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SUMMARY

Experimental combustion efficiencies of eleven propellant cambina-
tions were determined as a function of chamber length. Efficiencies
were messured in terms of characteristic exhaust velocities at three
chamber lengths and in terms of gas velocities. The data were obtained
in a nominal 200-pound-thrust rocket engine. Injector and engine con-
figurations were kept essentially the same to allow comparison of the
performance.

The data, except for those on hydrazine and ammonia-fluorine, agreed
with predicted results based on the assumption that vaporization of the
propellants determines the rate of combustion. Deccmposition in the
liquid phase may be responsible for the anomalous behavior of hydrazine.

Over-all heat-transfer rates were also measured for each combination.
These rates were close to the values predicted by standard heat-transfer
calculations except for the combinations using ammonia.

INTRODUCTION

The importance of the vaporization process in rocket-engine combus-
tion was indicated in a previous experimental study (ref. 1) of the ef-
fect of injection processes on engine performance. This study showed
qualitatively that atomization of the slower vaporizing propellant gave
the greatest increase in combustion efficiency. Recent analytical studies
(ref‘s° 2 to 5), based on the concept of propellant vaporization as the
rate-controlling combustion process, have shown how changes in drop size,
gas velocity, drop velocities, chamber pressure, propellant temperature,
and propellant type affect combustor performance. Qualitatively, these
calculations agree with the available data. However, specific studies



of each of these variables under controlled test conditions are required
to evaluate the concept. The vaporization-rate calculations for heptane,
ammonia, hydrazine, oxygen, and fluorine (ref. 5) indicated that there
would be large differences in combustion efficiency with these propel-
lants. The purpose of this report is to show the effect of these pro-
pellants on experimental combustion efficiercy and heat-transfer rate,
and to relate these results to the analyticel vaporization rates of ref-
erence 5 and to calculated heat-transfer rates.

Eleven different propellant combinatiors were tested under con-
trolled conditions in one type and thrust-level engine. One propellant
was injected either as a finely atomized spray or as a gas, and the
second propellant was injected as a relatively coarse spray from a pair
of impinging jets so that the vaporization rate of the second propellant
would be slower than that of the first. The injection velocity and
orifice diameter for the second propellant were kept constant for all
the tombinations in order to limit the variations in drop size to effects
due to differences in propellant properties. By this method, it was
possible to determine the effect on performance of changing the propel-
lant and to compare apparent vaporization rates.

The experimental data are presented in graphical form to show the
effect of propellant changes on combustion efficiency. The comparison
with analytical results is presented in termrs of the percent of one pro-
pellant unvaporized.

APPARATUS AND PROCEDURE
Rocket Engine

Tests were run in a rocket engine desigied for a nominal 200-pound
thrust with heptane-oxygen at a 300-pound-per-square-inch chamber pres-
sure (fig. 1). The injector, combustion chanber, and nozzle were sepa-
rable units. The engine had a contracticn ritic of 6.4 and a throat
diameter of 0.79 inch. Solid uncooled chambars 1 and 3 inches long and
a water-cooled chamber 3 inches long were us:d.

Injectors for liquid-liquid and liquid- zaseous propellant combina-
tions were similar (figs. 2 and 3). One liquid propellant was sprayed
into the chamber in a flat sheet from two imsinging jets of 0.089-inch
diameter. When the second propellant was 1ijuid, it was introduced
through two parallel rows of 0.032-inch hole; to form gprays parallel to
the spray sheet of the other propellant. Gaseous propellants were intro-
duced behind the spray of the impinging jets through a diffuser with a
15° half-angle. With liquid-liquid propellait combinations, the fuel
was always the propellant in the impinging jots. With gaseous-liquid
combinations, the liquid was atomized by the impinging jets.



Performance Measurements

Chamber pressure was measured both by a recording Bourdon-tube-type
instrument and by a strain-gage transducer with output recorded on a
galvanometer-type instrument.

Liguid fuel and liquid oxidant flow rates and coolant water rate
were measured by rotating-vane meters. A sharp-edged orifice was used
to measure gaseous flow rates. The Pressure and temperature of the gas
upstream of the orifice were measured with a Bourdon-tube instrument and
an iron-constantan thermocouple. Orifice bressure drop was measured by
strain gages read on potentiometer- and galvanometer-type recording
instruments. Iron-constantan thermocouples were used to measure propel-
lant temperatures and coolant water temperatures. Gas velocities were
measured by streak photography through a transparent plastic chamber by
the method of reference 1. .

Pressure transducers had a maximum error of 41 percent and the
maximum error of the flowmeters was =+2 percent, so that the maximum
possible error in <* values was 43 percent. A complete list of sym-
bols used in this report is given in appendix A. Actual reproducibility
of c¥* was approximately 42 percent; five or more runs were used to de-
termine average c* values. Errors in temperature measurements allowed
a heat-transfer error of 410 percent. Maximum error of gas velocities
measured by streak photography was estimated as 320 percent.

Experimental Procedure

Table I lists the various propellant combinations that were investi-
gated, including the maximum theoretical c¥* wvalues and corresponding
mixture ratios. The effects of the mixture ratios on theoretical o¥
values (refs. 6 to 10 and unpublished NASA data) are shown in figure 4.
In table I the oxidant and fuel weight flows and injection velocities
are given for these mixture ratios with a constant velocity in the im-
pinging jets. The resultant chamber pressures at 100 percent efficiency
and the propellant temperatures measured during the tests are also
listed.

Only runs with weight flows within 45 percent of the values in
table I were used for data. Chamber Pressure and weight flows were
measured to determine experimental c¢¥ values. Test firings were of
approximately 3 seconds duration.



RESULTS AND DISCU3SION
Performance Comparisons

The experimental engine data for each run are listed in table II.
Average experimental data are presented in figure 5 as the variation of
combustion efficiency 71, with chamber length for each propellant
combination.

For the liquid fuels (heptane, ammonia, and hydrazine) the 1
(fig. 5(a)) with liquid oxygen was approximately the same as with ¢
gaseous oxygen. With liquid fluorine, ammonia and hydrazine gave lower
efficiencies than with either liquid oxygen or gaseous oxygen. Liquid
oxygen and liquid fluorine gave approximately the same efficiency with
hydrogen.

Of all the fuels used, gaseous hydrogen with any oxidant generally
burned with the highest efficiency (fig. £(b)). In the 8-inch chamber
length the cambustion efficiency of the liquid oxygen - gaseous methane
combination was greater than the efficiencies of the liquid oxygen -
liquid fuel combinations but less than the liquid oxygen - gaseous
hydrogen combination.

Within the limits of experimental accuracy the 1, of heptane,

ammonia, and hydrazine with liquid and gaseous oxygen were the same in
an 8-inch chamber. When burned with fluorine, ammonia gave a lower
performance than hydrazine. In the shorter chamber lengths, hydrazine
gave higher performance values with oxyger than the other fuels
(except hydrogen).

Figure 6 shows a comparison of combustion efficiencies based on
c¥* measurements with efficiencies from ges velocity measurements. Gas
velocities were converted to efficiencies by dividing by the gas veloc-
ity that would occur in the chamber at theoretical c¥*, as in reference
1. For the 8-inch chamber lengths efficiencies as determined from
measured gas velocities agree well with eificiencies determined from
® values. As was found in reference 11, efficiencies from ¢* values
in the shorter chamber lengths are higher than efficiencies from gas
velocities for corresponding points withir an 8-inch chamber; the reason
for this is suggested in a later section (f this report.



Vaporization-Rate Comparisons

Reference 5 presents an analytical correlation between percent
vaporized and an effective length for various propellants, where:

L PO'66ug;i(l.9xlO—5)
Effective length = (1)
(L - 1%)0+4,0-T5yL-45

g,m

To compare these experimental results with the analytical data of
reference 5, the combustion efficiencies were converted to a percent of
one propellant vaporized (ref. 4); this assumes that the vaporization
of this propellant controls the combustion rate. Experimental gas veloc-
ity data were corrected to percent of one propellant vaporized by the
technique described in appendix B. The actual chamber length was con-
verted to an effective length by using the appropriate conversion
factors as described hereafter.

The initial propellant temperature and the chamber pressure were
measured directly. Injection velocity was obtained from the measured
flow rate and the injector orifice area. The final gas velocity was
calculated from isentropic flow relations and actual engine efficiency

as shown in appendix C. For the total chamber length L, l% inches
were added to the cylindrical length of the chamber to account for the
effect of the gases accelerating to the nozzle throat.

The mass median drop size was determined by combining the follow-
ing correlations obtained in references 12 and 13. For impinging Jets
of heptane,

Dy
Dy = 2.64 /DJVJ + 0,97 Dj AV (2)

For crosscurrent breakup of Jjets of various liquids,

1/4

Dzg o< (Cmz > (3)

plps

The mass median drop size Mg n can be related to the volume mean
2

drop size Dzg for any particular drop-size distribution. For the dis-

tribution found in reference 12, M is within a few percent of

m
0.75 Dzg. &



In equation (2) the Jet diameter and jet velocity were determined
from experimental conditions. However, the gas velocity surrounding
the jet cannot be determined in this manner. In reference 12 the stream
of air had a constant velocity; in a rocket engine, as the propellants
vaporize, this velocity increases from zero at the injector face to the
velocity at the nozzle inlet. An average value of 100 feet per second
was assumed for these calculations. This velocity may represent that
obtained in the first quarter of the chamber, or it may represent veloc-
ity perturbations produced by small Pbressire fluctuations. The propel-
lant properties in equation (3) were evaliated at the injection tempera-
tures shown in table I. It is assumed herein that the effect of liquid
properties on the drop sizes formed by impinging jets will be the same
as for crosscurrent Jjets.

Comparison of Experimental ard Analytical Data

Figure 7 shows the percent mass unvarorized of the controlling
propellant determined from experimental data, as a function of the ef-
fective length calculated by equation (1). For each vaporizing propel-
lant the correlation of the data obtained with different combinations
is good. In the cases of heptane, liquid oxygen, and fluorine the
spread of the experimental data is less than the spread in the analyti-
cal results of reference 5, as shown by th: shaded area. For ammonia
and hydrazine the experimental spread is lirger than the analytical
spread.

The experimental data agree fairly well with the anglytically pre-
dicted values except for ammonia-fluorine :ind the combinations involving
hydrazine. The experimental points indica-se that ammonia-fluorine burns
more slowly than is predicted by vaporizat .on-rate calculations and
that hydrazine burns faster than predicted. A possible explanation for
the discrepancies with hydrazine may be the fact that hydrazine decom-
poses at about 1000° R (ref. 14), which is about the temperature the
drop reaches as it vaporizes. This decomposition, if sufficiently
rapid, could cause the drops to shatter and thus result in a higher
vaporization rate. A slow decomposition r:.te would add heat to the drops
without shattering them. This additional leat, which was not considered
in the analytical calculations, would also result in a higher vaporiza-
tion rate. Another possible explanation for the deviation in the re-
sults for hydrazine may be the unusually lzrge drop size calculated for
hydrazine by equation (3), due to the high surface tension of hydrazine.
This large drop size decreased the effectiie length by 45 percent.

Thus, the data for hydrazine may be overcorrected for drop size.

The curves shown in figure 6 indicatec that the combustion effi-
ciency as determined from c¢* measurement in a short engine is higher
than that determined from gas velocity meacurement at the same



intermediate point in a long engine. This can be predicted by the
analytical model of vaporization-limited combustion. The gas velocity
at a point in the short engine is much higher than at that point in the
long engine because of the lower pressure and density at lower effi-
ciency (this effect of density on gas velocity is explained in appendix
C). The higher gas velocity would result in an increased vaporization
rate, giving higher combustion efficiency in the short engine. The
measured gas velocity data agree with measured c¢¥* data when compared
on the basis of vaporization rates, as shown in figure 7.

Heat-Transfer Comparison

Experimental heat-transfer rates for the various propellant combi-
nations in a water-cooled 8-inch chamber are listed in table III. Cal-
culated heat-transfer rates for the same combinations at 100 percent
combustion efficiency are also listed. In order to compare the analyti-
cal and experimental rates, analytical rates for 100 percent combustion
efficiency were modified for the actual efficiency and gas velocity dis-
tribution of the engine, as described in appendix D.

Table III shows that the experimental heat-iransfer rates were be-
tween 5 percent higher and 21.6 percent lower than these corrected
analytical rates, except for the propellant combinations involving
liquid ammonisa.

The low heat-transfer rates with ammonia may be due to film cooling
with the ammonia. Gas-side wall temperatures calculated from the exper-
imental heat-transfer rates, and the boiling points of the controlling
propellants at the experimental pressures, are alsc listed in table III.
Since the wall temperature is well above the boiling points of the
cryogenic propellants liquid oxygen and fluorine, they could not have
formed a film on the wall. Wall temperatures are well below the boil-
ing points of heptane and hydrazine, so that they could form stable
films and maintain a sizeable heat-transfer rate across the film with-
out bolling. Since the wall temperature is near the boiling point of
ammonia, this fuel could act as a film coolant. Heat transfer from the
gases would cause the ammonia film to boil rather than to heat the wall.
Heat transfer to the coolant would be small because the gas side of the
wall is maintained at a low temperature by the boiling ammonia. The
data of reference 15 indicate that 15 to 20 percent of all the ammonia
injected would be needed on the wall to provide this cooling. This
would not decrease Ne 1if the film vaporized by the time it entered
the nozzle.



SUMMARY OF RESULTS

Characteristic exhaust velocity and combustion efficiency of a
nominal 200-pound-thrust engine were experimentally determined for
eleven propellant combinations at several chamber lengths for a spray
formed by two impinging Jjets. Of all the propellants tested, hydrogen
with any oxidant gave the highest combustion efficiency.

A comparison of the experimental resu’.ts with calculations, based
on the assumption that vaporization of the propellants determines the
rate of cambustion, showed fair agreement except for ammonia-fluorine
and combinations that included hydrazine. Decomposition of the hydrazine
in the liquid phase may be responsible for the anomalous behavior of
hydrazine.

Over-all heat-transfer rates were also determined for each propel-
lant combination and were compared with values calculated by standard
heat-transfer equations. The calculated heat-transfer rates agree with
the experimental rates for all propellant combinations except ammonia,
which may have acted as a film coolant.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, October 1, 1958
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APPENDIX A

SYMBOLS
cross-sectional area, sq in.
characteristic exhaust velocity, ft/sec

theoretical characteristic exhaust velocity for gas phase mix-
ture ratio occurring at point x or point n, ft/sec

injection orifice diameter, in.
volume-number-mean drop diameter, in.
fraction of fuel vaporized, dimensionless
gravitational constant, ft/sec2

total chamber length, in.

molecular weight

mass median drop radius produced by injector, in,.
oxidant-fuel weight ratio

fraction of oxidant vaporized, dimensionless
chamber total pressure, lb/sq in. abs

static pressure, lb/sq in. abs

molar gas constant, in./OR

temperature, °Rr

reduced temperature of propellant

gas velocity at any point, ft/sec

final gas velocity reached with complete combustion before
nozzle, in./sec

Jjet velocity, ft/sec
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AV velocity difference between injected liquid and gases surround-
ing liquid Jet, ft/sec

Yo injection velocity, in./sec

W mass-flow rate in gas phase, lb/sec

We fuel weight flow, lb/sec

o oxidant weight flow, 1lb/sec

T specific heat ratio, dimensionless

ﬂc combustion efficiency, percent of taeoretical characteristic
exhaust velocity or gas velocity

My absolute liquid viscosity of propellant, 1b/(in.)(sec)

P density, lb/qu in.

o] liquid surface tension of propellant, 1b/in.

Subscripts:

g gaseous

1 liquid

n nozzle throat

th theoretical for complete combustion

s gas stream

X point x

1 case, or point, 1

2 case, or point, 2

———
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APPENDIX B

RELATION BETWEEN GAS VELOCITY AND PERCENT OF PROPELLANTS VAPORIZED

Gas velocity measurements are converted to percent of propellant
vaporized by assuming that propellant vaporization limits the rate of
combustion. The following schematic diagram is used for illustration:

Point x Nozzle throat n

From the continuity equation,

><F,’

Pyfx

or

u
X

Yth

If the gases are assumed to follow

Py =

or

Pin

Pth

W.p

WinPx

the ideal gas law,

Px

R

e Pa

T /M
XX (B2)

Px

© P Ten/Mpy

When the experimental c¥ equation is used, and the static- and total-
pressure ratios are assumed to be approximately equal in the chamber,

P

X

*

anh

- Ts
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and

(B3)

From the theoretical c¥* equation,

x ___ oJaR Tx
°x = Y+l M,

T(} i 1>§r?:17

Hence, if y d1s assumed constant,

*z
Ty /My _Cx
T, /M, T xC
th/th ciy

(B4)

Since

WX = oxwo + '?).(Wf
(BS)
Wy = Opvwy + F v

and, combining equations ((Bl) to (BS)),

Uy ( Oxvo + ‘chi) C§2
c

a O + Fw * 3
th n"o ~95 b nCth

(Bs)

Thus, the gas velocity efficiency at any point x is a function
of the percent of fuel and oxidant vaporized at point x (0& and ‘9§)

and at the nozzle (Fp and &) and of the theoretical c* values, cX,
d;, and cth.

For the results reported herein, the percent vaporized at the nozzle
was determined from c¥* measurements. Tte oxidant was assumed to be
completely vaporized at all points in the chamber in the cases of the
three propellant combinations for which geés velocity measurements were
made. For the heptane - liquid-oxygen copbination, the equation result-
ing from this assumption is plotted in figure 8.
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APPENDIX C

FINAL GAS VELOCITY CALCULATIONS

In the analysis of reference 2, the final gas velocity when all of
the propellants are burned is used to describe the gas velocity environ-
ment of the drop throughout its history. This final gas velocity becomes
one of the correlating factors used to obtain an effective length and
can be computed from the throat velocity, or from theoretical c*} when
isentropic expansion and no combustion in the nozzle are assumed.

If propellant vaporization is assumed to limit the combustion in
an actual engine, the final gas velocities can be related to the actual
engine efficiency as follows:

| Yfin,1
’ — T I~
. 1 —
Case 1l: T - - I
ul -~ f
&
100
|
| Ufin,?2
| 1
-
|
Case 2: P, _—"(2) '
Ho2 o~ |
u 7~ 4//’— |
~ T T T TIoo

Percent vaporized

Case 1 in the diagram illustrates an engine vaporizing all the pro-
pellants. The engine of case 2 has the same propellant weight flow and
chamber geometry as case 1 except that it is shorter and vaporizes only
part of the propellants. The resultant inefficiency of the case 2 en-
gine glves 1t a lower chamber pressure (Pz):
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A typical gas velocity profile is shown for case 1. Point (1) in
case 1 has the same percentage of the propellants vaporized as point
(2) in case 2. If the T/M value of the gases is assumed to be the
same at points 1 and 2, their densities will be functions only of Py
and Po:

rom the continuity equation,

To describe the gas velocity profile in case 2, a fictitious final gas
velocity (ufin,2) must be used, so that

Yfin,2 _ Y2 _

L
Yein, 1 Y1 Te

The final gas velocities used as factors in the effective length
in this correlation were obtained by dividinz the theoretical gas veloc-
ity for complete combustion by the experimental engine efficiency.

ZTT=rr
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APPENDIX D

HEAT-TRANSFER CALCULATIONS

Analytical heat-transfer rates were calculated for the particular
engine used in this work. These calculations were made with the assump~
tion of 100 percent combustion efficiency and a constant gas velocity
along the entire chamber length. The gas-film heat-transfer coefficients
were evaluated by using the Colburn equation and the averaged properties
of the gases at the film temperatures.

In the experiments, 100 percent combustion efficiency was never
attained. The calculated heat-transfer rates were accordingly modified
for the lower chamber pressures and gas velocities at the nozzle inlet
by assuming that each factor was approximately proportional to combustion
efficiency. The measurements of gas velocities showed that the average
gas velocity along the chamber length was about 70 percent of the veloc-
ity at the nozzle inlet. Because most of the resistance to heat transfer
occurs in the gas-side film, as a close approximation the calculated
over-all heat-transfer rates were multiplied by 0.7 q to correct for
the actual engine conditions.
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TABLE II. - EXPERIMENTAL ENGINE DATA

(a) Guaseous methane with Hquld « xygen

EGFM?M_ Chgﬁgé;i Oiiaﬁnt r&é1’ %ota] 'Mlxturc Characte}lﬁ{iérééi(city Coolant Coolant Hrat«transftr rate
pressure, flow, fiow, | Ulow, ratlo, — flow, temperature -~ - -
1b/3q tn. abs [ 1b/sec | lb/sec | 1b/sec | oxidant| Experi- | Percent | Average | 1b/sec risc, Experi- Average,
Tuel mental, ot Op megéslﬁ Btu
t't/sec theo- — 2 a1 N
retical (8q 1in.)(sec) (sa tn.){sec)
Chamber length, 1 in.
L [ e - = -
275 160 0.4886 0.222 0.708 3640 61.8 Lg.2 -—— ————
276 1635 .517 224 L T741 3470 58.4 ————
277 183 .H24 224 748 5440 57.8 ———— ———— N i
Chamber length, 3 in.
267 200 0.494 0.254 Q.728 2.11 4320 75.5
269 1490 L4866 .228 694 2.04 4330 74.2
271 185 474 194 .668 2.44 4370 72.8
272 185 .476 -197 B73 2.41 4340 72.5
P15 185 .491 .195 . 686 2.52 4210 70.0
4 R R -
Chamber length, 8 In.
- S e e e e -- - —
278 220 0.2350 0.6835 2.01 5020 5.1 t4.3 .76 8.0 0.802 0.549
279 220 -225 697 2.10 4980 .2 1.6) 16.0 L5186
200 220 215 697 2.74 4980 .3 1.60 15.0 408
281 220 .220 .T02 2.19 4950 .1 1.59 16.0 .509
282 220 L2 .706 2.21 4920 .3 ———— B L T
283 218 225 L6399 2.1 4920 9 .98 6.5 b1 7 0
Q84 220 .220 .708 2.22 4910 3 4.07 7.0 Sy

(b} Heptane with liquld oxygr 1

Chamber length, 1 in.

2.30 2660 44.7 5.9
2.78 2660 44.7
2.52 2680 45.1
2.52 2600

2.29 2540 -4
2.51 2600 7
2,351 2610 5.8
2.52 2620 -1
2.52 2690 5
2,51 2540 4
2.58 2510 2
2,00 2530 6
2.02 2560 .1

Chamber length, 3 tn.

2.54 5850 64.7 .7

2,55 5490 8.4

2,57 3880 65.2

2.50 3910 65.7

2.28 3990 67.0

2.0 5910 65.7

2,52 4920 65.9 ;

i:hamber lensth, 8 in.

474 277 0.946 2.26 4820 77.8 5.2 -———- Rt N i ittt
25 2h0 .885 1.81 4840 78.0 -
26 »0 L9028 2010 4590 77.3
427 ant .953 2.35 4430 74.5
42 267 .939 2.42 4490 75.4 —-—— - -
451 270 L9452 2.46 4580 1.2 5.80 14.0 1 Loly
45 257 948 bl 4500 75.6 5.79 4.1 1. i I
502 270 956 D40 4460 75.0 5.05 16.9 1.15 ! ;
HOS 270 . 954 2.44 4470 75.2 5.14 13.4 1.22 |
504 270 [ .940 | 2.4 4530 76.3 .14 2006 _ | . a.es | L
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TABLE II. - Continued. EXPERIMENTAL ENGINE DATA

(c) Llguid ammonia with ligquild oxyrren

Run Chamber Oxtdant | Fuel | Total | Mixture | Characteristin velucity | ioolant Coolant et -transfoe pat I
pressure, rlow, U'low, ratto, e - Clow, | temperature = -
1b/9q in. abs 1b/nen 1b/see | oxldant |Kxperi-| Pereent [ Average | 1b/sec 1 Experl- Average, L
Tuel mental, ot ; mental, Bty
b otheos Btu o 1n. ) (see)
L inucu. {aq 1{\.){:}1“]1\
Chamber length, 1 in.
149 198 1.51 2840 } no Lt
450 107 1.01 2470
451 104 1.20 4040
450 115 1,15 5200
404 11 1.15 2200
455 17 1P 2150
4L6 11 1,14 2900
458 10 I UREY 2960
459 10 E 1,14 2000
Chamber Length,
43 144 1,19 1150
444 146 [P 4020
445 150 I n9460
A48 147 1. 20
447 151 1.
444 154 1.
L] 145 1.
470 1474 1.
471 150 1.
472 148 1
175 147 1. .
474 151 1.3
416 152 1.
a7 150 1.4 H
478 147 [ ;
Chambter benmth,
454 4550 7.0 —_— [ i 0,045
455 43300 5.40 4.0 0.7
AN 4600 R e e —
AT 4460 7.4 . 309
4nn 4470 1.5 BT
440 1450 10,7 o
440 4510 10,5 LGS
4a1 1450 1. P78
461 4560 9.0 .194
482 4530 1.8 L1490
165 1420 9.5 07
46n 4650 121 208
T A5HH0O 855 1.6 Llag
Al ; A460§ 170 .87 155 RN
{d) Hydrazine with liguld oxygen
Chamber length, 1 in.
o7l 178 0,746 Io..ﬂgr 0.543 0.620 370 [ 68.1 R
Bz 17 L2040 | 427 SBET 581 4140 —
il L286 . 404 LHY0 . 1Q8 4100
Lap 278 598 677 700 4240
Lan L8s2 394 Y 8351 1050 -
Chamber length, 3 in.
sk 0.597 10.504 | 0.701 1.51 4550 7.5 R B T et S
Lt 096 406 702 976 4660 5.8
.04 408 Y Y 4650 5.4
091 40P SIS L6490 4590 74.5
501 LAPR LT Ll 4590 74.5 i
Chomber length, 8 in.
1 - . - o . e - -
sy 0.755 0./04 4170 | 9t 4 X 1 0.0 O.a8?
21 L1 e 4580
o Le 2T 4150
210 LBU0
0 L7116 407
08 L7168 4580
210 l L7AR 4510 L
cen with 1lguid oxygen
| Chamber lenwth, 1 in.
rmsa ‘ RN ‘ A £5.4 [ !
520 | ol ! 70 1 B3L3
: S210 55,1 ----
? . i 87.1
3 J 1 200 Fi.C
Lergrad, 5 o,
DL [IEIY “ 51770 77.0 ‘[
254 L5050 8.0
251 6200 77.5
200 6180 1.2
26z 6180  17.2
ouYy 6220 | 77.6 | L | meem | eeee e U,
| onh | 6100 | 4.6 B R
ber length, 8 In.
290 0.481 7290 a1.0 42.0 1.85 1.7
290 486 7510 81.3 41.0 1.u !
240 l LATn 7400 92.4 41.6 1.84 .
290 RELS 7190 49.7 42.0 1.87 :
295 491 7420 91.4 ; 9.0 1.75
293 i R 7510 91.5 40.0 b7
295 [ A 7460 9%.1 RERY (1S
295 LA 72580 G2.2 40.0 L.
i 300 473 20 g%.8 ; SEI ‘ L7
| 294 AT 500 wl.a 9.7 i 1.0n t
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TABLE II. - Continued. EXPERIMINTAL ENGINE DATA

{1} Heptane with gaseous oxygen

Run ] Chamber Oxtldant Fue 1 Total Mixturce Characteristlce velocl.y Coolant Coolant | Heat -tranafcr puats
1 presgure, f'low, flow, flow, ratio, - flow, temperaturce | 1 -
1b/sq In. abs | lb/sec | 1b/sec | Ib/sec | oxidant | Experi- | Percent | Aver e lb/sec rise, Expert- Average
Tue mental, of op mental, Bru
f't/sec theo- | Btu - o
; retical ; (5a in.J(aee) (000 10edlace)
Chamber length, 1 tn. . .
114 164 0.648 71 0.309 0.95% 2700 44.9 44,4 -— _— , ----- 1
118 159 .648 282 L9350 2700 44.9 ! |
116 160 .648 .287 .935 2700 44.5 i i
117 156 .648 .268 .918 2.42 2680 44.7 ; i
118 159 .648 .280 .928 2.32 2710 45.0 : |
11y 155 648 e .920 2.58 2680 44.7 { i
Chamber lengih, 3 In.
107 200 0.706 | 0.298 2,37 5480 58.0 57.° ;
108 208 .651 .294 2.01 3430 57.0
108 198 LBRT P85 2.19 5420 b6.9
110 1yn 647 278 2.29 3420 H6.9 |
111 200 .658 255 2.58 3460 57.6 i
112 197 L6826 o8l P.23 3450 H7.1 i
1Ls 197 L6544 265 2.45 54330 57.1 i
Chamber lengt
120 0.656 1 0.280 |0.918 2,27 4380 1.57 55.7 1.0% 1.05
121 L6356 280 .916 2.21 43510 1.3% 35.5 LK 1
120 L6585 .247 .912 2.69 4560 1.40 37.0 1.04
104 L8670 266 .936 2.52 1310 1.39 382 1.05
104 LB26 .P99 .925 2.09 4350 1.44 39,4 1.1
RERIN L6548 272 | .90 | 2,38 4550 o r.a2 35.4 1.02 _
(1) Amnicnta with paseous oxyyen
wamber lemeth, 1olo.
100 0.201 | 0.495 1.46 21490 h4.0 T e
105 .21 501 1.351 4410 56,0
107 .240 .524 1.18 2290
107 L248 L5202 1.19 4240
110 240 .59 1.20 4290
110 .41 535 1.2u 5250
110 ey .55t 1.74 30H0 |
110 L259 L33 1.0 A050 i
110 240 .bA4 1o Fp40 - - i
Chamber length, 5 {n.
— . - 4
132 128 | 1.61 AY50 A
133 145 1.41 4250
134 140 1.54 5950
15b 157 1.42 3970
136 144 1.10 3950
1157 155 1.15 4070
138 150 1017 5970
154 150 ; 1.12 59770 :
140 135 1.4 4890 !
141 145 1.13 3950
142 145 1.15 10020
145 156 1.29 3950
144 140 .56 4070
145 14b 1.18 3950 :
144 145 [ 5990
147 l 145 L2y 4990 [ e T T ISRt R
- |
Chamber lemith,
126 IR } 1.21 4470 4L 0,04
o 160 i 1.354 4450
120 164 i 1.09 4440 ‘
129 165 : 1.21 1450
150 185 3 1.4 1420 ‘
151 165 1.24 4490 i
31 1t 1.15 4280 |
o148 163 [ AR 1520
21y 157 Polats
220 159 1.0 ! '
2t Ly 1.00 ; :
Ton | 1o ra LD l !
PP A Loi | 1.50 144 J
{h) Hydrazine with pascous oxygen
Chamber lewgrth, 1 in.
175 182 0.503 |0.407 | 0.710 0,744 1050 85, . |
176 180 .27 412 LBBY B L oa1o0 i
177 180 Lous .40 590 Lah : :
178 180 286 407 3 :
174 140 L0l L407
180 140 PRk 408
181 ik .2a6 L4084 :
182 140 Rt .40u :
. S — - 1 4
17 Do 0.412 (0,703 0.707 4560 73. i -
1 oo 407 N1 702 4500 ) -
1751 o0 .410 L6997 L700 4550 ; - 1
114 o0p 410 L6097 700 4580 - | I
i B R . . [ - i ;
chamber length, 8 in,
jo04 0.430 4540 7.8 . 1.30 31.0 ! G.Hon
0B 1.18 55.] i
0B 1.15 %5.0
el 1.18 4.0
LN 1.20 4.0
gl
St _k _ YTt 0 T i




C)vanﬂef
pressure,
1t,sq 1n. abs

Fuel
flow,
1t/sec

TABLE II.

Mixture

ratlo,

oxtdart
fuel

Concluded.

ixperi-
wental,

/aec

/

i rotlcal

21

EXPERIMENTAL ENGINE DATA

(1) Hydrazine with fluorine

Characteristie veloclty Coolant

1

Pereent |
ot !
theo-

i

Chamber length, 1 in.

=3

.404
L0898

LA
.404
. 408

LAgE

410
atls]
L4002

—

e

.98

Chamber leneth, 8 in.

L0000
5,04

Chamber lenpth, & in.

4450

bhiael
BRI
LHE20

4170

4070 {

L0140
45310
xw?U
5340

Hyidroiren w

i
i
|
1th

TS
LAE I
THL T

7i.

b
T
TH.9

Coolant

temperature |- —- -
rise, Experi-
op mental,

filuoeioe

Btu
[(sq 10 ) (¢«

R S
29.0
295
245
i |
- |
B B
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—0.25"
14 or 24 Orifices,
(.032" diam.

s ymmetrically positioned

F-‘____‘,J
S
000000
000000

et
/OOOO [-X-}
- !
/ —

|

—

Orifice
plate

e 74//////
ARRRRR R

0.089" I.D.

I\

Orifice-plate detail

<0.089" I

i, O.%’BO" L

0.032" — —

Figure 2. - Liquid-liguid injector.



62"

15

—1.60"

45°

0.089" I.D.

Figure 3. - Liquid-gaseous injector.
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