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Abstract - In this paper, results of Particle Image VelocimeiPlV) measurements of the
electrohydrodynamic (EHD) flow velocity fields im &lectrostatic precipitator (ESP) are
presented. The measurements were carried out fdousadensities of submicron dust. The
ESP was an acrylic parallelepiped with a wire diade electrode and two plate collecting
electrodes. The positive DC voltage was applieithéowire electrode, placed perpendicularly
to the main gas flow. The PIV measurements wergiechrout in a plane placed
perpendicularly to the wire electrode at its hafbth. The obtained results show that the
general shape of the flow patterns at differentt diensities is similar in the bulk of the flow.
However, the flow velocity and the level of itdtuence strongly depend on the dust density,

in particular in the region around the wire electi®

1 Introduction

For several decades electrostatic precipitatorPeEhave been widely used as dust
particle collectors. They are characterized bygh ltotal particle collection efficiency (up to

99.9%) with a low pressure drop. However, therstilsa problem with collection efficiency



of submicron patrticles [1], which can contain tcé toxic elements. Moreover, submicron
particles float relatively long in the atmosphenedacan easily penetrate into human
respiratory system. Therefore, there has long beenterest in improving the ESP collection
of submicron particles.

The precipitation of particles in the duct of an FESepends on the dust-particle
properties, electric field, space charge and floattggn [2]. The influence of the
electrohydrodynamic (EHD) secondary flow, formedcglically in ESPs, on the collection
efficiency has been debated for decades. The fettems in ESPs were studied using various
visualization and laser techniques [e.g., 3-7].dRdg, the Particle Image Velocimetry (PIV)
[8,9] was used in investigations of the flow fieidsESPs [10-13]. To elucidate the influence
of the electrically generated flow disturbancestlo@ gas cleaning process, also numerical
modelling investigations were carried out [e.g.,-1B}. The results of the numerical
modelling of particle collection efficiency showedtat the particle collection could be
significantly improved if the EHD secondary flow rgeeliminated [14]. However, study of
the influence of the EHD secondary flow on the extibn efficiency is difficult because the
EHD flow is complex due to its stochastic naturesi@es the EHD secondary flow depends
not only on the primary flow and electric field, tbalso on the dust-particle properties,
including the dust density.

In this paper, the results of PIV measurementdeffiow velocity fields in a wire-plate

ESP for various dust densities are presented.

2 Experimental apparatus

The apparatus used in this experiment consisteth &SP, a high voltage supply and a
standard PIV equipment for the measurement of wgldelds (Fig. 1). The ESP was an
acrylic parallelepiped 1000 mm long, 200 mm wided atO0 mm high. The electrical
electrode set consisted of two collecting platetebeles and a discharge wire electrode. The
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wire electrode (diameter 1 mm, length 200 mm) dreplate electrodes (200 mm wide and
600 mm long) were made of stainless steel. The elgetrode was placed midway between
the collecting plate electrodes, perpendicularlythe main flow direction (Fig. 1). The
distance between the wire and the collecting eddes was 50 mm. A flow homogenizer was
placed before the ESP inlet. The ESP together thighflow homogenizer was a part of an
aerodynamic loop with recirculation of a finite uate (~ 2 i) of air.

A positive DC voltage of 30 kV was applied to thé&eaevelectrode through a 10
resistor, while the plate electrodes were groundée averaged discharge current strongly
depended on the dust density and varied fromuA@for very high dust density) to 160A
(for very low dust density).

The dry air in the aerodynamic loop was blown s the air average velocity in the ESP
was 0.4 m/s. Cigarette smoke was introduced irdocatrodynamic loop to get dust particles
in the ESP. The characterization of the smoke vea®pned in another aerodynamic loop
set-up based on a balloon vessel of about 2.5 diaimeter (~ 8 ff). The balloon was first
filled with filtered air, which was pushed by a fdmough a box where cigarettes were burnt.
Then the formed air-cigarette smoke mixture flowed the aerodynamic loop. The
measurement of the cigarette particle concentrstimithe air-smoke flow was carried out by
classes of size using an optical counter (TOPAS 3P on scales ranging from 0.31 um to
20 um. The particle size distributions are shownHig. 2 for several numbers of
simultaneously burnt cigarettes. Fig. 2 shows aension of very fine particles existed in the
flow. Most particles had a diameter lower than 1. &% expected, the particle concentration
increased with the number of simultaneously burgarettes. For 8 and 14 burnt cigarettes,
the particle size distribution curves exhibit a maum at a particle diametel [10.4 um. The

mean size tends to increase with increasing tatdlgbe concentration, presumably due to an



agglomeration of fine particles. We estimate tha tnass concentration of the particles
ranged from a few mg/frto a few tens of mg/fn

The PIV measurementswere carried out for variousige densities: very low, low,
medium, high, and very high (the density was cdiettidoy a number of simultaneously burnt
cigarettes). The ratio between the particle dessitvas estimated by comparing the averaged
brightness of the flow images (without applied agk) taken for each dust density. The dust
density ratio was approximately 1:2:4:8:16 for Heey low:low:medium:high:very density of
the dust. In this paper only results for the vemy,| medium, and very high dust densities are
presented.

The standard PIV equipment consisted of a twin sgéd@mrmonic Nd-YAG laser system
(A =532 nm), imaging optics (cylindrical telescop@;D camera and PC computer (Fig. 1).
The laser sheet of thickness of 1 mm, formed froenNd-YAG laser beam by the cylindrical
telescope was introduced into the ESP to form asemfation plane. The images of the
particles in the laser sheet were recorded by Fms& M2 camera. The camera was
equipped with interference filter (FWHM 11.8nm amdui = 532.6 nm) to eliminate the
influence of ambient light on the image brightnédse CCD camera active element size was
1186x1600 pixels. The captured images were transferoethé PC computer for digital
analysis.

The PIV measurements were carried out in a plaaeepl perpendicularly to the wire
electrode at its half-length (Fig. 1). The obsdoraarea (the area of the laser sheet “seen” by
the CCD camera) covered a region between the plattrodes, ranging from 15 mm in the
flow upstream direction to 205 mm in the flow doweam direction, when measured from
the wire electrode (Fig. 3). The image of the obston area were taken by the CCD camera

with a resolution 7301600 pixels.



Each velocity field presented in this paper resuftem averaging of 150 PIV images,
which means that each velocity map was time-averaBased on the measured velocity

fields, the corresponding mean flow streamlinetheobservation area were determined.

3 Resaults

Figs. 4—7 show the results of the PIV measuremientse ESP when no voltage was
applied. The Reynolds number w&e=V xL /v =2550 [17]. The parameters used to
calculateRe were: the primary flow average velocty= 0.4 m/s, the characteristic length
(plate-plate distancé) = 0.1 m, and the air kinematic viscosity 1.57x 10° m%s).

Fig. 4 shows a typical image of the flow in the E@Ren by the CCD camera for the
medium dust density. The dust particles scattetirdaser light are visible as bright points in
the image. Although a difference in the image kngks can be seen between the centre of
the ESP channel and the regions near the plattades, we assess that the dust distribution
was uniform in the ESP. The brightness differeresilted from the non-uniform transverse
intensity distribution of the laser sheet produdexin the laser beam which had Gaussian
profile of light intensity. There is also some difénce in the brightness between the left and
right sides of the image. The decrease in the lakeet intensity along its propagation
direction (from left to right in the image) was fpardue to loss of the laser beam intensity
caused by the scattering of the laser light bydihst particles. The brightness variation was
also due to the laser light scattering profile de dust particles: the camera “sees” the
forward scattered light at the image left side, pleependicular scattered light in the centre,
and the back scattered light at the image righg.sid

When no voltage was applied, the submicron dudigbes followed the gas main flow
and, in this case, the measured velocity fieldh& particles corresponds to the gas flow
velocity field. Figs. 5-7 show the particle meaelocity field, the corresponding flow

streamlines and the particle flow velocity standdegtiation in the ESP for the medium dust
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density, when no voltage was applied. It is cleadgn from these figures that the flow was
laminar and the flow velocity standard deviationswaery low (+/- 0.03 m/s). A small
decrease in the flow velocity was found in the walehind the wire electrode. The flow
velocity patterns for the very low and the veryhidust densities (not shown in this paper)
when no voltage was applied, were very similahgt for the medium dust density.

When a high voltage was applied to the wire elegtydhe corona discharge on the wire
was creating a cloud of positive ions. In cleanegathe mechanism of corona discharge
involves different processes occurring in a thiyela(high field zone around the wire). These
physical processes are well known [18] and invohagious phenomena like molecules
ionization by accelerated electrons, electrons amdies, electron-ion recombination and
photons emission, electron attachment by electatingg species, secondary electron
emission by a cathode through bombardment by pesitins, photo-electric effect on the
gaseous molecules, etc.. These processes are eltrelifficult to model. In practical
situations, the modelling is highly simplified byegiecting the thickness of the ionisation
layer and considering only one ionic species [1P,PBe crucial point then is to formulate the
boundary condition for the space charge densitg. Sdicalled Kaptzov assumption [21,22] is
commonly accepted which states that the field valnethe wire is constant whatever the
current (this arises because the ionization dramalfti depends on the electric field value —
see [18,22]). Most often the retained field valsi¢hie ondepeckproposed by Peek [23].

For a given space charge distribution, the fieldtbe wire Eyie is the sum of the
harmonic field and of the field componetf, due to the space charge (which diminishes the
field amplitude) :

Ewire = Enam + 0E,
The space charge induced field modificatd) depends linearly on the charge densi#,;

O (Bon)y Where (Bion), is the mean ionic space charge density in cleatobtained by



averaging on an adequate domain of finite exté}e that in the numerical modelling for
ionizing wires [19,20], the injected space chargasity a,; on the wire is modified until the
resulting fieldEyire equalEpeck

In dusty gases, the ions drifting between the varel the two plate electrodes are
charging the dust particles. Therefore, in our expents, the space charge had two
components, onggen, due to the ions and the other opg,corresponding to the charged dust
particles. Now, the physical processes occurringpéncorona sheath around the wire are not
affected by the presence of dust particles (Figh8ws that the particles don’t enter this
sheath). Therefore the field conditions controllihg corona discharge on the wire remain
unchanged and, for a given applied voltag&, = Cst, independently of the dust
concentratiorc. Although the space charges of igms, and of particlegy, have not a priori
the same spatial distributions, we assume thad, ficst approximation, their influences are

similar; then the conditiodE, = Cst leads to :
Protal = Pion T ﬁp 0 Cst = (ﬁion)o

This relation implies that an increase in the meharge densityp, of charged particles

should be compensated for by a decrease in the ioei@rcharge density,,, -

We can get some information on the relative mageitof particles and ions mean charge
densities from the change in total currént outside the corona sheath where there are
electrons, the current densjtys the sum of the contributions due to iopg)(and charged
particles f,). As the mobilityKion of ions is much higher than the ori€,, of submicron
particles,j, = K, o E is negligible compared witfy, = Kion pon E.  In practice, the measured
total current, equal to the integral jobn the collecting plates, is determined by thdt dxfi

ions only :



Therefore we can compare the global charge dengjy of charged particles and the one of

ions, P, from the changes in the current value

?p - (ﬁion)g ~ Pion g 1o~

Pion Pion |
where lo is the corona discharge current in air withouttipkes. The averaged discharge
currentl strongly depended on the dust density and it wasileto 16QuA for the very low
dust density, 12QA for the medium one and QA for the very high dust density (see Figs.
8-12). This clearly shows that the mean ion dengéyg decreasing with the dust densignd
therefore, that the densitp, of charged particles increased within particular, for very
high dust density, the mean charge densipgg and o, appear to take similar valudé {
0%).

The electric forces exerted by the field on the spamarge can induce a strong secondary
flow of the gas which can alter significantly thenpary laminar flow. On another hand, the
electric force on each individual particle with ofg@aq, induces a drift of the particle with
respect to the suspending air. Therefore, the néibbmof the charged dust particles has two
components, one due to the gas flow and the other the particle drift velocity, due to the
electric forcegpE. It must be noted that the drift velocity of chedgsubmicron particles is
very limited (a few cm/s — see [2]) so that theg aasily entrained by the air flow which
modifies the distribution of charged dust partichesl, subsequently, the distribution of force
density pont)E and, hence, the gas flow itself [2].

Figs. 8-12 show the results of the dust partiabsvilvelocity field measurements in the
ESP for three different dust densities (very lowdme and very high), when a high voltage
of +30 kV was applied. The average air flow velogitgs 0.4 m/s. The particle flow velocity

fields measured by PIV method (Figs. 10-12) reflaction of the dust particles in the ESP.



The instantaneous images of the particle flow pagtéor the three dust densities shown in
Figs. 8a-c were processed by the computer. The cemprocessing consisted in brightening
up the original images so that the average brigistnef all three pictures was similar
regardless of the dust density. Due to this treatmthe flow patterns for the lower dust
densities are more clearly visible.

As can be seen from Fig. 8a (very low dust densafggr applying the voltage a dark trail
with bright borders appeared behind the wire eteletlr The dark trail is an area in which the
dust particles were removed due to the electricefopE (in this area there are no dust
particles, and hence, no scattered laser light). Binght trail borders show areas with a
relatively high dust density. The trail structuresarly visible behind the wire, is then
scattered by a turbulent flow, about 50 mm behimel wire electrode (x =50 mm) in the
downstream direction.

At constant primary flow velocity and applied vg& the dust density increase caused a
decrease in the average discharge current andrgelia the flow structure behind the wire
electrode (Figs. 8b and c). As seen, the trail typ#ow structure significantly spreads out
towards the collecting plate electrodes at highest diensities. At the very high dust density
(Fig. 8c), the dark trail with bright borders coséralmost the whole height of the ESP
channel. This means, that almost all the dust pestizhich flowed in the vicinity of the wire
electrode were directed towards the collectingtedees (the abundance of the dust particles
is represented by the bright area from the wiretedde to the plate electrodes). About 50 mm
behind the wire (x =50 mm) vortices were formed.eJé vortices dispersed and then
scattered in the main flow. The considerable charigeshe flow patterns, shown in
Figs. 8 a-c, arise from the changes of the pastickarge densitg, and in the corresponding
electric force density. Figs. 8 a-c illustrate ®teong relation between the particles charge

density and the gas flow structure.



It is also seen from Figs. 8 a-c that the densityhe dust inflowing into the discharge
region (see the cross-sections at x = -10 mm) wasimiform regardless of the dust density.
The dust density was highest in the centre of the BG& and lowest near the plate
electrodes. This was caused by large, regular esrtoxcurring near the plate electrodes in
front of the wire electrode (see Figs. 10 and 11).

The results of the averaging of 150 instantaneaus finages in the ESP for different
dust densities are shown in Figs. 9 a-c. For adl dust densities, the brightness of the
presented averaged images was preserved as rgduitin the original instantaneous images
(in contrary to the images with corrected brightnpsesented in Figs. 8 a-c). Therefore, the
brightness of the averaged images allows us tmatti and compare the local dust densities
for the three dust density cases: very low, medamd very high. The averaged images
clearly show that the particle-free region (dar&agrspreads out faster with increasing dust
density.

The averaged particle flow velocity fields and tloeresponding flow streamlines in the
observation area in the ESP are shown in Figs. t0lanrespectively. The particle flow
velocity fields and the corresponding streamlines-igs. 10 and 11 differ slightly from the
gas flow velocity fields (and the correspondingainlines). To obtain the gas flow patterns
one has to subtract the particle drift velocitynrthe measured particle velocity. However,
this requires a complex computing of the driftled tharged particles in the electric field with
a space charge in the flowing gas. However, thie ilocity of fine particles is considerably
smaller than the gas velocity in the whole ESP deiatept in the area around the wire where
the electric field is very high. This means that tiees flow patterns in the ESP can be
reasonably well represented by the particle flottgoas presented in Figs. 10 and 11.

As can be seen from Figs. 10 and 11, after appltfeghigh voltage, the particle flow

velocity field in the ESP changed significantly wrdspect to that observed without voltage.
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Vortices were formed in front of the wire electrodéey increased significantly the dust flow
velocities in the central part of the ESP duct arddd a part of the dust particles to flow near
the plate electrodes in the opposite directionht main flow direction. The strong electric
forces near the wire electrode moved the dust ghestifrom the central part of the ESP
channel to the plate electrodes. At the very lowtdiensity, the dust particle movement
towards the plate electrodes was smaller thanifgveln dust densities, although in both cases
the operating voltage was the same. The differenoethe particle velocities in the
downstream part of ESP (e.g., x =100 mm) were srhtdlvever, it is seen that the dust
particle velocity slightly decreased in the ESP doentre and increased near the plate
electrodes. When the dust density is higher, tiferédnces between the particle velocities in
the downstream part of ESP increased. For very digdt density (Figs. 10c and 11c) the
particle flow velocity behind the wire electrode xa= 25 mm) decreased to zero. This means
that almost all dust particles entering the ESP maezar the plate electrodes (with velocities
up to 1 m/s). In the downstream ESP region the padicle velocities became almost equal.
200 mm behind the wire electrode the dust partrelecities were 0.25 m/s in the centre of
the ESP duct, and 0.6 m/s near the plate electrodes.

Fig. 12 shows the particle flow velocity standaaVidtion in the ESP for different dust
densities. The standard deviation (in percentage) caéculated for every velocity vector as
follows: Velocity std. deviation [%] = Velocity stdleviation / |Velocity| - 100%. In the ESP
downstream region, near the plate electrodes thelealow velocity standard deviation was
similar for all measured dust densities; but in¢batre of the ESP duct the velocity standard
deviation increased with increasing dust densitys Tileans, that at higher dust densities the

flow is more turbulent in the centre of the ESP duct

11



4 Conclusions

The aim of the PIV measurements was to elucidatentieence of dust density on the
particles flow pattern in the ESP. The results shoat increasing the dust density decreases
the average discharge current but increases thaitgari charged particles. This results in
significant changes in the distribution of electocces and, as a consequence, in the gas flow
patterns.

The strong electric field around the wire inducestrang electric force on the charged
dust particles which gain a drift velocity highéah the gas velocity within a distance of a
few millimetres from the wire electrode, and theref are repelled from the wire, leaving a
zone free of dust particles (the dark trail seefrigs. 8 and 9 near the wire electrode). The
analysis of the flow velocity fields shows that iherease in the dust density causes not only
a significant change in the mean flow pattern (EgH#2ondary flow) but also results in an
increase in the flow turbulence in the downstrear® Ejion.

Our results obtained for the very low dust densig)l agree with the results of EHD flow
study done by T. Yamamoto and H. R. Velkoff [3], wberformed Schlieren visualisation,
mist particles visualisation and numerical simahatof EHD flow in a positively polarised
wire-plate ESP. This agreement presumably resulted the fact that these authors dealt also
with a dust of low concentration, where the effeft particles space charge is nearly
negligible. However, at higher dust densities, FH¥ technique gives precise quantitative
results which clearly show the importance of thetipl@s space charge for the ESP
performance.

The results suggest that, in large industrial ESBs s@veral collecting sections, the flow
structures change in the consecutive sectionsaltieetdecrease in dust concentration. In the
first section, where the dust density is relativieighest, the flow disturbances should be the
strongest and a high turbulence should be genetatéioe next sections the flow disturbances

are expected to become less and less vigorous.
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Fig. 1 - Experimental set-up for PIV flow velocity fieldeasurements in an ESP.
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Fig. 3 - The observation area in the ESP.
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Fig. 4 - The image of the flow at the medium dust densitthe ESP. The primary flow
velocity was 0.4 m/s. No voltage was applied.
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Fig. 5 - The average flow velocity field at the medium disssity in the ESP. The primary
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Fig. 6 - The flow streamlines at the medium dust densithénESP. The primary flow
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Fig. 7 - The flow velocity standard deviation at the medidust density in the ESP. The
primary flow velocity was 0.4 m/s. No voltage wapbed.
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Fig. 8 - Instantaneous images of the particle flow inElS® (primary flow velocity :
0.4 m/s, applied voltage : + 30 kV). a) veryldust density (greyscale : 20), total
discharge current | = 160A ; b) medium dust density (greyscale : 73),120A ;
c) very high dust density (greyscale : 140),90¢.A. The bright places correspond to
high density of the dust.
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Fig. 9 - Averaged images (over 150 instantaneous imadesg garticle flow in the ESP
(primary flow velocity : 0.4 m/s, applied voltage30 kV) in the same conditions for
dust density and greyscale as in Fig. 8.
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c) 90pA.

Velocity scale:«<—1 m/s
b) 120uA,
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primary mean gas velocity was 0.4 m/s. The applathge was +30 kV. Total

Fig. 10 - Averaged particle flow velocity fields in the E8# different dust densities. The
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Fig. 11 - Particle flow streamlines in the ESP for differdost densities. The primary flow
velocity was 0.4 m/s. The applied voltage was +30kdtal discharge current:
a) 160uA, b) 120pA, c) 90pA.
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Fig. 12 - Particle flow velocity standard deviation in tB8P for different dust densities.
The primary flow velocity was 0.4 m/s. The appliedtage was +30 kV. Total
discharge current: a) 1@\, b) 120pA,

c) 90pA.
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