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Abstract: Dry deposition of airborne particles in duct air flow over a backward-facing step (BFS) is
commonly encountered in built environments and energy engineering. However, the understanding
of particle deposition characteristics in BFS flow remains insufficient. Thus, this study investigated
particle deposition behaviors and efficiency in BFS flow by using the Reynolds stress model and the
discrete particle model. The influences of flow velocities, particle diameters, and duct expansion
ratios on particle deposition characteristics were examined and analyzed. After numerical validation,
particle deposition velocities, deposition efficiency, and deposition mechanisms in BFS duct flow were
investigated in detail. The results showed that deposition velocity in BFS duct flow monotonically
increases when particle diameter increases. Moreover, deposition velocity falls with increasing
expansion ratio but rises with increasing air velocity. Deposition efficiency, the ratio of deposition
velocity, and flow drag in a BFS duct is higher for small particles but lower for large particles as
compared with a uniform duct. A higher particle deposition efficiency can be achieved by BFS with a
smaller expansion ratio. The peak deposition efficiency can reach 33.6 times higher for 1-µm particles
when the BFS expansion ratio is 4:3. Moreover, the “particle free zone” occurs for 50-µm particles in
the BFS duct and is enlarged when the duct expansion ratio increases.
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1. Introduction

Dry deposition of aerosol particles in duct air flow over a backward-facing step (BFS) is of
significant relevance in built environments and energy engineering, such as for particle removal
devices, building ventilation systems, and pulverized coal burners [1–4]. As a BFS can greatly modify
flow structure and turbulent kinetic energy (TKE) distribution, particle dispersion and deposition in
BFS flow are quite different from the case of uniform duct flow [5]. Particle deposition in a uniform
duct has been well studied. However, particle deposition characteristics and behaviors in BFS flow
have been seldom examined. Therefore, more attention needs to be paid to this important issue to
improve the efficiency of many related energy and environmental engineering devices.

Particle deposition characteristics in duct air flow are complicated and determined by many
factors, such as the properties of the particles (density, size, and shape), gravitational effect, Brownian
diffusion, turbulent flow structures (turbulent eddies and turbulent kinetic energy distributions),
geometric structure of the duct, temperature difference in flow fields (thermophoresis), and humidity
of the air (three-phase flow) [4–6]. For particle deposition in a vertical duct, particle deposition
velocity will firstly decrease, then increase greatly, and finally remain constant when particle relaxation
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time increases, as the mechanisms of particle deposition greatly change from small to large particle
sizes [7,8]. For low particle relaxation time, Brownian diffusion and turbulent vortex are dominant
factors for particle deposition [9,10]. However, particle inertia is much more significant than particle
relaxation time increases [11,12].

In recent years, the research method for particle deposition in duct air flow has dramatically
changed. Compared with experimental study and theoretical prediction, numerical simulation has
become the main way to study particle deposition [13–15]. As it is challenging to experimentally
measure or theoretically predict particle deposition behaviors in duct air flow with complicated
duct geometries, computational fluid dynamics (CFD) methods are heavily used to predict particle
deposition behaviors in complex turbulent flow fields. The Eulerian–Eulerian and Eulerian–Lagrangian
methods are the two main methodologies used to predict duct flow particle deposition. The first
method treats particles as a pseudo-fluid and models particle motion as fluid flow [16]. However,
the second method tracks particle movement trajectories and solves the Newtonian kinetic equation for
each particle [17]. The Eulerian–Eulerian approach neglects the difference between the velocities of the
air flow and particle motion, which results in errors opposite to the physics. The Eulerian–Lagrangian
method can accurately simulate particle movements by tracking the trajectories of each particle. Thus,
the discrete particle model (DPM) (Lagrangian method) was adopted in the present study.

For the uniform duct case, Zhao and Chen [18] investigated the deposition characteristics
of particles in ventilation ducts by using the Eulerian–Eulerian approach. Zhang and Chen [19]

predicted the deposition velocity of particles in a uniform duct by using the v′2 − f turbulence model.
The Reynolds stress model (RSM) proved to be the most accurate Reynolds-averaged Navier–Stokes
(RANS) model compared with other turbulence models by Tian [20] and Gao [21] because the RSM
includes turbulent anisotropy while other turbulence models assume turbulent isotropy. For the
nonuniform duct case, Haber [22] and Lee [23] predicted the deposition behaviors of particles in
expanding and contracting alveolus by solving the creeping flow equations, as the flow velocities in
their cases were quite slow. This method can capture the basic flow eddies. They found that particle
deposition velocity increases due to the capture of flow eddies near the wall. Li et al. [24] studied
particle deposition in air duct flow over an obstacle. They found that interception of obstacles can
obviously increase particle deposition velocity. Iacono et al. [25] compared deposition characteristics
of spherical and nonspherical particles in turbulent ribbed pipe flow by using large eddy simulation
(LES). The results showed that nonspherical particles would not accumulate before the ribbed surface,
which is quite different from spherical particles. Benedetto et al. [26] and Sarli and co-workers [27,28]
examined dust deposition in air flow inside an explosion chamber. Dust mainly accumulates at the
walls and this tendency is stronger with an increase of dust nominal concentration and diameter.

Particle deposition in BFS duct flow is quite complicated and influenced by many factors.
Moreover, it is challenging to measure particle motions in near-wall regions by experiments. Therefore,
studies on particle deposition in BFS flow are very limited, and the related deposition behaviors and
mechanisms remain unclear. Nevertheless, CFD can be a powerful tool to study particle deposition
characteristics in BFS ducts. Thus, this study investigated particle deposition in BFS flow using the
Reynolds stress model and the discrete particle model. The influencing factors on particle deposition
characteristics, including different air flow velocities, particle sizes, and expansion ratios of the BFS
duct, were considered in the study. Turbulent air flow fields, particle movement trajectories, particle
deposition velocities, and deposition efficiency considering flow drag were obtained and analyzed
carefully. Moreover, the deposition mechanisms of BFS flow were studied and compared with a
uniform duct case.

2. Numerical Methodology

This section describes the numerical models for the air-particle flow simulation. The RSM for air
flow and the DPM for particle motion are demonstrated in Section 2.1. The modification of turbulent
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velocity fluctuation to improve the prediction accuracy is described in Section 2.2. The fully developed
velocity and turbulent kinetic energy for the inlet are described in Section 2.3.

2.1. 2D Air-Particle Two-Phase Models

The governing equation of dust air flow can be described by
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employed in this study to close the RANS equations. The Reynolds stress governing equation can be
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The terms on the left-hand side of Equation (3) are the time and convective terms, respectively.
The terms on the right-hand side of Equation (3) are the turbulent diffusion, stress production, pressure
strain, and dissipation terms, respectively. In Equation (3), empirical constants σk = 1.0, C1 = 1.8,
and C2 = 0.6 [20]. A two-layer zonal model with enhanced wall function was used near the wall to
improve turbulence prediction [20]. More details on the air flow model can be found in the authors’
previous studies [29–31].

DPM was adopted to simulate particle motions in air flow. Considering dilute particulate flow
in the present study, particle modification on fluids and collisions between particles were neglected.
Five main forces were modeled in the simulation. The term on the left-hand side of Equation (4) is
the accelerated velocity of the particles. The terms on the right-hand side of Equation (4) are the drag,
gravitational, buoyancy, Brownian, and Saffman’s lift forces, respectively. These five forces were the
main factors used to determine particle deposition behaviors. The detailed particle motion equation is
described as follows [20,21]:

dup
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24
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where ∆t is the time step. However, we conducted a steady simulation in this study. ∆t is a timescale
constant in the steady calculation in ANSYS FLUENT. The particle dispersion behaviors were related
to the time step length in the unsteady simulation. The effects of time step on particle dispersion
and deposition characteristics were investigated, as they represent an important research issue in our
future unsteady simulation research.

The drag coefficient CD was calculated by [20]

CD =

{ 24
Rep

, f or Rep < 1
24

Rep
(1 + 0.15Re0.687

p ), f or 1 < Rep < 400
(5)
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where Rep is the particle Reynolds number. Its physical significance is the ratio of inertial force to
viscous force per unit mass.

Rep =
Vpdp

ν f
(6)

where Vp is the particle terminal fall velocity, dp is the particle diameter, ν f is the fluid kinematic
viscosity, and S0 is the spectral intensity of a Gaussian white noise random process. The particle
deposition velocity has been widely used to describe the deposition rate of particles. Particle deposition
velocity can be calculated by [20]

Vd =
J

C0
=

Nd/t/A
N0/V

(7)

where J is the deposited particle number and C0 is mean particle concentration. The nondimensional
particle deposition velocity can be calculated by

V+
d =

Vd
u∗

(8)

where u∗ is the friction velocity.
The particle relaxation time can be computed by

τp =
Sd2

pCC

18ν
(9)

where CC is the Cunningham slip correction factor, which is calculated by

CC = 1 +
2λ

dp
(1.257 + 0.4e−(1.1dp/2λ)) (10)

where λ is the mean free path of gas molecules (air = 0.066 µm), dp is the particle diameter, S is the
density ratio of the particle and fluid, dp is the particle diameter, and ν is the kinematic viscosity of the
fluid. The particle relaxation time represents the time required for a particle to adjust its velocity to a
new condition of forces in the fluids. The nondimensional particle relaxation time can be computed by

τ+
p =

CCSd2
pu∗

2

18ν2 . (11)

Considering the flow drag of the duct, a particle deposition efficiency can be defined compared
with the uniform duct case [32]:

η =
vd rough

vdsmooth
· fsmooth

frough
(12)

where frough/ fsmooth is the increase ratio of flow drag.

2.2. Modification of Turbulent Velocity Fluctuation

Particle turbulent dispersion was modeled by the discrete random walk (DRW) model [20,21].
Fluid velocity fluctuation produced by a Gaussian random distribution as well as turbulent vortex
were used in the DRW model [32]. Instantaneous fluid velocity fluctuation in RSM can be described by

u′ = ζu′rms, v′ = ζv′rms, w′ = ζw′rms (13)

where u′rms, v′rms, and w′rms are the fluid velocity fluctuation in different directions, respectively,
and ζ is random number with normal distribution. The present simulation was a steady prediction.
Thus, the random fluid velocity fluctuation updated every iterative step, which is consistent with the
literature [20]. Nevertheless, it was found that particle deposition velocity will be overpredicted by
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directly using RSM [20,21]. Thus, turbulent velocity fluctuation was corrected in near-wall regions by
a user-defined function (UDF) to improve prediction accuracy. For the uniform duct, direct numerical
simulation (DNS) results [33] were employed and are shown as follows:

v′rms

u∗
= C(y+)2, for y+ < 4 (14)

where C = 0.008. For the uniform duct, Equation (14) was used for the same range y+ < 4. In addition,
turbulent velocity fluctuation in BFS duct flow was corrected by [34]

v′rms

u∗
=

a1y+2

1 + b1y+ + c1y+2.41 , for y+ < 30 (15)

where a1 = 0.0116, b1 = 0.203, and c1 = 0.0014. Equation (13) was successfully imposed in modeling
particle deposition in ribbed duct flow [34]. For the BFS duct, Equation (15) was adopted for the range
y+ < 30.

2.3. Fully Developed Inlet Conditions

Fully developed velocity and TKE profiles were imposed in the simulation by UDF codes.
Fully developed velocity distribution is shown as follows [20]:

U = U f ree

(
y

D/2

)1/7
for y ≤ D/2 (16)

U = U f ree

(
h− y
D/2

)1/7
for y > D/2 (17)

U f ree =
8
7

Umean (18)

where D is the duct inlet height and Umean is the air mean velocity. Besides, the fully developed TKE
distribution can be computed by [20]
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τw =
ρgU2

mean

2
· f . (21)

A nonslip condition was adopted on the walls for the fluid phase. A pressure outlet was employed
at the duct outlet. For the particle phase, it was assumed that particles would deposit on wall surfaces
if they touched the walls, which was consistent with Tian [20]. Particles would leave from the duct
outlet in the present simulation [20]. The RANS equation was solved by the finite volume method,
while the particle motion equation was solved by the Runge–Kutta approach.

3. Computational Cases and Grid Independence Test

This section describes the computational cases and the grid independence test. The computational
geometry and case description are given in Section 3.1. The structural grid and the grid independence
test are described in Section 3.2.
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3.1. Computational Geometry

The length of 2D uniform and BFS ducts was 0.4 m and the width of uniform and BFS duct inlets
was 0.02 m, as displayed in Figure 1. The length of 2D uniform duct Lu was 0.4 m and the width of
uniform duct Du was 0.02 m, as shown in Figure 1a. For the BFS duct, the first half-length of the duct
Lb1 was 0.2 m, while the second half-length of the duct Lb2 was also 0.2 m. The expansion ratios of BFS
duct λ = Db/Hb were 4:3, 5:3, and 6:3, respectively, as shown in Figure 1b. Db was 0.02 m. Inlet air flow
velocities were 5.5 and 8 m/s. The corresponding Reynolds numbers were 7534 and 10,959 based on
the inlet flow velocity and duct height, respectively. The dynamic viscosity of the air µ was 1.789 ×
10−5 kg·s/m and the air density was 1.225 kg/m3. After the air flow fields converged and stabilized,
30,000 particles were injected from the duct inlet and the particle velocity was initially equal to the
inlet mean air velocity. The density of the particle material was 2000 kg/m3 and particle sizes were 1,
2, 3, 5, 10, 20, 30, and 50 µm in the simulation.
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3.2. Structural Mesh

Structured mesh was developed for the BFS duct with different expansion ratios, as shown
in Figure 2. A grid independence study was conducted on the particle deposition velocity in the
uniform duct. The difference between medium and fine mesh cases was not very large, as displayed in
Figure 3. However, as the computational cost was not quite large, the fine mesh was adopted to obtain
potentially more accurate results. The first grid interval was 0.05 mm and the increased mesh ratio
was 1:2. The mesh numbers were 36,527, 41,547, and 45,312 for BFS ducts of the expansion ratios 4:3,
5:3, and 6:3, respectively.
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4. Results and Discussions

4.1. Numerical Validation

To validate the present air flow and particle motion models, the air velocity distributions in BFS
duct flow and particle deposition velocity profile in a uniform duct were obtained and compared
with experimental and numerical data. Figure 4a shows five air velocity distributions behind the BFS
verifying the experimental measurement [35]. The step height of the BFS duct was 26.7 mm in the
experiments. The expansion ratio was 5:3, which was consistent with the present CFD simulation.
The Reynolds number based on the air flow velocity and step height was 18,400. This was also
the same with the present validated case. The air velocity was measured by using laser Doppler
anemometry (LDA). It can be seen that present air velocities agreed well with the literature results.
Thus, the present numerical model could simulate BFS flow accurately. The particle deposition velocity
distribution for the uniform duct case is shown in Figure 4b. In the present particle size range,
flow vortex capture and inertia were the dominant factors determining deposition behaviors. The
present deposition velocity distribution agreed well with the related experimental and numerical
results from the literature [19,20,36–42]. Therefore, the present method can well predict particle
deposition in duct flow and the present air-particle flow model is reliable and correct.

4.2. Particle Deposition Velocity in BFS Flow

Particle deposition velocity in the BFS duct is illustrated in Figure 5. Different BFS expansion
ratios were considered in the study. The curved shapes of the deposition velocity in the BFS duct
were dramatically modified compared with the uniform duct case. Deposition velocity in the uniform
duct firstly increased significantly and then became invariable when the particle diameter increased.
However, the deposition velocity in the BFS duct monotonically increased when the particle diameter
increased. This indicated that the deposition characteristics were dramatically changed. Moreover,
a cross point can be seen between the deposition profiles of the uniform duct and BFS duct cases.
The particle diameter of the cross point was 6, 10, or 11 µm for the duct expansion ratio of 4:3, 5:3,
or 6:3, respectively. If the particle diameter was smaller than the cross point, the deposition velocity
in the BFS duct was higher than that in the uniform duct. Nevertheless, the deposition velocity in
the BFS duct was lower than that in the uniform duct when particle size was larger than the cross
point. Moreover, the expansion ratio had an obvious effect on deposition behaviors, as displayed
in Figure 5. Deposition velocities can be enhanced by a smaller BFS expansion ratio, as deposition
distance increases with an increase of the expansion ratio. However, the curved shape of the deposition
velocity did not change with the expansion ratio of the duct. This indicated that the particle deposition
mechanisms did not change in the BFS duct for different expansion ratios.

For small particles, turbulent vortex had a significant effect on particle deposition behaviors.
A separation eddy was induced by the BFS geometry, which could greatly enhance TKE. Moreover, a
large number of particles were captured by turbulent eddies and then transported to deposit on wall
surfaces. The mechanism was effective for small particle because of their low inertia. However, for
large particles, the mass inertia was the main mechanism for deposition behaviors. Thus, the deposition
velocity of large particles decreased in the BFS duct because the deposition distance increased compared
with the uniform duct. Moreover, the decreasing tendency of particle deposition velocity increased
with an increase of the duct expansion ratio for the BFS duct cases. Therefore, deposition velocity
increased by BFS for small particles.

Furthermore, the effect of air velocity on deposition behaviors was investigated and the results
are displayed in Figure 6. The air velocities are 5.5 and 8 m/s. Expansion ratio of the duct was 5:3.
From Figure 6, higher air velocity can slightly increase particle deposition in BFS duct. Nevertheless,
deposition velocity keeps monotonically increasing when air velocity changes.
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4.3. Particle Deposition Efficiency in BFS Flow

As discussed in the previous section, deposition velocities of small particles can be significantly
enhanced by BFS compared with a uniform duct. Thus, the BFS can be a possible alternative to improve
particulate removal efficiency in air cleaning devices. However, the flow drag of a BFS duct also needs
to be considered to comprehensively evaluate the particle deposition efficiency of BFS. Therefore,
the flow drags of uniform and BFS ducts are illustrated in Figure 7. Figure 7a shows that the flow drag
for the uniform duct was 0.26 N, while the flow drag increased to 0.32 N for the BFS duct when the air
flow velocity was 5.5 m/s. The increased air velocity could induce higher flow drag. The flow drag of
the BFS duct could reach 0.61 N when the air flow velocity was 8 m/s. Moreover, the expansion ratio
of the BFS duct had an obvious influence on the flow drag, as shown in Figure 7b. The flow drag of the
BFS duct was 0.27, 0.32, or 0.37 N for an expansion ratio of 4:3, 5:3, or 6:3, respectively. Thus, the flow
drag of the BFS duct increased as the expansion ratio increased, as more form drag was produced by
BFS with a higher expansion ratio.Sustainability 2019, 11, x FOR PEER REVIEW 12 of 19 
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Deposition efficiency profiles of BFS ducts with different expansion ratios are shown in Figure 8.
The deposition efficiency of the BFS duct first decreased and then increased with increasing particle
size. The deposition efficiency of the BFS duct was larger than 1 for small-size particles while lower
than or close to 1 for large-size particles. The critical particle size was 10, 9, or 5 µm when the
expansion ratio of the BFS duct was 4:3, 5:3, or 6:3, respectively. This indicates that a wider range
of particles can be effectively deposited by BFS with a smaller expansion ratio. Moreover, particle
deposition efficiency was modified by different expansion ratios of the BFS duct, as displayed in
Figure 8. Generally, the deposition efficiency in the BFS duct was higher if the expansion ratio was
lower. The maximum deposition efficiency could reach 33.6 for 1-µm particles when the BFS expansion
ratio was 4:3. Therefore, the BFS duct with a small expansion ratio had higher efficiency for particle
deposition, especially for PM2.5. Thus, it can be useful in improving particle deposition efficiency in
many related gas-particle devices.

Moreover, the effect of air velocity on the deposition efficiency of the BFS duct was investigated,
the results of which are shown in Figure 9. The expansion ratio of the BFS duct is 5:3 and the air
velocities are 5.5 and 8 m/s in the figure. Deposition efficiency was slightly enhanced when air velocity
increased because the turbulent kinetic energy was more intense for the higher flow velocity case.
Moreover, different air velocities did not modify the deposition efficiency characteristics. The maximum
deposition efficiency still appeared for 1-µm particles for both air velocities.
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4.4. Particle Deposition Mechanisms in BFS Flow

The TKE distribution and particle trajectories with different sizes in the BFS duct are shown in
Figures 10 and 11. The expanding ratios are 4:3 and 6:3 in Figures 10 and 11, respectively. Fifty random
trajectories were selected in the figures. The flow streamlines in Figures 10a and 11a are expansive
because of the BFS structure. The deposition distance of the particles increased as the expansion
ratio increased. Thus, the deposition rate in the BFS duct was reduced for large particles. However,
a separation eddy was induced by BFS and the TKE values were quite high in the turbulent eddy
regions. The large-scale vortex and high-value TKE were beneficial for small-diameter particle
deposition. Thus, BFS can increase the deposition efficiency of small particles.

Moreover, Figures 10 and 11 illustrate particle trajectories of 1, 10, and 50 µm in BFS ducts.
When particle diameters were 1 and 10 µm, numerous trajectories crossed with each other, as displayed
in Figure 10b,c and Figure 11b,c, because small-size particles were likely to alter the movement
directions by the turbulent vortex. Nevertheless, as shown in Figures 10d and 11d, particle motions
were nearly unchanged due to the large inertia. Besides, particle trajectories of 1 and 10 µm could fill in
all the air fields of the BFS duct. However, there were no particle trajectories of 50 µm behind the BFS,
which was the “particle free zone” [29]. The particle free zone reduced the deposition area of large
particles. Moreover, it was enlarged when the duct expansion ratio increased, as shown in Figure 11d.
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The critical particle diameters of the particle free zone for different expansion ratios in BFS flow
can be seen in Figure 12. The critical particle diameters were 27, 24, and 21 µm for expansion ratios of
4:3, 5:3, and 6:3 from Figures 3 and 4, respectively. The critical particle diameter decreased with the
increasing expansion ratio. When the expansion ratio of the BFS duct was small, it was quite difficult
to form the particle free zone, as even large particles could fill the whole BFS duct. However, with the
increase of the expansion ratio, only small particles could fill the whole BFS duct due to the larger
following property. The particle free zone could easily form for large particles because of the large
particle inertia. The regimes above the critical line were the particle free zones, while the no particle
free zone formed below the critical line.
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4.5. Limitations of the Study

In this study, the air velocity distributions were validated with the related experimental data
behind the BFS. Moreover, the validation for particle deposition velocity was conducted in a uniform
duct. From the above validation, it can be found that the present model can at least accurately predict
particle deposition behaviors in a uniform duct. Moreover, the present CFD model can also accurately
simulate the air flow velocity profiles in a BFS duct. The present particle deposition velocity in the BFS
duct was used to validate the related experimental measurement. However, the related experimental
data of particle deposition velocity in a BFS duct could not be found in the literature. Nevertheless,
the present CFD model proved capable of predicting particle deposition velocities and characteristics in
many complicated geometries. For example, Gao and Niu [3] and Zhang and Chen [21] used the same
CFD model to predict particle deposition in a complicated indoor environment. Sun et al. [16] and Li
et al. [26] used the same CFD model to successfully predict particle deposition in duct bends and an
obstructed duct flow, respectively. Therefore, these studies can indirectly prove that the present CFD
model can correctly simulate particle deposition in a BFS duct. Moreover, direct validation of particle
deposition velocity in a BFS duct needs to be conducted in a future work. The related experimental
measurement of particle deposition velocity in a BFS duct is strongly recommended.

5. Conclusions

Dry deposition in BFS ducts with different air velocities and expansion ratios were investigated
by the Eulerian–Lagranian method. Particle deposition velocity, deposition efficiency, and deposition
mechanism were obtained and analyzed. The following conclusions can be drawn:

1. Deposition velocity in a BFS duct monotonically increases when the particle diameter increases.
Deposition velocity in a BFS duct is higher for small particles but lower for large particles,
compared with a uniform duct. Moreover, deposition velocity decreases as the expansion ratio
increases. Deposition rates in BFS ducts are enhanced by higher air velocity, but deposition
characteristics are not altered by different flow velocities.

2. The deposition efficiency of a BFS duct first decreases and then increases as the particle size
increases. Compared with a uniform duct, the deposition efficiency of a BFS duct is higher for
small particles but lower for large particles. Higher particle deposition efficiency can be obtained
by BFS with a smaller expansion ratio. The maximum deposition efficiency can reach 33.6 for
1-µm particles when the BFS expansion ratio is 4:3.
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3. Compared with a uniform duct, the deposition rates of large particles in a BFS duct are reduced
because of the increased deposition distance. However, BFS could increase the deposition
efficiency of small particles because a separation vortex is produced by BFS and the TKE is much
more intense in the turbulent eddy areas. The trajectories of small particles can fill in whole flow
fields of a BFS duct. However, the particle free zone occurs for 50-µm particles in a BFS duct,
and the particle free zone is enlarged when the duct expansion ratio increases.
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