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IINTRo-p_UCTIoN

The lmportance of lou engine welght tn tts effeat on range of a

glven alrcraft or on the welght of an aircraft to aeconplLeh a cerbaln

nlsslon has been adequately enphaslzed by previous uriterg. It le par-

ticularJy luporbaat ln the case of shorb lange alrcraft.

In this paper ue wjLl firet review the porfoflDance charaoterJ.gtice

and requJ.renentE of turboJets $ith partieuLar reganl to operatlon at hlgh

l{aeh ngmbere. The prob}erns associatdd with the deslgn of turboJets required

to operate orer a uide speed range arrd pooslbLe lnpJ.lcatlonE uLth reepect

to alrcraft range ars dLeouEeed. Brief eonmentery ig uade on the slrment

controverstal toplas trB5paes vg. TurboJetstr and trIarge vg. $!aLl Erglnesn.

6 the second porbion of the paper we wlLl e:.anine the effect of, tl-

taniun oa the rnechanjcal design of Large engines and. uork dl:ected tovardE

engine operatLon at higher turbine temperatureg.
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I{hlJ.e the general perfornance cbaracterLgtioe of turboJete bave. beetr

prg\riouEly dLscuesed BEvelial ti.mee a$d[ are fatrly ltell hova, a revLev le

not oonBldered ort of place at thla tlne ln the ltgbt of lntereot tn

hlgher epeecls.

gtgures I to 6 show the effeot of conpresslon ratlo ard hrrbrr€ in-

Iet tenperature of speclfle thnrst and spect0ic fuel aoneumptlou at sea

leveL statto and !!rch ntrmber 0.9 and 2.5 Ln tbe etratosphere' Addltt@&l

effect of, afterburntng Ls showa at Maoh 2.5.

Brteflyr Bt eea level statia and Mach O'$, to attaln htgh ppectfts

thrrret, we require htgh turbine inlet tenperaturee lsrespectlve of com-

preeslon ratlo, uhlle to attaln Lou epecJjlc fuel consumptlon requl:ea

hlgb aoupresElon ratlo and fatrly mod.erate turbine lrrlet tenperatures of

tbe order 'of 11000 degrees f (13/+O degreeE F). We niLL see la.ter that

the parfor"rnnce requlrerents of the alrcraft considered are zuch that

or-1y noderrte opeoifle thnrete are requLred at theEe fllght oondltLouE

nhloh ia coupatible with low opeciflo consunption.

At !,lach 2.5 vlthout afterhrrnlng, higb turbine laIet teupemtures

aree of edlrFe, stiLl requLred to attain high speolflo thnrsta; howwer,

nrch Lonrer compreesion ratios are required to attain nlni-mrn epectflo

ftrel coasqnptLono tthile the ntntrnrn speclfic frrel cousumptl.on uhLch can

be at,tal-ned is of the or.der of L.35r the naxLmrn epeclflc thnret, even

at the turbine lnl.et tenperature of lr3OO degrees f (1SSO degreee n) 18
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only about 35 pourrdE per pound' per second.

At Macb 2.5 t|tith afterburalag, botb maxj.urm opeclfLc thmst 8nd

mln{rlrtm apeclflc fireL consprnptlon are attairoed' by tbe use of higb turblne

inLet teuperaturee ancl Lou conpresoLon ratlos of the order of slx. !'lost

noticeable, of course, le the trensndous i.nerease ln speclflo thnrat

poesible uhen using afterbruBjng at this epeed'. Hhile speolflc thnrsts

of the ord,ar of Lto pornds per pornd per seoond shorld be attai"nabLe

wlth ptoichioretric afterhrrnLng ard theoretical flilt oryanslon - slnce

they uorld require f,inal nozzla throat and extt dianetere considerably

greeter than that of the nail engine - tt le probabLe that i-n practloe,

speclflc thnrEt at this speed WLLL be linlted to about 70 pomds per

poucd per second. wlth consequent lncrease in speclflc fuel consunption(1).

Nevertheless, the opectfic thnrst attainabLe with afterburalng at thts

speed is about tnloe tbat avallab1e wlthort afterburnlag, oo that after-

bprning engines would need have only hatf the alr flow of non-afterbrutfug

eoglnee antl should be corlsiderably }Lghter. Tb!.o, of courge, ie only

achiered at the eq)ense of a 50 percont lncrease in fuel consunption for

a glven thnrst.

tha relationshtp betueen engine veight and aircraft velght ull.ll be

consi.deted Later.

glven ln APPendix I we can Pred'ictUslng the oimPle assumPtions
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approximately the effect of, forward speed' at constant neghanlcal rpn on

conpresslon ratio a^nd, non-dlmensj.onal f1ow. The results are plotted in

Flgure ? for an engine of L2:L preEsure ratio uncler stantlarrl NACA atnos-

phere conditlons.

two curneg are shown, one assuming constant turblne throat area and

turbile inlet tomperature and the other assu:dng constant conPressor

teuperature rlse.

The assurnptlon of constant coxnPressor temperature rise at constaat

rpm necessitates a fa}l of,f in turbine inlet temperature vith constant

throat arsa or an lncreaee ln t-urbLne t'hroat area uLth oonstant turblne

tenperature at temperatures greater than 15 d'egreee 0. I'Ie therefore

use the fir6t assunoptlon of congtant turbiae throat area and turbine Ln-

Let temperature as the basis of approxinate pred5-ctlon of the change in

pressure rat,lo anct flow of a turbojet. using general perfotmance culnres

suoh as Figuree I to 6, up c{r.n therefore obtaln the varlatlon ln thnrst

a.dct Speelflir,: fueL consurnptlon wlth forwarcl speed as shor'nr in FtgUre 8'

It ls enphaslsed that the above nethod only giveg the approxiuate

perfortance of an engine. Aecurate perfo3mance predtctlon can only be'

obtained by the qee of approprJ,ate comPressor a"nd' turbine ctraractoriE-

tics.

WithreEpecttotheproblenofsurgiagathighfon.lardspedo,no

concluslons cen bo d'rawrn f,rom Fl"gure ?'
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In general the operattng llne at eonstant, rAn and turblne fu.let

tenperature wiLL L1e slightly belor that associated' wlth pert rpm

oporatlon at oonstant inlet teuperatune.

Ia any hlg! conpressiou ratio englne ulth flxed turbiae geouetry

some variabLe geometry zuch as so,me variable angLe stators or tr.lo epooL-

tng wflJ. be required ll the oonpressot for normal test bed acceleratLons.

Flgure I sbous the effect of forr.rard speed on turboJet perfor"narrce.

Eere we have oonelclered an engiae of conpression ratio of L2 at sea leveI

etatlo and aBsq"oed constant rpn ard oonstatrt turbine tnlet tenperature of

lr2m degreee K (1?OO d,egreea F) operation. It lr!-l1 be seen that the con-

presoion ratlo decreases uith fonranl speect, in a rnanner compatlble uith

tte requ!.romonts of ma:clurm epeoifio thnrBt. I'Itth no afterburttngr'the

ellecif,io tlurrst beoomee zero at abort }[ach 3. lllth afterburnlng Lr75O

degreeo f (2?00 degrees f), the afterburner oontributee a large proporblon

of the tbruet wlth increaslng e1red. At Mach 2.5 a spclfic thmet of

about 65 Le ayatlable ulth flLL expanslon and in gubsoulc fLigbt the en':'.

gfuo ie calnbLe of the Eaue epealflo thnrst of 65 uftUout afterbumlng.

It is, lnfortunately for the englne designer, imposslble to talk

about the perfornance requlrements of turboJet englnes wlthout sons
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reforence to aLrcraft charactertstlcso Figure 9 sho!'s typlcal maxlmrn

llft/drag ratioe 1lkeJy to bo attalned(2). For the FrrPoso of the follow-

ing dlssusslon it haa aleo been assured that the naxluun Ll.tt/dtag ratio of

a partlorlar aircra.ft over lts speed. range foLlous thlg eunre. It le

lsrowr that ln practloe thtE is not quLte the case, partlctrlerly wlth alr-

craft deslgned for very hlgh supersonlo speed, tn that a conpronLse I's

nec6egar'3r ln high epeed performance !f reasonabLe 1or apeedl perforuance

ls requlredl and vLce veroa. I'tre erbent of thls compromise obvlorsl[

d,epend,s on the nLsaLon, and values mrst be eubstltuted for any partie[]-ar

case. AIso sho1yn 1n Flgure 9 are the aasumed nalues of llft co-Eff,lcient

occurring at these values of ltft,/drag.

Nou the altltude correepondtng to these values of naxlurn lft/tl':rag

Ls a firnotlou of wl;1g loadlng, ltft co-efficlent a.nc[ Mach rnrnber (AppendJ*

2'). In Flgrrre 1O the aLtitude correspondlng to maxiurn Lift/drag Ls shoila

for wlng loadtng of 50 pornds per square foot. A value of 5O pornds per

Bquar€ foot seeng to be reasonabLe, at leaet for some current atrcraft,(3),

and gives vaJ:ree of cnrise altttutte uhich appear to be of the rlght otdet.

Uslng the valueo of engine intake efflciency shoror in Eigure 10 lt le,

therefore, posslble to determile the variatlon of englne latake Pressure

wtth l{ach nunber at the beet cmlse aLtitude (Appentlk 2). Thle, together

vlth the variation of lntake tenperature are also eho18 ln Figure 10.

Slnoe a supergonlc ftghter wlIL have to operate at tfunes at a-ltitudes

Iorcr thaa these best altltudes; the lntake prea$xreo rnay be consldered

g.g mint16gl ValUeg.
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If ue assume that the ratlo of, sea LeveL etatlc alr flow to englne

nelght ls about 0.050 pornds per seeond per pound welght for aa after-

buratng englne, lt iE posslbLe to determlne (Appendtx a) tne ratLo of

englne rrelght to alrcraft uatght requlred for any fLlght apeed uelng the

alrcraft characterlstlcs of Flgure t. We f,lnd ln generaL that wLth non-

afterburuing englnes the velght of engine to alrcraft weLght reacheE a

very high value of about 0.5 for Level supersonic fligbt and lt therefore

appears that afterbnrrnlng engines are necessar;y for hlgh eupersorlc

speeds, uotrrLthstand.lng the hlgher ftrel coneumption. Enploying after-

bumilg engines, the englle mlght required le almost constant at abort

15 percent of alrcraft rmlght for aIL speede. Hlth respeat to the

specifio thnret required for the subsonlc enrlEe of a supersonlc aLr-

craft, ve flld that quite a low rralue of the onler of or-Iy /*0 to 50 te

requLred., uhlch worId, requl-re a hlgtt tenperature engine to be throttled

back even wlthout afterburnlng.

It is apparent from the foregolng that the clesigxl of an englne otrr

tfulzed for both subsonio and supergonla operation poses quite a problen.

At high speeds we require afterburning and high turbine inlet temperatures,

vhile at eubeonLc speeds we require high conpression ratlo end. moderate

turblne irr-]-et tepperatures. Apart fmrn the previously nentionect d,if-

fieulty of d,esignlng aircraft to f1y efficLently over a wlde speed, ranget

tt is apparent that there Ls eone tllffieuLty in designlng engtneE to do

J.lkewise.

In thle respect, we might coaslder the question of range. For a
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ftxect ratb of, fueL load to alrcrtft weight, the range of an alroraft ls

dtrectly proportiouaL to the Lfftr/drag ratio anrJ Mach nunber and lnvereely

proporbloaal to the specifie fueI consumptlon (Appendjx 2). Conparlng

va}res at Mrach 0.9 and 2.t, taking data fron Flgure 9 ue filrd that the

range faetor et Maah 0.9 ls L0.8 whlle at l;lach 2.5 Lt Le 6.25. I,lhILe

thie l"ndlcates that narclnmrm range w111 be obtalned by keepLng Bone portion

of the nission subsonlc, a otudy of a partleular alrcraft and engines ney

lndioate that eontirnrous superoonio flight uiLL glve manimrm range. Thts

wonld happen lJ, in optimizing for suporsonic fliglrt, the aircraf f JJff/

drag and engine opeoiflc fueL conswnption rere both 30 peroent worse at

I,lach 0.9 than the best possibLe at this speecl..

E;iglTo& Nozzr,Es

lls hove already seen the growlng imporbance of the finerl nozzLe of

the engine, both on ltE perforuance at hlgh epeeds and also on the ueight

of the engina. For an engine to be capable of satiEfactory perforuance

both at subsonic and eupersonLc speed, and usiag afterbuming when desLr-

ablee wonld, ideally requlre a Iaval lype rrozzle uith a fulJry varlable

throat i.a onler to accounodate afterburnlng and a fullif varlable exlt

dLaneter to give correet expansion at every engine rpn and fomard, speed.

$nch. e. touzI:e is an grbremely heavy and. nechanlcatly conplex devlce.

lloreover, in actuaL ai-rcraft practice ue have to deal not only ulth the

nai.n engine flow but also the cooling air flow uhich passeE aror:nd. the

eagine plus uhatever bypase flow is necessary for intake matching. It ls
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thErefore, apper€Bt thEt the filal nozzle of an englne Erst have eJeotor

oharaateristles ln or.der to adequate\y soavenge the englne conpartmeut

and oool the afterburner ihrrtng take-off uhen the ras preosule ratio le

:

Iow.

Fortuaatelyl the flor lhooneaou tn the afuple eJeotor type nozzLe

uEed on subsonio al,rcraft ls meh ag to aLLm e oerbain auorrnt of dL-

vergeat expansloa of, the oala Jet and thlg ,.ilee oan be developed ln order

to. obtela dlvergeat erqpanBj.on et hleh epeed,s rLth oonslderable rnlgbt

saviagl

Eigurea 11(a) and (b) ehou eJeotor type nozzles for use et Mach mr.nberE

up to atrout 1.5. fn (a) rithqrt afterhrnrer, lt rl-LL be seeo that ae the

eeoondary flor tg aocelerat€d thmrgh the fLual noazle, the annulus uhleh

Lt ocouplea dlnfulEhes ltr area thua allodng the raln Jet to eacpard. Itr

Itlustratfon (b) rdth the af,terhrrner ln operatlon, slaee the throat erea

of the natn Jet (On) fe non greater, a correstrnndlagty greater d,lanneter

(D5) urst be allorrcd for lte expansloa. fhis ls achlwed by theottltng

the secondary f,Iono

Thts baslo prlno!,ple aan be sbended to engines required to fly up

to !{aoh nrnibarE ,of 2,5 ea sholra fu tUnetretloue 11(c) ard (d). At low

speede, Lt nay be necessar;r to brtag ln Eoue of the eeaoadazT flolr from

ontsLde of the alrorrefb ln order to ftll the ftnal rrozz]ra vhen the rnaln

Jet presare ratLos are lor and dlvergent expaneloa Le not desirable.

Thle wouLd be done b5r ueala of breed doors. at hlgh speede the bleed,
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doors are automatlcally closed allowlng the main Jet to expancl to the

f\rLL diarneter of the exlt nozzle. An alternative method of obtainlng the

trecoBsar]r anoult of dlvergent expanslon at hlgh speeds rrouLd be to equlp

the ehroud as woLl aE the prlmary Jet norzle with an Lrle tlpe nozzle ee

shour fn IL(e) and (f).

1ts8 BEPASS E[rGr{E

No paper deaLing wlth 3.a.rge llgbtwelght trrrboJet englnes uouId, be

compS.ete at thiE tilne wlthout EoEt6 connents on the admntagee and c[ls-

advantages of, the 
.bffass 

engine. In the bypass englne, the dlameters of

the flrEt otages of the compressor are greator than that of the Latter

stages. Some of the oompressor al.r flow le bled off, bypassing the con-

buetlon chanber and turbines, and ean either be exhausted setrnratoly or

re-rnfuced, ulth the turblne e:rhaust strearn, the whoLe exhaust flon then

betng eJectedl through a slngle final rtozzLe.

}r Figure 12 a' comparison has been mad.e between the desLgn point

perforurance of a straight Jet englne and bypass englnes of the eame

overall conpression ratio. The flight cond,ltions assumed were },laeh 0.85

itr the stratosphere. IIre oneraAl compressi.on ratio of 12 reLates to thie

fJ.ight oondition. To permit njxing of the bypass air and. turbjae ercbaust

gas wlth mtnjmrro pressure loss, it r"raE arranged for the bypass deliverT

pres$rrs and turbine e:draust pressure to be equal. For all turbine Ln-

let tenperatures investigated., the bypass flou uas aszuned to be 33 pr-
ceat of the total flowr ?hus, wo are consideri-ng a different bylass
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engfuro d,t eaoh turbine tnlet tenporature tn that the coupression rati.o

of the typaso air lncreaseE rith turtlne inlet tenperature. A bypass alr

flor of 33 percent of, the total alr f,Low lras ae$rned elnee thts value

Eeeme J.lkely to permlt satlefactory englne operatlon at reduoect rpm by

ueing a two spool arra,ngement and. withant the additlonal eompLleatlon of

varlable conpressor statorE whlch uay be neceosatTr, by a$alogy wlth a

turboprop, at hlgher bypass floffi.

0n the basLE of these detalLed aasunptions, the follorulng concluetone

oan be d.raun f,ron the reEults shom tn Ftgure J2r At a glven epeotflo

thnrot, the bypass, englne requtres a hlgher turblne tnlet tamperature

than the stralebt Jet eng:tne. A,s the bSrpase flow Le laoreaaed, the by-

paos engine has to operate at higher antl blgher turbine tnLet tenperatures

ln or.iler to achleve a reasooab].e speclfic thnrst. The bypaee engine for

the example Ehonn has a DiJrfuun speeific fuel consuuptLon at a furbl.ne

tnlet tenperature of about I,OOO d,egrees K (13/+O degreee X'). ft gives a

speclfio thnrst of about 30 pornrlo thnrEt per pornd of air flor per se-

cond. At thls same Bpeeiftc thnrst, the straight Jet engine haE a

specifLc frrel eonsunption of about forr peroent higher but operates wlth

a turbiae inlet temperature of onJy pOO degrees f (1160 degrees F). At a

epeciflc thnret of tr7 pormd per pourd per seeoncl the situatlon ls reversed,

the stralght Jet engtne havtng a opeetflc fire1 consunptlon of abort three

pereent better and thls does not aLior,r for blade eooling losses uhich would

be requirect at the turbine inLet tenperature of 1400 degrees K (2060 de-

grees F) required by the blpaoo engiae at this specific thnrst. Thus,

-Lt-
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for a given speclfLa ttrnrst there ls probably veqp }Lttle to chooge be-

tueen the Etraigbt Jet a.ud btrrpaos angine, as f,ar as fireL consumptlon Ls

ooncerrrd. ConElderatLon of, the reducecl rpn performanae of e glven en-

gine nay rodJfy thie concLusLoa sonewhat, but probably not to any great

extentl provld,ed. the bypaes engine uEeg separate enhaustE.

If we conslder a otralght Jet engine and bypass engine of the same

epeclfl.c ttrnret, tt uould aleo eeem reasonable t'hat they would have tbe

6ame Bpectfta thnrst at take-off at the sane ryn. Slnee opecifl.c thnrst

J.s a dtirect functlon of Jet velocltyl we uould, therefore, orpeet both

englnee to entt the eame of nolse at take-off. The Jet englae

hae alr advantage tJr thst, beoauee of lte lor.rer lnLet turbine tenper-

aturee Lt oan be qver-Epeeded at take-off (if sultably etressett), and

the extra ttrnrst (30 to {O pereent) o*, be used to get a greater load,

alrbome lrlthtn a glvea dlstance or aLternattvely wouLd prsve usefirL

under hot day condLtione. Only when wer-speecld, holrever, ulLL lt be

noiELer ttran the bypags englae.

I,lhile ruch hae beeo eaLd about btrryass englnes ln terus of better

proSuleive effiolenay lt appeare thot the only reaL aclvantage of the

bypase englne nay 1le tn hlgher thnrstr/uelght ratlo. In Ftgure L3 a

cornparLeon ie uade between a stralght Jet englne ancl, a btrryaes engine of

the same tluust. Both are trlo epool arrangemente and both have the saue

tntake d.iaueter. Ilowwer, tn the bypass engine the hlgh p?6s$lr6 pot-

tion of the compressor can be nacte EmaLLer !n diameter. With respect to

the turbinee, the low preosure turblne power per pornd of turblne f,Ior.r
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le greater.fui tUe byaase engine, necessltattng a turblne dl-aneter some-

uhat larger thanr ln the atratght Jet engine lJ the eame number of turblne

stages are to be eupLoyed. lnother inportant potnt le that the high

pressure conprossor, contuetion chamber and high pressure turbine are

ehorter, leadlng to redueed shaft lengths. ThLe rectuction ln length nay

be eomewhat offeet, by the necesslty of reasonable dletanoe between the

1or,r prcssure oompreseor outlet arrd high preesure conPreesor {n'l6t {,q

acoonuodate changes ln blpaae ratlo at reduced rpm operatlon.

Neverthelesg, e:t overall reduetion ln engi-ne Length would appear to

be pooelble i-n the btrpass engLneo

In conclusion, it eppearE that the application of the b5rpass prln-

clple offers the possibllity of a eertain reductlon ln engine nelght for

a given thnrst at the expense of, higher turbine operating temperaturee.

Against thie, the stralght Jet engine, whlIe perhaps ellghtIy heavi-er,

afforde the advantage of a reeerrre in thnrst and Longer turblne operat-

lng LLfe.

Wlth regard to appllcation, aince the advantages of the btrpass

princlple dj-urinish wlth forrnrd epeed, the btrpass engine shous to best'

advantage at 1.or,r speed. Because of 1ou speclfi-e thnrst, the bypass

engLne and low tempera.ture stralght jet requlre pod type jrostallatlon

sJ:sce htgh airflows are an embarrassment jn burled ilstallations.
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MmHANIq$t DESTGN

Figure lr{. ehowe the trend ln t}rnret,/wetght rratio of large snd snall

turboJete ea pred.icted by Gregory(4). orr work lnd.lcateE the poselblltty

of an l8rooo pornd ttrnrEt englne wlth a thnrst'/uelght ratto which rles'

aboqt nid r*ay between the trend for aroall a^nd large engLnes. IIow ls thls

Large thnrst/ueight ratlo achiEved?

Hlth the lotroduction of nern uaterlals, such as titanium, the neight

of rotating coqponents of turboJet englnee ean be coneiderably reduced ae

shown in Figure J.5. It WILI be eeen that the waight of a compressor

stageintltarriumlsonlyabout45percentofthesanestagecleslgnedln

EteeL while the clensity of titanium Ls about, 6O pereent that of steeI.

ThlE consLderable reduetiou tn the r.rclght of dyna.nlo parts ta turn aJ-Lor're

us to u8e a verT mrch slnpltfted rotor bearing systen ae ehowtx ln Flgure

16 rlth even flrrbher weight rduetion. Figure 16 ehows a four bearlng

arra,ngeuent for a large two spool engi-ne. In order to keep the low preE-

Eure shaft ae Ltght as posslble a steady bearlng has been adcled r.rhere the

Lor preesure shaft pasEeg throrgh the high pressure thnrst bearlng.

I{evertheLess, there are only two oil e;trnpse orre at the front of the Englnc

rhere the thnrst beerlnge are Located and one rttbtn the tal]eone bullet.

The uffia^l centre bearing asEoclatett ulth tr:rboJet eonstnretLon together

wtth tts oIL srunp and supportlcg etnrcture haE been conp.Letely ellnircated.

In a tvo opool engiae thtE Leede to f\rther stmpliflcatj.ou sinee the oqup-

Ltage and, other componentE are unnecsBsarsr and lea.ds to a conrparatively

lotr coEt englne.
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Wlth regard to the vibratlon charaeterietLoe of euch a rotor syaten,

Flgtpe 1? ehous tbe type of vlbratlon pattera ltkely to be obtalned ulth

thla Qpe of rotor Eysten. The usual deslgn practl.ce le to aesune rtgid

bearlng supporbs anil cteeigp both ehafte to have orltlcal epeeds a,bo'\re

maxlmrn s1red. Because of the fLe*lblltty of, the bearlng eupporte m

f,t11d that both crltlcal speedE wtlL Lle wtthtn the engine epeecl lange.

Eowener, the danptng oapacity of the eng!.ne frame is euch thet the

anpLitude of ehaft vLbratLon at this orltical speed doee not attain arly

appreoiable rnagnihrcte, and. moreover, the anpLltud.e of vlbratLon of the

englne frane ttself ls rr€11 utt'trtn the allonab1e toleranceE.

Figure 1T was obtalned with the ehaft uetght cltstrtbutLon and. joint

efflciencies ss desLgned. In the caee of aontpressor blacle fallures,

ueigbt dtetrihrtion ean rary conslderabLy provtdtlg ort of balance forces

that rnay lncrease the anpJ.ltude at the crltloal apeed leading to perman-

ent distortlon at the Ehaft Jotnts, r'otor taetablllty and faIlure.

To eheck tbat thte condltLon diil not arlge, an englne has been hrllt

wlth rotor retght distrtbution as d.eelgned but wlthout bLadee ln the con-

preggors or turbtues. Each rotor rlas driven fron ecrteraaL sorcee at rpal

r+eLL above maxLruu deslgn speed. trlhen norural vibration characteristicE

ha.d beea obtaiaed,, out of ba}ance was Lntroduced equlvaleat to the vorst

eaEe Llkely to arlee. Dl"uenslonal ehecks ouboequentJ.y dlocS-oeed no r0oYe-

nent of the rotor Joiats axd that conplete etability had been achlaved.

Ftgure 18 shous the engi:ne ancl erterna]- drlves used, for this irvestigatlon.
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In ordei to recluce the weigbt of rotatlng compoaenta eo that the

englne strueture can be correopondinglry lightened, stre66 studles requlre

partlcul.er euphasis when deallng wtth I new naterial suoh as titanfum'

The lory nodrrluE of e}astielty for lnstance preseats tltfflsultles lrr load

dlEtrlbutLon r*rea d.es5.gns approaeh ultlmate va1ue6. FJ'gure 19 ehoue

aome photoelastlc EtudLee carrled out on conpressor d'iso d'6slgn'

mInBIUE DESIGN

Ftgure 2O Ehows the deYeloproent of turblne blade flxlr1gp', T[e ueII

hooun nflr treen type of root (a) lrao one of the earllest $pes of tur-

blne blade flxlng. Ttrls type of dtesl.gn wag neseeElt'ated by the large

urmb.l of bLades tequlred in the single stag6 turblaeg of, early turboJetet

whlcb rmre hlghlY loaded.

Wlth engtne dtevelopnent to htgher coDpreBEloD ratlos Lt uaE eu€D-

tualty nooeesarT to use a trn etage turblne. ltbls tnnedlately gave lte-

duoed blade Loadlngs and perulttd aoneLleratlon of the elupJ-eet form of

f,txlng, namely the elngle branch fixlng ehoun 1a (b). Thls flxtng 1E the

ai.up}est posslble to uanufasture ead lnspect and permJ-ts a rocklag motlon

thereby gtvtng eoue damplng. NwertheLesg the uidth of the stub between

bladee le uadesLrably naxrou a:cd ln the event of ehear of a braach thE

cornp}ete bLade could, leave the d,isc. Thlg tn turn would per"nlt all

blades to be sheit.

A conproulse between ease of rnanufacture ancl safety ls therefore
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attalned, by the uee of a tno brancb ftxtng (c).

tllth rega^rd to tbe peroloeible llntt of antprt of a turblne etage lt

has been orrr srperLenee tbat a tr.no stage turbiae of the eane total ortput

as a slngle otage turblne at ltE naxlmrn ortput ls ouly sllghtly heavler

but has gteater efflclenoy leadtng to loler spoLflc fire1 oonsuuiption.

flInBrNE DISC MATFI.ILS

fhe developnent of nen turbine dLsc Dateriale ie also contrlbtrtlng

to the reductLoa of rrcight ln turblneE. In Figure 21 te glven the pro-

perttea of earJy dlEo naterlaJ.s $rch es fr{$ ae coqxred vlth t'he nore

recent L-?;86 arrd, Greek Aseoloy anil the noet recent Inconel 901. In

changrrg from E-lr6 to L.2# lt 1g poeelble to acbLere a reductiolr ln diEc

velght of about 50 peroent. !\rrther decrease ehould be posslble uhen

InooneL g0l ls [E6dr $lnce the turblne of, a turboJet accorntE for BoEB-

thlng Llks 10 peroent of lts total welght, lt lrfIt be apprectatetl that

any redlction wlrlch oan be effected tn welgbt of thls rotatlng corponent

vLll be ortrenely beneflcleI to1larrts redualng the total engine ueight.

W
Wlth the continqouo lmprwenent of turbine blade rnaterlals up to the

presont tlne, there ha,s been very J.tttLe lrterest ln attalnrnent of even

bigher teqreraturee by the use of turblne blacle cooS.lng and lto advantages

and dLEadvantagos are EtIII eubject to coutrovorsf,o As we gaw ln Flgures
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3 anrt 4 for non-afterbtrralng engines; whlle higher turblne tnLet temper-

atures d,o not glve ver.5r urah benef,lt es regards speclfio fireI conoruptlon

they can conslderably lncreasE the spectfLo thnret and tlnrs avold the use

of afterbnnolng except at very hlgh apeede ard tlurlng nanoetlvre. In

Fleur:e 22 the effeot of air coollng of turblrre blades on the perfor"nanee

of an afterburning englne Ls shoua. In thts orarnple a three stage tur-

bine ts enployed and, ln vlen of the hlgh coqpreB6or dellver7 tenperature

et Mach 2.!, very hlgh oooltng atr fLowg usuld have to be enpJ.oyecL.

Asurming thet It uere possible to pass these alr fLons through the

blades] lt llttl be seen that ttre quantities r*hich have to be bled from

the conpreesor, and therefore perf,omr very llttle usefirL vork ln the tur-

bLne, are Euoh that the lmprovement in performanoe 1o only eltght. In

aotual*practlce wlth a three stage turblne, probably about 10 percent ls
{

the maxi-un air flow whlch oould be used, wtrlah ttould give an upper li-mtt

of turblne lnlet temperrature of about Lr35O degrees K (19?0 d,egroes F).

In addttion to this aerodynamlc Llnltatloa of eli cooling blades, the

tltfflorlty of fabrloatlon ls qulte oonslderable. Flgure 23 shows sone

early tSrpes of fabrloated turblne bLadaE whlch t€re rul ln englnee fpr

the Snrrpose of sv&hsttng dtffereiit nethods of aonstru.ctloa and, fabrlca-

tlon. }lhile r1.1 f,fusEe tyTes of blsde aonpleted a L50 hanr qralifleatlon

test ulth a turbine lrrLet temperature of l-r200 d.egrees X (L?00 degrees F),

cracks oaeurrecl la the cover pLates or ln the joint tn aLI ce,B€or the

results of fattgue tests tn the laboratory at, roon tenperature i.ndlcated

that b}ades (a) a.na (U) Uave an endurance Ilnit of about {0 percent of

that of a eolld blade ln the sars materi.al. Blade type (c) nade of two

-18-
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machlned blsde forginge Jotned on the convex surface near the neutral

bendtng axis uas eL1ghtry better. Inprovement le expected wlth develop-

nent.

When the coollng alr flow occeeds abort two percent per stage it

appsars that lt w111 be neceosa.ry to lnoreaEe the preosure of the cool-

tng atr over that of, the compressor cooling alr ln orrler to obtaln the

necEosartrr preg$re drop to drive the aLr throtrgh the bl"ades.

To arrnmarize tbe pooltloa as ue see lt, lt appearr poestble to

attaln turblne tnlet,.temperatures of about LJSA degrees K (L9?0 degrees

F) at fonrarrl, speede up to abotrt l,[aoh ]..5. Ttr1s reqrLreg cooLlng alr

fLow of about two percent per etage.

It ls apparent fron the foregolng that tf ve rish to achLeve hlgher

turbine inLet temperatureo or even moderate lncreaseE ln turbtne inLet

temperature at, speeds of the or"riler of ldach 2.5 ve. wLLL have tq uee methods

other than atr oooling. ConsiderabLe developrnent bs.s ahea-dy taken pLaee

ln Canada on alternattve nethode of cooJ-Lng. Idleallyr of course, lt

would be desirable to obtal.n theEe hlgber temperatures wLthout cooLing.

In Flgure 24 l,ihe propertleo of uolybdenun are compered rrlth Inconel ?00,

a turblne bl,ade naterlal now Ln falrly oorunon use. The trenend,ous

Lmprovenent ln the creep properties of nolybdernrm are apparent; however,

use of thLe naterLa,L is dependeat upon the developnuent of satLsfactory

methods of |tclaclcHngrr the nolybdenun b1acle to prevent high temperature

corrogion to which the bare materlaL ls very susceptibl-e. It should not
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be forgotteh, of course, that the use of hlgher inlet turbine temperatures

al.oo lmposeg conbustlon cteveloprnent problems.

*5iiffi;iffi#^l;l;ffi
As ue havE seea ta Stgure 14 OregorT predlcta that arnall Jet englnes

of almple eonstmatl.on of, about 2rO0O pomda thnret rdIL bo aval.Lable la

196O wtth a thnret/relght ratla of 7.5. ThLe agrees wtth our our eetl-

ratee. We have also shom that Jarge $rbeonLo enginea of 181000 pornds

thrrrEt wlth a thnrst/nelght ratio of 6.0 shorld be avaIlable at that

tfuue. Ihis Eeenlngltr l"arge veight advantage of the srnerl eagLne, Ls,

howevere conaiderably dlnlnlehed,, ao far as use ln large alrcraft is oon-

cernedl uhen ue ooue to eonsider the lnstaLLation and. control pnoblems

aeeocla,ted rdth sns]-t enginee, In Figure 25 ve have congLdered the ln-

etallatLon of both t1ryee of eugine to an aLrcraft requlrlng T2.r00O pomds

take-off, tb:rrEt. IhlE airoraft rorl-d requirra forr 181000 porud engines,

or altenrattvely, thtrby-tro srnalL engLnea. Since an alrcraft of this

slze would probably have a rtag ohord of the onler of 25 feet, lt wILI be

eeen that the hrried installatlou (Ftgure 25b) neceegltates very long in-

takEe ard Jet plpee. Ttnrep rrlth ellrtaea engLnes l"n each rlngr the wlng

atnrctur',s r{suld be penaltzed and space whLch night concelvably be used

for f\rel tanls would be considerably reduced. No value of relative

frontal area hae been given for this lnEtaLlation but lt le apparent lf
the frontaL area requlred to ewaLlor the air approacheE that of the ning
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then the'eaglnee oarnot be turled. At the cnrise altltude of such an

elroraft, the engine performance and i.:rtake efficLency rILl certaLnly

deterlorata due to ffeynoJ.ds nilrber effect.

Ia Flgure 25e ve have consldered a podded arraugenent of sroa-lL ea-

glnee. The largeEt runber of pods uhtch one oa.tr use ln order to avold

Luterferenoe ttrag ef,feots is probably elght. Ttrus, each pod uilL eon-

taln four englnes. Nwertheleae, naktng a,Llowanoe for erternal. piping

and eontrol eSrsteus the frontal area of such a pod rrlll be approximately

1.8 tfures that of 
'the 

18rO0O porrlrd englne pod. In order to attaln a

satlef,actory aerodyaanlc shape for the pod antl to obtatn good flow lnto

the engiaes and avoid base dragl the pod uould probably have to be abort

the eaue length as for a eingle engine pod,.

If tnter{eronce effeots rlenand the use of onlry forr pods vith elght

enginee ln each, the retative frontaL area lncreases ta 2.2, Agatn the

overall length of, the pod wlLI be equal to or greater tharx that of an

18rO00 pourd engine pod.

With regB.rd to the probLen of control and supply of fuel- to a large

nrnber of eagines, J.t is presurued that a elngle control systen uould'be

used to eontrol.at Least alL the engines ln one pod. Eaeh engiae voulct

have to eontrLhrte an equaL Ehare of bLeed air for drivlng the single

turblae prmp to avoLd over tenperature on anJr one englne. Satlafaatory

firel d,lstrlbution although necessitatiag erteaeive pLping could probably

be achieved ln podiled eugines but it would be very difflcuJ.t with brrrierl
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en6ines; parblcularly at hlgh altltude when fuel flors and. burner pne6-

sures are very low.

In considering the appllcatl,oa of emall engines to interceptor alr-

oraft which today, tgaortng the ltghtwetght fighter, appear to require

take-off thnrstE of 181000 pounds or greater, elusterE of Em,lL englnes

appear und.esirable becauEe of frontal area consideratLotrB.

In coupartng J.arge and sna.ll engines, another eonELderation whlch

oannot be igaored la the natter of cost. WhILe tt 18 unltkely that the

smalJ mgtne can lneorporate the neceEear':f d.egree of aerodynarnic reflne-

nent to aahl.ere the perfonnance poosibJ.e wlth larg6 €ngln6s, tf tre

arsur[e that tt corld., then lt trould contain approximate3y the s&rriB nlnn-

ber of parbor Because of the finer tolerances required, on the parbs for

the emall engine, the mamrfacturing cost, even though the amount of

nachlnlng ls 1eso, woultl probably be equal to that of the large englne.

The coEt of the large engine wouLd thereforer on.Ly be greater by the

anount of the lacreased material cost. It is tberefore, dlffLorlt to

avold the eonclusion that eight 2r25O pound thnrst engines uoulcl cost

severa,L tlmes that of one 18rO@ pound engine.

I{e therefore concfud.e that the small jet englne Ls not corapetitive

uith the Large engine ae the main power plant for large aircraft slnce

lt wrll be d.efleient ln perfomance by reason of ite neeeEsarily sinpler

eonstnrctLou end Reynolds number effects. !trhiJ.e lts lnstal-led ueight

w111 be about the same, lts frontal area wiIL be greater and, its cost per

-22 -
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poud of thnrst eevoral tjoes greater.

coNclusroNs

The use of tltaniun in trrrboJet engineE has perultted an lnprovenent

ln ttrrnst /veLSfi ratlo of a gpeater rangJ.tudle tban to be erpeoted W

stralght nateriaL eubstltutloa. ThiE Le because the use of titanlun tn

rotattng part6 pemtts the use of a two bearing rotor ey*ten vith eltmin-

ation of centre bearLugo. t\rrtherroree wlth sualler dytarnlc f,orces the

engine etnrcture aan be oorrespondingly lighter.

gEaIL tnrboJet engtnes, despJ.te their sllghtIy hlgher bare thnrst/

nelgbt ratLo are not coupetlttve wlth l,arge engines for large aircraft,

for oae or mor:e of the foAlowtng re&sonBt- hlgher lnstalLed teight,

Lnferlor perforoance, installation and control compLication, hLgher cost

per porad of thnrst.

A ftpass englne ard t-urboJet of the saae specific thnrst have about

the same specifio fireL oonaumptLon. In addlttoo to havlng a Lor,rer tur-

blne operating tenperature, the tnrboJet at the sa.ne speotflc thnrst ls

no nolEi.er. Moreryer, the turboJet can be wers.peeded giving a thnrst

reoeme of abort, J0 .percent.

In ozder to operate otrpr a wicle speed range at na:cimrn rpn with tra:cI-

nrm conblrstion temperature lndicateE a snal] eompronise in subsonic per-

fornanoe r*rich would appear to be the deslrable altemative to varlable

turbine geonetry.

_23 _
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High speed al-rcraft uslag afterburulng have to aocoumodate bypass

flow for intake matehlng and eooltag flou for the a^fterburnerr fhe use

of, a ltghtneight eJector nozzla tulJll1e lhls ptrpoee and alno perults

satiEfaotory dlvergent *panolon wtthtn the range of erlt d,laneter to

englne dl-a.ueter Itke1ry to be used l$ pract,ioe.

Eigher turblne tl}et teuperatures ere most beneftclal ln Don-

afterbnrrnlng englnes. For hlgh apeeds beoause of htgh eomPressor d'eJ-trerlr

teurperatures, tlre use of alr coo'llng of turbtne bLades becomes ll-uLtetl and.

the.developnent of other nethods of eoollng or of materlalsl uhlch d'o aot

require cooLlng, is neceearTo
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NOUM'ICI,,ATIIB.E

A Area, Atr turblne throat' erea

Otr Alrcraft lift co..efflcient

D Aircraft dragr dLameter

F SFr, net speclf,lc thrrst

t Atrsraft Lt-ft

M Maoh rumber

N RTI{

P Tota-l pressure, abEolute

p Static trnlessure

q Dynamic pressure

B Oompression ratio, Rtr'range factor

S lling area, Sffi specific ftrel consunptlon J.Uszhrha thnret

T Total tenperature degreee absolute

t Statlo tenperature degrees absolute

W Air ueleht flou

w Welghte w* aircraft rlelght, ws engLne weight

At Conpressor tenperature'rlse - d.egrees

f Ratio of speclflo heatE for alr

q EffLclenpy, 1L futake efflclencyr ?po1y polybroptc corn-

pressor effLeleney

Other Subsorlpts (not deftred. f.u tert)

L Compressor lnJ.et

3 I\rrbtne i-nIet
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APPESIDIX I

The Ef.f,ect of Fo-nrard. SpeecL. on helne ODeratLon

t-lf ue assune that the flow t+f/Tf lnto the compressor lE a ll:rear

function of Nr/ E then for constart rpn (N)

wt Tt

ff. conetant (1)

$ ue furbbet' aosulne the,t the turbine nozzles are ehoked then

W = conetanrt
q, P3

a-

' 'J3- x 3 r # = constantT1 ?3

Ilence for fixecl A1, q"d fl b n L 1.e. the conpreselon ratio is
{11

inversely proportionaL to the J:r-Iet tenperature. ALtdrnatlvely, re rnay

as6urre that tbe compre$sor tenperature rLse 41 remaJne constant girring

Rcc 
tL{,&13'5nror"

and substttuttng fu (2) ue ean obtaln variaplon of T3 for constant A1 or

vice versa.

P1

(2)
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APPE}IDDT II

Rel-ationshios Between &Isine and. Aircraft Performance

Let = aircraft wing loading

Then =0gg=Ctr

.'. Altltude ambient preofltr€ (r") = (w*) zTW
2. hej:re. T.ntale lrsEsure llPdl

Pd = Pox?1

= rr(t+ o.zy4)3.5*lL

n''plge- Iatakg Ternperature (Td

TU=t"(1 +0.2M2)

Batfo 
,Ereire 

ileight/Atrcmft Ueleht (u./*.)

Iet subecript tretr refer to sea leveL static eond'itlon.

nd.x to d.esign conditlone

=WaTa (equation 1 of Appendix I)
t,d,

bIs
P6 Ts

speeific thnrst

(gs)

s

(w.)
g

s +y
(r)

(2)

$)

)a

4.

?hen Ye_J".
D
^g

orWB=Wd

Let Str'n =

Best Cmise Altitude
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Thon W: = ua(' 
[[lEr;I

Gtving tJo = 
-lh- 

x 3g x tr- Lh (sr6) P6 rE

ancl takiag y€ = o.o6 lbs alrflot/eec. Per Ib uetght for
rte

a,n afterbtrrnlng engLne at sea lenrel statlc ue obtalnt-

/1Io\ = O.55(fr/ Eblsril)
xT4

for Pu = J4.? psla and Ts = 288 degrees f (fg degrees f)

NOIET The value of IE of 0.06 LE for an engine of aornpression

tle

ratLo 12 etreEsed, f,or supersonl-c fIlght.

5. The Batio of Speei.flc ltrqste for a Given Srgtne at Dlfferent

(4)

t
'd

F'l i pht Srseds

tet !11 and l-{2 be the two opeeds and assume as ln Appendtx f that a

constant rpn

Ir Tr 
= 

fizTz
Pl Pz

or*"-.xE=., ttaxTZqnJsffi !i rvTrTsry, k
lar.'. sF,t = Iyil, xz ?z x iI

SFoe (1"7r), P1 Tz
$)
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rep:Olg: Let MI = 0.91{r U = 2.5M then from Flgure 10

for v* =
s

5oll/tt?, TI = 260 degrees K, Tz = lrSo degtrees K,

PL = 2.5 Pelar P2 = 6.5 PsJ'a

(tpt = t2, (L/o)z = 5.5

"'ffi= Hx ?3*ffi3= o,.G5

Therefore, If the maxlmrm, spooifla tharret at Maeh 2.5 ves

?O (say) then the speclfio thnrst requLred fron the sane englne

f,or eubsonic cnrlee at Mach 0.9 wotrLd be 0.65 x ?0 = l+5.5.

6. Bans€-Factor

Range Factor = /&\ r -$aeh No. (6)

\D/ Speolflo trte3- ConsumPtlon

Eranplq: At 0.9Mr L/o = u (rieure 9) sxld sIE = 1.0 (r.reure 8)

at 2.!M, L/D = 5,5 and SFC = 2.2

Eeace n$no=12x0.9. = 10.8voa --T6-

ffiz.i=5.5.r*rzq2 =6.25

$rppose, houever, that tr ortler to attain L/n = 5.5 at, 2.5M

the naxLmrn L/, af 0.%4 was only p and that la order to attaln a

speciflc fire} conormption of 2.2 a!,2.5!1 the e:rhaust w&s oV@x-

expanded arrd conpression ratio Lower than 13 at 0.9M givlng a

epeeific f'ue1 conswnption of 1.31 then ffi0.9 = 6.25.
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.,ET EN GIN E PERFORMANCE

. SPECIFIC FUEL CONSUMPTION VS SPEC]FIC THRUST
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JET ENGINE PERFOR MANCE

MACH 2, 5 STRATO SPHERE

NO AFTERBURNING

INIAKE EFFICIENY O.8I

FULL EXPANSION

Fig.4



JET ENGINE PERFORMANCE

MACH 2.5 STRATOSPHERE

AFTERBURNING TO STOICHIOMETRIC LIMIT (TOTAL f/o = .OGIOS)
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JET ENGINE PERFORMANCE

AFTERB,RNTNG ro t$3,t*iofi.tt#T'fl'?i*,%tto,- t /o = o.ros)
FULL EXPANSION

INTAKE EFFIGIENGY O.8I
AFTERBURNER COMBUSTION EFFICIENCY = O. 85
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COM PA R ISON OF DE SIG N POINT PERFORMA NCE
STRAIGHT JET AND BYPASS ENGINES

CONDITIONS : R : 12 AT MACH O. 85 tN STRATOSPHE RE
33 PERCENT OF TOTAL FLOW BYPASSED AND BYPASS
PRESSURE EQUALS MAIN FLOW EXHAUST PRESSURE
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THRUST / WEIGHT RATIO (DRY )

(GREGORY. THE FUTURE OF SMALL

TURBOJET ENGINES- t956)
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wFiGHT OF T|TANlutl BLADES

17 LBS

WEIGHT OF STEEL BLADES
29 LBS

STEEL DISC

STAGE WEIGHT 33 LBS
i

STAGE WEIGHT 77 LBS
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TITANIUM AND STEEL DISCS FOR THE SAME DUTY
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VIBRATIONAL PATTERNS OF FIVE BEARING

TWO SPOOL JET ENGINE

lr,,o
f
F
J
(L

=

MID FRAME REAR FRAME

FREQUENCY I27 CPS

L.P ROTOR

H. P. ROTOR

FREOUENCY 8I CPS

Fig.l7

o

o

ENGINE FRAME



c o- tr.t<+2
do9
SRfi

lrl

=
E
L
UJ
E,
Fz
lrl()

llJ

=
E,tt
E,

lrl
E

lrl

=
G,
tL
I
o
=

xoo
0c

trlo

(9
z
6
lrl
Goz
o
lrl
1r,
(L
a

(,
z
G,

lrJo
o
lr,
Fo

o
(9
z
a
LrJ
co

Fo
f
E
E
F

()
dF0.
-:l-O4(Jt_
ro lrl O,-d=

Fig.18

WHIRLING SPEED TEST RIG



C) AT JUNCTION

RIM AND
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COMPARISON OF TURBINE DISC MATERIALS

MATERIALS A-286 GREEK
ASCOLOY H -46 rNCO 90r

t. MAIN ALLOYING ELEMENTS (%)

CHROME
N ICKE L
TU N GSTON

MOLYBDENUM
OTHERS

z. RELATIVE COST (BASIC)

DENSITY LBS. /CU. IN.

4. SHORT TIME
o'2 % YS

UTS

STRENGTH (MIN.)
ROOM TEMP.

(752"F) 400'C
(1il2"F) 600.C

ROOM TEMP.

l75Z"F ) 400'C
(ll120F) 6000c

5 CREEP STRENGTH
RUPTURE IN (932'F) 5OO"C

IOOO HRS. (lllA.F) 6OO.C

6. COEFFICIENT OF T}€RMAL EXP.

IN. /IN./OC ROOM TEMP.
(7520F) 400"C
(ll12"F) 600"c

t4 75
250

t.?5
Tr=I90,Al=O35

V=O 25

2'50

o.286

too,ooo
9r,ooo
84, OOO

r30, ooo
il4 , OOO

t0r , ooo

90, ooo
58 , soo

16 2 x 10-6
l7 27
t7 72

13' o
2.O
3.O

| .50

o 283

il8,OOO
l 07, 500
67, OOO

r38, OOO

r 28, OOO

8r,ooo

50, ooo
2t , ooo

92x10-6
to9
il.6

t?.o

o5
CB=0.30 V= 3

r50

o.280

too, ooo
82, 500
48, 500
r24 , OOO

r06,000
60, ooo

62 , OOO

32,500

92 x10-6
lr.7
t?.1

r300
44.O

600
Ti=250

4.OO

o.?97

too,ooo
92, OOO

88, OOO

r 50, ooo
r30, ooo
r20, ooo

r05, ooo
75, OOO

13.85 x 10-6
t4. 58
15.5 r

Fis.2l



THE EFFECT OF AIR COOLING OF

TURBINE BLADES ON PERFORMANCE

STOICHIOMETRIC AFTERBURNIN G MAGH. 2.5
GOMPRESSOR OUTLET TEMPERATURE 3 875oK ( lllS oF)
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O ) SINGLE

PLATE JO
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TRAILING
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AND

EDGE

b) DOUBLE COVER

PLATE JOINED AT

LEADING AN D

TRAILING EDGE w

c) TWO MACHTNED BLADE

FORGINGS JOINED ON CONVEX

SURFACE NEAR NEUTRAL

BENDING AXIS

COOLED TURBINE BLADES
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TURBINE BLADE MATER IALS

PROPERTIES OF MOLYBDENUM (0.5 % Ti ) VS. INCO 7OO

MOLYBDENUM rNCO 700

t. DENSITY LBS. /CU.

2. CREEP PROPERTIES

too HRs. TO RUPTURE 8000c (147?"Fl

l.,ooo"c (1832"F)

l,loo"c (2012"F)

SHORT TIME

UTS

YS

STRENGTH

ROOM

650"c
9000c

ROOM

650"c
900"c

TEMP

( 1202'F)
( 1652"F)
TEMP.
( tzo2'F)
( I 652'F )

4. MODULUS OF ELASTICITY (DYNAMIG)

ROOM TEMP.

800"c (t472"F)

5. COEFFIGIENT OF THERMAL EXP.

R.T. to lOO" C ( 212'F)
R.T. lo l,OOO"C (1832"F)

o.369

80, 500
52, OOO

24,OOO

I 13, OO0 PSI

84,700
77,OOO
87,900 (Or%)

62, 600
62,80O

45.5 x loo PSI

4o.o x lO6

5.5 x tO6 lN/lN/oc
6. 14

o'298

43, OOO

4, OOO

l48,OOO PSI

I l3,OOO
62,OOO
loo,ooo o.27")
85,OOO
42, OOO

32.? x to6Pst

23.8 x 106

t?.25 x 106lN/lN/oc
l9'oo (EST',D)

FU."4



.RELATIVE FRONTAL AREA =l.O

O) FOUR ISOOOLBS THRUST ENGINES

THIRTY-TWO 2250LBS THRUST ENGINES BURIED

THIRTY-TWO 2250 LBS THRUST ENGINES IN EIGHT PODS

RELATIVE FRONTAL AREA

THIRTY-TWO 2250 LBS THRUST ENGINES IN FOUR PODS

COMPARISON OF 2250LBS AND ISOOOLBS THRUST
ENGIilES IN LARGE AIRCRAFT

FiJ.25

RELATIVE FRONTAL AREA =2.2




