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ABSTRACT

Electrostatic precipitator (ESP) is now widely used in different industrial systems, such as
coakfired power plants, metallurgical and chemical industries, etc. However, there are still
some defects in conventional ESPs, which seriously restrict therrparfoe of ESP. It is
reported that the removal efficiency of the ESP is relatively low for fine particles with
diameter less than 1.0 micrometer, but the removal of these particles is particularly important.
Back corona discharge may be caused by -hegbtivity particulates accumulated during
charging in the dust cake on the collection electrode. On the contraryreststivity

particulates may cause dustamtrainment.

In the past few years, the optimization of ESP design and operation has beenedebglop
both experimental and numerical methods. However, various detailed phenorasmstill

not clear, such as electric field, gaarticle flow, dust migration, dust layer effect, interaction

in industrial ESP with complicated electrode configuratioBPEoperation parameters, dust
layer characteristic and flue gas condition. It is necessary to understanshdédying
fundamentalsof the interactions in this highly complicated system, so as to develop a

comprehensive mathematical model to aid the aptindesign and control of ESP systems.

Therefore, a numerical approach, which considers different discharge electrode
configurations and dust layer characteristic, is desired to be applied in ESP. This research
aims to develop an integrated multiscale ES#i@h considering the multields (gas flow,
electric field, particle transport and gas flow condition, etc.) using CFD metihede sub
models including gas flow, electric field, particle charging, particle tracking, particle
collection and dust layer earconsidered and eventually integrated to form an ESP process
model. Based on the modedtablishedy groupSIMPAS, we will usebothtwo-dimensional

and threedimensionabeometryto investigate and obtain detailed information of the gas flow,

Xl



corona discharge, ion wind, particle charge, particle migration, particle deposition in ESP
under composite electrode structures, dust layer characteristic and various flue gas conditions.
Furthermore, the microscopic mechanism of particle capture will be obtained, @itat-a

scale platform of ESB established for experimental study to further investitisesffect of

different operationconditions on the patrticle collection efficiency,chuassome important
parameters thaiften change during the actual operation oPHi&e temperatureandrelative

humidity. These experimental results will help to further optimapel verifythe numerical

model in the futureOverall the optimization mé&od for particle collection enhancement in a
commercial ESP can be obtained based on the developed model and its results. These results
will help to better understand the phenomena and guide the design and operation of ESP

under different conditions.
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Chapter 1 Introduction

Electrostatic precipitator (ESP) now is widely used in different industrial systems, such as
coakfired power plants, metallurgical and chemical industries, Atiypical ESP system is
shown inFigure1-1. The basic principle of operation of the ESP is that particles are charged,
then an electric field is imposed on the region through which the pdedda gas is flowing,
exerting an attractive forcen the particles and causing them to migrate to the oppositely
charged electrode at right angles to the direction of gas flow. ESP has many merits, such as
low pressure drop, high particle removal efficiency and operational stability, etc. However,
convenional ESP stilcontainssome defects, which seriously restrict the performance of ESP.
It wasreported that the removal of the ESP for fine patrticles is relatively inefficient, and the
removal oftheseparticles is particularly important. Higtesistivity particulates may cause
back corona discharge when chasgeumulatesn the dust cake on the collection electrode.

On the contrary, lowesistivity particulates may cause dusergrainment.

Transtormer-Rectifier Unit Manhole Discharge Electrode Discharge Electrode Rapping Motor
1 Insulator

iy

NG

‘ iiunu..ni'iuu

Figurel-1 The schematic of a typical electrostgirecipitatorsystem (a) Externgb)

Internal https://www.es.mhps.com/en/products/dustcollectiaméeipitator/dry e

precipitator /index.htnl
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Chapter 1 Introduction

The current ESP has complicated internal mechanical structutesa wide range of
dimensionsThe schematic ofinintegratedmultiscale model for electrostatic precipitatign
schematically shown ifrigure 1-2. By means of multiscale numerical simulations, caa

resolve various phenomena in a wide range of length/time scales, respectively.

Guide vanes

Diffuser assembl
Perforated plate § ¥

B . TWO-STAGE ESP

| On collection
| plate surface

E-field streamline

o—

E-field distribution

T e o W
- e - >
[ S SR

EHD secondary flow

Electrcde
Microscopic flow Hoppers & /
at orifice scale partition pl:un‘/
N _—
At emitting needle - Within collection passage
\

Panticles transpont

v Oy

i
Particles deposition

Cake formation
pattern

lon charge density /

\ / R

Figurel-2 Theschematic oanintegratedmultiscale model for electrostatic precipitation

(Guo et al., 2013)

Earlier studies werenainly analytical prediction of particle collection efficiency. In these
studies, the gas flow distribution was not considered and the particle h#kavéoe over
simplified. For example, particles were assumed to settle at a constant terminal velocity or
with uniform diffusion coefficient. With increasing computational capability, numerical
solutions of a set of governing equations have become a major Feede simulations
typically concern the overall behavior of the suspended particles under an electric field.
However, in spite of a large number of papers published, significant researdimagagseen

identified:
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1 Most of the previous studiegerefocused on specific phenomena, or limited to the local
region of the electrode based on simple geometric/boundary conditions (@®g., 2
uniform inlet velocity),consideredonly one or a few corona wire. Even at this level,
practical electrode types, such as barbed wires, were barely touchemd(Sun et al.,

2018)

1 The fundamental mechanisms for particle deposition, cake formation and removal were
not addressedeedless to sayhe modelling of these phenomemare minimal as well

(Blanchard et al2002)
1 Therewas no engineering tool available for the full ESP system design. To date, the

empirical Deutsch formulaa p 'Q , or its variationswere still used as a rough
estimation of the collection efficiencfGu et al.,, 2012) These empirical equations
cannotsatisfy modern applicationsCollection efficency is related to gasolid flow,

cake formation and their interactions with electric field.

Due to the complex geometry and coupled phenomena, experimental studwassoand
to have difficultiesin providing an effective solution to the problem. Téfere, it is urgent to

developan integrated multiscale model for ESP.

To summarize, commercial ESPs do not function well for the collection of fine particles.
There is a need to understand timelerlyingfundamental®f the interactions among tlgas

solid flow, particle deposition (cake formation) and electrical field in this highly complicated
system, and on this basi®o develop a comprehensive mathematical model to aid the
optimum design and control of ESP systeAlso, an experimental platfm was established

to observe the changing trend of ESP collectafficiency under different operating
conditions. This thesis is structured into seven chapters and the outline of each chapter is

given below:



Chapter 1 Introduction

Chapter 2mainly reviewspreviousstudieson several phenomena that will inevitably occur
during ESP operation and have a significant impact on the pactdliection efficiency,
which iscorona dischargegnic wind, dust layer and particle migratigmocessMoreover it

also summarizes many modelstablished by other research groups and the achievements of

our research group in the past

Chapter 3 studies the simulation results of electrical characteristics, particle charge, migration
velocity and collection efficiency in four electrode configimas, and two shaped collecting
plates are presentett. is worth mentioning that the reason for the simulation in thbe 2
geometryis because of the uniform symmetry of the discharge electrode and the dust
collector. Also, the particle migration velocityand relative collection efficiency are
calculated within eight different electrogdate combinations. The implication of the results

in practice is discussed on this ba3ise content of this topic has been published in a journal

(Gao et al., 2020a)

Chapter 4 investigates simulation metho@herecomputational fluid dynamics method was
applied to investigate the particle collection performance of the ESP system with and without
a dust layer. Also, the detailed electric parameters and particle capture performance in the 2D
wire-plate electrode coigfuration were simulated. The results show that the voltagent
characteristicsdetailed distribution of electric field and ion charge density are completely
different under various dust resistivity conditions. Meanwhile, useful suggestions were
provided to reduce the effects of dust layers by regulating particle properties and designing
dust removal system3he content of this topic has been published in a jo@ab et al.,

2020b)

Chapter 5 discussthe effect of electrodynamic flow (EHD) on particle motioghaviour,

thisis studied numerically on the basis of singledieigplate electrode configuratiobue to
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the nonuniformity of the flow field, the interaction between the primaegondary flow and
the particle trajectory in the 3D environmemas studied In addition, the effects of the
needleshaped discharge elentie structure on the electric field and flow field distribution

were exploredThe revised version has begrcepted

Chapter 6 presents tlexperimeral studyof the effectof temperature, flue gas velocity and
humidity in the electrostatigrecipitator the electrostatic capture of particles in the flueigas
examined The effect of two different electrode types on particle removal efficiency and
particle migration velocitys studied. A method for improving the particle removal efficiency

is obtained by adjusting the temperature and humidity for flue gas containing particles of
different particle sizes, improving the specific resistance of the particles and the strength of
the space electric fielddoreover it provides valuable referencatd for further optimization

and verification of numerical models in the future

Chapter summarsesthe completed work of the project, and put forward suggestions on the
application of multiscale numerical model in the simulation of ESP dust removakpso In
addition, the limitations of the current research in this field and the future prospect of this

model arehighlighted
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With the rapid development of urbanization and industrializatoany pollutants were
generated during energy utilization, especially in the process of coal comfBstioat al.,
2018) Nowadays, air pollution has become one of the most severe global chadlianges
face Among all the air pollutants, particulate matter (PMas attractedpecial attention
because it is well-recognizedtarcinogen for humans, andncause undesirable effects on air

quality (Delfino et al., 2005, Perera, 2017)

Various technologies have been developed to control particulate emissions, among which
electrostatic precipitator (ESP) is considered one of the most promising and widespread
technology due to st high efficiency andenergysaving propertiegZheng et al., 2019b,

Jaworek et al., 2018, Nouri et al., 2016)ndoor air purificatiorsystemspollutants (e.g. P4,

volatile organic compounds (VOCs) and wsisetc.) could be removed by the corona
dischargé€Zhang et al., 2011Meanwhile, the ESPs were more widely applied to remove dust

particles from flue gas in mamydustrial areas, such as cbadd power plants, metallurgical

industriesand construction material factories, @it al., 2020)ts overall collection efficiency

could reach 99.9%, and mosttlo¢large particle can be removed from the flue gas. However,

the fractional collection efficiency of particles in the range of10.10 e m is rel ati v

becausghey exhibiower electriccharggParker, 2012, Mizuno, 2000)

The new environmental regulations pay more and attestion to these fine particles, as they
can be potentially hazardous for human héZltienget al., 2019b)Therefore, many different

research teams are looking for new ways to impupesthis process. However, designing a
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new kind of precipitator is not possible without detailed understanding of all phenomena
affecting the process. It isal’known that there are some basic phenomena taking place in any
ESP: corona discharge, gas flow, particle charging, particle transport and deposition. All of
them are mutually coupled, although some couptingsveaker thaimeothersthey ultimately
cannot be neglected. Therefore, in the following sections, a review of eaplocesds in

electrostatic field wild.l be di scussed to

-10-
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2.1 Corona discharge and patrticle charge in the ESP

2.1.1 Numerical simulationsand experimental studies orworona discharge

of ESP

Corona discharge is responsible for creating the ionic space charge, which is essential
for ESP operation, as it provides the mechanism for particle chaaghttansport
(Parker, 2012) On the otherhand, this is a very complicated phenomenon and
challenging even for the simplest electrode configuratistiiout considering other
effects (Adamiak, 2013) Experiments and numerical simulation methods were used

to conduct research on the discharge characteristics of ESP. The expeneasetial
showthe corona discharge behaviors of the ESP umdsaous working conditions

and the removal efficiency can be obtaingdci et al., (2015ktudied the corona
discharge with wedge plafdate configuratond indr usi k and Samd er cz ok,
Wang et al., (2016¥tudied theeffect of the electrode discharge geometry on the
current density of the ESP. It was found that geod symmetry of the spike
arrangemenpresenteduniform current densityand higher removal efficiency. In
terms of thampactof atmosphere on the corona disgeam ESPthe characteristics

of corona discharges were studied in a iptate discharge configuration under
different discharge gaps and electrode geometries at temperatures feomi2§3 K

to 1173 K. As shown irFigure 2-1, Yan et al., (2015compared with the corona

discharge at room temperature, the great increase inutimder of electrons in the

-11-
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drift regionwas observedt high temperaturd heyalso investigaie the effect of gas
electronegativity on corona discharge. As showirrigure 2-2, the electron carried
current increases in importance in the total additional corona current with increasing
applied voltage. The high electric field increases the electron number by aauglerat
electron detachment from the negative ions under the-vtjage electric field
combined with higitemperature field. Higlelectronegativity gas had strong electron
adsorption capacitgndresulted in reduced corona curréiiin et al., 2016)Dubois

et al., (2007 studied the corona discharge under different atmospheric conditions by
mixing different concentrations of NO; and CQ,. The results showed that the
current decreasedith the increased concentration of high electronegativity gas CO
Villot et al., (2013)investigated thénfluenceof gas electronegativity on the electron
concentration in the migration zone, which showed that the gas electronegativity was
increased and the electroancentration in the migration zone was decreased with the

increased water vapor

-12-
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Figure2-2 Effect of applied voltage on the ion current density and the electron current
density at 973 KYan et al., 2016)

However, detailed parameters in the ESP cannot be obtained by experimental methods.

Therefore, in order to further study the ESP, some scholars simulated the corona
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discharge and particle transport in the ESP based on the numerical model, and
predicted the removal efficien¢guo et al., 2017a, Kim et al., 2001, Lu et al., 2016,
Luo et al., 2015, Ortiz et al., 2010n the last century, the simulations were mostly
based on empirical formulas with many hypotheses, such as Deutsch's calculation
formula of removal efficiency and the simplified calculation model of Cooperman's
electric potential and electric fielgHinds, 1998, Cooperman, 1963n impressive
progress in the speed awdpacity of the computing equipment can be observed
during thelast 20 years or so. 8@ convenient and accurate calculation tools have
been applied to numerical calculations. For example, Computational Fluid Dynamics
(CFD) is more convinced in dealing with discharge and flow in E®dras et al.,
2006) Neimarlija et al., (20113tudied thempactof the ESP model on the flow field

and the electric field distribution. The removal efficiency ressh®wed good
agreement with the experimental resul@sio et al., (2014bj2014a)investigated the

effect of electrostatic precipitator temperature and the geometry of electrode discharge
on the electric field and dust collection efficign@~igure 2-3 and Figure 2-4) by
comparing the influence of different spike tip f@tions and configurations on the
space electric fieldThese results provide useful suggestions for the optimal design of

ESP

14
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Figure2-4 Discharge characteristics of barbed electr(@&igo et al.2014b)

El Bahy et al., (2012¥tudied thanfluenceof particles on the corona onset voltage,
and obtained the influence of electric field uniformity, particle shape, size and
position on corona onset voltagérosu et al., (2015¥tudied theimpact of air
pressure on corona discharge characteristics. Based on experiRezitkina et al.,
(2017)studied the influence of electrode shape on corona discharge and electric field,
and established a model to verify the experimental conclusfdAdamouz et al.,
(2011b)used the finite element method to establish a sisigige ESP to investigate

the corona discharge power and obtained the infleetedifferent electrod
configurations on discharge and energy power. As shoviigare 2-5, Arif et al.,
(2016) established a model for the discharge characterisfitse zigzag electrode,

and obtained the ion concentration distribution near dpi&ke and the removal
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efficiency of the ESP based on Open FOANe simulation results predicted that a
spike discharge electrodevould vyield significantly higher particle f#ection
efficienciesthan a normal wirg¢ype discharge electrode. Improving the corona
discharge intensity and uniformity of the discharge electrode enhance the particle
collection efficiency.However, it still requiresfurther developments in order to be
able toconsider all the key phenomena and variables related to different geometries,

operational conditions and material properties.

Y X ¥ X
z
0.81 1.0

T Space Charge Density (C/m*) x 10° | Space Charge Density (C/m’) x 10°
0 23 4.4 6.6 8.8 11.0 0.032 0.23 0.42 0.61

(@) (b)

Figure2-5 Simulated distribtion of the space charge density with different electrode
geometry(Arif et al., 2016)

In an ESP, when the flue gas containing an excessively high concentration of particle
matter passes through, the space charge formed by the charged particles will distort
and deform the electric field. When the concentration reaches a clenaln the
particles can hardly get charge in the electreldfiand the corona phenomenon
disappears because the corona current will be reduced to zero, consequently the ESP

cannotremove particles, which is called Corona quencli8groull, 1963)In earlier,
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Pauthenier, (1934)onsidered the effect of this phenomenon gnrdposed a
theoretical model in which the particle charging is attributed to the collision between
the ions and particles in the corona chaigarquard et al., (2004)sed an aerosol
generator to produce silica particles
concentration up to £@m' 3. Besides, W characteristics and removal efficiency were
measured in a wireube ESP. By measuring the concentration of particles at the inlet
and outlet of ESP, the amount of particle charge at the outlet,-theh&racteristic

curve and the comparisocurve between the actual removal efficiency and the
theoretical values calculated by the Deutsch model were obtaimeatl andCastle,
(1975) studied the relationship between particle charge and specific surface area
through some experimenta/hich showedhat the corona current density was low,

and the patrticle charge decreased as the specific surface area indvieaseder the

initial corona current density in the dust collection area under the same voltage was
relatively low, and the corona current was suppressed in a high déglae. et al.,
(2001) established a wirplate electrostatic field discharge model. It considened

the radius of the corona area would increase with the increase of voltage, and can
predict the occurrenceoltage of spark dischargdalaie, (2005)added the effect
made by flow field and particle charging to the original model. The results showed
that high particle concentration reduced the radius of the corona area. As shown in
Figure 2-6, an ESP model was modified by considering particle space charge. The

effects of particle space charge on the electric field, ion density, particle charging and

-17-
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motion consideringvarious particleconcentrations were investigated (Yang et al.,
2018a)and(Zheng et al., 2018bAdamiak and Atten, (2009onsidered the effect of
electrohydrodynamics (EHD) to establish an ESP model bast#w inent software.

The simulation results showed the increased particle concentraitided to decrease

the current, and the flow field gradually became unstable. At the same time, a vortex
occurred on the wire, which had a certaifluenceon the trapping ahcharging of

particles.Farnoosh et al., (2011aytablished a 3D model for simulation, and obtained

similar results.

(a) : : : — Omenr -50 me/m? Ion density
[Position 1| Position 2| Position 3 | suen & mi/m’ = (C/m3)
4 : : . ~-=--100 mg/m’

........ 200 mg/m-‘

| ;r ‘ VA | A;
IIOO mg/m? |I200 mg/m? |
. .
(b)

Particle space charge considered

Ton density x10™ (C/m”)

1.8x10"
1.5x10"
1.2x10"
9.0x10"
6.0x10"
3.0x10"

0.0x10""

T T T T
0.00 001 002 003 004 005 0.0
Y position (m)

Figure2-6 Distributions of ion density under different particle concentrat{dasg et
al., 2018a)

2.1.2 The theory of particle charge

When particles passed through the wet ESP, they were charged by the electric field
and ion charge field. The particle charge is a key factor in particle transport due to the

dynamics of Coulombic force in wet ESP. As showrfrigure2-7, a particle charge
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measurement system, which can adjust the flue gas temperature, was designed by
Zheng et al. to study the effects of the flue gas parameters (e.g., aempeand
humidity), particle composition and discharge electrodes on particle charging. The
particle charging characteristics of different main componargsshown inFigure

2-8. Particle charge can be significantly enhanced by optimizhmg particle
composition and corondischarge intensityZheng et al., 2019a)The effect of the
dielectric constant of materials on the unipolar diffusion chargingqafoparticles

was also investigatdaly Shin et al., (2009)Xu et al., (2009)nvestigated the effect of
power supply withdifferent frequencies and different particle flow ratespanticle
charging. Park et al.,, (2011)used multichannelchargers to demonstrate that
increasing ion concentratios an important factor in increasing the average charge of
the partices. A new chargewas also designed to enhance the nanoparticle charge

(Alonso and Huang, 2015)
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Figure2-7 The particle charge measurement systgheng et al., 2019a)
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Figure2-8 Effect of main particle component on particle charge at different applied
electric field strengths: (a¢.2 kV cm?; (b) i 5.0 kV cn! (Zheng et al., 2019a)

Numerical technologiewere also developed by manyesearchers to investigate the
charging processAlisoy et al., (2012)established a numericapproachthat can be

used to investigate the charging kinetics @iypdisperse particles in a coaxial
electrode systenin this method, a previous charging model taking ions concentration
and particles mobility into account was adoptatisoy et al., 2010) Theimpacst of

four different initial mixing states on the chargingopess were investigated and
compared byAlonso et al., (2009)Iin addition tothe particle and ion losses caused by
wall diffusion, the particle and ion losses caused by electrostatic dispersion were also
considered in the calculatigdlonso and Alguacil, 2003, Alonso and Alguacil, 2007)
The results showed that the initial mixing state made a significant difference to the
extrinsic dharging efficiency of the chargevlarlow and Brock, (19753eveloped a
charging model to simulate the efficiency of particle charging. The model can well

predict the charging efficreies. The calculation also showed that using sheath air
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could minimize the charged particle lobsaddition, Huang and Along@011, D12)
investigate the trajectories and charging dynamics of particles and electrostatic loss
within a corona needle charger. Numerical results showed that the particle diameter,
radial position from the symmetry axis, axial distance along the charger, applied
voltage and Bynolds number were significantly different from the particle charge.
Kim et al., (2001)also developed a similar 2D numerical model on a corona needle
charger.Neverthelesssome researcheapplied the chargig models for particles

with adi amet er above O0.irtroderspme \ernor duning the u | d

simulationof nanoparticle charging.

Existing models for particle charging are primarily classified into three regimes
according to their application rangeidure 2-9), which is indicated by the Knudsen
number (Kn=2a/dp, the ratio of mean free
diameter of charged particlesyhe three regimes are continuum regime (Kn<<1),
transition regime (Kn ~ 1) and fremolecular regime (Kn>>1). The progress on
theoretical charging model research and compared the theories, hypothesis and
application regimes was reviewed of different mMed@&heng et al., 2016), which are

concluded inTable2-1.
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Regimes .

' 1
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Figure2-9 The scale comparison of charging mod&lseng et al., 2016)

Table2-1 A comparison of theoretical models on unipolar particle char@hgng et

al., 2016)
Model Authors Interacting  lon velocity Application
forces distribution regime
Field Pauthenier and Coulomb n/a Continuum

charging  MoreauHanot, (1932) force

Diffusion Fuchs, (1947and Couomb Mean Continuum
charging Bricard, (1949) force thermal
speed
Combined  Murphy et al., (1959) Coulomb Mean Continuum
charging Liu and Yeh, (1968) force thermal
Marlow and Brock, speed
(1975)andLawless,
(1996)
Limiting Natanson, (1960)  Coulomb and Mean Transition
sphere Fuchs, (1963and image force therma
Marquard, (2007) speed
BGK model Gentry and Brock, Coulomb, Maxwellian  Transition
(1967) Gentry, (1972) image and and free
Marlow and Brock, Van der Waals molecular
(1975) Huang et al., force

(1990)andLushnikov (extended
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and Kulmala, (2005) later)
Charge Boisdron and Brock, Coulomb and Mean Transition
distribution  (1970) Domat et al., image force thermal and free
(2014) speed molecular
Non- Laframboise and Coulomb Mean All
spherical Chang, (1977)Chang, force thermal
model (1981) speed
Non Gopalakrishnan et al. Coulomb  Maxwellian All
spherical (2013) and image
model 2 force

Based on the particle charge, particle transport and particle collection efficiency,

Long and Yao, (2010used a numerical ESP model of and nine particleguhg

models including field charging, diffusion charging and combined-tigfdsion to

appraise charging models. The charging model established by Lawless was suggested,
because it offers a better compromise between accuracy and simicityg et al.

2016) As shown inFigure 2-6(a)i (c), charging processes of particles with different

di ameters were invest (Lgehdl 0l6)MesanwhigGuoa wl es s 6
et al., (2017bkimulated the electric field streamlines for the cases from unchtarged

charged particle Higure 2-11), and showed a 3D view of the electric streamlines

outside a fully charged composite partidiglre2-12).

.................

B

Particle charge (¢)

Figure2-10 Charging processes of particles with different diam@terst al., 2016)
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() (b) (©)

Figure2-11Field lines outside a patrticle (a) without charge, (b) with 50% saturated
charge and (c) with fully saturated chaf@aio et al., 2017b)

Figure2-12 Electric field lines around a charged composite sp{@ue et al., 2017b)
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2.2 Study of ionic wind

lonic wind is the airflow induced by electrostatic forces linked to corona discharge,
and is considered as an electrohydrodynamics (EHD) phenomé@astellawos,

2014) lons generated at the tips of some sharp conductors were accelerated by the
Coulomb force under the influence of an applied electric field. These ions collided
with neutral molecules and coupled the momentum of the accelerated ions wath that
the bulk fluid(Ramadan and Soo, 1969, Robinson and Myron, 1962, Xu et al.,.2018)
The ionic wind was widely investigated around the world such as airplane with solid
state propulsiofXu et al., 2018)LED cooling(Wang et al., 2018a, Wang et al., 2017)
and vaneless ion wind generator, etc. ESPs are the most widespread technology to
eliminate particulate emigms in industries such as cdakd utilities, glass
production and metallurgical industries, efMizuno, 2000, Zheng et al., 2019Db,
Jaworek et al., 2018, Biswas akidu, 2005) However, the ESPdesignprimarily
depends on empirical methods and rarely considers the role of ionic wind in flow field
and particle precipitation, owing tbe fact thaflow field and partiok precipitation is
affected by several coupled processes and thus the desmyotesgepresents much

complexity(Parker, 2012, Yang et al., 2018a)
2.2.1 Parameters that affect ionic wind in ESPs

In terms of negative corona discharge, a number of ionizettariecin the cathode
corona region were subjected to strong acceleration by an electric field and
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subsequently collided with other atoms of the medium, and released more electrons,
which is called an electron avalanche. The moving electrons and ion ooltil
neutral air molecules, dragging them towards the collection electrode. Therefore,
ionic wind is created which is consisted of ionized and neutral mole@iksg et al.,

2019) lonic wind can be generated whether there is a primary flow in ESP or not,
however, the electrode configurations and properties of flue gas are the keg factor

which influence the vortex and turbulence in the ESP.
2.2.1.1 Electrode configurations

As shown inFigure2-13, the EHD flow characteristic can be accurately acquired by
the method of particle image velocimetry (PIfBodlinski et al., 2009)and many
researchers investigated the ionic wind distribution affected by changing the shape

and position of electrodesingthis method.

Electrostatic Precipitator YI z
CCD camera 1 \ CCD camera 2 <
‘ Laser sheet

/ Flow
—

PC computer

Nd:YAG laser

Plate electrode
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Ee—=r=i R=10MQ

HV power supply

Figure2-13 Schematic for PIV flow velocity field measurements in the ESP
(Podlinski et al., 2009)
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Niewulis et al., (2012used PIV method to observe the ionic wind patterns in two
narrow ESPs with wire electrodes in the wptate and wirecylinder type ESPThe

result showed that the collection electrode geometry significantly changes the particle
flow patterns. Companrg the results of both ESPs, the ionic wind formed by the EHD
forces in the plane perpendicular to the maowflare very different. As shown in
Figure 2-14, in the wireplate type ESP vortex structures were formed, while in the
wire-cylinder type ESP instead &rming vortices the flue gas was moved rdgial

towards the collecting electrodes.

(a) Wire electrode (b) Wire electrode
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Figure2-14 Instantaneous image of the (a) wplate and (b) wireylinder type ESP
(Niewulis et al, 2012)

It was noted thathe discharge electrode configuration also changed the particle flow
patterns significantly. Many experimental studies indicated that the corona discharge
characteristicsveretotally different between wire electrode and spike electrode, and
spike electrod produces higher corona discharge inter(¥gn et al., 2015, Zheng et

al., 2018a)As shown inFigure2-15, the complicated flow patterns in the spifate
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ESP withcharacteristic flow structures for the spike tips were investigatesl EHD
secondary flow strongly depesd on the applied voltage and measuring plane

positionwith respect to the spike tip.

Vv, (mis): 15 1 05 0 0.5

Figure2-15Averaged flow velocity xcomponent measured in the spiate ESP
(Podlinski et al.2009)

Some researchers attempted to study the effect of spike electrode corona discharge on
the flow field by numerical method&arnoosh et al., 2011c, Farnoosh et al., 2Q11b)

As shown inFigure2-16, the EHD secondary flow pattern and its interaction with the
main airflow in different planes along the precipitation chanmede examined for
different voltages applieth the corona spiked electrode. The strength and dimension

of the gas vortices depesdinot only on the value of the excitation voltage but also

on themutual directions of the secondary EHD and the primary airflows. The ionic
wind characteristics arouride barbed electrodes were also investighie@uo et al.,

(2013) as shown irFigure 2-17. The velocity at the barb tip could be as high as 10

m/s while the mean velocity was only 1 m/s, and a couple of recirculation edtes
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induced in the central region between the neighboring plates. Note that the local
velocity near thebarb tip is too large to be neglected compared with the ion drift

velocity.

e====m Spiked electrode

0.6 m/s

Z=0 mm, Plane C
Z=1.5 mm, Plane B
Z=15 mm, Plane A

Figure2-16 Airflow streamlines in different planes for negative applied voltage of 30
kV and discharge current 350 nfParnoosh et al., 2011c)

Mean flow direction ——»
(a) (b) (c)

Figure2-17 Planar gas flow showing the EHD secondary flow: (a) velocity vectors
near a barb; (b) velocity streamlines; and (c) turbulence kinetic ef@ugyet al.,
2013)

-29-



Chapter 2 Literature review

2.2.1.2 Properties of flue gas

Mizeraczyk et al., (2003presented the flow visualization of flow fields in a wire
plate ESP with negative or positive dischargecebdes, which showed that the
primary flow disturbances were more evident for lower primary flow velocities or
higher applied voltage<hun et al., (207) used a modified ®Jturbulent model for

the numerical simulation of a whgate ESP, and reported that the secondary flow
was obviously visible in the downstream regions of the digehalectrode despite the

low Reynolds number for the electrode (Re=12.4). The secondary flow increased with
the increased discharge current or EHD numKalio and Stock, (1990found that

when the flow velocity in the ESP channel is low, the ion wind dominates the flow
field distribution, and the flow field distribution shows extreme instability. It was also
observed through photographyattwhen the flow velocity was less than 0.7 m/s, the
air flow direction was repeatedly switched between positive and negative electrodes.
A similar conclusion was given byodlinski et al., (2006)ising a positive polarity

wire electrode. Numerical model was also establidbeimhvestigate the role of gas
velocity in EHD performance, as shownHRigure2-18. The ionic wind is dominant at

a low flow velocity of 0.1 m/s as illustrated by the vortiéesmation around each
electrode, although iisfluenceon fluid flow graduallydecrease with theincrease of

flow velocity (Arif et al., 2016)
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Velocity: Magnitude (m/s)
0.12 0.18

(a)

s Velocity: Magnitude (m/s)
l2x 0.11 0.35 0.59 0.83 11 1.3

(b)

Figure2-18Air flow streamlines indicating the effects of ionic wind with different
inlet velocity: (a) 0.1 m/s, (b) 1 m(&vrif et al., 2016)

The ionic wind in ESPss not only depenenton the electric field and primary flow,

but also the particles density. Since the mass of particles greatly exceed that of
radicals and molecules, the motion of charged particles can obviously affect the flow
field. Padlinski et al., (2008used cigarette as particle generator to study the EHD
flow field for various particle densities. The obtained results showed that the dust
density caused a significant change in the mean flow pattern and caused an increase in

theflow turbulence in the downstream ESP region, as showigure2-19.
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Figure2-19 Particle flow in the ESP (primary flow velocity: 0.4 m/s, applied voltage:
+30kV): (a) Very low dust density, (b) medium dust density, and (c) very high dust
density(Podlinski et al., 2008)

2.2.2 Effect of ionic wind on collection efficiency

Furthermore, not only can ionic wind affect the flow distribution in the collecting area
in ESPs, buit can also affect the removal efficiency sequentially. As reported by
Liang and Lin, (1994)when the flow velocity was under 0.@nthe ionic wind
became pronounced andcetremoval efficiency was substantially decreased, while the
turbulent intensity was increase®Yamamoto and Velkoff, (1981ktudied the
secondary flow interaction in the ESPs by expenivaand theory, and discovered that
the secondary flow interaction became significant when the EHD number was above
0.6. When the EHD number was above 1.2,itiffleenceof the secondary flow was
extensive since the circulatory cell was formed, but thecteffeuld notbe simulated

at that time.According to calculations byKogelschatz et al., (1999)a deep
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understanding of the role of ion wind in the ESP flow field can significamiprove

the effect of particle collectiorNeverthelessasthe study of the stochastic nature
effect of the ionic wind on the collection efficiency mrdto be decided. To decide

the influence of ioniavind on ESP performancégonard et al., (198®alculated the

flow field in a wirecylinder ESP using the convective diffusion equation, which
announced that the efficiency of precipitator was significantly increased when the
turbulence was minimizedrickard et al., (2005)sed PIV and hot wire anemometry

to acquire the vekity distribution at the exit plane of an discharge electrode, showing
that there was a velocity deficit at the centerline since radial ion motion enhanced the
axial flow along the tube walls and ion windsutd be overcame only with very low
pressure rdgctions. As shown inFigure 2-20, the ionic wind will more strongly
influence the particle collection efficiency when the dust layer existedEHReflow

of the gas stream starting frattme crater in fly ash layer can cause the deflection of
the particle trajectoriesand prevent their depositioon this electrode. This
phenomenon has been called the o6dynamico

reduction(Krupa et al., 2019)
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Figure2-20 Velocity field of EHD flow during back corona discharge in electrostatic
precipitator(Krupa et al., 2019)

To simulate the particle transport and collection procedure inplate ESPsSoldati,
(2000)andSchmid, (2003used and compared the dir@cimerical simulation results

of particle transport and collection efficiency when electrostatic field acted on
particles with and without the influence of ionic wind. They found that the ionic wind
had a strong effect on the behavior of particles by pimgehe particles into different
regions of the channel, but the overall collection efficiency of the precipitator was not
influenced. As shown ifFigure2-21, a spikehoneycomb ESP model was developed

by Wang et al., (2019jo investigate the role of ionic wind in the flow field and
paticles precipitation. In the upstream, the number of deposited particles near the
vortices increased with particle diameter. In the downstream, deposited particles
significantly reduced behind the needles and the affected region increased with
particle dameter. Furthermore, in the experimental research as shdviguire 2-22,

the flow field was changed significantly compared with without discharge PTVie
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result showed a strong interaction between the primary flow and the ionic wind. Near
the wire electrode, the strong electric forces dragged the particles from the central part
of the channel to the plate electrodes. Within the drift region, the lpavidtocity
magnitude deperedi on the balance between the electric and viscous f@Zmszou

et al., 2011)However, it isgenerally approved that the turbulence of the flow should

be reduced teenhancethe collection efficiency. Concerning the grade collection
efficiency, Podlinski et al., (2006used the McMaster Electrostatic Precipitator
(MESP) code to simulate the collection efficiency dondnd that particles with

diameters from 0.2 mo 1e& nwere most significantly influenced by the ionic wind.

Gas flow velocity T
(m/s) 0.0 35 7.0 10.5 14.0

0.18 —
0.15F .~
1 "}-‘
~ .
g012} 5%
S’ ‘r'\‘-ﬁl
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Figure2-21 The correlation between ionic wind and deposited particles under
different applied voltage@Vang & al., 2019)
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Figure2-22 Time-averaged velocity fields in the ESP: (a) without discharge. (b)
Negative corona. (c) Positive coroffauzou et al., 2011)

Meanwhile, the effect of ionic wind on the overall flow characteristics of estalle
ESP was investigatedA higher turbulence kinetic energy downstream of the
perforated plate under the electric fisddshownin Figure2-23. And after combining
with the EHD stream, the ESP collation flow field distribution is changedthe 1%
stage electrifield, the large eddy was suppresgetiile for the 2" stage electric field,

a large eddy in the lower part wdscreasedresulting in more unifornlow which

was beneficial for particles collectigGuo et al., 2013)
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Perforated plate produced EHD turbulence

Figure2-23 Gas flow in the ESP: (a) turbulence kinetic energy; (b) streamlines
without ionic wind; and (c) streamlines with ionic wif@uo et al., 2013)

-37-



Chapter 2 Literature review

2.3 Particles transport behaviours and collection

2.3.1 Infl uence of flue gas conditions on the particle collection

Over the years, researches have been carried out for removing particulate matters
from flue gases more efficiently and the flue gas characterigigs temperature,
component, velocity, efcstrongy affect the corona discharge and particle motion,
thereby influencing the particle removal efficiency. The corona discharge was
affected by temperatu@an et al., 2016)andXu et al., (2015found that both onset

and spark voltages decreased with the increased temperatwauseda decrease in
particle removal efficiencies and particle migration velocidieshown irFigure2-24.

Zheng et al., (2017ound tha the increased temperature might tendirioreasethe
removal efficiency of fly ash and it could be kept at a high efficiency at each peak
voltage from 363 K to 723 K, as shown kigure 2-25. Besides,Hu et al., (2017)
foundthatwhen the temperature was lower than acid dew poinpdtele collection
efficiency might increase,meanwhile under the flue gas with $©@omponent,
particles with the sizesofG1 e m obviously increased, and
of SGs increased from 20% to above 80%n integrated method was put forwarg

Yang et al.,(2018b) to enhance S€collection efficiency in wet ESP, with SO
collection efficiencies higher than 90% when lower velocity and proper electrode
configurationswere used under a pilot plant conditidn.addition,Xu et al., (2015)

studied the particle removal efiencies with various flue gas velocities and found
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that the increased flue gas velocityght reduce the particle removal efficiencies,

however, hadesseffect on the particle migration velocity.

b 15 b 15
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Figure2-24 The migration velocity under different conditioftu et al., 2015)
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Figure2-25 Collection dfciencyfor the ash with high resistivity lowarbon content
at different temperaturg€heng et al.2017)
2.3.2 Influence of discharge electrode type on the patrticle collection

To enhance the performance of ESP, some researches were conducted to modify the
discharge electrode configuration, aiming to improve the particle reneffi@éency.

To achieve acomprehensive understanding tbe influence of discharge electrode,
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many experimentaand numerical studies have been carried out to achieve a better
understanding oforona dischaye, electric field and particle behavioander variable

ESP structureA novel two-stage electrostatic precipitator for information technology
manufacturing industries was develogsdKim et al., (2017) and it was found that
hybrid structure can significantly affect the collection mechanism and performance of
a hybrid particulate collectdiTu et al., 2018)In addition, numerous studies on the
discharge characteristics of wiptate ESPs with different discharge electrodes
configuration have been explored by experiments, which include investigations of
emitter geometry,diameters and intervals on the electrode corona discharge to
optimize the discharge electroleJ hdr usi k et al ., 2001, Wang
2018a, Xu et al., 2015, Yan et al., 201B)ectrodes with differentrepes, diameters

and intervals were tested in an experimestalle ESP at high temperatuf@an et

al., 2015, Xu et al., 2016As shown inFigure2-26, Xu et al., (2016)nvestigated the
effect of electrode configuration on pale removal, the result showed there were
variable removal characteristic under different type of electrédeachieve a more
comprehensivainderstanding ofhe role of electrode configuratiorthe numerical
simulation is preferred because of its flekipj low cost and relatively high accuracy

(Shen et al., 2018, Adamiak, 2013)
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Figure2-26 Effect of electrode configuration grarticle removdXu et al., 2016)

Therefore, several numerical models have been established to study different aspects
of corona discharge and particle removal process in an(B8Rand Dass, 2018a,
Long and Yao, 2010)or exampleAnagnostopoulos and Bergeles, (20p&)posed

a modified numerical model for calculating the electric field induced by corona
discharge in a wirgluct electrostatic precipitator. Tip@tential equation is resolved
using the finite difference method (FDM) in orthogonal curvilinear coordinates. There
are various efforts dedicated to develop comprehensive and precise models to
describe the corona discharge and electric field in an(B&én et al., 2004, Bouazza

et al., 2018, Dong et al., 2018, Farnoosh et alLlp20Qi et al., 2015, Luo et al., 2015)

A simplified physical model was proposed by and Becerra, (2017Ap promote
computaion efficiency and overcome the limitations of previous mouofeéstimating
electric field of wire surfaces. However, there are several inevitable deficiencies such
as the assignment of ion density at wire surfaces, the disability of handling special

electrode geometric constructions and unaffordable computational @adésniak,
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2013) To resolvethesedrawbacks,Guo et al., (2014bproposed a novel corona
discharge law of ion density for electric field simulation in the dry \plege type

ESP. The influences of barbed wilearode constructions, such as the tip curvature
and the direction of needles relative to the plate, were studied by characterizing the
detailed electric field distribution. A numerical method was adoptedhy et al.,
(2019) to study the capture process of fine particles in two electro&&iRs with

corrugated and parallel platdsqure2-27).

ESP. (Voltage: 15kV, gas velocity: 1m/s)
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Figure2-27 The particle trajectory of different diameter particles in (a) PP ESP and (b)

CP ESRZhu et al., 2019)

One of the most widely applied discharge electrode structures, mainly the barbed wire
or needle wirewas believed to generate a higher ionic wind velocity and current
density(Fujishima et al., 2006, Guo et al., 2014b, Podlinski et al., 2009, Wang et al.,

2018a) It wasfound that a sharp needle wire prodilieelower onset electric field
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intensity and larger current density than a blunt needle wire. The shape of the
collection plate also impastl the particé transport behaviors and collection
efficiency. Lami et al., (1995)nvestigated the electric field characteristics afy@e
cadlection electrodes by means of FDWujishima et al., (2004), (2006yought some
insights into electrohydrodynami¢g&HD) flow and electrical characteristics under
the construction of the spikgpe dischargeelectrode combined with a conwex
concavetype collection platethe results showedven the relative distance between
the spike point spacing and the wiceplate spacing (or the ratio of S(z)/d) is greater
than 0.17, the organized lomdjiptic spiral fow is formed. When S(z)/d is less than
0.1, the organized spiral flow is diminished, resulting in turbulesa&eshown in
Figure 2-28. Moreover Shen et al.,, (2018jurther investigated the impacts of
different shaped collecting electrodes on EHD flow grag and electrical
characteristicas shown irFigure2-29, the results shoedthat the EHD flow patterns
weredifferent in the five configurations. Bding of the collecting plateotld easily

lead to the peak of the electric field intensity near the collecting surface. The space
charge density near the-Wpe collecting surfacerasmore uniform than those of the

other four types. The flow induced bynio wind in the Gtype platewasthe strongest.
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() 700125 (d) View of 30 degree

Figure2-28 Flow interaction distribution for the fowwire spikedelectrode
configuration(Fujishima et al., 2006, Fujishima et al., 2Q04)

e I |
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(d) C-type (e) Opzel-type

Figure2-29 Comparison of ionic wind induced flows between the five collecting
plate systeméShen et al., 2018)

2.3.3 Influence of particles properties on the particle collection
In ESPs the particle properties (size, resistivity, appearance, component and so on)

had a significant impact on removhl et al., (2016)made a numerical simulation on

the particles with various diameters, which were released at the inlet of the model

precipitator and the d@jectories of particles with diameters ofi®®l € m. It was
that the | argest particle with di ameter
whil e particles with diameters ranging

on Yy direction.As shown inFigure2-30, Guo et al., (2014agimulatedfine particles
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characteristic with sizes of 0.855 im mcircular wireplate configuration and the
trajectories of particles with different sizes, where color was scaled up to the charge
density on the surface. The trajectories sbdwarious attack angles, which were
equal todifferent removal efficience A minimum efficiencywas predicted for
particle with di amdotinereasashen neoving awagiom@his5 & m,
critical diameter. The surface charge densities of large partwedre relatively

smaller because they are driven towards theeplquickly by electric force, instead of

being charged to their limitation. On the other hand, fine partiolgght stay
suspended for longer periods. The surface charge density decreases with an increase
in particle size because the diffusion chargingdmees increasingly important with
increased patrticle size, which permparticles to be charged to their saturation.
Besides,Mizuno, (2000)gave a qalitative conclusioron the relatioship between
resistivity and particle removalZzheng et al.,, (2019cfound that the removal
characteristic varied under different partidiges In simulated gas, the overall
collection efficiency of ash A as obviously lower than that of ash B, especially at

high temperature. From 300 K to 700 K, the collection efficiencies of both ash
samples were as high as 93%, but the collection efficiency of ash A in simulated gas

decreased to 78.7% at 900aK shownn Figure2-31.
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Figure2-30 Particle transport behavior with colscaled to surface charge deng®Buo

et al., 2014a)
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Figure2-31 Fractional collection efficiencies different fly asiiZheng et al., 2019c)
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2.4 Particle deposition and dust cake in the ESP

2.4.1 Physical and chemical characterization of Particle

The properties of particles includingarticle size, chemical composition and
resistivity have significant impacts ormagicle deposition and removalhe physical

and chemicakharacteristics of particles differ for each industnch ascoalfired
power plants, biomass power plants, waste plants, cement kilns, steel factories, glass
kilns and coal gasification structureSome studies show that the particle size
distribution of typical fly ash samples from different industries vas/,shown in
Figure 2-32 (Zheng et al., 2018d)andthe median diameter could be increased by
chemical and electric agglomerati@hang et al., 2017, Hu et al., 201B) addition,

the main chemical components of the particles are Si, Al, Fe, Ca, Mg, K and Na.
Traditional research results sinthatparticlesresistivity is a vital factor affecting the
efficient operation of ESKNavarrete et al., 1997)and the joint influence of
temperatur@andparticles chemical composition on the rasist were investigatedy

Zheng et al., (2018d)
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Figure2-32 Particle size distributioand appearana# typical fly ash samples from
different industriegZheng etal., 2018d)

Fly ash resistivity can also be affected by temperature and humidity of gases,
chemical composition of ashes, and the sulfur content of burningMobhnty et al.,

2011) Xu et al., (2014ytudied fly astsamples in the range of 671273 K and found

that resistivity decreased at high temperatures. Resistivity also decreased with the
increase of Na, K and C conten(Barranco et al., 2007, Bickelhaupt, 1974,
Bickelhaupt, 1975)In addition, fly ash resistivity rised with an increase in Al. When
AlOs is above 50%, resistivity exceededdq-cm (Qi and Yuan, 2011)Maximum
resistivity was studied mostly with 4@, N&O, FeOsz and water vpor (Li et al.,

2012) The prediction model of fly ash registy at wide temperature range (303

1073 K) is expressed &%s. (£3) and the resultareshown inFigure2-33:

lgr =2023.96 +[ 1.221dN, .y, o,  ©.81(8, y, v D) ] [0:3118 o, 021Ny , 2D

+0.75IgN, 40.14(Ig9N¢, 4o § 1 F082I0N., 061(IN.. ) ] 45801?1_l 1209 T 182(I)TY

a+ Mg
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The dust particles cannot be effectively trapped by the dust collecting electrode under
low resistivity, thereby causing-entrainmen{AbdelSalam et al., 2015, Ferge et al.,
2004) If resistivity is extremely high, the migtion velocity of particles decreases
remarkably, and back corona easily occurs under high resistitity.worth noting

that the phenomenon of back corona refers to the partial reverse discharge
phenomenon generated in the high specific resistancelaitest deposited on the
surface of the dust collecting electrode, which not only consumes power, but also
seriously affects the performance of the electrostatic precipiféh@mse conditions

cause a considerable drop in dust removal efficiency.
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Figure2-33 Variations in resistivity with temperature in ascending and descending

modes at different K + Na + Li and Fe atomic percentéglesng et al., 2018d)

2.4.2 Particle deposition on the collectiorplates

Charged particles are deposited on collection plates to form a dust layer in
electrostatic precipitator (ESP3everal studies on dust layer formation and structure
were conductedand one of the resultsshowed inFigure2-34 (Zhu et al., 2008, Yan,

2012, Minkang and Sijing, 2004fparticle deposition varies under different operating
conditions, which are affected by discharge current distributf@amg et al., 2013,
Blanchard et al., 2002)n addition, lack corona discharge and dustergrainment
seriously restrict the performance of ESP, because of the dust cake on the grounded
electode (Xiang et al., 2015, Mclean, 197 Herge(Ferge et al., 20043tudied the
depositing particle size under dust layererdrainment as shown iRigure 2-35.
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Jedrusik et al., (2003ndPodlinski et al., (20133tudied the influence of discharge
electrode geometry on collection efficiency, showing that the discharge electrode
geometry had a great influence on the collection efficiency, and the diffeneasce
about 8%.Chen et al., (20063tudied the relationship between dustels and back
corona. They designed the back corona breakdown test of the dust layer with high
resistivity. The results showed that thel \¢haracteristic curve can be applied to
determine the baekorona breakdown thickness of the dust layer, and optitheze
frequency of the ESP strike plate. In recent years, the results have suggested that the
particle deposition can be used in the study of particle deposition, and it can achieve
good results in the filtebased field.Oh et al., (2002developed a computational
model to study the initial dust accumulation efficiency of unipolar charged fibers and
the morphology bthe particles deposited on the electret filter composed of unipolar
charged fibers, taking into account the Brownian motion and electrostatic forces. A
simulated layer in a neaniform electrical field, similar to the electrical field in the
ESP, was desibed inFigure2-36 (Guo et al., 2013)The height of surface particles
were clearly higheat the edge than those in the center. This pattern is a typical non
uniform porosity distribution, which provides a possible explanation for the

experimental cake.
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Figure2-34 Microscope view of théayer(Blanchard et al., 2002)
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Figure2-36 Simulated cake pattern under nonuniform electric fi€do et al., 2013)

2.4.3 Dust layer effect on the particle collection

The dust layercan strongly affect the performance of ESMizuno, (2000)
gualitatively gave the relationship between thesistivity of the dust layer and the
removal efficiency. Itwas believed that there will be reentrainmentwhen the
resistivityis less than 10q-cm, and when it exceeds®@ .cm, back corona is likely

to occur.The charge mitted by the discharge electrode accumulated on the surface of
the dielectric layer and produced high electric strength within it. The increased
electric strength led to hreakdown between the gaps of the dust layer, thereby
causing a sudden increasedischarge currentStudies byPatel et al., (1985and
Krupa et al., (2008%howed that the particle removal efficiency will be significantly
reduced under the back coromaFigure 2-37. The first photo inFigure 2-37 shows

the electrode system prior to the discharge. Gn dbcond photo, the breakdown
streamers are presented. The back corona with intense eruption of powder is visible

on the third photo. The next photo presents how the eruption of powder continues.
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The process of eruption ceases on the last two photos bewaote the dust closed

the pinhole had erupted in the first tens of milliseconds. After the breakdown of fly
ash layer and breakdown streamer or back discharge ignition, the fly ash particles
were emitted from crater formed in the layer. Thedabh partiles emitted from the
crater have the charge of polarity opposite to discharge electrode. By this way, the
backdischarge decreases the collection efficiefidye reason is that large amount

of positive ionsweregenerated in the dust layer and mbte the negative electrode
during the counter corona dischargmtering thedischargespace between the
electrodeand thus reducing the charge capacity of the particles, so the removal
efficiency of the particles decreasd®esides, the space electric stréngtill drop
significantly with high resistivity of dust layer, contributing to theduction in

efficiency.
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Figure2-37 Back corona and collection efficiency for a muigedle to plane

electrode systertKrupa et al., 2008)

At low resistivity, Zheng etal., (2018c)studied the reentrainment mechanism of
carboncontaining low resistivity particles, and explored the infleentechanisnof

dust layer orparticle motion under different temperatsrand voltages ashownin
Figure2-38. The particles will slide away from thegté surface when the force of the
particles parallel to the plate surface is larger than the friction force. It is found that
under various temperature and voltage, the different of ultimate removal efficiency
between particles with different sizes is niaiaused by the characteristics of
electrostatic force, which would increase significantly when particle size was larger
than 1 &m. Therefore, particles smaller
than large particles. Particles, which are tightasily stick together, are likely to be
trapped on the collecting plates and difficult to escape from the pladielSalam et

al., (2015)gavea theoretical condition for the occurrenof reentrainmenthrough
theoretical analysiBlanchard et al., (2002)sed experimental methods to find that
therewere four different accumulation areas of dust layer, and there may be dust
accumulation areas with low current density in ddgn and Lee, (1999jound that

with the thickness of dust layer increasing, the collection efficiency regdasethown

in Figure 2-39. Huang and Chen, (2003neasured the changes in discharge

characteristics and removal efficiency after ldagm operation of the dust collector,

t
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and found that both the corona discharge current and removal efficiency de@agase

the thickness of the particles on the electroldepincreasgé Under ash conditions,

the corona current decreased by 33%, and the dust removal efficiency decreased by
about 4%He and Dass, (2018khalyzed the rentrainment phenomenon of ldaw
temperature electrostatic precipitator, and gaveolation to optimize rapping to
weaken dustingMiyashita et al., (2017¢eveloped a new electrostatic precipitator

that introduced particles into the tunnel through Coulomb force and ion wind to
reduce the occurrence ofeatrainmentimproving the efficiency of particle removal

as shown irFigure2-40.
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2.5 Development of integrated ESkPnodel

2.5.1 Summary of integrated model development all over the world

At present, numerical simulation has become one of the important métmadany
industrial process research. By dividing the research area into grids of different sizes,
multiple equations are used to describe the numerical relationship between different
variables in each grid, and it solveequired physical quantity through d¢omous
iterative calculations. There are two main advantdoyessing numerical simulation
methods. One is that accurate numerical simulation can reduce a lot of expédrimenta
and time cos and the other is that it can obtain physical quantities thatifficult

to measure directly in some experiments (such as electric field strength, ion
concentration and potential distribution, etc.), so that each process can be analyzed in
more detail. Based on the above two points, researchers have begun to ussahume
simulation methods to study the flow field and electric field distribution in the
electrostatic precipitator, as well as the specific characteristics of charge and

movement of particle recent years.

The early numerical simulation of ESP mainly used the methods of finite difference
(Lami et al., 1995, Buccella, 1996, Lami et al., 1997, Anagnostopoulos and Bergeles,
2002) and finite elementDavis and Hoburg, 1983, Alamouz, 2002)These two

methods can obtain the distribution characteristics of electric field parameters in ESP,
but they cannaéimulate the charge, motion and capture process of particles. However,
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for the actual electrostatic precipitator, the operation process is the coupling of
multiple physical processes such as fluid flow, corona discharge, particle charging
and motion. To olatin the results including the particle flow process, a further
development is used to adopt Lagrange's methatle 2-2 summarizes numerical

simulationresearches on ESP carried out by the international teams in recent years
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Table2-2 Summary of numerical simulation research on the procesSBfemoval

Research Team Geometry Flow field  Electric field Particle Research content
' The effectof EHD flow under the coupling o
Single electrode (round rad) _ o _
_ No particle electric field and flow field on the removal «
wire-plate ESP 3D, EHD 1i50e m ) _ ) ) _
space charge particles with different particle sizes w:
(Farnoosh et al., 2010) _
studied
_ Based on the previous work, the effect
Single electrode (round rad) _ _ _
_ Particle space particle space charge on the coupling proc
wire-plate ESP 3D, EHD 0.390e m _ _
charge of flow field and corona discharge was furtf
(Farnoosh et al., 2011a) _
studied
Farnoosh et al . The perturbation effect of the secondary fl
Single electrodésawtootl), _ _ _ _
_ No particle ) formed by local higkdensity free ions on th
wire-plate ESP 3D, EHD No particle _
space charge shaped electrode (sawtooth) on floav field
(Farnoosh et al., 2011c) )
was studied
The coupihg process of the electric field, ic
Single electrode _ density, and flow field under the action of t
_ Particle space 0.3e m _
wire-plate ESP 2D, EHD secondary flow was studied, and t

(Adamiak and Atten, 2009)

charge

single particle

mechanism of the effect of the partic

concentration field on the flow field ar
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currentvoltagecharacteristics was found

Electrostatic fabric precipitatc

The nonstructured finite volume method wi

used to study the influence of the spec

No particle N o
Long et al (Long et al., 2009a, Long et 3D, -- -- shaped orifice plate on the distribution
space charge o _ _ _
al., 2009b) electric field, electric potential and ic
concentration, etc.
The interaction mechanism of electric fie
_ High temperature _ flow field and particle movement at hic
Li et al . No particle 2,5,10e m _
wire-plate ESP 2D, EHD _ . temperature was studied, and the effect
. space charge single particle .
(Li et al., 2015) temperature on EHD flow and partic
removal efficiency was analyzed.
High temperature . The effect of temperature on dischai
Luo et al . No particle 0.0510e m _ .
wire-plate ESP 3D, EHD _ . parameters, particle charge and particle str
space charge single particle _
(Luo et al., 2015) etc. was studied
Triple electrods, _ _
_ ) The loss effect and influence mechanism
wire-plate ESP Particle space .
3D, EHD -- space particles on corona current, curr
Al-Hamouzet al  (Al-Hamouz and EHamouz, charge _ _
density and corona power were studied
2011a)
Triple electrods, 3D, EHD No particle 0.1/113e m At the same time, the effects ofrigctural
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wire-plate ESP
(Al-Hamouz, 2014)

space charge >13e m

parameters, discharge parameters,
operating parameters on particle remo
efficiency were studied by combinir

experimental and simulation methods.

Wire-plate ESP
(Parihar et al., 2015a)

The effects of tar particles removal such

electrode diameter and dischar

_ No particle characteristics were studied. The numer
Parihar et al 3D, -- 0.055e m . . .
Tube ESP space charge simulation results provided guidance for t
(Parihar et al., 2015b) design and optimization of vertical ar
horizontal wet electrostatic precipivas.
OpenFOAM was used to study the ic
Fourelectrodegsawtooth) . diffusion and migration process in the di
_ . No particle 4e m _
Arif et al wire-plate ESP 3D, EHD _ _ collector, as well as the effects of partit
) space charge single particle o )
(Arif et al., 2016) characteristics and operating parameters
particle removal.
Aiming at the characteristics of biomas®d
_ Wire-tube ESP No particle 2i50e m flue gas particles, the trajectories and remc
Dastoori et al 3D, --

(Dastoori et al., 2013)

space charge single particle

efficiencies of particles with different partic

sizes were studied
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Full-scale For practical applications, the effects of in
wire-plate ESP No particle flow velocity, dust collector internal
Haqu et al 3D, -- -- o
(Haque et al., 2009a, Haque space charge components and structural optimization
al., 2009b) the airflow distribution were studied
The effects ottharged particle on the electr
Triple electrodes, ) field, ion density, particle charging ar
_ Particle space o ] _ ]
wire-plate ESP 2D, EHD h 0.07-1¢ m migration regarding various partic
charge
(Yang et al., 2018a) J concentrations in a modified ESP model v
developed investigate.
The electrical characteristics of a wpkate
) ) electrostatic precipitator and the particl
Gaoand Zheng Wire-plate ESP Particle space . _
2D, EHD 0.1-5¢ m transport behavior were studied and the ef
et al. (Zheng et al., 2018b) charge . .
of particle space charge through numeri
simulation.
The particle chargingnd transport behaviol
Wire-plate ESP No paticle in ESP was investigated, and calculations
2D, EHD 0.1-5e m o _
(Lu et al., 2016) space charge gas flow, electrostaticdield and particle
motions are coupled in the model.
Honeycomb ESP 3D, EHD No particle 0.052.5¢ m A Computational Fluid Dynamics odel was
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(Wang et al., 2019)

space charge

presented to investigate the effects of io
wind on flow field and particle precipitatio
in terms of the coupled processes ami
corona discharge, gas flow, partiadbarging

and transport.

Honeycomb ESP
(Tong et al., 2020a)

Zhang et al.

Honeycomb ESP
(Tong et al., 2020b)

2D, EHD

3D, EHD

No particle

space charge

No particle

space charge

0310

0310

€

€

Different arista configurations were compar
and influences of supply voltage, partic
diameter and gas flow velocity upon elect
field

investigated in detail.

and separation efficiency were
The separation performance of two kinds
electrodes was compared and influences
EHD flow, supply voltage, gas velocity ar
particle diameter upon separation efficiency
are investigated.

Wire-plate two stage ESP

Shangguan et al
(Zhu et al., 2020)

2D, EHD

No particle

space charge

0.31

€

Numerical models and available calculati
procedure of solvingcoupling electrostatic
field, fluid field, and the distribution o
electrostatic field, the evolution of EHD flo
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and fluid field, and particlalynamics were

established.

Wire-plate ESP

No particle

The electrohydrodynamic (EHD) flow thi

different applied voltage at various ¢

2D, EHD 0.1, 0.5, I= m velocitieswas presented on the basis of t
(Zhu et al., 2019) space charge ) o
kinds of models, and the detailed influence
particle dynamic.
A numerical model of the electrostat
Wire-plate ESP No particle precipitator was constructed and nine parti
Yao et al. 3D, EHD 0.1-1.3e m _
(Long and Yao, 2010) space charge charging modelsvere evaluated based on t
existing experimental results.
A threedimensional model that describ
Platetype ESP _ _ ]
No particle corona discharge, turbulent flow, partic
He et al. (He and Dass, 2018b, He an 3D, EHD -- . _ _
space charge charging and tracking in electrosta

Dass, 2018a)

precipitators was developed.
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2.5.2 Highlights of previous achievements developed by our research
group

To date, the empirical Deutsch formula or its variatiaese still used as a rough
estimation of the collection efficiency. These empirical equations caatisfythe

modern applications.

Thus, to overcome this problem, our research group have madgnificant
research effort in this area racent years. Firstly, the gaslid flow wassimulated

in a complicated ESP system with and without electric field. DEM bamete| was
developed to simulate cake formation and the packing structures undec élelcitr
Then, a secalledintegrated ESP model framework was formulated in an attempt to
include all the major mukscale phenomena together. Particularly, in the electric
field region, the coupling methods among electric field;mgsicle flow and cke
formationwere proposed. Under this framework, a number ofraatdels have been
developed for the perforated plate, electric figbshic wind, cake formation and so

on (Figure2-41). Some typical achievements by the model are listGabie2-3.
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Table2-3 Highlights of previous achievements developed by our researchsgroup

Author Object Variables Major efforts
Design optimization of ESP
GUo et al wire-plate ESP ESP model Developing an integrated multiscale mathematical model to describ
(Guo et al., 2013) wire-plate type electrostatic precipitator (ESP)
GUo et al wire-plate ESP Electrode A rotation of the corona wire may improvs &lectric condition if a uniforrr
(Guo et al., 2014b)  configuration electric field is pursued.
wire-plate ESP Configuration  of By tracking particle motions, fine particles may escape due -joaby flow
Guo et al ESP and insufficient partle charging. The numerical experiments provide us
(Guo et al., 2015) guidance for the ESP unit optimization.
Ve et al wire-plate ESP Inlet velocities, Placing flow baffles in the pipeork, the flow rate can be equally sp
(Ye et al., 2016) different scales among branches with the relative deviation below 5%.
Operation conditions
Low temperature ESF Gas temperature A minimum efficiency is predicted for particlezsi around O.Em_. The same
Guo et al change from 120 to 90 i S mo

(Guo et al., 2014a)

articles size : - .
P as far as the collection efficiency is concerned.
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Guo et al

Guo et al

Yang et al

Wet ESP
(Guo et al., 2017a)

Low temperature ESF
(Guo et al., 2017b)

Wet ESP
(Yang et al., 2019)

Droplet  diameter,
liquid flow rate,
electric field

Gas temperature
particles size, solic
particle loading, dry
or wet particle

Particle size, particle
loading

The electric field has a strong influence on the trajectory of the drc
Hollow spray has lower droplet emission than solid spray. The uniformi
liquid film is sensitive to the wettability of plate.

The combination of coolg and acid condensation is likely to improve f
overall collection efficiency. Presence of £@ flue gas changes the ES
electrical characteristics and particle collection behavior with respe
particle size.

The secondary electric field produced by the space charge on the sus|
particles can cause obvious distortion of the electric field, wmelmly

reduces the collection efficiency of the particles, except under very low
A maximum collection efficiency exists at a particle loading that depenc
particle size.
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2.6 Research gap and research aim

Electrostatic prapitation as a technology is used in many ulo@ emission technology
routes, and its performance directly affects whethéne emission of flue gas can meet the
standard. However, ESP in actual operation have some problems such as back corena and re
entrainment, which seriously affect the reliability and high removal efficiency of ESP.
Meanwhile, particle charging and transport behaviors under complex electrode configuration,
especially the electrostatic and flow characteristics around the spikeeamflulence of dust

layer are not yet clear.

The optimization of electrode and collecting plate is important for higher efficiency in
electrostatic precipitator. In this study, in view of the lack of ESP numerical simulation with
different electrode configations, a modified ESP model was established to study the space
discharge characteristics and particle transport behaviors considering the irsflaoénce
applied voltage, particle size, flow velocity, etthis simulation dat@rovidesa fundamental

undestandingn optimizing the ESP design and application.

When the suspended particles in flue gases enter the ionized space, they are electrically
charged and deposited on collection plates to fatayer of particle packing. The negative
effect of precipiated dust layer on the collection plate causes the collection efficiency of ESP
to deteriorate seriously due to some critical factors, such as dust resistivity and thickness of
accumulated dust. Therefore, the particle collection performances of the &8 syith and

without a dust layer were also investigatddhe detailed electric parameters and particle
capture performance in the 2D wipéate electrode configuration were simulated. Meanwhile,
useful suggestions were provided to reduce the effectsisifldyers by regulating particle

properties and designing dustoval systems.
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Previousnumerical simulation mainly analyzed the complicated processes with smooth wire
electrode or under twdimensional coordinates. However, the discharge electrode ggome

is more complicated in order to meet the required removal efficiency in practical applications.
Therefore, the effect of electrodynamic flow on particle motion behavior was studied
numerically on the basis of @3single needliplate electrode configation. These results

can help improve and optimize an electrode structure that reasonably usepdedghion

wind to capture particles and prevent fine particles from escaping.

For the electrostatic precipitator, factors such as temperature, humidity and inlet flow rate
affect the characteristics of fly ash particles such as adhesion, particle size distribution,
morphological structure, specific resistance and dielectric constaith affect the charge
migration of fly ash particleddowever, he influence ofthese factorss not clear and the
researchies have hardly studiell systematically. On the other hand, practical industrial
applications, the influence of the collecplate structure on the remodficiency cannot be
ignored, and it willsignificantly affect the dust removal efficiencyhe influencs of particle
charging characteristics and trapping characteristncier different electrodes configuration
needsto be studiedurther. However, at present, there are few experimental studies on the

characteristics of particulate matter removal under different plate structures

This work is aimed at providing a theoretical basis for optimizing the parameters of the
electric field and thdlow field of ESP, suppressing thinpact ofthedust layer Furthermore,
developng and applying this multi-scale model to simulate ESP worlprocessand give

optimization suggestions for ESP design and practical application
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CHAPTER 3 NUMERICAL SIMULATION OF

PARTICLE MIGRATION IN

ELECTROSTATIC PRECIPITATOR WITH

DIFFERENT ELECTRODE

CONFIGURATIONS
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3.1 Introduction

With the rapid development of urbanization and industrialization, air pollution has become
one of the most severe global challenges facing us nowadays. Among all the air pollution
sources, particulate pollutants have especially adverse impacts on huittamieeassitating

the developing of efficient technologies for eliminating particulate matter emissions in the
last few decadefGallimberti, 1998, Loond et al., 2013, Carey et al., 201&lectrostatic
precipitator (ESP) has been the most widespread particulate control apparatus presently
applied in various industrial fields, due to figh efficiency and energyaving properties
(Mizuno, 2000, Zheng et al., 2019b, Jaworek let 2018, Hu et al., 2017)Nevertheless,
given the several highly coupling processes (e.g., corona discharge, particleghadi
particle migration) in an ESHBottner, 2003, Adamiak, 2013, Parker, 2Q1R)s still very
challenging but meaningful to investigate corona discharge and particle migration with

various electrode configurations.

To achieve a comprehensive understanding of electric field and particle behavior in an ESP,
tremendous experimental and numerical studies have been carried out in receri¥lgegrs.
experimental and numerical studies had been carried out to achieve a better understanding of
structure of ESPsZhu et al., (2019ktudied the Electrohydrodynamic (EHD) flow with
different applied voltage at various gas velocities in two electrostaticppagors with
corrugated and parallel plateNumerous experimental studies have been carried out to
investigate the discharge characteristics of various electrodesdliffeitent shapes, diameters,

and intervals(Xu et al., 2015, Zheng et al., 2018a, Yan et al., 200®mpared with
experimental methods, the numerical simulation is preferred because of its flexibiity, lo
cost and relatively high accuradphen et al., 2018, Adamiak, 2013)leanwhile, an

integrated multiscale model based finite volume method (FVM) and discrete element
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method (DEM) were presented, which is capable of resolving the electric field including back
corona discharge, ga®lid flow and cake formation within wide ranges of length or time
scales(Guo et al., 2013)Besides, various basic phenomena and operation parameters
affecting the ESP performance have been researched exter{diglatyiak and Atten, 2009,
Anagnostopoulos and Bergeles, 2002, Farnoosh et al., 2010, Feng et al., 2018b, Guo et al.,
2014a, Guo et al., 20170dh addition, some abnormal situations related to the particle space
charge effects and back corona discharge were increasingly investigated as they may weaken
the electric field and consequently jeopardize the particle colle@Ban et al., 2013, Yang

et al., 2018a, Zheng et al., 2018b)

The aforementioned studies have led us to a better understanding of the EHD flow, electrical
characteristics and particle migrations within an ESP. However, few of them take into
consideration the effects of combination of different shaped dischargeodkstand
collection bending plates. Most of the studies merely concentrate on the plate type or the wire
construction. With the continuous development of novel ESP types and electrode
configurations, different challenges arise from the increasing needgrdonoting the
collection capacity of ultrafine particles (e.g., P As a result, the electrode configurations
become more and more complicated. Therefore, it is meaningful to systematically investigate
the influence of complicated electrode configimas on the corona discharge, particle

charging and subsequently particle migrations.

In this thesis we first establish an integratedodel to simulate the coupled processes with
corona discharge in an ESP. The model is then used to evaluate the g&dtiand ion
charge in the discharge space. In addition,pduicles transport and removal behaviars
investigated under variowgire-plate combinationsThe results are compared to optimize the

electrodeplate configurations
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3.2 Governing Equations and Numerical Methods

In the currenthesis a comprehensive numerical model is presented to describe the particle
migration within an ESP. This model consists of several-nsabels embodying the
electrohydrodynamic field, corona discharge, pétcharging and particle trajectories. The
flow field is resolved based on the incompressible Reyraldsaged NaviéStokes
equations, and the generalized convection diffusion equation is employed to describe the
electric potential distribution as wedls the ion migration induced by corona discharge.
Especially, the injected suspended dust particles, being charged in accordance with the
charging law proposed Hyawless and Sparks, (198&e tracked with the framework of the
Discrete Phase Model (DPMmethod. For convenience, the major parts of the mathematical

model used fothe present study are described below.
3.2.1 Continuous phase dynamics

Among industrial electrostatic precipitators, due to the disturbance caused by the ionic wind
effect, most of the ESPs are operated in the turbulent state, and only a fewzimeble
electrosatic precipitators can achieve the state of nearly laminar flow. Therefore, the
Reynolds timeaveraged turbulent model (RANS) is applied to simulate the flow field in an

ESP. For steadgtate turbulent flow, the governing equations are as follows:

Consenation of mass:
D) (}ug) G (6)
Conservation of momentum:

"6 D0 6 6 ” 0 'Q @)
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whereig is the gas velocity! is the mass density of the g&&sis the absolute pressuré’i

is theturbulent viscosityof the gasn the RNG kU mo 4,.g is the ion density and the

term 7 .E; represents the iamwind effect on the main flowfs is the body force caused by

the particle (drag force here).
3.2.2 Discrete phase dynamics

The suspended particles entrained in the gas phase @edtay the sealled DPM method

in the Lagrange frame. Under typical mass loading rates in an ESP, tkeligafow is so

dilute that theinteractions of partickparticle, particlevall and aggregationcan be
reasonably neglectddi et al., 2015)Luo et al., (2015pointed out that the fluid drag force,
Saffman lift force, gravitational force and Coulombic force doeninant body forces for
classical ESPs. Both the Saffman lift force and gravitational force are proved to be negligible
compared with the fluid drag force and Coulombic force in the present analysis. Therefore,

the equation of particle motion can be dést as:

4 — -“6"Q6 6 6 6 Q0O (8)

Where
6 ahwo— p 1P RAS 8 1 9)

Where
6 p —pguxmQ & 7 (10)

wherem is the particle masg], is the particle velocityC, is the drag coefficienRg, is

the particle Reynolds numbef;, is the Cunningham correction factdr,is the mean free
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path of the gasThe terms on the rightandside of Eqg. (3) denote, respectively, the fluid

drag force, and Coulombic force.
3.2.3 Corona discharge

In an ESP, the electric field generated by coronas is expressed by the Poisson equation and
current continuity equation as shown in Edsl) @nd @2), both of which can be transferred
to the uniform diffusiorconvection transport equation as given by @d). The diffusion

term, convection term and source term are listethinle3-1.

p?y = Lo o
€
B(/ion (kenE+U;) -D. B) =0 "z
E=-Dj K
b(FF - .G BFS: Yy

where, is the electric potentiak, is the permittivity of free spacé,, is the mobility of
ions, andD,, is theion diffusion coefficient. The table below lists the equations used to
calculate the transport termahere is the scalar electic potential and ionic charge
density , O is the term of convection, amg is the diffusion coefficient whiléY is the

source term. Note that the electric potential and ionic charge density are obtained through an

iterative processlhe corona current was calculated as follows:
j = rion (KonéE +Ug) De @1 (15)

whereJ is the current densityr,,, is the ion charge densit,, is the ion mobility, E is

the electric field strength,Tg is the gas velocity an®, is the ion diffusion coefficient.
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Table3-1 Terms of the scalar transport equations

Equation O ) Y
Electric potential . 0 - "
Charge density ” 0 0 0 O " T

In addition, the corona onset electric streri@th s cal cul ated according

(16) on the electrode surfaces:
O 0OVa|1 mWromny (16)

whereO was breakdown electric filed strength, and 3.P%0m was used in thisimulation,

wherem s the dimensionless surface parametérs the relative density compared with the
standard condition, andis the wire radiusAfter analysing the charge density and electric
strength of the strongly coupled ions, calculateawa&ilable surface electric strength (within

a certain residual error range) according to Pick's law, continue iterating until convergence,
and consider the final ion charge density as the corona wire boundary Vdtue. peek 6 s
formula is a very importantuhction for analog discharge electrodes. In this case, the
boundary conditions has been set several peek laws as boundary conditions for different
discharge electrode boundaries. For example, two boundary conditions has been set up two

different peek lawdor square discharge wire, the one was r=0.1ftime radius of the
chamfer)and the other was #= (the radius of the slab)n addition,our previous research
has shown good accuracy of this numerical metf@wm et al., 2014b, Zheng et al., 2018b)
3.2.4 Particle charging

Particle charging is an integral process which determines the particle behavior. There are

actually two mechanisms by which particles become charged in an electrostatic precipitator:
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field charging and diffusion charging. The combined charging model prdpmglLawless
and Sparks, (19883% proved to be able to achieve satisfactory emmyudealing with micron

particles. Accordingly, the combined charging rate is described as:

1?%(1_ E)Z |2p aMondep q GE
dt ;a eq- 9
- (s ¥
r (g Os)e><|o(2 nie kT OIp) q >q
&l e,.< 052¢
|
a=j 1 (18)
N > 0.525
i’ (enorm + 0'4575).575 eﬂOfm
ed,
= E 19
enorm 2kBT ( )
de
t=—-72 2
rionkion ( O)
— 3i ng E 21
%=3 5P & (21)

where gs is the saturation charge, is the permittivity of free spaces, is the relative
permittivity of the particlest is the time constant of particle charging (the time take
reach half of the saturation chargky),s the Boltzmann constant amlis the unit electronic

charge.
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3.3 Model Conditions

This simulatd ESP consists of two grounded collecting plates and four wire electrodes
situated between the two plates and applied with a high negative potential. As shown in
Figure3-1, the air flonedinto a duct with width w = 400 mm and length L = 960 mm. There
were four electrodes located in the ESP channel, of which the wire interval was 240 mm. The
distance between the first wire and duct inlet was 120 mm. The s®os8onal shapes of the
discharge electrodes and collecting plates are also sketchEmgyure 3-1, including an
industriatscale plate design aomplex shape (scalled BE collecting plate by its trading
name). The BE plate is widely used in electrostatic precipitators because of its stable

structure and its rentrainment suppression ability.

Schematic of a ESP:

960mm
PE— oo

JR—
air flow direction

120mm . 200mm
Collecting plate

400mm

Particle injection Wire electrode
position Omm “ (not to scale)

Collecting plate shape:

i B o ,
! ' 1
1 oy 1
1 ° o o o 1 1 ° ° |
: P i
L 1 L\ /-D \jl
Flat Plate (FP) BE Shape Plate(BE)
Electrode shape:
03.5mm 3.5mm 2y
Circular wire (CW) Square wire (SW) 45 Square wire (45'SW)
@3.5mm
>
ROOZmm__ | _ * /\ 31

@ 0.4mm 6.5mm
Needle wire (NW)

Figure3-1 Schematic of an ESP with two shaped collecting plates and four types of

electrodes
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The RANS turbulence model was solved with FLUENT, which obtained the gas velocity
distribution in the whole ESP channel. The electric field, ion density distristedectrical

force, and particle charge must be determined using thedaieed functions (UDF). All

particle trajectories are tracked until the particles are trapped or they escape the ESP channel.
Particle injection from the inlet of the ESP used disxrete phase model (DPM) when the

residuals stabilized.

Thenumerical results were compared among four different shapes of electrode and two types
of collecting plate to optimize the particle migration under various electrode configudation.

this stug, the whole geometry was discretized by structured mesh and refined grids were
applied around the needles in order to improve the computational acagaglyown in
Figure 3-2. The grid method was also applied in our previous work and have been proved
high reliability to the model. The wirplate ESP and 3D spikeoneycomb ESP has been
investigated by our group inrgvious work and the simulation results agreed well with the
experimental datéGuo et al., 2014b, Wang et al., 201Bhe model has been validated in the
previous studiegZheng et al., 2018b, Yanet al., 2018a, Guo et al., 2014a, Guo et al.,
2017b) However,it shouldbe noted that this simulation process is only a quarter length of
the actual precipitator duct, so the simulated efficiency of particle with larger diameter will
not reach to 100%, the relative efficiency could be obtained to show how the electrode and

collecting plate configuration will affect the particle collecting ability.
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Figure3-2 Computational mesh of circular electrode wire and needle electrode.

The corresponding boundary conditions are shownhaiole 3-2 Boundary conditions of the
model The electric potential on the electrode surface and collecting plate was equal to the set
value and zero, respectively. Moreover, the ionic charge density on the electrode surface

satisfied Peekds | aw and t hrethesdlestmgiplatesancat e d

other boundaries.

Table3-2 Boundary conditions of the model

_ Electric lonic charge
Gas Particle _ )
potential density
Vx: UQ
Vx=ug m/s m/s i .
Inlet o W - 0 Wi 0
Vy=0 m/s Vy=0 X X
m/s
Outlet Pressure outle Escape W _ 0 Wi 0
HX pX
Collectin ] _
? No slip Trap /=0 Wi_p
plate Hy
Wire electrode No slip Reflect /= J Peekods
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3.4 Results and Discussion

The wireplate ESP and honeycomb ESP have been investigatedriprevious studies
where the model was tested by comparing the simulated results with the experimental data
under different condition§&Zheng et al., 2018b, Yang et al., 2018a, Wang e2@19, Guo et

al., 2017b, Guo et al., 2014b, Guo et al., 2014#as known that the ESP performance is
affected by factors, such as the temperature, velocity, humidity and dust properties and so on.
Moreover, the electrode configaution is a crucial factor that has a significant influence on
ESP performance. Therefore, this study is mainly devoted to simulating the ESP parameter

with various electrode configurations.

In the following subsections, the electrical characteristics eoenpared between different
types of electrodes and collecting plates, and then the effect on the particle charge is
considered. Finally, the migration velocity and particle removal efficiency are simulated

under eight electrode configurations.
3.4.1 Electric field and ion density distribution

In order to investigate the electrical characteristics by different configurations in the ESP, the
current densityvoltage characteristics for two collecting plates are presentEdgyune 3-3.

The variation trend of the current density with the applied voltage varying from 40 to 120 kV
with a flat plate (FP) and industrial BE plate are showhigure 3-3(a). It is apparent from

the results ofFigure 3-3 that the curret density increases with increasing applied voltage.
This figure also shows the comparison between different plates. The current @&hagy

little difference for both plates at the time when the voltage is decreased. Meanwhile, the
current densityri the FP plate is increasingly lower than the BE plate, as applied valtage

increases.
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Figure3-4 shows that the electric fik strength (a) and 2d electric filed distribution (b) under
different 2D corona electrode shapes. The simulated results at area 1 are presented as a case

in

3.5

Collecting plate shape:

304 gL ..

2.5 Flat Plate (FP)

20.

BE Shape Plate(BE)

1.5

1.0 4

Current density I, (mA/m?)

0.5

0.0 T T T T T
40 60 80 100 120

Voltage V,(kV)

Figure 3-3 Typical w-"O characteristicgurrent density as the function of applied voltage at

different collecting plate shapes.

Figure 3-4(a). The four different cololines represent the four types of 2D electrode shape.
The different shape of electrode influences the electric field streBgtin¢ar the electrode

as shown irFigure3-4(a). Also, the resultof electric field intensity is taken from the data on

the red dotted linén 3-3(b). The electric field strength on the electrode surface decreases
exponentially fronrm p mtox® p mV/m when electrode shape clyms from needle

wire to square wire, and as expected, the worst case happened on SW due to flat discharge
surface. On the contrary, the highest electric field strength is produced by needle wire due to
the sharpest discharge surface, which leads to thestosnset voltage of these four cases.
This onset point is a critical boundary when the flue gas is ionized by a deterBsnated

the necessary voltage is named as an onset voltage. Furthermore, the flat collecting plate is
used under all electrode camons, thus the electric field near the collection plate is nearly

the same for all electrode wires. The 2D electric field distributidrigare 3-4(b) represents
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the region in shadow surrounding area 1. It can be seen that the electric field is not uniform in

the ESP duct, where thesdistribution is closely related to the shape of discharge electrode.

45 :

— Electric field
E 4.0 » >Es =4 x10°V/m ;L Needle (V/m)

E/ [ wire(NW)
e 351 | l 5.2x 109
3 O45’Squam

x ] — wire (45"SW)

@ 3.0 4.2 x10°
= Circular

5 2.5 > > Es=2.5% 10°V/m wire (CW)

oo 6

3.2x10

5 2.0 S D Square

E wire (SW) -~

= 15 2.2x10°
2 "

S 1.0+ P ——> Es=1.2x10°V/m Arebi | .
£ o0s > Es=7.1x10°V/m 70S 12X,
&

=00 2x 10°

; T T T T
0.00 0.05 0.10 0.15 0.20
Y position (m) (b)

Figure3-4 Distributions of electric field under different corona electrode: (a), line

distribution; and (b), 2D distribution.

The effect of various electrode configuration combination on the electric characteristic is here
investigated for inlet flow velocity 1 m/s and the applied voltage 60 kV. The electric potential
is shown inFigure 3-5(a). It shows that an elliptical shape is produced by a relatively high
electric potential in the surrounding of the discharge electrode wire. This is because the
electric potential close to ¢hdischarge wire is stronger than the other area of the simulation
domain, thus the high electric potential distribution is formed near the electrode wire.
Nevertheless, due to the uniform polarity of each electrode, dpatential regions are
created beteen the two discharge wires. Furthermore, the electric potential sharply declines

from the wire electrode to the collecting plates for both FP and BE plates.

However, the electric field strength is different from the electric potential distribution, as
shown inFigure3-5(a). As the electric field strength increases near the discharge electrode, it
forms a few highEs areas around the four electrodesacleng the similar peak value to

p® p mwfa for both collecting plate configurations. It shows that the different types of
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collecting plate have nearly no effect on electric field strength around the electrodes. Also,
unlike the intense decrease in #lectric potential distribution, the region of extremely high
electric field strength gradually extends to the collecting plate for both cases. Therefore, the
lowestelectric field is not found near the collecting plate. On the contrary it is formed in
sewral regions between each electrode wire. It is worth mentioning that the value of the
electric field strength near the BE plate is obviously different from an FP plate. In particular,
the electric field strength has a high value near the end side ofaBf; gihce the discharge is
formed by irregular shape of BE plate as illustratedigure3-5(a). Interestingly, the electric

field strength is conductivelglosed in the groove on the side of the BE plate.

The distribution in current density near the collecting plate along-theegion is illustrated
in Figure 3-5(b). The collecting electrode plate faces the four discharge electrode wires. The
distance between the imaginary ratkliand the center of the duct is 0.174 m. Five different

combinations of electrodeand plates are included in the figure. Although the overall trend is

similar, the different shape of electrodes has a clear influence on the current density
distribution nar the surface of the collecting plate. As expected, for the FP collecting plate
cases, the current density is changed from even to periodic on four FP cases. Also, the FPNW
type has the highest current density among the five configurations, followed BAtHISW

and FPSW configuration and then the FPQWs attributed todifferent electric potential
distributions for different types @lectrodess shown irFigure3-4. Moreover, it is observed

that the complex configurations of collecting electrode have enormous effects on the current
density distribution near the side of BE collecting plate, and the cowoawex structure of

the collecting plateteape can simply generate a peak of current density due to the sharpest
discharge surfacef BE plate A similar trend is observed in the current density distributions

for BECW type shown ifrigure3-5(b) where it is enlarged on thight side.
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Figure3-5 (a), electric potential (V, left) and electric field (V/m, right) distribution for FP
and BE collecting plategb), current density distribution near the collecting surface for the

five electrode configurations.

3.4.2 Particle charging and trajectory

The particle tajectories with color scaled to particle charge for three different electrode
configurations are shown iRigure 3-6. The different discharge electradand plates cause

more significant effects on the particle trajectories by two possible mechanisms. First, the
particle trajectories are influenced by different shape of discharge electrodes as compared
between CW and NW ifigure 3-6. Therefore, a larger interval is formed between the first
and second discharge electrodes for NW configuration. SecoRdjyre 3-6 shows the
collecting plate has a great influence on particle trajectories near the surface of the plate, and
as expected, some particles aretgsgd by irregular surface of BE collecting plate in the
concaveconvex corner. In fact, the structure of BE platan lead to the escape of some

particlesfrom the gap othe concava&onvex cornem industry.
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Figure3-6. Particle trajectories with color scaled to particle charge (e) in different electrode

plate configurations with inlet velocity 1 m/s and particle sigé Sat 60 kV.

The effect of electrode combinations on particle trajgesois investigated when the inlet
velocity is set to 1 m/s, applied voltage 60 kV and particle sizZe 5The results are shown

in Figure3-7(a). To ensure that the result can be clearly shown in the figure, we have chosen
five electrode configurations that have distinct differences from each étigere 3-7(a)

shows that the particle can hardly be captured by collecting plate before the first discharge
electrode due to extra low electric field strength and electric charge there. After the particle
reaching to the first electrode wirthe ekctric field intensity is larger and the migration
velocity becomes faster than before. Between two corona wires the particle is decelerated due
to corona suppression. Again, the particle is accelerated when it moves near to next discharge
electrode wire Apparently, the influence of particle migration velocity is best on FPNW
configuration. Also, the BE collecting plate is slightly better than FP plate for the rest of four
cases. Therefore, the different shapes of corona wire and collecting plate chnatech

particle capture, and the NW corona wire has the greatest effect on particle trajectories in this

present work.
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Figure3-7 (a), particle trajectories for five electrode configurations witlrigle size of
5t at applied voltage 60kV (a); and (b), charging history for a particle with a diameter of

5t released at various electrode configurations.

Figure 3-7(b) shows how the particle charges vary with position x for five configurations
corresponding téigure3-7(a). A particle is injected into the flow near the center of the ESP
duct. Evidently, the particle is quickly charged when it reaches the vicinity of the first
discharge corona wire (x=0.12m). Later, the charging speed of particle beslomexter it
passes the 1st corona wire, and the charged particle remains stable until it approaches the ESP
outlet. However, this trend still depends on the geometry of electrode and collecting plate, as
shown inFigure 3-7(b). The particle charge is still obviously improved after it passes each
electrode in the FPNW case, but it has a weak effect in the FPSW andS# cases.
Apparently, the BECW coiguration has the most stable and highest particle charge in all
configurations. In the current workjgure 3-7(a) and (b) show that the particle chaegel
trajectories are highly sensitive to various electrode configurations. In contrast, the sharp

discharge electrode has a more obvious effect on particle collection than BE plate.

3.4.3 Particle migration and collection
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Figure 3-8 shows the patrticle collection efficiency for various particle sizes for different
electrode wires. The overall trends of collection efficiermydvery electrode configuration

are showed as thd curves by three particle size regiofk) Large particles (p*‘ & are
captured well due to good charging capacity and relatively smaller drag(®@yb&ddle size
particles @l L Q L ptl ) are not collected well, with a minimum when particle size

is around 0.31 . (3) Small particles (<0.Li are generally captured because for these
submicron particle siz& his phenomenon can be attributed to the fact that the collision in the
air becamea discontinuous state when the particle size was close to the molecular mean free
path (Ounis et al., 1991)The drag force actsn the particle was lower and electric force
promoted the movement of particles toward the collection elecifédeg et al., 2018a,
Wang et al., 2019)Therefore, the Cunningham correction factowas pivotal in calculating

the drag force of submicron particles, and it makes the simulation more realistic and accurate.
In addition, at the same particle sizeg tharticle collection efficiency is affected by different
shape of discharge wire as showrfigure 3-8(a), where the NW corona wire is 4% higher
than he lowest case CW wire, while the SW andSW remain at the second place, slightly
more efficient (about 2%) than circular discharge wire in four cases. Particle migration

velocity b can becalculatedaccording tdDeuscld s f or mul a:

0 -0¢p - (22
wherew is the particle migration velocityA is the area of the collection plate in ESP, ghd
is the gas flow in ESP.

The particle migration velocity exhibits the same behavior, showing a similar trend to the
paticle collection efficiency. Furthermore, for the NW electrode wire, when patrticle size is
larger than i , there is more significant increase in migration velocity of particles, whereas

a maximum difference (10 cm/s) is obtaine@at p 111 between th&lW and other three
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electrodes. In this result, it is demonstrated that the different discharge geometry plays an
important role in the simulation of ESP removal capacity. Moreover, the FP collecting plate
with NW electrode shows better performance thaa tither three discharge electrode

configurations.

The patrticle collection efficiencies and migration velocities at different collecting plates are
shown inFigure3-8(b). The trends of efficiency and velocity are similaFigure3-8(a). It is
observed that the BE plate is more effective tharcdilecting plate in particle capture, and

the improved collection efficiency for smaller particl& ( ptl ) is slightly higher than

large particles. This isdzausdhe current density in FP plate is increasingly lower than BE
plate, as applied voltage increasesas shown inFigure 3-3, which causs the particles
chargng morewhen using BE platdnterestingly, relative to the collection efficignahis
increasing trend is opposite in the particle migration speed. When patrticle size is larger than 5
t1 , the BE plate can achieve the maximum effect in the migration velocity, as compared

with the FP plate.
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Figure3-8 (a), particle collection efficiencies (left top) and particle migration velocities (right
top) for different sized particles for four discharge electrodes with FP collecting(blate
particle collectio efficiencies (left bottom) and particle migration velocities (right bottom)

for different sized particles for FP and BE collecting plate with CW corona wire.

In order to better understand the effect of different electrode configurdtigare 3-9
Particle collection efficiencies (left) and particle migration velocities (right) for different inlet
velocities showed for better explanatiorit is observedthat the collection efficiency
decreases with increasing inlet velocity due to shorter residence time of the particles
insufficient chargeand smaller specific collection area for FP and BE plate at 1 @fd 5
particle size On the contrast, the effect of inlet velocity on particle migration velocity is
relativity small. It can be seen from the figure that Iparticle is almost unaffected. For

5t particle, the migration velocity has dropped slightly when the inlet speed increases from
0.8 to 1m/s, because of large particles has good charge capacity. Besides, low inlet velocity
means longer residence time which maybe bring almauéasedcharge According to the
result, the BECW electrode confirmation shows better performance on collection efficiency
and migration velocity for size 1 and i5 particles with decreasing inlet velocity. Hereby, it

is shown that the collection efficiency was affedbgddifferent electrodglate combinations

with various inlet velocities.
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Figure3-9. Particle collection efficiencies (left) and particle migration velocities (right) for

different inlet velocities for FP and BE collecting plate with size 1 apld particles.

Figure 3-10(a) shows the simulated migration velocity for the eight electmdee
configurations for different particle sizes. The migration velocity increases with increasing
particle size from 1o 10t 1 . For different collecting plates, the migration velocities of the

BE plate are generally higher than the FP plate with four types of electrode wires, as shown
by the dotted line and solid line. For different electrodes wires, the NW electrode wire is
higher than other three corona wires for the particle size range considered, and the
combination of NW electrode and BE collecting plate shows that the best growth trend in the
whole configurations for large particlest®210¢ [ ). Thet dSW and circular @ctrode wire

takes the second place in the increasing trend of migration velocity with BE plate. However,
for small particle ranging from 0.05 tg 2, particle migration velocity is not very sensitive

to the change in electrogdate combinations. Therefr optimizing the electrodglate

configurations is more effective for large particles.
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Figure3-10 (a), particle migration velocity for different sized particles for the eight
electrodeplate at configurations considergt), relative efficiency for different sized

particles for seven electrogigate at configurations.

The relative efficiency for differergarticle sizes for various electregéate combinations is

shown inFigure3-10(b). A collection efficiency of standard electrode configuratien ( )

is here used as the base reference. On one hand, it is shown that under the same corona wire,
the relative efficiency of the BE plate is clearly higher than the FP plate (abdl%0

higher overall). On the other hand, the needle corona wire (NW) has the greatest
improvement to dust collecting efficiency. Correspondingthe migration velocity, the

BENW electrodeplate configuration has the highest particle collection efficiency in all the
electrode combinations, about 15% higher than the base case, i.e., FPCW. Nevertheless,
unlike the migration velocity, it is obvious that the BE collecting plate has a significant
improvement in particle capture, not only for large particles, but alsonmpfrticles (0.05

to 11 ).

Clearly, the results demonstrate the importance of different elegbtatdeconfigurations in
improving and/or optimizing the ESP performance. This consideration applies not only to
two-dimensional environment but also togedimensional environment, and the latter is of

more complex electrode configurations. Modelling and simulation can offer a convenient
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method for better design and optimization of ESP processes of different types of

configurations.
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3.5 Conclusions

In this work, the influence of various discharge electrodes and collecting plates on ESP
performance, such aaectric field strength, current density distribution, particle migration
velocity and collection efficienchiave been studied by means of an integratathematical

model. The following conclusions can be drawn from the present study.

1) The shapes of discharge wires and collecting plates significantly affect electrical
characteristics. The sharp electrode wire (NW) presents a higher peak of electric field
strength and current density near the electrode surface than circular and square wire. Also, the

current density distributions are influenced by the structure of collecting plate.

2) The electrodglate configuration will affeciparticle trajectories andharging, particle
migration velocity and relative efficiency. The results vary, depending on the conditions
considered. For example, the FPNW may have high capability when focusing on particle
trajectory and charging and the NW corona wire and BE coltpqate can provide good
performance in particle collection. However, among all the configurations examined in this

work, the BENW shows the highest particle collection efficiency.

3) Optimizing discharge electrode and collecting plate configuratiorerumifferent
conditions is important to improving the ESP performance. This can be done by means of
modelling and simulation. The proposed mathematical model provides an effective method
for this purpose. But it still needs further developments in ordee table to consider all the

key phenomena and variables related to different geometries, operational conditions and

material properties.
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CHAPTER 4 ANUMERICAL INVESTIGATION

OF THE EFFECT OF DUST LAYER ON

PARTICLE MIGRATION IN AN

ELECTROSTATIC PRECIPITATOR
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4.1 Introduction

An electrostatic precipitator (ESP) is the most commonly used device to remove dust
particles from flue gas in many industrial areas, such asficedlpower plants, steel mills,

and construction material factorielaworek etl., 2018, Mizuno, 2000, Zheng et al., 2019b)

An ESP is also one of the important methods to contro Pdmissions from codired

power plants. The working principle of the electrostatic precipitator is to use adlighe
electric field to ionize the flugas, and the dust charge in the gas stream is separated from the
gas flow by the electric fiel@Parker, 2012)On the one hand, the ESP structugerating
parameters, temperature, and humidity affect the performance of ESPs. Many researchers
have conducted experiments and simulation studies in this régawbotti et al., 2015,
Zheng et al., 2018a, Nouri et aP012, Krupa et al., 2019, Zheng et al., 2019&high
electric field strength and ion charge density leads to effective particle charging, and the
charged particles provide high migration velocity and collection efficiéGey et al., 2020a,

Lin et al., 2012) Various numerical models of ESP with different electrode configurations
have ber developed to describe the electric field, gas flow, and particle trar{Sgamg et

al., 2019, Bouazza et al., 2018, Dong et al., 20C8her important parameters are the
properties of dust particles, including particle size, chemical composition, and resistivity,
which have been studied wide(8hanarkar et al., 2008, Sui et al., 2016, Jedrusik and
Swierczok, 2009)Numerous investigations have proved that resistivity affects the collection
efficiency (Krupa et al.,, 2019, Wang et al., 2018b, pauet al., 2008) Therefore, some
scholars have also conducted research on resistivity, including resistivity prediction model at
different temperatures, SCand humidity condition resistiyitchanggBarranco et al., 2007,
Zheng et al., 2017, Xu et al., 20140 addition, several studies on dust layer formation and

structure were conductddhu et al., 2008, Yan, 2012, Minkang and Sijing, 20@rticle
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deposition forms could vary under different operating conditions, which are affected by
discharge current distributiofyang et al., 2013, Blanchard et al., 2Q0R)evious studies

have established a meaningful foundation for the study of dust layers. However, most results
are qualitative ranges. In the actual operation process, especially in the stakiieropéra
power supply, a quantitative study on the effect of the dust layer has not been published and
resistivity on the operating characteristics and performance of the precipitator have not been

reported.

In thisthesis the numerical simulation methaosliised to study the influence of the thickness,
resistivity, voltage, and current characteristics of the dust layer on the operating
characteristics of the electrostatic precipitator and particle collection efficiency. The criterion
of performance deteriation is obtained, and the dust layer characteristics are explored in
relation to the particle collection. Meanwhile, the methods to reduce the influence of the dust
layer on the ESP performance are proposed. The findings can be useful in optimizing the ES

performance with reasonable operating conditions.

-99-



Chapter Numerical study on dust layer

4.2 Simulation model

The numerical study was based a simplified geometric model of a typical wp&ate ESP.
The theoretical analysis includedrona discharge, particle charging, particle dynamics
model, and gas flow model. As shownFigure4-1, each suiprocess is separately described
by relevant governing equations, and these models interact with one another.

(san |
Flow field - Electric field

A
1
1
1
'
'
1
!

Space
charge

article-gas
coupling

Ton
convection

Figure4-1 Schematic bmulti-process coupling model.

Particle
migration

4.2.1 Corona discharge

Corona discharge is one of the most essential processes in ESPs, and corona discharge results
in a space charge being developed in the drift region, with the gas ions imparting their charge

to the dust paitles. Inside a wirglate ESP, the governing equations that describe the corona

di scharge include Poissonds equation and cur
The Poissonb6és equation is expressed as
. r
p% = -+, (23
eO

wheree is the electric potential [V]; is the ion charge density [@7], and- is the

permittivity of free spacfC/N/m?).
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The current continuity equation is expressed as
Jn mh (24)

where
J=r,(RE+Y -D B, (25)

E=-b/ , (26)

whereJ is the current density [A/fh bi is the mobility of ions [rH(Vs )], u is the gas phase

velocity [m/s], andDi is the ion diffusion coefficient [Afs].

In addition, the corona onset field intensity and voltage on the discharge electrode can be

determined by Peekodés |l aw to calculate the io

(27)

a d
E, = E,mgg’ ©.0308 =
(; 0

TP (28)

a= ,
PT

whereO is the corona onset field intensity on the wire surface [V/m]iansl the radius of
the corona wire [m] is the relative density of gas with respect to normal condition of
273.15 K;TsandT are 273.15 K and local temperature, respectiviedygndP are 101325 Pa

and local pressure, respectively.
4.2.2 Particle charging

The particle charge is an important factar determining the migration of the particles
because the charged particles are affected by the electric field force in the ESP. The

magnitude of the force was dependent on the extent to which the individual particles were
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charged.

The charging model by Ldess (Zheng et al., 2018b, Lawless, 1996)presents a
combination of two charging processes (field and diffusion charging) and provides the overall

charging rate in the follsing dimensionless form:

Téf(w) U-3W > 3w
3 expu- 3w) -1
dv 13 8 u'
—=i-wd — 5 #¥W) |y 3w ,
dt %4(%'13W9 ()H (29)
7 Uy -
T-u +H(w) u 3w , U <Bw
i exptu -3v) 1
&(w+0.475)°"* w 20.52! (30
() =i ) ,
iLw<0.525
= ®C (31)
2p g kT’
_ e Ede (32
e +2 KT
. 33
t:ﬂt, (33
eO

wherev is the dimensionless particle chargeis the dimensionless electric field intensity,
is the dimensionless charging tingg,is the particle charge [CIQis the Boltzmann constant,
e is the electronic charge, 1.60%°C, d, is the particle diametgm], and( is the relative

permittivity of the particle.

4.2.3 Gas flow

The dusty airflow in the ESP can be considered as an incompressiblstemulystate
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turbulent flowy and the RNG & model can be used to describe the stesdie turbulent

flow. Continuity and momentum equations for the gas flow are shown as follows.

Conservation of mass:
D {ru) o (34)

Conservation of momentum:

6 20 0 6 " 0 Q ov

where r is the mass density of the gas [kéfnd is the gas velocity [m/SP is the absolute

pressure [Pa], is theturbulent viscosityof the gas [kg/m/s]andfp is the body force caused

by the particle (drag force here)
4.2.4 Particle dynamics

In the gassolid twophase flow, the particles and fluid continuously exchange momentum.
The patrticle proportion is so small that the interactions of paytdcle, particlewvall and
aggregation can be reasonably negledi¢den the density of the fluid is much less than that

of the particles, the buoyancy force, virtual mass force, affth&n lift force are of a smaller

order of magnitude than the particle inertia itg@lflamiak, 2013, Garrick anBihlmann,

2018) Brownian force is usually considered for the study of submicron particles, and high
temperatures enhance the Brownian motion of the part{8asdari et al., 2018)High
temperatures may also extend the range of particles that can be affected. Therefore, the
particles are mainly subjected to aerodynamic dragetaadric forces under the effect of the

gas flow and electric field because the gravitatidmabyancy, virtual mass, Saffman lift, and
Brownian forces have a small order of magnitude. The 2D model is adopted, and the equation

of motion can be described follows:
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du, — — (36)

mp_= d +Fc’
t

1 .

- :échdf, rg‘u -up‘(u LL,), (37)
F. =q,E, (38)

e 24

C,=maxg——( 1+ 0.15R¥*®*") ,0.4¢ 39
° éCCRep( ¥ (39

wheremyis the mass of the particle [kaly is the particle velocity [m/sFq is the drag force

[N], Fc is the Coulomb force [N], an€@p is the drag coefficient. In addition, when the
particle size is close to the molecular mean free path, the Cunningham correction factor must
be considered for th@on-continuum effects in the calculation of the drag forces on

submicron particles.

(@}

1 -ﬂ 41.257 B.4ex

p

14, ¢ .
2/ ¢ (40

C

C

M (‘P_\('Df
0O $§$‘Do

whereC. is the Cunningham correction factor, &g the molecule mean free path [m].

4.2.5 Dust layer

Particles are deflected from the main gas stream to precipitate onto the collection plates,
where they form the dust layer. In ESPs, the thickness of the dust layer can be predicted by

inlet concentration and efficiency. The equation is as follows:

Ya LY w-—, (41
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whereYd is the increased mass of the dust layer in the ESPsikg]the gas flow in ESP
[m3s], Yt is the time step [sP is the particle mass concentration at the ESP inlet [§g/m

wrepresents the different particle size ranges-asdhe efficiency rate [%)].
The average thickness of the dust layer can be calculated as follows:

0

B Ya& (42

whereQis the average thickness of the dust layer [m], is the density of the dust layer
[kg/m?], ais the length of the collection electrode [m], &d is the height of the collection

electrode [m].

The voltage of the dust layer can be calculated as follows:

Y 0 Wp 1,7 (43)
where’Y is the voltage of the dust layer [V],is the resistivity of the dust layem[A 1],

and division by 100 is due to unit conversion.

The resistivity of the dust layer considering chemical composition and temperature can be

directly measured by experiment or calculated as foll@heng et al., 2018d)

Ig r =2023.96 +[ 1.221dN, o i 0.81(0 v, 11 ) ]
+0.31IgNg, , #0.11(IgNg, ., §1 0.75IgN_, wg  G:14(IdN, Mgz) ' (44)

+ 0.82IgN., 0.61(IgN,, § ] 4-5801_'1: 12031 18215 %)
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whereNk+na+Li IS the percentage &, Na, and Liatoms Nre is the percentage of Fe atoms
[%]; Nca+mg IS the percentage of Ca and Mg atdig; Naisi is the percentage of Al and Si

atoms[%]; andT denotes the temperaturéthe dust layefK].
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4.3 Computational details

This numerical study was based on a siktjlannel wireplate type ESP, which has been
simplified as a 2D geometry model of two flatlecting plates and four circular corona wires,

as shown irFigure4-2(a). The geometry was similar to the ESP we investigated in a previous
work (Gao et al., 2020a)The geometry of this computation model was defined @9& m

long x 0.4 m wide rectangle with four electrodes placed in the channel, of which the diameter
was 3.5 M. The distance between the first wire and duct inlet was 120 mm. The dimensions

were 0.2 m for the wirgo-plate distance and 0.24 for the witewire distance.

960mm

Air flow direction

240mm
o+———0 o
4

400mm

Collecting plate

Wire electrode
(Diameter = 3.5mm) v (a)

Figure4-2 (a) Geometry of modeled whglate ESP and (b) schematic of formation of dust

layer.

The schematic of the dust layer formation is showRigure4-2(b). The negatively charged
high-resistivity dust particles are continuously deposited on theadlistcting plate by the
electric field force. However, due to the higgsistivity of the dust, the release of the charged
electric charge is extremely slow, and the negative surface charge of the dust layer increases
with the increasing deposition thickness and time, thereby affecting the dust collection
efficiency. Thus, th present study was designed to determine the effect of the dust layer on

the particle removal ability and improve the ESP performance with a dust layer.
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The basic parameters of the applied voltage, gas, and particle are |i$taled-1. The gas
temperature was alway423.15 K in this study. The particles were injected into the
computational domain at the inlet of the ESP channel and had a mass aeasdp kg/mi.

The range of the particle diameter is-Q.D ,eamd the inlet velocity was 1 m/s. Two
important factors for dust, of which the dust layer thickness varied from 0 to 5 mm, and the

dust layeresistancechanged from Ho 10 m.

Table4-1 Basic parameters of the model

Voltage Inlet velocity Gas temperature Gas density
40, 60, 80, 100, 120 k\ 1i 4 423.15K 1.093E ¢
Particle diameter Particle density  Particle permittivity lon mobility
0.1110 { 2100E Cx 10 ¢ pma Twd

Dust layer thickness  Dust resistivity

0i 5 mm pTT pT &d

In the meshing process of the models, we used ANSYS meshing software to produce the
mesh, which contained 180,847 nodes and 19,735 elements in this simulation domain. This
computational domain was discretized into quadrilateral meshing, as shown intherstin
Figure4-3. The figure illustrates theesolutionof the grid according to the different locatipns

for example, the grid is dense near the discharge electrodes because -thareighdensity

regions & generated around the four discharge wires.
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Figure4-3 Mesh picture of 2D singtehannel wireplate ESP and refined mesh structure

around discharge electrode wire.

The corresponding boundacynditions are shown ihable4-2. The electric potential on the
electrode surface and collecting plate was equal to the set value and zero, respectively.
Moreover, the ionic charge density on the electrode surface satidiedkP6 s | aw and

steady state diffusion was assumed on the collecting plates and other boundaries.

Table4-2 Boundary conditions of the model

. Electric lonic charge
Gas Particle . _
potential density
VX=U
Vx=um/s m/s .
Inlet " W - 0 Wi 0
Vy:0 m/s Vy:O 90, X
m/s
Outlet Pressure outle Escape W _g Wi 0
HX pX
Collecting ] .
No slip Trap J U pper Pi-o
plate Ky
Wire electrode No slip Reflect /= Peekds

In addition, some results of this study are calculated and simulated based on these formulas.

Particle collection efficiency was calculated with the following equation:
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o] w
P FT e ©)
whered is the particle mass concentration at the ESP inlet [§gamdo is the

corresponding particle mass concentration at the ESP outlet [kgimepresents the

different particle size ranges.

Deutsch efficiency equation can be usedalculate particle average migration velocity,

and particle collection efficiency can be converted to the following equation:
- p QR (46)
Particle average migration velocily can be calculated as follows:
0 -agp -, (47)

whered is the area of the collection plate in ESP][rand0 is the gas flow in ESP [#s].
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4.4 Results and discussion

In industrial applications, dust particles are collected in an ESP, and a dust layer is formed on
the dust collecting plate. The study mainly simulates how the dust layer affects the particle
collection in the wireplate ESP. Furthermore, in our previotisdses, this type of ESP was
simulated under different conditions, such as electrode configurations, applied voltage, and
particle size; the simulated results have been compared with experimental data and showed
good agreemerfiVang et al., 2019, Yang et al., 2018a, Zheng et al., 2018b, Guo et al., 2014a,

Guo et al., 2014b)

In the following subsections, the electrical characteristics were compared under different
applied voltages, dust layer thickness, and dust resistivity. The effect on the particle trajectory
and charge were also considered. Eventually, the results of particle collection efficiency,
relative efficiency, and migration velocity were obtained under different thickness and

resistivity rates.
4.4.1 Effect of dust layer on corona discharge

The voltagecurrent characteristics under the different dust layer thicknesses were plotted
with 10'2 g . ncdust resistivity irFigure4-4. From the three resulting curves, we found that
the strongesv-I characteristic was produced without the dust layer, especially in regions
with high applied voltage. The increased thicknelsthe dust layer would also produce a
lower current density because the high resistivity dust accumulated over time, which resulted
in sharp reduction of the current density along the collecting plate. In general, &-good
characteristic led to improveability in particle collection. Overall, with the increase of the
applied voltage, theurrent densitycontinuously increaseat different thickness rates of the

dust layer.
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3.5

—o— No dust laver
3.0 4+ —>—3mm dust layer
—— Smm dust layer

N

2.0

1.5

AR

0.0 -

Current density I, (mA/m?)
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Figure4-4.Typical w-"0O characteristiecurrent density as function of applied voltage without

dust layer and with two different thicknesses of the dust layer.

This simulation was conducted under the conditions of dust resistivity ¢LOm) with
different dust layer thicknesses at an applied voltage of 60 kV to further investigate the
electrical characteristics in the wiptate ESP. The distribution of the electric potential is
shown inFigure4-5(a). The electric potential was much lower near the collecting plate than

in other regions. However, when the thickness of the dust layer increased, the surface
potential around the plate beganrise significantly due to the influence of the dust layer on

the voltage drop. The ion charge density distributions under the different layer thicknesses of
0, 1, 3, and 5 mm were comparedrigure4-5(b). The ion charge density decreased sharply
away from the discharge electrode. The ion charge density region also weakened gradually
between the two adjacent wires due to corona suppression. The sesulisd that the ion
charge density decreased dramatically around the corona wire with the increasing thickness
of the dust layer as a result of the reduction of effective potential difference, and inhibition
occurs. Thus, according to the resultsFigure 4-5, the thicker dust layer has an adverse

effect on the electrical characteristics.
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Electric potential (kV) Ion charge density (C/m? x 107)
60 45 30 15 0 1105 84.3 58.2 32,0 5.9
| j

-

1mm dust layer

3mm dust layer

Smm dust layer

(@) (b)

Figure4-5 Electric potential{ p T, @) and ion charge density/¢ p T, Db)

distribution without dust layer and with 1, 3, and 5 mm dust layer.

To investigate the distribution of the electric field strength under different dust layer
thickness i) with dustresistivity p 7 mgo &, the simulation was finished with applied
voltage of 60 kV for this model, as shown kigure 4-6(a). The distance between the
imaginary red line and the center of the channel were 0.19 m in both conditions. The electric
field strength near the dusbllecting plate decreased significantly with increasing dust layer
thickness due to changed electric pitd. However, according to the results, the electric
field strength did not maintain a uniformly decreasing trend every time the thickness was

increased by 1 mm. For example, the trend of the decrease in the electric field strength with
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the increasing dit layer thickness from O mm to 1 mm is stronger than the downward trend
of 4 mm to 5 mm. This finding could mean that the electric field strength near the collecting

plate would no longer have a clear downward trend when the dust layer is extremely thick.

The distribution of electric field strength under various dust resistivity rates with 5 mm dust
layer thickness was plotted Figure4-6(b). The resiis show that the electric field strength
was affected by different dust resistivity, which is the same as the thickness condition. The
electric field strength also declines with rising dust resistivity, especially inrbijstivity
conditions. In additin, the trends of decreased electric field strength could be divided into
two regions. In the first stage {10 q .9, the Es did not change apparently, and it
dropped slightly only when dust resistivity reached®f0. nt In the second stage £R0'°

qm), the electric field strength near the plate decreased sharply untitiRased to 18

q.nc

Overall, these results suggest an association between electrical characteristics, dust layer
thickness, and dust resistivity. The electrical performance affested by thickness and
resistivity of the dust layer, but it was not linearly decreased as shown above. Interestingly,
with the increasing thickness of the dust layer and dust resistivity, the place with field
strength became the lowest and the lowéstgopbecame the highest. The peak value of the
electric field strength decreased by 41.2%. In addition, the electric field strength distribution
changed with the accumulation of the dust layer, and all the data used in the simulation are
actual parametensithin the acceptable range. Therefore, this work should be useful for the
optimization of the dust layer under reasonable operational conditions, such as a good period

of rapping process.
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Figure4-6 Distribution of electric field strength under (a) different dust layer thickmess
with dust resistivityp T Mo dand (b) different dust resistivity& awith 5 mm dust layer

thickness at applied voltage of 60 kV.
4.4.2 Effect of dust layer on particle removal

The singleparticle charging and trajectory under different thickness of the dust layer and
different dust resistivity at 10 particle size are shown IFigure4-7(a) and Figure4-7(b).

The applied voltage kept a constant value of 60 kV throughout the entire investigation unless
specified. Furthermore, the contour background in the figure represents the ion charge density
distribution under different conditions of the dust layer. The single particle was released from

y=0.001 m to track the trajectory and calculate the particle space charge.
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As shown inFigure 4-7(a) andFigure 4-7(b), the four contour background with the ionic
charge density around the corona wire warsosisly reduced with a thick layer and high dust
resistance. Furthermore, the results show that the particle charging trend is not like the
particle trajectory; apparently, the particle was quickly charged upon reaching the vicinity of
the first dischargeorona wire (x=0.12 m). Subsequently, the charging speed of the particle
becomes slow after passing the first corona wire. Most importantly, these results indicate that
the particle capture ability was severely affected by increased dust layer thickddsgla

dust resistivity. After comparing the results showkigure4-7(a) andrFigure4-7(b), we find

that the simulated results are the same as the electrical characteristics discussed earlier, but
the effects of the increased thickness and dust resistance on the trajectory and charge of the
single farticle were not the same. The current study found that when the resistivity of the dust
is constant, the effect of thickness on the patrticle collection performance becomes small as
the thickness increases. Moreover, when the thickness of the dust lagematachange and

when the resistivity exceeds a certain characteristic value, a severely negative impact occurs
on the particle removal ability. For example, the resistivity shows a completely different
degree of influence on the particle trajectory ahdrging compared with the dust resistance,
increasing from 18§ to 10tq . ng 16 to 10°q . ng and 18 to 102q . nt Further discussion

of the effects of dust resistivity on the ESP capabilities under various conditions is provided

in thesubsequent section.
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Figure4-7. Particle migration and charging under (a) different thicknesses of dust layer and

(b) different dust resistivity at {0 particle size.

Figure 4-8 shows the particle collection efficiency for various particle sizes with different
dust layer conditionsThe overall trends of collection efficiency without dust layer and with
different dust layer conditions are shown asltheurves with particle sizéom 0.05t i to

10t 1 . The investigation of collection efficiency has shown that the overall efficiency is
highest when no dust layer exists for all particle sizes involved in this study. Furthermore, the
collection efficiencies decreased differently undgarious dust layer conditions. Compared

with the no dust layer, the collection efficiency decreased from 89% to 62.4% with the 5 mm
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and 102 g .nt dust layerFor the same dust resistivity with the layer thickness increased
from 3 mm to 5 mm, the dust cetition efficiency was only slightly reduced. However, for
the same dust layer thickness with increased resistivity frdftda0%q . nt the efficiency

was sharply reduced, which could mean that after the resistivity reached a certain value, any
furtherincrease may have a strong impact on the dust collection efficiency, which would be
much greater than the effect of thickness. Furthermitiee compared particle trajectories
with color scaled to the particle charge for thedust layer and 5 mm dust layat 10t |

particle size are shown iRigure 4-8. As expected, the particle trajectories are severely
affected by the presence of the dust layer. Fumbeg, the left side dfigure4-8 shows that

the curve variations of efficiency changes with different particle sizes are not significant.
However, the trajectory of the particles exhibited different movement behavior on the right
side ofFigure4-8 because the electric field, ion concentration, and particle charge decreased

at different spatial positions with the increase of dust resistivity and thickness.

Figure4-8 Particle collection efficiencies (%, left) for different sized particles and particle
trajectories with color scaled to particle charge (right, e) &t 1@article size without dust

layer and with 5 mm dust layer.
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