
RESEARCH MEMORAN’DUM
EFFECT OF FUELS AND FUEL-NOZZLE CI%AR,ACTER;LSTICS  ON

PERFORMANCE OF AN ANNULAR COMBUSTOR  AT SIMULATED

I

ALTITUDE CONDITIONS

By Richard  J. McCafferty

Li 5 J-i
3 g, g Flight  Propulsion  Research  Laboratory

z : : : : Cleveland,  Ohio
4 ii;:
c-3 :;!!7c T4I- -. E,Gfi

Thu~~-a- - -- af?l.zxE~~~~~~B~~-are- & a - h - - b =-my ~~m.llltld  t *r.
Bib‘ b ‘.~S~~ * dxz
2TEE-d arc&muds-ti*-.4mma-
sddf--e&rud- *ax:

TECHNICAL0EDlTiNG
WAIVED

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
September  28, 1948



.

RATIOmu jilmsoRY co- FaR AmxmmTIcs

IQ Richard J. MaC&'ferty

SUMMARY

As part of a progrebla to study the effeats of fuel volutility,
fuel aoxnpositlon,snd  fuel-injsatlon-nozzle ahecaateristias  an the
combustion perfomsnae of turbojet-engine  combustort3, sn Zmest1-
@ion was made with an srmulsr aor&ustion ahamber operating under
aonditions  simulating zero-mm operation of a turbojet engins ut
v8rloue altitudes snd engine rotor speeds. The sixfuels investi-
gated lnaluded hydroaarbons &the yssxffitiasndaromtia  alasses
having a boillxq range from 104' to 664O F. They were lsoheptanes,
AR-F-28, m-F-32, Mesel oil, benzene, and a hi& boiling aramtia
(solvent 4). Tkm fuel-injection nozzles %nvesti&ed  had aapaaities
of 2.0, 3.0, 7.5, 10.5, and 17.5 gsllom per hour. Investigstians
were made wherein the aambustor-inlet-air aanditlcms  were esah
altered independently from cbnaitions  nesr the altftude ceil-.

A law-boiling-temperstUre fuel of eithek the sromatia or
psmffinio alasees gave higher altitude ops2ationsllimits  at low
engine rotor ~edswhereasahigh-boiling-temperatureel~~
higher operstianal limfts at high en&m rotor spseds. Combustion
effiaienaies at various altitudes at aonstemt engine rotor speeds
indiaated that the low-boil*-temperature fuels of bath alasses
gave h2gher ao&ustion effiaienaies throughout the v of opera-
tion&l altitudes exaupt near the altitude operational limits af
these fuels.

The lower-boiling-tenrpsrature  psrsffipiafuels  produaedlawer
vulues of mxinnnn obtatible tex&psr&ture'rlse  at severs operating
aonditiom than did the higher boiling par&f%Yn.la  fuels, but for
fuelairratiosbelawthe pointwhere thesemsximamvaluee  oaaurred

. the low-boilintemperature psraffinia fuelsgave better aodmstion
sff laienales  .

A reduation in fuel-nozzls size resulted in lnaressed aanbustion
effialenay  of the two fuels, AlV-F-28 and Mess1 oil, at low tit-
input or tempemture-rise  values but produaed lower tempsmture-rise.

LJNCLASS~F~ ED



2 NACA RM Ao. E8c02a

limits. Performme wae better with the larger nozzles at high temper-
ature-rise ranges. In genererl, an opt- fuel-preseure differential
(best nozzle capaoity for 8 given temperature rise) exists for AN-F-28
or Diesel-oil.fuel that provides 8 wide operating range of temperature
rise at relatively good efficienaies  for the set8 of altitude operating
conditiona tiveetigated.

INTRODUCt!ION

A program to inveatigste the effect6 of fuel volatflity and
hydrocarbontype  onturboJet en&e perfozmmaeand  to obtaindats
for devising an adequette mnsthod of rating fuele for any turbojet
combustor type has been initiated 8t the NACjA Cleveland l8baratOry.
In the first phase of thfe inveetig8tion  (referenoe l), results
obtained with a full-ea8le  turbojet engine operating.at  se80level
static uonditions indiosted that neither fuel volatility nor hydro-
cmrbon type hsd any appreaiable effect on the uombustion effioienay
or thrust of the engine. However, 8 further inveetigation (refer-
ence 2) IWTe&led dlfferenoes  In relative combustion eff iakincy among
fuels operating In 8 single combustor at an sltitude of 4!5,000 feet
and indicated th8t aoxibustion effiaienoy deoreaeed  with 8x1 inorease
In fuel boiling point and was relatively tmaffeoted  by difference
in hydrocarbon type, except that aromstic fuel8 exhIbIted  elightly
lower efficienoiee  than the other clasees. Then inveetigation of
referenoe 2 wae made with a cone&ant-area  fuel-injection nozzle
with the result ths.t the fuel-epr8y oharacterietice  ahsnged with
fuel type and with operating oondit+ns.

The data of the present report show the effect of fuel-injeotion-
nozzle ohsracteristioe  on the variation of canbustor performanoe  with
fuel volatility and hydrocarbon tspe for an annular oombuetion chamber
operating at e-ted ocmditionE of zero ram throughout the 8ltitude -
engine-r&or-speed  range. The dataare preeented tie being indicative
of general trend6 and phenanena 8pplying to gas-turbine aombuetors.
The engine oonditions  are therefore given interns of gcedee of altl-
tude (altitude in ft divided by a aonsknt) and percentages of the
militsry-rated engine apeed. The effeat of aombustor-inlet parameters
(temperature, pressure,and veloaity) oncmnbustorperformnaew~th
various fuelsw8e detemined at~rating oond.itions encmunteredne8r
the altitude aeilingofthe  engips. Crmbustorperform8nc8 obaracter-
istics that were investl@ed included altitude operational limits,
combustion efficiencies, limits of obtainable mean temperature rise,
and pressure 1088. The six fuels that were studied included fuel8
representing paraffin and aromatio olasses of hydrocarbons enccon-
passing a wide rsnge of fuel boiling pointa, The selection of fuels
was limited to only those readily obtaInsble fn qu8ntlty. Infoma-
tion on the combustion behavior of the fuels i~l 8180 inoluded.
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Combustor

A diagrsmmtia aross seation of the aabustar installdti~ is
EhuwninfigureI, The dustor in the 19X39-1 engine, whiah is the
same 8s the lSB mbustor, is approxhstely 19 in&es in diamter and
fills the annular spaas around the acmpressar-turblns  shsft of the
19X%1 turbojet engine. A desaription of an esrly deem of the m-
bustor, whiah ~88 81~0 used throughout  most of the invest~tion
reported herein, fs given inreferenae 3. The basket of this adbustor
willbe referred to inthis retport 8s basket 1. For psrt of the
investi6ationsnewimsr  linerdlffe?mntfmmthe  originslonewss
used. The new liner had four additional rcws of 7/164nah holes
drilled Fptothe outer shellof the originallWernearthedrrwPst;ream
end betweenthe exIstingrows ofholessnd 576 me-eighth inahholea
located on the aomerging portion of the outer liner shell at the
extreme downstream end of the wmbustor. Thess sdditianslholes resulted
insnopsn-hole-sresinarease  of 9 percentmm tbanths ofi- liner.
The lmdse& of this aodbustor till be desQnated as btmkst 2.

IPst81lstiorl

Adiajgamofthegeneral ecrrmgemsntofthe inetsllutian is shawn
fn figure 2. The aombustoru88  conneatedtothe laboratoryair
eupply 8nd exhaust systems, 8nd the air quantities 8nd pressures  we?%
regulated byremte-aontrolvslves. The erhaust"g8ees were aooled by
means ofwater sprays inthe rsrtiaslexitpipe.  As same of the fuels
studied were very diff'ioult to ignite, an additional fuel lQm ~88
conneated to the bottmu of the fuel manifold to supply AN-S-22 fuel
for iIliti&ting aanl3usticm.

For regulationofinlettenrpematures,  8 portlond+the  airyss
burnedwith  @molIneiflaprehesterundthenmizsd~ormlywiththe
rest of the air upstream of the aombustar. Thepreheateruasopersted
st aonditions giving effiafent  oaadbustlcm  in Order to minimize aontsm-
ination of the air by aambustibles. The use of suahaprehsaterto
produae 8 200° F rice in the inlet temper8ture results in a muUtp=
tion of 3.9 percent of the o-en, sn lnarssse in the asrban-dioxide
aontent of the inlet afr by 0.60 peraent of the total air wsi&t, and
an inoresse in the moisture aontent by 0.36 percent of the totslair
weight.

The inlet and outlet duats were fabricated  lx sinmlrr~  the dinwn-
sions and contours of the engine duots le8dlng to snd from the aom-
bustor. Figtme1showsthelongitudinslaross seotionof the aombustor
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8nd adjacent duating and indiaate the locution of lnstrumntatian
planes. Observation wlndows for vluwing the mnbustion were provlded
inthe aoanbustorhousing8s'ahawn  lnfigurss 2 and 3. Another obeer-
vatlonwindow, looated inthe mtrtiaalexltpips  (fig. 2), provided
anendviewafthslnsldeoftheoombustor. .

Tempsrature  and veloafty profiles at the mmbustor inlet were
msde uniformbyfi.rstiPtrodua~turbulsme  tomixtheair thorou@.y
withthe exhaustgas  fromthspreheaterandthenremoting theturbu-
lenae in a oalmlng &amber. (See fig. 2.) Msximumdlffemn~sbetween
lo-1 Inlet temperatures  and ths mm tmperatums were about 5O F.
Thsmaxlmumandminimuminletvelooities  deviated by about5 psroent
from the man wtloalty for met runs. 9!he 24 fuelnozzlds in the aom-
bustorwereoalibratedsad replassdwhsnneaesesmy;thesexx~zzlsswere
well ~la~~,haviPg~~deviationeoff3psr~fr~themban
fuel delivsrywben individually  aallbratsd ata~ssurs differential
of100poundsper square imh,

&8trumsntEt1on

Thethsmmuouple junationsandthe  pressum taps lneaah instru-
mmtation plane wme located at aenters of equal areas, as shaun in
figure 4. Ths letterposltionsatall  Instrmsntationplanesare
amanged oloMssas emenlooklngupstresm. Atabulationofthe
nm&erandtypeofinstmmntsateashplanefoUows:

&Erhmmlts

Instrmantati.cmplane
2 3

Eumber Pro?ms Total EmbsrProbss~tal

I Ekes ze apnumber  of perI number
rakes mke d

P=b- ProbsS
T&ZlfIO~upleS 8 1 8 16 3 48

. Total-pressuretubss 4 4 16 8 4 32
Uall-etatio pressure 5 4

OrAfiaeS

Instrumsntationplane 2isloostedatthe actmbustor Znlst,whiohhaa
a arose-eeotion8lam8of0.647  cqmfoot; instrumsntaticlnplans  3
Is at the aomhustor outlet where the annular arose-seational arsa is
0.858 aguam foot. The pressure tapsatplane 3wereloaatsd11nsh
dcrwpetrsamofths themmouplsrakes. CWatioardetsils af the
~ratureandpressure-msssurirrgins~sareehasniaf~5.

.

.
is
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Pzmmurs datawere obtaiasdbyphotagrs@ing  mncmters. The
themwaouplsswsre aanneatsd throu&multiple switahssta twa asli-
brated self-bslsnaingpatentlcaaeters,  answitha~ of -lOO"to
700°Ftareaordths lnlet-airtemgszstursssndanswitharsnge
of OOto 2400°F to maord the outlet-gss  ~rstures. Fu~lflcms
ta the aozibustorsnd prehesterwerez&ersd sepem!AslywithasUbrsted
rotsmters. The pressure differsntislaaross thefuelnozzlesras
messuredwhenpassibls  bya50-lnahmsraury mnaamter; higher pzmasure
diiferentials wem &temlnsd by obtslning i&s fuslzsnlfold prsssu~~
vlthagagethsthssali&tof  1OOpaundapsrsqusrelnahsndaar-
resting for the caibustor--t-air  pressurs. The air flow to tb
aambustorwasmekered  -a square-edge arlflas Anstsllsd aaaardm
ta A.S.M.E. spsalfiastions  snd loasted upstrscun  af all zmgulstlng
vslves.

Buels

Data on the physiaal proper-ties  and approximtsaheMaslaq?o-
sition of the six test fuels am given In table I. Benzene snd sol-
vent 4 represent two sromztia fuels ~Lth differsnt boiling points.
Bsnzenesndisohsptanessre sMletr-boiling-poffuelsreprssent~
azomtioandparsffinfotypes of organio aqpcmnds. Ali*-28,AH-F-32
(m-l), aud Mesel oil sre fuels of the gsrsffinia alms tith amall
peraentsgesof srcmetia-hydraasrbon aonstituents  hsvlng a tide rsnge
of boiling points (104°-6640 F).

The progrsmwss divided into thsss prinal~li.nvestigstlcms:
(a) deternination of altitude operstionsl limits af the
acmibastor equipped vi-& stsndard lO.S+Lllan-pm-hour  nozzlss
operating With sir fuels; (b) dstsnninstlon of 8ltitUds op8Z=tiCMl
limits of the aonibustor withA&F-28 fuel for four dtffererrb-aapaalty
fuel-injeatian nozzles; (a) detemtlan of aaubustlon effialsnales
at various altitudes for tua en&&e rotar speeds with 8%~ fuels;
(d) detsminstion of the effeat on ao&mstlm sffiaienay snd tempm-
sture rise for the six fuels by vszying acmbustor-inlet-sir temper-
sturs at two aanditlons  & altftude snd angIns ratar spbed; (0) dstsr-
minationof the effeatanacmbustorperformnae for U-F-28 sud Diesel-
011 fuels at two aonditions af altitude snd en&m rotar sgssd by
varying inlet-air  tsmperaturewhile operstingwithdiffsJ!vmt-aspsalty
fuelnozzlesadi  mraintaining conat8ntegray8&0, and while operstlng
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With diff8IWXt Spray an@;186 and maintaining COx4StaIl-t  nOZZkJ CapaCity;
(f) det8rmination of the effect m ocmbustor petionaance for AN-F-28
and Diesel-oil fuels by varying Inlet-air statio pressure while oper-
sting with 88v8& diff83Bnt-OapaCity n0z~l.e~ at Conditions Simulating
8U43fns OpeX'atiOn at a mSx@W 8D&IIS rotor speedaudanaltitude  n8ar
the operational  limits;.and  (8) detemiuation of ths 8ff8C-t on cm-
bUStiOn 8ffiCi8nCy and t8nIpmture rise with AX?-F-28 and Diesel-011
fu8&I Of Varying the ooXLIbuStcE-inlet  V8kCfty operating with sk%xkrd.
capmity nozzles at conditions simulating engine opemtion at a nrari-
IOWl 8U&Ile ZWtOl- Speed and BP altitude Ilsar the OpeX'atiW%l  lfmits.
fil the88 iW8Sti@atiOZlS  wBZ'8 made with basket 1 and iIW8Stie;atiOIl  (g)
was repeated with basket 2.

EfFtimatedo~~etor-inlet-eLic~itioneanbc~~etor-autlet-
gas temperatures corr8spondingto  zero-ma operaticmforths 1923-l
engine at various altitudeSand8IIgins mtOr 8pe8dew8lce suppliedby
themanufaoturer. These datawereasedto set the oanbustor opsr-
atlug ccmlitions  nec8ssaxyto simlate engine operation at any desimd
altitude and 8l3&B rotor speed.

Altitude Operational Limits

In order to determine the altitude operational limits with any
fuel or noes18 oapacity, the combustor was operated with inlet con-
ditions of air flow, pressure, andt8mpsratum simulating engine
operation at various altitudes and engine rotor speeds. For eaoh
simulated altitude aud engine-rotor-speed condltion,the  fuel flow
was varied through a wide mnge in an attempt to obtain the oombustor-
outlet temperature required for nonaocelerating engine operation. All
CombuStOr-OUtl8t  temperatures were obtained by averaging individual
thermocouple  readings. If the required COmbUStOr-Outlet  temperature
could be obtained, the simulated altitude and engine-rotor-speed eon-
ditianwas cxmsideredwithinthe  operationalran@e of the 8ll&l8; if
the required combustor-outlet temperature WBB unobtdmable, the sim-
la-ted altitude and engine-rotor-speed condition was considered within
thenonoperationalraugeoftheengine. Inorderto obtaingeneral
msibustor-performnc8 infomation, data vere usually recorded as eaoh
of the follaring. events occurred: (1) A combustor-outlet temperature
was obtained thatwas equal to or slightlyabovethe  nonaccelerating-
engins requirement; (2) a nmxixuum obtainable value of combustor-outlet
temperatuI?3  was reached; (3) sonm lo-1 outlet temperatures excieeded
the potentiometer 1-t (24000 F) and were considered unsafe for the
instrumntation, making further increase in fuel flow inadvisable;
and (4) combustion ceased (blow-out). The Emquence and nuxuber of these
8V8ntS varied for diff8??8nt points.
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Combustion Effici8nci8s

The ccapbu6tOrWa8 operatedwith~  sixfuels oV8raneztensive
range Of altitude8 Snd engine SpS8d.S to obtain CCXubuStion  effiCienCi88.
Tarious altitude conditions at tuo engine rotor speeds (40 ad 80 per-
cent of rated 8ngiXlS speed) were Selected for stUay and the air flow,
pressure,ana.~rn~~~atthec~'baetosllnletwerema~inad
constant. The fU81 flOWW88 altered t0 give aYLOUt~t-@St~ZXL-
ture approdmately 8quc%l to that required for n0nac0818rating=8ngine
operation. The COdUStOr-Outlet  teQ83XLture WaS diffiUUlt  t0
8Stimat8 because the atl8.b t8mp8ZduY.W  distribution w&S nOnUnifOrm;
dataW8Z’S th8r8fOre U~reCordedatt#O  armOre Rtelfl~Sthat
eV8 canbustar43utlettemp8ratur8s 83lgkrt;l.yabov8anaSligktlyb8low
the I%qUiredV&l8. ki int8rpO~tiOn VaS then lMd8 b8tW88Il the CQ11-
bUStiOn 8ffiCi8nCi88 for the88 O&let te~8ratureS t0 obtain the Om-
bustion effioiency for a ccdustor-oUtlet  temperature equal to the
nonaooeleratInpe@ne requirement.

Effect Of &d3llt3kCrr-~8t ~OnditiOne  a P8Z’forme;nc8

tiO3?d8rtOdet8mins the 8ffeC-b Of the inlet VSriSbtis OnCam-
bustor p8rformanoe, two altitude - engine-rotor-speed oonditions were
ChOS8n slights beluw the altitude OperationEd- limits (as obtained
with Am-F-28 fuel); m was in the low-engine-rotor-apeed w and
the otherwas tithe high-spe8d3Zxnge.  These two conditionswill
hereinafterbe referredtoas point AanbpoirrtB,respectiv8ly.
The cambustor Inlet coalitions  for points Aanb B ore as follcrws:

Combustor  InJat air
Point

A B

Static pr8ssurs, lb/sq in. abSOlut8 . . . . . . . . 9.2 7.7
T8mper&We,°F..................240 3 5
v8lOCitg, ft/SeC . . . . . . . . . . . . . . . . . 200 160
Requiredtemperature rise, OF. l . . . . . . . . .ll80 635

The88 ConditiOnSW8IW  8BV8TB 8pough tobring OUt anydifferenCe  in
combustion perfo- betWeenthe Axe&i andtbe ILOZZtiS StUdi8d. The
COIllbUStOr-inlet ~SSUI’8, V8lOOity,  ard temperatnre yB3?S ~idh.USd  Sk
W0Ll88 simdatiPg8ngine operEkiOn&tpointAor B,the fuelflowWa8
a3558r8d,8d&4+~~~81?8 takenat 8aOhOf ~eV8E~lf~81-8irrE~tiO8.  m
@3Il8Z"&thS fU8143ir rEItiOWa8 inoX'8~S8duntilthe lOti COmbUStOr-
OUtl8tt~ratureS  beC3SIW to0 high for S&f8 OpeX'&tiOn  or until blow-oat
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occurred. one of the thl38 comimstor-inl8t  parsm3te~s was then set
at some, new Value, th8 other two paramters were IIlaintained at the
ori&d Va1U88, and the fU81 flow was win altered. This mcedum
w&s continued until each of the p8rS.m6terS had been varied ilIdep8Ildentu
of the Other8 for eaOh of th8 different fU8lS and fU8l-ilIj8CtioU  nOZZ188
imesti~ted.

TheaVerS@ dymmiopressuresat instrun#ntationplrtneS 2aad 3
were oomputed from the average Velooities  &t these stations detemined
fromtheafrflow,  fuelflow,and the average teqer8tumsand  statlo
pr~~Ur8s~s~r8datthe~8inet~zrtati0~  plan88. Thet0tal-pr888~8
drop auross the oombustor was obtained as follows: Static pressur8s
were measured, the WC pressures based on the 8V8??S@ velooity at
th8 respective  stations Were added to these Va1U86 to giV8 total
pressures at the oombustor inlet and outlet, and the difference between
the88 ValU88 was tSk8n as the tO~l-greSSUXW  drop across the oombu&m.

17he cdmbustion 8ffiOi8nCy iS arbitrarllu defined a8 ths ratio of
th8aotualtotaltemperature  ris8 to the theoretioalrlse  intotal
temperstUl-6 possible With the fU8l and fuel-air ratio used. lpbe OhELrtS
of r8ferencM 4 were utilized for these computations. ml8 th8~ooupl~
hdiW3tiOlXi WZW taken aS tZU8 V'dU88 Of the to-1 teIlQ8ratLXRNJ  tith
no oorrections  mad8 for radiation or swtion 8ff8Ot8.

Altitude @eratiOnal Limits

Eff8O-t Of fU81 C%hSJXOt8riStiCW. - Altitude operaticma limit6 of
the smu.lar~ombustorare  preselrt;ed fnfigur8 6. The curves sepsrate
the regionwhsretbs oanbustor-outlet temperatures  attainablewere
SUffiOi8nt fraathe r8gionwherethe ombustor-outletfemperatures
atta5nablewers  fneuffioferrt; fornoIWC8~~t~Ops~tionofthe
Sl.@IlS . At a Simu.l&t8d speedOf 500parent rated8n@t3 rotor Speed,
SOlV8nt 4 &aV8 th8 bW8St OpZ'8tiO=l Oeiliw of the ti83.S tested,
andlm.lzell8  @3V8thS highest oeiling. At95 peroentrst8dengirm
rotor speed, the lowest oeiling existed with solvent 4 and the
highest with AN-B-32 fuel. Di8l4. Oil WV8 a higher altitude 0811ing
themA&F-28 f'uelinths h2gh-engine-rotor-stpeedrasepe but a lover
oeiling inthelou-rotor-speedrau@. -88 altitude opsrat1onal
limits wem obtain& vith ootiitions simulating zero flight vsl-
Oaiti8s. Infig~~~ 6areaJ.mehcm~ths altitude -e@.IM3-rOtOr-
speed points A ad B.
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The88 result8 indicate that a l~-bOiling-t8mp8rstUre fu81,
Whether it be SZCanatiC or wffinic, giV88 better altitude perform-
ance in the lOW-8~ine-r~Or-s~8d range (40 t0 50 percent rated
Speed) than a high-boiling-tempera- fuel. The reverse 18 true,
however, in the high-speed raqe (85 to 100 peroent rated speed)
withthe higher-boilin@emperature f118lS pmaUCing inmOSt cases
higher operational ceilings. l?3ceptions  are the AX-F-28 fuel
.limits occurring below the isoheptanes  and benzene limits in the
high-speed range and the limits obtained,with solvent 4 falling
several thousand feet below the other limits r8gmd.l8~8  of engine
speed.

Effect Of inj8CtiOPnOZsl8  OrifiC8 area. - fititud8 OpeZBtional
limits with four diff8?xnt-Capacity fuel nozzles using AH-F-28 fuel
828 pr888nted in fi@re 7. The 3 .O-gallon-per-hour noszles produced
the lOW8St Ceiling in the high-rotor-speed range whereas the
17.5.gallon-per-hour nozzles gave the lowest limits in thk low-rotor-
speed ran@. Whenthe c~bustorwas opsratingwith 17.5.gallon-per-
hour nOZZb8 in the lOW-rotor-speed rez158, the ocsIbustor-outlet  tem-
perature required for 8llf3ine op8ratimcouldbs  attained 2000to
3000 f88t abOV8 the limit CtlrV8 a8 shown for thie nOZsle in fieJlre 7.
The combustionwas unstable, however, and would cease (blow-out) in
this region. combustion near the altitude operational limits was
more stable whenthe cw~bustorwas OperatingwIth 3.0.gallon-per-
hour nozzles rather than with 10.5-gallon-per-hour  nozzles (ate
nozzle size for this ocmbustion chamber) but the mar;lmum temperature
rise attainable would be reached at lower f"U81-air  ratios with
3.0.gallon-per-hour nozzles than with 10.5.gallon-per-hour nozzles.
A more detailed explanation will bs +88&8d later in this report.

Combustion Effici8ncIes '

Results of the combuetion-8ffici8ncy investi&ion  are shown in
fi5ure 8. Ths 8ff8G-k Of iIW88Sfng d.titUdS at OOIlStant  8n&I8 rOtOr
SEI88dS of 40 a& 80 percent rated speed On the CCSklStiOn efficiency
for the SfI fuels is preSented. Ccm~ion 8ffici8ncyd~cr~as8d
with increasingaltituds at oonstant engine rotor speed farallthe
fu818 investfgated. AN-F-28 fuel prcduoed the b8St combustion
efficiency Of the SiX fu818 Up t0 altitude8 MaI? the Op8ratiOnal
limits; at the88 altitude8 the CCSlbuStiOn 8ffiCienOy of all the
fuels deoreasedveryrapidlyand  combustionceasedwithfurther
increase in altitude.

In general,. CCmbuStiOn 8ffiCi8noy decreased with inCr8a88 in
fu81boiliIk5 t8mrSL& for both tSpe8 Of fuel inVeSti@ted 8XC8pt
mar ths altitude operational limits.
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If the 8ffiOi8llCy  CUZ'V88 SXS 8Xtl?&pOhd8d t0 888 3.8V81 for th8
80-p8roent-rated-speed  ooptdition,  all the data converge olose to
1000pe??Oent 8ffioi8nCy and 8hoW very little differems in CW~US-
tion ef’f ici8noy with 8aCh fuel. Previous work on a full-soale
8&118 operatedat sea hV8l titha highengine rotor Speed has
shown no appreaiable  diffeX%nCe  betW88n the perfonaeLnc8  with th8S8
fU818 (ref8XT3nC8 1).

The reproduoibility of results obtained in this part of the
iIlV8Sti&iOn  is shown in fi@ll% 9. CWbuSti~ effiOi8lICi88 with
AN-F-28 were obtained frcpp time to time throughout the progrsm.
Rssults check within f3.5percent for 40 percent rated speed and
a.5 738K38Ilt fm 6Operc8ntrat8d speed.

Effect Of Inlet-Air 'pem~r&UD on FU8L ~Z'fOZTlEUW8

m8Ct Of fU8l ChSI'S0t8riStiCS. - The 8ff8Ct of ombuetor-
inlet temperature mcombustor p8rf'ozmmce  is showninfiQ;urelO,
wher8th8m8ant.-empeELture  risethroughthe ocwibustor is plotted
&S a tiCtitXl Of fuel-air I=tiO. Data ar8 presented for operation
with the sir fuels with 10.5.gallon-per-hour fuel nozzles at
inlet-air pZ%ssuZ'eS and V81oCiti88  corr88pondin6 to points A and B
of fm 6 sndforthree inJ&temperebtures &teach of these
altitude -en&ne-rotor-Speed points.  The aCtua1temperature
supplied to the ocsIbustion  ohamber by the oompessor in the engine
is 240' F for point A and 350 F for point B. For estimation of
combustion efficienoiee, ourv88 for various percentages of the
th8or8tioalt8mg8rature rfse a~~3 inolud8d. Buel-airratiosat
whioh combustion ceased (blow-out) are roarbd on th8 CUT88 with
a line drawnp8rp8Ildiculartoth8  CUZ'V8.

The maximum temperature rise obt&.Zabl8 and the fuel-air ratio at
whioh it ocourred in general decreased as t&8 inlet-air tempSratur8
was d8Cr8aS8d at constant assure and velocity When Operating with
five of th8 fU8lS studied. Benzene, however, wa.8 less t8ltQBl-&tUI’EI
88nSitiV8 than the other fiV8 fUe18. Th8 t8Dl~lT3tU~8-riS8  CUrV08
obtained withbenzene for three inlet-air tsmpemtUr88 fOllOWa OOm-
mon path for the high fuel-air ratios at point A and only the lowest
temperature at point B produced a peaking of the tempererture-rise
curve and blow-out with incr8asing fuel-air ratio. (688 fig. lo(e).)
This lmk Of S8nSitiVity  to COmbUStOr-inlet-air  t87.UgSrStUr8 indiCSt88
why benzene produces the highest operational ceiling of the six fuels
in th8 low-engine-Speed range. Aromatic solvent 4 was more temperature
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s8nsitiv8 thanth8low8rboilingaramatio  (bensene)or  the pax&finio
fuels; that is, a given deorease in inlet-air ternperatm had a rrmre
adPers.e  8ff8ot on the combustion Of SOlVgnt 4 than on the Other fU818
at th8 witi-s studied. For the paraffini fuel8 studled, ombustim
8ff iCi8nCy d8OlZeased &t a b3SS rapid rate a8 the boiling pOiELt Of th8
fU8l iILO3TeaSed for the f U8l-&ir r&tiOS p&St the maZiItRm oombuaticm
effioiency attainable.

Aooqariscmof the perfornuuma of the wriibustor operating with
th8 Six fU81S at pOiUt8 A and B for ea& inlet teXQeXatUXe is ~~
in fi@;Ul?8 11. ti Order to ptice the gerfomce of the Various fy83.8
having differemes in heat- values on a comparable  basks, mean
temperature rise against heat input is shown In figure Ill, Wham heat
input is computed as the product of the fuel-air ratio and lower
heat- VdU8 Of th8 fU8l.

R8SUltS show that the larer-boiling-t8npr&~  fuel8 (180h8g-
taneS, AH-F-28, and benzene) produced UoDibustion eff~Ci83loi88 lo to
20 percent above the oombustion efficienc3ies produced by the higher-
boiling-tqrsture  fuels (AN-F-32, Diesel oil, and solvent 4) at
the combustortempe~ture  FiS8 r8qUirea for IIO~OOel8Z'S&ing~iUe
operation at pofnt A (l180° F) and at point B (635O F). The higher-
boiling ParafsfniC fU818, hOwePer, pmdUOSd CUEibUSti~ 8ffiCi8IlCieS
Gomparable to those produced bythelower-boilingparsffinicfu8ls
atthehighestheatingutsandtemperature  rises iUV8Stfgatedat
point A. A greaterm temgelatum rise Gould be obtained, with
the higher-boiling-temgezMxzr8 paraffine than with the lower-boiling-
t8lnperatur8paraffinsr8gardl8ssof  th8amountoffwlinputto the
combustor. Because the higher-boiling pamffinic fuels, such 8s
Mea81 oil, continued to produce inor8asing  temgerature rise with
inmease in fuel-air ratio after the lower-boiling pfmaffinie fuels,
such as AN-F-28, had ph8a a limiting W1U8 of tezQ8mhm3 rise,
the higher-boiling fuels produced hi-r altitude operational limits
at m~imm engine speeds,

Eeproducibillty of results is shown  in figure 12. The oombustor
was operatedatpointA(inlet-airteugerature, 240'F)with
AN-F-28 fuel for various amount8 of time throughout the program. The
plot of temgemture rise a&net fuel-air ratio shows a decrease of
approzislately 4 percent in o&bustion efffoie~og with AK-F-28 fuel
fromth8begI3Mngtotheendofth8progrsm. Theperformmcewith
eolvent 4 might be alIghtly better therefore if these data had hen
obtained first instead of last. Cheek runs at operating mnditicms
pr0ducTng conhustion efficiencies below 30 percent indioated  results
obtained at these oonditimswerenotreliab~;trendswer8 reversed
from time to time.
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The effect of fuel boiling temperature CEL oombuetion effioiency
isshowninfiguIx9l3. Combustion 8ffiCi8my is presented as a
fun&ion of average boiling t8~~tUJ28 for tW0 VEL1u88 of heat input
for the yXmLbWtOr equipped with 10.5-galls-per-hour IlOZZ18EI operating
at the three inlet t#mr)csratur88 &t point A. Th8 avers@ boiling
teIQer&k'8 is defined aS th8 aV827k@ of th8 initial boiling point,
the t8E@eIXtureS  00rr88pcmding to the aistiilati~ of each lo-percent
inorement of the fuel.Volume, and thefinal boiling point. At a
heat input of 330 Btu per pound of air (fig. 13(a)),combustion
efficiency d8Or88S8d with increase in average fU81 boilinJJ point, and
this trend was more pronounwd with a.rcwBtio than with p42uwfinic
f”u8lB. At id16 highest heat input bIV8Ehi@??Lt8d, 580 =U per pound
(approximate fuel-air 3xtio of 0.032), the arom%tio fuels exhibited
a Sid.~ trend 0f d8G?%aSiII&  efficiency with tiCWINed aver&g8
boil- point (fig. 15(b) ), but the in-se in fU8l boiling point
laad little 8ffeCt a GOIIii3UStiC3.k  8ffiCi8llCy  Of thS paraffini fUslt3
atthiehlghheat input.

The 88IlSitiVity  Of the fXXtlbUStiOn  8ffiOi8IIOy t0 boil- temper-
ature of the paraffinlo fuels was approximkkt8S.y  th8 same for all ths
mmbustor inlet temgeratures  iW8Sti&8da For the two ELI'WfbtiO fIleti
the&b8r88 8ff80tOf in0ZW38dfU8lboilingkmpSr&tUr8 o110oslbUSti~
efficiency was muah gr8ater at the low CdbwtOr-inlet-air  temperatures
thanatthe hi@linl8t-&irtenQeratures.

m8Ot of fU8l iIlj8OtioO ~Seurrt. -the inve8tie;ationpresent8a
inthe remindsrof thier8pfxtwas  conduotedwithtwoparaffinio  f'1.1818,
M-F-28 and Diesel oil. % 8ff8Ct of fU81 inj80tioZl pkSUre iS ehown
in f@U328 u Wh8~3 the t8IIQ8mtUr8  rise through the OoIIibUStOr iS plottsd
as a funotion of heat input for -bus-&r operation with 17.50, 10.59,
7.50, 3.0-, snd 2.0.g&llon-per-hour fuel nozzles at points A and B.
Themefihod  ofVaryiX3&fU8l iaj8Cti~p?.'8SSUI%WaS  to Operate the Oom-
bUStKE with dfff8rent-oeLpaCity  noZZb8; th8 fU81 pX'8sSLlre  inOIWaS8d a6
the ZlOZZ18  cX+Oity deorsased for th8 Bame fU8l flov. In gensral, a
deorsass in Inlet-air temperature at oambustor  Gonditions near the
altfiSUd8 OpeIBtiOId 08iliDg d8OZWatSed th8 kmpelrrtUY%  x%88 throue;h
the combustor at any heat input for both fuels for all the nozele
C3EipELCJiti8t3  8-d.

A ~omparieop of the temperature rise atiXkinabl8  &t fiV8 inlet
Wnperatur88 for ~ari0t18 ~a11188 af heat Input for the combustor
operating at points A and B with th@ se~eralnoztls oapa~ities
inV8Sti&8d 18 ShOWZliIlfigure, 15. m8 - data 822-8 plotted izl
figure 16,vhioh ShoWsthe shape of the temperatW8-ri88  Ourvsand
the &OWmpaqVing oombustion-effioi8ncy  V&kl8s as the IMaD temlpeZ'&tUIW
rise 18 -ma by increasing  fuel-air ratio. For the low-heat-
input Or &W-temper8tUX'e-riW Wd.U86  at point A, deor8asing th0

.

.
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nOZZle CapCity was beIIefiCia1  to the canibuStiOn  ~ITOC~SS for both
fuels, particularly so for Diesel oil. At a heat-input value
of 225 Btu per pound of air (fig. 15(a)), decreasing the nozzle
capacity from 10.5 to 2.0 gallon per hour increased the temperature
rise from 200° to 620° F (conibustion  effkiency increased from 20
to 75 percent) with Diesel oil, and with M-F-28 fuel the temper-
ature rise inoreased from 610° to 640° F (combustion effioiency
inCrWS8d frcm 72 to 76 gercent). Attheselowtemperature  rises,
corresponding to low heat-input 4X88, the rate of ccmbustion-
8ffiCieEy fncrease due to larger injection pressures became greater
for AN-F-28 fuel as th8 inlet temperature decreased (figs. lS(a) to
15(c)). With Diesel~oil the inlet temrature had no appreciable
8ff8Ct on the rate of iIlOreaSe Of CoZibUStiOXl 8ffiOi8nCy With decrease
iIl IlOZZ18 Size.

With both fuel8 the low-capacity fuel nozzles produced mrature-
riS8 limit8 within the fU8l-EdWXtiO -8 fnveStigELt&d;  the68 khit8
0OOu32t3a at lower temperv&ure-rise valU88 with the sIllerller-capacity
nozzl8s. With nOZZ188 Of th8 8amB Oapacity,  the teqeI&Ur8-riSe  limit
occurred at a higher temperature with Diesel oil than with AH-F-28 fuel.
With Diesel oil the 3.0.gallon-per-hour nozzles gave a temperature-rise
increase up to a 1Imiting value of 1330° F; with AH-F-28 they gave an
increase up to 830'F. !Fhe 7.5-gallon-per-hour nozzle gave no temperature-
rise limit in the range investigated with Dieeel oil but did give a
13mit with AN-F-28. Atthel~rinlet~irtemperaturesthesetemperature-
rise limit8 w8rS low for both fU818; SOW mZZ188  produced limit8 at an
inlet-air temperature of 90° F that did not produce & 1-t within the
fuel-air-ratio ras@ye investigated at 2400 F. These trends for point-A
conditions were also indicated at point-B conditions. However, the
combustion at point-B cc&itions had low efficiencies, and the data
W83?8  iIlConsiSt8nt.

A coqarison of Diesel oil and AW-F-28 fuels operating at point-A
COIlditiOllS  Utilizing the Optimum nozzle SiZ8 for eaoh heat-input Va1U8
is shown in figure 17. The cambustion-efficienoy and temperature-rise
curves presented represent themaximumvalu8sthatcanbe obtainedwith
a va??iabl8-8iZ8 nozzle having a capacity rang8 of 2.0 to 1'7.5 gallons
per hour. The88 Cur088  ShUW that Die881 Oil O~rELteS at kYWr 8ffiCi8n-
cl88 for th8S8 conditions than AN-F-28 regardless of injection pressure
.ah low heat input but that a greater munt of temperature rise is
neverth81888 avai&bl8 with Diesel oil than with AN-F-28 for inlet-air
t8XtT&e3XTt~S of go0 and Eo" F for the88 IlOZZ18 SiZ88. The rate of
decrease in t8IQX3IXXtUW rise with decreaeing inlet-air t8EQeIT%tUre is
mter for Diesel oil than for AN-F-28.

weuliatiOn of oombustion efficiency with fWl-injeCtiOn pressure
differential at OonStit heat-input valU88 for both fU818 at point8 A
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and B is sham in figure 18. combustion effioienoy for values of
mean temperature rig through the combustor for constant preesure-
differential curves is presented in figure 19. As either the heat
input or the tewrature-rise values increased, the beneficial
effect of increasing injeoticm  pressure became leas until a tran-
sition point was reached ative which inoreasing  injeotion pressure
was detrimental to oombuetion. For each inlet temperature, an
optimum fuel-pressure differential exists for each fuel that pro-
vides a wide operating range of tenrperature  rise at relatively good
efficiencies. Temperature-rfee  limite are encountered at suocessively
lower value6 of temperature rice as the inlet-air temperatEnse  is
decreased regardless of fuel volatility.

Effect of varying fuel-nozzle spray angle at constant oapgtcity.  -
The results obtained by investigating the performanoe  of the ccmbustor
operatiq with S.O-gallon-per-hour nozzles and two fuels at four dif-
ferent fuel-nozzle spray angles is shown in figure 20. No consistent
differences in data trends for the vsrious spray angles were found.
!Phe detrimental effect of decreasing inlet-air temperature on combus-
tion perfomue was similar for all angles of spray regardless of fuel
used. The different-angle nozzles produced nearly identical temperature
rice limits; the limits with Diesel oil occurring at higher values of
tezqerature  rise than the limits with AN-F-28 fuel at an inlet temper-
ature of 240° F. It lna~r be noted that decreasing temperature has a
more harmful effeot on the temperature-rise limits with Diesel oil than
on the limits tith AH-R-28 fuel.

Effect of Inlet-Air Pressure on Fuel and Nozzle Performance

The effeotofinletpresaure ontemperature  riseand oombueticm
efficiency with AN-F-28 and Diesel-oil fueler operating with 17.5-,
10.59, and 3.O-gallon-pr-hour nozzles at conditions near point A is
presented in figures 21and 22. The 17.5- and 10.5~gallon-per-hour
nozzles had a 4S" spray angle and the 3.0-gallon-per-hour nozzle had
a 30° spray angle. Iota were obtained at inlet-air static pressures
of 8.4, 9.2, and 10.0 pounds per square inch absolute. Comparison of
the effect of inlet-airtemperature and preesure indicates that a
deorease incombustor-inlet-airpressure  produced the same general
effects on perfornrrnce  as a deorease in oombustor-inlet-air  temperature.
The oombustion effioienoies  obtained with AN-F-28 fuel were better
than those obtained with Diesel oil except at the high heat inputa
where in aoilpy9 oases AN-F-28 produoed tempemture-rise limits and
Diesel oil did not.
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EXfect of &let-Air Belooity on Fuel Performme

The effect of alter- inlet-air velocity on AH-F-28 and Mesel-
oil fuels is shown in figure 23. An increase in inlet-air velocity
had the same general effect on perfomance as a decease in Inlet-air
pressure or tmuperrrture  when operatfng with AH-F-28.  With the Diesel
oil the effect of changing the inlet-air velooity was the reverse,
that is, a decrease In inlet-air velocity reduced temperature rise and
efficiency throughout the fuel-air-ratio m.uge fnvestigated.

The differenoe in effect of velocity on the performanc 8 ofthe
two fuels fndicates another reason why Diesel oil prcducea a lower
altitude ceiling at 50 percent rated speed but a higher altftude
ceiling at maximum rotor speeds than AN-P-28 Fuel. As the engine
decelerates along the altitude limits fran point A to point B, the
pressure,temperature, and velocity decrease at the ocmbustor inlet.
The decrease in these parameters ie' harmful to the ombustion of
Diesel oil but the decmase in velocity is helpful to the oombustion
of AN-F-28 fuel. Also, decreasing Inlet-air temperature Is less
detrimentalto the cc&ustion of ASP-28 fuel than to the combustion
of Diesel OIL Dieseloiltherefore produces alowertemperatum-
rise-lim%t value than Am-F-28 at low engine rotor speeds.

The effect of velocity on A&F-28  and Diesel-oil fuels operating
with basket 2 is shown in figure 24. Trends indfoated em8 the seam as
those found with basket 1.

Cozibustian Characteristics

Observations wem lnade during the investigation regarding the
behavior of the dSferent fuels. The color of the flames produced by
the fuels was predetely yellow at low-altftude  - high-engine-rotor-
speed oonditicms, gradually changing to blue as the altftnde was
Imreased upto thealtitude oeilIqswiththe exceptionofbenzene.
Benzene produced a thin, greenish-cast flame that was very stable and
difficult to extinguish at conditions near the altitude operational
limits. The flame produced by solvent 4 and Mesel oil at high
altitudes and low engfne speeds would c&y partly fill the annular
combustion area and the fuel delivered by the nozzles located in the
noncambustion  regions would be blown down&mamas raw fuel. This
charaoteristic was not evldent for the other fuels even at srrpilar
combusticar effioiencies.

Benzenewasthe onlyfuelto producea signifioantamountof
c.arbm aeposits. Figure 25~shows the tite ir or of the combustion
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chamber at the completion of the studies of solvent 4 and figure 26
shows the sama view after operation with benzene. IT0 attempt was
made to measure the amount of carbon produced by the benzene fuel.

The fuels rank in the following order with regard to ease of
ignition:
Diesel oil.

m-F-28, benzene, isoheptanes, solvent 4, AN-F-32, and

Pressur0 I&op through Codbustor
Represen-ktive data for the total-pressure drop from the inlet

to the outlet of the combustor operating with various fuels and with
nozzles of varying capacity are presented in figure 27. The ratio of
the total-pressure drop to the inlet dynamio pressure AP2_3/92 is
plotted against the ratio of the oombustor-inlet air density to the
combustor-outlet gas density p2/p3 Two soales are shown for values
of AP2-3/q2; scale A is basea on ;12 values caloulated  for the
combustor-inlet annular oross-sectional area and scale B is based on
q2 values calculated for the -mum annular oross-sectional area
of the combustor. The results follow an approximately straight line
as indioated by theory. Reference 3 gives a derivation of this
relation and an explanation that the relation does not hold accurately
for thie combustor when the flame seat shifts. The data for the
various fuels are plotted In figure 27(a), and the data for the vari-
ous nozzle capacities are plotted in figure 27(b). The relative
scatter of data in these plots indicates that the flame seat shifts
tith different-oapacity  nozzles more than with different fuels.

The results obtained in the inveetigation  of fuel and nozzle
performance in an annular oombustor  of a turbojet en&ne at conditions
simulatZng zerO-m operation at two altitude - engine-speed conditiona
are summarized as follows:

1. A low-boiling-temperature fuel of either aromatic- or paraffinic-
hydrocarbon type gave higher altitude operational limits at low engine
rotor speeds whereas a high-boiling-teqer&ure fuel gave higher alti-
tude operational limits at high engine rotor speeds.

2. Combustion efficiency of all the fuels investigated decreased
with ino~~~ing altitude at constant engine rotor speeds, and the low-
boiling-temperature fuels of either alass producsd the higher efficienuies
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up to the tioinity of their altitude opemxtional limfte. With further
inoreaae in altitude the combustion effioienoy of all the fuels dropped
shsrply*

3. At operating conditions near the altitude opemtioml limits,
the temperature rise throughthe ccuubustirgassedthmughamxzimm
value as fuel-alr ratio was Imreased. The nszmmmu temperature rise
obtainable and the fuel-air ratio at whioh it ooourmd deoreaeed as
the inlet tattperatm was de0rea~a at mmtant pssure and vsl.0dty
with all of the fuels studied except benzene.

4.Benzsnewaeths least sensitive and solvent4 (a hIghem-boil--
tezqerature aromxM.0 fuel) themost sensitive of the fuels tie deareaeing
inlet temperature at the two altitude oonditions  imeetigated.

5. At low fuel-air ratioe or-heat-Input rates, the aombustion
effioiencies of the high-boiLtug-tempemture fuels were oonsiaerably
below those ofthetlow-boiling-temperature  fuels;butae the fuel-air
ratio was Inoreased, the ocmbustion effi~ien<zies of the h%gh-boll-0
temperature paraffini fuela inmeased and tendeB to spproaoh those for
the low-boiling-temperature fueleforthe conditions w~0t~t0a.

6. At the high altitude conditkns, the low-boilMg-texzpemtum
fuels tended to attain a lower maxfmum teqerature-rise  limit and at a
lower fuel-air ratio than did the hTgh=boiling-poWt  fuels in spi-
ofhavlnghigherooPibu~icraeffioleMlesattenrperatuzlss belowthe
temperature-rise limit. Benzene,hawever,wssanexoeption  fat&at
It maintained both a better conibustlon  effiotency and a higher
temperature-rise limit than the high-boiling-temperature fuels tested.

7. Ihoreasiug fuelinje&ion pressure by de-sing fuel-nozzle
orifice area inmessed the combustion effioienoy tith m-F-28 and
Diesel-oil fuels at low heat-input or temperature-rise values, but
produ00a lower temperature-rise limits. The larger nozzles eve higher
combustion efficienoiee at high values of heat input or t-m&me
rise. For each inlet-air temperature, an opt- fuel-preesure Mffer-
ential amosa the injector systemwas found to exist for each fuel
(AH-F-28 and Diesel oil) that provides a wide operating range of tern-
pemature rise at relatively good effioien~ies.

8.N0~ontmbntdifferemeswere foundinperform%naewith
varigus spray angles of S.O-gallon-per-hour capaoity fuel nozzles,
operating with AR-F-28 and Diesel-oil fuels at mnditions enoouMetreU  .
near the altitude operatio=l  limits.

'9. Deoreasing con&u&or-inlet-air  stat10 pressure decireased the
mximum temperature rise obtainable  and the fuel-air lratio atwhioh
it 000-a for any injeotion nozzle oapaoity at altitude operating
conaitionE.
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10.Inc3rsasingthe ~~stor-inlet-sirvel~ftyhadaas~ime9tal
effect on oombustion perfommnoe with AN-F-28 fuel similar to the effect
of deoreasinginlet-airpressure  and temperature. However,anopposite
effeot was observed with Diesel-oil.  fuel, as inumasing velooity over
the range investigatedhadabsnefioialeffeot onthe cwmbusti~per-
formmoe with thie fuel.

11. As emoted from theoretical oonsidezutions, a straight-
line oorndationwas obtalnedwhenthe ratioofthe  total-presaurs
dropthroughthe mmibuatortoths oombnstor-inletdynamio pressure
was plotted as a fur&ion of the ratio of the oombustor-inlet air
density to the cmmbustor-outlet  gas density.

Flight PropuleionResearoh Labmatory,
Rational Advieory Comnittes for Aeronautics,

Cleveland, Ohio.

.
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Percentage of rated engine rotor speed
Figure 6. - Comparison  of altftude operational  limits of turbojet engine aa

determined  by performance  of annu&ar combuator at simulated  flight conditions
with six fuels. Zero ram.
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.gure 10.
(a) Fuel, lsoheptanes.

- Variation of mean temperature  rise through annular combuato
nith fuel-air ratio for combustor-inlet-air  temperature  independently
altered from values simulating  engine operation with six fuels. Sims-
lated engine operating conditions: Point A, inlet-air  static pressure
9.2 pounds per square inch absolute; inlet-air  velocity, 200 feet per
second; Point B, inlet-air  static pres8ure-, 7.7 pounds per square inch
absolute; inlet-air  velocity, 160 feet per second.
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Figure 10. - Continued. Variatdon  of mean temperature rise through
annular combustor.r$th  fuel-air  ratio for combustor-inlet-air
temperature  independently  altered from values simulating  engine
operation  tiith six fuela. Simulated  engine operating  conditions:
Point A, inlet-air statio pressure, 9.2 pounds per square Inch
absolute; inlet-air-velocity,  200 feet per second; Point B, in-
let-air static pressure, 7.7 pounds per square inch absolute;
inlet-air  velocity, 160 feet per second.
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Figure 10. - Continued. Variation of mean temperature  rise through
annular combuator rith fuel-air ratio for combustor-inlet-air
temperature  independently altered from values simulating e-e
operation wLth six fuels. Simulated engine operating condltiona:
Point A, inlet-air statio preastme
absolute;

, 9.2 pounds per square inch
inlet-air  velocity, 200 feet per second; Point  B, Inlet-

air static presaure, 7.7 pounds per aquexe inah absolute; inlet-
olr veloolty, 160 feet per second.
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Figure 10. - Conttnued. Variation  of mean temperature  rise throull;h
annular combustor with fuel-air ratio for combustor-inlet-air
temperature  indepandently  altered from values simulating  engine
operation  with six fuels. Simulated  engine operating conditions:
Point A, inlet-air static pressure,
absolute;

9.2 pounds per square inch
inlet-sir velocity, 200 feet per second; Point B, in-

let-air static pressure, '7.7 pounda per square inch absolute;
inlet-air velocity, 160 feet per second.
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Figure 10.. - Continued. Variation of mean temperature rise through
annular combustor with fuel-aIr ratio for oombustor-inlet-air
temperature  independentlg altered from values simulating engine
operation with six fuels. Simulated engine operating conditions:
Point A, inlet-air  static pressure, 9.2 pounds per square inch
absolute; inlet-air  velocity, 200 feet per second; Point B, in-
let-air static pressure,  7.7 pounds per square inch absolute;
inlet-air  velocity, X0 feet per second.
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Fuel-air ratio
(f) Fuel, solvent 4.

Figure 10. - Concluded. Variation  of-mean temperature  rise through
annular combustor-with  fuel-air ratio for oombuator-inlet-air
temperature  independently  altered from value8 simulating  engine
operation with six fuels. Simulated  engine operating  conditions:
Point A, inlet-air  static pressure, 9.2 pounds per square inch
absolute; inlet-air velooity, 200 feet per second; Point B, in-
let-air static pressure, 7.7 pounds per square inah absolute;
inlet-air velocity, 160 feet per seoond.
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Figure 11. - Comparison of mean temperature rise through annular combustor
for various he&-Input values for six fuels and several inlet-air
temperatures, Simulated engine operating conditions: Point A, lnlet-
air static pressure, 9.2 pounds per square Inch absolute; inlet-air
velocity, 200 feet per second; Point B, inlet-air static pressure, 7.7
pounds per square inch absolute;  inlet-air velocity,  160 feet per second.
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Figure 11. - Continued. Comparison of mean temperature rise through
annular oombustor  for various heat-Input values for SIX fuels and
several inlet-air temperatures. Simulated engine operating oon-
ditions: Point A, inlet-air static pressure,  9.2 pounds per square
lnah absolute: Inlet-air velocity, 200 feet per second; Point B,
inlet-air static pressure,  7.7 pounds per square lnah absolute;
inlet-air velocity,  l&O feet per second.
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Figure 11. - Concluded. Comparison of mean temperature rise through
snnular combustor for various heat-input values for six fuels and
several inlet-air temperatures.
dit ions:

Simulated engine operating con-
Point A, inlet-air static pressure, 9.2 pounds per square

in& absolute;  Inlet-afr velocity, 200 feet per second; Point B,
inlet-air static pressure, 7.7 pounds per square inch absolute;
inlet-air velocity,  160 feet per second.
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.gure 14. - Variation  of mean temperature  rise through annular combust
with heat input for several different-capacitg fuel-injection  nozzles
operating with inlet-air temperature independently  altered from value
simulating engine operation.
Point A,

Simulated  engine operating conditions:
inlet-air static pressure, 9.2 pounds per square inch abeo-lute; inlet-air velocitg, 200 feet per second; Point B: inlet-airstatic pressure, 7.7 pounds per square inch absolute; inlet-air WI-

locitp, 160 feet per second.
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(b) Point A; 10.5-gallon-per-hour  noszlea.
Figure 14. - Continued. Variation  of mean temperature rise through annular

combuator with heat input for several different-capacity  fuel-injection
nozzles operatfng with inlet-air temperature independently  altered from
values simulating engine operatfon.
ditions:

Simulated engine operating con-
Point A, inlet-air static pressure, 9.2 pounds per square inch

absolute; inlet-air velocity,  200 feet per second; Point B, inlet-air
static pressure,  7.7 pound8 per equare inuh absolute: inlet-air ve-
locity, 160 feet per aeaond,
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Figure 14. - Continned. V8riation of me8n temperature rise through annular

combustor with heat input for several Wferent-oapacity  fuel-injeation
nocsles 'operating with inlet-afr temperature independently  altered from

r values simulating engine operation. Slmulated engine operatfng con-
ditions:  Point A, inlet-air statfc pressure, 9.2 pounds per square inch
absolute; inlet-air velocity, 200 feet per second, Point B, Inlet-air
at&tic pressure, 7.7 pounda per square inch absolute; inlet-air ve-
locity, 160 feet per second.
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.gure 14. - Contfnued. Variation of mean temperature rise through annular
aombustor with heat input for several different-capacity  fuel-injection
noszlea operating with inlet-air temperature independently  altered from
values simulating engine operation. Simulated engine operating con-
ditiona: Point A, inlet-air statici pressure, 9.2 pounds per square inch
abeolute; inlet-air veloaity,  200 feet per seoond; Point B, inlet-air
static pre8sur9, 7.7 pounds per square inch absolute;  inlet-al?? vet-
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Figure 14. - Continued. Variation of mean temperature rise through annule

combustor with heat input for several different-capacity  fuel-injection
nozzles operating with inlet-air temperature independently  altered from
values simulating engine operation.
ditions:

Simulated engine operating con-
Point A, inlet-air static pressure, 9.2 pounds per square inch

absolute;  inlet-air velocity,  200 feet per second; Point B, inlet-air
static pre8sure, 7.7 pounds per square inch absolute;  inlet-air ve-
locity, 160 feet per second.
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Lgure 14. - Continued. Variation of mean temperature rise through annular
combustor with heat Input for several different-capacity  fuel-injection
noxales operating with Lnlet-air temperature independently altered from
values simulating  engine operation. Simulated engine operating con-
dftionsr Pofnt A, Inlet-air static preaaure,
abealute;

9.2 pound8 per square inch
inlet-air velocity, 200 feet per second: Point B, inlet-air

;",&;c pressure, 7.7 pounds per square inch absolute; Inlet-air ve-
I, 160 feet per second.
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Figure 14. - Continued, Variation of mean temperature rise through annu
combustor tith heat input for several dFPferent-capacity fuel-injeotia
nozzles operating tith inlet-air temperature independently  altered fro
values simulatfng  engine operation.
dit ions :

Simulated  engine operating oon-
absolute;

Point A, inlet-air statio pressure, 9.2 pounda per square inc
inlet-air velocity, 200 feet per second; Point B inlet-air

static pressure, 7.7 pounds per square inch absolute;  inleE-air ve-
locity, 160 feet per seoond.
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LFFigure 14. L Concluded, Variation of mean temperature rise through annuls
combustor with heat input for several different-capauity  fltel-injection
nozzles operating with inlet-air temperature independently altered from
values eimulating engine operation. Simulated engine operating con-
ditions: Point A, inlet-air static pressure, 9.2 pounds per square inoh
absolute; inlet-air velocity,  200 feet per second; Point B, inlet-air
static pressur0, 7.7 pounds per square inch absolute;  inlet-air ve-
locity, 160 feet per second.
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Figure 15. - Comparison of mean temperature  rise tbrougb annular combustor
for various  heat-Input values for several  dFfferent-oapaoity fuel-
injection nozzle4. Simulated engine operating oonditions: Point A,
inlet-air stat10 pres8ure, 9.2 pounds per square inch absolute; inlet-
air velocity, 200 feet per second; Point B, met-air static pressure,
7.7 pounds per square Inah absolute: inlet-air velocity, 160 feet per
second. Fuels, AN-F-28 and Diesel oil.
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Figure 15. - Continued. Comparison of meen temperature rice through

annular combustor  for various heat-input valuea for esveral different-
oapacftg fkel-injeation  nozzles.
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Simulated engine operating conditions
, 9.2 pounds per square lnoh absolute

inlet-air veloolty,  200 feet per second; Point B, Inlet-air  statfc
pressure, 7.7 pounds per square inch abaolute; inlet-&r velocitg, 160
feet per eeoond. Fuela, AN-F-28 and Diesel oil.
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Figrrre 15. - Continued; Comparison of mean temperature  rise through

annular combustor for various heat-input values for several different-
oapaoitg fuel-injeatfon nozzlea. Simulated engine operating condition
Point A, inlet-air  static pressure, 9.2 pounds per square inch absolut
inlet-air velooity, 200 feet per seoond; Point B, fnlet-air statio
presmze, 7.7 pouude per square inoh absolute; inlet-air velooltg, 160.
feet per second. Fuelis, AH-F-28 and Diesel oil.
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Fime 15. - Continued. Comparison of mean temperature rise through

annular acmburrtor for various heat-input value8 for eeveral different-
capacity fuel-injection nozzles. Simulated engine operating conditions?
Point A, inlet-Pir statio preeeum, 9.2 poundr per square lnuh absolute;
Inlet-air velooity,  200 feet per seaond; Point B, idlet-air statio
pressure, 7.7 pounds per equare imh l beolute; inlet-air veloaity,  160
feet per seoond. Fuele, AN-F-28 and Diesel 051.
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Figure 15. - Concluded. Comparison of mean temperature rise through

annular cunbustor  for varfoua heat-input values for several dffferent-
capacity fuel-Injection nozzles. Simulated engine operating condltfona:
Point A, inlet-air  static pressure, 9.2 pounds per square Inch absolute;
inlet-air velocity, 200 feet per second; Point B, inlet-air  static
pressure, 7.7 pounds per square inch absolute; inlet-air velocity, 160
feet par seoond. Fuela, AN-F-28 and Dfesel oil.
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pmamre, 7.7 po\mda per square lnoh; idlet-air  wloolty, l60 feet pe aeoond. Fuels, AU-F-28
rad Mere1 oil.
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par aeaond, Flmla, M-F-88 md Diesel oil.'
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rise avaIlable through annular acmbustor operating  tith optfmran
nozzle capaaity  for any value of heat input. Inlet-air  tempera-
tures varfed from  conditions simulating  engine operrtion. Point
At Inlet-air  static pressure, 93 pounds per square lnah.
absolute; inlet-&r veloaity, 200 feet per aeuond. Fuels,
AN-F-28 and Diem1 oil. .
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Figure 18. - Variation  of combustion effioienuy with fuel-injection
preclaure for several heat-input values. Simulated engine
operating oonditions: Point A, inlet-air static preseure, 9.2
pounds per square inoh absolute ;
per seaond;

inlet-air velooity,  200 feet
Point B, inlet-air static pressure, 7.7 po~~~da per

square inoh absolute; Inlet-air  velocity, 160 feet per second.
Fuela, AN-F-26 and Dieeel oil.
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Figure 18. - Continwd. v~i&iOn Or WUIbU8tiOIk l ffi~%ia~y with
fuel-injeotlon prsssure for several heat-input values. Simulated
engine operlting oondltfoM: Polnt A, Inlet-air statio pressure,
9.2 pound8 per square Inch absolute; inlet-air  velocity, 200  feet
per ae~ond; Point B, inlet-a%r statio pressure, 7.7 pounde per
square inoh absolute; inlet-air ~elooitg, lS0 feet per second.
Fuela, M-F-28 and Diesel oil.
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Figure 18. - Continued. Variation  of combustion  effioiency  ulth
fuel-injection  pressure for several heat-input values. Simulated
engine operating  condftfona: Point A, inlet-air static pressure,
9.2 pounds per square inch absolute: inlet-air velocitJr,  200 feet
per second; Point B, inlet-air static pressure, 7.7 pounds per
square inoh absolute; inlet-air velocity, 160 feet per seoond.
Fuels, AN-F-28 and Diesel oil.
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tgure 1 8 . - Continued. Variation of oombustion eff'icienog with
fuel-lnjeotion  pressure  for several heat-input values. Simulat
engine operating conditions: Point A, inlet-air rrtrtle presser
9.2 pounds per square lnoh absolute; inlet-air velocity, 200 fe
per aeoond; Point B, Inlet-air atatia preaaure, 7.7 pounds per
square fnoh absolute; inlet-air velocity, 160 feet per second.
F-mls, M-F-29 and Dieasl oil.
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Fir 18*
- Comluded. Variation of oombustfon efffoimap with

el-injeatlon preseure for several heat-Input valuea. 9 knulr ted
engine operating  oonditlonat Point A, Inlet-air static pressure,
9.2 pounds pek square lnoh absolute; inlet-air veloalty, 200 feet
per seaond; Potit B, inlet-air atatio pressure, 7.7 pounds pw
aqarre inah absolute; inlet-&r reloalty, 160 feet per aeoond.
Fuela, AH-F-28 and Dieeel oil.
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Flgum 19. - Canparism of oordruation  effiolanoies  obtainable for various value6 of mean tmpemtae
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inlet-nir  wlooity, 800 feet per seoond; Potit B, inlet-aif atat3.e pm~urs, 7.7 pounda pm
aquare lnoh abaoluts; inlet-air relooity, 160 feet per aewud. Fuels, A&F-l?6 aud Dlosel 011.
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engine operation.
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Shilated e.u@s operating oaxiitiom: Point A, inlet-air atatio prsmwre,
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. hla, AH-i& and Diesel oil.
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Inlet-air t4mp4ratlw4.4  variedrzm oonditiona  aimul4ting
Simulated engine opaatlng ocmditlom: Point A, hil.et-air atatia

pmxmms,  9.2 pounds par aquare inah abeolute~ inlet-dr relmitJr, 800 l's& per seooxl;
Point B, inlet-air atatlo pr444~4, 7.7 pm& per square lnoh nbsoluts; inlebair
~4104itg, la0 mt per aaoon8. Fwla, M-F-86 end Dlsr41 011. x
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Figure 20. - Ccmpariaon of mean tempera*0 rise through annular oom-
bustor for various heat-input values for four different nozzle apray
angles of a 3.0-~llon-per-ho~xr-oepacity  nozzle. Inlet-air tempera-
tures independently altered i’ran condition8 simulating engine
operation. Simulated engine operating oonditionst  Point A, inlet-
air static preeaure, 9.2 pounda per square inch absolute;  inlet-air
velooitg, 200 feet per aeoond; Point B, inlet-air atatio preseure,
7.7 pounda per square lnoh absolute; inlet-air velooity, 160 feet
per seoond. Fuels, AH-F-28 and Die801 oil.

.
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Figure 20. - Continued. Oomparisonofmeantemperature rise through
annular oombustor four various heat-input valusa for four d%Pferem,:
nozzle spray angles of a 3.0~gallon-per-hour-oapaoitg  no8zle. 1 ~~
air temperatures fndependently  altered from oondikfons efmulatlng
engine operation. Simulated engine operating oonditlons:
inlet-air statici pressure

Pof.nt A,
, 9.2 pounds per aquare Inch absolute;

Inlet-air velocity, 200 feet per second; Point B, inlet-air static
pressure, 7.7 pounds per square inoh absolute; inlet-air velocity,
160 feet per 8eaond. Fuels, AN-F-28 and Diesel oil.
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(0) Point A; inlet-air temperature, 90' F.

Figure 20. - Continued. Comparison of mean tmnperature  rise through
annular combustm for various heat-input values for four differmt

9 noeele spray angles of a 3.0-gallon-per-hour~apaoity  nozzle. snlet-
air temperatures  independently altered from conditions simulating
engine operation. Simulated engine operating conditions: Point A,
inlet-air atatio preamzre, 9.2 pounds par equare lnoh absolute;
inlet-air veloaity, 200 feet per aeoond; Point B, inlet-pir statlu
pressure, 7.7 pound8 per square inch absolute; inlet-air veloofty,
160 feet per eeaond. Fuels, AN-F-28 end Dfeael oil.
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(d) Point B; inlet-air temperature, 70' F.
Figure 20. - Continued. Ccmparieon  of meen teanperahrre rise through

ennular  ocarbustor for varfoua heat-input values for four different
nozzle spray angles of 8 3.0.gallon-per-ho~-capaoity  nozzle. Inlet-
~.ir temperatures independently  altered from conditions simulating
engine operation. Simulated  engine operatfng oonditionst Point A,
inlet-air static preseure, 9.2 pound13 per square Inch absolute;
inlet-air veloolty,  200 feet per second; Poiat B, inlet-air static
preeeure,  7.7 pound8 per square inch absolute; fnlet-air velocitg;,
160 feet per seoond. Fuele, AH-F-28 and Diesel oil.
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Figure 20. - Concluded. Comparison of mean temperature  rlee through
annular combustor for various heat-input values for four different
nozzle spray angles of a 3.0.gallon-per-hour-capacity  noatle. Inlet-
air temperatures  lndependentlg altered from conditions simulating
engine operation. Simulated engine operating aonditions:
inlet-&r etatio pressure,

Point A,
9.2 pounds per square inch absoluti;

inlet-air velocity, 200 feet per seoond; Point B, inlet-air statio
pressure, 7.7 pounds per square inch absolute;  inlet-air velocity,
160 feet per aeoond. Fuels, AN-F-28 and Diesel oil.
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Figure 21. - Variation of mean temperature rise through annular dombustor
with heat input for three different-capacity nozzles with inlet-air
atatio preeeure independently altered from oonditione elmulatlng  engine
operation. Point A: inlet-air  temperature
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240° F; inlet-air velocity,
Fuele, AN-F-28 and Diesel 011.
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(b) Boxsla capacity, 10.5 gallon8 per hour.
Figure 21. - Continued. Variation o f  m e a n  t e m p e r a t u r e  r i s e  t h r o u g h

annular aombuator uith heat input for three different-capacity
nozzlea tith inlet-air @tatlo pressure independently  altered from
aonditlona simulating engine operation. Point A: inlet-air ternpep-
ature, 240° F; inlet-afr velocity, 200 feet per seaand. Fuola,
AN-F-28 and Diesel oil.
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Figure 21. .- Conaluded. Variation of mean temperature  rlae through
annular combustor afth heat input for three different-capacity
nozzles with Inlet-air  atatia pressure independently altered from
conditions aimulatfng  engine operation. Point A: inlet-air temper-
ature, 240° F; inlet-air velocity, 200 feet per second. Fuels,
AI?-F-28 and Diesel oil.
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(b) Wet-&lx static preaeure,  6.4 pounda par square fnoh absolute.
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mmapr4~rrs ri80 througqllmul4~0ombh0r  f0r tie0 dirr4lra-04p442~ ~5~108 rla met-
4l.r rt4tioprsmme  in&prlladmtly4lt4rsdirna oolldi#oRs siail4tingl?zl&aoper4tion. Point At
lnlst-air tmperatare,  840° F; inlstwrir valooity, 200 feet per meond. Fwlr, AU-F-EB and
Mea01 011. I
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Figum 25. - Variation of mean temperature rise thmmgh awmlar aomburtor with haat Input for
inlet-air voloclty lndspwxlentl~ altered f'rom conditiona q  lmulatlng engine operation. Point
A: inlet-air static presm~~~ 9.2 pounds peg aquars inoh absolute; inlet-air teqmrature,
240° F. Fuels, AH-F-26 and &~el oil; standard combastor-flame-linsr configuration
(be&et 1).
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TF 24-
- Variation of mean temperature rise through aunula hotor dth heat input for

et-ah veloolty Mapeadently altwed fmm condltUm afmulating engine opsration. Point
A: inlet-ah atntic preaeure,
2413~ P.

9.2 pounds per square inch ab.bsolute;  inlet-air tsmperntum,
F'uelr, AH-P-28 and Diesel oil; altered aombustor-flameliner aonflgumtlon

(basket 2). t!
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(a) With d-ifferent fuels,
Figure 87. - Total-preaeurs drop aoroae annular ocunbuator expreaaed aa funotion of denaltg ratio

ncroaa oombuator. Soale A, qe baeed on oombuator-inlet crow-aectionti area; male B, Q
baaed on maximum oombustor oroas-sectional aFear
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Figure 27.
(b) Wlth dliferent-capacllq  fuel-injection noazlee.

- Concluded.
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Total-~seeure drop acroee annular oaubuatm expressed aa function of density
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