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ABSTRACT

Electrostatic precipitators (ESPs) are essential for particulate removal from
industrial emissions, yet the investigation of the influence of electrode geometry
and arrangement on the flow patterns, electrical characteristics, and collection
efficiency remains insufficient. In the present study, the finite volume method in
ANSYS Fluent with User-Defined Functions is employed to simulate the flow
pattern and particle transportation in duct-type ESPs for four discharge—
collecting configurations (i.e., combinations of rod-wire corona electrode with
planar and wavy collecting plates). The results reveal that the corona electrode’s
geometry plays a key role in determining the electric field strength, charge
distribution, and ionic wind generation in the channels, while the collecting
plate’s curvature primarily influences the field intensity near its surface. In the
wavy plate channel, evident vortices appear in the concave area adjacent to the
collecting wall at a moderate inlet velocity (1o = 0.5 m/s), which enhances the
local flow that favors particle deposition and thus improves collection
efficiency. At a high inlet velocity (uo = 1.0 m/s), the enhancement effect
attributed to flow-induced deposition is reduced in all four channels because the
flow acceleration caused by electric wind adversely affects the collection
efficiency. The numerical results provide practical information for optimizing
the design of the electrode structure and the channel configuration to improve
the ESP performance under varying operational parameters.
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1. INTRODUCTION

Air pollution in China and some other developing
countries has attracted sustained attention in the past few
decades, primarily because of the emission of particulate
matter, especially fine particulate matter. This pollution
has contributed to a decline in urban air quality and
presents severe health risks to the residents (Iranshahi et
al., 2024; Jin et al.,, 2016). To address this challenge,
electrostatic precipitators (ESPs) have emerged as a
leading solution for fine particle collection with high
efficiency (Adamiak, 2013; Iranshahi et al., 2024; Parker,
2012).

A standard ESP channel consists of two grounded,
parallel plates that act as collecting electrodes (i.e.,
collecting plates), with a row of wires arranged along the
centerline between them serving as discharge electrodes
(i.e., discharge wires). The design and arrangement of the

electrodes are critical for enhancing the charging and
retention of particles within ESP channels. For example,
discharge electrodes featuring spikes are recognized for
generating elevated corona currents, thereby improving
particle charging in ESPs (Brocilo et al., 2008; Fujishima
et al.,, 2004; Podlinski et al., 2013). Furthermore,
incorporating cavities into collecting plates has been
demonstrated to alleviate the re-entrainment of particles
deposited on these surfaces (Bernstein & Crowe, 1981;
Brocilo et al., 2008; Deepthi et al., 2022).

Within the ESP channel, corona discharge generates
a complex turbulent, particle-laden flow driven by the
dynamic interaction between the primary flow (also called
the mainflow or inlet flow) and the secondary flow (often
known as electric wind or corona wind) (Ekin & Adamiak,
2023; He et al., 2023; Iranshahi et al., 2024). Over the past
several decades, extensive investigations have been
conducted on the performance of ESP channels featuring
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NOMENCLATURE
ak constants Ni ion concentration
ac constants P gas pressure
b half-height of the wavy plate qp particle charge
B electrical mobility of the charged particle 0 rod discharge wire radius
C concentration of particle rs tip radius of star-shaped wire
Co  inlet particle concentration S wire-to-wire spacing
Ci:  constants Sy wire-to-plate spacing
C. Cunningham correction factor T gas temperature, 7= 298.15 K
Ci thermal velocity of the ions t particle residence time
Dp  particle diffusion coefficients accounting for the uo inlet velocity
Brownian motion
D. ion diffusivity (ranging from 0.01 to 0.1 m?%/s) Uo applied electric potential at the discharge
electrode
dp particle diameter uj gas velocity component in the x;-direction
Dr  particle diffusion coefficients accounting for the w width and height of the star-shaped wire
turbulent flow
e electronic unit charge, e = 1.6 X 10"° C
E magnitude of local electric field strength T constants of time (7= 4&o/pionkion)
E(x) electric field intensity along the X-direction y determined by the ratio of electric current
from the preceding two iterations
Eawe average electric field strength in the ESP ) electric potential
channel
E; component of the electric field intensity in the A mean free path of the gas molecules, 1 =
xi-direction 0.065 um at 25°C
Epee  electric field intensity calculated by Peek’s € turbulent dissipation rate, and the constants
K formula
E;  numerical solution T constants of time (7. = 8&oksT/d, CiNie?)
Evw  electric field intensity on the discharge surface p gas mass density
Gy generation of turbulence kinetic energy owing Pw ion charge density predicted by Kaptzov’s
to the gas velocity gradients approximation
1 specific current of the discharge wire Pion ion charge density on the discharge surface
J(x)  space charge density along the X-direction pinEi  electrical body force, expressing the coupling
interaction between electric field and fluid
flow
Jp average current density at the plate €0 permittivity of free space
k turbulent kinetic energy &p relative dielectric constant of the particle
ks Boltzmann constant, kg = 1.38 X 1072 J/K u gas dynamic viscosity
kion  positive ion mobility, kion = 1.8x 10 m?/(V- s) Uett effective turbulent (or eddy) kinematic
viscosity
L length of collecting plate M turbulent dynamic viscosity
n number of iterations B under-relaxation factor

increasingly complex geometric electrode configurations,
with the aim of enhancing particle removal efficiency
(Adamiak, 2013; Lee, 2024; Parker, 2012). However,
most analytical solutions (Adamiak, 2013; Lei et al., 2008;
Soldati, 2000) focus on simpler configurations of smooth
wires or flat collecting plates, and the study on ESPs with
collecting electrodes of special shapes is still limited so far
(Bernstein & Crowe, 1981; Choi etal., 2021; Park & Kim,
2000; Shen et al., 2018) or discharge electrodes (Chen et
al., 2021; Hao et al., 1990; Sander et al., 2018; Shen et al.,
2020).

Numerous studies have concentrated on the
performance of collecting electrodes. For example,
Bernstein and Crowe (1981) conducted analytical
investigations into the electrical characteristics and flow
patterns within an ESP channel utilizing W-type plates
(i.e., wavy plates or ZT-24 plates). Park and Kim (2000)
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investigated the impacts of the electrohydrodynamic
(EHD) flow on charged-particle behaviors in the ESP with
the cavity plate using both experimental and numerical
methods. More recently, Shen et al. (2018) further
analyzed the flow regimes in the channels constructed
with five collecting plates, and Zhou et al. (2021) carried
out a comparable study to investigate the flow patterns and
particle behaviors in ESP with various collecting shapes.
In addition, the results by Choi et al. (2021) showed how
parameters related to the wavy plate, including the
wavelength and amplitude, influence the ESP
performance. However, many of these studies simplified
the geometric structure of the discharge electrode, which
is typically assumed to be a perfectly smooth wire that
produces homogeneous discharge.

In contrast, other studies have focused exclusively on
the corona characteristics of discharge electrodes, often
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overlooking the collection electrodes. For instance, Hao et
al. (1990) measured the electric field strength close to the
collecting plate for three types of wires: star—shaped, saw—
tooth spike, and tube—type spike. Sander et al. (2018)
compared the collection efficiencies of symmetric and
asymmetric spiked wire—plate ESPs by both experimental
measurements and the Deutsch equation. Shen et al.
(2020) evaluated the vortex strength and turbulence
intensity produced by secondary flow in ESPs with six—
shaped wires (including round-type wires, knife—shaped
wires, two star—shaped wires, and others), employing the
FLUENT code. Chen et al. (2021) experimentally
investigated the ionization characteristics of RS and BS
wires in the channel with C-type plates.

Additionally, several other studies have examined
specific electrode (spike electrode) configurations, though
their investigations were limited exclusively to the spike—
wire geometry. Brocilo et al. (2008) studied the electrical
characteristics in ESPs with three different collecting
plates. The results by Fujishima et al. (2004) show that the
flow near the wall of the concave part of the collecting
plate is relatively slow and stable, which is beneficial for
the deposition of the charged aerosols. In contrast, the
convex zone has minimal impact on the primary flow. For
the C-type ESP, the electrical field distribution and the
EHD characteristics in the channel with spiked corona
wires were also investigated by others (Neimarlija &
Muzaferija, 2011; Farnoosh et al., 2011; Podlinski et al.,
2013). For instance, the results by Podlinski et al. (2013)
showed how the positioning of spike points relative to the
flow direction changes the flow pattern within the channel.

Although the above-mentioned studies have made
significant contributions to understanding the electrical
characteristics, flow patterns, and particle dynamics of
ESPs, few studies have considered the geometries of both
the corona and collecting electrodes simultaneously. To
bridge this gap, the present study explores four distinct
discharge—collecting configurations, combining two
shaped discharge electrodes and two types of collecting
electrodes, to evaluate their combined impact on ESP
performance. The simulations incorporate finite volume
solvers for the electric field, charge density, and particle
concentration within an Eulerian framework while
considering electrostatic forces. The interaction among
these solvers is facilitated by employing user-defined
functions (UDFs). A comparison of these four
configurations provides valuable insights into the complex
relationship between electrode configuration and ESP
performance.

2. GEOMETRICAL CONFIGURATION

Four discharge—collecting systems with defined
computational domains are assumed to explore the ESP
performance, as shown in Fig. 1. The electrodes used in
the simulation cases are the combinations of two discharge
wires (rod wire and star—shaped wire) and two collection
plates (flat plate and wavy plate). Table 1 summarizes the
abbreviations used for the four discharge—collecting
configurations. The key dimensions and operational
parameters of the four referenced systems are illustrated in
Fig. 1 and listed in Table 2, respectively.
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Fig. 1 Schematics of the ESP channel and
computational domain with four discharge—collecting
systems: a) R—F system, b) R-W system, ¢) S-F
system, and d) S—W system (Table 1)

Table 1 Four discharge—collecting systems in the
electrostatic precipitator channels

Discharge Collecting plate
wire flat-type (F) W-type (W)
rod-type (R) R-F system R-W system
star—type (S) S—F system S—W system

Furthermore, the GCI (Grid Convergence Index)
criterion, as established by Roache (1994), was
successfully met for all configurations of this study,
ensuring the robustness of the numerical results. Previous
studies (Shen et al., 2018; 2020) provide detailed
explanations of the grid independence tests. The
computational domains were discretized via nonuniform
grids of 170,400, 172,970, 180,984, and 184,614 cells for
the respective channels.

3. COMPUTATIONAL MODEL AND PROCEDURE

3.1 Governing Equations

The flow within an ESP is modeled as an isothermal,
incompressible, and steady turbulent flow. Incorporating
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Table 2 Values of the main parameters of the four
discharge—collecting systems

SX Sy b C ro rs w (Drnez Uo
(m) | (m) | (m) | (m) | (mm)| (mm) | (mm) 1) (kV)
0.2410.15]0.02|0.02| 1.25 ] 0.25 4 0.1 | 70

external body forces such as the Coulomb force, the
governing equations for describing the flow in the channel
are as follows (He et al., 2023; Iranshahi et al., 2024; Kodi
et al., 2023):

0

= =0

o (pu;) (1
0 ou, op

ax (puu; —(p+ 1) axj) o, PinE; ()

where p and pin are the mass density and ion charge
density of the gas, respectively. u; and u; are the velocity
components in the i- and j-direction (i, j = x, y, z),
respectively, and p represents the gas pressure. The
coefficients x and u; are the viscosity of dynamic and
turbulent, respectively. pionE; is the electrical body force in
the i-direction, representing the coupling between the flow
and the electrical field.

The Coulomb force in Eq. (2), i.e., pionE;, is determined
by using the finite volume solver from the numerical
solution of the electric characteristic equations, i.e.,

Poisson’s equation
v2¢):_pinn /80 (3)

and current continuity equation

azpi(m

0
_(ppion (kionEf +uj )) N pDe axfz (4)

o,
where E; = O@/Ox;, with ¢ the electrical potential. The
positive ion mobility is set as kion = 1.8 x 10* m?/(V-s)
(Oglesby & Nichols, 1978; Parker, 2012). The value of the

ion diffusivity D, ranges from 0.01 to 0.1 m%*/s (Bentz,
2000; Skodras et al., 20006).

To balance the computational cost and accuracy, we
adopt the RNG (Renormalization Group) k-¢ model —
extensively used in prior studies (Choi et al., 2021; & Kim.,
2000; Shen et al., 2020)—to simulate the flow regimes in
the ESP. The equations to calculate the kinetic energy &
and dissipation rate ¢ are written as (Park & Kim, 2000;
Neimarlija & Muzaferija, 2011):

0 ok

—(pku.—a —) =G, + pk

o, (pku; —ay pt axj) P (%)
0 oe & &

— —au,.,—)=C G —+C, p—

aXA(pguj a,; Mo ax/) le kk 2:P k (6)

J

where . is the effective turbulent viscosity, and the term
Gk of Eq. (5) is the generation of k£ due to the velocity
gradients. The values of the constants contained in the
above equations are a; = a, =1.39, and C\. and C, take the
values of 1.42 and 2.0, respectively.

The Eulerian approach is used to describe particle
dynamics in the channels, treating particles as secondary
fluids and formulating equations for their average
properties (Behroyan et al., 2015; Chu et al., 2023;
Ganesan et al., 2016; Sivasankaran & Mallawi, 2021).
When electric forces are exerted on the charged particles,
the modified convective-diffusion equation governing the
distribution of particle concentration C is (Chu et al,,
2023; Kodi et al., 2023; Park & Kim, 2000; Schmid &
Vogel, 2003):

G oC oC
a((u,. +B.E,)C)= a((DB +DT)51}

J J

(7a)

where Dg and Dr are particle diffusivities due to the
Brownian and turbulent diffusions, respectively. ¢p
denotes the charge on the particle with a diameter dj,. The
Cunningham slip correcting factor, C., calculated by
(Friedlander, 2000):

Co= 1+ (1.257 + 0.4exp(—1.1dy/22))2//d, (7b)

where A is the mean free path of air molecules, with the
value is approximately 0.065 um at 25°C.

The predominant particle charging mechanisms in
ESPs are field charging and diffusion charging. This study
focuses on fine particles with d, = 0.5 pum, which are
difficult to remove via traditional dust removal
mechanisms. For particles with d, < 1 um, both charging
mechanisms occur simultaneously. These particles are
assumed to be neutral before they enter the ESP channel.
The total charge of a single particle ¢, is calculated by
(Friedlander, 2000):

36, ., t 2med kT t
=7 + In(1+—
T g,+2 "t+r ¢ rc) ®
with
7= 4¢&o/pionkion (8a)
7. = 8eoksT/dp,CiNie (8b)

where ¢, and ¢ represent the relative permittivity and the
residence time of the charged particles, respectively. The
Boltzmann constant, kg, is equal to 1.38 x 10723 J/K, and
the gas temperature, 7, is set to 298.15 K. The elementary
charge is represented by e, with a value of 1.6 x 107" C.
The thermal velocity of the ions C; takes the value of 2.4
x 10%2 m/s. Additionally, the ion concentration can be
expressed as N, = Jp/kionE, with Jj, is the current density at
the collecting plate.

3.2 Boundary Conditions and Computational

Procedure

Table 3 provides an overview of the boundary
conditions for the four proposed ESP configurations.

The initial value of the space charge density adjacent
to the discharge electrode, pw, is predicted via Kaptzov’s
approximation (Lei et al., 2008). When performing the
iterative calculation, the nth round p,, is updated using the
following equation:
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Table 3 Boundary conditions for simulating the ESP

Surfaces
Field Corona | Collecting
Inlet Outlet electrode | electrode
Airflow | Veloeity- | Pressure- |y 1 g
inlet out
Electric _ _
potential o0@/on=0 | 0@p/on=0 | 70kV 0kV
Space charge | , _ _ _ Peek _ _
density Opion/On=0 | 0 pion/On=0 formula 0pion/On=0
Particle C=Co | aC/on=0 | C=0 | 6C/on=0
concentration
no_ n-1 n-1 n-1 4
Py =(=B)py "+ Bo (B Epy.) ©)

where n represents the iteration round, £ denotes the
under-relaxation factor, E,, is the field strength close to the
surface of the discharge electrode, Epeex is the calculated
electric field by Peek’s formula (Oglesby & Nichols,
1978; Parker, 2012), and yis the ratio of the currents of the
previous two iterations. The flowchart for the solution is
depicted in Fig. 2, and the details on the implementation
steps can be found in the supplementary.

Initialize values of the
parameters uo, p,, etc.

Provide an initial guess of p,, calculated by
Kaptzov's approximation for discharge wire

'

Solve UDS Equations (Egs. (3) and (4)) for |
the electric potential and space-charge density |

YES

<' Determine whether g, is adjusted — YES
by Eq. (9) according to Peek's formula

e

Calculate the momentum term p_ E;, solve
flow Equations (Egs. (1) and (2)) with
RNG k-£model (Egs. (5) and (6))

YES

Calculate the electrical migration velocity of
particle, solve the modified convection-
diffusion equation (Eq. (7))

YES

END
Fig. 2 Flowchart of the simulation
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3.3 Model Validation

The reliability and accuracy of the model proposed in
this study for predicting electric field strength were
validated by using the test data of Penney and Matick
(1960). As shown in Fig. 3, the calculated potential curves
match very well with the measured data by Penney and
Matick (1960), meaning that this model can accurately
predict the electric field in the ESP channels.

The numerical results of the flow regime and particle
transport in the ESP were also validated by comparing the
simulations with the test results from Leonard et al. (1983)
and Kihm (1987), respectively. The results are shown in
Fig. 4.

Figure 4 shows a favorable agreement of velocity
distributions between the gas velocity distributions
derived from the simulations and those of the
measurements by Leonard et al. (1983). Moreover, it is
worth noting that both the experimental and simulation
results indicate that the augmentation of the gas velocity
(i.e., the flow acceleration effect), attributed to the electric
wind within the center of the channel, becomes
increasingly significant as the corona current intensifies
(Yamamoto, 1981).

50
Exp.  Sim. U, (V)
04 © — 463
o - - 435
® =—-= 3387
30
= -
=
= Q,’ v
> - P
20 ~ 0 9
,’O"_J
ol
10 <
-,’,’r’-"o’ . . ‘y%.
0 . ; ; —
0.00 0.02 0.04 0.06 0.08 0.10 0.12
y(m)

Fig. 3 Comparison of the electrical potential
distributions in a wire-plate ESP channel between the
numerical results and the experimental data (Penney
& Matick, 1960) (ro =1 mm, S, = 114.3 mm, Sx = 152.4

0.04

£
i Exp. Sim. [(mA/s
0.02 P i
0.01
0.00 == — T
0.0 0.5 1.0 _ 15 20 25
u(x=0,y) (m/s)

Fig. 4 Comparison of the mean velocity profile in the
ESP channel between the numerical results and the
test data by Leonard et al. (1983) (ro = 0.1 mm, S, = 25
mm)
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100%
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®  Low (Kihm, 1987)
— ® —Low (Goo and Lee, 1997)
—w— Low (This paper)

o High (Kihm, 1987)
— 0 —High (Goo and Lee, 1997)
—7— High (This paper)

Collecting efficiency

40%

20%

6 8 10 12 14
UV

Fig. 5 Comparison of the collection efficiency between
the results of this study and the experimental data
(Kihm, 1987) and the simulations by Goo and Lee
(1997) (r =1 mm, S\ = 50.8 mm, Sy = 50 mm, dp = 4

pm, ‘Low’ and ‘High’ are the data for turbulent
intensities at 1% and 30%, respectively)

The ESP verification model in this study, see Fig. 4(b),
consists of a pair of flat plates and eight wires, which is
consistent with the geometric structure of the experimental
setup employed by Kihm (1987). As depicted in Fig. 5, the
numerical results of this study show a more alignment
with the test data by Kihm (1987) than the results by Goo
and Lee (1997) across the applied voltage range.

4. RESULTS AND DISCUSSION

4.1 Electrical Characteristics

The electrical characteristics are simulated for four
configurations via the present model. The results are
shown in Figs. 6 to 9, where the dimensionless distances
X and Y along the x- (i.e., flow direction) y- directions are
defined as X = 2x/S;, and Y = y/S,, respectively.

Figures 6(a) to 6(d) present the numerical results of
the electric field distributions within the ESP channels. It
is easy to observe that the collecting plate’s geometry
significantly influences the distribution of electric field
strength close to its surface, whereas the discharge
electrode’s structure primarily affects the magnitude of the
intensity. Specifically, the rod wire generates a higher
electric field intensity than the star—shaped wire,
regardless of the collecting plate’s structure. Moreover, in
the flat-type channels, the electric field intensity in the
vicinity of the surface facing the discharge electrode (X =
0 in Fig. 6(e)) is greater than that observed with the W—
type plate.

Figures 7(a) to 7(d) show that the spatial distributions
of charge density within the ESP channels are
predominantly influenced by the discharge electrode’s
structure rather than the collecting electrode’s shape. This
suggests that ESP channels equipped with the same
discharge electrode display similar space charge density
profiles. Notably, a rod discharge wire produces a one-
point corona, as shown in Figs. 7(a) and 7(b), whereas a
star—shaped discharge wire creates four corona points, as
depicted in Figs. 7(c) and 7(d). Compared with the rod
wire, the corona shielding effect of the star—shaped wire

Y, X=0 y X=05 Y,

—o—R-W type

——S-F type

—— §-W type |

04 06 00 02 04 06
E (MVIm)

(e) Comparison of electric field intensity between (a), (b), (c) and (d)

O
02 04 06 08 1002

Fig. 6 Distributions of electric field intensity in ESP
channels with four discharge—collecting
configurations

results in a weaker corona field. Consequently, the ESP
channel featuring the star—shaped wire, depicted in Fig.
7(e), has a lower space charge density.

The electrical characteristics near the collection
surface are crucial for particle capture and the stable
operation of ESPs in practical applications (Bernstein &
Crowe, 1981; Hao et al., 1990). Figure 8 illustrates the
variations of E(X) and J(X) along the X direction, close to
the collecting surface, for the four configurations.
Meanwhile, Table S2 provides a clear overview of how
these configurations affect the distribution of the electric
field and its uniformity across the electrode surface.

The results in Fig. 8 show that the collecting plate’s
shape significantly influences the distributions of £ and J
near the collector surface, while the magnitudes of these
two electrical parameters are primarily impacted by the
discharge wire’s structure. On average, the values of £ and
J in the channels with star—shaped discharge wires are
lower than those of rod wires. This deviation results from
the corona shielding effect between adjacent corona
locations on the star—shaped wire. In the flat—type channel,
both E and J decrease along the X direction. In contrast, in
the W—type channel, the distribution of electric field
strength remains uniform within the range of 20% to 80%
of the collection area. Additionally, the peak and valley
values coincide with the bends of the collecting plate.
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(e) Comparison of space charge density between (a), (b), (c) and (d)
Fig. 7 Space charge density distributions in ESP
channels with four discharge—collecting
configurations

4.2 Electric Wind

The EHD flow has a dual impact, which affects the
motion and capture of the charged particles on one hand,
and also causes particles to escape from the collection
surface, specifically the backmixing or resuspension of
fine particles within an ESP channel (Farnoosh et al.,
2011). Yamamoto and Velkoff (1981) emphasized the
significant role played by the EHD flow in particle
collection processes within an ESP channel with a R—F
system, especially for submicron particles, due to the low
migration velocity. Nikas et al. (2005) claimed that the
presence of EHD flow within a R-F type channel,
particularly at up = 1.0 m/s, primarily diminishes the
collection efficiency for small particles (d, = 4 um) rather
than larger ones. Talaie (2005) found that reducing the
inlet velocity exacerbates the negative effect of secondary
flow on the particle removal efficiency for 3 pum particles
in a R—F type channel.

Therefore, simulating the EHD flow pattern is
conducted with three inlet velocities (i.e., uo = 0 m/s, 0.5
m/s, and 1.0 m/s) for the four discharge—collecting
configurations. Figures 9 to 11 depict the gas velocity
distributions and gas velocity vectors in the four systems,
respectively.

I
80%

1 1 I
0% 20% 40% 60%

100%
X
(a) Electric field intensity
1.5
—8— R-F type
—8— R-Wtype
=-0=- S-F type
=--0-- S-Wtype
1.0
«
£
<
E
]
0.5
o s SRS
0-0 T T T T
0% 20% 40% 60% 80% 100%
X
(b) Current density

Fig. 8 Distribution of electrical characteristics on the
collection surface in the four ESP configurations

Figures 9(a) to 9(d) vividly depict the occurrence of a
sequence of vortices generated by the electric wind within
the four ESP channels when there is no primary flow (i.e.,
uo = 0 m/s). These observations are highly consistent with
the conclusions drawn from the previous studies
(Yamamoto & Velkoff, 1981; Kallio & Stock, 1992). The
strength of these vortices is greater within the ESP channel
equipped with a flat—type collecting plate than within the
W-type channel with an identical discharge electrode.
Furthermore, when the collecting electrode has the same
structure, the gas velocity close to the surface of the rod
discharge wire is greater than that of the star—type wire (X
= 0.5 in Fig. 9(e)). Among the four discharge—collecting
systems, the R—F configuration results in the most robust
vortex strength (see Figs. 9(a) and 9(e)), followed by the
channel with R—W (Fig. 9(b)) and the S—F systems (Fig.
9(c)), while the S—W system (Fig. 9(d)) shows the weakest
vortex and the smallest region influenced by the secondary
flow.

It is found in Fig. 10 that the vortices in the S—F
system near the collecting plate nearly disappear as uo
increases to 0.5 m/s, see Fig. 10(c). In contrast, the corona
wind-induced vortices in the other channels are advected
toward the collection plates by the primary flow. Among
these scenarios, the R—W system shows the most robust
vortices, with the vortices covering the largest area (see
Figs. 10(b) and 9(e)), followed by the S-W system (Fig.
10(d)) and the R—F system (Fig. 10(a)).
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Fig. 9 Comparisons of the ionically induced flows
among the four discharge—collecting systems (uo = 0
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For the high inlet velocity, the numerical results
presented in Figs. 11(a), 11(c), and 11(e) reveal that
elevating uo to 1.0 m/s results in the dissipation of vortices
caused by the electric wind in the mainflow region of the
flat—type channels.

However, see Figs. 11(b), 11(d), and 11(e), regardless
of whether electric wind is considered, the subtle vortices
established by the geometric profile of the collecting plate
continue to persist within the cavities of the W-type
channel, thereby forming regions conducive to particle
deposition, as discussed in previous studies (Fujishima et
al., 2004; Dong et al., 2018; Wang et al., 2019). The only
apparent effect of the secondary flow on the primary flow
is to increase the local gas velocity (i.e., the flow
acceleration effect), which is present across all four
channels as uo increases to 1.0 m/s. It is worth noting that
the acceleration effect within the flat-type channels is
stronger than that inside the W—type channels (i.e., R-W
(Fig. 11(b)) and S-W (Fig. 11(d)) systems). The most
pronounced acceleration effect occurs in the R—F type
channel (Fig. 11(a)), whereas the weakest acceleration
effect is observed in the S—W system.

—
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(e) Comparison of velocity distributions between (a), (b), (c) and (d)

04 00 04

Fig. 10 Comparison of the coupling flows among the
four discharge—collecting systems (zo = 0.5 m/s)

Furthermore, the re-entrainment of particles
previously deposited on the collecting plate in an
operating ESP can stem from various factors (Soldati,
2000), and one of these factors is the direct flushing
impact of the flow on the collecting surface. When both
the W—type and flat-type channels employ the identical
discharge electrode, the gas velocity close to the surface
of the W—type palte remains lower than that observed in
the flat-type channel (i.e., R-F and S-F systems).
Particularly, the airflow velocity approaching the surface
of the W-type plate merely reaches 15% of the
mainstream velocity. The surface of the flat plate is
subjected to direct scouring by the airflow, in contrast to
the W-type channel, as shown in Fig. 10 and Fig. 11.
Therefore, the numerical results shown in Fig. 10(a) and
Fig. 11(a) mean that for the four discharge electrode
systems, the most extensive region is subjected to airflow
scouring. The most pronounced acceleration of the
primary flow occurs in the R-F type channels, and this
may result in severe particle re-entrainment in an
operating ESP (Bernstein & Crowe, 1981; Islamov,
2018).
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Fig. 11 Comparison of the coupling flows among the
four discharge—collecting systems (xo = 1.0 m/s)

4.3 Particle Transport and Collection

The simulations of particle transport are performed
for the particles with a diameter of d, = 0.5 pum and an inlet
concentration of Co = 1 mg/m?, following the numerical
solution of Eq. (7). The variations of the concentration in
the four channels for 1o = 0.5 m/s and 1.0 m/s are presented
in Fig. 12 and Fig. 13, respectively, where L is the length
of the collection plate.

Figures 12(a) to 12(d) show that for the moderate inlet
velocity, the impact of the vortices adjacent to the
collection surface on the particle concentration is
significant in all four discharge—collecting systems, and
the stronger the vortex, the greater its effects. Evidently,
this effect is more pronounced in the W-type channel than
in the flat—type channel. As shown in Figs. 10(a) to 10(d)
and Figs. 12(a) to 12(d), when passing through the
discharge electrode, the flow splits mainly into two parts
due to the impact of the vortices, one pushes the charged
particles toward the collecting plate, while the other drives
the particles away from the collecting surface and flows
downstream. The results of Figs. 12(b) and 12(d) reveal
that the former prevails over the latter in the W-type
channel, leading to a higher particle removal efficiency

BT [ T T
CiC,b 0 02 04 06 08 10 12 14 16 18 20
(@)

T .

a) R-F type

-

' ' Q
Discharge electrode position ~O

TN

0.0 0.2 0.4 0.
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(e) Comparison of particle concentration between (a), (b), (c) and (d) at y=0.05m
Fig. 12 Particle concentration distributions in the four
discharge—collecting systems (uo = 0.5 m/s)

than that in the flat—type channel with the same discharge
electrode, as shown in Fig. 12(e).

As shown in Fig. 13, the impact of the vortex adjacent
to the collecting surface on particle transportation is
significantly reduced in all four discharge—collecting
systems. Specifically, Fig. 13(b) shows that the vortex
effect on the particle concentration is the most significant
within the R-W system among the four systems, which
has the strongest vortex strength (Fig. 11(e)). Furthermore,
Fig. 13(e) indicates that the collection efficiency of the R—
W system is higher than that of the R—F system. This
difference is attributed to the more pronounced flow
acceleration effect in the R—F system (Fig. 11(a)), where
the acceleration induced by electric wind leads to an
efficiency reduction.

The comparison between the S—F and the S—W system
clearly shows that, as the inlet velocity increases, the
influence of the vortex and the flow from the cavity region
of the W—type plate on particle transport weakens, leading
to only a slight difference in the collection efficiency
between these two systems.

Both Figs. 12(e) and 13(e) show that due to the
complex interaction between the electric wind and the
charged particles, the concentration generally decreases in
a fluctuating manner along the flow direction in all four
discharge—collecting systems. The efficiency of the ESP
channel with the rod-shaped wires is higher than that with
the star-shaped wires because the former generates a
stronger electric field intensity (Fig. 6(¢)).
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Fig. 13 Particle concentration distributions in the four
discharge—collecting systems (uo = 1.0 m/s).

5. SUMMARY AND CONCLUSIONS

An integrated mathematical model, based on the
Eulerian approach and validated with experimental data,
is proposed to simulate the electrical characteristics, EHD
flow, and particle transport in the wire-duct ESP channel
with four typical discharge—collection configurations. The
main conclusions are as follows:

The corona position, mainly determined by the
discharge electrode’s structure, plays a significant role in
the electrical characteristics of an ESP channel. On the
contrary, the shape of the collecting plate has a more
pronounced impact on the electric field strength close to
the collecting wall than that of the discharge electrode.
ESP channels with flat-type plates produce severe particle
re-entrainment during the operation. Among the four
discharge-collecting systems, the R—F system presents the
highest level of re-entrainment, followed by the R—W and
S-F systems, with the S—W system showing the lowest
level of re-entrainment.

At a moderate inlet velocity (4o = 0.5 m/s), the
secondary flow significantly influences both the flow and
particle transport within the ESP channel. Between the F-
type and W-type channels, the secondary flow in the latter
is more effective at driving particles toward the collecting
plates, thereby enhancing collection efficiency. At a high
inlet velocity (uo = 1.0 m/s), the acceleration effect
adversely affects the collection efficiency in all four
channel configurations.
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