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A flight investigation was conducted on a rectangular ram jet 
incorporating a V-shaped gutter-type flame holder over a range of 
fuel-air ratio6 from 0.019 to O.ll2, oombustion-chamber-inlet veloc- 
ities from 39 to 101 feet per second, and pressure altitudes from 
l500 to 29,200 feet. 

The maximum combustion efficiency obta5ned was approximately 
64 percent at a fuel-air ratio of 0.069 and a pressure altitude of 
Il.500 feet. An increase in altitude resulted in a pronounced decrease 
in combustion efficiency. The hwest pressure altitude at which 
ignition was possible with the spark plug and ignition cone was 
22,500 feet. Above ll,OCC feet, an increase in altitude increased 
the value of fuel-air ratio at which lean blow-out occurred. Rough 
engine operation was encountered only at altitudes above 20,000 feet 
as the fuel-air ratio approached the lean or rfch blow-out limits. 

As part of a research program for the study of rem jets, 
a flight investigation is being conducted at the NACA Cleveland 
laboratory on a rectanguler ram jet installed in a short-span win6 
mounted beneath the fuselage of a twin-engine, fighter-type air- 
Pl==. Thfs type of power plant was designed for Installation 
within the winge of a high-speed airplane or missile. 

The purpose of the investigation is to determine the perform- 
once and operational characteristics of a rectangular ram jet over 
a range of altitudes at subsonfc velocities. During a test-stand 
investigation (reference l), a aimdlar engine operated satiafacto- 
r1l.y over a range of fuel-air ratio8 from 0.025 to 0.063. owing to 
the comparatively low inlet-air velocities available, only a limited 
amount of data could be obtained on ignition, blow-out, and combus- 
tion efficiency. The fli&t investfgation reported herein TIE made 
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at pressure altitudes from 1500 to 29,200 feet in order to determine 
the effeot of altitude on ignition,. lean and rich blow-out limits, 
and combustion efficiency. 

The results obtained over a range of fuel-air ratios from 0.019 
to O.l.l2, combustion-chamber-inlet velooitiee from 39 to 101 feet 
per second, and pressure altitudes from 1500 to 29,200 feet axe 
presented. . - 

Ram-Jet Installation 

The recteJqular ram jet investigated was installed in a short- 
span wing supported beneath the fuselage of a twin-engine, fighter- 
type airplane, as shown in figures 1 and 2. Ducts for cooling air 
were provided to ventilate the space between the combustion chamber 
and the outer shell in order to avoid poesible accumulation of 
explosive vapors; these duets, however, had no affect on the 
operation of the ram-jet engine. The entrances and exits of these 
ducts are located in the wing-tip sections, as shown in figure 2. 
Inasmuch as no provisions were made to vary the angle of attack of 
the ram jet, it varied with a change in indicated airspeed. The 
variation ranged from lo at an indicated airspeed of 240 miles per 
hour to 6' at 160 miles per hour. Figure 3 shows the disassembled 
components of the engine and the wing Installation. 

The rectangular ram jet (fig. 4) consists of an inlet diffuser, 
a combustion chamber, and an exhaust mzzle. The diffuser is of 
rectangular cross section with parallel sides and has a total dif- 
fuser angle of 12' between the top and bottom walls. Themaximum 
combustion-chamber area is twice and the exhaust-nozzle area 1.3 
times the diffuser-inlet area. The combustion chamber was cooled 
by circulating fuel through a corrugated manifold seam-welded to 
the surface of the combustion-chamber wall. The fuel was introduced 
under pressure at the rear of the combustion chamber, ciroulated in 
separate parallel paths the entire length of the combustion chamber, 
and discharged into a common fuel-spray bar located along the hori- 
zontal center line of the diffuser. In addition to cooling the 
combustion chamber, this system preheated the fuel. The fuel- 
pressure loes in the corrugated manifold was kept to a minimum by 
using a number of separate flow paths instead of one continuous 
path. The fuel-spray bar consisted of six evenly spaced nozzles. 
The nozzles discharged downstream in a 60' cone. Each nozzle was 
rated at a fuel flow of 40 gallons per hour at a fuel pressure of 
100 pounds per square inch gage. The fuel .used for. these tests W&B 
AN-Fy23A (73-octane gasoline). 

l 
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The flame holder consisted of 4 horizontal and 17 vertical 
V-shaped gutters end was fabrfcated from 0.064-Inch Jnconel. The 
measured static-pressure drop without combustion for this fleune 
holder was 3.1tfmes the dynamic preseure in front of the flame 
holder. The flame holder was mounted in such a manner (fig. 4) 
that no direct connection existed between the flame holder and the 
combustion-chamber u&IA, which could advance the flame to the 
walls and result In uneven wall temperatures. Blrning was ilsiti- 
ated by a spark plug installed In a shielding cone mounted in 
front of the flame holder. No auxilfary fuel was introduced in 
the cone. 

Instrumentation 

The totalandstatic pressuresweremeasuredatthe ddffuser 
inlet by 3 total- end static-pressure rakes and 18 statfc-pressure 
wall orifices. A total-pressure rake In tint of the flame holder 
measured the pressure at the Inlet to the combustion chamber. At 
the exit of the ram jet, the static pressure was measured by two 
static-pressure wall orifices and the total press was measured 
by a water-cooled rake. AU pressure tubes were connected to a 
multiple-tube liquid-manometer board. Sensitive indicators were 
used to obtain the indicated airspeed and altitude as measured by 
a swiveling static-pressure tube and a shrouded total-pressure tube 
installed onaboomlchordlengthshead oftheleadingedge of the 
right wfng tip. Pressure gages indicated the fuel press at the 
pum-p outlet and at the Inlet to the ram-jet manifold. The fuel 
flow was indicated on a gage and was measured by a vane-type flow- 
meter. All indicators were mounted on the manometer board, which 
was photographed during flight. 

An automatic potentiometer recorded temperatures obtained 
from cbromel-alumel thermocouples located throughout the ram-jet 
unit. These measurements consisted of 24 combustion-chamber-wall 
temperatures, 8 fuel temperatures at the inlet to the fuel-spray 
bar, 2 fuel temperatures at the inlet to the combustion-&ember 
manifold, and 8 ventilating-air temperatures between the combustion 
chamber and the top and bottom wing sections. The free-air tem- 
perature wa8 measured by a fl@ht-calibrated iron-con&a&an ther- 
mocouple Installed under the left wing of the a-lane. 

FlQhtProp;ram 

The starting characteristics and blow-out limits for the rec- 
tasgular ram jet were determined over a pressure-altitude range 

i 
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from 1500 to 29,200 feet and for indicated airspeeds from 150 to 
240 miles per hour. 

The effect of altitude on combustion efficiency was determined 
for the following range8 of indicated airspeed and fuel-air ratio: 

PresBure Indicated 
altitude airspeed Fuel-air ratio 

(ft) (mph) 

1,500 

6,000 

16,000 

26,000 

160 0.025 - 0.076 
200 .029 - .090 
240 .066 - .090 

160 .028 - .ll2 
200 .023 - .096 

160 .028 - .108 
200 .040 - ,094 
240 .062 - .098 

160 .079 - .106 
200 .068 - .082 

METHOD OF cNICXWrIOB8 

Engine air flow was calculated from the total and the static 
pressures measured at the T&Let to the diffuser. 

The exhaust-gas temperature at the exit of the ram jet was cal- 
culated from the measured gas flowandpreesure measure ments at the 
exit of the combustion-chamber nozzle in accordance with the method 
outlined in reference 2. The combustion efficiency wae determined 
by the following equation: 

%-G ‘lb = f/a(hf) loo 

where 

'lb 

% 

combustion efficiency, percent 

enthalpy of burned gases at exit gas temperat-, 
Btu per pound of orie;inal alr 
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H, enthalpy of aSr and fuel before combustion, Btu per Round 
of original air 

f/a fuel-air ratio 

hf lower heating value of fuel, 18,500 Btu par pound 

For the purpose of these calculations, Rg was assumed equal to the 
enthalpy of air at the exhaust-gae temperature plus the sum of the l 

enthalpies of the carbon dioxide and water that result from complete 
combustion minus the enthalpy of owgen required for complete com- 
bustion. Enthalpy values were obtained from reference 3. 

At low altitudes (below 6000 ft), the exhaust flame was light 
blue in color at fuel-air ratios from 0.05 to 0.07 and extended 
approximately 1 foot beyond the exit of the engine. As the fuel- 
air ratio was increased, the flame became longer and yellow in color 
owing to the afterburnirig of the excess fuel. Thee-u&flame 
became less visible as the altitude was increased and was no longer 
vFBible even at high fuel-air ratios above an altitude of 16,OQO feet. 
Fieure 5 shows the ram jet operating at a pressure altitude of 
6000 feet, an indicated airspeed of 160 miles per hour, and a fiel- 
air ratio of 0.140. The flame was very yellow and extended approx- 
imately 6 feet beyond the engine. 

Air-flow separation oc curred at the top leading edge of the 
diffuser section of the engine at indicated airspeeds in excess of 
240 miles per hour. This separation resulted in extremely rough 
operation of the engine and erroneous air-flow measurements. As a 
result, the TnVestigation was limited and no data are given for 
indicated airspeeds in exce8s of 2kO miles per hour. 

Rough engine operation was also encountered at altitudes above 
20,000 feet as the fkel-air ratio approached the lean or rich blow- 
out limits. Rapid acceleration of fuel flow at high altitudes 
resulted in extremely rough operation,which was accompanied by a 
loud rumbling noise and some'times resulted in blow-out. 

The ram jet cooled proprly at all altitudes and operating 
conditions over which the investigation was conducted. The madmum 
combustion-chamber-wall temperature was 350° F at an altitude of 
1500 feet. An increase in altitude resulted in a decrease in 
combustion-chamber-wall temperatures. 
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The minimum fuel-air ratio at which ignition was poseible me 
determined for a given altitude by maintaining a constant indicated 
airspeed, turnin@; on the spark, and increasing the f'uel flow until 
ignition occurred. ThierminWum fuel-air ratio is defined as the 
ratio of the fuel flow (lb/hr) at which ignition occurred to the 
air flow (lb/hr) as measured at the given altitude and airspeed with- 
out combustion. Figure 6 illustrates the effect of altitude on the 
minimum fuel-air ratio at which ignition occurred. The indicated 
airspeeds are given for each test point. At en altitude of ILL,000 feet 
and above, the indicated airspeeds are the maximum airspeeds at which 
ignition was poesible with the spark-plug cone. The lowest value of 
minWum fuel-air ratio is 0.028 and occurs at an altitude of I.500 feet. 
Increasing the altitude increased the minimum fuel-air ratio to 0.078 
at an altitude of 22,500 feet. The ram jetwouldnotstart above 
this altitude with the spark-plug cone and flame holder used. 

The effect of altitude and indicated airspeed on the fuel-air 
ratio at which blow-out occurred is shown in figure 7. This fuel- 
air ratio was determined as the ratio of the fuel flow at which blow- 
out oc curred and combustion ceased to the air flow 3mmediatel.y pre- 
ceding blow-out. At altitudea below U,OOO'feet, a variation in 
altitude had little effect on the fuel-air ratio at lean blow-out 
conditions for a given indicated airspeed. An increase in altitude 
above 11,000 feet, however, resulted in the occurrence of lean blow- 
out at increasing values of fuel-air ratio. Inasmuch as nc datawere 
taken at fuel-air ratios above 0.512, rich blow-out was only noted 
at altitudes above 21,000 feet. An increase in indicated airs-peed 
at a given altitude resulted in an increase in the fuel-air ratio at 
lean blow-out and a decrease in fuel-air ratio at rich blow-out for 
the altitudes at which rich blow-out occurred. In general, figure 7 
shows the operating fuel-air-ratio range for a given altitude and 
indicated airspeed. 

The effecte of fuel-air rat10 on gas total-temperature rise 
(defined as exhaust-gas temperature minus inlet-air temperature) 
for altitudes of 1500, 6000, 16,000, and 26,000 feet are shown in 
figure8andcomparedinfigure9. The maximum gas total-temperature 
rise occurre d at an altitude of 1500 feet and an increase In altitude 
resulted in a decrease in gas total-temperature rise for a given 
fuel-air ratio. 

, 

The effects of fuel-air ratio on combustion efficiency for alti- 
tudes of 3.500, 6000, 16,000, and 26,000 feet are shown in,figure 10 
andcomparedinfigurell. An increase in altitude resulted in a 
pronounced decrease in combustion efficiency. No attempt was made 
to isolate the factors contributing to this decrease; however, the 
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decrease in efficiency may be.attributed to..the comb- effects of. 
a decrease in air pressure,.aIr temperature, and fuel pressure, which. 
resulted $n a decrease in atomizationof the fuel and penetrpLtIon of 
the fuel particles in the air stream'. The ?qaximuim combustion effi- 
ciency was approximatLl.y 84 percent at a.f'uel-air ratlo of 0.069 and 
an altitude of IL500 feet '(fig. 11); as compared with maximum efffcien- 
ties of approximately 73.5 percent at 0.07l.and 6600 feet, 53 percent 

- at OiO85 and 16,000 feet, and 32 percent at Q.090 and,26,COO feet. 
In general, an increase in altitude resulted-dnttime@mum combustion 
efficiency occurring at higher values of fuel-air ratio. 

. - . 1 . , _ 
EXIMARY OF IiB23im' I 

' . 
From a flight inveetigation of a rectangular ram jet incorpo- . 

rating a V-shaped gutter-typ& flsme holder over a range of fuel-air 
ratios from 0.019'to O.ll2, combustion-chamber-inlet velocities from 
39 tp 101: feet per second, s&d pressure altitudea from 1500 to 
29,200 feet, the folIotiingresults.were obtained: . . 

1. The maxB&combustidn efficiency obtained was approximately 
84 percent at a fuel-airratio of 0.069 and a pressure altitude of 
1500 feet. An increase in altitude resulted in a pronounced decrease 
in combustion efficiency. 

Cleveland, Ohio. 

2. An'increase h altitude increased the value of minimum fuel- 
air ratio at whfch ignitipn was.possible with the present spark-plug 

W cone and fhe-holder. The highest altitude at which iepition was 
. possible wae 22,500 feet. 

. r 3. Above 11,000 feet, an increase in altitude increased the 
value of"fue1-air ratio at which @an blow-out occurred. 

4. Rough engine,operation was encountered only at altitudes 
above 20,000 feet as the fuel-air ratio approached the lean or rich 
blow-out limits: 

Flight Propulsion Research Laboratory, 
National Advisory Committee for Aeronautics, 
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Flgurs I. - Rectangular ram jet Installed beneath fuselage of twln-eng Ine, fighter-type airplane. UJ 
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Figure 2. - Rectangul 

c.Y%o 
(a) Front view. 11-4-46 

ar ram-jet installation for fft ight investigation. 
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c I b) Rear view. 
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Figure 2. .- Cone I uded. Rdctangular ram-jet installation for fl ight in- 
vestlgation. 
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Figure 3. - Disassembled components of rectangular ram-jet and wing installation. 
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Figure 4. - Schematic drawing of rectangular ram jet lncorporatlng four-V gutter-type flame holder. 3 
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Flgure 5. - Rectangular ~~JII Jet In operation. Pressure altitude, 6000 feet; lndlcated airspeed, 160 
miles per hour; fuel-air ratio, 0.140. 
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Figure 6. - Minimum fuel-air ratio at which ignition occurred for var- 
ious pressure altitudes and indicated airspeeds. 
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gum 7. - Effect of pressure altitude and indicated airspeed on blow- 
out llmlts. . 
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(a) Pressure altitude, 1500 feet; average inlet-air 

temperature, 380 F. 
Figure 8. - Effect of fuel-air ratio OR gas total-temperature rise. 
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Figure 8. - Cont i nued. Effect of fuel-air ratio on gas total-tempera- 
ture rise. 
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lure 8. - Continued. Effect of fuel-air ratio on gas total-tempera- 
ture rise. 
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Figure 8. - Cone luded. Effect of fuel-air rat lo on gas total&tempera- 

ture rfse. 
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Figure 9. - Comparison of effects of fuel-air ratlo on gas total-temper- 
ature rise at various altitudes. 
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Fuel-air ratio 
(a) Pressure altitude, 1500 feet; average inlet-air 

temperature, 38O F. 
Figure IO. - Effect of fuel-sir ratio on combustion efficiency. 
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Figure f0. - Continued. Effect of fuel-air ratio on combustfon effl- 
ciency. 



30 NACA RM No. OH26 

. . 
% 

too 
fj 20 920 

3' 
3 
2 
2 0 C 1 .02 -04 .06 .08 .lO .12 

Fuel-air ratio 

(c) Freesure altitude, 16,000 feet; average inlet-air 
temperature, 70 F. 

Fuel-air ratio 
(d) Pressure altitude, 26,000 feet; average inlet-air 

temperature, -30° F. 
Ffgure IO. - Concluded. Effect of fuel-air ratio on con?bustion effi- 

ciency. 
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