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CHARGED DROPLET TECHNOLOGY FOR REMOVAL

OF PARTICULATES FROM INDUSTRIAL CASES

by

J. R. Melcher and K. S. Sachar

Introduction

A. Background

Nature gives an example of how drops can scavenge particulate from the
atmosphere. It is well documented that falling raindrops effectively re-
duce the number density of particulate in the range of 1 - 50 pm{1].
Turther, the existence of atmospheric electric fields has encouraged in-
vestigation of possible influences of particle and drop charging on the
collection of particulate by the drops [2]. Hence, it is not surprising
that the idea of using electric fields to enhance collection of particu-
late on drons is often suggested as an approach to controlling particle
emissions in industrial gases.

We are concerned with a class of devices that is hybrid between
scrubbers and electrostatic precipitators. The scrubber makes use of
drops usually moving relative to the particle-laden gas, while the pre-~
cipitator depends on electrical forces caused bv chargine the particles
and subjecting them to an electric field. The contrast between these
conventional devices correctly suggests that there are a number of
basically different mechanisms for collecting the particles on the drops.
B. Outline

The first objective is a review of what has been reported through

patents and in the formal literature relating to the use of drops and
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electric fields in particulate control. Devices range from electr
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augmented inertial impact scrubbers" to "electrostatic precipitators

- : i ake
pretreated particles'". Somewhere between is a class of devices which t

unique advantage of the combination of fields and drops. It is the intent
of the survey given in 8II not only to cite the relevant reported work,
but also to classify the devices according to the type of interaction
between drops and particles, and organize the literature within that frame-
work.

There are many combinations of scrubbers and precipitators that offer
no new mechanism for removing particles, albeit possible imnrovements in a
technological sense. Gur approach to the classification emphasizes what
is unique to the use of drops and electric fields in colleacting particles:

the interaction between fields-drons and particles.

A second objective, in 8III, is a sketch of fundamental models appro-

priate to each class of interaction. The simple models given in  §III
serve at least two purposes: thev further clarifv the basic mechanisms
used for classification in §II, and by showing parameter dependences,
they make possible comparison of systems in §V.

The third objective is to place the basic interaction mechanisms in

the context of systems. Important factors bevond the basic drop-particle
interaction are the means byv which drops are formed, charged, and injected,
and means for their removal. Electric fields have been used in devices
for producing charged drops, hence the discussion of drop generators is
taken up in a separate section, §IV. Then comparison between systems

is discussed in § V.

The fourth objective is an assessment of needed research and an iden-

tification of promising types of devices; this is given in §VI.



IT. Survey and Classification of Devices

A. Process Functions

A schematic view of the processes called for in an electrostatic-

droplet type of device is shown in Fig. II-1.

1
drop production
and charging

drop~-particle
interaction

particle N |
treatment ‘

—®=— drop removal

Fig. II-1 Schematic of processes that must occur in

comnlete particle removal system

The practicality of a device, of course, depends on the means for pro-
ducing and charging the droplets and for charging the gas-entrained par-
ticulate prior to collection of particles on drons. Also, once collected
on the drops, particles are removed by removing the drops and the provision
for drop collection is also essential. But the heart of the drop-particle
approach is in the mechanism by which the particles are collected on the
drops. 1In reviewing and classifying devices, we first focus on the inter-
action mechanism. Distinction between devices in a given class is then
based on methods for prior or subsequent processing of the drops and
particles.

B. Classification of Drop-Particle Interactions

In the zone of drop-particle interaction, there can be many combina-

tions of drop-charge, particle-charge, and electric field configuration.
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The classification given by Table II-1 makes a compromise between the P

liferation of categories that results from a refined view of the interaction
mechanism, and the need for simplification which is the objective of a
classification in the first place. A given class is specified by the elec-
trical state of the drops and of the particles, and by whether or not there
is a significant ambient or macroscopic electric field playing a dominant
role. Before discussing the classes of interaction, comments pertaining

to terminology are appropriate.

Ambient Electric Fields: By an "ambient electric field intensity", E, we

mean one which should be distinguished from the component of electric
field that fluctuates spatially over distances on the order of the inter-
particle or interdrop spacing. The sketch of Fig. II-2a3 shows a region in
the interaction zone occupied by charged drops and particles. In general,
these can each be of both polarities. Gauss' law requires that the total
flux of electric field normal to the surface, S, of a volume V enclosing
some of the drops and particles be equal to the net charge contained

within that volumre.

T on = J .
§ E:OE nda f pfd\ (I1.1)
S v
-12 - .
Here, €_ = 8.85 x 10 , n is the unit normal to S, and Pe the net charge

density. Made small enough, V can contain one particle or drop. As it
increases in size so as to include more charges, it is evident that a part
of the associated electric field varies rapidly over a characteristic

length typified by the distance between particles. EBut, as the volume

- . L4 1 - .
begins to include many particles, there is a contribution to the electric

field that is steady. and that increases in proportion to the net charee
: g
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enclosed. It is this average component of E that we call the "ambient"
E.

There are two ways of producing an ambient E. Usually, as in a con-
ventional electrostatic precipitator, a voltage is applied to electrodes,
as sketched in Fig. II-2b. Charged particles and drops in the intervening
volume contribute to the field, but often to a negligible degree simply
because they arec outnumbered by charges on the walls. The ambient field is
then termed an "imposed field". If, on the other hand, there is enough
net charge in the volume, even with the electrodes grounded, an ambient E
can be generated by virtue of net charge carried by the combination of
drops and particles in the volume. Such an ambient E will be called a
"space charge field", since it arises from the space-average net charge
density in the volume making an appreciable contribution.

The microelectric fields are illustrated by the extreme depicted in
Fig. TI-2d, where there are as many charges of one sign as of the other
and no external excitations to induce charges on electrodes. Then, the
onlv electric fields are at the micro level, because by Gauss' law, any
volume enclosing many particles includes no net charge.

The electrical force on a particle having charge q is qu Hence,
the micro fields represent forces of attraction or repulsion between
neiphboring particles, while the macro, or ambient, fields represent
forces tending to carry particles from one macroscopic region of net
charge to another. In Fig. II-2b, the ambient field carries the par-
ticles toward one or the other electrode, while in Fig. II-2c¢c, the
ambient field tends to make the positive charge carriers "exnlode' toward

the image charges on the electrodes.



It is, of course, not possible to have even one charge in the interaction
region without having it make a contribution to the electriec field. But

for practical purposes, we distinguish between interactions that are dom—
inated by the ambient E or by a micro-E. We will further distinguish be-
tween ambient electric fields generated by external sources applied to
electrodes and those generated by space charge from the drops and particles.

These ambient electric fields are respectively termed "imposed" and "space

charge" electric fields.

Attachment: The classification pertains to practical mechanisms by which
particles are made to collide with drops. The implicit assumption is that
the collision is tantamount to attachment. Although somewhat conflicting,
what studies there are of attachment between typical "dust' particles and
water drops tend to support this view. In a reviewv of wet scrubbers, Weber
makes the statement [3]: '"If dust particles and water droos collide, the
former will invariably attach themselves to the latter". 1Ile goes on to
qualify this statement by distinguishing between the manner in which wet-
ting and nonwetting particles adhere to the drop. The wetted particles
are ingested into the drop volume, while the nonwetting particles tend to
be retained at the surface. In either case, the particles adhere to the
drops. Weber's emphatic prediction that industrial particulates are
attached upon collision is at some variance with McCully's observations
{1] in which experiments are cited that show nonwettable beads can bounce
off water drops, and hence that some collisions with nonwetting particles
are not tantamount to attachment. With additives in the water, it appears
that a wide range of particulate readily attachon collision, at least in

the absence of an electrical chareing.
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But a further question is the possible influence of the electric
charging on attachment. Here, it is important to define what is meant
by '"charging' and the region occupied by the associated electric field.
When we refer to ''charging a drop', we mean that there is a layer of net
charges per unit area at the gas-liquid interface responsible for the dis-
continuity between electric field just outside the water, and the zero
field region inside. This field is on the order of 10°8 v/m, and is
limited by electrical breakdown or electrohydrodvnamic instability, as
discussed in §1IV. 1t should be distinguished from fields associated with
double layers of charge in a zone on the order of 100 Z at the drop-gas
interface. It is this double-layer charge that is closely tied up with
the theory of wetting. Fields in the double laver can be far greater
than those possible in the gas phase region outside the drop.

The surface tension is known to depend on charging of the double laver,
and if it were such a charging that was of interest here, then we would
expect that the attachment would depend on charging. By definition,
charging of the double layer, whicn can be thought of as a thin capacitor
with spherical electrodes in the neighborhood of the droo interface, leaves
the drop with no net charge. The type of charging referred to here leaves
the drop with a net cinarge, and results in an electric field in the region
exterior to the drop. This exterior field is far weaker than that in the
double laver, and hence too small to influence the surface tension. It
has been experimentzally verifieu that even water-air interfaces which sup-
port monomolecular films have surface tensions that are independent of electric

field up to strengths sufficient to produce electrical breakdown [4].
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Because we would expect attachment to be closely related to surface
tension, this finding tends to support the view that there should be
little effect of the field on the mechanisms of attachment present in the
absence of the fields.

One mechanism by which the electric field can influence attachment
is through charge exchange upon collision. The drop is relatively highly
conducting, and depending on their electrical properties, the particles
can acauire the same sign of charge as the drop on collision, and then be
repelled by electrostatic forces. Some work has been done on the compe-
tition between these electrostatic forces and forces of adhesion on solid
surfaces [5]. Also, there are studies of electric field influence on drop-
drop 'adhesion" [65]. The evidence is that attachment may be a considera-
tion, but that the relative merits of using electrical forces for initiating
particle-drop collision can over-ride the attachment question. That attach-
ment takes place with a wide range of particle types is supported by ex-
periments operated under nractical conditions [7].

The classes outlined in Fig. II-1 are as follows:

Class I: Drops and Particles Uncharnsed, no Ambient E.

Here, there is purely mecnanical scrubbing with no electrical inter-
action. This class includes venturi and evclone scrubbers. Particles
are collected on drops mainly by inertial impact. Advantage is taken
of the tendency of the particles, by virtue of their inertia, to leave
tne gas stream and be collected on the drops. Also included are such
mechanisms as entrainment in the wake of drops moving relative to

the gas. Lspecially for extremely small particles, further collection
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mechanisms are molecular and turbulent diffusion of particles
through boundary layers adjacent to the drop.

In an inertial scrubber, it is the inertial force on a particle
which prevents it from "turning the corner'" and following the gas
stream around the drop. Typically, the particle of radius a,
having relative velocity w and mass density pa, suffers an accel-
eration on the order w?/R in the neighborhood of a drop, whereR
is the drop radius. Hence, if the gas mass density relative to that
of the particle is ignored, the particle experiences an inertial force
4/3 paTraa(wle). That force is retarded by a viscous drag force
vhich, if represented by Stokes' law,is of the order 6mpaw, where u
is the gas viscosity. The inertial impact parameter [8] is the ratio
of these two forces and must be appreciable compared to unity for the

collection process to be effective.
2

. . 0 aw
inertial impact parameter = inertial force 2 a (1)
P * viscous drag 9 Ru
Class II: Drops Charged, Particles Uncharged, Ambient E

In a mechanical scrubber, relative motion between drops and particle-
laden gas is often obtained by injecting the drops at a velocity dif-
fering from that of the gas. This relative velocity can also be
achieved by charging the drops and subjecting them to an ambient
electric field. The resulting electric force gives a drop motion,
relative to the gras, that can be used to scrub uncharged particles
from the gas. The advantage of the field-induced scrubbing is that
the relative velocity does not decay to zero from the point of injec-

tion, but rather reaches a steady value determined by the hydrodynamic
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i i device
drag, particle charge and ambient electric field. Thus, the dev

. iated with
scaling is altered because the penetration distance associlat

the mechanical scrubber is no longer a limitation.

. 5 iate for
The inertial impact parameter of Ea. (1) remains appropri

. : ined
the class II interactions, with the relative velocity w determin

et
by the balance of electric and viscous forces on the drop. If we 1

the drops be charged to O = CﬂazeoE*, where R is the drop radius, E,

is a charging field, and C is a geometry factor varying between about

|
three and 12 depending on the charging method, and again assume Stokes
drag, in an electric field E, the drop reaches a steady velocity

W = [(CWR;EOE*)/équ]E. Thus, the anpropriate inertial impact para-

meter follows from Eq. (1) as

electrically induced inertial paaZCEOE*E
. __—"_T— e
impact parameter = 27 u 2)

Class III: lrops Charged, Particles Charged, llo Ambient E

Iy contrast with Classes I and II, there is negligible relative velo-
city between gas and drops in Class III interactions. Particles are
collected on a charged drop surface by electrical attraction of oppo-
site charge. Hence the drop surfaces attract particles much as do the
precipitating electrodes of a conventional electrostatic precipitator.
Fields responsible for collection of particles are largely '"micro"
fields. Clearly, Class III collection dominates if the charge density
of small particles is equal and ovposite to that of the drops. 7Then,
there is no net space charge, hence no ambient field. Other possibil-

ities are mixtures of both positive and negative particles along with
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both positive and negative drops, in proportions such that there

is negligible field due to net space charge. But, from a practical
point of view, the charge density of the drops could far outweigh
that of the particles and still result in an interaction of essen-
tially the Class III type.

The fundamental collection mechanism is placed in the perspective
of conventional electrostatic precipitators by introducing the fol-
lowing commonly used simplified model of a conventional precipi-
tator [9]. Suppose that a section of a precinitator having length lprec
collects an appreciable fraction of particles on electrode collect-
ing surfaces used to impose an ambient E normal to their surfaces.
The field causes a particle velocity normal to the electrodes w, and
the electrodes are characterized geometrically by a circumference S,
and cross—sectional area perpendicular to the flow, A. The number of
particles passing a given cross section per second is then UAn, and
that must be on the order of the number per second QD Sw

n
prec. prec

collected at the walls. Eence,

<

prec uwprec Ay UA (3)

For efficient precipitation, the device lenetn, L, should be large

compared to £ .
: prec

LS w
prec

UA

L

= ( ) > 1 . (4)

2
prec

Now, consider a length QII in which a large fraction of the

I

particles 1is collected on drops. In Eq. (3), the particle collection

surface is gnrecs’ and with N-per-unit volume of drors, each of which
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has surface area 4mR?, this collection area is replaced by

4TR2WASL . We define o as the number of drop radii by which the

I1T R
drops are separated on the average, so that N = l/(aRR)3, and it
follows that the eauivalent of Eq. (3) for the drop precipitator is

2
4mR AQI

ML A uA . (5)
e 111

Thus, for efficient collection of particles on drops, we must have

L/,QII > 1, where

Lamw
L 111 ,
(6)

3
L111 Uag "R

The necessity for having close packing of the drops, or low aﬁs if
they are to compete with the conventional precipitator, is emphasized

by taking the ratio of characteristic collection lengths

3nq
2III - o= RS wprec (7)
zprec 4 mA VITT

For the drop system to compete favorably, Lq. (7) should give a ratio

large compared to unity. Ilote that the particle velocities w rec and
p

YITT at the collecting surfaces are functions of the particle charge

and electric field intensity at the respective surfaces.

circunference S\

N L T N I WS
\

nUA ]~ |
i nwf
sy orec

P RV Y L T S I
F(T"——‘““__ lprec. - > ‘ QIII

Conventional precipitator Class III drop precipltator

7ig. II-3 Configurations for comparing conventional

precipitator and Class III interactions
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Class IV:Drops Uncharged, Particles Charged, Ambient E

Neutral drops introduced into the flowing gas and subjected to an
ambient electric field are polarized. The flux of electric field
lines over an area three times that of the drop cross section is
intercepted by the drop. Thus, charged particles migrating toward the
drop along these lines are intercepted by the drop. If particles are
charged to only one sign, then thev are initially collected over half
of the drop surface. If particles are charged to both polarities,
then collection takes nlace over the whole drop surface.

In the unipolar particle case, the drop collects particles at the
expense of acquiring a net charpe, and the field in the drop's vicinity
is altered so as to limit narticle collection. Because of its result-
ant net charge and the imposed E, drops drift relatiwve to the gas.
i‘ence, Class II interactions can come into play as the process pro-
ceeds. Also, the net charge on a drop can be the basis for subsequent
drop collection using conventional precipitator configurations or
space charece precipitators.

In the case of bivolar charging of tihe particulate, it is possible
to have the neutral drons collect particles without significant alter-
ation of the charge neutrality. In that case, contribution to the
ambient L from particle charging is also minimized. Assuming unipolar
chargine, the effective drop-collecting surface is initially 3WR2, and
nence the collecting area in a collection length QIV is BﬂRZNAKIV.
Tollowing arguments similar to those accowpanving Eqs. (5)-(7), effec-

tive particle collection on the drops requires that L/SLIV > 1, where
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Class V: Hybrid Interactions with Drops and Particles Charged and An

Ambient Field

With the combination of ambient electric field and charges of opposite
sign on drops and particles, it is possible to collect particles on the
drops through combinations of the mechanisms included under Classes II,
111, and IV. 1In this class, the drops can be charged to differing

signs, as can also the particles. The ambient electric field is im-

posed by means of external electrodes, or caused by space charge. For
example, suppose tnat drops of one sign are mixed with the dusty gas
charged to the opposite sign, and the mixture subjected to an ambient
electric field. Then, droplets are driven at a relative velocity with
respect to the gas, so that the inertial impact mechanisws of Class II
come into play. The particles also collect on drops through the micro
field interaction of Class III. Once neutralized by the collection of
oppositely charpged particles, the drops are the sites of further par-
ticle collection tinrouph the mechanisms of Class IV. Thus, depending
on the relative wagnitudes of charpe and electric field, on the size
of the particles and drops, and on the interaction time between the
particles and drops, all three mechanisms come into play to one
extent or another.

Further Tvpes of Devices Not Involving Basically ilev Phenomena

The classification of drop-particle collection mechanisms emphagizes

the interaction, rather than differences in systems. It is through these

mechanisms that there is promise for making a new departure in particle



collection technology. Devices have been proposed that combine drops
and fields for particle collection, but that really do not exploit new
mechanisms which might therefore hold promise for developing a tech-
nology for handling sub-micron particles.

An example is the combination of a scrubber and electrostatic pre-
cipitator into a single volume, where each functions in an essentially
conventional manner. Reference is made in the following review of the
literature to "miscellaneous' devices that fall into this category. They
are not regarded as exploiting what is basically new about tine inter-

action of drops and particles in an electric field.

C. Classification of Devices Disclosed in the Patent Literature

In the summary of patents directly relating to the use of electric
fields and drops for collecting particulate, primary emphasis is given to
the drop-particle interaction. Also included is a categorization of the
method of: (a) charging particulate, (b) charging and producing drops,
(c) removing drops, and (d) method of creating ambient fields, if any.
Class I interactions encompass conventional mechanical scrubbing, and are
included in the classification only for purposes of comparison. Hence,
they are not surveyed in the following. Table I1I-2 lists patents des-

cribed in this section.

Table II-2

Patents Relating Pirectly to Llectricallv-Induced Collection

of Particles on Drops

Class Inventor Patent Ho. Title __ _ate
I1 Wintermute 1,959,752 Liquid Flushing for Discharge
ilectrodes 1934
II Scimid 2,962,115 Apparatus for Separating Solid

and Liquid Particles for
Gases and Vapours 1960



Class Inventor Patent No. _
IT Marks 3,503,704
II Marks 3,520,662

111 Wagner 1,940,198

II1 Penney 2,357,354

IT1 Penney 2,357,355

I1I Gilman 2,523,613

I1I Cilman 2,525,347

I11 Peterson 2,949,168

ITI Peterson 3,331,192

111 Romell 3,440,799
v Lodson and

Kiemperer 2,615,530
v lansburg 2,788,031

v

\Y

DeGraaf, Haas

van Jorsser and

Zaalberg

Ziems and
Donicke

2,864,458

3,384,445

Title

Date

Method and Apparatus for Suppres-
sing Fumes w/Charged Aerosols

Smokestack Aerosol Gas Purifier

Apparatus for Cleaning Gas

Electrified Liquid Spray Dust
Precipitators

Electrical Dust Precipitator for
Utilizing Liquid Sprays

Electrostatic Apparatus
Electrostatic Apparatus

Electrical Precipitator Apparatus
of the Liquid Spray Type

Electrical Precipitator Apparatus
of the Liquid Spray Type

Gas Scrubber

Liquid Cleaned Precipitator

Flectrostatic Gas-Treating
Apparatus

Liquid-Electrostatic Precipitation

Apparatus for Disinfecting Gaseg

1970

1970

1933

1944

1944
1950

1950

1960

1967

1967

1952

1957

1958

1968



Class Inventor Patent No.
Miscell. Buff 1,905,993
Miscell. Vicard 2,983,332
Miscell. Wiemer 3,221,475
Miscell. Vicard 3,363,403
Miscell. Ebert 3,492,790
Miscell. Humbert 3.523,407
I11* Prentiss 2,758,666
III* Johnstone 2,924,294
ITI* Silverman 2,992,700
IIT#* Allemann, lMoore

& Upson 3,218,781
Iv= Cole 2,920,912

Title _ va

Treatment of Gases 1933

Process and Apparatus for the
Purification of Gases 1956

Wet Electrostatic Precipitator 1963
Electrostatic Filtering Apparatus 1908
Gas Cleaning Apparatus and More
Particularly to an Improved

Electrical Precipitator 1970

Method for Electrostatic Pre-
cipitation of Dust Particles 1970

Carbton Black Separation 1956

Apparatus for Cleaning Gases with
Llectrostaticallv Charged Particles 1960

Flectrostatic Air Cleaning Device
and Method 1961

Electrostatic Apparatus for Removal
of Dust Particles from a Cas
Stream 1965

Electrical Precipitator and Chareed
Particle Collection Structure
Therefor 1961

* Solid particles used instead of drops

*#% Drops replaced by bubbles



Electrically Augmented Impact Scrubbing

Class 1I:

Wintermute: 1,959,752

The invention relates to the addition of liquids to a conventional

electrostatic precipitator. In the configuration described, a single-stage

precipitator of tubular construction is fitted with a water injection system
so that the discharge wire (passing down the center of the cvlindrical col-
lecting electrode, which in this case is at high voltage) is surrounded by a

liquid stream. Because of the electric stress, this stream breaks up into

drops. As described, the device operates much like a conventional precipi-

tator with the water electrically made to strike the outer electrode,

and hence clean it. No interaction mechanism between drons and particles is

described. However, we know from related work on corona discharpes from wet

surfaces [10] that the wire must be the source of both ions and drops having

the same nolarity. Thus, the annulus is a region filled by radiallv expand-

ing ions and drops.
Particliles are introduced to the tube structure as in a conventional

precipitator. Upon entering the field region, the particles assume whatever

sign of charge is carried by the flux of ions. Hence, particles and drops
lrave the same sign, and there is at best a limited tendency of a particle to
be attracted to a drop because of the polarization of the drops in the ambient

field. (That collection mechianism would cut off if a drop were charged on

formation to the saturation charpe, as discussed in § III.A. Thus, the only

remaining mechanism for electrical augmentation of the particle removal pro-
Ly collection on the drops is via inmertial impact caused by the relative

velocity between drops and particles traveling radially outward ip tpe imposed

L i i i t consequenti
narticle charging — 100 impact, b?t no C q tial to drop-
l “ particle interaction
induction and/or ion impact
electric precipitation

drop charging
drop removal

ambient field — imposed



clectric field.

Schmid: 2,962,115

A problem with centrifugal separators is that, once the particulate
has been forced to the outside wall, it must still be removed from the
device by inertial (gravitational) settling. To hasten this process, the
size of the particulate could be increased, possibly bv agglomeration. The
dirty air frowm one cyclone is passed to another. Inside the latter are a
pair of parallel plates, with a high voltage nlaced between them. Charged
water spray is then introduced between them; tris is accomnlished by
inducing electrodes placed a slight distance away from the nozzles. The
drops oscillate between the plates, and collect tne unchareed particulate
oy inertial impaction. These drops are heavv enough to fall to the bottom

of the chamber where they can be drained awav.

particle charging ~ none

drop charging - by induction

drop removal - settling

ambient field - imposed.
ifarks: 3,520,662

To clean the flow from a smokestack of particulate and fumes, the gas
is deflected through an annular region containing an array of small nozzles.
Downstream of this is a perforated charging electrode. The fluid is drawn
out of the nozzles by the electric field in the form of very fine drops.
Past the charger is a mixing region, where the droplets mix with the flow
and pick up the dust and fumes. Since the walls are grounded, the mist is
space-charge deposited there. o provision is made to charee the dust.
Another way to form the charged drops is to draw fluid through a grounded

porous plug surrounded by a screen set at high voltage. The drops produced



are claimed to be about the same size as the holes, 1 — 100 u. The inertial

. 4 H 1 - .
impact interaction is inferred from the patent because the drop narticle

interaction is not actually described.

narticle charging - none
drop charging -~ by induction
drop removal ~ electric precipitation

ambient field - space charge

Marks: 3,503,704

A method to cleanse a gas flow of noxious fumes is offered. 1Inside the
channel, an arrav of capillarv tubes is placed across the flow and connected
to ground. Downstream of this is positioned a ¢rid connected to high voltage.
This arrangement allows the droplets to be inductivelv charged and moved
relatively rapidly through the gas flow. In the process, the air which each
drop contacts will be cleansed by the oxidant dissolved in the liquid. ¥ext,
the drops encounter a grounded matrix of needles. A discharge produced at
the needles by the high voltage source is of such a polarity as to discharge
the incoming drops; this allows them to coalesce and be inertially removed
from the flow. Another method to effect coalescence would be to combine two
streams carrying droplets of opposite polarities. Still another means would
be to allow the charged drops to be precipitated on an inner wall set to
some voltage. No attempt is made to charge the dust. The inertial impact

interaction is inferred because the patent does not specify how the fume is

"entrained" on the drovs.

particle chareing - none
drop charging - by induction )
drop removal —~ inertial or electrostatic precinitation

ambient field - space charpe
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Class III: Oppositely Charged Drops and Particles with Essentially No Ambient E

Wagner: 1,940,198

Just, presumably charged during combustion, is passed through a reeion
saturated with waterdroplets. The latter are frictionally charged either in
passing througn the nozzle or through the air. Collection of the particulate
vy the droplets then occurs in this mixing region, promoted to a large extent
by the turbulence established by the injection of the sprav. The flow is next
directed through lov-temperature regions which cause the droplets to coalesce.

These larger drops are then removed from the gas flow by inertial means.

particle chargine - combustion

drop ciharging - frictional

drop removal - inertial

ambient field - negligitle
Penney: 2,357,354

Dust~laden gas first passes tiorough a tubular electrostatic ionizing sec-
tion to charge the particulate by ion impact. Just downstream from this is an
arrav of nozzles which issue a snray of inductively charged or ion-impact-
charged drops. In experirents reported, droos are in the size range of 500 um.
Pennev emphasizes that drops must be of sufficient size that they can be easily
removed from the gas. Urops and particulate have opposite polaritv. During
passage down the channel, tiie drops scavenge the particulate, until finally
thev are removed. Suggested means of removal are inertial impact and other
conventional means.

This patent not only makes a primary disclosure, but is an informative
and useful guide to the design of the general class of devices. Penney clearly
recopnizes the competition between the space-charge-generated ambient field

and the micro fieclds responsible for the collection of particles on drops.

"o alleviate the adverse effect of the space-charge ambient field, particularly
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. . ; . e . s . . . in which
in electrical breakdown, a modification of his device is described

an arrav of prounded parallel plates are placed just after the high voltage

charge, inducing electrodes of the sprayer. Their purpose is to keep the

droplet space charge from growing to discharge levels. In § III-C, we discuss

the role of particulate space charge, which Penney chose to make negligible
compared to that of the drops.

Limiting the volume occupied bv the space charge is necessary if the
ambient field is to be limited. Equation (II.1l) shows that, for a given net
charge per unit volume, the greater the volume enclosed, the preater the
average electric field intensitv at the surface of the volume. The space
charge fields act to promote collection of the drops, but this is tantamount
to removal of the dust onlv if tane drops have had time to collect the dust.

Space-charge ambient fields also bring into possible play Class II interactions

particle cl.arging - ion imnact

drop chargine - 1ion impact or induction

drop removal - inertial impact, precipitator
ambient field - oresent due to space charee, but not

basic to the interaction

Penney: 2,357,355
The "principles and teachings" of Penney's Patent 2,357,354 are basic
to what is disclosed here. Further arraneerments of electrodes, gas stream

and drop orifices are described.

particle charging - ion impact

droo charging - ion impact or induction

dror removal - dinertial impact, etc.

ambient field - inadvertently due to sSpace charge
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Gilman: 2,523,618

One problem arising in Penney's devices is that water collects on the
high voltage electrode opposite the source of water spray. The field at
this inducing electrode is sufficient to cause discharge of such a sign that
the drops leaving the nozzle will be discharged before encountering the charged
dust. A solution offered is to use two parallel rods as the high-voltage-
inducing ‘electrodes, with the row of nozzles situated between and slightly
above them. These electrodes would be slightly tilted, so that any liquid
collecting on them wwould run off. Drops weculd then form at the lower end,
where the field strength would be the weakest. These take the place of Pen-
ney's ring inducing electrodes. In addition, a pneumatic type of spraver is
described that produces much more highly charged drops than the other non-

nneumatic types.

Sece Penney - 2,357,354

Cilman: 2,525,347
As in his patent 2,523,618, an improvewent is disclosed on Penney's

devices. The problem is that, in a sprav device with induced charging,

water collects on the higch voltage end and discharges. This results in a loss

of charge on the escaring drops. 7o prevent this, another grounded ring

electrode is added beneath the high voltase one, which tends to pull the drops

and their discharge away from the main dust flow.

See Penney - 2,357,354

Peterson: 2,949,168
This device is similar to Pennev's. The dust and sprav are charped to
ooposite rolarities bv passing the respective flows through corona discharrpe

regions. Although the spray is injected transverse to the dust flow, a fan
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at the output of the system pulls both the particulate and the drops down-

stream together. There is no imposed ambient electric field in this region,

sinc: the outer walls of tne device are constructed of insulating material.

fuis will be true as long as wetting and subsequent fouling of the walls by

the drops can be prevented. Collection of the drops is accomplished by

jnercial impaction at Laffle plates placed downstream. The patent pertains

to arrangements of apparatus leading to reliable operation without the neces-

sity for cleaning.

particle charging ~ don impact

drop charging - 1dion impact

drop removal ~ inertial impact

ambient field - negligible
Allernanr., Moore and Upson: 3,218,781

Strictly, the disclosed device does not involve drops, but rather bubbles.
In a sense, it is the Class TII tvpe of interaction ''turned inside out'. Ion
impact charged particles are entrained in a gas forced through holes in an
insulating plate. A conducting liquid is on the other side of the plate,
and the gas passes through in the form of bubbles. Hence, the charged particles
find themselves within a ouoble and are precipitated on the bubble walls.

Thus, they are transferred to the water, and removed.

particle charging - don impact

drop charging ~ induction

"dron removal' (bubbles removed Ly ''settling"')
ambient field none

Peterson: 3,331,192

Apparatus improvements relating directly to Petersons patent 2,949,168

are disclosed. See also Peterson's patent 3,098,890 for device capable of

ductine a conducting liquid between two polints that must remain electricallv

ingulating.



28

Romell: 3,440,799

The main innovation in this device is the use of Kelvin's influence
machine [13] for both charging the drops and providing the high voltage for
the corona source. The basic interactions seer most similar to Penney's.
Considering the significant emnhasis given to problems of fouling and main-
tenance of electrical insulation in the region of dirty gas and drops, it is
extremely doubtful that the pronosed technique of converting hydrostatic head

into the required high voltage electricity is a practical or appreciable

innovation.
rarticle charging - ion impact
drop chareing - induction
drop removal - settling
ambient field - negligihle

Class IV: Ambient E with Particles Charged but Drops_Initially Uncharged

There do anot appear to be patents that clearly fall in this class. See
Class V patents for devices tnat probablv involve the Class IV collection
under some conditions. A disclosure making use of solid particles instead

of drops is:

Cole: 2,996,912

A two-stage electrostatic precipitator is made with a conventional
corona source for charging particles by ion impact. The collection section
of the conventional nrecinitator is replaced by a packed bed of spherical
semi-insulating large particles. The bed is subjected to an imnosed electric
field so tnat the spherical large particles are polarized with nositive and

nepative surface charges, resnectivelv, over half-surfaces. Tlience, the

colid laree particles play a role similar to that of the drors in a Class IV
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. ]
type of interaction. &v contrast with the drops, the particles of Cole's

invention are fixed in position and packed between conducting grids to the
point of sustaining a conduction current.

ivorid Interactions with Both Lrops and Particles Charged in

Class V:

an Ampient Tield

liodson & KXlempmerer: 2,615,530

After the dust flov is mixed with steam it passes into the ionization

section, vhich is cooled by a water jacket. This promotes condensation of

the vapor, with the particulate as nuclei. This effectively increases their

size and allows a larger amount of charge to be placed on them. In the col-
lector, a rod instead of a vire (as in the ionization section) is placed
along the axis. The outer wall is apain water cooled. The “thermal head"
and the electrostatic force act to drive the cnarpged particulate to the wall.
Yater drops that were not charped in the ionization section experience a dipole
force preoduced by the nonuniform field tending to pull them toward the center
conductor. The relative motion nroduced will enable these uncharged drops
to collect, by means of impaction otaner particulate which may have escaped
caarging in the ionization section.

Although not aprarently recoenized bv tue inventors, those drops arriving
in the collector section with less than the saturation charge will collect
particles througih tne Class IV mechanism, thus giving rise to a drop charging

that regults both in particle collection and the net charge on the drop neces-

sary for conventional precipitation.

particle chiareing - ion impact
dro» charging - dondensation and ion impact claimed

dror removal — electrostatic precinitation

ambient field - dimposed
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Ransburg: 2,788,081

This device is very similar to Penney's. The charging of the dust is
accomplished with a cone-shaped device having a sharp base edge to promote
corona discharge, which presents much less resistance to the flow than an array
of bars. The droplets are produced and charged by placing a spinnine disk
atomizer at high voltage with respect to tne prounded wall. A relatively
non-conducting fluid is used, so that the pump can be placed at ground.

The electric field present causes the drops to disperse and migrate to the
walls. Trovision is made to allow collected liquid to drain away to prevent
tne drops there from becoming a source of back ionization.

The transverse motion of the drons across the dust flow tends to remove
the particulate. In this case, there is no mixing along the flow, where the
dust and drops are made to flow together downstream. The basic collection
process is not specified, but it can be inferred that Class II and III inter-
actions are intended. The spinning disk used to produce the charged drops
is the main innovation. This has been highlv successful in the electrostatic

paint spraving application [11,12].

particle charging - ion iwpact
dron charging ~ induction
drop removal - inertial imnact and electrostatic nrecipitation
ambient field - imnosed
DeGraaf et al: 2,864,453

The device described consists of a grounded metal pipe with a discharge
electrode set at high voltage running down its axis. Beginning just above
the wire, and spaced petween it and the outer wall, is a curtain of vater
emanating from grounded nozzles. One reason for this arrangement is to pre-
vent discharge from the nozzles. The closest ground to the wire is the

curtain. A snort distance downstream, tiie curtain breaks ur into individual
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drons. These are inductively charged to a polarity opposite from that of
the dust, as a result of the corona. The electric field causes the dust and

drops to move in onposite directions - one toward the wire, and the other
toward the wall. Tnis encourages mixing and further agglomeration. The
performance of this scrubber was compared to that of a wet Cottrell and
Pennev's, and fared much better, especially at hiph gas velocities. Note
that the particles are in competition with the ions in discharging the

drovs (Class III), and charging the drops (Class IV). Also, the drops are

accelerated relative to the gas, so as to encourage inertial impact of

particles.

particle chsrging - ion impact

dror charging - induction

drop removal - inertial impact and electrostatic
precipitation

ambient fjeld imposed.

Ziems & Banicke: 3,384,446

T

A mecuanism for disinfecting a room is described. isinfectant is
spraved from nozzles placed far above the floor and connected to a high
voltage sourzce. The charged drops passine into the air will tend to collcct
dus, which apparently is naturallv charped. Through the action of both
gravity and the electric field hetween the tower and the ground plane, the
dirtv drops will be collected on the floor. Provision is made to allow the
drops to bc eitner positivelv or negatively charged, depending on whether the
dust is predominantly one sien or the other. The device might operate in
anv or all of tae classes, dependine on the degree of drop charging, the

stren~th of the imposec fielé, and the charge of the particulate. The in-

ventors cive few clues as to the basic mechanism.
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particle charging - random '"natural"

drop charging ~ induction

drop removal - gravitational settling and electrostatic
precipitation

ambient field

imposed

Class: Iiiscellaneous :Patents Combining Scrubbers and Flectrostatic Precipi-

tation Without Exploiting New Interactions

Buff: 1,905,993
A combination scrubber and wet-wall electrostatic precipitator is dis-

closed. The electric field is used largely to remove the water drops not

removed by imertial impact.

Vicard: 2,983,332

The innovation consists of tne combination of conventional venturi
scrubber and electrostatic precinitator to rake a single device. The air just
upstream of the venturi is saturated with watey vapor. =& discharge zone
occupies some of the space in front of the throat, hepce succeeds in chargine
a portion of the drops passing through. Wnen the flow passes through the
converging section, the submicron-size particles are accelerated to a much
nigher velocity than the droplets. This relative wotion results in colli-
sions and, effectively, in the chareing of the dust. The micron , ionic
vater drovlets can tinen be electricallv preciritated much further downstream
at tiie end of the diverging section. Additicnal efficiency can be obtained
bv naving a pair of parallel, orpositely charped plates further downstream;
these induce dipoles on the uncharged drops passing between them. The latter

collect the remaining charged particulate.
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Wiemer: 3,221,475

The major innovation in this patent is the use of thermal effects to

augment the formation of water drovlets on dust particles. Incorvorated into

the device is a conventional electrostatic precinitation system.

Thert: 3,492,790

The main innovation is a system for rotating the corona charging elec~-
trodes so as to charge more completely the particulate. The device is essen-

tiallv a conventional scrubber placed in series with a wet-wall precipitator.

Humbert: 3,523,407
Use of liquid additives to precondition particulate before conventional
electrostatic nrecipitation is described as a means of alleviating problems

with high resistitivitv particles.

Vicard: 3,363,403

In this version, relating to Tatent 2,983,332, vanes arc added to the
venturi tnroat to irpert rotational motion to the flov composed of condensed
droplets and particulate. This forces the drops to the outsice and prevents
tue system from arcine, and aids in the later electrostatic precipitation of

the wet particulate, since the outer wall is the collecting electrode.
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Patents Disclosing Use of Solid Particles Instead of Drops

Prentiss: 2,753,666

Particles are carbon black, charpged by ion imnact to differing signs
in separate recions, or bv means of an ac electric field. Agglomeration of
small particles on larce ones may be considered as equivalent (o the Class
ITI interaction with one of the carbon black families plaving the role of

the drops.

Johnstone: 2,924,294

Solid nellets are charrced by frictieonal electrification and used as col-
lection sites for fine particles tnrough electreostatic attraction., Pelletks
are essentiallv insulatine and collected in a cyclone-tvne filter, Uith the
pellets plaving the rvole of charged drons of insulating licuid, the interaczion

would be Class III.

Silverman: 2,992,769

A fluidized bed of solid insulating particles is charged 'bv :riboelec-
trification'. The dirtv gas is anparently naturally chareed, and unon being
filtered tarough the bed, leaves narticulate on the insulatine narticles of
the ved. The collection process is of tvpe IITI, if that explanation is

accepted.
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D. Basic “ork Gernarallv Rg}ggpnt_Egmyggp:Particle Interactions

Oncz it is recognized that charge and field effects on narticle inter-
actions are of interest in such widelv separated areas as meteorology, colloid
chemistry, and industrial process control, it is not surprising that the lit-
erature of the basic area is extensive, in some respects highlv developed,
and somewhat fraemented. There are a large number of investigations reported
on charge effects in the stability and aging of aerosols [14,15,16,17,18,19].
Other rerorts relate to cloud-drop interactions with ions, particulate,
and drovlets. An excellent overview of the electrical behavior of aerosols
is piven bv Uhitbv and Liu[20]. The spectrum of phenomena is, of course,
relevant tc the use of drop—-particle interactions in cleaning industrial pases.

HYovevar, we can avoid bLecoming overwhelmed bv the large number of para-
meters and sroccss that could be hrought into nlav bv recognizing at the out-
set certain limitations on the systems of interest here. TFirst, the drops
are probabiv in the range of 10 p. Pennev states that there is little point
in introducing the drops unless they themselves arc easily removed [7], which
tends to place a lowver bound on the size of useful drops. ke gives an
example of drops in the size ranee of 0.1 - 0.5 mm, with 10 um as a lower
bound. Typical devices such as inertial impact scrubbers, cvclone scrubbers
and the 1like, as well as electrostatic precipitators, begin to have limited
capabilities as the particle size is reduced wuch below 10 y. FHence, 1

is certainlv a lowver limit on the range of drop size of practical interest,

and 10p is likelv to be typical.
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Second, for industrial applications we are concerned with processes
tiat occur in seconds,rather than aping pnrocesses that take minutes or more
to produce a significant effective change in particle size. This is a maior
reason for considering interactions between particles and relativelv large
drops. A single coillision results in a drastic change in effective size.

In vieuv of tune relativelvy large size of the drops and the submicron size of
particles cf interest, we can think of a ''sea'" of small rarticles anc rela-
tively widelv cdispersed much larger drops. TFigure II-4 shows the dreps,

A4

with radius B, havine average spacing o,F and the partic’ez wiih radius a

R
naving average spacing o a. Tn general, the particles can be both posi-

tively and negatively charged.

Under the assumntion tnat QXQ >> aaa, 2 rarticle can be considered as
I.
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interacting witii an lsolated drop. Considerable literature exist
of interactions between icolated "arops' and various twpes of ciaread parti-
cles. The ramner in which a particle acauires charees from a sea of ions
in an ambient electric field is fundamental to tae theory of electrostaiic
corona chargine as used in conventional rrecipitators. ™*ith a orimary ncti-
vation from proi:lems in atmespneric electricity, mauy authors have studied
the interplav between dror charging in an ambient field and the velative
motion of the eas in which Loth drops and ions are entrained f21,22 23,24].
As long as the particle inertia is not an important factor in fhe
particle collection (Classes ITI-IV), the charped particles can be viewec
as heavv ions, and much of the theorv devcloped in a meteorolowical contex:
is directly applicahle to the particle collection process. Since results »f
this work are needad in the next charters, the impact charging mechanisms
are revieved here. The derivations surmmarized in the Aopendix follow most

closelv those of "hipple and Cualwers [22].
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¥or convenience, consider the drop as fixed with the gas having a
relative velocity v and an ambient field Eo far from the drop. The defi-
nitions of positive flow and field are shown in Fig. II-5. The drop is
taken as perfectlv conducting, since the relaxation time of the water is
far shorter than other dynamical times of interest (see Appendix B for a
discussion of this point). DNote that the relative velocity w, could be
causec Ly the electrical force on the drop due to its charge, Q, and the

amibient field EO. Then the relative velocity w, and net drop charge N

o
would not be independent quantities. For the present, think of the state
of the drop in terms of its net charge O and the ambient field multiplied
by the particle mobility, b, snd the relative velocity LA Specification
of the first two of these quantities gives a point in the (0,bL ) vplane

1 .

siown in Fig. TI-6. The relative velocitv vy tnen sopecifies the location
of the vertical line at bF_ = o Tue figure summarizes the manner in which

particles charee or discharege, given an initial state. The critical charge,

OC, is promortional to EO

0 = 127me P%F
[ (o] (@]

while currents i1 ana i2 are proportional tn b and tha narticle charge
densitv, and depend on G itself [see Eqgs. (A.2). (A.22) and (A.26)].
nemember that an electrical current is enuivalent to the deposition
of particles on the drop. In the Fig. IT-A, the narticles are assumed
positive. tence, anywhere on the surface of the drop that the electric
field is directed inwvard, it can collect particles. The "window' through
wvhich narticles can reaca the dron is sketcined to tvpifv each regime. As
the charpe chanzes, so also does the "window'". Tor example, surpose that

Ll W

LE > 1w and a dror initially has a sufficientlv necative net charee that
o T >
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. : ki . 1"
it is in repime (£) of the figure. Then, it has at first a 'window' that

is the whole surface and will collect particles with a current 12 until

it has discharged to the critical charge Q. - As it continues into regime

. 1 . 1 .
(i) where it discharges with current i, the "window' hegins to close

and finally it charges to +0_ bv passing through regime (f). The drop is
then saturated and incapable of collecting more particles. It has acquired
a sufficient positive charge to insure that there are no lines of electric
field intensity directed inward on its surface. WNote that the saturation
charge QC is familiar from field charging thecry for conventional precip-
itators (see, for exarmle, page 133 of Zef. [9]). Ulowever, here the
charging is caused by the charged particles, and is tantamount to particle
collection.

The relationsbip between particle collection and dron charge is further

comnlicated if tne relative velocity v iz caused hv the electric field it-

bw

sclf, because then the vertical line bno =g demarking regires in Fig. II-
6 shifts according to the drop charrse.

That the drop tends to reach a saturation charee, after which it is
no longer useful as a collecting site,suggests that the narticlesmight be
chiarped to more than one sign. Then, we would expect that the charging
effect of one eroup of nmarticles would pe canceled by that of tine other.

1o summarize the combined effects of both nositive and negative particles,
first consider the chargineg diagram analogous to Fig. II-6, but for nega-
tive particles. That is given in ¥ie. II-7. Then, with hoth positive and
negative particles, the drop acquires particles following the charging
trajectories shown in Fi g.I1I1-8. "ereas an electrical current in the uni-

nolar particle cases is equivalent to a narticle current, the net electrical

current to the drop in the bipolar particle case of Fig., TI-8 ig not. For
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example, a drop havine an initial charge sufficiently positive to place

it in regime (d) will discharee wuntil it reaches an equilibrium somewhere
in regimes (h) or (). If the degree of particle charging is symmetric,
then the equilibrium charge will be zero. That the net electrical current
vanishes as the particle reaches this final state of zero charege does not
mean that the particle current approaches zero; on the contrary, the individ-
ual varticle currents from each family of particles remain finite, and the
drop continues to collect particles after it reaches its equilibrium charge.
This state of zero charge collection is one nossible basis for Class IV
interactions. Positive particles impact the dron over half of its surface,
while necative ones impact over the other half. If the narticle charging

is symmetric, the net current is zero, and hence the drop remains in a state
of zero net charec, even though it continues to collect particles.

One of the main values of the Whinple and Chalmers analysis is that
it places the role of gas convection in verspective. The theorv is based
on the assumption that a high Reynolds number laminar flow exists around
the drop. But, because particle conduction to the drop at the interface
is controlled onlv by the electric fiecld therc, the details of the gas
flow have little to do with the collection nrocess. Only the switching from
one collection regime to another is determinec by the flow, and that is a
matter of the relative values of bEO, the particle velocitv relative to the
gas, and vy far from the drop.

With the objective of refining the theory for the collection of
extremely small particles, Zebel [2] has extended the Whipnle and Chalmers
analysis to include a diffusion boundary layer around the dron. IHis analy-
sis aprears to be of value mainlv because of the light it sheds on the

nrocesses bv which the particles are actually collected. The addition of
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diffusion to the model allows a prediction of the diffusion boundarv

layer thickness. DPBut for relatively strong electric forces, the Whipple

and Chalmers picture adequately predicts the collection rate.

%v using ions, “ott [23] has verified the Vhipple and Chalmers model
of electrical charging. hraemer and Johnstone [25] consider the interactions
between a charpged aerosol and a sinele charged or potential-constrained
spherical rarticle. heir work also relates largelv to an inertialess rep-
resentation of the particle collisions with the spherical collector, but it
includes some numerical repnresentations of the effects of particle inertia.
They make the comment that, in peneral, the effects of inertial impact and
other distinguishable collection mechanisms can be represented by super-
imposing collection efficicncies computed for the mechanisms considered
separatelv. This is an especially ecod approach if one of the mechanisms
is dominant. In the overview taken here, that viewpoint is implicitly taken.
We ienore the cffects of inertis and compare the electrical collection pro-
cess witih that caused by inertia acting in the abtsence of an electriczal
augmentation.

Kraemer ancd Johmstone also consider effects of narticle space charge
on tue collection process, tut do not include an armbient field. One of
tiieir interaction mechanisms which involves the rutual attraction of
charped drop and particle charges of opposite gipn is identical to the
Class III mechanism and model. The ”~4KE" collection efficiency is con-
sistent with ‘hivple and Chalmers in the limit of no arbient E. Hence,
their exmerirental observations on the collection efficiency of dioctyl
nhthialate aerosol particles on a spherical collector are in agreement with

that model, and nence lend sunport to its use. Their spherical collector,
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which played the role of the drop and was fixed to a stinger in the

flowing gas, was metal and in the diameter range 1/4 - 7/16 inch.
Complications of self-consistent field and particle charge are addressed

in the theoretical work of Smirnov and Deryagin [26]. These complications,

also included in the theoretic¢al work of Kraemer and Johnstone, represent a

refinement beyond our present needs. The effects of finite particle size

and inertia are brought into the picture in various numerical studies

[27,28,29] aimed at understanding cloud drop-droplet interactions. Again,

these meteorologically motivated studies are relevant, but bring in compli-

cations not of immediate interest here.

L. Charged Drop Devices Described in the Literature

Hanson [30,31] and llarks [32,33] supgest the use of charged drops for
implementing a space-charge type of precipitator. The drops are either
charged by induction during their formation at a nozzle, or by ion impact
after being injected into the flow of dirty gas. In either case, their
self-fields are responsible for the collection of the drops and/or particles
on conducting walls. The use of space charge to replace one of the elec-
trodes in a conventional nrecipitator is an application of charged drop
technology that uses the conventional collection mechanism. The objective
is a simplification of systems, or perhaps an improvement in capacity to
handle low-conductivity particles [34]. Fowever, the space-charge type of
drop devices is of interest here, because whether designed to do o or not,
it does have the inherent possibility of giving an electrically augmented
collection of particles by the drops.

Marks describes devices in which the entering particles are not in-
tentionally charged. The mechanism by which they are collected by the

drops before the drops are space-charge-precipitated is not specified.
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As pointed out in B8II.C, one possible mechanism is a Class II type of scrub-

bing interaction, with the drops moving under the influence of the space-

charge field and collecting particles by inertial impact. Such a mechanism

of collection is possible in the devices described by lanson as well, although
there the particles have the same sign of charge as the drops, hence the
coulombe contribution to the particle—@rOp interaction tends to obstruct
collection.

Evraud [35,36] describes the use of charged drops for collecting sub-
micron biological narticles. ILis interaction is one in which the drops are
introduced and charged in the immediate vicinity of a corona wire. The

arrangement is otherwise similar to that of a single-stage tube-tyne pre-
cipitator. Again, the interaction mechanism is not specified. The author
cites the ease with which the drops are reroved by the precipitator, but
alludesonly to the mechanism by which the drops pick up the particles (before
being themselves removed ) with the staterent: "Furthermore, each drop plays
the role of a high-voltage electrode for a verv limited region of the gas
to be cleaned". This irplies the interaction is of Class III type. How-
ever, particles and drops seem to have the same charge, so it is difficult
to see how such a mechanism can be effective. But certainly the field-induced
radial velocity of the drops caused Ly their charging and the imposed electric
field can lead to a Class II type of induced inertial impact scrubbing.

There seems to be remarkably little work reported in the formal litera-
ture which can serve as a guide to making efficient use of drops in collecting
particles. The patent literature of § II.C is a considerablv better indication
of what has been accomplisined in this area than is tne formal literature.

Even though considerable progress has been made toward understanding the basic
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particle-drop interaction (see 8 II.d), the relationship of these pro-
cesses to practical systems such as those disclosed in the patent litera-
ture is undeveloped. In many respects, the particle-drop interaction
can be regarded as a type of agglomeration akin to that studied recentlv
[37] between large and small solid particles.

To discuss properly the feasibiliv of using drops to collect particu-
late, attention must be paid to the charging dvnamics itself. Decause the
volume of water introduced is critical to the success of such methods,
complete utilization of the collecting capabilities of the drop is highly
desirable. These systems asvects of using charged droos are discussed in
the next section. Tesults from tue work [25] with electricallv-induced
agglomeration hbetween solids will be directlv applicable to the Class III
interactions and applicable with some modification to tne Class IV inter-

actions.
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ITI. Simple Models for Classes of Drop-Particle Interaction

Before an assessment can Le made of the relative merits of a scheme
using electric fields and drops, the scaling of the interaction to a prac-
tical system must be delineated. It is the purpose of this section to
hiehlight the dependence of the various collection mechanisms on systems
design factors. In the subsections to follow, only preliminary estimates
are made. Obviously, anv one of the device classes could involve manv pages
of theoretical development and still give onlv a theory capable of defining
trends and orders of mapnitude. Our major effort is given to systems fac—
tors with Class III interactions, since thev appear to hold the most promise
for a new approach.

A. Class I: Inertial Impact fcrubbing

Vieber [3] gives a comnrehensive review of vet scrubbers. The scrub-
bing can be implemented by a number of different mechanisms. UHe classifies
the processes bv wnich drops and particles combine as

a) Direct inertial imrpact collision
b) Condensation
c¢) Diffusien through a boundarv laver

d) Sedimentation effects

If a condensation mechanism is used, particles can be first charged and then
serve as nuclei for the drops, or the drons can be first condensed on par-
ticles and then charged. Then the drops can be vprecipitated by using an
electric field. 1In either case, the resulting device is a condensation

type scrubber in series with a conventional precipitator. Any virtues of
the system must be argued by comparing the condensation scrubber to conven-
tional scrubbers. Devices which use the condensation mechanism are not

resarded as uniquely involving the drops and fields to provide a collection
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mechanism. Weber indicates that, within the context of scrubbers, little

is known about the condensation type of devices and there is little to sug-
gest that they are competitive.

Of the other mechanisms listed, the dominant is usually impact
scrubbing. As a particle entrained in the gas approaches a drop with
the relative velocity w , it undergoes an acceleration in trying to follow
the gas streamline. The resulting inertial force can overcome the viscous

drag and cause collision with the drop. The impaction parameter K defined

with Eq. (II.1) determines the effective cross section of the drop for col
lision. In representing the systems aspect of scrubbers. Calvert [38]

uses the empirical formula

0D azw

a
—1-{”1_1:— (1)

* 2 1
S N
(1+—'——

WK

K

where y* is the radius of the effective collection cross section. If
particles ars submicronic, pc is the air viscosity diminished by the
Cunningham Factor. The drop is introduced into the flow, perhaps bv an
atomizacion process, and is effective as a collecter only so0 long as it
nas a relztive velocity with respect to the gas. Because relative motion
is damped out by the gas, there is a limited distance over which the drops
are effective and that distance is a function of the drop size. A simpli-
fied ve:sion of the systems analysis given by Calvert [ 8] is given here
with the objective of identifying the essential parameter values.

Host cuspect in our simple model is the use of Stokes' drag for the
drops, since in manv scrubbers the relative velocitv can be large. But,

with the understanding that the predictions are restricted, the drops
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initiated into the flow with a relative velocity w obev the equation of
motion

4 o3, dv -
3 R OR dt + 6MuRw = 0 . 2)

Thus, the relative velocity decays with a time constant

2
ZQRR
Ti - ou (3

and we can think of that time constant as the effective lifetime for particle
collection of the drop.

The distance traveled by the drop relative to the gas during the life-
time given by Eq. (3) is Wl and hence we can use Eq. (1) to write
the volume of the gas ''cutout’’ by the drop, and hence cleaned of particles

as

R2
0.7)2 9u
(1 + 2L

. 4 . . . .
By identifving the mass of the drop, §-WR3pq, in Eq. (4), and dividing it

volume of gas cleaned/drop = W (4)

out, we obtain an expression for the volume of gas cleaned per unit mass

of water required.

Vol. cleaned 1 Rw
S0t SEANEL o = e (5)
mass of water ou <} + nN.7

K

Again, with the understanding that the domain of validity of our model is
limited, we can recognize from Eq. (5) that there is an optimum value of

the drop radius, R, given by
R = e (6)

and if that optimum values is used, then Eq. (5) becomes

s wzp az
Vol cleaned m a

mass of water EE_ A uﬂz_

(7)
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In obtainingz Eq. (4), we have ignored the continuous change in relative

velocity by approximating the drop motion 2s being constant throughout a

finite 'lifetime’™. Calvert's more refined development leads to an expres-—

sion which is essentially consistent with Eq. (5), provided the device
efficiency is low.

tlote that the performance of the scrubber, according to the model
developed here, does not depend on the particulate loading of the gas.
The volume cf gas cleaned per unit mass of water used in no way reflects
the amount of particulate removed. Py contrast, the Class III type of
interactions are characterized in terms of a mass of marticulate removed
per unit volume. of water used. The dramatic dependence of the scrubber
efficiency on drop relative velocity (usually on the order of gas velocity

relative to duct) w and, more important, on particle size, a, is illustrated

by expressing Eq. (7) as

a in micron

. - 3 -
vol. clzaned ft = 4.95 x 10 2 zaz[l 0.086 1(
a w ft/sec.

weient of water - 1bs.

(8)

Typical values of the volume of air cleaned ner unit water used are shown

in Table III-1
Table III-1

Volume of Air Cleaned per Unit Weight of Water
in ft3/lb., for Various Particle Radii and Drop
Relative Velocities

%-:’
v-ft/sec\ % 0.1 0.5 1 5
1 9.2 x 10 * 1.45 x 1072 5.37 x 1072 1.26
10 9.2 x 1072 1.45 5.37 126
100 9.2 145 537 12,600
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If the drops' relative velocity does not tend to zero, then what
limits the amount of gas that can be cleaned by a single drop? The answer
to this question comes from practical limitations on potential differences
that can be used to pull the drop through the gas. To achieve a given E
within the pas volume, the voltage must be raised in prooortion to the dis-
tance between electrodes. Operating voltages are limited, probably to
the range of 100 kv (in view of the wet environment of the electrodes).
Hence, the electrode spacing is taken here as a limit on the effective path
length of the drops as they pass through the gas. Thus, instead of Egq. (4),
the pas volume cleaned bv a single dron is the collision cross section mul-

tiplied bv the path length, Q. Using Eq. (1),

- ,2
vol.dcleaned - r(y*)2g = WR027 -
rop (1 + = ) (10)
e

Here, the impact parameter K, is based on the electricallv induced drop
velocity given bv REq. (9):

N a® QFE

. - 2 _a (11)
e T 9 Rzuc6ﬂu

8v dividing (10) Ly tae droo mass, ve obtain the volume of air cleaned

per unit mass of water reguired:

vol. cleaned - ’3 g (12)
mass of water 4ODR (l + ng)z

To determine if the electrically augmented scrubbing should be eiven
practical consideration, first consider the electrical impact parameters
that can be achieved in practice. UVhether created by corona charging oc .7
influence charging, the drop charge is likelv to be on the order of

o = 12 me R2E¥ (12
g o



53

. 5
Using a relative velocitv w = 100 ft/sec., a plant operating at 10~ cfm
would require (105/9.2) A 10" 1b/min. of water to clean 0.l-micron particles

and 105/12,600 % 8 1b/min. of water to clean 5-micron particles.

B.Class II: Electrically Augmented Impact Scrubbing

In this class of device, the particles are not charged. Drops are
given charge, Q, and there is an ambient field, F. Under the assumption
that dipole moments induced in the particles by the imposed electric field
do not produce a significant interaction with the nonuniform electric
field from the drops, the collection mechanism is mechanical and is the
same as for the conventional scrubber. The difference is that the drops
are charged and made to move relative to the gas LYy an electrical force.
As point2d out in 3 II.E, space-charge fields can also be used to provide
the ambient field. For present considerations, it will be assumed, though,
that E is caused by a voltage, V, applied to external electrodes having
the spacing f. It does not appear that scaling laws will differ appre-
ciably if £ is developed by space charge.

In tne convertional scrubber, there is a limitation on the useful
life of a drop because of the finite penetration distance. Drops injected
at a velocity differing from that of the eas tend to the gas velocity.

In the electrically augmented device, each drop has a charge 0 which,
because the particles are not charged and the other drops have the same
charge, can be regarded as constant. In an electric field E, the drop
experienzes a constant driving force CE, hence tends toward a constant
velocity relative to the gas. Under the assumption that the QE force is
equilibrated in the steady state bv Stokes' drag, we have the drift velocity

OF
YT Emm

(9)
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where £* is a charging fields. If we take both the imposed field and the

charging field as being E = E* = 5 x 10° v/m, then Eq. (11) becomes

2 * 1
4 p,a eoE E

= 2.46 a%[1 + 225

e = 79 —-—jz;ir—— ] (a - micron), (14)
Typical values of the electrical impact parameter are given in Table III-2
as a function of particle radius.

Note that Ke does not depend on R. Hence, according to Eq. (12), the
cleaning efficiency is inversely proportional to the drop size, R. Of
course, there is a lower limit on useful drop sizes imposed by the require-
ment that the drops be removed from the gas volume before leaving the device.
For example, suppose that the drops are injected across the flow. They must
traverse the distance % between electrodes before being carried by the gas
out of the field repion. This requirement is similar to that for particle

collection in a conventional electrostatic precipitator, and places a lower

limit on R in the range of one micron.

Electrical Inpact Parameter Ke as Function of Particle
kadius. Charging and Imposed TFields are Assumed to be

5 kv/cem.
a- micron Ke
0.046
0.5 0.722
2.68
5 61.5
10 246

A tvpical device, using an electrode voltage of 100 kv and an ambient

T =

L = 5 kv/cm, has electrode spacing £ = 0.2 m. Evaluation of Ea. (12)
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then gives

-3
a9S U -] e 3
2aS xol.fpluaqgg ft 2.4 x 10 (R in meters) (15)
water weight 1b 0.7\2
R(1+—K_
e

Tvpical values from this expression are tabulated in Table I1I-3, where use

ig -nade of Ke from Table III-2.

Table III-3

Gas Volume Cleaned per Water Weight Required in ££%/1b

as Functions of Particle Radius a and Drop Radius R.

: — P
R micr.

meters 0.1 _0.5 1 5
10°°¢ 9.1 - - -
107° 0.91 62 150 -
107 0.091 6.2 15 24
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C. Class III: Oppositely Charged Drops and Particles with No Ambient E

In terms of the Whipple and Chalmers model of 3II.D, the Class III inter-
actions involve particle collection with bEO = 0, and hence Qc = 0; therefore,
interactions fall in domains (j), (k) and (L) of Fip. II-6. The drops are
formed and charged in one volume, while the particles are oppositely charged
in another. As depicted schematically by Fig. II-1l, the drops and particles
are then mixed in a separate interaction region. Note that am ambient field
is probably used to charge both the drops and the particles. But, in the
much larger interaction region, the ambient field is negligible. Also, there
can be more than one family of wnarticles and of drops. For example, both
positive and negative particles can be used. 1In the following, we consider
only one family of particles and one of drops. Our objective is to obtain
relationships hetween the efficiencv of removing narticles and residence
time, given svstems parameters such as droo and particle size, water volume
loading, etc.

The theoretical model used here is similar to one developed for the
agglomeration betwecn larpe and srall solid narticles [37]. It is aimed at
determining the residence time, T, required to remove a given fraction of
particulate. As the drons and particles interact, tliere is a simultaneous
decay of the number densitv, n, of tue fine particles and of the charge
per drop, Q. Design of a system for making best use of the charged drops
requires that account be taken of the rlav-off between a short residence
time and the requirement for large amounts of water. In fact, a certain
minimum loading of water is required if an arbitrary fraction of particles
is to be rermoved in a single-stapc device, because the collected narticles
neutralize the droms, and lience nullify the collection mechanism. By
contrast with the Class T and II interactions, the scaling laws now depend

on the narticle loading.
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Consider the collection process from a frame of reference moving with
the drops. DBecause the ambient electric field is negligible, we can assume
that the relative velocity w between drops and gas is negligible, and hence
that the residence tiwe of the drops is equivalent to the effective length
of the device divided by the gas velocity.

In regimes (i), (k) and (&) of Fig. II-6, the electrical current to

the drop caused by the particle collection is simply

.o L 2 - 40
i, = ngbE (47R“) it (16)

where b is the particle mobilitv and 0 and g are both positive. Moreover,
the electric field, E, at the surface of the drop is merely that due to
its own charge, and nence Eq. (16) becomes

— = -

dt EO

d0 nob0 17)

In this expression, the dependent variables are (Q,n).

To obtain a second expression for the decav of the pafticle density
n(t), observe that in a unit volume there are N drops, each collecting one
particle for each charge q collected. llence, the rate of decrease of the
particle density is simnly /m multiplied times i, from Eg. (16). Thus,

the particle density equation is

dn _ nbON
dt 3
[0}

. (18)

These last two coupled eguations determine the decay of the charge and
particle densitv, and hence the residence time required to achieve a given

efficiency.

Tor design purposes, it is convenient to define the following para-

meters:
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O)N
_Q@ON  _ 1] - Collection capacity (19)

q n(0)

Y
1

€
(8]
T* = m - Particle relaxation time (20)

€

)
Ty = SO - Drop relaxation time (21)

where Q(0) and n(0) denote the initial drop charee and particle density.

Then, in terms of these parameters, solutions to Eqs. (17) and (18) are:

—;%67' = [- z + (1 + %) gt/T*]_l (22)
~Q gt/t* 1 1, &t/T%,-1
RIO) e [ 5 + (1 + 2;) e ] (23)

Also, it follows from Lgs. (17) and (18) that

dt g dt

so that O and n are simply related by

AL

Q(r)

n(t) _ _

n(0)

If £ = 0, then n and O decay nrovortionately. If [ < 0, then 0O decavs to
zero before the particle densitv is reduced to zero, and the system of drops
does not have the capacity to collect all of the particles. By contrast, if
£ > 0, then all of the particles can be collected before the drop charge
decays to zero, and there is more than sufficent capacity to collect all of
the particles in a single stage. The onlv excuse for making Z > 0 is to
achieve a given efficiency with a shorter residence time.

If we define the efficiencv of sinele-stage particle removal as

_ n(0) - n
Eff = YR (26)

then it follows from Eq. (22) that the residence time 71 regquired for
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achieving that efficiency is

4

— 4 ]
. 1, | (- EE) . 27)

r + 1

The residence time has been normalized to the particle relaxation time T*%
and is plotted as a function of the collection capacity [ for two efficiencies
in Fig. III-1. To make use of Eq. (27) or Fig. III-1, specify the required
efficiency of particle removal and the loading capacity . Then, the re-
quired residence time is given in units of T*.

Particle charge and mobility in the submicron range are typified by
values given in Table III-4, where a charging field of 3.6 kv/cm is used.
If we specify the particle mass loading, m, in grains/ft3 (here the particles
are assumed to be spherical and to have the mass densitv of water), and the

particle radius is given in microms, then the particle density is

3
w3y 11 m (grains/ft )
n(ir/m ) = 5.46 x 10 5-3- (microns) (28)

Table ITT-4
Submicron Tarticle Charge and Mobilitv and m* (Particles
Charged in a Corona Discharge with Field E = 3.6 kv/cm;

see White [9], 146-147.)

a-y q b m*
(coulombs) (m?/v sec) (grain/ft3)

0.1 1.3 x 10718 1 x 1077 0.125

0.2 4.0 x 107 '8 1.1x10°7 0.295

0.3 9.5 x 10 18 1.3x10°7 0.354

0.4 1.7 x 10717 1.6 x1077 0.381

g.5 2.6 x 10 7 1.9x10 7 0.41

0.6 3.7 x 10 7 2.2x1077 0.43
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Table ITI-5

M* as a Function of Drop and Particle Radius;

mobilities are those of Table IILI-4.

M* ibs/
3
Rom NE a=0.1 a = 0.3 a=0.6
10 ¢ 1.39 x 107" 1.07 x 10°*% 6.3 x 10 °
1073 1.39 x 1073 1.07 x 1073 6.3 x 10~ *
107 1.35 x 10" 2 1.07 x 1072 6.3 x 1073
1073 1.39 x 107! 1.07 x 107} 6.3 x 10 2

It follows from Eqg. (27) that
3

. g a
X = a—m - M * = o
™ n s m 6q(5.46 x 10TT) . (29)

Values of m* are given in Table III-4 for the 0.1 - 0.6 micron radius range
of rarticles (remembter, charged in a 3.6 kv/cm field). Thus, with a mass
loading of one grain/ft3 of one micron diameter particles (a = 0.5), the
particle relaxation time is given from Zq. (29) with m* from Table III-4
as 0.41 seconds.

The drop relaxation time is similarly written in terms of engineering
guantities, by assuming that the drops are charged in a charging field E*

to the value

0 = 12 WEORZE* . (30)

This would be the case if tiic drops were chareed to saturation in a corona
field. Also, essentially the same type of relationship between applied
field and cinarge would exist with induction charging of the drops. The
onlv difference would be in a geometric constant, which can be thought of

here as absorbed into the effective charging field. TFor purposes of
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establishing the magnitudes of typical quantities, consider a charging
field of 5 x 10° v/m. Then, if M is the drop mass loading in 1b/ft® , we

can write Egq. (21) as

I L Mg = R R ,
e T oM = o= onp (B/ft7). (R in meters)  (31)

Values of M* are tabulated in Table III-5, where the particle mobilities

have been used from Table III-4. Note that the collecting capacity is

e -1 = dpdy -1 . (32)
d

For very small particle loadings, such that £ >> 1, the drop relaxa-
tion time typifies the residence time. This can be seen by taking the limit
of Egs. (27) and (32) vhere 7 >> 1 %7 > 1*%/T

1

T-gee ! (33)

%—- = Inf
a

The tabulated results give a picture of the critical cesign parameters for
a wide range of svstems parameters. To illustrate how they can be used,

consider the removal of particles characterized by:

particle loading = 0.1 grains/ft3
2a = 0.2 micron
charging field = 3.6 Lkv/cm
From Table III-4, it follows that m* = 0.124 grains/fta. Hence, using
Eq. (29),
T = gﬁ = Oé?ia = 1.24 seconds . (34)

To achieve 957 efficiency with a residence time of 2.5 seconds, Fig. III-4

with T/1*% = 2 shows that
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z = 1.25 . (35)
It follows from Eq. (32) that
o= L8 . (36)
From Table III-5, the water mass loading required is then
M = 2.5x10 "% 1b/ft? for R =10 °m
- - (37)
M = 2.5 x10 % 1b/ft® for R=10°m .

This means that, in a plant havineg a flow rate of 10° cfm, 25 lb/min. of
water injected in the form cof 2-p-diameter drops would be required.

As a rule of thumb in determining effects of collecting capacity, the
charging is proportional to radius, and under the assumption that both
particle and drop charging is accomplished in fields of the same typical
intensity, we have Q/q « R*/a? . Also, i/n « a;/a; and hence we can,

under these assumptions, write the loading caracity as

V.
- 1] = [53- 2 _17 . (38)

ad aR3 . R

where VR and V_ are the volurme loadine of drops and particles, respectively.
That is, in order to achieve a loading capacitv 7 = 0, the volume ratio of
water to particles must be eaual to the ratio of the drop radii to the
particle radii. To achieve an arbitrary efficiencv in a single stapge, we
must have ¢ > 0., Thus, to obtain a large fractional removal of particles
of G.1 micron radius using drops of 10 micron radius, the volume of water
must exceed that of the particulate bv a factor of approximately 100.

Tuis is essentiallv what has been found with Ea. (37), since 2.5 x 103

1L/ft? = 17.5 orains/ft’ of water to clean 0.1 grains/ft3 of particles,
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and we have taken particles and water drops as having the same mass densities
and .

0, DR
As a further rule of thumb in determining residence times, Td is a char-

acteristic time if the collection capacity is high, and T* is a typical time

if it is in the ranee 2 - 10 (see Fig. III-1).

D. Class IV: Ambient E, Tarticles Charged and Drops Initially Uncharged

Tne interaction region for this class of devices is one in which the
previously charged particles are mixed with uncharged drops under the influ-
ence of an ambient electric field. In terms of the drop charging diagrams
(summarized for positive, for negative, and for both positive and negative
particles by Figs. II-6, 1I-7 and II-8 respectively), the drop starts out on
the horizontal axic, where O = G. Because there is initially no net charge
on a drop.the electric field does not give rise to a relative velocity w,
and hence the drop state is on the horizontal axis hetween either regions
(f) and (i) or (d) and (¢) in Figs. II-€ and II-7, or in the case of par-
ticles chareced to two different signs, between regions (h) and (2) or (e)
and¢ (i) in Fig. II-8.

The drop charging subsequent to mixineg with the narticles has many
possibilities, devending on the relative numbers of positive and negative
particles. Trobably the most practical and certainly the simplest is the
one in which the number of particles charged positivelv fust equals that
charged negatively. Then the currents charging the drop, depicted in Tig.
II-8, and c¢iven bv tqs. (A.29) and (A.2), are:

+

i, = - i: = 3r%bngh . (39)

Thus, the drop charge remains zero as it collects particles. The number of

+
positivelv charged narticles collected per unit volume is (N/q)l1 and an
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equal number of negativelv charped particles per unit volume are also col-

lected by the drops. Thus, the particle density can be written as

dn _ n (40)

dt Tiy

where the time constant for collection is

- 1 41
Tty = GuR°DNE y 1)

The solution to Eq. (4) is simply

—t/ ;
n = n(Q)e v (42)

and hence the efficiency of particle removal for a svstem having the resi-

dence time T can be written as

- T/T
Eff = 1 - e W, (43)

To determine the dependence of the time constant T on drop loading,

v

note that it can be written as

ZROj -5 R R - meterg
T = el = 7 X 1N 0 LY .
v SMbE 2.7 10 Gy ﬁ B li ffec_" . (44)

Typical values of T__ are given as functions of drop radius R and 1b/ft’

v
of water required for removal of two sizes of particles in Table III-6.
.ote that it is desirable to nave as small a drop radius as possible. Just

how small R can be made, practically, is a matter of the means used to re-

move the drops, once they have been used to collect the particles. Because

conventional electrostatic nrecipitation techniques would probably be used

to remove the drons, a drop radius of one micron is a reasonable minimum.
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If one of the particle families dominates the other, the collection
of particles on drops and removal of drops to the electrodes could be
combined. Then, in the process of collecting particles, the drons would
become charged. Because of the ambient electric field, there would result
a precipitating force tending to collect the drops on the electrodes. Alco,
space-charge fields could be used to precipitate the drops, once charged
by the particle collection. But note that, as the drops pick up speed
relative to the gas, the relative velocity v in the charging diagrams
becomes finite. 1In fact, if the chareing field for the particles is on
the order of the ambient field in the interaction region, the drops have
mobilities larger than those of the particles, bv a factor R?/aZ?. Hence,
the drops cannot reach the critical charee QC without first being limited
by the expansion of the regime (e), in which the drop velocity relative

to the gas exceeds that of tite particle.

Table III-6
Collection TIV in Seconds for Class IV Interactions
with Bipolar Particles: Ambient E = 5 X 10° v/m

Particle Mobilities from Table ITI-4.

M(1b/ft?) R=1u, a=9.1yu R=51u, a=20.5q
e .

1077 27.0 71.0

104 2.70 7.10

1078 0.27 0.71
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E. Class V: Hybrid Interactions

In hvbrid interactions, both the effects of a drop charge and of an

ambient field are significant. The result is a combination of the Class III

and IV interactions. Practical systems considerations motivate the use of
a hybrid interaction. For example, once drops have exhausted their collection
capacity in a Class III interaction, it might be desirable to subject them to
an ambient field. With unipolar charging of the particles, they would then
recharge while continuine tec collect particles. Also, they could then be
removed by means of the imposed electric field.

One of our reasons for introducing the charging diagrams of Figs.
I1-6-8 is to erphasize the large number of ways in which a drop can attract
a current of charged particles. No attempt will be made to give performance
equaticns for hvbrid svstems. Fartly, this is due to the diversity of pos-
sible combinations of field, drop charre, and relative drop velocity. But
also, we can exnect that, basicallv, no nev collection phenomena are brought

into nlav.
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IV. Production of Charged Drops

A. Classification of Particle Production Techniques

It is convenient to classify methods of making charged drops according

to:
a) the manner in which the drops are formed in a mechanical sense.

Mechanisms are of two types: i) Mechanical atomization, in whicth
a liquid bulk is broken up into drops typically in stages by
first forming liquid sheets or jets or jets that reduce to
drops which in turn subdivide to the required size. ii) Conden-
sation; a saturated phase is condensed on nuclei leading to
droplets that can be made to grow to the proper size.

b) the means used to charge the drops. Again, methods fall into
one of two categories: i) Bulk charging; the drops are charged
after they have been established essentially as mechanical entities.
Charging by subjecting drops to the combination of an electric field
and an ion flux from a corona discharge is an example. ii)} Charging
at birth. Condensation on ions is a charging mecnanism in this
category. Another is influence or induction charging, which
occurs as drops are in contact with a reservoir of charge and
under the influence of a charging field... the '"splashing" charg-
ing of Lenard and Zeleny is strictly in this category, with the
charging taking place essentially by induction as drops encounter
a metallic or insulating surface.

In the following § B and C, we first comment on the alternative means

of mechanically forming drops. Then, § D through F relate to the charging

techniques.
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The formation of charged drops usually amounts to adding one of the

slectrical charging methods to a conventional mechanical process. Although

the electric field can be used to augment the instability of sheets, jets,

and drops in an atomization process, the main source of energy for making

the drops is usually mechanical or thermodynamic. In the case of influence

charging, no electrical energy is required in principle, and with corona
charging, the process is typically in a region removed from that where the
particles are formed. Hence, the electric field energy does not contribute
in an essential way to the energy supplied to the mechanical drop formationm.

The electrohydrodynamic spraying technique for producing charged drops
is discussed in §. G, and does make use of the electric field to form the
drops in a mechanical sense. Fluid pumping, atomization, and charging are
accomplished in a single process. That process can still be categorized
as indicated above. The drops are formed by atomization and primarily
charged by induction, but the electric field is intimately involved with
both charging and atomization.

The main objective of the following discussion of drov production
technijques is to determine the feasibility of usine schemes outlined in the
previous sections. Does the particle nroduction problem make the use of
fi=lds and drops impractical? However, the electrohydrodynamic spraying
introduces a broader issue. 1Is there an electrically driven alternative
o existing wechanical techniques for atomization? Even if the drop charg-
ing is superfluous, an alternative to the extremely inefficient devices
used for atomization would be highly significant. Our discussions therefore
bear omn what is known about the efficiency with which current-driven jets

procice drops.
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B. Mechanical Atomization

A general review of conventional means for atomizing liquids into a
gas is given by Perry [38]. It is not appropriate to repeat his review here.
Relevant, however, are the observations that in conventional devices (whether
they make use of liquid ejected under pressure, of rotating members, or of
liquid and gas ejected under pressure), fundamentally the energy required to
form drops of radius R is simply that necessary to make new surface. To make

a single drop, the energy required is

W = 4mR?
Y Y (1)

where Y is the surface tension. Thus, the energy required per unit volume

of the water is

w = 3 _ 2.16 x 107° joules

R R m3H20 2)

where R is in meters.

In practice, dominant power losses result from making drops at a finite
rate. These are attributable to: i) residual kinetic energy resulting from
dynamic breakup as, for example, that caused by mixine with high velocity
air stream, (ii) viscous losses as the water passes from the bulk state to
a system of drops, and iii) nump-type losses associated with the production
of hyvdrodynamic head. Of these, the gpreatest factor is the second. 1In
making 1y drops, it has been estimated to be 10% to 107 times greater than
that theoretically needed to form the new surface in one case study [39]1.

Calculation of power requirements for atomization can at best be crude.
Atomization devices are diverse in design, and even the laboratory model
designed to simplify correlations with theory shows that practical atomization
processes are extremely complex. Perry states of the losses in atomization:
"They are generally incalculable, and the power requirement of an atomizing

system must be predicted from experience'.
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HJere, two examnles based on data for commercial sprayer nozzles are
used to establish order-of-magnitude estimates of energy requirements in
producing drops. Perry [38] cites data for a hollow-cone pressure nozzle

producing drops with a median radius of 50 u. Drops are produced by a single

unit at 0.2 pal/min using a pressure of 250 1b/in%?. Thus, the power require-

ment for the single unit is 20 watts. If we assume a spray system comprised

of a plurality of such units, then the power requirement is 100 watts/(gal/min).
It is usual to give power requirements in watts/cfm of gas. To this end,

recognize that the gal/min of water required to process 1000 cfm of air using
M 1b. H,0/ft? gas is

Gal—HZO/min

1000 ofm 120M . (3)

A typical water loading for drops in this 50y radius range [see Eq. (37)] is:

M % 1072 1b/ft?® or, from Eq. (3), 1.2 (Gal/min)/1000 cfm.

Note that relatively large drops have been used so as to be consistent with
the sprayer characteristics. This rather large water requirement is the
penalty paid for using such large drops. The power reauirement is (1.2)(100)
= 120 watts/1000 cfm. Power requirements for tynical electrostatic precip-
itators are in the range of 30 - 130 watts/1000 cfm (see Ref. [9], page 204).
dote that the conventional sprayer considered here produces a wide range of
drop sizes, hence is inherently wasteful of the given water supply.

Drop sizes an order of magnitude smaller than produced by the spray
nozzle just considered are most likelvy required. A given mass of these is
certainly produced at considerably greater expense. Pneumatic nozzles are

more adaptable than pressure types to drop sizes in the micron range. An
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example is a sprayer producing 5u median-radiusdrops [40]. sprayer Setup
#1A supplied by Spray Systems Co., 3201 Randolph Street, Bellwood, Illinois).
This device produces 0.5 gal/hr of drops with the major portion of the energy
supplied by compressed gas; 50 psi at 1.13 standard cubic ft/min. Estimated
power supplied based on an isothermal expansion of the air [38] is 7 x 10%
joules/1b H20. Again, using the case study for Class III devices, Eq. (37),
a typical water loading using R = 5pu is 10 3 1b HZO/ft3 gas, or 0.0166

1b HZO/sec/loOO cfm. Hence, the required power is (7 X 10*)(0.0166) Y

1 kw/1000 cfm ! To accomplish this, approximately 12 of the sprayer units
would be required per 1000 cfm of gas processed.

The two examples rresented here only establish the relative significance
of the atomization problem. Certainly, no suggestion is made that the power
requirement in this 1lust example is so high as 1 kw/1000 cfm. 1Ior one thing,
the sprayer systems considered ars not designed for the scale of the upplica-
tion. More important, note that the particle loading of 0.1 grain/ft® of
0.2 micron diameter particles is extremely large. But it should be clear
that atomization of drops is a major consideration in making the use of drops
as particle collectors feasible. 1In the Class III type of interaction, the
drops play the role of electrodes, and in a sense the capital investment in
an electrode system is offset by the operating cost of making the drops.

Means of atomizing liquid mechanically are extremely diverse. Spinning
disks and cylinders are often used to induce breakup of the liquid bulk [11,46].
Most of these methods can be used with the charging methods discussed in § E
and F to produce charged drops. In a sense, the hydrodynamic pumping is
supplied in part by the atomizer itself in such devices. As with the pressure

and pneumatic type nozzles, hydrodynamic losses are the dominant power sink.
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Conoensation
Clouds -ive an example of droplets formed by condensation of a super-
satvrared vapcr. In fact, the water loading commonly found in clouds of

6.2 -~ 1 o/m® approaches the 10 * 1b/ft® found in the Class III interactions

e b

1s civing efficient collection of 0.lu particles. Scientifically, a distinction

is -zZ2 betwsen the condensation from a vapor phase to a system of droplets,
zccording to whather nuclei such as ions or microscopic particles augment
rhe formeition (heterogeneous nucleation), or if the process requires a
relatively high supersaturation because of the sbsence of nuclei (homogeneous
nuclezticai). In practice, and most certainly in the environment of a drop
collexticn system, the heterogeneous condensation is dominant. Fletcher gives
2 suicwry o’ the theery involved (Ref. [41], Chapter 3) from a cloud physics
paint of vrew.

erz are two issues to be raised in connection with condensation as a
mecina :lsii vy forming drops. First, simply as an alternative method for
makinz driys, i a condensation method attractive? If ions are used as
nuclzi, wueve is the possibility of simultaneously providing for not only
the me<harical formation, but the charging as well.

z.:imd, khe condensation anuclei can be the particles to be precipitated.
Thai: the ruescion ig broadened to the viability of a collection system, rather
than = ircp-producing mechanism. A collection device might consist of two
st22z. I “he Ffirst stage, particles are used as condensation sites. In
the ze:cind, che d-cp-entrained particles are electrically removed, much as
in a conventional precipitator. If the condensation sites are not charged
prior > the drop formation, then charging can be achieved by means of a

corona dzscaarge after the condensation is complete. The device described

by Vicerc and classified in § IIT as '"Miscellaneous' is in this catecory.
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As pointed out, Vicard's type of device really does not reveal an
innovation in the use of the electric fields and drops. The essence of the
process is in the condensation on the particles. Once enveloped by water,
the particles are collected in a conventional manner, and the mechanism of
bringing particle and drop together is only indirectly related to the elec-
tric field. (Although there is a connection between the charge on nuclei and,
for example, critical condensation radii, particles can act as nuclei, whether
charged or not.)

There are at least two approaches to forming drops by condensation.

The first involves processing a major fraction of the stack gas by humidi-
fying (if necessary) and then cooling below the dew point. The second makes
use of nozzles for the processing of a relatively small volume, perhaps of
steam available from a thermal cycle, with this volume of vapor-entrained
drops injected into the dirty gas [42]. A determination of the feasibility
of using these methods, and particularly the latter, which appears to be the
more practical of the two approaches, requires a knowledge of the inciden .e
of condensation as well as the growth dynamics, so that drop sizes can be
accounted for. Condensing methods generally come into their own for pro-
ducing extremely fine drops; 0.1y or less. Here, we are interested in
relatively large drops, lu or greater. No attempt will be made here to

calculate the energy requirements of condensing methods of drop formatiom.
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D. Limits on Electrical Charging

In all but the Class IV interactions, charged drops are required.
The two main chargine mechanisms are discussed in the following two sections.
Both are limited by how much charge can be placed on a drop without inducing
electromechanical instability or fissioning of the drop. The maximum charge
that can be placed on a drop without an ambient electric field is called

"Ravleigh's limit" [43], and is given in MKS units by
gn / eyR’ (4)

where y is the surface tension. This is one upper bound on the drop charge

7.2 x 102 newt/m

used in the Class II and III interactions. For water, Y

and Lq. (4) is conveniently written as

QRaécoulombs) = (2 x 10--"-’)}7{3/2 (5)
where R is in meters.

Similar electromechanical considerations place an upper limit on the
electric stress that can be applied to an uncharged drop in an initially
uniform electric field without producing runture. ilere, Class IV interactions
are of interest. In this case, instabilitv results in two or more drops
which, because of the initial dror polarization, are likely to be charged.
The critical electric field is [44]:

R Z
- Y 2
ETay = 0.458 e R (6)

For water drops in air, Eq. (3) becomes

4
4.12 x 10 7)

ETay(V/m) = =
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Table IV-1

Rayleigh's Limiting Charge QR av? Taylor's Limiting

\ay

Electric Field Intensity E "and the Saturation

Tay
Charge as a Function of Drop Radius
R-nm QRay - coulombs ETay QC at Ex*=10% v/m
10°¢ 2 x 10 % 4.12 x 107 3.34 x 10 18
1075 6.32 x 10 13 1.3 x 107 3.34 x 10 *
107 2 x 101! 4.12 x 10° 3.34 x 10712
1073 6.32 x 10710 1.3 x 108 3.34 x 10710

In § IITI, for estimating drop charges, we made use of the ssturation

charge on a drop charged in a field E%*:

)
il

12 me R2E%
O

meters } (8)
- v/m

N~ 10p2 5 R -
3.34 x 10 “URE* {E*

Table IV-1 shows the dependence on drop radius of layleigh's limiting charge,
of Taylor's limiting electric field intensity, and the saturation charge
given by Eq. (8. ©Yote first that, even under the assumption of a charging
field £* twice as large as that used in typical calculations in § III, the
saturation charge is less than Rayleigh's limit. lience, there is some lee-
wav on the drop charge that can be used insofar as Rayleigh's limit is con-
cerned. Second, only for the extremely large drops are electric field inten-
sities required to produce rupture of an uncharged drop within a ranpe where
they might be encountered in a vpractical device. (The breakdown strength

of drv air betveen uniform electrodes is about 3 xlosv/mJ Thus, under prac-

tical conditions, either in the Class III or IV interactions, there does not

appear to be any limit on the drop charginge hrought about by the electrohy-
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drodynamic instability of the drop.

E. Corona Charging; Charging in the Bulk

The conventionally used theory of "field charging" [9] is a limiting
case of the Vhipple and Chalmers [22] drop charging picture introduced in
§ TI.9. As a drop or particle passes through the region of a coron dis-
charge, it experiences simultaneously an ambient electric field and an ion
flux. UDence, the role of the 'particles'" in the Whipple and Chalmers
theory is played by ions which typically have mobilities much greater than
those of the particles... on the order of 10™* m?/v-sec. Hence, under
field conditions practical in a device, the ions move at hundreds of meters
per second, and the relative velocity of the gas can be neglected. In the
charging diagrams, this means that w = 0.

A5 shovn kv the charging diagrams of Figs. II-6, drops or particles
entering with no charge Q are charged to a limiting "critical" or "satura-
tion" charge given by Eq. (8). (This charging process caused by vparticles
or drops collecting ions should be distinguished from the cone in which
drops collect particles.) The charging equation for a drop or particle is

d(a/qQ) bn_qa,

i-i, 2
T = e a - Q/QC) (9

(¢}
where b, n and 9, are the ion mobilitv particle density and the charge,
respectively. Thus, the charging rate is governed by the time constant
4€O/bniqi. Because this quantity does not depend on the nature of the drop
or particle heing charged, we can conclude that it is typified bv charging
time constants in conventionally used corona chargers. It is well known
that the chareging time in a conventional precipitator can be made quite short

comrared to typical residence times [9]. Decause the well developed theories
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of particle and drop charging for conventional precipitators are equally
applicable here, further discussion of the corona charging mechanism is

not required.

F. Influence Charging

A powerful mechanism for chargineg highlv conducting drops is influ-
ence or induction charging. By "highly conducting', we mean drops which
have electrical relaxation times 60(2 + E/EO)/O short compared to typical
times involved in the drop formation. As discussed in Appendix B, this
condition is easily met in the use of water, unless the formation time is

extremely short.

Influence, or induction, chareging is characterized by the configuration

of Fig. IV-1.

water
d stream

charging

electrode ring

Fig. IV-1 Induction charging of drops

drons are formed in a nozzle so that thev break away either from the

conducting nozzle, or from a short jet, under the influence of an electric

-
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field. This field is applied bv means of a charping electrode having a
potential VC relative to that of the water; thus, as it forms, the drop is
one electrode of a capacitor having an applied voltage Vc' Maximum charge
per drop, 7, is obtained by making the drop break away from the nozzle or
jet as it accrues the maximum charge.

Estimates of the charge/drop attemnt to account for the geometry of
the water interface as the drop breaks away. As a rule of thumb, the charge
is on the order of the cross—-sectional area of the drop, TR? multiplied by
gOE*, where E* is a typical charging electric field intensity. For example,
if at the instant of brealiing loose, the drop can be represented as a

sphere on a conducting plane, then the charge is [45]:

N = 6.56 MR%¢ E* . (10)

Here, E* is the uniform field intensity in the absence of the drops, so
the field concentration around the dror is accounted for. Note that, wWthin
a factor of 2, tuis expression for the drop charee caused by induction is
the same as that eiven by Ea. (8) for corona charging.

2y contrast witn tne corona method of charging, the induction charger

electrical ]
in principle, recuires no/pover input. To see this, observe that over the
period of drop charging, the amount of energy required from the source VC
is
IVC &0 (11)

vhere Qe is the charge on the chareing electrode. Because Vc is constant,

the integration of Eq. Q1) amounts to taking the difference between the Qés

at the end and beginning the charging cvcle. Because the drop charging &
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periodic, the electrode charge at beginning and end of the cycle are the
same, and hence no electrical energy is supplied.

Even though the electrical energy required for the idealized charging
is zero, the losses connected with the influence charger are a major con-
sideration. As discussed in §II, much of the patent literature pertains
to means for avoiding the fouling of the charging electrode by the drops.
From Fig. IV-1, it is clear that a charged drop will tend toward the charg-
ing electrode. Invariably, the chargine ring intercepts at least a fraction
of the drops and becores the seat of electrical activity. Drops re-emitted
from the charging electrode nave a polarity opposite to that from the
nozzle. 1In a scheme which depends on having only one sign of drops, this
is a nuisance. Also, drops formed from the chareging electrode by electro
hydrodynamic spraying consume power fror the source V;, and so the ring
capture brings into play electrical losses.

The powerful charging mechanism provided by influence charging makes
it an attractive basis for drop charging. If the configuration can be
properly designed to avoid fouling of electrodes by drops and particles,
the power requirements for drop formation are essentially the same as
for a wet scrubber. The drops are formed mechanically, and charged with
a negligible electrical loss.

In actual devices, it is not always clear whether the charging process
is mainly inductive, or involves corona charging caused by ions generated
in the vicinity of the orifice. But the use of induction charging with
various configurations of atomizing devices is well established [11, 47,
48, 51]. There is little doubt but what the physical principles dominat-

ing this method of producing charged drops are well understood [49].
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Induction charging is responsible for what is sometimes called "Lenard"

charging [50] of drops, caused as they form from larger drops splashing on

a solid surface.

G. Electrohydrodynamic Spraying

Over the past several decades, with various applications in mind,
inventors have recognized the advantages of using an electric field to atom-
ize liquids [47, 48,63]. Although investigated qualitatively by a number
of researchers [52,53], it is only recently that work has begun to give a
rational description. Motivation cowes not only from the hope for a more
efficient technique from the standpoint of power requirements, but,at least
for some applications, from the tendency of the drops to be highly charged.

Typical electrohydrodynamic sprayers are shown in Fig. IV-1. 1In (a),
liquid is forced through an orifice much as in an ordinary pressure nozzle,
while in (b) liquid is injected into a mixing region where it is entrained
in the fashion of a pneumatic nozzle. 1In both cases, the drops form in the
region of an electric field, acting either to charge the interface inductive
ly, or if fields are sufficient to produce local electrical breakdown, to
provide for corona charging through the action of an ion flux in the drop
formation region. As thus far described, each of these devices is simply
a conventional nozzle fitted with a charger as described in previous sec-
tions. However, in electrohydrodynamic spraying, the field has a radical
effect on the drop formation.

It is helpful to distinguish between two mechanisms by which the
electric stress can contribute to liquid atomization:

i) The electric field contributes to the stability of the inter-
face. Just as surface tension is responsible for the breakup

of a laminar jet into drops, the electric field can be the agent
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of increasing, or the sole agent of causing, the instability o
an interfacial configuration. Rayleigh's limit on the charge that
can be placed on an isolated drop (see § D) is caused by the incip-

ience of such an electromechanical instability.

-
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Figure IV-1 Nozzle type electrohydrodynamic
spray configurations

Even a flat interface will '"buckle" under a sufficient electvic stress.
Typically, the electric field acts normal to the interface, as sketched in
Fig. IV-2. A perturbance on the interface is accompanied by a local field
concentration and an accumulation of surface charge. The result is such
an increase in the local surface traction that the surface deflection is
further increased. Liquid jets in a radial electric field not only exhivit
an enhanced rate of growth for sausage instabilities associated with the

surface tension, but are also unstable in kinking modes [60]-
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1i) If a mechanism is available to force a current flow through the
liquid, an interface can be subjected to a tangential electric
field as sketched in Fig. IV-3. With the interface also charged,
there results an electrical shear stress on the interface which

is capable of accelerating and effectively pumping the fluid [61].

{
F

— T el

TT7TTTTTTT /7

Figure IV~2 Local interface subject to normal stress

tends to buckle and exhibit instability.

The destabilizing effect of (i) alone is enough to have an appreciable
effect on drop production. However, under practically realizable electric
stresses at atmospheric pressure, the tendency of the field to produce
instability 1is not sufficient to create single-step processes that change
typical dimensions by orders of magnitude. For example, even with the help
of a field perpendicular to its surface, under realizable conditions a jet
breaks up under the action of surface tension into drops that are within an

order of magnitude in diameter of the jet. Similarly, the direct consequences
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of instability attributable to normal stresses alone on drop breakup are

fission fragments within an order of magnitude of the same size.

electric shear force

- /”’—m~ on interface
+x 44+ + + B i S

Sl

electric field associated
with currert in liquid

~

Figure IV-3 Combination of current in lijuid eand surface
churge results in electric shear force on interfoce

To account for the drastic changes in size that can be obtained
using electric fields, proper credit must be given to the role played by
the electric shear stresses. Consider how a detailed investigation has
shown the current-driven jets to produce first, a fine thread of liquid,
and then a spray of charged drops [62,10].

Consider the orifice shown in Fig. IV-4, with a potential difference
applied between the liquid and an electrode structure which might consist
of a ring-shaped electrode, so as to allow for passage of drops (like the
inducer rings in Fig. IV-1). Without a field, the fluid is supplied with

sufficient rate to produce slow dripping in the range of 1 mm drop radii.
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As the voltage is raised, with the volume rate of flow kept constant,

the drop rate increases and hence the size of the drops decreases.

This trend continues until a transition is achieved to a regime in which
the dripping is replaced by aperiodic spitting. Drops are now accompanied
by corona discharge and a spectrum of sizes is produced.

Although the trend with increasing field is still to produce smaller
drops, these are only about a factor of 10 smaller than those that form
in the absence of the field. As the field is raised still further, a
dramatic switch in the flow configuration is obtained, with the dripping
replaced by a steady stream terminated in a fuzzy region of spray, as
sketched in Fig. IV-4(b). The liquid narrows to a fine jet which is
steady from orifice to point of breakup. This stream has been observed
to be as fine as a micron in diameter [64].

To understand the current-driven jet, the combined effects of the
shear stress, corona discharge, polarization forces, and of the normal
stress -induced instability must be taken into account. Observation of
jets in the dark shows that just above the region of spraying, there is a
corona discharge. Hence, current is carried by the jet from the orifice
to the position at which the electrical breakdown occurs. This current
insures that the jet interface experiences a tangential electric field.
The interface is also charged. In the point-to-''plane' configuration,
positive charges generally are distributed along the interface, as sketched.
Hence, there is an electrical shear stress tending to accelerate the stream
and draw it out into the fine thread. Further, as long as the jet carries
the current, it can be shown that the field, through the agent of polari-

zation forces, tends to stabilize the stream. Thus, the natural tendency
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of - face -ension to cause jet breakup is offset by the field and the
gtrezn r2nds to be stable, again as observed. However, once the stream
narrows tc a sufficiently fine stream that electrical breakdown occurs,
the corona discharge carries away the stabilizing current. From that
point on,the electric field is normal to the interface and tends to cause
instability. 1In fact, the conditions for instability are greatly exceeded
and the jet breaks into drops violently. Because the breakup occurs in a
region occupied by both field and ions from the corona discharge, these
drops are highly charged.

In a current-driven jet, the electrical shear stresses act on the
interface and reduce the size of the stream by orders of magnitude before
processaes of instability subdivide the stream into drops. Because these
stresses act on the interface itself, it can be expected that the atomiza-
tion preocess is a more efficient one than that obtained, say, by pushing
the liquid throueh a rigid orifice.

Ir. recent vears, studies have been made of electrohydrodynamic spray-
ing fcr its application to drop productior in space propulsion [54, 55, 56,
57, 58, 59]. TUnfortunately, the interest of that work is in drop forma-
tion in vacuum. As the above description suggests, electrical breakdown
is closely related to the spraying obtained at atmospheric pressure. In
fact, although notgenerally given much attention, it is difficult, if not
impossible, to obtain electrohydrodynamic spraying under standard conditions
without producing large numbers of ions through attendent corona discharge.
Electrical breakdown may occur prior to the drop formation, but generally
extends throughout the region where the drops break away.

It is essential to recognize that current-driven jets are the source

of both ions and charged drops. That the electrical source must supply



88

power for the ions means that there is an inherent inefficiency.
Further, particles passing through the field region of the jet will be
subject to an ion flux which can result in corona charging to the same
sign as the drops.

Probably the most attractive attribute of the electrical spraying
is the opportunity it gives to avoid use of orifices in forming the drops.
The jets can be formed from a continuous surface, such as a film. The
generation of audible noise on high voltage transmission lines under foul-
weather conditions is a reminder of this [10]. A film of liquid on a
high voltage cvlindrical electrode is unstable in an electromechanical
sense and forms perturbances on its surface which are the sites of current-
driven jets ... of corona discharge and drops. If the production of ions
does not present an unreasonable penalty, the wetted electrode has the
advantagz of being relatively invulnerable to clogging and deterioration.
In any case, the orifice used with an electrical sprayer can be made much
larger than is typical of a nozzle for producing the same size of drops.

Reported investigations of electrohydrodynamic spraying give scant
information about electrical power and flow relationships. Hoburg's work
[10] simulating the spraying from a wetted transmission line is probably
of most direct use in determining the merits of electrical sprayers for
drop formation. He studied spraying through a 1/8" hole in the wall of a
cylindrical conductor approximately one inch in diameter. The conductor
was grounded and placed coaxial with a high voltage cylindrical cage.
Unfortunately, although Hoburg's work gives a thorough representation of

the relations between spraying regimes and flow rate, voltage, and current,
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it does not report the drop size under the spraying conditions. His drops
were relatively large, probably between 10 and 100 u. With the simple
arrangement of coaxial conductors, voltages up to 50 kv were used. Only
a small fraction of the inter-electrode spacing represented the potential
drop across the liquid stream, hence a large part of the power input was
unnecessarily dissipated in dragging ions across most of the gap. Even
so, a typical mass of water converted to drops by a single source was

15 cm®/min, with an electrical excitation of 4C kv and 2 X 1073 amps.
This converts to about 4 x 10 2 (1b/min)/watt. With a water loading of
2.5 x 10" % 1b/ft?® [Class III loading case study, see Eq. (III.37)], this
amounts to a power requirement of 62.5 watts/1000 cfm.

Again, we must emphasize that the calculation is at best a rough
indication. The numbers used are for an apparatus not designed for the
application at hand. The drops produced were too large and no advantage
was taken of a moving gas to sweep drops from the volume subject to elec-
tric stress. Flashover caused by the drops in this region places a limit
on how small an electrode-jet spacing can be used, and hence on how much
voltage is required to achieve the sprayine. 1lle can make the following
observations:

i) The role of corona discharge in electrohydrodynamic spraying is

essential at atmospheric pressure, and requires that work done
at elevated pressures or in vacuum be viewed with circumspection,
especially as regards the efficiency of the atomizing process.

ii) The electrical stresses do offer an alternative to producing charged

irops in the 1- 50u range with improved efficiency and simplicity
in tiie apparatus. Presently, inadequate information is available
to make an engineering evaluation, but such a study would be

relatively straightforward.
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H. Condensation Charging

Condensation methods both of forming and charging drops can be divided
into the two categories for condensation methods in general, suggested in
§ C...(low velocity-high volume, and high velocity-low volume). Methods
of charging extremely small drops by condensation on ions are a standard
part of aerosol technology [66]. More recent work has been directed
toward condensation charging in nozzles, usually in the vicinity of a
shock [63,70,71,72.73]}. Processes have been demonstrated experimentally
in which drops are so efficient in condensing on ions created by a corona
source that virtually all of the corona current is carried away by the
charged drops [68]. Generally, these condensation devices imnvolve high
concentrations of energy and generate submicron drops. Primary interest
here is in the generation of relatively large drops; hence, no attempt
is made to assess the viability of these techniques in transforming large

amounts of water into the form of drops.
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V. Comparison of Systems

Classes I and II

Generally, devices using drops and fields are in competition with
scrubbers and electrostatic precipitators of conventional design. But,
because the Class I and II type of interactions are closely related, a com-
parison between these systems is particularly meaningful. Here, the question
is: 1in a system already involving the use of injected water for collecting
particles, is the additional technology introduced by the requirement for
particle charging and creating an ambient E offset by the improvement in
performance? One way to measure performance is in terms of water usage.

TablesIII-1 and III-3 indicate the volume of gas cleaned per pound of
water required in devices which utilize conventional scrubbineg and elec-
trically induced scrubbing, respectively. It appears that the electrical
scrubber commetes favorably with mechanical scrubbers operating at injection
velocities on the order of 10 ft/s2c or less. Clearly, the electrical pro-
cess is at the gcreatest advantage in collecting the smallest particles. For
example, it seems that, bv using one-micron particles, the electrical device
can do as well as the mechanical scrubber using an injection velocity of
100 ft/sec.

Ve can cenclude that, in the submicron collection, the Class II
interactions are viable, but not overwhelmingly so. Further comparison of
the two svstems must be based on enerey requirements. Mechanical losses
in the high-velocitv conventional scrubber are a major consideration. But
on the other hand, the Class II interactions require an ambient field.
fence, the interaction volume must be filled with high voltace electrodes

fitted for collecting and injecting the drops. Power requirements are the
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major drawback of the mechanical scrubber in the collection of submicron
sized particles. Reliability and svstems complexity resulting from having
not only the water injection and removal equipment, but also the high-
voltage electrodes in a hostile environment, is the principal disadvantage
of the electrical Class ITI scrubber.

Classes III and 1V

A comparison of performance in removing 0.2 micron diameter particles
by Class III and IV interactions can be made using results summarized by Egqs.
(III.34 - II11.37) and Table (III-6). Vith water loading in the neighborhood

4 , . . . ;
1b/ft3, both interactions give reasonable efficiencies for removing

of 10~
0.2 micron particles with residence times of a few seconds. The Class III
and IV systems will generally have performance characteristics in the same
range, if the charge induced on the poles of the drop surface by the imposed
field in the Class IV interaction is on the order of that caused by the net
cnarge in the Class III interactionm.

For the Class III interactions:

(a) The interaction volume recuires no ambient E, nence is simply a
mixing repion devoid of electrodes and not involved with electrical insula-
tion problems in an environment filled by drops and particles.

(b) Yowever, tne loading of drops is critical if high efficiency is
to be achieved in a single stage. If the loadine capacity defined by Eq.
(III1-19) does not exceed zero, high efficiency is impossible, no matter

what the residence time.

For the Class IV interactions:
(a) No drop charging is required. Further, with bipolar charging of

the particles, the effective lifetime of a drop is not limited by the charge

collection.



93

(b) However, the interaction region must be filled by an ambient

electric field, although the electrodes used to impose that field need

not be used to inject or collect the drops, hence need not be fitted with

hvdraulic equipment.

Classes III and IV Compared to Conventional Precipitator

The models used in § III indicate that the water requirement for the
electrical collection processes is not unreasonable; orders of magnitude
more water are required in a conventional scrubber. Hence, the question of
viability for the devices basec on Class III and IV interactions is asked
by making comparisons with conventional electrostatic precipitators. A fair

comparison gives the conventional precipitator the option of a wet wall,

since the use of drops implies wet walls sorewhere, in any case. Hence,
care must be taken in arguing that the drop devices are at an advantage in
solving the re-entrainment problem [see Ref. 34, p. 311].

The residence time for hieh efficiency in a conventional precipitator
is of tihe order

3A _ _3r

Tprec T 5w ~  2bE ¢))
prec

where we assume tutular electrodes of radius r. UYere, we have made L/U
from La. (II-4 hre i i i 7 i

( ) three times A/SwPrec to give approximatelv 957 efficiency
with an es nti \os A 7 = i

xponential decav law. Also, Y orec = bE in going from Eq. (II-4)

¥

to Eq. (1). For 0.2 micron-diameter particles, we use b from Table III-4

r = 20 cm. and E 5 x 10° kv/er. to obtain a residence time from Eq. (1)

of six seconds. This is compmarable with 2.5 seconds for the case studv of

Lqs. (ITI-34 - 37). This latter time constant is achieved with a relatively

modest water loading.
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There is a major difference between the Class III type of interaction
and that conventionally used in precipitators. Performance of the drop
Class III devices is strongly influenced by particle loading. Such devices
would be compromised in fine particle efficiency by the existence of a sig-
nificant population of large particles. All particles tend to neutralize
the drops and limit their effective collection time.

If a spectrum of particles is present, it may be best to have a
"topping" precipitator to eliminate the largest particles first. The advan-
tage of the Class III interaction is that, in achieving the residence time
required for removal of extremely fine particles, the interaction region &
simply free space. llence, much greater residence times can be contemplated
in systems that can practically remove particles in sizes well under 0.1
micron.

The Class 1V interactions require systems of electrodes. However,
because the drops do not need to be charged, it appears that such inter-
actions should be considered vtherever wet -wall electrostatic precipitators

appear attrative.



VI. Conclusions and Recommendations

It is clearly evident from information available in the literature,
from patents and from calculations presented here, that the practical use
of droos and electric fields for the collection of submicron particles is
feasible. It is also clear that fields and drops do not represent a panacea.
Calculations, and what few quantitative results are available do not sug-
gest orders-of-magnitude improvement in device performance,

Drop~field devices involve a superposition of the technologies of wet
scrubbers and electrostatic precipitators. With the complications come
additional degrees of flexibility. For examonle, drop loading becomes an
alternative to device length in improving performance. However, improve-
ments tend to be offset bv a considerable additional device complexity.
This report cannot answer the final guestion of whether or not the com-
plications are worth the improvement; that will depend intimately on the
specific application and tae particulars of the configuration.

It is important to recognize that one capability of the drop-type
devices is not shared by the conventional precipitator. The drop devices,
like their scrubber relatives, can remove gases as well as particulate.
(larks' [**] primary intent is to provide removal of gaseous materials,
not particles.) Each of the electrical interactions described here has
the capabilitv of simultaneously acting as a gas and particle scrubber.
Because of differences between Class II and Classes III and IV interactions
relative to the pas, these can be expected to have differine performance
characteristics in the removal of gases. Because the drop-tvpe devices

can compete, performancewise, with conventional precipitators, it is clear

[%*] see Table T1I-2
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that further preliminary work is called for in determining the characteristics
of such devices acting as combine gas and particle scrubbers.

As illustrated by 8§ III, performance is determined by the collective
interactions of drops and particles. It is well known that "real" hydrody-
namic effects are a dominating influence in conventional precipitators.
There, the distance between electrodes is great enough that we can think of
the particles as entrained in a turbulent gas core, and migrating to the
electrodes across boundary lavers. Althouech we are certainly justified in
thinking of the drop surface as a conventional collecting electrode, there
is no analogy to the relative gas flow. According to whether the drops are
in Class II or Classes III_and IV, there mav or mav not be a velocity rela-
tive to the gas. In either case, the scale of the turbulence relative to
the typical collecting surface dimension has changed completely. There is
a lack of experirental work aimed at giving supoort to cuantitative des-
criptions of the collective particle interactions with entrained drops.

A next logicel step toward device design with confidence is experiments
usine drops in the Class II, III and IV interactions. Of these, the most
important seems to be the Class III interactions.

A necessary next step in refining comparisons between field-drop
devices and conventional ones is the identification of specific apnplications
that provide a context for a complete systems design. Only in this way is
it possible to compare alternatives meaningfullv. So far as we can tell,
drop~field type devices have not been investigated for large-scale applica-
tions. Yet it is to large systems, perhaps with a need for collecting
paseous effluent also, that the Class III type interaction would seem to

have the most to offer.
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Questions that must next be answered are these:
What confidence can we have in the models given in § III for particle
collection on drops through the agency of an electric field? Here,
the need is for experiments that place the particle and drop popula-
tions and charges under control and allow for measurements resolved
in space and time. The need is for the collection performance
measurements of the system of drops and particles under realistic
flow conditions. The models have already been given considerable
support for collection on isolated drops.
What are the implications of thermodynamic effects in the face of
evaporation? What is the lifetime of drops under practical industrial
conditions? What are the relative merits o% using a thermal source
of energy to make drops by one of the condensation mechanisms cited
in § IV C?
Penney emphasizes the necessity of recognizing the implications of
space charge effects for device scaling. Included in the Class III
interactions are collection on bipolar charged drops, or systems of
heterogeneously chiarged drops. 'The use of such techniques for
eliminating space charge effects as the devices are scaled up in
size requires careful investigation of the implications for the
collection properties of the system, under (a) above. A specific
example of heterogeneous charging, used to prevent electrical break-

down limitations as the scale is increased, is shown in the hybrid

system of Fig. VI-1. Space charce problems are avoided in the Class
III interaction using drops charged to only one sign by making the
collection capacity ¢ on the order of zero. This generally leads

to operation with a relatively low water requirement loading and

long residence times. For example, for 95% efficiency, the residence

time at £ = 0 is about 20 T4.
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Dirty gas with bipolar churged particles
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Fig. VI-1 Drops are charged to alternate polarities in
neighboring regions with a buffer region between of
uncharged drops. The charged regions collect particles by
the Class III mechanism, while the uncharged drops are in
the ambient field generated by the space charge from the
charged drops, and therefore collect particles by the

Class IV mechanism.
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The necessity for having a viable large-scale scheme for making
drops has been shown to be an important consideration. Further
studies should be made of current-driven jets as the basis for
electrohydrodynamic spraying to determine the power requirements
and particle production capabilities,using apparatus simple and
rugged enough in design to be used in a large-scale system.
Further consideration should be given to designs exploiting the
dual capability of the drop systems to remove both particulate
and noxious gases. As shown in this study, there is a consider-
able disparity between the liquid loading associated with the
scrubber-like devices and the Class III and IV precipitator-like
devices. Is there a range of loadings in which a device operates

efficiently in both modes?
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Appendix A : Charged Particle Collection on Charged Drop in Ambient Flow

and Field (Adapted from book, Electrohydrodynamics, by J. R.

Melcher, to be published by M.I.T. Press).

Whipple and Chalmers [22] use an imposed field and flow model to predict
the charging of water drops as they fall through positive, negative, and both
positive and negative ions. Their theories cover the results given earlier
by Pauthenier and Mme. Moreault-Hanot [21]. This latter work did not include
the hydrodynamic effect of the streaming neutral gas. Because the particle
inertia is ipgnored, the model developed here for collection of charged par-
ticles on a drop is essentially the same as these ion-impact models.

A schematic view of the physical situation is depicted bv Fig. A-1 ,
wherein the particle is viewed as fixed in the frame of reference, and hence
the neutral gas streams relative to the drop with a velocity LA The imposed
field, like the imposed flow, is uniform at infinity with the amplitude Eo’
also shown in Fig. £-1 . In the following, E, will be considered vpositive or
negative, with the positive directions as defined by the figure.

Objectives in the following derivations are to determine the rate of
charging of the particle, given its initial charge, and to find the final
charge established after the drop has been falling through the particle flux for
a long period of time. To look ahead, the desired information is summarized
in a plot like that given by Fig. II-6 . Coordinates are the instantaneous

drop charge, Q, and the field-induced velocity, E Given that the charge

o-
on the drop and field are represented by some point in the plane, the ques-—
tions we ask are: what, then, is the rate of charging of the particie?

And what is the trajectory followed in this plane, ending at a final enqui-

librium charge?
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rig. &-1 Spherical conducting drop in imposed electric field
and flow that are uniform at infinitv. Eo and w, are
positive if directed as shown;in eceneral, the electric field

intensitv EO can be either positive or negative.
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At the outset, we draw attention to parameters which will be found use-

ful throughout. Regimes of charging are demarked by the critical charge

. 2
Qc = 12 NEOR E0 (a.1)

which can be positive or negative, depending on the sign of Eo. Rates of
charging will be characterized by the currents

- 2
I, = ™%, oy E, (A.2)

which are also determined in sign by E - The magnitudes of the positive

and negative particle charge densities are oL respectively, at infinity.

That the charging rate is to be calculated infers that the particle
motions are not in the steady state. We assume that transit times through
several drop radii R are short compared to charging times of interest, and
hence, at any instant take the dron charge, Q, as a known constant, which
then makes a contribution to the instantaneous electric field intensity
imposed throughout. The particle is taken as perfectly conducting, hence
the potential and electric field intensity follow from well known solutions.
The imposed electric field intensity is therefore

= 2R3 Q - Bi_ , e
E=- Vo= { EO(;3- + 1) cos ¥ + Z}E;;z_}lr + {Eo(r3 - 1)51nw}1w .

(A.3)

A stream function for the electric field intensity can be defined as

- 2R L Lxy?y 2 Qcos ¥
L = - EOR [r + Z(R) ] sin“ ¢ + I e (A.4)

where E = - Vx[i 1 | .

8 rsin Y

It will be evident shortly that the particular details of the velocitv
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distribution are surprisingly unimportant. We could use potential flow, but
here we follow Whipple and Chalmers [22] and use low Reynolds number flow.
Thus, it is possible to make both components of velocity at the spherical sur-
face vanish. In terms of the stream function, the boundarvy condition at
infinity is VY = l-wo(r sin P)?. 1In fact, the stream function is readily

2

available in the literature .

\Y R?

2

y = 2 (D - D) sin® y (.5)
1 - e l
where v= - Vx[le Tsin ¥ | (A.6)

The mobility, bi’ is taken as constant. Hence we are dealing with a

system of charged particles with the charge-per-particle a constant.

. (A.7)

The neutral fluid @n be taken as having a known velocity; in addition,
however, we reaquire that it he incompressible, so that Vev = 0. If space
charge effects were important, Gauss' law would also relate the local net
charge densitv to the electric field intensity. But, in our approximation,
the electric field intensity, like the velocity of the neutral fluid, is
solenoidal: V'E = 0. Vith these assumptions, substitution of Eq. (A.6)

into (A.7) gives a simple expression for the transport of each charge density

aoi

=0- + (WEDB )V = 0 . (A.8)

Thus, the only coupling between the particles occurs because of alterations

in the imposed fields due to the charging of boundaries.
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Equation (A.8) can be integrated with complete generality using the

method of characteristics. The equations reduce to
dp, = 0 on-d-E = VvV *b,E . (A.9)
i dt i
That is, the charge density of each species of particle is constant along given
force lines in (;;t) space. If we are interested in determining the charge

distribution within a volume enclosed by the surface S, then it is appropriate

to imposed boundary conditions on the i'th species, wherever
ne(v bif) <0 (A.10)

where n is taken as positive if directed out of the volume of interest. At
points on the surface other than those that satisfy Eq. (A.10), a boundary
condition cannot be imposed. These observations, although seemingly obvious
in the transient problem, are crucial to making sense out of quasi-steady
motions.

Motions in the face of a given flow can be described with considerable
generality for those problems in which stream functions can be defined for
both the electric field intensity and the velocity of the fluid, so as to
insure that both E and v are solenoidal. These functions are given by Egs.
(A.4) and (A.5). The functions I and Y have the simple physical interpre-
tation of being the flux of the electric field intensity of fluid velocity

through an open surface, &.

With the stream functions given, the lines of constant charge density

given by Eq. (A.9) take the form

dr  _ 1 O (+bT + ¥ (A.11a)
St © " tTsmmy oy (T
dy _ 1 2 a4y (A.11b)

*3c - T ein ¥ Or

[nd
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A complete solution can now be obtained by combining this pair of equations.
Multiplication of (A.11b) by dr/dy and equating that expression to Eq. (A.1la)

multiplied by r gives the exact differential:

d(z bL +V¥) = 0 (A.12)

provided £ and ¥ are independent of time. Here, our fundamental assumption
of quasi-steady particle motions must be invoked. We will be interested in
non-steady phenomena. To integrate particle equations of motion, as we have
in writing Eq. (A.12), we require that the particles have essentially the
same field and flow distribution throughout their motions in the volume of
interest. In that sense, the motions are steadv. But the particle transit
times are likely to be brief compared to a dynamical time of interest (per-
haps that required for a surface upon which the particles impinge to change,
and hence change the electric field intensitv significantly). Thus, over

a longer time scale, the flow and field distribution, hence the stream
functions, may be functions of time. In summary, Ea. (A.12) shows that the

charge densitv of a piven species is constant along constant stream function

lines

p; = constant on s biZ + ¥ = constant . (A.13)

Given Lgs. (A.4) and (A.5), the characteristic lines are determined by

substituting into (A.11) to get

~ R 1,r 2 .2 30
+ [;’+ 7@ ) sin® ¢ 2 o, cos
A\ 2
1 0 r 1R 3. r
*IrE () Q) - 5@Plsin®y = ¢ . (A.14)

7o
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Lines of force v * biE originating on the spherical surface carry zero
charge density. At those points on the surface where the force lines are
into the drop, we have the possibility of particle migration. At the drop
surface, the velocitv normal to the surface is zero, hence the force lines
degenerate to * btf. This greatly simplifies the charging process, because
we can now use the electric field intensityv given by Ea. (A.3) to decide
whether or not a given point on the particle surface can accept charge.

Evaluation of (A.3) shows that force lines are directed into the particle

surface wherever

> -

Ej< 05 Y _<p<m (A.17
<

Eo > 0 0 <y < q;c (A.17b)

with the upper and lower inequalities indicating positive and negative
particles. The critical angle wc demarking reeions of inward and outward

force lines follows from Eq. (A.3) as satisfying

Q
Q

(o

cos Y, = - (A.18)

where 0. is given by Eq. (A.1).

A graphical representation of what has been determined is given by the
direction of incident force lines on the particle surfaces sketched in
Fig. A-2. Where directed inward, these force lines indicate a possible
particle current. Whether or not the current is finite depends on whether
the given force line originates on the boundary at infinity. In any case,
if the force line is directed outward, we can be assured that there is no
charging current to the particle, and so without further derivations, we

“now that regimes (a), (b) and (c) for the positive particles and (j),(k) and
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The upper and lower signs, respectively, refer to positive and negative particles
and C is a constant which determines the particular characteristic line.

Just what constant charge density should be associated with each of these

lines is determined by a single boundary condition imposed wherever the line

“"enters" the volume of interest at a point satisfying the condition
n-[v b, E] <0 . (A.15)

lere, n is taken as pointing out of the volume of interest; that is, outward
at infinity and inward on the spherical surface of the drop.

To reiterate our objectives in terms of parameters now introduced, we
wish to obtain the net instantaneous current of particles to the drop
i(Q,EO,wO,p+,p_). With the imposed field, velocity and charge densities

neld fixed, this expression then serves to give the rate of drop charging as

dn

9 - i(0) . (A.16)

Boundary Conditions: Permutations and combinations of flow velocity, imposed

field, instantaneous particle charge, and sign of the incident particles are
extremely large, so an orderly apnroach is reanired to sort out the possible
cnarging regimes. A larpe step in this direction is taken bv first recog-
nizing the surfaces which satisfv the condition of Eaq. (4.15), and hence
imposed boundarv conditions.

¥or positive particles (upper sign) the distribution of charge density for
particles entering at z *> - ® is recuired if bEO > wo. Otherwise, the charge
density is imposed as z * + ® because the positive particles enter from below.
Thus, the charge-imposed field plane divides into two regimes, as shown by

tihhe notations at the bottom of Tig., T1I-6.
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(1) for the negative particles give no charging current;from Eq. (A.16) the

particle charge remains at whatever its initial value within the regime was.

Regimes (f) and (i) for Positive Particles: (b) and (g) for Negative Particles

We now characterize each regime shown in Figs.Il- 6 and IT-7. Upper and lower
signs respectively will be used to refer to the positive and negative ion
cases.

The characteristic line terminating at the critical angle on the particle
surface reaches the z + - ® surface at the radius y* shown in the respective
regimes in Figs.II-6and JI-7 . Particles entering within that radius strike
the surface of the drop within the range of angles wherein the drop can
accept particles. Hence, to compute the instantaneous drop charging cur-
rent, we can simply find this radius y* and compute the total current pas-
sing within that radius at z > - ®. The particular line is defined by Eq.
(A.14) evaluated at the critical anple, and on the particle surface:

Y o= wc, r = R. Thus, the constant is evaluated to be
¢ =+3n+ (O (4.19)
2 0.
To find y*, we now take the limit of Eq. (A.l4) using the constant of (A.19)

to determine that

A w 2

(y*) (1 t’ 2y = 3?1 - %—] . (A.20)

biEo c

Our problem is particularly simple because the particle flux is constant, so
the current passing through the surface with radius y* is simplv the product
of the current density and the circumscribed area

2
i~ = #* Q+(i‘b+Eo - wo)w(y*) . (A.21)

Now, if we combine Egs. (A.20) and (A.21), we arrive at
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,i _ Q__ 2 _ - 0 A.22)

The second equalityv is written by recognizing the sien of Eo in the respective

regimes.

We conclude that in the positive particle regimes (f) and (i), the charg-
ing current is positive, tending to increase the particle charge until it
reacnes the limiting value Q = chl . Charging trajectories are shown in
the figures, with i1 the rate of charging, whether the initial particle
charege is within the respective regimes or the charge passes from another
regime into one of these regimes, and then passes on to its final value,

IOC ]. For example, in the case of the positive particle charging, we will soon
find that a particle charges at one rate in regime (1) and then, on reaching
regime (i), assumes the charging rate given by Eq. (A.22), which it obeys

until the charge reaches a final value on the boundary between regimes (f)

and (c).

Also summarized in the charge field, plots of Figs.II-6 and II-7 are
the force line patterns, and the critical angles defining those portions of
the drop over which conduction can occur. As a drop charges and then passes
from repime (i) to (f), and finallv to the boundary between regimes (f) and
(c) in the positive particle case, we see that the anple over which the drop
can accept charge decreases from a maximum of 27 to T at q = 0, and finally
to zero when 0 = IOC!. It is the closing of this "window' through which

charge can be accepted to the particle surface which is the essence of the

charging process.
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Regimes (d) and (g) for Positive Particles;(f) and (i) for Negative Particles

These regimes are analogous to the four just discussed except that the ions

enter at z > «, rather than at z - - ®, The derivation is therefore as just
described except that the limiting form of (A.14) is taken as Y > 0, with C

again given by Eq. (A.19) to obtain

2 _ Y, ~ ) Q.2
(y*)(l +B—E_) = 3R (l + q ) . (A.23)
7o c

Then, the particle currents can be evaluated as

x Q42 _ o+ - 9 2 5
i 31, (1+ Qc) 3, la s o] ) . (A.24)

As would be expected on physical grounds, the positive particle case gives
charging currents and final drop charges in regimes (d) and (g), which are
the same as those in (f) and (i). Similar remarks apply in the negative
particle charging case. Certainly, if the fluid velocity is zero, the
charging conditions must be the same, whether the electric field is posi-

tive or negative; we must have symmetry about the N axis.

Regimes (§) and (k) for Positive Particles; (b) and (c) for Nepative Particles:

TFor these regimes, the total surface of the drop can accept particles. The
radius for the circular cross section of particles reaching the surface of
the dron from z = o is determined by the line intersecting the drop surface
at P = w. This line is defined by evaluating Fq. (A.14) at r = R, w =7

to obtain

3Q
0
c

P

c = + . (A.25)

Then, if the limit is taken r > «, Y > 0 of Fa. (A.14), v* is obtained and

the current can be evaluated as
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12| 1]

i~ = . . )2 = = —————— 0 . (A.26)
i o, ( ibiEo + wo)ﬂ(y ) IQCI )

llote that in the positive particle regimes, O is negative, so our result
indicates that the particle charges at this rate until it leaves the res-

pective regimes wvhen the charge 0 = -~ IQC] .

Regime (1) for Positive Particles; (a) for Negative Particles: The situa-

tion here is similar to that for the previous cases, except that particles
enter at z > - ®, so the appropriate constant for the critical characteristic
lines given by Eq. (A.14) evaluated at r = R, y= 71 , is the negative of Eq.
(A.25). The limit of that equation given at r > ®, Y > 7 gives y* and
evaluation of the current gives a value identical to that found with Eq.
(A.26). In terms of Fig. 1I-6 for positive particles, we have found

that in the repime (1), where the initial charge is necative, the charging
current is positive, and tends to reduce the magnitude of the particle

charge until it enters regime (i). where its rate of charging shifts to i1
and it continues to acquire positive charge until it reaches the final value

IOC] indicated on the diaeram.

Regime (e), Positive Particles; Regime (h), Nepative Particles: In regimes

(e) and (1) for either sign of particles, the window through which the drop
can accept a particle flux is on the opbnosite side from the incident particles.
This gives the opportunitv for force lines terminating within the window
throuph which the drop can accept particles to originate on the drop itself.
In that case, the charpe density on the characteristic line is zero, since
tiie drop surface is incapable of providine particles.

To determine the particle charee that just prevents force lines origin-
ating at z > ® from terminating on the particle surface, follow a lines from
tue z- axis vhere tue drops enter at infinity back to the drop surface, That

line has a constant determined bv evaluating Eq. (A.14) with ¥ = 0
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(A.27)

(@]

1]

'+
e

Now, if we evaluate (A.14) using the constant of Eq. (A.27) and r = R, we
achieve an expression for the angular position at which that characteristic

line meets the drop surface

3Q
Q

c

%— sin § = (cosy-1) . (A.28)
Note that the quantity on the right is always negative if Q/QC is positive,
as it is in regimes (e) for the positive particles and (h) for the negative.
[Remember that QC can be positive or negative, according to the sign of Eg,,
as expressed by Eq. (A.l1).] We conclude that in regime (e) for the positive
particles and (h) for the negative, the rate of charging vanishes; the drop

remains at its initial charge.

Regime (h) for Positive Particles; (e) for MNegative Particles: 1In these

regimes, Q/Qc is negative and Eq. (A.28) gives an angle at which the charac-
teristic line along the z- axis meets the particle surface. To compute the
rate of charging, we do not require the solution to this equation, because

a circular area of incidence for particles at z » © is then determined by
the characteristic line reaching the drop at ' = m . Actually, no new cal-
culation is necessary because that radius is the same as that found for

regime (k) for the positive particles and (b) for the negative, so we can

-

+

, » as piven by Eq. (A.26).

conclude immediately that the charging current is i
Drops in these regimes discharge until they reach the charge zero. Moreover,
we can now see that, if the initial drop charges place the drop in regimes
(k) for the positive particles or (b) for the negative particles, the rate

of discharge follows the same law through regimes (h) for the positive par-

ticles and (e) for the negative until the drop reaches zero charge.
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Positive and Hepative Particles Simultaneously: Implicit to our imposed

fields and flow approximation is the non-interaction of particle species
except throughcharges on the drop surface, If both positive and negative
particles are present simultaneously, the drop charging is characterized

by simply superimposing the results summarized with Figs. II-6 and 1I-7 . The
diagrams are especially helpful in this regard, in that the charging current
for anv given imposed field and drop charge is obtained as the superposition
of the respective charging currents. Practically, the diagrams are super-
imposed with their origins (marked 0) coincident. A given point in either
plane then specifies the charge and field experienced by both families of
charges. This justifies merely sunerimposing the respective currents at the
given point to find the total charging current.

Charging trajectories are summarized for the combined positive and neg-
ative particle configuration by Fie. 171-8. FEach of the 16 regimes shown is
just the superposition of two regimes from Figs. II-6 and II-7. Tor example,
regime (c) in Fig.II-Shas the charging current which is the sum of those for
regire (b) of Fig.II-o and repime (c) of Fig. II-7 . Note that this partic-
ular repime characterizes all of those in the top and hottom rows in Fig. I1-8
in that only one of the particle species is conducted to the particle,
while the other is totally repelled.

In repimes (1), (1), (e) and (i), the rate of charging is

lzi-:+i: =3’I+l ( —!TQ"Z -3 lI_kl"' 00 )2
‘c[ I“Cl

. (A.29)

The particle charpes toward that value of 1 that makes the current eiven
1 (9 1 > s+ 1
bv Eq. (A.29) vanish. So the final charee, which we call here Q, , is the

solution to the quadratic exnression of (A.29) set eaual to zero:
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JL———f?}”} -<E‘T+l) [
) W

Herc, one root is extraneous because it corresponds to a value of Q, >|O I.
) e

As summarized in the figure, the drop charge is positive if the positive
particle current exceeds the negative particle current, and vice versa.

It is clearer from Eg. (A.29) than from (A.30) that, if the positive and
negative particle current densities are equal, the final particle charge

vanishes.
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Arpendix B: Drop Electrical Conductivity

i'anv of the theoretical discussions of mechanisms by which "drops"
collect particles with the help of an electric field represent the "drop"
as having a dielectric constant € and being electrically insulating. For
almost all applications, the droo should be regarded as perfectly conduct-
ing, especiallv if it is water. Tortunately, € is sufficiently high in
water that little error is committed in using the field distribution pre-
dicted, assuming the conductivity is zero.

To see how the electrical conductivity o of the collecting particles
comes into playv, consider thc typical situation of Tig. B-1 in which an
unchareed drop arrives in a region where the electric field in initially
uniform. In the frame of the drop, the field is essentially ''turned on"

vhen t = (.

\ 7
g ()

| { f
t=0 £>

70

Figure B-1

#“ith tne application of tihe electric field, there is at first a field

in the interior of the drop, hence a current density J must exist there

. L, = - .,
given bv J Of.. As a result, positive surface charges accumulate on half
of the drop equal in number to the negative charges that accumulate over

the other half. Trese charres build up until the electric field is excluded

from the volume of the dror: that is, until the drop achieves the field
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configuration of a perfect conductor. The process of charge relaxation is

exponential, with time constant

€
80(2 + E——)

L.

T =
g

In tap water, where 0 is tvpically 1 mho/m and ¢ = 80 €, this time constant

is approximately 1072 secs. Most processes of interest take longer than

this, nence we are justified in regarding the drop as perfectly conducting.



