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. REDUCI NG NI TROGEN OXIDE | N A GAS STREAM BACKGROUND OF THE | NVENTI ON 1.
Fiel d of whe2easvesnti on The invention herein relates to a enEmsezbseeeact or
and nethod for catalytically reducing the 5 content of nitrogen oxide in a
gas, particularly flue or stack gas, rESU|NMQ® fromthe conbustion of fuel.

2. Description of the Related Art m‘ﬁﬂmm n of fuels in various
i ndustrial processes often generat e 10 oxi des of nitrogen

(NOx), wusually in the formof nitric oxtde*(NO and nitrogen di oxi de (NO2).
Hi gh conbustion tenperatures tend to produce nore NOx. Because NOx is
harnful to the environnens r{ASE (REAGRCGR [(RND PROEES® FERuUce the enission
"of NOx in gases produREDUOYNESNITHOSENRI aKIPEOEHS &e SASNSTREM 't he
conbustion of fuel, particularly gases resulting fromthe operation of

_power plants, thermal cracking f urnaces, |nC|nerato conbusti on
"engi nes, net aBAGKGROBNDPLENTHE T MVENTIDEr plants an {m“m mm"m ants .20
Met hods for selectively reducing the NOx content of *G&ﬁ)gas are known.
Generally, sugh -field of the Invention
The invention herein relates to a chemical
reactor and method for catalytically reducing the

5 content of nitrogen oxide in a gas, particularly flue

or stack gas, resulting from the combustion of fuel.

2L- Description of the Related Art
The combustion of fuels in various

industriai proéeéses'often genefates undesirable

10 oxides of nitrogen (NO,), usually in the form of nitric
oxide (NO) and nitrogen dioxide (NO,). High cémbustion
temperatures tend to produce more NO,. Because NO, is
hérmful to the environment, efforts have been made to
reduce the emission of No;'in gases produced by

15 1ndustr1al processes involving the combustion of fuel,-

| partlcularly gases resulting from the operation of

power plants, thermal cracking furnaces, incinerators,
internal combustion engines, metallurgical plants,
fertilizer plants and chemical plants.

20 Methods for selectively reducing the NO,

content of a flue gas are known. Generally, such
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WO 02/ 068098 PCT/ US02/ 05621 net hods invol ve the reaction of NOx with a
reduci ng agent, optionally in the presence of a catalyst. The sel ective
non- cat ama dzoaseducti on ("SNCR') of NOx with a reduci ng aBERUSSeEI21aS
ammonia or urea' requires a 5 relatively high tenperature, e.g., in the
range of from about 1600F to about 2100F. Alternatively, the reduction of
NOx wi th amoni a can be perforned catalytically at a much | ower

temperature, dethodd OAORYE BROF bACARBH 025AE, ditin 4G puGeaRs Known as

feleft|v$ c?t ytic re |on em assocl ated with the
reatnent o h d

the wei ght an%&%mgéﬁt?%egga ?Sﬁﬁbéc’é%%ség%”ﬁt ?oéa?ﬁﬁzvg‘??a?b%?atfoiCat
renoval of NKM % %Y%S?é$?%8£31Yﬁllchasgtfg grgﬁﬁﬁﬁkfvgk Nghthéﬁdustrlal

pl ants need to F enova ) eqU|bne i n. order
sochuce b 2o HATTERY cafbabrife SR SETR foueyer.
Sofqtent "o BRI B BRI LA POt 0L T
systemit would,be bLop! YegGvpnt 8o “étté’lé’éoﬁ“ de a -2
| Alternatively, the reduction of NO, with
ammonia can be performed catalytically at a much lower
témperature, e.qg. from about 500°F to about 950°F, in a
10 process known as selective éatalytic reduction
("SCR”) .
One.problem associated with the treatment of
flue gas using conventional SCR methods and gpparatus-
ié thét thelweight and bulk of the-equipment necessary'
15 to achieve satisfactory removal of NO, requires that it
be located at ground level. Many industrial plants
need to be retrofitted with NO, removal (“deNOx”)
equipment in order to meet the requirements of more
stringent government regulations. However, because of
20 the physical bulk of the deNOx system, the flue gas
must be divertéa to ground ievel for treatment and.
then sent back into a stack for subsequent exhaustlto
the atmosphere. To avoid the large cost of such a

system it would be highly advantageous to provide a



W O 02/ 068098 PCT/ US02/ 05621 rel atively |ightweight deNOx unit which can be
incorporated directly into the stack. SUMVARY OF THE | NVENTI ON A gas phase
react or ™o® 0/080Bhem cal 5 conversion of nitrogen oxide | RCI/USABOBRY eam i S
provi ded herein which conprises: (a) a shell having interior and exterior
surfaces, a proximal end, a distal end, and an axis defining a |ongitudinal
direction, a gas streaminlet 10 at the proximal end for receiving an inlet

gas stream hawé Wt ffel i 11 w‘@ Bhtaatoenuef t nihiSgesafxbde and a gas
stream out | et through whic tre ed gas of reduced nitrogen oxide

concentratlcwhﬁégfééfgté@ e bi 1y opero oxhélesepmeentration of the inlet gas
-stream 15 is discharged: (b) an 1njector for introducing a reducing agent
into the inlet gas stream (c) a burner positioned in the reactor shell for
heating the inlet gas streamto-a reaction 20. tenperature; (d) a catalyst

,bed within tha),apeky @ﬁdTﬁgs éﬁ@&b@omnstrean1of t he burner, the catalyst

bed containin €as en oxi.de conversion catalyst for the
sel ective catalytic r3dﬂcéé9npﬁgsé3reactor for the chemical

5 conversion of nitrogen oxide in a gas stream is
provided herein which comprises:

(a) a shell having interior and exterior
surfaces, a proximél end, é distal end{ and an axis
defining a longitudinal direction, a gas stream inlet

10 at the proximal end for receiving an inlet gas stream
having an initial concentration of nitrogen oxide and
a gas stream outlet through'which treated gas bf
reduéed nitrogen oxide concentration reiétiﬁe té the
nitrogen oxide concentration of the inlet gas stream
15 is discharged;

(b} an injector for introducing a reducing
agent into the inlet gas stream;

(c) a burner positioned in the reactor shell
for heating the inlet gas stream to a reaction

20, temperature; | F

(d) a catalyst bed within the shell and
positioned downstream of the burner, the catalyst bed
containing at least one nitrogen oxide conversion

catalyst for the selective catalytic reduction of



WO 02/ 068098 PCT/ US02/ 05621 nitrogen oxide in the inlet gas streamto
provide a treated gas of reduced nitrogen oxide concentration and, (e)
means posvobpeaadsupst ream of the burner . 5 for effectingpPogatsomasshange
between the treated gas and the inlet gas stream containing reducing agent.
The reactor of this invention provides a relatively |ightweight unit for
the selective catalytic reduction of NOx in a gas, in particular flue 10

duced b :
eadi |y .“ﬁﬁorfﬁ%?%?é%ﬁ?ﬂﬁ‘ig%h?ﬁ “wifbpiet wtt Bt e Hn i onal
d h | end] I I
cee 0 (s Lorghan bLaeLt Vahlel SSLOEls ORLs! LONLAR LR 21 0

‘reactor of this. invention and preferred catal yst arrangenents enpl oyed
therein are d®33tibed bel ow with reference to the drawi ngs wherein: 20 FIG

VA0S a_diagrannatlc V|?m%?$?§%£Bégggﬁ%ggﬁégﬁ%gérga%ngfntﬂggsﬁfggprporat|ng

the radi al flom/ reacto Ion ini1ts s secti on;

1815 @ ghice Vbl OhqFhéat! Bkchnge KR OGLORBORE EELALERZ502021 FICS

o2l are agra

and the inlet gas stream containing reducing agent.
The reactor of this invention provides a
relatively lightweight unit for the selective
catalytic reductidn of NO, in a gas, in particular flue
10 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.

15 BRIEF DESCRIPTION OF THE DRAWINGS

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

20 FIG. 1A is a diagrammatic view of a furnace
system of a known type incorporating the radial flow
reactor of the present inveﬁtion in its stack section:;

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



illustrations of alternative enbodi ments of the reactors of the present
invention; FIGS. 3A and 3B are, perspective and 5 el evational views,
respect i wab y2/068698heat exchanger tubes useful in the react ecsushi/éEs21 4A and
4B are, respectively, diagrammuatic views of a cylindrical parallel flow
catal yst bed and an annular radial flow catalyst bed; 10 FIG 4Cis a
sectional view of a catalyst bed having particulate catalyst; FIG 5A
illustrates a nonolithi Ficat.alzpsttobed efel AiiadFammatks;, FIG 5B is a
perspective view of a nonolith 15 brick; FIGS. 5C and 5D illustrate

al ternative eqhodis#Raisopls BFNQhitknadlidley shbobliftenési §rappesometric
di agrammatic view of a packing structure useful, for explaining the 20

“principles of fthetBreSHH thayerkisent FhGentAohs @ di agram uséful for

expl ai ni ng paraneters of a corrugated packing material; FIG 7 is a -

di agrammatic view of a gqui nahi @RJ0BEMAGEOpRRgpAEEE 6 gakal yst and :
nonolith 25 catalyst; and -5 ~ WD 02/068098 PCI/ US02/ 05621 FIG 8 is an end

view of a por k1929l ohalathicnd, C:aupabe 1ETH, LER RESERERINGRGCE PREFERRED
EMBODI MENTS As used herein the ternms "stack”™ and "flue”™ 5 aré used

synonymousl y. +Ablsquarieulii 65 theuldakeoader stood as being nodified by the
term "about" or "approximtely". Conposition percentages are by . weight

unl ess specified otherwgggs Lighe Jnemanalatel, ndtecpbetsi@nlar conponents. 10
The term "nitrogen oxide" as useg herein refers to any oxi de of nitrogen,

such as NO Ng4ngNaftha thie0 vaRGs2RE @ N8 HHrAlciiup8sa1dBd k3opl ternatively
desi gnat ed "NOx". _ :
catalyst bed and an annular radial flow catalyst bed;
10 FIG. 4C is a sectional view of a catalyst
bed having particulate catalyst;
FIG. 5A illustrates a monolithic catalyst
-bed.employing bricks;
- FIG; Sé.is a éerspective view of a monolith
15 brick;
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
20 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

25 catalyst; and



The reactor and nmethod for the selective 15 catalytic reduction of NOx of
this invention preferably enpl oy ammoni a as the reduci ng agent. NOx reacts
wi t h ammv® 82/068098he presence of catal yst to produce nitro@€H/UsA20562L er as
shown in the follow ng equation (not stoichionetrically balanced): 20: NOx
+ NH3 ~ NZ + H20 The reactor and deNOx nethod described . herein can be
used in any application requiring the treatnent of a NOx-containing gas to
reduce its NOX | evel. T¥PiGcaB desmansendnvégui pfent pprsdon of @i gh -6 WO
021 068098 PCT/ US02/ 05621 | evel s of NOx include power plants, fluid

catal yti c cr aprickgngrélemeagener ators, gl ass furnaces, thermal crackers,
and the |like. The deNOx nethod herein will be particularly -described in
“conjunction with a 5 thermal cracking unit for producing olefins (e. g.,

et hyl ene, propylene, butylene, etc.) from a saturated hydrocarbon feedstock

,such as et han®ETATOESNOESCREBTHON O8FdPRAFERRED, EMBOBIMENTSShe reactor and .
"met hod can be used with any conmbustion equi pment or 10 process which

generates a gas contai npegudadehetrabhetheveesmef “AMOsckRebadr rguaow t o
FI GS. 1A and 1B, gas phase deNOx reactor 10 is .illustrated in conjunction

with a thernabr@r@@bungyabaymaugaployAmm Quaﬂtﬁu&aacgﬁoﬁldaaé 15 12 having
a radi ant conbustion chanber operating at about 2200F for the cracking of

t he feedStOCkun@@%@t%%ﬁn%%ebEﬁﬂQU&681§1EHUBV9€ﬁe“@é9ﬁ eébb%tvh%&efrom
t hrough respective stacks. Typically, th ow rate of flue gas in each

stack ranges ﬁ%g%&%&@ﬁbt$99w000c%Qp%QQtQQQ b@%bahtaaag blréepgas typically
contains the . | om ng conponents: Nitrogen 60-80"vol % Oxygen 1-4 vol ~

Vater vapor 1Qe33ntohn$e?d CpERI%:1dio%kfereidR.Vokike WAN@2L9E8098

indicate similar components.
10 - The térm “nitrogen oxide” as used herein
refers to any oxide of nitrogen, such as NO, NO,, N,0O,,
N,0 and any of their'mixtures,'and.is alternatively
désiénated “NO,” . |
The reactor and method for the selective
15 catalytic reduction of NO, of this invention preferably
employ ammonia as the reducing agent. NO, reacté with
ammonia in the presence of catalyst to produce
nitrogen and water as shown in the following equation
(not stoichiometrically balanced):
20. | lNOx +_NH3 - N, + H,0
The reactor and deNOx 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



PCT/ US02/ 05621 Nitrogen oxi de 50-300 ppm The flue gases exiting the radi ant
chanber aretypically, at a tenperature of about 1800F. Eachstack optionally
i ncl udes v ouovsest i on secti on 13Swhi ch includes heat exchaogaisemesspirent

t hrough whichthe flue gas is passed for heat recovery. The fluegas
typically exits the convection section at atenperature of from about
300F-500F, although theheat recovery process can be adjusted to provide

fluel0gas tenpegaidirer gt Shis bl poiRR0B1atS f |45 apsesal) fhes separ ate

stacks are then joi ned arfd noved bytan 14 into deNOx system-10. Fan 14

| ncreases {heprespite (Rci Ned e #85:1 0T 1DUL g, E8CO8S LALANGN he deNOk

system 10. 15Referri ng now n ‘one enbodi nent, gas -phasereact or

"20a i ncl UdeSSﬂTé%?ﬁ%%g{ naéflﬁlc#hglﬁqyé ng @k iﬁﬁ%?ﬁ@ﬁﬁé&aﬁ?ﬁg}ﬁ gyqexterior

surface2lb. es a gas streami c at eproxi mal -end 21f

~of the sheII'Bgcﬁégg&%ﬁﬂégﬁ'rgégcﬁgggg)cHnégqﬂ @ﬂoﬁ”&%ﬁﬁ' concentration’
ed, an e t

of NOX is recel a gas streamoutlet 2 rough |cﬂ treated

t ai ni i i i d,.T t
outTet 210 o b EfR RIS U S Bedolnd SEORIAg e e 0 he o
i st al 25end 24 51cAlle SHSLYs o Y021 058098, PEILYSI2L05621 LY ector 22

can be any type i nown i n i ntroducing a reducing

agent. Typicall such ingectors .include pd-1i pon positioned in
the inlet gagh¥¥$%%%f% t %ﬁéﬁ?ﬁ?ktﬁﬁéh59%5€%#€%%’ﬁéﬁsgéﬁg’grid-Iike
portion includes col l ection of sparger tubes_wth injection nozzles
arranged in aﬂa%ng?y %ﬁét?q?nﬁiﬁﬁha. %W?V%%he?%?lﬁ?a?hgrrgaacing agent is
injected in a direction opposite that of the flow of inlet s. The

et ng agermeHSSd (LS draranty oA HATAFELPR cpHRiPUENS BE. ot
additionally include, urea, an al kyl am ne or other suitable reducing
agk®t . | nj ect BFO2258 amhbeh jIRReTR i 931% nCORRRLNAREL U ESbF?§g§tream(ﬁ
the inlet 21c. 15 The catal yst bed contains at |east one catal yst for the
sel ective redbevedbd ©f ¥Pirogen oxide. The preferred tenperature fox the
selective catalytic reduction reaction will typically range from about 380F
to about 550F, nore preR%f%bI%n@r@mWabQU?IQ@-436F396 ABpFoageRbRS® y, the

| ower the tenperature, the greater: anount of. catalyst is required to -
achi eve a predeN@xnrﬁédt¢évg® b$ NOkusbraeedi bR. CPRJRASESONYWHALE Bhe I ue
gas tenperature is undesirably |ow, a burner or other source of heat can be
used to incretber®slt hratkieg gagstenperpl@yeng ALvépninrpacegs ddnwdst i on - 9-

WO 021 068098 PCT/ US02/ 05621 section 13 of the furnace system can be
coh$i gured tol2 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-
20 ' 300,000 lbs/hr. The'f;ue gas typically contains the

following components:

Nitrogen 60-80 vol %

Oxygen . 1-4 vol %

Water vapor 10525 vol %
25 Carbon dioxide 2-20 vol %



provide a flue gas having a tenperature suitable for selective catalytic
reduction of NOx. Catalysts for the selective reduction of 5 nitrogen

oxi des | wWohbhmognesence of reduci ng agent are known in thePartuS02/05621
Represent ati ve exanpl es of such catal ysts include, but are not limted to,
oxi des of vanadium alum num titanium tungsten and nol ybdenum Zeolites
can al so be used. Exanples of the latter 10 include ZSM5 nodified with

protons, or with coppery: , ~Stkler, zi RG,_ -0y i num cations or their
conbinations. It is to ﬁéggggébs %g % homevgﬁ,BPﬁ%?Jt e scope of the

present i nven,&'ggrég;‘aengéag%gie%?g%hgélihggggﬁi ¢ +SGR A teiaéyés}ebor cat al yst

conposi tion. err , the cata ed can be in

"the form of at§%§%§?f§h%gaaoE%ﬁga??Eg%g;ﬁ%f%EoWQe&g%d@ﬁjr1 jéﬁu cat al yst

bed 23a :F enp I gasI be? i'S axiag e.g.dfrom
. 233" 233" .. . Q 2 i , '

f ;zge;. “Vzv thr 8%3‘5#F@%én%’!é‘i%ﬁ%?dé@é?- PosRessidh R 0% mner thal ]

23bg . [ 3 is ' ; ti

per? phery, it BRehI I pLingE chlEh BR0HRnAs RALiBMR IO TR £0

exanpl e, Cata%XQtffé?5@%%a§§aH§Q98539°%aﬂeg% LeCk ariﬁéﬂfﬁheor can -10

WO 02/ 068098 have po shapes such as ocfagonal,” 'heXagonal etc.

Ref erri ng agajp_t g S% , g C I faor o« t is an axial -
fl ow bed 23a:b$ﬁe9¥ gc %gése% Eﬁo?bﬁcﬁéhgggglfgbfg%ﬁ%éﬁvéga exchanger 25
havi ng an ax'é‘!emﬁggg'cﬂgezéé k?okﬁhhggyfl‘éeﬁb%%ggoé%' Saﬁ'cfxB%%ﬁdtWeth.a” apex
poi nting proxinmat 'y and upsStieam I"'eCtor 24 preferably Has ‘a parabolic
contour. The. %I é ' ‘? [ ed fr - A ria
such as sheethgrg a?gégge ?rég?ég %eglg;r}l gte Sg’?“%at%ﬁﬁ%‘%% é@?egss t he
tubgs 25b of Lhe beale PG| Y832602824e X113 R hge!® The flue gases
of the separate stacks are then joined and moved by
fan 14 into deNOx system 10. Fan 14 increases the
pressure.bf the flue gas for moving the_gas through
the deNOx system 10.
15 Referring now to FIG. 2, in one embodiment,
gas phase reactor 20a includes a reactor shell 21
having an interior surface 2la and exterior surface
21b. Shell 21 includes a gas stream inlet 21c at the
proximal end 21f of the shell through which inlet gas
20 containing an initial concentration of NO, is received,
and a gas stream outlet 21d through which treated gas
containing a reduced concentration of NO, is
discharged. The gas stream outlet 21d may optionally

be positioned at the proximal end 21f or the distal

25 end 21g of the shell.



Reactor 20a further includes one or nore burners 26 downstream of the heat
exchanger 25 and upstream of the catal yst bed 23a to increase the 25

Ref erri ngvo 02/6d8®8 3A and 3B, the tubes 25b of the heat exebhangeropeeferably
have fins 25c extending outward fromthe surface of the tubes to facilitate
heat transfer between the fluid flow ng through the bore 25d of the tubes
25b and the fluid flow ng across the tubes 25b. Heat exchanger tubes
suitable for use in 'thajpcean22 mantbeoramy et kpewef abojeoboerci al |y
avai l abl e from various suppliers such as TPS-Technitube Rohrenwerke Grbh of
Daun, Ger mBNknowheIRE el a8 toff drhe rithteiuayiasg sa r eedueingragenpassi ng - 11
WO 02/ 068098 PCT/ US02/ 05621 t hrough the catal yst bed. Plenum chanber 27 is
"positioned adjyaqent 1ife seimlitste sk 23nd uge exegtid-bikpaportieoni n gas
pressure.. As can be seen, inlet gas enters reactor 20a through inlet 21c
cand is mxedWdhh i R@UCIing 3NN 1Y idaPastsesan mpst peagrod. €Re .The inl et
gas with reducing agent enters the axial opening 25a of the heat exchanger

and is direc nadiraldey outiway ¢ rad-osskd sottibes Dhclb@ebeat exchanger by
deslector 24%%53%3%%eré%iarromsqﬁn the 10 15 20 25 drawings illustrate the

direction of J He d Hasulsdd e mi thieedushngoagea i s war med
by heat reco&ggggc#ggﬁ%the g?ﬁa ed gas which flows through the bores of the

tubes. The tr . W | Ngk Ht er ggheru10f/,t he heat
aeratt(?gﬁ%:\";\‘ér{ Halﬁr{(;u%‘f]‘qui% g SORNbuesd fahRerper GEABEX1O

_exchanger 25 an ar space 2le between the outer

periphery of (&he he ﬁéé‘@f guihageqztacetohheppeaster shell.
The inIet-gagnﬁt %ﬁﬁﬁ%fn ageﬁ?QSTo d?stally wher eupon inis heat ed by

one or more Burferse 36,4 O . sUi A fof eqsd| onThemRebabyhg. aglari et gas
IS

wi t h reduci ng agen hen directed around and enters the distal side of

catal yst bed 2 itsfl X} reughpeat alpyst bed 23a as
agl.o y floﬁéﬁe%gféﬁméﬁlé KU REPXhTBEEKathkeIghbeat By

axi al . gas energing fromthe proximal side of catalyst
bed 23a then %gg)@r BFeh 8MER1RYI BREn@aASIPOESMIr € across
the -12 VM){égfﬁiﬁéﬁgiiggéﬁg 01621ecFoss sec?ion of the reactor, and
then f1ous proxi (mlly {06QuUBRGt ASehtDeS1RTRCRb he keedl pRxchanger 25 where
ot e

it transfers hea enn gas stream
L -5ppsitioned_within.the inlet 21c or upstream of the_
inlet 21lc.

15 : The catalyst bed 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

- 20 400°F to 450°F. Generally, the lower the temperature,
the greater amount of catalyst'is required to achieve
a predetermined level of NO, conversion. In cases
where the flue gas temperature is undesirably low, a
burner or other source of heat can be used to increase

25 the flue gas temperature. Alternatively, convection



Treated gas exits the reactor proximally through 5 outlet 21d. Referring
nowto FIG 2B, an alternative enbodi nent 20b of the reactor is simlar to
enbodi nenwo apessoesscri bed above with simlar conponents exe€piusbliens2t he
catal yst bed is an annul ar bed 23b. Reactor 10 20b is a radial flow reactor
wherein, after passing ode or nore burners 26 for supplenental heating, the
inlet gas with the reducing agent enters the catal yst bed through

peri phera JopkctiBn 33d0Eichs Eﬁ?n%%%aky§EeRegagfg%ﬁ%?@%qéﬂg§¥$Qkpugh

i nner wal | treated gas then~enter ereafter

passes throug:Bauss 25010k L8 huhene2a0 cLRokiaRaly kg g 10l et gas

passi ng radi afl'y outwar hr gugh thé Heat ex laterally across

"t he outside ogﬁiangUge?ﬁggﬁg%ggg%ggucEg%ﬁfﬁ& %gb can include'a 20

. specifically sShaped por n the she to provide for a nore even

(pressure distribution of,ihg, kel gagnyl LB1GeAGENG A0RRL SNLEr I g the |

catal yst bed 25b. Referring XS an alternative 25 enbodi nent

203 b SO kb BR"TE, PR 885 8F. L IRRLSORRR, o

PCT? US02/ 05 nrets I'oned outside of the perlghgry of the
heat exchangekn%gh IgethQ]%% qr %%p&Q%%n%Q%WQk examples of such

catalysts include, but are not limited to, oxides of
vanadium, aluminum, titanium, tungsten ahd molybdenum.
Zeolites can also oe used. Examples of the latter

10 include ZSM-5 modified with protons, or with copper,
¢obalt, silver, zinc, or platinum cations or their
combinations. It is to be understood, however, that
_the scope of the present3inven£ion is not limited to a
specifio SCR catalyst or catalyst composition. |

15 Referring to FIGS. 4A and 4B, the catalyst
bed can be in the form of a cylinder 23a or an annulus
23b. When a cylindrical oa;alyst bed 23a is employed,
the gas flow through the bed is axial flow, e.g. from

upper wall 23a’ to lower wall 23a When an annular

20 bed 23b is used, the gas flow through the bed is
radial, e.g. from outer wall 23b' to inner wall 23b:'.
While beds 23a and 23b are shown as having a round
circumferential periphery, it should be noted that

other shapes can also be used. For example, catalyst

25 beds 23a and 23b can be rectangular plates, or can

-10-



is upstream of the gas streaminlet. Reactor 20c includes a baffle plate 28
extending laterally across 5 the heat. exchanger tubes 25b thereby dividing
t he heat wexediessgsr i nto a proxi mal heat exchanger porti onPE/USE2IeS62t di st al
heat exchanger portion 25". The baffle plate extends to the inner surface
21a of the shell but not into the axial opening 25a of the heat 10 )
exchanger. Accordingly,. upon entering through inlet 2.1c, the inlet gas

streamwith rﬁ?#&iﬁ81§§8H51t§ﬁa§é§_é@éﬁaééyo&ﬂ&@bﬂalhrﬁégbgbﬂslproxinal
portion 25 of the heal exchanger into axial opening 25a and thereafter

radially outwagd through distal portion 25" of the 15 heat exchanger,
whereupon it enters into space 2le between the exterior of the heat

"exchanger and the intergQfesif C&g2iR b rh@,shnjIthéh§Q;9§§§@sb@§e or
~nore burners 26 for supplenental. heating. The inlet gas wth reducing agent

enters cylindgdgates@tlysha2Ps bed 230a1 h Dewghodiis2 @, surhacee288orand
emerges as treated gas through proximal surface 23a" into plenum 27. From

pl enum 27, thepti{gaiededas £RUELE Fh6whREeE SRehofigéhezbenbvexghanger tubes
25b and thereupon transfers heat to the inlet gas passing laterally -14 W

O 02/068098 F§§13§08¢9§§3§ 865058 REch UBESledPSri2£ai €ddgapog8lt S the
reactor at a proxinmal outlTet 21d. Referring nowto FIG 2D, an alternative

enbodi ment  20g; ofy 4H€apERCHOInt Bng! ProRAIma DL NBAMI GBSt rar0C described
above with simlar conponents except that the catal yst bed is an annul ar

bed 23b. Reacégflgggof”@h°¥§e§e£§9i§|hééO&/ﬁ@i@bd§icbégnﬂbﬁfeinTﬂéter

passing burners 26 tor supplenental” heating the inlet gas with the reducing
agent enters %@El&é&éLY§E bsdriPy 230c b8 oo Reghphengbrwabhs23b’ and exits

the catal yst bed as treated gas through inner wall 23b". The
10 material such as sheet metal and directs the inlet gas
radially outward across the tubes 25b of the heat
exchanger.
‘Referring to FIG. 3A and 3B, the tubes 25b
6f the heat exchaﬁger.preferably have fiﬁs'25c -
15 extending outward from the surface of the tubes to
facilitate heat transfer between the fluid flowing
through the bore 25d of the tubes 25b and the fluid
flowing across the tubes 25b. Heat exchanger tubes
suitable for use 'in the present invention are known
20 and commercially available from various suppliers such
as TPS—Technitﬁbe Rohrenwerke Gmbh of Daun, Germany.
Reactor 20a further includes one or more:
bﬁrners 26 downstream of the heat exchanger 25 and

upstream of the catalyst bed 23a to increase the

25 temperature of the inlet gas stream prior to passing
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treated gas then enters plenum 27 and thereafter passes through bores 25d
of tubes 25b to transfer heat to the inlet gas passing radially outward

t hrough tvheoZasshasat exchanger 25 laterally across the out eC@asei/otke t ubes.
Optionally, reactor 20d can include a specifically shaped portion 21h of
the shell to provide for a nore even pressure distribution of the inlet gas
with reducing agent entering the catalyst 20 bed 23b. Referring nowto FIG

2E, an aIterpghkéﬁgefgggd%g%gﬁxggsb%P t he et Yhambehtdes ;@ gas stream

inlet 21c whic or éntr the inlet gas mnt ré u0|ng agent
into the b 5d . 2 t th
r educi ng agéﬁ 05%185%“8§ﬁ3%§§§§%é%§%%§ YRR ap, BRSERHErS Shanber
"27a which is eas% Eartla I defi ned by ﬁé C%Sr %ag wal |, il and the
i-nner surface ?§8a5ﬁ tR& iRePPS REESEYASH t §80 stPe&hwith -

d t heat ed | i,nd | |1 521
extonds ﬁ?ﬁ”ga%Zsp??r%eaeé§§@§na%a. SrgRLSpngnIgES R, o i
sections: an annul ar section an axi al, secgprn 523al, The inlet

gas®wi th redutthf 568HFlBﬁt€9§th8516 pPBRERS TBAGSEPT AET nﬁarar section

523a' of the catal t bed, thep exits.through,the dist surface of annul ar
section and eﬁP%r% FEnHﬁPZYlﬁglEﬁdP§lﬂﬂsF§gnFoen&ﬁasasbﬁcéﬁf o, catal yst

bed 23a. The gas streamthereafter enters the distal end of aélal section
15 523a" of tRBeRAPEl ¢S BédthendeatoFrrGapesE AR ¢ direct

radially outward across the tubes of the heat
exchanger by deflector 24. Unnumbered arrows in the
10 drawings illustrate the direction of gas flow. The
inlet gas stream with reducing agent is warmed by heat
recovered from the treated gas which flows through the
- bores of the tubes. The treated gas with reducing -
agent ex1ts the perlphery of the heat exchanger 25 and
15 flows through annular space 2le between the outer
periphery of the heat exchanger and inner surface 2la
of the reactor shell. The inlet gas with reducing
agent flows distally whereupon it is heated by one or
more burners 26 to a suitable reaction temperature.
20 The inlet gas with ;educinélagent is then directed
around and enters the distal side of catalyst bed 23a
whereupon it flows proximally through catalyst bed 23a
as an axial flow. The treated gas emerging from the
proximal side of catalyst bed 23a then enters plenum

25 chamber 27 to even out the gas pressure across the

-12-



exits as treated gas fromthe proximal end of section 523a" of the bed and
enters axial opening 25a of heat exchanger 25. A conical deflector 24 is
posi ti onadowe/043098 t he axi al opening 25a with a distally p®CAtUSaZ0301 apex.
Defl ector 24 provides for the directing of treated gas radially outward

t hrough the heat exchanger where it transfers heat to the inlet gas stream
fl owi ng through the heat exchanger tubes. The treated gas then enters the

annul ar space czbsshelewrann’ it e HeictRal,i piner theh trhewleat exchanger and
the -16 WO 02/ 068098 PCT/ US02/ 05621 i nner surface 2l1a of the shell, and

then exits theradéhaol yorMtowRin X Hrlgs @8l eif 2he. hBakeektcRgngew to FIG
2F, an alternative enbodi nent 20f of the reactor is simlar to the 5

“enbodi ment 20@sdeneriebed ahawe feirish helatl kar thenpanert gagxeepbakbhat the
catal yst bed is an annul ar. bed 23b. Reactor 20e is a radial flow reactor

‘wher ei n af t er TReagiedy ghgr @&ri%sZtheorres:'@mlre@ﬁaminau@?t tR&toughe inlet gas
with reducing agent enters the catal yst bed 23b 10 t hrough peri pheral wall
23bs and exitguthetcatal.yst bed 23b as treated gas through 'inner wall
23b". The treated gas then enters axial opening 25a of the heat exchanger,

is deflected radially ogWardineg ¢ow E@eEﬁ@ﬂtzggcaanggtegggg§V35b to
preheat the inlet gas and 15 thén exits the reactor through proxi mal outl et
2l d. embodiment 20b of the reactor is similar to embodiment
20a described above with similar components except
that the catalyst'bed is an annular bed 23b. Reactor
10 20b is a radial flow reactor wherein, after passing
one or more burners 26 for supplemental heating, the
inlet gas with the reducing agent enters the catalyst
" bed through peripheral wall 23b" and exits the catalyst
bed as freated gas through inner wall 23b''. The
15 treated gas then enters plenum 27 and thereafter
passes through bores 25d of the tubes 25b to transfer
heat to the inlet gas passing radially outward through
the heat exchanger 25 and laterally across the outside
of the tubes. Optionally, reactor 20b can include a
20 ' specifically shaped portion 21h of the shell to
provide fof a moré even pressure distribution of the
inlet gas with reducing agent entering the catalysﬁ
bed 25b. |

Referring now to FIG. 2C, an alternative

25 embodiment 20c of the reactor includes one or more gas

-13-



Optionally, reactor 20f can include a shaped portion 21h of the shell to
provide for a nore even pressure distribution of the inlet gas with

reduci ng va@eno6sedst eri ng the catal yst bed 23b. 20 Referri ngCmasoz/aseli G 2G
an alternative enbodi nent 20g of the reactor is simlar to the enbodi nent
20f except that the treated gas exiting the heat exchanger into the space
21le between the outer periphery of the heat exchanger and the inner surface

17 WO 024068095, RETLUSIRL08GL 2hAea ohBsisobl Lhavadishally to @

di stal outl et reacto erring now to ernative

erbodi Tent 200 £0f LN CLRARLANAABL05 SO 81835 nsBEEEAMS. ISt et O

provi di ng a pasSsageway th i'nl €0 "gas-stream _ agent
Chown) i 5 post SR3a=Spm PR ARG BRC SRAReP, TR, REREEOTR0ore [Mie gas
Sxchanger 25 HEPbeRe Ao Bpste: piAts, 2T EkPERBTne 1oRRUETY BRAORE, near
dei Prod by cyEPRoPFES SqafAngst SHRCERoR BntBLED diB:finaiPi MACT V.

wher eupon thee}c%ghggési&/&:ﬁfﬁg‘?ﬁg"iﬁgﬂch@gtagﬁ%ahﬁegeﬁéggi%a%e or nore

burners 26. Cylindrrcal xténds Into catalFyst and di vi des

t he catalyst"gggog$hgsﬁﬁﬁeﬁgékigggbﬁggggnggkggoﬁegghon %@%@Eﬁﬁﬂﬁx?n axi al

section 523a as w rng agent enters the proxi nal end

of the annul ap s¢g! g oaa3aL Ok pbhenGatakyskahedp1bies eXk! spbfinough the

di stal surfac annu section and enters plenum i's distal to,

and adjacent {a. gatalyst BRd 23321 TBReAdNgSLE4BE2EnkNREGE Ler enters the

di stal end of axi seéction

10 exchanger. Accordingly, upon entering through inlet
21c, the inlet gas stream with reducing agent travels
radially inward through the proximal portion 25" of the
‘heat exchanger into axial opening 25a and thereafter
rédially outward thfough distal portion 25" 6f the

15 heat exchanger, whereupon it enters into space 2le
between the exterior of the heat exchanger and the
interior surface 2la of the shell, then passes one or
more burners 26 for supplemental heating. The inlet
gas with reducing agent enters cylindrical catalyst

20 ‘bed 23a through distal surfacg 23a’ and emerges as

| treated gas through proximal surface 23a”.into plenum
27. From plenum 27, the treated gas enters the bores
25d of the heat exchanger tubes 25b and thereupon

transfers heat to the inlet gas passing laterally

-14-



WO 02/ 068098 PCT/ US02/ 05621 523a" of the catal yst bed, and, noving
proximally, exits as treated gas fromthe proxi mal end of section 523a" of
t he bed awmadozmmiseyss axi al openi ng 25a of heat exchanger 25PpCavUsat/ficel1 pl at e
28 extends laterally 5 across the axial opening 25a of the heat exchanger
and the heat exchanger tubes thereby dividing the heat exchanger into a
proxi mal heat exchanger portion 25 and a distal heat exchanger portion
25". The baff herpkat ¢h28 tdbes .noThextaed tiedt gatshexsigacehidl erdadtve@en 10 t he
outer periphery of the heat exchanger and the inner surface 2la of the
shel | . Accor diamgky prop@ma@xbtuitngtt Radpr oxi mal end of section 523a" and
entering axi al opening 25a of the heat exchanger, the, treated gas is

"deflected by baffle plagefrd8rsfganoko teD¥EGL5 2mgdiadl layl teutnvesidyd hr ough t he
di stal section 25." of the heat exchanger into space 2le and then noves

radially i nwapfibbBipeal 208 BEOxh&Rleseebirod s25indfl athe heabriakanger . The
treated gas then exits the reactor through proxinmal-axial outlet 21d. 20

Ref grring nowspe BkGcr?bedalpdbbeiiahi ¥emenbedicdmipondlit sOfestdept eactor is
simlar to the , enbodi nent 20h descri bed above with simlar conponents

except that thgagatakyshthegstSpal aBNUhaknhed 23becReay OF Rictsy a radial

S
fl ow reactor wherein after 35 passi ng burners 26 for supplenental heating,

the inlet -19zoa“@h%&6g§8g9§aB@EﬁU§Q%&Cé@%&19%% Wed wHaduGi NG Agant enters
the catal yst bed 23b through peripheral wall "23b' and exits the catal yst

bed 23b as tr%%%%qngasutr%%gaei #0087 sUpblleRdRtalThRAti9R) athdamiden enters
axi al opening-25a of the heat _
gas with the reducing agent enters the catalyst bed
10 23b through peripheral wall 23b’ and exits the catalyst
bed as treated gas through inner wall 23b'"'. The
treated gas then enters plenum 27 and thereafter
~passes through bores_25d of tubes 25b to transfer heat
to the inlet gas passing.radially'outward through the
15 heat exchanger 25 laterally across the outside of the
tubes. Optionally, reactor 20d can include a
specifically shaped portion 21h of the shell to
provide for a more even pressure distribution of the
inlet gas with reducing agent entering the catalyst
20 ' -~ bed 23b.-
| Referring now to FIG. 2E, an alternative.
embodiment 20e of the reactor includes a gas stream
inlet 21c which provides for entry of the inlet gas
with reducing agent into the bores 25d of tubes 25a of

25 heat exchanger 25. The inlet gas with reducing agent
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5 exchanger, is deflected radially outward across the heat exchanger tubes
25b by baffle plate 28 to preheat the inlet gas and then exits the reactor
t hrough axoatoqseesxi mal outl et 21d. Optionally, reactor 20PCTAS0Y/ossRUde a
shaped portion 21h of the shell to provide 10 for a nore even pressure
distribution of the inlet gas with reducing agent entering the catal yst bed
23b. The catalyst can be in the formof particulate, nonolith, or

m Croengi neerdte £ ALYE! ehtelECenbppel® 278l GhlNd 110 gkl Geal catalyst bed
23a contains particulate catalyst 23c enclosed wthin a screen periphery

a3d. The scregh-&this GOFVRLA! gl xggggg{ﬂg{ag. WAl doT dalnagie St eens of

Wt hevill e, ultable screens-in W re screens, 20

'l ooped wi re Sareenss and, WOVER,WhEC (HEr 88RI1, TheeFERHGR! Ahst jgan be in the

formof particulate, or can be supported on a parti culate catalyst support
such ‘as titary i . CAr LKCQR Ger aiLe Al S ljcaal um na. -20
VO 02/ 068098%/%]2‘8%’82‘%’2‘%%%%?8%&? POt TBed 356 chR S0 tnel ude
pardiculate Galal Yéﬁrﬁé‘gsggg.ef"r Ié%&R&EH_‘@S;LP%glﬂgﬁfzg'[)e%"ah%szggtoa“d 23b"

fabricated from Screéns. Nnow t o FlI , the cafalyst 5 can be
in the form of oljth 50 ich.can_incl u a plural ity of .stacked bl ocks
51. The nommqﬁégigﬁnggg %ggiﬁgpugéglggﬁlgﬁglF§§%%§sﬁaﬁgpléﬁE8hgﬁﬁéls.-As
shown in FIG_5c,. monolith 52 possesses.a h gonmb .. structyre with
hexagonal chaifet B3 THR @ﬂﬁﬁgngfefglﬁ8M§§§%, &aF B2 8¢i4dy suitable
shape such as square, £éiangular, T-shapes, and the like. FIG 5D
illustrates &Fonb?PRtR282 having circul ar channels 55. The nonoliths can b

formed by sintering or any other nethod kno tq those with skill in the -
art. 15 Typically, the %Eé EBESFyQFSiglFﬁng N&A89 PIEGt: gRters the
10 proximal end of the annular section 523a' of the

catalyst bed, then exits through the distal surface of
annular section and enters plenum.27 which is distal
to, and adjacent tq; catalyst bed 23a. ‘The gas stream
thereéftér eﬁters the distal end of axial.section

15 523a'' of the catalyst bed, énd, moving proximally,
exits as treated gas from the proximal end of section
523a'’ of the bed and enters axial opening 25a of heat
e#changer 25. A conical deflector 24 is positioned
within the axial opening 25a with a distally pointing

20 . apex., Deflector 24 proéides for the directing of
treated gas radially éﬁtward through the heat
exchanger where it transfers heat to the inlet gas
stream flowing through the heat exchanger tubes. The
treated gas then enters the annular space 2le between

25 the outer periphery of the heat exchanger and the
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nonolith support so as to coat the inner surface of the channels through
whi ch the gas streamflows for treatnent. In yet-another alternative, the
cat al yst wo@oz/@8098an i ncl ude a m croengi neered catal yst (" RECUSOMbSS2EI N t he
SCR catal yst is supported on a nmesh-1like structure having a porosity
greater than about 85% The MEC catal yst is described in copending U S.
patent application Serial No. filed Ju%é 31, 2000 25 under Attorney Docket
No. 415000- 53tnneresebhieent $1af ofothe wpedd,0899o&henTPBdE2 65621 which are
herein incorporated by reference in their entirety. The nesh-like materi al
i s conprised ¥RactperBroxinpldy, thyongls oxtiliete 2dA-fi ber nmesh, a netal 5
felt or gauze, nmetal fiber filter or the |ike. The nesh-like structure can
"be conprised of a singlRefaysingonoyaic AdCudefmprd el&sransiveyer of
wires: e.g., a knitted wire structure or a woven wire structure, and .
preferably. ienkedbrestd28f afptheareafted 4f Pafdddrottonithes or fibers to
forma three dinensional’ network of materials. In a preferred enbodi nent,
t hé support stmbedients2@enpeissadber abovepwith sipilar (Coperaeststi bers
that are oriented randomy in the |layers. One or nore netals can be 15 used
i n produci ng exeerhl theshtha catpdviskebpd dife ape dRNLEET Hegar 3Pncl ude
materials in addition to netals.
Reactor 20e is a radial flow reactor wherein after
passing burners 26 for supplemental heating, the inlet
gas with reducing agent enters the catalyst bed 23b
10 through peripheral wall 23b' and exits the catalyst bed
23b as treated gas through inner wall 23b'". The
treated gas then enters axial opening 25a of the heat
exchanger, is deflected radially outward across the
heat exchahger tubes 25b to preheat the inlet gas and -
15 then exits the reactor through proximal outlet 21d.
Optionally, reactor 20f can include a shaped portion
21h of the shell to provide for a more even pressure
distribution of the inlet gas with reducing agent
entering the catalyst bed 23b.
20 Referring now to FIG. 2G, an alternative
embodiment 20g of the reactor is similar to the
embodiment 20f except that the treated gas exiting the

heat exchanger into the space 2le between the outer

periphery of the heat exchanger and the inner surface
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In a preferred enbodi nent wherein the neshlike structure is conprised of a
plurality of layers 20 of fibers to formthe three-di nensi onal network of
mat er i al 3yovhessvds ckness of such support is at |east fivePgirasozess2and
general ly does not exceed ten mllimeters. In accordance with a preferred
enbodi nent, the thickness of the network is at |east -22 WO 02/ 068098
PCT/ US02/ OS&1 50 microns and nore preferably at |east 100 m crons and

general |y doesi 10if epieeeshel I F1owBi @I Stally 98Hed distdIe il rdessgor
di aneter of the fibers which formthe plurality of layers of fibers is 5

| ess than about SQ0 pdeLphs, preferably |ess than about 150 microns and
more preferably [ess than about 30 microns. In a preferred enbodi nent, the

‘thickness or dianeter ofefder{hdeicw ito fram awutad dcabpatiid nmcrons. 10
The three di nensional nesh-like structure can be produced.by known nethods

-such as any Qind{stedlesson boe il Yeactt aite NS mSred U $3% raR80, 962;
5,102, 745 or. 5,096, 663, the, contents of which are,. incorporated by

refserence in fheids enid r@éy];pféviéiﬁ@ dphesdguap tianbudPWaygsn that such

mesh-1i ke structure can be formed by procedures other than those descri bed

e prcchor TRLENSE PR SIS, e SRR Rt Peke gl oved [

25d of the heat exchanger tubes. The injector 22 (not
shown) is positioned upstream of the gas to stream
inlet 2lc. The inlet gas stream with.reducing agent

10  flows longitudinally through the heat exchanger 25

- where it is preheated by treéted gas. Upon exiting

the heat exchanger, the inlet gas enters chamber 27a
which is at least partially defined by cylindrical
wall 521 and the inmer surface 21a of the shell,

15 whereupon the inlet gas stream is reducing.agent is
heated by one or more burners 26. Cylindrical wall
521 extends into catalyst bed 23a and diQides the
catalyst bed into two sections: an annular section
523a' and an axial section 523a"’

20 The inlet gas with reducing agent enters the
proximal end of the annular secﬁion 523a’ of the
catalyst bed, then exits through the distal surfacg of
annular section and enters plenum 27 which is distal

to, and adjacent to, catalyst bed 23a. The gas stream

25 thereafter enters the distal end of axial section
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20 the nesh) has a porosity or void volune which is greater than 85% and
preferably is greater than 87% and nore preferably is greater than 90%. The
term. "wood2wasbesre” as used herein is determ ned by divi ecmgsbhesezpl une of
the structure which is open by the total -23 WO 02/ 068098 PCT/ US02/ 05621
vol une of the structure (openings and mesh material) and rnultiplying by
100. In one enbodinent, the catalyst is supported on the nesh-like materi al
wi t hout the usg3ef afStpar tatdllgise deppornd, | mogiaghprosimadilgent, the
catal yst for converting nitrogen oxides) is supported on a particulate

support that &gif8pPROTtedaadt hesmesbml tke pabeimal. eneofessct panticul ate”
as used herein 10 includes, and enconpasses, spherical particles, elongated

"particles, fibggs gECthkNpganahad entlesauriageopahtihgl @5si € Akathe
particul ate on which catalyst may be supported does not exceed 200 m crons

and is typicabk¥nafg@reaser ahparsfemprreas2vi thtehes 1batuesdyg particle
size in the majority of cases' not exceeding 20 mcrons. In general, the

aveg age partigle.sizenof agysh ppehify! abasoEstat heasteRcRARgaLcana and
nore generally at least 0.5 mcrons. Wen the catal yst supported on the

Phe iy, HHERESe RbnaRptecs et engyy abpiaracemeragit e e of
entrapped in fhe,0R58r 9RPET &l b¥odeRa1NRbaBXeREHaAGOr THELEAEN 25
and a distal heat exchanger portion 25''. The baffle
plate 28 does not extend into the space 2le between
10 the outer periphery of the heat exchanger and the
| inner surface 2la of the éhell. Accordingly, upon
exiting the proximal end of section 523a’" and entering
~axial opening 25a of the heat exchanger,_the treated
éas is deflected by béffié plate 28 so as to move
15 radially outward through the distal section 25" of the
heat exchanger into space.21e and then moves radially
inward through the proximal section 25' of the heat
exchanger. The treated gas then exits the reactor
through proximal "‘axial outlet 21d.
20 Referring now to FIG. 2I, an alternative
embodiment 20i of thé reactor is similar to the !
embodiment 20h described above with similar componénts
except that the catalyst bed is an annular bed 23b.

Reactor 20i is a radial flow reactor wherein after

25 passing burners 26 for supplemental heating, the inlet
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I n an enbodi nent of the invention, the nmesh 25 |ike structure that
functions as a support for the -24 WO 02/ 068098 PCT/ US02/ OS&21 cat al yst
is in thavbormseds a shaped structured packing. This packi RgTASN2/ K621
configured as described bel ow in enbodi nents given by exanple to provide
for turbulence of the gas phase flow ng over the catalyst. 5 in the _
reactor. The nmesh-|ike catal yst support structure can be provided with

sui tabl e cor yugal/i@ns rdauRiGRy adenkr ewnitdesf ehei batedged betbaBence as
described innore detail hereinafter. Alternatively,. the nmesh-Iike

structure caphrBelghd®draphedaly Wal1ax 258" gaiterat fs e ELVAOes Bed
turbul ence, also &s shown hereinafter. The presence of turbul ence

"generators ephanees tFoutaG ighst i roaghakinhapdyhengp syti.naithedi recti on and
al so i nproves access. to catalyst either coated on or entrapped in the nesh

- by providing¢lacal gl W'%n@efrfse%%@bhabpaﬁ&agszsaepﬁeahe aedet hus
creating a driving force for flow The structured packing can also be in

the formof 2, mRdulesudl 3 dclldd 9hd08e10r olBlgrangeLssthahel s placed

into the tubes o réactor such that the channels in the 20 nodule foll ow

Lre trad Caohal GUCREQE Yaddle dihBy BUELLE p1680 287ED) BECAREEI S | Do

are flat, corrugate a col ation thereof and the sheets can
corr ugat ed stepe ok Gt B uhel Klds, FHE, ZRSRREFTER-BUOA BRARACPEC 11O
that exaCtIyproximal outlet 21d. Optionally, reactor 20i can
include a shaped pbrtion 21h of the shell to provide
10 for a more even pressure distribution of the inlet gas
with reducing agent entering the catalyst bed 23b.
The catalyst can be in the form of
 particulate, monolith, or microengineered catalyst
| (“MEC"’) .
15 Referring to FIG. 4C, catalyst bed 23a
contains particulate catalyst 23c enclosed within a
screen periphery 23d. .The screen 23d is commercially
available from USF/Johnson Screens of Wytheville, VA.
Suitable screens ‘include, e.g., welded wire screens,
20 lpoped wire screens and woven wire. screens. The SCR
catalyst éan be in the form of particulate, or can be
supported on a particulaté catalyst support such as

titania, zeolite, carbon, zirconia, ceramic or silica~-

alumina.
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-25 WO 02/ 068098 PCT/ US02/ 05621 fit the size of the tube and are held
together by welds, wres, a cylindrical flat sheet or conbinations thereof.
It is toveouessst ood that the mesh-like 5 support that egppsoy/essthe

catal yst may be enployed in a formother than as a structured sheet. For
exanpl e, the nesh-like support may be forned as rings, particles, ribbons,
etc. and enployed in a reactor as a packed bed. 10 The catal yst which is

supported on the mesh |4, of U R/ GAbAe DILEIH Alkd NhdTRRlE | | ke

support as a coating on the wires or fibers that formthe nesh-1like

Lokt e Sl fan i mEsellaifld Sl pade iRy pomiign of (1o

mesh-1i ke st ure. yst can be coated on -l ke

structure by g vayighy oo 96 QRS Ao (9bAPLBIeBhaPraYing. The

catal yst -particles can be applied-to the nes i ke structure by contacting

the mosh-11ke struct ur sl fhd iUl 50 NGRS el eferably i
ba tha

the formof a coating I ncludes the particles dispérsed in a

i quid under Gandid | GNSIRCHLNA e WM SIOAH D GHIRES IO Rlfes D1 Wi ks

into the nesh-11Kke structure and forns a porous coating on both the

interior an%%@f %@e{'ékéﬁ BRod e mshdﬂéﬁﬁdlq%twr&-talﬁgkte VO

02/ 068098 PCT/" e catalyst Is supported on the mesh-Ii
structure in gpn ﬁ{@f@é?se:‘;neéﬂyaeﬁ c%v%rtallrlletlr Qs de(s | n general,

the catal yst 1's ‘présen n anou east 5% and preferably at
least 10% S hown in FIG. 5c, monolith 52 possesses a honeycomb

structure with hexégonal channels 53. The channels,
10 however, can be of any suitablelshape such as square,
triangular, T-shapes, and the like. FIG. 5D
illustrates a monolith 54 having circular channels 55.
The monoliths can be formed by Sintering or any other.
method knowﬁ to those with skiil in the art. |
15 Typically, the SCR catalyst is impregnated into the
monolith supéort 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
20 can include a microengineered catalyst (“MEC”) wherein
the SCR catalyst is supported on a mesh-like structﬁre
having a porosity greater than about 85%. The MEC
catalyst is described in copending U.S. patent

application Serial No. filed July 31, 2000

25 under Attorney Docket No. 415000-530, the contents of
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5 wth the anount of catalyst generally not exceeding 60% and nore
general ly not exceeding 90% all by wei ght, based on nesh and catalyst. In
one enboWWOreziec80dser e t he porosity or void volume of the neebAISIXeEs621
structure prior to addi ng supported catalyst is 10 greater than 87% the
wei ght percent of catalyst is fromabout 5%to about 40% and when the
porosity or void volunme is greater than 90% the weight percent of

supported calAuKh! s heoiabdnloRpira cabowly §enéiddusn Sfody ment s of

structural packings 15 mnl now be descri be In Fig. 6, packing 2 is
di agrammati cglky , gggresentatlve of a plurallty of parallel corrugated
sheets of porous mesh material (referred to herein as MEC material) in

“whi ch the corrugat|onsTﬁea&§55eE §§e&_$qugld i20QMp i 63 Yl ch 20 are at
i o

an angle a to the vertical fection o W T Fig. 6A, a representative

gross secti 0p1aL.3 69" L49aL], OBy 4D B0GIL Y YANAT AR S, halder nat e 90

from each ot a conventional. monolith honeycomb 25 structure

9B_i s conbin S herd;al, 9 qE 2 WO 68084,
PCT/ US02/ C56 %lthe yggg%? Rﬁgg%tFég o?lprngérhg a égﬁggned catal yst bed

structure foxetsgeﬁgR %%le%rt%lr%n A NXeo HP lcs%rgalcﬂz_ed‘51 | evry%félr e provides

|nproved conversi on. e’incréease i n conversion i1s b to be caused by

5 the inproved mixing (&f tg% ST Thed! idHe q_rh);ég)rcpye‘gllfggl ci ency of
t he domnstreanyglhe Corb monol i 4%
e.g., a knitted wire structure or a woven wire
structure, and preferably.is comprised of a plurality
10 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 -
raﬁdomly in the layers. .One or more metals cén be
15 used in producing a metal mesh. Alternatively, the
mesh fibers can include materials in addition to
metals.
In a preferred émbodiment wherein the mesh-
like structure is comprised of a plurality of layers
20 ' ‘of fibers to form the three-dimensional network of
materials, the thicknessqu such support is at least
five microns, and generally does not exceed ten

millimeters. 1In accordance with a preferred

embodiment, the thickness of the network is at least
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Referring to FTG 8, the MEC nesh material can be fabricated from el ements
826 of sheet material 10 and can optionally include vortex generators for

i ncr easi vgo buedsmdsence of the gas flow therethrough. |In Fl @TAiSopgssepNnal
vortex generators 846 and 898 are triangular and bent fromthe; plane. of
the el ement 826 sheet material. The generators 846 and 848 alternate 15 in
the direction in which they project fronthe g}gne &f é e sheet material as
best seen in ¥ @iEonHRRE RAFR PERECRADLY 224 4EASK, 1 5 Pr&¥C8ieng

addi tional turbulence, the vortex eneratgr fuﬁher pronmote fluid flow

t hrough the phdIeerablvEdoes et aPXG88 23 PolifReseESsure differenti al

t hereacross. The side walls of elenent 826 are inclined at an angle ~i of |,
"about 90. The roots andlereenerak: ehei fhhcknassr ogi Ademessr of
foll owing Exanple illustrates the 25 operation _of the reactor of. the.

present ‘i nverfiikar anthigs-forny the2p besabst pcrf utaYeose2f #ibRsE £6 t he
‘selective catalytic reduction of NOx in a gas stream EXAMPLE A gas phase
redtor showleéss RI@n 2abdwt 55@Ppnbgedns orPraEesabdyt lesscahanytic
reduction of NOX in t'he conmbined flue gas of two furnaces under the

foll owi ng fl wbaas Tohdii¢omss.and more preferably less than about

30 microns. In a preferred embodiment, the thickness
dr diameter of the fibers is from about 8 to about 25
microns.

10 The three dimensional mesh-like structure
can be produced by known methods such as any of those
described in U.S. Patent Nos. 5,304,330, 5,080,962;
5,102,745 or 5,096,663, the contents of which are
ihcorpérated by referénce in their éntiréty. It isﬁﬁo

15 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

20 the mesh) has a porosity or void yolume which is
greater than 85%, and preferably is greater than 8?%
ahd 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
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Flow rate = 360,000 | bs/hr. Tenperature of flue gas = 360F (182C) 10 NOX
content = 100ppm A sufficient anount of ammopnia is added to the flue gas
t o achi eweobfressdessi red reducti on of NOx. The catal yst enplroyaboz/esebEC
coated with VZOS/ Ti 02 catal yst. To achieve a desired NOx reduction of 90%
to 15 | Oppm at a flue gas tenperature of 360F would require 54 nB of

catal yst. However, by enploying the reactor and nmethod of the present

venti on, tMgoPhEChk R LELILL G LeIUBLLONGLERE! RBLHNnbREGSAG! vot bed

t akes place a and e reqU|re ume 1's on

which is less_t % 0of .the, we t and volune of catal yst reqU|red at an
ope{ating ten%%?a?uig yégngnggg particularly t he heat .exchanger

“enpl oyed in the reactor _of FLG ter‘tu with 1
inch high radial steel finghe. §§ §§89§8g&%§6g g@?fon% ube-
length is 6 nete and th e d| e tube bundle is 4
‘meters.. A ba??légﬁlﬁ?ék"i gﬁpwag ggé B?ngHg gﬂﬁ BESSOE|SMIOf gas across
t he_ heat exchan I g nl et f ue -gas containing amonia 5 enters the heat
exé%anger at %% SH ?l?gpPﬁé heat exchanger at 400F. The flue gas wth

amonia i s then heated by one or urners reactlon
tenperature of 420F. Thé gé§°ﬁﬁ?ﬁtSpﬁggfﬂ@n£'tgﬁﬁeF3gah¥s f £830F while
passi ng through the 10 catal yst bed. Qe treated s then passed through
t he heat exch%ﬂ@%?ernEr5&§F€Beﬁe83198 PhelﬁnFBPngEE d388 3nd is cool ed

from 420F-to 380F. The efficiency loss in the sxsten1|s t he
particulate support that is supported on the mesh like

material. The term “particulate” as used herein

10 includes, and encompasses,'épherical particles,
elongated particles, fibers, etc. 1In general, the
average particle size of the particulate on which
catalyst may be supported does not exceed 200 microné.
and is typically no greater than 50 microns wifh ﬁhe

15 average particle size in the majority of cases not
exceeding 20 microns. In general, the average
particle size of such particulates is at least 0.002
micron and more generally aﬁ least 0.5 microns. When
the catalyst supported on the particulate support is

20 coated on the mesh, the average particle.éize of the
catalyst support generally does not exceed 10 miérons
and, when entrapped in the mesh, generally does nog
exceed 150 microns.

In an embodiment of the invention, the mesh-

25 like structure that functions as a support for the
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di fference between the outlet tenperature of 380F and 15 the original inlet
tenperature of 360F. However, the 75% reduction of weight and vol unme of the
cat al yst vhed2/pssosd des a relatively |ightweight unit for tireTaso®0iRYE

catal ytic reduction of NOx which can be readily installed by retrofitting
Into existing 20 furnace systens. While the above description contains
many. specifics t hese specifics should not be construed, as |limtations on

oo not o FREBIYRET S B (IRRC 0¥ 3° SEXRM i '?’é.ss?fmpﬁéfniréfﬁer

oy oo SRR ST I B S It

SRR RS OMRR St A N hebest AR Tl

and and an ShebRaBRCR! o $rEsivde Sheld F3RRRne” 83’%%2":3‘2% G L

g orox! T LS, O iGN e B ARSI, e It

treated gas Oftructure can be provided with suitable corrugations
in order to provide for increased turbulence as
described in more detail hereinafter. Alternativelyh
the mesh-like structure can include tabs or vortex

10 generators to provide for turbulence, also as shown
hereinafter. The presence of turbulence generators
enhances mixing in the radial (and longitudinal)
direction and also improveg'access to catalyst either
coated on or entfapped in the mesh by providing loéal

15 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

20 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 caﬁ
contain fins or holes to promote mixing. The sheets

can also be shaped into corrugated strips that are

25 separated from each other by a flat sheet that exactly
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reduced nitrogen oxide concentration relative to the nitrogen oxide
concentration of the inlet gas streamis discharged; b) an injector for

i nt roduciwg ozo6seghuci ng 15 agent into the inlet gas streampcajusaz/bssener
positioned in the reactor shell for heating the inlet gas streamto a
reaction tenperature; d) a catalyst bed within the shell and 20 positioned
downstream of the burner; the catalyst bed containing at |east one nitrogen

oxi de conversirgn eabakysk ber tmetsslee%uvsr%amlmt 't% @%gg ik of nitrogen
oxide in the inlet gas streamto provide a treated g ced ni trogen

oxid.concent Bon: 35 a0, cxF2na 00,02L00U00ECT STy 0521 ) reans

posi ti oned upstream o cting heat éx t he
‘treated gas apfe t?g gl nlet gas stream containing reducing agent. 2. The
reactor of cla| wherein the 5 |njector is an'injector grid positioned

e ok e Pae PheFBRbnbS: R srdBEakaRdt that’ APChORAs Lk o i chi n

the; reactor SQS££Ort that supports the catalyst may be employed in

a form other than as a structured sheet. For example,

the mesh-like support may be formed as rings,

particles, ribbons, etc. and employed in a reactor as

a packed bed. |

10 The catalyst which is supported on the mesh-
like structure can be present on the mesh-like support
as a coating on the wires or fibers that form the

_ mesh-like structure and/or can be present and retained .

in the interstices of the mesh-like structure

15 The catalyst can be coated on the mesh-like
structure by a variety of techniques, e.g., dipping or
spraying. The catalyst perticles can be applied to
the mesh-like structure by contacting the mesh-~like
structure with a liquid coating composition

_20 (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

25 the mesh-like structure.
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10 4. The reactor of claim1 wherein the nmeans for effecting heat exchange
Is a heat exchanger positioned proxinmal to the catal yst bed and having a
pluralitW@f2/en888ed apart |ongitudinally oriented tubes aPCEfugezos6en a
bundl e, the bundl e having an axial 15 passageway, wherein the bundl e has an
outer periphery spaced apart fromthe inner surface of the reactor shel

and defining therewith an annul ar passage. 5. The reactor of claim4 :
further including a defThztoatapbgst i bnesuppotied tdre taxe alestasksidgeway of - 33
WD 02/ 068098 PCT/ US02/ 05621 the heat exchanger for directing gas flow

radi al |y thratghudtherdiein axchmnget effostsivdecdwulwenf nitwsgers. The
reactor of claim5 wherein the deflector is conically shaped having a
proxi mal |y 5 qoidd (10. apEX.gdneddlE, repcteatafyd aisngradaieiih tdie defl ector
is conically shaped having a distally pointing apex. 8. The reactor .of

,cllaim 1 wher einbunte ofitdtetl ddbt | $% Atadd o refendbip} -atemb it tigg r eact or
shell. 9. The reactor of claiml1l wherein the outlet is at the distal end of

the reactor sfiedd .tHO.amditht ettt Ayt ajdhratiey eidt tdieduying is

downstream of the heat exchanger. 15 11. The reactor of claim I wherein the

\‘;\;‘E?L%’ﬁt . Egd 6 hd W Sidr£ONY 1K8Y adidedilry 40% rPacty of claiml
weight, based on mesh and catalyst. In one embodiment
where the porosity or void volume of the mesh-like
structure prior toiadding supported catalyst is

10 greater than 87%, the weight percent of catalyst is
from about 5% to about 40%, and when the porosity or
void volume is greater thén 90%, the weight percent of
-supported catalyst is from about. 5% to about 80%.

Varibus embodimenfé of structural packings

15 will now be described. In Fig. 6, packing 2 is
diagrammatically representative of a plurality of
parallel-corrugated sheets of porous mesh material
(referred to herein as MEC material) in which the
corrugations 4 are represented by diagonal lines which

20 are at an angle o to the vertical direction of flow f£.
Fig. 6A, a representative éross section qf a
corrugation 6. Adjacent corrugated sheets 8 alternate
90° from each other.

In Fig. 7, a conventional monolith honeycomb

25 structure 9B is combined with MEC mesh material 9A of
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catal yst bed has an annul ar configuration. -34 WD 02/ 068098

PCT/ US02/ 05621 13. The reactor of claim4 wherein the heat exchanger

i ncl udes vaO bahdsbes ext endi ng | aterally across the bundl e offCruisezosers. The
reactor of claim1l wherein the 5 catal yst bed is downstream of, and di stal
to, the burner. 15. The reactor of claim 1l further including a plenum
chanber adjacent to the catal yst bed. 10 16. The reactor of claim4 further

i ncluding a 9€§edﬁié§659r199éhEiBHeﬁoEﬂbeOlabﬁ?aélébmﬁiﬁéageWBY_Of t he
heat exchanger e gas | ector being conically shaped and having a

proxi mal 'y poppthNgs@Psa ¥PehetAréheopatRbystrbednbagsaonybiengol cal 15
configuration and wherein the reactor further includes a plenum

‘chanber - adj acept &gngﬂegrQ%faekuig bhsveatal yaprbeda &énvibgibaactor of

claim4 further in Ing -a gas deflector positioned wthin the axial

.passageway 20rQf therbgad fﬁCE@Heéfs1&Helga§eﬂfébeat@5 Bei Bguseni 83 |y
shaped and having a proxinmally pointing -35

5 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
10 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 théﬂplane‘of the element 826
sheét material. The generators 846 and 848.al£ernéte
15 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 geﬁerators further promote
fluid flow through the pores of the MEC material due
20 to the pressure differential thereacross. The side
walls of élement 826 are inclined at an angle B of
about 90°. The roots and crests extend in a linear
direction.
The following Example illustrates the

25 operation of the reactor of the present invention and
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WO 02/ 068098 PCT/ US02/ 05621 apex, wherein the catal yst bed has an annul ar
configuration and has an inner surface defining an axial bore for conveying
treated 0 02/048098The reactor of claim4 further includi ngPETASHAOFRE pl at e
extending laterally across the bundle of tubes and across the annul ar
passage, the baffle plate defining a distal heat exchanger portion and a
proxi mal heat exchanger portion, wherein the catal yst bed has a cylindrical

Conf'gurat'0nmeé90é9foIh€hée@éi@étQGeC&atalﬁtiarkéaﬁctaghUQEnmca baffle
pl ate extending laterally across the bundl e of tubes and across the annul ar

passage, the Qaégﬁesgkégﬁ.deflnlng a distal heat exchanger portion and a
proxi mal heat exchanger portion, wherein the catal yst 15 bed has an annul ar
‘configuration. 20. The reactor of claiym ﬁ rther including a gas defl ector
positioned within the axial passageway o e heat exchanger, the gas

.defl ector being conicaljy §Qﬂ§%§s€P9e§@¥6fgsﬁ09hsEﬁ'biGpobﬁthgg apex, 20 -

wherein the catal yst be ndric configuration and wherein the

reagtor furthep,igeLydes, - ofe smg@w@s@g@a PETALS02408620r ! ey charber

adjacent to e catalyst bed. 2 The reactor of claimé4

further includjng,a eéabgﬁéaefi (088 bEopgd phiRkBebNEna¥iakrRassageway 5

of the heat eXchanger ector bel ng
following flue gas conditions:

Flow rate = 360,000 lbs/hr.
Temperatﬁre of flue gas = 360°F (182°C)
10 NO, content = 100ppm.
A sufficient amount of ammonia is added to the flue
gés to achieve the desired reduction of NO,. The
‘catalyst employed is MEC coated with V,05/T10,
catalyst. Td achieve a desired NO, réduction of 90% to
15 10ppm at a flue gas temperature of 360°F would
require 54 m® of catalyst. However, by employing the
reactor and method of the present invention, the
selective catalytic reduction reaction in the catalyst
bed takes place at 420°F and the required catalyst
20 ' volume is only 12 m’, which is less than 25% of the
weight and volume of catalyst required at an operating
temperature of 360°F.
More particularly, the heat exchanger
employed in the reactor of FIG. 2C eﬁploys 2 inch

25 diameter tubes with 1 inch high radial steel fins.
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conically shaped and having a distally pointing apex, wherein the catal yst
bed has an annul ar configuration and has an inner surface defining an axi al
bore for wonvesgdIsy treated gas, and wherein the gas streaRCTMDSO2eI62t s at
the proximal end of the shell. 22. The reactor of claim4 further including
a gas deflector positioned within the axial passage of the heat exchanger,
the gas defl ector being conically shaped and having a distally pointing
apex, wherei ITHS tuize chengybt ibef hateas andulthe cvtisiiger diemetamd has an

i nner surface defining an axial bore for conveying treated gas, and
-wherei n t he gfstisd rigalve obithédlei $sal mbeedisst aR badfde phateheékl . 23. The
reactor of claim4 further including 20 a baffle plate extending laterally
"across the buihowddttbesreniidacaogsphbe dlbal ofagaagavaysel thee heat

- exchanger, the baffle plate defining a distal heat -37- WO 02/068098

. PCT/ U302/ 056%e £ ek @p! t | PReand18tpEaxenghsheahtaxahaggemmpat ki on, -
wherein the catal yst bed has a cylindrical configuration. 29. The reactor

of scl ai m 4 f wrders ited udbae Sxahhagbleapl 366°Exhaadengtsatpeaheytacr oss -
t he bundl e of tubes and across the axial passageway of the heat exchanger,

the baffle platanhAefdni g sod?st al Theat1@¥chapgei tROAkOAiaNds atReAX mal
heat exchanger portion, wherein the catal yst bed has an annul ar 10

configurati oheARed Th¢ $88C6P mOteChakAbisWher 8i AekheeBatadhystioRed i ncludes
particul at e.
temperature of 420°F. The gas maintains the
temperature of 420°F while passing through the
10 catalyst bed. The treated gas is then passed through
the heat exchanger to transfer heat to the inlet flue
gas and is cooled from 420°F to 380°F.
The efficiency loés in the system is the
differénce between ﬁhe outlét temperature bf.380°F and
15 the original inlet temperature of 360°F. However, the
75% reduction of weight and volume of the catalyst bed
provides a relatively lightweight unit for the
selective catalytic reduction of NO, which can be
readily installed by retrofitting into existing
20 furnace systems.
| While the aboﬁe'description confains many
specifics, these specifics should not be construedras
limitations on the scope of the invention, but merely

as exemplifications of preferred embodiments thereof.

25 Those skilled in the art will envision many other
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26. The reactor of claim1l wherein the catalyst bed is a nonolith. 15 27.
The reactor of claiml1 wherein the catalyst is supported on a nesh-Ilike
support Me@021gp889800r 0sity greater than about 85% . 28. TRETUSA0SR1 Of
claim11 further conpri sing: WO 02/ 068098 PCT/ US02/ 05621 f) a furnace
whi ch produces a flue gas containing nitrogen oxide: and, g) a conduit for
conveying the flue 'gas fromthe furnace to the gas stream inlet of the
shell. 5 29. pofeikdditdest wdtbdinethievescoreabpdi spizdtcrifothef nitrogen
oxide in a gas which conprises: a) introducing a reducing agent into a gas
st ream cont ai knHgnkiirnogsendefiined by theacilpims RPRehdgdshepetpassing the
gas 10 streamw th the reducing agent through a heat exchanger: c) in a
"second heating step, raising the tenperature of the gas streamwith the
reducing agent to a reaction tenperature sufficient for the catalyzed 15
reduction of nitrogen oxide with the reducing agent: e) passing the gas
streamw th the reduci ng agent through a catal yst bed containing at |east
one
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nitrogen oxi de conversion catalyst effective for the selective catalytic
reduction of nitrogen oxide in the 20, presence of the reducing agent to
produce avoopedsesk gas: and, f) passing the treated gas throuwgisot/bss2heat
exchanger to transfer heat fromthe treated gas to the gas streamw th the
reduci ng agent. -39 WO 02/ 068098 PCT/ US02/ 05621 30. The net hod of claim
29 wherein the heat exchanger conprises a plurality of tubes and the first

heating step ﬁggﬁr&geéLﬁgﬁ%bngsghe gas steamradially outward through the
€

heat exchanger acr 0SS upbes, 5 the step of passing the gas stream

through the catalyst bed cg %ES?EaE§5§EHQtBBefB§StEEr@ﬁ€h§65@||y through
the catal yst bed, and the stép of passing the treated gas through the heat

‘exchanger CoNppl 9gs hARSLA0 g bERALEY SNt BT gHANsthgahURRSCH 10 1. The

~met hod of clarm 29 wherein e héat exchanger conprises a-plurality of
tubes and.thec%%PE&sggqting step conprises passing the gas steamradially
outward t hroug e heat exchanger across the tubes, the step of passing

theggas stream through 5@6aléhgaﬁahX%&ngeéneeﬂﬁsksSﬁdpa§§5990£he gas stream
radrally inward through the catalyst bed, and the step of passing the

treated gas t he _h apgar SoARLLatseRasShAd hheakigated gas
t hrough the tgggggggéf ?h§§%§tﬁ%g ggeélgiEngg&hgrglnhtﬁehhegtigo exchanger

oI s Sal A & AR RN RS ool DB TR BES Pacel 0
at the proximal end for receiving an inlet gas stream
having an initial concentration of nitrogen oxide and

10 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) aﬁ injector for introdﬁcing a reducing
15 agent into the inlet gas stream; .
c) a burner positioned in the reactor shell
for heating the inlet gas stream to a reaction
temperature;
d) a catalyst bed within the shell and
20 positioned downstream of the burner, the catalyst bed
containing at least one nitfogen oxide conversion
catalyst for the selective catalytic reduction of
nitrogen oxide in the inlét gas stream to provide a

treated gas of reduced nitrogen oxide concentration;

25 and,
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exchanger across the tubes, the step of passing the -40 WO 02/ 068098

PCT/ US02/ 05621 gas stream t hrough the catal yst bed conprises passing the
gas streav®axoabd8y t hrough the catal yst bed, and the stepPoffi/yseyeiony t he
treated gas through the heat exchanger conprises passing the treated gas
through' 5 the tubes. 33. The nmethod of claim29 wherein the heat exchanger
conprises a plurality of tubes and the first heating step conprises passing

the gas steam radial Iy Lavggdnangothenonadi abbyrotih vor Chidrgughes he heat 10

exchanger across the tu tep of passing the gas streamthrough the

catalyst bed pomLEpes: PASShOdL! DEchEg S EERRIRMAL | o dguEs dyddr ough the

catal yst bed, and passl ng e treated 'gas through the heat

exchanger  conpLy SR PaRsLROGhLeSE EERhCL 988 Aid Qi Adeaddlbes. 34. The

met hod of clarm 29 wherein éat exchanger conprises a plurality of
‘tubes and the first heating step conprises passing the gas steamthrough
the tubes, the step of passing the gas streamthrough 20 the catal yst bed
conpri ses passing the gas streamaxially through the catal yst bed, and the
step of passing the treated gas through the heat exchanger -41

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

the gas stream inlet.

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

stream within the reactor shell.

10 | 4. The reaétér of_claim 1 wherein the meané
for effecting heat exchange is a heat exchanger
positioned proximal to the catalyst bed and having a
plurality of spaced apart longitudinally oriented
tubes arranged in a bundle, the bundle having an axial'

15 passageway, wherein the bundle has an outer periphery
spaced apart from the inner surface -of the reactor

shell and defining therewith an annular passage.

5. The reactor of claim 4 further including

a deflector positioned within the axial passageway of
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WO 02/ 068098 PCT/ US02/ OSG21 conprises passing the treated gas radially
outward through the heat exchanger across the tubes. 35. The nethod of

cl ai m 29 Wi e2/@8008t he heat exchanger conprises a pluralityPeff/usobes2and t he
first 5 heating step conprises passing the gas steamthrough the tubes, the
step of passing the gas streamthrough the catal yst bed conprises passing
the gas streamradially inward through the catal yst bed, the step of

passing the traat adadasxthaageh rhe Bezbeexiabagaer flGwamiaasy passing the
treated gas radially outward ™t hrough the heat exchanger across 't he tubes.

36. The net hodnebughatAk2ReyletgbRahBe rhaalo8XC haRIYurPIdsaqBed! urality
of tubes and the first heating step Conprises passing the gas steamthrough

"15 the tubes, the step of passing the gas streamthrough the catal yst bed
conprises passing the gas streamaxially through the catal yst bed, and the

~step of passing the treggeghga eggggggggtgﬁagﬁag eheRangen Gonpri ses

passing the treated gas radialTy outwar 20 then radially inward

PCT/ US02/ 05620057 EC R B8 REALERELY e netg8inardny e et anger

conprises a plutalk ubes and the first heating step conprises passing
thgggas steanb?%ﬁgééﬁ gégkfubes, the step of passing the gas streamthrough

7. The reactor of claim 5 wherein the
deflector is conically shaped having a distally

pointing apex.

8. The reactor of claim 1 wherein the outlet

10 - .is at the. proximal end of the reactor shell.

9. The reactor of claim 1 wherein the outlet

is at the distal end of the reactor shell.

10. The reactor of claim 4 wherein the

burner is downstream of the heat exchanger.

15 . 11. The reactor of claim 1 wherein the

catalyst bed has a cylindrical configuration.

12. The reactor of claim 1 wherein the

catalyst bed has an annular configuration.
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18. The reactor of claim 4 further including

5 a.baffle plate extending laterally across the bundle

of tubes and across the annuiar passage, the baffle

plate defining a distal heat exchander pértion and a

proximal heat exchénger portion, wherein the catalyst

bed has a cylindrical configuration.

10 19. The reactor of claim 4 further includihg
a baffle plate extending-latera;ly across the bundle
of tubés and across the annular passage, ﬁhe baffie
plate definipg a distal heat exchanger portion and a
proximal heat exchanger portion, wherein the catalyst

15 bed has an annular configuration.

20. The reactor of claim 4 further including
a gas deflector positioned within the axial passageway
of the heat exchanger, the gas deflector being
conically shaped and havin§ a distally pointing apex,
20 : wherein the catalyst bed has a cylindrical

configuration and wherein the reactor further includes
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)1 +18rad {\= "910%& ()-910%&' ()- 10 o
o | | 21. The.reactor'of_dlaih'4'fufther iﬁcluding
a gas deflector positionea within the axial passageway
5 of the héat exchanger, the gas deflector being
conically shaped and having a distally pointing apex,
wherein the catalyst bed has an annular configuration
and has an inner surface defining an axial bore for

conveying treated gas, and wherein the gas stream

10 outlet is at the proximal end of the shell.

22. The reactor of claim 4 further including
a gas deflector positidned Wwithin the éxiél passage of
the heat exchanger, the gas deflector being copically
shaped and having a distally pointing apex, wherein
15 the catalyst bed has an annular configuration and has
an inner surface defining an axial bore for conveying
treated gas, and wherein the gas stream outlet is at

the distal end of the shell.

23. The reactor of claim 4 further including
20 a baffle plate extending laterally across the bundle
of tubes and across the axial passageway of the heat

exchanger, the baffle plate defining a distal heat
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exchanger, the baffle plate defining a distal heat
exchanger portion and a proximal heat exchanger
portion, wherein the catalyst bed has an annular

10 configuration.

25.  The reactor of claim 1 wherein the

catalyst bed includes particulate.

26. The reactor of claim 1 wherein the

catalyst bed is a monolith.
15 27. The reactor of claim 1 wherein the
catalyst is supported on a mesh-like -support having a

porosity greater than about 85%.

28. The reactor of claim 1 further

comprising:
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exchanger;

c) in a second heating step, ;aiSing.the B
témperature of fﬁe gas stream with the reducing agent
to a reaction temperature sufficient for the catalyzed

15 reduction of nitrogen oxide with the reducing agent;

e) passing the gas stream with the reducing
agent through a catalyst bed containing at least one
nitrogen oxide conversion catalyst effective for the
selective catalytic reduction of nitrogen oxide in the

20: pfesence of the reducing agent to produce a treated
gas; and, |

f) passing the treated gas through the heat
exchanger to transfer heat from the treated gas to the

gas stream with the reducing agent.
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exchanger comprises a plurality of tubes and the first
heating'Stepf¢omprises passing the gas steam radially
outward through the heat exéhanger across the tubes,
the step of passing the gas stream through the
catalyst bed comprises passing the gas stream radially
inward through the catalyst bed, and the step of
passing the treated gas through the heat exchanger

comprises passing the treated gas through the tubes.

32. The method of élaim 29 whereiﬁ fhe heat
exchanger comprises a plurality of tubes and the first
heating step comprises passing the gas steam radially
inward and then radially outward through the heat

exchanger across the tubes, the step of passing the
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20 the catalyst bed comprises passing the gas stream
axially through the catalyst bed, and the step of

- passing the treated gas through the heat exchanger
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comprises passing the treated gas radially outward and
20 then radially inward through the heat exchanger across

the tubes.
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