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A RECIPROGATIMSp~-IGNI~ON ENGINE,A BLCWDGWN‘

TURBINE,ANDA ,STEADY-FLOWT’UKKUW

ByL.RichardTurner,andRobertN. Noyes

SUMMARY”’”””.,.
An analysisIspresentedOf theperformanceofa composite

engineconsistingofa reciprocatingspark-ignitione~ine,two
superchargers,a blowdownturbine,a’hda ste&dy-flowturbine.The
~erfomnanceof compositeengineswith’geared-inturbinesandof
compositeenginesUSingauxiliary“@openersto”absorb‘theexoess
powerofthesteady-flowturbineswasanalyzedinordertodeter-
minethesuitabilityandCOstofdesigncompromiseswhenthesize
of‘turbinesandsuperchargers”andallgearr“atiosareassumed
fixed. .’

Theanalysisindicatedthepossibilityofattainingatan
altitudeof30,000feettheminim.mbrakespecificfueloonsurnptlon
oftheCinderof 0.336poundperhor&epower-hourwithturbinesand
superchargersoperatingat anassuhedmaximumefficiencyof‘
70percent.

.’

INTRODUCTION
—.

Thecompositeengine,consistingofa reciprocatingenginea.s
theprimary,stagewithoneormoregasturbinestoactasadditiofil
stagesofexpansion,is currentlybeingconsidered.foruseM the
propulsionof long-rangeaircraft.Severalanalyseshavebeenmade
of composite-enginesystemsusinga’singlesteady-flowturbine.
(See,forexample,references1 and2.”)

Theblawdownturbine,whichusese%haustgasdischarge~inter-
mittentlyfromseparatecylindersoftheprimaryengine(described
inreference3),oanremoveener~ fromtheexhaustgaswithout
imposinganyadditionalbackpressureontheengine.Inaddition,
theblowdownturbinerecoperspowerfromthekineticenergyof the
gasintheexhaustportsandstacksthatisordinarilywastedinthe
e~ust collectorwhentheexhaustgasesareusedto drivea steady-
flowturbine.Theoutputofa blowdownturbinbincreasesless
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rapidly,however,thanthatofa steady-flowturbineas th-t&bine-”- -
dischargeyressureisdecreased,Formostcases,morepowermy be .
recoveredfromtheexhaustgasby usinga blowdownturbineanda
steady-flowturbinein seriesthanby usingei,therturbineseparately.

TM.sanalysispresentsthecalculated~rformanceforvarious
flfghtconditionsofthefollowingthreecomposite-enginesystems,
eachofwhichincludesa spark-igni,tionengine,a blcwdownturbine,
a steady-flowturbine,twosuperchargers,anda 50-percenteffective
intercooler.

(a)Variable-componentsystera:Foreverypointofthecalcula-
tion,thesizeandrotatfvespeedofthecomponentsareassumedto
be correctforoperationatmaximumefficiencyat thatpoint.Each
turbinedirectlydrivesa superchargerandanyexcess“powerfrom
theturbinesisdeliveredtotheenginethroughgeartrains,and
conversely,anydeficiencyinturbinepowerrequiredby thesuper-
chargersisprovidedby theengine.

(b)Fixed-componentsystem:Turbinesandsuperchargersof
fixedsizeareconnectedtotheenginewithfixedgears.In such
a systemthespeedofthecomponentswillnecessarilydependon
enginospeed,andlossesh theefficiencyoftheturbinesandlosses
duetothrottlingtheauxiliarysuperchargerwilloocur.

.-

.

(c)Auxiliary-propellersystem:Thissystemisthe”eameas
thefixed-componentsystemexceptthatsteady-flew-turbinepower
inexcessofthatrequiredby theauxiliarysuperchargerisabsorbed
by anauxiliarypropeller.In sucha system,itisunnecessaryto
throttletheauxiliarysupercharger. -——.

Thevariable-componentsystemrepresentsthebest””performance““““ “-””—
-.—

attainablewiththeassumedcomponentefficienciesandtherefore
servesasa basisofevaluatingtheperformanceofl-themorereal-
isticfixed-componentandauxiliary-propellersystems.

The@rformanceofthevariable-componentsystemis compared
-.

Withtheperformanceof systemscomposedofthe~me reciprocating
‘engineusingonlya gearedsteady-flowturbineandtheeanmengine
withindividualoylinderjetstacksusedforjetpropulsion.In
evalu.athg~rformance,no considerationwasgiventothedifference
inweightof

‘

Inthis

thevarioussystemsbeingcompared.

— -=.... .A— ..... ... -.;. :..~
.“PROCEDURE -: -- .-

. .. .i: .. T...., -~, :_>-=
anatisis,thenetpowerofa composite-en&e”sysiem

—

isdefinedasthe-sum-ofthein&icatedengine-powerandthepower .
.. ~=.=,..-... ..-.-:’.:”-..-.=:-....L~...,:.,.;*W:;.~,,: ---:‘ -:--.:A%7,..W!n.-”~~=., ,; ,,: >:.: ““Wm.-’-&=m., :=L. --.-. .—



.,
.

.

.

.

XACATNNO.1447 3

developedby theturbinesandjetpropulsionlessthepowerconsumed
by enginsfrtction,supercharging,anddragofpickingup theinlet
,chargeair.

,,

Theindicatedenginepoweras’det&mlne&fromanenginecali-
brationisheredefinedas thesumofthebrakepower,thepower
‘absorbedby the-supercharger,andtheengitifriction’powermeas-
uredor calculatedforequalintakeandexhaustpressure.The
engine‘frictionpowerIsthereforea functionof enginespeed.“-

Thespeciflaairconxtionw.as”calculatedfromtestvolumet-
“ricefficiericiesofa reciprocatingengineandthecalculatednet
powerof thecompositeengine,Thespectiicfuelconsumptionisthe
productof thespecificairconsumptionandthefuel-airratio.The
computation’ofspecificfuelconstipation%s madefora fuel-air-
ratioof 0.067forallconditions.In theinterpretationof the
resultsof theanalysis,~tmustbe repmrnbered’thatthespecific
fueloonsumptlonwf.11be increasedinproportionto thefuel-air
ratioforthoseconditionsthatrequireenrichingbecauseofknock
limitationsof thefuel. ,

,..
Whenthecomputations,for”the’atilysiswerestarted,theonly

availableenginedata@pplicabletotheanalysiswerefromtestsof
a singlecylinderofa currenthigh-performancenine-cylinderair-
craftenginehavinga displace~ntof 1820cubioinchesanda nomi-
nalvalveoverlapof40°. !lhbse.testdattiwere,foran enginespeed
of 1700rpmanda fuel-airratioof 0.10.‘Talcutitionof theper-
formanceofthecompositeenginewasmadeusihgthisenginedata,
assumingthatthepowerandah flowofan enginefora fuel-air
ratioof 0.10wasequalto $hatQ@a@6d fora fuel-airratio
of 0,067,

Subsequently,suitablemulticylinder-enginedatabecameavail-
ableasa resultof testsofa,current18-cylinderaircraftengine
havinga displacementof 2800cubic,tnchesanda nominalvalveover-
lap of40Q. Thesedatawere@ken at an enginespeedof 20W rpn,
an intake-manifoldpressureof30 inchesofmerouryabsolute,anda
fuel-atrratioof 0.069.As a checkon thevalldityoftheuseof
thesingle-oylinderdatatc computetheperformanceoffull-scale
compositeengineq,theperformanceofthecompositeenginewascal-
culatedfgran enginespeedof 2100rpmandan intake-manifold’pres-
sureof35 inchesofmercuryabsoluteby extrapolatingtheavailable
multicylinder-enginedata.

Thedetailsof calculatingtheperformanceof thecomposite
enginearegiveninappendixA.-

.—
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System’-

Thevariable-componentsyetemconsistsofthefollowingcompon-
ents:a conventionalfour-stroke-oyclespark-ignit.icmengine,blow-
downandsteady-flowturbines,a tallpiyedesignedforjetpropul-
sion,andtwoindependentstagesof supercharging..=.A diagramof
thisarrangementi.sshowninfigure1. Theauxiliary-stagesupp&-
chargerisconnectedtotheshaftofthesteady-flowturbineand
theeng:tne-stagesuperchargerisconnectedtotheshaftoftheblow-
downturbine.Eachcombinationofturbineandsupercharger-isso
gearedtotheenginethroughseparategeartrainsthat-anyexcess
ordeficitinpowermaybedeliveredtoormadeUTby theengine.
TheexhaustgasflowsfromtheIndividualenginecylinderstothe
blowdownturbine,thenthroughthesteady-flowturbine,andIsdis-
chargedthroughthejet-propulsionnozzle.

Thebasicreciprocatingengineofthecompositeen~lfi’sdie-
cussedisassumedtobean M3-cyllnderenginehavinga boreof5~
inchesanda strokeof 6 inches.Thedisplacementvolumeof such
an enginewouldbeapproximately2800cubicinches.

N_ozzleareaforbhwduwnturbine.- Inthecalculationofthe
performanceoftheblowdownturbine,thekineticenergyassociated
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withtheexitvelocityfromtheblowdowntur’bine’wasassumedtobe
dissipatedandnotconservedforuseby thesteady-flowturbine;
thetotalnressureattheinlettothesteady-flowturbineWELS
asmmedto-beequal“tothestaticpressurea~ theoutlet-ofthe%low-
downturbine. ..,,. .

Thebestareaforthenozzlesoftheblowdownturbine“canbe ‘“ –
chosenforanyratioofblowdown-turbinestatic’dtschargepress’”ube
to intake-man~old-pr,essurewithoutdeterminingtheperformanceof’
theentirecompositeengine.As theareaofa nozzleat theendof
an individ~alexkuststackisreduced,themeanexhaus&gasjet
velocityVe developedatthenozzlesof–theblowdownturbine
Tiitd’i%AISes.’‘Theenginepoweratfirstremainsconstantandthen
decreaseswithno changeinairweightflow;Fins-llytheairweight
flowdecreased.Theratiov#A hasbeenshownby reference4
t-Oh theCO?3_&OlliIIgpaI?aMOtOr in thisproceqs,where vd iSthe
dl.spla.cementvolumeoftheengine,n istheenginespeed,and A
istheexhaust-stack-nozzlearea, ... . .

.“, . ..-. -.
. !.,... ~,+...-+..........=.. ..........<...=:> -“:3:-=—~
.. .- =-~i.:,..-:.. -s z#!!i!g;g,;;.::---:.......
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Thechangeinnetpowerof theengineandblowdownturbine

AP isgivenby theequation

where’

volumettioeffioienoyofengine

vohxnetrloefficiencyofenginewithstubstackshavingno
restriction

changein qv dueto stackrestriction(assumedzero)

fuel~atzrMid: ,,

intake~htaoldabsolutestaticpressure,(lb/sqft)

accelerationofgravity,32,2(ft)/(sec2)

gasconstantforair,53.35(ft-lb)/(lb)(%)

standardtotalintake-manifoldtemperature,540(OR)

totalintake-manifoldtemperature,(“R)

meanblowdown-turbineefficiency

change,dueto stackrestriction,intheratioof indicated
meaneffectivepressursofengineto intake-manifold
pressure

Allthesymbolsusedaredefinedwhereftrstusedand,for
convenience,arealsoreca~itula.tedinappendixB.

Equation(1)maybe simplifiedby e~ressiW thec~We in
powerinthenondimensionalform
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Fi.@ure2 showsA@ asa functionoftheratio
iousvaluesoftheratioofblowdown-turbinestatic
sureto intake-manifoldpressure,where Ah isthe

.— —.

..

V@/.b forvar-
dischargepres-
bkwdown-turbine

nozzle area. Thevariationoftheintake-&nifoldtemperatureT&
withen@ne speedwasneglectedand T& wasassumedequaltothe
standardtemperatureT&•
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Inan installationoffixednozzlearea,theratio V@/Ab
increasesinproportiontoenginespeed.If itis tentatitiely
assumedthatdesirableoperationofthecompositeenginewillbe
obtainedintherangeofratiosofb}owdown-turbinestaticdischarge
pressurato intake-manifoldpress- between0.6and1.0,operation
atnearlymaximumAo willbe obtainedifa valuefor Vdfi/Abof
200feetpersecondis ohosenfora pruisl~enginespeed.of2100
rpm. Forcurrentair-cooledengines,rated-powerandemergency
speedsarea%out15and30percqn~higher,respectively,than
cruisingspeed;tMt is,2415and2730rpm. Onthisbasis,thevalues
Of Vdn/A

%
forratedandemergencyspeedsbeccine230arid260feet

persecon, res~ctivel.y.overtie~we of Vdn/Ab&Om 200to
260feetperse~nd,figure2 indicatesthatatanyratioofblowdown-
turbinestaticdiscbrgepressureto intake-manifoldpre’@surebetween
0.6and1,0,thevalueof @ isnearlyconstantat i- maximum
value.Forthisparticularcasejtheeffectiveblcwdcwn-turbine
nozzlemea Ab is40.8squareinches.Thiseffectiveareaisequal
to thephysicalareaonlywheneachenginecylinderdischarges
througha separategroupofnozzlesinthenozzlediaphragm. .—

Theeffectofexhaust-stackrestrictionon cylinder-headtem-
peratureforconstantwolingconditiotiisshwwninfigure3. These
results,whicharesimilartoresultsobtainedat otherengineoper-
atingconditions,wereobtainedfromthesi~le-cylinderdab. For
a valueof-vdn/A of260feetpersecond,whichcorrespondsto-the
asswmdemergenoyenginespeedloylinder-headtemperaturesareapprox-
imately10°F higherthanwithno stackrestrictionwhere V&l/A
valuesrangefromapproxi~tely.100to 120feetpersecondforthe
sameengine&peed.Theseresultsindicatethatthereductionof
exhaust-stack-nozzleareawIIIcauseonlya smallincreaseinoylinder-
headtemperature.

-—.
.— .+...,......- . >-;.-:., Q=
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Performanceofvariable-componentsystem.- Theresults‘ofthe
analysisfortheyariable-componentsystembasedon single-cylinder
dataarepresentedfurthefollowingfouraltitudes:sealevel,
15,000,30,000,and45,000feet, Computationsweremadeforen@ne
speedsof 21.00,2415,and2?30rpmandforthreeorfourintake-
manifoldpress&es.‘Thenetbrakemeaneffectivepressureandnet
brakespecificfuelconsumptionareplottedinfigure4 againQtthe
ratiooftotalpraasur.eat inletof steady-flow‘turbineto tntake-
manifoldpressure~/~. Theseresultswe’reobtainedusingtur-
bineandsuperchargerefficienciesof 70peroentandgearefficien-
ciesof 85pxcent..Theresultsobtainedby usingmulticylinder-
enginsdataantithesamevaluetiof turbine,supercharger,andgear
efficienciesarealecshownin?igure4 foran enginespeedof 2100
rpzuandan intake-manifoldpree~tieof35 inchesofmercuryabsolute.
Theseresultsare.,fora fuel-a;.rratioof0,067,‘whichisa repre-
sentativefuel-airratioforan enginerunningat cruiseconditions.
Forhigherpoweroutptit,theplotted”sp6ctflcfuelconsumption
wouldbe increased~nproportiontoany tncre~seInthefllel-air
ratio,

Somesi&@.ficafitfeahresoftheperformanceofthevariable-
compqlent,systembasedon single-cylinderdataintlwcomputation
oftheperformanceofthereqlprocatingenginewithturbineand
superchargerefficienciesof 70percmt,gearefficienciesof
85 percent,a fuel-airrattoof0;067,andan altitudeof30,000feet
areskcwninthe#’ollowingtable:

exhaust~ressule‘taintake-mmifoltpr.eesurefo~’whichthe .,
brakespeotfiofuelconswnpttanisa minimum.

,,
2Themtpxwssicn[Mnep)~ denoteethebyakemeanef.t’ectlvepres-

surethatcorrwjpondstominimumbrakeapecift.cfuel
consumptim.
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Forlow ~/pm ratios,thespecificfuelconsumption,as cal-
culatedfromthemult,lcyltnder’data,isslightlyhigherandthepower
slightlylowerthantkt obtainedwhencalculatedfromtheMngle-
cylinderdata.“Forhighratiosof”p~/pm,theoppositeistrue.
Fora ratio”:of‘/pm neaiuntty,theresultsobtainedfromeither

%multicylinderdat orsingle-cylinderdataarein-closeagreement.
,, .!-.- .-

‘Thevaluesofne~brake-meaneffectivepressureandnetbrake
specificfuelgo’nsum~ion[for.thevariatle-c~qmne~~.W”e@rncggputed
usingsin&le-cyllnderdaliti,ablowdown-turbineefficiencyof 70per-
cent,steady-flowturbiheandsuperchargerefficienciesof 85per-
cent,andgearefficienciesof 95prcentareshowninfigure5,
Forthesoefficiencies,theanalysisindicatedthata minimumbrake
specific-fuelconsumptionof0.303poundperhorsepower-hourcould

.be obtained~tan altitudeof30,000feet,an enginespeedof2100
rpm,an :lntake-rtianifoldqressure.of50“inchesofmercuryabsolute,
and‘afuel-airratioof0.067(fig.5(c)).A comparisonoffigure5
withfigure4 showsthattheregionsinwhichmaximumpowerand
minimumfuelconsumptionoccurarelocated&h slightlyhighervalues
of ~/PID forthehf@er steady-flowturbfne,‘“perchr8erJ and

gear eff’lclenciesInfigure5. Regardlessofwhichsetof-component
effi.ci.enciosrareusedfor thecomputation,maximumpowerandmin-
imumfue~lconsumptionoccuiapproximatelyInthe _@/~ rangefrom
0.sto 0.7and0.85to 1.1,respectively.

Thedistributionofpowerbetweenthevariousauxil~aryunits
thatmakeup thevariable-cpmponentsystemis showninfigure6.
~ese powerswereevaluatedata ~~pm ratioof.1.Oforturbi~
andsuperchargerefficienciesof 70percent.Theengineconditions
forthisdistributionarean intake-manifoldpressureof 35 inches
ofmercuryabsoluteandan enginespeedof2100rpm. SLngle-cyM.nder
datawereusedforoomputingtheairflowandthepverof”therecip-
rocatingengine.Thecorrespondingnetbrakemeaneffectivepres-
sureforthewcriabl.e-coiuponen’tsystem‘banbe obtainedfromfigure4*
Theresultsobtainedforotherengineconditionsaresimilarto
thoseshown.Forratiosof p&/~ nearunity,the,~wersofthe
blowdownturbineandthesteady-flowturbinealwaysexceedthose
requiredfortheengine-stageandauxiliary-s@ge.puperchargers,
respectively,

Comparisonofvariable-componentsystemwithothertypesof
compositeengine.-Forcom@risonwiththevariable-component‘---.
system,theperformanceofa“superchargedenginewitha geared-in
steady-flowturbineanda ~et-pmpulstonnozzleandofa super-
chargedenginewithindividualcylinderjetstackshavingoptimum
stackdischargeareatobe usedforJetpropulsionwascomputed,

..-:___.—--.“J..:..-
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Theresultsofanalysisofthesetwosystemswerecalculatedusing
sin@e-cylinderdata}turbineandsuperchargerefficienciesof
70percent,geareffioiendiesof 85~ercentjan intake-nmnifold
pressureof 35 incihesofmercury.absolutetandenginespeedof
2100rpmsa fuel-airratioof’0.067$analtltudeof 302000feet,
andanairplanevelocity&’375milesperhour- Theresultsare
presentedinthefolluwlngtable:

(bsfc)min
1(P;/Pm)o

(bmep)0

(lb/hp-hr) (lb/sqin.)
Geared-in 0.382 1.01 175
steady-flow
turbine 1 I 1

Individual 0,429 -------- 182
cylinder
jetstacks

Variable-component 0.348 0.93 199
system,including
blowdownandsteady-
flowturbines

Thevariable-componentsystem&t onlyhasthelowestnetspecific
fuelconsumptionbutalsohasthegreatestpoweroutput.

Fordirectcomparisonwiththesystemdescribedinreference2$
t?hichconsistsofanengineanda steady-flowturbhe (similarto
thegeared-insteady-flowturbinesystemusedintheprecedingcom-
parison),thevariable-componentsystemwithblowdcwnandsteady-flow-
turbineswaeanalyzedforan enginespeedof 2000rpm$an intake-
manifoldpressureof40 inches,ofmercuryabsolute,anda fuel-atr
ratioof 0.063;themulticylinder-enginedataforthisanalysiswere
obtainedfromtableII ofreference2. Thenetbrakespeoificfuel
consumptionforthesetwosystemsareshowninfigure7 asa func-
tionof ~/pm forvariousaltitudes.A blowdown-turbineefficiency
of 70percent,steady-flow-turbineandsuperchargerefficienciesof
85percentjandgearefficienciesof 95percentwereusedinthecal-
oul.ationsoFortheengineconditionsshown,thefuelconsumptionof
thevariable-componentsystemwasfrom0.01to0.02poundper -.
Qcrsqxx?er-hourlowerthanthatobtainedwiththesystemdescribed
inreference2. —.

Choiceoffixednozzleareasforsteady-flowt~bine.- The
variationof steady-flow-turbinenozzlearea’withtheratio ~/~
forthechosenblowdcwn-turbin9nozzlearea(40.8sqin.)istiown
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infigure8. R&ere&cetofigures4 and5 showsthatthemean 1#~
valueformaxtmumpoweroutputvariesfromapproximately0.7at sea

.

levelto0.6atan altitudeof45,000feet. If“operationat lowtntake-
Hifold press’tiesat sealevelisexclud,edfromconsideration,it
maybe seenfromfigure8 twt Witha.~teady-flow-turbtnenozzlearea
approximatelyequalto 21 squareinches,thee~inewilloperatein
theneighborhoodof p$/~ ,Valuesformaximumpoweroutput.

Similarlyfromfigures4 and5, themean ~_/pm valueformini-
mumfuelconsumptionvaries.fromappr~i~tely1,05at sealevelto
0s95at = altitudeof45,000feet. Againexcludingoperationat
low Tatake-man$foldpressureeat sealevel,itmaybe seenfromfig-
ure8 that witha steady-flow-turbtieno~~~eareaofapproximately
14 squareinohes,theengine’willoperatein thatrangeof ~/~
valuesforminimumspecifiofuelconsumption.

.

Thus,ifoporatlonofthecampositeengineintheregionofmaxi-
mumpoweroutputisdesired,a fl.xedsteady-flow-turbinenozzleareaof’
21 squareinchesshouldbe used. If,on theotherhand,minimumspe-
oif10fuelconswptioniswe more~port~t co~sideration,a fixed
steady-flow-turbinenozzle~~eaof14 square~c~eeshouldbe used.

!lhn?blnespeeds.- Thevariationoftheratioofpitoh-line
Velocttyofthesteady-flow-turbinewheeltOe~ine spgedformxi-
mumturbineeffioienc)ywiththeratio ~/pm isalsoshowninfig-
ure8. Forconvenience,a pairof dottedlinesshowingthevariation
oftheratio p&/Pmwithengineoyer&tingconditionsforthesteady-
flow”turbinenozzle~as of21andU$ squareinchesaresu~rimposed
uponthelIWS of steadY-flow-turbinespeedvariation.Thus,fora
Steady-flow-turbl.tinozzleareaof 21-squareinches,theratioof
yttoh-linevelocityof thesteady-flowt binsto enginespeedforYllla%imumturbineefficiencyvariesfrom75feetperenginerevolution
at sealevelforanenginespeedof--2100rpnan an intake-manifold9pressureof35 incheeofmercuryabsoluteto322feetperengine
revolutionat 45,000feetforthesamee~i~” operatingconditions.
Beoauseofthewidevariationofthe-ratioofpitch-linevelocity
toenginespeedfor~xim~ turbineefficiencywithaltitude,it18
impossibletogearthesteady-flowturbineto theenginewitha
fixedgearratioandhavetheturbineoperateatnearlypeakeffi-
ciencyat allaltitudesfromsealevelto45)000feetforallof
th assumedengineoperatingconditions, -.

If-thesteady-flowturbineisgearedto theenginewitha
singlegearratioandrequiredto operateat allaltitudesbetween
sealeveland4S,000feet,themagnitudeof thelossW turbineeffi-
ciencythatwill.accuroanbe illustratedby thefollowl&example:

.. .-m_-.... —., .“-..”>-:,~->..-—......,. .—-,.-—.. -.,,...,:-k ... ......~
1. .. .... ... . -i..i-— & ~ _ .:,---,:-. .... i....—



NACA~No. 1447 11

. .
Assumethatitisdesiredto operatethecompositeengine,havinga
steady-flow-turbinenozzleareaof 21 squareInches,at sealevel
andat analtitudeof4s,000feet,an eng~e speedof2100rpm,and
an intake-manifoldyressureof 50 inchesofmercuryabsolute,H
thegearratiobetweentheturbi~andtheengineis sochosenthat
theturbineefficiencyisthesameatbothaltitudes,theWlue of
thisefficiency,assumingthatturbineefficiencyvariesparabol-
icallywithblade-to-jet-speedratio,willbe only0.728timesthe
peakefficiencyoftheturbine.TIIusiftheyeakturbineefficiency
is70percent,theefficiency,atsealeveland45,000feetwill be
approximately50percent.

Theratio.of thepita-linevelocityof t~ blowdown-turbine
wheeltoenginespeedrequiredformaximumturbineefficiencyis
shownInfigure9. Thisrat$oisa functionO- of ~/Pm~ eWiM
speed,andaltitude,A smallvariation,ofthisspeedratioocours

. withaltitudebecauseof thevariationwithaltitudeoft@ intake-
mantfoldtempemture.Thevariationof theratio P&/Pmwith
intake-manifoldpressureat eaohenginespeedforsteady-flow-turbiRO
nozzleareasof 21and14 squareinchesis shownby brokenlines.
thatcorrespondto thoseinfigure8. ForeitherOf thesesteady-
flow-turb$nenozzleareas,thevariationoftheratioofblowdown-
turbine-wheelpitch-linevelooitytoenginespeedwithengine
operatingconditions1ssufficientlyrestrictedsothata fixed
valueofgearratiomaybe usedbetweentheblowdownturbineandthe
engine.Forexample,ifgearsaresochosen,thattheratioofthe
pitch-linevelocityof theblowdown-turbinewheeltoenginespeed
is20and17feetperenginerevolutionforsteady-flmi-turbinenozzle
areasof 21and14 squareinches,respectivel.y~itwasfo~d thatthe
blowdawn-turbinepoweroutputwasalwaysbetween92and100percent
ofthepoweroutputcorrespondingto~xir.uunefficiencyforallcon-
ditionsofengineoperation.

Effectofblowdownturbineon stressesinsteady-flowturbine.-
Foran enginespeedof 2730rpm,whichistheassumedemergency-
s~ed rating,thepitch-linevelocityoftheblowdown-turbinewhel
fora speedratioof 17feetperenginerevolutionisonly775feet
persecond.Wcauseofthislowpitch-linevelocity,a reasonably
sizedblowdawnturbinemaybe designedthatcanoperateathigh

,, e~ust-gastemperatureswithoutbeingoverstressed.

Theoptimumwheelspeedsof thesteady-flowturbinearemuch
greaterundersomeconditionsthanthoseoftheblowdowntuz?bfne.
(Seefig.8.) Forthisreasonthesteady-flowturbinecamotoper-
ateat itsoptimuinspeedwithhighinletexhaust-gastemperatures
withoutbeingoverstressed.Removalofenergyfromtheexhaustgas
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by theblowdownturbinereducesthegastemperaturean averageof -
about1.50°F beforethegasreachesthesteady-flowturbine-This
reduutionintemperatureln~reaseatheal~owab~e~ntritunlstre~sea
thattheturbinewheelandbuoketsoanwithstand.

i“
Fixed-Component&ystern “

Intheprecedhgdiscussiononturbi~speeds,

. . .. . ,,, .+. .&-

; ,-. --- .= —

., -

it waa-ihoiii -
t~t thesteady-flowturbi~witha fixedno~~~ea>eaoouldnotbe
gearedtotheenginewttha fixedgearrakioandalwaysoperatensar
Beakefficiencyat allaltitudesbe’tweense”aleveland45,000feet,
Ifflighti.snetrictedtoa ~xim~ altttudeof 30,000feet,the
steady-flowturbineoff~xednoz~~ a~a ~n’begearedto theengine
witha singlege~ ratio~d operatewithan eff’tcien~ythatISgreater
than0.8of itspeakefficlen~yfor~rui~andrated-pweroperation
oftheengineataltitude.Xf theturbineefftoiencyistobe greater
thanC’,8of itspeakefficiencyforsea-leveloperation,intake-
rcanifclldpressuresmustbe ~eatirthan50 inchesofmerouryabsolute.
Ina Ewstemhavhg fixed-sizedoo’qonentsandfixedgearratioe,
additionallossesoccuratmanypointsofoperationbeoause}exoept
ata fewpoints,a stageOf superchargingmustbe throttled.

As anexampleoftheperformancethatmaybe obtainedby gearing
thesteady-flowturbfneoffixednozzlea~a to theenginewitha
single-gearratj.o,t& fixed.~qponentsystemincor~ratinga blowd~
turbine,a steady-flowturbine,andtwostagesof supercharger,all
ofwhicharegearedtotheengine,isdisoussed:Thesteady-flow
turbineis connectedtoan assumedtwo-speed-and-disengagedsuper-
chargerbymeansofan idlershaft.Theturbinepoweristransmitted
totheidlershaftthroughgearsof 90-~roentefficiency.Thesuper-
chargerpoweristakenfromtheidlerehaftthrougha secondsetof
gearsalsooperatingat 90-percentefficiency,ExcesspowerIs
transmittedtothsengi~ fromtheidler-t throughgearsof
95-peroentefficiency.(Seefig.10.) Inorderto determinethe
Sourcosof thep~er lossesinthefi~ed-co~onentsystem,the~OSS
inpoweroausedby the decrease +n turbine efficiencyandtheinoreassd
10SB in poweroccurringbecausetieauxiliary-super~rgerpower
wastran~ttedfromthesteady.fl~ turbine th~ugh a geartZWin(86
COntrEL6tt3dtothedtrecttransmissionof this yywer inthevariable-
componentsystem)weresepartelyevaluated.Theremainderofths
differencebetweenthepowerofthevar~able-c~ponentsystemand
thefixed-componentsystemwasInterpretedasa lossduetothrottling
of theauxillarysupercharger.. . -. ._

~hoioeofgearratiosbetweencomponents.- Thecyst.emwa~
analyzed fora steady-flow-turbinenozzleareaof 21 squareInches,

..— . .
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whichmrrespondsto
nearmaximumpower.
assumedtobegeared

,X5

operationofthecompositeengineintheregion
Forthisnozzlearea,theblowdcwnturbinewas
totheengineas showninfigure11 sothatthe

ratioofpitoh-linevelooityof theblowdown-turbinewheeltoengine
syeedwouldbe 20feetyerenginerevolution.Thevariationof com-
posite-engineyowerforhighpowersat sealevelandcruisepowerat
analtitudeof 30,000feetis showninfigure12as a functionof
steady-flow-turbinesyeed.Thebestpoweroutputisobtainedat
differentratiosofturbinespeed-toenginespeedat different
altitudes.A compromisegearratiomaybe chosenforan actual
enginetofavorthemoreimportantoperatingcondition.,Forthesub-
sequentanalysisofthefixed-component,system,a gearratiowas
chosenthatT.reducesa ratioofthepitch-linevelocityof thesteady-
flow-turbinew?leeltoenginesyeedof 18feetperenginerevolution;
thisgearrattocausesapproximatelyequallossesinenginepower
foran intake-manifoldpressureof 65 inchesofmerouryabsoluteat
sealevelandtheoruiseconditionat analtitudeof30,000feet.
Gearratiosbetweenthetwo-speed-and-disengagedauxiliarysuper-
chargerandthesteady-flowturbinewereassumedthatwouldgive“
ratiosof superchargerimpellertipspeedtoturbine-wheelpitch-
linevelocityof 1.6and1.0. Thespeedratioof 1.6waschosento
allownearlyfull-throttleoperationoftheauxiliarysupercharger
at cruiseandratedpoweroperationofthecompositeengineatan
altitudeof 30,000feet. Thespeedratioof 1.0waschosentoallow
nearlyfull-throttleoperationforratedpowerclimbat analtitude
of 15,000feet.

Performanceoffixed-componentsystem.’- T%ecomputedvaluesof
brakespecificfuelconsumption,brakemeaneffectivepressu=,and
theindividuallossesin compositeenginepowercausedby theuseof
fixedgearingbetweentheturbinesandtheengineandbetweenthe
auxiliarysuperchargerandthesteady-flowturbineareshownin‘
tableI forvariousconditionsofengineoperation.Theselosses
are: (a)lossduetodecreasedturbineefficiency,(b)increasein
gearlossduetotheintroductionofthegearsystemhavingan idler
shaftbetweenthesteady-flawturbineandtheauxiliarysupercharger,
and(c)losscamsedby throttlingtheauxiliarysupercharger,which
includesboththeincreasein superchargerworkandthelossin
enginepowerduetohigherintake-manifoldtemperatures.These
losses,tnunitsofbrakemeaneffectivepressure,havebeenrounded
off$0 thenearestintegerorto zero.Thedifferenceinpower
betweenthevariable-componentsystemandthefixed-componentsystem
l-sthesumof thethreelosses.Theratioofauxiliary-supercharger
impellertipspeedto steady-flow-turbine-wheelpitch-linevelocity
+ usedto computetheperformanceat eachpo,intofengineoper-
ationisalsoshownintableI.
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At thedesignoperatingconditionsat 30,000 feet alt~tude; cruise
power(anenginespeedof.2100~ at,an intake-manifoldpressuz’eOf
35 in.~ absolute),andat ratedpower(~ engfnespeedof2415YW
atan intake-man~foldpressureof 50 in.@ ab’so~ute),thepowerout-
pUtWaSdecreaseda-maximumof 4 ~eroentas co~~aredwiththepower
outputofthevariable-comQonentsystem.Largerpowerlosseswere
incurredat anenginespeedof 2730rpmforthetab-offandfor.high-
pcweroperationataltitudebecauseat thise~~ne s~ed itwasalWayf3
necessarytothrottletheauxiliary-stagesupercharger.Different
choicesof speedratiothanthosediscuseed,ora diffe~ntchoi~
Ofopeia.tlngaltitudes,oouldbemadeinordertofavorotherdesizwd
engineoperatingconditions.

--.

Auxiliary-PropellerSystem

At thesuggestionof,hlr.JohnG.LeeofUnitedAircraftCO&Or-

.. -. . . ..
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atton,
whenEL
exces~3
geared
engi.ns
speedt

calculationshavebeenmadeof theperformanceobtainable
variable-pitchauxillaryprapellerisused toabsorbthe
powerof thesteady-flowtmbtne. Theprbpeller,whichis
totheturbineandtheaux$llarysupercharger,controlsthe
intake-manifoldpressureby controllingthesupercharger .
Thistypeof systemisschematicallyshowninfigure13.

qhoiceof components,.A propellerdiameterof 7:feetwas
assunwiforthecomputationof propellerperformanceafidthepro-
pellerefficiencies.Thecalculatione,we~basedon.ou~entte@
dataofa two-bladepropellerathighforwardspeedsovera rangeof”” “
fre~-streamMachnumbers.Inthecalculationof propellerperform-
ance,itwasassumed,thatthea5.rplanevelocitywas350milesper
hourat-analtitudeof 30,000feetfora brakepoweroutput-from
thevariable-componentsystemof2800horse~owerperengine.ValUes
ofairplanev~lacitietid otheraltitudes“andpowerswereobtained
assumingthatthevelocityvariedas thecuberootofthequotient
of thetotalpoweroutputof.thevariable-componentsystemtothe
altitudedensityratio.

Theefficienciesofboththe
downturbinewereassug@itovary
epeedratioand hadtheir maximuw
Jet-speedratioof0.4.

BteadY-flOW”turbk “andthe”blow-
.,--.-.m

parabolicallywithbl.ade-+,o-~et-
efficlencjof 0.7ata b3.ade-to-

Thecomputationswere”madefora“f-ixednozzleareaf&rthe
steady-flowturbineof 14squareinches,whichwaspreviouslychosen
forengineoperatiohintheregionofiminimumspecificfuelconsump-
tion. A pitch-linediameterforthesteady-flowturbineof 13.25inches -

.. 5
,.,” — ..... ~+=
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Waschosenby sealingUp thedj.mensionsofan existingexhaust-gas
turbinetoprovidether6quirednozzlearea.A gearratioof 10.92:1
betweenthesteady-flowturbineandtheauxiliarypropellerwas
chosenfromconsiderationsofmaximumallowable’turbinevelooity
andpropellerspeedsforgoodefficiency.The”blowdownturbinewas
sogearedtotheenginethattheratioofblowdown-turbinepitch-line
velooitytoenginespeedwas17feet’.perenginerevolution.,.,

A steady-flow turbinsofthe&enslons givenprobablywill
havea stress-13mitedpitch-linevelocityofapproximately1200feet
persecond. At thisspeed,maximumturbineefficiencyocoursat a
theoreticaljetvelocityacrosstheturbinebucketsof3000feetper
seoond.Forsomeconditions,thomaximumcombinedpowerofthetur-
btneandthejet-propulsionnozzletdeallyoocursat turbine-jet
velocitiesendwheelspeedshigherthan3000and 1200fe6tpersecond,
Z’esyectively.Forthesecases,theturbine-wheelspeedwasarbi-
trarilylimitedto 1200feetpersecond;theresultingsmalldecrease
inturbinsefficiencywasneglectedin.thecomputationofthejet
velocityacrosstheturbinebuckets.

. Thespeedratiosoftheassumedtwo-speed-and-disengagedaux-
iliarysuperchargerwerechoseninthefollowingmanner:A high
supercharger-te-turbinespeedratioof 1.2wasohosento correspond
tothegreatestdemandspeedofthesuperchargerwhentheturbine
wasoperatinga%maximumallowablespeed.(Thisspeedocoursatan
altitudeof45,000ft,anenginespeedof2100“rpm,andan engine
intake-manifoldpressureof50 in,Hgabsolute.)A luwsupercharger-
to-turbinespeedratioof0.7waschosenasa satisfactorycompromise
forthatrangeof conditionswheresmall-to-mediumboostisrequired.
A 15-inoh-diameterimpellerwasselected.~n orderto obtaindesir-
ablesuperchargerperformancecharacteristicswiththerequiredair
flowathighpowersandhighaltitudes.

Powerofauxf.lia~-propellersystem.- It isassumedthatthe
blowdownturbinefifi-ineengina-stagesuperchargercouldbe geared
tot% engineinthemannershowninfigure11andthatthepowerof
thesteady-flowturbineoouldbe distributedto theauxilia~super-
chargerandpropellerbymeansof thesystemofgearsshowninfig-
ure10. The%otalbrakepowerwouldthenbe givenby

( Pas‘ @ap + ~
Brakepower= (pl-~f)~(pb-pe~)qg+ pt qg,l-—

)&)—~g,2 j
. ~g,z.p

(3)
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powerrequired

shaftpoimrof

powerrequired

10ssinengine. .
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forauxiliary-stagesupercharger,(ft-lb/sec’)

blowdownturbine,(ft-lB/see)

for engine-st&gesupercharger,(fi-lb/see)

powerduetofriction,(ft-lb/see)
, ..- .: _. ------.—..-

in~lcatede~ine power,(ft-lb/&ec)....................F .,...=_,..,,.“_
shaftpowerof steady-flowturbine,(ft-lb/see)

netbrakepowercreditedtoen&lnefromjetpropulsioti,
(ft-lb/ssc)

auxiliary-propellerefficiency
-.

gearefficiency,0.6S

gearefficiencyinpowertransmissionbetweenturbineor
su~erchargershaftandidlershaft,0.90
.-

gearefficiency””inpowertransmissionbetweenidlershafti
andauxiliary-propellershaft,0.95

mainpropellerefficiency,0.65
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Performanceofauxiliary-propellersystem.- Thecomputedbrake
spectficfuelconeumptionsandbrakemeaneffectivepressuresfor
theauxiliary-propellersystemarelistedintable11togetherwith
thebrah.syecificfueloonsumptionsforthevariable-componentsys-
temandthedifferenceinbrakemeaneffectivepressurebetweenthe
varlabl.e-componentsystemandtheauxilhry-yropellersystem.The
fixedratioofauxiliary-superchargerimpellertipspeedto steady-
flow-turbine-wheelpitch-linevelocityU6/I.+ whichwasgoverned
inpart by turbine-speedlimits,isalsoshuwn.

Withtheexceptionof onecmditionofengineoperation,the
specificfuelconsumptionobtainedwiththeauxiliary-prop611er
systemwerenevermorethan5 percentgreaterthanthoseobtained
withthevariable-componentsystem.In somecases,thecompukd
brakespeoificfuelconsumptionfortheauxiliary-propellersystem
wasluwerthanthatobtainedwiththevariable-componentsystem.
Wherethiscondttionoccurs,theefficiencyoftheauxili=YProWller

1. -.

,--, .. . ~._ =. .,.._ -—
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computedfromt% testdataandthecalculatedairspeedwasgreater
thantheaveragevalueof 0.85assumedfo~themainpropeller.For
a fewoftheengineoperatingconditionsshownintableII,the
brakespecificfuelconsumptionfortheauxiliary-propellersystem
wasnotcomputedbecausetheoperatingconditionsfortheauxiliary
propellerareoutsidetherangeof thetestdatapreviouslymen-
tioned.(Fortheparticularpropellerdiameterandratioof steady-
flow-turbinespeedtopropellerspeedohosen,thepowercoefficients
ofthepropelleraretoohigh.)Inpractice,however,operationat
theseexceptionaladverseconditionsmaybe avoidedby adjusting
the,engineoperatingconditionssoas toraisethesteady-flow-
turbine-wheelspeed.Onesuchadjustmentwouldbe toraisetheintake?
manifoldpressureandt’olowertheenginespeed.Fortheengine
conditionsanalyzed,thepoorfueleconomiesoccurredat lowturbine-
blade-to-jet-speedratios.If theturbinespeedisraised,theblade-
to-jet-speedratiowillbe increasedtoa valuemorenearlycorres-.
pondlngtomaximumturbineefficiencyandtheauxiliary-propeller
powercoefficientwillbe loweredintotherangeofnormaloperation
ofthepropeller. .

Theauxiliary-propellersystem,as comparedwiththe
fixed-oomponentsystem,hasa widerrangeofaltitudesforwhichthe
highpowersandthelowspecificfuelconsumptioncharacteristic
ofthevariable-oomponentsystemareapproached.Theuseofthe
auxiliarypropelleras a variable-speeddeviceeliminatesthrottli~
ofthesuperchargerandresultsina smallincreasein steady-flow-
turbineefficiency.Fromconsiderationsofover-alloperatingecon-
omy>*heincreasedwei@t ofanauxiliarypropellermaY~h~ever~
offsetthisadvantage.

SUMMARYQ??RESULTS

Thefollowingresultswereobtainedfromtheanalysfsofthe
&rformanceof severalcompositeengines,eachconsistingofan
internal-combustionengine,a blowdownturbine,anda steady-flow
turbine;allexcesspowerfromtheturbinesabovethatrequiredto
drivea stageof superchargingwasutilizedinvariouswaysfor
propulsion& theairplane:

1.A brakespecificfuelconsumptionof0,336poundper
horsepower-hourforthevariable-oomponentsystemusingturbineand
superchargerefficienciesof 70percentanda gearefficiencyof
85percentwascomputedforan altitudeof30,000feet,an intake-
manifoldpressureof50 inchesofmercuryabsolute,andan engi~
speedof 2100rpm. Whenforthesamecasetheefficienciesofthe
steady-flowturbineandsuperc~gerswereincreasedto 85percent

.

:
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(theefficiencyoftheblowdown
brake.specificfuelconsumption
horsepower-hour.

2. Witha hlowdownturbine
a fixedblowdown-turbj.ne-nozzle

turbine.re?maining70percent),the .
wasreducedto 0;303poundper

in serieswitha steady-flowturbine,
areacouldbe so chosenthatatany

givenenginespeednearlymaximumpowercouldbe o%tainedfromthe- .
combinationofa blowdownturbineandan en@neat anyspeedfrom
2100rpmto2730rpm.

3. Two steady-f-low-turbinenozzleareascouldbe sochosen
thatone”wouldcausetheratioofengineexhaustpressureto intake-
mani.fOM pressuretofellintherangeof.maximumpoweroutputand
theotherintherangeforminimumbrakeepecificfuelconsumption
atallenginespeedsandpowersataltitudesfromsealevelto
45,000feet.

4.Whenusedinserieswitha steady-flowturbine,theblowduw’n -“”
turbinecouldbe gearedtotheenginewitha singlegearratioand
operatebetween92and200percentofpeakefficiencyforallcondit-
ions analyzed. .

5.A fixed-component-system”intended.to operateintherestricted
.>,

altitudeFangefromsealevelto30,000feetwaesodesignedthat
thepezfozmanceat cruiseandratedpowerwaswithin4 percentof
thatofthevariable-componentsystem.Substantialpowerlossesdue
to superchargerthrottlingwereincurredathighen@ne speedat
emergencypowerrating.

6.An auxiliary-propellersystemwassodesignedthattheper-
formanceforallpowersandenginespeedsanalyzedwaswithin5 per-
centof’thatofthevariable-componentsystemforaltitudesfromsea
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levelto45)000feet. Thevariable-speedfeatureof theal~llary
propellerpermitseltiinationofthrottlinglosses.

,.
. . . . .

FlightPropulsionResearohlaboratory,
NationalAdvisoryCommitteeforAeronautloaa

Cleveland,OhioiJuly21,1947.
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Thereoirotating-enginedataarerepresentedby thedimen~~on-
.-....=

lessratio J Oftheindioa%edmeaneffectivepreseu~of theeng5ne
totheintake-manifoldpressure.@ valueof ~ fortheenginewith
stubexhawststaokshavingno restrlctioqis ~ . Theratio ~ is

?shownInreference4 tobea functionofthera ioofengineeXLust
pressureto intake-manifoldpressure. ,.

Yora givenratioofen$lneexhaustpressureto intake-manifold *—”
pressure,#~ isessentiallyhdeyendentof intake-manifoldpressure
andvariess tghtlywithengineSpeed.Thevariationof #o with
enginesyeedis}however>differentfordifferentengines.Thevalues
of 4(,forthesingle-cylinderenginewhenoperatingata oonstant
intake-manifoldtemperaturedec~asewfthincreasingenginespeeds
aboveapyroxima.tely2000rpm. Ontheotherhand,mostmulticyllnder
datacorrectedtoa constantintake-manifoldtemperatureshawthat
$8 Increaseswithincreaei~enginespeedupto 2200rpmandis sub-
s antiallyoonstantforenginespeedsbetween2200and2600rpm.
Thevolumetricefficiency7)V)0forbothenginesvariedwithengine
speedina mannersimilartothevariationof $. Beoause~.and
qv)o varywithenginespeedindifferentdirectionsfordifferent
engirss,an averageconditionwasapproximatedby theuseof-asingle
fairedsetofvaluesof $0 andqv~ regardlessoftheengine
speedortheintake-manifoldpressu%. Thefairedvaluesof do
and VTo obtainedfromthesingle-cylindertestsatan engine
speed0$ 1700r~, a fuel-air~tioofO.10,andan intake-umnlfold
temperatuzwof 540°R areshowninthefollowingtable:. . ___...-—..-

.- Ratioofengineexhaust-pressuretoengine.-.-.- intake-manifoldpressure
0.2 O*4 0,6~ 0.8I 1.0\ 1,2 1.4I 1.6

40 13.2513.0312,7112.12~11.02[9.96 9.0518,2%
~~,o 1●0401●0341.0170.976[0.8940.8280.7780.737

.

.

The10SSin ~ imposedonthereoiprooatingengineby thearea
restrictioninthenozzlesoft~ blowdownturbineA$ wasdeter-
minedfromfigure10ofreferenoe4,whichshowsthedecreasein #
duetonozzlerestrtotlonin jetstackshavingS-shapebends. .

~...=
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Thepowerandtheairflowoftheenginewereassumedtovary
inverselyas thesquarerootof theabsolutedryintake-manifold
temperature(computedneglectingfuelVaporization).Thevalues
for #o and qvo usedinthe-analysis-werebasedona standard
totalintake-matifoldtempemtureT& of’540°R.

TheindicatedpoweroftheenginePi isthengivenby

andthe mass flowof chargeair ~, ,by

where

,.

d ratioof indicatedmeaneffectivepressureof engineto
intake-manifoldpress,ure

do ratioof indicatedmeaneffectivepessureofen&inewith
stubstackshavingnorestrictionto intake-manifold
pressure

.-

(4)

. .

.-.(5)
..

Ad changein # dueto stackrestriction

VT volumetricefficiencyofengine

v71c) volunetrioeffioietioy
restrlotion

.
Aqv -e in ~ dueto

of engtnewithstubstackshavingno

stack restriction (assumedzero)

Pm intake-manifoldabsolutestaticpressure,lb/8qft

vd displacementvolumeofengine,cuft

N enginespeed,rpm

T& intake-manifoldtotaltemperature,‘R

~ accelerationofgravity,32.2ft/sec2

-.

R gaecormtantforair,53,35ft-lb/(lb)(~)
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The>OSSinenginepowerdueto frio%ionPf was-oomyutedby

==

thefollowingequation: .

“2Pf = K@) “(6) - .22

where
...—.—=—

K constant,l.768x10-2(ft-lb)/(sec)(nlin2)
—.-

Th9valueof K correspondingto thebore,stroke,andnumber
of oylindersoftheenginewasdete~inedfroman emperioalequa-
tionbasedona largeamountoftestdataobtainedonvarioustypes
ofreoiprooatimgengine.Thisen@ne frictionpoweristhesumof
thepowersduetorubbi~friotionandthevalveandgearlosses
anddoesnotinclude.pumpingpower.

Blowdown-turbineOaloulattons.- Thedatausedto oalculati
themeanexhaust-gasjetvehocityVe developedat thenozzleof
theblowdownturbineweretakentromfigure10of referenoe5.

Theshaftpoweroftheblowdownturbinel?~isgivenbythe
equation

Pb=”*&(l+f)Te2~.-._ (7)

where -
%

isthemeanblowdown-turbtneefficiency,whichwas
assumedo havea maximumvalueof0,7ata blade-to-jet-speed
ratioof0.4. Thismeanblowdown-turbineeffioienoyisdescribed
Inrefezwnce3. ,,....

.

—
-.,-

.-_.

.- .-

.
.- .

Exhaust-gastemperatures.- Thepowerperpound-of“chargeair
thatisavailablein.theexhauqtgasesofan iriternal-combustion
engineisproportionaltothequantity(1+ f)ReT1 where R i13
thegasconstantfor.theexhaustgasand T& istiletotale&auA-
&s temperaturemeasuredwithnoworkabstractionfromtheexhaust
gas. Thevariationofthequantity(1+ f)ReT~ withtheratio
ofengine-exhauststatiopressureto intake-mhnlfoldpressurePe/P~
is shcwninftgure14. Thesedata,fromunpublishedmultloylinder
tewts,areforaner@ne speedof2000rpmandan intake-manffold
~ressureof40 inche6ofmercuryabsolute.At higheror 10wer
enginepowerlevels,themagnitudeof (1+f) RTJ willbe sl@tV
greateror slightlysmaller,~espectivel.y,than!hatshowninfig- .
u~e14.

.
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In-theregionofprinciglinterest(pe/~= 0,6to102).,the.
valueof (1+ f)ReT& varieslessthan2 percentfromthev~liie
12.11x 104foot-poundsperpound,whichwasasflumedinthean.a-iys~s.
Thetemperatureof theexhaustgasas itenteredthedeady-ilcw
turbinewascalculatedby subtractingthetemperaturedropcorres-
pondingto the%-orkabstractionintheblowdownturbinefrom T&.

Steady-flowturbineandjet-propulsionpower.- Thetotal
power-a~ilableto drivethesteady-flowturbineandforjetpro-
pulsiondependsupontheabsolutestaticpressureandthetotaltem-
peratureat theexitoftheblowdownturbineandtheabsoluteamhient-
a~rpressurePow In theanalysis,thisstaticpressureandthe
totaltemperaturewereassumedequalto thetotalpressure I

9
and -

totaltemperatureT& existinginthenozzleboxofthesteay-flow
turbine.

Withintheaccuracyofthedata,itis sufficienb,,toassume
thatthevariationof specificheatof theexhaustgaswithtemper-
atureandpressureduringtheexpansionthroughthesteady-flow
turbineisnegligible.The.specific
perature~.

TheidealJetvelocityV that
pleteexpansionthroughthepressure

@=2 Jkg ReT~
yb-l

heatwasevaluatedat the.tem-

wouldbe obtainedfroma com-
ratio ~/p. isgivenby the ‘

r“
yb-1

101

??(-J~
l— (8)

%. —

where istheratioof specificheatsforexhaustgasevalu-
ated.at’lketemperatureT~. A

TheIdealjetvelocityof thegasat thenozzlesof thesteady-
flowturbineW obtainedby expanding
dischargestaticpressureptiisgiven

{-

L

Theshaftpowerofthesteady-flow
therelation

-1

to thesteady-flow-turbine-
by theequation

y~-17

,turbinePt Isgivenby

~M (l+f)Vt2qt‘t=2a

(9)

(lo)

.



24 ._

. . ..=.. . ,-, ---
=-:? ---r.. .4,, -3X.::-:.,.-=

.-

where ?] isthesteady-flw-t~rbineefficiencybasodOn theinlet
totaldiA disohar~estaticpressure~of theturbine.TwovaluesOf
Vt,0.7and0.85,wereassignedasnmx?.mumturbineefficiencies
occurringat a blade-to-jet-8peedrat-loof0.4.

was
Thototal
calculated

temperatureat theexitof the
fromtheequation

/

q2l’lt

steady-$lowturbineT~

(11)

.=----
. --- - -_

. .-—

.

-.

-,.. .;=

—

b.

— . ..—

A Commutationshowedthattineaveragedischargelossesfroma - ““’r,..-

steady-flowturbineamountedto 7 percemtoftheener&yavailable
totheturbine.Itwasassumedthatthesedischargelossescouldb’e
utilizedforjetpropulsionw“ht~:~anefficiencyof 70percent.The
velocityoftheexhaust-gasdischargedfromthejet-propulsion
nozzleV,, takingintoaccountthetmnpera-ture”droptifthegasin
passingt~r~ught-hesteady-flowturbine,isgivenby theequation

-..-:

()V2 -Vt2 Tt
Vdz= 0,049V2 +.t qnod .q.l

....

(12)
:..,, - .. ,. . .. ..__m. .-

‘here ~ d isa nozzleefficiencyequaltounitywhen(#-Vt2) is - ‘“ ““-
greater’~hanzeroora diffuserefficiencyequal.to 0.8when
(V2-Vt,z)islessthanzero.Thecalculationsweresimplifiedby-
assumtrlgthatthe”temperatureratioTt/~ inequation(12)could
be reyl.acedhy “T~lT~.A samplecalculationfora fewrepresentative
casesHhowedthattheerrorintroducedby thisapproxirmi.tionhad
negligibleeffect--onthetotal.powerofthecompositeengine.

Thenetbrakepowerthatcanbe creditedto theenginofrom
JetpropulsionP aftersubtractingthedragotreceivingthe
inletchargeairlotheengineis @ven by theequation

~L~J -g)P~=~(l+f) VP (13)

where q isthemain-propellerefficiencyand
plane‘?eyoci.tyInfeetpersecond.

.—

.—

,

‘o tBtheafr-

u..
.. . . .

. -. .. . ..—
— .:.,.. .-—

. .
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Foreachsetofengineconditions,a valueof pt inequation
(9)wasso chosenthatthecombinedsteady-flowturbinepowerand
~etpowerwasa maximum,

Superch3,ercalculations.- Thepowerrequiredforsuper-
chargingwascalculatedon thebasisof thefollowingassumptions:

1.NACAstandardairtemperatureandairp~essurewereused
throughouttheanalysisexceptat sealevelwherean ambient-air
temperatureof 540°R isassumed.

2.Thesuperchargingof theengine-intakeckrgeairto the
desiredintake-manifoldpressuraisaccomplishedwithtwocom-
pressorsdrivenby twoturbines.

3.Theair’scooptotheauxillarysuperchargeroperatesat
full-ramtem~ratureandpressure.

4.An intercoolerwithan effectivenessof 50percent-isused
betweenstagestodecreasethetemperdnzmofthechargeair
enteringtheIntakemanifold.

5.In orderto compensateforfitercoolerandductlosses,a
pressuredropof 2 inchesofmercurybetweenstagesisassumed.

6.Fuelisinjectedaftertheenginechargeairhasbeencom-
pletelysupercb=rged.

Thepressure.riceandtemperature-riseratiosduetoragare r
givenby

y-l

( )- ~02
‘A. PA 7 =1+”
‘o P(-J 2~gRTo

(14)

where ..

T, & totaltemperatureandabsolutetotalpressureat entrancea~lP
toauxiliarysu~rcharger,(“Randlb/sqft

To ambient-ai~temperature,‘R

Y ratioof specificheatsforair,1.4

.
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auxiliary-Otq.je

(15)

.-,,:-:. .. ..-,
~ >+=
.:.= ..... .~.—.-—_ -,=

26
.. ..-

.

.. . . . ..... . .._
. .-. —

Thepressureandtemperatureriseacross
superchargerarerelatedby the~quationr-

the

1

i

-.

—

*...—

..where T~ andp~c arethetotaltemperatureandpressurea~the
inletto$heIntercmlarand ~ isthe superchargertemperature-
rise

drop

efficiency.
. .

Theassumedintercoolerbetweenstagescausesa temporaturo
---

Inthechargeatrleavingtheauxiliary-stagesupercharger -..—.— —-

where TJ~ isthe
stagesupercharger

.
G. “—-..-=:.=–.r. –.=-. -. ..— .totaltemperatureattheinletto theer@ne-

and ~tc istheintercoolerefficiency.
.-._

!Ihepressureenteringtheengine-stagesuperchargerwillbe
thepressureleavingtheauxiliary-stagesuperchargerminusa
pressuredropof2 inchesofmercury.TheIntake-manifoldpres-

.-.

suremy he obtainedfrom

[ ]..

C7)2‘--~,‘Y $ R T&a
7 -1

(17)

.

y-l
-

. (–’)Pm 7 =1 -1-
P;8/’

, -.=.. --
...- ,.,-=.=

--1-.2xi

where._.-

p:~ absolutototalpressureat
ib/sqft

inlettoengine-stagesupercharger,

coefficient-basedon inlett&al
.. ,>.-

..?---. s

‘4 fmperchargeryressure-rise
pressureandoutletstaticpressure

r) mgine-stagesupercharger-impellerdiameter,0.917,f%

r gearratioofengine-stagesupercharger,7.6

,.
. .

.. ..-==
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tie total dry intake-manifoldtempo~a~ureisgive-nbyY
..” ‘“”’F%+zgT& _T& .

JT
(18)

7 gR
-1Y,

Thepowersnecessar~todrivetheauxiliary-stageandthe
engine-stagesuperchargersaregiven,respeotivoly,by

. . .

1? w .
aa * .-.&”R~ (T~c- T~s) (19)

Y -1

P “fiDNr( )()‘qM’
es = 60 Ta

(20)

.
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SYMBOLS .-

AllsymbolsusedinthetextandappendixA aredefinedhere
Inalphabeticalorderforconvenienceofreference.

exhaust-stack-nozzlearea,sqft

blowdown-turbine-nozzlearea,sqft

engine-stagesupercharger-impellerdiameter,0.917ft. .
fuel-airratio

accelerationofgravity,32.2ft/eec2

massflowof chargeairtoengi~e,nlugO/seu

enginesped,rpm

enginespeed,rps

Emxarrequiredforauxiliary-stagesumrchaz@r;-ft-lb/sec

shaftpowerofblowdownturbinejft-lhl’sec

powerrequiredforengine-etage.sulerchargerjft-l@/@~c

lossinenginepowerduetofriction,ft-1.b/sec

indicatedenginepower,ft-lh/sec

netbrakepowercreditedtoenginef’romje~propul.sionj
ft-lb~sec,

ehaftpowerof steady-flowtu~btne,f%-lb/sec-.

a%eolutetotalpressureat entrancetoauxiliarysuper-
chs,rger~lb~sqft

absolutetotalpressureat entranceof steady-Plowturbine
(mmumedequalto staticpressureat exluoflblowdown
turbine),lb/sqft

absolutestaticpressuzzeofexhaustg=sleavingec@.im,
lb/aqft
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ab’bolutetotalpressureat inlettoengine-stagesupercharger,
lb/sqft

.-

absolutetotalpressureat inletto intercooler,lb/sqft .—

intake-manifoldabsolutestaticpressure,lb/aqft

absoluteambient-airpressure,lb/sqft

absolutestaticpressureat exitof steady-flowturbine,
lb/sqft

superchargerpressure-risecoefficientbasedon inlettotal
pressuyeandoutletstaticpressure

gasconstantforair,53,35ft-lb/(13)(OF)

gasconstantforexhaustgas,ft-lb/(lb)(OF)

gearratioofengine-stagesupercharger,7.6

totaltemperatureat entrancetoauxiliary,supercharger,OR

totaltemperatureat entranceof steady-flowturbine(assumed
equalto totaltemperatureat exitofblowdownturbine),OR

totaltemperatureof

totaltemperatureat

totaltemperatureat

totaltemperaturein

exhaustgasleavingengine,‘R

inlettoengine-stagesupercharger,OR

inletto tntercooler,‘R

intakemanifold,‘R

ainbieti?aiutemperature,%

standardtotaltezuperat,ure(forthesecomputationstakenas
540°Rin intakemanifold),‘R

W_.atictemperatureat exitof steady-flowturbine,‘R

‘totaltemperatureat exitof steady-flowturbine,‘R

auxiliary-superchargerimpellertipspeed,ft/s,ec

pitch-linevelocityof steady-flow-turbinewheel,ft/sec
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idealjetvelocitycorrespondingto totalpoweravailable“LQ
drivesteady-flowturbineandforjetpropulsionft/sec

meanexhaust-gasjet&velocltydevelopedatnozzlesofb~ow-
.dontmrbine,ft/sec

. .
airplane veiocity, s’t/sec

.....
idealjet veloclty ofigasat nozzl~sof steadj-floyt~bine,
ft/BeG

displacemefltvolumeof engine, cuft

ratioof specificheatsforair,1.4 *4
ratioof spec~ificheatsforexhaustgasat exitofblowdown

tll~bi=

superchargertenpf3rature-riseelYJiclency

auxfliary-protillerefficiency —

meanblowdm$n-turbineefficiency

gearefl’iciency,0.85 -.
. ,.

gearefficiencytnpowertr-@sEion bet~enturbineOr .
su~ercharge~”shaftandidlershaft,0.90

Gearefficiencyin&wer transmi”ss~onbetweenidlershaftaid
auXiliary-propellershaft,..O.95”

intercooler efficiency, 0,50

nozzleanddtffuserefficiency

mainpropellerefficiency,0.85

steady-flow-turbineefficiency

volumetricefficiencyof–engine

volumetricefficienbofenginewithstubstacksbvinf”no””’ ‘“’
restriction-

—

ra%ioO: indicatidmeaneffectivepressur6ciE”ei@m”to intike-”
_manlfoldpresSure -..- .. , .._u.

..:~:,... -

-:-. .-4,
-. . ..—
—, ....

, 3*” !.~
.

.-,-
*_ ~-.—

-“F; “we
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.
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—
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..—
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%* .-> -.—-
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40 ratio of indicated meaneffective pressure of engine with
stub exhaust etacks having no restriction to intake-manifold
pressure

AP changeinnet

A9V changein qv
analysis)

Ad changein ~

Al’A@ —
~~dn

2

powerof engine and blowdownturbine, f’t-lb/sec

due to stack restriction (assumedzero in this

dueto stackrestriction
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Ltitude

(ft)

——

Sea
level

15,000

30,Ooa

TABLEI - PERFORMANCEOFl?IXED-COMPONENTSYSTEMAND

INDIVIDUALPOWERLOEH13S‘J33ATMAKEUT DIITEKENCE~t

POWEREW13iEENVARIABLE-COMPONENTAND

.FIXED-COMPONENTSYSTEM8

~Computationsmadeforsteady-flow-turbinenozzle
areaequalto21 squ&e Inches(nozzle

areaformaxhm.mp~er).1

Engine
t3peed
(rpm)

21Q0

24~5

27S0
.—
2100

2415

2730

2100

2415

m

(i:?%~,-

Intake- I
manifold
yressure

abs.) 1
50 0.370 274 2 0 0 0
65 .364 “362 o 3 2 1.0-——
50 0.381 257 4 0 0 0
65 .375 337 0 3 la 1.0
50 0.398 238, 6 .0 0 T—
65 .393 309 0 4 33 1.0
35 0.396 197 1 1 7 “1.0
50 .369 283 1 5 9 1.6
35 0.396 181 1 2 15 1.0
50 .362 287 0 3 0 1.0
~*.- 0“.391 183 2 0 0 0
50 .379 261 0 I 3 14 1.0
35 0.365 209 3 3 0 1.6
50 ----------------------- ---------------.-”
35 0.379 190 2 4 11 1.6
50 .361 286 6 6 0 1*G
35 0.375 192 1

I
2 3 1.Q

50 .389 250 5 8 24 1.6

aLossduetodecreasedturbineefficiency.

[.. .

.-.. . . .
.-

.

bIncrease.ingesxlossduetouseofgea>systemwithidler dmfk
%ss causedby throttlingauxiliarysupercharger.

NationalAdvisoryOomnlttee-
forAercmau61cs

.- .:.. s..;::.. -4..
; .??,- .-..—----

.
.1

-.”=

-iu
.S-L

.=-
z-=

..=L..- .-
.

— .. —._

●

✍✎✎ ✎ ✎✎ ✎

✎✎ �
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TABLEII- CLMPARISOllOF19BT_ SPEOIFICFUEL CO?HWTIOU AND POWER OFAUY.ILIARY-PROPELLER

SYS~ MTH TRATOBTAI~DBYVARIABLE-OOMPONIWTSYSTEM

[Computaticmsmadefora mzzleareaofsteady-flowturbineequ
5

to14square
inohes(nozzleareaformlnimmfuelconfiumptlon). ~ —

AltitudeEngineInlnke-bsi’oOf
(i%)

bmep Or bsf.cOrvarLsble-bmepof varlable-
speed

@t
manifoldauxil~sry-auxlllery- camponentsystem componentsyStam

(rPm) ~r:&e propellerpropeller (lb/hP-hr) mlnuabmepof
Systaol
(lb~p-hr)YE;: In.)

auxiliary-propeller
abs.) Systam

(lb/sqin.)

21.00 35 0.398 161 0.399 1 0
----------------------- .......-----------“

Sea 2416 35 0.413 151 0*41.3 o
level 50 .368 253 .371 -: 0

273a 35 0.437 138 0.435
50

11
.383 2S5 .385 -1 :

2100 35 0,362 198 0.364 0. 0.7
50 .351 287 .348 3

2415 35
.7

---------------------
15,000

0.370 -------------------0.7
50 0.349 274

2730 35
.351 ‘ .7

0.383 . 171 0.304 :: 0
.365 251 “.358

E
,’?

2100 0.357 200 0.349 :
30,000 . .337 9

2415
1:2

35 0.355 lE 0.354
● .340 12 1:2-

2730 35 0.370 1;7 0.363 2 1.2
50 -.-------- ----------- .346

2100
------------------- 1.2

35 0.363 190 0.345 11 1.2
●

2415 35 0.364 lE 0.350 1.2
45,000 50 .354 259 .340 1: 1,%?

2730 35 ---------- ----------- 0.360 ---”--------------- 102
50 0.364 241 .347 12 1.2
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H IEngiyv:cod,NT
2100
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.4s 2415

}
Caloulatedfrcmsingle-cylinder-enginedat=-- —---- 2730

—.-— 2100 Calculatedfrom multisylinder-enginedata
H+t

.46
(

/

/

.U 0

Inta!a-manifold

\
80 65 50 t,

.32

Ratioof totalpr.smre at inlet of Steady-flwturbim to intak’e-manifold
pre=~, P~/Pm

(a) Altitude,sealevel.
Figure 4. - Net brake mean effective pressure and brake specific fuel

consumption of variabi e-component system for various intake-man ifoid
pressures and engine speeds. Fuel-air ratio, 0.067; turbine and
supercharger efficiencies, 70 percent; gear efficiencies, 85 percent.
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Ratlo of tbtalpra6SUF0●t inht or stea~-flowtmblna to imtak.anlfe~d
pressure,p#pm

(b) Altitude,15,000rest.
Figure 4. - Continued. Net brake mean effective pressure and brake

.

.

specific fuel consumption of variable-component system for various ln-
take-manifold praseures and engine speeds. Fuel-air ratio, 0.067;
turbine and supercharger efficiencies, 70 percent; gear efficiencies,
85 cmroent.
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(0) Altitude,30,000reet.
Figure 4. - Continued. Net brake mean effective pressure and brake

specific fuel consumption of variabie-component system for various in-
tak~manlfold pressures and engine speeds. Fuei-air ratio, 0.067;
turbine and supercharger efficiencies, 70 percent; gear efficiencies,
85 percent.
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gure 4. - Conciuded. Net brake mean effective pressure and brake
specific fuei consumption of variable-component system for various
take-manifoid pressures and engine speeds. Fuei-air ratio, 0.067;
turbine and supercharger efficiencies, 70 percent; gearefficienei
85 percent.
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[a) Altltude.ma level.
Figure 5.- Netbrake mean effective pressure and brake specific fuel

consumption of variable-component system for various intake-manifold
pressures and engine speeds. Slngie-cyi inder-engine data; fuel-air
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