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cc%mJmION-cBAE4BER PERmmAmE WITH FOUR FuELs IR

R4KE-ORGU!lTER-TY'E!EFUMEHOIDERS

By Ephraim M. Howard, Emd A. Wilcox
and David T. Dupree

The effects of uelng varioue fuels and several rake- or gutter-
type flsme-holder cxmfiguratione  in a Bumblebee 18-inch ram jet are
presented aud discueeed. Studies were made in the Lewier alti-
tude wind tunnel at pressure erltitudee from 10,000 to 35,000 feet
and at ram-preeeure  ratios equivalent  to free-etreamM8ch number8
fran 0.49 to 1.46.

Beet performme was obtained with a rake-type flame holder,
whioh has alternate  rake8 connected  to the pilot oombuetion-chamber
outlet by guttere. The three rake8 that were oonnected by gutter8
to the pilot-oombuation-ohabhamber outlet sppear to have been more
effective ae flame holder8 then the other three rakes.

Use of propylene oxide or a blend of 25-percent propylene  oxide
8nd 750peroent kerosene rather than kerosene as fuel resulted in
increaeed oombuatian  sffioiency and better atability  of cgmbuetion.
When propylene  oxide was used, ignition at higher value8 of
combustion-&amber-inlet velooity and a wider range of operable fuel-
8ir ratio were obtained than with kerosene. At a fuel-air ratio of
8bOUt 0.070, the ocmbuetion  effiCieWy  WSEJ r8i8ed from an approxi-
m8te value of 59 percent to 85 percent when the fuel was cmed from
kerosene to propylene oxide in the ConfigU3?8tiOn,WhiCh  included the
rake-type  flame holder described above.

The ccmbuetion  effioienoy increased 88 the mmbustZon-chamber-
inlet etatio temperature  ~36 raised from 8 Value of 35O to 130' F.
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In order to determine the altitude perfomance and operating
range of a Bumblebee 18-inch ram jet, a detailed investigation  under
aontrolled condition8 of preesure 8ltitUde and equivalent free-
&ream Maoh number ~88 conducted in the NACA Lewis altitude
wind tunnel.

An extensive study was conduoted to determine  ahe performance
with rake-, gutter-, and can-type flame holder8 with eeveral fuele.
The burners, each consisting  of 8 fuel-injection syetem, flame
holder, and a combuetiou chamber, were developed as a part of the
Bumblebee project conduoted by the Applied Physics Laboratory,
John8 Hopkins University, and have satisf'8ctorily performed in 8e8-
level investigations  (unpublished). Operational  data for the ram
jet under choking conditions with the best can- and rake-type flame
holders are presented in reference8 1 and 2, reepectively.

TkB reelllts pZ%Sented herein were obtained fkcm an analyeie
of combuetion-chamber  perfornaance  with 3 rake- and 5 gutter-type
flame holders and four fuels. Combustion-chamber performance  dsta
8re presented in terms of combustion efficiency  and ga,e total-
temperature ratio acro88 the engine. Operable range8 of fuel-air
ratio, preeeure 8Wvey8-8t three etatioII8, and effect8 Of coanbustim-
chamber-inlet conditions on operatim and efficiency are inoluded.
Comparison8 are m8de between operation  with AM-F-32, hereinafter
o8lled kerosene, gssoline, propylene oxide, and a mixture of
75-percent keroeene and 2%percent propylene oxide.

APPARATUS Am PRo(IzmlRE

The Bumblebee 18-inch ram jet ueed in this investigation  w&8
mounted above a wing that extended 8cro88 the 20-foot-diameter  test
se&ion of the NACA Lawi altitude wind tunnel (fig. 1).
Diffuser-inlet  preesuree oorreepanding  to those encountered  in
flight were obtained by IntroduoIng, from the tunnel make-up air
eystem, ak that wae throttled Finn approximately eea-level  preeeure
to the desired preeeure at the engine inlet. Vrtrioue rem-preseure
ratios acro~a the en&ue were obtained either by changing the pres-
8ure altitude in the tunnel or by varying the total pressure af
Inlet air. The tempersture of the inletairwae -trolledbetween
32' and 150' F according to the oonditians deeired. Meaeurement of
thruet with the wind-tunnel  balance system was made poesfble by
inoorporation  of a sealed clip joint between the make-up air duct
and the ram-jet diffuser inlet. In order to pennit vieual obeerva-
ticm of the oombuetion-chamber  Interior during operatfon, a peri-
eoope was mounted in the tunnel test section downstream of the ram jet.
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The main ~onente of the ram jet, which is deearibed in detail
in reference 1, are a SUbSOnio diffuser cmtaining 8 oenter body
8nd a burner ~aieting of a fuel-injection eyeten and 8 flame holdert
and 8 COmbUEtiOn  ohamber. The diameter of the diffu8~ at the Iplet
is 11.5 ipche8, the over-all length is 9.54 feet, and the diffuser
ratio 18 1.64. The 18-inoh-diameter ccmbustim ohamber has several
SeCtiOnS. A 1.33-foot uncooled section was used betwe= the
oanbustion-chamber inlet and the flame holder and a 4.29-foot water-
oooled se&ion wae mounted downetresm. When two-atEage flame holder8
were used, the canbustion chamber could be varied in length from
5.62 to 7.12 feet by mm8 of 0.75-, 1.25-, and 1.50-foot section8
insertedbetween  stagee. For the 1~ COmbUEtiOn chamber, an
unoooled 4-foot section was inserted between the flame holder and
the water-cooled section to give an over-all length of 9.62 f-t.
For most of the data preeented,.the combu8tic+C%hamber-Outlet
diameter was 17.50 inches; however, for acme ccQfigur8tions 8 plate
with a 14.75-inch-diameter orifice was mounted at the oambuetion-
chamber outlet.

A low-pressure  fUel~i8tribUtiCn  system, descsribed in refer-
en08 3, was lo-ted in the rear section of the diffuser center body
approximately 1.1 feet ahead of the combu8ti~-chamber inlet (fig. 2).
This System was designed t0 distribute  the fuel evenly to 8 nu&er
of fuel-injection tube8 over a wide range of fuel flows with emall
changes in fuel-in jeotion pressure. Forty fuel-injection tube8 were
mounted in eight removable g~ups of five tubes; e8oh group is
designated 8 fuel pattern. Fuel patterns 1, 4, and 3P, which are
described  in references 1 and 2, were used. Numeric81 designatic%I
$Or the fuel-injeoticm patterns evld flame holder8 conform to those
used by the Applied Physice Laboratory of John Hopkins mivereity.
Schematic diagrama are ShaWn for fuel patterns I and 4 and fuel
p8tteZTlS 4 and 3 in figure 3.

IgnitiOn was obtained by 8 vO??teX-type  pilot burner attached
to the downstream end of the diffuser center body. Two ducts built
into the diffuser center body supplied the pilot burner with air.
ThiS 8ir was dis&arged  into the pilot burner through two 450 pipe
elbows, which gave 8 vortex motion to the 8ir (reference 2). The
ccsnbustion &amber Of the vortex-type  pilot COn818tS Of 8 truncated
cone 16 inChe8 lang that expand,8 in diameter f'rom 6 inches at the
UpStzWbm end to 7 inches at the downstream end. Fuel 18 supplied
to the pilot burner through a Gommercial  spray nozzle that Operates
at approximately its rated delivery of 21.5 gallons per hour at 8
pressure drop of 100 pounds per square inch. The fuel-air miXture
in the pilot burner is ignited by 8 spark plug and the pilot burner
was continuously operated during the investigation. A tube through
which hydrogen was injected was included to 8id ignitim When
necessary (reference 2).
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Theflmmholdere are ehoun infiguree 4 to 7. The rake-type
flame holder8 are 8houn in figU3XJS 4 and 5. Sir&e-stage flamg
holder 71-7 (fig. 4) 18 described in referenoe 2. This O~&~gUra-
tia has three gUtteE, inolfned at an EU@S of about 450, which
Caneot tbree alternate rakes to 8 aenter ring that fits over the
end of the pilot cmnbuetian  &ember. Similar flaae holders used
Cdy in the SeWnd Eta&3 Of tWO-eta'gef~holdere a?.% shown in
figure 5. Fh?UIlO holder 71-a (fig. 5(a)), Whhh 18 8 mOdiiiC&ticm
Of the OoaiigUratiOn  deeoribed  ~II IWfertXXm 4, plser Six flared-tube
rake8 alternately  oOnUeb3d by gUtter8 and bare. The bar8 are of
solid me&al 1.25 kmhee thiak to 1e88= the danger of burning awq
in the flCUUe8 WiginatingUpStresm. !Phemodif%d 71-4.B fti
holder (fig. 5(b)) haa two 0.5~lnuh platee welded 0~1 euoh of the
three b8Y?S to tiCSX'e88e the blooklng Urea.

The gutter-type  flaw holder8 &ed in the tiveetigaticm are
shown infig~ree 6 and 7. Theflamholdere ehe#n in figure 6uere
wed either alme or a8 the first 8t;ase of two-8tage  flame holders.
Flame holder 80 (fig. 6(a)) aoneiete of three 1.75-inch gUttercr
conneoted to a center ring that fits over the pilot oclnbustloa
&amber. Blame holder 80-l (fig. 6(b)) 18 the Sam0 bs8iG type
with three 4.25~inch  guttel's. The flame holder of figure 6(o) has
SIX 2.75.inoh  gutter8 OCQxIeCted  t0 8 WIIteF ring. The fhmt5 holder8
EhowninfigUre 7yfere ueedcmlyaedmmstream 8t8geSOftWO-Stage
flame holders. m holder 79 (fig. 7(a)) WIl8iStS of three
4.25-inah gutters arraPgedinsY8hupe. The flame holder ShoWa
III fi@are 7(b) is de of sir 8coop8 mounted Al the ccmbaetioo-
ohm&er wall, tiloh projeot 8boUt ha- to the o8nter of the
c!cmbu8tioa taEdber.

%?heJ fuel8 inveEtig&edfop.use inthe~lnbUX~~??~W%
e-F-32 (hereinafter alled kerosene), m-F-22 (which is a
62-octane gasoline), propylene oxide, and 8 mixture of 25~per-t
propylene oxide'and 75-percent kerosene. Inetemucs1  88 eereral
bstchee of kero8eme Were Ueed, the 3?3XlgeS  of properties  Of this fuel
and sane prOpe&leE of ea0h fuel are listed in the fOlloWing table:



mcA m NO. mm18 5

1 &?pr=i-
mate
iflaSh

Fuel Heat- Approxi- Specifio Boil*
value mate
(Btu/lb) stoiahi-

WdtY potit
m

ometrio
fuel-sir
rstio

Kerosene (M-F-32) 0.792-0.835 8362-362 110

Gasoline (A&F-22)1 19,CCC 0.067 0.704 a184 1 -10

Propylene oxide -35

25-percent 17,144 0.077 0.802-0.834 8351-374 ~-----II-
propylene oxide
plu8 75-percent
kerosene

"500percent point.

In order to obtain better etsrting characterietic8  and & wider ra@e
Of pilot Et8bility than afforded by kerosene, PrOpylae oxide ~88
ueed as the pilot fuel.

Air flow$hrough the en&newae calculated franm88uremnt8
Of tot81 and St&tic preSSUZ%S and indiC!%ted tellQer8tureS obtained
with eumeyrakeeraounted  in the diffuierialet.  The airflowand
wall static pressure8 me88ured at the canbuetion-chemiber  inlet were
used to ocaapute ~cepbu8tioa-ahemder-Inlet velocities.  Ae an alternate
to the wind-tunnel balame 8y8temr, a Water-COOled canibuetiaP-chamber-
Outlet rake Of total- and Static-preSSIll% tubes YBS 81l30 U8ed to
BetermIne the jet thrust.

A rotmeter wa8 ueed to meaeure fuel flw to the main burner
and fuel flow to the pilot burner ti detenuined frcm the greeeure
drop 8mo86 the pilot fuel nozzle. The fuel flows ueed in 811
comput8tioare inclnded pilot 88 well 88 min-burner fuel.

Canbuetica dfiOiepey aad gas tObSl-tt?tapeU-atUre ratio were
cmputed by methods outlined irr references 5 and 6 and Included the
heat lost to the oaubuetiaol-&umber ooolu water. This heat lose
was determined from me88urememte of water flow 8nd temperature rise
of the water. The SUm Of the pW3SSUre 1088 that Would OCCUX aCrOSS
8nomal8hockstthe  throat&a convergent-divergentdiffueer of
optimum contr8ction ratio sad the lw88ured diffuser-inlet total pIWE-
EWeWaS USed 88the e@tientfree-BtX%WItOtti  WESUre tithe
oangatatioa of equivalent  free-e-era  Mach number.
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Total-preseure loeeee auro88 the burner were determined  frcm
total preeisuree meaeured with rake8 behind the fuel InJeuta and at
the oanbuetlon-&amber outlet. A rake ahead of the fuel injeotor
wan used to detennlne the dI&ributiopl of preeeuree at that loeatlaa.

Data were obtained at approximate preeeure altitude8 ti
10,000 to 35,000 feet and equivalent  free-streem Maoh number8 f'ran
0.49 to 1.46 over a ran@ of COt&U8tim-ohambe+inlet etatlc tem-
peI'atUre8, 8tatiC Pre88UX'e8, and operable fuel-air m&108. when
poeeible, lean and rloh blow-out polnts were determined.

f/a

M

iLe

P

a

T

t

v

'lb

The follO'U~ 8gmbOl8 are wed in thie report:

fuel-alr ratio

Maoh number

tOt8l PZ'e88UI.e  drop, pOtltld8 per 8QWWe fOOt

8tatio pZtW88Ure,  pOWId per SqlM%Z?e foot ab8OlUte

dypamlo Pre88UlW, pound8 per 8QUfUW foot

total teimmtw, ?E?

etatio temperature, oa!

veloaity, feet per eeocmd

OCSlibU8tiCXX effiolenay, peraent

T ratio of gae total temperature  at oanbustlcm-ahamber  outlet
to gae total teqerature at dlffu8er inlet, T4/Tl

L%beCripte:

0 equ1Ya1ent free-etreEa cmtld1t1on8

1 8Ub8miC-diffU8er tilet

2 mmbuetlon-ohamber inlet
.

4 ocmbusticwohamber outlet

-a.-.. :.‘.
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Ccaibuetlon-obamber  perfonmme data for a Bumblebee la-inch
X'8m Jet with VariOU8 ~lgUZTLtl~8 Op8r8ted Over -8 of fuel-
ail- rat10 are pX'e8ented an8 di8OU88ed. Canparleoslearemdeto .
8how effeote of operatlcm with four fuel8 and with several OmbU8tiosl-
&aniber-inlet aonditiam of 8tatXo tanperature,  etatio preeeure,
velooity, 8nd fuel-air ratio. Remgee of ocmbuetion-chamber-inlet
variable8 over which the engine wa8 Operated with Bane of the flame
holder8 iIWe8tigated are ehom in table 1, Alao shown a??8 the fuel-
air ratio8 at the lean and rich blcnr-out mndltione  and the mm-
canitant oambuetion-&Ember-inlet VZWiable8.

Operatim of Vclri0U8 Burner ConflgurStitXL8

Best performme use obtained with the oonfigmaticm in uhioh
rake-type flame holder 71-7 and fuel pattern8 18nd 4 were ueed.
Stable oombuetion, a8 defined by regularity or ete8dlnese  of opera-
tion without tendemy to blow out within the operaple range of fuel-
air ratio, 88 well 88 smoothme and hlgb efflciemy,  were obtained
with kerosene a8 fuel. when fUel patterne 4 8Zld = Vere 8Ub8tltUted,
however, unstable and rough bUrningand  a merow opemble range of
fuel-air ratio resulted. The three rake8 oomected by gutter8 to
the oenter ring were apparently eubJe&ed to higher temperatUre8 th8n
th6 other three rake8 and were burned (fig. 4(b)); the other rake8
Were odylight~eC&ed, wblchlndioutea lee8 GCUQleteburaingOf
the fuel& oanoamitant lower rake ~eratures. Vlenaal ObeerPa-
tiOII8 made with the peri8Wpe in8tELltiti= a180 8hoWed th&t 8-t-8
only the three rake8 oomnected to the center ring held flamsa. The
u8e of a gutter to ocxmect each rake to the pilot ccmbuetion ohaniber
when rake-type flame holder8 are need thu8 appear8 deeirable.

Rake-type flame holder8 71-43 azla modified 71-4B (fig. 5) were
al80 inveetigated. Z&ah of theee flsme holder8 wa8 u8ed ai a
seoamiaryetage  or dowrmtreamflameholder  in oonjunctiontitha
gutter-type flame holder ueed Upetream. Unstable Operation wae
obtained with either 80 aad 71-43 or 80 and modified 71-M flame
holdere. Tnappreciable difference8 were noted in combuetion
etabillty cm ga8 total-temperature ratio when gasoline wa8 ueed a8
fuel with flsme holder8 80 and 71-4B. With gaeollne, however, the
minimum operable fuel-air ratio w&a lower than with kem8ene. ITo
operation wa8 obtained with flame holder8.80 and 71-43 without
oombustion-chamber-outlet reetriotion. Operation vae obtained when
the value8 of combuetlon-&3mber-inlet velooity were reduoed by
restrictIon of the ounbuetion-chamber-outlet diameter to 14.75 limhee.
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by meam of the orifloe plate, which wa8 ueed when the gaeoline and
keroeene were being compared,  but oombuetlon  ~a.8 rough and Un8table
(table I).

OpeZXtiCQ wa8 8-t improved when the 4.25~inoh-gutter flame
holder 80-l wae 8Ub8titUted for the 1.75-inoh-gutter  flame holder
80 UpStre~ of 71-4B. Bufning,was 8till rough, however, and t-e
wa8 8afw tendency for the f-8 to be held only on the ~p8tm43~~ tm
fir8t et-. The belief that 8Ome Of the inetability wB8 OaU8ed by
th0 8eOarrdaZ'y8ta@3being  inog0ZXtiTeWa8 ConfirmedbyVi8Ua1
observation. Installation  of orifioee in the fuel-injector tube8 to
raiee the fuel-disoharge  preeeure to about 50 pound8 per eqwre inch
gage produoed no appreoiable  effect other than a slight lncreaee In
ccunbuetion stability. Changiq the distance between flame-holder
etagee from 9 to 15 inChe8 and then to 18 imhe8 aleo made no
appreciable  difference in etability of ocanbu8tion. subetitution
of fuel pattern8 4 and 3Z? for 1 and 4 did not change stability of
ombwtlcm, but did increase the range of operable fuel-air ratio.
When the fuel wa8 &an@ from kero8ene to a blend of 25-per-t
propylene oxide and 75-peruent keroeene, however, both stability and
smo'othnees ofbumingwere  greatly improved.

I&W mXLbU8tiOII  effiCieIM3y reedted When 4.25.inoh-gutter flame
holder8 80-l and 79 were conourrcntly  Used with fuel pattern8 1 and 4.
Experlment8  made to determine the effect of.chan@g relative
orientation8  of the two fleme holder8 showed inappreolable  dif%mnoe8
in operatlfm. PO8itia8 iPVe8ti@ted  Were: the gutter8 of 79direotl.y
behind thO8e of 80-1, the gutter8 of 79 rOtat& 30° fran the flrert
poeitiau, end the gutter8 of 79 bi8eding the angle8 formed by thO8e
of 80-l.

The u88 Of the oonfi@I'tltim  with 80-l and 8iX 8COOp8’l%8Ulteb
in very rough operation and low oombuetlon  efficlenoy. The u8e of
flame holder 80-l a8 a efn&e-stage  fhne holder resulted in em&h
operation  over a pride range of fuel43ir'ratloa,  but oanbU8tion effi-
olemy wa8 low (15 to 21 percent) over the entire renge. Uee of the
six-radial-gutter  flame holder a8 a eingle-etsge flame holder yielded
SiEtiblr  l”e8Ult8 8Ild OclnbU8tiopl effiOiel.lCy  vsrled fZYZll VahleS Of
20 to 35 percent over the range of operable fuel-air rstio,

Effeote of Combuetion-Chamber-Inlet  CondltlaIs

on Canbuetion-Chamber PerfO?T.IEUIoe

RelatioPn8 between the ocmbuetion-Chamber-inlet  W%?Fiable8, cmbus-
tion effioi~cy qbj ccmbusticm-ohamber-inlet  etatlo tempez.xture  t2,
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combustion-chamber-inlet  Velocity V2, fuel-air ratio f/a, and
gae total-temperature  ratio 7 are presented  in figures 8 to 10 for
flame holder 71-7 with fuel patterns 1 and 4. Inasmuch 88 change8
in the CcXUbU8tion-Chamber-inlet  8tiELtiC pressure p2 have been
shown to have negligible effect on qb for most of the range of p2
investigated herein (referentBe 2 and 7), p2 18 not ooneldered as
one Of the variable8  that influence qb.

Static temperature. - The effect of combustion-chamber-inlet
Static temperature  t2 on ?b at approximately constant value8
of f/a and v2 18 shown in fi@Ee 8. These data indicate that
qb fncrea8e8 a8 t2 18 raised f'rom a value of approximately 35O
to 130' F at uonstant condition8  of V2 and f/a, and the rate of
lnorease appear8 to be different for various value8 of V2 and f/a.
This trend Of qb with infZea8ing t2 18 eimiti t0 trend8 shown
in reference 8. At an approximate  V2 of 213 feet per second and
f/a of 0.040, ljb Wa8 increaeed from a value of 60 to 77 percent
88 t2 was raised frcm 32O to 125' F. CombustMn-chamber  stability
decreased and the maximum V2 at which combuetion oould be maintained
Was lowered from 265 to 213 feet per eecond a8 t2 was lowered
from 130° to 350 F with kerosene a8 fuel.

Fuel-air ratio and velooity. - The relatlona between 7, and
f/a, and V2 and lb are presented in figure8 9 and 10, respeo-
t1ve1y. At &lStant -t2 and V2, 'lb deoreased a8 f/a wB8
raised over the range inveetlg&ed. For t2 of 130° f 20° F and
V2 about 260 feet per 8eco&, qb wa8 reduced frcm a value of
about 71 percent to 56 percent a8 f/a wa8 raised from 0.045 to
0.059 (fig. 9(a)). Over the 8m range of f/a and at the 881118
value of V2, r appeared to lncreaee slightly a8 f/a was raised,
inasmuch a8 the greater heat Input counterbalanced  the reduced com-
bustion efficiency (fig. 9(b)).

In order to determine the effect of increasing the time available
for combustion, an experiment  wa8 conduoted  using the 9.62-foot
combuetion chamber, hereinaFter referred to as the "long ccmbu8tIon
chamber", in which the length ~88 increaeed by a factor of 1.71. An
improvement  in performance was obtained with thie configuration.  At
an approximate  f/a of 0.060 and V2 equal to 225 feet per eeoozid,
qb wa8 raleed fran 8 VIS~UEI Of about 69 percent t0 82 percent When
the long CCXUbu8tion  ohamber wa8 used in lieu of the 5.62-foot com-
bustion chamber (fig. 10).

Data in figure 9 were CrO88-plotted, a8 shown in figure 10, to
8haT more clearly the relation between qb and V2. Over the
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range inveetlgated, qb deoreased a8 V2 ~88 increaeed above a
value of 228 feet per eeomd.

Fuele

The effect8 of four fuela on combustion-chamber  performance  are
shown in figure8 9, 11, and 12. Accmparieon of performance with
kerosene and with propylene oxide in the oonfiguratlon with flame
holder 71-7 and fuel pattern8 1 and 4 18 preeented  in figure 9.
Weots of the blend of propylene oxide ti kerosene are 8hown in
figure 11 for the burner with flame holder8 80-l and 7146 and
fuel pattern8 4 and 3P. Effect8 of gasoline and kerosene for the
configuration  with flame holders 80 and 71-4B, fuel pattern8 1 and 4,
and the 14.75-inch-diameter  orifice plate are shown in figure 12.
Use of either propylene  oxide or the blend of 25-percent propylene
oxide and 75-percent kerosene re8Ulted in increaeed qbr better
atability, and smoothness of cambuetlcpl. Use of propylene oxide
8180 resulted In ignition at higher value8 of V2 and a wider
operable range of f/a. At a pressure altitude of 30,000 feet, the
maximum V2 at which ignition could be obtained with flame
holder 71-7 &8 raised from 350 t0 500 feet per Second when p??Opyl0ne
oxide wa8 sub8tituted for kerosene in the oonflguratlon  with flame
holder 71-7 and fuel patterns 1 and 4. When the fuel was changed
from kerO8ene to propylene oxide, 'lb was raieed from a value of
59 to 85 percent at f/a of 0.070 and the same t2 and V2
(fig. g(a ) 1  l At fuel-air ratio8 of 0.78 of 8tOiChianetrio  for the
two fuele, qb wa8 rai8ed from a V&he of 72 to about 84 peroent
when the fuel wa8 ohanged f'ran kerO8ene to propylene oxide. T h e  u8e
of gaeoline, however, reeulted in inappreciable  difference8 (fig. 12).

Inaemuch as the heating value of propylene  oxide 18 much lower
than that of kerosene, 7 obtained at an f/a of 0.070  with both
fuels is approximately the aame, deepite the higher qb obtained
with propylene oxide (fig. 9(b)). Higher values of T were
obtained when the blend of propylene oxide and kero8ene wa8 8Ub-
etftuted for kerosene (fig. 11(b)). TM8 increase in T might  be
attributed  to the addition of propylene oxide to kerosene, which
euffici‘ently inCre88ed the volatility and chemical activity to
improve vb without materially decreasing the heating value. Use
of either propylene oxide or the blend of propylene oxide and
kerosene enabled attainment of burning with good qb at higher f/a,
however, and higher maximum value8 of 7 were therefore obtained
with these fuel8 than with kerosene.
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Burning wlth.Ipoperative Stage

Perfonnemce of the conf'lguration with flame holder8 80-l and
71-4B 8nd fuel pattern8 1 and 4 is preeented in figure 13 with both
8tgLge8 Operating and with the 8eCOnd Stage inoperative. when very
rough Oper8tiM wae obtained, ti8ual Ob88rvatiOII8 confirmed the
belief that flames were ollnglng only to the primary stage (60-l)
and the 8eoOndary 8t8.ge wae inopeE&tiVe. The Value of qb w88
reduoed frcm a value of about 54 to 47 percent when the seati-y
flsme holder became inoperative  at m approrlmate f/a of 0.053
and V2 of about 275 feet per eecond.

PX'e88LlX% erad V8lOCity Survey8

TOtti-pre88llre-drop  CoefflOiente  aOrO88 the ombuetlon ohamber
for eacsh flame-holder eonfiguration  iIIp8tig8ted are pre8mted a8
function8 of the ccsnbuetion-chamber-inlet Ma& number M2 ln
figure 14. Value8 of the total-preseure-drop ooeffloient acro88
the vsriow flame holder8 varied from about 0.95 to 2.76 over the
range of M2 frcm 0.08 to 0.32. E8oh burner had 8n eeeentlally
CoZl8t8nt pZW88lEe-drop t3OeffiCieXkt, 8xOeptthe  c~guration  tith
flame holders 80 and 79, for whioh the ooefflolent ahanged from
1.55 at I42 of 0.10 to 1.86 at M2 of 0.29. For the oonflgura-
tion with flame holder 71-7, the aoeffiolent had a oonetant value
of about 1.45.

Profile8 of dynsmlo preseure q Sna air flaw per square foot
per second upstreED of the fuel inJeotOI?8 and at the c%c&buetlon-
chamber inlet 8r8 preeented in figure8 15 and 16, re8peotlvely.  The
dyn8mic pressure8 and the radial looation of-fuel-injector tube8
are ahown in figure8 15(a) and 16(a). Maximum valuee of q ahead
of the fuel tide&or near the approximate mean fuel radius
(fig. 15(a)) indicate favorable conditlon8  for good fuel-air
mixing. Profiles of q obtained for the choked and unchoked
oonditlone  at the C~U8tlOn-&EImber outlet OT with and without
burning differed very little. htOq the -888 of OhsPge8 ti pro-
file8 on both sides of the fuel injector are the added diffusion  of
the air and inJectlaol of fuel, a8 well as turbulence induced by the
fuel injeotor. The air-flow profile8 presented in figure8 Is(b)
and 16(b) for the ocndltlons  corresponding to thoee in figure8 15(a)
and X(a) indloate little difference in the profile8 behind the fuel
injeotor obtained for ohoked and unohoked oc&ltion8 or with and
without burning.

Value8 of etatio 8nd total preseuree at the ccpnbustion-chamber
outlet at sonditlone  ome8ponding to thO8e of the previoue figures
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are preeented in figure 17. Data for the unchoked condition with
burning are unavailable. For the condition without burning, the
distribution of total and etatic pressures ia relatively flat; when
burning occurs, the valuee of total and static preeeure Chan@;e but
the dietributlon remains relatively flat.

SUMMARY OF RESULTS

From an inveetigation of a Bumblebee la-inch ram jet in the
NACA Lewie altitude wind tunnel under oontrolled aondltlas of
pressure altitude and equivalent free-&-ream  Mach number, the
following results of combustion-chamber performanoe were obtained
wing 8eV8I%l rake- or gutter-type flame holder8 and four different
fU818:

1. Best performance was obtained with the oonfiguratlon  that
Con818ted of rake-type flame holder 71-7 and fuel patterns 1 and 4.
The three rake8 connected by guttera to the pilot-canbustion-chamber
outlet appeared to be more effective ae flame holder8 than the
other three rakee.

2. Uae of either propylene oxide or a blend of 25-percent
propylene oxide and 75-pera8nt keroeene inetead of kero8ene as fuel
resulted in higher CombU8tim effici8rbciee  and better Eltability of
oombuation. When pZ-opyh3ne oxide v&8 U8ed, igniticm at higher value8
of combustl~-chamber-inlet  velocity and wider operable range of
fuel-air ratio8 ~81.8 obtained than with keIW8ene. At 8 fuel-air
ratio of about 0.070, the oombustion  effiolenoy  was raised frcm an
approximate value of 59 percent to 85 peroent when the fuel was
ohanged from kerosene tb propylene oxide.

3. Over the range inVeEltig&t8d, the oombuetion  efficiency
increased as the combustion-chamber-inlet etatio tempeJX&tXt?8  w&8
raised from 35O to 130° F at constant oondition8 of inlet velocity
and fuel-air ratio. At a oombustion-chamber-inlet  velocity of
about 213 feet per second and an approximate fuel-air ratio of
0.040, the ccmbustion efficiency wae Wreaaed f&#n 8 value of
60 to 77 percent 88 the combustion-chamber-inlet  static temper&tWe
wa8 raised from 32O to 125' F.

4. At the 8eme ocmbustion-chamber-inlet  conditions of fuel air
ratio, velocity, static temperature, and static.preseure, approxi-
mately equal valuea of gas total-temperature ratio were obtained
with either kerosene or propylene oxide. Use of the blend of
25-percent propylene oxide and 75-percent keroeene instead of
kerosene resulted in genemlly higher valuee of ~a&! total-temperature
ratio.
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5. Higher v&u88 of fuel-erir ratio and WubU8tio4  8fflolemy
attained with either propylene oxide or the blend of propylene oxide
8nd kerosene resulted in hl&er maximum values-of se total-temgeratwe
ratio acro88 the m&e than thO8e obtained wlth kerosene.

Lewi8 Flight PropUl8im Laboratory,
National Advleory Committee  for AercimUtioe,

Cleveland, Ohio.

.
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(a) Before operation.

-_-- I ..- -- -- I^__ . .--- -.----------L_._ -.-^
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(bl After operation.

C-20046
11-21-47

Figure 4. - Photograph0 of rake-type  flame holder 71-7.
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c-20043
11-21-47

(b) Modified flame holder.

Figure 5. - Photographs of orlginaland modified rake-type flame holder8 71-4B.
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. C-20045
1 l- 2-1-47

(a) Flame holbr 79 with 4;25dnch-wide  gu_ttere-
.

_-..-_
-.- -- ::- _- - 2-10-48

(b) ISTx-eooop flame hoIcIer.

Figure 7. - *~~ary-&age flame holdere.
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Blgure 8. - EMeats of combustion-ohambmMnl.et statio temperature on oombuetlon effioienoy
for varioue values of fuel-sir xatio and oambustion-ohamber-Met velooity. Flame holder
7l-7 and fuel patterm 1 and 4 with kemmene 80 fuel.
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Figure 9. - Effects of fuel-air ratio, combustfon-chamber-inlet

velocity, fuel, and combustion-chamber length on combustion-
chamber performance.  Flame holder 71-7 and fuel patterns 1 and 4;
combustion-chamber-inlet static temperature t2, 130° f 20° F.
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---- Propylene oxide
A 9.6%foot combustion

chamber; kerosene3
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Combustion-chamber-inlet  velooitg, V2, ft/seo

Figure 10. - Relation between combustion-chamber-inlet  velocity
and combustion efficiency for various values of fuel-air ratio
and two fuels. Flame holder 71-7 and fuel patterns 1 and 43
combustion-chamber-inlet  static temperature
(Cross plot of fig. 9.1

t2, 130° 2 20° F.
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(a) Combustion efficiency.
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(b) Gas total-temperature  ratio.

Figure 11. - Effeots of operation  with kerosene or a blend of 25-percent
propylene oxide and 75-percent kerosene on combustion-&amber
performance. Flame holders 80-l and 7104B and fuel gabterns 4 and 3P#
combustion-ohamber-inlet  static temperature t2, 130 f 20° F.
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50
-04 .05 .06 .07 .08 .09

Fuel-air ratio, f/a

Figure 12. - Effects of operation with kerosene and gasoline on
combustion effioienoy for. flame holders 80 and 71-4B wfth fuel
patterns 1 and 4 and 14.75~inch-diameter orifice plate at
combustion-ohamber  outlet. Combustion-chamber-inlet  statio
temperature t2, 130' f 20° F. 4
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Figure 13. - Relation between fuel-air ratio and combustion
efficiency for two-stage flame holder with both stages opera-
tive or with secondary stage inoperative with kerosene as fuel.
Flame holder 80-l and 7104B and fuel patterns 1 and 43
combustion-chamber-inlet  static temperature t2, 130° 2 20° F.
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Flame holder

: 80 71-7 and 7l-4B
. 0 80-l

A 80 and 79
v 80-l and 79

b.
-0 .l .2 .3 .4
Combuetion-chamber-inlet Mach number, wz

Figure 14. - Relation between combustion-chamber-inlet Mach
number and total-pressure-drop coefficient  across burner for
several rake-type  and gutter-type flame holders,
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of fuel-injector
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(a) Dynamic pressures,
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Figure 15. - Profile of dynamic pressure and air flow upstream of
fuel-injector tubes. Flame holder 71-7 and fuel patterns 1 and
43 combustion-chamber-inlet  static temperature t2S 130° f 20° F.
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(b) Air flow.
Figure 15.- Concluded. Profile of dynamic pressure and air flow
up&ream of fuel-injector tubes. Flame holder 71-7 and fuel
patterna 1 and 4; combustion-chamber-inlet static temperature
t2, 130° * 20° F.
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(a) 'Dynamic pressures.

Figure 16. - Profile of dynamic pressure and air flow downstream
of fuel-injector tubee.
iad*4bOg F.

Flame holder 71-7 and fuel patterns
ombustion-chamber-inlet  static temperature t2s
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- Concluded. Profile of dynamic pressure and air flow
own&ream of fuel-injector tubee. Flame holder 71-7 and fuel

patterna 1 and 4; combuetion-chamber-inlet, static temperature
t2, 1300 f 200 F.
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