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An investigateio~”
&

-rnal filmcoolingoftheexhaustnozzleof
a 1(MO-pound-@rust “._nia liquid-oxygenrocketenginewas
undertaken.The@p~.&enJ$.Covereda rangeof oiidant-fuelratios
withthecombustion--e~essure varyingfrom220to 275poundsper
squareinchabsolute~a~~d anhydrousliquida.uznoniawereusedas
coolantstiththeco&E%tf’$pwconstitutingfromabout12to 25percent
ofthetotalflow. Kl!!#c&@3 wasinjecteduniformlyaboutthecir-
cumferenceoftheno-e eadwzance. ,-

U’lw
%’Withwateras.as ol$$?,”approxhately%6percentofthetotalpro-

pellantandcoolant~~w wasrequiredtofilm-cooltheentirenozzle
andwithanhydrous~qqid snmonia,approximately19percentofthetotal
flowwasrequired.~

..
Themaximumspecificimpulseobtainedfromanuncooledrocket

enginewas207poun+secondsperpouredor83percentof thetheoretical .
equilibriumspecificimpulse.Whentheentirenozzlewasfilm-cooled
withammonia,themaximumspecificimpulseobtainedwas162pound-
secondsperpoundor only78percentofthespecificimpulseobtained
witha correspondinguncooledengine.Althoughtheperformmceof
theuncooledrocketenginewaElow,thisreductioninperformance
wasof sufficientmagnitudetomakefilmcoolingoftheentirenoz-
zleby annulartijectionof ammoniaatthenozzleentranceappesr
undesirable.

INTRODUCTION

engines,inwhichhightemperaturesandaccompanying
densitiesareencountered,oneofthemajorproblemsis

Inrocket
highheat-flux
thatofprovidinga suitablecombustion&sniberandnozzle;apableof
withstandingtheadversetemperatureeffe@.sg._t’hemethodsOf COOliW
thesecomponentsoftherocketenginewhichhavereceivedthemost
emphasissxetranspirationcooling(references1 to 6),regenerative
cooling,andfilmcooling.
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InternalfilmcooMngisa promisingmethodofcoolingandappears
to offersomeadvantagesoverregenerativecooling,suchas simplicity”
of designandlowweightofthrustchamber.Ingeneral,ifa rocket
propellantistobe a satisfactorycoolant,itmusthavethereqtied
heat-absorbingcapacity.Forregenerativecooling,theheat-absorbing
capacityofa propellantisdeterminedby theamountofheatitcan
absorbintheliquldstate;forfilmcooling,however,theheat-
absorbingcapacityincludesnotonlytheheatthatcanbe absorbedin
theliquidstatebutalsothelatentheatofvaporization.Whereasthe
heat-transferrateto a filmcoolantishigherthanthatto a regenera-
tivecoolant,thelargerheat-absorbingca~cityofa filmcoolant,in
general,morethancompensatesfortheincreasedheat-transferrate.
HencesomepropelJszrbsnotsuitableasregenerative.coolantsmaybe
usedasfilmcoolants.Fora givenapplication,h~yever,thewrits of
eachmethodof coolingsretobe consideredandin“tiomerocketengines,
a combinationofbothregenerativeandfilmcoolingisused.

Investigationsrelatingtofilmcoolingunderidealizedconditions
aregiveninreferences7 to 10. A ViSUd-StudyOf:theflOWCh.=ELC-
terlsticsof Iiqtidfilmsovera r-e ofgas-stresmconditionsis
giveninreference7. Thestabilityofliqtidfilni2establishedbya
slot-typeliq,,dinjectororientedat differentan@es tothewald.is
reportedinreference8 forvariousgas-strewconditions.Filmcool-
ofa hydrogen-oxygenflametubewithwaterisreportedinreference9
anda preliminarycorrelationoffilm-coollngheat-transferresults
obtainedatairtemperaturesto 2000°F ina 4-inch-diameterductwith
waterasa coolantisgiveninreference10. Applicationof film
coolingtorocketenginesisreported”inreferencesU.to 13. A con-
siderablereductionoftheheatloadtotheregenerativecoolantby -
useoffilmcoolingwithwaterinanacid-anilinerocketengineis
reportedinreferenceIl..Filmcoolingtheconioustionchsmberofan
mmnonia-oxygenrocketwithwater,’smmnia,andethylalcoholwas

-.

reportedinreference12. Theperformanceoftherocketwiththecom-
bustionchaniberfilm-cooledwithsmnoniawasas goodastheperformance
ofa similaruncooledrocketengine.Filmcoolhgthenozzleof an
acid-anilinerocketby injectingwaterthroughseveralindividualtijec-
torslocatedatvariousstationsalongtherocketnozzleresultedina
considerablereductioninthenozzlewalltemperature(reference13).

Previousinvestigationshavenotdeterminedthefeasibilityof
completelyfilmcoolingthenozzle.Thefivestigationreportedhereti-
wasconductedattheNACALewis.laboratoryinorderto determinethis
possibility.A 1000-pound-thrustliqpid-smmonia13x@d-oxygenrocket
employingannularinjectionofthecoolantatthenozzleentrancewas
used.Waterandliquidammoniawereusedas coolants.Thenozzlewall
temperaturewasdeterminedby skinthermocouplesspottedontheoutside
surfaceofthenozzleatthedesiredpositions.

—
---

—
-

....—L

—

-.
—
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SYMBOLS

F

1

ThefolZowingsynibolsareusedinthisreport:

engine thrust, lbforce

specificimpulseofrocketengine, thrust(lbforce)
totalL@id flowrate(lb/see)

ratioof combustion-chambervolumetonozzlethroatarea,in.

codmstion-chaiberpressure,lb/sqb. abs

fuelflow,lb/see

liquid-coolantflow,

oxidantflow,lb/see

\

lb/see

APPARATUS

Therocketengineusedforthisinvestigation(fig.1) consisted
of a propellantinjectorincorporatinga gunpowdersquibigniter,an
uncooledcombustionchaxiber,a coolantinjector,anda thin-walled
nozzle.A gas-pressurizedpropellantandcoolantfeedsystemwasused.
ThecharacteristiclengthL* oftheenginewas42 inches.

Propellantinjector.- An impinging-setpropellantinjectoras
shownonfigure2 wasused. It consistedof 24pairsof jetsofone-
on-oneimpingementapproximately0.375inchfromtheinjectorface.

Ignitionsystem.- Thepropellantinjectorwasdesignedto incorpo-
ratea gunpowdersquibigniterat thecenteroftheinjector.Thesquib
wasignitedby electricpower.

Combustionchamber.- Thecombustionchamberwasmadeofmildsteel
havinga 4-inchinsidedismeterwithwalls3./2inchthickanda length
of6.70inches.A flangefromthecotiustiohchambermountedtherocket
motortothethruststand.

Coolantinjector.- Thecoolantinjectorwasmountedbetweenthe
combustionchamberandtheexhaustnozzle.Thei?ijectorprovideda
supplyannulusforthecoolantfromwhichthecoolmtflowedthroughan
annui&slotto theinsidesurfaceofthenozzle,as shownonfigure3.
Theslotwas0.010inchwideandinclined30°tothecenterlineof the
rocketandthusdirectedthecoolamtalongth6nozzlesurface.ItWSS

.-

.
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necessarytoprovidea lipon thecoolantinjectorto coverthejoint
of coolantin~ectcmandnozzle,as slightmisalinementofthecoolant
injectorandnozzleencounteredduringassenjblywouldotherwiseresult
innonuniformcoolant.distribution.

Exhaustnozzle.- Theconvergent-divergentexhaustnozzle,madeof
stainlesssteel,3S shownonfime 4. Thenozzlehadthefollowing
dimensions:wallthickness,0.095inch;throatdiameter,1.85inches;
exitdiameter,3.69inches;exit-throatarearatio,3.96;convergent
half-angle,30°;anddivergenthalf-angle)15°. Thedesignexpansion
ratiowas20.4.Onthenozzlewerespotted34 chromel-alumelskin
thermocouplesarrangedinfourlongitudinalrowsatthepositionsgiven
inthefollowingtable:

DistancedownstreamIhmiberof Circumferential
ofnozzleentrance thermocouplesspacingof

(in.) thermocouples
(deg)

—
0.5 1 360
.9 4 90
1.4 4 90
1.9 4 90
a2.35 4 90
2.9 4 90
3.3 1 360
4.3 4 90
5.3 4 90
6.1 4 90

%ocationofnozzlethroat

,

.—..

—

--
.

——
.

. .

—

Propellantsandcoolants.- L@.dd oxygenandanhydrousliquid
smmoniawereusedaspropellants.Anhydrousliquida?mnoniaandfiltered ““ ‘

.—

waterfromthecitymainswereusedas coolants.
—

Instrumentation.- me yropelht flow._@smeasuredwithanaccu-.
racyof1 percentby theuse ofa straingageattachedtoa counter-
balancedweighingbeamwhichs~orted thepropellanttanks.Theout-
putof thestraingagewasrecordedcontinuouslyas a functionoft--
ona self-balancingpotentiometer.Coolantflowwasmeasuredwithan
accuracyof0.02poundpersecondby anarea-typeflowmeter.

Thethrustoftherocketenginewasmeasuredwithanaccuracyof
10youndsbymeansofa straingageattachedtoa parallelogramthrust
stand;theoutput-ofthestraingagewasrecordedby a self-balancing
potentiometer.

—

,

.
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Theoutputs

. .

of12 chromel-alumelthermocoupleswere
. anaccuracyof0.125millivoltinthe10-millivoltrange

5

measuredtith
by a recording

.

.

.

.

self-balancingpotentiometer.Theoutputsof 16oftheremainingther-
mocoupleswererecordedbymeansofa single-channeloscillographin
conjunctionwitha selectorswitchmaking10 contactsa second.Accu-
racyof 0.2millivoltina 22-millivoltrangewasobtained.

Theccmibustion-chaniber
5 poundspersquareinchby
recorder.

pressurewasmeasuredwithm accuracyof
meansofa Bourdon-tubetypestrip-chart

In operatingtherocket,thesquibwasfirstignitedandthenpro-
pelhntandcoolantflowswerestartedshmib%neously.If thenozzle
remainedcon@etelycooled,therocketwasoperatedforapproximately
15 secondssoasto obtainreliabledata.E thenozzle became over-
heatedbecauseof insufficientcoolantflowor &propercoolantdis-
tribution,therunwastemrlnatedwithin5 secondstopreventburnout
ofthenozzle.

Reductionofperformancedata.- Allperformancedatawerecorrec-
tedto a commoncombustion-chamberpressureof 250poundspersqme
inchabsoluteforpurposesof comparison.A plotof specific@ulse
againstcombustion-chsnberpressureobtainedfromreference14 showed
thatthechangeintheoreticalspecificimpulsefora changein
combustion-chamberpressurefrom Pc,l to PC,2 couldbe approximated
by theeqmtion

fortherangeof

AI = 79.5

cotiustion-chsmber—
encounteredinthistivestigation.

Pc 1log~
PC,2

pressuresandoxidant-fuelratios
Theoxidant-fuelratiowascalcu-

latedlyneglectingthecoobt flow.~ coolantflowwasincluded
inthedeterminationof thespecifichpulseandthusgavethethrust
perpoundof cotiinedpropellantandcoolantflow.

Uncooledrocketperformance.- Theperformanceofanuncooled
rocketengines3milartotheengineusedforthefilm-coolingrunswas
determinedforpurposesof comparison.Thisuncooledrocketengine
consistedof thesamecombustionchambersndpropellantInjectorthat
wereusedforthefilm-coolingruns.Thecoolsntin~ectorandthethin-
wall.ednozzlewerereplacedwitha solid-comernozzle.Thechs2+ac-
teristiclengthoftheuncooledenginewas35inchesas compredwith
42 inchesforthefti-cooledengine. .

.—
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RESULTSANDDISCUSSION

me PerttientdataobtainedfromtherunsaretabulatedfitableI. -
Theoxidant-fuelratiobyweightvariedbetween1.35and3.98.The
conibustion-chaniberpressurevsxiedbetween220and275poundspersquare
inchabsoluteandthecoolantflowconstitutedfromabout12 to 25per-

#centofthetotalflow. m

CoolantResults

Nozzlewallte~erature.- Thewalltemperatureprofileof-the
nozzlewhencompletelyfilm-cooledtithwaterisshownonfigure5(a).
Alsoshownistheboilingpointofwatercorrespondingtothepres&re
variationalongthenozzle.Thewalltemperaturerisesrapidlydown-
streamofthecoolantinjectorto a value slightlybelowtheboiling
pointofwaterandremainsslightlybelowtheboilingpointforthe
remaininglengthofthenozzle.Thenozzlewalltemperatureprofile
obtainedwithsmmoniaasa coolantisgivenonfigureS(b).Thewall
temperatureisapproximately100°F alongtheentirenozzle,whereas
theboilingpointofammoniavariesfrom@ F atthenozzleentrance
to -35°F attheexit.Walltemperaturesexceedingtheboilingpoint
ofammoniawerealsoencounteredwhenammoniawasusedtofilm-coolthe
conibustionchamberofa rocketengine(reference12). A possibleex@a-
nationforthisphenomenonwasthata fuel-richlow-temperatureregion
existsnearthewallandthusgivesa regionhavinga lowdiffusion
ratewhichwouldtendtoallowsuperheatingoftheliquid.Another
possibleexplanationisthat,astheexhaustgasescontaina highper-
centageofwatervapor,theliquidsmmmniaalongthewallcouldabsorb
somewatervaporandthuschangetowmnoniumhydroxide,whichhasa
higherboilingpoint.Stillanotherpossibilityisthattheliqtid
anmmniadoesnotcoverthenozzlesurfaceina continuousliqyidsheet~
thatis,thefilmconsistsofa mixtureofvaporanddroplets.

Coolantflowreqtied to film-cooltheentirenozzle.- Forthe
rocketconfigurationusedinthisinvestigation,theminimumcoolant
flowrequiredforfilmcoolingtheenttie-nozzlewithwaterwasapprox-
imately16percentofthetotalflowandwithammonia,approximately
19percentofthetotalflow.Forlowercoolantflows,theliqtid
filmterminatesupstreamofthenozzleexitandtheportionofthe
nozzlewhichisnotprotectedby a liquidfilmbecomesoverheated.

Theperformance
is shownonfigme 6
oxidant-fuelratio.

PerformanceResults

obtainedforthevariouse~rimentalconditions
tiwhichspecificimpulseisplottedagainst
Theexperimentalspecificimpulseobtainedforthe

—.

—

—

— .—

.

.

.

——

b

—

.
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uncooledrocketengineislow,a~proximately83percentof thetheo-
reticalperformance.Thetheoreticalperformanceisforcompletecom-
bustionat 250poundspersquareinchabsolutefollowedby shifting
equilibriumisentropicexpamsionto 1 atmxphereabsoluteTressure.
Theexperimentalspecificimpulseobtainedwhentheentireexhaust
nozzlewasfilm-cooledwasconsiderablylowerthanthatobtainedfor
theuncooledengine.Theuseof ammoniaas a coolantresultedina
slightlyhigherspecificimpulsetk wasobtainedwithwaterasa
Coolx!at.

Amaxhum specificiqml.seof 207pound-secondsperpoundwas
obtainedfortheuncooledengine,whereasonly78percentof this
valueor 162pound-secondsperpoundwasobtainedwhentheentire
exhaustnozzlewasfti-cooledwithammonia.Althoughtheperformance
oftheuncooledrocketenginewaslow,thisreductioninperformancewas
of sufficientmagnitudetomakefilmcoo13ngoftheentirenozzleby
annularinJectionof.snmmniaat thenozzleentranceappearundesirable.

COITCLUDIKG~

Inasmuchasfi3mcoolingof theenttieexhaustnozzleby injec-
tionof thecoolantat thenozzle entranceresultsinan intolerable
lossinperformance,othercoolingaidsormethodsforthenozzle,

. suchasregenerativecoolingor ceramicliningsor coatings,maybe
sought. Also,thereisa possibilityoffilmcoolinga portionofthe
convergentsectionofthenozzlewitha reactivecoolantwithout

-’ adverselyaffecthgtheperfornm.nceoftherocket.Eromconsideration
oftheresidencetimeof a particleintheexhaustnnzzle(fig.7),it
isevidentthstifa giv,entimeisrequiredforthevaporizedcooLurt-
to diffuseandburn,thenonlythatwhichvaporizesupstreamofa given
stationalongthenozzlewilJeffectivelyburninthenozzleandenhance
theperformanceoftherocket.Further,heatthatisreleasedatlow
pressureinthenozzle doesnothaveasgreatanexpansionratioandcan-
notcontributeasmuchtoperformanceaswouldbe possibleif itwere
releasedintheconibustionchsmber.Thefactthattheperformance
obtainedwhen a reactivecoolantwasused,however,exceededthat
obtainedfromem inertcoolant(fig.6) tidicatesthatperformancegain
wasobtainedfromsomeofthereactivecoolant.

SUMMARYW RESULTS

*

.

Internalfilmcoolingofthenozzleof a 1000-pound-thrustliquid-
smmnialiquid-o~genrocketenginewitha 42-@h characteristic
lengbhwasinvestigatedwithconibustion-chsniberpressuresfrom220to
275pounds~ersquareinchabsoluteovera rangeof oxidant-fuel
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ratiosfrom1.35~o3.98.
coolantswiththecoolant
centofthetotalflow.

-NACARM E52C26.-.-=.-:.-‘--*#: -=,
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Waterandliqpidazmnoniawereusedas
flowconstitutingfromabout12to 25per- .—

Theresultsoftheinvestigationcanbe sumnsrizedasfollows:
k

1.Theentirenozzleoftherocketenginewasfilm-cooledwith
*n.

waterandtithliquidanunoniaby uniformannularinjectionof the
N

coolantatthenozzleentrance.Whenwaterwasusedasa coolant,
16percentofthetotalflowwasrequiredto cooltheentirenozzle.
Withliquidanmmniaasa coolant,19percentofthetotalflowwas
requiredto,cooltheentirenozzle.

2.Themaximumspecificimpulseobtainedwhentheentirenozzle
wasfilm-cooledwithliquidammoniawas162pound-secondsperpound
or 78percentofthema.xlmumspecificimpulseobtainedfroma correspon-
dinguncooledengine.Thisreductioninperformanceisof sufficient .
magnitudetomakefilmcoolingoftheentirenozzleby annularinjec-

—

tionofamnoniaatthenozzleentranceappesrundesirable.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio
.
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Oxiaent
fllm
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(lb/see)
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TAmEI— PlRFOFu4AwmIM!I!AFRCM RWKET-lWZ2LE FIIX-CO- EXJ?ERIMENI’S

Fuel flow coolantmlnletConibu6tlcm-clmrberkLdmlt.-
Wf

Cocib?ntflow
flmn pressure fuel ratio loowJ( Wo+wf+wz)

(lb/see) ‘1
(;) P= neglecting (percent)

(Ib/see) (lb/sqfi. abs)
coolant
wJwf

I
Ccd.mlt, Wati

J-L
1 2.58 1.87
2 2.60 1.92
3 2.65 1.55
4 2.51 1.67
5 3.00 1.71
6 2.90 1.89

7
8
9
10
U.
12
I-3
14
15
16
17
18
19

2.53
2.91
3.10
2.95
2.82
2.73
2.90
2.98
3.J2
3.53
3.26
2.81
3.00

8pecific

-Be
including
coolant

[(+;W

L 70
1.51
1.34
1.40
L 51
1.40
1.29
1.18
1.06
.89
.93

L 93
1.76

----

1.34
1.35
1.29
1.X5
.70

1.25
1.1.1
1.07
1.10
1.IJ.
1.17
1.02
.8s

1.04
1.43
1.28
1.17
.91

%rrect-edto a cmimatian-chmilx

826
829
810
816
894
905

233
232
232
230
245
250

L 38
1.33
1.84
1.50
1.75
1.53

Coolmt, anhydroueliquid enuncmia

’968
875
890
858
851
855
780
707
792
736
763
986
100L

240
m.
250
245
240
248
225
230
225
220
220
272
275

1.49
1.93”
2.32
2.10
1.86
1.95
2.25
2.53
2.95
3.98
3.53
1.45
1.71

presmm d 250 Ib/aqin. abs.

----
22.8
23.6
23.6
19.3
12.7

---

lti
144
152
155
165

2Z. K..,
20.0 ‘
19.4
20.2
20.4
22.1
18.6
16.9
20.0
24.4
23.4
19.8
16.0

l-w
160 ‘
161
159
157
161
154
160
156
m
144
164
174

.
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Fi@re 1. - Rocket engine used for investigation of nozzle film cmlhg.
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zII Uncooled rocket

o Nozzle film-cooled with mmonia
A Nozzle film-cooledwith water

– – -83 percent of theoretical —
specific @mil.ae

Canbuation-chambercmidant-fuelratio, Wok

Figure 6. - COIIQZriBOll Of ptX’fOJ31WlCe of uncooled rocket engine with parfornmnce obtained when

dxmat nozzle waa film-cooled with water m liauld annnmia. E@eclflc Inumlae valuee ace

corrected to ccenbuation-chamberpressore of 250-pJUndBper squ&e inch ab;olutewith expansion
to 1 atmosphere. Coolmt flow variea frau 16.9 to 24.4 percent of total flow.
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