


Washington, D.C. 20546 

n i c a l  Monitor: Charles  H. Eldred 

Technology assessment was based on t h e  a p p l i c a t i o n  of '  t hese  technologies t o  f u l l y  re- 
usable ,  s ingle-stage-  to-orb i t  (SSTO) v e h i c l e  concepts w i t h  h o r i z o n t a l  landing  c a p a b i l i t y .  
Study guide l ines  included miss ion  requirements  similar t o  Space S h u t t l e ,  a n  ope ra t iona l  
c a p a b i l i t y  beginning i n  1995, and main propuls ion  to  be advanced hydrogen-fueled rocke t  
engines.  Also evalua ted  was t h e  t echn ica l  and economic f e a s i b i l i t y  of t h i s  c l a s s  of SSTO 
concepts and the  comparative f e a t u r e s  of t h r e e  ope ra t iona l  take-off modes, which w e r e  
v e r t i c a l  boos t ,  h o r i z o n t a l  s l e d  launch,  and h o r i z o n t a l  take-of f w i t h  subsequent in£  l i g h t  

P r o j e c t i o n s  of both normal and acce l e ra t ed  technology growth were made. F igures  
of m e r i t  were der ived  t o  provide r e l a t i v e  rankings of technology a reas .  The in f luence  
of s e l e c t e d  acce l e ra t ed  areas on  v e h i c l e  des ign  and program c o s t s  w a s  analyzed by 
developing near-op t i m u m  po in t  des igns  . 

a c e  Transpor ta t ion  Systems 

echnology P ro jec t ions  
aunch Vehicles  

Unclass i f ied  Unclass i f ied  

* For sale by the National Technical Information Service, Springfield, Virginia 22161 
\ 





This study was performed by Martin Mariet ta  Corporation, Denver 
Division, under NASA Contract NAS1-13916. Three repor t s  descr ibe  
t h e  study and r e s u l t s ,  a s  follows: 

"Technology Requirements f o r  Advanced Earth-Orbital Trans- 
por ta t ion  Systemst' 

- Summary Report 

- Fina l  Report 

- Dual-Mode Propulsion 

The authors wish t o  acknowledge t h e  s u b s t a n t i a l  contr ibut ions  
of engineering personnel a t  NASA Langley Research Center and Lewis 
Research Center a s  w e l l  a s  many persons i n  t h e  Martin Marietta 
Corporation, Denver Division. 

Cer ta in  commercial ma te r i a l s  a r e  i d e n t i f i e d  i n  t h i s  paper i n  
order t o  speci fy  adequately which mate r i a l s  were inves t igated  i n  
t h e  research e f f o r t .  I n  no case does such i d e n t i f i c a t i o n  imply 
recommendation o r  endorsement of t h e  product by NASA, nor does i t  
imply t h a t  t h e  mate r i a l s  a r e  necessa r i ly  t h e  only ones o r  t h e  b e s t  
ones ava i l ab le  f o r  t h e  purpose. I n  many cases equivalent  ma te r i a l s  
a r e  ava i l ab le  and would probably produce equivalent  r e s u l t s .  

iii 



TECHNOLOGY REQUIREMENTS FOR 

ADVANCED EARTH-ORBITAJ; TRANSPORTATION SYSTEMS 

Rudolph C. Haefe l i ,  Ernest G. L i t t l e r ,  
John B. Hurley, and Martin G. Winter 

Martin Mariet ta  Corporation, Denver Division 

SUMMARY 

Areas of advanced technology t h a t  a r e  e i t h e r  c r i t i c a l  o r  o f f e r  
s i g n i f i c a n t  b e n e f i t s  t o  t h e  development of f u t u r e  Earth-orbit  t rans-  
por ta t ion  systems were i d e n t i f i e d .  Technology assessment was based 
on t h e  app l i ca t ion  of these  technologies t o  f u l l y  reusable,  s ingle-  
s tage-to-orbit  (SSTO) veh ic le  concepts with hor izon ta l  landing ca- 
p a b i l i t y .  Study guidel ines  included mission requirements s imi la r  
t o  Space Shu t t l e ,  an opera t ional  capab i l i ty  beginning i n  1995, and 
main propulsion t o  be  advanced hydrogen-fueled rocket  engines. Also 
evaluated was t h e  t echn ica l  and economic f e a s i b i l i t y  of t h i s  c l a s s  
of SSTO concepts and t h e  comparative fea tu res  of t h r e e  opera t ional  
take-off modes, which were v e r t i c a l  boost,  hor izon ta l  s l e d  launch, 
and hor izon ta l  take-off with subsequent i n f l i g h t  fuel ing.  

The four b a s i c  t a sks  making up t h i s  s tudy were (1) a p ro jec t ion  
of "normal" technological  growth i n  pe r t inen t  veh ic le  system a reas ,  
(2) design of veh ic le  systems and d e f i n i t i o n  of t h e i r  performance 
p o t e n t i a l  based on these  nominal growth p r o j e c t s ,  (3)  a per turbat ion 
of se lec ted  technology a reas  t o  de f ine  t h e  impact of R&T funding 
support f o r  accelera ted  technology programs, and an assessment of 
var ious  technology parameters i n  terms of cost/performance/benefit 
f i g u r e  of m e r i t ,  and (4) s e n s i t i v i t y  and t r a d e  s t u d i e s  t o  de f ine  
t h e  impact of these  focused program on veh ic le  c h a r a c t e r i s t i c s  and 
mission performance, and an i d e n t i 2 i e a t i o n  of c r i t i c a l  and high- 
y i e l d  technology. 



INTRODUCTION 

Various space veh ic le  systems t h a t  o f f e r  t h e  p o t e n t i a l  f o r  
s u b s t a n t i a l  improvements i n  our f u t u r e  space t r anspor ta t ion  capa- 
b i l i t i e s  r e l a t i v e  t o  t h e  Space Shuttle-based t r anspor ta t ion  system 
a r e  being s tudied by NASA. Improved c a p a b i l i t i e s  emphasize cos t  
reductions but  may a l s o  include d i f f e r e n t  mission requirements 
from Shut t le .  Although t h e  Space Shu t t l e  provides g rea t ly  im- 
proved c a p a b i l i t i e s  over current  expendable launch vehic les  and 
is  a cost-effect ive so lu t ion  f o r  t h e  projec ted  missions i n  t h e  
1980-1990 decade, t h e  evolution of launch veh ic les  i s  f a r  from 
being mature. T r a f f i c  growth, new technology, and changing m i s -  
s ion  requirements w i l l  eventually make i t  cos t  e f f e c t i v e  t o  sup- 
plement o r  t o  replace  t h e  Shut t le .  One c l a s s  of p o t e n t i a l  f u t u r e  
systems is  t h e  single-stage-to-orbit (SSTO) with hor izon ta l  land- 
ing capab i l i ty .  SSTO concepts t h a t  have been inves t igated  i n  
recent  years a t  Langley Research Center and a r e  considered i n  
t h i s  present  study have t h e  p o t e n t i a l  f o r  low recurr ing cos t  a l so  
present  a considerable challenge t o  many of t h e  associated tech- 
nologies. 

For t h e  purposes of t h i s  study, an SSTO was postula ted  t o  b e  
t h e  Space Shu t t l e  replacement system beginning f l i g h t  operat ions 
i n  1995. (The Shu t t l e  opera t ional  l i f e t i m e  would be about 15 
years.) Allowing f o r  an SSTO veh ic le  development l ead  t i m e  of 
about e i g h t  years,  t h e  required technology readiness d a t e  i s  1987. 
The t e n  years  between now and 1987 would be ava i l ab le  f o r  devel- 
opment of t h e  required technology base. Many technology a reas  
w i l l  advance during t h a t  t i m e  period without s p e c i a l  SSTO fund- 
ing because of ongoing technology programs and t r a n s f e r  from sim- 
ilar areas  such a s  Space Shu t t l e  and aeronaut ica l  technology pro- 
grams; however, i n  se lec ted  a reas ,  i t  would b e  necessary o r  de- 
s i r a b l e  t o  acce le ra te  t h e  normal technology growth. The i d e n t i f -  
i c a t i o n  and p r i o r i t i z a t i o n  of such areas has been t h e  c e n t r a l  
i s sue  of t h i s  study. 

The primary goal of t h i s  s tudy has been t o  i d e n t i f y  areas  of 
technology associated with SSTO systems t h a t  a r e  e i t h e r  c r i t i c a l  
t o  t h e i r  development of o f f e r  s i g n i f i c a n t  c o s t  and performance 
benef i t s .  This w a s  accomplished by assess ing t h e  impact of tech- 
nology per turbat ions  on t h e  veh ic le  program l i fe-cycle  cos t s  (LCC) 
r e l a t i v e  t o  t h e  research program costs .  Secondary goals had t o  
do wi th  t h e  evaluat ion of SSTO system c h a r a c t e r i s t i c s ,  including 
(1) t h e  d e f i n i t i o n  of performance p o t e n t i a l  i n  terms of veh ic le  
design c h a r a c t e r i s t i c s  and l i f e  cycle cos t s ,  and (2) a comparison 
of t h r e e  opera t ional  modes. These study goals  were m e t  by per- 
forming t h e  four  major t a s k s  described below. 

Government and i n d u s t r i a l  publ ica t ions  were reviewed i n  Task 
1 t o  generate h i s t o r i c a l  and f u t u r e  p ro jec t ions  of "normal" tech- 
nology growth primari ly i n  t h e  s t r u c t u r e s ,  ma te r i a l s ,  and propul- 
s ion  d i s c i p l i n e s  wi th  secondary emphasis on f l i g h t  controls ,  



t r a j e c t o r y  optimization,  and aerodynamics. Funding projec t ions  
based on recent  NASA and DOD a c t u a l  expenditures and fo recas t s  
w e r e  made t o  be  used a s  an a i d  t o  p red ic t ing  "normal" technology 
growth. 

During Task 2 ,  prel iminary design w e r e  developed f o r  t h r e e  
hydrogen-fueled SSTO vehicles:  VTO ( v e r t i c a l  t akeof f ) ,  HTO (hor- 
i z o n t a l  takeoff  s l e d  launched), and IFF ( i n f l i g h t  fueled) .  Each 
was designed f o r  a payload c a p a b i l i t y  of 29 500 kilograms (65 000 
pounds), a s  e a s t e r l y  launch Erom KSC, and a hor izon ta l  landing. 
Both conventional b e l l  nozzle rocket  engines and l i n e a r  rocket  en- 
gines were considered. Various thermostructural  and propulsion 
system concepts were evaluated f o r  t h e  t h r e e  designs. A primary 
f igure  of m e r i t  (FOM) f o r  veh ic le  design was minimum dry weight 
based on use of "normal" technological  growth. An economic compar- 
i son was made of t h e  t o t a l  program cos t s  f o r  each concept. 

Selected technology a reas  w e r e  perturbed during Task 3 beyond 
t h e  "normal" growth l e v e l  t o  i d e n t i f y  t h e  g r e a t e s t  p o t e n t i a l  payoffs 
f o r  an accelera ted  technology veh ic le  design during Task 4. Tech- 
nology parameters were assessed i n  terms of cost/performance/benefit 
f igures  of m e r i t  r e l a t i v e  t o  t h e  Task 1 and Task 2 base. The r e s u l t s  
of normal growth and normal funding from t h e  Task 1 evaluation were 
considered i n  developing t h e  cos t s  and gains f o r  an accelerated tech- 
nology veh ic le  design. The Task 2 VTO veh ic le  design was used t o  
der ive  t h e  s e n s i t i v i t y  information used i n  t h e  figure-of-merit (FOM) 
assessment i n  performing t h e  assessment of t h e  f igures  of m e r i t .  
Performance s e n s i t i v i t i e s  w e r e  derived f o r  those  technology pro- 
grams with a high-yield p o t e n t i a l .  

A l l  technologies o f f e r i n g  a c l e a r  payoff on a cost/perfonnance/ 
benef i t  f i g u r e  of m e r i t  w e r e  then included i n  Task 4 designs of near- 
optimal veh ic le  configurat ions.  The cos t  e f fec t iveness  of t h e  t o t a l  
system, which used t h e  accelera ted  technological  fo recas t s ,  was then 
evaluated . 

Based on these  s t u d i e s  of normal and accelera ted  technological  
fo recas t s ,  funding, veh ic le  design requirements, and f i g u r e s  of 
m e r i t ,  assessments of high-yield and c r i t i c a l  areas  of technology 
were made. These provided a b a s i s  f o r  recommendations of areas  of 
technology t h a t  should be  vigorously pursued t o  support cost-effec- 
t i v e ,  advanced ea r th -o rb i t a l  t r anspor ta t ion  systems. 

This summary repor t  presents  h igh l igh t s  of t h e  study r e s u l t s .  
Future s t u d i e s  a r e  an t i c ipa ted  t o  consider o the r  veh ic le  a l terna-  
t i v e s  such a s  use of dual-mode propulsion and control-confxgured 
veh ic le  concepts. 



- 
"NORMAL" TECHNOLOGY AND FUNDING PROJECTIONS 

The i n i t i a l  phase of t h i s  s tudy  f o r e c a s t s  "normal" technology 
l e v e l s  t o  be appl ied  t o  conceptual  des igns  of s ing le - s t age - to -o rb i t  
(SSTO) v e h i c l e s  w i th  a f i r s t  o p e r a t i o n a l  f l i g h t  i n  1995. These 
technology l e v e l s  t h e r e f o r e  a r e  10 t o  15 yea r s  i n  advance of those  
a v a i l a b l e  f o r  t h e  Space S h u t t l e  program, They a r e  based on ex- 
t r a p o l a t i o n s  of h i s t o r i c a l  d a t a  u s ing  expe r t  judgements of f u t u r e  
technology growth. This  growth i s  assumed t o  be achieved wi th  
technology programs cont inuing  a t  c u r r e n t  expected l e v e l s  us ing  
normal r e sea rch  funding. 

Sources of h i s t o r i c a l  d a t a  f o r  technology and funding included 
i n d u s t r i a l  r e p o r t s ,  Government technology and budgetary documents, 
and congress iona l  records .  Expert judgements and a n a l y s i s  were 
appl ied  t o  i n t e r p r e t ,  summarize, and p r o j e c t  t h e s e  d a t a  i n t o  t h e  
f u t u r e .  For t h e s e  "normal" p r o j e c t i o n s ,  nominal va lues  and a l s o  
maximum and minimum values  ( r ep re sen t ing  est imated 95% probabi l -  
i t y  l i m i t s )  were spec i f i ed .  

Primary Technology Areas 

Primary emphasis on technology p r o j e c t i o n s  has been placed 
on those  a reas  t h a t  have a s t rong  impact on v e h i c l e  weight and 
c e n t e r - o f - g r a v i t y  l o c a t i o n s  because a key goa l  i s  t o  minimize 
t h e  d ry  weight of t h e  SSTO veh ic l e s .  These primary technology 
a r e a s  encompass m a t e r i a l s ,  s t r u c t u r e s ,  and propuls ion  t h a t  when 
appl ied  t o  SSTO v e h i c l e  concepts  r e f l e c t  v e h i c l e  des ign  components 
having l a r g e  percentages of t o t a l  v e h i c l e  d ry  weights.  Within 
t h e s e  primary technology a r e a s ,  h i s t o r i c a l  d a t a  were analyzed 
and growth was pro jec ted  f o r  each of t he  parameters i nd ica t ed  
i n  Table 1. 

I l l u s t r a t i o n s  of t h e  p r o j e c t i o n  techniques a r e  represented  
by Figures  1 and 2 f o r  wing s t r u c t u r e  weighk and main engine 
s p e c i f i c  impulse,  r e spec t ive ly .  S t r u c t u r e s  weight p r o j e c t i o n s  
a r e  based on use  of composites. Engine performance p r o j e c t i o n s  
a r e  based on improvements t h a t  can r e s u l t  by propulsion r e -  
search  focused on t h e  f u t u r e  requirements  of SSTO v e h i c l e  
s y s  tems. 

P r o j e c t i o n s  and r e l a t i v e  m e r i t s  of wing and body thermo- 
s t r u c t u r a l  concepts were a l s o  analyzed. These concepts ,  w i t h  
t h e i r  r e l a t i v e  weights ,  a r e  shown on Figures  3 and 4. R e l a t i v e  



weights  of t h e  body thermost ruc tures  were de r ived  from aerospace  
v e h i c l e  tankage and thermal  p r o t e c t i o n  system u n i t  weights  and 
t r a d e  s t u d i e s .  R e l a t i v e  weights  of t h e  a e r o s u r f a c e  thermo- 
s t r u c t u r e s  were de r ived  from Space S h u t t l e  o r b i t e r  and a i r c r a f t  

TABLE 1.- PRIMARY TECHNOLOGY PARAMETERS FOR 
WHICH PROJECTIONS WERE FORECAST 

Sur face  i n s u l a t i o n  d e n s i t y  

Surf a c e  i n s u l a t i o n  upper l i m i t  t empera ture  

Advanced composite f i b e r s ,  u l t i m a t e  s t r e n g t h  

Advanced composite f i b e r s ,  modulus 

Wing s t r u c t u r e  weight 

Elevon s t r u c t u r e  weight 

V e r t i c a l  t a i l  s t r u c t u r e  weight 

I n t e g r a l  p r o p e l l a n t  t ank  weight 

Thrus t  s t r u c t u r e  weight  

Landing gea r  weight 

Main engine  s p e c i f i c  impulse 

Main engine  chamber p re s su re  

Main engine weight 

T r i p l e  p o i n t l s l u s h  p r o p e l l a n t  d e n s i t y  

RCS/OMS engine  s p e c i f i c  impulse 

Aux i l i a ry  propuls ion  system weight  
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F i g u r e  2.- S p e c i f i c  impulse h i s t o r y  and p r o j e c t i o n  
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Concept I 

RSI bonded to advancedfcomposite sub- 
panels integral aluminum tankage in- 1.0 

sulation 

Comment 

Recommended for 
SSTO baseline 

Concept I1 

RSI and strain isolator bonded to 
aluminum structure nonintegral tank 1.09 
with external insulation 
Concept I11 
Standoff metallic radiative heat 
shield aluminum tankage with internal 1.25 
insulation 

Figure  3.- Body the rmos t ruc tu ra l  concepts  

Relative 
Comment .Weight Comments 

RSI and strain isolator bonded to 1.0 
aluminum structure 

RSI and strain isolator bonded to ad- 
vanced/composite structure 0.85 

RSI and strain isolator bonded to 
titanium structure 0.88 

J - J -  T I J  

Partial shielded (RSI) titanium 1.25 

structure 

Hot structure 

Recommended for 
SSTO baseline 

Problem areas: 
differential 
thermal strains 

2.9 to 6.5 Problem areas: 
(Function of Oxidation coatings 
material used) differential thermal 

strains 

Figure  4.- Aerosurfaces t he rmos t ruc tu ra l  concepts  

ae rosu r face  weight d a t a  and t r a d e  s t u d i e s .  A r e s u l t  of t h e  
the rmos t ruc tu ra l  technology a n a l y s i s  w a s  t h e  s e l e c t i o n  of t h r e e  
cand ida t e  t he rmos t ruc tu ra l  concepts  (F igure  5)  t o  be included 
i n  t h e  subsequent parametr ic  comparisons of t h e  performance 
p o t e n t i a l  of v e h i c l e  systems. 

P r o j e c t i o n s  and r e l a t i v e  m e r i t s  of main engine performance, 
u s ing  both b e l l  nozz les  and l i n e a r  nozz le s ,  were a l s o  evalua6ed. 
Both s i n g l e - p o s i t i o n  and dua l -pos i t i on  b e l l  nozz les  were ana- 
lyzed w i t h  v a r i a t i o n s  i n  expansion r a t i o s ,  chamber p re s su res  and 
o x i d i z e r / f u e l  (O/F) r a t i o s .  I n i t i a l  v e h i c l e  concepts  and a scen t  
performance c a l c u l a t i o k s ,  u s ing  b e l l  nozz l e s  and l i n e a r  nozz le s ,  
l e d  t o  t h e  s e l e c t i o n  of main engine concepts .  



technology 
projec t ions  

I Body: Subpanel mounted RSI., i n t e g r a l  
propel lant  tanks 

Wing and tail: Direct bond RSI, 
advanced composite s t r u c t u r e  

I1 Body: Direct bond RSI, i n t e g r a l  
honeycomb sandwich LH2 tank wa l l s  
with i n t e r n a l  t r u s s  s t a b i l i z a t i o n  

Wing: Direct  bond RSI, i n t e g r a l  
honeycomb sandwich LO2 tank w a l l s  
with i n t e r n a l  t r u s s  s t a b i l i z a t i o n  

Ver t i ca l  t a i l :  Direc t  bond RSI, 
advanced composite s t r u c t u r e  

I11 Body: I n t e g r a l  hot  s t r u c t u r e  hnney- 
comb sandwich LH2*and LO2 tank wal ls  
with i n t e r n a l  t r u s s  s t a b i l i z a t i o n  

Wing: I n t e g r a l  hot  s t r u c t u r e  honey- 
comb sandwich LO2 tank w a l l s  w i t h  
i n t e r n a l  t r u s s  s t a b i l i z a t i o n  

Ver t i ca l  tail: Direct  bond RSI, 
advanced composite s t r u c t u r e  I 

Figure 5.- Thermostructural concepts s e l e c t i o n  

Using b e l l  nozzles, combinations of both s ingle-  and dual- 
pos i t ion  nozzles w e r e  evaluated using parametric values of thrus t -  
to-weight and s p e c i f i c  impulse a s  functions of chamber pressure,  
t h r u s t ,  and expansion r a t i o s .  Vehicle s i z i n g  was found t o  be 
optimized using a set of s i n g l e  pos i t ion  and a set of dual-position 
nozzles together on t h e  same vehicle.  

Using l i n e a r  nozzles,  a very l imi ted  amount of data  charac- 
t e r i z i n g  engine weights and performance was ava i l ab le .  Parametric 
da ta  representing v a r i a t i o n s  of l i n e a r  engine weight with engine 
performance did not  e x i s t  f o r  SSTO appl ica t ions .  The d a t a  used f o r  
t h i s  s tudy,  bel ieved t o  be  op t imis t i c ,  never theless  l e d  t o  indica- 
t i o n s  t h a t  the  da ta  was not  s u i t a b l e  f o r  t h e  present  veh ic le  con- 
f igura t ion  concepts. The main p a r t  of t h e  study the re fo re  was con- 
f ined t o  concepts with b e l l  nozzle engines. 



Secondary Technology Areas 

Technology p r o j e c t i o n s  were examined i n  technology a r e a s  
o the r  than  m a t e r i a l s ,  s t r u c t u r e s ,  and propulsion.  These secondary 
technology a r e a s  have l e s s  i n f luence  on v e h i c l e  d ry  weight and 
cen te r -o f -g rav i ty  l o c a t i o n  than t h e  primary a r e a s ,  y e t  o v e r a l l ,  
they  r e p r e s e n t  technologies  important  t o  SSTO v e h i c l e  concept 
des igns .  These secondary a r e a s  i nc lude  subsystem, environmental,  
and a n a l y s i s  technologies .  They a r e  r ep re sen ted  by examples such 
a s  f l i g h t  c o n t r o l s ,  av ion ic s ,  l i f e  suppor t ,  a u x i l i a r y  power, 
computers, aerodynamics, and aerothermodynamics. Weight and per- 
formance improvements were p ro j ec t ed  f o r  secondary technologies  
f o r  a p p l i c a t i o n  t o  t h e  subsequent v e h i c l e  concept comparisons. 

Summary of Technology P r o j e c t i o n  Improvements 

Table 2 summarizes and h i g h l i g h t s  t h e  major a r e a s  of tech- 
nology improvements f o r e c a s t  f o r  "normal" growth wi th  r e sea rch  
focused on a p p l i c a t i o n s  t o  SSTO v e h i c l e  concepts .  The tech-  
nology growth r e p r e s e n t s  o v e r a l l  improvements over c u r r e n t  tech-  
nology c a p a b i l i t i e s  of 2% i n  main engine s p e c i f i c  impulse ( l ead -  
i ng  t o  r educ t ions  of about 20% i n  v e h i c l e  d ry  weight) and 16% i n  
the rmos t ruc tu ra l  and subsystem weights.  

TABLE 2.- SUMNARY OF TECHNOLOGY PROJECTION IMPROVEMENTS 

PRIMARY TECHNOLOGY AREAS 

Mater ia ls  and s t ruc tu re s  

Reusable surface  i n su l a t i on  (RSI) densl ty  and temperature 
l im i t s  

Advanced composrtes weights fo r  wing, elevon, f i n ,  t h rus t  
s t ruc tu re ,  and landing gear 

In t eg ra l  propel lant  tanks weights 

Propulsion 

Speci f ic  impulse and chamber pressure 

Engine t h rus t  /weight r a t i o  

Bel l  nozzles; dual pos i t ion  

Linear nozzles (more parametric analys is  needed) 

S lush l t r i p l e -po in t  propel lants  (more " large  scale" analys is  
needed) 

RCSIOMS and aux i l i a ry  propulsion spec i f i c  impulse and 
weight 

SECONDARY TECHNOLOGY AREAS 

Performance and weight rmprovements 

OVERALL 

Main engine ISp: improved 2% (= 20% dry weight) 

Overall  dry weights: improved 16% 

More e f f i c i e n t  design, production, and operations techniques 



R&T Funding P r o j e c t i o n s  

NASA and DOD funding of r e s e a r c h  and technology programs 
suppor t  many a c t i v i t i e s  t h a t  are r e l a t e d  t o  technologies  a p p l i -  
c a b l e  t o  SSTO. These a c t i v i t e s  and funding l e v e l s  have been 
i d e n t i f i e d  and form a b a s i s  f o r  e s t ima te s  of "normal" technology 
growth. These funding l e v e l s  have been examined from bo th  "top- 
down" and "bottom-up" approaches. 

The "top-downt' approach i d e n t i f i e d  NASA budgets  and pro- 
j e c t e d  budgets  f o r  t h e  va r ious  NASA o f f i c e s ,  and f u r t h e r  i d e n t i -  
f i e d  funding i n  major technology a r e a s  r e l a t e d  t o  SSTO (Figure 
6 ) .  Not a l l  of t h i s  funding,  however, i s  a p p l i e d  t o  a c t i v i t i e s  
t h a t  would d i r e c t l y  apply t o  an  SSTO program. 

The "bottom-up" approach was t h e r e f  o r e  pursued t o  b e t t e r  
i d e n t i f y  funding and R&T programs more d i r e c t l y  a p p l i c a b l e  t o  
SSTO. I n  t h i s  approach, funding r e l a t e d  t o  s e l e c t e d  NASA RTOPs 

Airbreathing Engines 

F i g u r e  6.- Rela ted  SSTO NASA funding 



and DOD r e s e a r c h  was i d e n t i f i e d .  The RTOPs were s e l e c t e d  from 
t h e  RTOPs Summary r e p o r t s  of  1973 through 1975 wi th  t h e  judge- 
ment t h a t  t h e  s e l e c t e d  programs involved SSTO-related research .  
The funding f o r  each of t h e s e  programs was ass igned  t o  one of 
f i v e  technology a r e a s ,  i.e., m a t e r i a l s ,  s t r u c t u r e s ,  p ropuls ion ,  
hypersonic  technology, and a i r b r e a t h i n g  engines .  The l a s t  i t e m  
was inc luded  f o r  p o s s i b l e  a p p l i c a t i o n  i n  t h e  i n f l i g h t - f u e l e d  
SSTO concept.  Th i s  th ree-year  h i s t o r y  w a s  p ro j ec t ed  from 1975 
through 1990 us ing  judgements and polynomial r e g r e s s i o n  tech-  
niques.  The r e s u l t s  of t h e s e  p r o j e c t i o n s  a r e  shown i n  F i g u r e  
7. S imi l a r  d a t a  f o r  DOD (Air Force)  de r ived  from 1975 con- 
g r e s s i o n a l  r eco rds  a r e  shown i n  F i g u r e  8. The polynomial re- 
g r e s s i o n  technique  provided equa t ions  f o r  d e r i v i n g  95% proba- 
b i l i t y  l i m i t s  shown i n  t h e s e  two f i g u r e s .  These d a t a  i n d i c a t e  
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F i g u r e  7,- Se lec t ed  NASA RTOPs funding 
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Figure 8.- Se lec ted  DOD ( A i r  Force) funding 

t h e  l e v e l s  of "normal" funding appl ied  t o  r e sea rch  t h a t  i s  
s p e c i f i c a l l y  r e l a t e d  t o  t h e  SSTO "normal" technology pro jec-  
t ions.  I n  summary, t h e  pro  j ec t ed  average "normal" funding 
f o r  NASA RTOPs i n  r e l a t e d  m a t e r i a l s  and s t r u c t u r e s  r e sea rch  
is $9 mi l l i on /yea r ,  and i n  r e l a t e d  propuls ion  i s  $4 mi l l i on /  
year .  



PERFORMANCE POTENTIAL OF VEHICLE SYSTEMS 

Three s ing le - s t age - to -o rb i t  (SSTO) launch modes were ap- 
p l i e d  t o  v e h i c l e  des ign  s t u d i e s  us ing  p r o j e c t i o n s  of "normal" 
technology growth. These modes were v e r t i c a l  t akeoff  (VTO), 
h o r i z o n t a l  s led-launched t akeo f f  (HTO), and h o r i z o n t a l  t akeoff  
w i t h  i n f l i g h t  f u e l i n g  (IFF). A l l  modes included h o r i z o n t a l  
landing a f t e r  o r b i t i n g  payloads of 29 480 kg (65 k lb ) .  Vehicle  
concepts  were developed us ing  t h e  des ign  g u i d e l i n e s  shown i n  
Table 3 ,  w i t h  a goa l  of minimizing v e h i c l e  d r y  weight. 

The approach t o  a r r i v i n g  o b j e c t i v e l y  a t  v e h i c l e  des ign  
concepts  f o r  t h e  t h r e e  launch modes was a s  fol lows:  The tech-  
nology p r o j e c t i o n s  and assessments  descr ibed  i n  t h e  preceding 
chapter  were used a s  a b a s i s  f o r  pre l iminary  paramet r ic  evalu- 
a t i o n s  of propuls ion ,  t he rmos t ruc tu ra l ,  and conf igu ra t ion  con- 
cep t s .  These pre l iminary  eva lua t ions  provided performance and 
v e h i c l e  d ry  weight d a t a  f o r  s e l e c t i n g  s p e c i f i c  concepts t o  be 
app l i ed  i n  more d e t a i l e d  a n a l y s i s .  These s e l e c t e d  f e a t u r e s  
were then  app l i ed  t o  i n i t i a l  des igns  and l ayou t s  of v e h i c l e s ,  
which provided a b a s i s  f o r  t e c h n i c a l  analyses .  The r e s u l t s  of 
t h e s e  ana lyses  then  were used t o  i t e r a t e  and improve t h e  i n i t i a l  
designs.  These optimized des igns  were then  t e c h n i c a l l y  assessed  
t o  ensure  t h a t  t h e  des ign  gu ide l ines  were met, and d e t a i l e d  
drawings were developed. 

The v e h i c l e s  t o  be descr ibed  i n  t h i s  chapter  were designed 
t o  c a r r y  a payload of 29 480 kg ( 6 5  klb) .  The mass r a t i o  r e -  
quirements were c a l c u l a t e d  us ing  a scen t  performance, employing 
e s t ima te s  of l i f t  and d rag  der ived  e a r l y  i n  t h e  study. L a t e r ,  
aerodynamics f o r  t hese  v e h i c l e  con f igu ra t ions  were revised and 
app l i ed  t o  performance c a l c u l a t i o n s  of mass r a t i o  requirements  
f o r  t h e  VTO and HTO veh ic l e s .  

The r e s u l t s  of us ing  t h e  r e v i s e d  aerodynamics, which ex- 
h i b i t e d  smal le r  drag  c o e f f i c i e n t s  than  t h e  i n i t i a l  aerodynamics, 
showed t h a t  t h e  v e h i c l e s  were capable  of l i f t i n g  payloads 
heav ie r  than t h e  g u i d e l i n e  payload of 29 480 kg (65 k lb) .  A l t e r -  
n a t i v e l y ,  t he  v e h i c l e  des igns  could be  modified t o  a smal le r  s i z e  
t o  meet t h e  g u i d e l i n e  payload c a p a b i l i t y .  The HTO v e h i c l e  s i z e  
was found t o  be cons iderably  improved by drag  reduct ions .  
Es t imates  of t h e  VTO and HTO v e h i c l e  mass p r o p e r t i e s  based on 
t h e  r e v i s e d  aerodynamics were made us ing  s e n s i t i v i t y  r e l a t i o n s .  
These e s t i m a t i o n s ,  a s  w e l l  a s  t h e  d e t a i l e d  des ign  c h a r a c t e r i s t i c s  
of t h e  v e h i c l e s ,  a r e  presented i n  subsequent s e c t i o n s  of t h i s  
chapter  . 



TABLE 3.-  GUIDELINE DESCRIPTION 

Design ve r t i ca l  takeoff, horizontal landing vehicles fo r  minimum dry weight using dual-mode propulsion. 

Use dual-mode engine performance and weights from advanced high-pressure engine study ( ref .  2). 

Use accelerated performance, accelerated technology projections ( ref .  1 ) .  

n = 3-g ascent, n = 3-g entry, n = 2.5 g subsonic maneuver. 
X z 

Safety factors: 

Prelaunch, l i f t o f f ,  ascent, in-orbit: 1.4 
Entry, subsonic maneuver, landing: 1.5 

Design t o  low-cost refurbishment and maintenance. Life: 500 missions. 

f 
0.076 m (3  in.) clearance 

Payload 
cylinder 1 3 . 5 7  m (15 f t )  d ia  

-----------a 

k 1 8 . 3  m (60 ft)--.( 

Mission: 

Due eas t  from KSC, 
28.5-deg inclination,  
29 500 kg (65 000 lbm) payload, 
198 m/sec (650 f t / s ec )  OMS AV, 
30.5 m/sec (100 f t / sec)  RCS AV, 
Reference energy o rb i t ,  93 x 186 km (50 x 100 n. mi.) 

TPS design mission: 

Entry from a due eas t ,  28.5-deg inc l ina t ion ,  370 km. (200 n. mi.)-altitude orbi t ,  29 500 kg (65 000 lbm) 
payload, and 2 050 km (1100 n. mi.) crossrange capabil i ty.  

Vehicle loads with and without 29 500 kg (65 WO lbm) payload. 

Maximum landed payload = 29 500 kg (65 000 Ibm) 

Landing requirements: 

Minimum speed = 306 + 9 kmlhr (165 + 5 knots) 
a = 15 deg (sea-level conditions and maxlmum landed weight) 

Aerodynamic requirements: 

Subsonic - 
2% c minimum s t a t i c  longitudinal s t a b i l i t y  margin, 
0.0015 minimum s t a t i c  d i rec t ional  s t a b i l i t y  margin, 

Hypersonic 
Trimmable a range (with/without payload) - 25 deg or l e s s  to  40 deg or greater,  

Landing sink speed - 3.05 m/sec (10 f t / sec)  maximum 
Reentry - Trimmable with control surfaces longitudinally and l a t e r a l ly  with RCS (non-CCV designs). 

4-man crew cabin arrangement. 

10% weight margin on all vehicle subsystems except engines. 

Provide for  s t ab l e  dynamic properties by using RCS during periods of low dynamic pressure and aero- 
dynamic control  surfaces when dynamic pressures a r e  suff ic ient .  

Provide TPS fo r  protecting the  primary airframe, t h e  crew, the  payload, and vehicle subsystems from 
aerodynamic heating during ascent and entry and from engine exhaust convective and radia t ive  heating. 

Provide a pos i t ive  docking mechanism (interception,  engagement, and release of vehicle with other 
o rb i t a l  elements). 

OMS requirements : 

OMS tankage fo r  AV capabil i ty of 381 m/sec (1250 f t / sec)  
OMS burn i n  e i t he r  s ingle  long bum o r  a s e r i e s  of multiple burns, spread randomly over t he  mission 
duration. 



Vehic le  Concept Comparisons 

Main engine  concepts.- Both b e l l - n o z z l e  and l i n e a r - n o z z l e  
engines  were cons idered  cand ida t e s  f o r  a p p l i c a t i o n  t o  SSTO - 
v e h i c l e s .  Layouts of VTO v e h i c l e  concepts  u s ing  both types  of 
engines  were developed and used a s  a  b a s i s  f o r  performance and 
mass p r o p e r t i e s  assessments.  V a r i a t i o n s  of p r o p e l l a n t  mixture  
r a t i o s  (O/F) were included i n  t h e s e  assessments.  

The l i nea r - eng ine  c o n f i g u r a t i o n ,  i l l u s t r a t e d  i n  F i g u r e  9, 
used t h e  engine c h a r a c t e r i s t i c s  descr ibed  prev ious ly .  (Bel l -  
nozz l e  con f igu ra t i ons  a r e  i l l u s t r a t e d  i n  fo l lowing  s e c t i o n s ) .  
Th i s  c o n f i g u r a t i o n  e x h i b i t e d  a  d r y  weight  22 200 kg (49 000 
pounds) heav ie r  than  a  corresponding b e l l - n o z z l e  conf igura t ion .  
The lower performance of t h e  l i n e a r  nozz l e  was attributed t o  
nonoptimized expansion r a t i o s  f o r  t h e  i n i t i a l ,  low a l t i t u d e  

F i g u r e  9.- VTO l i n e a r  engine  inboard p r o f i l e  



f l i g h t  phase. Parametr ic  engine d a t a  have n o t  been a v a i l a b l e  
t o  pursue t h e  opt imiza t ion .  It was concluded t h a t  t h e  s tudy 
would b e  continued us ing  be l l -nozz le  engines ,  w i th  t h e  recom- 
mendation t h a t  s t u d i e s  should be  i n i t i a t e d  t o  develop l i n e a r -  
nozz l e  engine parametr ics .  

Assessments of mixture  r a t i o  e f f e c t s  f o r  t h e  L O ~ / L H  b e l l  nozz le  
2 

engines l e d  t o  t h e  s e l e c t i o n  of  O/F = 7 on t h e  b a s i s  t h a t  t h e  
VTO be l l -nozz le  v e h i c l e  landing  weight w a s  9,000 kg (20 000 pounds) 
less than  w i t h  O/F = 6. Other assessments  r e l a t e d  t o  engine per for -  
mance l e d  t o  t h e  s e l e c t i o n  of  hydrogen-cooled main engines w i t h  s in-  
g le -pos i t ion  nozz les  w i t h  E = 35, dua l -pos i t ion  nozz les  w i t h  E = 
551160. For t h e  VTO concepts ,  a combination of  fou r  dua l -pos i t ion  
and s i x  s ing le -pos i t i on  engines was s e l e c t e d ,  u s ing  sea- leve l  t h r u s t s  
i n  t h e  SSME range of 2,224 kN t o  2,446 kN (500 000 t o  550 000 l b ) .  

Thermostructural  concepts.- Three the rmos t ruc tu ra l  concepts  
were i d e n t i f i e d  i n  t h e  technology assessment a s  candida tes  f o r  
SSTO a p p l i c a t i o n  (F igure  5). The f i r s t  candida te  (F igure  10) 
uses  membrane aluminum tankage i n  t h e  fuse l age  w i t h  advanced 
composite,  subpanel-mounted, r e u s a b l e  s u r f a c e  i n s u l a t i o n  (RSI). 
The aerodynamic su r f aces  a r e  advanced composite s t r u c t u r e  wi th  
borsic-aluminum skins .  The s u r f a c e s  a r e  pro tec ted  from t h e  
e n t r y  environment by d i rec t -bond RSI (wi th  s t r a i n  i s o l a t o r s ) .  
The second candida te  (F igure  11)  u t i l i z e s  an  i n t e r n a l  t r u s s  
s t r u c t u r e ,  The t i t an ium honeycomb sandwich s k i n s  a r e  p ro t ec t ed  
wi th  direct-bond RSI. The v e r t i c a l  t a i l  and a e r o  c o n t r o l  su r -  
f a c e s  a r e  advanced composite s t r u c t u r e ,  w i th  direct-bond RSI. 
The t h i r d  candida te  i s  t h e  same a s  t h e  second, except  i t  i s  con- 
s t r u c t e d  of high-temperature a l l o y s  (Rene 41 ) ,  and does n o t  have 
an e x t e r n a l  RSI. A l l  tanks a r e  designed f o r  a l i m i t  p ressure  of 
1.4 kg/cm2 (20 psig) .  

Weight comparisons of t h e s e  candida tes  a r e  summarized a s  
fol lows:  

The v e h i c l e  concept w i th  cand ida t e  1 n o t  only has  t h e  l i g h t e s t  
d ry  weight ,  bu t  a l s o  has s impler  technology, des ign  development, 
manufacturing and opera t ions  requirements .  The s e l e c t i o n  of RSI 
. f o r  thermal p r o t e c t i o n  i s  not  on ly  l i g h t  weight ,  but  permits  a 
wide e n t r y  f l i g h t  co r r ido r .  Candidate 1, i n t e g r a l  membrane 
tankage concept ,  was t h e r e f o r e  s e l e c t e d  f o r  continued s tud ie s .  



Note : 

See t h e  second page of 
Figure 1 3  f o r  legend. 

1 

- -- - 

E F 

Figure  10.- VTO - i n t e g r a l  membrane t ankage ,  Concept I 
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Figure 11.- VTO truss-supported, f l a t t ened - t ank ,  Concept I1 

Ver t ica l  Takeoff Vehicle Design 

The v e r t i c a l  takeoff (VTO) vehic le  design incorporated the  
propulsion and thermostructural concepts se lected i n  the  i n i t i a l  
parametric analyses. Ac t i v i t i e s  i n  design concept development 
included considerat ions of the  influences on design and weight 
of spec i f i c  locations of such components a s  crew compartment, 
wing-box, OMS/RCS systems, subsystems, main engines, and pro- 
pe l l an t  feed systems. Effects  of va r ia t ions  i n  wing and ver- 
t i c a l  t a i l  geometries and locat ions  were a l so  analyzed. An 
object ive  leading t o  minimum dry weight was t o  arrange the  
veh ic le  design f o r  a center-of-gravity as  forward a s  poss ible ,  
a s  t h i s  leads t o  smaller wing and f i n  areas  and s i gn i f i c an t  
reductions i n  veh ic le  size.  



VTO design.- General arrangement, inboard prof i l e ,  and s t ruc-  
t u r a l  arrangement drawings of the  VTO concept a r e  shown i n  Figures 
12, 13, and 14. The vehic le  s t ruc tu r e  cons i s t s  of four major sub- 
assemblies, t he  .fuselage-tank module, crew and payload module, 
wing and v e r t i c a l  t a i l .  Some s ign i f ican t  features  of t he  vehic le  
a r e  de ta i l ed  i n  the  following paragraphs. 

The primary s t r u c t u r a l  arrangement provides an e f f i c i e n t ,  
lightweight design fo r  accommodating propellants and subsystems, 
and fo r  react ing loads from engine, crew and payload compartments, 
aerodynamic surfaces ,  and landing gear. The fuselage s t ruc ture  
cons i s t s  of aluminum tanks and advanced composite nontank shel ls .  
The wing, f i n ,  and th rus t  s t ruc tures  use advanced composites. 
The wing torque box i s  located i n  the  lower a f t - s k i r t  area t o  
maintain e f f i c i e n t ,  low-weight thrust- load paths through t he  tanks 
and s k i r t  she l l s .  

The thermal protection system (TPS) using RSI i s  designed t o  
accommodate the  heat  loads t h a t  can be experienced over a large  
entry  corr idor ,  and accommodating as  much as  a 3-g entry  decel-  
era t ion,  Typical isotherms and TPS thicknesses a r e  shown i n  
Figure 15. Maximum heat  r a t e s  and t o t a l  heating a t  the  nose 
stagnation point a r e  6.4 x 105 watts/m2 (56 Btu/ft2 sec) and 
2.6 x 108 ~ / m ~  (23,100 Btu/ft2),  respect ively ,  fo r  a 1.52 m (5 
f t )  radius  nose. 

The crew compartment is  contiguous with the  payload compart- 
ment so the  crew can eas i ly  enter  the payload area. The four- 
man crew area i s  the  same as  tha t  of the Space Shut t le ,  except 
i t  i s  expanded t o  accommodate a cen t ra l ly  located docking and 
crew t rans fe r  capabil i ty.  This area  i s  uniquely designed t o  
allow fo r  mobility of the  crew among neighboring compartments 
and fo r  extravehicular a c t i v i t i e s  . 

For improved vehic le  balance, much equipment i s  located for-  
ward, including e l e c t r i c a l  and hydraulic power generators,  and 
an RCS module. The OMS module i s  conveniently packaged j u s t  
a f t  of the  payload module. 

The main engine array cons i s t s  of ten  engines, with s i x  
f ixed-posit ion and four dual-posit ion gimballed nozzles. These 
a r e  advanced technology SSME engines providing a l i f t o f f  ac- 
ce le ra t ion  of 1.3 g. During ascent ,  t he  engines a r e  programmed 
to be shut down i n  pa i r s  whenever the longitudinal  g l i m i t , ( 3  g) 
i s  reached. The f i n a l  two engines a r e  t h ro t t l ed  t o  avoid 
exceeding t h i s  l i m i t .  This engine operating sequence, together 
with t h e  f l e x i b i l i t y  provided by multiple single-posit ion and 
dual-posit ion nozzles, helps s i gn i f i c an t l y  i n  ascent with optimal 
t ra jec tor ies .  The fixed-nozzle engines a r e  somewhat a f t  of the  
dual-position engines t o  minimize plume interference a f t e r  t he  
four dual nozzles a r e  extended, 





C.G. X Bef Length 

Payload 29 483 kg (65 000 lb) 58.9 
Dry weight 202 753 kg (446 993 lb) 
Landing without payload 207 643 kg (457 774 lb) 72.7 
Landing with payload 237 126 kg (522 774 lb) 71.0 
Ascent propellant 1 660 998 kg (3 661 873 1b) 
Groas l i f t o f f  weight 1 924 654 kg (4 243 136 1b) 70.1 

Area - 
Body plan area 
Wing, thwre t i ca l  
Wing, exposed 

elevon 
Vertical t a i l  

rudder 
Body wetted area 

V0lvme I q z k  

M2 tank 

Payload 

Diamtez 
Length 

Pwload Bay Clear 

Diameter 4.725 m (15.5 f t )  
18.517m (60.75ft)  

-76.6 m (251.3 f t w  
-7.07 m (23.2 f t )  

Figure 12.- VTO general arrangement 



Sect A-A - 

i?': 
Figu re  13.- VTO inboard p r o f i l e  



is  Sect E-E 

1. Ponard RCS module 
2. 192 tank vent and pressurization valves 
3. Electr ical  parer aystem, fuel  c e l l s  
4. Power aystem APUs 
5. Fuel c e l l  prApel1anta (L02-U12) 
6. 7. APU Presaurants propellant (He) (L02-192) 

8. Noae landing gear 
9. Flight deck 

10. Operations deck 
ll. Best and passenger area 
12. Mrlack and docking d u l e  
13. EmSS - system 
14. ECLSS supply and purge gas tanks 
15. Avionic9 
16. Payload bay 
17. Main landing gear 
l8. Wing carrythrough structure 
19. Main propulsion engine, E = 35, fixed nozzle, 

not gimballed 
20. Main propulsion engine, E - 551160, extendable 

nozzle, gimballed 
21. Propellant prevalve 
22. Propellant feedlines 
23. L82, upper and lover feedline manifolds 
24. LHz main feedline 
25. LO tank interconnect l i n e  
26. old engine, LO -192 
27. OMS propellant2tank, 1 0  
28. OMS propellant tank, LH$ 
29. OW pressurant tanks (He) 
30. Aft RCS modules 
31. Pad support hard points 
32. Sp l i t  rudder 

Sect P-E 

31 

F igu re  13.- Concluded 



1 - 2 3 . 9 5  m (943.1 in . )  
6.25 ;!46.0 inq) 

Plan view 

5.74 m (2260.0 in:) 

Fuselage - tank module 

.5 1064.5 

Center tank - ref plane 
propulsion module 

0.102 m (4.0 in . )  

1.93 m (76.0 i n . )  
Nose gear w e l l  d e t a i l  

Sef t I-L 

241.5 in . )  

(142.0 in.) 

VTO STRUCTURAL ARRANGEMENT AND DETAILS 

F i g u r e  14.- VTO s t r u c t u r a l  arrangement and d e t a i l s  



T t 
T - Temperature, OK (OF) 1535 3.8 (2300 1.5) 

1475 2.8 (2200 1.1) 
t - Thickness, cm (in.) 1425 2.3 (2100 0.9) 

1310 1.9 (1900 0.75) 
1200 1.8 (170Q0.7) 1090 1.8 (1500 0.7) 

980 2.3 (1300 0.9) 
1175 4.6 (1650 1.8) 
1325 5.8 (1925 2.3) 

5.3 (1500 2.1) 

1475 9.4 (2200 3.7) 1035 5.6 (1400 2.2) 
1615 9.8 (2450 3.85 1005 5.7 (1350 2.25) 
1875 10.8 (2915 4.25) 980 6.0 (1300 2.37) 

980 2.3 (1300 0.9) 
850 1.3 (1075 0.5) 
630 1.3 ( 675 0.5) 

890 0.90 (1140 0. 
800 0.63 (980 0.25 

85 2.5 (1675 1.0) 

730 0.63 (850 0.25 
75 1.15 (1300 0.45) 

670 0.63 (745 0.25 
80 0.76 (1125 0.3) 

630 1.3 (675 0.5) 615 0.63 (650 0.25 80 0.63 (950 0.25) 

850 1.3 (1075 0.5 05 0.63 (810 0.25) 

980 2.3 (1300 0.9 50 0.63 (715 0.25) 
1175 4.6 (1650 1.8) 

505 1.3 (450 0.5) 
535 1.3 (5000.5) 

1875 10.8 (2915 4.2 
1615 9.8 (2450 3.8 
1475 6.4 (2200 2.5 
1325 5.8 (1925 2.3 

Figure 15.- SSTO-VTO entry  surface  isotherms and TPS thicknesses 

Horizontal Takeoff (Sled Launched) Vehicle Design 

The same propulsion and thermostructural concepts a s  f o r  
the VTO were applied t o  t he  hor izonta l  takeoff (HTO) vehic le  
design, I n i t i a l  parametric analyses were performed and judge- 
ments made t o  s e l ec t  s led  cha r ac t e r i s t i c s  and vehic le  character-  
i s t i c s .  Vehicle designs were examined with and without LO2 
tanks i n  wings. An approach fo r  the  wet-wing vehic les  was t o  
s i z e  them to  meet the hypersonic aerodynamic t r i m  requirement 
( t r im a t  20 deg), then t o  use these wings as  LO2 propellant  
tanks aux i l i a ry  t o  an i n t e rna l  LO2 tank. 

Sled concept.- The launch s l ed ,  shown i n  Figure 1 6 ,  i s  a 
f l a t  low-drag configuration t ha t  r i de s  on two r a i l s  with lubr i -  
cated s l i d e  shoes. The s led  contains RP-1 and LO2 propellant  
tanks and two F-1 rocket  engines. The SSTO support s t r uc tu r e  
cons i s t s  of two co l laps ib le  t r ipods  i n  the  r e a r ,  which transmit 
the  t h ru s t  load, and a s i ng l e  inverted V-strut i n  the  forward 
end providing a pos i t ive  incidence t o  the  SSTO vehicle.  



b . 0  m (72.0 ft)--4 

F i g u r e  16.- HTO s l e d  concept 

Sled braking a f t e r  l i f t o f f  o r  i n  an a b o r t  i s  provided by 
t h r e e  water scoops (wi th  a p p r o p r i a t e  water duc t ing )  t h a t ,  due t o  
a  g radua l ly  down-sloping r a i l ,  a r e  immersed g radua l ly  i n  t h e  
w a t e r - f i l l e d  t roughs t o  g ive  cons t an t  d e c e l e r a t i o n ,  

The empty SSTO i s  towed on i t s  l anding  gear  onto t h e  s l e d  
platform. The main gear  assemblies  r e s t  on p la t forms t h a t  move 
l a t e r a l l y  t o  a l i g n  t h e  a f t  support  p o i n t s  w i t h  t h e  a f t  t r i p o d s ,  
which a r e  now erec ted .  By lowering t h e  p la t forms,  t h e  v e h i c l e  
i s  locked i n  t h e  a f t  suppor ts .  With an a u x i l i a r y  s t r u t ,  t h e  
forward inve r t ed  V-s t ru t  engages t h e  forward support  po in t  i n  
t h e  veh ic l e .  The s c i s s o r s  s t r u t s  a r e  e r ec t ed  t o  t h e  proper 
inc idence  w i t h  a  c a b l e  winch mechanism. The support  s t r u t  i s  
then  locked i n  p l ace  and t h e  a u x i l i a r y  s t r u t  i s  r e t r a c t e d ,  
The SSTO i s  now i n  launch p o s i t i o n  and ready f o r  fue l ing .  

The F-1 and HTO v e h i c l e  engines a r e  i g n i t e d  a t  t h e  s t a r t  
of t h e  s l e d  r u n  f o r  confirmation of v e h i c l e  t h r u s t  be fo re  r e l e a s e  
of  t h e  s led .  Maximum a c c e l e r a t i o n  on t h e  s l e d  i s  1.32 g ,  w i th  
a l i f t o f f  a t  Mach 0.6. 

Cons idera t ions  of LO2 tanks  i n  wings.- Advantages of u s ing  
t h e  wing volume f o r  LO2 p rope l l an t  a r e  i n  wing bending load 



r e l i e f  and o v e r a l l  v e h i c l e  packaging e f f i c i e n c y .  The wing bend- 
ing  load r e l i e f  i s  e f f i c i e n t  on t h e  h o r i z o n t a l  t akeo f f  v e h i c l e s  
and reduces t h e  o v e r a l l  wing weight by approximately 18%, r e -  
s u l t i n g  i n  a v e h i c l e  dry  weight dec rease  of approximately 13.5%. 

Tank l e a k  in spec t ion  and r e p a i r  i s  complicated by t h e  bond- 
on i n s u l a t i o n  TPS, b u t  t h e  use  of a subpanel mounted RSI TPS 
system would add approximately 2,700 kg (6,000 l b )  t o  t h e  TPS 
weight. Also, t h e  requirements  of s t r a i n  i s o l a t o r s  t o  meet t h e  
cryogenic temperature environment appear t o  be severe.  

Although our des ign  a c t i v i t i e s  have focused on dry-wing 
concepts ,  s i g n i f i c a n t  improvements i n  d ry  weight have been shown 
us ing  a wet wing f o r  h o r i z o n t a l  t akeoff  veh ic l e s .  Cryogenic wet 
wings, however, r e q u i r e  s p e c i a l  a t t e n t i o n  t o  des ign  a r e a s  such 
a s  h igh-pressure  wing des igns  i n t e g r a t e d  wi th  app ropr i a t e  TPS, 
p rope l l an t  u t i l i z a t i o n  systems, and prelaunch support  of fue l ed  
wings. These have been considered t o  be beyond "normal" tech-  
nology, bu t  a r e  considered l a t e r  i n  h o r i z o n t a l  t akeoff  concepts  
w i th  acce l e ra t ed  technology. 

HTO design.- An inboard p r o f i l e  of a dry-wing HTO v e h i c l e  
i s  shown i n  F igu re  17 .  This  con£ i g u r a t i o n  i s  e s s e n t i a l l y  a 
s ca l ed  v e r s i o n  of t h e  VTO des ign  wi th  wing and f i n  a r e a s  ap- 
p r o p r i a t e  f o r  t h e  t r i m  and s t a b i l i t y  gu ide l ines .  S t r u c t u r a l  
i n t e r f  aces  w i th  t h e  s l e d  support  s t r u t s  a r e  included.  

The two a f t  s l e d  support  p o i n t s  a r e  l oca t ed  on t h e  r e a r  of 
t h e  main engine mount bulkheadlwing carrythrough r e a r  s p a r ,  and 
d i r e c t l y  below t h e  outboard engine t h r u s t  beam. The forward 
s l e d  support  po in t  i s  on a main tank frame t h a t  a l s o  c a r r i e s  
t h e  forward support  f i t t i n g  f o r  t h e  crew/payload module. The 
engines a r e  f o u r ,  f i xed -pos i t i on  ( € = 35) expansion r a t i o  
engines ,  o f f s e t  by t r u s s  s t r u c t u r e  t o  t h e  r e a r  of t h e  engine 
mount beams, and four  gimballed engines w i t h  dua l -pos i t i on  
nozz les  (6 = 55/160) mounted on t h e  beam s t r u c t u r e .  

In f l i gh t -Fue led  Vehicle  Design 

The i n f l i g h t - f u e l e d  (IFF) v e h i c l e  des ign  was pa t t e rned  
a f t e r  t h e  VTO and HTO designs.  I n i t i a l  emphasis was given t o  
eva lua t ing  a i r b r e a t h i n g  and r o c k e t  engine propuls ion  systems 
f o r  climbout and p r o p e l l a n t - t r a n s f e r  f l i g h t  phases w i th  t h e  
goa l  of minimizing t h e  d ry  weight of t h e  IFF vehic le .  Rendez- 
vous and f u e l  t r a n s f e r  were s e l e c t e d  t o  occur a t  4.57 km 
(15 000 f t )  and Mach 0.75, based on eva lua t ions  of tu rbofan  
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F i g u r e  17.- HTO inboard p r o f i l e  



S e c t  C-C 

Sect  D-D 

Sect  E-E 1 
21 

legend: 

1. Fowerd BCS module 
2. LB2 tank vent  and pressur iza t ion  valves  
3. E l e c t r i c a l  power system, f u e l  c e l l s  
4. Power system, APUs 
5. Fuel  c e l l  propel lants  (LO? - LH2) 
6. APU propel lant  (LO2 - LE2 
7. Pressurante  (Be) 
8. Nose landing gear  
9. LB tank p r e s s u r i z a t i o n  l i n e  

lo. ~ l z g h t  deck 
11. Operations deck 
12. Rest and passenger a r e a  
13. Airlock and docking module 
14. ECLSS - svstem 
15. ECLSS supply and purge gas ranks 
16. Avionics 
17. Payload bay 
18. Foward s l e d  suppor t  point  
19. Af t  s l e d  suppor t  points  
20. ~ a i n  l a n d i n g  gear- 
21. Wing carrythrough s t r u c t u r e  
22. Main propulsion engine, c = 35, f ixed nozzle ,  

n o t  gimbaled 
23. Main propulsion engine, E = 551160, extendable 

nozzle, gimbaled 
24. Propel lant  prevalve 
25. P r o ~ e l l a n t  feedl ines  
26. LH2, upper and lower feedl ine  manifolds 
27. LH2 main feed l i n e  
28. LO2 tank in tercannect  l i n e  I 
29. OMS engine, 102-La2 
30. OMS propel lant  tank, LO2 
31. OMS propel lant  tank, LH7 

132. OMS bressurant  tanks (He) I 1 33. Aft RCS modules 
34. S p l i t  rudder 
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engine performance and IFF aerodynamics. Pre l iminary  s i z e  e s t i -  
mates of a tanker  a i r c r a f t  were a l s o  made. 

Rocket and a i r b r e a t h i n g  engine comparisons.- Various pro- 
pu l s ion  concepts  were eva lua ted  t o  e s t a b l i s h  t h e  b e s t  means of 
accomplishing t h e  t a k e o f f ,  climb, and p rope l l an t  t r a n s f e r  phases. 
The concepts  included t h r o t t a b l e  main r o c k e t s ,  t u r b o j e t s ,  turbo- 
f a n s ,  and a combination of tu rbofans  supplemented by a t h r o t t l e d  
rocket .  Various f u e l  combinations were a l s o  evaluated.  

Oh 

Because of p o s s i b l e  hazards a s soc i a t ed  wi th  i n f l i g h t  t r a n s -  
f e r  of l i q u i d  hydrogen, i n i t i a l  comparisons considered LO2 t r a n s -  
f e r  only. A minimum dry  weight v e h i c l e  des ign  r e s u l t e d  us ing  a 
turbofan  system supplemented wi th  t h r u s t  from one of t h e  main 
rocke t  engines dur ing  f i n a l  LO2 loading.  However, due t o  t h e  
n e c e s s i t y  of ca r ry ing  a l l  LH2 from t h e  ground up, even t h e  mini- 
mum v e h i c l e  proved unreasonably l a rge .  Consequently,  subsequent 
i n v e s t i g a t i o n s  considered t r a n s f e r r i n g  both LO2 and LH2. 

When both p r o p e l l a n t s  a r e  t r a n s f e r r e d  t o  t h e  SSTO from a 
tanker  a i r c r a f t ,  t h e  a l l - r o c k e t  approach proved t o  b e  almost 8% 
l i g h t e r  i n  d ry  weight than  t h e  rocket-supplemented turbofan 
concept. However, t h e  takeoff  weight of t h e  a l l - r o c k e t  ve r s ion  
was 24% g r e a t e r  due t o  t he  g r e a t e r  amount of p r o p e l l a n t s  requi red .  

IFF design.- A gene ra l  arrangement of t h e  IFF v e h i c l e  w i th  
rocke t -engine  takeoff  i s  shown i n  F igu re  18. This  con f igu ra t ion  
i s  s i m i l a r  t o  t h e  VTO conf igu ra t ion  i n  most a s p e c t s ,  bu t  w i th  
some unique f e a t u r e s .  An a d d i t i o n a l  four-wheel bogie  i s  pro- 
vided on t h e  c e n t e r  of t h e  v e h i c l e  t o  accommodate t h e  l a r g e  take-  
o f f  weight.  The rocke t  engines a r e  four  f i xed -pos i t i on  € = 50 
r a t i o  engines ,  o f f s e t  by t r u s s  s t r u c t u r e  t o  t h e  r e a r  of t h e  
engine mount beams, and fou r  gimballed engines w i t h  dua l -pos i t i on  
nozz les  ( €  = 551160) mounted on t h e  beam s t r u c t u r e .  Takeoff ,  
c l imb,  and c r u i s e  occur us ing  one rocke t  engine,  which i s  t h r o t -  
t l e d  a p p r o p r i a t e l y  t o  meet climb and c r u i s e  t h r u s t  schedules.  
The LO2 f e e d l i n e  of t h i s  one rocke t  engine feeds  from t h e  low 
po in t  of one of t he  LO2 tanks.  A s  t h e  LO2 and LH2 tanks a r e  
r e f u e l e d  whi le  p re s su r i zed ,  a ven t  r e l i e f  va lve ,  s e t  a t  about  
nominal tank p re s su re ,  i s  provided i n  t h e  tanks.  The r e f u e l i n g  
p o r t s  a r e  l oca t ed  s i d e  by s i d e  on top of t h e  forward end of t h e  
LH2 tank. The LO2 r e f u e l i n g  boom i s  connected f i r s t  and, when 
hooked up, i s  capable  of maintaining a c e r t a i n  amount of t ens ion  
on t h e  boom. The LH2 boom, a t t a c h e d  t o  t h e  LO2 boom, i s  engaged 
subsequent ly and i s  n o t  s t r e s s e d .  The p rope l l an t  coupl ing i s  
s e l f - c l o s i n g ;  redundant shutof f  va lves  a r e  provided. The LO2 
r e f u e l i n g  l i n e  (68 cm) diameter  runs  on top of t he  LH2 tank  
sideways of t h e  payload bay t o  t h e  forward end of t h e  LO2 tank. 
The LH2 l i n e  e n t e r s  t h e  LH2 tank  behind t h e  f i t t i n g  and shut -  
of f  valve.  



This IFF veh ic le  r equ i res  over 1.7 Gg (3.7 Mlb) of cryogenic 
propel lants  t o  be t r ans fe r red  i n  f l i g h t  from tanker t o  SSTO. The 
s i z e  of tanker a i r c r a f t  required t o  ca r ry  t h i s  amount of p rope l l an t s  
i s  l a r g e r  than any now designed, and would therefore  i t s e l f  r equ i re  
extensive development and opera t ional  e f f o r t s ,  Furthermore, navi- 
gat ion and f l i g h t  con t ro l  f o r  t h e  rendezvous, a s  w e l l  a s  very high 
r a t e s  of fuel-flow t r a n s f e r  wi th  accompanying s a f e t y  concerns, 
would a l s o  requ i re  new technology. 

Volume 

Di2 tank 3171 m3 (111 982 ft:) 
~0~ tank 1370.9 m3 (48 4 l4  f t  ) 

Diameter 4.572 m (15 f t )  
Length 18.288 m (60 f t )  

Payload Bay c l e a r  
opening 

Diameter 4.725m ( 1 5 . 5 f t )  
Length 18.517 m (60.75 f t )  

Body plan  a r e a  1002.0 m2 (10 785 f t 2 )  
Wing, t h e o r e t i c a l  1146.4 m2 (12 339 f t 2 )  
Wing, exposed 583.4 m2 ( 6 280 f t 2 )  

elevon 184.4 m2 ( 1 985 f t 2 )  
V e r t i c a l  t a i l  209.0 m2 ( 2 250 f t 2 )  

rudder 75.6 m2 ( 814 f t 2 )  
Body wetted a r e a  2685.3 m2 (28 904 f t 2 )  

Payload 29 483 kg ( 65 000 l b )  
Dry weight 217 994 kg (480 595 l b )  
Landing without payload 222 949 kg (491 519 l b )  
Landing wi th  paylod 252 432 kg (556 519 l b )  
kscent propel lant  1 710 969 kg (3 772 042 l b )  
Grass launch weight 1 990 278 kg (4 387 811 Ib) 
Propel lant  t ransfered  1 7 1 7  741 kg (3 786 971 1b) 
Takeoff propel lant  144 587 kg (318 761 l b )  
Takeoff weight 418 640 kg (922 943 lb)  

Figure 18.- IFF general  arrangement, rocket  engine takeoff 



Vehicle  Comparison Summary 

Table  4 p re sen t s  a summary of v e h i c l e  weights.  The l i g h t e s t  
v e h i c l e  is  t h e  HTO v e h i c l e  w i t h  a wet wing, whereas t h e  h e a v i e s t  
i s  t h e  IFF veh ic l e .  The IFF v e h i c l e  concept in t roduces  many 
concerns r e l a t e d  t o  requirements  f o r  technology developments and 
f l i g h t  opera t ions .  It a l s o  r e q u i r e s  development of a new tanker  
a i r c r a f t  t h a t  no t  only i s  l a r g e r  than  any p re sen t  a i r c r a f t ,  bu t  
a l s o  r e q u i r e s  technology developments f o r  t r a n s p o r t i n g  and t r a n s -  
f e r r i n g  LO2 and LH2 p r o p e l l a n t s  r ap id ly .  The HTO concept a l s o  
in t roduces  unique technology development requirements  t h a t  a r e  
beyond "normal" growth p o t e n t i a l .  These a r e  r e l a t e d  t o  des ign  
requirements  of cryogenic wet-wing thermost ruc tures  and TPS i n t e -  
g r a t i o n ,  a s  w e l l  a s  t o  development of a l a r g e ,  high-speed, rocke t -  
powered s led.  The VTO concept o f f e r s  no technology development 
concerns beyond "normal" growth expec ta t ions ,  and t h e r e f o r e  has 
been s e l e c t e d  f o r  focus ing  s t u d i e s  of t h e  m e r i t s  of acce l e ra t ed  
technology requirements .  The HTO wet-wing concept ,  however, i s  
included wi th  t h e  VTO concept i n  t h e  subsequent ana lyses  of 
v e h i c l e s  us ing  acce l e ra t ed  technology. 

TABLE 4.- VEHICLE CONCEPT COMPARISON SLlMMARY 

Vehicle dry 
kg 
(Ib) 

Ascent propellant 
kg 
(lb) 

GLOW 
kg 
(lb) 

Sled acceleration 
propellant 

kg 
(lb) 

Vehicle loaded 
kg 
(lb) 

VTO 

Initial aero 

202 753 
(466 993) 

1 660 998 
(3 661 873) 

1 924 654 
(4 243 136) 

Revised aero 

196 923 
(434 142) 

1 626 277 
(3 585 326) 

1 883 631 
(4 152 695) 

HTO (dry wing) 

Initial aero 

225 121 
(496 307) 

1 817 463 
(4 006 819) 

2 106 198 
(4 643 368) 

100 326 
(221 181) 

2 206 524 
(4 864 549) 

IFF 

Initial aero 

217 994 
(480 595) 

1 710 969 
(3 772 042) 

1 990 279 
(4 387 815) 

Revised aero 

217 493 
(479 491) 

1 681 808 
(3 707 751) 

1 960 291 
(4 321 701) 

93 172 
(205 409) 

2 053 463 
(4 527 110) 

HTO (wet wing) 

Initial aero 

194 190 
(428 112) 

1 642 748 
(3 621 640) 

1 901 441 
(4 191 956) 

90 718 
(200 000) 

1 992 159 
(4 391 956) 

Revised aero 

190 002 
(418 882) 

1 502 256 
(3 311 907) 

1 752 275 
(3 863 105) 

83 415 
(183 898) 

1 835 703 
(4 047 033) 



PROGRAM COST ANALYSIS 

T o t a l  program c o s t s  [ l i f e - cyc le  c o s t s  (LCC)] were cal- 
cu la t ed  us ing  a  Space S h u t t l e  work breakdown s t r u c t u r e  (WBS) 
and aerospace indus t ry  c o s t  e s t ima t ing  r e l a t i o n s  (CERs). In-  
pu ts  t o  t h e  c o s t  ana lyses  included v e h i c l e  mass p r o p e r t i e s ,  TPS 
a r e a s ,  con f igu ra t ion  complexity f a c t o r s ,  system development 
schedules  and launch r a t e s .  The c o s t  d a t a  were expressed i n  
f i s c a l  year  1976 d o l l a r s  a s  w e l l  a s  discounted d o l l a r s  a t  a 10% 
r a t e .  

The WBS contained 419 i tems from l e v e l  1, SSTO System, 
through l e v e l  7 ,  F l i g h t  Vehicle  Subsystems and Tes ts .  Costs  i n  
t h e  WBS were c l a s sed  a s  engineer ing ,  m a t e r i a l  and subcon t r ac t ,  
t o o l i n g ,  and manufacturing. The FTBS was e s t a b l i s h e d  f o r  DDT&E, 
product ion and opera t ions .  A system development schedule was 
used f o r  t hese  SSTO phases (Figure 20) der ived  i n  p a r t  from 
Space S h u t t l e  schedules.  Opera t iona l  and launch schedules  us ing  
f i v e  SSTO v e h i c l e s  were a l s o  developed, r ep re sen t ing  1,710 launch 
a t tempts  over a  15-year ope ra t ions  period (1995 through 2009). 
The CERs included equat ions r e l a t i n g  c o s t s  a s  func t ions  of con- 
f i g u r a t i o n  complexity,  m a t e r i a l s ,  labor  and overhead r a t e s ,  
v e h i c l e  weights and d e n s i t i e s ,  access  a r e a  complexity,  and l ea rn -  
i ng  curves.  A v e h i c l e  des ign  l i f e  of 500 missions and a  main- 
engine l i f e  of  250 cyc le s  was s p e c i f i e d  a s  i n i t i a l  c r i t e r i a ,  w i t h  
engines and f a c i l i t i e s  Government-supplied. The 1710 f l i g h t  mission 
model, i f  evenly app l i ed  t o  f i v e  v e h i c l e s ,  r e s u l t s  i n  a requirement 
f o r  each v e h i c l e  of 342 missions and 1 7 1  engine cyc l e s  (p lus  t e s t  
c y c l e s ) .  

DDT&E Costs  

The DDT&E c o s t s  included f a c t o r s  f o r  program management, 
systems i n t e g r a t i o n ,  and engineering.  F a c i l i t y  c o n s t r u c t i o n  
c o s t s  assumed maximum u s e  of e x i s t i n g  base  f a c i l i t i e s ,  b u t  wi th  
two SSTO pads (modified Space S h u t t l e  pads) and an SSTO main- 
tenance f a c i l i t y  a t  both KSC and WTR. Ground equipment (AGE) 
and f l i g h t  t e s t  spa re s  were included.  The t e s t  program c o s t s  
included one and a  h a l f  ground t e s t  v e h i c l e s ,  one f l i g h t  t e s t  
v e h i c l e  t o  be  r e fu rb i shed  and t r a n s f e r r e d  t o  ope ra t ions ,  and 
one mockup, S t a t i c - f i r e ,  t a x i ,  and v e r t i c a l  t e s t s  were a l s o  
included,  The DDT&E c o s t  r e s u l t s  a r e  summarized i n  Table  5. 
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TABLE 5.- DDT&E COSTS 

Production Costs 

Cost element 

Program management 

Systems engineer ing  and 
i n t e g r a t i o n  

A i r  v e h i c l e  design 

Ground suppor t  equipment ' 

Train ing  

Systems test and eva lua t ion  
Tes t  hardware? 
Tes t  opera t ions  

HTO v e h i c l e  design 

Logis t i c s  

F a c i l i t i e s  

Fee 

To ta l  

Production c o s t s  of four  f l i g h t  veh ic l e s  (Table 6) f o r  each 
of t h e  v e h i c l e  concepts (VTO, HTO, and IFF) were der ived  us ing  
a  95% lea rn ing  curve. Fac to r s  f o r  sus t a in ing  too l ing ,  sus t a in -  
i ng  engineering and f i n a l  assembly, i n s t a l l a t i o n ,  and checkout 
were based on T i t a n  experience. 

Operat ions Costs  

*LO2 i n  wing 
t2.5 equiva lent  air v e h i c l e s  

Operations c o s t s  f o r  SSTO systems were i n i t i a l l y  est imated 
us ing  t h e  approach of modifying present  Space S h u t t l e  opera t ions  

IFF 

$ 332 

591 

2441 

296 

172 

928 
39 0 

45 

466 

459 

$6120 

VTO 

$ 330 

590 

2317 

296 

172 

904 
390 

4 5 

466 

458 

$5968 

Dol l a r s  i n  m i l l i o n s  

HTO 

Dry 

$ 347 

619 

2491 

296 

172 

9 18  
39 0 

122 

45 

756 

48 3 

$6639 

Wet* 

$ 335 

599 

2380 

296 

172 

8 75 
390 

122 

4 5 

756 

---- 466 

$6436 



TABLE 6. - PRODUCTION COSTS 

c o s t  p r o j e c t i o n s  f o r  a p p l i c a t i o n  t o  a  15-year 55% program. The 
primary modi f ica t ions  were t o  d e l e t e  t h e  Space S h u t t l e  c o s t s  
r e l a t e d  t o  t h e  e x t e r n a l  tank  (ET) and t h e  so l id - rocke t  boos t e r s  
(SRB). This  approach l e d  t o  a  c o s t  e s t ima te  of $6.6 m i l l i o n  
per  launch f o r  SSTO (VTO) compared t o  $13.9 m i l l i o n  per launch 
f o r  Space S h u t t l e ,  based on f i s c a l  year  1976 d o l l a r s .  

A second more fundamental approach was taken t o  r e f l e c t  
t h e  p o t e n t i a l  s i m p l i f i c a t i o n  and combinations of launch and 
f l i g h t  ope ra t ions  f o r  an SSTO. This  approach involved a  
f u n c t i o n a l  a n a l y s i s ,  a n t i c i p a t i n g  t h a t  t h e  next  15 years  of 
Space S h u t t l e  a c t i v i t i e s  provide time f o r  s u b s t a n t i a l  c o s t  
r educ t ion  improvements. These p ro j ec t ed  improvements were Fased 
on cons ide ra t ions  of t h e  automation (computer izat ion)  of many 
f u n c t i o n s ,  a s  w e l l  a s  t he  f u t u r e  Space S h u t t l e  ope ra t ions  expe- 
r i e n c e  and t h e  l e s s  complex SSTO f l i g h t  v e h i c l e  wi th  self-check-  
out  c a p a b i l i t i e s .  Guide l ines  and r e s u l t s  of t h i s  approach a r e  
presented here.  

I 

Cost element 

Do l l a r s  i n  m i l l i o n s  

IFF 

$ 346 

39 

39 

251 

1 0 1  

28 

150 

195 

4  5  

5  7  

108 

$1359 

$ 371 

VTO 

*LO2 i n  wing 

S t r u c t u r e s  

Thermal p r o t e c t i o n  

Landing gear  

Propuls ion  

Avionics 

ECLS 

Power, hydrau l i c s  

F i n a l  asseriibly and checkout 

Sus ta in ing  engineer ing  

Sus t a in ing  t o o l i n g  

Fee 

T o t a l  

F i r s t  a r t i c l e  c o s t  

HTO 

$ 363 

42 

2  5 

2  92 

1 0 1  

28 

144 

209 

4 5  

56 

115 

$1420 

$ 367 

$ 307 

40 

2 2 

35 4  

101  

28 

149 

19 7  

4 1  

5 2  

10 8 

$1399 

$ 362 

Dry ---- 
$ 309 

4 8  

2  2  

291 

1 0 1  

28 

153 

198 

41 

52 

---- 108 
$1351 

_ I _ _ I _ _ -  

$ 350 

W e t *  



The SSTO ope ra t ions  c o s t s  a r e  based on 1,710 t o t a l  f l i g h t  
a t tempts  over a 15-year per iod beginning i n  1995. The 
number of f l i g h t s  each year  (F igure  19) a r e  es t imated  us ing  t h e  
12-year Space S h u t t l e  t r a f f i c  model extended t o  a 15-year period. 
F ive  f l i g h t  v e h i c l e s  a r e  a v a i l a b l e ,  t h r e e  a t  ETR and two a t  WTR. 
Costs  a r e  included f o r  new launch pads, o r  s l e d s ,  on e x i s t i n g  
land. Costs  of spa re s  a r e  based on T i t a n  exper ience  and pro- 
j e c t i o n  f o r  SSTO opera t ions .  F l i g h t  and launch ope ra t ions  a r e  
predominantly r e p e t i t i v e ;  ground based d a t a  systems and f l i g h t  
monitor ing a r e  l a r g e l y  automated. Most func t ions ,  t h e r e f o r e ,  
can be performed by t echn ic i ans  r a t h e r  than engineers ,  s i g n i f i -  
c a n t l y  minimizing launch and f l i g h t  ope ra t ions  cos t .  

A r e s u l t  of t h e  f u n c t i o n a l  a n a l y s i s  was the  60-hour ground 
ope ra t ions  t ime l ine  shown i n  F igu re  20. Manhours and c o s t s  t o  
support  t hese  func t ions  were est imated and used t o  develop the  
c o s t s  per f l i g h t  shown i n  Table 7. This  t a b l e  shows Space 
S h u t t l e  d a t a  f o r  comparison, i n d i c a t i n g  s i g n i f i c a n t l y  smal le r  
c o s t s  pro jec ted  f o r  SSTO opera t ions .  

These smal le r  c o s t s  can be  achieved wi th  "normal" technology 
growth focused i n  improving onboard f l i g h t  and ground support  
systems. Examples f o r  ope ra t ions  technology emphasis a r e  a s  
fol lows:  

(1)  Onboard f l i g h t  systems designed wi th  automated s e l f -  
t e s t  and checkout c a p a b i l i t i e s ;  

(2)  Support systems designed w i t h  s i m p l i f i e d  prelaunch and 
on -o rb i t  monitor ing software and con t ro l - cen te r  s t a f f i n g .  

Life-Cycle Costs  

The l i f e - c y c l e  ( t o t a l  program) c o s t s ,  summarized i n  Table 
8 ,  i n  f i s c a l  year  1976 d o l l a r s  a r e  much the  same f o r  t h e  va r ious  
v e h i c l e  concepts.  For t h e  VTO v e h i c l e ,  DDT&E and product ion 
c o s t s  a r e  64% and 14% of t h e  t o t a l  r e s p e c t i v e l y ,  whereas opera- 
t i o n s  c o s t s  a r e  22% of t h e  t o t a l .  

The l i f e - c y c l e  c o s t s  were discounted a t  10% from f i s c a l  
year  1976 f o r  comparison wi th  c o s t s  i n  c u r r e n t  d o l l a r s  and a s  
an a i d  f o r  f i n a n c i a l  dec i s ions .  Discounted c o s t s  a r e  shown i n  
Table  8.  





TABLE 7.- OPERATIONS COSTS PER FLIGHT 

TABLE 8.- LIFE CYCLE COSTS 

*LOn in wing I 

b 

KSC c i v i l  s e rv ice .  

Launch opera t ions  

F l i g h t  opera t ions  
(JSC) 

Refurbishment 

So l id  rocke t  boos ter  

Externa l  tank 

Engines 

HTO 

Tanker 

To ta l s  

*Control document, JSC 07700, Volume X V I  

?LO2 i n  wing 

Space Shut t le*  

FY '72 $ FY '76 $ 

0.51 0.67 

2 .OO 2.75 

2.21 2.92 

0.42 0.55 

3.33 4.40 

1.75 2 -31  

0.23 0.30 

10.45 13.90 

HTO 

FY '76 $ 

Dry Wet? 

0.092 0.092 

0.875 0.815 

0.703 0.703 

0.077 0.077 

0.168 0.168 

0.022 0.022 

-- 
1,937 1.817 

VTO 

FY '76 $ 

0,092 

0.858 

0.703 

0.077 

0.210 

- 
1.940 

IFF 

FY '76 $ 

0.092 

0.937 

0.703 

0.077 

0.168 

0.342 

2.319 



SUMMfUY COMPmISON OF VEHICLE WEIGHTS AND COSTS 

The major r e s u l t s  of t h e  v e h i c l e  des ign  weight ana lyses  and 
program c o s t  ana lyses  a r e  shown i n  Table 9. The weights  of t h e  
VTO and HTO concepts  a r e  f o r  v e h i c l e s  s i z e d  t o  r ev i sed  aero-  
dynamics. Dry weight i s  one f i g u r e  of m e r i t  f o r  comparing con- 
c e p t s  and t h i s  parameter i s  l e a s t  f o r  t h e  HTO veh ic l e .  Other 
f i g u r e s  of m e r i t  a r e  t o t a l  program c o s t s  and t h e  c o s t  per  pound 
of payload i n  o r b i t ,  and t h e s e  a r e  l e a s t  f o r  t he  VTO veh ic l e .  
For comparison, t he  Space S h u t t l e  m e r i t  index i s  $509/kg ($2311 
l b )  and $134/kg ($60.9/lb) based on f i s c a l  year  1976 and d i s -  
counted d o l l a r s  r e s p e c t i v e l y .  A mission success  f a c t o r  of 
0.925 was used f o r  t h e  HTO and t h e  IFF concepts ,  and 0.95 was 
used f o r  t h e  VTO. 

Based on t h e  assessments  of v e h i c l e  cost-performance m e r i t s ,  
t h e  VTO and t h e  wet-wing HTO concepts  were pursued dur ing  t h e  
Extended Performance Studies .  Advanced Technology Assessments 
were focused on the  VTO concept.  

ADVANCED TECHNOLOGY ASSESSMENT 

With t h e  preceding background of "normal" technology pro- 
j e c t i o n s  and v e h i c l e  des ign  concepts ,  technology a r e a s  were 
eva lua ted  t o  determine cost/performance/benefits t h a t  can r e s u l t  
w i th  a d d i t i o n a l  r e sea rch  funding and emphasis. Vehicle  weight 
and performance parameters were i d e n t i f i e d  t h a t  could provide 
s i g n i f i c a n t  c o s t  advantages wi th  advanced r e s e a r c h  goa ls  and 
a d d i t i o n a l  funding requirements .  Advanced technology programs 
were then  est imated us ing  d e l p h i  techniques.  .Nominal va lues  
and upper and lower 95% confidence l i m i t s  were est imated f o r  
bo th  technology goals  and funding. Cost/performance/benefit 
f i g u r e s  of mer i t  were then  derived.  The VTO v e h i c l e  des ign  
was s e l e c t e d  a s  a focus f o r  t h e  technology assessments.  

Advanced Technology Programs 

Twelve advanced technology programs (Table 10) were s e l e c t e d  
f o r  assessment of t h e i r  p o t e n t i a l  b e n e f i t s  i n  t h e  t ime frame of 
i n t e r e s t .  The b a s i s  f o r  s e l e c t i o n  was t h e  s t r o n g  in f luence  of 



TABLE 9.- SUMMARY COMPARISON OF VEHICLE 
CONCEPTS, WEIGHTS, AND COSTS 

T o t a l  program c o s t s  
d o l l a r s  i n  b i l l i o n s  

F i s c a l  y e a r  1976 
Discounted 10% 

Merit index* 
d o l l a r s / k g  (do l la r s /pound)  

F i s c a l  y e a r  1976 
Discounted 10Z 

*(Opera t ions  c o s t s )  / (miss ion  s u c c e s s  f a c t o r )  (no. o f  f l i g h t s )  (payload)  

10.7  
2.3 

69.3 (31.4) 
5 . 3  (2 .4)  

11 .4  
2.5 

71.0 (32.2) 
5.3 (2.4) 

11.0  
2.4 

68.8 (31.2) 
5.2 (2.3) 

11.4  
2.5 

85.1 (38.6) 
6.4 (2.9) 



TABLE 10.- ADVANCED TECHNOLOGY PROGRAMS SELECTED FOR ASSESSMENT 

optimization Propuls ion 

1. Thermal protect ion systems 6 .  Main engine injectors/chambers/ 
nozzles 

2. Propellant tanks 
7 .  Main engine pumps 

3. Wing and v e r t i c a l  t a i l  s t r u c t u r e s  ~ 

8. Main engine cooling 
4 .  Thrust s t ruc tu re s  

9 .  OMSIRCS systems 
5. Miscellaneous s t ruc tu re s  

10. Tr ip le  point  propel lants  

Secondary technologies Design c r i t e r i a  

t h e s e  technology a r e a s  on reduc ing  d ry  weight of t h e  VTO v e h i c l e  
beyond "normal" technology growth. 

The m a t e r i a l s ,  s t r u c t u r e s ,  and des ign  op t imiza t ion  programs 
a r e  s e l e c t e d  t o  suppor t  improvements i n  t h e  major weight  para- 
meters .  The Miscel laneous S t r u c t u r e s  R&T program pursues i m -  
provements i n  v e h i c l e  a r e a s  such a s  s t r u c t u r a l  i n t e r f a c e s  w i t h  
payload and subsystems, crew compartment i nc lud ing  docking, 
i n t e r t a n k  s t r u c t u r e s  and acces s  doors.  The propuls ion  programs 
a r e  s e l e c t e d  t o  suppor t  improvements i n  engine  performance and 
weight  parameters  f o r  bo th  main engines  and RCS/OMS engines .  
The Tr ip l e -Po in t /S lush  P r o p e l l a n t s  R&T program i s  inc luded  t o  
pursue improvements t h a t  can acc rue  us ing  h ighe r  d e n s i t y  L ~ Q /  
LH2 p rope l l an t s .  The Subsystem Weight Reduct ion program ad- 
d r e s s e s  performance and weight r e d u c t i o n  p o t e n t i a l s  i n  sub- 
systems such as e l e c t r i c a l ,  h y d r a u l i c s ,  pneumatics,  l i f e  suppor t ,  
a v i o n i c s ,  and communications. The I n t e g r a t i o n  Engineer ing pro- 
gram c o n s i s t s  of de s ign  engineer ing  and c o s t i n g  a c t i v i t i e s  t o  
provide  t e c h n i c a l  focus ing  and i n t e g r a t i o n  of a l l  SSTO-related 
r e - e a r c h  programs. These i n t e g r a t i o n  engineer ing  a c t i v i t i e s  
i n c l u d e  con t inu ing  e f f o r t s  toward e s t a b l i s h i n g  r e s e a r c h  g o a l s ,  



guidelines,  design c r i t e r i a  and margin requirements, and cos t /  
performance/benefits of SSTO vehicle  and program concepts. 

Figures of Merit 

Results of the  cost/performance/benefits analyses a r e  sum- 
marized i n  Table 11. The technology improvement goals (A Tech- 
nology) of each program were used t o  obta in  t h e i r  e f f ec t s  on 
reducing VTO vehic le  weights. The incremental cost  of each re- 
search program, discounted a t  10% (A $%), included considerations 

of research personnel, f a c i l i t i e s ,  materials ,  and t e s t s .  The im- 
provement goals and research cos t s  were obtained using Delphi tech- 
niques. The vehicle weights were used t o  derive l i fe-cycle  cost  
savings ( A  $LCC) a t t r i bu t ed  t o  each program. Discounted values 
(subscript  D) a r e  shown. Each row of data  i n  t h i s  t ab l e  per ta ins  
to  t h e  given technology program, each taken individual ly  a s  i f  it 
were t h e  only accelerated program tha t  would be given addi t ional  
funding. I n  a subsequent sec t ion  (Merit Analysis and Risk Assess- 
ment) example r e s u l t s  of implementing meaningful combinations of 
programs a r e  shown. This t ab l e  a l so  presents t h e  f igure  of meri t ,  
l i f e -cyc le  cost  saving divided by t he  added research program cost  
(A $LCCD/A $RD). 

These f igures  of meri t ,  shown i n  Figure 21 ,  arranged i n  
order of decreasing merit ,  include upper and lower l imi t s  tha t  
represent assessments of neg l ig ib le  r i sk .  Accelerated research 
a c t i v i t i e s  w i l l  y ie ld  r e s u l t s  within these l imi t s ,  The s t a -  
t i s t i c a l  expected r e s u l t  based on nominal values of parameters 
i s  shown by each c i r c l e .  Numerical values fo r  in tegrat ion 
engineering a r e  not included, but t h i s  program is discussed 
l a t e r .  

Rankings of the research programs a r e  shown i n  Table 12 fo r  
four f igures  of merit (FOM), based on expected (nominal) values 
of parameters. Relative values of each FOM a s  well a s  the 
q u a r t i l e  designation of these values a r e  a l so  tabulated. The 
programs a r e  l i s t e d  i n  the ranking order based on FOM A. A 
s ign i f ican t  r e s u l t  i s  the d e f i n i t i v e  groupings of the  programs 
i n  each qua r t i l e ,  indicat ing t ha t  the  q u a r t i l e  ranking would 
not be d i f f e r en t  even i f  there were large  changes i n  the  cost  
or weight estimates, A second s ign i f i c an t  r e s u l t  i s  tha t  the 
rankings a r e  almost the  same, observing t he  q u a r t i l e  desig- 
nat ions  from l e f t  t o  r i g h t  across the  t ab l e ,  fo r  FOMs A, B,  C ,  
and D. 



TABLE 11.- FIGURES OF MERTT AND SENSITIVITY DATA 

Technology 
program 

1. Thermal protec- 
t i o n  systems AW 

2. P rope l l an t  
tanks AW 

3. Wing & v e r t i c a l  
t a i l  s t r u c t u r e s  

AW 

Note: The symbols < > i n d i c a t e  undiscounted nominal values  of added R&T funding - 
<R> and r e s u l t i n g  LCC savings  <LCC>. 

44 

-2940 + 1360 
(-6480 + 3000) 

ATechnology 

+I470 
-3750 -1730 

(-8260 1::::) 
4. Thrust  

s t r u c t u r e s  

AW 

5. Miscellaneous 
s t r u c t u r e s  

Aw 

A$ max 

RD, min 
<R> 
$M 

10.5 14.2 

<18.1> 9 .O 

A 1  - sec ,  
SP 

AW, kg (lbm) 

-2970 + 450 
(-6550 + 1000) 

+ 4.6 

+360 
-590 -500 

+800 
-lloo) 

+360 
-1350 

(-3000 -;:;:) 
+6 

-5 
-45 t 14/Eng 
(-100 t 30/Eng) 

+2.5 rt 1 

-23 _+ 7/Eng 
(-50 _+ 15/Eng) 

+ l .  5 ' 
-45 _+ 9/Eng 
(-100 a 2O/~ng)  

+I20 
-830 -140 

(-1830 +:::) 
-90 "0 
(-190 + 22) 

+420 
-1150 

6. Main engine 

( i n j e c t o r s /  
chambers/ 
nozzles)  

7. Main 
engine 

1 Pumps 
I 

8 .  Main 
engine 
cooling 

"dry9 
kg (lbm) 

-9 510 f 1 450 
(-20 960 + 3 200) 

Toler- 
A% + ance 

-7'5 

+5.1 
-I3 -6.0 

A 1  
SP 

- 

AW 

A 1  
SP 

A W 

A I 
SP 

AW 

12.6 

<15.3> 7.3 

+5.0 -8.1 
-6.9 * 

11. Subsystem 
weight 
reduct ion A W 

12. I n t e g r a t i o n  

-9 230 r 4 270 
(-20 350 + 9 420) 

22.9 
12.6 

<30.8> 

engineering 

-3'9 

-9.7 ' 4.9 

9. OMS/ 
RCS 

-1360 t 680 
(-3000 f 1500) 

Refer t o  text. 

4-4 910 
-I2 470 -5 770 

4.5 7.2 
<8.2> 3.3 

P rope l l an t  

A w 

Dry 

AW 

-2 990 +1 840 
-2 540 

+1 040 
-3910 - 3 8 7 0  

-12.0 

<27.1> 17" 12" 

6.5 
4.8 4.3 <7.3> 

10. Triple-point 
p rope l l an t s  

+.4 +1.3 
-1.0 

-1.1 f 0.33 

+0.53 2 0.21 
-0.55 f 0.16 

+ 0 . 3 2 f  0.21 
-1.1 f 0.22 

+.92 -6.4 
-1.1 

-3.4 2 0.4 

+I. 4 -6.2 

(33 9102;: 

-4 140 + 2 070 
(-9 130 f 4 570) 

66.3 
47.8 37.8 

<78.8> 

35.4 
26'3 18.7 

<40.0> 

13.7 

<17.2> 8.3 

36.0 
<44.4> 26 '8 20'0 

23.2 

+8 650 
-I1 -3 640 

+19 060 
(-24 280 -8 020) 

-4 670 + 1 820 
(-10 300 + 4 010) 

-3 300 + 1 830 
(-7 280 5 4 030) 

+270 
920 -330 

(-4 240 +;;:) 

+3 570 
-I5 380 -3 770 



TABLE 11.- Concluded 

A$LCCD 
- max 

A$% 
min 

2.9 2.19 

8 .5  4.76 

11.4 
5.99 2.6 

4.40 1 
17 7 

6.90 3:3 

2.4 
1.07 o.5 

1.2 
0.65 o.3 

2.4 
1.24 o * 3  

0.5 
0.34 o.2 

6.3 
2.80 

5.9 
3.55 

A$LCC 

A$R 

6.67 

13.33 

13.16 

12.66 

20.0 

3.51 

2.02 

3.95 

1.04 

4.31 

10.87 

A$ max 
L C C ~ ,  min 

$M 

23 :;:: <121> 

62.6 
43 22.8 

<203> 

98143 .3 

<405>59'4 

20 36.4 

OPSD, 

SM 

2.8 

4 .1  

6.1 

2.6 

4.1 

6.5 

2.5 

1.4 

1 . 0  

-7.0 

1.1 

A$LCCI) - A$%, 

$14 

17.6 
12.5 5.4 

55.3 
34.0 10.2 

130.7 
81.6 36.5 

33.1 

A$ 
ProdD, 

$14 

4.5 

8.6 

11.1 

4.2 

6.0 

9.4 

2.8 

2.8 

2.0 

11.0 

3.4 

AGLOW, 
kg (lbm) 

-77 950 + 11 900 
(-171 850 + 26 240) 

-75 700 + 35 950 
(-166 890 t 77 260) 

+40 250 
-Io2 240 -47 310 

+17 230 
-27 630 -23 380 

+8 550 
-32 050 -31 710 

+45 510 
-I37 330 -110 210 

-58 660 + 22 580 
(-129 320 + 49,780) 

-39,460 + 22 020 
(-86,900 t 48 550) 

+3 120 
-22 OoO -3 740 

+30 970 
330 -84 080 

-33 980 + 16 990 
(-74 910 + 37 450) 

A$ 
DDT&ED, 

SM 

15.8 

30.0 

80.7 

12.9 

21.1 

34.9 

11.2 

8 .8  

6.0 

44.8 

12.0 

<403, 7.6 / 15'5 0.4 

61.9 
31 22.7 

<161> 

91.6 

58.4 
26'f 15.9 

53.8 
51 34.0 1 3'2  -32.3 

<276> 

23.1 
l7 9.9 

<87> 

1 3  
20.3 

-9.3 4.4 
-25.5 

12 .O 
2.5 -8.0 

4 8 ,  5 '7  1 

9 
<46> 

79.6 
4 9 3 7 . 5  

<117> 

17 2i:i 
<79> 

-17.8 
-9.5 

-28.3 

66.9 
31'5 14.3 

18.5 
12.2 



These d a t a ,  then ,  can be  used w i t h  accep tab l e  confidence 
t o  a r r i v e  a t  gene ra l  assessments  of t h e  merits of  t h e  a c c e l e r a t e d  
r e s e a r c h  programs. The s t r u c t u r e s ,  TPS, and t r i p l e - p o i n t  pro- 
p e l l a n t  programs, ranked 1 through 7 ,  a r e  primary cand ida t e s  f o r  
focused ,  a c c e l e r a t e d  a c t i v i t i e s .  The advanced propuls ion  pro- 
grams, ranked 8 through 11, cannot  be expected t o  have accept -  
a b l e  payof f s ,  a l though "normal" focused a c t i v i t i e s  i n  t h e s e  
r e s e a r c h  a r e a s  a r e  requi red .  

F igu re  21.- F igu re s  o f  merit comparison 

Quartile Symbols 

The I n t e g r a t i o n  Engineer ing R&T program i s  most impor tan t ,  
a s  i t  provides  o v e r a l l  guidance t o  t h e  R&T programs based on 
c o n t i n u a l  eva lua t ions  of SSTO des ign  concepts  and eost /perform- 
a n c d b e n e f i t s  of r e l a t e d  R&T a c t i v i t i e s .  S t u d i e s  included i n  
t h e  program inc lude  con t inua t ion  i n  more depth  of p r e sen t  s t udy  
a c t i v i t i e s ,  such a s  r e s e a r c h  program development and t e c h n i c a l  
management ana lyses ,  as w e l l  as suppor t  technology and configu-  
r a t i o n  ana lyses .  An important  goa l  i s  t o  e s t a b l i s h  s p e c i f i c  
de s ign  c r i t e r i a ,  de s ign  margin requi rements ,  mission models, 
and payload d e f i n i t i o n s  as a b a s i s  f o r  de s ign  engineer ing ,  
App l i ca t i ons  and m e r i t s  of dual-mode propuls ion  and c o n t r o l s -  
conf igured  v e h i c l e  (CCV) concepts ,  f o r  example, have p o t e n t i a l l y  
l a r g e  payoffs  and are t o  be  more v igo rous ly  pursued i n  t h i s  
program. Es t imates  of t h e  merits of t h i s  R&T program were based 
on assumptions f o r  r e l axed  s t a b i l i t y  requi rements ,  reduced des ign  
margin requirements  , improved aerothermodynamic and des ign  

I11 & IV Maximum value* 
b 

0 Expected value (nominal data) 0 Minimum value* 

I h I1 

20 

4 

- 

15 

10 

5 

0 

Miscellaneous structures 

*Negligible probability that value 
is outside these limits 

- 

Wing and vertical t a i l  structures 

Thrust structures 

- 
Subsystems weight reduction 

Triple point propellants 

Thermal protection systems 

Main engine cooling - 
Main engine injectors/chambers/nozzles 

Main engine pumps 

OMSIRCS systems 

Research programs 



TABLE 12.- RANKING OF ADVANCED TECHNOLOGY PROGRAMS 

a n a l y s i s  t echniques ,  and f u r t h e r  des ign  opt imiza t ions .  These 
e s t i m a t e s  y i e lded  FOMs w i t h  r e l a t i v e  va lues  more than twice  a s  
g r e a t  a s  any o the r  advanced r e s e a r c h  program (Table  12 ) ,  and 
t h e r e f o r e  show t h a t  t h e s e  a c t i v i t i e s  should be v igo rous ly  pur- 
sued. 

Figures of mer i t  - 
Research programs 

No. T i t l e  

12. In teg ra t ion  engineering 

5. Misc s t r u c t u r e s  

3. \ling 6 v e r t i c a l  
t a i l  s t r u c t u r e s  

2. P rope l l an t  tanks 

4. Thrust  s t r u c t u r e s  

11. Subsystem weight 
reduct ion 

10. T r i p l e  po in t  p rope l l an t s  

1. Thermal p ro tec t ion  
systems (TPS) 

8 .  I h i n  engine cooling 

6. Main engine i n j e c t o r s 1  
chambers/nozzles 

7. Main engine pumps 

9. o ~ f s l ~ c s  systems 

EXTENDED PERFORMANCE STUDIES 

The impact of focused advanced technology programs on 
v e h i c l e  c h a r a c t e r i s t i c s  w a s  developed us ing  bo th  VTO and HTO 
v e h i c l e  concepts.  The a c c e l e r a t e d  technology goa l s  of t h e  
Advanced Technology Assessment were app l i ed  t o  t h e s e  concepts ,  
except  t h a t  t h e  "normal" technology of t h e  main-engine and OMS/ 
RCS propuls ion  systems was used. As a r e p r e s e n t a t i o n  of pro- 
gram g o a l s  of t h e  I n t e g r a t i o n  Engineer ing R&D program, t h e  
s t a t i c  s t a b i l i t y  g u i d e l i n e s  were reduced somewhat; t h e  minimum 
a n g l e  f o r  hypersonic  t r i m  was changed from 20 deg t o  25 deg, 
whereas t h e  minimum subsonic  l a t e r a l  d i r e c t i o n a l  d e r i v a t i v e  
was changed from 0.002 t o  0.0015. These va lues  a r e  r e p r e s e n t a t i v e  

D. A$LCCD - A$% A. A$LCCD/A$% 

Quartile 

I ------ 
I11 ------ 
I 

------ 
I11 ------ 
IV 

---- -- 
111 ---- -- 

IV 

Q u a r t i l e  

I 

( z S s  

- 29.9) 

------- 
I1 

(2$% 

= 

------ 
111 

(Z$% 

= 28.0) -- ---- 
IV 
(C$% - 111.4) 

Rank 

0 

1 

2 

----- 
3 

4 

5 

---- 
6 

7 

---- 
8 

9 

10 

11 

Rank 

0 ---- 
4 ---- 
1 

---- 
2 ---- 
5 

6 

---- 
3 ---- 
7 

9 

8 

1 0  

11 

B. A$LCC/A$R 

Re la t ive  
Value 

3.13 

1.00 

0.87 

------ 
0.69 

0.64 

0.51 

------ 
0.41 

0.32 

------ 
0.18 

0.15 

0.09 

0.05 

C. AWdry A$% 

Rela t ive  
Value 

2.27 ------- 
0.33 ------- 
1.00 

------ 
0.41 --- ---- 
0.20 

0.16 

------ 
0.39 ------ 
0.15 

0.04 

0.04 

-0.11 

-0.21 

Rank 

0 

1 - - -- 
3 

2 

4 

5 

---- 
7 - - - - 
6 

---- 
8 

9 

1 0  

11 

Rank 

0 

3 

6 

1 ---- 
7 ---- 
5 

4 

2 

---- 
8 ---- 
9 

1 0  

11 

R e l a t i v e  
Value 

2.78 

1-00 -- - - - - 
0.66 

0.66 

0.63 

0.54 

0.22 - - - - - - 
0.33 

------ 
0.20 

0-18 

0.10 

0.05 

Re la t ive  
Value 

5.42 

0.88 

0.75 

1.00 ------ 
0.65 ------ 
0.85 

0.86 

0.89 

------ 
0.31 ------ 
0.23 

0.17 

0.07 

Q u a r t i l e  

I 

- - - -- - 

I1 

-------------- 
IV - - - - - - - 
I11 

------ 
IV 

Q u a r t i l e  

I 

------ 
I1 

I 

------- 
I11 ------ 

IV 



of c u r r e n t  technology and t h e r e f o r e  a r e  q u i t e  conse rva t ive ,  y e t  
y i e l d  s i g n i f i c a n t  v e h i c l e  dry  weight  r educ t ions .  The advanced 
v e h i c l e  des igns ,  which were developed us ing  t h e  acce l e ra t ed  goa l s  
a s  we l l  a s  t h e  previous technology assessments ,  were focus f o r  
m e r i t  a n a l y s i s  l ead ing  t o  i d e n t i f i c a t i o n  of h igh-y ie ld  and 
c r i t i c a l  technology a reas .  

Vehic le  Designs 

Based on t h e  previous  figure-of-merit  a n a l y s i s ,  t h e  follow- 
i n g  advanced technology programs were s e l e c t e d  f o r  a p p l i c a t i o n  t o  
the a c c e l e r a t e d  performance veh ic l e s :  (1) thermal  p r o t e c t i o n  systems, 
(2) p r o p e l l a n t  tank  s t r u c t u r e ,  (3) wing and v e r t i c a l  t a i l  s t r u c t u r e s ,  
(4)  t h r u s t  s t r u c t u r e s ,  (5)  miscel laneous s t r u c t u r e s ,  (10) t r i p l e -  
po in t  p r o p e l l a n t s ,  (11) subsystems, and (12) i n t e g r a t i o n  engineer- 
i n g  ( r ep re sen ted  by reduced subsonic s t a b i l i t y  margins and r e -  
duced hypersonic t r i m  l i m i t s ) .  The combined weight advantages 
from t h e s e  programs were combined wi th  t h e  p r o j e c t i o n s  of "normal" 
technology i n  o the r  a r e a s  t o  s i z e  new VTO and HTO veh ic l e s .  The 
aerodynamic c h a r a c t e r i s t i c s  were ca l cu la t ed  f o r  each v e h i c l e  f o r  
a scen t  performance opt imiza t ion .  The mass r a t i o  requirements  
were then  used t o  o b t a i n  near-optimum v e h i c l e  weights  and s i z e s .  

The inboard p r o f i l e  of t h e  advanced VTO v e h i c l e  i s  shown i n  
F igu re  22. The v e h i c l e  i s  s i m i l a r  i n  concept t o  t he  previous 
VTO v e h i c l e  except  t h a t  t h e  wing and v e r t i c a l  t a i l  a r e a s  a r e  
smal le r  r e l a t i v e  t o  t h e  body. The thickness- to-chord r a t i o  of 
t h e  wing has been increased  t o  10% a t  t h e  exposed r o o t .  The 
v e h i c l e  has  t h r e e  dua l -pos i t i on  nozz le  engines and four  f ixed-  
p o s i t i o n  nozz le  engines.  

The sled-launched HTO v e h i c l e  shown i n  F igu re  23 i s  a wet- 
wing des ign  concept.  Approximately 62% of t h e  ox id i ze r  pro- 
p e l l a n t  i s  i n  t h e  wing and wing car ry through box. The ox id i ze r  
p rope l l an t  i s  t r a n s f e r r e d  t o  t h e  body tanks  by pumps and t r a n s -  
f e r  l i n e s  from t h e  a f t  end of t h e  wing car ry through box. The 
wing i s  configured wi th  a 47 deg leading  edge sweep. The main 
landing  gear  i s  housed i n  t h e  wing s t r u c t u r e  ad j acen t  t o  t h e  
f u s e l a g e  ox id i ze r  tank. The a f t  f u s e l a g e  i s  b o a t - t a i l e d  on t h e  
s i d e s  t o  minimize drag  and meet rocke t  engine packaging r e -  
quirements.  The main engines a r e  t h r e e  dua l -pos i t i on  nozz,le 
and two f ixed -pos i t i on  nozz le  con f igu ra t ions .  The mass prbp- 
e r t i e s  a r e  summarized i n  Table 1 3  f o r  t h e  VTO and HTO veh ic l e s .  
The d ry  weights  of t h e  VTO and HTO v e h i c l e s  a r e  61  940 kg 
(136 554 l b )  and 42 949 kg (94 686 l b )  l e s s  than  t h e  v e h i c l e s  
designed w i t h  "normal" technology gorwth. 
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TABLE 13.- ADVANCED VTO AND HTO MASS PROPERTIES 

Landing weight 
without  payload 

Sled run  p rope l l an t  

These des igns  of extended performance v e h i c l e s  a r e  based on t h e  
nominal r e s e a r c h  goa ls  p ro j ec t ed  f o r  s e l e c t e d ,  focused,  advanced 
technology programs. The advanced KT0 sled-launched v e h i c l e  
uses  cryogenic wet-wing technology, which i s  r equ i r ed  t o  be ad- 
dressed  wi th  advanced R&T. Also,  t h e  main engines a r e  i g n i t e d  
wh i l e  t h e  s l e d  i s  a c c e l e r a t i n g  near  t h e  end of t h e  s l e d  run. 
Advanced technology i s  r equ i r ed  t o  develop t h i s  technique and 
t o  confirm t h e  r e l i a b i l i t y  of i g n i t i o n  i n  t h i s  a c c e l e r a t i o n  
env ir  onmen t . 

M e r i t  Analysis  and Risk  Assessment 

Research program assessments.-  Appl ica t ion  of goa l s  of ac- 
c e l e r a t e d  technology i n  t h e  combined a r e a s  of s t r u c t u r e s ,  TPS, 
t r i p l e - p o i n t  p r o p e l l a n t s ,  and i n t e g r a t i o n  engineering have r e -  
s u l t e d  i n  VTO and HTO des igns  t h a t  a r e  much l i g h t e r  and c o s t  
l e s s  (Table 14) than  t h e  des igns  based on "normal" technology 
growth. These r e s u l t s  suppor t  t h e  previous assessments  of t he  
p o t e n t i a l  b e n e f i c i a l  payoffs  i n  t hese  technology a reas .  Fur ther  
e s t ima te s  of v e h i c l e  weights  and program c o s t s  have been made 
applying o the r  combinations of t h e  goa ls  of a c c e l e r a t e d  programs 
t o  v e h i c l e  design.  



TABLE 14.- FIGURES OF MERIT FOR ADVANCED 
PROGRAM COMBINATIONS 

Combined technology 
programs 

1, 2, 3, 4, 5, 10, 11 
and 12 applied t o  VTO 

1, 2, 3, 5, 10, and 12 -60 584 
applied t o  VTO I (-133 565) 

dry 
kg (pounds) 

-63 451 
(-139 885) 

1, 2, 3, 4, 5, 10, 11 
and 12 applied t o  wet- 
wing HTO 

-42 949 
( -94 686) 

A GLOW 

kg (pounds) 

-542 272 
(-1 195 506) 

-369 724 
(-815 101) 

-526 434 
(-1 160 589) 

-681 430 
(-1 502 296) 

;counted nomin 
<LCC>. 

A l l  applied t o  VTO 

<A$R> 
$M 

76.2 
e131.0, 

76.2 
<131.0> 

66.9 
<115.5> 

187.6 
<314.4> 

L values 

-73 228 
(-161 440 

ASLCC 
<A $LCC> 
$M 

257 
<1206> 

29 3 
<1376> 

255 
<i1977 

300 
<1408> 

of added Note: The symbols < 7 ind i ca t e  undi 
<R> and r e su l t i ng  LCC savings 

Savings, 

188.1 1::: 1 112.4 

6T funding 

Tota l  Cost 
LC%+AS% 

One r e s u l t  of i n t e r e s t  (Table 14) i s  obtained by combining 
nominal goa ls  of a l l  programs a s  t h i s  i n d i c a t e s  an o p t i m i s t i c  
l i m i t  i f  a d d i t i o n a l  r e s e a r c h  fundings were a v a i l a b l e  f o r  a l l .  
A second combination is  obtained by s e l e c t i n g  those  r e s e a r c h  
programs t h a t  e x h i b i t  a minimum, no r i s k ,  l i f e - c y c l e  c o s t  sav- 
i ngs  of a t  l e a s t  1% of t h e  VTO b a s e l i n e  cos t .  The advanced 
main-engine program 6 i s  excluded because i t s  minimum LCC 
savings  a r e  l e s s  than t h e  r e s e a r c h  cos t s .  This  combination in-  
c ludes  programs 1, 2 ,  3, 5 ,  10 ,  and 12. 

Assessment of t h e s e  r e s u l t s  t oge the r  w i t h  t h e  i n d i v i d u a l  
program r e s u l t s  of  Tables  11 and 12  concludes t h a t  t h e  high- 
y i e l d  advanced technology a r e a s  a r e  m a t e r i a l s  and s t r u c t u r e s ,  
TPS, t r i p l e - p o i n t  p r o p e l l a n t s ,  and engineer ing  i n t e g r a t i o n  pro- 
grams 1, 2, 3, 4,  5, 10,  11, and 12. Meaningful combinations 
such as t h i s  show t h a t  t o t a l  R&T funding would be  increased  
about $12M/year (undiscounted) over  normal funding ( c f .  F igure  7 ) .  

An a n a l y s i s  t o  a s s i s t  i n  i d e n t i f y i n g  t i m e - c r i t i c a l  t ech-  
nology a r e a s  was t o  e s t ima te  t h e  maximum accep tab le  de lays  i n  
s t a r t i n g  acce l e ra t ed  r e sea rch  without  i n c u r r i n g  h igh  r i s k s .  
The t ime spans of h igh  a c t i v i t y  i n  t h e  R&T programs and r e l a t e d  
DDT&E were est imated based on t h e  previous schedules.  The guide- 
l i n e  d a t a  of 1987 f o r  ATP and t h e  same t o t a l  r e s e a r c h  funding 
a s  es t imated  previous ly  were assumed. The r e s u l t s  were a s  
fol lows:  



Technology a r e a s  
Maximum de lay ,  
y e a r s  

Wing and f i n  s t r u c t u r e s  1 

Tr ip l e -po in t  p r o p e l l a n t s ,  i n t e g r a t i o n  
engineer  ing  

TPS, p rope l l an t  tanks ,  p ropuls ion  systems 3 

Thrus t  and miscel laneous s t r u c t u r e s ,  
subsystem weight r educ t ion  

Assessments of h igh-y ie ld  and c r i t i c a l  a r e a s  a r e  presented 
i n  Table 15 f o r  both "normal" and advanced technology growth. 
High-yield a r e a s  a r e  those  which have shown accep tab le  f i gu res -  
of-meri t .  C r i t i c a l  a r e a s  a r e  t hose  t h a t  r e f l e c t  technology 
concerns t h a t  must be  addressed f o r  succes s fu l  development of 
an advanced e a r t h - o r b i t a l  t r a n s p o r t a t i o n  system. These con- 
ce rns  a r e  i nd ica t ed  i n  t h e  t ab l e .  

System development schedule assessments.-  P o s s i b i l i t i e s  
f o r  a c c e l e r a t i n g  t h e  SSTO system development schedule have been 
assessed .  The perturbed schedule which r e p r e s e n t s  r e s u l t s  of 
t h i s  assessment i s  shown i n  F igu re  24.  This  acce l e ra t ed  sched- 
u l e  i s  based on the  schedules  f o r  advanced r e s e a r c h  programs, 
a s  w e l l  a s  cons ide ra t ions  of development, t e s t ,  and product ion 
without  i ncu r r ing  h igh  r i s k s  of schedule de lays .  This  a s se s s -  
ment concluded t h a t  r e l a t i v e  t o  t h e  g u i d e l i n e  schedule (F igure  
20) t h e  s t a r t  of DDT&E could be advanced by approximately t h r e e  
y e a r s ,  whereas t h e  FMOF and I O C  could be  advanced by one yea r ,  
wi thout  i ncu r r ing  any s i g n i f i c a n t  i n c r e a s e  i n  schedule r i s k s .  

TECHNOLOGY RECOMMENDATIONS 

Recommendations of "normal" technology and advanced tech-  
nology a r e a s  t h a t  should be v igorous ly  pursued a r e  d iscussed  
i n  t h i s  s ec t ion .  

Thermostructures  

Development of l igh tweight  composite m a t e r i a l s  and s t r u c -  
t u r e s  a r e  important  f o r  a p p l i c a t i o n  t o  ae rosu r faces ,  t h r u s t  
s t r u c t u r e s ,  miscel laneous s t r u c t u r e s ,  and subsystems. Research 



TABLE 15.- HIGH YIELD AND CRITICAL TECHNOLOGY ASSESSMENTS 

1 Thermal protection 

Reusable surface 
insulation Reusability for mare 

than 100 missions must 

2 Propellant tanks 
Dry wings 
Wet wings (applied 
to HTO) 

3 Wing and vertical tail 
structures 
Composite materials 

4 Thrust Structures 
Composite materials 

5 Miscellaneous struc- 
tures 
Composite materials 

6,7,8 Main engine pro- 
pulsion 
Multiposition nozzles 

9 RCSIOMS 

10 Triple-point pro- 
pellants 

11 Subsystems weight 
reduction 

12 Integration engineering 
Design integration 
Design criteria 

High yield: 1) Attractive 
2) Technology not highly developed at present (1975-1976). 

Critical: 1) Technology development is necessary for SSTO cost and performance success. 
2) Timely, near future, focus on SSTO-related research is recommended. 

X 
X 

X 

X 

X 

X 

Research not high 
yield nor critical 

Not being vigor- 
ously pursued at 
present time 

X 

X 

cost/performance/benefits 

be demonstrated 

X 
Large wet wing cryo- 
genic tank technology 
must be developed 
Lightweight pressur- 
ized structures 
Propellant utiliza- 
tion 

X 
2-position nozzle 
development is required 
Extension/retraction 
Nozzle cooling 
Seals 
Dynamic loads 

X 
Continued focusing of 
technology and evalua- 
tions of SSTO concepts 
are needed 

and/or dry weight 

X 
X 

X 

X 

X 

X 

X 

X 

improvements. 

X 
(Based on time- 
liness) Technology 
for large scale 
applications must 
be developed 
Manufacture and 
storage 
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a c t i v i t i e s  should address  m a t e r i a l  improvements, m a t e r i a l  char -  
a c t e r i z a t i o n ,  de s ign  a n a l y s i s ,  and f a b r i c a t i o n  technology. Near- 
term a c c e l e r a t e d  r e s e a r c h  should be  app l i ed  t o  technology r e l a t e d  
t o  composites f o r  u se  i n  primary s t r u c t u r e s ,  i n  p a r t i c u l a r ,  aero-  
s u r f a c e s ,  i n t e r t a n k  and t h r u s t  s t r u c t u r e s ,  and subsystem i n t e r -  
f aces .  

I n t e g r a l ,  load-car ry ing  membrane p r o p e l l a n t  t anks  can be 
developed us ing  normal aluminum a l l o y s  app l i ed  t o  mu l t i l obe  and 
i s o g r i d  s t r u c t u r a l  des igns .  Research r e l a t e d  t o  t ank  des ign  
should focus  on improving loads  and f a i l u r e  p r e d i c t i o n  a n a l y s i s  
and t e s t i n g  techniques  app l i ed  t o  mu l t i l obe  des igns  w i t h  t h e  
goa l s  of minimizing weight by reduc ing  des ign  margin r e q u i r e -  
ments and nonoptimum f a c t o r s .  Environmental c r i t e r i a  f o r  r e s e a r c h  
and concept a n a l y s i s  should i nc lude  t r i p l e - p o i n t  p r o p e l l a n t  re- 
quirements.  

Thermal P r o t e c t i o n  Systems 

Thermal p r o t e c t i o n  systems (TPS) w i l l  r e q u i r e  m a t e r i a l s  such 
a s  r e u s a b l e  s u r f a c e  i n s u l a t i o n  (RSI), r e i n f o r c e d  carbon-carbon 
(RCC), f l e x i b l e  RSI, ceramics ,  and m e t a l l i c s .  Re la ted  r e s e a r c h  
should focus  on improved m a t e r i a l s ,  c h a r a c t e r i z a t i o n  of phys i ca l  
p r o p e r t i e s ,  f a b r i c a t i o n  t echn iques ,  t e s t i n g  techniques ,  s t r u c -  
t u r a l  des ign  ( i nc lud ing  i n t e r f a c e s  w i t h  primary s t r u c t u r e s ) ,  
performance a n a l y s i s  methods, maintenance, and refurbishment .  
A c r i t i c a l  requirement  i s  t o  demonstrate  r e u s a b i l i t y  of TPS f o r  
100 t o  500 r e e n t r y  cyc les .  

Acce le ra ted  r e s e a r c h  i n  TPS technologies  should focus on 
reduc ing  weight and c o s t s  of r e u s a b l e  RSIs,  and on e f f i c i e n t  
i n t e r f a c e s  among va r ious  s e c t i o n s  of t h e  v e h i c l e  t h a t  have 
d i f f e r e n t  TPS m a t e r i a l s  o r  TPS th i cknes se s .  Inasmuch a s  RSI 
technology i s  r e l a t i v e l y  young, t h e r e  may b e  l a r g e ,  unforeseen 
payoffs  from a c c e l e r a t e d  r e sea rch .  Th i s  p o t e n t i a l  should b e  
cons idered  i n  eva lua t ing  a l l o c a t i o n s  of advanced funding. 

Propuls ion  Systems 

Normal propuls ion  r e s e a r c h  i n  t h e  near  f u t u r e  should pro- 
v i d e  s u f f i c i e n t  engine  paramet r ics  app l i ed  t o  SSTO v e h i c l e  con- 
c e p t s  t o  e s t a b l i s h  t h e  m e r i t s  of concepts  o t h e r  than  L O ~ / L H ~  



b e l l - n o z z l e  engines  and should a l s o  focus  on technology r e l a t e d  
t o  m u l t i p o s i t i o n  b e l l  nozz l e s ,  which a r e  c r i t i c a l  t o  SSTO per-  
formance. S p e c i f i c  a r e a s  of concern a r e  f a s t - a c t i n g  ex tens ion-  
r e t r a c t i o n  mechanisms ope rab l e  wi thout  engine  shutdown, means 
f o r  cool ing  t h e  extended n o z z l e s ,  s e a l i n g  t h e  i n t e r f a c e  between 
nozz l e  segments, and dynamic loads  du r ing  ex tens ion .  

Research has  been app l i ed  t o  u se  of t r i p l e - p o i n t / s l u s h  
p r o p e l l a n t s ,  b u t  t h i s  a c t i v i t y  i s  small .  Normal growth i n  t h i s  
a r e a ,  t h e r e f o r e ,  i s  considered t o  be  inadequate  f o r  SSTO a p p l i -  
c a t i ons .  

Aux i l i a ry  propuls ion  systems,  such a s  f o r  OMS and RCS, should 
be  cont inued t o  b e  improved by r e s e a r c h  focused toward L02/LH2 
systems f o r  SSTO a p p l i c a t i o n s .  Normal technology growth i s  pro- 
j ec t ed  t o  be  adequate.  

I n t e g r a t i o n  Engineer ing 

The conceptual  de s ign  and a n a l y s i s  a c t i v i t i e s  a r e  being pur- 
sued t o  i d e n t i f y  SSTO program concepts  and technology r e q u i r e -  
ments and assessments ,  as exemplif ied by t h e  c u r r e n t  study. 
Other suppor t ing  r e s e a r c h  a c t i v i t i e s  were pro j ec ted  t o  con t inue ,  
i nc lud ing  integrated-computer-aided-design s y n t h e s i s ,  wind tunne l  
t e s t i n g  of con f igu ra t i on  concepts ,  aerothermodynamic a n a l y s i s ,  
and performance opt imiza t ion .  Add i t i ona l  near - te rm,  normal 
a c t i v i t i e s  should focus  on f u r t h e r  assessments  of dual-mode 
engines ,  cont ro ls -conf igured  v e h i c l e s  (CCV), and payload e f f e c t s  
on v e h i c l e  des ign .  Fu tu re  a c t i v i t i e s  should focus on e s t a b l i s h -  
i n g  i n  more depth  mission and payload requi rements ,  de s ign  c r i -  

' t e r i a  and des ign  margins ,  r e s e a r c h  requi rements ,  and c o s t l p e r -  
formance lbenef i t  assessments .  

Normal Space S h u t t l e  program developments du r ing  t h e  next  
14 yea r s  w i l l  provide an e f f i c i e n t  ope ra t i ons  system base  f o r  
SSTO opera t ions .  The R&T a c t i v i t i e s  should focus  on improved 
computer iza t ion  and sof tware  techniques f o r  automating r e p e t -  
i t i v e  and redundant  f u n c t i o n s ,  and on improved d a t a - l i n k  systems. 
Inasmuch a s  l i q u i d  hydrogen c o s t s  have i n f l a t e d  g r e a t l y  (more 
than  doubled i n  1975), r e s e a r c h  should focus  toward ach iev ing  
low-cost hydrogen product ion.  

Advanced R&T should a l s o  focus  on paramet r ic  des ign ,  re-  
s e a r c h  requi rements ,  and c o s t  ana lyses  f o r  SSTO systems us ing  
g u i d e l i n e s  o t h e r  than  those  a n t i c i p a t e d  w i t h  "normal" technology 
funding t o  suppor t  d e t a i l e d  recommendations f o r  a l l o c a t i n g  rele- 
van t  R&T re sou rces .  



CONCLUSIONS 

A fundamental goal  of t h i s  study was t o  i d e n t i f y  important 
a reas  of technology associa ted  wi th  f u t u r e  ear th-orbi t  t ransporta-  
t i o n  systems. These systems w e r e  represented by reuseable,  s ingle-  
s ta te- to-orbi t  veh ic le  concepts with v e r t i c a l  and hor izon ta l  (sled- 
launched and inf l ight - fueled)  takeoff  c a p a b i l i t i e s .  Payload and 
mission requirements were s imi la r  t o  Space Shu t t l e ,  which t h e  SSTO 
system could replace  i n  1995. 

The study goal  was pursued by a sequence of analyses t h a t  in- 
cluded projec t ing "normal" technology growth over t h e  next t e n  t o  
f i f t e e n  years ,  applying the  technology t o  veh ic le  designs,  and cal- 
cu la t ing  t o t a l  program ( l i f e  cycle)  cos t s .  Assessments of advanced 
technology w e r e  then made, p ro jec t ing  goals t h a t  could be  achieved 
i n  accelera ted  research programs. Assessments w e r e  aided by dev- 
eloping f igures  of mer i t  t h a t  r e f l e c t e d  cost-performance benef i t s .  
The advanced goals  were then applied t o  veh ic le  designs and program 
cos t s ,  providing a b a s i s  f o r  assessments of high-yield and c r i t i c a l  
a reas  of technology. 

The major r e s u l t s  of t h e  study a r e  a s  follows: 

(1) Single-stage-to-orbit concepts have except ional ly  worth- 
while cost-performance merits a s  advanced ea r th -o rb i t a l  t ransporta-  
t i o n  systems using "normal" technology growth. 

(2) Guidelines of t h i s  s tudy l ed  t o  t h e  s p e c i f i c  design con- 
cepts  of t h i s  r epor t .  Changes t o  t h e  guidel ines  such a s  reduced 
dry-weight margins, relaxed s t a b i l i t y  c r i t e r i a ,  and o the r  main- 
engine and propel lant  combinations can lead t o  smaller  and l i g h t e r  
veh ic les  f o r  t h e  same payload requirement. Such guidel ine  changes, 
however, would not  a f f e c t  t h e  major conclusions t h a t  i d e n t i f y  tech- 
nology requirements, except f o r  propulsion. 

(3) Assessments of t h e  p o t e n t i a l  b e n e f i t s  of advanced tech- 
nology ind ica te  the  high-yield a r e a s  t h a t  should be vigorously pur- 
sued a r e  thermal protec t ion systems, propel lant  tanks,  wing and 
v e r t i c a l  t a i l  s t r u c t u r e s ,  t h r u s t  s t r u c t u r e s ,  miscellaneous s t ruc-  
t u r e s ,  t r ip le -po in t  propel lants ,  subsystem weight reduction,  and 
in tegra t ion  engineering. 

( 4 )  C r i t i c a l  a reas  of technology a r e  t h e  r e u s a b i l i t y  demon- 
s t r a t i o n  of RSI mate r i a l s  f o r  more than 100 missions, t h e  develop- 
ment of main engines with mul t ipos i t ion  nozzles,  and t h e  continuing 
evaluat ions  of veh ic le  concepts and supporting technology. Also, 
wet-wing technology i s  c r i t i c a l  f o r  HTO concepts. Advanced growth 
technology requ i res  timely emphasis on large-scale  app l i ca t ions  of 
t r ip le-point  p rope l l an t s ,  i n  p a r t i c u l a r ,  t h e i r  manufacturing and 
s torage  requirements. 



(5) Project ions of "normal" technology growth over the  next 
ten  years indica ted  t h a t  o v e r a l l  improvements over today's tech- 
nology w i l l  r e s u l t  i n  a vehic le  dry-weight saving of 16% o r  more. 
Advanced growth i n  se lec ted  technologies would increase  t h i s  saving 
t o  27% o r  greater .  

(6) Evaluations of thermostructural  concepts indica ted  weight 
and technology advantages f o r  using primary fuselage s t r u c t u r e s  
composed of in tegra l ,  multilobe, load-carrying aluminum propel lant  
tanks, protected from entry  heat ing by RSI mater ia ls .  Advanced 
composities were se lec ted  f o r  primary s t r u c t u r e s  i n  the  wings and 
v e r t i c a l  t a i l ,  a s  w e l l  a s  f o r  o the r  s t r u c t u r a l  elements. This con- 
cept  i s  appl icable  t o  both VTO and HTO vehicles.  

(7) Comparison of l i n e a r  and bell-nozzle main engines f o r  the  
SSTO resu l t ed  i n  se lec t ion  of high-pressure staged combustion b e l l -  
nozzle engines, s imi la r  t o  the  SSME. The se lec ted  configurat ions 
include both f ixed nozzle and dual-position nozzles. Unless fu tu re  
s tud ies  by engine manufacturers show s i g n i f i c a n t  p o t e n t i a l  improve- 
ments i n  l i n e a r  engine performance and weight, they do not appear 
t o  be competitive with bell-nozzle engines i n  SSTO appl ica t ions .  

(8) The VTO vehic le  is optimized b e t t e r  with dry wings, where- 
a s  the  HTO vehic le  is  b e t t e r  with wet wings. 

( 9 )  The inf l ight - fueled  vehic le  concept i s  not f e a s i b l e  be- 
cause it requires  unique technology f o r  rendezvous and f o r  large- 
s c a l e  propel lant  t r ans fe r ,  and i t  requires  development of tanker 
a i r c r a f t  t h a t  would be considerably l a r g e r  than heavy a i r c r a f t  now 
i n  use. 

(10) Additional s tud ies  a r e  required t o  e s t a b l i s h  the  cost- 
performance benef i t s  of l i n e a r  and dual-mode engines. Other ad- 
vanced main engine concepts, such a s  vehicle-integrated nozzles 
(e.g., body f l aps )  and air-augmented (composite) engines, appear t o  
be beyond the  t i m e  span of Space Shu t t l e  follow-on vehicles.  

(11) Future low-recurring cos t s  can be achieved by continued 
and expanded emphasis on use of new operat ions technology t h a t  
includes automation, computerization and combinations of functions 
of f l i g h t  and mission operat ions.  

(12) Further s tud ies  of SSTO concepts applied t o  o the r  payload 
and mission models, and with control-configured vehic le  concepts, 
are recommended t o  demonstrate t h e i r  payoffs a s  advanced transpor- 
t a t i o n  systems. 






