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ABSTRACT

Simulation models for szing ElectroStatic Precipitators (ESPS) have been presented for the last 15
to 20 years. But il today the mgority of the models are two-dimengond or semi-two-dimensiond.
Such redrictions exclude the possibility for investigating the influence of the physicaly important
secondary flows (‘ion winds') induced by the eectric field. Secondary flows aid or oppose particle
motion towards the callecting plates which aong with turbulent diffusion play an important rolein the
resulting computed particle emisson from a given ESP. But secondary flows are dso found to
determine the level of turbulence, which affects directly the coefficient of turbulent diffuson since this
is often assumed to be proportiond to the eddy diffusivity of momentum exemplified by the k,e-
modd.

Experimenta results obtained in a 0.2x0.2 m by 1.0 m long, sevenelectrode laboratory scale model
ESP a low paticle load are used to firg verify the rdiability of the present CFD-mode for
staggered and non-staggered eectrode emitters, in terms of current-voltage-characteristics, current
dengty at collecting plate, turbulence level, and strength of secondary flows. Then parameter sudies
illugtrate how the level of turbulence and the pattern and strength of secondary flow change, both
aong the ESP for fixed current and at the downstream station for increasing current. The didtribution
and magnitude of the turbulent diffusivity as wel as computed efficiency are discussed.
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INTRODUCTION

Numerical modeling of the precipitation process is chalenging and many gpproaches have been
made to mode ElectroStatic Preci pitators (ESPs) (Anagnostopoulos & Bergeles, 2002, Arrondel et
a., 2001, Egli et d., 1996, Gdlimberti, 2004, Houlgreave et al., 1996, Lawless, 1996, Lind et d.,
2004, Medlin et a., 1998, Meroth et d., 1996, Parasram & Taylor, 2001, Schmid & Buggisch,
1998, Schmitz et a., 2001, Soldati, 2003, Zamany, 1992, 19954). The literature contains modds
with different complexity but many are two-dimensond, hence unable to predict the complex
electro-hydrodynamic flows that are likely to appear in most industrid designs. The motivation for
improved modd development is the need to ensure confidence in predicting the efficiency of existing
and modified ESP designs, e.g. through modified emisson electrodes.

In the negative, fixed-point corona precipitator, the non-uniform eectrostatic field and the induced
charge dendty of gasions give rise to a complex three-dimensiond, body force fidd acting on the
charged gas flow. As aresult the incoming uniform bulk flow gets distorted as secondary flowsin the
form of axid rolls develop and turbulence is generated (Thomsen et d. 1982, Davidson and
Shaughnessy 1986, Zamany 1992). The efficiency of the precipitator is impaired, in part by
increasing turbulence leves, as shown in atheoretical study by Leonard et d. (1980), and in part by
organised secondary flows, as shown by Larsen and Sorensen (1984). The development of
secondary flows in barbed-wire, negative corona ESP s has been studied theoreticdly by a smple
integral modd (Larsen 1986) and in more detall (determining aso the nature and strength of the
flows) by including the charging higtory of individud particles (Blanchard et d. 2001). Detalled
experimenta results on both turbulence levels and secondary flow strength and structures have been
obtained by stereo-PIV (Ullum, et d. 2004, Ullum and Larsen 2004, Larsen et d. 2004).

The present experimentd and numericd study concerns the loca scde problems in a negative
corona, barbed-wire, smooth-plate electrogtatic precipitator. The results include comparison
between experimentd and computationa data. Focus is on staggered and non-staggered el ectrode
emitters because it remains to ascertain how these electrodes affect secondary flows, turbulence and
particle diffugivity, which in turn affect the ESP efficiency.

EXPERIMENTAL SET-UP

The 200" 200 mm by 1000 mm long test section (Figure 1) has 2 grounded auminum sides that
serve as collector plates, and 2 glass sdewalls that support 7 discharge electrodes, starting at X =
200 mm from the inlet, spaced 100 mm gpart.
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Figure 1. Sde view and cross section of 1000x200x200 mm laboratory scale model ESP with
7 electrodes spaced 100 mm apart, located at x= 200, 300, 400, ... 800 mm.
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For easy optical access, the square test section is oriented so that electrodes and collector plates are
horizontal rather than vertical. The effect of gravity on particles is negligible, however, snce the
termind velocity would be less than 0.3 mm/s for a Sze range of 1-3 mm of interest. Electrodes are
connected to alow-ripple, high voltage, DC-power supply (Hypotronics, model 800PL).

Two types of dectrode emitters were studied (Table 1 and Figure 2) that of a non-staggered and
that of a staggered emitter arrangement. Both dectrodes giving rise to some spanwise and axia
periodicity in the induced dectricd field.

Electrode | body diam. . emitter no. of corona | emitter spacing along electrode and orientation
diam./length : ; .
type (mm) points relative to axial
(mm)
CA-100-100 3 10/50 4 100 mm non-staggered, £0° (pointing axially)
CA-100S-100 3 10/5.0 3 100 mm staggered, +0° (pointing axially)

Table 1. Types of electrodes investigated. Non-staggered and staggered.

Figure 2. Two types of electrodes. CA-100-100 non-staggered (left and upper right) and CA-
100S-100 staggered (lower right).

Upstream of the test section there is a 16:1 contraction and an 800" 800 mm calming section with
screens, upstream of which — in a 100 mm diameter. inlet nozzle — solid Rallovit particles (> 98%
CaCO; , < 0.35% SIO,, density 2700 kg/nT, refractive index 1.68, rdative permittivity e, = 8.6,
resigtivity > 10'° W-cm) are fed into the flow at alow concentration of about 0.1 g/n by arotating
brush on the top of a piston-cylinder arrangement. The mean particle diameter was measured to
about 1.86 mm. All experiments were conducted at room temperature. Note that the mean particle
diameter isrdatively smdl and thet the resdtivity isrelatively low.

Bulk flow mean velocity U, was measured by a standard orifice-plate flow meter, the pressure drop
being read from a precision micro-manometer. Voltage and tota current to eectrodes were read
from insdrumentsintegrated into the high-voltage power supply.

Three-component velocity data (u,v,w) for patialy resolved fields a various y,z planes dong the
test section were obtained with adigitd stereo PIV system, see Larsen et . (2004) for details
which include experimental accuracy. The velocity data covered theflow areaz T [48.1,92.8] mm
byy1 [12.7,98.6] mm, corresponding to more than half of the lower half of the cross section and
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yidding the three components of 51 52 ingtantaneous ve ocity vectors. Regions near walls could not
be resolved because of optical problems associated with reflections and scattered light.
NUMERICAL MODEL

In the present study the numericad modd solves the three-dimensond dectrica and turbulent flow
fidd and concentration of a number of different particle classes. The most important interactions
between the different fields are included in the model and sketched by the arrows in Figure 3. The
eectricd force isthe main mechanism in the precipitator process and the three-dimensona mode of
Zamany (1992) is used to caculate the dectrica conditions influenced by ionic and particle space
charge. This model solves smultaneoudy the coupled eectric and current density fields. The dectric
field takes into account the influence of ionic convection and diffusion due to corona discharge, the
presence of particle space charge (electric fidd digtortion) and the effect of dust residtivity a the
collector plates. The week interaction from the flow field on the dectric fied, i.e. the current due to
convection of charge, is not included. However, the strong interaction of the eectrica field (body
force) on the flow fiedd as well asthe actud geometry is taken into account as seen from the induced
secondary flows. The wesk interaction from the particle field on the flow fied is not included. The
turbulent particle trangport controlled by both eectric fidd (induding particle charging) and flow fidd
(fluid particle dynamics) is modelled by an Eulerian approach due to the highly coupled problem, i.e.
by tregting particles as a second continuum phase characterized by its concentration, which aso
reduces the computational effort.

Flow field < Electric field

N 7

Particle Concentration field

Figure 3. Interaction between different components of the ESP simulation model.

Model Description
The three-dimensiona dectrogatic fild between discharge electrode and collector plate in terms of
potentia and charge dendty is computed by solving

NE = (ri+rpeo. NJ =0 ,where J=(ribE—-DiNrj)+(r,b,E-D,Nrp). (1)

E=-Nj isthedectricfidd,] theelectric potentid, r; and r , the space charge density of gasions
and particles, respectively, e, the electric permittivity, J the current density, b and b, the mobility of
ges ions and particles, respectively, and D; and D, ion and paticle diffusvity coefficients,
repectively. For further detals of modelling procedure and coefficient vaues, see Zamany (1992,
19953, 1995b) and Akoh and Nielsen (2000).

The three-dimengond turbulent gas flow field is computed within the environment of the commercid
CFD code STAR-CD. The flow fidd is governed by the Navier-Stokes equations, which are
solved together with the equation of mass conservation. Turbulence is modeled by the slandard k-e
fhodd (Launder & Spalding, 1974), which iswiddy used for industria interna flows and comprises

ICESP X — June 2006
Secondary flows and turbulence



differentid trangport equations for the turbulent kinetic energy k and its disspation rate e. The high
Reynolds number form is used in conjunction with the so-cdled “law of the wal”. This choice is
based on the best compromise between accuracy and boundary layer resolution. The body force
from the influence of the dectric fidd, Fe = rE, is added as source terms in the momentum
equations. For further detalls of moddling the turbulent flow fiedd, see Ferziger & Peric (1996),
STAR-CD manud (2002), and Wilcox (1993).

The concentration field (particle motion) is computed within the STAR-CD environment as an Euler

formulation. The paticles are divided into d cdasses each having concentration ¢ (n scaar

equations). The transport equation for ¢ includes influence from the dectric field by a source terms—

N (cVe), Ve denoting the eectric drift velocity. The influence from the flow fidd is induded in the

particle drift velocity, v, = vi + Ve, V; denoting the gas flow velocity. The particle mass flux deposited

on the collecting plates is caculated as D, = ()v,C>NdA , where n isthe outward normd to the
A

cdl flux area A. Turbulent transport employed the diffuson approximation, usng diffusvity Dr =
nt/s, where ny = C,k’e denotes the eddy-diffusivity of momentum from the k.e-mode of the
veocity fidd, and s (= 0.9) is the turbulent Prandtl- Schmidt number having the same vaue for dl
particle classes.

Geometry, computational mesh and boundary conditions

The ESP geometry of the present sudy is shown in Figure 4. The figure shows one field with a set of
parale collecting plates and a series of dectrodes. The flow is from Ieft to right (axia flow between
pardld collecting plates). The smulaion modd is based on a cdl modd for the dectric fidld and a
section mode for the flow and concentration fields. Thus, based on the Strategy of Zamany (1992)
the dectric fidd is solved on the unit cdl geometry.

Figure 4. Computational domain with electrodes.

The unit cll is defined as asmdl symmetrical caculation volume between two eectrodes in the axia
direction and between one collector plate and the eectrode symmetry linein the transversal direction
(see Figure 4). The flow fidd and the particle concentration field are solved on the section model
geometry due to the dliptic nature of the three-dimensiond flow field. The section modd is defined
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as the cdculation domain represented by the length of one dectrica field in the axid direction and as
the distance between one collector plate and the eectrode symmetry linein the transversal direction
(i.e. saverd unit cdls). The height of the unit cell as well as of the section mode is arbitrary and
depends on the distance between the emitters of the electrodes. The unit cdll/section modd Strategy
requires interpolaion of the dectrodatic fied to the flow fiedld and particle concentration field (unit
cdl to section model geometry).

The computational mesh congsts of a Cartesian mesh structure with cubic cells of any sze. Thelocd
mesh refinement option in STAR-CD is not included and the actual geometry of the electrodes is not
modelled flon~wise, but only dectricdly.

The boundary conditions for the eectric fidd are: 1/fln = 0 a symmetry planes (electrodes center
lineand cdll top and bottom), ] =0andr; = 0 at the collector plate,j =] o at the electrode, and r
= ( a corona points, the latter being adjusted iteratively until the calculated mean current density J,
a the collector plate equas the wanted vaue for the specified eectrode potentid j o (Zamany,
1995a). The boundary conditions of the section modd for the flow field are: 1/fin = 0 a symmetry
planes, no-dip a the collector plate, a uniform velocity profile at the inlet, and exit mass flow fixed
from overdl continuity consderations. The boundary conditions of the section modd for the particle
concentration field are: uniform concentration at inlet, 1/fin = O at the outlet, a collector plate (zero
dope), and a symmetry lines (zero flux).

Modelling of ESPsis usudly done a two levels. Globaly, focusis on the gas flow and its distribution
over width and height of a complete ESP-unit (Nielsen et d. 2004). Locdly, focus is on the
electrostatic field, gas flow and particle motion and precipitation, as well as possibly the mechanica
operations like rapping.

The purpose of he present study is accurate local modelling of the precipitation process in  a
laboratory modd of an ESP with two different electrode emitter-geometries and low particle

loading, ignoring rapping etc.

RESULTSAND DISCUSSIONS

Five dements related to the basic understanding of ESP modelling have been considered in the
presentation of results. First, some modd verification by comparing experimentd data with
computed data; second, a parametric study of the axid development of turbulence and secondary
flow; third, a parametric study of the downstream developed state of turbulence and secondary
flow for increasing current dengity; then, a study of the partide diffusivity coefficient whichisakey in
ESP moddling; and findly, some parametric effect on the computed efficiency. For al cases, results
of non-staggered and staggered eectrode emitters are presented and interpreted. Also, the separate
effect of secondary flows, for example on turbulence level, has been studied by repedting a given
caculation while setting to zero the e ectric body force acting on the ges.

Dimengond andyds shows two dimengonless groups for the dynamics of the flow, the usud
Reynolds number, Re = Wl,/n, which is of secondary importance, and the electro-hydrodynamic
modulus

Newo = (Jw/bi) by / (Yar UoY) | 2
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being the ratio of transverse eectric force to axid flow inertia, Smilar to an inverse Froude modulus.
Jn denotes the mean current density, b; the mokbility of gasions (= 2.1° 10 nf/Vs for air a room
temperature), /,, (= 0.1 m) the electrode to collector plate distance, r (= 1.2 kg/nT’) the gas density,
and U, the bulk velocity. In addition to the geometry of eectrodes and location of corona discharge
points the parameter (2) has been found to be useful in corrdating parameters such as turbulence
level (Yamamoto and Vekoff 1981, Ullum et d 2004).

For a ample description of the velocity fidd and the particle concentration field, averaged over the
Cross section at any axia postion, we may think of four parameters: the bulk velocity W, = <U>,,
the turbulence intengty <Tu>y, = (2<k>y2/3)”2/U0 caculated from turbulent kinetic energy k, = %2
<uu, >yz and bulk velocity, the strength of secondary flow represented by the mean vaue of

magnitude of the velocity vector <(V,W)>,,, and the turbulent viscosty normalized with the
kinematic viscosity <n/n>y,. Note that <nt/n>y, vauesin numerical models serve to determine the
turbulent diffusivity Dr of particles hence are crucid for calculating concentration distributions and
efficiency. All parameters described show loca variations over the cross section, as seen below.

Experimental verification

Figure 5 shows the good agreement between measured and computed current-voltage
characterigtics (CVCs) in terms of mean current dengity J,, versus electrode potentia j , for the non-
staggered and staggered electrode emitters of Table 1 Note that dthough the CVC'’s for nort
staggered and staggered electrodes are quite smilar they may Hill have different current dengty a
the collecting plate. Thisis demondrated in Figures 6 and 7 showing both computed current density
digtributions at collector plate for non-staggered and staggered el ectrode emitters and observed dust
patterns (photos from scale modd).
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Figure 5. Measured and computed Current-Voltage Characteristics (CVC's) for CA-100-100
(left) and CA-100S-100 (right) electrode emitters.

As expected the current dendity at the collecting plates are different for non-staggered and staggered
electrodes (Figure 6, |eft). One eectrode qudity criterion is the ratio between the area with current
dendty below a certain limit, say 280 pA/m?, and the total collecting area. Another criterion is the
ratio between maximum current dengty and mean current density. The caculated values for non
staggered and staggered electrodes are 34% and 34%, respectively, for the arearatio and 2.44 and
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2.38, respectively, for the current dengity ratio. Hence based on these evauation criteria the two
electrodes investigated are equally good (case of Ngrp=0.333).

Comparing the computed current dendity at the collector plates with the observed dust pattern at the
lower collector plate dearly shows smilar patterns. Regions of compacted dust (white areas)
correspond to high current density and regions wth uncompacted dust (darker dendritic areas)
correspond to low current dengity. This fact is accentuated in Figure 7 where the collector plate has
been cleaned with shop ar leaving no dugt in regions with computed current density lower than 280
mA/n? (highlighted with green colour). The observed dust structure of the different regions was
found to be in agreement with those described by Blanchard et d. (2002). In conclusion thereis a
clear relaionship between current dendity a collector plates and areas of compacted and
uncompacted dust. Hence computed current density patterns may identify regions of high risk of re-
entrainment.

| Current density
- [mA/m2]
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Figure 6. Computed values of current density distribution at collector plate for non-staggered
(upper left) and staggered (lower left) electrode emitters and photo in scale model of
observed dust pattern at lower collector plate for non staggered electrode (right). Axial
position: between 1™ and 2™ electrode. Inverse electric Frode number is Neyp=0.333.

Figure 7. Left: Photo in scale model of dust pattern at lower collector plate after cleaning
with shop air for staggered electrode emitters. Right: Computed current density at collector
plate with regions below 280 mA/m? coloured. Axial position: between 3 and 4™ electrode.

Inverse electric Frode number is Ngyp=0.333.
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Note that it is crucid for the rdiability of ESP-modds that computed CVC's and distributions of
current dendity be verified experimentally before proceeding to other results.

Figure 8 shows measured and computed mean turbulence intengity, <Tu>,,, and mean strength of
secondary flow, <(V,W)>,, versus Neyp for non-staggered and staggered electrode emitters.
Computed <Tu>y, fits very well with measured data. Ingenerd increasing
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Figure 8. Measured and computed values of mean turbulence intensity (left) and magnitude
of mean secondary flow (right) versus inverse electric Frode number for staggered and non-
staggered electrode emitters. Axial position: mid between 6" and 7" electrode.

0.5

o
al

I I I I I
Mean turbulence intensity
Mean strength of secondary flow
w

Mean turbulence without secondary flo

Mean turbul ence intensity
Mean strength of secondary flow
0.4 Mean turbulence without secondary flow

o
i
I T T |
M\

03

] f\
0.2 "f
|~

1/ I

0 100 200 300 400 500 600 700 o 100 "20(')' 300 400 500 600 700
Axial position [mm] : ..
Axial position [mm]

o
w

o
[N}

"N
L—""

o
[

Mean turbulenceintensty [-] and
M ean strength of secondary flow [m/g]

Mean turbulence intensity [-] and
Mean strength of secondary flow [m/g]

o
=}

Figure 9. Computed values of mean turbulence intensity and magnitude of mean secondary
flow versus axial position for non-staggered (left) and staggered (right) electrode emitters.
Case without secondary flow included. Inverse electric Frode number is Ngyp=0.333.

vaues are found for increesng Neqp with dightly higher vdues for the non-staggered eectrode.
Computed <(V,W)>,, for the non-staggered electrode shows good agreement with measured déta,
but for the staggered eectrode condderable scatter is observed. This difference is explained by
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noting the expected aspect ratio of rolls of secondary flow driven by the ‘ion wind', being 100/50
and 100/25 for non-staggered and staggered dectrodes, respectively. Ralls of the high 4:1 aspect
ratio are likely to be more weak and/or unstable (see computed vector fields in Figure 10).

Turbulence level and secondary flow — Axial development

Figure 9 shows computed axid variation of <Tu>,, and <VW>y, between inlet and outlet of the
laboratory model for the nonstaggered and the staggered electrode emitters at Ngyp=0.333. The
cross-sectiond average of turbulence intengity, after a dight decrease at the

inlet, increases dmogt linearly to a maximum vaue at the outlet of 20% and 18% for non-staggered
and staggered el ectrodes, respectively. For comparison, setting the dectric body force acting on the
gas to zero (no secondary flow), the turbulence intendity continues to decrease downstream. This
shows that the turbulence level in ESP's is produced by the secondary flows, which must be
included in a computational mode that should therefore be fully three-dimensond.

Figure 10. Computed turbulence intensity (contours) and secondary flow (vectors) between
5™ and 7™" electrode for non-staggered (left) and staggered (right) electrode emitters. Inverse
electric Frode number is Ngyp=0.333.

The strength of secondary flow increases to a maximum vaue a the 5" electrode, showing a dight
decrease downstream of this pogtion for the non-staggered electrode (Figure 9). In the case of the
staggered electrode the maximum srength of secondary flows is reached much faster and it is noted
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that in generd the strength of secondary flow for the staggered eectrode is much lower than the
non-staggered eectrode. It gppears that the local maximum strength of secondary flow is obtained
just downstream of each electrode probably due to the strong loca ‘ion wind’ near corona points.

Figure 10 shows contours of turbulence intensty and superposed vector maps of secondary flows
for the axid variation between 8" and 7" eectrode for non-staggered and staggered emitters at
Nenp=0.333. Throughout, the turbulence intendty distribution is developing for the non-staggered
electrode while no development of pattern is seen for the staggered dectrode, but ill an increasing
mean vaue as shown in Figure 9. Veocity vectors show well organized rolls in both cases but with
the notable difference that the staggered el ectrode has twice as many rolls (twice the aspect ratio) as
the non-staggered e ectrode.

Turbulencelevel and secondary flow — Increasing current density

Figure 11 shows <Tu>,, and <(V,W)>,, versus Ngyp for non-staggered and staggered electrode
emitters. For the non-staggered electrode both parameters increase with increasing vaues of Ngyp.
This suggests the appearance of well-organized and stable secondary flows that just continue to
increase in strength as the dectric force acting on the gas increases reldive to the axid flow inertia
The corresponding increase in turbulence intengty suggests that turbulence production is primarily
associated with the shear flow of secondary flows and ‘coronawind’. For the staggered electrode,
on the other hand, <Tu>y, isincreasing but more sowly and the intengity of secondary flowsiswesk
and only dowly increasing. It appears that the staggered arrangement of corona discharge emittersis
less successful than the non staggered arrangement in driving secondary flows in the form of axid
rolls
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Figure 11. Computed values of mean turbulence intensity (left) and magnitude of mean
secondary flow (right) versus inverse electric Frode number for non-staggered and staggered
electrode emitters. Axial position: mid between 6" and 7™ electrode.

Smilar to Figure 10, for non-staggered and staggered e ectrodes, turbulence intensity and secondary
flows but now for increasing vaues of Ngyp and fixed axid postion mid between 6" and 7"
electrode has been investigated (not shown). The study indicates increasing turbulence intengity with
increasing Nexp for both electrodes, as expected. Also the considerable difference in secondary rall
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pattern between non-staggered and staggered electrodes was identified. But the secondary flow
pattern was maintained for both electrode arrangements with increesng Nepp.

Parametric study of particle diffusivity coefficient

Figure 12 shows computed distributions and cross-sectional mean vaues of turbulent kinetic energy
k, turbulent dissipation e, and normdized turbulent viscosity nt/n, for non-staggered and staggered
electrodes at the downstream reference case of Neyp = 0.33. Differences in distributions reflect
differences in secondary flows. Mean vadues of n+/n, hence patide diffugvity coefficent Dr =
(nt/n)/s, s = 0.9 (see above), are of the same order of magnitude, athough dightly grester for the
staggered electrodes.

Kmean=0.0375 nf/s? Kmean=0.0335 nf/s?
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Figure 12. Computed turbulent kinetic energy (upper), turbulent dissipation (middle), and
normalized turbulent viscosity (lower) for non-staggered (left) and staggered (right) electrode
emitters. Axial position: mid between 6™ and 7" electrode. Inverse electric Frode number:
NEHD: 0.33.

Since Dr isakey parameter in caculating the efficiency of an ESP, it has been desrable to attempt
to egtimate values of Dr or nt/n from the experimenta stereo-PlV data. One approach is to use
measured values of k and estimate the disspation e from the longitudinad Taylor micro scdel sand
then get n+/n, according to the relaions (Hinze, 1959)
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e =30Nnundl ¢, |17 =2<w>/<(TuUIx> , nt/n = Cki(ne) . (3)

Here, Ums® = <uu>, < > denotes the average of al of 1000 vector maps where (Tu/fx)? is eval uated
a each point of the vector map by second-order accurate spatia differentiation. Although results
show onsderable scatter, experimental values of n+/n are found to be in the range of 50 to 100,
which isin agreement with the computed values of Figure 12.

Parametric study of efficiency

Figure 13 shows the computed efficiency for non-staggered electrodes to be dightly larger than for
staggered dectrodes for dl vaues of Ngqp. According to the modd study of Larsen and Sorensen
(1984) one should expect increesng efficiency with decreesing vadues of diffusvity Dy and
decreasing strength of secondary flows, both of which tend to increase the mixing and uniformity of
concentration between discharge eectrode and collector plate. According to Figure 12, computed
vaues of nt/n, being proportiona to the values of Dy employed to caculate the particle transport
and hence efficiency, do appear to be smallest for non-staggered electrodes. Hence, in agreement
with the expected trend. However, the strength and regularity of secondary flows is by far the
andlest for non-staggered electrodes, which contradicts the expected trend. Further cdculations
with the present modd have shown lower efficiencies in the case of setting to zero the ectric body
force acting on the gas (zero secondary flow) for both nonstaggered and staggered electrodes.
Hndly it is noted tha quite low efficencies are observed in Figure 13 which is lower than measured
vaues. It is hypothesised that this discrepancy, which isonly found for amal sze particles, isrelated
to the turbulent, near-wal, coherent structures with fluctuations penetrating into the viscous
dominated sublayer. Anyway the above issues need further studies.
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Figure 13. Computed values of mean efficiency versus inverse electric Frode number for non-
staggered and staggered electrode emitters. Axial position at scale model outlet.

Recdling Figure 6, left, and corresponding text equaly vaues of the defined qudlity criteria were
found for non-staggered and staggered dectrodes. But from Figure 13 the efficiency for the non
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daggered is larger than for the staggered electrode. Hence, it appears that there is no clear relation
between current didribution a collector plate and efficiency.
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