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ABSTRACT

This study investigates the transport and deposition of small particles (500 nm < d, < 10 um) in a fully developed turbulent channel flow,
focusing on two fluid friction Reynolds numbers: Re; = 180 and Re, = 1000. Using the point particle-direct numerical simulation method
under the assumption of one-way coupling, we study how fluid flow (carrier phase) characteristics influence particle deposition. Our findings
suggest that changes in flow conditions can significantly alter the deposition behavior of particles with the same size and properties.
Furthermore, we show for the first time that gravity has minimal impact on deposition dynamics only at high Reynolds numbers. This
research enhances our understanding of small particle deposition and transport in turbulent flows at high Reynolds numbers, which is crucial

for various industrial applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0232440

I. INTRODUCTION

The transport and deposition of small particles in various indus-
trial and environmental systems, such as the petroleum and petro-
chemical industries, modern gas turbines, and biomass conversion
systems, are critical issues that have drawn significant research atten-
tion.' ” A comprehensive understanding of the mechanisms behind
particle transport and deposition and their interactions is essential for
mitigating their negative economic and environmental impacts, such
as equipment fouling, reduced efficiency, and harmful emissions.
However, despite extensive research, understanding the complex inter-
play of various mechanisms governing small particles deposition and
transport in turbulent flows remains a significant challenge.

The rate of particle deposition, commonly referred to as deposi-
tion velocity, is generally expressed as a function of the particle Stokes
number, which is the ratio of the particle response time to the charac-
teristic fluid flow timescale. At low Stokes numbers, the dominant
deposition mechanism is the Brownian motion, also known as the dif-
fusional regime. As the Stokes number increases, the effect of particle
diffusion decreases, yielding to turbophoresis, the convective drift of
particles toward the wall induced by the gradient in turbulent intensity,
characteristic of the diffusion-impaction regime. With further
increases in the Stokes number, particle inertia becomes increasingly
significant, leading to the inertia-moderated regime (these regions are
demonstrated in Fig. 8).

In our previous study,” we demonstrated that the Stokes number
alone is insufficient to fully characterize particle deposition; additional
parameters such as particle diameter and density also need to be con-
sidered, when studying the deposition. Moreover, it was shown that
gravity significantly affects the deposition process at low fluid
Reynolds number (Re, = 180), even for small particles, supporting the
findings of Brandt and Coletti.”

In addition to particle properties, varying fluid flow characteris-
tics can result in different Stokes numbers for the same particle.
Additionally, changes in fluid (carrier phase) Reynolds number alter
the flow characteristics such as turbulence intensity, thereby affecting
particle transport and deposition. Zhang and Ahmadi® examined par-
ticle deposition in vertical and horizontal ducts at varying Reynolds
numbers, concluding that the effect of gravity varies with flow condi-
tions. However, their study was limited to very low Reynolds numbers
and a small number of particles. Similarly, Bernardini’ investigated
particle transport dynamics at different Reynolds numbers but consid-
ered solely the drag force, overlooking other forces such as lift,
Brownian, and gravity. Consequently, their findings might not be con-
clusive, particularly for small particles considered in the current study.

This study aims to investigate the effects of flow characteristics
on the transport and deposition of small particles. Therefore, point
particle-direct numerical simulation (PP-DNS) has been utilized to
provide detailed insights into the transport and deposition dynamics
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of small particles in a turbulent channel flow at both low (Re; = 180)
and high (Re; = 1000) fluid Reynolds numbers. Furthermore, all rele-
vant forces including drag, lift, gravity, and Brownian are considered.
We analyze the deposition dynamics of small particles of varying sizes
at these two fluid Reynolds numbers. We further examine the impact
of gravity on the deposition dynamics at different fluid Reynolds
numbers.

This paper is structured as follows: Sec. 11 outlines the theoretical
framework employed in this study. Section III details the computa-
tional domain and the numerical schemes used in the simulations. The
results and analyses are presented in Sec. I'V. Finally, Sec. V concludes
the study and discusses potential future research directions.

1. PHYSICAL BACKGROUND

In this section, we briefly outline the fundamental equations gov-
erning turbulent flow dynamics and the equation of motion for
particles.

A. Fluid phase

The dimensionless continuity and Navier-Stokes equations for
an incompressible, single-phase fluid flow in a channel are given by

V-u" =0, (1)
Ou™ 1
au?‘F u - Vu' = gvzf - Vp' +6],, )

where u' and p* are the dimensionless fluid velocity and kinematic
pressure based on the friction velocity (1) and the channel half-height
(h), respectively. Also, Re; = u.h/v is the friction Reynolds number, v
is the kinematic viscosity, and J;; is a constant pressure gradient driv-
ing the flow.

B. Particle tracking

For the study of small particles, we include accelerations due to
drag, lift, gravity, and Brownian motion of the particles. Therefore, the
dimensionless equations of motion for each individual particle are as
follows:

dr’
P+
e A (3)
dv
—dti =a}, +a +al +ny, (4)

where r; and v represent the dimensionless particle position and
velocity, respectively. All the variables are dimensionless based on the
kinematic viscosity and the friction velocity.

The acceleration due to drag (af;) including wall modifications
for particles moving normal (Cpw ) or parallel (Cpyy) to the wall is

pubs.aip.org/aip/pof

dr a\’ d\* i\
Cowi= |1—— (2 ) g2 (%) _ 45 (%) 1 (%
I 6\2 ) "s\air ) “2se\2ky) 16\ 2k ’

(6)

2
9 (dy 9dy
Cpw. =1 +§ (@) + (g@ » (7)

such that []" is the dimensionless distance of the particle from the near-
est wall.

The particle Stokes number (Sf), dimensionless relaxation time,
incorporating the Cunningham correction factor (Cy) is defined as:

_1P

St =
18 p

Ced!?, ®)

Co=1+ % (1.257 + 0.4e*“?5’), 9)
dp
where p is the fluid density and d}, and p,, are particle diameter and
density. Chen and McLaughlin'® showed that considering the
Cunningham correction factor is important in deposition of sub-
micron particles (d, < 1 um).

The acceleration due to lift (a;") includes shear-lift and wall-
induced lift. Here, the shear-lift model is based on the Saffman lift"”’
with a correction (i) proposed by Mei'* and the wall-induced lift is
calculated according to the model presented by Takemura and
Magnaudet.'” The lift acceleration is given by

u;*—v*)xafr

1 < p
al =0.1714 u —v Vot
‘ hpg o v Ve e
p P
31
O ¢ )
+4& +VLW CLW7 (10)
p P

where

5 2
JL=03 (1 + tanh {5 (log,e + 0.191)}) (5 + tanh(6¢ — 1.92)),

(1n)
Vo©

e=—0
o = vl

(12)

12,
3d;

)

4+\ —2tanh(0.01Rerw)
CLW = CLWO (1 + 0.6R€0’5LW — 055R€?‘\9\f)2 ( >

(13)

9
|:—+ 5.78 x 10*%*4-58} exp(—0.292z*) for z* < 10,
CLWO = 8

expressed as'*"’ 8.94(z*)*% for z* > 10,

+ gt (14)
ap =t % (1 + 0.15Re°‘687> Cow, (5) ) NE
St P Viw = ([ux,f - Vx,p] + [uy,f - Vy,p} ) P (15)
where u;’ is the fluid velocity at particle location and particle Reynolds
Rerw = Viwd, /v 16
number is defined as Re, = [uf — v, |d,, /1. The wall correction factors I;W twdp /v, (16)
are given by z' =z Viw/v. 17)
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A detailed description of these equations can be found in our pre-
vious work.’
Brownian motion of particles, denoted by ng, is modeled as a

Gaussian white noise (G),
S+
ni = Gy /273, (18)

with a spectral density (S{) given by
2
St=— .
O nSeSt?

The Schmidt number, Sc, is defined as the ratio of kinematic viscosity
to the Brownian diffusivity (D),

(19)

e ¥ _ 3m/dp,u’
D~ CkT

(20)

where T is the absolute temperature of the media,  is the dynamic vis-
cosity of the fluid, and k=138 x 107]/°k is the Boltzmann
constant.'*"’

The gravitational acceleration (af) accounting for Buoyancy
effects is defined as follows:

al=(1-5\g", (21)
p

where g* is the dimensionless gravitational acceleration with the abso-
lute magnitude of 0.0546.

Here, the deposition velocity is defined as the particle flow rate
on the wall normalized by the total number of particles per unit area
and is calculated as’

 ANg,H*
T NoAt

5 (22)

where ANy, represents the number of particles deposited on the wall
within a time interval (At*), H' is the half-height of the channel in
dimensionless units, and Nj, is the initial number of particles.

11l. COMPUTATIONAL SETUP

In this section, we describe the details of our computations and
the test cases.

A. Carrier phase

In this study, direct numerical simulations (DNSs) are conducted
for two flow configurations at Re; = 180 and Re; = 1000. The incom-
pressible Navier—Stokes equations are solved using a second-order finite
difference method, called CaNS$ (Canonical Navier-Stokes).'* Flow is
driven by a constant pressure gradient, as detailed in Eq. (2), and it is
integrated in time with a three-step Runge-Kutta scheme (RK3).
Periodic boundary conditions are applied in the streamwise and span-
wise directions, while a no-slip condition is used in the wall-normal
direction. The computational domain dimensions are 4wh x 21h X 2h
along the streamwise, spanwise, and wall-normal directions, respectively,
with & = 2 cm (channel half-height). The fluid is considered as air with
a viscosity of v = 1.57 x 10> m? /s. Details of the domain discretiza-
tion for each flow case are provided in Fig. 1 and Table I.

ARTICLE pubs.aip.org/aip/pof
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FIG. 1. A schematic of the computational domain for a channel at (a) zero gravity
and (b) upward flow in the opposite direction of gravity.

B. Particle phase

To investigate particle transport and deposition, the CaNS code is
integrated with a Lagrangian Particle Tracking (LPT) solver, assuming
a dilute system, ie., the particle motion does not influence the fluid
flow. The time integration for the particle phase utilizes a second-order
Runge-Kutta scheme, similar to the fluid phase. The fluid information
such as velocity and vorticity at each particle location are determined
through the trilinear interpolation method. Previously, it is mentioned
that this interpolation method is sufficiently accurate for PP-DNS.” In
each simulation,10° particles are injected into the domain at random
locations and assigned velocities based on the interpolated fluid fields
at their respective positions.

Similarly, periodic boundary conditions are applied in the
streamwise and spanwise directions, such that particles exiting the

TABLE I. Details on the computational domain and particle properties.

Phys. Fluids 36, 113305 (2024); doi: 10.1063/5.0232440
Published under an exclusive license by AIP Publishing

Number of Pp
Re, grid points® AttY p dp(m) St
5x107 2x107°
1x107% 1x10°2
180 512 %256 x 144 0.125 2000 5. 10-6 22 % 10-!
10 x 1076 1
5x107  7x107?
1x107°% 2.8x 107!
1000 2048 x 1536 x 448 0.11 2000 5. 14-6 7
10 x 10°¢ 28
“Streamwise X spanwise x wall-normal.
“Fluid phase time step.
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domain on one side re-enter from the opposite side. Furthermore, a
sticky system is considered in this study, i.e., particles are considered as
deposited and removed from the domain when their distance to the
wall falls below their radius. To maintain a constant particle count dur-
ing the simulation, a new particle is introduced at a random location
whenever a particle is deposited and removed. This framework has
been validated in our previous investigation.” We also note that the
time step is selected to be an order of magnitude smaller than the parti-
cle relaxation time, following the criterion proposed in Ounis et al.'”’
for accurate sense of Brownian force.

As previously discussed, particle deposition is a multi-
dimensional phenomenon influenced by various parameters and can-
not be described solely by the Stokes number.” The Stokes number
itself is influenced by factors such as particle diameter, particle density,
and the Kolmogorov length scale of the fluid phase, depending on the
specific configuration and Reynolds number. In our prior study, we
investigated the effect of particle characteristics on the deposition rate
and found that particles of varying diameters and densities, even at
identical Stokes numbers, exhibited different deposition rates.” Our
findings also indicated that at low fluid Reynolds number (Re, = 180),
gravitational effects significantly alter the deposition rate and zero-
gravity conclusions cannot be extrapolated to non-zero-gravity
configurations.”

This study aims to advance our understanding of small particle
transport and deposition at high fluid Reynolds numbers relevant to
industrial applications and to assess the impact of gravity on the depo-
sition process at such high fluid Reynolds numbers. To achieve this,
we carry out two sets of simulations for each particle: one under zero-
gravity conditions and one with gravity, at both low and high
Reynolds numbers. For simulations including gravity, it is assumed
that the fluid flow opposes the direction of gravity, i.e., an upward
flow. A summary of the fluid and particle properties is provided in
Fig. 1 and Table .

IV. RESULTS

In this section, we analyze the influence of the fluid Reynolds
number on particle statistical quantities and its interplay with gravity
on particle deposition. To calculate particle statistics, the computa-
tional domain is discretized into Ny = 151 slabs along the wall-normal
direction. The statistical data are first ensemble-averaged, followed by
time-averaging. The center of each slab is determined using
hyperbolic-tangent binning,”’ with a stretching factor of y = 2.0,

Re s s—1
o) = S\
Az7(s) = fanh {tanh <y Ns) tanh (y . >} . (23)

Data collection begins after the particle distribution has reached
almost fully developed state. The steady-state distribution of particles
can be quantified by calculating the Shannon entropy (S).”' The
Shannon entropy is defined as the probability of finding a particle in a
given slab, p; = N;/N;, and is expressed as

N;
g T2 Pilnp
In N, ’

(29)

where N; represents the instantaneous number of particles in slab i,
and N; denotes the total number of particles within the entire compu-
tational domain. Figure 2 illustrates the temporal evolution of

ARTICLE pubs.aip.org/aip/pof
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FIG. 2. Time evolution of Shannon entropy for the smallest (d, = 500 nm) and larg-
est (d, = 10 um) particles at low (Re. = 180) and high (Re. = 1000) Reynolds
number.

Shannon entropy for the smallest (d, =500 nm) and largest
(dp = 10 um) particles at both low and high Reynolds numbers with
zero-gravity setting. All cases approach a nearly fully developed state
by the dimensionless time of ™ = 1500.

To compare the particle statistics under zero-gravity and an
upward flow at two different Reynolds numbers, Fig. 3 presents the
mean particle concentration across the channel. It is observed that
under zero-gravity condition, the mean concentration increases with
rising fluid velocity (Reynolds number) for all particle sizes. This
change can be attributed to the fact that the Stokes number is depen-
dent on both particle properties as well as fluid characteristics.
Therefore, when the fluid Reynolds number, ie., friction velocity,
increases, the particle Stokes number increases as well. Consequently,
this leads to an increased effect of particle impaction, which pushes the
particles toward the wall. Furthermore, as the fluid Reynolds number
increases, the drag force (the dominant force) in the near-wall region
significantly decreases, which also contributes to higher particle con-
centration. A detailed discussion of the forces/accelerations is provided
later in the text. Comparing the concentrations for the largest particle
(dp, = 10 um) in Fig. 3(d) at two fluids Reynolds numbers, the slight
increase at the higher Reynolds number is due to the significant simul-
taneous increase in the deposition rate (6 orders of magnitude). Since
the particles are removed when deposited and reintroduced randomly
in the channel, the near-wall concentration shows only a slight increase
instead of a substantial increase.

When comparing the particle concentrations under zero-gravity
and non-zero gravity conditions, a slight increase is noted for the
smaller particles [d, = 500 nm and 1 um in Figs. 3(a) and 3(b)] at low
Reynolds number. The reason for this is likely the relatively small size
of the particles, which makes them more susceptible to Brownian
motion and less influenced by gravitational settling. However, for
larger particles [d, = 5um and 10um in Figs. 3(c) and 3(d)] at
Re, = 180, there is a substantial change in the near-wall concentration,
and the particles are pushed away from the wall, as previously dis-
cussed in Ref. 6. This particle size range may mark a transition where
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FIG. 3. Mean concentration profile at zero
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gravitational effect starts to play a more significant role at low
Reynolds number (Re. = 180). Conversely, at Re, = 1000, gravity
does not have any considerable effect on particle concentration or
deposition velocity. This finding suggests that the influence of gravity
on particle transport and deposition dynamics may be negligible only
at high Reynolds number dispersed flows.

To support our findings, we present the mean streamwise velocity
of the particles in Fig. 4. For the smaller particles [Figs. 4(a) and 4(b)],
the particle velocity closely follows the fluid velocity. However, for the
larger particles [Figs. 4(c) and 4(d)], there is a noticeable deviation from
the underlying fluid velocity, particularly at the higher Reynolds number.
This deviation is attributed to the larger inertia of bigger particles with
the increase of friction velocity and consequently the Stokes number,
which prevents them from fully responding to the fluid flow changes.

Interestingly, the presence of gravity does not significantly affect
the mean streamwise velocity of the particles at either Reynolds num-
ber and alters it slightly only in the near-wall region. This can be
explained by the fact that at low Reynolds number, the particle sizes
and Stokes numbers are still small enough to closely follow the fluid
flow. However, at the higher fluid Reynolds number, the particle iner-
tia dominates over gravity, which leads to a negligible impact of gravity
on the particle velocities. This observation aligns with the minimal
changes in particle concentration profiles at high Reynolds numbers in
Fig. 3.

In our previous work,” we demonstrated that root mean square
(RMS) of wall-normal particle velocity plays an important role in the
deposition process of small particles. We present the RMS of stream-
wise and wall-normal velocity in Figs. 5 and 6. At low fluid Reynolds

number, for the smallest particle [Figs. 5(a) and 6(a)], although the
particle velocity does not show any deviation from the fluid, Brownian
diffusion can influence the velocity variance in the near-wall region,
thereby higher deposition velocity in comparison to the other particle
sizes. This effect reduces as the particle size increases, and the variance
of particle velocity approaching the laden fluid [Figs. 5(b)-5(d) and
6(b)-6(d)].

Furthermore, the effect of Brownian diffusion decreases as the
fluid velocity increases due to higher Stokes numbers, while the influ-
ence of turbophoresis becomes more pronounced. Especially at the
higher Reynolds number, for the smaller particles [Figs. 5(a) and 5(b)
and 6(a) and 6(b)], the near-wall deviation from the laden fluid repre-
sents the diffusion-impaction regime, while for larger particles [Figs.
5(c) and 5(d) and 6(c) and 6(d)], particle inertia gets dominant and
the particle relaxation time increases and, consequently, the greater
deviation from laden fluid is observed. This behavior clearly demon-
strates how flow characteristics contribute to variations in particle
velocity variances, which in turn determine the deposition rates of
small particles. For both Reynolds numbers, gravity does not change
the velocity variances considerably.

Figure 7 demonstrates the accelerations in the wall-normal direc-
tion for the smallest (d, = 500 nm) and largest (d, = 10 um) par-
ticles. At low Reynolds number, the drag acceleration is higher due to
the smaller Stokes number compared to the higher Reynolds number.
As expressed in Eq. (5), drag acceleration is inversely proportional to
the Stokes number. Thus, drag acceleration decreases with either an
increase in particle size and density or an increase in fluid friction
velocity, as depicted in Figs. 7(a) and 7(b).
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FIG. 4. Mean streamwise velocity profile
for (a) d, =500nm, (b) d, =1 um, (c)
d, = 5um, and (d) dy, = 10 um. Smaller
particles follow the fluid velocity, while the
larger particles deviate from the underly-
ing fluid velocity at higher Reynolds
number.

FIG. 5. RMS of streamwise velocity profile
for (a) d, =500nm, (b) d, =1 um, (c)
dy=5um, and (d) d, =10um. The
near-wall deviation from the laden fluid
increases with increase in the Reynolds
number.
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According to Eq. (10), lift acceleration is influenced by both the
Stokes number and dimensionless particle size (particle diameter).
Moreover, gravity affects the particle streamwise velocity and conse-
quently lift in the wall-normal direction.” Ultimately this could lead to
small alterations in the deposition dynamics. Such impacts are more
pronounced at low fluid Reynolds numbers.” Therefore, at higher fluid
Reynolds numbers lift and consequently the deposition rate remain
unaffected as shown in Figs. 7(c) and 7(d).

The Brownian acceleration diminishes with increasing particle
size and Stokes number, as noted in Eq. (18). For the smaller particle
at low fluid Reynolds number [Fig. 7(¢)], the order of Brownian accel-
eration is the same as the drag acceleration, however, at the higher
Reynolds number, the order of magnitude of Brownian reduces to the
same order as lift, significantly smaller than drag. For the larger particle
[Fig. 7(f)], the effect of Brownian motion is very small in comparison
to other accelerations at low fluid Reynolds number and diminishes
completely at the higher fluid Reynolds number. Our findings confirm
the remark of Li and Ahmadi'” that the effect of Brownian motion can
be neglected for particles larger than 1 um.””

Figure 8 illustrates the deposition velocity with respect to the
Stokes number. At low fluid Reynolds numbers, gravity enhances the
deposition velocity for the smallest particle (d, = 500nm) due to
slight increase in accelerations toward the wall. Conversely, for larger
particles, substantial positive lift prevents proximity to the wall, thus
preventing the deposition [see Fig. 7(d)]. As the fluid friction velocity
increases, the Stokes number and consequently the influence of impac-
tion also rises, leading to an increase in deposition velocity for particles
of the same size. It is further observed that gravity does not affect the

deposition velocity substantially at the (fluid) higher Reynolds
numbers.

To provide a visual representation of the variations in the deposi-
tion process, Fig. 9 displays the number of particles in the deposition
region [O(d,)] at t* =1500 for particle size of 5um. It can be
observed that at lower Reynolds number when the effect of gravity is
included (represented by red points), the number of particles in the
near-wall region reduces significantly. However, at higher Reynolds
number, the number of particles in the near-wall region is notably
greater and, consequently, the deposition velocity is higher.
Conversely, inclusion of gravitational effect does not have any impact
on the particle deposition rate at the higher Reynolds number.

Figure 10 depicts the variation in deposition velocity for upward
flows at both low and high fluid Reynolds numbers with respect to
particle diameter. Notably, the deposition velocity increases signifi-
cantly for larger particles (d, = 5 and 10 um) as they transition from
the diffusion regime at the lower fluid Reynolds number to the impac-
tion regime at the higher fluid Reynolds number, thereby altering the
deposition rate considerably.

This indicates that for a comprehensive study of deposition, both
flow characteristics and particle properties must be considered, as the
Stokes number alone may not fully capture the deposition mechanism.

V. CONCLUSION AND OUTLOOK

This study investigated the influence of the fluid (carrier phase)
Reynolds number and gravity on particle transport and deposition in a
turbulent channel flow by performing PP-DNSs at two fluid Reynolds
numbers (Re; = 180 and 1000) for small particle sizes. Furthermore,
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we explored the interplay between fluid Reynolds number, gravity, and
the deposition process.

At the lower fluid Reynolds number (Re; = 180), Brownian diffu-
sion is the dominant mechanism responsible for deposition, particularly
affecting smaller particles, leading to higher deposition velocities in com-
parison to larger particle sizes. Conversely, for larger particles getting
close to the diffusion-impaction regime, the deposition velocity
decreases. At higher fluid Reynolds number (Re; = 1000), the increased
fluid velocity enhances turbophoresis and, consequently, the deposition
rate. On the other hand, gravity’s role in particle deposition varies with
particle size and fluid Reynolds number. For smaller particles
(d, = 500nm), gravity slightly increases the deposition rate at low fluid
Reynolds numbers, primarily through changes in accelerations (see

) d, = 10um

Fig. 7). However, for larger particles (d, = 5um and d, = 10um), grav-
ity significantly reduced the near-wall concentration and deposition rate
via the change in particle streamwise velocity and subsequently lift that
causes particles to be pushed away from the wall. At the higher fluid
Reynolds number, the effect of gravity becomes negligible, indicating
that particle inertia dominates gravitational settling.

In summary, two main conclusions can be drawn based on the
results of this work:

(1) Fluid (carrier phase) Reynolds number, i.e., fluid flow character-
istics, have a significant effect on the deposition process of small
particles with same characteristics. One could observe the
transition from diffusion to diffusion-impaction and then
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FIG. 8. Deposition velocity vs Stokes number at both fluid Reynolds numbers. The
deposition regime changes with increase in either particle size or fluid friction veloc-
ity. The experimental data are taken from Young and Leeming.”*

inertia-moderated regimes, due to change in fluid Reynolds
number, particularly for larger particles.

(2) Considering gravity is crucial at low fluid Reynolds numbers,
which is in agreement with the previous findings,” * and it can
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FIG. 9. The number of particles in the near-wall region at (a) Re; = 180 and (b)
Re. = 1000 at time t* = 1500 for d, = 5 um. The blue points are particles at
zero-gravity setting and the red points are the particles at the upward flow.
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FIG. 10. Deposition velocity vs particle diameter ratio to half-channel height at both
fluid Reynolds numbers. The deposition velocity increases considerably at the
higher Reynolds number for the larger particles.

only be neglected at high fluid Reynolds numbers consistent
with findings in Young and Leeming.”” However, our findings
are applicable when small particles are considered (less than 10
um), and the role of gravity in the deposition process cannot be
generalized for larger particles.

Finally, our study indicates the complex dynamics of particle
deposition, and underscores the importance of considering multiple
factors, including Stokes number, particle properties, and flow condi-
tions, to predict and control particle deposition in practical
applications.

In this investigation, as previously discussed, we postulated that
the presence of particles does not have a significant influence on the
fluid flow dynamics. However, an increase in either the number or the
size of particles leads to an increase in the volume fraction of the dis-
persed phase. This necessitates the incorporation of the interactions
between the particles and the continuous phase (two-way coupling) as
well as the consideration of particle collisions (four-way coupling),
where the particle size is larger than the Kolmogorov length scale.
Empirical evidence suggests that the dispersed phase can mitigate the
turbulence intensity within the flow regime when large particles are
considered.”*”” This attenuation of turbulence may consequently
result in a decrease in particle deposition rates since strong correlations
between sweep events—characterized by high-speed fluid motion
toward the wall (turbophoresis)—and the flux of particles toward the
wall are recognized as a primary mechanism driving deposition pro-
cesses. Johnson et al.”® also investigated the influence of volume frac-
tion on particle concentration; while their study did not specifically
address particle deposition, it was observed that an increase in volume
fraction correlates with a reduction in near-wall particle concentration.
This observation similarly implies a potential decrease in particle depo-
sition rates where the dilute system assumption becomes invalid.
Further investigation into these dynamics, particularly when small par-
ticles are considered, and their implications for the particle deposition
process is essential and merits attention in future research efforts.
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