REACTIVE GAS CONTROL Technical Field [0001]The present invention generally relates to abating
gases, arid more particularly to containing chemical reactions involving gases. 10002]A variety of
industrial prdg@28HK083edte gas streams that must be scrubbed of contaminB&TEUSaePeFdidg released
to the outside world. The manufacture of electronics, solar cells, display devices, communications

devices, metals, ceramics, and polymegs @ ellaR shedkeeReing of chemicals, drugs, and other
materials, often requires the use of exhaust gas scrubbers. Scrubbers typically receive a substantially

gaseous exhaust stream (sometimes containing fine particles) and remove contaminants from the gas
stream befqre the ltﬁe is released to the environment. [0003]Exhaust streams from electronic
fabrication Fﬁlgélg@ d%fay include a variety of contaminants (or species), including perfluorocarbons

(PFCs) and etch 9[%9?18uchﬁ%e§ﬁ@sé}k'%%q€e%&2%&&ﬂﬁ rEiNE2 1828 &t fodiagapstreams may

include toxic hydrides such as AsH3, P1-13, P2H4, or B2H6. Exhaust streams may also contain
pyrophoric gaaespsirtivata G-, GrRtdtningdheatidadasastiehiasdMifig gisksHCI, BC13, C12, TiCl4,
F2, HF, and various chlorosilanes. [0004]Other industrial processes may also create toxic or polluting
exhaust streams particular to a material or manufacturing process. Volatile organic compounds

(VOCs) mapobgpresentyariayiedsaaiele P &R RAE 388 tcant iz FRac HeRpidpRases, or other
organic synthesis reactors. Room or chamber ventilation (e.g., of a spray painting facility or an

environmerﬂf@@ﬁfamiﬁgﬂﬁiéﬂﬁb@sb@ir\gr{%é&)eméytbggq@é}iﬁrw@%aﬁheg’aé@éﬂmymgfor other

a‘baltemem'electronics, solar cells, display devices, communications devices, metals, ceramics,

and polymers, as well as the processing of chemicals, drugs, and other materials,
often requires the use of exhaust gas scrubbers. Scrubbers typically receive a
substantially gaseous exhaust stream (sometimes containing fine particles) and
remove contaminants from the gas stream before the stream is released to the
environment.

[0003] Exhaust streams from electronic fabrication processes may include a
variety of contaminants (or species), including perfluorocarbons (PFCs) and etch
gases such as SF6, NF3, CF4, C2F6, C4F8, COF2, and C4F6. Exhaust streams may
include toxic hydrides such as AsH3, PH3, P2H4, or B2H6. Exhaust streams may
also contain pyrophoric gases such as SiH4, Si2H6, GeH4, and gases such as WF6,
SiF4, HCI, BCI3, C12, TiCl4, F2, HF, and various chlorosilanes.

[0004] Other industrial processes may also create toxic or polluting
exhaust streams particular to a material or manufacturing process. Volatile organic
compounds (VOCs) may be present in various petroleum refining processes,
chemical reaction processes, or other organic synthesis reactors. Room or chamber
ventilation (e.g., of a spray painting facility or an environment containing microbes or
viruses) may also require exhaust gas scrubbing or other abatement.

[0005] Many contaminants require specific scrubbing procedures.
Contaminants such as HCl, CI2, and BCI3 are often soluble in water, and may often
be removed using so-called wet scrubbers. Contaminants such as SiCl4, SiH2CI2,
NH4F, WF6, WCl4, and TiCl4 (herein “water-reactive” contaminants) may or may

not dissolve in water, depending upon various conditions. These contaminants may



[0005]Many contaminants require specific scrubbing procedures. Contaminants such as HC1, C12,
and BC13 are often soluble in water, and may often be removed using so-called wet scrubbers.
Contaminar®O0s¥il/ @8 BIC 14, SiH2C12, NH4F, WF6, WC14, and TiC14 (h&EMUSeRe/AtER8tive"
contaminants) may or may not dissolve in water, depending upon various conditions. These

contaminaryg, giaXcAISRHSARLIIUIRIS I IR AR SAGIONARAGLS, whictmax g various flow

paths. [0006]Another category of contaminants includes "water-insolu ntaminants such as SiH4,
PFCs suchpalGF4 and C2F6, SF6, and NF3. Among other deleterious characteristics, many of these

contaminants are cterized b ‘global warming potential, ich may be hundreds or thousands
of times stronger tﬁ&% at ofAtf'ﬁ 8¢t d%ﬁ&ﬂ@%ﬁ&é’f‘g a‘VﬂﬁFrag‘ﬁog‘frb house gas in the

Earth's atmaspaai@alteQathmsicRNaNANE & € PilRPOsEeldrs CRNESNGRE ontaminant to

form water-soluble reaction products that are then removed by wet scrubblng Sometimes, such
combustuorpﬁbanﬁelequﬁe@hp@dm@scsmemﬁB}esemoetmaywbeteemwhsredteuzeﬁw!p)epatures above

900 degree om ed attem t yer 120&) de % elsius. Other
contaminant& aﬁh as Sl rgrﬁéaﬁ Egme‘ﬁqr}}es bé react[egﬂﬁ?nslgrby %l>1<posm§ the Contammant to an

oxygen souﬂm {B06] arerrid sefidotingontantinantmgea bébavioe astiofr grakloieds ¢asgn the) that may be
removed by wet scrubbing the reacted gas stream. Other water-insoluble contaminants (e.g., SiH4)
may form réﬁéﬂbﬁ SRRt that include solid species (e.g., Si02).

[0007] Some contaminants are often abated by combusting the
contaminant to form water-soluble reaction products that are then removed by wet
scrubbing. Sometimes, such combustion requires high temperatures. For example,
NEF3 may be combusted at temperatures above 900 degrees Celsius; CF4 may be
combusted at temperatures over 1200 degrees Celsius. Other contaminants such as
SiH4 may sometimes be reacted simply by exposing the contaminant to an oxygen
source.

[0008] Water-insoluble contaminants may form reaction products (e.g.,
HF) that may be removed by wet scrubbing the reacted gas stream. Other water-
insoluble contaminants (e.g., SiH4) may form reaction products that include solid
species (e.g., SiO2).

[0009] . Generally, solid species in a waste stream may be present as fine
particles in a liquid phase (e.g., water associated with a scrubber), in the gas phase,
deposited on a solid surface, or in other ways. These solid species may also nucleate
directly on various surfaces. While the formation of solid reaction products may
enable certain removal methods (e.g., filtration), these species may also deposit on
and clog various lines, inlets, passages, surfaces, and other aspects of the system,
reducing the system’s efficiency or stopping its operation.

[0010] Some gas streams may include a variety of contaminants,
including water-soluble, water-reactive, and water-insoluble contaminants.
Scrubbing such a mixed gas stream may be particularly challenging. Many processes
also create one type of contaminant during one step and another type of contaminant

in another step. For example, the exhaust gas stream associated with a deposition



[0009]Generally, solid species in a waste stream may be present as fine particles in a liquid phase
(e.g., water associated with a scrubber), in the gas phase, deposited on a solid surface, or in other
ways. Thes@vEphl&p&dits may also nucleate directly on various surfaces. \RENA$R0MINAENON of solid
reaction products may enable certain removal methods (e.qg., filtration), these species may also
deposit on ggd %Q&WW&@éiﬁ?éd@ﬁig’a_"@éﬁéﬁﬁén%%’é??@guﬁlﬂ%935‘%5:%%9?8%55@?4?91%@%’
reducing the system's efficiency or stopping’its operation. [0010]Some gas streams may include a
variety of coothmmabis;léaokdiinginvaRRCSdIuring, avdeenirenstitpe and dhusteqginsohbiaerentaminants.
Scrubbing syc j 53 as, stream may be particularly challengjng. Many processes alsq create one
type of congi i Tty R AR AP B L RER A e FPERETh ¥ 86 AP esample.
the exhaushgassuramApiniakedite sRROsItRHON ragyileglwsisbaiChdtd ¢ing adeposition step,
requiring abatement of SiC14. The tool may be cleaned with a PFC during a cleaning step, and thus
require abatBerfftof the PFC. A preferred abatement system would abate all gas streams exiting a
tool, and so an ex ry ahatem stem might be required, to ahate both SiC14 and the PFC.
[0011]For gas stre%%%?nclu ina%%v%%%?‘ %%?Htal#ﬁnaa%%g,egfgcﬁ% %I&ﬂbagliﬁgerér%lﬁ/gquire multiple
systems, suchubbiagiahgeadgbiier iaitplovesiaie) selbleacoetacnindieistic esmhdvedwatdt-a combustion
chamber tos%ﬂmbust water-insoluble contaminants. Often, the presence of one contaminant may

impede the SR SPAINAR S SPRRERS AR B hEsHfRSHRBREF 5 CORBYMEAES that form solid
reaction proguis1eBRRHAR LN SRISARUPI RIS SR AR iRl cREY RiplIgMmRarticularly with

"downstream" systems. For example, PFCs may be removed by combustion processes in a
combustiorabHinbea systeintte rerponting ethsrstradamitien tcandhfos corasivesitanfoemts (e.g., MCI),
the materials { tr(lee %ombusétion ch ergbelﬁmaa/flglgegttack%d b rtggu%g)rroa e contaminants during

SO 81 B\ra) | cts, 1hicant

combustion of the lonally, compustion of the PFE may yl?elcc?%o%ﬁﬁégfbn products (e.g., F2,

HF or evengofipitgiartiytheynseives berioieaaogpsivas aRerreauiple, oFaddiligneé abatement.

Combustion of SiH4 may yield solid 5102 particles, which may deposit on various surfaces and clog

the apparafifENEGRSRAR PR BoRsBRsSIRA ML o ARagkes R i s inFasine 88mbustion
chamber may JaPoRl CAHRAS A QIR WREARARRAS CoMBeNC IS RliReisRMPHRlON chamber. Often,

a preferred system or method for abating a first contaminant in a mixed gas stream creates a problem
in a subsecpeenpestivarshmberativay hesaitarked byttminamosivesustisitirationguaisgstem optimized for

the abate mceo%ngEic)J(ﬁ gfqgg Isgsanﬂﬁg?t?gngﬁﬁ ecgirﬁgdséo%hc/)l}vl tﬁB[YFC may yield combustion
products (e.g., F2, HF or even OF2) that may themselves be toxic, corrosive, and
requiring of additional abatement. Combustion of SiH4 may yield solid SiO2
particles, which may deposit on various surfaces and clog the apparatus.
Additionally, water-soluble contaminants in the gas stream entering the combustion
chamber may deposit, corrode, or otherwise degrade components of the combustion
chamber. Often, a preferred system or method for abating a first contaminant in a
mixed gas stream creates a problem in a subsequent system for abating a second
contaminant. In such situations, a system optimized for the abatement of mixed gas

streams may be desired.



[0012]Various embodiments include a valve for controlling a flow of a gas through a port. The valve
may comprise a liquid source configured to provide a flowing liquid to the port, wherein the flowing
liquid is suby¥er@ele@3rié4or more forces. Forces may be adjusted such thatP& FES29piRlon of
forces acting on the liquid causes the liquid to substantially block the flow of gas through the port, and
a second combination of forces acting on thedighjgl £arses the liquid to allow the flow of gas through
the port. [0013]Certain aspects provide for a reaction system comprising first and second gas volumes
in fluidic communication via a port, and a valve controlling a flow of gas through the port. The valve

may comprise a liquid source configured to provide a flowing liquid to the port, wherein the flowing
liquid is subjected [@BHe or nNVeréoforeash dimestinglbdecovivtiddrawetrtiing difkrwefiination of

forces actin .991}%3 I'iguid CAUSES tg?vli uid to substanti?llsiaock the fI|%W of gas through the port, and

f
a second cBmbinaten oftorces aec‘flngeonefﬁec i%fﬁrdsgaaus Y @‘Eﬁ&?g oW e i of ﬁas through

the port. [OBADRGeNES iepsis INERER AR-AMPAAEISGCANBEEIEcE-a3BRebNMIRY an inner
surface and a port, and a guide surface having an edge proximate to the port, wherein the guide

surface calf8Ees ASFRRyManReasipted suthdhnbinést erbirptionofdowenreHaeemthacross the
port, 10 the KRS exifRcehhal Y StBRIMANR BRIADHAIN A08P he RALIT RREHROP gl pas at a first

pressure through the port. [0013]Select implementations include reaction system for reacting a gas,
which may sachnde-enthiavatibsr dfvingsoat igeors titaliguivh daa porthalgpidte teurtiace thalbgran edge

proximate tofthaeS orrt, \A@%Eein th}e guide surface causes a flowing liquid supplied to the guide surface
to traverse Tréifi the edge. adross the port, to the inner surface. Such traversal may substantially close

the portto passagigatsh gaseirklisiiRespie ORI AL HAVHBRTAKASRAGC 2 gas inle
configured to supply a gas to the chamber via the port. WO 2010/033184PCT/US2009/005159

second gas volumes in fluidic communication via a port, and a valve controlling a

flow of gas through the port. The valve may comprise a liquid source configured to

provide a flowing liquid to the port, wherein the flowing liquid is subjected to one or

more forces. Forces may be controlled such that a first combination of forces acting

on the liquid causes the liquid to substantially block the flow of gas through the port,

and a second combination of forces acting on the liquid causes the liquid to allow the

flow of gas through the port.

[0014] Other embodiments include an apparatus comprising a chamber
having an inner surface and a port, and a guide surface having an edge proximate to
the port, wherein the guide surface causes a flowing liquid supplied to the guide
surface to traverse from the edge, across the port, to the inner surface. Such traversal
may substantially close the port to passage of a gas at a first pressure through the
port.

[0015] Select implementations include a reaction system for reacting a
gas, which may include a chamber having an inner surface and a port, a guide
surface having an edge proximate to the port, wherein the guide surface causes a
flowing liquid supplied to the guide surface to traverse from the edge, across the
port, to the inner surface. Such traversal may substantially close the port to passage
of a gas at a first pressure through the port. A system may also include a gas inlet

configured to supply a gas to the chamber via the port.



10016]Various embodiments include one or more injectors. In some cases, an injector may include a
burner. Certain embodiments provide for coating an inner surface of a chamber with a liquid. Various
chambers nY8Q 209t3F184lly contain a gaseous volume within a liquid "enval§FeUSHWOH8pEhtes the
walls of the chamber from the gas phase. [0017]Certain embodiments include a chamber having an

inner surface and fbﬁﬂﬁ’ and\@x%‘ﬂﬂ%ﬁﬂféﬂ%&ﬁé’iﬂ{%lﬁﬁ eegl %}” \%pé%.gggogggﬁigbg{gximate, near,
ége face may cause a flowing liquid

adjacent to, or associated with the port. Generally, the guide sur
supplied to ¢heegy anléenfrotizondg ireleise bomdhe(aagdriertiia dinensspfanadthfersivaingatantially
closing or sealin a first pressure through t ort. Typically, the edge

th o(?rfto assage of a gas at e
is close en&ﬂﬁ?f%&fﬁe@n & # Q%ﬂ)ﬂ%g IAEQEHehasabsysEY sithsentall¥ substantially
retains its shaNgite: FadoasvoRESRKHMIAE lﬂﬁﬁie@wgtyhg”rﬁﬁﬁ@%ﬁéfﬁég‘ﬂﬁ‘é wdliaee e some cases,

a second pressure of the gas may cause the gas to pass through the port, which may be accompanied
by a changéhﬁ%‘?ﬁfpf@@ﬁﬂhé gammhgseguid. [0018]Some implementations include a reaction system for

reacting a gas. TheyGgaction SYSiEM By, SAMRLSE A0 APLAaIsINELAIng.2 dhambrhaving an inner
surface and a port. The apparatus may also include a guidé surface having an edrge, {ﬁe edge
proximate tarithe port, avieagjnithesgfiste huringeanaidies ia vidhgHigedg suppledia i) aeitide surface
to traverse from the edge to the inner surface, thereby substantially closing the port to passage of a

gas at a fir@PIETE e FrRssgHarrs puith M hclsnepdherthagy &€ Y iRMEE8dEch as a tube,
channel or ammgqﬁ%ng%i%m%t&%ﬂ@m%w@ thsei (801 §IMeihods @ad-grparatus for

reacting contaminan isclosed. Méethods and apparatus for abating a'gas stream include a first
wet scrubbéviaedigherebiosrdstintially dasisgoaneating dbtiporsstpassogrnéetgdstatthéiftst wet
scrubber, wherein t rea%tit%ré Etg{e is.ccipfi%red to realct the scrti‘bt%egé;as strearp, and a second

wet scrubbgﬁﬁs Uid communication tﬂl%eyr‘eagt?gI%%i/s‘s‘feor?f?fﬁ‘%u e embIAiehts *&°wet scrubber

may removehavefl§bthgligiedaiypedels 08t gantk mafepraibsabiidngre tias B98%pofdoe
water-soluble contaminants. WO 2010/033184PCT/US2009/005159
doesn’t break up into droplets) until it reaches the inner surface. In some cases, a
second pressure of the gas may cause the gas to pass through the port, which may be
accompanied by a change in shape of the flowing liquid.

[0018] Some implementations include a reaction system for reacting a
gas. The reaction system may comprise an apparatus including a chamber having an
inner surface and a port. The apparatus may also include a guide surface having an
edge, the edge proximate to the port, wherein the guide surface causes a flowing
liquid supplied to the guide surface to traverse from the edge to the inner surface,
thereby substantially closing the port to passage of a gas at a first pressure through
the port. The reaction system may include a gas inlet such as a tube, channel or pipe
that supplies a gas to the chamber via the port.

[0019] - Methods and apparatus for reacting contaminants are disclosed.
Methods and apparatus for abating a gas stream include a first wet scrubber
configured to receive the gas stream, a reaction system connected to the first wet
scrubber, wherein the reaction system is configured to react the scrubbed gas stream,
and a second wet scrubber in fluid communication with the reaction system. In some
embodiments, a wet scrubber may remove over 95%, preferably over 99%, and more

preferably more than 99.9% of the water-soluble contaminants.



[0020]In some cases, a reaction system may include a chamber having an inner surface including a
port, and a guide surface having an edge, the edge proximate to the port, wherein the guide surface
causes a floWshgPReiad $dpplied to the guide surface to traverse from the ed§tBSHEIUPESurface,
thereby substantially closing the port to passage of a gas at a first pressure through the port. Some

abatement systempoRACONSYSIRNS 0 IAIBRS X IR AN ISHBNROISOIR Apactive

species. [0021]Select methods include a multistep reaction of a gas stream including mixed
contaminanisnén sufacednskslingvep ety abder fusd esmdaeshafiryt spedgs fltenedge gas stream, a

reaction system.then reacts the gas stream to remove a second species from the gas stream, and
another wef §%’f585t§r{ﬁ1%}$ ggfﬁb%??ﬁéef‘[ég&‘fe@ es%'ﬁ%&%f\‘)&?fo%@?ﬁ'é% ui'r‘i}cﬁ’]'tféié%an@ustion or
burning of vaEgusdsResREe 002G e ABR IHQURAB NElHEEa HAVeRPRIAPIaBasRANIE) @ flow of

gas between first and second chambers separated by a port. The valve may comprise a flowing liquid,
and may bes\@sHrediePBit tamansgan efiibaanglin firgtprersyeetiu pusgh theiper fidsmet of flow conditions.

Eg‘ggr';iE;%@V%%%%LS%%%&%%%#%W}M@&SE%%%SJEA%b%rQlynsa;[{raﬁ'?c S SREmelaY dsacipn system,
a reactive species.
[0021] Select methods include a multistep reaction of a gas stream
including mixed contaminants. In some cases, a wet scrubber first removes a first
species from the gas stream, a reaction system then reacts the gas stream to remove a
second species from the gas stream, and another wet scrubber then scrubs the
reacted gas stream. Various methods include combustion or burning of various
species.
[0022] Certain embodiments include a valve operable to control a flow of
gas between first and second chambers separated by a port. The valve may comprise

a flowing liquid, and may be controlled by causing the flowing liquid to close the

port under a first set of flow conditions.



[0024]FIG. 2 is a schematic that shows a way of operating a reaction system. [0025]FIG. 3A and 3B
illustrate closed and open positions of a valve, according to certain embodiments. [0026]FIG. 4 is a
diagrammaf¥¥Qagtedésdtion of an exemplary system that may be used to g&TBHRYMIRLSep
abatement process, according to some embodiments. [0027]FIG. 5 illustrates several steps in an

abatement process according gReeHRRTRPPEINRNEE BPEPRIGVENEE diagrammatic representation

of another embodiment [0029]FIG. 7 is a diagrammatic representation of a further embodiment.

[0023] FIG. 1 illustrates an exemplary reaction system, according to
various embodiments.

[0024] FIG. 2 is a schematic that shows a way of operating a reaction
system.

[0025] FIG. 3A and 3B illustrate closed and open positions of a valve,
according to certain embodiments.

[0026] FIG. 4 is a diagrammatic representation of an exemplary system
that may be used to perform a multi-step abatement process, according to some
embodiments.

[0027] FIG. 5 illustrates several steps in an abatement process according
to certain embodiments.

[0028] FIG. 6 is a diagrammatic representation of another embodiment

[0029] FIG. 7 is a diagrammatic representation of a further embodiment.



DETAILED DESCRIPTION OF THE INVENTION [0030]Many industrial processes require the
abatement of gas streams. The fabrication of semiconductors, photovoltaic systems, and flat panel
displays, asWfeRH8/¢a&#hemical treatment of diverse industrial and chemicBE EISHWAGEE1Thay require
the removal of harmful substances from a gas stream. In some cases, a gas stream may require the

removal of several substan@%rm:%?\ﬁgmg}ﬁpﬁml RARAN§IERs using a valve comprising a

flowing liquid. The valve may be used with a port, and may control gas flow through the port. The
flowing liquid may form a membrane, and may be configured such that a first combination of forces
(e.g., momentum of the liquid, gravity, and pressure difference on either side of the membrane) causes
the liquid membratl®36]seal thaupp it dd steiad pdocessis meqoitethioabesement cdigss sheamsmbrane to

allow gas tQ pass through the port. In some cases, the flowing liquid may proyige g valving apparatus
that is morgrﬁ(? %?WEIB@%?MHEN%IP%%&‘Q 8‘5&8&‘1%1%&9%%{5’@&8@?@@@5&. Valves may
be used witgdRasing GRAMRE P ARERIAY SR ALY FUIEISMABHEARMP SHRBMBR SHtijected toward

reacting gases that lead to clogging of associated apparatus. Abatement systems comprising a
scrubber (erefuirevbesemnpyalrpimimidaethstangetdrammagdfestreamidabameegasestegass, and may be
advantageogrs fgr{ gas %reueirrg%a\g% \geﬁfef%gxt; gg?ts%@sipaanrggs requiring different abatement reactions.
[0032]FIG. Yiustrates an exemplary reaction system, according to various embodiments. Reaction
system 100 may Heo3dgd to reathgasgeas gostaitedlosy angamsnnge cades dorphsingad to react an
effluent (or exhaust) gas stream from an industrialé)%:ocess. Select embodiments include various

burning apflr4ing ltidndhe galemey BeMseh wWihp REbRPERaS e &Reflta gas stream may

flow into feﬁ%ﬂgﬁﬁl@ﬁ&&?@ﬂ@@&m}\gf}ﬁéﬂl@ oﬁaatﬁﬁbﬁmaﬂ%,eM%@nﬂe@ghﬁ%%'et 106.
Chamber 104 may include inner surface 105. [0033]The schematic shown in FIG. 1 shows a cross
section of redtifrat a first combination of forces (e.g., momentum of the liquid, gravity, and

pressure difference on either side of the membrane) causes the liquid membrane to

seal the port. A second combination of forces may cause the membrane to allow gas

to pass through the port. In some cases, the flowing liquid may provide a valving

apparatus that is more resistant to clogging, particularly clogging associated with

species in the gas. Valves may be used with reaction chambers, and may be

advantageous with reaction chambers directed toward reacting gases that lead to

clogging of associated apparatus. Abatement systems comprising a scrubber (e.g., a

wet scrubber) and a reaction system may be used to abate gas streams, and may be

advantageous for gas streams having different contaminants requiring different

abatement reactions.

[0032] FIG. 1 illustrates an exemplary reaction system, according to
various embodiments. Reaction system 100 may be used to react gases or gas
stréams, and in some cases may be used to react an effluent (or exhaust) gas stream
from an industrial process. Select embodiments include various burning apparatus,
and may be used to perform combustion reactions. In general, a gas stream may
flow into reaction system 100 through gas inlet 102, react in chamber 104, and exit via
outlet 106. Chamber 104 may include inner surface 105.

[0033] The schematic shown in FIG. 1 shows a cross section of reaction
system 100. Some embodiments of reaction system 100 may be generally cylindrical,

and in such cases, at least the upper region (e.g., above outlet 106) may be



system 100. Some embodiments of reaction system 100 may be generally cylindrical, and in such
cases, at least the upper region (e g., above outlet 106) may be axisymmetric about axis 108. Thus,
while FIG. 1V ReHyaXd $Have two regions annotated as inlet 102, these may O/ U043/ 1w8|lume.
[0034]Reaction system 100 may be used to create a reactive environment to react at least a portion of

2 gas sreagy PiRARHLIBUAR DI, 02 4 SOmR EEROd MERLs UFEACHYG FNBRTMent may be

created or enh d using injector 120. Injector 120 mayrgllﬁect a reactive species that reacts with the
effluent gasastretated FPoimen iflehssmeaydre et sationsaddBi-4 in an exhaust gas stream may be

reacted by injectin gen, air or.other reactjve species inf{o the gas stream. Injector 120 may inject
the reactive gas at Uiitbus vEEAIEE OB JULNBRET S LT AEAERNGSLLEREmARh which 2
small, localieadd@attiontagionivieyRetarmed Aranaae 4 g aadeirelion sigmassociated with
injector 120 (somewhat akin to a "pilot light" on a burner). For other reactions, it may be preferable to

choose a c6mbfsimsmiss thjeceadtiyssensisepenionajebreet epsediesenhanendusing drjefder is formed
from injectoy,420, and reactions.substantially occur.far fram injectoy, 120 ., toward the center of
z)a. [%B%%ﬁ{ ?% uagnl{'l ec§a T eacl-Xl.e. species aq reac%s w1{hl§1e g?&%fls? gas

chamber 1 ore ases requiring combustion (e.g., some )5 |njset5?3ﬂ20 may
include a burexeapdblecnigenwraingiaiaoiSibIaihean hdianst ek serearait e bbadimants, injector
120 may include a burner (e.g., from Hauck Manufacturing Company Lebanon, Pennsylvania, USA).

Exemplary B EURSIDBPH SR o5 QDI SAREI ARsy IR dMtadhesrs trgae drissige2uel, electricity,
communicaiapsnRRekRENRESEFUIESSIR IDIRRIRE J40ctRcCHBIEIRAURIGRLS {88 Hhi?2 provides

methane, propane, natural gas, liquid alkanes, alcohols, or other combustion fuels. Feed 122 may also
include a sdnjrst@It vRigkitive gethsubirhe aindl, dasalimedreadiof 2egian aley incfodeeah ignition source,
such as a piezoelectric jgnitor. For effluent gases nat requiring a t source, (e.g., SOme gases
containing glrlgﬁf‘?r%ee{cotég el%?)srlﬁléﬁ/c 6?8vsll 8%%?%13# %ﬁ?ﬁ %r%‘?re %Eﬂﬁ%%ﬁ gg&i‘ﬁ tt%lgf.‘ ﬁ?j@ctor 120 may
also include pitoalighiz&hof lnieAos| CEbi G thieGiaicaoA RmABPBEPHEdMBIEE aansiensed phases such
as liquid fuels. Injector 120 may be capable of creating a flame within chamber 104. Injector 120 may

include a pREEARANGERBREdNBFadsBRS R erity i ivgeledrrstiessuirhat mRogn GrI0 51 59
[0036]Injectgrrhed My iRpkde @@%@y%q&%%ﬁ%ﬁgﬂ@ﬁﬁfgng%m injector 120 (e.g.,

toward the center of chamber 104).

[0035] For effluent gases requiring combustion (e.g., some PFCs), injector
120 may include a burner capable of generating a flame or other thermal jet. In
certain embodiments, injector 120 may include a burner (e.g., from Hauck
Manufacturing Company Lebanon, Pennsylvania, USA). Exemplary injector 120
includes feed 122, which may provide various gases, oxygen, fuel, electricity,
communications, and other service to injector 120. In certain embodiments, feed 122
provides methane, propane, natural gas, liquid alkanes, alcohols, or other
combustion fuels. Feed 122 may also include a source of oxidative gas such as air or
oxygen. Feed 122 may also include an ignition source, such as a piezoelectric ignitor.
For effluent gases not requiring a heat source (e.g., some gases containing SiH4),
injector 120 may provide oxygen and/or air without additional fuel. Injector 120 may
also include an atomizer or piezoelectric injector or other apparatus to inject
condensed phases such as liquid fuels. Injector 120 may be capable of creating a
flame within chamber 104. Injector 120 may include a plasma generator or a spark

generator.



close to injector 120 from hot gases or combustion products. Heat shield 124 may be made from an
appropriate alloy, superalloy, ceramic, silicon carbide, silicon nitride or other material, and in some
cases, the MeXa0/8BdiEE may depend on the gas stream being reacted. FBEEXHHIR0IEE shield 124
may be made from a material that is not etched, corroded, or otherwise adversely affected by the

various gas or liagysgmponenlaWhiEh if AR i Snolada 0THURdbE-mpdiment lustiated

in FIG. 1, a single injector 120'is included, and is configured to inject into chamber 104. Alternative
embodimertosady imelide R0domieregrjec toreobdtusBompredintslifieat syt 2@ mleydree or more

injectors 120 injecting into an inlet (e.g., inlet 102) and/or an outlet (e.q,,.qutlet, 106).. .

10038 ReacTE SR JOF TR DLRESORETHp HuFREHAE S HARE AL ISQR GBI 30 rmay
contain walg¥ oigAmatéedIdsn SGHV MR endiotRiheliyReIibawds Resravai thdgmay also include a
circulation mechanism 132, which in exemplary FIG. 1 imparts a velocity to a liquid (in reservoir 130)

to circulate $Heam el Eracsds FoseramnpirdigatshieldAZdimobeimads fspty HreaiesiabHeatn), and
exits reservqir. 1.3Q vi 40 Gap 140 may include varioys valving apparatus (e.q., a gate valve, a
igj\ié gql(l:tlgdg @gn]bcpeq,e ﬁlp () EI'W]}%IX aﬂ ega%lg H"gé*ea/ %Iy ]%% VSIQOUi %Sm 1‘31%111(9

restrictor, an e) to control'the flow of liqui reservoi ap ay be appropriately
sized such thaipionsdtfevithoutiohiesermedrid@0cahaactesired velocity, volume, and having a desired

flow field. [0039]Fl‘owin liquid may exit gap 150 and be delivered to guide surface 150, which may

modify the flow field’8f the lidDilp A8 HRReRd itsizied nddGe k85 Bl inleLarde® 18 50. Guide
surface 15Gaaude b suoes deathemieeinRapRin b oL AIRHNER shRyRiRdYS. 1. guide

surface 150 is cylindrical. For axisymmetric versions of reaction system 100, guide surface 150 may
be approxime pdydedicaPoreoaizettoshdpd @ome abthadinients8)aGimdedrisiaceribOmay be

oot R SR AR BRSSP R e oo 119,
1, liquid passing ttieosgih gaRdQigaresadiv lowmima eowsuwase digciarRaIRNide surface 150.
reservoir. Reservoir 130 may contain water, organic liquids, solvents, and/or other
types of liquids. Reservoir 130 may also include a circulation mechanism 132, which

in exemplary FIG. 1 imparts a velocity to a liquid (in reservoir 130) to circulate the
liquid about axis 108. Liquid enters reservoir 130 via a supply line (not shown), and
exits reservoir 130 via gap 140. Gap 140 may include various valving apparatus (e.g.,
a gate valve, a restrictor, and the like) to control the flow of liquid out of reservoir
130. Gap 140 may be appropriately sized such that liquid flows out of reservoir 130
at a desired velocity, volume, and having a desired flow field.

[0039] Flowing liquid may exit gap 150 and be delivered to guide surface
150, which may modify the flow field of the liquid prior to the liquid passing edge
152 of guide surface 150. Guide surface 150 may be flat, curved, or otherwise
shaped. In the embodiment shown in FIG. 1, guide surface 150 is cylindrical. For
axisymmetric versions of reaction system 100, guide surface 150 may be
approximately cylindrical or conical in shape (e.g., about axis 108). Guide surface 150
may be smooth, and may be shaped and/or oriented with respect to delivered
flowing liquid (from gap 140) such that the liquid substantially coats guide surface
150.

[0040] In the embodiment illustrated in FIG. 1, liquid passing through

gap 140 generally flows in a downward direction down guide surface 150.
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Generally, gap 140 and circulation mechanism 132 are designed such that the angular velocity of the
liquid in reservoir 130 is maintained as the liquid passes from reservoir 130 to guide surface 150,
resulting in ¥ OUARIARY [aminar, "helical” flow field as the liquid passes oRETHIRHWXUTETE 150 past
edge 152. Liquid "swirling" in reservoir 130 may continue to swirl as it passes down guide surface 150.

Guide surfagenbQigaupshidmdig Jdaving H%M%ﬁ%@%%}%%@edr %gégﬁ'mmwsn st

somewhat maintained (albeit modified) after the liquid has passe e 152. [00411In some
embodimerxslatityfidwiedighihin obshe bgquidtiriaas gnsded theliquigepas&@dsronaracterized by a first

dimension (e.g., a.thjckness).that is substantially smaller than one or more other dimensions.
Substantial%? 5%113’3? ]if?(izlcal?&é) Jdgg ﬁ’i‘éf?fﬁr]eé tfrﬁ%ﬁﬁé‘mﬂ@rf}%@%ﬁmm g\’ﬁléﬁ r,?”%’re than fifty
times smallgel@aeuanlineie pasRs Ofnaa snalite THEKLIRAsPeIIRaRE%ASAnghget" or other
relatively thin, wide body. The liquid may form a liquid membrane, which may be curved,

saddle-shape8r1Rir bilomashaessiane e it esidprptestdeveh guidsfsyufaee J@fadeuide, the flow field of
the liquid ( log ct d uolume n ide surface 150, the distance between edge 152
SR 9&%\3% A gé%&%@% B3 ﬁowm%%%ﬁvs% ey B4

and inner surface (105) anhd the like. action system incrude Feservoir 160.
Reservoir Jégsisdesighatitairoatad eallgicnadifiéd saftee Crefuiddey pisiad suayedpatain a liquid
that is Simil@% to or the same as the liquid in reservoir 130. In certain embodiments, reservoir 160 and
reservoir 1 %‘nay contain different liquids, and in select embodiments, the choices of liquids may

include the relativmﬁ]abiIitﬁ{@&@@fi&%gﬁlg@gtg’%igf[gmgom%e[prf\%] ryelk £89 may include a

supply line (not shown) which supplies liquid to the reservoir 160. Reservoir 160 also includes gap 170

from which FifisReRy&E eslgedtdRisavarincte0zdyy B/irshdinadssiomcleige agrickisess)vitag impparatus to
control the flow.of ligyid out,of reservoir 160. The flow rate of |i uig into reservoir 160 and the width of
gap 170 ma)l%gé suc%lwi fhsgtl 1 gl%ﬂ%?ﬁb%’i%?ﬁil?/%%%%“ﬁ? Teasta po ﬁ(t_)ar?g?menfﬁ?{éfl%ﬁ']‘#gce 105 of
chamber 1@doaétetan eiise esepaitalles. iResaivaitdf tivptienallicinslusemai Grgtigmegechanism 162,
which may impart a velocity (e.g., an an%ular velocity about axis 108) to a liquid contained in reservoir

160. In certiM YN RENROS R A0R lera dbedigpichps bashaesdwsiacieheeta liquid in
reservoir 169 $hadrtRQaR) 'tma,ruammﬁq affr@rﬁaﬁiﬁ%%,faﬁmﬁqg&bﬁ%&ﬂﬂ%%ﬁ%h'” such
alls

cases, the liquid may "swirl" down the walls of chamber 104 (e.g., coating at least a portion of inner
surface 1059g|bavgaped7enddle-shaped, flat, or otherwise shaped, according to the shape of

guide surface 150, the flow field of the liquid (e.g., velocity vector and volume) along
guide surface 150, the distance between edge 152 and inner surface (105) and the like.

[0042] Reaction system 100 may also include reservoir 160. Reservoir 160
is designed to contain a liquid, and in some cases reservoir 160 may contain a liquid
that is similar to or the same as the liquid in reservoir 130. In certain embodiments,
reservoir 160 and reservoir 130 may contain different liquids, and in select
embodiments, the choices of liquids may include the relative wettability (or affinity)
of one liquid to the other.

[0043] Reservoir 160 may include a supply line (not shown) which
supplies liquid to the reservoir 160. Reservoir 160 also includes gap 170 from which
liquid flows out of reservoir 160. Gap 170 may also include various valving
apparatus to control the flow of liquid out of reservoir 160. The flow rate of liquid
into reservoir 160 and the width of gap 170 may be such that the liquid substantially
coats at least a portion of the inner surface 105 of chamber 104 after it exits reservoir
160. Reservoir 160 optionally includes circulation mechanism 162, which may

impart a velocity (e.g., an angular velocity about axis 108) to a liquid contained in
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[0044]Liquids and gases may exit chamber 104 via drain 180. Reaction system 100 may include a
guencher 190. Quencher 190 may include a spray nozzle to inject gas and/or liquid into the region
associated With2018iP3Bd and outlet 106. In some cases, an injected gas oPidiRBIWEYOHE IWsed to cool
the species exiting chamber 104. For example, if injector 120 is operated as a burner to combust a gas

species in , j I inje ing: of water. In
some caseg%%%g(r%h%g& iéi(i){ %Qgﬁg{n%éigggg}l{ %ﬁgﬁ%@é}gﬁﬁ 0 t%?%;%sgilr%gggﬁy guencher 190

aids the passéfigent gakmitpiol ditigidd frorasdragir 80 thav title - 4106itQisanalrenihed afey the omitted in
some embadiments. 100451 Choices of materjals used for various components may depend on
several fac%é?&liq&ﬁﬁﬁﬁ?aé%ﬁgﬁﬁ&?% te i(?fs[ﬂ‘i‘g%?étr@ﬁrh%’éﬂﬁ‘%a%bdarﬂﬂ?’é}ié)l?s
temperaturgsaliiad CampOReNta (PYstiyistandels: SOBOSRM BPHIMS IS A RISIOGIPRRE Nts may be
fabricated from different materials in different regions. For example, reservoir 130 may be fabricated

from an inef’Material such as polytetra-fluoro-ethylene (PTFE) in the region disposed adjacent to gas

inlet 102. The "inngfy wyall of yeseryoir facing injector 120 be fabri of g . metal or other
0 b de .
high thermal condlfji{tlw y mateﬁ% , 3dc aag?%h}g%’qﬁlaf Sﬁ%ﬁ%‘%%n@?rélu g rraelge(ir%{gr e:?ﬁahe%}mently

removes hegtfeom B0enusindidee rgseatvbér 180. QueloRAG]FIGhaS ihasebamati Haigbows a way of

operating a system, according to some embodiments. In this example, reaction system 100 operates

to combust QriTutLEAt FAL/Eawidinte thermeion aitantied 1o Araipvity s eitiebli8edtrom gas
Sroam 200 SAGASITAP MR SEIRUIRZLE 6 55180 USSR BRI EServors

130 and 160. [0047]The separation of gaseous volumes (e.g., the gas associated with gas inlet 102
from the gatXkithor ekemerif 043yent28ily eperatedrasna byimerassounidtiest wighslpeeitgdnl 52 of guide

surface ls%ﬁglrglbaexp {Bi(l rggégcﬁ‘?eqi?goor;\ia@nl%rclude a nozzle to inject a cooling spray of water.
In some cases, quencher 190 is oriented such that the velocity of the species injected
by quencher 190 aids the passage of gases and liquids from drain 180 to outlet 106.
Quencher 190 may be omitted in some embodiments.

[0045] Choices of materials used for various components may depend on
several factors, including the chemical nature of the gas stream being reacted and
various temperatures that components must withstand. In some embodiments;
various components may be fabricated from different materials in different regions.
For example, reservoir 130 may be fabricated from an inert material such as poly-
tetra-fluoro-ethylene (PTFE) in the region disposed adjacent to gas inlet 102. The
“inner” wall of reservoir 130 (facing injector 120) may be fabricated of a metal or
other high thermal conductivity material, such that the liquid circulating inside
reservoir 130 efficiently removes heat from the walls of the reservoir 130.

[0046] FIG. 2 is a schematic that shows a way of operating a system,
according to some embodiments. In this example, reaction system 100 operates to
combust an effluent gas stream 200 in reaction chamber 104, removing certain species
from gas stream 200. In this example, a single type of liquid 202 (e.g., water) is used
in both liquid reservoirs 130 and 160.

[0047] The separation of gaseous volumes (e.g., the gas associated with
gas inlet 102 from the gas within chamber 104) generally occurs in a region

associated with the edge 152 of guide surface 150 and a proximate region of inner
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surface 105 of chamber 104. As such, this region can be characterized as a ring-shaped "port"
connecting chamber 104 to gas inlet 102, and is annotated as port 238. In this example, injector 120
may inject iNY® @aHHIBE8104 from “inside the ring" of the ring-shaped port 2BET[08W8Y/BRS EIpropriate
choice of liquid flow rate into reservoir 130, circulation mechanism 132 (FIG. 1), and gap 140 (FIG. 1),

2 lauid flowig U6 ERaNYAIEA Y2 A0 iadne Pe AAURLElORiL RO A 108 (G- 1)

may substantially maintain its velocity as it flows dowh guide surface 150 (in some Cases, following a
substantiallyhagiedal prati)c§00d@g sharatembdtinga sniatiiZichnbis ‘swists tovas poiti238urface 150,
and circulatjon, mechanism,132 imparts sufficient momentum to the liquid exiting gap,140 that the
swirling quutiild s RelIgsie™ Wﬁﬁ%ﬁ%@%ﬁh 63 fﬁ%g apsislfidRediPE 8150, which
thus "containg rthg-sMipéagpigtigdiorizontally while the liquid is in contact with guide surface 150.
[0050]By creating the aforementioned velocity in the liquid 202 exiting reservoir 130, the momentum of
the flowing liquid nfi348le maPBifesrasrrintgichgice afliguid Beve migtivta teserveitiddfe toward inner

surface 105 4 after j ssed ed chqosing an appropriate flow rate
(including v% &%%ﬁgrﬁpﬁ%%géﬂ% c}rslt%ﬁ%lﬂ ,?sﬁggﬁég@%é%ﬁ% llljls(gaf?]o slﬁg%\{}vﬁzt "conical" sheet
of liquid maseseeerizattiiviie pap a4 hiskd sy Haae ghliBrardoirinestartaces 108 (Fids 1) asg cone” shaped
liquid may form a liquid membrane 239. Membrane 239 may seal port 238 under some conditions
(preventingSYRE AR D mRRiDieimUp Yotodhv aAfimws downnsiqs siHé 98890 ) s9BW 86 ow between
inlet 102 angieham grsgggtm}gt@ﬁggqgmjpns. The combination of edge 152, inner surface 105
and membrane 239 may operate as a valve 240, substantially separating the gas phase of the inlet
102 from that of th@@$Ambelr gemaersbetimaive, 248 vithmayosaratédowoveithedblaoate flow of gas

through porl 238 or allow, I low of g (ypuah port 288, The flow rate of 4zs fhrouh port 235 may
be controlled by controﬁlng aspects of valve Such as flow 4 e, SreTaon Fatd"ffow volume, and

other factorexitasggiaiadoudiatttie B oh g digdid QRapash eite hp. H0) RraivRiexaeraasing the volume
or velocity of liquid flowing through gap 140 (increasing liquid momentum) may "close" valve 240, and

decreasing HEXABFRES PRGBS SHEdcR IRD iyt iBHE reMARsayhe peirlipgligwido. [0051]Valve 240
may be conjraiiegd g oninling Hawid SRR IR guide surface 150.

[0050] By creating the aforementioned velocity in the liquid 202 exiting
reservoir 130, the momentum of the flowing liquid may be manifest as a radially
“outward” force that carries the liquid toward inner surface 105 of chamber 104 after
having passed edge 152. By choosing an appropriate flow rate (including volume
and velocity) for the liquid, a substantially continuous and somewhat “conical” sheet
of liquid may be created between guide surface 150 and inner surface 105. This
“nose cone” shaped liquid may form a liquid membrane 239. Membrane 239 may
seal port 238 under some conditions (preventing gas flow between inlet 102 and
chamber 104. Membrane 239 may allow gas flow between inlet 102 and chamber 104
under other conditions. The combination of edge 152, inner surface 105 and
membrane 239 may operate as a valve 240, substantially separating the gas phase of
the inlet 102 from that of the chamber 104. As such, valve 240 can be operated to
either block the flow of gas through port 238 or allow the flow of gas through port
238. The flow rate of gas through port 238 may be controlled by controlling aspects
of valve 240 such as flow rate, circulation rate, flow volume, and other factors
associated with the flow of liquid 202 past edge 152. For example, increasing the

volume or velocity of liquid flowing through gap 140 (increasing liquid momentum)
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or both of inlet 102 and chamber 104. For example, valve 240 may be closed when inlet 102 and
chamber 104 are at substantially similar pressures, and may be opened by increasing the pressure in
inlet 102 or W&tP8HENG!4e pressure in chamber 104. [0052]The flowin@ G(HE280%/KE5240 is
typically acted on by a combination of forces. These forces generally include gravity and a force

associated i) 1 BODAOIPLKERHILISE I 95865 0B DAL A algcile the surface

il fac
tension betweén the liquid and various gases. Forces may include an interaction between the liquid
and solid surferestuchmayy(tgerswridee 2880 (e.g., surface tension or a shear force associated with

such an interface) 3]Valyve, 240 may sybstantia arate the gas species in chamber 104 from
those in inlet 102, (grgog\)/l ing f Plé’gglbmg}éé’ er’eea%(ffbtﬁ% ﬁécﬁgﬁ?ﬂgro iﬁ%lﬁﬁ’ﬁ'ﬁ? i‘@f&%ﬁ products are
substantially-isokatedifii ilehlQRafberiohy. VRS XARpRaY Avbdantalydselateshamaber 104 from

associated upstream components (e.g., the walls of inlet 102). In some embodiments, such a

configuratioilli‘lﬁﬁa")oszé&éc‘é‘ﬂﬁ'ébeéb%RFSWWEM%WM@FMWW&%%WSMLiquid
oo men B e o B S e o

below membtrane 239)”In some embodiments, additiona ows from reservoir 160 down at
least a portion of ibeEs2%urfadéhd Bowihg lilguid atfeeabidizg0ds29pitradin setehenitsy 30 and optionally 160
may be chosen such that ljquid 202 coats the inner surface 105 of chambper 104 below valve 240,

creating a dyRANRRICRI{E Sy Tapteifnetasgsia Lumelade gradpanaita fRErgasasiatehecies within
chamber 1G4;{FomethR SEHEIHA ARRQDRINIS . RNk IP4 1H§.3aMe FaReSniRMBGlquids 202

continually sweep inner surface 105, preventing the deposition of solid species on inner surface 105.
Corrosion cfutéepismeing Beforess thadiquitdfand 1oiormgabessloscantiadly imititten by the layer of

flowing il coRing BSeR GPTIEIEIIAURIRSRGING 81230 ey cieaie 2 agpive volume witin
chamber 104 in which etfluent gases react. the reéaction pro uctéumay be swep tif via drain 180.
surface tension or a shear force associated with such an interface).

[0053] Valve 240 may substantially separate the gas species in chamber
104 from those in inlet 102, providing for gas phase reactions in chamber 104 in
which the reaction products are substantially isolated from inlet 102. As such, valve
240 may substantially isolate chamber 104 from associated upstream components
(e.g., the walls of inlet 102). In some embodiments, such a configuration may reduce
the deposition on and/or corrosion of upstream components.

[0054] Liquid 202 flowing from reservoir 130 may substantially coat
various inner surfaces 105 of chamber 104 (e.g., below membrane 239). In some
embodiments, additional liquid 202 flows from reservoir 160 down at least a portion
of inner surface 105. The flow rates of liquid 202 from reservoirs 130 and optionally
160 may be chosen such that liquid 202 coats the inner surface 105 of chamber 104
below valve 240, creating a dynamic, continuously replenished liquid surface that
separates the gaseous species within chamber 104 from the structural components of
chamber 104. In some cases, flowing liquids 202 continually sweep inner surface 105,
preventing the deposition of solid species on inner surface 105. Corrosion of
components such as inner surface 105 may be substantially mitigated by the layer of
flowing liquid coating these components.

[0055] Reactive jet 230 may create a reactive volume within chamber 104

in which effluent gases react. The reaction products may be swept out via drain 180.
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Condensed phase reaction products such as solid and/or liquid particles may be entrained in the liquid
phase and swept out of chamber 104, rather than deposited on solid surfaces. Corrosive exhaust
gases and/dVeGtHsdsé1daction products may be separated from solid surfRESEEH2ABNSTg liquid
layers. Back-diffusion of reaction products from chamber 104 toward gas inlet 102 may be prevented

by valve 240 icl R SN £ QRN O ITiPL 102 HL G55 Jaw e auL Odhpigaction system
R i

100 of FIG. 2 may be partially c and scrubbed by quencher 2 ich may include a water

spray. [005é€tiraieethin dephqtsdthbasembinatiept ofivafidusniberid Glowshhrgharettaptysited ction from
injector 120, :il d valve 240, may create a "liquid en ;elope" 250 that contains the gas [;Lhase within
chamber 102 SAIERRRRAy CPEREHE DB GRS CRARTEE AT RERIVE G TReES; deposits.

[0057]In sosepLmMEeaimRBEdNgAIREd BY man@@iagqf@&e&i 185D BRI sRAb e RAeactive jet
230, which may include a plasma or flame. Injector 120 may be operated as a high temperature

burner, buriifgegisdeus shenker 0biewapbsavudd, DomvPevsnvarsed teyrdea 248isius. For some
applications, the flow rates and injected spegi iated with injectar may_he chosen such that
reactive jet gﬁﬁ%s%%ittmelgl fom fr?%éélgrglo;dn a%%a? ﬁ%%ﬂg atsja%\ﬁ\?e c])%lﬁ)? %aﬁ%%%g%%llcﬁeo rpglume is formed in
the center agsteaniooral FAGar miaybineetislh2tbdleduicd 26tabbay bylasiemdtaliy2e00hthietsolid and
gaseous phases they contact. Hot, reactive species within chamber 104 may be separated from
structural cEMBIHANEE &WAISHAREAF chamber 104) by various flowing liquid layers. The flowing liquid

may insulate strucfygggcomnANRRLsif AP ROIHE RSS! GoBrANAIRARMPHB DElifRM chamber

104. [0058]In certain embodiments, injector 120 injects reactive species at high enough velocities
that gas phuslecitadijefifionibanfriojactbrairbeamtDdalve240 macwedt2@ idiqundeiredoped reactions

associated yyi reactive.'et&%‘BO substantially .occur within,.chamber 104, rather than in the region near
injector 120¥,g ﬁea\fi ts ?(re‘fgdfi fF%S& oF r‘é’é%{‘rl\?oclr Tgvéed:{ggf ﬁmﬁﬁo%a r%rgégcgt, trfﬁelzeactive jet 230 may be

a small jet lonajashesiacethdtmbiecta fiat egtivegeedieradepdsitight”). 10059]In some embodiments,

reactive jet 230 may heat components of reaction system 100. Typically, such temperatures might
require a ch ambel0057] In'some embodiments, injector 120 may be operated as a burner,

and may inject a reactive jet 230, which may include a plasma or flame. Injector 120
may be operated as a high temperature burner, burning gaseous species at over 1000,
2000, 3,000 or even 4,000 degrees Celsius. For some applications, the flow rates and
injected species associated with injector 120 may be chosen such that reactive jet 230
is emitted from injector 120 at a high enough velocity that a reactive plume is formed
in the center of chamber 104, far from injector 120. Liquids 202 may substantially
cool the solid and gaseous phases they contact. Hot, reactive species within chamber
104 may be separated from structural components (e.g., walls of chamber 104) by
various flowing liquid layers. The flowing liquid may insulate structural
components from a hot reactive jet 230 and also remove heat from chamber 104.

[0058] In certain embodiments, injector 120 injects reactive species at high
enough velocities that gas phase “back diffusion” from chamber 104 toward injector
120 is minimized, and reactions associated with reactive jet 230 substantially occur
within chamber 104, rather than in the region near injector 120, heat shield 124 (FIG.
1) or reservoir 130 (FIG. 1). In other cases, reactive jet 230 may be a small jet located
adjacent to injector 120 (e.g., more like a “pilot light”).

[0059] In some embodiments, reactive jet 230 may heat components of

reaction system 100. Typically, such temperatures might require a chamber
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fabricated from an appropriate high temperature material (e.g., high temperature steel, superalloy,
hastelloy, inconel and the like). In some embodiments, heat removal by the flowing liquid may be
sufficient thAYQ@3ABEWhponents (e.g., walls of chamber 104) may be conB&Tid iYW hdterials that
might not otherwise resist these high temperatures, such as PVC, PET, polypropylene, polycarbonate,

PETE, PTFE&@&@@?I&J@E@%@%&%%@ @a%%r&@%@éﬁ%gﬁfﬁ ﬂ?&ﬁﬁélﬁﬁ‘?&e’ particularly

with respect to dissolved spec the flowing liquid in contact wi e compohent. Some materials
may be trarspelrenpeandlioly, hasteblayitlecémebapid dhendeguiensenis ephbed ttienssjrhestamber 104.

Flowing liquids 202 may also minimize the deposition of particulate species on solid surfaces (e.g.,
inner surfacreeTﬁgjl’fi ggr%c %WE%W@?@%%E& %‘f’e%ﬁlﬁ?%?f?ﬁ?‘é% PEWFENT Z‘h%rm‘ﬁ% 3104.
[0060]FIG. 3AhRmMIE ilDaythalp Blashi R QPROMGAHIRASIo tivaY Alygharep Bling Waseadaikt
embodiments. These figures show how exemplary valve 240 may operate as a valve to separate

chamber 10h9s8 high &mperatures saahe PnVﬁcREéfAmﬂuplrmyl_sseuBekynqxhgrf_Rm F&HEboth reservoirs
130 (FIG. 1pppd 100 (FIG ,Bj[gs@%h Qb ‘é?é¥§ri%f‘s2nré§§>6f%§§{#f§%‘é‘él§’d° Slate, withoyt liuid flowing from

reservoir 160. In FIG. 3A, ihlet 102 contains a ga 0 at t pressure which is apprdéximately equal
to the presspasiwilhityckitnbespitidoAlissobledbpelipsithabe flowing hiqudgnidensadtacrhl@ to inner
surface 105 (forming a l% membrane) substantially contacts the liquid flowing down inner surface

105 from reS¥RRAPED. TPRSSRIETIRISMAstLe Stassianeaty hishB an eridefaRPYedlerally prevent
the passagenehgasiientsibiakd Q7o ﬁh@ﬂé‘i’x%e]f(i@@@@o\‘&ﬁ?ﬁ]\dﬁ{ﬁﬁié B7!fRap BIdDIRIAA% £ONtaINS a gas

320 at higher pressure than that of chamber 104. As such, the increased pressure of gas 320 "opens”

valve 240, dhewfRyyitiesaf@artiradasspriechmanbicr L EEd6 2 JBnticustagesl 8litable flow rate,

velocity, and v Iurpe ofIiHui 202 flowing from reservair 130, the "opening" and 'closing” conditions of
valve 240 n?aa)r/gt% 33 g\t'eal}déh&s:%gﬁ?rcﬁgdéﬁseua feé)sr,ll}g ep?fes%%%%ﬁ%&éﬁ%%%&%éen the inlet 102 and

chamber 104. Sonjgnéoices (FIG. 3hearmbBBeillust b tisstauiall Bpanbs seivknolgad wiver forces (e.g.,
gravity) may be generally uncontrolled. A first combination of forces may be chosen that causes valve

240 to "opet<gitingda SHaRsMhrdinaenst Thrssdistagrihendien sxsmplaseyalar 24940 to "close.”
For exampin bigher/aomeHR gt R SRSl ukRRRGRIRIAE EhYAlEAAR fo plack the flow of

gas through port (FIG. 2), and a lower momentum might cause the liquid asSociated with valve
240 to allovdyaadoFassBiwssgdiqpic {288 rensbatb respecty;sil M4 I6e Bohwathi&g4bl(S. th,characterize
the momentym of the liquid. as a flow field or. vector field. Jn certain ects, the shape of the flowing
liquid that iéﬁié%;%u éiﬁlai?ﬁe%gé?gx ﬁié\érﬁr}?wevgl geFs eé;[ffi ét{s‘ﬁlrlftaftlz%ui%ag%v MRt SUEEE U5 may be

described bysor BeBIGIBiadintihileleolinginihai crarmaterastheciRigesastingson the liquid.
[0062]Valve 240 may be closed by subjecting liquid 202 to a first combination of forces; valve 240 may
be opened BRREONIBEIRY RqUR] BB e ressts Y itmehaamker f4ordesududholienid@®hd closing may

sl (or ongmele R DU PRI iR IR B e RBSA IR ALAHERRR pening) i the

flow rate associated with liquid 202, or with an increase (opening rease (closing) in the pressure

of gas 310/s2s{antsithilepytagta the bgpobllewhandevim pnesssuefadeinschambesetOdix 18063]In certain

embOdimenltﬁéég ?1(5’1%%5 a&\eeég’ggg'b:s)’%%tg}; yugerz]alot%eegch other, and generally prevent the
passage of gas from inlet 102 to chamber 104, and vice versa. In FIG. 3B, inlet 102
contains a gas 320 at higher pressure than that of chamber 104. As such, the
increased pressure of gas 320 “opens” valve 240, allowing passage of gas 320 into
chamber 104.

[0061] By choosing a suitable flow rate, velocity, and volume of liquid

202 flowing from reservoir 130, the “opening” and “closing” conditions of valve 240
may be adjusted to accommodate a desired pressure difference between the inlet 102
and chamber 104. Some forces (e.g., the momentum of the liquid) may be controlled;
other forces (e.g., gravity) may be generally uncontrolled. A first combination of

forces may be chosen that causes valve 240 to “open” and a second combination of

16



valve 240 is via a gap having width 330 and length 340, as shown in FIG. 3B. By choosing appropriate
flow, velocity and volume conditions, the length 340 may be made larger than width 330, which may
substantially$t&0eHeIt8back-diffusion of gas from chamber 104 to inlet 102CTAUSGMBWALES, length
340 may be more than two times, five times, or even more than ten times larger than width 330. In
some embagie iy SaibAP ML AR AR ITE-ERUE R YR AMARAEAN, widh 330.
[0064]FIGS. 3A and 3B illustrate different configurations of memobrane 50, which is a flowing liquid
membrane maoimenésarmpight tassmtha sigaddsassahieted O ittay dbed 24@ tike ackdbeKhitbvaflges' in that it

substantially allows flow,in one direction, prevents flow in the gpposite direction (up to some pressure
imity, and AT SRR 018 Ch b e RSP 6 WP Bt e RS PR B8 may aleo

operate by @hanging: baw sebliopss (@ faskaluag;RigiiEBavalvcinetipuids direaiaseof flow, and the
like). As shown in FIG. 3B, membrane 350 may flexibly adapt to variations in gas flow rate from inlet

102 into chafysatagseusdpahitigeterizeghe mamenswmaktheguidasiadidorfieldargestiow rates.
[0065]The %?Jabﬂli of valve 240 (membrane 3%). may be liquid membrane rather than a solid
membrane. As suc %ﬁé]%a \%eglc?sséf %(Srgéﬁﬁn"fﬁﬁ ﬁeop énn@%/%%il%rt?'da Fé%&?gﬁrslr%é&sr et‘ﬁf&?{rrlnay be
formed are feontitheadtgewe gtild afrthambe tolbdhek siisaraa 08 aciipbechieviiiass byasticularly chambers
used to combust PFCs, vaI_v§d124O may be more resistant to cIo%%ing than typical valves. [0066]In

some embddiPRAE KthHisldilinerihgt hacacirirtbmiarses e Sy Hadrticularly useful for

reacting gas streafpgeapntainiag,Pr4s-eyt60 REGHauspmaysiniiadsambysion may create F2,
and/or HF. These species may be very corrosive to the combustion environment, and so preventing

their contacombinpdenpfaptesmatad 240mey ibe apmsedHey sabjestitifelinfuide28p paretesoradditionally, by
choosing a liguid 202 that dissolves reaction products,.scrubbing of the reaction progucts may begin
within charﬁgq(ﬁbfb%zrﬁ %%ofr%rec%sasglsl,c |qoL§)|e arlﬁgl)&[ﬁgl%%rrﬁr%’llfe%lfgt ave ’%?BWE% m&gd preferably >7.
Some reactdtiutdinitanoaf uatslaminicréaieg desiapg dicleatRil spaniapiail the gse ehehemical

conditions that are deleterious to various structural materials. [0067]In certain embodiments, reaction
system 10@%%%}%@067%}%&@ 202, or with an increase (opening) or decrease (closing) in the

pressure of gas 310/320 (or similarly, via an opposite change in pressure within
chamber 104).

[0063] In certain embodiments, the passage of gas 320 through open
valve 240 is via a gap having width 330 and length 340, as shown in FIG. 3B. By
choosing appropriate flow, velocity and volume conditions, the length 340 may be
made larger than width 330, which may substantially prevent the back-diffusion of
gas from chamber 104 to inlet 102. In some cases, length 340 may be more than two
times, five times, or even more than ten times larger than width 330. In some
embodiments, length 340 may be approximately equal to, or even smaller than,
width 330.

[0064] FIGS. 3A and 3B illustrate different configurations of membrane
350, which is a flowing liquid membrane in this.example. In some aspects, valve 240
may behave like a “duckbill valve,” in that it substantially allows flow in one
direction, prevents flow in the opposite direction (up to some pressure limit), and
may operate via changes in pressure on one side or the other. Membrane 350 may
also operate by changing flow conditions (e.g., volume of liquid, velocity of liquid,

direction of flow, and the like). As shown in FIG. 3B, membrane 350 may flexibly
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with a wet scrubber situated downstream of reaction system 100. Reaction system 100 may be used
to react certain components of a gas stream, and the downstream scrubber may then be used to
remove the YEA2fibH0gsdRiucts formed in reaction system 100. In those instaREELIFRAOMATLYBS streams
containing at least first and second contaminants, downstream operation of such a wet scrubber to

sorub a firs, Qi arVaRNK B Pe SURSIPIE OB IED AR BSITRAM BpBAIRLUS de-0- including

reaction systern 100), removes thore than 90%, 99%, 99.9%, or even 99.99% of th& second
contaminariipgher gesfhssageoaide ‘Ghsssiptdior lowee gestfRorutalbes. [0068]FIG. 4 is a
diagrammatic repsrg%sg tation of an exemplary system that may be used to perform a multi-step

abatement proce ording ¥ PREFARI RASE ARG 24) SRerbyans A3NR) Bebs ditifarly useful for

abating a mixeAbeANMNINARHIRS ﬂ%meﬂﬂﬂ&?{@ﬁ% éﬁﬂ?@@@%ﬂf&?ﬂ%%@ﬂﬂﬁ%l@} water-soluble,
water-reactive, and/or water-insoluble contaminants. Abatement system 400 includes wet scrubber

410, reactigapigeishedian] yeckerupisstugBothaboniybiel foame iy sgerdinually. seept rifofexhaust gas
streams may flow t gh abatement system 400 from left {0 fi rii)a shown. An exhaust gas stream
ey ot bRt B R e e A ek St o0 L) BT i htageots t
use a wet seFdspeslthatd®mayde aldaasisidnt prelemihe M, tshicaatayaeferably 99.9%, and even
99.99% of the water-soluble contaminants from the gas stream, in that their removal prior to

subsequent reactiM@stem%%?%ﬂ%?@%ﬁ&ﬁﬁﬁ%@%m@m@Rﬁm scrubbed gas
stream maxﬁfmpﬁsy%tﬁgﬁﬁuﬁéq '%%%mrézaﬁ@gag@ﬁ%%t@&é%{gﬁ@'@ﬁeﬂ,reaction

system such as reaction system 100. Reaction system 420 may alternately include a conventional
reaction chBH{EsearaedrobestadrrrardsyasalrnsBemevatiyreatadito arsl/oehif4 Aheseyizeiesethio react the

scrubbed gas stream to convert remaining contaminants (thaj passed through the first wet scrubber)
% 3 e o,

into reactionep‘f%gu%%rsrﬂ%g{ecé’nt e removed %f/ns‘ﬁ %%Iaﬁrétnﬂt we %&{fﬁlﬁfﬁ%l?gr Ve%?&&%tgas stream

may then pase et stibben 2ldmikysiexanpltheapaiate et swupharawt0 and 430 are shown,
although the system mag be designed such that a single wet scrubber is used. [0070]For

embodimerftdsitioRrllY réxheoruyste hidusd A2 tha disse)wes eastien Brofitsoisairhimg a0, reaction
system 42QDaY,065% @ﬁdﬁ%wiﬁkgﬁ QURECaHIGHicy Hb2UER %S%age@ﬂlﬁl&‘a aglyajggeous to

include a separate liquid handling systém 440. In liquid handling system 440, liquids associated with
reaction sybrermnifiledayp bevesapdibto anthprefaehtpriinSotee irigattbhandiin (psys(@Fad, 44@ may also

provide _quuidns1 itr?ﬁalry gf}?wet scrubbte 514%0 reactio ystem 4%(%1? wet scrubber 430, as well as
handle liquiiS'YEt&R (fﬁ??ﬁ‘gg'eosé teMSY) [5’6'7"1‘]1 B uEe il ShEme 5%%?8&%%‘?5 4 abatement
process acgelététgous to various structural materials.
[0067] In certain embodiments, reaction system 100 may be combined
with a wet scrubber situated downstream of reaction system 100. Reaction system
100 may be used to react certain components of a gas stream, and the downstream
scrubber may then be used to remove the reaction products formed in reaction
system 100. In those instances involving gas streams containing at least first and
second contaminants, downstream operation of such a wet scrubber to scrub a first
contaminant may be substantially improved when an upstream apparatus (e.g.,
including reaction system 100), removes more than 90%, 99%, 99.9%, or even 99.99%
of the second contaminant prior to passage of the gas stream to the wet scrubber.
[0068] FIG. 4 is a diagrammatic representation of an exemplary system
that may be used to perform a multi-step abatement process, according to some
embodiments. Such a system may be particularly useful for abating a mixed-
contaminant gas stream, particularly a stream comprising mixtures of water-soluble,

water-reactive, and/or water-insoluble contaminants. Abatement sy.stem 400
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to certain embodiments. Some gas streams may be abated by combining several systems in series
and reacting the gas stream sequentially. In step 510, a wet scrubber substantially removes water
soluble conW@HHMBIGA the gas stream. In a preferred embodiment wet SETBINSPOHMNINIhly scrubs
the gas stream (e.g., removes at least 90%, 99%, 99.9%, 99.99%, or even 99.999% of the

water-solubie. fonieURanlSiany e a8 eaminlateR QB ASISBIGY AR aream is reacted in a

reaction system to remove at least a portion of the remaining contaminants. Reaction system 100 may
be used forlsuctiingstgpteaithiéigbothallgy sidassc gpabieahsaaatifp sudtiraghabitanthmay also be
used. Various embcé%igﬁg{&i’néclude a reaction system other than reaction system 100, and the use of

such systerRSHIRVA EPAGHH AR ShOXEs R S RALSh 8RR STREBLIRE st bkder-soluble
contaminands RHRK 1 [EBRIIIM AR E 30 wBEsIPasERY HRS HiRRPHE JAVANIGEHIDIS wgt scrubber

(which may be the same or different as the wet scrubber used in step 510). In step 530, the reacted
gas streamWehydsebheruthlat teofavesat desisl?e fe peeitsnaby A¢s @b onone Frofardbdyr828flons of step

520. (00721516, 6,158 glgorammatic tepressaiation, of an epbadiment, Apparatus 609 may be used to
form a valvé compnising a liquid membrane, and may be used to cormtrol a Tow Of gas INto a gaseous

volume 61G¢émavabmiicnibenbactlnmtadaiiitorasitaity ntdyeveprope paigrinase@fsivieme 610 may
be at least partially defined by an inner surface 620. In this example, gas enters gaseous volume 610
through por?y(?%’,‘%hich may be in fluidic communication with another gaseous volume. Guide surface

640 is configured {ggggide (e&e_98%@9@_&@%4@%9}9%3%@;%wwaélgmﬁﬁlga&faﬂfggn&&rﬁctbn) and
otherwise "shape" a liquid supplied by liquid supply mechanism 650. Liquid supply mechanism 650

provides a flalvikgdiiad spsgenué28unfay én6U0]camteathipnrmyiside anyhne aesctiboraatiem a0lowing liquid
at (for example) a certain volume, flow rate, directign, and the like. Liquid supply mechanism may
include a p;?p{%eﬁgg ?Lrl‘bsél,sa%zfr\rfa vg,néa (?ggvlér}aatﬁq%ﬁ?ﬁ(:i s gﬁ%?%?ﬂg?%%léﬁ%ﬁhﬁ’&ﬁ%%ﬁ%‘baﬂ 1 supply
mechanismaGhlrivesy e dEanke Ry edaefi SthshktigHighdeHy g eandPfcstesao S¥etaBbéRot shown),
and liquid supply mechanism 650 may include a pump, a pressure supply, and/or other apparatus to

deliver a flc&? M QI SPERBR ADECSOFR AR AR PassEl iaguakl terefirss wek of gravity to
apply a foraeiay e, lifkiddARAPERR.LavRa UaHBdRINGIEd By dEbUcRURPIANESIBRIRG: 020

substantially flows over edge 660 and traverses port 630 from edge 660 to inner sur ac&620. Edge
660 is proxiFhateeactadngarssiiréaoers 29 then, fassoonghstinabarsidan ahisheeugpl partiEitteyet close

enough that a liquid membrane '%heet" f liquid {I wing from edge 660 to inner surface 620
substantiallyf f& afH?s)l? g S%?é@f"dc ﬁiéﬁl%ﬁ) AT i’gé’r“ﬁ?}é‘ﬁé?ﬁéemmgﬁ ArBRET by turbulence,
frictional foeagsanithelbevaaschlissg, iswdage tension and the like in a manner that would allow
uncontrolled passage of gas past the liquid membrane.. [0074]In some embodiments, guide surface

640 is shaped sud@4f% at afpcembrdizenss anivinghsipastion bystemid20ipslydreetsantem 650, the

1 e By o LB R A sl S e
may flow theblighidhdipertintesgsse o kel athe bt eGiusde isulirizeaG4Panidy ladsadnclude smoothing
ooo- U1 Ry BSER YT AGINE PAREERG Srarern 455 S Ssocsted with reaction - oo°

system 420 may be treated to remove contaminants. Liquid handling system 440

may also provide liquids to any of wet scrubber 410, reaction system 420, and wet

scrubber 430, as well as handle liquids received from these systems.

[0071] FIG. 5 illustrates several steps in an abatement process according

to certain embodiments. Some gas streams may be abated by combining several

systems in series and reacting the gas stream sequentially. In step 510, a wet

scrubber substantially removes water soluble contaminants from the gas stream. In a

preferred embodiment wet scrubber thoroughly scrubs the gas stream (e.g., removes

at least 90%, 99%, 99.9%, 99.99%, or even 99.999% of the water-soluble contaminants

from the gas stream). In step 520, the scrubbed gas stream is reacted in a reaction
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[0075]FIG. 7 is a diagrammatic representation of an embodiment. Apparatus 700 comprises liquid
containment 710, which contains liquid 720. Means to supply and cause a flow of liquid 720 may be
included, bW&20K¥9EHB4N. Liquid containment 710 includes one or more SGiHE WYL P30 and
edges 740, and may also include other structural features to guide and/or change a momentum of

auid 720 QRRARAG:SRASIE ANLALI pok Y TRV RIRR RN ESHEM NN RRLABIMARRIRO (Whose

volume is arinotated, but not its boundaries) or other volume below apparatus 700. An appropriate
choice of flad0nateydrecugedfoetychnaytbp, atthduglcrehée syaiteensG@paliechf meaytogesach to separate
chamber 750 from a volume 770 "upstream” of valve, 760. Edﬁ%e%ég may create a port into chamber

750, which SRRIABENGRLT RN AlRARS vaer [OFFi e mRmcR SRAPP SR ough valve 760
into chamband5(han2aER: 5RRsIMEN!SnaRRRIAMS ORI VRIS, APeiigs 3AdWieh may be

operated to direct (e.g., inject) a gas toward and/or through valve 760 (e.g., by emitting a gas in
direction 78h¥ gasstiraane isdetiencdheroaglly errubtadiiefiavatas sduble eeadantnaalyerfatteuch that the

injected gas opens valve 7 owin t?f as.to pass.into chamber 750. In some cases, valve 760
may be operfg'?ené) re‘is\/%'%e c%%ﬁﬁ&v% \?3?56\3/ i sr%tg)e/yfg %8@%’:‘5 C?gfﬂ}{scfgn% kssﬁlé%leg'ﬁ‘ (V)vrﬁlg amber 750
into inlet 77@aintetth8Ganw\obdiffeséinne dhabovesnithber aseldn kedp\w1evie 463, 380seae cases, liquid
associated with valve 760 substantially coats inlet 780. Inlet 780 may provide process gas, exhaust
gas, reactiEHed FRSEHEATR GRRY BRarSHoRRd b partrrsalnblezsactiopiRsP HE EvsEdBonent of
apparatus (O-mAY PLHERAST Riptep (not shown), and in some cases, a burner. [0077]The above
description is illustrative and not restrictive. Many variations of the invention will become apparent to
those of skill in thd®72kpon Eliehin dhirgdisttostiraePresadeierobilas ambodinesiiould, therefore, be

B S A e g e R R e e Wl
reference to the appende alms along wi elr Tull scope orequivalents. d | dis:
be used to control a flow of gas into a gaseous volume 610 (e.g., a chamber, a tube, a
pipe, a reactor, or even open air). Gaseous volume 610 may be at least partially
defined by an inner surface 620. In this example, gas enters gaseous volume 610
through port 630, which may be in fluidic communication with another gaseous
volume. Guide surface 640 is configured to guide (e.g., change the trajectory,
momentum, flow field, and/or direction) and otherwise “shape” a liquid supplied by
liquid supply mechanism 650. Liquid supply mechanism 650 provides a flowing
liquid to guide surface 640, and may include any means of creating a flowing liquid
at (for example) a certain volume, flow rate, direction, and the like. Liquid supply
mechanism may include a pipe, a tube, a valve, a nozzle, an orifice, and/or other
shaped liquid outlet. Liquid supply mechanism 650 may include a reservoir or other
liquid delivery and/or storage system (not shown), and liquid supply mechanism 650
may include a pump, a pressure supply, and/or other apparatus to deliver a flowing
liquid (not shown). Liquid supply mechanism 650 may include the use of gravity to
apply a force to the liquid.

[0073] The flowing liquid delivered by liquid supply mechanism 650
substantially flows over edge 660 and traverses port 630 from edge 660 to inner
surface 620. Edge 660 is proximate to inner surface 620, i.e., far enough that gas can
flow through port 630, yet close enough that a liquid membrane “sheet” of liquid

flowing from edge 660 to inner surface 620 substantially retains its “sheet”
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1. An apparatus comprising: a chamber having an inner surface; a guide surface having a
cylindrical shape with an interior face and terminating at an edge; a port formed from at least a
portion of th& thHEPQa#8¢e proximate to the edge, the port connecting a gaBGRIRSEIMBOEKEMber;
a first reservoir configured to deliver a first liquid to the interior face of the guide surface via a gap

between theJiREI#REYO Y04 RGOHIAS HURGR G %&%&Eﬂ%% golivereteata iy rate;and —a

first circulation mechanism associated with the first reservoir ahd configured to impart a tangential
velocity to thdasmitiufiesgashpihwet s ffese [tgostosvaind theolikelithe nmierier faaevoiubbajlode surface in

passing from the to the edge; wherein the shape of the guide surface and the first flow rate of
the deliverelénﬁ?&l%%l?ﬁé)ﬁgﬁﬁgﬁg 8&5???@%}6{&{}&%&8 88%tte first liquid to flow past the edge to the

inner surface, sucoyaj the ﬁfsgéiﬂiéigr{mm%ﬁeﬂwigdmrgb,rﬁgggmgsoggyﬁgassacﬂma@faggs through the

port under a first pressure difference between gas pressures in the chamber and the gas inlet. 2. The

apparatus dfefdlawiraigefailiqnid IW%W&M&#M@@B@%MH%@WN under a
e o AT o e O e v TR Chamer
4. The apparadstardfatlgisaads pdre a3t the anjedieedlitudd slevbuitesr an increased pressure of

gas “behind” port 630, gas may flow through the port into gaseous volume 610.

Guide surface 640 may also include smoothing structures (e.g., rounded corners) at

the intersection between guide surface 640 and inner surface 620.

[0075] FIG. 7 is a diagrammatic representation of an embodiment.
Apparatus 700 comprises liquid containment 710, which contains liquid 720. Means
to supply and cause a flow of liquid 720 may be included, but are not shown. Liquid
containment 710 includes one or more guide surfaces 730 and edges 740, and may
also include other structural features to guide and/or change a momentum of liquid
720. Opposing sheets of liquid 720 may traverse from edges 740 into a chamber 750
(whose volume is annotated, but not its boundaries) or other volume below
apparatus 700. An appropriate choice of flow rate and geometry may be used to
create valve 760, which may operate to separate chamber 750 from a volume 770
“upstream” of valve 760. Edges 740 may create a port into chamber 750, which may
be sealed by valve 760.

[0076] Gas (e.g., over liquid 720) may pass through valve 760 into
chamber 750. In some embodiments, apparatus 700 may include an inlet 780, which
may be operated to direct (e.g., inject) a gas toward and/or through valve 760 (e.g., by
emitting a gas in direction 782). In some embodiments, a gas or other fluid may be
injected into valve 760 such that the injected gas opens valve 760, allowing the gas to
pass into chamber 750. In some cases, valve 760 may be operated as a “duckbill”
valve, which may reduce back-diffusion of species from chamber 750 into inlet 770.
Inlet 780 may be positioned above, within, and/or below valve 760. In some cases,
liquid associated with valve 760 substantially coats inlet 780. Inlet 780 may provide

process gas, exhaust gas, reactive gas, treatment gas, and/or other species. Inlet 780

21



5. The apparatus of claim 3, wherein the injector is configured to inject an oxidative species. 6. The
apparatus of claim 1, further comprising a second reservoir configured to deliver a second liquid to
coat at leasWOP9REIAB4he inner surface. 7. The apparatus of claim 1, whe¢dilV 28088858 %f the
guide surface is cylindrical about a vertical axis, at least a portion of the inner surface is concentric

with the axign i B RIEIRCILAER 8L IOYOMEANR AL SRR BY [REPtBuHe apparatus of

claim 7, wherein the concentric portion is characterized by a diameter larger than a diameter
characterizamylthresboteorasesigehugnérhe apparatus of claim 8, wherein the liquid membrane flows from
the edge to the Cofb%%%ric pCﬁt‘ig gb%fvtg Seisncr;leprtisour{fiasuiﬁhstrative 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 reference to the above description, but instead should be determined with

reference to the appended claims along with their full scope of equivalents.
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10. The apparatus of claim 1, wherein the port is ring-shaped. 11. The apparatus of claim 1, wherein
the liquid membrane is approximately conical in shape. 12. A method of abating a gas stream, the
method comprising: providing an apparatus including: a chamber having an inner surface, a guide
surface having a shape and an edge, a port formed from at least a portion of the inner surface
proximate to the edge, the port connecting a gas inlet to the chamber, and a first reservoir configured
to deliver a first liquid to the guide surface at a first flow rate, wherein the shape of the guide surface
and the first flow rat oﬁélaﬁ delivered first liquid flowing over the guide surface cause the first liquid to
flow past thgv(f@bbsfiq Rer surface, such that the first liquid forms a liquid membrane that prevents
a flow of gas through the port under a first pressure difference between gas pressures in the chamber
and the gas.inlet; An delie\l/re liJn ('5|’rlne ff'gsrt] liquid at the first flow rate; delivering the gas stream to the
chamber via'the gas iﬁ?@t, e charmbar gnd gas inlet characterized by a second pressure difference
between the chambehamioeghavinigtthateasstsehe liquid membrane to allow a flow of the gas stream

through the port; apd, pReaIBING AP AR HINGI SR SHRAT Aelvaig iminging3mper-

an edge;

a port formed from at least a portion of the inner surface proximate to the edge,
the port connecting a gas inlet to the chamber;

afirst reservoir configured to deliver afirst liquid to the interior face of the guide
surface via a gap between the first reservoir and the guide surface, the first liquid
delivered at afirst flow rate; and

afirst circulation mechanism associated with the first reservoir and configured to
impart a tangentia velocity to the first liquid such that the first liquid swirls around the
interior face of the guide surface in passing from the gap to the edge;

wherein the shape of the guide surface and the first flow rate of the delivered first
liquid flowing over the guide surface cause the first liquid to flow past the edge to the
inner surface, such that the first liquid forms a liquid membrane that prevents a flow of
gas through the port under a first pressure difference between gas pressures in the

chamber and the gas inlet.

2. The apparatus of clam 1, wherein the liqguid membrane alows a flow of gas
through the port under a second pressure difference greater than the first pressure

difference.

3. The apparatus of claim 1, further comprising an injector configured to inject a

reactive jet into any of theinlet and the chamber.

4. The apparatus of claim 3, wherein the injector includes a burner.
5. The apparatus of claim 3, wherein the injector is configured to inject an oxidative
Species.
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13. The method of claim 12, wherein the gas stream includes any of a water-reactive and a
water-insoluble contaminant, and the first liquid includes water. 14. The method of claim 12, wherein
at least a portion of the guide surface is cylindrical, and delivering the first liquid includes swirling the
first liquid around the cylindrical portion of the guide surface. 15. The method of claim 12, further
comprising delivering a second liquid to coat at least a portion of the inner surface. 16. The method of
claim 12, wherein delivering the first liquid includes forming a liquid envelope within the chamber, and
the gas stream is delivered to an interior of the liquid envelope. 17. The method of claim 12, further
comprising injecting a reactive species into any of the gas inlet and the chamber, the reactive species
chosen to resact wittad bppstausasticheion thefgrakestueanprisli®) A sseshddesbrnasiticogigureticentration of

first and sec(%lwic\i/ &O%r‘é%c”a'%g?ﬁb”t% §3aaf %treaina tgﬁ.g}]e(t)?ﬂg comprising: wet Sf:rub_blng_ the effluent
gas stream In a wet Scrubber 10 reduce the concentration of the first cOntaminant; delivering the wet
scrubbed gas stream to a gas inlet of apparatus comprising: a chamber having an inner surface, a

auide surface hav g hae 0 ARAGe, hagi BMALLR Al ppaanolindnog surace

proximate to the e _the port connecting the gas In : nd a first reservoir configured
to deliver a fPSUGErtiGalnaxigu il desslrfueer tiarndfingier oner sust anisrepneerirshape tietmd $yaiie surface

and the firsttﬂgyéab%tﬁ]awég gal}ga@%g(ﬁ#%g#‘ggpmg\ (ggmgcg_uide surface cause the first liquid to

flow past the edge to the inner surface, such that the first liquid forms a liquid membrane that prevents
a flow of gas through the port under a first pressure difference between gas pressures in the chamber

and the gasgnlet; delvapngdhe Brstibfic ahAdient HRdsHEHIE issmering brsistaesapiane:

diameter larger than a diameter characterizing the bottom edge.

9. The apparatus of claim 8, wherein the liquid membrane flows from the edge to the

concentric portion of the inner surface.
10.  Theapparatus of claim 1, wherein the port is ring-shaped.

11.  The apparatus of claim 1, wherein the liquid membrane is approximately conical

in shape.

12. A method of abating a gas stream, the method comprising:

providing an apparatus including:

a chamber having an inner surface, a guide surface having a shape and an edge, a
port formed from at least a portion of the inner surface proximate to the edge, the port
connecting a gas inlet to the chamber, and a first reservoir configured to deliver a first
liquid to the guide surface at afirst flow rate, wherein the shape of the guide surface and
the first flow rate of the delivered first liquid flowing over the guide surface cause the
first liquid to flow past the edge to the inner surface, such that the first liquid forms a
liquid membrane that prevents a flow of gas through the port under a first pressure
difference between gas pressures in the chamber and the gasinlet;

delivering the first liquid at the first flow rate; delivering the gas stream to the

chamber via the gas inlet, the chamber and gas inlet characterized by a second pressure
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controlling a pressure associated with any of the gas inlet and the chamber to create a pressure
difference between the gas inlet and the chamber that provides for passage of the wet scrubbed gas
stream into the chamber via the port; and reacting the delivered gas stream to reduce the
concentration of the second contaminant. 19. The method of claim 18, wherein the guide surface
includes a cylindrically shaped interior face, the first liquid is delivered to the interior face with a
tangential velocity that causes the first liquid to spiral down the interior face past the edge, and the

contaminanC T BOE ENATE BoH 0 e FRBRTcha e EER ] GO TN R vy of

water-insoluidtevaidhe yeatsreadihadgotiapunaatd
operating the apparatus to abate the gas stream delivered to the chamber.

13. The method of clam 12, wherein the gas stream includes any of a water-reactive

and a water-insol uble contaminant, and the first liquid includes water.

14. The method of claim 12, wherein at least a portion of the guide surface is
cylindrical, and delivering the first liquid includes swirling the first liquid around the

cylindrical portion of the guide surface.

15.  The method of claim 12, further comprising delivering a second liquid to coat at

least a portion of the inner surface.

16.  The method of clam 12, wherein delivering the first liquid includes forming a
liquid envelope within the chamber, and the gas stream is delivered to an interior of the

liquid envelope.

17.  The method of claim 12, further comprising injecting a reactive species into any
of the gas inlet and the chamber, the reactive species chosen to react with at least a

portion of the gas stream.

18. A method of reducing a concentration of first and second contaminants in a gas
stream, the method comprising:

wet scrubbing the effluent gas stream in a wet scrubber to reduce the
concentration of the first contaminant;

delivering the wet scrubbed gas stream to agasinlet of apparatus comprising:

a chamber having an inner surface, a guide surface having a shape and an edge, a
port formed from at least a portion of the inner surface proximate to the edge, the port
connecting the gas inlet to the chamber, and a first reservoir configured to deliver a first

liquid to the guide surface at afirst flow rate; wherein the shape of the guide surface and
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the first flow rate of the delivered first liquid flowing over the guide surface cause the
first liquid to flow past the edge to the inner surface, such that the first liquid forms a
liguid membrane that prevents a flow of gas through the port under a first pressure
difference between gas pressures in the chamber and the gas inlet; delivering the first
liquid at afirst flow rate that forms the liquid membrane;

controlling a pressure associated with any of the gas inlet and the chamber to
create a pressure difference between the gas inlet and the chamber that provides for
passage of the wet scrubbed gas stream into the chamber via the port; and

reacting the delivered gas stream to reduce the concentration of the second

contaminant.

19. The method of clam 18, wherein the guide surface includes a cylindrically
shaped interior face, the first liquid is delivered to the interior face with a tangential
velocity that causes the first liquid to spiral down the interior face past the edge, and the
liquid membrane is approximately conical in shape.

20. The method of claim 18, wherein the first contaminant includes a water-soluble

contaminant, and the second contaminant includes any of a water-insoluble and a water-

reactive contaminant.
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