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FUEL STAG NG PROCESS FOR LOW NOx OPERATI ONS 10 BACKGROUND OF THE | NVENTI ON
[ 0001] The present invention relates to fuel staging processes and systens
for reducing nitrogen oxide (NOx) em ssions, and in particular to such
processes and systens using fuel dilution tips in | ow NOx burners. [0002]
One of the challenges confronting the Chem cal Process Industry (CPl) is
the 15 combustion of waste fuels for econom c reasons and at the same tine
nmeeting | ow NOx and CO eni ssions requirenments. The waste fuels_ ¢

cocktail of higher CHratio gases which conbust with very Iun?fﬁ‘%gs"?“}(’f‘arres
due to carbon oxidation and al so produce soot particles or carbon dependi ng
on the conbustion process. Typical refinery fuel conposition cont ai ns

varyi ng amounts of fuels and [ C1, C2, C3,...Cn, olefins,
hydr ogen, 20 nitrogen, ﬂi'ré@ﬁ!%? "\g\&ﬁzmon or soot part| cles are
formed. on the fuel ti rows under favorable
pressure and tenperat ﬂ@@%{)\?ﬁﬁ? 5%%%1@ Vﬁ exit. This could
result in fuel jet bl ockage, fuel &eiPon, and over heating of tips
and furnace parts, such as process tubes and refract ory walls) and the

potential shutdown of the &%‘ ce o erati on. The shutdown of a
furn could result in si Cﬂfééﬁﬁ@sé? Tﬂ@h’al ties, including

i abi [ from downstream pr SS |nterrut|on 0003 Drt
refi neryyk‘@Qﬂz*@gH&S@m 'ngfzswonﬁ?'at‘?époglﬁ SEAYINgrRI OB aramiﬁ ta%é%r gdedings

acetyl ene,. et hane but ane and ol efi ns é yl ene and

propyl ene tra%‘?fb? ?{/N%B@m@oﬁid iBRARicYARE sueh 'i?éFsst@ﬁQdéYsée@ﬁﬁf'@%fU@ﬂ to:
8 e mX| n the furnace (dependi ng on the nunber of jets,

jet georre ﬁ@ A7 E’é?‘f" BIYNEIS- and i nj ecti on veI ocities not bei ng opti num

(general | ﬁ’ %ﬁéﬂl fi eﬁ as a burner design issue) | ack conbustion air or

oxi dant alPd Fiqfyt Fr?hﬁpl"‘é‘g\?ﬁc‘i%f@?t"@f thleugpeqmgng(oggﬁ,!rmupgyy 5CR) d§§|i‘9| ed

as a ﬁr ner fl ow cgnflgur ation issue); inadequate cooling of fuel tip

(expotlur eSQBOYSHPAS meé%fpwoaﬁmsrgamsa@a@ﬁ%rﬁseg@ﬁ@eamgﬁmeﬂ%wraw as a

fuel tip 88nf| %ur ation and burner desi g‘n i ssu
emissions requirements. The waste fuels contam a cocktail of higher C/H ratio gases

which combust with very luminous flames due to carbon oxidation and also produce soot
particles or carbon depending on the combustion process. Typical refinery fuel composition
contains varying amounts of fuels and inert gases (e.g., C1, C2, C3,...Cn, olefins, hydrogen,
20 nitrogen, CO2, water vapor). If carbon or soot particles are formed on the fuel tips, the soot
structure generally grows under favorable pressure and temperature conditions existing near
the tip exit. This could result in fuel jet blockage, fuel jet deflection, and overheating of tips"
and furnace parts, such as process tubes and refractory walls, and the potential shutdown of
the burners and furnace operation. The shutdown of a furnace could result in significant
25 financial penalties, including liability arising from downstream process interruption.
[0003] Dirty refinery fuels consisting of higher carbon and containing gases such as
acetylene, ethane, propane, butane and olefins (e.g., ethylene and propylene) generally

produce soot particles if fuel tips are subjected to:



interruption of fuel flows (upstream fuel equipnent reliability) (generally
classified as a process issue); 10 lower firing operation (lower fuel flow
rates due to process turndown) (generally classified as a process issue);
or fluctuation of refinery fuel conposition in terns of carbon containing
species (generally classified as a process requirenent issue). [0004] The
burner or tip desjgn significantly affect tip overheating, ,S00 roducti on,
Uip 15 pl uggh ndecetABadang it erfiate idensarnb ondhe BUnBe SHieSog sRamety;

equi pnent. These proble are.c oynded by, changin roces ongdi ti ons,
Sueh as | ow endBRORAIGEaNY HSIBME IR RGP BaoTsrap e hed oas

whi ch affect required cooli r&g needed on the fuel tips. Changi ng process
condi ti ons and PUINEr dEFERESPEY on changes are common in refinery operation.

[ 0005] Anot her chal |l enge confronting the CPl is the requjrenent of | ow NOx
eni ssi ons t o 20A%eRftco U§E‘?’bﬁ"r°é§ﬁ'ﬂg'f‘ti Piadability dp theyiginihnpl bgklel @eaerally t he
United States where NOx regul ations (under the 1990 Clean Air Act) require
| ess tthan 10 p5tAsRitRd epplurmssdloy configiraiondssuedat ers, boilers, gas turbines;
and ot her stationary conbustion equi pnment. The nost common or BACT (Best
Avai | abl e Coht ﬁ'@deﬂé@ﬁrﬁﬂ%’g@/)’f &5l tIps &rxpPRureHe feppce sadiglionsen EpdgiaR basis)

(Sel ective Catalytic Reactor) for post cleanup of flue gas for reduction of
NOx 25 cont ai ndeensrlyiriassifigd asarfueltiraephigwatiany andRymesdesiondsss): usi ng
anmoni a injection inside_a 2 | arge, catalytic reactor. This process is
Very capi t al i HIERURPE oL el T PEEat 1yl aaLimRnt eriapiy) (ceaeraly CRsBRT &S hot
air) and electricity for |D fan operation. [0006] Mst refineries would
like to avoi d SARCFITSHEUCAti on and instead use | ow NOx burners to neet

t hei | i . ir ts. I NOX b h t 5
consi S ent |y pIORRICEES| B ES P HaRIGS FipaP R prgRResn B praly
applications, such.as steam nethane reforners (SMR), crude heaters,

et hyl ene cracké;r snﬁgaaggiqr%c?ebsg I¥84F)Ohi s reason, the use of | ow NOX burners

SCR current 1y TeekRliSh of Yol BRI GRPGPAIR do@h o Famon onlaife fpecies
stringent NOx levels in o'%igge at t ai nment Er?g%%n?ns ere ground | evel ozone

concentration 18ENSRANARSSEYZF A RREESS reqy B§¥F/cal 1y, operators in the
CPl utili t l.. . an.. [ .end_ of t I d.dirt
ot o AR TR B2 ey 5 aE R e Pl Sl
t hor t t he hi gh t of fuels, it i t al i bl
oL B e AT o aer g ekt M SbiBSR  ©
fineries_ that nbust te 15 fuels typically_ h i gh
br oduct | vFEPanged By EPaRa PR RIPSIIPE: cORbEA i epe oL PREes Wiinpap aais
oo o PSR et Rt S Rt BB s of 5 L aand
utilization of | ow NOX bb"fneﬁrs e%gti. §1d with hig1her level s of fuel staging
and di | ut PGFeST CItonEand iy fomp "8& anges PEACRITYNN" / ORIAY1 M) ect i ng
-react | i nert chem cal jes. in the fuel/oxidant 20 m. xt th
nver ago. 1 [3pRa Panfier thalFaes Sroaiaee s sseotBr e ptBRNGR st e e
Ho , th et hod i ddi tional pipi t
nssoctiht ¢ EE BRI (S0uREH 1 Thpra piocvasus AP EIE, WRIECk HeHe WasTaN@Ner gy
Ity d , ' h i th f i { t ~at t
Phe. pr yceloulanpe ik e TR0 L0 PoAcT AR et 8B Ad ABLNPSREI IS RN
|2:5t g;?; g; ﬁ@%§§sﬁﬁéatgggbgi%[r§, gtag Lrb%n%%,saenygﬁwgp gt%tigﬁa% ggr?\btljseii%% éqﬂ%rr]ne%g ?Rg] NOx
most common or BACT (Best Available Control Technology) solution in the CPl is to use a

SCR (Selective Catalytic Reactor) for post cleanup of flue gas for reduction of NOx

25  contained in the flue stream (by converting NOx into N2) using ammonia injection inside a



-3 [ 0009] Various devices and nethods using fuel staging have been

devel oped with the goal of reducing NOx em ssions. Several of these are

di scussed bel ow. [0010] U. S. Patent Application No. 2003/0148236, (Joshi, et
al.) discloses an ultra | ow NOx burner using staged fuel nozzles. The
burner has eight fuel staging |lances |ocated around 5 the main burner body.
The center part of the burner is used for supplying 100% of the conbustion
air and ala@s Gatahdie Ireagiefunthiopracees ig MEWO%D'@E intefjsbee apd frequires evignificant ane
stability. The rest of the fuel (- 90}%%, is injected using nultiple fuel

st agi ng |1 QfRFdles qiammogip, @qté'{ii?f?f(?'ﬁﬁff@ fRalfas 9egralPNf uel nozzle tips with
two circular holes. As shown in Figures 1 A-1 C, these |ances have axi al
and r adi al908f),Megiatineries yould like fo aueib§eR instaliatien and insteadusedawNOX kyrners ai r
and entraining furnace gases due to a relatively high jet velocity (500 to
1, 000 feety BeEt dheis NQx compliangef igaviremagpsy Hewevalr @V‘déi@hbuﬁgr%ﬁat/%@oﬁ ring
rate). [0011] U.S. Pat. No. 6,383,462 (Lang) discloses a nethod and an
appar dt uscesistentl Reodsced lesa dhapHdrne NOXxiR varuspraoess heatingappligaionsishelte f or
m xi ng flue gases fromthe furnace with the fuel gas, as shown in Figure 2.
A conver gahgeamveethangrefermers (SMR ) etudedieaters, iefhwienesradkers, ot brilersdiFanthis t he
fuel gas with additional flow notivating gas. The resulting m xture

(di | uted TegepPn.\ihe Hse PlilowgOX bumersbas selrheensertified by ragylatingcerasnaios lae the xt ur e
is conbined with the conbustion air and burned in the furnace. Depending on
the flue BA&Tdilm athepwordsy8CR curmaolly isrihe enlysomaiieialivonatile seluben fopmeelina 4 ppm
may be obtained. This apparatus and nethod do not reduce NOx em ssions

bel ow 10 PRI ANPHevelR 519208€ gitainqent teginpaMiIsregrognd ryskozppecppeerdiation
achieved with SCR technol ogy. [0012] U. S. Pat. No. 6,481, 209 (Johnson, et
al .) W scPseds legpllimitsst agi ng system suitabl e for gas turbine engines.
Efficient conbustion with air is achieved with |ower NOx and CO em ssions
by spl it t [9987F Ggically; eperaters in thetGRR] ublizegiean natural pas eranePimumdiend of patural swi r |
m xers, and 2) injectors installed in the trapped vortex region of the
conmbust or gas-pikdiey refinersfuelsjte ceduse Qvgaw@ﬁenénaietenmcesimmb|I-g>w<ayer. dae de
furnaces where trapped vortex zones are not possible due to furnace and

| oad geon®atpial gag shoftages3zndUthe. hightcosiNef fuglss B9s 1o ajways qlogsiblet far pyocess

di scl oses_a control based fuel staging strategy for an aero engine in which
two separ Bdestiiestorutilizegiean naieal gasdel Q@g‘hﬂ@mﬂ-@ge sefivetiexihat gannembyst wakte si on
and pul sation sensors are installed downstream of each staging zone. These
sensots nhglsdyricaliy bavrbiphenpreductiiyisnd e reativelydamorable ¢ompetitiver stats ecrapared agi ng
zone and 5 then a control unit varies relative anounts of fuels injected in
each zonetogdperiafingiies whighaatgiungerofitiziag thegvastelfushpoteoligtent al  condi ti ons.
[0014] U S. Pat. No. 5,601,424 (Benstein, etal.) discloses a nethod for
reduci ng MOR8LWithgegard ta NOx sedictienmithafosuaerdiOx eentiobinethtdeinslaste utiization chr e

| owered by adding to the burner flane atom zing steam which is avail able
for fuel NQx buinges easppedavithdugheri@velsad fusl steaing and dilution of air/fuel with flue

gas recirculation (FGR). By injecting non-reactive or inert chemical species in the fuel/oxidant
20  mixture, the average flame temperature is reduced and thus, NOx emissions are réduced.
However, these methods require additional piping and energy costs associated with the
transport of flue gas. In addition, there is an energy penalty due to required heating of the
gases from ambient temperature to the process temperature. In addition, the field data

published in the literature do not indicate that these methods achieve less than 10 ppm NOx

25  performance.



10 approximately 0.5 Ib steam | b of fuel flowis necessary. A |large anount
of steamis necessary to reduce flane tenperature and obtain a required NOx
reduction. In addition, if a large amount of steamis used for flane
guenching, there is a possibility of flame instability and sputtering.
Thus, there is an upper limt for steaminjection on flanme stability

gr ounds. iogggﬁlr{?,ggl}% (%gr&e%lg}@ .Flr{‘%ﬂmddg %Hr?ip ?Nﬁ@\ﬁg@g;ﬁ?gé b@erféiéve‘o%d ﬁétﬁ:ﬁi@l goal

injection tec contro due to an'I ne

steam i nj Sﬁlehﬁ’&c]@a@)%en’f}séi&{sg%&%PA?BWh%sQS&a&ié s58d BAbR, | 0 order to reduce
e sunption 1S Very ge

NOx emi ssions. The steam con [ arge, "and the technique is
L2t v oS G SR ot ppho ki e AR 1
el o e oy
fur nace. pPaBRRPOAY e 38 stedaiourFofiLelit 1Bte e brEs foratppbfems SREDEY an
apparal T AL BB, ML Ehlty oS hout SORENL o U hos Bt gets 42 s, SOF
s hout ushod e RRLH o LD P, SRR R ks PV ¢
i et PSEEAR A b P I e

pr odujc{:qjngb?éi%erﬁhagwnqm#pc%q%&é g&ﬁ @%@ﬁi&%@@ﬁfﬁ“@?m@% @g%a@tsfﬁg% Ctl?)}cl) have
b P AR s R B AN LT e
R S R e A I Y

At 7 ogen. 1R ot ofel ot e BfheR oi Biridte, frafkhi e Babetify edpingee
ystom (BBBYF RLod. af Bndlf Hpdr82 ABRRar e anisBiARE s P et oo
stagi . el e BEWTE Bl ORAROy MR HaE: TR PRy e

trom the {1 elth ShaRRf I inetiEal e b mPRR T RedHb RS <EREERIPRDIE T,

and o £ EpdpRd et e AeRd, bEheRindal Hedha R HFRR 1R, B 007" °

a second con
Cranem - SSepodeficion fBR kool Gaf b pHEoe S0ERE SR B et fare o
d ) jndex, d. f i nd
bei ng di L aCteRREY ROR GnESEhe pBR T ;f@ﬁ""?fﬂddLh;xée%ﬁb'afﬁéfeg%tfb%gﬁogﬁa%%ﬁol*@%a' the
St at o unSPERDY S BI AR BeMofbhy “exi st o betwoen the stream of the fue
exiting t @1gru.§.tPa?.fN& %318](1!2’0@(‘109191@85{'& aﬁ%éa@&ﬁﬂé?ét%% s%lgmfslu}fébqe for! ting

the outta

gas turbine engines. Efficient combustion with air is achieved with lower NOx and CO
emissions by splitting fuel injection in two stages: 1) injectors installed in swirl mixers, and 2)
injectors installed in the trapped vortex region of the combustor. However, this injection
25 scheme is not suitable for large furnaces where trapped vortex zones are not possible due to

furnace and load geometry.




-6 the second conduit. The second step is to feed the stream of the fuel
to the inlet of the first conduit, said streamof the fuel exiting the
outlet of the first conduit at the first thernodynam c state and the first
fuel index. The third step is to feed the streamof the fluid to the intake
of the second conduit, said streamof the fluid exiting the outtake of the

second co j the 5 Q her nbdynam c state d the second fuel
T, whliodnh U el S 6 B8 e (RAObr et eRea 7 CoRTa esean SBanD kg aNe
outlet of_ the first,co,nce;lh!‘iiaila m xes wth at | east a go_rtion of the stream of
the fl ui d680 EPIRENGHNE 18 {wo 5ePaTRle InYtUmRNtebLNaLTRIIRg NeFAes @t Pekf: Hrsski mat e
both the outl et and the outtake, therebP/ generating at |east one dil uted
fuel st reBRTNESPH NG RUISAHQY SANGPES: are inptalied dowpsirrametaaghhataging gene. JBESe ndex
and the second fuel index. The fourth 10 step.is tqQ provide a source of an
oxi dant. I$¥Of§ ’Pteﬂs‘g?é‘ﬁﬁ ﬂ'éaW)bOfc‘?S’r'i‘%@f'O’hp@GP?tﬁdﬁuéﬂ froeeashy Hagipg gPrsand

| east a portion of at |east one of the streamof the fuel, or the stream of
the flui dtheBre eepirofuntvates [riative ameumts ?%@P@U?Je@'éﬁé'? &?F"r‘]éo%ﬁ Sﬁge’E’dﬂ& @M ni ng
a reduced anmount of nitrogen oxide, said reduced anmount of nitrogen oxide
bei ng | esS"aWHg QPeratipgand SavkenmentalifopdidieRss oxi de that woul d be generated
by conbusting the fuel using a neans other than the fuel 15 dilution

devi ce. [6’(928) Ush &k No- 8 5044 (Besieinost @l bisdases pimethoddaysdysraf Oy esig e

net hod. In one variation, the fluid is a fuel. In another variation, the
fluid is SQM&REeaPiHediopcontr!c bheNOxigysisare bwessd byraddingdethe bumeptiame

di oxi de, nitraogen, argon, heliu xenan, krypton, other igert fluids, and
m xt ures BOTIZRG SIERM. IHECH IRepwiirblesior fur) 2M) atpmizakien h&er vQs MOxofedyetianne
first, enbodi ment of the nethod, the first conduit is adjacent the second
condul® . frPoEmalghoOmefd Sigpmibicldfuel oy is;aecessanyhsA JRIGEAMPER1f e 1§ he
second conduit is disposed in the first conduit, In still yet another

vari at i on"e3a5eay & EHCR tapeiiemnesRtutgAnd pbtaind Erquired MU feducids-yn agdifionpita

out t ake o{ t he second conduit is |ocated at a distance, behind the outlet of
the first '%¥MPYnt oésieamds ysedhiorfiame Auenahing. therkjis agrosaipiityof flampiystabilitypout
25 (20 D~?a. ‘&0_02552 A second enbodinent of the nmethod for diluting a fuel
to reduced SREGERT-oX MR here saroirper Hnk {Ryisteaneiniestionomliame stabifity HPURds: t he
first enmbodi nent but includes two additional steps. The first additional
step is t WOIPhbINagas tuiing BAutiNsaR dges A TimbarsEedRdniestiniuierhnigyR far Mand

addi t%onal step is to transmt at |east a portion of the streamof the
f1ui d'¥ hr 62Nt Rewsverygiyg toran inplicient steain inieqtign Ahodes 8 darag epejianmie Repaltytis e
fluid exiting the second conduit. (0026) A third enbodi rent of the method
i s sim | aPaifdn ofere reducegyiemisfionsputhy siepmdeasymptiondigivenolasge. andf8e The
first additjional step is to provide a zipper nozzle in fluid comrunication
with the RGONIgHe isrrefagyely memc'e@bﬁ%n?t.cwhﬂp%&mNémomre'nm step is to
transmt through the zipper nozzle at |east a portion of a diluted fuel
stream 1&90('61)3%] degired if-Have argsrfivstite. ErtrofitapprEatibnd etbipafor NOX mipsign £ i r st
enbodi ment but includes the additional step of placing the fuel dilution
devi ce i nfgAuGHen. ¥Hichmpiedda the gbilifvite cambust fefencwntegasesvithiodl pxaessive NPx 5
furnace gas, whereby at |east a portion of the quantity of the furnace gas
nmi xes?®i t AMESIANEast “a portion of the diluted fuel stream [0028) Another
enbodi nent_of a nmethod for diluting a fuel to reduce nitrogen oxide 15
eni ssi ons[@H7bitgh fyrther desised nyhavec Al @eBanHst sl methodpehichrFRAuCE resuipspesd j s
to provide a fuel

P maintenance due to problems such as plugging of burner tips and over-heating of process

tubes, and which will provide additional benefits of improved fuel efficiency and furnace

productivity.



di lution device, which includes: a first conduit having an inlet and an
outl et spaced apart fromthe inlet, the first conduit adapted to transmt a
stream of the fuel entering the inlet and exiting the outlet at a first
pressure, a first velocity, and a first fuel index; and a second conduit
havi ng an i ntake and an outtake spaced apart fromthe intake, the second

condui t pré’qgﬁft ed. }o transmt a streamof a fluid entering the intake and
exiting t tis il further,deslied fQihayeanapparatys %’E’dﬁﬂﬂo@é’f‘ﬁﬁi""t"ga,"oyr%!"amé%ond
fuel inde

g the second fuel index bei ng different fromthe first fuel index
by at |ea Pxhuegrs & PeghaChileyal MQx pasio PenGenandsaloyH@hinere 4a PP nth ex
second velocity being different fromat | east one of the first pressure and
the firstregylagens yithayhupiaghecapiplintenaive SER terhnalegYexi st s bet ween t he
streamof the fuel exiting the outlet of the 25 first conduit and the
st r eam of [Q0A8] #jisstY figther dagradie have amarpasatus Rad metwdavhighwilliepablg Reocese ond
step is to feed the streamof the fuel to the inlet of the first conduit,
sai d st r elfpgifies lpecongume chepper waste fiye) witheut euiriag penaligsonimairtenannedisues at
the first pressure, the first velocity, and the first fuel index. The third
step i s t8ughasdips phiggingeearinmnent prerhealing. pocesrdnierupliansogics whilsaldemsame
conduit, said streamof the fluid exiting the outtake of the second conduit
at the seb®adentiag Nxapoviptionsdyonedugingless tpn 4APrrmNOs epvssiPsuel i ndex,
whereby at | east a portion of the 5 streamof the fuel exiting the outlet
of the fi 0920k Kimcaisa desirgd i havermngpparaiistang mrshed foncambushieg & fuebuhichvdifarde
fluid exiting the outtake of the second conduit at a | ocation proxinmate
bot h the bettar@erfamrancashanthe aKer, art, Bad wbich@secvgrdoms many efdke diffieultigs pod ed
fuel stream having an internediate fuel index between the first fuel index
and tHe sdisadiantages of Hgaior Iféo providetpederqnd moterdyaaiapeeusdesyiss ce of an
oxidant. The fifth step is to conbust a portion of the oxidant 10 wth at
| east a portion of at |east one of the streamof the fuel, or the stream of
the fluid, or the diluted BRIEF SIMMARY @hdHEONVENTEPNt i ng a gas cont ai ni ng
a reduced anmount of nitrogen oxide, said reduced anobunt of nitrogen oxide
bei ng | es02AhMhe presghidnventionista methad andgsystemifardilutingta fuelip tedvee pivnegemt ed
by conbusting the fuel using a neans other than the fuel dilution device.
15 (0tR9] oxitle pmisgioss thipyghiue! stagimgs nthe invendion alsgincludes difurl dilutioh dgvite that
dilution device for diluting a fuel to reduce nitrogen oxi de em ssions
t hr ough f 0@y betusgd ingthe Theshéd erthe syslemnt is a first ‘conduit having an inlet
and an outl et spaced apart fromthe inlet, the first conduit adapted to
transmt 022} éhereaire anvliipde steps ér adigsttembodimhertt ofithe rrihod oy dilntingatfletto at a
first thernodynamc state and a first fuel index. The second elenent is a
second corgdiuce niitogeng@xide emissitrs thnalighrfugicstaging.afbe dips stap iapaiptovideoarfuehe
i ntake, the second conduit adapted to transmt a streamof a fluid entering
t he i nt akdilldind dexicei wigjich neludes:t akisstaonduitkavinglan intat mpd pnanitiet spaaed apard a
second fuel index, the second fuel index being different fromthe first
fuel 2hdefomyjheiniatdbe firsheanduit edaptadtd transmitecsireat ¢féherfudhandering the intet abai ng
different fromthe first thernodynam c state, whereby a potential for
m xi ng expxitirg hetowtelrat alfiest sharmadyrsimic biatd and a fist uehigdexand atseeond®ndfiitt he
first conduit and the streamof the fluid exiting the outtake of the second
condui t, WAdp@ayintakelaad an outtakerapaced apart fram theirdake, the sebendragetivitadapteddo t he
outlet of the first conduit mxes g_

transmit a stream of a fluid entering the intake and exiting the outtake at a second

thermodynamic state and a second fuel index, the second fuel index being different from the
25  firstfuel index by at least about 0.1 and the second thermodynamic state being different from
the first thermodynamic state, whereby a potential for mixing exists between the stream of

the fuel exiting the outlet of the first conduit and the stream of the fluid exiting the outtake of

6-



with at |east a portion of the streamof the fluid exiting the outtake of
the second conduit at a location proxinmate both the outlet and the outtake,
t hereby generating at |east one diluted fuel stream having an internedi ate
fuel index between the first fuel index and the second fuel index. The
third elenent is a source of an oxidant. The fourth elenent is a nmeans for
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fuel entering the inlet and exiting the outlet at a first pressure, a first
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di | ut g4l %trean1 t hereby generating a gas containing a reduced anpunt

of 20 n|t ogen oxi de, said reduced anmount of nitrogen oxide being | ess than
a higher anount of nitrogen oxide that would be generated by combusting the
fuel using a neans other than the fuel dilution device. (0035] Another
aspect of the invention is a systemfor diluting a fuel to reduce nitrogen
oxi de em ssions through fuel staging. Fhe systemincludes nultiple

el ements. The first element is 25 a fuel dilution device, which includes: a
first conduit having an inlet and an outl et spaced




apart fromthe inlet, the first conduit adapted to transmt a stream of the
fuel entering the inlet -11 and exiting the outlet at a first

t hernodynanmic state and a first fuel index; and a second conduit having an
i ntake and an outtake spaced apart fromthe intake, the second conduit
adapted to transmt a streamof a fluid entering the intake and exiting the
outtake at_a _second thernodynam c state and a second fuel index) the second
fuel indek00%8] Agsesrnd embedinggnd @f theemsthod et dilutien § fugkte tedues nitregen oxigeut
0.1 and the second thernodynam c state being different fromthe first

t her nody nSHiSSIons diraughnfvel €aging isiniatite e firs embiodimant byt ingludasdwaedditionsl
streamof the fuel exiting the outlet of the first conduit and the stream
of the fl &teasekhe firshadditonalistenlisctodrovidrea switlehdiseessdun the speend eersivit. Fhenent
is a nmeans for feeding the streamof the fuel to the inlet of the first
condui t, Sesandddiignelstenindo rargmikatileashg porionelithestream afithe fluid roughitei t at
the first 10 thernodynam c state and the first fuel index. The third

el enenm? i §willerdl2aieby ewirling @tileast a pertien phiaamflid exdtisgftheiserond conduit. nt ake of t he
second conduit, said streamof the fluid exiting the outtake of the second
condui t al0028kAdkicherabedieenisd {heanetbod issirailai taithe fiest smbodithent: bt inglades,two
whereby at | east a portion of the streamof the fuel exiting the outlet of
t he fir st agdtiengl steps.xBre figbttaddiionalstastis to proyidé amippér noage it fluskepnuhuni¢ation | ui d
exiting the outtake of the second conduit at a 15 | ocation proximate both

t he out | eWithihe eutlet ofi thedfitat candeite Bre senenchaddigpnal stepds to barsmit thoeush theel
stream having an internediate fuel index between the first fuel index and

t he secondPPefe1ozzig@bleastiy poition of A diytedduel srepma. source of an oxi dant. The
fifth elenment is a neans for conbusting a portion of the oxidant with at

| east 1& pHRO27DbA feurthembedimentai thegnethpdissimitasin tbe fitshembedinentdut inbludes theam of
the fluid, or the diluted fuel stream thereby generating a gas containing .
20 a reduddditienabsiap of placing threfuebdiluion dexice in dwisceammpmigationowitnat fugee

oxi de being I ess than the high anount of nitrogen oxide that would be

gener at ed coytaivmga quantly oha fémate gss.rwheiebyaineastta portiom af thenguantitl ofdhé ut i on
devi ce. [0036] Anot her enbodi nent of the systemfor diluting a fuel to
reduce ni furoRpergasxnides with stleasta partieruefithé diuted fusfstrapni.ncl udes nul tipl e

el ements. The first element is a fuel dilution 25 device, which includes: a
first contl$i28] Aaothey embodiment ofral methasl farediluting @e tieh pareddceomitrogen pxibet
the first conduit adapted to transmt a streamof the fuel entering the

i nl et 1andeeydsianadghrough fuel ktagingtineudest maltiplerstepsprigesiustsstemisf to psovidesh !t v,
and a first fuel index; and a second conduit having an intake and an

outt ake spitien dgpiset whiclhhincludesi atfisktesondbit havingan intes radian aullepspeded @part
transmt a streamof a fluid entering the intake and exiting the outtake at
a second firedbeiniet, the Sestconduit @tapted 4o transita steeaomaef theitiel éntering, the metssd ond
fuel index being different fromthe 5 first fuel index by at |east about
0.1 and aexfirgte oitlet ot atfimt psessoral apfirekwelecityaant alfiestfeeldndex ahd @i secobei ng
different fromat |east one of the first pressure and the first velocity,
wher eby acpstudraviag andntals¢ fnchgn exitakesspacediepart trom the intake tie sehend canduit
exiti)&_? the outlet of the first conduit and the streamof the fluid exiting
t he t aReapied ifeansadaratregorad aifivid entrring dhaintake Badrexiting the auttake ata $esond
feeding the streamof the fuel to the inlet of the first conduit, said

st r eam of Peggurepa seeandaselacity @ndiacssecand el inflex, e $ecopd fushindek beiag diffeeertti r st

pressure, the first velocity, and the first
from the first fuel index by at least about 0.1 and at least one of the second pressure and the

second velocity being different from at least one of the first pressure and the first velocity,
whereby a potential for mixing exists between the stream of the fuel exiting the outlet of the
25 first conduit and the stream of the fluid exiting the outtake of the second conduit. The

second step is to feed the stream of the fuel to the inlet of the first conduit, said stream of the
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fuel index. The third elenment is a neans for feeding the stream of the
fluid to the intake of the second conduit, said streamof the fluid exiting
the outtake of the second conduit at the second pressure, the second

vel ocity, and the second fuel index, whereby at |east a portion of the
stream of the fuel exiting the outlet of the first conduit m xes with at

I t IO 15 the str f the fluid iting th Jttake of th
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fourth el errrgpt is.a source of an oxidant. The fifth elenent is a neans for
conbust i nfPYUR$AY sltep of fe Buid exiting the autiake ofdae saconshangHit gt thersecendt one
of the streamof the fuel, or the stream of 20 the fluid, or the diluted
fuel st reBEPSYReNEFFOYEhsiogtyRpddhg ascansiibigliindexyWhereby gtleastaRrartien eithe
nitrogen oxide, %ai d reduced anpunt of nitrogen oxide being |ess than a

hi gher® and{fFA™ 8f theifuslcyERg dhe aetiat phthefissl pngiih atxasaythsat | RAiReftthe £ uel
using a neans ofher than the fuel di|lution device. -13 BRI EF DESCRI PTI ON
OF THE DR%EW%&} e faid pxiting therpitake stihgsesondcopduitatiadecatiay Pipximale bathdhel e
with referepnce to, the acconpanying draw ngls, in which; 5 (0038] Figure 1A
is a crosSUtEtadohg oylikes iRy gengraling At lepst angetiliqds fieh Gtravprayingsarl i n
an ultra | Cross-sect.i anal el evgﬁi on

b er; 0039] Fi 1, i
Vi ew of twg%ﬁ'\%w @Fﬁﬂﬁ?’%éetg'@a%#h%fﬁﬁéfﬁﬁ'| '65%45rﬁafgersscmfu§bb D Thejorah 1 c
) R gur geﬁtfv*'f’%_vya%%@% Eeds o Bhionichel, Thedfih SRell Breombgst apctin of s ridant

chanb for i flye ses froma furnace_and flow notivating gas with
2 fuelD ga¥ith phisaste perkion & & Teast ane pHibmatream af Hizush o1 e sipamiof ineditid] or
Cross-sectio aéf vi ew, of one enbodi nent of the Pr_esent i nyention; [0043]
Fiogure 4 Mg dlbieg fuclSireamainarby enpiaiied A 4es Genialnna Souged aBRYN o riposh
anot her 15 .enbodj nent of thei inyention; 50_044 Fj gur 'gg\A is a sci;h,ematic

di agr am | PRSP EAced TR oL RGeS HaNte Bring fessitheria FidBer oot oSS98 1 ong
jet-weak et entrai nt; (00 Fiqure 5B i s a schematic diagra

P ust o Pite 8 pRUEEE bendsaies B combuptng Be i siacaimeens o a8 the skt  on
whi ch usesg,a swirl induced entrainment; 20 [0046J Figure 6 is a schematic
di agram i 'I'Lﬁigf'\rglﬁi” %9 a cross-sectional view of another embodi ment of the

SRR S IR AEER AL O AR T X S
a zi pper taifLPeI ?or rerclj%é In{]:fr;ogen oxide emissions through fuel staging. The first element is a first
conduit having an inlet and an outlet spaced apart from the inlet, the first conduit adapted to
transmit a stream of a fuel entering the inlet and exiting the outlet at a first thermodynamic
state and a first fuel index. The second element is a second conduit having an intake and an
20  outtake spaced apart from the intake, the second conduit adapted to transmit a stream of a
fluid entering the intake and exiting the outtake at a second thermodynamic state and a
second fuel index, the second fuel index being different from the first fuel index by at least
about 0.1 and the second thermodynamic state being different from the first thermodynamic
state, whereby a potential for mixing exists between the stream of the fuel exiting the outlet

25  of the first conduit and the stream of the fluid exiting the outtake of the second conduit,

whereby at least a portion of the stream of the fuel exiting the outlet of the first conduit mixes
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(0048] Figure 8A is a schematic diagramillustrating a front view of a
zipper tip or nozzle; 25 [0049] Figure 8B is a schematic diagram
illustrating a side view of a zipper tip or nozzle attached to a | ance,
such as that shown in Figure 7; -14 (0050] Figure 8Cis a schematic
diagramillustrating a plan view of a zipper tip or nozzle; (0051]Fi gure 8D
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potential .
outtake of the second conduit is located at a distance behind the outlet of the first conduit,

said distance being in a range of about (2 x D;) to about (20 x D).

[0032] In another variation of the first embodiment, the fuel dilution device is in fluid
20 communication with a furnace containing a quantity of a furnace gas, whereby at least a

portion of the quantity of the furnace gas mixes with at least a portion of the diluted fuel

stream.

[0033] A second embodiment of the fuel dilution device is similar to the first embodiment but

includes a swirler disposed in the second conduit. A third embodiment of the fuel dilution
25  device is similar to the first embodiment, but includes a zipper nozzle in fluid communication

with the outlet of the first conduit.
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Table |I: Fuel Indices for Selected Fuels and Inerts Fuels or |nertsFuel

| ndexH21. 3H200C020COLN20CH41C3H33ROG 11. 434PSA of f as 20.57Natural as
31.08Natural gas (4)1.14 5 (1 ) ROG H2 18% CH4 44% C2H2 38% (2) PSA

of fgas: H2 30% CH4 18% Q02 52% (3) Natural gas: CH4 91 % C2H6 4% C3HS
3% N2 1 9% C02 1 % (4) Natural gas: CH4 84% C2H6 12% CSH8 2% N2 2% 10
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k t of thernodyn but with an extension to include not only
the. wsual TR BB AMEIR pPLLdire EeamuBPla Pt P etaleraniion o

tion lumre fraction, flow rate, electric potential, etc.
conpl et ¢ wwaﬁawpg@p Siand b ouiet SPRved angrt e insriipis hadest cpbradiapiselty
defi ne mxing as the result of a difference in the thernodynam c state
bet ween t U@‘%"P'T’ %amam Pgéfﬁﬁ' efeEng (i '8'}9&)?%%@'@ the Quﬁﬁt%aﬁéséﬂrqsﬁur&e@ first
bel ow. 5% I ng, Fuei. with Another Fuel (F-F): [0057] This approach may be
used tfb cY ﬂ&tarfdeﬁﬁ'rﬁgk‘ﬁl ingex; e-hfaﬁ@‘l’%‘daﬁ'e'ﬁe%'%s%cﬁﬁﬁp‘}ﬂ%'ﬁB@‘ﬂﬂﬁ%n'P%?a%nt ain

a blend of h dro%en and hi gher C/ H fuels (ethane, propane, butane, -16
an outtakespaced apartfrom the intake, the second conduit adapted to transmit a stream of

a fluid entering the intake and exiting the outtake at a second pressure, a second velocity,
and a second fuel index, the second fuel index being different from the first fuel index by at
least about 0.1 and at least one of the second pressure and the second velocity being
10 different from at least one of the first pressure and the first velocity, whereby a potential for
mixing exists between the stream of the fuel exiting the outlet of the first conduit and the
stream of the fluid exiting the outtake of the second conduit, whereby at least a portion of the
stream of the fuel exiting the outlet of the first conduit mixes with at least a portion of the
stream of the fluid exiting the outtake of the second conduit at a location proximate both the
15 outlet and the outtake, thereby generating at least one diluted fuel stream having an
intermediate fuel index between the first fuel index and the second fuel index. The third
element is a source of an oxidant. The fourth element is a means for combusting a portion
of the oxidant with at least a portion of at least one of the stream of the fuel, or the stream of
the fluid, or the diluted fuel stream, thereby generating a gas containing a reduced amount of
20 nitrogen oxide, said reduced amount of nitrogen oxide being less than a higher amount of
nitrogen oxide that wouid be generated by combusting the fuel using a means other than the
fuel dilution device.
[0035] Another aspect of the invention is a system for diluting a fuel to reduce nitrogen oxide
emissions through fuel staging. The system includes multiple elements. The first elementis
25  afuel dilution device, which includes: a first conduit having an inlet and an outlet spaced

apart from the inlet, the first conduit adapted to transmit a stream of the fuel entering the inlet
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olefins, etc.) with a second relatively cleaner, |owpressure fuel gas.
Mai nt enance problens arise with such refinery waste fuel due to thernal
cracking of the high CH fuels and subsequent soot build-up in the burner
fuel tips. In addition, conbustion of such fuels results in higher than
normal NOx em ssions. 5 [0058] To inprove conbustion of hlgh ClH refinery
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acircle gﬁms%'io%mrgugh%el staging includes muitiple elements. The first elementis a fuel dilution

25  device, which includes: a first conduit having an inlet and an outlet spaced apart from the

inlet, the first conduit adapted to transmit a stream of the fuel entering the inlet and exiting
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[ 0063] Two ot her enbodi nents of (F-F) staging are shown in Figures 5A and

5B. In Figure 20 5A, a strong jet - weak jet interaction takes pl ace

bet ween the hi gh-pressure refinery fuel gas and the | ow pressure fuel gas.
The hi gh-pressure refinery fuel gas is injected in a highpressure |ance 52
at a high velocity (about 900 to 1400 feet/sec) in a preferred direction)
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mtrogen oxide, said reduced amount of nitrogen oxide being less than a higher amount of
nitrogen oxide that would generated by combusting the fuel using a means other than the

fuel dilution device.
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5 tips 74) to inprove passive m xing. A schematic diagramof the (F-F) fuel
stagi ng configuration using zipper tips 74 is shown in Figure 7. The burner
was rated at 8 M Btu/hr firing rate utilizing 644F air preheat and it was
designed to utilize two types of fuels. The details of the two fuels are
provi ded bel ow. Hi gh-pressure refinery fuel gas: H2 (18%, natural gas
(449 and 10 ethylene (38%._This fuel fuel index of 1.43 and
accounts for 30% of the gé%ﬁDg§%§%ﬂ$§?ﬁﬁ_§ww&%re fuel gas: C02
(529%, najural gas, é%g&/% and H2 (30{)}. It has a fuel index of 0.57, and
account s F937hBBRIN £ Wil e ¢ dgsgribesh &g Way nofuexamele (Wil JpTergiicer 19 B ¢ o
the arrangenment illustrated in Figure 7, the high-pressure fuel gas was

i nj ect ed AFFOMP2EMNEG dravipgse iMWhigBde of standard tubi ng having a 318"

di ameter x 0.035" wall thickness) which was placed concentrically in an

out er § anl0938kFigutee1Ais aerpes-sractipnal pian iew opa piigraskfuelistaging Reezlediseddhad t o
the end of the pipe. The zipper tip was sized for 0.51" equival ent di aneter
and, as sHbarow-HOxymers 8A- 8D, had four vertical slots and one 20

hori zontal slot. The divergence angles (al and a2) for the vertical slots
were 18 alf®38] FigupetB isvaiosteectidnal elgvationrigypel tha priet art fueh siggingurozsie of
follows: 1 ) a series of vertical structures at intersecting planes between
adj acent pigureatd: shapes; 2) flow i nduced downstreaminstabilities; and 3) a
hi gh | evel of nolecular (small-scale) m xing between the first fluid

(fuel s) alfP4PhEigsectEidh 4 bide dieif of teiprorguidfuel)stagimgnedzieef Rigute AB; al so was
achieved 25 in the shortest axial distance. The | ow NOx burner |aboratory
exper 1Gren{@P4dbRiguct 2 & airobs-s@dionaltehayvaliomveiewiof a lpsiocart mixirfg enarmber fon miXingi gur e
7 (including zipper tips), indicate a rapid axial mxing, higher furnace
gas ent r aflvergagesviionha fureack aret g8ow encdivating gas veth &fue( g70] The overall fluid
processes according to the arrangenent of Figure 7 resulted in nore uniform
heat tranfi0dl] Figut@islacztiematit dihgram illustrat{ing alctogspreeliondxewnitbné@modasenbns at
a fuel 5 pressure less than 2 psig. It was also noticed that w thout the

| ance- i n- bfithe @rgrentiasentionhe

[0043] Figure 4 is a schematic diagram illustrating a cross-sectional view of another
15  embodiment of the invention;
[0044] Figure 5A is a schematic diagram illustrating another embodiment of the invention
which uses strong jet-weak jet entrainment;
[0045] Figure 5B is a schematic diagram illustrating a cross-sectional view of another
embodiment of the invention which uses a swirl induced entrainment;
20 [0046] Figure 6 is a schematic diagram illustrating a cross-sectional view of another
embodiment of the invention;
[0047] Figure 7 is a schematic diagram illustrating a cross-sectional view of another
embodiment of the invention which includes a zipper tip or nozzle;
[0048]‘Figure 8A is a schematic diagram illustrating a front view of a zipper tip or nozzle,
25 [0049] Figure 8B is a schematic diagram illustrating a side view of a zipper tip or nozzle

attached to a lance, such as that shown in Figure 7;
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conbustion of high pressure and high CHratio fuel produces a visible soot
rich flame. Also, the NOx em ssions were as high as 25 to 30 ppm This
experinment denonstrated that the F-F staging process could | ower NOx

em ssions dramatically. The F-1 staging process could reduce the em ssions
even nore with inerts. 10 (0071] The visual proof of enhanced m xi ng was

observed | urn in | abor at ory .whenever the. |lance-in-I|lance (F-F)
Fuel st agli50L BIRHIEES i1 sehendat igtont gfisFaior por Fisfd SCner U PRGBS bt ane
(C4H10) a igh as_50% The indjvidual flanmes were_ fouynd to mix ruch nore
Gt okl WO FRE 8B RAs At olabtat Bustr g anodbe Stho P S e BHRILE | on
On the other hand,_ sinple lances with cylindrical nozzle | ances created a
rat her vi$i 'Pﬂzéle('ﬁﬁﬂ“% A ihdetaibfor dimansiasing: pethger f1 ane, indicating | ess
furnace gas dilution and m xing, and at the same time produced relatively
hi gher NOIOQ3AAFigereRi iss? §pheraqtly diagramyiillustiatingep csossHISFlPNA 4Rl Of gnotiep]
Table 11 provides a Rrefer[ed firin&@range, di mensi ons, di nensi onl ess

rati os® an@mpagiment eftha iyypalion which inslugdps 3eipPeBti 8L navzieance confi gurati on.
Sinmple circul artubing was used for high-pressure refinery fuel whereas a
zipper tip was used for_the | owpressure PSA off 20 gas fuel. These | ances
are critical conmponent sPBFALEPINERERIFJIONLF Eé‘@dh’ygf‘ﬂ?@"‘rel iability of
burner performance directly affects steam nethane reformer on stream

per f or mant@993] 2he presgpt Bventionmdesesses FUTher Shissdes epepuntespd i ¢QbusteR f uel
staging tips Low pressure zipper tipH gh Prs. %I. _

Ti p( HY v eripment dgsian suah as dymes) yseddor-heating refermprs: mogess katers, boilers,
endS| ot Axi al Radi al Zi pper tipTubeDi st. FiringHei ﬂht W dt hr adi us .

t ohei ght drthYigne craskerR rroshar hishdrmoagratire {umaces) e BMertion selplgs tomngmetayed
equiv.(inﬁgzi pper (MW adi uscorner () ()dianetertip ] o

i nl et Bt u/ $1a9ing PERTEES rB PRJICRIBT. H¥a 9eneral ppproaghesthat prayideferrapid dillion@nd g (1 -
3)(2 - 6)(0 - 30)(0- 30)%0.05-_3)(1I 16 - _2){_2-20)5. 2( 1 /32 - 1)( 114

- 2) 1. 63. 7Mixed. GeBendingan the requisqdprocessapiectises) @8 - 30) (0. 05-3) (1116 - 2) (2
-10) [0073] The above dinmensional ranges are valid for a variety of fuels,
such as nht ur aPtaging Fyn! it dwothes FualdFyF)offighyeressure refipenrvaste &yed, atepized The
nozzl es are optimally sized depending 5 on fuel conposition, flowrate (or
firindrali@id eiq: i ipiepled ke ¥ickity Pf aitsiativaly cleAs apd lomspressHre gasqaysfugh| e
1, the dinmensions, ratios and ranges are estimated for a 2 to 10 MM Btu/ Hr
burner fi fqrr?{faf‘a’t"é'.”tqllﬁ‘\ﬂé‘?/gla?’ lpw N eperalingi 8% and ranges can be scal ed up
for higher firing rate burners (> 10 MM Btu/Hr) using standard engi neering
practice df keSHIRP RyahvitainefiGag (Fd): Jtigh-presgmigdrert fiuids such 88 sigaAyEReE™ wi t h

I nert Gas F-I): 0074] The inproved fuel staging with high-pressure inert
gases, suliPZasicsaiedniectgdyn the vicinity of a low-pressure gaseous fuel for NOx'reduction.

[0054] As used herein, the term “fuel index” (FI) is defined as the weighted sum of the fuel

20  carbon atom number where molecular H2 is assigned a carbon number 1.3, the weights
being the component mole fractions: FI = ZC,.xi / Z x, ,where C; and x, are the number of

carbon atoms and the moie fraction of component i, respectively. The fuel indices of a
number of fuels and inerts are listed in Table I. Generally, a fuel with a higher fuel index
cracks more easily and produces more NOx through the prompt NOx mechanism. H2 is a
25  special case in this definition. Although H2 does not have any carbon atoms, it is well known
that H2 addition in natural gas increases NOx emissions. The literature suggests that about

a 30% higher NOx emission occurs for pure H2 flames as compared to methane flames.
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saturated, C02, flue gas, nitrogen, or other inert gases, is perforned with
| ow- pressure fuel gases to reduce NOx em ssions. The staging fuels that may
be used include but are not limted to natural gas; |ow BTU process gas

(consisting of hydrogen and other refinery fuels); 15 and PSA off-gas. The
injection tip configurations are simlar to those shown in Figures 3-7. The

1 00 o e R 5 s TR R B B

pressure 0 psi sat rated or dry steamis sent through the center
once 25 e i Nouachbnago Srietie Bel B p beetpsaniitni e NgRemissossnt

t hr ough t e annul ion 33 between the center |ance 32 and the outer

| ance 34. %(em 6P(a€’§l g“’t'? agigner jodt2 beernsistent Withds Ny ergiasion aptentialst
stage dilution (and m_xing) inside the 5 annul ar reg| on. The resulting
mxture then exits thr'r@mﬁ—l')' Eugt Ipglisesifop,Selected Ruels gnd{nartsci ty (about 600 to
1400 feet/sec) for second stage dilution jn the furnace (not shown) using
furnace gases (not shown). J nerts st agfvetiindex|i on is very effective due
to high steamvel ocities andHzntrai nnent |[oop8 sgt up by individual flames
formed by the zipper tip. DJd2@o the zipper tdp deonetry and steam assist,
i mproved fuel dilution is obc@egned. The peak dlare 10 tenperatures are
further reduced and ultra | g@oNOx em ssions are dbtained. Table I1I]

provi des esti mated steam corganpti on nunb¢rs gor |a | arge steam net hane

ref or mer CH4 1
C3H8 3
ROG (1) 1.434
PSA offgas (2) 0.57
Natural gas (3) 1.08
Natural gas (4) 1.14
5

(1) ROG: H2 18%, CH4 44%, C2H2 38%.

(2) PSA offgas: H2 30%, CH4 18%, CO2 52%.

(3) Natural gas: CH4 91%, C2H6 4%, C3H8 3%, N2 1%, CO2 1%.
(4) Natural gas: CH4 84%, C2H6 12%, C3H8 2%, N2 2%.

10 [0055] As discussed herein, the term “thermodynamic state” is defined as a state of
existence for a matter. This definition is based on the generally known concept of
thermodynamics, but with an extension to include not only the usual temperature and
pressure but also velocity, concentration, composition, volume fraction, flow rate, electric
potential, efc., to completely characterize a stream. This definition is used to precisely define

15 mixing as the result of a difference in the thermodynamic state between two streams.
[0056] The two approaches are discussed in detail below.

l. Staging Fuel with Another Fuel (F-F):
[0057] This approach may be used to combust refinery waste fuels at a high supply

pressure that contain a blend of hydrogen and higher C/H fuels (ethane, propane, butane,
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furnace. Table Ill: Steam Consunption Economics with Proposed (F-1) Staging
Process steamin' ection ratelb stnmlb fuel 0.020.05firin ratembtu/ hr
LHv850850f uel heatin val uebtu/scf, LHv10001000fuel cost$/ mbtu, LHV66f uel
nol ecul ar wei ht 1818st eam neededl b/ hr nmscf d806 0. 4082, 016 1. 02ener gy
required to generate steamat 100 psia and 400 F fromwater at 60 F btu/scf

DL TR bR RARARESE B Bt R AR I8 0,
\cIiV: ][ B t ?cn)ni ?'ggefg yﬁﬁ}%ﬁ?@ﬁl%\?\y %g%n?gﬁ%gﬁ? ?%W@%gpgra%hﬁs JUT 'f'\igrheen-f ?urelsf gﬁclj
subsequent soot build-up in the burner fuel tips. In addition, combustion of such fuels results
in higher than normal NOx emissions.

5 [0058] Toimprove combustion of high C/H refinery waste fuels, the dirty fuel is diluted with a
relatively cleaner (secondary) fuel stream (e.g., hydrogen, syhgas, natural gas, oralow BTU
fuel blend). In one embodiment shown in Figure 3, a high-pressure refinery fuel gas
(containing high C/H ratio fuel gases) is injected through a center lance 32 and a relatively
clean, low-pressure fuel gas, such as natural gas, syngas, process gas, PSA off gas

10  (recycled fuel gas after removing product hydrogen from PSA adsorbent beds), efc is
injected through an annular region 33 between the center lance 32 and an outer lance 34.
As shown in Figure 3, the exit 36 of the center lance is recessed a preferred distance from
the exit 38 of the outer lance. This distance preferably is 2 to 20 times the equivalent
diameter (Dc) of the center lance. Depending on the fuel split between the high-pressure

15  refinery fuel gas and the cleaner low-pressure fuel gas, the distance preferably is about 1/16”
to 17
[0059] Persons skilled in the art will recognize that the reference to “high pressure” in
Figures 3-7 and 9 also could state "high velocity” or “high pressure or high velocity.”
Similarly, the reference to “low pressure” in those figures could state “low velocity” or “low

20  pressure or low velocity.”
[0060] The arrangement shown in Figure 3 allows the dirty high-pressure refinery fuel gas to
mix with the cleaner low-pressure fuel gas due to turbulent jet interaction. The velocity of the
high-pressure refinery fuel gas through the center lance 32 preferably is about 900 to 1400
feet/sec (preferably sonic or choked velocity). The velocity of the low-pressure fuel gas

25  through the annular region 33 between the center lance 32 and the outer lance 34 preferably

is about 100 to 900 feet/sec, depending on the available supply pressure of the low-pressure

-17-



steam needed for (F-1) staging is fromabout 2% to 10%on a Ib per Ib basis
when conpared to the | ow pressure fuel. The high velocity of steamis used
for a two-stage dilution process: 1 ) inside the |ance tube using steam and
| ow- pressure fuel gas, and 2) in the furnace space using high velocity
fuel -steam m xture and furnace gases. 5 [0077] The |aboratory experinents

about 30v0F5 re’%%gf%sg"’%g'?‘%%”'“ﬂ“%Veg‘gﬁ'%%ﬁp‘s&ﬁg{?f ke fAHE bR RS
prior art véla@fy a('soé})féag'%ﬁéﬂfg&ug& r%pS{n B ofth Sl lardcR %r&rﬂg?l Onags?z;qi_e "gure

| ance-i n-1l anc rran eme ance-1 n- Iance confi'gur

bl ent oo mepsiR 8 steaif ROBUILE apeeT 47 @%LabHr%v%i icifiod Ahdnety ualrgiof
1600F, E %

pasi o, tna ek HRedied O et AeBhid B3EF Rl Peufret et ihdlgso)
e 33%%”85@ 38 alrBub 8 f@]'s SiMttine BPBCbRRSGEE bR ey Blvelibb

o oven by e B 58%@%’25"‘5%5? Gt b heff'%ﬁamﬁiee{”‘fﬁ#%%ﬁgﬁ: ts. The

_fr'erz vect | v ST Eek Bydlaq e CR s el L IR L6 e'Pif@%"qf’%éi@%@ Fue
Ipc:)t oot al Mol SREERK R GHSRTRowREHed ol qitsh b%t’ﬂge;'&%%%ﬁ FiFel ¢ 2
;ﬂgfg GT ; F@Z%@'é’%s?fe 2B %f“fpgegasr%‘?%? B %{ﬁ% diftopubteAiRsFidiea
zeguc ogwf‘ﬁﬁ%j’ﬂ“ﬁ*‘ For SBnble, REHRHIRN &8 #%itgw?%eﬂr%‘? é‘“ﬁ%ﬂ'?’@%ﬂf“cz

Ot oane 28 8, hiShel) Euqé?(?@ﬁﬁéq?ﬁﬁﬁ%%a & fiel 555 & g?@ﬁ fGe <Fféert§§m€%f'5ﬂ?gﬁm
P orauits. Ingldednk g gﬁﬁg%ﬁ et iect feerHBE NOT emissiigh U8 o RiyPomae =

differentkgketanég?u dynam c states may al so be expressed in terns of, and
achieved as are -24 differences in velocity, tenperature)

e o AR R %g@rﬁ IR A R
Tk 1 S 5 5 B AR s =
33‘52232‘3“%?nt?ﬂényeaa*aiqLﬁ@é?ts”@%%% oo it N b B Ph b,
also w | of 81891%{&%)9 bh?stthg Iﬂgwea@ g&un?aqerﬁ daarlllqete\e/ra c;f'tﬁaeg c')t?ter lance, that is, the total
flow area of the exit of the lance is the same as a circle of diameter D,.
[0063] Two other embodiments of (F-F) staging are shown in Figures 5A and 5B. In Figure
20  5A, a strong jet — weak jet interaction takes place between the high-pressure refinery fuel
gas and the low-pressure fuel gas. The high-pressure refinery fuel gas is injected in a high-
pressure lance 52 at a high velocity (about 900 to 1400 feet/sec) in a preferred direction, and
a low-pressure fuel gas, which is injected in a low-pressure lance 54, is entrained by the
high-pressure refinery fuel gas.
25  [0064] In Figure 5B, the high-pressure refinery fuel gas is swirled in a center lance 32 using

a fuel swirler 56, and the low-pressure fuel gas is entrained in the collapsed region (central
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illustrated in the drawi ngs and di scussed in the Detail ed Description of
The I nvention do not disclose all of the possible arrangenents of the
present invention, and that other 10 arrangenents are possible.
Accordingly, all such other arrangenents are contenplated by the present
I nvention and are within the scope of the present invention For exanpl e,
in each of th dinments il|Justrated in Figures

arrangeneFﬁg Ofﬁg QKW%?C&%&W s‘i‘t‘?c?"ﬁ?”@ﬁoﬁ? ’Eﬂ%ﬂg? P'@Sr?éesf?ﬁgﬁ rﬁg”‘?%}éﬁlsed
(i.e., ssure F) he i.nner nd  t he pressure
ance. my SBRaoh B S BrespuRdest 025 beRotisy exhMeaule e o Srdanies renksnace
em ssi ons ere are ot nta es and benefits of the present

i nvent i on{n® ig?ﬂé"' fwr\‘/ﬁ{?@ag'ﬁ?r@?e'i‘g'@l]g%"@a PigER ¥iith th eﬁH@'aﬁ?S frﬁ@lapﬁfoé‘ﬁh ' ng
met hod enahl es actlve i p.cooling due to either (F-F) staging or (F-1)

st agi ng. tﬁg)@nfeﬁ%?' for app Féi\?ﬂﬂ@ewma shart flamg grefi '@.%aesmat"ea?%busﬁtﬁ@smpzeﬂ e
tips ﬁft vely coo ed by exiting high 20 velocity fuel gas or_inert

strea 063] SNZPRYGHHIPR fos ) PWEWS\)%WHH@ insteam meiang relrmerscSMR) where

nozzles. Due to relatively poor entrainment efficiency and higher

oper at i ng'"elgEPEetHE fuel §aY isrRensrRlY asupRY RERAIUGEGSRIS TRENSTY eﬁméévhac@gﬁes
and soot pluggi ng problens using high CHfuels. In conparison the 25
present i ﬂ%’ﬁﬁ?'fyoaa?%féedt Freaftim fy@k ngefeaingntodjeure 6.2ke high-presgite dual @3gdsicy to

coke whil g, u? J]ﬁ her carbaon_content fuels
Injected i the enter lance 32. The Iow—pressurefuel gas injected in the annular region 33

between the center lance 32 and the outer lance 34 is generally PSA (pressure swing

10  adsorption) off-gas or clean vent stream from PSA that contains CO2 (~45%), hydrogen
(~30%), methane (~15%), and CO (~10%) with a fuel index of about 0.64. The PSA off-gas
is permeate out of the adsorption bed after hydrogen product is separated. The high-
pressure trim fuel accounts for between 10% to 30% of a total energy for typical reformers
having PSA for hydrogen separation.

15 [0066] A secondary advantage of this staging application is to improve PSA recovery by
increasing the range of PSA pressure cycle, particularly at the low end. Referring to Figure 7,
this is achieved by creating a low-pressure region inside the outer lance 34. The high
velocity central jet 72 shown in Figure 7 creates a low-pressure region around the jet body
where fthe slower moving low-pressure fuel gas is entrained by the faster moving central jet.

20  Due to an active entrainment process, the supply pressure for the low-pressure fuel gas is
reduced for the same fuel flow rate.

[0067] In one laboratory firing experiment, the supply pressure of low-pressure PSA off-gas
was reduced from 2 psig to 1.6 psig (20% reduction). This was achieved by injecting the
high- pressure fuel gas at 25 psig (1300 feet/sec velocity). The combustion energy split

25  between the high-pressure fuel gas and the low-pressure fuel gas was 30:70 respectively.
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- ability to use smaller flow rates or higher heating value fuels - ability
to use cheaper fuel nozzle material (Stainless steel 304 5 or 310 is
adequate) [0083] Thernmal cracking is a main concern for nmany refinery
furnaces Where fuel conpositions contain hydrocarbons ranging fromCl to
C4. The cracked carbon is found to plug burner nozzles and create over
heati ng oh@%mer ’gna?réts, reduced productivity and poor thermal efficiency.
Thus, hav orivihes suantfy detais e the (o) slaging process dabqratorsteslygesils warea 10
critical advantage for the refinery_operator. [|00841 Al t hough i |l ustrated
and descr PBRUIGHEY ¥5IRG\A IPW N@x Brage e The bumet biadh 18 fuad iances diskibutadearodnd ehe
present invention is nevertheless not intended to be limted to the details
shown. Ratiide pf §8rdiamstenn Of thec 1 fushlanpes, twe lanage were reservadferithe (Rfl yba t he
scope and range of equivalents of the clains and without departing fromthe
spirit of stagingiqeplguration. Thegances hadipedial faeltipsiend mMulileldivengingosiets {airgert o
reduce_nitrogen oxi de em ssions through fuel staging, conprising the steps
of : provi §Phg4 teuBIPrRNe passive avingeA sahematie| diagremt Pbthed é-Ft duelostpgingi ng a
first conduit having an inlet and an outl|et spaced apart fromthe inlet,
the first ceRfigyiationyaingzippet ipstfddnshavn ia FigurehinT st burper wasantediat 8 MMBtuthie
inlet and exiting the outlet at a first thernodynanm c state and a first

fuel i ndefingfide Htilzigdd & aldreheahand Hyvasidesignag fo lifige Ao bwes gk irelpIbed
apart fromthe jnt ake% t he second conduit adapted to transmt a streamof a
fluid ent 8FRHS Ot hE tWofusisarg oVt BVt he outtake at a second ther modynami ¢
state and a second fuel index, the second fuel index being different from
the first fuel index"by &tgh-eessurgpefinerniuel gasl HRA18% b d\atHrelaasidaimant c
state é)ei ng different fromthe first_thernmpdynam c state, whereby a
potent?al for mixing exi fMYiena @8 This gl hagmivel index of 448 aadiacrants fs
outlet of the first conduit and the streamof the fluid exiting the outtake
of the second conduit; fetdbAbthekdakaneEdineMt: t he fuel to the inlet of the
first conduit, said streamof the fuel exiting the outlet of the first
conduit at the first"the-RURIRHTEiust 3aseCRRdO¢ 1k nptural gas (18(%)iapd B (3Pekdi ng
the streamof the fluid :hg the intake of the second conduit, said stream of
the fluid exiting the out'®8iBelUgkindeotaSanant arcRuNts tor appd W o dhe total

t hernodynam ¢ state and the second fuel index, whereby at |east a portion
of the streamof the fuel®"&WiAY the outlet of the first conduit nmixes

W th | eas ortion of the streamof the fluid exiting -27
% ?(?OGIQ] %e?erring to the arrangement illustrated in Figure 7, the high-pre%sure fuel gas was

injected in a center lance 32 made of standard tubing having a 3/8" diameter x 0.035” wall
thickness, which was placed concentrically in an outer lance 34 made of pipe of %" sch 40.
A zipper tip 74 was attached to the end of the pipe. The zipper tip was sized for 0.51"
equivalent diameter and, as shown in Figures 8A-8D, had four vertical slots and one
20  horizontal slot. The divergence angles (o1 and o2) for the vertical slots were 18° and 6°
respectively for the axial zipper nozzle tip geometry as follows: 1) a series of vertical
structures at intersecting planes between adjacent primary shapes; 2) flow induced
downstream instabilities; and 3) a high level of molecular (small-scale) mixing between the
first fluid (fuels) and the second fluid (furnace gases). The above mixing also was achieved

25  in the shortest axial distance. The low NOx burner laboratory experiments conducted with
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the outtake of the second conduit at a |ocation proximte both the outl et

and the outtake, thereby generating at |east one diluted fuel stream having

an internediate fuel index between the first fuel index and the second fuel

i ndex; providing a source of an oxidant; and conmbusting a portion of the

oxidant with at least a portion of at |east one of the stream of the fuel,

or the stﬁgﬂn1of,the fluid, or the diluted fuel stream  thereby generating
|

a gas cont'G APSRyNHancscRUEIgUIateR 9f Figure, it (NSHIEHIBIRRES tipgh inficate) gla@RidaxAint of
ni trogen oxi de beigghless than a higher ampunt of nitrogen oxide that would
be gener alBHNSHVIFSHIRIGEAPStantrainmant with te diveraenes angifh at han the f uel
dilution device. 2. A nmethod as in claim1, wherein the fluidis a fuel. 3.
A et hod H970h The averall fluidhecessestageortiingitathe arrgrgesant df Figuser? sesyitedip more
consisting of steam flue gas, carbon dioxide, nitrogen, argon, helium
xenon, kr ypifasm heat iansfénie the lbadiantbyltraiw (¥ H& ppred NOX ara @O eatissions at b éwed of .
4. A nethod as in claiml1, wherein the first conduit is adjacent the second
condui® . Bresgunedessoitiam fisig. dlwasnaldq noliveddhat vetholicthe farwesudancamrocess,gbet i on
of the second conduit is disposed in the first conduit. 6. A nethod as in
claim 1, eonpustionefhighperesaurelasd highdpH ratio fupkpsedutien g visiblewsadt deh ftimgpddsd i n
the second conduit; and transmtting at |east a portion of the stream of
the fluid th@N@x@}miwi@S_\Q@g as high as 25 to 30 ppm. This experiment demonstrated that the

F-F staging process could lower NOx emissions dramatically. The F-| staging process could

reduce the emissions even more with inerts.

10 [0071] The visual proof of enhanced mixing was observed in a furnace in a laboratory
whenever the lance-in-lance (F-F) fuel staging configuration was used for refinery fuels
consisting of butane (C4H10) as high as 50%. The individual flames were found to mix much
more quickly with furnace gases and created a spacious or flameless combustion. On the
other hand, simple lances with cylindrical nozzle lances created a rather visible (bluish) and

15  relatively longer flame, indicating less furnace gas dilution and mixing, and at the same time
produced relatively higher NOx and CO emission levels at given fuel supply pressure.

[0072] Table Il provides a preferred firing range, dimensions, dimensionless ratios and
injection angles for a proposed lance-in-lance configuration. Simple circular tubing was used
for high-pressure refinery fuel whereas a zipper tip was used for the low-pressure PSA off-

20 gasfuel. These lances are critical components of a low NOx burner because the reliability of

burner performance directly affects steam methane reformer on stream performance.
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swirler,

second co
provi di ng
first con

thereby swirli
ndui t .
a zipper
dui t;

ng at

7. A nmethod as in claiml,

nozzl e at
stream 8. A nmethod as in claim1, wherein the

| east

| east a portion of the fluid exiting the
conprising the further steps of:
nozzle in fluid comunication with the outlet of the
and transmtting through the zipper
portion of the diluted fuel

a

second condui t n-equi val ent di apeter (D~) .and the outtake of the
second condui t ‘ﬁ%ﬁf @'cQf'ﬂﬁnﬂf’"ﬁmﬂrg?‘gﬂ%g%'éh? 'WH‘@"&&&P%&“@'“PHE’S‘H r st
condui t, gatd—di-stancebetngin—a+range—of—abouwt—(2-xD=)to abgux—%g—*‘
D~). 9. A nethod as i oy BT‘%SE,'eE'BRﬁ'Fﬁ%i ng the further step|&H9BPEIGH: THRe
fuel diluHondevice in fluid comunication with a furnace ¢ontaining a
quantity pf @funn¥e gadR/Rned &doht | Kehs®) al@or t i| dfPof t he Dguant i t ¥/Dof
t iBUFAErNacsiopas MSies Wi bt éna | Stl a| Al | OVRalial 1Zipier UFE U TUBET SIhRam
10 Firfget prgighr | dyidH | YadRs kdi¢helght F edWCe Nl ivogen yQxkmiRs eMpss! ons| ghyough
Fuelapatigo! 9, COMRMY SI NGcent® STEPS Of I ARGRYVI YARgled |he'8huit | Y(ihe®) deMigser
t @MfSpel di l'uti on devi cle,@@8Pr il ghidgra|{d)Fst cepdui i MaNdee qn i nl et| angean
ouBhgHnsppced apart fromati radius ratio
ratio
(1132 -1) | (1/4 -2) 1.6 3.7 15 7 0.625 0.305 4
8 (1-3) (2-6) | (0-30) { (0-30) (0.05-3) (1716-2) | (2-20)
5.2 (1132 -1) | (1/4-2) 1.6 3.7 15 7 0.625 0.277 4
(1-3) | (2-6) | (0-30) | (0-30) | (0.05-3) | (1/16-2)| (2~ 10)

[0073] The above dimensional ranges are valid for a variety of fuels, such as natural gas,

propane, refinery off gases, low BTU fuels, efc. The nozzles are optimally sized depending

&)

on fuel composition, flow rate (or firing rate) and supply pressure available at the burner inlet.
In Table [l, the dimensions, ratios and ranges are estimated for a 2 to 10 MM Btu/Hr burner
firing rate. However, these dimensions and ranges can be scaled up for higher firing rate
burners (> 10 MM Btu/Hr) using standard engineering practice of keeping similar flow
velocity ranges.

10 |l. Staging Fuel with Inert Gas (F-l):

[0074] The improved fuel staging with high-pressure inert gases, such as steam (dry or
saturated, CO2, flue gas, nitrogen, or other inert gases, is performed with low-pressure fuel

gases to reduce NOx emissions. The staging fuels that may be used include but are not

limited to natural gas; low BTU process gas (consisting of hydrogen and other refinery fuels);

15

and PSA off-gas. The injection tip configurations are similar to those shown in Figures 3-7.

The main objective is to further reduce NOx emissions. A preferred embodiment is illustrated

in Figure 9.
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the inlet, the first conduit adapted to transmt a stream of the fuel
entering the inlet and exiting the outlet at a first pressure, a first
velocity, and a first fuel index, and a second conduit having an intake and
an outtake spaced -29 apart fromthe intake, the second conduit adapted
to transmt a streamof a fluid entering the intake and exiting the outtake

at a seco ssure .second vel ocity, _and second fuel |ndex) .the
Second 1 o078 ReRE wdidi Bt wik preeae a1 ens SRbratesdstea s sy,
about 0.1 _ and | egst. one_of the CO essure and the second velocity
borng d ¢ HEREN PEREHpRreaLe abag S ordof feeleet o micsuie funtasns sent

vel ocity, mheregg a potential for mxing exists between the stream of the
fuel exit IigUghHBe aopylat regionpRdbetwean the GRAST langs 32 ARG tharquieriange 34nd Fighi d
exiting the oquttake of the second condujt; feediqﬂ the stream of the fuel
to the | nY%PC'Hfst?% 8t 9% enteabpritine: fuelsaasfos first stagsdilution fane mixipp) insierthe
outlet_of the first conduit at the first pressure, the first velocity, and
the fi%staPRHEQr iegigexThe Esylting miKeresthea Sxitothreugh a zipper iR 74 Aka ihighvelody t he
second conduit, said streamof the fluid exiting the outtake of the second
condui t afabeHEBAR {00 feedsen) dor sarond stagediltion i the, fumiage (Rt showphbsingel

i ndex, whereby at |east a portion of the streamof the fuel exiting the
outl et of UPREeErgases (R sheve)- nihecsecand ptage dindiosts yerysifertys e to highsteamm of

the fluid exiting the outtake of the secqond condujt at a |l ocati on proxi mate
bot h t he YQIPFISS APRRMAR 0ARBSetURDY iiidhahlormes tognse by BeiPPEHIP. dEUelP e

fuel stream havipg an internmedi ate fuel index between the fiyrst fuel index
and the sg‘@mqﬁ‘ggeqmﬁ%”dﬁ?ﬁﬁ‘ﬂ?ﬂﬁ' 'é[‘pé%‘(?tdg%e'(gﬁu%'? '%%tﬂaﬁ‘i!';ﬁ%?rﬂﬁ’atg?fﬁ%sti ng

a porjion, of the oxidgnt, with at |east rtion of at |east onpe_of the

ot Poak] of tmRsTHiieR arg el (eRuchat 25t SR Ao N TS arReaa GhIAH. t Babledly eam
t hereby generating a,gas containing a reduced ampunt of nitrogen oxide,
Said 1 o R a SeAropisuEe HETRE 105 R T2 MRHANe. S ey nt
of ni trogg& oxi de that woul d be generated by conbusting the fuel using a
nmeans ot h&f"3%an the fuel dilution device. 11. A fuel dilution device for

diluting a fuel to reduce nitrogen oxide em ssions through fuel staging,
conprising: a first conduit having an inlet and an outl et spaced apart from

the inlet) the_fj ondujt adapted_to transnjt_a str f a fuel
entering %he |EFE{£@( e%%f&?ﬂ?g‘@ﬁ@fgﬁm'mm'&?@WEfPQPS?ﬁ% foceBst e

and a first fuel index; and

steam injection rate b stm/lb fuel 0.02 0.05
firing rate mmbtu/hr LHV 850 850
fuel heating value btu/scf, LHV 1000 1000
fuel cost $/mmbtu, LHV 6 6
fuel molecular weight 18 18
steam needed Ib/hr 806 2,016
mmscfd 0.408 1.02
energy required to generate steam at
100 psia and 400 F from water at 60 F  |btu/scf 57.1 57.1
btu/lb 1203.2] 1203.2
steam cost $/day 140 349
$lyear 50,992| 127,480

15
[0076] As shown in Table lll, due to the unique method of fuel staging with an inert gas such

as steam, the amount of steam required for fuel dilution is extremely low. The amount of
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a second conduit having an intake and an outtake spaced apart fromthe

I ntake, the second conduit adapted to transmt a streamof a fluid entering
the intake and exiting the outtake at a second thernodynam c state and a
second fuel index, the second fuel index being different fromthe first

fuel index by at |east about 0.1 and the second thernodynam c state being
different fromthe first thernn%%nanic state, whereby a potential for

m xi ng ex® @W@?’ﬁfé&?ﬂ%ﬁét@&%@ Byahoyb2 Y@ 10%,0n I gk Ih bagiewhen comparee
first congﬁ't and the streamof the fluid exiting the outtake of the second
condui t, ‘é??d&fp'@?s‘l"éi‘éﬁ'- Dk VelRcityrof pigamds P%%%Pb@ Wortage dutig PRACRES:t he
outlet of the first conduit mxes with at |east a portion of the stream of
the fluid Binsideife tanee Bibetusing stam anpd lwguessureivgloas, and 2) in hedemase sra6Ri mat e
both the outlet and the outtake, thereby generating at |east one diluted
fuel stre4dfnadighigloghy fusl-steamamixuse pod furparegasest ween the first fuel index
and the second_fuel index; a source of an oxidant; and nmeans for conbusting
a por t? on[¥77] {Be dshominty aperimants usingtaningrid ges. GHCh s gitrogendiavesbown thate
streamof the fuel, or the streamof the fluid, or the diluted fuel stream
t her eby g&Grgduetiong of abowloit%aitn bl are megsibledasad enta eImparispd dehvasyi the,

sai d reduced anmpunt of nitrogen oxide being less than a -31  higher anount
of nitrog&R¥iPEar afdanagoeandiiop@tige feprareel ¢igules fips lanegwithast fanse-nrdneg a
means other than the fuel dilution device. 12. A fuel _dilution device as in
cl ai m 11, 2KARILNSNt: #rd the arreris-lance renfigurgtionofrighre @ | Rarieyamaley Leigg adown
claim1l, wherein the fluid is selected froma group consisting of steam
flue gas, NOBEHErBtONMOI/HT firingdats, U%@%@fﬁ?'eﬁ@qnﬂ?\ﬂﬁt'%bﬁ,fU'R?%?Rﬁﬁ?t"tﬂt%er
inert fluids, and m xtures or conbinations thereof. 14. A fuel dilution
devi c&0 as N Averpge tamperatyresfd BP0 Fnexhaustgasas 38R0 °F . ysingamitieasniiopiate o6t ¥Aad
conduit. 15. A fuel dilution device as in claim11l, wherein at | east a
subst ant i 8D apsight Basisthe NOxeatissien is ssuged from ahpuls@pm (carreeted pt 3% 02 ffdui t .
16. A fuel dilution device as in claim1l, further conprising a swirler

di sposed MA Rerbgasidthe ceptsq g about 7 ppm (corrected at 3% 0O2) with nitrogen gas in the

center.
[0078] In each of the embodiments discussed above, the favorable results achieved by the
15  presentinvention are driven by two differences in the streams exiting the two conduits. The
first difference is a difference in the thermodynamic states of the respective streams, and the
second difference is a difference in the fuel indices of the respective streams. Specifically, in
order for there to be a potential for mixing between the two streams exiting the two conduits,
there must be a difference in the thermodynamic states of the two streams, and a difference
20 of atleast 0.1, and preferably at least 0.2, between the fuel indices of the two streams must
exist for meaningful NOx reduction.
[0079] In the embodiments illustrated in the figures and discussed above, the difference
between the thermodynamic states of the two streams is expressed in terms of the pressure
differential (i.e., a “high pressure” fluid in one conduit, and a “low pressure” fluid in the other
25 conduit). However, persons skilied in the art will recognize that the differential in

thermodynamic states may also be expressed in terms of, and achieved as a result of,
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17. A fuel dilution device as in claim11l, further conprising a zipper
nozzle in fluid communication with the outlet of the first conduit. 18. A
fuel dilution device as in claim1l, wherein the second conduit has an

equi val ent dianeter (D~) and the outtake of the second conduit is |ocated
at a distance behind the outlet of the first conduit, said distance being
in a range.of about (2 .x D~) to about (20 x D~). -32 19. A fue|l dilution
ov ce. asdfRreapss tvelocignberttirfoncettialh. o o ebTEACioR gneate.
comuni catli on vvi{h 3 furnace containing a quantity of a furnace gas,

wher eby aP'eFLSEP egt'ﬁo?{éi on of the quantity of the furnace gas mixes with at
| east a p 0% [} of . the diluted fuel] stream 20. A fuel dilution device for
di | uting fosaf) hergfare.dhe erasept iByaiiop incides many dher emhagiments gagd vadialignsg,
conpri si ngl: a first conduit having an inlet and an outlet spaced apart from
the inl et Nefgpd whichgre peyillusirated iutpe Baures of dissHssed iIndhe Delalied Bescaptiqnef The
entering }he inlet and exiting the outlet at a first Fressure, a first

vel ocity) IYREfian. f Thase gmedimgts,andayaiiationse hewavelofe falt within itheyseape ¢ftthke and
an outtake spaced apart fromthe intake, the second conduit adapted to
transnit 38PRENJedflagns and paviveleme &hereqf- t he i ntake and exiting the outtake at
a second pressure, a second velocity, and a second fuel index, the second
fuel indel098A] hhosa siiladoint the @shalem avilk racegnipe dhatithriembegimanty aadvanaiiens 0. 1
and at Ie:ﬂst one of the second pressure and the second vel ocity being

di f f er ent "HFtERIPAID thedrawvingsenddiscHgsadiin the Dataileg Rescrptionoh Ehe Inveptiapgogiat t v
whereby a potential for m xjng exists between the stream of the fuel

exi ting tAECIBeR 138t obthe messiblesarrangemants o dhe rrresant davenyent pad rthal @thexi ti ng
the oyttake of the second conduit, whereby at |east a portion of the stream
of th@fuaﬁfa'&a"mtfgarﬁwgsw'ﬂ acceringlyealt sychiothes arangemente aragoptemplated gt a
portion o{ the stream of the fluid exiting the outtake of the second
condui t al"ePPERUIMVERLQN 89 Ate: withip the $99re ot theckreasnt investion;: Fakexammi i by
eneratin t ast one diluted fuel stream having an internedi ate fuel
Pndex bet 3@%}10{ the $mbagimens '}'li'sf\raé%é anffovee 356@0AF fthe@rangrment.afghe low

pressure and high pressure streams may be reversed (i.e., the low pressure lance may be
the inner lance, and the high pressure lance may be the outer lance).

15 [0082] In addition to reduced NOx emissions, there are other advantages and benefits of the
present invention, some of which are discussed below:

) The proposed fuel staging method enables active tip cooling due to
either (F-F) staging or (F-l) staging. For fuel tips having relatively
large tip exit area, the nozzle tips are actively cooled by exiting high

20 velocity fuel gas or inert stream. This is a significant improvement
over conventional circular nozzles.

. Due to relatively poor entrainment efficiency and higher operating
temperature, conventional tips have serious maintenance issues and
soot plugging problems using high C/H fuels. In comparison the

25 present invention has the following advantages:
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a source of an oxidant; and means for conbusting a portion of the oxidant
with at | east a portion of at |east one of the streamof the fuel, or the
streamof the fluid, or the diluted fuel stream thereby generating a gas
contai ning a reduced ampbunt of nitrogen oxide, said reduced amount of
ni trogen oxi de being | ess than a higher anount of nitrogen oxide that would
be generated by conbusting the fuel using a neans other than the fuel
dilution device. 21. A systenfedicediangensitogokewhile ysingpigher Garaansgdienbxi de
em ssions through fuel staging, conprising: a fuel dilution device, the
fuel dilution device conprisif§l® first conduit having an inlet and an
outl et spaced apart fromthe inlet, the first conduit adapted to transmt a
stream of the fuel entering t Rbilitydp ase gmalleniiowiratesonbighat heating valyefliygls t
t hermodynam c state and a first fuel index, and a second conduit having an
i ntake and an outtake spaced apitvo isesheaper fuglngrae matrriabStainascyerl 304
adapted to transmt a streamof _a fluid entering the intake and exiting the
outtalke at a second thernodyn&fBt0 istagegualgl a second fuel index, the second
fuel index being different fromthe first fuel index by at |east about 0.1
and the sE@@ﬁthW@?ﬂ*rdHWi@m ds & main [seneryn dior fraamh refinedimfurnacesi weere fuel
t hernodynam c state, whereby a potential for m xing exists between the
st r eam of CeMeositipas certain hygracaebang rangingiforn R4 t6 Cet s The oragked cagben is frundtte eam
of the fluid exiting the outtake of the second conduit; neans for feeding
the streaRiugbUiNesnpzrgs ang createionerheang pheurperparts. reducedgrpduativity angi Reost r eam
of the fuel exiting the outlet of the first conduit at the first
t her nody nH¢ipalaffigiencyn d hupehavingdraintgagngefererenation Susing Fas & iidading i@ r eam
of the fluid to the intake of the second

10  critical advantage for the refinery operator.

[0084] Although illustrated and described herein with reference to certain specific
embodiments, the present invention is nevertheless not intended to be limited to the details
shown. Rather, various modifications may be made in the details within the scope and range

of equivalents of the claims and without departing from the spirit of the invention.
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conduit, said streamof the fluid exiting the outtake of the second conduit
at the second thernodynam c state and the second fuel index, whereby at

| east a portion of the streamof the fuel exiting the outlet of the first
conduit mxes with at least a portion of the streamof the fluid exiting
the outtake of the second conduit at a |ocation proximte both the outl et
and the outtake, thereby generating %té- llﬁ st one diluted fuel stream having
an internediate fuel index between t&-AWPst fuel index and the second fuel
i ndex; a source of an oxidant; and nmeans for conbusting a portion of the
oxidant with at least a ort'oH of at.|east qne of the streamof the fuel,
or the streamof the fl uRdelidiiediiing 2 disl Jeiredioee AlfpdemoxEB,FHERERS | ng
a gas contai nbr}g a,reduced am)u&t (%f ni trogen oxide, said reduced anmount of
ni trogen BHGUER iSRS SAMPHSIRG eI anount of nitrogen oxide that woul d
be generated by conbusti n@)e,,t he f&elﬁ,usi na a nean oéjper than the fuel
dilution device. 22. A sPOvidiRgruetdijufien Agvice. thiptuet Glufiepdedce?aPRIINY oxi de

em ssions through fuel staging, co i,sing: a.fyel diluti,on device, the
fuel di Ut on devi ce_compr 5 %arsgcwc[tf?ag_ﬂaai)ff}'é*ﬁgwtﬂgudﬁsrazeéi;apgfaroah )
outl et spaced apar ro e inlet, e fir condui t adapt e ransmt a
stream of the fuel ent enr\‘?d"ieﬁgk?hfsétcoﬁ%t Pﬁ?ch)ﬁ’ FansmiL A gggargto?éhq ?@Zt
D e o S Vo el R R R B i PR e
second conduit adapted to ér?n %ﬁ]% streamof a fluid entering the intake
and exiting the outtake 8f%3 '?2. 968 Cure, a second velocity, and a

second fuel index, the second fuel jndex.heing different, fro he first
Poo M os by ener oot “a!sBond Baat BAPR L ke At At rabsd

and,the second, vl oo 1 BeLiedh LEERRRS, b hehnl iy 8l b kit
e e B e O Rt B R P, S bt A A 2
Stream of ‘the Tuel exi i FEFAAMITIAEHEaE 418 iH Ao recoBf A i PRadPRL
pressure, e {11t Ve OFi e find Hieln i ol e 02el Bho P EL S,
(he (1110 o115 the ouLLke o D15, SEEANE B2ML el MRE-ASRSRTBRSESYT o
thermodynamic state, whereby a potential for mixing exists between
the stream of the fuel exiting the outlet of the first conduit and the
stream of the fluid exiting the outtake of the second conduit;
feeding the stream of the fuel to the inlet of the first conduit, said
stream of the fuél exiting the outlet of the first conduit at the first
thermodynamic state and the first fuel index;
feeding the stream of the fluid to the intake of the second conduit,
said stream of the fluid exiting the outtake of the second conduit at the
second thermodynamic state and 'the second fuel index,

whereby at least a portion of the stream of the fuel exiting the outlet of

the first conduit mixes with at least a portion of the stream of the fluid exiting
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whereby at |east a portion of the streamof the fuel exiting the outlet of
the first conduit mxes with at |east a portion of the streamof the fluid
exiting the outtake of the second conduit at a |ocation proximte both the
outl et and the outtake, thereby generating at |east one diluted fuel stream
havi ng an internmedi ate fuel index between the first fuel index and the
second fuel index; SO e an oxj dant d means for conbustin

portion of the oxi dg?ﬂ l&{aﬁﬁog%eﬁg%}d 99"85‘ HC%P“&’IO’]"E%@POHHBGBPt'%ﬁ@d
stream of the fuel, .or t ream of the fl uel stream
thereby generating &% %‘étpai(Sn r%"ﬁrﬁt'ﬁglﬁcgas'a?ﬂﬁﬂ{”“ﬁﬁ ﬁl’ﬁl sFesge IiaYﬂQ 88,

sai d reduced anount . f nitro xi de bein S an a -3 hi gher anount
of nitrogen oxide t W/&S’Eﬂtﬁiﬂ’@g"é@h‘%ﬁ“ﬁ?%thgﬂ ?H?b'ﬁg?’ﬁﬂjjth?l%eqoﬂéf”geb'W% a
means ot her than the f uel dlc]mggl on device. -

CAUL. AU_. AU% AU. AUL. AA9. RTQVIdiea ARHTCART %PUEX'SA@N 20d . AA9. A . AA9. A . AA AUL. A

L. A L. A . AA . AA9. AUL. AU9. AUL. A AL. A% A. . AA. Ah9. AUr . AU9. AU. AA9. A{ 9

" Y\ x MW~ combusting a portion of the oxidant with at least a portion of at least

AH29@ xr mhc caU] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] cal] ca ca call ca]ca]c
g]( cay] c@a] ca] c!a])qcaU]U]é’af @ath]ec%t}%?a]qefa'r]eé]%ayl%:tae]stre]emlq]f "hﬁ]iﬁ'#g] Gekid °
"W~()))**@, ytoi d*YT] ca] cal] % ca] ca] cal] ca] cal] ca] ca] ca] caV] ca] cal]
ca] ca] caV] ca] ca] ca] 4R a']‘@%]’@&]‘ rat "a%apéa]ceatr@a]gc%ﬁdeaed amount of nitrogen
-s/ 2235?7F7| 888e: i 2<9<=== Xr m ]c a] cal cal cal] ca

] ca] ca] ca] ca] ca] ca] BgT’EaFJ]“eaF@'aC@ﬁCS\TE‘a’ﬁ] 5@!}‘&5&3%%@%}% '3?5} E’?A%ﬁ]'ﬂ%}eéa]qca]
ca]jca]ca NP
PK]QRQ]]?pUx UVW YZB] J] ﬂm%”h%frf‘%‘]ﬁ\)p?}?%%iﬁﬁ woyid e gansrated Py sprkysting thefeely ca)
ggﬂ gg] gg] ]cﬁ]rrﬁﬁ]/c\a] ca cag]lvca! ca! tﬁg'] ae]fﬁg]d(ﬁetlgncﬂv?c%] ca] ca] ca] ca] ca] cal] ca]
{{{1|"'| 1let #Met oi d_ZU] ] ca] ca] ca] ca] c*a] caU] ca] ca] ca] ca] ca] ca] cal] ca] cal] ca] c
a] ca] ca] cal] ca] cal] ca] cal] ca] ca] caU] ca] cal] ca] cal] ca M %|
6=>CJs{F | ga\ al ca aca a] ca] ca] ca] cal] ca
ca] caU] CL]Aga]gcaV\/]\] 1:!31 c!a] czq %’83}3 Q‘]i ‘} %‘Eghq’lﬁ Sl fig] ool cal cal calf cal]
XRZ) 0?0 %| @| wr ngb] X] ] ]] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca!)*A] x_r/ <DFzupkf a[ Vmgb] X

ol oat ool ool sal ol abfih e th i MRS B hd Sls pahslgaheade

7 Cég/ ;a] ?ﬁbﬂzfg] it Cé\] cal.ca ca cal,c cal.cal,ca] cal cal] c
2 cal cav) 83']%ay@grﬂ%a?@%ﬂaf%ﬁ?'&éﬁ'h G c RN, ARPAU AT SR o, VY

] ca] ca] Cah??‘!:@] a & ca P%al ca] ; ar]ecfa] cal ca] ca] ca] cal ca]ca]ca]ca]ca]c

aV] cal ca
:;/stn% d_]Z] ]1c]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal EAW BJ1a/. x

pxsm 6 7)1 clcal cal sal calcal salcal eal.sal o) Rake b herkoak s sabeshepbedl o2

] ca] ca] ca] ca] ca] ca] ca] ca

PNX
T on) cal cal e edrEa] ca] ca] ca] oa] oa] ca ca] oa] cal ) v sir . calcalcalcalea
GCh} xsnid_Z]]]c]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]calcal ca] cal ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca

5. A method as in claim 1, wherein at least a substantial portion of the

second conduit is disposed in the first conduit.

6. A method as in claim 1, comprising the further steps of:
providing a swirler disposed in the second conduit; and

transmitting at least a portion of the stream of the fluid through the
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"Y\ XMcAl Ss$109&' () -z10%& ()-10%& ()-!Cl0% & ()-

10%r& ()-$10%& ()-Mc:wz[ 9! fI ($109%& ()-1 ($10%r& ()-!al ($10%& ()-$10%& () -!
f$109& ()-!'\ s$10%ME ()-wW|}~?

K{Y7! K$109%& ()-!k$10%&' ()-!$10%ZZ&' ()-'! k$10%& ()- 10m 10m 10mny: 10%r&' ()-S
DwX6{ Y7! pY. $109& () - :

W& ()-! o9& ()-! 0 "()-TtS109%R () -! pPLOUR ().-(~\:!! Ss$10%mMm&
S?f_l P /éfoc(yzm&k ?;B?;%gg/%u |2 &h%r%%)(l) ggzyéléling()zzt Iftgg a porti(o)n ofptﬁe fluid é)?itin(g the secgr‘?d
109%Z&' ()-Y.$10%Z& ()-(A2z[9~\:!!ly. $10%m& ()-$$10%r& () -! p$S10%& () -! k$$10
o0& ()-S$LO%ME () -! XSYBIR' () - 26789W VY: ! | $100Z&" () - ! X$10%&' () - !
$109%ZZ&' ()-!'%$10% : & ()- 10m 10m 10ny: 10%& ()-1j!!zX6{Y:!k3.$10%& () -

I'k3. $10%& () -
laL$$10%Z& () -f $10%Z& ()-! N~ $10%&' ()-! Nf * $10%R&& (E! L1 REH#S~] ;
P Xs$10%& () - Xs$10% & ( 'B@med/a&m'a'm‘mempmng}he fugher steps of:

providing a zipper nozzle in fluid communication with the outlet of the
first conduit; and

transmitting through the zipper nozzle at least a portion of the diluted

fuel stream.

8. A method as in claim 1, wherein the second conduit has an equivalent
diameter (D¢) and the outtake of the second conduit is located at a distance behind the outiet

of the first conduit, said distance being in a range of about (2 x D) to about (20 x D).

9. A method as in claim 1, comprising the further step of placing the fuel
dilution device in fluid communication with a furnace containing a quantity of a furnace gas,
whereby at least a portion of the quantity of the furnace gas mixes with at least a portion of

the diluted fuel stream.

10. A method for diluting a fuel to reduce nitrogen oxide emissions
through fuel staging, comprising the steps of:
providing a fuel dilution device, the fuel dilution device comprising
a first conduit having an inlet and an outlet spaced apart from
the inlet, the first conduit adapted to transmit a stream of the fuel
entering the inlet and exiting the outlet at a first pressure, a first
velocity, and a first fuel index, and

a second conduit having an intake and an outtake spaced
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about 0.1 and at least one of the second pressure and the second

velocity being different from at least one of the first pressure and the

first velocity, whereby a potential for mixing exists between the stream

of the fuel exiting the outlet of the first conduit and the stream of the

fluid exiting the outtake of the second conduit;

feeding the stream of the fuel to the inlet of the first conduit, said
stream of the fuel exiting the outlet of the first conduit at the first pressure, the
first velocity, and the first fuel index;

feeding the stream of the fluid to the intake of the second conduit,
said stream of the fluid exiting the outtake of the second conduit at the
second pressure, the second velocity, and the second fuel index,

whereby at least a portion of the stream of the fuel exiting the outlet of
the first conduit mixes with at least a portion of the stream of the fluid exiting
the outtake of the second conduit at a location proximate both the outlet and
the outtake, thereby generating at least one diluted fuel stream having an
intermediate fuel index between the first fuel index and the second fuel index;

providing a source of an oxidant; and

combusting a portion of the oxidant with at least a portion of at least
one. of the stream of the fuel, or the stream of the fluid, or the diluted fuel
stream, thereby generating a gas containing a reduced amount of nitrogen

oxide, said reduced amount of nitrogen oxide being less than a higher
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using a means other than the fuel dilution device.

11. A fuel dilution device for diluting a fuel to reduce nitrogen oxide
emissions through fuel staging, comprising:

a first conduit having an inlet and an outlet spaced apart from the
inlet, the first conduit adapted to transmit a stream of a fuel entering the inlet
and exiting the outlet at a first thermodynamic state and a first fuel index; and

a second conduit having an intake and an outtake spaced apart from
the intake, the second conduit adapted to transmit a stream of a fluid entering
the intake and exiting the outtake at a second thermodynamic state and a
second fuel index, the second fuel index being different from the first fuel
index by at least about 0.1 and the second thermodynamic state being
different from the first thermodynamic state, whereby a potential for mixing
exists between the stream of the fuel exiting the outlet of the first conduit and
the stream of the fluid exiting the outtake of the second conduit,

whereby at least a portion of the stream of the fuel exiting the outlet of
the first conduit mixes with at least a portion of the stream of the fluid exiting
the outtake of the second conduit at a location proximate both the outlet and
the outtake, thereby generating at least one diluted fuel stream having an
intermediate fuel index between the first fuel index and the second fuel index;

a source of an oxidant; and

means for combusting a portion of the oxidant with at least a portion
of at least one of the stream of the fuel, or the stream of the fluid, or the
diluted fuel stream, thereby generating a gas containing a reduced amount of

nitrogen oxide, said reduced amount of nitrogen oxide being less than a
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12. A fuel dilution device as in claim 11, wherein the fluid is a fuel.

13. A fuel dilution device as in claim 11, wherein the fluid is selected from
a group consisting of steam, flue gas, carbon dioxide, nitrogen, argon, helium, xenon,

krypton, other inert fluids, and mixtures or combinations thereof.

14, A fuel dilution device as in claim 11, wherein the first conduit is

adjacent the second conduit.

15. A fuel dilution device as in claim 11, wherein at least a substantial

portion of the second conduit is disposed in the first conduit.

16. A fuel dilution device as in claim 11, further comprising a swirler

disposed in the second conduit.

17. A fuel dilution device as in claim 11, further comprising a zipper nozzle

in fluid communication with the outlet of the first conduit.

18. A fuel dilution device as in claim 11, wherein the second conduit has
an equivalent diameter (D.) and the outtake of the second conduit is located at a distance
behind the outlet of the first conduit, said distance being in a range of about (2 x D) to about

(20 x D).
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( ?nlet,?{he first conduit adapted to transmit a stream of a fuel entering the inlet
and exiting the outlet at a first pressure, a first velocity, and a first fuel index;
and

a second conduit having an intake and an outtake spaced apart from
the intake, the second conduit adapted to transmit a stream of a fluid entering
the intake and exiting the outtake at a second pressure, a second velocity,
and a second fuel index, the second fuel index being different from the first
fuel index by at least about 0.1 and at least one of the second pressure and
the second velocity being different from at least one of the first pressure and
the first velocity, whereby a potential for mixing exists between the stream of
the fuel exiting the outlet of the first conduit and the stfeam of the fluid exiting
the outtake of the second conduit,

whereby at least a portion of the stream of the fuel exiting the outlet of
the first conduit mixes with at least a portion of the stream of the fiuid exiting
the outtake of the second conduit at a location proximate both the outlet and
the outtake, thereby generating at least one diluted fuel stream having an

intermediate fuel index between the first fuel index and the second fuel index;
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fuel index being different from the‘ first fuel index by at least about 0.1
and the second thermodynamic state being different from the first
thermodynamic state, whereby a potential for mixing exists between
the stream of the fuel exiting the outlet of the first conduit and the

stream of the fluid exiting the outtake of the second conduit;

means for feeding the stream of the fuel to the inlet of the first
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22. A syStem for diluting a fuel to reduce nitrogen oxide emissions through
fuel staging, comprising:
a fuel dilution device, the fuel dilution device comprising
a first conduit having an inlet and an outlet spaced apart from
the inlet, the first conduit adapted to transmit a stream of the fuel
entering the inlet and exiting the outlet at a first pressure, a first

velocity, and a first fuel index, and
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m0%8r3& ()-10 L 10 L apart from the intake, the second conduit adapted to transmit a
stream of a fluid entering the intake and exiting the outtake at a
second pressure, a second velocity, and a second fuel index, the
second fuel index being different from the first fuel index by at least
about 0.1 and at least one of the second pressure and the second
velocity being different from at least one of the first pressure and the
first velocity, whereby a potential for mixing exists between the stream
of the fuel exiting the outlet of the first conduit and the stream of the
fluid exiting the outtake of the second conduit;
means for feeding the stream of the fuel to the inlet of the first
conduit, said stream of the fuel exiting the outlet of the first conduit at the first
pressure, the first velocity, and the first fuel index;
means for feeding the stream of the fluid to the intake of the second
conduit, said stream of the fluid exiting the outtake of the second conduit at
the second pressure, the second velocity, and the second fuel index,
whereby at least a portion of the stream of the fuel exiting the outlet of
the first conduit mixes with at least a portion of the stream of the fluid exiting
 the outtake of the second conduit at a location proximate both the outlet and
the outtake, thereby generating at least one diluted fuel stream having an
intermediate fuel index between the first fuel index and the second fuel index;
a source of an oxidant; and
means for combusting a portion of the oxidant with at least a portion
of at least one of the stream of the fuel, or the stream of the fiuid, or the

diluted fuel stream, thereby generating a gas containing a reduced amount of

nitrogen oxide, said reduced amount of nitrogen oxide being less than a
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