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SUMMARY 

Theoretical values of performance parameters f o r  a mixture of 
36.3 percent l iquid ammonia and 63.7 percent hydrazin'e by weight with 
l iquid oxygen bifluoride were calculated on the assumption of equilib- 
rium composition during the expansion process f o r  a wide range of fue l -  
oxidant and expansion ra t ios .  The parameters included were specif ic  
impulse, combustion-chamber temperature, nozzle-exit t eqe ra tu re ,  equi- 
librium composition, mean molecular weight, character is t ic  velocity, 
coefficient of thrust ,  and r a t i o  of nozzle-exit area t o  throat  area. 

The maximum value of specif ic  impulse was 295.8 pound-seconds per 
pound f o r  a chamber pressure of 300 pounds per square inch absolute 
(20.41 atm) and an e x i t  pressure of 1 atmosphere. Additional calcula- 
t ions were made t o  determine the e f fec ts  on performance of a small 
amount of water i n  the hydrazine. 

INTRODUCTION 

Both ammonia and hydrazine have been of in t e res t  f o r  a number of 
years as  possible rocket fuels  because of t h e i r  high theore t ica l  spe- 
c i f i c  impulse with several oxidants. Extensive data ex is t  i n  the 
l i t e ra tu re  on the avai labi l i ty ,  cost, and physical, chemical, and 
handling properties (references 1 and 2 ) .  

In te res t  has a l so  been shown i n  mixtures of ammonia and hydrazine, 
inasmuch as  some of the properties of the mixtures a r e  more desirable 
than those of the separate fuels  (reference 3) . Ammonia, for  example, 
depresses the re la t ive ly  high freezing point of hydrazine, whereas the 
hydrazine s l igh t ly  lowers the vapor pressure of the ammonia. 
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Oxygen b i f luor ide  i s  of i n t e r e s t  a s  a rocket oxidant because i t s  
performance i s  b e t t e r  than t h a t  of oxygen and i t s  handling and mater ia l  
problems may be simpler than those of f luor ine .  A t  t he  temperature of 
l i qu id  nitrogen (-195.8' C) , the  densi ty  of l i qu id  oxygen b i f luor ide  i s  
about 1.77 grams per cubic centimeter (reference 4), whereas the  densi ty  
of l i qu id  f l uo r i ce  a t  t he  same t e q e r a t u r e  i s  about 1.56 grams per cubic 
centimeter (according t o  recent research a t  Aerojet Engineering Corp.). 
Additional information concerning oxygen b i f luor ide  may be found i n  
reference 5. 

Calculations were made a t  t he  NACA Lewis laboratory t o  determine 
the  t heo re t i c a l  performance of a mixture of l i qu id  ammonia and hydrazine 
with l i qu id  oxygen bif luor ide ,  over a wide range of fuel-oxidant and 
expansion r a t i o s .  A f u e l  mixture containing 36.3 percent amonia  by 
weight was se lected a s  suggested by  t h e  Bureau of Aeronautics, Depart- 
ment of t h e  Navy and i s  based on data  from reference 3, This mixture 
was se lected a s  a compromise between a f u e l  having a des i rable  f reezing 
point  and one having high performance. I n  order t o  determine t he  e f f ec t  
on performance of a small amount of water i n  t he  hydrazine, add i t iona l  
calcula t ions  were made assuming t he  hydrazine contained 5 percent water 
by weight. It was assumed t h a t  t he  water would combine with hydrazine 
t o  form hydrazine hydrate. 

Data were calcula ted on the  ba s i s  of equilibrium composition dur- 
ing expansion and cover a wide range of fuel-oxidant and expansion 
r a t i o s .  The performance parameters included a re  spec i f ic  impulse, 
combustion-chamber temperature, nozzle -ex i t  temperature, equilibrium 
composition, mean molecular weight, cha rac t e r i s t i c  velocity,  coef f ic ien t  
of t h ru s t ,  and r a t i o  of nozzle-exit a rea  t o  th roa t  area.  

SYMBOLS 

The following symbols a r e  used i n  t h i s  repor t :  

A area  ( sq  f t )  

a l o c a l  ve loc i ty  of sound ( f %/see) 

,coeff ic ient  of t h r u s t  

charac te r i s t i c  ve loc i ty  ( f t /sec) 

th rus t ,  ( l b )  

f l , f2, .  . .f5 functions 

H enthalpy (cal/mole) 
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h enthalpy, incl-uding both sensible  and chemical energy per  un i t  
weight ( cal/g) 

I spec i f i c  impulse ( lb-sec/lb) 

J mechanical equivalent of heat  

M mean molecular weight (glmole) 

n number of atoms 

P pressure 

r equivalence r a t i o ,  r a t i o  of number of hydrogen atoms t o  sum of 
number of f luor ine  atoms plus  two times number of oxygen atoms 

i n  propel lant  

s entropy (cal/(mole) (OK) ) 

T temperature (OK) 

Subscripts  : 

c cornbustion chamber 

e nozzle e x i t  

o conditions a t  0' K, assuming recombination i s  complete 

t th roa t  

METHOD OF CALCULATION 

The computations were ca r r ied  out by means of the  method described 
i n  reference 6 with modifications t o  adapt it f o r  use with an IBM Card 
Programmed Elect ronic  Calculator,  The machine was operated with f l o a t -  
ing decimal point  notation and e ight  s ign i f ican t  f igures .  The succes- 
s i ve  approximation process used t o  obtain the  desired values of the  
assigned parameters (mass balance and pressure o r  entropy balance) was 
continued u n t i l  seven-figure accuracy was achieved. 

Assumptions. - The calculations were based on t he  following usual  
assumptions: pe r fec t  gas law, adiabat ic  combustion a t  constant pressure, 
i sentropic  expansion, no f r i c t i o n ,  homogeneous mixing, and one- 
dimensional flow. The products of combustion were assumed t o  be i dea l  
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gases and included the following substances: f luorine F2, hydrogen HZ, 
oxygen OZ, nitrogen .N2, vater H20j hydxoxgl radical  OHj hydrogen 

f luoride ID', n i t r i c  oxide NO, atomic fluorine F, atomic hydrogen H, 
atomic oxygen 0, and atomic nitrogen Pi. 

Thermodynamic data. - The thermodynamic data used i n  the  calcula- 
t ions  were taken from reference 7, which selected the lower value of 
35.6 kilocalories per mole f o r  the dissociation energy of F2. Physical 
and thermochemical properties of the propellants were taken from r e f -  
erences 4 and 7 t o  10 and are given i n  table  I. The heat of solution 
was neglected i n  estimating the heat of formation of each mixture. 

Composition of fuelmixtures .  - Performance calculations were made 
f o r  two f u e l  mixtures with oxygen bifluori.de as  the oxidant. One f u e l  
mixture was ammonia and hydrazine containing no water, which w i l l  be 
designated pure fuel ,  and the other was ammonia and commercial hydrazine 
i n  which the hydrazine contained 5 percent water by weight, which w i l l  be 
designated commercial fue l .  

The compositions of the two fue ls  a r e  summarized i n  the following 
tab l e  : 

Procedure fo r  combustion conditions. - For each of eight equivalence 
ra t ios ,  equilibrium composition, enthalpy, and entropy of the combustion 
products were computed a t  a combustion pressure of 300 pounds per square 
inch absolute (20.41 atm) f o r  three temperatures 100' K apart  which were 
selected t o  be near the  combustion temperature. These data and the  
value of enthalpy of the propellant were then used t o  interpolate the 
values of temperature, entropy, equilibrium composition, and mean 
molecular weight of the products of combustion corresponding t o  an 
adiabatic combustion process. 

Procedure fo r  ex i t  conditions. - Equilibrium composition, mean 
molecular weight, pressure, loca l  veloci ty  of sound, and enthalpy of 
the products of combustion were computed fo r  each equivalence r a t i o  by 
assuming isentropic expansion f o r  four ex i t  temperatures selected t o  
cover the e x i t  pressure range from the nozzle-throat pressure t o  about 
0.02 atmosphere. 
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The data computed fo r  combustion and e x i t  conditions were used t o  
interpolate f o r  throat  conditions and e x i t  conditions corresponding t o  
a l t i tudes  of 0, 20,000, 40,000, 60,000, and 80,000 fee t .  The in ter -  
polated data were used t o  compute specific impulse, character is t ic  
velocity, coefficient of thrust ,  and area ra t ios .  

Interpolation formulas. - Temperature and equilibrium composition 
f o r  combustion conditions were obtained by means of a three-point 
Lagrange interpolation fornula (see referknce LL f o r  interpoiation 
formulas) . The combustion entropy was obtained by means of Neville ' s 
interpolation formula using three points and three slopes. The slopes 

were known from the thermodynamic re la t ion  @jp = T. A five-paint 

Lagrange interpolation formula was used f o r  a l l  e x i t  interpolations. 

The errors  due t o  interpolation were checked f o r  several cases. 
For combustion conditions, the errors  were negligible, but f o r  ex i t  
conditions it was necessary t o  use special  functions t o  obtain accept- 
able accuracy. The values tabulated fo r  a l l  performance parameters 
except e x i t  temperature and area r a t i o  appear t o  be correctly in te r -  
polated t o  one or two units i n  the l a s t  place tabulated. Interpolated 
ex i t  temperatures maybe i n  error  by as  much as s i x  units and area r a t i o s  
by 0.4 percent. 

The functions used i n  the ex i t  interpolations are: 
a f l  = log (he + - ho), f 2  = log (he - hO), f 3  = log T, 

f 4  = log (M, - q), and f 5  = log P. The pressure a t  the throat  was 

found by interpolating f5 as a function of f l  f o r  the point 

f l  = 1% (hc - ho), a t  which the velocity of flow equals the velocity 

of sound. The values of the remaining functions were interpolated as  
functions of f 5  f o r  the desired pressures. 

Tm0mTICA.L PERFORMANCE 

The calculated values of the various performance parameters f o r  both 
propelhnts  (pure f u e l  and commercial fue l )  fo r  a combustion pressure of 
300 pounds per square inch absolute and a t  ex i t  pressures corresponding 
t o  a l t i tudes  of 0, 20,000, 40,000, 60,000, and 80,000 f e e t  a re  given 
i n  tables  I1 and 111 f o r  eight equivalence r a t ios .  The values of pres- 
sure corresponding t o  the assigned a l t i tudes  were taken from refer -  
ences 12 and 13. Equilibrium compositions i n  the combustion chamber and 
a t  assigned e x i t  temperatures are  given i n  tables IV and V, 
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The parameters f o r  both propel lants  a r e  p lo t ted  i n  f igures  1 t o  6. 
Curves of spec i f i c  impulse f o r  t he  f i v e  a, l t i tudes a r e  shown i n  f i gu re  1 
p lo t t ed  against  weight-percent f u e l ,  The difference between the  curves 
f o r  pure and commercial f u e l s  f o r  ally a l t i t u d e  i s  about one t o  
th ree  impulse un i t s  over t he  e n t i r e  range of weight-percent f u e l  
presented. For pure f u e l  t he  maximum value of spec i f i c  impulse f o r  the  
sea- level  curve i s  about 295.8 pound-seconds per  pound. a t  about 38.3 per- 
cent  of f u e l  by weight, whereas f o r  commercial f u e l  t he  maximum i s  about 
293.7 pound-seconds per pound a t  about 38.5 percent of f u e l  by weight. 

, 
The maximum values of spec i f i c  impulse and t he  values of weight- 

percent f u e l  a t  which they occur a r e  shown p lo t ted  i n  f i gu re  2 a s  
functions of a l t i t ude .  The maximum spec i f ic  impulse increases 32.0 per-  
cent f o r  both  fue l s  f o r  a change i n  a l t i t u d e  from sea l e v e l  t o  
80,000 f e e t .  

Curves of combustion-chamber temperature and nozzle-exit  tempera- 
t u r e  f o r  t h e  f i v e  a l t i t u d e s  a re  presented i n  f igure  3 a s  functions of 
weight-percent f u e l .  The maximum combustion temperature occurs a t  the  
extreme oxidant-rich end of t h e  curves, being 3906' K a t  about 20.5 per-  
cent f u e l  by weight f o r  pure f u e l  and 3885O K a t  about 20.8 percent 
f u e l  by weight f o r  commercial f ue l .  The maximums of t he  e x i t -  
temperature curves occur near t h e  stoichiometric mixture. 

Character is t ic  ve loc i ty  and coef f ic ien t  of t h r u s t  a r e  p lo t ted  i n  
f i gu re  4 and r a t i o s  of t he  area  a t  t he  nozzle e x i t  t o  a rea  a t  t he  t h roa t  
a r e  shown i n  f igure  5 a s  functions of weight-percent f ue l .  The coef f i -  
c ient-of- thrust  and a rea- ra t io  functions may be  used t o  determine t h e  
values of At and A, f o r  a combustion-chamber pressure of 300 pounds 
per  square inch absolute f o r  any specif ied t h ru s t  and expansion r a t i o  
by means of the  conventional equations 

and 

where t he  values of CF and %/At correspond t o  t h e  specif ied 
expansion r a t i o .  

According t o  the  calcula t ions  f o r  several  propellant  combinations 
a t  t h i s  laboratory, the  var ia t ion  i n  the  coeff ic ient-of- thrust  function 
i s  l e s s  than 1 percent over the range of combustion-chamber pressures 
from 300 t o  2000 pounds per square inch absolute f o r  constant expansion 
r a t i o ,  and t he  var ia t ion  i n  Ae/At i s  about 6 percent f o r  the  same 



conditions. Equations (1) and (2)  may therefore be used t o  obtain th roa t  
and e x i t  areas f o r  specif ied t h ru s t s  and expansion r a t i o s  t o  about these 
same percentages of accuracy f o r  a range of combustion-chamber pres-  
sures from 300 t o  2000 pounds per square inch absolute when t he  values 
of CF and %/At a r e  taken t o  correspond t o  t h e  specif ied expansion 

r a t i o .  

Curves of mean molecular weight i n  t he  combustion chamber and i n  
t he  nozzle e x i t  a r e  shown p lo t ted  against  weight-percent f u e l  i n  f i g -  
w e  6. 

SUMMARY OF RESULTS 

Theoret ical  calculat ions of t he  performance parameters of l i qu id  
oxygen b i f luor ide  with two s e t s  of fue l s ,  one containing 36.3 percent 
l i qu id  ammonia and 63.7 percent l i qu id  hydrazine by weight (pure f u e l )  
and t h e  other containing 36.3 percent l iqu id  ammonia, 54.85 percent 
l i q u i d  hydrazine, and 8.85 percent l i qu id  hydrazine hydrate by weight 
(commercial f u e l ) ,  were made f o r  a wide range of fuel-oxidant and 
expansion r a t i o s  and yielded the  following r e su l t s :  

1. For a combustion-chamber pressure of 300 pounds per square inch 
absolute (20.41 atm) and an e x i t  pressure of 1 atmosphere, the  maximum 
spec i f ic  impulse w a s  295.8 pound-seconds per pound a t  38.3 percent f u e l  
by  weight f o r  pure f u e l  and 293.7 pouna-seconds per pound a t  38.5 per-  
cent f u e l  by weight f or commercial f ue l .  

2. The maximum combustion temperature f o r  a chamber pressure of 
300 pounds per square inch absolute was 3906' K a t  about 20.5 percent 
f u e l  by weight f o r  pure f u e l  and 3885O K a t  about 20.8 percent f u e l  by 
weight f o r  commercial f ue l .  

3. The maximum spec i f ic  impulse increased 32.0 percent f o r  bo th  
f u e l s  f o r  a change i n  a l t i t u d e  from sea l eve l  t o  80,000 f e e t .  

4. For a combustion-chamber pressure of 300 pounds per square inch 
absolute and f o r  t he  range of e x i t  pressures corresponding t o  a l t i t u d e s  
of 0 t o  80,000 f e e t ,  the  reduction i n  specif ic  impulse due t o  t he  addi- 
t i o n  of 5 percent water by weight i n  t he  hydrazine (commercial f u e l )  was 
from about one t o  three  un i t s  f o r  a wide range of percent f u e l  by 
weight. 

Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio 
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TABLE I1 - CALCULATED PERFORMANCE OF A MIXTURE CONTAINING 36.3 PERCENT AMMONIA AND 63.7 PERCENT HYDRAWNE BY WEIGHT 
WITH OXYGEN BIFLUORIDE 

[wre fuel; combustion-chamber pressure, 3 0 0  lb/sq in. absolute] 



TABLE I11 - CALCULATED PERFORMANCE OF A MIXTURE CONTAINING 36.3 PERCENT AMMONIA, 54.85 PERCENT HYDRAZINE, AND 8.85 PERCENT HYDRAZINE 
HYDRATE BY WEIGHT WITH OXYGEN BIFLUORIDE 

[~ommercial f u e l ;  combustion-chamber pressure,  300 lb/sq i n .  a b s o l u t e 4  

1 

, 

Character- 
i s t i c  
ve loc i ty  

C *  
( f t / sec )  

6313 

6487 

6593 

6628 

Spec l f l c  
impulse 
i 

( lb-sec/ lb)  

279.7 
306 .O 
330.3 
349.9 
364.9 

287.9 
313.2 
340.8 
362.0 
378.4 

292.8 
320.9 
347.7 
370.2 
388.0 

293.7 

Nozzle e x i t  

-- 
6614 

6532 

6413 

6134 

(g/cc) 

1.451 

1.362 

1.295 

1.243 

alence 
r a t i o  

r 

0.5 

0.75 

1.0 

1.25 

chamber 

Temper- 
a t u r e  

To 

( O K )  

3885 

3842 

3747 

3627 
320.7 1 
345.6 1 

Coeffi- 
c i e n t  of 
t h r u s t  

CF 

1.426 
1.559 
1.683 
1.783 
1.860 

1.428 
1.563 
1.690 
1.795 
1.877 

1.429 
1.566 
1.697 
1.807 
1.893 

1.426 

Prope l l an t  

~ q u w  
percent  
f u e l  

20.78 

28.36 

34.69 

40.05 

Combustion 

Mean molec- 
u l a r  weight 

Mc 

21.33 

19.95 

18.89 

18.02 
1.557 
1.678 

Rat io  of 
nozzle - 
e x i t  a r e a  
t O  t h r o a t  
a r e a  

Ae/At 

3.892 
6.844 

13.33 
26.41 
50.89 

3.926 
6.972 

13.81 
27.89 
55.02 

3.966 
7.103 

14.25 
29.34 
59.34 

3.849 

----- 
1.202 

1.169 

1.141 

1.097 

dens i ty  of 

1.50 

1.75 

2.0 

2.5 

a ~ a s e d  

3474 

3295 

3104 

2730 

1.77 a t  

6.674 
12.75 
25.57 

Mean 
molecular 
weight 

Me 

22.84 
23.06 
23.18 
23.21 
23.21 

21.54 
21.81 
22.00 
22.07 
22.07 

20.45 
20.76 
21.02 
21.17 
21.21 

19.24 

44.66 

48.65 

52.15 

57.99 

on OF2 

17.26 

16.58 

15,99 

15.00 

-195.8~ 0. 

80,000 -02780 1200 

19.35 
19.39 
19.39 

Temper- 
a t u r e  

Te 

(OK) 

2764 
2466 
2101 
1699 
1332 

2781 
2516 
2190 
1814 
1460 

2758 
2524 
2239 
1902 
1576 

2539 

Al t i tude  
( f t )  

0 
20,000 
40,000 
60,000 
80,000 

0 
20,000 
40,000 
60,000 
80,000 

0 
20,000 
40,000 
60,000 
80,000 

0 

0 
20,000 
40,000 
60,000 
60,000 

0 
20,000 
40,000 
60,000 
80,000 

0 
20,000 
40,000 
60,000 
80,000 

0 
20,000 
40,000 
60 000 
80:000 

2221 
1846 
1507 

Pressure 
P 

(atm) 

1 
0.4594 

.I852 

.07125 

.02780 

1 
0.4594 

-1852 
.07125 
.02780 

1 
0.4594 

.I852 

.07125 

.02780 

1 
20,000 
40,000 
60,000 

0.4594 
.1852 
.07125 

1 
0.4594 

.I852 

.07125 

.02780 

1 
0.4594 

.I852 

.07125 
-02780 

1 
0.4594 

.I852 
-07125 
.02780 

1 
0.4594 

.I852 

.07125 

.02780 

2222 
1890 
1532 
1229 

971 

1950 
1638 
1317 
1043 

819 

1729 
1442 
1155 

907 
707 

1410 
1165 

924 
717 
555 

18.03 
18.06 
18.06 
18.06 
18.06 

17.04 
17.04 
17.05 
17.05 
17.05 

16.24 
16.25 
16.25 
16.25 
16.25 

15.07 
15.07 
15.07 
15.07 
15.07 

3.646 
6.202 

11.63 
23.02 
44.87 

3.495 
5.896 

11.01 
21.56 
41.83 

3.387 
5.686 

10.59 
20.59 
39.78 

3.270 
5.451 

10.08 
19.41 
37.27 

1.412 
1.535 
1.646 
1.733 
1.800 

1.402 
1.519 
1.624 
1.707 
1.769 

1.396 
1.509 
1.610 
1.689 
1.748 

1.390 
1.499 
1.595 
1.671 
1.726 

293.2 
315.5 
338.2 
356.3 
369.9 

284.6 
308.4 
329.7 
346.5 
359 .O 

276.2 
300.8 
320.9 
336.7 
348.5 

264.9 
285.7 
304.1 
318.5 
329.1 



TABLE IV - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTROPIC EXPANSION TO ASSIGNED EXIT 
TEMPERATURES FOX PURE FUEL 

[Pure fuel: 36.3 percent NH3, 63.7 percent N2H4 by weight; oxidant:  OF^^ 
Temper- 
ature 

T 

(OK) 

2300 
1600 

Pressure 
P 

(atm) 

r = 1.25 (39.23 wercent fuel bs weiaht) 

0.2015 
0002689 

' Equilibrium composition (mole fraction) 

r = 0.50 (20.52 percent fuel by weight) 

.51321 

.51911 

3906 
3600 
2900 
2300 
1400 

r = 0.75 (27.92 percent fuel by weight) 

H HF 

0.00985 
.00895 
.00547 
.00183 
.00002 

.01496 
-00063 

0.01828 
.01161 
.00198 
.00008 

------- 

20.41 
9.428 
1.363 
0.2832 
0,03073 

0.02640 
.02065 
.00749 
.00111 

------- 

0.08349 
-09915 
.I3973 
.16370 
-17073 

3873 
3500 
2900 
2300 
1500 

0 H2 a OH 

0.02769 
.02441 
.01470 
.00614 
.00030 

0.11797 
.12313 
.13476 
.14190 
-14535 

r = 1.00 (stoichiometric, 34.05 percent fuel by weight) 

0.06067 
.07727 
.11190 
.13999 
-14747 

.23754 
-25886 

N 
H2° 2 

0.08250 
.06775 
.02701 
.00408 ------- 

0.55488 
.58524 
.64700 
.67625 
-68355 

0.07194 
.05490 
.02122 
.00488 
.00004 

20.41 
7.707 
1.312 
0.2281 

. 0.02840 

F NO 

- 
0.00322 
.00184 
.00026 
.00001 ------- 

0.00378 
.00237 
.00041 
.00002 ------- 

0.05198 
.04508 
.02753 
.00825 
.00014 

.00589 

.00011 

N2 

0.51069 
.53485 
.56802 
.58653 
.59019 

0.03935 
.04652 
.05874 
.06887 
-07355 

0.03171 
,02581 
.01312 
.00234 
.00001 

.00549 

.00027 
.00139 
.00004 

0.02144 
.01776 
.01092 
.00455 
.00038 

.21784 

.22097 

0.00337 
.00165 
.00030 
.00001 

------- 

0.15728 
.I6486 
.I7682 
.18512 
-18825 

0.04978 
.03404 
.01145 
.00098 

------- 

0.02078 
.01191 
.00335 
.00041 

------- 

0.05295 
.04022 
.01785 
.00295 
.00001 

.00015 
------- 

.00263 

.00001 
.00089 

------- 
.00002 

------- 
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TABLE IV - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTROPIC EXPANSION TO ASSIGNED EXIT 
E! 

TEMPERATURES FOR PURE FUEL - Concluded M 
UI 

Eure fuel: 36.3 percent NH3, 63 -7 percent N2H4, by weight; oxidant: oF2I 

Temper- 
ature 

T 

(OK) 

3526 
3200 
2500 
1700 
1000 

r = 1.50 (43.65 percent fuel by weight) 

Pressure 
P 

(atm) 

Equilibrium composition (mole fraction) 

20.41 
8.951 
1.613 
0.2452 
0.02682 

1\T 

r = 1.75 (47.47 percent fuel by weight) 

0.35810 
-36640 
.37696 
.37897 
.37899 

3363 

N2 0 F HF 

20.41 

H *2 

0.17499 
.17665 
.I8532 
a18942 
.I8950 1 

H2° 

0.02172 
.01323 
.00158 
.00001 ------- 

0.14650 
.I6483 
.18668 
-18948 
-18950 

-33347 

O2 OH 

3000 
2200 
1500 
800 

N 0 

0.00156 
.00075 
.00002 

------- 
------- 

0.00157 
.00042 ------- 

------- 
------- 

8.797 
1.484 
0.2652 
0.02142 

0.00073 
.00023 

------- 
------- 
------- 

.24906 

r = 2.00 (50-81 percent fuel by weight) 

0.00391 
.00201 
.00014 ------- 

------- 

.00019 -16654 

0.32229 
.32804 

.33389 

.33389 

0.00037 
.00013 

------- 
------- 
------- 

0,00007 
.00001 

------- 
------- 
------- 

0.22737 
.23327 
.24066 
.24200 
.24201 

------- 

3192 
2900 
2000 
1300 
800 

0.00206 
.00091 
.00005 ------- 

------- 

.00001 

0.23008 
.23736 

.25041 
-25042 

0.29198 
-29495 
.29827 
.29838 
.29838 

0.00572 
.00264 
.00003 

------- 
------- 

20.41 
10.86 
1.560 
0.2445 
0003633 

0.01162 
.00528 

------- 
------- 

0.14591 
.15763 

.16694 

.I6695 

0.03215 
.Ole64 
.00071 ------- 

------- 

9.998 
1600 1.316 
1200 0.4030 
800 0.08399 

0.05767 
.03933 
.00850 
.00013 ------- 

.24843 

0.00046 
.00013 

------a 

------- 
------- 

0.28066 
.28759 
.29793 
-29838 
-29838 

(56.35 percent 

0.00119 
.00030 ------- 

------- 
------- 

0.00009 
.00002 ------- 

------- 
------- 

0.00038 
.00011 

------- 
------- 

------- 

0.13912 
.I4446 
.14910 
-14919 
.I4919 

r = 2.50 

0.00482 
.00208 
.00006 ------- 

------- 

0.24419 
-24540 
.24604 
.24605 
.24605 

0.00131 
.00056 
.00003 ------- 

------- 

0.00172 
.00062 

------- 
------- 

0.00037 
.00013 ------- 

------- 
------- 

0.00071 
.00027 ------- 

------- 
------- 

0.25985 
.26117 
.26186 
-26186 
.26186 

0.24838 
-25104 
.25395 
-25405 
-25405 

0.36056 
e36590 
.36905 
.36907 
-36907 

fuel by weight) 

0.23954 
.24418 

.24874 
-24875 

0.12079 
-12239 
-12302 
.12302 
.I2302 

------- 
------- 
------- 
------- 
------- 

0.00003 ------- 
------- 
------- 
------- 

0.00006 
.00001 ------- 

------- 
------- 

0.00011 
-00002 ------- 

------- 
------- 

0.01315 
.00480 
,,00003 ------- 

------- 

0.00085 
.00029 

------- 
------- 

0.04526 
-02584 
0o0230 
.oooo2 ------- 



TABLE V - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTRODIC EXPANSION TO ASSIGNED EXIT 
TEMPERATURES FOR COMMERCIAL FUEL 

Eommercial fuel: 36.3 percent NH3, 54.85 percent N2H4, and 8.85 percent NgH4*H20 by weight; oxidant:  OF^^ 

Equilibrium composition (mole fraction) 

r = 1.00 (stoichiometric, 34.69 percent fuel by weight) 

r = 0.50 (20.78 percent fuel by weight) 

3885 
3600 
2900 
2300 
1400 

r = 1.25 (40.05 percent fuel by weight) a 

0.08080 
.06691 
.02648 
.00398 ------- 

3627 

0.00300 
.00177 
.00025 
.00001 ------- 

r = 0.75 (28.36 percent fuel by weight) 

20.41 
9.928 
1.443 
0.3023 
0.03334 

0.01089 
.01019 
-00733 
.00475 
.00426 

3842 
3500 
2900 
2300 
1500 

R 
20.41 

0.55883 
.58690 
.64784 
.67573 
.68095 

3.02130 
,01783 
.01091 
.00454 
.00038 

3300 
2700 
2000 
1100 

0.39622 0.12218 

0.00393 
.00259 
.00053 
.00004 

------- 

20.41 
8.341 
1.428 
0.2500 
0.03103 

0.02730 
.02189 
.00858 
.00176 
.00001 

0.51040 
.53189 
-56417 
.58216 
.58572 

0.15492 
.16177 
.I7351 
.18163 
.la472 

8.336 
1.509 
0.2697 
0.01980 

0.14830 

0.01793 
.OIL84 
,00219 
.00012 

------- 

0.08709 
.lo182 
,14214 
,16562 
.I7221 

0.11560 
.12036 
.I3184 
.I3889 
.I4227 

0.04726 
.03306 
.01102 
.00093 ------- 

0.01888 
.01127 
.00317 
.00039 ------- 

.40796 

.42462 
043026 
.43053 

.I1633 

.lo852 
-11058 
.I1106 

0.03482 

0.02759 
.02445 
.01466 
.00611 
.00030 

0.06703 
.05129 
.Ole16 
.00298 ------- 

0.03207 
-02636 
.01323 
.00233 
.00001 

0.00536 

0,05083 
.03918 
.01726 
.00284 
.00001 

0.20851 0.00755 

0.00305 
.00157 
.00029 
.00001 ------- 

0.06705 
.08316 
.I1877 
.I4714 
.I5465 

,17443 
.21613 
.22865 
.22899 

.02499 

.00701 

.00018 ------- 

0.00384 

0.05301 
.04615 
.02789 
.00829 
.00014 

.00571 

.00058 ------- 
------- 

0.04122 
.04776 
.05978 
.06974 
.07437 

.21562 

.22589 

.22927 
-22941 

.00476 

.00093 
,00001 ------- 

0.06004 0.01140 0.00178 
.00195 
.00027 ------- 

------- 

.04299 

.01519 

.00104 ------- 

* 
.00642 .00084 
.00076 .00010 ------- ------- 

------- ------- 



TABLE V - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTROPIC EXPANSION TO ASSIGNED EXIT 
TEMPERATURES FOR COMMERCIAL FUEL - Concluded 

~ommercial fuel: 36.3 percent NH3, 54.85 percent N2H4, and 8.85 percent N2H4*H20 by weight; oxidant: 0 ~ ~ 3  

I-' 
4 

20.41 
10.71 
1.524 
0.2160 
0.04424 

P 
I-' Temper- 

ature 
T 

(OK) 

r = 2.50 (57.99 percent fuel by weight) 

20.41 0.23331 0.36926 0.13125 0.00072 ------- 0.00006 0.25682 0.00003 0.00850 0.00001 0.00004 
10.55 .23406 .37284 .I3227 .00017 ------- .00001 .25766 ------- .00298 ------- .00001 
1.293 .23443 .37482 -13266 ------- ------- ------- .25808 ------- .00001 ------- ------- 
0.5179 -23444 .37482 ,13266 ------- ------- ------- -25808 ------- ------- me----- ------- 
0.1074 -23444 -37482 -13266 ------- ------- ------- 

0.28311 
.28556 
-28786 
-28791 
.28791 

Pressure 
P 

(atm) 

Equilibrium composition (mole fraction) 

r = 1.50 (44.66 percent fuel by weight) 

0.28861 
-29494 
.30267 
.SO289 
-30289 

0 

0.00399 
.00189 
,00002 

------- 
------- 

0.15103 
.15559 
.15889 
.15893 
.I5893 

N F 

0.00108 
.00052 
.00001 ------- 

------- 

0,00349 
.00194 
.00007 ------- 

------- 
r = 1.75 (48.65 percent fuel by weight) 

H NO O2 HF 

0.05191 
.03709 
.00563 
.00012 

----em- 

0.22534 
,23003 
.23739 
-23822 
-23823 

0.00447 
.00183 
.00001 ------- ------- 

N2 

0.00167 
.00082 
.00002 ------- ------- 

0.02020 
.01301 
.00095 
.00001 ------- 

H2 

O.CO138 
.00071 
.00001 ------- 

------- 

0.17887 
.18021 
-18937 
-19215 
-19222 

0.35203 
.35853 
.36891 
.37017 
.37019 

3474 
3200 
2400 
1700 
1000 

r = 2.00 (52.15 percent fuel by weight) 

0.00114 
.00037 ------- 

------- 
------- 

0.03865 
.02397 
.OO211 
~00001 ------- 

0.00006 
.00001 ------- 

------- 
-----em 

0.16004 
.17526 
.I9761 
.I9933 
-19935 

20.41 
10,27 
1.505 
0.2874 
0.03120 

0.00055 
.00021 

------- 
------- 
------- 

0.00066 
.00025 ------- ------- 

------- 

Hzo 

0.00051 
.00017 ------- ------- 

------- 

OH 

0.00140 
.00059 
,00001 ------- 

------- 

0.23735 
.24075 
,24467 
.24496 
.24496 

0.01003 
.00511 
.00018 ------- 

------- 

3295 
3000 
2200 
1400 
800 

0.24592 
.24816 
.25021 
-25026 
.25026 

0.23639 
.24203 
-25288 
.25412 
.25412 

0.00030 
.00010 ------- 

------- 
------- 

0.15879 
.I6773 
el7635 
-17675 
.I7675 

20.41 
10.42 
1.786 
0.2374 
0.02547 

0.00024 
.00007 ------- ------- ------- 

0.31473 
-31888 
032379 
-32417 
.32417 

0.02551 
.01353 
.00035 ------- 

------- 

0.00028 
.00006 ------- 

------- 
------- 

0.00025 
.00007 ------- 

------- 
------- 
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Figure 1. - Theoretical spec i f ic  impulse of mixtures of l i qu id  ammonia and 
hydrazine with l i qu id  oxygen bif luoride.  Pure fue l :  36.3 percent ammonia, 
63 .7  percent hydrazine by weight; commercial fue l :  36.3 percent ammonia, 
54.85 percent hydrazine, 8.85 percent hydrazine hydrate by weight; isen- 
t ropic expansion assuming equilibrium composition; combustion-chamber 
pressure, 300 pounds per square inch absolute; e x i t  pressure corresponding 
t o  a l t i t ude  indicated. 



Altitude, f t  

Figure 2 .  - Maximum t h e o r e t i c a l  spec i f i c  impulse and corresponding weight percent of f u e l  i n  
propellant of mixtures of l i q u i d  ammonia and hydrazine with l i q u i d  oxygen b i f luor ide .  Pure 
fue l :  36.3 percent ammonia, 63.7 percent hydrazine by weight; commercial fue l :  36.3 percent 
ammonia, 54.85 percent hydrazine, 8.85 percent hydrazine hydrate by weight; i sentropic  
expansion assuming equilibrium composition; combustion-chamber pressure,  300 pounds per 
square inch absolute; e x i t  pressure corresponding t o  a l t i t u d e  indicated. 



MACA RM ESLL11 

4000 

3600 

3200 

2800 

M 
0 .. " 2400 .. 
6 
-P 
6 
k 
X 2000 
tl 
El 

1600 

1200 

800 
toichiometric 

400 
20 25 30 35 40 45 50 55 60 

Fuel in propellant, percent by weight 

Figure 3. - Theoretical combustion-chamber temperature and nozzle-exit tempera- 
ture of mixtures of liquid ammonia and hydrazine with liquid oxygen bifluori.de 
Pure fuel: 36.3 percent ammonia, 63.7 percent hydrazine by weightj commercial 
fuel: 36.3 percent ammonia, 54.85 percent hydrazine, 8.85 percent hydrazine 
hydrate by weight; isentropic expansion assuming equilibrium compositionj 
combustion-chamber pressure, 300 pounds per square inch absolute; exit pres- 
sure corresponding to altitude indicated. 



Fuel in propellant, percent by weight 

Figure 4. - Theoretical characteristic velocity and coefficient of thrust of mix- 
tures of liquid ammonia and hydrazine with liquid oxygen bifluoride. Pure fuel: 
36.3 percent ammonia, 63.7 percent hydrazine by weight; commercial fuel: 36.3 
percent ammonia, 54.85 percent hydrazine, 8.85 percent hydrazine hydrate by 
weight; isentropic expansion assuming equilibrium composition; combustion- 
chamber pressure, 300 pounds per square inch absolute; exit pressure corres- 
ponding to altitude indicated. 
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Fuel in propellant, percent by weight 

Figure 5. - Theoretical ratios of nozzle-exit area to throat area 
of mixtures of liquid ammonia and hydrazine with liquid oxygen 
bifluoride. Pure fuel: 36.3 percent ammonia, 63.7 percent hydra- 
zine by weight; commercial fuel: 36.3 percent ammonia, 54.85 
percent hydrazine, 8.85 percent hydrazine hydrate by weight; 
isentropic expansion assuming equilibrium compositionj combustion- 
chamber pressure, 300 pounds per square inch absolute; exit 
pressure corresponding to altitude indicated. 
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Fuel i n  propellant,  percent by weight 

( a )  Pure fue l :  36.3 percent ammonia, 63.7 percent hydrazine by weight. 

Figure 6. - Theoretical mean molecular weight i n  the combustion chamber and a t  
the  nozzle e x i t  of mixture of l iquid  ammonia and hydrazine with l iquid  oxygen 
b i f luor ide .  Isentropic expansion assuming equilibrium composition. Combustion- 
chamber pressure, 300 pounds per square inch absolute; e x i t  pressure correspond- 
ing t o  a l t i t ude  indicated. 
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Fuel in propellant, percent by weight 

(b) Commercial fuel: 36.3 percent ammonia, 54.85 percent hydrazine, 8.85 percent 
hydrazine hydrate by weight. 

Figure 6. - Concluded. Theoretical mean molecular weight in the combustion chamber 
and at the nozzle exit of mixture of liquid ammonia and hydrazine with liquid 
oxygen bifluoride. Isentropic expansion assuming equilibrium composition. 
Combustion-chamber pressure, 300 pounds per square inch absolute; exit pressure 
corresponding to altitude indicated. 
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