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STJMMAKY

y An analysisispresentedon thequantitativeeffectof inco~lete

5 propellantvaporizationonrocket-engineperformance.A relationbetween
characteristicexhaustvelocityc* andthepercentagesofoxidantand
fuelvaporizedandburnedisgiven.Theanalysisshowsthat C* effi-
cienciesof 70to90percentcanbe realizedwhenonlyhalfthefuelis
vaporized,whereasC* efficienciesofabout60percent can be realized
whenhalftheoxidantisvaporized.Thespecificrelationsbetweenc*
andpropellantvaporizedarepresentedgraphicallyforthehydrogen-

h fluorine,hydrogen-oxygen,amonia-fluorine,andJP-4- oxygenpropellant
combinations.Theanalysisisappliedtoexperimentaldataforthese

●
propellantcmibinations.

INTRODUCTION

Characteristicehust velocityiscommonlyusedas an experimental
measureof thecompletenessof combustioninrocketengines.Thisparam-
etermayindicateinefficienciesinthecombustionprocessthatmaybe
dueto incompletereaction,mixing,propellantvaporization,andother
causes.Reportedhereinisan analysisrelatingthecharacteristicex-
haustvelocityto thepercentageofpropellantvaporized.

Propellantvaporizationisconsideredinthisreportas thefactor
thatlimitstherateatwhichthecombustionprocessproceedswithina
rocketengine.Theimportanceofpropellantvaporizationisalsoem-
phazisedinreferences1 to3. Theanalyticalstudiesofreferences4
and5 arebasedonthehypothesisthatthecombustionrateiscompletely
governedby therateofpropellantvaporization.Qualitatively,these
analysesareinagreementwithexperimentalresults.Exactcomparisons
ofexperimentalandanalyticalresults,however,requirefurtherrefine-
mentsintheinterpretationofdata.Forthispurpose,a methodof data
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analysishasbeendevisedtorelateexperimentalC* datato theper-. 4
centageofpropellantvaporized.

Thetreatmentof experimentaldatareportedhereinisconsistentwith ‘
theanalyticalcombustionmodelusedindrojlet-vaporizationcalculations
reportedinreferences4 and5. Applicationofthemethodofanalysisto
thehydrogen-fluorine,hydrogen-oxygen,ammonia-fluorine,andJ2?-4- oxygen
propellantcouibinationsisdescribed. —

P
SYMBOIS E

At nozzlethroatdiameter,sq tn.

C* characteristicexhaustvelocity,ft/sec
~-

fuelvaporized,percent

g gravitationalconstant,32.2ft/sec2

o oxidantvaporized,percent

Pc totalchamberpressure,lb/sqin.abs

‘f fuelweightflow,lb/see

‘o oxidantweightflow,lb/see

T; characteristic-velocityefficiency,percentoftheoretical

Subscripts:

exp experimental

0/’ ratio,ofvaporizedoxidanttovaporizedfuelweightflow,

●

—

b

Ow+%-wf

@/f ratioofvaporizedoxidanttofuel

0/s ratioofoxidantto

o/f oxidant-fuelweight

th theoretical

vaporizedfuel

ratio,wo/wf

weightflow,@wo/w’f

/weightflow,W. ~wf



I?ACATN 4219 3

TEEORY
4 A mixtureof oxidantandfueldropsvaporizinginan atmosphereof

theircombustionproductsisassumedforthecombustionmodelinthis
analysis.Forincompleteconibustion,therocketexhaustcoqprisesa
mixtureof oxidantdrops,fueldrops,andgaseouscombustionproducts.
Thegaseouscombustionproductsareassumedtobe at thermodynamicequil-
ibriumconcentrations.Ifthevolumeandkineticenergyoftheliquid

3a dropsareneglected,thecharacteristicvelocityC* thatcanbe theo-
+ reticallyrealizedmaybe computedfromthethermodynamicpropertiesof

thecombustionproductsandrelatedtocouibustion-chauiberpm~eters by
thefollowingequationfromreference6:

PcAtg
(1)(c;h)@/,= @Wo +-fa

8Q
4 The~erimental c* intermsofmeasuredengineparametersis
~ expressed

pcA#3
(2)(c&Jo/f = ~

.

Combiningequations(1)and(2)gives

Owo +-Swf
(c&)o/f = (c?h)6’/s W. +

The c* efficiency~c* is‘sually‘*en

(4)gives

Wf

to be

Combiningequations(3)and

‘nC*’o/f‘%%% (“% :2)

(3)

(4)

(5)

Equation(5)relatesc* efficienciesto
oxidantvaporizedandmaybe used forthe
data.

thepercentagesof fueland
interpretationofexperimental

Thepercentagesoffuelandoxidantvaporizedareparametersthat
cannotbe readilyevaluatedfofmostrocketenginetests.A simplifying

. assumptionthatmaysatisfymanyoperationalconditions,however,isto
considereithertheoxidantorthefuelcompletelyvaporizedat the

—
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exhaust nozzle. Sucha combustionmodelwasassumedfordroplet-
vaporizationcomputationsreportedinreferences4 and5. Withthis
assumptionequation(5)maybe usedtoconverta measuredc* efficiency
intothepercentageofthepropellantvaporized.Theexpressionsfor
theseconditionsfollow.

Withthefuelcompletelyvaporized,the c* efficiencyisrelated
tothefractionofoxidantvaporizedby

@wo ~ ~()* ‘f(?lc*lo/f= (C;h)o,f “o
—+1“f

(6)

Withtheoxidantcompletelyvaporized,the c* efficiencyisrelatedto
thefractionoffuelvaporizedby

(7)

Suchcomputationsrequirea knowledgeofthevariationintheoretical .
c* overan extendedrangeofmixtureratios.Thesevariationsfor
severalpropellantcouibinationsareshowninfigure1. Theoreticalvalues
reportedinreferences7 to9 wereextrapolatedovertheregionshown.
Theextrapolationswerebasedontheassum@ionsthat: (1)forlow
percentagesof oxidantandfuel,thecombustiontemperaturevariesdirectly

—

as thepercentageoffuelor oxidantinthemixtureand(2)c* ispro-
portionaltothesquarerootofthecombustiontemperature.

Thetheoreticalc* valuesshowninfigure1 wereusedtoobtain
graphicalrepresentationsof therelationbetweenc* andpercentageof
propellantvaporized.Thesegraphicalrepresentationsincludethevaria-
tionof c* efficiencywiththepercentageofoxidantvaporizedandthe
percentageoffuelvaporized,asexpressedbyequations(6)and(7),
respectively.Applicationofthesecurvestoestimatingthepercentage
of vaporizedpropellantfromexperimentaldataisdiscussedinthefol-
lowingsection.

l?XSULTSANDDISCUSSION

Effectof IncompleteVaporizationonEnginePerformance

Thevariationsof C* withpercentagesoffuelandoxidantvaporized *
areshowninfigures2 to5 forthehydrogen-fluorine,hydrogen-oxygen,
ammonia-fluorine,andJP-4- oxygenpropellantcombinations.Forall d
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.
propellantcombinations,a higherc* isobtainedwitha givenpercentage
offuelvaporizedthanwithanequalpercentageofoxidant;forexample,

u withhalfthefuelvaporized,the c* efficiencyisbetween70and90
percent,whereaswithhalftheoxidantvaporized,the c* efficiencyis
about60percent.Thisdifferenceisattributableto severalfactors,
includingtheshapeofthetheoreticalc* curve,thefactthatpeak
theoreticalc* occursinthefuel-richregion,andthefactthatthe
oxidantweightflowaccountsfora largepartofthetotalpropellant
flow.

Figures2 to5 maybe usedto interpretexperimentalc* performance
intermsofthepercentageoffuelor oxidantvaporizedprovidedtheother
propellantcanbe assumedtobe completelyvaporized.Forexample,for
theammonia-fluorinepropellantcombination,a c* efficiencyof 85per-
centatan oxidant-fuelratioof 3.0mayindicatethatonly60percent
oftheammonia(andallthefluorine)or 80percentof thefluorine(and
alltheauraonia)hasvaporized.Thefollowingtablepresentsa similar
comparisonforotherpropellantcombinations:

Propellant

Hydrogen-fluorin~
Hydrogen-oxygen
Ammonia-fluorine
JF-4- oxygen

c*Effi-wo~wfFuel Oxidant
ciency, vapor-vapor-
percent ized, ized,

s, u,
percentpercent

85 4.0 37 82
85 2.0 51 80
85 3.0 60 80
85 2.5 70 79

Theresultsmaybe furtherinterpretedto showthepercentagesof
propellantsthatmustactuallybeburnedtoobtainagiven c* efficiency
level.Forexa~le,withhydrogenandfluorine,only37percentofthe
hydrogenneedevaporateandco?qpletelyconsumethefluorineinorderto
obtaina c* efficiencyof 85percentatan oxidant-fuelweightratio
of 4.0.
centis
chamber

This,ineffect,ist~ c* efficiencyobtained~ ~he37per-
completel.yvaporizedandthefluorinecompletely
andtheremaining63percentislostas liquid.

burnedinthe

InterpretationofExperimentalData

Typicalexperimentalvariationof C* efficiencywithchamberlength
(data F&nref.- 10)is showninfigure6 fora single:elementinjector-
withJT-4andoxygen.The c* efficiencydataarealsoevaluatedin
termsofthepercentoxidantvaporizedandthepercentfuelvaporized,L
assumingineachcasethattheotherpropellantiscompletelyvaporized.

J
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.

An explicitevaluationof thepercentageufpropellantvaporizedcannot
be madeifincompletevaporizationofbothoxidantandfuelisassumed;

—

probablyneithertheoxygennorthehydrocarbonvaporizedcompletelyin .
theexperimentsreportedinreference10. Eachvalueof c* efficiency,
however,maybe expressedasa specificrelationbetweenthepercentages
of oxidantandfuelvaporized.Theserelationsareshowninfigure7 for
oxygenwithJP-4andmaybe appliedtotheexperimentaldatashownin
figure6.

-. —

Thesemethodsof dataanalysisprovidea meansof correlatingdroplet- $
evaporationcalculations(e.g.,refs.4 and5)withexperimentalengine %
performance.

Theshapeofthe c* efficiencycurveinfigure6 istypicalfor
mosttn$ectorsandpropellantcotiinations.Itwillbe usedasa hypo-
theticalcurveforseveralpropellantcombinationsto illustratetheim-
portanceofpropellantvaporization.Thevariationsinthepercentages
offuelandoxidantvaporizedforvariouspropellantsareshowninfigure
8 at theoxidant-fuelratioforpeaktheoreticalperformance.With
oxidantvaporizationcontrollingthereaction,the

-—
C* efficiencyis

slightlygreaterthanthepercentageofoxidantvaporized,regardlessof
thepropellantcombination.Withfuelvaporizationcontrolling,however,
theresultsshowthat c* efficiencyissignificantlyhigherthanthe .

percentageoffuelvaportzedandthatthisdifferenceisgreaterfor
kt@rOgeLI thanfor~-4 orammonia.Thevalidityoftheseevaluations
dependsonwhethercompletevaporizationof onepropellantcanjustifiably b
be assumed.Injectordesignfeaturesandpropellantphysicalproperties
arefactorsthatinfluencethisassumption.

SUMMARYOFRESULTS

An analysisispresentedonthequantitativeeffectof incomplete
propellantvaporizationonengineperforumnce.An emressionrelating
characteristicexhaustvelocityto thepercentagesoffuelandoxidant
vaporizedandburnedisgiven.A graphicalrepresentationoftherelation
ispresentedforthehydrogen-fluorine,hydrogen-oxygen,ammonia-oxygen,
andJl?-4- oxygenpropellantcombinations.Ifthevaporizationofone
propellantisassumedtocontroltheextentofreaction,thisevaluation
showsthat,atmixtureratiosforpeaktheoreticalperformance,c* effi-
cienciesofabout60percentareobtainedwithhalftheoxidantVaporizedj
and c* efficienciesfrom70to90percentareobtainedwithhalfthe
fuelvaporized.Efficienciesarehighestforthehydrogenfuels.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,Deceuiber10,1957
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