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 | urgi cal plants, fgﬂfﬁlﬁqk;%lg%%ﬁgﬁéogﬁwgﬁgmgﬁgpl ants. Methods for
sel ectively reducing the NOR content of a flue gas are known. Generally,
such m%ﬁw r ' fNOX with a reduci ng 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
perfornmed catalytically at a 1 26 August 2005

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




nuch | ower tenperature, e.g. fromabout 500F. to about 950F., in 2 RuPER2905
known as selective catalytic reduction ("SCR'). One probl em associ at ed
with the treatnment of flue gas using conventional SCR nmethods and _
apparatus is that the weight and bul k of the equi pment 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")
equi pnent in order to nmeet the requirenments of nore stringent governnent
regul ati ons. However, because of the physical bulk of the deNO , system
the flue gas nust be diverted to ground level for treatnent and then sent
back into a stack for subsequent exhaust to the atnpsphere. To avoid the
large cost of such a systemit would be highly advantageous to provide a
rel at i vel mugh lgiensimghitatureleNOfromuatiout $H0°E o about 9609 G b parcaisdaodhmect |y into

the stac . I A ON I n accordance with the present
i nventi oﬁelew%gﬁgﬁeg‘%%ag?@g ‘e reactor is provided for the chem cal

conversion of nitrogen oxide in a gas stream and conprises: a) a shell

having interioy and exterior surfaces, a gas streaminlet for receiving an
inlet ggaségetl?rﬁétlﬁ{“‘r?ﬁﬂci?ﬁe‘g‘ﬁ‘ﬂi’ Hiettreaimenp pcilys gas upig s cerventianabBeR negthads and a

gas streamdQppdratus istha MO 4l thlkeatede & n SRR Phikogen oxide

concentration relative to the nitrogen oXxide concentration of the inlet
gas st r eawlisfacteysemaya e N yequires thasit bo heated peground lbuel. Many dedtusiria r educi ng

agent int I : QAne .cat al.yst, bed w thin the
shel | po |?4t§(;ﬁeeeg % ﬁ%a?egi?)ﬁttg{ &gﬁﬂ&g%rpgﬁal k\ﬁ?@?xﬁseqmgglﬁﬁtd PHist B pecthe
downst r eanquifementsef nmjreattiogent thheerpaém Ir@@tlathﬁdl H&ﬂ&&kﬁe&ﬁts?bf the gﬁfxsciida[\?_ f
ni trogen oxi de. c rsion catalyst for the selective catalytic reduction o
ni t rogen b&'i'? ‘&tghﬁ" ﬁ&[‘ﬁh@’sfem’ gle fg'?sgaéfq“étal?ﬁ ‘{}Berﬁfiéﬂﬁ@én‘_élef’?@% é‘ﬁit'@%lg agd reduced
ni trogen theti 6t KaRRGRDbISAL &F.subfdguent BtiAbNSS HRGHAnHPNERT TBRVH AR bk val |
defining an axial passageway and an outer wall spaced , _

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




apart fromthe interior surface of the reactor shell; and, 2 26 Agnalut906s
d) an inlet gas streamdeflector 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 catalyst bed and exiting
fromthe reactor shell through the gas stream outlet. The radial flow
reactor of this invention provides a relatively |ightweight 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 design,
thus lending itself well to retrofit installation in existing units. BRIEF
DESCRI PTI ON OF THE DRAW NGS Vari ous enbodi nents of the radial flow reactor
of this inventd)an ideigapsieanr defldcionfoldirettingdhe Aoy efimddtgaeomitayiag therein are

descri be . Lth.referen to.the. draw n wherein: FIG, 1A.is a

di agr am"r;tte ?@n\%\,\ée%\%% ‘E)rfidlgﬁ)f’ ﬁ?%@ghes%?lgﬁlbg‘f’?%e Iﬁ%i%‘g% ﬁ'ﬁ‘grgl%g?”ﬂé‘is #di3lg t he
radial f|ewsapedrtwih thé cdtklgst Ped sRNdxitinpviesth @ rehdlod shell 8@k (RESAS s@amF! G | B
is asideviewof FIG IA FIG 2Ais a diagrammatic view of "a radial flow

react or fUWEGr i ng a single catalyst bed; FIG 2B is a diagranmatic view of
an alternative enbodi nent of the single bed radial flow reactor; FIG 2C

is a diagrammatic view of yet another alternative enbodi ment of the single
bed 3 he radial flow reactor of this invention provides a relatively lightweight unit for the

selective catalytic reduction of NO, 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




26 August 2005 radial flowreactor; FIG 2D is a plan view of a pmd xagnaboos
catalyst bed; FIG 2E is a diagrammatic view of a parabolic deflector
positioned at the axial bore of a catalyst bed; FIG 3 is a diagrammtic
view of a radial flow reactor featuring multiple concentric catalyst beds;
FIG 4 is a sectional view of a catal yst bed enpl oying particul ate
catalyst; FIG 5A illustrates a nonolithic catalyst bed made up of
brick-like units; FIG 5B is a perspective view of a brick-1ike unit nmaking
up the nonolith catalyst bed of FIG 5A; FIGS. 5C and 5D illustrate
alternative enbodi ments of nonolith catalyst; FIG 6 is an isonetric

di agrammatic view of a packing structure useful for explaining the
principles of the present invention; FIG 6A is a diagramuseful for

expl ai ni fgdipkfleieaasios of a corrugated packing material; FIG 7 is a

di agrammati c view of a conbination of mcro engi neered catal yst and
nmonolith catalyst; and FIG 8 is an end view of a portion of a packing

el enent . Fl&%. 2B is\uglas tvie00 mlsiganh kbtaDESER; PTI ON OF PREFERRED EMBCDI MENTS As
used herein the ternms "stack™ and "flue" are used synonynously. All
gquantities should be understood as being nodified by the term"about" or

"appr oxi MHGeLY is 2 Gasmasiatic Oew SRS SHesiole asfl@t® paYitivaidanthewrleBsre 2PgCI T 1 ed

ot herw se.
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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The term"radial flow' as herein used in association with the fl oy gf %4%0(}5
through a catal yst bed contenpl ates outward flow fromthe inside of F e
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
wal I s having polygonal shapes such as hexagonal, octagonal, etc. as seen
in cross section. The term "nitrogen oxi de" as used herein refers to any
oxi de of nitrogen, such as NO NO2, N204, N20 and any of their m xtures,
and is alternatively designated "NOX ". The reactor and nethod for the
selective catalytic reduction of NO of this invention preferably enploy
anmoni a as the reducing agent. NO reacts with ammonia in the presence of
cat al yst I Thof . as., ShQ ' he foll ow ng equation
(not stoiéT%If) NG, “L +H20 The reactor and
deNO, nethod described herein can be used in any application requiring the
treat nent, of NO,, . cont ai,nin to reduce its NOX | evel. Typical
conbust i gh® Y aéﬁﬁ%ﬁ??eﬁ?‘éd%‘ikgég‘ﬁ%gla%P SYEen s oAl geansisigeshogldant s,
fluid catwundestost asbkéifgmo f "y a st mal
crackers, and the Ii ke.%gTh(eiEgg:)3 ?(%nél?ﬁoag%g{% %38"3‘2‘%’5{5{3’3‘5@%@?8%‘%&{\/“ Il be
parti cul diersenthgecHe biweight veagssnecifisshothdrvisea t her mal cracking unit for
producing olefins (e.g., ethylene, propylene, butylene, etc.) froma
saturated hydrocarbon feedstock such as ethane, propane, naphtha, and the
like. Hoviwderm tihdiak fhaw't asrheeaidused timasociatiom wieh the €dwidfigas thilygh@ratsfist ON

equi pnent, Qr _process i C ener at e S, cont ai.ni n undesirabl e | evel s
019 N%? . b68 co tempEz%es ou arg ﬂgwq"rom ﬁlesms?dego the bed to the ougside 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




Referring nowto FIGS. IA and IB, radial flow gas phase deNOX reagf Qi odd 2085
illustrated in conjunction with a thermal cracking system enpl oyl ng B A
furnaces 11 and 12 having a radiant conbustion chanmber operating at about
2200F. for the cracking of the feedstock. Each furnace produces a flue gas
whi ch exits therefromthrough respective stacks. Typically, the flowrate
of flue gas in each stack ranges from about 100, 000- 300, 000 | bs/ hr. The
flue gas typically contains the followi ng conponents: Nitrogen 60-80 vol %
Oxygen 1-4 vol % Water vapor 10-25 vol % Carbon dioxide 2-20 vol %

Ni trogen oxi de 50-300 ppm The flue gases exiting the radiant chanber are
typically at a tenperature of about 1800F. Each stack optionally includes
a convection section 13 which includes heat exchange equipnent through

whi ch t hehekdinwilybs particyarbsdaicrfilpnd ih eajuneion wethya thddel Edacleng asit foepi cal |y

exits the nvechLion sectjon at a tenperature aqf. from abo O00F, - 500F. ,
al t hough ptrﬁ “9‘%03?‘?'%8-8\78@1%6?’@6@? engglwtﬁlgneda}cﬁsffogaa F%mﬁwg% c#PoRe gas
t enper at uteitol bedhis cthahs, preJage, napiihe, ahl B 192S efovRled 18 rSRRALAY RefogCks are
then joined and noved by fan 14 into deNOX system 10. Fan 14 increases the

pressur e G be Heedrvihbany£ombyptionsdnipgnenher Riacess ihish ganorates a gasontainiyst em 10.

6 26 AugymbeUBR 1dNE sradhal flow reactor of the present invention
advant ageously provides a relatively long gas flowlength prior to the gas

entering the catal yst bed. Especially in conjunction with a deflector, the
long gas ﬁéf&'\‘\fné ‘35'\9%1 Fﬂ%ﬁ% ﬁlrdol\ﬂ,(;a%iaﬁ 0% g%ls% g5e d\éﬁbg(r:ei:atc%r % ?stiTlLé%gl%gdcirq of gas
conjunction with a thermal cracking system employing 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.




flow through the bed. This is significant because the gas flow exy Rhgﬁstzoos
severe velocity distribution at the fan outlet. In conventional syst

the catal yst beds are overdesigned 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 avoided by the radial
reactor system described herein. Referring nowto FIG 2A in one

enbodi ment, radial flow gas phase reactor 20 includes a reactor shell 21
having an interior surface 2la and exterior surface 21b. Shell 21 includes
a gas streaminlet 21c through which inlet gas containing an initial
concentration of NOX is received, a gas streamoutlet 21 d through which
treated gas containing a reduced concentration of NO, is discharged, and a
passagewalheZidial ffovmantoc af the gressrit ﬁn\@aﬁomadvemageomly pedvikid refedwdlgliong for the

assage of as thereto. l.njector a e of injector
Il[<)nowng| n %aﬁglogr 9%6 e, W%Be&féeﬂtﬁrlgéﬁgaﬁt@lyﬁéb ?g%ﬁ?emﬁﬂ}‘b? ppegion ithip

i nj ect or sdefisetbty de IBn@gdsdtow kRgth Belpk BRoVRIRS hbreReeh VelodifyRlidtibiRfonGRgasSt r €am
upstream of the (flat al yst bed.. The grid-like portion includes a collection

of spar gdfoY thsugn thg bad. ﬁf%‘éﬁigﬁ#ﬁcﬂ‘ﬁi)f?%e thezangey exhibinseagervelpcty st ri but ed
manner. Gragh@idnYat telten HGRY Cln%nvé?ﬁﬁﬂé ﬁet’r@ltﬁecé ?a(i)(ét Bedd agt% 5\%?(%&1 %ﬂec? pposite

that of the flow of inlet gas. The re | ng ‘agent era anmoni a
but nmay divtabpuizd0% et motsdo C@fnpfaldctetfmrcth@wlycﬁynndldmﬂbutmea,usexl*b;aﬂhkydn amne or

ni'er et oves el R YRR PR B et ST oBB B B LR 1 cast
one cat aIthestadfad)reattbﬁsﬁaheddsu\ﬂﬁ:drlﬁﬁbmt| on 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 Zeratigdabw29PRG. 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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Cenerally, the lower the tenperature, the greater anmount of cat a'ﬁé&u%&stzoos
required to achieve a predetermned |evel of NO, conversion. In cases
where the flue gas tenperature is undesirably |Iow, a burner or other
source of heat can be used to increase the flue gas tenperature.
Al ternatively, convection section 13 of the furnace system can be
configured to provide a flue gas having a tenperature suitable for
sel ective catalytic reduction of NOR Catalysts for the selective reduction
of nitrogen oxides in the presence of reducing agent are known in the art.
Represent ati ve exanpl es of such catalysts include, but are not I|imted to,
oxi des of vanadium alum num titanium tungsten and nol ybdenum Zeolites
can al so be used. Exanples of the latter include ZSM5 nodified with
prot ons, @eneygllyhthe doyppdhe temperature, thy droater amxuntof aatalysk strequired dabéhdevs aor
their conjy j . St . unger ver . .that the scope of the
pr esent ;@%%%g%ainge%%{ﬁPf %)rprgﬁl%%bqlgc%tﬁg%ﬁ?rﬁgg © a(slge[ng?efla&reésr cat al yst
conposi t iumdesiBhlydbys4 birael @dthpo sersseheartah bt asddad iveddse @3udehi ni ng an

as stream caontaiping the

axi al passage 23¢c for —receiving the inlet

reduci ng tﬁr&g‘?{%}%@@qﬁ'ﬂﬂ%ﬂ?lya%“ﬁ“ﬁ& §%¥5’é‘v&§fﬁ}?§gn}a§e Disteitheansigcrnbgured por e of
subst ant italpkdvident fiey g GhAARE Rimpeit@e ShRible fob Seld@NE LitalytiIRMBYSIy ofdidler axi al
passageway configurations are possible. For exanple, as illustrated in

FIG 2C, reactor 50 includes a conical or frustoconical shaped catal yst bed

53 havi NGy GORk: AR s RASRAGENRYn OB firobdH Glid¥aR tRIFr &AM ERRink AGed N 61 51c
h g n g e def

and passes 1njector wher eupon 1t ers passageway an ITtect ed by
def | ect orar&knawnt ip thraas | Represadtiativd exampies \whi subhtchtabysglindadeabytsire hed 53.  Upon

energi ng fr.om.catalyst bed. 53,. treate as flows to t| et 51d. Referring
again to lﬁl%\ﬁ]t%&xmieﬁg%yw P8Y ab’&?“%ﬁgﬁﬁﬁ?lnﬁm%“?"eadﬂd’é‘g?b SHReAEPHES on of
NO , enercgesish beomsddhExauprRE ofk lat3mehile ZRR-§ alodl ficdltwillieslotont,Or RS agevay

23e where it fl%\,\ﬁr to outlet ?ld. Passageway 2le is at |east partially
defi ned EYPRFOLRG IV Z8p Q¢ BlagaIMEatiPIs oF Breingambimtansoflt stiebeat al yst bed

and i nnemndétsthad hoddtva, Bht hbScope 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,




reactor shell. 8 26 August 2005 Catal yst bed 23 is generally a””“ﬁ@hhﬁmﬂlﬂﬂs
shaped and preferably the outer and interior walls 23a and 23b are
concentric cylinders. Alternatively, the outer and inner walls 23a and 23b
can be polygonal such as octagonal, hexagonal, etc., as shown for exanple
in FIG 2D as catalyst bed 23'. Pol ygonal shaped catalyst beds are _
especially suitable for use with MEC catalysts (described below). An inlet
gas streamdeflector 24 fabricated froma gas-inpervious material such as
sheet netal is positioned within axial passageway 23c for directing the
flow of inlet gas stream entering passageway 23c radially outward through
catal yst bed 23. In one preferred enbodiment, deflector 24 is conical in
shape with an apex pointing upstreamso as to evenly distribute the gas
flow |n GealystrhedRa s ganefadly eaeilehbdaperband poéfetahty thaowet andrintasior waibwn i n

FI G 2E, fl a6 L B TN Ne]y In.axi al ssagewa C,.of 23 and
possesse sg%ndng r2 %ﬁ glfegc %n% & er ogglglh%rgp’gﬂglbgﬁ'\%ﬁ’ %éeuér)u?%{c?g pnd %W??Sa%? ad’ﬁ}g? am
poi nti ng @pdr pRWLbral skar alwotagomd] ) lyexsg‘oagl_edtlcdai élﬁﬁ)\trﬁbf r %ﬁn@wiﬁtﬁggdﬂg %g od?/rg ggleg
advant age_of oVi di a nore even radial gas f]ow.throug e co

to, say,g %?%é%sﬁ%gﬁf yﬂglﬁﬁﬂg‘gsm?‘f‘é"égﬁ?t%e%r% sfﬂeﬂﬁhhﬁwaPlé ferese wits MER anot her
enmbodi mendatalysea@eRkibddbdlpg).udes a shell 41 having flared.5|de 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 Rethiei s 8 dUREDLS RUREAGPANA AL ihAS LEARHAHASIE s die The

interior surface 41 a t he reactor € outer .of t he
cat al yst meldl is pesidongd within ®galgassag¢wam3ador dircktimgmha flgasof iflbows basam er at

e ot S A P oS
ener ges famdmdinient, 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




inner wall 43b of the catal yst bed into axial passageway 43c. The,treat
gas then flows to outlet 41 d and exits the reactor. Referring n%%ﬁ?‘“ﬁ%@?s
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 26 August 2005 surfaces 3 la and 3l b, respectively, an
inlet 31c, 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 upstreamof inlet 31lc. The description given
above with respect to injector 22 applies also to injector 32. Reactor 30
includes at least two preferably concentric spaced-apart catal yst beds. As
depicted in FIG 3, reactor 30 includes concentric annular catalyst beds
33a, 33b,sugfpers3de and Tdnrasnéctivelyaanyistet Byl 08t 3il dind deassagevaasi e bore 33d in

i j . .ar i sitioned. Frustoconic deflector 34b is
bosi t1 onad R g RARoute e broVR R Kookt AT bl e dber8Sa ifiossb. and
f r ust ocorii2aah be pbéitatedrwilie inla 33¢ 0F hrtrbaim PO 3 0A eThddds&ifioh Revenannul ar
space bet%een cat al gﬁbeds ﬁzbmand éBc.,Annular plate 34d prevents the
inlet gaé‘OY?BﬂﬁﬁVp%i PRSI & apRites plFe {0 WEREEOr 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., ammonia) enters axial bore 33d and
t he bot t diReser 3(mchdptdtdeastipecarsietiblymonpenttit siagstapedstaB3abaind A33b,  and

255 0 B iq Shaeed skl AR IR BRSNS B 2L
emer ges fGentrakdatalyse bisd 33aribdugranie agisivbore 31d i whible caadalyfBidctza3na ke in the
form of %%Eittii)gel& a};trl?étocrggﬂ:gf (!letﬂgétog §4brriis %{r)gtelc?nge!d IQ;veitefllrlne t e%glj[lueﬂlrys?)gce b(e't'wl\gg' )

catalyst bed 33a and 33b and frustoconical 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




Referring to FIG 4, catalyst bed 140 contains particul ate cataly§5A$é%“2005
di sposed within the annular space between outer screen 141 and inne

screen 142. Inner screen 142 provides an inner wall structure deflnlng an
axi al channel 144 for receiving inlet gas and reducing agent. The inner
and outer screens 142 and 141 are commercially avail able from USF/ Johnson
Screens of Wtheville, Va. Suitable screens include, e.g., welded wre
screens, | ooped wire screens and woven wire screens. The SCR catal yst can
be in the form of particulate, or can be supported on a particulate

catal yst support such as titania, zeolite, 10 26 August 2005 carbon,
zirconia, ceramc or silica-alumna. Referring nowto FIGS. 5A-5D, the
catal yst can be in the formof nonolith 50 which can include a quantity of
st acked lsaitok, tirdoriauceramsic®t siliThelunmimol i t h catal yst 50 includes a plurality
of parallel channels. As shown in FIG 5c, nonolith 52 possesses a
honeyconb structure with hexagonal channels 53. The channels, however, can

be of anyRefettingahb® to Fmﬁéﬁﬂpﬂhaﬁatﬁlﬁbt&:ﬁﬂbe {df @ et FmonbliNAPRSich et he
like. Flchéﬁgl Ilustr tes a nopnalith 54 having circular channels 55. The
Y

nonol i t hdNCYYF HEantty, dtaﬁvdé?fwkéﬂﬁeﬂgl%ﬂ ahke Ié@l?féllth caigly S8 inchedemat o t hose
Wi th ski liurhfey P Ba@lidl-chdiRisC ﬁwﬁ AereER, Clﬂ%r?d[%l’?%% bfsﬁésg&rael%ﬁg}g %qﬁ'll nto the

nonol it h 'support so as to coat t'he inner “surtace € chan rough
whi ch t hetrugiirs with kexagdrabolsmnals 53.r € chentels, howyedr, @n bk bésnyaduitablaat i ve, t he

SR ot e S8 B, e s TRERR RN AR D ol dmpbriesey

greater lmhiag cabidat chBfmiéls T eTHeRorRAtIRIcHS be fiimee B¢ Einkeeid bf‘argﬂﬁﬁéidl ng U S.
patent ap cation Ser |altgb 60/ 222,261, filed Jul. % 00 entitled
Conver si d‘ge opm g thosewith skill1p thepst. PrywicaHrdhePCR C@I&b@ ig émpregnated

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




Supported on a Mesh-Like Structure, the contents of which are ince Raba9do
by reference herein in their entirety. The nmesh-like material is co rlsed5
of fibers or wires, such as a wire or fiber mesh, a netal felt or gauze,
netal fiber filter or the Iike. The nesh-like structure can be conprised

of a single layer, or can include nore than one |ayer of wres: e.g., a
knitted wire structure or a woven wire structure, and preferably is
conprised of a plurality of layers of wires or fibers to forma

t hree-di nensi onal network of materials. In a preferred enbodi nent, the
support structure is conprised of a plurality of |ayers of fibers that are
oriented randomy in the |layers. One or nore netals can be used in
producing a netal nesh. Alternatively, 11 26 August 2005 the nesh fibers
can i ncl ubemestt Bbdératbm includcinihteriols i alditinab smetdl) a preferred enbodi nent
wherein the nmesh-like structure is conprised of a plurality of |ayers of
fibers to formthe three-di nensional network of materials, the thickness of

such  suppeprefesedémbRAHEntWHEL IR MRA-1likB SGuIRB S ArhpfisdPEFa PRtaliXgEed ten
mllimeters. In_accordance with a preferred enbodi nent, the thickness of

t he net wor¥ers of filers toferm thy thrge-dimgnsionpmetiprk opmateaipkibthy thicknessafisudtoo

P 1onS ShAES e el NGRS RIS GRS 2 e

t hi ckness di anet er t he orm plurality of |ayers of
fibers i aactewdancevdth aefstred G@bodimennthe tiiclafess alithy ndtessk ik halkagalbout 150

m crons I refera l,es han about 30 microns. In preferred
enbodi nef]}'{‘]‘,%“’tq‘gég 4 WBEWS%?%MM l%ﬁsg (RICTOp apd, generally does ‘é"tF?“Eﬁ?agbout 8 to
about 25 millanhe@ss. The three di mensional nesh-1ike structure can be produced

by known net hods such as any of those described in U S. Pat. Nos.
5, 304, 330, 5,080, 962; 5,102,745 or 5,096, 663, the

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




contents of which are incorporated by reference in their entiretyzg hiishsi 2665
be understood, however, that such nesh-like structure can be forned gy
procedures other than those described in the aforenentioned patents. The
mesh-1ike structure that is enployed in the present invention (wthout
supported catalyst on the nesh) has a porosity or void volume which is
greater than 85% and preferably is greater than 87% and nore preferably
is greater than 90% The term "void volunme" as used herein is determ ned
by dividing the volune of the structure which is open by the total volune
of the structure (openings and nmesh material) and nmultiplying by 100. In
one enbodi nent, the catalyst is supported on the nesh-like material wthout
the use of a 12 26 August 2005 particul ate support. In another enbodinent,
t he cat alppsticutate supporeer ting nitrogen oxide(s) is supported on a
particul ate support that is supported on the mesh-like naterial. The term
"particul ate" as wused herein includes, and enconpasses, spherical

parti cl edn apbthagaibRindi [the badystifbdRhSertifl Ritrogdn 0,988 i8buppbfi&l VLT age
particle size of the particulate on which catalyst may b sqppor}ed ~does
not exced@tEglitssuppeh thahissuprorted on dhg meshrlikegnateniady ThvigrmSpartivwatehas wi t h t he

aver age | C ' ' |.Qrd . i 1 Crons.
T paner APE hrbh IS, dud chitimSRAR, dohdicH] pEATES SR EH FERHLS Bl 0.1 0
0. 002 ni dngencsadthroveragrepeticlé biye af the partitulBtesn whidr @ndyst \Wag ibe sipoaad al yst

supporte n th hcul ate support.is coa eﬂvg the nmesh, the average
particleq??%%xggagﬁgbgg?gPQ%?léggﬁg?pyagﬁg? f SBQEQHBQWEQgﬁﬁﬁmT§3n1crons
and,  wheartieid sizpipeltt majotityeoTasds noteReddd 30 BRSO g@%EEaRE dabheli Crons. In
an enbodineni of the invention, the nesh-1ike structure that functions as a
suppor t gyticle size 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 sdﬁport 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




the catalyst is in the formof a shaped structured packing. This ﬂﬁﬁh&@ﬂzm&
can be configured as described below in enbodi nents given by exanple®to
provi de for turbul ence of the gas phase flow ng over the catalyst in the
reactor. The mesh-like catal yst support structure can be provided with

sui tabl e corrugations in order to provide for increased turbul ence as
described in nore detail hereinafter. Alternatively, the nesh-1ike
structure can include tabs or vortex generators to provide for turbul ence,
al so as shown hereinafter. The presence of turbul ence generators enhances
m xing in the radial (and longitudinal) direction and also inproves access
to catal yst either coated on or entrapped in the nmesh by providing | ocal
pressure differential across the nesh, and thus creating a driving force
for fl ow. flariskeet hat exscily tithpaizk ofithe dhe aatl 9te Hedd fogethérdyfwelds, ofires, arodul e such

as a rollq@%%ﬁgﬁﬂg{ﬂﬁgﬁﬁc]?ﬁg&%%ﬁﬁ$%%¥gs pl aced into the tubes of a reactor

such that channe n ollow the |ongitudinal direction of
the tube. The roll can conprise sheets that are flat, corrugated or wavy

i nat i h f d the .sheet tain fi hol t
b omot o ri Bt indigo ST bt B sl HR S5 ohar SHABBHOTYS CEBRRUBR B ot 1 ps ¢ hat
are sepa re’iﬁ;ﬁ@;ﬁ‘dfiﬁ ASAC HhEH thE asWst@dcthied2fedU USdxagpid tHel Adsh Sk §hpfoRal

exactly fit the size of the tube and are held together by welds,” wres, a
cyl i ndri cBay bg formehassingsy pacidgies, ribbansrgic.iehd employed in 4 rsagtor 45e pankksirtstiood t hat
the nesh-1ike support that supports the catalyst may be enployed in a form
other than as a structured sheet. For exanple, the nesh-like support may
be f or nedltescatalysywhichas suippbixsl onr thiests|ikesttmctuan chnerpiresgsichn the mesletkd or as a

packed bed, %@e cat al yst ~whi.ch i s su ted, on the nmesh-1like structure can
be presert'Pd ?Sn%ccl?ﬁg% Op fhggvires l?bﬁB‘?rf' H%E¥WGB%WﬂbﬁWtT”ﬁ@r%@é%r cgp _g? i bers
t hat f or rprédest @S Brained én ik iniebides ofihe nsh-GiRE sthgturBr €sent and retained in
the interstices of the nesh-like structure.

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




The catal yst can be coated on the nesh-like structure by a vari Etfﬁgﬂxgustzoos
techni ques, e.g., dipping or spraying. The catalyst particles can be
applied to the nmesh-like structure by contacting the nesh-1like structure
with a liquid coating conposition (preferably in the formof a coating
bath) that includes the particles dispersed in a |iquid under conditions
such that the coating conposition enters or wicks into the nesh-1|ike
structure and forms a porous coating on both the interior and exterior
portions of the nesh-like structure. The catal yst is supported on the
mesh-1like structure in an anmount effective to convert nitrogen oxide(s).
In general, the catalyst is present in an anount of at |east 5% and
preferably at least 10% wth the amount of catalyst generally not
exceedi ngﬁwam@%i@aﬂd reprosestatiee ef aplualitjoef exraiebatirmigai0 $heetd df poyousaicsint

based on ] o ne. embodi nent where .the porosit r void
vol une of E@alraﬂ{t}g%r?el%ittgégs{nrﬁg\?ggén%?qaﬁ?mtwgg%&h? KyTueatipnsot %8Hep5%?f’éf3§st i's
great er tHyadladdbndh lirieh evhivhi bt Apeinglenito de veaticl ¥dctio of lOWraAIONEASY0 t 0 about
40% and when the porosity or void volume is greater than 90% the weight
percent 'EPTCXHRNSE £RO8S E"&f‘é’f 9’@% qu’é“gﬁ‘i‘?ihaa%@'ﬁ?e“g%rﬂtga%éh?et%@@#e%¢ i ous
enbodi mentosiepfee Skbehl @herPacki ngs will now be described. In FIG 6,
packing 2 is 14 26 August 2005 diagrammatically representative of a
plurality of parallel corrugated sheets of porous nmesh material (referred

to herei - [Nyahi t rr tons.4 are,r esented by
di agonal riflﬁ%gﬁ%h%&gpgl?dngﬁw@ﬁép%wg%tSo%f Wgeg%}stﬁo{:ngfneaiv\a@clﬁg@ﬁn‘?fg flowf.
FI G 6A, meatenia fhadeid meseneinvertion foeprbiidingaf combhasdreagiist b structhel facait

corrugat heets. 8 rnate 0.degree. fromeach other. |n EIG 7, a
convent i %ﬂ:ﬁ c%ﬁﬁfﬁﬂﬂ%ﬂg@@ﬁﬂﬁ‘%g’ﬁgﬁ‘g‘f‘ﬁ?r@ PERYIGes IRBIONPHEAVEISIR- VBE mesh
mat eri al ifdest id HveisRAGHbeliRYERt iR bYREOMPISRE rixmHpiHadueatal yst bed

structure fqor the .
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
i5




SCR conversion of NO,. The conbined structure provides inproved 2¢ Ausust 2005
conversion. The increase in conversion is believed to be caused %y e
i mproved m xing of the structure creating an inproved efficiency of the
downst ream honeyconb nonolith. Referring to FIG 8, the MEC nesh nmateri al
can be fabricated fromelenents 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
triangular and bent fromthe plane of the elenment 826 sheet material. The
generators 846 and 848 alternate in the direction in which they project
fromthe plane of the sheet material as best seen in FIG 8. The
corrugations have a wdth w. By providing additional turbulence, the
vortex genéuctiono§NOyin héne gassrotme of twi firfdcesvurtder tha gbildwiag flos gss of the MEC
naterialéggaﬁt&? the pressure differential thereacross. The side walls of
el enent Areinclined at an angle .beta. of about 90. The roots and
crests extend in a linear direction. The Exanple below illustrates the
operatiO}?of the radial flow reactor and deNO , nethod of this invention.
EXAMPLE AlPWateT36000) B4Y phase reactor shown in FIG 2A is enployed for
the selective catalytic 15 26 August 2005 reduction of NO,, in a flue gas
stream of two furnaces under the following flue gas conditions: Flow
r at e=360, Bo@etdeeh3o0°Taiper@) ur e=360F. (182 C.) NO,, content=100 ppm A
sufficient anount of ammonia is added to the flue gas to achieve the
desired reduction of

NO, content=100 ppm

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




NO,,. The catal yst enployed is MEC coated with V205 /Ti Q2O cataly Au@@ 2005
desired NO,, reduction of 90%to 10 ppmrequires about 54 nB of the (t:
catalyst. This volune is accomobdated by a radial flow reactor with an

i nside bed dianeter of 2 neters, an outside bed dianmeter of 4 neters, and
a height of 5.75 neters. No additional volune is required to conpensate
for velocity maldistribution. The effective bed | ength through which the
flue gas nust pass for treatnent is only I nmeter. The resulting pressure
|l oss is only about 0.17 inches H20 t hrough the catal yst bed, which is
increased to 0.3 inches because of changes in flow direction. In contrast
to the radial flow reactor of the Exanple given above, to achieve the sane
90% reduction of NON, an axial flow reactor using the sanme catal yst would
require Drefertedsembaliments therdofd Thise lskiflnd itlie pit ok knvigos aoey otheal yst to
acconmod r t. pressur rop for
t he axi al%? ﬁl%@vlgsg‘g% mftllle S\%%Mddslﬁﬁh h%lh‘%% e tﬁs ﬁ%i#’}/ lﬁ‘eﬂ%é '8? 3%3685 d([jhan

t hat of theeets.adi al flow reactor of the Exanple. Wile the above description
contai ns 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 spirit of
the invention as defined by the clains appended hereto. 17 26 August 2005
What is clainmed is: 1. In a conbustion systemincluding a furnace

contai ning a conbustion zone and a stack
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posi tioned above the conbustion zone, an inprovement conprising aq Adb&t 2005
fl ow gas phase reactor for the chem cal conversion of nitrogen oxide in a
gas stream whi ch conprises: a) a shell having interior and exterior
surfaces, a gas streaminlet for receiving an inlet gas stream di scharged
fromthe conmbustion zone and having an initial concentration of nitrogen
oxi de and a gas streamoutl et through which treated gas of reduced nitrogen
oxi de concentration relative to the nitrogen oxide concentration of the
inlet gas streamis discharged; b) at |east one injector for introducing
reduci ng agent into the inlet gas stream c) at |east one catal yst bed
within the shell positioned therein at a location which is approximately
at, or downstreamof, the injector, the catalyst bed containing at |east
one ni t r¥heirs eleimekd isonver si on catal yst for the selective catal ytic
reduction of nitrogen oxide in the inlet gas streamto produce a treated
gas of reduced nitrogen oxide concentration, the catalyst bed having an
interior M&ihcdﬁbﬁsﬁbmgysaﬂm inclugingfd ﬂu&tac@&&ﬁzﬁg:ﬁg/awombdsmﬂ zowd &1 avedck  spaced
apart from ter or surface of the reactor shell .ning a

ci r cunf erf&f 105? 8&’8 Coﬁégilﬁ’ﬁg\%‘if ané‘ﬁﬂmvﬁ)lerﬁﬁo?’ﬁﬂﬂflgﬁé?éi%tﬂ%fa&?ﬁ 8b#seect or
for diregtadig b ChéMicAlfcohreibn BRSr6 QM RXid¥ iRG gal ﬁ%ﬁh@ﬁicl@ﬂﬁﬂ%nsre?‘d' ally
through the catal yst bed between the axial fi rst passageway a

circunferenti & 2§ Uml%ag@ag%mtheﬂﬂbﬁl@&ﬂ%aEﬁﬁestlteﬂ@aﬂlétifog@ewm@nel n the
reactor i; t .The

react or (;I?Eeg alsﬁﬂbﬁﬂvﬁgﬂr’% Ig&%gégﬁ 9&}6% Ztogg%as a#‘sgaahgﬁﬁltlép&ggen I;atglguratl on,

t he axi alof niiagsmg&miaynd hgase&ufeamméet\thmugkhwhnch trestedgas cfredied niangai ni ng
reduci ng 2 ect. itioned within the axial
first pass gg" Cengﬁ%g‘f la 'gﬁgoatﬁ% P}qiogf”hg’fl ‘f"l‘fe’ﬁ‘f‘?g‘oﬁﬁgthe’a"lﬁtaﬁaéﬁ%?ai“blsout er
surface, mﬁa@&g circunferential second passageway conmunicates with the

as stream ou
g th 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.
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18 26 August 2005 3. The reactor of claim1 wherein the circunfergnji, st 2005
second passageway receives inlet gas stream containing reducing agent, gﬂe
gas stream deflector is defined by a gas flow barrier at the downstream
end of the passageway and the axial first passageway of the catal yst bed
communi cates with the gas streamoutlet of the reactor shell such that the
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 c reen _defining the.axi.

passag evv:%i (Etltl)‘1 f\é E}faﬁgﬁ g(f:gl? lgrf 3 é“tﬁl g%gt{ﬁe ég g{;l%hﬁ%rer%gl?l Sﬁﬁo&géjggsgﬁ orenes é@?te%iﬁ s

def i ni ng stresmpaontainirgy retativeaRnD drtal sttbanbyefleb@r Balelihelbod gas ffow Jdifler €act or
of claim]l wherein the gg Izst bed i s, catal yst supported on a nesh

ot r uct ur dit TR Tee spcetths Passassiay anciR anpbs BESWECYaY ThBe Fdazrded of

clai m 1 vidgiriiickdiSyifihd b¥sdreRabutist & RN b Mell Such AR KERAGIQM 0T claim 1

wherein the injector is an injector grid positioned upstreamot the gas
st ream i rinargiag fiopethe exfelysirbed lgnters. thoaxiglfustpassegovayoindeiits the tedctor shadk

i ncludin f I ing the pressure of the inlet gas streamw thin
t he reactgl glr%ugﬁ&elg% itbé&&r SR

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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26 August 2005 10. The reactor of claim 1l wherein the reactor CO”EKE&%&M@%OS
| east two concentric annular catalyst beds in spaced-apart relationshiip to
each other and further includes at |least a second inlet gas stream

defl ector positioned between the concentric annul ar catal yst beds. 11. The
reactor of claim®6 wherein the nmesh structure conprises a randomy oriented
plurality of layers of wires or fibers in a three-di nensional 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 | el 1?)h%ﬁ'@ r%lac of bt claﬁr%XIa\%ﬁer}gilnltP{e 1%2381? ((:jdmpzrg;es at least two concentric annular

catalyst beds in spaced-apart relationship to each other and further includes at least a

second inlet gas stream deflector positioned between the concentric annular catalyst beds.

11. The reactor of claim 6 wherein the mesh structure comprises a randomly oriented

plurality of layers of wires or fibers in a three-dimensional network.

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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