GLAOO Y ) -
UNCLA p,
§ 7. QA Copy 6
_RM E55A07

BN T
R

FIERASIN

"'—g::‘k"t f

NACA RM ZE58°A07

i
\
1

s W,

o

# A

RESEARCH MEMORANDUM

CHANGED

CLANSIFICATION

Y
\J
EXPERIMENTAL PERFORMANCE OF THE MIXED -OXIDES -OF -
! :
“ NI"?. GEN - AMMONIA PROPELLANT COMBINATION
l
] .
t (i
,l' 'Q f‘b WITH SEVERAL INJEC TION METHODS ‘
i © Fa %
H -~ _—iRE
! 8 IN A 1000-POUND -THRUST Ha WS’
o R
; M ROCKET ENGINE e Ly 1950
3 ) ~ )
i ; WBR ¢
i k.’ By William A. Tomazic and George R. Kinney A AR
& : %E o RNy, 'ﬂl%
Ll ! . C . LN “‘”‘?‘E\—D‘
W | \: Lewis Flight Propulsion Laboratory- s
B ,g Cleveland, Ohio -
{ 3
v &
S s
: 5]
2|
i 1
: f o CLASSIFIED DOCUMENT
f ﬁ ‘This 1 infor: affecting the Nutional Defense of the United States within the meaning
) :‘otthaeq:bmn laws, Titla 18, U.8.C., Secs. 763 and 764, the transmission or revelation of which in any
o' = to an fred tsp by law.
e o P . _. .
NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

WASHINGTON
March 28, 1965

ARG | NCLASSIFIED



888%

CH-1

NACA EM ESS5A07

e CLASSIFIED

NATTONAT. ADVISORY COMMITTEE FOR AERONAUTICS

momoes wowon IHM L ﬂ? HHET i

435 7975
EXPERTMENTAT. PERFORMANCE OF THE MIXED-OXTDES-OF-NITROGEN - AMMONTA

"1

PROPELTANT CCOMETNATTON WITH SEVERAL INJECTION METHODS
IN A 10Q0-POUND-THRUST ROCKET ENGINE

By Willism A. Tomazic and George R. Kinney

SUMMARY

The performance of the mixed-oxides-of-nitrogen (70 to 72 percent
nitrogen tetroxide, 28 to 30 percent nitric oxide) - ammonis propellant
combination was investigated over a range of condltions with several
injectors. Data are presented for specific impulse, characteristic ve-
locity, and thrust coefficlent as functions of oxidant-fuel weight ratio.

The highest performence was obtained with a four-entry swirl-cup
injector at 300 pounds per square inch ebsolute chamber pressure and
1100 pounds thrust. A maximum specific lmpulse of 236 pound-seconds per
pound (99 percent of the peak theoretical value based on frozen composi-
tion expension) was obtained at an oxidant-fuel ratlio of 1.9. Charac-
teristic velocity was 5430 feet per second or 99 percent of the theoreti-
cal maximm.

A triplet impinging jet injector also gave 98 percent of the peak
theoretical characteristic velocity at 450 pounds per square inch abso-
lute chember pressure and 1.85 oxidant-fuel ratlo. The pesk epecific
impulse was 233 pound-seconds per pound or approximetely 94 percent of
the theoretical meximum based on frozen composition expansion.

Lower performence values were cbtained with an injector in which
the main flow of propellants was directed into a hot ges stream issuing
from an antechanmber in which approximately 10 percent of the flow was
burned. An injector consisting of two concentric centrifugal spray
nozzles (ome fuel and one oxidant) also gave low performance.

INTRODUCTION

Experiments were conducted to determine the performence of the
mixed-oxides-of-nitrogen (70 to 72 percent nitrogen tetroxide, 28 to 30
percent nitric oxide) - ammonias propellant combination over a range of
conditions with several inJjectors. Previous experimental work with this
combination has heen 1in§g§; Rt anasaad
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Mixed oxides of nitrogen and ammonia are of interest as alternates
to nitric acid and Jjet fuel in storable JATO and missile applications
using pressurized propellant systems, since both are thermally stable,
low in cost, and noncorrosive to ordinary materials of constructlon. In
addition, the mixed-oxldes-of-nitrogen -~ ammonia combination has a high-~
er theoretical performance thap nitric acid and Jet fuel, and limited
experimental work indicates that smooth combustion may be attained.
Reference 1 includes an over-all evaluation of the mixed-oxides-of-
nitrogen - ammonia combination in additlon to theoretlcal and experimen-
tal performance figures, Rapid spontanecus ignition has been obtained
over a wlde temperature range using an alkali metal in the ammonia feed
1ine (ref. 2).

Although run at constant thrust, the injectors used in this investi-
gation were so designed as to be adapteble to varlable thrust operstlon.
That 1s, the Injection orifices were designed to allow variation of thelr
effectlve size or number through the addition of a relatively simple
control.

The followlang injectors were tested:

(1) A four-entry swirl cup at 300 pounds per square inch absolute
chamber pressure and 1100 pounds thrust

(2) A triplet impinging jet at 450 pounds per square inch absolute
and 1600 pounds thrust

(3) A hot-Jet mixing injector at 400 pounds per square inch abso-
lute and 1400 pounds thrust

(4) A concentric swirl injector at 300 pounds per square inch abso-
lute and 1000 pounds thrust

(5) A two-entry swirl cup over a range of chamber pressures from 85
to 410 pounds per squere inch sbsolute and thrusts from 200 to
480 pounds

Experimental values of specific impulse, characterlistlic velocity,
and thrust coefficlent for a range of oxidant-fuel weight ratios are
presented for each injector and compared with the theoretical perform-
ance of reference 1.

) APPARATUS
Propellants and Flow System
The oxldant wes mixed oxldes of nitrogen, whilch consisted of 70 to

72 percent nitrogen tetroxide and 28 to 30 percent nitric oxide. The
fuel was liquid anhydrous ammonia. Both were obtained as liguids in

comnerical cylinders.
SR
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The propellents were fed to the engine from helium-pressurized
tanks; the flow rates were controlled by tank pressure. Firing opera-
tions were accompllished by remotely controlled valves. A chamber was
provided between the fuel-control valve and the engine to hold lithium,
which was used to obtasin spontaneous ignition as in reference 2. All
components of both fuel and oxidant flow systems were of stainless steel.

Engine and Mounting

The engine was mounted on a movable stand supported on two steel
flexure plates perpendicular to it. The stend was inclined downward at
an angle of 30°.

The engine (fig. 1) consisted of an uncooled steel chamber 4 inches
in diemeter and 13 inches long, and an uncooled copper nozzle. Mosat of
the runs were made using a nozzle designed for 1000 pounds thrust at a
chamber pressure of 300 pounds per square inch absolute. One set of runms
was mede using e nozzle designed for 350 pounds thrust at a chember pres-
sure of 300 pounds per square inch absolute.

Injectors

Four-entry swirl cup. - The four-entry swirl cup (fig. 2) had two
fuel and two oxidant entries arranged alternately sbout the cup S0°
apart. The entry holes were tengent to the circumference of the cup and
10° from normal to the axis pointing out of the cup. The cup length was
twice the cup diameter. Weter-flow tests at rated flows showed a pres-
sure drop of 100 pounds per square inch for the oxidant and 110 pounds
per square inch for the fuel. However, during operation, equivalent
flows gave pressure drops of 290 pounds per square inch for the oxidant
and 310 pounds per square inch for the fuel, because the pressure in
the swirl cup was probably considerebly higher than the chamber pressure.

Triplet impinging Jet injJector. - Figure 3 shows the triplet imping-
ing Jet inJector. It had 120 oxident holes of 0.037-inch diameter and

" 80 fuel holes of 0.047-inch dilameter. The injector face consisted of

five 0.75-inch mild-steel tubes, three for oxidant and two for fuel with
fuel and oxidant tubes alternating. Six groups of ten triplet sets each
were arranged in two parallel rows across the injector face. Rated flows
were obtained at & pressure drop of 100 pounds per square inch.

Hot-Jet mixing injector. - The hot-jet mixing injector (fig. 4)
consisted of an antechamber in which approximstely 10 percent of the
total flow wae burned and a second chamber in which the remeinder of the
flow was introduced through drilled tubes lnto the hot Jet issuing from
the antechamber. The tubes could be rotated to produce different flow

YRR
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patterns including: (l) model A - Implngement of fuel and oxidant;

(2) model B - both fuel and oxidant directed upstream with fuel splashing
off the wall separating the antechember and main chamber; and (3) model

C - same as model A but with no hot Jet. The injector was designed for
100-pounds-per-square-inch pressure drop through the primary injector and
75-pounds-per-square-inch drop through the mein injector.

Concentric swirl injector. - The concentric¢ swirl injector (fig. 5)
was composed of two centrifugal epray nozzles mounted concentrically,
with the spray from the inner nozzle lmpinging at the exit 1lip of the
outer nozzle. The injector was run in three different ways: (1) model
A - the fuel and the oxidant were swirled in opposite directions with
the oxidant in the lnner cup; (2) model B - the fuel and the oxident were
swirled in the same direction wlth the oxident in the inner cup; and
(3) model C - the fuel and the oxidant were swirled in the same direction
wlth the fuel in the inner cup. Pressure drops were 100 pounds per
square Iinch at rated flows. '

Two-entry swirl cup. - The two-entry swirl cup (fig. 6) had one fuel
and one oxldant entry opposite each other and tangent to the cup circum-
ference. The entries were at 10° from normal to the axls of the cup.

The cup inner diameter was 0.54 inch and the length was 1.08 inches.

Exhaust-Duct System

An exhaust-duct system wes used for most of the runs to burn nitro-
gen dioxide fumes and incomplete combustlion products. Two dlfferently
designed dqucts were used to channel the exhaust gases from the rocket to
the burner. The duct used for the majority of the runs (fig. 7) enclosed
most of the engine, leaving approximately a 4-inch annular space about
the engine proper. The second duct (fig. 8), used in an attempt to im-
prove the effectiveness of the burner in disposing of fumes, was con-
stricted to epproximately a 0.l2-inch annulus ahout the nozzle.

Tostrumentation

Thrust. - Thrust was measured with a calibrated strain gage and
recorded on a self-balancing potentiometer. The precision of the meas-
urements, including variation of celibration constants and interpreta-
tion of chart readings, was approximately X2 percent.

Flow rates. - Turblne-type flowmeters were used for the four-entry
swirl-cup tests, and the precision of flow measurements made with them,
including density determinations, was approximately 11.5 percent. Flow
measurements were made for the other tests by continucus tank weighing,
using celibrated strain gages recording on self-balanclng potentlometers.
The precision of these measurements was approximately +2.5 percent.
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Pressures. ~ Combustion-chamber pressure was measured both by Bour-
don tube-type recorders and by variable-resistance-type pressure pick-
ups whose output was recorded on an oscillograph. The precision of each
method was gpproximately +1.0 percent. Mercury wmanometers were photo-
graphed to obtaln duct pressures to approximetely 1 inch of mercury.
Fluctuations prevented more accurate measurement.

Temperature. - Copper-constantan thermocouples were used to measure
propellant temperatures in the flow lines near the turbine-type flow-
meters within +2° F. Determination of propellant densities was within
0.5 percent.

PROCETDURE

Both fuel and oxident were loaded into the cell tanks as liguids
from commercisl cylinders. Dry, high-pressure helium gas was used to
force the propellents from the tanks to the engine. The addition of
lithium to zmmonis in the flow line made it self-igniting with mixed ox-
ides of nitrogen. Valve openings were timed for sn oxidant lead of ap-
proximately 0.1 second on start and a comparaeble override on shutdown.
Upon shutdown, the injector and chember were purged with helium gas.
A1l run duretions were limited to spproximately 6 seconds because un-
cooled engines were used.

Experimental epecific impulse was calculasted from measured values
of thrust and propellant flows. The precision of the calculated values
was approximately £3.5 percent for the turbine-type flowmeters and £4.5
percent for the weight method. Characteristic velocity was calculated
from meesured chamber pressure, throat ares, and propellant flows. The
precieion was approximately +3.0 percent with the turblne-type flowmeters
and 4.0 percent with the weight method. Thrust cocefficient was ob-
tained from experimental chamber pressure, thrust, and throat areas to a
preclsion of approximately 3.5 percent. Values of specific impulse and
thrust coefficient for the triplet impinging jet, hot-jet mixing, and
concentric gwlrl injectors were corrected for operation with the exhaust
ducts as shown in the appendix.

RESULTS
Experimental results are presented in table I and figures 9 to 14.

Four-entry swirl cup. - The experimental data for the four-entry
swirl cup are given in figure S. TFigure 9(a) shows data as measured and
figure 9(b) shows the deta when corrected for exhaust-duct effects. The
peak cheracteristic velocity obtained was 5430 feet per second or 99
percent of the theoretlical meximum as given by reference 1. Specific
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impulse reached a value of 236 pound-seconds per pound at an oxlidant- -
fuel ratio of 1.9. This is 99 percent of the theoretical meximm based ¥
on frozen composlition expansion and 97 percent of the maximum based on
equilibrium expansion. The thrust coefficlent of 1.40 was approximately
equal to that predicted by theory for the expansion ratlio used assuming
frozen composition. No problems with oscillatory combustion or exces-
sive heat transfer were encountered. ' ) '

:t

Triplet impinging Jjet injector. - Figure 10 gives experimental data
for the triplet impinging Jjet. A characteristic velocity of 5420 feet §
per second or 99 percent of the theoretical maximum was obtalned at an i
oxidant-fuel ratio of 1.85. Specific impulse was 233 pound-seconds per

pound or 94 percent of the theoretical maximum for frozen composition
expansion. Conbustion was smooth and no burn-outs occurred.

Hot-jet injector. - The experimental performence for the hot-jet
injector (models A, B, and C) is shown in figure 11. A single curve was
faired through the data because the performance for the different modele
was approximately the same. Characteristic veloclty reached a peak of -
4870 feet per second at a mixture ratio of 1.70, which 1ls 8% percent of
the theroetical maximm. Speclfic impulse was 200 pound-seconds per
pound or 82 percent of the peak for frozen composition expansion. Com-
bustion was sudibly rough during runs with model B.

Concentric swirl injector. - Figure 12 shows performance data for
the three models of the concentric swirl injector. The pesk character-
1stic veloclty was 3875 feet per second, which is 71 percent of the max-
imum theoretical value. The highest specific impulse was 165 pound-
seconds per pound or 82 percent of the maximum for frozen composition
expansion. The highest performsnce was obtalned at an oxidant-fuel ratio
of 1.75. Some of the runs with this injector produced audibly rough
combustion. '

Two-entry swirl cup. - Figure 13 sbows the experimental charsacter- )
istic velocity for the two-entry swirl cup at two dlfferent pressure -
levels. At the higher pressure level (350 to 410 1b/sq in. abs), ap-
proximately 100 percent of the theoretlcal value was obtalned. Approxi-
mately 87 percent of the theoreticel peak was obtalned at the low pres-
sure level (85 to 155 1b/sq in. abs).

DISCUSSION

Injector comparison. - A comparison of the injectors based on char-
acteristic velocity is shown in figure 14.

3l

The four-entry swirl cup gave the highest performance over the wid-
est range of mixture ratio. Performance was dependent on cup and pro-
pellant entry geometry. A properly designed swirl cup forces intimate
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contact of the two propellents in their liquid state in & relatively
confined space, which gives a high degree of mixing rapldly (ref. 3).

In addition, initial reactions in the swirl cup are importent with self-
igniting propellants. A large part of the liquid-phase reactlon and
heat release preceding actual ignition and combustion can take place in
the cup. It has been shown (refs. 4 and 5) that, as propellant residence
time in the cup 1s increased from a low value, the performance increases
to a maximum, efter which hard starts and explosions occur. The optimum
cup stay-time 1s evlidently Jjust short of the propellant ignition lag.
The ratio of cup volume to the propellant flows is also important, since
too much volume may prevent optimum mixing and too little may tend to
guench the propellant reaction.

Pesk performance compareble to that obtained with the four-entry
swirl cup was obtained with the triplet impinging jet. However, an in-
creased sensitivity to mixture ratio 1s evident because the curve drops
off more quickly in both directlions from the peak. Relative propellant
stream momentums change rapidly with changes 1n mixture ratic, and thus
mixing, atomization, and distribution are affected. The triplet configu-
ration used 1s an unusual one, because of considerations of application
to variable thrust operation. This configuration (fig. 3) induced a
great deal of circulation against the injector, which led to a distinct
erosion pattern after some 10 to 15 runs. This indicates a violent
scrubbing action by the hot gases circulating back ageinst the tubes.
Some erosion of the aluminum injector body occurred, but not encugh to
prevent continued operation.

The hot-Jjet injector was designed with the intention of promotlng
propellant mixing and atomization by injecting them into a relatively
low-velocity hot gas stream generated iln s precombustlion chamber at a
pressure only 25 pounds per squere inch above that in the maln chamber.
Other inJjectors of this type wilith higher-veloclity hot gas streams and
much larger pressure drops from the primary chamber to the main chawmber
(refs. 8 to 8) have been relatively successful. A low-velocity hot Jet
was used to avoid a prohlbitively high over-all pressure drop. Tests
of the same inJector with and without the hot Jet showed no appreciable
difference in performesnce, which was relatively low in all cases. Ap-
parently the velocity of the hot Jet was too low to aid propellent mix-
ing and stomizatlon.

The concentric swirl injector (fig. 5) gave only about 70 percent
of the theoretical maximm performance. This type of injection permits
very simple construction, particularly for veriable-thrust operation
where simple gate valves at each of two propellant entries would control
flows. Model A was designed to utilize the difference in relative veloc-
ities of the two streams swirling in opposite directlions to obtain good
mixing. Water-spray tests showed that each spray nozzle individually
gave a good hollow-cone spray, but the resultant of the two was a heavy
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slow-moving shower of relatively large drops. No ¢onclusion could be
made as to mixing. Waler tests with models B and C gave the same results
88 model A. Performance for all three models was gbout the same, as
shown by figure 12. Performance by this method might be improved with
a change in arrangement; for example, impinging the two sprays in open
space instead of on a surface.

In summary, the performance of the four-entry swirl cup indicated
that it 1s a most promising Injector for development inbo a variable-
thrust rocket englne, using the propellants under consilderation.

Materials. - All the inJectors used were comstructed of relatively
noncrltical materlals, mild steel and aluminum. Only the triplet imping-
ing Jet gave any erosion problems, but these did not affect operation
until after about 12 runs. TNelther corrosion nor heat transfer appears
to offer much difficulty.

Englne starting. - The two-stage pressure rise during ignition pre-
viously shown to exist with this propellant combination (ref. 9) wes
noted to he & posslble source of trouble. A few runs were made during
which the high-pressure stage was not reached, the combustion proceeding
gt a very low pressure in splte of full propellant flows to the chamber.
One run during which the low-pressure condition was allowed to perslst
for approximately 3 seconds resulted in en explosion. The fact that
virtually all starts were accomplished without difficulty suggests that
this trouble cen be overcome.

Applicabllity of injector design to flow control. - Control of ori-
fice area could be achieved through the use of & single plston with the
four-entry swirl cup, a sliding-piston cam or a rotating-barrel cam for
each tube of the impinging Jjet or hot-Jet injJector, and a gate valve at
each entry of the concentric swirl. The two-entry swirl cup could be
controlled with a plston or two gate valves. It would appear that a
swirl-cup-type injector offers the best possibilities for simple control.

SUMMARY OF RESULTS

The performence of mixed oxldes of nitrogen and ammonia was obtalned
for a range of condltions with several injectors. Peak performence re-
sults are summarized as follows:

3588
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Injector|Nominel |Chamber | Oxidant - |Character~ |Percent |Specific [Percent
thrust, {pres- |[fuel istic of impulse, |of
1b sure, ratio veloclty, |theoret-|({lb)(sec) |theoret-
1b/sq ft/sec  |ical 1b ical
in. abs charsc~ specific
teristic impulse
velocity (frozen)
Four- 1100 300 1.90 5430 99 236 99
entry
swirl
cup
Triplet 1800 450 1.85 5420 99 233 94
imping-
ing jet
Bot-jet 1400 400 1.70 4870 89 200 82
mxing
injector
Concen- 1000 300 1.75 3875 yas 165 69
tric
swirl
injector
Two- 375 |85-155 -——— ~ 4750 ~87 - -
entry 8350~ ——— ~ 5470 ~100 — -
swirl 410
cup

a'ije:ra:l:ec]. with same chamber as others but with smaller throat exhaust

nozzle.

ILewis Flight Propulsion Lsboratory
National Advisory Committee for Aeronsutics

Clevelend, Ohio, Janusry 17, 1955
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APPENDIX - EFFECT OF EXHAUST DUCTS ON ROCKET THRUST

The use of exhaust ducts to channel the rocket exhaust into a burner
resulted in net or recorded thrusts lower than the engine would have de-
veloped wilithout the ducts. The rocket operating with the ducts acted as
a Jet pump or ejector and induced stmospheric alr intoc the ducts. The
flow of ailr past the engine and its mountings and the reduction below
atmospheric of the pressure acting on the base of the rocket nozzle both
resulted in forces opposite to the engine thrust. Experiments were made
to determine the magnltude of these forces with each duct used.

Three series of runs were made at a chamber pressure of 300 pounds
per square inch absolute using the four-entry swirl cup: (1) firing with
no exhaust duct, (2) using the constricted-entrance duct (fig. 8), and
(3) using the open-entrance duct (fig. 7). Static-pressure taps were in-
stalled in both ducts as shown in figures 7 and 8. Free body diagrams
for the three arrangements are shown in flgure 15. The net axial thrust
is equal to the reaction thrust of the engine plus the resultant of ex-
ternal pressure forces acting on the engine and its mountings. The re-
sultant of external pressure forces is zero when no duct is used and the
net thrust is equal to the reaction thrust of the engine.

When the englne was operated wilth a constricted-entrance duct, pres-
sure at the rocket nozzle base was lowered because of the ejector action
of the rocket exhaust (fig. 15(b)). This resulted in an unbalanced pres-
sure force opposite 1n direction to the engine thrust and egual to the
difference between the base and atmospheric pressures multlplled by the
base area. Specific impulse and thrust coefficient for this condition
are given in figure 9(a). Figure 9(b) shows the specific impulse and
thrust coefficlent corrected for the unbalanced pressure force, which
averaged approximately 23 pounds for the rune made in the constricted-
entrance duct. '

When operating with an open-entrance duct, the system of pressure
forces is more complicated (fig. 15(c)). The engine and its mounting
were largely submerged in the duct, and a high-velocity air flow (ap-
proximetely 360 ft/sec) passed over them, resulting from the elector ac-
tion of the rocket exhaust. Figure 7 shows the lowered pressures and
the areas on which they acted. Average values of pressure differences
for the surfaces acted orn and the corresponding pressure forces are given
in the followlng teble:

3588
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Aree acted on Atmospheric pressure Pressure force
by pressure minus pressure acting acting on area,
(see fig. 7), on area, 1b
sq in. 1b/sq in. abs
48.50 0.196 9.7
33.45 1.96 - 65.7
9.60 1.87 17.9
3.51 2.11 7.4
3.75 -1.47 (In same -5.5
direction as
engine
thrust)

The aversge total-pressure force opposite to the engine thrust is 85.2
pounds. Figure 9(a) shows specific impulse and thrust coefficient un-
corrected for thies pressure force. The corrected values of specific im-
pulse and thrust coefficient are given in figure 9(b). As would be ex-
pected, characteristlc veloclty wes unaffected by the different exhaust
conditions.

Similer corrections were made to the date obtained with the triplet
impinging jet, the hot-jet injector, and the concentric swirl injector.
The corrections used were average values for elther the constricted- or
open-entrance ducts as determined using the four-entry swirl-cup injec-
tor. Since ejector action would tend to be greater at the higher cham-
ber pressuresg than at 300 pounds per square 1lnch absolute (for the condi-
tions of these tests), these corrections are probably slightly low for
the hot-jJet and triplet injectors, which were run at chamber pressures
of 400 and 450 pounds per square inch absolute, respectlively.
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TABLE I. - SUMMARY OF PERFORMANCE OF MIXED OXILRS OF NITROGEN AND LIQUID AMMONIA
[characteristic length, 65 in,]
Oxidant- | Total propel- | Recorded | Chamber Specific | Charac- Thrust | Thrust Coarrected | Carracted | Corrected
fuel lant flow, thruat, |pressure, imgulae, terlstlc | coeffli-| correction | thrust, speciflec | thrust
welght lb/Bec 1b 1b/sq 1un. | {1b){sec) | veloeity, | olent due to 1b impulse, | cosfficient
ratio abs ft/pec duot, (1b E Eﬂec)
1b
Four-antry swlrl ocup; no duot
l.a8 4£.70 1122 298 239 6470 1.4) - ———— _— ———
2.16 4.81 1122 300 234 5370 1.40 - — _— ——
1.79 4.94 1161 510 253 5410 1,359 - — —— —_—
1.7l 4.97 11687 310 235 B370 1.40 - ——— _— ———
1.77 &£.21 1154 309 235 5420 1.40 - —— —— —_
2.20 5.03 1187 313 252 5380 1.40 —— — _— -—
2,23 5.00 1142 312 228 5340 1.38 —- —— —— —
Four-antry awlrl oup; constriotsd-antrance duct
2.28 4.86 1114 302 229 5310 1.39 a3 1137 254 l.42
——— ———— 11p8 307 —_— —— 1.38 23 1149 ——— 1.41
1.711 4.74 1083 300 232 8420 1.38 22 1120 236 1.40
1.70 4.569 1071 208 233 5630 1.38 22 1085 238 1,39
1l.97 4.64 1073 204 251 5428 1.37 24 1097 236 1.40
1.84 ' 4.61 1087 297 231 5400 1.38 24 1111 236 1.40
1,98 4.85 1120 308 231 5430 1.37 24 1144 236 1.40
Four-entry swirl cup; open-entranse duct
2.08 4.81 loa7 3Q1 214 5380 1,28 92 1119 233 1,40
1.88 6.03 10585 —— 210 _— ——— 93 1148 228 ~—e
1.89 4.88 1085 318 Q22 5580 1.e8 a7 1174 £40 1.35
1.69 4,90 1042 308 213 5340 1.8 75 1117 2e8 1.37
a.39 5.02 1032 308 206 5210 1.27 a9 1131 285 1.39
Triplet impinging Jet; open-entrance duct
1.84 6.84 1606 434 217 5440 l.28 95 1800 230 1.36
2.71 8.80 1695 484 19 4780 1.30 95 1790 204 1.37
1.91 7.82 1660 472 218 6380 1.30 96 1756 250 1.37
2.38 8.37 1880 478 158 4980 1.28 95 1758 210 1.35
1.64 7.15 1645 = 231 = ———— 95 1740 244 —_——
1.32 7.56 1487 381 197 4880 1.29 95 1682 211 1.37
1.88 7.37 1520 i34 208 5070 1.31 96 1615 219 1.39
2,24 7.46 1580 466 212 6425 1.28 95 1875 204 1.34
2.24 7.59 1615 465 213 B325 1.20 95 1710 225 1.37
1.84 8.98 1685 460 228 5750 1.28 95 1680 241 1.38
2.02 7.51 1620 459 216 5320 1.51 95 1715 228 1.39
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TABLE I. - Concluded.

[eharsctaristic lergth, 85 10

SUMMARY OF FERFORMANCE (R HIXED OXIDE3 OF NITROZEN AND LIQUID AMMONIA

Model Oxident- | Potel propel-| Recorded | Chamber 3pecific | Charac- Thrust | Thruat Carected | Corrected | Corrected
(ces rfign | fusl lant flow, thrust, gaurae, | impulse, taristic | coeffl- | correctlon | thrust, speciflia | thrust
4 and 5) | walght 1b/aec 1n /g in. ‘lb“uc! velocity, | olent to 1b iwpulse, | cceffiolent
ratia abs ft/anc duet, { 1bi ! aec)
it
Hot-Jjet mixlug InjJeoctar; ¢cnatricted-entrance duct
A 2,20 8.48 1520 i24 179 4310 1,54 ‘29 1642 182 1.38
1.70 7,58 1480 412 138 4700 1.54 22 1802 199 1.58
2.20 8.70 1465 422 168 4180 1,50 22 1487 171 1.32
1.43 7.38 1428 406 184 4750 l.32 22 1450 195 1.54
B 1.38 7.48 1255 367 188 4250 1.27 22 1277 171 - l.gB
1,38 7.08 1283 - 372 181 4540 l.28 22 1504 184 1,50
1.65 7.40 1254 362 187 4240 1.27 -4+ 1866 170 1.28
1.63 6.85 1302 377 187 4700 L.28 22 1524 190 1.%0
c 1.67 7.E66 1396 397 185 4500 .32 22 1418 188 1.54
1.44 7.81 1563 388 174 4270 1.31 20 1585 177 1.54
1.72 B.93 1430 407 208 5050 .31 22 1452 208 1.34
1.58 7.2% 1470 418 205 4830 1.32 22 1492 208 1.38
Conaentric swlirl; open-entrance duost
£ 1.85 7.18 850 270 119 3280 1.18 85 845 132 1.28
1.68 6.8% 985 281 141 3580 1.27 95 | 106D 155 1.%8
1.78 7.47 1060 309 142 3600 1.27 95 1165 155 1.58
B 1.40 7.43 a70 —-- - 150 m——— ——— 95 1085 143 ——
# 1.563 7.17 1040 - 148 ——-- —— 98 1336 158 — k
l.99 5.83 3000 - 1n — —— 98 logS 183 ——
Concentrio awirls smstricoted-entrance duat
a 2.88 a.%87 883 278 118 2830 1.52 22 1018 11B 1.35 ,‘
2.4 8,50 1040 288 135 3030 .33 22 1062 128 1.36 ]
1.76 8,25 1020 284 163 4000 1,32 22 1042 187 1.36 ]
|
Two-entry awirl cup; open-sntranss duat . i
3.40 1.78 a7 4290 - . - e ;
——— —— 100 —— -— ——— . ——— .
1.61 £.19 114 4560 - —— _—— —
1.88 2.02 114 4940 - — _—- .
2.38 2.47 138 4810 - ——— ——— — !
1.58 2.74 145 1820 — a——- — I §
1.88 2.2 120 4760 - ——— - ———— .
1.92 2.48 135 4770 - e - - |
2.12 2.98 1b8 4598 L —_— ———— —— :
Smaller nozale usefl with same chambsr ga above; abarssteristis langth, 195 in.
1.2 1.88 379 5800 - e — o
2.14 1.4] 249 5270 - —— - —_—
2.37 2.09 408 5540 - - ——— ©mm—
a.32 2.00 395 8380 - —— ——— —
. ' I
1 ‘ Y
! i i
| | : \li
. .
I. - ;  BEESQ u -
e o e B |
) |, dd i ' I i N b ! \ - B |'|'.i_ fo I o

T
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Figure 1. - Thrust chember assembly.

LOVSSHE WY YOV

St




16 S NACA RM ESBACT

1r
A

oiier precgure ta

e — . . e - t
- ~
T Ty SV — s ~ 5
en— == "~ - s
L ~ AN
— a- - .
=T ) .

Oz ldant.
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Figure 6. - Two-entry swirl-cup injector.
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33.5 aq in, 3.75 ag in.
2.0 1b/sq in. 1.5 1b/eq in.
5 . g 10

: e

1.5 1b/sq 1n. 1 4

1.4 1b/eq in. | 3.5 1b/sq in.
5, B in) /— ]
—-$ -+
49.5 sq in.
0.65 1b/sq tn. 02 10/EQ 1“7 i
H A
S
4 &1 I- b ;,} 12.25"
Total pressurs | i I iy
I NG L j
1A i
l ] 11 Total
Alr flow § —l-p 3 ITessurs J
° L = 9.6 Bq in. S \_5.5 8¢ in
r— L 1.9 1v/ag in. 2.1 1h/8q in
2

9

Figure 7. - Open-entrance exhsust duct and engine assembly showing looaticms of pressure messurements.
Values given for typical partial vacumms snd for areas sffectsd.
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Figure 8. - Constricted-entrance exhaust Guct and engine assembly showing locations of pressure measurements.

Values given far typical partial vacumms and for areas affected.
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+ 5600
o @ | T I |
3 A =Rr = ~ —| _ _Theoretical (ref. 1)
- o2 = e

=S o 1 < LQ\B ~ -~ L
g8 ~~
= 25200 ~
@ $
HH ~——o0—— No exhaust duct
3 ' —— = Constricted-entrance duct
g —a{——— Open-entrance duct
g 4800 s 1 1 1 L L I I
s
O

1.48
KL
o o
~ 1.40 il
9 q G
& + 0 -1
b7 &
o
(3]
B 1.32
b=
k|
B - 3

1l.24

240 o1
‘:‘E.ﬂ —;——_;‘ —+— T o1 — +~
o § d Theoretical, frozen
o= 220 composition expensior
e T T o— 300 1b/sq in. chamber
SRS~ > =-el pressure (ref. 1)
3 ]
)

200 } } {
1.6 1.8 2.0 2.2 2.4 2.6 2.8

Oxidant-fuel welght ratio
(a) Data uncorrected for exhaust-duct effects.
Flgure 9. - Theoreticael and experimental performance of mixed
oxldes of nlitrogen and smmonils. Thrust, 1100 pounds; cham-

ber pressure, 300 pounds per sqkere lnch absolute; four-
entry swirl-cup injector.
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H 5000 0 No exhaust duct
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= Rad AJ/ composition expansion, |
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(b) Data corrected for exhaust-duct effects (see eppendix).

Figure 8. - Conecluded.

of mixed oxldes of nitrogen end ammonia.
chember pressure, 300 pounds per square Inch sbsoclute; four-

entry swirl-cup injector.

Theoretical and experimental performsnce
Thrust, 1100 pounds;
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Thrust

coefficlent

Specific impulse, (1b)(eec)/1b

:

5400 z’/"vn_"‘o" = o-.\_
/’/ = It P
/ °[ N

Characteristic velocity, ft/sec

4600
1.42
[+] [0}
- o b LNO o
1.34 - ] —
270

° |

\Theoretica.l (rer. 1)

T 1 1 I 1
/-T.[gneoretice.l, frozen compositiclan
expansion, 500 1b/sq in. chamber |
pressure (ref. 1)

250 -—*‘-'"_J‘-' = —
cHl ~-J=1~1
[o 2 / \‘ S~ T~ .
Theoretical, corrected
230 e 5 to 450 1b/sq in. J
\B\ chember pressure
S~
\\
210 > <\
180
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Oxident-fuel weight ratio .

Flgure 10. - Theoretical and experlmental performance of mixed oxides of nitrogen
end ammonie. Thrust, 1600 pounds; chamber pressure, 450 pounds per squere inch
absolute; triplet impinging jet injector; thrust date corrected for exhaust-
duct effects (see appendix).
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Characteristic velocity, ft/sec

Thrust coefficient

Specific impulse, (1b)(sec)/1b

NACA RM ES55A0T

6200 : : | : | —
o TImpinging maln streems, model A
o Back-gplesh of fuel, model B
o Impinging streams (no hot jet), model C
5400 — = -— =
- —
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Lol
o l,,f”' o o ~ Theoretical (ref. 1)
4600 5
<
v \\
ol © o 9
U
3800
1l.42
o] 0
1.34 ©
o
o o
1.26
280 . . e . . .
Theoretical, frozen composition
f expansion at 500 1b/sq in. chamber
]I pressure {(ref. 1) —
— = T - T = -k
240 — - — ~+ —f-.
- Theoreticel, corrected to
400 1b/sq in. chamber
pressure
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200 S /o__f ]
a
I'_‘Ij/ © \\\
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1.2 l.4 1.6 1.8 2.0 2.2 2.4 2.6

Oxidant-fuel weight ratio

Figure 11. - Theoretical and experimental performance of mixed oxides

of nitrogen and ammonia.

Thrust, 1400 pounds; chamber pressure, 400

pounde per square lnch esbsolute; hot-jet mixing injector; thrust data
corrected for exhaust-duct effects (see appendix).
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Thrust

coefficient

Characteristic velocity, ft/sec

Specific impulse, (1b)(sec)/1lb

] T 1 1 T T T T T
o Swirls opposite, oxidant inside cup,
model A -
O BSwirls in same direction, oxldent
ingide cup, model B
¢ Swirls in same direction, fuel I
inside cup, model C .
6000 Tailed points calculsted from specific
inrpulse and avera.ge thrust coefficient
I e il = S N N
5200 ™ Theoretical (ref, 1) ~r =~
4400
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2800 :
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on
1.20
240 — =
i I e Yy
-Theoretical (ref. 1)
200
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o . \\<>
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1.4 1.8 1.8 2.0 2.2 2.4 2.6
Oxidant-fuel welight ratio
Figure 12. - Theoretical and experimental performence of mixed

oxldes of nitrogen and ammonia. Thrust, 1000 pounds; chamber
pressure, 300 pounds per sguare lnch absolute; concentric

swirl injector; thrust date corrected for exheust-duct effects

{see sppendix).
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Characteristic veloecity, ft/sec

S NACA RM ES55A07
| 1 [ I T I !
Nozzle throat  Chamber pressure,
diameter, in. 1b/8q in. abs
o 1.03 350 to 410
n] 1.85 115 to 155
5600 ©
= B o4
[ ™ -~
5200 Theoretical (ref. 1)
a
4800 . =
u ul
4400 :
1.6 1.8 2.0 2.2 2.4 2.6 2.8

Oxident-fuel weight ratio

Flgure 13. - Experimental chearacterlistic velocity of mixed
oxldes of nitrogen and ammonls for two ranges of chamber
Thrust, 200 to 480 pounds; two-entry swirl-cup

pressgure.
injector.



Chargcteristic velocity, ft/sec

5600

— —~—

5200 - e
/ : \ ~ ™~{Four-entry swirl-

\
/
/

Hot-Jet mixing injector o
et 400 1b/sq in.

4000

%600 / \
Concentric swirl MMQ

at 300 1b/sq in. \\
5200

1.40 1.60 - 1.80 2.00 2.20 2.40 2.60 2.80
Cxidant-fuel weight ratio

Figure 14. - Thecretical and experimental characteriptle veloeity of mixed oxides of
nitrogen and smmonia for several injectors over & range of coniltions.
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Nozzle designed for expansion from
300 to 14.7 1b/sq in.

—wf — o J— —

J—

(a)} No duct; atmospheric pressure about engine; no resuliant pressure
forces other than those due to reaction.

Subatmospheric pressure due to ejector actlon
— " j— [— T

Exhsust expended to
%— 14.7 1b/sq in.

in nozzle

(v) Constricted-entrance duct; subatmospheric pressure on nozzle base
results in force opposite to reaction thrust.

= 360 £t/sec

—]

Exhaust expanded to
<4— 14.7 1b/sq in.
in nozzle

(c) Open-entrance duct; pressure forces due to high-velocilty air flow
across engine and mounting plus that due to lowered nozzle base
pressure glve force opposite to engine thrust.

Figure 15. - Externel pressure forces on englne with and without exhaust ducts.
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