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Particle deposition dynamics in a fully developed turbulent channel flow at a friction Reynolds number
of Re, = 180 for two Stokes numbers (St = 1 and 10) are investigated using the point particle-direct
numerical simulation (PP-DNS) method, considering dilute system and thus, one-way coupling. In particular,
the interplay between particle size, particle property (density) and deposition at the same Stokes number has
been investigated. It turns out that the dimensionless particle relaxation time (the Stokes number) alone does
not provide enough information to capture the deposition dynamics, and particle size (diameter) and density
need to be considered to obtain a more comprehensive understanding of deposition process. Furthermore, we
demonstrate that gravity significantly alter the deposition patterns of particles with different size and density
differently, even if the Stokes number does not change, and therefore the results from zero gravity cannot be
extrapolated to non-zero gravity settings, even for small particles. Finally, our results suggest that wall-normal
particle velocity variance at the wall plays an integral role in the deposition process, as it approaches a finite

value (significantly larger than particle mean velocity) at the wall.

1. Introduction

Particle transport and deposition in wall-bounded turbulent flows
has been the focus of many studies because of its appearance in various
industrial or environmental systems (Alimohammadi et al., 2019; Lu
and Wang, 2019; Alcoforado et al., 2019; Bui et al., 2020; Sommerfeld
et al., 2021). Particularly, deposition of small particles is a fundamental
issue in many emerging and conventional industries including uncon-
ventional geothermal systems (Chauhan, 2019; Chauhan et al., 2020),
biomass conversion systems (Cai et al., 2018; Kleinhans et al., 2018),
petroleum and petrochemical industries (Santos, 2009; Paes et al.,
2015; Gharbi et al., 2017), modern gas turbines in power-generating
facilities (Healy and Young, 2010; Kurz and Brun, 2012), to name only
a few. Therefore, understanding the mechanisms of this phenomenon is
of importance to help reduce its negative economical and environmen-
tal effects. However, the complexity of the deposition process makes
it a formidable challenge that has not yet been completely addressed,
even when generic configurations such as channel flow that allow for
application of high-fidelity methods, are considered.

The rate of the number of particles depositing on a wall is usually
referred to as deposition velocity (“d+) and expressed as a function of di-
mensionless particle response time, i.e. the Stokes number (St). Young
and Leeming (1997) have gathered various experimental data from
turbulent pipe/duct flows in Fig. 1. The deposition plot is generally
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divided into three regimes; for small Stokes numbers in diffusional
deposition regime, deposition is primarily driven by turbulent diffusion
in the core of the flow and then by Brownian motion adjacent to the
wall. With increase in the Stokes number, particle’s inertia becomes
significant and its interaction with turbulent eddies results in a sub-
stantial increase of deposition rate, i.e. diffusion-impaction regime. In
the inertia-moderated regime, diffusion plays a little part in deposition
and particle’s response to the turbulence decreases, which reduces the
deposition rate (Young and Leeming, 1997). Thus the dominant mech-
anism for the deposition of small particles is the turbulent diffusion
(diffusional deposition regime) and for particles with higher inertia
(diffusional-impaction and inertia-moderated regimes) is the convective
drift of particles towards the wall due to the gradient in the turbulent
intensity, denoted typically as “Turbophoresis”.

Yet, the scattered nature of the experimental data on deposition ve-
locity (rate) shown in Fig. 1 (note that deposition velocity is plotted on
a logarithmic scale), suggests that the deposition rate may not be solely
a function of the particle Stokes number. Deposition velocity could
depend on other non-dimensional parameters, such as the ratio of the
particle diameter to the Kolmogorov length scale and/or the particle-
to-fluid density ratio. For example, the experiments of Friedlander and
Johnstone (1957) and Sehmel (1968) have the same setup, i.e. same
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Nomenclature

Greek letters

Constant source

Finite shear rate
Stretching factor

Fluid viscosity

Fluid density

Time scale, shear stress
Vorticity

8 N D T R O %

Latin symbols

Acceleration

Concentration, constant, coefficient
Diameter

Gravitational acceleration

Height

Channel half height

Flux, lift correction

Length

Distance

ZUNSS Q@0 AR

Number

Pressure

Reynolds number

Friction Reynolds number
Particle position

Slab

Stokes number

Time

Fluid velocity

Velocity

Friction velocity at the wall
Streamwise velocity
Particle velocity
Wall-normal velocity, width
Streamwise direction
spanwise direction
Wall-normal direction

N‘<><§<Qﬂ=:ﬁ"*($hﬂ§§“§

Subscripts/Superscripts

T Shear stress

d/dep Deposition

D/G/L Drag/gravity/lift

f Fluid

i Index

p Particle

rms Root mean square

\ Wall correction

0 Initial value

+ /% Dimensionless variable
1 Perpendicular to wall

I Parallel to wall
() Averaged

List of abbreviations

DNS Direct numerical simulation

pipe diameter and Reynolds number, but use different materials and
particle sizes at the same Stokes numbers, and their obtained deposition
velocities have at least one order of magnitude difference. Therefore,

LES Large eddy simulation
LPT Lagrangian particle tracking
RANS Reynolds-averaged Navier-Stokes
RMS Root mean square
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Fig. 1. A summary of particle deposition velocities w.r.t. Stokes number obtained from
experimental measurements. The plot is taken from Young and Leeming (1997).

reliable models are needed for study of dispersion and deposition
process in complex configurations relevant to industrial applications as
conducting high-fidelity simulations for every single setting is (compu-
tationally) prohibitively expensive, even for very generic flows such as
channel flow.

Particle deposition in turbulent channel flow was first investigated
by McLaughlin (1989) by means of point particle-direct numerical
simulation (PP-DNS) method. However, there are some limitations
to the study that might pose some uncertainties. In particular, the
equation of particle motion did not include wall-correction to either
drag or lift, which are relevant to the deposition process (Molin et al.,
2012). Later, Chen and McLaughlin (1995) investigated the deposition
dynamics in the channel flow considering the near-wall corrections
for drag and lift. It was shown that the deposition is a function of
particle diameter and Stokes number. This study, however, did not
include the Schiller-Naumann correction for drag, which could intro-
duce some uncertainties. Zhang and Ahmadi (2000) investigated the
particle deposition under effect of gravity. They found negligible effect
of gravity direction for the fluid Reynolds number considered here
(Re, = 180). This result is in a clear contradiction with the recent
findings of Marchioli et al. (2007) and Rousta et al. (2023) that show
a significant effect of gravity direction on the deposition rate. This
might trace back to the insufficient number of particles used in the
work of Zhang and Ahmadi (2000) (about 8000 particles), which might
have prevented accumulating reliable statistics. Additionally, they used
the original Saffman lift force that clearly is not appropriate to study
particle near-wall dynamics relevant to deposition.

Narayanan et al. (2003) studied particle deposition in an open
channel and indicated that the dominant mechanism for small Stokes
numbers is the “diffusional deposition” mechanism, i.e. long-time near-
wall residence, and as the Stokes number increases the “free-flight de-
position” mechanism (driven by turbophoresis), i.e. particles with large
wall-normal velocities and short near-wall residence time, becomes
stronger.

There are some reports on various modeling approaches to study
particle deposition. Guha (2008) discussed Eulerian deposition models
developed primarily based on the “free flight” concept. A detailed
analysis of these models clearly demonstrates that they attempt to
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describe the deposition process based solely on particle mass balance in
the presence of particle concentration gradient (the Reynolds analogy),
at best, which leads to a severe underestimation of the turbulence
effects, such as turbophoresis on particle deposition which leads to
severe inaccuracy as shown in Paes et al. (2015).

Soldati and Marchioli (2009) presented physical insights on particle
entrapment and deposition and demonstrated the complex interactions
of particles with coherent turbulent structures controlling the depo-
sition process. Soltani and Ahmadi (1995) and Ounis et al. (1991)
studied the role of these interactions in deposition of small particles,
while Kaftori et al. (1995), Marchioli and Soldati (2002), Sardina
et al. (2012) and Xiao et al. (2020) investigated large particles. They
concluded that strong correlations between sweep events, i.e. high-
speed fluid motion towards the wall, and flux of small particles towards
the wall is the dominant cause for deposition, while ejection events, i.e.
low-speed fluid motion towards the outer flow, contribute to transport
of particles to the core of the channel.

It should be noted here that the studies mentioned before used a
high fidelity framework, i.e. PP-DNS, to examine the particle transport
and deposition in wall-bounded turbulent flows. However, their inves-
tigations were mostly focused on the effect of particle Stokes number
on the transport and deposition. Additionally, most of them considered
only the drag force on particle (Narayanan et al., 2003; Kuerten, 2006;
Soldati and Marchioli, 2009; Sardina et al., 2012), while other forces
such as lift and gravitational force (buoyancy) may alter the transport
and deposition dynamics (Marchioli et al., 2007; Mortimer et al., 2019;
Rousta et al., 2023).

Brandt and Coletti (2022) have recently also noted that gravity is
required to be considered in most of the applications and the con-
clusions drawn from zero gravity studies should not be extrapolated
to their practical settings. Furthermore, they suggested that Stokes
number by itself may not contain enough information to describe all
essential particle transport dynamics necessary to accurately capture
the deposition dynamics.

Therefore, the current study aims to provide a more detailed and
comprehensive understanding of the deposition process in turbulent
wall-bounded flows. Towards this, we will demonstrate that different
combinations of particle size (diameter) and properties (density) that
result in an identical Stokes number present different deposition dy-
namics (rates). Specifically, with the assumption of dilute system and
thus one-way coupling, several PP— DNSs have been conducted for tur-
bulent channel flow at Re, = 180 (defined in Section 3.1) to investigate
the deposition dynamics for two Stokes Numbers (St = 1 and 10) that
are results of different combinations of particle diameters and densities
(See Table 1 for details). Moreover, as detailed in Table 1, for each
combination, the effect of various forces on the deposition process is
assessed. Again, we would like to note here that the primary goal of this
study is to demonstrate the multi-dimensionality and complexity of the
deposition process, i.e. the deposition rate cannot be described solely
based on the Stokes number, consistent with the reporting of Brandt
and Coletti (2022).

First, in Section 2 we explain the governing equations for the
fluid phase and particle motion. Section 3 describes the computational
domain, our setup for the simulations as well as the validation of our
numerical simulations. Afterward, we discuss our results in Section 4
and conclude our work in Section 5.

2. Physical background

Here, we briefly explain the governing equations for a turbulent
flow from DNS perspective and then the equation of motion for par-
ticles. We note that all the variables with + mark are written in
dimensionless form based on the fluid kinematic viscosity (v) and the

friction velocity (u, = 1 / <T—W>), with p being the fluid density and 7,
p

wall shear stress, such that length is scaled with /* = Iu /v, velocity
with u* = u/u, and time with r* = 12 /v.
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2.1. Fluid equations of motion

For an incompressible, single-phase fluid flow, Continuity and Na-
vier-Stokes equations in the dimensionless form (based on u, and h)
are as follows:

Vout=0 b}
out 1
S U Vet = VR -Vt 45, 2

T
where ut and p* are fluid velocity and kinematic pressure, respectively,
and 6:1 is a constant pressure gradient which drives the flow. The
friction Reynolds number is computed as Re, = hu,/v where A is the
channel half width.

2.2. Particle tracking

Here, the particle trajectory is tracked individually. Therefore, the
equation of motion for each particle is solved during the simulation.
The Lagrangian equation of motion is written in the dimensionless form
as follows:

dr;; .

T = Vp 3
dvl-; + + +

F:aD+aL+aG 4

where r;; shows the particle position, v, aB, a;: and ag are the particle

velocity and accelerations due to drag, lift and gravity, respectively.
We define each acceleration in terms of the particle properties and
Stokes number. Particle’s Stokes number is the time that takes the
particle to reach equilibrium with its surroundings with respect to the
characteristic time of flow and it is defined as

St=-2L 5)
Tf
where
2
ppdy
= 6
T T8pv ©®
and
Tf = l (7)

The drag and lift accelerations are resulted from interactions be-
tween particle and fluid flow. Here, drag acceleration with empirical
correlation (Schiller and Naumann, 1935) for drag coefficient is given
by

uf —-v}

r_ P 0.687

ay=—F (1+0.15Re, 7 ) Cpy (8)
where u;r is the fluid velocity at the location of particle and par-

ticle Reynolds number is defined as Re, = |uf—Vp|d,/v. Cpy is
the modification to the drag due to the vicinity of the particle to a
solid boundary. It has been pointed out that wall modifications might
affect the deposition process (Dance and Maxey, 2003; Arcen et al.,
2006; Molin et al., 2012), and since the primary purpose of our work
is to determine a reliable deposition velocity, we include the wall
corrections as well. The wall corrections were derived by Faxen (1923)
and Maude (1965) for a particle moving parallel (CDWH) and normal
(Cpw, ) to the wall, respectively, as below

3 4 sT!
e oo (BN (B s (B (% ©
pwI 16\ 27 )~ 8\ 21 256 \ 213 16 \ 2iF
d* d+\’
9 P 9%
Copw =142 = -2 10
pwL +8<y;)+<8y;) a0

where l;; is the dimensionless distance of particle to the nearest wall.
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The widely used lift model is the Saffman lift (Saffman, 1965)
which was extended for finite Reynolds numbers with a correction J;,
proposed by Mei (1992), which is essentially a curve fit of the tabulated
results from McLaughlin (1991). However, there is an additional lift
when particle is in the vicinity of the wall (ai”w). Therefore, the lift
acceleration can be written as

)\/a?(u;—vlf)xw* o an

+ (gt — vt

dp|uf vi .
LW

+ +

|uf —vp)|m+|

St

at =0.1714J,

where

J =03 (1 +tanh [% (logjo € + 0.191)]) (% +tanh (6¢ — 1‘92)) (12)

e=—— 13)
+ +
o - v3]

and af’w is the wall-induced lift acceleration. Here, the near wall

lift acceleration is calculated according to Takemura and Magnaudet
(2003), which is defined as
<o _3_1
how= 4 p_p g+
P
p

Vi Crw (14

o\ ~2tanh (vomeLW)
Cuw = Crwo (1+0.6Re"S y, — 0.55Re" %, ) 2 <1 p >

e
15)
oo [g +578 % 10‘6z*4'58] exp(=0292z%)  for z* <10
LWO —
8.94(z*)~2 for z¥>10
(16)

where V|, = ([ux,f - ux,p]z + uy - uy’p]z)oj is the relative velocity
in the wall-parallel plane, Rejyw = Viwdp /v is the Reynolds number
based on the relative velocity and z* = z,] /v is the non-dimensional
distance of particle from the wall. This wall correction is consistent with
the corrections of Vasseur and Cox (1977), discussed in Ref. Arcen et al.
(2006), for the settings considered here (Takemura and Magnaudet,
2003; Shi and Rzehak, 2020).

The gravitational acceleration in a vector form considering the
Buoyancy effect is defined as follows:

I O Y
=|1-7-s an

p

where absolute magnitude of non-dimensional gravitational accelera-
tion is g+ = gv/u’=0.0546.

N
ag

2.2.1. Particle deposition

The deposition velocity is defined as the particle flow rate (J*) on
the wall normalized by the mean bulk density of particles (mass of
particles per unit volume C)
s

it 18

u

The particle flux can be written as the number of particles depositing
(N dep) per unit area per unit time

Jt = _ __ (19)
LW+ A+
and C, is written as the total number of particles per unit volume

No
= T
where Lt and W are dimensionless length and width of the domain,
respectively, and H* is the height of the channel occupied by the
particles. Therefore, one could calculate the deposition velocity by

(20)
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replacing Egs. (19) and (20) into Eq. (18) with the following for the
dimensionless deposition velocity:
. ANgH*

=— | 2D

“a T TN At

3. Computational setup

In this section, we provide details on our PP-DNS framework, its
validation, the computational domain and our test cases.

3.1. Carrier phase

The incompressible Navier-Stokes equations are solved with a sec-
ond-order finite difference method on a structured Cartesian grid us-
ing a fast-Fourier transform based method integrated in time with a
three-step Runge-Kutta scheme (RK3), called CaNS (Canonical Navier—
Stokes) (Costa, 2018). The simulations are carried out for a turbu-
lent vertical channel flow at Re, = 180 with periodic boundaries in
streamwise and spanwise directions and no-slip boundary condition
in wall-normal. The flow is driven with a constant pressure gradient
(see Eq. (2)). The size of the domain is 4xh X 2zh X 2h in streamwise,
spanwise and wall-normal direction, respectively, where h = 2 cm, and
the domain is discretized with 512 x 256 x 144 nodes, corresponding
to Ax™ = 4.4, Ayt = 4.4 and AzT = 0.3 — 5. The fluid is considered to
be air with the viscosity of v = 1.57 x 10~ m?/s and the time step is
Art = 0.11. In Fig. 2(b) a simple schematic of the computational domain
is presented.

3.2. Particle motion

The CaNS code is coupled to a Lagrangian particle tracking (LPT)
solver in a one-way fashion, i.e. the effects of particle motion on
fluid phase is ignored with the assumption of a dilute system. The
particle equations of motion are solved using a second-order Runge—
Kutta scheme with the same time step as the fluid phase. Also, the fluid
information, i.e. fluid velocity and vorticity, at each particle’s position
is computed with trilinear interpolation. It is mentioned by Johnson
et al. (2020) and also Sardina et al. (2012) that this second-order
interpolation method is accurate enough for PP-DNS and there is no
need to increase the accuracy of the interpolation. For each set, 10°
particles are randomly injected into the domain and assigned with
the interpolated fluid velocity at the particle position. The periodic
boundary conditions in streamwise and spanwise directions are applied
for the particles as well such that when a particle leaves the domain, it
re-enters the domain from the opposite side. The wall is considered as
a trap wall, which means that when distance of a particle to the wall
gets less than the particle radius, the particle is deposited and removed
from the domain. Yet to keep the total number of the particles constant
during the simulation, one particle is added to the domain in a random
location. The trap wall is chosen to resemble sticky systems.

3.3. Validation

We validate our PP-DNS framework against the data provided
by Marchioli et al. (2008). In their international collaborative work,
they have provided 5 datasets from 5 different groups. Here, we have
only used the data from UUD group, i.e. C. Marchioli and A. Soldati.
Shear Reynolds number in this benchmark case is Re, = 150 and we
choose the smallest and largest Stokes numbers for the validation. We
obtain the statistics similary to the reference after the particles reach
a statistically developed condition (Marchioli et al., 2008) (see Sec-
tion 4). Fig. 3 presents the mean streamwise velocity and Fig. 4 shows
RMS of velocity in streamwise and wall-normal direction. Overall, our
results show a good agreement with the reference data.
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Fig. 2. A schematic of the computational domain for a channel at (a) zero gravity, (b) with flow in the opposite direction of gravity and (c) flow in the same direction as gravity.
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Fig. 4. RMS of the particle velocity in (a) streamwise and (b) wall-normal direction along the wall. O and [ show the reference data for St = 1 and St = 25, respectively,
from Marchioli et al. (2008) and dashed line and point-dash line represent our simulation results for Sz =1 and St = 25.

3.4. Test cases

The main purpose of this work is to study the deposition process
in wall-bounded flows. As discussed before, deposition is a multi-
dimensional process (depends on several parameters) and cannot be
described solely based on the Stokes number. More specifically, the
deposition rate is a function of particle diameter, particle density,
considered forces as well as Kolmogorov length scale associated with
the fluid phase for a given configuration and Reynolds number. The

main intention of the current effort is to demonstrate such complex
dynamics. Therefore, five sets of simulations have been designed for
two different Stokes numbers. In particular, different particle diameters
and densities have been used to create the same Stokes numbers. A
summary of simulation setups is given in Table 1. It is worth noting
that majority of previous investigations on particle dispersion and
deposition in a one-way coupled fashion are based on obtaining various
Stokes numbers, either with constant particle density and changing
particle diameter (Marchioli et al., 2008) or vise versa (Mortimer et al.,
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Table 1
A summary of simulation cases and particle properties. A schematic of upward case is shown in Fig. 2(c) and for downward
in Fig. 2(d).
p
St d, [pm| d+, 713 Accelerations Case
Drag case(a-1)
Drag+Lift case(b-1)
48 0.043 9300 Drag+Lift+Gravity (upward) case(c-1)
Drag+Lift+Gravity (downward) case(d-1)
1 Drag case(a-2)
Drag+Lift case(b-2)
153 0138 930 Drag+Lift+Gravity (upward) case(c-2)
Drag+Lift+Gravity (downward) case(d-2)
Drag case(a-3)
48 043 % Drag+Lift case(b-3)
Drag case(a-4)
Drag+Lift case(b-4)
153 0138 9300 Drag+Lift+Gravity (upward) case(c-4)
10 Drag+Lift+Gravity (downward) case(d-4)
Drag case(a-5)
Drag+Lift case(b-5)
48 043 930 Drag+Lift+Gravity (upward) case(c-5)
Drag+Lift+Gravity (downward) case(d-5)

2019; Johnson et al., 2020). We will assess validity of such an approach
in this study.

The baseline simulation for each particle size includes the drag
acceleration only. Effects of lift and gravity on particle dispersion
and deposition will be studied based on particle size and density, in
contrast to previous studies that such effects were analyzed solely based
on the Stokes number (Marchioli et al., 2007; Rousta et al., 2023).
Additionally, in our study two flow directions were considered (cf.
Fig. 2) to assess the effects of gravity when acting as accelerator as well
as decelerator. Lift and gravity were added in a step-by-step fashion.
It should be noted that the effect of gravity is considered for Aerosol
cases (i.e. p,/p > 1000, therefore, for the case(*-3) with pp/p = 100
only effect of lift is studied. The simulations carried out with only the
drag force are referred to as group a, the simulations with drag and lift
group b, drag, lift and gravity in an upward flow group c and drag, lift
and gravity in a downward flow group d, respectively (see Table 1).

4. Results

In this section, we explain the results in the order of the added
accelerations in the simulations. As mentioned, the baseline simulations
include solely the drag acceleration, and lift and gravity are included
step by step (cf. Fig. 2 and Table 1).

To compute the statistics, the domain in wall-normal direction is
divided into N; = 193 non-uniform slabs and particle statistics are
gathered for each slab and then time-averaged quantities are com-
puted. Thickness of each slab is computed by hyperbolic-tangent bin-
ning (Marchioli et al., 2008) with stretching factor of y = 1.7 :

R —_
Az (s) = e |tanh y——) —tanh (2 ! (22)
tanhy N N

The total time of simulations is t+ = 45,000 and to ensure that the
particles have statistically reached a steady state, we start collecting the
statistics after the mean particle concentration near the wall reaches an
approximately constant value. Fig. 5 displays the instantaneous number
of particles in the first slab alongside the wall. Smaller Stokes number
and smaller particles (Fig. 5(a)) take longer times to get to the fully
developed state. As the Stokes number and particle size increase, the
necessary time to get to the statistically steady state becomes shorter, as
illustrated in Fig. 5(b). Additionally, as it appears in the plots when lift
and gravity are added the particles reach a developed state in a shorter
time (we discuss the effect of each force in the following sections). For

the results shown in this work, we have calculated the statistics after
1t = 25,000 to ensure statistically steadiness for all the cases.

In simulations with only drag, case(a-*), since the relaxation times
for particles with the same Stokes number are similar, the drag ac-
celerations are also analogous, however particle concentration profiles
are different (Figs. 7(a) and 7(c)). This difference could be due to the
particle diameter. In other words, even if two particles with different
sizes have the same trajectory, they have different contact points with
the wall (particle radius). Therefore, particles could have different
concentrations and also deposition rates (cf. Table 2) at the same Stokes
number. In what follows the relationships between lift and gravity
effects with particle characteristics will be studied. This also can be
visualized with Voronoi tessellation method (Monchaux et al., 2010;
Fong et al., 2019). In the Voronoi method the domain is divided into
cells, such that each cell represent an individual particle with its instan-
taneous local concentration. Therefore, this method is used to identify
regions where particle clustering occurs. The threshold necessary for
this method is obtained from a Voronoi tessellation of a randomly
distributed particles. Fig. 6 shows the Voronoi diagram at the mid-plane
(x-z) for cases (a-4) and (a-5) (St = 10, d, = 15.3 and 48 pm). The cell
areas are colored with respect to a Voronoi analysis of an initial random
particle distribution. It can be observed that the larger particles (48 pm)
show more clustering overall and in particular, around the buffer layer
and therefore higher deposition rate. This result clearly demonstrate
that particle clustering also depends on particle size in addition to the
Stokes number.

4.1. Analysis of the correlation between lift effects and particle character-
istics

To compare dispersion of particles with different characteristics
when lift is included, the mean concentration profiles in wall-normal
direction are demonstrated in Fig. 7. As one could observe, same
Stokes numbers with different particle sizes have different particle
concentrations near the wall. Figs. 7(a) and 7(b), indicate that for
St = 1 and d, = 4.8 and 15.3 pm, lift acceleration has a negligible
effect on the magnitude of near-wall particle concentration. However,
there is a noticeable change for the largest particle d, = 48 pm likely
due to the dependency of lift on the particle diameter. In contrast, the
effect of lift is clearer for larger Stokes number (Figs. 7(c) and 7(d)),
which shows a decrease in particle near-wall concentration. However,
different particle sizes have different concentrations and consequently
different deposition rates. Overall, one could conclude that including
the lift acceleration in the particle motion, could lead to a reduction of
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Fig. 5. Instantaneous number of particles near wall for (a) St =1 (case (*-1)) and (b) St =

increase of particle size and Stokes number as well as included accelerations.

\1
l

‘ 4

14

M!’ '

!\W w Wil

it
100&" ’ét’!
|\| , “\lm "’“M !\"'
M’“ ‘mn i

500

150

Vi

l

+
N

50

|
!

i

il

i \u aé‘ mm« gn'

International Journal of Multiphase Flow 174 (2024) 104754

150
2100 —(a-5)
<. —(b-5)
(c-5)
50 —(d-5)
0
0 1 2 3 4 5
E ><104
(b)

10 (case(*-5)). The time duration to get to a fully developed state reduces with the

"4\ fifl
“' il ».'e" “«'ﬁ\\'
U ».»',!’ dl!\ )

h
1500 2000

N
0
y.
"t 3!‘ t’ll““

!1

"-‘-;-".

ﬁ“ i (\ ‘h
\\M b \w

{?" A"

«'“,m W

i
5‘\) i im‘? i
W
10"\:?): #:‘d’ ;“

1500

‘! i

2000

Fig. 6. Instantaneous Voronoi diagram for (a) case(a-4) and (b) case(a-5) in the mid-plane. There are more clusters in the wall region for the larger particles and therefore the

deposition is higher for the larger particle even at the same Stokes number.

particle near-wall concentration at high density ratios, a situation that
resemble Aerosol dynamics with pp/p > 1000. This decrease in concen-
tration is related to the significant increase of the deposition velocity
(cf. Table 2). The reason for this change could be comprehended from
the profile of accelerations in Fig. 8.

The results presented in Fig. 8 clearly demonstrate that for the
same Stokes number, the acceleration due to the drag is identical.
This behavior of drag acceleration is consistent with its formulation,
i.e. drag acceleration is solely a function of the Stokes number, i.e.
different particle sizes experience the same drag acceleration. Also the
drag acceleration does not show any substantial sensitivity when lift is
included. Therefore, only the acceleration due to drag for cases (b-*) is
shown in Figs. 8(a) and 8(b).

On the other hand, the lift acceleration is different for all the cases
shown in Figs. 8(c) and 8(d) because the lift acceleration is dependent
on the particle diameter as well as the Stokes number (Eq. (11)). As
mentioned in previous studies (Marchioli and Soldati, 2002; Soldati
and Marchioli, 2009; Rousta et al., 2023), there are two mechanisms

causing the deposition; (i) diffusion for particles residing near the wall
for a long time, and (ii) impaction due to turbophoresis. For the smaller
Stokes number (St = 1) lift (Fig. 8(c)) has small but different impacts
on the near wall concentration. For small particles, i.e. d, = 4.8 pm
and 15.3 pm (cases (b-1) and (b-2) in Figs. 7(a) and 7(b)), it causes a
decrease in mean particle wall-normal velocity, which results in slight
reduction in deposition rate. However, considering the largest particle
d, = 48 pm (case (b-3) in Figs. 7(a) and 7(b)), the accelerations due
to lift and drag are almost of the same order (case (b-3) in Figs. 8(a)
and 8(c)), which helps the particles to get deposited with impaction.
For St = 10 with d;, = 15.3 pm and 48 pm, the lift behavior becomes
more complex (cases (b-4) and (b-5) in Fig. 8(d)). The positive lift near
the wall region (1 < z* < 5) pushes the particles towards the buffer
layer and the negative lift in the outer region brings the particles also
in the buffer layer (5 < z* < 30), which increases the clustering of
the particles in that region and consequently, the rate of the deposition
due to turbophoresis. The increase in the deposition velocity ultimately
leads to a reduction of near-wall concentration mainly due to the trap
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Fig. 7. Mean concentration profile with only drag considered for (a) Sr=1 and (c) Sr = 10 and with drag and lift for (b) Sz =1 and (d) .St = 10. Lift increases the deposition for
large particles/Stokes numbers which results in lower concentration near wall due to trap wall boundary condition.

wall boundary condition (cases (b-4) and (b-5) in Fig. 7). Therefore,
one could see that for the cases with the same Stokes numbers, when
particle size increases, the magnitude of lift also increases and thus,
impacts the deposition velocity noticeably.

Supporting previous arguments, the time-averaged velocity profiles
in streamwise direction are shown in Fig. 9. It should be noted that due
to similar results for each Stokes we present the velocity statistics for
only one particle size (cases (*-2) and (*-5)). For small Stokes number,
there is no significant changes in velocity magnitude when the lift is
added in the simulations. For the larger Stokes number, the particle
velocity is slightly larger than the fluid velocity in the viscous sublayer,
hence the positive lift direction (away from the wall), and smaller than
the fluid velocity in the buffer layer and therefore, the lift is negative
(towards the wall).

Furthermore, the particle velocity variances in streamwise and wall-
normal directions do not show considerable changes as demonstrated in
Fig. 10. Thus, our results here indicate that the acceleration due to lift
might have small effects on particle velocity statistics but might change
the deposition rate considerably.

It has been concluded in previous studies (Marchioli et al., 2007)
that lift reduces the deposition for small Stokes numbers and increases
the deposition velocity for large Stokes numbers. However, our results
show that Stokes number is not the only determining parameter and
other parameters such as particle size and density need to be considered
to have a comprehensive picture on particle dynamics and deposition
(St =1 and d, = 48 pm contracts the conclusion). This reason for this
difference is explained in Section 4.3.

Finally, it is worth noting here that for particle sizes considered
here, the particle velocity statistics (first order and second order) both
reach a finite value at the contact point with the wall (unlike the fluid
velocity variance that becomes zero at the wall). However, the particle
velocity fluctuations appear to be much stronger than particle mean
velocity when approaching the wall. This may suggest that for particles

in the diffusion-impaction regime, the velocity variance is controlling
the deposition process.

4.2. Analysis of the correlation between lift and gravity effects and particle
characteristics

When studying the the connection between gravity and particle
characteristics, we have considered two directions for flow; (i) upward
flow i.e. opposite direction of gravity (Fig. 2(c)) and downward flow,
same direction as gravity (Fig. 2(d)). Mean concentration profiles for
all cases with gravity are shown in Fig. 11. First, we discuss the results
for upward flow demonstrated in (Figs. 11(a) and 11(c)). The concen-
trations near the wall in the upward cases decrease in comparison to
the cases with no gravity (cf. Fig. 7). When St = 1 is considered, drag
does not experience any significant change in wall-normal direction
(cases (c-1) and (c-2) in Fig. 12(a)), but gravity interacts with lift
strongly and alters the particle dynamics, particularly close to the wall
(cases (c-1) and (c-2) in Fig. 12(c)). As a result of this, particles move
away from the wall because of the positive lift acceleration, which
prevents the particles to accumulate in the wall region. Therefore, the
concentration near the wall is reduced and consequently no deposition
occurrs. Considering St = 10, gravity alters near-wall behavior of
both drag and lift (cases (c-4) and (c-5) in Figs. 12(b) and 12(d)),
which results in decrease of concentration and ultimately changes in
the deposition rate.

In the downward cases, for the small Stokes number, the number of
particles near the wall increases, and as a result, particles get deposited
at a higher rate (Fig. 11(b)). The negative lift acceleration (cases (d-1)
and (d-2) in Fig. 12(c)), which moves the particles towards the wall,
is due to the change in stream-wise velocity with gravity. Considering
the small particle (d, = 4.8 pm) the drag acceleration does not change,
but for the larger particle (d, = 15.3 pm) there is a slight increase in
drag (cases (d-1) and (d-2) in Fig. 12(a)).
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Fig. 9. Mean streamwise velocity profile for (a) S7 =1 and (b) .St = 10. Lift effect on mean velocity is very small. The profiles for other particle sizes with the same Stokes number

are almost similar. Therefore they are not shown here.

Regarding the larger Stokes number, the concentration is reduced in
comparison to the case with no gravity (Fig. 11(d)). The gravitational
acceleration changes the profiles of drag (cases (d-4) and (d-5) in
Fig. 12(b)) and lift (cases (d-4) and (d-5) in Fig. 12(d)) considerably
in the downward case. The negative lift pushes the particles towards
the wall and strengthens the deposition, and therefore increases the
deposition velocity. We note again that low near-wall concentration
in the downward cases is related to high rate of deposition since the
particles are removed from the computational domain when deposited.
Therefore, the lower concentration for the larger particle (d, = 48 pm)
is due to the higher lift and consequently higher deposition rate. The
same pattern is observed in Ref. Rousta et al. (2023) with trap wall
boundary condition.

In general, even though the drag acceleration is only dependent
on the Stokes number, lift and gravity interact differently with drag
for different particle characteristics and different modifications to drag

acceleration occurs, even at the same Stokes number. Additionally,
since the lift acceleration is dependent on Stokes number and particle
size, each case shows a different lift acceleration in Figs. 12(c) and
12(d). It is worth noting that for heavy particles (aerosol) magnitude of
lift acceleration increases as particles become larger, while the opposite
trend is observed for light particles (bubbles) (Molin et al., 2012).

Supporting previous arguments, when the gravity is added in the
simulations, the particle streamwise velocity changes (cf. Fig. 13),
which causes changes in wall-normal lift and consequently drag accel-
erations. However, for St = 1, such changes are not significant due to
the small relaxation time (Figs. 13(a), 14(a) and 14(c)). In contrast, for
St = 10, one could observe that the streamwise velocity in the upward
case is noticeably lower than the fluid velocity in the buffer layer (case
(c-5) in Fig. 13(b)) and thus, the lift direction is moving the particles
away from the wall (case (c-5) in Fig. 12(d)). On the other hand, for the
downward flow case, the particle velocity in the streamwise direction
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Fig. 11. Mean concentration profile with upward flow for (a) S7=1 and (c) St =10 and downward flow for (b) St =1 and (d) S = 10. In the upward flow particles are pushed
away from the wall whereas in the downward flow particles are moved towards the wall.

is higher than the fluid velocity (case (d-5) in Fig. 13(b)) and the lift
force pushes the particles towards the wall (case (d-5) in Fig. 12(d)) and

velocity statistics were almost similar for different particle sizes with
therefore we observe a higher deposition velocity. Note that since the

the same Stokes number, only one of the cases is shown, i.e. case 2 and
5 in Figs. 13 and 14. Also, the RMS profiles are intensified for St = 10

10
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(Figs. 14(b) and 14(d)), since the magnitudes of drag and lift change
due to the effect of gravity.

Overall, we may conclude that not only Stokes number but also
particle properties as well as the direction of the flow are important in
the deposition investigations. Therefore, as mentioned recently (Brandt
and Coletti, 2022), effect of gravity is important in particle deposition,
and thus results obtained for zero-gravity cannot be extrapolated to
non-zero gravity cases, even for small particles.

4.3. Deposition velocity

Table 2 presents the deposition velocity (rate) for each case includ-
ing different acceleration mechanisms. For small Stokes numbers and
small particles (d, = 4.8 and 15.3 pm) the addition of lift reduces the
deposition rate or in other words, decreases the number of particles
with velocities towards the wall while an opposite effect is observed
for d, = 48 pm. This contrast can be explained by looking at the
lift acceleration very close to the wall, i.e. where deposition occurs

11

(O(d;)). As mentioned before, lift is a function of Stokes number as
well as particle diameter (Eq. (11)), and therefore, its characteristics
vary for particles with different sizes, even at the same Stokes number.
As pointed by McLaughlin (1989), wall-normal lift might not show any
virtual effect outside the viscous sublayer region and beyond on particle
statistics. However, even its small magnitude in the deposition region
has a strong effect on particle deposition, i.e. exactly in a region that the
wall-normal fluid velocity is negligible, even a small amount of lift can
change the deposition rate. Therefore, considering St = 1, very close
to the wall (deposition region) a positive lift decreases the deposition
rate for small particles and a negative lift increases the deposition for
the largest particle. Considering St = 10, lift works always in favor of
the deposition process and increases the deposition velocity by pushing
the particles towards the buffer layer and intensifying the deposition
via impaction (turbophoresis). Considering the largest particle at this
Stokes number, d, = 48 pm, there is an additional effect coming
from a negative lift very close to the wall, which in conjunction with
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Table 2

Calculated deposition velocity for all the cases.
Case uty Case uty
(a-1) 22x107° (b-1) 1.7x 1072
(a-2) 47%1073 (b-2) 3.1x107°
(a-3) 1.2x 1074 (b-3) 1.7x107*
(a-4) 0.012 (b-4) 0.024
(a-5) 0.017 (b-5) 0.049
(c-1) 0. (d-1) 24x1073
(c-2) 0. (d-2) 6.3x1073
(c-4) 0.034 (d-4) 0.123
(c-5) 0.033 (d-5) 0.153

turbophoresis further increases the deposition (see Fig. 8(d)-case (b-5)
for negative lift very close to wall).

Additionally, as explained, the gravitational acceleration affects the
particle streamwise velocity, which alters the lift in wall-normal direc-
tion and thus, particle wall-normal velocity and the deposition rate.
However, considering St = 10, for the smaller particle, d, =153 pm,
gravity increases the deposition due to higher lift and increasing the
deposition via impaction, but it decreases the deposition velocity for
the larger particle, d;, = 48 pum. This difference is thought to be due to
the effect of gravity which eliminates the negative lift in the deposition
region (see the explanation above).

To support our findings, we display the particle mean wall-normal
velocity for case 5 (i.e. St = 10 and dj, = 50 pm) in Fig. 15. As explained,
the change in wall-normal velocity statistics causes the change in
deposition velocity. One could notice that the inclusion of lift (case
(b-5)) increases the mean wall-normal velocity and consequently the
deposition rate. For the upward case (c-5), despite the higher velocity
near the wall in comparison to case (b-5), the wall-normal velocity in
the buffer layer is lower, suggesting that fewer particles go towards
the wall and get deposited by impaction. For the downward case (d-
5), magnitude of the wall-normal velocity is much higher than the
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Fig. 17. Instantaneous particle distribution for case (a) (a-2), (b) (a-5), (c) (b-2), (d) (b-5), (e) (c-2), (f) (c-5), (g) (d-2) and (h) (d-5) in (x-y) plane with z* =1 at +* = 40000. The
gravity changes the dynamics of particles near the wall considerably for the larger Stokes number.

other cases which results in one order of magnitude larger deposition
velocity.

Comparing our results with the available experimental data in
Fig. 16, the deposition velocities for all the cases obtained here fall
within the range of experiments. It can be observed that considering
different combinations of material properties and/or different combi-
nations of accelerations for the same Stokes number leads to differ-
ent results. Therefore, the results presented here confirm the multi-
dimensionality and complexity of the deposition process, that is de-
position dynamics are dependent on particle characteristics as well as
fluid phase properties and thus, cannot be described solely based on
the Stokes number.

4.4. Particle near-wall dynamics

To have a qualitative visualization of near-wall particle segregation,
we show snapshots of particle distribution at z* = 1 in Fig. 17. For
smaller Stokes (St 1), the particle distribution for all the cases
demonstrate almost homogeneous distributions and including lift and
gravity does not alter their location within the low-speed streaks, and
only the number of particles reaching the deposition region changes
(Figs. 17(a),17(c),17(e) and 17(g)). For larger Stokes (St = 10), we can
observe the particle segregation in the regions with low-speed streaks
(Fig. 17(b)). Including lift has a small effect on their distribution and a
weak segregation can still be detected (Fig. 17(d)). However, including

13

gravity in either direction disturbs their distribution and no specific
pattern is observed (Figs. 17(f) and 17(h)). The same dynamics can be
seen for case (*-1) and case (*-4) (not shown here).

In order to have a more quantitative comparison, we compare prob-
ability density function (PDF) of particle wall-normal velocity and slip
velocity magnitude (Vy;;, = |ug — v, |) in Figs. 18 and 19, respectively.
We show the PDFs for case(*-2) and case (*-5) in four separated regions;
(1) deposition region (z* ~ O(d; )), (2) Viscous sublayer (O(d;;) <zt <
5), (3) Buffer layer (5 < z*+ < 30) and (4) Outer region (30 < z* < 180).
In the deposition region (Figs. 18(a) and 18(b)), the shift in particle
wall-normal velocity is apparent, which changes the deposition rate.
In the viscous sublayer, for the smaller Stokes number (Fig. 18(c)),
particles reach an almost symmetric distribution, which shows that
some particle move towards the wall and some move away from it.
For the larger Stokes number (Fig. 18(d)), there is still an asymmetry
distribution, which shows their tendency away from the wall, case (c-
5), or towards the wall (d-5). For both Stokes numbers, particles have
a homogeneous distribution towards the centerline and their PDFs are
almost similar in the bulk flow region. As mentioned before, the reason
in change of particle wall-normal velocity and consequently deposition
rate is the lift acceleration, which is a function of particle diameter
and Stokes number as well as slip velocity, which also significantly
gets affected by gravity. The change in slip velocity can be seen in
Fig. 19 for different regions. Including gravity changes the stream-
wise velocity that results in a higher slip velocity for both upward
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and (b), (d), (0, (h) case (*-5). Buffer layer and outer region are almost homogeneous,
the magnitude and direction of particle wall-normal velocity changes with including
different accelerations.

and downward flow. As mentioned before, this change in slip velocity
alters the wall-normal lift acceleration which can be different for each
particle. Additionally, even small amount of lift near the wall can
have strong impulses on deposition rate since the fluid wall-normal
velocity is almost zero at the wall. Therefore, the determining factors
for obtaining particle deposition are particle size and density as well as
the included forces.

5. Conclusion

The objective of this work was to study dynamics of particle de-
position and explore whether the Stokes number solely is enough to
describe the deposition or other quantities such as particle size and
density need to be considered. Therefore, we aimed to obtain the depo-
sition rate for various sizes and densities with the same Stokes numbers.
Thus, we performed several PP-DNSs for different combinations of
particle sizes and particle to fluid density ratios at the same Stokes
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case (*-2) and (b), (d), (f), (h) case (*-5). Including gravity changes the slip velocity
significantly.

number (detailed in Table 1). The simulations were carried out in a
turbulent channel flow at Re, = 180.

In this work, we could draw two main conclusions; (1) Stokes
number alone cannot be used to describe the deposition velocity/rate.
In particular, particle size and property as well as fluid phase char-
acteristics need to be considered. (2) Accounting for gravity and lift
accelerations is of a great importance when studying deposition. Con-
sistent with findings of McLaughlin (1989), it turned out even a small
amount of lift very close to the wall (where fluid wall-normal velocity
drops to nearly zero) alter the deposition rate remarkably. Gravity
alters the deposition process substantially by modifying the particle
slip velocity and as a result lift in wall-normal direction, consistent
with conclusion of Brandt and Coletti (2022). However, the change in
the deposition rate due to gravity and lift is a function of the Stokes
number, particle size, density as well as direction of the flow.

It is also worth noting that the wall boundary corrections on drag
proposed by Faxen (1923) and Maude (1965) and lift by Takemura and
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Magnaudet (2003) were considered in our studies, which have non-
negligible effects (results without such corrections are not shown for
the sake of brevity) on the deposition dynamics.

Moreover, our results demonstrate that the particle velocity vari-
ance plays an important role to control the deposition process, at least
for the ranges of particle sizes considered here. Therefore, the obtained
results provide useful indications required to further develop more
accurate models such as stochastic acceleration models introduced
by Lattanzi et al. (2020) that aim at capturing particle velocity variance
accurately.

Finally, we would like to mention that this study considers only the
effect of particle characteristics (size and density) on the deposition at
a constant fluid Reynolds number. However, as shown by Bernardini
(2014), the deposition rate is also dependent on flow characteristics
(fluid Reynolds number).
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