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Parametric Performance Analysis of an Electrostatic
Wire-Cylinder Aerosol Separator in Laminar Flow
Using a Numerical Modeling Approach

M. Alshehhi,1 A. Shooshtari,1 S. Dessiatoun,1 M. Ohadi,2 and A. Goharzadeh2
1Department of Mechanical Engineering, University of Maryland at College Park, Maryland, USA
2Department of Mechanical Engineering, Petroleum Institute, Abu Dhabi, UAE

A numerical methodology based on the Lagrangian approach is
outlined to study the performance of a select class of electrostatic
aerosol separators. This modeling method is used to perform a para-
metric study on the efficiency of a wire-cylinder separator in separ-
ation of water aerosols from air. The geometry consists of an 80 mm
diameter wire placed in the centerline of a 20mm diameter cylinder.
The work focuses on the effect of applied voltage (in the range of 4
to 8 kV), flow velocity (in the range of 0.3 to 1.5m/s), flow tempera-
ture (in the range of 280K to 320K), and separator length (in the
range of 0.05 to 0.15m) on charging of water aerosols and on sep-
arator collection efficiency in laminar flow. The aerosols size ranges
between 0.01–10 mm. The results of the study show that applied volt-
age, flow rate, and separator length affect the separation efficiency
significantly, while the effect of flow temperature seems negligible.

Keywords diffusion charging; electrohydrodynamics; electro-
static precipitator; field charging; numerical model-
ing; Rayleigh limit; separation; water aerosol

INTRODUCTION

The separation of suspended particles from gases has
been one of the basic scientific and technical problems of
the industrial era and this interest continues (1). Stricter
environmental legislation and standards on emissions of
fine particles have been motivating forces in development
of more efficient separators. Different industrial applica-
tions, such as clean rooms for various operations, including
micro and nano fabrication technologies, refrigeration and
HVAC systems and many other applications, which require
controlled aerosol concentrations in moving gaseous med-
iums to maintain system functionality and efficiency.

There is a variety of methods of separating aerosols from
process streams using different principles, such as inertial
separation as applied in cyclones, impaction and diffusion
as used in coalescence force-based filters, electrostatic

separation as applied in electrostatic precipitators, and so
on (2). However, many industrial and conventional
gas-liquid separators are limited in terms of separating fine
aerosols from gas streams (3,4). For example, the conven-
tional cyclone’s efficiency falls dramatically when aerosol
diameter size drops below 1mm. This is because the cyclone’s
performance depends on the mass difference between the
suspended liquid aerosols and the carrier gas, and this factor
becomes insignificant in submicron aerosols. Although
coalescence-based separators are more efficient, their
performance decreases when the aerosol size is below
0.5mm. In addition, this type of separator has a significant
pressure drop and a high maintenance cost. Among these
techniques, electrostatic precipitators (ESPs), which use
electrostatic force to charge and collect particles, have shown
many advantages. They have low pressure drop and
maintenance cost and are highly efficient and reliable (5).

ESPs operate on the basic principle of gas-borne
aerosols that are passed through a corona or charged field,
where they receive an electric charge. Then the charged
particles are deflected by the electric field and move across
the gas stream from an emitter electrode to a collector
electrode, where they are removed from gas stream. Two
distinct mechanisms are active in charging the particles,
diffusion charging and field charging. The aerosol’s size
plays an important role in determining the dominant
charging mechanism. For a submicron aerosol, diffusion
charging is more dominant, while field charging becomes
the prevailing factor when the aerosol’s diameter is in the
micron range.

Figure 1 shows the diffusion charging in a charging and
collecting particles process. The charging process starts
when aerosols enter a region filled with randomly moving
ions created by a high voltage difference between two elec-
trodes. The ions move in random fluctuations due to the
effect of Brownian motion. Since the kinetic energy due
to Brownian motion is proportional to the temperature,
then thermal motions of the ions cause them to diffuse
through the gas and to collide with aerosols. Such ions
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will generally adhere to aerosols due to the attractive forces
that exist between ions and droplets in general which are
known to be as electrical-image forces. These forces come
into play as the ions approach the aerosols. The accumu-
lation of electric charge on an aerosol gives rise to a repel-
ling field, which tends to prevent additional ions from
reaching the aerosol. Thus, the rate of charging decreases
as the charge accumulates on a particle and will ultimately
proceed at a negligible rate. As the charge builds up, the
aerosols move to the opposite charge or ground electrode.
Since this type of charging process occurs through the ran-
dom collisions between ions and particles, it is greatly
affected by the charge density of ions. On the other hand,
the electric field intensity and the aerosol material do not
have a direct effect on the diffusion charging (6). Given
that the random collision is based on Brownian motion,
the temperature of the flow may also affect the charging
process (see Eq. (11)).

In field charging, as depicted in Fig. 2, a liquid aerosol
enters a region of traveling ions between electrodes. The
presence of the aerosol disturbs the ions traveling along
electrical field lines, so the ions strike the aerosol and trans-
fer their charge to the aerosol’s surface. After the aerosol
gets charged, it moves to the opposite-charge or ground
electrode. Unlike the diffusion charging process, this type
of charging is affected greatly by the electric field.

Many researchers and scientists have tried to present the
electrostatic effect on traveling particles using mathemat-
ical models. In 1824, M. Hohlfeld, a mathematics teacher
in Leipzig, Germany, first described the precipitation of
smoke particles by electricity (7). The first commercially
successful process was developed in 1906 following experi-
ments by F.G. Cottrell at the University of California,
Berkeley (8). In 1926, Deutsch made the first attempt to
derive a theoretical equation for the particle charging
process, but his attempt failed because he did not recognize
the difference between diffusion and field charging (9). A
few years later, Arendt and Kallmann came up with the
first theoretical expression for the diffusion charging that
gave the rate of particle charging, assuming that the par-
ticle had already taken an appreciable charge (10). For field
charging, Rohmann and Pauthenier, working individually,
derived a theoretical expression for field charging (11,12).

Numerical simulation of the separation process in ESPs
involves modeling the electrohydrodynamic (EHD) flow,
due to interaction of the electric field and space charge
within the fluid flow, as well as the particle movement.
To model the effect of all of these phenomena, one should
solve the Maxwell equation for the electrostatic field and
space charge coupled with both particle dynamics and
Navier-Stokes equations. In terms of particle movement,
both Eulerian and Lagrangian approaches have been

FIG. 1. Diffusion charging mechanism. Aerosols enter a region of moving ions, the aerosols absorb the charge after colliding with ions, the aerosols

move to the opposite charge or ground surface.

FIG. 2. Field charging mechanism. An aerosol enters a region of traveling ions along field lines because of a gradient in electric field. The aerosol’s size

is big enough to be stroked by ions and absorb the charge, and the aerosol moves to opposite charge.
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widely used to predict particle dispersion in an ESP. The
Eulerian method is based on solving the continuity equa-
tion of particles to obtain particle concentration distri-
bution, while in the Lagrangian method the momentum
equation for each particle is solved to obtain its trajectory.
The performance characterization of ESPs depends on the
solution of this coupled problem, which can be obtained
with a varying degree of accuracy using different models
characterized by different degrees of complexity and
computational cost.

Parker in his book presented some cases that highlighted
the efficiency of electrostatic precipitators with different
flow conditions (13). He used the theoretical migration
velocity of solid particles (such as dust or smoke) that was
obtained by Riehle to calculate the separation efficiency
(14). When he compared the theoretical and experimental
outcomes, he found that the efficiency for the experimental
work was much higher than the theoretical one.

Goo and Lee developed a numerical scheme to estimate
the collection efficiency of particles in the wire-plate ESP
(15). Some of the physical phenomena they considered
were corona-field, turbulent EHD flow-field, in situ particle
charging, and turbulent motion of particles. They used the
Lagrangian particle-tracking method coupled with the
Monte-Carlo method for simulating the stochastic nature
of turbulence to overcome the deficiencies of the Eulerian
method. The analytical code was used to analyze an experi-
mental work done earlier by Kihm (16). The calculated
efficiency was lower than the experimental one due to many
factors such as the difficulty in estimating the exact charg-
ing properties of the particles used in the experiment and
the inlet conditions of the flow and the particles.

Talaie et al. developed a numerical model based on the
Eulerian approach to predict the performance of a double-
stage electrostatic precipitator (17). In their work, the effect
of polydisperse particle loading was directly included in
the velocity distribution, electrical field distribution, and
particle concentration. Also, the change in gas eddy
diffusivity was considered in their model. Their results
confirmed the significant effect of particle size distribution
on ESP performance.

Sugita et al. investigated the behavior of water aerosols
in an air-water separator (18). The study used theoretical
analysis to investigate the motion of a water aerosol under
electrostatic forces and the theoretical length of separator
needed to collect the aerosols. The mean diameter of the
water aerosols they used was 30 mm. They were able to
obtain an analytical equation for the minimum length
needed to collect the aerosols.

Soldati later on developed a two-dimensional Eulerian,
advection-diffusion type model for particle transport with
distributed parameters (19). A cost function for a model
ESP was defined, and the influence of a number of design
parameters on cost and collection efficiency was examined.

The results showed that the most cost-effective way to
increase the collection efficiency of a wire-plate ESP is to
decrease the wire-to-wire distance.

Then Talaei came up with a two-dimensional mathemat-
ical model for the performance of wire-duct, single-stage
electrostatic precipitators (20). The main objective of his
model was to study the effect of inlet particle concentration
and applied voltage on corona sheath thickness. He used
the Lagrangian approach to predict the movements of
particles. He found that increasing particle concentration
participates in quenching corona sheath thickness.

Lei et al. performed a numerical study to investigate
the behavior of charged particles in electrostatic precipita-
tors for turbulent flow (21). They used the Eulerian
approach to simulate the electrostatic fields and the
Langragian approach for in situ particle charging and
tracking. They found that for particles smaller than
0.1 mm, the flow turbulence had a very significant effect
on their movements, but the difference of charge among
particles was not obvious. On the other hand, particles
larger than 10 mm were not influenced by the flow turbu-
lence in their movememnt, but they reached the saturation
charge quickly. For particles lying in between, the effect
was not obvious.

In this work, the performance of a wire-cylinder ESP
has been studied numerically. A mathematical model has
been developed based on a modified Lagrangian approach
to simulate the ESP performance on separating water
aerosols from an air flow when applied voltage, ESP
geometry, and flow conditions have been changed. Also,
the accumulated charge on droplets has been obtained
and shown that their breakup due to the charge accumu-
lation is unlikley.

MATHEMATICAL MODEL

To develop the mathematical model, the following
simplifying assumptions were made:

� All the particles are spherical.
� The accumulated charge on each particle does not
affect the local electric field.

� Due to low concentration, there is no interaction
among the particles.

� The temperature of the particles and fluid are the
same.

� The fluid flow field is not affected by the motion of
the particles.

Next, we consider an aerosol subject to electric and fluid
flow fields. The trajectory can be determined from the
momentum balance applied to this particle.

dup
dt

¼ FDðu� upÞ þ
gðqp � qÞ

qp
þ Fe ð1Þ
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The Stokes drag term is given as

FD ¼ CDRe

24

18l
qpd2

p

ð2Þ

where the drag coefficient (CD) for spherical particles is cal-
culated by using the correlations developed by Morsi and
Alexander for different ranges of Reynolds numbers (22).
The Reynolds number (Re) can be defined as

Re ¼ qdpjup � uj
l

ð3Þ

For submicron particles, drag force acting on the parti-
cles is independent of the Reynolds number. Stokes’s law
assumes that the relative velocity of the gas at the surface
of a droplet is zero. Since this assumption is not accurate
for submicron aerosols, the Cunningham correction factor
(Cc) must be included in the calculation of the drag
force (23).

FD ¼ 1

Cc

18l
qpd2

p

ð4Þ

Cc ¼ 1þ 2k
dp

�
1:257þ 0:4e

�1:1dp
2k

�
ð5Þ

The velocity of fluid (u) can be obtained from continuity
and the Navier-Stokes equations.

r � u ¼ 0 ð6Þ

qðu � ruÞ ¼ �rPþ lr2uþ FEHD ð7Þ

where FEHD is the electrohydrodynamic body force applied
to the aerosol carrier fluid and is given as

FEHD ¼ qiE ð8Þ

where qi and E are the ionic charge density and the electric
field, respectively.

The last term in Eq. (1) represents the electrostatic body
force exerted on a charged aerosol, given as

Fe ¼
qpE

1=6pd3
pqp

ð9Þ

To calculate this body force, the local electric field in
vicinity of aerosol particle (E) and the charge accumulated
on the particle (qp) must be determined. The total particle
charge is the summation of diffusion charging and field
charging.

qp ¼ qdiff þ qfld ð10Þ

Assuming that every ion that strikes an aerosol droplet
due to Brownian motion is captured, the amount of

accumulated diffusion charge on a given spherical particle
is given by

qdiff ¼
dpkT

2KEe
ln 1þ pKEdpCieqit

2kT

� �
ð11Þ

where Ci is the mean thermal speed of the ions, t is time
interval and T is fluid temperature. As can be seen, the dif-
fusion charging mechanism is not directly affected by the
electric field intensity, and as time passes, the rate of charg-
ing gradually slows down.

The amount of charge acquired by an aerosol particle
due to the field charging process is

qfld ¼
�

3ep
ep þ 2

��
Ed2

p

4KE

��
pKEZiqit

1þ pKEZiqit

�
ð12Þ

where ep is the relative permittivity of the particle and Zi is
the mobility of ions. Aerosols charged by the field charging
mechanism reach saturation charge status as time passes,
wherein they repel any additional ions from reaching the
aerosols. The amount of charge at saturation state is

qfld;sat ¼
�

3ep
ep þ 2

��
Ed2

p

4KE

�
ð13Þ

In order to determine the ion charge density (qi) and
electric field intensity (E), the Poisson’s and conservation
of charge equations must be solved:

r2/ ¼ � qi
e

ð14Þ

@qi
@t

þr � J ¼ 0 ð15Þ

where / is the potential field, e is the permittivity of fluid,
and J is the current density. The relation between potential
and electric fields is given by

E ¼ �r/ ð16Þ

The current density is the summation of ionic mobility,
conduction, and convection components, respectively,
given as

J ¼ qiZiEþ riEþ qiu ð17Þ

Since the electrical conductivity of gases is negligible, and
the velocity of fluid (u) is much less than ion velocity
(ZiE), then the last two terms in Eq. (17) can be dropped
out. Therefore,

J ¼ qiZiE ð18Þ
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The total electrical current passing from the charged elec-
trode (emitter) to the ground electrode (collector) is given by

I ¼
Z
A0

J � dA ð19Þ

where A0 is any closed area that encloses the emitter or
collector electrodes.

The boundary conditions must also be specified to be
able to solve the set of governing equations and determine
the trajectory of every aerosol particle entering the compu-
tational domain. The boundary condition for Eq. (1) at the
injection point is given by

up ¼ uinj ð20Þ

where uinj is the velocity of the particle which must be
specified.

The boundary conditions for Eq. (7) depend on the
given geometry and are straightforward. For example, on
walls, the no-slip condition is imposed. For Eq. (14) follow-
ing boundary conditions are enforced.

/ ¼ /e on the charged electrode (emitter) surface
/ ¼ 0 on the ground electrode (collector) surface
d/
dn ¼ 0 on all other surfaces

8<
:

ð21Þ

where /e is the applied voltage to the emitter electrode and
n is local unit vector normal to the surface. Here it is
assumed that, except the emitter and collector electrodes,
all other surfaces are perfectly insulated.

The boundary conditions for charge density calculated
from Eq. (15) are more involved, and various approaches
have been suggested. In the current work, it is assumed that

qi ¼ qi;e on the charged electrode surface

dqi
dn ¼ 0 on the ground electrode surface and

all other surfaces

8>>><
>>>:

ð22Þ

where qi,e is the charge density on the emitter surface and
its value is assumed to be known. If the current-voltage
characteristic (CVC) of the separator is known, then qi,e
can be set such that the calculated current from Eq. (19)
matches the experimental current for a given voltage.

When dealing with charging liquid droplets, the issue of
droplets breaking up due to the charge accumulation on
their surfaces arises (24). The reason for this behavior is
that the mutual repulsion force of the electric charges at
the droplet’s surface exceeds the confining force of the sur-
face tension. At this point, the droplet will be broken into
smaller drops in order to create more surface area for the
charge. The maximum amount of charge that a liquid

particle can have is called the Rayleigh limit and depends
on particle’s type and size. This limit generally cannot be
reached except in the case of small droplets. The limiting
charge is given by

qR ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2pcd3

p

kE

s
ð23Þ

The performance of the electrostatic separation is
characterized based on its efficiency defined as

g ¼ 1�No. of Escaped Particles

No. of Injected Particles
ð24Þ

NUMERICAL METHOD

The commercial CFD code Fluent (version 6.2,
Lebanon, NH) was used to solve the governing equations.
Since the Fluent code does not provide a built-in solver for
potential and charge conservation equations (i.e., Eqs. (14)
and (15)), a user-defined program determining the charge
density and the electric fields as well as the aerosols charg-
ing was written and incorporated with the main source
code (25). The electrostatic force influence on aerosol dro-
plets was modeled through an applied body force as
described in Eq. (1). The major steps of numerical solution
are as follows:

� Solve for the electric and ion charge density fields
using Poisson’s and charge conservation equa-
tions.

� Solve for the flow field using Navier-Stokes and
continuity equations.

� Track particles using momentum equations and
determine temporal charge accumulation on parti-
cles as they travel.

This numerical method can be applied to various ESP
geometries to study their performances. Since this method
is based on the Lagrangian approach, the polydisperse
aerosol particles injection can easily be incorporated.

WIRE-CYLINDER AEROSOL SEPARATOR

The numerical method was used to perform a para-
metric study on classic wire-cylinder geometry. This is a
simple geometry that conveniently represents many indus-
trial applications. Moreover, from a modeling perspective,
the advantage of this geometry is the availability of
analytical solutions for electric field governing equations
(i.e., Eqs. (14) and (15)). Therefore, the numerical results
of these equations can be compared against the analytical
solutions (see Appendix (A) for analytical solutions). The
numerical results of aerosols tracking can be used to
investigate the efficiency of this class of separators for
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separation of fine droplets. The schematic configuration of
the wire-cylinder separator is shown in Fig. 3.

In this modeling the particles were water aerosol
droplets carried with the air stream. The modeling input
parameters listed in Tables 1 and 2 summarize the selected
range of parameters used in this study. For each modeling
case, only one parameter changed at a time.

Due to symmetry, only half of the cylindrical tube was
considered as the computational domain. Also, since the
electric force exerted on the airflow was axisymmetric, no
recirculation was created, and air fluid flow was not affec-
ted by EHD interaction. Therefore, FEHD in Eq. (7) was
not considered.

The computational domain was descritized to 487520
computational cells using Tri-Pave meshing scheme in each
cross-section as well as uniform meshing in axial direction.
To capture the high intensity electric field, a high concen-
tration of cells was created in the vicinity of the wire
electrode.

For the fluid flow boundary condition, the fully
developed parabolic velocity profile was imposed at the
tube inlet such that the average inlet velocity was equal
to those values given in Table 2. For the electric field, the
wire electric potential was set based on values given in
Table 2, and the tube wall was always grounded. The
charge density on the wire electrode was set using the
analytical solutions of Eqs. (14) and (15) presented in
Appendix (A). First, the initial electric field at the wire
(E0) was calculated using Peek’s formula, Eq. (A6). Then
the analytical solution of Poisson’s equation for cylindrical
coordinates, Eqs. (A2), (A4), and (A5) were used to calcu-
late the charge density on the wire. Both applied potential
and charge density on the wire were fed to the numerical
solution.

The particles were injected using uniform surface distri-
bution injection. Preliminary tests of the model showed
that the number of injected particles affects the separation
efficiency significantly if it is lower than 200 particles. To
minimize any error and to insure the efficiency indepen-
dence on the particle number, 500 equally distant particles
were injected in each study. The particles were assumed to
be at a halt once they were injected, and they gradually
accelerated along the airflow due to the drag force. The
particles that were deflected by the electric field force and
which collided with the tube wall were totally collected,
and no reflection existed.

RESULTS

The first step in generating results was to obtain the
current vs. voltage curve (CVC) to characterize the separ-
ator performance and to calculate the power consumption.
Figure 4 shows the CVC for the given separator geometry.
The minimum voltage to sustain a corona discharge for the
conditions studied here was 4 kV, which is in agreement
with the corona onset voltage given by Eq. (A8).

First, the numerical model solution for potential field
and charge density had to be verified against the analytical
solution. Figures 5 and 6 show comparisons between both
numerical and analytical results for the electric potential
and charge density distribution along the radial distance,
respectively. As seen there, a favorable agreement between

TABLE 1
Modeling input variables

Cylinder diameter (m) dc¼ 0.02
Wire diameter (m) dw¼ 0.00008
Fluid density (kg=m3) q¼ 1.18
Fluid viscosity (kg=(m � s)) l¼ 1.86� 10�5

Fluid permitivity (F=m) e¼ 8.854� 10�12

Aerosol relative permitivity ep¼ 80
Ions mean thermal speed (m=s) Ci ¼ 240
Ions mobility (m2=(V � s)) Zi¼ 1.5� 10�4

FIG. 3. Wire-cylinder schematic where L: separator length, dc: cylinder

diameter (grounded), /: applied electric potential at the wire (charged).

TABLE 2
Modeling varied parameters

Wire electric
potential (kV)

/¼ 4, 5, 6, 7, 8

Average air flow inlet
velocity (m=s)

u¼ 0.3, 0.6, 0.9, 1.2, 1.5

Air flow
temperature (K)

T¼ 280, 300, 320

Separator length (m) L¼ 0.05, 0.075, 0.1, 0.125, 0.15
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the results was obtained. The results show that the charge
density decreases more than four-fold as one moves from
the emitter to collector surfaces.

Particle size plays an important role in how the particle
is charged. Figure 7 shows the average of the number of
charges accumulated on injected particles as they travel
inside the separator by each of the two different charging
mechanisms as well as the combined effect. It can be seen
from the figure that particles of less than 0.5 mm are
charged mainly through diffusion charging, where particles
of size greater than 0.5 mm are predominantly charged
through field charging.

In order to ensure the water aerosol droplets maintained
their integrity and did not break into parts as they moved
inside the high electric field, the number of accumulated
charges had to be checked against the Rayleigh limit.
Figure 8 shows the maximum number of accumulated

charges over all the injected aerosol droplets. The differ-
ence ratio between the Rayleigh limit and the maximum
accumulated charge on a particle ranged between 65–150.
Therefore, the limit was not reached in this study.

The first case in the parametric study investigated the
effect of applied electric potential on separation efficiency
defined by Eq. (24). Figure 9 shows five cases where a
potential increase improved separation efficiency. The
reason for this is that increasing the electric potential leads
to enhancement of the electric field intensity and an inc-
rease of charge density, which both enhance the charging
process.

The efficiency generally starts decreasing as the aerosol
diameter size gets bigger than 0.01 mm, and then it starts
increasing once diameter size passes 0.5 mm. The reason
for this behavior is that the total charging is the summation

FIG. 5. Comparison in electric potential field between numerical and

analytical models at /¼ 6.0 kV, u¼ 1.0m=s, T¼ 300K and L¼ 0.15m.

FIG. 4. Current-voltage characteristics curve for the wire-cylinder

separator at T¼ 300K.
FIG. 6. Comparison in charge density between numerical and analytical

models at /¼ 6.0 kV, u¼ 1.0m=s, T¼ 300K and L¼ 0.15m.

FIG. 7. Average number of charge accumulated on a particle due

diffusion charging, field charging or diffusion and field charging. The

varied parameters are /¼ 4.0 kV, u¼ 1.0m=s, T¼ 300K and L¼ 0.15m.
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of diffusion and field charging. The diffusion charging
mechanism is the more dominant factor on small particles,
while the field charging is more dominant on larger parti-
cles. However, the combined effects are less effective when
the particle size is in-between. Looking at case (5) where
the voltage is 8 kV, 100% efficiency was reached at all dif-
ferent aerosols diameters. The power consumption in this
case was about 2.4W.

The next case addressed the effect of flow rate on charg-
ing and collecting water aerosols. As expected, increasing
the flow rate lowered the efficiency because of the shorter
resident time available for the aerosols to receive charge,
to travel to the collector electrode, and get trapped, as
Fig. 10 shows. For example, in case number (1), where
the velocity was 0.3m=s, the efficiency was 100% at all
different diameter sizes, while for velocity 1.5m=s the

minimum efficiency decreased to 66% at diameter size
0.25 mm.

The third case investigated the effect of flow tempera-
ture on the separation efficiency. As mentioned earlier, in
diffusion charging ions move due to Brownian motion.
Based on Eq. (11), the flow temperature can affect this
charging mechanism, the primary method of charging of
small particles (i.e., <0.5 mm). The result of our study,
presented in Fig. 11, shows that over the investigated range
of temperatures, the temperature influence is minimum and
is only on small particles. Overall, the effect of temperature
on the separation efficiency can be disregarded without any
substantial error. The temperature change is considered on
the thermophysical properties of gas and particles such as
density and viscosity.

FIG. 8. Comparison between Rayleigh limit and the maximum

number of charges accumulated on a particle due to diffusion and field

charging. The varied parameters are /¼ 4.0 kV, u¼ 1.0m=s, T¼ 300K

and L¼ 0.15m.

FIG. 9. Electric potential field effect on separation efficiency for five

cases with the following input parameters: u¼ 0.9m=s, T¼ 300K and

L¼ 0.15m.

FIG. 10. Flow rate effect on separation efficiency for five cases with the

following input parameters: /¼ 6.0 kV, T¼ 300K and L¼ 0.15m.

FIG. 11. Flow temperature effect on separation efficiency for three cases

with the following input parameters: /¼ 6.0 kV, u¼ 0.9m=s and

L¼ 0.15m.
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The last case investigated the effect of the separator
length on separation performance. Figure 12 shows that
as the length increased, so did the separation efficiency.
Increasing the length means increasing the aerosol resi-
dence time as well as the collection area, which eventually
enhances the performance of the separator. As seen there,
the minimum efficiency varied from 61% for 0.05m separ-
ator to 100% for 0.15m separator.

MESH STUDY

A mesh study was conducted to investigate the indepen-
dency of numerical model results with the number of
computational cells. The study used the same meshing
scheme, Tri-Pave, but with finer and coarser computational

grids. Figure 13 shows a comparison between three cases
that had the same input parameters with different cell num-
bers, where (a) was with decreased cell numbers, (b) was
the standard case and (c) was with increased cell numbers.
The averaged difference between cases (a) and (b) was
about 0.5% where the difference between cases (b) and (c)
was about 0.8%. Therefore, for the parametric study in this
paper it can be concluded that within �1% the results are
independent of the cell number. Thus, the computational
cells number can be increased to improve the accuracy.

CONCLUSIONS

A numerical methodology based on the Lagrangian
approach was outlined to study the performance of electro-
static aerosol separators in laminar flow. A parametric
study on the performance of electrostatic separator was
performed, and the influences of applied potential, fluid
velocity, temperature, and separator geometry were investi-
gated. Based on the results obtained, increasing the applied
voltage and separator length directly increases the separ-
ation efficiency. On the other hand, the efficiency decreases
as the flow velocity increases. The effect of flow tempera-
ture on the performance of the separator was found to be
insubstantial. Electrostatic separation can be considered
an energy-efficient mechanism at low air velocities.
Numerically, it can achieve 100% efficiency with reasonable
power consumption, 2.4W for a voltage of 8 kV and wire
length of 0.1m in the present study. Based on collective
findings of this study the electrostatic separation appears
to be a promising solution to the separation area of water
aerosols from air flow.

NOMENCLATURE

A area (m2)
A0 any closed area that encloses emitter or collector

electrodes (m2)
C1 constant
C2 constant
Cc Cunningham correction factor
CD drag coefficient
Ci ion mean thermal speed (m=s)
dc cylinder diameter (m)
dp particle diameter (m)
dw wire diameter (m)
E electric field strength (V=m)
E0 initial electric field strength at emitter (V=m)
e electron charge (1.6� 10�19 C)
FD drag term (s�1)
Fe electrostatic body force (N=m2)
FEHD electrohydrodynamic body force (N=m2)
g acceleration due gravity (m=s2)
J current density (A=m3)
k Boltzmann constant (1.3806503� 10�23m2=

(kg � s2 �K))

FIG. 12. Separator length effect on separation efficiency for five cases

with the following input parameters: /¼ 6.0 kV, u¼ 0.9m=s and

T¼ 300K.

FIG. 13. Mesh study comparison between three cases that have the same

parameters such as: /¼ 6 kV, u¼ 0.9m=s, T¼ 300K, and L¼ 0.10m with

different computational cell numbers, as a¼ 94655 cells, b¼ 487520 cells

and c¼ 753840 cells.

NUMERICAL METHODOLOGY ON LAGRANGIAN APPROACH 307

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



kE proportionality constant (9.0� 109N �m2=C2)
L separator length (m)
n local unit vector normal to the surface
P actual fluid pressure (mm of mercury column)
P0 normal atmospheric pressure (mm of mercury

column)
qdiff charge on a particle due to diffusion charging (C)
qfld charge on a particle due to field charging (C)
qfld,sat saturation charge on a particle due to field

charging (C)
qp charge on a particle due to diffusion and field

charging (C)
qR limiting charge on a particle due to Rayleigh limit

(C)
r radial distance in x-direction (m)
Re Reynolds number
T actual fluid temperature (K)
T0 absolute ambient temperature (K)
t resident time (s)
u fluid velocity (m=s)
uinj injection point velocity (m=s)
up particle velocity (m=s)
Zi ion mobility (m2=(V � s))
/ electric potential (V)
/0 corona onset voltage (V)
/e electric potential at emitter (V)
l fluid viscosity (N � s=m2)
c surface tension of a particle (N=m)
d relative density
e permittivity of a vacuum (8.85� 10�12 C2=(N �m2))
ep relative permittivity of a particle
g separation efficiency (%)
k molecular mean free path (m)
q fluid density (kg=m3)
qi charge density of space (C=m3)
qi,e charge density at emitter (C=m3)
qp particle density (kg=m3)
ri electric conductivity (S=m)
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APPENDIX

All the equations listed in this section are for the specific
case of wire-cylinder geometry. The Poisson’s equation,
Eq. (14), and current density, Eq. (18), in cylindrical
coordinate can be written as:

1

r

d

dr
r
d/
dr

¼ � qi
e

ðA1Þ
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J ¼ 2prqiZiE ðA2Þ

By combining Eqs. (16), (A1) and (A2), the resultant
equation is given as

1

r

d

dr

�
r
d/
dr

�2
¼ � J

2pZie
ðA3Þ

where two solutions exist for equation (A3) (26).
For C1� 0, the soution is

/ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
J

2pZie

�
r2 þ C1

s

þ
ffiffiffiffiffiffi
C1

p
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
J

2pZie

�
r2 þ C1

s
þ

ffiffiffiffiffiffi
C1

p

r

0
BBBB@

1
CCCCAþ C2 ðA4Þ

For C2< 0, the solution is

/ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
J

2pZie

�
r2 þ C1

s
þ

ffiffiffiffiffiffiffiffiffiffi
�C1

p
arc tan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
J

2pZie

�
r2 þ C1

s
ffiffiffiffiffiffiffiffiffiffi
�C1

p

0
BBBB@

1
CCCCAþ C2 ðA5Þ

To calulate the CVC, the threshold field strength can be
determined semiempirically using Peek’s formula (27).

E0 ¼ 30dþ 9

ffiffiffiffiffi
2d
dw

s
ðA6Þ

where the unit of E0 is (kV=cm) and d is identified as the
relative density and can be calculated as

d ¼ T0

T

P

P0
ðA7Þ

Equation (A6) can be used with one of the soutions,
either Equations (A4) or (A5) to find the resultant current
for a given voltage. The given voltage should be higher than
the corona onset voltage (/0) which can identified as

/0 ¼
dw
2
E0 log

dc
dw

ðA8Þ

The charge density adjacent to the emitter electrode
plays an important role in shaping current-voltage relation
as it reduces local field strength. This will cause the calcu-
lated current to have a maximum limit at a given applied
voltage (27).
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