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CONTAININGHYmoGEN,NmRoGEN,ANDOXYGEN

ByRileyO.MillerandPaulM.Ordin

SUMMARY

Theoreticalperformancedatabasedonfrozenequilibriumand
isentropicexpansionarepresentedforrangesofmifiuresfora num-
berofpropellantcombinationsata reactionpressureof300pounds
persquareinchabsoluteandane~nsionratioof20.4.Thefuels
consideredareliquidh@rogen,hydrazine,liquidammonia~hydrazine
hyctmte,andhydro~lamine;theotidantsareliquldozone,liquid
oxygen,and100-percenthydrogenperoxide.Thetheoreticaldata

b includenozzle-exittemperature,specificimpulse,volumespecific
impulse,andcomposition,temperature,andmeanmolecularweightof
thereactionproducts.

d
Themaxlammspecificimpulseformostofthepropellants

occurredinthefuel-richregionata reaction-chambertamperature
lessthanthemaximum.Maximnvolumespecificimpulsedidordid
notoccuratthepointofmaximumspecificimpulse,dependingon
therelativedensityofthefuelandoxidant.Onthebasisofmax-
imumspecifictipulsealone,thefivefuelsassmnedthefollowing
orderforanygivenoxidant:liquidh~ogen,hydrazine,liquid
ammonia,andeitherhydrazinehydrateor hydroxylamine;andthe
threeoxidantswitha givenfuelhadthefollowingorder:liquid
ozone,liquidoxygen,and100-percenthydrogenperoxide.Onthe
basisofmaximumvolmespecificimpulsealone,theorderofthe
fuelswitha givenoxidantwash@razine,hydroxylemine,hydrazine
hydmte,liquidamnonia,andliquidh@rogen.Witha given fuel,
exceptforamonia,theoxidantorderwas: liquidozone,
100-percenthydrogenperoxide,andliquidoxygen;withammoniathe
order,however,was100-peroenthydrogenperoxide,liquidozone,
andliquidoxygen.
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INTRODUCTION

perfo?nuanceisevaluatedbya nmberoffac-
torsandtherelativeimportanceofeachfactorisgovernedbythe
particularapplicationofthecraftpoweredbytherocketengine.
A largeamountofthrustisdesiredfora givenmassconsumption
rateoftheworkingfluid(specificimpulse).H aerodynamicdrag
isanimportantconsideration,therocketpropellantsshouldhave
highdensitiestogivehighthrustperunitvolume(volumespecific
impulse). Becauseofthecoolingproblem,a lowreactiontempera-
tureisalsodesirable.InasmuchasspecificimpulseIsapproxi-
matelypro~rtionaltothesquarerootofthequotientofgasteiz-
peratwrebymeanmolecularweightofthereactionproducts,an
increaseinspecificimpulseismoredesirablyobtainedbydecreasing
themeanmolecularweightthanbyincreasingthegastemperature.
Anappreciablereduotioninthemeanmolecularweightofthereaction
productsispossiblebytheuseofpropellantsthatdonotcontain
carbonandtherebyellminatetheheavycarbondioxidemolecule.

Somecalculatedrooketperformancedataforhydrogen-nltrogen-
oxygens@emsobtainedata selectedreaction-chamberpressureof
300poundspersquareinchabsolute,ane~nsionratioof20.4,
andwithassumedfrozenequilibrlmandIsentroplcexpmsioninthe
nozzlearepresentedherein.Thefollowingfuel-oxidantcombina-
tionsareconsidered:

(1)Liquidhydrogenwithliquidozone
H2-03- H2-02

(2)Hydrazinewithliquidozone,with
100-percenthydrogenperoxdde:
‘$4-%02

(3)Liquidammoniawithliquidozone,

andwithliquidoxygen:

liquidoxygen,andwith
N#4-03~N#4-02,and

with
with100-percenthydrogenperofide:
~ ~3-H202

liquid oxygen,an~
NH3-03,NH3-02,

(4)Hydrazinehydratewithliquidozone,withliquidoxygen,
andwith100-percenthydrogenperoxide:N2H4”H20-03,
N#4”H20-02,and N2H4*H20-H202

(5)Hydroxylaminewithliquidozone,withliquidoxygen,andas
a monofuel:NH20H-~,NH20H-02,,andNH20H

Performancedataforthefollowingcombinationshavebeencal-
culatedatCaliforniaInstituteofTechnology:liqtidhydrogen-liquid

.
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u
oxygen,hydrazine-liquidoxygm,hydrazine-hydzogenperoxide,and
ammmia-liquidoxygen.Forsakeofcompletenessanduniformity,
huwwer,theperformanceofthesecombinationswasreoaloulated.

ThemethodusedfortheoaloulationsIsbrieflydescribedand
isillustratedintheappendix.Thephysioal-chemioalandthermo-
_C *K US~ ~ theoalouktiouare presentedin tables. The
theoreticalperformanceofthepropellantcombinationsinterms
ofreaction-chambergascomposition,reaotiontemperature,nozzle-
exittemperature,specificimpulse,volaespecificimpulse,and
meanmolecularweightofreaction-chambergasesispresentedas
functionsofpercentbyweightoffuelinthefuel-oxidantmixture.
Theoommarativemetio~ce oftheuronellantsisdiscussedand
illust&tedby&bulatedandplotte~&ta.

MethodofCalculation

Thetheoreticalperformancecalculations
minathnofreactim-chambergasccmmosition,

requirethedeter-
reactiontemperature,

andnozzle-exittem~erature~ order-toobtahthespecifi;impulse.
Themethodisa modificationofthatusedattheTurboI+boratory
ofMwwaohusettsInstituteofTechnology.Anillustrativecalcula-
tionofspecificimpulseispresentedintheappendix.

b thecalculations,a reactionpressureof300poundsper
squareinchabsolutewasselectedanda reactiontemperature
assumed.JWomtheselectedpressureandassumedtemperature,the
compositionofthegaseswasdeterminedbya trialsolutlonofthe
simultaneousequilibriumandmaterialbalanceequati~. Theequa-
tionsweresolvedbya gmphioalmethoddevelopedattheNACA
Clevekndlaboratoryutilizingthetempemture-equilibriumdataof
reference1. Theasswnedreactiontemperatureisthecorrect
temperaturewhentheenthalpyofthereactionequalstheenthal~y
changeofthereactionproductsfrcmthestartingtemperatureto
theassumedtemperature.Thecalculationsarerepeateduntilsuch
a balanoeisobtained.Fromthereaotiontemperatureandthe
reaction-ohambergasoamposition,thenozzle-exittemperatureis
determinedbyassumingfrozenequilibrium,isentropicexpansion,
andseleotionofane~sion ratioaf20.4.Theenthalpyohange
fromthereaction”temperaturetothenozzle-exittem~ratureis
determinedandisassumedtobetheavailableenergy.Thespeoific
tipulseiscalculatedfromtheavailableenergyandtheweightof
a givenquantityofpropellants.Volumespecificimpulse1s
obtainedbymultiplyingthespecificimpulsebythespeoificgravity
ofthepropellantmixture.
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Thephysioal-ohemf.cal dataforthepropellantsusedinthecal-
culationsare~esentedintable I. Inthecalculations,thetem-
peratureofthepropellantsIstakentobeeither180or250C (it
makesaninappreciabledifferencewhiohtemperatureisselected)
exceptforliquidozone,liquidoxygen,andliquidhydrogen,in
whiohoasestheboil~ temperaturesatatmosphericpressurew~re
used.Teunperature-enthalpydataandtemperature-entropydatafor
thereactionprcduotswerecalculatedfra free-energydatainref-
erenoe1 andare~esentedintableIIandtableIII,respectively.

RE8UL5?SANDDISOUSEUON

Thecompositionofthereaction-chambergasforeachd the
13fuel-oxidantcombinationsispresentedbyfigures1 to5. For
eachmmbination,themolefxzactionofeaohreactionproductis
shownplottedagainstpercentbyweightoffuelinthefuel-oxidant
mixture.

Theperformanceparametersfor eachfuel-oxi&@oomblnation
areshowni.nfigures6 to10. I?oreachcombination,reaction-
ohambertemperatureTo, nozzle-exittemperatureTe, meanmoleo-
ularweightd thereaotionproduots~, specifioimpulseI, and
volumespecificimpulseId areplottedagainstpercentbyweight
offueltithefuel-oxidantmixture.

●

P

Theperformancesofthefuel-oxidantcombinationsarecompared
infigure11. Reactim-chambertempenture,nozzle-exittempera-
ture,meanmolecularweight,specifIcimpulse,andvolumespeoific
impulseforalltheoombi=tionsareshownplottedagainstthe
ratiooffueltofuelplusfuelequivalentofoxygenr. using
thisparameter,theotidant-richregionoocursfromO to0.5and
thefuel-richregionfrom0.5to1.0withthestoichiometrioratio
at0.5.

Thecmrvesofreaction-ohambergascompositionforallpro-
pellantcombinations(figs.1 to5)followthesanegeneralpattern.
Concentrationsofalloxygen-bearingproductsandmonoatamicnitrogen
tendtoreacha maximuminthestoichiometricoroxidant-richregion.
Maximumoonoentrationsofmonoatcnmbhydrogenoccurinthefuel-
rlchregionnearthestoiohiometricregion.Inasmizchasthetheo-
reticalperE’omancecalculationspresentedhereinarebasedonfrozen
equilibria,thegas-compositiondata(figs.1 to5)provide,if
destied,startingpointsforrecalculatingtheperformanceofthe
propellantsbyassumingthatthepropellantgascaposltionshifts
duringthe~on throughthenozzle. *

.*
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Thecurvesofreaction-chsmberandnozzle-exittemperaturesfor
the13propellantcombinations(figs.6 ton(b))followa similar
trend,increasingtoa maximwntithestoichiometrioorslightly
oxidaat-richregton=d decreasi~i.nthefuel-richregion.

Themeanmolecularweightsofthereaction-chembergasesinall
casesdecreaseasthepercentbyweightoffuelisincreased(figs.6
toloandll(c)).Thepresence& excesshydrogenistheprincipal
causeforthelowmeanmolecularweightsoccurringinthefuel-rich
region.

The maximumspecificimpulseformostofthepropellantsoccurs
inthefuel-richregionata reaction-chambertempenturelessthan
maximum(figs.6 to10andn(d)),asa resultofthelowmean
molecularweightvaluesinthisregion.Maximumvolumespecific
impulsemyormaynbt occuratthepointofma-um specificimpulse,
dependingontherelativedensityofthefuelandtheoxidant(figs.6
to10,n(d),andn(e)).Formostofthecombimtions,~
specificimpulseandvolumespecificimpulseoccuratapproximately
thesamemixture.Tnthecaseofh~gen, however)~*UUI swcflic
jmqyzlseisintheextremefuel-richregion,whereasmaximumvolume.
specificimpulseisbeyondthetitsontheoxidant-richsideof
stoichiometric.

h thecalculaticms,theinitialtemperatwesofthepropellants
weresetatvaluesregardedmostconvenZ.entinrocketpractice.
Thesetemperatures,however,my notbeoptimumforthehighest
densities.Forexample,ifliquidoxygenwerecooledfromnearthe
atmosphericboilingpointof-183.0°tothemeltingpointof-210.4°C,
an11.4-percentincreaseindensityisgained.(SeetableI.) E
liquidozoneiscooledfromitsboilingpoint,-112°C,tothe
boilingpointofliquidoxygen,-1830C,a densitygainof17.1per-
centisobtained.haemuchasozonewouldprobablybepixedwith
liquldoxygen,curvesareincludedinfigures6(a)and7(a)toshow
volwnespecificimpulsefor ozoneat.1830C. Thesecurves,inwhich
thedensityofozonewastakenat-183°C,areine=ctbecausethe
enthalpychangefortheozonefrcun-183°to-112°C wasneglected.
Ammonia,ifmoledfrom180tothefreezingpointat-77.7°C,will
increaseindensity19.4percent.R enthalpychangesareneglected,
thevolumespecificimpulsemaybeincreasednearly20percentby
coolingbothozoneandsmonia,asshowninfigure8(a)*

Theperformanceofthepropellantsatthestoichiometrioregion,
attheregionofmaximumspecificimpulse,and,forsomecases,at
theregionof~um volumespecifictipulseissummarizedin
tableIV. Onthebasisofmaximumspecificimpulsealone,thefive
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fuelsasswzethefollowingorderforanygivenoxidant:liquid
hydrogen,hydmzine,liquidammonia,andeitherhydrazinehydrateor
hydnxylamine;andthethreeoxidaatswitha givenfuelhavethe
followingorder: liquidozone,liquidoxygen,and100-percenthydro-
genperoxide.Onthebasisofmaximumvolumespecificimpulsealone,
theorderofthefuelswitha givenoxidantishydraztne,hydroxyla-
mine,hyttrazinehydrate,followedbyliquidammonia,andliquid
hydrogen;andwitha givenfuelexoeptforammoniatheoxidantorder
isliquidozone,100-peroenthydrogenpero~de,andliquidoxygen;
withammonAatheorder,however,was100-percenthydrogenperotide,
liquidozone,andliquidoxygen.

Theadvantageofeliminatingoarbonfromthepropellantsystem
isillustratedbysometypioaldatashownintableT. Herethe
reactiontemperaturesofsameoarbon-bearingpropellantsarecompared
withreactiontemperaturesofnonoarbon-bearingpropellantsthathave
stii~ valuesofspecificimpulse.Thespeoifio-lmyulsevaluesare
allforconstantgascompositionduringexpansion.AS shownin
tableV,hydrazine-hydrogenperoxide@eldsa slightlyhighermaximum
specificimpulsethaneitherethylalcohol-oxygenoroctane-oxygen
ata reactiontemperatureof4300or5450K lower,respectively.
Withoxygen,liquidammoniaIsshowntohavetemperatureadvantage
over methylamine.Hydroxylamineasa monofuelhasa higherspecific
impulsethanthebestmixtureofaniline-redfumingnitricacidat
nearlyone-thirdlessabsolutereacticmtsmperatwe.

SUMM4RYOFRESUIXS

Thetheoretloalperformancedata,whichwerebasedonfrozen
equilibriumandisentropiceqansionoverrangesofmixturesfor
13rocketpropellantcombinationsinvolvingoxygen,hydrogen,and
nitrogenata reactionpressureof300poundspersquareinohabso-
luteandanexpansionratioof20.4maybesummarizedasfollows:

.

8

1.Themaximumspecifioimpulseinpound-seoondsperpound
foreachpropellantcombinationwas:
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oxidant
Liquid

Fuel
Liquid 100-~rcenti

ozone oxygen hydrogenperoxSde
lfsximumspecificimpulse,lb-see/lb

Li@d hydrogen 372.7 344.0 ------------------
Hydrazine 277.1 265.7 247.5
uquiasalmonia 265.0 251.0 235.8
H@mzinehydrate249.0 235.5 227.0
Hydroxyl.smine 248.0 241.0 ------------------

2.~mum specificimpulseformostofthepropellantcabina-
tionsoccurredinthefuel-richregionata reaction-chambertemper-
aturelessth maxLmum.

3.Thereaction-chamberandnozzle-exittemperaturesforeach
combinationwereata ~um inthestoichiometricorslightly
oxidant-richregion.

4.Themeannmlecularweightofthereaction-chambergasin
eachcasewassubstantiallylessinthefuel-richregion.

5.Theuseofpropellantcombinationsnotcontainingcarbon
resultedina lowerreactiontempe=turefora givenspecific
impulsethsnpropellantcombinationscontainingcarbon.

6.Maximumvolumespecificimpulsefora givenpropellantcom-
binationdidordidnotoccuratthefuel-oxidantmixtureyield3ng
~ SpCMiC impulse,dependiw won the re~ti~e de=iW of’the
fuelandtheoxidant.

7.Vohmespecificimpulsewas,insomecases,aweciably
affectedbyvar@ngtheinitialtemperatureofthe~opellemts.

8.Onthebasisofmaximumvolumespecifioimpulsealone,the
orderofthefuelswitha givenoxidantwashydraz=$h@roWmtie S
hydrazinehydmte,liquidamonia,andliquidhydrogen.Witha
givenfuel,exceptforsawnia,theoxidantorderwasliquidozone,
100-percenthydrogenperoxide,andliquidoxygen;withanmmnia,
however,theorderwas100-percenthydrogen~roxide,liquidozone,
andliquidoxygen.

FlightPropulsionResearchhboratory,
NationalAdtisoryCommitteeforAeronautics,

Cleveland,Ohio.
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Symbols

Thefollowlngsymbolsareusedinthereport:

nozzle-exitvelocity,ft/sec

gravitationalomstant,lbmass-ft/lbforce-sec2

enthalpychange

energyavailableforaccelerationfrcmw gramsofpropellant,
kgml

enthalpyofformation,@ cal/grammole

enthalpychangebetweengiventemperaturesT1 and T2,
@ cal;temperatures,OK

specificimpulse,lb-see/lb

volumespecificimpulse(Ix specificgravityoffuel-
oxidantmixture)lb-sec(62.4)/cuI%

conversionfactor,I/~~

molecularweightofgivenpropellant

meanmolecularweightofreaction-chamberproducts

numberofmolesofreaction-chamberproducts

reaction-chamberpressure,atmospheres

nozzle-exitpressure,atmospheres

untversalgasconstant,1.986kgcal/gmmmole-OK

entropyatgiventemperatureT, cal/grammole-oK

reaction-chambertemperature,‘K

nozzle-exittemperature,oK

weight ofpropellantmixture,grams

.

.
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CalculationofReaction-ChamberTemperature

Fora givenpropellantcombination,thefirstste~inthecal-
culationofspecificimpulseistodeterminethereaction-chamber
temperature.A reactiontemperatureisassumedandthereaotion-
chambergascompositioniscomputedata givenpressurebya graph-
icalmethoddevelopedattheNAOAClevelandlaboratory.H the
assumedtemperatureiscorrect,theenthalpyofthereactionwill
equaltheenthalpychkngeofthereactionproductsfromtheselected
inlettempenturestotheassumedreactiontemperature.IXthis
equalityisnotachieved,a newcompositionisdeterminedfor
anotherassumedreactiontempentureandtheprooedureisrepeated.

l?orillustration,thecaseofhydrazineandozoneata reaction-
chamberpressuyeof300poundspersquareinch(20.4atmospheres)
andatapproximatelythestoichicmetricmitiurewillbeused.After
twotrials,thecorrectreaction-chambertempe~tureisinterpolated
tobeapproximately34800K. A thirdtrial,outlinedherein,is
madetocheckthisvalue.

Compositionofgasinohamber.- Bymeansof’thegraphical
solutionthereactionmayberepresentedbythefollowingchemical
equation:

3480°KN#4 + 0“67400320.4atm> 0.091202+ 0.06000 + 0.3474H2

+ 0.9688N2+ 0.2640OH+ 0.0590NO+ 0.1280H+ 0.0041N

+ 1.4566~0

Calculationofheatcontentofgasea.- Thefollowingenthalpies
wereinterpolatedfromthevaluesoftaperatureandenthalpygiven
intableII:

.
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Gas

~
o
H2
N2
OH
NO
H
N
H20

4olesof
?eaction-
?hamber
products

n
0.0912
.0600
.3474
.9688
.2640
●0590
.1280
.0041
1.4566

NACARMNo. E8A30

Znthalpyfrm Ekrbhalpyfrom
?98.loto34800K 298.1°+0 3480°K
(kgcal/mole)foreachcomponent

(kgCal)
. .

28.062
15.804
25.445
26.458
25.753
27.062
15.804
15.804
36.833

2.559
.948
8.840
25.633
6.799
1.597
2.023
.065

53.651

Calculationoftotalenthalpyofformationofreactionproducts.-
Thetotalenthalpyofformationiscalculatedasfollows:

Meleeof
reaction-

*S chamber
products

n

02 0.0912
0 .0600
H2 .3474
N2 .9688
OH .2640
No .0590
H .1280
N .0041
H20 1.4566
aReference3.

3!&halpyoffor-
mation,%
(kgcal/mole)

o
59.l&
o
0
9.31a
22,5s
51*9CY3
85.1~
-57.8@

—

.

Enthalpyoffor-
.- ●

mation,~ for
eachcomponent

(~ cal)

o
3.546
0
0
2.458
1.330
6.643
.349

-84.191

~nh~,products= -69.865kg,cal
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Enthalpyofformationofreactants.- Theliteraturereports
dataatboth180and250C. Thedifferencesinenthalpiesforthe
twobasetem~eratures

Euthalpyoffozmation

N#14(liquid,250

Mthalpyofformation

areneglected.

~ ofhydrazineiS

c)AHf=-Qf= 12.05IW cal(reference6)

ofliquidozoneat-112.5°C is

03(~s,-112.5°C)+ 03(liquid,-112.5°C),AH= -2.96@ cal
(reference3)

03(6as,18°C)~ 03(gas,-112.+C),AH= -1.10kgcal
(reference4)

1.502(gas,18°C)- 03(gas)18°C),AH= 34.5@ cd
(reference3)

Therefore

1.502(gas,18°C)- 03(Iiquid,-112.5°C),%= 30.44@ -1

EnthalpyofformationofthepropellantmixtureN#4 + .674003iS
~A~ ofreactants= 12.05+ (.6740)(30.44)= 32.57kg cal

Enthalpybalance.- H 34800K isthecorrectreaction-chamber
tempe=ture,theenthalpyaPformationofthereSctantsminusthe
enthalpyofformationofthe-ducts shouldbeeq~l totheheat-.
contentofthegases.

Z% ofreactants-

Bysubstitutingvalues

Z% ofproducts=A#~ol ofproducts
●

32.57- (-69.87)=102.44

Theheatcontentoftheproductsis102.12kilogramcalorie;thet~e
reactiontemperaturethereforeisnotmorethantwoorthreedegrees
higherthanthevalue,348WK,whichisacceptedhere.
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CalculationofNozzle-ExitTemperature

ForIsentropicexpansionandconstantgascomposition,the
followingrelationcanbeshown:

ZnSTe =ZnSTc - nRlo~~
e

Te Tc
whereS and S aretheentropiesofthereaction-chamber
gasesatthenozzle-exittemperatureTe andreaction-chambertem-
peratureTcj respectively.Thereaction-chamberantinozzle-exit
pressuresare Pc and Pe, respectively.

Inasmuchas Tc islcnowntoequal3480°K,the.valueof

,XnSTC for1moleofgasiscalculatedfromentropyvaluesinter-
~olatedfromtableIII.

. Gas

02
0
Hz
N2
OH
NO
H
N
E20

Mole
fraction
0.0270
.0278
.1028
.2867
.0781
.0175
.0379
,0012
.4311

ZntropyS3480
?ermole
69.424
50.776
49.789
65.111
62.723
70.220
39.613
48.830
70.538

titropyS34800f -
]achcomponent

1.874
●904
5.118
18.667
4.899
1.229
1.501
.059

30.409

~n S3480= 64.660

Theentropyof1moleofexymdedgasiscomputedasfollows”:

~n sTe Pc
=ZnSTC- ~loge~= 64.660- 1.986(lO~e20.4)= 64.66b

- 5.990= 58.670

Thenozzle-exittemperatureisthetemperatureatwhichthegas
mixturewillhaveanentropyof58.670andissolvedforbytrial.
Byusingthemethodshown,thefollowingvaluesarefoundfor1mole
reaction-chambergas:

“

.

CDov-l

0

-. —
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By linearintropol.atlon

~~ #950 = 58.649

zn S1958 = 58.690

Te= 1954.

13

(lalculatlonofSpeoific~pulse

calCU1.t?!tiOnof 8Vaikbb energy. - The availableenergy AHa
is akmd to be the differencebetweentheheatcontentat Tc
andtheheatcontentat Te. AtthereactiontemperatureTc= 3480°K,
theheatcontentoftheproductsfromthereactionIi#t4+ 0.674003
wasshowntobe102.44kilogramoalories.Byuseofthemethodpre-
viouslydescribed,theheatcontentat Te ~ 1954°K isfoundtobe
48.40kilogrmoalories.Thea=ila’bleenergy~ iscomputed.

X% =ZnAEl&l -Zn@~41 = 102.44-48.40= 53.71kgc-al
● .

Calculationofweight of products● - Ihasmuchastheavailable
energywascomputedforthereactionof1moleof l?#4 with
0.6740moleof 03, the

w=~$4+

= 32.05+

weightof the productsis - -

.6740Q3

.6740(48.00)= 64.40grams

SpecificImpulse.- Byassumingthattheavailableenergyisall
translatedtokineticenergy,thefollowingrelationhold.s:

wherec isthenozzle-exitvelocityofthegases}~ isthe
availableenergyfrom the eqansion of the reaction-chambergases>
and w is the weightof the reaction-chambergases.

3hasmuchas I is usuallyeqressedas poun&secondsper pound
and ~ and w are computedWmetric units,a factor K including
the constantsand the conversionfactorsis caputed as follows:
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lb-sec2I= L_.

i

2(3087=) (32.17-) ma) kg cal

32.17 lb-ft
(
0.002205& )

w,grams

Substitutingvalues,

r53.71I = 295.0-~
●

I = 269.4
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In
TAM21- PHYSICAL-CHEUICALPROPEYHESOF PROPEL42T5

rk~araturefiin SUWmOriPt.9SOo. Refer.mes h wmntkmes. 7~. a
Ellthalpy EhtiLalpy vapor E41ilimg Freaxing Viacoa%ty

or of preawre point point (centi-
formation (atal)

‘kgcal/mole) 1X2
(Oc) (Oc) poises)

(&kg:l/

specific
Wa+ity

Refractive
index
(nD)

doleouhr
weight
M

Propellant

I
Liquid
hydrogen

Hydrazine

1.070

(2)

1.0024=
(5)

.097-262.8
5780A)

(4)

.470=
(6)

2.0162

(2)

32.05
(6)

!&id
Emmm’da

.16.071s I5.5643 llo.2~’ I-33.35]+7.’/ 10.266-33.51.613118

.77ZJ7’”

.3%16.5

(2)

17.03

(2)(3) (3) (2) (2) (2) (2)

-68.0= O.ow!i+$ 118.5 -46.Q 1.70335
---------

(7)
44740mm

(8) (2) (9) (6)

1.032=’

(5)

L.204=”5

(2,8)

L.43-U2
L.:l:)m

(

Hydrazlne
hydrate

50.06

(2)

. -------

.Z&51s 56.5 33.06
---—--------—---- emmm ------------

(3) (2) (2)

Hydrozyl-
Cm.ine

S3.03

(2)

48.W

(2)

Liquid 30.4-112 2.W-U2.5 ~7-6 -112 -261

qL3,4)
(orIt.) -— -------

(3) (2) (4) (2)

-2.97-1= 1.629-1= 49.7-lle.s -~= -218.4 oo~8@52.07

q3,4)
(c;l&)

(3)
[26%)

(2) (2) (4)

-46.2018 n.tll~ o.026~4*5 152.1 -1.7 1.27219.5

(3) (3) (9) (2) (2) (9)
1

,--------

1.14-182
~03@lo.4

(4)

L.4631°

(2)

,*wl-lel

(4)

,.41422

32.00

34.02

(!2)

Hydrogen
paroxide,
1OO-D9FOWI< (2)

%alculated h data in refm-cnm. cited.
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TABLEII - ENTHALPIESOF GASESABOVE298.1°K

[Ho gasimperfections. Calculated from free-energy data of reference 101
Temper- Ehthalpy$ dH~g801s kg cal/gram mole
ature T

(°Kj H20 H2 OH H,N,O N2 NO O$j

300 0.015 0.013 0.013 0.010 0.014 0.013 0.009
400 .826 .708 .723 .507 .712 .728
500

●730
1.656 1.406 1.428 1.003 1.413 1.451 1.456

600 2.511 2.106 2.134 1.500 2.126 2.189
700

2.212
3.394 2.808 g.840 1.996 2.853 2.947 2.989

800 4.308 3.515 3.552 2.494 3.597 3.722 3.787
900 5.249 4.225 4.270 2.991 4.358 4.515 4.603
1000 6.224 4*944 4.998 3.487 5.133 5.321
1100

5.430
7.226 5.670 5.737 3.984 5.922 6●140

1200
6.267

8.262 6.406 6.478 4.481 6.724 6.971
1300

7.115
9.327 7.151 7.248 4.977 7.535 7.809

1400 10.414 7.908
7.972

8.015 5.474 8.357 8.656 8.839
1500 11.534 8.677 8.802 5.971 9.188 9●509 9.713
1600 12.675 9.452 9.597 6.467 10.024 10.368 10.589
1700 13.836 10.239 10.396 6.G64 10.869 11.232
1800 15.021

11.472
11.036 11*21O 7.461 11.718 120101 12,361

1900 16●221 U.841 12.026 7.957 12.573 12.972 13.25S
2000 17*439 12.657 ::::;; 8.454 13.432 13.840
2100 18.6?3 13.478

14.155
8.950 14.293 14.725 15.058

2200 19.924 14.308 14●519 9.448 .15.158 15.606 15.967
2300 21.186 15.145 15●374 9.945 16.028 16.489 16.882
2400 22.461 15.988 16.226 10.440 16.898 17.374 17.801
2500 23.748 16.840 17.093 10.938 17.773 18.262 18.726
2600 25.046 17.696 17.949 11.435 18.651 19.152 19.658
2700 26.353 18.555 18.817 11.931 19.531 20.044 20.595
2800 27.671 19.423 19.691 12.428 20.414 20.937 21,537
2900 28.995 20.295 20.569 120925 21.29!321.832 22.486
3000 300330 21.173 21.460 13.421 22.185 22.729 23.436
3100 31.673 22.054 22.348 13.918 23.073 23.630 24.393
3200 330021 22.939 23.239 14.414 23.961 24.531 25.352
3300 34*377 23.831 24.134 14.911 24.852 25.434 26.317
3400 35.738 24.725 25.034 15.408 25.744 !26.338 27.285
3500 37.107 25.624 25.933 15.904 26.637 27.242 28.256
3600 38.48L 26.525 26.835 16.402 27.531 28.148 29.228
3700 39.860 27.429 27.743 16.899 28,427 29.054
3800 41.246 28.339

30.207
28*653 17.395 29.322 29.961 31.187

3900 412*63429.249 29.565 17.892 30.220 30.869 32.173
4000 44.025 30.166 30.480 18.389 31.119 31.779 33.162



emper-
ture T

Entropy, ST, o.91/qam nole -

(°Kf % H2O N2 N No %
1 1 1 i [

1903
2000
2100
2EXHJ
2300
24CCI
2.500
2600
2700
2800
2900
30W
31CU3
3200
331M

w
38m3
3700
3800
3900
4020

44.61.2
45.026
45.428
45.813
46.186
46.544
46.P91
47.P?F
47.532
47’.867
48.174
48.471
48.759
49.039

49;Odl
50.095
50.342
50.585
50.L!zl
61.054

Ii2.693
63.313
63.919
64.472
65.070
6s.e05
6fi.156
66.(533
6’7.137.
67.618
68.074
68.329
68.971
69.329
69.815
70.217
70:618
71.C07
71.381
71.767
72.109
72.468

EQ.808
80.:49
W. 668
61.WI
61. 57
B&7

ti:526
62.880
63.181,
63.491
63.792
64.O@
64.364
64.668
M. 904
65.163
65.414
65.6E43
65.899
66.132
66.35a

45.S23
46.078
46.sl9
:> ;;1

4F:WQ
4“.l-
~7.?.m
47.559
47.750
47.925
48.093
48.255
48.413
48.567
48.715
49.859
49.(MO
49.136
49.270
49.400
49.527

64.@8
65.275
65.707
66.119

%!%:
37.24!3
w. 599
67.936
68.260
E& 573
68.277
69.178
69.461
69.739
70.010
70.272
70.527
70.775
71.017
71.252
71.481

63.771
64.234
64.675
65.097
65;E@3
65.017
66.273
66.35B
66.719
67.071
67.411
67.991
68.305
68.613
62.909
69.198
69.480
69.75s
70.018
To.281
70.637
70.707

%
CM

43.241
45.994
47.569
48.856
49.948
50.894
61.746
52.507
63.212
53.S56
E4.471
66.042
55.5W7
66.088
56.536
67.048
57.491
57.902
58.383
58.711
59.24?7
59.451
59b803
60.140
60.470
60.786
61.026
6L.396
61.688
61.971
62.249
62.515
62.775
63.029
63.277
63.620
63.732
63.909

H

27.439
28.96$3
29.676
30.981
31.647
32.311
32.286
33.420
33.693
34.326
34.723
36.091
35.434
36.754
36.06S
36.3$9
36.60S
36.863
37.1C4
37.336
37.557
37.767
37.971
38.166
3’9.353
38.634
38.708
36.277
39.039
99.197
39.350
39.498
39.642
39.762
89.918
40.061
ql.120
40.$06

0

38.022
39.634
40.819
41.779
42.567
43.2N3
43.803
44.436
44.228
45:375
45.786
46.164
46.517
46.846
47.154
47.444
47.719
47.980
48.226
48.462
48.6S7
48.901
49.109
49.306
49.497
42.681
49.858
50.030
60.194
50.354
sm.500
W. 6S9
30.605
50.947
61.CSS
61.220
51.351
51.479

,
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.

TAFILEIV- SIWiMAt?YOFTHEtW3TICAL

At 8tolohiometrio

Fuel Reaatlon-Speolfio
Propellants

Volume
Formula (peroentohamber Impulsespeol.f10

temperature, lmpulae,
we!y@t) (lb-s~&/lb)1~62.4(:f) (lb-aec/tuft)

Liquidhydrogenand H2-03 11.19 3640 314,0 W43.O
Mquldozone

Liquidhydrogenand H2-02 11.19 3440 296.0 %24.8
liquidoxygen

HydrazLneand N2H4-03 SO.04 3400 . 269.4 a321.5
Mquldozone

Hydrazlneand N.#4-02 50.04 3280 258.0 ‘2’77.0
Mquidoxygen

H@razl.neand N2H4-li202 32.03 2840 242.0 309.0
hydrogenperoxide

Liquidenznonla NH3-03 41.52 3290 263.0 ~244.O
andllqu~dozone

L~qu~danzzonla NH3-02 - 43..52 3038 249.0 d210.o
andMqu~doxygen

IJqufdammonia NH3-H202 26.03 2585 234.4 255.0
andhydrogenperoxide

Hydrazinehydrate if2H4.H20-0361.04 3000 248.9 a289.2
andliquidozone

Hyth+azlnehydrate N#14.H20-02 61.04 2750 235.4 ‘252.0
andliquidoxygen

Hydrazinehydrate N2H4.E29-E20242.38 24SS 226.7 281.8
andhydrogenperoxide

Hydroxylemineand NH20H-03 80.53 2980 2-46.5 ●307.o
liquidozone

Hydroxylmineand NH20H-02 00.53 2850 240.0 ‘285.5
llquldoxygen

‘Inlet temperatureof liquidozone,-112°c. -

bInlettemperatureofllquidozone,-112°U: llquidenzzonia,18°C.
o~lettemperateofllquldoxygen,-182°C.
dI~ettempma~e ofliquido~gen,-182°C; liqu%dZnzzonla,L8°C.
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PERFORMANCEOFROCKETFUELS

21

AtmaximumspecifloImpulse Atmaximumvoiumespecificimpulse

Fuel Reactlon-Speciflc Volume Fuel Reaction-SpecifLc volume
percentchamber impulsespecli?lc (percentchamber impulse,speafflc
by temperatur~ impulse

(lb-s&lb}
tmcperature$ impulse,

weight) we!y~t) (lb-se~/lb)
(% (lb~%~;fft) (::) (lb%;;~f’t)

27.0 2665 372.7 a 85.@ --------------------------------------------

24.5 2505 344●o =82.3 --------------------------------------------

61.0 3275 277.1 =lG.O 54.0 3450 274.3 a321.7

58.9 3160 265.7 c202.0 57.0 3190 265.3 C282.0

40.3 2750 247.5 307.0 35,0 2815 245.0, 310.0

48.0 3158 265.0 bz33.2 -------------------------------------------

46.5 2870 251.0 d204.s ------.---.------.-------------------------

26.0 2588 235.8 253.0 21.0 2490 227.9 257.5

63.0 2950 249.0 a288.O 60.0 3010 248.0 a289.8

61.4 2748 235.5 c251.~ 61.O 2750 235.4 c252.3

42.0 2460 227.0 282.0 41.5 2461 226.0 282*2

83.5 2920 248.3 a307.O 82.3 2950, 247.5 azov.s

63.4 2820 241.0 c287.0 85.0 27.70 240.7 ‘=Z?87.3

— —. —
--5$=’
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TABIX V - COHPARISOIIOF PRRFORM4HCEOFCARB02-BEARIHGFROPBLIART6

mm EQKXRBOI?-EEARIIWHtoPELLArJT6

ropellantaaMmetion Meanmoleoul~ Maximum speoifIc
at mdmm mealrio

Reaotlon-ohe.mberteI& 6ouroe of elate
wight 02 reaotim- impulse, I

-se
pwature at m9ximum +

ohamber geaes, M (lb-see/lb) To,(‘K)
(pnwentby wei~t)

40-peroent 02H50R,
60-peroent ~ 243.0 SI.60 Referenoe 10

W. 6-peroent c@~#

72.4-lmrcent~ 22.66 242.0 3295 Referenoe10
40.h~roent RE4,
60.Q+sromt ~~ 18*OO 247.6 2750 Figure7(a)

62.6-pYroentOR*,
@7.4-p9roent 02 251.5 3390 Reference10

46.(?-peroentN@
5?i.5-imwent02 18.10 251.0 2670 Fi@I’6 8(b)

~%~~6nt ($3R5.R
75-peroentRK~+6jtli~
(redfumingnltiio
sold) 25.41 220.5 3U70 Referenee10

ME20R(monofnel) 16.60 223.0 2066 l?tgure10

I

. I
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Figure1.-Compositionofreaction-chembergasf%omhydrogenwitiliquid
ozoneandwithliquidoxygen.Reacti,on-chemberpressure,300poundsper
squareinchabsolute.
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peroxide.Reaction-chamberpressure,300 poundsper squareinch
absolute. (Curvesfromreference61
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inchabsolute.
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Figure3. - Conoluded.Compositionofreaction-chambergasfromliquid
amoniawithliquidozone,withliquidoxygen,andwith100-percent
hydrogenperoxide.Reaotion-ohemberpressure,300poundspersquare
inchabsolute.
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absolute.
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