; cde3e6\6Y\ (H6~T; Ai Method for Assenbling Gas Turbi ne Engi ne Conponents
Background of the Invention This invention relates to a nmethod for
assenbl i ng gas turbine engi ne conponents and nore particularly to
assenbling turbine sets to increase the usable 5 |ife of a row of cool ed
turbine airfoils. As is well known, gas turbine engines include nultiple

rows of airfoils h i i nstitutes
a failure of the 3%%.8 {? égeﬁﬁpggr%agmg% f&ﬁgid/e F&'ﬂg?@ﬁnﬁ enperat ure
environment and the individual airfoil tenperatures are controlled by
passing relatively cooler air tmaggﬂuhat&rtﬁ@invgﬁﬁgﬂges 10 in the airfoil
and/or applying a thin filmof CoOl arr on € external surface of the
airfoil. Those slehlsleﬁmQﬂmlaéﬂStto wnlldthcabibr essembling Bag turthiee ¢ngiee of an

individual airfoil is a,funct eratur e |stor ral,

nore cool i ng FPERPF ‘é‘&a‘éd%fﬁ ?ul?r &55% "éehse tot"tljcrrn ead‘isas(?1 G hi gher
t ur bi ne b|5adq1f@rof)1@(ﬁwok‘b$(ﬂedQﬂﬂﬁ@ﬁ@ﬁhl}{ |l ower life ai rf0| I s typi cally pass
| ess coolant flowrelative to other airfoils in arow It S is therefore

desirabl e to i ncr ehsis wellkromawgesiuehiamhengiegs lmﬁwqmﬂlélpéﬁm%qu@lrmﬂslaé he t he
same time notg fef i I The
cooling airfl o@v@é%?(%&u%%mgl caﬁ‘(ﬁ%ﬂ gav]ilott:}ﬁcq%trb]ﬁ%{eée tﬁlfrhﬂ{c}gz'éﬁe%n%f“ veﬁaﬁﬁwls

pressure ratmpemwﬂﬁzﬁvdr_hhalehmﬁpﬂratuf'éImmomﬁemraadnl&tmdlvnchm aisforlt s the ratio

bet ween the bl ade supply pressyre and the dunp p ess The s I
pressure is tﬁ@pﬁrﬁag%w% C?Iugﬁleéd?ma%sengeréﬁﬁeﬁﬂwe cEAF EALEN PR HPRESIEF ng

passages 1@9n t; qﬁlc]a lddff% £ shifadeF tgaspat h
pressure I?n tﬁgh%%%%ﬁ ¥£}¥lﬁylﬁg?‘ill§ &f% yS| ca eszgﬁlijrgs %f each bl ade
det er m ne t heirfeil. aThmeshﬂkedhnethmtrwﬁWre‘cimhamhew@hof dxmnﬂivaﬂtal aindiltihe

pressure rati o across the blade.. This relatjonshi ow t hrough the
D1 e and ¢ he VPR s (PRpTE R BRE) ReB A B S line Bt et Blo
"characteri Sttbﬁlf)&’dﬁﬁ‘& w@iéhﬁ{tuhbfea@é B4 ghefurbink blddelor WﬁﬁC%b&gel
operations, cooled turbine blades are subj ect to manufacturing varl ati on.
This variati dnwcbh%salrffmmcwlébr pms Iesstocdwﬁmrebmh tagthca@rfpﬂglramww itm
hol e geongtri.c ,vard abjlit ach, nma bl ade
exhi bi tsqg sl F&Wﬁflﬁre&ieﬂf@ﬁ% 1nf:rgp%§t ﬁ%hg%t oblg}tl\%c ° alxr?% c? F‘}éessure
ratio. 30 ThafameSimd &t advérolAffe@EE the @Iuep:iuf@ﬂpiﬂmes@hé rowgach i ndi vi dual
turbi ne bl ade woul d operate at a different pressure ratio, Conversely, for
a given pressure rHeieolieaeinflewgaoushveachindividuelibladeaiivape dkivgn by 2have a

di fferent nas r ring
on i o pressureUiid ARG 4F sBeAE A ARl RS TaRGEC e AR FRRERTI T 1S,

bel ow set | i rBlide sapplypresscepind thedunhpp@sdies. alhe axppgmraézhfe ibltled@sssapgostt he
range between the | ow and high pressure ratio limts 9 \%[essure ratio
and | ow 30pr apsizean phie nismsede th oobng Bissagss anbbatiome! g blade i iy

hi gh-f 1 ow bl Yol vention
is a nethod guﬁﬁ? r(rgctl ngtﬂgﬁ %Igéath BééEﬁa:ggéﬁ%féutfi%% 89{1’8?’?4% ﬁgﬁﬁlg%g%l agt can

i ncrease the femasesblf eachtbdadeaistdrinine the miamﬂslmprbfeb)yeehnmseébw@mdgh the bledof

the blade row re)] ative to .curren Was ract
Fur t her nor e, @Héflepprsg%lmraﬂﬂ@em &ﬁ% ﬁlblﬁr %taqqsgwg%e%ag %]Iﬁy of
conponents | rbl@de%ﬁ tﬁélgﬂékéﬁ?e 2RgialRss {he‘MT%Idé'Is Ptk tddPbes ﬂ?é*&lﬂ@n%@féhyﬁ@&ﬂ%*’a'

conponents with flow passages are assenbled 1n parallel. Summary of the
| nvent i o235l n of the blade. aspect, the invention is a nethod for assenbling into

sets gas turbine co nents h avin S t hod

i ncl udes cl assi fyl‘gﬁ i}ﬂé‘ﬂ 35’%?% i9PFE o?%gBﬂﬁIi%trﬁ ?’?% Bra?ssgﬁlﬁngt of each
one of a pl ur@hduf¥ct@ind ViRiaBbAll TRis SRARIMInfes FHoh 2§ ¥ pelirtd¥tsacised s engi ne
conmponents having the sanme flow capability classification: In a preferred
enbodi nent , tqa@tlr@@drfehmlmipemmtgc spabilitybiAse nesultl eachamanufaetpiedduibiiges. | n
this embodi

and a lowflo %ele bfltlg%\évllgibt?}éaltf{eﬁ%?&ellﬁhoggﬁﬁgg%ﬁ?‘#gglrola'tE{V}ng?f%l\}vl%c tgs 22:

rangi ng f300mEhak yvidrlaQivel asss flow ef dvotifig hirCauck irak @iduASudind bladawould wo
cl asses are suitable, but any | arger nunber of classes are sujtable. The

engi ne conporfPsiaie atfa(ﬁxffés@ahmeﬁurq@yob@opmrgﬁly,tfpgaggfegprqsmreﬁtf:%tea@[ age of a
hi gh-pressure turbine and the resultindagel®fwdul d be assenbled in the
first-stage turbine rotor disk.




25 The<flow classification may include classes that are subsets of
aeceptable flowlimts (by current standards) for turbine airfoils.
However, in one enbodi nent of this invention, the nethod of assenbly woul d
permt ranges of flow capability that are |arger than can be achieved with

2 ceandom Sl el ABARBRN HBYOF BiRront sy Aoty TG0 hcBRBRIER A

excl usively from one o asSes oW f ass, tor

exanpl e) accodakingmbnufhdiarifg 615 thid pressufsfatio and brades thit debesnstiae peeseareh t he
average flow characteristics of all the blades in the row, the pressure
ratio across 4igeabovsrorbglow sejlimils gee Wiagerpéablg. | In gepetab gseeptablapladesiigan onest

fl owi ng bl adey i | : 1S Rl s af | t
w11 pass. mor SR hehin B RiPkihhieh Brostle? sl SNSRI Caididon | o
bl ades. Thus, pieksurairatiorbdadel artaxftearefenkd swasf loweflan dndibighrfldve tllades, 0 t ur bi ne

sets based on flow c| asses according to the invention, the |lowest flowng 5
bl ade passes MSPEWF¥w, has |ower metal tenperatures, and subsequently has

higher life than curg %ﬁef@t}iepfeaa{tiimnﬁ@MSCLIﬁéthqewofg’&é&ﬁlﬁ@mg kgtion
of the Drawing The invention is deScribed wth reference to the several

figures of t hassemhblyiinty, tuibinemowsithat ten FEicrpasethe mass fdlogrtapowdlowrbledesthengbys a

function of pressure.ratio.(,Ps/ Pd) for nom nal r.ni ne bl ad Figure 2 is
2 oraph of | maerenpg el S ieied o Heisfu B e bRy B BesBiobi et e
and an avyy agBufthersiBre, fHeteRnBinkventdntad BPplRatioBStd afWidwvaset§ off boepordntsOf
pressure ratio for a nomnal 15 bl ade, an average bl ade, and the | owest

f1 ow bl ade. Fingugas tarbing engipedp whigh nrakiple punposesdlyrneminal reyapesengs widk flow
ratio for a nQm I . e blade froma lowfl ow class and the
PISARL aft A8 YR

| owest flow b gure w chart for carrying out an exanple
calculation. Figure 6 is a histogramillustrating the nunber of bl ades
versus production 20 flow for an SwhaipheofxheTheéntiva of production bl ades.
Figure 7 1s a hist I?lgz{ grrgt ggpegtt]ﬁxer%gygt)l%ron ?sf a rtglleﬁll(cj)g Sforva%gesnlmjbslin%rig%us%'&i g%rs] tlIl‘ i%vev
15 engine components having flow passages. The method includes classifying the flow
capability through the flow passages of each one of a plurality of the engine
components and assembling into sets engine components having the same flow
capability classification. In a preferred embodiment, the engine components are
turbine blades and turbine vanes. In this embodiment the flow classification may
20  include a high-flow class and a low-flow class and potentially includes more than two
flow classes ranging from a low-flow class to a high-flow class. As a minimum, two
classes are suitable, but any larger number of classes are suitable. The engine
components, for example, may be rotor blades of the first-stage of a high-pressure
turbine and the resulting sets would be assembled in the first-stage turbine rotor disk.
25  The flow classification may include classes that are subsets of acceptable flow limits
(by current standards) for turbine airfoils. However, in one embodiment of this
invention, the method of assembly would permit ranges of flow capability that are
larger than can be achieved with a random selection assembly process.
If a turbine row is assembled exclusively from one of the classes (the low-flow

30  blade class, for example) according to the present invention then, in accordance with

the average flow characteristics of all the blades in the row, the pressure ratio across
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i ncl udi ng production flow classes. Figure 8 is a histogram show ng m ni num
fLow t hrough an individual blade for three exanple analyses. 25 Figure 9 is
a histogramillustrating engine oxidation life. Figure 10 is a graph
illustrating enpirical cunulative distribution functions of engine life.

| g empi il a uti on. ns of engine life.
he. Prof err e AR R ErSRE blovRTBLIALRARR UEbhy i PREL G 00 D)

hi gh- bypass t thidigtrasedpgésstre ridag et Willogasd thore flow ehdnUif hivete assembled vaitlt a
delivery architectures whose nmass flow is relatively insensitive to changes
in pressures Bademhidiawg setpliblades.  Fiysy if tybinsddadesgrrsclagsifted ang asgepbled

| O . . A . . ' . . . ,
oyot om behaye fefing BAE badel 'l JHSpYAccleiE The bivendqi M WGwEaUR o1 |
into a turdi neladeopassésraotel e has awee neetal cemperatupes) anelssubsagophtyy iesdsghere and

a comon downsiream gaspat h essure. Th upply pressure is the pressure
j ust upstreanﬁﬁ?ftﬁ%@‘r@#?ﬁﬁ@g&t%a‘itﬁé #ify-passages on the bottom of the

bl ade and the dunp pressure is the gaspath pressure on the outside of the

bl ade. 1f each blade in a turbig}fDNEHFich j,m@t]j,q,wiﬁﬁ/ nom nal (i npossible
in practice), then the pressuré ratlio_across the blades 10 during operation
woul d be the noni n&he invertirie deseribed withaelstepsé toothe sevgral digyrasfof dhecdrawingde

determ ne theire ia%{i onshi p between the mass flow t hrough the bl ade and the
pressure rati 0 acrdss the bl ade. This rel ationship is referred to as the

“character( stic CUFigare fis £2afphbf 8dss fléw ds a furicsion of prkaat ragiodPYPgfformss
fl ow versus pressure ratio tor a nomnal blade. In general, nore nmass flow
1S corresponﬂ%mtnélwrlgﬂ%blaé?-essure rati o and vice-versa, so characteristic

curves. have oo Ktk 9P oBY RERLS, By GBS AT B eF e e oy

char act eri st i blabehalaroaveedgetbezlebl ades. 1f a turbine set were assenbled with
a random set of bl gdes 10se fhow capabi | i t%@is. ot her than nom nal, .tge
pressure ratio acr8%4red s 3 graph ol glagydew s a sEncen 8t RISAREC Aot IAR BO8I3Y e

char act eri§tiGlaﬁé!raﬁ%v@tfagé‘tﬂadé,r}ﬂd%é‘l@ﬁzgstfﬂ%ﬁvﬁl'&?ém in Fig. 2 a dotted line 12

is an average characterTstic curve a or a fixed nass ro_vv, t he aver age
bl ade area sets t hFEigaredsua graphof massilgw a@a dienrvtins df preesure tedio fof a homiral ades

K G R AL B DR By LB S BB BG ARG | b
supply pressure w figur®$hieaa8wI cBart Fordla¥§ihg out an example calculation.
Figure 6 is a histogram illustrating the number of blades versus production
20  flow for an example population of production blades.
Figure 7 is a histogram of the number of blades versus production flow
including production flow classes.
Figure 8 is a histogram showing minimum flow through an individual blade
for three example analyses.
25 Figure 9 is a histogram illustrating engine oxidation life.
Figure 10 is a graph illustrating empirical cumulative distribution functions of
engine life.

Figure 11 is a flow network diagram for linearized analysis.

Description of the Preferred Embodiment

30 Most jet engines such as, for example, a modern high-bypass turbofan engine,
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25 mass flow. Each individual blade passes mass flow in accordance with its
i adi vi dual characteristic curve and the pressure ratio is set by the
average behavior. Wth reference nowto Fig. 3, one can see that for a
particularly I ow flow ng bl ade assenbled into a row which is on average

nom nal fl ow . Lt i signi fi.cant decrease jn nass flow for the
| ow f | owi ng bF&gvd%ﬁﬁoé@:é%%bllglgc?ﬁra(%gi?graf%ﬂe‘gmﬁﬁr Sq jpas OWLH%’Ee?"}t’é’ ,ef))’t he | owest
f1 owi ng bl ade inssnsitit @Qﬂxaﬁ@sﬁrhpre@i@éfssdsrcemgaﬁeﬂ@o aRituidind HIgdAY ahaggop! ade

which leads to a nmuch lower flowin this blade. The decrease in mass flow

Page 4 of 13 Clafifrpieiplaationinghisspecification) we sk assamerthe twbing cooligsds it s
life. As disc : | d COrdj i {10 are
classified i ntggﬁﬁﬁ}) er\eéﬁ%lk% g\E/e Sgh%(t)ma% g(\?‘vyggglgg'i Iq{}{élggia%f% gr%_ %]e?\jﬁ%# lélgde% and
hi gh-f1 ow bl atigbinefrow, thi bhydbeshasaacqnede upsiteamadupply predstiref dndercogirastat | ons

and/ or nore cagn&lﬁx 5 cl asgi fi cati&gs) dlIJI’i ng the manufacturing process. In
a preferred e FirFam; gaspath presse LBesyrplapisasw i dheRiesyEs ivst ypstreamobne of

the classes, fiRlIenf%ABIbehe bolilph | i e
average flow characteri stei cs0 10$*pa%s? tS%atg?g@e(gﬁ?ﬁthte%&%%@vﬁ?@éﬁ%@ ltcezlsjlssl%é,1 t he
pressure rati t the gopsthagiressueenthe detsideiof thei biadee € eachblate ih @ tipba® rotvewere
del i vered anount..of cool.iagg flow,. The | a stthgflovm' ngg blade in the rowis

0]

subj ect 10 t oAty opnal tmpasuble jp prachce)othep dhepressute 1ap acroppiheides i i t
vere assen®! eduring dpePatiod VUK e tHea0misfpr&bukhasles. In Fig. 4, the curve 16
is the characteristic curve for an average blade froma lowflow class. The
average bl ade curve 16 sets the pressure ratio that then acts on the | owest
f1 ow bl ade havi ng Ahenysical fatuses of each bleda determpine therralgtionship betiveerbthades ar e
| owf 1 owi ng Whi [ r o_that, t 15 mass, fl ow for

the | owest f\lAéc?)ll\?v b %vggﬁlggg}%:({ﬂgg Zarﬁg%él%}%rﬁ?%% eﬁ%@%a?rp%vgi? E@ﬂe'\l\zﬁ%&a%% Wi se

be the case. ismefsired tq astthe biilneachdrite sutvabf @ich blddes Fid.i1g6 a@%&ﬁczﬂ%&ﬁiﬁ@fed
into turbine sets,based on flow classes will result in the 1T owest flow ng
bl ade passi ngTASRPY Ve SSSUFRraiie derra nastiapl bladen dn gengrals meoneimashletuent | y

havi ng hi gherdq ' 1 SSE . my

sel ected bl ad((;adsrf efglgoxfdg@?ﬁghgﬁ r r%sﬁ%ea%{r?%g?(? ‘éigs%gﬁgﬁs% %ﬁ%ﬁg‘é@%éﬁg&?on w | |
now be set f opasitiveslapeb asshoastnebyt the come0doFiagy. ofs shoenph 1{ at dovis@Al ON.

Thi s exanpl e cal CtJIH afi on was Eer{?glqurred_on the first stage blades of a high
pressure tur bPAE VX GG PLPSSEadetn 1seiisoningd bydhehagacteristic ongfdheeladest o
nodel the behavior of the entire auxiliary air systemfor a nodern

hi gh- bypass t ur bof @ teb@enet whe assenitiéd wit LR ' see,
Sidwell, V. and Darnofal, 25 D., 2003, " nggg%@ﬁ%?iogﬁ%ﬁg%‘ggtﬁggqg‘wa Tur bi ne
Cool i ng Ai r Sipphilitydy stherthammeminalethe prassusé rdtioi doradr et af trerblades és " ASMVE

Paper GI2003- tents of thi.s article are incorporated_herein by
referencgz(.6 W g?}%l??ﬁ%im&‘glg grggilagﬁctesry f 8Wﬁ8§éﬁ ﬂf%@a(ﬁsr 23ts Sgp\g@én}? 1% Bitne
bl ades were rduptedsinat 2 dyavehgecheaeAgi i idd H5 YiRed ffAed Bow Ak aldtagdre
network fl OW@;\CF| ysis, each blade in the rowis nodel ed bf/dl ts 1 ndividual

a

30 char act er i B#qecrea selsthe pressisaratior drigs demensirateg thahif thebladessid atdiskardat e

bl ade netal t [ j S anges..«i.n the quantity..of.internal
cooling flow @%{aﬂ%&lﬂ gxa%dl 8?'%% S@Pé@éﬁg Ti5al lllly}),e W%ﬁi n%ﬁég’ﬁf P?‘ri‘f]
curves known if bladestire ool aedragd lndeflowing] the supty pressie Wl thck@sé Brayivde usabl e

bl ade lifs as _a f nctséog.o(l, bl ade netal tenperature. The blade
char act ePPst iB3S8 fioWe Lach individual Klpdsipasses rass flowdn acqosdanserwithyitsrindiyidual

accordance WichBraBRABRNSEIrRE S tﬁ@Bw‘sﬁﬁﬁ Wlong s%.q)rzfi tﬁ‘%iﬁ\llér%%é lieﬁﬁﬁgf}%&}iéhs“ c
anal ysis was perfornmed in order to characterize e stribution of engine
life, as |i nirefetenbgnowido Fig. 3t ot cagese¢ thabfona plattiviésly 19 flotiag blude f ai | ure of

the row resul ts from single.bl.ade failing, so ,that the fajlure of any
bl ade in a rdWS r%%‘ﬁ“?%‘i @é’ggﬁ‘cgﬁﬁp’ﬁ@"qf%ﬁq rtﬂ%é‘_n?lrﬂ‘{"ﬁpg thegispwis a significapt | 5 an
anal ysi s fl owegreadetin hfifss FIbR BrAENW OV hi1add ﬁ’ﬂring-rabf:}?ﬁi%@r%@ircg: gslé‘[ e

probabi i stic anal yses were performed for conparison:
anal ysi s 3PhatThakiscioadeveese lowuig tHadss serjecttd tdepressieatiioset bydhaseeage! v

ti f ' t i "Tot al. lation") 2. lysis i
i ch bl ades GPAHIERANGAMAPURFEr otk s bBResThe feiptostinfpsefee "1~ "
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3. an analysis where bl ades were drawn only from a near-nom nal -fl ow cl ass
15 of blades ("Class 3")." As nentioned earlier, the manufacturing process
results in a distribution of acceptable individual blade flows. For the
basel i ne anal ysis which represents current assenbly practice, blades are

T B LA

manuf acturing variability is divided into five classes of equal blade flow
Class 1 refers to Akdiscussed abdvieptmrhih@ablades)dcoCtdisg tadthe éfvention,ard ¢lessified

near-nom nal f|l ow,cl ass.as. shawn in Fj.qg. 7. asses 2, 4.ang 5 ve been
omitted to si i r%nmfvs&&?gl@@v saebiffs (z%-_ﬁowsbla%é s hidfeflen ot FbHOO asses
1 and 3. Fig. e)&nﬁh&"éﬁdlﬁl'e‘f&ﬁgl@aﬂ%g‘é{'itﬁ Afer BridafBmR Addps¥ héfeQufpI&n 1 ndi vi dual
bl ade for 25 the three analysSes. Both Gass 1 and Class 3 show a
significark i elpsstiicatieny) during the mamifaniurirg peceshs by v prifarredembodiménttair bi ne

bl ades. In parti.cular, the . m ninum.flow of the C ass 1_.blades,is,greater
Chan the i by EHEE T st~Sl b Ry d Hahany o8 i D7 Se f6h BrRleb A A T &
(i.e. from thelad®tias. RRRdCAI4nCE WithSHeé hvckage o Bitrkdmeicabpileteiblidesid! ade

is directly related to the mass fl ow through the bl ade, and the Pzge6 of 13
life of a bl athe p¥ igthivease,the pressuseiratio acrass pil heblades avillingrense 50 as to, pasti s

i mprovenent | el i (e i LRt i f .set  of
turbi e bl adel TV EUTkROR o SRR, RPLREHERb o Biddihn W' Gl sl 71
for the threetoahslifgesed Passtureranand passds foasHow thdhoifiitsi@aafsemdidd with a

i nprovenent in gngi ne life as_conpared to the 5 Total Popul atjon. Fig. 10
shows the enpieRfdly @awh seiiafpiades- sk Kig dhithecuryie 16 isdas charagiprsticeurvyerfar ayy
the three proRabideividd h WS |,L il ty) is
of particular | ntégrbzésdte%cggatl%«?gﬁveaﬁﬁ%é@g .abég é@a@%’&ﬁélﬁ%&g?{eﬂ? ovh\}lelcl ass
of bl ades, hamstiontina thenzactschmthe Bwdsell®E blade havihg klvharBoterbtiCopve 88 On. C ass

3 has nore than tri e, BS life of. the.Total Population. It is
ensonanl o t oREGHE eriies pisdowIadking Wik aReh (16 SRy 8RR S URRLEN ¢ he

Cass 1 ayd Ghasstlov FRIM foSvestSdW bRHL ¥ cl@gﬁ%ﬁniﬂﬂﬂn@ss%ﬁﬁn Revugd | ar ger

lives than Class 3. This exanple clearly denonstrates that selectively
assenbl i ng t uetbemuseedttie casswdn Biyort, harbing|bdasles thaharsicipssifficd and hsseinhlnddnioe

bl ade life. i.npl e lineari.zed.mat henati cal el can explajn the effect
ceon'in the TR bisBERh ARG R oot Bl R ooty ot
governing eq uaé\iz,qm'ﬁrfzgqbwbhﬁe@y&&@mt@as Bl sMbkéduentlPBavinghiighér(life @hdn iShem =
A g(Ps,Pd) for i =1,2,...,nnrri =~rit; . r=i 20 In this sinplified
nodel of a tublBdeleaddesk asgembladamang randosaly seleefed blades asis thegwiiepgprastices uppl y
subsystemis represented by the effective area, Af, and a nass

flow pre re rel aij i f resent ed
by an i nmi dual eﬁgg?ﬂ)}g)cglf élgﬁo%\@,ﬁl g%va/-{;g%%tgfsogtﬂ% g&fsgétg?g?gﬁ@%?lgﬁ girsls hi p,
g(PS, P~. Thetheardsadtiihvenyion.nThiseRarthplewaltalaéibh wak perbimedam the diedt sthgby

di fferences i he i ndividual bl ade effective. areas. 25 Faor the sjtuation
in which all @P@ﬁi& adigh pressyrRIYTRIBE- b GypshoReidimeRsgnhpetyoretlow yre i@vag (A

=Ag for all idsed‘f\?m@ﬁélidg?b%}g&@io?%giﬁ%%ti@ ﬁ&ﬁiaﬁ‘%ﬁ sht O FA P mbB&n HEH-Bfass

supply pressure, Page’/
turbofan engine. For a full description of this model, see, Sidwell, V. and Darmofal,
25 D., 2003, “Probabilistic Analysis of a Turbine Cooling Air Supply System: The

Effect on Airfoil Oxidation Life,” ASME Paper GT2003-38119. The contents of this

article are incorporated herein by reference. Within the auxiliary air system model the
first stage turbine blades were represented by their characteristic curves (note that in
the network flow analysis, each blade in the row is modeled by its individual

30  characteristic curve). A heat transfer scaling law was used to update blade metal

temperatures in response to changes in the quantity of internal cooling flow in each
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n Ps g--__ PS . Next, consider independent perturbations to the bl ade
ekfective areas: A, = A, + Ag 5 The solution of the linearized governing
equations gives the supply pressure perturbation (rearranged into

non-di mensi onal form as: Aag gaps __ 1 I1~A s ricg 1l +, 13 n ;=11~ Ag

aPe. 10 Not 0.t RORE-Fital it (R PRI SR5BHR S ingi ol eiddeningictyspsge "0

Al 'so, many comedngcatilauRibly bhMsliena afulctic] GRHlaRI et epsiatiry. e Theblade
downst ream pressure changes, thus ~3 is often snmall. The result for the
suppl y pr essusharasssristic suvesfr dheowy efintereshwersapndamxviered insacgerdansreditlhy t he
aver age effecgd i L 1 SiK s ' Ar ea
Perturbation ééﬁ{&lfﬁiéar?&?l {_‘H‘!kg‘q‘%a%ﬁ@‘a{ qir:rg%{sbﬁvlfﬁt ¥ ﬁ}{@&gﬁgg"s&&)&% ée@re1 nom nal
fl ow capalhi | i order tolvhamuoteriky therdistsbuteon of ehpime hideyias eimited pyltye firsestagy @rbine
However, if row i,s assepbl ed fr bl ades_ that are on. average | owf]ow

bl ades (in t?]]i’légfi?as ° g tﬁﬁtbé%zﬂgapf thesaw rewlts Somvasinels bjadedrbng, fphit the
pressur e wi || pIBRIeI3R0 bl a L boRHRocHIRlE LR H fhil Bfiolieads to an
increase in the flow in an 1ndividual %I ade.” Specifically, the mass flow
perturbation in an individual blade (blade j, for exanple) is given by, m-
A~ 1 1~A; ng Ag 1 Fig 8isan analysis fifvachart foe theesxemplessalqudationr Fhréemeparateough an

i ndi vidual bl &%Eabliﬁstﬁzoarr]l% y(s)clcsI vegret}))grfonned for comparison:

10 1. abaseline analysis that is consistent with current blade selection and

assembly practice for high pressure turbines (“Total Population™)

2. an analysis in which blades were drawn only from a low-flow class of
blades (“Class 17)

3. an analysis where blades were drawn only from a near-nominal-flow class
15 of blades (“Class 3”).

As mentioned earlier, the manufacturing process results in a distribution of
acceptable individual blade flows. For the baseline analysis which represents current
assembly practice, blades are randomly drawn from this population to make a
complete row as shown in Fig. 6. For the two classed-blade analyses, the full

20  distribution of manufacturing variability is divided into five classes of equal blade
flow. Class 1 refers to the lowest flow class and Class 3 refers to the near-nominal-
flow class as shown in Fig. 7. Classes 2, 4 and 5 have been omitted to simplify the
example but the results are consistent with Classes 1 and 3.

Fig. 8 shows histograms of the minimum flow through an individual blade for

25  the three analyses. Both Class 1 and Class 3 show a significant improvement in the
minimum flow observed in a set of turbine blades. In particular, the minimum flow of
the Class 1 blades is greater than the minimum flow of any of the randomly-
assembled turbine blade sets (i.e. from the Total Population results). As the

temperature of the blade is directly related to the mass flow through the blade, and the
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Page 8- of 13 two effects: the effective area perturbation for the
specific blade (A~ ~Ag ) and the average effective area perturbation. In
the situation for which the average blade in the rowis nomnal (i.e.
Average Effective Area Perturbation ~ 0), a lowflow blade will have
reduced flow gue S effectiv [ ent i I j.rfoil
row 5 assenbl g% ?ttragor%l 4%13\/- ¥¥P%t r%[age?gg?hea&é%eecfe?&eﬁjpg\% lTl‘JIetI;ltvI\I/%gf" %‘?ﬁ“%v‘ﬂﬁ
experience | efsnifR@uflbwamplies daPiasrovenvenb ot sife offa dehof negas bladeaVEy age

effective area perturbation §whi ch results in an_increased supP

I
pressure). Thienesstatethiy; Fig. P shows histegramsaf gspging lifs fop the thrasng YF%;- tBegh | i fe
of the turbin g | i : j n
parti cul ar, fgy;%?%%ﬁ?%ﬁ%é@‘@%%ﬁ@ﬁ@@tgﬁp yeelé%g%gm ﬁ%ﬂse@{ibo%lelo
sensitivity t dotbRomtlatemm Rig.cdsshoers thecemysiic{lznohubive dBtiilutioaduncieonodf a

nom nal s PR DIPBE e er pityshiskoalises. e BEBFF ol pe I grobaitiny

sel ectively agspatticitr interRétT6r fufdife 6B TG 1Y 18RO BAC I o MUMRS, | N
certain flow capability classes Increases the flow through the | owest

f1 owi ng ai r f ohassmone thant daubletbe BSlife Ththerfotdl Pophlatign. o€las$d hasmprevban friphe

t akes advant age the fact that.all the airfojls in.a,r hare gommon
source and duﬁﬁ %lé%sogf}begf% |0é)u]5agigﬂ. (&}ilf‘ fe&F?mBLﬁstSégn%l“%‘i t?‘?m{et?lggﬁasé unt of
fl ow consiGt efdsultd Whuldtfsll béttlewn thedtlassNadnaatiadsi SiebfltsC SiMearly, (Cladsl AsiRIes
consi st of subsets of the acceptable flowlimts for turbine airfoils

(hi gh-f | owi ngshowif hayglareerives than{lass 3. aEhig exanle eleastndemenstratgadhasver t he
term "bl ade" | X it aks o, b 10.d er

tor bi no. conporeREY ARl deelif ifkedfw BY b A8 o il dAfy g Bd

nodi fi cati onsbladglifeari ati ons of the invention disclosed herein will occur
to those skilled in the art and it is intended that all such nodifications

and variations be Arsinplgdmeyizedimatheraaticabipadel can geplaipsheefiert seon iﬁﬁhe What is
claimed ig5 Pagese Ofordstder RORAS nétvsB%shov;r‘[ %OWﬂhoﬂlef v S Ohlating fopt ©

sets gas turbine’engine conmponents havi ng
the system can be written as:

m=A4,f(F,F)

m; = A,g(P,,P,) fori=12,.,n

.
i=1

20  In this simplified model of a turbine disk with multiple cooled biades, the cooling air
supply subsystem is represented by the effective area, 45 and a mass flow-pressure
relationship, f{Py, Ps). The n cooled blades are represented by an individual effective
area, 4;, and a mass flow-pressure relationship, g(P;, Py). The variability in mass flow
capability will be modeled by differences in the individual blade effective areas.

25 For the situation in which all blades are assumed to be at their nominal
effective areas (4,=A, for all i), we define the nominal blade mass flow and the

nominal supply pressure,
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2 passages conprising classifying the flow capability through the fl ow
passages of 3 each one of a plurality of the gas turbine engi ne conponents;
and assenbling into 4 sets gas turbine engi ne conponents having the sane
flow capability classification. 5 2. The nethod of claim1l wherein the
engi ne conponents are gas turbine engine 64turbine blades with internal
cool ing passages and holes for filmcootj#ag.m7 3. The nethod of claiml
wherein the engi ne conponents are gas turbi”ne engine 8 turbine vanes with
internal cooling passages and holes for,filgcooling. 9 4. The nethod of
claim 1l wherein the engi ne conponents are gas turbine engine 10 turbine

ls. 11 5. Th - clad i.n.th [ bl ad
noany stage of 12 che vt Kokt ol o PE bR RG2S ¢ “rhe

nmet hod of claim 1 wherein the engine coppojens are vanes in any stage of
14 the turbine section of a gas turbine‘engine® 15 7. The nethod of claim1
wherein the engi ne s : ane ine
section of a gas tagﬁfar?elengiistgg.hﬁia;&ga g%’%égmgg%éﬂ%{éﬁggg@{egﬂhgs&%g’?éeﬁp%@t he

t ur bi ne conpopétirbatimdrdairavgsl into rmomydisteagjenad fforh® dshe conpressor section of
a gas turbine engine. 19 9. The nethod of claim1 wherein the turbine
conponents are vanes in any stage of Azdlg’t he conpressor,_ section of a gas
turbi ne engine. 21 10. The net hod ¢lo&) m 1 whengkndthe turbine conponents
are seals in any stage of 22 the c np%gssﬁrlge e pfl a gas turbine

engi ne. Page 10 of 13 1 11. The methdd of clarm® erein the flow
classification inc W TN 1R ‘ﬁ?a‘i}i‘i. i s and a |l owfl ow
capability cl ass. %Vﬁ%g%%ﬁgb%&eﬁ%%{% dlc al l%h%l p\s\d%aen?éet%ﬁ the flow
classification includes nore than two 4 flow @gpability classes ranging
froma lowflow capability class to a high-ﬁj 5 capability class. 6 13.
The method of claim1 wherein the flowg+assification includes flow
capability 7 classes that are subsets of a(;lgegiggbl e flowlimts for gas
turbi ne engi ne 8 conponents having internal flopw passages. 9 14. The mnet hod
of claim1l wherein the flow classification produces sets of 10 conponents
wi th incridased hi gNotedhgsén genera, GR) 0 ad dgVdR; >3 pal . t Also,lrhardybcooking

net hod of clai.m 1 erein the f]ow classification produces sets of 12
conmponent s wi ¥hSYPRE: DEEBY a5 tlatvelyaseasitive tedemmstiepmepressprsishragey, thug /.

The met hod of Il | L L on . pr sets of 14
conponent s W%fﬁénﬁﬁlé%géﬁtgﬂf @gﬁw gp ﬁérsglﬁﬂ){eﬂgfr?éfb%%sﬂ%m%sﬂﬁ% 17. The

nmet hod of cl ajemtutbatibe isgavetried byahglaveeageredfectiad araapettiirbationfihahe difk:t he 16
engi ne conponent can be reduced while maintaining high-tenperature life 17
capability. 18 18. The nethod of im1l wherein the rfaged gedd nom nal

amount of flow of the 19 enéi"?régﬁ%ﬁw r‘i‘%”%%ﬁ"’b@“ﬂ@ﬂﬁ% € mai ntaining
t he i ntended nomi nal 20 perfornmance of the conponent. \21°'1%®/ The net hod of
claim1l ereint kAl ' HRPALDL 1 be 22 changed to a
| ess capggle natepﬁg?@&iﬁpgbﬁg%%ﬁgfﬁﬁﬁgb %ﬁinteﬁﬁggﬂﬁgﬁfﬁ%wp §Xﬁ§P&3Fnance
‘of the conportkeihomidabsipplly messiife. However, if a row is assembled from blades that are on

average low-flow blades (in this case the area perturbation is negative), the supply
pressure will increase. This increased supply pressure then leads to an increase in the
flow in an individual blade. Specifically, the mass flow perturbation in an individual

20  blade (blade j, for example) is given by,

L”__[f’_J 1 (_l_ii]
m, |\ 4, | 1+8{n5 4,

Thus, the mass flow perturbation through an individual blade is controlled by
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1 20. The method of claim 1l wherein the turbine inlet tenperature is

i creased while 2 maintaining the i ntended nom nal performance of the
conponent. 3 21. Gas turbine engine conprising gas turbine engine
conponent s assenbled into 4 sets, each said conponent having flow passages

oSt bl Lo 19 B R ETRE B s 'a{sérﬁ 4 gl e o s B e page 12
o] ~ytof o | O A hre e bduprige iy ity %og]v@affegfaaf@gf blafignfea) ca

o L SR ok en el SO MIOR o lads vl o o

] caV] ca] ca] cahewd rwdheed]fiood dad todiscercddcombad effectiy e afee.aical érﬁﬁs ﬁrrfoﬂ row

z;f zszrz;i} g;%%%%%xw kl;g p\{e 11‘%I lgvsJ ﬁgw air oﬂa\l'ﬁlaJX% J1e ac]e x?s\sfj caj caV]

CUCKD{ D
|U\/] caV] E ia\tAJ]q Jc Swﬁgﬂlgﬁxﬂggj@%g@]ﬁgﬂ&&%@kﬁ@ﬂé@%&éﬁ%@%@é&mgﬁ%t%

V] c”aV] ca] ca] €ulich sgsulis/nca iereased|sopi)ly ‘peﬁsjwa) \7[1119 aﬂ@cxt &]111 asfuttan wibstaatihe a

NPt oL B ERbERHmERL Gk T8 Srthe Fur B e A e AU PEAAIS] e o .

aV] ca] caV] ca] catulafion ingartiduit ofd} Gmhﬂoﬁ’éﬁﬁvﬂtfoﬁ]; ﬁﬁwmch the su ply system has low
P RRqSSTTUUV4V\WI'XXYxZZ[ &\ (\ 6\ NYNf NNO*P~yt 0 ’&Vca] ] ca ca] cal ca] ca] ca] ca]

ca] ca] Cg% £ caqr@mveta]t@dwaqlt@amsﬁa{ec@pn%qs&a} i neal zadk allew]flon blaje a] ca]
7SAf E |
Soh & ()-t 10%%8‘(’4%1"?&? ﬁ%ﬂ%ff‘zw-?k?&% blades)w -‘(ﬁ%gm}‘&affy)m“%g‘%%s@oﬂ-f " 109%& () -

\"109%& ()- "10% & ()-M rstu #oMa ("10% D/ "10%iqi & ()-!D'10%!'q! & ()- 10
10 Those skilled in the art will appreciate that selectively assembling turbine

rows exclusively from blades or vanes in certain flow capability classes increases the
flow through the lowest flowing airfoils in a turbine row. The methodology of the

15  invention takes advantage of the fact that all the airfoils in a row share common
source and dump pressures while each airfoil passes a different amount of flow
consistent with its individual characteristic curve. The classes consist of subsets of
the acceptable flow limits for turbine airfoils (high-flowing and low-flowing blades,
as a simple example). Wherever the term “blade” is used herein it is to be understood

20  to include other turbine components such as vanes and seals.

It is recognized that modifications and variations of the invention disclosed
herein will occur to those skilled in the art and it is intended that all such
modifications and variations be included within the scope of the appended claims.

What is claimed is:
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101\ (Y10%&' ()-L!'S ("109& ()-L#zX6M\"10%u& ()-!'\"10%& ()-!6"10% u-u& ()-
102 u& ()-!; "10%uhu& ()-!D'10%uqu&’ ()-:{\=I'\910%m & ()-10%& ()- 10-u
10-u 10-u910% u& ()-!("10% u-u& ()-!X"10%&&& ()-: 1;
dE{\ =I'\110%m& ()-9s10%& ()-10%& ()-FF 10%& ()-9
10%r&' () - YM 10%m&' () -"dE{\ =!'\ 10%r& ()- @ 10%r& () - 10%r& () -
10%m&' ()-L10%& ()-9910%r& ()--o0:]dE{\=1\9(10%& ()-&10%r& ()- YWrl0% &' ()-#
Y10%r&' ()-"910% & ()-& s10%®& ()-] R AE{\=!\@10%& ()-90
10%m& ()-/10%& ()- -10%r& ()-9+3 10%r& ()-& 10%& ()-!"#$j bCl\ 10%
& ()-"10%& ().- 1?mb?lgLM&leofV& ¥ ﬁairg%/sééi ga%bQﬁﬁﬁql Ne(eh 1(?1&@& I{ehtsiHawn'g'ﬂo}\x/"’bC' \y
10%2 & r10% & ! zZ & "10%zz

10% &' 8 " 04 < $$ 8P SAEBITYBINBFIARSI G '%e floyrapakiity thllough %of@“( Passages of
! X$" 109&' (3 - ! k$" 10948, o) in

hi (%~ _?? Sl | 100/& ()Gﬂ rr(?fa%%% y(c;ffh«?ﬁa% tu;&glgzen§me com}&r‘lents andoazsse]r_r(l)bzhng to
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Tomsiosiat 21 e syasth e RAMR L whercin the engine components gre apyiprbine enging. . 1 0

e& ()-!k""6L0Y& () -thrhiued 1l OP6E Tath( 1)1&@0665&@ pads@es @fdhhdleq for Bfin:coolifig. =~ =!!' D
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7 3. The method of claim 1 wherein the engine components are gas turbine engine
8 turbine vanes with internal cooling passages and holes for film-cooling.
9 4 The method of claim 1 wherein the engine components are gas turbine engine
10 turbine seals.
11 5. The method of claim 1 wherein the engine components are blades in any stage of
12 the turbine section of a gas turbine engine.
13 6. The method of claim 1 wherein the engine components are vanes in any stage of
14 the turbine section of a gas turbine engine.
15 7. The method of claim 1 wherein the engine components are seals in any stage of
16 the turbine section of a gas turbine engine.
17 8. The method of claim 1 wherein the turbine components are blades in any stage of
18 the compressor section of a gas turbine engine.
- 19 9. The method of claim 1 wherein the turbine components are vanes in any stage of
20 the compressor section of a gas turbine engine.

21  10.  The method of claim 1 wherein the turbine components are seals in any stage of

22 the compressor section of a gas turbine engine.
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10% u& ()- 10% u& ()-0"Sf 10% u& ()- 10M 10M

10MS910%VES ()12, JyJﬁ{éPﬂaétﬁ&b&‘ haﬁﬁlhov/héf&n(tﬁe A0 Yrabfidatioh RN dLO Motk théh Mo 9
10% u& ()-10% U& ()- LI 10% u& () -

LMVMWENYMAEDLC! ! s-fipvooapalsility) classesingingfrom-a law+flavp oepabkility cless1o ahigh-flow %
10% u& ()-< 9° $@

10% u&!’ E)-SYNf Nt NunSERERIS Y 1 vi 1 10088 () - YO" 1098& () - YO" 10%FT& ()- 10-u
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"1090& () -Oy" 114 & The-msthicDefcdifn)1- wherein the flow classification includes flow capability

7 classes that are subsets of acceptable flow limits for gas turbine engine

8 components having internal flow passages.

9 14.  The method of claim 1 wherein the flow classification produces sets of

10 components with increased high-temperature oxidation life capability.
11 15.  The method of claim 1 wherein the flow classification produces sets of
12 components with increased high-temperature creep life capability.

13 16.  The method of claim 1 wherein the flow classification produces sets of

14 components with increased high-temperature life capability.

15 17.  The method of claim 1 wherein the required nominal amount of flow of the
16 engine component can be reduced while maintaining high-temperature life

17 capability.

18 18.  The method of claim 1 wherein the required nominal amount of flow of the
19 engine component can be reduced while maintaining the intended nominal

20 performance of the component.

21 19.  The method of claim 1 wherein the material of the engine component can be
22 changed to a less capable material while maintaining the intended nominal

23 performance of the component.
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4 sets, each said component having flow passages establishing a flow capability

5 classification, wherein each said component in a set has the same flow capability
6 classification.

7
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