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SUMMARY

An investigation bae'been conduoted  in tha 3ACA Cleveland alti-
tude wind tuMs1 to evaluate the operational charaeteristios of a
3000-pound-thrust axial-flow turbojet engine oyer a we of simulated
altitudes Qwn 2000 to 50,000 feet snb simulated flight Ma& numbers
from 0 to 1.04 throughout the operable range of engine speeds. Opera-
tional uharaoterfstics investigated imlude engine operating range,
aooeleration,  deceleration, start&g, altitude and flight-l&oh-number
compensation of the fuel-controleAystem,  and operationof thelubri-
cation system at high and low ambient-air kupemstures.

The operable range of engine speeds was oonsidersbly reduued at
altitudes above 40,000 feet. Imreasingthe fl.ightMaohnumberat
these high altitudes increased the operating range* With one engine
ooufigurktion,  harts were made at windmilling engine upeeda up to
7600 rpm at altitudes between 30,000 and 50,006 feet. Uith the ssm
configuration, minmnum engiae speeds from whiuh sucoessful starts could
be made varied from l500 w at altiMle8 up to 32,500 feet to !5300 rpn
at 50,000 feet. Durm all aocelerationa made at altitudes below
25,000 feet, neither mbustion blow-out nor excessive compressor surge
was encountered. Acmeleration from engine speeds below 10,000 rpr at
altitudes above 25,000 feet was uncertain and oorabustion  blow-out was
frequently enuountered. Wo combustion blow-out was enoountsred during
decelerations at altitudes up to 25,000 feet. During simulated ulimbs
and dives at mnstant flight Mauh nuxiber, an approximately constant
engine speed was tiintained by the governor at constant throttle
position with initial ehgine speeds above 12,000 rps. At an altitude
of 25,030 feet, the engine speed remained essentially oonstant over
the range of Flight Mach nu@bers Investigated for initial engine spseds
of 11,500 and 12,300' rIpn at a ooaetant  throttle position. The oil

. cooler provided adequate oooling at high inlet-air temxperuturem,  ccnd
no exuessive  oil foaming was emountered at altitudes up to 50,000 feet
with a 3-pound-per-square-inch pressure-relief valve on the oil-tank
vent.
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An inveetigation of an axlsl-flow turboJet engine having a thruet
rating of 3000 pound8 has been made in the ?AC!A Cleveland altitude
wlndtunne1t0 evalwte the engfne oper&tionaloharu~ri8tlo8 0-r
a range of simulated flight aonditions. The two engine8 used in the
investigation are referred to as the orlglrral and modified enginea.
Themaincmupcmente of these engineewere eimilarexoeptfor change8
msdewithlnthe  ccmpreeaorand tb oombustion&s&erof  the modified
engine. dnalysee of turbips perfommme, o~eeor prfomunce, and
oombuetiaP-ahmber perfommme am preeented  in references 1, 2, and 3,
reepeatively.

Operaticma &urmterietloe  dimweed in thie report imlude
engine operating range, aooeleration, de~leI%Ltlon, eterting, altitude
and flight-Mach-number aompen88tion of the fuel-control syetent, am
operation of the lubrication syetem at high and low ambient-air temper-
aturee. The diecueeion inoludee the effeat of ahangee in the fuel
system, the oil system, the lgnltlon system, and the combustion ahanrber
on the various opere&ional ohar8aterietio8.

!Phe X24C-42 turbojet englIw, used in thee investigation (fig. 1)
ha8 a statio sea-level rsting of 3000 pound8 thruet at an engine epesd
of 12,500 rppn. At this ratfng, the air flow is approxixuatgly  58.5 potis
per aemmd, the fueluonsmption  ie 3200 pounds per hour, and the COBB-
pressor preceure ratio 18 3.8. The over-all length of the engine is
ll9~inche~,themsrlnumdiamter  is 2~imhee, and the totalweight
18 1150 pounde. The main oomponeate of the englne inolude an ll-etage
axial-flow oom.pre8eor, a double-annulue oo&ustion &m&em, a two-atage
turbine, andafired-amaexhmaetnozale.

The nuln cmponents of the original and modified engines used in
the fnve8tl~tfon were eimilsr except for -8 made to the oompre88or
and the oambuetion  ohsmber by the manufacturer. As a result of these
ohangee& the 1iWtlng turbine-outlet temperature was raised frm 1250°
to 1400 F as read on the hotteat themooouple. The exhauet-notzle-
outlet area wa8 163 square in&e8 on the origfml engine and 171 aquam
indee on the modified engine.

Compre88or8. - For the ccmrpreeeor  of the modified engine, the
loading of the eleventh-stage rotor blade8 was reduaed to obtain a
more nearly uniform velocity distribution at the compressor outlet.
Reduced loading was accomplished by twisting the blade8 3O at the mld-
epan and 60 at the tip in the direction of reduced angle of attack.



Combustion nhnmbar8. -The onlyohangemsdeto  the combuetion-
&amber ba8ketwaeinetepe  3 and4. Inthe OrigInalengine,

egoo&aryairentered the oonibu8ticmohaa&erthroughrov8  of air-
uuhr hole8 in steps 3 and 4 (fig. 2(a)). ror the edified engine,
e%aaadaXyaire&ered the oordbuBtioZL&&bWthrougha SIX&~ rou
of lazge re&&ngul&r  holes in 8tep 3 (fig. 2(b)). The total mm&
of the oombu&ion-chm&erwallperfo~tionewae  the aanm for the
origin&l and rtmdified engines. The fuelnoztleeforthe  original
engine had a rated capaoity of 7&gallone per hour at a differential
p~BBU% Of l~pOImd8 per Bqme fPQh,&B acm.p%d to a a?ip&t3ity of
7 gallon8 per hour for the edified engine. Scmena were inetalled
fntwo of the threeannularpse8ageeatthe codbuetion-ehamberinlet.
For the original engine, a soreen huving 600per-t blooking area was
irmtalled in the outer annulem air 8tmam andone of 40-percent blocking
areawas ixmtalled fnthe intermediateannularair 8tream. Forthe
modifiedengine, these soreenswerereplamdbytvo  me318 of
30-percent blocking area.

.

Lubrication syate~~ -Duril2gllDBt  Of the iWWtigI%tiOn, Oil=8
supplied to the engine oil pump fYo!n 8 50-ge~llon tank outside the
wind-tunnel test section. With=8 ByStem, the tsmper&tUre Of the
oil could be regulated by eleatric heaters or by a he&t exdmnger sup-
plied with oooling water. For lubrication and Gold-starting teats, a
g-gallon airoref't-type oil tank ~88 mounted above the oom~e8or
(fig. 3). %V? theoold-starting  teBt8, the l!Bteri~ &fiCeB ITem
removed from the oil lines to the bearings, the oil Cooler was b-seed,
and the standard p~seure-reliefvalvevaerepla~dbyonshsvinga
greater ~paoitywithtwo returnlineeto  the tank. Oil oonforming
to speoiflcation AAF 3606 ~88 wed for the entire Investigation.

Fuel SyBtem. - The engine was equigped with 8 governor unit,
vhich included a gear-type fuel pump, a pressure-relief valve, a
speed control, apd a baramstric control. A eohematic diagram of
the governor i8 preeented fn figWe 4 and a deetiption  Of it8
operation is included in the appendix. ThiB gOV8z'DOZ? OraB used m
for acoeleration,  deoeler8tioq and altitude and f light~ch-number
oOmpeIU3ELtiO~  tests. For the remainderof  the program, a epoial
fuel-OmItrol 8yBteIUWaS  in8tUlled  (fig. 5). A cxamtant-speed  eleo-
trioally driTengm-typS  fuel pump~38usedan8 f'Ue~UU8bypI%88ed
arOUXld the ptanpby8~88~-~liefVI%l~aad  ELthI'Ott&  fnw1
withthe relief valve. Athrottle inthemainfuelline  oc&rolled
the flow to the fuelwnifold. A solenoid dminvalvewae Installed
at the bottom of the mnifold to drab off the excmaa fuel when
ahuttingdarmtheengine. Aviationfuel conformingto  specification
AN-F-28, Ammdmnt 3 was wed for the entim inTe8tigation.

.
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Iunltion CIgartam. - Ignitionwas  provided bJ two Bparkplagcl
8bout + iROh88  fkOlE th0 Up- end Of the OCdbUBtiOLl &E&Or,
whioh extemd the b&ton of the ORtier  oae~ at radial angles af
45owithtbeTertioal csenterllne. The - tIlgitiOl3  metan
suppkted tit& the engima inoluded two I@tion 00ile and tw0 mingle-
elsOb%de  Bparlr plpge neiag t h e  btnmer  be&et  88 tb g r o u n d  eleo-
trade with a 0.312-inoh spark gap. WIththe ori@alcmmbuutica-
cbniberb88kat,a spprrll8ir &ap aroupdthe sparkplug8 allowdalrto
fluWthrou&tha B&lf3l”~I?bgioD  into the pz%mryburni~g  t0~3b. With
the lWdiFled OCdbUBtiOn-oba8be r bamkat, ehfeldu weme provided around
the ap&rk plwe (fig. 2(b)) that prevented the flcm of 8ir between
the plugeund the oomibu8tion -&amber bmket. 'phs nhfelde thenpro-
vlded theground eleotmde.

For pemt of the starting teats, double-elmtrode  spark plug8
were inetcrlled lnthemdified  aa&mtl~rbWket. One 6et
of eparlrplugBhad& apsrkgapofO.250  inoh&nd 8 8eooo36 Beth&d&
eparkmpof 0.312 inoh. Shieldevore also ~videduround thme
8pe&?FkplUg8thatpY3B~nted  the flOvof8lrbetwenthe  plugaand the
basket.

Aneleotronblgnition  ~8teawae also wed duringthe &art*
tXWt8. This system ueed tvo double-eleatx&+  spark plugs that wvm
BUpp1fsd tith 8hieldB. AuinItfalhigh-frequenoy implu8e of 20,OOOtx1
25,000 vOlt8~8 wed tobreak dcmnthe rpcrrk~pandtherebyremove
carbon frcm the ele&rodee. Thla high4Yequency  Wpulere mm followed
Byarelatively low-voltage hl&amrgy lmpulee thateupplied tha
spark.

The eaginewar In8talledlnswIngnaoelle,uhluhwa8  supported
in the 20-footdiamtar  test aeotion of the altitude wind t-1 by
thetunnelbalame  freum (flg.6). Thesnglzlbwae SuppOrted inthe
wing by two oelf-alinlng  ball and 8ooket mounts located on e&oh 8fde
of the fuelnmxWold and by a tie bolt on the top of the front-beari=
Btapport .

laorplsrt~theinreet~~~,inletpree8~e~lTe8~ingto
h~fliglltlbchnaniberewereobtaiPbd~fntrod~~dry~ir~&~
aiXFramatihOtwl~-upair ey8te~thr0t@adu&  totha engine
inlet (fig. 6). ThiB  air wLL8 throttled from &pproxItmtely 8ea-level
pree8~re t0ths de8lred I>re88U~%&t  the 0~88~ inlettile th6
t-1 pXW88tlr8  MWZ’O8pond~  to the desired tititude W88 mintuinsd.
!Du9 duct froaa the gake-Up  air 8pteaP  was aonnmhd to the et@m inlet
duet by nmana of CL 811~ Joint with 8 labyrinth meal.

.c'- .

.
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Foraaceleration, decel.eratioP,  and c%old-mt8rbing twte, the
engirresirvaet~nd~otlJIfiyl3p~ViPd-~ltsst  me&ion
(fig. 7). Cowling U88 ipeta~srouad the engine~syood~lip
W88 mouatsd&tthenmelle  inlet.

Y

5 ~eeeor-inletair~~ture~83s~~irJbd&ta~x-
in&elyEACA  BtSIIbrd WSlUeB fOr e&Oh Bti&ted illght Oonditim,
ekcept thme of hi& altitude and luw flight lhoh nMber. With the
air dud mated to the e&ne inlst duet, tamrperatW'e8 88 bU
88 -20' Fwere obt&insd. Mhentheengine&irwartakendiIm3t~iKa
th9lKtI3d-tUnne~ t88t SeCtiOn, teIQe~t='eB&B  l-a8 -&+rWe=
obtaIned.

For the wind-tuzmeli.meati&icm,  an ertendedtail pipe 2*
in&es indiazmterand34  In&es long was attaehedtothe dowmtmam
fbl@ Of the tail- OaBm. Anexh&uatno~tljl2O inch438 long ~88
uttaahed to the dmzmtmam end of the t-811 pipe. 5 exhaust-nozzle-
outlet8reaaae183  square bache8 for the orwle~m und 171 eQusrs
illCht38f~thOmodifi0de~ine.

The Op8rStiopaltS8tSw~  ccmduotedovararange  Of 8iPmlated
sltitudeti frcm 2OOO to 50,000 feet and simdatdl fl%&t Maah number8
from 0 to 1.04. Inveetfgatian of the lubrfoatbn 8y8tem, exwpt for
oold 8tarbing,ua8  aonduotedtiththe  originalengIne  oafi@rution.
AU. otherdataprementedhereinve~  obtainedwiththemodifiedengine.

Tez.peratureawere~euredandrecordsdbytvo  aelf-baleming
potentiometers. Totslad 8tatio preeeurse~ithintheengiPb~re
msseuredbywater,sllrsze~,  andp16ramy mnometetr8 8nd were photo-
grsphiaallyreoorded. I'ueland oil pree8u1ms were meSSwed by sir-
CE8f-b 8d~~88W33e3age8. During saoeleration and deoelerstion
te8te,theengineoostrol  panel uaa photogrepbed&t&pprOx~tely
onefram every~~eecandabyan  amdal reoonnaie8ance oambra. 5
engine 8ped vssre8dfranu taobombterexaept duringthe operstinp
range detemnIn8tiona and the altitude and fli&t-Smh-number vn-
eation -bBtB, When 8 ocmbination ulook and l%vOlUtiosl aOU&er was
need.

Effeota.of variation in altitude on the operable mm&e of the
modified engine e&two dffferent flightBW%hnumber8are  pwented
in figure 8. 5 direction inuhioh the altitude am3 the en&De
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speed were be- abanged toobhln&ta pointeie irdioertsdby  the
arrow adjacent to emah point. -eDginsepeedwaBeither
12,!5OO rpan or the speed at which a limiting turbLne-outlet  temper-
ature of 1400’ F, (LB read On the hottest thsmocmuple, vLL8 obtaimd.
As the sltltude -0 raised 8t coneta& flight &oh number, the mx-
imumpngfne speed decreased. At altitudes shove 45,000 feet, burning
throughtheturbine  and inthe tail. pipe wa8 indlosted&tmximum
engine speed by a light blue reflection &ppearIng in the tail pipe.
A8 the flight I&oh nlrmber w&a inoreaeed at 8 dOn8t&nt altitude, the
nEuimumengine  speed was raimd.

Minimumengine speed was defined 88fhs l.UWeBt engine Speed
atwhioh operationwaS  stable and frcmwhiahthe ex@ne oould be
amelerated. At high altitudes and a aon8tantflightMmh  number,
the minimum en&n9 speed lrmreaeed rapidly 88 the altitude was
ralmd. Themin~e~Bpeed~B&~rimaate~4000~&t
sltitudee up to 40,000 feet ~5th 8 flight b&oh nmber of 0.24 and at
altitude8 up to 45,000 feet with a flight Bcsh number of 0.52.
IPoreaelngthe fll&t Maohnumberlowered the -ePgi-epesd
8t the88 altitude CKmditfoIX8.

A limited amount of mInlmum-englne-8peeddataobtMnedwith
the originel engine Indicated that at high altftudee the mlnimum
engine speedwaeconeiderably lowerthanforthemodified engim.
The muUunu engins speeds were not &ppmi&bly different for the
two engines.

MWLmum-ellgine-speed dat&I%I?enot  sSSi~X'tBprodUOed. IhU?ing
operation of the modified engine between 10 and 40 hours d'ter 8
major overhaul, performmoe datawere obt&ned inthe regionlndi-
aated as em Inoperable range In figure 8. 5 mfnUum-speed data
were obtafned about 110 hours after this overhaul. IVom theee data
and similar observations made during the gerfoz3wame  investigation,
it is oonoluded that the operating range of the engine OhaIIge8 with
engine life.

Aooeleration  a n d  Ikmeleratfon

The turbine-outlet tempem&are varied during ameleratione,
&ltho@l&3n8ttemptWS8madetOhold  this tempe~tIll%  at themm
alloVable  value for acGelen%tlon (E500° F 88 mea8ured by the hotteat
thermooouple). Careful manipulation of thb throttle -8 required
between engine speeds  of 4000 and 6000 rpmtto avoid exceeding the
-temperature  limit. Above anengine speed of 6000  rppn, the throttle
+a8 opened wide, but in met ca8ea the governor limited the 8coeleration
totemperatureebelowthelimltingvalne.



5 effect of altitude on the sc0t3leration  aharaoteristiue of
themodified engizmwiththe enginegovernor installed is preeented
in figWe 9 and lo. During allaccelerstions  made at altitude8
bdow 25,000 feet, neither ccarrbuetion blow-out nor ex~eeive OQQL-
pl’8SSOr BUY?@ W88 emotmtered, Aouele~tionframcmgine  8pWdB
below 10,000 rp at sltitudee above 23,000 feet was amcertuin and
ocmibuetian  blow-out was frequently encountered &a 8 XWBUlt Of eZX%tiO
governor operatifm. At en altitude of 35,000 feet, oombuetion blow-
out was repsstedlyeaco~~~d~ingrapidso~lerstionaFKxmengint,
SpeedSof WOOand 9000 w

5 iAIm required 8t EFtutio flight aoQdition8  to acmelezate
from6000 to ll,5OO~incmaeedfrcm8 BBdB at5000 feet to
16.8 8e~ond8 at 25,000 feet (fig. 10). I!ttie Incre88e in aoaelezmtion
time with altitude resulted frax the declreaesd  acmelerating force
exerted onthe turbinebladeebythe lm-den8ity~8ee&thighalti-
tude. 5reeulteofex1pez9~&alsnd  oaloulateddatato determIne
the ratio of the time required to amelex~te at altitude to the time
required ataealevelare shown infigure II. In determlningthe cal-
~la,ii&l curve, the effects offriati~werenegleatedand the assumption
was rfmde that turbine-inlet tempe~tures were the 8sm 8t all altitudes
duringameleration. The x2&10 of time required to aocmlerate at alti-
tude to that required at sea level vaa then found to be inVer8eQ pro-
portional to the ?%speotlVe den8itieB of the inlet &is?.

5 effect of flTght&mh number on the acceleration timb st an
altitude Of 5ooo feet 18 8hOVin in figure 12 for &oCeler&tfoI38  from
twodifferent engine 8peede. Animma8efnflightMaohnuuiber
from 0 to 0.45 reduced by about 19 peruent the tinm required to
aoceleratethe engine from4000 to 12,000 rpmand reduced byabout
16 percentthetimerequiredtoacueleratefrm 6000 to12,OOOrpn.
A reduction inaocelerationtime  with increase in flight MB& number
was observed at altitude8 up to 25,000 feet. Allameleration data
p~sentedhereinoouldbe duplicated. Due to err&lo governor a&ion,
som acoele~tion8 were made at grater rates tithout exoeeding el'hsuet-
-8 temperature limits; when at-8 Were made to duplicate the8e
acceleratinne,  however, excessive temperatureswere  encountered.

Themini~~rmrtfme requimdfarsdecelerationuae obtainedby
moving the throttle to the full-closed pOSiti= and holding it there
untilthe engine idling speed of4000 ?qg~ was remhed. 5 throttle
was then advanced to maintain this idling speed. The effeot of change
in altitude cSn the rate rt which the modified engine oould be deceler-
ated is 8hown ia figure 13. C&bu8tionblow-outw&enot  emouutered
during any deceleration at altitude8 up to 25,000 feet. The timb
required to decelerate frauanengine speed af l2,OOOto 4OOOrp
fncre88ed fraan &bout 10.5 80UOd8 at ~ feet to about 40 84SOild8
at 25,000 feet.



!Fhe imreaeedtime  required to decelerate the engine&thigh altitudes
ua~prtlydue to thereducstlontiwizhge loeeeere8ultingfmmthe
lower air density.

5 effeot of flight bfmh number on the deceleration time at
an altitude of 25,000 feet 18 shown In figure 14. An lncresee In
flight Mach nunbar From 0 to 0.45 decsreaeed by about 21 percent the
tinm required to deaelerate  the engine fmm 12,000 rpm to 4000 rpn.
Most; of the demeaee in deoeleratlng  tinwt cmourred belamen engine
speeds of ll,OOO.and 6000 rpm. Areduationlndecwlematlngtimawlth
inoreaees in fl&ght M&h mn&er was obeemed at all &ltitUdeB below
25,000 feet, whWh is paztly attributed to an inore~aee  in windage
lo8Be8 due to hzigher 8lr density at the ocmpree8or inlet. HO deceler-
ation were made at altitudes above 25,000 feet due to erratio
gov-ernor  oper8tlon.

Altitude and Flight-Ma&-Number  Compenestion .

SI.nmlated olimbe fsnd dives were made at con8tant flight b&mh
number between sltitudee of 5000 and 40,000 feet with the modified
eng-• The altitude limit of each olimb was that altitude at
which limiting turbine-outlet gas tiebmpmtUre8 were enOOudiM%d.

Above &IL initial engine 8peed of 12,000 rpm with a conetant
throttle position, the gOVernOrllE&intaiZIed  an&pPrOrimrtely  oon8tsnt
engine speed 88 the altitude was Incmeaeed,  whereas at lower initial
BpedB, the speed inoXW&EWd 88 the 8ltitUde w&e mi88d (fig. 15).
T~~~OVWBO~WELB  deeignedtoallawaninareaseL1englne8peedfma
law initial Speed8 as the altitude was raised, 88 8hoWa in figure W.
Althou&  this effeotvas obtained, goYe~r8~im~a~tcomple~ly
~tief&Ctorybeo&U~ l~ting~Bte~rature88tthet~bl~  Outbt
were enoountered  betmen  altitudes of 30,000 snd 40,000 feet. !I!hla
cmndition  resulted frcm inability of the governor to keep engIno
speedewithinthe  operable range. 5  hy8tereeie  In t h e  g o v e r n o r
during olimbe and dives was negligible at hi& initlal engine epeede,
but at initial engins speeds below 8ooo m this effect w&8 appreoiable.

During simulated c?limbe and dives, irregular  action of the
governor barcm3trio  control cawed hmtlng at certain fuel flows
and band8  of eDgins 8peede. !Fhe amplitude of this hunting mually
aMounted to 8bOUt 200 rpm, with un osoillation period of about 2 to
4 eecoplda. %nditiOnB E&t which thf8 huuting took plaw were nOt
alearly defined.

.



Effeote of variations in flight Mmh number from 0.11 to 1.04
on aped regulation are shown in figure 16 for an sltitude of
25,000 feet. The engine epsedremained  eeeentiallycormtmt 0-1)
the rage offlight&mhnlmrbers imeetig8tefIforengine speeds
of 11,500 8xld 12,300 rpan. Foraninitialengine Speed of 9c&orEpa,
thenaxiraumdeviation  was 35Urpm for therange of flightbkah
nmibere investigated. Negligible hysteresis ef'feots were encountered
St all &gime epeed8.

Violent hunting of engine epeedundfuelflow  often oaoumedst
engine sped8 oi&boutl2,0OOrpmssthe flightH?xhnrmiherWaebeimg
inmessed. Ip one cmae, at an altitude of 25,000 feet and a flight
Mshnmiberofaboutl.~,  theengine aped suddenly eurgedfmm
12,400 to 13,000 x'pm and it W&B therefore neceesarg to pull bftCk
the throttle.

Starting Chmacteri8tics

I

Origtil-ewine mbuetion-chamber basket. - With the origixml-
engine combu8tion-chamberhsket,  whiohhad anair gaparound the
spark plug8 throPghrihi&&ir ~88 &ddtted to the prinW?y burning
zone, erratic starting chracterietice  Were obaemed. Starting at
ees-level stat10 condftions ~88 fairly dependable, although the
turbine-outletgaetemperatureevere  oftencoMiden%b~abcme limits
during the aooeleration to engine idling speed. ThiB Condition W&B
caused by BP exQ888 of fuel in the COl&UBtiOll  Chamber 88 8 X'8SUlt Cf
delayed bymar lgnitfon during the awing attempt.

WindIoilliI3g  8teLrting aharaoterietioe were very tDBI?LtiefaCtO~
beczbuee the Cmbuetion chedber Could not% ignited at 8 windmilling
engipe speed of more than 1000 rpm at an sltitude of 5000 feet. Ths
ebr-ter oanking aped of the engine was found to be approximrtely
l5W rpm, thereby making it iPlgo88ibLe to ignite the ~UBti~ chamber
at an altitude of m feet with the starter in we. Starts were mrde
at sltitude by igniting the combustion chamlmr at engine ~hdmilling
8peede under 1000 rpm and then engaging the et&Z-tOr to &BBiBt in
acceleratfon.

Modified-en&m  cambuetion-chemiberbsaket.  -Withthe nmdified-
engfne amibuetion-obamberbasket,  inwhichthe onlyahmgenrade  totb
w-burning zone -8 808lingthe ejap&Z'OUIldthe epark p1Ug8, Start-
ing &XC&%Ct%I'iBtiC6  Yen B&tiBf&&~. stI?U'ting 8t 8e8-len1 Bt&tiC
Conditiane was dependable and aoceler&tion was easily aoccmpli&ed.

TheWndmilling etart;ingdatapreaentedwere obtainedwiththe
eleotmnio ignition 8yatem. ThemhimnaengInt3wZndmillingepeeds



f?cnnwhi& succeeaful~tarte oould bemrde varied fromapproXimte~
1500 qy~ at sltitudee up to 32,500 feet to 5300 rpsa st 50,000 feet
(fig. 17). &@I&3 ~II&lilli~ BpsedB Of 1500 arrd %w l?'pXX OOrrSBpond
to flight Mmcb numbers of about 0.30 and 0.90, re8pwtlvely.  Belm
an altitude of 40,000 feet, etmte could be plsde at en&ne wlaaplillips
BpCN9d8 lower than Indicated In ftgum 17, but acceleratfon as8 difficult
sndtUl?blIIe-outlet  -8 tsmperE&UZ'eB Were eXCN88iVe. gtCU'%B We= nrade
at wlndmilling speeds up to about 7600 rpar at altitude8 ad~hlgh 88
50,000 feet, but no etemte~ere8tte1~ted&bovethi8  epeed.

Irqwoved etarting characterieticerlth'the~ified  copnbnetion-
chamber basket could probably be attributed to eeallng of the air gbp
&round the Spark plUg8, inasmuch 88 8ir ps88ing through the sp in the
Orfginal basket tended to blow the fuel &way fran the 8parkpluge.

Ignition eBteLfl8

Ijqnition OOil and elngle-eleatrode  Spark plw. -With the eingle-
eb&t?ode uaehielded BpECrkplUg8 htrving&eparkgapof  0.312 3.x1&,
which were iratalled in the original oombuetion-&m&er baBket, no
8t8rtS Were attemqtsd &ii 8ltitUdee 8bave lO,m feet. It Might &Ye
beeII possible tQ ignite the fuel in the OaUBtioII Oh8mber With this
Spark-plug CSonf'iguratiOn  8t high altitudes; hcnmver, beOaU8t3 no &art8
could be made at windmIllIng speeds above 1000 rpm, exceeelvdly high
turbine-outlet  teIq%aturee would have been encountered. Uith the
single-electrode ehielded spark pluge,whlohwm% ixmtalledfnthe
modified ooMbu8tion-&fmber basket, 8tarts were made at altitudes up
to 40,000 feet.

Qznition ooil and double-electrode spark plw. - With the double-
electrode ehielded Spark plugs heming a spark &&p of 0.250 inch, which
we?% installed inthemodified-engine ~u~lm-ckU&er bseket, 8tarte
we?e made 8t altitudes up t0 40,000 feet. A nUI&W Of &tteIEptB to
Btarf; the engins 8t 8~ altitude Of 43,000 feet With thfe cOIIfigUZ%¶.tion
WI% UIMlWe88fU1. when the epsrk g&p =B imrea8ed to 0.312 %nch, it
=B impossible to Start the engine at lU.Iy altitude.

$lectr+ic i&pition ayetem and double-electrode Sparkplug. -
Withthe electronic i@Ltionmptemand the double-electrode spark
p1UgB installed inthemdified-engine  CoIUbuBtion-ohamber  bUBkst,
starts were made at altitudes up to 30,000 feet. When the energy
supplied to the spark plugs wt%a reduced below the no-1 level,
Bt8Xting W&B not 81wB possible 8t BT1 sltftude of 50,000 feet. EO
8t4WtB Were attempted 8t 8ltitUdeB 8bove 50,000 feet.
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oil foa&IU? - 5 Oil-foaming problemwaS invSBti&ed With
the origipal e&U3 at sltitudee up to 50,000 feet fihroughout the
r8nge of operable engfne speeds vith the 6-gallon oil ~BZUC atzuaned
to the engine in8tallstion. With8 3-pound-per-equ&re-in&  preesllre-
relief valm on the oil-tank vent, no oil cormumption due ti fcamlng
in the tank use encountered at any altitude. Oil-p~mq, discharge
greesure i.mremed as the altitude was r&ised snd thereby afforded
sufficient  premwre to lubricate  the engine adequately at all alti-
tudes. The Increa8.e inpressurewaeattributedtothe  decreaere in
&blent-air  temperature, which lowered the 011 temperature.

Oil cooling -AninvefMgationwas conductedwiththe original
engine stelevat&l compree8or-inlettsmperaturea in order to determim
whether the oil cooler bad adequate capacity to co& the oil at high
smbient-airtemperature sndhighflight 8peed and thus prevent the
bearings Aramoverheating. Withau inlst-airtemperattm  &107OF
at an altitude of 35,000 feet, a flight Msch number cf 1.04, and an
engine speed of 12,500 w, the oil-pump di8charge tempsrsture 8tabil-
ized at 141° B. Because adequate cooling WCLS provided by t&e oil
cooler, the mbilized beming ~raturee ranged from 1380 F on
bea~ingIto215~Fonbearing3. The ~allowable bearing temwer-
atureeare 200°Fforbearingland  265OF for bearing82  and3.

Cold starting - ~etartingthe englneat subzero ~rsturee,
the critical 0cXlQ&8&18 the hl?EiC8ti~~8tO% At 8uCh 10w taper-
&tIIZ'eB,  the high viBcQ8ity Of the Oil m reel&b in f&ilrule of the Oil
pm, eXW88iVe bsaring teI!QW&ttU.'eB, Or both. bn Oil line YBB 80
installedthatthe oilcooler waabyge~e6edazkd the c&p&aityofth~
greseure-relief valvew88 lncreaeed. Hefore 8 cold a-krt, the engfne
was allowed to Beak at 8nambient-alr  tempemature of &bout -500 F st
an altitude of 2000 feet until the bearing ~z%turee we= tithin
about 200 F of the ambient-air temperature.

Da- 8houingthe increaee inengine epeetd and oil=pnmpdi8clw?ge
greeeureulthtimbduri.ngtwoooldetartewithtbb  mdlfiedengine
are shown in figure 18. tithefiret Btsrt,th8~~ineB~edWU8
~Cl'WbWd tO&bOUt 7000S?9IUi&43  EWORdB,&tPifiidhtimb  th0 OilgumrP
failed, &B fndiaated by the drop in oil-gumg diedherrgs 3p'~88UZ-.
Impaction of the oil ~rnag revealed that expsneion of the rotors
resulted In eeizure due to inedeqaate  urialcleamnce and cawed the
drirs 8haft tc shear.

Azmplscemntoilpuugtithincma8eda~ialclea.mncewae
imtalled onthe engine. Forthecoldmbartlmdewi~thiepmp,
the eZigine BpeedTma inare&8ed&t& ~~UO~Z~K~O inOrde2 to&Void



exceeding an oil-pmrp di8charge PIVB~ of 300 9OLZldB per BqUBXO
Inch (fig. 19(a)). Approximately 9minuteewere  themfore requlmd
toreaohanenglne  speed of 12,400rpm. After I.3 lainUte8 of operation,
the oil-puq diedharge preee~?% b.d et&biliced. m eXce88iVe  be&r~
tempar&turee  were encoUntered  during the cold 8tar-t (fig. 19(b)) and
the temperatures stabilized after &pproxime~telg 23 mlnutee of ope?StiOn.

Becauee of the slower acceleration, the IwplfKm'mnt  011 pump was
not subjected to &a 8e~ere tmf&tmnt 88 the original pw. allure
of the or&inalp~mpxuightnoth~~~ occurzwdhad  theaccelerati~
been slower.

From an tive4eti&Aon of 8 complete axial-flow turbojet engine
with 8 tbI'U8t I-at- of 3000 ~UXldB In the m Cleveland altitude
wind tunnel at simulated condition8 of sltltude and fllght&mh  mm-
her, the oper8tionalperfozmnce 18 BnmParlted 88 fOlkIW8:

1. !l!he operating mnge wee coneiderably  reduced st &ltitude8
8bOVe 40,000 feet. --Sing the fll&t &oh Pumber at these high
altitude8 increased the operable range of engine speed.

2,Wfththe modified-engine combu8tlon-ch8snImrb88kst  arid the
eleotronic  ignition eyetan, etarte were rmade at windmilling Speed8
up to 7600 rpm at altitudes up to 50,000 feet; hawevm, no starts
were sttenrpted at higher windmilling speeds. The minImum engine wind-
milling speed fromwhich euccee8ful 8tarte could be larde varied from
1500 rpm at altitudes Up tc 32,500 feet to 5300 rpm St 50,000 feet.

3. During all acceleration8 made at altitudes below 25,000 feet,
IWither ooanbU8tiOn  blow-out Par eXC4388i~ CC3&QE888Or BuFge W&B BIiCOUP-
tered. Acceleration from engine 8peede below 10,000 rpm at sltitudee
above 25,000 feet W&B uncertainand  cokbu8tionblow-out was frequently
encountered as a result of erratic gmemor Operation.

4. No cumbustion  blow-out ~88 encountered during deoelerstions
at 8ltitUdeB  up to 25,000 feet. ITo deceleration8 were made at higher
8ltitUdeB.

5. Above an initial engine Speed of 12,000 m with a cormtaut
throttle position, the governor maintained an crpproximtely conetast
eDgi.ZM Speed 88 the altitude was incmaeed. At lOWOr  inftisl  ~II,@KI
speeds, the speed lncreaeed 88 the altitude W&B rsi8ed until high
Speed8 thatwemlimited byttarbine-outlet~e  tampeI?8tUreSWeIM
encolmtered between altitudes of 30,ooO and 40,000 feet.

.



,

6. At 8 WnBtaat throttle position, the engine 8-peed remined
eeeentially-constantmerthemnge oi flightMachnMbere
inVBBtiigatX3d at an altitude of 25,000 feet for engine speeds
of 11,500 end 12,300 rpm.

7. No t3XWBBf~ oil foaming ItaB encountered at altitudes
up to 50,000 feet with a 3-pound-p8r=8qu8re=Tnch preaaure-
relief valve onthe vent of a 6-gkllonaircraft-type oil tank.
Adequate oil coolirrg was provided by the oil cooler at compressor-
inlet air kIEgmatUr08 up to lO7O F st an altitude of 35,000 feet.

Flight Propulei~ Be8earch Laboratory,
~8tiopSl Advieory Comittee for k3nwautiCS,

Cleveland, Ohio.
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The Stanaard enginegovernor  C0II8i8t8of8geEL3+~ fuel pump
in conjunction with an 8114peed governor, an sccsleration and decel-
eI%tiOn control, and 831 altitude and flight-Mach-number campeneation
control The ~WS'llOr 18 driVBn direotly from the 80C88803.‘y-driVt3
gearbox and is mounted on the gearbox.

A scheIuf&tic diagram of the governor LB preeented  In figure 4.
!C!he min flow of fuel supplied by the fuel p~mrp B pasees through
the venturi D, the throttle orificeF, the COn8t8nt-p?3388W0 mve Q,
and the manifold pres8ure valve 3 into the engine fUel=nOtZki IELEL-
fold SyStem. Pump outlet pX'e88UXW  i8 held con8t8nt by the relief
valve C, bypasalng fuel to the pumrp inlet. !Che dieplacement of the
punq,andheXXX3  thefUelflOw i88fUIlCtiOnOf the -fIXI Speed.
Becease the entire capacity of the gear-type fuel pamp pasees through
the venturi, the pressure drop acro88 the venturi is 8 function of
the engIna egged. llhi8 p~88UXW drap i8 applied to th0 COntrol
di8m I, which is loaded by the pilot-valve 8pring K, the force
of which is deter&ned by a ca.u I located on the 8haft of the control
arm M. ThuB it O&Il be 88613. th&t e8Ch POBitiOIl Of the ContrOl a
require88 certainengine  speed f9rthe 8yetemtobe bsl8nced. In
this uaanner the epeed-msasuring  psrt of the control is provided.

The pilot valve J, which is located on the 8haft between the
control di8phragm and the pilot-valve spring, controls the fuel
preeWre bled throught the pilot-valve Jet L fra the spring side
Of the COn8tcLnt-~BBUX% V81Ve 0. The pOSitiOn Of the COYkBt8IIt-
preee~re valve is therefore governed by mvermnt of the control
di&phragm, which in turn control8 the amount of fueltothe engine.

DOWnstream Of the COn8tXU&t-p~88UZW  valve, 801~3 Of the fuel
that would OtherwiSe go into the ccmbuation  ahamber i8 bype~8eed
through the accelerrrtion control 0 back IX the inlet aide of the
Pump. The acceleration control perfcna8 8 dual function; it
provides a fired acceleration curve to permit engfns acceleration
8t 8 safe r8te azdt it Cmspenscttee  for Ch8ngeB in altitude and air-
speed to enable the governor to maintain a con8tant engine speed
for 8 flrsd control-arm position.

The f i3St function 18 acwcmpliehsd 88 fOl1OWB: The Size Of the
throttle 0rifQe emd the rates of the relief-valve, the comtant-
p3X#88UZ'e-V&1Ve  aad m8nifO1d-~ssU~-Va1Ve  Springs, are chosen 80
that during met of the acceleration procese al1 the purpp delivery,
except that bypassed by the acceleration control, mast go to the
engine. Thepreeeune  dametzeamofthe conetant-preseure  valve
is canmun~cated to the end of the accelereLtionLcantro1  valve P

.
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opposite its spring through the bleed holes in this valve. When this
pressure re&dhes a suffioient  value, it movB8 the valve towU?d BP
open position until the bleed ports are sealed by the oenter lurid of
the acceleration-control servo valve. The valve then provides (at
constant compressor-inlet pressure) a fixed-area bypass th8t returns
to the fuel-pump inlet the fuel not needed for acceleration. The
size of the bspass opening in the acceleration oontrol is governed
by an aneroid capsule S, whiuh is subjected to compressor-inlet pressure R.

The second funoticm of this control is explained as follows:
With increasing altitude and oonstant flight speed, the aueroid-
capsule-&amber pressure is reduced, therefore causing the capsule
toexpand. This aotionmoves theaccelerating-control servo  valveQ,
and thereby permits the aoceleration-control valve to open further.
This imrease in bypass opening permits more fuel to return to the
pump inlet and thus reduces the fuel supplied to the engine. The con-
trol diaphragm, the pilot valve, and the pilot-valve spring can thus
maintain approximately the relative position they had at sea level.
Theimpaotpressure of forward airspeed causes the capsule towork
in the reverse direction, which permits less fuel to return to the
pump inlet and thus increases the fuel supplied to the engine.

The manifold-pressure vtttlve Hestablishes sminimm internal
pressure in the control. This pressure is required in order to
insure a sufficient presmre drop &cross the aooelerution-control
valve at altitude, to allow it to bypass back to the fuel-pump inlet
the amount of fuel not required by the engine st that altitude.

1. Conrad, Earl. W., Dietz, Robert O., m., snd Golledw, Riohard I.:
Altitude-Wind-Tunnel Investigation of a 3OOO-Pound-Thrust
Axial-Flow Turbojet Engine. I - Analysis of Turbine Per-
formance. EACA RM No. E6A23, 1948.

2. Dietz, Robert O., &?., RerClysz, Joseph J., and Icarsrd, Rph~sim M.:
Altitude-Wind-Tunnel Investigation of a 3000-Pound-Thrust Axial-
Flop Turbo jet-i-. II - Andysis o f  CompressorPerfommce.
RACA RM No. EEIA26a, 1948.

3. Cazlpbell, Carl R.: Altitude-Wind-Tunnel Investigation of 8
3000-Pound-Thrust Axial-Flow Turbojet Engine. III - Analysis
of Combustion-Chamber Performme. RACA RM Ho. E8R19, I.%&
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(a) OrigInal-engine  basket.

17

-22. .+-ae~- -. C-18383
-5 -pr'- ---. _, L - - 6.6.47-. ------._ _._.-- - - ..- -__-_-

(b) Mcdified-en&im3  baeket.

Figure 2. - Combustion-&amber baskets of turbojet en&m.
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B mAllY.lmD
A ChoOk Valve
B rudy.w
c Relief mm3
D Venturi
E Dumpvalve CQmrsotim
F !l!hrcttle mlflce
a cm-preswua valve
H bisnlfd.d-~~W~Eurs Vd.VU
I cmtml aiaphragm
J Plht valw
K Pilot-valve .3@%
L PllKJt-velv'e Jet
I4 controlarm
Ifoam
0 Accsleratlmcmtml
P A~~ele~tlm-c~ti~l

valve
Q AccelerstiCm-W-1

Eervo valve
B Campreesor InUt
8 Anercid capsale

Fuel  prmmlm

~Acwle~tim valve out3~Acwle~&immlve out3
DcvMtream of tbrcttleof tbrcttla
pIlot valve

lngurs 4. - &henatio -iL%ga 05turboJetangim  govanorueed in inveetigatim.
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Figure 6. - Schematic diagram of speoial fuel-control agatem used with turbojet engine.
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Figure 8. - Effeot of altitude and flight Maoh number on operating range of m.odFfied engine
with special fuel-control system.
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Figure 9. - Effect of altitude on time required to accelerate from Idling
apeed to 12,000 rpm at flight Mach number of 0. Modified engine with
engine governor.
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Figure 10. - Effect of altitude on time required to accelerate from
6000 to 12,000 rpm at flight Mach number of 0. Modified engine
with engine governor.
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Figure Il. - Experimental and calculated data showin
altitude on ratio of time required to accelerate a effect of
time required to'accelerate at sea level. e altitude to
modified engine and engine governor. Experimental data for

Time, set
Figure 12. -

altftude
Effect of flight Mach number on acceleration time at

of 5000 feet. Modified engine with engine governor.
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Figure 13. - Effeot of altitude on deceleration at flight Mach number of 0. Modtiled
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Figure 14. - Effect or flight Mach mmbdr on deceleration at altitude of 26,000 feet. Modified

engine with engine governor.
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(a) Flight Mach number, 0.24.
Figure 15. - Effect of altitude on engine speed and f'uel flov of modified engine vlth engine

governor at oonstant throttle poaltlon.
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Figure 16. - Effect of flight Mach number on engine speed and fuel flow

of modified engine at altitude of 23,000 feet with engine governor at
constant throttle position.
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Figure 17. - Effect of altitude on engine windmilling speed and
flight Mach number from which successful starts could be made.
Modified engine with special fuel-control system.

--.-

.

! --

;



N A C A  !?M N o .  E 8 8  19a 3 7

F1

0 First attempt

0 Successful

V-0 2 0 4 0 6 0 8 0 1 0 0 I.20
Time from start, 88~

.gure 18. - Conrparison of engine epeed and oil-pump discharge pressure
during tuo starts made at ambient-air temperature of -50° F rfth static
flight conditions at altitude of ZOCKI feet.
fuel-control system.

Modified engine rlth special
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(a) lhglne speed and oil-pmp diecharge preaeure. 0.Figure 19. - Variation of engine speed, oil-pump discharge preaaure, and bearing temperatures with
time during successful etart at ambient-air temperature of -50° F with statio flight condltlons
at altitude of 2000 feet. Modified engine with speoial fuel-oontrol ayetem, i
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Figure 19. - Concluded.

Tim from start, min
(b ) Bearing temperatuma.

Variation of engine npeed, oil-pump discharge preaaure, and bearing
temperatures with time during auooeaaful atart at ambient-air temperature of -SO0 F with static
flight conditione at altitude of 2000 feet. Modified engine with special fuel-oontrol eyatem.


