MOVENTUM TRANSFER USI NG LI QUI D I NJECTI ON CROSS R EFERENCE TO RELATED
APPLI CATI ONS [ 0001] This description clains the priority benefit of U S
Provi si onaib 2Pereemt28 Appl i cat i on nunber 61/ 344,529, fil edrAwgisee1106777£2010,
t he di sclosure of which is incorporated herein by reference. BACKGROUND
1, Technical Field 10002]The present invention relates generally to
Injecting liquids into gases, and nore particularly to spraying |iquids

into gases at large velocity differences between the(gaseg and sprayed
i quids. 2. DescripMGHEDF 4 HRAYSRFR USING LIQUID INJECTION

CROSS REFERENCE TO RELATED APPLICATIONS

{6801 This description claims the priority benefit of U.S. Provisional Patent
Application rumber 61/344,529, filed August 16, 2010, the disclosure of which is

ncorporated herein by reference.

BACKGROUND

1. Technical Field

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

between the gases and sprayed liquids.

2. Description of Related Axt

{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 difficudt to remove. Small
particles (e.g., below Tyum, below 100 rdcrons, below 10 microns, below 1 micron, below
100vum, or evenbelow 10nm) may be especially difficult to remove. In sove
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.



[ 0003] Gas streans from various industrial processes may contain
contam nants, such as dissol ved species, suspended particul ates, and/or
ot her matwoi2al2g2§1r8r ei nafter: particles), Renoval of parCiraisesiipsi’es to the
rel ease of a gas streamto the environnent may be required. Sonic particles
may be difficult to renove. Small particles (e.g.. below |limm, below ' 100
m crons, below 10 mcrons, below 1 m cron, beI ow 1 OOnm or even bel ow
10nrn) may beﬁz@gemally difficult to reno , appl i cations,
particles inpl § B*ﬁPéimateh@Fwiééf%t(é‘li%%ff%q@ﬂwtfﬁﬁeaf &6t 3B hmy creat e
deposits, which can inpede the operation of the apparatus having the
parti cl eSordepasitdsedbdrhér @om. conBLRQ 224024 228RCTH RO B 4 L dan [OH04] Some
processes benefit fromcontrolling a flowrate of a gas stream Sone
PrOCESSEgs, &gﬂ%&h&; f%@i@ o%%”& Lk ) %‘g §FPEERRHE a asangh g&ﬁqn}é‘ SR o strean
(e.qg., a ba pressure one gas reams may form deposi ts on contr ol
apparatus which may inpair the ability of the apparatus to control the gas
st ream T@%@S@H@%?U@é%@@aﬁ%‘“é‘af’féﬁﬁééh%ﬁ*ééﬁ%mhaw ng suspended particl es.
Some such processes benefit from precise control of flow rates, pressures,
and the |ike, {(@ns] ITB.)&)b&rjﬁf)sldsscf\Kﬂm&g@ﬁfbfr@;imoﬁa\hhﬁSlfd%ﬁﬁd(h@ﬂﬁﬁiﬂd/%ﬁngpr essure
drop associated with the particle-laden gas stream A particle-|laden gas
stream yahgﬁo QL(IQE'bgﬁgfﬁ fm?néqgigg 9( nmﬁ%? hb&*qlﬁ%t é%fe l%n a%%rt?xl %i«esan erI nge on
and/ or §0 Various nmechani sis gas stream |n sone
cases, a particle-laden gas stream may cI og the apparat us that controls
f1 ow rat@ay Feaés]ﬁsah@m?{ge%%é%m SicH Y e eI BIcigovER s, may
create gas

particle-laden gas stream. A particle-laden gas stream may be difficult to controd,

particularly when particles impinge on and/or attach to various mechanisms that control
the gas stream. In some cases, a particle-laden gas stream may clog the apparatus that
controls flow rafe,

{06006] Some processes, such as semiconductor processes, may create gas
streams that require scrubbing. Scrubbing may include the use of liquids, such as water,
which may react with a gas stream. Tnsome cases, reaction with a gas stream creates
particles {e.g., 51Oy, Ti0:, NH«(Y, and the like) which must be removed before being
released to the envvironment. 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 strearn. For a gas stream
containing small particles and a condaminard that reacts with water, scrubbing the gas

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

[\



streans that require scrubbing. Scrubbing may include the use of |iquids,
such as water, which may react with a gas stream In sone cases, reaction
with a gawo0rdam28reates particles (e.g.. 5102, 'Pia, RCTIUS@1L1/041704 t he

i ke) which nust be renpoved before being rel eased to the environnment. Sone
reactions create particles, and so subsequent scrubbing applications may
benefit froma renoval of these particles prior to scrubbing. A wet
scrubber may renove sone cgntam nant m. a gas. stream For a gas stream
cont ai ni ng snal | partlcIes%%ﬁaiéi%dﬁiéﬁ%ﬁéﬁ@fTH%FQreacts with water,
scrubbing the gas streamin a wet scrubber may nake renoval of the
particles diffa6ou) t. VStMMINRYaGRisTHE hNVENTLHON {00 ] Mand auBodippartsat us and
nmet hods are disclosed. Some enbodi ments include an apparatus conprising a
chanber f.Qur, g S T ggg% aled r nore
|nter|orﬁgﬂﬁ %%eggwﬁgiQ%ﬁ%?ggﬁﬁ?ﬁg%%ﬁhgﬁrﬁg fﬁ%£ %pgggfggﬁﬁgy i ncl ude
a liquid source configured to deliver liquid an aqueous |iquid
such  a@@fdicdrde ote o e SEuPe, sUaRC M}l@f@m‘m‘c% 61’@6‘“&6 %:t*heqfﬁ G Sour ce
and the chanmber nay be configured to receive liquid fromthe liquid source
and to impettchidies f@dekbyade bdrgigudd ntdiivhe: thaabes., 0008 EhBqhidjsegt or may
include a nozzle having an orifice and a shape. The |iquid source and

| nj ect or. y.Re: GaDLLANT e 1. LA Beakd Bl SPLAY HRORLPELNGLSREAY ed from
the orifice i e chanber . The iquid spr y may conprise a plurality of
liquid droplets. The S|ze of the orifice and the pressure of the liquid
source nEyCBEEEERITgHced eI Brayht Heviisgurd aPRto i EHabEr Tarid spray
velocity. An exenplary injector nmay include a nozzle having a shape that
forns a fandshapedaspray. [ 0009] The chanber, the liquid source, and the

i njector may be configured

{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 spraved
from the orifice into the chamber. The liguid spray may comprise a plurality of Hquid
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 charmber, the liquid source, and the injector may be configured
such that a majority of droplets within the Hquid 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 inderior surface or other Hquid 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



such that a majority of droplets within the liquid spray decel erate from
the spray velocity to a termnal spray velocity that is bel ow 20% bel ow
10% or ewso 2bel@w22B% of t he spray vel ocity before conta®Cirrus2@n/ouTiveri or
surface or other liquid in the chanber. In sone inplenentations, nore than
80% of the spray decelerates to the term nal velocity prior to inpinging
upon a surface anher liquid. In sone enbodi nents, the spray velocity may be
greater than 100 feet per second, 200 feet per second, 400 feet per second,
or even 6D Pfé&st Hyerttg g%ﬁ‘%f. seqhil to8f Hieh4P 1 Palsei@rb st {handlyedécl ess t han
100 feet per second, less than 40 feet per second, |less than 20 feet per
second, ieessd, tidamhaidftegtpeparcosédendhar B8t blvarcdnd ootvepdessseoohtifecor even
| ess than 0.1 feet per second. [0010] Sonme enbodi nents include an inner wall
within t@ﬁwﬁﬂﬁﬁPer- An inner wall rmay include a discrete surface. An inner
wal | may* be a contiguous surface. An inner wall may form an inner chanber
that is also configured to contain a gas. The inner chanmber may |nclude a
gas inl et andi®ithut 1Sefe exhpsénesip Eclgie upratvahy thirdharean?s cdupl e t he

i nner chanber to a supply line. For exanple, a gas outlet from an inner
chanber mayr eennegtinilodas tubetpasscagat htreughlitthe et emtighanbenfa@ an exit
line, allowing gas to exit the inner chanber without interacting wth gas
in the ONE &l et Q«%Ey falr%oﬁjn]ilw;[%echliﬁx%g th‘é@!slalsm}gnfi‘%!ﬁg(? G HA8R ,,IdQI’ %gh with
the spray may be injected, and the Injector nay e con?lgured’to i nject the
spray through the gap. A gap may include a tunnel or passage through the
wal |~ (heWepndfredier malipdege ¢ BrgughavdPen ihe Adpe dctayupais®ay | n sone

enbodi ments,, an outer chanber and an inner chanber (within the outer
chanber ) fhaikigcalif cdbplé eheGORFURECOE] ©M Nipahtihe. Japexdntbisonmsentedidsrenhs/ the
gap provides the only fluidic communication between the inner and outer
chanbers,_ A ape of the gap may be configured to substantially, match a
cross. sobrrEaEs Sox SRR Ibs i A e bR P WA g 3 e RS 10

el ongated gap shape (e.g.., having a long direction and a short direction)
may be cdffiigagedioiingt ehenthaalsectBgueingsacisgcritbaal indhaypdenf a spray

i njected through the gap. In sone exanples, a fan shaped spray may be

mat ched #ignanrel li ptical and/or rectangul ar gap having an aspect ratio
simlar to that of the spray. in sone cases, a gap height nay be twice a
gap width, fi i mes.the gap wdth. . ten tiges the.,gap width, twenty tines
the gap w dt niorth iy e AR RS Mg R bab BT eh MoEPR M Wb dap i ath.

I n sonme enbodi nents, a gap is shaped like a cross, and a first spray has an
el ongat etisstedpend Wigtinipgobinie e eehitsoreriodhiegriee Fegy dfrovple tergsgs A ad a
second spray has an el ongated shape that is oriented to match the other |eg
of the CmagSactddits finksllorgiatkageagne:Is Rlay sl MaindMeenBeRal Mlovkheviiat er section
of the legs of the cross. In sone cases, the first spray is directed

upstr earr@h%ggratnga?ggs%.ngw SSL ngea mf:l)osdilq‘ile{\g?éne (gutgxot%%}b%? 4%% an inner chamber

{within the outer charaber) are in fluid communication via the gap. In some
eynbodiments, the gap provides the only fluidic communication between 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 maiched to an elliptical and/or rectangular gap having an



1001. 21A substantial fraction ofspray may be directed through the gap. In
sone npenent at lons, nore than 60% of the spray, nore than 80% of the spray,
nor e t harwlQ920i2412Be spray, or even nore than 97% of theCIarsay1parses

t hrough the gap. Certain enbodi nents include cylindrical outer and inner
chanbers, in fluidic conunication via an el ongated gap. An injector n ay
inject a spray fromthe outer chanber into the inner chanber through the
gap. In sone cases, a long axis of the gap is aligned with the cylindrical
axi s of HFPEHdABRrMieR IBERECIHES82Y ol BHY ERE2 6RP ?“Fi‘é’hb%}ﬁy Pgtugics gRed
substantially orthogonally to the cylindrical axis. The |long axis may be
angl ed wwidihrfespaots tho gbheridyl iendivheahe gag &idth, @rentatmdSihrdegp eadih

[ 00131Sone enbodi ments include a plurality of njectors, which may be
configured, t.0 I nie R : i T Lt aui ds,. 02 &y,50l vent,
2 bri ne. ek e R e A i AL S SRR
controlljng gas flow. in some cases, gas flow through a chanber may be

cont r of | BENEREIPUSH Figesol d W shag i thaarioTHtet tege Sprt 8 T ehiomeFtide
controlling the nomentuminparted to the gas by one or nore |iquid sprays.
in sonme embodbimnics;ssamdupsterebdprsphayan dpaital dapepsi eatmngimentdam to a
gas (flowi ng downstrean), and a downstream spray inparts a downstream
monent unyt.0..4 he. gas:... Gant rel. of LLelati monitudes .of ; tr. and
donnst 1o e R B O R PR eS8 S AT
apparatus may conprise_a chanber configured to contain a gas. The chanber
may havets Jgaef il @esst & 88D ers tieigagrintssliched sraliter snd iy Aoyl out | et
to convey the gas out of the chanber. A gas flow through the chanber may be
char act egprzed dycaddemnstzeam direction fromthe gas inlet to the gas
outlet, and an upstreamdirection fromthe gas outlet to the gas inlet. A
first injecto be, cqupl to.the, ber 1. configured.te spray a
first liquid ﬁ%?gythéx%ﬁgﬁgggnggﬂggﬁf%g%g§§f85?9§agg%$&?ﬁ%§f}%mggébmmstream
momentumto the gas in the chanber. A second injector nmay be coupled to the
chanber Br@reonfiiguedaicy Spralpaa tSecdiy Praurde Hes SPheoidharbey, at a
second velocity that inparts an upstream nonentumto the gas in the
chanber . mbhetbh st At $e698datdrqubeshamyy Beihdderd/NassamaolibgtHebaplhe
first and second liquids may be different |iquids. A sensor nmay be coupl ed
to the C@Q}“@&Bg%i btolgt%ﬁinitg 2 L uidm"g 11%(%“": Jal (gaﬂqx gi? jglpiql (If nﬁejq%gtior fh%gi”i nj ector

mount i ng-apparat us, a na s TR S RS S S S e d TR THE appar atus, or

el sewhere. The sensor may include a resistance or other electrical sensor,
a t enper aturEnseREOYi2 2p cfdrgaied @agoAn injegar Mg iged snemtiran itohewer nunber
sensor, an optical sensor, an acoustic sensor, a magnetic sensor, and the
l'i ke. Thgh:9aRsalic BRYinhe Caphbbgihed:H B BBASH Rndt GO § RingPalsalBitap is
associated with gas flow t hrough the chamber. The control par anmet er may
inckde a_flo

, rate, t erature,. .contamnant |evel ., (e.d. oncentration
of & ai Qb Ra B Bl BT & PR MR B o porob or REREAR

aligned substantially orthogonally to the cylindrical axis.  The long axis may be angled
with respect to the cylindrical axis {e.g., at 45 degrees).

{6813} Sorne embodiments include a plarality of injectors, which may be
corfigured to inject the same or different Hiquids (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



controller may be coupled to the sensor and at | east one of the first arid
second injectors and/or apparatus associated with controlling spray
i nj ecti orWe.2g12/02u28ect or nounts, shutters, gaps, and thecriuse)i/oTties
controller may be configui ed to receive the control paraneter and adj ust
at least one of the first velocity of the first liquid sprayed fromthe
first injector and the second velocity of the second |iquid sprayed from
the second injector. The adjustnment may be performed in response to a val ue
of the rBEEfVETYE0MIOGIC FAICIFBERP, A1) YPSEEHE SeRY0HI FRERRE UPEITE4R eshol d
di fference between desired and actual values may be used to define a range
of oper atborptanth § hes Eontipddensirmay)makie adjusteaentsai( eoguts aad] ust
| ectors) until a measured value of the c i.trol parameter differs fromthe
desired ue.. . I , . J wak N8 rise a
chanber Pav g e sanr b T o ot A e R H R ™ e
or nore throats through the wall may be configured to provide for fluidic
communi cAEVBHTHE REBKTRinEkbericorto 6P iTHéhe AaiséBasand an interior of the
chanber. An injector may spray a liquid through a throat (e.g., into a
chanber). | n H@®] caseas,appachanbey chagrianecintteatodng rahtd dhet ogasprays
liquid into the chanber through the throat. Sonme chanbers have several
t hroats d_:j_nj S, 0RY o SPERe v Ll LML L9 the .chanhsr, ., hr ough
thethr oo BTk e TBY 5B kR WL fh B e L8 AR b o
t he chanmber through the throat. The spray may be characterized by a spray
di rect i off"Qy6Y Hiy Hop ot pHES Ko 89 rﬂ%@u Ff’“%%%‘e‘h? Rpgaler Wity t he chanber .
The spray nmay be characterized by a spray width (e.g., as neasured at the
front of cizher@aed HyheidVidelemafirdehen irbmaat gad et endhe@hs bheettddoat , and the
like) in a direction substantially orthogonal to the spray direction
(e.g., within 30 d 2es of , eqrees. . .10, degrees of ., .or_ even .
Goarens S tsiiBrlan B8 BL 2l d89 808P hior R FRINGER cOlay BL-ofKRR &
characterized by a throat length in the spray direction that is greater
t han t hethsphapb @dronfreretihp ozey Rehigtiimijtbieshambgrat pgist wocdjen 20x
greater than the spray width. In sone cases, the throat length is |l ess than
t he spr aphawinglddis ALQOLLLTRS aphaywray Bk 58 behe hanact eniszethditjeaospr ay
hei ght (e.g., as neasured at the front of the gap, the mddle of the
throat, the,end of .the throat, and the lLike) in_a sgcond direction
subst ant a1 P eufa [aRe B RRy oir iyl T * o BTN R e e s
height is greater than the spray width, including 2x, 5x, 10x" or even 20x
great er thearPer hied sppay vaPdbhihaSomers prapshedtg mansrybe togss it Hen  100x
greater than the spray w dth.

chamber. The first and second liquids may include the same liquid. The first and

second liguids may be ditferent iquids. A sensor may be coupled fo 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 or
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,

corttarninant level, {e.g., concentration of a dissolved chemical, particles, and the like}. A

by

)



[ 00181Spray height and spray wi dth nmay be used to define an aspect ratio of
a cross section of the spray (e.g., |ooking down the spray direction). The
gap or thwoatizmy2Rave an aspect ratio that is substantiparius2athesmane as
that of the spray as the spray passes through the throat. In sone 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 nay have
a throat width that is mnthln 50% 30% 20% 10% or even wthin 5% of the
spray wi SERClThigay ap corPieh oE SehepT e ! ab@a%e orthe Frdoatd pEPhREERaEr s
within 50% 30% 20% 10% or even within 5% of the spray height. 100191A
t hr oat nayd/apgearathamkssiiapedvifecogurolifrgrspaaf aRcshafped isjpeayjpcasisvi ewed
substantially orthogonal to the spray direction. A throat may appear

tr ape20| qﬁ!trep{ ¥se£‘n<¥]§x%tt%@9“ %rc‘tm'tat‘gﬁﬁ rrglxgnge &)?1 tt@'ﬂt E@%B?gleﬁ&{i tﬁpﬁ&% n(? f the

spray passing £hr ou the "t hroat t'hr oat ha ed to match" the
spray shape (e.g., ?Iove mat ches a hand) such that the spray fills'

t he t hr oOBIToR&Hy ﬁﬂ%aégtétsaf it Giigh TEhlrst ht BEty, ClHo0D0T iidsRpyeddey the
substantially all of the spray passes 'through the gap or throat, in sone
cases, soneimgfcidriedspr ayohi tSotibvesfehamhend Wadill sptayes onen dasesnda majority,
nor e than 70% nore than 80% nore than 90% or even nore than 95% of the

spray paﬁtﬁ%ﬁnt I?ftf;o Q&me@tt 9@9 12 pe;'fgtrl‘gﬁa(; in response to a value of the received
control parameter. In some embodiments, 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 thresheld.

{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 arvinterior 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 Haquid
into the chamber through the throat. Some chambers have several throats and injectors
may spray Hguid indo or out of the chamber through the throats.

{6816} In some embodiments, an injector sprays a liguid 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



BRI EF DESCRI PTI ON OF THE DRAW NGS [0021]FIG 1 is a diagrammtic
representation of an apparatus, according to sone enbodi nents.
[ 0022] FI Gvo20i2024228i agr ammati ¢ representati on of an i nj ecras2@and4sps ay,
along with a schematic illustration of velocity as a function of distance
fromthe injector injecting the spray, according to sone enbodi nents.
[0023]FIG 3A is a diagrammatic representation of one view of a nozzl e,
according to sone enbodi nents. 100241FI G 3B is a diagrammtic
r epr esentCat i BHIBRC SRBERREL 41 SUTEE bl degssr & oF cErg d%Aee~aaé86’ﬁa$%‘@ito some
enbodi nent s.

to the spray direction). The throat may be characterized by a throat 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 widih. In some cases, the throat length is less than the
spray width.

10017} The spray may also be characterized by a spray height (e.g., as
measured af the front of the gap, the middie of the throat, the end of the throat, and the
like} in a second direction substantially paraliel to the spray direction. In some cases, the
spray height is greater than the spray width, inchuding 2x, 3x, 10x, or even 20x greater
than the spray width. Some spray heights may be more than 100x greater than the spray
width.

{0018] 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 thaf 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 aspeci ratio that is
within 50%, 30%, 20%, 10%, or even within 5% of the aspect ratic 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.

{6019] 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



[0025]FIG 4 is a diagrammatic representation of an apparatus, according to
sone enbodi nents. [0026]HG 5 is a perspective representation of an
appar at uswoaoergndi2ag to some enbodi nents. [ 0027 PETES2@A 0T 74

di agrammati c representati on of an apparatus, according to some enbodi nents.
[0028]FIG 6B is a schematic enlargenent of the gap and spray region, as
showmn in FIG G6A [0029] FIG 6C is another view of a portion of

system 600, as annotated in o
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 threat.

{0020] In sorne cases, substantially all of the spray passes through the gap or
throat. In some cases, some of the spray hits the chamber wall. In some cases, a
majority, more than 70%, yoore than 80%, more than 90% or ever more than 95% of the

spray passes through the gap or throat.

9



FIG 6B, according to sone enbodi nents. [00301FIG 7 is a diagrammtic
representation of an apparatus, according to sc.)ine enbodi nents. WD

2012/ 024226RCm/0282811/ 047774 [0031]FIG 8 is a di agrammeCirwsSe@piogrent at i on
of an exenplary nulti- injector apparatus, according to sone enbodi nents.
[0032]FIG 9 is a diagrammatic representation of an apparatus, according to
sonme enbodi nents.

BRIEF DESCRIPTION OF THE DRAWINGS

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

{0022} FIG. 2 is a diagramunatic representation of an injector and spray,
along with a schematic illustration of velodity as a function of distance from the injector
injecting the spray, according to some embodirents.

{6823} FiG. 3A is a diagrammatic representation of one view of a nozzle,
according to some embodiments.

{6024} FIC. 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 to
some embodiments.

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

{00271 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.

100291 FIG. 6( 1s another view of a portion of system 600, as annotated in
FIG. 6B, according to some embodiments.

{0036] FICG. 7 is a diagrammuatic representation of an apparatus, according to

some embodiments.
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[0033]FIG 10 is a diagrammatic representati on of an apparatus, according
to sone enbodinents. [0034]FIG 11 is a diagrammatic representation of an
appar at uswoaerandi2ag to sone enbodi ments. 10035] FI G 12A&Cirlusesttioat’es an
apparatus according to sone enbodi nents. [0036]FIG 12B illustrates an
apparatus according to sone enbodi nents. 10037]FIG 13 illustrates an
apparatus, according to sone enbodinents. [0038]FIG 14 is a diagramatic

representatioa%gf sone_representative correl ations anonqrequivalent orifice
di anet er, |iqi#0dtbr eddur®s aaits puimp e st eseatlvRdr A “YgrE8he™8Hbodi ment s.

injector apparatus, according to some embodiments.

{0031] FIG. 9 is a diagrammatic representation of an apparatus, according fo
some embodiments.

{6033] FIG. 10 s a diagrammatic representation of an apparatus, according
to some embodiments.

{6034} FiG. 11 is a diagrammatic representation of an apparatus, according

{0 some embodiments.

{6035] FIG. 12A illusirates an apparatus according to some embodiments.
{0036] FIC. 12B illustrates an apparatus according to some embodiments,
{0037] FIG. 13 iltustrates an apparatus, according to some embodiments.
{0038] FIG. 14 is a diagrammatic representation of some representative

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

according to some embodiments.
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0039] Systens and net hods for pushing
on or otherwi se transferring nonentumfrom/|iquids to gases are descri bed.
In sone ewbadixemt2s, kinetic energy associated with a | iPquius2e13/08178nsf erred
to a gas by spraying the liquid into the gas at a velocity nuch higher than
the local velocity of the gas. Atom zation of the sprayed liquid nmay be
combi ned with high injection velocities to result in a high velocity spray
that rapidly decelerates upon interaction m4th,the gas into which the
liquid is sprayed. | nPséfeliddpdets i diNeCpdeE ¥ﬁéﬁ£&£@é characterized as
nmonentum transfer fromthe liquid to the gas. Monentum transfer,

interfacial r@E88%] onsSysshearmnd mebcddicphesidanena or atidrivRe thhiferrimgy be
enhanced by conbining high velocity liquid (having high kinetic energy)

i nj ected Sy i { I ¢] J.quid and
gasy . asm g ea P e T B b T R s R R T om
the liquid to the gas, which may yield a variety of useful pheononena,

[ 0040] | n*§BfiRied BN HeH s flﬁ**éﬁ?iéi}ﬂoﬁf&dk Py oPdY pudEe EaEHIBEGhC 82598 stream
whose velocity is constrained (e.g., with a pressure drop) to a val ue

subst ant vabdiyy hodekightiahat He lbail Vilatitvel beity oabntheiodopleasaygdssi ng

t hrough the gas. Such a constraint nmay reduce accel eration of the gas,

whi ch ma , ) F. Qf 7 X ! B! gas (e.g
decelera%%h?ﬁéﬁﬁﬁdﬁﬁ %%6{%92 ?%nﬂ{d% gﬁg%gﬁE%Yﬁgj%lg&ﬁg}ggﬂncgﬁgtralned)

I n sone cases aliquidis sprayed throu h a throat, and the sprayed liquid
may creathét aipgﬁ éééml‘é”‘iﬁk Yprasryegianyit Hﬁﬁa@p intgyeHch Htiogiessarecdownst r eam
of the throat is greater than pressure upstreamof the throat. In sone
cases, aioassispectdihit pr@nsaenonbeitahetertdedeas afortdeuthhroatr resuhts fromthe
constraints of a constant gas flow rate (through the throat) as nodified
by t le J.qu i.ng’ th e .t hr e quid spray
mhy b UbBCY g ey pomeRER et it BRS AL A AN ARt 5 &

systen110041]|n sone enbodi nent s, nnnentun1transfer is used to accelerate a
gas and the like may be enhanced by Lom’bmmg high velocity liquid (having high kinetic

energy) injected as fine droplets {(maximizing the areal contact between Haguid 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.

{0040] In sorne erabodiments, a spray of liquid passes through a gas stream
whose velocify is constrained {e.g., with a pressure drop) fo a value substantially lower
than the initial velocity 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 Hauid
to the gas (e.g., decelerate the liguid more effectively than if the gas were
unconstrained). In some cases, a liquid is sprayved 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 tiow
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stream and/ or otherw se change a flowrate of the gas. A liquid spray may
provide for controlling the flow of the gas stream by controlling the
nonent umwoanefes2éd fromthe liquid to the gas e.g., | RCTASINYITPS ay
velocity to push the gas faster). In sonme enbodi nents, very high shear
fields (e.g., in the gasphase) at the droplet/gas interface nmay cause,
enhance, or inprove a desired reaction betmeen the liquid a id gas and/or
particles. 10042] Certain enbodi ment be descrjbed as a "throttle
body" t yiiée GRroggs HgiRfad) 2s4pprariat L’]‘g g wf%ﬁéﬁuf%meer%r BII5°R G apPar at us
that "throttles the gas (the equrvalent of the butterfly valve) is a
gaseous gycheae A hgtid sroonty bt hed! byocnnplectreshulé duipde.gr, at hesnitdiad- a sol i d
pl ate or surface. For gas streans that tend to deposit on, corrode, or
othermﬁsg s aped qgﬂoontrol apparatus made from solid conponents (e, g." a
plastic butterfiy valve), control of the gas stream using a gaseous and/or
liquid "throttl| e" % provi de for |onger usage before the need for
cleaning,, ref¥fbl shifgoanaPRE T Kke MO TRRREE USPH &} A8 3 BEinsfer of
nmonmentum from liquid to gas increases the angular velocity of a cyclone,
whi ch nmagtrdapciebsesibepriessiange dFlop ragrd@sise ghe ACkalidRgray Gnay @osidetion
applied by the cyclone to a gas stream on one side of the cyclone, or a
push” ap L ke, CHeLon o l,one) .
By cont r P A e MO hR bR R LR ThORANELR) BBl PR G
i njection), suction may be noderated, which may be used to control
backpr esStite (aHW/©F (§-8-0WCTeatBs opray Nelogias te PrERIw: sPhiastie 'ea9®8 a pressure
drop between an inlet and outlet of a chanber may be controlled by
cont r ol | émAgodindehtssters Phigysteni Balied . d.nh ehd ©ig dhakebt {e dGoplel/fosandeanst r eam
direction) and a second spray injected into the outlet (e.g., in an
upstrea r , be a t he
chanber BaSaH AEre ISRy T A Er e P sh S [ 004311 n
sone enbodi nents, a I|qU|d spray injected into a gas streantat very hi gh
veIocrtyPﬁﬁyﬁrnduce nonl i near behavior at the interface between an injected
droplet and the gas within which the droplet travels. A fast droplet noving
through a sl o@ggas neyesih birdbemtdrys sheat dbhebgass £ ehgotile bbgepepdent of
nmonentum transfer) that a desired |nteract|on bet ween t he I|qU|d and gas
occurs Qe ca ssion or
shrrnkrntﬁiflﬁﬂ% agﬁgs d%{ggﬁggg%ﬁéﬁ ﬁ%gw *“?qﬁhgﬁs "Nt %?S d%e
conpressed boundary Iayer may result in increased reacti on between the
dropl et emdviey of Eighuiicnt vdlen it headrophetonanithtas dingisdky &H ivectglispended
species in the gas). For an exenplary gas stream haying suspended
par ti cl eBguinhiali@:r & a5 DM Gr dr@pb eFordghtrearRUSRT reparks Bepes Ut of the
way via a gaseous boundary |ayer adjacent t he droplet (1 eaving the
partlcles in, the gas
hundr eds” ot‘odfge(e‘tOfr%%m“éee](r:n ngl' P& ef)rattm%va’ (‘f%’%ag h?mnﬁ j$ F%QHBO%E“SE t5¢ es from
the gas into the |liquid. Particle renoval may be associated with the
cr eat i onpleftidiigieriielrgedit yondicf Pethe meesTdrat ween drsphersd/andrpar tiettles, which
may i nduce high shear and/or normal forces at the interfaces between

dropl et sy@f 2o RY ebhget dilod bARE: BreGRSJ BdiRAMHL RAWRIGHL het paridches are
suspended) into which the droplets are sprayed. For Iarge dlfferences

between the velocities dro %ets % .9 reat er 400
Feet | secBitt “GredirSPrdirmobons BebeRiim B8Ruian Ty efi g3 Fhahege
feet/second., greater than 1000 feet/second" or even greater than 5000
feet/secwﬁdﬁ%ﬁﬁdﬁwﬁbe@sﬂﬁéyﬁﬁmﬁ@maﬁeawﬁmhuwohbaﬂwnaﬁ®sCYﬁmMHEggas streamin
an i nproved nmanner as conpared to slower noving droplets.

suction applied by the cyclone to a gas stream on one side of the eyclone, or a "push”

applied by the cyclone to a gas stream on one side of the cydone}. By condrolling the

velocity of the cyclone (e.g., by controlling liquid injection), suction may be moderated,



[ 00441Vari ous enbodi nents provide for injecting (e.g., spraying) a liquid,
at high velocity, into a gas stream In general, gas streans nay be

cont r ol | edOizn1venizeus ways (e.g., to maintain a certai nPCelusedttip477v0
maintain a certain pressure drop across a device, and the like), and so the
effect induced by a spray on a gas stream may be nmani fest according to a
control nethod and/or other inposed conditions. In sone inplenentations, a
spray may change a difference in gas pressure as neasured between the

upst r eamVPERIOFHRTSE e ST Y PAET SIS AT Y RO RET HPPFREREE R Fons, a
spray may increase a velocity of a gas stream which nmay be an overal

vel oci t ycaeés, a pgasustdreabeandh an ided ocadutheebiociitaynbet nishdegasirgicddam i n a

vol une proxinmate the spray. An initially large velocity difference between
t he spra LU g, : {8,940 ~ lzpedi afLerL.knjection)
my decr Hon s e R R AT Gl 7 T e ik by
interaction with the gas. I n sonme cases, nonentum of the sprayed |liquid may
be transfEFREHED HHE YA SerBh Fi & MaHREFehaTesetk| BraPEy sy Yas
streamas the droplets of liquid decelerate. In sonme enbodi nents, a

vel oci t yingfcted thaSigBth@amiray: dententdsroblied: By csanbdrab biangspdaeve ransft er of
nmonmentum froman injected liquid to a gas into which the liquid is
injectedmuﬁ%t&gcrease in nonentumtransfer (e.g., by increasing liquid

vel ocity an }of'volune) may be used to accelerate a gas stream A decrease
in nmomentum transfer may result in | ess acceleration of the gas stream In
an exenpl ary E¥Bddi méneog epbadiarantsy 2 Savidhrest biestedriatopugieietadt with
respect to a gas stream in a manner that provides for both "upstreani and
" downst r eamhigrorentgmiy adstefionlfech0oMsibr eafl: intBjfactetwidnj£chgctad!l iquid in
a manner that pushes the gas "downstreanmt and an "upstreant injector
injects g liquid.n_ a manner.that . hes. against. the gas qoing.

"downst rgiégﬁ? o g%% Flgfﬁr“bﬁ% Wg}?rn %%é}tmrhe%mdg(ﬁgg%\ %\‘/\h%%f’%%g %ng%eu(\:? }Qf’rdslg)u v *be used
to control the flow (or pressure) of gas by adjusting the relative

propor t i 9AY fof meypsticaanty shid thelgvirser Sdivpondme At @oneple &gnsieriivd agas by
the injected |iquids. 10045ING. 1 is a diagrammatic representation of
an appar asited naceefnich Rgvleon SRMBReIBOULIRRtSs. s exepkat heerodi ment,
system 100 i ncludes a chanber 110, configured to contain a gas. Chanber 110
| ncl udes, ong. QMRS  DLEL.O6, SUr ces 112 ublchy cont act. Lhe gas wi thin
chanber 116 ARYI HEEH SFCGrTALe Tray 1 el dde A wal i of Y thé' thanber. An
interior surface may be within the chanber (e.g., a discrete baffle within
t he chanbep)el/ganiritertasei dreogupresaeebaidabelagssoey stsal inrcheagerbtehelforconponent
(e.g., an inner chanber) within the chanber. Chanber 110 may provide a
subst ant pa@lvkeyn HRtBbbel adDEANR g Obet9RER HNBOPRE add O dRBYvENG! idpesaicgas 1 nl et
and gas outlet (not shommj, and gas flow fromthe gas inlet to gas outl et
may be described as .a.gas streamf]|ow n hr.ough ch er .110. .100461System
100 el taee: Broraeef Shm S et ar b 8t A iR Pt amit™00,  and
configured to inject a liquid into chanber 110. In exenplary system 100,

i nj ect orslg@Onigng dupliedrigbt Ghahber itk ovi of thowiy viB0gasNbumtoul88rmay at t ach
injector 120 to chanber 110, in sone cases, nount 130 may provide for

adj ust ment-fdidhesk akoidQica Ging thOp8ticBE In thh 8hd strdabhd fastURovid@\WRgplaxi al 1y,
rotationally). I'n sonme enbodi nénts, mount 130 may incl ude actuation and/or

other copty ol mechani e, and. Ry, | ncl ude, SYSLENE. f . PELIOlMAnRYL/ out put

from the gas into the hquid. Partidde removal may be associated with the creation of
high velocity differences between droplets and particles, which may induce high shear
and/or normal forees 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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10047] I njector 120 may receive a liquid froma liquid source 140. Liquid
source 140 may be coupled to (e.g., in fluidic comunication with) injector
1. 20, anoworyiynre8de a |iquid to injector 120 that is iPojraszed/ouTwo
chanmber 1.10 by injector 120. In some enbodi ments, |iquid source 140

i ncludes a punp. Certain enbodi nents include a high pressure punp, which
may provide |iquid at pressures above 100 psi, .1000 psi, or even 10, 000
psi. Exepplary punps include netallic punping conponents e.qg., inpellers,.
pi st ons, iaaﬁ’:ﬁlgf,efep%é?}w%h% NelofifReyt d19pe @F%r??jaéﬁ%frgff%@f fpdts a 1iquid
into chanber 110. In sone enbodinents, injector 120 is configured to spray
t he | i quicdt/icatsad, ghaudreharl 1@ fedtnjce sdcond 12 Catamtpran A ivdgcaombzrdaer(hat shown)
having a shape and an orifice that is configured, with the pressure of the
liquid prowided. byl i0ui v ede®ed Al . .of atomized |iquid
dropletsﬂgﬁggﬁgﬁgﬁgééﬂ%%gga%g%ﬁgTﬁﬁg%ﬁ%gg%g%ggFgﬁﬁé?%?%éﬁ%yﬁggghnay forma
spray 150 of |liquid droplets within chanber 110. Spray 150 may be a

di ver genfor$PrAYTISAR Eh Ry SBeeTB AR BTV Y B eBYAS PRESTCIRS ST APV e 160.
In sone enbodi nents, spray angle 160 is greater than 20 degrees, greater

t han 45 degiees, greater than 90 degrees, greater than 120 degrees, or even
greater than 150 degrees. In sone enbodi nents, spray 150 includes a fan

shaped spray. §0.|GQ4 Ongy fmggﬁlw&%mgfsﬁg?%@é}gl,?ig!ag%};ggg? %&bﬁgﬂl{\,(ﬁq}quﬁp L2y

Spray 150 may'include a pluralit
2012/ 024228PCT/ US2011/ 047774 [00501The dropl ets associated wth spray 150
may havelghfilosty. dpioaysag sfrermt i soesy. dameiat ey bafeerolicdjfe et isi i nt o
chanber 110. Sprayed droplets interact with the gas within chanber 110, and
may be sivayed.gdowmaptaiheccgas voaseNh thahenas téroin whdshiurt ergp acrbistd i ng) a
surface, sprayed droplets may decel erate, by interaction wth the gas,

until t h&&f"'gee%?(glt}% l}k%{, [%uhri] Q‘Jg t}¥e4i£§£ i%l&u,sa"ébﬁv’j[ aﬁsq%r. VZ'J)IL % §§r%£el%<_la‘(¥ mEi}Q bﬁti he | ocal

vel ocity of the gas a at position W thi C e.g., eventually
the droplets may be carried by the gas, noving at the sane velocity as the
gas t heymaniéesﬁ)éqxﬁgii@g_ﬁq - %xtg&}}r}ethod and/or other imposed conditions. In some

irnplementations, 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 initially
large velocity difference between the sprayed liquid and the gas stream (e.g.,
immediately after injectior) may decrease as droplets within the sprayed lHquid are
stowed down by interaction with the gas. In some cases, momenturn of the sprayed
Hguid may be transferred to the gas strearn in a manner that accelerates the gas stream
as the droplets of liquid decelerate. In some embodiments, a velocity of a gas stream
may be controlled by controlling the transfer of momentum from an injected liguid to a
gas into which the liquid is injected. An increase in momentum transfer {(e.g., by

increasing Hauid velocity and/or volume) may be used to accelerate a gas stream. A
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[ 00511Vari ous aspects provide for creating fast noving liquid droplets in
slowy noving (or reIatrver stagnant) gas streans. In that a gas stream
may itselwokeizmwizeg (i.e." have its own velocity), thi #CIASeofiogEr4s on
generally refers to velocrty in the context of relative velocity between
droplets and the gas through which those droplets are noving. The first
vel ocity of an injected liquid describes the large difference in velocities
bet ween the injected droplets and the g i mredj ately after |n£ect|on by
i nj ect or JAERSe FhEOFERHIT HRnSel BaYy wutié%tﬁsr pesieraten gl tf"feaaéﬁ%eﬂrn Al ocities
bet ween droplets and gas in a region relatively far away frominjector 120,
aft er thecedndplyehsdidbdvenipepmraithst antctab hy @etehed atiddrdyed: Erea gas. For a
partrcular i nteraction between the droplets and the gas e.g." a desired
Lpush’ o, e 88%anfARS! Hed ARRERLUMD. rsapaterndhainqergrrtsg Yehoahhy
di f f erence, 4 desired ficiendy, and he ternrna
vel ocity may be descrrbed as the velocity at which the dro?Iets "have done
what t heYf*efte 4 njOREBEET oSO TBR R Bididiny reever Birhpestes the &a8ry snal |
termnal velocity (e.g." be carried by the gas) " notw thstanding that the
gas streaimmgaftyhnghd heSgstdeap! efstdaseads hiighidiekotiinyr tHas plifhes WO
2012/024228PCT/U82011/047774 [ 0052] I n sone enbodi nents, the first velocity
of spray,} he gre f
T Ll R R R T S
200 fps, 500 f ps 1 000 fps, 2,000 fps, or even greater than 5,000 fps. in
some cas@§y baﬂﬁféfrtwaatwver Sertlyr pyse Hees by AARSHOYeFClEhE FoPStoel ocity,
| ess than 20% of the first velocity, less than 10% of the first velocity,
| ess t hag 9% @fant hedf Hoshsiveln@Ghbyenahimexend tess ghdianthb%oficd heulir st
velocity. In sone enbodinents, a first spray velocity ty is greater t han
100 feet per , €;: 1 ¢ V ; an_ 1 et per
second. In soﬁﬁgggnbégﬁn%hgsh&g gk?tféiﬁéﬁg%ﬁxﬁe ocr?§mag' %égfgf ?han 300
feet per second, and the termnal velocity is |ess than 3 feet per second,
or eve |w%a ehpdipesist depnpaemelssonabodimess mestemy8ainvies 2 chepmbet jlhst
velocity is greater than 600 feet per second, and the termnal velocity is
| ess t hamrlighaottopehagecond Cambeyen lhaaaestcharbr@mdxetgeetm;paa&ras&ctqmd In sone
enbodi nent s, the first velocrty is a velocity at which droplets are

ef fecti Veh1 Ith conrla tt&qu Va w;t}tm Chlambe{ ?ﬂ? t}gtv\,{;]rgeaziﬁortshntayegma} ﬁfﬁud«s a YNXH gp ve, and

the termna

substantially |ess effectlve at rennvrng artlcles [0053]Systen1100 may

i ncl ude @ copahe ghuimeerigi tuitpceihicbe Wbl tg@ shagipdii(qgs peippreismidecel erat e

fromthe first velocity to the termnal velocity. A deceleration zone 170

ey desciithe: de LROMEA). MhbRod S coPen by aluRied Wit @RetBespeayed | quid
decel erates fromthe flrst veIocrty to the ternlnal veIocrty The portion

(r)rfDVISIEl)(E]a)a/.{t 165,836\0#%%%?\%@ et% w;r mt He r?tamg tber?ﬂP majh p{ I‘ %Eg £ gubo tr?w% ﬁP lets

2012/ 024228PCT/ US2011/ 047774

“static” volume of gas. Chareber 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 118, In some cases, mount 130 may provide for adjustment of
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[ 0054] A | arge fraction (e.g., substantially all) of spray 150 may traverse
decel eration zone 170 and decelerate to the termnal velocity prior to

cont act i yoaosumirse or another liquid within chanber 1POT/USROIIOWE74

enbodi ments, chanber 110 and injector 120 are configured to generate a
spray 150 of liquid droplets, the majority of which decelerate fromthe
first velocity to the termnal velocity prior to contacting an interior

sur face mithinqphanber 110. I n _sone cases, nore than 50% nore than 60%
more t haliegb% Znisrie (Pan 9eder shore fRYR. 939V, &2 dUENYhoF e Han 99% of spray
150 decelerates to the termnal velocity prior to contacting a surface or
anot her &mdithents, mount 130006510BGe a@ubhSoaadi/agsihomatiel megresent atd on of an
injector and spray,. along with a schematic illustration of velocity as a
function_qf . distan T el ) L1 E oL D8 SPL ccording to
some embo ?ﬁﬁﬁ%&3§$ﬁg£§§ '%gﬁ?sdl%é%%fﬂg&%q%%?gg%ggméﬂéﬁéﬁﬂgf a spray 150
created by an_injector 120, In sone cases, deceleration zone 170 may be at

| east parti al i%’ﬁ‘*ﬁ%f i figcipy 4 aecErera Henddree aniee i Deur e ni-Kiithi ch
droplets of spray 150 decelerate fromthe first velocity to the term na

vel oci t ysoukqe SlOresdasesplddac . ghin fRiificabmvelrociiby vath) dEopbet?s, midhbn

decel eration zone 170 creates a relatively directional spray, with droplets
substantj ally. . I 0, " direction., O si.de, decel erati gn. zone 170,
aropl ot Py LR b e L R Ay ance
in the gas, "brownjan notion" types of randomtransport, and the |ike,

resul ti ngbefiaealt deudorien Hharuagya PargelCyTBE dorNELRE Ut eR of t he
gas phase in which the droplets are suspended. 100561The bottom part of

FI G 2 igreasisebendl Weidhlrhaspioatdedrued avekacidsyibase B00fn BB afr edixst ance
froman injector injecting a spray, according to sone enbodi nents. In sone
enmbodi ne! t.he-represen i.on. velocl | a function of distance

(bot t om Sru e RS Sl 0008 e ERe e TR P Bak s P e s ay
150 shown in the top part of FIG 2, The bottomillustration in FIG 2 may
descri beriekasdicpisef®at iaaf fyeliledi ty between the sprayed liquid droplets and
the gas within which those droplets travel. Liquid may be sprayed at a high
first vel ocitypods8D, whiebr MAYndeekEQSR! @s dhespl By €d séfheplebsinades, sl owed
down by the gas within the chanber. In sone cases, velocity of the droplets
decreases, nonl.ihearl yexponentially, geonetricall, vt h g uar.e .of,

di st ancerVAna 'PhE TTEE) T ne ags SFAT Ton UTerAncs S0U Way b5 TdBERFT bed as
t he distance at which nost of the spray decelerates to the term na

vel oci t y2 20k fngt seweeniydel aremps ang e odidcelher Btorohzenevitly edusetives t he
region in which nost (e.g., substantially all) of the nonentum of the
sprayed i @utiguidSorbvians benibed dordehan gasiés koW R bhgnbiQuinddwhbpiers

accel erating the gas). '

into chamber 110,

{6849] During 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. Insome embodiments, spray 150 includes a fan shaped
spray. Insome embodiments, spray 150 includes a conical spray. Spray 150 may

inchude a plurality of discrete sprays.
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100571An apparatus may include an open volunme (e.g., wthout surfaces
substantially inpacted by the spray) within which the spray decel erates
from t he worst2/02¢428city to the termnal velocity w t houPCtarst@aouTigs a
surface. In sone cases, a majority of the spray decelerates to the termna
vel oior to contacting a surface. According to a desired degree of
interaction between the spray and the gas (e g gas flow rate, particle

concentration Qgrtlcle renoval rate, and th |ke¥kﬁ a desired SP
vol ume, dropl B3 7o Thegrapielapsseipiey Witk spe W R@Y gy HETHEREY 6 Od)é“f erm ne
an appropriate injector, liquid source, a Id the like. The desired degree

of 1 nt er agtridmeaiddey ugedinicotideines thandea 1 e sipred:dspopytMeteosi twih the qui d
vol une, droplet size, and the |ike, which may be used to determne a
decel er ati.opdh$hance 116 Lhanher. andel BLRELOTmIBY; @osgmgara%mmﬂﬂave an
open vol tine ar ound an expect e decel erati on’zong associ at ed
i njected spray 0058]in sone enbodi nents,_ a hig Pressure | i qui d source
(e.g., geatBiingharipe ﬁ@wyedgﬁ@ﬁ‘ﬁ@rm%h‘éw@wf&éﬁm eGrEar @F i hased, 000 psi,
greater than 2,000 psi, or even greater than 10,000 psi) may be conbi ned
with a Sﬁﬁ%kh@ﬁkﬁtﬁ@kﬁﬁm@mvdbaﬁﬁqﬁhaﬂﬁ@hﬂﬁﬁﬁnuaﬂﬁamnﬁhﬁﬁmﬁm&ﬁﬂuh§83tthan
0. 01 square inches area, |less than 0.005 square inches are' or even |ess
{han, 2- 083 PN AENRE ALRA). o L1 OB STROAIRNL Sy e L ANANBRRE fl0221 &
may be used’ In certain’i fions, “an i nfector 'may create a“lrquid
spray 150 that decelerates to a term nal_ Tel oci édenarcatlng an edge of
decel er atiosHEA6HE Sfm)"iwttfhrihﬁ’t‘hﬁéé’% e8¢ PYRE FHigeP¥on, within 1 foot of
injection, within 6 inches of injection, or even within 2 inches of
injection. Injsene enhodi:peicsis pRoGHE ay cimyingdeceheratdidued tthesidterm nal
velocity within 10 inches, within 3 inches, within 1 inch, within 0,5
i nches, ven f.dniect h liquid
Ches, YR ML b OeR O LLSE! 00 T, shagber, JLamd fauid
t han 20@6of1 a_ maj or[ty of, nore than 80% of, nore than 90% of, or even
more t hafoggw(be- e e cop! etleriing, this ApecHealiprareralbrafprabce aitite the om t he
initial spray velocity to the termnal spray velocity before contacting an
i nteriorcsihh acRifveatRehy bb@ited didbitiband Ranbethrolipe wierihoal d1Spray
velocity may be bel ow 70% belom150@b bel ow 20% bel ow 10% or even bel ow
%of t hr% nllcwutql a}hes 1.8 Q/eiggtko an njeg e‘? Eg % dgs?’«éi ?Ls thaé igilgg‘giﬂﬁruue
represeniatlon &f - 6ne dﬂnents
Nozzl e 300 nmay be |ncorporated into an |njector such as an injector 120.
Exenpl ar yelpoiied hehgen Hapitrakdepihapet beghs. gmm@dl”tf@'v gereinEEiéorady an-

injector 120. The ferrminal velodity 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 desired ymomentum fransfer, a
desired velocity difference, a desired removal efficiency, and the like}, 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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shaped spray, and may be described as a fan-shaped nozzle. O her nozzles
may be used, and may be descri bed by the shape of the spray they are

conf i gur edot20120ner8e (e.g., conical nozzles, helical norgras20iandg’7vhe

i ke). [0060] Nozzle 300 may include a cavity 310 in fluidic comunication
with a liquid source. Liquid may exit cavity 310 via orifice 320. An area
of orifice 320 may be chosen, along mﬁth the pressure and volune of liquid
delivered by the liquid source, ield a desired velocity and fl ow vol une
of a liquid siaged fl?é?r?‘%FF‘F’Pﬁ‘é“*%"%*h%&f 7YY Y A IS §7Sidpe t hat
is configured to shear, conpress, or otherwise redirect the |liquid passing
t hr ough ﬂheSﬂ@%zpeuwthB@pgjﬁaséﬁg4ﬁhqunﬂaemme&ﬁngw&hmamw@zﬁefﬁa;g., via a
tube) may be characterized by a first direction (e.g." parallel to the

t ube) an J £ Vi r €. irection
by mor o {RAR 10 Geg see TR L Than 0 deay ces RS e ThaR S5 Hegrats, “ror e
than 45 degrees, or even nore than 60 degrees In some cases, various

st r uct ur @800PE hiTrEoRsA2Pe BBOMEE gelocifamps be s fasi%aHdhe iist FERay, my
impart significant shear forces to the I|qU|d exiting orifice 320, which
may i nduiees fhhnedatdMeAatd wiodl, khahkh g df thatfostsrdddey deephet 3% of thesonme
cases, an interior angle 330 may be |l ess than 180 degrees. |ess than 120
degr ees. 50y QUGN eS8 0RN 20 80180 WD TRY.GRUSB.bAR. guid to form
fine drop ets én sprayed at su |C|ent pressure. nozzl B
characterized by an exit angle 332, which may QU|de or othermnse shape a
spray i nSREpY FEasty 6 geadr s | Bricet AeT exeped awgltee BRI yeBet 64%s fvan 90
degrees, less than 20 degrees, less than 10 degrees, | ess than 5 degrees,
or even {E&st pdhatcchddegiees oihBAGHLR:Ghe3Bstisgrd Wil@gl anp@hice tHa@puesent at i on
of another view of the nozzle of FIG 3A accordlng to sonme enbodlnents

Exenpl ar ar.l 14.C I e Lerlzed
by a1 ror et 6 bRl ey bR g o B PR PR B SR gt
340 may be less than half of second | ength 350. Flrst | engt h 340 may be

| ess t halfeREgrefordedongmeeATCHIBEEs, U vt veleibtih 3840 Wesp B8 P8 ST t han10% of
second |l ength 350. In sone enbodi nents, second | ength may be between 0. 005

and 0, 1 idRehesnd et weam0vOdAnanthsHiQ 1i BENRS se@hdpataee O3 cande. 08
inches. An orifice may be circular, square, rectangul ar, "S-shaped." and/or

gg{]?{:e)s h%a D! e%con 0(1)1(15 g&ée QP Odmmmﬁy theeﬁrgip an,;fll %Irbe 9 151 XIR, ;gtawilugh &%op@et‘g Ql% liquid

effective at removing particles from the gas through which they move, and the terminal
velocity is a velocify at which the particles are substantially less effective at removing
particies.

{6053] Systern 100 may include an open volume within which droplets
within spray 150 decelerate from the fivst velocity to the terminal velodty. A
deceleration zone 170 may describe a region, within this open volurne, in which the
spraved hquid 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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generate a spray of droplets of liquid. A desired droplet size (e.g., less
than hurn nean dianeter, less than 500 mcrons nea-t dianeter, |ess than
100 m cr owe 2nezn4xBaneter, |ess than 10 m crons nean di ROEUS2Q110877%N | €ss
than 1 mcron nmean dianeter) ma be generated by an appropriate choice of
liquid pressure, nozzle orifice, and nozzle shape. In sone enbodi nents, a
| i quid source providing greater than 1,000 psi nmay be conmbined with a
nozzl e havi ng %n orifice sjize that does not exceed 0.1 inches inits
| ongest di recti¥efl [ dbBsICsHEcBNDSdP HERS A A URd SERAra tBYitye8™By a ratio
of pressure provided by the liquid source to orifice size of the nozzle. In
sone casésglepriesisaune 18 midédebyatotd fh censhd eclmayy beogieatiertithan 500
psi/0.02 square inches. In sone cases,. pressure divided by orifice size
may be great 1 id 0. I ; , TeleIN ts,
pressurejﬁﬁv?Eggng&ﬂ§%$$%gghégggkﬁégygéqaﬁgggg?mﬁ gﬁﬂggg%ﬂ-.p§?§?§@003
square ingheszp£00641FlG. 4 is a diagrammtic representation of an
appar at uSjecle déf diergrEaUEd resdtbar feiy d 20 sy kg daer ér s s ot hanber 410
(a portion of which is showmm in FIG 4) that is configured to contain a
gas. Chawheh diQcmmyfrimnchutet a:10as ibnheterantt oflogasprautth ebnibatdty shown) .
Injector 120 is coupled to chanber 410, and injects spray 150 into chanber
410. In sone.. din i r410 incl.u . pne =a¢ 2 e, Wal |'s 420,
ahi ch e " o aar el B shgAREL pid DRLYRER. 8RR B SR RERL NS (5. o,
form ng an inner chanber). An inner wall may be less than icmthick, |ess
t han 5rnfPthineR S0emst tham Vet ok YO @V thrhier 9w spivdS¢ases, an
inner wall may be several cmthick, greater than 10cmthick, or even
great er gh@rrdO0E. thmd-hick velbanesrinableodkdBidnehudes caagape43Qid.hr ough i nner
wal | 420. Gap 430 may be characterized by a gap width 440 (e.g., in a
direction sub i ald rthogonal to a spray. di rection descrihing spray
1500y Cap- i R la0 s e R e e N B R o o e
440 may describe a "wdth" of an elongated gap. Gap width 440 may descri be
a porti otong withgaph@maly Husisrtiogm! yalediiars yapdgoobdsaaccion dag ingstody 150
configured to pass through the annular gap). Injector 120 and gap 430 are
conf i gur ggbcahg thetdpady, hejoetih@to L2k éipRGESnspray (bt Wughilgapa#3@. | nner
wal | 420 is disposed a distance 450 frominjector 120 (e.g., fromthe
orifice associated mi,th a nozzle. of injector 120)..1n sone enbodi nents,
i st ance B0 rerras el DGR Bredlons AR aPloe Sk 60 PRIR S5 PRERE: 2t o
with liquid sprayed fromthe injector, é%00651At | east a portion of
spray 150 #aseshbpaigiohy Pgliresdy byecalsprivprdigmecechoi wehipfwhiifhydiap!i<goal ce,
i njector nount, and injector design, to pass through gap 430. Substantially
all of spray1db@amy:tpass thhreuebicg@prAd0 tdhhvighl veiNOtsoGRbAGT ARG | Nner
wal | 42(J). Sone of spray 150 may contact inner wall 420. A spray angle 460
may be chosen that results.in a.spray wdth 470.at distance 450 from
" ector Mgt s S R PO S e s PO RPER A2 i oty ot
at | east 90% of, or even

directional spray, with droplets substantially moving in the same direction. Outside

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 ilfustration of velocity as a

function of distance from an injector injecting a spray, according to some embodiments.
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substantially all of spray 150 passes through gap 430. Gap w dt h 440,

di stance 450 and spray angle 460 may be chosen such that the spray width
470 i s swwetarti2ai2By t he same as gap wi dth 440 at i nner Paalus2¢1204717¢4 g. ,
such that the spray "fills" the gap as it passes through). In sonme cases,
spray width 470 is slightly larger than gap wdth 440 (e.g., to clean the
edges of the gap) In sonic cases, spray width 460 is slightly smaller than
gap mrdth 440 (e. m ni m ze the transfer of nonmentum fromthe I|qU|d
to i nnergrie alﬁmdimrws%ﬁe%ﬁssatﬁ%ﬁt gelogtisra e R T ofspviagre 180 aray! i mpi nge
on inner wall 420. Spray width 470 may be within +/-- 50% of gap w dth 440,
W t hi n +1G. 280%rafergapthn gt ihidA Ocpradenbitiondt thelQ9e0T50gapwwidtie bd@artor even

within +/-- 5%of gap w dth 440. 100661l n sone enbodi nents, distance
450 is | §55G t?ap eaoé?%ct? ﬁts@'&t‘t&ﬂnqjﬁ tf‘ﬁ%? d%Oerbgﬁl\ %tff%)en%gls‘\%% ed. Wi th .
liquid sprayed fromthe |njec or, may res ult in a substantial portion

of spray 150 deceleratlng on the ot her side" of |nner mall 420 from

i nj ect or PeREen tpraged HrEidesiel Yuphaspt Withgovch fsugRrorsfe vl | 420)

t hrough which spray 150 passes. Gap depth 480 may describe the "length" of
the gap Ligutdi@agpt ayraded cthigh firdtReBoRe2 B pasidt:usy {Qurghse ab theeprayalll 420 is
made from sheetnetal ), gap depth 480 may be | ess than gap width 440. in

SOome cas%sﬁ,égapﬂ ARRL Ja] £89, E‘%ﬁ%tﬁgﬁs ?\R@rﬁ&é{éqﬁﬁﬁ% tft.'tesogé'm’:‘,\isés\étg&gtéMfg%h 4

Gap dept arger gap w i ncl udi ng
or even 20x Iarger In such configurations, an interior surface of gap 430
may be desEIt DT as o RpaAt - HFBURI AT ciso sy 1150 thassese of 100671

in sone configurations, a thickness of wall 420 defines gap depth 480. In
soni ¢ codkiagur, ahd eSlikcANTIEXd @DBHARNANstet R ent hegturesd ol a8 fevdjaextends
fromthe inner wall 420 in the spray direction (or the opposite direction),
provi di ng n I e . 3 e thi.gkpess of
e el apt ol B SRAS A e ORR ARl ity B Sl o e PR BPr e s e
as spray w dth 470 Gap depth 480 may be larger than spray w dth 470,
i ncl udi nieZiecelggtiongone]igy degpribey B fszz@sen r%r«@e% N - aept’i"ﬁtazrseﬂsnﬁy %e | ess
than a few nm Gap depth 480 nay be greater than a few mm greater than
| ciu, origevenngiigal@rht hasyseveridls €MsidrSanehCasesowliy ®oMButiases the gap
depth 480 may be greater than -t foot long, or even several feet long. In
sel ect eqpqr mgg%géwg)conblnatlon of distance 450 and gap depth 480 is
chosen suc t ?ay 150 decelerates to the termnal velocity within a
t hr oat through an inner wall (e.g., a throat defined by the interior of
surfaces of tH&5ghp) Al preones el nensopaicdypettedviioe soffatasr i ous
gaseous currents (e.g., eddies) is used to determne a size of gap depth
480 (whi be»%ﬁa@g&vﬁ*&&@rbdtﬁe BSrak VGBI han tadsexpeetRe el ARBLRE first
characterizing the predorinant fiow of an eddy current.

velocity to the terminal velocity without contacting a surface. In some cases, a majority
of the spray decelerates to the terminal velocity prior to contacting a surface. According
to a desired degree of interaction between the spray 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, iquid 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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1006811 nner wall 420 may reduce and/or prevent the creation of eddies
within the gas, particularly in gaseous regions near decel eration zone 170
(not shownp.20izmex2swal | 420 may conprise a plate or ot hechtuseoldiosTret e
surface. The shape and size of inner wall 420 may be configured, using
expected gas flow rates and vector fields describing flow directions, to
result in a substanti al portion of the gas being pushed through gap 430 by
spray 150. Inner wall 420 npri se a contiguous surface that creates an
"inner cRAMSEA® OPRR 801\‘%}%%0‘?1?#} %‘&t@re@f%ks%ﬁﬂay‘sﬂ FEFASEP&seay tsee 1n sone
enbodi ments, at least a majority of the gas within chanber 410 passes

t hr ough g@p&ﬁ&@nwtn sone enbodi nents., over 90% 95% or even over 99% of

t he gas passes through gap 430. WO 2012/ 024228PCT/ US2011/ 047774 [ 0069] FI G.
5 is a perspe r a pg one

enbodi nent s. ﬁ%@gﬁnﬁqgégggpggtgqgf@ta@hr@hg lgigimg &%95@! %gggctrve Vi ew
of the "interior" of apparatus 400 (FIG 4é facing the outsrde of inner

wal | 420thapled PS, seplgs trared PEnserenPrary e srbsrrater it t0amsi A &eor 120
configured to generate a fan shaped spray 150, and a gap 430 shaped to
subst ant g@hdey tHamaonl ptiheasbapenbinctingiisprayll atifitanpef, iwakitard2%.sqlage hei ght
510 and gap wdth 440 nay define an area of gap 430. Spray 150 may be

confi gur 1. I AaY. d Jheight 520
and spr oy g A5 P L R B e PR L 9 s O SR o LR 70%
nmore than 90% nore than 95% or_nore than 99% of spray 150 passes through
gap 430. pobroPEPGqums e e qurrw%%lesn*éxerﬁpraﬁy q %Ff@?ﬁa?”‘v b adi al ,
rotational, and vertical notions that may 7 be incorporated into |njector
120 (den&kﬁd AcerBin GuBlmehdtisoan enbodi BN LS atclatj@ed ofral 2600 thay be
configured to change an incident spray angl e between spray 150 and i nner
wal | 420, a I q

onbi nat {5 AT e T e PO W SBadt ALAE TRERT AN ALY Pt 11 an
adj ust abi I i of the inci dent spray angle of spray 150 while still causing
spray 15@“%9/ eplad driedivsugHhgabloase. inkHige ibthénb suheeeitis) utilﬁi} ect'sit 120 may be
adjusted to direct spray 150 away fromgap 430 (e.qg.,. to "turn off" the

fl ow of i@ HinkheQlighe@irp. 43Qme @asostthﬁemthr@aghagamélﬁﬁtmyh@e controlled
by controlling the volune of Irqurd sprayed in spray 1.50, the velocity of

liquid sprayed pr. I nci.denc ciated, with spray
150, and OI’ a?x 10u§ ‘,«,16@( ¢ nl"ugks f};}@% t{rches msté}"ém?ﬁrrtco 8 513211% s,l SO

enbodi nment s, tmp or nDre injectors 120 may each drrect a spray 150 through
t he samesgapyidso O lincdyewbinggrbosi Mentgunhbyn teplijoAaabPushurddhe B3GGrayabe
i npl emented. Shutter

be configured such that a portion of, greater than 20% of, a majorify of, more than 80%

of, more than 90% of, or even more than 99% of the droplets within the liquid spray

decelerate from the indtial spray velocity to the terminal spray velocity before contacting

an interior surface or other lguid in the charaber. The terminal spray velocity may be

below 70%, below 50%, below 20%, below 10% or evenibelow 1% of the initial spray

velocity.

{0059] FIG. 3A is a diagrammatic representation of one view of a nozzie,

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-

22



530 may operate to close a gap 430 to passage of gas and/or liquid. In sonme
i npl enmentations, shutter 530 all ows passage through gap 430 when in an
‘open”  woani2/emsprevent s passage through gap 430 whemcCirrusaorioksed”
position. In sonme cases, shutter 530 may prevent passage of spray 150,
whil e all ow ng passage of gas, through gap 430. [00711l njector 120 and/or
mount 130 (FIG 1) may be controlled to change in sonme configurations) an
amount of gas that passes through gap 430 or (in some configurations) a

pr essur eSTHPEP SHEY oS! HAPLYSECripEt A5HIRE SR Rkt (SR REZES M Pewhi ch gap
430 separates a gas inlet froma gas outlet) he area of gap 430 (e.g., gap
hei ght 5i@dmuld inpl bededryibgapy wrcddhpddOhe BbGy 14y apdo@igasd {d owie ate, front
to outlet nay determ ne an expected gas flow rate through gap 430 (e.g.,
[1ow ral riica@h8Rcs, NOhndhies AaSRIRGONT T gurat fons, inner wall 420
sealingly separates the gas 1'nlet and’'gas outlet (not shown), such that the
gas inlet and gas outlet are only in fluidic communication via gap 430. in
a constant fl Eﬁ%ﬁ%t e Mgk Yl rayiibAvdas FreW fﬂ—ﬁtﬂéﬂa@—@%&%ﬂmﬁw@fwwﬁﬁa ly from
the gas inlet through gap 430 to the gas outlet, and gas velocity (e.qg.,

t hr ough thddgapcor Lighfco@aby exiayahig 3¢ontar@lflced2byAst heagasrifib-odomatyeband

(e.g., divided by) the cross sectional area of gap 430 (e.g.., gap width
440 x gap., hei AL Such constraint s may oLeales 8, fax flow.rate of
gas ¢ hr oo andgt e ERR RO I AL B A SRR By TR BB Ehan
this maximumflow rate may increase the pressure drop between the gas inlet
a | d gasyslita stsivednpigcipy ssdlivs varope vie ¥iuid sevepseredificsitde Urzahe g; p at
| ower pressure than the downstream side) may pull” (the gas) against the
"push” i ppahiethchyiclhaaspirayiseontififcgassHebr, ovgbrdsh@r g8 roke khtiaat thewhi ch
may reduce the acceleration of the gas by the spray (e.g., within the
throat)..ln;s00e,. ephodinents, gas flow rate through gap 430 nay hbe
controll%%ﬂgggg%ﬁ g%%%%ﬁgﬁ%%f%%?%?@%%dﬁ%ﬁﬁﬁﬁbgﬁ%%%&%%63M%%Qg%”é§éhplary
enbodi ment, inner wall 420 is configured to be an inner chanber having a
gas out | Bfe) @ps po segasiiisndrbvaniisidiseciendnpepahbdditngcdvgdsiiierozdhe i nner
and outer chanbers are in fluidic comunication via a gap 430 in inner wall
420, andicgas thd @Wsd ts amitberogagel Mk@lird-Abob§ AR rothaarocbarbeimort liem t hrough
the gap into the inner chanber, then through the inner chanber to the gas
out] et %gg%ée%dmgla‘esthglwgw GLALE | o thtaP&S QUL L &h Q‘&Ugﬁr o@%ar? & &Ieso(':’;‘ge"t 0
det er mi n&” arv appropri at e combi hation of ~Spray’ I50 and gap area > such that
gas flow fromthe outer chanber into the inner chanber, via gap 430, may be
mat ched oo gses, vasiaps shbafurgs-wig(in vpetly 3¢the gexpact wdilgaznd thewkehray i nt o
the outer chanber. Adjusting the nmonmentuminparted by spray 150 to the gas
may be us@shrt Qz€ORd:QhedaSrcld @UWRE B A CRIHEIL OFifiRE 885 Uhedh hiomdubesisut er
chanber (having the gas inlet), into the rnner chanber (having the gas

outlet). . T o e
) atomdization of the lquid 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 hiquid 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,
fess than 10 degrees, less than 5 degrees, or even less than 1 degree.

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

nozzle of FIG. 3A, according to some embodiments. Exemplary orifice 320 1s an



[0072] i n sone enbodi nents, 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). Gap24BM2mey be circular (e.g., for a spray havi rgTaISeénoOWI784 Cr 0SS
section). For sone fan shaped sprays, the aspect ratio of the cross section
of the spray increases with distance fromthe spray nozzle. In sone

enbodi nents, di stance 450 (FIG. 4) nay be with +/-- 50% +/-- 20% or even
+/- 10% of gap hei ght 510. In enent ati ons, di stance 450 may

| ess t hatt' 1?? xﬁz Oflfl%én‘éé‘@’ W@.C@Wﬁ%ﬂ%@ed !{"e% &rsf femgth $i0dRalts rsshgag *ﬁ@lﬁht 510

| ess than tw ce gap height 510, |ess than gap height 510, or even |less than
50% of gepgheisghFir§1azth Bitstanbeledbbhamiyithe sgredtetit bitin F160%:0tthdap hei ght
510, greater than 50% of gap hei ght 510, greater than gap hei ght 510, or

even gr e@\%g%et{-&gg&agﬁ%f 198 mgqgﬂgﬁfﬁ %q:n%t lengil ;I-:LQQ}Z%J{% 19%9:113%’?’% TRy be chosen

to match an aspect ratio of a cross section”o ., an elliptica
Cross sectlon for a fan shaped spra i n_sone cases, ga ght 510 may be
greater tRERN kﬁﬁ*é*em HeEgagT WD %4@*?0@# kagdrmenanbeivgen ?pﬁee@dg%b wi dt h
440, greater than ten tinmes gap width 440, or even greater than 20 tines
gap W dt mcédObetween 0.01DQAAF Beh@hod Itacdi @QF anhmtd echepresema@than of an
appar atus, according to sonic enbodi nents. System 600 includes a chanber

610 cont L QuIelt 0. GONLAIN 1,928 NAMIEH O10, 1By, J.0c! ude a gas inlet 630

(which may al's d as a gas o n the opposite
direction). System 600 includes an inner wall 620 within chanber 610. |nner
wal | 620 fornd®8A i nferortiampebe egniaugut iedlcoik dioP @ igasrednd may
include a gas outlet 640 (which may be coaxial with a cylindrical axis
642) . generak@B £l b efoph@k bf BR0dI nadevdes dapgapiz4 30g., Wk ¢hn MByn eRaNey gas
and/ or

diameter, less than 500 microns 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 Hquid pressure, nozzle orifice, and nozzle shape.

In some embodiments, a liquid source providing greater than 1,000 psi may be

cornbined with a nozzle having an orifice size that does not exceed 0.1 inches in its

tongest 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/0L.01 square inches. For

sorne erabodiments, pressure divided by orifice size may be greater than 2000 psi/0.003

square inches.

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

some embodiments.  System 400 inchudes a chamber 410 {a portion of which is shown in
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liquid fromone side of inner wail 620 to the other (e.g., into or out of
the "inner chanber"). System 600 includes an injector 120 configured to

i nject a woqoixh2eppsay 150 t hrough gap 430 into an i nteripor/vsednme77def i ned
by inner wall 620. injector 120 may spray liquid spray 150 into the inner
chanmber as shown). In sone enbodinents, an injector may spray a liquid
spray out of a chanber. 100761l njector 120 nay be disposed wth nmount 632,
whi ch ¥ prOV|de for adjusting the direction of sp ¥ 150, forelaft
movenent Fi6f 41 Hreiecartigsed f@aﬂﬁﬂéﬂﬂé B k‘ehafi‘?ffé%ﬁélaéfﬁ%‘éﬂﬁ $reBtssTIeh ANG/R] ect or
nount may also include a gas inlet and/or a gas outlet. WO

2012/ 024228ROH WS2Eki04 Tddo] 00 T pbiianbbimbayl iberchthjend s peal 150 Imo sy st em
600, chanber 610 is a cylinder, and is at |east partially defined by

cylindri 8%'111%%)1( L&y, qb 60711&‘ @ﬂb@@@ﬁer@gqgﬁgggr iﬂﬁ%ﬁﬁ@ﬁs ogggn Q\%} &91%81’34?%4 ‘P’"U I'n

exenpl ary system 6 nmber i nner are concentric’
cylindrical chanbers about cylindrical axis 640. Cylindrical axis 640 may
pass t hr Giish Sl Endssaiel=-gr @ Bafle o ethes Ramh)or 6fmfa€1%sw|<%rﬁ0€§rﬂ ECHERBEr . I n
sonme enbodi nents, only an inner or only an outer chanber is cylindrical. In
soni c enbﬁﬁﬂﬁEﬂUS)wMﬁﬂeEHanﬂl@ﬂ&%&hﬁyhhﬂﬁﬁﬂﬁahsﬂhﬁﬁbﬁﬁﬂnﬂayﬁbémﬁefIned by
different cylindrical axes (e.g., not be concentric). In sone enbodi nents,

an_out eraﬁﬁg@ﬂ{%m‘ &ch 8GHANIYL 8y aé’?‘PQeé‘Gn n@ﬂ?rw (ﬁh%”xbﬁé smm?}‘xln'tﬂ i cal .

[ 00781FI schena ic enl ar gerrent d spray region, as

greater than 10cm thick, or even greater than 100cm thick. Inner wall 420 incddudes 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 configured such that injector 120 injects spray 150 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.
10065] At least a portion of spray 150 may be configured, by appropriate
chotee of liquid source, injector mourd, and injector design, to pass through gap 430.
Substantially all of spray 150 may pass through gap 430 (e.g., without contacting inner
wall 423). 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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shown in FIG 6A Gap 430 may have a gap depth (e.g., a length in the spray
direction) that conbines with a height and width of the gap (not shown) to
defi ne a wbnroet02628 t hrough which spray 150 passes. |n PCGuUseB1/o8tmoat 650
is viewed froma direction orthogonal to the spray direction (e.g., from
above). A throat may have a length in a direction characterizing a spray
that is sprayed through the throat that is Iarger than at | east one

di mensi on characterizing a thickness of the sp. e. orthogonal, to the
spray di FEERFHRYY Alf Al dhoek€rmsrgry et anmeit apf‘va hé%%téﬁa%ﬁr%d 2y have a
width (e.g., the thin dinension in cross section) that is a few norn (as
measur edspaty bhde gépraabd deosth swdt thiihtho ugh ywhitl 6 0Hesdpraayialh s thenpeet:ed has a
|l ength of nmore than 1 ¢cm including nore than 10cm |In sone cases, a throat
| engt h i r nes AY/ SEQN. es, the

t hr oat §ﬂ;@&ﬂﬁégagﬁgn&ﬁ§ﬁtm}q Fa%K%B%%“hgéggg ﬁ%?ém%%g§%100x arger t han
t he thlnnest spray dinension. WO 2012/024228PCT/ US2011/ 047774

[ 00791Ref &Pt g DEEK PoesFHTRY BATSYRT Embshoy ragepBae 61t 1MitP ¢ Guetiot hat

spray 150 is injected into throat 650 within inner wall 620 at a velocity
such t hatican Subsganifital gqor In @mofasdegebe radihoin0 zomghdy OmeFlrGarlgag s Wi thin
throat 650. In sone enbodinents, a spray decelerates to a termnal velocity

wthint t I ay A 1 a

t erm nal M 6161’??3;’ bef 3?% 1(%2{(:1%%%%%2%%2%%11%&%) i %(B%%?ﬁe:{ﬂéﬁ %‘%g anot her
vi ew of portlon of system 600, as annotated in FIG 6B. according to sone
enbodi ne‘??t@s: Iy sy s SRt rierittson phitsar | B50avHyPHee sShapsa 8 4t ch an
expect ed shape of spray 150 as it passes through throat 650. An exenpl a

f an- shapgghas pridy 4raynpassyithineugitvaofap wwilaped, ivithpat/: 300 osgewiiases, it

may be convenient to fabricate a t hroat shape that approxinates a spray

shape. |yl GuPB: 1 SREAY, A0 Sad BN MAREA AN Iy 08l f304ks approximatel y
rectangu ar pray 1 0 §e ra ed as an arrow conveni ence. | n sone
cases, spray 150 may be very th|n (e.g., look Ilke a I|ne as viewed froma

direction ortH8§Bhal Ftle&tlﬁén@pﬁiaryﬁéh FEETicoATO s fags Home dogslesitiogpray 150 may
f. n or otherw se diverge after |eaving spray nozzle 120. In exenplary

syst em 68@ta0E B0 (BR). 2) spoayied SATBYiNAYLyA] SRHEY e Midlidt, (Bidh maf fe@Akt Op tO
bottom of the page as viewed in FIG 6A) that natches t he mndth of gap 430

in the SANe, %I E&ﬁﬁaik%?tton gir ﬁafv g)% bgg%?‘ :ntht,, h(i'r fe‘" o(f:"m wahgﬁ ective

directions) s as it passes
t hrough gap 430 %00811In sonme cases, a volune of a deceleratlon zone nay
be denargatddicpyr {He Spray llbé@rinﬁaraﬁp(dépét 480 (hranglaberatvad il dricoahwi t h

respect to the nozzle) and a distance fromthe nozzle at -rich the spray

reaches *t«/ﬁ[cms?adv Melagdet YGat BeiSONR) 61D ORLABRSe |led R Euftthd 318&%6 98% 95%
or even 99%of the volune of the deceleration zone is wit

direction. In some apparatus {e.g., itmner wall 420 is made from sheetmetal), gap depth

480 moay be less than gap width 440. In sorne cases, gap depth 480 may be

approximately the same as gap width 440, Gap depth 480 may be larger than gap width

440, inchuding 2x, 3x, 5x, 10x, or even 20x larger. In such configurations, ar interior

surface of gap 430 may be described as a "throat” through which spray 150 passes.

{60671 Int 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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throat 650. In sone enbodi nents, nore than 80% 90% 95% or even 99% of
the volune of the deceleration zone is within an inner chanber (e.g.., as
defi ned byoizoreem422al | 620 in FIG . In sone enbodi ment sPCRarSeo1oary780%
90% 95% or even 99% of the volume of the deceleration zone is on an
opposite side (wth respect to the injector) of the inner wall having the
gap through which the injector injects the spray. [00821lIn sone cases, a

di stance between the interjor. of chanber 610 and inpner wall 620 is |ess

t han t heS¥ Gifh &#0 reogipantsetc B9 B1icnessolipigm “soo<8f 1t Hendidaresar defthchanber
610, |ess than 20% of the dianeter of chanber 610, or even |less than 10% of
t he di amtitenapbe ghanbierai@l e 26083 kpnjvecitidr 4702 Gaant:pgagst43,; valrde arranged
to direct spray 150 at an angle with respect to inner wall 620. In sone

cases, aﬁaaﬁ”gia? e J?;% Retyesnosand 30 degl ﬁa&i Zf‘g&?!aég g%e{}ﬁym@% etween 10

and 45 degrees’ An angle may be’ between 40 and An angl e may be
bet ween 70 degrees and 110 degrees For a cylindrical inner wall 620,

i nj ect or Peleer RAR 2 dap "UB0CARYICHE 458 MY r%ﬁa%%ﬁ“ﬁﬁ%ﬁ “%ﬁ?at%@‘aﬁéy“cause a
circunferential circulation of gas around a cylindrical axis 640. In sone
enbodi ment Senignnes tat tov620 ahdn axhs yamret inisorahaus, By khpdep®aldt axlys640, and
i njector 120 and gap 430 are configured to direct spray 150 at cylindrical

axi s 84041l BOTE ¢ %;qgg%ggnggmr\,g,twr%@% 8eQudc §§g%&%m2 L&-nBRgH}O di r ect

cyIrndrr%a axis 6 i'nj ector Ad gap 4 are configure
spray 150 in a tangential direction wth respect to cylindrical axis 640
(e.qg., t9o Erieateet anerpe  drrthdP? superench drat segpilsniecclaptcoicHBr wi se
circulatory flow pattern). WD 2012/ 024228PCT/ US2011/ 047774 [ 00841An
i nj ecti o@r@ngl eclecif: withintah irespeebudioaraimayd Wwaldd.€ad thaadtldpfinayb e
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] Irmer wall 420 may reduce and/or prevent the creation of eddies
within the gas, particularly in gascous regions near deceleration zone 170 (nof 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 vector fields
describing flow directions, to result in a substantial portion of the gas being pushed
through gap 430 by spray 150, Inner wall 420 may comprise a contiguous 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.

27



chosen according to a desired interaction between an injected liquid and
the gas. In sone cases, injecting t a shallow angle (relative to a

cyl i ndri cab 20eld2¥228|my i ncrease the "torque” inparted byPCwaskélgosy7a 0o a gas
circulating about an axis (e.g., increasing the effect of injection
nmonent um on cycl one velocity). In sone enbodinents, injecting at a steep
angl e may i nduce turbul ence within an inner chanber, which my enhance
reactions in s%ng impl ementations, [00851FIG 7 is a diagrammtic

represent at i ofU8?! an "&ppaif TSP ERIFBIAY H T sHTE WRBGET MRy St em 700
may include an outer chanber 710 and an inner chanber 720. Quter chanber
710 and sowmesmishiimpets. A2ComaysheiscyId. fdadciad desanicdnay: hespeomaernitwiod. Cut er

chanber 710 may include a gas inlet 730 (e.g., in a ceiling of outer
chanmber Z10Q d jnne ha 720:.0mY 4 NGl ! outbeter 740 (e.g., in
a floor of %ﬁﬁgg ¢ha '%?&5%g§eﬁ?hﬁé?ggﬁghgg%gggégg% %ggé%“éﬁghger 710 may

be in fluidic comunication via gap 430. In an exenplary configuration, gas
i s recei VEaTHIRT & BitETHARER TP E! 0 HUYAY FAFetISY! tpEEEEEe § Ffo i nner
chanber 720 via gap 430, then exits system 700 via gas outlet 740 (e.qg.,
passi ng tiapodghrag 15t bedthmpughsioykanc clianeirily 1Q)ich Tive sannatfakhd araof a
feature as an 'inlet" or an "outlet" does not generally preclude operation
with ar gas;nf 1.0 i v 1 et.,. . ; can be in
ol ot SRRES fERg Gl A O I Eha 8RR, RGN B e SR BDLBE VB 7 ol €
750) may_be chosen according to expected gas flow characteristics within

t he respagey el %ﬁﬁﬁﬁﬁéfﬁl@‘?:ﬂlfﬁg Kot cerbudi et $20 at ey wdt +8aPrediett
includes a gas inlet or outlet |ocated near (or even aligned with) the

cyl i ndri B3Rl an@xpsaydefdtnbThmb i Be ehidiEherd stcdth8amRajconc ents ien 70hamber
configurations, a gas inlet into outer chanber 710 and a gas outlet from

i nner char o720 ape bath aligned w.th:the ey indrical axis.defining the
outer an q?%ﬁ@f§%ﬁg%§%F§f”ﬁnkg%Q§%é%%fg%?ﬂgﬁg%%%ﬁgﬁ€5§%%ﬁéﬁﬁéﬁgnber 710
includes a gas inlet 730 and inner chanber 720 includes a gas outlet 740.,
and gas passe¥¥fom ditet sienaivpst lpsoateooicridy digrhepdipboopiianagapda30.

[ 00871System 700 may i nclude an injector 120 configured to inject a spray
150 fromautemdahasiben wble ibbyrpughagap i4@or i 11 @chnogn, shanbet;. 720. | nner
chanber 720 may include one or nore guide surfaces 725 that "extend" gap
430 | nt o 1aner, CAAMRET ;. [20, (Rl de S ULiAces, £25. IRy, exiond, sybstantial Iy
paral | el “t0 he spraﬁ’d?ﬁectloﬁ?s)'a? gap % 07" he™s ape of’'the "ohe or nore
gui des surfaces 725 may be chosen to match an expected shape of liquid
spray 150:tpesyspran Libandsivapedai dBullarcgaides suriader7amngls mateh a fan
shaped spray, a hornlike and/or concentric conical guide surface(s) 725 to
mat ch a &aRisaln SPRaYtion] iR XEUBaRY oSS RSB ingutia 26t fearies o625 form a
trapezoi dal shaped throat that may match a fan shaped spray 150. System 700

may be configured such that a substantial.bortion.of deceleration zone 170
5”1 ocat QU HOE Hem e Dot (Ra U Heav U S UEr ned” art [Bgt i n
part by the width of gap 430 (not shown) and a |l ength associated with a
gui de sutfeeg: F250. |In sqorenbadsecnty figectaowA stavdamdboiridiardirecofpray

decel eration zone 170 is within a volunme defined by the one or nore guide
sur f acesi ey, frth ggaga 138 eyt ek bis ki SOMBS BRDAWTRER $ap BITR@kifloyy Of the
droplets assocCiated with spray 150 may decelerate to t he termi nal vel ocity

before e rllgmag% ;Igar}]Jg‘l"%@ s al}lfr geab%%tr\(’ﬂléy faf,pcalmr%}q’; ringct ?I@E urmaé? gf(%iquid sprayed in spray

130, 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 cach direct a spray 150 through the same

gap 430. In some embodiments, an optional shutter 530 may be implemented. Shutter
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WO 2012/ 024228PCT/ US2011/ 047774 10088]FIG 8 is a diagrammtic
representation of an exenplary multi- injector apparatus, according to sone
enbodi mrerwe.20une28chanber 810 may have a. circul ar cr oPSTASCHIILOK77(HS
shown); outer chanmber 810 may have a square or rectangul ar or other shaped
cross section (not shown). Quter chanber 810 and inner chanber 820 are each
configured to contain a gas. Quter chanber 810 includes a gas inlet 830 and
a gas out]et 840. Quter chanber 810 and inner chanber 820 are in fluidic
communi cABRY WRHAEAC FIRFST 8yup 43 02HARe Breasahfer ligals- 435°M&as inl et 830 and
gas outlet 840 may be separated, such that gas passing fromgas inlet 830

t o gas outpletneB40omusiiuipasso thrneughsigeneroughaabetd 8B6n i+ an ‘sgre” enbodi nent s,
a gas inlet or outlet is coaxial with an injector (e.g., an injector nount

may inclyde;a, 9@% Siréyeﬁits p%sa%‘%}lrﬁ&a%}%%%ﬁ $ALAD, L "%fosleef‘i GGt AL, %@%%; Yy 1 nj ect

an inlet”spray into‘outér c 10. An outlet injector may
inject an outlet spray 862 into outer chamber 810, In sonme enbodi nents,

inl et spfass 88O SIYMPECred t RisuPtisATE “Baphilsdavips Priaet O/dhanber 820,
and outlet spray 862 is directed through outlet gap 432 into inner chanber
820. throdH0Q M/0gas streamin the outer chanber may flow from gas inl et
830 into inner chanber 820 via inlet gap 430 associated with inlet injector

120. The gas @Q}Z g; m rm%ctrnl' P d)?i\%impq[rﬁi[xodnﬁ rf%(? (ﬁaagtgxﬁ%\} 1%%%5&1%}&9%' L&A ?% \?Vr 810

via outlet ga assocl ate outlet in ounte
region 850 may be associated with a gaseous volume proximte to an inlet or
outl et (&M CHGFHTEOYA A PhedsHieraaresitijosst rp o) edissoarspray (e. g.,
outl et spray 862) against the predom nant flow of the gas streamin that
vol une. 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, FIG. 4) and a gas flow rate from indet 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 showny}, such that the gas inlet and gas outlet are only in fluidic communication via

gap 430. In a constand flow rate configuration, a flow rate of gas may go serially from

the gas inlet 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

29



WO 2012/ 024228PCT/ US2011/ 047774 10091] The inlet and/or outlet injectors may
be configured (e.g., angled) to cause a circular or rotational flow of gas
(e.g., thwogaw/oau12Bi n i nner chanber 820). In sone confi gaTAS2@N®477B0t h t he
inlet and outlet injectors circulate gas within inner chanber 820 in the
sanme direction (e.g., clockw se or counterclockw se). In sone
configurations, inlet injector 120 circulates the gas in one direction
(e.g., clockwi se) and outlet injector 122 circulates the gas in anaqther

di r ect i offSEYGe SiBl AT &r CHE Wégé?f?“)-i n IS HHRe FRBOHTRR 825 Ty G5t er48™ drai n
822 (which may include a trap that provides for liquid transport but Hocks
gas f | owkapddy maow dedbded benaveadliief irfidequildo fndny voner 130h&mer 820, outer
Chanber 810, gas inlet 830, and/or gas outlet 840. A gas inlet and/or a gas
out | et / (eTol] . W : 092 tLreamfLow
R T ST o e G T

inlet gap 430, then through outlet gap 432 to gas_outlet 840, In such a
conf i gur &t Bhlet difpeted WitkBtgroeehraye b dsnt FHUREl tho T HpaEd o#*downst r eam
nonentumto the gas stream and outlet injector 122 may be configured to

i mpart athaupsts ganm fopendcmbeiciihe: gas gsp Fe@m inhdror gbsedadbymgtaeam
nonment um nay cause an increase in gas :flow rate dowstream and increased
upstream, Lt um.m S S I i o) X nsi.r.earn

100931 n"AnE® BRDS AT kPRl GEFRERRE QufRt bt b 1AL BrdRUEhERD
comuni cati onwi th) at |east one device (e.P., inlet injector 120, outlet

i nj ect or thepdhrogsh fyurdesdareer bt sehswls), Pacskidupefovirptedotodbnfigur ed), a
gas inlet, a gas outlet and the like). One or nore sensors 880 na be

i ncl udedctamebee anfyivguied td Q:1S@NSe ah BHSOIBLcQB{egion of BpRan anetesip
associated with the operation of system 800. Sensor 880 nmay nonitor a
pressur ear%'f,fsfu?ﬁ Blg e belyesn @%%u}-e@ 681,830,200, 988, aut et 849, Ly, some
cases, controfler 880 may be configured to receive first I nfor mati on
associated wth a desired gas flow rate through outer chanber 810 and
second i WRBPHEIGONIAS Sogi it wihin v P cplu e ascied sig e ete ivetigruwst er
chanber 810 (e.g., via sensor 880) . A difference between desired and
actual gasnfdeew ABE RS IRy mealsarh Rep&ant Koider 1500det %{sfﬂlﬁl;ebe( 8scd-to

calcul ate,. request/receive froma server, and the |ike) a conbination of
inlet spray 860 and outlet spray 862 that is expected .to.inprove,agreenment
bet ween HOLIT 6 T Se FUSogRE AT duort AR et RRES BRGNP i) Bhen ad) ot
at | east one of the downstream nmonentum (inparted by inlet spray 860) and

t he upstréatherommsshambel (hpens 8tk &y coliellet spray 862) such that the actual
gas flowrate matches the desired gas flow rate. In sone enbodi nents,
control | er 87@goper at{ﬁgo@@eﬁ}@{adﬁ&&t@gﬁb 4] € GhOKIST %-%9 fandcdedal bprad " Cl 0sed

| oop” control protocol. Controller 870 may be configured to maintain a
desired | ow. I ate, thro syst em 800 ntroller .870.may be-configured
o e ne o GGl Pafeh MHBUET R Rt FahERR (8Pl bl SR PRr & "800 "o
gas outlet 840), In sone cases, controller 870 may nmaintain a pressure

di f f er en€® het deerrdarie. anthr asgrayniehes ofiraer aross peigiodifivg streeWween 0 and - 3
i nches of water. In some configurations (e.g., constant flow rate),

cont r ol | 1284 9By, 8OMEQl a8 of ®aSEasONR LB of MHe@BERQNIScrd2Q: anth fd2ndcO

mai ntain gas inlet 830 at a pressure between 1 and 5 inches of water bel ow

(hat of 858 BYLLel 290, L A GHOTRIEs) SRRl B BHL PR 1o

at nospheric pressure (e.g., 5-15 inches of water above) and gas inlet 830
i s bel ow/atfosprerh ¢/~ press greh¢ighh1l. OnBoippnchekrohtaiane dibetewWl Magj ect or s
120 and 122 may be operated to control at |east one of the gas inlet

pr essur ey LREeHERAREE 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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chanber pressure, and the gas outlet pressure. Increasing velocity or

vol unme of inlet spray 860 nay decrease pressure in gas inlet 830 and

i ncrease Wwoeseume228n i nner chanber 820, increasing vel oecTyuser11wei7ase of
outl et spray 862 may decrease pressure in gas outlet 840 and increase
pressure in inner chanber 820. In sone enbodi nents, one or nore sensors 880
and controller 870 control the pressure in at |least two of gas inlet 830,

i nner chanber 820, and gas outlet 840. [00941FIG 9 jis a diagrammatic

r epr esentHtaT6H 1o ER bag&aiﬂéﬁ%@ mara:%tcﬁaabﬁgﬁr 61& aﬁsﬁ*e%%a?%ﬁ% &P Sjdttem 900
may include an outer chanber 910 and an inner chanber 920. Quter chanber
910 ma, "5itngledate fangas Helgdt SEngasvaauirbeatr hrotwhgupheight®i€r chanber 920 may
include a gas inlet -td/or a gas outlet (not shown). System 900 i ncl udes
injectors 120 fig t i r er 920
via gaps 430, {ﬁﬁ?%h g% %35%11$t|%E%B%ﬂﬁﬁ??ﬁ?ﬁ%ﬁ%ﬁ%?%gggggﬁhggg%ﬁgﬁgpb 910
and i nner chanber 920 In sone enbodi nents, an injector is nounted with
(e.g., coEXPEIe & ThyURIGASOPRIcsioRitdPdI Hagas sawr St SPHEG S HRAMBER i n
some enbodi ments, a gas inlet and/or gas outlet may be a discrete port into
a chanbe5Mhﬁ@@beﬁmSQB&mmyhhetﬁ@ﬂ&pgm@édwumtgxautEmnmhamheaogﬁuaaﬂd i nner
chanber 920 as concentric cylinders. A gas inlet into outer chanber 910
(not sho . WL LLC Wit . i ers. A
Gas out | o P e R S S R R DR RR P REL " e
axi s descrlbln% t hese cylinders. Injectors 120 may be configured to
generate a cyddtle wilth Gutserdigsambericoeg Faksion Hrarrenafserccoplng

[ 00951Vari ous enbodi nents nmay i nclude one or nore wash sprays, which may be
conf i gur edob@ @gRidimehieaystah 60d inbivhio ZEhdhierdepositigueld wRLRIRS gant 0 a
surface. In exenplary systen1900 washer 930 is configured to generate
wash SPray. argé iy 61%‘1&%*1 15&? (,% ?f;(ji(tm 1&9!}1@:» gag 9 ’usr%% % O\ﬁ%gthio§m ay 940
may have a sufficient | ar rop di'ze and vel'6c Hat a st gni ficant
portion of wash spray 940Hcontacts a surface (e.g., the i nside surface of

i nner chiptién teappogiie fretong PyrseRlimbedescadrycrardbird wihisrheri'se reduce
deposition on this surface. Washer 930 may have a nozzl e shape, orifice

si ze, angh{beneeupliaditerd dd igubdhs bt E&nfiRotedsbowmkid Hads, sausas a liquid
spray to contact the surface with a suffrcrently hi gh veIocrty t hat

O TR LIS L ARE el Rl oM LAY R0l e s ace 1y
tangential to a surface A wash spray nay have a reIat|ver | arge i nci dent
wash spray antfi®é3hi t hlimmes peditt2f g ﬁszeuafgaéé 3. avlgch mgy earey sehanmd/20 degr ees,
20 degrees, 40 degrees, or 60 degrees). In sone enbodi nents, washer 930 is
coupl ed EQidRrdeNRRS sighamBes: Wal 620 thihSener @EDog-R L Sof washesr 930 i s

307

coupled to an outer chanber wall, and may inject a wash spray into an inner

¢ harrber ambel %‘:te &y}ﬂgﬁi%lg‘s att i E‘C 01” 1Q€b ﬂ(%] UI’EC} é‘ 11’1\,\@%1&}131(? %A;V@V\QShes an

|
outer sufface sur A nner g’ 930 may

wash t he surface associated with (e.g., around) a gap 430. ]
through gap 430 info an interior volume defined by inner wall 620. Injector 120 may

spray Hiquid spray 150 into the inner charnber (as shown). In some embodiments, an
njector may spray a liquid spray "out of " a chamber.

10076] Injector 120 may be disposed with mount 632, which may provide for
adjusting the direction of spray 150, fore/att movement of injector 120, and the like. In

some erbodiments, an injector mount may also include a gas inlet and/or a gas outlet.
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[00961FIG 10 is a diagrammatic representati on of an apparatus, according
to sone enbodi nents. System 1000 may i nclude a chanber 1010 configured to
cont ai n awgasi12/Geeaber 1010 may have a gas inlet 1020 amdTAISQ@S/0UIT4 et
1030, and gas may flow fromgas inlet 1020 through chanber 1010 to gas
outl et 1030. Chanber 1010 may include an inner wall 420 having a gap 430,

t hrough which gas flows fromgas inlet 1020 to gas outlet 1030. A
dommstreanring%ctor 120 may be coupl.ed nounted with an. . adj ust abl e
mount 1040) t &#hanbet d&mlnf %vﬁ%ﬁlﬁ@éﬁrﬁal nlﬂe%ﬁfam %@o&—%ﬁg}%g%ﬁ@? dte a
downstream spray 1042, which may be directed through gap 430 in a

downst r eatitndEr, ead 01 leabnparpsily éetmeldnjyegtiodrida? 2xipay2. bandowplaed ofexg. ,
nounted with an adj ustabl e nount 1050) to chanber 1010. Upstreanrlnjector
122 Y _GRRRIALEA BRSHRAM, SRLAY A0SR MILE I IR B dd L edaf Bipuoh gap
430 in an upstreanlérrectron y Vel ocitiés, spray vol umes, spray

angl es, and ot her paraneters may be adj usted for t he upstreanrand/or
downst r e#HhC rw‘eéfwryémdrfﬁﬁ e&eﬁlﬁl?aﬁ?ﬁwglﬂéﬁﬁbo@% Hoty asiirdrreaty §p¥ay 1042
upstreams ay 1052 may be directed through throat 650. In sone

enbodi mep4ss throagh knpetholl orayp et canthgukeditdipt dwinderf brsoar adj ust abl e
angle of injection 1060 and/or position 1070. controller and sensor (not
shown) CQUP i unt 1050,
domnstrggﬁ?$%FE§# n%gf%%“%9§}ﬁfﬁghvpk %%%béﬁﬁﬁ ﬁ%ﬁgéfq ggy control gas
flow rate through chanber 1010. In sone enbodi ments stream spray 1052
and downsPPedimesr apc1ouodreyirigReah $ubYe At larfllémo&égarirférmﬁo and agai nst
each other (not shown in FIG 10). In sone enbodi nents, upstream spray 1052
and downsti€anispeay. gl 0d2bar@camngkednisote eﬁ%hirﬁrh@ﬁn(&ﬁt@ cha@Bershown in
FIG 10), In sonme enbodi nents, gap 430 may be configured to have a shape
Lhat oardlakli, R S0eh. Raliisl iSREAY, A, partially al ches a second sbr ay.
For exanﬁf Cr0ss-sh f y conprise two intersecting rectangul ar
gaps. A frrst S ray natch one rectangular ap of the cross--shaped gap,
and a second §W %yﬁﬁveﬁ*ﬁﬁ@“ﬁbh@%ﬂﬁe%@ﬁﬁé8%&?%@&6“ﬁﬁwﬂﬁeﬂénﬁss shaped
gap. [00971FI G 11 is a diagrammatic representati on of an apparat us,

accor di nghdvan BanE. enbodh 1ENLSy LhSY:si g4p d400 (hRYa chgludehasghaabesich] 10
configured to contain a 42

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 direction {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 characferizing a thickness of the spray {e.g., orthogonal to the spray

55
direction). In an exemplary embodiment, a fan shaped spray may have a width (e.g., the
thin dimension in cross section) that is a few mm (as measured af the gap) and a throat
through which the spray is injected has a length of more than 1 o, including more than
10cm. In some cases, a throat length is larger than the thinmest 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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gas. Chanber 1110 may include a gas inlet 1120 and a gas outlet 1130.
System 1110 may include a plurality of injectors 170 configured to generate
a plural iwg 20f2/eg2ays 150. One or nore inner walls 420 may/usealods7a
plurality of gaps 430, through which sprays 150 are sprayed by injectors
120. In sonme enbodi ments, gas inlet 1120 and gas outlet 1130 are separated
by inner walls 420, and gas passes frontgas inIet 1120 to gas outlet 1.130
via gaps 430. Il n sone enbodi nents, inner s 420 are_discrete (e.qg.
baffles) and H&#e! gag“ltfgé?“%bﬁ%%@ %ﬁﬂ&ﬁﬂ”if%“ﬁét}@%é Pe copsgupet gich thitom gas
inlet 1120 to gas outlet 1130 wi thout going through gaps 430). In sonic
enbodi meqirsy 1%ine iilgéciabing inpacbonsthirsimeuntiéd2ugiang ety adjflustabl e nmount
(not shown). Sonic injectors 120 may be configured to generate sprays that
are substan | X ( , K ys, each
defi ned Bgy%ﬁ@g¥¥ﬁ§%gﬁgkﬁbehﬁu%@$g {ﬂ?ﬁ;fﬁﬁﬁﬁhﬁﬁ?gﬁp@ﬁgq%gt %gonals are
substantially parallel). Sonme injectors 120 may be configured to inject
sprays 1850° ?%”@HB"S% siey éiF‘Ft‘ﬁ/e‘t“{‘?ét%%??é“H}aﬁ é@?ft@nw”éwéw%ﬁ%btBrbg‘“tzo may be
configured to inject sprays 150 in substantially opposite directions (e.g.,
t each othesdimeSanespiy eelyalscld2@ wayteheinabnfidgiytet ecagengzape3@prays t hat

i ntersect the sprays of other injectors 120. [00981FI G 12. A
illustrates a ar S [ \ IoTHy { 1200
i ncl udes a chghggf 1% %%ﬁf@é%}ggm#éjgggggﬁﬁpqupgpé wﬁ@ﬁ%&%%%%H chanber

1210 via ggs i nlet 1220 Gas may exit_chanber 1210 by passing through

t hroat 1980 5Bgcgisipupseme Fphodinete hingosrawplodimempdatoal 8300psbat [ east
partiall ydefined by guide surface 725. Injector 120 injects spray 150 into
chanmber &230d vi Matchradakpd230staph enaeay M50 & ispdeb&s thfdgmrdt sRC tAON
orthogonal to the spray direction' of spray 150). In exenplary systen11200
i nj ector ner at es sh e , . 2. tan -shaped
cavi ty. RATBIag To8 P gt e SUp T ar bR b bR, MRl 5By b O3
1230 with respect to spray 150. in sone _cases, spray 150 decelerates to a

t er mi nal MEEPBETESErIEE Briebpess i Hyopaseredges e X[ u099yFGapeal i ilust r at es
a different view of apparatus 1200, according to sone enbodi nents. FIG 12B
i1l ustrat@spiyviisew fah sapRaratius-ok2H) iasppmrotatiededunlida Sk24y (And vice
versa), and shows anot her V|em10f throat 1230 (Vi ene frontanother
oo TS Qb SIRER L SRS b A i A exempl &y
may be a view fromthe front In thls exa wal | s of chanber 1210 and
gui de sufeféaceclydls: q pags '\162)6@3@ frofm drdeipn §?£9§maﬂ ribarrrEg 30recti) c
substantially matches the fan shape (in this enbodlnent) of liquid spray
150. [ O0&RQiLELSs, s3Ay itbd HSt ko @SotARARPAT &Y Sfle e SORE NGy o780 MR, Tn

enbodi nment s. Apparatus 1300 |ncludes chamber 1310, which is configured to
contain a ga 0.is fl communi cati,on with inlet 1320 via
throat 132 P%tiﬁ a‘ém f’f%%%% %L\ ﬁP”P mas%gveaﬁmmtg ﬁ“’éﬁ% PP 1330 via
throat 1332. Inlet injector 120 and outlet injector 122 are disposed in
chanber 4@%0u of fegrst i derod 11BIG: P4 Buhfiaglirethetvwidiinglegsr 430 Guihd sepray 150
into gas inlet 1320. Qutlet injector 122 is configured to inject liquid

spray 15@irédmon. ggﬁt Q8b hed 53386 mGABe BB fih QWLENRMARE GRFsdcRlBLt <5320,
through throat 1 % into chanber 1310 t hen through throat 1332 to gas

outl et 1. ﬁO bqg ggy } OM/lq hg ite dire |on The relative nonent a
(e.g.., SPravoiRine fissrvyar r@dfs §§Qb$”% “or nore of liquid sprays
150 and 152 may be adjusted to control gas flow through system 1300. In
some confi gur B8bhs (fesgne caes, comdtantt 4 fowlerdios)zont heyrteldapiavaterbiment a may
be used to

the spray boundary {e.g., in a lateral direction with respect to the nozzle) and a distance

from the nozzle at which the spray reaches terminal velocity. In some embodiments,

more than 80%, 90%, 95%, or even 99% of the volume of the deceleration zone is within



control the gas pressures wthin one or nore of gas inlet 1320, chanber
1310, and gas outlet 1330. [ 001011 Systens may be sized according to
a desiredwbl2o/mar2e and vol ume of gas to be controll ed &ou/useoialat7ed. | n
sone cases, a desired droplet size may be used to choose a conbi nation of
pressure and injector orifice size that yields the desired droplet size. In
soni ¢ cases, total nonmentum of sprayed liquid may be increased (e.g..
adapted froma shaller systemto a Iargqg/%y§tegj by increasing orifice
size, pr&eetidel BrigreetBntITRYSVBPEERHESDE: W Poyei W cEeur Ce o 115 VE8HIE cases,
nonent um may be increased by increasing the nunber of injectors. Table 1

| i sts sabf tharitcehunier sovefis ekbimpiainyespeapeneazl eslcfval babiher fpDBRESPr ayi ng
Systens Conpany (Wheaton, |IL) and several representative approximate fl ow

rates (f el g?rIEWQHﬁe%HbfoHﬁger&{séagﬂc‘f% é%ﬂl ﬁi‘?’f, E?%,e?%{w,loir gyérp‘}(ﬁ/ao HE G vBLESSHY ©S. For

conveni ence,’ many spray nozz %aV|ng a non-circular orifice shape)
may be characterized by an Oifice Equivalent D aneter (CED). FIG 14 is a
di agr anmariEcHEPHER et PBAT SPPeBve dpridseiteat invke Ev kRl atihe iy anong CED"
liquid pressure, and punp rate, according to sone enbodi nents. WO
2012/ 024228 RETHYE204: 4L FAvTablie: ikjectbl BYecatthe spray.
{00821 In some cases, a distance between the interior of chamber 610 and

mmner wall 620 1s less than the diameter of chamber 610, less than 50% of the diameter of

chamber 616, less than 20% of the diameter of chamber 610, 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, injfector 120 and gap 430 may be configured such that spray 150 may

cause a circumterential circulation of gas arcund a cylindrical axis 640. In some

embodiments, inner wall 620 is axisymumetric about cylindrical axis 640, and injector 120

and gap 430 are configured to direct spray 150 at cylindrical axis 640. In sowe

embodiments, inner wall 620 is axisymumetric about evlindrical axis 640, and injector 120

and gap 430 are configured to dirvect 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).



Part 4 Orifice Equivalent D anmeter, mm Area, mm-12730psi , 1470psi 2200psi
1100017-TC 0.28 0.061152
WO 2012/024228 PCT/US2011/047774

{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. In
some cases, injecting at a shallow angle (relative to a cylindrical wall) may increase the
“torque” froparted by the liquid to a gas circulating about an axis {e.g., increasing the
etfect of injection momentuwm on eyclone velocity). In some embodiments, injecting at a
steep angle may induce turbulence within an irmer chamber, which may enhance
reactions in some implerentations.

{0085] FIC. 7 is a diagrammatic representation of an apparatus, according to
some embodiments. Systern 700 may inchade an outer chamber 710 and an inner
chamber 720. QOuter chamber 710 and inner chamber 720 may be cylindrical, and may be
concentric. Outer chamber 710 may include a gas indet 730 {e.g., in a ceiling of cuter
chamber 710}, and inner chamber 720 may include a gas outlet 740 (e.g., in a tloor of
irmner chamber 720). Inner chamber 720 and outer chamber 716 may be in fluidic
communication via gap 430, Tn an exemplary configuration, gas is received info outer
chamber 710 via gas inlet 734, passes into inmer chamber 720 via gap 430, then exits
system 700 via gas outlet 740 (e.g., passing through a tube through cuter chamber 710}
The annotation of a feature as an “inlet” or an “outlet” does not generally prechude
operation with a reverse gas flow (an indet can be an outlet, and an outlet can be invinlet).

{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 cyvlindrical chamber inchades a gas inlet or outlet located near (or

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

o2
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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 oufer and inner
chambers. In an exemplary emabodiment, outer charaber 710 includes a gas inlet 730 and
inner chamber 720 includes a gas ouilet 740, and gas passes from outer chamber 710 fo
inmer chamber 720 via gap 430.

{0087] System 700 yeay include arvinjector 120 configured to inject a spray
150 from ocuter chamber 710, through gap 430, into irmer chamber 720. Inner chamber
720 may include one or more guide surfaces 725 that "extend"” gap 430 into inmer
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
trapezoidal shaped throat that may match a fan shaped spray 150, System 700 may be
configured such that a substantial portion of decelerafion 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 embodimenis.  QOuter chamber 810 may have a
circular cross section (as shown); outer charaber 810 may have a square or rectangular or
other shaped cross section (not shown). Outer 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, Outer charaber 810 and inner chamber 820 are in fuidic comumunication via
ar inlet gap 430 and an outlet gap 432, Gas irdet 830 and gas outlet 840 nay be
separated, such that gas passing from gas inlet 830 to gas outlet 840 must pass through
inmer chamber 820, In some embodiments, a gas inlet or outlet is coaxial with an injector
{e.g., an injector mount may include a gas inlet or outlet),

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

{6090} A gas stream in the outer chamber may flow from gas inlet 830 into
inner chamber 820 via inlet gap 430 associated with inlet injector 120, The gas stream
may flow out of irmer chamber 820 to outer chamber 810 via outlet gap 432 associated
with outlet ingector 122, A counterflow region 850 may be associated with a gaseous
volume proximate to aninlet or outlet {e.g., outlet gap 432} in which an injector injects a
spray {(e.g., outlet spray 862) against the predominant flow of the gas stream in that

volume.
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{0081} 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 inmer chamber 820). In
some configurations, both the inlet and outlet injfectors circulate gas within inner
chamber 820 in the same direction (e.g., dockwise or cournderclockwise). In some
configurations, inlet injector 120 circulates the gas in one divection {e.g., clockwise) and
outlet injector 122 circudates the gas in another direction {e.g., counterclockwise). In
some embodiments, an optional drain 822 (which may include a trap that provides for
Heuid transport but blocks gas flow) may provide for removal of Hquid from inner
chamber 820, outer chamber 810, gas inlet 830, and/or gas outlet 840, A gas inlet and/or
a gas outlet may also inchude a drain (not shown).

{6692] A downstream flow direction may define a gas stream passing from
gas inlet 830, through inlet gap 430, then through outlet gap 432 to gas outlet 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 condigured to impart an
upstream momerdum to the gas stream. Increased downsiream momenturn may cause
an increase in gas flow rate downsirear, and increased upstream momentum may cause
a decrease in gas flow rate downstream.

{6093] In some ernbodiments, a condroler 870 may be coupled to {e.g., in
covnrnunication with) at least one device {e.g., inlet injector 120, outlet injector 122, a
liquid 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

{c.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 desired 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 difference 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 covnbination of indet 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. Controller 870 may be configured to maintain a desired gas flow
rate through system 800, Controller 870 may be configured to maintain a desired
pressure difference {e.g., between gas irdet 830 and gas cutlet 840). Tn some cases,
corttroller 870 mayv rmaintain 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), controlier 870 may control at least one of injectors 120 and 122 o 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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variations - will becone apparent to those of skill in the art upon review
of this disclosure. The scope of the invention should, therefore, be

det er m newioreot2/02412R ref erence to the above descri pti on, PowtuS2oserd4 shoul d
be determined with reference to the appended clains along with their ful
scope of equivalents. CLAIMS Wat is clainmed is; 1. An apparatus
conprising: a chanber conprising an interior surface and configured to
contain g gas; a first |iquid source configured to deliver a first liquid

at a firStpREgEIFES ! ?‘F &fs ?‘H}%Et%?“féoB“ffl“*eaém@d’%%é"*’ ChEMHE AHdt he first
liquid source, the first injector configured to receive the first Iiquid
f rom t hesgfriay 860 higdedesopraeuand ghoinldaBEtind hercreCiewed i insdér dhiaaited | Nt o
t he chanber, the first injector |nclud|ng a first nozzle
820. Increasing velocity or volume of outlet spray 862 may decrease pressure in gas
outlet 840 and increase pressure in inner charmber 820, In some embodimends, one or
more sensors 880 and controller 870 control the pressure in at least two of gas inlet 830,
irmner chamber 820, and gas outlet 840,
{6094] Fi(G. 945 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 showny).
Inner chamber 920 may include a gas indet and/or a gas outlet (not shown). System 900
includes injectors 120 configured to inject liquid sprays 150 into inner chamber 920 via
gaps 430, which provide fluid communication between outer chamber 910 and ftmer
chamber 920. In some embodiments, an injector is mounted with {e.g., coaxial with} a
gas inlef and/or a gas outlet indo a chamber. In some embodiments, a gas inlet and/or
gas outlet may be a discrete port into a chamber.  System %00 may be configured with
outer chamber 910 and inner chamber 920 as concentric cylinders. A gas inlef into outer
chamber 910 (not shown) may be concentric with an axis describing these cylinders. A
gas outlet from inner chamber 920 (not shown) may be concentric with the axis
describing these cylinders.  Injectors 120 ynay be contigured to 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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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 t hewDizosto2ii2quid to forma first |iquid spray upomChaiseggiopriayed from
the first orifice into the chanber, the first liquid spray conprising
droplets of the first liquid having a first spray velocity; the chanber,
the first liquid source, and the first injector configured such that a
majority of the droplets within the first liquid spray decelerate fromthe
first spPaRiEysEey X8 Hager iidarcdpiass Paacserty v ehatrras 4le WS Had 50% of
the first spray velocity before contacting the interior surface of the
chanber . cRopridee lappdrad usaof). Vahrpiay Mhereiimvt haufficlesitly Sprayrapddioci ty i s
greater than 100 feet per second, and the termi nal spray velocity is |ess

than 20 I:l ?@&n&ﬁ}o:ﬁﬁr‘%ﬂm sig}%iﬁ;.q}\? p@RR}%r (ﬂtwqa%h ﬁfwﬁaﬁgﬁ? mﬁ]tact; }5'[,& Ecr\ﬁé%gmel sing a

first inner wa aV|nd'a Irst “gap throug Irst inner ‘wherein
the first injector is further(gonfi ured to inject the delivered first
liquid t REelEgH RRe frE chgaper 924 withenaparatgstgt ' eioal §i€3t GRher ein t he
first shape is configured to formthe received first liquid into a
f an- shapatiefisstedubqitghsBphay, thandrbhe Whitet 9gapay hetdudes -k shbpst gap shape
that is substantially the sanme as a cross section of the fan-shaped first
liquid spray. e, L0end a!(ﬁi?}gfzdgc@%'}iquid source (not shown) that causes a liquid spray to

contact the surface with a sutficiently high velocity that significard momentuin 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 inner chamber wall. In some embodiments, washer 930 is coupled

to an outer charmber wall, and may inject a wash spray into an inmer chamber via a wash

spray gap. In some embodiments, washer 930 washes an outer surface (e.g., an oufer

surface of an itmer chamber). Washer 930 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 ernbodiments. System 1000 may include a chamber 1010 configured to contain a

gas. Chamber 1010 may have a gas inlet 1020 and a gas outlet 1034, 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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5. The apparatus of claim4 wherein the first gap shape includes a first
gap height and a first gap width, and the first gap height is greater than
five timnesothe/Rir28t gap width. 0 The apparatus of cl ai mCE/usediaeimdt he
first gap shape includes a first gap height, and a first distance fromthe
first nozzle to the first gap is less than two tinmes the first gap height.
7. The apparatus of claim4 wherein the first gap shape includes a first
gap height, and a first distance fromthe first nozzle to the first gap is
gr eat er %%ﬁa’iiie%%ﬁ“w& fq shenbga f iNeghtrstrgam gt KIMapuE 6ratet ai m 3,
wherein: the first liquid spray has a first spray height and a first spray
W dt h, asoweasunedrat iddiewhichstaygapiirand iheighigasttigap dmehudes: a first gap
hei ght and first gap width, the first gap height between 70% and 130% of

the fir S&H c@mﬁy A}an}}%g‘tearﬁtnmgct&l fﬁtmeg}alp e%idﬁé& rT(IQ @t W\iﬁﬁﬂt%ﬂ@tﬁqg g??!r fs/ (;o%f the

first spray e ‘appar at us clai erein the I nner
wal | forms a fgrst i nner chanbe mﬁthln thqulrst chanmber, and the first
gap is a"PPRsHOSHHS chneer AU dAHsterm rHectgak i HoSTREN 71 SPSTHALP &hanber .
10. The apparatus of claim 3, wherein the first inner wall forns a first
i nner charrherhinh tyrbad hectddribioughapb el innrtaidaeahi disttigamirsy aelbiinsd gas
outlet to convey the gas fromthe first inner chanber.

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 1010, In some embodiments, upstream

spray 1052 and downstrearn spray 1042 are aligned substantially 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}, Tn 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 fivst spray may maich one rectangudar

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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11. The apparatus of claim1, wherein the first liquid source and first
orifice are further configured such that a first ratio of the first
pressure WO 20te2ii28st liquid to a first size of the fir®CTaSRIOE777$
greater than 500 psi per 0.07 square inches of orifice area. 12. The
apparatus of claim11l, wherein the first ratio is greater than 100 psi per
0. 008 suuare inches of orifice area. 13. The apparatus of claim1l, wherein
the first liquid source is further_cqnfL ured to deliver the first liquid
at a pre$¥uldageat B #HARES00 gﬁ%iliiei‘tlﬁ’ég Figsgaseries £l overm bivcal |
having a major length at least three tinmes a mnor |ength, and the major

| engt h | suabetddvded: Bbrdguaf @jcacrnehEs. cobfigurtier gppasiab ydurafityadfapmyd 156her ei n
at |east a portion of the chanber is cylindrical about an axis, and the
first inj L.S: A i Bk eG L8 LSt dqd, 1R a manner
that causss t her g me TR 2Ry o s M b o b B Rp A "about
the axis., 15. The apparatus_of claim 14, wherein the chanber further

conpr i se®Uare FrgEed pnisioral gadnrare e RAd e gasaoiiat el 2 Wt s¥ $ults posed i n
an end of the chanber intersected by the axis, in a location ,proximte to
t he i nt er'seckd @padied emad $alM 409, &hegendsses Hom Jhenppatas ys afileel ai m 1,
wherein: ai |east a portion of the chanber is cylindrical about an axis;
and the fi.rst. L ner.aj f.an-.sh: SiF . having, Iehsh .SRray

el ght - gr Ear s R A ARk oL A0 ARG SR B DALAR £ e S50 Y o

substantially parallel to the axis. ) ' )
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 showny).  Some injectors 120 may be
configured to generate sprays that are substantially parallel to cach 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 contigured to
inject sprays 150 in substantially opposite directions {e.g., at cach 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 ermnbodiments.
Apparatus 1200 inchades 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 detined 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



17. The apparatus of claim11, further conprising: a second liquid source
configured to deliver a second liquid, at a second pressure; a second

i nj ector woupi2et4128 t he chanber and the second |iquid s®eaTaso01tle773€cond
injector configured to receive the second liquid fromthe second |liquid
source and to inject the received second liquid into the chanber, the
second injector including a second nozzle having: a second orifice having a
second si ze and second shape, the_second nozzle and second pressure

conf i gur & 0 ACRIEE “the! %’é‘é‘oﬂt{chf den way é“F‘é?kﬁieams*@éd}%élm‘loﬁblﬁgﬁ Y&3r ay upon
being injected fromthe second orifice into the chanber, 18. The apparatus
of cl ai melpect wherer 0. at streasises spmyt'iﬁ@K’ie@ﬁerh&l&et{c&h@m&mi vslogwl baickei cal
about an axis' the first injector is configured to inpart a first force to
t he gas %Q@%O {Qﬁg tbhe gas in a first direction about the axis; and the
second jecP i's°con igured to inpart a second force to the gas that

pushes the gas in a second direction about the axis.
{0099} FiG. 12B ittustrates a diffevent view of apparatus 1200, according to

some embodiments. FIG. 128 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 exeraplary
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 illusirates an apparatus, according to some embodiments.
Apparatus 1300 includes chamber 1310, which is configured to contain a gas. Chamber
1310 is in fluidic communication with inlet 1320 via throat 1322, Chamber 1310 is in
fluidic cornraunication with outlet 1330 via throat 1332, Inlet injector 120 and ouilet
injector 122 are disposed in chamber 1310, Inlet injector 120 is configured to inject liqguid
spray 150 indo gas inlet 1320, Outlet injector 122 is configured to inject Hquid spray 152
into gas outlet 1330, Gas may How frovn the gas inlet 1320, through throat 1322 into
chaynber 1310, then through throat 1332 to gas outlet 1330, Gas may flow in the opposite
direction. The relative momenta (e.g., spray velocities, lquid volumes) 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 mav be used o
(o] ]
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19. The apparatus of claim 18, wherein, with respect to a circul ation
direction about the axis, the first injector and the second injector are
conf i gur edot20122¢328t he gas in the circul ati on directi onpPCTAB201TIE77appar at us
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 direction.
21. The PP HCFSS GRSl M R TR o 8P iivry dirmihradritaand 8%ithin the
chanmber, the inner wall configured as an inner chanber inside the chanber,
t he i nnesutaliB3thaving first and second gaps through the inner wall into the
i nner chanber, the first gap configured as a gas inlet into the inner
chanmber, the d J QU & l; om thei, . Ghanber,
the first inj cggg c%ﬁgfgﬁg%ﬁngﬁgﬁﬁggﬁdgﬁgo%%%53%1%ﬁﬁ?ﬁ%?ﬁﬁgggﬁ&% e first
gap into the inner chanmber, the second injector configured to inject the
second | 5HUP & EPRBUGHE T HEOTSBRBAD yRpd WES: £ ﬁ—@%lfﬁﬁ%&?%ﬁ%{ﬁ%@ by ssedripe
apparatus of claim 17, further conprising: a control mechani smcoupled to
at | eastcidoee § temmbinansh sigeondrd njdieicons prifiesinombt glldrsehanisindeqndi gur ed
to control at |east one of the first and second liquid sprays; and a sensor
coupl ed t:he contr.al. . i.sm..the, of 1: Lgured.to. sense, | east one
R e A e b b R A
concentration, the control nechanismfurther configured to receive an input
f r om t hefrg@risHral gh ey SeniT dlargHeyde™) Badtronesoriticne=iresusnd detond i quid
sprays in response to the input.

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 ditferent liquid source
pressures. For convenience, many spray nozzles (a. 2. having a non-circular orifice
shape) may be characterized by an Orifice Equivalent Diameter (OED). FIC. 14isa
diagranumatic representation of some representative correlations among OED, liquid

pressure, and pump rate, according fo sorne ernbodiments.



23. The apparatus of claim1l, wherein: the chanber includes: a chanber wail
separating an interior of the chanber froman exterior of the chanber, a

t hroat t hwougte/eschanber wal | providing for fluidic cecwmuse@abstnd bet ween
the interior and exterior of the chanber; and the first injector sprays the
first liquid spray through the throat. 24. The apparatus of claim 23,
wherein the droplets enter the throat at a velocity higher than the

term nal velocity and decelerate to_the term nal spray velocity before
exiting the throat. 25. The ap atus '8P!¢dl ai m 23, wherein the chanber wail
includes the interior surface. An apparatus conprising;:

Flow at:

Part # Orifice Equivalent Diameter, mm  {Area, mm’ 730psi 1470psi  |2200psi
1100017-7C .28 £.061152 .27 0.39 0.47
1100033-TC 0.38 0.112632 (.53 0.75 0.92
1100050-TC (.46 G.165048 G.81 1.1 1.4
1100080-1C 0.58 $.262392 1.3 1.8 2.2
110015-TC 0.79 0.486798 2.4 3.4 4.2

11003-TC i1 0.9438 4.8 6.8 8.4

{80102] 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 to the above description, but instead should be determined with reference to

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

1. An apparatus for removing contaminants from a gas stream, the apparatus
comprising:

a chamber comprising an interior surface and configured to contain a gas; the
chamber having a gas inlet and a gas outlet;

a first liquid source configured to deliver a first liquid at a first pressure greater than
500 psi;

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 that does not exceed 0.01 square inches of orifice
area; and

a first shape configured to generate a spray of droplets of liquid;

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

the chamber, the first liquid source, and the first injector configured such that a
majority of the droplets within the first liquid spray decelerate from the first spray velocity to
a terminal spray velocity that is less than 10% 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 400

feet per second, and the terminal spray velocity is less than 0.1 feet per second.

3. The apparatus of claim 1, further comprising an inner wall within the chamber,
the inner wall having a first gap through the inner wall, the first gap having a first gap width
and a first gap height;

wherein:

the first injector is further configured to inject the first liquid spray through the first
gap.

4. The apparatus of claim 3, wherein:
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the first nozzle has a first shape that is configured to form the received first liquid into
a fan-shaped first liquid spray having a first spray height at the inner wall that is greater than
five times the first spray width,

the first gap height is greater than five times the first gap width; and

the first injector is configured to align the first spray width with the first gap width
and the first spray height with the first gap height.

5. The apparatus of claim 4, wherein:
the first spray height at the inner wall is greater than ten times the first spray width;

and the first gap height is greater than ten times the first gap width.

6. The apparatus of claim 4, wherein a first distance from the first nozzle to the

first gap is less than one foot.

7. The apparatus of claim 4, wherein a first distance from the first nozzle to the
first gap is less than two times the first gap height and greater than 10% of the first gap
height.

8. The apparatus of claim 3, wherein:

the first liquid spray has a first spray height and a first spray width, as measured at the
first gap; and

the first gap height is between 70% and 130% of the first spray height, and the first
gap width is between 70% and 130% of the first spray width.

9. The apparatus of claim 3, wherein the inner wall forms an inner chamber

within the chamber, and the first gap delivers the gas into or out of the inner chamber.

10.  The apparatus of claim 3, wherein the inner wall separates the gas inlet from

the gas outlet.

11. The apparatus of claim 1, wherein the first pressure of the first liquid is greater

than 1000 psi.
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12. The apparatus of claim 1, wherein the first pressure is greater than 1000 psi

and the first size does not exceed 0.008 square inches of orifice area.

13.  The apparatus of claim 1, wherein the first orifice is elliptical, having a major

length at least three times a minor length, and the major length is below 0.05 inches.

14. The apparatus of claim 3, wherein at least a portion of the inner wall forms an
inner chamber that is cylindrical about an axis, and the first injector is further configured to
inject the first liquid in a manner that causes the gas within the portion to circulate

circumferentially about the axis.

15.  The apparatus of claim 14, wherein the inner chamber further comprises at
least one of a gas inlet and a gas outlet that is disposed in an end of the inner chamber

intersected by the axis, in a location proximate to the intersection of the axis with the end.

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 oriented substantially parallel to the axis.

17. The apparatus of claim 3, wherein the inner wall separates the gas inlet from
the gas outlet, the apparatus further comprising:

a second gap through the inner wall;

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

a second injector coupled to the chamber and the second liquid source, the second
injector configured to receive the second liquid from the second liquid source and to inject
the received second liquid through the second gap, 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 liquid to form a

second liquid spray upon being injected from the second orifice.

18. The apparatus of claim 17, wherein the first gap and second gap are different
gaps.
49



19. The apparatus of claim 17, wherein, with respect to a flow of gas from the gas
inlet to the gas outlet:

the first injector is configured to inject the first liquid spray in a downstream direction
through the first gap; and

the second injector is configured to inject the second liquid spray in an upstream

direction through the second gap.

20. The apparatus of claim 17, wherein:
the inner wall forms a cylindrical inner chamber inside the chamber, the cylindrical
inner chamber having an axis, and with respect to a circulation direction about the axis, and

the first and second injectors are configured to push the gas in the circulation direction.

21. The apparatus of claim 17, wherein the inner wall forms 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 into the inner chamber, the second gap
configured as a gas outlet from the inner chamber, the first injector configured to inject the
first liquid 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 claim 17, further comprising:

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

a sensor coupled the control mechanism, the sensor configured to sense at least one of
a gas flow rate, a liquid flow rate, a gas pressure, and a particle concentration,

the control mechanism further configured to receive an input from the sensor and

control the at least one of the first and second liquid sprays in response to the input.

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;

the first injector sprays the first liquid spray through the throat; and
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the droplets enter the throat at a velocity higher than the terminal spray velocity and

decelerate to the terminal spray velocity before exiting the throat.

24.  The apparatus of claim 10, further comprising:

a controller coupled to the first injector, the controller configured to control the first
liquid spray; and

a sensor coupled the controller, the sensor configured to sense at least one of a gas
flow rate, a liquid flow rate, a gas pressure, and a particle concentration,

the controller further configured to receive an input from the sensor and control the

first liquid spray in response to the input.

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

26. An apparatus for controlling flow rate of a gas stream, the 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 from the gas outlet to the gas inlet;

an inner wall separating the gas inlet from the gas outlet, the inner wall having a first
gap and a second gap, the first and second gaps providing for the only fluidic communication
between the gas inlet and gas outlet;

a first liquid source configured to deliver a first liquid at a first pressure greater than
500 psi;

a first injector coupled to the chamber and the first liquid source, and configured to
spray the first liquid into the chamber through the first gap at a first velocity that imparts a
downstream momentum to the gas in the chamber, the first injector including a first nozzle
having:

a first orifice having a first size that does not exceed 0.01 square inches of orifice
area; and

a first shape configured to generate a spray of droplets of liquid;
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a second injector coupled to the chamber and configured to spray a second liquid into
the chamber through the second gap at a second velocity that imparts an upstream 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 controller 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 liquid sprayed from the first injector and the second velocity of the

second liquid sprayed from the second injector in response to the received control parameter.

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

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

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

circumferential direction about the axis.

29.  The apparatus of claim 28, wherein the second injector is configured to cause

the gas to circulate in the circumferential direction about the axis.

30. The apparatus of claim 26, wherein the inner wall forms an inner chamber that
is cylindrical about an axis, and each of the first and second injectors comprises a fan nozzle
configured to generate a fan-shaped liquid spray, the fan shaped liquid spray having a spray

height oriented parallel to the axis.

31. The apparatus of claim 1, wherein the first liquid source comprises a pump

having metallic pumping components.

32. The apparatus of claim 1, wherein the first size is less than 0.003 square inches

area.

33. The apparatus of claim 1, wherein the first orifice has an orifice equivalent

diameter that is at least 0.28 mm and does not exceed 1.1 mm.

52



34, The apparatus of claim 1, further comprising:

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

a second injector coupled to the chamber and the second liquid source, the second
injector configured to receive the second liquid from the second liquid source and to inject

the received second liquid into the chamber.

35. The apparatus of claim 1, wherein the first liquid source is configured to

deliver the first liquid at a pressure greater than 2,000 psi.

36. The apparatus of claim 26, wherein the first size is less than 0.003 square
inches area.
37. The apparatus of claim 26, wherein the first liquid source is configured to

deliver the first liquid at a pressure greater than 1000 psi.
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