26 August 2005 RADI AL FLOW GAS PHASE REACTOR AND METHOD FOR REDUCIN®udide 2005
NI TROGEN OXI DE CONTENT OF A GAS BACKGROUND OF THE I NVENTION 1. Field of the
| nvention The invention herein relates to a chem cal reactor and nmethod for
catalytically reducing the content of nitrogen oxide in a gas,

particularly flue or stack gas, resulting fromthe conbustion of fuel. 2.
Description of the Related Art The conbustion of fuels in various

i ndustrial processes often generates undesirable SO oxides of nitrogen
(NOR) usually in the formof nitric oxide (NO and nitrogen dioxide (NO2).
Hi gh conbustion tenperatures tend to produce nore NOR. Because NOR is
harnful to the environnent, efforts have been nmade to reduce the em ssion

of NOR in g%ies Er oduced by industrial processes involving the conbustion
of fuel, padtdPRl EHOW GuiseeRHASE RAAGCTOR ANMMEEBIOPHCGR REDUEINGTEE pl ant s,

t hermal cracking furnac |16 i I nmbusti on engi nes,

nmet al | ur gi cal plgants, fgﬂfﬁlﬁqk;%lg%%ﬁgﬁéogﬁwgﬁgmgﬁgpl ants. Methods for
sel ectively reducing the NOR content of a flue gas are known. Generally,
such m%ﬁw r ' f NOX with a reducing agent, optionally
inthep E‘45-II&gfi('i:‘.—ti\&ﬁirg‘.ﬁoseI ective non-catal ytic reduction
("SNCR') of NOR with a reducing agent such as ammonia or urea requires a
relatively_high tenperature, e.g., in the range of from about 1600F. to
about 2100Fielgphtee Huepa v, the reduction of NO, with amonia can be
performed catalytically at a 1

The invention herein relates to a chemical reactor and method for catalytically reducing the
content of nitrogen oxide in a gas, particularly flue or stack gas, resulting from the

combustion of fuel.
2. Description of the Related Art

The combustion of fuels in various industrial processes often generates undesirable SO
oxides of nitrogen (NOy) usually in the form of nitric oxide (NO) and nitrogen dioxide
(NO,). High combustion temperatures tend to produce more NO,. Because NOy is harmful
to the environment, efforts have been made to reduce the emission of NO, in gases
produced by industrial processes involving the combustion of fuel, particularly gases
resulting from the operation of power plants, thermal cracking furnaces, incinerators,

internal combustion engines, metatlurgical plants, fertilizer plants and chemical plants.

Methods for selectively reducing the NO, content of a flue gas are known. Generally, such
methods involve the reaction of NO, with a reducing agent, optionally in the presence of a
catalyst. The selective non-catalytic reduction ("SNCR") of NO, with a reducing agent
such as ammonia or urea requires a relatively high temperature, e.g., in the range of from
about 1600°F. to about 2100°F. |

Alternatively, the reduction of NO, with ammonia can be performed catalytically at a
1




26 August 2005 much | ower tenperature, e.g. fromabout 500F. to appu astZOOS
950F., in a process known as selective catalytic reduction ("SCR"). e
probl em associated with the treatnment of flue gas using conventional SCR
nmet hods and apparatus is that the weight and bulk of the equi prent
necessary to achieve satisfactory renoval of NO, requires that it be

| ocated at ground |evel. Many industrial plants need to be retrofitted
with NO renoval ("deNOx") equipnent in order to neet the requirenments of
nore stringent government regul ations. However, because of the physi cal

bul k of the deNO,, system the flue gas nust be diverted to ground | evel

for treatnent and then sent back into a stack for subsequent exhaust to
the atnosphere. To avoid the large cost of such a systemit would be

hi ghl y aduugitlageoigmpeatyse,ev. doneaboet ﬁl(]°95byk1bd>u'é@50‘iﬂai\i(g@raﬁﬁﬂmﬁﬁ: tC]\I vvlhl ch
can be i r .direct!| v.d .0 the stack. SUMVAR n
accordangs%%\?ﬁ%{]&%%gmpﬂfégcWﬂi%@%ﬁti on, a radial flow gas phase reactor is
provi ded for the chem cal conversion of nitrogen oxide in a gas stream and

conprises. a shel | ,having interior and exterior surfaces, a gas stream
inlrrgt foro?%%'gﬁl\‘ifﬂr?ﬁsoﬂ?teq Wit the dreatnagnt abilyergay upige senventianehCR geatleasisr at i on of

ni trogen Hyiadfardkldisthsldfe WEGRERI MK Slihe éc{ﬂlﬁ%@ nmﬁs‘ﬁﬂ/ hlafRtad gas of

reduced nitrogen oxide concentration relative to the ni't’rogen oxide
concent r atigfactery remeval of NOxgemiirss thetitrbe docdied ehgrogetiievdd) Meny lirhstriabne

i nj ector | D I I nt fhe .inlet. gas stre c) at
I elast one‘J 1%%? fz‘a‘#’?é@%ﬁ%&g& t%‘ﬁ?’ﬁﬁm% rgrﬁg‘faltl ( f)lg]g |8t‘ D SHURMERLdp gf‘f?r fﬂmﬁ‘glﬁfc ation
whi ch i s reqppnexistdtedry steihgend podonmatt remitatiohs. Hbweven)Re4u0s of thé thbﬁaf al KS'E
bed cont gi ni ng, at. .| east on i trogen oxjde conversion catalyst for the
sel ect | V}“@g‘g%}’@,@% ¥ BEEL ﬁ“t?r?ﬂl?fgaﬁ USRSt Vet d gyopnd level for tredtment and

then sent back into a stack for subsequent exhaust to the atmosphere. To avoid the large

cost of such a system it would be highly advantageous to provide a relatively lightweight

deNOy unit which can be incorporated directly into the stack.

SUMMARY OF THE INVENTION

In accordance with the present invention, a radial flow gas phase reactor is provided for the
chemical conversion of nitrogen oxide in a gas stream and comprises:

a) a shell having interior and exterior surfaces, a gas stream inlet for receiving an
inlet gas stream having an initial concentration of nitrogen oxide and a gas stream outlet
through which treated gas of reduced nitrogen oxide concentration rélative to the nitrogen
oxide concentration of the inlet gas stream is discharged;

b) at least one injector for introducing reducing agent into the inlet gas stream;

¢} at least one catalyst bed within the shell positioned therein at a location which is
approximately at, or downstream of, the injector, the catalyst bed containing at least one
nitrogen oxide conversion catalyst for the selective catalytic reduction of nitrogen oxide in
the inlet gas stream to produce a treated gas of reduced nitrogen oxide concentration, the
catalyst bed having an interior wall defining an axial passageway and an outer wall spaced

apart from the interior surface of the reactor shell; and,
2




the inlet gas streamto produce a treated gas of reduced nitrogem@xygft 2005
concentration, the catalyst bed having an interior wall defining an axi al
passageway and an outer wall spaced apart fromthe interior surface of the
reactor shell; and, 2 26 August 2005 d) an inlet gas stream deflector for
directing the flow of inlet gas containing reducing agent radially through
the catal yst bed, the treated gas energing fromits radial passage through
the catal yst bed and exiting fromthe reactor shell through the gas stream
outlet. The radial flow reactor of this invention provides a relatively

i ghtweight unit for the selective catalytic reduction of NO, in a gas,
in particular flue gas produced by the conbustion of a fossil fuel in a
furnace, and is readily incorporated into furnaces equi pped wth stacks of
conventional dbshdxet gahaiscanedafientgr for slekbdétingshd flow of eilet@hs toritaisingl | ation in

exi sting [ | EF CRI ON H W NGS Vari ous_ enhodi fents of
the radi arfg@*ﬁgr?%ﬁgr%gtarcglgﬁ}g Ol{gﬁlée ?%&%EF%@%E@W%?@F 8@?’@&1‘%@?‘&‘@&%

ar r angengmnissige tpbwphatle tgyRibed aided@gCiéh et RRItOWhW ol B SAGRe4R t he

dr awi ngs V\ﬁgerei n:. FIG 1A is a diagranmmatic view of a furnaCe systemof a
known ty;ﬂé‘t hcor porating the radial flow reactor of the present invention
inits stack section; FIG |IBis a side viewof FIG IA FIG 2Ais a
diagrammatic view of a radial flow reactor featuring a single catalyst bed;
FI G 2B iBwegadiplfiprareaetor ef thisanyeofiomprozidees refatively lighbodghremit fafthe he si ngl e

bed radi askalef:t!i\%vy:atalytic reduction of NOy in a gas, in particular flue gas produced by the
combustion of a fossil fuel in a furnace, and is readily incorporated into furnaces equipped
with stacks of conventional design, thus lending itself well to retrofit installation in

existing units.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the radial flow reactor of this invention and preferred catalyst
arrangements employed therein are described below with reference to the drawings

wherein:

FIG. 1A is a diagrammatic view of a furnace system of a known type incorporating the

radial flow reactor of the present invention in its stack section;

FIG. 1B is a side view of FIG. 1A;

FIG. 2A is a diagrammatic view of a radial flow reactor featuring a single catalyst bed;

FIG. 2B is a diagrammatic view of an alternative embodiment of the single bed radial flow

reactor;

FIG. 2C is a diagrammatic view of yet another alternative embodiment of the single bed
3




reactor; FIG 2Cis a diagranmmatic view of yet another alternati VR Aucust 2005
enbodi nent of the single bed 3 26 August 2005 radial flow reactor; F%G 2D
is a plan view of a polygonal catalyst bed; FIG 2E is a diagramatic view
of a parabolic deflector positioned at the axial bore of a catalyst bed;
FIG 3 is a diagrammatic view of a radial flow reactor featuring nultiple
concentric catalyst beds; FIG 4 is a sectional view of a catal yst bed
enpl oying particulate catalyst; FIG 5A illustrates a nonolithic catalyst
bed made up of brick-like units; FIG 5B is a perspective view of a
brick-like unit making up the nonolith catalyst bed of FIG 5A;, FIGS. 5C
and 5D illustrate alternative enbodi nents of nonolith catalyst; FIG 6 is
an isonetric diagrammtic view of a packing structure useful for explaining
the prirfédipl aw gfacioRe present invention; FIG 6A is a diagramuseful for
expl ai ni ng paraneters of a corrugated packing material; FIG 7 is a

di agrammatic view of a conbination of mcro engi neered catal yst and

monol i t h FiIGaZRliys ptan aieav & aGrol@zons! amiyshtiedsi ew of a portion of a packing

el enent. 4 26 August 2005

FIG. 2E is a diagrammatic view of a parabolic deflector positioned at the axial bore of a

catalyst bed;

FIG. 3 is a diagrammatic view of a radial flow reactor featuring multiple concentric

catalyst beds;
FIG. 4 is a sectional view of a catalyst bed employing particulate catalyst;
FIG. 5A illustrates a monolithic catalyst bed made up of brick-like units;

FIG. 5B is a perspective view of a brick-like unit making up the monolith catalyst bed of
FIG. 5A;

FIGS. 5C and 5D illustrate alternative embodiments of monolith catalyst;

FIG. 6 is an isometric diagrammatic view of a packing structure useful for explaining the

principles of the present invention;
FIG. 6A is a diagram useful for explaining parameters of a corrugated packing material;

FIG. 7 is a diagrammatic view of a combination of microengineered catalyst and monolith

catalyst; and

FIG. 8 is an end view of a portion of a packing element.
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DETAI LED DESCRI PTI ON OF PREFERRED EMBCDI MENTS As used herein the 3¢RQBust 2005
"stack" and "flue" are used synonynously. Al quantities should be
understood as being nodified by the term "about” or "approxi mtely".
Conposition percentages are by wei ght unless specified otherwi se. The term
"radial flow' as herein used in association with the flow of gas through a
catal yst bed contenpl ates outward flow fromthe inside of the bed to the
outside as well as inward flow fromthe outside of the bed to the inside
of the bed, the bed having substantially an annul ar shape defined by inner
and outer cylindrical walls, or a shape effectively functioning in a
manner of an annulus, for exanple with inner and or outer walls having

pol ygonal shapes such as hexagonal, octagonal, etc. as seen in cross
section. The term "nitrogen oxide" as used herein refers to any oxi de of

ni trogen, i . 204 d hei r m xtures, and is
altergati h‘ " — 5 JHAEREPhod for the sel ective
catal ytic reduction of NO of this invention preferably enploy ammnia as
t he reducjn ent. NO reacts W xamonia in the presence of catalyst to
pr oduce ré? gsﬁagﬁreghtae\%’fﬂé?s %ﬁ%é&tﬂ*qaﬁret% PEONYRPY - ol grangities should

st of Chi orRludérsldoll abaliagARAificd Mincelth 4hour dr Nopidliilate, E6ABbAfoANd deNO
met hod descri bed herein can be used in any applfcation‘requiring the

t r eat nentPeEFentREssare by sisisht wilasy sgeaifiedothesisee i ts NOX | evel . Typi cal
conmbustion equi pnment producing high levels of NO include power plants,
fluid catalytic cracking (FCC) regenerators, glass furnaces, thermal

cr acker s, Thererm trediki fiey” aEthercdieNEX imedshdatidn With dhe lostof2a9rough a catalyst

bed contemplates outward flow from the inside of the bed to the outside as well as inward

flow from the outside of the bed to the inside of the bed, the bed having substantially an
annular shape defined by inner and outer cylindrical walls, or a shape effectively
functioning in a manner of an annulus, for example with inner and or outer walls having

polygonal shapes such as hexagonal, octagonal, etc. as seen in cross section.

The term "nitrogen oxide" as used herein refers to any oxide of nitrogen, such as NO, NO,,

N204, N20 and any of their mixtures, and is alternatively designated "NOy ",

The reactor and method for the selective catalytic reduction of NO, of this invention
preferably employ ammonia as the reducing agent. NO, reacts with ammonia in the
presence of catalyst to produce nitrogen and water as shown in the following equation (not

stoichiometrically balanced):
NOy + NH3 = N; +H,0

The reactor and deNO, method described herein can be used in any application requiring
the treatment of a NO, containing gas to reduce its NO, level, Typical combustion
equipment producing high levels of NOy include power plants, fluid catalytic cracking

(FCC) regenerators, glass furnaces, thermal crackers, and the like. The deNO, method
3




herein will be particularly described in conjunction with a thern%§ 1mt2005
cracking unit for producing olefins (e.g., ethylene, propylene, utyg
etc.) froma saturated hydrocarbon feedstock such as ethane, propane,
naphtha, and the |ike. However, the reactor and nethod can be used with
any conbustion equi prent or process which generates a gas containing
undesirable levels of NO7,. Referring nowto FIGS. 1A and IB, radial flow
gas phase deNOX reactor 10 is illustrated in conjunction with a thermal
cracki ng systemenploying twin furnaces 11 and 12 having a radi ant
conbusti on chanber operating at about 2200F. for the cracking of the
feedstock. Each furnace produces a flue gas which exits therefromthrough
respective stacks. Typically, the flowrate of flue gas in each stack
ranges f riemimbollibe pO6c 000y GBCIRA0N btagliation With a‘ﬂmm@aacltm@umafdry cont ai ns

the follaq co nts i t rogen 60- en 1- Wat er
vapor p\%fﬂ%&g ({’/[?ioregF Soﬁ‘hHPB%Pa yéenfobﬁglpn@etcé ffﬁ*%g F?fdl@é’g@éar o ppm
The fl ue fgedsrsk eudhi dsiechab &) @ropade, aAbhta A ARD Ble 1ee HowRV&He YeRtor And BRARHAL UT €
of about 1800F. ﬁfh stack optionpally includes a convection section 13

whi ch i ncRBde¥sedenith ey geabyationsquinseeher RrAfesHYRichigPrIRatehvgds| contaping i s

passed f qhdBgable &RVGNO,. The flue gas typically exits the convection
section at a ter?perature 'of from about 300F.-500F., although the heat

recovery process can be adjusted to provide flue gas tenperatures outside
moved by eitd e PRl R a3RN S BuioteiD. Kol 118 HRRBEHE or (e
fl ue gas chojunction with £ thermd <rdchingugiet Ieﬁlpl_oymg twin furnaces 11 and 12 having a

radiant combustion chamber operating at about 2200°F. for the cracking of the feedstock.

Each furnace produces a flue gas which exits therefrom through respective stacks.

Typically, the flow rate of flue gas in each stack ranges from about 100,000-300,000

Ibs/hr. The flue gas typically contains the following components:

Nitrogen 60-80 vol %
Oxygen 1-4 vol %
Water vapor 10-25 vol %

Carbon dioxide  2-20 vol %
Nitrogen oxide  50-300 ppm.

The flue gases exiting the radiant chamber are typically at a temperature of about 1800°F.
Each stack optionally includes a convection section 13 which includes heat exchange
equipment through which the flue gas is passed for heat recovery. The flue gas typically
exits the convection section at a temperature of from about 300°F.-500°F., although the
heat recovery process can be adjusted to provide flue gas temperatures outside this range.
The flue gases of the separate stacks are then joined and moved by fan 14 into deNO,
system 10. Fan 14 increases the pressure of the flue gas for moving the gas through the
deNOQ; system 10.




deNO, ; system 10. 6 26 August 2005 The radial flow reactor of the@igseRb005
i nventi on advant ageously provides a relatively long gas flow | engt rior
to the gas entering the catal yst bed. Especially in conjunction with a

defl ector, the long gas flow Il ength hel ps provide a nore even velocity
distribution of gas flow through the bed. This is significant because the
gas flow exhibits severe velocity distribution at the fan outlet. In
conventional systens, the catal yst beds are overdesi gned by about 20% or
nore to conpensate for the velocity maldistribution caused by the fan. The
overdesign results in excessively |arge and heavy catal yst beds which are
avoi ded by the radial reactor system described herein. Referring nowto
FIG 2A, in one enbodinent, radial flow gas phase reactor 20 includes a
react or shelrhdiglfl¢vawianigr afthe ptesent drvestior atvent2dmusip grevides mirelntivaly foage 21b.

Shell 21 jngludes .. a.qgas.streami.nl et 21c thr.ough i ch inlet, gas
cont ai ni fg> glﬂwiqﬁ'?gtﬁl 351&3851?:‘3&?? Fﬁ?f’%&gf%‘ﬂ%ﬁt bed. %g%‘??gﬂ)’é’ﬁl ?Orﬂ“‘bcélggé?‘f“il‘é‘am
outl et 2ldeledttr, Giedbnyddsalovt lef@h @elps ploveRRn bidieNéh Pel6BFUGREIMARAGERES at i on of
NO,, is dj scharggg_c%, and a,pas,sa%emay 21 a conmunicating with gas stream
i

out | et 21PYpiERNEAithyPIdo rThisie sigaBisanfderuse Hegretoysshibieseaers. velositect or 22
can be anysdifRfonk tHethE SR, fﬁ%%erfti@nzfl@ st@thd, tﬁ@%qlﬁﬁgﬂ%% &%r&’es{;%gcrp' ng
agent. Typically, such injectors iInclutde a’grid- e portron pasitioned in
t he i nl etbyghsutsiiVeanmorgds compensat forthe veloctyysaldiseibutidineauged o) the K, por t i on

i ncl udes cQl i f. sparger, tubes . with injection .nozzles, arranged in
an evenl yﬁlgiog{f: 'lrdlg%l%[{l gegul%alﬁr?g%sg&lﬁﬁearr%? ﬂfi,heﬂ%cq@gﬁg’ie#g&hlglbgﬁt”?@eé h’ ected in
a dir ect itheradfap emttoesyisteat detriidddhefdiow of inl et gas. The reducing agent is

preferably ammonia but may alternatively be, or additionally include, urea,
an al kyl am ne

Referring now to FIG. 2A, in one embodiment, radial flow gas phase reactor 20 includes a
reactor shell 21 having an interior surface 21a and exterior surface 21b. Shell 21 includes
a gas stream inlet 2 Ic through which inlet gas containing an initial concentration of NO, is
received, a gas stream outlet 21d through which treated gas containing a reduced
concentration of NOy is discharged, and a passageway 21e communicating with gas stream

outlet 21d providing for the passage of treated gas thereto.

Injector 22 can be any type of injector known in the art for introducing a reducing agent.
Typically, such injectors include a grid-like portion positioned in the inlet gas stream
upstream of the catalyst bed. The grid-like portion includes a collection of sparger tubes
with injection nozzles arranged in an evenly distributed manner. Generally, the reducing
agent is injected in a direction opposite that of the flow of inlet gas. The reducing agent is
preferably ammonia but may alternatively be, or additionally include, urea, an alkyl amine
or other suitable reducing agent. Injector 22 can be positioned within the inlet 21¢ or

upstream of the inlet 21c.

Catalyst bed 23 contains at least one catalyst for the selective reduction of nitrogen oxide.
The preferred temperature for the selective catalytic reduction reaction will typically range

from about 380°F. to about 550°F., more preferably from about 400°F. to 450°F.
7
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or other suitable reducing agent. Injector 22 can be positioned Wg Ri,pdiB605
inlet 21c or upstreamof the inlet 21c. Catal yst bed 23 contains at TFeast
one catal yst for the selective reduction of nitrogen oxide. The preferred
tenperature for the selective catalytic reduction reaction will typically
range from about 380F. to about 550F., nore preferably from about 400F. to
450F. 7 26 August 2005 Generally, the | ower the tenperature, the greater
amount of catalyst is required to achieve a predeterm ned |evel of NO,
conversion. In cases where the flue gas tenperature is undesirably low, a
burner or other source of heat can be used to increase the flue gas
tenperature. Alternatively, convection section 13 of the furnace system can
be configured to provide a flue gas having a tenperature suitable for

sel ect i velengradlyythe dowas dhrctemperatyie, NeRereatert amopst of datalyst seequted ¢¢ achéeveaduct i on

of nitro j i p I ent _are known in the art.
Repr eseng)g%qe\?%hgﬁgr]r%}l%éﬂg?x éﬁ@ﬁg@g’tg ﬁésf% g%ﬁ%@%e e HEFEREWES | inited to,
oxi des ofundesiabiyinw, aburnémurmthet sdred effhcat dan ¢s ussd tanwtramt shedribyay Zeol ites

can al so be used. aml es of the latter. _include ZSM5 nodified with
protons, ‘BPPREAUR gﬁﬁ%v?ﬁ’c%‘éﬂe‘f“,ons*‘?t@é‘r? ‘E't urrgee system saphecanfignd or

their conbpRaidedBue dab hhwing @ tdiperdtitd L BIROMD: sQURY Bhtalytil Aldubdifh sT0@pE of the

present invention is not ITnmited to a specific SCR catalyst or catalyst
conposition. Catal yst bed 23 possesses an interior wall 23b defining an

axi al am;gﬁgl\@% d VI RG: ' . ntaining the
r educi er])g agent. ,&s%%gsﬁfg%‘fe rtggl%gi:o}{ nglgrgg%méaéhe%ﬂg%ﬁg%%&ﬁ%g Slrn%\ag?nqa bore of
subst ant iasd knoveminftioy art. dR greseetativéeamghs of suichsatabntytificludeHbmaweriot ot her axi al

passag em@%ﬂige%%,i ok egto% an%dﬁl;n? aﬁl%ﬁlgnl‘?,l tﬁénit'fl%,r tugé(s%gp aln%’m(ﬁ)sfbclelniml{.s reo 1’itgsd
can also be used. Examples of the latter include ZSM-5 modified with protons, or with
copper, cobalt, silver, zinc, or platinum cations or their combinations. It is to be
understood, however, that the scope of the present invention is not limited to a specific

SCR catalyst or catalyst composition.

Catalyst bed 23 possesses an interior wall 23b defining an axial passageway 23c for
receiving the inlet gas stream containing the reducing agent. As shown, axial passageway
23c is in the form of a bore of substantially uniform diameter throughout its length.
However, other axial passageway configurations are possible. For example, as illustrated
in FIG. 2C, reactor 50 includes a conical or frustoconical shaped catalyst bed 53 having a
conical passageway 53c. Inlet gas stream enters the inlet 51c and passes injector 52
whereupon it enters passageway and is deflected by deflector 54 into passing radially
outward through catalyst bed 53. Upon emerging from catalyst bed 53, treated gas flows
to outlet 51d. Referring again to FIG. 2A, the treated gas containing a reduced
concentration of NO, emerges from the outer wall 23a of the catalyst bed into passageway
23e where it flows to outlet 21d. Passageway 21e is at least partially defined by the
annular space between outer wall 23a of the catalyst bed and inner surface 21a of the

reactor shell,




in FIG 2C, reactor 50 includes a conical or frustoconical shapedz,ﬁg;lgjl%@bﬂs
bed 53 having a conical passageway 53c. Inlet gas streamenters the Pnlet
51c and passes injector 52 whereupon it enters passageway and is defl ected
by deflector 54 into passing radially outward through catal yst bed 53.
Upon energing fromcatalyst bed 53, treated gas flows to outlet 51d.
Referring again to FIG 2A, the treated gas containing a reduced
concentration of NO, energes fromthe outer wall 23a of the catalyst bed
into passageway 23e where it flows to outlet 21d. Passageway 2le is at

| east partially defined by the annular space between outer wall 23a of the
catal yst bed and inner surface 21 a of the reactor shell. 8 26 August 2005
Catalyst bhed 23 is generally annularly shaped and preferably the outer and
interior Gefplyst bed23 ingrperdly annuartioshepert andprefptablydbe suterdrtlentarior wallsy, t he

out er andyq I I . I nal ,such cta |,
hexagona?z,jagd? gz,:’,ngsecg (g)émﬂl%@né%g’n% %’ﬁﬁtﬁ&eﬁﬁ&é’%rggd '@Sf‘gf?@%#’aﬁggg%' .

Pol ygonal castbepetygostl alighsds obmgena,rlelxﬁ@pelg ewl, lzIsysIﬁMn'éI faﬁ)éls}ﬁrr{pw ing;}f@},c 21?3 713 . g/tEeCd
catal ysts escribed, bel ow)., An inlet s stream def | ect or fabri

from )alt gaqf‘gqq?iﬁzg?‘i/%'ug&%ﬁ? F}&‘Pe%%ﬂy%@g‘ggr?é%'ﬁsf’eﬂﬁ wpuitaBledrsyse vatheEGi t hi n

axi al pasaeggeiestabed Blow).recting the flow of inlet gas stream entering
passageway 23c radially outward through catalyst bed 23. In one preferred
enbodi nent, deflector 24 is conical in shape with an apex pointing upstream

t I | ' . 1. her. . preferre
c0, 25, L0 ARYLs Sl ShAJLE: SDNARRTLi dRiH e AOHEG LS
posi t i onatetalis pesitoned agthayevialypadgevedy 23edoXBreatink thp desasEst @ s@serat e,

pref er abl o Bl 3RQkk Svay HE HA 2R Rd AOuPSLASILPS) I 0 AR 24
embodiment, deflector 24 is conical in shape with an apex pointing upstream so as to
evenly distribute the gas flow. In yet another preferred embodiment of the invention as
shown in FIG. 2E, deflector 24' is positioned in axial passageway 23¢ of bed 23 and
possesses an arcuate, preferably parabolic, surface 24"and an upstream pointing apex 24™.
Parabolically shaped deflector 24'has the hydrodynamic advantage of providing a more

even radial gas flow through bed 23 compared to, say, a conically shaped deflector.

Referring now to FIG. 2B, in another embodiment, reactor 40 includes a shell 41 having
flared side portions 41h. Inlet gas stream passes one or more injectors 42 at inlets 41¢ and
flows into a passageway 41e defined by the space between outer wall 43a of catalyst bed
43 and interior surface 41a of the reactor shell 41. The interior surfacé 4]a of the reactor
shell and the outer wall 43a of the catalyst bed converge at region 41j so as to form a gas
flow barrier at the downstream end of passageway 41e which deflects the inlet gas stream
radially inward through the annular shaped catalyst bed 43. Treated gas emerges from the
inner wall 43b of the catalyst bed into axial passageway 43c. The treated gas then flows to

outiet 41d and exits the reactor.

Referring now to FIG. 3, illustrating yet another radial reactor configuration, reactor 30

includes a reactor shell 31 enclosing an interior space. Shell 31 includes inner and outer
9




Par abolically shaped defl ector 24' has the hydrodynam c advant age Eg £ 2005
providing a nore even radial gas flow through bed 23 conpared to, ég§?5§
conically shaped deflector. Referring nowto FIG 2B, in another

enbodi nent, reactor 40 includes a shell 41 having flared side portions
41h. Inlet gas stream passes one or nore injectors 42 at inlets 41c and
flows into a passageway 4le defined by the space between outer wall 43a of
catal yst bed 43 and interior surface 4la of the reactor shell 41. The
interior surface 41 a of the reactor shell and the outer wall 43a of the
catal yst bed converge at region 41j so as to forma gas flow barrier at

t he downstream end of passageway 41 e which deflects the inlet gas stream
radially inward through the annul ar shaped catal yst bed 43. Treated gas
ener ges fuppsasida anthpidy, raspedtival3bancinlet Ak, ontlaBydtanbagassapovaxdlal passageway

Rof or 11 g ora 0 8le 1845k B b e Pelefiiortie petor

conf i gur &2ian be pesitidraxd vdthin indet3uc esuRrEaaet Blet She The’iﬂes&%ﬁioﬁ%i\%ﬁ an
interiorzégace. Shel | 31.inc|$des,inrer and outer 9 26 August 2005
sur f aces BOYRWIRFsBedh o foissios 2¢ ppRIiey 2lsa e Injackr 331¢, outlet 3 Id, and a
passageway 3le comunicating with outlet 31d providing for the passage of
treated gas thereto. Injector 32 can be positioned within inlet 31c or
upst r eamisRciohp@inchules atfeast esprefepblyoronginitinspasdsbapartwatalyst bsiseds t o

i nj ector . i k- Nj . taor. 30 .includ at .l east two
pref or abl S Soaan 3 Bk 30 WG} Slnceific RRRE) Shaniy 005 480 B30 3 155 6 ' 5.
react or 3J@niraldatediess bebifmantindes aamrial bure 62d @l wisith beds] defsctod3ha isand 33c.

Cont 2 SOURRIEL PRl A el B ol e
Wi t hin t ketaBsnbddaB32apd88b Hef M@&itonical deflector 34c is similarly positioned within the
annular space between catalyst beds 33b and 33c. Annular plate 34d prevents the inlet gas
from by-passing the catalyst beds by entry into the annular space between catalyst bed 33¢
and the inner surface 31a of the shell. Inlet gas with reducing agent (e.g., ammonia) enters
axial bore 33d and the bottom of the annular spaces between catalyst beds 33a and 33b,
and 33b and 33¢, and is diverted radially outward through respective catalyst beds by
means of deflectors 34a, 34b, and 34c. The treated gas thereafter emerges from the beds

into passageway 31e.

The catalyst can be in the form of particulate, monolith, or microengineered catalyst
("MEC").

Referring to FIG. 4, catalyst bed 140 contains particulate catalyst 143 disposed within the
annular space between outer screen 141 and inner screen 142, Inner screen 142 provides
an inner wall structure defining an axial channel 144 for receiving inlet gas and reducing
agent. The inner and outer screens 142 and 141 are commercially available from
USF/Johnson Screens of Wytheville, Va. Suitable screens include, e.g., welded wire
screens, looped wire screens and woven wire screens. The SCR catalyst can be in the form

~ of particulate, or can be supported on a particulate catalyst support such as titania, zeolite,
10




catal yst bed 33a and 33b and frustoconical deflector 34c is Si”ilﬂfgﬁumtﬂms
positioned within the annular space between catal yst beds 33b and g
Annul ar plate 34d prevents the inlet gas fromby-passing the catalyst beds
by entry into the annul ar space between catal yst bed 33c and the inner
surface 31 a of the shell. Inlet gas with reducing agent (e.g., ammoni a)
enters axial bore 33d and the bottom of the annul ar spaces between

catal yst beds 33a and 33b, and 33b and 33c, and is diverted radially
outward through respective catal yst beds by neans of deflectors 34a, 34b,
and 34c. The treated gas thereafter energes fromthe beds into passageway
31 e. The catalyst can be in the formof particulate, nonolith, or

m croengi neered catalyst ("MEC') Referring to FIG 4, catalyst bed 140
cont ai ns onj drdoniaccerabialoy silicd-4Bndnsposed within the annul ar space

bet ween outer screen 141 and inner screen 142. Inner screen 142 provides

an inner wall structure defining an axial channel 144 for receiving inlet

gas and rRadetihggowagBIts. SERSD] MO ShtaldiitaR Yt &1 ths (SrBESTIMAbAtAN Wil caf €
commerci al |y avail abl e from USF/ Johnson Screens of Wtheville, Va. Suitable

screens iMEPdrrequagtity of sipekegduncklke unifs 5 b ehre monsdiseeptaly st S0dualeisns and woven
Wre SCT gl i ’ ti.cul or can
be support edlltgygmggﬁtcﬁ?ﬁg Ziscsg?gfl 32;[:1(2 3‘5’2@? o?;i]ﬂ%%]? %’g&% Stdalﬁollﬁg?éo%ebpl ite, 10
26 Auguststragios s Ef@iﬁgormi tloonéla ) 3.c Enachiannals, heivevear acaalba wif may suRebler ri ng now

to FIGS. - talyst can,be in,the.form.o nolith 50 i.ch can
i ncl ude as'ﬁ%lf A %J;S%g%%gﬁlgxc%ué%" g’rsp%ﬂf-s 1 qnﬁiheﬁlmet 1§. D Eﬂgtr?}ﬁﬁ%moflﬂ\ﬁg égal yst 50
i ncl udes havinplcirtwdhd dhygmeds $5rEiel ednotiiRRBE bs forMsd B okring of by othg, nonolith

honeyconb
52 poss eslr?e%ﬁocﬂmogvnetg those with skill in the art. Typically, the SCR catalyst is impregnated

into the monolith support so as to coat the inner surface of the channels through which the

gas stream flows for treatment.

In yet another alternative, the catalyst bed can include a microengineered catalyst ("MEC")

wherein the SCR catalyst is supported on a mesh-like structure having a porosity greater
than about 85%.

The MEC catalyst is described in copending U.S. patent application Serial No. 60/222,261
filed Jul. 31, 2000 entitled Conversion of Nitrogen Oxides in the Presence of a Catalyst

Supported on a Mesh-Like Structure, the contents of which are incorporated by reference

herein in their entirety.

The mesh-like material is comprised of fibers or wires, such as a wire or fiber mesh, a
metal felt or gauze, metal fiber filter or the like. The mesh-like structure can be comprised
of a single layer, or can include more than one layer of wires: e.g., a knitied wire structure
or a woven wire structure, and preferably is comprised of a plurality of layers of wires or
fibers to form a three-dimensional network of materials. In a preferred embodiment, the
support structure is comprised of a plurality of layers of fibers that are oriented randomly

in the layers. One or more metals can be used in producing a metal mesh. Alternatively,
11




structure wi th hexagonal channels 53. The channels, however, can
sui tabl e shape such as square, triangular, T-shapes, and the I|k2§A§P%?Q§E§
illustrates a nonolith 54 having circular channels 55. The nonoliths can
be fornmed by sintering or any other nmethod known to those with skill in
the art. Typically, the SCR catalyst is inpregnated into the nonolith
support so as to coat the inner surface of the channels through which the
gas streamflows for treatnment. In yet another alternative, the catalyst

bed can include a m croengi neered catalyst ("MEC') wherein the SCR

catal yst is supported on a nmesh-like structure having a porosity greater

t han about 85% The MEC catal yst is described in copending U S. patent
application Serial No. 60/222,261 filed Jul. 31, 2000 entitled Conversion
of Ni trogbemeri fless can inbledPmetedials én afditbonGamadalst Supported on a Mesh-Li ke
Structure, the contents of which are incorporated by reference herein in
their entirety. The mesh-like material is conprised of fibers or wres,

such as anwpréfe@éd émbBRIimBRStherddn tH¥Rhaah-1#ke kiruire 9ot Srist®bAd pilitdfBf of 1 | ter or

the like. The mesh-1ike structure can be conprised of a S|ngle | ayer, or
can i ncl Jaersef iberiaromsn thethipe-dinagmsigglastwask g materipksi the dickeiesseofstistuct ur e

or a Wove&d rfﬁa?fe%éi?fv@%ﬁcroﬁ@q?@ége% tHoXsﬁ eﬁé’e@ﬁ&énﬁ% i) ttel% %(ural ity of

| ayers of res or bers td hree i mensi ona
mat eri al s’;iccordam;epwéifee}m&deémhboﬂmem thetiiieknesuqfthe hets;brhxehureest 56 conprised

of a plur | ayer fibe that are orie ted randoni in the
| ayers. dililéﬂ-og% aI(:j)rré)]rnt(a) et %fag’ yeape Qsot?sf%‘af‘%“ﬁ a‘ﬂ)‘? gdtd P{éloﬁs TREEEFeCHEsh.
Al t er nat invidlirgeterkl 26 August 2005 the mesh fibers can include materials in
addition to netals.
In general, the thickness or diameter of the fibers which form the plurality of layers of
fibers is less than about 500 microns, preferably less than about 150 microns and more
preferably less than about 30 microns. In a preferred embodiment, the thickness or

diameter of the fibers is from about 8 to about 25 microns.

The three dimensional mesh-like structure can be produced by known methods such as any
of those described in U.S. Pat. Nos. 5,304,330, 5,080,962; 5,102,745 or 5,096,603, the
contents of which are incorporated by reference in their entirety. It is to be understood,
however, that such mesh-like structure can be formed by procedures other than those

described in the aforementioned patents.

The mesh-like structure that is employed in the present invention (without supported
catalyst on the mesh) has a porosity or void volume which is greater than 85%, and
preferably is greater than 87% and more preferably is greater than 90%. The term "void
volume" as used herein is determined by dividing the volume of the structure which is

open by the total volume of the structure (openings and mesh material) and multiplying by
100.

In one embodiment, the catalyst is supported on the mesh-like material without the use of a
12




In a preferred embodi ment wherein the mesh-like structure is Conpﬁdéﬁg:ﬁ§095
plurality of layers of fibers to formthe three-di nensional networ ?
materials, the thickness of such support is at |east five mcrons, and
general ly does not exceed ten mllimeters. In accordance with a preferred
enbodi nent, the thickness of the network is at |least 50 mcrons and nore
preferably at |east 100 mcrons and generally does not exceed 2 .
mllimeters. In general, the thickness or dianeter of the fibers which form
the plurality of layers of fibers is |ess than about 500 m crons,
preferably | ess than about 150 mcrons and nore preferably |ess than about
30 mcrons. In a preferred enbodi nent, the thickness or dianmeter of the
fibers is fromabout 8 to about 25 microns. The three dinensional nesh-1ike
st r uct ur gacanlavesyppaduced by known net hods such as any of those described
in US. Pat. Nos. 5,304,330, 5,080,962; 5,102,745 or 5,096, 663, the
contents of which are incorporated by reference in their entirety. It is to

be under ghafsther dhbURURENL, thBdtal§iFhr JRSAihE KRroSEd B1684(5)8s _E-%gm*%&i &5 med by
procedures other than those described in the aforenmentioned patents. The

mesh- | i kePaBioulis WPROT gt isisyprasisr oy dep meshtlife materidnThe tewmiparieniyted ashout
supporte 5@@%?5 : | | whi.ch is
greater Sl ﬁ%dr:]ﬁésr%}é‘ ﬁ%‘ﬁl{%@ %P%F er @égf@hgrrmg‘g? ée}?l&]% g%mgéﬁg ganr%éaﬁ% ?%erﬁ’r%?'er abl'y
i s great én getresal, 9O Wyerageeparticiersizy of the partibulate onaehicisathiyse may be E;ﬁppdﬁé(lﬁr m Ined
by dividi vol of the structyre which . is__.open by.ihe total volune
of the sibetdiBalRy s Renify i bkeHute ey vah o RiFErSvh o Hesa.00. 11
one embogiartizid size ihehcCiabjatiyysdf chses HUPRRESETE 20 midRehsTBF Perletal 8hdBegdgbal Wi t hout
2

the use %fartlacle s]fze of such particulates is at least 0.002 micron and more generally at least 0.5

microns. When the catalyst supported on the particulate support is coated on the mesh, the

average particle size of the catalyst support generally does not exceed 10 microns and,

when entrapped in the mesh, generally does not exceed 150 microns.

In an embodiment of the invention, the mesh-like structure that functions as a support for
the catalyst is in the form of a shaped structured packing. This packing can be configured
as described below in embodiments given by example to provide for turbulence of the gas
phase flowing over the catalyst in the reactor. The mesh-like catalyst sdpport structure can
be provided with suitable corrugations in order to provide for increased turbulence as
described in more detail hereinafter. Alternatively, the mesh-like structure can include tabs
or vortex generators to provide for turbulence, also as shown hereinafter. The presence of
turbulence generators enhances mixing in the radial (and longitudinal) direction and also
improves access to catalyst either coated on or entrapped in the mesh by providing local
pressure differential across the mesh, and thus creating a driving force for flow. The
structured packing can also be in the form of a module such as a roll of one or more sheets
that is placed into the tubes of a reactor such that the channels in the module follow the
longitudinal direction of the tube. The roll can comprise sheets that are flat, corrugated or
wavy or a combination thereof and the sheets can contain fins or holes to promote mixing.

The sheets can also be shaped into corrugated strips that are separated from each other by a
13




26 August 2005 particul ate support. In another enbodi nent, the C@hﬁhpg&nﬁﬁﬁs
converting nitrogen oxide(s) is supported on a particul ate support at ’I's
supported on the nmesh-like naterial. The term "particul ate” as used herein
i ncl udes, and enconpasses, spherical particles, elongated particles,

fibers, etc. 1In general, the average particle size of the particulate on
whi ch catal yst may be supported does not exceed 200 mcrons and is
typically no greater than 50 microns with the average particle size in the
majority of cases not exceeding 20 mcrons. In general, the average
particle size of such particulates is at |least 0.002 mcron and nore
generally at least 0.5 mcrons. Wien the catal yst supported on the

particul ate support is coated on the nmesh, the average particle size of
t he cat al §asshestppbexacte fitthalsizg ofithe suhsaind eredwbtitog@her byrwelds, avicks, a when

entrappen '%?ﬁgﬁggﬁﬁgax?ggﬁgﬁ%%ésﬁggﬁﬁnot exceed 150 mcrons. In an

enbodi ne i nvention, -lTike structure that functions as a
support for the catalyst is in the formof a shaped structured packing.

Thi s packin an be configured descri bed bel ow i n enbodi nents given b
ex arrploe H&‘S&PE geersige 'lhﬁﬁgtgﬁf“@mf EE%?UPP%ﬂIﬁ%“pPB‘ﬁ%% CRIPIST Y Bver t ﬂe d

cat al yst dnipléytQ ifi @F6rnPbtherthsh IRSHubiuks shadta kY SixatipRP HeimShike ki orcan be

provi ded with suitable corruaatlons in order to provide for increased

t ur bul encBake foraed a9 teas, patticies dblmsaite. ahd eeploatd bra readtomasmatackesl bed. t he

mesh-1ike structure can include tabs or vortex generators to provide for

tur bul ence, also as shown hereinafter. The presence of turbul ence

gener at orEheamatuadyst ehichiixsupgoital dnhthe mashi-Hke {tamcthrd comdictpuelenadn) thel inesiclikon and

al so inproves access to cat.al yst. eith coated .on or entrapped in the nmesh
OF FRRSHEF gep

y

by provi diPRECT Beheoalps L g dres; rm @? BEEN-H S ITHERHS ARy cpmbs _
creat i ng presdni atidigrafned Gethk diterkticeWof ThBenesBlikel sttwoh@d. packi ng can al so be in
the formof a nodule such as a roll of one or nore sheets

The catalyst can be coated on the mesh-like structure by a variety of techniques, e.g.,

dipping or spraying. The catalyst particles can be applied to the mesh-like structure by

contacting the mesh-like structure with a liquid coating composition (preferably in the

form of a coating bath) that includes the particles dispersed in a liquid under conditions

such that the coating composition enters or wicks into the mesh-like structure and forms a

porous coating on both the interior and exterior portions of the mesh-like structure.

The catalyst is supported on the mesh-like structure in an amount effective to convert
nitrogen oxide(s). In general, the catalyst is present in an amount of at least 5%, and
preferably at least 10%, with the amount of catalyst generally not exceeding be 60% and
more generally not exceeding 40%, all by weight, based on mesh and catalyst. In one
embodiment where the porosity or void volume of the mesh-like structure prior to adding
supported catalyst is greater than 87%, the weight percent of catalyst is from about 5% to
about 40%, and when the porosity or void volume is greater than 90%, the weight percent

of supported catalyst is from about 5% to about 80%.

Various embodiments of structural packings will now be described. In FIG. 6, packing 2 is
14




that is placed into the tubes of a reactor such that the channels

nodul e follow the |ongitudinal direction of the tube. The roll c%ﬁﬂm&mﬁzoos
conprise sheets that are flat, corrugated or wavy or a conbination thereof
and the sheets can contain fins or holes to pronote m xing. The sheets can
al so be shaped into corrugated strips that are separated from each other by
a 13 26 August 2005 flat sheet that exactly fit the size of the.tube and
are held together by welds, wires, a cylindrical flat sheet or

conbi nations thereof. It is to be understood that the nesh-1ike support

t hat- supports the catalyst may be enployed in a formother than as a
structured sheet. For exanple, the mesh-like support may be forned as
rings, particles, ribbons, etc. and enployed in a reactor as a packed bed.
The cat al @}@ammabwlllysemq@ptﬂtwe df a)prlutaﬂle,/ ofysirallel dmn@ated e]naetseofrpamubmeplr esent

on the .on,t W res bers that ,formthe
nmesh- 1 i Ez'ﬁ% Jlélglfeger%ﬁgﬁgé aﬁ%&ﬁEg %ta Eﬁ’th“g‘n%e P‘é"f%ﬁa 4?{‘3{?{’@65?%‘& stices
of the mdgtdiadokel lirtes wdidirae afBaemgRioab Yisd vesadal bi@ecﬁt@ﬁbﬁﬂo@ff ke gAesh- | i ke
structure by a variety of techniques, ppi ng or spraying. The

catal yst 'BAFISNIALYE croshssHOY ‘F‘Eﬂ‘gﬁ%mt?e\eg%gqm ForReeated sheatyd altgsgate cont act i ng

t he nesh- gol&@gregtﬁ%tegapot%rt h a liquid coating conposition (preferably in
the formof a coating bath) that includes the particles dispersed in a

| i qui d under conditions such that the coati ng conposition enters or w cks
intothegqa\g@ coating . o

interior ei(tale%ﬁfl?)érnﬁlgg&rlﬁogmg g'fon?%%r]r)gsgﬁg %e sstcrmﬁ1 f%ﬁglﬁﬁlﬁgb&%ﬁsﬁl yst is
suppor t ednaeridl 9& ofebdpresdneinyentiontfur mowdn@ru ca)rmimtd catatyechddwtrut@recfoner t
nitrogen de s%g éﬂé%? elgi\%l ghe cat al present in an armunt of at
| east 5% a‘mﬁ W Abry A PR grdits%fuwprqu HAMBRE EOHETSRRL gt

gener al | Mindiedse GxERROIsIVE 1DBelRVM R caused by the improved mixing of the structure

creating an improved efficiency of the downstream honeycomb monolith.

Referring to FIG. 8, the MEC mesh material can be fabricated from elements 826 of sheet
material and can optionally include vortex generators for increasing turbulence of the gas
flow therethrough. In FIG. 8, optional vortex generators 846 and 848 are triangular and
bent from the plane of the element 826 sheet material, The generators 846 and 848
alternate in the direction in which they project from the plane of the sheet material as best
seen in FIG. 8. The corrugations have a width w. By providing additional turbulence, the
vortex generators further promote fluid flow through the pores of the MEC material due to
the pressure differential thereacross. The side walls of element 826 are inclined at an angle

.beta. of about 90°. The roots and crests extend in a linear direction.

The Example below illustrates the operation of the radial flow reactor and deNOQ, method

of this invention.
EXAMPLE

A radial flow gas phase reactor shown in FIG. 2A is employed for the selective catalytic
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nore generally not exceeding 40% all by weight, based on mesh an%ﬁugustZOOS
catalyst. In one enbodi nent where the porosity or void volune of the
mesh-1i ke structure prior to adding supported catalyst is greater than
87% the weight percent of catalyst is fromabout 5%to about 40% and
when the porosity or void volume is greater than 90% the weight percent

of supported catalyst is fromabout 5% to about 80% Various enbodi nents of
structural packings will now be described. In FIG 6, packing 2 is 14 26
August 2005 diagrammatically representative of a plurality of parallel
corrugat ed sheets of porous nmesh material (referred to herein as MEC
material) in which the corrugations 4 are represented by diagonal |ines
which are at an angle a to the vertical direction of flowf. FIG 6A a

r epr esentraduciien of N6k is e fne gas sofara of bye fugecesoumder thadylhseng floogasugat ed sheet s
8 alter nactog itigg._degr ee. fromeach other. In FIG 7, a conventional nonolith
honeyconb sflruc%ure 9B is conbined with MEC nesh material 9A of the
present invention for providing a conbined catal yst bed structure for the
SCR conversi on of . ... The conbined structure provides inproved

conver si 3"519""1“%8:3@0%3%%%@ in conversion is believed to be caused by the

i nproved m xing of the structure <creating an inproved efficiency of the
downst ream honeyconb nonolith. Referring to FIG 8, the MEC nesh nateri al
can be f dbeniperated=3000M @B2f@ht s 826 of sheet material and can optionally

i ncl ude vortex generators for increasing turbulence of the gas flow
therethrough. In FIG 8, optional vortex generators 846 and 848 are

t ri angul MO aRGtenesrtd phirom t he pl ane of the el ement 826 sheet material. The
generators 846 and 84 alternate in the direction in which they project
fromthe plane of the sheet material as best

A sufficient amount of ammonia is added to the flue gas to achieve the desired reduction of
NOy. The catalyst employed is MEC coated with V205 /Ti0,0 catalyst. A desired NO,
reduction of 90% to 10 ppm requires about 54 m’ of the MEC catalyst. This volume is
accommodated by a radial flow reactor with an inside bed diameter of 2 meters, an outside
bed diameter of 4 meters, and a height of 5.75 meters. No additional volume is required to

compensate for velocity maldistribution.

The effective bed length through which the flue gas must pass for treatment is only 1
meter. The resulting pressure loss is only about 0.17 inches H,O through the catalyst bed

2

which is increased to 0.3 inches because of changes in flow direction.

In contrast to the radial flow reactor of the Example given above, to achieve the same 90%
reduction of NO, an axial flow reactor using the same catalyst would require a 3 x 6 x 3
meter bed with an additional 10%-20% catalyst to accommodate velocity flow
maldistribution. The resulting pressure drop for the axial flow reactor is 3 inches H,O,

which is 10 times greater than that of the radial flow reactor of the Example.

While the above description contains many specifics, these specifics should not be

construed as limitations on the scope of the invention, but merely as exemplifications of
16




seen in FIG 8. The corrugations have a wwdth w. By providing addﬁéhﬁE&#2005
turbul ence, the vortex generators further pronote fluid flow through®the
pores of the MEC material due to the pressure differential thereacross.
The side walls of elenent 826 are inclined at an angle .beta. of about 90.
The roots and crests extend in a linear direction. The Exanpl e bel ow
illustrates the operation of the radial flow reactor and deNO,, nethod of
this invention. EXAVMPLE A radial flow gas phase reactor shown in FIG 2A is
enpl oyed for the selective catalytic 15 26 August 2005 reduction of NO ,
in a flue gas streamof two furnaces under the follow ng flue gas
conditions: Flow rate=360,000 |bs/hr Tenperature=360F. (182 C.) NO,
content =100 ppm A sufficient amount of ammonia is added to the flue gas to
achi eve thiefegedsembailiments drerapfi Those Rilled inTthe ag autith bydsioe mphpythdr | s MEC coat ed

chi eve Hheledebemeafi _ o el 7
Fequi 1 os PSEaLey RS bppd BBl LG vensh & GiReY Ine Salit Bl 0 oy

radi al flhewts.eactor with an inside bed dianeter of 2 neters, an outside

bed di aneter of 4 neters, and a height of 5.75 neters. No additional vol une
is required to conpensate for velocity maldistribution. The effective bed

| ength through which the flue gas nust pass for treatnent is only I neter.
The resulting pressure loss is only about 0.17 i nches H20 t hrough the

catal yst bed,
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which is increased to 0.3 inches because of changes in flow direcig 8QcudtP005
contrast to the radial flow reactor of the Exanple given above, to acﬁi eve
the sane 90% reduction of NON, an axial flow reactor using the sane
catalyst would require a 3 x 6 x 3 neter bed with an additional 10% 20%
catal yst to accommopdate velocity flow maldistribution. The resulting
pressure drop for the axial flowreactor is 3 inches H2O which is 10
times greater than that of the radial flow reactor of the Exanple. Wile

t he above description contains many specifics, these specifics should not
be construed as limtations on the scope of the invention, but nerely as
exenplifications of 16 26 August 2005 preferred enbodi nents thereof. Those
skilled in the art will envision many other possibilities within the scope
and spi ri Wheis elgngdisient i on as defined by the clains appended hereto. 17
26 August 2005 What is clained is: 1. In a conbustion systemincluding a
furnace containing a conbustion zone and a stack positioned above the
conbust i onIzapenbestion systaw érkdingeofiptacs comgaiging adbabudtiod Wogesdd @i react or
for the chemc n of nitrogen oxide in g gas sfream which

conpri s e&osﬁfn%i %hr(i?gfr:] ﬁ‘%@bﬁgHﬂ“’Pﬁf’%‘?’ B mB‘i?HeIB?’ttéP?’B‘PSig%F fagead gl,o"’%a@ BB2sgt r eam

i nl et f orredctsi€bivihg @héthicall Bh RrsiBR6F Sitrb LA VxS A AL IQkaf WILE BSmmraabust i on
zone and having an initial concentration of nitrogen oxide and a gas

stream out | et 2 AFbRigving ieterier wdieatrrigagfires e decuamiinlcoe receiviigdo
conCent ahjoPls'sfrbath isehd:fed i Hel oRBER A YoHE A Y FhitiBl b BLerkddfiod N1 €1 02

stream |
of nitrogen oxide and a gas stream outlet through which treated gas of reduced nitrogen

oxide concentration relative to the nitrogen oxide concentration of the inlet gas stream is
discharged;

b) at least one injector for introducing reducing agent into the inlet gas stream;

c) at least one catalyst bed within the shell positioned therein at a location which is
approximately at, or downstream of, the injector, the catalyst bed containing at least one
nitrogen oxide conversion catalyst for the selective catalytic reduction of nitrogen oxide in
the inlet gas stream to produce a treated gas of reduced nitrogen oxide concentration, the
catalyst bed having an interior wall defining an axial first passageway and an outer wall
spaced apart from the interior surface of the reactor shell defining a circumferential second
passageway; and,

d) an inlet gas stream deflector for directing the flow of inlet gas containing
reducing agent radially through the catalyst bed between the axial first passageway and the
circumferential second passageway to produce the treated gas,

wherein the reactor is positioned in the stack above the combustion zone.

2. The reactor of claim 1 wherein the catalyst bed has an annular configuration, the axial
passageway thereof receives the inlet gas stream containing reducing agent, the gas stream
deflector is positioned within the axial first passageway and is concentric therewith and has
a parabolic outer surface, and the circumferential second passageway communicates with

the gas stream outlet.
18




di scharged; b) at |east one injector for introducing reducing ag
the inlet gas stream c) at |east one catalyst bed within the She’{kahQﬁs‘?ZOOS
positioned therein at a location which is approximtely at, or downstream
of, the injector, the catalyst bed containing at |east one nitrogen oxide
conversion catalyst for the selective catalytic reduction of nitrogen oxide
in the inlet gas streamto produce a treated gas of reduced nitrogen oxide
concentration, the catalyst bed having an interior wall defining an axi al
first passageway and an outer wall spaced apart fromthe interior surface
of the reactor shell defining a circunferential second passageway; and, d)
an inlet gas streamdeflector for directing the flow of inlet gas
containing reducing agent radially through the catal yst bed between the
axi al first passageway and the circunferential second passageway to

produce t r positioned i.n the stack
above t hei]?g?r% {Ol?gﬁag%i 1%15{6?%;0?@5% @fsecqnglpﬁ?ﬁag%aé(rrgf‘?ﬂv?ﬁ & al yst
bed has atreanruoh@ainingredudng ffehn the gahetr@m dﬁﬂeo@ﬁ&&&ﬁﬁ«kﬁb’y 4 BRRAY bdrA&ei ves
the inlet stream co Hg nlng r educi age the g Bﬁ£ean1 def | ect or

i s posit i%ﬂ?od‘\)ﬁ“t‘;ﬁ?%ﬁn? éh‘? Bgssageay a‘b‘g . C\é"ﬁt %EPgF‘é’aY: e RatAlyst beder ewi t h
and has  qni@dkedsiwitut 8hs s‘il‘éﬁlfn%ﬁet AL fehRorShEE !sii’ﬁfh%eﬁ%e' @éat %Emd
passageway conmuni cates Wi th as streamoutl et. 26 August 2005 3.

The reactérerging &ogi the catafyetrbsi ﬁnﬁeﬁég%am@lufrrﬁtma@qagmay @é@amﬁhp ass oy ehvdly

receives %];ne ont ai ni ng reduci ng agent, the gas stream
defl ector H)lugﬁt d& %mggs flow barrier at the downstream end of the

passageway and t he axi aI first passageway of the catal yst bed
4. The reactor of claim 3 wherein the gas flow barrier is defined by the downstream

convergence of the outer wall of the catalyst bed and the interior surface of the reactor
shell.

5. The reactor of claim 1 wherein the catalyst is in the form of particulate and the
configuration of the catalyst bed is defined by a first porous screeﬁ defining the outer wall
of the catalyst bed and a second porous screen defining the axial passageway of the
catalyst bed, said first and second porous screens defining a space therebetween occupied

by the particulate.

6. The reactor of claim 1 wherein the catalyst bed is catalyst supported on a mesh structure

having a porosity greater than about 85%.
7. The reactor of claim 1 wherein the catalyst bed is a monolith.

8. The reactor of claim 1 wherein the injector is an injector grid positioned upstream of the

gas stream inlet of the reactor shell.

9. The reactor of claim 1 further including a fan for increasing the pressure of the inlet gas

stream within the reactor shell.
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communi cates with the gas streamoutlet of the reactor shell suchyfRabuliPBos
treated gas energing fromthe catal yst bed enters the axial first
passageway and exits the reactor shell through the gas streamoutlet. 4.
The reactor of claim3 wherein the gas flow barrier is defined by the
downstream convergence of the outer wall of the catalyst bed and the
interior surface of the reactor shell. 5. The reactor of claim1l wherein
the catalyst is in the formof particulate and the configuration of the
catal yst bed is defined by a first porous screen defining the outer wall
of the catalyst bed and a second porous screen defining the axi al
passageway of the catalyst bed, said first and second porous screens
defining a space therebetween occupied by the particulate. 6. The reactor
of claiml wherein the catalyst bed is catal yst supported on a nesh

structur ving a ,0SJ t reater than about .85% 7. The . reacfor of

ol oo T o0, T leREaPoRANET WeBin it Goabr SRR A 191 o Fop et g o) o1 m 1
wher ei n tcamlysnbee igpated-giart rolag6isAlp t8chéh @Bl GNERr HRRIEEARRE 2t he gas
streaminlet of the reactor shell. 9. The reactor of claim1l further

i ncl udi ngeePnflamet g sreren deflscing Pesidonsd bstpea thereopermtriiqananlagaatalysitbedam wi t hi n
the reactor shell. 19 26 August 2005 10. The reactor of claim1l wherein the
reactor conprises at |east two concentric annular catalyst beds in

spaced- apdr The whetot dreddiing whereiadhe medhestruatmd: domprisey a ianddmiyasieated| east a

Sororst Mg 13bEeRMATLE ABLOI PR iRBRTnAPRRER. e concentric annular

12. The reactor of claim 6 wherein the catalyst bed comprises a catalyst supported on a

particulate support which is supported on the mesh structure.

13. The reactor of claim 6 wherein the mesh structure comprises shaped structured packing

having corrugations or tabs for generating turbulence.
14. The reactor of claim 7 wherein the monolith possesses a plurality of paralle] channels.

15. The reactor of claim 14 wherein the parallel channels are hexagonally shaped.
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11. The reactor of claim6 wherein the mesh structure conprises azé%ﬂgﬁHﬁMOS
oriented plurality of layers of wires or fibers in a three-di nension
network. 12. The reactor of claim®6 wherein the catal yst bed conprises a
catal yst supported on a particulate support which is supported on the nesh
structure. 13. The reactor of claim6 wherein the nmesh structure conprises
shaped structured packing having corrugations or tabs for generating
turbul ence. 14. The reactor of claim7 wherein the nonolith possesses a
plurality of parallel channels. 15. The reactor of claim 14 wherein the
paral |l el channels are hexagonally shaped. 20 Abstract RADI AL FLOW GAS
PHASE REACTOR AND METHOD FOR REDUCI NG THE NI TROGEN OXI DE CONTENT OF A GAS
A radial flow gas phase reactor for the selective catalytic reduction of
nitrogen oxide in a gas streamincldbfscta shell encl osing an interior
space in which is located at | east one catalyst bed containing a catalyst
for the selective conversion of N(Jerr]. A deflector directs the flow of
gas radi al IRADRDEGDW KA DRFAA SBREA| BOR YND PSETHOM OR R\BDIORING YEIE

cat alyst bed can i nel nad gk S PARarEURAERT A AbAS: oroengi neered

~catal yst.

A radial flow gas phase reactor for the selective catalytic reduction of nitrogen oxide in a
gas stream includes a shell enclosing an interior space in which is located at least one
catalyst bed containing a catalyst for the selective conversion of NO,. A deflector directs
the flow of gas radially through the bed. An injector upstream of the catalyst introduces a
reducing agent such as ammonia into the inlet gas stream. The catalyst bed can include

particulate, monolith, or microengineered catalyst.
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