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induced agitation and of particlesdisintegration
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Abstract: The paper focuses on two particular phenomenaiwbontribute to the poor collection efficiency of
fine particles (from ~ 0.1 pum to ~ 2 um) by elestatic precipitators (ESPs). After consideratiomstle
influence of turbulence which tends to decreasectilection rate, a conjecture is recalled on tboa of the
charged fine particles which is expected to giveriain contribution in the generation of small eddin ESPs.
Results are presented of an experimental studigeotollection efficiency; of cigarette smoke. The efficiency
is found to decrease as the dust concentratiortieased and the efficiency decrease is attriktot¢lte increase
in eddy diffusivity. The second phenomenon obseivethe study is the disintegration of agglomeratethe
ESP. A marked agglomeration process occurs bet¢hasemoke is kept in a big balloon during a few uts;
this agglomeration is more and more marked as rtieke concentration is raised. When charged in t8E,E
some of the agglomerates disintegrate under thdo@repulsion, which increases the apparent cidiec
efficiency 7 of the bigger particles (> ~ 0.6 um) but clearbcbaseg for the smaller ones (< ~0.5 um).

Keywords: electrostatic precipitation, fine particles, eiebydrodynamics, EHD turbulence, electrical
disintegration of aggregates.

1. Introduction

Industrial one-stage electrostatic precipitatorSKE) typically consist in a series of grounded
parallel plates through which the gaseous suspesidio be treated are flowing. Equally spaced
ionising electrodes raised at high negative pakratie located midway between the plates. The
collection of particles involves the ionisation thie gas, the charging of particles, their migration
towards the collecting electrodes and the remol#ii@dust layers from the collection surfaces. Mos
industrial ESPs treating very large fluxes of flyggses have collection efficiency in terms of mass
higher than 99 or 99.9 % [1]. However the non-cegatipart consists mainly of fine particles as can b
seen on Fig. 1 which shows the penetration, ie.pioportion of particles issuing from the ESP.
These fine particles are hazardous for health aoik rstringent regulations concerning air pollution
control make it necessary to substantially incréhsi removal.
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In order to improve the efficiency of ESPs, one tmafirst characterise the various phenomena
which contribute to make the collection efficiengy so low and to estimate their relative influence.
The first and well known reason for the low colleotefficiency of fine particles is the small valok
their drift velocity with respect to the gas. Thecend factor which influenceg is the degree of
turbulence of the gas flow; although the influerafethis factor is recognised, the origin of the
“turbulence” is not so clear and authors retairtimg electrical forces usually generally consider th
action of the field on the ionic space charge ohlgre, we examine the effect of the space charge
associated with fine particles. The third phenomewbich might play a non negligible role, at least
in the case of flue gases issuing from coal-firedvgr plants, is the disintegration of agglomerates.

2. Particlescharging and drift velocity

The particles in flue gases of coal-fired powemfdahave a size extending over four decades,
from typically 20 nm to 200 um, with the largestssecorresponding to particles of diamedgr
ranging from 10 to 100 um [4]. The size distribatis characterised by several modes depending on
the coal properties. Generally there is a modeypical size on the order of tens or hundreds of
micrometers [4]; these large particles originatarfrthe ash mineral inclusions in the coal and are
practically totally collected by the ESPs. Mosteoftanother mode ha¥ values in the range of
micrometers as can be seen on Fig. 2 relativeam#es collected in the last field of the ESP of a
coal-fired power plant in France (the peak observethe number distribution curve of collected
particles is at @, value -010.7 um - different from the one characterisingfthe ashes at the inlet of
the ESP which collected the sample). The submipadticles in the flue gas have a size distribution
centred at about 0.1 pm and they are dendritidensi€onsisting of partly sintered primary ultradfi
particles of diameter ~ 20-30 nm [5]; the generatid ultra-fine primary particles is attributed to
complex chemical processes giving volatilised sides or metals vapours which then reoxidise and
lead to particles through homogeneous nucleatipn [5

The low efficiency of ESPs for fine particles (widhranging from 0.1 to 2 pum) is mainly due to
the rather low drift velocityve of these particles with respect to the suspengasy Two mechanisms
are usually distinguished for particle chargingeThst one is the field charging where the unipola
gaseous ions are assumed to follow the field lavessimpact the particle. The saturation chajgg
acquired by the particle is proportional to thddiand to the square of the particle diamekef6].
This picture is valid when the mean free path afsiés fully negligible compared with the sphere
radius. For small enough patrticle size, the chargiechanism by diffusion of ions is dominant. The
simple theoretical approach of White [7] leads toharge valuey, proportional tod, and having a
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logarithmic dependence on the time. In the diametege 0.1 to 2 pm, the two mechanisms interplay
and the sum of both contributions gives an uppenbdor the particle charge (Fig. 3). In practice,
this size range, as a first approximation many @sthetain the empirical formula of Cochet [8] :

Under a fieldE the particles with chargg, experience the forcé. = q,E which tends to move
them toward the collecting electrodes. Neglecting inertial effects (typical time ~ ps), the drift
velocity with respect to the gas is determined Hwy ¥iscous forcé, compensating foF. ; as the
molecular mean free path is not much smaller than the particles radiusftiséion force is smaller
than in a continuum and the Stokes expressiondae tdivided by the Cunningham factou [7].

The particle drift velocitywe then is proportional to the fiel and has a non trivial dependence on
the diameter, as can be seen on Fig. 4. In typical conditiomE=fdPswe for fine particles ¢, from

0.1 to 2 pum) ranges between 4 and about 10 cméseTtalues are much lower than the axial mean
velocity of the gas flow and this is the main raaady it is difficult to collect the fine particlgthere

is a clear correlation between Figs. 1 and 4).

3. Influence of gasturbulence

The flow of the flue gas in the ducts is alwaybtlent because the Reynolds numRer- 10 is
higher than the critical valuRe;; (1 2000. But the turbulent rate measured in ESPte&lg higher
than for the pure flow itself [9]. This is not suging : there are electrical forces acting ondpace
charge and we will see in 84 how these forces eaemte a strong agitation of the gas.

The fine particles convected by the mean flow amgy ®ensitive to the velocity fluctuations of
the gas. Indeed, for particles with < 10 cm/s, the fluctuations of the gas velocityichhare high
enough can entrain them in the direction opposite electric force at some places. We are fa@ing
intricate problem which can be simplified by usihg concept of eddy diffusion of the particles [10]
characterised by the coefficiedt. The “mixing” property of turbulence results irtemdency to make
the distribution of particles concentration moréfamm, in particular in the direction normal to the
collecting plates. The Deutsch model consideringngorm distributionc in the z direction is
equivalent to an infinite value of thecomponent of turbulent diffusivity (Fig. 5). Theondel
developed by Leonard et al. [10] is based on fiaitd uniform value of the eddy diffusivity further
assumed to be isotropic. In this case,zlgéstribution of particles concentratierbecomes more and
more uniform a® is increased (see the qualitative illustratiofrigf. 5).

In the turbulent models of particles collection,baundary layer is considered where the
diffusivity of particles steeply decreases dowrzéoo (gas velocity = O on the plates). Assuming tha
each particle reaching the plate is captured,lthedf collected particles is proportional to theguct
c(x,z=d) E(x,z=d) wherec(x,z=d) is the particles concentration on the plate. FFaga 5 it is clear that
higher turbulence intensity will result in lower lieation efficiency. In practice, the collection
efficiency also depends on the magnitude of thetiédefield. The pertinent parameter controlling th
particles collection rate is the electric PeclahberPe defined by [10] :
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Figure 5 — Concentration of charged particles betwibe Figure 6 — Variations of the fractional ection
symmetry plane and the collecting plate (at distagc efficiency as a function of the elest

from the inlet) for differenD, values. Peclet number.



Pe reflects the effect of eddy diffusivity which testb counteract the action of the field inducing th
drift velocity weg (and driving the particles towards the collectpigtes). Increasing the field and,
therefore, the drift velocity of particles, is egalent to decreasing the eddy diffusivis. The
influence ofPeis qualitatively illustrated by Fig. 6.

4. Turbulence generation by fine particles

The secondary flow induced by the electric forcasity distribution associated with the ionic
space charge density (in the absence of chargeidles)y is noticeable and clearly contributes te th
turbulence generation by producing eddies of typcee ~d (d : half width of the ducts), except in
the case of negative wires due to the tuft coradading smaller size eddies. However this faciis n
taken into account in most numerical simulationsE&Ps which retain only thies scheme for
turbulence distribution and evolution. Now, the rgjea density of particles very likely plays the
primary role in ESPs by generating eddies of ssiad.

Generally an intense movement of the fluid is iretliby the action of the field on the space
charge of densityp resulting from corona effect in gases and fromsiamjection by one of the
electrodes in liquids [11]. The primary electrohydynamic (EHD) phenomenon in this case of
injected space charge is the strong positive cogglietween fluctuations of the fluid velocity field
u and perturbations of the space charge dems[t2]. This coupling leads to a potentially uns&abl
situation for a planar fluid layer with uniform gilar injection. The motion sets in when the actibn
the electric force of densi E overcomes the viscous damping, which leads tddih@wving relation
for the first fundamental non dimensional EHD pagtenT [12] :

2 Vappl

Ku
heree denotes the fluid permittivity.,, the applied voltages the mobility of charge carrierg, the
dynamic viscosity and. is a critical value. For ions in air at ambienthpeerature, typically\(app)c U
40 kV but for charged fine particles, we would h#&Vgy). ~ a few hundreds of volts [12,13]. It is
therefore clear that the presence of charged fiamickes can easily induce instabilities and, in
practice, can create eddies of rather small size.

The fluid agitation contributes to the transportted charge carriers; its effect is important when
the typical fluctuations of fluid velocity' are high enough compared with the drift velocityclarge
carrierswg = KE. The second basic non dimensional EHD nunibelefined by :

_ \ElPs

K ®3)

(herea stands for the fluid density) is the pertinentamaeter to compare the velocitiedsand KE
[11,12]. ForM <~ 1 (" << KE), the trajectories of the charge carriers are oply slightly perturbed
by the fluid motion which has no significant infhee on the distribution g and on the passage of
electric current (case of ions in aiwgz ~ 100 m/s >> electric wind ~ 1 m/s). If, conveyséll >~ 3
(KE < U'), the charge carriers are entrained by the fllad that they contribute to create and there is
a significant increase of mean current densityedtgd ions in dielectric liquids give the typical
example of this situation [11,12]. The transiticgtyeeen the two regimes occurs Mr= 3 [17]. The
two parameter§ andM are also pertinent for more complex EHD flows atamed in asymmetric
electrode configurations [13].

In the typical conditions of ESPs, the estimatéhefcharge acquired by the particles and of their
mobility leads to estimates of the mobility paraend¥l, relative to the particles, which of course
depend on the particles size [13]. For fine paetiactharged under a typical mean figle 5 kV/cm,M
> 3 [13]; therefore charged fine particles in gaséna behaviour analogous to that of ions in insiga
liquids and a turbulent mixing which partly redistrtes the particles charge density can be expected
The intensity of the generated turbulence will alspend on the concentration of charge carriers and
this gives a way to test the pertinence of the psed picture of the turbulence being mainly gereerat
by the charged fine patrticles.

The above considerations are very general and oomreblems with only one type of charge

T =

> Te (2




carriers. In ESPs there are two types of chargeecar: ions and charged dust particles which both
contribute to the space charge and therefore hebgbdtions which are inter-related. For sustained
corona discharges in gases, from Kaptzov hypothdgsfieldE,;;e On the ionising wire(s) is equal to
the value it takes at the inception voltaggof corona discharge. For a clean gas (no dus)glibal
charge densityo,, affecting the field distribution is due to ionslpand we have :

(ﬁtota] )clean = Pions = (lalons)o O b/appl —Vih ) (4)
where pions is the global charge density associated withahs.iFor a dusty gas, the fieig,e on the
wire remains the same and is not affected by tlsé chncentratiog, at the ESP inlet; we thus obtain:

(latotal )dusty = Pions t :5p = cst= (:5|ons)o (5)

,5p being the global space charge density of partidlae.total current also has two components,,
andl, (I = lion + 1p); the current densities write :

Jions = Kions Pions E jp =KpppE (6)
whereKiqn, gon @andK,, g, are the ions and particles mobilities and chalgesities respectively. As
the ratioKy/Kion ~ 10°, fora dusty gas we have :

I = lions O Bions O (IOIOI’IS)O _5p (7)
and the current should decrease with the dust atrat®nc,. In practice the relative current decrease
should give an estimate of the mean space chasgeiated with the charged particles :

P glo-l )

Pions I

For fine particles, except just around the wirbg, particles drift velocity is lower than the gas

velocity so that the distribution gf, is controlled mainly by the flow which, itself, dgetermined by
the total space charge distributipg, + 0,. Wheng, becomes comparable t, a marked change in
the mean gas flow pattern is expected along weigaificant rate of turbulence induced by

5. Influence of particles concentration on collection efficiency
5.1. Experimental set-up

The study of fine particles collection was carr@ad using a laboratory ESP characterised by a
duct of width 21 = 9 cm and heighth = 29 cm. The test cell of total length= 100 cm is divided in
two sections of 50 cm in length. Initially a set®®quidistant ionising wire electrodes was used to
create the space charge in the first section.drstttond field, a plate can be introduced and igelhr
to create a uniform field of collectidg. in the two half-ducts. The efficiency of particlesllection is

10000+ —aA— 1 cigarette 10000 —0— Vappl=0
—&— 2 cigarettes A Vappl = 24 KV

= —0— 4 c!garettes —o— Vappl =26 kV

& S —A— 8 cigarettes —_ K

g 100049 —o— 16 cigarettes @ 1000 147

L £

&)

c N—r

2 c

S 100+ S 100 -

= I

3 £

s )

]

10 + 8 10 A
1 L e I — 1 ; ; ; f
0.3 0.5 0.7 0.9 1.1 1.3 0.3 0.5 07 09 11 1.3
Particles diameter d, (um) Particles diameter d, (um)
Figure 7 - Size distributions (in number) of pdescof Figure 8 - Size distributions of smoke jotet

"Gauloises" cigarettes smoke for different numbers (16 burnt cigarettes) for two applied voltages

of burnt cigarettes. (9 ionising wiraghe first section).



determined from concentrations measurements withaatnout applied field, using an optical counter
(TOPAS LAP320) on scales ranging from 0.3 um tqua@

The study has been performed with cigarette smitlikggfa balloon of about 2.5 m in diameter
(~ 8 n?). Starting with the empty balloon, the air puslbgda fan flows through a paper filter, then
through a box where some cigarettes are burningpeagressively fills the balloon. Once the balloon
is full, the accumulated smoke is directed to #st tell. As the optical counter has a lower boiand
the measured diameter of 0.31 um, French cigaréttademark : Gauloises) were used which
generate particles of not too small size (99% ofigas withd, < about 1.05 pm). Fig. 7 shows the
size distributions for different numbers of burigarettes. For 8 and 16 burnt cigarettes, the surve
exhibit a maximum fod, 0 0.4 um and 0.55 pm respectively. The increaseesimsize of particles
results from an agglomeration of smaller particles.

5.2. Results

With the set of 9 vertical equidistant ionising @sr@= 1 mm) perpendicular to the horizontal air
flow of mean velocityJ, = 0.4 m/s E; = 0 in the second section), the measurements pexfermed
by filling the balloon and counting the particles uccessive sequences with and without the wltag
applied on the wires (typical results are showrfig. 8). The fractional efficiency of collection of
particless; as a function of their siz#h, has been determined from the distributions as showrig. 8
for five smoke concentrations. The major interagfarct indicated by Fig. 9 is the clear tendencypof
to decrease ag is increased. Note that the concentration infleesamost marked in the range 0.3 to
0.5 um and that the low; values obtained for the smoke generated by burbéhgigarettes partly
arise from the disintegration of charged agglonerainder the influence of Coulomb repulsion.
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particles diameter for various smoke concentrations smoke ant for filtered air Jp, = 0.4 m/s) as a
Co (9 ionising wiresVapy = 26 kV). function afy (9 ionising wires)..

The efficiency decrease with the particles conegiain is presumably due to the increase in
secondary flow and turbulence intensities. Theltesappear to be consistent with those obtained by
Podlinski et al. [18]. In particular a marked dexe in discharge current was obtained as shown in
Fig. 10. This indicates that for the highest smo&rcentrations, the space charge associated wth th
charged particles represents 30 to 40% of the spite charge.

6. Particlesdisintegration

In order to havey measurements in conditions comparable to thosefofl18], the set of 9 wires
was replaced by a unique ionising wir@ £ 0.5 mm) located at, = 21 cm from the inlet. The
measurements of size distributions without and veiiplied voltage were performed for a mean



velocity of the gas flow, = 0.4 m/s V4, = 23.5 kV and various smoke concentrations. Theesuof
fractional collection efficiencyy (Fig. 11) clearly show that, in the range 0.9 um,7; tends to
decrease when the particles concentratiois increased; conversely it tends to increasedfor ~ 0.6
um. An interesting observation is that for high @emtrations (8 and 16 burnt cigarettes), negative
values of7y are obtained, which means that, at the outletetlare more - very fine - particles than at
the inlet of the test cell : as can be seen on%ifpr 16 burnt cigarettes the concentrationsasfigles

of diameter ranging from 0.3 pm to about 0.4 pmtagher after the action of the corona discharge
(Vapp = 23.5 KV) than at the ESP inlet.

Fig. 7 clearly indicates that the mean size ofgh#icles increases as the concentration of the
smoke is increased. This implies a noticeable aggtation of the fine particles in suspension. Now,
when an aggregate captures electric charges (luwidivp ions), these charges distribute over the
different elements constituting the aggregate whiem experiences a Coulomb repulsion so that it
can disintegrate. This process of disintegratioraggregates explains why there are so many small
particles issuing from the ESP and also why thatired number of the biggest particles at the outlet
decreases when the smoke concentration is incre@sisdcorresponds to an increase in effective
fractional collection efficiencyy ). The process of dispersion of aggregates wasmkssent in the
first series of experiments with the set of 9 wi(85.2). But the addition of the influences of the
successive wires partly damped the effect cleanthibited by the unique wire experiment.

Nevertheless, there remains a noticeable effetiteotlispersion of aggregates in the radge 0.3 to
0.4 um as can be seen on Fig. 9.
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In order to eliminate the influence of disintegoatiof aggregates when determining the fractional
collection efficiency, we performed measurementthasecond section of the test cell where thd fiel
is uniform, where there is no particle charging (oaic space charge) so that, presumably, no
disintegration of aggregates occurs. A voltsgg = 20 kV was applied on the wire in the first sewti
of the ESP and the mean air velocity was afihir 0.4 m/s. In the second section of the ESP d fiel
E, was applied and the efficiency was determinechftbe size distributions without and with field
E,. The results shown on Fig. 12 fBg = 0.5 kV/cm confirm that the efficiency decreasath the
smoke concentration for the whole diameter rangw/thiich the measurements are significant. The
difference of these results with those relativéh first section of the test cell (85.2) is clead can
be ascribed to the absence of disintegration ofegges in the second section. For all diameteregal
d, <~ 1 pum, the efficiency; decreases as the particles concentration isasece This is consistent



with the picture of the turbulence intensity in@ieg with the mean charge density associated to the
charged fine particles.

7. Conclusions

This study performed on cigarette smoke showsth&ae is an important effect of agglomeration
of fine particles when the smoke concentrationigh lenough. The mean size of aggregates increases
with ¢ , which supports the picture of agglomerationligfhgly sticky particles through collisions due
to their Brownian motion. The rather unexpected nomeenon we observed is the disintegration
accompanying the charging of the aggregates byidhs created by corona discharges. Such a
disintegration process implies rather limited adthedorces between the particles constituting the
aggregates. Extrapolation of the existence of sudhsintegration process in industrial ESPs is not
possible because of the very large variety of tmtigles collected in these ESPs. We can just sigge
that this process might play a role in electrostatecipitation and might partly explain the ditfites
in collecting the fine particles.

By taking into account the influence of disinte@gratof aggregates occurring in the fist section
of our ESP, the presented measurements show thafrdbtional collection efficiencyy of the
particles decreases as their concentratjois increased. From the general considerationtemffect
of turbulence on collection efficiency (83) illuated by Fig. 6, the decreaserspfwith ¢, implies that
the corresponding electric Peclet numPeralso decreases. The results concerning the infuehc
dust concentration on collection efficiency appdally consistent with the observations and
measurements of gas flow which show a modificabbrthe mean flow pattern and an increase in
turbulence intensity [ ]. In addition to their inést concerning the collection of fine particlesE8Ps,
the results on efficiency decreasing as the dustentration is increased provide an indirect prafof
the increase of the turbulence rate and give a®tpp the conjecture that an important source of
turbulence in ESPs is "intrinsic", through the awtiof the space charge associated with the fine
particles (characterised by a low mobility).
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