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CHARGED DROPLET GAS SCRUBBER APPARATUS AND METHOD
BACKGROUND OF THE INVENTION
The invention pertains to apparatus and methods for cleaning gases, more
specifically for temovmg both particulate contaminants and pollutant gases from the air or
other gas to be cleaned, through effects of charged liquid droplets introduced into the gas
to be cleaned.

There are numerous industrial processes, and power generation processes used at
utility power plants, in which large quantities of air or other gases are used and become
highly contaminated with pollutants falling in two broad classes: solid and liquid
particulates, and pollutant gases such as toxic or acid gases. For example, both kinds of
pollutants will be produced in large quantities by burning of coal at a coal-powered electric
power generation facility.

- Obviously there is a strong and continuing need to develop improved apparatus and
methods for removing both kinds of pollutants from the contaminated air, before
reintroduction of the treated air into the atmosphere, with improved pollutant removal
efficiency; and to achieve that end by means which are more practical, reliable, and
reasonable in cost. _

As shown in patents filed with applicant's information disclosure material, it is
known in the gas cleaning arts to remove particulates from the gas to be cleaned by an
approach in which the particulates are first electrostatically charged by passing the gas
containing the particulates through a suitable electrostatic charging apparatus, and then
introducing into the gas to be cleaned numerous charged liquid droplets having electrical
charges of polarity opposite to that of the charged particulates. In this approach the gas
cleaning process proceeds, as to the particulates, through the effect of electrostatic
attraction between the oppositely charged droplets and particulates, a monopole - monopole
attractive force, inversely proportional to the square of the droplet - particulate separation
distance and proportional to the product of the charge magnitudes, which force draws the
particulates in for absorption by the liquid droplets. The droplets are then removed from
the air stream, with the collected particulates, by processes well known in the art.

As also shown in said patents, it is also known in the art to remove pollutant gases
from an air stream through introduction of liquid droplets, by the process of adsorption of
the toxic or acid gases by the liquid droplets, as their molecules come into contad with the
surfaces of the droplets, followed by subsequent conventional removal of the droplets and
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collected pollutant gases from the air stream.

It is desirable to provide an apparatus and method allowing removal of uncharged
particulates from the stream of gas to be cleaned, since this would obviate any need for
preliminary elecn'ostatnc chargmg of the particulates. The Ppresent invention accomplishes
this through mtroduetxon mto the gas to be cleaned, of liquid droplets which are
sufficiently highly charged and have sufficient number dens1ty, to achieve hlgh efficiency

- particulate collection of even uncharged particulates, by means of a ‘monopole - dipole

interaction, instead of the monopole - monopole mteractlon between charged droplets and
charged particulates, used'in the conventional approach.

- In the present invention, each highly charged liquid droplet induces an electric
dipole moment in each _ne:irby uncharged particulate, As is well known, there is an
attractive force between an electric monopole and a nearby induced electric dipole. So in

~ the present invention, the particulates are drawn to the charged droplets by the monopole -

dipole force, rather than the monopole - monopole force which acts in apparatus using the
conventional approach. Since the particulate is uncharged collectlon of the particulate by
the liquid droplet causes no change in the magnitude of the: droplet charge, so that there is
no reduction in the magmmde of the dipole moment inducing capacity of the droplet.

As detailed below, the magnitude of the monopole - dipole force has a markedly
different and far more sensitive dependence on the droplet - - particulate separation distance,
and also a more sensitive dependence on the droplet charge magmtude than the monopole
- monopole force active in-the conventional apparatus.

- So, the present invention mist meet the related needs of providing, in the gas to be
cleaned, an adequate numher density of adequately charged liquid droplets, in order to
produce high efficiency of particulate cleaning through use df the monopole - dipole force.

And, there is.a need for such an invention which also can achieve a sufficient
efficiency of removal of pollutant gases from the gas to be cleaned, by providing, within
the gas to be cleaned, a suitable number density of the liquid droplets and a sufficient
surface area of the droplets; to provide sufficient liquid dro‘plet'surface area per unit
volume, to allow the required adsorption of the pollutant gases by the liquid droplets. As
detailed below, the present invention also meets this need, 'with the same droplets which
are adequate for achieving high efficiency of particulate collection through the action of the
monopole - dipole forces between droplets and particulates. o

It is desirable that such an invention be able to maintain constancy of the liquid
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droplet charge magnitude,, as the droplets interact with the gas 1o be cleaned, so as to
maintain the particulate collectlon capacity of each droplet dunng such interaction, rather
than having that capacity be depleted as would occur if the droplet charge were to be
depleted. .

And there is a related need for such an invention which can achieve the needed
degree of charging of the liquid droplets without the use of very high voltages which are
often required in electrostatic precipitator machines, e. g. voltages of the order of 60 kv,
since such voltages are apt to cause corona discharges in the gas to be cleaned, which may
well deplete the droplet charges, as well as producing other undesirable effects, including
space charge effects which may interfere with adequate charging of the liquid droplets.

The present invention apparatus fulfills this need through the use of electrode
geometry at the site of droplet production and charging, involving spreading liquid sheet
electrodes emitting the droplets from the edges of the liquid sheets, interspersed with metal
induction electrodes, with electrostatic potential of no more than about 20kv existing
between the induction electrode array and the array of liquid sheets, and with spacing such
that adequately high electric field strength can be maintained at the edges of the liquid

sheets to allow adequate charging of the droplets emitted from the liquid sheets, without
the occurrence of corona discharges.

As further detailed below, other needs met by the present invention include,
without limitation: allowing the particulate and poliutant gas scrubbing procedures to be
carried out simultaneously in a single chamber; requiring no significant power other than
that for the blower or other means which moves the gas to be cleaned through the cleaning
chamber; and allowing these results to be achieved with low liquid-to-gas flow ratios.

SUMMARY OF THE INVENTION

The invention is a gas scrubbing apparatus and method, employing charged liquid
droplets for removal of both particulates and pollutant gases from the gas to be cleaned,
allowing scrubbing of uncharged particulates by means of monopole - dipole attractive
forces between the charged liquid droplets and the electric dipoles induced in the
uncharged particulates by the charged droplets; and allowing enhanced scrubbing of pre-
charged particulates by use of charged droplets of opposite charge polarity; said apparatus
in one emBodiment having electrode geometry, at the site of droplet production and
charging, comprising means for generating paralle] spreading conductive liquid sheets
constituting electrodes emitting the droplets from the edges of the liquid sheets,
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interspersed with electrically conductive induction electrodes parallel to said liquid sheet
electrodes, with electrostatrc potential of no more than about 20kv existing between the
induction electrode array and the array of liquid sheet electrodes and with spacing such
that adequately high electnc field strength can be mamtamed at the edges of the liquid
S| sheets toallow adequate charging of the droplets emitted from the Tiquid sheets, without
| the occurrence of corona drscharges which could deplete droplet charges or interfere with
production of the electnc ﬁeld strength requlred for adetpate droplet charging; said
method comprising the steps of producing charged hquld droplets in suitable quantities, of
suitable size, and suitable: charge state; and intimately mrxmg said charged droplets with
10 the gas to be cleaned; where suitability of liquid droplet quantmes size and charge state
are determined by desrred collectlon efficiencies for partrculates and for toxic or acid gases

contained in the gas to be; cleaned, as detailed below; said invention allowing particulate
~and pollutant gas scrubbirtg procedures to be carried out 'sin'_mltaneously in a single

chamber; requiring no. poWer other than that for the blovrer or other means which moves
15 ~ the gas to be cleaned through the cleaning chamber; and allowmg these results to be

achieved with low hqurd—to—gas flow ratios. i
_.BRIEF DESCRIPTION OF THE DRAWINGS

i _ In the drawings, whlch alt 1llustrate one preferred embodrment of the invention:
Fig. 1 is a front elevatlonal view. '
20 . Fig. 2is a plan vrew of the nozzle assembly.

~ Fig. 3 is an expanded side elevational view showmg two of the nozzles, with the
emitted spreading llqllld sheets breakmg up into droplets, and the adJacent induction
electrodes. - ¥ :

Fig. 4is an expanded elevational view, from a direction perpendicular to the

25 direction of view in fig. 3 showmg two of the nozzles emlttmg spreadmg hqmd sheets
' breakmg up into droplets. - '

Figs. 5(a) and 5(b) qualitatively illustrate two cOnfiguratlons of electric field lines
extending between one of the liquid sheets, near the edge thereof, and the two adjacent
induction electrodes, for two different relative configurations of the liquid sheet edge in

30 relation to said inductiort"electrodes. For simplicity only one set of nozzles and one pair

of induction electrodes are shown in these figures.
| - DESCRIPTION OF THE PREFERRED EMBODIMENT
Referring now to the drawings, in which like reference numbers denote like or
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corresponding elements, the Principal compohénts of the prefiired embodiment apparatus
of the of the present invention, housed within a vertical chamber 10 in which the gas to be
cleaned is caused to flow vertically downward by a fan or other external driving force, not
shown, are a nozzle assembly 12, comprising at least one and normally a plurality of
paralle] horizontal tbes 14, each having a series 16 of nozzles 18, each of nozzles 18
emitting a downwardly moving vertically oriented spreading liquid sheet electrode 20 of
conductive liquid, best illustrated in fig. 4, each of said liquid sheet electrodes 20 emitting
copious quantities of liquid droplets 22 in a primarily downward direction from its edge 24
at which the sheet of liquid has diverged sufficiently to break into the individual liquid
droplets 22; and an array 26 of parallel vertical planar induction electrodes 28, with said
induction electrodes 28 being located beneath and parallel to the tubes 14 and to the liquid
sheet electrodes 20, and with said induction electrodes 28 being equally spaced between the
planes of said liquid sheet electrodes 20, and with the vertical relative positioning of nozzle
assembly 12 and array 26 being such that the edges 24 of liquid sheet electrodes 20 are
located near or below the horizontal plane 30 intersecting each of the upper edges 32 of
induction_ electrodes 28.

To provide high voltage to the induction electrodes 28, the array 26 of induction
electrodes 28 is connected to a conventional high voltage source, not shown, by means of
an electrical connector 34 extending to the outside of chamber 10 through an electrical
bushing 36, with the portion of the surface of bushing 36 within chamber 10 being
maintained at a temperature of about 5 degrees Celsius above the dew point temperature of
the gas to be cleaned, with bushing 36 being surrounded by a shield 38, to protect bushing
36 from contamination by particulates in the gas to be cleaned. The required heating of
bushing 36 may be done by means of electrical beaters (not shown) mounted inside of
shield 38, or by use of a dry, warm purge gas injected within shield 38. Electrical heating
could be provided by using a resistive glaze on the surface of bushing 36, through which
glaze a current is caused to flow. The purpose of heating bushing 36 to about 5 degrees
celsius above the dew point temperature is to prevent condensation of liquid on the surface
of bushing 36, which condensation would tend to cause shorting of the high voltage carried
on .electrical connector 34.

The tubes 14, which are hollow, communicate via a liquid supply tbe 40, with a
pressurized source of conductive liquid, preferably recirculated liquid driven by a pump 42
as further detailed below, to provide a continuous supply of pressurized conductive liquid
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for maintenance of the liquid sheet electrodes 20 and for continuous generation of the
droplets 22 emitted from the edges 24 of liquid sheet electrodes 20.

The means for charging of the droplets 22 leaving the edges 24 of liquid sheet
electrodes 20 is afforded hy the high elecl;ric field strengrh existing adjacent to the edges
24, resulting from the :c_ro'wding of the electric field hnes, 'ektending between induction
electrodes 28 and liquidfsheet-electrode :'20 near edges 24, which is illustrated in Figs. 5(a)

“and 5(b). The droplets 22 are exposed to this high field strength during emission from
edges 24 of liquid sheet electrodes 20. Apphcant 5 numencal calculations indicate that the
maximum, optimum electnc field strength near the edges 24 will be obtained if the edges

24 are located in the upper half of the reglon between the adJacent induction electrodes 28.

The electric current requlred for continuous emission of the charged droplets 22, flows
through the liquid sheet electrodes 20 from nozzle assembly 12, with nozzle assembly 12
and chamber 10 being grounded. ' o '

_ After the collectr_on of particulates and pollutant gases by the charged liquid
droplets 22, which processes are discussed in detail below’: the droplets 22 are then
removed from the ﬂowmg stream of gas to be cleaned, by a ‘conventional nnpmgement
separator 44 and/or a conventional mist eliminator 46. L1qu1d collected by separator 44
and/or mist eliminator 46 is then collected in a sump 48, and then strained through a
strainer 50, after which said liquid is returned to nozzle assembly 12 through liquid supply
tube 40 by the action of a pump 42, which pump 42 has a controllable output pressure so
as to allow control of the pressure of liquid flowing to the nozzle assembly 12.

: Summary of Function'al Means of Preferred Embodiment =~
In the preferred embodiment, the sump 48, pump 42, and liquid supply tube 40,

together constitute a- pressunzed liquid means, being a source prov1dmg a pressurized
liquid at a controllable llquld pressure, - -

A droplet production means, connected to said préssﬁriied liquid means, for
emitting copious quantities of liquid droplets 22, is pros/ided by the nozzle assembly 12 of
nozzles 18 and the liquid sheet electrodes 20 emitted from nozzles 18, which liquid sheet
electrodes 20 emit copious quantities of the droplets 22.at the edges 24 of liquid sheet
electrodes 20. |

A droplet charging means, communicating with said droplet production means, is
provided by the combination of the high voltage source, not shown, connected by

connector 34 to array 26 of induction electrodes 28, the relative configurations of liquid
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sheet electrodes 20 and induibtion electrodes'28, and the restiting high electric field
strength existing at the edges 24 of liquid sheet electrode 20 where droplets 22 are emitted.

| An injecﬁon means, acting upon the droplets 22, for injection of droplets 22 into
the gas to be cleaned, is provided by the combination of the pressurized liquid means, the
droplet production means, and the presence of the droplet production means in the stream
of flow of the gas to be cleaned, resulting in injection of the droplets 22 with significant
velocity into the stream of flow of the gas to be cleaned. '

A droplet removal means, communicating with said gas to be cleaned and said
droplets 22 injected into said gas, for removing said droplets from said gas to be cleaned |
after said droplets have ﬁlteracted with said gas, and for collecting together the liquid
contained in said droplets, is provided by the combination of conventional impingement
separator 44 and/or conventional mist eliminator 46, and sump 48 which collects said
liquid from said droplets 22.

Before discussing the suitable values of operating parameters for the invention, it is
useful to consider the relevant physics.

Some Relevant Background Physics
Although applicant cannot precisely calculate or measure all of the physical

variables of the processes occurring during cleaning of air or other gas by operation of the
invention, though having successfully tested a prototype, much of the relevant physics is
known at least generaﬂy, for the monopole/dipole interaction involved in removing the
particulates, and for the removal of toxic or acid gases by the liquid droplet scrubbing. It
is useful to consider this physics, since it is relevant to choice of suitable operating
parameters and conditions for the invention.

The invention makes use of the monopole/dipole attractive force, to attract even
uncharged particulates in a gas to charged liquid droplets introduced into the gas, the
electric monopole field of the charged droplet inducing a dipole in the uncharged
particulate. Each of the charged droplets 22 has a monopole electric field, varying as the
droplet charge over the square of the distance from the droplet, which will induce an
electric dipole moment in a pollutant particulate in the droplet's vicinity, with the
magnitude of the dipole'moment being determined, for a given droplet charge and
distance, by the particulate's geometry and dielectric constant. Although the net force on
an electric dipole moment in a uniform electric field is zero (since the uniform field exerts

equal and opposite forces on the equal and opposite charges constituting the dipole), it is
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readily seen that this is not so for the force on the particulate's electric dipole moment
which has been induced by the electric monopole of the charged droplet 22 in the vicinity
of the particulate. The electric monopole field of droplet 22 exerts an attractive force on
the particulate’s dipole moment, since the attractive force between the monopole charge,
and the dipole's opposite polarity induced charge on the side of the particulate facing the
droplet, is slightly great_t}'r in magnitude than the magnitude of the repulsive force between
the monopole and the like polarity charge induced on the opposite side of the particulate,
due to the thickness of the particulate and the fact that the monopole field strength varies
inversely as the square of the distance from the monopole, droplet 22.

It may readily be shown that the magnitude of the aitractive force between one of
the charged liquid droplets 22, and an uncharged particulate having an electric dipole
moment induced by the monopole charge on the charged droplet 22, is proportional to the
square of the droplet charge, and inversely proportional to the fifth power of the distance

‘between the center of liquid droplet 22 and the parliculate,_ aSmmﬁng that the distance is

large compared to the particulate size. A. D. Moore, Electrostatics and Its Applications -
(J. Wiley & Sons, N.Y., 1973), §14.2.7 at 348, eq. (11). This dependence may indeed
readily be seen from first principles, since: (1.) the particulate dipble moment will be, for a
given particulate dielectric constant and geometry, some constant times the magnitude of
the monopole electric field at the location of the particulate, which field is proportional to
the monopole (liquid droplet) charge and inversely proportional to the square of the
monopole/dipole distance; (2.) So the particulate dipole moment, and the corresponding
magnitude of each of the opposite charges induced on the sides of the particulate facing
toward and away from the droplet 22, thus varies as the droplet charge over the square of
the separation distance; (3.) The magnitude of the net attractive force between the droplet
and the particulate will be the difference between the attractive force exerted by the droplet
charge on the opposite polarity charge induced on the side of the particulate facing toward
the droplet, and the repulsive force exerted by the droplet charge on the like polarity
charge induced on the side of the particulate facing away from the droplet, which is
slightly less than the other, attractive force, due to the slightly greater distance from the
droplet, i.e. the particulate thickness; and (4.) Simple algebra shows, upon takmg the
difference between thosé forces and assuming that the droplet/particulate separation
distance is ‘-r"i'fiuch larger than the particulate thickness, that the net attractive force varies as

the squaré-of the droplet charge and varies inversely as the fifth power of the separation
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Since the monopole/dipole force is proportional to the square of the monopole
(droplet) charge, and inversely proportional to the fifth power of the monopole - dipole
distance (droplet - particulate distance), collection efficiency can be expected to depend
strongly on both the magnitude of the charge carried by the average droplet, and on
intimate mixing of the charged droplets with the gas to be cleaned. As further detailed
below, the invention imparts charges to the droplets which are a significant fraction of the
maximum charge which may be carried thereon, sometimes termed the Rayleigh limit,
said maximum charge being a function of droplet size and surface tension of the licjuid
used to form the droplets 22. The Rayleigh charge limit is glven by

Qr = [16n(4ne)(or)]"?,
where ¢ is the surface tension of the liquid and r is the radius of the droplet; and (4nc) is a
constant having a value of 1/(9.0 X 10%) when all of the parameters are given in MKS
units, i.e. Qr in Coulombs, ¢ in Newtons per meter, and r in meters.

Applicant's computer simulation calculations indicate that, in order to provide a
particulate collection efficiency per droplet of approximately 0.1, the needed charge Q
which should be induced on the droplet is about 0.2 Qr.

For a given droplet charge, the average available monopole/dipole force increases
as the droplet size decreases.

Consider, for example, a droplet which, when created at edge 24 has a radius Ro
and carries a charge Qo. As that droplet passes thorough the gas a significant number of
particulates in its path will come within a very close distance of the droplet's surface. If
that distance is small with respect to Ro, then the force Fo acting to pull the particulate
toward the droplet is proportional to Qi?, and the inverse of Ro.

Now, if that same droplet begins to evaporate, it will retain its original charge Qo,
but its radius will become léss than Ro. - Let us assume that the droplet evaporates until its
radius is 1/2 Ro. Then those particulates which come within a small dlstance of the droplet
will experience a force toward the droplet of 32Fo.

As to the maximum value of the initial charge Qo which can be placed on a liqtiid
droplet: For a given electric field strength at the edge 24, the charge which is left on the
droplet is proportional to the surface area of the droplet at birth. Therefore, as long as the
charge does not exceed the Rayleigh limit, the larger sized droplets will carry a larger
charge Qo at birth.

9-




10

15

20

25

30

WO 00/47326° PCT/US00/01756

The above considerations favor using droplets of l'arger initial size, for the sake of
having high droplet chargmg to achieve 1 ma)nmum efﬁcacy of particulate collection through
the monopole/dipole mteractlons : - o

The use of droplets of larger xmtlal size and henoe lngh charge makes the present
invention device especially effective when the gas to be cleaned has high temperature and
low relative humidity. Typlcally, such gases are first passed through a "quench" chamber
in which a spray of water is used to humidify and cool the gases before passing them
through the air pollutxop_ control device. When hot gases ;are passed through the present
invention device, the device not only quenches, but the pai'tlculate collection efficiency of
the device is enhanced by the partial evaporation from the droplets in the process of -
quenching. Thus the device is even more effective when used as a single device to both
quench, and also remove paruculates and toxic gases. |

On the other hand, the invention also seeks to have the droplets adsorb pollutant
gases, i.e. toxic and acid gases.- This process would appear to be facilitated by maximizing
the droplet surface areaper unit volume of gas to be cleaned. Since the volume per liquid
droplet varies as the cube.of the droplet radius, and the surface area per liquid droplet
varies as the square of that radius, the effective collecting surface area per unit volume of

injected liquid varies itiversely as the droplet radius; a consideration favoring use of

smaller droplets, for maximizing pollutant adsorption by the droplets.

These considerations together suggest that there may be an optimum range of
droplet size, for achlevmg both acceptable levels of gas adsorptlon efficiency, and desired
high levels of particulate collection efficlency

“To understand the processes involved in collection of the particulates by the
droplets 22, one must_cbnsider the effect of the gas to be cleaned, located between the
droplets 22 and the particulates, which greatly reduces the attainable particulate collection

- efficiency: Consider a droplet 22, of a g_iven cross sectional area, injected into the gas to

" be cleaned, with an initial velocity relative to said gas, w_hich droplet moves through a

given trave] length in the gas, relative to the gas, before beirlg removed from the gas.
Consider a given particulate, initially located ahead of the droplet, within the droplet travel
length, and near the axis of motion of the droplet, within the volume which the droplet will
sweep out in its motion through the gas,:i.e. the volume swept out by the droplet cross
sectional area, moving through the droplet travel length, which may be called the droplet
sweep volume. It is easily seen that moét particulates initially located within that volume
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will not be swept up by thé dfoplet, due to thé effects of thegas to be cleaned. As the
droplet approaches a given such particulate, the moving droplet produces a bow wave in
the gas, moving ahead of the droplet, which bow wave acts to displace the particulate to a
greater separation from the axis of motion of the droplet, so as to cause the particulate,
along with the gas in its immediate vicinity, to flow around the surface of the droplet, as
the droplet passes the original location of the particulate. For this reason, as is well known
in the art, the droplet, if uncharged, will only collect about one in one thousand to one in
ten thousand of the particulates originally located in the droplet sweep volume. See, e.g.,
Atmospheric Chemistry and Physics, by J.H. Seinfeld and S.N. Pandis ( J. Wiley & Sons,
Inc., 1998), at p. 1020 (graph for "semiempirical correlation for the collection efficiency"
for submicron particulates). As detailed below, however, a much higher efficiency for

particulate collection per droplet is achieved with applicant's preferred embodiment of the
present invention.

The efficiency of the droplet - particulate collection process via the

monopole/dipole interactions can remain constant while the droplets are in the gas, if the

droplets maintain constant charge (which is of course not affected by collection of

_ uncharged particulates). So, it is advantageous to operate the invention at voltages low
~ enough to avoid corona discharges which could cause loss of droplet charge, while yet

providing high enough electric field strength at the site of droplet generation, to achieve
adequate droplet charging.

Though the particulates need not be charged for collection through the
monopole/dipole force process, if the particulates are charged before exposure to the
invention, collection efficiency may be enhanced by use of charged dropléts of polarity
opposite to that of the particulates, to produce added attractive electrostatic force between
the droplets and particulates. However, adsorption of the oppositely charged particulates
would of course reduce the droplet charge, thus reducing the monopole/dipole component
of the force between the droplet and other particulates, and so reducing later particulate
collections resulting from the monopole/dipole interactions. But, it will be seen below that
this is a small effect for preferred operating parameters for the invention.

Of course for the droplets 22 to accomplish the particulate collection through the
monopole - dipole force interaction, and the scrubbing of the toxic or acid gases, the
droplets 22 must be brought into intimate contact with the gas to be cleaned. This will be
accomplished as the droplets 22 rapidly transfer their initial momentum from the velocity
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of emission from nozzles 18, to the gas to be cleaned, due to viscous drag forces, slowmg
to a relative velocity less than about 1 meter/sec.
Suitable Operating Parameters
Applicant's tests with a prototype of the preferted'etnbodiment have resulted in
particulate collection efﬁciencies of 90% or greater, W1th 'the follbwing operating

parameters, where the gas to be cleaned’ ‘'Was air at atmosphenc pressure and room

temperature and had added in one case, 20 ppm of about .05 micron diameter ammonium
chloride particulates, for whtch case a greater than 90% pameulate removal efﬁctency was
obtained, and in another case a subnncron sized sulfur partlculate aerosol for which case
the particulate removal efficiency exceeded 99%: '

1. The high voltage applied to mductlon electrodes 28 was typically about -17 kv,
in a range from -10kv to -20kv

2. The spacing between each of induction electrodes 28 and the closest of liquid
sheet electrodes 20 was 1" (2" between ztdjacent ones of liquid sheet electrodes 20, the
liquid sheet electrodes 20 being evenly spaced between the induction electrodes 28);
however the maximum electric field strength adjacent to the edges 24 of liquid sheet
electrodes 20 is believed to have exceeded; by at least a fe.ctbr of ten based on applicatlt's
numerical calculations, the 17 kv/inch average field strength indicated by the above voliage
and spacing figures, due to the field line concentration at the edges 24, illustrated in ﬁgs
5(a) and 5(b); .

3. . The liquid ﬂew: rate, of conductive liquid (tap water) used to form the droplets
22 was about 17 gallons/min, per 1,000 cfm (cubic feet per minute) flow rate of the gas to
be cleaned, which gas was air in said tests, with the additives indicated above;

4. The diameter range of the droplets 22, was in the'range from 25 to 250
microns, subsequent to any evaporation, based on the manufacturer's data for the nozzles
used, and applicant's tests indicated that 140 microns was an optimum size, which was
also a small enough size to give adequate adsorption of tOiie or acid gases, with
applicant's measurements indicating adsorption efficiency of 90 % or greater; |

5. The liquid flow pressure was about 45 psi, and the nozzles 18 were Bete Brand,
Model NF02580 nozzles. '

6. The droplets 22 moved an average distance of about 1 meter though the gas to
be cleaned, relative to the gas. '

7. With the above - described pai'ameters it was possible to obtain quite
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satisfactory operation withidat occurrence of iy corona dxscharge

8. With the above - described operating parameters, applicant's calculations
indicate that the droplets 22 have an average charge of about ten million elementary charge
units, the elementary charge unit being the magnitude of the charge of one electron, i.e.
1.6 X 10™ Coulomb, which is quite adequate to produce a sufficient monopole - dipole
force interaction effect, to achieve high particulate collection efficiency for uncharged
particulates; according to applicant's numerical calculations, each of the charged droplets
22 collects about ten percent of the particulates originally in its path, i.e. ten percent of the
particulates in a volume equal to the cross sectional area of the droplet times its distance of
travel through the gas, the "droplet sweep volume" referred to above - a collection
efficiency per droplet which is far higher than that for uncharged droplets, as already
discussed above.

The ability to operate the invention without corona discharge under the conditions
described above, which is desirable for reasons previously explained above, is believed to
be due, in part at least, to the fact that before any liquid surface instability can fully
develop at a point on one of the edges 24 of liquid sheet electrodes 20, to allow said
surface electrode to become a focus electrode for inception of a corona discharge, that
portion of the liquid breaks off into the droplets 22 being continuously emitted from the
edges 24 of liquid sheet electrodes 20. :

Applicant has derived a simple scaling relatlonshlp, to allow calculation of overall
particulate removal efficiency, for conditions other than those specified above. If Q
denotes the overall particulate removal efficiency, if the droplets acted independently of
one another in particulate collection, i.e. the collection efficiency for very low efficiencies,

Q = (Volume effectively swept per droplet) X (Number of droplets)/(Volume of
gas in chamber).

So for steady state conditions,

Q = (Volume effectively swept per droplet) X (Droplet production rate)/(Volume

~ flow rate of gas through chamber).

Let E denote the collection efficiency per droplet, defined as the fraction of the
droplet cross sectional area for which all particulates in the droplet path are collected,
~which is much smaller than unity, for the reasons aiready discussed above in the
background physics section, E being about one in ten thousand for uncharged droplets, and
being about .1 for applicant's charged droplets using the monopole - dipole force

13-
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particulate collection process, as noted above.- And let Vg denote the volume flow rate of
gas flowing through chamber 10, and Vi the liquid volumie flow rate. Lettxng r denote the
average radius of the droplets 22, then obviously

Vi = (4/3)nr’ X (Droplet production rate), or

(Droplet productlon rate) = Vi/ ((4/3)nr’)
If L denotes the average length of travel of the droplets 22 through the gas, for the droplet

~ otion relative to the gas then, by the definition of E, the

Volume effectxvely swept per droplet = L X m” X E.
It follows that -

Q=0@HXMVWV) X (L) XE. :

Or, expressing the overall particulate collection efficiency formula, for low efficiencies, in
terms of the droplet diameter d = 2r, |

Q=15X(VW/V)) X (L/d) X E.

However, Q woul_d only be the collection efficiency if the droplets acted
independently of one another, which would only be apprdjtilnately true for very small
collection efficiencies. If the collection efﬁciehcy is not §tﬁall, the number of particulates
collected by a given droplet will be reduced due to the paftiéulate collection by earlier
droplets. It can be shown that the overall partlculate collectlon efficiency T" of the device
is actually given by

r= 1" e?

for the case of nonsmall collection efficiency. ‘Some correspondmg values of the

- dimensionless efﬁmency I" and the dimensionless parameter Q are:

Q- T (%)
e

86"

95

98

99

99.9

10 99.995

So, using the above relationships, one can easily calculate, for a given value of the per

N A W N -

droplet collection efficiency E, suitable combinations of Vi, Vg, L and d, to produce a
desired overall particulate collection efficiency I'.
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As to collection efﬁcnency scaling for collection of toxxc or acid gases, applicant
has not yet completed computer simulations for the toxic or ac1d gas collection efficiency
per droplet, Ez. However, a rough estimate of Eg is givenby

_ E: = sp/sr,
where sp is the diffusion speed of the toxic or acid gas, and sr is the speed of the droplet
relative to the gas. The value of sk can be represented by D/§, where D is the diffusion
coefficient of the gas and § is the boundary layer thickness of the gas at the droplet surface
See, Aerosol Technology, by W.C. Hinds, John Wiley & Sons, 1982, at p. 147.

Under typical values of these parameters for toxic or acid gases and 140 micron
diameter droplets, the value of E; is greater than 1. So for a highly charged 140 micron
droplet, the single droplet collection efficiency for toxic or acid gases, Eg, is about ten
times greater than the collection efficiency for particulates.

The per droplet toxic or acid gas collection efﬁgiency E: is equivalent to the per
droplet efficiency E for particulates. So the overall toxic or acid gases collection efficiency
for the device can be found by applying E: instead of E in the fonnuia given above for
€2, and applying Q so determined in the formula given above for I,

With reference to the claims below, the scaling information given above will allow
persons of ordinary skill in the art to make and operate the invention so as to achieve
desired useful collection efficiencies for particulates, and also for toxic or acid gaseous
pollutants, collection efficiencies exceeding 60 per cent and usually substantially greater
than that, in many cases exceeding 99 per cent, including achieving such efficiencies
throughout the indicated ranges of operational parameters stated in the claims, by choices
of suitable combinations of all operational parameters.

Possible Variations From the Preferred Embodiment

Those familiar with the art will appreciate that the invention may be employed in
configurations other than the specific form disclosed above, without departmg from the
essential substance thereof.

For example, and not by way of limitation, though the particulates need not be
charged for collection in the preferred embodiment, due to the use of the monopole -
dlpole force effect, it would of course be possible to employ the invention with a gas to be
cleaned which contains charged particulates, in which case the voltage applied to induction
electrodea 28 should be of the same polarity, to provide droplets 22 of opposite polarity to
that of the particulates. In this system the monopole-monopole attractive force between
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oppositely charged particulates and droplet 22 would complemeni the monopole - dipole
attractive force. Although the colléctio'n of an oppositely charged particulate would reduce
the charge of a droplet 22, and thus reduce the subsequent strength of the monopole -
dipole force interactiop of droplet 22 with other particulafgs, this would be a very small
effect for typical partictiiate charges of i:)rﬂy up to about _1:0 elementary charges imparted in
conventional particulaté'(:harging appar&tus, since, in the present invention operation |
conditions described abo{re, the droplet charge is of the order of ten million elementary
charges. | : : . Do : ' ,

Although the preferred embodiment is of a form suitable for operation with
downward flow of the gas to be cleaned, it would of coui;se: be possible to configure the
invention, operating undé:r the same processes, with the gas to be cleaned instead flowing
horizontally, with chamber 10 being oriented horizontallif-.,

Though the prefétred emb'odimem injects the droblets'22 in a direction parallel to
the flow of the stream of gas to be cleaned, it would be péssible to use the invention in
another configuration, for example with'j the direction of éas flow being opposite to the
direction of injection of the droplets 22.?. For example, tﬁe gas to be cleaned might be
caused to flow upward_?i__nstead of downward, in use of thé apparatus shown in the figures.
Applicant believes, hdwgver, that a configuration in whiéh the direction of injection of the
droplets 22 is opposite to the direction of the gas flow would be inferior to the preferred
embodiment if the speed of the gas ﬂoﬁ}_' is sufficient to cause a reversal of the direction of
travel of the droplets 22. Sucha configuration would cailsd the droplets 22 to be carried
back through array 26 of induction eledfrodes 28 and nozzle assembly 12. Sucha
configuration would rgsu_lt in a loss of droplets 22 via impingement on array 26 and nozzle -
assembly 12, and the electrical charges on droplets 22 would reduce the electric field
strength at the edges 24 of liquid sheet électrodes 20, ﬂleréby' reducing the charges on
droplets 22 subsequently emitted from the edges 24 of liquid sheet electrodes 20.

It would be possible to configure the invention suich that the droplets 22 are injected
at other angles, for exdmple, perpendicular, to the flow of the stream of gas to be cleaned.

The invention need not employ the particular means of the preferred embodiment,

- for removal of the droplets 22, from the stream of gas to be cleaned, after they have

collected the particulates and/or toxic or acid gases. One could instead use other droplet
removal means well known in the art, e:g. removal by electrostatic precipitation of the

charged droplets 22, or by a centrifugal removal apparatus.
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Although the preferred embodiment collects and recirculates the liquid from the
droplets 22 after Cleaning the liquid by passage through strainer 50, it would of course not
be necessary to recn'culate the liquid, if conservation of the; Water or other liquid used in
producing the droplets 22 was not a concern; the liquid supply tube 40 conveying liquid
for the nozzles 18 could instead be simply connected to a source of fresh liquid, and the
liquid collected from the droplets 22 removed from the gas to be cleaned could be
discarded as waste, after any required waste treatment.

The application of the invention need not be limited to use of the particular means
of the preferred embodiment, for production of copious quantities of the droplets 22;
instead other means could be used to produce the spreading liquid sheet electrodes 20, e.g.
apparatus producing two colliding streams of liquid, or other, single-orifice nozzles,
commonly known as "V- -jet", or "fan" nozzles, which produce spreading liquid sheets.

Although DC voltage has been employed by applicant in tests of the preferred
embodiment prototype, the invention could be. employed with use of voltages of other
wave forms. _

While the preferred embodiment employs a single nozzle assembly 12 and a single
array 26 of induction electrodes 28, it would-of course be possible to employ a version of
the invéntion having multiple pairs of these assembly/arrays, e.g. at different locations in
the stream of the gas to be cleaned, e.g. at different heights in fig. 1, for even greater
pollutant collection efficiency. .

Although tap water has been used in applicant's tests of the preferred embodiment
prototype, the use of the invention is nof limited to use of any particular liquid for
production of the charged droplets 22, provided said liquid has sufficient conductivity to
allow adequate charging of the droplets 22. The liquid should have a conductivity of at
least about 50 micro Siemens/cm.  The scope of the invention is defined by the
following claims, including also all subject matter encompassed by the doctrine of
equivalents as applicable to the claims.
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- The invention claimed is:

1. Apparatus for removing both particulate pollutants and gasébus pollutants, from a
gas to be cleaned, said gas to be cleaned already ﬂbWing in an established gas flow stream
and gas flow direction hpon entry into said apparatus, said gas flow direction defining a
downstream direction in said gas flow stream as a direction parallel to said gas flow
direction and defining an upstream dlrectlon in said gas flow stream as a dlrecuon opposlte
to said gas flow direction, said apparatus comprising:

(a) a pressurized liquid means, being a source prov1dmg a pressunzed 11qu1d ata
controllable liquid pressure;

(b) a droplet production means, connected to said pressurized liquid means, for
emitting copious quantities of droplets of said liquid, | ' |

(c) a droplet charging means, communicating with said droplet prbduction means,
for charging said droplets to an average charge which is at least an apprec1ab1e portlon of
the maximum charge which may be carried by said droplets of said liquid;

(d) an injection means, acting upon said droplets, for injection of said droplets into
said gas to be cleaned, and for intimately mixing said droplets with said gas to be cleaned
by causing said droplets to travel through said gas t0 be cleaned in motion of said droplets
through a length of travel relative to said gas to be cleaned; and '

- (e) a droplet removal means, communicating with said gas to be cleaned and said
droplets injected into said gas, for removing said droplets from said gas to be cleaned after
said droplets have interacted with said gas, and for collecting together said liquid contained
in said droplets.. ' '

wherein said pressurized liquid means, said droplét' production means, said droplet
charging means, and said injection means are so configured and operated as to provide said
droplets with a combination of size, charge, droplet production rate, and length of travel of
said droplets in said gas to be cleaned such as to cause removal of said pollutants with a
desired particulate removal efficiency for said particulate pollutants, and to also cause

removal of said gaseous pollutants with a desired gaseous pollutant removal efficiency.

2. Apparatus of claim 1, for use with a gas to be cleaned containing electrically
charged particulates having a particulate charge polarity prior to entry into said apparatus,
wherein said droplet charging means produces droplets having a charge polarity opposite
to said particulate charge polarity.
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3. Apparatus of claim 1, wherein said gas flow direction is vertical.

4, Apparatus of claim 3, wherein lsaid gas flow direction is vertically downward.
S. Apparatus of claim 1, wherein said gas flow direction is horizontal.

6. Apparatus of claim 1, wherein said droplet production means and said injection

means cause said droplets to be injected into said gas to be cleaned in said downstream
direction.

7. Apparatus of claim 1, wherein said droplet production means and said injection

means cause said droplets to be injected into said gas to be cleaned in said upstream
direction. '

8. Apparatus of claim 1, wherein said droplet removal means comprises a
conventional impingement separator.

9. Apparatus of claim 1, wherein said droplet removal means further comprises a
conventional mist eliminator.

10.  Apparatus of claim 1, wherein said droplet removal means comprises an
electrostatic precipitator.

11.  Apparatus of claim 1, further comprising a recirculation means, connected to said
droplet removal means and to said pressurized liquid means, for recirculating back to said

pressurized liquid means, said liquid collected from said droplets by said droplet removal
means.

12. Apparatus of claim 11, wherein said recirculation means comprises a flow line

containing a pump and a strainer means for straining said liquid.

13.  Apparatus of claim 1, wherein said droplets bave a diameter in the range from 25

-19-
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14.  Apparatus of claim 13, wherein said droplets have a diameter substantlally equal to

140 microns.

15.  Apparatus of claim 13, wherein said droplets are inj'ected into said gas to be

cleaned with an average electric charge having a magnitude in the range from .1 t02.0

times ten million elementary charge units.

16.  Apparatus of claim 1, wherein said droplet production means comprises a means

for producing a plurality of parallel spreading liquid sheet electrodes of a conductive

liquid, each having a prmmpal flow direction parallel to said gas flow direction, said sheets

having edges emitting said droplets, and wherein said droplet charging means

communicates electrostatically with said droplet production means.

17.  Apparatus of claim 16, wherein said droplet charging means eompﬁées, in

combination with said spreading liquid sheet electrodes, a plurality of parallel induction

electrodes, parallel to said gas flow direction, and a high voltage means, connected to said
induction electrodes, for creating a high voltage between said induction electrodes and said

spreading liquid sheet electrodes.

18. . Apparatus of claim 17, wherein said spreading liquid sheet electrodes and said

induction electrodes eac'_hl lie on at least substantially equally spaced parallel planes, with

the plane of each of said spreading liquid sheet electrodes being at least substantially

~ equally spaced between the planes of the adjacent induction electrodes, and wherein said

induction electrodes are'lccated, at least in principal part, downstream from said edges of

said spreading liquid sheet electrodes, but in which said edge of each of said spreading

liquid sheet electrodes is located at least substanually between said adjacent induction

electrodes.

19.  Apparatus of claim 18, in which said voltage between said induction electrodes and
said spreading liquid sheet electrodes is in the range from 10 KV to 20 KV, and in which

the spacing between planes of adjacent induction electrodes and spreading liquid sheet

-20-
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electrodes is substantially equal to one inch; and in which the flow rate of said liquid into
szud droplet production means is in the range from 10 to 30 gallons per minute per 1000
CFM of flow rate of said: gas to be cleaned; aiid in which said pressunzed liquid means
provides said liquid at a pressure in the range from 30 p.s.i. to 100 p.s.i.; and in which
said droplets have an average diameter in the range from 25 to 150 microns, and have an
average electric charge having a magnitude in the range from .1 to 2.0 times ten million

- elementary charge units; and in which said length of travel of said droplets relative to said

gas is at least 0.5 meters.

20.  Apparatus of claim 18, in which said voltage between said induction electrodes and
said spreading liquid sheet electrodes is substantially equal to 17 KV, and in which the
spacing between planes of adjacent induction electrodes and spreading liquid sheet
electrodes is substantially equal to one inch.

21.  Apparatus of claim 18, in which the flow rate of said liquid into said droplet

production means is substantially 17 gallons per minute per 1000 CFM of flow rate of said
gas to be cleaned.

22.  Apparatus of claim 18, in which said droplets have an average diameter
substantially equal to 140 microns.

23.  Apparatus of claim 18, in which said droplets have an average electric charge

having a magnitude substantially equal to ten million elementary charge units.

24.  Apparatus of claim 18, in which said length of travel of said droplets relative to
said gas is at least 0.5 meters.

25.  Apparatus of claim 18, in which said voltage between said induction electrodes and
said spreading liquid sheet electrodes is substantially equal to 17 KV, and in which the
spacing between planes of adjacent induction electrodes and spreadmg' liquid sheet
electrodes is substantially equal to one inch; and in which the flow rate of said liquid into
said droplet production means is substantially 17 gallons per minute per 1000 CFM of flow
rate of said gas to be cleaned; and in which said droplets have an average diameter

21- —_—
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substantially equal to 140 microns; and in which said droplets have an average electric
charge having a magnitude substantially equal to ten million elementary charge units; and
in which said length of travel of said droplets relative to said gas is substantlally equal to
one meter.

26.  Method for removing both particulate pollutants and gaseous pollutants from a gas
to be cleaned, said gas to be cleaned already flowing in an established gas flow stream and
gas flow direction prior to application of said method, said gas flow direction defining a
downstream direction in said gas flow stream as a direction parallel to said gas flow
direction and defining an upstream direction in said gas flow stream as a dlrectlon opposnte
to said gas flow direction, said method compnsmg the steps of:

(a) Producing copious quantmes of liquid droplets;-

(b) Charging said droplets to an average electric charge which is at least an
appreciable portion of the maximum charge which may be carried by said droplets of said
liquid

(c) Injecting said charged droplets into said gas flow stream of said gas to be
cleaned in a manner causing said droplets to be intimately mixed with said gas to be
cleaned by causing said droplets to travel through said gas to be cleaned in motion of said
droplets through a length of travel relative to said gas to be cleaned' and

(d) removing said droplets from said gas to be cleaned after said droplets have
interacted with said gas to be cleaned;
said method providing said droplets with a combination of size, charge, drdplet production
rate, and length of trav_él of said droplets in said gas to be cleaned such as to cause removal
of said pollutants with a desired particulate removal efficiency for said particulate
pollutants, and to also cause removal of said gaseous pollutants with a des1red gaseous
pollutant removal efficiency.

'27. Method of claim 26, wherein said droplets have an aVerage diameter in the raxfge

from 25 to 250 microns, and have an average electric charge having 2 magnitude in the
range from .1 to 2.0 times ten million elementary charge units.

28.  Apparatus of claim 1, wherein said particulate removal efficiency is at least 90 per

cent.
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29.  Apparatus of claim 1, wherein said particulate removal efficiency is at least 99 per
cent.

30.  Apparatus of claim 1, wherein said gaseous pollutant removal efficiency is at least
90 per cent.

31.  Apparatus of claim 1, wherein said gaseous pollutant removal efficiency is at least
99 per cent.
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