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RESEARCH MEMORANDUM

EVALUATION OF SEVERAI. RAM-JET COMBUSTOR CONFIGURATIONS
USING PENTABORANE FUEL

By John W. Sheldon and A. J. Cervenke

SUMMARY

Several combustor configurations of a 9%—inch-diameter ram-Jjet en-

gine were investigated to determine if the length of the engine could be
reduced. It appears feasible that a highly reactive fuel such as penta-
borane can be burned in the low subsonic region of the diffuser, thus
reducing the engine length by eliminating part of the diffuser. A sat-
isfactory combustor design consisted simply of locating the fuel injectors
and pilot at the downstream end of the shortened centerbody. The fuel
injJector, located in a uniform high-velocity flow regilon, injected fuel
normel to the airstream. The injectors were insulated to prevent thermal
decomposition of the fuel.

Conbustion efficlencies grester than 90 percent were obtalned &t
equivalence ratios from 0.50C to 0.85. High efficiencies were also ob-
tained at lower equlvalence ratios by sizing the 1njectors for lower fuel
flows.

INTRODUCTION

The possibllity of improving the range of Jet-propelled alrcraft by
using high-energy fuels 1s being investigated at the NACA lewls lsboratory.
Aerodynamic analysis has shown thal a ram-jet-powered missile of a given
weight has a range potential up to 50 percent greaster with pentaborane
fuel than with hydrocarbon fuel {ref. 1). It may be possible to further
increase the potential of pentaborane fuel by meking use of its high
reactivity in order to reduce engine size and welght.

One of the possible methods for reduclng engine weight is to shorten
the subsonic diffuser. The method most frequently used to reduce diffuser
length is to increase the divergence angle; but this often causes flow
separation, which, in turn, results in nonuniform airflows and fuel-air
mixbtures. Poor temperature profiles caused by flow distortion reduce
thrust and may also produce hot spots in the combustor, and thus induce

engine fallure. !,NFLFSﬁq}:D
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An alternate way to reduce the diffuser length and avold the prob-
lems of alrflow distortion 1s to eliminate a sectlion of the low Mach
number diffuser. This means that the combustor-inlet velocity willl be
increased and, hence, the combustor pressure drop due to momentum change
will be increased. This method therefore appears more promising at the
higher flight Mach numbers, where the loss in total pressure has little
effect compared with the savings in engine length and improved engine
efficlency. For example, the over-sll efficlency of a ram-jet englne at
a flight Mach number of 4.0 is dropped from 38 to 37 percent (ref. 2) as
the combustor pressure is decreased by 1 kinetic head (Ap/q = 1.0).
(Symbols are defined in appendix A.) At a flight Mach number of 1.5,
engine efficiency decreases from 17 to 16 percent (ref. 2) for the same
loss in combustor pressure.

When conventilonal hydrocarbon fuels are used, 1t 1s necessary to
diffuse to low velocities in order to have adequate combustion stabllity.
However, with a highly reactive fuel such as pentaborane, 1t appears
advantageous to reduce the amount of subsonic diffusion, thus inltiating
combustion where the Mach number is relatively high.

The main objective of this program was to investigate the possibility
of reducing the length of an engline by burning pentaborane fuel 1n the
low subsonlc region of the diffuser, thus eliminating part of the subsaonic
diffuser. This system has the advantage of a uniform high-velocity sirflow .
at the fuel-inJectlon station in addition to being shorter. These advan-
tages must be welghed ageinst the reduction in diffuser pressure recovery.

Secondary objectives were to check the performance of a convergent-
divergent exhaust nozzle for the engine configuration of reference 3 and
to obtain higher combustion efficiencies than are reported 1ln reference
4 at high fuel-alr ratlos.

The results of experiments with a 9%-inch ram-jet engine operated

as & connected pipe are reported herein. Tests were conducted at an
inlet-air pressure of 110.2 atmosphere, & tempersture of 220° F, and =&
compustor-inlet Mach number range of 0.13 to 0.20 based on the maximum
combustor cross-sectional area. The fuel used was liquid pentgborane.
Because of the limited supply of fuel, all tests were of short duration,
the entire program consuming 43.8 pounds of fuel. The design variables
investligated were diffuser and fuel-injector geometries.

APPARATUS AND PROCEDURE
Ram-Jet-Engine Installation

The engine installation shown in figure 1 conbines the simplicity
of connected-pipe operation with the adventages of free-Jet supersonic-
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flight simulation. As can be seen in this drawlng, the system is essen-
tially a connected-pipe facility with the addition of a supersonic nozzle
and ducting to remove the air spilled around the engine.

Both free-Jjet and connected-pipe tests have been conducted in this
facility with another fuel. These tests showed that the two methods of
operation gave slmilar results when the diffuser was operated with super-
critical pressure ratios. All tests with penteborane fuel were made with
the connected-pipe operation since this procedure sllows shorter-durstion
runs, thereby consuming less fuel per dsta polnt. The spill-air valve
was closed for comnected-pipe operation, and all the alrflow metered by
the combustion-air orifice passed through the engine. The flow velocity
through the free-jet nozzle was subsonic.

Corbustion air was supplled by the lsboratory air supply system.
Combustion alr weas metered and throttled before entering the inlet plenum.
From the plenum the flow path led through the free-jet nozzle, the engine,
and the exhaust plenum, where it wes discharged into the altitude exhsaust
system., Modulation of the motilvating airflow to the saltitude exhsust
ejectors was used to control the pressure level in the engine. The fuel
system was identical to that of reference 4 except for the injectors.

Engine Conflgurations

A sketch of the engine is shown in figure 2. The supersonic diffuser
was ldentical to that used for the engine configuration of reference 3.

Pilot fuel wes injected into the centerbody between stations 1 and
2. 'The pilot air wes furnished by recirculstion of part of the mein air-
flow. The main fuel was Injected in the plane of station 2. The combus-
tion chamber extended to station 3; this station was the inlet to the
exhaust nozzle.

All configuration variations consisted of changes in the centerbody,
the fuel injectors, and the exhaust nozzle. The centerbody extended to
station 2, and the cowbustor was of constant ares at the maximum cross-
sectional aresa from station 2 to 3 for all three configurations. A sketch
of each configuration is shown in figure 3.

The fuel inJjectors for configurations A and B were designed for
operation at & meximum equivelence ratio of 0.30. The Tuel injectors for
configuration C were designed for equivalence ratios ranging from 0.40
to 1.00.

The exhaust nozzle for configuration A was & convergent-divergent
nozzle designed for use on the engine configuration of reference 3. Con-
figurations B and C had & convergent exhaust nozzle with the same inlet-
to throat-area ratio as the nozzle of configuration A. The combusitor

configuration variations are summerized in teble I.
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All fuel injectors were insulasted on the downstream side to prevent
fuel decomposition within the injector.

Airfiow

The combustion alr was measured by an orifice in the combustion air
duct. The airflow at this orifice was equal to the airflow through the
engine except in the transient test of configuration C. The airflow
measured by the orifice and flowing through the choked throttle valve was
constant during this run. However, as the engine-inlet total pressure
increased with increasing fuel flow, a certalin quantity of ailr was re~-
quired to increasse the alr density 1ln the inlet ducts between the throttle
valve and the engine inlet. As the time rate of change of inlet pressure
decreased, the engine-inlet airflow approached the flow through the
throttle valve. If a steady inlet pressure were obtained, the engine-
inlet sirflow would have equaled the flow through the throttle valve.

Fuel Flow

The fuel-flow rate was recorded continuously es a function of time
by means of a rotating-vane flowmeter glving an electric signal to &
gelf-balancing recordling potentiometer.

The flow meter was calibrsted with water and converted to pentaborane
flow by use of & density factor. This calibration was essentially con-
stant for the durstion of the investigation.

Thrust Measurement

The total momentum of the exhaust gases at the throat of the con-
vergent exhaust nozzle was measured by the thrust barrel shown in figure
4(a). The reactlon B was measured by & strain gage and traunsmitted to
8 recorder through the pressure transducer. The strain gsge wes cali-
brated by placing & second transducer of known calibration in series with
the first and hydraulically loading the system.

Two static pressures in the thrust barrel were aleo sensed by pres-
sure transducers. These pressures snd the thrust-barrel strain-gege
force were indicated on & four-channel osclllograph, which recorded dsta
continuously e&s & function of time. The measured stream thrust F, may
be determined by a mOmentum balsnce sround the exhaust nozzle and thrust
barrel shown in figure 4(b). The resulting expression 1s

Fp =B + pgla, + Ag) - pohg -

A A
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Then, the air specific impulse S, is

A series of calibration tests were conducted to determine the valid-
ity of the preceding equations. A description of these tests 1s presented
in appendix B.

Temperature Proflles

Temperatures were measured by thermocouples at station 3 and recorded
on self-balancing potentiometers. Profiles were obtained for configura-
tions A end B at equivalence ratios of 0,10 and 0.24. TFor configuration
A, 16 platinum - platinum-rhodium thermocouples, located in centers of
equal aress, were used. For configuration B, 20 chromel-alumel thermo-
couples, also located In centers of equal areas, were used. Thermocouple
radistion corrections were calculeted by the method presented in refer-
ence 5.

No profiles were obtained for configuration C, since 1t was run
gbove the maximum fuel-air ratlio for which temperatures could be measured
without damage to the thermocouples.

Combustlion Efficiency

Combustion efficiency was debtermined over a range of equivalence
ratios for each configuration. Egulvalence ratio is the metered fuel-ailr
ratio divided by the stoichiometric fuel-air retioc of 0.07685 for penta-
borane in alr. - '

The exhaust-gas temperatures at the burner exlt for configurations
A and B were averaged on a mass-weighted basis, assuming a constant Mach
number at the combustor exit and a Mach nunber of 1.0 at the exhaust-
nozzle throat. The combustion efficlency was defined as

T]B=

& h°

where @; 1s the theoretlcal equivalence ratio, as given by reference 6,

required to obtaln the measured temperature, and @, 1is determined from

the measured fuel-air ratio. The theoretical curves of combustion tem-
perature against eguivalence ratio for varilous inlet-air temperatures are
reprinted from reference 6 (fig. 1(g)) in figure 5(a).
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Thrust-barrel data were teken for configurations B and C to allow .
determination of—air specific impulse at the throat of the convergent
exhaust nozzle for several equivalence ratios. TFrom specific-impulse
data, theoreticel values of equivalence ratic ¢@; were obtained from
reference 6. Coubustion efficiency was agaln obtained from the preceding
equation. The theoretical curve of air specific lmpulse against equiva- -
lence ratio for varicus inlet-air temperatures 1s reprinted from refer-
ence 6 (fig. 3(g))} in figure 5(b).

agey

No efficiency was determined from thrust-barrel data for configurs-
tion A because of the poor calibration curve resulting from the
convergent-divergent exhaust nozzle. This is discussed in more detall
in appendix B.

Combustor Pressure lLoss

Combustor pressure-loss coefficlent was defined as (Pl - PS)/qt.
The totel pressure at the combustor inlet was calculated from measured
values of sirflow, static pressure, and temperature at station L. The
combustor-exit total pressure Pz was oblained by the same procedure st
station 3 but with an added complicatlon for couflguretion C. Since
exhaust-gas teumperature measurements were Impossible with configuration
C, because of high exhaust-gas temperatures, the exhaust-gas temperature
wasg calculated from the equivalence ratic and combustlon efficlency using
values of combustion temperature presented in reference 6 (fig. 5). .

Pressure-loss data were obtained wilith and without burning for the
three configurations. Maxlmum and minlmum total-pressure losses were
computed as follows: An arbiltrery maximum momentum pressure loss was
calculated by assuning heat addition at the minimum combustor area until
a Mach number of 1.0 was cbtalned. Any further hest =sddition was done
in the diffuser, meintaining the Mach number of 1.0. The momentum loss
of this process, added to the cold-flow loss, wes defined as the theo-
retical maximum combustor pressure loss.

A minimum momentum loss was calculated assuming the flow expanded
isentropically from the combustor inlet to the maximum cowmbusbtor cross-
sectional aresa, after which sufficlent heat was added to obtaln a Mach
nunber of 1.0 in the exhaust-nozzle throat. This momentum loss added to
the cold-flow loss was defined as the theoretlcal minlmum combustor
pressure loss.

Experimental Procedure

The combustor operating conditions at which the various configura- -
tions were compered were
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Inlet-air static pressure, In. Hg 8bs « « « ¢« « v ¢« + + « s o + & 3546
Inlet-air veloclty, ft/sec « 4 s e s e s e e e e e e s osoe o« . 230-270
Inlet-air total temperature, °F# . . . . . . . . . . .. .. . . 220410

All combustion data were obtalned with a Mach number of 1.0 at the
exhaust-nozzle throat.

Configurations A and B were operated al steady state over a range of
equivalence ratio from 0.10 to 0.27, simulating the free-flight conditions
of reference 3. Date for configuration C were obtained for equivalence
retios between 0.42 and 1.00. Most of the datae for configuration C was
obtained during transient operatlion because of the high fuel-flow rates
required and the low fuel supply. Figure 6 shows the variation of thrust,
airflow, combustor-inlet total pressure, fuel flow, and equivalence ratio
during the transient run of configuration C. Data necessary to cbhain
combustion efficiency and combustor pressure loss were cbtalned for the
three configurstions. After each run, the engine was disassembled and
oxlde deposits were photographed.

RESULTS

The three combustor configuraetions were evaluated on the basis of
inlet-air velocity profile, exhaust-gas temperature profiles, combustion
efficlency, and total-pressure loss. Little information could be obtained
on boron oxide deposits because all tests were of short duration, typical
deposits encountered can be seen in figure 7.

Inlet Velocity Profiles

The cilrcumferential and radial veloclity distributions measured at
stations 1 end 2 for configurations A, B, and C with cold air flow are
shown in figures 8 and 9. Configuration A had a uniform circumferentisal
velocity profile at stetion 1 varying i5 percent from the mean (fig. 8(a)).
At statlon 2, the veloelty varied as much as 460 percent from the mean

(fig. 8(p)).

Configurations B and C had the same diffuser configuration. The
velocity proflle for these configurations was uniform at both stations 1
and 2 (figs. 9(a) and (b), respectively) as would be expected since
constant-flow passage area exlsts between stations 1 and 2. The variation
in circumferential velocity at a given radial position was +8 percent from
the mean.
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Exhsust-Gas Temperature Profiles

Exheust-gas temperatures were measured at the combustor exit, sta-
tion 3, for configurations A and B. The results with configuration A
operating at an equivalence ratlo ¢ of 0.105 are shown in figure 10(a).
Meximum-to-minimum temperaeture variation was 1830° F. Operation at &
higher fuel-alr ratio @ = 0.237) with the same configuration raised the
exhaust-gas temperature level and reduced the temperature spread. to 1470°
F, as can be seen in figure 10(b).

The results with configuration B at an equlvalence ratic of 0.225
are shown in figure 10(c). For this case, the spread in temperature wes
1045° F, approximately two-thirds of the veriastion with configuration A
at the richer condition. It 1s belleved that this improvement in tem-
perature pattern was mimerily due to the more uniform sirflow at the
fuel injectors with configuration B. However, part of the improvement
mey have resulted from the difference in fuel-injector design. Exhaust-
gas temperature data were not obtelned with configuration C.

Combustion Efficiency

The combustion-efficiency data with the three configuratiouns over a
range of equivalence ratios are presented in figure 1l1. Combustion effi-
ciency was not calculsted from alr specific impulse for configuration A
because of the poor thrust-barrel calibration with the convergent-
divergent exhaust nozzle.

The values of combustlon efficilency for configuration A were greater
than 100 percent when calculated from temperature date. The probable
explanation for this can be found in the badly dlstorted exhsust-gas-
tempersture profile, which requires many points of measurement to ade-
quetely sample the exhaust streasm and a maess-weightling technique to give
a true energy measurement. Since the local gas velocilties corresponding
to each temperature were not measured, a. simple mass-weighting analysis
based on constant Mach number in the plane of station 3 was used. This
fact, together with the limited number of temperature measurements, prob-
ably accounts for the erroneous combustion-efficilency data. It can only
be conJectured that combustion efficlencles with conflgurstion A were
neaxr 100 percent.

Combuetion efficiency for conflguration B was cobtalned from tempera-
ture data and from eir-specific-impulse data. This configuration showed
a rapld increase In efficlency wilith increasing equivalence ratioc. A value
of about 90 percent was reached at an equivalence ratio less than 0.27.
These data were recorded with stesdy-state engine operation, which re-

quired relatively large expenditures of fuel per data polnt; and the highest

equivalence-~ratlo point shown was not a combustion limlt but, rather, was

ey
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an operational limit imposed by fuel shortage. Instrumentation for =
transient run was not availeble at the time of this run. It is probeble
that higher-equivalence-ratio operation would have resulted in decreasing
efficiency because of heavier spray impingement on the walls with the
radially directed fuel jets.

Configuretion C was designed for operstlion at higher fuel-air ratios
by sizing the fuel orifices for larger flow rates, Wall impingement was
minimized by using circumferentially rather than radially directed sprays.
Temperature dste were not taken because of the high-equivalence-ratio
operation. Combustion efficiencles from the ailr-specific-impulse data
with this configuration are shown in figure 11.

Deta for the leanest condition (¢ = 0.42) were obtained with steady-
state englne operation, and the remaining data at higher equivalence
ratios were obtained with transient operation in order that more high-
equivalence-ratlio data could be obtalned from the limited quantity of
fuel. The two data polints shown at an equivalence ratio of 1 do not rep-
resent a constant fuel-flow rate, but, by colncldence, the increase in
fuel flow matched the increased airflow as the pressure rise in the system
decreased. T

Combustion efficlency for configuration C was above 90 percent at
equivalence ratios from 0.50 to 0.85, Combustion efficiency increased
with increasing mixbture strength to & peak near 100 percent at an equiva-
lence ratio around 0.6 and then decreased with Increased equivalence
ratio. The low efficlency at the leanest mixture was believed due to
poor fuel atomization at low injection pressures. Although combustlion
efficiency decreased at mixtures richer than 0.7 equivalence retio, this
configuration gave considersbly better performsnce than did the design of
reference 4. This was thought to be primarily due to the fuel-injector
design, which was tallored to minimize wall impingement. From these
results it appears that at typical ram-Jet operating conditions it is
possibl.: to select the equivalence ratio for pesk combustion efficlency
by properly sizing and positloning the fuel injectors.

Combustor Total-~Pressure lLoss

The total-pressure-loss data for the three configuratlons are shown
in figure 12. The total-pressure-loss coefficient (Pl - PS)/qt is given
as a function of combustor total-temperature retio T. Theoretical curves
of maximum and minimum losses for configuration C sre presented in addi-
tion to measured losses., The maximum-losg curve represents heat addition
in the minimum combustor cross section and in the diffuser st a constant
Mach number of 1.0. The minimum-loss curve represents heat addition after
the flow has expanded to the meximum cowmbustor cross section. A pressure
loss between these curves indlcates hest eddition between the maximum end
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minimum combustor crose sections. BSimilar meximum- end minimum-loses
curves may be plotted for configurations A eand B but are omitted for
clarity. These corresponding curves would be straight lines constructed
parallel to those far configuration C and through the cold-flow (v = 1)
polnts for their respectlve conflgurations.

The pressure loss of configuration A was expected to be approximately
that predicted by a minimum-flow curve, since the configuration diffuses
the flow to a low subsonic velocity before fuel is injected. The measured
losses for thils configuration fell slightly below the minimum loss, prob-
ably because of flow varistion from the assumed one-dimensional pattern.
Configurations B and C, which inject fuel into the minimum combustor
cross-sectlonal area, had pressure losses between the minimum- and
meximum-loss curves, indicatling a portion of the heat release occurs
before the flow has expanded to the maximum-flow area. It is interesting
to note the shift in pressure-loss data for configurabtion C ahove the
minimum-loss curve with incregsed temperature ratic. This shift indicates
an increased amount of fuel is burned before expension, with increased
combustor temperature ratio.

Exhaust-Nozzle Performance

The convergent-divergent exhaust nozzle of configurstion A was de-
signed for an engime configuration similsr to that of reference 3. A
short nozzle with an gbrupt radius at the throat was selected because of
ease of adspting this nozzle to the flight engine.

The calibration of this nozzle for use with the thrust barrel (see
appendix B) indicated flow separation in the diverging portion. Figure
13 shows, for various nozzle pressure ratlios, the variation of measured
thrust from ideasl thrust calculasted from one-dimensional. flow relations.
These data are similar to those reported in reference 7 for separation
in a nozzle of similar geometry.

A convergent nozzle, which gave an excellent thrust-barrel calibra-
tion, was used with configurations B and C in order to obtain ailr-
specific-impulse data.

DISCUSSION

The selection of the best combustor configuration for a ram-jet en-
gine depends on the flight conditions. The flight conditlions are usually
chosen such that the range of a ram-Jet-powered misslle is at a2 maximum
for a given size and coet. At crulse condltions the range may be

expressed as

LTl LN
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The heating value of the fuel H 1s a function of the chemical
properties of the fuel. Pentaborane increases H about 50 percent over
that for hydrocarbon fuels.

With regsrd to combustor design, the factors that give best range
are high combustion efficiency and low pressure drop (these serve to in-
crease 1, in the preceding eq.), and low englne weight (which serves to
decrease W, in the same ed.). The engine efficiency, hence range, is
also affected by equivalence ratio. The analysis of reference 2 shows a
maximum over-all engine efficlency 17, et a flight Mach number of 4.0
end & combustor-outlet temperature of 3000° to 3500° F. However, the
best engine temperature ratio, and, consequently, equivalence ramtio, is
strongly affected by the particular aircraft design and flight path. The
three combustor confilgurations of this lnvestigatlon gave high combustion
efficiency at several temperature ratios, bracketing the optlmum tempera-~
ture ratios of reference 2. This was accomplished by designing the fuel
inJectors to produce an even distribution of fuel over the flow cross
section and to prevent the fuel spray from implnging on the combustor
wall. The results of this investigation indicate that weight savings by
shortening the diffuser entailed additionsl pressure losses (fig. 12).
The optimum compromise between engine length (weight) and pressure loss
must be determined from a detailed anslysis for each flight mission. For
certain flight missions, it appears that it is beneficial to burn in the
subsonic portion of the dlffuser to obtaln reduced engine weight at the
expense of increased pressure loes.

At high flight Mach numbers, and, consequently, high combustor tem-
peratures, it will be necessary to insulate the fuel Injectors, as was
done in this investigation, to prevent fuel decomposition within the in-
Jectors. FExcessive local combustlion temperatures at the combustor walls
will induce combustor failure. In order to avoid these high local tem-
peratures, fuel was injected and burned in the subsonic diffuser where a
high uniform airflow existed.

CONCLUSIONS

Reducing engine length by elimineting part of the subsonic diffuser
appears feasible if a highly reactive fuel such as penteborane can be
burned in the low subscnilc reglon of the diffuser. A satisfactory com-
bustor design consisted of a fuel injector and a pllot located at the
downstream end of the shortened centerbody.
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With one fuel-inJector design, combustion efficlencies greater than
90 percent were obtained at equlvelence ratios ranging from 0.50 to 0.85.
High efficiencies were cbtained at lesner mixtures with another inJector
which wes sized for lower fuel flows.

Excellent combustor performance was obtained when the following
fuel-injector design principles were followed: (l) The fuel injectors
were located in a uniform high-velocity airstream, (2) the fuel was
sprayed normal to the alrstream but did not impinge upon the combustor
waell, {3) multiple-point injection was used up to the limits of toler-
able flow blockage, and (4) the fuel injectors were insulated against

overheating.

Lewls Flight Propulsion Laboratory
Nationsl Advisory Committee for Aeronautics
Cleveland, Ohio, January 25, 1957

A4
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APPENDIX A

SYMBOLS
cross-sectional area, sq ft
thrust-barrel reaction force, 1b
stream thrust, 1ib
heating value of fuel, Btu/1b
lift-drag ratio
mass flow, slugs/sec
total or stagnation pressure, lb/sq ft abs
static pressure, lb/sq ft ebs
dynemic pressure, lb/sq ft abs
range
air specific impulse, lb-sec/(1b air)
total or stagnation temperature, °R
welght flow, 1b/sec

weight of gir frame
welght of engine

gross welght

weight of payload
combustion efficiency
over-all engine efficiency

total-tempersture ratio, TS/Tl

equivalence ratlo, ratloc of actual fuel-ailr ratio to stoichicmetric

fuel-gir ratio

13
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Subscripts:

a alr

by fuel

i ideal, calculated from one-dimensional flow relatlons

m measured

t based on isentropic expansion from station 1 ta total cross
section

1 subsonic diffuser entrance

2 fuel-injection statlion

3 combustor exit

4 exhaust-nozzle exit

5 thrust-barrel diffuser-entrance annulus

6 exhaust plenum

B6eeY
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APPENDIX B

THRUST-BARREI. CAL.TBRATION

The thrust barrel was celibrated by flowing metered quantities of
air through the engine and the exhaust nozzle. The stream momentum, com-
puted assuming ideallzed one-dimensional-flow relations, was compared
with the measured stream momentum F,. The two methods of momentum de-

termination did not agree using the covergent-divergent exhaust nozzie
of configuration A (fig. 14(a)). This deviation was attributed to flow
separation in the divergent portion of the nozzle. The same calibrea-
tion was mede using the convergent nozzle of configurations B and C,
and an agreement was obtailned (fig. 14(b)) that was wlthin the accurscy
of the instrumentation.

4232

During the transient portion of the test of configuration C, an
error in the recording of pg occurred because of malfunction of the

fast-response pressure-sensing device. As shown in figure 15, Py Was

found by & calibration of pg against pg, obtained by plotting these
pressures from previous burning runs. The pressures Pg and Pg Wwere

- indicated on manometers for the steady-state polnt of the run of con-
Piguration C and are also plotted in figure 15. The steady-state data
point agrees with the curve of previous runs, thus indlcating the

- method of determining Pg is reasonably good although quite indirect.
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TABLE I. - COMBUSTOR CONFIGURATIONS
Config-|Centerbody Fuel injectors Percent of
uration|between total cross

stations 1 section blocked
and 2 at station 2
by -
Center- | Fuel
body in-
Jector
1
A |6 0.D. |Eignt radial spokes. - | 18.0 11.6
tapering Forty-eight 0.026-in.-
to 4" 0.D. diam. orifices spraylng
normel to alrstream; six
equally spaced orlifices
per lnjector.
B Co%stant Octagon ring located in 41,0 6.4
GL 0.D center of equal area.
8 e Forty 0.026-in.-diam.
orifices equally spaced
injecting normal to air-
stream.
c Cogstant Sixteen radisl spokes. 41.0 4.0
Gi 0.D Eighty 0.036-in.-diem.
8 T orifices spraying normsal
to airstream from centers
of equal area; orifices
are drilled at 79° angle
to injector axis, an-
gling the fuel spray away
from combustor wall.
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Figure 1. - Installaticn of rem- Jeoi engine In freas-jet test facility.
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Pilot fuel injactor Ch-5188

Figure 2. - 95"- -Tnch-dismeter ram-jet engine. (Dimeneions are in inches.)
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(a) Configuration A.

Figure 3. - Combustor configuratioms.
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Btation 1 2 3 4
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16; 365 Sectlon A-A

Eight fuel injectors,
five 0.026-in.-diam.
orifices per lnjeotar

(b) Configuration B.

Figure 3, - Contimued. Comhustor configuratlona,
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orifices per injector
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- - Exhaust duct
.. : k {

o

Strsin-gage force
measurement B

parrel suspenslion strsp
Diffuser in
thrust barrel

Exhauét-nozzle exit .
. CD-5319

(a) Cuteway view.
Figure 4. -~ Exhaust plenum and thrust barrel.
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(b) Schematic drawing.

Pigure 4. - Concluded. Exhsust plemm and thrust barrel.
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(a) Combustion temperature (ref. 6, fig. 1(g)).

Figure 5. - Theoretical effect of inlet-air temperature and
equivalence ratio on combustion performance.
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{a) Configuration A; operating time, approximately 50 seconds; equivalence
ratlos, 0.10 to O0.22.

Figure 7. - Typical oxide products viewsd downstream of fuel injector.
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(b) Configuration B; operating time, approrimately 30 seconds; equivalence
retios, 0.12 to 0.28.

Figure 7. - Contimed. Typical oxide products viewsd downstreem of fuel injector.
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{c) Configuration C; opersting time, approximately 10 seconds; squivalence
ratios, 0.42 to 1.00.

Figars 7. - Coneluded. Typical oxide products viewsd downstrsem of fuel injector.
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Circumferential location, deg
(a) Station 1 (% in. from outside wall).

Figure 8. - Combustor-inlet clrcumferentisl velocity profiles
for conflguration A with no combustion. Combustor-inlet
static pressure, 35%f inches of mercury absolute.
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Figure 8. - Concluded. Combustor-inlet circumferential
velocity profiles for conflguratlion A with ro combustion.
Combustor-inlet static pressure, 35it6 inches of mercury
absolute.
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(a) Station 1 (% in. from outside wall).

Flgure 9. - Combustor-inlet circumferentiasl velocity profiles
for configurations B and C with no combustion. Combustor-
inlet static pressure, 35i6 inches of mercury absolute.
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FMgure 9. - Concluded. Combustor-inlet circumflerentlial velocity
profiles for conflgurations B and C with no combustion.
Combustor-inlet static pressure, 3546 inches of mercury
absolute. : '
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Exhaust-gas temperature,
op
2’

(a) Configuration A; equivalence ratio, 0.105; average combustor-exit temperature
14400 F ’

Figure 10. - Exhaust-gas temperature profile at station 3.
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Exhaust-gas temperature,
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(b) Configuration A; equivalence ratio, 0.237; average combustor-exit temperature
) ’ P
2220° F.

Figure 10. - Continued. Exhaust-gas temperature profile at etation 3.
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Exhaust-gas temperature,
Tz, °F

c) Configuration B; equivalence ratio, 0.225; average combustor-exit temperature
QO 4 E
1820° F. :

Figure 10. - Concluded. Exheust-ges temperature profile at station 3.



38

Combustion efficiency, np
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Figure 11. - Combustion efficlency of configurations A, B, and C. Combustor-inlet—
conditions: static pressure, 3516 inches of mercury sbsolute; velocity, 230 to
270 feet per second; temperature, 220°9+10° F,
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Figure 12. - Total-pressure loss for configurations
A, B, and C. Combustor-inlet conditlons: static

pressure, 3516 inches of mercury absolute; velocity,
230 to 270 feet per second; temperature, 220°1+10° F.
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Ratio of measured to ideal thrust, Fm/Fi

JRERE. NACA RM ES5TA24
1 I 1
Exhaust-gas
temperature, _ |}
T,, °R
o) 850-870 —
o 1100-2000
1.02
[m]
.98 =
[=]
o
BFI
D Td
(o} u}
.94 £~
o
o
.90 0
o ®ljo o
o
.86
1.0 1.8 2.6 3.4 4.2

Nozzle pressure ratio, P4/p4_

Figure 13. - Ratio of measured to ideal

thrust for convergent-divergent nozzle

(configuration A).
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(a) Convergent-divergent exhaust nozzle (configuration A4).

Figure 14. - Calilbration of thrust barrel.
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(b} Convergent—exhsust nozzle (configurations B and C).

Figure 14. - Concluded. Calibration of thrust barrel.
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Figure 15. - Correlastion of exhaust diffuser pressure
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