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Numerical study of non-spherical/spherical particles in lam-
inar and turbulent flows

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
paper making are among the examples. The presence of solid rigid particles
alters the global transport and rheological properties of the mixture in complex
(and often unpredictable) ways. In recent years a few studies have been devoted
to investigating the behavior of dense suspensions in the turbulent/inertial
regime with the majority of theses analyses limited to mono-disperse rigid
neutrally-buoyant spheres. However, one interesting parameter that is rarely
studied for particles with high inertia is the particle shape. Spheroidal particles
introduce an anisotropy, e.g. a tendency to orient in a certain direction, which
can affect the bulk behavior of a suspension in an unexpected ways. The main
focus of this study is therefore to investigate the behavior of spheroidal particles
and their effect on turbulent/inertial flows.

We perform fully resolved simulations of particulate flows with spheri-
cal/spheroidal particles, using an efficient/accurate numerical approach that
enables us to simulate thousands of particles with high resolutions in order to
capture all the fluid-solid interactions. This numerical scheme, that is extended
for non-spherical particles within this work, is based on the IBM method for
the fluid-solid interactions with lubrication, friction and collision models for the
close range particle-particle (particle-wall) interactions.

Several conclusions are drawn from this study that reveal the importance of
particle’s shape effect on the behaviour of a suspension e.g. spheroidal particles
tend to cluster while sedimenting. This phenomenon is observed in this work for
both particles with high inertia, sedimenting in a quiescent fluid and inertialess
particles (point-like tracer prolates) settling in homogenous isotropic turbulence.
The mechanisms for clustering is indeed different between these two situations,
however, it is the shape of 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 rigid oblate particles.
Again this drag reduction is absent for spherical particles, which instead increase
the drag with respect to single-phase turbulence.

Key words: suspensions, drag reduction, non-spherical particles.
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Numeriska studier av icke-sfäriska och sfäriska partiklar i
laminära och turbulenta flöden

Mehdi Niazi Ardekani

Linné FLOW Centre, KTH Mekanik, Kungliga Tekniska Högskolan
SE-100 44 Stockholm, Sverige

Sammanfattning
Suspensioner av fasta partiklar i viskösa vätskor p̊aträffas i en rad situationer

av vetenskapligt och teknologiskt intresse. Sedimenttransport i flödet, blod-
flöden i kroppen, askflöden fr̊an vulkaner och flöden av pappersmassa under
papperstillverkning hör till dessa. Förekomsten av stela fasta partiklar p̊averkar
den globala transporten och de reologiska egenskaperna av blandningen p̊a ett
invecklat (och ofta oförutsägbart) sätt. Ett f̊atal studier har p̊a senare åren
utförts för att undersöka beteendet av turbulent flöde av suspensioner med
hög koncentration av partiklar. Merparten av dessa studier är begränsade till
monodispersa stela sfäroida partiklar som är neutraltflytande. En intressant
parameter som dock sällan blivit undersökt för partiklar med stor tröghet är
dess form. Sfäroida partiklar introducerar en anisotropi, exempelvis genom
tendenser till en viss orientering, som kan p̊averka bulkflödet av suspensionen p̊a
ett oväntat vis. Huvudsyftet med denna studie är därför att utreda beteendet
av sfäroida partiklar och deras p̊averkan p̊a turbulenta flöden och de fall där
tröghets krafterna är dominerande.

Vi har utfört fullt upplösta simuleringar av flöden med sfäriska/sfäroida
partiklar genom att använda en effektiv och noggrann numerisk metod. Metoden
till̊ater oss att simulera tusentals partiklar med ett högupplöst beräkningsnätet
för att f̊anga all interaktioner mellan flödet och partiklarna. Det numeriska
schemat, som här har generaliserats till icke-sfäriska partiklar, är baserat p̊a
den s̊a kallade IBM-metoden för fluid-struktur-interaktion med smörjnings-,
friktion- och kollisionsmodeller för partikel-partikel (partikel-vägg) interaktion.

V̊ara studier visar att partiklarnas form har stor p̊averkan p̊a beteendet
av suspensionen. Exempelvis, sfäroida partiklar tenderar att klustra sig d̊a
de sedimenterar. Vi har observerat att detta fenomen kan förekomma b̊ade
för partiklar med stor tröghet som sedimenterar i en stillast̊aende fluid och
för tröghetsfria partiklar som sätter sig i homogent isotropiskt turbulent flöde.
Även om mekanismen för klustring är olika i de tv̊a situationerna s̊a är det
partikelns form som är orsaken till fenomenet. Klustring förekommer nämligen
inte för sfäriska partiklar. Ett annat sl̊aende resultat är motst̊andsminskning i
en turbulent kanalströmning med stela platta partiklar. Motst̊andsminskningen
sker inte för ett flöde med sfäriska partiklar, i det fallet ökar istället motst̊andet
jämfört med ett turbulent flöde utan partiklar.

Nyckelord: suspensioner, minskning av ytfriktion, icke-sfäriska partiklar.
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Preface

This licentiate thesis deals with the numerical study of particulate flows. A
brief introduction on the involved physics and methods is presented in the first
part. The second part contains five articles. The papers are adjusted to comply
with the present thesis format for consistency, but their contents have not been
altered as compared with their original counterparts.

Paper 1. M. Niazi Ardekani, P. Costa, W. P. Breugem and L. Brandt,
2016. Numerical study of the sedimentation of spheroidal particles. Int. J.
Multiph. Flow 87, 16–34.

Paper 2. M. Niazi Ardekani, P. Costa, W. P. Breugem, F. Picano
and L. Brandt, 2017. Drag reduction in turbulent channel flow laden with
finite-size oblate spheroids. J. Fluid Mech. 816, 43–70.

Paper 3. I. Lashgari, M. Niazi Ardekani, I. Banerjee, A. Russom
and L. Brandt. Inertial migration of spherical and oblate particles in straight
ducts. J. Fluid Mech. Accepted.

Paper 4. M. Niazi Ardekani, O. Abouali, F. Picano and L. Brandt.
Heat transfer in laminar Couette flow laden with rigid spherical particles. J.
Fluid Mech. Under revision.

Paper 5. Niazi Ardekani, Sardina, Brandt, Karp-Boss, Bearon
and Variano. Sedimentation of inertia-less prolate spheroids in homogenous
isotropic turbulence with application to non-motile phytoplankton. J. Fluid Mech.
Under second review.

April 2017, Stockholm

Mehdi Niazi Ardekani

v



Division of work between authors

The main advisor for the project is Prof. Luca Brandt.

Paper 1. The code has been developed by Mehdi Niazi Ardekani (MN) and
Pedro Costa (PC) with the help of Wim-Paul Breugem (WPB). Simulations are
done by MN. The paper is written by MN and Luca Brandt (LB) with feedback
from WPB.

Paper 2. The code has been developed by MN and PC with the help of WPB.
Simulations are done by MN. The paper is written by MN and LB with feedback
from WPB and Francesco Picano (FP).

Paper 3. The code has been developed by MN. Simulations are done by Iman
Lashgari (IL) and the paper is written by IL and Indra Banerjee with feedback
from MN, A. Russom and LB.

Paper 4. The code has been developed by MN. Simulations are done by Omid
Abouali (OA) and MN. The paper is written by MN and OA with feedback
from FP and LB.

Paper 5. The code has been developed by MN and Gaetano Sardina (GS).
Simulations are done by MN. The paper is written by MN, GS and LB with
feedback from L. Karp-Boss, R. Bearon and E. Variano.

vi



Contents

Abstract iii

Sammanfattning iv

Preface v

Part I - Overview and summary

Chapter 1. Introduction 1

Chapter 2. Modelling particles and geometries with Immersed
Boundary Method (IBM) 4

2.1. Stress IBM 5

2.2. Volume penalization IBM 8

2.3. Discrete forcing method for moving particles 10

Chapter 3. Heat transfer and mixing in particulate flows 13

3.1. A Volume of Fluid (VoF) approach 13

3.2. IBM for scalar transport in particulate flows 15

Chapter 4. Conclusions and outlook 18

Acknowledgements 20

Bibliography 21

vii



Part II - Papers

Summary of the papers 29

Paper 1. Numerical study of the sedimentation of spheroidal
particles 33

Paper 2. Drag reduction in turbulent channel flow laden with
finite-size oblate spheroids 79

Paper 3. Inertial migration of spherical and oblate particles in
straight ducts 115

Paper 4. Heat transfer in laminar Couette flow laden with rigid
spherical particles 143

Paper 5. Sedimentation of inertia-less prolate spheroids in
homogenous isotropic turbulence with application to
non-motile phytoplankton 173

viii



Part I

Overview and summary





Chapter 1

Introduction

Dilute suspensions and dispersions of solid particles or liquid droplets in a
viscous fluid are ubiquitous in nature and technological applications. If the
flow is turbulent, the problem of an accurate representation of the multi-
phase flow is even more complicated, primarily because of the turbulence
inherent non-linearity and further alterations that are induced by the particles’
motion. Turbulent suspensions of particles/droplets are encountered in a
variety of engineering processes, such as sediment-laden flows, pipeline transport,
combustion of gasoline/diesel sprays or pulverized coal etc. Therefore, the topic
needs extra attention, due to its complexity and great importance. Only
recently it has become feasible to perform direct numerical simulations (DNS)
of fully resolved particles suspended in turbulent flows and the majority of the
literature in this topic is limited to mono-disperse rigid neutrally-buoyant spheres.
However, one interesting parameter that is rarely studied for particles with high
inertia is the particle shape. Spheroidal particles introduce an anisotropy, e.g.
a tendency to orient in a certain direction, which can affect the bulk behavior
of a suspension in unexpected ways. The main focus of this study is therefore
to investigate the behavior of spheroidal particles in bounded and unbounded
geometries and their effect on turbulent/inertial flows.

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) and non-spherical particles (Zhang et al.
2001; Mortensen et al. 2008; Marchioli et al. 2010; Challabotla et al. 2015a).
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

1



2 1. Introduction

ratio of the particle relaxation time to the characteristic time scale of the flow.
For non-spherical 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 homogenous isotropic turbulence. We show in this work (see
paper 5) that inertia-less prolate spheroids with a small density ratio weakly
cluster and preferentially sample regions of down-welling flow while sedimenting
in homogenous isotropic turbulence.

Two-way coupling approximation (see Ferrante & Elghobashi (2003); Bal-
achandar & Eaton (2010)) 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). 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); Ki-
danemariam & Uhlmann (2014) showed the accumulation of heavy finite-size
particles in near-wall low-speed streaks.
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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 behaviour 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 show (see paper 1) 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. A few studies in
recent years have investigated dense suspensions in highly inertia regime for
spherical particles. Matas et al. (2003); Loisel et al. (2013); Yu et al. (2013)
reported a decrease of the critical Reynolds 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) recently explained that the overall drag of the turbulent suspension
with spherical particles is always higher than what predicted by only accounting
for the effective suspension viscosity. They attributed this to the formation
of the particle wall layer, a layer of spherical particles forming near the wall
in turbulent suspensions. In this work (see paper 2) we show that in flows
laden with oblate spheroids the drag is reduced and the turbulent fluctuations
attenuated, with respect to single phase turbulence. 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 to the wall, which leads to a decrease of the Reynolds stresses and
turbulence production and so to the overall drag reduction.

The first part of this work work is organised as follows. The methods
regarding modelling 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. The main conclusions and final remarks are
drawn in chapter 4.



Chapter 2

Modelling particles and geometries with
Immersed Boundary Method (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):

∂u

∂t
+∇ · uu =−∇p+

1

Re
∇2u + f , (2.1a)

∇ · u = 0 . (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
/ no-penetration (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). IBMs generally 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 Navier-Stokes equation. An
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2.1. Stress IBM 5

Figure 2.1: Schematic representation of the numerical domain and the solid
obstacle.

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 momentum equations are
discretized. In other words, the force is dependent on the numerical scheme,
used for 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, we introduce different IBMs that are used
in this work to model different geometries or moving particles.

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
for boundary-normal velocity, an improvement to the IBM of Fadlun et al.
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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.

(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 + αqRHSq−1 + βqRHSq−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
presence of a solid wall in the numerical domain and to adjust 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.

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

Re

∂2u

∂y2
=

1

Re

[
u(i, j + 1)− 2u(i, j) + u(i, j − 1)

∆y2

]
, (2.3)

while a correct discretization with no-slip condition reads as:

1

Re

∂2u

∂y2
=

1

Re∆y

[(
u(i, j + 1)− u(i, j)

∆y

)
−
(
u(i, j)− 0

∆y/2

)]
. (2.4)

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

f(i, j) =
−1

Re

[
u(i, j) + u(i, j − 1)

∆y2

]
. (2.5)

• 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:

∇2p̂ =
ρf

(αq + βq) ∆t
∇ .u∗∗ , (2.6a)

uq = u∗∗ − (αq + βq) ∆t

ρf
∇p̂ , (2.6b)

p q−1/2 = p q−3/2 + p̂ , (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:
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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
, (2.7a)

u∗∗ijk = u∗ijk + ∆tfijk , (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) u∗ijk . (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
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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.

replaces 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 Eulerian grid is uniform. The IBM force at each Lagrangian point, F
q−1/2
l ,

is proportional to the difference between the interpolated predicted velocity
and the local velocity of the surface of the particle, Up + ωωωp × 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 IBM force, denoted as f
q−1/2
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 =
∑
ijk

u∗ijkδd

(
xijk −Xq−1

l

)
∆x∆y∆z , (2.9a)

F
q−1/2
l =

U
(
Xq−1
l

)
−U∗l

∆t
, (2.9b)

f
q−1/2
ijk =

∑
l

F
q−1/2
l δd

(
xijk −Xq−1

l

)
∆Vl , (2.9c)

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, U∗∗ ≈
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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, 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:

F
q−1/2
l = F

q−1/2
l +

U
(
Xq−1
l

)
−U∗∗l

∆t
. (2.10)

The second prediction velocity u∗∗ is then used to update velocities and
pressure following the procedure described in equations 2.6.

Ardekani et al. (2016) extended the original method to simulate suspension
of spheroidal particles with lubrication and contact models for the short-range
particle-particle (particle-wall) interactions (see paper 1 for more details).



Chapter 3

Heat transfer and mixing in particulate flows

Controlling heat transfer in particulate suspensions has many important appli-
cations such as packed and fluidised bed reactors and industrial dryers. In these
cases, the flow is also characterised 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 a flow is essential to improve the current models.
In this chapter two numerical approaches are proposed to investigate the effect
of finite particle inertia on the heat transfer in particulate suspensions.

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

∂t
+ u · ∇T = ∇ · (α∇T ) (3.1)

where α is the thermal diffusivity equal to k/(ρCp), with Cp and k the specific
heat capacity and thermal conductivity, respectively. We assume equal ρCp for
the two phases here in order to simplify the problem with focus on the volume
of fluid (VoF) approach; α is however different in the two phases.

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. This value varies between 0 and 1 based on the solid volume fraction of a
cell of size ∆x around the desired point. 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 point. The solid volume fraction
ξ is calculated similar to Kempe & Fröhlich (2012) as follows:

ξ =

∑8
n=1−ζnH(−ζn)∑8

n=1 |ζn|
, (3.2)

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

13
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Figure 3.1: The staggered Eulerian grid and the phase indicator ξ around the
velocity point ui,j .

the particle. Figure 3.1 indicates the staggered Eulerian grid and the phase
indicator ξ around the velocity point ui,j .

Using a VoF approach, the velocity and the thermal diffusivity of the
combined phase are defined at each point in the domain as

ucp = (1− ξ) uf + ξup, (3.3)

αcp = (1− ξ)αf + ξαp , (3.4)

where uf is the fluid velocity and up the solid phase velocity, obtained by the
rigid body motion of the particle at the desired point; αf and αp denote the
thermal diffusivity of the fluid and the solid phase.

Substituting ucp and αcp in equation (3.1) results in

∂T

∂t
+ ∇ · (ucp T ) = ∇ · (αcp∇T ) (3.5)

which 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.
An example to employing this approach is given in figure 3.2, where a particle
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Figure 3.2: A spherical particle is getting heated by the flow stream at Re = 100
and Prandtl Pr = 7. Thermal diffusivity inside the particle is set 0.1 that of
the fluid.

is getting heated by the flow stream, with thermal diffusivity inside the particle
is set 0.1 that of the surrounding fluid.

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 instanta-
neously 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.

The temperature or scalar equation to solve is as follows:

∂T

∂t
+ u · ∇T =

1

PrRe
∇2T + ST , (3.6)

where T is the temperature/concentration, Pr the Prandtl number (Schmidt
number Sc substitutes Pr 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,
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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
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 (T ∗l in equation 3.7a), 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 T ∗l and
the surface temperature Ts at that point (Sl in equation 3.7b). Interpolating
back the source term from Lagrangian points to the eulerian grid (equation
3.7c) provides the source term ST , which is used finally to compute temperature
at the new Runge-Kutta sub-step (equation 3.7d). A summary to these steps is
given below:

T ∗l =
∑
ijk

T ∗ijkδd

(
xijk −Xq−1

l

)
∆x∆y∆z , (3.7a)

S
q−1/2
l =

Ts

(
Xq−1
l

)
− T ∗l

∆t
, (3.7b)

S
q−1/2
T

∣∣∣
ijk

=
∑
l

S
q−1/2
l δd

(
xijk −Xq−1

l

)
∆Vl , (3.7c)

T qijk = T ∗ijk + ∆t S
q−1/2
T

∣∣∣
ijk

. (3.7d)

The multidirect 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 ∆x is considered
for this purpose, outside of the particles. These points are referred as auxiliary
points Xlh. The temperature at previous sub-setp q − 1 is interpolated onto
these points with the same interpolation used in equation 3.7a:

T q−1lh =
∑
ijk

T q−1ijk δd

(
xijk −Xq−1

lh

)
∆x∆y∆z . (3.8)

If T is constant 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 capacity. Q̇ is
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Figure 3.3: 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.

computed by the help of T q−1lh as follows:

Q̇ =
∑
lh

1

PrRe

T q−1lh − T q−1s

∆x
Al , (3.9)

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
point (T ls) can be set equal to T q−1lh . 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). Figure 3.3 shows an example
of employing IBM for the transport of a scalar in turbulent flow over porous
media. Porous media is modelled by stationary particles that absorb scalar at
the interface with a limitation of total absorption by each particle.



Chapter 4

Conclusions and outlook

A numerical code is developed within this work to simulate suspensions of
spheroidal 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.

Direct Numerical Simulations (DNS) are performed to investigate the
interaction between particles and different turbulent/inertial flows (see papers
in part II). Several results are obtained from these simulations and conclusions
are drawn that are summarized below:

• We examine the drafting-kissing-tumbling associated with the settling
of particle pairs in quiescent fluids. We show 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. This has important implications for
the estimation of collision kernels and can result in increasing clustering
in suspensions of sedimenting spheroids.

• We show a drag reduction in particulate turbulent channel flow with rigid
oblate particles, with respect to single phase turbulence. Interestingly,
this drag reduction is absent for spherical particles, which instead they
increase the drag. We attribute the drag reduction and the turbulence
attenuation to the dynamics of oblate particles. These particles rotate
significantly slower than spheres near the wall. In fact, their shape
allows them to use the energy from mean flow to align their major axes
parallel to the wall for the majority of their residence time close to the
wall, which leads to a decrease of the Reynolds stresses and turbulence
production.

18



4. Conclusions and outlook 19

• The effect of several parameters such as size, shape and Reynolds number
on the inertial migration of a single rigid particle in straight square and
rectangular ducts is studied. We show that the final orientation and
rotation of an oblate particle exhibit a chaotic behaviour for Reynolds
numbers beyond a critical value. We further address the differences in
the equilibrium position and trajectories of different particles, which
can be useful for designing new and more efficient microfluidic systems,
aiming to sort and separate particles.

• Heat transfer in particulate laminar Couette flow is studied with focus
on heat transfer enhancement as a function of particle Reynolds number,
total volume fraction (number of particles) and the ratio between the
particle and fluid thermal diffusivity. We show the importance of each
parameter on the heat transfer enhancement, noting that particles of
low thermal diffusivity weakly alter the total heat flux in the suspension
at finite particle Reynolds numbers. On the otherhand, a higher particle
thermal diffusivity significantly increases the total heat transfer. These
findings can be helpful for designing efficient microfluidic heat exchangers.

• We report results from simulations of light sinking phytoplankton, con-
sidered as elongated spheroids, in homogenous isotropic turbulence. We
show in particular that settling spheroids with physical characteristics
similar to those of diatoms weakly cluster and preferentially sample
regions of down-welling flow, corresponding to an increase of the mean
settling speed with respect to the mean settling speed in quiescent fluid.
These findings can lead to a better understanding of the mechanisms
that affect sinking of phytoplankton.

In future we would like to focus on turbulent particle suspensions in vis-
coelastic fluids, a rather common phenomenon in many industrial applications,
yet rarely investigated in the literature due to the complexity of the problem.
It is well-known that polymer additives is the most efficient way to achieve drag
reduction in single-phase turbulence, however the alteration of the polymeric
flow due to the presence of rigid particles is still unknown. It is therefore both
significantly important and interesting to investigate particulate polymeric flows.
Another subject that we would like to investigate in the near future is evapora-
tion of small spray droplets in turbulent flows of hot fluids, which is ubiquitous
in nature and technological applications. To tackle this highly relevant and
unexplored process, we assume that droplets shrink due to evaporation while
maintaining the spherical symmetry. It should be noted that this assumption is
justified when the droplets are sufficiently small and the surface tension force is
larger than inertia and viscous forces (small Capillary and Weber numbers).
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Kempe, T. & Fröhlich, J. 2012 An improved immersed boundary method with
direct forcing for the simulation of particle laden flows. Journal of Computational
Physics 231 (9), 3663–3684.

Kidanemariam, A. G., Chan-Braun, C., Doychev, T. & Uhlmann, M. 2013
Direct numerical simulation of horizontal open channel flow with finite-size, heavy
particles at low solid volume fraction. New Journal of Physics 15 (2), 025031.



Bibliography 23

Kidanemariam, A. G. & Uhlmann, M. 2014 Direct numerical simulation of pattern
formation in subaqueous sediment. Journal of Fluid Mechanics 750, R2.

Kim, I., Elghobashi, S. & Sirignano, W. A. 1998 On the equation for spherical-
particle motion: effect of reynolds and acceleration numbers. Journal of Fluid
Mechanics 367, 221–253.

Kulick, J. D., Fessler, J. R. & Eaton, J. K. 1994 Particle response and turbulence
modification in fully developed channel flow. Journal of Fluid Mechanics 277,
109–134.

Kulkarni, P. M. & Morris, J. F. 2008 Suspension properties at finite reynolds
number from simulated shear flow. Physics of Fluids (1994-present) 20 (4),
040602.

Ladd, A. J. 1994a Numerical simulations of particulate suspensions via a discretized
boltzmann equation. part 1. theoretical foundation. Journal of Fluid Mechanics
271, 285–309.

Ladd, A. J. 1994b Numerical simulations of particulate suspensions via a discretized
boltzmann equation. part 2. numerical results. Journal of Fluid Mechanics 271,
311–339.

Lambert, R. A., Picano, F., Breugem, W. P. & Brandt, L. 2013 Active
suspensions in thin films: nutrient uptake and swimmer motion. Journal of Fluid
Mechanics 733, 528–557.

Lashgari, I., Picano, F., Breugem, W. P. & Brandt, L. 2014 Laminar, turbulent,
and inertial shear-thickening regimes in channel flow of neutrally buoyant particle
suspensions. Physical review letters 113 (25), 254502.

Lashgari, I., Picano, F., Breugem, W. P. & Brandt, L. 2016 Channel flow of
rigid sphere suspensions: particle dynamics in the inertial regime. International
Journal of Multiphase Flow 78, 12–24.

Loisel, V., Abbas, M., Masbernat, O. & Climent, E. 2013 The effect of neutrally
buoyant finite-size particles on channel flows in the laminar-turbulent transition
regime. Physics of Fluids (1994-present) 25 (12), 123304.

Lomholt, S. & Maxey, M. 2003 Force-coupling method for particulate two-phase
flow: Stokes flow. Journal of Computational Physics 184 (2), 381–405.

Lucci, F., Ferrante, A. & Elghobashi, S. 2011 Is stokes number an appropriate
indicator for turbulence modulation by particles of taylor-length-scale size?
Physics of Fluids (1994-present) 23 (2), 025101.
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Paper 1

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,
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 non-
spherical 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 2

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
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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
to the wall, which leads to a decrease of the Reynolds stresses and turbulence
production and so to the overall drag reduction.

Paper 3

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 migra-
tion 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 4

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 using a direct-forcing immersed bound-
ary method to account for the dispersed phase. A volume of fluid approach is
employed to solve the temperature field inside and outside of 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 particle scale is negligible, the
heat transfer increases with respect to the unladen case following an empirical
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correlation recently proposed. In addition, an average composite diffusivity
can be used to predict the effective diffusivity of the suspension the inertialess
regime when varying the molecular diffusion in the two phases. At finite particle
inertia, however, the heat transfer increase is significantly larger, 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 to fluid and particle velocity. We also show that
the heat conduction in the solid phase 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 5

Sedimentation of inertia-less prolate spheroids in homogenous isotropic turbu-
lence with application to non-motile phytoplankton

Phytoplankton are the foundation of aquatic food webs. Through photosyn-
thesis, 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 organisms of phytoplankton in higher trophic levels. Mecha-
nisms 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
homogenous 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 down-welling 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.
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