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Abstract: - This paper presents a numerical model of a wire-plate electrostatic precipitator (ESP) for analysing
jts fine particulate collection behaviour. Computational fluid dynamics (CFD) code FLUENT is used to solve
the two-dimensional Navier—Stokes equations for the gas flow and the realizable k- turbulence model for the
turbulence. The effect of electric field has been captured by adding a source term in the momentum equation.
This additional source term is obtained by solving a coupled system of the electric field and charge transport
equations. The particle phase is simulated by using Discrete Phase Model (DPM). The results of the simulation
revealed that the particle collection and its movement depend not only on the size of the particle but also on
the velocity of the gas flow and the electric potential applied at the discharge electrodes.
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1 INTRODUCTION

Electrostatic precipitators (ESP) are the most
widely used devices that are capable of controlling
particulate emission effectively from power plants
and other process industries. A typical ESP consists
of a series of parallel collection electrodes (CE),
oriented along the direction of the flue gas flow. A
number of thin discharge electrodes (DE) are
suspended vertically between these plates. The
precipitation process involves charging particles of
the flue gas by applying high negative voltage to
the discharge electrodes and driving the charged
particles towards the grounded CE by the electric
field produced. The negligible change of the
electric field in the vertical direction justifies a two-
dimensional modelling approach of this study.
There is a limited research found in the
literature on ESP simulation. Most researches [1 -
4] simplified their model by creating a single DE
ESP configuration. Single wire model may not be
capable of capturing the wake of the wires properly
and it can not be assumed that the particle motions
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will be repeated in the gas flow direction. Hence
three wires have been taken into consideration for
the development of a representative numerical
model of ESP. It is noted that only a limited
research [5 - 7] is found in the literature where
three wires have been considered for modelling an
ESP channel.

The present study takes a comprehensive
approach for predicting the motion of gas, ions and
particles inside an ESP channel. The model was
verified elsewhere [8] with the available literature
data. The result of the simulation showed that the
collection of fine particulate can be improved by
optimizing process parameters of an ESP.

2 GEOMETRY CONFIGURATIONS

Two collection electrodes and three discharge
electrodes were considered for creating the
geometry of an ESP channel. Due to the symmetry
of the geometry only half a channel was modelled
in this study as is shown in Fig. 1. The Fluent Inc.
geometry and mesh generation software
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“GAMBIT” was used as a pre-processor for
geometry development and fluid domain
discretization purposes. The computational mesh
consists of 15000 cells and is shown in Fig. 2. Tt
also shows the boundary conditions that were used
in this study for solving the problem. Unstructured
quadrilateral/hexahedral elements have been chosen
for meshing the 2D ESP model as they permit a
much larger aspect ratio than triangular/tetrahedral
cells for a relatively simple geometry [9].

Collecting electrode

- Discharge electrode

.

3
w
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i

Fig. 1: 2D geometry configuration

wall

Wall -

Fig. 2: Computational mesh

3 GOVERNING EQUATIONS

The two-dimensional Navier—Stokes equations
were solved to model the gas flow. An additional
source term is added to the gas flow equation to
introduce the electric field inside the ESP channel.
Lagrangian Discrete Phase Model (DPM) was used
to calculate and monitor particle trajectories.

3.1 Gas Dynamics
The air inside the lab ESP was treated as
incompressible Newtonian fluid due to the small
pressure drop across it. The flow was assumed to be
steady and can be described by the conservation of
mass equation: The air inside the ESP is treated as
incompressible Newtonian fluid due to the small
pressure drop across the ESP. The flow can be
described by the Conservation of mass equation:
8_p+§'(p‘—/~):0 M
ot
and the Momentum equation known as Navier-
Stokes equation:
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Where p is the fluid density (kg/m’), v is the

kinemetic viscosity (m?/s) of the fluid, p is the fluid
pressure (Pa) and V is the fluid velocity (m/s). § is
the source term, which expresses the momentum

force (N/m%) on the gas flow due to the electric
field and can be expressed as [5],

S = p ionE (3)
Here p,, is the ion charge density (C/m’) and E

is the electric field intensity (V/m).
The realizable k—& model is used in this study to

capture the turbulent behaviour of flow inside the
ESP.

3.2 Electrostatic Field

The electric field intensity E inside the ESP can be
described by the Gauss’s law equation [10]),

" , 4
V.E=Lo @
€y
Where
F=-vg &)
Combining Equations (4) and (5) gives the well
known Poisson equation which is defined as
) 6
Vig=- Pion (6)
&

Where E is the electric field intensity (V/m), @ is

is the

permittivity of the free space. Under stationary
conditions, the electrical flux density is divergence-
free and can be written as [11],

vV.J=0

Here J is the density of ionic current.

the electric potential (Volt) and g,

Q)

Assuming ion diffusion is of negligible importance

compared to conduction [1, 11], J can be

expressed as,

‘7 = pionb' E

on

8

Here b, is the ion mobility.

Combining Equation (7) and (8) gives the following
expression,

V'(pionbionv¢) = 0 (9)
With the appropriate boundary conditions and a
solution method, two transport variables ¢ and

Pi.n, Were numerically calculated.
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3.3 Particle Dynamics

FLUENT predicts the trajectory of a discrete phase
particle by integrating the force balance on the
particle, which is written in a Lagrangian reference
frame. This force balance equates the particle
inertia with the forces acting on the particle, and
can be written as [9],

dup’,.

dt P,
Where p, and u,;denote particle density and

10)

—_— FD(ui _up’,)_*__g_l(pp._;_pz_*_F:

velocity respectively. Fp(u4;—u,;) is the drag

force per unit particle mass and F; corresponds to
external forces exerted on the particle that, in the
present study, are the electrostatic forces [12],

. _Ea, (1

m,
Where, E; is the electric field components [V/m]
and m, is the particle mass [kg]. The particle
charge, g,, determines the Coulomb force, which is
exerted on the particle. It is calculated in the
Lagrangian framework, as the particle moves
through the gas by the following expression,

dg, _
a wn

Here, 1 is the time taken for the particle to reach
half the saturation charge [s] and is defined as,

4g,

12)

(Gox —4,)

max

(13)

T =
p ionbion

Where b,,, is the ion mobility = 0.00022 (for air

ions) [mC/J/s] = [m*/V/s].

gmax 18 the saturation charge by the local electric

field at the particle location and is expressed as,

37[808rEd;
g, +2

Where ¢, is the permittivity of free space and is

equal to 8.854X10™" [C2/N/m2] and g, is the relative

permittivity of the gas (or dielectric constant of the
gas) which for air is 1.000590.

(14)
qrmx = ant =

4 BOUNDARY CONDITIONS

The geometry developed by GAMBIT is exported
to FLUENT solver to specify the flow properties,
solve the problems and analyse the results. The
finite volume methods were used to discretise the
partial differential equations of the model using the
SIMPLEC method for pressure—velocity coupling
and the second order upwind scheme to interpolate
the variables on the surface of the control volume.
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The segregated solution algorithm is selected to
solve the governing equations sequentially. Non-
equilibrium wall functions were applied to bridge
the viscosity-affected region between the wall and
the fully-turbulent region.

The electric potential on the collection plates is
zero whereas at the discharge electrode surface the

value is 70 (kV). The charge density p, at the

discharge electrode can be
calculated by [13],
e(E-E,)
0 ds

Where E is the field strength in the cell adjacent to
the emitting electrode, ds is the distance between
the cell and the electrode surface. The corona onset
field E, along the corona-emitting surface is
assumed constant, and it can be obtained according
to Peek’s law [14],

E, =E,,, =3.1X10°5(C,+C,/J6r)
Where Ep..; is the ion current threshold value for an
electrode of radius r and C; = 1 V/m and C, = .031

V/Nm in air of relative density & with respect to the
normal temperature and pressure conditions.

approximately

(15)

(16)

A number of subroutines were written and
compiled by using User-Defined-Functions (UDF)
compatible with FLUENT. The UDFs are then
linked to the standard fluid model to solve the
Poisson’s equation and the charge density equation.
The operating gas was ambient air while the
particles were assumed to be ash with density equal
to 600 kg/m’. Turbulent intensity at the inlet was
5%. Boundary conditions used to solve this
problem are summarised in Table 1.

Table 1: Boundary conditions applied to the ESP

model
Gas Electric Ion charge Particle
dynamics potential density dynamics
kV) C/m®
Velocit = -
me | u =10mls| VO=0 | VeL |, =1omis
= O =
4 =00m/s by (mls
’ Escape
Outflow Mass V¢ =0 Vp Escape
conservation “
=0
Wall- No slip ®=0 Vp Trap
Collecting
electrode =0
Wall- No slip D =60, Peek law Reflect
Discharge 70, 80, 90
electrode
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5 RESULTS AND DISCUSSION

5.1 Influence of Particle Diameter
Collection Efficiency of an ESP

It is important to study the influence of particle
diameter on the particle collection since the size of
particles in an ESP system varies greatly from
micrometre size to millimetre. Particle diameter is
taken directly into account in the drag force and
particle charge relationship and, thus, influences the
collection of the particle. The effect of particle
diameters on particle collection is shown in Fig. 3
where 500 particles with a size range from lum to
141 um were injected from the inlet surface with
the velocity of 1 m/s. Rosin-Rammler distribution
was adopted with the mean particle diameter of
18.11 pum. The electric potential at the boundaries
of the discharge electrodes is set at 70kV.

1.41-04

on

1.340:04
1.270-04

2 14005
144005
7.34¢-06
3.10-07

Fig. 3: Particle trajectories coloured by particle
diameter
(Gas velocity 1m/s, Electric potential 70 kV)

The simulation shows that the current operating
condition will not be able to capture the particles
with a size less than 5 pm effectively as most of
them have escaped from the collection area. The
collection efficiency was calculated by dividing the
number of particles collected inside the ESP with
the number of particles injected. The result of the
simulation shows that the collection efficiency of
the ESP channel decreases with the decrease in
particle size. The collection efficiencies are 30%
for particles with a size of 2.5 pym and 18% for 1
um sized particles. Fig. 4 presents the trajectory of
the particles with a size of 1 um where 9 particles
were collected after injecting 50 particles inside the
ESP.

Fig. 4: Trajectory of particles (Size 1 um, Gas
velocity 1m/s and electric potential 70 kV)
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5.2 Influence of Gas Velocity on Collection
Efficiency of ESP

The influence of gas velocity on particle collection
was studied. The 3D ESP model of this study
revealed that the velocity is not uniformly
distributed across the collection chamber. The
average gas velocity inside the collection chamber
of an ESP varies from 0.5m/s to 2 m/s. However, it
is crucial to optimize the flow for improving the
collection of particles. The flow stream with high
velocity leaves the collection chamber with poor
particle collection. The particles need sufficient
treatment time to get charged and collected inside
an ESP. The collection efficiencies for all sizes of
particles have significantly dropped while the
velocity of the flow at the inlet surface is increased
to 1.5 m/s. The efficiency dropped to 18% for the
particles with a size of 2.5 ym and 10% for 1 um
sized particles. Fig. 5 shows the trajectory of the
particles with a size of 1 um where only 5 particles
were collected after injecting 50 particles inside the
ESP.

Fig. 5: Trajectory of particles (Size 1 pm, Gas
velocity 1.5 m/s and electric potential 70 kV)

The  simulated results show  significant
improvement in the collection of fine particles
while the velocity of the flow at the inlet surface is
reduced to 0.5 m/s. The collection efficiencies for
the 2.5 pm and 1 pm sized particles have increased
to 42% and 24%. Fig. 6 shows the trajectory of the
particles of the size of 1 wm where 12 particles
where captured after injecting 50 particles inside

Fig. 6: Trajectory of particles (Size 1 pm, Gas
velocity 0.5 m/s and electric potential 70 kV)

5.3 Influence of Electric Potential
Collection Efficiency of ESP

The particle collection inside the ESP greatly

depends on the electrostatic force of the ESP

system. The electrostatic force, which is generated

after applying electric potential on the discharge

on
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electrodes are strongly related to the movement of
the particles. A range from 60 kV to 90 kV electric
potential is applied to the discharge electrode to
study its influence on the particle collection inside
the ESP. The results of the simulation revealed that
the particle collection efficiency is reduced with the
decreased electric potential at the surface of the
discharge electrodes. The collection efficiencies are
20% and 12% for particles with a size of 2.5 um
and 1 pm respectively. Fig. 7 presents the trajectory
of the particles of the size of 1 um where only 6
particles were capture after injecting 50 particles
inside the ESP.

velocity 1m/s and electric potential 60 kV)

The collection of particles could be improved after
increasing the electric potential at the discharge
electrodes. The collection efficiencies are 34% and
20% for the particles with a size of 2.5 pm and 1
uwm respectively while the applied electric potential
at the discharge electrodes is 80 kV. Fig. 8 shows
the trajectory of the particles with the size of 1 um
where 10 out of 50 particles were collected.

Fig. 8: Trajectory of particles (Size 1 pm, Gas
velocity 1m/s and electric potential 80 kV)

No further improvements on particulate collection
were observed after increasing the electric potential
to 90 kV.

5.4 Improvement of collection efficiency by
applying optimized gas velocity and
electric potential

The collection efficiency of the fine particulate was

found to be improved in Fig. 10 after setting the

optimized gas velocity (0.5 m/s) at the inlet
boundary and an increase of electric potential at the
discharge electrode from 70 kV to 80 kV.
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(a) Trajectory of particles

(Size 2.5 um, Injected-50, Collected- 24)

gt =

T )

(b) Trajectory of particles
(Size 1 pm, Injected-50, Collected- 14)
Fig. 9: Particle trajectories (Gas velocity 0.5 m/s
and electric potential 80 kV)

The simulated results show  significant
improvement of the collection of particles while the
gas velocity was 0.5 m/s and the electric potential
was 80 kV. The collection efficiencies for the 2.5
pm and 1 um sized particles are increased to 48%
and 28%.

Fig. 10 shows the trajectory of the particles while
the flow velocity is maintained 0.5 m/s at the inlet
boundary but the electric potential is increased to
90 kV.

(Size 2.5 pm, Injected-50, Collected- 29)
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(b) Trajectory of particles
(Size 1.0 pm, Injected-50, Collected- 18)
Fig. 10: Particle trajectories (Gas velocity 0.5 m/s
and electric potential 90 kV)

A further increase in electric potential is found to
create improved collection efficiency of the ESP.
The collection efficiency is increased to 58% for
the particles with a size of 2.5 ym and 36% for 1
um sized particles.
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6 CONCLUSION

A two dimensional ESP channel consisting of three
discharge electrodes was modelled. The
electrostatic field was solved through writing and
compiling a number of subroutines and linking
them with the standard version of FLUENT 6.2
software. A Discrete Particulate Phase (DPM)
model was used for calculating particle trajectories.
The study revealed that particles with a size of less
than 2.5 pm are found to be difficult to capture as
most of them escaped from the collection chamber,
whereas 100% collection could be achieved for the
large particles (>18 pm). This is because the higher
charge of the large particles forces them towards
the collection electrode for deposition. The large
particle acquires more charge than a small one due
to its larger surface area; the larger the diameter of
the particle, the higher is the charge and the more
efficient is the particle collection. However, it is
evident from the simulated results that the increased
electric potential cannot improve the collection of
fine particles unless the flow velocity is adjusted
and optimized. The optimized flow velocity results
in fine particles to spend more time inside the
collection chamber and so collect a sufficient
charge, which is crucial for their movement
towards the collection electrodes.
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