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
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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 papglsitwherebmsaide|umitfoehocumtarentially € daadiog nasalsiirelugdesddirst panel
positioned at an upstream end of said flg‘%:ell and a second IlEjé{;lneelﬂg)o?l(igg\i/one dowr:]stream from, and
e

adjacent to "S¥i FirSE FaHe M dbWI PER D AHRBE Gt SRRFHLRD EPTBUSIT [BSire S portion of
the second pameli a it primanidiution helesitermediin saidhirsicpanelpanplisalityfof evenly
spaced secondary. dilution holes formed in sai secogr}f anel, said secogf y dilutign holes
circumfererftiEARMBRESE N SRR ARG RIPEIRGOH i aﬁu TSRS SRS dllttiBH i oies and said
secondary gitirniholas anaicantigusad tenheisthangepldilation ¢lr divianthexshel]lwheneidsaid secondary

dilution holes are positioned a distance from said primary dilution holes, the distance within a range of
twice a diarA¥tElS Jrelitesde Fﬁﬁé’r‘%}‘ﬁﬁﬁﬁﬁﬁ%‘? sattd(“fo‘fﬁ‘yfﬁ%aég g &éﬁ‘éfﬂ}eﬁf@ﬁ&&% ary dilution

holes. [0004elRACEosdingdd o iithenaspest, shareljscenovidesbdigapanel; 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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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, a
downstream portion of the first panel overlaps an upstream portion of the second panel; a plurality of
primary dilution holes Mimed 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 hold8wissh thatrsaidhsesgonliamhdititiotridofescatato gty folgsserarsidgnigentair from said

compressoiip SA GoruRtslar, SR ANlmaR filuiom0oies.ad sasepanary.silion poles further

configured to facilitate reducing NOemissions in said gas turbine engine; wherein said secondary
dilution holésarsqeditadetauiistarbifronhelds torfavarianeteohdorecnd iddseend#Rin a range of
twice a dia@&; r§(§@ﬁl§ secondary dilution holes to four times the diameter of said secondary dilution
holes.: ?8 erein disclosed is a method for fabricating a combustor liner for a gas turbine
engine. The method incl{@e®&iptoviding’arcadinglae shilriheluaiprsa Blerality BPEIdsEnifdntially

extending RaRgls; #’ﬁ?ﬂ%@#ﬁ%ﬁn@%%ﬁ%@y sxiendigaRe ' dnsiides a fiskpanst positioned at

A & : :
an upstream end o a second panel positioned downstream from, and adjacent to, the

first panel. The methodtisise ineludestolatinghebluiaitydorpriary Bimiisn KéleSYAARPHIEL panel and
forming a pluﬁlyf&]éﬁggﬁfhdg%egaﬁﬁo%gﬁé%s i@vﬁ%@eﬁ?cg&q p{i‘lﬂ?éiiﬁheo@i'%ﬂ%ﬂxﬂ%‘%@éﬁfonﬁgured to
e

discharge dilufion air into shell. [0006] Also disclosed is"a combustor liner. The combustor

liner includestandarmpiacisHatlintds difissanshaaneyispend ahrerarsrampesad dipg bEidianthe plurality
of circumiereniiglisepiaaringnanels aldesafisbaanelPaationsd ! anunsiteamencof the shell

and a second panel positioned downstream from, and adjacent to, the first panel. The combustor liner

also includelapsiteatitypofipvimalyti diish tolls Fopreg rPtV@TiTSEPapelianPh H6IRERSP8f secondary
dilution hogﬁégfme&&?am %%9{}9@99%&6}?ﬁiﬂuy%&Q@%@ggia%ﬁégggﬁgﬁoamﬁ@wiIution air

into the sh 0007] Further disclosed is a gas turbine engine. The gas turbine engine

includes a compresswedndcasbmbidsioacimpssipgraed smiidtscmidr rreglinaidbesefannular shell
including a %M@&Wh%ﬁc%i@P&Hfﬁf&%ﬂﬂﬁﬁfﬁﬁ&giﬂgrﬁ%ﬁ%&}ﬂ% lyiliynof Qkcumiciantially extending

panels includes a first panel positioned at an upstream end of the shell and a second panel positioned

downstreamdrondaandilatiprcbaleoatheonepadde. dinehatangustinineHa8osHEA GeREESNirality of
primary d”ui&'k] %h%eééﬂéﬁaﬁ%}[‘ iha rstpapeliang 2 phwaliy ot secondanadwiembplesidoimed in the
el.

second pan e dilution holes are configured to discharge dilution air from the compressor into the
combustor. findadilcridiehid s ariadilither onager S o TRERRARS fod st GNCERISSIO® the gas

turbine eng@ﬁe@ﬁ'%@&§&&%ﬂﬁ%i% Hiks Q{B%\%M@l@d a distance from said primary

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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[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. [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 lis a
schematic illustration of an exemplary gas turbine engine 10. Engine 10 includes a low pressure
compressor 12, a high prigéégie oblsipréissorsdd,iard @obumbostonasserhblydBbEnginang also

includes a hi ressure turbing 1.8, and a low press 19]] ' alpxial flow
reIationshipl.l-l%‘,lj1f)1%7|cs)rztg:%sff‘%}%1 ulrfra?ﬂ% ' ufrlﬂ)(f{r}uéi 05 ag\rléf 8%%%%%%&3}%9{%%%%@ !}%@%tﬁ%(%rg re%sbr 14 and
turbine 18 &rkeqauplbty oy aisecdkctshaliy2 tindie exeehplacjudmsboliimennaaetiring engine 10 is a
CFM56 gas turbine engirie or. CF34-10 that are ayailable fro e | a incinnati,
Ohio. an t&%@ ige Bgeoﬁc i%ea %c??le%léiti% é?833-sé)%ﬁ(én%%\;%%q%é?ﬁ%ﬁ%{{rﬁﬁgﬁ%ﬁlﬁtor 16 that
may be usedljsittngts thebfivet gagite T0(skovonsmFigeralsp Gombestoplueliisivdesimanuter liner 52

and an Inneg ek SAASABRSPEMEE HAR BHIE, (AT R RLARPDS 2B I uINRT.CREM Stor casing
58. Outer and inner liners
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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-52 and 54 are spaced radially 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
liner 54 and inner casing 58 foini an inner passage 64 therebetween. A cowl assembly 66 is coupled to
the upstream ends of outer and inner liners 52 and 54 respectively. An annular opening 68 leading 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 support
combustion and to facilitate cooling liners 52 and 54. [0014] An annular dome plate 70 extends

between, afitigosotiplanothsutemarrbianériindie Sanated nEg thbifepdewtsmrerdgstharplurality of
circumferenfially 5RAGEd.airler Rasembles /oAl saunletodame Rl 7R Each swirler assembly
72 receives compressed air from opening 68 and fuei from a corresponding fuel tube 74. Fuel and air
are swirled and mixed together by swirler assemblies 72, and the resulting fuel/air mixture is
dischargetﬁwgm ﬁréﬂgnéfe;r&? BBmBISH16 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 combpgiot] Alfegaadivelys comhestiatid Glinayduemanyf otheecanustogasncluding, but
not limited to a double annular combustor. [0015] Outer and inner liners 52 and 54 each
include a pitFaRy G¥EVerlapped 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 maj08é%h ifictude 2my nerhbored pareisc8boRENeisvaY defersptahustion
chamber 6Q within ¢ ustor 16. Specifically,.i - r I ir of first panels 82,
positioned %%%&%%%3%%%}%% %H ?r?éﬁ%%ﬁé?&%&q%ﬁi%?% %ﬁ%ﬁ%ﬂiﬁ%& p?é?\g#; 86, positioned
downstream from first panels 82, define an intermediate combustion zone 88, and a pair of third
panels 90, positioned dollA&teaffigreen et cnBgBRTEIVa6YiEHd ¥ FaircSErRRITY pedieiIgor positioned
downstreanfromthitg Rangls;A0xrelineAdawasticam dilgliapcombustion zone 94. [0016]
Dilution air Is introduced primarily into combustor chamber 60 through a plurality of circumferentially
spaced dilution holes 96 that extend through each of outer and inner liners 52 and 54. In the
exemplary embodiment, @itidion FsRE ot LeteBERRMBNENIST Rirdiad  Fnaie AR embodiment,
dilution holgs96:hRY&aRYIshans thatagiiates sedumngdiEhemissigngaasadescribed herein. In the
exemplary embodiment, dilution holes 96 are arranged in circumferentially-extending rows defined
about the periphery of liners 52 and 54. A forward-most band 98 of dilution holes 96 are referred to as
primary dilution holes. In the exemplary embodiment, primary dilution holes 98 defined within first
panels 82 are oriented to discharge dilution air into primary combustion zone 84. Also in the exemplary
embodimeMET filstibi 6§08 daxy MEGHHOIGENI0®Ymed in a downstream end 101 of second
panels 86 are oriented to discharged dilution air into intermediate combustion zone 88. [0017]

In the assembled combugigys paghqrimarydilltiednela SGiisstubsianialiy aliansspthsaach

circumferentially-spaced injection point, as defined by a center of each fuel injector 74 and swirler 72.

During opefeisre BRginev br EBmlsHIRYSSA A% IESTHEHIRIBIIE Maf BigRRoPI¥Etreaks" of

locally incregagd naterial [emperaiuess:suekseHRaisare melstucily longitdinaksbecruse of the swirl
of the flow in the combustor caused by the swirlers 72, but rather the streaks are generally curved in

the circumRTESSHES SHBENOASNIRRA GidWE PHISHESHE TRY RlormR EshiB s tEs. Hd diRFtation of the

dilution holeg 38R In Particidanbesapse atigastong:-primancdibiion faled8rsgubsiantially
aligned with each injection point, facilitates reducing hot streaks and, more particularly, NQ emissions

within comBaZBBHEEIMBrat 1S P18 CBMEMRIFL R0 ASSP B THGH Rdted™ HFrEREIRRES primary
dilution holgg,9&isfagilitatesfedueing NOiemMiSHITS ?gegiﬁﬁauyex@ﬂ&a@y ditgtiorphelas 98 and
an

secondary dilution holes 100 facilitate rapid mixing of fuel and air such that the residence time of
combustiorfié #Eala B GenstrlElesiHp GBREMbasRRES RRdtighout combustor 16 are reduced.

As such, 4i-a--rNO, emissions, smoke, and combustor exit temperatures are also facilitated to be
reduced. Specifically, prifparg dil&igs-holes DEchnd secondareaibitdn rolas’ kaGrempiaduce

~ 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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NO, emissions by as much as 20-25%. Moreover, dilution holes 98 and secondary dilution holes 100
and 102 facilitate operating the combustor with a substantially linear temperature change in response
to increased combustion, such that NO emissions are further reduced and a life-span of the turbine
engine is facilitated to be increased. [0018] Figure 3 illustrates an exemplary combustor liner
that may be used with combustor 16. Specifically, in Figure 3, the dilution holes 96 that are defined
within outer liner 52 are illustrated in more detail. Although Figure 3 depicts dilution holes 96 in outer
liner 52, it should be understood that the configuration of dilution holes 96 of inner liner 54 may be
substantiall§Zidedtizhbte trataf cubet jinter52:286 stheh stivh fdllowiagrtdesddptismilbatso @pply to inner

liner 54. Figilee 3 k) s a frame, of reference having .axes labeled X, Y and Z, wherein X
represents the aﬁiﬁgfé?%%%%gktg%?ﬁgl eoﬁw%tarrégr%%%ﬁé% the %6%?{&%%%%% I("'l?'is&?c%eté%{ by arrow B)
of combustthetdbermepresehtmtive dineuniferentiahdirectisingaftl Zoreprasentsa sadial«ligaction. In the
exemplary ?@%g ' t, dilution holes 96.are arra in a pattern of circumferentiglly extending rows.
More specifica gﬂlﬁ% %’ e%(eg%“ﬁ%rsyg%n%?o |mlserc1;f),u§ri ?gvgoo%lﬁrgrﬂ%rﬁaﬁlgﬁéﬁ#gfél&e@%ngr med within
first panel §@cantleandvdbfspeoridery diutionitalepd0feats ferdnegtwithiopsatanthpaseh86. Moreover,
in the exemplary ggn% ol t, at;least one dilution.hole 96 within each row of primary dilution holes
98, and at least one %uﬁ%ﬁg% “Withir {ﬁsg’?cc?vf 0t SecOhdaly BTESA ﬁ\gle@ 10 %élgﬂBgtantially
aligned witlgcadonititirtinatedkisylatoof dachlswinkerpzgssed air l§0QLA Gk prinnday chkitian holes 98
include a fig%t%r ijution holes 150 and. a second group qf dilution holes 152. In the exemplary
embodiment, ea%%%g{#eé w%%ir%ﬁsné%giéﬁbﬁ&% es E}%g[ﬁ%espsa% 8i31rlne%r 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 dilutidAHdle oniemidahddfinst »jrseiplotitodohdiokss. 156 is defipled between

adjacent digign igles: A6 iiiBhsseeand orgup: ofliktignholes Lrd. In addlian, in the exemplary
embodiment, the secondary dilution holes 100 include a plurality of evenly spage (l*lll Ution holes 96
that each -BUCHEVE S dialtWetrd shatlis spamdrigrai2ooth diaphetars diemgime. Rurthecmore, dilution

holes 100 ggspaged.Atistance.D4. fromfhiscbpanel, 20 and aogé%tﬁg_%gaﬁ?g?g%%}tegrrigar dilution holes

98. In the exemplary embodiment, distance D4 is approximate , afd distance

D5 is equafts eiperskia dtestl s tHfolinthsad diarmstsvbB:deodohix edeeatneplayyssitbwdiment, Di is
approximaiglAHRA0L05RENGS, REfAPPRUITIAIGR, 3 30-Aachas, And R 5 apgroximately
e ed wi

0.2970.005 inches. In an alternative embodiment, each dilution ho Is forni any suitable size
that facilitat6aPeau&kg Nomemsseiolfs insladeitionomeitu e itV entbodimestde demdiution hole 96

is formed ipagy-auitableslagatipaprraientation iptfasilitates Aaliewing Seduce NG smissions.
combustor 16 is a single annular combustor. Alternatively, combustor 16 may be any

other combustor, including, but not limited to a doubie annular combustor.

[0015] Outer and inner liners 52 and 54 each inciude a plurality of
overlapped panels 80. In the exemplary embodiment, outer liner 532 inciudes 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, and a pair of fourth panels 92,
positioned downstream from third panels 90, define a downstream dilution

combustion zone 94,



[0021] 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 liner 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 includes a 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 holes 160 are spaced circumferentially about second panel 86 and third panel 90. As
such, in the exemplary embodiment, second panel 86 includes a total of four hundred cooling holes

160 defined between adj48&fl diRIIPRGIESIOEEPAPATH PHEHBIYO MR IEBRURN 6R4BO/tindred eighty
cooling holgs éﬁ@@@xa%eglﬁ{fa%gﬁ@f‘eéﬁaﬂm%%tguriba@@@Qii%cio‘hltﬁmaéi\%yﬁﬁﬁcaxwaanel 86 and

third panel 90 include any number of cooling holes 160 that facilitates cooling of lingr 52. Further, in

the exemplBIU&iISaenREnPEEBIANG HBIES HBErhadeHidtnetdr BB FHEMRIaSLFEERERRPD.025 inches.

In an alterpgtiyg,eabrAiment-diameterbisany sizathat faciliatansaning eflineibant, [0022]
Figure 4 illustrates an alternative embodiment of outer liner 52. Specifically, in Fi%%re 4, cooling holes

160 are posifsieadialengtabatip e shirsdgat oo drisdsANGHM N BecRitRoREHPERGRE R epicts cooling
holes 160 jp.ufter liger 52, itshapld-be neessieed thakiisnconfigyration.af caelingsholas 160 of inner

liner 54 may be substantially identical to that of outer liner 52. As such, the following description will

also apply W IRRERIRER B GHONERAENSI SR BHARA She, %&ﬁ?@%ﬁé?%&gxr@n&r 4hg8d in three

groups. Spgeifisally: sachseoingrhlebethela iisharorRld? as peiametenibnaasiascooling hole
160 of a second group 174 has a diameter D8, and each cooling hole 160 of agggrd gI’Ol{p 176 has a

diameter 9. hrafeteripyy ispfed@ritarrmamctdn iy Aaley Bred7 YL AES BB Both diameter

Dg and diagneler JPRniBdhe SXRRIAN SHR0SINANpSeeNdRARERR nludes a pluiality.of each of
first group 172, second group 174, and third group 176. In the exemplary embodiment, each first group

172 is posfeeiedian EnEnbanelishSREa T SRGRMHT AHHPBERIEH HILdesREhER 86 that

experiences,RoksRats duingiepgiRsRRealNScand eashitaiid aiouarkéd mpasiianes@long second
panel upstream edge 170 at any location of second panel 86 that has a relatively lower temperature in

comparisoffeBedathemRIAECErarRs £72. 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
intelinediate temperaturddn icompariseastertsiatiaambayiog ercuprint 2ranid gionhdle@6 is [0023]

The above-described primary dilytion holes and secqndary dilution holes facilitate reducing a
residence SRS kﬁi‘sgﬁ’(?ﬁ S’ﬁ% 6?8&85%”5%}3}%%5‘?8%%%ohnlc%%(ﬁ%l%%nrté %ﬁrééalg{éjﬁéju Ythe
combustora Assidehy INQcle rissiatsctem okexahdwephab T8tor Bxititemyperatiore sthe rférateet within the
combustor are facilitated to be redtl#bced..Furthermore, location a}[

. . . Cred Q d"ggte nbaé[&rsl’pfo??ﬂ%iallﬁtion holes
facilitates SSGFENEHCBr BRCoRMBLET WHRCE QL EEtiaingaf temperature change In response to
increased ¢asrhidslionuiThe linapetamperSute chatgereftihesodulyustaifatiithtbsceadacifig NO
e R e M TN R R R e,
apparatus faeifitale fhgteveperafiercisthifeapedili et &AtPwaeauivenwedtslong the 1efGOR4](In the
e S S ot T s or RN S e SRAIPHRNEY BR°LIAR SR tRISegqslne to provided

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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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 exclulign séssimestrasiBUCIFaftREmitie, MrsreNHERsHd e eSS mheceP e Bresent
invention aig, notinisRderhtn he interntpigdas selidinaibeexisignse whrddiion diments that

also incorporate the recited features. - [0026] Although the apparatus and methods described

herein are iieserilsseprTaREC ShEBECOH ISIRATTg Gil USSR SR EsiAbusislinB#H o yas turbine
engine, it is,4ndRrNt0d Al e AR0a alis. AN MRINOare AR TR AR das tuhineepgines,

combustor liners, or dilution holes Likewise, the gas turbine engine and combustor liner components
illustrated Srerefsedimited 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 descripedshergigure 3 ilus{Q0R AWkiera-inentigndambesadaserieed in terms of

various specific embodiments, those skilled ip) the art will recognize that the invention can be practiced
with modifisato N WSHTRESEHirt GnPREFHSDE JARHE Stﬁg% t @?op?gffrig ti'rgﬁtaaégmbustor liner

for a gas tyhinedenging. said GasmBusier fingtrexiending:# aetal fonman gnditnansaleprisalong a
centerline of the combustor liner, said method comlé[i/rising: provid&g@zn annulgr shell inc%#ding a

plurality of SRERRBRLERI Ay BAISERREh et HAPISVRH AR DO PIRE BIAARR, F panels in an
axial directigRsvhamin tedluabiliebciswnierenidglyaxtendidenpasels ingludesa:fisiepanel

e s B R T A R St
includes a frame of reference having axes labeled X, Y and Z, wherein X represents
the axial distance extending downstream along the longitudinal axis (indicated 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
-6-



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. A method in accordance with claim 1 further comprising: defining a first group of the

primary dilb&en ﬁd@@‘lﬁm B sdbae groalcoftisa hotiafeaieiasn Poled WherdinrBgem eifution hole of
the first grogpasip Llarpetertbaidsdargerana giameies gheacihdiiiion; halg obihg Sgcond group;

and arranging each dilution hole of the first group between adjacent dilution holes of the second group.
primary dilution holes 98. In the exemplary embodiment, distance Dys 1is
approximately one-half diameter D, and distance Ds i1s equal to approximately two to

four times diameter Ds.

[0020] In the exemplary embodiment, D; is approximately
0.398+0.005 inches, D, 1is approximately 0.312+0.005 inches, and Dj; 1is
approximately 0.297:+0.005 inches. In an alternative embodiment, each dilution hoie
96 is 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

-



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 accordance with claim 1 further comprising orienting the plurality of primary dilution holes

and the pldraginpaf ﬁe@@ﬁ&hbﬁ @Mq@é@wﬁdﬁtﬁmmﬂé dooliam is@j@m!;ﬁﬁ ﬂﬁérg@s turbine
engine. 7. {\ CORDYSIOR INGr SOMBHSING AR AanHiar shglkinglHding a plurality.of everlapping

circumferentially extending panels, wherein said plurality of circumferentially extending panels includes
a first panelgsesitiemes it drougrahsamisne divsaidtishbll thedsesudendgpabadipwsitionetimibwnstream

from, and adiacanls, Sai fishnanel. dewnieeam portionANe iskPROR! YedRRSAY upstream

portion of the second panel; a plurality of primary dilution holes formed n said first panel;
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-



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 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. 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 graugmasimgshadiamdteinbat iplaajdy thiriacdiafisteddhsaidseiondgiolp, daeh dilution
hole of said.{j 0 e jacent dilutio les of said second.group. 9. A combustor
liner in acc%zg%\%% %%%ﬁr%%%ﬁé%%&%%%%i%agfi;sdﬂlﬁgg%ﬁglgg%g\%eg 8?5%5?5 Raffs larger than
a diameter @isggitsaondaripeikitidn aivles. sé@nl qomdustsitinediniasasrdancernith alaim 7 wherein
said secon ilutio re Rosition distance fro third panel downstream from said
second par?gi{y\?v%%%fr?}%%gﬁdi%é%% Z%g%é%%ﬁ? a %%)rﬁg Ef}}%éfg asfgl é%%&? EIE?/\%ME&P%}@&. 11. A
combustor #Hetien hetosrifaticelfiwdttpeatadnamtd iiensig omiuodlsaid Seeondary dilution hdlesiis aligned with
a swirler copfi jschasge l/air mixture, into said shell. 12. A cgmbustor liner in accordance
with claim %H\?v%%érge{?r?t Z’étgiélgfp?)ri?n\%r;ﬁi c]%%lé?ll%%] ecjis%ﬁjeaﬁo ?ﬁudr %geg%r%sa‘fryartﬁfzuég%tﬁglgérf%ﬂifgf’e reducing
NO emissiéhglin a gas turbine engine. 4

[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.



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 downstream from, and adjacent to, said first
panel_, a downstream portion of the first panel overlaps an upstream portion of the second pahel' a
plurality of primary dilution holes formed in said first panel; a plurality of evenly spaced secondar’y

ggﬁ'om I?%s!af?;{%rprgg ?lgfsaid second pa.nel, said secor!da.ry dilution holes ci.rcumferent.ially offset from
p ifition holes such that said secondary dilution holes are configured to discharge dilution

air from said compressor into ;_aid combustor, said primary dilution holes and said secondary dilution
holes further configrrardorfaciitaietresscingih@eeriissions gaskitbyrsengbincseiddiPaoyfidrein said

secondary dilution holes arg, pesiionest . pLancs fpdh said kel beles dradistance within
a range of twice a diameter of said secondary dilution holes to four times the diameter of said
secondary dilutiofinsslegic 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 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.

-10-



1_4. A gas turbine engine in accordance with claim 13 wherein said primary dilution holes comprise a
flrst.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 dilution hole of said first
group arranged between 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. 16. A gas turbine engine in accordance with claim 13

wherein said secondary diyion oles, 2 poslionad Adsianceemia diiskpgnstdonnstieam from

said second panel, Wherein the distance Is one half a diameter of said secondary dilution holes. 17. A
gas turbine engingsitpadenraiies iaRsrifreeMiipe e e LicsdiRFRAEs RISV EITURBH O is aligned
with a swirler configugreito discharge a fuel/air mixture into said shel. METHOD AND APPARATUS
TO FACILITATE REDUCING NOx EMISSIONS IN TURBINE ENGINES ABSTRACT OF THE
DISCLOSURE '

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.

P I



A combustor liner includes an annular shell including a plurality of circumferentially extending panels,
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, a plurality of primary dilution holes (98) foiined in the first panel (82), and a plurality of
secondary dilution holes (100) formed in the second panel (86), the dilution holes configured to
discharge dilution air into the shell. Fig. 3

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 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.

-12-



14.

15,

16.

17.

A gas turbine engine in accordance with claim 13 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 dilution hole of said first group arranged between adjacent

dilution holes of said second group.

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.

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.
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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