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OF VARIOUS CAN-TYFE BURNERS IN
BUMBLEEEE 18-INWCH RAM JET

By D. T. Dupree, T. J. Nussdorfer
and W. H. Sterbentz

SUMMARY

An investigation on vari ous can~type burners in a Bunbl ebee
18-inch ramj et undexr controlled conditions of pressure altitude
and rem pressure rati o was conducted in the NACA Lewis altitude
W nd tumnel Wi th kerosene as fuel.

The performance Of t he following can-type burner configu-
rations was betterthaut hat of the other burmer configurations
investigated: (1) a flane hol der having a two-pitch alinement of
perforations, 0.07-inch-wide cool i ng sl ots, and an arrangement of
fuel nozzles | ocated within an ammulus having a nean radius of
7.24 inches; amd (2) a flame holder having a zero-pitch alinement
of perforations, 0.16-inch~wide cool i ng slots, and an annulus of
fuel nozzles having & mean radius of 6. 69 inches.

The maximum net-thrust coefficient and minimm specific fuel
consumption were obtained with the ramjet configuration that
consi sted of the burner juat described having a £lams hol der with a
t wo- pi t ch alinement of perforati ons and a combustion-charber ocutlet

restricted by a lig-inch-diameter orificepl ate. At a ram pressure

rati o equivalent to a free-stream Mech number of 1.44 and a

pressure al titude of 30,000 feet, the net-thrust coefficient was 0.66
and the reduced specific fuel consumption was 3.0 pounds of fuel per
hour per pound of netthrust.

INTRODUCTION

As a result of the satisfactory performance characteristics
obteined fram ma-| evel studies of a can-type f£lame holder in a
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Bumblebee 18-inch ram jet (reference 1), experiments were conducted
at the NACA Lew s | aboratory on various configuretions of this flame
hol der with different fuel-injection patterns. These experiments
were conducted as part of au investigation to detexrmine the per-
formance characteristics of the Bumblebee 18-inch yam jet primarily
at simulated conditions of high altitudes and rem pressure ratios
equi val ent to supersonic flight Mach numbers (references 2 to 4).
The performance of one conbination of can-type flame hol der and

fuel -injection pattern with two fuels, kerosene and a m xture of
75-percent kerosene end 25-percent propyl ene oxi de, at a pressure
altitude of approximstely 30,000 feet and at ram pressure ratios
equi val ent to supersoni ¢ flight Mach mumbers i S shown in reference 4.

The performance of various can-type burners using kerosense

§AN—F-321 fuel as influenced by changes in fleme-holder design

uel -injection pattern, and cambustion-chamber-outlet area i s reported
herein. A so included are the effects of same of these changes oOn
such engine~performance parameters as net-thrust coefficient and
specific f uel consumption. The range of simulated flight conditions
investigated generally included pressure altitudes fram 10,000 to
30,000 feet at ram pressure ratios equivalent to flight Mach nunbers
fram 0.6 to 1.4.

APPARATUS AND PROCEDURE

Ram Jot and burmers. -~ The ram jet investigated (fig. 1)is
essentially the same as the wmit described in references 2 to 4.
The ramjet consists of an amnular subsoni ¢ diffuser, an 18-inch-
dismeter wat er-cool ed combusticn chamber, and a burner consisting
of a fuel distributor and a £fleme hol der.

The installation of the fuel distributor and the can-type
fleme holder is shown in figure 2. The flame hol der consists of a
skirt resenbling the frustrmm of a perforated segment ed cone and a
fuel -fed pilot forming the vertex of the cone. Performance effects
of nodifications in both the skirt of the flame hol der and the
pilot were studied. Modifications to the flame-holder Skirt con-
cerned the size and the alinement of the perforations and the width
of the amular slots |ocated under the bands connecting the segments
of the skirt. The three modified skirts, which have zero-pitch
alinement of perforatlions with openareas of 110, 130, and 135 per-
cent, are shown in figures 3(a), 3(b), amd 3(c), respectively.
(The pitch alinement of t he perforetions 1s defined as t he number
of rows of perforations that gplral around the skirt as counted along
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the intersection of an axial plane on the surface of t he skirt.
The percentage of open erea of the skirt isdefined as the ratio
of the area of the perforations and slots to the cross-sectional
area Of tie combustion chamber.) For +the 110- and 130-percent
open-area skirts, the width of the amnular slots was 0.07 inch
(figs. 3(a) and 3(b)); the difference in open area was accounted
for by the change in the sizes of the perforations. For the 130-
and 135-percent open-area Skirts, the same Si ze perforations were
used, but an increased amnuler slot width of 0.16 inch was enpl oyed
for the 135-percent open-area skirt (fig. 3(c)). The wi de-sl ot
skirt (135-percent open area) was shorter than the ot her skirts by

the length of one segment (3= in.). The effect of a spiral alinement

of perforations around the Ski &vas obtained by using the skirt
shown in figure 3(b), which has 130-percent open area, but is
assenbl ed with a two- pitch alinement of perfarations (fig. 3(d))e

Approximately 1 percent of the total fuel flow was InJected iIn
t he pilot burner of t he flame holder from & commercial spray nozzle.
Thi s fuel was mixed with air that was admitted to t he pil ot through
perforations in the pil ot dame. Changing the size of the perforations
aud the sprey nozzl e, employing air scoops at the perforations, and
adding air ducte t 0 t he scoops leading upstream of the main fuel
i njectors were methods used in an attempt t 0 improve t he performance
of the pilot burner. In addition to these nodifications of the
standard pil ot obumer,the vortex pilot bumnerdescribed in refer-
ence 2 was investigated. Two ducts built into the diffuser center
body supplied the vortex pilot burnerwith alr. A spray nozzle
rated t 0 deliver approximately 21.5 gal | ons per hour at a gage
pressure of 100 pounds per sguare i nch supplied fuel. The air was
discharged in & vortex motion into t he pillot burmer through two 45°
pi pe el bows downstream of the fuel nozzle.

The low-pressure fuel-distributor system housed in the dif-
fuser center body (figs. 1 and 4), was designed to distribute fuel
evenly to 40 fuel-injection tubes for a wide range of fuel flows
(reference 5). Basic fuel patterns 3P, 4, and 4A (figs. 5(a),
5(b), and 5(c), respectively) as designated by the Applied
Physi cs Laboratory of Johns Hopkins University, made possible
variations in the over-all fuel-injection pattern by selective
asseubly in the fuel distributor. A valne representing an average
radius of all the fusl tubes is called the mean fuel radius. In
figure 4, a schematic diagramis shown for a typical over-all fuel-
injection pattern. The fuel used was mF-32, hereinafter
designated kerosene, and was injected in au upstreamdirection.
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Installation and procedure. - The rsmjet installation in the
altitude wnd tunnel, nore fully described in references 2 to 4, is

shown in figure 6. During part of the investigation, the 17l-inch

diameter of the combustion~chamber outl et was restricted by a
lé——inch-diameter orificeplate. A duct supplied the engi ne with dry
alr that could be throttled from sea-|evel pressures to the de5|red
conbusti on- chamber-inl et pressure at a tenperature of 140° #10° F.
Inserted between the air duct and the ramjet-diffuser Inlet was a
sealed slip joint that allowed free novenent of the nodel and use
of the tunnel bal ance systemto measure t hrust. Imasmuch as the
ram jet exhausted directly into the tunnel test section, changes

In rem pressure ratio across the engine could be obtained by
variation of either the engine-inlet pressure or the tunnel

pressure altitude

Fromtotal pressures, static pressures, and Indicated. temper-
atures measured With a survey rake in the air duct at the slip
joint (fige. 1 and 6), alr fl owt hrough t he engine wes camputed.
The air flow and the wall St at i C pressures measured at the
cambustion-chember inlet (station 2, fig. 1) were used to conpute
cambustion-chamber-inltet vel ocities. As an alternate to the tunne
belance system, Wat er- cool ed ccanbusti on-chamber-outl et-rake data of
total and static pressures were occasionally used to calculate jet
thrust. From two total-pressure rakes mounted immediately upstream
and downstream of the fuel-injector tubes, the radial profile of
air flowinthe diffuser and at the cambustion-chamber inlet was
determined. Fuel -fl owneasurenent s were made with a rotemeter.

Al computations of cambustion and engine perf ormance were
made by nethods outlined in references 6 and 7. Cambustion
efficiency and total-tenperature ratio across the engine included
the heat | ost to the combustion-chamber cool i ng water. The pressure
|l oss that would occur across a normal shock at the throat of a
convergent-divergent di f f user of opti numcontraction ratio was
added to the neasured diffuser-inlet total pressure and the sum was
used as equi val ent free-stream total pressure in the computation of

equivalent free-stream Mach nunber.

Data were obtained at pressure altitudes from 10,000 to
30,000 feet over a range of conbustion-chanmber-inlet static pressures
and operable fuel-air ratios. Wen possible, |lean and rich fuel-
air ratio bl owout points were determ ned

¥LOT
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SIMBOIS

The follow ng synbols are used inthia report:

A cross-sectional area, square feet
Fn.
C net-thrust coefficient,
F L v.2
2F0'0 73

FJ jet thrust, pounds
F, net thrust, pouuds

£/a fuel-air ratio

M Mach number

P total pressure, pounds per square foot absolute
P static pressure, pouuds per square foot absolute
q dynamic pressure, pounds per square foot
T total temperature, °R

Vv velocity, feet per second
V¥ fuel flow, pounds per hour

Y ratio of specific heat at constant pressure to specific

heat at constant vol une

8 ratio of absolute tunnel anbient-air pressure to .
absol ute static pressure at NACA standard at mospheric
conditions at sea |level, 90/2116

T, cambustlon ef fici ency, percent
rati o of absol ute total temperature at di ffuser inlet

to absolute static tenperature at NACA standard
atmospheric conditions at sea | evel, Tl/519

@

o density, slugs per cubic foot
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T rati o of absolute total temperature at cambustion-
chamber outlet to absolute total tenperature at
diffuser inlet, T

4’71
Subscripts:
0 equi val ent free-stream condition
1 subsonic diffuser inlet
2 subsonic diffuser outl et and combustion-chamber i nl et
3 Qutl et O combustion chamber (f constant cross-
sectional esrea (18~in. diam )
4 ramjet outlet
J exhaust j et at anbi ent pressurs (p‘j = po)

Performance parametexs:

T /8 Jet thrust reduced to NACA standard atmospheric
J conditions at sea | evel , pounds

Wf/ F_ Ne reduced specific fuel consumption, pound8 fuel per
n houwr per pound net thrust

RESULTS AND DISCUSSION
Ram-Jet Combustlion Performeance

Qperational performance of burmers. - The configurations
i nvestigated and the approxi mate range of combustion-chamber-inlet
variables over which the engine was operated are shown in table |.
The investigation began with a study of the performance of a burner
(configuration 1, table |) enpl oKi ng the flame hol der having ‘
130-percent open area, zero-pitch alinement of perforations, and a
cooling-slot wi dth of 0.07 inch. Alternately spaced fuel patterns 4
end 3P, With tube 5 of pattern 3P plugged, provided fuel distri-
bution. This fuel-injection arrangement gave a nean fuel radius
of 7.20 inches. In general, combustion coul d be characterized a8
rough over most of a narrow range of operabl e fuel-alr rati o8
(0.060 to 0.080). Flame blowout occurred before choking could be
obt ai ned at t he cambustion-chamber out| et .

p
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Improvemsnt i n the range of operation of this configuration was
attenpted by decreasing the flame-hol der open area to 110 percent
through a reduction in the size of the perforations (configuration 2,
table 1). This change, however, caused a decrease in the fuel-gir-
ratio operating range (0.068 to 0.078).

In order to determine the effect of a change in the mixing of
the burned and unburned gases in the region of the flame hol der, a
two- pi tch alinement of perforation8 in the burner used in configu-
ration 1 was studied (configuration stable |). Some improvement
i N combustion stability and fuel-air-ratio operating range (0.041 to
0.083) over configuration 1 was obtai ned. Flame bl ow out again
occurred before the engine coul d be choked.

Inasmuch a8 the widest operabl e range of fuel-alr ratio had
been obtained with the two-pitch flanme hol der having 130-percent
open area, the effect8 that a change in ths fuel -distribution
pattern woul d have on the performance of this flame hol der were °
determined. Configuration 4o0f table I employe this flane hol der in
conjunction with a fuel injector camposed of alternately spaced fuel
patterns 4 and 3P with no tube8 plugged and a mean fuel radius of
6.89 inches. adeteriorationof cambustion stability and narrowing
of fuel-air-ratio operable range indicated that a largermean fuel
radi us should be investigated. The operable range of fuel-air ratio8
was from 0.050 to 0.069.

Wheh tubes 1 and sin pattern 3P were plugged and the mean fuel
radius thereby increased to rainches, the ramjet could be choked
and stable combustion oera W de range Of operating condition8 was
obtained. This burner performance was t horoughly investigated both

with and without a 14%—inch-dia.meter orifice pl ate attachedto t he

conmbusti on- chanber outlet (configurations sand6,respectively,
table 1) and Wi || be subsequently discussed. Hereinafter the

desi gnation of burner configurations 5 and 6 (table I) will be the
two-pitch 8tandard-slotburner.

A narrower operabl e range of fuel-air ratio8 was obtai ned when
the nmean fuel radius was i ncreased to 7s7inches by repl acing

patterns 3P with fuel pattern 44, tube8 1 and 2 plugged, (configu-
ration 7, table |). ¥leme blow out occurred at fuel-air ratio8

| eaner than about 0.075 and richer than about 0.092. The ram j et
could be choked with thi8 burner configuration.

Al t hough unsatisfactory canbustion-chambexr perf or mance wes
obtained when fuel patterns 4 and 3P were used with the t wo-pitch

SNNESEES
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standard-slot flame hol der {configuration 4, table |), satisfactory
results were obtai ned when thise fuel-injection pattern was enpl oyed
with the flams hol der havi ng 135-percent open area, zero-pitch
alinement, and 0.16-inch cooling slot. Wth this burner (configu-
ration 8, table I, hereinafter called the zero-pitch w de-sl ot
burner), the unit could be choked and woul d burn smoothly over a

wi de range of fuel-air-and ram pressure ratios.

Varilous changes nade in the pilot burner bad no discernable
ef fect on the combustion performence of the main burner. Sone
changes; however, caused difficulty in igniting both pilot and main
burner8 at high val ues of combustion-chamber~-inlet vel ocity. The
| east ignition difficulties were experienced with a pilot burner,
which had a perforated dome fitted with air scoops.

Ef f ect of combugtion-chamber-inlet condition8 on operational
limits. - The fusl-air-ratio operational. linmts of combustion as a
function of cambustion-chamber~-inlet vel ocity v, and static

pressure D, for the two-pitch, stendard-slot burner both Wth and

wi thout the orifice plate attached to the conbustion-chanber outl et
are shown in figure8 7(a) and 7(b), respectively. The Orifice
plate was ueed in order to obtain burner perfornmance over a wde
range Of Vz. Tailed data point8 in figure 7 represent choking at

the remjet outlet. Solid curves are faired through data point8

having approximately the seme values of p and ram pressure ratio
2

across the engine. Scatter in the data havi ng constant P, woul d

be expected and was obsgerved vwhere the ram pressure ratlo across
the engine was not held constant. The approximate condition8 of
fuel-air ratio and V, at which flame bl owout was observed are

i ndi cated by the dashed curves.

Wth the orifice plate attached to the combustion chamber
(fig. 7(a)), the operable range of fuel-air ratio at a Vv, of
130 feet per secomd extended from a | ean Yimit of about 0.045 to a
rich limit greater than 0.12. As V, was increased to about
135 feet per second and p, was decreased to 1400 pourds per
square foot absolute, the rich limt decreased sherply to 0.10.
Further Increases in V, to about 170 feet-per second caused
only a very smasll change i n t he fuel-air-ratio blow-out 1limits.
Choking at the outlet of the orifice plate prevented attai nment
of V, gQreater than about 185 feet per second.
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The extension of this plot of operational limt8 as a function
of V, dis presented in figure 7(b) for the ram jet without the

orifice plate. A comparison Of fuel-air-ratiolimt8 at the same
V, reveals [ittle change in these linmts when the orifice plate

was renoved. As V, was increased from 180 to 190 feet per second,

a_decrease i n operating range occurred at the lean limit, t he fuel-
air-ratio blowout [imt changing from 0.050 at 180 feet per second
to 0.064 at 190 feet per eecond.. Beyond these limits of f/a and
v, was a region in which cambustion was unpredictable, rough, and

unstable. This region appeared to be limted by a curve extending
fram a fuel-air ratio of 0.040 at a v, of 185 feet per second to

0.065 at 198 feet per second. Further increases in v, from 190

to 247 feet per second (the velocity at which choking occurred at
the lean fuel-air-ratio limt) caused a gradual decrease in the

| ean operating range from about 0.064 to 0.074. Increasing V,
from 170 to 220 feet per second caused no appreciable change in the
rich limt of operation. For velocities greater than 220 feet per
second, no data were teken at fuel-air ratio8 greater than about
0.09 because of the | ow cambustion efficiency.

Fleme bl ow out occurred when D, wasleduced bel ow 1460 pounds
per square foot absolute at a V, of about 280 feet per second and
a fuel-air ratio of 0.09. At these conditions, the combustion-

chanber - outl et Mach number was eubeonic and very close to 1.0. At
a 7V, of about 160 feet per second, however, stable cambustion was

obtained over the full fuel-air-ratio renge at value8 of », equa
to about 1100 pound8 per square foot absolute. The combustion-
chanber-outl et Mach mumber for these conditions was about 0.82.
The tunnel stabtlc pressure was approxi mately the same for both
conditions, 650 and 620 pouxnds per square foot absol ute,
respectively.

The operational |imt8 of the mmjet with the zero-pitch wide-
slot burner are shown in figure 7(c). Over a range of V, from
230 to 280 feet per second, the operabl e range of fuel-air ratios
extended fram about 0.046 to 0,090. Choking at the combustion-
chamber outlet occurred at a v, of approximately 260 feet per
second.

When the zero-pitch w de-slot burner was operated at p, of
1640 pound8 per aguare foot absolute and p, Of 970 pound8 per
square foot absolute, an increase in fuel-air ratio above 0.070

~ s Sgpepp s M0
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produced a conbustion characterized by a hi&pitch Screech instead
of the usual low-pltch roaring sound. ‘This phenomenon Was accompa-
nied by a reduction in V, from 242 to 202 feet per second

(fig. 7(c)), which indicates an increasein the efficiency of com-
bustion. The operabl e range of fuel-air ratios, however, was
reduced to a range from 0.080 to 0.080. Although this changs in
combustion efficlency could be duplicated at the same pressure and
velocity ccnditicms, it was not observed at any of tweothercom
bi nati ons of combustion-chamber conditions investigated.

Ef f ect of fuel-alr ratio on cambustion efflclency and gas total-
temperature ratio. - Combustion efficlency u,, end gas total-
temperature rai1 0 T arepresented as funtions of fuel-air ratio in
figures 8 and 9, respectively, for the two-pitch standard-slot burner
and the zero-pitch tide-slot burner. Indicated on the figures are
the values of p, and the range of V, at which the data were
obt ai ned. 2 2

Increases fromthe leanest t0 t he richest attai nabl e fuel-air
ratlo caused a steady decrease in Nye Far bot h burners, t he value
of T reached e maximm in the range of the stolchiometric fuel~
air ratio. For normel combustion at a V, of about 205 feet per
second and a fuel-air ratio of 0.075, a 7 of 6.0 and an 1, of
74 percent were obtained with the two-pitch standard-slot burner as
compered with a 1 of 4.7 and an 17, of 52 percent obtained at
the same fuel-air ratio amd V, with thezero-pitch wide-slot
burner (figs. 8(e), 8(d), 9(c), and 9(d)). When screeching com-
bustion was obtained with thezero-pitch w de-slot burner at these
conditions, however, my increased approximtely 20 percent wth
a concomitant increase in T to 6.2.

Effect of combustion-chamber-inlet velocity on combustion

ef fi ciency and gas total-temperature rati 0. - The effectg of V,
on T, eand T are shown in figures 10 and 11, respectively,
for thetwo-pitch stendard-slot burner and the zero-pitch tide-slot
burner. Indicated on the figures arc the values of Py and the
range of fuel-air ratios over which the data were taken:

2

Wth the two-pitch standard~slotburner, 1, improved with
increases in V, to about 200 feet per secondand further increase8

FPVE RSN
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in v2 caused to decrease- The inprovenent in %, wes

presumably due to better atomization and mixing of air with the fuel
t hanatt hel ower vz values. Al velceities greater than about

200 feet per second, the decreased time available for conbustion
W thin the ram Jet probably decreases m, more rapidly then 7

is i ncreased by improved atomization and mixing of the fuel with air.

A similer variation in T With V, occurred. The | ar gest

obsetrved T Of 6.7 was obtained at a fuel-air ratio of about 0.073
and a V, of 179 feet per second(fig. 11(a)).

Wth the zero-pitch w de-slot burner, T data were obtained
only at a ¥V, greater than about 185 feet per second. A8 with the
t wo- pi t ch standard-slot burner, T, declined with increases in v,

in this renge of V,. The effects of screeching cambustlon on

and T previously di scussed are showa in figure8 10(d) and 11 (&,
respectively.

Ram-Jet | nt er nal - Fl owCharacteristics

Same 0f the flow characteristics through the engine with a two-

pitch standerd-slot burner and a 1732—'-inch combustion-chamber-outlet

dianeter are presented in figure8 12 to 16. The fl ow character-
istics shown in figures 12 to 14 are at au average combustion-
chember-inlet Reynold's number of 1,290,000 (based On a combustion-
chamber Alemeter of 18 in.) for wvalvesof tof 1.0, 4.3, and 5.4.
The radiel |ocation8 of the fuekinjectort ube8 and the approxi mate
man fuel redius are shown in figure 12.

A smal | qualitative difference between profile8 of dynemic
pressure g in the subsonic diffuser upstream of the fuel-injector
tube8 was obtained for the condttions with and w thout burning
(fig. 12). At the combustion-chamber inlet, a marked change of the
profil e8 compared w th those upstream of the fuel-injector tube8
and With those with and without burning was obtained (fig. 13). In
general, the profile8 at the combustion-chamber inlet indicate the
growth of a | arge boundery | ayer or wake at the wall of the center
body extending about halfway across the diffuser-outl et anrlus.
The additions of heat appeared to accentuate the growth of the
center-body wake presumably because the heat added first in the
vertex of the perforated coni cal flame hol der tends to force the
fl ow of incoming air toward the perforati on8 nearer the outer wall.

ﬁM‘m—
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Val ues Of static and total pressures across the combustion
Chanber 1/2 inch upstream Of the ramjet outlet are presented in
figure 14. For the condition wthout burning, the distribution
O total and static pressures is relatively flat. \Wien burning
tekes place, a marked peak in total end stetic pressures in the
central region of the et occurs. The minimum total and static
pressures OCCUI approximately 2 inches frcm t he combustion-
chamber wal | . - The same general variation of total and static
pressures across t he cambustion chamber for choked and unchoked
condition8 is indicated in figure 15.

PLCT

From the values Of +total and statilc pressures in figure 15,
the variation of Mach nunber across the jet was computed by asswming
a constent rati o of specific heat8 7y of 1.3 (fig. 16). Inasmuch
a8 the pressure tube8 of the rake extended approximately 1/2 inch
upstreem of the outlet of the remjet, the integrated average of
this conputed Mach nunber profile I's less than the average ultinmate
exhaust~Jet Mach mumber M, conputed from the average exhaust-j et
tot al pressure and ambient static-pressure data. For both choked
and unchoked conditions at the ramjet outlet, figure 16 shows a
meximm in the Mach number at the center of the Jet with a decrease
in Mach nunber toward the combustion-chamber walls.

Over-Al | Ram-Jet Performance

The variations with equival ent free-stream Mach number M, of
the paraneters jet thrust F E), reduced jet thrust FJ/G, total-

Pressure ratio across engine ,ZPO ; ultimate exheust-jet Mach
number M,, reduced specific f&el consumption Wf/Fna\/?, and net-

thrust coefficient C_, are shown in figures 17 t0 22 for the engi ne

operating with the zero-pitch w de-slot burner and the two-pitch
standard-slot burner With and without an orifice plate attached to
t he cambustion~-chember out | et .

Jet thrust is shown a8 a function of M_ in figure 17 for the
various configurations. When these data were reduced t 0 standard
NACA atmospheric conditions at sea | evel, the reduced jet thrust
F./s a8 a function of M. was obtained (fig. 18). Al a given M,

the higher F./8 obtained when the zero-pitch wide-slot burner was
used i nst ead Qf t he two- pi tch standard- 810t burner indicates that

t he pressure losses through the zero-pitch wide-slotburnerareless
t han through the two-pitch standard-slot burner. The col d pressure-
drop coefficient Ap/g2 for the two-pitch 8tandard-slot flame

N
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hol der wes 1.5 (reference 4). The lowest value of F,/3 at a given
velue of M, wag obtained with the two-pitch & - 810t burner .
in the rem jet equipped W th an orifice plate because O t he smaller
outl et area A,.

Total-pressure logses through the ram Jet were reduced \Wen t he
orifice plate was attached to t he combustion-chamber outlet (fig. 19).
This reduction i n total-pressure 1088 is primarily the result O the
lower Val ue8 Of dynamic pressure through the unit obtai nedwhen A4

is reduced. At M, of 1.4, the total-pressure ratloacross the
unit P,/p, wes 0.83 for the rem jet with the two-pitch standard-

slot burner with orifice plate, 0.73 with the zero-pitch wideslot
burner With no orifice plate, and 0. 70 with the two-pitch stendard-

slot burner with no orifice plate.

The variation of the ultimate exhaust-jet Mach nunber M, is
presented in figure 20 a8 a function of M,. Choking at the :gam-
jet exhaust outlet was obtained at an M, of 1.09 when an orifice
plate was attached to the coambustion-chamber outetand at an M,
of 1.25 when no orifice plate was used. The decrease in l\/l:j at "a

given M, when the orifice plate was removed from the cambustion- -

chamber outl et 18 largely & result of the accampanying increase i N
total -pressure losses through the rem jet.

A comperison of the minimum velue of reduced specific f uel
consumption We/F, A€ (fig. 21) at an M, of about 1.4 shows
that a reduction in this paraneter from about 5.0 t0 3.0 pounds of
fuel per hour per pound of net thrust was obtained by reducing the
cambustion-chember-outlet area With the orifice plate. This
improvement i N specific fuel consumption was obtai ned sasa result
O & reduction in totel-pressure losses through t he rem jet and an
improvemsnt i N Ty - (See figs. 7 and 10.) No curve8 are shown in

figure 21 beceuse variations in both T and T, caused the date
toscatter.

Al configurations gave values of thrust coefficient; Cy
above 0.6 at an M, of 1.4 (fig. 22). Although the net thrust

t heoretical | ydecreases with decreases in a,, a reduction iz net
thrugt at equal to l.4 was not obteined when the orifice plate
was attached because of decreased pressure losses and Increased T.
e maximm value of CF was 0.68 at MO of le44 and v of 8.1

for the ram Jot with the orifice plate and the two-pitch tendard-
slot bwmer (fig. 22(a)). pibch s
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SUMMARY OF RESULTS

The fol | owi ng results were obtai ned from an investigation f
t he performance Of a Bumblebee 18-inch ramj et with various can-
type burners using kerosene as fuel:

l. The performence of the following two can-type burner conflgur-
ations wesbetter than that of theother burner configurationa
investigated: (1) a flane hol der having a two-pitch alinement of
perforations, 0.07-inch-wide cool i ng slota, and an arrangenent of
fuel nozzl e8 providing a mean fuel radiue of 7.24 inches, and (2) a
flame. holder havi ng a zero-pitch alinement of perforations, 0.16-

i nch-w de cooling slote, and a similar arrangement of fuel nozzles
providing a nean fuel radius of 6.89 inches. At choki ng conditions,
t he operabl e fuel-air rati o rangs for the two-pitch Bta.ndard.-slot

burner wes from 0.074 to greater than 0.090. Wth a 14.—-1nch

orifice plate attached to the ramjet outlet, theoperabl e fuel-air
ratio range at choking condition8 for this bur ner was 0. 048 to
0.098. The zero-pitch wide-slot burner gave an operabl e fuel-air-
ratio range from about 0.045 to 0.090 at choking condition8 with
no Orifice plate attached-to the ramjet outlet.

2. For the two best burner configurations investigated, t he
val ue of gas total -tenperature ratio at a gi ven combustion~-chamber-
inlet velocity reached a maximum at approximately the stoichicmetric
fuel-air ratio. At a combustion-chamber-inlet vel ocity of about
205 feet per secomd and a fuel-air ratioof 0.075, a gas total-
temperature rati o of 6.0 and a cambustion efficiency of 74 percent
wereobt ai ned Wth the two-pitch 8tandaxd-slot burner as compared
with a total-tenperature ratio of 4.7 and a combustion efficiency
of 52 percent obtained with the zero-pitch w de-slot burner. At
a given value of fuel=-air ratio, increases in cambustion-chamber-
inlet velocity greater than about 200 feet per second ceused the
cambustion efficiency and the gas total -tenperature ratio to
decreasef or bot h burners.

3. At a ram pressure ratio equivalent to a free-stream Mach
mmber of 1.44 and a pressure altitude of 30,000 feet, the minimum
reduced specific fuel consumption attained was 3.0 poundsof fuel
per hour perpound of net thrust for the unit employing the
burner having a flane holder with a two-pitch alinement of
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perforations and t he lé%—inch-diamster orifice plate attached to the
combustion-chamberout | et. A maximm val ue of net thrust coefficient

Of 0.68 wasalsoattai ned with thisconfiguration a: the same con-
ditions of equival ent free-stream Mach nunber and altitude.

Lewis Fl i ght Propulsion Laboratory,
Nati onal AdvisoryCammittee for Aeronautics,
C evel and, hio.
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TABLE I - SUMMARY OF PERFORMANCE OF VARIOUS BURNER GONFIGURATIONS

Fla ﬁld.dr igjv:z;:loi i::t;m Condltlcns of operation
Confign- | pen aree | iteh Pooling{ Baalc patterns | Mean | im-jet-|Burning| Ram-jet- xima
ra,tig; gorognt) glot |used alternately| fuel »utlet out 1et Chp'ﬁ‘l:;.:ti te rangs of oparation
width radive | Lameter choking o en~ Approximate
(in.) (in.) | (in.) ohambar- fuel-air ratio
* Inlet statio £/a
prasaurs, pp
in/sq f% abs,
150 0 0.07 |4 and 3P (tube 7,20 17 Rough Tnobtain- 1200-2000 0.,060-0.080
b 'plugged in 2 able
pattern 3P)
f 110 0 «07 |4 and 3P (tube T.20 l"& Stable ot deter~ 2000 «068 = ,078
5 pluggad in 2 mined
4 pattern 3P)
s 130 2 | 07 |4and 3 (tube |7.20 | ;.1 |Rough | Umobtain- 950-2000 .041 -,083
N & plugged in 7 able
g pattern 3P)
4 130 2 07 (4 and 3P 6,89 | 1ol |-=doy--|w—--do.--- 1800-2000 , 050 - ,080
2
5 130 2 07 (4 and TP (tubes | 7.24 5 Stable |Obtaipable 1100-2000 (3ee rig, 7(a))
1 and 5 plugged 141«
in pattern 3P)
] 130 2 07 (4 and 3P (tubes | 7.24 1 g e [ Ao g === 1100-2000 (8ee fig. 7(b))
1 and 5 plugged 175
in pattern 3P)
7 130 2 .07 4 and 44 (tubou Te ST 171.' wmdoyan [wmrmedl == 1500-2000 0.,075-0,002
1 and 2 plugged 2
in pattern 4A)
8 135 ] »18 |4 and 3P 6.89 17%_ " |ardogan [mm—edn . ——— 1100-2000 (8ee fig. 7(c))
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Figure 1, - Schematic diagram Of Bunbl ebee 18-inch ram jet showing inetrumentation,
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NACA RM No. EBL20 SRS, i9

10.22.47

{a) Zero-pitch alinement of perforations, 0.07-inch coocling elots, and 11l0-percent open
area. FPllot dome atiached to diffuser center body and skirt.

10-22 - 47

(b) Zero-pitch alinement of perforations, 0.07-inch cooling slots, and 130-percent open
aree.

Fgure 3. -~ Can-type flams-holdexr akirts.
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NACA RM No. E8L20 QAU | 24

e ]

C-20695
2-10-48

{c) Zero-pitch alinemant of perforatioms, 0.18-Inch cooling slots, and 135-percemt open
area. Pllot doms attached to skirt.

C-19891
10.22-47

(&) Two-pitch alinement of perforations, 0.07-inch cooling slots, and 130-percemt opem
area.

Figure 3. - Concluded. Can-type flame-holder skirts.
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161-1503
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-
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Section AA
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Flgure 4. ~ Schematic dlegrem of fuel diletributor with typloal cver-all fnel-injector pattern.
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NACA RM No. ESL20

(a) Fuel pattern 3P

patterns.

- Phot ographs and schematic diagrans
of basic fuel

Fi gure 5.
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| C-20051

11.21.47
170 —1
\‘/ o710 /—Outer wall

(b) Fuel pattern 4.

Figure 5. = Continued. Photographs and schematic
diagrams Of basic fuel patterns.
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NACA RM No. E8BL20 I

C-20054
11-21.47

\'\/ “..-71°--| outer well

\
_ax I 1™~
\\ \]ll I/ [@-
v Vg R
oy \\|[ Il . g
A\N\V VL /87 @
Vv
Vil
\\\“ll
\‘\’
N7

(c) Pattern nunber 44,

Figure 5. = Concluded. Photographs and schematic
di agrans of basic fuel patterns.
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Hater-cooled.ucmbuntiunph.H‘
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-orifice plnta Lo =
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Figirs G. ~ Installation of Bumblebes 18-inch rmm jet 10 &ltitwde wind turmel,
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NACA RM No. E8L20 p ¢ s am e
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(a} Twa-pitch standerd-slot burner with orlifice plate.
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< . T
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(c) Zero-pltch wlde-slot burner without orifice plate.

Figure 7. ~ Fuel-alr-ratio coperating ran%e as function of combustion-chamber-inlet velacity and
pressure. Combustion-chamber-inlet temperasture, 140° : 10° fF.
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- (b) Two-piteh standard-slot burner. Combustion-chammber-inlet velocity Vg, 160 to 170
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(c} Two-piltch standard-slot burner. Combuation-chamber-inlet velacity Vg, 203 to 209
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(d} Zero-pltch wide-azlot burmer. Combustlon-chamber-inlet veloolty Vg, 197 to 209
feot per second.
K
50 \\
40 “A.\ :NACA:;
30
04 .08 .06 07 «10 «11 .12

Flgure 8, - Effect of fuel-alir ratic on combudtion efficiency at various combustion-chamber-
Gombustion-chamber-inlet temperature, 140° % 10° F,

(e) Zero-pitch wide-slot burmer.

inlet veloocitiss.
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Puel-air ratic, £/a
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-]
A A
| A A Tt
5 — q
< ~——lo.
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(2} Two-pitoh standard-slot burner. GCoubustion-chamber-inlet veloclty Vg, 133 to 137
feet per aecond.
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(e) Zero-pitch wide-slot burnmer. Combustion-chamber-inlet velocity Vg, 273 to 281
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Flgure 9. - Effect of fuel-air ratio on gas total~temperature ratio scross ram Jet at various
combustion-chamber-inlet velocitiea, Combustion-chamber-inlet temperature, 1409 e 10° F,
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(a) Two-pitoh standard-slot burner. Fusl-sir ratio f/a, 0.070 to 0.076.
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Flgure 10. - Bffect of combustlon-chember-inlet velocity on combustion ei‘..‘.‘iclency at various
fuel-air ratios. Combustion-chamber=-inlet temperaturs, 140° + 10° P
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Gas total-- Mauel-air Combustion

temperature ratio efficlency
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Figure 12. = Profiles of dynamic pressure in subsonic diffuser im-
nmedi ately upstream of fuel injecter forvari oua gas total-
tenperature ratios sacross ram jot at an average combustion-chamber-
inlet Reynolds nunber of 1,290,000. Two-pitc\standard-slot

burner; oonbust| on- chanber-outl et

di anet er, 17% inches,
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Figure 13. - Profiles of dynamic pressure at conbustion-chanmber inlet

or various

st andar d- sl ot

_ as total-tenperature ratios across ramjet at average
conbusti on- chamber -i nl et Reynol ds nunber of 1,290,000.
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Tot al static Gas total- Fuel-air Conmbustion
pressure pressure tenPerat ure rat/l o efficiency
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Figure 14. - Profiles of total and static pressures acroas conbustion
chamber 1/2 inch upstreamof ramjet outlet for various gas total-
tenperature rati os across ram Jet at average conbustion-chanber-inl et
Reynol ds nunber of 1,290,000. Two-pitch Standard-slot burner;

conbusti on-chanber-outl et dianeter, 17%'- i nches.
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Pigure 15. = Profiles of total and static pressures across combustion
champer 1/2 i nch upstream of ramjet outlet for choked and unchoked
condi tiona at ram-jetoutlet. Two-pitch standard-slot

conbusti on- chanber-outl et di aneter, 1'7]2'- i nches.
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Equivalent Fuel-alr Combustlion Gas total- Ultlmate
free-stream ratio efflclency temperature exhaust-
Mach nunber: £/a Th ratio Jet Mach
¥o (percent ) T number
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Figure1 6 . -Profiles of

Mach nunber across conbusti on chanber

1/2 inch upstream of ramjet outlet for choked and unchoked con-
ditions at ramjet outlet. Two-pitch standard-slot burner;

conbusti on- chanber-outl et dianeter, 17%- inches; ratio of specific

heats, 1.3.
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, =—Owm Zero-pitch w de-slot burner
Wi thout orifice pl ate
====-= Two-pitch standard-slot burner
without orifice plate
—=-O—- TWo- pi t ch standard-slot burner
Wwith orifice plate
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Figure 17. - Bffect of equivalent free-stream Mach number and pres-

sure altitude on jet thrust for various ramjet configurations.
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o Zero-pitch wde-slot burner
Wthout orifice plate

O Two-pitch standard-slot burner
without orifice plate

¢ Two-pitch standard-sl ot burner
with orifice plate
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Reduced jet thrust, Fj/b. 1b
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Figure 18. = Effect of equivalent free-stream Mach number on reduced
jet thrust for various engine configurations. Jet thrust reduced
to NACA standard atnmospheric conditions at sea |evel.
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without orifice plate
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without orifice plete
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wlth orifice plate
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Flgure 19. = Effect of equivalent free-stream Masch number on total-pressure retio
across ram jet for various engine conflgurations,.
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Figure 20. = Effect of equivalent free-stream Mach number on ultimate exhaust-Jet
Mach number for varlousengine configuratlons.
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Reduced specific fuel consumption, Wp/F, 4@, 1b/(hr)(1lb thrust)
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Figure 22. - Effect of equival ent free-stream Mach nunber and gas-
otal tenperature ratio on net-thrust coefficient for various ramjet

configurati ons.
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