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SUMMARY 

The improvement i n  mission performance as a r e s u l t  of t h e  addi t ion  of up 
t o  30 percent f l u o r i n e  ( f l o x )  t o  t h e  oxidant w a s  calculated f o r  severa l  NASA 
launch vehicles .  Results a r e  presented primarily f o r  t h e  Atlas-Centaur- 
Surveyor mission with f l o x  i n  t h e  A t l a s  s tage .  
t h e  use of f l o x  i n  t h e  f i rs t  s tage of the  Atlas-Agena, Thor-Agena, and Saturn V 
vehicles  f o r  t h e  EGO, Nimbus, and Apollo missions, respect ively.  The use of 
f l o x  i n  t h e  A t l a s  s tage of t h e  Atlas-Centaur vehicle  i s  compared b r i e f l y  with 
t h e  use of an addi t iona l  upper s tage or a l t e r n a t e  launch vehicles  (Ti tan  I1 - 
Centaur and Saturn I B  - Centaur) f o r  t h e  Surveyor, Synchronous Orbi t ,  and 
0.20 AU Solar Probe missions. 

Results a r e  a l s o  presented f o r  

The calculated increase i n  payload as a r e s u l t  of f l u o r i n e  addi t ion  t o  t h e  
oxidant i s  dependent on t h e  s p e c i f i c  launch vehicle  and t h e  mission. For t h e  
Atlas-Centaur-Surveyor mission, t h e  use of 30 percent f l o x  i n  t h e  A t l a s  r e s u l t s  
i n  a payload increase of approximately 750 pounds. This increase i n  mission 
capabi l i ty  i s  a d i r e c t  funct ion of t h e  assumed engine performance, which i s  
based on very l imited experimental data .  
f l o x  follows frozen-expansion charac te r i s t ics ,  however, t h e  payload increase a t  
30 percent f l o x  i s  560 pounds. 

Even i f  t h e  engine performance with 

INTRODUCTION 

Continuing emphasis on improving launch vehicle  capabi l i ty  has generated 
an i n t e r e s t  i n  t h e  use of l i q u i d  fluorine-oxygen ( f lox)  m i x t u r e s  as an oxidant 
f o r  various NASA launch vehicles.  Subst i tut ion of f l o x  f o r  l i q u i d  oxygen ( lox)  
i n  appropriate  launch vehicles  is  poten t ia l ly  a very e f f e c t i v e  means of extend- 
ing t h e i r  mission capabi l i ty .  
contracts  with industry t o  es tab l i sh  the  compatibility of f l o x  with e x i s t i n g  
launch vehicle  hardware and t o  define more precisely the  propulsion improve- 
ment.~ ava i lab le .  

The i n t e r e s t  i n  f l o x  is  present ly  manifested i n  

Preceding t h i s  experimental e f f o r t ,  mission analyses were 
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conducted at t h e  Lewis Research Center t o  determine t h e  increased mission capa- 
b i l i t y  poten t ia l ly  ava i lab le  through t h e  use of f l ox .  
some of t h e  Lewis s tud ies .  

This repor t  summarizes 

Bnphasis here in  will be on the  increased mission capab i l i t y  ava i lab le  
through t h e  use of f l o x  f o r  m i x t u r e s  containing up t o  30 percent f l uo r ine  i n  
t h e  oxidant. 
mission with f l o x  i n  the  A t l a s  s tage.  The use of f l o x  i n  t h e  first s tage  of 
t h e  Atlas-Agena, Thor-Agena, and Saturn V vehicles  i s  a l s o  discussed. F ina l ly ,  
t h e  use of f l o x  i n  launch vehicles  i s  compared b r i e f l y  t o  a l t e r n a t e  approaches 
f o r  conducting th ree  spec i f i c  space missions (Surveyor, Synchronous Orbi t ,  and 
0.20 AU Solar Probe missions) .  

Results a r e  presented p r inc ipa l ly  f o r  t h e  Atlas-Centaur-Surveyor 

The increased mission capab i l i t y  through t h e  use of f l o x  i s ,  of course, a 
d i r e c t  function of t h e  assumed engine performance. The engine performance as- 
sumed herein is  based pr imari ly  on t h e o r e t i c a l  engine performance ca lcu la t ions  
modified i n  t h e  l i g h t  of t h e  ava i lab le  experimental da ta .  Unfortunately, only 
very l imited experimental engine-performance da ta  are ava i l ab le ,  making t h e  
prec ise  de f in i t i on  of f l o x  engine performance d i f f i c u l t  at t h i s  time. I n  view 
of t h i s  uncertainty,  and due t o  i t s  importance i n  e s t ab l i sh ing  mission capa- 
b i l i t y ,  the  e f f e c t  of f l uo r ine  addi t ion  on t h e  performance of t he  A t l a s  propul- 
s ion system w i l l  be discussed i n  d e t a i l .  

SYMBOLS 

nozzle e x i t  area, sq f t  

cha rac t e r i s t i c  exhaust ve loc i ty ,  f t / s e c  

th rus t ,  l b  

spec i f ic  impulse, see 

stage propel lant  f r a c t i o n  

pressure, lb / sq  f t  

dynamic pressure,  l b / sq  f t  

engine m i x t u r e  r a t i o  

cha rac t e r i s t i c  ve loc i ty ,  f t / s e c  

gross weight, lb 

Propellant weight, l b  

Subscripts : 

0 ambient 

2 E-2563 



s l  sea l e v e l  

vac vacuum 

PERFORMANCE OF ATLAS PROmTLSION SYSTEM 

Very l i t t l e  experimental data on t h e  performance increases t o  be gained by 
adding f l u o r i n e  t o  t h e  oxidant of a lox  RP-1 engine have been generated. 
t e s t s  were run a t  L e w i s  01: mall engines when f l o x  w a s  bcizg considered as a 
means of increasing t h e  capabi l i ty  of t h e  Vanguard vehicle  (refs. 1 t o  4).  
addi t ion,  i n  1959 Rocketdyne ran  t h r e e  short-duration tes ts  on a 150,000-pound- 
t h r u s t  l o x  RP-1 engine similar t o  t h e  A t l a s  booster engine with mixtures of ap- 
proximately 10, 15, and 20 percent f luor ine  i n  t h e  oxidant. These data and a 
discussion of associated t e s t  techniques a r e  reported i n  reference 5. 

Some 

I n  

Data obtained by Rocketdyne f o r  t h e  Atlas booster engine a r e  presented i n  
f i g u r e  1 along with curves of t h e o r e t i c a l  equilibrium and frozen s p e c i f i c  im-  
pulse. 
t a i n e r  engine (no experimental data f o r  t h e  sus ta iner  engine are ava i lab le  f o r  
comparison). 
data, t h e  t h e o r e t i c a l  curves of figures 1 and 2 have been s h i f t e d  so that t h e  
t h e o r e t i c a l  f rozen expansion, zero-flox point, matched t h e  a c t u a l  l o x  engine 
performance. The experimental f l o x  data were obtained by Rocketdyne on runs of 
11- t o  14-seconds durat ion with f lox .  For the 10- and 20-percent f l o x  runs, an 
immediate t r a n s i t i o n  was  made a t  t h e  termination of f l o x  operation t o  operation 
with lox. 
and allow a d i r e c t  comparison between f l o x  RP-1 and l o x  RP-1 operation. 
experimental data i n  f igure  1 a r e  adjusted t o  standard sea- level  conditions and 
a chamber pressure of 548 pounds per square inch absolute.  
used by Rocketdyne i n  obtaining t h e  f l o x  data are presented i n  f i g u r e  l ( a ) .  

Similar t h e o r e t i c a l  curves are presented i n  f igure  2 f o r  t h e  A t l a s  sus- 

To f a c i l i t a t e  comparison of the t h e o r e t i c a l  and experimental 

These lox  points  a r e  indicated i n  figure l(b) a t  zero percent f l o x  
The 

The mixture r a t i o s  

I n  general ,  lox  RP-1 engines tend t o  follow a t h e o r e t i c a l  frozen- 
expansion-performance curve. Inherently,  it might be expected t h a t  adding a 
r e a c t i v e  element l i k e  f luor ine  t o  t h e  oxidizer would increase t h e  delivered 
s p e c i f i c  impulse more than t h a t  predicted by t h e o r e t i c a l  frozen-expansion ca l -  
culat ions.  I n  f a c t ,  t h e  l imi ted  tes t  data bear out t h i s  expectation. The 
problem i s  t h a t  t h e  data are too fragmentary t o  assess  t h e  amount of t h i s  addi- 
t i o n a l  improvement with confidence. For example, t h e  assumption of frozen- 
expansion c h a r a c t e r i s t i c s  for f l o x  engine performance i n  t h e  l i g h t  of t h e  
Rocketdyne d a t a  would appear pessimistic.  On t h e  other hand, a l i t e r a l  extrap- 
o l a t i o n  of t h e  Rocketdyne data t o  higher percentages of f l u o r i n e  would appear 
overly opt imis t ic .  Nonetheless, t o  proceed with t h e  mission-performance calcu- 
l a t i o n s ,  some engine-performance assumptions must be made t o  extend t h e  engine- 
performance data t o  higher percentages of f luorine and other m i x t u r e  r a t i o s .  

The engine performance used herein i s  indicated by the  curves labeled as- 
sumed i n  f i g u r e s  1 and 2 and i s  based on the following assumptions: 

=f actual to +-L.-,.--.L- --1 -L ̂Y ^ ^  ---- - L 2  - u i i c u I  c ~ L L ~ L  ci ia  actci  i b  LIC ex- (1) c* e f f i ~ i e r , c j r  (ratio 
haust v e l o c i t y )  i s  constant with f luor ine  addition. 

3 



( 2 )  The nozzle t h r u s t  cceff ' icient is constant with f luor ine  addi t ion - 
equal t o  t h a t  f o r  lox  engine operation. 

The second assumption requires  some c l a r i f i c a t i o n .  
performance calculat ions indicate  t h a t  adding f luor ine  t o  a lox  RP-1 engine 
w i l l  tend t o  decrease t h e  nozzle t h r u s t  coef f ic ien t  as a r e s u l t  of an increase 
i n  t h e  e f fec t ive  specif ic-heat  r a t i o  of t h e  exhaust gases. 
t h e  specific-impulse improvement due t o  increased C*. On t h e  other  hand, any 
increased recombination i n  t h e  nozzle w i l l  tend t o  increase t h e  t h r u s t  coef f i -  
c i e n t .  Examination of t h e  ava i lab le  t es t  da ta  indicated t h a t  t h e  net e f f e c t  
could be represented reasonably by assuming no change i n  t h r u s t  coef f ic ien t  
from t h a t  obtained during l o x  engine operation. 
of f igures  1 and 2 a r e  thus  based on t h r u s t  coef f ic ien t  values from l o x  RP-1 
calculat ions at  t h e  mixture r a t i o s  indicated,  and t h e  increase i n  s p e c i f i c  im-  
pulse r e s u l t s  d i r e c t l y  from t h e  calculated improvement i n  C*. 

F i r s t ,  t h e o r e t i c a l -  

This p a r t l y  o f f s e t s  

The assumed performance d a t a  

Engine s p e c i f i c  impulse values used i n  t h e  subsequent mission-performance 
Generalized p l o t s  of assumed ana lys i s  a r e  based on t h e  foregoing assumptions. 

engine specif ic  impulse a r e  presented i n  f i g u r e s  3(a)  and ( b )  f o r  t h e  A t l a s  
booster and sus ta iner  engines, respect ively.  The da ta  a r e  based on operation 
of t h e  A t l a s  engines a t  ra ted  t h r u s t .  For t h i s  mode of engine operation, t h e  
data  presented i n  f igure  3 can be applied t o  both sea- level  and vacuum condi- 
t ions. 

Normally, when a de ta i led  mission ana lys i s  i s  conducted with t h e  A t l a s  
boost vehicle, a de ta i led  engine simulation i s  used wherein engine t h r u s t ,  
f u e l ,  and oxidant flow a r e  functions of pump i n l e t  conditions and ambient pres- 
sure .  For t h e  present study, t h e r e  w a s  i n s u f f i c i e n t  data  on f l o x  performance 
t o  u t i l i z e  t h e  de ta i led  engine model. A s implif ied engine model w a s  used and 
applied t o  both t h e  lox  and t h e  f l o x  missions so t h a t  v a l i d  comparisons could 
be made. The s implif ied A t l a s  engine model w a s  based on constant engine pro- 
p e l l a n t  flow r a t e s  throughout t h e  f l i g h t .  The booster and sus ta iner  engine 
m i x t u r e  r a t i o s  were constant and equal t o  t h e  "tanked" r a t i o  of impulse propel- 
l a n t s .  
given by the  equation 

Engine t h r u s t  w a s  varied only as a funct ion of ambient pressure as 

For t h e  lox calculat ions,  values of sea- level  t h r u s t  

agreement with calculat ions f o r  t h e  d e t a i l e d  engine model. For t h e  f l o x  calcu- 
l a t i o n s ,  Fsz and bX were kept t h e  same as f o r  t h e  l o x  calculat ions,  while 
engine weight flow w a s  var ied i n  inverse proportion t o  t h e  specific-impulse im- 
provements presented i n  f igure  3. Table I presents  a comparison of some of t h e  
values of s p e c i f i c  impulse used i n  t h e  study. The mixture r a t i o s  presented i n  
table I are f o r  f u l l  A t l a s  tanks.  It should be noted t h a t  t h e  values of spe- 
c i f i c  impulse shown i n  t a b l e  I f o r  l o x  operation do not correspond prec ise ly  t o  
t h e  reference values normally given by Rocketdyne f o r  t h e  A t l a s  propulsion sys- 
tem. 
f l i g h t  with calculat ions based on a d e t a i l e d  engine simulation. 

FsZ, nozzle e x i t  area 
and engine weight flow were se lec ted  on t h e  b a s i s  of yielding t h e  best  %XJ 

Rather, they  were selected t o  give t h e  b e s t  agreement over t h e  e n t i r e  
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ATLAS-CENTAUR-SURWOR MISSION PERFORMANCE 

Mission Performance Map 

Figure 4 presents t h e  e f fec t  of f luorine addi t ion t o  t h e  A t l a s  f o r  t h e  
Atlas-Centaur-Surveyor mission. 
performance presented i n  f igure  3. 
the  use of t h e  1 6 5 K  (165,000-pound-thrust) A t l a s  booster engines r e c e n t l y  in-  
corporated on t h e  Centaur launch vehicle.  (The r e s u l t s  were obtained by i n t e -  
gra t ing  the  launch t r a j e c t o r i e s  on t h e  Lewis Research Center 7090 d i g i t a l  com- 
puter . )  The A t l a s  engines with f l o x  a r e  assumed t o  operate a t  t h e  same t h r u s t  
l e v e l  as t h e  present engines, and nominal l o x  s tage j e t t i s o n  weights a r e  used 
throughout. The f l o x  vehicle  per- 
formance i s  presented i n  f igure  4 r e l a t i v e  t o  t h e  performance of t h e  nominal 
lox  vehicle.  The payload increase shown i s  a t  t ranslunar  i n s e r t i o n  (Centaur 
burnout) and i s  presented as a function of  Atlas propellant loading. 
higher densi ty  of t h e  f l o x  allows an increase i n  A t l a s  propel lant  loading com- 
pared with t h e  l o x  vehicle.  
loading i n  f igure  4 i s  varied from t h e  propellant weight of t h e  nominal l o x  ve- 
h i c l e  t o  a maximum loading ( f u l l  tanks)  corresponding t o  t h e  same propellant 
volume as f o r  t h e  nominal lox  vehicle. 

The r e s u l t s  a r e  based on t h e  assumed engine 
The data  presented i n  f i g u r e  4 a r e  based on 

(The vehicle  data  were taken f rom ref .  6 . )  

The 

For a given percent f lox ,  t h e  A t l a s  propel lant  

A t  30 percent f l o x  and f u l l  tanks t h e  injected payload increase i s  approx- 
imately 750 pounds. 
Atlas-Centaur-Surveyor mission i s  2280 pounds; hence, t h e  750-pound increase i n  
payload represents  a 33-percent increase i n  payload f o r  t h i s  mission. The pay- 
load increase with f l o x  i s  e s s e n t i a l l y  l inear  with percent f l o x  over t h e  range 
presented. With no increase i n  A t l a s  propellant weight, t h e  payload improve- 
ment with 30 percent f l o x  i s  540 pounds, which i s  d i r e c t l y  a t t r i b u t a b l e  t o  the  
increase i n  s p e c i f i c  impulse. The remainder of the  improvement t o  750 pounds 
i s  due t o  increased propellant loading. 

The payload calculated in t h i s  study f o r  t h e  nominal 

With f u l l  tanks,  t h e  engine 
volumes of t h e  A t l a s  propellant tanks and the propellant dens i t ies .  When t h e  
O/F r a t i o s  shown i n  f igure  4 a r e  compared with t h e  data  i n  f i g u r e  3, it can be 
seen t h a t  t h e  r e s u l t a n t  fu l l - tank  
s p e c i f i c  impulse. If it i s  desired t o  launch a t  l e s s  than f u l l  tanks,  there  i s  
a choice between off-loading e i t h e r  t h e  oxidant or t h e  f u e l  or some combination 
of t h e  two. 
ures are based on off-loading only t h e  oxidant. To maintain t h e  bes t  predicted 
s p e c i f i c  impulse, it would generally be somewhat b e t t e r  t o  off-load both f u e l  
and oxidant. 

O/F r a t i o s  are d ic ta ted  by t h e  r e l a t i v e  

O / F  ratios are near optimum i n  terms of 

The off-loaded data  presented i n  f igure  4 and a l l  subsequent f i g -  

A s  shown i n  f i g u r e  4, t h e  bes t  performance i s  obtained by launching t h e  
f l o x  A t l a s  with f u l l  propellant tanks. Two possible problem areas  associated 
with t h e  r e s u l t a n t  increased launch weight are a change i n  vehicle  s t r u c t u r a l  
loads and a decreased launch accelerat ion.  The e f f e c t  on vehicle  s t r u c t u r a l  
loads w i l l  be discussed i n  t h e  sec t ion  Effect of Fluorine Addition on Struc- 
tural Loads. The problem of launch acceleration i s  one of t h e  vehicle  l a t e r a l  
d r i f t  p r i o r  t o  c lear ing  t h e  launch f a c i l i t y .  The A t l a s  engines were assumed 
LO operate a t  r a t e d  t h r u s t  l eve ls ,  and as the Atlas propellant load i s  in-  L 
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creased, t he  launch thrust-to-weight r a t i o  decreases. 
celerat ion allows more time f o r  l a t e r a l  d r i f t  p r i o r  t o  c lear ing  t h e  launch fa- 
c i l i t y .  Recent incorporation of 165K A t l a s  booster engines on the  Centaur 
launch vehicle ( i n  place of t h e  154.5K engines) should keep t h e  f l o x  vehicle  
launch accelerat ion t o  an acceptable l eve l .  With t h e  1 6 5 K  booster engines, t h e  
nominal lox launch thrust-to-weight r a t i o  i s  approximately 1 .27 .  A t  30 percent 
f l o x  and f u l l  tanks,  t he  launch thrust-to-weight r a t i o  decreases t o  approxi- 
mately 1.22. This is, however, equal  t o  t h e  launch thrust-to-weight r a t i o  pre- 
viously achieved by t h e  nominal Centaur launch vehicle  with 154.5K booster en- 
gines and should, therefore ,  be acceptable. 

The reduced launch ac- 

Comparison With Frozen Expansion Engine Performance 

The payload increases  presented i n  f i g u r e  4 a re  a d i r e c t  funct ion of t h e  
assumed Atlas engine performance. Since t h e  assumed performance is based on 
very l imited experimental data ,  it i s  worthwhile t o  examine t h e  impact on m i s -  
s ion performance i f  subsequent experimental engine da ta  do not subs t an t i a t e  
t h i s  performance. I n  f igure  5 t h e  Surveyor mission capab i l i t y  f o r  t h e  assumed 
A t l a s  engine performance i s  compared with t h a t  obtainable i f  t h e  increase i n  
engine spec i f ic  impulse with f luo r ine  addi t ion  follows frozen-expansion charac- 
t e r i s t i c s .  
l a n t  loadings corresponding t o  f u l l  tanks.  The payload increase f o r  t h e  as- 
sumed A t l a s  engine performance i s  t h e  same as t h a t  presented i n  f igu re  4. The 
frozen Atlas performance i s  based on a specific-impulse increase corresponding 
t o  theo re t i ca l  frozen expansion i n  t h e  exhaust nozzle ( f i g s .  1 and 2 ) .  
cussed e a r l i e r ,  experimental Rocketdyne da ta  on t h e  Atlas booster engine ind i -  
ca t e  t ha t  t h e  specific-impulse improvement with f l o x  w i l l  be grea te r  than  t h a t  
predicted by frozen-expansion ca lcu la t ions .  Nonetheless, even with frozen- 
expansion-performance cha rac t e r i s t i c s ,  t h e  increase i n  Surveyor mission payload 
i s  substant ia l .  The payload increase based on frozen A t l a s  performance a t  30 
percent flox i s  560 pounds or about 75 percent of t he  improvement obtained with 
t h e  assumed engine performance. 

The da ta  i n  f igu re  5 a r e  f o r  r a t ed  A t l a s  t h r u s t  and A t l a s  propel- 

A s  d i s -  

Comparison of Engine Operating Modes 

A factor  t h a t  can s ign i f i can t ly  influence t h e  mission-performance improve- 
ment w i t h  f l o x  i s  the  assumed engine operat ing mode ( t h r u s t  l e v e l ) .  
vious discussion has considered engine operat ion a t  r a t e d  t h r u s t .  
s t r a t e  the advantage of uprat ing the  A t l a s  engine t h r u s t ,  t h ree  possible  A t l a s  
operating modes a r e  compared i n  figure 6 f o r  t h e  Surveyor mission. The r e s u l t s  
presented a r e  f o r  20 percent f l uo r ine  addi t ion  t o  t h e  A t l a s  oxidant. The t h r e e  
modes of operation compared i n  order of increasing t h r u s t  are (1) operat ion a t  
nominal th rus t ,  ( 2 )  operation a t  nominal propel lant  weight flow r a t e ,  and (3) 
operation a t  nominal volume flow r a t e .  Nominal s tage  j e t t i s o n  weights were as- 
sumed for a l l  th ree  modes. 

The pre- 
To demon- 

The lower curve i n  f i g u r e  6 demonstrates mission performance when t h e  
A t l a s  engines (booster and sus t a ine r )  are operated a t  nominal r a t ed  t h r u s t  
l eve ls .  T h i s  i s  t h e  same as t h e  data previously presented i n  f igu re  4 f o r  
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20 percent f lox .  With t h i s  mode, t h e  A t l a s  engines operate e s s e n t i a l l y  a t  
nominal chamber pressure,  and t h e  propellant weight flow r a t e  i s  decreased ap- 
proximately 4 percent ( inversely proportional t o  t h e  specific-impulse increase 
a t  20 percent f l o x ) .  

The middle curve i n  f igure  6 displays the e f f e c t  on mission performance i f  
' t h e  A t l a s  engines a r e  operated a t  t h e i r  nominal weight flow r a t e .  The improve- 
ment i n  mission performance i s  due t o  t h e  uprated t h r u s t  f o r  t h i s  mode, which 
amounts t o  approximately a 4-percent t h r u s t  increase a t  20 percent f l o x .  
mode a l s o  requi res  an approximte &percent increase i i i  chamber pressure.  

This 

The t o p  curve i n  figure 6 displays t h e  e f f e c t  of operating t h e  A t l a s  en- 
gines at  t h e i r  nominal propellant volume f l o w  r a t e .  Attendant with t h i s  mode 
i s  an increased weight flow rate over the  nominal weight flow r a t e  as a r e s u l t  
of t h e  increased propellant density.  
over r a t e d  t h r u s t )  accompanying t h e  flow-rate increase r e s u l t s  i n  t h e  mission- 
performance improvement shown. This mode r e s u l t s  i n  approximately an 8-percent 
increase i n  chamber pressure. 

The increased t h r u s t  (about 8 percent 

Select ion of an acceptable f l o x  engine operating mode requires  a c a r e f u l  
evaluation of engine cooling and turbopunp limits and s t r u c t u r a l  limits on t h e  
t h r u s t  chamber, nozzle, and t h r u s t  s t ructure .  Such an evaluation w a s  not 
car r ied  out as par t  of the  present analysis .  Hence, t he  mission r e s u l t s  pre- 
sented i n  t h e  repor t  a r e  based on operating the f l o x  engines only at  nominal 
r a t e d  t h r u s t .  

Effect  of Fluorine Addition on St ruc tura l  Loads 

I n  order t o  determine whether s ignif icant  s t r u c t u r a l  changes were neces- 
sary,  t h e  f l i g h t  loads for a f u l l  tank 30-percent f l o x  A t l a s  were compared with 
those f o r  a nominal lox A t l a s  f o r  t h e  Atlas-Centaur-Surveyor mission. Two 
f l i g h t  conditions, maximum dynamic pressure (9 )  and booster engine cutoff were 
examined. 

Rigid body-bending-moment and a x i a l  load d i s t r i b u t i o n s  were calculated at  
maximum q f o r  t h e  f l o x  Atlas with t h e  assumption t h a t  it would be required t o  
f l y  at  t h e  sane maximum allowable angle of a t tack calculated for t h e  l o x  ve- 
h i c l e .  This l imi t ing  angle of a t tack  (maximum permitted by s t r u c t u r a l  limita- 
t i o n s )  w a s  determined f o r  t h e  l o x  A t l a s  vehicle by a t r ia l -and-er ror  computa- 
t i o n .  For both the  lox and f l o x  vehicles ,  r i g i d  body-bending moments were in-  
creased by 40 percent t o  account f o r  the  addi t ional  loads due t o  wind gusts ,  
a e r o e l a s t i c  e f f e c t s ,  beam columning, and dispersions i n  f l i g h t  conditions. 
Also, t h e  calculated moments were multiplied by a s a f e t y  f a c t o r  of 1 . 2 5  t o  pro- 
duce ultimate design loads. The allowable bending-moment d i s t r i b u t i o n  r e f l e c t s  
t h e  existence of compression due t o  a x i a l  forces and considers t h e  propellant 
tanks t o  be pressurized t o  minimum vent valve se t t ings .  The comparison between 
ul t imate  appl ied and ult imate allowable moment d i s t r i b u t i o n s  f o r  t h e  two con- 
f igura t ions  i s  shown i n  f igure  7. 
h i c l e  i s  seen t o  be l e s s  than t h a t  T'or the  lox A t l a s  vehicie  and l e s s  haii 
t.he a-llowable value. 

The applied moment f o r  t h e  f l o x  A t l a s  ve- 

Cooseqij-ently, t.he f lox A t l a s  vehicle i s  capable of 
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f l y i n g  the same angle of a t tack  a t  maximum q as t h e  lox  A t l a s  vehicle  without 
requiring an increase i n  s t r u c t u r a l  s t rength.  The lower loads a r e  a t t r i b u t e d  
pr incipal ly  t o  t h e  f a c t  t h a t  t h e  maximum g f o r  t h e  f l o x  A t l a s  t r a j e c t o r y  i s  
less than t h a t  f o r  t h e  lox  A t l a s  t r a j e c t o r y .  

A t  booster engine cutoff,  both t h e  f l o x  and lox  Atlas vehicles  experience 
t h e  same ax ia l  load fac tor ,  s ince i n  both cases t h e  cutoff w a s  assumed t o  o c c w  
a t  an ax ia l  thrust-to-weight r a t i o  of 5.8. The increased payload weight for 
t h e  f l o x  vehicle causes s l i g h t l y  la rger  axial  loads on t h e  s t ruc ture .  These 
loads, however, remain within the  present c a p a b i l i t y  of both A t l a s  and Centaur 
s tages .  The operat ional  in te rs tage  adapter design has not been establ ished at  
t h i s  time. It w i l l  experience a l a r g e r  axial  load of about 2 percent i n  t h e  
f l o x  version of t h e  vehicle;  consequently, t h e  change i n  in te rs tage  s t r u c t u r a l  
requirements, if any, w i l l  be s m a l l .  

AGENA MISSION PERFORMANCE 

To i l l u s t r a t e  t h e  advantages of f luor ine  addi t ion  t o  Agena launch vehi- 
c l e s ,  a typ ica l  mission w a s  invest igated f o r  both t h e  Atlas-Agena and t h e  Thor- 
Agena. 

Atlas-Agena-EGO Mission 

The ef fec t  of f luor ine  addi t ion t o  t h e  A t l a s  f o r  t h e  Atlas-Agena-EGO m i s -  
s ion i s  presented i n  f i g u r e  8. This mission-performance map i s  s imilar  t o  t h e  
one presented i n  f i g u r e  4 f o r  t h e  Atlas-Centaur-Surveyor mission. The mission 
performance presented i n  f igure  8 i s  again based on t h e  assumed Atlas engine 
performance presented i n  f i g u r e  3. A t l a s  engine t h r u s t s  were held t o  r a t e d  
values (154.5K A t l a s  booster engines),  and nominal A t l a s  and Agena j e t t i s o n  
weights were assumed. 

A t  30 percent f l o x  and f u l l  tanks t h e  payload increase f o r  t h e  EGO mission 
i s  approximately 570 pounds. 
mission i s  approximately 1 1 2 0  pounds ( r e f .  7 ) .  
t h e  payload increase i s  proport ional ly  lower. The launch thrust-to-weight 
r a t i o  f o r  t h e  nominal EGO launch vehicle  i s  approximately 1.33. 
cent f l o x  and f u l l  tanks, t h i s  r a t i o  decreases t o  about 1.26.  

Nominal payload c a p a b i l i t y  f o r  the  present EGO 
A t  lower percentages of f l o x  

With 30 per- 

The e f fec t  of obtaining a lower specific-impulse increase (corresponding 
t o  -frozen expansion) or t h e  e f f e c t  of uprat ing f l o x  engine t h r u s t  has not been 
investigated for the  EGO mission. 
those presented previously f o r  t h e  Atlas-Centaur-Surveyor mission. 

The t rends should, however, be similar t o  

Thor-Agena-Nimbus Mission 

I The effect  of f l u o r i n e  addi t ion t o  t h e  Thor f o r  t h e  Thor-Agena-Nimbus m i s -  
s ion i s  presented i n  f i g u r e  9. 
booster engine, the  Thor engine performance with f l o x  was taken from f igure  

Since t h e  Thor engine i s  s i m i l a r  t o  t h e  A t l a s  
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3(a).  
wetghts were assiimed. 
375 pounds i s  achieved. 
s ion  i s  893 pounds ( r e f .  7 ) .  

Nominal Thor engine t h r u s t  and nominal Thor and Agena s tage j e t t i s o n  
A t  30 percent f l o x  and f u l l  tanks,  a payload increase of 

Nominal payload capabi l i ty  f o r  t h e  present Nimbus m i s -  

Compared with t h e  Atlas-Centaur-Surveyor mission and t h e  Atlas-Agena-EGO 
mission, off-loading f l o x  fo r  t h e  Thor-Agena-Nimbus r e s u l t s  i n  a l a rge r  r e l a -  
t i v e  payload penalty.  This i s  p r inc ipa l ly  a r e s u l t  of off-loading only t h e  
oxidant r a the r  than  a combination of oxidant and f u e l  t o  achieve an optimum 
mixture r a t i o .  The Thor i s  more sens i t i ve  t o  off-loading s ince it has a lower 
nominal mixture r a t i o  than t h e  A t l a s ,  and off-loading only t h e  oxidant r e s u l t s  
i n  a fu r the r  departure from t h e  optimum mixture r a t i o  f o r  t h e  Thor than fo r  t he  
A t l a s .  
load r e s u l t s  i n  an 
pounds ( f ig .  9 ) .  
r a t i o  of 2.09 r e s u l t s  i n  a spec i f i c  impulse s i g n i f i c a n t l y  below t h a t  for an op- 
timum mixture r a t i o  (approx. 2.55). I f ,  at 30 percent f l ox ,  both f u e l  and oxi- 
dant were off-loaded t o  achieve a m i x t u r e  r a t i o  of 2.55, t h e  payload increase 
of 215 pounds presented i n  f igu re  9 would be increased t o  296 pounds. 

A t  30 percent f lox ,  off-loading f l o x  to t he  nominal Thor propel lant  
O/F r a t i o  of 2.09 and a payload increase of only 215 

Examination of f igu re  3(a) shows t h a t  t h e  r e s u l t a n t  mixture 

SAmN V-APOLLO MISSION PERFORMANCE 

To determine the  po ten t i a l  advantage of f l uo r ine  addi t ion  t o  t h e  Saturn 
c l a s s  launch vehicles ,  t h e  addi t ion of f luorine t o  t h e  S-IC s tage of t h e  
Saturn V vehicle  w a s  invest igated f o r  t h e  Apollo mission. 

F-1 Engine Performance With Fluorine Addition t o  t h e  Oxidant 

The S-IC s tage incorporates f i v e  F-1 engines t h a t  use lox  RP-1  propel- 
l a n t s .  No experimental da ta  on f luor ine  addition t o  lox  f o r  t he  F-1 e x i s t s .  
Since the  F-1 uses t h e  same propel lant  combination as t h e  A t l a s ,  t h e  theo re t i -  
c a l  engine da t a  f o r  t h e  F-1 were modified i n  t h e  same manner as t h a t  previously 
discussed f o r  t h e  A t l a s  engines. The resu l tan t  assumed F-1 engine performance 
with f l o x  i s  presented i n  f igure  10. 

Apollo Mission Performance 

The e f f e c t  of f l uo r ine  addi t ion t o  t h e  S-IC s tage on Apollo mission per- 
formance i s  presented i n  f i g u r e  11. The payload increase shown i s  a t  t r ans -  
lunar  i n s e r t i o n  of t h e  Apollo spacecraft  (S-IVB burnout).  
i s  based on t h e  same propel lant  volume used i n  t h e  nominal Apollo launch ve- 
h i c l e  with a launch thrust-to-weight r a t i o  of  1.25. Rated F-l engine t h r u s t  
and nominal S-IC, S-11, and S-IVB stage j e t t i s o n  weights were assumed. 

The fu l l - t ank  l i m i t  

A t  30 percent f l o x  and f u l l  tanks,  t he  payload increase a t  t ranslunar  in-  
s e r t i o n  i s  11,200 pounds. This i s  an increase of about 1 2  percent over t h e  
payload c a p a b i l i t y  of approximately 90,000 pounds f o r  t h e  present Saturn V 
launch Trehicle. The nomir;al Sa t - zn  ‘J l a m c h  vehicle  has a launcli tl-irust-to- 
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weight r a t i o  of 1.25, and with 30 percent f l o x  and f u l l  tanks,  t h i s  r a t i o  de- 
creases t o  1.20. 

On a percentage bas is ,  t h e  payload improvement with f l o x  f o r  t h e  Saturn V 
i s  considerably l e s s  than t h e  improvement obtained f o r  t h e  launch vehicles  d i s -  
cussed e a r l i e r .  For example, both t h e  Atlas-Centaur and Saturn V de l iver  t h e i r  
respective spacecraft  t o  almost Earth escape veloci ty .  Yet, 30 percent f l o x  a t  
f u l l  tanks of fe rs  approximately a 33-percent payload improvement f o r  A t l a s -  
Centaur and only a 12-percent improvement f o r  Saturn V. The reason f o r  t h i s  i s  
t h a t  f lox i s  used over a la rger  port ion of t h e  mission i n  t h e  case of t h e  A t l a s  
vehicle.  The c h a r a c t e r i s t i c  ve loc i ty  AV of t h e  A t l a s  s tage i s  almost 16,000 
f e e t  per second compared with about 11,600 f e e t  per second f o r  t h e  SI-C. Fur- 
thermore, t h e  payload of t h e  Atlas-Centaur i n  comparison with i t s  gross weight 
i s  l e s s  than half  t h a t  f o r  t h e  Saturn V. Thus, the  Atlas-Centaur i s  more sen- 
s i t i v e  t o  an improvement i n  vehicle performance than i s  t h e  Saturn V. 

LAUNCH VEHICLE COMPARISON 

The preceding discussion included a demonstration of t h e  p o t e n t i a l  perfor-  
mance improvement,in t h e  Surveyor mission due t o  t h e  addi t ion of f luor ine  t o  
the  Atlas s tage.  I n  t h i s  sect ion t h e  use of f l o x  i n  t h e  Atlas s tage of t h e  
Atlas-Centaur vehicle w i l l  be discussed f o r  several  missions. Also, t h e  com- 
p e t i t i v e  posi t ion of t h e  A t l a s  using f l o x  w i l l  be compared with t h e  use of 
other possible launch vehicles .  Three missions with increasing energy l e v e l s  
w i l l  be considered: t h e  Surveyor mission, t h e  24-hour Synchronous Equator ia l  
Orbit mission, and t h e  0.2 AU Solar Probe mission. Performance of both t h e  
Titan I1 - Centaur and t h e  Saturn I B  - Centaur launch vehicles  w i l l  be compared 
with the  lox and t h e  f l o x  Atlas-Centaur vehicle.  For the  Synchronous Orbit and 
the  Solar Probe missions, an upper (k ick)  s tage w i l l  a l s o  be considered t o  aug- 
ment the boost vehicle  performance. It should be noted t h a t ,  i n  t h i s  compari- 
son, a l l  Centaur vehicles  employ a t  least a two-burn capabi l i ty .  When t h e  
specified boost vehicles  are used without a kick s tage t o  perform t h e  Synchro- 
nous Orbit mission, a three-burn Centaur capabi l i ty  i s  required.  The r e s u l t s  
of t h i s  phase of t h e  study are based on only a preliminary ana lys i s  of vehicle  
performance and mission p r o f i l e s ,  p a r t i c u l a r l y  i n  t h e  case of t h e  Synchronous 
Orbit and t h e  Solar Probe missions. Thus, t h e  payload values presented should 
be used only f o r  comparative purposes. 

The f i r s t  mission t o  be discussed i s  t h e  Surveyor mission. The payload 
performance f o r  t h e  various boost vehicles  a r e  shown i n  t a b l e  11. 
values tabulated a r e  calculated f o r  t h e  lox Atlas-Centaur with t h e  vehicle  
weight s ta tus  reported i n  reference 6. 
Ti tan 11. The present capabi l i ty  of t h e  Atlas-Centaur vehicle ,  though adequate 
f o r  t h e  present direct-ascent  Surveyor mission, does not provide a la rge  growth 
capabi l i ty  f o r  f u t u r e  unmanned lunar missions. 
boosters f o r  a f u t u r e  Surveyor a r e  t h e  30 percent f l o x  Atlas-Centaur and t h e  
Ti tan I1 - Centaur, both showing a payload grea te r  than 3000 pounds. 

The payload 

The same Centaur s tage was  used on t h e  

The most l i k e l y  candidate 

When consideration i s  given t o  a more energet ic  mission such as t h e  Syn- 
chronous Orbit mission shown i n  t a b l e  111, t h e  r e l a t i v e  performance improvement 
found with t h e  addi t ion of f l o x  i n  t h e  Atlas-Centaur vehicle  has increased 
markedly. For t h i s  mission, a three-burn Centaur i s  required if a kick s tage 
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i s  not used. Beth t h e  30 percent f l o x  Atlas and t h e  Ti tan  I1 boosters de l iver  
a payload s i g n i f i c a n t l y  i n  excess of 1000 pounds. 
pe l lan t  kick s tage on t h e  standard Atlas-Centaur vehicle  a l s o  provides a compa- 
rab le  payload capabi l i ty .  
loading, and m a s s  f r a c t i o n  a r e  l i s t e d  i n  table 111. The s p e c i f i c  impulse as- 
signed t o  t h e  s torab le  propellant s tage was 305 seconds. The kick-stage mass 
f r a c t i o n s  were taken as a function of propellant loading based on unpubl-ished 
Lewis design s tudies .  The Saturn I B  - Centaur booster vehicle  payload indi-  
cated i s  representat ive of t h e  capabi l i ty  of l a r g e r  NASA boost vehicles  and i s  
shown f o r  comparison purposes only. 
s torab le  propellant kick s tage on t h i s  vehicle f o r  t h i s  mission i s  a c t u a l l y  a 
detriment t o  performance, whereas it improved performance f o r  a l l  other  
boosters considered. Since t h e  three-stage Saturn I B  - Centaur present ly  uses 
hydrogen-oxygen as t h e  propellant i n  the  t w o  upper s tages ,  t h e  improvement due 
t o  addi t iona l  s taging i s  o f f s e t  by t h e  lower s p e c i f i c  impulse of t h e  s torab le  
propellant kick stage.  

The use of a s torab le  pro- 

Values of the  kick s tage gross weight, propellant 

It i s  in te res t ing  t o  note, however, t h a t  a 

The last  mission t o  be considered i s  the 0.2 AU Solar Probe mission. Per- 
formance d a t a  a r e  tabulated i n  t a b l e  I V  f o r  the  various boost vehicles .  A l l  
use a hydrogen-fluorine kick s tage except the Saturn I B  - Centaur where both 
s torab le  propel lant  and hydrogen-fluorine kick s tages  were considered. The 
s p e c i f i c  impulse of t h e  hydrogen-fluorine kick s tage w a s  taken as 445 seconds, 
and t h e  s tage mass f r a c t i o n s  were taken from unpublished Lewis design s tudies .  
This i s  one of t h e  most energet ic  missions presently under study by NASA, and, 
as indicated by the  payloads, it severely t r i e s  a l l  but t h e  Saturn I B  - Centaur 
boost vehicle.  It i s  doubtful t h a t  e i t h e r  the A t l a s  or t h e  Ti tan I1 booster 
could be used f o r  t h i s  mission. A s  can be seen from t h e  payloads l i s t e d ,  t h e  
use of a kick s tage tends t o  equalize t h e  payload c a p a b i l i t i e s  of a l l  t h e  boost 
vehicles  t h a t  use t h e  A t l a s  or Titan 11. 

CONCLUDING F3MA.RKS 

The use of f l o x  as an oxidant has been studied f o r  severa l  combinations of 
launch vehicles  and space missions. 
launch vehicles  and missions have been shown t o  be subs tan t ia l .  For example, 
with t h e  A t l a s  engine performance assumed herein, t h e  use of 30 percent f l o x  i n  
t h e  A t l a s  f o r  t h e  Surveyor mission r e s u l t s  i n  a payload increase of approxi- 
mately 750 pounds. Even if t h e  engine performance with f l o x  follows frozen- 
expansion c h a r a c t e r i s t i c s ,  t h e  payload increase at 30 percent f l o x  i s  approxi- 
mately 560 pounds. 

The potent ia l  rewards f o r  appropriate 

Achievement of t h i s  increased payload capabi l i ty  is, of course, dependent 
on t h e  establishment of t h e  compatibil i ty of f l o x  with ex is t ing  launch vehicle 
hardware. Also, throughout t h e  present study, nominal lox vehicle  hardware 
weights and res idua ls  were assumed. A preliminary analysis  of t h e  A t l a s  s t ruc-  
t u r e  (Surveyor mission) at  30 percent f l o x  and f u l l  tanks indicated t h a t  t h e  
A t l a s  s t r u c t u r a l  loads should not, however, increase s i g n i f i c a n t l y  above those 
f o r  t h e  present  lox  vehicle.  
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d i r e c t  function of t h e  assumed engine performance with f lox .  
performance assumptions used a r e  based on t h r e e  short-duration runs obtained by 
Rocketdyne on an engine s i m i l a r  t o  t h e  A t l a s  booster engine. 
t o  only 20 percent f lox,  and no data  a r e  ava i lab le  for the A t l a s  sus ta iner  en- 
gine. 
formance data  a r e  required f o r  both t h e  A t l a s  booster and sus ta iner  engines. 
I n  par t icu lar ,  d e f i n i t i v e  data  a r e  required t o  a t  least 30 percent f l o x  and 
over a range of appropriate mixture r a t i o s .  

The engine- 

The data  extend 

To increase t h e  confidence i n  t h e  performance assumed, addi t iona l  per- 
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TABLE I. - ASSUMED ATLAS BOOSTER AND SUSTAINER ENGINE 

Percent 
f lox  

SPECIFIC IMPULSE AT VARYING PERCENTAGES OF 

Engine mixture Sea-level Vacuum s p e c i f i c  
r a t i o ,  spec i f ic  impulse, impulse, 

O I F  1s 2 Ivac 

FLUORINE ADDITION TO OXIDANT 

0 2.287 254.5 
10 2.345 259.4 
20 2.406 264.6 
30 2.468 269.5 

[Rated t h r u s t  operation; engine m i x t u r e  r a t i o s  
based on f u l l  propellant tanks. 3 

289.3 
294.9 
300.7 
306.4 

0 2.287 
10 2.345 
20 2.406 
30 2.468 

I I I I 1 

216.4 305.4 
220.7 311.5 
224.9 317.4 
229.2 323.5 

Booster Percent Upper s tage 
f lox 

A t l a s  -- Centaur 
20 

a20 
30 

“30 

Ti tan I1 -- Centaur 
(two s tages)  

i 

TABLE 11. - PERFORMANCE DATA FOR 

Payload, 
l b  

2280 
2770 
2650 
3035 
2845 

3230 
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2.5 

2 . 4  

2 . 3  

2.2 
( a )  Engine mixture  ratios used  i n  o b t a i n i n g  exper imenta l  

d a t a .  
2E0 I I I I I I I 

Engine performance 

- 0 Experimental  ( r e f .  5 )  
Assumed 

( 5 )  E f f c c t  of  f l u o r ' n e  a d d i t ; o n  on a p e c l f : c  i , n g i l s e .  

F i g u r e  1. - ETfet:t. rjf Cluorl!le a i i d i t ; c n  c\n Atlas b o o s t e r  
englne  performance.  S e a - l e v e l  ccndlticns; cliar,ber 
p r e s s w e ,  54: bcundr ,  sqaa rc  'nzk a ~ s c l u t e ;  n o z z l e  
a r e a  ratio, 6 .  

F i g u r e  2.  - E f f e c t  of  f l u o r i n e  a d d i t i o n  on Atlas s u s t a i n e r  
engine  performance.  S e a - l e v e l  c o n d i t i o n s ;  chamber p r e s -  
s u r e ,  700 pounds p e r  s q u a r e  i n c h  a b s o l u t e ;  n o z z l e  a r e a  
r a t i o ,  25; mixture  r a t i o ,  2 .27 .  
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V T  Atlas  engine operating mode 

Figure 6 .  - Comparison o f  At las  engine 
operat ing modes for Surveyor mission. 
Fluorine i n  oxidant, 2 0  percent .  
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F i g u r e  10. - Assumed e f f e c t  of f l u o r i n e  a d d i t i o n  
on F-1 engine  performance. 
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F i g u r e  11. - S a t u r n  V - Apollo mission performance w i t h  f l o x  i n  S-IC. 
Nominal F-1  t h r u s t ;  nominal Sa turn  V s t a g e  j e t t i s o n  vjeights .  
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