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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

MEMORANDUM 12-11-58E

EVALUATION OF INJECTOR PRINCIPLES IN A 2400-POUND-THRUST
ROCKET ENGINE USING LIQUID OXYGEN AND LIQUID AMMONIA*

By Robert C. Hendricks, Robert C. Ehlers, and
Robert W. Graham

SUMMARY

The performances of three injector types were evaluated in a 2400-
pound-thrust rocket test chamber to compare the relative effects of fuel
and oxidant atomization. Injector 1 atomized the fuel and oxidant to a
fine degree. Injector 2 atomized the fuel to a coarse degree with
straight streams of oxidant. Injector 3 gave coarse oxidant atomization
with straight streams of fuel. ZEach injector represents one of eighteen
such units forming the injector for a 50,000-pound-thrust rocket engine.

Characteristic velocity and specific impulse data were obtained
over a wide range of oxidant-to-fuel weight ratios at nominal chamber
pressures of 600 and 360 pounds per square inch absolute. The perform-
ance of injectors atomizing the fuel (injectors 1 and 2) was superior to
that of the injector atomizing the oxidant (injector 3), and injector 1,
which highly atomized the fuel, gave the highest performance. The
throttled performances of injectors 1 and 3 were comparable with their
respective high-pressure performances; however, the throttled performance
of injector 2 was lower than its high-pressure performance. The per-
formance increase, through atomization, appears to be consistant with
the droplet vaporization theory.

Low-frequency instability at the lower chamber pressure was en-
countered with injector 2 at oxidant-to-fuel weight ratios under 1.3.
Combustion instability was encountered spasmodically above this ratio.

The performance data obtained in a 1000-pound-thrust ammonia-oxygen
engine with various characteristic combustor lengths are presented to
show the effect of increased combustion length and to lend support to
the droplet-vaporization theory.

Injector design recommendations necessitate an injector that atomizes
the fuel and probably the oxidant.

*Ditle, Unclassified.
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INTRODUCTION

Several types of injector elements (spuds) suitable for use with
the liquid-ammonia - liquid-oxygen propellant combination were investi-
gated at the NACA Lewis laboratory. These injector elements are similar
to those proposed for a 50,000-pound-thrust engine using these propel-
lants. The investigation has been limited to three injector types: the
first injector type atomized the fuel and oxidant to a fine degree, the
second injector type gave coarse fuel atomization with very coarse oxi-
dant atomization, and the third injector type gave coarse atomization of
the oxidant with very coarse fuel atomization. The desire to have an

engine throttlable to one-third thrust made it necessary to check injector

designs at reduced chamber pressure. Characteristic velocity and spe-
cific impulse data, at rated and throttled chamber pressure, determined
for each of the injector type from tests of a single spud mounted in a
2400-pound-thrust rocket chamber, are presented. The data of the three
injector configurations appear to follow the performance predicted by a
model that assumes that the combustion process is controlled by propel-
lant vaporization. Further evidence to support the model predictions
is presented in the appendix, where the combustor length was varied to
show the effect on performance. The work was completed in unpublished
NASA research. Recommendations for injector design requirements are ad-
vanced in view of the presented data.

SYMBOLS

A cross-sectional area, sq in.
CF thrust coefficient
c* characteristic velocity, ft/sec
ézh theoretical characteristic velocity, ft/sec

: ¢ 2
g gravitational constant, (1b mass/lb force)(ft/sec”)
ks specific impulse, (1b force)(sec)/lb mass
Tv=1 specific impulse at Mach 1
Itnh theoretical specific impulse
1 combustor length, in.
3t characteristic length, 1™ = 1B /A ) puin,
o/F oxidant-to-fuel weight ratio, wo/wF



.o LA R ®0e 2085 sOIVEe eoes GO LE X ]

TS T R S e
P s 2 Teaniieepie o 6 . delsicnie eue 3
12/ pressure, lb/sq in. abs
[ standard error of estimate
g/é;ax characteristic velocity performance-data deviation
g/lmax specific impulse performance-data deviation
w weight flow, 1b mass/sec
Subscripts:
a ambient
c combustor
e exlit
F fuel
0 oxidant
t throat
APPARATUS
Injectors

The three injector configurations evaluated may be seen in figures
1(a) to (e¢). Injector 1, consisted of 70 pairs of like-on-like impinge-
ment fuel holes (0.033 in. diam. nominal) and 66 pairs of like-on-like
oxidant holes (0.035 in. diam.) with surface impingement at 56°, with a
60° countersink for discharge purposes. Four showerhead (straight
stream) fuel holes and 27 showerhead oxidant holes were added to reduce
and equalize the pressure drop. Injector 2 had 22 pairs of like-on-like
fuel holes (0.C56 in. diam.) with surface impingement at 90° and 22
showerhead oxidant holes (0.061 in. diam., fig. 1(b)). Injector 3 con-
sisted of 22 pairs of like-on-like oxidant holes (0.06l in. diam.) with
surface impingement at 90° and 22 showerhead fuel holes (0055 dn. disam.,
fig. 1(c)). Injector 4, used with a large diameter chamber, consisted
of 66 pairs each of like-on-like fuel and oxidant holes with surface im-
pingement at 56° with a 60° countersink for discharge purposes (fig. 1(d)).

The injectors were made of nickel "A"., The oxidant injection holes
were fed from a plenum chamber on the upstream side of the injector face.
The fuel injection holes were fed by passages, cross-drilled through the
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injector, from a fuel manifold around the periphery of the injector.
Injector 1 had enlarged fuel-feed passages to reduce the very high cross-
flow velocities that were characteristic of injectors 2 and 3. Injectors
2 and 3 were designed to deliver 6.1 pounds per second of oxidant and 4.9
pounds per second of fuel at an injector pressure drop of 190 pounds per
square inch. Injector 1 was designed to deliver the same flow rate at

a pressure drop of 170 pounds per square inch.
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Spray tests of injectors 4 and 2 with JP-4 fuel revealed qualitative-
ly the degree to which each injector atomized the fuel. Injector 4 gave
"mistlike" atomization while injector 2 gave droplet atomization, which
coagulated and formed "solid" streams.

The injector holders were made from stainless steel, designed to
provide fuel and oxidant manifolding, and flanges for mounting the en-
gine configuration on the thrust stand (fig. 2).

Chamber and Nozzle

The thrust chamber used consisted of a 5-inch outside diameter mild
steel pipe, 6 inches in length, bored to a 3.048-inch inside diameter.
The inner wall of the chamber was covered with a 0.012-inch Nichrome
base and a 0.010- to 0.015-inch aluminum oxide coating.

The nozzles were made of copper, some having a 0.003- to 0.005-inch
chromium plating. Each nozzle had a throat area of 3.26 square inches,
a contraction ratio of 2.18, and the diverging section was eliminated.
The engine was sealed by eight tension bolts and two metal O-rings. One
O-ring was placed between the injector holder and the chamber, and the
other between the chamber and the nozzle (fig. 2).

PROCEDURE

A flow diagram of the test facility may be seen in figure 3. The
difficulties in igniting the ammonia-oxygen propellant combination were
overcome by using a high-voltage coaxial cable, which was inserted into
the engine through the nozzle (fig. 2). During ignition, this ignitor
was ejected from the engine by combustion gases. Little difficulty was
encountered in engine starting. The cable shield was grounded and the
copper core was stripped of approximately 2 inches of insulation and bent
to form an arc gap between it and the grounded shield. The 10,000-volt,
23-milliampere secondary of a transformer was used to supply a continuous
high-energy ignition source. The average run length after steady-state
operating conditions were achieved was 1.5 seconds.
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Instrumentation

The engine was mounted on a flexure-plate thrust stand equipped
with a strain-gage force-measuring load cell. Both oxidant and fuel
flow were measured with two instruments, namely, a turbine-type flow-
meter and a differential pressure meter equipped with a differential
pressure transducer. Chamber-pressure taps were located in the chamber
wall near the injector face and near the entrance to the convergent
nozzle. These chamber-pressure measurements were sensed by strain-gage
transducers. In order to minimize temperature effects on the transducers,
2-foot long, water-cooled, pressure lines to the pickups were used. The
temperature of the liquid oxygen was measured by thermocouples in the
liquid-oxygen line with the cold-conjunction thermocouples in a bath of
liquid nitrogen. The liquid ammonia temperature was recorded by thermo-
couples in the ammonia line with room temperature thermocouples used as
reference. The chamber pressure measured near the injector was recorded
on a strip-chart recording potentiometer. The other chamber pressure,
temperatures and flow rates of propellants, and thrust were recorded on
an oscillograph.

An accelerometer was mounted on the thrust chamber to provide a
means to determine whether or not combustion oscillations were occurring.
The accelerometer responded to the magnitude and frequency of radial
accelerations caused by pressure oscillations within the chamber. The
signal from the accelerometer and a 1000-cycle-per-second reference sig-
nal were received by a dual-beam oscilloscope and photographed by a high-
speed camera.

Calibrations

The pressure transducers were calibrated before each series of runs
with helium gas and with standard gages with rated accuracies of il/é
percent. The thrust stand, together with the load cell, was also cali-
brated before each series of runs with a standard load cell with a rated
accuracy of 11/4 percent., Millivolt calibrations of the thermocouples
and their recording systems were made intermittently. Fixed-point tem-
perature calibrations were made prior to each run series, using liquid
nitrogen and liquid oxygen for the oxygen thermocouples and melting ice
and measured room temperature water for the ammonia thermocouples.

Errors in Measuring Performance
Although the individual instruments, the load cell, pressure trans-

ducers, flowmeters, strip-chart potentiometer, and recording oscillograph,
were rated at 1 percent or better, several errors present reduced the
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accuracy of performance measurements. The nonuniformity of the oxygen
temperature with time increased the error in determining oxygen mass flow
by approximately +1 percent. The thrust stand and thrust load cell were
used at less than one-half capacity thus raising the possible error to
+2.5 percent of rated engine thrust. Hysteresis was observed in
combustion-chamber pressure measurement, probably because of a combined
effect of the transducer and the strip-chart recorder. The maximum error
in measuring c® and I has been estimated to be 3.0 and 4.5 percent,
respectively.

Curvilinear correlation (ref. 1) showed that the experimentally ob-

served deviation in measuring c¢* and I, (S/c¥,, and S/I .. ), perform-

ance data at rated thrust varied between 0.5 to 1.5 percent and 2.5 to
4.9 percent, respectively. The experimentally observed deviation in
measuring c*¥ and I at throttled thrust varied between 0.4 to 2.1
percent and 0.9 to 2.7 percent, respectively. The experimentally ob-
served deviation in unstable data measurement for c¥* and I was 8.2
el 2N percenty irespeeiively.

Theoretical c¥ (fig. 13) and theoretical I (fig. 14) are based

on equilibrium composition because the combustor conditions are closer
to equilibrium than frozen.

RESULTS AND DISCUSSION

Injector Performance Evaluation

Injectors 1, 2, and 3 were tested at the rated chamber pressure

(600 lb/sq in. abs) with some comparative results shown in the following
table:

;n- Type of Charac- Specific im- Maximum Oxidant-|Acceler-
Jjec- atomi- teristic pulse, I at performance to-fuel |ometer
tor zation vi;ocity, O/F = 1.25, values weight |average
S/F at (1b force)(sec) * o/ ratio range,
= 1.25, 1b mass c* |o/F | I |0/F |range cycles
ft/sec sec
il F. an@ 0, 5440 207 5450(1.30(207|1.30(0.65 to [6000 to
f}ne im- 1.30 8000
Pingement
2 E, coarse 5370 202 5380|1.20|202|1.30|1.05 to |5000 to
impinge- 1.40 7000
ment; O,
shower-
head
3 Q, coarse 5220 182 5250(1.38|183(1.38(0.85 to |1500 to
impinge- 1.40 5000
ment; F,
showerhead
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Injector 1, atomizing the fuel and oxidant to a fine degree gave
the highest steady-state performance (which is summary plotted in figs.
4(a) and 5(a)). The scatter in performance data was within the predicted
experimental error with the exception of the specific impulse of injector
3, which exceeded the limits by 0.5 percent. Injector 2, atomizing the
fuel to a lesser degree gave c¥* performance data approximately 70 feet
per second below that of injector 1 at O/F = 1.25, Data from unstabil-
ized runs (dashed line of fig. 6) indicate the values of c%* for an O/F
range of 0.75 to 1l.5.

Injector 3, which did not atomize the fuel, gave the lowest perform-
ance. The increase in performance with increased fuel atomization is
substantiated by the results of references 2 and 3. Injectors 1, 2, and
3 showed that the effect of oxidant atomization on performance was of
second order; however, atomization of the oxidant seemed to stabilize com-
bustion at other than design thrust for the configuration used. The
secondary influence of oxidant atomization on performance is corroborated
in reference 4. The performance data of this report, obtained using the
small-diameter combustor (see fig. 2), was unmarred by burnouts due to
combustion oscillations, for the three injector configurations used.

Some preliminary runs, made with a large diameter chamber (4.072 in.)
and injector 4, resulted in chamber burnout from combustion oscillations.
The frequency of the oscillations encountered in the large-diameter chamber
were up to 12,000 cycles per second. The oscillation amplitudes in the
large-diameter chamber were an order of magnitude greater than those en-
countered with the same injectors in the small-diameter chamber.

Because of the small amplitude, oscillations observed in the small-
diameter chamber were considered to have little effect on performance.
When the large-diameter chamber was used, the influence of combustion
oscillations on performance and their devastating effects were reflected
in high c¢¥* and I values and in engine burnout. For example, when
injector 4 (fig. 1(d)) was run in a large-diameter chamber resulting in
engine burnout, instability raised ¥ by 4.8 percent and I by 2.5 per-
cent. Oscillations encountered while running injector 2 were of negli-
gible amplitude in both combustor configurations. The c¥ and I per-
formance data obtained at rated chamber pressure are shown in table I,
and summarily plotted in figures 4(a) and 5(a). Figures 6 and 7 show the
c* and I performance data, plotted from table I, for injectors 1, 2,
and. S,
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Engine Throttling
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An engine designed to be operated fram throttled thrust to rated
thrust will have a lower injection pressure drop at throttled thrust than
at rated thrust. Combustion instability and poor efficiency may result.
A portion of the test program was therefore devoted to throttled per-
formance tests at a chamber pressure of 360 pounds per square inch abso-
lute. The values of c¥ should change little with pressure (ref. 5).
The c* and I performance data obtained for throttled chamber pressure
are shown in table II and summary plotted in figures 4(b) and 5(Db).

Figures 8 and 9 show the c¥ and I performance data, plotted
from table II, for injectors 1, 2, and 3. The following table gives a
comparison of the characteristic velocity at throttled performance with
that at rated performance.

In- Pype of Characteristic velocity, Maximum character-
jec-| atomi- c¥, ft/sec, at - istic velocity, c¥,
tor | zation ft/sec, at -
O/F = 1.25, O/F = 1.25,
P, = 360 P, = 600 P, = 360 P, = 600
lb/sq in. abs|1lb/sq in. abs|1lb/sq in. abs lb/sq in. abs
il O/F gt O/F
15 ST and S0y 5380 5440 5385 | 1.20 | 5450 | 1.30
fine
impinge-
ment
2 F, coarse 5020 5370 SUSORISTSS5 N NS580 ] 11020
impinge-
ment; O,
shower-
head
3 0, coarse 5150 5220 92400 | 1.57 || 5250 |"1.38
impinge-
ment; F,
showerhead




e *00 ®e® 009 098> s06 9eve ave

.

° . L - * o . L] L] L] L] . L]

. . L] e e . L - LN L Ld

. LEN R ] L L L L ° L] L] .
L]

e e
LR E RN ]
.
Seven
LA N ]

A comparison of specific impulse at throttled performance with that
at rated performance is given in the following table:

In- Type of Specific impulse, I, Maximum specific
jec-| atomi- (1b force)(sec) PRy impulse, I,
tor | zation 1b mass i (1b force)(sec) e
1b mass i
O/F = 1.25, |[ofF = 1.25,
P, = 360 P, = 600 P, = 360 P, = 600
1b/sq in. abs|1lb/sq in. abs|1lb/sq in. abs|lb/sq in. abs
I .} o gl At
1 . |8 snd 0, 202 207 202 | 1425 207 | Lvag
coarse
impinge-
nent
2 B, coarse 161 202 1S3 N 1T8S 2@28lhIeS0
impinge-
ment; O,
shower-
head
5] O, coarse L7 182 LGN cAY 18IS 568
impinge-
menits B,
shower-
head

Injectors 1 and 3 gave throttled performance comparable with rated
performance; however, the maximum c* for injector 3 occurred at a much
higher oxidant-to-fuel weight ratio. Injector 1, which highly atomized
the propellants, gave stable, efficient performance at low injection
pressure drops. Injector 2 gave poor results at the reduced pressure
level. It should be noted here for injector 2 that while the c¥* values
were decreased, the I values remained slightly above the I +values
found for injector 3 (fig. 5(b)). A hydraulic phenomenon encompassing
the oxidant valve, injectori and combustion chamber produced unstable
performance data for all c values under an O/F of 1.3. A few stable
performance points above O/F = 1.3 were obtained; however, instability
was spasmodic. The hydraulic phenomenon was not identified as chugging,
although strongly suspected, because oxidant valve oscillations were very
closely in phase with injection (fuel and oxidant) and chamber-pressure
oscillations. It is interesting to note that the other injectors that
impinged the oxidant were stable at reduced thrust. The nonatomized oxi-
dant appears to give nonuniformity of oxidant concentration about the
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fuel droplet. This seems to make an unstable aerodynamic and thermo-
chemical environment, capable of producing pressure oscillations. From
these data, it appears that for this particular configuration (injector
2) the instability could be eliminated by oxidant impingement.

The performance level of a rocket engine depends on the combustor
geometry as well as the injector design. Combustor length or the param-
eter 1 in 1¥ =1 (A,/A{) has been used to classify the combustor size.

In another investigation using a 1000-pound-thrust engine, variation in
engine performance with the 1 parameter was obtained and the results
are given in the appendix. These data show that an increase in 1 re-
sults in an increase in performance.

The experimental data presented herein have shown that performance
can be improved by an injector which finely atomizes the fuel or by in-
creasing the combustor length. Increasing the combustor length allows
more time for all processes to occur, one of which is vaporization.

Similar improvement in performance has been observed with hydro-
carbon fuels (ref. 6). Estimates of the degree of performance improve-
ment as a function of the degree of fuel atomization have been made
analytically. A theory based on a model which assumes that fuel vapori-
zation controls the combustion process has made possible these analytical
estimates. The droplet vaporization theory advanced in references 7 to
10 shows that the burning of liquid fuel droplets depends on the mean
initial diameter of the droplets. The theory predicts higher engine per-
formance as the size of the droplet is decreased. The data presented
herein seem to follow these general performance predictions. A decrease
in the injection-hole diameter results in a decrease of the mean droplet
diameter observed in reference 1ll. Since droplet vaporization is the
basis of the theory and considered rate controlling, vaporization appears
to be rate controlling for the liquid-ammonia - liquid-oxygen propellant
combination.

Injector Design Recommendation

Results indicate that fuel atomization is of primary importance in
improving performance of the liquid-ammonia - ligquid-oxygen propellant
system. The method of fuel atomization is of secondary importance pro-
vided that unstable combustion or injector face burning are not results
from the atomization method. Oxidant atomization is of secondary im-
portance, although it appears to have some bearing on combustion sta-
bility. Thus, an efficient injector will atomize the fuel and from the
stability standpoint will probably atomize the oxidant (injector 2).
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SUMMARY OF RESULTS

The results found with 2400-pound-thrust-engines using liquid-
ammonia and liquid-oxygen propellants are as follows:

l. The finer the degree of fuel atomization, the higher the engine
performance; however, comparable performance could possibly be obtained
with coarser fuel atomization if a large combustor length is utilized.

2. Oxidant atomization has a secondary effect on engine performance;
however, oxidant atomization appeared to stabilize the combustion at other
than design thrust for the configuration used.

3. Combustion oscillations can be reduced, and in some cases elimi-
nated, by a change in the combustor configuration.

4, In the liquid-ammonia - liquid-oxygen system, vaporization appears
to be rate controlling, as the performance seems to follow that predicted
by the droplet vaporization theory.

5. Throttled performance showed injectors that atomized the oxidant
to be comparable with their respective values at full thrust. The in-
jector that poorly atomized the oxidant gave unstable performance at
reduced thrust.

6. In general, an efficient liquid-ammonia - liguid-oxygen injector
at high or low thrust levels will atomize the fuel and probably atomize
the oxidant.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, September 18, 1958
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APPENDIX - VARIATION IN ENGINE PERFORMANCE WITH ! PARAMETER

The performances of other injector and chamber configurations using
liquid-ammonia - liquid-oxygen propellants were evaluated at the 1000-
pound-thrust level (unpublished NASA data).

The injector evaluated (fig. 10) featured 82 sets of fuel and 70
sets of oxidant like-on-like impingement pairs, subsurface impingement
at 909, and a pressure drop of 70 pounds per square inch. The engine
used water-cooled chambers with 1 parameters of 5.19, 7.78, and 13.0
inches, with the inside diameter held constant at 2.36 inches. The nozzle
in all cases had a contraction ratio of 3.85 and expanded to 14.7 pounds
per square inch absolute (see fig. 11).

The c* and I values obtained are shown in filgure 12, for,. 1
values of 5.19, 7.78, and 13.0 inches. Engine performance in the three
chambers improved as the chamber length was increased. This effect is
illustrated by the following table which gives c¢* values obtained at
O/F = 1.25, and the maximum c* and O/F values (fig. 12) for an in-
Jector type that atomized the fuel and oxidant to a fine degree (fig. 10).

by |e* st Mk, cF,
in. (1.25 O/F, ft/sec
ft/sec
ad O/F

S5.18| 5100 5100|1.15
7.78| 5220 5220|1.25
13.0 o275 5280|1.22

The presented performance indicates that the necessity for good atomiza-
tion is reduced as the chamber length is increased. It appears that it
is possible to obtain good performance in a large chamber with an in-

jector that gives a low degree of fuel atomization (injector 3 of this
report) .
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TABLE I. - CHARACTERISTIC VELOCITY AND SPECIFIC IMPULSE AT RATED THRUST

Num-| Injector |Refer-|Oxidant-|Charac- Theoreti- Specific Theoretical

ber ence to-fuel |teristic |cal char- impulseb, specifiec
run weight |velocity,|acteristic 11 impulse?,
ratio, o velocity®,| (1b force)(sec) X
o/F ft/sec e ¥ 1b mass Tey, |
cE’
th percent
percent

1 A3 434 0.64 4450 92 180 88
2 (see fig.| 436 .88 85290 97 206 96
3 1(a)) 437 1.16 5460 94 210 96
4 438 1.18 5400 95 206 94
5 439 10250 5500 94 208 96
6 441 S 4990 96 189 30
7 442 .89 5220 96 196 91
8 443 .74 4980 98 188 90
9 444 1.00 5220 93 185 90
10 445 1512 5350 95 199 o1
11 507 <85 5270 98 202 94
12 508 thsakil 5420 94 206 94
13 2 419 1R52 4780 84 174 81
14 |(see fig.| 420 1.35 5270 91 194 89
15 1(b)) 421 1.04 5330 94 196 90
16 422 <65 4500 93 170 83
iy 423 =it 4710 86 177 82
18 424 15 5320 92 198 91
19 426 1.20 5370 93 204 94
20 458 1.40 5270 91 202 94
ik 459 15228 5350 92 206 94
22 467 1 5% 5120 90 196 9
23 468 128 5410 93 198 S
24 501 126 5290 91 198 2 hl
25 502 Lo2T 5330 92 200 92
26 ) 405 1535 5210 90 189 87
27 |(see fig.| 406 e 5230 90 181 83
28 1(c)) 407 .85 4860 90 167 78
29 408 1.05 5110 90 180 83
30 409 127 5360 92 203 93
31 410 1529 5160 89 183 84
82 411 1.16 5170 90 LT 81
33 412 1.0l 5010 89 174 80
34 413 1.41 5250 91 181 84

@Theoretical values based on equilibrium composition; chamber pressure, P., 600
1b/sq in. abs (figs. 13 and 14).

bExperimental specific impulse for convergent nozzle expanded to ambient
conditions.




L] e o .
. ® 8¢ o o L * o . L] L] L] L
L] e o oo Ll . . oo *e . LA R . oo Ll
L * o e o L] LXK K] L] L] L] [ ] L] ° -
oe . . see ooee 0_-0. . see 0880 soe 15
TABLE II. - CHARACTERISTIC VELOCITY AND SPECIFIC IMPULSE AT THROTTLED THRUST
Num- [Injector |Refer-|Oxidant- |Charac- Theoreti- Specific Theoretical
ber ence to-fuel [teristic |cal char- impulseb, specific
run weight velocity,|acteristic I, impulse?,
ratio, S velocity®, | (1b force)(sec) I
O/F ft/sec ex 1b mass p T
cth’ percent
percent
1 i 446 PeLn 5390 94 200 94
2 (see fig.| 447 1,02 5250 93 198 91
3 1(a)) 448 .64 3920 82 164 80
4 449 Teil7 5340 92 202 95
5 503 .83 5160 Sl 188 88
6 504 IOt 5250 93 198 91
7 505 15 lE 5310 92 202 92
8 506 1139 5300 9 201 93
9 509 32 5250 90 197 Sl
10 511 161 5100 90 194 b
11 2 427 12O 4680 82 176 80
12 (see fig.| 428 1528 4810 83 184 84
i3 1(b)) 429 e 5060 88 192 88
14 450 S 2870 63 102 5e
15 451 1.02 4330 78 176 8l
16 452 LRk 4910 85 194 89
L7 453 1.00 2760 49 110 50
18 454 2 4130 82 161 i
.9 455 .54 2810 - 112 58
20 456 S5 3360 - 130 69
21 457 .62 3090 65 126 62
28 461 1:28 4990 86 A 78
23 462 1.47 4990 87 176 81
24 463 1.56 5120 90 181 84
25 464 162 5180 92 183 86
26 465 LS54 5140 90 180 84
2l 466 1.37 5220 90 184 85
28 480 .74 3390 66 121 58
a9 482 .94 3790 68 142 66
30 487 192 4890 - 185 --
St 489 1585 4910 - 182 -
52 492 1.50 5080 89 186 86
55 493 1.58 5130 91 189 88
34 499 135 5010 86 176 81
55 3 414 1.45 5230 91 178 82
36 |(see fig.| 415 1.39 5190 90 184 85
17/ 1(c)) | 416 115 5050 88 173 79
38 417 95 4760 86 164 76
39 418 | 1.48 5270 92 181 84

@Theoretical values based on equilibrium composition; chamber pressure, P., 600
1b/sq in. abs (figs. 13 and 14).

bExperimental specific impulse for convergent nozzle expanded to ambient
conditions.
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(a) Injector 1; 70 pairs of like-on-like fuel holes, 66 pairs of like-on-like oxidant holes
with surface impingement at 56°; 27 showerhead oxidant holes, 4 showerhead fuel holes.

Figure 1. - Injector design. (All dimensions in inches.)
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(b) Injector 2; 22 pairs of like-on-like fuel holes with surface impingement at 90°;
22 showerhead oxidant holes.

Figure 1. - Continued. Injector design. (All dimensions in inches.)
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(¢) Injector 3; 22 pairs of like-on-like oxidant holes with surface impingement at
90°; 22 showerhead fuel holes.

Figure 1. - Continued. Injector design. (All dimensions in inches.)
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(@) Injector 4; 66 pairs of like-on-like fuel and oxidant holes with surface
impingement at 560.

Figure 1. - Concluded. Injector design. (A1l dimensions in inches.)
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Characteristic velocity, c¥, ft/sec
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(b) Throttled chamber pressure, 360 pounds per square inch absolute.
Figure 4. - Injector performance curves at rated and throttled chamber pressures.
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(b) Throttled chamber pressure, 360 pounds per square inch absolute.

Figure 5. - Engine performance curves at rated and throttled chamber pressures.
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Characteristic velocity, c*, ft/sec
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Figure 6. - Injector performance at nominal chamber pressure of

600 pounds per square inch absolute.
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Characteristic velocity, c¥, ft/sec
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Figure 8. - Performance of injector at nominal chamber pressure of 360
pounds per square inch absolute.




acteristic velocity, c*, ft/sec

Char

5200

4800

4400

4000

3600

3200

2800

\
| —————— Injector performance at
‘ 600 1b/sq in. abs

(o] nominal chamber pressure

/ (fig. 6(b))

.4 .6 .8 1.0 1.2 1.4 1.6 1.8

Oxidant-to-fuel weight ratio, O/F
(c) Injector 2. Fuel like-on-like impingement, coarse atomization, oxidant showerhead.

Figure 8. - Concluded. Performance of injector nominal chamber pressure of 360 pounds per
square inch absolute.

2.0

a1




28

Specific impulse, I, (1b force)(sec)/1lb mass
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- Engine performance nominal chamber pressure of 360 pounds per
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