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ABSTRACT

The gas flow distribution significantly affects tbellecting
performance of an Electrostatic Precipitators (ESB)em.
Computational Fluid Dynamic (CFD) method and a
multi-scale approach are used to study the gastfioeugh
the ESP system at different scale. Firstly, nunagric
experiments are conducted at an orifice scale &l @it
scale (unit cell and collection unit study) respesy, to
determine the parameters of the perforated plate<ESP
unit, such as the pressure drop -coefficient. Flow
distribution in the large scale ESP system is sirmlated
and adjusted based on a simplified method. Thelation
results and experiment data match very well bottrénd
and value. The study shows that multi-scale appraac
CFD simulation can be used to predict the gas flatlvi
ESP system accurately and conveniently.

NOMENCLATURE

C, pressure loss coefficient per unit thickness
c flow contraction factor

orifice diameter of perforated plate
f plate porosity
P, p pressure
S source
u,v velocity
density
dynamic viscosity
pressure drop coefficient
permeability of the perforated plate
m thickness of the porous media.
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INTRODUCTION

Electrostatic precipitator (ESP) system device idely
used in power plants for removing particulate nmatfeom
flue gas generated in coal fired boilers (Varortad,e2002).
Its complex structure, as shown in Figure 1, cosgwi
diffuser, collection chamber, ductwork, electricgktem,
rapping system and solid transport system, et¢aS&SP
unit or such a large system is the most commorctie
and reliable particulate control device due to itierit of
handling large gas volumes with a wide range ofajien
conditions, e.g., temperature, pressure, pariedihg and
chemical composition. The distribution of gas flow
significantly affects the collecting performancetioé ESP
system. Traditionally, trial-and-error physical erpment
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was relied on to adjust the gas flow by installgpgide
baffles in the upstream pipework and distributi@mvides
within the diffuser with little understanding ofettreason.
With the development of computer technology anthfer
improvement of Computational Fluid Dynamic (CFD)
technique, commercial CFD softwares are increasingly
applied to the gas flow prediction within the ESP.

Haque et al. (2006,2007,2009) studied the flue flgas
through the ESP in a laboratory model and one local
power station using the CFD code Fluent, and condpare
the flow behavior with experimental and on-site adat
supplied by the power plant respectively. Hou e{2009)
divided the large scale simulation into three stefzs unit
cell, ESP unit, and entire ESP system. Swaminadioh
Mahalakshmi (2010) numerically studied the flowotingh
perorated plate in a ESP diffuser. The simulatiesults
were compared with experimental data and showedHba
flow uniformity in the collection chamber depends the
location and porosity of the perforated plates.oA high
porosity does not distribute the flow uniformly, evbas a
low porosity will slow down the flow and cause essige
pressure drop. Bhasker (2011) studied the flow nizaigr

in ESP ducts with turning vanes by several diffefw
solvers such as CFX-TASCFLOW, FLUENT, CFX, and
STAR-CD. The simulation results suggest that flow
distribution can be improved by placing more tugwmanes

in the inlet duct.

However, most of parameters used for perforatetepla
during the simulations were obtained from an erogiri
coefficient. In the current paper, a multi-scal@raach is
applied for the modeling of an ESP system, where th
coefficients for the perforated plates are deteeahity
so-called unit cell modeling at a single orificealss
combined with an ESP collection unit simulatiomdly a
large ESP system (a network of four parallel ESEsyrs
considered, where the flow distribution is adjusfed
optimization purpose based on a simplified numérica
simulation.



Figure 1: Typical structure of ESP

Governing Equations and Numerical Method

The flue gas is assumed as incompressible and Mewto
fluid. The governing equations include the consiéova
equations of mass, momentum and energy, whichieee g
as,

2 (ou)=0 ®
%
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The realizablek — & model was selected to simulate the
turbulence (ANSYS, 2009).

Both of the perforated plates and channel platetrea¢ed

as a thin porous media with a finite thickness and
directional permeability. The pressure drop of the
perforated plates and channel plates is expressea: dum

of viscous loss term and inertial loss term infthen,

1
AP = —(“v +C, > pvszm 3)
a 2
wherev is the normal velocity component to the plate face

The full scale geometry of a ESP system is so cizated
that it is difficult to implement all the detailxactly in a
single CFD model under the current computational
capability, particularly for an ESP system with e&l
collection chamber units, perforated plates withugands
of holes (in the diffuser), and channel plates whibusands
of individual cells (placed near the exit after thlectric
fields). By a so-called multi-scale approach, tmauation
of a complete ESP system is considered at fouc besgth
scales: (a) microscopic scale, such as the flowmratca
single orifice on the perforated plate, (b) smedile at local
parts, (c) intermediate scale operation units a)darge
scale full system. The large-scale systematic nioglel
requires development of simplified local modelsidatbd
to some specific regions (e.g., porous media mfmtethe
perforated plates and channel plate).These localeiao
will be developed through microscopic flow simuteits at
each specific part, and the microscopic flow charistics
are transformed into macroscopic model parameters.
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RESULTS AND DISCUSSION

Unit Cell Study and Coefficient of Perforated Plate

The perforated plates inside the inlet diffuseridévthe
large area of flow into small areas and suppress th
turbulence by increased resistance, so that theflgas
through the collection region becomes more uniform.
Proper treatment of perforated plates, as showiiiare 2,

is crucial to the modeling of the whole system.uréy3
shows typical streamlines around a single orifibeamed
through the unit cell study. Both the velocity arrdgsure
change with the distance in the bulk flow direction

Figure 4 shows the static and total pressures (@ored by

the dynamic pressure at the inlet) as the functién
stream-wise distance (normalized by the orificarditer)
along the centre line, for different inlet veloegi
(corresponding to different Reynolds numbers). The
reference point is located on the front face offifate. At a
very low velocity, pressure is lost within a shdigtance of
1d. At a high velocity, the static pressure generstiérts to
drop at H upstream of the front face, to zero pressure
around the back face, and further down to a negativ
pressure until a minimum at 1d after the plate.nfihstarts

to rise until 5-@ downstream. The total pressure does not
change much before 2ix-lownstream. Then it decreases
with distance in the range 2.%-8

The unit cell is regarded as the micro-scale ofwhele
ESP system, while the perforated plates are ustratyed
as homogeneous in simulation, where the pressopeain
be calculated according to Eq. 3. Normally thet iesm on
the right side is much smaller than the second .tdime
values fora and G vary in literature, for example is
assumed arbitrarily as one in the study by Tu .e28l04).
The pressure drop coefficient of the perforatedtepla

g( = CzAm is usually obtained from experiment at high

Reynolds number. For example, some engineers use a
simple empirical correlation

le/(fxc)z—l (4)

wheref is the porosity and=0.85 taking account of flow
contraction at the entrance to the orifice. Here select the
unit cell simulation method proposed by Hou e{2009).
Numerical experiments are conducted for different
variables such as velocity, orifice diameter, thieks and
porosity to determine the parametarand G, which are
given by

a :Z—?Am )

1
C,=b, (6)

where,b; andb, are parameters largely dependent on the
porosity. In order to validate the unit cell sinmida
method, the simulated loss coefficient is compdrethe
results given by Idelchik (1996), the simple enwyaiti
correlation and our own experiment respectivelylisied

in Table 1. The simulated loss coefficient is shown
qualitatively consistent with the literature andtteesult,
and more accurate than the empirical correlationtimeed
above.



expansion section. The comparison of the velocity

Unit cell distribution, total pressure loss between simutatand
Q C)/O measurement is shown in Figure 7, Figure 8 andeTabl
respectively. The error bars indicate the standardation
4 of multiple data points obtained by repeated meamants
@ - () @ on both symmetrical sides. It is evident that theameters
: obtained from the unit cell study are very usefal t
O C) O accurately predict the flow profile in the base E®BmMber
model. The relative deviation and pressure drop @latch

very well between the simulation and experiment.

plane-1 plane-2

Figure 2: Unit cell definition.

Figure 3: Flow stream line through a unit cell orifice
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Figure 4. Streamwise distribution of pressure along the _ ) _
centreline for different inlet velocities (f=0.4). Figure5: Base ESP chamber model and dimensions
Table 1: Comparison of pressure loss coefficient - 1 T
o}
Porosity, f %) 30 40 50 i ENEE i K
Am/d=0.1 | 18.32 | 820| 4.19 0 B A b j
Simulation ] ,
Am/d=0.3 16.83 | 7.45| 3.90 A z 0
Hi-H-H-H-H-H ,
Am/d=0.1 18.21 8.21| 4.24 - H-H-H-H-H-H K
Idelchik (1996) I R S .
Am/d=03 | 18.07 | 8.15| 4.22 - P
Am/d=0.1 18.25 7.36| 4.18 Fi 6 M t point
Experiment igure 6: Measurement points
Am/d=0.3 16.01 | 7.00f 3.51

Validation of Velocity Distribution in a Base Model

An experimental test rig, so-called the “base EB&htber
model” (Figure 5), is set up to validate the nucedrmodel
for the perforated plate. The test planes in theathd 2nd
electric fields are located at 122mm and 647mm fthen
start of the rectangular chamber. A hot-wire anestemis
used to measure the velocity at each of 12x10peistts
shown in Figure 6. The computational domain isrdefias
a symmetric half of the chamber. The origin of the
coordinates is located at the centre of the starthe
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Figure 7: Comparison of velocity profiles at Plane-1 (for
case with three perforated plates and collectiateg)
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Figure 8: Comparison of velocity profiles in Plane-2 (for
case with three perforated plates)

Table 2: Comparison of velocity deviation and pressure
drop between simulation and measurement

velocity deviation Rigssure

Plane-1 Plane-2 ( Pa
Experiment 0.567 0.828 182
Simulation 0.576 0.854 180
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Simulations of Industrial Scale ESP System

Most of industrial scale ESP systems comprise rtfoaa
one the same units operating in parallel, which are
connected by the inlet and outlet ductwork. The rmai
purpose of the simulation is to optimize the ergiystem so
that both the flow rate to each chamber and vslocit
distribution over the cross section of the elecfietd are
uniform. A case study of gas flow optimized by rmasttale
approach simulation is summarized as follows.

Figure 9 shows a typical layout of large scale Egstem
for a 3x660MW power plant. The applied structusgdiees
double rows, four chambers, and horizontal airtiolelet.
The two rows of ESPs and the respective flue gas rat
inlet and outlet are carefully arranged around ¢eetral
line of the boiler.

1\1/ \yl

Testing cross-section at the inlet
for the 1st electric field

Testing cross-section of outlet

Testing cross-section of inlet H rﬁ ”

Chamber-1

Chamber-4
] 1

Figure 9: The schematic drawing of the general layout

Simulation Procedure

The entire system will be simulated by the procedur
outlined in Figure 10. Firstly, the unit cell studyf
perforated plates is conducted to determine tlesistance
coefficients. By regression, the coefficient can be
conveniently expressed as Eq.3. Secondly, theicimeffs
obtained from the first step will be used in ESHtun
simulation, and the pressure drop coefficient forE5P
unit will be determined. Thirdly, apply the coefént
obtained from the second step to the system maxel t
predict the inlet cross-sectional velocity profdad the
flow rate to each ESP unit. Next, install approjgriguide
plates in the main duct to adjust the individuaruah flow
rate. Finally, treat the velocity profile as théeinvelocity
condition of ESP unit and recalculate flow field fime
chamber.



Unit cell ( Orifice)
Perforated plates

Coefficients

ESP units

Coefficients

ESP system

Guide plates device

Flow field in
ESP Units

Flow distribution
in each chamber

Velocity profile of
inlet cross-section

Figure 10: Simulation procedure of ESP system

Pressure Drop Coefficients of ESP Unit

ESP unit configuration is shown in Figure 11. Frtma
smaller end to the large opening of the diffusérl t
perforated distribution plates are numbered asfitisg
second and the third, corresponding to 50%, 4093884
in area porosity. The parameter determined in thieaell
studies can be implemented into porous media baiesda
for perforated plates installed in ESP unit.

Figure 12 shows the overall pressure drop and press
drop coefficient of the ESP unit with different weity at
the inlet. The pressure drop coefficient of ESR isrfiound

to decrease and approach a constant as the velocity

increases.

Figure 11: ESP unit configuration
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Figure 12: Overall pressure drop character through the
ESP unit with different velocity

Flow Distribution in the Branch Duct

To meet the design requirement in the relative flow
deviation (generally <5% in each branch), a guitiges
device is installed and adjusted by changing tlvatlon
and direction. In the modelling, each ESP unit is
represented as a “black box” with known pressuteeity
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characteristics typical of uniform porous mediaeTnal
design of guide plate device is shown in Figure Ti3e
inlet cross-section velocity profile and mean véloc
through the branches before and after the adjustamen
given in Figure 14 and Table 3. The result shogsificant
decrease in relative flow deviation. Here, excellen
consistency of mean velocity through the brancledésden
simulation and test is achieved.

Figure 13: Configuration of whole system for flow
distribution simulation

-

Inlet-1 Inlet-2 Inlet-3 Inlet-4

Figure 14: Inlet cross-section velocity profile

Table 3: Mean velocity in inlet cross-section/s)

Inlet 1 2 3] 4
Without
guide plates | Simulation 26.6 29.6 36.6 25.(
device
With guide Simulation 29.8 30.3 29.4 29.6
plates device
adjusted Experiment | 29.7| 29.6| 29.8 30.0

Velocity Distribution in ESP Chamber

The inlet cross-section velocity profile in Figuré is used
as the inlet boundary condition of ESP unit simalatand
the flow field in chambers is recalculated accogdin
Table 4 compares simulation and experimental $itatis
with respect to mean velocity and relative deviati@fore
the first electrical field. This demonstrates tifa¢ flow
field in the chamber has been accurately preditiethe
design requirement in velocity deviation.



Table 4: Mean velocity and deviation at the cross-section
before first electrical field

Chamber ! 2 3 4
Mean Simulation 1.567| 1.548 1.554 1.594
velocity Experiment 1565 1.562 1.567 1.569
(m/s) Deviation (%) | 0.13| -0.90 -0.83 1.59
Simulation 0.183| 0.191 0.18p 0.187
Relative
Experiment 0.188| 0.19 0.178 0.192
Deviation
Deviation (%) | -2.66 3.54 112 -2.6D

CONCLUSIONS

Gas flow through an ESP system is modelled using CFD

and a multi-scale approach. Pressure drop coeffioiethe
perforated plates and ESP unit are obtained bynsxte
numerical experiments on perforated plate orifi@esand
ESP unit scale respectively. The parameters argpamd
with the literature and experiment results, anéthaaéd in a
base ESP chamber model test rig.

A large scale ESP system with several coupled learal
collection units is considered. Unequal flow rateeach
branch and biased velocity profiles in the inlectdare
found. However, overall flow distribution is impred by a
proposed adjustment to the guide plates,
qualitative/quantitative consistency is achievedween
simulation and experiment. Therefore the multi-scal
approach can be applied to the gas flow prediatiithin
ESP system accurately and conveniently. The pregearht
also presents a practical example of CFD being @ized
optimizing design of the ESP system.

Acknowledgement

Supports from Australian Research Council and Fujian

Longking Co Ltd are gratefully acknowledged.

REFERENCES

VARONOS, A. A,, ANAGNOSTOPOULOQOS, J. S. and
BERGELOS, G. C., (2002), “Prediction of the cleaning
efficiency of an electro-static precipitator”, J.
Electrostatics, 55: 111-133.

HAQUE, S.M.E. RASUL, M.G. DEEV, A. KHAN, M.
M. K. and ZHOU, J., “Numerical simulation of turleat
flow inside the electrostatic precipitator of a mvplant”,
Proc. 2006 WSEAS/IASME Int. Conf. on Fluid Mechanics,
Miami, USA, 2006: 25-30.

HAQUE, S.M.E., RASUL, M.G., KHAN, M.M. K ,
DEEV, A. V. and SUBASCHANDAR, N., (2007),
“Numerical modeling for optimizing flow distributio
inside an electrostatic precipitatorfift. J. Mathematics
and Computersin Smulation, 1: 255-261.

HAQUE, S.M.E., RASUL, M.G., KHAN, M.M.K.,
DEEV, A.V. and SUBASCHANDAR, N., (2009), “Flow
simulation in an electrostatic precipitator of aernhal

Copyright © 2012 CSIRO Australia 6

and

power plant”’, Applied Thermal
2037-2042.

HOU, Q. F., GUO, B.Y., LI, L. F. and YU, A. B., (2009
“Numerical simulation of gas flow in an electrostat
precipitator”, Proc. Seventh Int. Conf. on CFD in kfials
and Process Industries, CSIRO, Melbourne, Austraka,
9-11.

SWAMINATHAN, M.R. and MAHALAKSHMI, N.V.,
(2010), “Numerical modelling of flow through peréded
plates applied to electrostatic precipitatak”Applied Sci.,
10: 2426-2432.

BHASKER,C., (2011), “Flow simulation in electro-stati
precipitator (ESP) ducts with turning vaneAgvances in
Engineering Software, 42: 501-512.

ANSYS. 2009. ANSYS Fluent 12.0 User’s Guide.

TU, J. H., YUAN, W. F. and ZHU, P. J., (2004),
“Computation of flow field distribution in electragic
precipitator equal resistance simulatiofEnvironmental
Engineering, 22: 37-39(In Chinese)

IDELCHIK, LE., (1996), Handbook of Hydraulic
Resistance (3rd Ed.), Begell House, Inc.

Engineering, 29:



