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Abstract. The optimal arrangement of collecting plates and corona
wires considerably impacts the collection efficiency of Electrostatic Pre-
cipitators (ESPs). Many experts are striving to improve existing models
in a variety of methods. This research aims to examine the effects of
using multiple corona wires with W-type collecting plates on the prop-
erties of electrostatic precipitators. Three different types of corona wire
arrangements with W-type collecting plates were modeled and compared
with Flat Plates (FPs) to evaluate the effect of using multiple corona
electrodes on the electrical field distribution, space charge density distri-
bution, current density distribution, and particle collection efficiency.

Keywords: Electrostatic precipitator - Corona discharge - Corona wire
arrangement - Numerical simulation - Particle collection efficiency.

1 Introduction

In recent years, particulate emissions have advanced to the top of the global
priority list [1]. A wide range of industrial applications relied on electrostatic
precipitators (ESPs) to remove particles, such as power plants, metallurgical
industries for copper, lead, and zinc production, the steel industry, aluminum
production smelters (including cement production), pulp and paper mills, chem-
ical manufacturing, the processing of fuel gases, and the production of glass,
to name a few examples [2-5]. ESPs are distinguished by their high collection
efficiency, low maintenance requirements, and considerable flexibility in terms
of increasing the temperature of flue gases [6,7]. Generally, ESPs may have a
performance rate of removal particles over 99% while they consume a quite low
energy [2, 8], however, they have limited effectiveness in removing microscopic
particles [9].
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Particles in an ESP are charged by gaseous ions generated by corona elec-
trodes, and subsequently, they are are driven by electrical forces that gather
these particles onto the collecting plates. Five processes comprise the electro-
static precipitation: ion generation by corona discharge; particle charging; par-
ticle mobility; accumulation of the dust particles to the collecting electrode; and
removing accumulated dust particles [6,10]. ESPs consist of parallel ducts with
many corona wires within parallel grounding collecting electrodes. In ESPs, three
physical factors engage: fluid flow, electrostatics, and particle mobility [2, 11].
Consequently, the conventional approach for removal of dust particles has relied
heavily on fundamental concepts and laboratory studies [2, 11]. Because numeri-
cal technology for investigating complex physical processes has progressed, more
effective and comprehensive numerical techniques for comprehending the electri-
cal characteristics and particle movement in ESPs have been developed [2, 11].
When compared to practical approaches, numerical simulations are favored due
to their versatility, affordability, and superior reliability [2,12]. The efficiency
of the collection process is significantly influenced by the configuration of the
collecting electrodes and discharge wires. As a consequence of this, a number of
researchers endeavoured to enhance the performance of ESPs by modifying the
configuration of the collecting plates and discharge wires. According to boost the
charging efficiency, researchers investigated electron charging, Ultraviolet photo
charging, soft X-ray particle charging, and pulsed charging [2, 10]. Furthermore,
it is stated that the shape of the collecting electrodes affects particle velocity
and ESP’s particle collection efficiency. Many experiments employed a large dust
collector, the wider plate-spacing effect, to enhance dust removal performance;
this effect depends on the configuration of the collecting plates in an ESP [2,13].

Many investigations use the assumption that ground electrode geometries
are as simple as a flat collecting plate. Meanwhile, some studies have been con-
ducted to investigate the Electrohydrodynamic (EHD) flow in ESPs employing
other configurations of collecting plates rather than the standard flat collect-
ing plate [14-17]. Shen et al. investigated electrohydrodynamic flows in ESP
with five electrode shapes [17]. Furthermore, numerical research was carried out
to investigate the C-type collecting type, the corrugated shape, the triangular
form, the W-type, and the crenelated type, where six different types of collect-
ing electrodes were built using COMSOL software and compared to FPs [7].
The wavy pattern was also utilized to investigate electrical characteristics |6,
11,18]. Corona discharge and particle motion have been the subject of several
experimental and computational studies over the past few decades [8,12,19].

Corona discharge wires with different forms, diameters, and spacings have
been tested in experimental and numerical ESP research [2, 6,20, 21]. The num-
ber of discharge wires, which raises the corona current for the same voltage
level, influences the performance of ESP in a variety of ways [2,22,23]. ESP
current-voltage properties were also studied, and the influence of wire-to-wire
distance was evaluated [2,8,24]. Also, Both Jedrusik et al. [25] and Gao et al.
[12] studied the influence of corona wire shape on ESP collection efficiency. Ad-
ditionally, Wang et al. [26] developed a spike-honeycomb form to examine the
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effects of ionic wind on the flow field of air and particle precipitation. Based on
FPs electrostatic precipitators (ESPs) with multiple wire electrodes, a numerical
analysis was conducted on the charging and transport of microscopic particles,
where modifications were done to the electrode configuration to improve the pre-
cipitator’s particle capture by using three models of corona wires arrangements
M1, M2 and M3 [27]. The majority of investigations were focused on ESPs with
FPs collecting plates. However, the purpose of this research is to explore the W-
type arrangement of collecting electrodes including three models of corona wires
arrangements M1, M2, and M3 for a single-stage ESP. The results acquired with
W-type are compared with FPs using the COMSOL Multiphysics simulation
on the electric potential distribution, electric field distribution, current density
distribution, space charge density distribution, and particle collection efficiency.

2 Mathematical Model

The mathematical model of the ESP involves corona discharge, gas movement,
particle charging, and transportation. Consequently, the basic equations include
the electric field and space charge, fluid flow, particle trajectory, charging, and
collection efficiency equations, in that order.

2.1 Electric field and space charge

The numerical solution of the Poisson and charge-conservation equations gives
the charge density and electric potential distribution of the ions within the ESP
model. In this way, they might be summarized [28, 29]:

% +Vel=0 (1)
J = z4upsE + pgu (2)
eoV2V = —p, (3)
E=-VV (4)

where p, (C.m™) is the space charge number density, J(A.m™) is the current
density, z, is the charge number, x (m2.V-1.s!) is the ion mobility, E(V.m™)
is the electric field, u(m.s!) is the fluid velocity, go(F.m™) is the free-space
permittivity, and V (V) is the electric potential [6, 28, 29].

These governing equations are used to calculate the electric potential and
space charge density [2,6]. These equations require the existence of boundary
conditions, the first boundary is supplied by Peek’s equation, which specifies the
value of the electric field on the corona electrodes (n @ E = FEj), n is a normal
unit vector [2, 6]. The second boundary conditions for Poisson’s equation include
(V = 0) at the collecting plates which are called grounding electrodes and a zero
charge at the inlet and outlet [2, 6,29, 30].
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where Ey(V.m™!) is the electric field on the corona electrode, r,,(m) is the corona
wire radius, § is a relation between 7;(293.15 K) the absolute temperature and

Py(760 mmHg) the normal atmospheric pressure and P and T are the operating
values [2, 6].

o

2.2 Fluid flow

The ESP airflow is considered to have incompressible, steady-state, and homo-
geneous turbulence, which is characterized by the k-epsilon turbulence model |9,
29]. Meanwhile, in consideration of the effects of the electric field on the flow field,
an electric field force element was added to the momentum equation. Following
are the governing equations:

pV-u=0 (7
p%‘t‘ tp(u-Viu=V. [—pl iy (Vu + (Vu)Tﬂ +Frup 8)
FEHD quE (9>

where p (kg.m™3) is the fluid density, p (Pa) is the pressure, p (kg.m™.s7!) is the
dynamic viscosity, and Fggp is the electrohydrodynamic force (2,6, 29].

2.3 Particle charging

The process of particle charging comprises the field charging and diffusion charg-
ing. It occurs when dust particles move through ionized gas in ESP, and in an
electric field and ionized gas of high thermal motion of ions, respectively [7,9,
29, 30]. It was employed the Lawless model in this study.

2
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where 7. (s) is the charging time, Z is the accumulated charge number on each
particle, kp (J.K™!) is the Boltzmann’s constant, eg (C.V-1.m™) is the permittiv-
ity of a vacuum, e (C) is the electron charge, and T; (K) is the ion temperature,

Te ™ dmpqukpT;
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where v, is the self-potential of the particle, w, is the dimensionless electric field
intensity, r, (m) is is the particle radius, €, , is the relative permittivity of the
particles, f, is an analytic fitting function which is depending on w,. [29, 31].

we = 0.525.

1
_ (w€+0_475)0A575 ) e 15
w
fa(we) {1, we < 0.525. (15)

2.4 Particle Kinetics

A charged particle is subjected to both a drag force from fluid flow and an elec-
trical force from the electric field. Despite this, the gravitational force is still
there, but because to the tiny particle sizes, it may be ignored. It is therefore
possible to determine the particle’s velocity using Newton’s second law by con-
sidering its drag and electric forces [7,14,29]. The drag force is proportional to
the mass of the particle and the speed difference between the particle and the
fluid; a correction factor is also applied to account for additional effects owing
to particle size. The Cunningham-Millikan-Davis model is used to explain this
adjustment 7,14, 29|

dx
d
—(mpv) =Fp +F, (17)

dt
where x(m) is the particle position,v (m.s™) is the particle velocity, m,, (kg) is
the particle mass, Fp (N) is the drag force, and F. (N) is the electric force,

1

Fp= ﬁmp(u—v) (18)
P
4ppd]23
=_ PP 1
T 3uCpRe, (19)
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where 7, (s) is the particle velocity-time response; S is the drag correction coef-
ficient, p, (kg.m™) is the density of the particles; d,, (m) is the particle diameter;
Cp is the Cunningham correction factor; and R., is the Reynolds number , e
(C) is an elementary charge, and Z is the accumulated charge number on the
particle [6,7, 14, 29].

2.5 Particle collection efficiency

Deutsch, an early scientific researcher, proposed that the structure of an expo-
nential function as a mathematical formula affected the performance or efficiency
of an ESP equation (21):

n=1-—exp (—f) (21)
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Fig. 1. The principle work of ESPs.

where, L(m), the separation between a corona and one of the collecting plates
s(m), and the fluid and dust particle’s movement velocities [2, 6,18, 29, 32]. Nu-
merically, the collection efficiency is calculated for the purpose of this study by
utilizing a particle counter that is placed on the outlet of the ESP model.

3 Numerical Model

3.1 The principle work of ESPs

The electrostatic precipitator creates typical multi-physical field phenomena
through the interplay of gas flow, electric field, and dust particle motion [2,
7]. The action of ESP is depicted in simplified form in Fig. 1. There are two
electrode sets in an ESP: negative discharge wires connected to a negative DC
supply and positive collection electrodes coupled to a positive DC source [2,7].
As soon as the ESP activates, the corona influences the air molecules, which re-
sults in an abundance of free electrons and ions in the airflow |2, 7]. When dusty
air passes through the ESP, the free electrons available between the electrodes
collide with the dust particles [2,7]. Because of the free electrons attached to
them, the dust particles will have a negative charge. Charged dust particles are
drawn to positive-charged collecting plates by electric fields. The dust particles
gathered on the collecting plates are cleared by rapping them |2, 7].

3.2 ESP modeling settings

By using COMSOL Multiphysics simulation, a variety range of boundary value
problems was handled using the finite element method (FEM) [2]. The properties
listed in Table 1 were employed and related to a previous paper [2]. The objective
of this investigation is to explore the W-type arrangement of collecting electrodes
including three models of corona wires arrangements M1, M2, and M3 with a
single stage of an ESP. The ESP’s gas flow was dependably considered as a fixed
typical k-e turbulent flow in this paper. The collecting plates are located on the
top and bottom plates, respectively, and the positions of corona wires are on
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Fig. 2. Mesh grid of case M3 for w-type.

the x-axis for case M1, the x-axis for 3 corona wires, and y = +23 mm for the
last 2 corona wires for case M2, and the x-axis for the first corona wire and
2 corona wires at y = £23 and 2 corona wires at y = +43 mm for case M3.
Fig. 2 illustrates the mesh case M3 w-type using COMSOL. The fluid’s inlet is
stated on the left side. In contrast, the ESP’s outlet is on the right side. The
particles were pushed into the fluid flow at the ESP inlet, with a mass density of
2200 (kg/m?) and a particle relative permittivity of 5 and the particles ranged
in radius from 0.01 to 5 pm [2, 6].

Fig. 3 represents the geometrical configuration for FPs and w-type collecting
electrodes for M1, M2 and M3, All of the results produced and presented in this
study are based on the y = 50 mm cutting line depicted in blue colour. Fig. 4
depicts the electrical potential distributions for three cases M1, M2, and M3 for
FPs and W-type, where maximum values on discharge electrode surfaces decrease
towards collecting electrodes in an asymmetrical amplitude distribution.

4 RESULTS AND DISCUSSION

The results obtained were divided into three study groups for FPs and w-type:
case M1, case M2, and case M3; case M1 refers to the use of 5 corona wires on
the x-axis, while case M2 refers to the use of 5 corona wires, 3 corona wires are
located in the same position of M1, but the last two corona wires are located
parallel at y = £23 mm. In case of M3, the first corona wire is located at the
same place for M1 and M2, but the 2"! and the 3¢ corona wires are located
at y = £23 mm, and the 4" and the 5" are positioned at y = +43 mm.
Nevertheless, previous research has described the connection between the results
obtained using FPs and w-type for a variety of positions of corona wires |2,
33]. The numerical electrical potential distribution results and the experimental
data acquired by Penney were compared to confirm if the suggested model is
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Table 1. Specifications Parameters for the 3 cases of W-type.

Description Values
Length, (mm) 750
The space between the collecting electrodes, (mm) 150

The gap space between 2 corona wires, (mm) M1 r=112.5
The gap space between 2 corona wires, (mm) M2 x=112.5 and y=23
The gap space between 2 corona wires, (mm) M3 |z=112.5 , y1=23, y2=43

The number of corona wires 5
Corona wire radius, (mm) 0.75
The voltage applied, (kV) 45
The fluid velocity, (m/s) 1

Temperature, (K) 293.15
Pressure, (atm) 1
Gas density, (kg-m™) 1.2
Gas viscosity, (Pa-s) 1.85 x 107°

o o
| x=0 mm 112.5 mm

£
y=0 mm
[ £

wn
<t

rﬂ
e
n
3
3

‘ 750 mm

|X20mm  cyering line y = 50 mm \
y=0 mm =

wl

| 3'.:8 mm
y=0 mm
[

1 Collecting plate
/
]

/
Corona wires |

|

L

23 mm
43 mm

Fig. 3. Geometrical arrangement for w-type colleting plates.
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Fig. 4. Electrical potential and space charge density distributions for M1, M2, and M3
respectively.

M3

— Numerical 25.5 KV
% Expermental 25.5 KV
[ | = Numerical 43.5 KV
2 Expermental 43.5 KV

40f

V (kv)

Fig. 5. The electrical potential validation between numerical and experimental data.

accurate. The geometric and model parameters were determined in the Penney’s
research, where the corona wire radius was 0.1524 mm , 152.4 mm was the
distance between two corona wires, and 228.6 mm was the width and 609 mm
was the length and by using 4 corona wires [34]. A close representation of the
data is reflected in the results. Fig. 5 shows the validation of this study in the
electrical potential with the range 25.5-43.5 KV.

4.1 The Electric Field Distribution

In general, the magnitude of the electric field along the distribution of the corona
wires is the highest, while the lowest is between the corona wires with respect



10

x10° T N
18- i — case M1
};i A o case M1 W_type ||
15k Al case M2 ]
1.4 iy o o case M2 W_type | |
£ L3 i — case M3
€ :
S ° & § - case M3 W_type | |
s M L i
[ 0.9f R
£ o8t
© 0.7f
& 06F
0.5
0.4+
0.3F
0.2}
0.1f
O-I 1 1 L L
0 0.1 0.2 3 .. 0.4 0.5 0.6 0.7
X position (m)
Fig. 6. The distribution of electrical field for M1,M2 and M3.
x107 f N
241 i — case M1 i
2l _A"} ~o- case M1 W_type | |
Ah case M2
20r P o case M2 W_type | |
181 4 2

Space charge density (C/m®)

B. Mo’ath et al.

16
14
12f
10r

oON DO ®

— case M3

& case M3 W_type | 4

0.2

3 0.4
X position (m)

0.5

0.6 0.7

Fig. 7. Space charge distribution for M1,M2 and M3.

to x-axis. As shown in Fig.6 with using the cutline y = 50 mm, the electrical
field magnitudes for w-type in all cases are greater than for FPs based on the
same position. The curves for case M1 FPs and w-type are more uniform than
case M2 and M3 based on the position of parallel corona wires 4** and 5" for
case M2, and 2" 374 4th and 50 for case M3. At z = 0.375 m, the highest
electrical field magnitude is 1.8 x 10° V for case M3 w-type because it was used
2 corona wires in this position with 43 mm distance.

4.2 The Space Charge Density Distribution

The space charge density distribution for case M1, M2 and M3 is demonstrated
in Fig.7, for all cases, the highest values of magnitude are presented when using
multiple corona wires for case M3 w-type at x = 0.375 m and M2 w-type at
x = 0.4875 m with 24 x 1075(C/m? ).
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4.3 The Current Density Distribution

Greater values of current density are demonstrated for all cases M2, and M3
for w-type and if they are compared with FPs, see Fig.8, about 0.055 A/m? at
x = 0.4875 and x = 0.375 m, respectively. While case M1 is the most uniform
current density distribution due to the arrangement of corona electrodes on the
x-axis, then it is followed by case M1 w-type.

4.4 ESP’s Particle Collection Efficiency

The results of ESP’s particle collection efficiency by using cases M1, M2 and M3
for the particles range 0.01 to 5 pm are indicated in Fig.9. They are compared
to FPs M1, M2 and M3 cases to estimate the effect of using multiple corona
electrodes on the particle collection efficiency. Case M1 has the highest efficiency
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magnitudes based on the results. Higher ESP’s efficiency magnitudes in this
study are attained with the case M1 for particles range 0.05 to 0.5 pm. In the
range (0.1 to 0.5 pm), the ESP’s particle collection efficiency values of using M1,
M2, and M3 for w-type are higher than using FPs.

5 CONCLUSIONS

Using w-types collecting plates for 3 cases: M1, M2, and M3, this paper aimed
to explore the W-type designs of collecting plates including three models of
corona wires arrangements M1, M2, and M3 in a single-stage ESP. The results
gained with W-type are corresponded with FPs using the COMSOL Multiphysics
simulation on ESP electrical properties. The following are the main conclusions:

— Case M1 describes the use of 5 corona wires on the x-axis, while case M2
describes the use of 5 corona wires, 3 corona wires are in the same position
as M1, but the last two corona wires are located parallelly at y = £23 mm.
In the case of M3, the first corona wire is located at the same place for M1
and M2, but the 2"? and the 3" corona wires are located at y = +23 mm,
and the 4'" and the 5" are positioned at y = +43 mm.

— Maximum values of the electrical potential on corona wire surfaces decrease
towards collecting plates in an asymmetrical amplitude distribution.

— With using the cutline y = 50 mm, the electrical field magnitudes for w-type
in all cases are greater than for FPs. The curves for case M1 FPs and w-type
are more uniform than case M2 and M3 based on the position of parallel
corona wires 4™ and 5" for case M2, 274 _ 3*d 4th and 5 for case M3.

— For all cases, the highest values of space charge and current density are
presented when using multiple corona wires for case M3 w-type at = 0.375
m and M2 w-type at x = 0.4875 m.

— Case M1 has the highest efficiency magnitudes based on the results. Higher
ESP’s efficiency magnitudes in this study are attained with the case M1 for
particles range 0.05 to 0.5 um.

Finally, this study is linked to other ESP research in our current research plan;
while new ESP studies are being conducted, the goal of this study is to enhance
and work collaboratively with future ESP research, with future work evaluating
various geometries configurations to improve the collection efficiency.
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