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By Carl L. %yer and ITi3zry E. Bloomer

An investigation h%a been conducted in the IWCA Cleveland alti-
tudewindtmnelto  evaluatethepgzkm%nce mdwlndmillingdmg
ohamcteristios  of &p origimland a modified  turbojet engine of the
same type. PM% have been obtained at &mu&ted altitudes frm 5000
to 45,000 feet, simulated flight M%ch number8 from 0.02 to 1.08, and
engine speedafrom4CQO to12,SOOrpm. Eugineperformnoedatasre
preeented for both engines to ahow the effects of altitude %t a
flight Mach number of 0.25 and of flight Bch number at an altitude I
of 25,000 feet. Performance of the original and modified enginea is
oomparedforarangeof simul&tedflightuonditions.  Thepemfom%me
dataaregeneralizedto  showtheapplicabilityofofethods  usedto
estimate perfom%nce  at %ny sltitude from dat% obtained at a given
altitude. Engine-vin&nilUng-speed  %nd Mndmilliug-drag d&t% are
presented for a range aF siiml8ted flight conditions.

Perfomanse variables depending upon fuel consumption that are
obtained froln d%t8 at one 8ltitude aamot be umd to grediot these
variablea at other altitudea; however, t&t and air-flow valuee
canbe predicted for a limited rauge of altitudes from tit% taken at
one altitude. The exh%ust-nozzle-outlet tot%1 temperature lncreaeed
at high engine epeeda 88 the altitude use raised, and decreased at
allengine speedaasthe fli&tMmhnmberwaa  inoreaeedfora
Umitedr%nge c&flightMxhmxibere. Atangine speedsgreaterthan
10,000 rpm, the specificfuelcona~tionbasedonnetthrust~s
mt &ppreCi&bly affected by change8 in erltitude from 5000 to
35,000 feet, but w%s mkedly inmefmed by 8 further increase in
altitude to 45,000 feet. In general, the specifio fuel oonmmption
basedonnetthrustincre%sed8stheflight~chnumberw%s  increased.
The net thrust %t maximum englnespeedforthemodifiedenginewss
3 to 20 peroent gre%ter than that of the original engine; the epe-
cifio fuel conmmptionb8sed on net thruet at maximm engine speed
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was oompsrable for the two engines. For an airspeed of 500 miles
per hour at an altitude of 25,000 feet, the wI&milling drag was
approximately equal to U percent of the xmximum net thrust at that
fli&t cozklition.

An investigation was conducted in the EMA Cleveland altitude
windtmmelfmm&mhtoAugust  1947 toevaluatetheperformmae
characteristics of an original and a m&tiled turbojet engine of the
-m* Xhe~incoxtgmnents  of the engineswee  simLlezexcept
thatthemalified en&m include& dmges madeby tkemmuf'acturer
to iqprove velocity a&i kmperature di.etrihtiona w2Zhin the engine.
Data have been ob=taWed for a range of simulated altitudes &I fli&t
&chnmibers -throughout the operable range of engine speeds. E&en-
siveinstmmentationwasinstalledinthe engines to ob%ndetailed
inform&ion on the individual capqponents of the en@nes, as well as
over-all engine performme. t&e operational chmacteristics  sre
presented in reference 1.

-Zngineperformance data are presented herein to show the effects
'of altitude at a fU&t Hxh nmiber of 0.25 and of fli&t Mzch number
at an altitude of 25,000 feet. Perfme of the original ani
mcdifiedengInesis  comparedforarange of simulatedflightcondi-
tions. 'Ihe applicabllityofllhgthodsused  to generalize  the datain
mder to estimate the perf- 6 at vaHous altitudes fromperPorm-
ante data obtained at a given altitude is discussed. Data me also
presented to show the effects ofaltitudeandairspeed  onengine
windmiilling speed %nd windmilling drag.

Ihe turbojet en&m used in the altitude-wind-t-1  investigation
is an early experimntal Westin@;house 24C engine having a sea-level
static thrustratingof 3CCC pounds atanengine speed of 12,500 rpm.
At this rating, the air flow is approximtely 58.5 pounds per second
end the fuelc~tionis 32OOpounds perhour. Gibe enginehas an
~-s~geaxial-flarcnmnresaorwitha~ssure ratio of approximately
3.8 at rated engine speed, a double-snnulus combustion chamber, a
two-stqp turbine, aad afixed-area exhaust nozzle. The over-all
length of tie engine is U.&inches, themzinnm

8
diameter is 2& inches,

and the tutalweightis US pounds. 'fhembdified  enginewa8 8kldlsz
to the orI@nalengLne  exceptfcmmimr  changesmdebytheram&ac-
turer in the coxtqressor a& the combustion chamber.

.
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Air enters tie engine through an annulax inlet and passes into
the ccagressorthrou&a  singlerawof ~nletguidevanee.  !&e cm-
~eascrs of the orL&nslasrdmodified  engineswere siM..lsxwith~e
exceptimofthe eleventh-stagemtorblsdIng.  Bbrthemdified
engine, theloadingonthe el~en~-staggrotarbladeswaereduc~
inorderto obtaina~nearlguniformvelocitydis~utianat
the conpeseor outlet. This reduced loading wa8 aco~lfshed by
twZsting the blades, in the direction of reduced angle of attack,
3°atthemidspanand  6° at the tip.

Afterbeingcmgressed,  theairis dischsxgedframthe ccnn-
pressor through two rem of strai@ening vanes and en tumulsr dif-
fuser into the double-anmxlus ccmbustion cha&er. ISue1 is injected
into the two annul1 of the cwibustion ohmiber Froaa two concentric
fuelnaanifolds. There are 36 fuel nozzles in the outer m&fold
ringand 24 inthe 5nnermanifoldring.  'she fuelnozzles for the
mighalenginehadarated capacitgof7~&lonsperhourata
differentialpzeseure oflOOpou~&per square ineh,as cw
witlr7 gallonsperhourforthemdif'iedengine. !&efuelused
throughout the imesti&ion conformsd to Speoification AN-F-28,
Amendmmt 3. Airenteringthe  ccm&ustionchaI&eri%diTidedinto
three ennulu streambythe two cmcentricf'uel  manifolds. For
*tie original engine, a screen having 60-percent blocklng area W&B
installed in the outer mnular air stream and one of 40-percent
blockLngsreawas  inetslledZnthe  WbermediateW air s-&earn.
For the mdified emgine, theee screens were replaced by two screen%
of 30-percent blockIng area.

!Bm double-smmlue cm&u&ion cha&mr is of the %tep tgpe.
Stepsla3ld2admit~air~~~oircularxallper-
f orations. For *e 0rigine.l engine, secondary air entered the
combustion chaniber throu& rows of circulaz hole% in steps 3 snd 4.
For the tiified er@ne, secondszy air entered the co&m%tion chsn.Ger
through a single row of large rectasgular holes instep 3. zhg
totalsreaof the co&uation-char&er-wallperforationswas the ssm
for the origiml s& modified en&nes.

Gases Fromthe c~ustionclwdtmr flowthrou&the  two-%tiage
~bine~~~etailpipe8ade~ustthr~afixed-areaexhaust
nozzle. ~~turbineBtageconeistsofa%ta~~arotar.  me
turbine rotor asseniblyinclude%  the ehaft and the first- snd
second-stage disks.

.
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As a result of the various ahauges irmluded in the modified
engine, the msnufacturer raised the sllowable operating temper%ture
limit for this engine. Themax!mumtempezature,as indicatedby
any thermocouple at the turbine outlet, was limited to 12500 P' for
the original engine as oomparedwith1400°FforthemodIfied  engine.
The engine modifioations  and the revised temperature limit psrmitted
a reduction in exhaust-nozzle-outlet area from 183 square inches
for the original engine to 171 square inches for the modified engine.

The engines were installed in a vlng nacelle in the test sea-
tion of the altitude wind tunnel (fig. 1). For this installation,
an extended inlet duct 5 feet long and an extended tail pipe 3 feet
low were used. Cowlingwae eM.minated  frcmarourdthe  engine.
IIWkmEmt8tion  was fIlrst8lled %t SeVeYXtl St%tiOn8 in the enginS
(fig. 2). The instrumentation imtalled in the original and modi-
fied e@nes was the Bame except at the turbine outlet, where addi-
tional thermocouples  were imtalled for the modified engine to give
a more complete temperature  survey.

Inlet pressures correspondingto the desiredflight  Machnum-
bers were obtained by introduoiug  dry refriger%ted air fawn the
tunnel make-up air system through a duct to the engine inlet. This
air was throttled fr&n approximately sea-level preesure to the
desired total pre8eure at the ccmpressor inlet; the static pre88ure
in the wind-tuunel test section wa8 maintained at the pressure
corresponding to the desired altitude. The duct from the tunnel
make-up air system was attached to the engine inlet duct by means
of a slip joint with a labyrinth seal in order that drag and thrust
values cotild  be detemined by use of the tunnelbalame  acalee.

Eng- P--f-e data were obtained at simulated altitudes
from 5000 to 45,000 feet, 8iRUkbted flight Mach numbera fran 0.09
to 1.08,andengine epeedsfrmidling  speed (4OOOqn)to rated
speed (12,500 rp). The ompressor-inlet air temperstures  were
held at approximately NACA stanikrd value8 oorreslpnding  to the
SimUbtf3d flight oOndition8, eXOe@ at high 8ltitude8 and low
flight &km11 nmber8; no inlet-sir temper%tWe8  below 440° R were
obtained. At the high altitudes, the maxImum engine speed nas
limited by the turbine-outlet temperature and minlmm engine speed
was limited by combustion blow-out.

Thrwt was determined by calculation frm tunnel balance-scale
measurements and also by calculation from pressure %nd temperature
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meaaurem8nta obtained at the exhaust-nozzle outlet (etation 8).
Power-off drag runs were made in order to correct the balance-scale
meaauraments for external-drag forces. The values of thru.8-b pe-
eented herein were obtained f'rmn measurewntrs made with the tunnel
balance acalee. Air flow was caloulated fromIzeseure andtempera-
ture m8asur=ents obtained at the 8ngine inlet (station 1). Com-
plete rem-pessure recovery W&EL assumed at the wnpressor inlet in
the calculation of equivalent airspeed and flight Mach number. The
symbols and the methods of calculation ueed in this report are pre-
eented in the appeudix.

REX&T8 AND DISCWIOET

Because no inlet-sir tweraturee below 440° R w8r8 obtakcM.,
the equivalent  ambient etatic temp8raturee  wer8 considerably shove
the etanderd value8 8-t high altitudes and low flight Mach numbers.
The various altitude performanc8 datapr8eentedFnthis  report have
been corrected to the etaudard altitude t8mpxxtures by use of-the
factor 9,, the ratio of absolute ambient etatlc hmper8ture to
8bEOlUt8 ambient etatic tmper8ture  of RACA etandard atmosphere at
the respective altitude. Performance data correctedbythiemethod
maybe somewhatdiffer8ntfromdata obtalnsdund8rsctualconditione
because of the 8ffect of Reynolds number on Ccerpressor performance.

An e-in&ion of the data has shown that the average ratio of
the jet thrust calculated from tunnel bal,ence-scale measuxwnents to
the jet thrust calculated from temperature and preeaure measuraments
obtained at the e&au&-nozzle outlet was 0.987 for the original
eng3netm.d 0.976forthemodifiedengine.  Thevalues of thruatpre-
sented inthia report w8re caloulated from balance-wale measure-
ments except for those instancee where the aforementianed jet-thrust
ratio deviated considerably from the r8ap8ctive average ratio.
Wh8Z'8 this deviation Was encoUnt8XWd, the SpeCffiC fuel Con6tZQtion
based on balance-scale measurements of n8t thrust was inconsistent
and, therefore, th8 jet thruet Was t8ken 88 the poduct of the jet-
thrust ratio and the jet thruf3t calculated from m8aeurements at the
exhaust-nozzle outlet. Net thrust, pr8S8nted iR the fOllaTfng
discussion, was determined by subtracting  the initial free-stream
mOmentUrn of the iXll8t afr from the jet thruert.

Rlgine Performence

Dff8Ct of altftude. - ReI'fOXT.IanCe data obtained with both en&net3
st a constant flight &%ch nlmiber af 0.26 at 8ltitUdW fXQ?l 5000 to
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45,000 feet are presented to show the effect of altitude on the
variation with engine speed of net thrust (fig. 3), air flow
(fig. A), fuel consumption (fig. S), Sp8CifiC fU81 COnSUmptiOn based
on net thrust (fig. 6), fuel-air ratio (fig. 7), and exhaust-nozzle-
outlet total temperature  (fig. 8). The trends of the performanoe
data for the orlginalandmodified  8.Ugi~S are Simiw.

At engine speeds greater than 10,000 rpm, the speqifio fuel
consumption  based on net thrust (fig. 6) was not appreciably
aff8Cted by change8 in altitude from 5000 t0 35,000 feet, but was
markedly increased when the altitude w8s further raised. to
45,000 f88t. Fuel-air ratio (fig. 7) incre8sed 8s the altitude was
raieed; the incresse in fuel-airrettio  became more pronounoed at
high altitudes. Th8 minimum fuel-air ratio 8t each sltitude
occurred at an engine speed between 9000 and 10,000 rpm.

'phe aV8E&8 total temptm%tW measured 8t the 8rhauSt-ZlOZZl8
Outlet incressed 8t high engine 8p~dS 88 the altitude was raised
(fig. 8). For 8ngfIB3 Sp8SdS below 8pproldmat8ly 10,500 rpn,
increasing the altitude to 25,000 feet decreased the exhaust-
nozzle-outlet tot81 temperature. Increasing  the altitude from
25,000 to 35,000 feet decreased the temperature at engine speeds
below 10,000 rlpn for the original engine and st engine speeds
b8iXe8n 8000 and 9500 rpan for the modified 8ngine. A further
increase in altitude to 45,000 feet increased the temperature at
all engine speeds.

EEYect of flight Mach number. - Petiomance data obtained with '
both engines at an altitude of 25,000 feet and flight Mach numbers
from 0.25 to 1.08 are ~s8nt8d to show the effect-of flight Mach
number on the variation with engine speed of n8t thrust (fig. 9), air
flow (fie;. lo), fuel consumption (fig. II), sp8ciflo fuel consumption
based on net thrust (fig. 12), fuel-air ratio (fig. l3), and etiaust-
nozzle-outlet tot81 temperature  (fig. 14). ti @3m3?331, the p8rfOZ%-
ancetrends of the orlginaland mo&Lfl8d8ngine8  are simihr.

Raising the flight &ch number from 0.25 to 0.53 decreased
the net thrust (fig. 9) throughout the entire range of 8nginS speeds.
AstheflightMauhnumb8rwas inor8asedbeyondO.53, th8netthru&
decreased at low engine speeds and increased at high engine speeds.

(fig.
As the flight B&oh number was raised, the fuel conszzqtion
11) decreased at low engine sp8eds and increased at high 8ngins

speeds. For the original engine, the specific fuel ctonaumptinn b88ed
Oil Id thrust (fig. l2(8)) inCr8aSed  8t 811 engil'M Speeder 88 the
flight biIach number was raised to 0.98, but was un&fected by a
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further increase in flight M&h number to 1.06. For the modified
engine, the speoific fuel oonslmrption bas8d on net thrust (fig. 12(b))
increased 8t 811 engine sp88ds 88 the flight I&ah number was
increased to 1.06. For th8 original engine, raising the flight Wch
numb8r reduced the fuel-air ratio (fig. B(8)) throu&out the range
Of e?@II8 Speeds. For th8 modified engine, raieing the flight Mach
number to 0.87 reduced the fuel-air ratio throughout the range of
engfne speeds; however, 8 further inar8ase in flight Mwh numb8r to
1.08 r86Ulted in inoreased fuel-air ratios st high 8ngine speeds.

At all engine speeds, for the original engine, the e&au&-
ZtOZZl8-Outlet tot81 temperature (fig. 14(a)) was reduced as the flight
Mach numb8r was inoreased to 0.98, but was not appr8ci8bly affect8d
by further increasing the flight Mach number to 1.06. For the mod&
fled engine, the exhaust-nozzle-outlet total temperature (fig. 14(b))
was reduced 8t 811 engine Spe8dS 8s the flight Mach Iumib8r was
raised to 0.73; at high engine speeds, however, th8 t8mp8IBtUr8WT%s
not appreoiably affected 8s the flight Mach number was inoreased
frcun 0.73 to 0.87, but was i-Sed by 8 further in~r8aS8 in flight
Mach number to 1.06,

Comparisonof engine8. - -Urn engin8 Speed was either the
ratedengine speedof l2,500r&moratemperature-lfmited  engine
Speed that was 1888 than l2,500 rpm. Th8 instrumentation installed
at the turbine outlet was different for the two engInea; 25 th8I?mO-
coup188 were used in determining the 8v8rage turbine-outlet temper-
8tIEe for the Original engine 8s ~nllrp~8d with 49 theITUOCOUpl88 for
the modified 811gi118. The measured turbins-outlet temperatures of
the original engAne are considered to be lower than the actualtem-
~~t~88. For the purposes of this report, barever, the
t8mperatUr8-lQ&%d engine speed of th8 Origfnal engine IS defined
88 that 8IIgine speed at which the 8VeE%g8 tUI%iIl8-Outlet indicated
temp8E3tUr8weLs  1520OR. For the modified engine, th8 temperature-
limited 8ngine speed is defin8d 8s that ergIn peed at whioh the
8V8lX48 turbins-fnlet tot&. ature is 1865 R. me88 aV8Z=@3-
tenQer8ture 3J.d.ts tzt~~~86pond8p~r~t8~~th8nwXrrmrm  turbine-
outl8t-t8qeratur8lindtsus8dwhenthe  en@nesw8r8inop8x&ion.

Thepetiormance  of the origInal8ngine  is c~withthat
Of theI?ldified m OZltb~b8SiS of th8T'aXiStiOIl  OfIletth1728t
(fig.=) and Of Sp8CifiC fU81COIlSWfQtiOIIbaaed ~IBttikUSt
(fig. 16) witi airspeed at nmxbum =%-‘3 aPe&- lch8 da-t& Of f&es8
figureswer8 obtazIn8dfromfigwes  3, 6, 9,end12,8ndfromsindlar
EdaitLanalfigures. Ilhenw.rtrmrm8I@l8Sp8ed.%E48~,~~8t
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81titudeS of 5000 and 15,000 f88t for the ITUIg8 of 8irSp88dS iIlVW-
tigat8d and at an altitude of 25,000 feet for airsp88dfI greater than
approximately 365 miles per hour for the original engine and
420 miles per hour for the modified engine. At the lower 8irsp8eds
at an altitude of 25,CXXI feet and for the raxq8 09 8irsp88da inves-
tigated at altitudes of 35,000 and 45,000 feet, how8v8r, the madmum
engine speed was a temperature-limited engine sp88d less than
12,500 rpm.

For the range of airspeeds investigated, the net thrust at max-
imUm engine EQ8ed Of the modified 8Ilgin8 (fig. E) w8S gr88t8r than
that of the original engine by 7 to 20 percent at an sltitude of
15,000 feet, 5 to 14 percent at an altitude of 25,000 feet, approx-
imatd@ 6 pem8nt 8t an 8ltitude OEP 35,000 feet, and 3 to 19 perO8nt
at an altitude of 45,000 feet. As the 8irspe8d was inCXWbs8d
within the range inV8Stigat8d, the difference between the net thrust
at maximum engine sp88d of the modified 8nglne and that of the
original engine inCWa88d at altitudes of 15,000 and 25,000 feet,
was 8ssentially unaffeoted at an rtltitude of 35,000 feet, and
decr8as8d at an altitude of 45,000 feet.

For th8 range of 8irSp8eds iW88ti&&d, th8 Sp8~ifiC fU81
c-onsumption  based on net thrust for the modified mine 8t meudmum
843in8 speed (fig. 16) w&s 8qUa1 to or 1888 than that for the
or%gQal 8ngin8 except at equivalent airsp8ed.s greater than
600 miles per hour at au altitude of 25,000 feet and 275 miles per
hour 8t an altitude of 35,ooO feet. In most oases, however, the
specific fuel consumption based on net thrust for the modified
engine at maximum engine speed was tithin 2 percent of that for
the origIna engine.

Gen8raliz8d Performance

The 81titud8 p8XfWlEU.I ce dab% pr8Sed&d in figW88 3 t0 8 haV8
been g8IL8IB1iZed  t0 St8ndard Sea-leV8l 'ConditiOnS  by us8 of the
faotors s and 8. Thegen8raliz8dperformanc8 data are presented
in figur88 17 through 22. The concept of flow similarity and the
application af dimensional analysis has led to the development of
these faotors with which data obtained at several a1titudes may be
generslized. In the development of this method of gener8lizatim,
the 8ffioiencies  of the engine wmponente were caneidered to be
unaffeoted by Cbang88 in 81titud8. kly ohange8 in cOmpOn8nt effi-
CianCi88 theredlOr8 1esS8n the possibility of geI.EEEtliZing  data
obtain8d at merent altitudes to a single 0-e.
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Dataobtainedwithbothengfnesatacons~tf~~t~dhnum-
her Of 0.25 8t tititud88 from %Oo t0 &,m f88t ~3% Cnnrpasled to
ShOWthe 8ffeCtOfE&titld8 OIlthe COZT8Ct8d.Vd.U88 afll8ttbUSt
(fig. 17), air flow (fig. la), fuel consumption (fig. 19), specific
fU81 CwtiOn b8Sed 011 Xl& .tbXlEt (fig. 20), ftl&-air ratio
(fig. 21), and exhaust-nozzle-outlet total t8mp8m~ture (fig. 22).

Net-thrust d&t& (fig. 17) genaZ8d to a Si&t.e CUTVB at
altitudes up to 25,CIOOfeetfor  therange of cmrect8d engzine sp+eeds
andati3.llaltftudes atbwcorrect8d en&IS Bpe8dS. AthI& cor-
rected engine sp8ed8, how8Ver, the corr8ct8d  net thrust increased
8s the altitude was raised above 25,000 feet. fihe air-flow d8b
(fig. 18) e;ene?dh3dtoa  Single CurPefOr~eI3giUt3 spe8d88t
altitudes Up to l!j,m f88t fO?? the origiI&. 8II@l8 am3. at SvltitUdeS
up to 25,000 fget for a8 modified engine; further inCreaSe in
tititlld8 r8duc8d th8 COEP8CtedELir flowatall corr8ctedengLne
speeds.

Corrected fuel consmption (fig. 19), cmrected sp8cific fU81
COIlSlXDptiOn based On net thrust (fig. 20), COIT8Cted fU81-air
ratio (fig. 21), FOld COZT8Cted 8~USt-IlOZZl8-Outlet total ml%-
tUl?8 (fig. 22) illC~aS8d I&33&8- 88 t&8 titiitUdf3 WS.S raised.

Turbine, compressm, 8nd ccmibustion efficiencies decreasea
OV8r3MStOf th8 Op8EatingI'aUg8 Of 8ngfne Speed8 as the altitude
was raised. Because of the effect of altitude an compressor aW
turbine 8ffici8ncies,  hi&er correct8d temperatures within the
engine were required as the altitude was raAs8d; the increase in
corrected ixmp8rattm3asthealtitudewas  raised18 showninfig-
UT8 22. ~~easedcorrectedtemp8ratureSecndcorrectedpr8saures
Mainthe engine caused the corr8ctednetthrusttolncreas8at
high COrr8Cted engine Speed888 th8altitUdewastiSed 8bOV8
25,000 feet. !I%8 decreased cmnt md co&ustion effici8nci8s,
as the altitudewaszxis8d,result8d inincmased comectedfml
consumption and, consequently, inoreas8d cmrected fuel-air ratios
tmd corrected Sp8~ifi~ fuel Co~tm&MOn based on net thrust. 'Ihe
SkUda3'dt~ratur88  &taltitUd8w8~8IlOt8XaCtlgS~t8d  in'&8
investigation,  whiCh v have had Bame 8ff8Ct Oil th8 -8SUZ'ed title8
of Specific fuel ccnISmpticm.

P8rformenceVari8bles  dependinguponfuelconsumptionthat~8
obtained fr~data8tonealtitud8 canrmt be used to predict these
Variables 8t Other altitUd88. mt end air-fh? V&LUeS, hm8r,
canbepredictedforalimitedr8nge ofal.titudes  framdataobtiined
at one altitude.
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winam1111ng Drsg

The variation of engine windmilling speed and windmilling drag
with airspeed at altitudes from 5000 to 45,000 feet is shown in
figure23. The windmilling engine Sp88d is essentially un&Pected
by changes in altitude and varied eblmost linearly with airspeed.
Wlndmilling drag, in general, increased 8s the airspeed was increased
and decreased 8s th8 81titIId8 was raised. Th8 windmilling 8IIgins
speed and drag of the two 8ngln8s are cxmqarable.

The variation of the ratio Of win&uilUng  drag to net thrust
at m engine spe8d with airepeed at &n altitude of 25,000 feet
is shaun in fQwx 24. !lJhe d&a af thiSfigW8Were ObtsinedfrOm
figures 15 and 23. h 8XBmtition of the data from Other 8ltitudeS
ha8 Shounthatthe  ratio ofWindmil1~ drag to n8tthruet8t~-
imum engine Speed IS not appreciably &f8Cted by ohan@;eS in 8lti-
tude tithin th8 range of airspeeds inVeStigat8d. !I%8 xindmilling
drag IS approximately 8qU81 t0 1 percent of the n8t thIW3t at
maaamml 8I@3lS f3388d for an sirsp88d & 200 miles per hour and
incr8as8s to 11 percent at an sirspeed of 500 mil8s per hour.

An inveSti@tioII of the p8rfmC8 of two turbojet engin
Of the Barn8 type in the c18VeLand 81titude Wind tUUU& at 8ltitudeS
from SO00 to 45,000 feet and flight Mach mbers from 0.09 to 1.08
gaV8 the following results:

1. PerPozxuance variables d8pending upon fuel consumption that
are obtained from d8t8 8t one altitude cannot be uS8d ti0 p8diot
the88 Vari8bl88  8t Other 8ltitudeS; howeVer, thrust and air-floW
values can be predioted for a limited me Of altitlodes from d&s
taken at one altitude.

2. Incr8asing the altitude raised the exhaust-nozzle-outlet
total temperature  at high engine speeds for both engines. For the
original engine, the exhaust-nozzle-outlet total temperature was
lowered at all engine speeds by inor8as8s in flight Mxh number to
0.98 and was unaffected by 8 further increase in flight PIzach PUIP-
her to 1.08. For the mcdifi8d engine, the exhaud-nozzle-outlet
total teIQ8XXatUZ8  WaS lOWered  8t 811 w Sp88d.S by iIlCreaS86 in
flight Mach nwuber to 0.73; howwer, at high engine ~488th the
tearp8E&zre was not appreciably affeoted 88 the flight &ch number
was increased from 0.73 to 0.87 and was raised by a further inor8ase
in flight I&oh number to 1.08.
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3. At en@ne speeds greater thaz110,OCKI  rg.n, qecific fuel con-
su7qMon based on n8t thrust was not appreciably affected when tie
altitud~~sraiseafkapl5000 t0 35,000 fe8t,butwa~rmrk&ly
incr8asedwb8nth8altitud8was  fturtherraisedti  45,000 feet.
Be standard teqp8raLturesataltifxd8w8r8noteractlys~tedin
the investigation, which may have had sam effect on the measured
values of specific fuel constmption.

4. In general, the specific fuel consumption based on net
thrustincreasedas  tieflight&~~hmmiberwasra.ised.

5. Accmg?ssison of mLginal-andmodified-engine  perflormmce
data showedthatthe  netthruetof themodified 8ngTne atIlKudmum
engLne speed was 3. to 20 percent great4w than t&at of the original
-* JA mst cases, the specific fuel consmptionbas8d on net
thrustforthemdified engine at nzcdmumengine  spe8dwastithin
2 percent of that for the orig3nal engine.

6.~ewindmi~in@;~nsspeedanddragofthetwoengines
Eu"e coqmable. At an altitude of 25,000 feet, the win&milling .
drag is approximate~equal tolpercentof the net-brustatmax-
imum engine speed at an airspeed of 200 miles per hour as compered
tith 11 percent at an airspeed of 500 miles per hour.

Ii4mzI.s Flight PropulsionIaboratory,
Edional Advd.soq Ccmrdttee for Aeromxutics,

Cleveland, Chio.
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AImmIx- cAzcuLAT1om

Symbols

The following symbols are used in this report:

A cross-sectional area, sq ft

B thrust-scale reading, lb

=P speoific heat of gas at oomtant pressure, Btu/(lb)(OB)

D external drag of installation, lb

D, windmilling drag, lb

"3 jet thrust, lb

Eh net thrust, lb

f/a fuel-air ratio

g acceleration of gratitg, 32.2 ft/Sec2

J mechanical equivalent of heat, 778 ft-lbbtu

MO flight Mmh number

N engine speed, rpon

P total PL-eSSuTB, lb/q ft absolute

P static pF8saure, lb/sq ft absolute

R gas oonstaut, 33.3 ft-lb/(lb)(OR)

T totalt~pemture, OR

Ti indicatedtemperature,OR

t static temperature, OR

V velooitp, ft/seo

wa air flow, lb/Set

.
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Wf

wf&

Y

8

8

Subscripts:

0

X

1

2

8

E8J25a I.3

fuel consmption, lb/k .

Bpecific fuel consumption based on net thrust,
Ib/(hr)(lb t&u&)

ratio of qecifio heats

ratio of absolute ambient etatio pressure to absolute
static presmre of NACA standard atmosphere at sea
level

ratio of abeoltie ambient statio temperature to absolute
static temperature aC NACA standard atmsphere at sea
18V81

free air stream

engine-inlet duct at slip joint

engine inlet

cmpressor inlet

e&aust-nozzle  outlet

The data are generalized. to NACA standard sea-level conditions
by the follawing parameters:

Fnb

(f/al le

N/6

T&

CW,fi>ls

Wf/(w3

Wf/(Fnfi)

correotea

corrected,

corrected

COrr8Cted

corrected

corrected

cm.Fted_

net thrud, lb

fuel-air ratio

engine 8p-G rpm

e&must-nozzle-outlet total tmperature,  OR

air flow, lb/s80

fuel consumption, lb/&r

ape&& eel consmption based on net thrust,
lb/(hr)(lb thrust)
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Methods of Calculation

NACARMNO. E8J25a

Thrust. - Thrust was determined by caloulation  frcrm: (1) tunnel
balance-scftlemeasurements,and  (2) pressure andtemper8turemeaeur8-
meats obtained at the exhaust-nuzzle outlet (station 8). The thrust
valu8spresentedhereinw8re  obtainedbyuse ofthefirstmethod.
Jet thrust was determined from balanoe-scale measurementa by use of
the relation

“3
‘a=B+D+7Vx+Ax(px-p)0

Jetthrwtwas  &8terminedfrompressur8 andtemperature messurements
obtained at the e&au&-nozzle  outlet by use of the relation

F3 =
278

y8 -
+ 4 (P8 - PO)

Net thrust was detemined  frum balanoe-scale meamarementa by use of
the relation

Fn wa= FJ - g V,

windmil~arag.-windmillingdragwas deteIlninedfrom
baknC8-8rXd.8  measurem8nte by use of the relation

Air flow. - pslgln8 air flow was cialculated frcQp preesure and
temperature measurements obtained at the engine inlet (station 1) by
us8 of the relation

Temperatures. - Engine-inlet and erhaust-nozzle-outlet  temper-
atures were caloulatedfromthe  indioatedtemperature,  usinga
thermooouple  recovery factor of 0.85, and respective values of
pressure, t8mperature, and ratio of specific heats:



The equivalent ambient static tempersture was det8rmined from
the relatiaII

to = %,2
Y2'1

0
pz

Y2

PO

Airspeed. - The atiepeea W&S detercT&ned (EaSSWKbf3 COtQl8t8 ?%DI-
pressure reoovery) from the relation

Fli&t M%ch number. -Thefli&tM~chnumb8Pwas determined
(assuming complete ram-pressure recovery) from the equation

1. Hawkins,W. Kent,and M3y8r, Carl L.: Altitude-Wind-Tunnel
Investigation of Operational Qzcacteristics  of Westin&mse
X24C-4.B Axial-Klow Turbojet &@ne. EACA RM TB. lZ8J25, 1948.





Figure 1. - Inatallstion  of turbojet engine in dtituae rrlml tunnsl. 3
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(a) Original engine.
Flgure 3. - Effeot of altitude on variation of net thruet with

engine speed. Flight Mach number, 0.25.



N A C A  R M  N o .  E8J25a 21

2400

2000

1600
5

z 1200
2
9
u
g

800

0

Fig1

I 1 1’’ ’ ’ 
I I I I I I I I/l/A/I I I

2 4 6 8 10 12 14x
Engine speed, N, rpm

(b) Modified engine.
me 3. - Concluded. Effect of altitude on variation of net
thrust with engine speed. Flight Mach number, 0.25.
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Figure 4. - Effect of altitude on variation of air flow with
engine speed. Flight Mach number, 0.25.
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F i g u r e  4 . - Comluded. Effect of altitude on variation of air
flow with engine speed. Flight Mach number, 0.25.
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Figure 5. - EWeat of altftude.on  variation of fuel aonsumptfon
with engine speed. Plight Mach number, 0.25.
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Figure 5. - Concluded, Effect of altitude on variation of fuel
consumption with engine speed. Flight Mach number, 0.25.
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Figure 6. - Effect of altitude on valriation  of speoific fuel con-
sumption based on net thrust with engine speed. Flight Mach
number, 0.25.
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Engine speed, N, rpm
I (a) Original engine.

Figure 7. - Effect of altitude on variation of fuel-air ratio
with engine speed. Flight Mach number, 0.25.
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Figure 7. - Concluded. Effect of altitude on variation of fuel-
air ratio with engine speed. Flight Mach number, 0.25.
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Figure 8. - Effeat of altitude on variation of exhaust-nozale-
outlet total temperature with engine speed.
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Figure 8. - Concluded, Effect of altitude on variation of
exhaust-noezle-outlet  total temperature with engine speed.
Flight Mach number, 0.25.
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(a) Original engine.

Figure 9. - Effect of flight Mach number on variation of net
thrust with engine speed. Altitude, 25,000 feet.



N A C A  Rh4 N o .  EBJ25a 31

.
8

Y
il
?
?
%

p

Altitude
(ft)

V 45,000
1600'

1500

1300 I I I I I I I

r I I I I I I

1200

I I I I I I I I I t

1.2
Engine speed, N, rpm

(b) Modified engine.
Figure 8. - Conoluded. Efreot of altitude on variation  of

exhaustqozzle-outlet total temperature with engine speed.
Flight Mach number, 0.25.

14x 103



32 N A C A  R M  N o .  E8J25a

1 6 0 0

-4001 I I I t I I I
4 6 8 10 1 2 14 x 103

Engfne speed, N, rpm
(a) Original engine.

Figure 9. - Effect of flight Mach number on variation of net
thrust with engine speed. Altitude, 25,000 feet.



NACA R M  N o .  E8J25a

800

Engine speed, 18, rpn
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F3.m.m 9. - Concluded. Effect of flight Mach nmnber on varlatlon
of net thrust with engine speed. Altitude, 25,000 feet.
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Figure 10. - Effect of flight Mach number on variation of air
flow with engine speed. Altitude. 25,000 feet.
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Fi@me  11. - Effect of flight Mach number on pariat.Ion of fuel.
consumption rlth engine speed. Altitude, 25,000 feet.
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Figure 11. - Concluded. Effect of flight Mach number on
variation of fuel consumption with engine apeed. Altitude,
25,000 feet.
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Engine speed, N, rpm
(b) Modified engine.

Figure 13. - Concluded. Effect of flight Mach number on
variation of fuel-air ratio with engine speed. Altitude,
25,000 feet.
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Figure 14, - Effect of flight Mach number on variation of exhaust-nozcle-
outlet total temperature with engine speed. Altitude, 25,000 feet..



NACA RU No. E8J25a

1400

1300

k

Bg 1100 d II
s

5

m

Bd

b-I
:!
3 I I I I I

I I I I
0
s I I I I I I

8s
‘N’ 9cKl

I I I
N
8

ii

3
t

I I I I I /

P. I

Engine 'speed, PI, rpm
(b) Modified  engine.

Figure 14. - Concluded. Effect of flight Mach number on variation of exhaust-
nozzle-outlet  total temperature  with engine speed. Altitude, 25,000 feet.
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Corrected engine speed, N/q, rpm
(a) Original engine.

Figure 17. - Effect of altitude on variation of corrected net
thrust with corrected engine speed. Flight Mach number, 0.25.
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Figure 18. - Effect of altitude on variation of corrected air
flow wfth corrected engifie speed. Flight Mach number, 0.25.
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Figure 19. - Concluded. Effect of altitude on variation  of corremted rUel
consumption  with corrected  engine speed. Flight Mach number, 0.25.
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Figure 20. - Effect of altitude on variation 0r corrected specSTic
fuel consumption based on net thrust with corrected engine speed.
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Figure 21. - Concluded. Effect of altitude on varlatlon of
corrected fuelair ratfo with corrected engine speed. Flight
Mach number, 0.25.
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Figure 22. - Effect of altitude on variation of corrected
exhaust-nozzle-outlet total temperature with corrected engine
speed. Flight Mach number, 0.25.
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Figure 22. - Concluded. Effect of altitude on variation of
corrected exhaust-nozzle-outlet total temperature with
corrected engine speed. Flight Mach number, 0.25.



5 8 N A C A  R M  N o .  E8J25a

0

.

5 200

2
2
a
a

100
8

I I I I
0 100 200 300 400 500 000 700

0

Airspeed, VO, mph
(a) Original engine.

Figure 23. - Variation of engine rindmilling  speed and rindmilling  drag rith
airspeed.
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Figure 23. - Conaluded. Variation of engine wlndmilllng speed and rindmllltng
drag with airspeed.
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