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HXPERIMENTAL_EVALUATIUN OF PREMIXING~PREVAPORTZING FUEL INSECTION
CONCEPTS FOUR A GAS TUREINE CATALYTLC COMBUSTOR

Robert Tucina
Nukionnl Aeronusutics and Space Aduminilstratien
Lewls Rosearcl Center
Clevelund, Ohie 44135

AlSTRAGT

Experiments were performod to evelve and evaluy-
ute u presixfng-prevaporizing fuel systewm to be uwsed
with s cutalybie combustor for possible dpplicotion
i un auwtometive pag turbine, Spatlal fuel digeribu-
tion and degree of vaporization were messured uvsing
Juk A fuel, Three types of oleblast injectors, an
aly-pasist neezle ond a4 sinplex pressure atomfzer
were tested,  Alr swlrlers with wvope anpgles up to J0
were wded to improve the spatial fucl diseribution.
The work was done In @ 12ecm (4,75-1n,) diometer tu-
bular rvig. Test condivlons were: a pressure of 0.3
and 0.5 MPa (3 und 5 aem), inlet piv temperatures up
Eo BOD ® (9809 FY, veloeity of 20 mfoee (66 Et/see)
and fuel-alr rutlos of 0,01 und 0,025. Uniform spua-
tial fuel distributions that were within %10 pérgent
of the mean were obrdlned, Complete vaporization of
the fuel way sehicved with alrblose conEipurations ot
inlet uir temperatures of 550 K ¢530% ¥) und higher.
The total pressurs loas wos less than 0,5 poreent for
conbipuracions without uiv swirlers und less thon
1 percent for configurations with & 30° vana angle
alr swirler,

NOMENCLATURE
¢ (Liu),

& ERY EId [ 4 Ly ( et e e P e et

E degree ol vaporizacion (T 5+ (i

£lu fuel-air ratio

(f/n)l,ﬂ“ fuel-alr vatio determiped by inleb fuel

s flow divided by inlet sirflow

Bin inlet pressure

Tin inlet air temperature

v probe velecity at inlet

VR refurence veloelty,. vieloelty bused gn
inlet pressure, inlet temperature,
and the area of the 12-cm (4.75-1in.)
dismeter duct

W fuel Elow through probe

Wy airflow through the probe st Lsokinetie
velocity

“5 girflow through the probe

Subseripts:

ioy isokinecic
i liguid

P probo

v vapor
INTRODUCTION

The use of cowbustors with lean premixed-
previporized fuel-alr mixtures has been shown to huve
the potentisl to keep KO, levels low (1}, Since WO,
is exponentially dependent on flame temperstuve, the
use of o catulyeic veactlon has the potentiul btu re-
duce NO, levals even further by beipg able to com
pletely reaet the fusl ot temperatuves below the
Flommabilicy limkt. Catulysis evaluation work being
done at Lewls oy deseribed in references 2 to 4 has
utilized vaporized propane. This paper describes the
effort to develop a liquid [uel preparstion system to
be used with the catolybie combustor.* Uniform fuel
distribublion and complete vaporlzotion are necessary
for cutaljtie combustors dince the substratds wre
currently limited ko temperstures below 1800 K
(27802 ¥), thus tich zones or liquid drops burning
oft the substrete could dumuge it, ‘The development
of such o fuel system wpuld olso hove applitation to
premigud=prevapotized combustors using homigeneous
combus tion,

bButu un drop size Erom various types of fuel
injectors and doty on single dioplet vaporization
rates are plentiful. DBut only limited data has been
publighed on spotlal fuel digtributlion und vaporizu=-
tion rates of sproys. Such i{nformation ig nocessary
for the development of a premizing-prevaporizing sys-
tem For o gos turbine combustor. Using o multiple-
orifiee contrustresm {njector, vuporization rotes of
JP-5 wprays were measuréd in reference 5 and using 4
simple orifice contrsstream fnjector, waporlzution
rates of lscoctane sprays were measured in refer-
ence 6. In reforence 7 the sputial fuer distribotion
and degree of vaporizobion were meosured from simplex
preggure atomizers vging isogctone and No. 2 fuel oil
as the fuel,

In thiz study sputidl fuel distribution and
vaparization dats were tuken wicth two types of alr-
blest iwjeectors, s wiwplex pressure atomizer and a
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Goenivove fuel injegtor. Alr swirlers with vuane ane
gles up to S0Y wove used ko fmprove the spatiol fucl
digtribution, Test conditions wepe: fklet air prege
putd, 0. ond 0.5 Mra (3 and 5 obm); veferonce velbe-
ity, 20 mfvee 66 ftfsve); fuel-air vaties of 0,01
and 0,025 und auv inlec kemperatures from 450 K
(3500 F) to 906 K (9H0Y BY.  The Fuel was Jet A

APPARATUS AND PRUCEBURE

Yoot Rig

Fipure 1 la o schematic of the teot vig, The
airflow rote wig messurcd wikh o sguapi-edged orifiee,
Thi: afy was heated up to 800 R G80° F) in o nonviti-
ating prehcster, ‘the foel flow way deasured by twa
turbine tlownetery in aerles. A tewperaturs and
Proseure megsurament wos boken dpetvcam of the fuel
injevtar. The duet dismeter woes W.2 cn 4.0 tn.)
upstream of the Injecte= and 12 wn (4,75 in,) down-
stream, A 7.6-em (3.0-Ln.) dlomcter Inlet section
wis Lnserted upsercum of the injoctor to fnerease che
ulr veloeity which iwmpeoves Fuel atomizution., A dif-
tuser wus then Inserted downstresm ol the Lnjector,

Two sumple collecting probes, 0¥ upart, wete
located 35.6 om (14,0 in.) downstream of tha fuel ipe
Juotor to susple Uhe Pueleair mixturs, The fuel-alr
ruatio was deterwined by passing the mixture sumple
sver o cotulyst heated In an oven ti 1080 K (1400° F)
dnd then anulyzing tho preducts of combustion For
curbon monoxide, carbon dioxide and wnburned hydre-
carbons. Gorbon moperide und corbon dioxide copcen-
trations were measured on Beckman siondlapersive in-
frared snalyzery ond unburned hydrocurbon coneentra-
tlons were medsured on o Hoekmian Flone Tonfzation
Detector, The ameunt of unbirned hiydroéarbong and
earbon monoxide messured was neglipgible becouge mix-
ture rat’op were ulways very lean, A tenperature and
pressurce moasurement wog olso taken at tlie 35.4-em
(14.0=1n.) downstrewn stutlon, ‘The teel-ulr mixture
wag enriched witli hydrogen und bBurned downstreom of
the gampling probes, Water wud injected te cool the
exhoust products and o bock pressure valve wos used
to gottrol the ely prossure.

Injectorsy

Five fuel injectors were cvaluated, They were
u multiple=jet gontrustréam injecter, o mltiple-jet
crosg=sbream injector, o splashepropve bujector, a
simplex pressure atomlzer, ond on uir-assist atomizer.
The firsc three types of injeetors are afirblagst ptowme
izery; thuat ls, they rely on the reluative volocity
between fuel ond alr for atomization. The slmplex
pressure atomlzer relies on fuel prossure For atow-
fzution. The air wssist wos o Nogtmoen whistle-type
that depends on o hilgh veloeley extarnal airstreom
for atomizacion,

Multiple-jet infjector. Iwo miltiple-jet injee-
tors are shown in flgures 2 and 3, - Figure 2 shows
an injector where the Fuel was fnjectod conbrastroom
Erom eight arifices. The dlameter of the orifices
wag 0,25 mm (0,010 in,) In dismeter and the rvadial
location could be varied. The multiple-jet cross-
stresm Injector is shown In Flgura 3. Paoaty-eight
orifiees of 0.37 mn (0.0745 in.) dianwter were lo-
cabed so Ehat euch of the 28 orifices injects fuel
iptoe a spice of aspproximately czusl gres. Larger
digmeters ware used sinee the penibrution wes aoeb Im-
portunt and the 0.25-mm (0,010.1in,) disseter orifices
waould plug due to carbon bufldup.

3

Aplush-proove fucl infoetor,  Thic Lojoector wuo
devoloped by Ingebu (8) ond ie shisen du flgure 4. A
sketeh showing the pripcipol Eeutures of the imjoctor
i shown in Elgure 4(0). Fuel {5 injected theouph
orifices Into throe graoved portiens of the negale,
The Fucl wplashes over the Lipy of caeh of the threeo
prooves and is atemiced by thoe oirvflow, Gonbigugas
tions uscd with the yplush-sresve dnjoector consioecd
of 10,2 ¢m €4 fn.) (Flg. 4(0)) und 7.6 en (3 fn)
(figs 4(s)) inlets, ond the use of aly swirlers
$Eig, G(d)) .

Simplex pressure atomdzor. The simplex neezle
used was o Monateh 0,013 mdfhe (3,5 gulflied, hollow
cone spray, with o 70Y cone angle, Configuroticng
terted consinted of 10,2 em (4 in.) inler (Fig. 5(e)),
7.6 em (3 in,) Inlet (Elg. 5(b)), imserticve of ulp
swirlers upstream (flg. 5(c)}) and spraying the fuol
contrastream (£1g. 5(d)) a8 cumpured to the previeuy
configurations fn which the Luel wos sprayed cowbroa.
e atr swirler was locuted upstream of the nezzle so
thut when the fuel was sprayed contrastreanm there
would not be liguid fuel fwpinging on the swirler.

Sopleore pozzle, The alr-sssnlst pozzle was
Hartmun whistle-type that is produced commureiolly by
Sonle Development Corpordtion. 'The purticulur nwzelo
vsed was 4 Sonlcore P/N 125 M-A. ‘1his noizie (duew
Elg, 6) wsew an external aly supply which providis o
high velseity aitstream for atemizing, Az the wir-
streom impinges upon the resonutor cup, it produces
strong local shock wuves dn the spaee between the
nezzle and ¢ap, Fuel is pumped or sucked into the
ulpstresn and the result ls o cone-shaped spray pute
tern of finely atomfzed droplets, The external oir-
stream hud a supply pressurc of 0,55 MPe (5.5 atut),
Configurations tested consisted of o 7.6=em (5,0«in,}
inlet with und without the gse of air swirlers,

Data Analyeis

The somple eollecting probes were used bo detep-
ming the spatial fuel distribution and the digree of
vapotization,

Spotdal fuel distribution, The spatiul fuel
digtribytion was found by traverging the sumple probe

dceross the dlametor of the duct, The fuel-sir ratfe
Wiis sampled»lsckineticully (ut seven pelnte) aeross
the diamecer of the duct with cach probe, The fuel-
afr vatio in the ploe Ls normulized using the Fucl-air
ratio detevmined from the inlet fuel flow divided by
the inlet aipflow.

Vuporizution dats, The degree of vaporigation
wug determined by the spillover technique ¢5), ‘This
tuchinique consists of varying the velscity through
the probe sbove und below the lsokinebic veloelty and
deturmining the degree of vaporization by the chongo
in fuel-air ratio through the probe. The fellewing
snulysls wuap usced (Bee NOMENCLATURE):

W W,

- 3 i W W W -
(.f.) w(s)*_(;) ey v Ty e Ty )
u oty a woow ow W w'
P b v a il i {i i

Lf Ehe degree of voporizatien is wniform th the vi-
elnity of the probe, then the vupor fuel-pir rutic
through the probe dogs not <cary with veloeity through
the prebey thak fs

(2}

Yy £
v © tongtant (~) ‘E
a igo



wy 1o ussuméd te be constanty thak fo, the ubvedne
Lines of thie Ligeid drops do ned chumse with veloeity
thirough the prebe
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the fuel-oir ratio through the probe wus nepmalised
by the fuel-uir ratio determined by the nlot fuel
Llow divided by the inlet aletlow,

(E4a) L LEF0) 0 i Vi .
- - o {1 = B}~ +E 7
ftf“)iuu/ffl“)mwun ¢ ) VP )

; (rlu)p/cflu)meuﬁ Viug Viun
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]

Flpure 7 1y a typical plet, The degtee of viporizu-
tion L& 0,84} chat Ly, B4 peroent of the fuel los
vaporized,

RESULES AND DISCUSSTON

The spatdal fuel distributien, depric ok vapors
ization, and pressure drop data will be digedsned Bor
ehic fnjector conifpurabions tested,  Dota was Laken
at the folluwing pest eonditfensy  inlet aiv bespor-
abupe, 00 & {8209 FY, Inlct aiv presuure, 0.3 and
0.5 M (3 und 5 aen); reberence veloctty, 20 mfsce
(66 Fefwect; and fucleaiv vatios of 0,010 und 0,025,
£ & sabdslictory gpatiul fucl distribotion was ob-
cuined, the inlet temperature wus ralsed ‘o 500 K
(980° F) ¢Faeility meximum) with the other conditions
the sume, Lower inlet temperatures were uwied to ob-
tolp waporization data,

gpattal Fuel Digtribution

Multiple-fek injectors, ‘Fhe spatinl fual diss
tribution obtained with the sulefple-jet contrastream
fuel injector (flg, 2) Ls shoun in iigure 8, With
tiie radial injection 1.4 em [rom the wall {68 pércent
of the radius) the profile wus center peiked. Moving
the radial injectlon point to 1.3 ci frem wall (78
percioie of the radlus) fopeoved the disteibution sigs
nificontly. Decreasing the distonee Erom the will to
0.95 em (8% pereent of the radiug) only slightly fm-
proved the diseribution, At the eadivl injection
distonee of 1,3 and 0,83 em the fuel distribution iy
within 220 percent of the awverage,

In Flgure 9 the spatial Luel distribution obe
tained with the pultiple-jet eross=streom fusl injec-
tor (Elg. 3} is presented, Nearly updform distribu-
tion wos obtuined, local values of fuel-atr ratio
were within 10 percent of the averdge value,

ORIGINAT PAGE 1
N 4 G IS
OF POO QUALITY

Miw miglog length s reduced treom 39,4 o (15,5
ine) te 2% om (9,9 dipn.) and e fwel disteibaticn ube
talned fo plotted in Flgure 9(b),  The disceibucion
was net dg unblasn ug that shtuined eeing the lenper
Tosgth but webl) within 415 porcent of the average.

fiplashepraoye fuel Injocesr, 'Tw spatisl Lol
distribution fur the splashegroove bsel ijector i
shown in Ligute [0, ‘fhe profile obtuined using tho
fdecm (4.75<80,) folet diumeber wis voery fuel rich in
bhe wenter.  Redueing thi inlet diometur to 7.6 em
€3,0 in,) opveved the profile signibfeantly. The
profile boeume nearly uniform, within £l0 percent,
when a 192 vape angle alr swirler wis added, Tncresss
ing the vane mgle to 30° alse resulted in fugl-aip
distributions within k10 percent of the sverage value
twee g, 10¢b}),

Rimpleg sressurs abomiser.  The ppaticl fuel dit-
tributivie for the gluplek presyure stomfser [s shown
in tipwre 11, Tho penetration ef the fuel into the
adrsbream way seall ginee the fuel distribution wag
cefibey poeaked ot the ondicions tested and whien an
abr swWitler was pot used, In contrast with the
gplighegropve resylts, the distribution wag approxi-
mately bhe swio with o 102 em ¢4.0 in,) and 7,6
€3.0 In) dulee, At the lower inlee aiv bumpepature
of 450 K ¢350% F), the pencteation was even less,

The fvercase {n aly Jensity with temperature seems to
lisve o greacer of feet en penctrotion thun the ine
croaged pregsure drop ocress tlic nozzle {luel prede
gure Jdeap Lnereages bevagae the aivflow hoa te ine
vreake o moaintadn the bume veloelty ub the lower in-
lot wir temperature and thus Fuel flow hds to Increuse
to mubnkaln the same [voleglr ratie).

Mding a 30% vane angle ailr swivler tesulted in
d more uniterm profile (see fig. Blgod). The diatri-
bubfon was within &l percent of blie uverage exeept
thepe resained one quadrant in which the fuel-aip
it lo was higle ut the wall., This cffect wis were
prunaunced when o 159 vape augle slr swirler way uged,
At the pwirler wos rototed the lecotion wof this vich
gone would yobute, Ooly the fuel tube way uncyeicts
rical wnd there may liave been some fntersetlon between
the swirlek and fucl tube.

Bpraying the Luel upskream or contrastream Lho
profile wus nearly uniforn {within 210 percenk of the
averoge) uglmg i swivler with 30% vene onglen (sce
fig., LLEb3Y, ‘The profile wag ¢till center peiked with
Bio wse of a 10% vane angle atr swirlex, The rich
zone which wag present when the fuel wag gptaved cao-
stream was pob prosent with upstream injection.

Svnicore fuel injéctor. The Svnicere fuel injee-
tor also had a center peaked fuel proflle (wee fig,
12) with the configuration (fig. 6) tested without
an alr gwirlee., WEEDL the addition of o 99 vane angle
air swirleg, the profile Lmproved bub was not syomet-
rical., Sincu the only thing that was fiet symactrical
way e luel tube and alr-assist tubg, there must have
been Dnteraction between the tubes and the swirler.
The profile {wproved when the switler blade angle was
increuged to 129 und the Puelealr digtribution was
within 10 perént of the averope when g 30° vanc
sogle alr swirler was used.

The mixing length wag decpcased from 35,6 en
(4.0 in) to 24 em (9.5 {.) ond the rebults asre pre-
gopbed fn Efpare 12¢4), The fuel-afr divtributicon was
within %15 percent of the aversge with a 2i-om mixing
Lengtds,
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The deprue o vaporizotiom was determined wiih
tho Gpillover tedmilgue. e seaugeosenty weve taken
{in tho ecnter of Lhy duct ond Lhe injuectors wire
teoted witheut ulr swiriers.

‘The dugree of vasordeation ag o funebion of -
foe abe Lowperabuwee to shown in Liguro 13 for the
pult bples Jobr crapp=stroms Lojecter, the splosbeproses
injectar, the Senieove pwsele, and the sioplex tea-
alpe  lhio mulbiplesjet ereou=stroom wnd oplagheproowe
fufiectors guve the hiplest perdent vaparizdred Swel,
folluwed by the Senlcure owd then the lxplen nosele,
At an inlet sir tesperuture of 900 K (4409 F) Lhe
pereent of fued vaporiced wos 8% for thi soltlples job
etoLigedkbrean Enjoctor, 94 For the sploshepeoove, 87
tor the Sonkeeye, and 6] Ler the simples netales

Caloulatfon of thoe mean drop wize Lor tlie vari-
ug dnjoctors sliogld fndlcote Uie relotive fates of
Luel waporizstion, Brep vlie valouwlabions were sade
for the follewing fnlet conditivag; retorconce viloce
Ly of 20 wises Bh LEfuod), preguure of 0.5 MPa
(5 utw), Inlot alf tesperstere of 500 ¥ (@a0™ ¥),
and fuelepir ratic of 0,01, For the sivbluiue injece
wars Crultiple=jeb crogoeutrean wnd sploshepesave)
thie Buauter weosn drop slee woay calealaoted uoing the
corvelobiong of NukiyamieTwsasies (os gliven i
pel, 93 bo be 04 e oand Fros Lorengobte end Lolobvee
(10) to be 71 pm, For the olwplen pressere dbomlser
the Yauter aean dvep olee wan caleulated to be bee
tween 60 ard 100 wm woiag the correlations pivin in
veference 10, Usilong the cervelation given In eceler-
vnwe 11 fur i simplex pressure atesbece the Souter
wiedn drop pize cunme oub te be P4 wm Data from the
munglacturer indicotes the deep sioe of the Senlcare
nossle to be less than 20 e

The vaporization duta, however, leplice that the
iifeblust contipdrations hod the smollest fnltlual drop
pizes, A peszible explonobion is thab the cerpila=-
tlows Lov tho sirklost fijectors were develsped for
aumaspherie air prossupe and ot G.9 Mpa (3 atm) the
drop gise way be such panller. The drop sizes of tlw
Senleore nossle may bave been swaller thai the ofes
blagt injectors and stitl bad Lower vaperization
rited,  Ihis fs bucause the ode tor the aireuseist
wag ot umblont conddblons ued thuy the dreops were
inltiolly sutrounded by eir ot g much lower teopetie
Lura,

Vaporisution duty was Guken sb prosouro Levels
oL 0.3 ond 0,5 MPa (3 and b atwm).  In Figure 14 the
dipree of vaporization weing the multiple-jet crowu-
gtream injector {s plotted ugalnst Inlet aiv tospops
ature For the twa prossupes.  The voporizatien rates
are hiighoer at the bipher pressures At an Inlet air
temperdture of 450 K thepe wus agbout 7 poreent more
fuel vaporised ot the Ligher pressure. Evidenkly,
ab thege conditions, the cffcct sof higher beat tronss
fer rutes ob the blgher prescure o greater tha the
higher partial prrovures tweeded Lot voporizatiow,

Progudre Drop

At 0 reference velocity of 20 wiaee, an inlot
ulr temperature of 000 be 50O ¥ aud o fnlet presuurc
ef 0.5 MPa (5 sced, the pressurc deop Lees thie indec-
ter to the sunple probes was less thoas 0,5 persent of
the inlet totol pressure for the fojéctors btisted
without swielers, With 4 309 air swielev the preg-

&

wury droop way oppresfcately | porcent.  Por an autos
ot dve applleation it do deofeod to boep the essbugs
twt tobdl progoure legs bolew ) percest, A @ porccnt
provuwre loog fer Uthe cobalytie pesblon ot doe
prictival {33, so a L prreent pressure drep ter o
fuel injeetor would be acceptable.

CONCEUDING HEMARES

Uraflorm opatiul fuol dloteibotion und o Biph de-
pEee i vaporisobicn with dceeptobile twtol prodvuete
Loy were obtufmed e the conditions tested, AL an
ale Inlel temperdture of 800 K, cool [leee sesctloty
wore aboorved,  Advaneed sutengtive poag turbine oye
clos eull for much hiylcr conbuster inlob Lomperas
bures and Chus dwell Lloe wuy have to be redaocd to
provint subelgndt{on of the fwel, Por o cotalytle
v tor uni bors yeloelly protiles would wiso be
necessiry,  Yeloelty medtorowents worfe not mude in
thiv ckudy. Nowunliorm velocity probiles would bo
very Likely to oveur with conligurutiong asimg siv
wirlers, copeetolly g the voporizer length ic
uhworts aed .

summury of RBesul ks

Buveral tuel fnjeeters were tepted for gpatiod
fuvleuly Hstribution, degfee of luel vaperized, aild
tutul pressure drep. The sulbiplosdet crosy=stream
tuel lojector with 28 distribubed fucl fujection Lo
callong ond o mixifdy lewgth ol 39.4 oo (15,9 Lo
gave the beot recults,  Fuelealr spatfal diseribuy-
Liony thut were within 210 poreent ob the meop swro
ahtultied, 100 percent of the Fuel war vaporie ¥ ot ui
inivt ulp toemperature of 600 B (6209 ¥y, ind .he
prossure wad lews than 0.5 peveent, A uualtiples=jet
comtrastrews fuel infector with cight fuel frjecblon
fycatfonie usd u mixer leapth of 3,4 om (15,5 {a.)
bad gpatial Puel-uaie distribotfons withio 220 poreoent
of the meon.

With the splashi-greove, Senicore and simplon
foel Injeetors the fuel way fnjected from the center
af the doct end center poskod proliles were shtoloed,
The wse of alr swiclere fwpraved the wizing so thet
fuul-uiv pputiol diptributiony Uhat were withiin 210
percett of ehe wean wore obitoined, The n oy o Loigths
were 33 em (13,0 dn.) for the gplioshe gr = v . e m
(14,0 fn,) for the Sonlcope and 33,7 aa (lhees 1.}
Fer the yibiples, ‘fhe wie of odf swirlors o4 pot des
plred bop o cobdlytle cosbuster, howewer, sinee vap=
unilorn veluoclty protfiles veselt, especiully ao the
wiker leppth {8 deocressed. The vse of o 307 vune ane
ple alr swirler ulso Incrcaged the proocurce drop Drom
.5 te 1,0 percent,  Of these injoctors the gplashe
grouve pove the bost vaporization pegults (100 pereont
of the [wel vapoeized ut an inlet air tesporstors ol
GO0 K (G209 F)) und the simplex the peerest (B0 per-
coit at 600 K, The Sonicore vaporization reswelits
{6 perecent ot BU0 K) would Bave been bettee {0 the
air for the airvegsuiszt weuld have been prehicuted
vuthor thun st asbiont tesporature.
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E-~4301

RADJAL DISTANCE, cm

AL P4
OF GE I§
POOR qQuALpy
) e
O ffa=0.010, iy, ~ 800K (980° F)
4 fla=0,02, Ty, » 800K (950° F)
4~ & la~0,00, Ty, = 600K (620° F)
O fla * 0,010, Ty * 500K (440° )
in
0 _
2=
4 el
P R — R J
(a) MIXING LENGTH = 39.4 cm (15,5 In. ).
6
B O fla=0.010, Ty = 600 K (620° )
4 fla=0.04, Ty, = 600K (620° F)
4l © fla = 0.010, Ty, = 800K (980° F)
2 b
of—
A= __
6 I}

1 | I
0 4 .8 L2 L6 20
FUEL-AIR RATIO, LOCALIMEAN :

{b) MIXING LENGTH = 25 ¢m (9.9 in, ).

Figure 9. - Spatlal fuei distribution, multiple-jet cross-stream injector
(see fig. 3. Vp =20 mis (66 ffs), P;, = 0.5 MPa (5 atm,



RABIAL DISTANCE, cm

O 10 cm INLET, SEE FI5, 4b)

01 7.6.cm INLET, SEE FIG, 4ic)

A 7.6 ¢m INLET, 15° VANE ANGLE AIR
SWIRLER, SEEFIG. 4d)

LN

{a) VARIOUS CONFIGURATIONS, Tin = 600 K (620° F)
ffa = 0,010,

O fla=0.010, Ty, = 600K (62° F)
A fla =0.025, Tj, = 600K (620° F)

. o fla =0.010, Ty, = 800K (980° F)

l [ l | {

0 4 .8 | 4 1.6 2.0 2.4

FUEL-AIR RATIO, LOCAL/MEAN

(b} 7.6 cm INLET, 30° VANE ANGLE AIR SWIRLER, SEE
FIG. 4id).

Figure 10. - Spatial fuel distribution, splash-groove .uel injector.



E-3301

RADIAL DISTANCE, cm

O Ty « 600 K (620° F) NO SWIRLER, SEE
Hlo. st
0Ty, = 450K (350° F) NO SWIRLER, SEE
Flo. sty
& Tip = 600 K (6200 F
300 VANE ANGLE AIR SWIRLER, SEE
FIG. 5(c)
O Tipy v 600K (620° F) 157 VANE ANGLE
AR SWIRLER. SEE FIG. 5(c)

2
0
P -
dl—
6(} 18 : 1!6 2|.4 3I.2 4_.=0

FUEL-AIR RATIO, LOCAUMEAN
(al COFLOW INJECTION,

O 10° VANE ANGLE AIR SWIRLER
A 3P VANE ANGLE AIR SWIRLER

8 l | [ l |
0 .4 .8 L2 L& 20

FUEL-AIR RATIO, LOCALIMEAN

(b) CONTRASTREAM INJECTION (SEE FIG. 5dh)
Tip = 600K (620° ).

Figure 11, - Spatial fuel distribution, simplex pressure atomizer.




RADIAL DISTANCE, cm

— SWIRLER
VANE ANG!E
© NO SVRLER
. |
4]
Fa)

J A I IS FN B |

(@} Ty, = 600 K (6200 F), Py = 0.5MPa (5 atm) Vp = 20 mfs
6671, ffa = 0. 010 MXING LENGTH = 35. 6 cm 14.0 In. ).

B O fla =0.007, Vg = 20 mfs {66 ftis}
& fla =0.015, Vig = 2 mis (66 ftis)
< fla=0.007, Vp =12 mls (39 fi/s}

ol L 1 I N
0 4 .8 L2 1.6 20 24 28
FUEL-AIR RATIO, LOCALIMEAN

by MIXING LENGTH = 24 cm (9.5 in.) Ty, = 800 K (980° F), Py,
0.3 MPa (3atm}, 30° vane angle air Shirler.

Figure 12. - Spatial fuel distribution, sonicore fuel nozzle, see
fig. 6.



E-3301

VAPORIZATION, PERCENT

450 50 5% 60 650 700

VAPORIZATION, PERCENT

O MULTIPLE-JET CROSS-STREAM
INJECTOR (SEEFIG, 3i

& SPLASH-GROOVE INJECTOR WITHOUT
SWIRLER (SEE FIG. 4ch

B SONICORE NOZZLE WITHOUT SWIRLER
(SEE FIG, 6}

W SIMPLEX NOZZLE WITHOUT SWIRLER
(SEE F1G. 2(bi}

| I B

INLET AIR TEMPERATURE, K

Figure 13, - Effect of Inlet air temperature on
degree of vaporization for various fuel in-
jectors. Vaporizatlon length nominally
36cm, Vp = 20 mfs (66 ft/s), Py, =0.5 MPa
(5 atm}, fla = 0,010,

Pin = 0.5 MPa (5 atm}
Pin = 0.3 MPa (3 atm)

] | . D
Vo0 0w @ o

INLET AIR TEMPERATURE, K

Figure 14, - Effect of inlet air temperature on
degree of vaporizalion for the multiple-jet
cross-siream injector at 0.3 MPa {3 atm)
amd 0.5MPa {5 atm). Vaporization lenglh =
29.3¢m, Vp = 20mls, fla = 0,010,

NASA«Lewls
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