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1. Introduction linear effect of an integer number of charge has a
Electrostatic precipitators are the most widely dusestrong impact on collection efficiency.

method for collecting particles in a flue gas. The How this macro changes impact the particle
particle size is an important parameter in deteimgin collection efficiency? Three main physical procasse
their collection [1]. Nanoparticle and fine paréichre are involved.

difficult to collect. Despite a plethora of anabdl and The first change concerns the charging
numerical work on the electrostatic precipitatiormechanism. The charging by field mechanism,
process in the literature, the behavior of thestéigbes dominant for particle greater than 2.5 micron, lmeeo

in an electrostatic precipitator has been rarelgegligible for smaller particles while the charging
discussed [2]. diffusion becomes the main charging phenomena.

Figure 1 shows a typical evolution of particle The second change is the modification of drag
collection efficiency as function of particle size.forces. When the particle size is comparable odlema
Collection efficiency falls linearly in log term tih than the average free path of a molecule, thegbarti
about 2.5 micron. Then, in nanoparticle and fineollide less with molecules and slide between them.
particle zone, the slope of the curve changes, sttpw Therefore, for particles smaller than 0.5 pum, their
two flexes at approximately 0.5 pum and 30 nm [3].  velocity toward the collecting electrodes increased

consequently the collection efficiency increases to
The third phenomena is partial charging, as it is
) called in literature. For particle less than
.l’ 50 nanometer, average charging can become less then
4 the charge of one electron. As particles carry an

4 integer number of electric charges, there is atifrac
.I’ of particle distribution with zero charge, decregsi
significantly the collection efficiency.

The paper describes and quantifies these three
physical phenomena through simplified modeling.

The concentration of dust particles in the airleorn
is an important parameter in public health. Cureerd
future international agreements will impose

Figure 1. Variation in particle collection efficien increasingly strict limits on the emission of these
as a function of size particles, this is especially true of fine and
nanoparticles{ 2.5 micron).

Why does the curve shape change? In literature, a The effect of a particle on the human organism
physical comprehensive explanation is missing. depends on its size. So-called nano and fine pestic
This article describes the change in physical regsti are able to reach the walls of the alveoli in thegs
and the different physical phenomena involved. and produce an inflammatory reaction [4,5]. The

From a macro point of view, there are twoscale of this reaction greatly increases for piagic
modifications of physical settings. < 0.1 micron (In Fig. 2 the particle size is compbte

The first one is that particles reach the same & the size of the cells from the bronchial epithelium
air molecules. This fact is also called transiimm a The presence of the partic|es gives rise to oxidati
continuum regime (ions are so small compared to d@iress and an inflammatory reaction. [6].
particle that the suspending ions act as a conii®iuo  Electrostatic precipitators are the most widelgdis
fluid flowing around the particles) to a free mal&r  method for collecting particles from flue gaseseTh
regime (particle and ions have a comparable size aparticle size is an important factor in determinthg
behave according to perfect gas law). collection efficiency of electrostatic precipitasoand

The second change concerns charge discretizatigimilar particulate dust collectors such as bagasus
the electric charge is lower the 10 units and tbe n
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« Particles are charged electrically and migrate

10 pm
/oo um + Collection of particles on the plates and their
. /! i removal by rapping.
- . S S - - The collection efficiency is linear in a log scale

(see Figure 3) for particles of a diameter grettan
2.5um. However, when looking at fine and
nanoparticles there are two inflections. In therét
ture, a comprehensive explanation of the mechanisms
involved is lacking. The objective of this papertds
present an explanation of these mechanisms.

Bronchial epitelium

Figure 2. lllustration of the size of fine partisle
relative to the dimensions of bronchial
epithelial cells [4]

2. Why the collection efficiency trend changes for
fine and nano particles?
To answer the question “Why the collection effiagn

. L : . trend changes?”, firstly, it is necessary to cosstdio
Figure 3 shows the variation in particulate . : P

) = : : physical environment modifications. Secondly, three
collection efficiency as a function of the size tbé

particles (that are typically encountered in gnain physical processes changes that have an impact

) e ; .- on collection efficiency will be identified.
electrostatic precipitator). The fall in efficiency : : . .
S The first physical environment change is about
between 100 and 1000 nanometers which is observa- : . . . S
; X ; I Sspace. As particle diameter is decreasing, thei si
ble in both laboratory and industrial situationgsh . :
. . reach the molecule size. So the flow regime changes
already been documented in the literature. However . . : ;
. arge-sized particles may be considered to be in a
the region of the graph below 100 nanometers has ng_ . o . .
been the obiect of areat attention in the litertlir is continuum regime; the surrounding air molecules are
00 9 T . - very small and the ions are, in relative terms,
characterized by a reduction in collection efficgms

the particle size falls below 30 nanometers. Ordiad extremely small. As the particle siz€ falls, thenze_ .
._becomes comparable to that of air molecules. This i

originating from laboratory experimentation is idered lecul ) h h ic|
available for such small particles [7, 8] considered as a molecular regime where the pasticle
T and the molecules behave according to the perfect g
law. Between these two regimes is a transitional

100,00% regime (see Fig. 4).
Free Transition Continuum regime
molecular regime
‘gm regime
£ = G

Particle Diameter

Figure 4. Change of regime as particle diameter
decrease (from right to left): continuum regime

Figure 3. Efficiency of particle collection in an (molecules are smaller than particles), transition
electrostatic precipitator as a function regime (molecules and particles become of
of particle size [7] comparable size), free molecular regime
) ] ] ) (particle and molecule are of comparable size and
What physical phenomena considered in relation to behave according to perfect gas law)

particle size, give rise to a curve of this shape?

particle size greater than 2.5 micron, these phemam  The second physical environmental change
are relatively well known. The particles are captr concerns charge behavior. As the average charige fal
by charging and attracting them to a collectindan& pelow one electron per particle, a discretizatitface

in an electric field. . starts to operate which greatly affects collection
The physical phenomena are the following: efficiency.
* Flue gases flow through the electrostatic In order to understand how this physical
precipitator environmental change impacts the dust particles, we

« An electric field is created applying an electric identified three main physical processes. _
potential The first process is a change in particle charging

. . mechanism. The predominance of particle charging by

* ans are produced near the wires by an eIectnthe electric field decreases in relation to that by
discharge diffusion as the particle size falls.

+ lons migrate The second process is drag forces modification. As
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the particle size reaches a value that is comparabl
the mean free path of gas molecules in the fluid —
(typically 0,1 pum) the hypothesis of fluid contityi T
no longer holds.

The third is the fact that a nanopatrticle cartiiezi S,
a 0 or 1 electron charge. Whereas, the averaggehar ———
carried by a particle is less than 1. —

These three physical process and impact will be ——
described by basic modeling; a modeling complex —
enough to be representative of the reality, yetp#m
enough to be presented by equations for clarity.

=~
—

Figure 5 The field lines enter and leave an uncharged

3. Particle charging as a function of size particle (left). At charge saturation no field line
For large particle, over 2.5 um, the trend of the enter the particle (right)

collection efficiency is linear in log scale. Fanaller

particle this curve presents two inflections. Hoves In charging by diffusion, the charges are attached
the particle charging contribute to these twdlue to thermal agitation. Charging by diffusionetak
observations? into account the probability of the impact of ioms

After describing the two mechanisms for particlghe particle’s surface due to thermal stochasteedp
charging by electric field and by diffusion, theand the concentration of ions surrounding the glarti
contribution from each mechanism will be quantified If it is assumed that the ions charge the partigle
by a simplified modelisation. Finally, the impact o natural agitation (the diffusion mechanism) it is
the charge on the collection efficiency will bepossible to write:
considered.

3.1. The two charging mechanisms gt
The charging of the particles is one of the key

mechanisms in the collection of dust particles by Ay here:

electrostatic filter. The force exerted on the ipltby _ P
the electric field depends on the charge thatriies S represgnts the surfac_e charged by diffusion,
O . — is the ion concentration in the neighbourhood of
A particle is charged by two mechanisms, these are the particle
usue}lly qalled charging by electric field and chiagg Pr — is the probability that an ion will attach itiseb
by diffusion. the surface.

In electric field charging, the ions are carried to The speed of charging and the charge carried by
the particles by electric convection due to antelec the particle is a function of the size of the pzeti The

field E. . . . .smaller the particle, the smaller the surface area
The ions migrate along the lines of the electri¢ '

field to reach the surface of the particles. Fieléwallable to receive impacts and to carry charge.

charging takes into account the local field distort e e .
which appears near the surface of the particl3'2' Quantifying field and diffusion charging

Consequently, the charge occurs only in the zone ope. Fhafg'ff“?{d of %art:jcles 'bmd t?n ell(gctro_statlc
the field linesS— entering the particle: precipitator field may be described by making darta

assumptions and employing models. Using a
simplified but representative model and taking into
da _ Ipﬂ Eds, (1) consideration the concept of limit charge (or sztton

d 77 charge), the relative contribution of the two cliagg
mechanisms may be quantified.

%:J‘]Prds, )

where: The following assumptions are made: the particles

S - presents the surface of the field lines entetileg are considered as spheres, the field of a giveticear
particle, does not affect the field of a neighboring partiate

E —is the electric field, the electric field is uniform. Theharging by electric

o — is the ion concentratiotken to be constant in field may then be expressed by the simplified model
the neighbourhood of the particle of Pauthenier [9]. This model quantifies the limit

1 —is the mobility of these ions. according to the equation:

The charging process continues until the fielédin
e_nt_ering the_ particle disappear, this occurs when t O =127, & Er?, @)
limit charge is reached. E +2

r

where:
& - Is the vacuum permittivity,
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& —is the relative permittivity,
r —isthe particle radius,
E - is the electric field.

The two mechanisms of particle charging, by
electric field and by diffusion, differ as functioof
particle size. Electric field is the principal charg

If it is assumed that there is no interferencenfro mechanism for particles larger than 1 micron. For
the electric field and the kinetic theory of petfgases particles smaller than 0.01 micron, the situatisn i

(White’s simplifying assumptions) applies, the rafe

reversed and charging by diffusion prevails. In the

charging by diffusion can be given by the followingintermediate zone between 0.01 and 1um, the

equation:
Ay _ r’ep, 8k, 7t exps - i -3 (4)
dt m 47E, Rk T (o}
where:

g is the charge of the particles,

E is the charge of an electron,

ky is Boltzmann’'sonstant,

T is the temperature of the ions,

m; is the average mass of an ion,

Osq is the saturation charge,

P is the ion density,

eis the elementary charge,

Ris the universal gas constant.
The equation shows that there is also

charge” for charging by diffusion:

L1

qsd = 47E‘O

&is the vacuum permittivity,
T is the temperature,

r is the particle radius,

eis the elementary charge,
kp is Boltzmann'sonstant.

Working with these assumptions together with th
concept of limit charge, the charging contributama
function of the particle’s size of the two mechamis
can be described and understood. The total IimI1
charge, overall and by charging mechanism, cabyed
a particle, as a function of its diameter is givian

Figure 6.

Charge number at 2 10°V/m

ﬁﬁﬁﬁﬁ

Charge number

0,1 y”
0,01

0,001

1,0E-09 1,0E-08

i@ charg. Champ

Figure 6. A simplified comparison of particle chizigy

by field and by diffusion as a function
of particle size

a “limit

contribution to charging by the two mechanisms is
Deutsch’s of the same order of magnitude.

3.3. Impact on collection efficiency

The efficiency of particle collection changes as a
function of the charge they carry. Furthermores thi
charge, originating by electric field charging aoygl
diffusion, is related to the particle size.

In order to distinguish between the effects of the
charging and drag force phenomena on the collection
efficiency, the figure below only takes into coresia-
tion the two charging mechanisms and ignores any
modifications of drag forces.

The charge g carried by the particles at infinite
time corresponds to the charge by electric figld
(equation (3)) and by diffusion (equation (5)).

The collection efficiency according to
simplification is given by:

(5) - (qsf + qsd) E
I (6)
A
n =1—[e ¢ 1 @

where:

$v1is the migration velocity,
u is the gas viscosity,

is the electric field,

is the particle radius,

A'is the collection area,

Q is the flue gas flow rate,
n is the collection efficiency.

Figure 7 shows the variation in the collection
efficiency for an electrostatic precipitator fielchere
firstly, only electric field charging is considered
(dotted line), and secondly, where charging bytelec
field and diffusion are considered together (camtins
line). The area of the collecting surface is 20 the
electric field is 20 kV/m,g =5, the temperature is
130°C andu = 1.0210™.

The collection efficiency falls due to a
modification in the particle charge. For particles
> 2.5 um electric field charging predominates. As th
charge carried by the particles lessens, the dilec
efficiency falls which explains the downward slapfe
the line in Fig. 7 For particles< 2.5 um charging by
diffusion plays an increasing role and reduceddbe
in collection efficiency.
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100,0% & aiffusion A :L (used in previous paragraph),
V2ot p
ky, — the Boltzmann constant,
T — temperature,
p — pressure,
o — air molecule diameter,
r — particle radius.
The variation in the value of Cunningham'’s
coefficient as a function of particle diameter and
temperature is given in Fig. 8.

-
o
Q

ESP Efficiency

1,0%

0,1% 100

1,0E-09 1,0E-08 1,0E-07 1,0E-06 1,0E-05
Diameter (m)
Figure 7. The effect on collection efficiency okitag
into account particle charging by diffusion

e Temp. 130°C
10

Temp. 25°C

However, the change in the principal charging
mechanism as the particle size falls does not attcou
for the change in the slope at about 0.5 um. Amothe
phenomenon, a change in drag forces is operating. 1

Cunningum Correction factor

0,01 0,1 1 10 100
Diameétre (um)

4. The impact of drag forces on the collection of

submicron particles. Figure 8. Variation in the Cunningham slip correnti

For particles of a diameter smaller than 0.5 pre, th factor as a function of particle diameter

fall in collection efficiency stops and an incredse and temperature

observed. The latter cannot be attributed to thiggha . ) ) )

charge. Could this variation in collection efficignoe =~ Cunningham’s factor is 1 for particles with a

accounted for by a change drag forces? diameter greater than 10 um. Its value increases
significantly for particles with a diameter of legn

4.1. Modification in the drag forces 1pm.

As the size of the particles fall and these pagticl
approach the region where the fluid no |Ongeﬂ-.2...|mpact of drag modification on collection
possesses the properties of fluid continuity, thefficiency
maximum air speed of the particle increases. THehanges in the drag forces, as taken into account by
particle’s speed is limited by a drag force (rdsglt the Cunningham factor, modify the curve of the
from the impact of air molecules on the partide)pollection efficiency of submicron particles. This
However, if the particle’s size is of the same orde factor is introduced into the collection efficiency
magnitude as the air molecules, the drag forcds fagxpression (equation (7)) according to the equation
This is the case for particles smaller than 0.5 fihe
increase in particle speed leads to an increase in _ QqEC 9
collection efficiency. Cemu’ ©)

To take into account this effect in calculating th

maximum speed of the particles, a correction fact%l is the migration velocity the gas viscosity: the

known as the Cu_nnlngham.shp co.rrectlon factor If5article radiusk the electric fieldC the Cunningham
used. This correction factor is function of theeraf factor

the mean freg pth of the moleguﬂean_d thg size of Figure 9 shows the variation in particle collentio
the particle, (in this case the radijswhich gives the for an electrostatic field with and without the

Kanlfihsen’s lnumbfevé(r). ingham’ tici b Cunningham factor. The area of the collecting serfac
. e value of Cunningham's coefficient can bgg 5 nf, the electric fieldE is 20 kV/m, the relative
given in different forms, for example by the follmg permittivity & =5, the temperature is 130°C and

formula: L=1.0 10"
Where only charging by electric field and by
C=1+1.2461 Ir+ 0.42 ¥ exb— 0.87 /V)' (8)  diffusion are considered, the collection efficiency
continued to fall as the particle diameter became
where: smaller. Modification in the drag forces affecting
submicron particles explains the change in theestafp
the collection efficiency graph at about 0.5 umisTh
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inflection is related to an increase in the paetidit

10,00
speed as the drag forces fall. -
Charge by field & diffusion g 1,00 Electric field
100,0% @
© L]
e Char ge by field, diffusion & Cunnigham factor S —e- 0510
© 210°
5 0,10
2 / ™ a0
= d V/em
=z
10,0% 0.01
o ,01
= 1,0E-09 . 1,0E-08 1,0E-07
% Diameter (m)
i Figure 10. Average charge of particles normalized t
2 an elementary charge as a function of particle size
1,0% (calculated with simplifying assumptions) [11]

In this particular case, the particle motion
calculation cannot be done with the average charge.
For a given diameter, some of the particles willha
unit charge while others will carry no charge. As t
particle speed is related to the charge it cartiles,

] i ) i particles charged with a unit charge will have aesp
Figure 9. Effect of the introduction of the Cunrilagn  that is proportional to the electric field, (theyea
factor on collection efficiency subject to a forceqE). The uncharged particles are not
) ) o subject to the force of the electric field. This
5. Changesiin the collection efficiency slopeand the  gjfference has a great impact on the collection of
effect of discrete particle charging (partial yjtrafine particles. Accordingly, with nanopartisje

charging) N _ ~_ the charge distribution should be taken into actoun
The collection efficiency increases for particle’hW ystead of the average charge level.

diameters between 0.1 and 0.05 um and then falls

again for particles smaller than 0.05 um. Thedit@re 5 > |mpact of partial charging on collection eféincy
confirms  this observation both in laboratoryrhe partial charge of particles can be represehged
experimentation and simulated results. So a locCgiferent models. For this study a simplified model
maximum in collection efficiency is discernable foryhich allows the collection efficiency to be qudiet
nanoparticles [10]. was chosen [12], [13].

This modification in the slope of the collection \yhen the average chargeis smaller than 1, it is
efficiency may be explained by the partial chargifig ossible to introduce a correction for the colieati
particles smaller than 0.1 pm. -

0,1%
1,0E-09 1,0E-08 1,0E-07 1,0E-06  1,0E-05
Diameter (m)

efficiency and to define a fraction - of the
5.1. What is partial charging? particles which carry a unit charge and a frac{ibn
Particle charging occurs through electric field and) which go through the electrostatic precipitafome
diffusion mechanism as described before. resulting collection efficiency, using Deutsch’s

Particles that are smaller than a micrometer aférmula, is given by the collection of a particle
principally charged by diffusion. But what charge d carrying a unit charge (this is equivalent to usihg
they carry? corresponding migration speed)wnultiplied by the

The size and number of ultrafine particles arehsudraction of charged particles from which the fraati
that the average charge carried by these particlesuncharged particles has been deducted. The Igloba
becomes comparable or less than the unit charge of collection efficiency is thus given by:
electron. (see Fig. 10).

_Aw
n=1-ae ° -(1-a), (10)

n — collection efficiency,
w; — the migration velocity,
A — the collection area,
Q — the flue gas flow rate,
a — the normalized mean charge.
To demonstrate the impact on the collection
efficiency of the partial charge, Fig. 11 show at jud
the collection efficiency calculated with an averag
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charge (line 3) for nanoparticles and for an actual This is necessary, firstly, because the collection

charge carried by the particles (line 4). efficiency is not a linear function of the number o
A fall in collection efficiency is observed at alio charges carried by a particle. The overall coltecti
20 nanometers. efficiency of monodisperse nanoparticles cannot be

At a particle size of less than 20 nanometers, th@edicted without taking into account the charging
phenomenon of partial charging explains the fall imistribution as opposed to using an average chgrgin
collection efficiency. level.

e Char ge by field, diffusion & Cunnigham factor Charge by field
100,0% 100,0%

fr - n Charge by field & diffusion
eld, diffusion, Cunnigham factor

e Char ge by field, diffusion & Cunnigham "ac’.or’

10,0% 10,0%

ESP Efficiency
ESP Efficiency

1,0%

[
o
N
X

0,1%
’ 0,1%
1,0eE-09 1,0E-08 1,0E-07 1,0E-06 1,0E-O5 1,0E-09 1,0E-08 1,0E-07 1,0E-06 1,0E-05

Diameter (m) Diameter (m)

Figure 11. Variation in the collection efficienc§ o Figure 12. Effects of charging by the field (ling 1

particles with and wi_thout tak_ing into consideratio cumulated with charging by diffusion (line 2),
partial charging cumulated with a modification of the fluid regime

. (line 3) and cumulated with the partial charge
6. Conclusion phenomena (line 4) on the collection efficiency

The effects of fine particles and nanoparticles on
public health have led to current discussions for
increasingly stringent regulations to restrict esiuas. Secondly, it is important to know the size
TQ?_S'ZE offthe”par.tlclesf|satljetermlnmg fa‘?‘?‘“e distribution at the filter entrance if the global
efiiciency of collection of an electrostatic prataor. efficiency is to be ascertained. Usually for pdesc

The fall in collection efficiency is neither lineaor | w1 o qiameter greater than pm, the concentratiwh
straight forward. Descriptions of the physical.,\ection efficiency are expr’essed as a mass.
phenomena which explain the collection Charaaeri?—'lowever, for fine particles, they must be expreszed
tics are to be found in the literature. However, & number [8, 17, 18]. This presents the difficudty
comprehensive and unif)_/ing explanation of thesﬁassing from quantifying as a mass to that of a
phenomena hgs peen lacking. . . number. In size distribution by number there is no

1_'he two P”Pc'pa' changes linked to the Size ef thdistinction between the particles. In size disttidu
partlcle_s are. (|)"the medium cannot b,e cqr_15|de0ed where the collection efficiency can be measured in
be continuous, (i) the charge on a particle issaréte o q of surface area or volume, the particles lzave
value. : influence which is proportional to this measure ¢ma

'_I'hesg cha}nges, when .they are Con5|dered dize, surface...). The difference can be considerable
conjunction with three physical phenomena; firstlyna volume of a sphere with a radius of 10 pm is a
the significant contribution made by charging by;gqg times greater than a sphere with a radius of
diffusion compared to that by electric field chagi 1 um. Given that ultrafine particles have a very lo
secondly, changes in_ the limit Spe‘?d because of dr?hass, the description of particles entering an
force changes, and finally, the partial chargenelse oo rostatic precipitator must be adapted so tihet
particles, all have an impact on the collectionection efficiency of ultrafine particles can be
efficiency curve (Fig. 12). . . correctly evaluated.

Models [14, 15, 16] for the collection of fine and .,/ can new regulations take into account that the

nanoparticles must take into consideration all thg,|action efficiency is not a linear function ofiet
phenomena described and quantified in this paper.

An understanding of the physical phenomena arPdartICIe size?
the demonstration of the importance of particlee siz
indicates the value of pursuing the descriptiotiirod
particles still further.

of fine particles
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