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(57) Abstract: Various apparatus provide for spraying
high velocity droplets of liquid into a low velocity gas
stream. Finely atomized droplets may quickly transfer
their momentum, to the gas, resulting in deceleration of
the spray and acceleration of the gas. A high, velocity
spray of atomized liquid may transfer a substantial frac-
tion of its kinetic energy to the gas before contacting a si-
irface. In some aspects, suspended particles in the gas
phase may be removed by high velocity liquid droplets
passing through the gas. Certain aspects provide for con-
trolling a gas flow by controlling the relative amounts of
upstream and downstream momenta transferred to the gas
by one or more liquid sprays.
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MOMENTUM TRANSFER USING LIQUID INJECTION

CROSS REFERENCE TORELATED APPLICATIONS

{0001} This description claims the priority benefit of U.S. Provisional Patent
Application umber 61/344,529, filed August 16, 2010, the disclosure of which is

incorporated herein by reference.

BACKGROUND

i. Technical Field

{6002] The present invention relates generally to injecting Hquids into gases,
and more particularly to spraying lquids into gases at large velocity differences

between the gases and sprayed liquids.

2. Description of Related Arxt
{6003] (Gas strearns from various industrial processes may contain

contaminants, such as dissolved species, suspended particulates, and/or other materials
(hereinatter: particles). Removal of particles prior to the release of a gas stream to the
envirorunent may be required. Some particles may be difficult to remove. Small
particles (e.g., below Trun, below 100 microns, below 10 microns, below 1 raicron, below
100vum, or even below 10nm) may be especially difficult to remove. In some
applications, particles impinging upon or otherwise interacting with a surface may
create deposits, which can impede the operation of the apparatus having the particles

deposited thereon.
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{0004 Some processes benefit from controlling a flow rate of a gas siream.
Some processes benefit from controlling a pressure associated with a gas stream {e.g., a
backpressure}. Some gas streams may form deposifs on control apparatus, which may
irmnpair the ability of the apparatus to control the gas stream.

{0005] Sorne processes create gas streams having suspended particles. Some
such processes benefit from precise condrol of flow rates, pressures, and the like, and
may benefit from control of the flow rate and/or pressure drop associated with the
particle-laden gas stream. A particle-laden gas stream may be difficult to conirol,
particularly when particles impinge on and/or attach to various mechanisms that control
the gas stream. In some cases, a particle-laden gas siream may clog the apparatus that
cortrols flow rate.

{0006} Scme processes, such as semiconductor procasses, may creaie gas
streams that require scrubbing. Scrubbing may include the use of liquids, such as water,
which may react with a gas stream. In some cases, reaction with a gas stream creates
particles (e.g., Si0s, TiO:, NHuC, and the like) which must be removed before being
released to the environment. Some reactions create particles, and so subsequent
scrubbing applications may benefit from a removal of these particles prior to scrubbing,.
A wet scrubber may remove some contaminants from a gas stream. For a gas stream
containing small particles and a contarninant that reacts with water, scrubbing the gas

stream in a wet scrubber may make removal of the particles ditficult.

.
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SUMMARY OF THE INVENTION

{0007] Various apparatus and methods are disclosed. Sorme emnbodiments
include an apparatus comprising a chamber configured to contain a gas. The chamber
may include one or more interior surfaces that contact the contained gas. The apparatus
may include a liquid source configured to deliver a liquid (e.g., an aqueous liquid such
as water) at a pressure.  An injector coupled to the liquid source and the chamber may
be configured to receive liquid frovn the lHqguid source and to irject the received liquid
into the chamber.

{6008] The injector may include a nozzle having an orifice and a shape. The
Heuid source and injector may be configured to form a liquid spray upon being sprayed
from the orifice into the chamber. The Hguid spray may comprise a plurality of liquid
droplets. The size of the orifice and the pressure of the liquid source may be configured
to spray the liquid into the chamber at a spray velocity. An exemplary injector may
include a nozzle having a shape that forms a fan shaped spray.

{0009] The chamber, the Hquid source, and the injector may be configured
such that a majority of droplets within the liquid spray decelerate from the spray
velocity to a terminal spray velocity that is below 20%, below 10% or even below 1% of
the spray velocity before contacting an interior surface or other liquid in the chamber.
In some implementations, more than 80% of the spray decelerates to the terminal
velocity prior to impinging upon a surface and/or another liquid. In some
embodiments, the spray velocity may be greater than 100 feet per second, 200 feet per

second, 400 feet per second, or even 600 feet per second. The terminal spray velocity
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may be less than 100 feet per second, less than 40 feet per second, less than 20 feet per
second, less than 10 feet per second, less than 1 foot per second, or even less than (0.1 feet
per second.

{0016] Some embodiments include an inner wall within the chamber. An
inner wall may include a discrete surface. An irmer wall may be a contiguous surface.
Arvinner wall may form an inner chamber that is also configured to contain a gas. The
inner chamber ynay include a gas indet and/or outlef. A gas indet or outlet may
fluidically couple the inner chamber to a supply line. For example, a gas outlet from an
tnner chamber may connect to a tube passing through the outer chamber to an exit line,

alfowing gas to exit the inner chamber without interacting with gas in the outer

chamber.
{0011} The inner wall may include a gap through with the spray may be

injected, and the injector may be configured to inject the spray through the gap. A gap
may include a tunnel or passage through the wall (hereinafter: throat) through which
the spray may pass. In some embodiments, an outer chamber and an inner chamber
{(within the outer charaber) are in fluid communication via the gap. Insome
emnbodiments, the gap provides the only fluidic communication bebween the inner and
outer chambers. A shape of the gap may be configured to substantially match a cross
sectional shape of the spray {e.g., as measured at the gap). An elongated gap shape
(e.g., having a long direction and a short direction) may be configured to match an
expected cross sectional shape of a spray injected through the gap. In some examples, a

fan shaped spray may be matched to an elliptical and/or rectangular gap having an



WO 2012/024228 PCT/US2011/047774

aspect ratio similar to that of the spray. In some cases, a gap height may be twice a gap
width, five titaes the gap width, ten times the gap width, twenty times the gap width,
fifty times the gap width, or even 100 times the gap widih. In some embodiments, a gap
is shaped like a cross, and a first spray has an elongated shape that is oriented to match
one leg of the cross, and a second spray has an elongated shape that is oriented o match
the other leg of the cross. The first and second sprays may intersect at the intersection of
the legs of the cross. In some cases, the first spray is directed upstream and the second
spray is directed downstream.

{0012} A substantial fraction of the spray may be directed through the gap.
In some implementations, more than 60% of the spray, more than 80% of the spray,
more than 90% of the spray, or even more than 97% of the spray passes through the gap.
Certain embodiments include cylindrical outer and inner chambers, in fluidic
cornrmunication via an elongated gap. An injector may inject a spray from the outer
chamber info the inmer chamber through the gap. In some cases, a long axis of the gap is
aligned with the cylindrical axis of a chamber. In some cases, a long axis of the gap is
aligned substantially orthogonally to the cylindrical axis. The long axis may be angled
with respect to the cylindrical axis {e.g., at 45 degrees).

{0813} Some emnbodiments include a plurality of injectors, which may be
configured to inject the same or different liquids (e.g., water, a solvent, a brine, and the
like). Various methods and apparatus provide for controlling gas flow. In some cases,
gas flow through a chamber may be controlled by "pushing” on the gas with an injected

spray, which include controlling the momentum imparted to the gas by one or more
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liguid sprays. In some embodiments, an upstream spray imparts an upstream
momenturn to a gas (flowing downstream), and a downstream spray iraparts a
downstream momentur to the gas. Control of the relative magnitudes of upstream and
downstream mormenia may be used to control the flow of gas.

{0014] An apparatus may comprise a charnber configured to contain a gas.
The chamber may have a gas indet to deliver the gas into the chamber, and a gas ocutlet to
convey the gas out of the chamber. A gas flow through the chamber may be
characterized by a downstream direction from the gas inlet to the gas outlet, and an
upstream direction from the gas outlet to the gas inlet. A first injector may be coupled to
the chamber and configured to spray a first Hiquid into the chamber at a first velocity
that imparts a downstream momentum to the gas in the chamber. A second injector
may be coupled to the chamber and configured to spray a second liquid into the
chamber at a second velocity that imparts an upsirearn momenturn to the gas in the
chamber. The first and second liquids may include the same liguid. The first and
second liguids may be different iquids. A sensor may be coupled to the chamber, the
first injector, the second injector, an injector mounting apparatus, a wall or surface
associated with the apparatus, or elsewhere. The sensor may include a resistance or
other electrical sensor, a temperature sensor, a flow sensor, a particle concentration o
number sensor, an optical sensor, an acoustic sensor, a magnetic sensor, and the like.
The sensor may be configured to measure a control parameter associated with gas flow
through the chamber. The control parameter may include a flow rate, temperature,

contarninant level, (e.g., concentration of a dissolved chemical, particles, and the like). A

by
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controller may be coupled to the sensor and at least one of the first and second injectors
and/or apparatus associated with controlling spray injection (e.g., injector raounts,
shutters, gaps, and the like). The confroller may be configured to receive the condrol
parameter and adjust at least one of the first velocity of the first liquid sprayed from the
first infector and the second velocity of the second liquid sprayved from the second
injector. The adjustiment may be performed in response o a value of the received
control parameter. In some emnbodiments, a threshold difference between desired and
actual values may be used to define a range of operation, and the controller may make
adjustments {e.g., adjust injectors) until a measured value of the control parameter
differs from the desired value by less than the threshold.

{0015] An apparatus may comprise a chamber having a wall configured to
contain a gas within the chamber. One or more throats through the wall may be
configured to provide for fluidic communication between an exterior of the chamber
and an interior of the chamber. An injector may spray a liquid through a throat (e.g.,
into a chamber). In some cases, a chamber has one throat and an injector sprays lquid
into the chamber through the throat. Some chambers have several throats and injectors
may spray Hguid into or out of the chamber through the throats.

{0816] In some embodiments, an injector sprays a Hauid into the chamber
through the throat. The spray may be characterized by a spray direction going from the
injector, through the throat, into the chamber. The spray may be characterized by a
spray width (e.g., as measured at the front of the gap, the middle of the throat, the end

of the throat, and the like) in a direction substantially orthogonal to the spray direction
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{e.g., within 30 degrees of, 20 degrees of, 10 degrees of, or even 5 degrees of orthogonal
to the spray direction). The throat may be characterized by a thwoat length in the spray
direction that is greater than the spray width. The throat length may be 2x, 5x, 10x, or
even 20x greater than the spray width. In some cases, the throat length is less than the
spray width.

{0617} The spray may also be characterized by a spray height (e.g.,
measured af the front of the gap, the middle of the throat, the end of the throat, and the
like) in a second direction substantially parallel to the spray direction. In some cases, the
spray height is greater than the spray width, including 2x, 5x, 10x, or even 20x greater
than the spray width. Some spray heights may be more than 100x greater than the spray
width.

{6018] Spray height and spray width may be used to define an aspect ratio of
a cross section of the spray (e.g., looking down the spray direction). The gap or throat
may have an aspect rafio that is substantially the same as that of the spray as the spray
passes through the throat. In some cases, the gap or throat has an aspect ratio that is
within 50%, 30%, 20%, 10%, or even within 5% of the aspect ratio of the spray. The gap
or throat ynay have a throat width that is within 50%, 30%, 20%, 10%, or even within 5%
of the spray width. The gap or throat may have a gap or throat height that is within
50%, 30%, 20%, 10%, or even within 5% of the spray height.

{0019] A throat may appear fan shaped {e.g., for a fan shaped spray) as
viewed substantially orthogonal to the spray direction. A throat may appear trapezoidal

or even rectangular. According to an expected shape of the spray passing through the
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throat, the throat may be shaped to "match” the spray shape {e.g., as a glove matches a
hand) such that the spray "fills” the throat as it passes through the throat.

{6020] In sorne cases, substantially all of the spray passes through the gap or
throat. Tn some cases, some of the spray hits the chamber wall. In some cases, a

majority, more than 70%, more than 80%, more than 90% or even more than 95% of the

spray passes through the gap or throat.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0021} FIG. 1 is a diagramumatic representation of an apparatus, according to
some embodiments.

[6022] FIG. 2 is a diagramumatic representation of an injector and spray,
along with a schematic illustration of velocity as a function of distance from the injector
injecting the spray, according to some embodiments.

{68231 FIG. 3A 1s a diagrarnmatic representation of one view of a nozzle,
according to some embodiments.

{6024} FiG. 3B is a diagrammatic representation of another view of the
nozzle of FIG. 3A, according to some embodiments.

{6025] FiC. 4 is a diagrammatic representation of an apparatus, according o
some embodiments.

{0026] FIG. 5 is a perspective representation of an apparatus, according to
some embodiments.

{0027] FIG. 6A is a diagrammatic representation of an apparatus, according
to some embodiments.

{0028] FIG. 6B is a schematic enlargement of the gap and spray region, as
shown in FIG. 6A.

{0029] FIG. 6C is another view of a portion of system 600, as annotated in
FIG. 6B, according to some embodiments.

{0030 FIC. 7 is a diagrammatic representation of an apparatus, according to

some embodiments.

10
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{6031} FiG

injector apparatus, acc

{00321 FIC
sorne emmbodiments.

00331 FIG
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. 8 is a diagrammatic representation of an exemplary multi-

ording to some embodiments.

. 91is a diagrammatic representation of an apparatus, according to

. 10 is a diagrammatic representation of an apparatus, according

to some embodiments.

0034]  FIG

. 11 is a diagrammatic representation of an apparatus, according

to some embodiments.

0035]  FIG
10036]  FIC
[0037]  FIG

{6038] FiG

. 12A illustrates an apparatus according to some embodiments.
. 12B illustrates an apparatus according to some embodiments.
. 13 illustrates an apparatus, according to some embodiments.

.14isa diagrammatic representation of some representative

correlations among equivalent orifice diameter, liquid pressure, and pump rate,

according to some embodiments.
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DETAILED DESCRIPTION OF THE INVENTION

{0039 Systemns and methods for pushing on or otherwise transferring
mormentum from liquids to gases are described. In some embodiments, kinetic energy
associated with a hiquid is transferred to a gas by spraying the lHquid into the gas at a
velocity much higher than the local velocity of the gas. Atomization of the sprayed
Haquid may be combined with high injection velocities to result in a high velocity spray
that rapidly decelerates upon interaction with the gas into which the liguid is sprayed.
In some aspects, this process may be characterized as momentum transfer from the
liquid to the gas. Momentum transfer, interfacial reactions, shear-induced phenomena,
and the like may be enhanced by combining high velocity liquid (having high kinetic
energy) injected as fine droplets {maximizing the areal contact between liquid and gas}).
As a result, large amounts of kinetic energy may be transferred from the liguid to the
gas, which may vield a variety of useful pheonomena.

{06040] In sorne erobodiments, a spray of liquid passes through a gas stream
whose velocity is constrained {e.g., with a pressure drop) to a value substantially lower
than the initial velocify of the droplets passing through the gas. Such a constraint may
reduce acceleration of the gas, which may increase the transfer of energy from the ligquid
to the gas (e.g., decelerate the liquid more effectively than if the gas were
unconstrained). In some cases, a hquid is spraved through a throat, and the sprayed
liquid may create a pressure drop across the throat, such that pressure downstream of
the throat is greater than pressure upstream of the throat. In some cases, a pressure

ditference on either side of the throat results from the constraints of a constant gas flow

12
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rate (through the throat) as modified by the sprayed liquid "pushing” the gas through

b
the throat. A liquid spray may be used to control a pressure drop {e.g., in a conirolled-
flow rate system).

{0041} In some embodirnents, momenturm transfer is used to accelerate a gas
strearn and/or otherwise change a flow rate of the gas. A liguid spray may provide for
controlling the flow of the gas strearn by controlling the momentum trarsferred from the
liquid to the gas {e.g., increasing spray velocity to push the gas faster). Insome
embodiments, very high shear fields {e.g., in the gas phase) at the droplet/gas interface
may cause, enhance, or improve a desired reaction between the Hguid and gas and/or
particles.

{0042] Certain embodiments may be described as a “throttle body” type of
gas control apparatus, in which the controlling apparatus that "throtties” the gas (the
equivalent of the butterfly valve) is a gaseous cyclone that is controlled by injected
Haguid, rather than a solid plate or surface. For gas strearns that tend to deposit on,
corrode, or otherwise impede a control apparatus made from solid cornponents {e.g., a
plastic butterfly valve), control of the gas stream using a gaseous and/or Hquid "throttle”
may provide for longer usage before the need for cleaning, refurbishing, and the like. In
some cases, increasing transter of momentum frov lguid to gas increases the angular
velocity of a cyclone, which may increase a pressure drop across the cyclone {e.g., a
suction applied by the cyclone to a gas stream on one side of the cyclone, or a "push”
applied by the cyclone to a gas stream on one side of the cyclone). By controlling the

velocity of the cyclone {e.g., by controliing liquid injection), suction may be moderated,
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which may be used to control backpressure and/or tlow rate of the gas stream. In some
cases, a pressure drop between an inlet and outlet of a chamber may be controlled by
controlling a first spray injected into the inlet {e.g., in a downstream direction) and a
second spray injected into the outlet {e.g., in an upstream direction). The sprays may be
injected through throats in the chamber connecting the chamber to the respective inlet
and outlet.

{6843} In sovne ernbodiments, a liquid spray injected into a gas stream at
very high velocity may induce nonlinear behavior at the interface between an injected
droplet and the gas within which the droplet travels. A fast droplet moving through a
slow gas may sufficiently shear the gas {e.g., independent of momentum transfer) that a
desired interaction between the liquid and gas occurs. In some cases, a fast moving
droplet may cause a compression or shrinking of a gaseous boundary layer at the
droplet/gas interface. A compressed boundary layer may result in increased reaction
between the droplet and gas {e.g., between the droplet and a dissolved or suspended
species in the gas). For an exemplary gas stream having suspended particies, while a
slow moving droplet might “push” particles ouf of the way via a gaseous boundary
layver adjacent the droplet (Jeaving the particles in the gas stream), a fast moving droplet
(e.g., moving at hundreds of feet per second relative to the gas) may remove particles
from the gas into the liquid. Particle removal may be associated with the creation of
high velocity differences between droplets and particles, which may induce high shear
and/or normal forces at the interfaces between droplets of a sprayed liquid and a gas

stream (in which the particles are suspended) into which the droplets are sprayed. For
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large differences between the velocities of droplets and gas {e.g., greater than 100
feet/second, greater than 200 feet per second, greater than B00 feet/second, greater than
1000 feet/second, or even greater than 5000 feet/second), droplets may interact with
contaminants in the gas stream in an improved manner as compared to slower moving
droplets.

{0044] Various embodiments provide for injecting (e.g., spraying) a liquid, at
high velocity, into a gas stream. In general, gas streams may be condrolled in various
ways {e.g., to maintain a certain Ve}@city, to maintain a certain pressure c’imp acress a
device, and the like), and so the effect induced by a spray on a gas stream may be
manifest according to a control method and/or other imposed conditions. In some
imnplementations, a spray may change a difference in gas pressure as measured between
the "upstream” and "downstream” sides of the spray. In some implementations, a spray
may increase a velocity of a gas stream, which may be an overall velocity of a gas stream
and/or a local velocity of the gas stream in a volurne proximate the spray. An indtially
large velocity difference between the sprayed liquid and the gas stream (e.gz.,
immediately after injection) may decrease as droplets within the sprayed liquid are
stowed down by interaction with the gas. In some cases, momenturn of the sprayed
Hiquid may be transferred to the gas strearn in a manner that accelerates the gas stream
as the droplets of Hquid decelerate.  In some embodiments, a velocity of a gas stream
may be controlled by controlling the transfer of momentum from an injected liquid to a
gas into which the liquid is injected. An increase in momentum transfer {e.g., by

increasing Hguid velocity and/or volume) may be used to accelerate a gas stream. A
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decrease in momentum transfer may result in less acceleration of the gas stream. Inan
exeraplary embodimnent, a plurality of injectors are positioned, with respect to a gas
strearn, in a manner that provides for both "upstrearn” and "downstream” momentum
transfer. A "downstream” injector irgects a Hquid in a manner that pushes the gas
"downstrearn” and an "upstream” injector injects a liquid in a manner that pushes
against the gas going "downstream.” Control of upstrearn and/or downstrearn injectors
may be used to control the flow (or pressure) of gas by adjusting the relative proportions
of "upstream” and "downstream” momenta imparted to the gas by the injected Hquids.

{0045] FiG. 1 is a diagrammatic representation of an apparatus, according to
some embodiments.  In an exemplary embodiment, system 100 includes a chamber 110,
configured to contain a gas. Chamber 110 includes one or more interior surfaces 112
which contact the gas within chamber 110. An interior surface may include a wall of
the chamber. An interior surface may be within the chamber {(e.g., a discrete baffle
within the chamber). An interior surface may be associated with another component
{e.g., att inner chamber) within the chamber. Chamber 110 may provide a substantially
“static” volume of gas. Charober 110 may include a gas inlet and gas outlet (not showny,
and gas flow from the gas inlet to gas outlet may be described as a gas stream flowing
through chamber 110,

{0046] System 100 includes an injector 120. Injector 120 is coupled to
chamber 110, and configured to inject a liquid into chamber 110, In exemplary system
100, injector 120 is coupled to chamber 110 via mount 130. Mount 130 may attach

injector 120 to chamber 110, In some cases, mount 130 may provide for adjustment of
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injector 120 (e.g., fore, aft, left, right, up, down, axially, rotationally). In some
ermbodiments, mount 130 may include actuation and/or other control mechanisms, and
tay include systems to perform input/output communication with a controller.

[0047]  Injector 120 may receive a liquid from a lquid source 140. Liquid
source 140 may be coupled to {e.g., in fluidic communication with) injector 120, and may
provide a liquid to irjector 120 that is injected into chamber 110 by irjector 120. In some
embodiments, Hauid source 140 includes a purap. Certain ernbodiments include a high
pressure pump, which may provide Hquid at pressures above 100 psi, 1000 psi, or even
10,000 psi. Exemplary pumps include metallic pumping components {e.g., impellers,
pistons, gears, tubes, and the like).

{6048] Injector 120 injects a liquid into chamber 110, In some embodiments,
injector 120 is contigured to spray the Hquid into chamber 110, Injector 120 may include
a nozzle {(not shown), having a shape and an orifice that is configured, with the pressure
of the liquid provided by liquid source 140, fo inject a spray of atomized lquid droplets
mto chamber 110.

{6849] Druring operation, injector 120 may form a spray 150 of Hguid droplets
within chamber 110. Spray 150 may be a divergent spray, and may be characterized by
at least one spray angle 160. In some embodiments, spray angle 160 is greater than 20
degrees, greater than 45 degrees, greater than 90 degrees, greater than 120 degrees, or
even greater than 150 degrees. In some embodiments, spray 150 includes a fan shaped
spray. Insome embodiments, spray 150 includes a conical spray. Spray 150 may

include a plurality of discrete sprays.
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{0056] The droplets associated with spray 150 may have a first spray velocity
at or framediately after injection into chamber 110, Spraved droplets interact with the
gas within chamber 110, and may be slowed down by the gas. Absent interaction with
{e.g., hitting) a surface, sprayed droplets may decelerate, by interaction with the gas,
until they reach a terminal velocity substantially similar to the local velocity of the gas at
that position within the chamber (e.g., eventually the droplets may be carried by the gas,
moving at the same velocity as the gas they are being carried by).

{0051 ] Various aspects provide for creating fast moving liquid droplets in
slowly moving (or relatively stagnant) gas streams. In that a gas stream may itself be
moving (i.e., have its own velocity), this specification generally refers to velocity in the
cortext of relative velocity between droplets and the gas through which those droplets
are moving. The first velocity of an injected lquid describes the large difference in
velocities between the injected droplets and the gas, immediately after injection by
injector 120. The ferminal velocity describes the difference in velocities between
droplets and gas in a region relatively far away from irjector 120, after the droplets have
been substantially decelerated by the gas.  For a particular interaction between the
droplets and the gas {e.g., a desired "push” on the gas, a desived momentum transfer, a
desired velocity difference, a desired removal efficiency, and the Iike}, the terminal
velocity may be described as the velocity at which the droplets “have done what they
were injected to do.” Droplets may decelerate to a very small terminal velocity (e.g., be
carried by the gas) , notwithstanding that the gas stream carrying these droplets has a

high velocity itself.
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{0052] In some embodiments, the first velocity of spray 150 may be greater
than 50 feet per second (fps), including greater than 100 fps. In some cases, the first
velocity may be greater than 200 fps, 500 fps, 1,000 fps, 2,000 fps, or even greater than
5,000 fps. In sorne cases, a terminal velocity may be less than 50% of the first velocity,
less than 20% of the first velocity, less than 10% of the first velocity, less than 5% of the
first velocity, or even less than 1% of the first velocity. Tn some embodiments, a first
spray velocity is greater than 100 feet per second, and the terminal velocity is less than
180 feet per second. In some embodiments, the first spray velocity is greater than 300 feet
per seconid, and the terminal velocity is less than 3 feet per second, or even less than 0.5
fect per second.  In some embodiments, the first velocity is greater than 600 feet per
second, and the terminal velocity is less than 1 foot per second, or even less than .1 feet
per second. In some embodiments, the first velocity is a velocity at which droplets are
effective at removing particles from the gas through which they move, and the terminal
velocity is a velocity at which the particles are substantially less effective at remnoving
particies.

{0053] Systern 100 may include an open volume within which droplets
within spray 150 decelerate from the fivst velocity to the terminal velocity. A
deceleration zone 170 may describe a region, within this open volume, in which the
sprayed liquid decelerates from the first velocity to the terminal velocity. The portion of
spray 150 outside deceleration zone 170 may be comprised of droplets moving at

substantially the same speed as the gas in that portion,
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{0054] A large fraction {e.g., substantially all} of spray 150 may traverse
deceleration zone 170 and decelerate to the terminal velocity prior fo contacting a
surface or another liquid within chamber 110. In some embodimends, chamber 110 and
injector 120 are configured to generate a spray 150 of liquid droplets, the majority of
which decelerate from the fivst velocity to the terminal velocity prior to contacting an
interior surface within chamber 110, In some cases, more than 50%, more than 60%,
more than 80%, more than 90%, more than 95%, or even more than 99% of spray 150
decelerates to the terminal velocity prior to contacting a surface or another liquid.

{0055] FiQG. 2 is a diagrammatic represerntation of an injector and spray,
along with a schematic Hlustration of velocity as a function of distance from the injector
injecting the spray, according to some emtbodiments. The top part of FIG. 2 illustrates a
view of a spray 150 created by an injector 120. In some cases, deceleration zone 170 may
be at least partially defined by a deceleration distance 200, within which droplets of
spray 150 decelerate from the first velocity to the terminal velocity. I some cases, the
high initial velocity of droplets within deceleration zone 170 creates a relatively
directional spray, with droplets substantially moving in the same dirvection. Qutside
deceleration zone 170, droplet movement may be dominated by convection, eddies,
and/or turbulence in the gas, "brownian motion” types of random transport, and the like,
resulting in droplet motion that may largely be dominated by motion of the gas phase in
which the droplets are suspended.

{0056] The bottom part of FIG. 2 is a schematic illustration of velocity as a

function of distance from an injector injecting a spray, according to some embodiments.
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In some embodiments, the representation of velocity as a function of distance (bottom of
FI1G. 2 characterizes the graphical representation of the spray 150 shown in the top part
of F1G. 2. The bottorn iltustration in FIG. 2 rmay describe the differential velocity
between the sprayed lquid droplets and the gas within which those droplets travel.
Liquid may be sprayed at a high first velocity 210, which may decrease as the sprayed
droplets are slowed down by the gas within the chamber.  In some cases, velocity of the
droplets decreases nonlinearly (e.g., exponentially, geometrically, with a square of
distance, and the like). The deceleration distance 200 may be described as the distance at
which most of the spray decelerates to the terminal velocity 220, In some embodiments,
the deceleration zone 170 describes the region in which most {e.g., substantially all} of
the momentum of the sprayed lquid is transferred to the gas (slowing the Hquid while
accelerating the gas).

{0057] An apparatus may include an open volume (e.g., without surfaces
substantially impacted by the spray) within which the spray decelerates from the first
velocity to the terminal velocity without contacting a surface. In some cases, a majority
of the spray decelerates o the terminal velocity prior to contacting a surface. According
to a desired degree of interaction between the sprav and the gas (e.g., gas flow rate,
particle concendration, particle removal rate, and the like), a desired spray volume,
droplet size, spray velocity and the like may be used to determine an appropriate
injector, liquid source, and the like. The desired degree of interaction may be used to
determine a desired spray velocity, liquid volume, droplet size, and the like, which may

be used to determine a deceleration distance. A chamber and injector may be designed
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to have an open volume around an expected deceleration zone associated with the
injected spray.

{0058] In sorne erobodiments, a high pressure liquid source (e.g., greater
than 100 psi, greater than 500 psi, greater than 1,000 psi, greater than 2,000 psi, or even
greater than 10,000 psi) may be combined with a small orifice (e.g., less than 0.05 square
inches area, less than 0.01 square inches area, less than 0.005 square inches area, or even
tess than 0.003 square inches area). In some embodiments, a fan-shaped nozzle may be
used. In certain implementations, an injector may create a liquid spray 150 that
decelerates to a terminal velocity {(demarcating an edge of deceleration zone 170) within
three feet of injection, within 1 foot of injection, within 6 inches of injection, or even
within 2 inches of injection. In some embodiments, a spray may decelerate to the
terminal velocity within 10 inches, within 3 inches, within § inch, within 0.5 inches, or
even within 0.1 inches of injection. The chamber, the liquid socurce, and the injector may

G

be configured such that a portion of, greater than 20% of, a majority of, more than 80%
of, more than 90% of, or even more than 99% of the droplets within the hiquid spray
decelerate from the inifial spray velocity to the terminal spray velocity before contacting
an interior surface or other liquid in the chamber. The terminal spray velocity may be
below 70%, below 50%, below 20%, below 10% or even below 1% of the initial spray
velocity.

{3059] FIG. 3A is a diagrammatic representation of one view of a nozzle,
according to some embodiments. Nozzle 300 may be incorporated into an injector, such

as an injector 120. Exemplary nozzle 300 may have a shape configured to generate a fan-
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shaped spray, and may be described as a fan-shaped nozzle. Other nozzles may be
used, and may be described by the shape of the spray they are configured to create (e.g.,
conical nozzles, helical nozzles, and the like).

{0060 Nozzle 300 may include a cavity 310 in fluidic communication with a
Haquid source. Liquid may exit cavity 310 via orifice 320. Arn area of orifice 320 may be
chosen, along with the pressure and volume of Hquid delivered by the liguid source, to
vield a desired velocity and flow volume of a Hguid sprayed from orvitice 320, Nozzle
300 may include a shape that is configured to shear, compress, or otherwise redirect the
liquid passing through the nozzie. In some cases, liquid entering the nozzle {e.g., via a
tube) may be characterized by a first direction {e.g., parallel to the tube) and the nozzle
forces the liquid to deviate from the first direction by more than 10 degrees, more than
20 degrees, more than 30 degrees, more than 45 degrees, or even more than 60 degrees.
In some cases, various structures within nozzle 300 (e.g., walls, baffles, and the like) may
tmpart significant shear forces to the lquid exiting orifice 320, which may induce fine
atomization of the liquid into small droplets. In some cases, an interior angle 330 may
be less than 180 degrees, less than 120 degrees, or even less than 90 degrees, which may
cause the liquid to form fine droplets when sprayed at sufficient pressure. A nozzle may
be characterized by an exit angle 332, which may guide or otherwise shape a spray in at
least one dimension. An exit angle 332 may be less than 90 degrees, less than 20 degrees,
less than 10 degrees, less than 5 degrees, or even less than I degree.

{0061 FIC. 3B is a diagrammatic representation of another view of the

nozzle of FIG. 3A, according to some embodiments. Exemplary orifice 320 is an
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elliptical orifice, and may be characterized by a first length 340 that is less than a second
length 350. First length 340 may be less than half of second length 350. First length 340
may be less than 20% of second length 350. First length 340 may be less than 10% of
second length 350. Tri some embodiments, second length may be between 0.005 and 0.1
inches, between 0.012 and 0.09 inches, or between 0.03 and 0.08 inches. An orifice may
be circular, square, rectangular, "S-shaped” and/or other shapes.

{3062] A nozzle may be configured (typically with the liguid source) to
generate a spray of droplets of liquid. A desired droplet size {e.g,, less than 1mm mean
diameter, less than 500 wmderons mean diameter, less than 100 microns mean diameter,
less than 10 microns mean diameter, or even less than 1 micron mean diameter) may be
generated by an appropriate choice of liquid pressure, nozzle orifice, and nozzle shape.
In some embodiments, a liquid source providing greater than 1,000 psi mayv be
cornbined with a nozzle having an orifice size that does not exceed 0.1 inches in its
longest direction.

{0063] Some embodiments may be characterized by a ratio of pressure
provided by the liquid source to orifice size of the nozzle. In some cases, pressure
divided by orifice size may be greater than 500 psi/0.02 square inches. In some cases,
pressure divided by orifice size may be greater than 1000 psi/0.01 square inches. For
some exnbodiments, pressure divided by orifice size may be greater than 2000 psi/0.003
square inches.

{0064] FIC. 4 is a diagrammatic representation of an apparatus, according to

some embodiments.  System 400 includes a chamber 410 (a portion of which is shown in
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FIG. 4) that is configured to contain a gas. Chamber 410 may include a gas inlet and/or
gas outlet (not shown). Injector 120 is coupled to chamber 410, and injects spray 150 into
chamber 410. In some embodimenis, chamber 410 includes one or more inner walls 420,
which may be discrete (e.g., a baffle or other sheet) or contiguous (e.g., forming an inner
chamber). Aninner wall may be less than lom thick, less than Smm thick, less than
Imvun thick, or even thinner. In some cases, an inmer wall may be several om thick,
greater than 10om thick, or even greater than 100cra thick. Inner wall 420 includes a gap
430 through inner wall 420, Gap 430 may be characterized by a gap width 440 (e.g., ina
direction substantially orthogonal to a spray direction describing spray 150). Gap width
440 may include a diameter of a circular gap; gap width 440 may describe a "width” of
an elongated gap. Gap width 440 may describe a portion of a gap (e.g., for an annular
gap 430 and a conical spray 150 configured to pass through the annular gap). Injector
120 and gap 430 are contigured such that injector 120 injects spray 130 through gap 430
Inner wall 420 is disposed a distance 450 from injector 120 {e.g., from the orifice
associated with a nozzle of injector 120). In some ernbodiments, distance 450 is less than
a deceleration distance 200 (FIG. 2) associated with liquid sprayed from the injector.
{0065] At least a portion of spray 150 may be configured, by appropriate
chotee of liquid source, injector yound, and injector design, o pass through gap 430,
Substantially all of spray 150 may pass through gap 430 {e.g., without contacting inner
wall 420). Some of spray 150 may contact inner wall 420. A spray angle 460 may be
chosen that results in a spray width 470 at distance 450 from injector 120, In some

embodiments, a substantial portion of, a majority of, at least 90% of, or even
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substantially all of spray 150 passes through gap 430. Gap width 440, distance 450 and
spray angle 460 may be chosen such that the spray width 470 is substantially the same as
gap width 440 at inner wall 420 (e.g., such that the spray "fills” the gap as it passes
through). In some cases, spray widih 470 is slightly larger than gap width 440 (e.g., to
clean the edges of the gap). In some cases, spray width 460 is slightly smaller than gap
width 440 (e.g., to minimize the transfer of momentum from the liquid to inner wall
420}. In some ernbodiments, a portion of spray 150 may impinge on inner wall 420,
Spray width 470 may be within +/- 50% of gap width 440, within +/- 30% of gap width
440, within +/- 10% of gap width 440, or even within +/- 5% of gap width 440.

{0066] In some embodiments, distance 450 is less than a deceleration
distance 200 (FIC. 2) associated with liquid sprayed from the injector, which may result
in a substantial portion of spray 150 decelerating “on the other side” of inner wall 420
from injector 120. Gap 430 includes a gap depth 480 {through inner wall 420} through
which spray 150 passes. Gap depth 480 may describe the "length” of the gap in the spray
direction. In some apparatus {(e.g., inner wall 420 is made from sheetmetal), gap depth
480 moay be less than gap width 440. In some cases, gap depth 480 may be
approximately the same as gap width 440. Gap depth 480 may be larger than gap width
440, including 2x, 3x, 5x, 10x, or even 20x larger. In such configurations, an interior
surface of gap 430 may be described as a "throat” through which spray 150 passes.

{0067] In some configurations, a thickness of wall 420 defines gap depth 480.
In some configurations, an extension or other feature (not shown) extends from the inner

wall 420 in the spray direction (or the opposite direction), providing for an increased
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gap depth 480 as compared to the thickness of inner wall 420. In some cases, gap depth
480 may be approximately the same as spray width 470. Gap depth 480 may be larger
than spray width 470, including 2x, 3x, 5x, 10x, or even 20x larger. Gap depth 480 may
be less than a few mm. Gap depth 480 may be greafer than a few mm, greater than lam,
or even greater than several am in some cases. In some cases, the gap depth 480 may be
greater than 1 foot long, or even several feet long. In select embodiments, a combination
of distance 450 and gap depth 480 is chosen such that spray 150 decelerates to the
terminal velocity within a throat through an inner wall {e.g., a throat defined by the
interior of surfaces of the gap). In some embodiments, an expected size of various
gascous currents {e.g., eddies) is used to determine a size of gap depth 480 (which may
be chosen to be larger than an expected diameter characterizing the predominant flow of
an eddy current.

{0068] Inner wall 420 may reduce and/or prevent the creation of eddies
within the gas, particularly in gaseous regions near deceleration zone 170 (not shown).
Inner wall 420 may comprise a plate or otherwise discrete surface. The shape and size of
inner wall 420 may be configured, using expected gas flow rates and vecior fields
describing flow directions, to resulf in a substantial portion of the gas being pushed
through gap 430 by spray 150, Inner wall 420 may comprise a configuous surface that
creates an "inner chamber” into which injector 120 sprays liquid spray 150. In some
embodiments, at least a majority of the gas within chamber 410 passes through gap 430.
In some embodiments, over 90%, 95%, or even over 99% of the gas passes through gap

430.
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{0069] FIC. 5 is a perspective representation of an apparatus, according to
some embodiments. In some aspects, FIG. 5 may be described as a perspective view of
the “inferior” of apparatus 400 (FIG. 4), facing the outside of inner wall 420. FIG. 5
illustrates an exernplary combination of an injector 120 configured to generate a fan
shaped spray 1530, and a gap 430 shaped to substantially "match” the shape of the spray
at inner wall 420. Gap height 510 and gap width 440 may define an area of gap 430.
Spray 150 may be configured to have a spray height 520 at inner wall 420. Spray height
520 and spray width 470 may be configured such that a majority, more than 70%, more
than 90%, more than 95%, or more than 99% of spray 150 passes through gap 430.

{0076 FICG. 5 graphically illustrates exemplary lateral, radial, rotational, and
vertical motions that may be incorporated into injector 120 {denoted A, B, C, D, E). In
some entbodiments, injector 120 may be configured to change an incident spray angle
between spray 150 and inner wall 428, In some cases, incident spray angle may be
adjusted in commbination with adjustment of the position of injector 120 to result in ant
adjustability of the incident spray angle of spray 150 while still causing spray 150 to pass
through gap 430. In some embodiments, injector 120 may be adjusted to direct spray
150 away from gap 430 {(e.g., to “turn off” the flow of Hguid through gap 430). Gas flow
through gap 430 may be controlled by controlling the volume of Hguid sprayed in spray
150, the velocity of liquid sprayed in spray 150, an angle of incidence associated with
spray 150, and/or an amount of spray 150 that passes through gap 430, In some
embodiments, two or more injectors 120 may each direct a spray 150 through the same

gap 430. In some embodiments, an optional shutter 5330 may be implemented. Shutter
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530 may operate to close a gap 430 to passage of gas and/or liquid. In some

iraplerentations, shutter 530 allows passage through gap 430 when in an “open”
position, and prevents passage through gap 430 when in a “closed” position. In some
cases, shutter 530 may prevent passage of spray 150, while allowing passage of gas,
through gap 430.

06071} Injector 120 and/or mount 130 (FI1G. 1) ynay be controlled to change (in
some configurations) an amount of gas that passes through gap 430 or {(in some
configurations) a pressure drop across gap 430. For some configurations (e.g., in which
gap 430 separates a gas inlet from a gas outlet), the area of gap 430 {e.g., gap height 510
multiplied by gap width 440, FIC. 4} and a gas flow rate from inlet to outlet may
determine an expected gas flow rate through gap 430 (e.g., flow rate = area * velocity).
In some configurations, inner wall 420 sealingly separates the gas inlet and gas outlet
{not shown}, such that the gas inlet and gas outlet are only in fluidic communication via
gap 430. In a constant flow rate configuration, a flow rafe of gas may go serially from
the gas inlef through gap 430 to the gas outlet, and gas velocity {e.g., through the gap or
throat) may be controlled by the gas flow rate and (e.g., divided by) the cross sectional
area of gap 430 (e.g., gap width 440 x gap height 510}, Such constraints may create a
maximurn flow rate of gas through gap 430. In such configurations, a spray velocity
higher than this maximum flow rate may increase the pressure drop between the gas
indet and gas outlet. This pressure drop (e.g., the upstream side of the gap at lower
pressure than the downstream side} may "pull” {the gas) against the "push” imparted by

the spray on the gas through the gap or throat, which may reduce the acceleration of the
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gas by the spray (e.g., within the throat}). In some embodiments, gas flow rate through
gap 430 may be condrolled by controlling injector 120 and/or mount 130. In an
exemplary erobodiment, inner wall 420 is configured to be ar inner chamber having a
gas outlet, disposed within an outer chamber having a gas inlet, the inner and outer
chambers are in fluidic coramunication via a gap 430 in fnner wall 420, and gas flows
from the gas inlet into the outer chamber, then through the gap into the inner chamber,
then through the inner chamber to the gas outlet. Expected gas flow rate into the outer
chamber may be used to determine an appropriate combination of spray 150 and gap
area, such that gas flow from the outer chamber into the inner chamber, via gap 430,
may be matched to (e.g., be within +/- 530% of) the expected gas How rate into the outer
chamber. Adjusting the momentum imparted by spray 150 to the gas may be used to
control gas flow rate (and/or pressure} from the cuter chamber (having the gas indet),
into the irmer chamber (having the gas outlet).

{68721 In sorne erabodiments, gap 430 is annular (e.g., for a conical spray
150}, Gap 430 may be elliptical and/or rectangular (e.g., for a fan shaped spray). Gap
430 may be circular (e.g., for a spray having a circular cross section). For some fan
shaped sprays, the aspect ratio of the cross section of the spray increases with distance

74

from the spray nozzle. In some embodiments, distance 450 (FIG. 4) may be with +/- 50%,
+/- 20%, or even +/- 10% of gap height 510, In some implementations, distance 450 may

be less than five times gap height 510, less than three times gap height 510, less than

twice gap height 510, less than gap height 510, or even less than 50% of gap height 510.
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Distance 450 may be greater than 10% of gap height 510, greater than 50% of gap height
510, greater than gap height 510, or even greater than twice gap height 510.

{6073] A gap 430 may be chosen to match an aspect ratio of a cross section of
a spray (e.g., an elliptical cross section for a fan shaped spray). In some cases, gap height
510 may be greater than three times gap width 440, greater than five times gap width
440, greater than ten times gap width 440, or even greater than 20 tirnes gap width 440.

{0074] FIG. 6A is a diagrarmatic representation of an apparatus, according
to some embodiments. System 600 includes a chamber 610 configured to contain a gas.
Chamber 610 may include a gas inlet 630 (which may also be used as a gas outlet for
flow in the opposite direction). System 600 includes an inner wall 620 within chamber
610. Inner wall 620 forms an inner chamber configured to contain a gas, and may
include a gas outlet 640 {(which may be coaxial with a cylindrical axis 642).

{6075) Inner wall 620 includes a gap 430, which may convey gas and/or
tiguid from one side of inner wall 620 to the other {e.g., into or out of the "inner
chamber”}. Systern 600 includes an injector 120 configured to inject a Hquid spray 150
through gap 430 into an interior volume defined by inner wall 620. Injector 120 may
spray Hiquid spray 150 into the inner charaber (as shown). In some embodiments, an
injector may spray a liquid spray "out of” a chamber.

{0076} Injector 120 may be disposed with mount 632, which may provide for
adjusting the direction of spray 150, fore/aft movement of injector 120, and the like. In

some embodiments, an injector mount may also include a gas inlet and/or a gas outlet.
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{0077] A chamber may be cylindrical. In system 600, chamber 610 is a
cylinder, and is at least partially defined by cylindrical axis 642, An inner and outer
chamber may be concentric. In exemplary system 600, charaber 610 and inner wall 620
are concendric cylindrical chambers about cylindrical axis 640. Cylindrical axis 640 may
pass through an end wall or cap (not shown) of a cylindrical chamber. Tnsome
embodiments, only an inner or only an outer chamber is cylindrical. In some
embodiments, inner and outer cylindrical chambers may be defined by different
cylindrical axes {e.g., not be concentric). In some embodiments, an outer chamber is
rectangular and an inner chamber is cylindrical.

{0078 FIC. 6B is a schematic endargement of the gap and spray region, as
shown in FIC. 6A. Gap 430 may have a gap depth {e.g., a length in the spray direction)
that combines with a height and width of the gap (not shown} to define a throat 650
through which spray 150 passes. In FIG. 6B, throat 650 is viewed from a direction
orthogonal to the spray dirvection {e.g., from above). A throat may have alengthina
direction characterizing a spray that is sprayed through the throat that is larger than at
least one dimension characterizing a thickness of the spray {(e.g., orthogonal to the spray
direction). In anexemplary embodiment, a fan shaped spray may have a width (e.g., the
thin dimension in cross section) that is a few mm {as measured at the gap) and a throat
through which the spray is injected has a length of more than 1 o, including more than
10em. In some cases, a throat length is larger than the thinnmest spray dimension. In
some cases, the throat length is more than 10x larger, or even more than 100x larger,

than the thinnest spray dimension.
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{0079] Referring back to FIC. 6A system 600 may be configured such that
spray 150 is infected into throat 650 within inner wall 620 at a velocity such that a
substantial portion of deceleration zone 170 (FIG. 1) is within throat 650. In some
embodiments, a spray decelerates to a terminal velocity within throat 650. In some
embodiments, a spray may decelerate to a terminal velocity before reaching gap 430.

{0080] FIG. 6C is another view of a portion of system 600, as annotated in
FIG. 6B, according to some emnbodiments. In some embodiments, throat 650 ray be
shaped to match an expected shape of spray 150 as it passes through throat 650. An
exemplary fan-shaped spray may pass through a fan shaped throat. In some cases, it
may be convenient to fabricate a throat shape that approximates a spray shape. In FIG.
6B, spray 150 is fan shaped and throat 650 is approximately rectangular. Spray 150 is
iltustrated as an "arrow" for convenience. In some cases, spray 150 may be very thin
{e.g., look like a line as viewed from a direction orthogonal to the spray direction). In
some cases, spray 150 may fan or otherwise diverge after leaving spray nozzle 128, Tn
exernplary system 600 (FIG. 6A}, spray 150 may have a spray width (e.g., from top to
bottorn of the page as viewed in FIG. 6A) that matches the width of gap 430 in the same
direction. Spray 150 and gap 430 may be sized {(in respective directions) such that spray
150 substantially "fills” gap 430 as it passes through gap 430.

{0081 In some cases, a volume of a deceleration zone may be demarcated by
the spray boundary (e.g., in a lateral divection with respect to the nozzle) and a distance
from the nozzle at which the spray reaches terminal velocity. In some embodiments,

(274

more than 80%, 90%, 95%, or even 99% of the volume of the deceleration zone is within
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throat 650. In some embodiments, more than 80%, 90%, 85%, or even 99% of the volume
of the deceleration zone is within an inner chamber (e.g., as defined by inner wall 620 in
FIG. 6). In some embodiments, more than 80%, 90%, 95%, or even 99% of the volume of
the deceleration zone is on an opposite side (with respect to the injector) of the ftmer
wall having the gap through which the irjector injects the spray.

{0082} In some cases, a distance between the interior of chamber 610 and
inner wall 620 is less than the diameter of chamber 610, less than 53% of the diameter of
chamber 610, less than 20% of the diameter of chamber 618, or even less than 10% of the
diameter of chamber 610.

{0083] Injector 120 and gap 430 may be arranged to direct spray 150 at an
angle with respect to inner wall 620. In some cases, an angle may be between 5 and 30
degrees. An angle may be between 10 and 45 degrees. An angle may be between 40 and
140 degrees. An angle may be between 70 degrees and 110 degrees.  For a cylindrical
inner wall 620, injector 120 and gap 430 may be configured such that spray 150 may
cause a circumterential circulation of gas around a cylindrical axis 640. In some
embodiments, inner wall 620 is axisymumeiric about cylindrical axis 640, and injector 120
and gap 430 are configured to dirvect spray 150 at cylindrical axis 640. In some
embodiments, inner wall 620 is axisymuneiric about cylindrical axis 640, and irjector 120
and gap 430 are configured to direct spray 150 in a tangential direction with respect to
cylindrical axis 640 {(e.g., to create a helical, circumferential, cyclonic, or otherwise

circulatory flow pattern).
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{0084] An injection angle (e.g., with respect to a cylindrical wall} may be

chosen according to a desived interaction between an injected liquid and the gas. Tn
some cases, infecting at a shallow angle (relative to a cylindrical wall) may increase the

“torque” imparted by the liquid to a gas circulating about an axis (e.g., increasing the
effect of injection momentuwm on cyclone velocity). In some embodiments, injecting at a

steep angle may induce turbulence within an inmer chamber, which may enhance

reactions in some implernentations.
{0085] FIG. 7 is a diagrammatic representation of an apparatus, according to
some embodiments. System 700 may include an outer chamber 710 and an inmer
chamber 720. Outer chamber 710 and inner chamber 7208 may be cylindrical, and may be
concentric. Outer chamber 710 may include a gas inlet 730 {e.g., in a ceiling of outer
chamber 710), and inner chamber 720 may include a gas outlet 740 {e.g., in a floor of
irmner chamber 720). Inner chamber 720 and outer chamber 710 may be in fluidic
communication via gap 430. Inan exemplary configuration, gas is received into oufer

chamber 710 via gas inlet 730, passes into inmer chamber 720 via gap 430, then exifs

system 700 via gas outlet 740 (e.g., passing through a tube through outer chamber 710).

The annotation of a feature as an “inlet” or an “outlet” does not generally preclude
operation with a reverse gas flow (an inlet can be an outlet, and an outlet can be in inlet).
[0086]  Various angles of gas inlets and outlets {e.g., angle 750) may be
chosen according to expected gas flow characteristics within the respective chambers. In

some embodiments, a cylindrical chamber inchudes a gas inlet or outlet located near (or

even aligned with) the cylindrical axis defining the chamber. For some concentric

o3
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chamber configurations, a gas inlet into outer chamber 710 and a gas outlet from inner
chamber 720 are both aligned with the cylindrical axis defining the outer and inner
chambers. In an exemplary erabodiment, outer charmaber 710 includes a gas inlet 730 and
inner charmber 720 includes a gas outlet 740, and gas passes from outer chamber 710 to
inner chamber 720 via gap 430.

{0087} System 700 yaay include an injector 120 configured to inject a spray
150 from cuter chamber 710, through gap 430, into ftmer chamber 720, Inner chasnber
720 may include one or more guide surfaces 725 that "extend"” gap 430 into irmer
chamber 720. Guide surfaces 725 may extend substantially parallel to the spray
direction{s} at gap 430. The shape of the one or more guides surfaces 725 may be chosen
to match an expected shape of liquid spray 150 (e.g., a fan shaped tubular guide surface
725 to match a fan shaped spray, a hornlike and/or concentric conical guide surface(s)
725 to match a conical spray). In exemplary system 700, guide surfaces 725 form a
traperzoidal shaped throat that may match a fan shaped spray 150. System 700 may be
configured such that a substantial portion of deceleration zone 170 is located within the
throat (e.g., within a volume defined at least in part by the width of gap 430 (not shown)
and a length associated with a guide surface 725). In some cases, the "downstream
boundary” of deceleration zone 170 is within a volume defined by the one or more
guide surfaces (e.g., within the throat). In some embodiments, a majority of the
droplets associated with spray 150 may decelerate to the terminal velocity before

contacting a surface within inner chamber 720.
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{0088] FIG. 8 is a diagrammatic representation of an exemplary multi-
injector apparatus, according to some embodiments.  Quter charber 810 may have a
circular cross section (as shown); outer charober 810 may have a square or rectangular or
other shaped cross section (not shown). Quter chamber 810 and inner chamber 820 are
each configured to contain a gas. Outer chamber 810 includes a gas inlet 830 and a gas
outlet 840. Quter chamber 810 and inner chamber 820 are in fluidic communication via
artinlet gap 430 and an outlet gap 432, Gas indet 830 and gas outlet 840 may be
separated, such that gas passing from gas inlet 830 to gas outlet 840 must pass through
trner chamber 820, In some embodiments, a gas inlet or outlet is coaxial with an injector
{e.g., an injector mount may inchude a gas inlet or outlet).

{0089] Aninlet injector 120 may inject an inlet spray 860 into outer chamber
810. An cutlet injector 122 may inject an outlet spray 862 into outer chamber 818, In
sorne embodiments, inlet spray 860 is directed through inlet gap 430 into inner chamber
820, and outlet spray 862 is directed through outlet gap 432 into inner chamber 820.

{0096} A gas stream in the outer chamber may flow from gas inlet 830 into
intier chamber 820 via inlet gap 430 associated with inlet irvgector 120. The gas stream
may flow out of irmer chamber 820 to outer chamber 810 via outlet gap 432 associated

with outlet injector 122, A counterflow region 850 may be associated with a gaseous
volurne proximate to aninlet or outlet {e.g., outlet gap 432) in which an injector injects a
spray (e.g., ouilet spray 862) against the predominant flow of the gas stream in that

volumae.
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j6091] The inlet and/or outlet injectors may be configured {e.g., angled) to
cause a circular or rotational flow of gas {e.g., the gas within inner chamber 820}, Tnt
some configurations, both the inlet and outlet injectors circulate gas within inner
chamber 820 in the same direction {e.g., dockwise or counterclockwise). Tnsome
configurations, inlet injector 120 circulates the gas in one direction (e.g., clockwise) and
outlef injector 122 drculates the gas in another direction {e.g., counterclockwise). Tn
some enmbodiments, an optional drain 822 (which may include a trap that provides for
Hguid transport but blocks gas flow) may provide for removal of liguid from inmer
chamber 820, outer chamber 810, gas inlet 830, and/or gas outlet 840. A gas inlet and/or
a gas outlet may also include a drain (not shown).

{60692} A downstream tlow direction may define a gas stream passing from
gas inlet 830, through inlet gap 430, then through outlet gap 432 to gas ocutlet 840. In
such a configuration, inlet injector 120 may be configured to impart a downstream
mornentum o the gas sirearn, and outlet injector 122 may be configured to impart an
upstream momerndum to the gas siream. Increased downstrearn momentum may cause
an increase in gas flow rate downsiream, and increased upstream momentum may cause
a decrease in gas flow rate downstream.

{6093] In some ernbodiments, a controller 870 may be coupled to (e.g., in
cormmunication with) at least one device {e.g., inlet injector 120, outlet injector 122, a
Hiquid source (not shown), a shutter (if so configured), a gas inlet, a gas outlet and the
like). One or more sensors 880 may be included and configured to sense information

{e.g., a parameter) associated with the operation of system 800. Sensor 880 may monitor
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controller

a pressure difference between gas inlet 830 and gas outlet 840. In some cases,
880 may be configured to receive first information associated with a desived gas flow
rate through outer chamber 810 and second information associated with actual gas flow
rate through outer chamber 810 {(e.g., via sensor 880} . A ditference between desired and
actual gas flow rates may cause the controller to determine (e.g,, calculate,
request/receive from a server, and the like) a cornbination of inlet spray 860 and outlet
spray 862 that is expected to improve agreement between desired and actual gas tlow
rates. The controller may then adjust at least one of the downstream momentum
(imparted by inlet spray 860) and the upstream momentum (imparted by outlet spray
862} such that the actual gas flow rate matches the desired gas flow rate. In some
embodiments, controller 870 operates sensor 880 and injectors 120 and 122 in a "closed
loop” control protocol. Coniroller 870 may be configured to maintain a desired gas flow
rate through system 800. Controller 870 may be configured fo maintain a desired
pressure difference {e.g., between gas indet 830 and gas outlet 840). In some cases,
corttroller 870 may maintain a pressure difference between +15 and -15 inches of water,
including between 0 and -3 inches of water. In some configurations {e.g., constant flow
rate), controller 870 may control at least one of injectors 120 and 122 to maintain gas inlet
830 at a pressure between 1 and 5 inches of water below that of gas outlet 840. In an
exemplary configuration, gas outlet 840 is at atmospheric pressure, inner chamber 820 is
at a higher pressure than atmospheric pressure {e.g., 5-15 inches of water above) and gas
inlet 830 is below atmospheric pressure (e.g., 0 - 3 inches of water below). Injectors 120

and 122 may be operated to control at least one of the gas inlet pressure, the inner
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chamber pressure, and the gas outlet pressure. Increasing velocity or volume of inlet
spray 860 moay decrease pressure in gas inlet 830 and increase pressure in inner chamber
820. Increasing velocity or volume of outlet spray 862 may decrease pressure in gas
outlef 840 and increase pressure in inner chamber 820. In some embodiments, one or
more sensors 880 and controller 870 control the pressure in at least two of gas indet 830,
inner chamber 820, and gas outlet 840.

{6094] FIG. 9is a diagrammatic representation of an apparatus, according to
some embodiments. System 900 may include an outer chamber 910 and an inner
chamber 920. Outer chamber 910 may include a gas inlet and/or gas outlet (not shown).
Inner chamber 920 may include a gas indet and/or a gas outlet (not shown). System 900
includes injectors 120 configured to inject Hquid sprays 150 into inner chamber 920 via
gaps 430, which provide fluid communication between outer chamber 910 and inner
chamber 920. In some embodiments, an injector is mounted with {(e.g., coaxial with} a
gas inlet and/or a gas outlet info a chamber. In some embodirments, a gas inlet and/or
gas outlet may be a discrete port into a chamber.  System 900 may be configured with
outer chamber 910 and inner chamber 920 as concentric cylinders. A gas inlet into outer
charnber 910 (not shown) may be concentric with an axis describing these cylinders. A
gas outlet from inner chamber 920 (ot shown) ynay be concentric with the axis
describing these cylinders.  Tnjectors 120 may be configured fo generate a cyclone with
outer chamber 910 and/or inner chamber 920.

{0095] Various embodiments may include one or more wash sprays, which

may be configured to coat, clean, or minimize the deposit of material onto a surface. In
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exemplary system 900, washer 930 is configured to generate wash spray 940, which may
coraprise a liquid (e.g., water). Wash spray 940 may have a sufficiently large droplet
size and velocity that a significant portion of wash spray 940 contacts a surface (e.g., the
inside surface of inner chamber 920) with enough momentum to coat, clean, or
otherwise reduce deposition on this surface. Washer 930 may have a nozzle shape,
orifice size, and be coupled to a liquid source (not shown) that causes a liquid spray to
contact the surface with a sutficiently high velocity that signiticant momenturn is
transferred from wash spray 940 to the surface impinged upon by wash spray 940. A
wash spray may be directed substantially tangential to a surface. A wash spray may
have a relatively large incident wash spray angle with respect to a surface {(e.g., greater
than 10 degrees, 20 degrees, 40 degrees, or 60 degrees). In some embodiments, washer
930 is coupled to an inmer chamber wall. In some embodiments, washer 930 is coupled
to an outer chamber wall, and may irject a wash spray into an inner chamber via a wash
spray gap. In some embodirnents, washer 930 washes an outer surface {(e.g., an outer
surface of an itmer chamber). Washer %30 may wash the surface associated with {e.g.,
around) a gap 430.

{0096] FIG. 10 is a diagrammatic representation of an apparatus, according
to some embodiments. Systerm 1000 may include a chamber 1010 configured to contain a
gas. Chamber 1010 may have a gas inlet 1020 and a gas outlet 1030, and gas may flow
from gas inlet 1020 through chamber 1010 to gas outlet 1030. Chamber 1010 may
include an inner wall 420 having a gap 430, through which gas flows from gas inlet 1020

to gas outlet 1030, A downstream injector 120 may be coupled (e.g., mounted with an
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adjustable mount 1040} to chamber 1010. Downstream injector 120 may generate a
downstream spray 1042, which may be directed through gap 430 in a downstream
direction. Anupstream injector 122 may be coupled (e.g.. mounted with an adjustable
mount 1050) to chamber 1010, Upstream injector 122 may generate an upstream spray
1052, which may be directed through gap 430 in an upstream direction. Spray velocities,
spray volumes, spray angles, and other parameters may be adjusted for the upstream
and/or downstream injectors.  In exemplary system 1000, both downstrearn spray 1042
and upstream spray 1052 may be directed through throat 650. In some embodiments, an
injector may be configured to provide for an adjustable angle of injection 1060 and/or
position 1070. A controller and sensor {not shown) may be coupled to upstream injector
122, adjustable mount 1050, downstream injector 120, and/or adjustable mount 1040, and
may control gas flow rate through chamber 1610. In some embodiments, upstream
spray 1052 and downstrearn spray 1042 are aligned substanitially parallel to and against
each other {(not showr in FIG. 18). In some embodiments, upstream spray 1052 and
downstream spray 1042 are angled into each other {e.g., as shown in FIG. 10). In some
embodiments, gap 430 may be configured to have a shape that partially matches a first
spray and partially matches a second spray. For example, a cross-shaped gap may
comprise two intersecting rectangular gaps. A first spray may match one rectangular
gap of the cross-shaped gap, and a second spray may match the other rectangular gap of
the cross-shaped gap.

{0097] FIC. 11 is a diagrammatic representation of an apparatus, according

to some embodiments. System 1100 may include a chamber 1110 configured to contain a
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gas. Chamber 1110 may include a gas inlet 1120 and a gas outlet 1130. Systern 1110
may include a plurality of injectors 120 configured to generate a plurality of sprays 150.
One or more inner walls 420 ray include a plurality of gaps 430, through which sprays
150 are sprayed by injectors 120. Tn some embodiments, gas inlet 1120 and gas outlet
1130 are separated by inner walls 420, and gas passes from gas inlet 1120 to gas outlet
1130 via gaps 430. In some embodiments, inner walls 420 are discrete (e.g., baffles) and
some gas may pass around inner walls 420 (e.g., from gas inlet 1120 to gas outlet 1130
without going through gaps 430).  In some embodiments, one or more injectors is
mounted using an adjustable mount (not shown). Some injectors 120 may be
configured to generate sprays that are substantially parallel to each other (e.g., fan
shaped sprays, each defined by an orthogonal to its “fan plane” for which the
orthogonals are substantially parallel}. Some injectors 120 may be configured to inject
sprays 150 in substantially the same direction. Some injectors 120 may be configured to
inject sprays 150 in substantially opposite divections {e.g., at each other). Some injectors
120 may be configured to generate sprays that intersect the sprays of other injectors 120.
{0098] FIG. 12A illustrates an apparatus according to some erobodiments.
Apparatus 1200 includes a chamber 1210 configured to contain a gas. Gas may enter
chamber 1210 via gas inlet 1220. Gas may exit chamber 1210 by passing through throat
1230 to gas outlet 1240, In this example, throat 1230 is at least partially defined by guide
surface 725, Injector 120 injects spray 150 into chamber 1210 via throat 1230 {viewed in
this FIG. from a direction orthogonal to the spray direction of spray 150). In exemplary

system 1200, injector 120 generates a fan - shaped spray, and throat 1230 is a fan -shaped
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cavity. Anedge 726 of guide surface 725 may demarcate an end of throat 1230 with
respect to spray 150. In some cases, spray 150 decelerates to a terminal velocity before
passing past edge 726.

{0099  FIG. 12B illustrates a different view of apparatus 1200, according to
some embodiments. FIG. 12B illustrates a view of apparatus 1200 as annotated in FIG.
12A (and vice versa), and shows another view of throat 1230 (viewed from another
orthogonal direction with respect to the spray direction). In an exevoplary
implementation, FIG. 12A may be a view downward {from the top) and FIG. 12B may be
a view from the front. In this example, walls of chamber 1210 and guide surface 725
{(FIC. 12A) form a fan-shaped throat 1230, which substantially matches the fan shape (in
this embodiment) of liquid spray 150.

{00160] FIC. 13 illustrates an apparatus, according o some embodiments.
Apparatus 1300 includes chamber 1310, which is configured to contain a gas. Chamber
1310 is in fluidic commumnication with inlet 1320 via throat 1322, Chamber 1310 is in
fluidic corarunication with outlet 1330 via throat 1332, Inlet injector 120 and outlet
injector 122 are disposed in charober 1310, Inlet injector 120 is configured to inject iguid
spray 150 into gas inlet 1320. Outlet injector 122 is condfigured to inject Hquid spray 152
into gas outlet 1330, Gas may How from the gas inlet 1320, through throat 1322 into
chamber 1310, then through throat 1332 to gas outlet 1330, Gas may flow in the opposite
direction. The relative momenta (c.g., spray velocities, liquid volumaes) of one or more of
Houid sprays 150 and 152 may be adjusted to control gas flow through system 1300. In

some configurations {e.g., at constant flow rate}), the relative momenta may be used to
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control the gas pressures within one or more of gas inlet 1320, chamber 1310, and gas
outlet 1330.

{00181}  Systerns may be sized according to a desired flow rate and volume of
gas to be controlied and/or abated. Tn some cases, a desired droplet size may be used to
choose a combination of pressure and injector orifice size that yields the desired droplet
size. In some cases, total momentun of sprayed liquid may be increased (e.g., adapted
from a smaller system to a larger systern) by increasing orifice size, pressure, and/or
pumping volume of a liquid source. In some cases, momentum may be increased by
increasing the number of injectors.  Table 1 lists several part numbers of exemplary
spray nozzles available from Spraying Systems Company {(Wheaton, IL) and several
represenitative approximate tlow rates (for various orifice sizes) at different liquid source
pressures. For convenience, many spray nozzles (e.g., having a non-circular orifice
shape) may be characterized by an Orifice Equivalent Diameter (OED). FIC. 14isa
diagrammatic representation of some representative corrvelations among OED, Hquid

pressure, and pump rate, according o sorne emnbodiments.



WO 2012/024228 PCT/US2011/047774
Table 1.
Flow at:

Part # Orifice Equivalent Diameter, mm  {Area, mm’ 730psi 1470psi  |2200psi
1100017-TC (.28 0.061152 0.27 0.38 0.47
1100033-TC (.38 0.112632 0.53 0.75 0.92
1100050-TC (.46 0.165048 0.81 1.1 1.4
1100080-TC 0.58 0.2623922 1.3 1.8 2.2
110015-TC 0.79 0.486798 2.4 3.4 4.2

11003-7TC i1 0.8438 4.8 6.8 8.4
{00102]  The above description is illustrative and not restrictive. Many

variations of the invention will become apparent to those of skill in the art upon review

of this disclosure. The scope of the invention should, therefore, be determined not with

referenice o the above description, but instead should be determined with reference to

the appended claims along with their full scope of equivalents.
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CLAIMS

What is claimed is:

1. An apparatus comprising:

a chamber comprising an interior surface and configured to contain a gas;

a first liquid source configured to deliver a first liquid at a first pressure;

a first injector coupled to the chamber and the first liquid source, the first injector
configured to receive the first liquid from the first liquid source and to inject the
received first liquid into the chamber, the first injector including a first nozzle
having:

a first orifice having a first size; and
a first shape;

the first injector and the first pressure of the first liquid source configured to cause
the first liquid to form a first Hquid spray upon being sprayed from the first
orifice into the chamber, the first Hguid spray comprising droplets of the first
liquid having a first spray velocity;

the chamber, the first Hguid source, and the first injector configured such that a
majority of the droplets within the first iquid spray decelerate from the fivst

spray velocity to a terminal spray velocity that is less than 50% of the first spray

velocity before contacting the interior surface of the chamber.

2. The apparatus of claim 1, wherein the first spray velocity is greater than 100 feet per

second, and the terminal spray velocity is less than 20 feet per second.

3. The apparatus of claim 1, further comprising a first inner wall having a first gap
through the first inner wall, wherein the first injector is further configured to inject

the delivered first liquid through the first gap.

)
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4. The apparatus of claim 3, wherein the first shape is configured to form the received
first liquid into a fan-shaped first liquid spray, and the first gap includes a first gap
shape that is substantially the same as a cross section of the fan-shaped first liquid

spray at the first gap.

(811

. The apparatus of claim 4, wherein the first gap shape includes a first gap height and a
first gap width, and the first gap height is greater than five times the first gap

width.
6. The apparatus of dlaim 4, wherein the first gap shape includes a fivst gap height, and
a first distance from the first nozzle to the first gap is less than two tivnes the first

gap height.

. The apparatus of claim 4, wherein the first gap shape includes a first gap height, and

~J

a first distance frovo the first nozzle to the first gap is greater than 10% of the first

gap height.

@e]

. The apparatus of claim 3, whereir:
the first liquid spray has a first spray height and a first spray width, as measured at
the first gap; and
the first gap inchudes a first gap height and first gap width, the first gap height
between 70% and 130% of the first spray height, the first gap width between

70% and 130% of the first spray width.
9. The apparatus of claim 3, wherein the first inner wall forms a first inner chamber

within the first chamber, and the first gap is a first gas indet to deliver the gas into

the first inner chamber.
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10. The apparatus of claim 3, wherein the first inner wall forms a first inner chamber
within the first chamber, and the first gap is a first gas outlet to convey the gas

from the first inner chamber.

11, The apparatus of claim 1, wherein the fivst liquid source and first orifice are further
configured such that a first ratio of the first pressure of the first liquid fo a fivst size

of the first orifice is greater than 500 psi per 0.07 square inches of orifice area.

12. The apparatus of claim 11, wherein the first ratio is greater than 1000 psi per 0.008

square inches of orifice area.

13. The apparatus of claim 1, wherein the first Hquid source is further configured to
deliver the first liquid at a pressure greater than 1500 psi, the first orifice is
elliptical, having a major length at least three times a minor length, and the major

length is below 0.05 square inches.

14. The apparatus of claim 1, wherein at least a portion of the chamber is cylindrical
about an axis, and the first injector is further configured to inject the first Hguid in a
manner that causes the gas within the portion to circulate circumferentially about

the axis.
15. The apparatus of claim 14, wherein the charaber further comprises at least one of a

gas inlet and a gas outlet that is disposed in an end of the chamber intersected by

the axis, in a location proximate to the intersection of the axis with the end.
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16. The apparatus of claim 1, wherein:
at least a portion of the chamber is cylindrical about an axis; and
the first nozzle generates a fan-shaped spray having a first spray height greater
than a first spray width, the first spray height orlented substantially

paraliel to the axis.

17. The apparatus of claim 1, further comprising:

a second lquid source configured to deliver a second liquid, at a second pressure;

a second injector coupled to the chamber and the second Hguid source, the second
frjector configured to receive the second Hauid from the second liquid source
and to irject the received second liquid into the chamber, the second injector
including a second nozzle having:

a second orifice having a second size and second shape,

the second nozzle and second pressure configured to cause the second Hauid to

form a second Hquid spray upon being injected from the second orifice into the

chamber.

18. The apparatus of claim 17, wherein:
at least a portion of the chamber is cylindrical about an axis;
the first injector is configured to impart a first force to the gas that pushes the gas
in a first direction about the axis; and
the second injector is configured to imnpart a second force to the gas that pushes the

gas in a second direction about the axis.

19. The apparatus of claim 18, wherein, with respect to a circulation direction about the
axis, the first injector and the second injector arve configured to push the gas in the

circulation direction.
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20. The apparatus of claim 18, wherein, with respect to a circulation direction about the
axis, one of the first and second injectors is configured to push the gas in the
circulation direction, and the other of the first and second injectors is configured to

push the gas against the circulation divection.

21. The apparatus of claimn 17, further cornprising an irmer wall within the chamber, the
inner wall configured as an inner chamber inside the chamber, the inner wall
having first and second gaps through the inner wall into the inner chamber, the
first gap configured as a gas inlet info the inner chamber, the second gap
configured as a gas outlet fromn the inner chamber, the first injector contigured to
inject the fivst Hguid through the first gap into the inner chamber, the second
injector configured to inject the second liquid through the second gap into the

inner chamber,

22, The apparatus of caim 17, further comprising:

a conirol mechanism coupled to at least the first and second injectors, the conirol
mechanism configured to conirol at least one of the first and second liquid
sprays; atd

a sensor coupled the control mechanism, the sensor configured to sense at least one
of a gas tlow rate, a liquid flow rate, a pressure, and a particle concentration, the
control ruechanisn further configured to receive an input from the sensor and
control the at least one of the first and second Hquid sprays in response to the

input.
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23. The apparatus of claim 1, wherein:
the chamber includes:
a chamber wall separating an interior of the chamber from an exterior of the
chamber,
a throat through the chamber wall providing for fluidic communication between
the interior and exterior of the chamber; and

the first injector sprays the first Hquid spray through the throat.

24. The appavatus of claim 23, wherein the droplets enter the throat at a velocity higher
than the terrainal velocity and decelerate to the terminal spray velocity before

exiting the throat.

25. The apparatus of claim 23, wherein the chamber wall includes the interior surface.

(v
N



WO 2012/024228 PCT/US2011/047774

26. An apparatus comprising:

a chamber configured to contain a gas, the chamber having a gas inlet to deliver
the gas into the chamber and a gas outlet to convey the gas out of the
chamber, a gas flow through the chamber characterized by a downstream
direction from the gas inlet to the gas outlet and an upstream direction
trom the gas outlet to the gas inleg;

a first injector coupled to the chamber and configured to spray a first lquid into
the chamber at a first velocity that imparts a downstream momentum to
the gas in the chamber;

a second injector coupled to the chamber and configured to spray a second Hquid
into the chamber at a second velocity that imparts an upstrearn
momentum to the gas in the chamber;

a sensor coupled to at least one of the chamber, the first injector, and the
second injector, the sensor configured to measure a control parameter of the gas
flow through the chamber; and

a condrolier coupled to the sensor and at least one of the first and second injectors,
the controller configured to receive the control parameter and adjust at least one
of the first velocity of the first liguid sprayed from the first injector and
the second velocity of the second liguid sprayed from the second injector in

response o the received control param eter.

27. The apparatus of claim 26, wherein the control parameter includes at least onc of a

gas flow rate, a liquid flow rate, a pressure, and a contaminant count.

28. The apparatus of claim 26, wherein the chamber is cylindrical about an axis, and the
first injector is configured to cause the gas to circulate in a first divrection about the

(v
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29. The apparatus of claim 28, wherein the second injector is configured to cause the gas
to circulate in the first direction about the axis.

30. The apparatus of claim 26, wherein the chamber is cylindrical about an axis, and the
first and second injectors are further configured to induce a cyclone within the

chamber.

31. Anapparatus comprising:
a chamber having a wall configured to contain a gas within the chamber;
a first throat through the wall and configured to provide for fluidic communication
between an inferior of the chamber and an exterior of the chamber;
a first liquid source configured to deliver a first liquid at a first pressure;
a first injector coupled to the chamber and the first liquid source, the first injector
configured to receive the first Hauid from the first liquid source and to inject a
first spray of the received first liquid through the first throat into the chamber;
wherein:
at least a portion of the first spray is injected frorn the first injector into the
chamber in a first direction;

the first spray includes a first spray width measured at the first throat
in a second direction within 10 degrees of orthogonal to the first
directiony

the first throat includes a first throat length in the first direction; and

the first throat length is greater than the first spray widih.

32 The apparatus of claim 31, wherein the first throat length is greater than ten times the

first spray width,

(o4
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33. The apparatus of claim 31, wherein:
the first spray includes a first spray height as measured at the first throat in a third
direction within 10 degrees of orthogonal to the first direction, and
the first spray height divided by the first spray width defines a first spray aspect

ratio that is greater than 3:1.

34. The apparatus of claim 33, wherein the first spray aspect ratio is greater than 10:1.

35. The apparatus of claim 33, wherein:
the first throat is characterized by a fivst throat width in the second direction and a
tirst throat height in the third direction; and

the first throat widih is within +/- 50% of the first spray width.

36. The apparatus of claim 35, wherein the first throat height is within +/- 50% of the

first spray height.

37. The apparatus of claim 31, wherein the first throat is frapezoidal shaped as viewed

from a direction within 10 degrees of orthogonal to the first direction.
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