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On transport phenomena in particle suspensions
Mehdi Niazi Ardekani
Linné FLOW Centre, KTH Mechanics, Royal Institute of Technology
SE-100 44 Stockholm, Sweden.

Abstract
Suspensions of solid particles in a viscous liquid are of scientific and technological
interest in a wide range of applications. Sediment transport in estuaries, blood
flow in the human body, pyroclastic flows from volcanos and pulp fibers in
papermaking are among the examples. Often, these particulate flows also include
heat transfer among the two phases or the fluid might exhibit a viscoelastic
behavior. Predicting these flows and the heat transfer within requires a vast
knowledge of how particles are distributed across the domain, how particles affect
the flow field and finally how they affect the global behavior of the suspension.
The aim of this work is therefore to improve the physical understanding of
these flows, including the effect of physical and mechanical properties of the
particles and the domain that bounds them. To this purpose, particle-resolved
direct numerical simulations (PR-DNS) of spherical/non-spherical particles in
different flow regimes and geometries are performed, using an efficient/accurate
numerical tool that is developed within this work. The code is based on
the Immersed Boundary Method (IBM) for the fluid-solid interactions with
lubrication, friction and collision models for the close range particle-particle
(particle-wall) interactions, also able to resolve for heat transfer equation in
both Newtonian and non-Newtonian fluids.
Several conclusions are drawn from this study, revealing the importance
of the particle’s shape and inertia on the global behavior of a suspension, e.g.
spheroidal particles tend to cluster while sedimenting. This phenomenon is
observed here for both particles with high inertia, sedimenting in a quiescent
fluid and inertialess particles (point-like tracer prolates) settling in homogeneous
isotropic turbulence. The mechanisms for clustering is indeed different between
these two situations, however, it is the shape of the particles that governs
these mechanisms, as clustering is not observed for spherical particles. Another
striking finding of this work is drag reduction in particulate turbulent channel
flow with disk-like spheroidal particles. Again this drag reduction is absent for
spherical particles, which instead increase the drag with respect to single-phase
turbulence. In particular, we show that inertia at the particle scale induces a
non-linear increase of the heat transfer as a function of the volume fraction,
unlike the case at vanishing inertia where heat transfer increases linearly within
the suspension.
Key words: inertial suspensions, heat transfer, drag reduction, non-spherical
particles, sedimentation, non-Newtonian fluids
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Sammanfattning
Suspensioner av fasta partiklar i viskösa vätskor påträffas i en rad situationer
av vetenskapligt och teknologiskt intresse. Sedimenttransport i flödet, blodflöden i kroppen, askflöden från vulkaner och flöden av pappersmassa under
papperstillverkning hör till dessa. Ofta innefattar dessa typ av flöde också
värmeöverföring mellan de två faserna eller vätskan uppvisar ett viskoelastiskt beteende. Att förutsäga dessa flödens beteende och värmeöverföringen
kräver en stor kunskap om hur partiklar fördelas över domänen, hur partiklar
påverkar flödesfältet och äntligen hur de påverkar suspensionens globala beteende. Syftet med detta arbete är därför att förbättra vår förståelse av dessa
flödens beteende, inklusive effekter av de fysikaliska och mekaniska egenskaperna
hos partiklarna och domänen som omsluter dem. För detta ändamål har vi
utfört fullt upplösta numeriska simuleringar av flöden med sfäriska/icke-sfäriska
partiklar i olika geometrier. Dessa beräkningar har utförts med hjälp av ett
effektivt och noggrant beräkningsverktyg som har utvecklas inom detta arbete. Beräkningsprogrammet är baserad på den så kallade ’immersed boundary’
metoden (IBM) för fluid-struktur-interaktion med smörjnings-, friktions- och
kollisionsmodeller för partikel-partikel (partikel-vägg) interaktion. Vi också
beräknar värmeöverföringen för både newtonian och icke-newtonska vätskor.
Våra studier visar att partiklarnas form och tröghet har stor påverkan på
beteendet av suspensionen. Exempelvis, sfäroida partiklar tenderar att klustra
sig då de sedimenterar. Vi har observerat att detta fenomen kan förekomma
både för partiklar med stor tröghet som sedimenterar i en stillastående fluid och
för tröghetsfria partiklar som sätter sig i homogent isotropiskt turbulent flöde.
Även om mekanismen för klustring är olika i de två situationerna så är det
partikelns form som är orsaken till fenomenet. Klustring förekommer nämligen
inte för sfäriska partiklar. Ett annat slående resultat är motståndsminskning i
en turbulent kanalströmning med stela platta partiklar. Motståndsminskningen
sker inte för ett flöde med sfäriska partiklar, i det fallet ökar istället motståndet
jämfört med ett turbulent flöde utan partiklar. I synnerhet visar vi att partiklars
tröghet orsakar en ökning av värmeöverföringen som är en ickelinjär funktion
av volymfraktionen, till skillnad från fallet utan tröghet där värmeöverföringen
ökar linjärt i suspensionen.
Nyckelord: suspension, värmeöverföring, minskning av ytfriktion, icke-sfäriska
partiklar, sedimentation, icke-newtonsk vätskor
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Preface
This PhD thesis deals with the numerical study of transport phenomena in
particulate flows. A brief introduction on the involved physics and methods is
presented in the first part. The second part contains twelve articles. The papers
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Part I
Overview and summary

Chapter 1

Introduction

Suspensions of solid particles in fluids can be found in many environmental
and industrial applications. Sediment transport in estuaries (Mehta 2014),
blood flow in the human body, pyroclastic flows from volcanos and pulp fibers
in paper making (Lundell et al. 2011) are among the examples of flows that
deserve further investigations. The presence of solid rigid particles alters the
global transport and rheological properties of the mixture in complex (and often
unpredictable) ways. Often, these particulate flows also include heat transfer
among the two phases (Tenneti & Subramaniam 2014; Feng & Musong 2014b;
Lu et al. 2018) or the fluid might exhibit a viscoelastic behavior (Yang et al.
2016a; D’Avino et al. 2017; Murch et al. 2017a; Zade et al. 2018) that further
complicates the physical understanding of these flows. A variety of parameters,
such as particle’s size and shape, particle-particle interactions, surface features,
liquid properties, and flow conditions contribute to determine the multifaceted
dynamics of the flow. Predicting these flows and the heat transfer within
requires a vast knowledge of how particles are distributed across the domain,
how particles affect the flow field and finally how they affect the global behavior
of the suspension. The aim of this work is therefore to improve the physical
understanding of these flows, including the effect of physical and mechanical
properties of the particles and the domain that bounds them.
Many efforts have been devoted to quantify the effects of the particles
on the flow behavior, starting from the simpler case of mono-disperse rigid
neutrally-buoyant spherical particles, dispersed in a viscous fluid. The first
studies of suspensions under laminar conditions can be traced back to Einstein
(Einstein 1906, 1911) who analytically derived an expression for the effective
viscosity νe of a suspension of rigid spheres in the dilute and viscous limit:
νe /ν = 1 + (5/2)φ, where φ is the volume fraction and ν is the kinematic
viscosity of the suspending fluid. A quadratic correction, accounting for particleparticle interactions was later proposed for higher volume fractions (Batchelor
1970; Batchelor & Green 1972). The rheology of dense suspensions is usually
characterized by semi-empirical formulas for the effective viscosity (Stickel &
Powell 2005; Guazzelli & Morris 2011). Inertial effects, yet in laminar flows,
are shown to induce significant modifications of the suspension microstructure
and to create a local anisotropy responsible for shear-thickening (Kulkarni &
1
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Morris 2008; Picano et al. 2013), thus to a change of the macroscopic suspension
dynamics. Shear-thickening and particle migration towards regions of low shear
had been observed in several previous studies for dense suspensions at low
Reynolds number (Hampton et al. 1997; Brown & Jaeger 2009; Yeo & Maxey
2011). The highly inertial regime was considered in the pioneering work of
Bagnold (1954) who showed that shearing closely spaced particles induces an
effective viscosity that increases linearly with the shear rate, resulting in a
normal or dispersive stress in addition to the shear stress (Hunt et al. 2002).
Lashgari et al. (2014, 2016) showed the existence of different regimes for
suspension of finite-sized particulate flows when changing the volume fraction φ
and the Reynolds number Re: a laminar-like regime where the viscous stress is
dominated, a turbulent-like regime where the turbulent Reynolds stress plays
the main role in the momentum transfer across the channel and a third regime,
denoted as inertial shear-thickening, characterized by a significant enhancement
of the wall shear stress due to the strong contribution of the particle stress.
When the Reynolds number of the flow is sufficiently high, the flow becomes
turbulent, exhibiting chaotic and multi-scale dynamics. The majority of the
studies in the turbulent suspension regime are concerned with dilute or very
dilute conditions, where the effect of particles on the flow can be neglected.
This, so-called, one-way coupling regime has been studied by many authors
for both spherical (Sardina et al. 2011, 2012; Toschi & Bodenschatz 2009) and
non-spherical particles (Zhang et al. 2001; Mortensen et al. 2008; Marchioli
et al. 2010; Challabotla et al. 2015a; Voth & Soldati 2017). The behavior of
these particles that are smaller than the smallest length scale of the flow is
characterized by their Stokes number, St. St is defined as the ratio of the
particle relaxation time to the characteristic time scale of the flow. For nonspherical particles, the particle relaxation time depends on its direction, and
additional rotational relaxation times are relevant. A particle with a low St
follows fluid streamlines, while a particle with a large St is dominated by its
inertia and continues along its initial trajectory. In particular, inertia affects the
particle turbulent dispersion leading to preferential migration or orientation (if
non-spherical) of the particles. For spherical particles Caporaloni et al. (1975)
and Reeks (1983) revealed that the particle inertia induces a mean particle drift
towards the wall, so-called turbophoresis. Small-scale clustering has been also
observed (Sardina et al. 2012), where interaction with turbophoresis results in
the formation of streaky particle patterns (Sardina et al. 2011). Challabotla
et al. (2015b) investigated the rotational motion of inertia-free spheroids in the
turbulent channel flow, using the analytical expression of Jeffery (Jeffery 1922)
for the particle rotation. They showed that the disks are preferentially aligned
their symmetry axes normal to the wall, whereas the rods are parallel with the
wall. Regarding unbounded turbulence, Pumir & Wilkinson (2011) revealed
that elongated spheroidal or rod-shaped particles (point fibers) align with the
vorticity vector in homogeneous isotropic turbulence. We have shown in this
work that inertia-less prolate spheroids with a small density ratio weakly cluster
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and preferentially sample regions of down-welling flow while sedimenting in
homogeneous isotropic turbulence (Ardekani et al. 2017b).
Two-way coupling approximation (Ferrante & Elghobashi 2003; Balachandar & Eaton 2010; Guazzelli & Hinch 2011) takes over when the solid phase
concentration increases with high mass fractions (high density ratios), keeping
low the volume fraction, or when the solid phase elements become larger than
the smallest hydrodynamic scale of the flow, which allows them to change the
turbulent structures at or below the particle size (Naso & Prosperetti 2010;
Homann et al. 2013). In this regime particle-particle interactions and excluded
volume effects (Picano et al. 2013) are negligible considering the small volume
fractions. For small dense particles, Kulick et al. (1994) revealed that fluid
turbulence is attenuated by the addition of particles, increasing the turbulence
anisotropy, and that the effect increases with particle Stokes number, particle
mass loading and distance from the wall. Zhao et al. (2010) showed that this
effect may results in drag reduction for spherical particles, similar to the case
with dilute polymer solutions (Paschkewitz et al. 2004; Gillissen et al. 2008) or
rigid fiber additives (Ptasinski et al. 2003; Dubief et al. 2004). For finite-size
particles, the Stokes number alone can not define the effect on the flow (Eaton
& Fessler 1994; Kim et al. 1998; Ouellette et al. 2008; Xu & Bodenschatz 2008;
Eaton 2009). The particle size and inertia become decoupled when particle
diameter exceeds the smallest scale of the flow (Lucci et al. 2011; Tanaka &
Teramoto 2015). Pan & Banerjee (1996) simulated the effect of finite-size particles in a turbulent channel flow for the first time, revealing that the turbulent
fluctuations and stresses increase in the presence of particles. Later efforts by
Kidanemariam et al. (2013); Kidanemariam & Uhlmann (2014) showed the
accumulation of heavy finite-size particles in near-wall low-speed streaks.
When the volume fraction increases above a threshold, the two-way coupling
is no more a good approximation as the particle-fluid-particle interactions (fluid
streamlines compressed between particles) and particle-particle interactions
(collisions and friction) creates a so-called four-way coupling regime (Elghobashi
1994). Fornari et al. (2016b) investigated behavior of finite-size particles in
homogeneous isotropic turbulence and quiescent fluids. They showed the
importance of pair interactions especially in quiescent fluids that results in an
intermittent fast sedimentation of particle pairs in drafting-kissing-tumbling
motions. Regarding pair interactions we have shown that the interaction time
increases significantly for non-spherical particles (especially for oblate spheroids)
and, more interestingly, spheroidal particles are attracted from larger lateral
displacements while sedimenting in a quiescent fluid (Ardekani et al. 2016). This
observation leads to the formation of particle clusters, appearing as columnarlike structures, resulting in a significant increase of the mean settling speed in
dilute suspensions of oblate particles (Fornari et al. 2018).
A few studies in recent years have investigated dense suspensions in highly
inertia regime for spherical particles. Early studies of Matas et al. (2003);
Loisel et al. (2013); Yu et al. (2013) revealed a decrease of the critical Reynolds
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number for transition to turbulence of wall-bounded flows in the semi-dilute
regime. Shao et al. (2012) revealed a decrease of the fluid stream-wise velocity
fluctuation due to an attenuation of the large-scale stream-wise vortices in
a turbulent channel flow. Picano et al. (2015) studied dense suspensions in
turbulent channel flow up to volume fraction φ = 20%. They showed that the
velocity fluctuation intensities and the Reynolds shear stress gently increase
with φ and then sharply decrease at φ = 20%, even though the overall drag still
increases. They attributed the drag increase to the enhancement of turbulence
activity up to a certain φ and then to the particle-induced stresses, which
govern the dynamics at high φ. Costa et al. (2016) explained that the turbulent
drag of sphere suspensions is always higher than what is predicted by only
accounting for the effective suspension viscosity. They attributed this increase
to the formation of a particle wall layer, a layer of spheres forming near the
wall in turbulent suspensions. Based on the thickness of the particle wall layer,
they proposed a relation able to predict the friction Reynolds number as a
function of the bulk Reynolds number. Turbulence modulation in the presence
of spherical particles has been investigated, thoroughly in the resent works of
Yu et al. (2016); Wang et al. (2016, 2017a, 2018).
The dynamics of suspension in the presence of finite-size rigid non-spherical
particles are less understood (Prosperetti 2015). Finite-size rigid fibers were
studied in the work of Do-Quang et al. (2014) at low volume fractions around
0.1%. These authors reported particle sampling of high speed regions close
to the wall and also turbulence attenuation with increasing fiber length. We
have studied suspensions of spheroidal particles with different particle volume
fractions and aspect ratios (polar to equatorial radius) in a channel geometry
(Ardekani et al. 2017a; Ardekani & Brandt 2019). We have observed that the
turbulence reduces with the aspect ratio of oblate particles, leading to drag
reduction with respect to the single phase flow for particles with aspect ratio
AR ≤ 1/3, when the significant reduction in Reynolds shear stress is more than
the compensation by the additional stresses, induced by the solid phase. Oblate
particles are found to avoid the region close to the wall, traveling parallel to it
with small angular velocities, while preferentially sampling high-speed fluid in the
wall region. Prolate particles, also tend to orient parallel to the wall and avoid
its vicinity. Their reluctancy to rotate around spanwise axis reduce the wallnormal velocity fluctuation of the flow and therefore the turbulence Reynolds
stress similar to oblates; however, they undergo rotations in wall-parallel planes
which increases the additional solid stresses due to their relatively larger angular
velocities compared to the oblates. These larger additional stresses compensates
for the reduction in turbulence activity and leads to a wall-drag similar to
that of single-phase flows. Spheres on the other hand, form a layer close to
the wall with large angular velocities in spanwise direction, which increases
the turbulence activity in addition to exerting the largest solid stresses on
the suspension, in comparison to the other studied shapes. Spherical particles
therefore increase the wall-drag with respect to the single-phase flow. Similar
observations are reported in the recent works of Eshghinejadfard et al. (2017,
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2018); Gupta et al. (2018) in turbulent channel and pipe flows that further
explain the drag reduction.
Controlling heat transfer in particulate suspensions has many important
applications such as packed and fluidised bed reactors and industrial dryers. In
these cases, in addition to momentum/mechanical interactions between particles
and fluid, the flow is also characterised by heat transfer between the two phases.
Simplified theoretical approaches and experiments have been used in earlier
times to study these challenging physical phenomena. The experiments of Ahuja
(1975) on sheared suspensions of polystyrene particles at finite particle Reynolds
numbers (Rep > 1) revealed a significant enhancement of heat transfer. The
author attributed this enhancement to a mechanism based on the inertial effects,
in which the fluid around the particle is centrifuged by the particle rotation. Sohn
& Chen (1981) investigated the eddy transport, associated with microscopic
flow fields in shearing two-phase flows with volume fraction of spherical particles
up to 30%. At low Reynolds numbers and high Peclet numbers P e, they found
an increase in the heat transfer, which approaches a power law relationship
with P e. The Peclet number P e defines the ratio between fluid viscosity and
heat diffusivity in the fluid. Chung & Leal (1982) measured experimentally the
effective thermal conductivity of a sheared suspension of rigid spherical particles.
These author compared their results to the theoretical prediction of Leal (1973)
for a sheared dilute suspension at low particle Peclet number, P e, reporting
a good agreement. In addition, they investigated moderate concentrations
(volume fraction φ < 25%) and higher Peclet numbers compared to the study
by Leal (1973). It was later suggested by Zydney & Colton (1988) that the
increase in solute transport, previously observed for particle suspensions, is
caused by shear-induced particle diffusion (Madanshetty et al. 1996; Breedveld
et al. 2002) and the resulting dispersive fluid motion. These authors proposed a
model, based on existing experimental results, concluding that the augmented
solute transport is expected to vary linearly with the Peclet number. Shin &
Lee (2000) experimentally studied the heat transfer of suspensions with low
volume fractions (φ < 10%) for different shear rates and particle sizes. They
found that the heat transfer increases with shear rate and particle size, however
it saturates at large shear rates.
An overview on experimental studies shows a general challenge in quantitative understanding of the flow behavior, especially in heat transfer studies
where solid temperature measurements could be difficult and unreliable ?. In
this regard, using an accurate numerical simulation as a powerful tool can
prevail over these challenges by providing detailed information of particulate
flows. Recently, the rapid development of computer resources and efficient
numerical algorithms have directed more attention to approaches based on the
Particle-resolved direct numerical simulations (PR-DNS) of heat transfer in
particle suspensions. These simulations have been performed in recent years to
gain a deep understanding of the physics underlying heat transfer in particulate
flows (Feng & Michaelides 2009; Wachs 2011; Tavassoli et al. 2013; Tenneti &
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Subramaniam 2014; Deen et al. 2014; Feng & Musong 2014b; Tang et al. 2016;
Eshghinejadfard & Thévenin 2016; Wang et al. 2017b; Lu et al. 2018; Wang &
Prosperetti 2018).
Among recent studies in laminar regime, Wang et al. (2009) presented
experimental, theoretical and numerical investigations of the transport of fluid
tracers between the walls bounding a sheared suspension of neutrally buoyant
solid particles. They reported that the chaotic fluid velocity disturbances,
caused by the suspended particles motion, lead to enhanced hydrodynamic
diffusion across the suspension. In addition, it was found that for moderate
values of the Peclet numbers the Sherwood number, quantifying the ratio of
the total rate of mass transfer to the rate of diffusive mass transport alone,
changes linearly with P e. At higher Peclet numbers, however, the Sherwood
number grows more slowly due to the increase in the mass transport resistance
by a molecular-diffusion boundary layer near the solid walls. Further, these
authors reported that the fluid inertia enhances the rate of mass transfer in
suspensions with particle Reynolds numbers in the range between 0.5 to 7. The
effect of shear-induced particle diffusion on the transport of the heat across the
suspension was investigated more recently by Metzger et al. (2013) through a
combination of experiments and simulations. Their results further indicated
that fluid fluctuations due to the particles movement can lead to significant
increase in the heat transfer through the suspension. A correlation is presented
in this study for the effective thermal diffusivity of the suspension in the limit of
inertialess regimes; i.e. when the particle Reynolds number is sufficiently small.
This correlation is found to be a linear function of both the Peclet number and
the solid volume fraction. Souzy et al. (2015) investigated the mass transport in
a cylindrical Couette cell of a sheared suspension with non-Brownian spherical
particles. They found that a rolling-coating mechanism (particle rotation
convects the dye layer around the particles) transports convectively the dye
directly from the wall towards the bulk. We have investigated the effect of
particle inertia, volume fraction and thermal diffusivity ratio on the heat transfer
in laminar Couette flow suspensions of spherical particles (Ardekani et al. 2018a).
We have shown in this work that inertia at the particle scale induces a non-linear
increase of the heat transfer as a function of the volume fraction, unlike the case
at vanishing inertia where heat transfer increases linearly (Metzger et al. 2013).
We have also studied the particle size effect on heat transfer in laminar pipe
flows (Ardekani et al. 2018b). We have shown that a considerable heat transfer
enhancement can be achieved in the laminar regime by adding spherical particles.
The heat transfer increases significantly as the pipe to particle diameter ratio
decreases for the considered parameter range. Larger particles have been found
to have a greater impact on the heat transfer enhancement than on the wall-drag
increase.
Recently, Sun et al. (2016) investigated and modeled the pseudo-turbulent
heat flux in a suspension. These authors reported results for a wide range of
mean slip Reynolds number and solid volume fractions, performing simulations
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of steady flow through a random assembly of fixed isothermal mono-disperse
spherical particles. They revealed that the transport term in the average
fluid temperature equation, corresponding to the pseudo-turbulent heat flux, is
significant when compared to the average gas-solid heat transfer. Heat transfer
in non-isothermal particle-laden turbulent flows has been the subject of many
studies in the recent years. Heat transfer between the two phases and the
alteration of heat transfer efficiency are investigated in Namburu et al. (2009);
Chang et al. (2011); Bu et al. (2013); Liu et al. (2017). Avila & Cervantes
(1995), used a Lagrangian-stochastic-deterministic model (LSD) to show that
high mass loadings of small particles increases the heat transfer rate, while
at low mass loadings, the heat transfer rate decreases. Particle size effect is
investigated in Zonta et al. (2008); Hetsroni et al. (2002), who showed that
larger particles increase the heat transfer coefficient more significantly than
smaller ones by using a two-way coupling approximation. Kuerten et al. (2011)
performed two-way coupling simulations of turbulent channel flow, showing an
enhancement of the heat transfer and a small increase in the friction velocity in
the presence of heavy inertial particles with high specific heat capacity. We have
studied the heat transfer within a suspension of neutrally buoyant, finite-size
spherical particles in laminar and turbulent pipe flows (Ardekani et al. 2018b).
We have shown in this work that a transient increase in the heat transfer can
be observed when increasing the particle volume fraction of the suspension,
however, the process decelerates in time below the values in single-phase flows
as high volume fractions of particles laminarize the core region of the pipe. A
heat transfer enhancement, measured with respect to the single phase flow, is
only achieved at volume fractions as low as 5% in a turbulent flow.
In this work we have developed and employed efficient numerical methods
to study particle suspensions in different flows. These methods are explained
and discussed in the next chapters. In particular, the methods regarding the
modeling of solid particles and geometries are given in chapter 2, followed by
chapter 3, where the numerical schemes to study heat transfer in particulate
flows are discussed. Next, the modeling of viscoelastic fluids and hyper-elastic
materials are introduced in chapter 4. Finally, the main conclusions are discussed
in chapter 5, in addition to an outlook on possible future works.

Chapter 2

Modeling particles and complex geometries
with IBM

Different numerical approaches are proposed in the literature to perform
interface-resolved direct numerical simulations (DNS) of particle-laden flows.
Among these numerical methods, force coupling (Lomholt & Maxey 2003), front
tracking (Unverdi & Tryggvason 1992), Physalis (Sierakowski & Prosperetti
2016; Zhang & Prosperetti 2005), different algorithms based on the lattice
Boltzmann method for the fluid phase (Ladd 1994a,b) and Immersed boundary
method (IBM) (Peskin 1972) can be mentioned. The feasibility of exploiting
efficient computational algorithms for solving the Navier-Stokes equations on a
Cartesian grid has made IBM a popular tool to investigate particle suspensions
in recent years.
IBM acts as an extra force, added to the right-hand side of momentum
equations to mimic boundary conditions, creating virtual boundaries in the
numerical domain (see figure 2.1):
1 2
∂u
+ ∇ · u ⊗ u = − ∇p +
∇ u + f,
∂t
Re
∇ · u =0.

(2.1a)
(2.1b)

The equations above show non-dimensionalized Navier-Stokes equations where
Re is the operating Reynolds number and f is the IBM force distribution that
acts in the vicinity of a solid surface to impose indirectly the no-slip / nopenetration (ns/np) boundary condition. The IBM force f cannot be formulated
by means of a universal equation and therefore IBMs differ in the way how f is
computed. This method was first developed by Peskin (1972) and numerous
modifications and improvements have been suggested since then, see Mittal
& Iaccarino (2005). Generally, IBMs can be classified into two directories:
continuous forcing or discrete (sometimes referred as direct) forcing methods
(Mittal & Iaccarino 2005). In the continuous forcing approach, f is calculated
based on the fluid velocity of a point at the interface and the desired velocity
at that point. Therefore, in this approach the force is added to the continuous
momentum equations prior to the discretization and the force formulation does
not depend on the numerical scheme, used to solve the Navier-Stokes equations.
8
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Figure 2.1: Schematic representation of the numerical domain and the solid
obstacle.

An example to the continuous forcing approach is the original IBM of Peskin
(1972), where he applied the method to simulate blood flow in a beating heart.
In his work, he represented IB by a set of elastic fibers and calculated f by
Hooke’s law at each point before distributing the force to the cartesian grid with
a regularized Dirac delta function. The continuous approach is commonly used
in the literature for the simulation of elastic boundaries (Mittal & Iaccarino
2005). Discrete forcing methods, on the other hand, are widely used for rigid
boundaries. In this approach, the IB force is introduced after the discretization
of the momentum equations. In other words, the force is dependent on the
numerical scheme, used for the discretization and solving the Navier-Stokes
equations. In this way a far better control over the numerical accuracy, stability
and conservation of the forces (the force should be conserved between the fluid
and solid phases) can be achieved. In the following sections, different IBMs, used
in this study to model geometries or moving particles are introduced together
with the equations, describing particle motion.

2.1. Stress IBM
Fadlun et al. (2000) proposed an IBM, where the momentum equation is
effectively not solved for nearest velocity nodes close to the boundary and
instead, a linear interpolation is assumed to find the velocities up to the second
nearest velocity point to the boundary. The IBM force f in this method is
then calculated by the difference between the first prediction velocity u∗ (see
equation 2.2 for the definition of u∗ ) and the linearly interpolated velocity
outside the obstacle up to the second nearest points.
When the boundary of an obstacle is aligned with the staggered numerical
grid (e.g. rectangular) such that the solid boundary coincides with grid points

10
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Figure 2.2: Illustration of the stress IBM for rectangular-shaped obstacles. A
rectangular obstacle is highlighted in the right bottom corner.

for boundary-normal velocity, an improvement to the IBM of Fadlun et al.
(2000) is possible. In this situation the assumption of linear velocity profile
can be applied only to the first velocity points outside of the obstacle and the
method is called stress IBM (Breugem & Boersma 2005; Pourquie et al. 2009).
A summary to this method is given here in figure 2.2, where a rectangular
obstacle is highlighted in the right bottom corner of the figure:
• Equation 2.1a is integrated in time without the IBM force, using the
explicit low-storage Runge-Kutta method (Spalart et al. 1991; Wesseling
2009) for advection and diffusion terms and the Crank-Nicolson scheme
for the pressure gradient term to compute the first prediction velocity
u∗ at each Runge-Kutta sub-step q:
u∗ = uq−1 +


∆t − (αq + βq ) ∇pq−3/2 + αq RHSq−1 + βq RHSq−2 ,

(2.2)

where RHS indicates the explicit advection and diffusion terms. The
coefficients αq and βq are (32/60, 25/60, 45/60) and (0, −17/60, −25/60)
for each sub-step, respectively.
• A second prediction velocity u∗∗ is considered and set to zero for the
velocity points which are located inside or on the solid boundary. An
extra force f is added to u∗ (u∗∗ = u∗ + f) at velocity points half grid
cell away from the boundary. This force is added to account for the
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Figure 2.3: Contours of streamwise velocity in the cross section of a square
duct at Re = 6000, simulated by stress IBM.

presence of a solid wall in the numerical domain and to adjust for the
discretization of wall-normal advection and diffusion terms, considering
exact no-slip / no-penetration condition. For example, in figure 2.2, in
the absence of a solid boundary, the diffusion term at velocity point
u(i, j) is calculated by:


1 ∂2u
1 u(i, j + 1) − 2u(i, j) + u(i, j − 1)
=
,
Re ∂y 2
Re
∆y 2
while a correct discretization with no-slip condition reads as:

 

u(i, j + 1) − u(i, j)
u(i, j) − 0
1 ∂2u
1
−
.
=
Re ∂y 2
Re∆y
∆y
∆y/2

(2.3)

(2.4)

Therefore the difference between the two discretizations above is added
to u∗ (i, j), with f (i, j) calculated as below:


−1 u(i, j) + u(i, j − 1)
f (i, j) =
.
(2.5)
Re
∆y 2
• The second prediction velocity u∗∗ is used to compute the correction
pressure p̂ and update the pressure field at the intermediate time step,
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Figure 2.4: An oblate particle moving over a step that is simulated by stress
IBM. Contours of streamwise velocity is shown at Re = 100.

pq−1/2 , following a classic pressure-correction scheme:
ρf
∇2 p̂ =
∇ . u∗∗ ,
(αq + βq ) ∆t
uq = u∗∗ −

(αq + βq ) ∆t
∇p̂ ,
ρf

p q−1/2 = p q−3/2 + p̂ ,

(2.6a)

(2.6b)
(2.6c)

where uq is the velocity at the Runge-Kutta sub-step q.
Employing stress IBM to create virtual walls, provides the ability to use
periodic boundary conditions in the numerical domain and therefore to use
a more efficient pressure solver by employing fast Fourier transform (FFT).
Figures 2.3 and 2.4 show examples of stress IBM in a rectangular geometry,
where four virtual walls (two grid cells are cut from each wall-normal directions)
are created in figure 2.3 to simulate a turbulent duct and a virtual step is
created in figure 2.4.

2.2. Volume penalization IBM
Kajishima et al. (2001); Breugem et al. (2014) proposed the volume penalization
IBM, where the IBM force f and the second prediction velocity u∗∗ are calculated
as follows:

2.2. Volume penalization IBM
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Figure 2.5: Solid volume fractions (highlighted area) for grid cells around u(i, j)
and v(i − 1, j − 1). Solid boundary is shown by red dashed line.

fijk = αijk

(us − u∗ )ijk
∆t

∗
u∗∗
ijk = uijk + ∆tfijk ,

,

(2.7a)
(2.7b)

where αijk is the solid volume fraction in the grid cell with index (i, j, k), varying
between 0 (entirely located in the fluid phase) and 1 (entirely located in the
solid area) and us is the solid interface velocity within this grid cell. Figure 2.5
indicates the solid volume fractions (highlighted area) for grid cells around
u(i, j) and v(i − 1, j − 1). Solid boundary in this figure is shown by red dashed
line. For non-moving boundaries, us is 0 and equations 2.7 reduce to:
∗
u∗∗
ijk = (1 − αijk ) uijk .
∗∗

(2.8)

The second prediction velocity u is then used to update velocities and
pressure following the procedure described in equations 2.6.
The volume penalization IBM is, computationally, very efficient since the
solid volume fractions around velocity points can be calculated at the beginning
of the simulation with an accurate method or it can be obtained from several
methods such as magnetic resonance imaging and X-ray computed tomography
in case of a complex geometry or flow through porous media (Breugem et al.
2014). Figure 2.6 shows an example of the volume penalization IBM as a pipe
geometry is virtually created from a simple rectangular domain with a staggered
cartesian grid.
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Figure 2.6: Contours of streamwise velocity in the cross section of a pipe at
Re = 4500, simulated by volume penalization IBM.

2.3. Discrete forcing method for moving particles
Uhlmann (2005) developed a computationally efficient IBM to fully resolve
particle-laden flows. Breugem (2012) introduced improvements to this method,
making it second order accurate in space by applying a multi-direct forcing
scheme (Luo et al. 2007) to better approximate the no-slip/no-penetration
(ns/np) boundary condition on the surface of the particles and by introducing
a slight retraction of the grid points on the surface towards the interior. The
numerical stability of this method for mass density ratios (particle over fluid
density ratio) near unity was also improved by a direct accounting of the inertia
of the fluid contained within the particles (Kempe & Fröhlich 2012). A brief
summary of the numerical procedure is given in this section.
The flow field is resolved in this method on a uniform (∆x = ∆y = ∆z),
staggered, Cartesian grid while particles are represented by a set of Lagrangian
points, uniformly distributed on the surface of each particle (see figure 2.8). The
number of Lagrangian grid points NL on the surface of each particle is defined
such that the Lagrangian grid volume ∆Vl becomes equal to the volume of the
Eulerian mesh ∆x3 . The first prediction velocity, computed by equation 2.2, is
interpolated from the Eulerian grid to the Lagrangian points on the surface of
the particle, U∗l (equation 2.9a), using the regularized Dirac delta function δd
of Roma et al. (1999). This approximated delta function essentially replaces
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Figure 2.7: Uniform distribution of Lagrangian points over the surface of an
spheroidal particle with aspect ratio (polar over equatorial radius) 1/3.

the sharp interface with a thin porous shell of width 3∆x; it preserves the
total force and torque on the particle in the interpolation, provided that the
q−1/2
Eulerian grid is uniform. The IBM force at each Lagrangian point, Fl
, is
proportional to the difference between the interpolated predicted velocity and
the local velocity of the surface of the particle, Up + ω p × r. The IBM forces
obtained at the Lagrangian points (equation 2.9b) are interpolated back to the
Eulerian grid by the same regularized Dirac delta function (equation 2.9c). This
q−1/2
IBM force, denoted as f ijk , is then added to the first prediction velocity to
obtain a second prediction velocity u∗∗ (equation 2.9d). Formally, these steps
are written as follows.
U∗l =

X



u∗ijk δd xijk − Xq−1
∆x∆y∆z ,
l

(2.9a)

ijk
q−1/2

Fl

q−1/2

f ijk

=
=



U Xq−1
− U∗l
l
∆t
X

q−1/2

Fl

,



δd xijk − Xq−1
∆Vl ,
l

(2.9b)
(2.9c)

l

u∗∗ = u∗ + ∆tf q−1/2 ,

(2.9d)

where capital letters indicate the variable at a Lagrangian point with index l.
Given the smooth delta function and resolutions typically used, the Eulerian
forces obtained from two neighboring Lagrangian points overlap. The multidirect forcing scheme proposed by Luo et al. (2007) is therefore employed to
iteratively determine the IBM forces such that the no-slip boundary conditions,
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Figure 2.8: Contours of streamwise velocity at different planes for a particulate
turbulent channel flow at Re = 5600. Prolate particles are simulated by IBM.
Only a fraction of particles are indicated for a better visualization. 2.9 billion
Eulerian grid cells are used to simulate this case with around 9000 Lagrangian
points on the surface of each particle.

U∗∗ ≈ U, are collectively imposed at the Lagrangian grid points. The new
second prediction velocity u∗∗ is then obtained by solving the equations above
iteratively (typically 3 iterations is enough) using the new u∗∗ as u∗ at the
beginning of the next iteration with equation 2.9b substituted by:

q−1/2

q−1/2



U Xq−1
− U∗∗
l
l

.
(2.10)
∆t
The second prediction velocity u∗∗ is then used to update velocities and
pressure following the procedure described in equations 2.6.
Fl

= Fl

+

2.4. Particle motion
The motion of rigid non-spherical particles is described by the Newton-Euler
equations
dUp
ρp V p
= Fp ,
(2.11a)
dt
d (Ip Ω p )
= Tp ,
(2.11b)
dt
where ρp , Vp and Ip are the mass density, volume and moment-of-inertia tensor
of a particle. The moment of Inertia Ip of a non-spherical particle changes with
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the particle orientation and is therefore kept in the time derivative. Up and
Ω p are the translational and the angular velocity of the particle. Fp and Tp
are the net force and momentum resulting from hydrodynamic stresses on the
particle surface, gravity and particle-particle interactions.
Employing IBM and taking into account the inertia of the fictitious fluid
phase, trapped inside the particle volumes, the motion of rigid particles is
expressed by the following equations:
!
Z
NL
X
dUp
d
udV + (ρp − ρf ) Vp g + Fc , (2.12)
ρp V p
≈ −ρf
Fl ∆Vl + ρf
dt
dt
Vp
l=1
N

L
X
d (Ip Ω p )
d
≈ −ρf
rl × Fl ∆Vl + ρf
dt
dt

!

Z
r × udV

+ Tc ,

(2.13)

Vp

l=1

with g the gravity vector. The first terms on the right-hand-side of equations 2.12
and 2.13 describe the IBM force and torque as the summation of all the point
forces Fl on the surface of the particle, the second terms account for the inertia
of the fictitious fluid phase, trapped inside the particle and Fc and Tc are
the force and the torque, acting on the particles, due to the particle-particle
(particle-wall) collisions. The equations can be re-written in discrete form as
(
)q (Z
)q−1 
Z
NL
X
∆t ρf
1 ρf 
q−1/2

−
Uqp = Uq−1
Fl
∆Vl +
udV
−
udV
p
V p ρp
Vp ρp
Vp
Vp
l=1



ρf
+ (αq + βq ) ∆t 1 −
ρp




g+

αq + βq
ρp Vp


∆t

Fqc + Fq−1
c
,
2
(2.14)

for the linear momentum and
Iqp Ω qp

=

Iq−1
Ω q−1
p
p

− ∆tρf

NL
X

q−1/2

rq−1
× Fl
l

∆Vl

l=1

(
Z

)q
r × udV

+ ρf 
Vp

)q−1 

(Z
−

r × udV
Vp

q
q−1
 + (αq + βq ) ∆t Tc + Tc
2

(2.15)
for the angular momentum where r is the position vector, x − xc ; these are
integrated in time with the same Runge-Kutta method, introduced in previous
sections. Ip and Ω p for the new substep q are obtained by the following iterative
procedure.
1. As an initial guess Ip is set equal to the moment-of-inertia tensor at the
previous substep Iq−1
.
p
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Figure 2.9: The extrinsic rotations ZXZ by angles φ, θ and ψ. The orthogonal
unit vectors N1 and N2 are assigned to each particle to track its orientation.

2. Ω p is computed from the linear equations Ip Ω p = B, where B is the
right hand side of equation (2.15).
3. The particle rotation during the current substep is indicated by the
rotation matrix A. This
 is associated with an axis of qrotation
in the
q−1
/2
Ω
+
Ω
/2 ×
direction of Ω qp + Ω q−1
and
an
angle
of
rotation
p
p
p
(αq + βq ) × ∆t. The rotation matrix is used to update the moment-ofinertia tensor from the previous substep, Ip = AIq−1
A−1 .
p
4. The new Ip is used as initial guess in step 1 until convergence within a
threshold is obtained (Inew
− Iold
p
p < ).
This procedure typically requires a few iterations to converge. Two orthogonal unit vectors N1 and N2 are assigned to each particle to track its orientation.
These vectors align with the Y − Z plane following the extrinsic rotations ZXZ
(see figure 2.9) by angles φ, θ and ψ respectively. These angles are obtained
form the unit vectors N1 and N2
cos−1 (Nz1 ) , 0 ≤ θ ≤ π ,

(2.16)

φ =

(1 + S (Nx1 )) π − S (Nx1 ) cos−1 (Ny1 ) , 0 ≤ φ ≤ 2π ,

(2.17)

ψ


(1 + S (N002 x )) π − S (N002 x ) cos−1 N002 y , 0 ≤ ψ ≤ 2π , (2.18)

θ

=

=

with S(x) a modified sign function that points to −1 for x ≤ 0 and 1 for x > 0.
Vector N002 describes the unit vector N2 after going through two consecutive
rotations around Z and X axes with angles −φ and −θ respectively.
The position of the particle center xc and the Lagrangian force points
Xl together with the velocity at the surface of the particle U (Xl ) are finally
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Figure 2.10: Contours of streamwise velocity at different planes for a particulate
pipe flow at Re = 1000. Cubic particles and the pipe geometry are simulated by
IBM. Cubic particles with rounded corners are modeled with the mathematical
shape x4 + y 4 + z 4 = const.

computed as:
xqc = xq−1
+
c


(αq + βq )
∆t Uqp + Upq−1 ,
2

0
q
Xql = RZXZ
φ θ ψ Xl + xc ,

(2.19b)

U (Xql ) = Uqp + Ω p × (Xql − xqc ) .
RZXZ
φθψ

(2.19a)

(2.19c)

X0l

where
is the rotation matrix and
is the relative position of the
Lagrangian force points, initially generated for the particle.

2.5. Particle-particle/wall interactions
A particle immersed in a viscous liquid experiences lubrication forces while
approaching a wall or another particle. These are due to the film drainage
and have an analytical expression in the Stokes regime (Brenner 1961). The
lubrication force is well captured by the IBM as long as the fluid in the thin gap
between the two solid bodies is well resolved. However, for gaps smaller than
the Eulerian mesh size, lubrication is under-predicted. To compensate for this
inaccuracy and avoid computationally expensive grid refinements, a correction
model based on asymptotic expansions of the lubrication force in the Stokes
regime is used, see also Costa et al. (2015); Breugem (2010). Since lubrication
is essentially a two-body problem dominated by the flow in the narrow gap
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Figure 2.11: Collision model for non-spherical particles. Sketch of (a) approximating spheres for spheroids, (b) cubic particles (super balls) and (c) collision
model between two unequal spheres.

separating two surfaces (Claeys & Brady 1993), we approximate the particles
near contact as spheres with the radius of curvature of the closest points of
contact and same mass as the original particle and resort to an analytical solution
for poly-disperse suspensions of spherical particles (Jeffrey 1982). Figure 2.11(a)
and 2.11(b) indicate the approximating spheres for spheroids and cubes (super
balls) respectively.
When the gap width between two spheroids reduces to zero, the lubrication
correction is switched off and a soft sphere collision model (Costa et al. 2015)
activated. To compute the collision forces we proceed as for the lubrication
correction model, i.e. the non-spherical particles are approximated as spherical
particles with the same mass as the whole particle and with a radius corresponding to the local curvature at the contact points. The radii of the approximating
spheres remain constant during the collision, simplifying the problem to that of
the collision between two unequal spheres. The centers of the approximating
colliding spheres are stored at the time step before the gap width becomes negative and updated during the collision using the particle velocity and the rotation
matrix introduced in the previous section. The soft sphere model used in Costa
et al. (2015) is employed here to calculate the normal and tangential collision
force. In this model, the forces are computed using a linear spring-dashpot
system in the normal and tangential directions, with an additional Coulomb
friction slider to simulate friction as shown in figure 2.11(c). The collision time
T is allowed to stretch over N time steps provided that the collision time is still
much smaller than the characteristic time scale of the particle motion. This
makes the numerical simulation of a wet collision more realistic since the fluid
has enough time to adapt to the sudden change in the particle velocity. Details
for this method can be found in the study of Costa et al. (2015).

Chapter 3

Heat transfer and mixing in particulate flows

Controlling heat transfer in particulate suspensions has many important applications such as packed and fluidized bed reactors and industrial dryers. In these
cases, the flow is also characterized by heat transfer between the two phases in
addition to momentum/mechanical interactions between particles and fluids.
Due to the complex phenomena related to diffusion and convection of heat in
the particulate flows, a better understanding of the heat transfer between the
two phases in the presence of the flow is essential to improve the current models.
It is only recently that the deep understanding of these phenomena has begun
to improve, mostly thanks to the development of various numerical methods
capable of providing resolved simulations of heat transfer in particulate flows
(Feng & Michaelides 2008; Dan & Wachs 2010; Tavassoli et al. 2013; Feng &
Musong 2014a; Eshghinejadfard & Thévenin 2016; Wang & Prosperetti 2018).
The equations below describe the momentum and energy transfer in particulate flows with the effect of particles on the momentum transfer modeled
by the the same immersed boundary method as in the previous chapter ( f on
the right hand side of the Navier-Stokes equations). These equations in the
non-dimensional form read as:
∂u
1 2
Gr
+ ∇ · u ⊗ u = −∇p +
∇ u−
T êg + f ,
∂t
Re
Re2

 ∗


∂T
k
∗ ∗
ρ Cp
+ u · ∇T = ∇ ·
∇T ,
∂t
Pe
∇ · u = 0,

(3.1)
(3.2)
(3.3)

with Re, Gr and P e being the Reynolds, Grashof and Peclet number, respectively.
êg denotes the unit vector in the gravity direction while ρ∗ , Cp∗ and k ∗ are
the density, heat capacity and heat conductivity in the individual medium,
normalized by those of the fluid. Temperature Θ in the equations above is
normalized with two reference temperatures Θ̃1 and Θ̃2 (T = (Θ − Θ̃1 )/(Θ̃2 −
Θ̃1 )). The Boussinesq approximation is used here to account for the effect of
temperature variation on the flow field. The influence of temperature on the
properties of fluid medium is assumed negligible, except for the density in the
21
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←− g
Figure 3.1: Contours of temperature on a small section of liquid-solid circulating
fluidized bed simulation. Particles are colored by their velocity in the gravity
direction. Re = 400, based on the inlet velocity. Gr = 40000, Ga = 60,
ρr = 1.04, kr = 0.2 and Cr = 1.
gravitational term which has the form:
h

i
ρB = ρf 1 − βf Θ − Θ̃1
(3.4)
where βf represents the fluid thermal expansion coefficient. The Boussinesq
approximation contribute to the momentum transfer in the gravity direction
via GrT /Re2 on the right hand side of the non-dimensional Navier-Stokes
equations.
The non-dimensional parameters defining the problem are density ratio ρr ,
heat capacity ratio Cr , heat conductivity ratio kr , Reynolds number Re, Grashof
number Gr, Prandtl number P r and Galileo number Ga. These parameters are
defined as below:
kr ≡


Gr ≡

kp
,
kf

3
ρ2f βf Deq
g Θ̃2 − Θ̃1

µ2

Cr ≡

Cp p
Cp f


,

Pr ≡

,

ρr ≡

Cp f µ
kf

ρp
,
ρf

Re ≡
s

& Ga ≡

ρf ŨDeq
,
µ

3
|ρr − 1|gDeq
, (3.5)
2
µ

where the subscripts f and p denote the fluid phase and the particle phase. µ
is the dynamic viscosity of the fluid, g the gravitational acceleration, Deq the
equivalent diameter of a sphere with the same volume as the particle and Ũ the
reference velocity, e.g. the inflow velocity. An example is given in figure 3.1,
where contours of temperature are depicted in the presence of hot particles that
are cooling down in a liquid-solid circulating fluidized bed (LS-CFB).
In this chapter two numerical approaches are proposed to solve heat transfer
equation in particulate flows.

3.1. A Volume of Fluid (VoF) approach
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Figure 3.2: The staggered Eulerian grid and the phase indicator ξ around the
velocity point ui,j .

3.1. A Volume of Fluid (VoF) approach
The energy equation to obtain the temperature field in both fluid and solid
phase is as follows:
∂T
1
+ u · ∇T = ∗ ∗ ∇ ·
∂t
ρ Cp



k∗
∇T
Pe


,

(3.6)

where ρ∗ , Cp∗ and k ∗ are 1 inside the fluid phase. Using a Volume of Fluid
(VoF) approach (Hirt & Nichols 1981; Ström & Sasic 2013) and substituting
the fictitious fluid velocity inside the particles with up (the solid phase velocity
obtained by the rigid body motion of particles), equation 3.6 can be rewritten
as:
∂T
1
+ ucp · ∇T =
cp ∇ ·
∂t
(ρCp )



k cp
∇T
Pe


,

(3.7)
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Figure 3.3: Instantaneous temperature field in the cross section of particulate
pipe flow simulations with particle volume fraction 40% and Re = 5300. Particles
are assumed neutrally buoyant with the same thermal diffusivity as that of the
fluid. The wall temperature is considered constant.

where the superscript
phase, obtained by:

cp

denotes the non-dimensional values of the combined
ucp

=

(1 − ξ) u + ξup ,

(3.8)

k cp

=

1 + ξ (kr − 1) ,

(3.9)

cp

=

1 + ξ (ρr Cr − 1) .

(ρCp )

(3.10)

ξ is the local solid volume fraction, varying between 0 and 1 based on the
solid volume fraction of a cell of size ∆x around the desired point. Similar
to section 2.2, the solid volume fraction ξ is computed at the velocity (cell
faces) and the pressure points (cell center) throughout the staggered eulerian
grid. The exact location of the fluid/solid interface is known, given the center’s
coordinate and the particle’s shape. Therefore a level-set function ζ, given by
the signed distance to the particle surface S, is employed to determine ξ at each
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point. The solid volume fraction ξ is calculated similar to Kempe & Fröhlich
(2012) as follows:
P8
−ζn H(−ζn )
ξ = n=1
,
(3.11)
P8
n=1 |ζn |
where the sum is over all 8 corners of a box of size ∆x around the target point
and H is the Heaviside step function with ζ < 0 inside and ζ > 0 outside
the particle. Figure 3.2 indicates the staggered Eulerian grid and the phase
indicator ξ around the velocity point ui,j .
Equation 3.7 is discretized around the Eulerian cell centers (pressure and
temperature points on the Eulerian staggered grid) and integrated in time,
using the same explicit low-storage Runge-Kutta method, described in the
previous chapter. Spatial derivatives are estimated with the second order
central-difference scheme, except for the advection term ucp · ∇T , where the
explicit fifth-order weighted essentially non-oscillatory (WENO) scheme (Liu
et al. 1994; Sugiyama et al. 2011; Rosti & Brandt 2017) is used to avoid dispersive
behaviors of the temperature field. An example to employing this approach is
given in figure 3.3, where a particulate pipe flow is getting heated by the wall
temperature.

3.2. IBM for scalar transport in particulate flows
When the diffusivity (thermal diffusivity in case of heat transfer) inside the
particles is significantly larger or smaller than the diffusivity of the fluid around
them, a boundary condition at the surface of particles can be assumed. A
significantly smaller diffusivity impose a zero-flux boundary condition at the
surface of particles while a significantly larger diffusivity results in an instantaneously uniform distribution of the scalar/temperature that imposes a Dirichlet
boundary condition at the surface. In these cases or in any situation when
the boundary condition is known at the surface of the particles (e.g. emission
of a scalar from the particle surface or nutrient uptake by particles (Lambert
et al. 2013)) an IBM approach can be employed to force the boundary condition
indirectly. In this section an example is given for solving temperature equation,
using IBM, for both Neumann and Dirichlet boundary conditions at the surface
of the particles.
Separating the region inside the particles from equation 3.6, the temperature
or scalar equation to solve simplifies as follows:
∂T
1
+ u · ∇T =
∇2 T + ST ,
(3.12)
∂t
P r Re
where T is the temperature/concentration, P r the Prandtl number (Schmidt
number Sc substitutes P r in scalar equation) and ST is the source term, given
by IBM to enforce the boundary condition at the surface of the particles. It
should be noted that ST is active only in the vicinity of the particle surface,
smoothed over three grid cells by the regularized Dirac delta function δd of
Roma et al. (1999). The temperature equation is discretized over a Cartesian
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uniform (∆x = ∆y = ∆z) staggered grid, with temperature points located at
the center of grid cells. The prediction temperature T ∗ is calculated at each
sub-step q without considering source term ST , using the same Runge-Kutta
method, described in the previous chapter. A set of Lagrangian points Xl
are used at the surface of the particles with the number of Lagrangian grid
points NL on the surface of each particle defined such that the Lagrangian grid
volume ∆Vl becomes equal to the volume of the Eulerian mesh. T ∗ is then
interpolated from the Eulerian grid to these points (Tl∗ in equation 3.13a), using
the regularized Dirac delta function δd of Roma et al. (1999) . A source term is
calculated for each Lagrangian point, based on the difference between Tl∗ and the
surface temperature Ts at that point (Sl in equation 3.13b). Interpolating back
the source term from Lagrangian points to the eulerian grid (equation 3.13c)
provides the source term ST , which is used finally to compute temperature at
the new Runge-Kutta sub-step (equation 3.13d). A summary to these steps is
given below:

Tl∗ =

X



∗
Tijk
δd xijk − Xq−1
∆x∆y∆z ,
l

(3.13)

ijk
q−1/2

Sl

=



Ts Xq−1
− Tl∗
l

q−1/2

ST

∆t
=

ijk

X

q−1/2

Sl

,

(3.14)



δd xijk − Xlq−1 ∆Vl ,

(3.15)

l
q−1/2

q
∗
Tijk
= Tijk
+ ∆t ST

.

(3.16)

ijk

The multi-direct forcing scheme, proposed by Luo et al. (2007), can be
employed to iteratively determine the IBM source term with a better accuracy
(see section 2.3). The surface temperature Ts , in the equations above has to be
computed based on the boundary conditions at the surface of the particles.
An extra set of Lagrangian points with a radial distance of 1.5∆x is
considered for this purpose, outside of the particles. These points are referred as
auxiliary points Xlh . The temperature at previous subsetp q − 1 is interpolated
onto these points with the same interpolation used in equation 3.13:
q−1
Tlh
=

X



q−1
Tijk
δd xijk − Xq−1
∆x∆y∆z .
lh

(3.17)

ijk

If T is spatially uniform inside the particle; i.e. the particle temperature
reaches to an instantaneous uniform distribution, heat fluxes into the particles
Q̇ can be used to compute the new particle temperature Ts , given its heat
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Figure 3.4: Contour of scalar concentration in turbulent flow with open surface
over porous media at Re = 5600, Sc = 4. Sc is the Schmidt number for scalar
diffusion. Stationary particles that absorb scalar are used to model porous
media.

q−1
capacity. Q̇ is computed by the help of Tlh
as follows:

Q̇ =

X
lh

q−1
− Tsq−1
1 Tlh
Al ,
P r Re
∆x

(3.18)

where Al is the area of action for each Lagrangian point on the surface of
particle (assuming a uniform distribution of Lagrangian points).
In case of a zero-flux boundary condition, the surface temperature at each
q−1
point (Tsl ) can be set equal to Tlh
. A few sub-iterations of the temperature
equation can impose a zero-flux condition with a good accuracy.
Other boundary conditions can be used on the surface for active particles
that absorb or emit a scalar (Lambert et al. 2013). Spatial derivatives are
computed similar to previous section. Figure 3.4 shows an example of employing
IBM for the transport of a scalar in turbulent flow over porous media. Porous
media is modeled by stationary particles that absorb scalar at the interface
with a limitation of total absorption by each particle.

3.3. Particle motion
The Newton-Euler equations 2.12 and 2.13, introduced in the previous chapter
to compute the particle motion are modified when the Boussinesq approximation
is used. The extra term GrT /Re2 on the right hand side of the non-dimensional
Navier-Stokes equations is applied to the whole computational domain, including
the fictitious fluid phase, trapped inside the particles. Therefore, these artificial
forces and torques must be subtracted from the particle equations. The new
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Figure 3.5: Chaotic wake of temperature behind sedimenting particles with
constant temperature in a cold quiescent fluid. Ga = 100 and Gr/Re2 = 0.2
equations read as:
N

L
X
dUp
d
ρp Vp
≈ −ρf
Fl ∆Vl +ρf
dt
dt

l=1

Z

! Z
udV +

Vp

for the linear momentum and
NL
X
d (Ip Ω p )
d
≈ −ρf
rl × Fl ∆Vl + ρf
dt
dt

(ρp − ρB ) g+Fc , (3.19)

Vp

!

Z
r × udV
Vp

l=1

Z
−

r × ρB g + Tc ,

(3.20)

Vp

for the angular velocity, with ρB defined in equation 3.4. Figure 3.5 indicates the temperature wake behind the settling particles with constant surface
temperature, modeled with IBM.

Chapter 4

Viscoelastic fluids and hyper-elastic materials

Non-Newtonian fluids do not follow Newton’s law of viscosity, in which a constant
viscosity can be defined independent of the fluid stress. These fluids and may
exhibit a nonlinear relationship between the fluid stress and an applied strain
rate (Bird et al. 1977). This behavior is often due to the fluid viscoelasticity,
in which both viscosity and elasticity contribute to the fluid response under
a deformation. Viscoelastic fluids are observed across a wide range of nature
phenomenas and industrial applications (Ashwin & Sen 2015). Often, these flows
are designed with viscoelasticity to control the global transport and rheological
properties of the mixture. For instance, polymer addition has been demonstrated
to act efficiently on drag reduction in wall-bounded turbulent flows (Virk 1975).
A drag reduction up to 80% has been achieved with concentrations of only a few
parts per million (Warholic et al. 1999). An example of turbulence attenuation
and therefore drag reduction in the presence of polymers is indicated in figure 4.1,
where the near-wall structures of the turbulent flow are observed to diminish
due to the elasticity of the polymeric fluid.

4.1. Particle suspension in polymeric fluids
Suspensions of rigid particles dispersed in a viscoelastic fluid are common in
nature and in many industrial applications such as blood flow, oil sands mining,
food industries, pharmaceuticals and personal care products. The Numerical
study of such particulate flows while resolving the flow at the scale of the particle
and accounting for the viscoelastic nature of the fluid has become possible only
in recent years (Yang et al. 2016b; Krishnan et al. 2017; Murch et al. 2017b).
In this section, a summary of the numerical method, developed here to study
particle suspensions in polymeric fluids, is presented.
The governing flow equations for polymeric flows are as below:


∂u
ρ
+ ∇·u⊗u
= −∇p + ∇ · τ N + ∇ · τ P ,
(4.1)
∂t
∇·u

=

0,

T

(4.2)

where τ N = µs (∇u + ∇u ) is the Newtonian stress tensor with µs the solvent
viscosity and τ P denotes the additional body stress due to the elasticity of the
polymers. A constitutive equation for the polymer stress is needed in order to
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(a) Newtonian fluid

(b) FENE-P fluid

Figure 4.1: Instantaneous snapshots of the streamwise velocity u on x − y
and y − z planes and iso-contours of Q criterion (15% of its maximum for the
Newtonian case) for a turbulent channel flow with and without polymers at
bulk Reynolds number 5600. a) Reτ = 180; b) Reτ = 154, W i+ = 35, L = 60
and β = 0.95.

achieve τ P . Among different models that approximate an individual member of
a dilute concentration of polymers as a single dumbbell with a nonlinear elastic
spring (Bird et al. 1977), the molecular based FENE-P (Finite Elastic Non-linear
Extensibility-Peterlin) model is selected. In this model the extensibility of the
connecting spring is assumed finite. FENE-P model is found appropriate for
the fluids that exhibit elasticity with a small degree of shear thinning (Krishnan
et al. 2017). Using kinetic theory, the polymeric stress τ P reads as (Bird et al.
1977):

τP =

µp
λ



B
−I
Ψ


, Ψ=1−

T r(B)
,
L2

(4.3)

where µp is the polymer viscosity, L is the maximum polymer extensibility,
non-dimensionalized by the equilibrium length of a linear spring and λ is
the characteristic polymer relaxation time scale. B is the conformation tensor,
defined as Bij = hqi qj i, where qi are the components of the end-to-end vector for
a polymer molecule. Assuming a uniform polymer concentration and therefore
a continuum polymer field, the transport equation for the symmetric tensor B
reads as:
∂B
τP
+ (u · ∇) B − B · ∇u − ∇uT · B = −
.
∂t
µp

(4.4)
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The equation above closes the system of equations. Accounting for the
particles via the IBM force f, these equations can be rewritten in the nondimensional form as follows:


β 2
∂u
1−β B
+ ∇ · u ⊗ u = −∇p +
∇ u+
− I + f,
(4.5)
∂t
Re
Re W i Ψ


1
B
∂B
T
+ (u · ∇) B − B · ∇u − ∇u · B = −
−I ,
(4.6)
∂t
Wi Ψ
∇ · u = 0,

(4.7)

where Re ≡ ρ UDeq /(µs + µp ) is the Reynolds number, β ≡ µs /(µs + µp ) is
the ratio of solvent shear viscosity to the zero shear viscosity of the solution
and W i ≡ λ U/Deq is the Weissenberg number, defining the elasticity of the
solution by the ratio of polymer relaxation time and the characteristic flow
time scale. U and Deq are the characteristic velocity scale of the problem and
the equivalent diameter (the diameter of sphere with the same volume) of the
particles respectively.
A similar algorithm to Dubief et al. (2004) is employed to resolve the flow
field. A summary to this numerical method is given below:
• The conformation tensor equations are solved first with an implicit method
(Dubief et al. 2004). The Runge-Kutta scheme, introduced in chapter 2, is
employed as below to integrate all the terms in equation 4.6, except for the
term on the right hand side of this equation, where a Crank-Nicolson scheme
is used:


Bq − Bq−1
(αq + βq ) Bq
Bq−1
q−1
q−2
= −αq R
− βq R
+
+ q−1 − 2I , (4.8)
∆t
2W i
Ψq
Ψ
with R = (u · ∇) B − B · ∇u − ∇uT · B. αq and βq are the Runge-Kutta
coefficients at substep q. Summing the equations for the diagonal components
leads to obtaining a second order polynomial for Ψ:
2

(Ψq ) + C1 Ψq + C2 = 0 ,

(4.9)

with the coefficients C1 and C2 given by


(αq + βq ) ∆t
1
6
2 − q−1 + 2
2W i
Ψ
L


∆t 
+ 2 αq T r Rq−1 + βq T r Rq−2 ,
L

C1 = −Ψq−1 +

(αq + βq ) ∆t
.
(4.10)
2W i
The roots of equation 4.9 are real and of opposite sign. The positive root
ensures that the solution of the T r(B) remains upper-bounded by L2 as the
root approaches zero.
C2 =
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• The integration method used to solve equation 4.5 is based on a semi-implicit,
fractional step method (Le & Moin 1991), in which the velocity diffusion
and polymeric stress derivative terms are advanced with the Crank-Nicolson
method, while the advection term is integrated by Runge-Kutta scheme as
below:
u∗ − uq−1
=
∆t
q−1
q−2
−αq (∇ · u ⊗ u)
− βq (∇ · u ⊗ u)
− (αq + βq ) ∇pq−3/2
+

 (α + β )

(αq + βq ) β  2 ∗
q−1
q
q
τ P q + τ P q−1 ,
∇ u + ∇2 u
+
2
Re
2
(4.11)

with τ P = (1−β) (B/Ψ − I) /(Re W i). The first prediction velocity u∗ is computed here through a system of linear equations, obtained from rearranging
the equation above.
• The IBM force f is computed and the second prediction velocity u∗∗ is formed
to compute the correction pressure p̂ and update the pressure field at the
intermediate time step, pq−1/2 , following a classic pressure-correction scheme,
explained in chapter 2.
• The conformation tensor B is forced to be I inside the particles via a smooth
phase indicator that points to 1 in the fluid phase and gradually changes
to 0 within a distance (distance normal to the surface) of 1.5∆x inside the
particles.
In a non-Newtonian flow, the transport equation for the conformation
tensor presents specific challenges. The advection terms (u · ∇) B need a special
consideration due to the lack of diffusive terms in the equations. The most
common approach is to introduce upwinding for the advection terms. However,
that approach adds artificial dissipation that can cause B to lose its positive
definiteness, which eventually results in a numerical breakdown (Joseph 2013;
Dupret & Marchal 1986). Min et al. (2001) tested different spatial discretization
for a polymeric FENE-P fluid and showed that a third-order compact upwind
scheme has a better performance. Dubief et al. (2004) have also favored this
scheme among the others. In both of these studies, a local artificial diffusion is
added where tensor B experiences a loss of positive definite-ness (det(B) < 0).
Even though this discretization scheme works well, but it is computationally
expensive as it requires to solve a set of linear equations for each component of
the configuration tensor in each direction to calculate the derivatives. In this
study, the compact upwind is substituted with an explicit fifth-order weighted
essentially non-oscillatory (WENO) scheme (Liu et al. 1994; Sugiyama et al.
2011; Rosti & Brandt 2017), a considerably less expensive method that matches
the performance of the compact scheme. Equation 4.6 is discretized around
the Eulerian cell centers (pressure points on the Eulerian staggered grid) and
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Figure 4.2: Contours of T r(B) in the wake of an oblate particle, settling in a
viscoelastic fluid. Re = 54, W i = 2, L = 30 and β = 0.9.
the spatial derivatives are estimated with the second order central-difference
scheme, except for the advection terms (u · ∇) B.
An example of a simulation with this method is shown in figure 4.2, where
the trace of the conformation tensor B (T r(B)) is depicted in the wake of a
settling oblate particle.

4.2. Viscous hyper-elastic materials
Interaction of elastic structures with multiphase flows is of utmost importance
in different fields of science and technology, ranging from biological applications
(Freund 2014) to energy harvesting (McKinney & DeLaurier 1981). Materials
for which the constitutive behavior is only a function of the current state of
deformation are generally known as elastic. In the special case when the work
done by the stresses during a deformation process is dependent only on the
initial and final configurations, the behavior of the material is path independent
and a stored strain energy function or elastic potential can be defined (Bonet
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& Wood 1997). These so-called hyper-elastic materials show nonlinear stressstrain curves and are generally used to describe rubber-like substances. A brief
summary to the numerical method, used to model the interaction between the
particulate flows and hyper-elastic materials is given in this section.
The fluid-structure interaction at the interface is modeled with the so called
one-continuum formulation (Tryggvason et al. 2007), in which only one set of
equations is needed to solve for the conservation of the momentum and the
incompressibility constraint in the fluid phase and the elastic material:
∂u
+ ∇·u⊗u =
∂t
∇·u =

1
∇·σ ,
ρ

(4.12)

0.

(4.13)

u is defined as a monolithic velocity vector field, volume averaged (Quintard
& Whitaker 1994) between the fluid phase and the elastic layer across the
interface and ρ is the density, assumed to be the same in both phases. Using a
volume of fluid (VoF) approach (Hirt & Nichols 1981; Rosti & Brandt 2017),
the Cauchy stress tensor σ can be written as:
σs ,
σ = (1 − ξ) σ f + ξσ
f

(4.14)

s

where the superscripts and denote the fluid phase and the elastic phase,
respectively. ξ is the local volume fraction, changing smoothly from 0 in the fluid
phase to 1 in the elastic layer. In particular, the isoline at ξ = 0.5 represents
the interface. The scalar ξ is transported by the local velocity via an advection
equation:
∂ξ
+ u · ∇ξ = 0 .
(4.15)
∂t
The Cauchy stress tensor σ for a Newtonian fluid and an incompressible
viscous hyper-elastic material can be written, respectively, as:

σ f = − pI + µf ∇u + ∇uT ,
(4.16)
σs

= − pI + µs ∇u + ∇uT



+ GB ,

(4.17)

where p is the pressure, I the unit tensor and µ the dynamic viscosity. GB
is the hyper-elastic contribution for a neo-Hookean material, satisfying the
incompressible Mooney-Rivlin law. G is the modulus of transverse elasticity
and B denotes the left Cauchy-Green deformation tensor. The tensor B is
updated by the following transport equation similar to equation 4.4 with no
term on the right hand side:
∂B
+ (u · ∇) B − B · ∇u − ∇uT · B = 0 ,
∂t

(4.18)

where B · ∇u + ∇uT · B describes the stretching of the elastic material due to
the straining action of the flow.
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Figure 4.3: Instantaneous snapshots of the streamwise velocity u on x − y and
y − z planes of a turbulent channel flow with 10% volume fraction of spherical
particles. G∗ is set to 0.25 for the viscous hyper-elastic walls and Re = 5600.
For clarity, only the particles lying within the selected x − y plane are displayed.
Following the formulations above and taking into account the IBM force,
exerted on the fluid phase by the particles, equation 4.12 can be rewritten in
the non-dimensional form:
∂u
(1 − ξ) + ξµs/f 2
+ ∇ · u ⊗ u = − ∇p +
∇ u + ξG∗ ∇ · B + f , (4.19)
∂t
Re
where Re is the Reynolds number, µs/f denotes the dynamic viscosity ratio
and G∗ is the non-dimensional elastic modulus. The additional term f on the
right hand side of equation 4.19 is the non-dimensional IBM force field, active
in the immediate vicinity of a particle surface (see chapter 2 for more details).
The governing differential equations are discretized using a second order central
finite-difference scheme, except for the advection terms in equations 4.15 and
4.18 where the fifth-order weighted essentially non-oscillatory (WENO) scheme
is applied (Sugiyama et al. 2011; Rosti & Brandt 2017). The explicit third-order
Runge-Kutta scheme, introduced in chapter 2 is used for the time integration
of all terms in equations 4.15, 4.18 and 4.19, except for the solid hyper-elastic
contribution, which is advanced in time with the Crank-Nicolson method.
An example of applying this method is given in figure 4.3, where a particulate
turbulent channel flow is simulated with hyper-elastic walls.

Chapter 5

Conclusions and outlook

A numerical code is developed within this work to simulate suspensions of
spherical/non-spherical particles in different flows and geometries, with the ability to resolve for heat transfer equation in both Newtonian and non-Newtonian
fluids. The code is based on the Immersed Boundary Method for the fluid-solid
interactions with lubrication, friction and collision models for the close range
particle-particle (particle-wall) interactions. These short-range interactions approximate the objects by two spheres with same mass and radius corresponding
to the local surface curvature at the points of contact. We use asymptotic
analytical expression for the normal lubrication force between unequal spheres
and a soft-sphere collision model with Coulomb friction. We implement different
types of IBM, creating virtual walls to simulate more complex geometries such
as pipe, duct and flow over a step with a high computational efficiency.
Particle-Resolved Direct Numerical Simulations (PR-DNS) are performed
to investigate the interaction between particles and different flows. Several
results are obtained from these simulations and conclusions are drawn that are
summarized below together with possible future studies in each subject:
Sedimentation:
The gravity-driven motion of rigid particles in a viscous fluid is relevant in
many natural and industrial processes, yet this has mainly been investigated for
spherical particles. We have therefore considered sedimentation of spheroidal
particles to document the different dynamics and microstructures of these
particles in comparison to the ideal case of spherical ones. We have studied
sedimentation of inertia-less (negligible particle Reynolds number Rep << 1)
prolate spheroids in homogeneous isotropic turbulence to answer the question
of whether trajectories and velocities of sinking phytoplankton are altered by
turbulence. Phytoplankton are the foundation of aquatic food webs. Through
photosynthesis, phytoplankton draw down CO2 at magnitudes equivalent to
forests and other terrestrial plants and convert it to organic material that is then
consumed by other planktonic organisms in higher trophic levels. Mechanisms
that affect local concentrations and velocities are of primary significance to many
encounter-based processes in the plankton including prey-predator interactions,
36

5. Conclusions and outlook

37

fertilization and aggregate formation. In this work we have shown that settling
spheroids with physical characteristics similar to those of diatoms weakly cluster
and preferentially sample regions of downwelling flow, corresponding to an
increase of the mean settling speed with respect to the mean settling speed in
quiescent fluid. Cell shape is an important morphological trait affecting many
aspects in the ecology of phytoplankton and the result from our simulations has
further highlighted the complex interactions of cell shape with ambient flows.
In particular, we have observed that the increase in the aspect ratio of these
microscopic organisms affect their clustering and their average settling speed
by two mechanisms: first is the effect of aspect ratio on the rotation rate of the
particles, which saturates faster than the second mechanism of increasing drag
anisotropy (see paper 1). At finite Reynolds numbers (Re >> 1), isolated and
particle pairs with a spheroidal shape have been simulated in a quiescent viscous
fluid. For isolated particles, the critical Galileo number for the onset of secondary
motions has been shown to decrease as the spheroid aspect ratio departs from
1. Above this critical threshold, oblate particles perform a zigzagging motion
whereas prolate particles rotate around their vertical axis while having their
broad side facing the falling direction. Instabilities of the vortices in the wake
follow when farther increasing the Galileo number. Regarding the particle
pairs, we have reported a significant increase in the interaction time, associated
with the modified drafting-kissing-tumbling motion of the spheroidal particles.
More interestingly, spheroidal particles have been observed to attract each
other from larger lateral distances. This observation is essentially important
for the estimation of collision kernels and can eventually result in clustering
of sedimenting spheroids in particle suspensions (see paper 2). Motivated by
these results, we have further studied the settling of rigid oblates in quiescent
fluid up to the particle volume fraction of 10%. Indeed, we have shown that the
formation of previously anticipated particle clusters, appearing as columnar-like
structures, results in a significant increase of the mean settling speed in dilute
suspensions of oblate particles up to 1% volume fraction. At higher particle
concentrations however, the mean settling speed decreases due to the growing
hindrance effect, until it eventually becomes smaller than the terminal velocity
of an isolated oblate particle. Interestingly, this observation is contrary to the
suspension of spherical particles at the same operating parameters, in which the
mean settling speed of spheres is always a decreasing function of the volume
fraction (see paper 3).
In future works, the parameter space should be further explored. In addition
to the particle shape, Galileo number (Ga), density ratio and relevant Reynolds
number for the flow (if sheared or turbulent) are the other defining parameters
for settling suspensions. Increasing Ga, eventually results in a chaotic motion
for sedimentation of isolated particles and therefor it expectedly affects the
clustering and mean settling speed of a particle suspension. Another important
subject for future studies is particle aggregation, a widespread phenomenon,
occurring both in nature and in manufacturing processes. In particular cohesive
sedimentations play an important role in environmental flows such as lakes,
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estuaries and coastal ecosystems. In these particulate flows, an additional
dimensionless parameter, representing the ratio of cohesive and gravitational
forces, further characterizes the process that converts potential into kinetic
energy. Therefore, performing simulations with cohesive forces in particleparticle interactions should be considered as the next step in the future studies,
concerning sedimentation.
Pressure-driven wall-bounded flows:
We have studied the effect of shape on the particle dynamics in pressuredriven wall-bounded flows. In the laminar regime, we have investigated the
inertial migration of a single rigid sphere and an oblate spheroid in straight
square and rectangular ducts. In this work we have shown the differences
between the migration of the oblate and sphere. In particular, the oblate may
focus on the diagonal symmetry line of the duct cross-section, close to one of
the corners, if its diameter is larger than a certain threshold. Moreover, we
have observed that the final orientation and rotation of the oblate particles
exhibit a chaotic behavior for Reynolds numbers beyond a critical value. In a
square duct, the strong tumbling motion of the oblate in the first stage of the
migration results in a lower lateral velocity and consequently longer focusing
length with respect to that of the spherical particle. The opposite is true in a
rectangular duct where the higher lateral velocity of the oblate in the second
stage of the migration, with negligible tumbling, gives rise to shorter focusing
lengths (see paper 4). These results can help the design of microfluidic systems
for bio-applications e.g. cell sorting.
In turbulent regime, we have studied suspensions of spheroidal particles
with different particle volume fractions and aspect ratios (polar to equatorial
radius) in a channel geometry. To explain the observed drag reduction we
have considered the particle dynamics and the interactions of the particles with
the turbulent velocity field. Interestingly, the particle wall layer, previously
observed and found to be responsible for the increased dissipation in suspensions
of spheres, disappears in the case of oblate particles (see paper 5). Regarding
the particle interactions with the turbulent velocity field, we have identified
different mechanisms in this work to explain how the dynamics of spherical,
oblate and prolate particles modulates the turbulence close to the wall: spheres
form a layer close to the wall, rotating with high spanwise angular velocity.
Their rotation brings high momentum flow towards the wall, increasing the
strength of sweep events and therefore increasing the turbulence activity. Flow
filed in the vicinity of the particles has been shown to generate strong sweep
events close to the wall. The presence of a particle layer close to the wall
also results in noisier low- and high-speed streaks. Prolate particles have been
observed to orient with their major axis parallel to the wall, experiencing a
significant wall-normal angular velocity due to the velocity fluctuations. Their
rotation creates momentum mixing in the streamwise-spanwise plane, which
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results in the disruption of the near-wall low-speed streaks. In this way, prolate
particles reduce the peak of streamwise and spanwise velocity fluctuations and
reduce the wall-normal fluctuations as they resist rotations in the spanwise
direction. Oblate particles tend to be parallel to the wall, while also avoiding its
vicinity and experiencing significantly smaller angular velocities with respect to
the other shapes considered. They sample high-speed regions close to the wall,
increasing the spacing between the low-speed streaks. These particles create
a strong shield that decreases the turbulent activity by resisting rotation and
therefore dampens the velocity fluctuations. Preferential sampling, rotation and
orientation of oblate particles converge to similar values for oblates with aspect
ratios less than 1/3, however the turbulence attenuation continues to increase
due to their larger major axis (see paper 6).
+
In future works, additional parameters such as particle size (Deq
), density
ratio and larger volume fractions should be considered. Gathering data sets from
these computationally expensive simulations, allows for an efficient modeling of
turbulent flows, laden with spheroidal particles.
Non-newtonian fluids:
Elastoviscoplastic (EVP) fluids can be found in many geophysical and industrial applications, such as mudslides and the tectonic dynamic of the Earth in
nature and mining operations and the biomass conversion in petroleum industry.
In most of these applications, multiphase flows are present. Therefore, there is
a compelling need to study multiphase flows of EVP fluids and predict their
flow dynamics in various situations, including three-dimensional and inertial
flows. In this work, we have developed a three-dimensional numerical solver for
suspensions of rigid and soft particles and droplets in viscoelastic and elastoviscoplastic (EVP) fluids. The presented algorithm is designed to allow for the
first time three-dimensional simulations of inertial and turbulent EVP fluids
with a large number of particles and droplets. This is achieved by combining
fast and highly scalable methods such as an FFT-based pressure solver, with
the evolution equation for non-Newtonian (including elastoviscoplastic) stresses.
In this flexible computational framework, the fluid can be modeled by either
Oldroyd-B, neo-Hookean, FENE-P, and Saramito EVP models, and the additional equations for the non-Newtonian stresses are fully coupled with the flow.
The solid particles are represented by an Immersed Boundary method (IBM)
with a computationally efficient direct forcing method, while the droplets and
soft particles are simulated in a fully Eulerian framework, the former with a
level-set method to capture the moving interface and the latter with an indicator
function (see paper 7). The same numerical tool has been used to performed
direct numerical simulations of turbulent duct flow with polymers, with the
FENE-P model used to simulate the presence of polymers. Comparing the
results with those of a Newtonian fluid, we have shown how the drag and the
Prandtl’s secondary flow, typical of the turbulent flow in non-axisymmetric
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ducts, are affected by polymer additives. In particular, we have observed that
the circulation of the streamwise main vortices increases and the location of the
maximum vorticity moves towards the center of the duct. In-plane fluctuations
are reduced while the streamwise ones are enhanced in the center of the duct and
dumped in the corners due to a substantial modification of the quasi-streamwise
vortices and the associated near-wall low- and high-speed streaks; these grow in
size and depart from the walls with enhanced streamwise coherency. Finally, we
have investigated the effect of the parameters defining the viscoelastic behavior
of the flow, showing that the Weissenberg number strongly influences the flow,
with the cross-stream vortical structures growing in size and the in-plane velocity
fluctuations reducing for increasing flow elasticity (see paper 8).
Future studies in this subject should focus on particle suspensions in viscoelastic fluids. Previously, it has been shown that an orthogonal shear flow
can reduce the settling rate of particles in viscoelastic fluids, however, the
underlying physical mechanism and its effect on dense settling suspensions
is still unexplored. Another interesting study in this subject is the particle
migration and transport in suspensions of EVP fluids with many applications
in oil and gas industry.
Viscous hyper-elastic walls:
Interaction of elastic structures with multiphase flows is of utmost importance in different fields of science and technology, ranging from biological
applications to energy harvesting. Therefore, we have investigated the effect
of wall elasticity on the global transport and rheological properties of the suspensions of rigid spherical particles. In the limit of vanishing inertia, we have
shown that the elastic walls induce shear thinning of the suspension flow such
that the effective viscosity decreases as the walls deformability increases. This
shear-thinning behavior originates from the elasticity of the walls, which induces
a lift force on the particles. As a consequence, these tend to migrate towards
the bulk of the channel, away from the walls. Furthermore, we have proposed a
closure for the suspension viscosity which can be used to model the rheology of
suspensions with arbitrary volume fraction in elastic channels (see paper 9). In
the turbulent regime, however, we have observed a significant drag increase and
the enhancement of the turbulence activity with growing wall elasticity for both
the single-phase and particle-laden flows when compared with the single phase
flow over rigid walls. Drag reduction and turbulence attenuation is obtained,
on the other hand, with highly elastic walls when comparing the particle-laden
flow with the single-phase flow for the same wall properties; the opposite effect,
drag increase, is observed upon adding particles to the flow over less elastic
walls. This observation has been explained by investigating the near-wall turbulence, where the strong asymmetry in the magnitude of the wall-normal velocity
fluctuations (favoring positive v 0 ), pushes the particles towards the channel
center. The particle layer close to the wall contributes to turbulence production
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by increasing the wall-normal velocity fluctuations, so that in the absence of
this layer, smaller wall deformations and in turn turbulence attenuation can
be observed. For higher volume fractions, particle migration away from the
wall has been found as the cause of turbulence attenuation with respect to the
flow over rigid walls. However, the particle induced stress compensates for the
decreasing Reynolds shear stress, resulting in a higher overall drag for the case
with elastic walls. Finally we have shown that the effect of the wall elasticity on
the overall drag reduces significantly with increasing particle volume fraction
(see paper 10).
Motivated by the particles, migrating away from the vicinity of the elastic
walls in both laminar and turbulent regimes, similar studies with different
particle shape and size are needed in the future works to document the effect of
these parameters on the migration process. These future studies would help the
design of microfluidic systems for bio-applications e.g. cell sorting of particles
with different shape or size via wall elasticity. Another interesting study, feasible
with the numerical tool, developed here, is peristaltic transport. This kind
of transport usually occurs when the flow experiences a progressive wave of
wall contraction/expansion along the length of its domain. This mechanism
plays an essential role in the functioning of many physiological machines such
as heart-lung machine or dialysis machine. Imposing a prescribed movement on
the elastic layer, allows for the future studies in this subject and therefore helps
the better design of physiological machines.
Heat transfer:
Controlling heat transfer in particulate suspensions has many important
applications, such as packed- and fluidized-bed reactors and industrial dryers. In
these cases, in addition to momentum and/or mechanical interactions between
particles and fluid, the flow is also characterized by heat transfer between the
two phases. Owing to the complex phenomena related to the diffusion and
convection of heat in particulate flows, a better understanding of the heat
transfer between the two phases in the presence of a flow is essential to improve
the current models. To this purpose, we have studied heat transfer in plane
Couette flow laden with rigid spherical particles. In this work a particular focus
has been on the variation of the heat transfer with the particle Reynolds number,
total volume fraction (number of particles) and the ratio between the particle
and fluid thermal diffusivity, quantified in terms of an effective suspension
diffusivity. We have shown that, when inertia at the particle scale is negligible,
the heat transfer increases with respect to the unladen case following a linear
empirical correlation recently proposed in the literature. In addition, an average
composite diffusivity can be used to approximate the effective diffusivity of the
suspension in the inertialess regime when varying the molecular diffusion in the
two phases. At finite particle inertia, however, the heat transfer enhancement
is significantly larger, smoothly saturating at higher volume fractions. Different
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mechanisms have been identified as the main contributors to the total heat
transfer and the increase of the effective conductivity at finite inertia has been
explained by the increase of the transport associated with fluid and particle
velocity (see paper 11). We have further studied the heat transfer within a
suspension of neutrally buoyant, finite-size spherical particles in laminar and
turbulent pipe flows up to particle volume fraction 40%. We have observed that
a considerable heat transfer enhancement (up to 330%) can be achieved in the
laminar regime by adding spherical particles. The enhancement has been shown
to increase significantly as the pipe to particle diameter ratio decreases, while
the particle’s size effect on the the wall-drag is less pronounced. In the turbulent
regime, we have indicated that a heat transfer enhancement, measured with
respect to the single phase flow, is only possible at volume fractions as low as
5%. Despite a transient increase in the heat transfer for larger particle volume
fractions, the process decelerates in time below the values in single-phase flows
as these particles laminarize the core region of the pipe (see paper 12).
In future works, numerical studies of heat transfer in fluidized beds should
be conducted. Experimental studies in this subject show a general challenge in
quantitative understanding of the flow behavior, especially due to the difficult
particle temperature measurements with high accuracy and therefore numerical
studies of these flows can be of great help in order to understand the underlying
physics. Another interesting study, feasible with the numerical routine developed
in this work, is scalar transport inside a porous medium with many geological
applications. In particular, it can improve the current physical understanding of
the solute transport in porous river beds, a physical and biological phenomena
essential for living micro-organisms and vegetations. For instance riparian zones,
the interface area between land and a river or stream, filter the nitrate in
the water stream, which is important for agricultural watersheds. The main
difficulty in simulating these flows, is the small molecular diffusion rate of
the typical solutes, found inside the stream, demanding an incredibly high
spatial resolution, when considering an Eulerian approach. Therefore, with an
alternative approach, tracer-based methods can be employed instead to model
the substance transport with the motion of many tracer molecules that translate
in response to the fluid velocity and undergo a random walk, proportional to
their molecular diffusion rate.
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Part II
Papers

Summary of the papers

Paper 1
Sedimentation of inertia-less prolate spheroids in homogeneous isotropic turbulence with application to non-motile phytoplankton
Phytoplankton are the foundation of aquatic food webs. Through photosynthesis, phytoplankton draw down CO2 at magnitudes equivalent to forests
and other terrestrial plants and convert it to organic material that is then
consumed by other planktonic organisms in higher trophic levels. Mechanisms
that affect local concentrations and velocities are of primary significance to
many encounter-based processes in the plankton including prey-predator interactions, fertilization and aggregate formation. We report results from simulations
of sinking phytoplankton, considered as elongated spheroids, in homogeneous
isotropic turbulence to answer the question of whether trajectories and velocities
of sinking phytoplankton are altered by turbulence. We show in particular that
settling spheroids with physical characteristics similar to those of diatoms weakly
cluster and preferentially sample regions of downwelling flow, corresponding to
an increase of the mean settling speed with respect to the mean settling speed
in quiescent fluid. We explain how different parameters can affect the settling
speed and what underlying mechanisms might be involved. Interestingly, we
observe that the increase in the aspect ratio of the prolate spheroids can affect
the clustering and the average settling speed of particles by two mechanisms:
first is the effect of aspect ratio on the rotation rate of the particles, which
saturates faster than the second mechanism of increasing drag anisotropy.

Paper 2
Numerical study of the sedimentation of spheroidal particles
The gravity-driven motion of rigid particles in a viscous fluid is relevant in
many natural and industrial processes, yet this has mainly been investigated for
spherical particles. We therefore consider the sedimentation of non-spherical
(spheroidal) isolated and particle pairs in a viscous fluid via numerical simulations
using the Immersed Boundary Method. The simulations performed here show
that the critical Galileo number for the onset of secondary motions decreases
as the spheroid aspect ratio departs from 1. Above this critical threshold,
57
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oblate particles perform a zigzagging motion whereas prolate particles rotate
around the vertical axis while having their broad side facing the falling direction.
Instabilities of the vortices in the wake follow when farther increasing the Galileo
number. We also study the drafting-kissing-tumbling associated with the settling
of particle pairs. We find that the interaction time increases significantly for nonspherical particles and, more interestingly, spheroidal particles are attracted from
larger lateral displacements. This has important implications for the estimation
of collision kernels and can result in increasing clustering in suspensions of
sedimenting spheroids.

Paper 3
Clustering and increased settling speed of oblate particles at finite Reynolds
number
We study the settling of rigid oblates in quiescent fluid using interface-resolved
Direct Numerical Simulations. In particular, an immersed boundary method is
used to account for the dispersed solid phase together with lubrication correction
and collision models to account for short-range particle-particle interactions. We
consider semi-dilute suspensions of oblate particles with aspect ratio AR = 1/3
and solid volume fractions φ = 0.5% − 10%. The solid-to-fluid density ratio
R = 1.02 and the Galileo number (i.e. the ratio between buoyancy and viscous
forces) based on the diameter of a sphere with equivalent volume Ga = 60.
With this choice of parameters, an isolated oblate falls vertically with a steady
wake with its broad side perpendicular to the gravity direction. At this Ga, the
mean settling speed of spheres is a decreasing function of the volume φ and
is always smaller than the terminal velocity of the isolated particle, Vt . On
the contrary, in dilute suspensions of oblate particles (with φ ≤ 1%), the mean
settling speed is approximately 33% larger than Vt . At higher concentrations,
the mean settling speed decreases becoming smaller than the terminal velocity
Vt between φ = 5% and 10%. The increase of the mean settling speed is
due to the formation of particle clusters that for φ = 0.5% − 1% appear as
columnar-like structures. From the pair-distribution function we observe that
it is most probable to find particle-pairs almost vertically aligned. However,
the pair-distribution function is non-negligible all around the reference particle
indicating that there is a substantial amount of clustering at radial distances
between 2 and 6c (with c the polar radius of the oblate). Above φ = 5%, the
hindrance becomes the dominant effect, and the mean settling speed decreases
below Vt . As the particle concentration increases, the mean particle orientation
changes and the mean pitch angle (the angle between the particle axis of
symmetry and gravity) increases from 23o to 47o . Finally, we increase Ga from
60 to 140 for the case with φ = 0.5% and find that the mean settling speed
(normalized by Vt ) decreases by less than 1% with respect to Ga = 60. However,
the fluctuations of the settling speed around the mean are reduced and the
probability of finding vertically aligned particle-pairs increases.
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Paper 4
Inertial migration of spherical and oblate particles in straight ducts
We study numerically the inertial migration of a single rigid sphere and an
oblate spheroid in straight square and rectangular ducts. A highly accurate
interface-resolved numerical algorithm is employed to analyse the entire migration dynamics of the oblate particle and compare it with that of the sphere.
Similarly to the inertial focusing of spheres, the oblate particle reaches one of
the four face-centred equilibrium positions, however they are vertically aligned
with the axis of symmetry in the spanwise direction. In addition, the lateral
trajectories of spheres and oblates collapse into an equilibrium manifold before
ending at the equilibrium positions, with the equilibrium manifold tangential
to lines of constant background shear for both sphere and oblate particles. The
differences between the migration of the oblate and sphere are also presented,
in particular the oblate may focus on the diagonal symmetry line of the duct
cross-section, close to one of the corners, if its diameter is larger than a certain
threshold. Moreover, we show that the final orientation and rotation of the
oblate exhibit a chaotic behaviour for Reynolds numbers beyond a critical
value. Finally, we document that the lateral motion of the oblate particle is less
uniform than that of the spherical particle due to its evident tumbling motion
throughout the migration. In a square duct, the strong tumbling motion of the
oblate in the first stage of the migration results in a lower lateral velocity and
consequently longer focusing length with respect to that of the spherical particle.
The opposite is true in a rectangular duct where the higher lateral velocity of
the oblate in the second stage of the migration, with negligible tumbling, gives
rise to shorter focusing lengths. These results can help the design of microfluidic
systems for bio-applications.

Paper 5
Drag reduction in turbulent channel flow laden with finite-size oblate spheroids
We study suspensions of oblate rigid particles in a viscous fluid for different
values of the particle volume fractions. Direct numerical simulations have been
performed using a direct-forcing immersed boundary method to account for the
dispersed phase, combined with a soft-sphere collision model and lubrication
corrections for short-range particle-particle and particle-wall interactions. With
respect to the single phase flow, we show that in flows laden with oblate spheroids
the drag is reduced and the turbulent fluctuations attenuated. In particular,
the turbulence activity decreases to lower values than those obtained by only
accounting for the effective suspension viscosity. To explain the observed drag
reduction we consider the particle dynamics and the interactions of the particles
with the turbulent velocity field and show that the particle wall layer, previously
observed and found to be responsible for the increased dissipation in suspensions
of spheres, disappears in the case of oblate particles. These rotate significantly
slower than spheres near the wall and tend to stay with their major axes parallel
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to the wall, which leads to a decrease of the Reynolds stresses and turbulence
production and so to the overall drag reduction.

Paper 6
Turbulence modulation in channel flow of finite-size spheroidal particles
Finite-size particles modulate wall-bounded turbulence, leading for the case of
spherical particles to increased drag also owing to the formation of a particle
wall layer. Here, we study the effect of particle shape on the turbulence in
suspensions of spheroidal particles at volume fraction φ = 10% and show
how the near-wall particle dynamics deeply changes with the particle aspect
ratio and how this affects the global suspension behavior. Direct numerical
simulations are performed using a direct-forcing immersed boundary method to
account for the dispersed phase, combined with a soft-sphere collision model
and lubrication corrections for short-range particle-particle and particle-wall
interactions. The turbulence reduces with the aspect ratio of oblate particles,
leading to drag reduction with respect to the single phase flow for particles
with aspect ratio AR ≤ 1/3, when the significant reduction in Reynolds shear
stress is more than the compensation by the additional stresses, induced by
the solid phase. Oblate particles are found to avoid the region close to the
wall, travelling parallel to it with small angular velocities, while preferentially
sampling high-speed fluid in the wall region. Prolate particles, also tend to
orient parallel to the wall and avoid its vicinity. Their reluctancy to rotate
around spanwise axis reduce the wall-normal velocity fluctuation of the flow
and therefore the turbulence Reynolds stress similar to oblates; however, they
undergo rotations in wall-parallel planes which increases the additional solid
stresses due to their relatively larger angular velocities compared to the oblates.
These larger additional stresses compensates for the reduction in turbulence
activity and leads to a wall-drag similar to that of single-phase flows. Spheres
on the other hand, form a layer close to the wall with large angular velocities
in spanwise direction, which increases the turbulence activity in addition to
exerting the largest solid stresses on the suspension, in comparison to the other
studied shapes. Spherical particles therefore increase the wall-drag with respect
to the single-phase flow.

Paper 7
Computational modeling of multiphase viscoelastic and elastoviscoplastic flows
In this paper, a three-dimensional numerical solver is developed for suspensions
of rigid and soft particles and droplets in viscoelastic and elastoviscoplastic
(EVP) fluids. The presented algorithm is designed to allow for the first time
three-dimensional simulations of inertial and turbulent EVP fluids with a large
number particles and droplets. This is achieved by combining fast and highly
scalable methods such as an FFT-based pressure solver, with the evolution
equation for non-Newtonian (including elastoviscoplastic) stresses. In this
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flexible computational framework, the fluid can be modelled by either OldroydB, neo-Hookean, FENE-P, and Saramito EVP models, and the additional
equations for the non-Newtonian stresses are fully coupled with the flow. The
rigid particles are discretized on a moving Lagrangian grid while the flow
equations are solved on a fixed Eulerian grid. The solid particles are represented
by an Immersed Boundary method (IBM) with a computationally efficient
direct forcing method allowing simulations of a large numbers of particles. The
immersed boundary force is computed at the particle surface and then included
in the momentum equations as a body force. The droplets and soft particles
on the other hand are simulated in a fully Eulerian framework, the former
with a level-set method to capture the moving interface and the latter with an
indicator function, and also benefit from the FFT-based pressure solver also
applicable for density-contrasted flows.

Paper 8
Turbulent duct flow with polymers
We have performed direct numerical simulation of the turbulent flow of a
polymer solution in a square duct, with the FENE-P model used to simulate
the presence of polymers. First, a simulation at a fixed moderate Reynolds
number is performed and its results compared with those of a Newtonian fluid
to understand the mechanism of drag reduction and how the secondary motion,
typical of the turbulent flow in non-axisymmetric ducts, is affected by polymer
additives. Our study shows that the Prandtl’s secondary flow is modified by
the polymers: the circulation of the streamwise main vortices increases and the
location of the maximum vorticity move towards the center of the duct. In-plane
fluctuations are reduced while the streamwise ones are enhanced in the center
of the duct and dumped in the corners due to a substantial modification of
the quasi-streamwise vortices and the associated near-wall low- and high-speed
streaks; these grow in size and depart from the walls, their streamwise coherency
increasing. Finally, we investigated the effect of the parameters defining the
viscoelastic behavior of the flow and found that the Weissenberg number strongly
influences the flow, with the cross-stream vortical structures growing in size
and the in-plane velocity fluctuations reducing for increasing flow elasticity.

Paper 9
The effect of elastic walls on suspension flow
We study suspensions of rigid particles in a plane Couette flow with deformable
elastic walls. We find that, in the limit of vanishing inertia, the elastic walls
induce shear thinning of the suspension flow such that the effective viscosity
decreases as the walls deformability increases. This shear-thinning behavior
originates from the elasticity of the walls, which induces a lift force on the
particles. As a consequence, these tend to migrate towards the bulk of the
channel, away from the walls. Based on our observations, we provide a closure for
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the suspension viscosity which can be used to model the rheology of suspensions
with arbitrary volume fraction in elastic channels.

Paper 10
Turbulent flow of finite-size spherical particles in channels with viscous hyperelastic walls
We study single-phase and particle-laden turbulent channel flows bounded by
two incompressible hyper-elastic walls with different deformabilities at bulk
Reynolds number 5600. The solid volume fraction of finite-size neutrally-buoyant
rigid spherical particles considered is 10%. The elastic walls are assumed to be
of a neo-Hookean material. A fully Eulerian formulation is employed to model
the elastic walls together with a direct-forcing immersed boundary method
(IBM) for the coupling between the fluid and the particles. The data show
a significant drag increase and the enhancement of the turbulence activity
with growing wall elasticity for both the single-phase and particle-laden flows
when compared with the single phase flow over rigid walls. Drag reduction
and turbulence attenuation is obtained, on the other hand, with highly elastic
walls when comparing the particle-laden flow with the single-phase flow for the
same wall properties; the opposite effect, drag increase, is observed upon adding
particles to the flow over less elastic walls. This is explained by investigating
the near-wall turbulence, where the strong asymmetry in the magnitude of
the wall-normal velocity fluctuations (favouring positive v 0 ), is found to push
the particles towards the channel centre. The particle layer close to the wall
contributes to turbulence production by increasing the wall-normal velocity
fluctuations, so that in the absence of this layer, smaller wall deformations and
in turn turbulence attenuation is observed. For a moderate wall elasticity, we
increase the particle volume fraction up to 20% and find that particle migration
away from the wall is the cause of turbulence attenuation with respect to the
flow over rigid walls. However, for this higher volume fractions, the particle
induced stress compensates for the decreasing Reynolds shear stress, resulting
in a higher overall drag for the case with elastic walls. The effect of the wall
elasticity on the overall drag reduces significantly with increasing particle volume
fraction.

Paper 11
Heat transfer in laminar Couette flow laden with rigid spherical particles
We study heat transfer in plane Couette flow laden with rigid spherical particles
by means of direct numerical simulations. In the simulations we use a directforcing immersed boundary method (IBM) to account for the dispersed phase
together with a volume of fluid (VoF) approach to solve the temperature field
inside and outside the particles. We focus on the variation of the heat transfer
with the particle Reynolds number, total volume fraction (number of particles)
and the ratio between the particle and fluid thermal diffusivity, quantified in
terms of an effective suspension diffusivity. We show that, when inertia at the
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particle scale is negligible, the heat transfer increases with respect to the unladen
case following an empirical correlation recently proposed in the literature. In
addition, an average composite diffusivity can be used to approximate the
effective diffusivity of the suspension in the inertialess regime when varying the
molecular diffusion in the two phases. At finite particle inertia, however, the heat
transfer increase is significantly larger, smoothly saturating at higher volume
fractions. By phase-ensemble averaging we identify the different mechanisms
contributing to the total heat transfer and show that the increase of the effective
conductivity observed at finite inertia is due to the increase of the transport
associated with fluid and particle velocity. We also show that the contribution
of the heat conduction in the solid phase to the total wall-normal heat flux
reduces when increasing the particle Reynolds number and so that particles
of low thermal diffusivity weakly alter the total heat flux in the suspension at
finite particle Reynolds numbers. On the other hand, a higher particle thermal
diffusivity significantly increase the total heat transfer.

Paper 12
Numerical study of heat transfer in laminar and turbulent pipe flow with finitesize spherical particles
Controlling heat and mass transfer in particulate suspensions has many applications in fuel combustion, food industry, pollution control and life science. We
perform direct numerical simulations (DNS) to study the heat transfer within a
suspension of neutrally buoyant, finite-size spherical particles in laminar and
turbulent pipe flows, using the immersed boundary method (IBM) to account
for the solid fluid interactions and a volume of fluid (VoF) method to resolve
the temperature equation both inside and outside the particles. Particle volume
fractions up to 40% are simulated for different pipe to particle diameter ratios.
We show that a considerable heat transfer enhancement (up to 330%) can
be achieved in the laminar regime by adding spherical particles. The heat
transfer is observed to increase significantly as the pipe to particle diameter
ratio decreases for the parameter range considered here. Larger particles are
found to have a greater impact on the heat transfer enhancement than on the
wall-drag increase. In the turbulent regime, however, only a transient increase
in the heat transfer is observed and the process decelerates in time below the
values in single-phase flows as high volume fractions of particles laminarize the
core region of the pipe. A heat transfer enhancement, measured with respect to
the single phase flow, is only achieved at volume fractions as low as 5% in a
turbulent flow.

