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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A modified ESP model suitable for high 
temperature gas was established. 

• The plasma model was used to simulate 
corona discharges in the ESP. 

• The effect of temperature on ESP per-
formance was studied numerically. 

• The effect of H2O concentration in flue 
gas on ESP performance was studied.  
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A B S T R A C T   

In this study, a numerical model of an electrostatic precipitator (ESP) suitable for high-temperature flue gas was 
established using COMSOL Multiphysics, and the effects of temperature and H2O concentration on the high- 
temperature ESP performance were studied. The results showed that, at the same voltage, increasing the tem-
perature increased the negative ion density, thereby improving the particle charge and collection efficiency. 
However, increasing the temperature led to a decrease in the maximum operating voltage of the ESP, which 
reduced the negative ion density and electric field intensity at the maximum operating voltage and weakened the 
diffusion and field charges of the particles, leading to a further decrease in the maximum collection efficiency. 
Increasing the H2O concentration in the flue gas increased the negative ion density and, thus, enhanced the 
diffusion charge of the particles, which helped improve the collection efficiency.   
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1. Introduction 

As the emission standards for flue gas pollutants in key industrial 
fields, such as the cement, glass, iron and steel, and petrochemicals 
fields, are gradually becoming stricter; stricter requirements are being 
set for reducing the emission of industrial flue gas pollutant. Many in-
dustries need to de-dust high-temperature dusty flue gas in process 
systems to achieve high-temperature flue gas purification [1]. An elec-
trostatic precipitator (ESP) is an effective technology used to remove 
particles at high temperatures and has great market prospects in various 
industries owing to its low pressure drop, high efficiency, and wide 
range of adaptability [2–4]. Computational fluid dynamics is a powerful 
tool for studying corona discharge and particle-trapping processes in 
ESPs [5]. The following three basic physical processes occur in an ESP: 
corona discharge, gas flow, and particle migration [6]. Corona discharge 
is a major factor affecting particle removal. The electric field distribu-
tion and space charge density distribution directly affect particle 
charging and migration [7]. 

Corona discharge is very important in ESP simulations because it is 
the basis for particle charging. In most previous numerical studies, a 
simplified corona discharge model was used, termed the single-species 
stationary model [5]. In this model, the ionization layer was neglected 
and the steady-state flow of one ionic species was considered. The 
formulation of the boundary conditions, which is essential for 

calculating the space charge in the discharge region, is crucial in this 
model. The most natural method is to use an experimentally measured 
corona current, which also removes many secondary factors that affect 
the accuracy of the simulation [8]. Another simpler solution is to adopt 
Kaptzov's assumption that the electric field on the surface of the corona 
electrode is a constant value calculated using Peek's formula [9]. Many 
numerical studies on ESPs have been conducted based on this model. For 
example, Luo et al. [10] developed an integrated model based on this 
discharge model to study the effect of temperature on corona discharge. 
Zheng et al. [7] and Yang et al. [11] considered the effect of dust particle 
charge using this discharge model, and they investigated the effect of 
particle charge on the electric field and space charge density. Zhang 
et al. [12] added a dust layer discharge model to this discharge model 
and found that the dust layer reduced the electric field intensity and 
particle charge. In addition, numerous numerical studies on the struc-
tural parameters of the ESPs based on this discharge model have been 
performed [13–18]. Most of these numerical studies used the parameters 
of air for calculation, and there are few studies that adopted complex 
atmospheres and gas components. However, ESPs are often operated in 
flue gases with complex gas compositions, including N2, O2, CO2, H2O, 
CO, NOx, and SOx. Flue gas components change with different fuels and 
operating conditions, and many experimental studies have explored the 
influence of flue gas components on the discharge characteristics 
[19–22], but few numerical studies exist in this area. In addition, current 

Nomenclature 

ne electron number density, 1/m3 

Γe electron flux, 1/m2‧s 
Re source term of electron, 1/(m3‧s) 
E electric field intensity, V/m 
μe electron mobility, m2/(V‧s) 
De electron diffusion coefficient, m2/s 
e electronic charge 
nε electron energy density, eV/m3 

Dε electron energy diffusion coefficient, m2/s 
Rε energy loss/gain due to inelastic collisions, eV/(m3‧s) 
με electron energy mobility, m2(eV‧s) 
Te electron temperature, eV 
xj mole fraction of the target species for reaction j 
kj rate coefficient for reaction j, m3/s 
Δεj energy loss for reaction j, eV 
Nn total neutral number density, 1/m3 

me electron mass, kg 
σj collision cross section, m2 

f electron energy distribution function (EEDF) 
ε electron energy, eV 
wk mass fraction of species k 
u fluid velocity vector, m/s 
jk diffusive flux 
Rk rate expression 
ρ density of the mixture, 1/m3 

Vk multi-component diffusion coefficient of species k, m2/s 
Dk diffusion coefficient of species k, m2/s 
Mn mean molecular mass 
T gas temperature, K 
Dk

T thermal diffusion coefficient of species k, m2/s 
zk charge of species k, C 
μk mobility of species k, m2/(V‧s) 
nk number density of species k, 1/m3 

Γk flux density of species k, 1/(m2‧s) 
qi ion charge, C 
mg gas molecular mass, kg 

di ion diameter, m 
P absolute pressure, Pa 
kB Boltzmann constant 
ε0 permittivity of free space 
εr relative permittivity 
np、nn number density of positive and negative ions, respectively, 

1/m3 

V potential, V 
n boundary normal vector 
γp secondary electron emission coefficient 
Γp secondary emission electron flux, 1/(m2‧s) 
ρgas gas density, kg/m3 

μgas effective gas viscosity, kg/(m‧s) 
ρion ion space charge density, C/m3 

ugas gas velocity, m/s 
Mgas mean molecular mass of the flue gas 
RM gas constants, RM=8.314 J/mol⋅K 
ri molar fraction of each gas in the mixture 
μi viscosity of each gas in the mixture, kg/(m‧s) 
gi mass fraction of each gas in the mixture 
Mi relative molecular mass of each gas in the mixture 
qs、qp saturation particle charge, and particle charge C 
τ time constant 
dp particle diameter, m 
Zion total flue gas ion mobility, m2/(V‧s) 
Zi ion mobility of each gas in the mixture, m2/(V‧s) 
Zi0 ion mobility of each gas in the mixture under standard 

conditions, m2/(V‧s) 
up particle velocity, m/s 
ρp particle density, kg/m3 

Cd drag coefficient 
Re Reynolds number 
Cc Cunningham correction factor 
λ mean free path, m 
φ(i) volume fraction of each gas in the mixture 
Uj breakdown voltage, kV 
d electrode spacing, mm 
δ relative gas density  
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numerical studies mainly focus on conventional ESPs (<200 ◦C), while 
some industries, such as the metallurgy and cement industries, are 
required to perform dust removal in high-temperature flue gas 
(>350 ◦C). More importantly, it has been shown that during high- 
temperature gas discharge, the actual corona onset electric field is 
significantly lower than the value calculated using Peek's formula, and 
the electron current in the high-temperature discharge current cannot be 
neglected; therefore, the conventional model is not applicable to corona 
discharge at high temperatures [23–24]. 

In this study, we first established an ESP model suitable for high- 
temperature gases using COMSOL Multiphysics. We adopted a plasma 
model to simulate corona discharge and coupled it with the flow field 
and particle transport. The model was then used to explore the effects of 
temperature and H2O concentration in the flue gas on the distribution of 
charge carriers, discharge the current, electrical characteristics, and the 
collection efficiency. 

2. Numerical methods 

2.1. Basic physical process 

In an ESP, the dust removal process primarily involves three physical 
fields, namely the electric field, flow field, and particle transport. All of 
these are mutually coupled, although some couplings are weaker than 
others and can be neglected. Studies have shown that, for a low- 
concentration dust-laden airflow, the effect of particles on the space 
charge can be ignored during the calculation process. In addition, the 
electric field can affect the flow field through the ionic wind, whereas 
the opposite coupling reaction is weak and can be neglected [5]. 
Therefore, the influences of the particle and flow fields on the electric 
field were ignored in this study. A schematic of the multiphysics field 
coupling is shown in Fig. 1. 

2.2. Corona discharge model 

2.2.1. Negative corona discharge process 
During the negative corona discharge process, the discharge space 

can be divided into the corona and drift regions, and the corona region 
can be further divided into the ionization and attachment regions [23]. 
Most types of particles exist in the corona region, including electrons, 

positive and negative ions, and gas molecules. When a voltage is applied, 
positive ions migrate in the direction of the electric field lines, whereas 
electrons and negative ions migrate in the direction opposite to the 
electric field lines. These free charges collide with gas molecules during 
the migration process, and various discharge reactions occur, including 
ionization, attachment, dissociation, excitation, and charge transfer. In 
our simulation, the flue gas comprised N2, CO2, O2, and H2O. We used 
the plasma model to determine the electric field characteristics, without 
ignoring ion diffusion and electron density, and considered the kinetics 
of discharge chemical reactions, including the ionization reaction, 
attachment reaction, and positive and negative ion-recombination re-
actions. The species included electrons (e), negative ions (O− , O2

− , CO3
− , 

CO4
− , and OH− ), positive ions (N2

+, O2
+, N4

+, O4
+, N2O2

+, H2O+, CO2
+, and 

CO+), and neutral atoms (N2, O2, CO2, H2O, O, O3, H, H2, C, CO, and 
OH). In addition, 50 discharge chemical reactions were considered in 
the model (as shown in Supplementary Material) [25–29]. 

2.2.2. Plasma model 
The governing equations of the fluid dynamics model are usually 

composed of the electron continuity equation, positive and negative ion 
continuity equations, electron energy conservation equation, and Pois-
son equation. The electron density and average electron energy in the 
model are calculated using the following continuity equations: 

∂
∂t
(ne)+∇ • Γe = Re (1)  

∂
∂t
(nε)+∇ • [ − nε(με • E) − Dε • ∇nε ] +E • Γe = Rε (2)  

Γe = − ne(μe • E) − De • ∇ne (3) 

De, με, and Dε were calculated from the electron mobility μe using the 
following formula: 

De = μeTe (4)  

με =
5
3
μe (5)  

Dε = μεTe (6) 

The source terms Re and Rε were determined based on the plasma 

Fig. 1. Multiphysics field coupling schematic.  
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chemistry using the rate coefficients calculated as follows: 

Re =
∑M

j=1
xjkjNnne (7)  

Rε =
∑M

j=1
xjkjNnneΔεj (8) 

The rate coefficient kj was computed from the cross section using the 
following equation: 

kj = γ
∫ ∞

0
εσj(ε)f (ε)dε (9)  

γ =

̅̅̅̅̅̅
2e
me

√

(10)  

where σj is the collision cross-section taken from the Lxcat database [25] 
and f is the electron energy distribution function. 

Heavy particles, such as ions, atoms, and molecules, can be described 
using the continuity equation as follows: 

ρ ∂
∂t
(wk)+ ρ(u • ∇)wk = ∇ • jk +Rk (11) 

jk is the diffusive flux and is expressed as follows: 

jk = ρwkVk (12) 

Vk is the multi-component diffusion coefficient of species k. Ac-
cording to the mixture average model, this can be expressed as 
following: 

Vk = Dk
∇wk

wk
+Dk

∇Mn

Mn
+DT

k
∇T
T

− zkμkE (13) 

Because a variety of ions must be considered in the plasma model, 
the ion mobility of each ion at different temperatures was calculated 
using the Friedlander formula as follows [30]: 

μk = 0.441 • qi

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

kB • T
/

mg

√

P • di
2

)

(14) 

The electrostatic field was calculated using the following Poisson's 
equation: 

− ∇ • ε0εr∇V = e
(∑

np − ne −
∑

nn

)
(15)  

E = − ∇V (16) 

The boundary conditions for corona discharge must consider the 
reactions that occur after the collision of charged particles with the 
electrode, such as reflection and secondary electron emission. The 
boundary conditions of the electron transport equation at the electrodes 
can be expressed as follows: 

n • Γe =

(
1
2

̅̅̅̅̅̅̅̅̅̅̅̅
8kBTe

πme

√

ne

)

−
∑

p
γp
(
Γp • n

)
(17) 

These ions become stable gas molecules at the electrode. The elec-
trode boundary conditions of the ions and neutral molecules can be 
expressed by the following formula: 

n • Γk =

(
1
4

̅̅̅̅̅̅̅̅̅̅

8kBT
πmk

√

nk

)

(18)  

2.3. Flow field model 

The flow field in the ESP is calculated using the time-averaged 
Navier–Stokes equation together with the RNG k–ε turbulence model. 
In an industrial ESP, the gas flow is typically considered as an incom-
pressible, viscous, steady-state flow and can be described by the 

following equations: 
Conservation of mass: 

∇
(
ρgasugas

)
= 0 (19) 

Conservation of momentum: 

ρgas

(
∂u
∂t

+ ugas • ∇ugas

)

= − ∇P+ μgas∇
2ugas + ρionE (20)  

where the term ρionE represents the ionic wind effect on the main flow. 
In this study, flue gas was regarded as a mixture of ideal gases. The 

density and dynamic viscosity of the gas are affected by temperature and 
were calculated using the following equations: 

Density of flue gas: 

ρgas =
PMgas

RMT
(21)  

Mgas = 28.062rN2 + 44.01rCO2 + 32rO2 + 18.016rH2O (22) 

Dynamic viscosity of flue gas at different temperatures [31]: 

μN2
=

1.0385 × 10− 2

T + 118

(
T

373

)1.5

(23)  

μCO2
=

1.1394 × 10− 2

T + 252

(
T

373

)1.5

(24)  

μO2
=

1.2622 × 10− 2

T + 138

(
T

373

)1.5

(25)  

μH2O =
1.8875 × 10− 2

T + 1191

(
T

373

)1.5

(26)  

μgas =
∑

i
giμi (27)  

gi = ri
Mi

Mgas
(28) 

The above formula has an error of <2% within 0–1000 ◦C. 

2.4. Particle charging model 

Particle charging occurs when the particles move in the corona field. 
The charging mechanism is divided into electric field charging and 
diffusion charging. The combined charge model proposed by Lawless 
[32] can accurately calculate the charging number and rate, which can 
be described as follows: 

dqp

dt
=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

qs

τ

(

1 −
q
qs

)2

+
2παρionZionkBdp

e
q ≤ qs

α
4τ (q − qs)exp

(
e(q − qs)

2πε0ZionkBTdp

)

q > qs

(29)  

α =

⎧
⎪⎨

⎪⎩

1 enorm < 0.525
1

(enorm + 0.457)0.575 enorm > 0.525
(30)  

enorm =
edp

2kBT
E (31) 

In the particle-charging model, the ion mobility is influenced by the 
temperature and gas composition. Considering that a variety of ions are 
involved in the plasma model, it is difficult to calculate the total ion 
mobility of flue gas using the Friedlander formula. To simplify the 
calculation process, the ion mobility at different temperatures in the 
particle charging model was calculated using the following formula 
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[33]: 

1
Zion

=
∑

i

ri

Zi
(32)  

Zi = Zi0 •

(
T
T0

)

(33)  

where Zi is the ion mobility of component i，Zi0 is the ion mobility of 
component i under standard conditions, and T0 = 273.15K. The ion 
mobilities of the different gases under standard conditions are listed in 
Table 1. 

2.5. Particle transport model 

The motion of particles is mainly affected by the drag force, gravity, 
and electric force in an ESP. Therefore, the Lagrangian approach was 
adopted to calculate the particle motion before its escape or capture. The 
particle motion equation can be described as follows: 

mp
dup

dt
=

1
8

πCdρgasd
2
p

⃒
⃒ugas − up

⃒
⃒
(
ugas − up

)
+Eqp +mpg

ρp − ρgas

ρp
(34)  

Cd =

⎧
⎪⎪⎨

⎪⎪⎩

24
Re

Re < 0.1

22.73
Re

+
0.0903

Re2 + 3.69 0.1 < Re < 1
(35)  

Re =
ρgas

⃒
⃒up − ugas

⃒
⃒dp

μgas
(36)  

Cc = 1+
2λ
dp

(

1.257+ 0.4exp
(

−
1.1dp

2λ

))

(37) 

The terms on the right-hand side of Eq. (34) denote the drag force, 
electric force, and gravitational force, respectively. 

Collection efficiency η was calculated by the following equation: 

η =
min − mout

min
× 100% (38)  

where min is the inlet mass concentration of particles (g/Nm3) and mout is 
the outlet mass concentration of particles (g/Nm3). 

2.6. Model conditions and calculation procedure 

In this study, a wire-cylinder ESP was configured for model devel-
opment. All numerical calculations were performed using COMSOL 
Multiphysics. A plasma module was used to solve the electric field. A 
computational fluid dynamics module was utilized for the gas flow field. 
A particle tracking module was applied for particle transport. The geo-
metric structure and grid divisions are shown in Fig. 2. To simplify the 
calculation process and considering the symmetry of the model, the 
plane region on the axisymmetric side was selected as the computational 
control domain. The entire geometry was discretized using an unstruc-
tured mesh, and refined grids were applied around the electrodes to 
improve the modeling accuracy. The geometry and operating parame-
ters of the ESP are presented in Table 2. The gas components are listed in 
Table 3. The following procedure was executed for the simulation. First, 

the electric field and charge density distribution at the moment of 
discharge stabilization were obtained by solving the plasma model, and 
the calculated electric field and charge distribution were used as the 
given conditions to perform the coupling calculation of the electric and 
flow fields to obtain the flow field characteristics. Finally, the particles 
were injected into the computational domain and the particle charge 
equation, and the equation of motion was solved to obtain the particle 
transport characteristics. The boundary conditions used for the calcu-
lations are listed in Table 4. 

Table 1 
Ion mobility of different gases under standard conditions.  

Component Negative ion mobility, m2/V⋅s Positive ion mobility, m2/(V⋅s) 

N2 – 1.8 × 10− 4 

CO2 9.8 × 10− 5 8.4 × 10− 5 

O2 2.6 × 10− 4 2.2 × 10− 4 

H2O 9.5 × 10− 5 1.1 × 10− 4  

Fig. 2. ESP geometry model and computational meshes.  

Table 2 
Geometric and operating parameters.  

Parameter, unit Value Parameter, unit Value 

Length, m 0.18 Pressure, atm 1 
Temperature, ◦C 300–600 ◦C Applied voltage, kV − 8-18 
Gas velocity, m/s 1.5，3 Particle density, kg/m3 2200 
Wire radius, mm 1 Particle diameter, μm 0.8, 2, 4, 6 
Cylinder radius, mm 30    

Table 3 
Flue gas components.  

Group Flue gas components (%) 

φ(N2) φ(CO2) φ(O2) φ(H2O) 

1 70 8 12 10 
2 55 8 12 25 
3 40 8 12 40  

Table 4 
Boundary conditions.   

Electric 
potential 

Electron Ion Gas flow Particle 
motion 

Discharge 
electrode 

V = V0 Eq. (17) Eq. 
(18) 

Non-slip Reflect 

Collecting 
electrode 

V = 0 Eq. (17) Eq. 
(18) 

Non-slip Trap 

Inlet − n • ∇

ε0εrE = 0 
− n • Γe =

0 
− n •
Γk = 0 

Velocity Escape 

Outlet − n • ∇

ε0εrE = 0 
n • Γe = 0 − n •

Γk = 0 
Pressure Escape  
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3. Results and discussion 

3.1. Model validation 

3.1.1. Verification of discharge current results 
To verify the accuracy of the model, we conducted experiments and 

simulations at different temperatures and H2O concentrations and 
compared the experimental V–I curves with the simulated results. To 
ensure relevance, the model parameters were kept consistent with the 
experimental parameters. The experimental setup is shown in Fig. 3. The 
effective length of the discharge electrode was 180 mm, the diameter 
was 2 mm, and the heteropolar distance of the discharge device was 29 
mm. H2O was injected into the pipeline using a syringe pump. A heating 
coil was wrapped around the pipeline between the syringe pump and 
inlet port to ensure that the H2O evaporated quickly and mixed with the 
gas after entering the pipeline. The H2O concentration was controlled by 
controlling the injection speed of the syringe pump. The results are 
shown in Fig. 4. The simulated results were consistent with the experi-
mental data. Considering the measurement errors of the experimental 
instruments, the model exhibited high accuracy in predicting the high- 
temperature discharge characteristics in the range of the working con-
ditions measured in this study. 

3.1.2. Validation of collection efficiency results 
To further verify the accuracy of the model, we compared the 

experimentally obtained collection efficiency with the simulation re-
sults. Experimental data were derived from our previous study [34]. The 
dust removal experimental device is shown in Fig. 5, where the effective 
length of the ESP was 1.2 m, radius of the discharge electrode was 1 mm, 
and radius of the dust collection electrode was 50 mm. In the experi-
ment, the gas velocity was 0.12 m/s, and the discharge atmosphere was 
air (gas in the numerical calculation: φ(N2) = 78.94%, φ(O2) = 21%, 
φ(CO2) = 0.03%, φ(H2O) = 0.03%). A dust sampling port was placed at 
the outlet of the ESP. The particle concentrations were sampled using a 
PM10 impactor and measured using an electronic balance. The particle 
concentration, measured at an applied voltage of 0 kV, was used as the 
inlet dust concentration. The dust collection efficiency was calculated 
using Eq. (38). We performed numerical calculations based on experi-
mental parameters to verify the accuracy of the collection efficiency 
calculated in the model. The total collection efficiency of the numerical 
model was obtained using Eq. (39), where ndi is the volume weight of 
particles with diameter of di and ηdi is the collection efficiency of par-
ticles with diameter of di. The particle size distribution was obtained 
from reference [34] (Fig. 6). A comparison between the experimental 
and calculated values for dust collection efficiency is shown in Fig. 7. 
The calculated results were lower than the experimental results at low 
voltages, but very close at high voltages. At low voltages, the particles 
were not completely collected; during the experiment, the particles had 

an agglomeration effect, and the small particles agglomerated into large 
particles, thereby increasing the particle charge and improving the dust 
removal efficiency. The agglomeration between particles was not 
considered in the simulation calculation; thus, the calculated value was 
small. When the voltage was larger (>12 kV), the calculated value 
reached 100%, which meant that the particles were completely 
collected. However, in the experimental process, the collection effi-
ciency could not reach 100% owing to the presence of the secondary 
dust effect; consequently, the experimental value was very close to 
100%, but slightly lower than 100%. Therefore, the calculated value at 
low voltage was lower than the experimental value, whereas at high 
voltages, they were very close to each other. However, in general, the 
simulation results were consistent with the experimental results. 

η =
∑i=∞

i=0
ndiηdi (39)  

3.2. Distributions of charge carrier number density 

The 2D and radial distributions of the charge carrier density are 
presented in Fig. 8 (Y position = 90 mm). In the region from the 
discharge electrode to the anode, the electron density first increased and 
reached a maximum at the ionization boundary and then decreased 
rapidly. Positive ions were concentrated around the discharge electrode 
with an order of magnitude of 1015, which was much larger than that of 
the electrons and negative ions. The positive ion density decreased 
rapidly with increasing distance from the discharge electrode. The 
negative ion density first increased and then decreased with increasing 
distance from the discharge electrode. Negative ions were the main 
charge carriers in the drift region, and their number density in the drift 
region was several orders of magnitude higher than that of the positive 
ions and electrons. This charge carrier distribution was mainly caused by 
the different electric field forces acting on the different charge carriers in 
the discharge region. Owing to the negative voltage applied to the 
discharge electrode, the electric field was directed from the ground 
electrode to the discharge electrode. Ionization and attachment re-
actions occurred in the corona region, and the resulting positive ions 
migrated toward the discharge electrode under the electric field force, 
while the negative ions rapidly entered the drift region. Therefore, the 
density of positive ions was higher in the region near the discharge 
electrode, whereas negative ions were mainly present in the drift zone. 
During the operation of an ESP, particles are charged mainly by colli-
sions with negative ions and then removed by the electric field force. 

3.3. Composition of corona current at high temperature 

The composition of corona currents has been studied by several re-
searchers. Goldman et al. [35] found a saturation amount of unipolar ion 

Fig. 3. Discharge experimental setup.  
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concentration near a ground electrode. Sigmond et al. [36] derived an 
equation for the saturation ion density using theoretical derivation, 
which led to the saturation ion current density equation being obtained. 
Yan [37] and Xiao [24] conducted discharge experiments at high tem-
peratures and found that the total current at high temperatures and 
voltages was always higher than the calculated saturation ion current, 
proving that the electron current at high temperatures cannot be 
neglected. However, because the electron current in the corona current 
cannot be measured directly, researchers often obtain the electron cur-
rent by solving for the difference between the total current and satura-
tion ion current. When the total current was less than the saturation ion 
current, they considered that there was no electron current [37]. How-
ever, Sigmond found that an electron current was also likely to exist in 
the corona current below the saturation ion current [36]. In this study, a 
plasma model was used to calculate corona discharge. The electron and 
ion current densities was obtained, and the total corona current density 
is the sum of both. The variation curves of the total discharge and ion 
currents at 400 ◦C are shown in Fig. 9. The saturation ion current density 
was calculated using Eq. (40) [36]. Both the ion current and the total 
current increased with increasing voltage. The ion current density was 
always significantly lower than the total corona current density, proving 

that the electron current cannot be neglected at high temperatures and 
that the electron current is also present in the corona current below the 
saturation ion current. In addition, the gap between the ion current and 
the saturation ion current gradually decreased as the voltage increased. 
The ion current reached saturation at 18 kV. Therefore, conventional 
corona discharge models that tend to ignore electrons are not applicable 
to modeling corona discharges at high temperatures. When an ESP is 
operated, the dust particles are charged by colliding with ions, the ion 
current is useful for the ESP to remove dust, and the electron current has 
a minor contribution to dust removal but greatly increases the energy 
consumption of the precipitator [38]. 

Is =
2πε0ZionV2

R2 (40)  

3.4. Characteristics of electric field 

3.4.1. Effect of temperature 
The temperature had a significant influence on the performance of 

the high-temperature ESP. In particular, high temperatures led to a drop 
in the breakdown voltage, which in turn had an impact on the collection 

Fig. 4. Comparison of discharge characteristics curves between computational results and experimental data at different (a) temperatures and (b) H2O 
concentrations. 

Fig. 5. Schematic of the experimental setup.  

Y. Shi et al.                                                                                                                                                                                                                                      



Powder Technology 411 (2022) 117913

8

efficiency. Therefore, when studying the effect of temperature on the 
performance of ESPs, it is important to consider not only the tempera-
ture as a variable but also decreases in the breakdown voltage due to 
temperature rise. To fully investigate the effect of temperature on the 
ESP performance, this section investigates and compares the effect of 
temperature on the electric field characteristics at the same voltage and 
at the maximum operating voltage. The maximum operating voltage was 
defined as the maximum voltage that could enable the ESP to operate 
stably at a given temperature, and it varied with temperature. In actual 
industries, when the applied voltage is close to the breakdown voltage, 
the operation of an ESP becomes unstable; therefore, a voltage slightly 

below the breakdown voltage is often used as the maximum operating 
voltage. For convenience, 0.95 times the breakdown voltage was used as 
the maximum operating voltage. The breakdown voltage was calculated 
using Eq. (41) [39–40]. The maximum operating voltage decreased with 
increasing temperature (Table 5). In addition, the gas component used 
for the calculation was group 1. 

The effect of temperature on the radial distribution of the negative 
ion density at the same voltage and maximum operating voltage is 
shown in Fig. 10(a). As can be seen from the figure, at the same voltage, 
the negative ion density increased with increasing temperature, whereas 
at the maximum operating voltage, the effect of temperature on the 
negative ion density was the opposite of that at the same voltage, and the 
negative ion density decreased with increasing temperature. The effect 
of temperature on the radial distribution of the electric field intensity at 
the same voltage and maximum operating voltage is shown in Fig. 10(b). 
At the same voltage, the electric field intensity distribution generally 
varied less with the temperature change. In the region near the 
discharge electrode, the electric-field intensity decreased with 
increasing temperature, whereas it increased with increasing tempera-
ture near the grounding electrode. At the maximum operating voltage, 
the electric field intensity distribution curve shifted downward with 
increasing temperature on average, and the electric field intensity 
decreased with increasing temperature in all discharge regions. In 
addition, the electric field intensity on the surface of the discharge 
electrode decreased with increasing temperature. At a voltage of 12 kV, 
the electric field intensity on the surface of the discharge electrode 
decreased from 2.9 × 106 V/m to 2.15 × 106 V/m when the temperature 
increased from 300 ◦C to 600 ◦C. 

Uj = 1.5× 106dδ (41)  

3.4.2. Effect of H2O concentration 
Gas components have an important effect on corona discharge 

characteristics, and the effect of H2O concentration in high-temperature 
flue gas components on the electric field characteristics is explored in 

Fig. 6. Particle size distribution.  

Fig. 7. Comparison of collection efficiency between computational results and 
experimental data in the ESP. 
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this section. The gas temperature used in the simulation was maintained 
at 400 ◦C. Fig. 11 shows the effect of H2O concentration on the distri-
bution of the negative ion number density and electric field intensity at 
an applied voltage of 12 kV. When the gas temperature and voltage were 
constant, the negative-ion number density increased with increasing 
H2O concentration. H2O is a strong electronegative gas, and increasing 
the concentration of H2O in the gas enhanced the overall electronega-
tivity of the high-temperature flue gas and improved the ability of gas 
molecules to attach electrons, thereby increasing the density of the 
negative ions, which is conducive to particle charging. Fig. 11(b) illus-
trates the distribution of the electric field intensity for different H2O 
volume fractions. The overall electric-field intensity distribution was 
less affected by the H2O concentration. When the H2O concentration 

increased, the electric-field intensity decreased in the area near the 
discharge electrode and increased in the area near the grounding elec-
trode. The effect of H2O concentration at different voltages on the 
electric field intensity at the surface of the discharge electrode is shown 
in Fig. 12. As can be seen from the figure, the electric field intensity on 
the surface of the discharge electrode decreased with increasing of H2O 
concentration, indicating that increasing the H2O concentration can 
reduce the corona onset voltage. In addition, it is worth noting that the 
discharge electrode surface electric field increased with increasing 
voltage, indicating that the change in voltage also had an effect on the 
discharge electrode surface electric field. Therefore, it was unreasonable 
for the conventional corona discharge model to use the constant value 
calculated using Peek's formula as the discharge electrode surface 
electric field. 

3.5. Dust removal characteristics 

3.5.1. Effect of temperature 
Temperature influences particle charging and removal by affecting 

the electric field characteristics. This section further explores the effect 
of temperature on particle charge and collection efficiency at the same 
voltage and maximum operating voltage. The collection efficiency 
achieved by the ESP at the maximum operating voltage was its 
maximum collection efficiency at a given temperature. 

Fig. 13 illustrates the charge number of particles with diameter of 
0.8, 2, 4, and 6 μm at different temperatures under the same and 
maximum operating voltages. The charges of large particles were 
greater than those of small particles. At the same voltage, increases in 
temperature increased the density of negative ions; thus, the particle 
charge increased with increasing temperature. However, at the 
maximum operating voltage, the effect of the temperature change on the 
charge number of particles with different diameters was different. At the 
maximum operating voltage, the particle charge decreased with 
increasing temperature for 2, 4, and 6 μm particles, while it increased 
with increasing temperature for 0.8 μm particles. There are two main 
mechanisms for particle charging: field charging and diffusion charging. 
Large particles are mainly affected by the electric field charge and can 
reach saturation within a short time after entering an ESP. The satura-
tion field charge was only related to the electric field intensity, which 
decreased with increasing temperature at the maximum operating 
voltage; therefore, the charge of large particles also decreased with 
increasing temperature. For small particles, the effect of the diffusion 
charge is greater, the diffusion charge is related to the negative ion 

Fig. 8. Charge carrier number density distribution: (a) 2D distribution, (b) radial distribution (temperature: 400 ◦C, voltage: 12 kV).  

Fig. 9. Total current density distribution and ion current density distribution.  

Table 5 
Maximum operating voltage at different temperatures.  

Temperature, ◦C 300 400 500 600 

Operating voltage, kV 19.7 16.8 14.6 12.9  
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density and the charge time of particles, and there is no saturation value 
for the diffusion charge. Although the increase in temperature at the 
maximum operating voltage reduced the density of negative ions, it also 
decreased the migration velocity of small particles and increased their 
charge time, which led to an increase in the charge. 

Fig. 14 shows the collection efficiency and migration velocity for 

particles with diameters of 0.8, 2, 4, and 6 μm at different temperatures 
under the same and maximum operating voltages. The relative collec-
tion efficiency η/η0 (η0 is the collection efficiency at 300 ◦C for particles 
with each diameter) was defined to compare the effect of temperature on 
the collection efficiency for particles with different diameters. The 
particle migration velocity, ω, was calculated using Deusch's formula: 

Fig. 10. Effect of temperature on (a) negative ion density and (b) electric field intensity at different given voltages.  

Fig. 11. Effect of H2O volume fraction on the distribution of (a) negative ion density and (b) electric field intensity.  
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ω = −
Q
A

ln(1 − η) (42)  

where ω is the particle migration velocity, A is the area of the collection 
plate in the ESP, and Q is the gas flow rate in the ESP. 

Fig. 14(a) shows the variation pattern of the dust removal efficiency 
and migration velocity with temperature at the same voltage. As can be 
seen from the figure, at the same voltage, increasing the temperature 
improved the dust collection efficiency, and the relative collection ef-
ficiency decreased with increasing particle size, indicating that this 
enhancement effect was more significant for small particles. In addition, 
the particle migration velocity increased with increasing temperature. 
From the previous analysis, it was clear that an increase in temperature 
at the same voltage mainly increased the negative ion density, thereby 
increasing the diffusion charge of the particles such that the collection 
efficiency increased with increasing temperature. In addition, the 
diffusion charge mainly acted on the small particles; therefore, the small 
particles were more affected by temperature at the same voltage. When 
the temperature increased from 300 ◦C to 600 ◦C, the collection effi-
ciency of 0.8, 2, 4, and 6 μm particles increased from 14%, 17%, 27%, 
and 45% to 29%, 30.5%, 44%, and 65.5%, respectively, with improve-
ments of 107%, 79%, 62%, and 45%, respectively. 

Fig. 14(b) shows the variation pattern of the dust removal efficiency 
and migration velocity with temperature at the maximum operating 
voltage. At the maximum operating voltage, the collection efficiency 
and migration velocity decreased with increasing temperature, and the 
large particles were more significantly affected by temperature. This can 

Fig. 12. Effect of H2O volume fraction on the electric field intensity at the 
surface of the discharge electrode. 

Fig. 13. Particle charge for particles with diameters of 0.8, 2, 4, 6 μm at different temperatures: (a)Voltage: 12 kV, (b) Maximum operating voltage.  
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be attributed to the fact that the high temperature reduced the 
maximum operating voltage of the ESP, causing both the negative ion 
density and electric field intensity to decrease with increasing temper-
ature, resulting in the weakening of particle diffusion charging and 
electric field charging. In addition, diffusion charging was affected by 
both temperature and voltage, whereas electric field charging was 
affected only by voltage. For diffusion charging, an increase in tem-
perature resulted in two opposite effects: On the one hand, an increase in 
temperature promoted ionization and increased the density of negative 
ions, which is beneficial for diffusion charging; on the other hand, the 
operating voltage decreased with increasing temperature, which 
decrease the density of negative ions and inhibited diffusion charging. 
Owing to the presence of these two mutually inhibiting effects, the 
weakening of the diffusion charge was relatively small, and thus, the 
small particles were less affected. Therefore, at the maximum operating 
voltage, the collection efficiency of the large particles was more sensi-
tive to changes in temperature. When the temperature increased from 
300 ◦C to 600 ◦C, the collection efficiency of 0.8, 2, 4, and 6 μm particles 
decreased from 22.5%, 32%, 56.5%, and 100% to 14.5%, 15.5%, 21%, 
and 28.5%, respectively, with reductions of 35.6%, 51.6%, 62.8%, and 
71.5%, respectively. According to the above analysis, although 
increasing the temperature helped to improve the collection efficiency 
at the same voltage, the high temperature reduced the maximum oper-
ating voltage of the electric precipitator, which led to a decrease in the 
maximum collection efficiency. In actual industries, to obtain higher 
dust removal efficiencies, ESPs are expected to operate at higher volt-
ages. Therefore, high temperatures are detrimental to the operation of 
ESPs overall, which is consistent with the experimental results of Xu 
et al. [1]. 

3.5.2. Effect of H2O concentration 
According to the previous analysis, increasing the H2O concentration 

was conducive to increasing the negative ion density, which may be 
beneficial for electric dust removal. Therefore, we investigated the effect 
of different H2O concentrations on the particle charge and collection 
efficiency. The relative particle charge qp/qp0 (qp0 is the particle charge 
at 10% H2O volume fraction) and the relative collection efficiency η/η0 

(η0 is the collection efficiency at 10% H2O volume fraction) were defined 
to compare the effects of H2O concentration in flue gas on particle 
charge and collection efficiency. 

Fig. 15 illustrates the charge of particles with diameters of 0.8 μm, 2, 
4, and 6 μm at different H2O volume fractions. When the volume fraction 
of H2O increased, the particle charge increased, and the relative particle 
charge decreased with increasing particle diameter, indicating that 
increasing the H2O concentration can enhance the particle charge, and 
this enhancement effect was more significant for small particles. When 
the volume fraction of H2O increased from 10% to 40%, the charge of 
0.8, 2, 4, and 6 μm particles increased from 192.7 e, 761.5 e, 2443.5 e, 
and 5585.7 e to 238.6 e, 890.8 e, 2766.5 e, and 6242.9 e, respectively, 
with increases of 23.7%, 17%, 13.2%, and 11.8%, respectively. From the 
previous analysis, it can be seen that increasing the H2O concentration 
can significantly improve the density of negative ions, whereas the effect 
on the electric field strength is not significant. Therefore, increasing the 
H2O volume fraction mainly enhanced the diffusion charge of particles, 
and the diffusion charge mainly acted on the charge process of small 
particles. Thus, increasing the H2O concentration can improve the par-
ticle charge, and the improvement effect on small particles is more 
significant. 

Fig. 16 shows the collection efficiency and migration velocity of 
particles with diameters of 0.8, 2, 4, and 6 μm at different H2O volume 
fractions. As the volume fraction of H2O in the flue gas increased, the 
collection efficiency and migration velocity of particles increased, and 
the relative collection efficiency decreased with increasing particle 
diameter, indicating that the collection efficiency of the small particles 
was more significantly influenced by the variation in the H2O concen-
tration. When the volume fraction of H2O increased from 10% to 40%, 
the dust collection efficiencies of 0.8, 2, 4, and 6 μm particles increased 
from 19.5%, 23%, 36%, and 56% to 28%, 30%, 43%, and 65%, 
respectively, with improvements of 43.6%, 30.4%, 19.4%, and 16.1%, 
respectively. Therefore, increasing the H2O concentration in high- 
temperature flue gas can improve the dust collection efficiency. Dur-
ing actual industrial operations, for high-temperature flue gas, the 
method of high-temperature water vapor conditioning can be used to 
improve the particle collection efficiency. 

Fig. 14. Collection efficiency and migration velocity for particles with diameters of 0.8, 2, 4, 6 μm at different temperatures under (a) the same voltage (12 kV) and 
(b) maximum operating voltage. 
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Fig. 15. Particle charge for particles with diameters of 0.8, 2, 4, 6 μm at different H2O volume fractions.  
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4. Conclusions 

In this study, an integrated mathematical model applicable to high- 
temperature ESP was developed using COMSOL Multiphysics, and the 
effects of temperature and H2O concentration on ESP performance, such 
as the distribution of charge carriers, electric field characteristics, and 
the collection efficiency, were investigated. The main conclusions are 
summarized as follows:  

(1) High-temperature corona currents consist of ion and electron 
currents. The electron current cannot be neglected during high- 
temperature gas discharge, whereas conventional corona 
discharge models usually adopt the assumption of neglecting 
electrons; therefore, conventional corona discharge models are 
not applicable to high-temperature corona discharge.  

(2) At the same voltage, the negative-ion density increased with 
increasing temperature. With increasing temperature, the electric 
field intensity decreased in the area near the discharge electrode 
and increased in the area near the grounding electrode. At the 
maximum operating voltage, the negative ion density and electric 
field intensity decreased with increasing temperature because of 
the decrease in the maximum operating voltage with increasing 
temperature. It is unreasonable to use the constant value calcu-
lated using Peek's formula as the surface field intensity of the 
discharge electrode in the conventional corona discharge model 

because the surface field intensity changes with the change in 
voltage.  

(3) Increasing the H2O concentration in high-temperature flue gas 
can increase the electronegativity of the gas, thereby promoting 
the generation of negative ions and increasing the density of 
negative ions. The surface field intensity of the discharge elec-
trode decreased with increasing H2O concentration; however, the 
overall electric field intensity distribution was less affected by the 
H2O concentration. 

(4) At the same voltage, both the particle charge and collection ef-
ficiency increased with increasing temperature, and the effect of 
high temperature on the collection efficiency was more signifi-
cant for small particles. At the maximum operating voltage, the 
electric field intensity and negative ion density decreased owing 
to the reduction in the maximum operating voltage caused by 
high temperature; therefore, the collection efficiency decreased 
with increasing temperature, and the decrease was greater for 
large particles. In actual industries, to achieve a maximum dust 
collection efficiency, ESPs are often operated at the maximum 
operating voltage; therefore, high temperatures are harmful to 
the operation of ESPs.  

(5) The particle charge increased with increasing H2O concentration 
in the high-temperature flue gas, and the charges of small parti-
cles were affected more by the H2O concentration because the 
increase in H2O concentration mainly increased the diffusion 

Fig. 16. Collection efficiency and migration velocity for particles with diameters of 0.8, 2, 4, 6 μm at different H2O volume fractions.  
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charge of the particles. The collection efficiency increased with 
increasing H2O concentration, and this enhancement effect 
decreased with increasing particle size. In actual industries, high- 
temperature water vapor can be used to condition high- 
temperature flue gas to improve the dust collection efficiency. 
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