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SFUDY OF JMFPROPUL610NSYSTQf CCWR161NG

IiLougm, BuRrum, AND Nozzm

By Ber@mln Plnkeland EldonW. U .’

m?4tdARY

A studywas madu of the performanoe of a Jot-propulsiorisystem
cmnposedof an engine-drivenblower,a canbustionchamber,and a
dischargenozzle. A eimpllflodsnalysieIe made of this systsmnfor
the purposeof showingin concisefomn the effuctof the Importsnt
designvtiiableeand opcratlngcozditlonson JBt thrust,thrust
horsepower,and fuel consumption.Curvesem presentedthatpermit
a rapidev~untionmof the perforumnceof this syetomfor a range of
operatingcondltlone.Tho perfcrmancafor an Illustrativecase of
a powerplantof thu type underooneldoratlonIe dlsouesedIn detail.

It Is ehownthat for a givenatiplanevulocitytho Jet thrust
horsepowerdepondamalulyon tho blowerpowerand the amountof fuel
burnedIn the jet;the highertho thrusthorsepowerIs for a given
blowerpowur,tho higherthe fuel consumptionper thrusthorsepower. “

Withinlhnltsthe amountof air pmnpodhas only a sacondary
effaoton the thrusthoreepoworand offloiency.A lowerllmiton
alr flowfor a givenfuelflow occurswherethe combustion-chamber
temperatureboocaueeexcessiveon the baeleof the strengthof the
struoture.As the ti-flow rate is increakmd,an upperlimitIs
reachedwhere,for a givenblowerpower,fuel-flowrate,and
caubuetion-chsmborsize,”furtherincreasein air flti causesa .
decreasein powerand
by excessivevelocity
an exoessive.prOssure
d~lng oabustlon.

efficiency. This decreasein poweris oaused
throughthe combustionchumber,attendedby
dyop oauscdby-ntum ohangeeooourrlq

..

.,. . . .

INTROIXf@ION‘ “ “..
Tly3performanceof a Jet-propulsionaystemdependson a large

nmnb6rof variables,ad M exaotanalyqlsresultsin oomplloated
equationsthattend to obscurethe.offeatsof the Importantverlables.
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In the analysisin the presentreporta nmuberof simplifying
assumptionsaremade that lead to oonolseequationswtth only a
smeJlsaorlfioeof aoouraoy. Theseequationsmay be representedby
a relativelyemaU numberof ourvesthatpermtta rapidevaluation
of the perfomanoe of a Jet-propulsion~stem for any given set of
conditionsand showolesrlythe effeoton perfomanoe of ohangesIn
my of the Importantdesignvariablesor operatingconditions.

The ~et-propulsiondevioeunderoonsideratlonlendsitselfwell
to interoeptm d pursuitalroraftbeoaueeof the good eooncunyfor
orulslngand the very highmaximumpowerand thrustobtainablefor
shortdurations. JM Illustrativeexampleof such an applicationis
dssouesed
operation

md the perfomanoe
Is given.

%)
B

%

%

ft

fc

F

h

J

M

P

‘p2.3

AP3-4

In take-;$’f,cruise,d-high-speed

SYK601S

area of duct orosssectionat ccmbustIon chamber,(eq ft)

enginebrake speoificfuel consumption,(lb)/(bhp-hr)

averagespeclfioheat of air at constantpressure,
(Btu)/(elug)(oF)

velocityooefflclentof nozzle

correctionfactorfor Jet specificfuel consumptionfor
dangee ti T2a and airplanevelocity

oorrectlonfactorfor Jet specificfuel consumptionfor
changesin C#c

net thrust,(lb)

lowerheat valw of fuel, (Btu)/(lb)

meohanlcalequivalentof heat 778, (ft-lb)/(Btu)

maes rate of alr fi~ throughduct, (slug)/(see)

pressure,(lb)/(sqft)

pressuredrop acrossburner

pressuredrop in ocmbustion
the air, (lb)/(sqft)

due to burnerdrag, (lb)/(sqft)

ohemberdue to the heatingof
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engine brakehorsepower

‘=&easure due to velooltyat combustion-ohamber.
, (lb)/(sqft)

@as cmnstant1716.3,(ft-lb)/(slug)(OF)

temperature,(q absolute)

idealtot~ temperatureafterbloweron the assumptionthat
the heatresultingfromfriction- turbulenceis removed
as it is generated,(~ absolute)

totaltemperatureeftercombustion,(~ absolute)
.

Jet thrusthcwsepower

veloclty,(fps)

airplaneveloolty,(fps)(alsoati-entranoevelocityto system)

Jet velooityleavingnozzlewithoutoambuetionfor the seine
inltial coniitIonsthatgive V5 with combustion,(fps)

totalfuel ooneumptlon,(lb)/(hr)

enginefuel consumption,(lb)/(hr)

Jet fuel consumption,(lb)/(hr)

ratioof net addedpowerto Initialkineticenergyof air

()V5 2 T4
~a

or a=cra

ratioof speolficheat at oonstant
at oonstantvolwne,1.4

oormotdonfaotorfor pressuredrop
duringoanbustIon . .

pressureto specifloheat

due to ohangeIn momentum

blowereffioienoybasedon totaltaurperatureand pressureat
blowerentranokand exit” “ . “ -

ocaubustloneffioienoy
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P gas density,(sl~)/(cu ft)

Subscripts:

o free air

1 out of diffuserbeforeblower

2 Et

3 at

4 at

5 at

combustion-chamber

combustion-chamber

combustion-chamber

nozzleexit

. .

entrantsaheadof lnzrner

entranceafterburner

exitbeforenozzl”e

a conditionscorrespondingto the case in whichno jet fuel “— —
iS burned

The jet-propulsionsystemunderconsiderationis showndi~sm-
maticallyin figure1. It consistsof a diffuserin whicha part of
the velocityEead of the enteringair ie convertedintopressurehead)
a blowerfor furthercompressingthe air, a burnerfor introduc~
fuel intothe ccmbuctionchamber,a ccmbusttonchaber in whichthe
fuel is burned>and a nozzletlxroughwhiclithe jet issuesintothe
alanoephere.The blowermay be drivenby a convemntionelengineor by
any ethersuitableprimemover. Althoughthe bloweris ehowncper-
atingin the low-velocityzoneof the duct,it may be placedin any
convenientlocationwith diffusersplacedbeforemd titerthe blowr
wlthcutappreciablyalteringthe accuracyof the ezuQysis.

It is assmed that all the burningoccursbetweensections3
end 4 of figure1 and that the pressuredrop acrossthe burner AP2-3
is equalto that for the unburnedair.

I



The enalyeisla givenh detailh appendixesA, B, and C.
. The fQU~ng equationssuonnarizq,the ~ggts and em used for plat-

tlng the curves: Jet thrusthorsepowerper’“iiilti~kiimtibpowbr

“ where

x. Z!?!$L(l.qdq
* o

In which

(9)

(8)

or

‘W’(’-’+-(q-%wr “)x.

setthrustper umltmass alr flow,

(17)

lr/M= h2 ~ “(voz + V02x) - V. (lb)/(slug)/(see)
c T~

(19)

blower-power_iication, “ “

thp
2[,/~, -1.]

We=”. x+l- %’” ‘.

fuel-consumptionfactorof the set,

(20)

●
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()T4

‘Wf ,1 % 3600% .TF -1 550
—— (lb)/(thp-hr)

thp =

~{ ‘

.—— —

hVo2

1
%%g(l+x )-1

emd enginefuel consumption,

Wfe = me (l~)/(hr)

or

The valueof T2a may be computedfra

(a)

(22)

(24)

(12)

The value of the caubnstion-chember-apprcachvelocity V2j
requiredfOr the CQUQUtatiOnOf X - ~J is In many casesknown
becausethe maximumvalue of V2, at whichcabustion can be main-
tdnedJ is oftena tisi~ limitation.IfJ howererJthe mass rate
of flow of alr M and the canbustlon-chambercress-sectionalarea
~ are @ven, then,
racy for determining

when V2 is tiJ a vd~ of Stificientaccu-
X and c can be obtainedfrom

v2=&

on the assmption that P2 is nearlyequalto atmosphericdensity.
Where V2 Is largeand the blower-pressureratio is considerably
greaterthan unity,it may be necessaryto make a more accuratecom-
putationof V2 by means of the equationsIn appendixC. Inmost
casesen approximatevaluefor V2 is adequate=

It is noted in equatkm (18) th8tJ as cT4b2a is inc~ased~
the jetthrusthorsepowerIncreases(au otherconditionsremaining
constant).The term c representsthe effectof the mmentm pres-
suredrop in the combustionchauiberassociatedwith the increasein

.
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velocityCeusodby
%ho) the lm~r
la the valueof E

7

. .
Ccaibustion. For a constantvalueof X and
the cabuetlon-chembeptemperature,the smaller
(eatition(17)) - the meater is the adverse.- . .

effectof the mcmentwnpressme drop on jet thrusthorsepower.
Th~ ~ optti~ VtiUSof T4~~ exists“attilch @Z4,~2a ~
also thp are a maxlnnm. This optti~ tiUS of T4fi2a IS
foundby the tiual~thd of calculus,whlti.Involvessettingthe
tirlvativeof “

%
4~~ @th rewect to T4@~

solvlngfor T4 ~. This procedurere~ultsin
eqmeeaion for the Optlnulm

L_)T4

value of T4/T*:

()V2 2
““l+x+—

V.
wa)qt = “--72 2

()v:,

Increasein ccmbltitiontemperatureabcvethis
resultIn a reductionIn thrusthorsepower.

DIHXES1OIV

Perfomsnce Charts

equalto zeroand
the following.

optimumvaluetill

Figure 2(a)showsthe tbruethorsepowerIn tenusof the
nonaimen.eimnalquantity

550 thn

plottedagainst X for variousvaltisof %2 cT4fi&. The quantity

550 thp

* 02

representsthe Setthrustharaepoweras a ratioof the Initialkinetic
powerof the air involvedIn the ~et-propulsioncycle. From these
curvesthe thrustpowerfor a @ven set of conditionscanbe readily
evaluated.The term X In fi~e 2(a)representsthe ratioof the
net mechanical-powerinputintothe air to the Initialkineticpower
of the air. The fIrsttemn of X representsthe blower-poweroutputJ

I ----- - . .
--—
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the Eecondtem representsthe powerlose In the diffuser,mciithe
thtrdtezm representsthe powerlossas burnerdrag,each as a ratio
of the Initialkineticener~ of the air. In an efficientdesl~
the secondand thirdtezmeof the quantity X am negligible.The
power lossat the dischargenozzleis lm&leiLby assi~ing the appro-
priatevalueto the nozzle-velocitycoefficient~ in the term
%2 cT4,h~9 The Bsuneterm,by assi~ng an appropriatevalueof c,
&kes care of the loss In powerremltlng from the pressuredrop
causedby the mcmentmnc- that occws duringcm?bustlon.The
valueof 6 is 1 when the momentwupressuredrop is negligibleand
decreasesas the momentumprsssui’edrop increases.A chcrtfor
determini~‘c tillbe describsdlater.

The quantity %2 CT4fia was chosenas one of the parameters
in the graphsbecauseof the resultingreductionin the numberof
curvesrequiredto presentthe Jet thrusthorsepo%-erand becausethe
hnportanttrendsare readilyapparentfrcm the curves. In many
cas9sthe value of the combustiontemperatureT4 is one of the
lmuund.esi~lhnttatlons.The valueof T~ can be
means of equation(12) andj overa largepart of the
of interest~ it &iffer~ from alzmospherlctemperatwe
20 percent. Thus, the valueof %2 cT4~& can be
or esthated ~ dependingon the accuracyd.aslred.

ccmrputedby
operatingrau@
by lessthan
qticu c~utea

Figure 2(b),whichcan be computedfrom figur9Z(a) (or equa-
tion (20)), showsthe vsriatlonof thp/?#e with X fm? various
valuesof ~2 cT4fi~ and ~d’ and Is presentedfor the pwpose
of graphicallyillustratingthe trendof the magnificationof the
blowerpowerby the Jet-propulsionsystam.

The fuel consumptlonsper thrusthorsepower-hourof the Jet and
the enginemay be obtainedfrcmfigure3, whichIs a plot of equa-
tions (21)and (24). The totalspecificfuel consumptionis the sum
of thesetwo valu9s. The enginefuelconsumptionis plottedagain8t
the samevariablesas the jet fuel consumptionfor th- purposeof
ccanpsringtheirrelativemagnitudes.The enginefuel consumption
canbe calculatedmore readilyby merelytakingthe productof the
mgina powerand the enginebrake specificfuel consumption.

Figure 4 showsan alternativemethodof presentingthe fuel-
conrnnuptioncurves. The curvesof Jetfuel consumptionwere obtained
by cross-plottingfigrues2(b)and 3(a). The curvesof enginefuel
consumptionwere ccmputedfrom equation(24) (seeAnalysis)for three
valuescf enginebralm specificfuel consumptionB. The valuesof
Cp of 7.728Btu per slug ~ (airat 6001’)and the heatingvalueof



the f~l h of 19)000Btu per pound were choeenh the canputatlons
.of,thejetf,uelconsumpt+* in this report. It Is nqtedIn equa-
tion (21) that the set spec?flifuel con&m@ion is directlypropor-,

——....

tionalto ~ and inverselypropurtlonalto h. The valuesof
specificfuel consumptioncan be correctedfor othervaluesof C
and h than thosewhichare used in this reportby makinguse o?
theseproportionalltie~.“Thevaluesof ~ vary Sanewhat”Withthe.
type of fuel usedand the temperat~” rangeduringccribustion.’The.’
valuesof c.. for ccmib~ti~ gas in the ccaubuetion-temperatureremge
are usuallyabout10 peroenthigherthan the valueused in this
report,and the Jet fuel consumptiongivenshould,be Increasedby
10 percent. The valueof the Jet fuel rate obtainedfrom figures3
and 4 end equatlqn(21) shouldbe reducedby an amountequivalent
In ccmibuelzl.onheatto the heat @narated by”turbulence. (Seeappen-
dixB.) Tbls correctionin the usualcase Is smalland ~ be .
neglected.

Figure5 Is a plot of equation(17)and provldosa means of
obtaini~ the valueof E frcmuthe valuesof X J V2F70) ~

T4fi~ for use in computingthe tezm %2 6T4fi2a In flgUI’es2)
3, and 4. -The factor c takescare of thepressuredrop In the
combustionchambercausedby the increasein momentumof the gases
In the processof heating.

In fl~e 6 we plottedvalws of thrustper unitmass F~
frm equation(19)fcirtake-offcondltionaof V. equalto O and
150 feetper second. The term (1 - ~d) (Vo2 - V43 In Vo%
must be omittedwhen V2 la greaterthan Vaz aa discussedin
detailIn appendixA.

Figures7 to 10 showthe performancee for an IllustratIve case
and willbe discussedin detaillater. FigureM. givesvaluesof
the adiabatictemperatureequivalentof velocityfor aidingin the
computationof T~ and T2. (Seeequations(12)and (32).) Fig-
ure 12 showsthe ratioof the blowertotal”exitpressureto total
inletpressure.

M4imum econc?nyIs obtalnd by burningno fuel h the Jet..
The systemthen reducesto the equivalentof a ductedpropeld.erthat
Is ca~ble of high efficlency. The quantity thp/VbPe is, in this
case,lessthan unityand can theoreticallybe made to approachunity

-. by increasingt@ qutlty of air pumpedand by Improvingthe effi-
cienciesof the“diffuserand nozzle.

.— -—. ——. ----
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BurmLngfuel in the Jetprovidesa mems of obta~ a thrust
horsepowermany timesthe eu.glnepower. This procedure1s wasteful
of fuel but in menmvers of briefdumt ion, suchas take-offand
combat~ high power Is more importantthan low specificfuel consmup-
tion●

Of the figuresshown,figure4 possiblyprovidesthe clearest
pictureof the perfomance thatmay be obtainedfor this type of
operationand showsthat considerablemagnificationof the blower
powercan be achievedat the cost cf Increasedfuel consumptionper
thrustihorsepower-hour.For an effectiveduct efficiencythat can
reasonablybe expected,nsmely, q~’ = 0.90, the specificfwl
consumptionfor a givenpowermagnlficationis nesr4 Independentof

. the cmubustion-chambertemperaturesup to a powermagnificationof 6.
!C%e, the powermagnificationin thisrangedependsmainlyon the
emountof fuelburnedin the jet and only sll#tly on the amount
of air pumped. As the air z%%teis reducedfor a givenfuelrate~
the ccmbuetion temperature2s increased.An upper llmltof
combutilon-chsmbertemperatureexistsand is detemined by the
strengbh-temperaturepropefiiesof the structureand the amountof
surfacecoolingprovided. As the ah rate is increasedfor a given
fuelrate,the ccm.?mwtlontemperaturedecreases. Increasein air
rate>however)fncreasesthe velocity V~ at the burner(fora
givenunit size)R:fia pcint la reachedwherethie velocitybecomes
excessiveanilcac+esa reductionin c (seefig. 5) and an Increaee
In specificfwl rate (eeeplot of fc In fig. 4). This condition
establishesa lCWW limlton the combustion-chambertemperatureand
an upperllmfion air rate for a givenfuel-flowrate. The proper
alr rate lien .!wci-oenthis upperlimitand the lowerllmltImposed
by maximumallxl~i~ecomhuetiontemperature.The higherthe power
magnification:The closerare the low and the high air-flowrate
limits. In a choiceof the air rate,considerationshouldbe given
to the characteristicsof the blower. The lowerthe air rate,the
higheris the pressurerise acrossthe blowerfor a givenengine
gower.

Above a powermagnificationof 6, inspectionof fi~e 4 for
v~‘ = 0.90 appeareto Indicatean advantagein operatingat low
combustion-chambertemperatures.An increasein powermagnification
and a reductionIn ccxnbustlon-chembertanperatures,however,both
tend to Increaeethe requiredair rate. In a duct of practical
sizethishigh air ratemay lead”toexceesivevelocitiesat the cczu-
buetionchsnlberand to a reductionin c, the effectof which.may
Increasethe specificfuel consumptionfor low combustion-chamber
t~eratures with respectto that for high combustion-chembertem-
peratures.This effecttillbe illustratedIn a latersectionwhen
a epecificdesignwillbe diecussedin detail. It tillbe further
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shownthat the effectunderddscussicnplaces“anupperllmlton the
xf~catl~ of the blowerpowerthat can be obtainedfor a given
cmubuatlon-chambertemper~t-qye;.we. hi@er the cc@x~stiou-chaniber
te?qperalmre,the hl@er 18 themaximumpowermagnificationfor a

.—.-.

givenblowerpowerand duct size.. .

The nmxlmm thrusthorsepowerfcm a glvonduct diameterand
enginelower is developedtien the maximumenmmt of fuel 18 burned
in the Jet (fIg. 4), consistentwith a nmiberof practical.llmita-
tlone. Tho amountof fuelthat-T be burnedis llmitedby the
permissible?~imum cczcbueticn-chemibertemperature.The largerthe
~air-flowrate throu@ the caubuattonchaniber,the largerIs.the per-
missiblefuel-flowrate for a givenllmltlngcombustiont.anperature.
The =Imwn air-flowrate degendson the maximumvelocltyof approach
to the burners V~ at whichccanbustloncan be maintainedor at
which c Is not appreciablylessthan.unlty.This air-tlowrate
can be rouglilyestimatedhy takingthe productof the mexlmlm V2)
the cabuatlon-chambercross-eectionalarea,and the atmospheric
density. F~’thorIncreaeeIn thrusthorsapwer for the givenduct
elzerequtiesan Increneein the enginepower.

Inspectlcnof the ordinateof fibge 4 revealsthat the ~et
speclfic fuel con.mmption decreaseerapld3.ywith IncreaeoIn alrpl.ane
velocity,decreaseIn atmosphericteunperaturo,and increaseIn com-
bustionefficiency.The curveefor fc indicatethe lose in eff1-
ciencyaccompanyinga reductionin dlecharge-nozzle-velocity
coefficientand in the valueof C.

It Ie notedthat,for ~d’ = 0.70, the Jet fuel conemptfcn
Increaseewith reductionIn caubustion-chcmlertemperature.This
increaseis the remit of higherloeeeain the duct with the higher
air rateereqnlredto maintainthe lcworconibustion-chambertemper-
atures. The esmeeffectie notedfor qd’ = 0.90 at low power
_flCatiCnS but to a much leseerde@?eethan for ~d’ = ().7()
becal~eof th @eater valU(3of Vd’. Caparlson of the curvesfor
lld’ of 0.70and 0.90 ~.ndicateethe importanceof a high diffuser
efficiencyend a low burnerdreg. With gooddeeign,valuesof Td’

! of 0.90 or ~ator can reasonablybe expected.

i

[

The equationsand curvesneglectthe usuallysmallccntrlbuticm
to the thrustprovidedby the rearward.motionof the fuel. The
thrusthorsepowercorrectedfor this contributionis

1 . .

r “

I

Correctedthrusthorsepower=
(l+::%G)thP+~’y:;-’ -

—.- —--—
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If individualdst stacksare

lWAOAACRl!lo.E4E06

the enghe ~ust was also ne~ected.
us6d,‘&e endne dust thrustU be

ccxnputedby mesns of the data in &ferenc; 1. In this computation
the cost of tdclngon board the enginsair shouldbe included.

The followingexampleillustratesan applicationof the curves
in figures2, 3, and 5:

The givendesignad flightconditionsare:

Altitude,feet . . . . . . . . . . . . . . . . . . . . ...30.000
AtmosphericterilpGraturG,% absolute. . . . . . . . . . . . . ~2
Airplanevelocity Vo, mlleaper hour . . . . . . . . . . . . 500
or f9etper8ecmd. . . . . . . . . . . . . . . . . . . . . 733

Velocityof approachto burners V2, feetper second . . . . 200
T~perature afterccmbnetlonT4, OF absolute. . . . . . . . 22S0
Jet air flow M, slu~ per second . . . . . . . . . . . . ...4
Enginepokwrl?e, brakehorsepower . . . . . . . . . . ...1200
Blo~reffici~~y~b..*. . . . . . . . . . . . . . . . . O.m

Ccmibuetionefficiencyqc. . . . . . . . . . . . . . . . .. 0.65
Diffusereffi.ciencyqd . . . . . . . . . . . . . . . . . . . 0.90
Nozzle-velocitycoefficientCv . . . . . . . . . . . . . . . 0.98”
Pressuredrop acrossburner Ap2.3, poundsper squarefoot . . 10
Enginebrske specificfuel conswnptionB, poundsper
bzakehorsepower-hour. . . . . . . . . . . . . . . . . . .0.5

The value of
fore~hg date and

The foI1.owing

T& may be ccmputedflrcuuequation(12)end the
is 475°F absolute.

quantitiesmay thenbe ccmputed:

T4 .=2260
— = 4.76

~ 475

V2 _ 200 = o 273

V. 733”

$fk-oz
7332

550
=+x4x—

550
= 1950 hp

~ equatim (6)

. —.—. ,——. ———. , . . . . ... .. . —
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1

x =0.9X 1200.— - .
1%0 (1 - 0.9) (1 - 0.2732) -10 x 0“2732 x 16”4 “

.- 4X4X200

= 0.554 -

where the duct

Frwl figure5

—___-.

0.093 - 0.031 = 0.430

area AD iS 16.4 square

.6 = O.ec)

mm

%2 CT4/TW = 0.982X C.80

From I’igure2(a)

feet.

x

550 thp . z,56
*02

or the Jet specificfwl

tip = 2.56X 1950 =

4.76 = 3.65

5000

ncw@P f’t=

ft = 0.91

ccusumptionis

2.20

~ 2.0 x 0.91
.P=+-

= 2.36 (lb)/(thp-lm)

I
The engine fuel consumptionis -

. . 0.5 x 1200 = 600.(lb)/(@) “

or, in tezmsof 6pecificfuelconsumption}
+. ..

~~- = 0.12 (lb)/(tip-W)

1.—
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The Imtal specificfuel Conemptlon 16
. .

@@ =“”2.36 + 0.12 = 2.46

The ma@ flcatlonof the blowerpoweris

(lb)/(&-h) ‘“””. “

thP = 5000

“bPe 0.9 x 1200 = 4.63

The duct area AD can be foundby the equations@ven in
appen&z C and Is 16.4 squarefeet.

IllustrativeExampleof Applicationof the Jet-?ropulslonSystam

The applicationof the jet-propulsionsysta to pursuitand
Interceptorfightershas been s~~~ested.In the cruisingcondition
the systemmay be operatedwithoutburnhg fuel in the ccmdnastlon
chember,In whichcase the systa reducesIn actionto a mechanically
actuatedJet devicethat Is capableof high offIcIency. In take-off
and duringccmbatextreme~%M@ powercan be obtainedat the expense
of high fuel consumptionby burningfuel In the combustionchember.
Theseoperationsare of relativelyshortdurationand high thrust
poweris more Importentthanhigh efficiency.

An illustrativecase of suchan application“tin be dlscusset
In detailas it bringsout someof the c-cterl stiesand limita-
tionsof the system. A jet-propulsionsystem,which Is provided
with a combustionchamber5 feet In dlsmeter,housedwithina fuse-
la~ or nacelleand a variable-areadischargenozzlewillbe con-
sidered. At eachpointthe correctblowerto handlethe required
amountof air at the specifiedpowerand efficiencyof the problem
is assumed. The followlngare the asswnedperformancee chcracteristlcs
of the cwnponentsof the system:

Blowerefficiency.~..... . . . . . . . . . . . . ...0.90
Ccanbustionefficiency ?ic. . . . . . . . . . . . . . . . .. 0.90
Diffuserefficiency qd . . . . . . . . . . . . . . . . ...0.90
Ilozzle-velocitycoefficient~ . . . . . . . . . . . . . . . 1.00
Pressuredrop acrossburner AP2.3> poundsper squarefoot . . 0

The combustion-chauibertcaumratureIs assumedto be llmltedto
22600F cbsolute. Air conditionsare based on NACA standardatmos-
phere (reference2).

I
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Xlgure7 shows
at sea levelard at.,.-
1~0 ho”rsejmwer-for

.-

the Jetthrusthorsepowerthat oan~e obtalnea
30,000feetfor enginepowersof 800 and
VLWIOUSratesof air flow.--The-tunes Indicate

thata thr&t horsepowerof 10,000can be obtalneaat sea levelwith
a 1200-horsepowerengineat an air-flowrate of about13 slugsper
second. The reauctlonin thmst horsepowerat hl@er valuesof M
is mainlycauseaby excess~vepessiiredrop Im the coribustionchamber
assoctiteawith the ~ mm$nstl.mlChmgss resqltlrlgfrcalCcnnhustion
at the hi@ valuesof V2. The ener~ loss In the d.lffueerIs a
contrl.but* factorto the loss in thrustat high valuesof air flow.

It Is notesIn figure7 that,for & two sea-levelcases,the
specificfuel consumpblonbeginsto increaserapidlyat an alr flow
of about9 slugsper seoond. In the vicinityof 9 slugsper second
the thrust-horsepowercurvesbeginto leveloff in approachingthe
peak valueand it appearsto“begood ~~ld~entto accepta mall
reductionIn thrusthorsepowerto avoidext~ly high specificfuel
conswnptIons. In the case of operationat 30,000feet,a slmllar
ccmqmomlsealr flowappearsat 4 slugsper second. The velocities
of approachto the burneroorrespondlngto theQeccmprcmlseair
flowsarm between150 and 170 feetper secondfor both sea leveland
30,000feet.

Figure8 showsthe thrusthorsepowerobtainedfor the conditions
tabulateawhen cruisingat an alrplangvelocity&200 and 300 feet
per secondend whenno fuelIs burneaIn the ccanbustlonctiber.
The over-allpropulsiveefficiencyis the ratioof the thrusthorse-
power tip to the enginehorsepowerPg. For example,at an”alr
flowof 14.5 slugsper secondand en airplanevelocityof 300 feet
per secondat sea leveland at 1200 enginehorsepower,the net pro-
pulsiveefficiencyis 0.75. Ths cumes of thrusthorsepomr a~nst
alr flow In figure8 havenot reacheatheirpeak valuesfor the
rangeof air flowsshown. Ccmparlsonof figures7 and.0 Ind.lcates
thata givenJet-propdsionsystemShoulabe desl~a to handle
considerablymore alr In the c-se conditionwith cold Jet than In
the high-powerconditionwherifuel is burnd in the jet. This
requirementwouldnecessitatea blowerwtth v~able-pitch blades
In addltlonto a dischargenozzlewith a variable-areacontrol.

The thrustthatmay be developedby the systan underconsider-
ationfor take-offoperationIs shownin f-e “9. Curves(a) show
the casewhere sufficientfuel is burnedto malntalna combustlab-
chauibergas temperatureof 1600°F (2260°.F absolute). Curves(b)
showthe casewherethe *S taulperaturesera hda at the optimum
valuesformaxlmwnthrust. At‘valuesof M greaterthan thoseat
the pointsof tsngencyof ourves(a)“and theirassociate curves(b),
the optlmlnngas temperaturesare less than1800°T and decrease

Ii._ ..— ———. --
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. rapMIJuas M “is increased;at smallervalueEIof M the“optimum
valuesof ccmibustionteunpez%tureare greaterthen 1600°F and ez’e
not usableunderthe presentassmnptionof mxclmumpezmlsslbletem-
perature. It appearsthat,at take-offwitlhmass-air-flowrates
closeto thoserequired for hi@- speedoperationat sea level,
thrustsscmewhatless than the maximumvaluesof curves(a) are
obtained. The ccmibuetion-chembergas temperatureat thesehigher
mass-air-flowratestill alsohe reducedwith respectto the value
of 1600°F .

“ Figure10 showsthe variationof specificfuel consmptlonper
thrusthorsepower-hourwith Jet thrusthorsepowerfor cabustlon-
chauibergas temperaturesof 1860°,2260°,and 2660°F absoluteat
sea levelti at 30,000feet. Inspectionof the curvesreveals
that,If the thrusthorsepo-mrIs to be reducedbelow the gexlmum
valuefor a givenmeximumallowablecombustiontemperature,the fuel
and alr flow shouldfirstbe reducedkeepingthe maxtiumallowable
temperatureIn the cmbustion chamberIn orderto obtainthemaximum -
reductionIn fuel consumption.Below a certainpoint the specific
fuelconsumptionfor a givenpowerappearsto be iqdependsnt,within
limits~ of cunbusthn temperature,l?romstrengthconsiderations,
it Is advanta~ousto operateat the lowesttemperaturethattill
give efficientperfozzuemce.

The designof a Jet-propulsionsystemfor a specificapplica-
tion requires a detailedsnalysisof the characteristicsand operat-
ing requirementsof the airplaneIn whichthe systemIs to be
installed.It Is not the purposeof the presentreportto rec-nd
anY set of operatingconditionsbut ratherto showthe trendsand
Illustrates-&eof
systm of the type

,

The followlng

& considerationsinvolvedin a Jet-propulsion
underdiscussion.

CONCLUSIONS

conclusionsaremade on the Jet-propulsionsystem
comprisingan engine,a compressor,a burner,and a ,dischar@ nozzle:

1. At a givenairplanespeedthe powermagnification,that is,
the ratioof the thrusthorsepowerto the blowerpower,is a function
mainlyof the epeclfic fuel.consumptionin the Jet. The greaterthe
powerma@lflcation,the greateris the requiredJet fuel consw.npti.on
per thrusthorsepower-hour.

2. Over a largepart of the pmcticel o~ratlng rengefor a
givenfuel flow,the emountof alr handledhas a secondaryeffect
on the net efficiencyor thrusthorsepower.Far a givenfuelrate
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and blowerpower,at ve~ low air-flow rates,the caibuetiontemper-
ature becomesexcessiveand results@ structuralfailure;whereas-,, ,..,...-,.,._ ........ ....------ --—.
at very‘tighair-flowrate~~‘“Ifthe combustion-chambersizeis
Mmlted, the velocityIn the ccsibustionchsnherbecomesvery large
accompaniedby an exceseivepressuredrop causedby mcmentum
changeduringthe caubustionprocessand resultsIn a sharpdxnp In
net efficiency.The satisfactoryalr-flewratelies betweenthese
lwt s. Practicalconsiderationmay place.itcloserto the high
flow-rotellmltbecauseof the lowercombtitlon~chsmbertamperatum
and the hwer pressurerise that Is requiredfrcunthe blower..

3. The higherthe powermagnification,the closerare the low
and the high air-flowlimltsand the smalleris the rangeof pezmls-
elbleair-flowrates. At very hi@ powermagnifications,themain-
tenanceof safegas temperatureis the limlting,factorand excessive
air-flowratesmay be required,attendedby sharplydecreasing
efficiency.The pcwermaguificationapprcacheea mazlmumand then
fellsoff as the air and fuelrate is Increased.

4. The maximumpossiblepowermagnificationfor a @van
ccznbuetlon-chsmbertempemture and sizedecreaseswith Increasein
altitudebecausethemass-air-flowrate,at whichexcessiveveloc-
Itlesin the ccnibuetlonchamberoccur,decreaseswith IncreaseIn
altitudeas a resultof the decreasedah density.

5. When maxtiumefficiencyis the primaryconslde~tion,no
fuel shouldbe burnedIn the combustionchamberand the system
reducesIn operationto a mechanicallyactua%edJot.

6. For a givenairplanespeed,enginepower,and air velocity
enteringthe conibustionchedber,becauseof the pressuredrop In
the conibuetlonchamberassociatedwith the increaseIn themcmentum
of the gas duringcmbustlon, en optimumgas temperatureexists
abovewhichany furtherincreasein temperatureresultsIn a decrease
in thrust.

AircraftEngineResearchLaborato~, . .

Eatfxmal.AdvisoryCc?multteeforAeronautics, .
Cleveland,Ohio.

.
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In the followiuganaQvsis,termshavinga negligibleeffect
the resultwere cmlttedframthe equations.

The thrusthorsepowerof the $et-propulsiondeviceis given
applicationof the familiarmmontum equation

Mvo
thp . —~~o (V5 - Vo)

ii expedientin the analysisto make use of a fictitiousjet

(1)

velocity-d9fineaas follows; Let V5a be the jet velocityfor
the casewhereno fuel is burnedIn the cczubustionchamberbut
wherethe blowerpower,mass flow,pressureat the combuetion-
chsmberentrance,and tiiediffuserand blowerefflciea.tiesremain
the sameas for the case wherefuel Is bumd. This condltlonIs
mechanicallyachieveaby adJustingthe dlschar~-nozzleopening.
It is furtherrequiredin the defmtion of V5a tit heat 6e~r-

1 atedby turbulenceresultingfrom ener~ lossesin the diffuser}
theblower,and the burnerIs removed.frczuthe gas as it Ss fonnd
and thereforeaoes not contributeto the exit velocity V58. Let
a be deflneaby the relation

‘5 = ‘5a P

Then

(2)

(3)

When the theoretical.gain In kineticener~ of the air for
the cola conditionis equatedto the differencebetweenmechanical
poweraddetiby the blowerend the powerlossesat the diffuserand
at the constrictionIn the cabustion chambercausedby the Iwrner~
thereIs obtaineil
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An approximationis apparentin equation(4)wherethe diffuser
qfflciencyis asmncd to a~v to the changeIn velocityitxm VO...=..
to Tti~ m &&plication
ered~anted becauseof

SolutiQnfor T5a/Vo

of“h“moreekactrelatiotiIs not consid:
the mallmess of the errorinvolved.

frm equation(4) @ves

lihere

or

‘0%‘y -F-“w’-“2)-%?” ‘7) “-

Let qd’ be definedb~

Equation(6)bocmes

550~#e
x .—-(l. qdI) .

+
2
0

.

(8)

(9)

1
Part of the diffusingactiontakesplacein the fhee-alr

stream8ht3adof the nacelle. The dlffueereffIciencyincludes
lossesh thisregionas well.as thoseoccurringin the diffuser
proper. When the volocltyat the cabustion chumber V2 becomes. -..
greaterthanthe free-airvelocity V., a nozzleratherthan a
diffuserIs reg.utred.In suchcasesthe siguaheadof the tezms

j
I
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shouldbe changedin ordertkt thesetermsagainappearas a loss
In energy. In all casesthe efficiency qd is definedas tiO
ratioof the true c-e in kineticenergyto the idealchan& In
kineticenergyfor the smneentrancecondition@ pressurechange.
Therefore,conditionswhere V2 > V. shouldbe tzeatedas special
caseswhere,dependingon the over-alleffIciencyof the venturi~
the secondterm on the rl@t-hand sideof equations(4), (6), and
(7) can be eithercorrectedor caitted.

Ccm.lblmlngequations(3) and (5)

550 thp -—=

* 02 1z~%d=+x)-l

The equationfor the Set thrustper tit mass flow is

I

F/M = ~ ~a (V02 + VO’X) - V.

(lo)

(11)

The quantity a mqv be derivedIn the followingmanner. The
dischergevelocityof the Jet is givenby the equation

where T4 end P4 are the totaltemperatureand pressure,reepec-
tively.

For the cold conditiona similarexpressionf@r Vsa ~ be
obtatnedwith T4 zeplaccdby T’QJ where T’a ~S EL~~eoretlc~
totaltomperaturoat the burnerentrancecorrespondingto the case
wherethe Jet discharm velocit~IS V5a9 The val~ of T2a
obtainedfrm the conditionsgivenIn the deflnltlonof V5a is
Suhstutlally

.

■ l—l- I 1111 ■ I II 1 ■ l II
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(12)

also Sn the caseThe remarkthatfollowsequation(4) applies
equation.(12). .,

The Jetvelocityfor the cold condition

of

glmn by1s then

(13)
. .

Were p3 is the totalpressure

P3 - P4.Let AP3-4=

Then
..

V5=+

When the firsttwo the series

tailm

- ~-~

()AP3.4 “ 7
teIm 1 - —-

P3
are

V5

b —— —.

w. -.
. .

V5

..

. .

—
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()Po 1yAP3.4W T4
v~= v&2 — ——,.

PZJ ‘3 ’28

lihem the assumptionIs made that Qa/T3 may be taken

unity In the term oontalnlng Ap3~.

Then I

where

But

If the
then

II T
V5 = vC& c~

Ap
2

= 33V32 + P3V3 (V4 - V3)
3-4

- #P4v4

()~V4”
@3.4 = +3V3 — - 1

‘3

approxlmations

equalto

(14)

(15)

(16)

are made that V4/V3 = T4/T2a * V3 = V2J

When V= is eliminatedfromthe equationfor c by means of equa-

tion (5),thereresults
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. . . .
.

,.” (#(& -$Q)y
c.l -

l+X

0
7

For the type of systemunderdlecu.aslon,the term ~ in the
P3

equationfor 6 ~ be replacedby unitywithoutintroducing
appreciableerrorin the practicalrangeof operation.Thus

($y&l)
c =1-- 1+X (17)

Combinationof equations(10)and (16)givesthe thrusthorsepower
equationati

~r 1
550 thp

[J

T4
—.— = I
&Vo2 2 CV2% (1+X)-1]

(18)

Equations(I-1)and (16)give the thrustequationas

I

. .

JF/M = CV2 c ( )L V02 + V02X - V.
‘2a

TIM mtio of thp qbPe can be derivedfromequatione(6)
and (18)

r /~

Iv 1~(l+a.1
thp
~=

X+,::qd) [1-(+)] ++(;T ‘

or flromequations(9)and (18) “

(19)

I.—.
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2“Id ‘4

--!
cv2c@l +x)-1

tip L.— = .——— —.
~bpe x+l - ~d’ “

In thisanalysisthe thrustobtainedfrom the
of the fuelwas neglected. The followingrelatIon
this contributionto the thrust:

(20)

rearwardmotion
will correctfor

{ w v %0-6‘fj ) + *by.Correctedthrusthorsepower= thp 1 + —
.( 3600&] . 0

The thrustof the en@ne exhaustwas alsoneglected.

. .
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InlEicmsmiPTIoN
Combustionof the Jet fuel occursat substantial~oo&tant

pressure;therefore
I .... .. . . . .

(T4 - YZ)”3600
..

3600 -,MCP (T2 - T2a) 3600

The tem Mop (!I22- ma) 3600 reprments the heat generatedby
turbulencein the diffuserand at t’heblower. This heat Is usu-
ally smallcomparedwith the hed CeIlerstedby combuslxlonaud in
most oasescan be neghctod. It will be neglectedIn the subse-
quentequations. Fur low effic~encies, to w-b for this
approximtlon, It is mere4 ueceasary to subtractfrom the fuel
rate obtainedfrcm the ensui~ equationsa valueequivalentto
the heatgme~ted by turbulence.Then from equation(10)

If
. .

and

(lb)/(thp-hrj

Cp: 7.728”(Bti)/(S.l&)(OF)”-”““””
.,

.m

h= 19,000(Btu)/(lbfuel)

(21)

I._ ——— —- -.—.— -—
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The engine fuel ccmeumption
to the en@& broke

IYom equations(18)

‘fe BPe 550

==px

horaep~r.

Wfe = BPe

ala (22)

NAOA

can be emsumea.to be
Thus,

(lb)/(&)

ACR HO. E4E06.

proportional

(22)

1 — (lb)/(thp-lm).- .-..

Ir 12 A%2GQ1+XH
(23)

1} ‘2a i
L J

FYOIUequation (9)) equation (23)becomes

Ammmiw

and

then

BP + (1 - ~d’)1
.

‘Lj, %1+x)-l2i

II ~28
i. I..

Vd ‘ = 0.90

B= 0.6 (lbfuel)/(bhp-”hr)

(lb)/(

qbwfe 0.3 (x + 0.1)—=
thp

(lb)/(thq-hr)

d

T
4 (1+X)-1%2 6
‘2a

thp-hr)
(24)

(25)

—.
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AmmmX c

-, .-. . r. ..- .. RELA!TION8EEmmmV Mi&nERI c Cormirmm Arm

COllDITIONSAT COMBUSTJK)N-CHAMEERENEMNCE .

. Aacurate valueaof V2 and T
!

may be found by the fOllUW~
method. The oondltloneafterthe ~1 fuserand beforethe bluwer
(Vl,PI, and Tl) can be obtainedfromthe followingthreeformul.m:

I&m the conservation of ener~

$: +:—+ To=Jcp —+T1Jc
P

Wmm the definitionof diffuserefficiency

I 7-1 ““l
7

“()]?d(T1-To)= To@ -1 (27)

1 ‘em’
and .

MRT~

‘l=%Z
(28)

g12 550Pe *22 .
—+ T1+~=
Jcp

P
q+T2

. (30)

. .
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and
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‘2V2 = @2- (31)

For an app?oxlmatevalueof V2, valuesfor T2 and p2

be replacsdby To and p. In equation(31). Equations(26)
(30)g~mve

which can then be

If M, Pe,

(32)

ueeii to find T2.

T@ PO> ati ‘o are knownand V2 18 assumed

to.be eqlml.to VI as an approxi=t Son, then for any value OF V1
*he valuesof T1 and T2 can be obtalneJf.momequatlone (26)

and (30),re~pectiveky.By use of th~s~eth~ the valuesof pl
and p2 can be obtaiued frcm equations (27) cud (29), respectively,

ani the valueof AD from equation(31). ,
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Figure 2.- Curves for obtaining jet thmst horsepower.
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Flwra 3.- Specific fuel consumption factor of jet-propulsion device.
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Fi@e 8.- Thrusthorsepowerin cruiseconditionwithno fuelburnedin jetfor the illustrative
case (qb= qd = 0.94AP2a = 0; % = 1; combustion-chamberdiameter,5 ft).
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a secondary effect on thrust horsepower and efficiency.    The performance for an illustra- 
tive case of a power plant of the type under consideration Is discussed In detail. 
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