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Abstract: This paper is aimed at investigating thoroughly the corona performance in the wirecylinder electrostatic precipitor (ESP) without suspended particles. The onset voltage of
negative corona on the discharge wire is calculated based on the criterion of self-sustained
discharge. The ionized field in the ESP is mathematically modeled for calculating the spatial
distribution of the space-charge density due to the corona ions as well as the components of the
electric field including the applied field and the field due to the space charge. This is in
addition to the calculation of the current-voltage characteristics of the ESP.

1 Introduction
The electrostatic precipitator is the most effective device to collect industrialparticulates before
escaping into the atmosphere to pollute it. This is why the researchers over the years work on
modeling the processes inside the electrostatic precipitors (ESPs)including corona discharge seeking
improvement of their performance.
A model was described for computation of charge density and electric field structures without
particle loading. The model employed an iterative model based on the finite element method for
computing electric potential structure in wire-duct electrostatic precipitators for an assumed charge
density distribution by solving Poisson's equation, and the method of characteristics for computing
charge density structure for an assumed electric field distribution[1-3].
The charge simulation technique has been adapted [4] tomodel the electrostatic and the corona
characteristics in clean air of a duct-type electrostatic precipitator where the corona onset voltage is
predicted by Peek's formula [5].
In a wire-duct electrostatic precipitator, the current-voltage characteristics under clean air
conditions were predicted [6]. The approach was based on the simultaneous solution for the governing
Poisson’s and current-continuity equations using a combined boundary element and finite difference
method.
An iterative numerical methodology was developed [7] for the calculation of the electric field in
wire-duct precipitation systems using finite differencing in orthogonal curvilinear coordinates to solve
the potential equation. Charge density distribution was obtained by the method of characteristics or
using a prediction-correction scheme. To predict the I-V characteristic of wire-duct ESP which agrees
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reasonably with the measured one, an empirically estimated thickness of the ionization zone was
considered based on Peek's formula for assessing the corona onset voltage.
In wire-duct ESP, Poisson's equation and the continuity equation of corona current density were
solved [8] simultaneously after being transformed into integral form. The calculated spatial
distribution of the electric potential and charge density were compared with those obtained by White's
formula in wire-cylinder ESP [9].
The current-voltage formula for wire-duct ESP was derived by solving Poisson's equation in one
dimension for ion large current density values where the electrostatic field is large compared to the
space charge field[10]. The current-voltage formula for wire-duct ESP was also derived for high
current density values where the space charge is large[9].
There are several attempts to compute the electric field and I-V characteristics of different ESP
geometries including wire-cylinder[8, 10, 11]and wire-ductarrangements[1-4,6-11]. The analysis of
the ionized-field in these arrangements is based onboundary element method (BEM)[3], charge
simulation method (CSM)[4],finite volume characterization method (FVM)[8],finite element method
combined with the method of characteristics (MOC) [1, 2], FDM combined with MOC [7]and BEM
combined with FDM [6].
Simplifying assumptions commonly adopted in the ESP modeling which are justified:
1. Kaptsov’ assumption which states that the field at the coronating surface remains constant at the
corona onset value as determined by Peek’s formula[5]irrespective of the value of the applied
voltage. The ions emanating from the corona electrode have polarity the same as that of the
discharge wire. They tend to diminish the electric field at the electrode surface by a value
approximately equal to that due to the excess of applied voltage above the onset value, so the field
remains constant at its onset value.
2. The mobility of ions remains constant as their transit time from the discharge wire to the collecting
electrode is so small for the mobility to change with the ions' life time.
This motivates the authors to investigate thoroughly the corona performance in the wire-cylinder
ESP without loading with suspended particles.

2 Method of Analysis
The equations describing the electric field and flow of ions in the ESP are the Poisson's equation for
the electric field, the equation for current density and the equation of current continuity[12].
Poisson's equation for the electric field is expressed as:

(1)
∇.  =
0

where E is the electric field with space charge including corona ions, ρ is the volume charge density
of ions and ϵo is permittivity of free space.
The electric field E is expressed as:
 = +
(2)
whereEfis the electric field without space charge i.e.; the field due to the applied voltage and Es is the
field due to space charge of ions.
In a wire-cylinder geometry of the precipitator, the space charge affects only the magnitude but not
the direction of the electric field, i.e.;
(3)
 = 
where ξ is a scalar which changes over the space between the discharge wire and the collecting
cylinder.
From equations (2) and (3), the field Es due to space charge is expressed as:
 = ( − 1)
(4)
The equation of precipitator current density is expressed as:
(5)
= 

2
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wherekiis the mobility of corona ions.
Combination of equations (1) and (3) results in the following differential equation, whichdefines
the spatial distribution of the scalar ξover the space between the discharge wire and collecting cylinder:


=



(6)

 0 

The continuity equation of the precipitator current density is expressed as:
∇. = 0
Combination of equations (3), (5) and (17) results in the following differential equation:



(7)



= −( )

(8)



Combining of equations (6) and (8) results in the following differential equationwhich defines the
spatial distribution of the ion charge density  over the space between the discharge wire and
collecting cylinder:








  

= −  



(9)

The differential equations (6) and (9) are integrated along the radial direction to determine the
spatial distribution of ξ and ρiover the space between the discharge wire and collecting cylinder. The
initial conditions for such integrals are (i) ξ at discharge wire is equal to Vo/V, where Vo is the corona
onset voltage and V is the applied voltage. (ii) The electric field at the surface of the discharge
electrode remains constant at the onset value, which is Kaptsov's assumption. The onset value of
negative corona in the ESP is calculated based on the criterion of self-recurrence of avalanche growth
in the ionization zone surrounding the discharge electrode[13].

3 Results and Discussions
3.1. Performance of ESP without particle loading:
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Figure 1: Calculated spatial distribution of the
electric field E between the discharge wire and
collecting cylinder compared with that obtained by
the analytical equations (A-3) and (A-5).ro = 1 mm,
R = 15 cm, Vo = 30.659 kV and V = 60 kV.
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Figure (1) shows how the electric field E changes along the radial direction from the ionization-zone
boundary to the collecting cylinder. It is satisfactory that the calculated spatial distribution of the
electric field agrees well with the analytical solutions reported in Appendix 1.
Figure (2) shows the spatial distribution of the electric field E and its components Ef and Es. The
integration value of Ef along the spacing between the wire and cylinder is 59.98 kV which is almost
equal to the applied voltage V (= 60 kV). The integration of Es along the spacing between the wire and
cylinder is almost equal zero. This is why the integrationof the electric field E is equal to the applied
voltage V.
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Figure 2: Calculated spatial distribution of the electric
field E and its components Ef and Es between the
discharge wire and collecting cylinder. ro = 1 mm, R = 15
cm, V = 60 kV and Vo = 30.659 kV
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As the electron ionization coefficient increases with the electric field, the ion charge density ρi also
increases with the increase of the electric field. Therefore, ρi assumes high values near the discharge
wire and decreases gradually toward the cylinder as shown in Fig. (3). It is satisfactory that the
calculated spatial distribution of ρi between the wire and cylinder agrees well with the analytical
solution eq. (A-4) reported in Appendix 1. The deviation between the present calculated values and
those predicted by the analytical solution does not exceed 0.01 %.
The calculated current-voltage characteristic of the ESP agrees satisfactory with that predicted by
the analytical solution as shown in Fig. (4). The deviation between the calculated and predicted values
of corona current at the same applied voltage does not exceed 2.2%.
3.5
Corona Current (mA/m)

Ion charge density (C/m3)

x 10-3
0.14
0.12

0.06

Present method
I-V without particles
Eq. (A-1)
Y-equation

2.5

0.1
0.08

3

Present
ro_i method
Eq. (A-4)

2

1.5

ro_eqn

0.04
0.02

1

0.5

0

0

0
0.05
0.1
0.15
0
Radial distance from the ionization-zone boundary
to the collecting cylinder (m)

0

20

40

60

80

100

Applied voltage (kV)

Figure 4: Calculated corona current-voltage
characteristics of the ESP compared with that
obtained by the analytical equation (A-1) for wide
range of the corona current. ro = 1 mm, R = 15 cm
and Vo = 30.659 kV

Figure 3: Calculated spatial distribution of the ion
charge density between the discharge wire and
collecting cylinder compared with that obtained
by the analytical equation (A-4). ro = 1 mm, R =
15 cm, Vo = 30.659 kV and V = 60 kV.

Figure (5) shows the current-voltage (I-V) characteristics of the ESP at varying radius ro of the
discharge wire for the same radius R of the collecting cylinder. The onset voltage increases with the
increase of the discharge wire ro as given in Table (1) for the same radius R of the cylinder.
Figure (6) shows the I-V characteristics of the ESP at varying radius R of the collecting cylinder
for the same radius ro of the discharge wire. The onset voltage decreases with the increase of R for the
same radius ro as given in Table (2).
7
Corona Current (mA/m)

3
Corona Current (mA/m)

2.5
2

1.5

rwro ==1.2
1.2mm
mm
r = 1 mm
rwro == 0.8
1 mm
mm
o
rw = 0.8 mm

1

0.5

Rc
20 cm
cm
R == 20
R
=
15
cm
Rc = 15 cm
R = 10 cm
Rc = 10 cm

6
5
4
3
2
1
0

0
0

50
100
Applied Voltage (kV)

Figure 5: Calculated corona I-V characteristics
of the ESP for different values of the discharge
wire radius ro at the same radius R (=15 cm) of
the collecting cylinder.
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Figure 6: Calculated corona I-V characteristics of the ESP
for different values of the collecting-cylinder radius R at
the same radius of the discharge wire ro (= 1 mm)
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Table 1: Calculated corona onset voltage Vo as
influenced by the radius of the discharge wire at the
same radius R (= 15 cm) of the collecting cylinder.
ro (mm)
0.8
1
1.2
Vo (kV)

28.05942

31.57891

Table 2: Calculated corona onset voltage Vo as
influenced by the radius of the collecting cylinder R
at the same radius of the discharge wire ro (= 1 mm).
R (cm)
10
15
20
Vo (kV)

35.21861

28.74174

31.57891

34.36458

4 Conclusions
1. The onset voltage of negative corona on the dischargewire of the ESP is calculated based on the
criterion ofself-sustained discharge instead of using the empirical equation of Peek.
2. The ionized field in the ESP is mathematically modeled for calculating the spatial distribution
ofspace charge density due to corona ions as well as the components of electric field including
the applied field and the field due to space charge.
3. The calculated spatial distribution of the electric field between the discharge wire and cylinder of
the ESP without particle loading agreed very well with that obtained analytically.
4. The integration of the electric field with and without space charge is equal to the applied voltage
with a deviation not exceeding 0.01 %. This reflects itself on the accuracy of the present method
of calculation.
5. The calculated spatial distribution of the ion charge density over the space between the discharge
wire and cylinder agreed reasonably with that obtained analytically.
6. The calculated current-voltage characteristics of the ESP without particle loading agreed
reasonably with that obtained analytically.
7. The calculated onset voltage of corona on the discharge wire of the ESP without particle loading
increases with the increase of either the wire radius or the cylinder radius.
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7 Appendices
7.1. Appendix 1: Analytical expressions defining wire-cylinder ESP performance
without particle loading:
7.1.1. Discharge current-voltage characteristics:
The characteristics were expressed in the literature by equation (A-1) [14].
V−V o
R
2
ln = (1 + Y) − 1 + ln
Vo

ro

(A-1a)

1+√1+Y

where:
Y=

I

(

R

2πϵo K E o r o

) (A-1b)

I is the current per unit length.
7.1.2. Spatial distribution of electric potential , electric field E and ion charge density ρi:
The expressions (A-2) and (A-4) were reported before for the potential ϕ(r) and ion charge density ρi
along the radial distance r from the discharge wire axis [9]:
ϕ(r) = 

Ir 2
2πϵo

+ A2  + 

IR 2

+ A2  + A ln 

2πϵo

IR 2
+A 2
2π ϵo
Ir 2
A+
+A 2
2π ϵo

A+

 + A ln

r
R

(A-2a)

where:
A = ro Eo2 −

I

(A-2b)

2πϵo K
d(ϕ(r))

The electric field E(r) is obtained as equal to
E(r) =

Ir
πϵo k i
2

Ir 2
2π ϵo

+A 2

ρi (r) =

dr

:
−Irπϵ k
o

+ A

2A 2 +

!+

Ir 2

Ir 2
+A 2 
+A 2 
2π ϵo
2π ϵo

I

1

2πrk i

r2
r2
# I 1− o2 + o2 E 2i
2π ϵo K
r
r

A
r

(A-3)
(A-4)

7.1.3. Spatial distribution of electric field E
The spatial distribution of electric field E (r) was expressed before [11]:
E(r) = 

I
2πϵo k i

ro 2

+ 
r

6

Eo2

−

I
2πϵo k i

1
2



(A-5)

