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INVESTIGATION OF EFFECTS OF SEVERAL FUEL-INJECTION
LOCATIONS ON OPERATIONAL PERFORMANCE OF A
20-INCH RAM JET

By W. H. Sterbentz, E. Perchonok
and F. A. Wilcox

SUMMARY

The results of an investigatlion conducted 1in the NACA Cleveland
altitude wind tunnel to determine the effects of several methods of
fuel injection on the operational performence of a 20-inch rem Jet
are presented and discussed. Studies were made to pressure alti-
tudes of 35,000 feet and ram-pressure ratios egulvalent to super-
sonic Mach numbers. Four fuel-Iinjection arrangements using the
same flame holder were investigated: (1) a fixed amount of fuel
injected within the flame holder in & downstreem dlrection and a
varieble amount of fuel injected near the ram-jet diffuser inlet
in an upstream direction; (2) a fixed amount of fuel injected within
the flame holder in a downstream directlon and a variable amount of
fuel injJected neer the flame holder in an upstream directiom; (3) all
the fuel injectsd near the ram-Jet diffuser inlet in an upstream
direction; and (4) all the fuel injected within the flame holder
in a downstream direction. The fuel injected upstream of the flame
holder was prehea’l:ed..l '

The blow-out limits and the combustion stabllity of each fuel-
injJection arrangement were determined. In addition, the effects of
fuel-air ratio, cambustion-chamber-inlet velocity, combustion-
chamber-inlet static pressure, and ‘smbient-air pressure on cambustion
efficiency are presented and analyzed. Engine performance..results
obtained for the 20-inch ram Jjet with a 17-inch-diameter exhaust
nozzle and one of the fuel-injection arrangements inyestiga.ted>
are elso presented.

Changes in the location of the point of fuel injection with
reapect to the f£lame holder proved to be very important to the
performaence of the combustion chember. -Pronounced variation in
ctombustion efficiency with changes in either combustion-chamber-inlet
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velocity or over-all fuel-air ratio was noted. The range of fuel-
alr ratios over which combustion could bs maintained was decreased
vwhen the engine was operated close to the conditions of ram for
which choking occurs at the exhaust nozzle. The full fuel-air
ratic range of operation however was recovered after the engine
was choked.

INTRODUCTION

One of the difficult phases of ram-Jet combustion-chamber
development is the problem of obtaining stable ccambustion of high
efficiency over a wide range of fuel-air ratlos, combustion-
chember-inlet velocities, and altitudes. Combustion studies
reported in references 1 to 3 have shown the Importance of the
method of fuel injection on the performance of the ream-jet com-
bustion chamber. From these experimente, in which all the fuel
was Iinjected upstream of the flame holder, burners that operated
to high altitudes and to pressure ratlos corresponding to super-
sonic Mach numbers were developed at the NACA Cleveland laboratory
(references 1, 4, and 5). The flame holders of some burners of
this type would, however, support combustion only at low ccmbustion-
chamber~-iniet velocitiea or over narrow ranges of fuel-alr ratios.
In addition, cambustion was sometimes accompanied by undesirable
vibrations at frequencles ranging from 25 to 125 cycles per second.

An investigation was conducted in the NACA Cleveland altitude
wind tunnel to determine the effects of several methods of fuel
injection on the operational performence of & 20-inch ram Jet.

The locetion of the point of fuel inJectlion with respect to the
flame holder was thought to be importent in the performence of
fleme holders. In this study, the effects on rem-jet combustion-
chember performence of four fuel-injection arrangements, which
used the seme flame holder, were investigated (fig. 1).

For each configuration, the quentitative effects of fuel-alr
ratio, combustion-cheamber-inlet velocity, combustion-chamber-inlet
statlc pressure, end amblent-ailr static pressure on cambustion
efficlency are presented. The effect of exhaust-nozzle-outlet
diemeter and exhaust-nozzle choking on the fuel-air-ratlo operating
range 18 indicated for the configuration using the split-injection
burner. The performance results for the 20~inch ram Jet with a
17-inch exhaust nozzle and an 8-foot combustion chamber usling thils
burner were investigeted and are presented.
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APPARATUS AND PROCEDURE

The investigation was made with a ram Jet having a subsonic
conlcal diffuser, a constant-area combustion chamber, end a con=
verging exhaust nozzle (fig. 2). The diffuser had an 8° included
angle, a l4-inch-diameter inlet, and a 20-lnch-diameter outlet.

A converging nozzle 2 feet long with elther a 15-inch- or a 17-inch-
dismeter outlet was attached to the 8-foot combustion chamber. The
construction of the waber-cooled combustion chamber and exhaust
nozzle was similsr to the experimental combustion chember described
in reference 5. These sectlons were made by seam-weldlng a corru-
gated outer shell to a smooth inner shell to form a helical cooling-
water path.

The four fuel-inJjection arrengements were: (1) a fixed amount
of fuel injected within the flame holder in a downstream direction
and a variable smount of fuel injected upstream of the flame .holder
near the ram-jet diffuser inlet in an upstresm direction (split-
injection burner, fig. 1(a)); (2) a fixed emount of fuel injected
within the fleme holder in a downstream directlon and a variable
smount of fuel injected at the flame holdsr in an upstream direction
(flame-holder split-injection burmsr, fig. 1(b)); (3) a1l fuel
injected upstream of the flame holder neer the ram-jet diffuser
inlet in an upstream direction (upstream-injection burner, fig. 1(c));
and (4) all fuel injected within the fleme holder in & downstream
direction (flame-holder injection burner, fig. 1(d)).

Two independent fuel systems were used: one for the upstream
fuel inJectors and one for the fuel injector within the flame holder.
The fuel injected in an upstream direction was preheated., The pre-
heating system consisted of a heat exchanger using saturated steam
at a pressure of 100 pounds per square Inch gage as the heatlng
medium (reference 4). The preheated fuel temperature was maintalned
at 200° £ 10° F. With the split-injection arrangements, the fuel
flow within the flame holder was maintained constant at 1000 pounds
per hour for all operating conditions and the fuel temperature was
approximately 80° F. Unleaded 62-octene fuel (AN-F-22) was used in
this study.

For all arrangements of the fusl-injectlion systems, the fleams
holder used (fig. 3) was a modification of the annular V type B burner
described in reference 1. It consisted of two perforated annull of
9- and 16-inch center-line diameters, and a perforated center cone.
Both ennull and the center cone had a 30° V cross-section with a
3-inch chord.. For the injection of fuel downstream within the flame
holder, 32 equally spaced 6-gallon-per-hour commercilal spray nozzles
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were provided in the outer amnulus, 16 egqually spaced 6-gallon-per-

hour commercilsl spray nozzles 1ln the inner amnulus, and one 2l.5-gallon-
per-hour spray nozzle in the center cone. These nozzles were the 60°
hollow=-cone type and were fed from a single fuel source. Additional
redial gutters were wslded between the annull and the cone to improve
its flame-holding characteristics. The total-pressure drop of this
flame holder wes 1.5 times the combustion-chamber-inlet dynamic pressure.

For fuel injectlon in an upstream direction at the flame holder,
18 commercial spray nozzles were provided in front of the outer
annulus, 12 commercial spray nozzles were provided in front of the
inner annulus, and one commerclal spray nozzle was provided in front
of the center cone. These nozzles were rated to deliver 21.5 gallons
of fuel per hour in the form of a 60° hollow cone at a pressure of
100 pounds per sguare inch gage. All nozzles were fed from a single
fuel source. This fuel injector, which 1ls mounted Just upstream of
the fleme holder in the combustion-chamber-inlet section, is shown
in figure 4.

The fuel inJector used in the studles requiring fuel injectlon
upstream of the flame holder near the diffuser inlet 1s shown in

figure 5. This fuel InJector consisted of six S.-inch tubes arrenged

in an 80° ¥V pattern in which the open end of the V is 5 inches down-~
stream of the diffuser inlet. The fuel was sprayed in an upstreanm
direction. ZPrevious lnvestigatlons in which preheated fuel was used
(references 4 end 5) indicated the necessity of maintaining a fuel-
manifold pressure greater than the fuel vapor pressure and the
desirabllity of a fuel iInjector that would permit a wide range of
fuel flows with smell variation in fuel pressure. Such a system

1s impossible with a fixed-orifice-area injector, but can be accom-
plished with a varlisble-corifice-area injector. The fuel Injector
was designed eccordingly and conslsted of two concentric tubes
arranged to permit reletive displacement of one with respect to

the other. The outer tube had & serles of 0.028-inch holes drilled
along 1ts length and the lnner tube had & series of slots along its
length opposite the orlfices in the outer tube. A smell dilsplace-
ment of the inner tube made possible a varletion in the total
number of open orifices from 18 to 144 in eight equel steps. The
orifices and slobts were located to glve a uniform fuel distribution
at each setting. The aercdynemic totel-pressure drop of the fuel
injJector was 0.54 times the dynamic pressure at the combustion-
chember inlet.

Ignition for the cases in which fuel was injected within the
flame holder was accomplished by means of & modified aircraft spark
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plug. When all the fuel was injected upstream of the flame holder,
a gas pllot, which was bullt into the flame holder, was required to
start combustion. Ignition of the gas pilot was also accomplished
by means of the modified alrcraft spark plug.

Dry refrigerated air at aspproximately sea-~level pressure was
made available to the ram Jet through a make-up alr duct and was
throttled to provide the desired static pressure at the combustion-
chember inlet. The engine exhasusted directly into the wind-tunnel
test section where the pressure altitude was varled to the desired
condltion. A 7-foot chord wing supported by the wind-tunnel balance
frame served as a mounting for the rem Jet. The wind-tunnel bhalance
system was usged to measure the thrust. Free movement of the model
was obtained by & sealed slip Jjolnt inserted between the ram Jet
and the meke-up air duct. Thrust values calculaeted from data
obtained with a water-cooled exhaust rake (fig. 2), which are not
presented, were consigtent with values obtained with the wind-
tunnel balance.

The engine operational performance was Iinvestigated at various
ambient-air pressures from 1450 to 500 pournds per square foot abso-
lute. The inlet-air temperature was maintained at 10° £ 10° F, At
each ambient-alr pressure, readings were taken over a range of
combustion-chamber-inlet static pressures at intervals of
100 pounds per sguare foot. Data were thus obtalned at various
pressure eltitudes and rem-pressure ratios. At each combustion-
chaember-inlet static pressure and altitude, the fuel-alr ratio was
varied over the range at which combustion could be maintained.

Total pressures, statlc pressures, and Indicated temperatures
measured et the diffuser inlet were used to campube the air flow.
From these meassurements and en addltional measurement of static
pressure at the combustion-chamber inlet, combustion-chamber-inlet
velocities were computed. Rotameters were used to measure the
fuel flow. Combustion efficlency and gas temperature rise were
coamputed from measured values of Jet thrust and ges flow by the
methods presented in references 1 and 5. The heat lost to the
combustlion~chamber cooling water was accounted for in the calcu-
lation of combustion efficiency. This heat loss was computed
from cooling-water flow and temperature-rise measurements.

The engine performance parameters were computed by methods
discussed in references 1 amd 5. For equivelent free-stream Mach
number valves less than 1, the dlffuser-inlet total pressure was
taken as the equlvalent free-stream total pressure in computing
Mach number; for values greater than 1, supersonic diffuser losses
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were added to the measured subsonlc diffuser-inlet total pressure
to obtain the equivelent free-streem total pressure. The losses
vere assumed to be those that would occur across a normel shock at
the throet of & convergent-divergent supersonic diffuser of optimum
contraction (reference 5).

SYMBOLS
The followlng symbols are used in thls report:
A cross-gectional area, square feet

2 Fp

Cp net-thrust coefficient, 5
70 Po A3 ¥y

FJ Jet thrust, pounds

¥, net thrust, pounds

f/a fuel-air ratio

M Mach number

P static pressure, pounds per squeare foot absclute
T totel temperature, °R

v .velocity, feet per second

Wy air flow, pounds per second

Wf fuel flow, pounds per hour

¥ raetio of specific heat at constant pressure to specific heat
at oonstant volume

el ratic of absolute tunnel smbient-alr pressure toc absolute static
Pressure at NACA stendard atmospheric condltlons at sea level,
p0/2116

by over-all efficlency, percent

Ty, combustion efficiency, percent
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2] ratlo of absolute total temperature at diffuser inlet to abso-
lute statlic temperature at NACA standard atmospheric condi-
tions at sea level (T = Ty), Tqo/519

T ratic of ebsolute total temperature at exhaust-nozzle outlet
to absolute totel temperature at diffuser inlet, T,/T;

Subscripts:

0 equivalent free-stream condltion

1 subsonic~-diffuser inlet

2 diffuser outlet and combustion-chamber inlet
3 combustlon-chamber outlet .

4 exhaust-nozzle outlet

RESULTS AND DISCUSSION

The variastion of combustion efficlency Ny with elther combustion-
chamber-inlet velcclity Vs or over-all fusl-air ratioc f/a was greatly
affected by the following three factors: (1) fuel atomization,

(2) degree of fuel stratification, amd (3) time ellowed for ccmbustion.
Changes in the fusel-inJjection arrangements changed the effects of these
varlables on the combustion efficiency. Because of the nature of the
investigation, independent control cf all the experimental varilables
was not feasibls. All the experimental conditlons at which the data
wers obtalned are therefore glven for each of the different config-
wrations, Certaln of these varisables have little effect on the
combustion-chamber performance, as wlll be shown.

- The effects on 173 of the fuel-injection arrangements are
Presented over a range of operasting variables in figures 6 and 7.
Figure 6 presents mny plotted against V, for the split-injection
burner, the upstream-injection burner, end the flame-holder inJjection
burner. These data were obtained with a 17-inch-diameter exhaust
nozzle. The gas total-temperature ratlos across the engine T +that
were attalned, the combustion-chamber-inlet stetic pressures pp,
and the ambient-air pressures pg at which the data were taken are
also glven. Data ars presented at approximastely constant f/a for
each burner. The fuel-air ratlos selected are the values at which

——
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the maxlimum range of cperating veriables was obtainsed. An evaluation
of the effect of Vg upon 7y at a constent f/a for the flame-
holder split-injectlon burner is not presented because sufficlent
date were not cobtained for such an anslysis.

With the split-inJjectlon burner opersting at a f/a value of
0.040 % 0.002 an inoreass in 73 from 45 to 81 percent was obtalned
as Vg was Increased from 96 to about 138 feet per second.

(See fig. 6(a).) This marked increase in 17, was largely due to

the more complete atomization and mixing with air of the fuel inJjected
from the upstream fuel injector (fig. 5) that occurs as Vo is
increased. The improvement in fuel dispersion and atomlzation with
increased Vo occurs because the fuel 1s ejected 1ln fine streams
through simple orifices against the direction of air flow. The
grester the relative veloclity of the alr over the fuel streams the
greater is the tearing action of the air on the fuel (reference 6).

A sherp reversel in trend occurs at & Vg value of about
140 feet per second, the value at which peak combustion efficiency
(nb, 8l percent) was obtalned, and further increases in Vg result
in a graduel decrease in 7. Fresumably the improvement in fuel
atcmlzatlon and fuel-air mixing with further increases in Vy d4id
not increasse 1, sufficiently to overcome the loss in 1%y, that
results from the decreased time avallable for combustion at higher
Vo values. The combined effect produces a gradusl decrease in 1y
with increases in Vs above values of 140 feet per second
(fig. 6(a)). The maximum velocity shown on this figure was
limited by choking abt the exhaust nozzle of the engine and not by
combustion blow-out.

At an spproximately constant value of Vo, variations in pp
over the range investigated (1200 to 2000 lbs?sq ft absolute) had
little effect on MNp. Varilations in Po over the range investl-

gated et fixed values of Vg also show 1little effect on 1y.

The verlation of T with Vs follows the pattern of the
variation of 17, with V,. An approximate peak velue of T of
5.5 was attalned at a value of Vs of 140 feet per second, the
same value of Vy at which the peak 10, occurred.

The variation of wn, with V, at a f/a value of 0.055 % 0.001
for the upstream-injection burner is shown in figure 6(b). As with
the split-injection burner, 1, rapldly increased with increases in

Vé, reaching & peak of 78 percent at about 140 feet per second.

- ITnN.
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Further increases in Vp resulted in a gradual decrease in Ty.
The same trend might be expected with this burner as with the split-
injection burner because the same upstream fuel injector was used
in both studies.

When all the fuel was injected within the fleme holder, a decrease
in np occurred with increases in Vp. This varliation at a £/a
value of 0.020 + 0.001 i1s shown in figure 8(c). For an increase
in Vo from 117 to 177 feet per second, 1) decreased from 68 to
47 percent. This drop in 1N was probably caused by the reduced
time avallable for combustion with increased Vo. There could be
1ittle effect upon the fuel atomlization or fuel-alr mixing with
changes In Vg, as when fuel was injected from the upstream injector,
because the fuel spray nozzles are shlelded wlithin the flame holder.
For the data obtalned, the fuel pressure was maintained at a high
value to minimize its effect on fusl atomization.

Combustion efficiency 1m; plotted ageainst over-all fuel-alr
ratio f/a 1s presented in figure 7 for the split-injection burner,
the upstream-injection burner, the flame-holder split-injection
burner, end the flame-holder injection burner. As with the data
presented in figure 6, these data were obtained for the burners
operated with a 17-inch-dismeter exhaust nozzle. The gas total-
temperature ratios across the engine T that were attained and
the ccmbustion-chember-inlet veloclities Vs and statlc pressures
P, &t which the date were teken are elsc shown. Data are presented
a.% a value of py of 1450 pounds per square foot absolute.

The range of f/a for stable combustion wlth the split-injection
burner wes from spproximately 0.033 to 0.050. (See fig. 7(a).) At
& given value of D,, the 1}, graduslly increased with f/a unmbil
& maximm was reached at a f/a value of approximately 0.044.
Further increases in f£/a decreased 1. The increase in ny with
f/e 1is partly due to the increased concentration of fuel, thereby
improving conditions that lead to more rapid chemlcal reaction.
Primarily because a zone of rich fuel-eir mixtures was malntalned
at the flame-holder gutters, the maximum 1, occurred at less than
stoichiometric over-all f/a (0.067). As the over-all value of
£/a was increased beyond 0.045, local overenrichment at the flame
holder occurred and the excess fusl 1n this zone would not burn to
completion regardless of how favorable were the condltions for
combustion.

The varistion in 7y, with £/a, as shown in figure 7(a), is

also affected by the V., &t which the data were taken. Inasmuch
as the data in figure 6(a) have shown that ps had little effect
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on 4,, the apparent chenge in 1, with p, shown in figure 7(a)
a.ctuaRly arises from the varlation in YV, caused by changes in ps.

For the split-Injection burner, 1, decreases as £/a 1s increased

to values greater than 0,045. At the seme time, the value of 7
continues to increase over the f/a range of stable burning shown

in figure 7(a).

When only upstreasm injection was used, a displacement 1ln the
f/a range over which combustion could be maintained occurred, as
shown in figure 7(b). Peak %3, ocourred at a f/a value of
approximately 0.062 and flame blow-out ocourred at values of f£/a
below 0,055 and above 0.068. The shift in peak LN to richer
f/a. velues by chenging from split inJection to full upstream
injection is primerily due to reduced fuel stretiflcation. As a
result of a more uniform fuel-air mixture over the combustion-
chamber cross section, meximum %, occurred at a fuel-air ratio
nearer stolchiometric.

The range of £/a over which combustion could be maintained
with the flame-holder spllt-injJection burner is presented in
figure 7(c¢). The combustion efficlency 103 increased rapidly
with f£/a until the meximum was reached at a value of 0.040.
Because all the fuel 1s concentrated at the flame-holder gutters,
the peak 17}, would be expected to cccur at a leaner over-all fuel-
air ratio than for the split-injectlion burner or for the upstream-
injection burner. When f/a was increased beyond 0,040, a rapid
decrease in 1, occurred, the drop being sufficient to cause a
slight decrease in the value of T that was obtalned. Blow-cut
occurred at f/a values below 0.031 and above 0.047.

Data obtelned with the flame-holder injection burner were
limited by the fuel flow ohtalnable through the fixed-area orifices
of the spray nozzles used. . As a result, neither the entire range
of fuel-elir ratlos over which combustion could be malntained nor
the peak 1);, with fuel-alr ratic was determined. The dats which

were obtained for this burner are shown in figure 7(d).

As the fuel-alr ratio was increased from 0.012, which was the
leanest f/a at which combustion was maintained with the flame-
holder injection burner, 1%, increased (fig. 7(d)). The increased
N, wes cauged 1ln part by the Increased concentration of fuel in
the fuel-air mixture and in part by the decrease in Vo that
occurred as the exhaust-nozzle-outlet tempersature increased with
f/a. This decreese in Vp allowed more time for combustion.

«=JONEIENGEay
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The fuel-air ratio at which the peak ccombustlon efficlency occurred
was not determined, but & f£/a value as high as 0.046 was obtained,
at which polnt the highest measured %, (89 percent) occurred.
This point is well past the f/a value of 0.040 and s llittle past
the f£/a value of 0.045 established as the values at which meximum
n.. was sttained with the flame-holder split-injection burner and
tﬁe split-injection burner, respectively.

The locatlon of the point of fuel injection with respect to
the fleme holder proved to be very important to the operational
performance of the cambustion chamber. When all the fuel was
injected upstresm of the flame holder near the diffuser inlet,
unsetisfactory performence of the combustion chamber resulted.
Although fleme filled the combustion chamber, burning was accom-
panied by severe and irreguler vibrations over the entire range
of operation. Burning ceased when the rem-pressure ratio across
the engine was increased to 2.12, corresponding to an equivalent
free-streem Mach number My of 1.10. This value of rem-pressure
ratio was Just under that regquired to choke the engine at the
exhaust nozzle.

When the split-injection system was used, the severe, irregu-
lar vibration was eliminated except near the fuel-air ratio blow-
out limits. In addition to stebilizing combustion, the burner
operated at a ram-pressure ratlo of 4.06, corresponding to am
equivelent free-stream Mach number of 1.60. (This limit was set
by the pumping cepacity of the wind-tunnel exheusters.) Fleme
canpletely f£illed the combustion chamber over the range of fuel-
air ratios at which combustion could be maintained. At low
conbustion-chamber-inlet velocities, spark ignition was possible
at pressure altitudes of 25,000 feet. As wilth other burners
(reference 5) when the engine was choked &t the exhaust nozzle,
operation of the engine was independent of variations in tunnel
emblent-alr pressure.

Steble cambustion was also obtained when all the fuel was
injected within the fleme holder; because of the fixed-area
orifices of the spray nozzles, however, operation of the burner
was limited to the maximum fuel flow that could be obtalned.
This burner did not support combustion at ram-pressure ratios
greater than 1.28, which is considerably below that required to
choke the engine. This value of ram-pressure ratio corresponds
to a My value of 0,595.

e
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Combustion was unsteady with the fleme-holder split-injection
burner. The burner was operated to a ram-pressure ratio of 2.51
before the instability of combustion rendered the burner inopera-
tive., This velue of ram-pressure ratic corresponis to a My of
1.23.

The range of f/a over which combustion could be maintained
was affected when a change in the outlet dlameter of the exhaust noz-
zle was made. Thls effect 1s shown iIn figure 8, which presents data
obtained with the split-injection burner operating with a 17-inch-
and a 15~inch-dlameter exhaust nozzle for a fixed value of Pg and
narrow range of ps. The values of T attalned and the values of

Vé at which the deta were obtalned are also presented.

A renge of f/a from 0.025 to 0.068 was obbained with the
15-inch-digmeter exhaust nozzle. The range with a 17-inch nozzle
vas from 0.033 to 0.048. Although the range of f/a was narrower
when the 17-1nch nozzle was used, higher values of Mp Were
attained with this nozzle. .At any given £/a, a higher value of
Np Wwas obtained with the 17-inch nozzle; larger values of V2
were obtained with increased nozzle-outlet area, end for the range
of V, at which these date were teken, Ny 1increased with V.
Concomitant increases in T were also obtained wilth the 17-inch
nozzle because of the lmproved 1.

The effect of choking at the exhaust nozzle on 1y, Vg, T,
and the range of f/a at which combustion could be maintained is
shown in figure 9. Data are presented for the split-injection
burner operating in the combustion chamber with a 17-inch-diameter
exheust nozzle. For this configuration, exhaust-nozzle choking
ocourred at My of 1.13. Below choking at any given f/a
(figs. 9(a) and 9(b)), Ny, increased with increases in rem-
pressure ratio across the engine. As previously discussed, the
primery ceuse for the higher velues of 17y at any given f/a is
the 1ncreese in Vo thaet accompanles the increase in ram-pressure
ratlo. An increase Iin T results from the increase in Npe

As the rem-pressure ratio across the engine is further increased
to values in the neighborhood of choking at the sxhaust nozzle
(fig. 9(b)), a noticeable decrease in the £/a range of operation
18 indicated. The range of f/a was recovered, however, aftter the
englne was fully choked (figs. 9(c) and 9{(d)}. After the engine
had been choked, changes in p, dld not affect the range of f/a,
and at & glven f£/a did not ect 1, V,, mnor T. The peak
np ocourred at approximately the same f/a and wes Independent

of the other operating variables.

e S
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Because the split-injection burner had desirabls combustion
characteristics, the performance of the ram Jet with thls burner
was investigated. The resulis of this investigatlon are presented
in figures 10 to 16. The relations with the free-stream Mach
number of the ram-Jet performence parameters, reduced Jet thrust
F4/8, reduced net thrust Fp/8, net-thrust coefficient Cp,
red.uced. air flow Wgp/6/8, over-sll efficiency 7, and specifio
fuel consumption Wg/F, are shown in figures 1l to 16, respec-
tively, for the engine with & 17-inch-diameter exhaust nozzle and
the split-inJjection burner. These parameters were computed by
methods discussed in references 1 aml 5,

At a given flight condition, the f£/a at which the ram Jet
is operated will determine the Cy and 7 of the englne. Fig-
ure 10 shows 1y, 0, Op, and T plotted against f/a for the
rem Jet with a 15-inch-diameter exhaust nozzle and the split-
injection burner at an Mgy of 1.08. The over-all efficiency 1
improves with increases in f/a %0 a maximum value of 5.9 percent
at a f/a of approximately 0.042, Thie rise in n with f/a
is primarily caused by the inorease in 103 with r/a. Increases
in f/a greater than that &t which the peak N occurred resulted
in a sherp loss in 1. This loss is due partly to the decrease in
Mp @and partly to the continued increase in T, The following
equation shows that 7 1s a direct function of n, and an inverse
function of T, which causes % to drop with decreases in 7y
and increases In T:

- 2
(70 1) Mg Ty )
70'

Equation (1) was derived in reference 5 as equation (10).

Because T oontinues to increase with f/a, Cp increases
vith f/a.. Increasing f/a from 0.030 to 0.065 resulted in an
increase in T from 3.3 to 6.2 and an Iincrease in Cp from
0.33 to 0.49.

Jdet thrust, net thrust, net-thrust coefficient, and alr flow
increased with Mo (figs. ll to 14, respectively). The meximum

jet thrust developed, reduced to sea—level conditions, F;/8 wes
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10,750 pounds at & My of 1.60. The corresponding F, /8 was
5940 pounds and the Cp was 0.72. At these conditions, the air
flow through the engine was 108 pounds per second reduced to sea-
level conditions.

An Improvement in 1N ‘and net specific fuel consumption Wf/Fn
(figs., 15 and 16, respectively) were obtained with increased M.
At Mg =1.60, T =4.5, and 73 = 80.5 percent, the meximum 1
wes 12,9 percent (fig. 15). The corresponding net specific fuel
consumption (fig. 16) was 2.7 pounds of fuel per hour per pounmd of
net thrust. No curves have been drawn through the data because
variations in 7Ny and T caused the data to scatter. Single
curves of n and Wp/F, can be obtained if 73, and T ere
included in a parameter, as suggested in reference 5.

SUMMARY OF RESULTS

From an investligation to determine the effect of various
fuel-injection locations with respect to the fleme holder on the
performance of a 20~inch ram Jet, the following results were
obtalned:

1. The locatlon of the polnt of fuel injection with respect
to the flame holder was very important to the performence of the
fleme holder end the combustion chamber. With the fleme holder
used in this Investigation, unstable cambustion was encountered
when either the upstream-injection or fleme-holder split-injection
systems were used; whereas stable ccmbustion was obtalned with
elther the split-injection or flams-holder injectlon arrangements.,

2. With the arrangements and methods of fuel injJection employed
in this investigation, pronounced varletion in combustion efficiency
with changes in combustion-chember-inlet velocity was noted. For
both the split-injection and the upstream-injection burners, the
canbustlon efficiency Increased with increases in combustion-chamber-
inlet veloclty to a velue of about 140 feet per second. Further
increases in cambustion-cheamber-inlet velocity resulted in a
graduel decrease in combustion efficiency. When &ll the fuel
vas Injected within the fleme-holder gutters, the combustion
efficiency decreased with an increase in combustion-chember-iniet
velocity.

88l *
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3. At an epproximately constant combustlon-chamber-inlet velocilty,
data obtained with the split-injection burner indicate that varlations
in cambustlion-chamber-inlet statlc pressure over the range investi-
gated (1200 to 2000 1'b/ sq ft dgbsolute) had little effect on the
combustion efficiency. Varfations in amblent-alr static pressure
over the range investligated at flxed velues of combustion-chamber-
inlet velocity also show little effect upon cambustion efficlency.

4. The range of fuel-alr ratios over which combustion can be
maintained was decreased when the engine was operated close to the
conditions of rem at which chokling ocours at the exhaust nozzle.
The full fuel-air-ratio range of operation was recovered, however,
after the engine was fully choked.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Figure {. - Schematic diagrgmg,jltustrating fuel~injection arrangements
used in operational performance investigation of 20-inch ram jet.
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Figure 2, - Installation of 20-inch ram jet

in altitude wind tunnel.
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Figure 3. - Downstream view of flame holder showing spray nozzles with-

in flame-holder gutters.
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Figure 4. — Fuel injector used in investigations requiring injection of
fuel at flame holder in upsiream direction.
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Figure 5. - Upstream view of six-tube injector used in studies requiring inJectIon of {fuel near ram-
jet diffuser Inlet.
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efficiency and gas total-temperature ratio at various conditions of
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20~inch ram jet with 8-foot combustion chamber and |7-inch-diameter
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Figure 6. — Concluded. Effect of combustion-chamber-iniet velocity on
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pressure. 20-inch ram jet with 8-foot combustion chamber and I7-inch-
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