METHOD AND APPARATUS TO FACILITATE REDUCING NOx EMISSIONS IN TURBINE ENGINES
BACKGROUND OF THE INVENTION [0001] This invention relates generally to gas turbines
and, more particularly, to methods and systems that facilitate reducing NO emissions from turbine
engines. [0002] At least some known combustors used with gas turbine engines produce NO
emissions as a by-product of the combustion process. Generally, the cause of NO emissions may be
two-fold. First, higher combustion temperatures generated within the combustor facilitate the

2t ai 0 mix within T1E EoRBUAST 20 RETHBALS HoTACAH e eree o3 To
facilitate reducing combustor teMpeiigsIOaTdre SITRBRNEERSGANESSt some known combustors

include dilution holes formed in the combustor liner. Specifically, the dilution holes are positioned to
discharge dilution air into the combustion chamber to facilitate increasing the rate of mixing of fuel and

air within the, cambuisioigNereayer thegildtienair facilitates reducing the combustion temperature

while maintaining desired combustion levels. [0004] Generally, because of the positioning:
and/or orientation of dilution holes within the combustor liner, at least some known_combustors which

satisfy current emissioni%qg%la%l}%‘,saglgﬁgiﬁﬁeﬁeﬁﬁn8%‘?§?ﬂ§ti@h§?‘tW%Wéti%?fiof’@%ﬁzation
(ICAO) Commitiaargn fvialisnoBoviranmertal RraieationdeARBR It srastivigrerstingent
standards. For example, at least some known engines that are capable of meeting current CARP
standards fHRRPSE8HSEtive as of December 31, 2003), may not satisfy future CARP standards that
come into effect after December 31, 2007. Specifically, at least some known engines include dilution
holes positioned only at potioRynskealraeneoafdhenoombustobrbiomwevsrd within gachmodmlustors,.

engines produce NO, emissions as a by-product of the combustion process.
Generally, the cause of NOy emissions may be two-fold. First, higher combustion
temperatures generated within the combustor facilitate the production and output of
NO, emissions. Second, an increased residence time, or time required for fuel and air

to mix within the combustor also facilitates increased NOy emissions.

[0003] To facilitate reducing combustor temperatures and residence
times, at least some known combustors include dilution holes formed in the
combustor liner. Specifically, the dilution holes are positioned to discharge dilution
air into the combustion chamber to facilitate increasing the rate of mixing of fuel and
air within the combustor. Moreover, the dilution air facilitates reducing the

combustion temperature while maintaining desired combustion levels.

[0004] Generally, because of the positioning and/or orientation of
dilution holes within the combustor liner, at least some known combustors which
satisfy current emissions standards, as specified by the International Civil Aviation
Organization (ICAQO) Committee on Aviation Environmental Protection (CAEP), may
not meet more stringent standards. For example, at least some known engines that are
capable of meeting current CAEP standards (that are effective as of December 31,
2003), may not satisfy future CAEP standards that come into effect after December
31, 2007. Specifically, at least some known engines include dilution holes positioned

only at a downstream end of the combustor. However, within such combustors,
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dilution air does not facilitate residence time reductions and combustion temperature reductions at a
forward end of the combustion chamber, where NO emissions may be generated. BRIEF
DESCRIPTION OF THE INVENTION [0004a]According to one aspect, there is provided a method for
fabricating a combustor liner for a gas turbine engine, said combustor liner extending from a forward
end to an aft end along a centerline of the combustor liner, said method comprising: providing an
annular shell including a plurality of circumferentially extending panels that overlap adjacent ones of
the plurality of panels in an axial direction, wherein the plurality of circumferentially extending panels
includes a fiisttpaneirpbsitiont deatl Biate psidsage ¢meotthe o | axdcasbuginh jamecpdsitoned
downstrearp, o A0 adiaenk a,dne fistpangkSraida R Al Sidrimatdiviian heles In the
first panel; formlng a plurality of evenly spaced secondary dilution holes in the second ‘panel, the
secondary dintimretioles circumferentially offset from the primary dilution holes such that the primary
dilution holes and the secondary dilution holes are configured to discharge dilution air into the shell;

positioning fierseeopdarysittitandplesa gigianeerfiam the primary dilution holes, wherein the

distance is within a range of twice a diameter of the secondary dilution holes to four times the diameter

of the secondary dilution holes. [00Q46] According to another aspect, there is provided a
s {iitg v

combustor liner comprisifgP i annular SHETFRE RIS ARFAIRFSE SR g BirE ?ﬂfg%ntially

extending papglstheresmsaidd! umlitfoet cirguintarentially € dat diog Rasalsireludesddfirst panel

positioned at an upstream end of said shell and a second panel positioneqd downstream from, and
adjacent to f&4Hd ﬁir@%’&ﬁ%lf’%ﬁd&ﬁ%ti&ﬁ?‘ﬁ)@ﬂ%ﬁ 8f ‘fﬁ}ét?lﬁé‘?%ﬁge ﬁé’v%? HSERT Lfﬁﬁlkeﬁ?'}gportion of
the second pameli a it primanidiution helesitermediin saidhirsicpanelpanplisalityfof evenly
spaced secondary. dilution holes formed in sai secogrgfﬁan [, said secogf y dilutign holes
circumfererfiEFRMBREEEHN SR PR ARPEILGEH HOIBLRL APASP S QRS :%Fdﬂ 8iotes and said

secondary gidtirniRolas anaicantatsad heisthakigepiurality of circumferentially extending
panels includes a first panel positioned at an upstream end of the shell and a second
panel positioned downstream from, and adjacent to, the first panel; forming a plurality
of primary dilution holes in the first panel; forming a plurality of evenly spaced
secondary dilution holes in the second panel, the secondary dilution holes
circumferentially offset from the primary dilution holes such that the primary dilution
holes and the secondary dilution holes are configured to discharge dilution air into the
shell; positioning the secondary dilution holes a distance .from the primary dilution
holes, wherein the distance is within a range of twice a diameter of the secondary
dilution holes to four times the diameter of the secondary dilution holes.

[0004b] According to another aspect, there is provided a
combustor liner comprising: an annular shell including a plurality of overlapping
circumferentially extending panels, wherein said plurality of circumferentially
extending panels includes a first panel positioned at ap upstream end of said shell and
a second panel positioned downstream from, and adjacent to, said first panel, a
downstream portion of the first panel overlaps an upstream portion of the second
panel; a plurality of primary dilution holes formed in said first panel; a plurality of
evenly spaced secondary dilution holes formed in said second panel, said secondary
dilution holes circumferentially offset from said primary dilution holes such that said

primary dilution holes and said secondary dilution holes are configured to discharge
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dilution air into the shell; wherein said secondary dilution holes are positioned a distance from said
primary dilution holes, the distance within a range of twice a diameter of said secondary dilution holes
to four times the diameter of said secondary dilution holes. [0004c]According to a further aspect, there
is provided a gas turbine engine comprising: a compressor; and a combustor comprising a combustor
liner comprising: an annular shell including a plurality of overlapping circumferentially extending
panels, wherein said plurality of circumferentially extending panels includes a first panel positioned at
an upstream end of said shell and a second panel positioned downstream from, and adjacent to, said
first panel, diliowmstiearto pbitichedt, thd firin pxaié| sseerkary shiupetdwhepariiarrofitiedecond panel; a

pluralty of primary gilyion holgsMimert R arif st RRnekARLISlA vanlk sprgegsqcondary

dilution holes In sal panel, said secondary dilution holes circumferentially offset from
said primardigtilgtiorofisdat sechddrat it seboled apyfetiution hole diaractariginddtecardParge dilution
air from sai&iiﬁ% [essor into said combustor, said primary dilution holes and said secondary dilution
holes further configured to facilitate reducing NO emissions in said gas turbine engine; wherein said
secondary dilution holes B¥peisitioned:ecafsiagce frofardaitl pmeran o PHOIES dife®istance within

a range of twice a diamet id.sec ilution holes o, four times thg.diametenofsaid
secondary dﬂut%%%%gg 8&9{)&@ O%59](5}-?glr%llsr%l{5 Es%%s%ﬁ? a method for fflslbgrtijcating a combustor liner
for a gas tukipisre engindsiiae methednnteudekebrovitingiag atnurlr=hién inefudivg ipmiRality of

circumferenfall exiening PRRSIS S BINiRINAL e enlialpndis arRRlaagjudes a first

panel positioned at an upstream en the shell and a second panel positioned downstréam from, and

adjacent togttenfiisg panel Tiabidesth Seshis showribentsiatifg ansuramyesd siisudyperiiasA holes in the
first panel aé‘%é&’&ﬁfai%&P&i&@l%@é@%@‘ﬁgﬁ%ﬁ”%ﬁﬂ, halgs {n;ihe-seeondinangl Fhgedilytion holes
arg

are configured to dis dilution air into the shell. 0006] Also disclosed is a combustor

liner. The combustertinesriimiud® shanfupinbiaes geriaeiaih gRepraralBpdisirel e ity extending
panels. Theﬂ%z%?%%’ﬂ%g}l@u@fgfﬁﬁﬁ@lMiﬁﬁSH@iQQ@ﬁﬁﬁi%dﬁ?MQﬁﬁ aiirshRanel pesiipped at an.

upstream e t and a second panel positioned downstream from, and adjacent to, the first
panel. The eoenbuspordihescaisduivcilibition kilealfgroedimsmgd droah Hetek fBHh eFMIAR first panel,

and a pluray, . secancans vUBR Rles FRUDEGn L BRESR bk A A RIS AT

configured to discharge dilution air intothe shell. 0007] Further disclosed is a gas turbine

engine. Thegasdarbididuingihel s asorenf oupddredisshaiag dlbtion adtGioBb MEHSRPER S bustor liner
that includeg an appularishellincluding. 2, plusalityof siicurirreniialvexiendingpaneis, the plurality of

circumferentially extending panels includes a first panel positioned at an upstream end of the shell and
a second pdmshgositidhmdcdotvrisediinterisiicait NasBHitoth&itath SRv TN SAMBRSor liner also

includes a plyglity of pricaagy divtien fales Solmer indha diret naaRkand a:plrality gfisasondary
dilution holes foimed In the second panel. The dilution holes are configured to discharge
dilution holes, the distance within a range of twice a diameter of said secondary

dilution boles to four times the diameter of said secondary dilution holes.

[0005] Herein disclosed is a method for fabricating a combustor liner
for a gas turbine engine. The method includes providing an annular shell including a
plurality of circumferentially extending panels. The plurality of circumferentially
exiending panels includes a first panel positioned at an upstream end of the shell and a
second panel positioned downstream from, and adjacent to, the first panel. The
method also includes forming a plurality of primary dilution holes in the first panel
and forming a plurality of secondary dilution holes in the second panel. The dilution

holes are configured to discharge dilution air into the shell.
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dilution air from the compressor into the combustor. The dilution holes are further configured to
facilitate reducing NO emissions in the gas turbine engine. BRIEF DESCRIPTION OF THE
DRAWINGS [0008] Figure 1 is a schematic illustration of an exemplary gas turbine engine;
[0009] Figure 2 is a schematic cross-sectional view of an exemplary combustor that may be used with
the gas turbine engine shown in Figure 1; and [0010] Figure 3 is a perspective view of an
exemplary combustor liner that may be used with the combustor shown in Figure 2.
[0006] Also disclosed is a combustor liner. The combustor liner

includes an annular shell including a plurality of circumferentially extending panels.

The plurality of cxrcumferennaﬂy extending panels includes a first panel positioned at

an upstream end of the shell and a second panel positioned downstream from, and

adjacent to, the first panel. The combustor liner also includes a plurality of primary

dilution holes formed in the first panel, and a plurality of secondary dilution holes

formed in the second panel. The dilution holes are configured to discharge dilution

air into the shell.

[00071 Further disclosed is a gas turbine engine. The gas turbine
engine includes a compressor and a combustor comprising a combustor liner that
includes an annular shell including a plurality of circumferentially extending panels.
The plurality of circumferentially extending panels includes a first panel positioned at
an upstream end of the shell and a second panel positioned downstream from, and
adjacent to, the first panel. The combustor liner also includes a plurality of primary
dilution holes formed in the first panel and a plurality of secondary dilution holes

formed in the second panel. The dilution holes are configured to discharge
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-[0011] Figure 4 is a perspective view of an alternate exemplary combustor liner that may be used with
the combustor shown in Figure 2. DETAILED DESCRIPTION OF THE INVENTION [0012]
Figure 1 is a schematic illustration of an exemplary gas turbine engine 10. Engine 10 includes a low
pressure compressor 12, a high pressure compressor 14, and a combustor assembly 16. Engine 10
also includes a high pressure turbine 18, and a low pressure turbine 20 arranged in a serial, axial flow
relationship. Compressor 12 and turbine 20 are coupled by a first shaft 21, and compressor 14 and
turbine 18 are coupled by a second shaft 22. In the exemplary embodiment, gas turbine engine 10 is a
CFM56 gadilutisineierfiine tbe CRBArBWaivpethy sitatiefiorm GendratrbelescsmpatierCincinnati,

oo, _contiial [HGHIE G4 ARAANINC cifssaRAoNR ethtAngygplary combustor 16 that

may be used with gas turbine engine 10 (shown in Figure 1). Combustor 16 includes an outer liner 52
and an inner liner 54 disposed between an outer combustor casing 56 and an inner combustor casing

58. Outer dMdlfn&ts Pr@?gn@%zlé?e%éé@m%aﬂy from each other such that a combustion

chamber 60 is defined therebetween. Outer liner 52 and outer casing 56 form an outer passage 62
therebetween, and inner{boes b4mparinnercasinghbd foniitnsirnerrpassagecfdripbrgbetween. A cowl
assembly 66 js coupled to the upstream ends of outer and inner liners 52 and 54 respectively. An
annular op8fi B%%P%%ﬁing to an opening formed in cowl assembly 66 enables compressed air to
enter combustor 16 in a direction generally indicated by arrow A. The compressed air flows through
annular, opening 68 to s[§}p8it cbiptestion anchtorfailitaveseostingdinersys2 ancesdnplary  [0014] An

annular dome BRI LHE04R belwsah AIGIS eauRleddon QuiRrand ipgilners g2 and 54 near thel
upstream ends. A plurality of circumferentially spaced switler assemblies™ 2 are coupled to dome plate
70. Each swirler assembly 72 receives compressed air from opening 68 and fuel from a corresponding

fuel tube 74. Fuel and ait rOwiriesTaNd HiReBRISBRIAES DICSVRferhS36BIEY POMRNE e resulting
fuel/air mixiye. is JiSCRATIGLNIR FOMPLSHRR $HAMBEH 6R rirpudustor 16 includes a longitudinal axis

75 which extends from a forward end 76 to an aft end 78 of combustor 16. In the exemplary
embodiment, combustor 16 is_a single annular combustor. Alternatively, combustor 16 may be any

other combustor, includinty’ bt noEksitdd fo & ABTBRS YU cShBllstifernate: exemplary

combustor liner that may be used with the combustor shown in Figure 2.

DETAILED DESCRIPTION OF THE INVENTION

[0012] Figure 1 is a schematic illustration of an exemplary gas
turbine engine 10. Engine 10 includes a low pressure compressor 12, a high pressure
compressor 14, and a combustor assembly 16. Engine 10 also includes a high
pressure turbine 18, and a low pressure turbine 20 arranged in a serial, axial flow
relationship. Compressor 12 and turbine 20 are coupled by a first shaft 21, and
compressor 14 and turbine 18 are coupled by a second shaft 22. In the exemplary
embodiment, gas turbine engine 10 is a CFM56 gas turbine engine or CF34-10 that

are available from General Electric Company, Cincinnati, Ohio.

[0013] Figure 2 is a schematic cross-sectional view of an exemplary
~ combustor 16 that may be used with gas turbine engine 10 (shown in Figure 1).
Combustor 16 includes an outer liner 52 and an inner liner 54 disposed between an

outer combustor casing 56 and an inner combustor casing 58. Outer and inner liners
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[0015] Outer and inner liners 52 and 54 each include a plurality of overlapped panels 80. In the
exemplary embodiment, outer liner 52 includes five panels 80 and inner liner 54 includes four panels
80. In an alternative embodiment, both outer and inner liner 52 and 54 may each include any number
of panels 80. Panels 80 define combustion chamber 60 within combustor 16. Specifically, in the
exemplary embodiment, a pair of first panels 82, positioned upstream, define a primary combustion
zone 84, a pair of second panels 86, positioned downstream from first panels 82, define an
intermediate combustion zone 88, and a pair of third panels 90, positioned downstream from second
panels 86, ahamdgeirant fparttipadalilyoRomosivbnetal cuaistieam fonrbtkticch panels &G aafine a

downstreary giutio ion zone 94. 0016] Diluti ir is introduced primarily into
combustor c?lam%e{% %% t ler%%%nh aéﬁ%}'a%ﬁ‘f o %iraéiljimflé%én%f‘ashnygsggfgandﬂﬁt?dlrlieﬁ&%%%%et at extend
through eattesbetiecandhdnentinénsed 2 dnghB4idmethessamiflafyrembodimentaiutiorsholes 96 are
each substantially, citculag. In an_alternative embodiment,, dilution holes 96 have any shape that
facilitates r%ﬂ%ﬁé& N<£ 'er%ié%%ﬂasgsgrgd%s}é:gﬁbse%fjﬁgr%ﬁ? Ifrlll?hué) Sé%{(eearlﬁlp('fgflﬁg B dh ifution holes
96 are arrahged 2 eindurhfesprtiaiviextendingiavepdefiped ddiidhe pesiphany ¢hlinedsi®2 and 54. A
forward-maogf ha f diltion holes 96 are referred to as primary dilution holes. In the exemplary
embodiment, prir%%(r%/% Bcli ti%!?l’l ﬁ% gsl%§98c define ewitﬁllrn%?rs?%%ge %r%%(‘%\tp o%;ﬁ?eﬁ (LR rge dilution
air into pringangredmindtised dbre84wAlso Ththeoexerspldryie fibodithenista fitstkovephsagondary
dilution hol 00 formed in a downstream end 101 of second panels 86 are oriented to discharged
dilution air ;8n§t§o ir%&%rﬁg&%%gg)%ﬁua%{o% E%:Elgt %%.Cooqmgeﬁf’(ffﬁgl% i h5§ assembled combustor, each
primary dilution hole 96 is substantially aligned with each circumferentially-spaced injection point, as
defined by a center of ed@{¥él ifjeemrry dammewitker 2o Dadsd gperationd tvefiomedftoombustion
gases pasigherngalioRdepinizsmay cregie fotsireaks of locally In sed majerial temperatures.
Such streaks are not strictly longitudinal; because of thler sv\lﬁrl of%ﬁe #g\?v int epé%Ir%%tl)tajstgg caused by
the swirler§roupiireatidltisaasae argrire yaemahiss dirmee taublediculnterantial dvedtmb when viewed
along the Igqea.obieRAMbLSIRLR T e raniaion;pias Ao

qles, 26, and in particular,
because at least one primary dilution hole 98 is substantially a gne§with each%fﬁcjiegﬁ%% |§oint,

facilitates rediRSAOPHENS e g & mbve! padi citaaty, D lednisd onis edithigetombysteridé: Moreover,
the placemggtafaesondany dilionbales. 1 Q0L relative o, pr i@aﬁYs(?ﬂ q glgscf%%%@%facilitates

reducing NO emissions. Specifically, primary dilution holes 98 an s%%%n ary dilution oles 100
facilitate rafheRRify of frsnbwdadir Suisslustestiacloagitisiioe! timis Gf cohbustivenidsréduted and, as
such, comigysting temPesaiigs Jhrenghaub eQmiysiay Lisarereguced, A %Hib_”?! IO, emissions,
smoke, and combustor exit temperatures are also facilitated to be reduced. Speci |c§ﬂy, primary
dilution hoREIWEAY Keisoh sas) CRUSAT FOrRRE Y00 mAlisartice INOmemissicrfshyyaseraugh as 20-25%.
Moreover, dilifioniiples, 98 ancisacendany gilutionales 1002061402 fagiliiate operating the
combustor with a substantially linear temperature change in response to increased combustion, such
that NO emissions are flﬁat_ger reduced and a life-span of the turbine engine is facilitated to be

|

increased. [0018 bﬁre ST AL RS PAr Eordbtrdd inrafthasivasiibe eked with

combustorolGrigpeaifisalvis ivFiguresd hedpuionhiesifRthalace delined withinQuigrdiner 52 are
illustrated in m%%r%éi%%a%lk Alth(i,ugh Figure 3 depicts dilution holes 96 in outer liner 52, it should be
¢ .

understood FRRFAtBR oF diRABTER IR 8806k riter Ihar slssne) e aubedimeaty identical to

that of outeotineite. A9 sueks ihefollowing pserptiamwillalse appnim bunesdipsspé ghigure 3 also
includes a ran#-:- ﬁéﬁ%frencer{%aving axes labeled X, Y and Z, wherein X represents the axial distance

extending t8Wis W5 SRR TERRIEATREFaRR YHIEateB By IR B BRiErmbysir the, Y
representscihenpliayndatentialgirectipn: and Zrsepasents a radialdicectigg-datheiexgmplary
embodiment, dilution holes 96 are arranged in a pattern of circumferentially extending rows. More

specifically 1 he SXBRS) ZM6SdirAdRT 885 Grdrrnel SHinish pridSogrseensr ithin first

panel 82, dinst paovis G2selegindary eiltionihelesod i arefopnedavithin.sesrnd pgnas & Moreover, in
the exemp ary, embodi%ﬁnt, at least ?Fge dilution hole 96 within each row of primary dilution holes 98,

and at least oRQ HEh RO EE RN oM O RARESh an b iBAh Sle YD Rasglsstentially aligned
with a longitisttioabaxigchdtkoteaciswirleinl. panels 90, define a downstream dilution

combustion zone 94,



[0019] The primary dilution holes 98 include a first group of dilution holes 150 and a second group of
dilution holes 152. In the exemplary embodiment, each of the first group of dilution holes 150 has a
diameter Di that is substantially larger than a diameter D, of each of the second group of dilution holes
152. Moreover, in the exemplary embodiment, each dilution hole 96 within the first group of dilution
holes 150 is defined between adjacent dilution holes 96 within the second group of dilution holes 152.
In addition, in the exemplary embodiment, the secondary dilution holes 100 include a plurality of
evenly spaced dilution holes 96 that each -6- have a diameter D3 that is smaller than both diameters

Di and D2. Furthermore | #lfilon PRs®n otr dreapadeced MERHHY BEHSH MG HEMEPE6 and a

distance D&)f@ﬁ‘b@%ﬁnéf iiutign foles 98 sircthaexeiprlaty arnbedimset distangeckdia
approximately one-half diameter D3, and distance D5 Is equal to approximately twq.to four times

diameter BBIqeglpGpeIN exésh grehy b EaRTTert, Blds 4pplBxiiiatafmP 868 cHO8HRARS, D2 is
approximatelyi 3 12AQ06dnghe s andubdds R asinakely A2 AR000mERhe snibamAtarnative

embodiment, each dilution hole 96 is fornied with any suitable size that facilitates reducing NO

emissions.diﬁlgﬁaihﬁ}(ﬁsiﬂ%W&Ftéﬁifaﬁwé%Fhﬁo@ﬁﬂgﬁft?se@éﬁ‘aﬂg%ﬁwgsé@%’fﬁ?rﬂ%??rilrl?%y suitable

location ongriggtation, thafagiitaias:achinwp@maucediNREMISHONS6 are arfORH Liner 52 also
includes a plurality of cooling holes 160 formed in both second panel 86 and thirdgoanel 90. Cooling

holes 160 fakHafereaihy FHErGDE e dskBIh IS E 6 YR Hanérsethetides a group

of twenty cgplingihgles 1604that sraidelinedhatweandibiged ales 96imane Wikdipane)89 includes a
group of thirty-four cooling holes 160. Although, only one %g:(%of cooling holes, 160 is illustrated in
f

each of sebbrieepaTENEera APRHPERe POTIRSHIUReBS tBEIEh MBS B P LBoling holes
160 are sp@.@%%f?éfﬂm@ratii@m%wwﬁﬁpm inanghghandihirdpaneh89sAs suchinimhhe exemplary

embodiment, second panel 86 includes a total of four hundred cooling holes 160 defined between

adjacent diGBW BB SOBHREThIr HEHeTOD Morfsaadym Shuiehdindrsd ErghyrestiMgholes 160
spaced cirgumigiratialyaboutfousthnapeh 82 shlteenativelyd secanshaaselBRhand dhirdpanel 90

include any number of cooling holes 160 that facilitates cooling of liner 52. Further, in the exemplary
embodimeHieBRtgRsREISH Hbna Wameter D6 that is approximately 0.025 inches. In an
alternative embodiment, diameter D6 is any size that facilitates cooling of liner 52.

[0017] In the assembled combustor, each primary dilution hole 96 is

substantially aligned with each circumferentialiy-spaced injection point, as defined by
a center of each fuel njector 74 and swirler 72. During operation, the flow of
combustion gases past the injection points may create "hot streaks" of locally
increased material temperatures. Such streaks are not strictly longitudinal; because of
the swirl of the flow in the combustor caused by the swirlers 72, but rather the streaks
are generally curved in the circumferential direction when viewed along the length of
the combustor 16. The orientation of the dilution holes 96, and in particular, because
at least one primary dilution hole 98 is substantially aligned with each injection point,
facilitates reducing hot streaks and, more particularly, NOy emissions within
combustor 16. Moreover, the placement of secondary dilution holes 100 relative to
primary dilution holes 98 also facilitates reducing NOy emissions. Specifically,
primary dilution holes 98 and secondary dilution holes 100 facilitate rapid mixing of
fuel and air such that the residence time of combustion is reduced and, as such,
combustion temperatures throughout combustor 16 are reduced. As such, thar-NOy
emissions, smoke, and combustor exit temperatures are also facilitated to be reduced.

Specifically, primary dilution holes 98 and secondary dilution holes 100 may reduce
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[0022] Figure 4 illustrates an alternative embodiment of outer liner 52. Specifically, in Figure 4, cooling
holes 160 are positioned along an upstream edge 170 of second panel 86. Although Figure 4 depicts
cooling holes 160 in outer liner 52, it should be understood that the configuration of cooling holes 160
of inner liner 54 may be substantially identical to that of outer liner 52. As such, the following
description will also apply to inner liner 54. In the exemplary embodiment, cooling holes 160 are
arranged in three groups. Specifically, each cooling hole 160 of a first group 172 has a diameter D7,
each cooling hole 160 of a second group 174 has a diameter D8, and each cooling hole 160 of a third
group 176 N8s angissisatebDes DiaFhetebg 1% grdApseanan diliielehds ShdulaisEBidy is greater

than both diametehDgangiametes DRiimibe.pxammancnhadinent secondmnanesl 84§ includes a
plurality of each of first group 172, second group 174, and third group 176. In the exemplary

embodimelitcandRmPSIFapCR7RER PoSiENBacalOndISERSRE FAREIEHSTe M 2 dgét 170 at any location
of second pangl SR atEUAEr RERE NN SRR aﬁ%@ﬂ@@ﬁr@ﬁ%rasigaé,@@chﬁ%dms%group 176 is

positioned along second panel upstream edge 170 at any location of second panel 86 that has a
relatively |aWgspasshperature in comparison to locations having group 172. In addition, each second
group 174 is positioned along second panel upstream edge 170 at any location of second panel 86

that has a relatively an intgligediggipmpehaiieincRPapsEen ionteataiskamaggioure 172 and

group 176. .. [0023] The above-described primary dilution holes and secqandary dilution holes

facilitate refiGEiIRYH RIS tife ORESHIGH Yol ﬁ)\#i?dfg‘ﬁ gﬁm%’@%ﬁggiéﬁ%ﬁﬁﬁermure

throughoutdéme@mbusiQudsIausF NG SiNigsionsy shoekeeand camblgoFgxitterigsikatures

generated within the combustor are facilitated to be reduced. Fur h%rm re, Io%ation and qrientation of
S

the dilutior HBR eI PSS B FRHSH O SF the ES 3¢ WAFE 08ty ISP B PePture change
in responsg;ietpseasedcIMBusttRe he lineaidemparaiulg changalabtiacendaustdmtacilitates
reducing NO emissions and increasing a life-span of the turbine engine. Specifically, the
above-deséribet dHttiofhh LS WiBS fetRidiRD™ e oq@uh'ytgé%??cﬂjsrs @O%%%r%ﬁ grlr;ﬂwat the
above-desgtipedtmethads anc-appacatus fagiliriel gRgTeopEratio T\ ecifigdcaty

requirements. . [0024] In the exemplary embodiment, a method for fabricatin ombustor liner
for a gas tiPSiASBhdi %%Wﬁ’g&lﬁ%mﬁd’%ﬂ%ﬁ%ﬁﬁdﬁ%‘@g@?l Zas (indicattd by

arrow B) of combustor 16, Y represents the circumferential direction, and Z
represents a radial direction. In the exemplary embodiment, dilution holes 96 are
arranged in a pattern of circumferentially extending rows. More specifically, in the
exemplary embodiment, a row of ‘primary dilution holes 9§ are formed within first
panel 82, and a row of secondary dilution holes 100 are formed within second panel
86. Moreover, in the exemplary embodiment, at least one dilution hole 96 within
each row of primary dilution holes 98, and at least one dilution hole 96 within the row
of secondary dilution holes 100 is substantially aligned with a longitudinal axis 140 of

gach swirler 72.

[0019] The primary dilution holes 98 include a first group of dilution
holes 150 and a second group of dilution holes 152. In the exemplary embodiment,
each of the first group of dilution holes 150 has a diameter D, that is substantially
larger than a diameter D, of each of the second group of dilution holes 152.
Moreover, in the exemplary embodiment, each dilution hole 96 within the first group
of dilution holes 150 is defined between adjacent dilution holes 96 within the second
group of dilution holes 152. In addition, in the exemplary embodiment, the secondary

dilution holes 100 include a plurality of evenly spaced dilution holes 96 that each
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an annular shell including a plurality of circumferentially extending panels. The plurality of
circumferentially extending panels includes a first panel positioned at an upstream end of the shell and
a second panel positioned downstream from, and adjacent to, the first panel. The method also
includes forming a plurality of primary dilution holes in the first panel and forming a plurality of
secondary dilution holes in the second panel. The dilution holes are configured to discharge dilution air
into the shell. [0025] As used herein, an element or step recited in the singular arid proceeded
with the word "a" or "an" should be understood as not excluding plural said elements or steps, unless

such exclubios is eiapheiery Pacthad. iFwriidisndhan rbpsheficaactsrsoRe ensbBdimBRAthSFIHE Bresent
invention ajg Rk itaRAeshio- e/ eaR  led RS @%M%i axisienasof additiensl .emppdiments that

also incorporate the recited features. [0026] Although the apparatus and methods described
herein are pléS¢rbediintiple donesxttt poditiofifg eikimplinoleehraiesHbudteEnper Bf algas turbine

engine, it iélﬂﬁ}gﬁEﬁEﬁa thatihe apRARSs 20dasihads Bre Nellmieehin das IuRing eqgines,

combustor liners, or dilution holes Likewise, the gas turbine engine and combustor liner components
illustrated &p8rribefntlieaetthes specific embodiments described herein, but rather, components of both
the gas turbine engine and the combustor liner can be utilized independently and separately from

other components descripggbnerein. the exdPPLF Whiledbadeyenton has heeo.desgeRed in terms of
various specific embodiments, those skilled in the art will recognize that the invention can be practiced

with modifitatioriithin tREMSirit Ahd Scot SR aime:3 AN Eho &t abAteting’a ddmbustor liner

for a gas turhins BR&NG (S29d.coTBUSIgIdinemextendingtfieramtannasst endiaanRi aotkalong a

centerline of the combustor liner, said method comprising: . o
96 1s formed with any suitable size that facilitates reducing NO, emissions. In

addition, in an alternative embodiment, each dilution hole 96 is formed in any suitable

location or orientation that facilitates achieving reduced NO, emissions.

f0021] Liner 52 also includes a plurality of cooling holes 160 formed
in both second panel 86 and third panel 90. Cooling holes 160 facilitate cooling Imner
52. In the exemplary embodiment, second panel 86 includes a group of twenty
cooling holes 160 that are defined between dilution holes 96, and third panel 90
inciudes & group of thirty-four cooling holes 160. Although, only one group of
cooling holes 160 is illustrated in each of second panel 86 and third panel 90, it
should be understood that the groups of cooling hoies 160 are spaced
circumferentially about second panel 86 and third papel 90. As such, in the
exemplary embodiment, second panel 86 includes a total of four hundred cooling
holes 160 defined between adjacent dilution holes 96, and third panel 90 includes total
of six hundred eighty cooling holes 160 spaced circumferentialiy about fourth panel
92. Alternatively, second panel 86 and third panel 90 include any number of cooling
holes 160 that facilitates cooling of liner 52. Further, in the exemplary embodiment
cooling holes 160 have a diameter Dy that is approximately 0.025 inches. In an

alterpative embodiment, diameter Dy is any size that facilitates cooling of liner 52.

[0022] Figure 4 illustrates an alternative embodiment of outer liner
52. Specifically, in Figure 4, cooling holes 160 are positioned along an upstream

edge 170 of second panel 86. Although Figure 4 depicts cooling holes 160 in outer
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providing an annular shell including a plurality of circumferentially extending panels that overlap
adjacent ones of the plurality of panels in an axial direction, wherein the plurality of circumferentially
extending panels includes a first panel positioned at an upstream end of the shell and a second panel
positioned downstream from, and adjacent to, the first panel; forming a plurality of primary dilution
holes in the first panel; forming a plurality of evenly spaced secondary dilution holes in the second
panel, the secondary dilution holes circumferentially offset from the primary dilution holes such that the
primary dilution holes and the secondary dilution holes are configured to discharge dilution air into the

shell; pogitlﬁrﬁhg%hié éédéﬁd@r}}@ﬁlﬁ@@@&é@téﬁd@@@ﬁwﬁm ﬂﬁ@@lmawmﬂiéﬁ hf)i.és?Wherei.n the
distance is;yithi) a.randeaf ice. A Hameies of e Seeandan.fidtionnalss ipJfouidimgs the diameter

of the secondary dilution holes. A method in accordance with claim 1 further comprising:defining a first
group of théspeiintiep dilltishihefedvattdiansedimed group e prinkary enbrdntisolesonliiegein each

gg‘égﬁg g‘r)é%)gés;?%(f st ArpHR A aianeiahihad jedareaiyhanm dismetab el fashcilytion hole of the
group 172 has a diameter D5, each cooling hole 160 of a second group 174 has a
diameter Dg, and each cooling hole 160 of a third group 176 has a diameter Ds.
Diameter Dg is greater than diameter Do, and diameter Dy is greater than both
diameter Dy and diameter Dy, In the exemplary embodiment, second panel 86
includes a plurality of each of first group 172, second group 174, and third group 176.
In the exemplary embodiment, each first group 172 is positioned along second panel
upstream edge 170 at any location of second panel 86 that experiences hot spots
during engine operations, and each third group 176 is positioned along second panel
upstream edge 170 at any location of second panel 86 that hés a relatively lower
temperature in comparison to locations having group 172. In addition, each second
group 174 is positioned along second panel upstream edge 170 at any location of

second panel 86 that has a relatively an mtermediate temperature m comparison to

locations having group 172 and group 176.

{0023] The above-described primary dilution holes and secondary
dilution holes facilitate reducing a residence time of combustion and providing a
lower combustion temperature throughout the combustor. As such, NO, emissions,
smoke, and combustor exit temperatures generated within the combustor are
factlitated to be reduced. Furthermore, location and orientation of the dilution holes
facilitates operation of the combustor with a substantially linear temperature change
in response to increased combustion. The linear temperature change of the combustor
facilitates reducing NO, emissions and increasing a life-span of the turbine engine,
Specifically, the above-described dilution holes may reduce NO, emissions by as
much as 20-25%, such that the above-described methods and apparatus facilitate

engine operation within specified CAEP requirements.

[0024] In the exemplary embodiment, a method for fabricating a

combustor liner for a gas turbine engine is provided. The method includes providing
8-



arranging each dilution hole of the first group between adjacent dilution holes of the second group. 3.
A method in accordance with claim 1 further comprising forming the primary dilution holes with a _
diameter that is larger than a diameter of the secondary dilution holes. 4. A method in accordance with
claim 1 further comprising positioning the secondary dilution holes a distance from a third panel
downstream from the second panel, wherein the distance is one half a diameter of the secondary
dilution holes. 5. A method in accordance with claim 1 further comprising aligning one of the
secondary dilution holes with a swirler configured to discharge a fuel/air mixture into the shell. 6. A

method in d@scevdaliceshith clelndinguatiduebinyprisicigeonditing dHe phtealiin ofjaneiary diution holes
and the plugalitief spcondanerlifion halesde Asliate efiueing HS: smissionsn ihe,gas trbine
enaine: upstream end of the shell and a second panel positioned downstream from, and

adjacent to, the first panel. The method also includes forming a plurality of primary

dilution holes in the first panel and forming a plurality of secondary dilution holes in

the second panel. The dilution holes are configured to discharge dilution air into the

shell.

[0025]  As used herein, an element or step recited in the singular and
proceeded with the word “a” or “an” should be understood as not excluding plural
said clements or steps, unless such exclusion is explicitly recited. Furthermore,
references to “one embodiment” of the present invention are not intended to be
interpreted as excluding the existence of additional embodiments that also mcorporate

the recited features.

[0026] Although the apparatus and methods described herein are
described in the context of positioning dilution holes in a combustor liner of a gas
turbine engine, it is understood that the apparatus and methods are not limited to gas
turbine engines, combustor liners, or dilution holes. Likewise, the gas turbine engine
and combustor liner components illustrated are not limited to the specific
embodiments described herein, but rather, components of both the gas turbine engine
and the combustor liner can be utilized independently and separately from other

components described herein.

[0027] While the invention has been described in terms of various
specific embodiments, those skilled in the art will recognize that the invention can be

practiced with modification within the spirit and scope of the claims.



7. A co_mbustor liner comprising: an annular shell including a plurality of overlapping circumferentially
extgr_ldlng panels, wherein said plurality of circumferentially extending panels includes a first panel
pogltloned at an upstream end of said shell and a second panel positioned downstream from, and
adjacent to, said first panel, a downstream portion of the first panel overlaps an upstream por'tion of
the second panel; a plurality of primary dilution holes formed in said first panel; a plurality of evenly
spaced secondary dilution holes formed in said second panel, said secondary dilution holes

gg(c:um(;‘@ea t}%?{a?nf_\f§§$s1‘:rom said primary dilgtion holes_ suph th.at_ said primary dilution holes and said
econ ifution o!gs are conflgured to discharge dilution air into the shell; wherein said secondary
dilution holes are positioned a distance from said primary dilution holes, the distance within a range of

twice a diameter af saisbsaepneatyililtianhblesoifenfdimessHe dizamaeinef sRitcestBRAry dilution
holes. 8. A combLﬂstor I enrdiln

nagserd with slaim. Zwheeinsqis Rrimaneditterdalrsiepmprise a

first.group _of primg‘r?/rgl.uﬁlon Roles an a se-_cond group of primary dilution holes, said first group
having a diametefitsatsigdargErothepPdfdtHeter of said second group, each dilution hole of said first

group arranged bgha@RgAsH apeDIHiHE0 Mbieispé shicButitgroipesizAlcoiniermelsin
o ance s SRR SRR B3R R arFlareiRe ek wsaat than o
plurality of circumferentially extending panels includes a first panel positioned at an
upstream end of the shell and a second panel positioned downstream from, and
adjacent to, the first panel;
forming a plurality of primary dilution holes in the first panel;

_ forming a plurality of evenly spaced secondary dilution holes in the second panel, the
secondary dilution holes circumferentially offset fram the primary dilution holes such
that the primary dilution holes and the secondary dilution holes are conﬁgured to
discharge dilution air into the shell;
positioning the secondary dilution noles a distance from the primary dilution holes,
wherein the distance is within a range of twice a diameter of the secondary ditution

holes to four times the diameter of the secondary dilution holes.

2. A method in accordance with claim 1 further comprising:
defining a first group of the primary dilution holes and a s’:écond group of the primary
dilution holes, wherein each dilution hole of the first group has a diametsr that is
larger than a diameter of each dilution hole of the second group; and
arrangihg each dilution hole of the first group between adjacent dilution holes of the

second group.

3. A method in accordance with claim 1 further comprising forming the primary dilution

holes with a diameter that is larger than a diameter of the secondary dilution holes.
4. A method in accordance with claim 1 further comprising positioning the secondary

dilution holes a distance from a third panel downstream from the second panel,

wherein the distance is one half a diameter of the secondary diiution holes.
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10. A combustor liner in accordance with claim 7 wherein said secondary dilution holes are positioned
a_distance from a third panel downstream from said second panel, wherein the distance is one half a
diameter of said secondary dilution holes. 11. A combustor liner in accordance with claim 7 wherein
one of said secondary dilution holes is aligned with a swirler configured to discharge a fuel/air mixture
into said shell. 12. A combustor liner in accordance with claim 7 wherein said primary dilution holes
and said secondary dilution holes facilitate reducing NO emissions in a gas turbine engine. 13. A gas

turbine engine compriging:;2 COMBLERERYA LA OMRHSEL BRI NG ArPoRB\F @ liner comprising:
' secondary dilution holes with a swirler configured to discharge a fuel/air mixture into
the shell. |

8. A method in accordance with claim 1 further comprising orienting the plurality of
primary dilution holes and the plurality of secondary dilution holes to facilitate

reducing NO, emissions in the gas turbine engine.

7. A combustor linar comprising:
| an annular shell including a plurality of overlapping circumferentially extending

panels, wherein said plurality of circumferentially extending panels includes a first
panel positioned at an upstream end of said shell and a second panel positioned
downstream from, and adjacent to, said first panel, a downstream portion of the first
panel overlaps an upstream portion of the second panel;
a plurality of primary dilution holes formed in said first panef;
a plurality of evenly spaced secondary dilution holes formed in said second panel,
said secondary dilution holes circumferentially offset from said primary dilution holes
such that said primary dilution holes and said secondary diiution holes are configured
to discharge dilution air info the shell; '
wherein said secondary dilution holes are positioned a distance from said primary
dilution holes, the distance within a range of twice a diameter of said secondary

dilution holes to four times the diameter of said secondary dilution holes.

8. A combustor liner in accordance with claim 7 wherein said primary dilution holes
comprise a first group of primary dilution holes and a second group of primary
dilution holes, said first group having a diameter that is larger than a diameter of said
second group, each diiution hole of said first group arranged between adjacent

dilution holes of said second gfoup.

9. A cambustor liner in accordance with claim 7 wherein said primary dilution holes

have a diameter that is larger than a diameter of said secondary dilution holes.
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an annular shell including a plurality of overlapping circumferentially extending panels, wherein said
plurality of circumferentially extending panels includes a first panel positioned at an upstream end of
said shell and a second panel positioned downstream from, and adjacent to, said first panel, a
downstream portion of the first panel overlaps an upstream portion of the second panel; a plurality of
primary dilution holes formed in said first panel; a plurality of evenly spaced secondary dilution holes
formed in said second panel, said secondary dilution holes circumferentially offset from said primary

diuion holgg suci ibat sl seandaptlidfion hates-ArercaRda edindischarga diiap,al from said

compressor into said combustor, said primary dilution holes and sald secondary dilution holes further
configured to faci@@FeHRAF NiserErma HRIChR R S RNBHE 7B SHIASRIATSHRE Wcondary
dilution holes are phsitivngd dislistern seofre raSaidiprirtarptiduitior durlesythdutistaoness within a range of
twice a diameter of said secondary dilution holes to four times the diameter of said secondary dilution
holes. 14. A gas turbine engine in accordance with claim 13 wherein said primary dilution holes

comprise a'first gfdGEORYFIRAARS A RFSArHRIES WHD HdBCONaYFRIBNG PrividSPanteen ABIEY said first
group having a diabieses tiighés! aiper shateacdidpetat of daitiageentdiouppeachdiuton hole of said
first group arrangglgeQetween adjacent dilution holes of said second group. 15. A gas turbine engine in
accordance with claim 13 wherein said primary dilution holes have a diameter that is larger than a
diameter of said secondary dilution holes.

12. A combustor liner in accordance with claim 7 wherein said primary dilution holes and

said secondary dilution holes facilitate reducing NO, emissions in a gas turbine

engine,

13. A gas turbine engine comprising:

a compressor; and

a combustor comprising a combustor liner comprising:
an annular shell including a plurality of overlapping circumferentially
extending panels, wherein said plurality of circumferentially extending
panels includes a first panel positioned at an upstream end of said shell
and a second panel positioned downsiream from, and adjacent to, said first
panel, a downstream portion of the first panel overlaps an upstream portion
of the second panel; ‘
a plurality of primary dilution hoies formed in said first panel;
a plurality of evenly spaced secondary dilution holes formed in said second
panel, said secondary dilution holes circumierentially offset from said
primary dilution holes such that said secondary dilution holes are
configured to discharge dilution air from said compressor into said
combustor, said primary dilution holes and said secondary dilution holes
further configured to facilitate reducing NO, emissions in said gas turbine
engine;
wherein said secondary dilution holes are positioned a distance from said
primary dilution holes, the distance within a range of twice a diameter of
said secondary dilution holes to four times the diameter of said secondary

dilution holes.
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16. A gas turbine engine in accordance with claim 13 wherein said secondary dilution holes are
positioned a distance from a third panel downstream from said second panel, wherein the distance is
one half a diameter of said secondary dilution holes. 17. A gas turbine engine in accordance with claim
13 wherein one of said secondary dilution holes is aligned with a swirler configured to discharge a
fuel/air mixture into said shell. METHOD AND APPARATUS TO FACILITATE REDUCING NOx
EMISSIONS IN TURBINE ENGINES ABSTRACT OF THE DISCLOSURE A combustor liner

neludes an gnnuigicatall pﬁéu '%9,@ R LRI ALC TR SRR IBARGS U Rl

plurality of circumfe entlal extending panels mcludes a first panel positioned at an upstream end of
the shell and a se%ﬁ%i”ﬁﬁﬁeff’ﬁb%"ﬂ@hQapd‘BWﬁ‘sﬁ‘éﬁ'ﬁf‘fPﬁiﬁs &AH 2apLOBRIS UM RENBNel, a plurality
of primary dilutionihaties (R&sfaiined-in dhefitsipeneld8ktanthat pllxajdy tbbsectadatyradifytian holes

glho?l) formed in the seeendaanel (881408 siiutignlg'aiGaBligwed R isshrmediiion air into the
dilution holes of said second group.

15. A gas turbine engine in accordance with claim 13 wherein said primary dilution holes

have a diameter that is larger than a diameter of said secondary dilution holes.

16. A gas turbine engine in accordance with claim 13 wherein said secondary dilution
holes are positioned a distance from a third panel downstream from said second

panel, wherein the distance is one half a diameter of said secondary dilution holes.
17. A gas turbine engine in accordance with claim 13 wherein one of said secondary

dilution holes is aligned with a swirler configured to discharge a fuel/air mixture into

said shell.
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Fig. 3

METHOD AND APPARATUS TO FACILITATE
- REDUCING NOyx EMISSIONS IN TURBINE ENGINES

ABSTRACT OF THE DISCLOSURE

A combustor liner includes an annular shell including a plurality of
circumferentially extending panels, wherein the plurality of circum’fereﬁtiaﬁy
extending panels includes a first panel positioned at an upstream end of the shell and a
second panel positioned downstream from, and adjacent to, the first panel, a plurality
of primary dilution holes (98) formed in the first panel (82), and a plurality of
secondary dilution holes (100) formed in the second panel (86), the .diiution holes

configured to discharge dilution air into the shell.

Fig. 3
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