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A fMght Investigationwas conduoted.on a 20-inch-diemeter
steady-flow ram jet at altitudesfrom 5000to 30,000feet and free-
streamMaoh numbersup to 0.51. Data for @e variationof caubus-
tIon efficiencywith fuel-airratioand preseurealtitudeare
presentedand the effcots of codmstion-ohember-inletvelooity
end al.titudeon the operatingrangeof fuel-airratio me shown.
Startingoharaoteristics and generalperformemoeare disoussed.

The ram Jetwas startedby sparki&tion at a maximumpres-
sure altitudeM 14,4Wlfeet and a caibnstion-oh~her-inletveloo-
ity beforei~ition cd’125feet per second. Ignitiohwas effeoted
at an altitudeof 30,000feet and a combustion-ohember-inletveloo-
ity of 180 feet per secondby use of a magnesiumflere.-Operation
was smoothat all mndit ionsexceptfor occasionalroughoperation
at kxoesslvelyriohmixtures. The minimumoperatingfuel-airratio
was 0.02 at an altitude C& 20,000 feet and 0.013at an altitudeM
5000feet with 90 and 88 feet ~r seoondcaubustion-ohanber-inlet
velocities,respectively.

Withinthe range of conditionsinvestigated,a maximumoper-
ating fuel-airratio was encounteredonly at an altitudeof
30,000feet,with blow-outocmrring at a fuel+ir ratioof approxim-
ately 0.085. Responseto a rapidohangei.nfuel flow was -ediate
and positiveat low altitudes;at altitudes& 20,000and 30,000feet,
however,blow-outwas i.nduoedon severaloocasionsby the sudden
changein fuel-airrat10.

Maximumcombustionefficienciesof appr=imately75 aud 85 per-
centwere attainedfor fuel-airratiosof 0.03to 0.04at pressure
altitudesof 5000 and 10,000feet, respeotively. The averagepeak
effioiencydeoreasedto approximately67 peroentat 20,000feet
with a fuel-alrratiocd 0.04 ead 56 peroent at 30,000 feet with
a fuel-air ratio of 0.06. The adverseeffeotsof lok pressureand
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temperature(@ioh ooourwith inoreaslng altitude) on combustion
effiolenoywere considerablygreaterat low fuel-airratios than
at thoseneu stoiohtcmetriomixture.

As part of a ~eral developwnt program aP the ??au-Jettype
of propulsion unit for high-speedatrorsftcq missiles,a fl@t
investigationhas been oonduatedat the N4CAClevelandMmratory
on a 20-inohdiametersteady-flowram Jet,

The datanecessaryfor the designof a r= Jet inoludethe
relationsof coaibustlon-ohamber-inletpressure,temperature,veloo-
ity,and fuel-airratioto the ignitionoharaoteristiosand com-
bustionefficiency.The effetitof oabustion-chamber-inlet
conditionson the operatingrangeof fuel-airratiomust alsobe
known.

The obJeotof the investigationreportedhereinwas to eval-
uate theserelationsand effeotsunderaotualfli~t conditions
over a limitedrangeof free-streamMaoh nabers. Wind-tunneland
test-standstudiesof a similarunit are reportedin references1
to 3“

.

A2PARATUS

I’or the fli@t Investigation, the ram jet was mounted on a
four-enginebcmiber-t~ airplanethat has been adapted for use as
a jet-IEwpulsiontest bed. A perspectivedr-lng & the modtiied
airplanewith the 20-inchr= $et suspendedfrom the rearbcmb bq
is shownin figure1; a photographof the unit in operationis
shownin figurd2.

Provisionsweremade for ad$zstingthe angleaf attaokM the
rem Jet inaepenaentlyof the airplaneattitudeana for viewingthe
unit througha periscopemountedon the engineer’spanel. The
oenterlineof the rem Jet in operating position
52 inchesbelowthe fuselageskin. Priorto the
the unit,a pressuresurveywas made beneaththe
planecf the ram-jetdiffuserinlet. Thesedata
free-streammnilitionsexistedbeyonda distame
24 inohesfrom the fuselageskin.

was approximately
installationof
airplanein the
indioatedthat
of approximately

A schematicmoss -seotionaldrawingof the rem jet giving
prinoipaldimensionsis shownin figure3. The flaneholder
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providesa blookedarea of approximately50 peroentand has a cold-
pressuredrop of approximately 2.4 ttmesthe dynamiopressureat
the combustion-otiberinlet. Fuel is introducedby L5 sprqynozzles
mountedon a ciroularmanifold. The nozzlesspr~ at a 70° cone
angleunderstatic conditionsand eaohhas a capacity of 30 gallons
per hour at a pressureof 100 poundsper squareinch. The nozzles
are directeddownstreamand inwardat a 150 angleto the axis of
the unit in orderto minimizethe depositingof liquidfuel on the
combustion-chamberwall. Ih this investigation,62-ootene(AN-F-22)
fuel was used.

I@t ionwas effectedeitherby means of a sparkplug,which
was mounted forwsrdof the flameholderon a truncatedcone,as
shownin figure3, or by a magnesiumflaremountedfomard of the
flameholder.

The combustionch&ber was of corrugatedconstructionto pro-
vide a coolantpassage. For simplicity,an openvaporizingcooling
systemwas used ratherthan a closedsystemwith heat exchangers.
A mixtureof ethylene glycol,and waterwith a flow rate of
250 gallonsper hour adequatelycooledthe rem Jet.

The ram-jetasserdblywas enolosedin a cowlinghavinga maxi-
mum diameterof 24 inches. A 17-inOh-diameterexhaustnozzlewas
used throughoutthe investigation.

INSTRUMENTATION

Pressure-surveyrakeswere mountedat the diffuser inletand
at the nozzleoutlet. The inletrakesconsistedof 10 total-
pressuretubesend 2 static-pressuretubesin the verticalplane
and the samenumberin the horizontalplane;the eihaustrake con-
sistedof 17 total-pressuretubesand 1 static-pressuretube.
Flush ortiiceswere used to measurethe staticpressureat the
wall of the unit. Eightwall orificeswere mounted at the diffuser
inletand four wall orificeswere mountedat the followingstations:
combustion-ohamberfnlet,downstreamof the flame holder;exhaust-
nozzleinletand outlet. Singlewall orificeswere mountedat
intervalsof approximately6 inchesalcngthe entirelengthof the
unit.

A swivelingstatic-pressuretube and a shieldedtotal-pressure
tubemounted1 chord lengthaheadof the leftwing tip were used
for altitudeand airspeedmeasurement.A resistance-bulbtype
thermometerwas used to obtainmnbient-airtanperature.

.
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Fuel flow was measured by a rotemeter and the fuel WSaure
was measured near the spr~-nozzleinletby a self’-synchronizing
tranmdtter.

A pitohindioatormountedon the ram-jetcowlingwas used to
ad$lstthe unit to an anglecd attaokof Oo at eaohtest oondltion.

The maximumairspeedmd altitudeat whiohthe unit couldbe
startedwith sparki~ition were determinedfirst. Then airspeed
and fuel-airratiowere independentlyvariedat altitudesof 5000,
10,000,20,000,and 30,000feet. For the runs at 20,000and
30,,000feet,the unitwas startedeitherby a mapnesiumflare at
the test altitudeor at a loweraltitudeby spark iqitlon priorto
asoentto the test altitude. When possible,data were takenat
fuel-airratiosfran approximately0.11 downto the fuel-airratio
at whiohmmbustion ceasedfor airspeedsequivalentto free-stream
Maoh numberswithinthe rangeaf 0.20to 0.51. For conveniencein
describingth~ results, the point at which aombustton ceases will
be oallbdblow-out.

A

M
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SYMwLs

The fol.low~ symbolsare used in this report:

oross-seotional area, (SQ ft)

net -thrust coaffioient

speoifio heat at constant pressure, (Btu/lb-~)

net thrust, (lb)

fuel-airratio

ameleration W gravity,(ft/s802)

meoh=ical equivalent of heat, (ft-lbfitul

Mach number

mass air flow, (slugs/seo)

mass gas flow, (slugs/see)

-.

.
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totalpressure,(lb/sqft absolute)

staticpressure,(lb/sqft abolute)

dynamicpressure,(lb/sqft)

gas constant,(ft-lb/(%)(lb))

totaltemperature,(OR)

static temperature,(%)

velocity,(ft/see)

air flow, (lb/see)

ratioof specificheat at constantpressureto specific
heat at constantvolume

ratio of absoluteatmosphericambientpressureto absolute
pressureof NACA standardatmosphereat sea level,
pO/2116

ccmbustion efficiency,percent

ratio of absolutetotaltemperatureat exhaust-nozzle
outletto absolutetemperatureof NACA standard
atmosphereat sea level, T5/519

ratioof mass flow of aces at nozzleoutletto mass flow
of air at inlet, 7‘g ‘a

ratio of absolutetotaltemperatureat ezlmzst-nozzle
outletto absolutetotaltemperatureat ccmbustion-
chamberinlet, ‘5~2

net thrustreducedto NACA standardatmosphericconditions
at sea level,(lb)

ccmibustion-chember-inletMach nuniberparameter

air-flow parsmeter,(lb/see)

.

Subscripts:

o free stream

1 diffuserinlet
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diffuser outlet and combustion-ohamber Met

after flame holder

conilmstion-ohmiberoutlet

exlwuast-nozzleoutlet

CAICUIATIONS

The weightof air fluw throughthe mm Jetwas computedby use
of the equationfor oanpressiblefluidflow, one fomn cd’whioh is

Exhmst-gastotaltemperaturewas calculatedfran the known
mass flow cd’gas (air plusfuel) end the measured total and static$
pressures at the exhaust-nozzle outlet by the following equation,
whioh may be direotly derived fran the mass-flowequatIon:

.

Statio-~essuremeasurementsin the exhaustJetby the water-
cooled statlo tube indicatedthat the pressuregradientaorossthe
outletwas not appreciableand that the wall-orificemeasurements
couldbe usedfor P5 with negligibleerror.

Cdmstion effioiemy was ccmputed by relating the dumge in
enthalpyof the air and the fuel to the heatingvalue cd’the fuel
supplied. Values for enth.alpywere obtained by use of the method
developedin referenoe4.

The net thrustis definedaa the dumge in mcmentumfrom free
stream to the exhaust-nozzle outlet and is equal to

,
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The net-thrustooeffioient is defined as

+ = FJq&

The equationfor canbustion-ohamber-inletMaoh zumiberis

7

The totalpressureat the oanbustion-ehsmberinlet P was
immeasurablewtth fuel flowing and therefore was mmputed h an the
statio pressureand frommeasurementsd station1.

In general,the data sxe believedto be aomrste within
approxtitely 5-peroent.

IUB3mxS AND

The mm jet was started wtth
mmbustton-ohmiber-inlet pressure
(pressure altitude, 14,400 ft).

DISCUSSIOl?

sparki@tim
of 1280 pounds

at aminimum
per qpexe foot

The maximummmbustion-ohember-inletvelooitybeforeignition
at whichthe unit oouldbe startedwas 125 feet per seuond for
altitudes up to 14,400 feet (free-stremu velooity, 288 ft/see).
At higher altitudes, the minimum speed of the airplane was greater
than the maximumstartingspeed. I@itlon was usuallysmoothwith
no violent shock nor vibration. The fuel-airratio at iguition
mrled from 0.03to 0.05. The limitations in altltude and airspeed
for i~ition with the spark plug were elimintied by the use & a
_esim flare. With this man&uent, a singlestem%was made at
a mmibustion-dmiber-inletpressureof 700 poundsper squarefcd
with a canbustion-ohsrnber-tnletvelocityof 180 feet per seoond
(pressurealtitude,30,000ft and free-streamvelooity,400 ft/see).
I~ition was smoothsnd instantaneousat a fuel-air ratioC&
ap~ximately 0.05.

—

At altitudesof 20,000feet or less,increasingthe fuel-a3r
ratioto oonsMerably greaterthen stoiohiawtriomirturedid not
resultin blow-out;at an altitudeof 30,000feet, a limiting
fuel-airratioof 0.085was foundfor mdhzstion-dmiber velooit ies
of 90 emd 115 feet per second.
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The variation of the fuel-ah ratio at leanblowout with
mmbustian-obaniber-inletvelwity at pressure altitudea of 5000,
10,000, and 20,000 feet is shown in figure 4. No lean blow-out
data were obtained at 30,000 feet, but satisfactoryoperationwas
observedat fuel-airratiosas IIowas 0.034at that altitude. The
minimum operatingfuel-airratioat 5000feet inoreased.frau 0.013
to 0.019when the oaibustibn-ohamber-inletvelooitywas Inoreasecl
from 88 to 146 feet per seoodl (fig.4). At 20,000 feti,the mlnl-
mum fuel-air ratioincreasedfrom 0.02to 0.023for a ohangeIn
mdbustion-ohamber-i.nlet velooityfran 90 t~ 154 feet per second.
As the lean blow-out limit was approached,the visibleflameat
the outletbecamevery shortand Irregular,partloularlyat an
altitudeof 20,000feet;furthennore,by lookingin the Inlet
th@oughthe periscope,it couldbe seen thatburningwas ooourring
only in iselatedregionsneerrthe cwdier. This looalizedbuznfng
wouldbe expeotedbeoausethe fuel waa direqtedtowardthe centers
therebyenrichingthat regionto a c~ustible mlxhre at low over-
all fuel-air ratios..

The flmne lengthat a pressurealtitude@ 5000feet and a
fuel-airratioof ap~oximately0.08 is shownin fi.gure2. The
uoolantvaporcan be seen dischargingfrau the conibusthnohamber
and the nozzleabovethe exhaustflame. The visibleflamelength
for a givenfuel-airratiostetiilydecreasedwith increasing
altitude above 20,000 feet. The flamecolorwas U8USUY a bright
reddish-orangeat low altitude,and the oolorbeoameless intense
as altitude was Inoreased. The flame was barely visible with lean
mixtures at 20,000 feet snd was lnvlsIble over the entire opsrating
range at 30,000 feet. (All obsenations were made in daylight.)

Responseto a rapid ohcmge of fuel fluw was immediateand
positiveat low altitude,but blow-outwas induoedon several
ommsions by the rapid,changein fuel-airratiowhen operatingat
20,000and 30:000feet.

Operationwas generallysmoothwith littlevibration;occasion-
ally,however,a fairlyseverevfbration of relatively oonstant
frequemy was enmuntered at excessively riohmixturesof 0.08 or
more.

The exhaust-gastotal-temperaturerise is plottedagainst
fuel-airratio for all oondit ions of the invest igat icm in figure5.
The temperaturerise reaohesa maximumat a fuel-airratioof
apprcdmatel.y0.07and remainspraotioallyunohsngedfor increasing
fuel-alr ratios.

.

.
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The combustionet’fioienoyplottedagainstfuel-airratioat
altitudesof 5000,10,000,20,000,and 30,000feet is shownin
figure6. At altitudesof 5000 end 10,000feet, peak effioienoies
of approximately75 and 85 peroent,respeotively,at a fuel-air
ratio of 0.03 to 0.04 were attained (fige. 6(a) and (b)). l?on-
uniform fuel distributionis believedto be the cause & the effi-
ciencylsreaohinga maximumat lowfuel-airratios. &parently the
mixtureat the center & the oaibustionchmber is near stoichio-
metrioat lean over-allfuel-airratios,therebyburningthe fuel
in a more effioientmannerthan M it were evenlydistributed.At
the riohermixtures,the oenterd the oanbuetion ohamberis over-
rich causingincompleteburningin that region. Theseccnlclusions
-e verifiedby figure7, whioh showstypicalexhausttotal-pressure
distributionsfor leen and richmixtures. At the le~ fuel-air
ratio, the centerpressuresare low, indioating a hi@er oaubuetion
pressuredrop and accordinglyhighertemperatures;whereasthe rioh
mixtureshowsthe oppositetrend,indlcating thet most of the buzn-
ing is oomrring toward the wall of the combustionohaniber.The
mrves for altitudesof 20,000and 30,000feet show the same trend
in the effectof fuel-airratioon mmbustion efficienoy. Con-
siderablymore scatterof data is present,however,in the lean
fuel-air-ratio rangethanfor the loweraltitude. This soatter
may be due to unstable and “spotty”burning,whiohwas more pre-
dominantat the higheraltitudesin the leanfuel-air-ratiorange.
The averagepeak effioienoydecreasedto approximately67 peroent
at an altitudeof 20,000feet with a fuel-airratio of O.@ and
to 56 peroentat 30,000feet with a fuel-airratio of 0.06.

Ho ooneistenteffeot of ccaibustion-ohamber-inletvelooityon
oonkmetionefficiencyoan be notedfor the range of conditions
covered, although figure6(o)for an eltitudeof 20,000feet shows
that highestefficienoiesin the lesn regionwere obtainedat
highestvelooities.

The individualeffeotsof combustion-ohamber-inletpressure
and temperatureon the operatingrangecd?fuel-airratioand oaE-
bustion effioiencyare indeterminatefrcm the resultsinaaunmhas
they both changewith altitude. However,in figure6(b)for an
altitudeof 10,000feet, it appearsthat the mmbustion effioiemies
are slightly lower for the rune at lower ambient-air tem~ratures.
It shouldbe notedthat the averegeambient-airtemperaturefor the
runs at 30,000feet was 410°R as oomwed with about472°R at
5000feet (fige.6(a) end (d)). The mmibinedeffeot of ~essure
and temperatureon ocmbustion effioienoyis presentedin figure8,
which is cross-plottedfrcanfigure6. The crossplot showsthat
the effcots of pressurealtitudeand the aocanpanyingchangein
temperatureon combuetion efficienoywere eonsiderablygreaterat
leanmixturesthen at thosenear stoichiaetric.
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For a ocuabustionohsmberd mnstant
for a givenmmbustlon-ohamber-inletMaoh

pressurelossdue solelyto heat additIon

and q2 (referenoe5). If it Is assumed

oross-seot ional area end
nuniber, the statio-

is a funotionof ‘4 2 T~
~v T2

that only a smallpart of

the burningoeoursIn the nozzle,then the ocmbustion-oh=berpres-
R5 2sure loss shouldbe approximatelya funotion of
&

pTand~,

and the observedpressurelossfrom statims 2 to 4 q be plotted
againstthe e-ust -temperature-riseparameter determinedat sta-

R5 2tlon 5, — p ?.
%2

For a given combustion-ohadber oonfi~ation$ t~ pss~e
10SS due to friction is @mari3Y a funotion of q2 - shotid be

approximately independent of the tanperature rise. Inaemuoh as
both the ocmibustion-md frlotion-pressure losses are proportional
to q, they ~ be divided by q2 and plotted in ooeffioient

form. The friotlon-~essurelosswas determinedfrom ooldruns and

the averageobservedvalueis indioatedby the ordinateat ‘5 # ~.1
~

In fIgure 9. This”figureshowsthe theoreticalpressurelossesdue
to heat additionfor ~ = O, 0.04,=d 0.10- the theoretloal

heat additionlossesplus the observedfriothn lossfor ~ = 0.04
and 0.10,the approximate range covered in this investigateion. The
agreement of the e~rimental datawith the theoreticalourvespro-
vides a convenientoheokon the instrumentalion and the oaloula-
tionsat the exhaust-nozzleoutlet,station5.

The ocnzbustIon+hmber-inlet Maoh nuniber~ and air flow Wa

may be expressedIn the form of PmxazetersM2 ~? d Wa A@/6,

respectively,as a funotion of free-streamMach number ~ (refer-

ence 1). Thesevariablesme thereforeplottedin thismanner in
figwres10 end 11.

It is also shownin refereme 1 that the net thrustis essen-
tiallya funotion of the ambient-pressureratio 5, the temperature-
rise rat io 7, and free -stresm Maoh nmnber Mo. Net *t is
thereforeplottedin the parsmetriofozznof Fn/8 against T for
variousvaluesof M. (fig.12). The data of fQure 12 are oross-

@otted in figure13. The resultsagreewith thosereportedfor
wind-tunnelinvestlgationeof a similarunit in reference1. The

,

.
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net -thrust coefficient is a f unot ion of the same variablesas the
net thrust,but the effeotof increasingMaoh numberis so smallin
the range covered in this investigation,that It is not perceptible
withinthe scatterof the data,as shownin figure14. The small
effectis showntheoreticallyin referenoe6.

smwARYoFFmml?s

Fran a flight investigation of a 20-inchram jet overa range
of pressurealtitudesfrcm 5000to 30,000feet and free-stream
Maoh numbersup to 0.51,thefollowingresultswere obtained:

1. Ignitionwas effeotedby sparkat amaximum pressurealti-
tude of 14,400feet and a ccmhstion-ohember-inletvelooityal?
125 feet per seoond. The ram jetwas startedat 30,000feet and
180 feet per secondby use of amagnesiumflere.

2. The ram-jetunit operatedsmoothlyover the entire rqe
of velocitiesand altitudeswith the exoeptionof occasionalrough
operationat excessivelyrichmixtures.

3. The minimumoperatingfuel-airratiowas 0.02 at 20,000feet
● with a oomlmstion-chauiber-inletvelooityof 90 feet per secondand

0.013at 5000feet with a conibustlon-ohember-inletvelooityof
88 feet per seoond. Ih the raageof conditionsinvestigated,a
maximumoperatingfuel-airratio was observedonly at 30,000feet,
with blow-outommrring at a fuel-airratioof approximately0.085.

4. Responseto a rapidchangein fuel flow was irsnediateend
positiveat low altitudes,but at altitudesof 20,000end 30,000feet
bluw-out was induced on several oocaeions by the sudden ohange in
fuel-air ratio.

5. Maximum ocmbustion efficienoiesof approximately75 and
85 peroentwere attainedat fuel-airratiosof 0.03 to 0.04 at
pressurealtitudesof 5000 and 10,000feet,respectively.The
averagepeak effiolenoydecreasedto approximately67 peroentat
20,000feet with a fuel-airratioof 0.04and to 56 peroentat
30,000feet with a fuel-airratioof 0.06.“The adverseeffcots of
low pressureand temperature(whiohomur with inmeasing eltitude)
on combustionefflciencywere considerablygreaterat leanmirlmres
than at thosenear stoichiometrio.

FlightPropulsionRese~h Laboratory,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio.
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Figure 2. -
-&3.47

20-inch ram jet in flight operation at pre!%sure altitude of

5000 feet and fuel-air ratio of approximately 0.08.
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