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ABSTRACT 

The key r e s u l t s  of a NASA-sponsored s tudy 
of  a l a rge  multipurpose launch concept a r e  sum- 
marized. The s tudy evolved, through paramet r ic  
performance and d e t a i l e d  design ana lyses ,  t h e  
c h a r a c t e r i s t i c s  of an a t t rac t ive  launch v e h i c l e  
approach f o r  cons idera t ion  i n  f u t u r e  mission p lan-  
ning s t u d i e s .  The r epor t ed  veh ic l e  system has 
only two s t ages  - a LOX/LHz main s t a g e  and a 
sol id-motor  s t rap-on  s t a g e .  The main s t a g e  has 
t h e  performance c a p a b i l i t y  t o  f l y  s i n g l e  stage t o  
o r b i t  and t h e  s t r u c t u r a l  c a p a b i l i t y  t o  accommo- 
d a t e  s t r ap -on  s t ages  t o  achieve a broad range of  
payload f l e x i b i l i t y .  The s a l i e n t  f e a t u r e s  of t h e  
veh ic l e  system, s i z e d  t o  d e l i v e r  one t o  fou r  m i l -  
l i o n  pounds t o  low e a r t h  o r b i t ,  are descr ibed .  
The major resource and technology impl ica t ions  
of t h e  system are d iscussed .  
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THIS PAPER PRESENTS the  major r e s u l t s  of a launch 
veh ic l e  systems s tudy conducted by The Boeing 
Company, Space Divis ion,  under NASA c o n t r a c t  
NAS2-4079. The s tudy evolved, through paramet r ic  
and design ana lyses ,  t h e  design c h a r a c t e r i s t i c s  
of an e f f e c t i v e  multipurpose launch v e h i c l e .  The 
purpose of t h e  s tudy  was pr imar i ly  t o  provide 
da t a  t o  on-going technology programs, b u t  a l s o  
t o  i n v e s t i g a t e  a l t e r n a t e  approaches t o  launching 
the  payloads d e s i r e d  i n  fu tu re  missions.  

(Fig.  1) was t h e  s t a r t i n g  point  of  t he  s tudy .  
The concept i s  a "building-block' '  veh ic l e  system 
t h a t  f e a t u r e s  a main s t a g e  capable of s i n g l e -  
s t a g e - t o - o r b i t  opera t ion  and add-on s t a g e s ,  
e i t h e r  boost  assist o r  upper s t a g e s ,  t h a t  a f f o r d  
a broad range of  payload c a p a b i l i t y .  

A p o t e n t i a l  app l i ca t ion  of t h i s  launch 
veh ic l e  concept i s  f o r  launching f u t u r e  manned 
i n t e r p l a n e t a r y ,  extended lunar ,  and l a r g e  space 
s t a t i o n  payloads.  For many missions,  t h e  payload 
v e r s a t i l i t y  of t h e  launch veh ic l e  system could be 
used t o  o r b i t  t h e  t o t a l  payload requirements i n  a 
s i n g l e  launch, obv ia t ing  t h e  need f o r  o r b i t a l  
assembly. Previous mission ana lys i s  information 
ind ica t ed  t h a t  a payload c a p a b i l i t y  from one t o  
four  m i l l i o n  pounds t o  low e a r t h  o r b i t  would 
adequately cover t h e  range of t h e s e  mission 
requirements.  

s tudy was se t  a t  one mi l l i on  pounds payload capa- 
b i l i t y  f o r  t h e  s ing le - s t age - to -o rb i t  configura-  
t i o n .  

The s tudy  was organized t o  f i r s t  conduct a 
s e r i e s  of  performance and conceptual design 
i n v e s t i g a t i o n s  t o  explore  t h e  design and per -  
formance of  each s t a g e  element and how they com- 
plement o r  compromise each o the r .  
parametr ic  and t r ade -o f f  design d a t a ,  a reason- 
ab ly  optimized o r  r ep resen ta t ive  conf igu ra t ion  
was s e l e c t e d  and worked t o  a l e v e l  of s u f f i c i e n t  
d e t a i l  t o  s u b s t a n t i a t e  i t s  f e a s i b i l i t y  and pe r -  
formance c a p a b i l i t i e s .  

The multipurpose large launch v e h i c l e  i d e a  

Thus, t h e  system s i z e  s e l e c t e d  f o r  t h i s  

With t h i s  

CONFIGURATION DERIVATION 

The log ic  employed t o  evolve t h e  representa-  
tivc cGnfiguration ,w.gs a step-by-stzp 

whereby f i r s t  t h e  main-stage f l i g h t  mode was 
es t ab l i shed ,  and then ,  through a s e r i e s  of  design Gomersall and Brunk 
t r ade -o f f  s t u d i e s  of t h e  major independent v a r i -  
ab l e s ,  a main-stage concept was chosen. The 
eva lua t ion  of t h e  s t rap-ons  and i n j e c t i o n  stage 
was then  approached by def in ing  r e p r e s e n t a t i v e  
designs t h a t  matched t h e  main s t a g e  and then 
e s t a b l i s h i n g  t h e i r  mass f r ac t ions  and performance 
va lues .  Performance t r ades  were conducted f o r  
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each l o g i c a l  conf igura t ion  opt ion t o  determine 
the  payload gains  poss ib l e  and t o  s e l e c t  b a s i c  
f l i g h t  modes. Load, stress, and weight ana lyses  
were performed f o r  each major conf igura t ion  
opt ion  t o  de f ine  t h e  s t r u c t u r a l  changes r equ i r ed  
i n  t h e  main-stage des ign .  

p re fe r r ed  s ing le - s t age - to -o rb i t  f l i g h t  mode and 
payload c a p a b i l i t y  were determined through a 
s e r i e s  o f  t r a j e c t o r y  opt imizat ion s t u d i e s  which 
va r i ed  both engine t h r o t t l i n g  and t h e  amount of 
p rope l l an t  consumed a t  each engine t h r u s t  l e v e l .  

S ingle-s tage  veh ic l e s  t h a t  d i r e c t l y  ascend 
t o  o r b i t  have a r e l a t i v e l y  sho r t  burn t ime.  This 
s h o r t  burn time forces  t h e  vehic le  t o  f l y  a s t e e p  
t r a j e c t o r y  and r e s u l t s  i n  a la rge  t h r u s t - v e c t o r  
l o s s  when t h e  v e l o c i t y  v e c t o r  i s  turned  t o  meet 
t h e  o r b i t a l  f l i gh t -pa th -ang le  requirement ,  
T h r o t t l i n g  t h e  s t a g e  increases  t h e  burn time, 
which reduces t h e  th rus t -vec to r  l o s s .  
mizat ion problem was then  t o  determine t h e  t r a -  
j e c t o r y  t h a t  minimizes t h e  combination of g r a v i t y  
and th rus t -vec to r  l o s s e s .  

Figure 2 shows t h e  longi tudina l  a c c e l e r a t i o n  
as a func t ion  of f l i g h t  t ime f o r  t h e  u n t h r o t t l e d  
case and a t y p i c a l  s i n g l e - s t e p  t h r o t t l i n g  case .  
The u n t h r o t t l e d  t r a j e c t o r y  has a burn t ime of  
only 263 seconds with a burn-out a c c e l e r a t i o n  of  
14 g. The t h r o t t l e d  case  shows t h a t  t h r o t t l i n g  
increased  t h e  burn time and reduced the  burn-out 
a c c e l e r a t i o n .  The opt imizat ion s tudy  va r i ed  t h e  
amount o f  t h r o t t l i n g  and t h e  amount of  p rope l l an t  
consumed a t  each t h r u s t  l e v e l .  The r a t i o  of 
p rope l l an t  consumed with the  engine t h r o t t l e d  t o  
t h e  p rope l l an t  consumed i n  the  u n t h r o t t l e d  por- 
t i o n  of  t h e  f l i g h t  i s  r e f e r r e d  t o  as the  burn 
r a t i o .  The amount by which the engine t h r u s t  
was reduced i s  r e f e r r e d  t o  as percent  t h r o t t l i n g .  

which inc lude  engine performance p e n a l t i e s  f o r  
t h r o t t l i n g ,  are shown i n  Fig.  3 .  The d a t a  show 
t h a t  t h e r e  i s  an optimum burn r a t i o  f o r  each per -  
cen t  of  t h r o t t l i n g ,  and t h a t  the optimum burn 
r a t i o  decreases  and t h e  payload becomes more sen-  
s i t i v e  as the  percent  of t h r o t t l i n g  is  inc reased .  
The l a r g e s t  t h r u s t  reduct ion  considered (95 per-  
cen t )  r e s u l t e d  i n  t h e  l a r g e s t  payload. TWO addi-  
t i ona :  cases iv'2i-e deteriiiifi~d f o r  coiiiparisoii: 
i n  one case ,  t h e  veh ic l e  was flown t o  100 nau t i -  
cal  miles with no t h r o t t l i n g ,  which r e s u l t e d  i n  
a 27-percent payload penal ty ;  i n  t h e  o the r ,  a 
Hohmann t r ans fe r - type  t r a j e c t o r y  was flown wi th  
t h e  veh ic l e  coas t ing  from 50 t o  100 n a u t i c a l  

i n j e c t i o n  i n t o  o r b i t .  No penal ty  was assumed f o r  
engine r e i g n i t i o n .  This case  r e s u l t e d  i n  a 

MAIN-STAGE PERFORMANCE OPTIMIZATION - The 

The o p t i -  

The r e s u l t s  of t h e  core  opt imizat ion s t u d i e s ,  

Gomersall and Brunk 
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payload e s s e n t i a l l y  t h e  same as  f o r  t h e  
95-percent t h r o t t l i n g  case .  

ence t h e  veh ic l e  opt imizat ion a re  t h e  maximum 
dynamic p res su re  and t h e  maximum long i tud ina l  
a c c e l e r a t i o n .  The da ta  show t h a t  t h e  maximum 
long i tud ina l  acce le ra t ion  increases  as t h e  pe r -  
cen t  of  t h r o t t l i n g  inc reases ,  and reaches a max- 
imum of 8 . 2  g a t  95-percent t h r o t t l i n g .  For t h e  
no t h r o t t l i n g  and Hohmann t r a n s f e r  case ,  t h e  
maximum a c c e l e r a t i o n  was 1 4 . 0  g .  The v a r i a t i o n  
i n  maximum dynamic p res su re  with and without  
t h r o t t l i n  was no t  s i g n i f i c a n t  (620 t o  

Addit ional  t r a j e c t o r y  parameters t h a t  i n f l u -  

650 l b / f t  f ) .  
A 1 O : l  t h r o t t l i n g  t r a j e c t o r y  o f f e r s  near  

maximum performance and i s  considered t o  be  a 
l i k e l y  c a p a b i l i t y  f o r  advanced engines .  
f o r e ,  90-percent t h r o t t l i n g  was s e l e c t e d  f o r  t h e  
main-stage opera t ion ,  although deeper  t h r o t t l i n g  
r e s u l t s  i n  a s l i g h t  gain i n  payload. 

load performance of t he  main s t a g e  can be 
increased  by adding s t rap-on  s t a g e s .  
p ressure- fed  l i q u i d  propel lan t  s t a g e s  o r  s o l i d  
motors could be  employed. This s tudy  considered 
N20t+/UDMH pressure- fed  and sol id-motor  systems, 
as shown i n  F i g .  4, over a range of diameters  and 
t h r u s t  l e v e l s .  The pressure- fed  system considered 
i n  t h e  s tudy  incorpora ted  a s i n g l e  engine with a 
l i q u i d  i n j e c t i o n  th rus t -vec to r  c o n t r o l  and a hot -  
gas p r e s s u r i z a t i o n  system. Both systems o f f e r  
approximately t h e  same payload c a p a b i l i t i e s  as 
me as ured by pay 1 oad- t 0- 1 aun ch- we i gh t r a t  i o s  . 
Final  s e l e c t i o n  between t h e  l i q u i d  and s o l i d  
p rope l l an t  s t rap-on  s tages  requi res  c o s t  s t u d i e s  
as well as technology confidence a p p r a i s a l s .  
These were not  included i n  t h i s  s tudy .  A t  t h i s  
time, more d a t a  are ava i l ab le  on s o l i d  motors, 
t h e r e f o r e ,  t h e s e  were chosen f o r  t h e  f i n a l  s tudy 
conf igura t ion .  

formance i n v e s t i g a t i o n  considered t h e  e f f e c t s  of 
s t rap-on  t h r u s t  l eve l s  f o r  both pa ra l l e l -bu rn  and 
zero-s tage f l i g h t  modes. For t h e  pa ra l l e l -bu rn  
c a s e ,  both t h e  s t rap-ons  and t h e  main s t a g e  a r e  
i g n i t e d  a t  launch; t he  s t rap-ons a r e  s taged  a f t e r  
burnout and the  core continues burning t o  o r b i t a l  
i ~ s e r t i o n .  Iii t h e  ze ro -s tage  case, on ly  t he  
s t rap-ons  a r e  i g n i t e d  a t  launch, and the  main 
s t a g e  is  i g n i t e d  a t  SRM burnout and s t a g i n g .  

Figure 5 shows the  payload gains  o f f e red  by 
t h e  sol id-motor  systems f o r  both f l i g h t  modes. 
In t h i s  f i gu re ,  s o l i d  propel lan t  weight i s  f ixed ;  
t he re fo re ,  h ighe r  solid-motor t h r u s t s  correspond 
t o  s h o r t e r  motor burn t imes .  For t h e  s o l i d - t o -  
core-propel lan t  r a t i o  shown, the  zero-s tage mode 
gave b e t t e r  payload performance. Lower maximum 

There- 

STRAP-ON PERFORMANCE AUGMENTATION - The pay- 

Pump-fed o r  

The s o l i d  rocket  motor s t rap-on (SRM) per -  
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dynamic p res su res  and longi tudina l  a c c e l e r a t i o n  
are  a l s o  encountered i n  t h e  zero-s tage mode. 
These t r a j e c t o r y  parameters i n d i c a t e  t h a t  t h e  
s t r u c t u r a l  loads imposed on the main s t a g e  would 
be l e s s  i n  t h e  zero-s tage mode than  i n  t h e  
p a r a l l e l - b u r n  mode. The zero-s tage performance 
p l o t  shows t h a t  most of  t he  payload ga in  p o s s i b l e  
can be achieved without exceeding a maximum 
dynamic p res su re  of  900 l b / f t 2 .  

use of an upper s t a g e  t o  inc rease  payload versa-  
t i l i t y  and reduce conf igura t ion  s e n s i t i v i t i e s  
was considered f o r  both core  and core-p lus-s t rap-  
on conf igu ra t ions .  A LOX/LH2 s t a g e  with t o r o i d a l  
p rope l l an t  tanks and an extendable nozzle  high-  
p re s su re  engine system was s e l e c t e d  as a repre-  
s e n t a t i v e  design s o l u t i o n  f o r  matching t h e  core  
s t a g e  diameter (Fig.  6 ) .  This design a l s o  lends 
i t s e l f  t o  a modularizing f l e x i b i l i t y  where a 
s e r i e s  of p r o p e l l a n t  tank wafers a r e  s tacked  and 
add i t iona l  engines  mounted t o  a common t h r u s t  
beam. A s t a g e  mass f r a c t i o n  of 0 .82  was obta ined  
f o r  t h e  s ing le-wafer  conf igura t ion  shown and was 
improved t o  0 .88 when four  wafers were s t acked .  
Although technology problems are noted i n  t h e  
f a b r i c a t i o n  of  t h e  t o r o i d a l  tank,  t he  design can 
be  considered r e p r e s e n t a t i v e  f o r  an advanced 
veh ic l e  paramet r ic  s tudy .  

Performance s t u d i e s  using a range of t h r u s t -  
to-weight r a t i o s  and core  t h r o t t l i n g  modes were 
conducted t o  determine poss ib le  payload c a p a b i l i -  
t i e s .  
added t o  t h e  main s t a g e  (no s t r ap -ons ) ,  t h e  pay- 
load improvement i s  constrained by t h e  p r a c t i c a l  
low l i m i t  o f  veh ic l e  l i f t o f f  t h r u s t  t o  weight 
(T/Wo). 
th rus t - to-weight  r a t i o  of 1.25. 
t i o n  s t a g e  i s  added t o  t h e  main s t a g e ,  i t s  weight 
p lus  t h e  a d d i t i o n a l  payload weight reduces t h e  
l i f t o f f  th rus t - to-weight  r a t i o .  For t h i s  s tudy ,  
t h e  l i m i t  was set  a t  T/Wo = 1.18.  A t  t h i s  
value,  t h e  payload inc rease  of fe red  by t h e  i n j e c -  
t i o n  s t a g e  was 18 percent  f o r  100-naut ical-mile  
o r b i t  missions shown i n  Fig.  7 .  Maximum per-  

.formance was determined with a t r a j e c t o r y  mode 
without main-stage t h r o t t l i n g .  
s t a g e  had had a lower mass f r a c t i o n ,  t he  i n j e c -  

performance b e n e f i t .  
When an upper s t a g e  i s  added t o  t h e  main- 

p lus  - s t r a p  - on s t age con f i gurat i on , t h e  minimum 
T/Wo l i m i t  i s  not  an inf luenc ing  f a c t o r .  The 
b a s i c  conf igura t ion  has a T/Wo g r e a t e r  than  
1.6,  and t h e  add i t ion  of an optimum upper s t a g e  
( t h i r d  s t age )  weight is  reached with a T/Wo of  
1.59. Stacking t h r e e  wafers of t h e  upper s t a g e  
f o r  t h e  s t r ap -on  configurat ion provides  nea r ly  

UPPER-STAGE PERFORMANCE AUGMENTATION - The 

For conf igura t ions  with an upper s t a g e  

The main s t a g e  was s i zed  f o r  a l i f t o f f  
When an i n j e c -  

I f  t h e  main 

'Lioii stage .wouid iia.ve display-e(j a luet'cei- pay.ioa(j 
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a l l  t h e  payload gain poss ib l e  with an a d d i t i o n a l  
s t a g e ,  a gain of 6 percent  with t h r e e  wafers 
compared with an optimum o f  6 - 1 / 2  percent  with 
fou r  wafers .  

example, 300 n a u t i c a l  miles, t h e  i n j e c t i o n  s t a g e  
becomes more d e s i r a b l e  s i n c e  i t  is a p r a c t i c a l  
approach f o r  performing a Hohmann-transfer-type 
t r a j e c t o r y  and provides  a sho r t  coupl ing,  high-  
response con t ro l  system f o r  accomplishing t h e  
f i n a l  o r b i t  i n j e c t i o n  maneuver. With t h e  addi-  
t i o n  of t h e  upper s t a g e ,  t h e  b a s i c  payload capa- 
b i l i t y  of t h e  main s t a g e  can be i n j e c t e d  i n t o  a 
300-naut ical-mile  o r b i t ,  whereas , without  t h e  
s t a g e ,  a d i r e c t  i n j e c t i o n  o f  only 78 percent  of  
t he  b a s i c  payload is  poss ib l e .  

MAIN-STAGE DESIGN - After  e s t a b l i s h i n g  t h e  
b a s i c  f l i g h t  modes of t he  system, t h e  main-stage 
design was evolved through a s e r i e s  of t r ade -o f f  
s t u d i e s  i n  which t h e  inf luence of  t h e  major 
independent va r i ab le s  of  mixture r a t i o ,  s t age -  
length- to-diameter  r a t i o ,  engine chamber p re s -  
s u r e ,  number of  modules, and tank pressures  were 
i n v e s t i g a t e d .  Each t rade-of f  considered t h e  
t o t a l  consequence of t h e  per turbed  parameter and 
i t s  e f f e c t  on performance and weights .  
p l e t e  s e t  of v e h i c l e  loads was developed f o r  
each po in t  s tud ied .  S t r e s s  ana lys i s  was repea ted  
f o r  each case and a new s t age  weight was e s t i -  
mated. Aerodynamic c h a r a c t e r i s t i c s  were ad jus t ed  
f o r  each case  i n  which vehic le  s i z e  was va r i ed .  
Two engine systems were considered: t h e  
to ro ida l / ae rosp ike  and t h e  multichamber/plug. 

Figure 8 l i s t s  t h e  range o f  each parameter 
t h a t  could be accepted without pena l i z ing  t h e  
payload by more than 1 percent  from the  maximum 
value determined. 

The mixture r a t i o  i n v e s t i g a t i o n  considered 
both engine performance e f f e c t s  and s t a g e  weight 
changes. A mixture r a t i o  of 5 : l  r e s u l t e d  i n  t h e  
b e s t  e f f e c t i v e  engine s p e c i f i c  impulses while 
h ighe r  mixture r a t i o s  gave l i g h t e r  s t a g e  weights .  
An optimum value  of 6 : l  was determined f o r  e i t h e r  
propuls ion system. 

Stage-length- to-diameter  (L /D)  in f luence  
revealed t h a t  both t h e  engine systems and stage 
design favored low L / D  values u n t i l  t h e  LOX 

t h e  weight p e n a l t i e s  assoc ia ted  with t h e  f l a t t e r  
bulkheads negated any f u r t h e r  improvement i n  
engine s p e c i f i c  impulse obtained from t h e  l a r g e r  
diameters .  A value of  2 . 2  was s e l e c t e d .  

i n v e s t i g a t e d  t h e  e f f e c t s  o f  va r i a t ions  i n  both 
engine weight and performance. For the  regenera- 
t i v e l y  cooled multichamber and t o r o i d a l  systems, 
improvements i n  o v e r a l l  performance were noted 

For missions t o  h ighe r  e a r t h  o r b i t s ,  f o r  

A com- 

ta2k c y l i n d r i c a ?  sectio?.  was eliminated. Then 

Gomersall and Brunk 
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u n t i l  a chamber p re s su re  of about 2000 p s i a  was 
reached, then  t h e  payload b e n e f i t  l eve led .  A 
h igh-pressure  t r ansp i r a t ion -coo led  mul t i -  
chamber/plug system with hinged modules was a l s o  
i n v e s t i g a t e d .  
system o f fe red  only s l i g h t  improvement. 

The number of module t r ade -o f f  s t u d i e s  per -  
formed f o r  t h e  multichamber engine system showed 
t h a t  payload performance was independent of  t h e  
number of  modules used. 
s l i g h t l y  favored fewer modules b u t  t h e  p e r f o r -  
mance gain was o f f s e t  by t h e  accompanying engine 
and s t a g e  weight i nc rease .  

The t r a d e  s tudy  of LH2 tank pressures  showed 
t h a t  2 8 . 0  p s i a  u l l a g e  pressure  gave t h e  l i g h t e s t  
s t a g e  weight.  Stage s t r u c t u r e ,  p r e s s u r i z a t i o n  
system, and gas weight effects l e d  t o  t h e  d e t e r -  
mination of t h i s  optimum value,  which appears t o  
be  i n  accord wi th  n e t  p o s i t i v e  s u c t i o n  head 
values  c u r r e n t l y  considered poss ib l e  by t h e  
engine c o n t r a c t o r s .  

made on the  b a s i s  of  veh ic l e  con t ro l .  
shows t h e  est imated th rus t -vec to r  d e f l e c t i o n  
angle  requi red  t o  con t ro l  t h e  v e h i c l e  whi le  i t  
experiences an assumed 10" a n g l e  of a t t a c k ,  as a 
func t ion  of  f ineness  r a t i o .  Vehicle s t a t i c  s ta-  
b i l i t y  i s  changed appreciably by switching t h e  
r e l a t i v e  p o s i t i o n  o f  t h e  LOX tank from a f t  t o  
forward of t h e  LH2 t ank .  
ments e x i s t  when t h e  LOX tank is forward because 
t h e  veh ic l e  cen te r  of  g rav i ty  moves forward, 
r e s u l t i n g  i n  a longer  con t ro l  moment arm and a 
s h o r t e r  aerodynamic moment arm. 

Designing t h e  main-stage s t r u c t u r e  t o  accommodate 
s t rap-ons  leads  t o  weight increases  t h a t  d e t r a c t  
from i t s  s ing le - s t age - to -o rb i t  e f f e c t i v e n e s s .  
The e f f e c t s  on t h e  s k i r t s ,  tank s i d e w a l l s ,  and 
bulkheads of  t h e  stage were i n v e s t i g a t e d  and a 
means of minimizing t h e  core  weight p e n a l t i e s  
was found. 

s idewal l s  r e s u l t  from t h e  h igher  bending moments 
c rea t ed  by t h e  longer  payload and t h e  h ighe r  
dynamic p res su res ,  as well as t h e  h ighe r  longi tu-  
d i n a l  fo rces  c r e a t e d  by t h e  s t rap-on  t h r u s t .  

bulkheads a r e  c rea t ed  when t h e  f u l l  tanks a r e  
subjec ted  t o  t h e  longi tudina l  a c c e l e r a t i o n  of 
3 . 1  g a t  t h e  so l id-motor  cu tof f  f l i g h t  condi t ion .  

wal l  s t r u c t u r a l  loads i s  t o  r eac t  t he  sol id-motor  
t h r u s t  i n t o  the  forward s k i r t  r a t h e r  than i n t o  
the  t h r u s t  s t r u c t u r e .  
ing  compressive load f o r  both t h e  a f t  and forward 
t h r u s t  t ake-out ,  with t h e  loads encountered f o r  

The payload performance o f  t h i s  

Engine performance 

The LOX tank is forward. This  s e l e c t i o n  was 
Figure 9 

Smaller con t ro l  r equ i r e -  

STRAP-ON STAGE EFFECTS ON MAIN-STAGE DESIGN - 

Increased load condi t ions on t h e  c y l i n d r i c a l  

increased  i i y d r v s t a t i c  pressure laads i n  +I.- L l l G  b - - L  LQ11A 

Gomersall and Brunk 

An e f f e c t i v e  means o f  minimizing t h e  s i d e -  
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Figure 10 p l o t s  t h e  design- 
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t h e  core-alone s i n g l e - s t a g e - t o - o r b i t  opera t ion  
f o r  r e fe rence .  I t  i s  seen tha t  t h e  loads with 
forward t h r u s t  take-out  a r e  l e s s  than  with core-  
a lone oepra t ion  f o r  a l l  s t a t i o n s  a f t  o f  2173. 
With a f t  attachment,  t h e  loads over  t h i s  p a r t  o f  
t h e  veh ic l e  are more than double t h e  values  f o r  
t h e  core-alone ope ra t ion .  Forward of s t a t i o n  
2173, t h e  loads a r e  e s s e n t i a l l y  t h e  same with 
e i t h e r  t h r u s t  take-out  arrangement. 

The effect  of  t h e  s t r u c t u r a l  beef-up 
requi red  i n  t h e  forward s k i r t  ( s t a t i o n s  2312 t o  
2630) can be minimized by using two forward s k i r t  
assemblies:  a l igh t -weight  assembly f o r  core- 
a lone opera t ion  and a heavier  one f o r  use with 
t h e  s t rap-on  conf igu ra t ions .  

t h i c k e r  bulkheads needed t o  contain t h e  h ighe r  
f l u i d  pressures  a r e  independent of t h e  attachment 
concept used. 
cent  i nc rease  i n  s t a g e  i n e r t  weight.  
f o r  designing around t h i s  pena l ty  was uncovered. 

The e f f e c t s  of  t h e  load inc reases  on t h e  
main-stage s i z e  a r e  shown i n  Fig.  11. A main 
s t age  designed f o r  only s ing le - s  tage-  t o -o rb i  t 
f l i g h t  can have a s t r u c t u r a l  mass r a t i o ,  A ' ,  of 
0.950 ( A '  i s  def ined  as p rope l l an t  weight 
d iv ided  by p rope l l an t  weight plus i n e r t  weight) 
and would have a stage-to-payload-weight r a t i o  
of 10.6 (bar  A on t h e  f i g u r e ) .  Beefing-up t h e  
s t a g e  t o  t h e  load demands of  s t r ap -on  opera t ion  
would reduce t h e  A '  t o  0.936, which, as shown 
by b a r  D ,  would r e q u i r e  t h e  s t age  s i z e  t o  
inc rease  20 percen t .  By using t h e  forward 
t h r u s t  take-out  design concept, t h e  s t a g e  s i ze  
inc rease  could be reduced t o  1 2  percent  (bar  C ) .  
By us ing  s e p a r a t e  forward s k i r t  assemblies ,  t h e  
s i z e  inc rease  could be f u r t h e r  reduced t o  only 
8 percent  (bar  B ) .  

r e l a t e d  t o  t h e  forward s t rap-on  t h r u s t  take-out  
i s  forward holddown and support  f o r  t h e  s i n g l e -  
s t a g e - t o - o r b i t  mode. The use of  t h e  forward 
s k i r t  f o r  veh ic l e  support  m i n i m i z e s  ground wind 
and emergency shutdown loads.  
r e a c t i o n  po in t  provides a shor t  load path between 
t h e  support  connections and the l a rge  i n e r t i a  
payload and LOX tank elements.  Although t h i s  
system does n e c e s s i t a t e  a new type  of  iaunch 
s t and  design,  i t  i s  s i g n i f i c a n t  i n  minimizing t h e  
s t r u c t u r a l  weight of t h e  s t age .  The forward Gomersall and Brunk 
s k i r t  support  pos t s  a r e  a l s o  t h e  log ica l  po in t s  
f o r  r e a c t i n g  t h e  s t rap-on  s tage  t h r u s t .  

REPRESENTATIVE CONFIGURATION 

The s t r u c t u r a l  weight increases  due t o  t h e  

This weight amounts t o  a 10 per-  
No scheme 

Another unique f e a t u r e  of t h e  main s t a g e  and 

The forward s k i r t  

8 

The conf igura t ion ,  s i zed  and designed using 
t h e  r e s u l t s  of t h e  previously descr ibed  t r ade -o f f  



and paramet r ic  performance i n v e s t i g a t i o n s ,  i s  
shown i n  F ig .  1 2 .  I t  was analyzed i n  consider-  
ab le  depth i n  o rde r  t o  s u b s t a n t i a t e  t h e  p red ic t ed  
performance and design e f f i c i e n c i e s .  This  analy- 
s is  included:  

on s t r u c t u r a l  response t o  acous t i c s ,  

cyc les  inc lud ing  t h e  e f f e c t s  of "scatter" terms, 

(a)  Dynamic load ana lys i s  i nc lud ing  a check 

(b) Control-system requirements and duty 

(c) D i s t r ibu ted  aerodynamic c h a r a c t e r i s t i c s  , 
(d) Aeroheating and base h e a t i n g  environ-  

(e) P res su r i za t ion  system and schedules  , 
( f )  S t r e s s  a n a l y s i s  of each s t r u c t u r a l  ele- 

ments and p r o t e c t i o n  

ment inc luding  d i s t r i b u t i o n  from p o i n t  load 
sources  , 

(g) Weight s ta tement  and mass d i s t r i b u t i o n  
p r o p e r t i e s  

(h) Main-stage drawings t o  show s t r u c t u r a l  
d e t a i l s  , 

( i )  F ina l ized  performance wi th  optimized 
burn r a t i o s .  

The t e c h n i c a l  d e t a i l s  of t h e  f i n a l i z e d  ver-  
s i o n  of  t h e  system, a f t e r  the  t r a d e - o f f s  and 
d e t a i l  s t u d i e s  were completed, a r e  given along 
with t h e  veh ic l e  schematics i n  Fig.  13. The p re -  
d i c t e d  performance f o r  t h i s  s e l e c t e d  configura-  
t i o n  is  shown i n  Fig.  14 f o r  each p o s s i b l e  f l i g h t  
conf igu ra t ion .  The upper payload c a p a b i l i t y  of  
3.5 m i l l i o n  pounds could be increased  i f  l a rge r -  
diameter  s o l i d  motors a r e  used. For example, t e n  
372-inch s o l i d  motors would have r e s u l t e d  i n  a 
payload of 4 . 2  mil l ion  pounds. 
payload o r  a d d i t i o n a l  f l e x i b i l i t y  o f f e r e d  by t h e  
add i t ion  of an upper s t a g e  i s  minimal compared t o  
t h e  v e r s a t i l i t y  a v a i l a b l e  with s t r ap -on  s t a g e s .  
Therefore ,  f o r  low e a r t h  o r b i t  app l i ca t ions  t h e  
requirements can be met with only two s t ages  - 
t h e  main s t a g e  and a solid-motor s t a g e .  

RESOURCE IMPLICATIONS - A survey of develop- 
ment, product ion,  and launch requirements f o r  
t h i s  system suggested t h a t  t h e  v e h i c l e  implementa- 
t i o n  would be  p o s s i b l e  with contemporary manu- 
f a c t u r i n g  and f a c i l i t y  technology. 
s ta tements  provide a summary of  t h e  s tudy  f ind -  
ings  i n  t h e  resource  a rea :  

NASA Michoud s f t o  { ~ r  i t s  en,ci\.ralegt located GI? 

a navigable  waterway). 
would be  necessary.  Gomersall and Brunk 

s t a g e  and any p o s s i b l e  i n j e c t i o n  s t a t e  would 
probably r e q u i r e  new dynamic and s t r u c t u r a l  t e s t  
f a c i l i t i e s  cons t ruc ted  adjacent  t o  t h e  f ac to ry  
bu i ld ing  . 

The increased  

The fol lowing 

(a)  Main-stage f a b r i c a t i o n  is  p o s s i b l e  a t  t h e  

A new fac to ry  bu i ld ing  

(b) Development t e s t i n g  of t h e  main-core 
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(c)  In j ec t ion - s t age  f a b r i c a t i o n  could be 
accomplished i n  t h e  e x i s t i n g  f ac to ry  b u i l d i n g  a t  
M i  choud . 

(d) Transpor ta t ion  by ocean going towed 
barges  appears favored f o r  a l l  v e h i c l e  elements 
from f a c t o r y  t o  launch s i t e .  

Kennedy (KSC), bu t  new f a c i l i t i e s  a r e  r equ i r ed .  
An o f f - sho re  launch area a t  t h e  A t l a n t i c  Test 
Range may b e  requi red  based on s t anda rd  acous t i c  
s i t i n g  c r i t e r i a .  New s p e c i a l l y  designed h o i s t i n g  
devices  are  r equ i r ed  t o  handle t h e  2000-ton s o l i d  
motors and 400-ton main s t a g e .  

The new launch f a c i l i t y  is envis ioned 
(Fig.  15) t o  c o n s i s t  of a r a i sed  p la t form.  The 
veh ic l e  would b e  launched from a l a r g e  ho le  i n  
the  p la t form.  
holddown and support  f i t t i n g s  mounted on t h e  deck. 
Separa te  sets of holddown f i t t i n g s  would b e  
requi red .  
s t a g e  f o r  s ing le - s t age - to -o rb i t  v e h i c l e  configura-  
t i o n s  and t h e  o t h e r  t o  support  t h e  core  p lus  
s o l i d  s t rap-on  conf igura t ions .  The e n t i r e  veh ic l e  
would probably be  assembled and checked out i n  
t h e  launch p o s i t i o n .  

t h a t  could be submerged i n  the p rope r  l o c a t i o n .  
I f  requi red ,  a po r t ion  of  t h e  cana l  could be 
s e a l e d  o f f  and t h e  water pumped out similar t o  
t h e  opera t ion  of  a shipyard drydock. 
d e f l e c t o r  might be  cooled by pumping water through 
c o i l s  during t h e  engine f i r i n g .  

The l o c a t i o n  of t h e  launch s i t e  would prob- 
ab ly  be r equ i r ed  t o  be 15 miles from unprotected 
personnel ,  assuming a 120-dB sound p res su re  l e v e l  
c r i t e r i o n .  Relaxing t h e  decibel  t o l e rance  c r i -  
t e r i o n  t o  125 dB would allow s i t i n g  on shore  a t  
KSC. 
d i s t a n c e  i s  approximately 4 miles. 

(e)  The system can be launched a t  Cape 

The veh ic l e  would be supported by 

One set  would be used t o  h o l d  t h e  main 

The flame d e f l e c t o r  might be  a s p e c i a l  barge 

The flame 

The 0 .4 -ps i  b l a s t  over-pressure s t andof f  

CONCLUSION 

Performance and design ana lys i s  i n d i c a t e s  
t h a t  a multipurpose launch vehic le  system employ- 
ing  only two s t ages  o f f e r s  a practical  approach 
f o r  t r a n s p o r t i n g  l a rge  payloads t o  e a r t h  o r b i t .  
Recent technology developments now i n d i c a t e  t h e  
f e a s i b i l i t y  of an advanced s ingle-s tage- to-nrb i  t 
system. The system analyzed in  t h i s  s tudy was 
s i z e d  t o  d e l i v e r  1 mi l l i on  pounds t o  low e a r t h  
o r b i t .  The system was found t o  have an i n e r t  
weight roughly 40 percent  g r e a t e r  than a two- 
s t a g e  Sa turn  V veh ic l e  (S-IC/S-II) ,  b u t  fou r  
t imes t h e  payload c a p a b i l i t y .  A v e h i c l e  system 
of  t h i s  e f f i c i e n c y ,  coupled with a minimization 
o f  s t a g e s  and t h e  payload f l e x i b i l i t y  t o  handle  a 

Gomersall and Brunk 
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broad range of missions,  is expected t o  have 
inherent  economic and r e l i a b i l i t y  a t t r i b u t e s .  

f o r  payloads from 1 t o  4 mi l l ion  pounds. Smaller  
vers ions  of t h i s  advanced concept could be a t t rac-  
t i v e  f o r  near -ear th  payload de l ivery  systems. 

r e p o r t s .  The summary r e p o r t  (1)* provides  a con- 
c i s e  account o f  t he  ob jec t ives ,  methods of inves-  
t i g a t i o n ,  and s i g n i f i c a n t  resul ts .  The t e c h n i c a l  
r e p o r t  (2) provides  a comprehensive record of t h e  
analyses  conducted with t h e i r  d e t a i l e d  r e s u l t s .  

The s p e c i f i c  s i z e  of t h e  s tudy  veh ic l e  was 

The s tudy r e s u l t s  a r e  a v a i l a b l e  i n  two NASA 
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FIGURE LEGENDS 

Fig. 1 - Multipurpose launch veh ic l e  concept 

Fig. 2 - Accelera t ion  p r o f i l e  

Fig.  3 - Core t r a j e c t o r y  opt imiza t ion  

F ig .  4 - Strap-on systems 

Fig.  5 - Solid-motor s t rap-on  performance 

Fig.  6 - Upper-stage des ign  

Fig .  7 - Upper-stage performance 

Fig.  8 - Core s t a g e  parameter e f f e c t s  

Fig.  9 - Core con t ro l  requirements 

F ig .  10 - Strap-on attachment loads 

Fig.  11 - Core s i z e  p e n a l t i e s  

F ig .  1 2  - Representa t ive  conf igu ra t ion  

Fig.  13  - Representa t ive  design parameters 

Fig.  14 - Predic ted  design performance 

Fig.  15 - Launch f a c i l i t y  concept 
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GROSS PAYLOAD = 1,OOO,OOO LBS, 
LIFTOFF WEIGHT = 12,800,000 LBS 
LIFTOFF THRUSTIW EIGHT = 1.25 

CORE 
LENGTHID IAMETER = 2.20 

SEA LEVEL THRUST 

USEABLE PROPELLANT 

M A S S  FRACTION 2 0.94 

= 16,000,000 LBS. 

= 11,110,169 LB. 

2045 - 

1433 t- 

LOX = 9,514,460 LBS 
LH2 = 1,585,700 LBS. 

RES IDUAL PROPELLANT = 1% LH; 
= 0.1% LOX 

ULLAGE VOLUME = 3% 

- 
LH2 157.9 

CORE VEHICLE 

1' 

GROSS PAYLOADS 3,500, OOO LBS. 
LIFT-OFF WEIGHT = 66,257,000 LBS. 
LIFT-OFF THRUSTIWEIGHT = 1-63 

CORE 
M A S S  FRACTION 0.94 

STRAP-ON MOTORS 
NUMBER = 12 -260" DIA. 
M A S S  FRACTION = 0.90 
USEABLE PROPELLANT = 

SEA LEVEL THRUST = 
3,810,000 LBSIMOTOR 

9,000,000 LBSIMOTOR 

4168 - 

3622 - ( 1 3 2  

SOLID 
MOTOR 

ATTACH 
PLANE 

2155- 

1' 

390.0' 

CORE i- STRAP-ON'S 

Figure 13. 
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