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Numerical Simulation of the 2-D Gas Flow
Modified by the Action of Charged Fine
Particles in a Single-Wire ESP

Kazimierz Adamiak and Pierre Atten

Abstract—A numerical model for simulating precipitation of
submicrometer particles in a single-wire electrostidc precipitator
is discussed in this paper. It includes all esseati phenomena
affecting the process: electric field, space chargiensity, gas flow,
including the secondary electrohydrodynamic flow cased by the
corona discharge and charged particles, and partiel transport. A
simplified corona model assumes just one ionic spes and
neglects the ionization zone. The fully coupled med for the
secondary EHD flow, considering the ion convectionhas been
implemented. The dust particles are charged by ioni
bombardment and diffusion. The gas flow pattern issignificantly
modified by the secondary EHD flow, which depends ro the
particle concentration. As for fine particles the dift velocity is
small and particles practically follow the gas stramlines, the
particle concentration has a very strong effect othe precipitation
efficiency.

Index Terms—Corona discharge,
electrostatic precipitation, particle charging,
removal

electrohydrodynamics,
fine particles

I. INTRODUCTION
HILE the concept of electrostatic precipitator (B3>

relatively old and for many years these devicessha
been used to protect our atmosphere, the wholeepsoc

is still not completely understood in details. Maitinteraction
between an electric field, space charge density, flgav, its
modification by the secondary electrohydrodynamidiD)

flow and particle transport makes analysis of thaire
precipitation process rather complicated. Despitevealth of
literature on this subject the effects of differdattors and
criteria for optimum precipitator configurationsntimue to be
a subject
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of discussion and sometimes contradictirgﬂ

One of the first interesting issues was the
electrohydrodynamic origin of turbulence in ESPk Hction
of the electric field on the space charge resulthé Coulomb
force producing gas motion, which, in turns, affeitte charge
transport. This effect can lead to a much more nsge
turbulence than caused due to an interaction wih t
precipitation walls. Increased turbulence changgedynamic
conditions in the precipitation channel and, acowydo many
researchers, is detrimental to the particle trarsga].
However, some initial research results also seerimdrate
improvement in the precipitation efficiency duette EHD
flow under certain conditions [3].

Numerical simulation is a natural choice for invgsting
the effect of different factors on the precipitatiefficiency.
Yamamoto and his co-workers have clearly beendhddrs in
this field. Even though their corona discharge n®deere
quite simplistic, it was emphasized from the vesgibning
that non-uniform electric field and gas flow dibtrtions are
crucial for the complete description of particlartsport. As
the negative corona discharge occurs in the forrdisérete
tufts, it was necessary to consider 3-D modelsefgrocess,
even for smooth discharge electrodes [4]. Impravedlels of
the same authors presented later [5] still accerseche
ommon idealizing assumptions, for example the tpchiarge
injection zone and negligible ion convection, b@revable to
show detailed 3-D distributions of potential, etectfield,
space charge and secondary gas flow for the twe-aird
four-wire ESP geometries. Severe interaction betweaanary
and secondary flows was observed with pairs ohspirtices
formed between the corona tufts in the directionthef gas
flow.

The effect of secondary EHD flow depends of couns¢he
imary flow magnitude: the size of spiral ringsrésluced by
the increased primary velocity. Similar investigag were
subsequently performed for barbed-electrode mufg-w
precipitators [6] and for turbulent flow models [7f has been
observed that the distance between spikes is aritar the
flow pattern: for larger distances a well-organizgiral flow
is formed, while at the reduced distance a turtidlew arises.
These agreed with the earlier experimental obsenat for
the positive corona discharge, which is uniformnglahe
corona wire, the flow turbulence increases onlghily
whereas the negative corona discharge stronglyoreigs the
turbulence intensity [8,9].



A very detailed study of the effect of secondarylEftbow
on the overall flow pattern in the electrostatiegpitator was
presented by Soldati [10], who investigated 3-Dmeti
dependent, fully developed channel flow interactivith the
EHD vortices. The corona model was again ratheplgimas
the Finite Difference discretization was not aldeatcurately
represent the ionic transport close to the dis@hangres.
However, Direct Numerical Simulation (DNS) techrequ
provided a very clear picture of the flow field, i was
examined using a triple decomposition into a meald,fan

organized EHD flow and a turbulent flow. It has hee

confirmed that pairs of counter-rotating EHD vosscare
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Fig. 1. Schematic configuration of the investigiapeecipitator.

advected downstream by the main flow. Continuing hi

research, the same author also examined the pantaisport
and deposition in the wire-plate precipitator byrfpeming

Lagrangian simulation of particle trajectories [1The final

conclusions were rather surprising, indicating ttret EHD

flow has a negligible influence on the overall [t

collection efficiency: EHD flow contributes to a riale re-

entraining in the central region of the channet, diso sweeps
them towards the walls in other regions.

The numerical model of the secondary EHD flow inPES

presented in [12] focused on accurate predictiothefcharge
transport. All calculations were performed for ® 2urbulent
flow model assuming infinitely long discharge wiresd
collection plates, but the fine discretization loé ftorona wire
area made it possible to predict the total ionicrent for a
given wire voltage. The ionic drift was simulateding the
Method of Characteristics, which is immune to thenerical
diffusion and can easily incorporate the ion cotieec
Detailed analysis of different external flow andrevivoltage
levels revealed that at least eight flow patterres @ossible.
Recent experimental investigations using the metladd
Particle Image Velocimetry (PIV) confirmed a sigrat
interaction between the electric field, space chaagd flow
fields [13].

Collection efficiency of the conventional ESPs sually
satisfactory for large particles, but is much podi@ sub-
micron particles. The drift velocity of such paldis is small
and they practically follow the gas streamlines][14 this
situation the effect of secondary EHD flow is muctore
pronounced. What is more important, the chargetighes can
significantly contribute to the magnitude of EHDowl.
Experimental investigations published in [15] iratie that the
mean values of the dust and ionic space chargdtigsnsan
be comparable. In this situation the flow velo@tyd the level
of its turbulence strongly depend on the dust dgnsi
especially in the region close to the corona wire.

This paper presents the results of numerical inyetsons
of the gas flow and particle trajectories in a dampwo-
dimensional model of ESP. The problem is simulatsitig a
hybrid numerical algorithm, in which the electrieelfl is
calculated using the Finite Element Method, the dlift by
the Method of Characteristics and the gas flow Hwy Einite
Volume Method. The flow simulation is done in thelEENT
commercial software, with other parts coded as ltheer
Defined Functions.

|. PRECIPITATOR MODEL

As most of industrial ESPs are the wire-plate desjahis
model is investigated in the paper. A single disgha
electrode (cylindrical wire) is located symmetrigabetween
two collecting plate electrodes (Fig.1). Gas flows the
direction parallel to the ground plates, but is ified by the
ionic wind. Neutral sub-micron particles, with sphel shape,
are injected at the precipitator entrance and haeged by the
field and diffusion charging as they move along thennel
and cross the ionic space charge zone. Affectetthdoyglectric
and aerodynamic forces some of these particlesigpesited
on the walls, while others exit the precipitatidrannel on the
other side. The deposited particles are removed fthe
model and they don’t contribute to the electric Idfie
distribution or to the flow pattern.

Il. MATHEMATICAL MODEL

A. Electric Field and Space Charge

A simple single-species stationary corona dischangeel
is implemented in this paper. The ionization laigeneglected
and just one ionic species is injected from th@oarelectrode
surface. These ions drift with an average mobilityil they
are deposited on the surface of the grounded etixsr The
mathematical description involves the equations fbe
electric potential and current continuity

D2¢:_qi +qp

(1)
‘90

OH(GE +0)q; +(kpE +0)qp) =0 2)
where @ (V) is the electric potentialy (C/nt) — space charge
density of ionsgj (C/Im®) — space charge density of particles,
& (F/m) — ambient gas permittivity; (m?/Vs) — ion mobility,
Ko (m?/Vs) — particle mobility,i (m/s)— vector of gas velocity
and E=0® - the electric field vector. Eq. (2) is valid

assuming that the ion diffusion can be neglected.
Formulation of the boundary conditions is triviar fthe

potential @. the surfaces of corona wire and ground plates are

equipotential (Dirichlet conditions). No exact bdany
condition can be specified for the channel inletl autlet.



However, these parts are sufficiently far from thest critical
region around the corona wire, so zero normal dévig of
the electric potential (homogeneous Neumann candi}i is
usually sufficiently accurate.

The boundary conditions for the space charge aree mo

problematic. As the ionization layer has been regtein this
model, exact formulation of these boundary condgids not
possible. Kaptzov's hypothesis is usually accepstating that
for voltages above the onset level the electritd fimmains

constant at the value given by the empirical Pefekiniula
0.308

Eg = 3.1010° 1+ ) (3)
0 Jos0

. . . . . . . a =
wherer is the corona wire radius in cm. While this formula is

theoretically valid for 1-D wire-cylinder geometryhere the
electric field on the corona wire surface is constiitas been
proved [16] that accuracy of the simulation is preseérfor
non-uniform electric fields, too. The charge transgauation
(2) is of the first order, so that no boundary cowditis
needed on other domain boundaries.

B. Gas flow

Under the assumption of incompressible ambient airgése
has constant density and viscosity; the air flow has tisfga
the continuity and the conservation of momentum Bgos

[12]:
O@=0 (3)
pf[z—‘t‘+(u M)id] = -0P +70%G + E 4

(kg/nT) is the gas densityP (Pa) - the static
pressurey (kg/ms) - the air viscosity, and (N/m®) - the

where o

Qs (g - Qo2 , 2ZEPKGT,
Ty s e
dQ, for Qp < Qs
a (Qs ~Qy) ©
a e(Qs = Qp
—_— - eX P n—
4t (Qp = Qs)exp( 27% oKk Td |, )
for Qp > Qs
where
1 €horm < 0.525
! &0 > 0525
orm .
(&norm* 0-457)0'575
edy |- 4¢,
- =p _ %o
€norm —E‘E‘v Iq _E
I, being the charging time constanky — Boltzmann

coefficient andrl — temperature.

A moving particle experiences inertial, air drag atettrical
forces. All are balanced in the Newton equation,ciwhieeds
to be solved in order to determine the particleetrtgry. For
sub-micrometer particles, inertia is very small and t&n
neglected. In this situation, the so-called particligration
velocity can be calculated first

7, = CulQ, E
3md,
whereCu is the Cunningham factor, calculated as

(@)

24 24
body force, in this case equal to the Coulomb force Cu=1.0+1.246d—g+ 0.42*d—gexp(—0.435*dp//]g)

F=(qi +qp)E.
The flow velocity vectori must vanish on all solid surfaces

p p

Ag=6.5 10 m — the mean free path of the gas molecules.
When the migration velocity is known, the partialgjectory

(corona electrodes and channel walls); it takes a f8pecig ¢qiculated by a simple integration

profile at the channel inlet and the pressure apailits of the
outlet has the same value.

C. Particle Concentration

The particles injected into the precipitation chdnaee
assumed to be spherical, to be electrically neutrltanmove
with a uniform initial velocity equal to the gas eeity. As
soon as they enter the region where the ionic spaasgeh
exists, they become electrically charged. There ave t

8

where Xp — is a vector defining particle position along the

trajectory.

M.
The numerical algorithm is based on the Finite Eldmen

NUMERICAL ALGORITHM

mechanisms responsible for imparting charge onto thdethod (FEM) and FLUENT flow dynamics commercial

particles: field charging (ionic bombardment) andfudion
charging.

The first effect occurs only if the actual particleacgeQ, is
smaller than the saturation chaf@g given by the formula

Q=% mdE 5)

+2
wheree¢ is the particle relative permittivity. Diffusion chiing
can occur even foQ, above the saturation level, but its
practical contribution is most often minimal. The ik
charging rate is given as [17]:

software. The whole domain is discretized into appnaely
9500 triangular elements distributed in a very noifieam
way with smallest elements close to the corona wireramch
larger elements near the inlet and outlet of thecipitation
channel. The laminar flow model has been assumed tend t
Navier-Stokes equation (4) is solved in time domain by
FLUENT. The electric body force has to be determined
separately using so-called User-Defined-Functions (UDF).
Before this is done the electric field and space aharg
distributions are determined. This is done in anothBfU



which is based on FEM for the electric field and dwe t
Method of Characteristics for the space charge. A koub
iterative loop is employed, in which the space chalgesity
on the corona wire surface and in the entire prettiph space
is iterated until convergence is reached for all ined
variables. The corona model includes the convectiorent,
as far from the corona wire, it can visibly modifyetlion
trajectory and the space charge density [12].

A given number of spherical particles are injecte@\ary
time step from the channel inlet. All of them areatdically

neutral and have the same size and initial veloGibey start ————————ﬂ’—:;ﬂ;,__—_—;—_:__:

from uniformly distributed rectangular cells with cam a
initial particle position inside of each cell. The styparticle ‘.

approach is used, in which each particle moves as #esing
particle with real parameters. However, this supetigar S
carries a charge of some number of particles. Thecleart C- =
distribution is sufficiently dilute, so they do not edt the air
velocity field. The particle charge is calculatedibtegrating
the charging equation (6).

IV. RESULTS ANDDISCUSSION

The above numerical algorithm has been applied fc
simulating a single-wire EPS precipitator, assuming the
diameter of corona wire is 1 mm, collecting plates &0 cm
apart, average gas velocity at the inlet is 0.4 m&s3hkV is
applied to the corona wire. Injected dust partickesspherical
in shape with the diameter of O8n. Their concentration is
expressed in terms of the reference valuecpf 2-10%2
particles/m.

A. Electric Field and Space Charge

Electric potential distribution follows an expectedttern:
close to the equipotential wire the equipotentiged are
practically circular. Large concentration of linesdicates
strong electric field in this area. The lines deform the
distance to the corona wire increases showing an oealesh
Eventually, the equipotential line becomes compjefkt at
the ground plate.

Gas ionization occurs in a thin corona sheet surrogrithe
corona wire. The maximum space charge density inréigi®n
is about 19QuC/m?®, but this density sharply decreases toward
the ground plate. Close to the inlet and outlet bé t

recipitation channel the space charge density deese® a
P P P 9 y Fig. 2 Gas path lines for different dust partictecentrations (corona

very small value. wire voltage equal to 30 kV, input gas velocity tn/s).

B. FI velocity S i a). no corona discharge= 0, b).corona discharge= 0, c). corona
: ow Velocity Streamlines dischargegc = ¢y, d). corona discharge,= 8co, €). corona discharge

Without the action of electrical forces the gas fifmNows ¢=12c, f). corona discharge,= 20¢co.
regular laminar path lines shown in Fig. 2a. Depegain the
Reynolds number, von Karman vortices can be creahthd respect to the vertical plane: upstream the corona tie

the corona wire, but they are too small to be visidien the particles are not fully charged yet, so in this regimm electric
wire voltage is above the corona onset level, theor@r hody force is much smaller than in the downstreamoregi
discharge generates the secondary EHD flow. Withaetreal \here the particles are fully charged and much sepfgHD
flow four doubly symmetrical vortices are created][IPhe flow can be expected. The final flow distributiorsuéts from
presence of charged dust particles also contributeshdo the balance of all three components.

generation of EHD flow, but this pattern is not synmietith Without the presence of charged dust particles the flo




pattern is practically dominated by the external itms (Fig.
2b). The two upwind vortices generated by the coror
discharge are shifted towards the walls and two dowshwir
vortices are squeezed towards the channel plane of etygnm
forming an elongated wake.

The charged dust presence dramatically chang
aerodynamic conditions in the channel: time depende
vortices grow in size with increased particle conaign
until they eventually occupy the major part of tbleannel
downstream the corona wire (Fig. 2e). The flow is steady
and it exhibits violent oscillations.

C. Particle Concentration

Fig.3 shows the dust particle distribution for differelust
densities. As expected, the dust particles are mosthgctaft
by the air drag force with a rather weak contribatiof the
electric force. When the dust concentration is vergls(kig.
3a) the particle charge doesn’t affect the flow grattand
particle trajectories basically follow the gas streasgi shown
in Fig. 2b. The dust particles are swept from the afetavo
upwind vortices. Also, a thin trail downwind of therona
wire exists, where the dust particles are removed gy t
electric force. Increased dust concentration changedlow
structure and the dust concentration pattern.

With an increased dust concentration the region with
negligible particle concentration spreads out towatks
collecting plates, what can be seen as a factor inmyahe
dust collection, because the particles are driven ribsvéhe
collecting plates. However, vortex formation downgvithe
corona wire drives the dust particles again towardslia@nel
centre. This kind of flow might even re-entrain paes
already deposited on the walls. The particle re-emrent is
not included in the presented algorithm; so calcdlatdues of
the deposition efficiency improve with the dust cartcation.
This is contrary to the experimental observations, wlthe
collection efficiency is actually deteriorated, wh#re dust
concentration is increased [18].

D. Voltage-current characteristics

The presence of charged dust particles influencesotttma
discharge. The dust-generated space charge adds imnibe

c

§ 0055 T
space charge. As the total space charge produces the s | 0.025 7‘*“"’*’ W R PN i gy
effect on the electric field on the wire, an in@ean dust 5 o N

. . . Q - aE

concentration reduces the ions concentration andeftve, 4 o

g -0.025 { -
the total corona current under the same voltage [15] g 08 ‘f{g‘zfsm*ﬁ%,ﬁw«;

Numerical simulations confirm this picture (Fig. 4)ndér
30 kV, without dust the total corona current IS 200pA; this
current decreases withand atc = 20 ¢, we obtainl 0 120
MA, i.e. a reduction of about 40 %. This estimatelyaivell
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Fig. 3 Dust particle pattern for different dust tide concentrations
(corona wire voltage equal to 30 kV, input gas gijo0.4 m/s).
a)c~0, b)c=0.2cy, c)c=cy, d)c=8cy e)c=12cy f).c=200

agrees with measurements presented in [15], althougbt ex
comparison of the concentration levels is not possésén the
experiments the dust has a poly-dispersed size distnibutio

E. Charging level of dust particles

The dust particles are charged mainly by the fielargimg

with a small addition by the diffusion charging. Tt¢tearging
level is a function of the maximum electric fieldetiparticle



has been exposed to; therefore, different particlescharged
differently depending on their trajectories: thosessiag in
close proximity of the corona wire are charged tonach

— |
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relative dust concentration
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0.8

relative current

0.6

0.4

Fig. 4 Corona current versus dust concentration
(corona wire voltage — 30 kV, gas velocity — 0.4)n/

higher level than the ones migrating close to thdectihg
walls.

Fig. 5 shows examples of the dust charge distributigdh bo4)

for the collected and uncollected particles. It nimgy first

surprising to see that the uncollected particles aaegel to a
much higher level than the collected ones. Howeiteis

obvious that the electric forces play a minor rolgha dust
precipitation: collected particles were injectedseldo the wall
and were deposited by the mechanical forces: migyatiose
to the ground electrodes they were exposed to a eleakric

field and didn’t gain significant electric chargehére are two
humps on this graph: the first one corresponds to fptatgn

in the area of upwind vortices, the second one -
precipitation in the area downwind the corona wire.

V. CONCLUSIONS
The results presented in the paper show the effedrttie
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Fig. 5 Charge distribution of the collected (a) amdcollected (b)
particles (particle density= 0.2 @)

concentration on the gas flow streamlines, on theighart
distribution pattern and on the current-voltage abtaristics
of the single-wire ESP. Increasing the particle cotregion
significantly affects the flow pattern which becomesrenand
more non-uniform and exhibits stronger and strongiatian.
Increasing the particle concentration also increasesplace
charge due to particles, what results in a reductibrthe
corona current. Obtained results qualitatively agrité the
experimental data [15].
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