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This paper investigates numerically and experimentally the performance of a single stage wire-duct elec-
trostatic precipitators (WDEP) as influenced by different geometrical and operating parameters. To
numerically solve the governing equations, namely Poisson’s and the current continuity equations, the
finite element method (FEM) and a modified method of characteristics (MMC) were used. One major
advantage of the present work over those reported in the literature is that the characteristic lines follow
the FE grid pattern which results in fast convergence and reduction of the computational time. To verify
the results experimentally, a proto-type WDEP was successfully designed and fabricated at the research
institute of KFUPM (RI-KFUPM). The experiments were carried out under laboratory conditions and a
smoke of fired coal was used as a source of seed particles of PM10 category (around 78% of particles lying
below 10 lm). The results show how different parameters (such as discharging wire radii’s, wire-to-wire
spacing and wire-to-plate spacing as well as the fly ash flow speed and applied voltage polarity) influ-
enced the corona power loss and current density profiles. An indication of the effectiveness of this
approach was carried out through a comparison of previously computed results and previously as well
presently obtained experimental data.
� 2010 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

During this century, the world witnessed vast industrial and
urban development, which affected positively the standard of life
of human beings. However, enormous types of industrial wastes
with tremendous quantities were generated as a side effect of this
development. If not properly managed, these wastes would se-
verely impact our environment. Particulate emissions are defi-
nitely among these industrial wastes that need control. Several
systems and processes have been used for the control of particulate
emissions. Those include settling chambers, cyclones, filters, wet
scrubbers, and electrostatic precipitators (ESP). Although all sys-
tems share high collection efficiency, electrostatic precipitators
are one of the most promising ways of controlling air pollution
caused by industrial plants (smoke, fumes, and dust) [1,2].

The most common geometry of precipitators is the wire-duct or
wire-plate electrostatic precipitator (WDEP) where a wide range of
factors determine its performance [3,4]. For optimum design of
WDEP, it is essential to determine the electric field, current density
Powder Technology Japan. Publish
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and hence the corona power loss and, finally, the collection effi-
ciency. Theoretical as well as experimental analysis in WDEP has
received the attention of several investigators. Many of the models
reported depend on numerically solving the main system of equa-
tions with a certain choice of boundary conditions. Many investiga-
tors solved the governing equations with no dust loading
conditions. For example, Butler et al. [5] interfaced the finite ele-
ment method and the method of characteristics for solving the
electric field and charge density values. Cooperman [6] presents
a closed form analytic formula for predicting the current–voltage
characteristics. For predicting the electric field and charge density
under no dust loading conditions, Davis and Hoburg [7] combined
the finite element method and the method of characteristics. On
the other hand, Levin and Hoburg [8] used the finite element meth-
od and a donor cell method. Elmoursi and Castle [9] used the
charge simulation method to model the electrical characteristics
of wire-tube electrostatic precipitators. Their study involved the
evaluation of the electric field, voltage and charge density distribu-
tions in the presence of mild corona quenching. Adamiak [10]
predicted the characteristics of a WDEP by combining the method
of characteristics and the boundary element method (BEM).
Upwind (or downwind) finite difference scheme has been pro-
posed by Lei et al. [11] for the calculation of the three-dimensional
ed by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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Nomenclature

AOEC study area of the WDEP
D wire-to-wire spacing (m)
R wire radius R (mm)
S wire-to-plate spacing (m)
WDEP wire-duct electrostatic precipitator
a radius of assumed spherical particles (lm)
Ai,1 per unit cross-sectional area of the ith flux tube (m2)
~E electric field intensity vector (kV/m)
E0 electric field on the discharging wire (kV/m)
er a nodal potential error (�)
f constant used in the particle charge density Eq. (9) (�)
g an accelerating factor, taken to be equal to 0.5 (�)
I corona current per unit length (lA/m)
(i,j) finite element node made by the intersection of ith field

line with jth equipotential contour
Ji per-unit current density at the ith flux tube (lA/m2)
~J total current density vector (lA/m2)
JP particle charge density values per unit length (lA/m2)
kio mobilities for ions (m2/V s)

kp mobilities for particles (m2/V s)
~l a unit vector along the axis of the flux tube (�)
M number of flux tubes (�)
N number of equipotential contours (�)
Np particle concentration per unit length (p/m2)
Sp particle’s specific surface (m2)
Dri radial distance between the first two nodes along the

axis of any flux tube
d1, d2 pre-specified percentage errors
q total space-charge density per unit length (C/m2)
qio ion charge density per unit length (C/m2)
qp particle charge density per unit length (C/m2)
u potential (kv)
e0 permittivity of free space (lF/m)
e relative permittivity (�)
c air viscosity (Pa s)
u potential within each finite element (kV)
uav average value of the potential (kV)
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distributions of the electric potential and the space charge in a
wire-plate electrostatic precipitator. Numerical calculations based
on the finite difference method and experimental investigations of
gas-particle flows involving an electrical field, as they are found in
the electrostatic precipitation process, has been reported by
Böttner [12]. Under these dust free conditions, simultaneous solu-
tion for the governing Poisson’s and current continuity equations
of WDEP has been made by Rajanikanth and Thirumaran [13] using
a combined boundary element and finite difference method over a
one-quarter section of the precipitator. Anagnostopoulos and Ber-
geles [14] presented a numerical simulation methodology for the
calculation of the electric field in wire-duct precipitation systems
using finite differencing in orthogonal curvilinear coordinates to
solve the potential equation. Neimarlija et al. [15] used the finite
volume discretization of the solution domain as a numerical meth-
od for calculating the coupled electric and space-charge density
fields in WDEP. An unstructured cell-centered second order finite
volume method has been proposed for the computation of the elec-
trical conditions by Long et al. [16]. On the other hand, under dust
loading conditions, the equations governing the electrical condi-
tions of cylindrical and wire duct precipitators have been solved
using different numerical techniques. Elmoursi and Castle [17]
succeeded in the use of the charge simulation method to model
the electrical characteristics of cylindrical type electrostatic precip-
itators in the presence of dust loading. Abdel-Satar and Singer [18]
presented a charge simulation numerical method for solving
Poisson’s equation, the current density equation and the current
continuity equation in WDEP considering the effect of particle
charge density and taking into account the effect of the variation
of ion mobility with the ion position in space. Cristina and Feliziani
[19] proposed a procedure for the numerical computation of the
electric field and current density distributions in a ‘‘dc” electro-
static precipitator in the presence of dust, taking into account the
particle-size distribution. Talaie [20] proposed a finite difference
model for the prediction of electric field strength distribution
and voltage–current characteristic for high-voltage wire-plate
configuration. For particle of the size (0.1–0.1 lm), Ohyama et al.
[21] proposed a finite difference numerical model for calculation
the WDEP efficiency. For a cylinder wire plate electrode configura-
tion, Dumitran et al. [22] estimated the electric field strength and
ionic space-charge density. Talaie et al. [23] proposed a finite
difference procedure to evaluate the voltage current characteristics
in WDEP under positive and negative applied voltages. The model
took the effect of particle charge into consideration and makes it
possible to evaluate the rate of corona sheath radius augmentation
as a result of increasing the applied voltage. Long et al. [24] used
the unstructured finite volume method to compute the three-
dimensional distributions of electric field and space-charge
density. In computing the ionic space charge and electric field of
WDEP, Beux et al. [25] proposed a semianalytical procedure, based
on the Karhunen–Loeve (KL) decomposition to parameterize the
current density field.

A group of experimental studies have been carried out under
dust loading conditions. For example, Jedrusik et al. [26] investi-
gated the influence of the physicochemical properties (chemical
composition, particle-size distribution and resistivity) of the fly
ash on the collection efficiency. For this purpose, three electrodes
with a difference in design were tested. Miller et al. [27] investi-
gated the impact of different electrode configurations on the WDEP
efficiency. Zhuang et al. [28] presented experimental and theoret-
ical studies for the performance of a cylindrical precipitator for the
collection of ultra fine particles (0.05–0.5 lm). Measurements of
the mass collection rates along a pilot WDEP in an industrial
environment has been made by Bacchiega et al. [29].

In this paper, the performance of a proto-type WDEP has been
investigated numerically under dust loading conditions (mainly
the PM10 category). Different operating and geometrical parame-
ters such as the applied voltage polarity, wire-to-wire spacing,
wire-to-plate spacing, and wire radii are also investigated. The
corona current, collecting (grounded) plates current density
profiles as well as the corona power loss are computed and
measured.
2. Mathematical formulation, assumptions and boundary
conditions

2.1. Mathematical formulation

Fig. 1 shows a top view of a wire-duct electrostatic precipitator
configuration. When the applied voltage is raised, the gas near the
more sharply curved wire electrodes breaks down at a voltage
above what is called the onset value and less than the spark break-
down value. This incomplete dielectric breakdown, which is called
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Fig. 1. Top view of a wire-duct electrostatic precipitator (WDEP).
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a monopolar corona, appears in air as a highly active region of
glow. The monopolar corona within duct-type precipitators in-
cludes only positive or negative ions (the back corona is neglected),
the polarity of the ions being the same as the polarity of the high
voltage wires in the corona. Due to the double symmetry in the
precipitator geometry, Fig. 1, it is sufficient to study only the area
AOEC (bounded by the points A, O, C, and E) for any number of cor-
ona wires, provided symmetry is preserved. In this figure, R is the
wire (electrode) radius, S is the wire-to-plate spacing, D is the wire
to wire spacing and H is the precipitator length.

For this configuration of WDEP, the following system of equa-
tions describes the monopolar corona:

r �~E ¼ q=e0 ð1Þ

r �~J ¼ 0 ð2Þ
~E ¼ �ru ð3Þ
~J ¼~Jio þ~Jp ð4Þ
~Jio ¼ kioqio

~E ð5Þ
~Jp ¼ kpqp

~E ð6Þ

where ~E is the electric field intensity vector, q is the total space-
charge density (summation of the ion charge density qio and parti-
cle charge density qp, i.e. q = qio + qp),~J is the total current density
vector, u is the potential, e0 is the permittivity of free space, and kio

and kp are the mobilities for ions and particles, respectively.
Eqs. (1)–(6) represents Poisson’s equation, the current continu-

ity equation, the field and potential relation, the total current den-
sity equation, and the ion and particle current density equations,
respectively. The exact analytical solution to these equations can
only be obtained for parallel plates, coaxial cylinders and concen-
tric spheres. Because of the nature of this problem, a numerical
solution is anticipated as a tool for solving this set of equations.
The following assumptions and boundary conditions are essential
requirements for finding a numerical solution.

2.2. Simplifying assumptions

(1) The influence of particle space-charge density on the field
may be approximated by assuming that the particle concen-
tration Np is constant over a given cross section of the pre-
cipitator. The particle’s specific surface Sp (the surface per
unit volume of gas) is given as [18]:
Sp ¼ 4Pa2Np ð7Þ
where a is the radius of assumed spherical particles.
The corona discharge is assumed to be distributed uniformly
over the surface of the wires; if the corona electrode has a po-
tential above a certain value, called the onset level, the nor-
mal component of the electric field remains constant at the
onset value E0, which results from Peek’s derivation and later
known as Kaptzov’s assumption [30,31].
(2) The ion mobility is assumed constant.
(3) Ion diffusion is ignored.

2.3. Boundary conditions

(1) The potential at the two plates is zero.
(2) The potential at the discharging wires is V.
(3) The electric field at the discharging wires is E0 which is given

by [31]: � �

E0 ¼ 3:1� 106 1þ 0:308ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5� R
p ð8Þ
3. Numerical procedure and experimental set-up

3.1. Proposed numerical procedure

Eqs. (1)–(6) which describe the WDEP are coupled partial differ-
ential equations (PDEs). Therefore, one can solve the continuity
equation if the electric field (or potential) is known and can solve
Poisson’s equation if the ionic space and/or particle charge density
values are assumed known. Due to the double symmetry in Fig. 1,
the boundary conditions Ex = 0 (electric field in the airflow direc-
tion) along the symmetry line O–A (where O is at the center of
the corona wire) and Ey = 0 (electric field perpendicular to the air-
flow direction) along the symmetry line O–E (which is parallel to
the grounded plates) are indirectly satisfied. Therefore, the solu-
tion algorithm consists of two coupled blocks: the FEM block and
MMC block as shown in Fig. 2. The FEM block is used for solving
Poisson’s Eq. (1) to compute u and E while the MMC block is used
for solving the continuity Eq. (4) to compute the ionic space-charge
density qio.

The detailed steps of analysis are given hereafter.

3.1.1. Step 1: First FE grid generation
Generate a FE boundary fitted grid matched to the WDEP geom-

etry as proposed before by Al-Hamouz [32]. The grid is generated
from the intersection of field lines, which emanates from M nodes
selected on the circumference of the discharging conductor, and N
equipotential counters, Fig. 3.

The grid is made fine in the regions of high field gradient and
becomes coarse in regions of low field gradients. After generating
the free space charge FE grid, the electric field values at the FE
nodes are determined from a third order interpolating polynomial
of the potentials. Dividing each quadrilateral formed from the
intersection of field lines with equipotential contours into two
triangles, generates the triangular finite elements.

3.1.2. Step 2: Estimation of particle and ionic charge densities
Using the estimated electric field values on the FE grid nodes,

the particle charge density qp at each node is calculated from Eq.
(9) [18]:

qp ¼ e0f Sp E ð9Þ

where f = 3 for conducting particles and f ¼ 3e=eþ 2 for particles of
relative permittivity e. In other words;

qp ¼ nE ð10Þ
n ¼ 4Pe0f a2Np ð11Þ
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The particle mobility can be calculated as:

kp ¼ qp=6PNp c a ð12Þ

where c is the air viscosity.
The first estimate of the ionic space-charge density values at the

FE grid nodes can be made by satisfying the current continuity
equation, Eq. (2) using the MMC. The method of characteristics is
based on a technique whereby the partial differential equation
governing the evolution of charge density becomes an ordinary dif-
ferential equation along specific ‘‘characteristic” space–time trajec-
tories [9]. In the present work, a modified method of characteristics
(MMC) is proposed where the partial differential equation govern-
ing the evolution of charge density becomes an ordinary differen-
tial equation along specific ‘‘flux tube” trajectories. Therefore,
special flux tubes are introduced for this purpose, Fig. 3, which
start at the surface of the discharging wire and terminate at the
grounded plates. The ionic space charges are assumed to flow along
the centers of these flux tubes, i.e. the field lines. Therefore, the
problem that the characteristic lines never follow the FE grid pat-
tern, which was reported previously by Adamiak [10], is eliminated
in the present work.

r �~J ¼ r � ðkioqioEþ kpqpEÞ ¼ 0 ð13Þ

To simplify satisfying the continuity condition, particle charge
density values Jp ¼ kpqpE are assumed constant in each iteration.
Therefore, Eq. (13) has been simplified to solve for the ionic
space-charge density values at the FE grid nodes. As a result, Eq.
(13) can be written along each flux tube as:
dqio

dl
�l ¼ �ðq2

io þ qio qpÞ=e0E ð14Þ

where l is a unit vector along the axis of the flux tube, that is along
the direction of E.

The initial estimate of the ionic space-charge density values on
the circumference of the discharging electrode was assumed to fol-
low the work in [32].

3.1.3. Step 3: Finite element solution of Poisson’s equation
For known values of the ionic space charge and particle charge

densities at the FE nodes, Poisson’s equation, Eq. (1) is solved in
the area AOEC by means of the FEM. The potential u within each
finite element is approximated as a linear function of coordinates
[33], namely:

u ¼ ue We ¼ uzwz þusws þutwt ð15Þ

with z, s, and t representing the nodes of the element e and W is the
corresponding shape function. The constancy of the electric field at
the discharging wire at a value of E0 is directly implemented into
the FE formulation. This is achieved by noting that ðui;1 �ui;2Þ=
Dri ¼ E0 where Dri is the radial distance between the first two nodes
along the axis of any flux tube, Fig. 2. Since ui,1 is the applied volt-
age, which is known, then ui,2, the potential at node (i,2), the ith
node along the second equipotential contour, is also known and
hence the boundary condition of constant electric field at the dis-
charging wire is satisfied. It is worth mentioning, however, that
Dri is much smaller than the discharging wire radius. Again, the
electric field values at the FE nodes are determined from a third
order interpolating polynomial of the potentials.

3.1.4. Step 4: Particle and space-charge density correction
Using the estimated electric field values at the FE nodes, the

particle charge density at these nodes is updated using Eqs.
(9)–(12). On the other hand, correction of the ionic space-charge
density is made by comparing the computed values of the potential
at the kth node in iterations n and n + 1. A nodal potential error, er

relative to the average value of the potential, uav, at that node is
estimated. If the maximum of er along the axis of the ith flux tube
exceeds a pre-specified value d1, a correction of the ionic space-
charge density values qi;1ðioÞ (corresponding to the ith flux tube)
is made according to the maximum nodal error, as in Eq. (16):

qi;1ðioÞnew
¼ qi;1ðioÞold

½1þ g Fk� i ¼ 1; 2; . . . ;M ð16aÞ
er ¼ un

k �unþ1
k

�� ��=uav ð16bÞ

where

uav ¼ ðun
k þunþ1

k Þ=2 ð16cÞ
Fk ¼ Maximum ½ðunþ1

k �un
kÞ=uav � ð16dÞ

where g is an accelerating factor, taken to be equal to 0.5 and M is
the number of flux tubes. The ionic space-charge density values at
the rest of the FE nodes are estimated again by solving Eq. (14).

3.1.5. Step 5: Iteration to converge to a self-consistent solution
Steps 2–4 are repeated until the maximum nodal potential error

of Eq. (16b) is less than a pre-specified value, d1.
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3.1.6. Step 6: Next FE grid generation
The finite element grid is regenerated taking into account the

latest nodal ionic, qio and particle space charge values qp until a
self-consistent solution is obtained again for u.

This process of grid generation and obtaining self-consistent
solutions for u and q continues until, for the last two generations,
the maximum difference of the ionic space-charge density qio at
the FE nodes is less than a pre-specified value (d2 taken as 0.1%
in the present work).
3.1.7. Step 7: Computation of corona current and corona power loss
For the whole discharging wire, the corona current is calculated

as:

I ¼ 4
XM

i¼1

JiAi;1 ð17Þ

where Ji is the per-unit current density at the ith flux tube, and Ai,1 is
the corresponding per unit cross-sectional area. The corona power
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loss per meter is the multiplication of the applied voltage by the
corresponding corona current per meter.

In summary, the method of analysis is shown the flowchart of
Fig. 4:
3.2. Proto-type experimental set-up

A one stage, dry type, parallel plate electrostatic precipitator
was designed and fabricated at the High Voltage Laboratory, RI,
King Fahd University of Petroleum and Minerals. The set-up top
view is shown in Fig. 5.

The set-up consisted of a high voltage source (up to ±100 kV),
and dust particle feeder and blower. The single stage WDEP model
is made of two collection plates (2 m � 1 m), one of the plates is
covered by 35 aluminum strips (1 m � 5 cm) separated by 3 mm,
while the other plate is covered by a complete aluminum plate.
This arrangement makes it possible to measure the grounded plate
current density profile. In order to measure the current density at
each strip, holes were made through each strip, nails were placed
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Fig. 5. Top view of the fabricated experimental set-up.
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through the holes and wires were connected between the nails and
the current measuring board. The experimental set-up has the fea-
ture of changing the plate-to-plate spacing, and the discharging
wire-to-wire spacing. The voltage source is connected to a conduc-
tor rod hanging horizontally to the rooftop.
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4. Numerical and experimental results

4.1. Comparison with previous experimental and numerical findings

The configuration reported in [14,34], where cement dust parti-
cles having a dominant particle radius of 30 lm, has been used to
test the effectiveness of the computational algorithm. For this
WDEP model, the discharging wire radius R is 0.521 mm, wire-
to-plate spacing S is 101.6 mm, and wire-to-wire spacing D is
203.2 mm. The method of analysis generates 526 finite element
nodes and converges in three grid generations each with seven
iterations. The present calculated corona power loss compared to
the previously measured [34] and calculated [14] values is shown
in Fig. 6. The present agreement with experimental findings is bet-
ter than that of [14].
For another configuration with a discharging wire radius R of
0.204 mm, wire-to-wire spacing D of 50 mm, wire-to-plate spacing
S of 25 mm and a positive applied voltage of 15 kV, the previously
calculated [35] and measured [36] collecting plate current density
profiles as compared to the presently calculated values are shown
in Fig. 7. Again, it is clear that the present computed results are in
better agreement with experimental values.
4.2. Comparison with present experimental and numerical findings

Using the fabricated experimental set-up, the present computa-
tional algorithm values are compared to the measured corona
power loss and current density profiles. The basic geometrical
and operating parameters used are listed in Table 1.
4.2.1. Corona power loss
4.2.1.1. Effect of varying the applied voltage polarity. The effect of
varying the polarity of the applied voltage on the measured and
numerically calculated corona power loss characteristics is shown
in Fig. 8. The agreement between the computed and experimental
values is satisfactory. As can be seen, for a certain applied voltage,



Table 1
Geometry and operating parameters of the laboratory set-up.

Parameter Value

Length of collection plate (ESP length in m) 2
Height of collection plate (ESP height in m) 1
Spacing between collecting and discharging electrode (m) 0.3 and 0.4
Spacing between discharging electrodes (m) 0.16 and 0.21
Radii’s of discharging electrodes (mm) 0.35, 0.5, 0.85
Air flow velocity (m/s) 0.5–2.2
Atmospheric pressure (Pa) 1
Ion mobility (m2/V s) 1.82 � 10�4

Supply Voltage (kV) 0–100
Temperature of gas (K) 293
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(S = 0.16 m, R = 0.35 mm).
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the corona power loss and hence the value of corona current is
higher for negative applied voltage as compared to the values
when the same amount of positive voltage is applied. Therefore,
negative applied voltage is used for all present experimental and
numerical investigations.

4.2.1.2. Effect of discharging wire radii. In order to investigate the ef-
fect of varying the discharging wire radii, wires with three different
radii’s, namely 0.35, 0.5 and 0.85 mm, were used. The presently
measured and calculated corona power loss characteristics for
the three cases are shown in Fig. 9. The agreement between the cal-
culated and measured findings is quite acceptable. Also, it can be
seen that as the wire radius increases, the corona power loss de-
creases. This can be easily attributed to the fact that as the wire ra-
dius increases, the corona onset voltage increases and
subsequently the corona current decreases for the same applied
voltage.

4.2.1.3. Effect of varying discharging wire-to-wire spacing (D). The ef-
fect of varying the discharging wire-to-wire spacing (D), while
keeping the discharging wire radius and wire-to-plate spacing
fixed is investigated. The presently measured and calculated coro-
na power loss characteristics for wire-to-wire spacing of 0.3 and
0.4 m are in good agreement and are shown in Fig. 10. It is quite
interesting to notice that, for a constant discharging wire radius
and constant wire-to-plate spacing, the corona power loss in-
creases as the wire-to-wire spacing increases while keeping the
voltage constant. This is attributed to the mutual effect among
the discharge wires where each wire (except the wires at the ends)
is shielded by the surrounding two wires. Such shielding results in
compacting the field lines over the wire surface. The larger the dis-
tance between wires, the less is the compactness of the field lines
and the larger is the area on the wire surface where field lines ema-
nates. Therefore, the corona current per wire and hence the total
corona current increases with the increase of the wire-to-wire
spacing.
4.2.1.4. Effect of varying discharging wire-to-plate spacing (S). The ef-
fect of varying the discharging wire-to-plate spacing (S), while
keeping the discharging wire radius and wire-to-wire spacing fixed
is investigated. The presently measured and calculated corona
power loss characteristics for wire-to-plate spacing of 0.16 and
0.21 m are in good agreement and are shown in Fig. 11. It can be
seen that, at the same applied voltage, the corona power loss in-
creases as the wire-to-plate spacing decreases. This is attributed
to the fact that as the wire-to-plate spacing decreases, the corona
onset voltage decreases.
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4.2.2. Ground plate current density profiles
For one of the configurations tested in Fig. 10, namely for a

WDEP with wire-to-plate spacing S of 0.16 m, discharging wire ra-
dii R of 0.85 mm, and an applied voltage of �31.5 kV, the present
measured and calculated ground plate current density profiles for
two wire-to wire spacing (D = 0.3 and 0.4 m) is shown in Fig. 12.
The results show good agreement between the presently measured
and computed values. It can also be noted that as the wire-to wire
spacing increases, the maximum values of the current density pro-
files increases. This is a consequence of the reduction in the corona
onset voltage. It is also worth noting that the maximum current
density value under the central discharging wire is less than the
other two wires. This is attributed to the mutual effect among
the discharge wires where each wire (except the wires at the ends)
is shielded by the surrounding two wires.

4.3. Accuracy, simplicity, and computational time

It is quite clear from Figs. 6 and 7 that the calculated values pre-
dicted by the present algorithm are in better agreement with
experimental results than previous attempts reported in the liter-
ature. In addition, and contrary to one main problem reported in
the literature, the FE grid is generated in a simple way where the
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Fig. 12. Present calculated and measured ground plate current density distribution
(S = 0.16 m, R = 0.85 mm, V = �31.5 kV).
characteristic lines follow the FE grid pattern. This will, in effect,
reduce the number of FE grid re-generations needed to achieve
convergence. Also, the previous methods [10,18] call in their pro-
gramming for two inner loops to guarantee convergence, one for
the convergence of the potential and the other for the convergence
of electric field to the onset value. An outer loop to update the
mapped field lines (i.e. the FE grid) is also required, which means
that a total of three loops are needed for convergence of the previ-
ous methods. On the other hand, the present algorithm requires
only one loop to guarantee the convergence of the potential, and
one loop to update the FE grid. Hence a total of two loops is needed
to guarantee convergence. For example, for one of the configura-
tions, the present algorithm requires two grid generations and five
iterations (a total of 10 iterations) to convergence with an accuracy
of 0.1% in the computed results. On the other hand, in [18], the to-
tal number of iterations needed for conversion is 15–28 with an
accuracy of less than 1% in the computed results. This reduction
in the number of iterations is attributed to the fact that the FE grid
is generated from the intersection of field lines and equipotential
contours Unfortunately, the authors in [14,35] did not report the
number of iterations needed for conversion.
5. Conclusions

A combined finite element based method (FEM) and a modified
method of characteristics (MMC) is developed for the analysis and
computation of space-charge density, corona current and hence
power loss associated with WDEP. One major advantage of the
present work over those reported in the literature is that the char-
acteristic lines follow the FE grid pattern. To test the developed
algorithm, comparison with experimental and numerical findings
reported in the literature has been made where the present algo-
rithm showed high accuracy accompanied with a reduction in
the number of iterations needed to converge. The results show
how different design parameters (such as discharging wire radii’s,
wire-to-wire spacing and wire-to-plate spacing and applied volt-
age polarity) influenced the corona current and current density
profiles.
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