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ABSTRACT

The effects of Reynolds number (Re, = 180 and 300), particle Stokes number (St™ = 0.5, 50, and 92), and fluid-solid phase coupling level
(one-way, two-way, and four-way) on particle behavior in turbulent channel flows has been investigated using direct numerical simulation
and Lagrangian particle tracking. Previous studies have used all these levels of coupling, but in terms of those employing four-way coupling,
no consideration is given as to how emergent phenomena due to collision dynamics within a flow affect the way in which particles impart
feedback to the continuous phase. In the present work, we relate the particle-particle interaction to particle-fluid coupling, as well as in
assessing its relation to the Stokes number. As the Reynolds number increases and the turbulent region narrows, fewer particles retain their
velocity as they migrate to the wall-region leading to reduced streamwise velocity fluctuations and preferential concentration. It is also evident
that low Stokes number particles are capable of minor wall-accumulation at Re; = 300. At this increased Reynolds number, four-way coupled
simulations performed with moderate Stokes number particles (St = 50) are shown to diminish the effects of particle-fluid feedback, lead-
ing to similar fluid and particle statistics as the one-way coupled simulations. It is concluded that turbophoretic and preferential concentra-
tion effects are responsible for this phenomenon, since the increased collision rates due to larger concentrations of particles and velocity
fluctuations in the wall-region correlate directly with the impact on the two-way coupling flow modifications. Analysis of the collision
dynamics also indicates particles colliding with increased relative velocities and angles, which cause larger momentum transfer and direc-
tional redistribution, increasing and redirecting slip velocities. It is concluded that for midrange Stokes numbers, four-way coupling is imper-
ative to increase simulation accuracy beyond that obtained assuming one-way coupling.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0173863

I. INTRODUCTION

Particle-laden flows are ubiquitous among many natural pro-
cesses and industrial systems, such as the formation of river beds
(Allison et al., 2017), nanoparticulate vascular drug delivery (Tripathi
et al., 2021), and nuclear waste transport (Trojanowicz et al., 2018). In
such fields, an understanding of both the particle-scale and bulk-scale
dynamics is fundamental to the ability to predict long-term eventuali-
ties, such as deposition, formation of agglomerates, and blockages. For

In recent years, due to advances in computational performance
and capabilities, direct numerical simulation and Lagrangian particle
tracking have been proven valuable tools for the prediction of particle-
laden turbulent flows, capturing many of the bulk-scale phenomena
experimentally observed prior to this advent, such as turbophoresis
and preferential concentration. With present experimental probing
technologies, computational fluid dynamics now surpasses the resolu-
tion of the particle-scale interactions current methods can measure,
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instance, the nuclear waste processing industry must possess the ability
to determine particle-fluid and particle-particle interaction processes
that could lead to further complications in waste transport flows in
order to guarantee safety and to optimize economic cost (Cunliffe
et al., 2021). In such flows, which are often also turbulent due to the
presence of high flow rates, knowledge surrounding turbulent disper-
sion and its effect on particle-particle collisions is paramount in fore-
seeing processing issues in current designs, as well as in enhancing the
effectiveness of future systems.

and therefore proves critical to studying such phenomena. In doing so,
due to the lack of experimental findings at that resolution, for reliable
results, we are therefore restricted to using first-principles techniques
with proven high accuracy (such as direct numerical simulation that
resolves all turbulence length and time scales down to the Kolmogorov
scale) (Elghobashi, 2019).

Over the past decades, significant contributions have been made
in the study of particle-laden turbulent flows in the dilute regime.
One-way coupled simulations have revealed that particle migration
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and local concentration increases occur primarily through two mecha-
nisms: preferential concentration and turbophoresis. Extensive compu-
tational studies (Squires and Eaton, 1991; Eaton and Fessler, 1994)
have shown that preferential accumulation is most pronounced at
Sty = O(1), with St, representing the Stokes number based on the
Kolmogorov timescale. At this scale, particles tend to aggregate in
regions with low velocity magnitude, a phenomenon also observed
experimentally (Fessler ef al., 1994). Turbophoresis, on the other hand,
refers to the tendency of particles to migrate toward areas character-
ized by low turbulence kinetic energy, the extent of which has also
been shown to scale with the particle Stokes number, as demonstrated
by Kuerten and Vreman (2005), Marchioli and Soldati (2002), and
Marchioli et al. (2008). As particles approach the wall region, they
interact with local turbulence structures, exhibiting a diverse range of
behaviors based on their material and inertial properties (Mortimer
et al., 2019). In recent years, one-way coupled studies are predomi-
nantly focused either on more complex geometries (Liu ef al., 2023;
Wang et al., 2021) or exploring physics underpinning the fundamen-
tals of particle transport and migration (Zahtila ef al., 2023).

Extensive investigations have focused on the one-way coupled
regime. However, as the volume fraction of particles in a turbulent
flow exceeds a certain threshold (¢ > 0.001%), it becomes necessary
to consider the influence of the particle force feedback on the turbulent
fluid phase (Eaton, 2009). Numerous studies in both isotropic turbu-
lence (Boivin ef al.,, 1998; Lee and Hwang, 2022) and wall-bounded
channel flows (Pan and Banerjee, 1996) have established that large par-
ticles enhance the turbulence, whereas small particles tend to dampen
it. Nevertheless, it has been concluded that this effect is less pro-
nounced in systems with low density ratios, even when the particle
Stokes numbers in each system are equivalent (Lucci et al, 2011).
Furthermore, at larger Stokes numbers, particles possess greater inertia
and are less responsive to rapid changes in the flow conditions. They
preferentially accumulate in regions of low turbulence intensity, lead-
ing to local attenuation or suppression of the turbulence, acting as
obstacles that disrupt the local fluid motion and hinder the energy
transfer across the different scales of turbulence (Elghobashi, 2019). In
the present study, moderately sized particles (relative to the constant
bulk length scale, the channel half-height) will be used (d; = 0.005),
and the Stokes number will be modified by adjusting the density ratio
to isolate effects due particle inertia rather than diameter relative to the
local turbulence scales.

At further increased volume fractions (¢p > 0.1%), the particle
motion in liquid-solid and gas—solid suspensions is governed by both
hydrodynamic forces and interactions between the particles them-
selves, as studied and depicted by the phase diagram of Elghobashi
(1994). Prediction of this kind of particle-laden flow numerically poses
a significant challenge computationally, as it inherently involves large
quantities of particles and collision detection. Studies performed in the
last few decades have explored the dynamics of collision-driven parti-
cle-laden turbulent fluids (Lain ef al, 2002; Vreman ef al, 2009; and
Zhao et al., 2015). In a study undertaken by Ireland ef al. (2016), pref-
erential concentration was examined in four-way coupled isotropic
turbulence simulations. The results indicated that particles with low
Stokes numbers exhibit a tendency to preferentially accumulate in
regions characterized by irrotational dissipation, primarily due to vor-
tex ejection mechanisms. It was additionally found that the statistics of
relative particle collision velocities exhibited weak sensitivity to the
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Reynolds number, particularly for particles with a low Stokes number.
Dritselis (2016) studied small particles under both two-way and four-
way coupling regimes dispersed within a vertical channel flow. It was
demonstrated that, once collisions were accounted for, the micropar-
ticles could modify the fluid turbulence statistics even at very low vol-
ume fractions [O(107°)]. In recent years, the development of various
methods to simulate such complex systems has been undertaken. The
primary difficulty lies in accurately detecting binary collision pairs of
particles. To address this, several algorithms have been proposed,
including nearest-neighbor lists (Hoomans ef al., 1996) and stochastic
models (Oesterle and Petitjean, 1993; Sommerfeld, 2001). In the pre-
sent study, an efficient, accurate domain partition-based deterministic
method of identifying collisions (Chen et al., 1999) is used alongside
the hard-sphere model to calculate post-collision positions and
velocities.

Particle-laden turbulent flow studies at high density ratios and
high Stokes numbers are sparse in the present literature but provide
valuable insight into the complex dynamics of collisions that modify
particle dispersion, clustering, sedimentation, and transport. The pre-
sent study aims to answer two important questions surrounding these
systems. The first addresses the influence of flow Reynolds number on
particle dispersion and particle properties as the turbulent region
becomes narrower due to increasing the flow rate. Building on previ-
ous studies at a lower Reynolds number (Mortimer et al, 2019;
Mortimer and Fairweather, 2020; and Mortimer et al., 2020), we first
determine how the dynamics are changed when almost doubling the
Reynolds number from Re; = 180 to Re; = 300, focusing on particle
Stokes numbers across the range encountered in various industrial
environments, ranging from calcite particles (often used as a simulant
for nuclear waste material) in water (St* ~ 0.5) to air (St ~ 92).
These particular Reynolds numbers were chosen both to match those
studied in single-phase investigations, providing a basis for validation,
and, as noted, to demonstrate the effect of modifying the flow rate on
particle dynamics to elucidate particle-fluid coupling and turbulence
interaction effects. The higher Reynolds number flow also possesses
properties of value in understanding particle-laden flow dynamics,
containing, as it does, not only fully developed turbulent regions, but a
wide turbulent boundary layer where particle motion is affected differ-
ently in each wall-normal region allowing for a more thorough analysis
into collision behavior within each region. The three Stokes numbers
employed also encompass particle behavior in the three key regimes:
tracer-like, turbophoresis-driven, and high inertia. Once established,
we secondly address the variation of coupling level to determine the
emergent behavior and elucidate the dynamics of particle—fluid feed-
back and interparticle collisions in turbulent channel flows.

Il. METHODOLOGY
A. Single-phase channel flow simulation

To generate highly accurate predictions of the flow field that
encompasses all relevant turbulence length and timescales, the direct
numerical simulation (DNS) code, Nek5000 (Fischer ef al, 2008) is
utilized. In simulating a turbulent channel flow at shear Reynolds
numbers of Re; = u,0/vp = 180, 300, the Eulerian solver employs a
high order (N = 7) spectral element method (SEM) to model the fluid
phase. In this context, u, is the shear velocity, ¢ is the channel half-
height, and v is the fluid kinematic viscosity. The selection of this
code was based on its efficient parallelization capabilities and extensive
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history of validation. Additionally, the open-source nature of the solver
makes it suitable for incorporating additional components. The gov-
erning equations for the continuous phase dynamics in dimensionless,
incompressible form are the continuity and the Navier-Stokes equa-
tions, which can be expressed as follows:

Vu;=0, (1)

Dus; % 1 * 5 %
th =-Vp'+ T%VZ”F +frc +Fow (2)

with uj(x*, t*) the fluid velocity vector at position x* and time, t*,
p(x*, ") the fluid pressure, Rep the bulk Reynolds number defined as
Reg = Upd/vF, and f} the constant pressure gradient forcing term.
The equations presented above are nondimensionalized utilizing the
channel half-height, , the bulk velocity, Ug, and the density of the fluid
phase, pp. Henceforth, any parameter or quantity marked with an aster-
isk (x) signifies a non-dimensionalized variable obtained using these
bulk properties (6, Up, pg). To account for the complete two-way
momentum exchange between particles within a designated cell and the
surrounding fluid, an additional term f7,,, is incorporated. Further infor-
mation regarding this term will be provided in Sec. II B.

The conservation equations are numerically solved on a discre-
tized, structured Cartesian grid, which consists of 27 x 18 x 23
seventh-order spectral elements, equivalent to approximately 3.9 M
nodes. In the wall-normal direction of the channel, the grid is scaled
such that the elements closer to the wall are thinner and more densely
distributed. The distribution of elements is uniform in the streamwise
and spanwise directions. The computational domain (x, y, z) has
dimensions 126 x 20 X 60, representing a channel, with boundary
lengths chosen to ensure capture of all the largest vortical structures.
The domain is illustrated in Fig. 1.

Here, x corresponds to the streamwise direction, y corresponds
to the wall-normal direction, and z corresponds to the spanwise direc-
tion. Periodic boundary conditions are imposed at both ends of the
streamwise and spanwise axes to ensure the flow remains cyclic. On
the wall-normal axis, no-slip and impermeability conditions are
enforced at y* = *1. The flow is driven and sustained by a constant
pressure gradient applied in the streamwise (x) direction. The magni-
tude of the pressure gradient prescribed is as follows:

op* [ Re: 2
Z- (). ©

Up

FIG. 1. Schematic of the multiphase turbulent channel flow at Re, = 180. Scale
indicates fluid velocity magnitude non-dimensionalised by the bulk flow velocity, Ug.
Black spheres indicate locations of particles.
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As mentioned previously, Re; = u,0/vr represents the shear
Reynolds number, with u; = /7w /pp the shear velocity and 7y the
mean shear stress at the wall. In Table I, the continuous phase parame-
ters for the single-phase predictions of turbulent channel flow at Re,
= 180 and 300 are presented. The solver adopts a constant time step
of At* = 0.005 and is initialized with a laminar profile that includes
minor perturbations in the off-stream directions to facilitate the transi-
tion to turbulence. Convergence to a statistically stationary state is
assessed by monitoring the first- and second-order flow statistics.
Once convergence is confirmed, further statistics are gathered for vali-
dation and analysis purpose.

B. Lagrangian particle tracking

In order to track the trajectories of solid particles through the
flow, a Lagrangian particle tracking (LPT) routine was developed,
which operates concurrently with Nek5000. Each individual particle in
the ensemble is represented as a point-like, impenetrable, and unde-
formable computational sphere. After completing a time step for the
continuous phase, the LPT routine solves the non-dimensional equa-
tions of motion for each particle in the system. These equations are
derived by considering the force balance between the particle’s inertia
and the fluid, as described by Maxey (1987) and Riley and Patterson
(1974). Consequently, forces other than drag, such as lift, virtual mass,
and pressure gradient, are likely to be relevant, as observed in previous
studies (Homann and Bec, 2010; Mortimer ef al., 2019). Therefore, we
consider the contributions from all hydrodynamic forces. Mortimer
et al. (2019) provide information on the relevance of these forces based
on the distance from the channel wall. The Basset history force is
neglected due to the long computation times it entails and previous
evidence demonstrating minimal impact on particle motion
(Fairweather and Hurn, 2008; Daitche, 2015). Additionally, gravita-
tional and buoyancy forces are disregarded because the focus of this
work is on understanding the effects of turbulence on particle disper-
sion, particle-fluid coupling, and particle-particle interactions, which
are still not fully studied or understood, making it challenging to iso-
late purely turbulence-based effects when these forces are included.
For instance, for a horizontal channel flow, including these forces
would lead to particle accumulation in the lower half of the channel,
reducing the time available to sample particle statistics in the upper
half of the domain. It would also lead to additional gravitational contri-
butions to the wall-normal component of the slip velocity, not attribut-
able to the effects of turbulence, which adds additional complexities in
analyzing the effect of particle-fluid coupling. For vertical channel flows,
the first point is resolved, but there then exists further streamwise slip
velocity contributions due to gravitational acceleration, again not attribut-
able to the effects of the fluid conveying motion. We, therefore, choose to

TABLE |. Parameters for DNS of turbulent channel flow. L,,, represents the
Cartesian lengths of the domain, E , is the number of elements in each direction,
and y;;y is the minimum wall-normal spacing in wall units.

Re, Reg Ly x L, xL, E. X E, X E, At* Vi
180 2800 126 X 20 X 60 27 X 18 x 23 0.005 0.183
300 4900 126 x 20 X 60 27 X 18 x 23 0.005 0.306
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restrict the calculations solely to forces exerted due to the fluid. The equa-
tions of motion solved for each particle are as follows:

ox;,

=ujp, 4

o P “
Oup 1 [3Cpluy| . | 3CL( )+ 1 Duj, 1 Duj,

= u

ot Myw | 4dspp * 4pp T 2pp DB pp Dt*
R ) ———— N—— ——

Drag Lift Virtual Mass  Pressure Gradient

©)

In Egs. (4) and (5), x}, represents the particle position vector, u;,
the particle velocity vector, u}, the fluid velocity vector spectrally inter-
polated at the position of the particle, u5 = u; — uj the slip velocity
between the fluid and the particle, dj the particle diameter non-
dimensionalized by the channel half-height, pj the density ratio
between the fluid and the particle, and wj; the vorticity of the fluid spec-
trally interpolated at the particle position, given by @ = V x uj. Myy

is an added mass modification term given by Myy = (l + j) The
P

drag coefficient, Cp, is calculated using the correlations of Schiller and
Naumann (1933), where Cp = 24fp/Rep, with fp = (1 4 0.15Re3*)
when Rep > 0.5 and fp = 24/Rep otherwise (in the Stokes regime).
Here, Rep is the particle Reynolds number, given by Rep = Repdp|us|.
Additional information regarding the calculation and origins of these
terms can be found in Mortimer et al. (2019).

Particle motion is calculated after the completion of a fluid time
step. First, using spectral interpolation, the fluid velocity and derivative
fields are obtained. Equations (4) and (5) are then integrated using a
fourth-order accurate Runge-Kutta scheme, with a time step (At*)
equal to that of the continuous phase solver. This integration scheme
allows us to determine each particle’s new position and velocity. Once
the calculations are completed for all particles in the channel, the colli-
sion detection and agglomeration determination/resolution algorithm
is executed, as explained in detail below. Interactions between particles
and the channel walls are detected and resolved using elastic collisions,
where the particle’s wall-normal velocity is reflected upon colliding
with the channel wall. In the periodic directions (streamwise and span-
wise), particles that leave the boundary are reinjected at the corre-
sponding location on the opposite side of the computational domain,
maintaining the periodic nature of the channel flow.

For higher volume fractions, accurate modeling of the hydrody-
namic forces exerted by the dispersed phase on the carrier fluid is

Initial virtual search grid
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essential. To account for each particle’s inertial effect on the fluid
phase, an additional source term is included in the Navier-Stokes
equations. This approach, commonly referred to as the particle-
source-in-cell method (Zhao et al., 2015), ensures predictive accuracy.
The acceleration term in the Navier-Stokes equations applied to cell i
is given by

Np; ou’
Ldu
*1 b

1
ZW_VZ_* : o’

(6)

where V; is the volume of the computational cell, and j is an index
that iterates over the number of particles contained within the corre-
sponding cell, Np;. The LPT routine also incorporates deterministic
particle-particle interactions, known as four-way coupling, to accu-
rately simulate systems with higher solid-phase volume fractions. In
this case, we employ the hard-sphere elastic collision model, as
described in Mortimer ef al. (2020), which assumes that the contact
time during particle collisions is significantly shorter than the LPT
integration time step. This assumption holds when the particles are
rigid and undeformable. Additionally, the model assumes negligible
transfer of rotational momentum during collisions and considers all
collisions to be frictionless. We also assume that any other interparticle
forces acting over the course of the collision are negligible and that all
collisions are binary such that tertiary or larger collision events are suf-
ficiently rare that the resolution of such would improve the accuracy
only minimally. Computation times are improved by implementing a
deterministic binary collision search algorithm, based on the work of
Breuer and Almohammed (2015).

During each time step, the particles are distributed into cells
within a secondary coarse mesh, where the number of cells is specified
by the user. This process is depicted in the left-hand diagram of Fig. 2.
The collision algorithm is then applied to each individual cell in this
new mesh, treating each cell as a separate full collision detection
domain. The code determines particle collisions by comparing their
relative inter-surface displacements and velocities. If both quantities
are negative, indicating overlap, then the particles are considered to
have collided. This algorithm is applied on all cells, enabling efficient
collision detection and reducing the computational complexity from
O(N3) to O(Np), where Np represents the total number of particles
dispersed in the domain. The search for collisions is then repeated on
a slightly coarser grid, as shown in the right-hand diagram of Fig. 2.
This step helps identify pairs of particles that might have been missed

Second coarser virtual search grid
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in the initial search. In the present work, we selected a value of 323 cells
for the initial search and 30° cells for the secondary search. This choice
balances computational efficiency while ensuring that the initial boxes
are sufficiently large to capture most collisions. It is crucial to empha-
size that without an algorithm like this, accurately identifying collisions
for large numbers of particles would be extremely challenging given
current computational resources. To accommodate collisions, the pre-
collision velocities and the locations of the two particles are recorded,
and standard hard-sphere kinetic energy and momentum conservation
principles are employed, following similar approaches in previous
works (Mortimer et al., 2020; Yamamoto et al., 2001; and Chen et al.,
1999), to determine the resulting velocities of the colliding particles.
The simulation parameters for the particulate phase used in this study
are presented in Tables IT and I11.

lll. RESULTS AND DISCUSSION
A. Continuous phase validation
Initially, unladen turbulent flow simulations at SEM order N = 7

were performed in both channels using different pressure gradient

TABLE Il. Fixed particle phase parameters.

Fixed parameter Value
Number of particles, Np 300000
Particle diameter, dj, 0.005
Particle volume, V} 6.545 x 1078
Volume fraction, ¢, 14x10°4

TABLE |ll. Varied particle phase parameters and simulation matrix (1W signifies
one-way coupling, efc.).

Re,
Variable parameters 180 300
Stt 05 o 25,4 1W — — 1IW 2W 4W
50 (180,300) 1111,400 1W — — 1W 2W 4W
92 2041,736 1W — — IW 2W 4W

1.2 F T T

—— Present

o Moser, Kim and Mansour (1999)

1.0
0.8
*, 0.6
0.4

0.2

0.0

*

y

1073 102 1071 10°
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driving force terms in order to establish statistically stationary turbu-
lence fields for Re; = 180 and Re; = 300. The initial condition for
each was identical, using a mean velocity profile with minor perturba-
tions encouraging the transition to turbulence. These were performed
for T§ = 100 non-dimensional time units, with statistics sampled
across the final 50 < t* < 100. Statistics were also measured in time
intervals across t* = 10 in order to guarantee that there were no varia-
tions in the results with time. Figures 3 and 4 illustrate the mean
streamwise continuous phase velocity as well as the root mean square
(RMS) of the velocity fluctuations and major shear stress. These are
compared against the DNS findings of Moser ef al. (1999) for the
Re; = 180 simulation and of Marchioli and Soldati (2007) for the
Re; = 300 simulation. In both cases, the agreement is very good, with
only slight deviations in the shear stress profile for the Re; = 300 case,
which may be due to the fact that in the present case almost twice as
many equivalent grid points were used, since the shape of the profile is
qualitatively similar to that of the well-validated Re; = 180 case.
Overall, the validation exhibits excellent agreement and demonstrates
confidence in the statistically stationary single-phase in which particles
are to be injected.

B. One-way coupled particle statistics

The particle tracking algorithm has been validated against previ-
ous studies in our earlier work (Mortimer and Fairweather, 2020);
therefore, we begin with consideration of one-way coupled simulations
in particle-laden turbulent channel flows, with a focus on the influence
of Stokes number and Reynolds number. Initially, the dispersive and
particle tendency to preferentially concentrate is studied by restricting
the coupling regime to one-way coupling. In this case, the effect of the
particles on the surrounding fluid is ignored, as are interparticle colli-
sions. In both channel flows, three particle species were injected pos-
sessing Stokes numbers based on the viscous timescale, St* = 0.5, 50,
and 92. These were obtained by varying the particle-fluid density ratio,
while keeping the particle diameter constant, in order to preserve the
volume fraction in each case, and chosen to represent calcite particles
in various media of relevance to industrial flows of decreasing density,
from water through air. Particles are injected randomly throughout
the domain and are mono-dispersed for each case, ensuring no over-
lap (though in the one-way coupled simulations, particle-particle

T T T T
—— Present

a Moser, Kim and Mansour (1999)

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3. Profiles of mean fluid streamwise velocity (left) and RMS of velocity fluctuations/shear stress (right) for turbulent channel flow at Re, = 180. Findings are compared to

Moser et al. (1999).
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FIG. 4. Profiles of mean fluid streamwise velocity (left) and RMS of velocity fluctuations/shear stress (right) for turbulent channel flow at Re, = 300. Findings are compared to
Marchioli and Soldati (2007).

interactions are ignored anyway). Each simulation was performed for some drift in the concentration field toward the walls. Figure 5 illus-
20000 time steps or t* = 100 in bulk scale time units, by which time trates the mean streamwise particle velocity profiles for both cases. In
the particle statistics demonstrated minimal variation with time, the bulk flow region, close to the channel center, the Stokes number

although in the cases where turbophoresis was observed, there was still has a little effect on the resulting statistics, with particles possessing
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FIG. 5. Mean streamwise particle velocity profiles in one-way coupled turbulent channel flow at Re, = 180 (left) and Re, = 300 (right). The effect of variation of the particle
Stokes number is demonstrated.
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FIG. 6. RMS of streamwise particle velocity fluctuation profiles in one-way coupled turbulent channel flow at Re, = 180 (left) and Re, = 300 (right). The effect of variation of
the particle Stokes number is demonstrated.
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similar mean streamwise velocities. However, as the wall is The RMS of streamwise, wall-normal, and spanwise velocity fluctu-
approached, in both cases, low Stokes number particles tend to be ations are presented in Figs. 6-8. The streamwise fluctuations exhibit a
faster than their higher density counterparts, with those closer to the similar location-based behavior as observed with the mean streamwise
wall exhibiting slower behavior. velocity, whereby particles close to the channel center possess fluctuations
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..... St* =05 cieee SE+ =05
=—- Stt=50 =——- Stt =50
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FIG. 7. RMS of wall-normal particle velocity fluctuation profiles in one-way coupled turbulent channel flow at Re, = 180 (left) and Re, = 300 (right). The effect of variation of
the particle Stokes number is demonstrated.
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FIG. 8. RMS of spanwise particle velocity fluctuation profiles in one-way coupled turbulent channel flow at Re, = 180 (left) and Re, = 300 (right). The effect of variation of the
particle Stokes number is demonstrated.
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FIG. 9. Particle relative concentration profiles in one-way coupled turbulent channel flow at Re, = 180 (left) and Re, = 300 (right). The effect of variation of the particle Stokes
number is demonstrated.
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independent of the Stokes number. Again, as the wall is approached,
the behavior bifurcates such that particles with low Stokes numbers

exhibit less turbulent motion. For particles very close to the wall, in the

viscous sublayer, the motion matches that of the fluid profile for
St = 0.5 particles. For the two higher Stokes number species, even

ARTICLE

pubs.aip.org/aip/pof

though the fluid RMS fluctuations go to zero in that region, particles
retain their turbulent motion. This has been studied previously
(Mortimer ef al,, 2019) and is due to inertial particles undergoing sweep-
ing motions toward the wall while retaining their increased velocities
from the more turbulent regions such as the buffer and log-law regions.
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FIG. 10. Mean absolute value of slip velocity profiles in one-way coupled turbulent channel flow at Re, = 180 (left) and Re, = 300 (right). The effect of variation of the particle
Stokes number is demonstrated.
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FIG. 11. Mean streamwise fluid velocity profiles in turbulent channel flow at Re, = 300 at St* = 0.5 (upper left), St = 50 (upper right), and St* = 92 (lower). The effect of
variation of the coupling method is demonstrated.
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At increased Reynolds number, these effects are slightly dimin-
ished, likely due to the fact that the turbulence kinetic energy maxima
are greater and closer to the wall, meaning that particles reaching these
most turbulent regions have already had enough time to be adjust to
the local fluid velocity fluctuations. The wall-normal profiles show
much more sensitivity to the Stokes number, as do the spanwise pro-
files, with high Stokes number particles exhibiting dampened turbulent
behavior in both directions.

The relative concentration profiles across the wall direction nor-
malized by the initial mean concentration for each particle species
are presented in Fig. 9. For the two highest Stokes numbers, the pro-
files in the bulk remain slightly diminished in favor of increased con-
centrations close to the wall for both Reynolds number cases. Since
the moderate Stokes number, St = 50 particle, is closest to the range
where preferential concentration has been demonstrated to play a
more important role (Eaton and Fessler, 1994; Fessler ef al., 1994;
and Lee and Lee, 2015), these particles exhibit the maximum wall
concentration observed. Notably, the width of the region where the
particles begin to congregate is greater for the low Reynolds number
case due to the turbulent region, and the region where the turbulence
kinetic energy gradient is positive, being narrower for increased
Reynolds number. For the lowest Stokes number particles, the con-
centration profiles remain approximately homogeneous with slight
variations close to the wall. It is observed that the increased Reynolds
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0.0 0.2 0.4 0.6 0.8 1.0
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number case exhibits wall-accumulation for all three particle Stokes
numbers, while at St" = 0.5 in the Re, = 180 flow, the particles
remain in the bulk flow region. This is likely facilitated again by the fact
that the turbulent region is narrower; therefore, it is more likely that a
low Stokes number particle in the bulk flow region will penetrate deeper
into the turbulent region while retaining an increased velocity from the
bulk flow.

In Fig. 10, the mean slip velocity magnitudes are demonstrated
across the channel. Due to retention of particle inertia decoupling the
particle velocities from those of the fluid, the increased density particles
exhibit much higher slip velocities in all cases considered. Similar pro-
files are observed for the two increased Stokes numbers and at both
Reynolds numbers, with the Re; = 300 case exhibiting slightly larger
slip velocities in the bulk flow region. That said, for these two particle
species, the slip velocity profiles are relatively homogeneous where
they peak in the turbulent region (y* < 0.2). For the low Stokes par-
ticles, the slip velocity is low throughout, demonstrating their adher-
ence to following the fluid streamlines closely, and decreases further
both near the channel center and close to the channel wall (where the
turbulence kinetic energy reaches its minima). Notably, in the
increased Re; simulation, the slip velocities of identical St particles
are an order of magnitude higher in the turbulent region, further dem-
onstrating their ability to retain their increased velocities as they
migrate toward the wall.

FIG. 12. RMS of velocity fluctuation/shear stress profiles in turbulent channel flow at Re, = 300 at St* = 0.5 (upper left), St™ = 50 (upper right), and St* = 92 (lower). The

effect of variation of the coupling method is demonstrated.
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C. Effect of coupling on fluid phase statistics

The effect of the level of coupling between the fluid and particle
phases is now studied in the channel flow, keeping the Reynolds num-
ber constant at Re; = 300 and comparing all three Stokes numbers
and all three coupling regimes. Comparisons at Re; = 180 indicated
similar qualitative results to those present here, and so we choose to
focus on the high Reynolds number, which has been less-studied in the
literature. In Fig. 11, the effect of coupling on the mean streamwise
velocity is studied. As expected, at low Stokes number, St* = 0.5, the
effect is minimal, with only a very slight reduction observed for the
two-way coupled simulation. As the Stokes number is increased to
St* = 50, the effects on the fluid phase statistics are much greater. For
the two-way coupled simulation, the mean streamwise velocity is
reduced, with the greatest reduction taking place at the channel center.
This is in line with observations of two-way coupled studies in the lit-
erature (Eaton, 2009; Mortimer and Fairweather, 2020), in which this
effect has been shown to be strongest for moderate Stokes numbers
St ~ 25. Interestingly, and standing as a major focus of analysis for
this study, the four-way coupled simulation exhibits less reduction in
mean streamwise velocity when compared the two-way coupled simu-
lation. For the largest Stokes number considered, there is little variation
in the mean streamwise velocity, which again is agreement with the lit-
erature (Lee and Lee, 2015), since turbophoresis is reduced beyond
moderate Stokes number values and particles are less likely to sample
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velocities beyond their local region in the flow due to wall-
perpendicular motion.

The RMS of velocity fluctuations for each Stokes number and
coupling regime are presented in Fig. 12. Again, for the low Stokes
number simulation, there is very little variation with coupling level,
though the two-way and four-way coupled systems seem to exhibit
some reduction in the streamwise turbulence intensity in the bulk of
the channel flow. For the moderate Stokes number, St* = 50, the two-
way system exhibits high turbulence attenuation in all directions, and
the shear stresses are also reduced in magnitude. This is well-
documented in the literature (Mortimer et al., 2019; Zhao et al., 2015)
due to turbophoresis causing inertial particles with memory to migrate
perpendicular to the wall whilst retaining their velocities from their ini-
tial regions and hence contributing larger slip velocities in their new
regions. Again, the four-way coupled simulation exhibits a dampened
version of this effect in all three directions. For the highest Stokes num-
ber, the two-way and four-way coupled simulations demonstrate
agreement indicating that the particle collision dynamics are different
for the moderate Stokes number, leading to attenuation of this effect.

D. Effect of coupling on particle phase statistics

To determine the dynamics responsible for this difference
between moderate and high Stokes number particles in terms of the
effect of two- and four-way coupling, the particulate phase dynamics
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y

FIG. 13. Mean streamwise particle velocity profiles in turbulent channel flow at Re, = 300 at St* = 0.5 (upper left), St* = 50 (upper right), and St = 92 (lower). The effect

of variation of the coupling method is demonstrated.
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FIG. 14. RMS of streamwise particle velocity fluctuation profiles in turbulent channel flow at Re, = 300 at St* = 0.5 (upper left),
(lower). The effect of variation of the coupling method is demonstrated.
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FIG. 15. RMS of wall-normal particle velocity fluctuation profiles in turbulent channel flow at Re, = 300 at St™ = 0.5 (upper left), St = 50 (upper right), and St* = 92

(lower). The effect of variation of the coupling method is demonstrated.
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are studied. In Fig. 13, the particle mean streamwise velocities are pre-
sented for each Stokes number and coupling regime. For the low
(St = 0.5) and high (St* = 92) Stokes number particles, the mean
streamwise velocities are largely unaffected by the level of coupling,
with only slight variations exhibited in the near-wall region of the high
Stokes number case, where the four-way coupled simulation shows
particles with increased velocities. Conversely, it is observed in the
moderate Stokes number case that particle velocities are reduced
throughout the channel flow when two-way coupled, an effect that is
dampened again when collisions are also considered. This is in line
with the results of Fig. 11, in that the fluid phase also slows down
depending on the coupling level. Notably, as the wall is approached,
the profiles for the one- and four-way coupled approaches converge. It
is, therefore, implied that the existence of particle collisions modifies
the way in which the particles feedback their force on to the fluid, and
that in the viscous sublayer this effect is strongest. In Fig. 14, the
streamwise RMS velocities for the particulate phase are presented.
Again, very little variation with coupling level is observed for the low
and high Stokes number simulations. Interestingly, in the bulk flow
region (y* > 0.2), even at the moderate Stokes number, all three cou-
pling regimes demonstrate almost identical behavior considering
streamwise particle turbulence intensities, despite the fluid exhibiting
different characteristics. In the turbulent region, the streamwise fluctu-
ations are reduced somewhat for the two-way coupled simulation, but
restored in the four-way coupled predictions, indicating again that the

1%
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collisions are capable of modifying the dynamics leading to turbulence
attenuation in this region. The wall-normal particle velocity fluctua-
tions (Fig. 15) offer more insight. Again, at low Stokes number, they
are unmodified by coupling regime, and in the two-way coupled simu-
lation at moderate and high Stokes numbers, the fluctuations are
dampened throughout. For the four-way coupled simulations, it
appears that the presence of collisions reduces the fluctuations in the
bulk flow but increases them close to the wall. It can be ascertained
that the collisions taking place close to the wall redistribute the stream-
wise momentum in the wall-normal direction.

Similarly, in Fig. 16, the spanwise RMS of the particle velocity
fluctuations exhibit similar behavior, though the redistribution to this
direction takes place more so in the St"=92 simulation. In all cases,
the presence of inertial collisions decoupling the particle velocities
from the local flow velocity leads to increased fluctuations, an effect
that is strongest for the moderate Stokes number and also in the turbu-
lent regions of the flow.

This can be investigated further by studying where the particles
are concentrated in each system, which will govern the chance for col-
lisions to take place, as well as contributing to the magnitude of the
two-way coupling feedback force. The concentration profiles are pre-
sented in Fig. 17. For the low Stokes number simulation, the coupling
level has a negligible effect on the distribution of particles throughout
the channel flow. This is due to the two-way coupling forces being
very low due to small slip velocities, which also means that particle
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FIG. 16. RMS of spanwise particle velocity fluctuation profiles in turbulent channel flow at Re, = 300 at St* = 0.5 (upper left), St* = 50 (upper right), and St™ = 92 (lower).

The effect of variation of the coupling method is demonstrated.
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FIG. 17. Particle relative concentration profiles in turbulent channel flow at Re, = 300 at St™ = 0.5 (upper left), St™ = 50 (upper right), and St* = 92 (lower). The effect of

variation of the coupling method is demonstrated.

collisions will take place between pairs of particles in local fluid regions
which will very likely possess similar momenta, and hence, any redis-
tribution will be very small and soon recovered due to the low particle
timescale. At moderate Stokes number, two-way coupling causes a
large increase in the near-wall particle concentration, with particles
being removed from the bulk flow in favor of this region. The two-way
coupling effects increase the extent of turbophoresis. This could be due
to a modification in the shear Reynolds number and hence the fluid
timescale causing the particulate timescale to more closely match that
in the region where turbophoresis is dominant. Interestingly, with col-
lisions having already been demonstrated to dampen the effect of two-
way coupling, this leads to a reduction in particle concentration near
the wall, with intermediate collisions interfering with the wall-
perpendicular migration. For the largest Stokes number, the one- and
two-way coupled simulations demonstrate almost identical profiles for
particle concentration, whereas the presence of collisions once again
hinders the migration leading to fewer particles in the near-wall
region.

Since the slip velocity also governs the extent of particle-fluid
feedback, we consider the variation of the mean magnitude of this
quantity in Fig. 18. Again, negligible differences are observed for the
low Stokes particles, which, combined with Fig. 17, explains the minis-
cule effects on the fluid flow observed in Figs. 11 and 12. For the mod-
erate Stokes number particle, the slip velocities are reduced throughout

for the two-way coupled simulation, with the greatest effects observed
close to the wall. Four-way coupling once again dampens these effects,
leading to slip velocities more closely resembling those in the one-way
coupled simulation. When particles and the surrounding fluid
exchange momenta, the slip velocity will be reduced due to their veloc-
ities approaching one another. In the case with collisions, among this
momenta exchange, there will exist events where the particles suddenly
redirect their momentum, leading to a decoupling of their velocity
from the local fluid. This effect does not seem to take place in the high
Stokes number simulation, indicating that turbophoresis is a critical
factor for this phenomenon, and implying that collision due to wall-
normal migration of particles is a key contributing factor for these
diminishing two-way coupling effects.

E. Effect of coupling on particle phase velocity
distributions

In this subsection, it is investigated how the coupling regime
affects the distribution of velocities in various regions of the flow in
order to ascertain the responsible dynamics leading to collisions that
reduce the effects of two-way coupling for moderate Stokes number
particles. Figure 19 illustrates the probability distribution functions
(PDFs) for particle streamwise velocity in each wall-normal channel
flow region. The distributions are unaffected by the coupling regime
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FIG. 18. Mean absolute value of slip velocity profiles in turbulent channel flow at Re, = 300 at St* = 0.5 (upper left), St* = 50 (upper right), and St* = 92 (lower). The

effect of variation of the coupling method is demonstrated.

for the St™ = 0.5 particles, as expected, and are very similar for the
high Stokes number particles as well, with only minor variations
observed. For the moderate Stokes number particles, the velocities are
reduced with two-way coupling, though the inclusion of interparticle
collisions leads to their profiles moving closer to those of the one-way
coupled flow, with the greatest recovery of velocity for the profiles clos-
est to the wall.

In Fig. 20, the wall-normal velocity PDFs are compared for each
Stokes number and coupling level. Again, the low Stokes number sim-
ulations indicate negligible differences between the coupling levels. In
the two-way coupled simulation, similar observations are made as in
Fig. 19, where the near-wall regions exhibit very similar behavior
between the one-way and four-way coupled simulations. Interestingly,
the log-law region shows four-way coupled particles with velocity dis-
tributions closer to those of the two-way than the one-way coupled
simulations, consistent with the overlap in Fig. 15. It is implied that
beyond the log-law region, the collision behavior begins to contribute
to the increase in wall-normal fluctuations. This could be due to colli-
sions with the wall, reversing the velocities in the wall-normal direc-
tion, as well as the frequent collisions in this region caused by
preferential concentration. The dynamics of these collisions which
may lead to this redistribution of momenta are studied in Subsection
[ILF. Considering the largest Stokes number, the two- and four-way
coupled simulations exhibit similar behavior, with the log-law region

demonstrating agreement. The spanwise velocity presented in Fig. 21
indicates similar observations, though the strongest agreement
between the two- and four-way coupled simulations is found in the
log-law region of the St* = 92 system.

Particle slip velocity PDFs are also compared in Fig. 22, with neg-
ligible variation of this quantity observed in the low Stokes number
system. Analysis into the presence of the bumps around |ug| = 0.02
indicated that these were particles moving to regions of low fluid veloc-
ity (i.e., low speed streaks) which leads to a slight increase in slip veloc-
ities equivalent to the difference between the velocities of the streaks
and the surrounding fluid. For St = 50, all three coupling regimes
demonstrate similar distributions for high slip velocities, whereas for
low slip velocities, the four-way coupled distributions more closely
resemble those of the one-way coupled system. Interestingly, in the
St* = 92 system, the two-way and four-way coupled flows demon-
strate agreement in all regions aside from the viscous sublayer (where
collisions are much more likely and prone to skew the distribution
toward increased slip velocities), further implying that these effects are
present only for the moderate Stokes number particles.

F. Particle collision dynamics

Finally, the distribution and properties of collisions are discussed
throughout the channel flow in context to their effects on the
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FIG. 19. PDFs of particle streamwise velocity in channel flow regions at St* = 0.5 (upper left), St™ = 50 (upper right), and St* = 92 (lower). Black: viscous sublayer; red:

buffer layer; green: log-law region; blue: bulk flow.

particle-fluid feedback force and slip velocities. The left plot in Fig. 23
illustrates the total number of collisions occurring throughout the
channel flow for each Stokes number particle species studied. At
Stt = 0.5, collisions are approximately homogeneous throughout the
channel, with previous studies (Mortimer et al, 2020) indicating
streamwise orientated collisions as one particle collides with one ahead
of it at very low relative collision angle and velocity. At high Stokes
number, collisions become more frequent close to the wall, where
retained momentum from regions closer to the bulk lead to particles
crossing streamlines and quasi-streamwise vortices where other par-
ticles may reside. The wall collision frequency peaks for the moderate
Stokes number, which is likely due to both preferential concentration
and turbophoresis where particles migrating toward the bulk flow
region will hit those that are moving more slowly in low-speed streaks.
If we compare this profile to the relative increase in mean streamwise
velocity between the four-way and two-way coupled systems, it is clear
that the variation correlates well with the collision event density close
to the wall, further confirming that the collision dynamics lead to a
suppression of the two-way coupling feedback force.

To determine the dynamics of such collisions, PDFs of relative
collision velocity magnitude and angle are presented in Figs. 24 and
25. For the lowest Stokes number particles, both relative velocities and

angles are low, with a slight increase in those taking place within the
viscous sublayer, confirming that these types of collisions are advective
in that they occur as one particle follows a fluid streamline behind
another. As the Stokes number is increased, at St* = 50, the relative
velocity of the collisions also increases, with collisions within the wall-
regions exhibiting more ballistic behavior. Relative collision angles in
all three near-wall regions are similar, and greater than those present
in the bulk flow region. Collisions occurring with high initial relative
velocities and at larger angles will result in greater directional impulses
leading to a redistribution of momentum which explains the increases
in slip velocity observed in the four-way coupled flows (Fig. 22). The
velocities and angles for collisions occurring with the St™ = 92 par-
ticles are similar to those observed at St™ = 50, though the number of
collisions occurring throughout the flow is lower, hence, the magnitude
of the suppression of the two-way feedback force effect is lower.
Collisions between particles where the relative velocity is high will
result in the greatest transfer of momentum and hence decoupling
from the local fluid velocity field. In Fig. 26, the collider velocities are
plotted with color indicating the region the collision took place in. We
further confirm that for St* = 0.5, the collision constituents possess
very similar velocities in all regions of the channel flow, with only
minor deviations beyond the log-law region. In fact, as the Stokes
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number is increased, we observe that collisions between similar veloc-
ity particles are more unlikely outside of the bulk flow region, with
more collisions occurring between particle of differing velocities close
to the channel wall. This trend is repeated for the St = 92 particles,
although the number of collisions is low, weakening the effect of sup-
pression of two-way coupling feedback forces.

IV. CONCLUSIONS AND OUTLOOK

In this study, the effect of flow Reynolds number
(Re, = 180, 300), particle Stokes number (St™ = 0.5, 50, and 92),
and fluid-particle coupling level (one-way, two-way, and four-way) on
particle behavior have been investigated. Direct numerical simulation
of particle-laden turbulent channel flows alongside Lagrangian particle
tracking was used to predict the continuous phase, as well as the trajec-
tories of dispersed particles, taking into account force-feedback onto
the fluid as well as interparticle collisions.

After demonstrating excellent validation of the single-phase pre-
dictions against previous DNS studies, the effect of Reynolds number
on one-way coupled particle statistics was considered across three
Stokes numbers accounting for low (St™ = 0.5), moderate (St* = 50),
and high (St* = 92) values. It was found that as the Reynolds number
is increased, due to the thinner turbulent region, the effects where par-
ticles retain their velocity through wall-normal sweep events diminish,
leading to reduced near-wall RMS streamwise velocity fluctuations.

This also leads to reduced preferential concentration in the wall-
region, though evidence is observed that even the low Stokes particles
begin to accumulate in the Re, = 300 simulation, whereas in the
Re, = 180 simulation, they are depleted close to the wall. Considering
the effect of coupling on the particle behavior in the Re; = 300 simula-
tion yields some interesting findings. For moderate Stokes numbers,
the four-way coupled flow exhibits similar statistics for both the partic-
ulate and continuous phase to that of the one-way coupled flow, with
the two-way coupled system predicting greater feedback forces from
the particle phase. This is not observed for the low or high Stokes num-
ber particles, and therefore, it is likely that this effect is due to the
increased turbophoresis and preferential concentration associated with
midrange Stokes numbers. By studying the particle phase collision sta-
tistics, it is found that the suppression of the two-way coupling effects
is found in those regions where collisions most commonly occur.
Furthermore, these collisions possess the highest relative velocities and
angles, leading to increased momentum transfer and reorientation,
modifying the way in which the particles impart their feedback force
back to the fluid.

Overall, the decision to attempt to improve simulations through
the inclusion of two-way coupling without also accounting for inter-
particle collisions, as warranted at sufficient volume fractions, has been
shown to actually weaken the accuracy of the results. The three Stokes
numbers considered encompass particle behavior in the three key
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regimes (tracer-like, turbophoresis-driven, and high inertia). We have
demonstrated that the particle-fluid interaction hindering effect is
strongest, and hence related to, Stokes numbers at which turbophoretic
drift and preferential concentration are dominant, and as such the
behavior is likely to exist for particle species with Stokes numbers also
in this range. The effect of particle concentration is likely also to play
an important role for even low and high Stokes numbers, since the col-
lision frequency will increase and hence so will the impact on the
direction and magnitude of the fluid feedback force.
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