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RESEARCE MEMORANDUM

THEORETICAL PERFORMANCE OF SOME ROCKET PROPELLANTS
CONTAINING HYDROGEN, NITROGEN, AND OXYGEN
By Riley O. Miller and Paul M. Ordin :

SUMMARY

Theoretical performance date based on frozen equilibrium and
isentropic expansion are presented for ranges of mixtures for a num-
ber of propellant combinations at a reactlon pressure of 300 pounds
per square inch absolute and an expansion ratio of 20.4. The fuels
considered are liguld hydrogen, hydrazine, liquid ammonia, hydrazine
hydrate, and hydroxylamine; the oxidants are liquid ozome, ligquid
oxygen, and 100-percent hydrogen peroxide. The theoretical data
include nozzle-exit temperature, specific impulse, volume specific
impulse, and composition, temperature, and mean molecular weight of
the reaction products.

The maximum specific impulse for most of the propellants
occurred in the fuel-rich region at a reaction~chamber temperature
less than the maximum. Maxlimum volume specific impulse did or did
not occur at the point of maximum specific impulse, depending on
the relative density of the fuel and oxidant, On the basis of max-
imm specific impulse alone, the five fuels assumed the following
order for any given oxidant: 1liquid hydrogen, hydrazine, liguid
emnonisa, and either hydrazine hydrate or hydroxylamine; and the
three oxidants with a given fuel had the following order: liquld
ozone, liquid oxygen, and 100-percent hydrogen peroxide. On the
basis of maximum volume specific impulse alone, the order of the
fuels with a glven oxident was hydrazine, hydroxylamine, hydrazine
hydrate, liguld ammonia, and liquid hydrogen. With a glven fuel,
except for ammonia, the oxidant order was: liquid ozone,
100-percent hydrogen peroxide, and liquid oxygen; with ammonia the
order, however, was 100-percent hydrogen peroxide, liquid ozonse,
and liquid oxygen.
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INTRODUCTION

Rocket~-propellant performance is evaluated by a number of fac-
tors and the relative importance of each factor 1s governed by the
partiocular application of the craft powered by the rocket engine.

A large amount of thrust is desired for a given mass consumptlon
rate of the working fluid (specific impulse). If aerodynsmic drag

is an important consideration, the rocket propellants should have
high densities to give high thrust per unit volume (volume specific
impulse). Because of the cooling problem, a low reaction tempera-
ture is also desirable., Inasmuch as specific impulse 1s approxi-
mately proportional to the square root of the quotlent of gas tem-
perature by mean molecular weight of the reaction products, an
increase in specific impulse is more desirably obtalned by decreasing
the mean molecular weight than by increasing the gas temperature.

An appreciable reduction in the mean molecular welght of the reactlion
products is possible by the use of propellants that do not contain
carbon and thereby eliminate the heavy carbon dioxlde molecule,

Some calculated rocket performance date for hydrogen-nitrogen-
oxygen systems obtalned at a selected reaction-chamber pressure of
300 pounds per square inch absolute, an expension ratio of 20.4,
and with assumed frozen equilibriuvm and isentroplc expansion in the
nozzle are presented herein. The following fuel-oxidant combina-
tions are considered:

(1) Liquid hydrogen with liguld ozone and with liquid oxygen:
Hp-Oz and Hp-Op

(2) Hydrazine with liquid ozone, with liquid oxygen, and with
100-percent hydrogen peroxlde: NZH4'°3 ’ N2H4-02 , and
NpH,-H0;

(3) Liquid ammonia with liquid ozone, with liquid oxygen, and
with 100-percent hydrogen peroxide: NHz-Oz, NHz-O2,
and NHz-H,O

3272

(4) Hydrazine hydrate with liquid ozone, with liquid oxygen,
and with 100-percent hydrogen peroxide: NpHy<H50-0z,
NzH4 '320-02, and N2H4 °320-H202

(5) Hydroxylamine with liquid ozone, with llquld oxygen, and as
a monofuel: NHp0H-Oz, NH;0H-Op, and NHpOH

Performence data for the following combinations have been cal-
culated at California Institute of Technology: 1liquid hydrogen-liguid
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oxygen, hydrazine-liguld oxygen, hydrazine-hyirogen peroxide, and
ammonis-liquid oxygen. For sake of completeness and uniformity,
however, the performance of these combinations was recalculated,

The method used for the calculatlions is briefly descrlbed and
is 1llustrated in the appendix. The physical-chemical end thermo-
dynamic date used In the calculations are presented in tables. The
theoretical performance of the propellant combinations In terms
of reaction-chamber gas composltion, reaction temperature, nozzle-
exit temperature, speclific impulse, volume specific impulse, and
mean molecular weight of reaction-chamber gases ls presented as
functions of percent by welght of fuel in the fuel-oxidant mixture.
The comparative performance of the propellants is discussed and
illustrated by tabulated and plotted data.

Method of Calculation

The theoretical performence calculations require the deter-
mination of reaction-chamber gas composition, reaction temperature,
and nozzle-exit temperature in order to obtain the specific impulse.
The method 1s & modification of that used at the Turbo Laboratory
of Messachusetts Institute of Technology. An 1llustrative calcule-
tion of specific impulse 1s presented in the appendix,

In the calculatlons, a reaction pressure of 300 pounds per
square inch absolute was selected and a reaction tempersasture
essumed. From the selected pressure and assumed temperature, the
composition of the gases was determined by a trlal solution of the
simulteneous equilibriuvm and material balance equations. The equa-
tions were sclved by a graphlcal method developed at the NACA
Cleveland laboratory utilizing the temperature-equilibrium data of
reference 1., The assumed reactlon temperature is the correct
temperature when the enthalpy of the reaction equals the enthalpy
change of the reactlon products from the starting temperature to
the assumed temperature. The calculations are repeated until such
& balance 1ls obtained. From the reaction temperature and the
reaction-chamber gas composition, the nozzle-exlt temperature is
determined by assuming frozen equilibrium, lsentropic expeansion,
and selection of an expansion ratio of 20.4. The enthalpy change
from the reaction temperature to the nozzle-exit temperature is
determined and is assumed to be the avallable energy. The specific
impulse 1g calculated from the available energy and the weight of
a glven quantity of propellants., Volume specific impulse is
obtained by multiplying the specific impulse by the specific gravity
of the propellant mixture.

i
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The physical=chemical data for the propellanis usged in the cal- "
culations are presented in table I, In the calculations, the tem-
perature of the propellants is taken to be elther 18° or 250 € (it
makes an inappreciable difference which temperature 1s selected)
except for lliquld ozone, liquld oxygen, and liguid hydrogen, in
which cases the bolling temperatures at atmospheric pressure were
used. Temperature-enthalpy date and temperature-entropy data for
the reaction products were calculated from free-energy data in ref-
erence 1l and are presented in table II and table IITI, respectively.

905

RESULTS AND DISCUSSION

The composition of the reactlon-chamber gas for each of the
13 fuel-oxidant combinations is presented by figures 1l to 5. TFor
each ccmblnatlon, the mole fractlion of each reaction product is
shown plotted agalnst pexrcent by weight of fuel in the fuel-oxidant
mixture,

The performance parameters for each fuel-oxidant combimstion
are shown in figures 6 to 10. For each combination, reactlion- .
chamber temperature T,, nozzle-exit temperature T,, mean molec-

ular weight of the reaction products M, specific impulse I, and
volume specific impulse Iz are plotted against percent by weight L4

of fuel in the fuel-oxidant mixture.

The performences of the fuel-oxldant combinations are compared
in figure 1ll. Reactlon-chamber temperature, nozzle-exlt ‘empera-
ture, mean molecular welght, specific impulse, and volume specific
impulse for all the combinations are shown plotted against the
ratio of fuel to fuel plus fuel equivalent of oxygen r. Using
thls parameter, the oxldant-rich reglon occurs from O to 0.5 and
the fuel-rich region from 0.5 to 1.0 with the stolchiometric ratio
at 0.5.

The curves of reactlon-chamber gas composltion for all pro-
pellant combinations (figs. 1 to 5) follow the same general pattern.
Concentrations of all oxygen-bearing products and monoatomic nltrogen
tend to reach a maximum in the stolchiometric or oxidant-rich region.
Maximum concentrations of moncetomic hydrogen occur in the fuel-
rich region near the stoichiometric region. Inasmuch as the theo-
retical performence calculations presented herein are based on frozen
equilibrium, the gas-composition data (figs. 1 to 5) provide, if
desired, starting points for recalculating the performence of the
propellants by assuming that the propellant gas composition shifts
during the expansion through the nozzle. -

_ -
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The curves of reaction-chamber and nozzle-exit temperatures for
the 13 propellant combinstions (figs. 6 to 11(b)) follow a similar
trend, increasing to a maximum In the stolchiometric or slightly
oxidant-rich region and decreasing in the fuel-rich region.

The mean molecular welights of the reaction-chamber gases in all
cases decrease as the percent by weight of fuel is increased (figs. 6
to 10 end 11(c)). The presence of exceses hydrogen is the principal
cause for the low mean molecular weights occurring in the fuel-rich
reglon.

The maximum specific impulse for most of the propellants occurs
in the fuel-rich region at a reaction-chamber temperature less than
maximum (figs. 6 to 10 and 11(d)), as & result of the low mean
molecular weight values in this region., Maximum volume specific
impulse mey or may ndt occur at the point of meximum specific impulse,

-depending on the relative density of the fuel and the oxidant (figs. 6

to 10, 11(d), and 11(e)). For most of the combinations, maximum
specific impulse and volume specific impulse occur at approximately
the same mixture., In the case of hydrogen, however, maximum specific
impulse is in the extreme fuel-rich region, whereas maximum volume
specific impulse is beyond the data on the oxidant-rich side of
stoichiometric.

In the calculations, the initial temperatures of the propellants
were set at values regarded most convenlent in rocket practice.
These temperatures, howsver, may not be optimum for the highest
densities. For example, if liquid oxygen were cooled from near the
atmospheric boiling point of -183.00 to the melting point of -210.4° C,
an 1l.4-percent increase in density is gained. (See table I.) If
1iquid ozone is cooled from its boiling point, -112° C, to the
boiling point of liquid oxygen, -183° C, a density gain of 17.l1 per-
cent iz obtained. Inasmuch as ozone would probably be mixed with
1iquid oxygen, curves are included in figures 6(a) and 7(a) to show
volume specific impulse for ozone at -183° C. These curves, in which
the density of ozome was teken at -183° C, are inexact because the
enthelpy change for the ozone from -183° to -112° C was neglected.
Ammonia, 1f cooled from 18° to the freezing point at -77.7° C, will
increase in density 19.4 percent. If enthalpy changes are neglected,
the volume specific impulse mey be increased nearly 20 percent by
cooling both ozone and ammonia, as shown in figure 8(a).

The performence of the propellants at the stoichiometric region,
at the region of maximm specific impulse, and, for some cases, at
the reglon of maximum volume specific impulse is summarized in
table IV. On the basis of maximum specific impulse alone, the five

Yy
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fuels assume the following order for any given oxident: liquid
hydrogen, hydrazine, liquid ammonle, and either hydrazine hydrate or
hydroxylamine; and the three oxidants with a glven fuel have the
following order: 1liguld ozome, liquid oxygen, and 100-percent hydro-
gen peroxide. On the basls of maximum volume specific impulse alomse,
the order of the fuels with a given oxidant is hydvazine, hydroxyla-
mine, hydrazine hydrate, followed by liquid ammonie, and liquid
hydrogen; and with a glven fuel except for ammonia the oxidant order
is liquld ozone, 1l00-percent hydrogen peroxide, and liguid oxygen;
with ammonia the order, however, was 100-percent hydrogen peroxide,
liguid ozone, and liquld oxygen.

The advantage of ellminatlng carbon from the propellant system
is illustrated by some typical data shown in table V. Here the
reaction temperatures of same carbon-bearing propellants are compared
with reactlon temperatures of noncarbon-bearing propellants that have
similar velues of specific impulse. The specific-impulse values are
all for constant gas composition during expansion. As shown in
table V, hydrazine-hydrogen peroxide ylelds a slightly higher maximum
specific impulse than either ethyl alcohol-oxygen or octane-oxygen
at a reaction temperature of 4300 or 545° K lower, respectively.

With oxygen, liquid ammonle is shown to have temperature advantage
over methylamine. Hydroxylamine as a monofuel has a higher specific
impulse than the best mixture of aniline-red fuming nitric acid at
nearly one-third less absolute reaction temperature.

SUMMARY OF RESULTS

The theoretical performence data, which were based on frozen
equilibrium and isentropic expansion over ranges of mixtures for
13 rocket propellant combinstions involving oxygen, hydrogen, and
nitrogen at a reaction pressure of 300 pounds per squere inch abso-
lute and an expansion ratio of 20.4 may be summerized as follows:

1. The maximum specific impulse in pound-seconds per pound
for each propellant combination was:

1905
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Oxldant
Liquid | Liquid | 100-percent
Fuel ozone oxygen | hydrogen peroxide
Meximum specific impulse, lb-sec/l1b
Liquid hydrogen 372.7 344,00 |mec—mem-- .
Hydrezine 277.1 265.7 247.5
Liquld ammonia 265.0 251.0 235.8
Hydrazine hydrate | 249.0 235.5 227.0
Hydroxylamine 248.0 241,00 |(ecwccccmcccncccccas

2. Maximum specific impulse for most of the propellant combina-
tions occurred in the fuel-rich region at & reaction-chamber temper-
ature less than maximum. .

3. The reaction-chamber and nozzle-exit temperatures for each
cambination were at a maximum in the stolchiometric or slightly
oxidant-rich region.

4. The mean molecular weight of the reaction-chamber gas in
each case was substantially less in the fuel-rich reglon.

5. The use of propellant combinations not containing carbon
resulted in a lower reaction temperature for a given specific
impulse than propellant combinations contalning cerbon.

6. Maximm volume specific impulse for a given propellant com-
bination did or did not cccur at the fuel-oxidant mixture ylelding
maximm specific impulse, depending upon the relative density of the
fuel and the oxidant.

7. Volume specific impulse was, in some cases, appreciably
affected by varying the initial temperature of the propellents.

8. On the basis of maximum volume specific impulse alone, the
order of the fuels with a given oxidant was hydrazine, hydroxylamine,
hydrazine hydrate, liquid ammonie, and liquid hydrogen. With a
given fuel, except for ammonia, the oxidant order was liquid ozone,
100-percent hydrogen peroxide, and liqulid oxygen; with ammonia,
howsver, the order was 1l00-percent hydrogen peroxide, liquid ozone,
and ligquid oxygen.

Flight Propulsion Research ILaboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohilo.

e
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AFPENDIX - TYPICAL CALCULATION OF SFECIFIC IMPULSE

Symbols

The followlng symbols are used in the report:

nozzle-exit velocity, ft/sec
gravitational constant, lb mass-£t/lb force-sec?
enthalpy change

energy avallable for acceleration from w grams of propellant,
kg cal

enthalpy of formation, kg cal/gzja.m mole

enthalpy change between given temperatures T; and Tp,
kg cal; temperatures, °K

specific impulse, lb-sec/1b

volume specific impulse (I X specific gravity of fuel-
oxidant mixture) lb-sec(62.4)/cu ft

conversion factor, I/,/XHE

molecular weight of giw;'en propellant

mean moleculsr weight of reaction-chamber products
number of moles of reaction—cha’.mber products
reaction~-chamber pressure, atmospheres

nozzle-exlt pressure, atmospheres

universal gas constant, 1.986 kg cal/gram mole-°K
entropy at given temperature T, cal/gra.m mole-CK
reaction-chamber temperature, °K

nozzle-exit temperature, °K

welght of propellant mixture, grams
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Calculation of Reaction-Chamber Temperature

For a given propellant combination, the first step in the cal-
culation of specific impulse 1s to determine the reaction~-chamber
temperature. A reaction temperature 1s assumed and the reaction-
chamber ges composition i1s computed at & given pressure by a graph-
icel method developed at the NACA Cleveland laboratory. If the
assumed temperature is correct, the enthalpy of the reaction will
equal the enthalpy cha.nge of ’che reaction products from the selected
inlet temperatures to the assumed reaction temperature. If this
equality is not achleved, a new composition is determined for
another assumed reaction temperature and the procedure is repeated.

For illustration, the case of hydrazine and ozone at a reaction-
chamber pressure of 300 pounds per sguare inch (20.4 atmospheres)
and at approximately the stolchiometric mixture will be used. After
two trials, the correct reaction-chamber temperature is interpolated
to be approximately 3480° K, A third trial, outlined herein, is
made to check this value.

Composltion of gas in chamber., - By means of the graphical
solution the reaction may be represented by the following chemical
equation:

3480° X
N-H, + 0.6740 0z m 0.0912 05, + 0.0600 O + 00,3474 H,

+ 0.9688 N, + 0.2640 OH + 0.0590 NO + 0.,1280 H + 0.0041 N
+ 1.4566 B.ZO
Calculation of heat content of gases. - The following enthalpies

were interpolated fram the values of temperature and enthalpy given
in table II:



http://www.abbottaerospace.com/technical-library

10 . NACA RM No. ESA30
Moles of |Enthalpy from Enthalpy from
reaction-|298,1° to 3480° K|298.1° to 3480° KX

Gas | chamber (kg cal/mole) for each component
products (kg cal)
n
0, | 0.0912 28.082 2.559
0 .0600 15.804 .948
Hp 3474 25,445 8.840
Np .9688 26,458 25.633
OH .2640 25.753 6.799
NO .0590 27.062 1.597
H .1280 15.804 2.023
N ,0041 15,804 «065
Ho0| 1.4566 36,833 53.851

480
_EnAHggs'l, products = 102,115 kg cal

Calculation of total enthalpy of formation of reaction products, =
The total enthalpy of formation is calculated as follows:

Moles of |Enthalpy of for-|Enthalpy of for-
reaction~ |mation, mation, AHp for
Gas | chamber (kg cal/mole) |each component
produc'bs (ks cal)
n
0o 0.0812 0 0
0 .0800 59,108 3,546
Hp 3474 0 0
No .9688 0 0
CH .2640 9.318 2.458
o .0590 22,552 1.330
H .1280 51.90% 6.643
N 0041 85,102 . 349
H50f 1.4566 -57.80% -84.191

8Reference 3.

ZnAHp

, products = -869,865 kg\cal
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Enthalpy of formation of reactants., - The literature reports
data at both 180 and 250 C. The differences in enthalpies for the
two base temperatures are neglected.

Enthalpy of formation AHp of hydrazine is
N2H4(1iquid, 250 C) AHp = -Qp = 12.05 kg cal (reference 6)
Enthalpy of formation of liquid ozone at =112.5° C is

Oz(gas, -112.5° C) —> 0z(liquid, -112.5° C), AH = -2.96 kg cal
(reference 3)

Os(ga.s, 18° ¢) —> Os(gas, -112.5° C), AE = -1.10 kg cal

(reference 4)

1.5 Oz(gas, 18° ¢) —> Os(ga.s, 18° C),AH = 34.5 kg cal
(reference 3)

Therefore
1.5 Oz(gas, 180 C) —> 03(liquid., -112,5° C),AHf= 30.44 kg cal

Enthalpy of formation of the propellant mixture N.H, + .8740 0z is
ZAH, of reactants = 12.05 + (.6740) (30.44) = 32.57 kg cal

Enthalpy balance, - I 3480° K is the correct reaction-chamber
temperature, the enthalpy of formation of the reactants minus the
enthalpy of formetion of the products should be equal to the heat
content of the gases.

ZAH; of reactants - ZAHp of products = Aﬁgggol of products

By substituting values

The heat content of the products ig 102.12 kllogram calorie; the true
reaction temperature therefore is not more than two or three degrees
higher than the value, 3480° K, which is accepted here.
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Calculation of Nozzle-Exit Temperature

For 1sentropic expansion and constant gas composition, the
followlng relation can be shown:

Pe

Te Tc
Ing "~ =InS -n.'Rloge-f;

T m -
where S © and S ° are the entroples of the reaction-chamber
gases at the nozzle-exit temperature T, and reactlon-chamber tem-

perature T, respectively. The reaction-chamber and nozzle-exit
pressures are P, and P,, respectively.

Inasmuch as T, 1s known to equal 3480° X, the .value of

T
Zn §°¢ for 1 mole of gas is calculated from entropy values inter-
polated from table III.

‘  Gas|Mole Entropy S5480|Entropy 55480 of
fractlion|per mole each component
0z | 0.0270 69.424 1.874
0 .0178 50.7786 . 804
Ho .1028 49,789 5.118
No . 2867 65.111 18.667
OH .0781 62,723 4,899
No 0175 70.220 1.229
H 0379 39.613 1.501
N .0012 48,830 .059
H,0] .4311 70,538 30.409

nn 55480 . g4.660

The entropy of 1 mole of expanded gas 1s computed as follows:

P T P
£n S° =2Zn 8 ° - nRloge P—° = 64.660 - 1.986 (log, 20.4) = 64,660
e

- 5,990 = 58.870
The nozzle-exit temperature is the temperature at which the gas

mixture will have an entropy of 58.670 and is solved for by trial.
By using the method shown, the following values are found for 1 mole

reaction-chamber ges:

506
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1950

ZIn S = 58,649

1958
Zn S = 58.690

By linear intropolation T, = 1954.

Calculation of Specific Tmpulse

_Calculation of avallable energy. - The avallable energy AH,
is agsumed to be the difference between the heat content at T,
end the heat content at Tg. At the reaction temperature T, = 3480° X,
the heat content of the products from the reactlon NoH,; + 0.6740 Oz

was shown to be 102.44 kilogram calories., By use of the method pre-
viously described, the heat content at Tg = 1954° K is found to be
48.40 kllogram calories. The avallable energy A4H, 1s computed.

T = DAH3480 - 1954 _ 2. - 48,40 = .
nAH, =2 2981 ZnAHzge.l 102.44 53.71 kg cal

Calculation of welght of products. - Inasmuch as the avallable
energy was compubed for the reaction of 1 mole of N-H, with

0.6740 mole of Oz, the weight of the products is
w = + .6740
2 Yo

= 32,05 + .6740 (48.00) = 64.40 grams

Specific impulse. - By assuming that the avallable energy 1s all
translated to kinetic energy, the following relation holds:

I=9'=?-‘4/2-%
g & W

where ¢ 1s the nozzle-exit velocity of the gases, AH, is the

avallable energy from the expansion of the reaction-chamber gases,
esnd w 1s the welght of the reaction-chamber gases,

Inesmuch as I is usually expressed as pound-seconds per pound
and AH, and w are computed in metric units, a factor K I1ncluding
the constants and the conversion factors is computed as follows:

~——


http://www.abbottaerospace.com/technical-library

14

L,

NACA RM No. ESA30

2(30872%k=1b > (32.17.3’:21) AH,, kg cal
1 _ 1lb-sec? ( kg cal 1b-sec?

H
[

32.17 1lb-ft ( 1lb

0.002205 gr_a.m'> W, grame
cal
o800 _ g5, 4 —er &
1b W, grams

Substituting values,

1.

2.

3.

4.

S.

I = 269.4
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TABLE I - PHYSICAL~CHEMICAL PROPERTIES OF PROPELLANTS

El‘emperaturea in supepscripts, “C, References in parentheses .:l

Specific Enthalpy Enthalpy VYapor Boiling |Preezing| Viscosity Refractive |Kolacular
Propellant | gravity of of pressure point polnt (centi- index welght
formatlon vapor- {atm) (°c) (°c) polses) (np) X
{kg cal/mole)| ilzatlon
(kg cal/
mecle)
Liqutd 0.070 -2,017352:8 |0 0767255 1%.3'95?-91 -252,8 |-260.18 |0.01307%5%2.6 %.097;?53-8 £.0162
hydrogen erlt. 5790.
(2) 8(3,4) (3) (2) (2) (2) (4) (4) (2)
Eydrazine 1.0024%5  |12.05%° 10,221 | 0,003%6 115.5 0.0 |0.905%8 1.470%2 82,05
(5) (8) {6) (6) {8) (8) {5) {8) {6)
£siqmia 0.613118 | _16.071° 5.56~5°  |10,2%6 “53.35 |[~77.7 |0.266753e5  [1,5051645 (19,03
ammonia 7 77T
325
(2) (3) (3) (2) (2) (2) (2) (2) (2)
Hydrazine 1.08225 -68.0% 0.0342% | 118,6 |-26.8 [1.703%5 50,08
hydrate - e | @ 740 mm et e e e e
(8) (7) (8) (2) (8) (5) (=)
Hydroxyl- 1.,20423+5 | _p5,518 56.5 33.06 1.44%5-5  lz3.03
smine @ 22 mm P ——
(2,8) {3} 2) {2) (2) (2)
Liquid 1.45" 112 30,4112 2.96"112+5| g7=5 -112 -251 48,00
osone 1.717188 N (orit.)
8(4) (3,4) (8) (2) (4) (2)
Liquid 1.147182 |5 77183 |3 6297183 |49,7721848 | a5 “218.4 |0,189723%+07[1,221-18) 33,00
oxygen 1,27-°10.4 a {erit,) (96%)
(4) (3,4) (3) (2) (2) (2) (4) (4)
Hydrogen 1.46310 -45,2018 11.6118 0,02565%+5 | 152,1 al.7 [L.272196 |1 ,41422 54402
peroxide,
100-percent (2) {3) (3) (9) (2) (2) {9) (2) {2)

8palculated from data in references clted.
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NACA RM No.

[No gas lmperfections, Calculated from free-energy data of reference l.:|

EBA30

TABLE II - ENTHALPIES OF GASES ABOVE 298,1° X

T
Temper- Enthal LE ’
atup; T Py, 8Hgog 19 kg cal/gram mole
(°x] Hg0 Hg OH H,N,0 Np NO 0p
300 0.015 0.013 0,013 0.010 0.014 0,013 0.009
400 +826 «708 723 «507 «712 728 730
500 1.656 1.406 1l.428 1.003 1.413 1,451 1l.456
600 24511 2,106 24134 1.500 2,126 24189 24212
700 33594 2.808 20840 1.996 24853 24047 2,989
800 4,308 34510 34552 2.494 34587 3722 34787
900 54249 4,225 4.270 24991 4,358 4,516 4,603
1000 6.224 4,044 4,998 34487 54133 5.321 54430
1100 7.226 54670 5.737 3.984 5.822 8,140 6.267
1200 8.262 6+406 6.478 4,481 6.724 64971 74115
1300 0327 7+151 7 «248 44977 74535 7 «809 7.972
1400 10,414 7.908 8,015 5.474 8357 84656 8.839
1500 11.534 8.677 8,802 5971 9.188 94509 94713
1600 12.675 Q4452 9.597 64467 10,024 10.368 10,589
1700 13.836 10.239 10,396 6,064 10.869 11,232 11,472
1800 15,021 11,036 11.210 7 «461 11,718 12,101 12,361
1900 16,221 11.841 12,026 7857 12,573 12,972 134255
2000 17.439 12,657 12,847 8,454 13,432 13.840 14,155
2100 18,673 13.478 13,686 8,950 14,293 14,725 15,058
2200 19.924 14,308 14.519 Ge448 | 15,158 1546086 15.967
2300 21,186 15,145 15.374 94945 16,028 16,489 1l6.882
2400 22.461 15,988 16.226 10,440 16,898 17.374 17.801
2500 23.748 164840 17.093 10.938 17,773 18.262 18,726
2600 25,046 17.696 174949 11,435 18.651 19.152 19,658
2700 26,353 18.555 18,817 11,831 19,531 20,044 20,595
2800 274671 194423 19,691 12,428 20,414 20,937 21,537
2900 28,995 20,295 20,569 12,925 21.299 21.832 22,486
3000 304330 21,173 214460 134421 22,185 22,729 25,436
3100 31673 22,054 22,348 13.918 23,073 23.630 24,393
3200 334021 22.939 23 4239 14,414 23,961 24,531 25,352
3300 34,377 23.831 24,134 14,911 24,852 25.434 26,317
3400 354738 24,725 25,034 15,408 25,744 B «338 27,2856
3600 374107 25.624 25,833 15.904 26,637 27 6242 28,256
3600 384481 264525 26,835 16,402 27.531 28.148 20,228
3700 394860 27 «429 274743 16.899 28,427 29.054 304207
3800 41.246 284339 284683 17.385 20,322 29,961 31,187
3900 42,634 20,249 204565 17.892 30.220 30.869 32.173
4000 44,025 30.166 30,480 18,389 31.119 3Le779 334162
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TAELF TIT - ENTROPIEZS OF JASES

E!aloulatad from the free-enorsy data of refsrense 1 ]

Temper- Entropy, ST, sal/zram mole — °K
ature, T
(o} Hp Hg O Hp N KO Op 3 H 0
300 31.269 45,179 45,928 56, 654 20.407 43,049 43,941 27,439 38, 092
400 33.267 47,510 47.833 38, 083 62,457 | 51,122 45,994 28.868 39,634
500 54,826 49,361 49,401 39,191 84,084 52,740 47, 569 20,976 40,819
500 36,1082 50,920 50.701 40,096 55.414 54,118 48, 856 50, 881 41,779
700 37.184 52,280 3l.822 40,862 564592 55,316 49,948 31. 647 42,587
800 38,129 53, 500 52,815 41,526 57.616 56,382 50,894 32,311 43,283
900 58,964 54,809 33,710 12,111 584556 o7.342 61,745 32.898 43, B93
1000 59,721 bs, 834 54, 527 42,605 59,3599 58,214 52,607 5. 420 44,4368
1100 40,412 B6, 591 55,278 43,108 60,185 59,009 53,212 335, 893 44,928
1200 41,052 57,451 55,976 43,540 60,901 59.748 53, 866 34,326 45,375
1300 41,848 58,344 56,625 43.938 61,575 | 60.436 b4.471 34,7238 45,786
1400 42,208 59,149 97.234 44,306 62.196 61,077 bb, 042 |.36.091 486,164
1500 42,738 §9.8921 7 .2307 44,649 62,787 614 6C0 55, 587 55,434 48, 517
1800 435,243 60, 661 58, 347 44,969 635,558 62.248 56,098 36,764 46, 8456
1700 43,723 61.351 58, 8959 45,271 63. 863 62,781 56, 638 36,066 47,154
1800 44,179 82,039 6ua. 346 45, 554 64.358 63.289 57,048 36, 3359 47,444
1900 44,812 62,693 59,808 45,823 84, 228 83,771 B7.491 36, 608 47,719
2000 45,028 63.351% 60,248 46,078 86,276 64,234 57,900 38, 863 47,9880
2100 45,428 85.919 60. 568 46,319 85,707 64,875 58,383 37,104 48,226
2200 45,813 64,472 81,071 46,551 66,119 65, 097 58.711 57,356 48.462
2300 48,185 65,070 81..3253 45,772 5;. 12 65, 606 59, 027 37557 48, 887
2400 48,544 85, 68n5 Bl. 48,002 &, Bes 68,817 59,451 57.767 48,901
2500 46,R91 67,136 62,184 47, 107 67,248 68,273 59,803 37.971 49,109
2800 a7,22¢ 6F, 633 62,528 47,200 67,598 86, 358 80,140 38,166 49,3086
2700 47,552 67,137, &2, 860 47,5608 67,936 85,719 60.470 38,353 49,497
2800 47,867 67.618 63.181 47.750 68.260 67.071 60,786 58. 6554 49,681
2900 48,174 68.074 83.491 47,925 68, 573 67.411 61.006 58.708 49,858
3000 48,471 68, 529 63.792 48,083 68, 877 67,901 61.396 58.877 50, 030
3100 48,759 88,971 64, 082 48,255 60,173 68, 306 61,688 39,039 50, 194
3200 49,039 | &9,%99 64,3564 48,413 89,481 68. 613 61,971 39.187 50,354
3300 49,3514 89,815 64, 688 48, 567 69,739 68,909 62,249 59. 550 50, 3508
3400 49,580 70,217 64,904 48,715 70,010 60.198 62,616 59,498 50, 659
3500 49,841 70,618 65,183 43, 869 70,272 68.480 62,775 39,642 50, 805
3600 50,085 T71.007 65,414 }- 49,000 70, 527 66,753 63,029 39,782 50,947
3700 50,342 71,381 65, 650 49,136 70.775 70.01B 63,277 39,918 51.085
3800 50, 585 71.757 65,899 49,270 71,017 70.281 63,620 40,051 B1.220
3800 50,821 724109 65,132 49,400 71.252 70, 637 63,759 40,180 51,331
4000 51,054 72,4568 66.3560 49, 327 71.481 70,787 83. 9089 40,308 51.47%9
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TABLE IV = SUMMARY OF THEORETICAL

At stolchiometric

liquid oxygen

Fuel Reaction=- Speoific Volume
Propellants Formula (percent| chamber impulse | specific
by temperature, I, impulse,
welght) T (1b-sec/1b) I3/6244
(9%) (lb=sec/cu ft)
Liquid hydrogen and Hg=0g 11.19 3640 31440 2143,0
liquid ozone
Liquid hydrogen and Hg=0g 11.19 3440 29640 ¢124,.8
liquid oxygen
Hydrazine and NoHy=03 50,04 3480 260.4 8321.5
liquid ozone
Hydrazine and NoH,; =0, 50,04 3280 £58,0 C2977,0
liquid oxygen
Hydrazine and NoH,=Hg0p 32,03 2840 242,0 3098.0
hydrogen peroxide
Liquid ammonis NHz=03 41.52 3200 263.0 b244,0
and liquid ozone
Liquid ammonia NHz=0p 41,52 3038 24940 4210.0
and liquid oxygen
Liquid ammonise KHz=HgO0p 26,03 2585 R34.4 266,0
and hydrogen peroxide
Hydrazine hydrate NoHy «Ho0=04 61,04 3000 248,83 8289,2
end liquid czone
Hydrazine hydrate NoHy eHg0-0o 61.04 2750 235.4 0252.0
and liquid oxygen
Hydrazine hydrate NoHy «HpO-HgOp | 42.38 2456 22647 281.8
and hydrogen peroxide
Hydroxylamine and NHo0H=0g 80.53 2980 246.5 8307.0
liquid ozone
Hydroxylamine and NHo0H-05 80453 2850 240.,0 ©eg5,.5

&Inlet temperature

PInlet temperature of liquid ozone, -112° C:

of liquid oxygen, =182° C.
of liquid oxygen, -182° G:

CInlet temperature
dInlet temperature

of liquid ozone, =112° C.

liquid ammonia,

liquid ammonia,

18° c.

18° ¢,

“!Iﬂuig!"'
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EBA30

PERFORMANCE OF ROCKET FUELS

T

21

At meximmm specific impulse

At maximm volume speclfic impulse

Fuel Reaction=~ Specifle Volume Fuel Reaction~- Specific Volume

(percent| chamber impulse | specific (percent!| chamber impulse, | speciflc
by temperature I, impulse by temperature, I impulse,
welght) Te (1b-sec/1b) I1a/62.4 welght) Te {1b-sec/1b) Ig/624
(%K) (lb-sec/cu ft) (°K) (lb-sec/cu £t)

270 2665 372.7 a 85,0

24,5 2505 34440 82,3 - ——

6140 3275 277 .1 83186,0 54.0 3450 274,90 8321,7

5840 3160 265.7 €282.0 5740 3190 265.5 €282.0

4040 2750 24745 307 .0 35,0 2815 245.0 310.0

48,0 3158 265,0 bezz,.2

46,5 2870 251.0 d4204,.5 - -

26,40 2588 235.8 253.0 21.0 2490 227 .0 257.5

63.0 2050 249.0 2288,.0 60.0 3010 248,.0 32g9.8

61,4 2748 235.5 €251,.8 61.0 2780 235.4 C252.3

42,0 2460 227 .0 282,0 41.5 2461 226,0 282.2

8345 2920 248.0 a307,.,0 82,0 28950 247 .5 23075

83,4 2820 241,0 €287,.,0 8542 2770 240.7 €287.3
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TABLE V — COMPARTSCN OF PERFORMANCE OF CARBON-BEARING FROPELLANTS

WITH NCMCARBON—-EEARING PROFELLANTS

Propsllant eombination
at maximm apecific

Mean moleoulap
walght of roaction—

Naximum specific
impulse, I

Reac tion—-chswmber tem—
peraturs at maximum

Sourca of data

impulase ohamber gages, N {lb-sec/1b) Tes (9K)

(percent by welght) :
40-percent O2HgOH,

60-percent Op £243,0 3180 Reference 10
27.6~percent CgHjgs

72.4-porcent Og 22.66 242,0 3295 Refersnce 10
40, O-porcent EoHy,

60, O~percent HpO 18,00 247.5 8760 Plgure 7(e)
32, 6~percent GH.’RHB,

67.4~-porcent Op 261.5 3390 Reference 10
46, 9~percent RHz,

53.5~parcent Op 18.10 251.0 £870 Figure 8(b)
2b-percent CgHgeNHp

75~percent Bll03+s§l|02

red funing nltrlo

ioid) 25.41 220,5 3070 Reference 10
NHgOH (monofuel) 16,50 223,0 2085 Flgure 10

-
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Figure 1, - Composition of reaction-chember gas from hydrogen with liquid

square inch absolute.
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Reaction=chamber pressure, 300 pounds per
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Figure l. -~ Concluded., Composition of reaction=chamber gas from hydrogen
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500 pounds per square inch absolute.
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(Curves from reference 6)
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Figure 2. - Continued. Composition of reactionechamber gas from hydraszine
with liquid ozone, with liquid oxygen, snd with 100=-percent hydrogen

peroxide. Reaction-chember pressure, 300 pounds per square inch
absolute. (Curves from reference 6)
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Hydrazine hydrate 1in mixture, percent by welight
(a) Liquid ozone.

Flgure 4. - Composition of reasction-chamber gas from hydrazine hydrate
with liquid ozone, with liquid oxygen, snd with 100-percent hydrogen

peroxide,
absolute,
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