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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THEORETICAL PERFORMANCE OF LIQUID AMMONTA, HYDRAzm, 'AND MIXTURE OF
LIQUID AMMONIA AND EYDRAZINE AS FUELS WITH LIQUID OXYGEN
| BIFLUORIDE AS OXIDANT FOR ROCKET ENGINES
IT - HYDRAZINE

By Vearl N. Huff and Sanford Gordon

SUMMARY

Theoretical values of performance parameters for hydrazine with:
liquid oxygen bifluoride were calculated on the assumption of equilibrium
composition during the expansion process for a wide range of fuel- )
oxidant and expansion ratios. Parameters included were specific impulse,
combustion-chamber temperature, nozzle-exit temperature, equilibrium
- composition, mean molecular weight, characteristic velocity, coefficient
of thrust,. and ratio of nozzle-exit area to throat area.

. The maximum value of specific impulsée was 298.7 pound-seconds per
pound for a chamber pressure of 300 pounds per square inch absolute
(20.41 atm) and an exit pressure of 1 atmosphere. Additional calcula-
tions made to determine the effects of 5 percent of water in the hydra-
zine showed a decrease in performance of 2 to 5 specific-impulse units
over the range of fuel-oxidant and expansion ratios presented.

INTRODUCTION

Hydrazine has been of interest for a number of years as a possible
"rocket fuel because of its high theoretical specific impulse with sev-
eral oxidants. Extensive data exist in the literature on its avail-
ability, cost,. and physical, chemical, and handling properties ‘
(reference 1).

Oxygen bifluoride is of interest as a rocket oxidant because its
performance is better than that of oxygen, its handling and material
problems may be simpler than those of fluorine, and its density is
greater than either oxygen or fluorine. Additional information con-
cerning oxygen bifluoride can be found in reference 2.

The performance of a mixture of ammonia and hydrazine with oxygen
bifluoride was reported in part I of this series (reference 3). The
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performance of hydrazine with oxygen bifluoride has been reported in
the literature. To determine a larger number of performance parameters
over a wider range of conditions than previously published and to deter-
mine the effect of a small amount of water in the hydrazine, addltional
calculations were made at the NACA Lewis laboratory.

Data were calculated on the basis of equilibrium composition during
expansion and cover a wide range of fuel-oxidant and expansion ratios.
The performance parameters included are specific impulse, combustion-
chanber temperature, nozzle-exit temperature, equilibrium composition,
mean molecular weight, characteristic velocity, coefficient of thrust,

and ratio Qf nozzle-exit area to throat area.

SYMBOLS
The following symbols are used in this report:

A : number of equivalent formulas (function of pressure
and molecular weight; see reference 4)

Ae/A£ } ratio of nozzle-exit area to throat area
a - local velocity of séund, ft/sec

Cp coefficient of thrust
cp/cv ratio of specific heéts. |
c* o - characteristic veiocity, ft/sec
5 d log A> -

A d log T/g -

~ (élog;p)

Di , STog T/,

1’f2’ .« .. fs functions .
h . enthalpy, including both sensible and chemical energy

per unit weight, cal/g

I : specific impulse, lb-sec/lb
M mean molecular weight, g/mole "
n number of atoms
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P pressure

Pi partial pressure of a product of combustion

R gas constant (consistent units)

r equivalence ratio, ratio of number of hydrogen atoms toc sum of
number of fluorine atoms plus two times number of oxygen atoms
in propellant, EE—EEEHS ’

T temperature, °K

. (a log P>

p density

Subscripts:

c combustion chamber

e  nozzle exit

max — maximum

o conditions at 0° K, assuming recombination is compiete

s constant entropy

METHOD OF CALCULATION

Calculations were made with an IBM Card Programmed Electronic Cal-
culator as described in reference 3. The set of assumptions, products
of combustion, and thermodynamic data used for the calculations are the
same as those of reference 3. The dissociation of energy of Fo was

taken to be 35.6 kilocalories per mole (reference 5).

Composition of fuels. - Performance calculations were made for two
fuels with oxygen bifluoride as the oxidant. One fuel was hydrazine
containing no water, which will be designated pure fuel, and the other
was hydrazine containing 5 percent water by weight, which will be des-
ignated commercial fuel. It was assumed that the water would combine
with hydrazine to form hydrazine hydrate, résulting in a composition -
for commercial fuel of 1 mole hydrazine to 0.1033 mole hydrazine hydrate.
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Procedure for combustion conditions. - The values of temperature,
entropy, equilibrium composition and mean molecular weight of the prod-
ucts of combustion corresponding to an adiabatic combustion process
were obtained for eight equivalence ratios as described in reference 3.

Procedure for exit conditions. - Equilibrium composition, mean
molecular weight, pressure, derivative of the -logarithm of pressure with
respect to the logarithm of density. at constant entropy Tg» and enthalpy
of the products of combustion were computed for each equivalence ratio
by assuming isentropic expansion for six assigned exit temperatures for
pure fuel and five assigned exit temperatures for commercial fuel cover-
ing the exit pressure range from the nozzle-throat pressure to about
0.02 atmosphere.

The function

o log P\ _
d log p/g Ts
was used in the computatién of throat conditions, since

2 _ (P\ _ (0 log P\ P _ T
2= (§), = G3E5), F=ve

The derivative T is equal to the ratio of specific heats cb/cv only
when the molecular weight is constant. In the nomenclature of

reference 4,
2 D3

T =51

Dy -1
where - . : ‘
: <5 log pi>
‘, P1=\3TegT/s
and '

: D d log A

! A™ \d Tog T/
i and Dp were computed by the method given
in reference 4 and were used to calculate the value of yg.

Interpolation formulas. -:Température, composition, and éntropy for -
combustion conditions were obtained by the same interpolation formulas |

described .in reference 3.
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Throat parameters and exit parameters corresponding to. altitudes
of 0, 20,000, 40,000, 60,000, and 80,000 feet were interpolated by means
of cubic equations between each pair of the assigned exit temperatures.
The coefficients of the cubic equations were determined from the values
of the following functions and their first derivatives at each pair of
the assigned temperatures:

YT h >
h s o

-
f, =g
fz=1nT
fy=1n M
fg = 1n P

&—._T_ +]_+.dis_)

&5 T oM \Us a5
oy p

il
dfs_' 1

dfs - YS (DA- l)

dfy Dy o
: drs . .
(The value of IF- vas found by a numerical method.)
5 ’

The pressure at the throat was found by interpolating fg as a
h h '
o ‘
function of f; for the point f1 = log (3% - X/ at which the veloc-

ity of flow equals the velocity of sound. The values of the remaining
functions were interpolated as functions of fg for the desired
pressures.
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The errors due to interpolation were checked for several cases.
The values presented for all performance parameters appear to be cor-
rectly interpolated to one or two units in the last place tabulated.

THEORETICAL PERFORMANCE

The calculated values of the various performance parameters for
both propellants (pure fuel and commercial fuel) for a combustion pres-
sure of 300 pounds per square inch absolute and at exit pressures cor-
responding to altitudes of 0, 20,000, 40,000, 60,000, and 80,000 feet
are given in tables I and II for eight equivalence ratios. The values
of pressure corresponding to the assigned altitudes were taken from
references 6 and 7. Equilibrium composition in the combustion chamber
and equilibrium composition and Ts at assigned exit temperatures are
given in tables III and IV. -

The parameters for both propellants are plotted in figures 1 to 6.
Curves of specific impulse for the five altitudes are plotted against
weight-percent fuel in figure 1. The difference between the curves for
pure and commercial fuels for any altitude is about 2 to 5 impulse
units over the entire range of weight-percent fuel presented. For pure
fuel the maximum value of specific impulse for the sea-level curve is
298.7 pound-seconds per pound at-43.1 percent of fuel by weight; whereas
for commercial fuel the maximum is 295.6 pound-seconds per pound at
43.6 percent of fuel by weight.

The maximum values of specific impulse and the values of weight-
percent fuel at which they occur are plotted in figure 2 as functions
of altitude. The maximum specific impulse increases 32.1 percent for
both fuels for a change in altitude from sea level to 80,000 feet.

Curves of combustion-chamber temperature and nozzle-exit tempera-
ture for the five altitudes are presented in figure 3 as functions of
weight-percent fuel. The maximum combustion temperature occurs at the
extreme oxidant-rich end of the. curves, being 3957° K at 22.9 percent
fuel by weight for pure fuel and 3921° K at 23.4 percent fuel by weight
for commercial fuel. The maximums of the exit-temperature curves occur
near the stoichiometric¢ mixture.

Characteristic velocity and coefficient of thrust are plotted in
figure 4 and ratios of the area at the nozzle exit to area at the throat
are shown in figure 5 as functions of weight-percent fuel.

Curves of mean molecular'weight in the combustion chamber and in
the nozzle exit are plotted against weight-percent fuel in figure 6.
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Values of the pafameters c*, Cps and Ae/At for a constant expan-

sion ratio are only slight functions of chamber pressure and may be used
at other pressures with small error.

Iewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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Specific impulse, I, lb-sec/lb

‘ [T 1T 1
Altitude Fuel
(£t)
. ————— Pure
400 80,000 — — — Commercial
. L
— <
// -~ 7 ~ ~ \
380 =i 60,000 ~
~ <
/ /d / e .\\ . \\\\
- // L] \E\ h \\
L ~ N
360 s ) ™. ~
— 40,000 S
-
L | — T R ~ AN -
_ Pty , \ N~ ~ ~ \\ N
340 - T - \\ N hS
A P etan = \\\ TN
- 20,000 NN N
N \\
320 - / e b T i ~~\\ N
R L 1 — ~— \\ T <<
T \.\\ h
el N
300 : 0 S
: - — N
L A — T T - —_——
P — -+
//” - = =~
 —
280 —t Stoichiometric =~ \b
ratio h
~
| T
260 . A

RESTRICTED NACA RM ES52GO9

20 25 30 - 35 40 © 45 50 55 60 65
' Fuel in propellant, percent by weight

Figure 1. - Theoretical specific impulse of hydrazine with liquid oxygen bifluoride.
Pure fuel: 100 percent hydrazine; commercial fuel: 86.11 percent hydrazine, 13.89 per-
cent hydrazine hydrate by weight; isentropic expansion assuming equilibrium composi-
tion; combustion-chamber pressure, 300 pounds per square inch absolute; exit preasure
corresponding to altitude indica.ted. .
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Figure 3. - Theoretical combustion-chamber temperature and nozzle-exit temperature of
hydrazine with liquid oxygen bifluoride. Pure fuel: 100 percéent hydrazine; commercial
fuel: 86.11 percent hydrazine, 13.89 percent hydrazine hydrate by weight; isentropic

‘ expansion assuming equilibrium composition; combustion-chamber pressure, 300 pounds

1 +  per square inch absolute; exit pressure corresponding to altitude indicated.
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Figure 4. - Theoretical chardcteristic velocity and coefficient of thrust of hydrazine

with liquid oxygen bifluoride. Pure fuel: 100 percent hydrazine; commercial fuel:
86.11 percent hydrazine, 13.89 percent hydrazine hydrate by weight; isentropic expan-
sion assuming equilibrium composition; combustion-chamber pressure, 300 pounds per
squere inch absolute; exit pressure corresponding to altitude indicated.
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Figure 5. - Theoretical ratios of nozzle-exit area to throat

area of hydrazine with liquid oxygen bifluoride. Pure fuel:

. 100 percent hydrazine; commercial fuel: 86.11 percent

hydrazine, 13.89 percent hydrazine hydrate by weight; isen-
tropic expansion assuming equilibrium composition;
combustion-chanber pressure, 300 pounds per square inch
absolute; exit pressure corresponding to altitude indicated.
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(a) Pure fuel: 100 percent hydrazine.
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Figure 6. - Theoretical mean molecular weight of hydrazine with 1iquid oxygen
bifluoride in combustion chamber and at nozzle exit. Isentropic expansion
assuming equilibrium composition; combustion-chamber Pressure, 300 pounds
per square inch absolute; exit pressure corresponding to altitude indicated.
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(b) Commercisl fuel: 86.11 per_cent hydrazine, 13.89 percent hydrazine hydrate by wéight.

igure 6. - Concluded.

bifluoride in combustion chember and at nozzle exit.

Theoretical mean molecular welght of hydrazine with liquid oxygen

Isentropic expansion assuming

equilibrium composition; combustion-chamber préssure, 300 pounds per square inch abso-
lute, exit pressure corresponding to a.ltitude indica.ted
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