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Abstract

In this work, results of two- and three-dimensional particle image velocimetry (PI1V) measurements of the flow velocity fields in a wide
spacing spike—plate electrostatic precipitator (ESP) under positive polarity are presented. A DC voltage of positive polarity (up to 28kV)
was applied to the spike electrode. The average gas flow velocity was 0.6 m/s. The PIV measurements were carried out in four planes
perpendicular to the plate electrodes. Three parallel planes passed along the ESP while one plane passed across the ESP duct. The results
show that electrohydrodynamic (EHD) secondary flow with relatively strong vortices exist in the ESP. The EHD secondary flow pattern
depends on applied voltage and measuring plane position in respect to the spike tip. The strongest vortices occur in the plane passing
through the tip of the upstream-directed spike. These relatively strong EHD vortices may hinder collection of the particles in the

diameter range of 0.1-1 um in the wide electrode spacing spike—plate ESPs.

€ 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Electrostatic precipitators (ESPs) are being widely used
as dust particle collectors due to their high total particle
collection efficiency (99.9%) with a low-pressure drop.
However, the collection efficiency of particles of submicron
size is relatively low [1].

An ESP modeling and measurements performed down-
stream of full-scale ESPs show that the dust particle
collection efficiency depends on the gas flow velocity,
applied voltage, particle physical parameters, electrode
geometry and on the EHD secondary flow [2-4]. The most
difficult to collect are particles in diameter range of
0.1-1 pm, with a maximum for particles having a diameter
of about 0.5 um.

The influence of the EHD secondary flow on the
collection efficiency has been debated for decades. The
results of the modelling of particle collection efficiency [2]
suggest that the particle collection could be significantly
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improved if the EHD secondary flow were eliminated.
Consequently, improvements in the geometry and operat-
ing conditions in ESPs should be performed to reduce the
EHD secondary flow in them.

One of the proposals for eliminating the EHD secondary
flow in ESPs is the use of a spike discharge electrode.
However, there is a lack of information on the EHD
secondary flow in the ESPs with such an electrode
arrangement.

Recently, the particle image velocimetry (PIV) technique
has become a powerful tool for measuring the flow
patterns in ESPs. In [5.6] the PIV measurements were
focused on the existence of EHD secondary flow in wide
electrode spacing ESPs under positive polarity, which,
according to the modelling presented by Kogelschatz et al.
[2], influences the collection efficiency of submicron
particles. The relatively wider spacing ESP operation was
chosen since such an ESP can be applied to the collection
of high resistivity dust particles [1]. The ESP operation
under positive polarity was used because of the relatively
low ozone generations and the potential for the reduction
of NO, and SO,.




J. Podliriski et al. | Journal of Electrostatics 64 (2006) 498-505 499

In this work, results of two- and three-dimensional PIV
measurements of the flow velocity fields in a positively
polarized wide spacing spike—plate ESP are presented. The
measurements were focused on existence of the EHD
secondary flow.

The PIV measurements were carried out in four
planes placed perpendicularly to the plate electrodes.
Three different parallel planes passed along the ESP by
the upstream- and downstream-directed spike tips,
as well as in-between them. This allowed us to study the
influence of the spike on the velocity field in the ESP.
The fourth measuring plane passed across the ESP duct.
In this case three-dimensional PIV measurements were
carried out.

2. Experiment

The apparatus used in this experiment consisted of an
ESP, high voltage supply and standard PIV equipment for
the measurement of velocity fields (as presented by
Mizeraczyk et al. [5,6]).

The ESP was a plane-parallel acrylic duct, 1000 mm
long, 200mm wide and 100 mm high. At the top and
bottom of the duct two collecting stainless-steel plate
electrodes (200 mm x 600 mm) were placed. In the middle
of the ESP the spike electrode (200 mm long, 1 mm thick,
and 30mm tip-to-tip wide) was mounted in the acrylic
sidewalls, parallel to the plate electrodes (Fig. 1). The spike
tips were directed upstream on the one side of the
electrode, and downstream on the other. The distance
from the spike electrode to the plate electrodes was 50 mm.

The positive voltage applied to the spike electrode was
up to 28kV, the discharge current was up to 210 pA. The
voltage was supplied to the spike electrode through a
10 MQ resistor.

Air flow seeded with fine TiO, particles (size of less than
I pm) was blown along the ESP duct with an average
velocity of 0.6 m/s.
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Fig. 1. Top-view schematic drawing of the spike—plate ESP.

The PIV measurements were carried out in four planes—
A, B, C and D, all placed perpendicularly to the plate
electrodes (Fig. 1). Three planes were fixed along the ESP
duct. The first of them (plane A) passed through the tip of
the upstream-directed central spike electrode, the second
plane (plane B) passed in-between the upstream and
downstream spikes, while the third plane (plane C) passed
through the tip of the neighbouring downstream-directed
spike electrode. The fourth plane (plane D) was placed
across the ESP duct, 15mm before the upstream-directed
spike tips.

The flow velocity field maps [area of 260 mm x 100 mm]
obtained in planes A, B and C were composed of three
adjacent overlapping velocity fields [area of each
100mm x 100mm]. All the velocity fields resulted from
the averaging of 100 measurements, which means that each
velocity map was time-averaged. Based on the measured
velocity fields, the apparent flow streamlines of a hypothe- -
tical two-dimensional flow were calculated and presented in
this paper.

3. Results

Figs. 2-5 show the flow streamlines in the spike-plate
ESP at a primary flow average velocity of 0.6 m/s. At this
velocity the Reynolds number was Re = V' x L/v = 4000
(the parameters used to calculate Re were: the primary flow
velocity V = 0.6m/s, characteristic length (plate-plate
distance) L =0.1m, and air dynamic viscosity v =
15 x 107 m?/s).

The flow streamlines in the plane A (without voltage) are
shown in Fig. 2. As can be seen, the flow is uniform in the
whole measured area with a slight disturbance near the
spike electrode. Very similar results were obtained in planes
B and C.

When the applied voltage exceeded corona onset (about
11kV) the flow pattern changed significantly, depending on
applied voltage. Figs. 3—5 show the flow streamlines in the
planes A, B and C, respectively, for three selected voltages:
15.6, 23.8 and 27.9kV. The total discharge current was 40,
120 and 210pA, respectively. Thus the electrohydrody-
namic numbers [Ehd = I x L*/(v?* x p x u; x A){7], based
on the flow channel data, were 1.26 x 107, 3.78 x 107 and
6.61 x 107, respectively. Hence, the ratios of the Ehd
number to the Reynolds number squared (Ehd/Re?) were:
0.8 (for 15.6 kV—Figs. 3a, 4a and 3a), 2.4 (for 23.8kV—
Figs. 3b, 4b and 5b) and 4.2 (for 27.9 kV—Figs. 3c, 4c
and 5c). The parameters used to calculate Ehd were:
the total discharge current 7, characteristic length (plate-
plate distance) L =0.1m, air dynamic viscosity v =
15 x 1079m?/s, air density p = 1.205kg/m?, ion mobility
(NJ in air) g, =293 x 107 m?/Vs, and discharge area
(100mm long and 200mm wide discharge area on the
two plate electrodes) 4 = 2 x 100 mmx 200 mm = 0.04 m?.
The uniform current distribution on the plate electrodes
was assumed. This assumption was justified by the optical
emission intensity measurements of the discharge from the
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Fig. 2. Flow streamlines in the plane A for the spike-plate ESP at the averaged main flow velocity of 0.6m/s. No voltage applied. The Reynolds number

Re = 4000.

spike electrode (observation of N, second positive band
emission which is proportional to the electron density) [8].

Generally, when the applied voltage is increased, the
EHD force (equal to pE per volume unit, where p is the ion
density, E is the electric field) moves the ions, causing
strong secondary flow which alter significantly the original,
primary flow. Usually the EHD secondary flow increases
with increasing applied voltage (or discharge current), and
hence EHD number. Since the current flux and the electric
field are three dimensional, three-dimensional vortex
structures are generated in the flow. The influence of the
travelling ions on the flow structures for needle-plate cases
(needle perpendicular to the plate) was widely discussed by
Sigmond et al. [9] and Zhao et al. [10]. However, the
present spike electrode is parallel to the grounded planes.
Therefore, three-dimensional structures of the electric field
as well as current flux distribution have to be expected in
the investigated ESP.

The evolution of the vortex structures in the plane A
(passing through the tip of the upstream-directed central
spike electrode) with increasing applied voltage is shown in
Fig. 3. At 15.6kV (Fig. 3a), vortex structures near the
upstream tip started to develop. The upper and lower
vortex structures are not identical likely due to small
asymmetries in the positioning of the spike electrode with
respect to the plate electrodes and due to a certain
asymmetry of the primary flow profile at the ESP inlet
(found in the vector velocity field, not shown). The
asymmetry of the vortex structures is higher at lower
applied voltages. As can be seen in Fig. 3, even the weak
upstream vortices formed in the upstream region (in
respect to the spike electrode) start to block the primary
gas flow in the central part of the ESP and cause the flow to
move nearer both plate electrodes. In the downstream
region the influence of the EHD forces on the flow is less
pronounced. With increasing voltage new vortices appear
in the downstream region, while the upstream vortices
became stronger. At 23.8 kV (Fig. 3b) the downstream pair
of vortices is clearly developed and the upstream vortex

pair occupies almost the whole ESP height. The fully
developed pairs of strong vortices covering the whole
ESP height in the upstream region (with their centres
at x = —15mm) and in the downstream region (x =
30—40 mm) appear at 27.9kV (Fig. 3c). The upstream
vortices block the main flow and force it to move very close
to the plate electrodes. On the other hand, the downstream
vortices do not allow the main flow to move near the plate
electrodes. As a result, after passing the spike electrode the
main flow turns towards the ESP centre and passes between
the downstream vortices.

Two pairs of vortices, upstream and downstream,
develop also in the plane B (Fig. 4), which is fixed in the
midway between the upstream- and downstream-directed
spikes (Fig. 1). However, the vortices in this plane are
smaller than those in the plane A, even at 27.9kV. The
direction of the main gas flow is similar as in the plane A.

The influence of the EHD forces on the flow patterns in
the plane C, passing through the tip of the downstream-
directed spike electrode (Fig. 1), is lower than that in the
planes A and B (Fig. 5). Only a slight disturbance of the
uniform primary flow is seen at 15.6kV (Fig. 5a). For
higher voltages, relatively small vortex structures close to
the spike electrode and in the downstream ESP region are
present (Figs. 5b and c¢). Therefore, even at 27.9kV a
considerable part of the primary flow moves not much
disturbed by the EHD forces to the ESP outlet.

The stronger vortices, visible in Figs. 3-5 appear for
higher applied voltages, i.e. for higher Ehd numbers.
However, the strength and dimension of the vortices
depend also on the directions of the EHD secondary flow
and the primary flow with respect to each other. If they are
opposite, stronger vortices develop.

Comparing the EHD secondary flow in planes A, B and
C for relatively high voltages (23.8 and 27.9kV), we can
find that the pairs of vortices in the plane A are strongest,
although the Ehd numbers in the planes A and C are the
same. This difference is a result of a strong interaction of
the upstream-directed EHD secondary flow from the
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Fig. 3. Flow streamlines in the plane A for the spike-plate ESP at the averaged main flow velocity of 0.6 m/s. Applied DC positive voltage: (a) 15.6kV,
(b) 23.8kV and (c) 27.9kV; averaged discharge current: 40, 120, 210, respectively. The Reynolds number Re = 4000 and Ehd numbers are 1.26, 3.78 and

6.61 x 107, respectively.

upstream spike tip in the plane A with the oppositely
directed primary flow. This strong interaction causes the
strong vortices observed in the plane A. On the other hand,
in the plane C the directions of the EHD secondary flow
and the primary flow are in accord. Therefore, their
interaction is weaker and the downstream flow pattern is
less disturbed.

The measurements in the planes A, B and C showed
that the flow pattern depends on whether the measuring
plane contains a discharge source (i.e. the spike tip) or

not. Therefore, using a local Ehd number for each plane
would be more adequate to describe the EHD secondary
flow than the use of the average Ehd number as used in
this work.

Analyzing the two-dimensional flow patterns presented
in Figs. 3-5 one may deduce that the flow in the presented
spike—plate ESP is strongly three-dimensional, as it has
been predicted by numerical modelling [2,11]. This was
confirmed by results of three-dimensional measurements
(Fig. 6), carried out in the plane D (i.e. perpendicular to the
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Fig. 4. Flow streamlines in the plane B for the spike-plate ESP for the conditions as in Fig. 3.

primary flow direction). As can be seen in Fig. 6a, the flow
velocities which are perpendicular (y, z directions) to the
primary flow direction are considerable. The y-component
of the velocity reaches values up to 0.8m/s while the
velocity z-component is up to 0.3 m/s in the vicinity of the
central spike tips and even higher than 1 m/s in the vicinity
of the acrylic side walls. The sidewalls considerably disturb
the flow around the nearest spike tips. However, the flow
patterns around the central spike tips are stable and very
similar to each other (Fig. 6b). The flow velocity
component in the x direction (the primary flow direction)
in the plane D is shown in Fig. 6¢c. The x-component

velocities reach values from 0.7m/s in the opposite
direction to the primary flow direction (in the planes
passing through the upstream-directed spike tips—Iike
plane A) to 1.4m/s in the primary flow direction (in the
planes passing through the downstream-directed spike
tips—Ilike plane C).

It can be deduced from Figs. 3-6 that a transversely
directed-to-the primary flow three-dimensional conical
tornado-like vortices are developed in the ESP. At the
upstream region of the ESP the conical tornado-like
vortices have their vertices in the plane C, and their bases
in the plane A.
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Fig. 5. Flow streamlines in the plane C for the spike-plate ESP for the conditions as in Fig. 3.

4. Summary and conclusions

In this paper, results of the two- and three-dimensional
PIV measurements of the flow velocity fields in a positively
polarized spike-plate ESP are presented. The measure-
ments were carried out in four different planes, fixed
perpendicularly to the plate electrodes, along and perpen-
dicular to the direction of the primary flow.

The results show that:

® the EHD secondary flow do exist in the spike-plate ESP,
® the EHD secondary flow interacts strongly with the
primary flow, forming relatively strong EHD vortices,

in particular in the upstream region of the spike
electrode,

® the strongest vortices appear in the plane passing
through the upstream-directed spike (plane A),

® the diameter of the vortices increases with increasing
voltage, i.e. with increasing Ehd number,

® the flow patterns in the planes A, B and C are different.
This results from differently directed spikes in the planes
A and C, in respect to the primary gas flow, and from
the lack of the corona discharge source (no spike on the
electrode) in the plane B,

® from the flow patterns in the planes A, B and C one may
deduce that there exist the conical tornado-like vortices,




504 J. Podliniski et al. | Journal of Electrostatics 64 (2006) 498-505

Plate electrode

\ Planes: ?BA =
3 4 [
SO'Q \’k}\‘:\‘“ \s\n::; yave 11-1:;;’9;;1"-4 \;‘ N Acrylic
# - -
N SRR tar e N wal
N H : / 2L
§ RN 3*3 : 1akaaanast it N
» s ¥ 4 4 Ed ¢ N
N SRR N
) N AT iak a4 H VLA RGN ot
» ek g F PR A Ao X Tr¥ss o - N
"Q —w AR ETES AaarsX 280w P ;3100 / C N FIOW
= ™ woesswerg At pert e vk A3aa [ RES /. N
E RGP VY CEIFIFTER LRI ERRB I e v R A AR ARLE IR E N e N
£ O L O N (e P R A S NG Q @
et = PRRETP  p A ag ARy Ry s s i Bl B N e e B et N
o S e A AR L L A% s R Naa® e S ANSOen P
S R R R S TN
N HASE N s witiiNel Vi) Y\\Q‘ N
258 I IR N ooy
N 28R R N | Pere
N ZELii ay ¥ vy s 1N ju=27.8kV
= el 8T Py e .« .3 . & ACF P VY Fas »94 s KI
N S w A AP rFVa b b A Thn wn ¥ T A daa ks tY by a2V ot o P
50+ = i = ; !
200 150 100 50 = 0
(@  Scale: +—1mis {om) Plate electrode
Plate elactrode\ Planes: C B A
4 ¥
50 “ Acrylic

5

COEIPIIRITEIEEI IR SN EIROIEII N VA

y {mm)
g

/ wall

Flow

®

Piane D
U=27.9kV

y (mm)

1.4 0.7 0 0.7
© Vi Imis]
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plane (plane D) (a), corresponding flow streamlines (b) and x-component of

located perpendicularly to the primary flow. This means
that the flow in the spike-plate ESP is three dimen-
sional, which was confirmed by the three-dimensional
PIV measurements.
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