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Abstract: In this study, a numerical simulation model and an analytical method are introduced to
evaluate the particle collection efficiency and transport phenomena in an electrostatic precipitator
(ESP). Several complicated physical processes are involved in an ESP, including the turbulent flow,
the ionization of gas by corona discharge, particles’ movement, and the displacement of electric
charge. The attachment of ions charges suspended particles in the gas media. Then, charged particles
in the fluid move towards the collection plate and stick on it. The numerical model comprises the
gas flow, electrostatic field, and particle motions. The collection efficiency of the wire-plate type
ESP is investigated for the particle diameter range of 0.02 to 10 µm. It is observed that electric field
strengths and current densities show considerable variation in the solution domain. Meanwhile,
changing supply voltage and charging wire diameters significantly affect the acquired charges on
the electrostatic field and particle collecting efficiencies. Simultaneously, the distance between the
charging and collecting electrodes and the main fluid inlet velocity has an important effect on the
particle collection efficiency. The influence of the different ESP working conditions and particle
dimensions on the performance of ESP are investigated and discussed.

Keywords: electrostatic precipitators; collection efficiency; modelling; CFD; DPM

1. Introduction

The harmful emissions of micro and nanoparticles to the environment inevitably
increase with technological development. These contaminants significantly affect human
health as well as the environment and organisms [1–4]. There are various contaminant
filtering technologies; among them, electrostatic precipitation has the advantages of low-
pressure drop in the main fluid flow and relatively good performance in the collection
efficiency [5–7]. Electrostatic precipitation systems have been widely used to control
the emissions with flue gases in power generation systems, combustion and chemical
processing units, and several industrial mass transport processes. They have also been
employed to clean the contaminated indoor air, in which various gases and particulate
matter exist [5,8]. The wire-plate type of electrostatic precipitators (ESP) is widely used in
several applications. The numerical modelling of an ESP requires detailed electric field
solutions incorporating flow field and particle transport modelling.

The primary operating mechanism behind the electrostatic precipitators is that volatile
particles that flow through the channel are charged by a high-voltage supply electrode,
then charged particles are attracted toward the collection electrodes by Coulomb forces
and trapped on them. The electrostatic precipitation mechanism has three essential steps,
namely [5]:
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• Particle charging,
• Particle collection,
• Removal of the collected dust.

Many factors significantly affect the operation of the ESP. The applied voltage is
the most critical parameter because it determines the electrostatic field and thus corona
discharge [9,10]. The gas speed identifies the residence time of particles in the ESP and
encompasses a direct impact on particle charging [9,11]. Inlet height, wire spacing. and
the precipitator arrangement may influence the gas velocity and particle charging in a
wire-plate ESP [12].

Electrostatic precipitators (ESP) are commonly used in industrial facilities. The main
drawback of ESP technology is its high sensitivity to operating conditions [13]. Therefore,
it is necessary to investigate the performance of ESPs under various operating conditions.
Experimental investigation of ESPs is costly and extraordinarily complex; therefore, sim-
ulation tools are commonly preferred [14]. Nevertheless, due to the complexity of ESPs,
a complete numerical model is not available. CFD is an alternative method to study the
behavior inside the ESP [15]. There are various studies in the literature to model ESP
behavior using CFD tools. A few numerical strategies have been improved to simulate the
flow field of primary fluid and particles, the electric field in the ESP, and the space charge
density including the finite volume method [16], the boundary element method [17,18], and
the finite differencing technique [19]. The researchers also examined the impact of various
operating conditions and ESP geometries on collection efficiency [20–23]. In another study,
Wen et al. (2016) presented a numerical model to explain the particle transport, flow field,
and electric field of guidance-plate-covered ESPs [24]. The study revealed that, compared
to traditional ESPs, ESPs with particle trapping mechanisms such as guidance plates have
higher collection efficiencies as the dust has a lower chance of returning to the environment.
Park et al. (2018) developed a simulation model to simulate turbulent flow, particle trajec-
tory, and particle charging for single-stage ESPs [25]. Collection efficiencies and particle
charging were investigated for different flow speeds, voltages, and particle sizes. Tu et al.
(2017) investigated the collection efficiency of a hybrid electrostatic filter with perforated
plates both experimentally and numerically [26]. Simulation results were found in good
agreement with the experimental results. However, these specified calculation methods
are usually not accessible or open to the usage of researchers who are working in the same
area. Therefore, limited numerical modelling research is reported regarding the essential
connections between electrostatic field properties, collection efficiency (ESP performance),
and ESP design.

This research is aimed to present a detailed three-dimensional numerical model of an
electrostatic precipitator (ESP). The numerical model comprises the gas flow, electrostatic,
and particle motions in the solution domain. The model is employed to evaluate the
turbulent airflow, particle charging, and transport behaviors in the solution domain. The
collection efficiency of the wire-plate type ESP is also investigated in this interacting media,
including electric field, fluid dynamics, and particle dynamics. In addition to the numerical
model, an improved analytical model proposed a generalized and relatively easy estimation
procedure for the ESP collection efficiencies of an extensive range of particles between
20 nanometers and 10 µm. The numerical model is also used to validate the analytical
model collection efficiency results. The different geometric and operational parameters,
including the particle properties, are considered to obtain the collection efficiency of the ESP.

2. Materials and Methods

The air in the ESP is assumed as incompressible, and the airflow is considered turbu-
lent. A corona discharge develops under the effect of an electrostatic field. Created ions
cling to suspended particles. As a result, the electrostatic force is exerted on charged parti-
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cles, which impacts air and charged particle movement. Under the Eulerian framework,
the governing equations explaining airflow can be stated as follows:

∂(ρui)

∂xi
= 0 (1)

∂

∂xi

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xi

[
(µ + µt)

∂uj

∂xi

]
+ ρionEj + Sc (2)

where xi is the coordinate component, ui is the fluid velocity component (m/s), ρ is the
fluid density (kg/m3), µ is the dynamic viscosity (kg/ms), µt is the turbulent viscosity
(kg/ms), ρion is the ionic charge density (C/m3), p is the pressure (Pa), and Ej is the electric
field strength (V/m). The electrostatic force is described by the third term on the right-hand
side of Equation (2). The electric field strength and ion charge density are required for
its description. Sc represents the other source terms. The electric field strength is defined
as follows:

Ei = −
∂φ

∂xi
(3)

where φ is the electric potential (V); the Poisson equation can be used to describe the electric
potential in the ESP.

∂2φ

∂xi
2 = −

(
ρion + ρp

)
ε0

(4)

where ε0 is the permittivity of air and ρp is the particle space charge density (C/m3). On
the other hand, the movement of particle charge is affected by the airflow and the electric
field. The current continuity equation and current density (Ji) can be described as follows:

∂

∂xi

(
ρion(bionEi + ui)− Di

∂ρion
∂xi

)
= 0 (5)

Ji = ρion(bionEi + ui)− Di
∂ρion
∂xi

(6)

where Di is the ion diffusion coefficient (m2/s) and bion is the ion mobility (1.5 × 10−4

(m2/Vs) of positive charging).
Steady-state Reynolds Averaged Navier–Stokes and energy equations are solved.

Turbulence is modelled with the two-equation RNG k-ε approach, which was used and
validated in the previous studies such as [27,28]. At the input, the fluid velocity, turbulence
intensity, and turbulent viscosity ratio are provided. At the outlet, the pressure is indicated.
At all walls, a no-slip condition is applied. At the wire electrode, the electric potential is
specified as the operating potential. At the particle collecting plate, the electric potential is
set to zero. At all other boundaries, the gradient of the electric potential is zero. At the inlet,
outflow, and particle collection plate, the gradient of ion charge density is zero. The ion
charge density is calculated as assuming that the charge density is uniform in the corona
region. Hence, the following Peek’s equation was satisfied on the corona wire surface.

Ec = 3× 106 f

(
T0P
TP0

+ 0.03

√
T0P

TP0rw

)
(7)

where f is the roughness factor (assumed as one in this study), T is fluid temperature (K), P
is operating pressure (kPa), T0 and P0 are temperature and pressure at the reference state
of 101 kPa and 293 K, and rw is the radius of the corona wire.
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The particle transport equation can be derived by applying the conservation of mo-
mentum for the particles. Then, the particle momentum equation may be given as in
Equation (8):

mp
d
→
u p

dt
=
→
F d +

→
F g +

→
F c +

→
F s +

→
F b +

→
F th +

→
F pg +

→
F vm (8)

where up represents the particle velocity (m/s), mp is the particle mass (kg), F represents the
force acting on the particle (N), subscripts d, g, c, s, b, th, pg, and vm indicate drag, bouncy,
Coulomb, Saffman lift, Brownian, thermophoretic, pressure-gradient, and virtual-mass
forces, respectively. When a particle moves in a fluid environment, several forces, named
as drag force Equation (9), bouncy force Equation (11), electrostatic body force (Coulomb
force) Equation (12), Saffman lift force Equation (13), Brownian force Equation (14), ther-
mophoretic force Equation (15), pressure-gradient force Equation (16), and virtual mass
force Equation (17), may act on the particle. Detailed information about these forces can be
found in the reference [29].

→
F d = mp

18µ

d2
pρpCc

(→
u −→u p

)
(9)

where dp is the particle diameter; ρp is the particle density (kg/m3); Cc is the slip correction
factor defined as follows [30]:

Cc = 1 +
λ

dp

[
2.34 + 1.05exp

(
−0.39

dp

λ

)]
(10)

where λ is the mean free path of air (0.066 µm at 101 kPa and 293 K) [31].

→
F g = mp

→
g
(
ρp − ρ

)
ρp

(11)

→
F c = qp

→
E (12)

where qp is the electrical charge of a particle (=npe; np is the charge number of a particle,
and e is the charge of an electron (C)).

→
F s = mp

5.188ν1/2ρdij

dpρp(dlkdkl)
1/4

(→
u −→u p

)
(13)

where dij is the deformation tensor. Amplitudes of the Brownian force components are
given in Equation (13).

Fbi = mpζi

√√√√ 216νkBT

πρd5
p

(
ρp
ρ

)2
Cc∆t

(14)

where kB is the Boltzmann constant (1.38 × 10−23 J/K), ζi are zero-mean, unit-variance-
independent Gaussian random numbers, T is the fluid temperature (K), and ν is the fluid
kinematic viscosity (m2/s).

→
F th = −

6πdpµ2Cs(kr + CtKn)
ρ(1 + 3CmKn)(1 + 2kr + 2CtKn)

1
T
∇T (15)
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Kn is the Knudsen number (2λ/dp), kr is the ratio of fluid heat conductivity to particle
heat conductivity (k/kp), µ is the fluid viscosity. Cs, Ct, and Cm coefficients were taken as
1.17, 2.18, and 1.14, respectively.

→
F pg = mp

ρ

ρp

→
u∇→u (16)

→
F vm = 0.5mp

ρ

ρp

(
→
u p∇

→
u −

d
→
u p

dt

)
(17)

Particles in the contaminated air are charged by means of ions generated by corona
discharge. A number of researchers have developed the particle charging theory. The
field-modified diffusion model (FMD) presented by Ref. [32] has been widely employed
to determine particle charge. This model considers both diffusion and field charging. It is
derived as a linear differential equation of first-order, which can be solved with respect to time.
Therefore, the FDM model proposed by Ref. [32] is employed in the present numerical model.

dv
dtp

=


f (w) v−3w

exp(v−3w)−1 , v > 3w

3w
4
(
1− v

3w
)2

+ f (w), −3w ≤ v ≤ 3w

−v + f (w) −v−3w
exp(−v−3w)−1 , v < −3w

(18)

f (w) =


1

(w+0.475)0.575 w ≥ 0.525

1 w < 0.525
(19)

v =
qpe

2πε0dpkBT
(20)

w =
εp

εp + 2
Edpe
2kBT

(21)

tp =
ρionbiont

ε0
(22)

In the Equations (18)–(22), v, w, and tp are dimensionless particle charge, dimensionless
electric field, and dimensionless particle charging time, respectively. εp is the relative
permittivity of the particle.

The particle trajectory equations Equation (8), and other complementary equations
describing heat or mass transfer with the particle, are solved by employing the discrete
phase module (DPM) of Fluent [33]. DPM applies stepwise integration over discrete time
steps at each point along with the particle path to obtain the particle’s velocity. Details of
the DPM theory and usage can be found in the Ansys Fluent 19.0 Theory Guide [29].

Electrostatic field and particle charging modelling have been implemented to the
Fluent by using the user-defined functions (UDF) incorporating with user-defined scalar
(UDS) and user-defined memory (UDM) functions. Details of the UDF usage can be found
in the Ansys Fluent 19.0 Theory Guide [29]. The commercial software ANSYS Fluent
19.2 is used to solve all governing equations. The pressure-velocity coupling is handled
using the SIMPLE algorithm. The second-order upwind technique is used to discretize all
convection terms. When the normalized residuals are less than 10−5, the computation is
assumed convergent.

2.1. Validation of Numerical Model

Validation of the numerical model is performed with the available experimental data
in the literature. The schematic of the ESP system used in the present study is illustrated in
Figure 1. Mesh structure and the geometric parameters are given in Figure 2. Considering
the variations of the electrical variables near the wire electrodes, high mesh intensity
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surrounding the wires were generated. Consequently, the generated mesh was a much
denser vicinity of the wire electrodes to increase the accuracy of the calculated gradients in
the high current density zones. Since the mesh structure significantly affects the accuracy
of the results and the solution time, a grid dependence test was also performed. It is found
that about two million elements in total are enough for the grid-independent analysis. The
solution domain was discretized with tetrahedral and hexahedral cells. These structures
are adjusted with the available experimental data given in the literature.
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Figure 2. Mesh structure and geometric parameters.

The single-channel ESP system consisted of a simple channel with two plate grounded
electrodes, and five discharge supply wire electrodes were used for the validation of the
present simulation model. The discharge supply electrodes were placed in the midplane of
the channel along the positive y-direction, with the flow of the particle-injected gas in the
positive x-direction (Figure 1). The total length of the rectangular ESP channel was 900 mm
length with a width of either 230 mm or 180 mm. The discharge supply electrodes that
were modelled had a diameter of 0.3, 1, and 2 mm with a length of 300 mm.

The present numerical model is validated against the experimental measurement
data of Penny and Matick [34]. The operating voltages are 25.5 and 43.5 kV, the corona
wires diameter is 0.305 mm, the distance between the wire and the plate is 115 mm, and
the distance between the wires (Sx) is 152 mm. The comparative results of the model
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verification study for the potential variations between the wire and plates are shown in
Figure 3. Figure 3a shows the potential variation versus the distance from the wire electrode
to the collection plate. Figure 3b shows the potential variation versus the distance from
the midplane (at the point of a quarter distance between the wires) to the collection plate.
Figure 3c shows the potential variation versus the distance from the midplane (at the
middle point between the wires) to the collection plate. In general, the current simulation
agrees well with the experimental results. It demonstrates that the existing model is very
good at simulating the electric field distribution in the ESP.
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The present model is also validated against the experimental data of Kihm [35]. The
experimental set-up had eight corona discharge wires. The operating voltages vary between
6 and 13 kV. Each corona wires’ diameter (dw) is 0.1 mm, the distance between the wire
and the plate (Sy) is 25 mm, the distance between the wires (Sx) is 50 mm, and the length
(L) and height (H) of plates are 400 mm and 50 mm, respectively. Particle density (ρp) and
relative dielectric constant (εp) are 893.5 kg/m3 and 2.5. The injected particles’ diameter
is 4 µm. Gas velocity (Uin) is 2 m/s. Particles are injected into the computational domain
from the inlet surface, and the motions and charging process of particles were calculated
once through the domain. Collection efficiency as a function of the particle diameter was
obtained as follow:

ηp
(
dp
)
=

(
1− Nc

Ntot

)
(23)

where Nc represents the trapped particles on the collection plates, Ntot defines the total
number of particles injected into the channel. Figure 4 shows the comparison of the
present model computation of the collection efficiency values with the experimental data
of Kihm [35]. It can be seen that the present simulation obtains good agreement with the
experimental data.
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The present model is also validated against the experimental data of Ref. [9]. The
experimental set-up had eight corona discharge wires. The operating voltages vary between
24 and 38 kV. Each corona wires’ diameter (dw) is 0.1 mm, the distance between the wire
and the plate (Sy) is 120 mm, the distance between the wires (Sx) is 250 mm, the length (L)
and height (H) of plates are 1200 mm and 150 mm, respectively. Particle density (ρp) and
relative dielectric constant (εp) are 600 kg/m3 and 2.5. The injected particles’ diameter is
5 µm. Gas velocity (Uin) is 0.4 m/s. Figure 5 shows the comparison of the present model
computation of the collection efficiency values with the experimental data of Ref. [9]. It can
be seen that the present simulation obtains good agreement with the experimental data.
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2.2. Analytical Evaluation of the Collection Efficiency

Many mathematical models for the particle collection process were proposed by
researchers such as [36–41]. Among them, the Deutsch–Anderson model and its variants
are widely used to design and evaluate precipitator performance [42]. However, the
Deutsch–Anderson model generally underpredicts particle collection efficiencies because
of a simplified theoretical approach to actual operating conditions [43–45]. In order to
obtain the collection efficiency in an extensive range of particle diameters, including
nano-size ones, accurately, the development of a mathematical model with a relatively
easy calculations procedure is an aim of the present study. A modified version of the
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Deutsch–Anderson Equation (31) is considered for this objective. The collection efficiency
is expressed as follows:

η = 1− exp
(
−

WpL
UinSy

)
(24)

where L (m) is the length of collecting electrodes; Uin (m/s) is the mean fluid velocity of
the gas; and Sy is the distance between the charging wire and the collecting plates. Wp
is the electrical migration velocity. In order to calculate the collection efficiency by using
Equation (24), several parameters could be obtained by utilizing the Equations (25)–(37)
are given below:

Wp =
npEaveeCc

3πµdp
(25)

np(t) = nd(t) + n f (t) (26)

nd =
kBdpT
2KEe2 ln

(
1 +

πKEdpcie2Nit
2kBT

)
(27)

n f = ns

(
πKEbioneNit

1 + πKEbioneNit

)
(28)

ns =
3εp

εp + 2

Ed2
p

4KE
(29)

KE =
1

4πε0
(30)

In the above equations, n stands for the number of charges on a particle subject to
operating conditions. Subscripts d, f, and s indicate diffusion charge, field charge, and
saturation charge, respectively. ci is the mean thermal speed of gas ions (240 m/s at 298 K
and 101 kPa). Ni is the ion concentration number in a unit volume (#/m3), and it is assumed
as Ni = ρion/e, t is the residence time of particles in ESPs (s). Jp can be calculated using
Equation (31) derived by Cooperman (1981).

Jp =
ε0bi

16S3
y

(
γ +

√
γ2 + 192(φ0 − φc)

(
SyE1

))
(31)

γ = 9
(
φ0 − φc + SyE1

)
− 12

(
SyE1

)2 (32)

E1 =
πrwEc

2Sx
(33)

φc = rwEcln
4Sy

πrw
(34)

In the above equations, φc is the corona onset voltage (V), f is the roughness factor (as-
sumed as one in this study), and Ec is the corona onset electric field defined in Equation (7).
After calculating Jp, the total current I (A) per corona charging wire can be obtained as
follows [46]:

I = Jp4Sx H (35)

In order to calculate the migration velocity of the particle, the average electric strength
(Eave) must be estimated. It is proposed that Eave can be calculated as follow:

Eave =
φcβ

Sy
(36)
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where β is a constant with a value of 3.42; after Jp and Eave are known, the average ion
concentration (Ni, #/m3) can then be calculated as:

Ni =
Jp

biEavee
(37)

Table 1 shows the comparison of the present model with Hinds [31] and Lawless [32]
models for particle charging by diffusion, field, and combined charging at Ni t = 1013 (s/m3),
εp = 5.1, Eave = 500 (kV/m). It can be seen that the agreement with the present calculations
and the other models is quite good. It should be noted that Lawless model is incorporated
in the numerical model Equations (18)–(22) of the present study.

Table 1. Comparison of particle charging at Ni t = 1013 (s/m3), εp = 5.1, Eave = 500 (kV/m).

Diffusion Charging Field Charging Combined Charging

dp (µm) Hinds Lawless Present Hinds Present Hinds Lawless Present

0.01 0.1 0.41 0.1 0.02 0.016 0.12 0.43 0.12
0.04 0.79 1.6 0.79 0.26 0.26 1.05 1.9 1.05
0.1 2.7 4.1 2.7 1.63 1.63 4.33 5.6 4.33
0.4 15.7 16.3 15.7 25.9 26.11 41.6 40 41.8
1 47 41 47.2 162 163.2 209 203 210.4
4 237 163 237.4 2580 2611 2817 2680 2848

10 673 407 673.8 16,200 16,316 16,873 16,540 16,990

3. Results and Discussion

Numerical simulations were done with the geometry while varying the discharge
voltage, particle size, gas flow velocity and corona charge wire diameter to investigate
the influence of these parameters on collection efficiency. The operating parameters of the
modelled ESP are summarised in Table 2. Three supply voltages as 35, 45, and 55 kV, three
corona wire diameters as 0.3, 1, and 2 mm, two inlet velocity values as 1 and 2 m/s, and
two different distances between the wire and plate electrodes as 90 and 115 mm are con-
sidered in this study. Consequently, thirty-six operating conditions for the computational
simulations are performed. In addition to that, the collection efficiencies for the particle
diameters between 0.02 and 10 µm are obtained and compared. This means that about
six-hundred fifty different three-dimensional CFD simulations with an electric field and
particle transport are conducted in the present study.

Table 2. Geometric dimensions and operating parameters of the modelled ESP.

Parameter Value

Collection plate length (L) 900 mm
Collection plate height (H) 300 mm

Distance between wires and plates (Sy) 90.0–115.0 mm
Distance between wire electrodes (Sx) 150 mm

Number of wires 5
Wire electrode diameter (dw) 0.3–1–2 mm
Air flow inlet velocity (Uin) 1–2 m/s

Supply voltage (φ) 35–45–55 kV
Pressure (p) 101.3 kPa

Inlet temperature of air (T) 293 K
Ion mobility (bion) 0.00015 m2/Vs

Particles mass flow rate 20 × 10−20 kg/s
Relative permittivity of particles (εp) 3

Diameter of particles (dp) 0.02–10 µm
Charge on an electron (e) 1.6 × 10−19 C
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The simulated velocity distribution for the 1 m/s inlet velocity is shown in Figure 6a,b.
While the velocity is almost homogeny in the flow zone of the channel, boundary layers
develop over the solid wall. Down stream flow structure is affected by the existence of
the corona wires. Although there are strong velocity gradients at down stream of the wire
regions, these have no significant effects on the bulk flow. The calculated electric potential,
current density distribution, and electric field distributions for the case of dw = 1 mm,
45 kV, and 2 m/s in 230 mm wide channel are given in Figures 7–9, respectively. It is seen
from the figures that the electric potential, electric field, and current density values have a
maximum value at the vicinity of discharge wires, and their magnitude sharply decreases
towards the collection plate electrodes at which the voltage is set as zero or grounded. As a
result, particles that are placed within proximity of the wire electrodes are more strongly
(rapidly) charged due to the high electric field and current density vicinity of the corona
wire electrodes.
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Particles are injected into the computational domain from the inlet surface, and the
motions and charging process of particles were calculated once through the domain. Collec-
tion efficiency as a function of the particle diameter can be obtained by using Equation (23).
Figure 10 shows the particle tracking pathlines with respect to residence time for the case
of 1 mm wire diameter, 55 kV, and Uin = 1 m/s in the 230 mm wide channel. It can be
seen that when particle diameters are large, most of the particles are trapped close to the
inlet in a very short residence time. However, residence time increases with decreasing
particle diameter, and particles may travel along the ESP channel. On the other hand,
the nano-size particles such as dp = 0.02 µm have smaller residence time than the one
micrometre (dp = 1 µm) particles.

Figure 11 shows the comparison of collection efficiency values obtained with analytic
and CFD models for Sy = 115 mm, applied potential 55 kV, and corona wire diameters
dw = 0.3 mm and dw = 1 mm. It can be seen that the present numerical and the analytic
models have a good agreement. The discrepancies are less than 10 percent for all particle
diameters range. It is noted that the horizontal axis is given on a logarithmic scale. It can
be seen that a higher corona wire diameter results in better collection efficiencies compared
to a smaller diameter one. In addition to that, the inlet velocity significantly affects the
efficiency. Smaller velocity (Uin = 1 m/s) results in better efficiency values than a higher
one (Uin = 2 m/s) for all cases. It can be said that the analytic model can be used confidently
for further evaluations of the collection efficiencies for the wire-plate type ESPs.
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Figures 12–14 show the calculated collection efficiency variation with the particle diam-
eters for different operating conditions in the 23 cm width channels by using dw = 0.3 mm,
1 mm, and 2 mm corona wire diameters, respectively. Comparing Figures 12–14, it can
be observed that the corona wire electrode diameter significantly affects the collection
efficiency; larger wire diameters result in better efficiency values for all ranges of parti-
cle diameters in all considered cases. It can be clearly seen that increasing the potential
value significantly increase the collection efficiencies, whereas increasing the inlet velocity
magnitude significantly decreases the collection efficiencies for all the considered ranges of
particles. Smaller velocity (Uin = 1 m/s) results in better efficiency values than a higher one
(Uin = 2 m/s) for all cases.
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Collection efficiencies generally have a minimum of about 0.1–0.2 µm particle size
for all cases. This minimum efficiency particle size is also named as the most penetrating
particle size (MPPS). Although the collection efficiency values change with the operating
conditions, the range of most penetrating particle sizes (MPPS) stays almost constant. This
results from the increase of diffusion charging for smaller size (dp ≤ 1 µm) particles. It
should be mentioned that the collection efficiencies for the particle diameters less than 3 µm
are relatively quite low than the ones for the larger particles for all the cases considered in
this study. Remarkably better performance was shown by 55 kV potential cases for all the
particle diameter range and the cases considered.
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Figures 15–17 show the calculated collection efficiency variation with the particle
diameters for different operating conditions in the 180 mm width channels by using
dw = 0.3 mm, 1 mm, and 2 mm corona wire diameters, respectively. Similar observations
for the cases of 230 mm width channels are obtained. On the other hand, comparing the
results of 180 and 230 mm width channel cases, it can be seen that the distance between
the wire and the plate electrodes significantly affects the collection efficiency; smaller
distance between the electrodes results in better efficiency values for all ranges of particle
diameter. In both channel geometry, it can be clearly seen that increasing the potential
value significantly increase the collection efficiencies, whereas increasing the inlet velocity
magnitude significantly decreases the collection efficiencies for all the considered ranges of
particles. It should be mentioned that the collection efficiencies for the particle diameters
less than 3 µm are relatively quite low than the ones for the larger particles for all the cases
considered in this study. Remarkably better performance was shown by 55 kV potential
cases for all the particle diameter range and the cases considered. It can be concluded
that a better collection efficiency can be obtained by increasing the potential difference,
decreasing the gas flow velocity, and reducing the distance between the charging and
collecting electrodes. It should be considered in the design of ESP the limitations of plasma
generation and the particle properties.
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Power consumption of the ESP can be calculated as follow:

P = I∆φ (38)

In Equation (38), P (W) is the consumed power, ∆φ (V) represents the potential differ-
ence between the electrodes, I (A) is the current observed at the collection plates. Figure 18
shows the relative power ratio variation with the corona wire diameters and the applied
source voltages. It can be seen that the power consumptions of ESPs have relatively higher
values with rising the applied source voltage and the corona wire diameter. Relative
power consumptions of ESP with the corona wire diameters of 1 mm and 2 mm for the
same source voltage are about 20 and 35 percent higher than the corona wire diameters of
0.3 mm, respectively.
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4. Conclusions

A three-dimensional CFD model incorporating particle transport and electro-hydrody-
namics in an electrostatic precipitator is constructed to investigate the flow field and the
characteristics of the electrostatic field in the ESP. The present CFD model is validated
with the experimental data, and the current results show very good agreement with the
available experimental data. The 3D CFD model presented in this study could be used for
design and detailed analysis of the ESP considering geometric, electrostatic, and particle
transport parameters. In addition to that, an improved analytical model was proposed
to calculate the collection efficiencies for the wire-plate type electrostatic precipitator. In
all cases considered in this study, a stable fluid flow exists in the ESP channel. The main
conclusions could be given as follows:

• With the decrease in the wire-plate distance, the electric field strength and the current
density between the corona electrodes tends to increase. It is shown that increasing
the potential difference, decreasing the gas flow velocity, and reducing the distance
between the charging and collecting electrodes results in better collection efficiencies.

• Corona charge wire electrode diameter has a strong effect on the collection efficien-
cies. Collection efficiencies for all particle diameters are increasing with larger wire
diameters. However, the energy usage of ESP increases with rising wire diameter.

• Collection efficiencies generally have a minimum of about 0.1–0.2 µm particle size
for all cases. Although the collection efficiency values change with the operating
conditions, the most penetrating particle size (MPPS) appears between 0.1 and 0.2 µm.
This is resulted from the increase of diffusion charging effect for smaller size particles.

• The improved analytical model could be confidently used for the collection efficiency
estimation of the wire-plate type ESPs.

Author Contributions: Conceptualization, M.K., M.M. and A.F.A.; Data curation, M.K., M.M. and
A.F.A.; Formal analysis, M.K. and M.M.; Investigation, M.K., M.M. and A.F.A.; Methodology, M.K.,
M.M. and A.F.A.; Project administration, M.K.; Supervision, M.K.; Writing—original draft, M.K., M.M.
and A.F.A.; Writing—review & editing, M.K., M.M. and A.F.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This study is supported by the Scientific and Technology Research Council of Turkey
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