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Combustinn-ohamber performan ce cA.Lsraoteristics aP 8 3000-pound- 
thrust axial-flow turbojet engine have been determined f'rom an i&es- 
tigation of the complete engine in the XACA Cleveland altitude wind 
tunnel. kta are presented for 8 range orf StiUk&ed altitudes frm~ 
15,000 to 45,000 feet and a range of simulated flight Mch numbers 
from 0.23 to 1.05 for various modificatiana Of the engine. The 
combustion-chamber performsnce characteristics are preeented as 
function of the engine speed corrected to WA standsrd sltitude 
inlet conditions. The effect of Bariations in altitude and flight 
Ikch nmber on combustion efficiency, combustion-chamber total-pres- 
SLCCB losses, emgim-cyc%le efficiency, 8nd the fr8ction81 lose in 
engine-cycle efficiency resulting fram oombustion-chamber pressure 
loss88 is presented for vsrious engdne configurations. 

Combustion effioiency varied directly with engine speed and 
inversely with altitude, flight Bch number, and.exhaust-Ibozzle- 
Outlet Etrea. Combustion-&amber pressure-loss ratios varied directly 
with flight I4xh number and e&au&-nozzle-outlet area and inversely 
with altftude. mum total-pxwssure-loas ratios oocurred at lox 
ormediumengWespe8ds. Lower peroentage losses in combustion- 
chamber total pressure were obtaIned with the modified engine than 
with th8 Other conE'iguratfons. Engine-cycle efficiency varied 
directly with angine speed and altitude and inverselywith e&au&- 
IloZZl8-Outlet EL?T88. At high engine speeds, the engine-cycle effi- 
ciency varied directly with flight Mxh umber, The engine-cycle 
efficiency of the modified 8ngine was considerably higher than that 
obtained with the origin81 engine. The fractiOna loesea in engine- 
cycle efficiency due t0 combustion-chamber pressure lessee varied 
directly with flight I&ch number at low e~@ne speeds and inversely 
with 8I@ll8 EQ88d and altitude. Engine operation with large exhaust- 
lloZZl8-Outlet a888 reSUlted in very high fraCtiOnS1 lO8sOS in CyC18 
efficiency. 

UNCLASSIFIED 
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An inVe8tigstion to determine the perform8nce and operational 
charaoteristics of an a&al-flow turbojet engine having a thrust 
rating of 30C0 pounds hew been conduoted in the NACA Cleveland alti- 
tud8wL!Jldtunn8l. The perfomanoe charaoterletics of the component 
parts of the tIzrbOj8t engine were detenalned in addition to the 
evaluation of the over-all oharaoterietlce. The perfonnslice charao- 
teristics of the compressor and the turbine as determined frw the 
inverrtigation of the wmplete engine are p8S0nted in referenoee 1 
8Ila 2, respectively. 

Ananalysis of the performance of the oombustion ohEUnb8rWith 
various modifications of the combustion basket, cambustion-chember- 
inlet acreens, and fuel nozzles is presented herein. These mod& 
f~c-f&ions weremade inanattemptto tiprOV8 theturbine-inlettem- 
perature distribution and the engine oper&ting range at high alti- 
tude. The oombustion effioiency, the engine-oyole efficienoy, the 
loeees in total peseure ocourring in the combuetion chamber, and 
the fraction&l loss in engine-oycle eff'iolency reeulting from 
oombustinn-ohamber lffeeeure los88~ 82'8 comparedfarvariousengine 
ccl;nfigur8tions. Data for which perfo=oe chsraoteristlos are 
presented were obtained over a wide range of simulated altitudes 
andflight Mxhnumbers. 

The X24C-4B engine used in this Investigation (fig. 1) ha8 a 
etatic sea-levelrati~ of 3000 poundsthrustatan8@.n8 speed 
of 12,500 rpm. At this rating the sir flow is approximately 
58.5 pound8 per s8oand, the fuel consumption is 3200 pounds per 
hour, and the oompressor pressure ratio ie 3.8. The main components 
of th8 engine include an ll-stage &al-flow compzweeor, a double- 
annulus combustion&amber,& two-stageturbins,sndafixed-area 
8Xh8W3t IlOiZ18. 

The main component& of the origIna and modified engines used 
in the investigation were similar except for changes made by the 
manufacturer to the compre8sor (reference 1) and the combustion 
chamber. As a result of theee modifioations, the turbine-outlet 
temperature distribution was so improved (fig. 2) that the limiting 
turbine-outlet teePper&um 1#8'~#i8ed from 17100 to 18800 R 8s red 
on the hottest th8rmOoOuple. The flat temperature profile at the 
turbine outlet of the original engine resulted in crItica temper- 
atures near the root oftheturblneblade. The nonu!xLformturbine- 
outlet temperature profile obtsined tith the modified engine 
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approached critioal tqratures near the midpoint of the turbine 
blade, where the allowable temperature was much higher th8n near the 
blade root. A higher average turbine-outlet tqrature uas thereby 
permitted for the modified engTne than for the original engine. The 
enginemodificationeandthereaulti~highert~rature Umltert 
the turbine outlet permitted 8 reduotzon of the standard erhsuat- 
nozzle area from l83 square dnches for the orIgina engine to 
171 square inches for the modified engine. 

The enginerJaew>untedina~ngnacelle,~chwaa installed 
in the 200foot-diameter teat section of the altitude wind tunnel 
(fig. 1). Bletpresaurea correapandfng to high flight Mach numbers 
were obtained by introducing dry refrigerated air from the tunnel 
make-up air ayatem through a duct to the erngLne inlet. This air wae 
throttled from approxinz3tely sea-level pressure to the desired pres- 
sure at the oweaaor inlet Vhile the tunnel pressure correapcmding 
to the desired sltitude was maintained. The make-w air duet was 
connected to the engine intake duot bymeana of a alip Joint with a 
labyrtith seal. 

The stationa at which inatmonentcrtion vaa installed are ahown 
in figure 3. This reportiamainlyoonaernedtiththe oombuation- 
chamber Inlet or ccunpreasor outlet (station 4), the wmbuetion- 
chamber outlet or turbine inlet (station 5), the turbine outlet 
(station 7), and the e&au&-nozzle outlet (station 8). Inatrum~ta- 
tion at these stations is shown in detail in figurea 4 to 8. 

nilaxumroN QT CoMBmTroN cm 

A oroas-seotianaldrawing af the combustion &&mber of the 
turbojet engine is ahown in figure 3. The combustion zone is aepa- 
rated from the rest of the ccmbustian se&ion by a double-annulus 
basket that merges into a single annulua near the downstream end of 
the combustion &amber (fig. 9). The oombined oross-aeotimlarea 
of the canbuatian zones varies from approximately 1.73 square feet 
at the upstream end to about 2.67 square feet where the two annuli 
merge. Aalnglerow~holea on&U. fOtW &&CM Of 88chof khe 
first two atepa admita prQ.uary air to the oombuation zones. A Urge 
number Crp "anticoklng" holes on the upstream f&ma of the annuli 
aud on the fir&-step aurfacea admit sir for retarding the depoai- 
tion of carbon around the fuel nozzles. Sewndary air enters the 
ccenbuationzdnsa of theoriginalbaaketthroughfourrowa of 
circular holea in eaoh surface of the third step and three rowa of 
larger-diameter holes in the fourth-step aurfaoea. The basket qed 
on the modified engine rliffered f'rcm the basket Orp the original 

L 
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ens in that the holea on each aurf8ce of the fourth step wezx 
eliminstedandthe thirdatep cont8inedlerrge rectangular holee tith 
slightly rounded cornera (fig. 10). The tot81 81"88 Crp the rectan- 
gular holee equaled the tot81 8re% of the ciroular holes on both 
thirdandfouzth steps of the originalbaaket. 

Combustion--berminlet a- wem inwM.ledinthepZ~~~~ 
8djsce.d to the upatreem face of the basket in order to improve the 
air-flow distribution 8% the combuatlan-&amber inlet (fig. 11). 
On the original ccmibuatian chamber, the soreen in the outer paaaege 
blocked 60 percent of the area azd in the intermediate psaesge 
blocked40peroeatofthe 8re8. Cnthemodified ccmbuation ahamber, 
the acre- in both outer 8nd lntezmediate passages blocked 30 per- 
centofthearea. Inboth oombuation &smbers, acweena were omitted 
from the inner passage. 

The 0~1enBmodifiedccmibuetionchamberawere equipped 
with 60 fuel nozzles th8t h8ve 8 rating of 7 g8llona per hour at 8 
difYerenti8lpresaureof1OOpou&a per squareInch andwere 
mounted onlxro conot3ntrio~oldringa. Thesenozzles h8ve 8 
spray-coneaagle txP 800. Thirty-six & these nozzles extended Into 
the combustion zone at the upstream f8oe of the outer-basket annulua 
and.were equallyapacedwzoundthe airounUerence. The fnnermaai- 
fold ring oont8ined 24 fuel nozzlea, whioh penetrated the cxsmbuetion 
zone of the inner-bsaket8nnulus steven lntmle. Sheet-metal 
fairinge completely separated the fuel lkoeelea 8nd m8nifold ringa 
from the air flow between the uaquvsaor & the combustion chamber. 
Ignition was provided by two sp8rk pluge that er&ered the bottoln cb 
the outer easing at angles of 450 with the vertical center line ne8r 
the upstream end & the ccpnbuati= chamber. 

For one perrt of the fnvestig8ticm, the holes in the third step 
CS the original combustion-chamber bcmket were b&tied (fig. 12) in- 
8n attempt to improve the turbine-inlet temper8ture distribution. 
FuelnoeeleswithratlngaodP 7~81mI3g8llona perhourwereuaed.+n 
8ddition to the 7-gallon-per-hour nozzles in 8n 8tWript to NVe 
the operational &8r8&eriatioa 09 the eng%ne at high altitude, 
The spr8y-cone 8nglea & the 7$ end 3-g&llon-per-hour nozzles were 
80' and 900, reapeotively. With these nozzles installed on the 
engine, runs were conducted with all IXXX&leS in oper8tion and ale0 
with slternate nozzles blooked. 

The various oombuation-chamber modifications that were investi- 
gdedare aumnarized in-the PollowUg t8ble: 
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Engine Combuation- 
ohsmber 
basket 

OrigZn81Origi.n81 
w1 origipgcl 

owl Original 
Origin8lorlgZin81 
origin81OrQin81 
origin81 !chira-step 

holes 
blocked 

h%3dmed~~ied 

. 

Bloc- 8rea 
of combuation- 
chamber-inlet 
screw 

(P--t) 
60 and 40 
60 SIld 40 

60 and 40 
60 and 40 
60 ad. 40 
60 snd, 40 

30 and 30 

Fuel- 
mzzle 
x3pacit~ 
k@b) 

7 
7; 2 
7-1 
32 
3 

7g 2 

7 

5 

slumber 
&fuel 
aozzlee 

60 
60 

30 
60 
30 
60 

60 

Daterare presented for ar8nge of simul8tedaltitudeafrom 
15,000 to 45,000 feet, eimulated flight mah numbers fram 0.23 to 
1.05, 8nd engine apeeda m 4000 to 12,500 rpm. At high altitudes, 
them engine epeedvasl~tedbyhight~bine-outlett~ers- 
tures8ndtheW engine apeedu8alimitedbyocm1buation blou- 
out. The wmpreesor-inlet-air teqpe~turew8am8int8laedat8pprox- 
imately l!iACA st8nd8rd ten?peratureforach aim&ted flightcondi.tbn 
eroeptthstnot~raturesbelov-200P,Fibidh oorreapondtohigh 
altitudes 8ndlowflightM8chnumbera,were obteined. Pour ezhaust 
nozzles with optlet -88s of 171, 189, 231, and 330 equare inohee 
were inst8lledonthemodifiedenglne. 

~-flovcaluulatione~msaef~preesureandtnmPerature 
meaaurementa obt8ined 8t the cowl inlet (station 1). me fuel flow 
w8smeasuredwIth 8roQuaeter. Thecmgiae apeedswereoorrectedto 
atandsrdmACat~turea~s~~totheeimnLstedflight 
uondit1o.w. 

Engine apeedawwenotocffreotedto atendard sea-level-eondi- 
tione,88 arzetom8rywith ~b~tion-ahsmberdatrr,beoaureenn~ 09 
the aeLt8 gene=Zized. It w8s therefore belied th&t the true alti- 
tude effeotwouldbemore appsrentifthe dat8vere greaentedirthe 
mgeneralized form. 
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Combuetion Efficiency 

The variation 09 combuatian effioiency with engine apeed for 
the modified engine is shown in figure l3 for 8 range of simulated 
altitudea from l5,OOO to 45,000 feet 8nd flight &ch number8 of 
0.71 and. 0.52. Combustion efficiency tioreaeed rapidly with engine 
speed up to about 11,CCO rpm. The -mum combustion efficieazciea 
obtained at theee altitudes and flight &oh numbera varied from 
0.95 to 0.99 8nd oocurred at the mebxirmrm engine apeeda obtainable. 
In gener81, the combustion efficiency decreased tith increased 
altitude at low engine epeeda. All effioienciea obtsined at 
45,000 feet are of queetionable aocuracy becsuae burning through 
the turbine my have occurred at this altitude 8nd affected the 
temperature8 st the turbine outlet. 

The effect of flight Mxh number on the combustion efficiency 
of the modified engine at simulated sltitudee of 45,000 and 
25,000 feet is ahown in figure 14. Combustion efficiency decreased 
with 8x.1 increase infUghtM%hnumberat conat8nt engine speed, 
p8rtSoul8rlyin the low engine-epeed r8nge. At engine speeds 
greater than 11,500 rpm at an altitude of 25,000 feet, the combw- 
tion efficiencies varied from 0.95 to 0.99 for 8 r8nQe of flight 
Msch numbers from 0.52 to 1.05 (fig. 14(b)). 

The effect of eauat-nozzle-outlet are8 on oombuation &Pi- 
ciency is ehown in figure l5. In gener81, oombuation effioiency 
decreased when the e&x%&-nozzle-outlet 8~88 ~8s incresaed. The 
combu&ion efficiency obtained tith the 18%aquare-inoh nozzle, 
however, fell below the efficienciee obtained with Urger exktuat- 
nozzle-outlet 8re88 at high engine speeda. 

Variation of oombustion efficiency with engine speed for the 
various engine modific8tiona at 8n altitude of 35,COC feet and 8 
flight tich number of 0.52 is shown in figure 16. Considerably 
higher combustion efficiencies were obtained with the S-gallon- 
per-hour fuel nozzles than tith any other configurertion at thie 
&ltitude, which 18 attributed to imprOVed fuel 8tomiz8tion. The 
maximum efficiency obtained with theee nozzles was 0.98 at 
10,750 rlpn, but the efficienoy dropped off rapidly at higher 
engine ape&a. Blocking one-half of the fuel nozzles had very 
little effect on combustion efficiency. The 'Ii-gallon-per-hour 
fuel nozzle8 gave higher effioienoiea than the 7-gallon-per-hour 
nozzlea at low engine speeds, but 8t 11,500 m the effioienciee 
for the 'I-g8llon nozzles were slightly higher. 
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Thefipat ccPnbuation-ch8mberb8aketmodIfic8tiontiththeholea 
of the third step blooked resulted in the lowest combuatiap effi- 
oienciee of 811 the engine mod2fic8tions. Thisdecre8sewss8ttri- 
buted to the inorssse in primsry sir 8nd the introduction cxf 
seoond8ry air further downatresm th8n with the other combustion 
ohambera. The combuationeffioienoyofthemodifiedengine, with 
modified comp3T8saor and cwmbuation &amber and with the 17Laqu8re- 
inch a&auat nozzle, vaa approxtmately 4 points hl&er than the 
oombuation efficiency af the original engine over the entire range 
ofengineQeeds. 

Pressure Iossea 

The engine-cycle txPficiemy M 8 turbojet engLne is adversely 
8ffected by any loss in total pressure through the combustion chamber- 
(referen= 3). Thus the variation of combustion-chmber total- 
pressure lose with opezmbing conditions is Important to the over-811 
petiorm8noe cxf the engine. 

Varistiw of over-all total-pressure-loss ratio with engine 
spedforthemodified.enginesreahoun infigure 17forarange c& 
sltitudes from l5,ooO to 35,000 feet at flight Maoh PIzmbers of 0.71 
and 0.52. An inore8se in altitude resulted in a reduction in the 
oombustion-chamber tot&l-pressure-lose r&lo APT/k4 at engine 
apeda grssterthsn8OOOrpn. Peakvalues d APT/p4 occmredin 
thelowarmediraa engine-spedrange. 

The varistion of aP,lp, withenghe 8peedandflightM3ch 
number is ahown in figure 18 for the modified engine 8t simul8ted 
altitudes of 35,000 and 25,000 feet. ~cresaing theflightmch 
nmber conaider8bl.y inore8aed the over-8ll tot819preaaure-lose 
ratio, p8rticulely at engine speeds below 10,000 r~pn. The msdmm 
AFT/k4 obtained with the m-led engine was about 0.102 at 8n ' 
altitude of 25,000 feet, 8 flight @oh number of 1.05, end an engine 
speed of 8000 w (fig. U(b)). These losses in tot81 preesure 
through the cosibuaticn&8mberare aoaaewh8thigBerthsnthoseth8t 
h8ve been obt8Aned vith oylladriwal-type ccmbuation ahambera. 

The effect of engine speed and erhsast-nozzle-outlet 8re8 QP 
the modified-engine combuaticm-cWmber totskpeesure-lose ratio ia 
shown in figure 19. The value of A%/k4 imreaeed 88 the erhsaet- 
nozzle 8re8 was inareaaed over the entire range of engine epeeda. 
With the 1710square-inoh erbauat nozzle on the engine, a m8xImum 
%b4 of 0.070 ~88 obt8ined at 25,000 feet with 8 flight Msch 
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number of 0.52. Installation of the 330-aqusre-inch exhsuat nozzle 
on the engine lncwea%ed the ntaxima value d APT/k4 to 0.089 at 
the asme altitude and fl@ht Mmh number. 

The effect of VzLlz'joua eqina modifioationa on the over-all 
total-pressure-loss ratio la shown In figure 20. BlockIng the 
third-step holes a9 the basket resulted in total-pressure-loss 
ratios as much as 23 peroent hl&er thsn the losses obtalned with 
the original basket. A allghtreductionin APT/P4 was obtained 
by replaciq the 7-gallon-par-hour nozzles with 'I$-wllon-per-hour 
nozzles; however, no appreolable effeot on mnbuatian-chamber 
pressure-loss chmacteristios was obtained by chmging frm 7- to 
3-gallon fuel nozzles or by bloddxg me-half af the fuel nozzles. 

Pressure losses Par the modlfled engine, with modified mm- 
pressor and ccmbuation ohamber and with the 171-square-inch edmwt 
nozzle, were lower than the ~saure losses obtained with the other 
confTgmat1aae. The-value of APT/P4 obtained tith the 
modiflea~at35,000feetszadaflight~ohnumber~ 0.52~s~ 
aboutO.068 at85OOqn. 

The effect of the cmbuation-chambm-inlet acreena cm the 
oorubuation-chsmber total-gmesaure-loss ratio 09 the modified and 
the orIgIna sm@nes is &own infigure 21. The inlet screens of 
60-and 40-peroentblooklngsresuaedonthe orTgiaalengine 
increased the loss in tots1 pressure amosa the combustion chamber 
by about 2 peroent of the compressor-outlet total pressure P4. 
The 300percent bloddng-area screens used on the modSfed engine 
increased the combustion-chamber total-~eaaure loss by less than 
lpercentof P4 athighengluespeeda. 

The pressure-loss data &Lb not lend Itself to analysis with 
thetypeofpressure-loss dart constructsdinraference 3. Failure 
of these dats to correlate with the pressure-loss chart is attri- 
buted to changes cd the flame ahemacteristios, width oauaed the 
value of the combuatlon-chsmberequivalentsrea Ab to vary. The 
~81~9 of the frlotlon-pressure-loss factor K was determined for 
the origlnalandmo&Lfledcombuatlan chsmbersfrcmwindmlllingdats 
withnobumingintheenglne. Thesevalues of K wereapproxi- 
mtely 0.027 an& 0.024 for the origins1 and mdified combustion 
Oh%Qlb%??%, XW%pMti~~. Inthe evaluetlcmof K, the cosibuatlon- 
chamber-inle&acreenawera oonaidered as psrt afthe combustion 
chsmber,sdlthe difference lnthevalue of K for the tw mu- 
buation chmnbera Is attributed to the Cliff- lnblockingemss 
of the screens and the change in hole oonf%guratlan. 
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Losses in E&n%-Cycle Hficiancy 

The effect of altitude and engine speed on engine-oycle effi- 
ciency and the fraction& loss in engine-cycle efflclency due to 
combustion-chamber pressure losses of the modified engine is ahown 
in figure 22. At a given engine apaed, the anglne-oycle efficiency 
increased with altitude. The fractional 1088 in engine-cycle effl- 
clency Aq/q due to c~buatfon-chamber pressure losaea decreased 
withanincrease inaltitudeata wnatantengine apeed. Lowaring 
the snglae speed resulted in %n Increase in Aq/q over the entire 
range of engine speeds, but the fractional lose was appreciable only 
in the low engine-apeed region. 

rl 

Variations of engine-cycle efficiency and fractional loss in 
engine-cycle efficiency with en&m apeed and flight &ch nmber are 
shown In figure 23 for the modified en&m. At engine speeda greater 
than 10,000 qxa at an altitude of 25,ooO feet, the engine-cycle effi- 
ciency varied afrectly tith flight Hsch number. The m%ximum engine- 
cycle efficiency obtained during the investigation was about 0.39 at 
an altitude of 25,000 feet, an engine speed of 12,500 rpm, and a 
flight Nsch nmber of 1.05. 
reSulted hahigher Al/q 

An fncrease in flight Msch nzmjber 
at low engine apeeda, but the flight-Msch- 

number effect w%s negligible at engine speed% greater than 
11,000 rpu. !l?he lowest value & the fractional 1088 in engine-cycle 
efficiency obtained at 25,000 feet was about 0.04 at the maxImum 
engine speedof l2,5OOr~pn. 

The effect of exhaust-nozzle-outlet wafx on engine-cycle effl- 
oiency and fractional lose In en&n%-cycle efflclency at an altitude 
of 25,000 feet %nd a flight M%oh number of 0.52 is ahown in fig- 
ure 24. Engine-cycle efficiency decreased considerably with increased 
exhaust-nozzle-outlet %rwb. With the 171-square-inch erhauat nozzle 
installed on the engine, the engke-oyole efpiclency was about 0,325 
at 12,000 rpm. With an exbauat-nozzle %.rea of 330 square Inches, the 
engine-cycle efficiency at the BtTme engi33e speed was only 0.105. 
Large exbauat-nozzle cross-sectlana areas resulted in very high 
vslues of Aq/q. 

The bnpromrnent in cycle efficiency and the reduction in frac- 
tion&l lose in engine-cycle efficiency that were obtained with the 
modified engine as cvedwlththe origkal engina operating at a 
flight M%ch nllIpber of 0.52 at an altitude of 35,000 feet la ahom 
infigure 25. Atanengina speedof 11,5OOrp,the engine-cycle 
efficiency was increased from 0.25 to 0.33 by modifying the engine. 
The valua of As/q at this engine speed was 0.09 for the origlly31 
engineand0.04forthemodif1edengine. 
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An altitude-wind-tuunel inveetigatlon of a 3000-pound-thrust 
-l-flow turbojet engine @me the following reaulte on the perform- 
ance charaoterletice of the annular-type combustion chamber: 

1. Ccmbuetlan efflaiency varied directly with engine apeed 
and, In general, inversely with altitude, flQht Mxh number, and 
&must-nozzle-outlet cross-sectional area. At altitudes up to 
35,000 feet and at flight Mach numbers from 0.23 to 1.05, the msxi- 
mum combustion efficiency of the modified engine varied from 0.95 
to 0.99. 

2. The combustion-chamber total-pmesure-loss ratio APT/k4 
varied direotly with flight Mmh nmber and exhaust-nozzle-outlet 
area arid, in general, varfed imereelywlth altitude. MsLmum 
values of APT/k4 oomrred at low or medium wins apeda. Lower 
values cxP APT/P4 were obtained with the modified engine than tith 
the other cotiigurationa. 

3. Engins-cycle sE'flciency varied directly aith engine apeed 
and altitude and inversely with exhaust-nozzle-outlet area. At 
high engine ape&la, the engine-ogle efflclmcy varied mctly 
with flight Mach number. The engine-cycle efficiency of the mcdl- 
fied engine was considerably higher than that obtained with the 
original engine. 

4. The fractlkal lose in en&m-o le efflclemy due to 
cmbuatlon-chamber pmkeure losses Ag q varied imeraelytith p" 
englm apeed and altitude. W ith the 171-square-inch exhaust nozzle, 
AT/~ uas apmciable only at low engim speeds. At low eqlne 
speeds, Aq/7 varied direct4 with flight Mach number, but at high 
engine speeds there waenoappmciable variation. Engina operation 
with larger exhaust-nozzle-outlet areas resulted in very high fruc- 
tional losaee in oycle efficiency. 

Fll@ tPropulsionReeear6h laboratory, 
Haticmal Advisory Comrmittea for Aeronautloe, 

Cleveland, Ohio. 
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Symbols 

The foll-odng symbola are used inthie report: 

cross-sectional area, aq ft 

spoific heat at constant pressure, Btu/(Xb)(%) 

fue&alr 333tio 

acceleration of gravity, 32.17 ft/seo2. 

enthalpy, Btu/lb 

mechanical equivalent aCe heat, 778 ft-Xb/Bbu 

combuatlon-chamber frLotia-assure-lose factor 

rotatIona speed 02 engale, rpm 

total preeaure, lb/aq ft absolute 

lose In total pressure In CcQibuatlon ohamber dna to frlotinpr 
Ib/aq ft 

over-aILL lose In total ~essure in combuatlon ohamber due to 
friction and heat addition, lb/aq ft 

static peasure, lb/aq ft absolute 

gas conatant, 53.3 ft-lb/(lb)(%) 

total temperature, Oa 

izldlated iximlperature, OR 

statio temperature, oa 

mass flow through e@ne, lb/se0 

ratio of spec3f'ic heat at oonetarrtpreaaureto apecifiohaat 
at wnatant volume 

engine-cycle eff~clency 
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A9 lose in engine-cycle efYlcfency resulting froan combustion- 
chamber pressure losses 

% combuaticm efficiency 

P air denalty, lb/cu ft 

Subscripts: 

0 

1 

2 

4 

4a 

5 

7 

8 

a 

b 

J. 

free stream 

coul inlet 

0ompr%%%or Inlet 

ccanbuation-chamber Inlet or compressor outlet 

combustion-chamber inlet behind screena 

ccunbuation-chamber outlet or turbine inlet 

turbine outlet 

e~uat-nozzle outlet 

air 

cambuation chamber 

station at which static pressure in jet reaches free-straaq 
static pressura 

Methoda Orp Calculation 

Temperature. - Static temperatures wera obtained from indicated 
tempemturereadingaby 

t = Tl r-1 7 
1 + 0.85 [ 0 5 -1 1 

xhere 0.85 is the thermocouple inrpact recovery factor. 
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l 

The equivalent free-etraam static tmqer8ture tC w%a calcu- 
latedfrcmtihe ccmpreesor-inlet&dic%ted tempratureaefolloua: 

y-l 

t0 
po 7 

=T2 5 
0 

The static teanpezdxme of the ezbau&-ga% jet was caloulsted 
from the t&l-rake i.natrment%tlon by 

r-l 
pO 0 Y 

5 =t8 pS 

No thermocouples were installed at the turbine inlet (statics 5); 
in the determinatfon of T5, the enthalpy drop aarose the turblae 
was therefore assumed equal to the measured enthalpy rise through 

, the compressor. The turbine enthalpy change and the turbine-outlet 
temperature T7 were then uaad to obtain T5 fran a t~ture- 
enthalpy ch%rt. 

Air flow. - Aix-flovcalaulationalmremde AvnnterEpratlKw 
and pressure meaeut?amenta at the co'wl'inlet (station 1) bymema of 
the equation f - 

1 r-1 aA1 wa - - d k, Q-2 Pl 7 
R % p1 

-1 
1 

where the value of Al is 1.78 square feet. 

Ccmbuation efficiency. - The enthalpy of the g&a at the turbine 
Wet canbe -eased as 

where the firat term on the right-hand aide & the eqaation is the 
enthalpy of the air eland the eecond term la the enthalpy of the fuel 
aepresentedin refereme 4. (The symbols A, m, and B %re 
defined in this reference.) The ccmbuation efficiency is defined 
as the ratio of the actuEh1 increase in enthalpy & the gas uhlle 
passing through the caanbuetion ohamber to the theoretical incre%se 
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in enthalpy that would result from complete combustion of the fuel 
charge. When a fuel with a lover heating value of 19,370 Btu per 
pound la used, the following eqreeelon for combuatia efficiency 
la ,obtained: 

'lb = 
h8,5 + f/a(=) - s,4 

(f/a) x 19,370 

The verlues inthis equatCmwere obtainedfromatemperature-enthalpy 
, ohartbasedonafuel-lnlettemparatura of 8oOFand a hydrogen- 

carbon ratio of the fuel of 0.170. 

Freasure losses. - The total-pressure-loss ratio was calculated 
from tote&preeaure meaeurem~te at the combuetiaa-chamber inlet and 
the mbuation-chamber outlet according to the erpreaeion 

A$ p4 - p5 
q= p4 

The friction-pressure-lose factor K for the original and 
reviaedwmbustion chamberewas deterntinedfromengkewindmilling 
tests. The total-presaura losses obtained resulted from frlotlon 
alone lnamnunhas there yet8120 maenantum preeaureloeefromheat 
addition (reference 3). The Friction-pressure-lose factor K is 
deflnbd by the relation 

APF ud 

!cherefcwe, 

kc = (3) (s2T4; 
p4 (p4 - p5) s 2 ma T4 

Windmilling teete were not made for all the engine modificationa 
and therefore K could not be determined for those configuratiane. 

Engine-cyule efficlemcy. - 'phe engine-oycle efficiency is 
defined by 

rl' 
heat supplied by source - heat rejected to sink 

heat supplied by source 

. 



RACA RMBTo. E8B19 I.5 

- op bj - to) 
rl’ [ ha,5 + f/a(r++t)g ha,4l 

C ha,5 + fia(&+F) - 4,4] 

where cp la the a-age value between 8tatlm.a j and 0. 

The loss In engine-cyole effloiemcy resulting fKlan ocrmbustlap- 
chamber pressure losses was calculated by the erpreselagl 

Arl = 

ha,5 + f/a(E++lB ) 1 - h+4 

where cp la the average valus betuean stations j a& 0. 

1. Dietz, Robert O., Jr., ReHyaz, Joseph J., and Howard, Ephraim M.: 
Altitude-Wind-T1 IPvestig8tlon of a 3000-Found-Thrust AxLal- 
Flow Turbojet we. II - Analyaie & Compressor Performance. 
NACA RMNo, E8A26a, 1948. 

, 
2. Conrad, Earl W., Metz, Robert O., Jr., 8nd Golladay, Richard L,: 

Altitude-Wfnd-Tunnel Investigation ae a 30000Pound-Thrust 
ArLal-Flow Turbojet R@ne. I - Analyaie aPTurblxmPerfom- 
ance. NACA RMNo. E8A23, 1948. 

3. Pinkel, I. m, and shames, Harold: Ax~lyaie of Jet-Rmpulaion 
Bgine Combuatim-Chamber Pressure Losses. XACA TN no. 1180, 
1947. 

4. Turner, L. Richard, and Lord, Albert M.: Thermodyyc Charts 
for the Computation of Ccmbuation and Mlxbure Tampersturee at 
Conatant Pressure. EACA Tl? no. 1086, 1946. 
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1900 

Desired. telnparature 
distqibutipn- 

I I \ 

%  
1800 

Distance from inner wall, in. 

Figure 2. - Comparison of average temperature patterns at turbine 
outlet for original and modified engines at maximum engine 
apsed and relation to manufacturerfs haired temperature 
distribution as calculated from blade-stress considerations. 
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60' - 

c 

-0 

0 Total-pressure tube 
a Static-pressure tube 
0 Thermocouple 

. Figure 4. - Instrumentation at combustion-chamber inlet, 
station 4, I$ inches behfnd trailing edge of comprsssor- 

outlet -straightening vanes. 
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0 Total-pressure tube 
0 Static-pressure tube I 

Figure 6. - Instrumentation at combustion-chamber inlet, 
etation&, 1 inch behind combustion-chamber-inlet 
acreens. 

.__- 

. 
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. 

Manufacturer~s total-pressure 
integrating rake 

I 
0 Total-pressure tube 

Figure 6. - Instrumentation at co&ustIon-chamber outlet, 
station 5, 22 inches in front of center line of firat- 
stage turbine stator blade. 
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0 Total-preaaure tube 
l Static-pressure tube 
0 Thermocouple 

Figure 7. - Instrumentation at turbine outlet, station 7, 
3$ inches behind rear flange of turbine caalng. 
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outlet area I 
(w in. 1 0 Total-preasurq tube 

I.71 l Static-pressure tube 
---- 189 Q Thermooouple 
--- 231 ---v 330 

Figure 8. - Instrumentation at exQaust-noxzle outlet, 
station 8, 1 inch in front of rear edge of exhaust- 
nozzle outlet. 



. 

. 

f 



j 



c  

. 



‘ , b , 

slgure 10. - Modified ocePbuatlon-ohamber basket with rectangular holees In third step and holes removed fmm fourth step. 
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F&urelL- BstalJhion of cumbuetion-ohamber-inlet acree11~ d fuel nozzlse. 
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.60 

.40 
P 

.60 

(8) Flight Mach number, 0.71. 

Engfne speed, N, rpm 

(b) Flight Mach number, 0.52. 

Figure 13. - Effect of engine speed and altitude on combustion 
efflciencg of modified engine a t Plight Kach nUmb8rs of 0.52 
and 0.71. 
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..oo 
. 

.80 

.60 

.2Q’ I I I I I I I I I I I 
(a) Simulated altitUd8, 45,000 feet. 

I 

_.-- 

Engine apeed, H, rpm 

(b) Simulated altitude, 25,000 feet. 
Figure 14. - Effect of engine speed and flight Mach number on 

combustion efficiency of modified engine at altitudes of 
26,000 and 45,000 feet. 

. 
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Figure 15. - EMact oT engine apeed and srhawt-noazls-outlet area on combustion offi- 
olsnoy of modified engine at altitude of 25,000 feet and ili&tYaoh number of 0.68. Y 



&gins Co&w&ion- Blocking area Fuel- limber 
ohamber of combustion- nozzle of fd 
baaket ch¶mw-Zlet ML$& 

7 
XlOZZl9f 

[p8FCCIlt) 
0 original Original 00 and40 60 
q Original Original 60 and 40 

;* 
60 

0 Original Original 60 and40 7* 30 
A Original Original 60 and 40 3 60 
v original original 60 and 40 3 30 
~OrlgLhal Ti&d.-al-p* 60 and 40 74 60 

4 5 6 7 
EngIne6rpaed, lI,Blyp 

lo 11 lizx1w 

Figure 16. - Effect of engine npesd on combustion efficiency for various modlficatiom 
of origIna englne and for modified engine at altitude of 96,CUO fast and flight 
Mach number oi 0.62. 
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*lO 

.08 

.06 

.04 

Simulated 
altitude 

et) t 
0 15,000 

25,000 
35,000 H 

(a) Flight Mach number, 0.71. 

.08 7 

gnglns speed, 1p, rpm 
(b) Flight Mach number, 0.88. 

Ffgure 17. - Gffect of engine speed and altitude on over-all 
total-pressure-loss ratio through combustion chamber of 
modified engine at flight Mach numbers of 0.52 and 0.71. 
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.08 

(a) Simulated altitude, 35,000 feet. 

.08 

.04 t 
CI 8 9 10 11 

Engine speed, B, xqm 
(b) 8Imklated altitude, 25,000 feet. 

Figure 18. - Bffeot, of engine speed and fll t Haoh number on 
over-all total-pressure-1088 ratio thro 3 combustion ahamber 
of modified enghe at altitude8 of 26,000 and 35,000 feet. 

. 
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Bnglne Combustion- Blocking area Fuel- Number 
chamber of combustion- MZ%bI Of iu81 

0 Original Original 60 and 40 
a Original original 60 and40 
0 Original Original 60 and40 
A Crlghal Original 60 and 40 

I! 
v Original Original 

I 

p brighal Third-step 60 and40 
hol88bMk8d 

I A ModlXlsd Modiflsd 

P .lO 

i 
e* rlpl 
s-i& .08 
S% 
f; 0' 
pz 
% 2 0 
ii 

.06 

2" 
9 
e 
8 .04 

W$ne wed, II, r~a 

Fignrs 20. - Ef'faat of snglns 8psed on combuation-ahaabsr total-prmmars-loss ratio ~OC 
rarlou8 modlflcationr of original SI@aS and for mdiiisd sngh8 at altltuds of 
56,000 Tort and flight Ha& numb8r of 0.52. 
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0 “P/P4 acroa8 acreen and 
coiabu~~tion ahamber 

0 AP/P4 acroaa combustion 

.Q4 

.m 

--LA- 
a-4 

O- &i 
5 7 9 11 I.3 6 7 9 11 18 

Etqine apeed, B, rplp 
(a) Modified engine; combuation-ohambe~ (b) Original engine; oombustion-ohambar- 

inlet rmreena with 3O-peroent blooking inlet B0l'98nB ~lth 60- and ~sroent 
area. blocking ama. 

Flgul-8 21. - Effeot of oombuatfon-ohamber-lnlst aarea on oombuatlon-ohambsr total-pressure- 
loan ratio for original and modifSad engines at altitude of 56,000 feet and flight Maoh 
number of 0.52. . 
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1 I 

Simulated 
altitude 

(ft) 
n yc nnn 

. 7 103 
Engine speed, H, rpm 

Figure 22. - Effect of engine speed and altitu& on engine-cyole 
efffciencg and fractional loss in engine-cycle efficiency for . 
modified engine at Flight Mach number of 0.52. 
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8 9 10 11 
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45 

Figure 23. - Effect of engine speed and flight Mach number on 
engine-cyole efficiency' and fractional loas In engine-cycle 
efficiency for modified engine at altftude of 25,000 feet. 
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I I I 1 t I I I I I t I I 

I I I’I I I I 

Engine speed, B, rpm 
"igure 24. - Effect of engine speed and exhaust-nozzle-outlet 

area on engine-cycle efficienoy and fractional loss in 
engine-cycle efficiency for modified engine at altitude of 
25,000 feet and flight Mach number of 0.52. 
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Engina 
al 
ed 

U 

Engine apeed, M , rpm  

Figure 25. - Effect of engine speed on engine-cycle efficiency 
and fractional loss in engine-cycle efficienoy for original 
and modified engines at altitude of 35,000 feet and flight 
Mach number of 0.52. 
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