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SUMMARY 

Theoret ical  values of performance parameters f o r  l i q u i d  hydrazine 
and l i q u i d  f luo r ine  as a rocke t  p r o p l l a n t  vere ca lcu la ted  on the 
assumption of equilibrium composition during the  expansion process f o r  
four  chamber pressures  and a w i d e  range of fuel-oxidant and expansion 
r a t i o s .  The parameters included were spec i f i c  impulse, combustion- 
chamber temperature, nozzle-exi t  tmpera tu re ,  equilibrium composition, 
mean molecular weight, c h a r a c t e r i s t i c  ve loc i ty ,  c o e f f i c i e n t  of  thrust, 
r a t i o  of nozzle-exi t  a r ea  t o  t h r o a t  a rea ,  s p e c i f i c  hea t  a t  cons tan t  
pressure,  coef f ic ien t  of v i scos i ty ,  and c o e f f i c i e n t  of thermal conduc- 
t i v i t y .  A co r re l a t ion  is presented f o r  t h e  e f f e c t  of  chamber pressure  
on s eve ra l  of t h e  p a r m e t e r s .  

The maximum value of spec i f i c  impulfie was 315.3 pound-seconds pe r  
pound f o r  a chamber pressure of 300 pounds per  square inch  absolu te  
(20.41 atm) and an e x i t  pressure of 1 atmosphere. 

"TROIIUCTION 

Liquid hydrazine and l i q u i d  f luor ine  are of i n t e r e s t  as a rocket  
p rope l l an t  because of high performance. 
l i t e r a t u r e  on t h e i r  a v a i l a b i l i t y ,  cos t ,  and physical ,  chemical, and 
handling proper t ies .  

Extensive da t a  exis t  i n  the 

The performance of l i q u i d  hydrazine and l i q u i d  f l u o r i n e  has been 
repnr ted  ir! the 1Ite~et.iire by a number o f  organizat ions such as Je t  
Propulsion Lab., C.I.T.; Douglas Airc ra f t  Co., Inc . ,  P ro jec t  Rand; and 
North American Aviation, Inc.  Additional performance ca l cu la t ions  f o r  
t h i s  propel lan t  covering a wide rarige of condi t ions were made a t  the 
NACA Lewis labora tory  as p a r t  of a s e r i e s  of ca l cu la t ions  on propel lan ts  
conta in ing  .the chemical elements hydrogen, f l uo r ine ,  and n i t rogen  
( r e f s .  1 and 2) t o  provide a ccmparison Ki th  the performance of o ther  
p rope l l an t s  based on t h e  same thermodynamic d a t  
time degree of accuracy, and t o  provide s e v e r a l  
v ious ly  published. 



Data were ca lcu la ted  on the  basis of equi l ibr ium composition dur- 
i n g  expansion f o r  four  chamber pressures and a wide range of fue l -  
oxidant  and expansion r a t i o s .  The performance parameters included are 
s p e c i f i c  impulse, combustion-chamber temperature, nozz le-ex i t  tempera- 
t u r e ,  equilibrium composition, mean molecular weight, c h a r a c t e r i s t i c  
ve loc i ty ,  c o e f f i c i e n t  of t h r u s t ,  r a t i o  of nozz le-ex i t  area t o  t h r o a t  
area, s p e c i f i c  hea t  a t  cons tan t  pressure,  c o e f f i c i e n t  of v i s c o s i t y ,  
and c o e f f i c i e n t  of t h e m 1  conductivity.  

A cor rz l a t ion  was made which permits t he  determination of s p e c i f i c  

Equations are given 
impulse, c h a r a c t e r i s t i c  ve loc i ty ,  and r a t i o  of nozz le-ex i t  aiea t o  
t h r o a t  a r ea  f o r  a wide range of chamber pressures .  
t h a t  permit t he  ca l cu la t ion  of spec i f ic  impulse f o r  nonisentropic  
expansion o r  f o r  change i n  hea t  content of t he  combustion gases using 
t h e  o r i g i n a l l y  ca lcu la ted  da ta .  

Severa l  addi t iona l  ca lcu la t ions  were made assuming f rozen  compo- 
s i t i o n  so that da t a  based on the assumptions of equi l ibr ium and f rozen  
composition during the  expansion process could be compared. 
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SYMBOLS 

The following synbols are used i n  t h i s  r epor t :  

number of equivalent  formulas (function of pressure  and  molecular 
weight; see r e f .  3) 

l o c a l  ve loc i ty  of sound, f t /sec 

c o e f f i c i e n t  of t h r u s t  

molar spec i f i c  hea t  a t  constant pressure,  cal/(mole) (%) 

s y e c i f i c  hea t  a t  constant  pressure,  ca l / (g )  (OK) 

s p c i f i c  heat. At, constant  volume, ca l / (g)  ( O K )  

charac te r  i s  t i c  veloc i t y  , ft /sec 

L . 
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cu 
hl m cu 
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acce le ra t ion  due t o  grav i ty ,  32.174 ft/sec2 

sum of sens ib l e  enthalpy and chemical energy, cal/mole 

sum of sens ib l e  enthalpy and chemical energy per  u n i t  w e i g h t ,  

, cal /g  i 
nM 

s p e c i f i c  impulse, lb-sec/ lb  

c o e f f i c i e n t  of thermal conduct ivi ty ,  calf  (sec) (cm) (%) 

molecular weight, g/mole 

number of moles; exponent 

p re s  sure  

p a r t i a l  p ressure  

hea t ,  cal /g  

universa l  gas constant (consis tent  u n i t s )  

equivalence r a t i o ,  r a t i o  o f  number of  f luo r ine  atoms t o  hydrogen 

atoms 

nozzle a rea ,  sq f t  

entropy, cal / (gl  (OK) 

temperature, OK 

r a t e  of flow, lb/sec 

3 
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P 

P densi ty ,  g/cu cm 

Sub scr i p t  s : 

C canbustion chamber 

e nozzle e x i t  

frozen composition assumed frozen 

coe f f i c i en t  of v i scos i ty ,  g/(cm) (sec) = poise 

m a x  

0 1 
S 

t 

X 

product of cornbustion 

maximum 

i n i t i a l  value 

constant pressure 

con s t a n t  entropy 

nozzle throat 

any p o i n t  i n  nozzle 

CALCULATION OF PERFOfiWCE DATA 

Calculat ions of t h e  performance da ta  were made with a B e l l  computer 
and an E M  Card-PrograIjxned Electronic  Calculator  as described i n  refer- 
ence 1. 
used f o r  t h e  ca l cu la t ions  are t h e  same as those of r e fe rence  1. 

The assumptions, thermodynamic da ta ,  and t r a n s p o r t  p rope r t i e s  

The products of combustion were assumed t o  be i d e a l  gases and 
included t h e  following substances: hydrogen f l u o r i d e  HF, hydrogen 
H2, nit rogen Nz, f luo r ine  F2, atomic f l u o r i n e  F, atomic hydrogen H, 

be 35.6 k i l o c a l o r i e s  per mole (ref. 4) .  
prope r t i e s  of t h e  p rope l l an t s  were taken from references 3 t o  6 and are  
given i n  table I. 

and atomic m < + r n n c l n  L , A u A v o u . .  N, The d i s soc ia t ion  energy of F2 was taken t o  
Physical and thermGchemicei 

Procedure f o r  combustion conditions.  - The following parameters 
were computed f o r  t en  equivalence r a t i o s  €or a chamber pressure of 
300 pounds p e r  square inch absolute  and f o r  f ive equivalence r a t i o s  for 
chamber pressures  of 150, 600, and 1200 pounds per  sqmre inch absolute: 
combustion temperature, equilibrium composition, enthalpy, mean 

I ,  

i 



4 

- 

N 
(0 
N 
0, 

A 
c 

* 
& 

c 

5 

molecular ve ight ,  de r iva t ive  of the logarithm of pressure with r e spec t  
t o  the  logarithm of  d e n s i t y  at  constant entropy 
constant  pressure,  c o e f f i c i e n t  of v i scos i ty ,  coe f f i c i en t  of thermal 
conductivity,  and es t ropy  of the  combustion products.  

ys, spec i f i c  heat a t  

Procedure f o r  e x i t  conditions.  - Equilibrium composition, m e a n  
molecular weight, p ressure ,  de r iva t ive  of t h e  logarithm of pressure  with 
r e spec t  t o  the logmi thm of dens i ty  a t  constant  entropy ys, enthalpy 
of t h e  products of combustion, s p e c i f i c  hea t  a t  constant pressure,  
coe f f i c i en t  of v i scos i ty ,  and coe f f i c i en t  of thermal conduct ivi ty  were 
computed f o r  each equivalence r a t i o  by assuming i sen t ropic  expansion 
for four assigned e x i t  temperatures se lec ted  t o  cover t h e  e x i t  pressure 
range f r o n  the  nozzle- throat  pressure t o  about 0 . 1 t o  0.3 atmosphere. 

In te rpola t ion .  - Parameters f o r  pressures  a t  and near the nozzle  
t h r o a t ,  f o r  pressures  of 2, 1, 0.5, 0.25, 0.125 atmosphere, and for 
pressures  corresponding t o  a l t i t u d e s  of lO,OOO, 20,000, 30,000, 40,000, 
acc! 50,000 feet  were in te rpola ted  by means of cubic equations between 
each p a i r  of the assigned e x i t  temperatures. The funct ions and their  
f irst  de r iva t ives  used i n  the in t e rpo la t ions  axe described i n  r e f e r -  
ence 1. 

TL:? e r r o r s  due t o  in te rpola t ion  were checked f o r  s eve ra l  cases .  
The values presented f o r  a l l  performance parameters appear t o  be cor- 
r e c t l y  in te rpola ted  o r  i n  e r ro r  at most by two o r  three u n i t s  i n  the  
l as t  place tabula ted .  

Formulas. - The formulas used i n  computing the  various parameters 
a r e  given i:: re fe rence  1 and are  s m a r i z e d  as follows: 

Spec i f ic  impulse, lb-sec/ lb  

I =: 2 9 4 . 9 8 F  

Throat a r e a  per  u n i t  f low r a t e ,  (sq f t ) ( s e c ) / l b  (pressure i n  a t m )  

1.3144 Tt 
St/w = PtMt a 

C haxac t e r  i s t i c  veloc i t y  , f t / sec  
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Coeff ic ient  of t h r u s t  

CF = fg/c* = 32.174 I/c* (4) 

Nozzle-exit a rea  per  u n i t  flow r a t e ,  (sq f t ) ( sec ) / lb  (pressure i n  a t m )  

R a t i o  of nozzle-exi t  area t o  throa t  area 

Speci f ic  hea t  a t  constant presscre ,  cal/(g) (%) 

(5) 

Derivat ive of t he  logarithm of pressure with respec t  t o  the  logarithm 
of d e n s i t y  a t  constant entropy 

cpi D i  
i 

Coeff ic ien t  of v i scos i ty ,  poise  

C o e f f i c i e n t  of thermal conductivity,  ca l / (  sec ) (cm) (OK) 

(9) 

. .  - . . . . . .  

k = p t p  + --) 5 R  
4 M  

When conposit ion i s  assumed - .  t o  be  frozen, t he  p a r t i a l  der iva t ives  
i n  equation ( 7 )  a r e  equal t o  zero an6 iiie par t ia l  dcriva- yi 

t i v e s  D i  and DA i n  equation (8) a r e  equal t o  --'r. There- 
f o r e ,  equations (7) and (8) become: 

yA 
(Cp)frozen 

Spec if i c  _hea t  a t  constant pressure a s s w i n g  frozen composition, 
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Derivat ive of t h e  logarithm of pressure with respec t  t o  t h e  logarithm 
of dens i ty  a t  constant entropy assuming frozen composition 

The values of v i s c o s i t y  and t h e m 1  conductivity f o r  mixtures of 
combustion gases calculated by means of equations (9) and (10) are 
only approximate. When more r e l i a b l e  t ranspor t  propert ies  f o r  t h e  var- 
ious  products of combustion become available, a more rigorous procedure 
for  computing t h e  proper t ies  of mixtures  may a l s o  be  j u s t i f i e d .  

TkORETICAL PERFORMANCE DATA 

The calculated values of the performance parameters spec i f i c  
imDulse, temperature, mean molecular weight, cha rac t e r i s t i c  ve loc i ty ,  
c o e f f i c i e n t  of t h r u s t ,  and r a t io  of nozzle-exit  a rea  t o  th roa t  area are 
given i n  tables 11 t o  N. For convenience, t he  parameters are tabu- 
l a t e d  as functions of a l t i t u d e  i n  tab le  I1 and as functions of expansion 
r a t i o  i n  table 111. As a n  a i d  t o  engine design, t he  values of the par- 

4 ameters within the  rocket  nozzle for  80, 90, 100, 110, and 120 percent  
of t h e  t h r o a t  pressure a r e  tabulated i n  t a b l e  IV. Equilibrium compo- 
s i t i o n ,  y,, spec i f ic  hea t  a t  constant pressure,  coef f ic ien t  of viscos-  
i t y ,  c o e f f i c i e n t  of thermal conductivity, and mean molecular weight i n  
t h e  combustion chamber and a t  assigned e x i t  temperatures are given i n  
table  V .  The mole f rac t ion  of F2 was not  t abu la t ed  i n  t a b l e  V, s ince  
it was always l e s s  than O.COO03 except a t  1600' K f o r  t he  equivalence 
r a t i o  r = 1.2,  where it was 0.00007, 0.00015, and 0.00030 f o r  t h e  
chamber pressures  of 300, 600, and 1200 pounds per square inch absolute ,  
respec t ive ly .  

P a r m e t e r s .  - The parameters are p lo t ted  i n  f igures  1 t o  13. 
Curves of spec i f i c  impulse f o r  various a l t i t u d e s  a r e  shown i n  f i g u r e  1 
p l o t t e d  aga ins t  weight percent fuel .  
impulse f o r  t h e  sea- level  curve i n  f i g n e  1(b)  i s  315.3 pound-seconds 
ger p m d  at 31.9 percent f u e l  by weight. 

The maximum value of spec i f i c  

The maximum values of spec i f ic  h p u l s e  and t h e  weight percentages 
a t  which they occur were obtained by numerical d i f f e ren t i a t ion  of the 
ca lcu la ted  values and a r e  shown i n  figure 2 as a function of a l t i t u d e .  
The maximum s p e c i f i c  impulse i n  f igure  2(b) increases 22 percent for  
a change in  a l t i t u d e  from sea l eve l  t o  50,000 fee t .  
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ComSustion-chamber temperature and nozzle-exi t  temperature for 
var ious a l t i t u d e s  are preseiited i n  figure 3 as func t ions  of weight per -  
cen t  f u e l .  
4411' K a t  27.7 percent  f u e l  by weight. 
pera ture  curves occur near the s toichiometr ic  ratio.  

The maximum cambustion temperature i n  f i g x e  3(b) is 
The maximms of t h e  e x i t  t em-  

Cha rac t e r i s t i c  ve loc i ty  and coe f f i c i en t  of  t h r u s t  are p l o t t e d  i n  
f i g u r e  4 and the r a t i o  of the area a t  t h e  nozzle ex i t  t o  the area a t  
t h e  t h r o a t  is p l o t t e d  i n  f igu re  5 aga ins t  weight percent  fuel. 

I 
I 

Curves of mean molecular weight i n  the combustion chamber and 
I nozzle e x i t  are p l o t t e d  aga ins t  weight percent  f u e l  i n  f i g u r e  6 .  

* t  

Curves of  s p e c i f i c  hea t  a t  constant pressure, c o e f f i c i e n t  of v i s -  
c c s i t y ,  and c o e f f i c i e n t  of thermal conduct ivi ty  f o r  s ix  pressures  are 
p l o t t e d  i n  f i g u r e s  7 t o  9 as functions of  w e i g h t  percent  fue l .  

Chamber pressure  e f f e c t .  - The values of t h e  parameters I, c*, 
and Se/St 
ear with t h e  logari thm of chamber pressure  f o r  a f ixed  equivalence 
r a t i o  and expansion r a t i o  ( fo r  example, see f i g .  10). It was t he re fo re  
poss ib le  t o  c o r r e l a t e  t hese  da t a  for  chamber pressure  e f f e c t s  according 
t o  t h e  following equations t o  the  accuracies  indicated:  

(or the  logwithma of these parametera) are very near ly  l in ;  

= I300 (" 300 )" (20.06 percent)  

= 3.00 (" 300 ," (90.07 percent)  

n 
'Jst = !Se/St)300 (z) (A0.3 percent )  

a t  300 pounds per square inch absolute,  P, 
absolute ,  find n is an exponent given as a funct ion of fuel-oxidant  
&nd expansion r a t i o s  fo r  each parameter. The values  of  n shown i n  
f i g u r e s  li to 15 i i e Y E  ~ c q x t e C !  from the values  of t h e  parametera f o r  
t h e  vmious  chamber pressures .  However, values of n f o r  s p e c i f i c  
impulse can a l s o  be ca lcu la ted  f r c m  da t a  f o r  a s i n g l e  chamber pressure  
by means of equation (58) derived i n  t h e  appendix. A l l  the d a t a  given 
i n  t h i s  report f o r  I, c*, and Se/St are co r re l a t ed  i n  f i g u r e s  11 
t o  13. 

is  i n  pounds pe r  square i n c h  

As an i l l u s t r a t i o n  of the  use of t hese  curves, suppose it is 
des i red  t o  obta in  t h e  values of I, c*, and Se/St f o r  a combustion 
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pressure of 800 pounds per square inch absolute  and an expansion r a t i o  
of 150 a t  30 percent f u e l  by weight. 
t o  13 axe: 

The values read from f igu res  11 

n = 0.0072 1300 = 380 

c ? ~  = 7090 n = 0.0141 

Se/St = 17.3 n = -0.042 

Using these values i n  equations (13) t o  (15) gives 
= 7189, and 

1800 = 383, * 
(Se/St)eoc, = 16.6 

Change i n  heat  content of propellant gases. - The r e s u l t s  pre- 
sented i n  t h i s  r e p o r t  a r e  computed fo r  adiabat ic  combustion with pro- 
p e l l a n t s  a t  the  i n i t i a l  temperature indicated.  
content of the  combustion gases i n  t h e  combustion chamber (vhich would 
r e s u l t ,  fo r  example, from heat Loss i n  t he  combustion-chamber o r  i n t ro -  
duction of the propel lants  at  a teolperature o ther  than t h e  one ind l -  
ca ted)  , t he  corresponding specif ic  impulse assuming i sen t ropic  expansion 
and the  same combustion and e x i t  pressures as i n  t h e  i n i t i a l  calcula-  
t i o n s  may be obtained from the  following equation: 

For a change i n  heat  

where Ah, 
t h e  combustion chamber, 

i s  the change i n  h e a t x o n t e n t  of t he  combustion gases i n  

B = 87.0132 (1 - z)o 
67.0132 Te 

= T ( G ) o  [& - 
and the  subscr ipt  o 
change i s  made. 
appendix. 

ind ica tes  the  v a h e s  of the  parameters before  t h e  
The der ivat ion of t h i s  equation is given i n  the 

For e x a q l e ,  essume t h a t  the enthalpy of the  propel lant  gases fcl- 

used i n  these  calculat ions f o r  the  s toichiometr ic  mixture r a t i o  
lowing combustion is 100 ca lor ies  per -am l e s s  than the i n i t i a l  value 
of h, 
a t  a chamber pressure of 300 pounds per square inch absolute  
(ah, = - 100). 
of I and T obtained from e i the r  t a b l e  111 (b) o r  f igu res  l (b)  and 
3(b) and the values of obtained from f igu re  7(b) are as follows: 

For an expansion r a t i o  of 20.41 (Pe = 1 a t m ) ,  t h e  values 

cp 
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I, = 314.3 lb-sec/lb 

TctO = 4394' K 

= 3239' K Te ,o 

(cp)c ,o = 1.958 cal/(g)(%) 

(Cp)e,o = 1.122 c a l / ( g ) ( % )  

These values y i e l d  t h e  following: 

1: = 93,784 

B = 22.87 

C = -0.00278 

By equation 16, 

I2 = 98,784 + 22.87 (-100) + (-0.00278) (10,000) 

= 98,784 - 2,287 - 28 =-96,469 
I = 310.6 lb-sec/lb 

Equation (16) was applied t o  a s p e c i f i c  case having a Ahc of 
250 c a l o r i e s  pe r  gram am3 resu l t ed  i n  an e r r o r  of less  than 0.1 pound- 
second p e r  pound i n  spec i f i c  impulse. 
magnitudes of t h e  successive terms in  t h e  series may be used t o  es t i -  
mate the approximate magnitude of the  e r r o r .  

For other cases, t h e  re la t ive 

Nonisentropic expansion. - For design of rocket  engines and f o r  
co r rec t ion  of experimental r e s u l t s  f o r  hea t  loss  from t h e  nozzle of 
experqaental  engines, a need e x i s t s  f o r  performance d a t a  assuming non- 
i s en t rop ic  expansion. 
t r o p i c  expansion through the nozzle cannot be computed u n t i l  s u f f i c i e n t  
information is ava i l ab le  t o  deternine t h e  heat rejection from the nozzle  
q nnd the entropy change during expansion As. When s u i t a b l e  informa- 
t i o n  i s  a v a i l a b l e  t h e  computation of performance i s  p o s s i b l e  with tke  
a i d  of an enthalpy-entropy diagram or  by use of an equation such as the 
following one using d a t a  calculated f o r  i s en t rop ic  expansion : 

I n  general ,  the  performance assuming nonisen- 

I2 = it - 87.0132 q + Te,o(As) + 

This equation is derived i n  t h e  appendix. 
{ 
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The use  of equation (17) is  i f l Q s t r a t e d  by h p o s i n g  an a r b i t r a r y  
r e l a t i o n  between q and As by assuming that a l l  the heat q 4,s 
removed from t h e  nozzle t h r o a t  a t  constant  pressure.  
metr ic  mixture r a t i o  a t  a chamber pressure of 300 pounds per  square 
inch absolu te  and an expansion r a t i o  of 20.41, the values  of 
obtained from t a b l e  N ( b )  and of' obtained from figure 7(b) m e  
as follows : 

For the  s to i ch io -  

Tt 
(cpIt 

Tt = 4163' K 

( C p l t  = 1.860 cal / (g)  (OK) 

If q = 100 c a l o r i e s  p e r  gram, then by equation (44) of t he  appendix, 

As P -0.02402 - 0.00016 = -0.02418 cal/(g)(%) 

This  value of As, the value assumed f o r  q, and t h e  values  of Io, 
Te,o, and given i n  the previous example are used i n  equa- 
t i o n  (17) t o  give the fol lowing r e s u l t :  

(Cp)e,o 

I2 I 98,784 - 87.0132 + 3239 (-0.02418) + 2887 

= 98,784 - 87.0132 (100 - 78.32 + 0.84) = 96,824 

I e 311.2 lb-sec/ lb  

Frozen composition. - I n  order t o  compare da t a  based on the  assump- 
t i o n s  of equi l ibr ium and frozen composition during t h e  expansioli pro- 
ces s ,  s eve ra l  add i t iona l  ca lcu la t ions  were made assuming frozen com- 
pos i t ion .  
equi l ibr ium data f o r  the s toichiometr ic  equivalence r a t i o  and for  t w o  
expansion r a t i o s .  The percentage d i f fe rences  i n  these parameters for  
f rozen  and equilibrium composition are considerably higher f o r  the 
expansion r a t i o  of 163.3 than f o r  the expansion r a t i o  of 20.41. 

These are presented i a  t a b l e  V I  together  with corresponding 

I 

f 

For a combustion pressure of 300 pounds pe r  square inch absolu te  
and an e x i t  p ressure  of 1 atmosphere, t h e  values of maximum s p e c i f i c  
impulse are 315.3 pound-seconds per pound a t  31.9 percent  fuel by weight 
f o r  cqcE!.tbri1~~ Fernpsi t ion during expansion and 292.2 pound-seconds 
p e r  pound a t  32.5 percent  f u e l  by w e i g h t  f o r  frozen coinpositfon duririg 
expansion. 

I 
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SUMMARY OF RESULTS 

Theore t ica l  ca l cu la t ions  of t he  performance parameters of l i q u i d  
hydrazine w i t h  l i q u i d  f luo r ine  were made f o r  a wide range of chamber 
pressures ,  expansion ra t ios ,  and fuel-oxidant r a t i o s  and yielded t h e  
following r e s u 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, t he  maximum 
spec i f i c  impulse was 315.3 pound-seconds per  pound a t  31.9 percent  f u e l  
by w e i g h t  f o r  equilibrium composition during expansion and 292.2 pound- 
seconds pe r  pound a t  32.5 percent  f u e l  by  weight for frozen composition 
during expansion. 

2. The m a x i m  combustion temperatures ca lcu la ted  f o r  chamber pres-  
su res  of 150, 300, 600, and 1200 pounds pe r  square inch absolute  were 
4260°, 4411°, 4539O, and 4687' K, respec t ive ly .  

3. The percentage d i f fe rences  in  the parameters s p e c i f i c  impulse, 
coe f f i c i en t  of t h r u s t ,  r a t i o  of nozzle-exit  m e a  t o  t h r o a t  area, e x i t  
temperature, and e x i t  mean  molecular weight due t o  the assumption of 
frozen o r  equi l ibr ium composition during expansion are considerably 
higher  f o r  the expansion r a t i o  of 163.3 than f o r  t he  expansion ra t io  
of 20.41. 

4.  A l l  the da ta  presented i n  this r e p o r t  f o r  s p e c i f i c  impulse, 
c h a r a c t e r i s t i c  ve loc i ty ,  and r a t i o  of nozzle-exi t  area t o  th roa t  area 
have beeD co r re l a t ed  fo r  chamber-pressure e f f e c t  i n  f i g u r e s  11, 12, and 
13, respec t ive ly .  

5. An equation i s  given for computing the change i n  s p e c i f i c  
impulse r e s u l t i n g  from a change i n  t h e  heat  content  of  t h e  combustion 
gases.  

6. An equation is given for computing t h e  value of s p e c i f i c  impulse 
f o r  a nonisentropic  expansion from d a t a  f o r  i s en t rop ic  expansion. 

Lewis F l i g h t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Apr i l  9, 1955 
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APPEND= - DERIVATIONS OF EQUATIONS FOR NOrJlDEAL PERFORMANCE 

AND FOR EXPONENT IN PRESSURE COIiRELATION 

A l l  t h e  d a t a  presented i n  t h i s  r epor t  were computed on the assump- 
t i o n s  of ad iaba t ic  combustion and i sen t ropic  expansion wi th  propel lants  
a t  t h e  i n i t i a l  temperature indicated.  
assumptions on an  enthalpy-entropy diagram. 
these  i d e a l  ascumptions a r e  no t  r ea l i zed .  
f o r e ,  which permit using the  data i n  t h i s  r epor t  t o  compute spec i f i c  
ibpulse  f o r  a change i n  the enthalpy of t he  propel lan t  gases (eq. (29), 
see f i g .  15), o r  f o r  nonisentropic expansion (eq. (37), see f i g .  16);  
o r  t o  compute t h e  change i n  entropy f o r  a change i n  enthalpy along a 
constant  pressure l i n e  (eq. (44), see f i g .  17). 

Figure 14 i l l u s t r a t e s  these  
I n  p rac t i ce ,  however, 

Eqcations are derived, there-  

Correction of s p e c i f i c  impulse f o r  a change i n  enthalpy of propel- 
l a n t  gases. - A s  may be seen from figure 15, he 
f o r  i sen t ropic  expansion f r o m  a f ixed  chamber pressure t o  a f ixed e x i t  
pressure,  

is a mncticn of & 

he = f(hc) (19) 

Expanding t h i s  f'unction i n  a Taylor 's  s e r i e s  and neglect ing a l l  
de r iva t ives  higher than t h e  second y i i l d  

(20) 

For constant pressure,  

dh i T de 

For i sen t ropic  expansion, 

The r e l a t i o n s  i n  equatioils (21), ( 2 2 ) i  and (23) a r e  used t o  obtain 
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S u b s t i t u t i n g  equations (19), (24), and (25) i n t o  equation (20) gives 

From equation (1)) 

By def ini t ion,  

I2 = 87.0132 (hc - &) (27) 

llhc = hc - hc,o (28) 

S u b s t i t u t i n g  equations (26) and (28) i n t o  ecpation (27) r e s u l t s  i n  

By use  of equation (27) t h i s  may be expressed 

Equation (29) is  i d e n t i c a l  t o  eqdation (16) i n  the Text. 



Correction of s p e c i f i c  impulse f o r  nonisentropic expansion. - As 
maybe seen from f i g u r e  16, he is  a function of se f o r  conisentropic 
expansion, s ince  he and se must l i e  on the l i n e  P,. 

he = f(se) (30) 

Expanding t h i s  function i n  a TaylGr's series and neglect ing a l l  der iv-  
a t i v e s  higher  than t h e  second give 

For constant  pressure,  
dh  
dS 

ft(s)  = - = T 

d2h dT T 
ds  cp ds2 

f"(s) = - = - =I - 

S u b s t i t u t i n g  equations (32) and (33) i n t o  equation (31) y i e l d s  

+ (Te,o) As + [e-] <as,2. 2 
Cp)e o he = he,o 

(33) 

(34) 

When equation (27) is  modified t o  account f o r  heat 
expansion, the r e s u l t  is  

q l o s t  during 

I2 = 87.0132 (hc - he - q) (35) 

Taking hc,o = hc and s u b s t i t u t i n g  equation (34) i n t o  equation (35) 

Equation (27) i s  used to express t h i s  as 

Equation (37) i s  i d e n t i c a l  t o  equation (17) i n  the tex t .  

- Change of entropy f o r  change of heat along a constant pressure - l i n e .  - A s  may be seen from f igu re  17, f o r  a chmge i n  enthalpy along 
any l i n e  of constant  pressure P,, 
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sx = f($) (38) 

Expanding t h i s  function i n  a Taylor 's  series and neglect ing a l l  deriva- 
t i o n s  higher than t h e  second r e s u l t  i n  

For.constant pressure,  

as 1 f ' (h)  = - = - 
dh T 

d2s '($) -1 dT -1 
dh2 T2 T2cp 

f"(h) = - = - =: - - = - 

(39) 

Equations (38), (40), and (41) 
give 

are subs t i t u t ed  i n t o  equation (39) t o  

When t h e  change i n  enthalpy a t  constant pressure Px i s  due t o  
removal of hea t  q from t h e  system, 

q =  -Ah (43) 

(Addition of hea t  would ccrrrsepond t o  negative 9.) 

With the a i d  of equation (43), equation (42) becomes 

(44) 

An example i s  given i n  t h e  t e x t  of t h e  use of t h i s  equtition when 
a nonisentropic expansion i s  approxirated by 8,ssuming t h a t  t h e  hea t  is 
remcxec? a+ n_l! a_vpyagP rrpssiire. 

Equation (44) may a l s o  be used t o  obtain add i t iona l  po in t s  on t h e  
constant-pressure l i n e s  of an enthalpy-entropy diagram. 

Calculation of chamber pressure co r re l a t ion  exponents. - I n  t h e  
general  notat ion,  equation (13) may be wr i t t en  
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(45) 
. 

Values of n t o  be used i n  equation (45) for obtaining s p e c i f i c  
impulse a t  any chamber pressure 
a t  an i n i t i a l  chamber pressure 
equivalence r a t i o  may be obtained as follows: 

P, 
Pc,o 

from the value of s p e c i f i c  impulse 
f o r  the same expansion ra t io  and 

From equations (27) and 
(45) J N 

(0 
N 
aD 

I2 = 87.0132 (he-he) 

D i f f e ren t i a t ing  equation (46) with r e spec t  t o  P, gives 

2n-1 

(47) 

Since h, is constant,  

dh, = 0 (48) 

Subs t i t u t ing  equations (46) and (48) i n t o  equation (47) y i e l d s  

or 

Since entropy s may be expressed as a f'unction of P and h, 

and 

b u b s t i t u t i n g  equation (48) i n t o  equation (SO) r e s u l t s  i n  
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dsc = dPc 

For i s en t rop ic  expansion dse : ds,; t he re fo re  from equat ions (51) and 
(52) Y 

= (””‘) dPc - (5) dP, 
hc ape he 

For cons tan t  expansion ra t io ,  

Subs t i t u t ing  equation (54) i n t o  equation (53) g ives  

S u b s t i t u t i n g  i n t o  equation (55) the thermodynamic i d e n t i t y  of 
equation (40) and t h e  following i d e n t i t y  

g ive  

or 

(53) 

Equation (57) is  subs t i t u t ed  i n t o  equation (49) t o  y i e ld  



NACA RM E53E12 

1 163-3 

- 87.0132 'c [,.g,:18 Te ( 1 - 1 1 
M , M ,  

n -  - 
I2 

(from 
eq* (58)) 

0.01240 

O.OO966 

0.00804 

or 

lb/sq i n .  abs ( d i r e c t  com- 
putat ion)  , 
lb - s ec/lb 

150 311.53 
300 314.27 
600 316.92 
1200 319.45 

150 361.27 
300 363.80 
600 366.16 
1200 368.33 

150 380.48 
300 382.72 
600 384.76 
1200 386.62 

- 

19 

The following tab le  presents  values of n computed by means of 
equation (58) f o r  the  stoichiometric mixture r a t i o  f o r  a chamber pres- 
sure  PC!O of 300 pounds per square inch absolute.  Also presented is 
a comparison of the  values of spec i f ic  impulse a t  other  chamber pres-  
sures  computed d i r e c t l y  and computed by means of equation (45) from 
these  values of n and 130. 

. 

20.41 

el. 65 

n I pc,  I 
(from 

l b  - se  c/lb 
eq= (45)? 

311.58 

316.98 
319.72 

361.37 

366.24 
368.70 

-----e 

------ 

380.59 

384.86 
387.01 

Error  
in I, 

lb-sec/lb I 
------I 

Equations similar t o  equation (58) may be derived f o r  evaluat ing 
the exponent n for  c* and S /St; however, these equations are 
omitted inasmuch as GieY iii-v-olvcepz-tial derivnt.ives which have not 
been tabulated i n  t h i s  r epor t .  
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Fuel i n  propel lant ,  percent  by weight 

( a )  Combustion-chamber pressure ,  150 pounds per square inch a b s o l u t e .  

Figure 1 .  - Theoret ica l  s p e c l f l c  imp?llse of l l q u i d  hydrazine with llquld 
f l u o r i n e .  
riurn compos 1 t ton. 

Isentropic  expansion t o  a l t i t u d e  indicated assuming e q u i l l b -  
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. - .  
. . .. ....r.. 1. 

Fuel i n  propel lant ,  percent  by weight  

( b )  Combustion-chamber pressure, 300 pounds per  square inch a b s o l u t e .  1 

Figure 1 .  - Continued. Thenret ica l  s p e c l f l c  impulse of l i q u i d  hydrazine with  l i q u i d  fluorine. 
I s e n t r o p i c  expansion t o  a l t i t u d e  indicated assuming equi l ibr ium composition. 
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0 .  

(e)  Combustion chamber &censure, 600 pounds per square inch abaolutc. 

f lpre  1. - Continued. Theoretical specific ircpulse of liquid hy&-azine v i t h  liquid 
fluorine. Isentropic expansion to altitude indicated aasuming equilibrlru 
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(d) Combustion-chamber pressure, 1200 pounds per square inch absolute. 

Fl- 1. - Concluded. Theoretical sptclflc lmpulee of liquid hydrazine vith l lquid 
Isentropic expansion to altitude indicated aesmlng equllibrlun fluorine. 

:ompoeltion. 
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Figure 2 .  - Maximum theoretical  s p e c i f i c  impulse and corre- 
epsnding -4eight percent f u e l  i n  propellant of l iquid 
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altitude indicated aesruFi3g equilibrium composition. 
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Altitude, it 

(b)  Combustion-chamber pressure, 300 poundfi per 
square inch absolute. 

Figure 2 .  - Continued. Maximum theoretical  s p e c i f i c  impulse 
and corresponding weight percent fuel i n  propellant of liquid 
hydrazine with l iquid fluorine. 
tude indicated aesuming equilibrium composition. 

Isentropic expansion to  altl- 
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(c)  Combustion-chamber pressure,  600 pounds p e r  
--..--- 4 - - h  o h m n l ~ t t - .  D y u o r s  * L A C . .  

Figure  2.  - Continued. Maxlmum t h e o r e t i c a l  s p e c i f i c  Impulse 
and corresponding weight percent . fue1 in propel lan t  of l i q u i d  
hydrazine w i t h  l l q u i d  f lqorine.  
alti+,ude indica ted  assuming equi l ibr ium composition. 

I sen t ropic  expansion t o  
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i 

Altitude, f t  

(a) Combustion-chamber pressure, 1200 pounda 
per square iach absolute. 

Figure 2 .  - Coccluded. Maximum theoret ica l  
spec i f ic  impulse and corresponding weight 
percent f u e l  i n  propellant of l iquid 
hydrazine with l iquid fluorine. Isen- 
tropic expansion t o  altitude indicated 
assumicg equilibrium composition. 
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Fuel i n  propellant, percent by weight 

(a) Combustion-chamber pressure, 150 pounds per square inch absolute. 

Figure 3. - Theoretical combustion-chamber temperature and nozzle-exit temperature of 
l iquid hydrazine with l iquid fluorine. 
assmlng equllibrlum composltioa. 

Isentropic expansion t o  altitude indicatsd 
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Y 

c: 

m e 1  in propeiianc. perceni by neiw-ii 

(b) Combustion-chamber pressure, 300 pounds per square inch absolute. 

Figure 3. - Continued. Theoretical combustion-chamber temperature and nozzle-exit tempera- 
ture of llquid hydrazlne with llquld fluorine. Isentropic expansion to altitude indicated 
assuming equilibrium composition. 

I 
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File1 i n  propellant, percent by weight 

(c)  Combusticn-chamber presaure, 600 pounds per aquare inch absolute. 

Figure 3. - Continued. Theoretical combustion-chamber temperature and nozzle-exit 
temperature of ltquid hydrazine with l iquid fluorine. 
altitude indicated asaming equilibrium CCJmDO8itiCU. 

Isentropic ex2aneion t o  
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(d) Combuetion-chamber preasurc, I200 pounds 3er square inch absolute. 

Figure 3. - Concluded. TheoretlcRl combustion-- * .’ -7 temperature and nozzle-exlt 
kmperature of liquid hydrazine with liquid f;- ::nc. 
altitude indicated aseuming equlltLtlum comp.,e?tzci,. 

Isentropic expansion to  
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(a) Combustioe-chrrmber p r e s s w ,  E O  p o d  per square inch absolute. 

~ 1 - e  4. - Theoretlcal characteristic velocity and coefrlcient or thrust of liquid 
hydrazine with liquid fluorine. 
equilibrim compolItiOU. 

Isentropic expansion t o  altitude Indicated aslmlng 
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_ -  
Fuel I n  propel lant ,  percent  by weight  

( b )  Combustion-chamber'pressbre, 300 pounds per  square inch a b s o l u t e .  

60 

- Continued. 

l n g  equl  1 lbrlum c onpos 1 t l o n .  

T h e o r e t i c a l  c h a r a c t e r l s t l c  v e l o c l t y  and c o e f f i c i e n t  O f  t h r u s t  O f  
F i ~ ~ ~ i ~ . ; - , y ; r a z : ~ c  :it!? ?I?~2i?ir! f l u o r i n e .  I s e n t r o p i c  expansion t o  a l t i t u d e  i n d i c n t e d  asaum- 



57 

Fuel in propellant, percent by veight 

(e) Combustion-chamber presiure, 600 pounds per square inch absolute. 

F i g w  4. - Continued. Theuretlcal characteristic velocity and coefficient of thrust 
of liquid hydrazine with liquid fluorine. 
cated aeeuming equilibrium ccmgC8itlOn. 

Isentropic expaneion to altitude indi- 
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c 

1 -- 
Fuel i n  propellant, percent by veight 

(d) Combustion-cbamber pressure, 1200 pounds per square inch absolute. 

Figure 4.  - Concluded. Theoretical characteristic velocity and coefficient of thrust 
of ltquld hydrazine with liquid fluorine. 
cated assming equilibrium camporition. 

Isentropic upawlon to altitUde indl- 
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(a) Cosbuation-chamber pressure, U O  pounds per square inch absolute. 

Figure 5. - Theoretical rat108 Of nozzle-exit area to throat area for liquid hydrazine 
-6::'~ ::;-id i l ~ r i n e .  
rium composition. 

Tsentropic expansion to altltude indicated assuming equilib- 
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h e 1  In p r o p e l l a n t .  p e r c e n t  by we luht  

( b )  Combustion-chamber presuure,  300 pounds per  square  i n c h  a b s o l u t e .  

F i g u r e  5 .  Continued.  T h e o r e t i c a l  r a t l o s  o f  n o z z l e - e x i t  a r e a  t o  t h r o a t  a r e a  for l l q u l d  
hydrpc lne  w i t h  l i q u i d  f l u o r i n e .  
e q u l l i b r l u m  c o m p o s i t i o n .  

I s e n t r o p i c  e x p a n s i o n  t o  a l t i t u d e  l n d i c a t e d  assLm1ng 
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(c) Combustion-chamber pressure, 600 pounda per square lnch absolute. 
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e Altitude, 
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Fuel i n  propellant, Cercent by weight 

(d) Codoution-chamber pressure, 1200 pounds per square inch absolute. 

Figure 5.  - Concluded. Theoretical rat ios  of nozzle-exit area t o  throat area for 
liquid hydrazine with liquid fluorine. Isentropic expanslon to alt i tude indicated 
arrnurnlng equilibrium composltlon. 
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Fuel in propellant, percent by weight 

(a) Coxbustion-chamber pressure, 150 pourds per square inch absolute. 

F:gi~'c 6. - Th.c=re?ic=l =e" rnelecs1nr vef.&+ I n  cm.hiiatlon rhRmbcr and at nozzle 
exit for  liquid hydrazine with l i q u i d  fluorine. 
indicated a s s d n g  equilibrium composition. 

Isentropic expansion to altitude 
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Figure 6.  - ContlnLed. Theoretical nkean Eolecular welght i n  com5ustlon chamber acd at 
nozzle e x i t  for l iquid hydrazine with l iquid fluorine. 
?-.'e inr?ics.+td saal ldng w-ullibrium conposition. 

Iecntropic expmslon to altl-  
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- I  

Figure 6. - Concluded. Theoretical mean moleculsr weight in combustion chamber and at 
nozzle e x i t  for  l iqu id  hydrazine with liquid fluorine. 
alt i tude indicated assuming equilibrllm composition. 

Isentropic expansion to 
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24 a 32 36 40 44 40 52 
Fuel in propellant, percent by weight 

(a) Combustion-chamber pressure, 150 pounds per square inch absolute. 

Figure 7. - Theoretical specific heat at constant pressure of combus- 
tion products (including energy of dissociation) of liquid hydrazine 
with liquid fluorine. Isentropic expansion to pressures indicated 
assuming equilibrium composition. 
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Fuel In propellant, percent by weight 

(b) Combustion-chamber pressure, 300 pounds per square Inch absolute. 

Figure 7 .  - Continued. Theoretical spec1fic .heat  at constant pressure of combustion 
products (including energy of d l s s x l a t i o n )  of l iquid hydrazine with l iquid fluorine. 
Isentropic expansion t o  pressures indicated assuming equllibrlum composition. 
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Fuel i n  pmpel lant ,  percent by weight 

(c)  Combustion-chamber presmre ,  600 pounds per square inch absolute. 

Figure 7. - Continued. Theoretical spec i f ic  heat at constant pressure 
of combustion products (including e n e r a  of dissociat ion)  of l iquid 
hydrazine with l iqu id  f luorine.  
indicated assuming equilibrium composition. 

Isentropic  expansion t o  pressures 
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24 28 32 36 40 44 40 52 

Fuel i n  propellant, percent by weight 

(d) Combustion-chanber pressure, 1200 pounds per square inch absolute. 

Figure 7 .  - Concluded. Theoretical spec i f ic  heat at  constant pressure 
of combiistion products (including energy of dissociat ion)  of l iquid 
hydrazine with l iquid fluorine. 
indicated assuming equilibrium composition. 

Isentropic expansion t o  pressures 
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24 28 32 36 40 44 48 52 
Fuel in propellant, percent by weight 

(a) Combustion-chamber pressure, 150 pounds per square inch absolute. 

Figure 8. - Theoretical coefficient of viscosity of combustion products 
of liquid hydrazine with liquid fluorine. Isentropic expansion to 

. pressures indicated assuming equilibrium coEposition. 
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(b) Combustion-chamber pressure, 330 pour,ds per square inch absolute. 

Figure 8. - Continued. Theoretical coefficient of viscosity of co~bustion products of 
liquid hydrazine with liquid fluorine. 
assuming equilibrium composition. 

Isentropic expansion to pressures indicated 
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Fuel i n  propellant, percent by weight 

(c )  Combustion-cbmber pressure, 600 pounds per square inch absolute. 

Figure 8. - Continued. Theoretical coeff ic ient  of viscosity of combus- 
t i o n  products of l iquid hydrazine with l icuid  fluorine. 
expansion t o  pressures indicated asouming equilibrium conposition. 

Isentropic 
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Fuel in propellant, percent by veight 

(a) Cox?mstion-che!nber pressure, 1200 pounds per square inch absolute. 

F3g11-e A. - Concluded. Theoretical coef f ic ient  of viscosity of com- 
bustion products of l iquid hydrazine with l iquid fluorine. 
tropic ex2ansion t o  pressures indicated assuming equilibrium 
composition. 

Isen- 



. 

75 

. 
Y 
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Fuel in propellant, percent by weight 

(a) Combustion-chamber pressure, 150 pounds per sqilare inch absolute. 

Figure 9. - Theoretical coerricient of thermal conductivity of combus- 
tion products of liquid hydrazine with liquid fluorine. 
expansion to pressures indicated assuming equilibrium composition. 

Isentropic 
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Fuel in  propellant, percent by veight 

(b) Combustion-chamber pressure, 500 pounds per square inch absolute. 

Figure 9.  - Continued. Theoretical coefficient of therm1 conductivity of combustion 
products of l iquid hydrazine v i th  liquid fluorine. 
indicated assuming equilibrium compoeitlon. 

Isentropic expansion to pressurea 
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26 30 34 38 42 46  54 
Fuel in  propellant, percent by weight 

( c )  Combustion-chamber pressure, 600 pounds per square inch abeolute. 

Figure 9. - Continued. Theoretical coeff ic ient  of thermal conductivity 
of combustion products of liquid hydrazine with Liquid fluorine, 
Isentropic expansion t o  pressures indicated assuming equilibrium 
composition. 
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Re1 i n  propellant,  percent by weight 

(d)  Combustion-cha~ber pressure,  1200 pounds per square inch absolute.  

Figure 9. - Concluded. 
of combustion products of l i qu id  hydrazine with l i qu id  fluorine.’ 
Isentropic  expansion t o  pressures indicrrted assuming equilibrium 
ccmpos it ion. 

Theoret ical  coe f f i c i en t  of thermal conductivity 
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Figure 11. - Theoretical specific Impulse for chamber pressure of 
3% 2~1~~13s per sn_l.are inch absolute and exponent 

I = I 
Isentropic expansion to expansion ratio indicated assuming equili-  
brium composition. 

n for equation 

( P ~ / ~ o o ) ~  for liquid hydrazine with liquid fluorine. 300 
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Fuel i n  propellant,  percent by weight 

Figure 12. - Theoret ical  c h a r a c t e r i s t i c  veloci ty  f o r  chamber pressure of 
300 pounds p e r  square inch absolute and exponent 

c* = c k o  (Pc/300)n f o r  liqi*.id hydrazine with l i q u i d  f luor ine .  

t r o p i c  expansion t o  nozzle throat  assualng equilibrium composition. 

n for equation 

Ise:. 
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Fuel i n  propel lan t ,  p e r c e n t  by welght  

F lgure  13. - Theore t ica l  r a t i o  of n o z z l e - e x i t  area t o  t h r o a t  area for 
chamber p r e s s u r e  of 300 pounds p e r  square  inch  a b s o l u t e  and exponent 
n f o r  equat ion  Se/St = (Se/St)300 (PJ300)" f o r  l i q u i d  hyd-azine 
wi th  l i q u i d  f l u o r i n e .  I sen t ropic  expansion t o  expansion r a t i o  l n d i -  
i: a t r d  CIY Y urriirig equi  i ibrium c: w m p o j  i iL on. 
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Figure 14. - Adiabatic combustion and ieen- 
tropic expsnsion from Pc t o  Pea 

Figure 16. - IVonieentropic expension from 
P, t o  Pe. 

Figure 15. - .Loss of heat i n  corhurr- 
t ion chamber followed by isentropic 
expansion from Pc to Pee 

Entropy, 8 ,  cal/(g) (OK) 

Figure 17. - Adiabatic combuStlan and 
isentropic expansion from P, t o  
P,; rmoval of heat q a t  constant 
P,; isentropic expansion from Px 
to P,. 


