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health. Electrostatic precipitator (ESP) uses non-thermal L(m) collection plates length
corona discharge connected to negative DChigh voltagenee-  (m) collecting plate height
dles with grounded parallel plate collectors. In this paper, ¢, (V) applied voltage on wires
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strength and density of space charges are investigated. Var-  d, (m) diameter of particles
ious geometric and operating parameters are utilized to J(Am=) current density vector
investigate the ultrafine particles removal efficiency. More- 2 (m"/9) fon diffusion coefficient
over, the collection efficiency and migration velocity are j(v m=) :;;tg:tf::de;ﬁ:iocrcharge
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Ey (Vm™) corona discharge’s onset electric field

ro (m) corona wire radius

1) relative number of gas density under standard
conditions

P, (Pa) standard pressure

T, (K) standard temperature

P, (Pa) local pressure

T, (K) local temperature

p (W) consumed total power

7 (%) particle collection efficiency

Coutiet (kg M~3) particles’ mass concentration at the outlet

Cinter (kg m=3) particles’ mass concentration at the inlet

X (m) particle size ranges

A(m?) collecting plate area in ESP

@, (M s7) particle’s average migration velocity

-

n normal unit vector
pe (W) corona power ratio

1 Introduction

Air pollution is one of the major challenges the world faces
today because of modern urbanization and industrializa-
tion [1]. There is a wide range of particle size range in
indoor airborne particles, ranging from ultrafine particles
(smaller than 0.1 pm) caused by cooking, smoking, burning
candles/incense, and even household cleaning products to
coarse particles (2.5 pm) that are caused by dust resuspen-
sion and outdoor infiltration (traffic and soil dust). It is cru-
cial to consider particle size because smaller particles can
reach deeper into the lungs, posing a greater risk to health.
The risk associated with particles smaller than 10 pm is high
since they are highly concentrated and can penetrate deep
into the human body [2, 3]. Particles smaller than submicron
such as aerosol particles penetrate the lungs, accumulating
in the alveoli, and even infiltrating the blood [4].

As people from industrialized countries tend to spend
most of their time inside, indoor transmission has been
identified as the main setting for infections. Depending on
their chemical composition, exposure time and intensity,
these aerosols and airborne particles can cause respiratory
and cardiovascular illness. Recently, these routes of trans-
mission, contributed to the widespread of SARS-CoV-2 in
indoor spaces [5, 6].

Indoor air pollution is reduced by a variety of pro-
cesses, including, electret filtration hydrogenation [7],
mechanical filtration and electrostatic precipitation (ESP).
Conventional air filtration is considerably less expensive
to operate and have a lower risk of damage and stop-
page. However, these filters require change filters and may
become bacterial sinks, causing high pressure drops as well
[8]. An ESP is also easier to maintain than a filter since
only collector plates need to be cleaned and there is no
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filter to be changed. Particles in the flow are ionized and
transported by an electrical field [9]. ESP air purifiers gen-
erally achieve higher clean rate efficiency with nanoparticle
collection than filters, because the velocity and flow rate of
air delivery in discharge medium are higher than in fibrous
media [10]. A significant advantage of ESPs is their ability
to work. A wide range of gas temperatures can be handled,
as well as high efficiency in collecting particles [11]. Their
durability, cost effectiveness, and ease of operation make
them a popular choice.

However, as there are several highly coupled processes
in ESP, such as particle charging and migration in corona
discharge, modelling these mechanisms remains challeng-
ing [12, 13].

There have been a number of numerical models devel-
oped to explore the characteristics of ESPs with respect
to corona discharges and removal of polluted ultrafine
particles. The advantages of numerical simulations over
experimental studies are their flexibility, low cost, and rela-
tive accuracy. Modelling of the precipitation process using
corona discharge is developed by Anagnostopoulos and
Bergeles [14] with finite difference method to estimate wire
surfaces’ electric fields. To improve overcome some limi-
tations of the previous model, Liu et al. [15] performed a
simplified physical model, where particle motion and parti-
cle deposition onto electrodes are affected by electric field
and space charge. However, this method has some flaws,
including difficulty in assigning ion density at wire surfaces
and difficulty handling special electrode geometries with
high computational expense.

Furthermore, an investigation of particle charging
models was conducted with a focus on their application to
electrostatic precipitators [16, 17]. Also, particle behaviour
effect is examined to determine its influence on particle
collection by altering the electric field [18]. Recently, a rapid
advancement in numerical technology has prompted many
authors to model complex physical phenomena simultane-
ously with multiple software packages [19]. There are also
several modifications of collection and discharge electrodes
in ESPs to increase their collection efficiency, mainly for
submicron particulate matter. Even though these designs
need further investigation to confirm their effectiveness,
which are often complex in structure.

In this study, a model simulating corona discharges and
couple processes in an ESP are developed in the first part of
this article using COMSOL Multiphysics software [20]. This
model provides novel insights into the physical mechanisms
of ESP and improves this process while increasing collection
efficiency and lowering energy consumption. Secondly,
a discussion of novel adjustments of the operational
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performance of conventional ESPs are performed to
enhance electrostatic pre-charging and electrostatic
agglomeration. The third part of the article focuses on
improving the collection efficiency of ESPs, specifically,
using submicron particles that are difficult to remove by
traditional methods. To evaluate ESP performance, optimal
operating conditions are selected to increase nanoparticle
collection efficiency and reduce pollution in indoor air
environments.

2 Mechanism of air precipitator

A schematic diagram of a single stage electrostatic precip-
itator is displayed in Figure 1. The ultrafine particle charg-
ing system involves an electrode system consisting of high
voltage DC source connected to thin wire electrodes and a
grounded collecting electrodes system [21].

Electrodes are connected using air as a medium. When
the ESP starts working through the effect of the corona,
molecules of air between the electrodes become ionized,
resulting in a lot of free electrons and ions. Through the ESP,
polluted air passes then, free electrons collide with polluted
particles between the electrodes. These particles become
negatively charged due to attachment with free electrons
and will be moved by the electric force toward positive
collecting plates. Shaking intermittently removes polluted
particles from the collecting plates.

Electrostatic precipitators (ESPs) require high voltage
power, so safety concerns are addressed through strict
protocols, training, and technological advancements. These
include lock-out/tag-out procedures, specialized manage-
ment programs, the maintenance of insulators, and the
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development of dielectric-coated ESPs that are safer and
more efficient at lower voltages.

Itis possible that this high voltage level will cause some
other reactions as well, such as the generation of ozone. Nev-
ertheless, smaller particles have a higher mobility and are
more easily attracted to lower charge levels. Furthermore,
small particles can deposit electrostatically at a faster rate
than they can diffuse or gravitate [22].

Due to their high efficiency in capturing even very fine
particles and the ability to integrate into existing air han-
dling systems, electrostatic precipitators (ESP) are largely
used in real-world applications, including power plants,
chemical factories, and medical settings [23].

The performance of ESPs can be affected by factors
such as dust loading, corrosive gases, and fluctuating
operating conditions, despite their inherent durability and
efficiency. In order to maintain long-term stability, an ESP
must be continuously monitored for performance and
periodically maintained, including cleaning collection
plates as particle buildup reduces efficiency. The design
of modern ESPs incorporates automated control systems,
non-metallic materials, and water film cleaning for
long-term stability [24].

3 Numerical model

The numerical model is based on a two-dimensional (2D)
single channel wire plate, which reduces the computational
cost compared to 3D models. Consequently, faster iterations
are possible in designing and optimizing ESP parameters
like electric field distribution, particle trajectory, and overall
efficiency while using less energy.
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Figure 1: Schematic diagram of the laboratory single stage ESP.
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Also, when modeling electrostatic precipitators (ESPs),
constant air density and viscosity are often used, especially
for small pressure drops and near-steady conditions. In
some cases, these assumptions may be less accurate due to
temperature variations or high particle loads, which can
significantly affect performance. However, treating air as
an incompressible Newtonian fluid makes modeling com-
putationally efficient. In addition, ESPs are typically fea-
turing with turbulent flow, where particles are chaotically
arranged in three dimensions with eddies. However, using
laminar flow can improve ESP performance, especially for
sub-micron particulates, by enhancing particle collection on
plates. Laminar flow can be achieved by controlling the ver-
tical orientation of the housing and the downward direction
of the gas in ESPs designed for fine particle removal.

3.1 Geometry model

As shown in Figure 2, ESP consists of five circular corona
wires and two flat collecting plates [25]. Computational
geometry model consists of a rectangle with a 0.7 m length
and 0.1 m width, with five electrodes each having a 1 mm
channel diameter. Duct inlet to first wire distance is 150 mm.
0.05 m is the wire-plate distance and 0.1 m is the distance
between two wires. The operating conditions and dimen-
sions are illustrated in Table 1.

There are four subprocesses in the theoretical analysis,
each with its own governing equation, and the subprocesses
interact with each other: particle dynamics model, particle
charging, corona discharge, and gas flow model.

3.2 Corona model

With the simplified model of the corona, Poisson’s equation
combined with the charge conservation equations are used
to solve the charge carrier transport. The transport of the
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Table 1: Operating conditions of the ESP.
Parameter, unit Values
Diameter of discharge wire d;, (mm) 1-3
Wire - plates distance s, (mm) 50-200
Wire - wire distance, s, (mm) 100-240
Number of corona electrodes N 3-8
Collection plates length L (mm) 700-960
Collecting plate height H (mm) 100-400
Applied voltage on wires, @ (kV) 20-120

Inlet flow velocity, u, (m/s) 1

Air flow rate Q (L/min) 50-150
Temperature of air, T (K) 293-500
Pressure of air, P (atm) 1
Particles density p, (kg m~3) 2100
Permittivity of particles &, (CV=" m~") 10
Gas density p (kg m—3) 1.293
Diameter of particles d, (1m) 0.01-10
The current continuity equation:

V.-j=0 0]

Vip=-2 3

€o
E=-Vg @

Where E and 7 represent the electric field and the current
density vectors respectively. z;, p;, D; and K; denote the
sign of the electric charge, the density of space charge, the
ion diffusion coefficient and the ion mobility respectively. i
represents the fluid velocity vector, ¢ and g, represent the
potential and the free space permittivity.

As a result of manipulating these equations, the follow-
ing equation for transport is obtained:

charge carrier includes drift in the electric field and convec- piZ YoV FRSSRP 5
tion [26]. H ;0 @-Vp; pi-u=
700 mm
‘— VA
Air flow direction
150 mm AU nen 150 mm
D o O¢—————»| 100 mm
Collecting plates b\
y Particle injectior\ Wire electrode
Position 0 mm !
—_—
X

Figure 2: Modelled ESP geometry.
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3.3 Gas flow

ESP dusty airflow is modelled as a compressible and steady-
state laminar flow. The following equations are the gas
flow’s continuity and momentum [27].

V(pll) =0 ®)

p(i-V)i= V- |=P-T+ug(Vi+ (VD) )|+ Fep O

Here u represents the gas velocity vector. Mg, p and P
represent the dynamic viscosity, the fluid density and the
pressure of the gas, respectively. IE; represents the elec-
trodynamic force defined as:

Fryp = Piz' ®

The main flow is affected by ionic wind in this equation.

3.4 Particle model

Lagrangian approach is used to track particle flow in the
computational region up to the particle is trapped or ejected
[28]. Due to the small order of magnitude of gravitational
force and use of the two-dimensional model, particles are
mostly influenced by electric force and aerodynamic drag
force. Particle motion is expressed as follows:

d(m,u,

o) 74 F: ©

where m,, and Ep' represent respectively, the mass, and the

velocity of particles. F_‘; represents the electric force acting
on these particles given by,

— -

F.=q,E (10)
where ¢, is the particle charge. I—T(; denotes the drag force
described with the model of Cunningham-Millikan-Davis
[29].

= 1 5 —
Fd=¥mp(u—up) (11)
7, is the response time of particle velocity defined as
2
. = Lpdp 12)
P 3u,ChRe
HgLpRe,
S is the coefficient of drag correction given hy:
S=14+Kn{C, +C, exp G 13)
Kn

where, d, and p,, are the diameter and the density of parti-
clesrespectively. (C,, C,, C;) are constant coefficients specific
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to ESP shape and the flow regime and Kn is the Knudsen
number.
Re, represents the relative Reynolds number:
u—id
=200 14)
Hg

Re

And Cj, is the drag coefficient,

24

Sel‘

Cp = max[ (1+ 0.15Re7), 0.44] (15)

In calculating drag forces, the Cunningham factor Cj is
used to correct submicron particles whose size approach the
molecular mean free path:

24

11d
Co=1+ dp[1.257+0.4 exp<— p)]

24 a6

where A represents the molecule mean free path [m].

Migration of particles is determined by particle charge.
In an electrostatic precipitator, particles become charged
through diffusion and field charging. Lawless model [30]
provides the overall charging rate by combining the field
charging velocity and the diffusion charge rate. When the
particle charge is less than the saturated charge, the ions
generated by corona discharge are accelerated by the field
charge to collide with the particles to electrify them. On the
contrary, the diffusion of ions produced by corona discharge
due to thermal motion dominates:

2
Us <1—Ue) +a (v, <)

dqy, _

P 4e, U a7
dt (v, —vg)
— 5/ q (v, > vy)
exp (v, — v;) — 1
7. is the characteristic charging time defined as [31]:
e
T, = (18)
¢ 47 pipugKgT
And ae
P 19
2megd Ky T a9
e
=(3 P 20
o <weer,p+2> @0
—0.575
w, + 0.475 w, > 0.525
I (R T 2 R
1 (w, < 0.525)
o, = % p (22)
© T 2K,T

where, £, is the particle relative permittivity, e is the ele-
mentary charge, d is the particle diameter, . is the charac-
teristic charging time and Ky represents the Boltzmann con-
stant. & and w, are the continuous constants of the model.
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Table 2: Boundary conditions.

Electric potential Air flow Particle transport Charge density
Wire electrode —n-Vo=Ep=q, No-slip Reflect Pq="ho
Collecting plates =0 No-slip Freeze —n-Vpy=0
Inlet -n-Vo =0 U, =1m/su, =0m/s U, =1m/su, =0m/s —n-Vpy=0
Outlet —n-Vo=0 Pressure outlet Escape —n-Vpy=0

3.5 Boundary conditions

Table 2 displays the corresponding boundary conditions.
There is a set value (¢,) on the electrode wire surface and
zero potential on the collecting plate. ESP inlet and outlet
are also considered zero for the normal derivative of the
potential.

Additionally, at the corona electrode, the normal com-
ponent of electric field is used as the boundary condition for
Poisson’s equation.

i-E=E, 23)

In order to determine the density of space charges p,
at the wire electrode, the imposed potential ¢, is verified
using Lagrange multiplier.

i-E=E, 24)

At the corona electrode, both potential and electric field

are imposed in the model. The electric field value at the wire

must be close enough to the real one to obtain predictive
physical results. Peek’s law is therefore applied [32]:

E = 50(5 + 0.031/5)
To

where E; represents the breakdown electric field, E, is equal
to 3 x 108 V/m, r, denotes the corona wire radius and 6 rep-
resents the relative number of gas density under standard
conditions.

(25)

— TsPL

o=
PSTL

(26)
where P and T are equal to 101,325 Pa and 273.15 K respec-
tively, while P; and T} represent respectively, local pressure
and local temperature.

Furthermore, the corona power ratio (p.) assesses the
electrostatic precipitator’s power consumption in a practi-
cal environment from an economical perspective defined by
[33]:

_D

pc_a

where p and Q refer to the consumed total power and the
gas flow rate, respectively.

@7

The particle collection efficiency # is calculated as [34]:

Coutlet (X )

28
Cinlet (X ) ( )

n=1-
where Cg e and Ciye; represent particle mass concentra-
tion at the outlet and at the inlet of the ESP, respectively. The
particle size ranges are represented by x. The particle col-
lection efficiency # is expressed using the Deutch Anderson

formula:
Aw P

]1:1—@ Q

(29)

where A is the effective collecting plate area in ESP. Q rep-
resents the gas flow rate and w, represents the particle’s
average migration velocity defined as the speed of particles
moving towards the collecting plates given by [35]:

wop =Tt - ) (30)

4 Computational procedure

An independent mesh study was performed on the COM-
SOL Multiphysics® numerical model to ensure precision
and stability. Table 3 illustrates the number of elements
and nodes according to five domain meshes. As depicted
in Figure 3, the relative errors g, of the current density,
Jerouna> @t the grounded plate of the collection electrode is
illustrated. The relative errors, ey, decreases from around
1.15-0 %. Balancing computational time and model perfor-
mance, the third domain mesh quantity, is employed for the
ESP model, resulting in an error of approximately 0.3 % [36].

Table 3: The number of elements and nodes according to five domain
meshes.

DMesh Nejements Nnoges
1 10,490 96,128
2 15,578 142,753
3 19,735 180,847
4 23,535 215,669
5 28,840 264,283
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Figure 3: Distribution of the relative error &g, of the current density
with domain mesh distribution.

It illustrates the accuracy of the grid at various locations
without long computational time.

A dense grid is found close to the wire electrodes since,
a high density of current region is developed around them.
Figure 4 illustrates the unstructured triangular mesh using
COMSOL Multiphysics software.

5 Results and discussion

An investigation of the wire plate ESP is conducted in
this study using COMSOL Multiphysics Software. Simulated
and experimental results are compared to assessing the
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model’s validity. ESP performances are affected by various
operational factors such as different electrodes and collect-
ing plates are compared to determine their effects on air
disinfection. In addition, the polluted particles removal effi-
ciency and the migration velocity are investigated.

5.1 Characteristics current-voltage
distribution

Numerical models for ESP were compared with experimen-
tal results. A comparison of the current-voltage relationship
of an ESP at various interelectrode wire distance (Figure 5a)
and different number of electrode discharge (Figure 5b) was
made with those obtained experimentally by Kasdi [37]. In
comparison with experimental data, the calculation error is
less than 2 % and numerical results agree reasonably well
with experimental results.

In Figure 5a, the model accurately predicts changes
in corona current for different distances between wires.
Corona current rises with higher interelectrode wire dis-
tance (s,). As the wire spacing decreases, the shielding effect
exerted by each wire increases causing the reducing of
the discharge current. Current-voltage characteristics are
shown in Figure 5b as a function of wire number. At the
same voltage, as the number of discharging conductors
(wire electrode) increasing, the current rises.

5.2 Current density distribution

As shown in Figure 6, the numerical simulation reveals the
current density distribution on the dust collector’s surface.
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Figure 4: Modelled ESP geometry. Mesh picture of 2D ESP and refined mesh structure around wire electrodes.
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Figure 6: Current density: (a) 2D distribution, (b) linear distribution (Y = 0.02 m) at different voltage of wire electrode.

The current density displays a wave pattern along the col-
lecting plate, with higher values under each wire and lower
values between two neighbouring wires (see Figure 6a). At
the end of all wire arrangements, there is a symmetrical
peak of current density. Figure 6b shows that with increas-
ing voltage, corona’s current density increases and the elec-
trostatic shielding degree (the ratio between the outer and
inner discharge electrode) decreases. A stronger electro-
static shield is present at low voltages, while a weaker
shielding occurs at higher voltage, increasing the current
density.

5.3 Potential and electric field distribution

Figure 7 shows the distribution of electric potential in ESP.
Figure 7a illustrates that there is a high electric potential
near the discharge wire and a lower potential between two
electrode wires. The applied potential at the wire electrode
drops with decreasing radius values of electrode wire (see
Figure 7b).

An electrostatic precipitator’s electric field distribution
isdisplayed in Figure 8. A high electric field appears near the
discharge electrode, reaching a maximum of7.6 X 10% V/m. A
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Figure 8: Electric field: (a) 2D distribution, (b) linear distribution (¥ = 0.02 m) at different wire electrode radius.

high electric field strength region gradually extends during
the rapid reduction of the electric potential into the collect-
ing plates. The same polarity of the two neighbouring wires
results in a reduced electric field area, lower than 102 Vm™!
(see Figure 8a).

The effect of discharge radius on corona discharge is
studied by simulating ESP with five discharge electrodes at
20 kV applied voltage for three radii of the wires, namely 0.5,
1 and 1.5 mm. As displayed in Figure 8b, the electric field of
five wires to ESP increase with rising radius of the active
electrode.

5.4 Space charge density distribution

In Figure 9, the high space charge density near the inner
electrodes exhibits a luminous corona discharge. Charge
accumulation near the inner electrodes is accelerated by the
combination of high space charge densities and intense elec-
tric fields. A decrease in space charge density occurred away
from the discharge electrode as well as between two adja-
cent wires because of corona suppression (see Figure 9a).
Figure 9b shows that for 3 different radius values of
electrode wire, the higher density area near the wire at
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Figure 9: Space charge density: (a) 2D distribution, (b) linear distribution (Y = 0.02 m) at different wire electrode radius.

1.5 mm radius decreased with electrode size reduction. With ~ flow field. The discharge generates ionic wind that accel-
0.5mm radius size, the peak value decreased by 80 %. erates downstream flow, causing a reduction in local static
Between the wires, there is a widening of the low-density  pressure and a y-direction pressure difference. Thus, a local
region, with the lowest density near 0. reverse flow occurs when fluid flows towards a wire.

Figure 10b illustrates the linear distribution of the
velocity field along x axis associated with strength of the
wind in the computational region. The minus y-component
The gas velocity contours in the ESP are shown in Figure 10a.  flow means the reverse flow. As electrode radius decreased
A strong volumetric force is introduced by combining high from 1.5 to 0.5 mm, approximately 60 % of the speed dif-
field strength with high ion charge density, resulting in an  ference between upstream and downstream of the wire is
electro-aerodynamic secondary flow. A secondary stream, decreased, reducing the effect of ionic wind on gas flow. Fur-
produced by ions motion, namely ionic wind, occurs in thermore, this decrease indicates that corona suppression
space due to the presence of the electrostatic field in the restricts the motion of ions.

5.5 Characteristics of flow field
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Figure 10: Flow velocity in the electrostatic precipitator: (a) 2D distribution, (b) linear distribution (¥ = 0.02 m) at different wire electrode radius.
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Figure 11: The air flow velocity distribution in ESP with (a) triangular plates, (b) BE-plates, (c) crenelated, (d) C-type and (e) corrugated collecting

electrode with v =1m/s.

As illustrated in Figure 11, various shapes of collecting
plates result in different distributions of velocity of flow
in ESP. Around the wires, flow velocities reach between
1.6 and 1.8 m/s. Furthermore, with non-flat plates, the
flow velocity decline significantly at y = 50 mm and attains
0.1 m/s but remains greater than those with flat plates in the
ESP. Consequently, triangular collecting electrodes have the
strongest impact on the reduction of re-entrainment effects
and thus the improvement of dust removal efficiency. In the

computational region, ionic wind generates a y-component
velocity, and its strength is determined by the
magnitude.

5.6 Particle charging and trajectory

Ultrafine particles’ trajectory in an electrostatic field is influ-
enced by a variety of forces, most notably, the drag force
and the Coulomb force. Also, the particle size radius affects
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Figure 12: Particle trajectories with the charge number along the trajectory expressed in colour for different particles radius of (a - 5 pm, b - 2 pm,

c-0.2pm,andd - 0.01 pm).

the motion of particles and the efficiency of dust particles
collection by balancing drag and electric force.

In Figure 12, particles trajectories are illustrated
for several particle’s radius (r, = 0.01-5um). After
being released on the left, particles are carried by
fluid flow transport in the direction of the right outlet.
As the particles move along their trajectory, they
become increasingly charged, resulting in an electric
force that deviate their path in the direction of the
wall.

Wwith (r, 5pum) particle’s radius and in the
(0 < x < 0.1m) region, the electric field has little effect
on the particle’s trajectories, thus the particles follow the
air flow due to diffusion charging. As particles approach
the first discharge electrode, there is an increase in the
particle’s field charging since it has the greatest rate of
charging, causing a fast deflection linked to the Coulomb
force (Figure 12a).

When the particles are smaller (r, = 0.2-2 pm), the
drag force exerted by the airflow counteracts the Coulomb
force. Consequently, the particle followed the gas flow. Upon

approaching the right electrode (0.7 < x < 0.9 m), the parti-
cles deflect in the y direction (see Figure 12b and c).

With small particles (r, = 0.1-0.5 pm), the high field
intensity area is reduced, and the time deflection is lagged.
Eventually, as the particle stream deflects, it escapes the
electrostatic field or reaches the collecting plate. The smaller
nanoparticle’s radius (rp = 0.01 pm = 10 nm) is near to the
average molecular free path, and the collision in the air
became discontinuous. Consequently, the drag force of the
air is reduced, and the particle continues in its original
direction (see Figure 12d).

Different angles of attack are shown in trajectories,
corresponding to different collection efficiency. The smallest
angle occurs at (rp =0.2 pm), and itincreases away from this
size. Due to reduced interphase drag and the effect of dif-
fusion charging, particles smaller than 0.1 pm radius have
an increased collection efficiency since the size of particles
compared to the mean of molecular free path.

In Figure 13, six types of collecting electrodes in the ESP
are used to show dust particle motion trajectories (2 pm). In
ESP, particles reach the collecting plate at a 2 X 10% m/s for
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Figure 13: The dust particles trajectories in ESP (a) triangular plates, (b) crenulated plates, (c) corrugated-plates, (d) C-type plates, (e) BE-type plates

and (f) flat plates collecting electrode, r, =2 pm.

flat plates, compared to 1.5 X 10° m/s for the particles near
the other types of collecting plates. The flow field changes
in proximity to the collecting plate produces the vortex of
velocity and the trajectory of particles is whirling with tri-
angular, crenulated, corrugated, C-type, and BE-type plates.
Consequently, the particle trapping potential is increased
since the velocity of particles decreases.

5.7 Particle migration

Figure 14 illustrates the distribution of the particle migra-
tion velocity with particle radius. When the particle radius
isreduced from 10 pm to 1 pm, migration velocity decreases.
When particle size varies from 0.1to 1 pm, a small migration
velocity is observed, due to a decrease in particle charge.
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When the size of particle is close to the average free path of
the molecules (0.01-0.1 pm), the drag force influence on the
particles decreased since the Cunningham correction and
space charge particles are affected by corona suppression.
Furthermore, with the reduce in drag force (<0.1 pm) and
due to the reduction in particle size, the migration velocity
of particles at 0.01 pm increased by 21 %.

5.8 Collection efficiency

As illustrated in Figure 15, the particle efficiency collection
changes with particle size. A U-shape curve represents the
overall trend of collection efficiency based on three level
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of particle size areas: (1) when particles are large (>1 pm),
and because of their charging capacity and relatively low
drag force, they are well captured, (2) middle-sized par-
ticles (between 0.1 and 1 pm) are not well collected, with
a minimum around 0.2 pm in size. (3) Smaller particles
(<0.1 pm) are captured due to the Cunningham correction
factor, which counteracts the viscosity effect.

In hence, collection efficiency is greater at the extremes
of particle dimensions. Smaller particles are more effi-
ciently collected due to their lower drag force, while larger
particles are more efficiently collected due to their greater
electric charge. There is a maximum drag force between
these two extremes, which results in a minimum collection
efficiency (see Figure 15a).

As shown in Figure 15b, when five electrode discharges
are used, the dust removal efficiency of ESP is greatest.
Dust removal efficiency will be decreased if there are fewer
or more discharged electrodes. Increasing the number
of discharges from 5 to 6 can partially neutralize the
negative effects of electrostatic shielding. Additionally,
increased voltage reduces electrostatic shielding and
increases particle discharge, improving collection
efficiency.

Figure 16a illustrates the particle size function of ESP
collection efficiency with five types of collecting electrodes.
As observed, the triangular plate has the greatest collection
efficiency of different particle sizes. It is found that the ESP
with triangle plates (TP) has a 16 % higher efficiency for
10 pm particles as compared with the flat plates (FP) and
the improved collection efficiency for smaller particles is
slightly higher than larger particles.
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Figure 15: Distribution of particle collection efficiencies (a) for different size particles and (b) as function of number of discharge electrode for two

applied voltages.
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Figure 16: Particle collection efficiency with different particle size in the ESP (a) for FP and BE collecting electrode with circular corona wire and (b) for

four types of discharge wire electrodes with FP collecting plates.

In particle capture, BE and C-type plates are more effi-
cient than (FP) plates, but they are less effective than trian-
gular plates due to the lower current density of FP plates
than BE and C-type plates as the applied voltage increases.
The particles charge more when using BE and C-type plates
as applied voltage increases [38].

In Figure 16b, the efficiency of particle collection is
shown for a variety of particle sizes and electrode wires. The
needle wire (NW) is 4 % higher than the circular wire (CW)
in the lowest case. Compared to circular discharge wire, the
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square wire (45° SW) is still in second place and slightly
more efficient (about 2 %) in four cases. In comparison with
the types of wire electrodes tested, needle wires achieved
the highest efficiency because the lower spacing electrode
provides greater efficiencies and greater increase in the
total current when compared to wire electrode keeping
larger space between wire electrodes [39].

The particle migration speed for different types of col-
lection plates is shown in Figure 17a. The larger particle
size radius (greater than 5 pm) has the highest migration
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Figure 17: Particle Migration velocities with different particle size in the ESP (a) for FP and BE collecting electrode with circular corona wire and (b) for

four types of discharge electrodes with FP collecting plates.



16 = S. Elaissietal.: Optimal conditions for indoor air purification

100 T T T T T T T T T
95 ]
90
85 ]
30 ]
75
70 ]
65
60 ]
55 ]
50 ]
45 ] ]
40 -
35 ] ]
30 ] ]
25 ] ]
20 ] e ]
15 T T T T T T T T T

05 06 07 08 09 10 11 12 13 14 15

Inlet velocity (m/s)

(a)

(BE) -1 pum]
(FP) - 1 pm]

(BE) - Sum:
(FP) - 5 pmy

Collection efficiemcy (%)

DE GRUYTER
T T T T T
057 —a— (BE) -1 um ]
. —— (FP)-1 um
w
= 044 —— 4
£ (BE) - 5 um
2‘ et
.g (FP) -5 um
6 0.3 4 .
>
S 1 HN—.__,__
4 "_‘——A——A—A
® 024 B 8 B -
R
= {
01 i
1 ——4 A —A—A—h
0.0 T T T T T T
0.6 0.8 1.0 1.2 1.4

Inlet velocity (m/s)

(b)

Figure 18: Distribution of dust particles (a) efficiency and (b) migration velocities versus inlet air flow velocities in flat and BE-type collecting plates

with two particle’s radius 1and 5 um.

velocity when compared to smaller particles using triangu-
lar plates. Compared to C-type and FP plates, the BE plate
achieves a higher migration velocity [40].

In addition, the particle migration velocity in Figure 17b
is influenced by various shapes of discharge electrode,
with the same particle size. Particle migration velocity fol-
lows a similar trend as particle collection efficiency. It is
shown that particle migration velocity increases more sig-
nificantly for the NW electrode wire when radius parti-
cle size exceeds 2 pm, while between the NW and other
electrodes (rp = 10 pm), a maximum difference (0.1 m/s) is
obtained. Based on this result, various discharge geometries
play a crucial role in simulating ESP removal capacity. Con-
sequently, comparatively to other electrode configurations,
there is a significant improvement in performance using
NW electrode with the FP collecting plate [41].

Figure 18a shows the efficiencies of particle collection
for different inlet velocities illustrating the electrode con-
figuration effect. At 1 and 5 pm particle sizes, a decrease in
inlet velocity results in a decrease in the collection efficiency
because particles have shorter residence times, smaller spe-
cific collection areas and insufficient charge [42].

In contrast, the inlet velocity has a smaller effect on
particle migration velocity. Increasing the inlet speed from
0.8 to 1.4 m/s, almost has no effect on the particles of 1 pm.
Migration velocity of 5 pm particles decreases since large
particles have a high charge capacity.

Furthermore, reduced inlet velocity implies a higher
residence time, which may result in a fast charge. Col-
lection efficiency is affected by various electrode plate

combinations with varying inlet velocities. Be wire elec-
trode configurations show better collection efficiency and
migration velocity when inlet velocity decreases for 1 and
5 pm particle sizes [43].

The migration velocity of particles at different inlet
velocities is shown in Figure 18b. 1 pm seems to be almost
unaffected. Because large particles have a high charge
capacity, the migration velocity of 5 pm particles has slightly
decreased since the inlet velocity increasing from 0.8 to
1.4 m/s. A low inlet velocity may also result in a longer resi-
dence time, resulting in a fast charge. A significant improve-
ment in removal efficiency is achieved by reducing resi-
dence times of ionization, collection, and charging zones
simultaneously by increasing the inlet velocity. Therefore,
air flow is a key parameter that is a compromise between
geometric dimensions (cross section, collector length) and
performance [44].

The simulation results are shown in Figure 19 for three
different temperatures. Fine particle collection efficiency
and power consumption are significantly affected by tem-
perature. The collection efficiency using particle sizes in
the entire range is strongly influenced by temperature. By
lowering the temperature from 400 to 450 K, the efficiency
of the collection increases by 4 %. From 450 to 323 K, the
collection efficiency increases by 40 %. The lower temper-
ature range seems to be more effective for collection of dust
particles [45]. Temperature has a greater effect on power
consumption per unit area of a plate as follows (J*V,). If the
temperature is reduced from 450 K to 323 K, the electrical
power consumption increases by an order of magnitude.
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Figure 19: Particle collection efficiencies versus particle size at three
values of temperature.

Therefore, increased power consumption is required to gain
collection efficiency at lower temperature [46].

6 Conclusions

A multi-physical analysis of the ESPs characteristics used
for indoor air cleaning from dust particles is investigated.
Specifically, the paper discusses optimizing operation of
electrostatic gas cleaning devices under actual industrial
conditions under the range of 0.01-5m dust precipitation
and higher collection efficiency.

The numerical results of current voltage show a satis-
factory agreement with experimental measurements, indi-
cating the accuracy and the stability of the numerical model
performed using COMSOL Multiphysics software. At first,
it was shown that electrostatic processes can significantly
improve the removal of dust particles for all size particles.
With smaller inlet velocity of ESP, symmetric vortex struc-
ture around the discharge wires is observed because of ionic
wind effect. While increasing inlet velocity weakens the
ionic wind effect on flow patterns. Indeed, particle efficiency
decreases with increasing air flow velocity and a speed of
1 m/s would be suitable.

Secondly, geometric parameters showed a synergistic
effect on particle removal that led to higher overall and frac-
tional efficiency. The use of uneven collecting plates reduces
air pollution and improves ultrafine particles removal. The
flow field near C-type, triangular, crenelated and corrugated
collecting plates generate vortex causing particles to fly
in a whirling motion. For ultrafine polluted particles, the
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triangular collecting electrode has the greatest collection
efficiency.

With rising radius of the active electrode, the electric
field, the applied potential, and the current density increase.
In addition, as electrode radius increased, the speed differ-
ence between upstream and downstream flow of the wire
increased, rising the effect of ionic wind on gas flow. Thus,
increasing the electrode size enhances efficiency of the ESP.

Further, Increasing the number of needle electrode
wires, wire diameters and wire to wire spacing improve
ESP’s collection of polluted particles efficiency. The multi-
wire single stage ESP has an optimum applied voltage of
40 kV and five number discharge electrodes.

Moreover, the agglomeration of particles in their entire
aerodynamic size range has been discussed as a method to
improve particle collection or filtration. All geometries and
conditions showed lower fractional efficiency and migra-
tion velocity for the most penetrating particles (0.1-0.5 pm),
while higher collection efficiency is deduced for ultrafine
particles.

Consequently, multiwire single stage ESP show a higher
efficiency in the removal of submicron dust particles from
indoor environment with an optimum applied voltage of
40 kV and five number discharge electrodes.
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