion was chosen to obtain a high drag reduction with small mechanical degradation due to

shear, as it will be discussed in Section 8.2. The polymer powder was gradually added to

210 liters of water in a mixing tank while a mixer (Lightnin Labmaster, L5U10F) was op-

erating at 75 rpm. The mixer was equipped with a low-shear three-bladed marine impeller

with a diameter of 250 mm. The impeller was located at about half depth of the solution in

the tank as it is recommended by Tatterson (1991) and the mixture was mixed for 2 hours
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Figure 3.2: The measured τ and µ of the polymer solution at different γ̇. The solid line
shows the fitted curve on τ profile based on the Ostwald-de Waele model.

(Rowin et al., 2018). The difference between the densities of the water and SF solution was

negligible.

The dynamic viscosity of the SF solution was measured using the rheometer described

in Section 4.4. The shear stress (τ) that the rheometer applied to the polymer solution

at different shear rates (γ̇) is presented on the left vertical axis of Figure 3.2 along with

the associated µ shown on the right vertical axis of the plot. The slope of τ versus γ̇

gradually decreases up to about γ̇ = 200, which indicates a shear-thinning behavior of

power-law fluids (Hatschek, 1939). This behavior can be described by Ostwald-de Waele

model (Hatschek, 1939), τ = K(γ̇)n, where K and n are the flow consistency and behavior

indices, respectively. These indices are estimated by fitting the Ostwald-de Waele model

to the measured τ , as shown in Figure 3.2. For the 90 ppm SF solution K = 8.05 × 10−3

(Pa.sn) and n = 0.766. In the case of higher γ̇, the associated τ can be extrapolated using

the fitted Ostwald-de Waele model.
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3.3 Flow tracers

All the unladen flow measurements in this thesis were implemented by tracking 2 µm silver-

coated tracers (SG02S40 Potters Industries), referred to as tracers hereinafter in this thesis,

which were added to the flow. These tracers had a density of 3.6 g/cm3 and a response

time of ≈0.65 µs in water at 25◦, calculated based on Equation 2.10. The small response

time and the high scattering coefficient of these tracers made them appropriate for unladen

flow measurements using LPT.

3.4 Spherical inertial particles

Spherical glass particles (Manus Abrasive Systems Inc.) with the density of ρp ≈ 2.6 g/cm3

were sieved using a sieve shaker and a series of sieves with the mesh size of 500, 420, 297,

250, 149, and 125 µm from top to bottom, respectively. The particles remained in the sieves

with the mesh size of 125, 250, and 420 µm (referred to as G-125, G-250 and G-420 hereafter

in this thesis, respectively) were used to investigate the near-wall motion of spherical inertial

particles. Figure 3.3 indicates the pdf of the diameter of these particles obtained using 2D-

LPT system explained in Section 4.2. Table 3.1 presents the specifications of these particles

including their mean diameter, d50, the standard deviation of their diameter σd and their tp

which was determined based on Equation 2.10 using d50 and the density and the dynamic

viscosity of water at 25◦.

Particle ρp (g/cm3) d50 (µm) σd (µm) tp (ms)

G-125 2.6 135 11 1.8

G-250 2.6 275 19 7.5

G-420 2.6 458 25 21.0

Table 3.1: Properties of glass particles used to study the near-wall motion of spherical
inertial particles in turbulent flows. The value of tp was determined based on Equation 2.10
using d50 and the density and the dynamic viscosity of water at 25◦.
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Figure 3.3: The pdf of the diameter of glass particles used to study the near-wall motion of
spherical inertial particles in turbulent flows.

3.5 Non-spherical inertial particles

The near-wall motion of non-spherical inertial particles in turbulent channel flows is inves-

tigated in Chapter 7 of this thesis using quartz particles (Sil Industrial Minerals) with a

density of ρp ≈ 2.6 g/cm3. The quartz particles were sieved using the same series of sieves

described in Section 3.4 and the particles remained in the sieves with the mesh size of 125,

250, and 420 µm (referred to as Q-125, Q-250, and Q-420 hereafter in this thesis, respec-

tively) were used to investigate the near-wall motion of non-spherical inertial particles in

Chapter 7. Figure 3.4 illustrates three samples of 2D images of Q-250 particles. Figure 3.5

shows the pdf of the equivalent diameter of quartz particles calculated as the diameter of a

circle with the same area as the projected area of the particle (Hinds, 1999). The projected

area of the quartz particles was determined using the images recorded for two-dimensional

measurements. Table 3.1 presents the specifications of these particles including their d50,

σd, and tp which was determined based on Equation 2.10 using d50 and the density and the

dynamic viscosity of water at 25◦. The sphericity of the quartz particles was determined

as the perimeter of a circle with the same area as the projected area of the particle to the

perimeter of the particle (Zheng and Hryciw, 2015). Figure 3.6 shows the pdf of the spheric-

ity for Q-125, Q-250, and Q-420. The average and the standard deviation of the sphericity

of the quartz particles were approximately 0.85 and 0.05, respectively. The aspect ratio of
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quartz particles was determined as the ratio of the length of their minor axis to the length of

their major axis. Figure 3.7 shows the pdf of the aspect ratio for Q-125, Q-250, and Q-420.

Figure 3.8 shows the pdf of the roundness for quartz particles determined as the ratio of

the averaged radius of curvature of convex regions of a quartz particle to its circumscribed

circle.

Figure 3.4: Sample of the 2D images of the Q-250 particles.
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Figure 3.5: The pdf of the diameter of quartz particles used to study the near-wall motion
of non-spherical inertial particles in turbulent flows.
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Particle ρp (g/cm3) d50 (µm) σd (µm) tp (ms)

Q-125 2.6 138 17 1.9

Q-250 2.6 283 26 8.0

Q-420 2.6 473 37 22.3

Table 3.2: Properties of quartz particles used to study the near-wall motion of non-spherical
inertial particles in turbulent flows. The value of tp was determined based on Equation 2.10
using d50 and the density and the dynamic viscosity of water at 25◦.
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Figure 3.6: The pdf of the sphericity of quartz particles.
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Figure 3.7: The pdf of the aspect ratio of quartz particles.
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Figure 3.8: The pdf of the roundness of quartz particles.
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Chapter 4

Measurement systems

This chapter describes the measurement systems used to fulfill the objectives of the thesis

discussed in Section 1.2. The trajectory of tracers and particles were detected using LPT to

study the instantaneous dynamics of the flow and particles. The required data to perform

the analyses were provided using planar and three-dimensional LPT systems. The LPT

measurement systems described in this chapter are organized based on their complexities.

The first section of this chapter introduces the 2D-LPT system used for the experiments

of Chapter 8. Section 4.2 describes the 2D-LPT system with backlight illumination used

to perform the particle-laden measurements of Chapter 7. The specifications of the 3D-

LPT system that was set up to conduct the experiments of Chapters 5 and 6 are provided

in Section 4.3. The rheometer which was used to measure the viscosity of the polymer

solution used for the experiments of Chapter 8 is introduced in Section 4.4. Finally, in

the last section of this chapter, the pressure measurement system utilized to determine the

pressure drop in drag-reduced turbulent polymeric flows for the experiments of Chapter 8

is explained.

4.1 Two-dimensional Lagrangian particle tracking

A 2D-LPT system was used to detect the Lagrangian trajectories of tracers and particles in

the experiments of Chapter 8. In those experiments, the effect of a drag-reduced turbulent

polymeric flow on the near-wall kinematics of particles and their dispersion was investigated.
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4.1.1 Apparatus

Figure 4.1 illustrates a schematic of the 2D-LPT system with conventional illumination.

The system included a dual-cavity Nd:YLF laser (DM20-527, Photonics Industries) with a

wavelength of 527 nm. Each cavity of the laser had maximum energy of 20 mJ per pulse (at

1 kHz). A combination of cylindrical and spherical lenses was used to form a laser sheet with

approximately 1 mm thickness. The laser sheet was directed from the bottom window and

covered a streamwise-wall-normal plane (x−y) in the mid-span of the channel. The images

were recorded by a CMOS high-speed camera (Phantom v611) with a pixel size of 20×20

µm2 operated at a cropped sensor size of 896×348 pix. A Sigma SLR objective lens with a

focal length of f = 105 mm at aperture size of f/8 was used to image at a magnification

of 1.42, resulting in the field-of-view of 12.5×4.8 mm2 with the digital resolution of 0.014

mm/pix and the depth-of-field of 0.5 mm. A programmable timing unit (HSC v2, LaVision

GmbH) controlled by DaVis 8.4 (LaVision GmbH) was used to synchronize the laser with

the camera.

Mirror

Mirror

Camera

Laser

Optics
Flo

w

Figure 4.1: Schematic of the 2D-LPT system with conventional illumination used for the
measurements of Chapter 8, showing the arrangement of the laser, optics, and the camera.

Time-resolved images were recorded at an acquisition rate of 17.6 kHz with each laser

cavity operating at 8.8 kHz. The unladen flow measurements were implemented by tracking
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the tracers, described in Section 3.3, which were added to the flow. The tracers had an

image size of 3 pix and their number density in the frames was about 0.03 tracer per pixel,

equivalent to 153 tracers/mm2. The maximum displacement of the tracers in unladen

flow measurement was about 10 pix between two consecutive frames. The particle-laden

experiments of Chapter 8 were performed using G-250 particles, described in Section 3.4.

These particles had an image diameter of about 18 pix, with a maximum displacement

similar to that of the tracers. The specifications of the 2D-LPT setup are detailed in Table

4.1.

Field-of-view 12.5× 4.8 mm2

Magnification 1.43
Digital resolution 0.014 mm/pix
Depth of field 0.5 mm
Image size of tracers 3 pix
Image size of particles 18 pix
Image acquisition frequency 17.6 kHz

Table 4.1: The specifications of the 2D-LPT system used to perform the measurements of
Chapter 8.

4.1.2 Image processing

To remove the background intensity caused by the reflection of the laser sheet and improve

the signal-to-noise ratio of the images, the minimum intensity of the ensemble of images was

subtracted from each image. The resulting images were multiplied by a constant to reach

the maximum digital threshold and then they were normalized by the average intensity

of the ensemble. The signal-to-noise ratio was also improved by subtracting the sliding

minimum intensity within a kernel size of 3 pixels followed by normalization using local

average intensity within a kernel of 10 pixels. A Gaussian filter with a kernel size of 3×3

pixel was also applied (Kähler et al., 2012). The trajectory of tracers in unladen and

particle-laden experiments was processed by Davis 8.4 (LaVision GmbH). In processing the

images of the particle-laden experiments, particles were separated from the tracers based

on their size. The maximum change in tracers displacement was limited to 5 pixels and
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the maximum relative velocity change to 50% between two temporally consecutive velocity

vectors.

The trajectories of particles for the two-phase flow measurements were processed using a

particle tracking algorithm developed in MATLAB (MathWorks Inc.). In the first step, the

location of the particles in all the recorded frames was detected using circle Hough trans-

forms (Yuen et al., 1990; Atherton and Kerbyson, 1999) and an interrogation window was

defined around each particle. Based on the mean velocity profile, the algorithm predicted

the location of each particle in the next image frame. Another interrogation window was de-

fined around the predicted location and the precise location of the particle was determined

from the correlation peak between the two interrogation windows. This process was con-

tinued by detecting and tracking particles in the subsequent frames to form time-resolved

tracks (Ohmi and Li, 2000).

To reduce the noise of the trajectories and determine the streamwise and wall-normal

instantaneous velocities (U and V ) of the tracers and particles, a quadratic regression fit

was applied on their trajectories. A quadratic regression over a long period, i.e. large

temporal kernel (tk), can filter out the high-frequency content of the data while a short tk

may not be effective in reducing the noise. Therefore, an optimal tk needs to be used for

the quadratic fit. The optimal tk can be estimated by evaluating the rms of acceleration

following the method used by Voth et al. (2002) and Gerashchenko et al. (2008). Voth et al.

(2002) showed that the acceleration rms can be estimated as a summation of an exponential

term (represents the contribution of turbulence) and a power-law term (represents the

contribution of position noise). They argued that an estimation of the acceleration rms can

be obtained by extrapolation of the exponential term to tk = 0. The variation of the rms

of the streamwise acceleration (ax) with tk at y/H = 0.017 (the first data point after the

wall for particle-laden flows studied in Chapter 8) for the unladen water flow experiment

in Chapter 8 is presented in Figure 4.2. The ax is normalized by ν and the uτ of the water

flow. It is observed that the normalized ax deviates from the fitted exponential function

at tk ≈ 1.7 ms. This deviation indicates that the noise in the estimation of ax rapidly
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increases for shorter temporal kernels. Therefore, the tk of 1.7 ms was selected as the

optimum temporal kernel size following the method used by Gerashchenko et al. (2008).

For consistency of the estimations, trajectories shorter than 1.7 ms were discarded.

0 0.5 1 1.5 2 2.5 3 3.5

t
k
 (ms)

0.1

0.3

0.5

0.7

0.9

1.1

a
x

/u
3

Figure 4.2: The variation of normalized ax of the unladen water flow at y/H = 0.017 as
a function of tk (symbols). The dashed straight line shows the fitted exponential function
based on the method presented by Voth et al. (2002).

More than 1.7 × 106 trajectories longer than 1.7 ms were detected in 40,000 images

recorded for unladen water and polymeric flows. From 57,000 images recorded for particle-

laden water flow experiments, more than 46,000 particle trajectories were detected while

18,000 of them were longer than 1.7 ms. For the particle-laden polymeric flow, 57,000

images were recorded, about 14,000 trajectories were detected and more than 2,000 of them

were longer than 1.7 ms. As will be discussed in Section 8.3.2.1, the smaller number of

particle trajectories in the near-wall region of polymeric particle-laden flow is due to the

more uniform distribution of particles in the wall-normal direction, reducing their near-wall

concentration. Samples of the particle trajectories in water and polymeric flows detected

by the developed algorithm are presented in Figure 4.3.

4.1.3 Uncertainty evaluation

The random error of velocity statistics of unladen and particle-laden flows studied in Chap-

ter 8 was determined based on the statistical convergence of the last 20% of data collected
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Figure 4.3: Samples of particle trajectories in (a) water and (b) polymeric flows. These
trajectories were detected using the 2D-LPT algorithm. Symbols show the detected particle
positions and the lines show the quadratic fit with the temporal kernel of 1.7 ms.

at y/H = 0.017 and are presented in Table 4.2.

Random error ⟨U⟩ ⟨V ⟩ ⟨u2⟩ ⟨v2⟩ ⟨uv⟩
×103 ×104 ×103 ×105 ×105

m/s m/s (m/s)2 (m/s)2 (m/s)2

Unladen water flow 0.86 0.52 0.10 1.20 0.48

Unladen polymeric flow 0.55 0.05 0.03 0.23 0.15

particles in water flow 4.10 4.00 0.70 5.20 8.00

particles in polymeric flow 5.20 2.60 3.80 4.10 7.50

Table 4.2: The random error of the average velocity and Reynolds stresses of unladen and
particle-laden flows of Chapter 8 based on the statistical convergence of the last 20% of
data collected at y/H = 0.017.
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4.2 Two-dimensional Lagrangian particle tracking with back-
light illumination

A 2D-LPT system with backlight illumination was used to detect the Lagrangian trajectories

of particles for the experiments of Chapter 7. In those experiments, the effect of particle

shape and size on the near-wall dynamics of particles and their interaction with the wall was

investigated. The particle-laden experiments of Chapter 7 were performed using glass and

quartz particles described in Sections 3.4 and 3.5, respectively. The backlight illumination

was used to provide a better contrast between the particles and the surrounding fluid

compared to the traditional illumination, resulting in higher accuracy in detecting interface

between particles and the fluid in the images. The unladen flow measurements of Chapter

7 were performed using the same 2D-LPT system but with a conventional illumination (see

Figure 4.1) to images the 2 µm silver-coated tracers using their high scattering coefficient

and avoid peak locking (Kähler et al., 2012).

4.2.1 Apparatus

Figure 4.4 illustrates a schematic of the 2D-LPT system with backlight illumination used for

particle-laden experiments. The system included the same laser, camera, and programmable

timing unit (controlled by DaVis 8.4, LaVision GmbH) used in the 2D-LPT system discussed

in Section 4.1.1. The backlight illumination was provided by diffusing the laser beam using a

150 ppm solution of Rhodamine B (R6626, Sigma-Aldrich) in water, filled the chamber of a

diffuser with the depth of 2 cm, following the method used by Jain et al. (2016). The images

were recorded by a Phantom v611 camera operated at a cropped sensor size of 1280×312

pix. A Sigma SLR objective lens with a focal length of f = 105 mm at aperture size of f/8

was used with an extension to image the streamwise-wall-normal plane (x− y) in the mid-

span of the channel at a magnification of 1.78, providing a field-of-view of 14.3×3.5 mm2,

the digital resolution of 0.011 mm/pix, and the depth-of-field of 0.4 mm. The unladen flow

measurements were performed using the same 2D-LPT system (with the same magnification,

field-of-view, digital resolution, and depth-of-field) but with a conventional illumination.
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Figure 4.4: Schematic of the 2D-LPT system with backlight illumination used for the
particle-laden flow measurements of Chapter 7, showing the arrangement of the laser, cam-
era, and the diffuser.

Images were recorded at an acquisition rate of 8 kHz with each laser cavity operating at

4 kHz. The particle-laden experiments were performed using the spherical glass particles

(G-125, G-250, and G-420) and the non-spherical quartz particles (Q-125, Q-250, and Q-

420). The G-125, G-250, and G-420 particles had an image diameter of approximately 12,

24, and 40 pix, respectively. Experiments were performed at Reτ of 770 and the maximum

displacement of particles between two consecutive frames was approximately 20 pixels. The

image size of tracers in the unladen flow measurements was about 4 pix and their number

density in the images was about 0.03 tracer per pixel. The maximum displacement of tracers

between two consecutive frames was similar to that of the particles.

4.2.2 Image processing

The image processing procedure for the unladen flow was similar to the procedure explained

in Section 4.1.2 and conducted in Davis 8.4 (LaVision GmbH). The trajectories of tracers in

unladen flow were also detected using Davis 8.4 (LaVision GmbH). The maximum change

in tracers displacement was limited to 5 pixels and the maximum relative velocity change

was limited to 50% between two temporally consecutive velocity vectors.
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For the particle-laden flow images, first, their intensity was inverted and then the min-

imum intensity of the ensemble of images was subtracted from them to remove the back-

ground intensity and improve the signal-to-noise ratio. The resulting images were multiplied

by a constant to reach the maximum digital threshold and then they were normalized by

the average intensity of the ensemble, followed by subtracting the sliding minimum intensity

within a kernel size of 3 pixels. Particle trajectories in the two-phase flow measurements

were detected using the particle tracking algorithm developed in MATLAB (MathWorks

Inc.), described in Section 4.1.2. However, instead of using circle Hough transforms for

particle detection in this algorithm, particles were detected based on their contrast with

the surrounding fluid.

Similar to Section 4.1.2, to reduce the noise in tracer and particle position and obtain

their Lagrangian streamwise and wall-normal velocities, a quadratic regression fit was ap-

plied on their trajectories. The variation of acceleration rms (a) with tk at y/H = 0.017

(the closest data point to the wall for the particle-laden measurements of Chapter 7) for

the unladen water flow is presented in Figure 4.5. The optimal tk was selected based on the

same method explained in Section 4.1.2 and it was equal to 1 ms. For consistency of the

estimations, all the tracer/particle trajectories shorter than 1 ms were discarded.

0 0.5 1 1.5 2
10

2

10
3

a
 (

m
/s

2
)

Figure 4.5: The variation of a of the unladen water flow at y/H = 0.017 as a function of
tk (symbols). The dashed straight line shows the fitted exponential function based on the
method presented by Voth et al. (2002).
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4.2.3 Uncertainty evaluation

The random error of the velocity and acceleration statistics of particle-laden flows studied

in Chapter 7 were determined based on the statistical convergence of the last 20% of data

collected at y/H = 0.017 and y/H = 0.028 (the closest data points to the wall for the

analysis of the effect of particle shape and size on their motion, respectively) and presented

in Tables 4.3 and 4.4, respectively.

Particle type ⟨U⟩ ⟨u2⟩ ⟨v2⟩ ⟨uv⟩ ⟨Ax⟩ ⟨Ay⟩

G-250 0.18 0.40 0.90 0.57 0.78 0.58
Q-250 0.08 0.83 0.26 0.49 0.84 0.55

Table 4.3: The random error percentage of the average values of velocity and acceleration
statistics for the measurements of Chapter 7, based on the standard deviation of the last
20% of data collected at y/H = 0.017 for G-250 and Q-250 particles.

Particle type ⟨U⟩ ⟨u2⟩ ⟨v2⟩ ⟨uv⟩

G-125 0.11 0.50 0.26 0.81
G-250 0.15 0.43 0.51 0.66
G-420 0.11 0.85 2.52 3.57
Q-125 0.06 0.19 0.41 0.28
Q-250 0.11 0.48 0.28 0.46
Q-420 0.12 1.18 0.94 3.60

Table 4.4: The random error percentage of the average values of velocity statistics of Chapter
7, based on the standard deviation of the last 20% of data collected at y/H = 0.028.

4.3 Three-dimensional Lagrangian particle tracking

The Lagrangian 3D trajectories of tracers and particles required for the analysis of Chapters

5 and 6 were detected using the data provided by a 3D-LPT system. The analyses presented

in Chapter 5 were performed to investigate the near-wall motion of spherical particles in

turbulent channel flows. In Chapter 6, the effect of Reτ and Cv on particle motion was in-

vestigated by performing the experiments at Reτ = 410 and 765 and volume concentrations
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of Cv = 0.03% and 0.15%.

4.3.1 Apparatus

Figure 4.6 shows the schematic of the 3D-LPT system. The system consisted of four Phan-

tom v611 cameras which were equipped with sigma SLR objective lenses with a focal length

of f = 105 mm. The lenses were set to an aperture size of f/16 and connected to the cam-

eras using Scheimpflug adapters. The cameras were positioned in a plus-like configuration

as seen in the figure. The line-of-sight of each camera had a solid-angle of approximately 35◦

from the y-axis. The programmable timing unit (HSC v2, LaVision GmbH) commanded by

DaVis 8.4 (LaVision GmbH) was used to synchronize the cameras with the Nd:YLF laser

(DM20-527, Photonics Industries International Inc.). A collimator along with spherical and

cylindrical lenses was used to change the laser beam to a laser sheet with cross-section of

50×4 mm2 in the x and y directions. This laser sheet was directed in the spanwise direction

through the glass side wall and flush to the bottom wall. A knife-edge was located outside

the side wall to crop the laser sheet at y = 4mm and limit it to 0 ≤ y ≤ 4 mm. A mirror

was used after the test section, on the opposite side, to reflect the laser sheet back into the

test section and increase the light intensity (Ghaemi and Scarano, 2010).

A dual-plane calibration plate was used to project the physical coordinate system on the

image coordinate system using a third-order polynomial function. The mapping function

was further improved using a volume self-calibration procedure at low seeding density to

reduce the calibration errors (Wieneke, 2008). This process was carried out in DaVis 8.4

(LaVision GmbH). The mapping function showed that the 3D-LPT system had a magnifica-

tion of 0.41 and a digital resolution of 0.049 mm/pixel. This magnification and the aperture

size resulted in a depth-of-focus of 7.9 mm. The measurement volume was 50×4×30 mm3,

equivalent to 1024×82×608 pix3.

Image acquisition was carried out in single-frame mode using a cropped sensor size of

1024×608 pixel, and with simultaneous operation of both laser cavities in each frame. For

unladen experiments, cameras were operated at an acquisition rate of 6 kHz for 3 seconds
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MirrorFlow

Figure 4.6: Schematic of the 3D-LPT system used for the measurements of Chapters 5 and
6, showing four high-speed cameras in a plus-like configuration and the illumination path.
The collimator directs the laser sheet into the test section from the side wall. A mirror
was used on the other side of the test section to reflect the output laser sheet back into the
test section and equalize the cameras’ image intensity in backward and forward scattering
orientations (Ghaemi and Scarano, 2010).

(three discrete sets of one-second image recording) at each Reτ . The unladen experiments

were performed using the silver-coated tracers at the same mass flow rate of particle-laden

experiments to verify the accuracy of the measurement system and the processing algo-

rithm by comparing the measured velocity and acceleration statistics with direct numerical

simulation (DNS) of unladen flows. The acquisition rate of the imaging system was set

on 10 kHz for particle-laden experiments to better resolve particles motion in the vicinity

of the wall and investigate particle-wall collisions. The particle-laden measurements were

carried out for 5 seconds (five discrete sets of one-second image recording) at each Reτ ,

without any tracers. The image of tracers and the particles both had a Gaussian intensity

distribution with an image diameter of approximately 3 pixels. Tracers had an average

image number density of 0.024 tracer per pixel. The maximum displacement of tracers for
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the low and high Reτ cases of unladen experiments was about 4 and 8 pixels, respectively.

The number density of particles in the images at Cv of 0.03% and 0.15% was about 0.008

and 0.04 particles per pixel, respectively. The maximum particle displacement at Reτ of

410 and 765 was not more than 3 and 6 pixels, respectively.

4.3.2 Image processing

The signal-to-noise ratio of the images was improved by subtracting the local minimum

intensity of the ensemble of images from each image, followed by subtraction of the minimum

intensity within a kernel of five pixels. The intensity of each pixel was also divided by the

average intensity within a kernel of 50 pixels. The intensity of all images was also normalized

relative to each other and a Gaussian filter with a kernel of 3× 3 pixel was applied to avoid

peak locking (Kähler et al., 2012).

The 3D Lagrangian trajectories of tracers in unladen experiments and particles in laden

experiments were detected using shake-the-box (STB) algorithm (Schanz et al., 2016) car-

ried out in DaVis 8.4 (LaVision, GmbH). This state-of-the-art LPT algorithm provides an

accurate estimation of particles (or tracers) location using the temporal and spatial in-

formation of their trajectories. In this algorithm, the location of each particle was first

determined based on its intensity with an allowed triangulation error of 0.5 pixel (25 µm).

After detecting the trajectory of the particle for a certain number of time steps by image

matching, a Wiener filter (Wiener, 1949) was applied on the detected trajectory to extrap-

olate it and predict the particle location in the next time step. The predicted location was

corrected by shaking the particle image within a kernel of 0.1 pixel in the three dimensions

(Wieneke, 2013). This procedure was performed for all the particles detected in the images

and provided their Lagrangian 3D trajectories. The accurate detection of trajectories was

also ensured by setting the maximum allowable displacement between two consecutive im-

ages to 6 and 9 pixels for tracers in unladen experiments and 4 and 7 pixels for particles

in laden experiments for the low and high Reτ cases, respectively. The maximum absolute

change in the displacement of each tracer/particle between two consecutive images was set
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to 2 pixels with the maximum relative change of 10%.

The location of the lower wall was obtained using the minimum intensity of all the

images. This minimum image was mostly dark, except for a few glare points due to the

reflection of the laser from the wall. To find the 3D position of the glare point, i.e. wall

location, the minimum image was reconstructed into the 3D domain using the multiplicative

algebraic reconstruction technique, known as MART, in DaVis 8.4 (Elsinga et al., 2006).

The average intensity of the glaring points was determined in each reconstructed x–z plane.

A Gaussian distribution was fitted on the wall-normal variation of glare points’ intensity,

as seen in Figure 4.7 , to obtain the wall location with subpixel accuracy. Based on this

procedure the uncertainty of the wall location is 0.1 pixel which is equivalent to 4.9 µm.
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Figure 4.7: Average intensity of glaring points on the wall at different wall-normal locations.

The Lagrangian streamwise, wall-normal, and spanwise velocities (U , V , W ) and ac-

celerations (Ax, Ay, Az) of each tracer/particle were determined by fitting a quadratic

regression function on its trajectory. The optimal tk for each measurement was selected

based on the same method explained in Section 4.1.2. The variation of the acceleration rms

with temporal kernel size at y/H = 0.008 (the first data point after the wall for particle-

laden flows studied in Chapters 5 and 6) for the unladen and particle-laden experiments

performed in Chapters 5 and 6 are presented in Figure 4.8. The first letter of the acronyms

in the legends refers to low Reτ (L) or high Reτ (H) and the second letter refers to unladen

(U), low Cv (L), or high Cv (H). The optimal temporal kernel was selected as the minimum
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kernel size just before the increase in noise of acceleration rms following the method used

by Gerashchenko et al. (2008) and it was 4.5 and 2 ms for the experiments at low and high

Reτ , respectively.

Six samples of particle’s 3D trajectories detected by the STB algorithm at Reτ = 765

and Cv = 0.03% are presented in Figure 4.9(a). The variation of the wall-normal component

of position, velocity, and acceleration vectors (y, V , and Ay, respectively) in time, t, for one

of these trajectories are indicated in Figures 4.9(b-d), respectively. This trajectory shows

large wall-normal displacement in the measurement domain and its wall-normal direction

of motion changes at t ≈ 2, 13, 26 ms. As expected, the V of the particle is consistent with

the slop of the profile in Figure 4.9(b). The Ay of this trajectory shows its large magnitudes

and fluctuation of wall-normal acceleration within the range of -300 to 300 m/s2.
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Figure 4.9: (a) Samples of particle trajectories at Reτ = 765 and Cv = 0.03% detected
by the STB algorithm. The trajectories are colored according to the magnitude of their
instantaneous total acceleration. The variation of (b) y, (c) V , and (d) Ay in time for the
trajectory S in figure 4.9(a) shows its large acceleration fluctuation in all directions. Colors
in (b-d) show the instantaneous wall-normal location of the particle.

4.3.3 Uncertainty evaluation

The level of the measurement noise of the 3D-LPT system in detecting the particles position

and the performance of the regression function in reducing this noise are investigated in this

section by evaluating the pre-multiplied linear spectral density (LSD) of particles position

before and after applying the regression function, following the method of Gesemann et al.

(2016). The pre-multiplied LSD of the components of the position vector is presented in

figure 4.10 as a function of the frequency, normalized by the Nyquist frequency, f̄ . The flat
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Figure 4.10: The pre-multiplied LSD of (a) x, (b) y, and (c) z components of particles’
position before (lines) and after (symbols) applying the quadratic regression function.

part of the LSD profiles with high frequencies before applying the regression function shows

the measurement noise level in estimating the particle location in the associated direction

(Gesemann et al., 2016). Based on the LSD of the flat parts at f̄ = 1, the measurement

noise level in x and z is approximately 5 and 6 µm, respectively, which is equivalent to 0.1

pixel. The level of the noise in the wall-normal direction is larger than the other directions

and it is approximately 10 µm, equivalent to 0.2 pixel. The high-frequency spatial noise

level is reduced to less than 0.5 µm in all directions, after applying the quadratic regression

function on the trajectories.

The random error percentage of the average values of velocity and acceleration statistics

at y/H = 0.008 are presented in table 4.5. The approximate number of the data points at

this location, Nd, for calculating the average values is also reported for each experiment.

The ay and az in this table represents the rms of wall-normal and spanwise component

of acceleration vector, respectively, and ⟨Vr⟩ is the mean relative velocity of particles with

respect to each other.

4.4 Viscosity measurement

A rheometer (RheolabQC, Anton Paar USA, Inc.) equipped with a double-gap cylinder was

used to measure µ of the polymer solution for the experiments of Chapter 8. Due to the
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Acronym Nd, ×10−6 ⟨U⟩ ⟨u2⟩ ⟨v2⟩ ⟨w2⟩ ⟨uv⟩ ⟨Ax⟩ ⟨Ay⟩ ax ay az ⟨Vr⟩

LU 0.9 0.04 0.19 0.23 0.19 0.18 0.34 0.97 0.15 0.15 0.11 -
LL 6 0.11 0.38 0.32 0.30 0.43 0.57 0.77 0.20 0.29 0.57 0.99
LH 4 0.04 0.29 0.36 0.32 0.63 1.01 1.80 0.13 0.31 0.30 0.21
HU 0.5 0.31 0.53 0.52 0.70 0.46 0.82 0.98 0.15 0.33 0.35 -
HL 6 0.10 0.20 0.08 0.41 0.30 0.31 0.24 0.06 0.03 0.05 1.49
HH 4 0.05 0.10 0.09 0.42 0.30 0.28 0.09 0.09 0.07 0.17 1.99

Table 4.5: The random error percentages of the average values of velocity and acceleration
statistics of Chapters 5 and 6, based on the standard deviation of the last 20% of data
collected at y/H = 0.008 in each experiment.

small gap between the cylinders, the double-gap cylinder system can measure viscosity at

a high shear rate, γ̇, in a laminar flow by avoiding transition to turbulence, which reduces

the measurement accuracy (Taylor, 1923).

4.5 Pressure measurement

The pressure measurement was utilized to determine the drag reduction, DR, of the polymer

solution used for the experiments of Chapter 8. The drag reduction percentage, DR%, is

calculated as

DR% =

(︃
1− ∆Pp

∆Pw

)︃
× 100, (4.1)

where ∆Pw and ∆Pp are pressure drops for water and polymeric flows, respectively. The

pressure drop between two pressure ports with 1 m distance, see Figure 3.1, was measured

using a Validyne DP-15 pressure transducer with 0.2 psi diaphragm and accuracy of 0.25%

of the full-scale pressure. The demodulated signal of the pressure transducer was acquired

by a data acquisition card with 12-bit resolution (National Instruments NI-9201 DAQ) at

100 Hz frequency. The uncertainty of the pressure measurement was approximately 3%,

estimated by repeating the pressure drop measurement of the unladen water flow for five

times.
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Chapter 5

Dynamics and wall collision of
spherical particles in near-wall
turbulent channel flow

5.1 Introduction

One of the first measurements of the acceleration of inertial particles in a turbulent boundary

layer was conducted by Gerashchenko et al. (2008). They recorded the two-dimensional

trajectories of small (sub-Kolmogorov scale) airborne water droplets. The Stη of the droplets

was in the range 0.035 ≤ Stη ≤ 1.2 at a small mass loading of 0.01 %. The droplets close

to the wall were characterized as having an average streamwise deceleration, i.e. ⟨Ax⟩ < 0.

Similar results were also obtained from numerical studies of turbulent particle-laden flows

by Lavezzo et al. (2010), Zamansky et al. (2011) and Yu et al. (2016). These investigations

used DNS for the fluid phase along with simplified versions of the Maxey–Riley equation

for the solid phase. The numerical simulation of Lavezzo et al. (2010) was carried out for

0.87 ≤ Stη ≤ 11.8, Zamansky et al. (2011) for 1 ≤ St+ ≤ 25 and Yu et al. (2016) at

St+ = 35. Each of these studies reported ⟨Ax⟩ < 0 in the near-wall region and related it

to the dominant effect of viscous force on the particles. There is, however, a discrepancy in

the values of the average wall-normal acceleration, ⟨Ay⟩, as discussed below.

In the experiments of Gerashchenko et al. (2008), the droplets had ⟨Ay⟩ < 0, with the

positive axis pointing away from the wall. These droplets were sub-Kolmogorov and had

47



rρ ∼ 833. Also, droplets did not rebound when they hit the wall, which is not the case

for solid particles. The numerical simulations of Lavezzo et al. (2010) and Yu et al. (2016)

also resulted in ⟨Ay⟩ < 0 for both unladen and particle-laden flows in the near-wall region

while the simulations of Zamansky et al. (2011) showed that ⟨Ay⟩ > 0. All these numerical

simulations assumed point-wise particles with rρ ≫ 1 and neglected the pressure distribution

on the particle, near-wall lift, added-mass, and Basset forces. These forces are important

when the particles are larger than the smallest scale of the flow (Calzavarini et al., 2012).

The aforementioned numerical studies also assumed elastic particle–wall interaction, and

neglected wall repulsive forces and particle–particle collisions. Further development of the

numerical simulations of turbulent particle-laden flows requires investigation of the effects of

particle-related forces on their dynamics through collection and evaluation of experimental

data.

The relationship between St and particle acceleration has been previously investigated

in turbulent flows to understand particle dynamics. The investigations have shown the

remarkable effect of St on the probability density function (pdf) and root-mean-square

(rms) of particle acceleration, a. For example, Ayyalasomayajula et al. (2006) analyzed

the effect of Stη on the acceleration distribution of droplets in grid turbulence, which is

isotropic. It was found that increasing Stη from 0.09 to 0.15 narrowed the pdf of Ax and

made its rms (i.e. ax) smaller. This trend was also reported by Bec et al. (2006) who

used DNS to investigate the effect of Stη on the pdf and rms of particles’ acceleration with

Stη < 3.5 in isotropic turbulent flows. The narrower tails of the acceleration pdf and its

smaller a at higher Stη in isotropic turbulence have been related to the effect of particle

inertia on its motion; inertial particles are less responsive to the fluid motion and more

likely to move out of vortices (where there are high acceleration motions) to regions with

higher strain (Eaton and Fessler, 1994; Ayyalasomayajula et al., 2006; Gerashchenko et al.,

2008; Lavezzo et al., 2010).

In non-isotropic turbulence, as would occur near a wall, a different relationship between

Stη and ax has been reported. For example, in the experimental study mentioned earlier,
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Gerashchenko et al. (2008) showed that increasing Stη from 0.07 to 0.47 increased ax and

suggested that this trend was because of the effect of gravity and mean shear on inertial

particles. Lavezzo et al. (2010) conducted a DNS of particle-laden flow with and without

gravity in non-isotropic turbulence to verify the effect of gravity on the relationship between

Stη and ax. The parameters of their simulation, including the rρ and Stη, were similar to

those studied by Gerashchenko et al. (2008). In the study of Lavezzo et al. (2010), particles

were able to collide with the wall and elastically rebound from it, in contrast to the droplets

in the experiment of Gerashchenko et al. (2008). The comparison of the simulations of

Lavezzo et al. (2010) with and without gravity confirmed that the increase in ax with

increasing Stη close to the wall is due to the combined effects of gravity and mean shear.

They argued that the downward motion of the particles due to gravity exposes them to a

strong deceleration due to the mean shear very close to the wall and causes high ax. The

analysis of Lavezzo et al. (2010) showed that with increasing Stη from 0.87 to 1.76, the ax

slightly increased even in the absence of gravity (although this increase was small compared

with that obtained when gravity was considered), followed by a continuous decrease in the

value of ax as Stη was increased from 1.76 to 11.8. This non-monotonic variation of ax

with St in the absence of gravity was also found in the numerical study of Zamansky et al.

(2011), who showed that in the near-wall, non-isotropic turbulence, the maximum value

of ax increased when St+ increased from 1 to 5 and then decreased for higher St+ (up to

St+ = 25). The results of the two numerical investigations indicate that other mechanisms

in addition to gravity can decelerate the particles and increase ax. In particular, the effects of

particle–wall interaction on acceleration statistics of inertial particles must be investigated.

The effects of particle–wall interactions have been studied experimentally under qui-

escent and flowing conditions. Joseph et al. (2001) measured the wall-normal restitution

coefficient, eV , in fluids with different viscosities. Their experimental setup consisted of a

spherical particle attached to a string. This pendulum was released from different initial

angles and moved through a quiescent liquid until the particle hit a vertical wall with an

impact angle of 90◦. In their experiments, particle rebound did not occur (i.e. eV = 0)
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when StV was below a critical value od StV ∼ 10. At values 10 < StV < 30, the eV rapidly

increased with increasing StV (Joseph et al., 2001); however, with further increase in StV ,

values of eV increased more slowly and eventually asymptotically approached the value for

dry collision (i.e. collision in the air). The dependency of eV on StV is also reported by

Gondret et al. (2002), Stocchino and Guala (2005), and Legendre et al. (2006). Some other

quiescent fluid studies also showed that eV depends on the impact angle, θi, which is defined

as the angle between the particle’s velocity vector and the wall. For example, Salman et al.

(1989) tested particle–wall collisions in the air and showed that an increase in θi reduced eV .

This reduction was also observed by Joseph and Hunt (2004). The dependence of eV on θi

in a turbulent flow of air was investigated by Sommerfeld and Huber (1999). They measured

eV , θi, and rebound angle, θr, of spherical particles in the air flowing through a horizontal

rectangular channel. Their results also showed the reduction of eV with increasing θi.

The dependence of eV on θi shows the important role this angle plays in particle–wall

collision in turbulent flows. The motion of particles in non-isotropic turbulent flows strongly

depends on the turbulent structures interacting with the particles (Kaftori et al., 1995a,b;

Marchioli and Soldati, 2002; Kiger and Pan, 2002). For example, sweep and ejection motions

affect particles’ flux toward and away from the wall (Ninto and Garcia, 1996; Soldati, 2005)

and quasi-streamwise vortices are known to cluster small particles along low-speed streaks

(Ninto and Garcia, 1996). Knowledge of the distributions of θi and eV in a particle-laden

turbulent flow is a key factor for modeling particle–wall interactions (Tsuji et al., 1987;

Sommerfeld and Huber, 1999; Kosinski and Hoffmann, 2009; Sommerfeld and Lain, 2018).

In this chapter, the dynamics and wall-collision of inertial particles in a near-wall tur-

bulent channel flow are investigated using 3D-LPT based on STB algorithm, detailed in

Section 4.3. The STB algorithm was used to obtain the Lagrangian trajectories of the

particles and determine their velocity and acceleration. The trajectories were also used to

investigate the collision of the particles with the wall, with specific attention paid to θi, θr

and particle momentum exchange with the wall.

The flow facility used for performing the experiments of this chapter is introduced in Sec-
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tion 3.1. The measurement system, data processing, and uncertainty analyses are described

in Section 4.3. The accuracy of the measurement system and the processing algorithm is

also verified by comparing the measured velocity and acceleration statistics of unladen flow

with DNS of unladen flow from Moser et al. (1999) and Yeo et al. (2010) in Section 5.3.1.

The velocity and acceleration fields of the particles are investigated in Section 5.3.2. A

quadrant analysis is performed to study the contribution of turbulent motions to Reynolds

stresses and acceleration of the particles, detailed in Section 5.3.3. The collision of the par-

ticles with the wall is investigated in Section 5.3.5 using conditional averaging of particle

velocity and acceleration based on the turbulent motions of particles and θi.

5.2 Experimental design

An unladen and a particle-laden experiment were performed with a similar mass flow rate

of 1.76 kg/s and at a constant temperature of 20◦, resulted in the ReH = 14, 600. The main

parameters of the unladen flow, including Ub, inner scaling, and the Reτ are shown in Table

5.1.

Reτ ReH Ub(m/s) uτ (m/s) λ(µm) tτ (µs)

410 14,600 0.98 0.055 18.3 337

Table 5.1: The flow parameters describing the unladen flow. The inner scaling is calculated
from the unladen velocity profile measured using the 3D-LPT.

The particle-laden flow consisted of G-125 particles dispersed in water at a volumetric

concentration of Cv = 0.03%, equivalent to a mass fraction of Cm = 0.1%. For these glass

particles and the test conditions under which they were studied, St+ = 4.5. The Us for

particles was estimated as Us = |⟨Uf ⟩ − ⟨Up⟩|. Using this estimation, the maximum Reps

in the measurement domain was approximately 12.1. This Reps was an order of magnitude

less than the threshold of Reps = 110, suggested for vortex shedding from spherical particles

(Hetsroni, 1989). The properties of the particles studied here are summarized in Table 5.2.

Particle–particle collisions were not expected to play a significant role at this concentration
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(Elghobashi, 1994).

d+p = d50/λ rρ Cv(%) Cm(%) Vt (m/s) Reps tp (ms) St+

7.4 2.6 0.03 0.1 0.015 12.1 1.50 4.5

Table 5.2: Properties of G-125 particles used in the particle-laden experiment. The Vt,
Reps, tp, and St+ are determined based on the d50 of G-125 particles.

From a comparison of Cm and d+p of the current investigation with previous studies, the

effect of particles on the turbulent structures of the fluid phase is expected to be negligible,

i.e. a marginal two-way coupling. The experimental results of Kulick et al. (1994) showed

that 90µm glass particles with Cm of 2% and d+p of 3 had a negligible effect on the turbulent

intensity of the carrier phase. The numerical analysis of Nasr and Ahmadi (2007) for

particles with d+p of 2.2 and Cm = 2% also showed a negligible change of the flow turbulent

kinetic energy and dissipation. In Kulick et al. (1994) and Nasr and Ahmadi (2007), the

carrier phase was air, resulted in a higher rρ relative to the current study. Therefore, the

smaller rρ of the present investigation is expected to result in an even smaller modulation

of flow turbulence (Yu et al., 2017). Regarding the finite size of the particles, DNS of Luo

et al. (2017) for particles with d+p of 11.3 (without point-particle assumption), rρ of 3.3 and

Cv of 0.1% showed a negligible effect on fluid turbulence. This observation was made in

spite of turbophoresis and a larger near-wall particle concentration in their study.

The Lagrangian velocity and acceleration data were averaged in the streamwise and

spanwise direction (in addition to time), due to homogeneity of the flow field in these

directions. The wall-normal dimension of the averaging bins was one wall unit, λ, for the

unladen flow. The bin size was larger and equal to 125µm for the particle-laden flow. More

than 9 × 106 tracer trajectories for unladen flow from 27,000 images and approximately

2.3 × 106 particle trajectories in the particle-laden flow from 45,000 images were obtained

using the STB algorithm. The random error of the velocity and acceleration statistics of

unladen flow and particles were investigated based on the standard deviation of the last

20% of data collected at y/H = 0.008 (equivalent to y+ = 3.4) and presented in Table 4.5.
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The mean duration of particle trajectories was relatively constant and was approximately

20 ms for y+ > 20. For smaller y+, the mean trajectory duration gradually shortened to

approximately 13 ms.

5.3 Results and discussion

5.3.1 Unladen turbulent channel flow

The unladen flow field statistics and the uncertainty of the 3D-LPT technique are evaluated

by comparing the velocity statistics with the DNS results of Moser et al. (1999) at Reτ = 395

and the acceleration statistics with a separate DNS study of Yeo et al. (2010) at Reτ = 410.

The normalized mean streamwise velocity (U+), where U+ = ⟨U⟩/uτ , is shown here as

Figure 5.1(a). The 3D-LPT measurement agrees well with the DNS results of Moser et al.

(1999) from the first data point at y+ = 3.4 in the viscous sublayer up to the border of the

measurement volume at y+ = 218 (y = 4 mm) in the logarithmic region. The logarithmic

law, U+ = (1/κ)ln(y+) +B, with κ = 0.4 and B = 5.2 is also shown in this figure.

The non-zero components of the Reynolds stress tensor, ⟨uiuj⟩, determined from 3D-

LPT measurement, are shown in Figure 5.1(b). The mean streamwise Reynolds stress

profile, ⟨u2⟩, at the near-wall region of y+ ≤ 12 is slightly larger (4 % in the peak) than

the DNS results, and the maximum is also closer to the wall by ∼ 2λ. The difference

can be partly attributed to the fact that the measurement was made at Reτ = 410 which

results in a thinner inner layer and slightly larger values of ⟨u2⟩/u2τ than the Moser et al.

(1999) simulation, where Reτ = 395. The profiles of mean wall-normal Reynolds stress,

⟨v2⟩, and mean spanwise Reynolds stress, ⟨w2⟩, overlap the DNS results and reach their

maximum values at y+ = 70 and 40, respectively. The mean Reynolds shear stress, ⟨uv⟩,

also agrees well with the DNS data, and the minimum value is reached at y+ = 35. The

good agreement of the measurement with the DNS results also provides evidence indicating

that (i) fully developed channel flow is established and (ii) the 3D-LPT can resolve the

mean and second-order velocity statistics in the region 3.5 ≤ y+ ≤ 218.

The ability of the 3D-LPT technique in resolving the mean and second-order acceleration
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(a) (b)

Figure 5.1: Comparison of 3D-LPT measurement of (a) mean streamwise velocity, and (b)
non-zero components of Reynolds stress tensor in unladen flow at Reτ = 410 (symbols)
with the DNS results of Moser et al. (1999) at Reτ = 395 (solid lines).

statistics is investigated by comparing the results of the measurement made for the unladen

flow with the DNS results of Yeo et al. (2010) at Reτ = 408. The profiles of normalized

mean streamwise acceleration A+
x = ⟨Ax⟩/(u3τ/ν) and mean wall-normal acceleration, A+

y ,

and mean spanwise acceleration, A+
z , are presented in Figure 5.2(a) for the unladen flow.

The measurements of A+
x and A+

y show good agreement with the DNS. At the locations

where the minimum value of A+
x and the maximum value of A+

y occur (y+ = 8 and 18,

respectively), the difference between the experimental and DNS is approximately 4%. At

y+ < 35, A+
x is negative, which indicates flow deceleration. Yeo et al. (2010) attributed

the negative value of A+
x in the near-wall region mainly to the viscous force within the

solenoidal acceleration (≡ ν∂2⟨U⟩/∂y2). The negative A+
x at y+ < 35 is also expected

because of Ax ≡ ∂⟨uv⟩/∂y (Chen et al., 2010). As it is well known, and seen in Figure

5.1(b), ∂⟨uv⟩/∂y < 0 in this region. At y+ < 70, A+
y is positive as shown in Figure 5.2(a).

This agrees with the DNS results of Yeo et al. (2010) at Reτ = [180, 408, 600] and the DNS

results of Zamansky et al. (2011) at Reτ = 587. The positive values of A+
y at y+ < 70 is also

expected since Ay ≡ ∂⟨v2⟩/∂y (Chen et al., 2010) and ∂⟨v2⟩/∂y is positive up to y+ ∼ 70

as observed in Figure 5.1(b). The variation of A+
y with y+ also agrees with the variation of
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∂⟨v2⟩/∂y with y+ in Figure 5.1(b). However, the trend of the values of A+
y measured for the

present study is not in agreement with the DNS results of Lavezzo et al. (2010) at Reτ = 300

or Yu et al. (2016) at Reτ = 150, who reported negative A+
y values near the bottom wall of

horizontal channel flows. The positive A+
y in the inner layer is attributed to the irrotational

component of ⟨Ay⟩, i.e. −∂⟨p⟩/(ρ∂y), that accelerates the flow upward toward the axis of

rotation of quasi-streamwise vortices (Lee et al., 2004; Lee and Lee, 2005; Yeo et al., 2010).

The rotational motion of the quasi-streamwise vortices provides a mean low-pressure core

at y+ ∼ 20 (Kim et al., 1987). This is consistent with the location of the maximum value of

A+
y at y+ = 18 in Figure 5.2(a). The trends of the wall-normal variation of ⟨Ax⟩ and ⟨Ay⟩

of the unladen flow in the current study are also consistent with the experimental and DNS

results of Stelzenmuller et al. (2017). For a spanwise homogeneous flow, A+
z is expected to

be zero. The maximum deviation of A+
z from zero is approximately 7.3× 10−4 and occurs

at y+ = 4.5, which is an indication of small measurement uncertainty.
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Figure 5.2: The 3D-LPT measurement (symbols) of (a) mean acceleration, and (b) rms
of acceleration for the unladen flow at Reτ = 410. The results are normalized with inner
scaling and compared with the DNS results of Yeo et al. (2010) at Reτ = 408 (dashed and
solid lines).

The normalized rms of the acceleration components are presented in Figure 5.2(b) as

a+i = ai/(u
3
τ/ν), where i = x, y and z, and are compared with the results of the simulations

of Yeo et al. (2010). There is a good agreement between the measured and the DNS values
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of a+x , with a maximum difference of approximately 6% at the maximum value of a+x , which

occurs at y+ = 6. The measured values of a+y are in accord with the DNS profiles at

y+ > 30, with a difference of approximately 2 % for the maximum value of a+y (at y+ = 30).

At y+ = 10, the measured a+y deviates from DNS while the profile of a+x follows the DNS.

This is due to the higher relative error in the y (and z) directions compared with the x-

direction; the displacement of particles in the y (and z) is an order of magnitude smaller

than that in the x direction. The maximum values of a+y and a+z are in the buffer layer

(farther away from the wall than the maximum value of a+x ), which suggests that they are

pressure driven due to vortical structures (Yeo et al., 2010). It is also noticeable in Figures

5.2(a) and 5.2(b) that the magnitudes of a+x and a+y are greater than the magnitudes of A+
x

and A+
y , respectively, showing the intermittency of the events with high acceleration in the

flow.

5.3.2 Particle-laden turbulent channel flow

The distribution of the particle number density in the near-wall region is presented in Figure

5.3. This distribution is determined based on the number of particles in each bin divided

by the average number of particles across all the bins and represented by N̄ . The wall-

normal location is normalized by λ. The averaging bin size for particles is equal to 125µm

and the first data point is obtained at the center of the first bin immediately after the

wall, i.e. at y+ = 3.4. For this analysis, all the detected particles are considered, as no

limitation is imposed on their trajectory length. As expected, the concentration of particles

is higher close to the wall due to gravity. The figure also demonstrates that local near-wall

number density can be up to 2.2 times larger than the average number density within the

measurement domain, i.e. y+ < 218. The relatively small increase of local number density

in the vicinity of the wall suggests that modulation of the liquid phase turbulence by the

particles is small.

The velocity and acceleration statistics of particles obtained from the 3D-LPT mea-

surement at Reτ = 410 are also investigated in this section. The velocity statistics are
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Figure 5.3: The normalized number density of particles in the near-wall region.

normalized using uτ , and the acceleration statistics are normalized using u3τ/ν. The U+

profiles of particles and the unladen flow are compared in Figure 5.4(a). The particle velocity

is greater than that of the unladen flow at y+ < 10 as the no-slip boundary condition does

not apply to the particles. As a result, ⟨Uf⟩−⟨Up⟩ is negative; specifically, it is −0.09m/s at

y+ = 3.4 which is approximately 10% of the bulk velocity. At y+ > 10, the particle velocity

is lower than that of the unladen flow. A similar observation was reported by Shao et al.

(2012) and Yu et al. (2016) and is associated with the larger inertia of particles (compared

with that of the liquid phase). The trend of the U+ profile is consistent with the results pre-

sented by others including Kussin and Sommerfeld (2002), Shao et al. (2012) and Yu et al.

(2016) for different values of Reτ and St. The mean wall-normal velocity of unladen flow

and particles is also normalized by uτ as V + = ⟨V ⟩/uτ , and presented in Figure 5.4(b). The

value of V + is close to zero for unladen flow in the whole measurement domain. However,

particles have a small negative V +, showing their motion toward the lower wall. Therefore,

the gravitational settling of particles is not totally balanced by turbulence diffusion. The

former gradually accumulates the particles close to the wall, as seen in Figure 5.3.

The normalized non-zero components of the Reynolds stress tensor of particles and the

unladen flow are compared in Figure 5.4(c), showing similar trends and approximately the

same peak locations for the associated components. particles have larger ⟨u2⟩ in comparison
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with the unladen flow. Due to inertia, the particles can maintain their velocity for a longer

time, and therefore over a longer wall-normal distance, relative to the fluid motions. As a

result of this larger diffusion, a wider distribution of particle velocity, i.e. a larger velocity

fluctuation, is observed (Shokri et al., 2017; Ahmadi et al., 2019). The maximum of the

absolute value of ⟨uv⟩ of particles, |⟨uv⟩|max, is approximately 30% larger than it is for the

unladen flow, which indicates a greater correlation between their u and v and turbulence

production. Shokri et al. (2017) compared the measured ⟨uv⟩ of inertial particles with

the unladen flow in an upward turbulent vertical pipe flow. Their results showed that the

|⟨uv⟩|max of particles (with St+ values of 3.9 and 7.7) was approximately 30% larger than

the unladen flow. However, at St+ = 14, |⟨uv⟩|max became 27% smaller than |⟨uv⟩|max for

the unladen flow, indicating that the difference between |⟨uv⟩|max of particles and unladen

flow is strongly dependent on St+. The DNS results of Yu et al. (2017) showed a similar

effect of St on the difference between |⟨uv⟩|max of particles and unladen flow in horizontal

turbulent channel flows.

The normalized mean and rms of particles acceleration are compared with the numerical

results of Zamansky et al. (2011) in Figure 5.5. This numerical simulation was carried out

for small particles (d+p < 1) with a large density ratio (rρ = 770). For this flow regime,

Zamansky et al. (2011) assumed point-particles, and the steady-state drag was the only

force taken into account for the solid phase equations of motion. The effect of the added-

mass, Basset, Saffman, Magnus and gravity forces were neglected. In the experiment, d+p

is larger and rρ is smaller. However, the numerical simulation is performed with St+ = 5

and Reτ = 587, which are close to the St+ and Reτ of the current experiment. It should

be noted that the comparison with the numerical simulation is not carried out here to

evaluate the uncertainty of the 3D-LPT or the validity of the assumption for the numerical

simulation. Here, we qualitatively compare the acceleration statistics of the experiment and

the numerical simulation. The comparison also allows us to evaluate if the point-particle

assumption is valid for the flow condition of the experiment. To the authors’ knowledge,

this simulation is the best in comparison to the results of the current study, especially when
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Figure 5.4: Comparison of 3D-LPT measurements of (a) mean streamwise velocity, (b)
mean wall-normal velocity and (c) mean Reynolds stresses of particles (symbols) with the
same parameters for the unladen flow (solid lines) at Reτ = 410.

one considers that mean and rms of acceleration are needed for the comparison.

From the A+
x profile of particles, presented in Figure 5.5(a), particle deceleration (A+

x <

0) occurs at y+ < 20 with the minimum value of A+
x occurring at y+ ∼ 10. particle

deceleration is attributed to the slower viscous-dominated flow of the surrounding near-wall

fluid and the interaction of particles with the wall. It is notable that the location of the

minimum value of A+
x is close to the location of the minimum value of ∂⟨uv⟩/∂y for particles

as shown in Figure 5.4(c). Lavezzo et al. (2010) used DNS of a particle-laden flow, with

Stη = [0.87, 1.76, 11.8] to show that ⟨Ax⟩ and ∂⟨uv⟩/∂y are related for inertial particles.
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The current experimental investigation also confirms this relation. The measured value at

y+ = 3.4 is A+
x = −0.038, while the numerical result at this location is A+

x = −0.019.

This difference cannot be due to the different values of St+ for as shown by Zamansky et al.

(2011), increasing St+ from 1 to 5 does not considerably affect A+
x at this near-wall position.

It also is not expected that the higher value of Reτ in the numerical study compared with

the measurement is the reason for the difference in A+
x at y+ = 3.4. Yeo et al. (2010) showed

that increasing Reτ enhances the viscous force contribution and increases the deceleration;

but this increment is negligible for Reτ > 400. The difference between the measured A+
x

and the numerical result at y+ = 3.4 is attributed to the larger particles, smaller rρ and

the particle–wall collision in the experiment. In the present study, the location of A+
x = 0

for particles is at y+ ∼ 20, which is closer to the wall than was found by Zamansky et al.

(2011). Comparison of the A+
x profiles for the solid-phase, Figure 5.5(a), and the unladen

flow, Figure 5.2(a), shows that the two are different when y+ > 20: the unladen profile is

relatively constant at a small positive value while for particles there is a local maximum at

y+ ∼ 40, just above the buffer layer where ∂⟨uv⟩/∂y is also positive, as shown in Figure

5.4(c). The difference is mainly associated with the acceleration of the particles that are

ejected away from the wall. The region of positive A+
x overlaps with the logarithmic layer

and indicates where fluid applies a net positive force on the particles to accelerate them.

The streamwise velocity difference between particles and fluid results in a drag force (Crowe

et al., 2012), which causes a local maximum of A+
x at y+ ∼ 40.

The maximum value of A+
y is found at y+ ∼ 18 of Figure 5.5(a). This is the same location

of the maximum value of ∂⟨v2⟩/∂y, as shown in Figure 5.4(c), as well as the location of the

maximum A+
y for the unladen flow, as shown in Figure 5.2(a). This location is also near the

mean axis of rotation of quasi-streamwise vortices, which is found at approximately y+ ∼ 20

(Kim et al., 1987) where a minimum pressure is expected. The positive acceleration can be

associated with the ejection motions of the fluid, which lift up the particles and transport

them away from the wall (Kiger and Pan, 2002). For particles moving toward the wall, their

V should decrease to result in a positive A+
y . In the region 18 < y+ < 40, A+

y decreases
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and becomes zero at y+ ∼ 40. Figure 5.5(a) shows that at y+ < 20, the A+
y of particles

is larger than the A+
y reported by Zamansky et al. (2011). After the zero A+

y point, the

effect of gravity becomes dominant and the A+
y of particles becomes negative. The negative

A+
y values were not observed in the numerical results of Zamansky et al. (2011) in which

gravity was not considered. As expected, the A+
z of particles is almost zero in the whole

measurement domain. The maximum deviation of A+
z from zero is approximately 8.5×10−4

at y+ = 17.

Considering the rms of the particle acceleration in Figure 5.5(b), the maximum value

of a+x of particles coincides with the location of the minimum value of A+
x in Figure 5.5(a).

The maximum value of a+x is larger than those of Zamansky et al. (2011). For unladen

flow, Yeo et al. (2010) observed that as Reτ increases from 408 to 600, the maximum

value of a+x increases by 3%. The numerical results of Zamansky et al. (2011) showed that

the relationship between St+ and a+x is not monotonic: a+x increased with increasing St+

from 1 to 5, but decreased with further increases in St+. The greater values of a+x at

St+ ∼ 5 compared to its values at the other St+ in their simulations is associated with

the balance between the particles’ response to the surrounding fluid and their wall-normal

dispersion. The wall-normal dispersion is expected to initially increase with increasing

St+, which results in acceleration/deceleration of particles when transported to different

fluid layers, thereby increasing a+x . The maximum value of a+y in the measurement is also

greater than that of the simulation. Again, the difference between a+x and a+y of the current

measurement and those reported by Zamansky et al. (2011) in the immediate vicinity of the

wall is mainly associated with the larger particles and the smaller rρ in the experiment. The

discrepancy suggests that the point-particle assumption cannot be applied to the conditions

of the current experiment. The fully elastic particle–wall collision assumption applied in

the numerical simulation and measurement noise can also contribute to the discrepancy in

particle’s acceleration rms in the immediate vicinity of the wall.

The probability density functions of the components of the particle mean acceleration

normalized with the rms of total acceleration, a, taken at five different y+, are presented
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Figure 5.5: Comparison between measurement of normalized (a) mean acceleration and (b)
rms of acceleration components from the 3D-LPT (symbols) with the numerical results of
Zamansky et al. (2011) at Reτ = 410 with St+ = 5 (lines).

in Figure 5.6. As Figure 5.6(a) shows, at y+ = 3.4 and 10.2, the pdf of Ax is skewed

towards negative Ax, which is consistent with the results of Figure 5.5(a) and the pdfs

produced from the measurements of Gerashchenko et al. (2008). It is conjectured that

the negative skewness of the pdf is due to the deceleration of particles by strong near-wall

viscous forces and the particles’ interaction with the wall. With increasing y+, the viscous

dominated deceleration reduces, and particles accelerate due to inertial forces. At y+ = 17,

the pdf is more symmetric. With further increases in y+ to 44.3 and 98.8, the pdf becomes

right-skewed, which shows more particles tend to have positive Ax.

The pdf of Ay shown in Figure 5.6(b) has a different behavior than was described above

for Ax. Close to the wall and up to y+ = 44.3, the pdf is right-skewed, indicating that more

particles tend to have a positive Ay, which means the value of V of upward-moving particles

increases or the value of V of downward moving particles decreases. The positive Ay can

be associated with several forces. As it was mentioned, ejection motions of the liquid phase

are known to lift up and accelerate particles away from the wall (Kiger and Pan, 2002).

It is conjectured that the negative wall-normal pressure gradient also contributes to the

positive Ay of the upward moving particles. This pressure gradient has been attributed to
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a region of high vorticity where there is a larger accumulation of quasi-streamwise vortex

cores located (Kim, 1989; Yeo et al., 2010). In the high-shear near-wall region, particles

can also experience a large Magnus force. For a downward moving particle, the value of

V is hypothesized to decrease due to the wall-normal pressure gradient and the increasing

pressure of the fluid layer between the particle and the wall, known as wall repulsive force

(Feng et al., 1994). By increasing y+, the effect of these forces reduces, and particles

experience a negative acceleration due to gravity. At y+ > 44.3, the Ay pdf is skewed to

the negative side, indicating that a large number of the particles with upward motion slow

down, and downward moving particles speed up under the effect of gravity. The pdf of

spanwise acceleration in Figure 5.6(c) is symmetric as expected.

(a) (b) (c)

Figure 5.6: Probability density functions of mean (a) streamwise, (b) wall-normal and (c)
spanwise acceleration of particles. The curves in each plot, from bottom to top, correspond
to y+ = 3.4, 10.2, 17, 44.3, 98.8. The pdfs are each shifted up by two units of the vertical
axis for clarity.

5.3.3 Quadrant analysis

The turbulent motion of the fluid and particles can be further analyzed by plotting u and

v in a quadrant plot. The motions described by the four quadrants are: Quadrant 1 (Q1),

upward interactions with u > 0 and v > 0; ejections (Q2) with u < 0 and v > 0; downward

interactions (Q3) with u < 0 and v < 0; and sweeps (Q4) with u > 0 and v < 0, as

originally proposed by Wallace et al. (1972). To evaluate the contribution of each quadrant

to ⟨uv⟩, the motions of the unladen flow and particles are sampled based on the u and v
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signs of each quadrant. The conditionally sampled data are averaged as indicated by ⟨uv⟩Qi ,

where i varies from 1 to 4, referring to the four u − v quadrants. Figure 5.7(a) shows the

contribution of Q1 and Q3 while Figure 5.7(b) shows the contribution of Q2 and Q4. Based

on the sign of ⟨uv⟩ and the positive ∂⟨U⟩/∂y on the lower wall of the channel, the motions

in Q1 and Q3 are associated with the reduction of turbulence while motions represented

in Q2 and Q4 generate turbulence. Comparison of Figure 5.7(a) with Figure 5.7(b) shows

that there is poorer correlation of u and v for the particles in Q1 and Q3 than observed

for the unladen flow; however, the particles with ejection and sweep motions in Q2 and Q4

have higher ⟨−uv⟩ compared with the unladen flow. Therefore, particles have a larger ⟨uv⟩

in the near-wall region which is consistent with their ⟨uv⟩ profile in Figure 5.4(c). For the

unladen flow, the sweep motion contributes more to turbulence production than ejection

motions at y+ < 15. Farther from the wall at y+ > 15, the ejections become dominant as

also observed in the DNS results of Kim et al. (1987). The particles with sweep and ejection

motions also show a similar trend with the transition between sweep and ejection regions

at y+ = 20.
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Figure 5.7: Conditional average of Reynolds shear stress of the unladen flow and particles
based on motions in the (a) first and third, and (b) second and fourth u− v quadrants.

The quadrant analysis is extended in Figure 5.8 to conditionally averaged acceleration,

A+
x,Qi

, of the unladen flow and particles to identify the contribution of quadrant motions
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to A+
x . The particles with v > 0 (Q1 and Q2) gain momentum from the high-speed region

by moving away from the wall and have A+
x > 0, except for Q1 at y+ < 40 where the

viscous forces are dominant. At y+ < 20, only ejection motions of Q2 result in positive

A+
x . The maximum of the conditionally averaged A+

x based on Q2 for both the unladen

flow and particles is almost at the outer boundary of the buffer layer, or y+ ∼ 30. At this

location, the viscous effects diminish and the surrounding fluid accelerates the ejected fluid

and particles. The larger wall-normal displacement of particles due to their inertia moves

them farther into the high-speed region. This results in a higher drag force on the ejected

particles compared with the ejected fluid. Therefore, the positive A+
x of particles is larger

than that of the fluid, as shown in Figure 5.8(b). It is also seen in this figure that in the

near-wall region, sweep motions have A+
x < 0 for both the unladen flow and particles. The

conditionally averaged A+
x based on Q4 for unladen flow has a minimum at y+ ∼ 8 while

the minimum for particles is found at y+ ∼ 10. The locations of the minimum values of

these conditional averages are consistent with the locations of the minimum values of A+
x

shown in Figure 5.2(a) and Figure 5.5(a), respectively. Comparison of Figures 5.8(a) and

5.8(b) shows that for both the unladen flow and particles, ejections and sweeps (Q2 and

Q4 quadrants) are the major turbulent motions which provide positive and negative A+
x ,

respectively.
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Figure 5.8: Conditional average of A+
x based on the motions in (a) first and third quadrants,

and (b) second and fourth quadrants.
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The conditionally averaged A+
y values, based again on u−v quadrant analysis, are shown

in Figure 5.9 for the unladen and particle-laden flows. As this figure shows, the positive

A+
y of unladen flow is due to fluid elements with v > 0 (Q1 and Q2) in the whole near-wall

region as well as sweep motions (Q4) at y+ < 100. The wall-normal pressure gradient

induced by the low-pressure cores of the quasi-streamwise vortices pulls the flow upward

and provides A+
y > 0. At y+ < 100 for the unladen flow it is only the motions in Q3 that

have a negative contribution to A+
y . Similar trends are observed for particles but the values

of A+
y are smaller because of gravity and their larger inertia compared with the unladen

fluid flow. The Q2 and Q4 profiles for particles show that ejection and sweep motions have

a similar contribution to A+
y for the near-wall region: they both have A+

y > 0 at y+ < 40

and A+
y < 0 at y+ > 40. Figure 5.9 shows that for both unladen flow and particles, Q1 and

Q3 have the major contributions to positive and negative A+
y , respectively.

(a) (b)

Figure 5.9: Conditional average of A+
y based on the motions in the (a) first and third

quadrants, and (b) second and fourth quadrants.

5.3.4 Temporal scales

The temporal autocorrelation of particles’ motion is investigated here to characterize their

time scales at different wall-normal distances. For a variable S, the autocorrelation coeffi-

cient is determined as CSS(t
+) = ⟨S(t+0 )S(t

+
0 + t+)⟩/⟨S2(t0)⟩, where S(t+0 ) is the value of

S at the initial time step of t+0 , and t+ is the time shift. This autocorrelation is calculated
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from the time-resolved values of U , V , W and θ along the particle trajectories. The results

are shown in Figure 5.10 at five different y+. In general, all the autocorrelation coefficients

decrease with increasing t+. The CUU coefficient indicates that the streamwise velocity of

the particles stays correlated for a longer time since CUU stays positive for a long t+, beyond

the investigated range. However, CV V , CWW and Cθθ coefficients reach close to zero within

t+ < 100 for all the investigated y+.

The autocorrelation coefficients approach zero at a larger gradient with decreasing y+,

which indicates a smaller time scale of the particles’ motion. This is expected as the

turbulent structures of fluid phase also become smaller with decreasing y+. However, CV V

and Cθθ at y+ = 3.4 demonstrate a different trend due to the presence of local minimums

and negative values. At y+ = 3.4, with increasing t+, there is an initial and rapid decrease

of CV V to a local minimum at t+ = 11. This is followed by a small increase and then a

reduction to negative values at t+ = 20. For the same wall-normal location of y+ = 3.4,

Cθθ rapidly decreases and reaches a local minimum also at t+ = 11. The time shift, t+,

to reach negative CV V and Cθθ, both indicate the time scale when the particle changes its

wall-normal direction of motion, shifts from upward to downward motion, and vice versa.

However, the local minimum is more pronounced for Cθθ since θ is strongly modulated by

the small magnitude of U according to θ = tan−1(V/U). Therefore, change in the direction

of a weak wall-normal motion (small V ) can result in a significant change of θ if U is small.

5.3.5 Particle-wall interaction

In this section, the effect of the wall is analyzed on particles with a wall separation distance of

y < 125µm, where y is the distance between the particle center and the wall. The trajectory,

velocity, and acceleration of these near-wall particles are investigated. In addition, the

temporal scales of the near-wall trajectories and their collision with the wall are statistically

characterized. The particle trajectories are analyzed based on the trajectory angle, θ, which

is defined as tan−1(V/U). Based on this definition and as seen in Figure 5.11 , a particle

which is approaching the wall (i.e. V < 0) has a negative θ and a particle which is moving
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(a) (b)

(c) (d)

Figure 5.10: Temporal autocorrelation of (a) U , (b) V , (c) W and (d) θ of particles. The
curves in each plot, from bottom to top, correspond to y+ = 3.4, 10.2, 17.0, 44.3 and 98.8.

away from the wall (i.e. V > 0) has a positive θ. For a particle colliding with the lower wall

of the channel, the impact angle, θi, and rebound angle, θr, are defined as the trajectory

angle of the particle before and after a collision, respectively. In total, more than 80,000

particle trajectories at y < 125µm were detected from 5 seconds of time-resolved 3D-LPT

data.

5.3.5.1 Trajectory angle

To scrutinize the relation of θ with velocity fluctuations for the particles at y < 125µm,

the joint probability density function (jpdf) of θ and u/uτ , and the jpdf of θ and v/uτ are

shown in Figures 5.12(a) and 5.12(b), respectively. The jpdf has a drop-shaped contour

with a large variation of θ for large negative u, and a small variation of θ for large positive

68



Figure 5.11: A schematic to define the parameters used to characterize particle collision
with the lower wall of the channel.

u. Therefore, the smaller is the instantaneous streamwise velocity of the particle, U , the

wider is the distribution of θ. This relation is pronounced here, since the mean streamwise

velocity, ⟨U⟩, is small in the vicinity of the wall. The relation between θ and v is as expected;

a positive v results in a positive θ, and vice versa. It is also observed that distribution of θ

becomes wider with increasing v.

(a) (b)

Figure 5.12: Joint probability density function of (a) u/uτ and θ, and (b) v/uτ and θ, for
particles with y < 125µm.

The pdf of θ for particles in the vicinity of the wall at y < 125µm, i.e. y+ = 3.4, and

higher y+ locations, is shown in Figure 5.13. The pdf for y+ = 3.4 has a larger peak at

θ = 0, while the tails of the pdf extend to large positive and negative θ, reaching ±20◦. This

peaky behavior of the pdf reduces with increasing y+. At higher y+, the peak of the pdf

attenuates and shifts towards negative θ, which means that most of the trajectories descend

toward the wall. It is also observed that the tail of the pdf disappears with increasing y+

69



as the probability of large θ becomes negligible. Therefore, the larger θ events are limited

to the vicinity of the wall where the instantaneous streamwise velocity of the particles is

small.

Figure 5.13: The pdf of θ for particles at y+ = 3.4, 10.2, 17.0, 44.3 and 98.8, from bottom
to top, respectively. The pdfs are shifted up by two units of the vertical axis for clarity.

5.3.5.2 Velocity and acceleration

Conditional averaging is applied here to investigate the contribution of each quadrant of

velocity fluctuations to instantaneous velocity and acceleration of the near-wall particles,

i.e. y < 125µm. First, to characterize the distribution of the motions, jpdf of u and v

fluctuations of the particles is presented in Figure 5.14. The jpdf is relatively symmetric

with respect to the horizontal axis (v = 0). Most of the particles have u < 0 caused by

(i) the fluid viscous force, as the surrounding fluid has a lower velocity than particles and

(ii) particle–wall interactions. The contours are also slightly shifted toward v > 0 and more

particles are in the second quadrant (Q2) than in the third quadrant (Q3). Considering the

smaller U of the fluid than the particles due to the no-slip boundary condition at y+ = 3.4,

the Saffman force at this location should be downward. Therefore, it is the ejection motions,

Magnus lift force, and wall collision, which can move the particles away from the wall and

cause v > 0.

The relation between instantaneous velocity and the absolute value of trajectory angle,
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Figure 5.14: Joint probability density function of normalized velocity fluctuations. Only
the particles with y < 125µm are considered.

|θ|, is shown in Figures 5.15(a) and 5.15(b) for the streamwise and wall-normal components,

respectively. Results are also conditionally averaged based on the u − v quadrants of par-

ticle’s motion. The conditional averaging is carried out for |θ| < 4◦ with a bin size of 0.5◦.

The |θ| < 4◦ range is applied to ensure statistical convergence as there are few particles

outside this range. As expected, the particles with Q1 and Q4 motion (u > 0) have larger

U+ than the particles with Q2 and Q3 motion (u < 0) in Figure 5.15(a). The U+ of the

particles in the first quadrant (Q1) is ∼ 6.3uτ and does not considerably change with |θ|;

streamwise velocity of the particles with Q1 motion is not a function of the trajectory angle.

For the particles with a sweep motion (Q4), U
+ increases with increasing |θ| and reaches

∼ 7.5uτ at |θ| = 4◦. This is because the particles with larger |θ| have come down from a

higher y+, and therefore have higher U+. The U+ value of the particles in Q2 and Q3 are

almost equal at different |θ|, and for both quadrants, U+ slightly decreases with increasing

|θ|. As seen in Figure 5.15 (b), there is a linear relation between |θ| and V +, which indicates

that |θ| is mainly caused by a variation of V and not U . The conditionally averaged values

of V + also show that the particles with Q1 and Q4 motions (u > 0) have a larger magni-

tude of V + compared with the particles with Q2 and Q3 (u < 0). This means the faster

particles (Q1 and Q4) have a larger wall-normal velocity, which diffuses their momentum in

the wall-normal direction.
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(a) (b)

Figure 5.15: Conditionally averaged (a) U+ and (b) V + of particles based on u−v quadrants
as functions of |θ|. Only the particles with y < 125µm are considered in this analysis.

The variation of conditionally averaged A+
x with |θ| is shown in Figure 5.16(a) to compare

the contributions of different quadrants. It is expected that the particles with upward

motion (Q1 and Q2) accelerate in the streamwise direction as they move upward into the

regions with higher U values. However, Figure 5.16(a) shows that such a trend is only

valid for |θ| > 1 when the motion away from the wall is large enough. When the particle’s

ascent angle is smaller than 1◦, A+
x for Q1 and Q2 motions is negative. The particles in Q3

have downward motion (|θ| < 0) and A+
x < 0. In all these cases, streamwise deceleration

is associated with viscous deceleration by the near-wall fluid and particle–wall collisions.

Figure 5.16(a) shows that particles with sweeping motion in the Q4 quadrant experience

the highest streamwise deceleration. The deceleration of these particles also increases with

increasing |θ|. This larger deceleration of trajectories with large |θ| is associated with a

larger viscous drag due to their greater velocity difference with respect to the surrounding

fluid; the particles with larger |θ| have come down from higher y+ locations with higher

velocity.

The variation of conditionally averaged A+
y values is also investigated for the u − v

quadrants and is presented in Figure 5.16(b). All four quadrants have a positive A+
y . As it

was explained previously, a positive A+
y indicates acceleration of upward-moving particles
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and deceleration of downward moving particles. For the sweeping motion of Q4, a strong

increase in A+
y with increasing |θ| is observed. The larger positive A+

y of the sweeping

particles is attributed to greater wall-normal drag and wall repulsive force as they approach

the wall under a larger |θ|. A strong increase in A+
y with increasing |θ|, is also observed for

the upward-moving particles (v > 0) in Q1. Therefore, upward trajectories with a larger

angle undergo a stronger wall-normal acceleration. A possible cause of this trend can be

stronger ejection events which accelerate the particles upward under a larger ascent angle.

The A+
y of particles with Q2 motion slightly increases with increasing |θ|, while the A+

y

of particles in Q3 does not show a strong and monotonic dependence on |θ|. In general,

particles with u > 0 (Q1 and Q4) have greater A+
y than the particles with u < 0 (Q2 and

Q3). As was seen in Figure 5.15(b), the particles with u > 0 have a larger V +, which can

cause a larger velocity difference relative to the surrounding fluid. Therefore, a larger drag

force can act on particles with u > 0, which increases their A+
y .

(a) (b)

Figure 5.16: Conditionally averaged (a) A+
x and (b) A+

y of particles based on u−v quadrants
as functions of |θ|. Only the particles with y < 125µm are considered in this analysis.

5.3.5.3 Collision with the wall

The momentum exchange of particles during particle–wall collision is investigated by ana-

lyzing particle trajectories that are in a narrower wall separation distance relative to the

previous analysis. In this analysis, only particles that the distance of their centroid from
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the wall is equal to, or smaller than 62.5µm are considered. This resulted in approximately

34,000 particle trajectories within 5 seconds of time-resolved 3D-LPT data. For these near-

wall trajectories, wall-collision is defined when the particle also has a negligible wall-normal

velocity. This criterion is imposed when the instantaneous wall-normal particle velocity,

V , is an order of magnitude smaller than the average of the absolute wall-normal particle

velocity, ⟨|V |⟩. Therefore, |V | < 0.1⟨|V |⟩, where ⟨|V |⟩ = 0.01m/s at y+ = 3.4. The period

when this criterion is valid is defined as the wall-interaction time, ti. For the tracks with a

detected collision and within y ≤ 62.5µm, the absolute value of trajectory angle before the

collision is averaged and indicated as |θi|. The average trajectory angle after the collision

is also estimated and denoted as the average rebound angle, ⟨θr⟩.

The variation of the estimated ⟨θr⟩ with |θi| is presented in Figure 5.17(a). For |θi| <

1.5◦, ⟨θr⟩ is greater than |θi|, meaning that trajectories with small θ rebound at a larger

angle and disperse through collision with the wall. Particles with |θi| > 1.5◦ rebound at a

smaller angle; ⟨θr⟩ < |θi|. The normalized average of the wall-interaction time (t+i = ⟨ti⟩/tτ )

is presented in Figure 5.17(b) as a function of |θi|. Inspection of the data shows that a

particle with |θi| < 1.5◦ can spend on average 5tτ in contact with the wall. Such particles

may have multiple small collisions with the wall or slide along it. The wall-interaction time

scale approaches a constant value of approximately 1.6 for particles with |θi| > 1.5◦.

The average restitution ratio of particles (the ratio of the rebound velocity to the incident

velocity) in the streamwise direction, ⟨eU ⟩, and wall-normal, ⟨eV ⟩, are determined and

presented in Figure 5.18 to show their variation with |θi|. Figure 5.18(a) shows that for small

incident angles of |θi| < 1◦, ⟨eU ⟩ is close to 1 which means that the sliding particles have

negligible momentum exchange and undergo elastic collision in the streamwise direction.

This is consistent with the smaller A+
x values observed for downward-moving particles (Q3

and Q4) at small |θ|, as seen in Figure 5.16(a). As the incident angle becomes steeper

(|θi| > 1◦), ⟨eU ⟩ reduces to ∼ 0.925 for |θi| > 2◦. In other words, the streamwise momentum

of these particles reduces by 7.5 % due to the collision with the wall.

The particles with |θi| < 1.5◦ have wall-normal restitution ratios, ⟨eV ⟩, greater than
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(a) (b)

Figure 5.17: (a) The average rebound angle and (b) the wall-interaction time scale of
particles as a function of incident angle.

1 as seen in Figure 5.18(b). These particles slide on the wall over a longer time as seen

in Figure 5.17(b). The longer interaction increases the angular velocity of a particle since

the bottom surface of the particle is subject to surface friction due to the interaction with

the wall, while its upper surface is subjected only to shear. This angular velocity is known

to produce the Magnus lift force (Rubinow and Keller, 1961). The Magnus force in the

wall-normal direction can be determined as Fmag = πd3pρfω(Up − Uf ) (Crowe et al., 2012).

Here, ω is the angular velocity of a particle, which is approximated as half of the local shear

rate (Drew and Passman, 2006). Based on the unladen mean velocity profile, the mean

shear rate at y+ = 3.4 is approximately 2800 per second. At this wall-normal location,

⟨Up⟩ − ⟨Uf ⟩ is approximately 0.09 m/s. Therefore, the approximate Fmag for a particle at

y+ = 3.4 is approximately 12.2× 10−8N. This force is approximately four times more than

the weight of a particle (∼ 3.15 × 10−8N) and can potentially lift a particle. This type of

particle motion, where particle lift occurs after some period of sliding on the bottom wall

was also recently observed by Barros et al. (2018). Based on these observations, the fact that

⟨eV ⟩ > 1 does not mean that the particle gains wall-normal momentum through collision

with the wall; the excess momentum is due to the additional angular momentum which in

turn produces a lift force. By increasing |θi|, ⟨eV ⟩ decreases to a value of approximately
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0.8 for the particles with |θi| > 1.75◦. Generally, increasing the incident angle increases the

wall-normal momentum loss and results in lower values of ⟨eV ⟩.

(a) (b)

Figure 5.18: Variation of (a) streamwise and (b) wall-normal particle restitution ratios with
absolute incident angle.

5.4 Summary and conclusion

The 3D-LPT measurement of G-125 particles acceleration at Reτ = 410 and Cv = 0.03%

showed that there are qualitative relations between the wall-normal variations of ⟨Ax⟩ and

∂⟨uv⟩ = ∂y as well as ⟨Ay⟩ and ∂⟨v2⟩ = ∂y. Comparison of the wall-normal acceleration of

particles and unladen flow showed similarities between particle dynamics and the near-wall

fluid dynamics. The investigations show the presence of two layers based on the acceleration

of the particles: (i) an inner layer in the vicinity of the wall at approximately y+ < 20, and

(ii) an outer layer at a farther distance from the wall at y+ > 20.

Within the inner-layer, the particles decelerated (on average) in the streamwise direction.

The maximum negative streamwise deceleration was observed at y+ = 10 and it gradually

reduced to zero at y+ = 20. In the inner-layer, a large percentage of the particles had

velocities less than the average velocity and their turbulent motions belonged to the second

and the third quadrants of velocity fluctuations. However, the particle dynamics in this

layer were dominated by the extreme motions of a smaller number of particles in the fourth
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quadrant. These particles had a sweeping motion toward the wall and demonstrated the

largest streamwise momentum and deceleration. The wall-normal acceleration of particles

in the inner layer was positive, which indicated an increase in wall-normal velocity when a

particle moves away from the wall, or a reduction of wall-normal velocity when a particle

moves towards the wall.

In the outer layer, particles had an overall positive streamwise acceleration, which peaked

at approximately y+ = 30. The peak was associated with the particles in the second quad-

rant, i.e. an ejection motion. The maximum transfer of momentum from the liquid phase

to the particles occurred in the logarithmic layer, where the streamwise acceleration of the

particles was large and positive. However, the streamwise acceleration gradually attenuated

with increasing y+. At a farther distance from the wall, the positive streamwise acceleration

of the particles moving away from the wall was balanced by the negative streamwise acceler-

ation of the particles moving towards the wall. The outer-layer particles also had a negative

wall-normal acceleration, which was associated with an increase in the wall-normal velocity

of particles in the third and fourth quadrant, and reduction in the wall-normal velocity of

particles of the first and second quadrant.

The interaction of particles with the wall was studied by analyzing the trajectory angle,

velocity, and acceleration of the particles found in the immediate vicinity of the wall. At

yp < 125µm, particles with sweeping motion had the maximum momentum, streamwise

deceleration, and wall-normal acceleration compared with other particles. These terms

increased by increasing the trajectory angle. At yp = 125µm, the particle trajectory angle

had a peaky distribution; a large number of particles had a near-zero angle while there

were occasional extremely large trajectory angles of up to 20◦. The latter was associated

with the near-wall particles that had a small streamwise velocity. With increasing y+, the

trajectory angle did not demonstrate a peaky distribution, and the mode of the distribution

was slightly negative as most of the particles gradually settled toward the wall. For particles

within yp ≤ 125µm, wall collision was defined when a particle had a negligible wall-normal

velocity. The particles with an incident angle of |θi| < 1.5◦ had a longer average interaction
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time with the wall, which could be as long as ∼ 5tτ . These particles were referred to as the

sliding particles and had a negligible streamwise momentum exchange (∼ 5%) during their

interaction with the wall. It is conjectured that their longer interaction time increased the

effect of the Magnus lift force on them. As a result, their average rebound angle was larger

than their incident angle and their wall-normal restitution coefficient was larger than one.

The particles with sharper collision angle with the wall of θi ≥ 1.5◦ had smaller streamwise

and wall-normal restitution coefficients, and also a smaller average wall-interaction time.

The autocorrelation coefficients of wall-normal velocity and trajectory angle had a local

minimum with negative value at a time-shift of approximately 11tτ . This indicates the

average time for a change in the direction of wall-normal motions for the particles at yp ≤

125µm due to their interaction with the wall. A negative autocorrelation coefficient was

not observed for the particles at a farther distance from the wall.

In general, this experimental investigation showed that the assumptions of elastic parti-

cle–wall collision and point-particles are inadequate for accurate modeling of large inertial

particles in water. Measurements of particles’ velocity demonstrated evidence of inelastic

particle–wall collisions with considerable loss of momentum at larger impact angles. In

addition, these measurements showed evidence of prolonged interactions with the wall for

particles that impact the wall at a shallow angle. This resulted in an increase of particles’

momentum, which cannot be accounted for using the steady-state drag of the point-particle

model. Moreover, the discrepancy between the acceleration profiles from the experiments

and those from the numerical simulation of Zamansky et al. (2011) showed that the point-

particle assumption is not valid for large particles (d+p = 7.4) with small density relative to

the carrier phase (rρ = 2.6).
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Chapter 6

The effect of Reynolds number and
particle concentration on the
near-wall motion of spherical
particles in turbulent channel flow

6.1 Introduction

In this chapter, the analyzes of the previous study presented in Chapter 5 are extended to

a higher Reτ of 765 and a higher Cv of 0.15% to investigate the effect of these parameters

on the near-wall motion of the particles in particle-laden turbulent flows. Experiments were

conducted using the flow facility described in Section 3.1, measurements were performed

using the 3D-LPT system and the data processing was carried out using STB algorithm

in DaVis 8.4 (LaVision GmbH), as described in Section 4.3. The effect of Reτ and Cv

on the kinematics and distribution of particles is investigated in Section 6.3.1 by studying

their velocity statistics, turbulent kinetic energy spectrum, and number density distribution.

The dynamics of particles is scrutinized in Section 6.3.2 through the investigation of their

acceleration statistics. The influence of Reτ and Cv on the Lagrangian time scales of

particles in different directions is studied in Section 6.3.3 by estimating the Lagrangian

autocorrelation function (LAF) of particles velocity and acceleration. The PPI rate and Vr

are estimated in Section 6.3.4 to analyze the effect of Reτ and Cv on them. The influence

of Reτ and Cv on PWI are investigated in Section 6.3.5 by studying the impact angle and
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velocity components of particles that collided with the wall and their wall-normal restitution

ratio. The summary and conclusions of the analysis of this chapter are provided in Section

6.4.

6.2 Experimental design

The experiments of unladen water flow were performed at a constant temperature of 20◦

with mass flow rates of 1.76 and 3.52 kg/s, resulted in the Ub of 0.98 and 1.96 m/s and

the ReH of 14,600 and 29,200, respectively. Table 6.1 presents the characteristics of the

unladen turbulent flows including their ReH , Reτ , Ub, and the inner scaling.

Reτ ReH Ub (m/s) uτ (m/s) λ (µm) tτ (µs)

410 14,600 0.98 0.055 18 337

765 29,200 1.96 0.102 10 96

Table 6.1: Characteristics of the unladen turbulent flows tested in the present study. The
inner scaling was determined based on the velocity profiles measured using 3D-LPT.

The particle-laden experiments were performed at similar mass flow rates as the unladen

experiments using G-125 particles dispersed in water at the volume concentrations of 0.03%

and 0.15%. The maximum ⟨Us⟩ estimated as |⟨Uf ⟩ − ⟨Up⟩| was approximately 0.32 m/s for

particles at Reτ = 765 and Cv = 0.15%, discussed in Section 6.3.1, resulting in Reps ≈ 43.

The estimated Reps is significantly less than the threshold of Reps = 110 suggested by

Hetsroni (1989) for vortex shedding for spherical particles.

Figure 6.1 shows the wall-normal variation of Ste determined for the particles at the

lower and higher Reτ based on Equation 2.16. To compare the Ste at similar wall-normal

locations, y is normalized by the inner length-scale of the unladen flow at the lower Reτ ,

λ0, and presented as y∗. At the lower Reτ , the Ste varies from 3.3 at y∗ = 3.4 to 0.05 at

y∗ = 215. As it is expected, the Ste is larger for the higher Reτ and varies from 6.0 to

0.1 with increasing y∗. The Stokes number based on the inner time-scale of the unladen
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counterpart, St+, was 4.5 and 15.8 for the low and high Reτ cases, respectively. Table

6.2 shows the characteristics of the performed experiments including the number of the

collected images, Nim, and the approximate number of the detected trajectories by STB

algorithm, Ntr. The acronyms that are used to present results in the following sections are

also introduced in this table. The first letter of the acronyms refers to low Reτ (L) or high

Reτ (H) and the second letter refers to unladen (U), low Cv (L), or high Cv (H).
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Figure 6.1: The wall-normal variation of Ste at the lower and higher Reτ cases. The Ste
was determined based on d50 of G-125 particles.

Experiment Reτ Cv(%) St+ Nim × 10−3 Ntr × 10−6 Acronym

Unladen 410 - - 27 9.0 LU
Particle-laden 410 0.03 4.5 50 2.3 LL
Particle-laden 410 0.15 4.5 50 3.5 LH

Unladen 765 - - 27 9.2 HU
Particle-laden 765 0.03 15.8 50 2.1 HL
Particle-laden 765 0.15 15.8 50 3.4 HH

Table 6.2: The specifications of the experiments performed in the present study. The St+

was determined based on the d50 of G-125 particles.

Similar to the previous chapter, the velocity and acceleration fields were averaged in

the streamwise and spanwise directions and in time. The wall-normal size of the averaging

bins was equal to λ for the unladen flows and 125µm for the particle-laden flows. In this
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chapter, the wall-normal distance, velocity and acceleration are either normalized by the

inner scaling of the unladen flow at the lower Reτ , denoted by the superscript ‘*’, or the

inner scaling of the corresponding unladen counterpart, represented by the superscript ‘+’.

The random error of the velocity and acceleration statistics of unladen flow and particles

were investigated based on the standard deviation of the last 20% of data collected at

y/H = 0.008 (equivalent to y∗ = 3.4) and presented in Table 4.5.

6.3 Results and discussion

6.3.1 Particle kinematics and distribution

The variation of U+ = ⟨U⟩/uτ with y+ for LU and HU are presented in a semi-logarithmic

plot in Figure 6.2(a) and compared with DNS results of Moser et al. (1999) at Reτ = 395.

The linear viscous sublayer profile (U+ = y+) and the logarithmic law of the wall with

κ = 0.4 and B = 5.2 are also presented in this figure. The unladen measurements agree

well with the DNS results across the presented data. For the low Reτ case, the first data

point is at y+ = 3.4 and extends up to y+ = 218. For the high Reτ flow, the first data

point is at y+ = 6.2 and spans up to y+ = 400. This comparison shows the accuracy of the

mean flow from 3D-PTV measurements and also the fully developed state of the turbulent

channel flows.

The normalized mean streamwise velocity of particles is presented in Figure 6.2(b) along

with their unladen counterparts. To compare the effect of Reτ and Cv on the streamwise

velocity of particles at similar wall-normal locations, ⟨U⟩ and y are normalized by the inner

scaling of LU (i.e. uτ0 and λ0) and presented as U∗ and y∗, respectively. At y∗ = 3.4, the

U∗ of particles is higher than their unladen counterpart. This is expected since the no-

slip boundary condition does not apply to the particles, as it was also reported by Taniere

et al. (1997), Righetti and Romano (2004), and Li et al. (2012). At the same location,

the normalized velocity difference between particles and their unladen counterpart, U∗
s , is

greater for LH and HH than LL and HL. This trend has been previously reported in the

literature (Kulick et al., 1994; Li et al., 2016; Shokri et al., 2017) and it is related to the
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Figure 6.2: The wall-normal variation of normalized average streamwise velocity of (a)
unladen flow and (b) particles in laden flows. Acronyms are defined in Table 6.2. The DNS
result is from Moser et al. (1999) at Reτ = 395.

higher Cv of LH and HH which increases the wall-normal momentum transfer of particles

from the center of the channel toward the wall, resulting in a higher particles velocity close

to the wall. For both HL and HH, U∗
s at y∗ = 3.4 is larger than LL and LH. In addition,

the difference between U∗
s of HH and HL is about three times more than that of LH and

LL. The greater Ste of particles at the higher Reτ increases particles capability to maintain

their streamwise momentum when they move toward the wall (Zhao et al., 2012; Shokri

et al., 2017). Away from the wall, U∗ of particles is less than unladen counterparts due to

their higher inertia.

To investigate the effect of Reτ and Cv on the kinematics of particles in the wall-

normal and spanwise directions, the pdf of V/U and W/U for particles at y∗ = 3.4, 106,

and 215 are provided in Figure 6.3. The V/U and W/U ratios have wider distribution

at y∗ = 3.4. At this location, particles have small U and they are under the effect of

near-wall coherent vortical structures of the flow that distributes them in the wall-normal

and spanwise directions. Due to the opposing effects of gravity and near-wall lift forces

on particles wall-normal motion, the V/U ratio has a narrower distribution than W/U at

y∗ = 3.4. By increasing y∗ the U of particles increases and the strength and frequency of

vortical structures reduce, resulting in a narrower pdf for both V/U and W/U ratios at
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y∗ = 106 and 215.

Turbulent motions are responsible for wall-normal and spanwise distribution of particles

in a turbulent flow. The drag force that eddies apply on the particles is proportional to

their characteristic velocity, ue. Close to the wall ue ∼ u (Tennekes and Lumley, 1972).

Increasing Reτ increases the u of the flow and the drag force that eddies apply on the

particles. However, since U > u, the increment of streamwise drag force, that is proportional

to U , is larger than the increment of wall-normal and spanwise drag forces applied on the

particles by the eddies. This results in narrower pdfs of V/U and W/U at y∗ = 3.4 for the

higher Reτ . Far away from the wall, the ue ∼ U (Tennekes and Lumley, 1972). Therefore,

with increasing Reτ , the streamwise, wall-normal, and spanwise drag forces that are applied

to the particles increase with the same ratio, resulting in almost the same pdfs of V/U and

W/U at y∗ = 106 and 215 for lower and higher Reτ .

The effect of Reτ on the pdfs of V/U and W/U can also be explained based on Ste.

With increasing Reτ , the Ste of particles significantly increases at y∗ = 3.4 (see Figure 6.1).

This means that the te of the energy-containing eddies becomes much smaller than the time

that particles need to follow them, tp, which narrows the pdfs of V/U and W/U at y∗ = 3.4.

With increasing y∗, the difference between Ste of particles at the higher and lower Reτ

reduces and it lessens the effect of Reτ on the pdfs of V/U and W/U at y∗ = 106 and 215.

At the higher Cv the wall-normal momentum of particles is larger for both lower and higher

Reτ , resulting in a wider pdf of V/U , specifically at y∗ = 3.4. The effect of Cv on the pdf of

V/U is smaller farther away from the wall, where the motion of particles is dominated by

the large drag forces that are proportional to U . The pdfs of W/U show that increasing Cv

does not affect the ratio of spanwise momentum to the streamwise momentum of particles.

The particles trajectory angle in x−y and x−z planes can be defined as θ = arctan(V/U)

and α = arctan(W/U). Therefore, Figure 6.3 indicates that Reτ or Cv does not considerably

affect the θ and α away from the wall. Close to the wall, however, the ranges of θ become

smaller by increasing Reτ and larger by increasing Cv. The range of α also decreases by

increasing Reτ , but changing Cv does not affect it.
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Figure 6.3: The pdf of (a) V/U and (b) W/U of particles at y∗ = 3.4, 106, and 215 from
bottom to top, respectively. For clarity, the pdfs at y∗ = 106 and 215 are shifted up by
10 and 20 units of the vertical axis, respectively. The log(pdf) less than -10 is not shown.
Acronyms are defined in Table 6.2.

The influence of Reτ and Cv on the local concentration of particles is investigated in

Figure 6.4, showing the wall-normal variation of particles number density, N̄ , calculated

as the number of particles in each bin divided by the average number of particles in all

the bins. Increasing Reτ decreases the number density close to the wall and increases it

away from the wall as it was also reported by Ahmadi et al. (2019). At the low Reτ , the

maximum local concentration is close to the wall for both LL and LH due to the effect of

gravity and the weak turbulence suspension. At the higher Reτ , however, the ejection and

sweep motions become stronger and disperse the particles; the location of the maximum

local concentration of particles is farther away from the wall, as it is seen for HL and HH.

The Rouse number, calculated using Equation 2.14, for particles is 0.61 and 0.33 at

the low and high Reτ cases, respectively, showing the larger turbulence contribution in

suspension of the particles at the higher Reτ . By increasing Cv the particle number density

is decreased close to the wall and increased away from the wall. This behaviour was reported

by Varaksin et al. (2000). The higher Cv makes a more uniform particle distribution for

both LH and HH cases compared with LL and HL cases, respectively.

The ⟨u2⟩, ⟨v2⟩, ⟨w2⟩, and ⟨uv⟩ of unladen flows and particles in laden flows are normalized
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Figure 6.4: The number density distribution of particles in particle-laden flows. Acronyms
are defined in Table 6.2.

using u2τ0 and presented as u∗, v∗, w∗, and (uv)∗ in Figure 6.5. The deviation of the Reynolds

stresses of LU at their peak located at y∗ = 15, 70, 40, and 35 from the DNS results of

Moser et al. (1999) is about 4, 1, 2, and 2% for u∗, v∗, w∗, and (uv)∗, respectively. The good

agreement of these variables shows the fully developed state of the flow and the measurement

accuracy for Reynolds stresses.

As expected, with increasing Reτ , the magnitude of Reynolds stresses increases for both

unladen flows and particles. At the lower Reτ , u
∗ of particles is slightly larger than the

unladen flow in the whole measurement domain. The larger inertia of particles than the

fluid results in a wider wall-normal diffusion of particles velocity and a larger u∗ relative to

the unladen flow. The particle larger inertia can also work in an opposite way and reduce the

momentum transfer between particles and fluid, resulting in a lower u∗ of particles than the

unladen flow (Ahmadi et al., 2019). This behavior is observed at the higher Reτ for particles

close to the wall where their high local Ste reduces their response to the fluid. Increasing

Reτ increases the difference between the peak of v∗, w∗, and (uv)∗ of particles and their

unladen counterparts, consistent with the results presented by Ahmadi et al. (2019) for 285

µm glass particles in a solid-liquid turbulent channel flow. The numerical investigation of

Zhao et al. (2015) also showed that increasing particle St increases the difference between
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the v∗ and w∗ peak of particles and their unladen counterparts. The trends of u∗, v∗, and

(uv)∗ of particles with respect to the unladen flow at the higher Reτ are consistent with

the results presented by Righetti and Romano (2004) for 100 µm glass particles (d+ = 3.8)

in a water channel at Reτ=790. With increasing y∗ and reduction of Ste, the difference

between the Reynolds stresses of particles and their unladen counterparts reduces.

Increasing Cv does not significantly affect particles Reynolds stresses at the lower Reτ ,

but it modifies them at the higher Reτ . This shows that the contribution of Cv to particle

Reynolds stresses depends on Ste. The u∗ of HH is smaller than HL at 10 ≤ y∗ ≤ 40. The

reduction of streamwise velocity fluctuation by increasing Cv was previously reported by

Nouri et al. (1987) for 270 µm inertial particles in vertical solid-liquid pipe flow. Yamamoto

et al. (2001) argued that PPI reduces the fluctuation energy of particles in the streamwise

direction and increases it in the direction normal to the mean flow. The higher v∗ and

w∗ (near the wall) of HH than HL shows this behavior. Fong et al. (2019) also observed

the increase of wall-normal velocity fluctuation of particles by increasing Cv in a solid-air

vertical channel flow. The magnitude of (uv)∗ of HH is larger than HL at y∗ ≤ 10 due to

the increase of wall-normal motion of particles at higher Cv which exposes more particles

to the high shear region of the flow close to the wall.

The effect of Reτ and Cv on the distribution of turbulent kinetic energy in the frequency

domain is investigated in Figure 6.6. In this figure, the pre-multiplied LSD of normalized

turbulent kinetic energy in x, y and z directions is presented as a function of f̄ , which is the

frequency normalized by the Nyquist frequency. As expected, increasing Reτ increases the

energy in three directions over all the frequencies within the temporal range of the 3D-PTV

measurement system. Increasing Cv, reduces the kinetic energy from the streamwise (and

slightly spanwise) direction and increases it in the wall-normal direction. The reduction of

energy from the streamwise and spanwise directions is more significant at the lower frequen-

cies and the increment of wall-normal kinetic energy is larger at the higher frequencies. This

trend is more significant at the higher Reτ . The effect of Cv on the LSD of turbulent kinetic

energy in the spanwise direction is smaller than streamwise and wall-normal directions.
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Figure 6.5: The wall-normal variation of normalized Reynolds stresses for unladen flow and
particles. Acronyms are defined in Table 6.2. The solid lines show the DNS results of Moser
et al. (1999) for unladen channel flow at Reτ = 395.
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Figure 6.6: Pre-multiplied LSD of (a) u2/u2τ0, (b) v2/u2τ0, and (c) w2/u2τ0 of particles.
Acronyms are defined in Table 6.2.

6.3.2 Particle dynamics

The effect of Reτ and Cv on the acceleration statistics of particles is investigated in this

section. The mean and rms of acceleration components are normalized using uτ0 and ν and

presented as A∗
x = ⟨Ax⟩ν/u3τ0, A∗

y, a
∗
x = ⟨A2

x⟩
0.5

ν/u3τ0, a
∗
y, a

∗
z. The wall-normal variation of

A∗
x and A∗

y are presented in Figure 6.7 for unladen flow and particles. The normalized mean

spanwise acceleration, A∗
z, is zero for all the flows and not shown here. Both A∗

x and A∗
y

of unladen flow at Reτ = 410 agree with the DNS results of Yeo et al. (2010) for unladen

channel flow at Reτ = 408. The deviation from the DNS at A∗
x and A∗

y peak located at

y∗ = 8 and 16 is about 4% and 2%, respectively.

Due to the effect of viscous forces, particles have negative A∗
x (i.e. decelerate) very close
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to the wall at y∗ < 20, similar to their unladen counterparts. The streamwise deceleration

of inertial particles near the wall was also reported by Gerashchenko et al. (2008), Lavezzo

et al. (2010), and Zamansky et al. (2011). The larger viscous forces at higher Reτ increases

the streamwise deceleration of the unladen flow and particles near the wall. This behavior

is consistent with the DNS of Yeo et al. (2010) for an unladen flow and experimental results

of Gerashchenko et al. (2008) for inertial droplets in a liquid-air turbulent flow. Ebrahimian

et al. (2019) showed that particles A∗
x in the inner-layer, y+ < 20, is dominated by sweeping

particles (i.e. particles with u > 0 and v < 0) which have the largest deceleration among

all the particles. The A∗
x of particles is positive at 20 < y∗ < 70 but it gradually attenuates

and becomes zero by increasing y∗. The particles’ positive A∗
x is mainly associated with the

effect of the drag force applied to the particles with ejection motions (i.e. particles with

u < 0 and v > 0) as shown by Ebrahimian et al. (2019). Due to the larger drag force

imposed on the particles and the stronger ejection motions at the higher Reτ , the positive

A∗
x of HL is larger than LL.

With increasing Cv, the more streamwise kinetic energy of particles is converted to

wall-normal/spanwise kinetic energy (Yamamoto et al., 2001) and also dissipates due to the

more frequent inelastic particles-particle collision, resulting in the reduction of their A∗
x.

In addition, due to higher wall-normal fluctuation of particles, more particles with high

velocity move toward the wall. Although these particles increase U∗ of the solid phase in

this region, see Figure 6.2(b), their interaction with the high-shear region of the flow and

their inelastic collision with the wall increase their streamwise deceleration in the inner-

layer. The increase of Cv also reduces the A∗
x of particles at 20 < y∗ < 70. This region

overlaps with the log-layer as it is equivalent to 20 < y+ < 70 and 36 < y+ < 126 for

the low and high Reτ cases, respectively. At the higher Cv, the more frequent inelastic

particle-particle collision, the larger streamwise to wall-normal momentum conversion, and

the more interaction between low-velocity and high-velocity particles reduce the effect of

streamwise drag force on A∗
x of particles.

The A∗
y of particles is positive at y∗ < 40 due to the drag force applied by ejection
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motions, Magnus force, the wall-normal pressure gradient across the quasi-streamwise vor-

tices, wall repulsive force, and PPI. Ejection motions are known as a major mechanism

for particle suspension in turbulent flows (Lelouvetel et al., 2009; Soldati and Marchioli,

2009). Particles that accompany ejection motions are pushed away from the wall by the

drag force and have a positive A∗
y. Particles also experience Magnus lift force toward the

center of the channel, when their velocity is larger than the surrounding fluid, due to their

large rotation rate in the near-wall high-shear region (Rubinow and Keller, 1961; Drew and

Passman, 2006; Crowe et al., 2012). The wall-normal pressure gradient caused by the quasi-

streamwise vortices which is known as an effective factor for positive A∗
y of unladen flow in

the inner-layer (Yeo et al., 2010) can also push the particles away from the wall and cause

positive particle A∗
y (Ebrahimian et al., 2019). Another factor that can provide positive A∗

y

for downward-moving particles is the wall repulsive force due to the pressure increase of

the fluid layer between those particles and the wall (Feng et al., 1994). The collision of a

downward moving particle with another particle also applies an upward force to the former

particle (has a positive contribution on its A∗
y) and push the latter toward the wall which

can increase the effect of wall repulsive force on it and have a positive contribution on its

A∗
y.

With increasing Reτ the ejection motions become stronger and apply a larger drag

force on the particles which increases their A∗
y. The wall-normal pressure gradient of quasi-

streamwise vortices and the Magnus lift force are also larger at the higher Reτ and increase

the A∗
y. At the higher Cv, the larger streamwise to wall-normal kinetic energy conversion

increases the A∗
y of particles. Away from the wall at y∗ > 40, the effect of ejection motions,

wall-normal pressure gradient, upward Magnus force, and wall repulsive force on A∗
y of

particles diminishes and the particles experience a negative A∗
y due to the gravity.

Investigation of A∗
x and A∗

y shows that the effect of Cv on particles acceleration depends

on Ste. For example, increasing Cv from 0.03% to 0.15% reduces A∗
x of particles at y∗ = 24

by 48% at the lower Reτ and by 94% at the higher Reτ . At the same location, increasing

Cv increases A∗
y of particles by 3% at the lower Reτ and by 48% at the higher Reτ .
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Figure 6.7: The wall-normal variation of (a) A∗
x and (b) A∗

y for unladen flow and particles.
Acronyms are defined in Table 6.2. The solid lines show the DNS results of Yeo et al. (2010)
for unladen channel flow at Reτ = 408.

The numerical simulation of particles with d+ > 1 and rρ ≫ 1 in vertical gas-solid

turbulent channel flow by Li et al. (2016) showed that the wall-normal direction of motion

of particles considerably affects their acceleration. The effect of wall-normal direction of

motion of particles on their acceleration in the current study is investigated in Figure 6.8,

showing the conditionally sampled A∗
x and A∗

y of particles with upward (i.e. V > 0) and

downward (i.e. V < 0) motions. This figure confirms the significant effect of wall-normal

direction of motion of particles on their A∗
x. The upward-moving particles are transported

to high-velocity regions and subjected to drag force in the streamwise direction which results

in their positive A∗
x. The downward moving particles are transported from high-velocity

regions to low-velocity regions and subjected to large viscous forces near the wall, resulting

in their significant streamwise deceleration (i.e. A∗
x < 0).

With increasing Reτ , ejection motions become more frequent and stronger (Gad-el Hak

and Bandyopadhyay, 1994), suspending more particles further away from the wall, and

subject them to the larger drag force than the lower Reτ . At the lower Reτ , increasing Cv

increases the A∗
x of upward moving particles at y∗ < 20. In this region particles have the

maximum local concentration, see Figure 6.4, and PPI increases their wall-normal displace-

ment and expose them to a larger streamwise drag force in the high-shear region of the flow.
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At the higher Reτ , the region where PPI increases the A∗
x of upward-moving particles is

smaller due to the smaller particles’ local concentration and the thinner high-shear region.

Beyond this region, however, increasing the inelastic PPI reduces the effect of streamwise

drag force on the particles and lowers their A∗
x. The downward moving particles experience

larger deceleration at the higher Reτ due to the larger viscous forces. The deceleration of

particles slightly increases at the higher Cv due to the more frequent inelastic PPI. The com-

parison of Figure 6.9(a) and (b) shows that the effect of PPI on the A∗
x of upward-moving

particles is larger than downward-moving particles.

The effect of particles wall-normal direction of motion on their A∗
y is significantly smaller

than A∗
x. The upward and downward moving particles are both under the effect of Magnus

lift force and the wall-normal pressure gradient of quasi-streamwise vortices and have A∗
y > 0

at y∗ < 25. The A∗
y of upward mowing particles is larger than downward mowing particles

due to the effect of drag force applied on them by ejection motions. The stronger ejection

motions and larger Magnus force at the higher Reτ , results in the larger A∗
y. The A∗

y of

upward and downward moving particles is larger at the higher Cv, showing that increasing

Cv pushes these particles away from the wall. This is consistent with the particle number

density distribution shown in Figure 6.4. With increasing y∗ the A∗
y of both upward and

downward moving particles decreases since the near-wall lift forces and ejection motions

become weaker compared to the gravity.

The effect of Reτ and Cv on the acceleration fluctuation of particles is investigated in

Figure 6.9, showing the rms of particles acceleration. The rms of the three acceleration

components of all the experiments peaks close to the wall at y∗ < 30 due to the effect of

near-wall turbulent vortical structures. Beyond this region, increasing y∗ reduces a∗x, a
∗
y

and a∗z. The rms of all the acceleration components are larger at the higher Reτ due to

the larger pressure gradient and viscous forces as well as the stronger and more frequent

vortical structures in the vicinity of the wall.

At the lower Reτ , increasing Cv increases a∗x at y∗ < 30. This is due to the increase of

the local concentration of particles, see Figure 6.4, PPI and wall-normal motion of particles
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Figure 6.8: The wall-normal variation of A∗
x and A∗

y for (a, c) upward and (b, d) downward
moving particles. Acronyms are defined in Table 6.2.

in this region which expose them more to the large velocity gradient in this region. For

example, the a∗x of LH at y∗ = 10 is 30% larger than LL. Away from the wall, however,

increasing Cv does not have a significant effect on a∗x. At the higher Reτ the high local

concentration of particles is farther away from the wall, see Figure 6.4, resulting in a larger

effect of Cv on a∗x in that region. For instance, the a∗x of HH is approximately 30% larger

than HL at y∗ = 215. The a∗x of HH is also larger than HL at y∗ = 3.4. This can be related

to the increment of PWI due to the larger wall-normal motion of particles at the higher Cv.

The a∗y shows a stronger dependency on Cv than a∗x. The increment of wall-normal

fluctuation of particles at the higher Cv, see Figure 6.5(b), increases the intermittency of

the drag force applied to them and results in a larger a∗y. For the particles at the lower
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Reτ this effect is larger close to the wall where the local concentration of particles is high

and their motion is under the effect of near-wall turbulent structures. At the higher Reτ ,

the stronger vortical structures near-wall and the high local concentration of particles away

from the wall increase the a∗y of particles in these two regions, resulting in a larger a∗y of

HH than HL at y∗ < 215. Although at the lower Reτ , the effect of increasing Cv on a∗z

is negligible, at the higher Reτ it reduces the a∗z at y∗ < 60 and slightly increases it at

y∗ > 100.
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Figure 6.9: The wall-normal variation of (a) a∗x, (b) a
∗
y, and (c) a∗z of particles. Acronyms

are defined in Table 6.2.

Figure 6.10 indicates the pdf of Ai/ai, where i = x, y, z and ai = ⟨A2
i ⟩0.5, for particles

at y∗ = 3.4, 105, and 215. Away from the wall at y∗ = 105 and 215, the pdfs of Ai/ai of

all four particle-laden flows collapse onto one curve for each acceleration component. The
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Figure 6.10: The pdf of (a) Ax/ax, (b) Ay/ay, and (c) Az/az for particles at y∗ = 3.4, 105,
and 215, ordered from bottom to top, respectively. For clarity, the pdfs at y∗ = 105 and
215 are shifted up by 10 and 20 units of the vertical axis, respectively. The log(pdf) values
less than -15 are not shown. Symbols are similar to those defined in Figure 6.9(a).

independency of the pdf of Ax/ax from Reτ was expected. Previous studies indicated that

the pdf of Ax/ax away from the wall does not depend on dη or rρ (Qureshi et al., 2007,

2008). Figure 6.10 shows that away from the wall, the pdf of Ai/ai for all the components

neither significantly depends on Reτ nor Cv. In the non-isotropic turbulence at y∗ = 3.4,

however, increasing Reτ narrows the tails of the pdfs and reduces their value. This behavior

is more pronounced for the streamwise component. At the same location, the change in Cv

does not have a significant effect on the pdfs of Ax/ax and Az/az, but it extends the pdf

tails of Ay/ay.

6.3.3 Lagrangian autocorrelation function

Particles dispersion and dynamics in turbulent flow can be characterized using their La-

grangian velocity and acceleration time scales, Tv and Ta, which are defined as the integral

of the LAF of particles velocity and acceleration over time, respectively (Taylor, 1921; Saw-

ford, 1991; Calzavarini et al., 2012). The LAF of particles streamwise velocity for a given

wall-normal location of ys at a time shift of ∆t can be estimated as

ρu′u′(∆t, ys) =
⟨u′(ts, ys)u′(ts +∆t, ys)⟩√︁
⟨u′2(ts, ys)⟩⟨u′2(ts +∆t, ys)⟩

, (6.1)

where u′(ts+∆t, ys) = U(ts+∆t, ys)−⟨U(ts+∆t, ys)⟩, and ⟨U(ts+∆t, ys)⟩ is the ensemble

average of the instantaneous streamwise velocity of the particles which have been located
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at ys at the time ts. For each trajectory, the initial time, ts, is set as soon as its wall-normal

position locates within an interval of width 125µm around ys. To minimize the effect of

wall-normal variation of Ste on the LAF, only the segment of a trajectory which its y meets

the condition ys − 62.5µm ≤ y ≤ ys + 62.5µm is considered for calculating the LAF. The

LAF for the other velocity components as well as the acceleration components are calculated

similarly.

The effect of Reτ and Cv on the LAF of velocity and acceleration of particles with

y∗s = (ys/λ0) = 10 is presented in Figure 6.11 as a function of time shift normalized by the

tτ of LU, t∗. As it is expected, the decorrelation rate of velocity is smaller than acceleration,

indicating Ta < Tv, in all directions. The decorrelation rate of velocity and acceleration

in the streamwise direction is smaller than wall-normal and spanwise directions. This is

also expected considering the preferential orientation of vortical structures near the wall in

the streamwise direction and the effect these structures on the wall-normal and spanwise

motion of particles. With increasing Reτ , the vortical structures become stronger and more

frequent, resulting in a faster reduction of the velocity and acceleration LAF (i.e. smaller

Tv and Ta, respectively) in all directions. At the higher Cv, the LAF of streamwise and

wall-normal velocity and acceleration approaches zero at a larger gradient due to the more

frequent PPI. The effect of Cv on the LAF of the velocity and acceleration in the spanwise

direction is smaller than streamwise and wall-normal directions.

6.3.4 Particle-particle interaction

The influence of Reτ and Cv on PPI rate and Vr of particles is investigated in this section.

A schematic representation of two particles, P1 and P2, is presented in Figure 6.12 showing

the instantaneous position and velocity vectors (R⃗ and V⃗ , respectively) of their centers. The

relative position and velocity vectors for these two particles can be defined as R⃗r = R⃗2− R⃗1

and V⃗ r = V⃗ 2 − V⃗ 1, respectively. For two approaching particles V⃗ r· R⃗r < 0. Here, a PPI is

defined when the distance between the center of two approaching particles, |R⃗r|, reaches to

less than 250µm.
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Figure 6.11: Lagrangian autocorrelation function of particles (a-c) velocity and (d-f) accel-
eration at y∗ = 10. Acronyms are defined in Table 6.2. Only one of every three data points
is presented for clarity.
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Figure 6.12: Schematic view of two particles (P1 and P2), their position vectors with respect
to the center of the coordinate system (R⃗1 and R⃗2) and their velocity vectors (V⃗ 1 and V⃗ 2).
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The number of PPI detected in each bin is normalized by the average number of PPI

across all the bins and presented as f̄p in Figure 6.13(a). The f̄p is larger in the vicinity

of the wall, where the turbulent kinetic energy of particles is higher, and it decreases with

increasing y∗. With increasing Reτ , the f̄p is reduced close to the wall and increased away

from the wall. This is similar to the effect of increasing Reτ on the wall-normal distribution

of particle number density seen in Figure 6.4. The influence of increasing Cv on f̄p is also

similar to its effect on N̄ shown in Figure 6.4: decreases f̄p close to the wall and increases

it away from the wall. It is conjectured from the comparison of Figure 6.13(a) with Figure

6.4 that similar to the particle-laden isotropic turbulent flows (discussed in Section 2.2.1.2),

the PPI rate in near-wall non-isotropic turbulence depends on the particle number density.

This comparison also confirms that particle number density is not a dominant factor for

PPI rate at least for the higher Reτ as the peaks of f̄p and N̄ occur at different y∗.

The magnitude of the relative velocity vector, Vr = |V⃗ r|, is determined for each PPI

when the particles reach their minimum |R⃗r|. The mean relative velocity of all PPI in each

bin, ⟨Vr⟩, is normalized by uτ0 and presented in Figure 6.13(b) as V ∗
r . The V ∗

r of all the

flows is larger close to the wall, where particles have high turbulent kinetic energy, and it

decreases by increasing y∗. As expected, by increasing Reτ the V ∗
r increases. The larger

fluctuation of particles at the higher Reτ increases their relative velocity. The V ∗
r also

increases with increasing Cv due to the larger wall-normal momentum transfer by particles

from high-speed regions to low-speed regions at the higher Cv. The V ∗
r of all the flows

peaks close to the wall at y∗ = 10. This location coincides with the location of maximum

f̄p as seen in Figure 6.13(a), confirming the relation of particles relative velocity and PPI

rate in near-wall non-isotropic turbulent flows. At y∗ = 10, the effect of Cv on V ∗
r is larger

at the lower Reτ since this location coincides with the location of the peak of particles

concentration at this Reτ .
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Figure 6.13: The wall-normal variations of normalized (a) PPI rate and (b) relative velocity.
Acronyms are defined in Table 6.2.

6.3.5 Particle-wall interaction

The effect of Reτ and Cv on PWI is investigated in this section by studying their influence

on the velocity components of particles before colliding with the wall (Ui, Vi,Wi) and their

impact angle, θi = arctan(Vi/Ui). Investigation of particles size distribution using 2D images

showed a standard deviation of approximately 0.1dp for the diameter of particles. Therefore,

considering that we track the center of particles, the minimum wall-normal distance (ymin)

for the trajectory of a particle that collides with the wall should be within 0.45dp ≤ ymin ≤

0.55dp as shown in Figure 6.14. The level of measurement noise in estimating the wall-

normal location of particles is reduced to less than 0.5 µm after applying the quadratic

regression function, see Section 4.3.3. Therefore, the PWI time is defined as the period when

the y of a colliding particle is y ≤ (ymin + 0.5µm). The impact and rebound angle/velocity

are estimated using the average of the associated parameter over five time steps (0.5 ms)

right before and after PWI, respectively.

The pdfs of θi and the impact velocity components, which are normalized by uτ0 and

presented as U∗
i , V

∗
i , and W ∗

i , are indicated in Figure 6.15. At the higher Reτ , the pdf of

θi is narrower showing the reduction of impact angle by increasing Reτ . This is expected

since increasing Reτ reduces the magnitude of V/U ratio for particles close to the wall as
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Figure 6.14: Sample of the trajectory of a particle colliding with the wall located at y = 0.
Symbols show the wall-normal location of the center of the particle in time. The area
between the dashed lines shows the acceptable range for ymin of a colliding particle. The
inset shows a magnified view of the particle trajectory within 3 ms < t < 5.5 ms. The
period of time when y ≤ (ymin + 0.5µm) is considered as PWI time. The impact and
rebound angle/velocity are calculated by averaging the associated parameter over five time
steps before and after PWI, respectively.

seen in Figure 6.3(a). However, increasing Reτ does not significantly affect the value of the

most frequent θi which is approximately -2 degrees for all the experiments.

By increasing Reτ , the pdf of U
∗
i is shifted toward larger magnitudes and its tails become

wider. For LL and LH, the peak of the pdf of U∗
i is at U∗

i ≈ 4 while it is at U∗
i ≈ 16 and

18 for HL and HH, respectively. The pdfs of V ∗
i , and W ∗

i are also extended to larger

magnitudes at the higher Reτ . The pdf of V ∗
i peaks at approximately -0.25 and -0.55 for

the lower and higher Reτ , respectively. Due to the homogeneity of the flow field in the

spanwise direction, the pdf of W ∗
i is symmetric and peaks at W ∗

i = 0 for all the flows.

At the higher Cv the pdf of large θi is slightly increased, showing the more frequent

wall collision of particles with larger θi. This is consistent with the larger pdf of V/U for

near-wall particles shown in Figure 6.3(a). With increasing Cv, the pdf of U∗
i is slightly

shifted to larger values. This is also expected since increasing the Cv increases the U∗ of

the particles close to the wall as seen in Figure 6.2(b). The pdfs of large magnitudes of V ∗
i ,
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and W ∗
i are also slightly increased by increasing Cv. Increasing Cv also slightly shifts the

peak of V ∗
i pdf to the larger magnitudes.
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Figure 6.15: The pdf of (a) θi, (b) U
∗
i , (c) V

∗
i , and (d) W ∗

i . Acronyms are defined in Table
6.2.

The wall-normal restitution ratio, eV , is a key factor in particle-wall collision modeling

(e.g. Tsuji et al. 1987; Sommerfeld and Huber 1999; Kosinski and Hoffmann 2009). It is

defined as the ratio of the wall-normal velocity after collision, Vrb, to Vi. Here, the Vrb is

estimated using the average of V of the colliding particles over five time steps (0.5 ms) right

after PWI (see Figure 6.14). Previous investigations showed that eV depends on θi (e.g.

Salman et al. 1989; Joseph and Hunt 2004; Sommerfeld and Lain 2018). The effect of Reτ

and Cv on ⟨eV ⟩ of colliding particles with different θi is investigated in Figure 6.16. The

analysis is applied to the particles with θi ≥ −4 to ensure statistical convergence since most
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Figure 6.16: The variation of ⟨eV ⟩ with θi. The values of ⟨eV ⟩ are only presented for θi ≥ −4
to ensure the statistical convergence. The inset shows a zoomed-in view of the figure for
−4 ≤ θi ≤ −2.

of the colliding particles have θi within this range as seen in Figure 6.15(a).

In general, the ⟨eV ⟩ is reduced by reducing θi which is consistent with the observations

of Salman et al. (1989), Sommerfeld and Huber (1999), and Sommerfeld and Lain (2018)

in solid-gas flows and Joseph and Hunt (2004) in solid-liquid flow. Particles with θi > −2

have ⟨eV ⟩ > 1. The ⟨eV ⟩ > 1 for colliding particles with shallow θi was also reported

by Sommerfeld and Huber (1999). With increasing Reτ , the ⟨eV ⟩ of particles is reduced.

This is related to the larger shear rate at the higher Reτ which increases particles’ angular

velocity (Drew and Passman, 2006). Lukerchenko et al. (2012) showed that increasing the

angular velocity of a colliding particle reduces its eV . With increasing Cv, ⟨eV ⟩ increases.

This is related to the larger magnitude of the V of particles that move toward the wall and

collide with it at the higher Cv as it was seen in Figures 6.3(a) and 6.15(c), respectively.

Falcon et al. (1998) showed that increasing the magnitude of Vi increases eV .

6.4 Summary and conclusion

The motion of G-125 particles in near-wall non-isotropic particle-laden turbulent channel

flows was investigated using Lagrangian 3D-PTV. Experiments were performed at Reτ of

410 and 765 and at Cv = 0.03 and 0.15%, respectively. Results showed the effect of Reτ and
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Cv on particles wall-normal distribution, velocity and acceleration, Lagrangian time scales,

PPI, and PWI.

As expected, with increasing Reτ , the mean turbulent kinetic energy of particles in-

creased in all directions and over all frequencies. At y∗ < 20 the A∗
x of particles was nega-

tive due to the dominating effect of shear stress applied on the particles by the surrounding

fluid. This shear stress increases with increasing Reτ , resulted in the larger streamwise

deceleration of particles. The A∗
x increased with increasing y∗, became positive and then

and gradually reduced to zero at y∗ > 20. The positive A∗
x was due to the effect of drag

force applied on the particles that were moving away from the wall. The positive A∗
x was

larger at the higher Reτ due to the stronger ejection motions that pushed particles fur-

ther away from the wall with a larger drag force. The A∗
y was positive at y∗ < 40 under

the effect of the drag force applied by the ejection motions, Magnus force and the wall-

normal pressure gradient caused by quasi-streamwise vortices. These forces were larger at

the higher Reτ and increased the A∗
y. Further away from the wall the A∗

y became negative

under the effect of gravity. Despite the significant effect of Reτ on the rms of acceleration

in all directions, the pdfs of Ax/ax, Ay/ay, and Az/az were independent of Reτ away from

the wall at y∗ = 105 and 215. Very close to the wall at y∗ = 3.4, however, increasing

Reτ narrowed these pdfs and reduced their values. This effect was more significant for the

pdf of Ax/ax. Investigation of LAF of particles velocity and acceleration showed the lower

Lagrangian velocity and acceleration time scales in all directions at the higher Reτ . The

effect of increasing Reτ on the wall-normal variation of f̄p was similar to its effect on N̄ ;

it reduced N̄ and f̄p at y∗ < 70 and increased them at y∗ > 70. Investigation of particles

interacting with each other also showed that they have larger V ∗
r at the higher Reτ . The

analysis of the trajectory of particles that interacted with the wall showed that increasing

Reτ shifted the pdfs of impact velocity toward larger magnitudes in all directions, but it

narrowed the pdf of impact angle to a smaller range of θi and reduced ⟨eV ⟩.

By increasing Cv the turbulent kinetic energy of particles decreased in the streamwise

direction and increased it in the wall-normal direction. The larger PPI rate at the higher
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Cv, converted a larger streamwise kinetic energy of particles to wall-normal kinetic energy

and reduced the A∗
x and increased A∗

y. Investigation of Ax/ax, Ay/ay, and Az/az pdfs in

different y∗ showed that they are independent of Cv except for the pdf of Ay/ay that became

slightly wider at the higher Cv. The analysis of the velocity and acceleration LAFs showed

the reduction of Lagrangian time scales in all directions with increasing Cv. This effect was

less significant in the spanwise direction. The effect of Cv on the wall-normal variation of

f̄p and N̄ was similar; increasing Cv reduced N̄ and f̄p close to the wall and increased them

away from the wall. The V ∗
r also increased by increasing Cv. The effect of Cv on V ∗

r was

more significant close to the wall and gradually reduced by increasing y∗. The PWI analysis

illustrated that increasing Cv increases the interaction of particles with large θi with the

wall. It also slightly shifted the pdfs of U∗
i and V ∗

i toward larger magnitudes and increased

the ⟨eV ⟩.
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Chapter 7

Near-wall motion of non-spherical
particles in turbulent channel flow

7.1 Introduction

The shape of a particle has an important effect on its motion as discussed in Section 2.3.

The effect of inertial particles’ shape on their velocity statistics in particle-laden turbulent

flows has been recently investigated in a few numerical studies including van Wachem et al.

(2015) and Sommerfeld and Lain (2018). van Wachem et al. (2015) investigated the motion

of regularly-shaped non-spherical particles in a gas-solid horizontal turbulent channel flow

at Reτ = 600 and compared it with the motion of spherical particles with the same density

(2.5 g/cm3) and equivalent diameter (≈ 200µm). The mass loading (the ratio of the mass

of particles to the mass of the fluid) of particles was equal to one in their simulation.

Results showed that the concentration of non-spherical particles was larger close to the

lower wall and smaller away from it compared with the spherical particles. In addition, the

streamwise velocity of non-spherical particles was smaller than spherical particles across the

channel. Sommerfeld and Lain (2018) compared the motion of irregularly-shaped particles

with spherical particles with the same density (2.65 g/cm3) and equivalent diameter (≈

185µm) in a gas-solid horizontal turbulent channel flow with the particle mass loading of

0.1. The simulation of Sommerfeld and Lain (2018) showed that the concentration of non-

spherical particles was smaller than the spherical particles near the wall and larger away

from it. Their results also showed that the streamwise velocity of non-spherical particles
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was larger than the spherical particles across the channel. Given the limited number of

studies on the effect of particle shape on its dynamics, experimental investigation of the

motion of spherical and non-spherical particles with similar density and equivalent diameter

in a turbulent flow is essential for better understanding and more accurate modeling of non-

spherical particles motion in turbulent flows.

In addition to the particle shape, the size of a particle also affects its motion in turbu-

lent flows. Kussin and Sommerfeld (2002), Borée and Caraman (2005) and Ahmadi et al.

(2019) have experimentally investigated the effect of particle size on the velocity statistics

of spherical inertial particles (with similar concentration) in turbulent flows. Experiments

of Kussin and Sommerfeld (2002) in a horizontal gas-solid turbulent channel flow with par-

ticle mass loading of one showed that increasing particle size reduced the mean streamwise

velocity, ⟨U⟩, of particles across the channel and made its profile more uniform in the wall-

normal direction. Results of the experiments of Borée and Caraman (2005), performed in a

vertical gas-solid turbulent pipe flow at low and high particle mass loading of 0.11 and 1.1,

indicated that bigger particles had larger ⟨U⟩ than the smaller particles close to the wall

and slightly smaller ⟨U⟩ at the pipe centerline at both mass loading. The experiments by

Ahmadi et al. (2019) in a horizontal solid-liquid turbulent channel flow at Cv of 0.05% also

illustrated that increasing particle size increased the ⟨U⟩ of near-wall particles while it had

a negligible effect on the ⟨U⟩ of particles away from the wall.

The effect of particle size on the velocity fluctuation of particles was also investigated

by Kussin and Sommerfeld (2002), Borée and Caraman (2005), and Ahmadi et al. (2019).

Results of the experiments performed by Kussin and Sommerfeld (2002) showed larger

streamwise fluctuation across the channel for bigger particles. However, the results of

Borée and Caraman (2005) showed smaller streamwise fluctuation close to the wall and

larger away from it for bigger particles. They also indicated that bigger particles had

slightly larger wall-normal fluctuation across the pipe. Investigations of Ahmadi et al. (2019)

showed the reduction of streamwise and wall-normal particles fluctuation across the channel

by increasing the particle size. This reduction was more significant near the wall. More
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experimental investigations can help to better understand reasons for differences between

results of the reviewed studies and improve our understanding of the effect of particle size

on the velocity statistics of particles in turbulent flows.

The influence of particle size on the acceleration statistics of inertial particles in tur-

bulent air flows has been experimentally investigated by Ayyalasomayajula et al. (2006),

Gerashchenko et al. (2008) and Qureshi et al. (2008). The Lagrangian measurement of water

droplets acceleration in a grid generated turbulence in a wind tunnel by Ayyalasomayajula

et al. (2006) with particle mass loading of 10−4 showed that increasing particle size reduced

the rms of their streamwise acceleration. The experiments of Gerashchenko et al. (2008)

using droplets in a wind tunnel with particle mass loading of 10−4, however, indicated an

opposite trend. Their measurements showed the increment of the rms of droplets streamwise

acceleration by increasing their size. The experiments of Qureshi et al. (2008) in a wind

tunnel using inertial particles with different sizes showed that the effect of particle size on

its rms of acceleration was not monotonic. They also showed that the pdf of the streamwise

acceleration normalized by its rms did not significantly depend on particle size. This was

in contrast to the measurements of Ayyalasomayajula et al. (2006) and Gerashchenko et al.

(2008) that showed narrower tails of the normalized pdf of acceleration for bigger parti-

cles. More experimental studies of particles acceleration in turbulent flows are essential to

scrutinize these contradictions.

In this chapter, first, the near-wall motion of non-spherical quartz particles (Q-250) is

studied in comparison with the spherical glass particles (G-250). The near-wall particle

distribution, velocity and acceleration statistics, and PWI characteristics of Q-250 and G-

250 particles are compared to investigate the effect of particle shape on these parameters.

The effect of particle size on the distribution, velocity and acceleration statistics, and PWI

characteristics is also studied in this chapter for both spherical and non-spherical particles.

The flow facility that was used for conducting the experiments of this chapter is intro-

duced in Section 3.1. The measurement system, data processing, and uncertainty analysis

are detailed in Section 4.2. The accuracy of the measurement system is also evaluated in
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Section 7.3.1 by comparing the measured velocity statistics of unladen flow with those of

DNS of Tanahashi et al. (2004). The near-wall motion of G-250 particles is compared with

the G-250 particles in Section 7.3.2. The effect of particle size on the near-wall motion of

spherical and non-spherical particles is investigated in Section 7.3.3. Finally, the conclusions

are summarized in Section 7.4.

7.2 Experimental design

The unladen flow experiment was conducted at a mass flow rate of 3.21 kg/s and a constant

temperature of 25◦, resulting in the ReH of approximately 30,000. Table 7.1 presents the

main parameters of the unladen flow including the Ub, uτ , λ, tτ and Reτ .

ReH Reτ Ub(m/s) uτ (m/s) λ(µm) tτ (µs)

30,000 770 1.79 0.09 9.7 106

Table 7.1: The main parameters of the unladen flow. The inner scaling is calculated based
on the velocity profile of the unladen flow measured using 2D-LPT.

Six particle-laden flow experiments were performed at the similar mass flow rate and

temperature of the unladen flow experiment using spherical glass particles (detailed in Sec-

tion 3.4) and non-spherical quartz particles (detailed in Section 3.5). The particles were

dispersed in water at a volume concentration of 0.01% for each particle-laden experiment.

At this low solid volume concentration, the effect of particles on the fluid and the mo-

tion of other particles is negligible. Table 7.2 presents the characteristics of the conducted

experiments including the particle type, the number of collected images, Nim, the approxi-

mate number of the detected trajectories, Ntr, using 2D-LPT, d+p , St
+, and the maximum

Reps. The maximum Reps was estimated using Equation 2.13 based on the maximum

Us = |⟨Uf ⟩−⟨Up⟩| in the measurement domain. The random error of the measured velocity

and acceleration statistics of particle-laden flow experiments were investigated in Section

4.2.3.
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Experiment Particle type Nim × 10−3 Ntr × 10−6 d+p St+ max(Reps)

Unladen - 70 5.9 - - -

Particle-laden G-125 419 1.2 13.9 17.2 33.9

Particle-laden G-250 419 0.2 28.3 71.3 35.0

Particle-laden G-420 419 0.06 47.2 197.9 21.1

Particle-laden Q-125 419 1.1 14.2 17.9 48.1

Particle-laden Q-250 419 0.2 29.2 75.5 64.5

Particle-laden Q-420 419 0.05 48.8 211.1 56.3

Table 7.2: The characteristics of the experiments performed for this chapter. The values of
d+p , St

+, and Reps were determined based on the d50 of the associated particle type.

7.3 Results and discussion

In the following sections, first, the accuracy of the measurement system is evaluated in

Section 7.3.1 by comparing the velocity statistics of the unladen flow with the DNS of

Tanahashi et al. (2004) at Reτ = 800. Then, in Section 7.3.2, the distribution, velocity,

acceleration, and PWI of non-spherical particles (Q-250) are investigated and compared with

those of the spherical particles with similar density and equivalent size (G-250). Finally,

in Section 7.3.3, the effect of particle size on the distribution, velocity and acceleration

statistics, and PWI characteristics is investigated for spherical and non-spherical particles.

7.3.1 Unladen turbulent flow

The velocity statistics of the unladen flow were averaged in the streamwise and spanwise

directions and in time. The wall-normal size of the averaging bin was equal to λ. The

measured average streamwise velocity, ⟨U⟩, of the unladen flow is compared with that of the

DNS of Tanahashi et al. (2004) performed at Reτ = 800 in a semi-logarithmic presentation

in Figure 7.1(a). In this figure, the normalized mean streamwise velocity, U+ = ⟨U⟩/uτ , is

presented as a function of the normalized wall-normal distance y+ = y/λ. The U+ profile

resulted from 2D-LPT measurement agrees with the DNS from y+ ≈ 4 up to y+ ≈ 310 in

the log-layer, showing the accuracy of the 2D-LPT system in mean flow measurement and
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the fully developed state of the turbulent channel flow.

Figure 7.1(b) shows a comparison between the measurement and the DNS of Tana-

hashi et al. (2004) for the streamwise and wall-normal Reynolds stresses, ⟨u2⟩ and ⟨v2⟩,

respectively. The ⟨u2⟩ and ⟨v2⟩ are normalized by u2τ and presented as ⟨u2⟩+ and ⟨v2⟩+,

respectively. The maximum deviation of ⟨u2⟩+ and ⟨v2⟩+ from the DNS is about 4 and

7%, occurred at y+ ≈ 18 and 70, respectively. The agreement of the 2D-LPT results with

the DNS shows the measurement accuracy for the streamwise and wall-normal Reynolds

stresses. The wall-normal variation of the average shear Reynolds stress, ⟨uv⟩, of the un-

laden flow is also presented in Figure 7.1(b).
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Figure 7.1: Comparison of 2D-LPT measurement of normalized (a) mean streamwise ve-
locity and (b) Reynolds stresses of the unladen flow at Reτ = 770 (symbols) with the DNS
results of Tanahashi et al. (2004) at Reτ = 800 (solid lines).

7.3.2 Near-wall motion of non-spherical particles

The effect of particle shape on the near-wall motion of particles is investigated in this section

by comparing the distribution, velocity and acceleration statistics and PWI of G-250 and

Q-250 particles. The velocity and acceleration statistics of particles are averaged in the

streamwise and spanwise directions and in time. The wall-normal size of the averaging bin

is set to 250 µm.

111



7.3.2.1 Particles distribution

The particles number density, N̄ , calculated as the number of particles in each bin divided

by the average number of particles in all the bins, is presented in Figure 7.2 for G-250 and

Q-250 particles. The concentration of Q-250 particles is larger than the G-250 particles

at y+ < 130 and it becomes smaller farther from the wall. This observation is consistent

with the numerical results presented by van Wachem et al. (2015) and contrary to the

results of Sommerfeld and Lain (2018). van Wachem et al. (2015) argued that the higher

concentration of non-spherical particles near the wall is due to the alignment of their major

axis with the wall in this region which reduces the effect of turbulent suspension on them.

They showed that the angle between the major axis of the particles and the wall was smaller

in the vicinity of the wall.
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Figure 7.2: Comparison of the number density of G-250 and Q-250 particles.

7.3.2.2 Particles velocity statistics

Figure 7.3(a) indicates the U+ profile for the unladen flow, G-250, and Q-250 particles.

The U+ of particles is larger than the unladen flow close to the wall at y+ = 13, since

the no-slip boundary condition does not apply to them, while they are smaller than the

unladen flow farther from the wall, due to the higher inertial of the particles than the fluid.

The U+ of G-250 and Q-250 particles are almost the same except at y+ = 13 where Q-250

has a larger U+. The larger U+ of non-spherical particles near the wall can be due to
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their higher concentration in this region. The wall-normal variation of the ⟨u2⟩+, ⟨v2⟩+,

and ⟨uv⟩+ profiles of G-250 and Q-250 particles are compared in Figure 7.3(b). As seen,

the magnitude of ⟨u2⟩+, ⟨v2⟩+ and ⟨uv⟩+ of Q-250 particles is smaller than those of G-250

particles close to the wall at y+ < 150. Farther from the wall these magnitudes are almost

equal for G-250 and Q-250 particles.
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Figure 7.3: Comparison of normalized (a) mean streamwise velocity and (b) velocity fluc-
tuations of G-250 and Q-250 particles.

7.3.2.3 Particles acceleration statistics

The wall-normal variation of the mean streamwise and wall-normal acceleration of G-250

and Q-250 particles are normalized using uτ and ν and presented in Figure 7.4 as A+
x =

⟨Ax⟩ν/u3τ and A+
y , respectively. The A

+
x of Q-250 is smaller than G-250 at y+ < 75 showing

that these particles experience a larger streamwise deceleration near the wall. A possible

reason for the larger deceleration of non-spherical particles can be their larger surface area

compared with the spherical particles which increases the effect of viscous drag on their

motion. Farther from the wall at y+ > 100, where the viscous force diminishes, the A+
x of

G-250 and Q-250 are approximately equal. The A+
y of Q-250 particles is approximately twice

the A+
y of G-250 particles at y+ = 13. Beyond this location, the A+

y of G-250 and Q-250

particles are approximately equal. The larger concentration of non-spherical particles near

the wall can also be another reason for their larger streamwise deceleration and wall-normal
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acceleration in this region as it was also seen in Chapter 6.
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Figure 7.4: Comparison of the A+
x and A+

y of G-250 and Q-250 particles.

Figure 7.5 compares the pdfs of Ax/ax and Ay/ay (where ax and ay are the rms of Ax

and Ay, respectively) of G-250 and Q-250 particles at y+ = 13, 141 and 270. As this figure

shows, the pdfs of Ax/ax and Ay/ay do not depend on the particle shape.
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Figure 7.5: Comparison of the pdf of (a) Ax/ax and (b) Ay/ay of G-250 and Q-250 particles
at y+ = 13, 141 and 270, ordered from bottom to top, respectively. For clarity, the pdfs at
y+ = 141 and 270 are shifted up by 5 and 10 units of the vertical axis, respectively.

7.3.2.4 Particle-wall interaction

The interaction of G-250 and Q-250 particles with the wall is investigated in this section

by determining the impact and rebound angle/velocity for the particles that collide with
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the wall. The impact and rebound angle/velocity are estimated using the average of the

associated parameter over five time steps (0.6 ms) right before and after PWI, respectively.

The streamwise and wall-normal impact velocity components are normalized by uτ and

presented as U+
i and V +

i , respectively. Figure 7.6(a) compares the pdf of U+
i of G-250 and

Q-250 particles, showing a larger U+
i for Q-250 particles. This is expected since the U+ of

Q-250 particles was larger than the G-250 particles next to the wall, as seen in Figure 7.3.

The comparison of the pdfs of V +
i of G-250 and Q-250 in Figure 7.6(b) shows a very small

shift toward the smaller magnitudes for Q-250 particles. The comparison of Figures 7.6(a)

and (b) indicates that the effect of particle shape on U+
i is larger than V +

i . The impact

angle of particles that collide with the wall is determined as θi = arctan(Vi/Ui). Figure

7.6(c) compares the pdf of θi of G-250 particles with that of the Q-250 particles. The pdf of

θi of Q-250 particles is slightly shifted toward the smaller magnitudes indicating that these

particles have a smaller impact angle compared to G-250 particles. The reason is the larger

Ui of Q-250 particles. Figure 7.6(c) also shows that the the magnitude of most frequent

impact angle of non-spherical particles is slightly less than the that of spherical particles.

The mean streamwise restitution ratio, ⟨eU ⟩, is determined for G-250 and Q-250 particles

and presented in Figure 7.7(a) as a function of θi. The ⟨eU ⟩ of both particle types decreases

by increasing the magnitude of θi. The ⟨eU ⟩ of Q-250 particles is larger than G-250 particles

for all the investigated θi, showing that these particles lose less streamwise kinetic energy

when they collide with the wall that can result in their higher streamwise velocity close to

the wall, as seen in Figure 7.3(a). The difference between the ⟨eU ⟩ of G-250 and Q-250

particles is increased by increasing the magnitude of θi. The mean wall-normal restitution

ratio, ⟨eV ⟩, of G-250 and Q-250 particles is also decreased by increasing the magnitude of

θi, as seen in Figure 7.7(b). The Q-250 particles have larger ⟨eV ⟩ than G-250 particles in

the range of the investigated θi; however, the difference between the ⟨eV ⟩ of G-250 and

Q-250 particles is decreased by increasing the magnitude of θi.

115



5 8 11 14 17

 U
i

+

-6

-5

-4

-3

lo
g
(p

d
f)

(a)

-2 -1.5 -1 -0.5 0

 V
i

+

-6

-5

-4

-3

-2

-1

0

lo
g
(p

d
f)

(b)

-5 -4 -3 -2 -1 0

i
  (deg)

-5

-4

-3

-2

lo
g

(p
d

f)

(c)

Figure 7.6: Comparison of the pdf of (a) U+
i , (b) V +

i and (c) θi of G-250 and Q-250 particles.

7.3.3 Effect of particle size on its near-wall motion

In this section, the effect of particle size on the near-wall motion of both spherical and non-

spherical particles is investigated by comparing the distribution, velocity and acceleration

statistics, and PWI characteristics of G-125, G-250 and G-420 particles as well as Q-125, Q-

250 and Q-420 particles. The velocity statistics of particles are averaged in the streamwise

and spanwise directions and in time. In this section, the size of the wall-normal averaging

bin is set to 420 µm.
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Figure 7.7: Comparison of (a) ⟨eU ⟩ and (b) ⟨eV ⟩ of G-250 and Q-250 particles.

7.3.3.1 Particles distribution

The wall-normal variation of N̄ is presented in Figures 7.8(a) and (b) for glass and quartz

particles, respectively. For both glass and quartz particles, increasing particle size increased

the N̄ of particles near the wall and reduced it away from the wall. This trend was also

reported by Ahmadi et al. (2019) who investigated the effect of particle size on the distribu-

tion of particles using glass beads in a horizontal solid-liquid turbulent channel flow. They

attributed this trend to the larger settling velocity of bigger particles.
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Figure 7.8: Comparison of the particle number density of (a) glass particles and (b) quartz
particles.
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7.3.3.2 Particles velocity statistics

Figure 7.9 shows the U+ of glass and quartz particles as a function of y+. For glass particles,

by increasing the particle size the U+ is increased close to the wall at y+ = 22. Farther

from the wall at y+ = 280 for example, increasing the particle size slightly reduces their

U+. The reason can be the larger St of the bigger particles which increases the difference

between their U+ and the fluid. Increasing particle size showed a similar effect on the U+

of quartz particles, as seen in Figure 7.9(b).
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Figure 7.9: Comparison of the U+ of (a) glass and (b) quartz particles with different sizes.

The effect of particle size on the ⟨u2⟩+, ⟨v2⟩+, and ⟨uv⟩+ is investigated in Figures

7.10(a) and (b) for glass and quartz particles, respectively. For glass particles, increasing

the particle size reduced the ⟨u2⟩+. This reduction is more significant close to the wall at

y+ < 150. The magnitudes of ⟨v2⟩+ and ⟨uv⟩+ are also decreased slightly at y+ < 100 by

increasing the size of glass particles. The smaller fluctuation of larger particles is due to

their larger St which makes them less responsive to the flow. The difference between St of

particles is larger close to the wall which causes a larger reduction to particles fluctuation

in this region. Farther from the wall the effect of particle size on ⟨u2⟩+, ⟨v2⟩+, and ⟨uv⟩+

is small due to the smaller difference between their St. The near-wall reduction of ⟨u2⟩+,

⟨v2⟩+ and ⟨uv⟩+ of particles by increasing the particle size was also reported by Ahmadi

et al. (2019). Increasing the size of particles has a similar effect on the ⟨u2⟩+, ⟨v2⟩+ and
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⟨uv⟩+ of quartz particles, as seen in Figure 7.10(b).
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Figure 7.10: Comparison of the velocity fluctuation of (a) glass and (b) quartz particles
with different sizes.

7.3.3.3 Particles acceleration statistics

The effect of particle size on the Ax of particles is investigated in Figure 7.11(a) and (b) for

glass and quartz particles, respectively. Figure 7.11(a) shows the pdf of normalized Ax for

glass particles at y+ = 22, 65, 108 and 151. Increasing the particle size narrowed the pdf of

Ax in these wall-normal locations. This behavior was also reported by Qureshi et al. (2007)

for neutrally buoyant particles in isotropic turbulence. They attributed this behavior to

the larger St of bigger particles which makes them less responsive to the turbulent motions.

The effect of particle size on the pdf of Ax is stronger near the wall since it makes larger

change in the St due to the smaller flow time scale in this region. Increasing the particle size

showed a similar effect on the pdf of Ax of quartz particles, as seen in Figure 7.11(b). The

pdf of Ax/ax at y+ = 22, 65, 108, and 151 is presented in Figure 7.12 for glass and quartz

particles, indicating that this pdf does not significantly depend on the particle size, neither

for spherical particles, as it was also reported by Qureshi et al. (2007), nor for non-spherical

particles.
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Figure 7.11: Comparison of the pdf of normalized Ax for (a) glass and (b) quartz particles
at y+ = 22, 65, 108 and 151, ordered from bottom to top, respectively. For clarity, the
pdfs at y+ = 65, 108 and 151 are shifted up by 5, 10 and 15 units of the vertical axis,
respectively.
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Figure 7.12: Comparison of the pdf of Ax/ax for (a) glass and (b) quartz particles at
y+ = 22, 65, 108 and 151, ordered from bottom to top, respectively. For clarity, the pdfs at
y+ = 65, 108 and 151 are shifted up by 5, 10 and 15 units of the vertical axis, respectively.

The pdf of normalized Ay at y+ = 22, 65, 108 and 151 is presented in Figure 7.13

for glass and quartz particles with different sizes. With increasing particle size the pdf

of normalized Ay becomes narrower at the investigated wall-normal locations. The reason

is again the larger St of the bigger particles. Although the large size of these particles

makes them less responsive to the turbulent motions, it can also reduce their preferential

sampling and expose them to the turbulent motions with high energy, as it was also reported
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by Qureshi et al. (2008). This can be the reason of large positive Ay with low frequency

observed for both G-420 and Q-420 particles at y+ = 22.

The pdf of Ay/ay at y+ = 22, 65, 108 and 151 is shown in Figure 7.12(a) and (b) for

glass and quartz particles, respectively. Away from the wall at y+ = 65, 108 and 151 the

pdf of Ay/ay does not significantly depend on the particle size, neither for glass particles

nor for quartz particles. At y+ = 22, however, increasing the particle size slightly narrowed

the pdf of Ay/ay for both glass and quartz particles, particularly for G-420 and Q-420.

The reason can be the large positive Ay events of these particles, seen in Figure 7.13, that

increase their ay at y+ = 22.
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Figure 7.13: Comparison of the pdf of normalized Ay for (a) glass and (b) quartz particles
at y+ = 22, 65, 108, and 151, ordered from bottom to top, respectively. For clarity, the
pdfs at y+ = 65, 108, and 151 are shifted up by 5, 10, and 15 units of the vertical axis,
respectively.

7.3.3.4 Particle-wall interaction

The effect of particle size on PWI characteristics of glass and quartz particles is investi-

gated in this section. Similar to Section 7.3.2.4, the impact and rebound angle/velocity

are estimated using the average of the associated parameter over five time steps before and

after the collision, respectively. The pdf of U+
i for glass and quartz particles is presented

in Figure 7.15, showing the larger U+
i for the bigger particles. This is consistent with the

higher U+ of the bigger particles in the vicinity of the wall seen in Figure 7.9.
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Figure 7.14: Comparison of the pdf of Ay/ay for (a) glass and (b) quartz particles at
y+ = 22, 65, 108 and 151, ordered from bottom to top, respectively. For clarity, the pdfs at
y+ = 65, 108 and 151 are shifted up by 5, 10, and 15 units of the vertical axis, respectively.
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Figure 7.15: Comparison of the pdf of U+
i for (a) glass and (b) quartz particles with different

sizes.

Figure 7.16 presents the pdf of V +
i for glass and quartz particles. The pdf of V +

i of

G-125 and G-250 are approximately equal for V +
i > −1. For V +

i < −1 the pdf of V +
i of

G-250 becomes slightly larger, showing the higher frequency of PWI with large V +
i for these

particles. The pdf of G-420 particles is slightly shifted toward the larger V +
i magnitudes,

again showing the increment of the frequency of PWI with larger V +
i . The reason can be

the larger settling velocity of the bigger particles. Increasing the size of the quartz particle

shows a similar effect on their pdf of V +
i .
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Figure 7.16: Comparison of the pdf of V +
i for (a) glass and (b) quartz particles with different

sizes.

Figure 7.17 indicates the ⟨eU ⟩ as a function of θi for glass and quartz particles. As

expected, increasing the magnitude of θi decreases ⟨eU ⟩ for all the investigated particle

types. Increasing the size of particles increases the ⟨eU ⟩ for both glass and quartz particles,

meaning that bigger particles lose smaller streamwise kinetic energy when they collide with

the wall. This can be another reason for the higher U+ of larger particles in the vicinity of

the wall, as seen in Figure 7.9.
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Figure 7.17: Comparison of the ⟨eU ⟩ of (a) glass and (b) quartz particles with different
sizes.

The ⟨eV ⟩ of glass and quartz particles that collide with the wall is presented in Figure
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7.18 as a function of θi. Increasing θi decreases ⟨eV ⟩ for both glass and quartz particles.

The bigger particles have smaller ⟨eV ⟩ at almost all the investigated θi for both glass and

quartz particles, indicating that these particles transfer larger momentum to the wall and

apply a stronger impact force to it in the wall-normal direction when they collide with the

wall.
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Figure 7.18: Comparison of the ⟨eV ⟩ of (a) glass and (b) quartz particles with different
sizes.

7.4 Summary and conclusion

In this chapter, the near-wall motion of spherical and non-spherical particles was investi-

gated using the 2D-LPT measurement system with backlight illumination. The experiments

were performed at Reτ = 770 and Cv = 0.01%. The near-wall motion of spherical and non-

spherical particles were compared by analyzing the differences between the number density,

velocity and acceleration statistics, and PWI characteristics of G-250 and Q-250 particles.

Results showed that the number density of Q-250 particles was larger than G-250 particles

close to the wall and smaller away from it. The Q-250 particles also had a larger U+ next to

the wall at y+ = 13 due to their larger concentration in the region and the lower energy loss

in the streamwise direction during their interaction with the wall. The analyzes of velocity

statistics of particles showed that the streamwise and wall-normal fluctuation of Q-250 par-

124



ticles were slightly smaller than the spherical particles close to the wall at y+ < 150. The

A+
x of G-250 and G-250 particles were similar away from the wall at y+ > 100. Closer to

the wall at y+ < 100, the Q-250 particles had smaller A+
x than G-250 particles. The A+

y of

G-250 and Q-250 particles were also approximately equal away from the wall. In the imme-

diate vicinity of the wall at y+ = 13, however, the A+
y of Q-250 particles was twice larger

than G-250 particles. Investigation of particles acceleration showed that the G-250 and

Q-250 particles had approximately equal pdfs of Ax/ax and Ay/ay at different wall-normal

locations. The analyzes of the PWI characteristics of G-250 and Q-250 particles indicated

that Q-250 lose less kinetic energy in the streamwise and wall-normal directions during their

interaction with the wall. Investigation of the rotation of the non-spherical particles was

one of the objectives of the experiments of this chapter. However, this objective was not

achieved using the 2D-LPT system due to the 3D rotation of the particles.

The comparison of the number density, velocity and acceleration statistics, and PWI

characteristics of particles with different sizes showed that increasing particle size had a

similar effect on these parameters for both glass and quartz particles. The bigger particles

had a higher number density than the smaller particles close to the wall and lower away

from the wall. The U+ of bigger particles was also higher than smaller particles near the

wall and lower away from the wall. Increasing the size of particles increased their St and

therefore reduced their streamwise fluctuation near the wall. The analyzes of the accelera-

tion statistics of particles showed that bigger particles experienced smaller streamwise and

wall-normal acceleration due to their larger St. However, increasing the size of particles did

not affect the pdf of Ax/ax. The pdf of Ay/ay of particles was also independent of their size

away from the wall while it became narrower in the vicinity of the wall by increasing the

particle size. Investigation of the effect of particle size on the PWI characteristics showed

the larger U+
i and smaller streamwise momentum loss for bigger particles. However, the

wall-normal momentum loss of the bigger particles was larger than the smaller particles

during their interaction with the wall.

125



Chapter 8

Near-wall motion of spherical
particles in a drag-reduced
non-Newtonian turbulent channel
flow

8.1 Introduction

Polymers with large molecular weight are well known to be effective in reducing drag and

pumping power in unladen turbulent liquid flows (Virk et al., 1970; Luchik and Tiederman,

1988; Warholic et al., 1999). However, the effect of polymer drag reducers on the kinematics

of particles in non-Newtonian turbulent flows with viscoelastic properties is still an open

question.

Previous studies of particle motion in non-Newtonian flows have mostly investigated

individual particles released in quiescent fluids or laminar flows at small Reynolds num-

bers (D’Avino and Maffettone, 2015; McKinley, 2002; Chhabra, 2006; Mishra S, 2012; Li

et al., 2015). The viscoelastic properties of the fluid were typically characterized in terms

of Deborah number (De, the ratio of fluid relaxation time to the flow time-scale) and Weis-

senberg number (We) which is the ratio of the elastic forces to the viscous forces of the fluid

(D’Avino and Maffettone, 2015). In general, the influence of these parameters on the kine-

matics and dynamics of particles was investigated based on the terminal settling velocity,

St, translation, rotation, and lift and drag force of individual solid particles at low Re.
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In the case of non-Newtonian flows with a large number of suspended particles, previous

investigations have mostly focused on the distribution of particles in terms of their migra-

tion, alignment, and clustering in the low Re regime, where inertia is negligible and fluid

elasticity is dominant (D’Avino and Maffettone, 2015). At low Re channel flows, Karnis

and Mason (1966) reported particle migration toward the centerline for viscoelastic fluids

with constant viscosity while Gauthier et al. (1971) reported particle migration toward the

walls for shear-thinning fluids. The alignment of particles at the channel centreline (known

as “focusing”) has been observed in microchannels at 0 < Re < 1 and 0 < We < 250

(Yang et al., 2011; Kang et al., 2013; Seo et al., 2014), and even at higher Re of about 2000

for We ≈ 200 (Lim et al., 2014). In spite of the great number of studies on particle mo-

tion in laminar and transitional non-Newtonian flows, the motion of particles in turbulent

non-Newtonian flows with stronger inertial effects has not been investigated yet.

In Newtonian turbulent wall flows, the interaction of near-wall turbulent structures and

particles significantly affects the kinematics, dispersion, and clustering of the particles. Due

to gravity, inertial particles tend to proceed toward the lower wall in horizontal flows. The

particles move from the outer layer into the inner layer where they are either farther trans-

ported toward the wall by sweep motions (Sumer and Deigaard, 1981; Marchioli and Soldati,

2002), or sent back to the outer layer by ejection motions of the liquid phase (Marchioli and

Soldati, 2002; Kiger and Pan, 2002; Soldati and Marchioli, 2009). The particles that are

carried by the sweep motions toward the wall may collide with the wall and bounce off to

higher layers if they have enough momentum (Soldati, 2005); otherwise, they get trapped in

low-speed streaks (Pedinotti et al., 1992; Kaftori et al., 1995a,b). Inertial particles that are

smaller than the Kolmogorov scale typically do not concentrate in the high-speed streaks

because of the rotational motion of these turbulent structures (Pedinotti et al., 1992). The

small particles often cluster in low-speed streaks and remain there until they are propelled

away from the wall by strong enough ejection motions (Marchioli and Soldati, 2002; Soldati,

2005). Smaller particles with small St usually stay in the vicinity of the wall for a shorter

time since they can be transported away from the wall by weaker ejection motions (Soldati,
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2005). Therefore, in turbulent Newtonian flows, sweep and ejection motions are the main

turbulent structures which disperse the particles, depending on their size and St.

In a non-Newtonian flow, the near-wall turbulent structures are modified due to the

fluid’s rheology (Warholic et al., 2001). The addition of drag-reducing polymers decreases

turbulent kinetic energy and Reynolds shear stress (Warholic et al., 1999), thickens and

stabilizes the low/high-speed streaks (White et al., 2004; White and Mungal, 2008), and

increases their spanwise spacing (White et al., 2004). Polymer additives also attenuate the

near-wall quasi-streamwise vortices, reduce their number (Dubief et al., 2004; Kim et al.,

2007; White and Mungal, 2008), and make them longer (Kim et al., 2007). The ejection

and sweep motions also become weaker and less frequent (Kim et al., 2007; Corredor et al.,

2015). In general, this suppression of turbulent structures disrupts the regeneration cycle

of wall turbulence (Karniadakis and Choi, 2003; Dubief et al., 2004). Since fluid forces have

a significant effect on kinematics and dispersion of suspended particles, changing turbulent

structures by polymer additives is expected to also affect particles motion.

In light of the literature reviewed, the objective of the investigations in this chapter

is to experimentally characterize the kinematics of spherical particles and their dispersion

in a drag-reduced turbulent channel flow of a polymer solution. To achieve this objec-

tive, trajectories of particles is determined using 2D-LPT, discussed in Section 4.1 along

with its uncertainty, in the turbulent flow of water (Newtonian) and the polymer solution

(non-Newtonian). The particle trajectories are used to investigate the influence of the poly-

mer additive on wall-normal distribution, streamwise and wall-normal velocities, Reynolds

stresses, and the transport angle of the particles in the near-wall region. The influence of

the polymer additive on the ejection and sweep motions of the particles was investigated

by applying a quadrant analysis.

The flow facility used for performing the experiments of this chapter was explained

in Section 3.1. The experimental design of this chapter is presented in Section 8.2. The

accuracy of the measurement system is evaluated in Section 8.3.1 by comparing the mea-

surements in the unladen Newtonian flow with the literature. The motion of the particles
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in Newtonian and non-Newtonian flows are investigated in Section 8.3.2.

8.2 Experimental design

Four turbulent flows were investigated in the experiments of this chapter: unladen wa-

ter flow (Newtonian); unladen polymeric flow (non-Newtonian); particle-laden water flow

(Newtonian); and particle-laden polymeric flow (non-Newtonian). All the experiments were

performed at a constant temperature of 25◦ and a constant mass flow rate of 3.66 kg/s equiv-

alent to Newtonian ReH0 of 34,300, based on the channel height, bulk velocity across the

channel (Ub = 2.04 m/s), and viscosity of water. For the non-Newtonian experiments, a

90 ppm solution of SF was prepared as discussed in Section 3.2. Based on the pressure

measurement at the mass flow rate of 3.66 kg/s, the average DR% was ≈66% in 30 min-

utes, which is considered as high drag reduction regime (Warholic et al., 1999), and its

degradation was ≈3.7%.

The average dynamic viscosity at the wall (µw) in turbulent flows can be estimated as

µw = τw/γ̇w, where τw and γ̇w are the average shear stress and shear rate at the wall,

respectively. In this chapter, the subscript ‘w’ refers to parameters estimated at the wall.

The γ̇w of the polymeric flow was determined from the wall-normal velocity profile measured

by 2D-LPT, as detailed later in Section 8.3.1. The wall shear stress associated with this γ̇w

was determined based on the Ostwald-de Waele model. Having γ̇w and τw, the associated

kinematic viscosity at the wall (νw) was estimated for the polymeric flow and is shown in

Table 8.1. The viscosity of a power-law fluid in a channel flow is at its minimum at the

wall where average γ̇ is maximum, and at its maximum at the centerline of the channel,

where average γ̇ is a minimum. The friction velocity (uτ ) and wall unit (λ) were also

estimated from the 2D-LPT measurement and are presented in Table 8.1. The time scale of

turbulent flows was estimated at the wall as tτ = νw/u
2
τ and the friction Reynolds number

was determined as Reτ = uτH/νw.

The particle-laden flows consisted of G-250 particles at a volumetric concentration of

0.05% suspended in water (Newtonian) and in the 90 ppm SF solution (non-Newtonian).
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Fluid γ̇w νw uτ λ tτ Reτ
1/s ×106m2s m/s µm µs

water 11500 0.893 0.101 8.9 89 840

SF solution 2260 1.330 0.054 24.3 443 309

Table 8.1: The inner scaling of the unladen turbulent water and polymeric flows. The shear
rate at the wall and inner scaling were calculated using the mean velocity profiles from
2D-LPT.

The properties of the particles used in the particle-laden experiments of this chapter are

presented in Table 8.2. The Vt of particles suspended in the Newtonian flow was determined

using Equation 2.11. For the Newtonian flow, ν does not depend on γ̇. Therefore, the Rept

and tp presented in Table 8.2 for the particle-laden water flow are constant in different

wall-normal locations (y). The St+ of these particles is also presented in the table.

The drag coefficient of a spherical particle in a power-law fluid is typically estimated

based on its Reynolds number in that fluid which is defined as (Chhabra and Richardson,

1999)

Repl =
ρfV

(2−n)
t dnp
K

, (8.1)

where K and n are the flow consistency and behavior indices of the power-law fluid, re-

spectively. Based on the method presented by (Chhabra and Richardson, 1999), the Vt of

particles in the SF solution was 0.0158 m/s and their Repl was 1.28. However, this method

does not consider fluid elasticity and may overestimate Vt (Arnipally and Kuru, 2017). To

determine Vt of the particles in the SF solution, a particle was released in the middle of

a 8 × 8 × 8 cm3 container filled with the 90 ppm SF solution. The particle’s velocity was

measured in a 5× 5 mm2 field-of-view, which was 20 mm away from the bottom of the con-

tainer. The images were recorded at digital resolution of 2.95 µm/pix at 2 kHz frequency.

The uncertainty was 6 × 10−4 m/s based on 0.1 pix uncertainty in detection of particle

location. A negligible variation of particle’s velocity was observed within the field-of-view,

which indicates that the particle has reached its terminal settling velocity. The average Vt
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from five tests was 0.011 m/s with a standard deviation of 0.002 m/s, which resulted in

Rept of 2.27 based on µw. These values of Vt and Rept are presented in Table 8.2 along with

the associated tp and St+ for particles in the polymeric flow based on µw.

The Rouse number for the particles in water (κ = 0.41) and polymeric flows (κ = 0.08)

is also presented in Table 8.2. The particles in the polymeric flow have a larger Ro than

in water flow, showing reduction of turbulence contribution to particle suspension. The

pressure measurement in the particle-laden polymeric flow experiment showed DR% of

about 61% which is 5% less than the unladen polymeric flow.

Fluid Vt Rept tp St+ Ro
m/s ms

water 0.070 17.78 3.40 39.1 1.70
SF solution 0.011 2.27 4.05 9.1 2.34

Table 8.2: Properties of the G-250 particles in the particle-laden experiments, calculated
based on the d50 of the particles. The Rept, tp, and St+ for the SF solution are determined
based on the viscosity at the wall.

8.3 Results and discussion

In this section, first, the uncertainty of the 2D-LPT is evaluated by comparing its results

in water with the DNS of Hoyas and Jiménez (2008) at Reτ= 934. Next, the velocity field

and turbulence statistics of the unladen water and polymeric flows are compared. Finally,

the average velocity and Reynolds stresses of the particles in water and polymeric flows

are scrutinized. The wall-normal distance, averaged velocities, and the Reynolds stresses

presented in this section are normalized by either the inner scaling of the unladen water flow

(presented with subscript “0”) or inner scaling of the corresponding unladen counterpart

(presented without subscript “0”).
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8.3.1 Unladen turbulent flow

The velocity statistics of unladen water and polymeric flows are presented in this section.

The bin size for averaging 2D-LPT data of the unladen flows is equal to λ of unladen

water flow (≈0.001H) in the y-direction. The average streamwise velocity, ⟨U⟩, for water at

Reτ = 840, polymeric flow (at the same mass flow rate), and the DNS of Hoyas and Jiménez

(2008) at Reτ = 934 are compared in Figure 8.1 in a semi-logarithmic presentation. The

⟨U⟩ profiles for water and polymeric flows are normalized by their corresponding friction

velocities, U+=⟨U⟩/uτ , and shown as functions of wall-normal distance also normalized by

the corresponding wall units y+ = y/λ. The logarithmic law of the wall with κ = 0.4 and

B = 5.2 is also presented in this figure. The 2D-LPT measurement of U+ for water agrees

with the DNS from y+ ≈ 4 up to the border of the field of view at y+ ≈ 550 in the log-layer,

which shows the accuracy of the 2D-LPT. The overlap with the log law also indicates the

fully developed state of the turbulent channel flow (Bailey et al., 2014).
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Figure 8.1: Effect of the SF solution on the U+ profile as a function of y+. The dashed-
lines show U+= y+, the log-law for Newtonian fluid flows, U+= 2.5 ln(y+)+5.5, and Virk’s
asymptote (Virk et al., 1970), U+= 11.7 ln(y+)-17. The solid line shows the DNS of Hoyas
and Jiménez (2008) at Reτ= 934 for water.

The U+ profile of the polymeric flow follows the U+= y+ line up to y+ ≈ 10. Beyond

this location, the profile follows Virk’s asymptote (Virk et al., 1970), U+= 11.7 ln(y+)-17,

which shows that the polymeric flow is at the maximum drag reduction regime. The DR%
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of the polymer solution can also be calculated asDR% = (1−τpw/τww )×100, where τww and τpw

are the shear stresses of water and the polymeric flows at the wall, estimated from their ⟨U⟩

profiles, respectively. Based on the γ̇w and νw of water and the polymeric flows (see Table

8.1), the τww and τpw are about 10 and 3 Pa, respectively. Therefore, the DR% of the SF

solution based on 2D-LPT is about 70%, which is close to DR% = 66% obtained from the

pressure drop measurement. The polymeric flow profile deviates from the Virk’s asymptote

at y+ ≈ 110 and follows a log law region, which is called “Newtonian plug” (Procaccia

et al., 2008). This shows that the buffer layer, the region between viscous sublayer and

log-layer, which starts at y+ ≈ 10 (y/H ≈ 0.032), ends at y+ ≈ 110 (y/H ≈ 0.356) for

the polymeric flow. The trend of polymeric flow profile in Figure 8.1 is consistent with the

trend of semi-logarithmic U+-y+ profile for a polymer solution with DR% of 69% presented

by Warholic et al. (1999).

The thickness of the viscous sublayer, the region where U+= y+, is about 0.006H

(y+ ≈ 5) in water flow, increasing to 0.032H (y+ ≈ 10) in the polymeric flow. The buffer

layer thickness also increases from about 0.017H (∆y+ ≈ 15) in water flow to 0.324H

(∆y+ ≈ 100) in the polymeric flow. The polymer additive also reduces uτ (see Table 8.1)

and ⟨U⟩ near the wall and increases ⟨U⟩ away from the wall. The reduction of uτ and

increment of ⟨U⟩ in the log region shifts the log-layer profile upward with respect to water

flow, as seen in Figure 8.1.

The streamwise, wall-normal, and shear Reynolds stresses (⟨u2⟩, ⟨v2⟩, and ⟨uv⟩, respec-

tively) in unladen Newtonian and non-Newtonian flows are presented in Figure 8.2(a). The

Reynolds stresses for both flows are normalized by friction velocity of the unladen water

flow (uτ0). The wall-normal distance is non-dimensionalized by the wall units of water (λ0)

and polymeric flow (λ1) and presented as y+0 and y+1 at the lower and upper horizontal

axes, respectively. The Reynolds stresses for water at Reτ= 840 are also compared with the

DNS of Newtonian channel flow at Reτ= 934 by Hoyas and Jiménez (2008). The ⟨u2⟩/u2τ0

peak for water from 2D-LPT is about 2% lower than the DNS. The maximum magnitudes

of ⟨v2⟩/u2τ0 and ⟨uv⟩/u2τ0 are also about 11% and 8% less than the DNS. These differences
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are associated with the lower Reτ of the experiment, which causes a thicker inner layer and

slightly lower Reynolds stresses.

As seen in Figure 8.2(a), the maximum value of ⟨u2⟩ of the polymeric flow is about

50% less than that of water. The ⟨v2⟩ and ⟨uv⟩ profiles of the polymeric flow, which

almost overlap with each other in Figure 8.2(a), are significantly less than water (almost

zero in the measurement domain). The effect of SF solution on the Reynolds stresses is

consistent with the results presented by Warholic et al. (1999) at a high drag reduction

regime (DR% > 35%). At DR% of 69%, they observed about 40, 85, and 95% reduction in

maximum magnitudes of ⟨u2⟩, ⟨v2⟩, and ⟨uv⟩ profiles, respectively. The measurement also

shows that adding the SF polymer to the flow shifts the ⟨u2⟩ peak away from the wall; the

⟨u2⟩ profile peaks at y+0 ≈ 15 (y/H = 0.017) in water and at y+0 ≈ 115 (y/H = 0.133) in

the polymeric flow. This is due to a thicker viscous sublayer and buffer layer in the channel

flow of the SF solution (Warholic et al., 1999, 2001; Mohammadtabar et al., 2017).

The Reynolds stresses of unladen Newtonian and non-Newtonian flows are also normal-

ized by their corresponding inner scaling and presented in Figure 8.2(b). The polymeric

flow has a larger ⟨u2⟩/u2τ and smaller ⟨v2⟩/u2τ and ⟨uv⟩/u2τ than water, which has a similar

flow rate but a higher Reτ of 840. This trend is consistent with the experimental results

of Warholic et al. (2001) and DNS results of Dubief et al. (2005) at a high drag reduction

regime. It is also observed that Reynolds stresses of the polymeric flow at Reτ = 309 are

significantly different from those of DNS of Newtonian turbulent channel flow at similar

Reτ of 298 from Iwamoto et al. (2002). This shows that the change in Reynolds stresses of

the polymeric flow with respect to the water is not simply due to the reduction of Reτ .
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Figure 8.2: Profiles of ⟨u2⟩ (blue circles), ⟨v2⟩ (red squares), and ⟨uv⟩ (black diamonds) for
the Newtonian (filled symbols) and non-Newtonian (open symbols) flows. The profiles are
normalized by (a) the inner scaling of water flow and (b) their corresponding inner scaling.
Lines show the DNS of Newtonian channel flow at Reτ=934 by Hoyas and Jiménez (2008)
(solid lines) and at Reτ=298 by Iwamoto et al. (2002) (dashed lines). Only one of every
ten experimental data points is presented for clarity.

8.3.2 Particle-laden turbulent flow

The velocity field and the motion of the particles in water and the polymeric flows at a

volumetric concentration of 0.05% are investigated in this section. The wall-normal location
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and velocity statistics are normalized by the inner scaling of the unladen water flow.

8.3.2.1 Near-wall number density distribution of particles

The number density distribution of the particles in the near-wall region of y < 0.64H for

the water and polymeric flows is presented in Figure 8.3. The averaging is carried out using

a bin size of 0.5 mm, and the profiles are normalized by dividing the number of particles

in each bin (N) by the average number of particles per bin for water (N̄0). Normalization

using a common value is chosen here to show the effect of the SF solution on the near-wall

particle concentration. In this analysis, all the particle trajectories are considered without

any limitation on trajectory length. As Figure 8.3 shows, N/N̄0 increases with reducing y+0 .

This shows that the particles gradually settle in water due to gravity, although turbulence

dispersion counteracts and tries to suspend the particles. Since the number of particles in

the measurement domain for water is more than the number of particles in the polymeric

flow, N/N̄0 is less than one across the measurement domain for the polymeric flow. The

suspension of the particles by turbulence in the polymeric flow is expected to be smaller

than water flow due to the increase of R (see Table 8.2) and the negligible ⟨v2⟩ and ⟨uv⟩,

as observed in Figure 8.2. However, a significant reduction of N/N̄0 is observed in the

near-wall region, and the distribution of the particles is more uniform. For particles in the

polymeric flow, an increase of N/N̄0 is only observed at y+1 < 36 (y < 0.1H). The settling

velocity of the particles in the polymeric flow is smaller than in the water flow due to the

larger µ of the polymer solution. Therefore, based on settling velocity, the particles in the

polymeric flow need a longer time and streamwise distance to accumulate in the vicinity of

the wall compared with the particles in water flow. It is also important to note that the

settling velocity in the polymeric flow depends on local viscosity, which is a function of γ̇. In

the polymeric flow, particles settling velocity decreases with an increase of y; therefore, the

larger near-wall settling velocity has slightly accumulated the particles at y+0 < 100. This

observation also shows that, in polymer drag reduced flows, although turbulence dispersion

is small, inertial particles may not accumulate in the near-wall region due to their smaller
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settling velocity when they are away from the wall. In addition, using DNS, Huang et al.

(1997) showed that the inertial particles in viscoelastic fluids tend to move away from the

wall. They showed that when β = dp/(2H) is small (β was 0.025 in their study while it is

0.018 in the current study) particles tend to move toward the region with lower γ̇ due to

normal stresses of the viscoelastic fluid, which are induced by the gradient of the velocity

profile.

The important observation here is the small concentration of the particles near the lower

wall of the channel, which reduces the probability for the collision of the particles with the

wall in the polymeric flow. This suggests a smaller wear rate and energy loss in particle-laden

flows with drag-reducing polymers. To the authors’ knowledge, the reduction of particle

concentration in the near-wall region of viscoelastic flows, and their migration toward the

center of channel, were only reported in microchannels, and for laminar or transitional flows

(Yang et al., 2011; Kang et al., 2013; Lim et al., 2014; Huang et al., 1997; Di Carlo et al.,

2007; Leshansky et al., 2007; D’Avino et al., 2012; Del Giudice et al., 2013; Ciftlik et al.,

2013).
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Figure 8.3: The effect of SF solution on the number density distribution of the particles.
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8.3.2.2 Average streamwise velocity of particles

The profiles of ⟨U⟩ for the fluid and particles in water and polymeric flows are normalized

by uτ0, and presented as U+
0 = ⟨U⟩/uτ0 in Figure 8.4. For the first data point, which

corresponds to an averaging bin from the wall up to y+ = 28.8, the velocity of particles in

water is larger than the velocity of the unladen water. This larger velocity of the particles

at the wall is because the no-slip boundary condition does not apply to them; particles can

slide or roll on the wall. In the log layer (y+0 > 30), the U+
0 of the particles is less than the

unladen water flow, which is due to the higher inertia of the particles Shokri et al. (2017);

Ahmadi et al. (2019).
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Figure 8.4: Effect of the polymeric flow on the average streamwise velocity profile of the
particles. The lines show the normalized average streamwise velocity of the fluid in the
particle-laden flows.

The U+
0 profile of the unladen polymer solution is lower than U+

0 of water at y+0 < 300

(y/H < 0.348). This wall-normal range extends to the border of the buffer layer for the

polymeric flow. Since the particles absorb their kinematic energy from the carrier phase,

the particles also have a smaller velocity in this region. The smaller velocity of particles

near the wall reduces the momentum exchange and the tangential force that is exerted on

the wall during their collision with the wall. In the viscous sublayer, and most of the buffer

layer of the polymeric flow, the velocity of the particles is slightly larger than its unladen
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counterpart.

8.3.2.3 Reynolds stresses of particles

The effect of the polymer solution on the Reynolds stresses of the particles is shown in

Figure 8.5, obtained by averaging PTV data using a 0.5 mm bin size. The ⟨u2⟩ profile of

the particles in water is maximum at the first bin (y+0 = 14.4), where the maximum value

of ⟨u2⟩ of the unladen water flow was observed in Figure 8.2. As Figure 8.5 shows, the

effect of the polymer solution on ⟨u2⟩ is smaller than its effect on ⟨v2⟩ and ⟨uv⟩. This is

similar to the effect of the SF solution on the ⟨v2⟩ and ⟨uv⟩ profiles of the unladen flow

(see Figure 8.2). The reduction of ⟨uv⟩ of the particles shows weaker sweep and ejection

motions, which are the major mechanisms for wall-normal dispersion of the particles Kiger

and Pan (2002). Therefore, the trajectory of the particles in the polymeric flow is relatively

aligned in the streamwise direction. This is observed in the sample particle trajectories in

polymer solution and water in Figure 4.3; the trajectories of the particles in the polymer

solution has a smaller displacement in the wall-normal direction. This is expected to reduce

the impact angle and collision probability of the particles with the channel wall.
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Figure 8.5: Reynolds stresses of the particles in the water and polymeric flow.

139



8.3.2.4 Near-wall motion of particles

The effect of the polymeric flow on the motion of the inertial particles is investigated here

by applying conditional averaging on their instantaneous wall-normal velocity (V ). In the

discussion, we refer to the particles moving toward the bottom wall (V < 0) as downward-

moving particles, and the particles moving toward the center of the channel (V > 0) as

upward-moving particles. The wall-normal velocity of the particles is conditionally averaged

based on the V sign (i.e. their motion toward or away from the wall) for the water and

polymeric flow. The result is normalized by uτ0 (V +
0 = ⟨V ⟩/uτ0) and presented in Figure

8.6. The V +
0 of the particles in the polymer solution, in terms of both upward and downward

motions, is significantly smaller than their velocity in water. The SF solution reduces V +
0

of the particles with downward motion at y+0 = 14.4 by about 80%, which is also expected

to reduce the wall-collision probability.
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Figure 8.6: Effect of the SF solution on V +
0 of the particles with upward and downward

motions.

The average of the velocity vector magnitude in x− y plane (|Up|) for the upward and

downward moving particles is presented in Figure 8.7 to investigate their momentum. It

is observed that the momentum of the particles at y+0 = 14.4 is reduced by about 60% in

the polymeric flow compared with water flow. The reduction of the momentum of particles
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near the wall reduces the collision force upon impact with the wall. In water flow, the |Up|

of downward moving particles is greater than that of the upward moving particles by about

1.2uτ0. This is because the downward moving particles move from a region with a larger ⟨U⟩

to a region with a smaller ⟨U⟩, transporting the momentum toward the wall. The difference

between |Up| of downward and upward moving particles also exists in the polymeric flow but

it is smaller than the water flow. This is associated with the smaller wall-normal velocity

and therefore their smaller wall-normal transport in the polymeric flow.
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Figure 8.7: The mean velocity of the particles with upward or downward motion in water
and polymeric flows.

The motion of the particles is also characterized here using their trajectory angle, θ =

tan−1(V/U). A downward moving particle has θ < 0 (V < 0, U > 0) and an upward

moving particle has θ > 0 (V > 0, U > 0). The trajectory angle for the particles is useful

for modeling wall-collision and evaluation of numerical simulations of two-phase turbulent

channel flows. The trajectory angles of the particles in water and polymeric flows are

conditionally averaged based on the sign of V and are presented in Figure 8.8. This figure

shows that the average trajectory angle of the particles, ⟨θ⟩, for the downward and upward

moving particles in water flow is ⟨θ⟩ = −2.3◦ and 2.3◦ in the immediate vicinity of the

wall at y+0 = 14.4. In the polymeric flow, these angles are smaller and equal to −1.2◦

and 2.6◦ for downward and upward particles, respectively. In general, the trajectory angle
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of the particles in the polymeric flow is significantly smaller than in the water except for

the upward particles at y+0 ≈ 14.4. The smaller trajectory angle for the particles in the

polymeric flow is consistent with the previous observation of small wall-normal velocity in

Figure 8.5 and Figure 8.6. The ⟨θ⟩ of downward particles at y+0 ≈ 14.4 is reduced by about

45% in the polymeric flow compared with water. This is important in terms of particle-

wall collision; the reduction of the impact angle of the particles with the wall, along with

the reduction of their momentum (see Figure 8.7) can potentially reduce pipe wear rate in

two-phase systems.
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Figure 8.8: The mean trajectory angle of the particles with upward or downward motion.

Quadrant analysis of turbulent fluctuations is carried out to investigate the effect of

the SF solution on the ejection and sweep motions of the particles (Wallace, 2016). The

joint probability density function of velocity fluctuations for the unladen and laden flows

of water and SF solution in three different wall-normal locations is presented in Figure 8.9.

The selected locations include y+0 ≈ 14.4, which is at the center of the first bin immediately

after the wall, y+0 ≈ 100, the location of maximum ⟨u2⟩ for the unladen SF solution, and

y+0 ≈ 530, which is the farthest available data point from the lower channel wall. Each jpdf

has four quadrants associated with four different turbulent motions: upward interaction

(quadrant 1; u > 0, v > 0); ejection (quadrant 2; u < 0, v > 0); downward interaction
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(quadrant 3; u < 0, v < 0); and sweep (quadrant 4; u > 0, v < 0) Wallace et al. (1972).

The total jpdf percentage of each quadrant is also indicated at the corner of each quadrant.

In all the plots of Figure 8.9, u and v are normalized by uτ0.

Comparing the results for unladen water and polymeric flows in the first and second rows

of Figure 8.9 shows that the ejection and sweep motions are weaker in the polymeric flow.

For example, ejection and sweep motions in the unladen water flow at y+0 ≈ 14.4 (Figure

8.9(a)) are dominant compared with the other quarters and each forms 34% of the motion.

However, their contribution to the polymeric flow is smaller, as seen in Figure 8.9(d);

ejections form 28% and sweeps form 24% of the motions, similar to the other quadrants.

There is also no evidence of strong ejection and sweep motions (large u and v) in Figure

8.9(d, e, and f).

The sweep and ejection motions also dominate the turbulent motions of the particles

at y+0 ≈ 14.4 and 100 (see plots (g) and (h) in Figure 8.9), which is consistent with Figure

8.9(a) and (b). However, away from the wall at y+0 ≈ 530, sweep and ejection motions of

the particles are weaker and the particles mostly move downward (3rd and 4th quadrants)

due to gravity, as seen in Figure 8.9(i). The jpdf contour of the particles in the polymeric

flow (4th row of Figure 8.9) shows different behavior compared with the particles in water.

At y+0 ≈ 14.4, a large number of particles in the polymer solution have a downward motion,

as seen by the greater jpdf of the 3rd and 4th quadrants of Figure 8.9(j). This is because

the ejection motion, which is the main mechanism to suspend the particles away from the

wall, is weak in the polymeric flow and the motion of particles is dominated by a downward

fluctuation due to the effect of gravity. At y+0 ≈ 100 and 530, the trend is opposite and

more particles have v > 0 in Figure 8.9(k) and (l). The upward motion is associated with

the normal stress of the viscoelastic fluids Huang et al. (1997). Therefore, the quadrant

analysis shows that the sweep and ejections are not the major mechanisms for wall-normal

dispersion of the particles in the polymeric flow.
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Figure 8.9: The Joint probability density function of normalized velocity fluctuations of
unladen water flow (a, b, and c), unladen polymeric flow (d, e, and f), particles in water
flow (g, h, and i), and particles in polymeric flow (j, k, and l). The plots in each row
correspond to y+0 ≈ 14.4, 100, and 530, from left to right, respectively. The number at the
corners of each plot shows the percentage of turbulent motions in the associated quarter.
The number on each contour shows the jpdf percentage.
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8.4 Summary and conclusion

The motion of G-250 particles with a volumetric concentration of 0.05% in a turbulent

flow of drag-reduced polymer solution was investigated using 2D-LPT. A 90 ppm solution

of Superfloc (SF) polymer in water with about 66% drag reduction was used as the drag-

reducing polymer solution. Experiments were carried out at mass flow rate of 3.66 kg/s for

water and the polymer solution, which was equivalent to Reynolds number of 34,300, based

on bulk velocity, the height of the channel, and the kinematic viscosity of water. Results

showed that the SF solution reduced the number density of the particles and distributed

them more evenly, near the channel lower wall, in the wall-normal direction. The SF

solution also reduced the average streamwise velocity, ⟨U⟩, of the particles close to the wall

and increased it away from the wall relative to the ⟨U⟩ profile of the particles in water flow.

The addition of the polymer to the carrier phase did not change the streamwise Reynolds

stress of the particles but it significantly reduced wall-normal and shear Reynolds stresses

of the particles. In addition, the average wall-normal velocity of the particles reduced and

their trajectory became more aligned with the streamwise direction in the polymeric flow.

The momentum of the particles in the immediate vicinity of the wall in polymeric flow was

about 60% smaller than in the water flow. The quadrant analysis of particles motion showed

that ejection and sweep motions of the particles were attenuated in the polymeric flow and

were not a major mechanism for wall-normal dispersion of the particles. The reduction of

the number density, trajectory angle with respect to the wall, and the momentum of the

particles near the channel wall in the polymeric flow indicate the potential of drag-reducing

polymers for reducing erosion in slurry pipes.
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Chapter 9

Conclusions and recommendations

The motion of inertial particles in the near-wall non-isotropic Newtonian and non-Newtonian

particle-laden turbulent channel flows was experimentally studied in this thesis. In this re-

gard, the distribution, velocity, and acceleration of particles and their interaction with

turbulence, other particles, and the wall were analyzed and the effect of Re, Cv, particle

size and shape were investigated. The first part of this chapter summarizes the conclusions

derived from the outcomes of Chapters 5 to 8 of this thesis. The second part of this chap-

ter offers a few recommendations for further experimental investigations required to better

understand the motion of particles in turbulent flows.

9.1 Conclusion

The dynamics and wall-collision of inertial particles in non-isotropic near-wall turbulence

were investigated using spherical glass particles (G-125) at a Cv of 0.03% in a turbulent

channel flow at Reτ = 410. The mean acceleration of particles in the streamwise and wall-

normal directions showed qualitative relations with the wall-normal variations of ∂⟨uv⟩/∂y

and ∂⟨v2⟩/∂y, respectively. Close to the wall at y+ < 20, particles decelerated on average in

the streamwise direction under the effect of viscous forces and their dynamics was dominated

by the particles with sweep motions toward the wall which had the largest streamwise

deceleration. Further away from the wall at y+ > 20, particles accelerated in the streamwise

acceleration under the effect of inertial forces. The streamwise acceleration of particles in the
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buffer layer was dominated by the particles with ejection motions and peaked at y+ ∼ 30.

At a further distance from the wall, the mean streamwise acceleration of particles gradually

attenuated and the positive streamwise acceleration of the particles moving away from the

wall was balanced by the negative streamwise acceleration of the particles moving towards

the wall. The wall-normal acceleration of the particles at y+ < 20 was positive under the

effect of the drag force applied on them by ejection motions and the near-wall lift forces. This

indicated that close to the wall on average the resultant force acting on the particles pushed

them away from the wall. Farther from the wall the gravity became dominant and particles

had negative wall-normal acceleration toward the wall. Investigation of the trajectory of

particles that collided with the wall showed the longer average wall interaction time and

larger eV for the particles with a small impact angle (less than 1.5◦). The interaction time

and eV of the colliding particles reduced by increasing their impact angle.

With increasing Reτ from 410 to 765, the mean streamwise deceleration of G-125 par-

ticles near the wall and their mean streamwise acceleration in the log-layer became larger.

The near-wall wall-normal acceleration of particles also increased by increasing Reτ . The

pdfs of Ax/ax, Ay/ay, and Az/az were independent of Reτ away from the wall but close

to the wall at y/H = 0.008, increasing Reτ narrowed these pdfs and reduced their values.

This effect was more significant for the pdf of Ax/ax. The Lagrangian velocity and accel-

eration time scales of particles were also reduced in all directions by increasing Reτ . The

investigation of the trajectory of the particles that interacted with each other showed that

increasing Reτ increased particles’ relative velocity while it reduced the PPI rate close to

the wall and increased it away from the wall, similar to its effect on the particle number

density. The analysis of the trajectory of particles that collided with the wall showed that

the impact velocity of particles became larger in all directions by increasing Reτ while the

number of collisions with large impact angle reduced. However, increasing Reτ did not

change the most frequent impact angle of the particles.

With increasing Cv from 0.03% to 0.15%, the mean acceleration of particles reduced in

the streamwise direction and increased in the wall-normal direction. The pdfs of Ax/ax,
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Ay/ay, and Az/az were also independent of Cv away from the wall. Close to the wall at

y/H = 0.008, the pdfs of Ax/ax, Az/ay did not depend on Cv, however, the pdf of Ay/ay

that became wider by increasing Cv. The Lagrangian velocity and acceleration time scales

of particles in all directions were also smaller at the higher Cv. By increasing Cv, the PPI

rate was decreased close to the wall and increased away from it. The relative velocity of

particles was also higher at the higher Cv. The effect of Cv of the particles relative velocity

was reduced by increasing the distance from the wall. The collision of particles with large

impact angle with the wall was slightly increased at the higher Cv.

Comparison of the near-wall motion of spherical glass particles (G-250) and non-spherical

quartz particles (Q-250) with an almost equal equivalent diameter at Reτ = 770 and

Cv = 0.01% showed that next to the wall the Q-250 particles had larger number density,

mean streamwise velocity, mean streamwise deceleration, and mean wall-normal accelera-

tion. The comparison of PWI characteristics of G-250 and Q-250 particles indicated that

Q-250 particles lose less kinetic in the streamwise and wall-normal directions when they

interact with the wall.

The effect of particle size on the motion of spherical glass particles with different sizes (G-

125, G-250, and G-420 particles) was investigated at Reτ = 770 and Cv = 0.01%. Results

showed that bigger particles had greater mean streamwise velocity next to the wall and

smaller streamwise and wall-normal velocity fluctuation. Their streamwise and wall-normal

acceleration were also smaller than the smaller particles due to their larger inertia. Bigger

particles also had larger impact velocity and smaller momentum loss in the streamwise

direction during PWI. However, their wall-normal momentum loss during PWI was larger

than the smaller particles.

Investigation of the motion of spherical glass particles (G-250) in drag-reduced turbulent

polymeric flow with 66% drag reduction with respect to turbulent water flow with a similar

mass flow rate showed that the polymer solution reduced the number density of particles

near the channel lower wall and distributed them more evenly in the wall-normal direction.

The polymer solution also reduced the mean streamwise velocity of particles close to the
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wall and increased it away from the wall. The mean wall-normal velocity of particles was

also smaller in the polymeric flow and their trajectories were more aligned with the wall.

The polymer solution reduced the momentum of particles in the immediate vicinity of the

wall by about 60%. The streamwise fluctuation of particles in the drag-reduced flow was

similar to that in the water flow but their wall-normal fluctuation was significantly lower

than that in the water flow. The reduction of the particle number density, their trajectory

angle with respect to the wall, and their momentum in the vicinity of the wall in the drag-

reducing flow showed the potential of polymer solutions for erosion wear reduction in slurry

pipes.

9.2 Recommendations for future studies

This thesis provided fundamental information about the dynamics of inertial particles near

the wall in turbulent flows and the effect of fluid and particle characteristics on it. However,

due to the complex nature of particle-laden turbulent flows, there is still a long way to go to

obtain a comprehensive understanding of particle dynamics in these flows and overcome the

erosive wear challenge in the slurry pipelines. Experimental studies have an important role

in this way to shed light on the complex dynamics of particles in particle-laden turbulent

flows and reveal the effect of determinant factors. In this regard, three recommendations

are provided below to advance the studies performed in this thesis and fill the gap between

outcomes of this research and the needs of the related industries.

9.2.1 Instantaneous measurement of the forces applied on particles near
the wall

In this thesis, the near-wall dynamics of inertial particles was investigated by measuring

their acceleration through Lagrangian particle tracking. Knowing the particles Lagrangian

acceleration tells us about the magnitude and the direction of the instantaneous resultant

force acting on the particle. However, the value of the individual forces acting on the

particles such as the lift, drag, and Basset forces cannot be measured by Lagrangian tracking

of the particles only. To determine these forces, the simultaneous measurement of the
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velocity of particles and their surrounding fluid is required that can be performed by adding

tracers to particle-laden flows and simultaneously tracking the particles and the tracers

around them. Based on the velocity of tracers around each particle and their distance to

the center of the particle, one can interpolate the velocity of the fluid at the center of the

particle (Traugott and Liberzon, 2017). Having the Lagrangian velocity of the particles

and the fluid at the location of the particles, all the terms of the Maxey–Riley equation

(Equation 2.15) can be determined and the accuracy of this equation can be verified for

different experimental conditions.

9.2.2 Investigation of particles motion at higher concentrations

To detect the Lagrangian trajectory of particles over a longer time and with higher accuracy,

the particle-laden experiments of this thesis were performed at very low Cv. For 2D-LPT

measurement system with conventional illumination, increasing Cv caused the blockage of

the reflected light from the particles and the line-of-sight of the camera. For 2D-LPT

measurement system with back-light illumination, a larger number of particles could block

the background light and reduction of the contrast required for detecting the boundary

of particles. Although using the 3D-LPT measurement system along with STB algorithm

allowed for the accurate tracking of a larger number of particles compared to a 2D-LPT

system, increasing Cv could reduce the accuracy of this system (Schanz et al., 2016). The

order of industrial concentrations of particles in slurry pipes is significantly higher than the

concentrations tested in this study. 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. With

this technique, Nouri et al. (1987) could measure the velocity of the carrier phase (using

tracers) in a particle-laden flow with Cv = 14%.
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9.2.3 Characterization of the effect of particle shape on its motion near
the wall

It was experimentally proved in this thesis that the shape of particles affects their near-wall

dynamics and their collision with the wall. The non-spherical particles that were used in

this research had irregular shapes. To characterize the effect of particle shape on its motion

in turbulent flows and its collision with the wall, a systematic experimental study of the

motion of regularly-shaped particles is necessary. Investigation of the rotational motion

of particles was one the objectives of the study that was presented in Chapter 7 of this

thesis. This objective was not achieved since it was not possible to accurately follow the

major (or minor) axis of the irregularly-shaped particles between two consecutive images.

Using regularly-shaped particles such as ellipsoid, disc, and fiber particles, one can improve

the process to detect and follow the major axis of particles and determine their rotation.

Moreover, the effect of particle shape on the lift and drag forces and the torque on the

particles can be studied using the method explained in Section 9.2.1. Results of an exper-

imental investigation of the motion of regularly-shaped particles can be used to validate

the numerical simulations (e.g. van Wachem et al. 2015; Zarghami and Padding 2018) and

predict the behavior of non-spherical particles with different shapes.
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