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Instantaneous and time-averaged velocity fields
In a wide electrostatic precipitator

Janusz Podiski, Pierre Atten, Jerzy Mizeraczyk

Abstract— This work was aimed at clarifying whether
the electrohydrodynamic (EHD) flow in a relatively wide
electrostatic precipitator (ESP) (width:height =2) is 2- or 3-
dimensional (3D). The previous our measurements @&D time-
averaged flow velocity fields suggested that theoflv in the ESP
duct centre is almost 2-dimensional. In this papewe present both
the 3D instantaneous and time-averaged flow velogitfields in
arelatively wide ESP (width:height = 2). The ESP sed in this
work was an acrylic parallelepiped with a negativel polarized
wire discharge electrode and two plate collecting lectrodes.
The velocity field was measured using Particle ImagVelocimetry
in the observation midplane along the ESP.

Index Terms — electrohydrodynamic flow, EHD, electrostatic
precipitator, ESP, Particle Image Velocimetry.

|I. INTRODUCTION

the reduction of dust emission. The total massecttn
efficiency of dust in modern ESPs is very high (ab®9%),

however the collection efficiency of micron andosicron
dust particle is much lower (below 80%) and still
unsatisfactory [3]. It means that a large number fioé
particles is emitted to the atmosphere, becomingei@us to
people and animals.

The precipitation of particles in the ESP duct dejfseon
the dust-particle properties, electric field, elecspace charge
and gas flow field [4]. The primary gas flow (themtering
the ESP) is disturbed by the electrohydrodynami¢idfE
secondary flow generated in the ESP. The EHD sengnd
flow causes considerable changes and turbulences
the primary flow structures. Influence of the EHBcendary
flow on the ESP collection efficiency has been detbafor
decades. To elucidate this influence many expeitahg¢s-11]

in

HE fine dust particles emitted by industry ancand numerical [12-14] investigations were carried. Gome
transportation means can contain substances hatmfulof the results showed that the EHD secondary flowd a

human health, such as oxides of sulphur, nitricdes]
ammonia and heavy metals. The most dangerous &ithhere
dusts with the diameter of grains below grb (fraction called
PM2.5), which can penetrate from lungs directlybiood.
Therefore, in the last years in the European Uriospecial
attention to the inspection of emission of fine tdparticles

corresponding gas flow turbulences are
collecting fine dust particles in ESPs [11, 12].
In this paper, the results of 3-dimensional Patichage
Velocimetry (3D PIV) [15] measurements of the flealocity
fields in a relatively wide wire-plate type ESP gm@sented.
The measurements were carried out in the obsernvatio

important fo

of micron and submicron sizes increased. The Euamopemidplane along the ESP.

Parliament is preparing
the quality of air in the European Union [1, 2].

The industry, in particular the heat and power sidu
based on coal fuel, is a major source of fine dusticle
emission. For several decades the heat and powetspare
equipped with filters to reduce dust emission. Magtular are
electrostatic precipitators (ESPs) which are basigices for
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the new directive concernin

The apparatus used in this experiment consisteth &SP,
DC high voltage supply and a standard 3D Partiohkade
Velocimetry (PIV) equipment for the flow velocityiefd

measurement (Fig. 1).
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Fig. 1. Experimental set-up for 3D-PIV flow velocifield measurements
in ESP.



The wide-type ESP used in this work was an acrylic Fig. 2 shows a typical single image of the flowtlie ESP
parallelepiped 1000 mm long, 200 mm wide and 100high taken by the CCD camera. The dust particles saagter
(width:height = 2). The electrical electrode sensisted of the laser light are visible as bright points in thrage. When
a wire discharge electrode and two collecting piéetrodes. no voltage was applied, the submicron dust pasitdowed
The wire electrode (diameter 1 mm, length 200 mngs w the gas main flow and, in this case, the measuetmtity field
placed perpendicularly to the main flow, in the diédof the of the particles corresponds to the gas flow véjoéield.
ESP between the plate electrodes, which were placethe Figs. 3 and 4 show the particle flow velocity fietdsulted
top and bottom of the ESP. The width of each pdtetrodes from averaging of 100 PIV images, which means that
was 200 mm, while the plate-to-plate electrode isgaavas the velocity field is time-averaged. Based on theasured
100 mm. A flow homogenizer was placed before the iEffet. velocity fields, the velocity standard deviation r fo

Air flow seeded with a cigarette smoke (majoritysofioke the x-component (Fig. 5) and the z-component @jigwas
particles lower than fim in dry air) was blown along determined.
the reactor duct with an average velocity (frono@t9 m/s).

The negative DC voltage of up to 28 kV was applied

the wire electrode through a 10(Mresistor, while the plate Plate electrode \ e
electrodes were grounded. The averaged dischargentwas R |1
up to 150uA. D e b S Sl Sl S S S e S S S Sl S Sy electrode
25

The standard 3D PIV equipment consisted of a tewtoed
harmonic Nd-YAG laser system € 532 nm), imaging optics § o-::._._‘._._._‘._._»H-_._.;._._H»HF-HFhlh.»_z‘_‘.i_ Flow
(cylindrical telescope), two CCD cameras and a B@puter > |= 0.9 m/s
with Dantec FlowManager software. 2572

The 3D PIV measurements were carried out in a plai B el I
placed perpendicularly to both electrodes, at tite lectrode 200 /’ 150 100 50 o =+
midpoint. The observation area (the area of therlaheet Plate electrode X (mm) Velocity scale: ~— 1 m/s

“seen” by both CCD cameras) covered a region betweeig. 3. Averaged flow velocity field in the ESP evhno voltage was applied.
the plate electrodes, ranging from 20 mm towards ftow  The primary flow average velocity was 0.9 m/s.
upstream direction to 205 mm towards the flow ddvessn
direction, when measured from the wire electrodg. (E).
The results obtained from 3D PIV measurements a Plate electrode \ =

presented in this paper among other things as vewps and 50 elé’;t"rrgde
colour maps. The vector maps (called flow velodiglds) 25
show velocity x- and y-component. The colour mapews T Elow
velocity z-component. E o
> 0.9 m/s
Ill. RESULTS 257
Figs. 2-6 show the results of the 3D PIV measurésnen 5,15 : : ‘ ‘ o
the ESP when no voltage was applied. The Reynaldsber 200 / 150 X(mm)100 50 0 =
was Re=WL/v=5730 [16]. The parameters used t¢ Plateelectrode Vz[mssk: 045 -0.1 -0.05 -0.01 0.01 0.05 0.1 0.15

calculate Re were: the primary flow average vejocit':ig- 4. Averaged flow velocity z-component in tB8P when no voltage was
V =0.9 m/s, the characteristic length (plate-plalistance) applied. The primary flow average velocity was /3.
L=0.1m, and the air kinematic viscosity

= 1.57x 107 né/s).
v 8 S) Plate electrode N =

Plate electrode %0 elé/c\:tn:Sde
50 Wire
] electrode 251
25 T Flow
T 1 Fow £ 0]
E 0 > 0.9m/s
> 0.9m/s -25 1
25 0 kV
] OkV -50 T T T — T
-50 200 / 150 100 50 0 =
X (mm
200 / 150 . (12?“) 50 Plate electrode (mm) vxstddev.[misl: 0 0025 005 0075 01
Plate electrode

Fig. 5. Standard deviation of velocity x-componémtthe ESP when no

Fig. 2. Instantaneous image of the flow in thePEghen no voltage was voltage was applied. The primary flow average vigjosas 0.9 m/s.

applied. The primary flow average velocity was ®U8. Exposure time: 6 ns.
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Fig. 6. Standard deviation of velocity z-componémtthe ESP when no
voltage was applied. The primary flow average \igfjozas 0.9 m/s.

It is clearly seen from the presented figures that flow
was laminar.
x-component was very low (lower than 0.035 m/s).abm
disturbances of the flow were found in the wake iteh
the wire electrode. The average velocity z-compbnas very
low (lower than 0.05 m/s in the + and — z directiohs
standard deviation was very low (Figs. 4 and 6jndians that
the flow was practically 2-dimensional in the olystion area
when no voltage was applied.

It is worth mentioning that the flow velocity patts
measured for the primary flow average velocity & @/s and
0.6 m/s (not shown in this paper), when no voltages
applied, were very similar to that for the priméiow average
velocity of 0.9 m/s.

When a high voltage was applied to the wire eleftro
the electric forces exerted by the corona dischargkelectric
field induce a considerable EHD secondary flow lué gas
which altered significantly the primary laminar lo On
another hand, the electric force exerted on eatikidual dust
particle with chargeg, induces a drift of the particle with
respect to the suspending air. Therefore, the rmiom of
the charged dust particles has two components, duge to
the gas flow and the other, due to the electricceon,E
(the particle drift velocity), wher& is the electric field. For
submicron particles, except just around the wirectebde
(whereE is very high), the particle drift velocity is muthwer
than the gas velocity [4]. Therefore, we can assthae also
the charged dust particles follow the gas flow. ¢&n
the measured by us particle flow velocity fieldpresent also
the gas flow velocity fields in the ESP, except foe near-
wire region.

Figs. 7-15 show the time-averaged results of theP3D
measurements in the ESP when negative voltage kY/28as
applied. The average total discharge current wasu®s At
this current, the EHD number, which is relatedhe electric
forces, was % 10. The EHD number was calculated usin
aformula: Ehd=kL3/ (W xpxpwxA) [16], with
the parameters as follows:
discharge current), L=0.1m (the distance
the collecting electrodes),v = 1.57x 10° mé/s  (the air
kinematic viscosity), p = 1.205 kg/m (the air density),

The standard deviation of the velocit

The particle flow velocity field and the corresporgl flow
streamlines in the ESP for 28 kV and 0.9 m/s aesgmted in
Figs. 7-9. The Reynolds number was Re =5730, th® E
number was % 10’, and the ratio of the EHD number to
the Reynolds number squared was 1.5 (Ehd/&escribes
the ratio of the electric forces to the inertiatc®). For this
relatively low Ehd/R&ratio the influence of the discharge on
the dust particle trajectories is mostly seen ia tiischarge
region, i.e. in a radius of about 50 mm from theevélectrode.
As can be seen in Figs. 7 and 8, the particle drajies are
bent towards the plate electrodes in this regidme &verage

velocity z-component (Fig. 9) in almost whole olvsion
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Fig. 7. Averaged flow velocity field in the ESPh& applied voltage was
-28 kV. The primary flow average velocity was 0.8sm
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Fig. 8. Flow streamlines in the ESP. The appliettage was -28 kV. The
primary flow average velocity was 0.9 m/s.
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Fig. 9. Averaged flow velocity z-component in th8P. The applied voltage

Quas -28 kv. The primary flow average velocity wad f/s.

I=1pA (the average total &/€@ Was very low (lower than 0.05 m/s), increasiegr
betwedRe wire electrode and plate electrodes up to f/s5

When the primary flow average velocity decreased to
0.6 m/s (Figs. 10-12), the Reynolds number dectets8820

and the ratio Ehd/Réncreased to 3.4. Under these conditions

- ; - -4
A=0.04 1 (the discharge area) and = 2.55x 10 mVs the influence of the discharge on the dust partitgion is

(the ion mobility).



a stronger than that at 0.9 m/s (Figs. 7-9). Thetigka
trajectories bent stronger towards the collectitecteodes.
The velocity y-component increased in the dischaeggon.
The average velocity z-component is still very Igower than
0.05 m/s).
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Fig. 10. Averaged flow velocity field in the ESPhe applied voltage was
-28 kV. The primary flow average velocity was 0.6m
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Fig. 11. Flow streamlines in the ESP. The applieliage was -28 kV. The

primary flow average velocity was 0.6 m/s.
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Fig. 12. Averaged flow velocity z-component in thB8P. The applied voltage
was -28 kV. The primary flow average velocity wa8 th/s.

For a still lower primary flow average velocity 20m/s)
(Figs. 13-15), the Reynolds number decreased td l#wl
the Ehd/R& ratio increased to 30.6 (the electric forces tyear
dominate over the inertial force). In consequertbe, EHD
secondary flow significantly changed the averadeoity field
in the majority of observation area. 100 mm doweaestn from
the wire electrode a pair of vortices occurred. &gesult

the particle flowed in the opposite direction tce thrimary
flow direction in the ESP duct centre. The averag®city
z-component is still very low (lower than 0.05 mé)d only
near the electrodes it reaches the values up foro/4.

As it can be seen from Figs. 7-15, the increagghiRé ratio
caused strong disturbances of the average veldistd,
whereas the average velocity z-component was nathmu
disturbed by the discharge and maintained almosstaat
small value. It means that the time-averaged flelaity field
measured in the ESP midplane as shown in Fig. &lniest
2-dimensional. However, we can expect that the-Breraged
velocity field in the observation planes near tt®&PBwalls are
3-dimensional due to the end-walls effect.
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Fig. 13. Averaged flow velocity field in the ESPhe applied voltage was
-28 kV. The primary flow average velocity was 0.&m
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a) 50 Plate electrode, = )
From the time-averaged results presented abovecane SEIIIIIIETEIIETIIIIIIS eIeWctI:gde
conclude, that the flow in the ESP is 2-dimensiohiawever, B D e e e D PP e s
our analysis of the instantaneous flow velocitydiemeasured ¢ {ZZEETTEEEEEIIEEEEEE S
; ; pupapapapapapebapapapenpapatipayanpamemsas atbamampuprse
by us and presented below show that the flow inBB® is E 0{ZEEEEZsEmsrEEEs =
3 dimensional when short time intervals are conside > oo rso | 09mbs
The instantaneous images of the particle flow an 25 |EEEETTTEEsEoommoooonTTTs J8ky
corresponding instantaneous flow velocity fieldsaswed in e I '150 WA
the ESP for a negative voltage of 28 kV are presknh 200 150 100 50 0 =
. Plate electrode, =
Figs. 16-24. R B Wire
. . . R i el el et el e et e Tt T T el S S N T T SR S
As it can be seen from instantaneous images shown B e e e D R e electrode
Fig. 16, voltage 28 kV, primary flow average vetpd.9 m/s B B e e e e e b
(Ehd/Ré 1.5), the Karman vortex structure occurred jusg P e e e e e e et e e e e e e I LI
behind the wire electrode. However, this structerenstable T |CCsssfTfssrSooforitr o) gomis
. . . . . D e e e e ) P el e -
and it is scattered by irregular flow disturbanetarting at s {EECEEEE TS E T T TS o r T T s
the latest 40 mm downstream from the wire electrod CECEEEED I I I IS S oo YIS 28k
. . . . . A e A A e a4t t—a—a—a—a—a— & F N > v vV
The corresponding instantaneous flow velocity fie(Big. 17) -50 o o o = T 150 A
as well as velocity z-component (Fig. 18) also shiig ) 5o Plate electrode = Wi
. . - e 9 93 e e et —a e -+ e - e e X b b Y b o4 ire
irregular dls_turbgn_ces._ In th_e_ downstream from m@e TISEESEEEIIIIIIIINAIAI 2 clectode
electrode quite distinct instabilities occurs foe flow velocity T D e e P PP PP AP NN S bbb
; PEp P PP mbabab bbbt u NN\
X- and y-component. The velocity z-component reackgues ¢ ::t::::::::::::‘_::::ﬂ Flow
up to 0.3 m/s and even more near the plate elexdrgtihis £ O JEEEEEEETEEEEEEEEREETE
means that the instantaneous velocity z-comporefigher > EEEEEEEEEEEEEEEE?;EX 0.9m/s
. DD et e e e e ————a——
than the time-averaged one. D S S S S S o S S S o5 oSS
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eleclrote  Fig. 17. Three instant fl locity fie{dsb and c) in the ESP. Th
257 applied voltage was -28 kV. The primary flow averaglocity was 0.9 m/s.
E Flow a Plate electrode =
E o4 )50 — = Wire
> 0.9 mis electrode
25 - 25
1 -28kVv  E Flow
50 150 }.LA g 0_ ...........
200 150 100 50 0 = > 0.9 m/s
Plate electrode x (mm) 25
b)50 Plate electrode = 28 kV
B Wire
1 -50 T T T T T 150
] electrode 200 150 100 50 0= hA
25 b Plate electrode =
= )50 — = Wire
3 Flow electrode
E 01
> ] 0.9m/s
254 Flow
] -28kV 0.9 mis
-50 1 150 A
200
Plate electrode x (mm) -28 kV
c) o Plate electrode = -50 200 o s o T 150 pA
. Wire H
] electrode c) 50 Plate electrode = Wire
251 electrode
T | Flow
E 07 Flow
> ] 0.9m/s
-25 0.9m/s
1 -28 kV
-50 150 pA -28 kV
200 100 5015 . — ‘ w 150
Plate electrode X (mm) 200 f 150 1 50 0 J?— WA
i i i i x (mm [ R
Fig. 16. Three instantaneous images (a, b and fc}he particle flow Plate electrode (mm) V2 s e 03 04

inthe ESP. The applied voltage was -28 kV. Thenpry flow average Fig. 18. Three instantaneous flow velocity z-comgmt fields (a, b, c)
velocity was 0.9 m/s. Exposure time: 6 ns. in the ESP. Applied voltage: -28 kV. Primary flowesage velocity: 0.9 m/s.



At a lower primary flow average velocity of 0.6 m/s@)so tateelectiodey &
(Ehd/Ré 3.4) the particle flow disturbances, caused b TITEIETIETEERETEET I 51| electrode
the electric force, were stronger than those far 89 m/s. 25{ZTZTTTToiTozroTroriizss:?

The Karman vortex structure attempted to arise rzkhi g JJEIZIiizIIrriziociamaaooZ) Flow
the wire electrode, but it was immediately scatefley T "{zrrriIzIrirriiiirocioo| (e
iregular flow disturbances (see Figs. 19 a-c). #tese  , |TTTfffTETTTEITIZETEEEEET
conditions also the particle flow instabilities aoed near TEmIIITrrIZIzrrriiryie 28 kV
the plate electrodes. As it can be seen in correfipg 50 7' 1504A
. f locity field . ul 200 150 100 50 0 =
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. . . . . 4 e e e e e e e 4 e e e e
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The instantaneous images of the particle flow an
the corresponding instantaneous flow velocity Befdeasured
in the ESP for the primary flow average velocity®® m/s
(the Ehd/Rératio was 30.6) are presented in Figs. 22-24. Or
can see that the particle flow was very turbulenthie whole
observation area. Any regular structure cannot &ensin
the instantaneous images presented in Figs. 22 Also
the flow velocity fields (Figs. 23 and 24) suggesiat
the particle flow in the ESP is turbulent and 3 elirsional
when short time-interval are considered. Howevermes
regularity in the particle flow patterns can be rfdufrom
Figs. 23a-c. 50 mm downstream from the wire ele&rand
farther in the downstream, the velocity x-componeetar
the plate electrodes reaches values up to 1 m/sh(rhigher
than the primary flow average velocity). At the satime,
the velocity x-component in the ESP duct centreliea much
lower values. At about 100 mm downstream from thiee w
electrode the velocity x-component becomes negatiee
the particles flow in the opposite direction to grémary flow
direction. This counter-flow was already shown lwe time-
averaged results presented in Figs. 13 and 14hé\ptimary
flow velocity of 0.2 m/s, the flow velocity z-compent
(Fig. 24) exhibit also very irregular structuresndawith
maximum velocity amplitude of about 0.45 m/s (itegher
than those at the primary flow velocity of 0.6 rargl 0.9 m/s).
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The standard deviations (SDs) of velocity z-commorier
the primary flow average velocities of 0.9 m/s, & and
0.2 m/s are presented in Figs. 25, 26 and 27, cdsply. As it
can be seen from these figures, the velocity z-asmapt SDs

velocity in the z-direction (i.e. perpendicular ttee primary
flow direction) is low (lower than 0.05 m/s). Thtonfirms
the previous time-averaged results [10] indicatihgt the
mean flow in the wide ESP is almost two-dimensianaerms

of reaches highest values in the wake behind thee wiof time-averaged observations. However, the armlysi

electrode. The SDs are higher for the primary fl@hocity of
0.9 m/s (up to 0.3 m/s) than for 0.2 m/s (up to501Es).
However, at 0.9 m/s the particle flow in the ESEnsg to be
more stable in the majority of the observation aread
corresponding SDs of the velocity z-component gelothan
0.1 m/s. In comparison, at the primary flow velpaf 0.6 m/s
and 0.2 m/s, the SDs of the velocity z-componemiches
values up to 0.15 m/s and 0.2 m/s, respectively.
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Fig. 25. Standard deviation of velocity z-compdnienthe ESP. The applied
voltage was -28 kV. The primary flow average veipeias 0.9 m/s.
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Fig. 27. Standard deviation of velocity z-compdnienthe ESP. The applied
voltage was -28 kV. The primary flow average velpeias 0.2 m/s.

IV. CONCLUSION

In this paper, the 3D PIV velocity field measuretseim
the midplane set along
The obtained results showed that the time-averafied

instantaneous EHD flow images and velocity fieltioveed
that the EHD flow is very turbulent with a relatiyehigh
instantaneous velocity z-component (up to 0.45.ri/s¢ high
level of the velocity z-component standard deviatio
calculated from the instantaneous velocity z-congmoffields,
confirmed this observation. We expect that the flow
turbulences are higher near the end-walls of the.Ehese
results show that even in wide ESPs the EHD flonno& be

assumed to be 2-dimensional when its short-timew flo
behaviour is considered.
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