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PREFACE 

Th i s  s tudy  was performed by Mart in  Mar i e t t a  Corporat ion,  Denver 
Div is ion ,  under NASA Cont rac t  NAS1-1391b. Three r e p b r t s  d e s c r i b e  
t h e  s tudy  and r e s u l t s ,  as fo l lows:  

"Technology Requirements f o r  Advanced Ear th-Orbi ta l  Trans- 
p o r t a t i o n  systems" 

- Summary Report 

- F i n a l  Report 

- Dual-Mode Propuls ion  

The au tho r s  wish t o  acknowledge t h e  s u b s t a n t i a l  c o n t r i b u t i o n s  
of engineer ing  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  Mart in  Mar i e t t a  
Corporat ion,  Denver Div is ion .  

C e r t a i n  commercial m a t e 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  
o r d e r  t o  s p e c i f y  adequate ly  which m a t e r i a l s  were i n v e s t i g a t e d  i n  
t h e  r e s e a r c h  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, n o r  does i t  
imply t h a t  t h e  m a t e r i a l s  a r e  n e c e s s a r i l y  t h e  only ones o r  t h e  b e s t  
ones a v a i l a b l e  f o r  t h e  purpose.  I n  many cases  equ iv4 len t  m a t e r i a l s  
a r e  a v a i l a b l e  and would probably produce equ iva l en t  k e s u l t s .  
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TECHNOLOGY REQUIREMENTS FOR 

ADVANCED EARTH-ORBITAL TRANSPORTATION SYSTEMS 

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

Martin Marie t ta  Corporation, Denver Division 

SUMMARY 
I 

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 w e r e  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-  
stage-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 i m i l a 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 f e a t u r e s  of th ree  opera t ional  
take-off modes, which w e r e  v e r t i c a l  boost ,  hor izon ta l  s l ed  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  study w e r e  (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 areas  t o  def ine  t h e  impact of R&T funding 
support f o r  accelera ted  technology programs, and an assessment of 
various 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  def 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 f i c a t i o n  of c r i t i c a l  and high- 
y ie ld  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 S h u 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 
i s  a cos t -ef fec t 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  is  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 it  cost  e f f e c t i v e  t o  sup- 
plement o r  t o  replace  t h e  Shu t t l e .  One c l a s s  of p o t e n t i a l  fu tu re  
systems i s  t h e  single-stage-to-orbit (SSTO) with hor izon ta l  land- 
ing  capabi 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  s tudy have t h e  p o t e n t i a l  f a r  low recurr ing cos t  a l s o  
present  a considerable challenge t o  many of t h e  associa ted  tech- 
nologies. 

For t h e  purposes of t h i s  study, an SSTO was postula ted  t o  be 
t h e  Space S h u t t l e  replacement system beginning f l i g h t  opera t 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 lead t i m e  of 
about e igh t  years ,  t h e  required technology readiness da te  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 areas  
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 s i m -  
i l a r  a reas  such a s  Space S h u t t l e  and aeronaut ica l  technology pro- 
grams; however, i n  se lec ted  areas ,  i t  would be 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 a reas  has been t h e  c e n t r a l  
i s s u e  of t h i s  study. 

The primary goal  of t h i s  study has been t o  i d e n t i f y  a reas  of 
technology associa ted  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  cost  and performance 
benef i t s .  This was accomplished by assess ing t h e  impact of tech- 
nology per turbat ions  on t h e  veh ic le  program l i f e -cyc le  c o s t s  (LCC) 
r e l a t i v e  t o  t h e  research program cos t s .  Secondary goals  had t o  
do with 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 iona l  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  w e r e  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 pr imar i 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  with secondary emphasis on f l i g h t  con t ro l s ,  

2 



t r a j e c t o r y  op t imiza t ion ,  and aerodynamics. Funding p r o j e c t i o n s  
based on r e c e n t  NASA and DOD a c t u a l  expend i tu re s  and f o r e c a s t s  
were made t o  b e  used as an  a i d  t o  p r e d i c t i n g  "normal" technology 
growth. 

During Task 2 ,  p re l imina ry  des ign  w e r e  developed f o r  t h r e e  
hydrogen-fueled SSTO v e h i c l e s :  VTO ( v e r t i c a l  t a k e o f f ) ,  HTO (hor- , 

i z o n t a l  t akeo f f  s l e d  launched) ,  and IFF ( i n f l i g h t  f u e l e d ) .  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), as e a s t e r l y  launch from KSC, and a h o r i z o n t a l  landing.  
Both convent iona l  b e l l  nozz l e  rocke t  engines  and l i n e a r  rocke t  en- 
g ines  were considered.  Various the rmos t ruc tu ra l  and propuls ion  , 

system concepts  w e r e  eva lua t ed  f o r  t h e  t h r e e  des igns .  A primary 
f i g u r e  of m e r i t  (FOM) f o r  v e h i c l e  des ign  was minimum dry  weight 
based on u s e  of "normal" t echno log ica l  growth. An economic compar- 
i s o n  was made of t h e  t o t a l  program c o s t s  f o r  each concept.  

Se l ec t ed  technology areas were per turbed  dur ing  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  a c c e l e r a t e d  technology v e h i c i e  des ign  dur ing  Task 4. Tech- 
nology parameters  were a s se s sed  i n  t e r m s  of cost/performance/benefit 
f i g u r e s  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 eva lua t ion  were 
considered i n  developing t h e  c o s t s  and ga ins  f o r  an a c c e l e r a t e d  tech- 
nology v e h i c l e  des ign .  The Task 2 VTO v e h i c l e  des ign  was used t o  
d e r i v e  t h e  s e n s i t i v i t y  informat ion  used i n  t h e  figure-of-merit  (FOM) 
assessment i n  performing t h e  assessment of t h e  f i g u r e s  of m e r i t .  . 

Performance s e n s i t i v i t i e s  were de r ived  f o r  t h o s e  technology pro- 
grams w i t h  a high-yield p o t e n t i a l .  

A l l  t echnologies  o f f e r i n g  a c l e a r  payoff on a c o s t / p e r f o r m a n c e ~  
b e n e f i t  f i g u r e  of m e r i t  were then  included i n  Task 4 des igns  of near-  
op t imal  v e h i c l e  con f igu ra t ions .  The c o s t  e f f e c t i v e n e s s  of t h e  t o t a l  
system, which used t h e  a c c e l e r a t e d  t echno log ica l  f o r e c a s t s ,  was then  
eva lua ted .  

Based on t h e s e  s t u d i e s  of normal and a c c e l e r a t e d  t echno log ica l  
f o r e c a s t s ,  funding,  v e h i c l e  des ign  requi rements ,  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 a r e a s  of 
t echno logy . tha t  should b e  v igo rous ly  pursued t o  support  cost-effec-  
t i v e ,  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  systems. 

Th i s  summary r e p o r t  p r e s e n t s  h i g h l i g h t s  of t h e  s tudy  r e s u l t s .  
Future  s t u d i e s  are a n t i c i p a t e d  t o  cons ider  o t h e r  v e h i c l e  a l t e r n a -  
t i v e s  such as u s e  of dual-mode propuls ion  and control-configured 
v e h i c l e  concepts .  
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C~ 
Drag coef f ic ien t  i i ¶. 

C Directional  s t a b i l i t y  der iva t ive  
nS  

1 

CER Cost estimating r e l a t i o n  

DDT&E Design, development, t e s t  and evaluation 
' *  

F OM Figure of merit  

F 
vac 

F /W 

GLOW 

HTO 

IFF 

ISP 

Ix,  Iy ,  I z  

NPSH 

Engine vacuum thrus t  % . : .  , 

Thrus tlweight r a t i o  
, . 

Gross l i f  to£ f weight 

Acceleration of gravi ty  , 

Alt i tude 
f 1 ,  r 

Horizontal takeoff 

I n f l i g h t  fueled 

Specif ic  impulse 

Moments of i n e r t i a  about x ,  y, and z axes, 
respect ively  

Lif t /drag r a t i o  

Load fac tor  

Reference length 

Mach number 

GLoW/WBO; O/F mixture r a t i o '  

Net pos i t ive  suct ion head 

Force i n  x-directionlweight 

Force i n  z-direc tion/weight 

p~ 
Atmospheric pressure 

4 ' 



TPS 

t~ 

VTO 

W 

WBO 

WBS 

WLOSS 

WP 

WPL 

W~ 

W~ 

Thrust chamber pressure 

Products of ine r t i a  about xy, xz, and yz 
axes, respectively 

Dynamic pressure 

Rudder bias 

Elevon area 

Reference area 

Single-stage-to-orbit 

Vertical t a i l  area 

Vertical t a i l  exposed area 

Wing theoret ical  area 

Temperature 

Thickness; time 

Thermal protection system 

Thickness of wing root 

Vertical takeoff 

Weight (mass) 

Burnout weight 

Work breakdown structure 

Ascent weight losses 

Ascent propellant weight 

Payload weight 

Eletron weight 

Landing weight 



'VT 
V e r t i c a l  t a i i  weight 

X ,  Y ,  Z Vehicle  coo rd ina t e  axes 

dl?' Longitudinal  c e n t e r  of g r a v i t y  
cog.  

OL Angle of a t t a c k  

Trim ang le  of a t t a c k  
O L ~ ~ ~ ~ ,  

Dry 'weight increment 

v ASLCC Undiscounted l i f e  c y c l e  c o s t  increment 

A $LCCD Discounted l i f e  c y c l e  c o s t  increment ' $ ,  

A SF?. Undiseounted r e sea rch  c o s t  increment . ,  . , 
. I  

Discounted r e sea rch  c o s t  increment 

Elevon d e f l e c t i o n  
e I r 

€ 
? i -  .i 

Nozzle expansion r a t i o  

. 4 .  ~ 

ex,  ey ,  8z Angles measured from x ,  y ,  and z axes,  
r e s p e c t i v e l y  I 

, , r .  

Wing leading  edge sweep ang le  ' I  1 

'LE f 

Wing t r a i l i n g  edge sweep ang le  

h Prope l l an t  mass f r a c t i o n ;  wing t a p e r  r a t i o  
, - 

Summation of discounted r e s e a r c h  c o s t s  



"NORMAL" TECHNOLOGY AND FUNDING PROJECTIONS 

The primary ob jec t ive  of Task I was t o  def ine  a base level of 
technology t h a t  would probably e x i s t  a t  t h e  t i m e  needed t o  support 
t h e  assumed SSTO program schedule without s p e c i a l  technology devel- 
opment' funding. Improvements i n  t h e  base  level of technology were 
assumed t o  occur between now and t h e  needed d a t e  due t o  (1) t rans-  
f e r  of technology developments from r e l a t e d  programs such a s  ex i s t -  
ing  space programs (espec ia l ly  t h e  Space Shut t le)  and commercial 
and m i l i t a r y  a i r c r a f t  programs and (2) focus of technology programs 
on SSTO-related a reas  wi th in  a h i s t o r i c a l l y  based "normal" funding 
leve  1. 

Our approach t o  Task 1 has been t o  use  h i s t o r i c a l  d a t a  f o r  ap- 
p l i c a b l e  technologies t h a t  a r e  r e l a t e d  t o  current  space programs 
and commercial and m i l i t a r y  a i r c r a f t  programs. Future technology 
c a p a b i l i t i e s  and R&T funding w e r e  projec ted  by t rend curves based 
on d a t a  from Congressional records,  Government technology and bud- 
ge ta ry  documents, and i n d u s t r i a l  r epor t s .  Mission ob jec t ives  and 
t h e  o v e r a l l  program plan have been used a s  a b a s i s  f o r  our timing 
of these  projec t ions .  This i s  r e f l e c t e d  i n  Figure 66 shown i n  t h e  
Program Cost Analysis sec t ion.  

Primary emphasis has been on technological  developments t h a t  
have a s t rong impact on t h e  veh ic le  weight and c.g. loca t ions ;  i.e., 
mater ia l s ,  s t r u c t u r e s ,  and propulsion. A secondary emphasis was 
given t o  technology r e l a t e d  t o  o the r  veh ic le  subsystems including 
aerothermodynamics, performance optimization,  aerodynamics, com- 
puter  technology, con t ro l  systems, and a u x i l i a r y  power. 

The funding p ro jec t ions  were based on NASA and DOD funding using 
both  "top-down" and "bottom-up" es t imat ing procedures. Funding was 
considered appl icable  only when it r e l a t e d  t o  development of tech- 
nologies t h a t  would b e  used on an SSTO vehic le .  Some of t h e  assuntp- 
t i o n s  appl icable  t o  t h e  technology and funding p ro jec t ions  a r e  (1) 
space programs t o  proceed as cur ren t ly  planned, (2) sources of 
t r a h s f e r a b l e  technology, such a s  commercial and m i l i t a r y  a i r c r a f t  
programs, t o  proceed a t  current  expected levels, (3) exis?ing l e v e l s ,  
focus, and t r ends  of technology programs t o  continue a s  expected, 
and (4) no major d i s a s t e r s  o r  w a r s  occur during t h i s  t i m e  period. 

RATIONALE AND SCOPE 

The main requirement f o r  a technology t o  be  evaluated was t h a t  
it i s  appl icable  f o r  use  on an SSTO vehic le .  The technology should 
be appl icable  t o  t h e  veh ic le  and t h e  program object ives .  Advance- 
ments i n  technology w e r e  assumed t o  be  cont inual ly  funded and focused 
t o  achieve program goals. A l l  technological  opt ions  were re ta ined  
unless  a v a l i d  reason f o r  e l iminat ion w a s  uncovered. 



The i n i t i a l  screening was used t o  s e l e c t  a l l  known technology 
candidates wi th in  t h e  scope of t h e  study guidelines.  The screen- 
ing  included iden t i fy ing  a l l  c r i t i c a l  c h a r a c t e r i s t i c s  of t h e  tech- 
nological  advancements. Considerations included t h e  appl icable  
ranges of operat ing environment and t h e  p o t e n t i a l  f o r  minimizing 
vehic le  dry weight. Options wi th  l i t t l e  promise were r e j e c t e d  i n  
favor of those  with b e t t e r  performance, a p p l i c a b i l i t y ,  r e l i a b i l i t y ,  
r e u s a b i l i t y ,  ma in ta inab i l i ty ,  and manufacturing p o s s i b i l i t i e s .  

The second s tage  of t h e  screening process was t o  c o l l e c t  h i s -  
t o r i c a l  c h a r a c t e r i s t i c  d a t a  on the  options t h a t  passed i n i t i a l  
screening. Corre la t ion  f a c t o r s  were then developed using t h e  im- 
por tant  c h a r a c t e r i s t i c  parameters t h a t  represent  t h e  technological  
s t a t u s  of t h e  options.  The h i s t o r i c a l  d a t a  were p lo t t ed  agains t  
years using these  c o r r e l a t i o n  f a c t o r s .  Other cor re la t ion  parameters 
w e r e  then se lec ted  f o r  f u r t h e r  p ro jec t ion  a c t i v i t i e s .  

I n  t h e  f i n a l  screening process, expert  opinions w e r e  received 
and evaluated on the  r e l a t i v e  values of technology parameters f o r  
the  1995 t i m e  frame f o r  i n i t i a l  operat ing capab i l i ty .  The his-  
t o r i c a l  d a t a  on NASA and DOD R&T funding were projec ted  t o  1990 
along wi th  spec i f i ed  nominal, maximum, and minimum year ly  averages. 
The p ro jec t ions  of h i s t o r i c a l  d a t a  parameters were based on pre- 
v ious  t rends ,  t h e  expert  opinions of technological  growth poss ib i l -  
i t ies  and knowledge of t h e  "normal" funding ant ic ipated .  The t o t a l  
r e s u l t s  w e r e  then used t o  s e l e c t  nominal, maximum, and minimum val-  
ues of c h a r a c t e r i s t i c  parameters based on engineering judgement of 
t h e  v a l i d i t y  of t h e  projec t ions .  

TECHNOLOGY PROJECTIONS 

Technology p ro jec t ions  a r e  discussed i n  t h r e e  primary technol- 
o g i c a l  ca tegor ies :  (1) ma te r i a l s  and s t r u c t u r e s ,  (2) propulsion,  
and (3) secondary technology areas .  The p o t e n t i a l  improvement i n  
t h e  mate r i a l s ,  s t r u c t u r e s ,  and propulsion technologies a r e  pre- 
sented i n  d e t a i l  because they have l a r g e  e f f e c t s  on veh ic le  dry 
weight. Data r e s u l t s  f o r  t h e  secondary technologies a r e  summar- 
ized i n  t h i s  chapter ,  and presented i n  Appendix A. 



Mate r i a l s  and S t r u c t u r e s  

Ra t iona le  f o r  m a t e r i a l s  and s t r u c t u r e s  technology pro jec t ion . -  
S t r u c t u r a l  and thermal  p r o t e c t i o n  system materials were i n i t i a l l y  
screened t o  i d e n t i f y  s i g n i f i c a n t  e f f e c t s  of m a t e r i a l s  on v e h i c l e  
d r y  weight.  S t r u c t u r a l  meta ls  such a s  aluminum, t i t an ium,  high 
s t r e n g t h  steels, supe ra l loys ,  and bery l l ium a l l o y s  inc luding  
Lockalloy have been improved i n  t h e  last 20 years  i n  t h e  a r e a  
of r e l i a b i l i t y ,  bu t  w i t h  r e l a t i v e l y  l i t t l e  inc rease  i n  s t r e n g t h /  
d e n s i t y  o r  modulus/density.  This  t r e n d  is  expected t o  cont inue  
and f u t u r e  p r o j e c t i o n s  of m e t a l l i c  m a t e r i a l s  w i l l  show minor '  
improvements r e l a t i v e  t o  v e h i c l e  d r y  weight .  Advanced composite 
materials f o r  primary and secondary s t r u c t u r e s  have experienced 
s i g n i f i c a n t  advancement i n  s t r e n g t h  and d e n s i t y  and modulus and 
d e n s i t y  p r o p e r t i e s  as w e l l  as r e f i n e d  a n a l y s i s  and product ion 
methods. P r o j e c t i o n s  f o r  t h e s e  m a t e r i a l s  show s i g n i f i c a n t  im- 
provements based on h i s t o r i c a l  performance and expected funding 
l e v e l s .  Sur face  i n s u l a t o r  m a t e r i a l s  have been d rama t i ca l ly  im- 
proved i n  t h e  last  15  yea r s .  P r o j e c t i o n s  i n d i c a t e  a  cont inued 
i n c r e a s e  i n  upper l i m i t  temperature and weight e f f i c i e n c y .  Fig- 
u r e  1 i l l u s t r a t e s  t h e  r a t i o n a l e  f o r  t h e  s e l e c t i o n  of m a t e r i a l s  
f o r  "normal" technology p r o j e c t  i ons .  

F igu re  1.- Ra t iona le  f o r  materials technology p r o j e c t i o n  



The r e l a t i v e  importance of t he  va r ious  s t r u c t u r a l  and TPS com- 
ponents is  shown on Figure  2. The combined weights  of t hese  sub- 
system components r ep re sen t  60% of  t he  SSTO v e h i c l e  d ry  weight. The 
compai~ents s e l e c t e d  f o r  t h e  p r o j e c t i o n s  were t h e  wing and elevon 
s t r u c t u r e ,  t h e  v e r t i c a l  t a i l  s t r u c t u r e ,  and the  p r o p e l l a n t  tanks ,  
t he  t h r u s t  s t r u c t u r e ,  t he  landing  gear ,  and the  thermal protec-  
t i o n  sys  tem (TPS) . 

Final screenfng 
and projections 

Components : 

Giing and elevon 
Vertical t a i l  
Thrust structure 
Propellant tanks 
Landing gear 

Thermos tructure: 

Aerosurfaces 
Leading edges 

Figure  2.-. Rat iona le  f o r  t he rmos t ruc tu ra l  technology p r o j e c t i o n s  

Normal technology advancement of s t r u c t u r a l  and thermal 
p r o t e c t i o n  system materials and s t r u c t u r a l  components was based 
on t h e  funding l e v e l  of  1973 through 1975 R&T technology p ro j ec t ed  
t o  t he  1995 t i m e  per iod .  The p ro j ec t ed  improvements i n  m a t e r i a l s  
and s t r u c t u r a l  components w e r e  based on cons ide ra t ion  of "normal" 
goa ls  t o  be  achieved by r e sea rch  a c t i v i t i e s  focused on SSTO appl i -  
ca t ions .  H i s t o r i c a l  d a t a  of  m a t e r i a l s  and s t r u c t u r a l  components, 
i nc lud ing  t h e  landing  gear ,  were obta ined  from References 1 through 
3 as w e l l  as unpublished i n d u s t r i a l  da t a .  These included m a s s  
p r o p e r t i e s  e s t ima t ion  methods (Nar t in  Mar i e t t a ) ,  Space S h u t t l e  
e x t e r n a l  tank  m a s s  p r o p e r t i e s  (Martin M a r i e t t a ) ,  C-5 a i r p l a n e  
weights  (Lockheed-Georgia), 747-airplane weights  (Boeing), Phase 
B Space S h u t t l e  r e p o r t s  (McDonnell Douglas Astronaut ics/Mart in  
Mar i e t t a  and Rockwell I n t e r n a t i o n a l ) ,  and T i t a n  launch v e h i c l e  
mass p r o p e r t i e s  (Martin Mar i e t t a ) .  



TPS ma te r i a l s . -  Ma te r i a l s  f o r  e x t e r n a l  v e h i c l e  thermal  pro- 
t e c t i o n  systems have had dramat ic  improvements i n  t h e  p a s t  1 5  
y e a r s ,  p a r t i c u l a r l y  i n  terns of lower d e n s i t y  and thermal  con- 
d u c t i v i t y  and increased  r e u s a b i l i t y .  F igure  3 i l l u s t r a t e s  in-  
s u l a t i o n  d e n s i t y  h i s t o r y  and t h e  f u t u r e  p r o j e c t i o n s  f o r  l ead ing  
edge and s u r f a c e  a r e a s .  The l ead ing  edge d e n s i t y  p r o j e c t i o n s  
make use  of h ighe r  temperature RSI m h t e r i a l s  f o r  r e u s e  i n  t h e  
1645°K (2500°F) t o  1 8 6 7 " ~  (2900°F) temperature range. This  
p r o j e c t i o n  is  based on RSI m a t e r i a l ,  developed a t  NASA Ames  
Research Center ,  which has been t e s t e d  t o  1 7 0 1 " ~  (2600°F). 
The lower s u r f a c e  i n s u l a t i o n  i s  represented  by f a m i l i e s  of 
a b l a t o r s ,  g l a s s  phenol ics ,  low d e n s i t y  s i l i c o n e  a b l a t o r s ,  and 

. , t h e  RSI materials developed f o r  t h e  Space S h u t t l e .  The f u t u r e  
p r o j e c t i o n s  show a nominal d e n s i t y  of 104 + 8.0 kg/m3 (6.5 + 0.5 
l b / f t  3 ) .  The upper su r f  ace  RSI is t h e  low temperature r e u s a b l e  
i n s u l a t o r s  such as SLA-220 and Nomex f e l t .  The p r o j e c t i o n  f o r  
t h i s  material c l a s s  i s  a nominal d e n s i t y  of 72 t 8.0 kg/m3 (4.5 
+ 0.5 l b / f t 3 ) .  The f i n a l  s e l e c t i o n  of TPS d e n s i t i e s  ve r sus  t e m -  
p e r a t u r e  i s  l i s t e d  i n  Table 1 where t h e  lower s u r f a c e  i n s u l a t i o n  
i s  i n d i c a t e d  f o r  two ranges of  temperature.  

TABLE 1.- TPS DENSITIES (NOMINAL PROJECTIONS TO 1987 TECHNOLOGY) 

S t r u c t u r a l  ma te r i a l s . -  Materials used f o r  primary and secon- 
dary  s t r u c t u r e s  showing t h e  g r e a t e s t  h i s t o r i c a l  improvements and 
having t h e  h i g h e s t  p o t e n t i a l  f o r  f u t u r e  i n c r e a s e s  are t h e  ad- 
vanced composites.  The h i s t o r i c a l  d a t a  of advanced composites 
show dramat ic  s t e p  improvements i n  e i t h e r  s t r e n g t h  o r  e l a s t i c  
modulus o r  i n  t h e  case  of t h e  boron f i l a m e n t s  both  s t r e n g t h  and 
modulus. F igures  4  and 5 show t h e  d a t a  f o r  f i l amen t s  of g l a s s ,  
boron, g r a p h i t e ,  and Kevlar.  The maximum f u t u r e  p r o j e c t i o n  of 
f i l amen t  improvements is  based on t h e  "Outlook f o r  Space" pro- 
j e c t i o n s  ( r e f .  4 )  and t h e  minimum i s  based on engineer ing  
judgement of improved process ing  of  p re sen t  m a t e r i a l s .  



Density Glass phenalic 
DC 325 
AVCOAT 5026-39 
ESA 3560 
ESA 5500 
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Figure 3.h Surface insu la t ion  h i s t o ry  and project ion 
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Wing s t ruc tu re . -  Wing geometry, loads ,  and weights were 
gathered t o  provide parametric weight d a t a  f o r  est imating wing 
weights. Figure 6 shows wing d a t a  from 17 a i r c r a f t ,  t h e  Space 
S h u t t l e  o r b i t e r ,  and two S h u t t l e  Phase B booster  veh ic les .  The 
wing weights a r e  p l o t t e d  as a funct ion  of a  s t r u c t u r a l  parameter 
a ,  The p ro jec t ion  curves represent  weight reductions t h a t  can 
be achieved by changing t h e  present  aluminum wing s t r u c t u r e  t o  
one t h a t  uses advanced composite ma te r i a l s  f o r  both primary and 
secondary s t r u c t u r e s .  The wing weight equation i n  Figure 6 was 
used f o r  prel iminary wing weights during subsequent v e h i c l e  s i z -  
ing. Table 2 lists t h e  a i r c r a f t  and spacecraf t  veh ic les  t h a t  
a r e  used a s  da ta  po in t s  i n  Figures 6 through 11. 

TABLE 2.- AIRCRAFT AND SPACE VEHICLE HISTORICAL DATA POINTS 

Space 
S h u t t l e  

Space S h u t t l e  Phase B Booster, 
~ A C  /MMC 

Space S h u t t l e  Phase B Booster, 
NAR/ GDC 

Space S h u t t l e  Phase B Orb i t e r ,  
MDAC /MMC 1 

Space S h u t t l e  Phase B Orb i t e r ,  
NAR 

Space S h u t t l e  Phase C&D Pre- 
posa l ,  GAC/MMC 

Ti tan  111 Stage I 

T i t an  111 Stage I1 

Saturn SIVB 

Saturn S I I  

Saturn S-IC 

T i t an  I 

Elevon s t ruc ture . -  Elevon weight and geometry h i s t o r i c a l  
d a t a  are shown i n  Figure 7 f o r  t h e  B-58A, XB-70A, and t h e  Space 
S h u t t l e  o r b i t e r .  S tudies  of Space S h u t t l e  Phase B and Phases 
C and D preproposal v e h i c l e  s t u d i e s  are included t o  g ive  a b e t t e r  
range of elevon area.  The p ro jec t ions  a r e  based on use  of ad- 
vanced composite s t r u c t u r e .  
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Figure 6.- Wing s t r u c t u r e  weight h i s t o r y  and projec t ion 
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V e r t i c a l  t a i l  s t ructure . -  Vertical t a i l  geometry and weights 
w e r e  used t o  provide t h e  da ta  shown on Figure 8. The projec t ions  
represent  weight reductions from t h e  present  aluminum v e r t i c a l  
t a i l  s t r u c t u r e  by using advanced composite mater ia ls  f o r  both 
primary and secondary s t ruc tu res .  The v e r t i c a l  t a i l  weight 
equation shown on Figure 8 w a s  used f o r  l a t e r  veh ic le  s i z ing  
ana lys i s .  

Propel lant  tanks.- H i s t o r i c a l  d a t a  f o r  l i q u i d  hydrogen and 
l i q u i d  oxygen tanks of Stage I and Stage I1 rocket  veh ic les  w e r e  
used t o  i d e n t i f y  h i s t o r i c a l  t rends  of weight reduction. Figure 9 
shows tank weight da ta  f o r  Saturn, Ti tan ,  and Space Shu t t l e  ex- 
t e r n a l  tank. Also included are t h e  tanks designed on t h e  Space 
Shu t t l e  Phase B contrac t .  The e x t e r n a l  hydrogen tank weights 
were modified t o  remove weight pena l t i e s  due t o  t h e  o r b i t e r  a t -  
tachment design. The weight parameter shown i s  tank weight and 
tank volume. The oxidizer  tank and hydrogen tank l i m i t s  shown 
a r e  f o r  membrane tank designs and w e r e  used t o  a i d  i n  shaping t h e  
pro j e c t  ions.  

Thrust s t ructure . -  The t h r u s t  s t r u c t u r e  h i s t o r i c a l  d a t a  a r e  
shown on Figure 1 0  f o r  t y p i c a l  missiles and space vehic les  a s  w e l l  
a s  t h e  Space Shu t t l e  o r b i t e r .  The complex t h r u s t  s t r u c t u r e  of t h e  
Shu t t l e  Phase B boosters  is a l s o  included. The projec t ions  a r e  
based on use  of advanced composites f o r  t h e  t h r u s t  s t r u c t u r e .  The 
t h r u s t  s t r u c t u r e  weight equation is  shown i n  t h e  f igure .  

Landing gear.- Landing gear weight da ta  a r e  p lo t t ed  i n  Figure 
11 a s  a funct ion of landing weight. The landing gear weight equa- 
t i o n  was used f o r  l a t e r  veh ic le  s i z i n g  analys is .  

Thermostructural subsystem concepts.- Figure 12 i l l u s t r a t e s  
r e l a t i v e  weights of body and propel lant  tank a rea  thermostructural  
concepts. Using p ro jec t ions  i n  propel lant  tankage and TPS weights, 
t h e  t h r e e  concepts shown have t h e  indicated  r e l a t i v e  weights. 
Backup d a t a  f o r  t h e  r e l a t i v e  u n i t  weights a r e  shown i n  Table 3.  
The u n i t  weights f o r  the  r a d i a t i v e  TPS concept a r e  based on un- 
published d a t a  derived during the  Space Shu t t l e  phase B study. 

Aerasurface thermostructural  concepts a r e  compared on Figure 
13. The l i g h t e s t  concept is t h e  advanced composite s t r u c t u r e  
wing wi th  RSIJ ishla tor  bonded d i r e c t l y  t o  t h e  skin.  The r e l a t i v e  
weights of concepts 1, 3, 4 and 5 a r e  based on a wing t r a d e  study 
during t h e  Phase B S h u t t l e  study, 



TABLE 3.- BODY THERMOSTRUCTURE CONCEPTS 

Figure 14 shows r e l a t i v e  u n i t  weights of leading edge concepts. 
The re inforced carbon-carbon i s  represen ta t ive  of t h e  present  
Space S h u t t l e  leading edge concept. The two a c t i v e  cooled lead- 
ing  edge designs a r e  from Phase B Shu t t l e  s tud ies .  The RSI 
leading edge concept i s  our projec ted  technology design t h a t  
assumes higher temperature reuse c a p a b i l i t y  f o r  t h e  RSI ma- 
t e r i a l s .  

I t e m  

TPS (Nonmetallic) 

Surface i n s u l a t i o n  

Subpanels 

Support s t r u c t u r e  

TPS (meta l l i c )  

Radia t ive  panels  

Support s t r u c t u r e  

I n s u l a t i o n  

I n s u l a t i o n  packaging 

Load bear ing s h e l l  

P rope l lan t  t ank  

Tank i n s u l a t i o n  

Tank support  

T o t a l  - 
w/w1 

Thermostructural concepts se lec t ion . -  Material and component 
technology p ro jec t ions  a r e  in teg ra ted  i n  t h r e e  thermost ructura l  
v e h i c l e  concepts a s  shown i n  Figure 15. 

Unit  Weight Comparison 

Concept I Concept I1 Concept I11 

kg/m2 ( l b / f t 2 )  kg/m2 ( l b / f t 2 )  kg/m2 ( l b / f t 2 )  

6.80 (1.39) 6.80 (1.39) ---- ---- 
1.95 (0.40) ---- ---- ---- ---- 
' 4.78 (0.98) ---- ---- ---- ---- 

---- ---- ---- ---- 5.13 (1.05) 

---- ---- ---- ---- 8.79 (1.80) 

---- ---- ---- ---- 4.83 (0.99) 

---- ---- ---- ---- 1.86 (0.38) 

---- ---- 13.03 (2.67) ---- ---- 

13.03 (2.67) 7.91 (1.62) 13.03 (2.67) 

1 .41 (0.29) 1.41 (0.29) 1.41 (0.29) 

---- ---- 1.21 (0.25) ---- ---- 

27.97 (5.73) 30.36 (6.22) 35.05 (7.18) 

1 .0  1.09 1.25 

I n  Concept I, t h e  i n t e g r a l  mul t ip le  lobe  propel lant  tanks a r e  
covered wi th  a s tandoff  of advanced composite honeycomb subpanel 
wi th  RSI  bonded t o  t h e  e x t e r i o r  surface .  The aerosurfaces  a r e  
advanced composite primary s t r u c t u r e  wi th  RSI and s t r a i n  i s o l a t o r  
bonded t o  t h e  surface .  



Concept I Comment 

RSI bonded t o  advanced/composite sub- 
panels i n t e g r a l  alumhum tankage in- 1 .o 
so la t ion  

Recommended f o r  
SSTO base l ine  

Concept I1 

RSI and s t r a i n  i s o l a t o r  bonded t o  
aluminum s t ruc tu r e  nonintegral  tank 1.09 
with ex te rna l  insu la t ion  
Concept 111 

Standoff me t a l l i c  r ad i a t i ve  heat  
sh ie ld  aluminum tankage with i n t e r n a l  1.25 

insu la t ion  , 9 

Figure 12.- Body thermostructural concepts 

Relat ive 
Comment Weight Comments 

RSI and s t r a i n  i s o l a t o r  bonded t o  
1.0 aluminum s t ruc tu r e  

RSI and s t r a i n  i s o l a t o r  bonded t o  ad- Recommended f o r  
vanced/composite s t r uc tu r e  0.85 SSTO basel ine 

RSI and s t r a i n  i s o l a t o r  bonded t o  
t i tanium s t ruc tu r e  'z 0.88 

P a r t i a l  shielded (RSI) t i tanium 1.25 Problem areas: 

s t r uc tu r e  d i f f e r e n t i a l  
thermal s t r a i n s  

Hot s t r uc tu r e  
2.9 t o  6.5 Problem areas: 
(Function of Oxidation coatings 
material  used) d i f f e r e n t i a l  thermal 

s t r a i n s  

Fieure 13.- Aerosurfaces thermostructural concepts 

Reinforced carbon-carbon 
2 

W = 24.4 kg/m (5 lbm/f t2)  
Transpirat ion cooling 

W = 43.9 kg/m2 (9 lbm/ft2) 

RSI - Recommended f o r  base l ine  Heat p ipe  

W = 14.6 kg/m2 (3 lbm/ft2) W = 34.2 kg/m2 (7  lbm/ft2) 

Passive TPS Active TPS 

Figure 14.- Leading edge TPS - passive versus active 



Body: Subpanel mounted RSI., i n t eg ra l  
propellant  tanks 

Wing and t a i l :  Direct bond RSI, 
advanced composite s t ruc tu re  

Body: Direct  bond RSI, i n t e g r a l  
honeycomb sandwich LH2 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: Direct  bond RSI, i n t eg ra l  
honeycomb sandwich LO2 tank w a l l s  

ermostructura with i n t e rna l  t russ  s t a b i l i z a t i o n  

Vert ical  t a i l :  Direct  bond RSI, 
advanced composite s t ruc tu re  

I Body: In t eg ra l  hot s t ruc tu re  honey- 
comb sandwich LH2 and LO2 tank walls  
with i n t e rna l  t r u s s  s t a b i l i z a t i o n  

Y Wing: In t eg ra l  hot s t ruc tu re  honey- 
comb sandwich LO2 tank walls  w i t h  
i n t e rna l  t r u s s  s t a b i l i z a t i o n  

Vert ical  t a i l :  Direct  bond RSI, 
advanced composite a t ruc ture  

< 

Figure 15.- Thermostructural vehicle  concepts 

Concept I1 is  an integrated propellant  tank wing and body 
configuration. The in t eg ra l  LH2 tank is shaped t o  l i f t i n g  body 
configuration and RSI  t i les with a s t r a i n  i so l a to r  a r e  bonded 
d i r ec t l y  t o  the  sandwich tank walls. The walls  a r e , s t ab i l i z ed  
by in t e rna l  t r u s s  s t ruc ture .  The LO2 tanks form the  wings of the  
vehicle  and a r e  constructed of honeycomb sandwich skins  in te r -  
na l l y  t russ-s tabi l ized with direct-bond ~ S I I s t r a i n  i so l a to r .  
The v e r t i c a l  t a i l  and the  a rea  control  surfaces a r e  advanced 
composite s t ruc ture  with direct-bond RSIls t ra in  i so la tor .  

Concept I11 is an integrated propellant  tank wing and body 
configuration i den t i ca l  t o  Concept I1 except t ha t  it  is con- 
s t ruc ted  of high temperature a l loys  and has external  TPS only 
on the  v e r t i c a l  t a i l .  



These t h r e e  concepts were used i n  t h i s  s tudy t o  determine 
which would y i e l d  the  l i g h t e s t  veh ic le  dry weight when applied 
t o  s ingle-stage-to-orbit  veh ic le  designs.  Both u n i t  weight com- 
par isons  (Figures 12, 1 3  and 14)  and veh ic le  weight comparisons 
(shown l a t e r  here in)  were made. 

Propulsion 

Approach.- Important propulsion parameters a r e  projec ted  f o r  
a 1995 opera t ional  d a t e  (IOC) ex t rapo la t ion  of h i s t o r i c a l  da ta .  
The flow l o g i c  used t o  e s t a b l i s h  the  projec ted  performance values 
i s  shown on Figure 16. The c r i t i c a l  parameters considered were 
s p e c i f i c  impulse, engine thrust-to-weight r a t i o ,  t h r u s t  chamber 
pressure ,  and n e t  p o s i t i v e  suc t ion  head (NPSH). H i s t o r i c a l  da ta  
w e r e  colSected from a l l  types of rocket  propulsion systems and 
used where appl icable .  A s  an example, even though t h e  guidel ines  
of t h e  present  s tudy defined the  main-engine propel lant  t o  be LO2 
and LH2, any p a s t  o r  e x i s t i n g  rocket  system was inves t iga ted  
t o  provide a background f o r  performance projec t ions .  The ext ra-  
po la t ions  w e r e  guided by recogni t ion  of poss ib le  hardware o r  de- 
s ign  l i m i t a t i o n s  and by advice from personnel  a t  t h e  Rocketdyne 
Division of'Rockwel1 I n t e r n a t i o n a l  and t h e  Aerojet  Liquid Rocket 
Company. It was assumed t h a t  a r e a l  need ex i s t ed  t o  improve 
each c r i t i c a l  c o r r e l a t i o n  parameter f o r  the  SSTO and t h a t  the  
a v a i l a b l e  R&T funds would be d i rec ted  correspondingly. 

> 

Considered a l l  reasonable candida tes .  

Limited p ro j ec t ions  t o  LoZ/LHZ p rope l l an t s  wi th  b e l l  and l i n e a r  
nozzle engines.  

Assumed focused improvement e f f o r t  wi th  accompanying d i r e c t e d  funding. 

Es t ab l i sh  S e l e c t  C r i t i c a l  
Data Rook. 1 Q 0 -1 
Noncryogenic and Defined c o r r e l a t i o n  Information and advice 
cryogenic informa- parameters from Rocketdyne and 
t i o n  f o r  e s t a b l i s h -  Aerojet  
i n g  t rends  - S p e c i f i c  impulse 

- Chamber p re s su re  Expert judgment 
(Pump fed  pr imar i ly  - Thrust  an$ weight r a t i o  
app l i cab le  t o  main - Density Design and hardware 
propulsion;  p re s su re  - NPSH l i m i t a t i o n s  
fed pr imar i ly  appl i -  
cable  t o  OMS and RCS) Es tabl i shed  t rend RSD funding d e f i n i t i o n  

c h a r a c t e r i s t i c s .  
Pro jec ted  c o r r e l a t i o n  
parameters 

F igure  16.- Flow l o g i c  f o r  propulsion technology p ro jec t ion  



Extrapolat ions were made f o r  the  main propulsion system and 
t h e  RCS and OMS a u x i l i a r y  systems. I n  add i t ion  t o  t h e  trend 
ana lys i s  of the  c r i t i c a l  parameters, a more genera l  approach was 
taken t o  e s t a b l i s h  o the r  pe r t inen t  performance parameters r e l a f -  
i n g  t o  l i n e a r  and conventional bel l-nozzle engines, nozzle con- 
f igura t ions ,  mixture r a t i o s ,  air-breathing engine concepts, and 
propel lant  bulk densi ty.  

Main engine propulsion system.- Projec t ions  f o r  s p e c i f i c  i m -  
pulse,  chamber pressure,  engine thryst-tp-weight r a t i o ,  and NPSH 
were made f o r  t h e  main propulsion system engines. 

The s p e c i f i c  impulse h i s t o r y  and projec t ion is shown i n  Fig- 
ure  17 and the  h i s t o r i c a l  da ta  bank used t o  perform t h e  trend 
ana lys i s  and a i d  i n  the  projec t ion of 1995 vacuum s p e c i f i c  im- 
pulse is shown i n  the  i n s e r t .  Thq noneryogenic d a t a  ye re  used 
t o  determine improvement trend c h a r a c t e r i s t i c s  only. The pro- 
j ec ted  nominal s p e c i f i c  impulse value  i s  463.5 gecsnds. The 
r a t i o n a l e  supporting t h e  nominal projec t ion was the  time and 
funding t h a t  w i l l  e x i s t  t o  develop a LO2 and LH2 engine with a 
peqformance e f f i c iency  equal t o  98% o f  t h e s r e t i c a l  with chamber 
pressure of 31x106 N/m2 (4500 ps ia ) ,  mixture r a t i o  of 7.0, nozzle 
expansion r a t i o  of 160, and probable use of both propel lants  f o r  
cooling. Present ly  t h e  Space S h u t t l e  main engine (SSME) has a 
97% t h e o r e t i c a l  e f f i c i ency  a t  a  chamber pressure  of 2 0 . 7 ~ 1 0 ~  N/m2 
(3000 p s i a ) ,  expansion r a t i o  of 77, and mixture ra tgo  of 6.0. 

The minimum projected  value of 460 seconds was based on an 
expected SSME product improvement. The r a t i o n a l e  supporting t h e  ' 

maximum pro jec t ion  of 475 seconds c o n s i s t s  of an engine with ex- 
pansion r a t i o  i n  excess of 300, mixture r a t i o  of seven, 98% 
ef f i c iency ,  and probable use of both propel lants  f o r  cooling. 
The ob jec t ive  of engine development f o r  high s p e c i f i c  impulse 
was t o  minimize propellant: load and gross l i f t o f f  weight giving 
considerat ion t o  the  high mixture r a t i o s  required t 9  inccease 
propel lant  bulk d e n s i t i e s .  

Engine envelope s i z e  was considered c r i t i c a l  t o  optimize sub- 
system packaging i n  an SSTO vehic le .  Because t h r u s t  l e v e l  was 
d i c t a t e d  by t h e  requirement of t h r u s t  t o  weight a t  l i f t o f f ,  
t h r u s t  chamber pressure  was t h e  only remaining va r iab le  avai l -  
a b l e  t o  reduce engine s i z e .  Chamber and nozzle diameters and 
lengths  a r e  inverse ly  propor t innal  t 9  t h e  squaTe roo t  of chqmber 
pressure.  Also, a  s i g n i f i c a n t  sea level specie ip  -$mpulsc improve- 
ment r e s u l t s  from increased chamber pressure ,  As +n axampla, 
t h e  SSME sea  l e v e l  performance would increase  from 363.2 secoqds 
t o  390.0 seconds i f  t h e  chamber pressure were increased from 
2 0 . 7 ~ 1 0 ~  N/m2 (3000 ps ia )  t o  3 1 x 1 ~ ~  N/m2 (4500 ps ia ) .  



The chamber p re s su re  h i s t o r y  and p r o j e c t i o n  is shown on Fig- 
u r e  1 8  and shows a  nominal p ro j ec t ed  v a l u e  of 3 1 x 1 0 ~  N/m2 (4500 
p s i a ) .  The nominal va lue  was based on an o p t i m i s t i c  pump design 
l i m i t  f o r  a s t aged  combustion engine c y c l e  and would r e q u i r e  
d i r e c t  improvement e f f o r t s  i n  such a r e a s  a s  materials, s e a l s ,  
and bear ings .  The minimum pro jec t ed  v a l u e  w a s  2 6 . 2 ~ 1 0 ~  ~ / m ~  

'.. k , 
(3800 p s i a )  and i s  r a t i o n a l i z e d  a s  a n  expected SSME improvement. . . 
The maximum va lue  p ro j ec t ed  was 3 8 . 6 ~ 1 0 ~  N/m2 (5600 ps i a )  , 

and would r e q u i r e  concent ra ted  R&T e f f o r t  i n  pump des ign ,  cool- 
ing ,  and material improvement. 

The thrust-to-weight r a t i o  p r o j e c t i o n  is  shown i n  F igure  19. 
There was no obvious t r end  i n  t h e  h i s t o r i c a l  d a t a  p r imar i ly  be- 
cause of t h e  v a r i a t i o n s  i n  engine conf igu ra t ions .  The RLlOA and 
SSME engines w e r e  used t o  make t h e  t r end  p ro j ec t ion .  The nominal 
p ro j ec t ed  v a l u e  qf 82 w a s  j u s t i f i e d  as a  10% reduc t ion  i n  SSME 
weights .  The minimum va lue  was r e p r e s e n t a t i v e  of no improvement 
i n  SSME-accomplished t h r u s t  t o  weight.  The maximum v a l u e  of 90 
was e s t a b l i s h e d  a s  a  20% improvement and would r e q u i r e  a concen- 
t r a t e d  weight r educ t ion  program. 

The NPSH w a s  considered c r i t i c a l  t o  tank  weight.  F igure  20, 
produced by Rocketdyne, i n d i c a t e s  a  f avo rab le  t r end  t o  a  NPSH of 
near  zero.  Obviously, improvements w i l l  be r equ i r ed  i n  pump 
inducer  des igns .  

RCS/OMS.- P r o p e l l a n t  and system s p e c i f i c  impulses were p ro j ec t ed  
f o r  RCS o r  OMS systems. For l a r g e  t o t a l  impulse a u x i l i a r y  propul- 
s i o n  systems, t h e  p r o p e l l a n t  s p e c i f i c  impulse dominates t h e  system 
s p e c i f i c  impulse ( t o t a l  i m p u l s e / t o t a l  system weight)  l e v e l s ;  t h a t  is ,  
t h e  d ry  system weight becomes a  much sma l l e r  percentage of t o t a l  
loaded weight.  Therefore ,  system s p e c i f i c  impulse approaches pro- 
p e l l a n t  s p e c i f i c  impulse. F igu re  21  p re sen t s  h i s t o r i c a l  and pro- 
j e c t e d  d a t a  f o r  subsystem weight a s  a  func t ion  of t o t a l  impulse f o r  
monopropellant and b i p r o p e l l a n t  systems. The d a t a  bank is shown 
as an  i n s e r t .  The weights  r e p r e s e n t  t o t a l  pena l ty  chargeable t o  
t h e  a u x i l i a r y  propuls ion  system. The S h u t t l e  OMS system s p e c i f i c  
impulse is  246 seconds compared t o  a p r o p e l l a n t  s p e c i f i c  impulse 
of 314 seconds. The SSTO OMS t o t a l  impulse requirement w a s  pro- 
j e c t e d  t o  be  approximately twice  t h a t  of t h e  S h u t t l e  OMS and shows 
a d e f i n i t e  need f o r  improved p r o p e l l a n t  s p e c i f i c  impulse. 



480 Maximum 

460 - - __A- - - - . _  Minimum Nominal H i s to r i ca l  da ta  

440 - 1. Delta,  AJ10-118 

10 Q g  2. Saturn, H-1 
4 2 0 . m 6  16 3. Thor, LR-79 
400 . 4. M-1 Vacuum 5. Agena, LR-81 

Figure 19.- Engine t h ru s t  and weight h i s t o ry  and projection.  
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Figure 20.- Pump inducer NPSH h i s t o r y  

Figure 22 p resen t s  p ro jec t ions  of propel lant  s p e c i f i c  impulse 
f o r  t h e  SSTO t i m e  frame. S ign i f i can t  ga ins  can be r e a l i z e d  by 
using oxygen and hydrogen b ip rope l l an t  systems. The minimum 
projec ted  value  was based on t h e  use  of gaseous oxygen and hydro- 
gen systems. The nominal va lue  was associa ted  wi th  low chamber 
pressure  l i q u i d  oxygen and hydrogen b ip rope l l an t s ,  and t h e  maxi- 
mum va lue  wi th  high chamber pressure  cryogenics. 

The da ta  from Figures 21 and 22 i n  conjunction wi th  t h e  h is -  
t o r i c a l  d a t a  were used t o  p red ic t  system s p e c i f i c  impulse f o r  t h e  
SSTO. Rationale f o r  t h e  nominal va lue  was based on t h e  use  of a 
b ip ropc l l an t  gaseous oxygen and hydrogen system wi th  minimum com- 
ponent redundancy and a  mixture r a t i o  of 4 t o  5. P rope l l an t s  would 
be s t o r e d  i n  a l i q u i d  s t a t e .  The projec ted  value  represents  t h e  
same system s p e c i f i c  impulse-to-propellant s p e c i f i c  impulse r a t i o  
a s  t h e  present  Space S h u t t l e  OMS. The minimum projec ted  value w a s  
f o r  s t o r a b l e  b ip rope l l an t s  supported by minimal improvement i n  
cu r ren t  Space S h u t t l e  OMS system s p e c i f i c  impulse. 



P i g u ~ e  21. - Auxil iary propulsion system c h a r a c t e r i s t i c s  
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The maximum system s p e c i f i c  impulse would requ i re  s i g n i f i c a n t  
component r e l i a b i l i t y  improvements, use of l i q u i d  cryogenics, LH2 
s to rage  a t  low pressure,  and in tegra ted  tankage. The desc r ip t ion  
and performance of t h i s  system w a s  defined i n  t h e  McDonnell Douglas 
Space S h u t t l e  Auxil iary Propulsion System Design Study, Phase C 
Report, Report No. MDC E0523 under Contract NAS 9-12013,. 
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General considerat ions.-  Other propulsion parameters t h a t  
a f f e c t  t h e  SSTO configurat ion and/or performances t h a t  were con- 
s idered but  were not analyzed by technology trend projec t ions  
were propel lant  bulk densi ty ,  engine configurat ion,  and a i r -  
breathing engines. 
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1. Propel lant  bulk densi ty.-  An increase  i n  propel lant  bulk 
dens i ty  has a s i g n i f i c a n t  impact on decreasing veh ic le  dry weight 
and l i f t o f f  weight. With t h e  r e s t r i c t i o n  t h a t  t h e  propel lants  
are defined a s  LO2 and LH2, propel lant  bulk densi ty  can only be 
improved by using t r i p l e  point  o r  s lush  propel lants .  Densi t ies  



of t h e  propel lants  a s  a funct ion of s t a t e  a r e  presented i n  Table 
4. These physical  c h a r a c t e r i s t i c s  w e r e  obtained from the  NBS, 
NASA, and Aerojet.  Slush hydrogen has been produced, pumped, and 
handled a t  the  National Bureau of Standards a t  Boulder, Colorado. 
It is now an t i c ipa ted  t h a t  t h e  b e s t  usable s lush  propel lants  w i l l  
have an average dens i ty  equivalent  t o  approximately 50% so l id .  
Inasmuch a s  t h e  present  l e v e l  of a t t e n t i o n  t o  t h i s  technology 
a rea  has been small,  t r i p l e  point  propel lants  w e r e  not  se lec ted  
f o r  veh ic le  design using "normal" technology growth. However, 
with accelera ted  funding, these  propel lants  could be ava i l ab le  
f o r  SSTO appl ica t ions .  
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Figure 22.- RcS/OMS t y p i c a l  s teady state s p e c i f i c  impulse 



TABLE 4,- CRYOGENIC PROPELLANT CHARACTERISTICS 

* Task 2 design 
** Normal bo i l ing  point  

*** T r i p l e  point  
i 

I n i t i a l  es t imates  of p o t e n t i a l  dry  weight improvements wi th  
the  use  of t r ip le -po in t  p rope l l an t s  a r e  shown i n  Table 5. These 
values  r e f l e c t  no degradation i n  engine s p e c i f i c  impulse because 
of lower p rope l l an t  enthalpy. Vehicle weight reduct ion  is  di -  
r e c t l y  a t t r i b u t a b l e  t o  tank volume reduction.  Higher r e l a t i v e  
b e n e f i t s  r e s u l t e d  i n  t h e  VTO concept compared t o  t h e  HTOebecause 
of higher VTO volumetric  e f f i c i e n c i e s .  The g r e a t e s t  impact i s  
on t h e  IFF conf igura t ion  because of t h e  l a r g e  c r u i s e  p rope l l an t  
weights,  which a r e  propor t ional  t o  gross weight. Because of t h e  
present  t e c h n i c a l  s t a t u s ,  implementation of increased dens i ty  
p rope l l an t s  was postponed u n t i l  t h e  Extended Performance Studies  
were completed. 



TABLE 5.- POTENTIAL IMPROVEBENTS WITH TRIPLE-POINT PROPELLANTS 

2. Engine configuration.- Engine configurat ions w e r e  s tudied 
t o  improve average f l i g h t  s p e c i f i c  impulse and v e h i c l e  packaging. 
Extendible mul t ipos i t ion  conventional nozzles provide high per- 
formance at sea  l e v e l  (low expansion r a t i o )  and a l s o  a t  a l t i t u d e  
(extended high expansion r a t i o ) .  The r e l a t i v e l y  l a r g e  power 
head envelopes of t h e  high chamber pressure  engine l imi ted  t h e  
allowable forward r e t r a c t i o n  of t h e  extendible  nozzle designs.  
The t o t a l  l eng th  of t h e  engine i n  t h e  extended pos i t ion  was 
d i c t a t e d  by contour considerat ions.  

These considerat ions are i l l u s t r a t e d  i n  Figure 23(a) '  A nozzle 
with a near-optimum contour i n  the  extended pos i t ion  is shown'in 
example A.  This nozzle is  s p l i t  f o r  r e t r a c t i o n  near the  area  
r a t i o  (55) f o r  f u l l  s e a l  l e v e l  expansion. When r e t r a c t e d ,  t h e  
flow e x i t  angle ( a t  55) causes sea  level performance losses .  
Furthermore, the  overhang of the  r e s t  of  the nozzle ( a t  160) i s  
so g rea t  t h a t  t h e  flow emanating from t h e  inner  nozzle can impinge 
on the  o u t e r  sec t ion  and reduce performance adding heat ing problems. 
S p l i t t i n g  t h e  nozzle f a r t h e r  a f t  (beyond 55) reduces t h i s  flow 
impingement problem but  f u r t h e r  degrades low-alt i tude performance. 
A modified contour (example B) i s  a preferred  a l t e r n a t i v e ,  using a 
nonoptimum contour t o  reduce the  e x i t  angle ( a t  55), thereby reduc- 
i n g  the  overhand when t h i s  nozzle i s  r e t r a c t e d  f o r  low-alt i tude 
operat ion.  A conical  nozzle (example C) a l s o  e x h i b i t s  minimal 
flow impingement when r e t r a c t e d ,  but has unacceptably severe l o s s e s  
because of t h e  l a r g e  e x i t  angles. A r o l l e d  diaphragm nozzle s k i r t  
(example D) shows promise f o r  improving extendible-nozzle per- 
formance, but  needs much more development t o  be compatible with 
r e p e t i t i v e  reuseab i l i ty .  



A l i n e a r  engine configurat ion was evaluated a s  a poss ib le  
means of improving veh ic le  packaging and providing higher average 
s p e c i f i c  impulse. The engine configurat ion i s  shown on Figure 
23. It i s  a mul t ip le  segment, split-combustor design t h a t  oper- 
ates a t  a chamber pressure  of 2 0 . 7 ~ 1 0 ~  ~ / m ~  (3000 ps ia ) .  A t o t a l  
of t en  sets of t h e  SSME turbopump assemblies, mounted i n t e r n a l l y  
between t h e  upper and lower nozzle surfaces ,  supply propel lants  
t o  t e n  grups of combustor segments. Thrust vec to r  con t ro l  is 
accomplished by d i f f e r e n t i a l  t h r o t t l i n g  of combustors. Throt t l ing  
o r  combuster shutdown is used t o  l i m i t  veh ic le  accelera t ion.  

The graph i n  Figure 23 i l l u s t r a t e s  t h a t  t h i s  engine has less per- 
formance at  low a l t i t u d e s  than t h e  bell-nozzle engine, r e s u l t i n g  
i n  a lower average s p e c i f i c  impulse. The engine configurat ion 
could be modified t o  improve its o v e r a l l  performance applied t o  
an SSTO vehic le ,  but t h e  parametric engine da ta  required t o  do 
th5s have not  been avai lable .  

3. Airbreathing engines.- Airbreathing engine t rends  and re- 
quirements w e r e  reviewed as appl icable  t o  t h e  IFF concept. Based 
on previous s tud ies  by P r a t t  and Whitney, t u r b o j e t  engines can 
r e a d i l y  be adapted t o  use hydrogen f u e l  wi th  an appreciable reduc- 
t i o n  i n  f u e l  consumption. Engines developed s p e c i f i c a l l y  f o r  
hydrogen would a l s o  r e s u l t  i n  reduced engine s i z e  and weight. 
Because of t h e  l imi ted  operat ing range required f o r  t h e  SSTO, 
add i t iona l  cos t  and weight b e n e f i t s  can be projected through 
engine s impl i f i ca t ion .  Sophist icated f u e l  con t ro l s ,  va r i ab le  
geometry compressors, and v a r i a b l e  exhaust nozzles now incorporated 
on m i l i t a r y  and commercial engines would not  be necessary. Only 
aux i l i a ry  power f o r  t h e  engines themselves would be supplied and, 
combined wi th  s t r i c t l y  ground-supplied s t a r t  systems, such as com- 
pressed a i r  tu rb ine  impingement, would reduce gear box require-  
ments t o  an absolute  minimum. I f  needed f o r  landing, r e s t a r t  
could be accomplished by windmilling. 
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Figure 23,- B e l l  nozzle and l i n e a r  engine concepts 



The l a r g e  engine i n s t a l l a t i o n  weights and low f u e l  requirements 
of a i r b r e a t h e r s ,  were traded aga ins t  t h e  low engine weight and high 
f u e l  consumption of rockets  i n  later system d e f i n i t i o n  analyses. 

Summary of project ions.-  Table 6 presents  a summary of projec t ions  
used f o r  later configurat ion d e f i n i t i o n  represent ing normal pro- 
puls ion technology growth. Propel lant  d e n s i t i e s  were taken a t  
a vapor pressure  of 137 900 ~ / m ~  (20 ps ia )  . The projected nominal 
values  of s p e c i f i c  impulse f o r  t h e  OMS and RCS systems are 440 
seconds, and 420 seconds, respect ively .  Slush propel lant  consid- 
e r a t i o n s  w e r e  projec ted  f o r  Extended Performance Studies.  Normal 
growth conf igura t ion s i z i n g  i s  t o  be based on nominal values  of per- 
formance parameters. 

TABLE 6.- PROPULSION SYSTEM CONCEPTS SELECTION 

Chamber pressure  M N / ~ ~  (psia)  

Area r a t i o  

~ h r u s t / w e i g h t ,  vacuum 

Area r a t i o  (overal l)  9 1 

Thrustlweight, vacuum 69.8 

475.0 

391.5 



Secondary Technology Areas 

A number of secondary technology areas were investigated, 
although to a lesser degree than the materials, structures, and 
propulsion areas. These secondary disciplines included aero- 
thermodynamics, performance optimization, aerodynamics, computer 
technology, control systems, and auxiliary power. The general 
approach in studying these areas consisted of first identifying 
the current activities and their associated level of technology 
and then identifying the projected 1990 technology status and its 
impact on SSTO vehicle design. Table 7 summarizes the results of 
these studies and a more detailed analysis is presented in the 
secondary technology section of the Appendices. This investiga- 
tion has shown that significant vehicle improvements leading to 
weight and cost reductions can be realized with future focused 
development in these secondary disciplines. 

TABLE 7. - SUMMARY RESULT OF 
SECONDARY TECHNOLOGY STUDY 

Aerothermodynamics Better knowledge of catalytic 
wall, lee surface heating, and 
B.L. transition effects 

Performance optimization Optimal trajectory guidance, 
reduced margins 

Development of optimal configur- 
ation parameters (wing-body shape) 

Computer technology Advanced techniques for vehicle 
design and onboard flight 

Control systems Integrated digital systems, 
relaxed static stability, and 
improved load relief 

Auxiliary power Improved fuel cells and APU, 
higher pressure hydraulics, hot 

I I gas actuation I 



R&T FUNDING PROJECTIONS 

Two approaches w e r e  taken t o  iden t i fy ing  and projec t ing NASA 
and DOD funding f o r  "normal" technology growth. The f i r s t  was 
a "top-down" method of s e l e c t i n g  those por t ions  of t h e  t o t a l  
NASA budget t h a t  were considered t o  be appl icable  t o  t h e  single-  
stage-to-orbit vehic le .  The second method was a "bottom-up" ap- 
proach whereby RTOPS documents, indust ry  news services ,  and 
marketing r e p o r t s  w e r e  researched t o  i d e n t i f y  t h e  appl icable  
NASA and DOD technology e f f o r t s  and t h e  e f f o r t s  w e r e  then 
projected i n t o  t h e  fu ture .  I n  each case, t h e  h i s t o r i c a l  d a t a  
were organized, judgement was used t o  make l i n e a r  projec t ions ,  
and polynomial regress ion c u w e  f i t t i n g  techniques w e r e  em- 
ployed. 

NASA Funding 

Top-down.- There a r e  many technology areas  being funded 
by t h e  OAST and OMSF o f f i c e s  of NASA t h a t  o f f e r  p o t e n t i a l  tech- 
nology growth f o r  SSTO designs (Refer t o  Table 8.). The 
t o t a l  NASA obl igat ions  are t h e  summation of budgets comprising 
OMSF, OSS, OA, OAST, Tracking and D/A, p lus  f a c i l i t i e s  and Re- 
search and Program Management. Actual d o l l a r  ou t l ays  f o r  f i s c a l  
years 1973 and 1974 and es t imates  f o r  1975 through 1980 a r e  
l i s t e d  i n  Table 9 and p l o t t e d  i n  Figure 24. Shu t t l e  funding is  
included i n  t h e  OMSF category and a l l  da ta  a r e  based on current  
1975 d o l l a r s .  The information sources used w e r e  (1) Budget 
Estimates, Off ice  of Management and Budget, 1975, Vol. 1, NASA 
Summary Data, Research and Development; (2) NASA Planning Wage 
Guidelines, February 1975; and (3) NASA F i s c a l  Year 1976 E s t i -  
mates and Budget Summary. 

The por t ion of t h e  t o t a l  NASA funding t h a t  was judged t o  be 
r e l a t e d  t o  SSTO technology has been separated and shown i n  Table 
10 and p lo t t ed  i n  Figure 25. Fluid  dynamics and high and low 
speed f l i g h t  dynamics w e r e  combined i n  one category. The 1975 
and 1976 d a t a  are current  f i s c a l  year est imates and 1977 through 
1990 data  a r e  l i n e a r  p ro jec t ions  based on judgement. The in- 
formation sources used w e r e  (1) Budget Estimates, OMB, 1975, Vol. 
1, NASA Summary Data, Research and Development; and (2) Aviation 
Week and Space Technology, 17 March 1975, pp 59-68. 

Bottom-up.- The RTOPS documents f o r  1973, 1974, and 1975 w e r e  
reviewed f o r  purposes of iden t i fy ing  SSTO-related technology and 
funding on recent  NASA research a c t i v i t i e s .  Each RTOP w a s  desig- 
nated t o  be  i n  one of f i v e  major ca tegor ies  (Refer t o  Table 11.).  
Individual  i t e m s  were summed i n  each of t h e  f i v e  ca tegor ies  and 
l i n e a r  p ro jec t ions  t o  1990 were made based on judgement. Poly- 
nomial regress ion c u w e  f i t t i n g  was then employed t o  der ive  t h e  
curves shown i n  Figure 26. The boundaries, which include a 
95% probab i l i ty  range, are shown. 



TABLE 8.- NASA RESEARCH AND TECHNOLOGY SUMMARY 
f 
Related NASA/DOD cooperative efforts 

National Facilities Program 
YF-12 (supersonic flight research) 
X-24 (hypersonic flight research) 
Entry technology configuration program 
C-130E composite wing box 
Support of military developments (F-14, F-15, F-16, B-1) 
Aeronautical R&D Study 

YF-12 flight experiments 

Propulsion, air induction systems 
Structures, flight loads predictions/correlations 

I Materials, flight evaluations of composites 
Avionics and controls 

1 Aerothermodynamics 

I AST related research (advanced supersonic technology) Materials, composites 

Advanced propulsion technology 

LH engines 
2 

Space technology (includes Shuttle, IUS) 

Propulsion, L02/LH2 engines, dual mode, lifetime 
Materials, TPS 
Analysis, ODIN/EDIN, NASTRAN, IPAD 

Basic research 

Aerofluid mechanics, flight mechanics, power 
Materials, composites 
Structures 
Propulsion (air breathers) 
Avionics 

Mission systems and integration 

Advanced development, composites, fabrication, propulsion,payloads 
General purpose mission equipment 

I Advanced missions 
Uses of space transportation system 
Improvement of space systems 
Cost/performance forecast methods 

I Development , test , and mission operations 
Research and test operations (JSC and MSFC) 
Life sciences (selection criteria for crew and passengers) 
Launch systems operations 

I Space life sciences 

I Life support and protective equipment 
Man-machine technology 

Apollo-Soyuz test project 

Rendezvous and docking systems 
Space processing of materials 

1 Space Shuttle 
Systems and subsystems development and integration 
Propulsion technology 
Thermostructural technology 



TABLE 9.-  NASA FIVE-YEAR PLAN BASED ON CURRENT (1975) PROGRAM FUNDING 

Dollars in millionst 

Total OMSF 

Research & 

Construction 

*Included in OMSF funding ?~xpressed in equivalent 1975 dollars 
i 



TABLE 10.- RELATED SSTO NASA FUNDING 

D o l l a r s  i n  m i l l i o n s *  

TABLE 11.- SELECTED NASA RTOPS TOTALS 
.c 

D o l l a r s  i n  m i l l i o n s *  

FY 

Materials 

S t r u c t u r e s  

Avionics  

P ropu l s ion  

A i r b r e a t h i n g  
eng ines  

F l u i d  dynamics, 
high- and low- 
speed f l i g h t  
dynamics 

Other  

T o t a l  

FY 

S t r u c t u r e s  

M a t e r i a l s  

S u b t o t a l  

Propulsion-main eng ine  
p l u s  a u x i l i a r y  

A i r b r e a t h i n g  eng ine  

Hypersonic tech-  
nology 

T o t a l  

1973 

6.0 

6 . 1  

3 .2  

8 .2  

8 .0  

28.6 

5 .1  

65.2 

9.2% 

9.4% 

4.9% 

12.6% 

12.3% 

43.8% 

7.8% 

100% 

19 74 

6.6 

6 .4  

3.2 

9.7 

8.0 

29.5 

7 .3  

70.7 

19  75 

1975 1973 

9.3% 

9.1% 

4.5% 

13.7% 

11.3% 

41.8% 

10.3% 

100% 

6.9 

7 .0  

3 .8  

10.4 

8 .0  

30 .1  

8 .7  

74.9 

1974 

4.75 

2.38 

7.13 

3.05 

1.26 

0.76 

12.20 

3.94 

4 .11  

8.05 

2.65 

0.55 

0.73 

11.98 

9.2% 

9.3% 

5.1% 

13.9% 

10.7% 

d .- 

40.2% 

11.6% 

100% 

1 .78  

3.11 

4.89 

3.19 

1 .05  

0.53 

9.66 

39.0% 

19.5% 

58.5% 

' 25.0% 

10.3% 

6.2% 

100.0% 

32.9% 

34.3% 

67.2% 

22.1% 

4.6% 

6.1% 

100.0% 

18.4% 

32.2% 

50.6% 

33.0% 

10.9X 

5.5% 

100.0% 



Figure 24.- NASA f ive-year  funding plan 
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Figure 25.- SSTO-related NASA funding 
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F igure  26.- Se l ec t ed  NASA RTOPS funding 

DOD Funding 

Bottom-up.- Table 12  summarizes R&T a c t i v i t i e s  i n  t h e  DOD t h a t  
o f f e r  p o t e n t i a l  growth f o r  SSTO des igns .  The s e l e c t e d  a p p l i c a b l e  
technology i t e m s  are t a b u l a t e d  i n  Table 13.  S e l e c t i o n  was made 
based on r e s e a r c h  t i t l e s  and c o n s u l t a t i o n  wi th  expe r t s  working i n  
t h e  f i e l d s  of i n t e r e s t .  Basic  a i r f r ame  r e sea rch  w a s  excluded from 
s t r u c t u r e s  and m a t e r i a l s ;  p ropuls ion  inc ludes  some subca tegor i e s  
i n  a i r c r a f t  technology. F igure  27 shows t h e  polynomial r e g r e s s i o n  
curves t h a t  were de r ived  t o  f i t  t h e  l i n e a r  p r o j e c t i o n s  out  t o  1990 
t h a t  were based on judgement. The boundaries  encompassing t h e  95% 
p r o b a b i l i t y  range are shown. The informat ion  sources  were (1) DMS 

' C o n t r a c t  Q u a r t e r l y ,  March 1975; (2) Indus t ry  News Serv ice ;  (3)  DMS 
Marketing Reports ;  and (4) committee on Armed Se rv ices ,  U.S. House 
of Represen ta t ives ,  24 February 1975. 



TABLE 12.- DOD RESEARCH AND TECHNOLOGY SlINJURY 

Structural testing, design criteria, concepts, analysis 

Aero-acoustics 
Airframe propulsion compatibility 
System simulation and analysis 
Flight control systems 
Aerothermodynamics 
Composite structures 
Stability and control 

Aerospace propulsion 

Rocket engines 
Airbreathing engines 

Flight vehicle technology 

Transonic aircraft technology 
Control configured vehicles 

Space vehicle subsystems 

TABLE 13.- SELECTED DOD (AIR FORCE) FUNDING TOTALS 

Dollars i n  millions 

Other 

Total 

0.42 

15.03 

2.8% 

100.0% 

0.32 

15.72 

2.0% 

100.0% 

0.44 

17.45 

2.5% 

100.0% 



95% probability 
intervals. 

--I,,,, 0.0 
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Figure  27.- Se l ec t ed  DOD (Air Force) funding 

Summary Resu l t s  

The 1975 funding l e v e l s  f o r  s t r u c t u r e s ,  m a t e r i a l s ,  and pro- 
pu l s ion  f o r  both the  "top-down" and t h e  "bottom-up" e s t ima te s  a r e  
t a b u l a t e d  i n  Table 14. These funding l e v e l s  a r e  f o r  R6T a c t i v -  
i t ies  a p p l i c a b l e  t o  an  SSTO v e h i c l e  concept.  The p ro j ec t ed  annual  
average spending is  based on t h e  d a t a  from Tables  10, 11, and 13. 



TABLE 14.- TASK 1 FUNDING PROJECTIONS 

Dollars in millions 

NASA-related SSTO 

Bottom-up (1975) 

NASA - selected RTOPS 
DOD - selected R&T 



PERFORMANCE POTENTIAL OF VEHICLE SYSTEMS 

RATIONALE AND SCOPE 

Study guidelines and "normal" technology projections were 
used to configure three basic vehicles: VTO, HTO, and IFF. 
Thermostructural and configuration concepts were selected for 
the vehicles based on parametric studies that considered three 
thermostructural concepts and two propellant tankage concepts. 
The significant technologies are discussed and final mass prop- 
erties tabulated for each vehicle concept. 

Vehicle ascent was optimized by determining initial. thrust 
and weight, the best combinations of dual position and fixed 
nozzle engines, and engine shutdown versus throttling efficiencies. 
Aerodynamic, aerothermodynamic, and flight performance analyses 
were performed. Critical airloads that were generated for the VTO 
vehicle were input to a finite element model of the fuselage 
tank-wing assembly to provide internal vehicle loads to use for 
substantiation of structural sizing results. Analysis was focused 
on vehicle concepts with the purpose of identifying key technology 
requirements. 

The Statement of Work identified numerous design requirements 
and objectives that influenced the vehicle designs. Table 15 
presents a summary of these items. 

PARAMETRIC STUDIES AND CONCEPT COMPARISONS 

Configuration Modifications 

Initial vehicle sizing studies included parametric analyses 
of configuration arrangements to obtain the most forward center 
of gravity location and to minimize vehicle dry weight. Trends 
of various studies are given in Table 16 relative to an initial 
representative vehicle concept. The first two modifications were 
incorporated in the final vehicle configuration. 

The wing carrythrough structure was located in the body, aft 
of the LO2 tanks because of the following structural and config- 
urational considerations: 

(1) The propulsion feed system requires at least a 1.83 m 
(6 ft) straight run including prevalve; therefore, no more than 
a 3.35 rn (11 ft) length could be saved in the aft compartment by 
reducing the wing box length. 



TABLE 15.- G U I D E L I N E  D E S C R I P T I O N  

Design v e r t i c a l  t akeof f ,  h o r i z o n t a l  landing v e h i c l e s  f o r  minimum dry weight using dual-mode propulsion.  

Use dual-mode engine performance and weights  from advanced high-pressure engine s tudy ( r e f .  2) .  

Use a c c e l e r a t e d  performance, a c c e l e r a t e d  technology pro jec t ions  ( re f .  1 ) .  

n = 3-g ascen t ,  n = 3-g e n t r y ,  n = 2.5 g subsonic maneuver. 
X z 

Safe ty  f a c t o r s :  

Prelaunch, l i f t o f f ,  a scen t ,  in -o rb i t :  1.4 
Entry, subsonic maneuver, landing:  1 .5 

Design t o  low-cos t refurbishment and maintenance. L i fe :  500 missions. 

0.076 m ( 3  in . )  c lea rance  
Payload 
cy l inder  J T . 5 7  m (15 f t )  d i a  

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

Mission: 

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

TPS design mission: 

Entry from a due e a s t ,  28.5-deg i n c l i n a t i o n ,  370 km. (200 n. mi . ) -a l t i tude  o r b i t ,  29 500 kg (65 ROO lbm) 
payload, and 2 050 km (1100 n .  mi.)  crossrange c a p a b i l i t y .  

Vehicle  loads  wi th  and without  29 500 kg (65 000 lbm) payload. 

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

Landing requirements: 

Minimum speed = 306 5 9 km/hr (165 5 knots)  
a = 1 5  deg (sea-level  cond i t ions  and maximum landed weight) 

Aerodynamic requirements: 

Subsonic - 
2% c minimum s t a t i c  l o n g i t u d i n a l  s t a b i l i t y  margin, 
0.0015 minimum s t a t i c  d i r e c t i o n a l  s t a b i l i t y  margin, 

Hypersonic 
Trimmable a range (withlwithout  payload) - 25 deg o r  less t o  40 deg o r  g r e a t e r ,  

Landing s i n k  speed - 3.05 m/sec (10 f t / s e c )  maximum 
Reentry - Trimmable wi th  c o n t r o l  s u r f a c e s  l o n g i t u d i n a l l y  and l a t e r a l l y  wi th  RCS (non-CCV designs) .  

4-man crew cabin arrangement. 

10% weight margin on a l l  v e h i c l e  subsystems except  engines. 

Provide f o r  s t a b l e  dynamic p roper t i e s  by us ing  RCS during per iods  of low dynamic p ressure  and aero- 
dynamic c o n t r o l  su r faces  when dynamic p ressures  a r e  s u f f i c i e n t .  

Provide TPS f o r  p r o t e c t i n g  t h e  primary a i r f rame ,  t h e  crew, t h e  payload, and v e h i c l e  subsystems from 
aerodynamic h e a t i n g  dur ing  ascen t  and e n t r y  and from engine exhaust  convect ive and r a d i a t i v e  hea t ing .  

Provide a p o s i t i v e  docking mechanism ( in te rcep t ion ,  engagement, and r e l e a s e  of v e h i c l e  wi th  o t h e r  
o r b i t a l  e lements) .  

OMS requirements : 

OMS tankage f o r  AV c a p a b i l i t y  of  381 m/sec (1250 f t f s e c )  
OMS burn  i n  e i t h e r  s i n g l e  l o n g  b u m  o r  a s e r i e s  of mul t ip le  b u m s ,  sp read  randomly over  t h e  mission 
durat ion.  



TABLE 16  VEHICLE PARAMETRIC STUDIES - CENTER OF 
GRAVITY VARIATION 

(14 f e e t )  t o  a l low f o r  wing 
car ry through s t r u c t u r e .  1 . 5  forward s h i f t  

Move cargo module forward 
9.7 m (32 f e e t ) .  1 .2  forward s h i f t  

50% body l e n g t h  i n c r e a s e  1 . 0  a f t  s h i f t  

(2) The wing car ry through torque  box r e q u i r e s  a l eng th  com- 
p a t i b l e  w i t h  t h e  v e h i c l e  l oads .  I f  t h e  p re sen t  6.4 m (21 f t )  
wfng carrythrough torque  box were reduced t o  only  3.048 m (10 f t ) ,  
i t  would in t roduce  a load  concen t r a t ion  problem. 

(3) The wing car ry through could be e x t e r n a l  below t h e  LO2 
tanks  wi th  a pena l ty  i n  c r o s s  s e c t i o n  and a long s tandoff  ramp 
f o r  body f a i r i n g ;  however, t h i s  would in t roduce  a l a r g e  amount 
of unusable  volume. 

(4) Another concept would b e  t o  des ign  sma l l e r  diameter  LO2 
tanks  a l lowing  t h e  wing carrythrough torque  box t o  pass  through t h e  
body under t h e  r ev i sed  tanks .  This  would, however, r e q u i r e  longer  
LO2 tanks  and negate  t h e  d e s i r e d  sho r t en ing  of t h e  veh ic l e .  It 
would a l s o  d i s r u p t  t h e  d i r e c t  load pa th  of t h e  p rope l l an t  tank  
w a l l s  caus ing  an  i n c r e a s e  i n  weight ,  c r e a t i n g  a d d i t i o n a l  unusable  
volume between LO2 tanks ,  and moving t h e  v e h i c l e  c.g. a f t  approx- 
imate ly  1%. 

B e l l  Nozzle and Linear  Engines 

F igure  28 shows a VTO v e h i c l e  w i t h  be l l -nozz le  engines f o r  
comparison w i t h  a v e h i c l e  u s ing  l inear -nozz le  engines ,  shown i n  
F igure  29. The be l l -nozz le  v e h i c l e  u ses  f o u r  d u a l  p o s i t i o n  
( e = 551160) and s i x  f i x e d  p o s i t i o n  nozz les  ( E = 35) w i th  engine 
sea l e v e l  t h r u s t  va lues  of 2 224 000 N (500 000 l b )  and 2 447 000 
N (550 000 l b ) .  It i s  s i z e d  t o  meet a mass r a t i o  requirement of 
7.48, based on t r a j e c t o r y  op t imiza t ions ,  whereas t h e  l inear -engine  
v e h i c l e  i s  s i z e d  t o  meet i t s  mass r a t i o  requirement of 7.89, The 
lower performance of t h e  l i n e a r  engine  v e h i c l e  is  a t t r i b u t e d  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 l i g h t  
phase. Paramet r ic  engine d a t a  have no t  been a v a i l a b l e  t o  pursue 
t h e  opt imiza t ion .  



Figure 28.- B e l l  nozzle inboard p r o f i l e  



63.1 rn 

63.1 m (207 ft) 

Figure  29.- VTO l i n e a r  engine v e h i c l e ,  i n b ~ a r d  p r o f i l e  



The configurat ion and envelope dimensions of t h e  l i n e a r  engine 
adopted f o r  t h i s  study, as w e l l  as t h e  r e s u l t i n g  I versus  a l t i -  

S D  
tude c h a r a c t e r i s t i c s ,  are shown i n  Figure 23. This is  a mul t ip le  
segment s p l i t  combustor en i n e  operat ing a t  a nominal chamber 5 pressure  of 20.7 ( lo6)  N/m (3 000 ps ia ) .  A t o t a l  of t e n  sets of 
SSME-type turbopump assemblies, mounted between t h e  upper and 
lower nozzle surfaces ,  supply propel lants  t o  t e n  groups of com- 
bustor  segments. Thrust vector  con t ro l  is  accomplished by d i f f e r -  
e n t i a l  t h r o t t l i n g  of combustor segment groups, and t h r u s t  l e v e l  is 
control led  by a combination of t h r o t t l i n g ,  ou te r  combustor shutdim, 
and shutdown of combustor groups. The nozzle expansion r a t i o  is  
91 wi th  both inner  and ou te r  combustor segments operat ing,  and is  
320 wi th  an  inner segment only. The propellant  f eed l ines  and t h e  
engine mount s t r u c t u r e  are modified t o  accommodate t h e  l i n e a r  en- 
gine requirements. 

Table 17 shows t h e  veh ic le  weights using t h e  two engine con- 
cepts .  The dry weight of t h e  veh ic le  with bell-nozzle engines is 
10% l i g h t e r .  It was concluded t h a t  t h i s  study would be continued 
using bell-nozzle engines, with t h e  recommendation t h a t  s t u d i e s  
by engine manufacturers should be i n i t i a t e d  t o  develop l inea r -  
nozzle engine parameters, 

TABLE 17.- BELL NOZZLE VERSUS LINEAR NOZZLE ENGINE 
VTO VEHICLE MASS PROPERTIES 

Propel lant  Mixture Ratio 

Assessments of p rope l l an t  mixture r a t i o  e f f e c t s  l ed  t o  t h e  
s e l e c t i o n  of o/F = 7.0 on the  b a s i s  t h a t  t h e  VTO bell-nozzle 
veh ic le  landing weight was 9 000 kg (20 000 pounds) less than 
with O/F = 6.0. 

Thermostructural Concepts 

Three thermostructural  concepts (Figure 15) w e r e  i d e n t i f i e d  i n  
the  technology assessment a s  candidates f o r  SSTO appl ica t ion.  Refer 
t o  "Normal" Technology and Funding Projec t ions  i n  which t h e  th ree  
concepts a r e  defined. Figure 30 i l l u s t r a t e s  t h e  th ree  concepts and 
l ists  t h e  se lec ted  thermostructural  c r i t e r i a .  Vehicle designs using 
these  concepts were compared using t h e  same propel lant  weight f o r  each. 

4 7 



Baseline (Concept I) 
I 

Concept I1 

Thermostructure: I Thermostructure: Rene' 41 sandwich 

Body - aluminum clustered tanks, I Tank pressure (ultimate): 207 000 tJ/m2 
RSI/subpanel TPS 1 (30 psi) 

Aerosurfaces - Borsic/aluminum I 
Maximum structural temperature: 

composite structure, 1 1144 K (1600°F) 
RSI/strain isolator direct bond I 

I Concept I11 
Tank pressure (ultimate) ; 
207 000 N/m2 (30 psi) 1 Thermostructure: Titanium sandwich, 

I RSI/strain isolator direct bond 
Maximum structural temperature: 
450 K (350°F) I Tank pressure (ult~mate): 

1 207 000 N/m2 (30 psi) 
I 
1 Maximum Structural temperature: 

I 533 K (500°F) 

Figure 30,- Design concept comparison approach 

The veh ic le  i n  Figure  31 uses an i n t e g r a l  tank s t r u c t u r e  of 
aluminum a l l o y  wi th  a l l  the  p rope l l an t s  i n  the  fuse lage  (Concept 
I ) .  The aerosurfaces  and nontank s k i r t s  a r e  advanced-composite 
s t r u c t u r e .  The TPS c o n s i s t s  of e x t e r n a l  RSI d i r e c t l y  bonded t o  
the  aerosurfaces  by means of a s t r a i n  i s o l a t o r  and RSI bonded 
t o  advanced composite sandwich subpanels on t h e  fuselage-tank 
area .  The veh ic le  shown i n  Figure 32 uses a truss-supported 
f l a t t e n e d  tank (Concept 11). This concept is a ho t  s t r u c t u r e  ve- 
h i c l e  using Rene' 41 sandwich tank panels  wi th  no ext'ernal TPS. 
Concept 111 i s  a hybrid veh ic le  using t i tanium sandwich tank panels  
with an ex te rna l  bond-on i n s u l a t i o n  of RSI. The r e s u l t s  of the  
lowest dryweight and represents  an advantage i n  thermostructural  
technology, design development, manufacturing, and opera t ions  
requirements. Technology advantages inc lude  the  cu r ren t  a c t i v e  
developments of RSI-protected aluminum s t r u c t u r e  f o r  t h e  Space 
S h u t t l e  and avoidance of  hot -s t ruc tures  with t h e i r  associa ted  
thermal expansion, aerosmoothness, and temperature l i m i t  concerns. 
The s e l e c t i o n  of RSI f o r  the  thermal p ro tec t ion  provides t h e  
l i g h t e s t  weight and a l s o  permits  a wide en t ry  f l i g h t  co r r idor  
because it can s u s t a i n  higher heat ing r a t e s  than metals.  The 
i n t e g r a l  membrane tankage concept w a s  the re fo re  s e l e c t e d  for con- 
t inued s tud ies .  



Note: The legend appears  
i n  F igure  35. 



LO2 tanks 

61.9 m (203 f 

Figure 32.- VTO truss-supported, flattened tank, Concept I1 

TABLE 18 WEIGHT COMPARISON O F  CONCEPTS 



1.- A separate 
comparison study of the VTO vehicle using LO2 propellant in the 
wing cavity (approximately 30% of the total vehicle LO2 propellant) 
resulted in a vehicle GLOW of 2.04 million kg (4.5 million pounds) 
for the wet wing vehicle compared to a GLOW of 1.92 million kg 
(4.243 million pounds) for the dry wing vehicle. This comparison 
result led to the selection of a dry wing vehicle concept and was 
used for the three vehicles of Task 2 based on the commonality 
requirement for the vehicles. 

VEHICLE S I Z I N G  APPROACH 

Figure 33 illustrates the vehicle sizing approach. The ascent 
performance requirement curves, based on trajectory optimizations, 
for each vehicle are plotted using the following equation: 

G P L  I-- GLOW 

WPL = 29 480 kg (65 000 lb); where MR = mass ratio = -. WBO 
GLOW = gross liftoff weight; and WBO = burnout weight. 

- Performance requirement - r - Vehicle capability 

Design points, dry and 

HTO, MR = 7.43 

vn, 
* HTO 

IFF, MR = 7.08 
Refuel LOz IFF, MR - 7.14 

Refuel LHZ and LO2 

Rocket takeoff 

.86 
/ 

/ *  
/*  Fanjet takeoff , 

Gross l i f t o f f  weight, lo6 lb 

I I I I I I I I I 1 I I I I .  I ' 

2.0 3.0 
Gross l i f t o f f  weight, lo6 kg 

Figure 33.- Approach to sizing vehicles 



The v e h i c l e  c a p a b i l i t y  curves ,  based on paramet r ic  v e h i c l e  
weights  ana lyses ,  a r e  p l o t t e d  us ing  t h e  equat ion:  

A = 
WP 

moss 
GLOW - WPL - --- 2 

where WP = ascen t  p rope l l an t  weight;  and WLOSS = a s c e n t  weight 
l o s s e s .  The design p o i n t s  f o r  t h e  v e h i c l e s  are a t  t h e  i n t e r -  
s e c t i o n  of t h e  performance requirement curves  w i t h  t h e  v e h i c l e  
c a p a b i l i t y  curves.  The VTO and HTO v e h i c l e s  were s i z e d  w i t h  and 
wi thout  p r o p e l l a n t  i n  t h e  wings. The IFF v e h i c l e s  were s i z e d  
us ing  bo th  r o c k e t  and turbofan  t akeo f f  propuls ion  concepts ,  and 
f o r  r e f u e l i n g  e i t h e r  LO2 only  o r  bo th  LO2 and LH2. 

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 (65 k lb ) .  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 drag  der ived  e a r l y  i n  t h e  s tudy.  L a t e r ,  
aerodynamics f o r  t h e s e  v e h i c l e  con f igu ra t ions  were der ived  and 
appl ied  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 v e h i c l e s .  

The r e s u l t s  of us ing  t h e  r ev i sed  aerodynamics, which ex- 
h i b i t e d  sma l l e 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 h e a v i e r  
than  t h e  gu ide l ine  payload of 29 480 kg (65 k lb) .  A l t e r n a t e l y ,  
t h e  v e h i c l e  des igns  could b e  modified t o  a sma l l e r  s i z e  t o  m e e t  
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  w a s  found 
t o  be  cons iderably  improved by drag reduct ions .  

Est 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 ev i sed  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 ima t ions ,  as w e l l  as 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  . 

VTO VEHICLE DESIGN 

The v a r i a b l e s  s t u d i e d  du r ing  i n i t i a l  VTO v e h i c l e  s i z i n g  were 
i n i t i a l  t h r u s t  t o  weight ,  p r o p e l l a n t  mixture r a t i o ,  number o f  
dua l -pos i t ion  nozz le  engines ,  number of f ixed-nozzle  engines ,  
engine shutdown sequence, engine t h r o t t l i n g ,  a s c e n t  l i f t ,  and 
du ra t ion  of cons t an t  l i f t .  The POST a s c e n t  t r a j e c t o r y  program 
was used t o  opt imize  t h e  a s c e n t  t r a j e c t o r y .  Conf igura t ion  a r -  
rangement was v a r i e d  and s t u d i e s  of  t h e  e f f e c t  on v e h i c l e  c.g. 
w i t h  r e s u l t i n g  wing and v e r t i c a l  t a i l  a r e a  requirements  were 
compared. An o b j e c t i v e  l e a d i n g  t o  minimum d r y  weight was t o  



a r r ange  t h e  v e h i c l e  des ign  f o r  a c.g. as forward as p o s s i b l e ,  a s  
t h i s  l e a d s  t o  sma l l e r  wing and v e r t i c a l  t a i l  a r e a s  and s i g n i f i c a n t  
r educ t ions  i n  v e h i c l e  s i z e .  

General Arrangement 

The VTO v e h i c l e  shown on F igu re  34 is  a n e a r l y  optimum v e h i c l e  
w i t h i n  t h e  s tudy  groundrules  and p r a c t i c a l  cons ide ra t ions  of design.  
The v e h i c l e  is 61.9 meters (203 f t )  long and has a wing span of 
60.2 meters (197.4 f t ) .  Ten rocke t  engines i n  t h e  f u s e l a g e  base  
are arranged w i t h  f o u r  dua l -pos i t i on  ( E = 55/160) nozz les  outboard 
and s i x  f ixed-nozzle  ( E = 35) engines inboard.  The wing has lead-  
i n g  edge and t r a i l i n g  edge sweeps of 50 deg and 20 deg r e s p e c t i v e l y ;  
t h e  v e r t i c a l  t a i l ,  45 deg and 28  deg. The v e r t i c a l  t a i l  is  a 1 0  deg 
wedge conf igu ra t ion  w i t h  t h e  c a p a b i l i t y  of forming a double wedge 
conf igu ra t ion  by a c t u a t i n g  t h e  s p l i t  rudders  and speed brakes  in-  
ward a s  shown on Figure  35, Sec t ion  G-G. 

Inboard P r o f i l e  

F igure  35 shows t h e  inboard p r o f i l e  of t h e  VTO v e h i c l e .  The 
major components a r e  t h e  f u s e l a g e  tank  module, t h e  crew and pay- 
l oad  module, and t h e  exposed wing assemblies .  

Fuselage t ank  module.- The f u s e l a g e  tank  module c o n s i s t s  of 
t h e  l i q u i d  hydrogen and l i q u i d  oxygen tanks  connnected by inne r  
tank  s k i r t s  and a n  a f t  s k i r t  compartment made up of t h e  wing 
car ry through s t r u c t u r e ,  t h e  engine mount beams, and t h e  a f t  hea t  
s h i e l d  s t r u c t u r e .  The hydrogen t ank  is a t h r e e  lobe  tank  con- 
f i g u r e d  t o  conform t o  t h e  d e s i r e d  f u s e l a g e  shape and t o  b e  com- 
p a t i b l e  w i t h  good s t r u c t u r a l  load pa ths .  The o u t l e t  of t h e  f u e l  
t ank  i s  c e n t r a l l y  l oca t ed  t o  pas s  between t h e  two ox id i ze r  tanks.  
The main o u t l e t  from t h e  c e n t e r  l obe  of t h e  f u e l  t ank  i s  a l s o  
connected t o  t h e  two o u t e r  c e l l s  f o r  complete dra inage  of t h e  
tank.  The two o x i d i z e r  tanks  a r e  s t r u c t u r a l l y  connected t o  t h e  
o u t e r  l obes  of t h e  f u e l  tank.  Each o x i d i z e r  t ank  has a main d r a i n  
w i t h  a connect ing l i n e  between t h e  two. The s i n g l e  f u e l  f e e d l i n e  
s p l i t s  a f t  of t h e  o x i d i z e r  tank  o u t l e t s  and each of t h e  two l i n e s  
f e e d s  f i v e  engines a s  shown i n  F igure  35, Sec t ion  E-E. The s t r a i g h t  
p o r t i o n  of t h e  f u e l  and o x i d i z e r  f e e d l i n e s  have bo th  upper and 
lower v a l v e s  t o  d r a i n  t h e  p r o p e l l a n t  l i n e s  as each p a i r  of en- 
g ines  are s h u t  down on a s c e n t ,  t hus  minimizing r e s idua l  propel- 
l a n t  weight.  

rl 

T h e  f o u r  d u a l  p o s i t i o n  nozz le  engines  a r e  set forward of t h e  
s i x  f i x e d  nozz le  engines  t o  minimize plume i n t e r f e r e n c e  a f t e r  t h e  
nozz le s  are extended. The engine mount beams connnect t h e  oxi-  
d i z e r  t a n k  s k i r t s  and t h e  wing carrythrough.  



C.G. X Ref Length 

Payload 29 483 kg (65 000 lb)  
202 753 kg (446 993 Ib) 

Landing without payload 207 643 kg (457 77k lb) 
Landing with payload 237 126 kg (522 774 lb) 
Ascent propellant 1 660 998 kg (3 661 873 1b) 
Gross l i f t o f f  weight 1 9 2 4  654 kg (4 243 136 1b) 

Area - 
Body plan area 
Wing, theoret ical  
Wing, expoaed 

elevon 
Vertical t a i l  

rudder 
Body wetted szea 

IB2 tank 1 z n k  

3078.5 m3 (108 712 f t3)  

1331.0 m3 ( 47 000 ft3) 

PaylDad 

Diameter 4.572 m (15 f t )  
Length 18.288 m (60 f t )  I 
Peyload Bay Clear 

Diameter 4.725 m (15.5 f t )  
Length 1 -  18.517 m (60.75 f t )  

I r-t 3.66 m (12.0 f t )  

51.755 n (169.8 f t )  

36.45 m (19.6 f t )  

61.874 m (203 f t )  

9.6 m (32.5 f t )  

Figure 34.- VTO general  arrangement 



The main landing  gea r s  a r e  nes t ed  between t h e  ox id i ze r  tank  
and t h e  wing c l o s i n g  r i b .  The nose landing  gear  is  r e t r a c t e d  
i n t o  a c a v i t y  i n  t h e  hydrogen tank  c e n t e r  l obe  as shown i n  F igure  
35, Sec t ion  B-B. 

Crew and payload module.- The assembly conta in ing  t h e  crew 
compartment, payload bay, OMS p rope l l an t  tankage, and v e r t i c a l  
ta i l ,  i s  a s e p a r a t e  module a t t ached  p r imar i ly  a t  t h r e e  p o i n t s  
t o  t h e  f u s e l a g e l t a n k  module. The crew compartment is  s i m i l a r  t o  
t h e  Space S h u t t l e  o r b i t e r  crew compartment except  f o r  t h e  i n t e g r a l  
docking f a c i l i t y  between t h e  f l i g h t  deck and t h e  ope ra t ions  deck. 
The payload bay i s  ad jacen t  t o  t h e  ope ra t ions  deck a s  i n  t h e  Space 
S h u t t l e .  The OMS p rope l l an t  tankage c o n s i s t s  of fou r  c y l i n d r i c a l  
v e s s e l s  l oca t ed  a f t  of t h e  payload bay. The support  s t r u c t u r e  f o r  
t h e  v e r t i c a l  t a i l  is a f t  of t h e  OMS tanks  and inc ludes  t h e  a f t  
s t r u c t u r a l  t i e s  t o  t h e  f u s e l a g e  t ank  module. The forward a t t ach -  
ment is  a t  t h e  bulkhead between t h e  crew compartment and t h e  pay- 
load  bay. This  a t tachment  concept is similar t o  t h a t  of t h e  Space 
S h u t t l e  o r b i t e r  t o  e x t e r n a l  tank  and a l lows  d i f f e r e n t i a l  expansion 
between t h e  two modules. 

Ex te rna l  thermal  p r o t e c t i o n  system.- The TPS system s e l e c t e d  
f o r  t h e  v e h i c l e  c o n s i s t s  of subpanel-mounted RSI on t h e  fuse l age  
tank  module and d i r e c t  bond RSI i s o l a t o r  on t h e  crew and payload 
module a s  w e l l  as t h e  ae rosu r faces .  

Equipment.- Much of t h e  equipment i s  loca t ed  a t  t h e  forward 
end of t h e  v e h i c l e  f o r  improved ba l ance  (e .g. ,  e l e c t r i c a l  power - 

and hydrau l i c  power gene ra t ion  components a r e  l oca t ed  on a p a l l e t  
frame on t h e  upper forward end of t h e  hydrogen tank) .  The nose 
compartment con ta ins  t h e  forward RCS module and t h e  two a f t  RCS 
modules a r e  a t t ached  t o  t h e  r e s p e c t i v e  outboard s i d e s  of t h e  
engine mounted bulkhead. 

S t r u c t u r a l  Arrangement 

The s t r u c t u r a l  arrangement showing load  pa ths  and s t r u c t u r a l  
members is  presented  i n  F igure  3 6 .  The crew and payload module 
is  shown removed from t h e  f i n a l  assembly t o  c l a r i f y  t h e  s t ruc -  
t u r a l  c o n t i n u i t y  of each module. 



Sect A-A 
1 

Sect B-B 
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Figure 35.- VTO inboard profile 



1. Forward RCS module 
2. t a d  vent and p r e saudza t i on  V ~ V M  
3. E l ec t r i c a l  p w e r  system, fuel ce l l *  
4. P w e r  system. APUS 
5. Fuel cell propel lants  (U)2-M3 
6. APU propel lant  (W2-LH2f 
7. Pressursnta (He) 
8. Nose landing p a r  
9. Pl ight  deck 

10. Operations deck 
11. Beat and passenger a r ea  
12. Mrlock and docking module 
13. ECLSS - system 
14. ECLSS supply and purge gas tanka 
15. Avionics 
16. Payload bay 
17. Uain landing gear 
18. Wing carrythrough structure 
19. Main propulsion engine, c - 35, f ixed nozzle, 

not gimballed 
20.  lain propulsion engine, r - 551160, extendable 

nozzle, gimballed 
21. Propel lant  prevalve 
22. Propellant feedl ines  
23. LHz, upper and lower feedl ine  manifolds 
24. LH2 main feedl ine  
25. LO tank in terconnect  l i n e  
26. 0 d  engine, LO -LE2 
27. OMS propellant2tank, 1 0  
28. OMS pmpe l l an t  tank, 
29. M pressurant tanks (He) 
30. Aft RCS modules 
31. Pad support hard point5 
32. S p l i t  rudder 

L 
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VTO STRUCTURAL ARRANGEMENT AND DETAILS 

Figure 36.- VTO s t r u c t u r a l  arrangement and d e t a i l s  
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Figure 36.-  Continued 
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Figure 36.- Continued 
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Figure 36.- Continued 



Figure 36.-  Concluded 



Fuselage tank module.- The LH2 f u e l  tank is the  forward three-  
lobed tank. The ou te r  two lobes a r e  connected t o  the  two separa te  
LO2 ox id ize r  tanks by two i n t e r t a n k  c y c l i n d r i c a l  s h e l l s .   he 
i n t e r t a n k  s h e l l s  a r e  l o c a l l y  cut  out t o  c l e a r  t h e  f u e l  tank out- 
let  l i n e s .  The two ox id ize r  tanks a r e  separa te  and provide t h e  
load paths  between t h e  f u e l  tank and t h e  a f t  skir t-engine mount- 
wing carrythrough s t r u c t u r a l  component. The engine mount beam 
s t r u c t u r e  is shown on Figure 36, Sect ion L-L. The hor izon ta l  
and v e r t i c a l  beams t ransmit  engine loads t o  the  two c y l i n d r i c a l  
a f t  s k i r t s  and the  wing carrythrough torque box. The nose gear 
is housed i n  the  cen te r  lobe of t h e  f u e l  tank a s  shown i n  Figure 
36, Sect ion D-D. The gear loads a r e  reac ted  by t h e  i n t e r n a l  tank 
frames and t h e  two i n t e r n a l  lobe i n t e r s e c t i o n  beams of t h e  tank. 
The main landing gears  a r e  housed outboard of t h e  two oxidizer  
tanks a s  shown i n  Figure 36, Sect ions J-J and K-K. Main gear  
loads  a r e  reac ted  by t h e  frame a f t  of t h e  oxidizer  tanks a s  w e l l  
as t h e  beams t i e d  t o  the  oxidizer  tank forward bulkhead wing 
spar  connect ion. 

The wing torque box carrythrough s t r u c t u r e  is a f t  af t h e  
ox id ize r  tank domes and provides moment and torque cont inui ty  
between the  exposed wing s t r u c t u r e s .  This torque box is shown 
i n  Figure 36, Sect ion L-L. The ox id ize r  tank a f t  s k i r t  a t t aches  
t o  t h e  upper su r face  of t h e  torque box a s  shown. 

The four  dual-position-nozzle engines a r e  mounted on t h e  
engine mount frames and t h e  s i x  fixed-nozzle engines a r e  mounted 
on t r u s s e s  t h a t  a t t a c h  t o  the  engine mount beams because of t h e i r  
o f f s e t  mounting. 

The crew and payload module forward attachment t o  t h e  fuse lage  
tank module i s  shown i n  Figure 36, Sect ions M-M and N-N. The 
A-frame attachment a t  Sect ion M-M provides a Y-direction load 
c a p a b i l i t y  wi th  swivel design t o  prevent X-direction reac t ion  
loads.  Sect ion N-N shows a s l i d i n g  lug design t h a t  w i l l  t ransmit  
2-direct ion loads ,  but  not  Y o r  X. The a f t  attachment is  i l l u s -  
t r a t e d  i n  Section L-L showing a two-point attachment capable of 
t r ansmi t t ing  X-, Y- and 2-direct ion loads.  

C r e w  and payload module.- The crew and payload module s t ruc -  
t u r e  i s  in teg ra ted  s t r u c t u r a l l y  and cons i s t s  of t h e  crew compart- - 
ment, t h e  payload bay wi th  s ix-  door sec t ions ,  the  OMS prope l l an t  
tankage compartment, t h e  v e r t i c a l  t a i l  support  s t r u c t u r e ,  and t h e  
v e r t i c a l  tail .  Figure 36 ,  Sections M-M through S-S shows d e t a i l s  
of t h e  s h e l l  s t r u c t u r e ,  t h e  payload door a rea ,  v e r t i c a l  t a i l - t o -  
support s t r u c t u r e  cont inui ty ,  and attachment points  between 
modules. The two OMS engines mount t o  t h e  a f t  end of t h i s  module. 

Wing s t ruc ture . -  F igure  36, D e t a i l  U shows a t y p i c a l  a rea  
adjacent  t o  an elevon ac tua to r .  The elevon design de f l ec t ions  
are 15 degrees down t o  30 degrees up. De ta i l s  of t h e  elevon 



s t r u c t u r e  and t h e  hinge a rea  a r e  shown i n  Section V-V, The lower 
elevon cove gap s e a l  is  a f l e x i b l e  c u r t a i n  and t h e  upper gap is 
closed by a gap cover f l a p .  

The b a s i c  wing s t r u c t u r e  c o n s i s t s  of a torque box 5.78 m (18.9 
f t )  wide with spar webs a t  each end as shown i n  D e t a i l  U and Sec- 
t i o n  V-V. The torque box upper and lower cover is an i n t e g r a l  
s t i f f e n e d  skin.  The v e r t i c a l  t a i l  s t r u c t u r a l  concept is s i m i l a r  
t o  t h e  wing concept and i s  not  shown i n  d e t a i l .  

Thermal p ro tec t ion  system.- The ex te rna l  thermal protec t ion 
system c o n s i s t s  of two b a s i c  concepts. The aerosurfaces  and t h e  
crew and payload module use  d i rec t -bond RSI t i les  with s t r a i n  
i s o l a t o r s  as shown i n  Figure 36, Details W through Z.  I n  a reas  
where t h e  en t ry  temperature i s  570 K (6000F) o r  lower, f e l t  in-  
s u l a t i o n  i s  used; e.g., upper a f t  wing surface ,  upper payload 
s h e l l ,  and OMS tankage s h e l l .  

The fuselage  tank module uses t h e  recond concept, which is a 
standoff subpanel-mounted RSI t i l e  design. A t y p i c a l  subpanel- 
mounted RSI design is shown i n  Figure 36. The support r a i l s ,  
which run long i tud ina l ly ,  a r e  a t tached t o  node points  of t h e  
i n t e g r a l l y  s t i f f e n e d  i sogr id  s t r u c t u r e  of t h e  propel lant  tanks 
a s  shown i n  Figure 36, Section AA. The sandwich subpanels a r e  
supported on only two s ides  by t h e  r a i l s  with th ree  quick-release 
fas teners  per  panel. D e t a i l s  of t h e  fas tener  access a r e  shown 
i n  Section BB. The thermal protec t ion system is designed t o  
l i m i t  t h e  primary s t r u c t u r e  t o  450 K (350°F) and the  secondary 
s t r u c t u r e  (subpanels) t o  533 K (500°F). 

S t r u c t u r a l  and thermal p ro tec t ion  system materials .-  Figure 
37 shows t h e  s t r u c t u r a l  and TPS mate r i a l s  of the  vehic le .  I n  
each-case  where a s p e c i f i c  mate r i a l  o r  a l l o y  is  c a l l e d  ou t ,  i t  
is intended t o  i n d i c a t e  a mate r i a l  family. I n  some cases f u t u r e  
material designations may be changed but they a r e  expected t o  
have family c h a r a c t e r i s t i c s .  

The main f u e l  and ox id ize r  tanks a r e  i n t e g r a l l y  machided 
welded sk ins  of 2219 aluminum a l loy .  The payload bay, OMS tank- 
age bay, i n t e r t a n k  s h e l l s ,  a f t  s k i r t  s h e l l s ,  and v e r t i c a l  t a i l  
support s t r u c t u r e  are semimonocoque graphitelepoxy composite 
construction.  The wing and v e r t i c a l  t a i l  a r e  advanced composite 
const ruct ion wi th  borsic/aluminum skins .  The s e l e c t i o n  of 
borsic/aluminurn over graphite/epoxy was based on t h e  advantage 
of t h e  aluminum heat  sink.when determining t h e  insu la t ion ,  
requirements. 

The subpanels used f o r  t h e  fuse lage  tank module TPS mounting 
a r e  sandwich panels  of high-modulus g raph i t e  faces  with g l a s s  
phenolic cores.  The TPS insu la t ion  mate r i a l s  a r e  Nomex f e l t  f o r  
t h e  upper su r faces  and RSI t i les  f o r  t h e  lower su r faces  and lead- 
ing  edges. 



Engine mmt structure - graphitelepoxy1 

Figure 37.- Materials designation drawing 



Propulsion 

There a r e  th ree  separa te  and independent propulsion systems 
i n  t h e  VTO veh ic le  concept: The main propulsion system, t h e  OMS, 
and t h e  RCS. Each of these  is discussed and then t h e  r e s u l t s  of 
ana lys i s  of th ree  a l t e r n a t i v e  configurat ions a r e  presented. 

Main propulsion system.- The main propulsion system uses ten  
engines, each of 2.67(10b)N (600 000 l b f )  nominal t h r u s t ,  operat- 
ing a t  an O/F r a t i o  of 7.0 and a chamber pressure  of 31(1o6)N/m2 
.(4500 s s i a ) .  The propel lants  a r e  supplied from an LH2 tank of 
3078 m (108 700 f t 3 ) ,  and two separa te  but interconnected LO2 
tanks of 665 m3 (23 500 f t 3 )  each. The engines a r e  assumed t o  
be operable a t  zero NPSH a t  t h e  engine and-feed system in te r face .  

Six  of t h e  t en  engines a r e  of a nongimbaled fixed-nozzle 
design. The remaining four  outboard engines incorporate a movable 
nozzle extension t o  increase  t h e  nozzle a rea  r a t i o  f o r  high a l t i -  
tude operat ion and a r e  gimbal-mounted t o  provide t h r u s t  vector  
control .  Except f o r  these  d i f fe rences ,  t h e  engines a r e  e s s e n t i a l l y  
i d e n t i c a l .  The engines a r e  s ized t o  provide a 1.3 thrus t lweight  
r a t i o  a t  takeoff .  The maximum acce le ra t ion  i s  l imi ted  t o  3 g by 
sequen t ia l ly  shu t t ing  down engines i n  symmetrical p a i r s ,  s t a r t i n g  
with shutdown of t h e  fixed-nozzle engines. This procedure obviates 
any need f o r . e n g i n e  t h r o t t l i n g  and permits optimization of t h e  
a rea  r a t i o s  of t h e  t h r e e  d i f f e r e n t  nozzle configurat ions t o  pro- 
v ide  a high average I The operat ing condit ions and performance 

SP 
data  f o r  t h e  th ree  engine configurat ions a r e  given i n  Table 19. 

The propel lant  tanks a r e  s ized f o r  normal bo i l ing  point  propel- 
l a n t s ;  i.e., bulk d e n s i t i e s  of 1 134 kg/m3 (70.9 lbm/ft3)  and 70 
kg/m3 (4.4 lbm/ft3)  f o r  LO2 and LH2, respect ively ,  with i n i t i a l  
u l l age  volumes of 3%. A key weight saving f e a t u r e  i n  the  tank 
design is t h e  minimization of t h e  maximum operat ing pressure  by 
using a zero-NPSH requirement f o r  t h e  engine i n l e t s .  With a zero- 
NPSH, t h e  design c r i t e r i a  f o r  t h e  pressur iza t ion/ feed system a r e  
suppression of c a v i t a t i o n  i n  the  feed l ines  and maintenance of a 
p o s i t i v e  gage pressure  a t  a l l  t i m e s .  A design value of 138 000 
~ / m ~ - ~ a ~ e  (20 psig)  was used a s  t h e  maximum working pressure  f o r  
t h e  tanks. Assuming p rope l l an t s  a r e  sa tu ra ted  at  near atmospheric 
pressure  a t  launch, g ives  an allowance of 34 500 N/m2 ( 5  p s i )  f o r  
i n f l i g h t  propel lant  temperature s t r a t i f i c a t i o n ,  pressure  regu- 
l a t o r  to lerance ,  and n e t  feed system f r i c t i o n  l o s s  minus hydro- 
static pressure  gain. Because of t h e  veh ic le  s i z e  and arrange- 
ment, t h e  hydros ta t i c  pressure  component w i l l  make a s i g n i f i c a n t  
contr ibut ion toward overcoming f r i c t i o n  loss .  



TABLE 19.- VTO ENGINE PERFOREZANCE DATA 

The LH2 feed  system (Figure  35) c o n s i s t s  of t h r e e  o u t l e t s  - 
one i n  each of t h e  t h r e e  tank  lower dome segments - a l l  Eeeding t o  
a s i n g l e  main feedl ine .  This  main l i n e  then goes through a  s e r i e s  
of b i l u r c a t i o n s  t o  i n d i v i d u a l  f e e d l i n e s  f o r  each engine. The LO2 
system i s  s i m i l a r  except  t h a t  i t  has two main Eeedl ines ,  one Eor 
each tank ,  w i t h  a crossover  between them. The LH2 system i s  
vacuum-jacketed t o  e l i m i n a t e  a i r  condensat ion and t o  minimize pre- 
s t a r t  p rope l l an t  cond i t i on ing  requirements.  The LO2 system i s  
foam insu la t ed .  I s o l a t i o n  va lves  a r e  l oca t ed  a t  t h e  upstream end1 
of each i n d i v i d u a l  engine f e e d l i n e  t o  permit  d ra in ing  those  l i n e s  
through t h e  engine a f t e r  each engine  i s  s h u t  down. Th i s ,  to-  
ge the r  w i t h  t h e  sequence of engine shutdowns ( i . e . ,  t h e  outboard 
engines being t h e  l a s t ) ,  ensures  a minimum of t rapped p r o p e l l a n t  
i n  t h e  f eed  system. 

Nozzle type  

Number pe r  v e h i c l e  

Engine weight - kg (lbm) 

P rope l l an t  f low r a t e  - kg/sec  
(lbmls ec )  

LO2 flow rate - kg l sec  
(lbm/sec) 

LH2 flow r a t e  - kg l sec  
(lbmls ec)  

Chamber p r e s s u r e  - l o 6  ~ / m ~  
( p s i 4  

Throat Area - m2 ( i n . 2 )  

Throat diameter  - m ( in . )  

Expansion r a t i o  

E x i t  a r e a  - m2 ( i n .  2, 

E x i t  diameter  - m ( in . )  

Thrus t ,  S.L. - l o 3 N  ( l o 3  l b f )  

Thrus t ,  vacuum - l o 3 N  ( l o 3  l b f )  

I S.L. - s e c  
SP ' 

I vacuum - s e c  
SP ' 

Fixed 

6 

3070 (6769) 

625 (1377) 

547 (1205) 

78 (172) 

31  (4500) 

0.0424 (65.8) 

0.232 (9.15) 

35 

1.49 (2300) 

1.38 (54) 

2470 (556) 

2670 (600j 

404.1 

436.1 

Dual 

4  

4120 (9084) 

625 (1377) 

547 (1205) 

78 (172) 

31  (4500) 

0.0424 (65.8) 

0.232 (9.15) 

5 5 

2.33 (3620) 

1.72 (68) 

2420 (544) 

---- 

395.5 

---- 

160 

6.79 ' (10  530) 

2.94 (116) 

---- 

2840 (638) 

---- 

463.5 



For purposes of t h i s  s tudy ,  t h e  f e e d l i n e s  were designed f o r  
maximum f low v e l o c i t i e s  of 4.9 m/sec (16 f t / s e c )  f o r  LO2 and 11.3 
m/sec (37 f t / s e c )  f o r  LH2. These v e l o c i t i e s  r e s u l t  i n  equal  
d iameters  f o r  bo th  t h e  LO2 and LH2 systems. 

The p r e s s u r i z a t i o n  system is autogenous, us ing  ho t  p r o p e l l a n t  
vapors  b l ed  from t h e  engines.  Except f o r  t h e  lower tank  pres-  
sures, t h e  p r e s s u r i z a t i o n  system is assumed t o  b e  similar t o  t h a t  
f o r  t h e  Space S h u t t l e  e x t e r n a l  tank.  Cor rec t ing  f o r  t h e  pres-  
s u r e  d i f f e r e n c e s ,  t h i s  l e a d s  t o  p re s su ran t  d e n s i t i e s  a t  burnout  
of 2.8 kg/m3 (0.125 lbrn/f t3)  f o r  t h e  LO2 tank  and 0.176 kg/m3 
(0.011 lbm/f t 3 )  f o r  t h e  LH2 tank.  The corresponding average  
temperatures  a r e  2 6 4 ' ~  (475OR) and 190°K (342OR), and t h e  t o t a l  
p re s su ran t  weights  are 2 665 kg (5 875 lbm) and 542 kg ( 1  1.96 
Pbm) , r e s p e c t i v e l y .  

Although t h e  v e h i c l e  des igns  use  a 31 ( l o 6 )  N/m2 (4 5000 p s i a )  
chamber p r e s s u r e  f o r  t h e  main engines  ( r e f e r  t o  page 20) ,  later d i s -  
cuss ions  w i t h  consu l t i ng  rocke t  engine  f i rms  i n d i c a t e d  t h a t  t h e  pro- 
j ec t ed  p r e s s u r e  is  o p t i m i s t i c .  Subsequent s t u d i e s  were made us ing  
engines w i th  27.6 ( lo6 )  bI/m2 (4 000 p s i a )  champber p re s su re .  These 
s t u d i e s  showed t h a t  t h e  somewhat l a r g e r  envelop dimensions could be  
accommodated an& t h a t  by modifying t h e  nozz le  expansion r a t i o s  t h e  
v e h i c l e  performance could be maintained equal  t o  t h a t  f o r  the 
h ighe r  p r e s s u r e  engine. The modified expansion r a t i o s  a r e  55 f o r  
t h e  f i x e d  nozz le  and 40/160 f o r  t h e  dua l  nozz le .  The r a t i o s  w i t h  
t h e  27.6 ( lo6 )  bI/m2 (4 000 p s i a )  p r e s s u r e  were used i n  t h e  remainder 
of t h e  s tudy  us ing  a l l  L02/LH2 engines .  

OMS.- The OMS c o n s i s t s  of two L02/LH2 pump-fed engines  of - 
66 700 N (15 000 l b f )  t h r u s t  each,  o p e r a t i n g  a t  a 6 OBF raSio 
w i t h  a  s t e a d y - s t a t e  I of 440 seconds. These engines are. alsa 

SP 
assumed t o  b e  operable  a t  zero  NPSH, b u t  i n  a l l  o t h e r  xespec t s  
t hey  a r e  t h e  s a m e  as t h e  e x i s t i n g  RL-10. P r o p e l l a n t s  are sup- 
p l i e d  from t h e  LO2 and LH2 tanks  which a r e  s i z e d  f o r  a  AV of 381 
m/sec (1250 f t l s e c )  u s ing  normal b o i l i n g  po in t  d e n s i t i e s .  The 
r e s u l t a n t  t a n k  d a t a  are t a b u l a t e d  as fo l lows:  



The OMS propel lant  tanks a r e  pressur ized  with He s to red  a t  
ambient temperature and a pressure  of 27,6 ( lo6)  ~ / m ~  (40QO psia)  . 
The s i z e  of such a  p ressu r i za t ion  system depends e s s e n t i a l l y  on 
t h e  d i f fe rence  between tank t o t a l  pressure  and l i q u i d  vapor pres- 
su re ,  which f o r  a zero-K?SH engine requirement, need only be suf- 
E i c i e ~ t  t o  overcome t h e  f r i c t i o n  and t r a n s i e n t  s t a r t  lo s ses  of 
the feed  system. For t h i s  s tudy,  these  pressure  l o s s e s  were 
taken t o  be 10  300 ~ / m ~  (1,s p s i )  f o r  t h e  LO2 tank, and 6900 lI/m2 
(1.6 p s i )  f o r  t h e  LH2 tank. This leads t o  a usable H e  require-  
Teent of 7.7 kg (L7 Ibm). Using the system weight t o  usable  Ha  
weight r a t i o  of 20 from t h e  Space S h u t t l e  OMS r e s u l t s  i n  a  pres- 
surlzatfon system weight of 154 kg (340 lbm). The propel lant  
tanks a r e  designed f o r  a  maximum opera t ing  pressure  of 138 000 
bT/rn2 (20 ps ia )  s o  the allowable r i s e  i n  p rope l l an t  vapor pressure  
sver ahe dura t ion  05 the mission is 24 100 lY/rn2 (3.5 p s i )  f o r  LO2 
and 27 600 I?/rn2 (4 ,8  p s i )  f o r  LH2. The OMS n e t  system I is  419 

s P  
s e c  when loaded f o r  a AV of 381 m/sec (1250 f t / s e c ) .  (Net system 
I i s  t h e  r a t i o  of t o t a l  impulse t o  t o t a l  weight of the  system). 

s.P 
When off-loaded f o r  a AV of 298 m/sec (650 f t / s e c ) ,  t h e  n e t  
system I drops t o  401 seconds. 

Sla 

RCS. The rCS cons i s t s  of t h r e e  s i m i l a r  u n i t s  - one mounted - 
i n  the  veh ic le  nose and the  o t h e r  two loca tea  outboard of the  
main engine c l u s t e r  (Figure 351, Each of these  provides one- 
t h i r d  of the  t o t a l  RCS AV c a p a b i l i t y  c f  30.5 mjsec (PO0 f t f s e c ) .  
The p rope l l an t s  are O2 and N2 t h a t  a r e  supplied t o  the  t h r u s t e r s  
as gases a t  an O/P r a t i o  of 4.5 from accuaral.ators at a pressure of 
1 -38  ( 1 ~ ~ )  Film2 (200 pc"l ) ,  The acewriulator:~ a r e  ~egl .enished 
through a pump and eva.a;sra"~o--1~ai3er hron l a w - p r e ~ s u z e  crjagc-lrie 
sCarage tanks,  Tlae RCS propel-ant  tank d a t a  a7--c: a s  fa l lows:  

----- 

LO;! (total) 

LH2 (each tank)  

These tankage requbrements a r e  based on .sn average t h r u s t e r  
T of 390 sec ,  n o r m 1  b o i l i n g  point  p r spe l l an t s ,  and 4% i n i t i a l  

SP 
u l lage .  The pumps a r e  assumed t o  opera te  submerged a t  zero NPSH, 
so no p r e s s u r i z a t i o n  of t h e  l i q u i d  propel lant  tanks is required.  
Deta i led  analyses of the accunlulator, pump, and heat  exchanger 
requirements w i l l  depend on t h e  system duty cycle.  For t h i s  s tudy,  
t h e  system d r y  we%ght is est imated t o  be 480 kg (1060 Ibm) per  
module, o r  1440 kg (3180 1bm) t o t a l .  The n e t  system I i s  220 
seconds. SP 

t 



I n t e r n a l  Loads Analysis  

The VTO fuse l age  tank module w a s  mathematical ly  modeled us ing  
the  Martin Marietta-Denver Space Frame Program (MDSFP). This  
f i n i t e  element program uses  t h e  s t i f f n e s s  method t o  compute def lec-  
t i o n s  and r o t a t i o n s  of each node po in t  f o r  t h e  appl ied  loading  
cond i t i on  and then c a l c u l a t e  t h e  compatible i n t e r n a l  l oads  and 
s t r e s s e s  i n  each s t r u c t u r a l  element.  The model con ta ins  239 
node p o i n t s  w i th  1356 degress  of freedom (See F igure  38.) .  Tak- 
i ng  advantage of symmetry, only one-half of t h e  s t r u c t u r e  w a s  
modeled t o  minimize computer c o s t s .  The 25 node p o i n t s  l oca t ed  
on t h e  p lane  of symmetry were f i x e d  i n  t h e  Y ,  O X ,  and BZ d i r ec -  

t i o n s  because t h e s e  va lues  must be zero  f o r  symmetrical s t r u c t u r e  
w i th  a symmetrical loading.  Two X d e f l e c t i o n s  and one Z de- 
f l e c t i o n  were f i x e d  t o  provide X,  Z ,  and By o v e r a l l  s t a b i l i t y .  

Vehicle 

I 

I 
Vehicle t 

Figure  38.- F i n i t e  element model 

Twelve bulkhead s t a t i o n s  were used wi th  node p o i n t s  t y p i c a l l y  
spaced a t  30 degree i n t e r v a l s  c i r c u m f e r e n t i a l l y .  The a f t  bulk- 
head w a s  modeled i n  s u f f i c i e n t  d e t a i l  s o  engine loads  could be 
app l i ed  a t  t h e  proper  l o a c t i o n s .  Node p o i n t s  w e r e  a l s o  provided 
f o r  t h e  crew and payload module attachment l oads  and landing  gea r  
loads .  Forty-two of t h e  node p o i n t s  were i n  t h e  wing outboard of 
t h e  r o o t  r i b .  A t o t a l  of 524 beam elements ( a x i a l ,  two bending, 
two shea r ,  and t o r s i o n a l  s t i f f n e s s ) ,  30 t r i a n g u l a r  p l a t e s  and 269 
q u a d r i l a t e r a l  p l a t e s  ( a x i a l ,  i np l ane  shea r ,  and inp lane  bending 
s t i f h e s s )  were used. The number of t r i a n g u l a r  pane lsdwas  mini- 
mized because q u a d r i l a t e r a l  pane l s  provide cons iderably  more 



accu ra t e  r e s u l t s  f o r  a g iven  number of node po in t s .  Because t h e  
q u a d r i l a t e r a l  p l a t e s  must l i e  i n  a p lane ,  i t  was necdssary t o  use  
modified wing depths  t o  d e f i n e  a s e t  of upper node p o i n t s  t o  
e l i m i n a t e  t h e  panel  curva ture .  The main beam depths  and torque  
box a r e a s  were c l o s e l y  approximated. 

Table 20 lists paramet r ic  d a t a  f o r  t h e  f i v e  major loading  
cond i t i ons  t h a t  were considered.  For each loading  cond i t i on ,  
t h e  app l i ed  engine,  gea r ,  and/or a i r l o a d s  were d i s t r i b u t e d  t o  
t h e  node p o i n t s  t o  g ive  t h e  proper  moment about t h e  VTO c e n t e r  
of g r a v i t y .  The weights  w e r e  a l s o  d i s t r i b u t e d  t o  t h e  node p o i n t s  
and then  t h e  ba lanc ing  i n e r t i a l  r e a c t i o n s  were ca l cu la t ed .  The 
r e s u l t a n t s  of t h e  app l i ed  and i n e r t i a l  r e a c t i o n s  were input  t o  
t h e  MDSFP f o r  each o v e r a l l  loading  condi t ion .  The r e s u l t i n g  
i n t e r n a l  stresses were reviewed t o  ensure  t h a t  no l a r g e  inac- 
c u r a c i e s  e x i s t e d  i n  t h e  s t r u c t u r a l  element mechanical p r o p e r t i e s  
t h a t  were inpu t  t o  t h e  program. 

TABLE 20.- EXTERNAL LOADING CONDITIONS 

Mach number 

q,N/m2 

(q,~sf) 

a, deg 

Vehicle mass, kg 

(Vehicle weight, lb) 

Normal airload, kg 

(Normal airload, lb) 

n 
X 

n 

Some of t h e  more c r i t i c a l  i n t e r n a l  loads  a r e  given i n  Table 
21. The r e s u l t s  of t h i s  a n a l y s i s  were used t o  confirm t h a t  t h e  
s i z i n g  of t h e  v e h i c l e  s t r u c t u r a l  elements was c o r r e c t  and t h a t  
t h e i r  weights  were p rope r ly  represented  i n  t h e  m a s s  p r o p e r t i e s  
a n a l y s i s .  The only  s t r u c t u r a l  modi f ica t ion  t h a t  w a s  i nd ica t ed  
w a s  a p o t e n t i a l  s m a l l  r educ t ion  i n  wing weight because wing loads  
a t  maximum qa were less than  t h e  load  c a p a b i l i t y  of t h e  wing. 

Maximum qa 
headwind 

1.53 

30 595 

(639) 

3.57 

1 424 500 

(3 140 500) 

823 900 

(1 816 507) 

1.567 

0.578 

Maximum n 
X ascent 

5.93 

5 003 

(104.5) 

7.4 

919 200 

(2 026 400) 

62 500 

(137 813) 

3.0 

0.068 

Entry 

16.0 

5 861 

(122.4) 

30 

237 200 

(523 000) 

521 900 

(1 150 600) 

2.2 

2.5-g 
maneuver 

0.6 

13 885 

(290) 

6.3 

237 200 

(523 000) 

593 100 

(1 307 500) 

2.5 

Two-wheel 
landing 

15.0 

237 200 

(523 000) 

245 600 

(541 450) 

1.794 



TABLE 21.- INTERNAL LOADS SIJMWlY 

Mass Proper t i e s  

Vehicle location 

Inner tank 

Aft skirt  

Exposed wing root 

Exposed wing mid- 
span 

Vehicle mass p roper t i e s  a r e  based pr imar i ly  on t h e  Task 1 
nominal p ro jec t ions  f o r  weight es t imat ing re la t ionsh ips ;  however, 
where t h e  i n t e r n a l  loads generated by t h e  f i n i t e  element ana lys i s  
indica ted  necessary changes, t h e  Task 1 pro jec t ions  were modified. 

The veh ic le  s i zed  i n  t h i s  study i s  based on t h e  i n i t i a l  aero- 
dynamics est imate.  The e f f e c t s  of revised aerodynamic character-  
i s t i c s  a r e  reported i n  t h e  veh ic le  comparison study. The mass 
p roper t i e s  summary t a b l e  ind ica tes  a payload of 29 484 kg (65 000 
l b ) ,  with t h e  increased performance capab i l i ty ,  based on revised 
aerodynamics, shown a s  increased payload. 

Ultimate load kN/m (lb/ in.)  

Loading condition 

Maximum 
qa 

439 ( 2  505)  

809 ( 4  620 )  

2353 (13  440)  

824 ( 4  703)  

Maximum 
longitudinal 
acceleration 

1 8 1  ( 1  031 )  

712 ( 4  067 )  

454 (2 590)  

106 (603 )  

2 .5  g 
maneuver 

94 (535 )  

167 (953 )  

1201 ( 6  860 )  

412 ( 2  353)  

Two-wheel 
landing 

66 (377 )  

132 (754 )  

199 ( 1  1 3 5 )  

68 ( 390 )  



TABLE 22.- VTO MASS PROPERTIES 

Weight, Ib  

51 813 

11 607 

116 565 

86 933 

16 103 

92 364 

Code 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

18.0 

19.0 

20.0 

23.0 

Condition X 

Dry 73.315 

Landing 73.029 

Landing with payload 71.276 

26.0 

27.0 

28.0 

29.0 

L i f t o f f  70.226 

Moment of i ne r t i a :  

I x  IY I z  

Condition kg-m2 (slug-f t 2 )  kg-m2 (slug-f t2)  kg-m2 (slug-f t 2 )  

Dry 16 619 450 (12 257 880) 66 183 127 (48 814 179) 73 201 894 (53 990 957) 

Landing 16 737 045 (12 344 613) 67 109 977 (49 497 789) 74 162 125 (54 699 187) 

Landing 
with payload 17 410 479 (12 841 313) 70 684 913 (52 134 527) 77 140 569 (56 895 975) 

Li f tof f  57 289 016 (42 254 318) 183 726 609 (135 509 820) 229 046 721 (168 936 230) 

Product of i ne r t i a :  

pxy PxZ PY 

Condition kg-m2 (slug-f t 2 )  kg-m2 (slug-f t2)  kg-m2 (slug-f t 2 )  

Dry 22 363 (16 494) -136 353 (-100 569) -4 344 (-3 209) 

Landing 22 157 (16 342) -288 865 (-213 056) -4 307 (-3 177) 

Landing 
with payload 20 884 (15 403) -1 372 522 (-1 012 321) -3 608 (-2 661) 

Li f tof f  20 123 (14 842) -301 767 (-222 572) -4 591 (-3 386) 

*Revised aerodynamics c apab i l i t y  is  32 493 kg (71 600 lb) .  

System 

Wing group 

T a i l  group 

Body group 

Induced environmental pro tec t ion  

Landing & aux i l i a ry  systems 

Propulsion-ascent 

6 -1 Engine accessor ies  

6.2 Propel lant  system 

6.3 Engines (10) 
Propulsion - RCS 

Propulsion - OMS 

Prime power 

E l ec t r i c a l  conversion & d i s t r i bu t i on  

Hydraulic conversion & d i s t r i b u t i o n  

Surface cont ro ls  

Avionics 

Environmental con t ro l  

Personnel provisions 

Payload provisions 

Margin 

Mass, kg 

23,502 

5 265 

52 873 

39 432 

7 304 

41 896 

Landing weight 207 643 457 774 

22.0 Payload 29 484* 65 OOO* 

Landing weight witH payload 237 127 522 774 

mow 1 924 654 4 243 136 

Center of gravi ty :  X of body length 

I n f l i g h t  losses  

Ascent propellant 

Propel lant  - RCS 

Propellant - OMS 

2 175 

4 816 

34 904 

1 444 

1 032 

1 674 

2 975 

2 903 

2 480 

2 096 

1 836 

499 

270 

15 272 

4 796 

10 618 

76 950 
3 183 

2 275 

3 690 

6 560 

6 400 

5 468 

4 622 

4 048 

1 100 

595 

33 668 

23.0 

25.0 

1 613 

1 660 998 

1 972 

11 179 

446 993 

2 644 

8 137 

Tota l  dry  weight 202 753 

6 866 

4 899 

Residuals dumped 

Reserve f l u i d s  

3 555 

3 661 873 

4 348 

24 647 

Personnel 

Residuals and gases 

15 138 

10 800 

1 199 

3 691 



SLED LAUNCH VEHICLE (HTO) DESIGN 

The design approach f o r  t h e  HTO veh ic le  was t o  use a r a i l -  
mounted s l e d  t o  acce le ra te  t h e  HTO veh ic le  t o  i t s  i n i t i a l  l i f t -  
off ve loc i ty  of Mach 0.6. Vehicle t h r u s t  t o  weight, pullup 
acce le ra t ion ,  durat ion of constant  load f a c t o r ,  i n e r t i a l  angle 
of a t t a c k  r a t e s ,  dura t ion of angle of a t t a c k  r a t e s  and i n e r t i a l  
p i t ch  r a t e  w e r e  var ied  i n  t h e  POST-ascent t r a j e c t o r y  program t o  
optimize t h e  vehic le .  

The engines of t h e  f l i g h t  veh ic le  a r e  s t a r t e d  a t  the  same 
t i m e  as  t h e  s l e d  s t a r t s  so  t h a t  they w i l l  be a t  f u l l  t h r u s t  be- 
fo re  re leas ing  from t h e  s l ed .  The s l e d  is powered by two F-1 
engines. The maximum accelera t ion during t h e  s l e d  run is 1.32 g 
and t h e  veh ic le  t h r u s t  t o  weight was optimized a t  0.95. The 
t r a c k  length was set a t  4267 m (14 000 f t )  with hal f  being used 
f o r  acce le ra t ion  and l i f t o f f  and t h e  o the r  hal f  used a s  a water 
brake decelera tor .  

Sled Concept 

The acce le ra to r  s l e d  is designed a s  a f l a t  low-drag body 
of 61.0 m (200 f t )  length  and 22.0 m (72 f t )  width. It r i d e s  
on two r a i l s  with lubr ica ted  s l i d e  shoes. RP-1 f u e l  and l i q u i d  
oxygen tanks s ized f o r  21 seconds t h r u s t  a r e  provided i n  t h e  
s l ed  f o r  t h e  two F-1 engines (See Figure 39.). The engines have 
a combined s e a  l e v e l  t h r u s t  of 13.5 ( lo6)  N (3.04 ( lo6)  l b f )  . 
These engines opera te  at 6.9 ( lo6)  N/m2 ( 1  000 ps ia)  chamber 
pressure  a t  an O/F r a t i o  of 2.27. They d e l i v e r  a sea  l e v e l  I 

SP 
of 266 seconds with an expansion r a t i o  of 16. The s l ed  has 
th ree  scoops and water ducts  s o  t h e  gradually down-sloping r a i l  
brings t h e  brake scoops i n t o  t h e  water i n  t h e  t h r e e  troughs and 
t h e  water is def lec ted  by t h e  ducts  t o  provide constant  decel- 
e r a t i o n  t o  t h e  s l e d  vehic le .  

The HTO veh ic le  i s  towed onto t h e  s l ed  i n  t h e  hor izonta l  
pos i t ion  on i ts  landing gear. The main landing gear w i l l  be 
r e s t i n g  on platforms t h a t  can be moved l a t e r a l l y  t o  a l i g n  t h e  
a f t  veh ic le  supports  with t h e  erec ted  a f t  t r ipods .  The platforms 
w i l l  then be lowered and t h e  veh ic le  locked i n  pos i t ion  i n  t h e  
a f t  supports .  The forward inver ted  V-strut forms a s c i s s o r s  
arrangement wi th  an a u x i l i a r y  s t r u t  and engages t h e  forward 
support i n  t h e  vehicle.  With a cab le  winch mechanism, t h e  
HTO v e h i c l e  is erected  t o  an 8 degree incidence angle, t h e  
support s t r u t  is locked i n  place,  and t h e  a u x i l i a r y  s t r u t  is 
re t rac ted .  The landing gear assemblies are r e t r a c t e d  i n t o  t h e  
veh ic le  and t h e  propel lant  tanks are f i l l e d  i n  t h i s  pos i t ion .  
A t  launch, t h e  forward s t r u t  swings out  of t h e  way a s  t h e  two 
a f t  t h r u s t  mounts a r e  released.  
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Figure  39. - HTO s l e d  concept 

Cons idera t ions  of P rope l l an t  i n  Wings 

Using t h e  wing i n t e r n a l  volume t o  s t o r e  o x i d i z e r  p r o p e l l a n t s  
was eva lua ted  f o r  t h e  HTO v e h i c l e .  Approximately 60% of t h e  
exposed wing t o t a l  volume i s  usab le  f o r  p r o p e l l a n t  loading.  Major 
advantages of us ing  t h i s  a v a i l a b l e  volume f o r  ox id i ze r  p rope l l an t  
are t o  o b t a i n  wing bending load  r e l i e f  and t o  i n c r e a s e  o v e r a l l  
packaging e f f i c i e n c y .  The wing bending load r e l i e f  i s  most ef-  
f e c t i v e  on t h e  h o r i z o n t a l  t akeoff  v e h i c l e s  and reduces t h e  over- 
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  d ry  
weight decrease  of approximately 13%. 

C r i t i c a l  des ign  a r e a s  t h a t  should b e  f u r t h e r  i n v e s t i g a t e d  f o r  
t h e  u s e  of cryogenic p r o p e l l a n t s  i n  t h e  wings are a s  fo l lows:  

(1) '  Tank u l l a g e  p re s su re  p l u s  t h e  a c c e l e r a t i o n  head of t h e  
p r o p e l l a n t s  r e q u i r e  increased  wing s h e l l  u n i t  weights  over con- 
v e n t i o n a l  wet-wing des ign  w i t h  jet  p rope l l an t s .  

(2) Flow of t h e  p rope l l an t  from t h e  wing tanks  t o  t h e  en- 
g ines  i s  more complex, r e s u l t i n g  i n  i nc reased  r e s i d u a l  p r o p e l l a n t  
weight.  

(3) The dead weight of t h e  wings w i t h  t h e  l a r g e  p rope l l an t  
l o a d  must b e  supported e f f i c i e n t l y  by t h e  s l e d  t o  enable  t h e  
f l i g h t  v e h i c l e  t o  p r o f i t  by t h e  load r e l i e f  during f l i g h t .  



( 4 )  The ex te rna l  i n s u l a t i o n  of t h e  wing tank a r e a  may re- 
qu i re  a subpanel mounted R51 concept t o  f a c i l i t a t e  leakage in- 
spect ion of t h e  wing tankage a f t e r  f l i g h t s ,  This design require-  
ment would add approximately 2720 kg (6000 pounds) of TPS weight 
t o  the veh ic le ,  

Vehicle Design 

Tke HTQ dry-wing v e h i c l e  i s  shown i n  Figure 40. The v e h i c l e  
i s  longer than t h e  VTO by 18 m (59 f t ?  and has a 2.6 m (8.5 f t )  
g r e a t e r  wing span. Wing and v e r t i c a l  t a i l  sweep angles a r e  t h e  
same a s  t h e  VTO. Due t o  t h e  lower veh ic le  i n i t i a l  t h r u s t  t o  
weight of 0.95, e igh t  engines w e r e  s u f f i c i e n t .  

The inboard p r o f i l e  drawing of t h e  BTQ (Figure 41) is similar 
t o  t h a t  previously shown f o r  t h e  VTO. The major components a r e  
i d e n t i c a l  i n  concept and equipment loca t ions  a r e  r e l a t i v e l y  t h e  
same. The s l e d  support points  a r e  located  a t  Sections C-C and 
F-F. The f e e d l i n e  conf igura t ions  have been changed t o  r e f l e c t  
the change from ten  t o  e igh t  engines. 

The s t r u c t u r a l  arrangement of t h e  s l e d  launched HTO v e h i c l e  
i.s s imi la r  t o  t h e  b a s i c  concept of t h e  VTO v e h i c l e  arid t h e  same 
thermostructural  concepts were used. The d i f fe rences  a r e  re- 
f l e c t e d  i n  Figure 42. The forward s l e d  V-strut loads axe in t ro -  
duced i n  %he f u e l  tank as sho-m i n  Seseions 3-B and E-E. A. 
s t r u c t u r a l  bulkhead i s  located a t  t h i s  s t a t i o n .  The a f t  s l e d  
t r ipod  mounts a r e  shown i n  Sections C--@ and D-D, Th2 ehrusz 
loads a r e  introduced i n  t h e  a f t  lower end of 6he wing carry-  
through torque box and a r e  al igned wi th  t h e  v e r t i c a l  engine 
mount beams. The engine mount beams are configured f o r  t h e  e i g h t  
engines as shown i n  Section C-C. 

Propulsion 

The main propulsion system uses e i g h t  engines, Four of t h e  
engines a r e  f ixed nozzle and four  a r e  dual  nozzle, wi th  t h e  dual- 
nozzle engines gimbal-mounted. Engine d a t a  a r e  given i n  Table 
23. 

The main LO2 fced l ines  used i n  t h e  VTO v e h i c l e  a r e  el iminated 
and t h e  individual  engine feed l ines  a r e  supplied f o r  sumps i n  t h e  
bottoms of t h e  two LO2 tanks. A crossover l i n e  connects these  
two sumps. 



C.G.  % Ref Length 1 
Paylozd 29 483 kg (65 000 l b )  
D r y  weight 225 121 kg (496 307 1b) 
Landing without payload 230 486 kg (508 134 1b) 73.25 
Landing wrth payload 259 969 kp. (573 134 1b) 71.63 
Ascent-propellakt 1 817 462 kg (4 006 819 ib)  
Lalmch propel lant  100 326 kg (221 181 1b) 
1.if roff weight 2 106 196 kg (4 643 368 1.b) 70.09 / Launch gross  weight 2 206 522 kg (4  d64 549 i b )  621.60 

Body plan a r e a  \ 1071.5 m2 (11 534 f t 2 )  
Wing, t h e o r e t i c a l  1225.9 m2 (13 195 f t 2 )  
Wing, exposed 623.8 m2 ( 6 715 f t 2 )  

Elevon 197.2m2 ( 2  123 f t 2 )  
V e r t i c a l  t a i l  223.5 m2 ( 2 406 f t 2 )  

Rudder 80.9 m2 ( 871 f t 2 )  
Body wetted a r e a  2869.3 m2 (30 885 f t 2 )  

Vol- 

182 tank 3554.3 m3 (125 520 f t3)  
LO2 tank 1536.6 m3 (54 266 f t3)  

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

Paylosd bay c l e a r  
openinR 

Diameter 4.725 m 115.5 f t )  
Length 18.517 m (60.75 f t )  

1 

1 - 6 . 9 9  m (22.95 f t )  

6.135 m 

Payload 

Bad s l e d  suppor t  g Aft s l e d  suppor t  #. I T 
3.17 xo (10.4 f t ) I  / I 

L 2 8 . 7 7 8  rn ( 9 4 . 4 1 7 ) A 3 1 . 3 6 9  m (102.917 f t ) 4  
1-1--6.325 ta (20.75 f t )  

64.557 m (211.8 f t )  
Ref length  

2.438 m (8.0 ft)--!--!- b-I 
Aft s l e d  suppor t  Af t  s l e d  suppor t  

7.08 m ,"- "" .--. 7.08 m (23.23 ft) 

em s l e d  suppor t  

Figure 40.- HTO general arrangement 



Sect A-A 

1 
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(Station in feet) 

Section G-G 

E F 

Figure 41.- HTO inboard p r o f i l e  



Sect  C-C 

S e c t  D-D 

u: 
1. Faward RCS module 
2. LH2 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, AFUs 
5. F w l  c e l l  propel lants  (LO2 - LH2) 
6 .  APU propel lant  (LO2 - LH2) 
7. Pressurants  (He) 
8. Nose landing gear 
9 LH tank pressur iza t ion  l i n e  
10: Flight deck 
11. Operations deck 
12. Rest and passenger a r e a  
13. h r l o c k  and docking module 
14. ECLSS - system 
15. ECLSS supply and purge gas tanks 
16. Avionics 
17. Payload bay 
18. Foward s l e d  suppor t  point 
19. Aft s l e d  suppor t  points  
20. Main landing gear  
21. Wing carrythxough s t r u c t u r e  
22. Main propulsion engine, c = 35, f ixed nozzle, 

not  gimbaled 
23. Main propulsion engine, c - 551160, extendable 

nozzle, gimbaled 
24. Propel lant  prevalve 
25. Propel lant  feedl ines  
26. LH2, upper and lover  feedl ine  manifolds 
27. LH2 main feed l i n e  
28. LO2 tank h t e r c a n n e c t  l i n e  
29. OMS engine, LO2-LH2 
30. OMS propel lant  tank, LO2 
31. OMS propel lant  tank, LHz 
32. OMS pressurant  tanks (He) 
33. Aft RCS modules 
34. S p l i t  rudder 

S e c t  E-E \ 
21 

19 S e c t  F-F ' 
2 1  19 



Ruelage - tsnk wdule 

Figure 42.- HTO s t r u c t u r a l  arrangement 



Locked Released 

Locking mechanism concept 

A f t  s led support similar 

r2S0.0 (Wing b o d  

Eng mount beam 

Sect D-D - 

10.67 m--- 7.06 m (278.0 in.) 
Aft s l e d  support (ref) 

Sect C-C 

Figure 42.- Concluded 



TABLE 23.- HTO ENGINE PERFORMANCE DATA 

Engine weight - kg (lbm) 

LO2 f low rate - kg/sec (lbm/sec) 

LH2 f low rate - kg l sec  (lbmlsec) 

Expansion r a t i o  

Thrus t ,  S.L. - l o 3  N ( l o 3  l b f )  

The OliS and RCS requirements  a r e  a s  fol lows:  

OMS LH2 (each tank)  

OMS LH2 ( t o t a l )  

RCS LO2 (each tank)  

RCS LO2 ( t o t a l )  

RCS LH2 (each tank)  

Mass p r o p e r t i e s  of t h e  dry-wing HTO v e h i c l e  are presented  i n  
Table 24. The l a r g e r  v e h i c l e ,  compared t o  t h e  VTO, is  a r e s u l t  
of t h e  heav ie r  wing r equ i r ed  f o r  t h e  loaded pul lup  maneuver a f t e r  
l eav ing  t h e  s l e d .  The s l e d  run  p rope l l an t  is  due t o  t h e  u s e  of 
t h e  main engines  dur ing  s l e d  a c c e l e r a t i o n .  This  p rope l l an t  i s  
loaded i n  t h e  v e h i c l e  and a f f e c t s  t h e  t o t a l  s i z e  of t h e  f l i g h t  
v e h i c l e .  

Cons idera t ion  of a wet-wing HTO v e h i c l e  l e d  t o  t h e  m a s s  
p r o p e r t i e s  summary shown i n  Table 25. Note t h e  reduced wing 
weight and r e s u l t i n g  v e h i c l e  d r y  weight.  



TABLE 24.- HTO DRY WING MASS PROPERTIES 

6.1  Engine accessor ies  

6.2 Propel lant  system 

6.3 Engines (8) 

30.0 Propel lant  - s l e d  run 100 326 221 181 

Gross weight 2 206 524 4 864 549 

Center of Gravity: Body length  - 64.557 m (211.8 f t )  

X z 
Condition X of body length  Meters ( f e e t )  

Dry 73.513 4.80 (15.75) 
Landing 73.253 4.837 (15.87) 

Landing wi th  payload 71.629 5.395 (17.70) 

L i f t o f f  70.090 4.922 (16.15) 

S t a r t  69.603 4.901 (16.08) 

Moment of i n e r t i a :  

=x I =z 

Condition kg - m2 (slug-ft2) kg - m2 (slug-ft2) kg - m2 (slug-ft2) 

Dry 22 799 233 (16 815 855) 76 546 022 (56 457 460) 87 164 550 (64 289 286) 

Landing 22 938 915 (16 918 879) 77 573 943 (57 215 616) 88 235 484 (65 079 166) 

Landing wi th  
payload 23 649 320 (17 442 847) 8 1  452 650 (60 076 404) 91  483 769 (67 474 979) 

L i f t o f f  69 859 787 (51 525 945) 205 087 115 (151 264 524) 260 052 787 (191 805 131) 

S t a r t  72 506 784 (53 478 270) 223 590 215 (164 911 713) 280 907 527 (207 186 801) 

P r o d w t  of I n e r t i a :  

P P 
w Pxz YZ 

Condition kg - m2 (s lug-f t2k  kg - mZ (s lug-f t2)  kp - m2 (slup-ft2) 

Dry 871 461 (642 757) -207 345 (-152 930) 144 885 (106 862) 

Landlng 880 602 (649 499) -377 413 (-278 366) 142 887 (105 388) 

Landing with 
payload 938 938 (692 525) -1 566 391 (-1 155 311) 111 881 (82 519) 

L i f t o f f  994 134 (733 236) 822 068 (606 326) 138 087 (101 848) 

S t a r t  1 011 628 (746 139) 2 437 127 ( 1  797 533) 139 283 (102 730) 

*Revised aerodynamics c a p a b i l i t y  is 41 277 7 (91 000 lb) .  



TABLE 25.- HTO WET WING MASS PROPERTIES 

Code System Mass, kg I Weight, pounds 

1 . 0  Wing group 31  177 68 733 

2.0 T a i l  group 4 966 1 0  947 

3.0 1 Body group 1 47 176 1 104 005 I 
Induced environmental  p r o t e c t i o n  

Landing and a u x i l i a r y  systems 

Propuls ion  a scen t  

6.1 Engine a c c e s s o r i e s  

6.2 P rope l l an t  system 

6 .3  Engines (8) 

Propuls ioa  - RCS 

Propuls ion  - OMS 
Prime power 

E l e c t r i c a l  conversion and d i s t r i b u t i o n  

Hydraulic conversion and d i s t r i b u t i o n  

Surface  c o n t r o l s  

Avionics 

Environmental c o n t r o l  

Personnel  p rov i s i ons  

Payload p rov i s i ons  

19 .0  Margin 15  268 33 661 

T o t a l  d ry  weight 194 190 428 112 

20.0 1 Personnel  1 199 1 2 644 

25.0 1 Reserve f l u i d s  1 4 769 1 1 0  514 I 
26.0 1 I n f l i g h t  l o s s e s  1 1 613 1 3 555 1 
27.0 1 Ascent p rope l l an t  11 642 748 1 3 621 640 I 
28.0 1 Prope l l an t  - RCS 1 1 921 1 4 234 I 
29.0 P rope l l an t  - OMS 1 0  881 23 989 

GLOW 1 901 441 4 1 9 1  956 

30.0 P rope l l an t  - s l e d  run  90 718 200 000 

Gross weight 1 992 159 4 391 956 

Center  of  g r av i t y :  Body l e n g t h  - 60.26 m (197.7 f t )  

Condit ion 
it 

% of body l eng th  

Dry 73.637 

Landing 73.424 

Landing w i th  payload 71.755 

L i f t o f f  75.109 

S t a r t  74.659 

*Revised aerodynamics c a p a b i l i t y  is 44 452 kg (98 000 l b ) .  



The v e h i c l e s  s i z e d  i n  t h i s  s tudy  were based on i n i t i a l  aero- 
dynamics e s t ima te s .  The e f f e c t s  of r ev i sed  aerodynamic charac- 
t e r i s t i c s  are repor t ed  i n  t h e  v e h i c l e  comparison summary. The 
mass p r o p e r t i e s  summary t a b l e s  i nd ica t ed  a payload of 29 484 kg 
(65 000 l b ) ,  w i t h  t h e  increased  performance c a p a b i l i t y ,  based on 
r e v i s e d  aerodynamics, shown as increased  payload. 

INFLIGHT FUELED VEHICLE (IFF) DESIGN 

The IFF v e h i c l e  t a k e s  o f f  from a runway on i t s  own landing 
gear  w i t h  enough p r o p e l l a n t  on board t o  climb, rendezvous w i t h  
a t anke r  a i r c r a f t ,  r e f u e l  and i g n i t e  t h e  a scen t  rocke t  engines.  
The v e h i c l e  des ign  approach included t r a d e  s t u d i e s  of a s c e n t  j 
propuls ion  and of r e f u e l i n g  e i t h e r  LO2 only o r  bo th  LO2 and LH2 
p r o p e l l a n t s .  The r e f u e l i n g  w a s  s e l e c t e d  a t  4 572 m (15 000 f t )  
a l t i t u d e  and Mach 0.75, based on eva lua t ions  of tu rbofan  engine 
performance and IFF aerodynamics. 

Propuls ion  System Comparisons 

Seve ra l  propuls ion  a l t e r n a t i v e s  were considered f o r  t h e  IFF 
v e h i c l e .  I n i t i a l l y ,  t h i s  v e h i c l e  w a s  based on t h e  i n f l i g h t  
loading  of LO2 only .  The propuls ion  systems considered f o r  
t akeo f f  and a scen t  t o  tank  rendezvous included a l l - r d c k e t ,  turbo- 
jets, tu rbo fans ,  and turbofans  supplemented by one of t h e  main 
rocke t  engines dur ing  t h e  f i n a l  LO2 loading .  The r e s u l t s  of 
t h e s e  s t u d i e s ,  shown in Table 26, i n d i c a t e d  t h a t  t h e  turbofan  
p l u s  rocke t  system had t h e  lowest  d ry  weight ,  fol lowed by t h e  
a l l  r o c k e t  system. Because a l l  t h e s e  v e h i c l e s  were too  heavy, 
a t r a d e  s tudy  w a s  made us ing  i n f l i g h t  loading  of bo th  LO2 and 
LH2. One v e h i c l e  used an  a l l - rocke t  system and another  used 
turbofans  p l u s  rocke t  engines.  The r e s u l t s  of t h i s  t r a d e  s tudy 
showed t h a t  t h e  dry  weight of t h e  a l l - r o c k e t  v e h i c l e  w a s  7.8% 
less. 

TABLE 26.- LO2 TRANSFER 

Turbofan 

A dry weight, 
% 

Baseline 
-0.5 
-0.8 

A takeoff weight, 
% 

Baseline 
+34 
+35 



IFF Vehicle Design 

Rocket-Takeoff Vehicle.- The rocket  takeoff v e h i c l e  genera l  
arrangement is shown i n  Figure 43. The thermost ructura l  concept 
is t h e  same a s  t h e  VTO and HTO veh ic les .  Eight rocket  engines 
a r e  used f o r  veh ic le  propulsion wi th  t h e  takeoff-climb-accelerate- 
rendezvous-propellant t r a n s f e r  (TCART) mode using two rocket  
engines. This v e h i c l e  is  s i zed  f o r  both LO2 and LH2 re fue l ing  
t o  minimize v e h i c l e  s i z e  and dry weight. 

VOl"tn? 

L H ~  tank 3171 m3 (111 982 ft:) 
m2 tank 1370.9 m3 (48 414 f t  ) 

Pnyload 

Diameter 4.572 m (15 f t )  
Length 18.288m ( 6 0 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 area  1002 0 m2 (10'785 f t 2 )  
Wing, t h e o r e t i c a l  114614 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 mZ ( 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 lb)  " 
Landing without payload 222 949 kg (491 519 l b )  
Landing with paylod 252 432 kg (556 519 1b)- 
Ascent propel lant  1 710 969 kg ( 3  772 042 lb)  
Gross l a m c h  weight 1 9 9 0  278 kg (4.387 811'1b) 
Propel lant  t ransfered  1 717 741 kg (3 786 971 l b )  
Takeoff propel lant  144 587 kg (318 761 Ib)  s 

Takeoff weight 418 640 kg (922 943 1b) ; 
A 

.766 m (22.20 f t )  

62,432 m (204.83 ft)- 
Ref length  

77.3 m (253.6 f t )  

F igure  43.-  IFF genera l  arrangement, rocket  engine takeoff  



The inboard p r o f i l e  i s  shown i n  Figure 44.  Due t o  t h e  higher 
takeoff weight, an add i t iona l  four  wheel boogy main gear i s  pro- 
vided on t h e  center  of the  veh ic le  shown i n  Section D-D. The LO2 
r e fue l ing  boom i s  connected f i r s t  and i s  capable of maintaining 
a c e r t a i n  amount of tension on t h e  boom. The LH2 boom, which is 
at tached t o  t h e  LO2 boom, i s  engaged subsequently and i s  not 
s t r essed .  The propel lant  coupling is self-closing and redundant 
shutoff  zero l eak  valves a r e  provided. The re fue l ing  p o r t s  ( fo r  
both propel lants)  a r e  located i n  the  nose sec t ion  and t h e  LO2 
l i n e  runs a f t  t o  t h e  tanks a s  shown. 

The s t r u c t u r a l  arrangement of t h e  rocket  takeoff IFF veh ic le  
is shown i n  Figure 45.  The s t r u c t u r a l  d e t a i l s  pecul iar  t o  the  
IFF vehic le  a r e  t h e  center  main landing gear and support shown 
i n  Sections B-B and C-C, and t h e  re fue l ing  boom recep tac le  
support shown i n  Section A-A. 

The rocket  engines a r e  four  f ixed nozzle,  50: l  expansion r a t i o  
and four  dual  nozzle,  55:l  - 160: l  expansion r a t i o  configurat ions.  
Engine d a t a  a r e  given i n  Table 27. 

TABLE 27.- IFF ENGINE PERFORMANCE DATA 

Engine weight - kg (lbm) 

Propel lant  flow rate - kg/sec 

LO2 flow r a t e  - kg/sec (lbm/sec) 

LH2 flow r a t e  - kg/sec (lbm/sec) 

Expansion r a t i o  

Thrust ,  S.L. - l o 3  N ( l o 3  l b f )  

Thrust ,  vac - l o3  N ( lo3 l b f )  

I S.L. - sec  
SP ' 
I v a c - s e c  443.6 ---- 463.5 

SP ' 

The requirement f o r  hor izon ta l  takeoff with a propel lant  load 
s u f f i c i e n t  t o  complete t h e  tanker rendezvous n e c e s s i t a t e s  a u x i l i a r y  
o u t l e t s  a t  t h e  tank bottoms. These o u t l e t s  use a dedicated s e t  of 
l i n e s  t o  feed t h e  lower center  engine. P a r t i a l  b a r r i e r s  a r e  re- 
quired i n  t h e  tanks t o  con t ro l  the  l i q u i d  pos i t ion  before ren- 
dezvous. I s o l a t i o n  valves f o r  these  dedicated feed l ines  a r e  lo- 
cated near  t h e  tank o u t l e t s  t o  minimize r e s i d u a l  trapped propel- 
l a n t s .  



Figure 44.- IFF inboard prof i le ,  rocket engine takeoff 



I 
Sect  A-A 

Sect  C-C 

Sect  8-8 

H: 
1. Forward RCS module 
2. I n f l i gh t  refuel ing adapter, LO 
3. In f l i gh t  refuel ing adapter, lH2 
I. Heat shie ld  doors f o r  refuel ing adapters 
5. Refueling prevalve, W2 
6. LO refuel ing l i n e  
7. Fdue l ing  prevalve. L H ~  
8. LH2 refuel ing l i n e  
9. LH2 tank vent and pressure r e l i e f  l i n e  

10. LH tank pressure r e l i e f l ven t  valve 
11. ~ l t c t r i c a l  power system, fue l  c e l l s  

I 
29 Sect  E-E ig Sect  F-F 

P w e r  system APUs 
Fuel c e l l  propellants (W2 - L H ~ )  
APU propel lmta  (LO2 - LH*) 
Pressurants (He) 
Nose landing gear 
Fl i@t deck 
Operations deck 
Rest and passenger area  
Airlock and docking module 
ECLSS system 
E n s s  supply and purge gas tanks 
Avionics 
Payload bay 
LO tank vent interconnect and pressure r e l i e f  
Lo2 tank pressure r e l i e f l ven t  valve 
Lo2 tank f i l l  interconnect l i n e  
Ha& landing gears (outboard and center) 
Wing carrythrough s t ruc tu re  
Hain propulsion/cruise engine, c = 50, 
fixed nozzle not gimbaled 
Hain propulsion engine, c - 50, fixed 
nozzle, not gimbaled 
Main propulsion engine, E - 551160, extendable 
nozzle, gimbaled 
Propellant prevalves 
Propellant feedl ines  
LO cruise  engine feedl ine  
LH; cruise  engine feedl ine  
LB2 upper and lower feedl ine  ranifolds  
LH2 main feedl ine  
LO2 tank feed interconnect l i n e  
Ob!S engines 
OW propellant tank, LO 
0% propellant tank, L H ~  
OIG pressurant tanlrs, He 
Aft RCS modules 
Sp l i t  rudder 

1 

l i n e  

Figure 44.- Concluded 



1.19 m (47.0 in.) 

Ref plane tank - fuselage 

Sect A-A 

Sect B-B Sect C-C 

Crew h payload module 

Ref plane-crev 6 payload module 

0 m (244.0 in.) 

Ref plane-fuselage tank module 

62.4 m (204.8 ft) 

Figure 45.- IFF s t r u c t u r a l  arrangement 

The i n f l i g h t  propel lant  f i l l  systems a r e  designed f o r  f i l l  
r a t e s  of four  t i m e s  t h e  s i n g l e  engine flow r a t e s .  The f i l l  l i n e s  
en te r  t h e  tanks a t  t h e  top. For t h e  LO2 system, t h e  f i l l  l i n e  
goes t o  one tank only with t h e  o ther  tank being f i l l e d  v i a  a 
crossover near t h e  bottom. Tank vents  a r e  located near t h e  top  
forward end. Although t h e  tanks w i l l  be precooled on t h e  ground, 
they w i l l  have some heat  gain before i n f l i g h t  t r ans fe r .  The vent  
systems must be adequate t o  handle these  t r a n s i e n t  heat  loads ,  
t h e  steady s t a t e  hea t  input  t o  t h e  tanks and t r a n s f e r  l i n e s ,  and 
t h e  displaced vapor. The hydrogen vent  system w i l l  e x i t  a f t  of 
t h e  v e h i c l e  t o  preclude damage i n  t h e  event of acc iden ta l  igni-  
t i o n .  



The propel lant  weights and tank volumes required f o r  OMS and 
RCS a r e  given i n  the  following tabula t ion:  

OMS LO2 ( t o t a l )  

OMS LH2 (each tank) 

OMS LH2 ( t o t a l )  

OMS t o t a l  propellant" 

RCS LO2 (each tank) 

RCS LO2 ( t o t a l )  

RCS LH2 (each tank) 

RCS LH2 ( t o t a l )  

Turbofan takeoff  vehicle.-  The turbofan takeoff IFF veh ic le  
is shown i n  Figure 46. The veh ic le  has e igh t  high-bypass r a t i o  
turbofan engines with 222 4 1 1  N (50 000 l b )  takeoff t h u r s t .  
The engines a r e  i n s t a l l e d  i n  the in te r - t ank  bay i n  a r e t r a c t a b l e  
nace l l e .  The turbofan engines a r e  r e t r a c t e d  i n t o  t h e  bay a f t e r  
t h e  main rocket  engines a r e  ign i t ed  on completion of LO2 refuel -  
ing. This veh ic le  was configured wi th  LO2 r e fue l ing  only because 
of the  s a f e t y  hazard introduced i n  re fue l ing  both propel lants .  

Ten rocket  engines a r e  used f o r  t h e  main propulsion system. 
Four dual  p o s i t i o n  55: l  - 160: l  expansion r a t i o  nozzle engines 
and s i x  50: l  expansion r a t i o  f ixed nozzle engines a r e  used. 
The re fue l ing  por t  f o r  i n f l i g h t  t r a n s f e r  of LO2 propel lant  i s  
located  between tanks on t h e  l e f t  shoulder of t h e  fuse lage  next 
' to  t h e  payload bay. A l l  t he  required LH2 i s  loaded on t h e  ground 
and, a s  t h e  LO2 is  loaded, one rocket  engine is ign i t ed  t o  sup- 
plement t h e  turbofan t h r u s t .  

Mass propert ies.-  The turbofan takeoff IFF veh ic le  with LO2 
propel lant  t r a n s f e r  r e s u l t s  i n  a GLOW > 3 175 000 kg (7 000 000 
l b ) .  The rocket  takeoff IFF veh ic le  using both LH2 and LO2 pro- 
p e l l a n t  r e fue l ing  r e s u l t s  i n  a veh ic le  of much more acceptable 
s i z e  and i s  t h e  concept f o r  which t h e  mass proper t i e s  a r e  shown 
i n  Table 28. 



Sect A-A Sect B-B - 

73.00 m (239.5 f t )  

Figure 46.- IFF inboard profi le ,  turbofan engine takeoff 



23 
Sect  E-E - 

Legend: 

1. Forward RCS module 
2. LEZ 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. &el c e l l  propel lants  (LO - LH2) 
6. APU propel lants  ( M 2  - 111;) 
7. Preesurants  (He) 
8. Woae landing gear  
9. Fl ight  deck 

10. Operations deck 
11. Rest and passenger a r e a  
12. Airlock and docking rmdule 
13. ECLSS system 
14. ECLSS supply and purge gas  tanks  
15. Avionics 
16. Payload bay 
17. Refueling receptac le  (LO ) 
18. Eight turbofan engines ei?d n a c e l l e s  ( r e t r a c t a b l e )  
19. Main landing gear  
20. Wing carrythrough s t r u c t u r e  
21. Main p r o p u l s i m  engine, c = 50, f i x e d  nozzle, 

not  gilnbaled 
22. Main propulsion engine, E = 551160, extendable 

nozzle ,  gilnbaled 
23. Propel lant  prevalves 
24. P r o p e l l a t  feedl ines  
25. LH2 upper and l o v e r  f e e d l i n e  manifolds 
26. LE main f e e d l i n e  
27.  LO^ tank in terconnect  l i n e  
28. LO' c r u i s e  engine f e e d l i n e  
29. O& engine 
30. OMS propel lant  tank, LO 
31. OMS propel lant  tank, LH; 
32. OMS pressurant  tanks (He) 
33. Af t  RCS lmdules ' 34. JP-4 wing tanks  

I 35. S p l i t  rudder 



TABLE 28.- IFF MASS PROPERTIES 

Weight, pounds 

81,544 

11 841 

118 898 

87 987 

32 474 

71  562 

4 183 

8 570 

58 809 

3 183 

2 347 

3 690 

6 560 

6 400 

5 400 

4 622 

4 048 

1 100 

595 

38 344 

480 595 

Mass, kg 

36,988 

5 371 

53 931 

39 910 

14  730 

32 460 

1 898 

3 887 

26 675 

1 444 

1 065 

1 674 

2 975 

2 903 

2 449 

2 096 

1 836 

499 

270 

17  393 

217 994 

Code 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

18.0 

19.0 

System 

Wing group 

T a i l  group 

Body group 

Induced environmental p r o t e c t i o n  

Landing and a u x i l i a r y  systems 

Propuls ion  - ascen t  

6.1 Engine a c c e s s o r i e s  

6.2 P rope l l an t  systems 

6.3 Engines (8) 

Propulsion - RCS 

Propuls ion  - OMS 

Prime power 

E l e c t r i c a l  conversion and d i s t r i b u t i o n  

Hydraulic  conversion and d i s t r i b u t i o n  

Surface  c o n t r o l s  

Avionics 

Environmental c o n t r o l  

Personnel  p rov i s ions  

Payload provis ions  

Margin 

T o t a l  dry  weight 

20.0 

23.0 

Personnel  1 199 

Res iduals  and gases  1 3 756 

2 644 

8 280 

Landing weight 222 949 491 519 

22.0 Payload I 29 484 I 65 000 

Landing w i t h  payload 252 433 556 519 

1 3  000 

11 587 

3 555 

3 772 042 

4 661 

26 451 

23.0 

25.0 

26.0 

27.0 

28.0 

29.0 

GLOW 1 990 279 4 387 815 

Takeoff weight 418 640 922 943 
a 

Residuals  

Reserve f l u i d s  

Inf  l i g h t  l o s s e s  

Ascent p rope l l an t  

P rope l l an t  - RCS 

Prope l l an t  - OMS 

5 897 

5 256 

1 512 

1 710 969 

2 114 

11 998 



Concerns.- The IFF concept was i n i t i a l l y  addressed because 
of seemingly p o t e n t i a l  benef i t s  i n  reducing veh ic le  s i z e  by pro- 
v id ing an a i rb rea th ing  s t age  o r  higher energy ( a l t i t u d e  and 
ve loc i ty )  i n i t i a l  condit ions.  The study nevertheless shows no 
dry weight advantage of t h e  IFF vehic le ,  and add i t iona l  concerns, 
such as ,  very l a r g e  s i z e  tanker a i r c r a f t  t o  ca r ry  propel lants  t o  
the  IFF, severe requirements f o r  rendezvous including shor t  f l i g h t  
t i m e s  with p rec i se  navigation,  p rec i se  r e l a t i v e  f l i g h t  control  
between the  two vehic les ,  and l a r g e  flow rates f o r  propel lant  
t r a n s f e r  . 



AERODYNAMICS 

The initial trajectory analysis and vehicle sizing for SSTO 
configurations was made using estimated lift and drag aerodynamics 
based on Space Shuttle orbiter data. These estimates (Figure 47) 
represented the aerodynamics of preliminary SSTO configurations 
but were revised subsequently based on SSTO configuration develop- 
ments. The VTO, HTO, and IFF vehicles have similar shapes and 
aerodynamics, except for small modifications such as wing and 
tail geometries, and locations to accommodate c.g. differences, 
Aerodynamic characteristics were therefore analyzed for the VTO 
configuration, and then applied with appropriate modifications 
to sizing the HTO and IFF vehicles. Parametric wing and tail 
sizing studies were conducted using the IIypersonic Arbitrary 
Body Program (HABS), the USAF stability and control DATCOM, and 
inhouse theoretical and empirical techniques. The geometries of 
the aerosurfaces were selected to satisfy the guideline require- 
ments: hypersonic trim of 20 deg < a < 40 deg, 2% F or greater 
longitudinal subsonic stability, direciional subsonic stability 
of C 5 0.002, and a maximum landing speed of 84.9 m/s (165 

6 
kts) at a = 15 deg. 

Analysis of the parametric wing studies showed that the hyper- 
sonic trim requirement was the determining factor in the wing 
size. As a compromise between aerodynamic effectivness and sur- 
face heating, a wing leading edge sweep of 50 deg and trailing 
edge sweep of 20 deg were selected. Figure 48 presents a summary 
plot of the hypersonic wing sizing requirements for the VTO con- 
figurations. The theoretical wing area required to trim for both 
C: = 20 deg and 25 deg is given as a function of total con- minimum 
figuration center of gravity. The summary VTO vertical tail siz- 
ing requirements to meet several levels of subsonic n , includ- 

B 
ing the baseline C = 0.002, are given in Figure 49 as a func- 

n13 
tion of configuration longitudinal c.g. 

Based on the parametric data given in Figures 48 and 49, the 
aerosurfaces were sized for the VTO configuration and complete 
aerodynamic characteristics were generated for that configuration. 
This vehicle was designed with a length of 61.9 m (203 ft), a 
theoretical wing area of 1126 m2 (12 120 ft2) and exposed vertical 
tail area of 205 m2 (2210 ft2). 



The c r i t i c a l  l o n g i t u d i n a l  des ign  requirement f o r  t h i s  con- 
f i g u r a t i o n  i s  t h e  hypersonic t r i m  c a p a b i l i t y  f o r  a 73.0% (pay- 
l oad  o u t )  c.g.  The s e l e c t e d  wing provides  t h e  necessary  t r i m  
range,  as shown i n  F igure  50, An elevon d e f l e c t i o n  of fll deg 
provides  a 20 deg minimum a n g l e  of a t t a c k  w i t h  n e u t r a l  s t a b i l i t y ;  
t h e  p o s i t i v e  s t a b i l i t y  t r i m  range extends w e l l  above t h e  neces- 
s a r y  40 deg. F igure  51  p r e s e n t s  t h e  hypersonic t r i m  cha rac t e r -  
i s t i c s  w i t h  a 71.8% (payload i n )  c.g.  An e levon d e f l e c t i o n  of 
+6 deg y i e l d s  a minimum t r i m  l i m i t  of 1 8  deg; t h e  upper t r i m  
range  s t i l l  ex tends  above 40 deg. 

This  con f igu ra t ion  a l s o  s a t i s f i e s  t h e  subsonic s t a b i l i t y  re- 
quirements.  The l o n g i t u d i n a l  s t a b i l i t y  margins a r e  3.74% F and 
8.64% Z f o r  t h e  73.5% c.g. and 71.8% c.g. ,  r e s p e c t i v e l y ,  both i n  
excess  of t h e  r equ i r ed  margin. The v e r t i c a l  t a i l  i s  s e l e c t e d  
f o r  t h i s  con f igu ra t ion  s o  t h a t  t h e  r equ i r ed  t o t a l  v e h i c l e  C 

I3 
= 0.002 i s  obta ined  f o r  t h e  worst  c.g. cond i t i on  ( the  forward c.g. 
l o c a t i o n  produced C = 0.0024). 

% 

The subsonic aerodynamic c h a r a c t e r i s t i c s  a r e  given i n  F igure  
52. For a r equ i r ed  landing  a = 1 5  deg, t h e s e  c h a r a c t e r i s t i c s  
provide  a minimum landing  speed of 64.3 m / s  (125 k t s )  f o r  t h e  
payload-in cond i t i on  and 60.2 m / s  (117 k t s )  f o r  payload-out, 
bo th  speeds s u b s t a n t i a l l y  below t h e  maximum al lowable.  

The hypersonic L/D f o r  t h e  payload-out VTO conf igu ra t ion  i s  
presented  i n  F igu re  53. The maximum trimmed and l o n g i t u d i n a l l y  
s t a b l e  L/D i s  1.8. Because rudder  f l a r e  may b e  adv i sab le  t o  
improve t h e  hypersonic l a t e r a l  s t a b i l i t y ,  t h e  degrada t ion  i n  LID 
due t o  a rudder  b i a s  of 40 deg i s  a l s o  shown. 

The complete ascent-  and entry-trimmed l i f t  and drag  coef- 
f i c i e n t s  were determined f o r  t h e  VTO w i t h  a 73.5% l o n g i t u d i n a l  
c.g. These d a t a  were then  used i n  t h e  f i n a l  t r a j e c t o r y  a n a l y s i s  
and v e h i c l e  s i z i n g  i t e r a t i o n .  The a scen t  c h a r a c t e r i s t i c s  a r e  
presented  i n  F igures  54 and 55; t h e  e n t r y  c h a r a c t e r i s t i c s  ex- 
h i b i t e d  only  minor changes. 

AEROTHERIIODY NAMI C S 

Aerothermodynamic t a s k s  conducted t o  e v a l u a t e  t h e  candida te  
SSTO concepts  included (1) p r e d i c t i n g  t h e  a scen t  and e n t r y  aero- 
dynamic h e a t i n g  environments,  (2) determining t h e  TPS th i ckness  
requirements ,  and (3) d e f i n i n g  maximum temperature d i s t r i b u t i o n s .  
I n  a d d i t i o n ,  aerodynamic h e a t i n g  c o n s t r a i n t s  were supp l i ed  f o r  
e n t r y  t r a j e c t o r y  shaping s t u d i e s  and i n p u t s  were made t o  i n f l u -  
ence t h e  con f igu ra t ion  design;  e.g. ,  a l lowable  nose and l ead ing  
edge r a d i i  were s p e c i f i e d .  
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Figure 47.- Initial estimate of lift 
and drag coefficients 
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Figure 49.- Vertical tail area 
requirements 
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Figure 48.- Wing area 
requirements 
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Figure 50.- Hypersonic trim 
capability, 
payload out 
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Figure 51.- Hypersonic trim 
capability, payload in 
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Figure 52.- Subsonic aerodynamics 
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Figure 53.- Hypersonic liftldrag 
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Figure 54.- Ascent lift coefficients Figure 55.- Ascent drag coefficients 



The methods used i n  t h e  aerodynamic hea t ing  anays i s  are 
s i m i l a r  t o  t hose  c u r r e n t l y  employed on t h e  Space S h u t t l e  program. 
Flow f i e l d  p r o p e r t i e s  were determined us ing  tangent  cone theory  
f o r  l o c a l  s u r f a c e  p re s su re  and boundary l a y e r  edge condi t ions .  
Heating r a t e s  were def ined  us ing  Colburn 's  Reynolds analogy i n  
conjunct ion  wi th  s k i n  f r i c t i o n  p r e d i c t i o n s .  These p r e d i c t i o n s  
were based on E c k e r t ' s  r e f e r e n c e  en tha lpy  method f o r  laminar  
f low and t h e  Spalding and Chi c o r r e l a t i o n  f o r  t u r b u l e n t  flow. 
S t reaml ine  divergence e f f e c t s  w e r e  included i n  a l l  ana lyses .  
The o n s e t  of boundary l a y e r  t r a n s i t i o n  was determined us ing  a 
momentum th i ckness  Reynolds number over  l o c a l  Mach number r a t i o  

( ~e~ / ) equ iva l en t  t o  t h e  va lue  of 225 used on t h e  lower 

c e n t e r l i n e  of t h e  Space S h u t t l e  o r b i t e r .  A l l  aerodynamic heat-  
i n g  c a l c u l a t i o n s  were made us ing  t h e  MINIVER computer program. 

Determinat ion of t h e  TPS th i cknesses  r equ i r ed  t o  main ta in  
t h e  d e s i r e d  s t r u c t u r a l  temperature l i m i t s  w a s  made us ing  t h e  
FD202 S t r u c t u r a l  Heating Program. Th i s  program uses  a lumped 
parameter system t o  d e s c r i b e  any-one-,  two-, o r  three-dimensional 
hea t  t r a n s f e r  problem, The r e s u l t i n g  h e a t  ba l ance  equat ion  i s  
so lved  by f i n i t e  d i f f e r e n c e  techniques.  A l l  i n s u l a t i o n  th ick-  
nes ses  were determined using a 10-node system f o r  t h e  i n s u l a t i o n .  
Body TPS th i cknesses  were s i z e d  zo l i m i t  t h e  i n t e r f a c e  between 
t h e  RSI and t h e  subpanel  t o  a maximum temperature of 533 K 
(500°F). Wing and f i n  RSI requi rements  were determined by t h e  
th i ckness  needed t o  l i m i t  a  3.175 rnm (0.125 i n . )  t h i c k  aluminum 
s k i n  t o  a maximum temperature of 450 K (350°F). 

Aerothermal In f luence  on Entry T r a j e c t o r y  Shaping 

For t h e  b a s e l i n e  TPS, t h e  primary aero thermal  t r a j e c t o r y  con- 
s i d e r a t i o n  was t o  minimize e n t r y  t i m e  and t h e  t o t a l  h e a t  l oad ,  
because p a s t  Space S h u t t l e  s t u d i e s  have demonstrated t h a t  t h i s  
minimizes i n s u l a t i v e  TPS weight.  I n i t i a l  s t u d i e s ,  u s ing  a heat-  
i ng  rate c o n s t r a i n t  compatible  w i t h  t h e  maximum pro jec t ed  allow- 
a b l e  m a t e r i a l  temperature,  r e s u l t e d  i n  a s i g n i f i c a n t  p o r t i o n  of 
t h e  v e h i c l e  exper ienc ing  t u r b u l e n t  f low a t  t h e  t i m e  of pedk heat-  
ing.  Fu r the r  a n a l y s i s  i nd ica t ed  t h a t  t h e  t o t a l  h e a t  load  could  b e  
reduced by main ta in ing  laminar  f low over  t h e  v e h i c l e  a t  t h e  t i m e  
of maximum hea t ing ,  even though t h e  e n t r y  t i m e  i s  increased .  
F igure  56 compares e n t r y  c o r r i d o r s  on an  a l t i t u d e - v e l o c i t y  p l o t  
f o r  two t r a j e c t o r i e s  r e p r e s e n t i n g  t h e  extremes i n  aerodynamic 
h e a t i n g  i n v e s t i g a t e d  dur ing  t h e  s tudy.  Also shown i s  a l i n e  de- 
no t ing  t h e  o n s e t  of boundary l a y e r  t r a n s i t i o n  a t  t h e  a f t  end of 
t h e  v e h i c l e .  From a n  aerothermodynamic viewpoint ,  t h e  optimum 
t r a j e c t o r y  f o r  a n  i n s u l a t i v e  TPS concept  is  one t h a t  would f l y  
a long  t h i s  l i n e .  However, d e c k l e r a t i o n  l i m i t s  and cross-range 
requirements  f o r c e  a d e p a r t u r e  from t h i s  l i n e .  The t r a j e c t o r i e s  
do n o t  n e c e s s a r i l y  r e f l e c t  f u l l y  optimized cases .  It is a n t i c i -  
pated t h a t  f u r t h e r  s t u d i e s  could reduce ,  i f  n o t  e l imina te ,  t h e  
H-V s p i k e  a t  t h e  end of t h e  maximum h e a t i n g  per iod .  
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Figure 56.- Range of a l t i tude-ve loc i ty  p r o f i l e s  
f o r  en t ry  t r a j e c t o r i e s  evaluated 

S e n s i t i v i t y  of Baseline TPS t o  Environmental Per turbat ions  

Figure 57 g ives  t h e  TPS thicknesses needed f o r  the  t r a j e c t o r i e s  
comprising t h e  e n t r y  corr idor  shown on Figure 56. The RSI thick- 
ness  requirements are shown f o r  t h e  t o t a l  en t ry  heat  load asso- 
c ia ted  wi th  these  t r a j e c t o r i e s  a t  severa l  lower c e n t e r l i n e  body 
loca t ions .  For a 100% increase  i n  heat  load,  only 15% t o  30% 
a d d i t i o n a l  is required.  This r e l a t i v e  i n s e n s i t i v i t y  t o  heat  
load is  advantageous i n  t h a t  small  heat ing per turbat ions  caused 
by dispers ions  o r  u n c e r t a i n t i e s  i n  aerodynamic heating methods 
have a n e g l i g i b l e  e f f o r t  on t h e  TPS design. For t h e  same reason, 
an  i n s u l a t i v e  thermal p ro tec t ion  system f o r  t h e  SSTO can accom- 
modate a r e l a t i v e l y  wide range of en t ry  t r a j e c t o r i e s  wi th  a min- 
imum impact on TPS weight. 
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Figure  57.- S e n s i t i v i t y  of r equ i r ed  R S I  
t h i ckness  t o  t o t a l  e n t r y  h e a t  l oad  

VTO RSI Thickness and Maximum Temperature D i s t r i b u t i o n s  

The RSI th ickness  d i s t r i b u t i o n s  r equ i r ed  f o r  t h e  VTO v e h i c l e  
t oge the r  w i th  maximum s u r f a c e  temperatures  a r e  shown i n  F igure  58. 
These th i cknesses  provide thermal p r o t e c t i o n  f o r  t h e  most severe  
e n t r y  a s s o c i a t e d  wi th  t h e  c o r r i d o r  of F igure  56. A t y p i c a l  
t r a n s i e n t  tempera ture  response f o r  a  r e p r e s e n t a t i v e  l o c a t i o n  
on t h e  lower body c e n t e r l i n e  is  given i n  F igure  59. 

Even though t h e  a scen t  environment produces h igher  sur-  
f a c e  temperatures  on t h e  upper p o r t i o n s  of t h e  v e h i c l e  than  
encountered dur ing  e n t r y ,  i t  has no impact on t h e  design of t h e  
i n s u l a t i o n  TPS. This  is  because t h e  r e l a t i v e l y  s h o r t  a scen t  
hea t ing  per iod  and smal l  hea t  load r e s u l t  i n  much lower RSI 
backface temperatures  than  f o r  en t ry .  

De ta i l ed  i n v e s t i g a t i o n s  of t h e  TPS th i ckness  d i s t r i b u t i o n s  
f o r  t h e  s l e d  launch v e h i c l e  and t h e  i n f l i g h t - f u e l e d  v e h i c l e  w e r e  
no t  made. Because t h e  e n t r y  t r a j e c t o r i e s  were similar and t h e  
i n s u l a t i v e  TPS w a s  found t o  b e  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  
e n t r y  hea t  load ,  TPS weights  f o r  t h e s e  v e h i c l e s  were determined 
by us ing  t h e  same u n i t  weights  and a d j u s t i n g  f o r  t h e  app ropr i a t e  
s u r f a c e  a reas .  
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Figure 58.- SSTO-VTO entry  surface  isotherms and TPS thicknesses 
(2.2-g t r a jec to ry)  
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Figure 59.- Typical VTO en t ry  temperature 
h i s t o r i e s  (2.2-g t r a j e c to ry )  



FLIGHT PERFORMANCE 

Performance c a p a b i l i t y  and t r a j e c t o r y  c h a r a c t e r i s t i c s  of t h e  
SSTO veh ic les  were determined by t r a j e c t o r y  simulat ion using t h e  
POST d i g i t a l  computer program. Boost t r a j e c t o r i e s  were obtained 
f o r  ETR e a s t  launch t o  t h e  spec i f i ed  92.6 km (50 n ,  mi.) perigee,  
185 km (LOO n. mi.) apogee e l l i p t i c a l  o r b i t .  For these  t r a jec -  
t o r i e s ,  mass r a t i o  performance requirements w e r e  defined. 

Reentry t r a j e c t o r i e s  were obtained beginning a t  122 000 m 
(400 000 f t ) ,  t h e  top of t h e  s e n s i b l e  atmosphere, and terminat- 
i n g  a t  15  200 m (50 000 f t ) ,  which w a s  considered t h e  beginning 
of t h e  landing approach. I n i t i a l  condit ions f o r  r een t ry  w e r e  
cons i s t en t  with deorb i t  from a 370 km (200 n. mi.) c i r c u l a r  o r b i t  
inc l ined  28.6 deg t o  t h e  Equator. 

Various a t t i t u d e  c o n t r o l  techniques w e r e  used f o r  f l i g h t  pa th  
d e f i n i t i o n ,  depending on the  f l i g h t  regime and t h e  veh ic le  con- 
f igura t ion ,  a s  described l a t e r .  The t i m e  of app l i ca t ion  and t h e  
magnitude of these  techniques were optimized a s  required ,  Thus 
t h e  performance quotat ions and t h e  t r a j e c t o r y  c h a r a c t e r i s t i c s  
described he re in  a r e  considered near optimal. 

VTO Vehicle Performance 

B e l l  nozzle vehicles.-  VTO veh ic les  were launched v e r t i c a l l y  
from t h e  Eastern Test  Range. The p i t c h  plane was al igned i n  an 
e a s t e r l y  d i r e c t i o n  t o  produce an o r b i t  i n c l i n a t i o n  of 28.5 deg. 
A t  a r e l a t i v e  v e l o c i t y  of 45.7 m/sec (150 f p s ) ,  a constant  a t t i -  
tude r a t e  (p i t ch  down) was i n i t i a t e d .  Some 10 seconds l a t e r ,  t h e  
veh ic le  was pi tched up a t  a constant  a t t i t u d e  r a t e  u n t i l  a speci- 
f i e d  angle of a t t a c k  was reached. This angle of a t t a c k  w a s  main- 
ta ined u n t i l  reaching a Mach number of 0.6. Next, a period of 
constant  l i f t  was used by modulation of t h e  angle of a t t a c k  t o  
improve performance. This period was terminated a t  approximately 
a Mach number of 3.5, where a constant  angle of a t t a c k  r a t e  w a s  
used a t  150 seconds. A period of constant  a t t i t u d e  rate was 
s t a r t e d ,  ending a t  approximately 300 seconds. Here, anbther 
constant  a t t i t u d e  r a t e  began, terminating a t  o r b i t  inse r t ion .  

A l l  engines ign i t ed  a t  l i f t o f f .  When t h e  atmospheric pres- 
s u r e  had decreased t o  15 500 ~ / r n ~  (324 psf)  , t h e  l a r g e  expansion 
r a t i o  nozzles w e r e  extended. The s i n g l e  expansion-ratio engine 
shutdown sequence began when t h e  acce le ra t ion  reached 3 g. To 
minimize con t ro l  requirements, engines not  on t h e  v e h i c l e  longi- 
t u d i n a l  c e n t e r l i n e  were shu t  down i n  pa i r s .  Each t i m e  t h e  ac- 
c e l e r a t i o n  reached 3 g,  another engine (or pa i r )  was shut  down 
u n t i l  a l l  s i n g l e  expansion-ratio engines w e r e  terminated. A 
s i m i l a r  sequence w a s  used f o r  t h e  dua l  expansion-ratio engines. 



Fundamental philosophy of t h i s  sequence was t o  maintain the  high- 
est poss ib le  vehic le  thrust-to-weight r a t i o  and e f f e c t i v e  s p e c i f i c  
impulse, thus minimizing ve loc i ty  losses .  Typical t r a j e c t o r y  
parameters are shown i n  Figure 60. 

T i m e ,  sec 

Figure 60.- VTO t r a j e c t o r y  parameters 

The numbers of s i n g l e  and mult iple expansion r a t i o  engines wase 
se lec ted  on the  b a s i s  of minimal vehic le  dry weight holding the  
t o t a l  number of engines constant .  The required veh ic le  mass r a t i o  
f o r  var ious  engine combinations w a s  determined using t h e  POST 
t r a j e c t o r y  program. Vehicles w e r e  s i zed  t o  m e e t  t h e  required 
payload of 29 500 kg (65 000 l b ) .  The dry  weight comparison of 
Figure 6 1  shows t h a t  s i x  s i n g l e  and four dual  expansion r a t i o  
engines a r e  a t  least 1360 kg (3000 l b )  l i g h t e r  i n  dry weight than 
o the r  combinations. This engine combination w a s  the re fo re  se- 
l ec ted  f o r  t h e  VTO vehicle.  
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Figure 61.- Optimal engine characteristics 

Effects of engine throttling were analyzed using the character& 
istics shown in Figure 62. Results shown in Figure 63 indicate 
that a lower mass ratio is required if the engines are not 
throttled. Virtually the same results were obtained for engines 
sized to provide liftoff thrust-to-weight ratios of both 1.25 and 
1.30. 
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pigure 62. - Engine throttling characteristics 
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Figure 63.- Throttling effects 



The e f f e c t  of VTO l i f t o f f  acce le ra t ion  on engine and ve- 
h i c l e  performance was examined. The mass r a t i o  required f o r  a 
veh ic le  with a l i f t o f f  acce le ra t ion  of 1.3 g was 0.097 less than 
t h a t  at  an acce le ra t ion  of 1.25 g. Furthermore, t h e  correspond- 
ing  dry weight and propel lant  weight reductions were 181 kg (400 
1b) and 22 700 kg (50 k l b ) ,  r e spec t ive ly ,  even though the  t o t a l  
engine weight was approximately 1270 kg (2800 l b )  heavier .  The 
VTO w a s  the re fo re  designed f o r  a 1 .3  g l i f t o f f .  

I n i t i a l  VTO t r a j e c t o r i e s  were run a t  zero l i f t  throughout 
t h e  maximum dynamic pressure  regime. Subsequent inves t iga t ion  
ind ica tes  t h a t  the  mass r a t i o  requirements could be s u b s t a n t i a l l y  
reduced by a l i f t i n g  t r a j e c t o r y .  Results  from t h e  POST t r a j e c t o r y  
program indicated  t h a t  t h e  optimal value of l i f t  was approxi- 
terminate constant  l i f t  was 3.6. The load imposed by the  aero- 
dynamic l i f t  was wi th in  s t r u c t u r a l  l i m i t s .  

Linear nozzle vehicles.-  Performance capab i l i ty  of VTO ve- 
h i c l e s  equipped wi th  l i n e a r  nozzle rocket  engines was analyzed. - - -  - 
To simulate t h e  near-optimal expansion of t h i s  type of nozzle, 
t h r u s t  was described a s  a funct ion of a l t i t u d e .  The fundamental 
t r a j e c t o r y  shaping philosophy was i d e n t i c a l  t o  t h a t  of t h e  b e l l  

, . nozzle configurat ion.  The engines w e r e  t h r o t t l e d  t o  maintain 
j . . acce le ra t ion  a t  o r  below t h e  3 g l i m i t .  I n  addi t ion ,  t h e  outer  

combustors w e r e  shu t  down a t  t h e  optimum t i m e .  Results  indi-  
. cated t h a t  t h e  required v e h i c l e  mass r a t i o  was 7.893. This value 
. was higher than t h a t  of a b e l l  nozzle veh ic le  and was a t t r i b u t e d  

* 
t o  a lower average s p e c i f i c  impulse caused by nonoptimum engine 
performance. 

HTO Vehicle Performance 
*; 

The HTO vehic les  w e r e  launched hor izon ta l ly  from sea l e v e l  a i n  an e a s t e r l y  d i r e c t i o n  from t h e  Eastern Test Range t o  produce: 2 
't, an o r b i t  i n c l i n a t i o n  of 28.5 deg. I n i t i a l  ve loc i ty  a t  t h e  end 

* i i ~  of t h e  s l e d  run w a s  equivalent  t o  Mach 0.6 and t h e  r e l a t i v e  
'*\ f l i g h t  pa th  angle was 1 deg. After  launch t h e  veh ic le  was 4 

' pitched with an angle of a t t a c k  schedule f o r  a constant  g pullrip,, 
The magnitude of t h e  pullup maneuver was var ied  t o  maximize 
v e h i c l e  performance but  was constrained t o  be no g rea te r  than 

I 1.3 g. Af ter  a s p e c i f i c  f l i g h t  path angle was reached, a con- 
s t a n t  rate of change of angle of a t t a c k  was i n i t i a t e d  and main- 

.. ' ta ined u n t i l  approximately 115 seconds from launch. A t  t h a t  
t i m e ,  a constant  i n e r t i a l  p i t c h  r a t e  was spec i f i ed ,  l a s t i n g  

. 
% .  , .  " - u n t i l  approximately 375 seconds. H e r e ,  another p i t c h  r a t e  was ' ' 

spec i f i ed ,  l a s t i n g  u n t i l  burnout. 



A l l  engines w e r e  th rus t ing  continuously a f t e r  release from 
the  s l e d  launcher u n t i l  the  atmospheric pressure  decreased t o  
15 500 PI/m2 (324  psf) .  The l a r g e  expansion r a t i o  nozzle was 
then extended. Each t i m e  the  long i tud ina l  acce le ra t ion  reached 
3 g, engines were shut  down, beginning wi th  the  s i n g l e  expansion 
r a t i o  engines. Af ter  a l l  these  engines were terminated, a s i m -  
ilar sequence was used wi th  t h e  dual  expansion r a t i o  engines. 
Typical t r a j e c t o r y  parameters f o r  the  Task 2  HTO vehic le  a r e  
shown i n  Figure 6 4 .  

0 100 200 300 400 500 
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t r a j e c t o r y  parameters 

The s e n s i t i v i t y  of mass r a t i o  t o  i n i t i a l  acce le ra t ion ,  
A MR/A (F/W)O, equals  -2.7. This i s  pr imar i ly  caused by a de- 

crease  i n  g rav i ty  losses .  However, a t  a launch acce le ra t ion  of 
approximately 0.95 g, t h e  increase  i n  engine weight cancels  t h e  
benef j t  of increased acce le ra t ion  and veh ic le  dry weight. Thus 
t h e  HTO vehic les  were s ized  f o r  0.95 g. 

An equal  number of s i n g l e  and dual  expansion r a t i o  engines 
i s  near optimal f o r  t h e  HTO vehic les .  Where an  odd number of 
engines was required,  t h e  most favorable  mix contained one more 
dual  than t h e  number of s i n g l e  expansion engines. This e f f e c t  



is  a t t r i b u t e d  t o  an increase  i n  average e f f e c t i v e  s p e c i f i c  im- 
pulse. The HTO veh ic le  was s i zed  f o r  e igh t  engines, four  s i n g l e  
and four dual.  

IFF Vehicle Performance 

The IFF veh ic les  w e r e  considered t o  be launched hor izon ta l ly  
from 4570 m (15 000 f t )  a l t i t u d e .  I n i t i a l  ve loc i ty  was equiva- 
l e n t  t o  a Mach number of 0.75. Trajectory shaping va r iab les  and 
techniques w e r e  s imi la r  t o  those of t h e  sled-launched vehicles.  
The pullup maneuver was l imi ted  t o  1.05 g. Typical t r a j e c t o r y  
parameters f o r  the  Task 2 HTO i n f l i g h t  fueled veh ic le  a r e  shown 
i n  Figure 65. 

Figure 65 .- IFF 

Time, sec 

rocket  takeoff t r a j e c t o r y  parameters 

When t h e  expansion r a t i o  of the  s i n g l e  nozzle engine w a s  in- 
creased from 35: l  t o  50:1, t h e  required mass r a t i o  decreased by 
0.06. The IFF vehic les  the re fo re  used t h e  50:l  expansion r a t i o  
engines. 



Reentry Traj ectory 

Reentry was i n i t i a t e d  a t  400 000 f e e t  a t  a v e l o c i t y  of 7800 
m / s  (25 600 f t / s e c )  and an i n e r t i a l  f l i g h t  path angle of -0.8 deg. 
These condit ions correspond t o  en t ry  from a due E a s t  28.5 deg 
i n c l i n a t i o n  370 km (200 n. mi.) c i r c u l a r  o r b i t .  An angle of 
a t t a c k  of 30 deg was maintained from t h e  i n i t i a l  en t ry  u n t i l  t h e  
ve loc i ty  decreased t o  Mach 5. Angle of a t t a c k  was then decreased 
l i n e a r l y  with t i m e  u n t i l  a value of 20 deg was reached a t  Mach 4. 
This angle was held constant  down t o  Mach 2, then decreased 
l i n e a r l y  t o  6 deg. 

An i n i t i a l  bank angle of 90 deg w a s  maintained t o  99 km 
(325 000 f t ) .  Bank angle was then decreased t o  approximately 
78 deg and was maintained u n t i l  t h e  Chapman heat ing r a t e  parameter 
reached a value of 112.5. Bank angle was then modulated t o  main- 
t a i n  heating r a t e  a t  t h i s  value. When t h e  vehic le  acce le ra t ion  
reached a l e v e l  of 2.2 g, t h e  bank angle w a s  modulated t o  main- 
t a i n  t h e  acce le ra t ion  a t  2.2 g. 

Af ter  approximately 25 seconds, t h i s  mode was terminated and 
a series of t h r e e  l i n e a r  bank angle r a t e s  were i n i t i a t e d ,  each 
l a s t i n g  20 seconds and ending a t  a bank angle of 47.5 deg. This 
angle remained f ixed u n t i l  Mach 5 w a s  reached and the  vehic le  
was r o l l e d  out  t o  l e v e l  f l i g h t .  A cross-range d i s t ance  of 2070 
km ( 1120 n. mi.) was achieved, s l i g h t l y  more than t h e  required 
2040 km (1100 n. mi.). 

VEHICLE COMPARISON SUMMARY 

The vehic les  s ized i n  t h e  Task 2 study a r e  summarized i n  Table 
29. The i n i t i a l  aerodynamics c h a r a c t e r i s t i c s  used f o r  veh ic le  
t r a j e c t o r y  ana lys i s  and veh ic le  s i z i n g  were revised based on t h e  
SSTO configurat ion and the  e f f e c t s  on t h e  VTO and HTO vehic les  
were determined. 

The i n i t i a l l y  s i zed  HTO veh ic les  using t h e  revised aerodynamic 
c h a r a c t e r i s t i c s  have payload c a p a b i l i t i e s  of 41 277 kg (91 000 l b )  
and 44 452 kg (98 000 l b )  f o r  t h e  dry wing and wet wing respec- 
t i v e l y .  The i n i t i a l l y  s ized VTO veh ic le  has a payload c a p a b i l i t y  
of 32 493 kg (71 600 l b ) .  The veh ic les  shown i n  Table 29 under 
the  revised aero  column a r e  t h e  veh ic les  t h a t  were res ized f o r  a 
payload capab i l i ty  of 29 484 kg (65 000 pounds). 

The IFF veh ic le  was not  res ized based on t h e  revised aero- 
dynamics. The turbofan takeoff IFF veh ic le  t h a t  was s ized using 
only LO2 propel lant  r e fue l ing  is  not  included i n  t h e  t a b l e  but 
requires  a GLOW of over 3.2 mi l l ion  kg (7 mi l l ion  l b )  and i s  not  
a competitive system. 



TABLE 29.- VEHICLE CONCEPT COMPARISON SUMMARY - 
PAYLOAD = 29 500 kg (65 000 lb)  

TECHNOLOGY CONSIDERATIONS 

Vehicle dry 
kg 
(lb) 

Ascent propellant 
kg 
(lb) 

GLOW 
kg 
(lb) 

Sled acceleration 
propellant 

kg 
(lb) 

Vehicle loaded 
kg 
(lb) 

The IFF veh ic le  concept introduces unique concerns r e l a t e d  t o  
requirements f o r  technology and f l i g h t  operat ions.  Present in- 
f l i g h t  fue l ing  techniques, although genera l ly  appl icable ,  must be 
modified and updated t o  e f f i c i e n t l y  and s a f e l y  rendezvous, hook up, 
and t r a n s f e r  t h e  l a r g e  q u a n t i t i e s  of cryogenic propel lants .  
TLmeline p e n a l t i e s  o r  "holds" t h a t  r e f l e c t  on. the  o r b i t a l  ve- 
h i c l e  s i z e  o r  design must be held t o  an absa lu te  minimum. Ef- 
f i c i e n t  rendezvous and hook up r e q u i r e  p rec i s ion  guidance and 
navigat ional  i n t e g r a t i o n  of both veh ic les ,  i n  addi t ion  t o  auto- 
matic deployment, pos i t ioning,  and connection of t h e  t r a n s f e r  
l i n e s .  The two l i n e s  required w i l l  be  more d i f f i c u l t  t o  connect 
than one. They must be s t r u c t u r a l l y  r i g i d  t o  ca r ry  unavoidable 
long i tud ina l  loads.  Towing, however, introduces unacceptable 
l o c a l  s t r u c t u r a l  pena l t i e s  because of t h e  l a r g e  tension loads.  
The t r a n s f e r  l i n e s  must a l s o  be mutually al igned with s u i t a b l e  
provisions f o r  thermal contrac t ion and heat  t r a n s f e r .  The leak- 
proof disconnects  required and t h e  high capacity pumps must be 
developed. The IFF concept a l s o  requ i res  development of a new 
tanker a i r c r a f t  t h a t  is not  only l a r g e r  than any present  a i r -  
c r a f t ,  bu t  a l s o  requ i res  technology developments f o r  t ransport-  
ing  and t r a n s f e r r i n g  LO2 and LH2 propel lants  rapidly .  

The HTO concept a l s o  introduces unique technology develop- 
ment requirements t h a t  are beyond "normal" growth po ten t i a l .  
These requirements are r e l a t e d  t o  design of cryogenic wet wing 
thermostructures and TPS in tegra t ion ,  a s  w e l l  as t o  development 
of a l a rge ,  high-speed, rocket-powered s led .  The VTO concept 

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) 

Initialaero 

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) 



o f f e r s  no technology development concerns beyond "normal" growth 
expectat ions,  and the re fo re  has been se lec ted  f o r  focusing s t u d i e s  
of t h e  merits of accelera ted  technology requirements. However, 
the  HTO wet-wing concept is included wi th  t h e  VTO concept i n  t h e  
subsequent analyses of veh ic les  using accelera ted  technology. 



PROGRAM COST ANALYSIS 

Life-cycle costing techniques developed i n  various NASA and 
DOD programs were used t o  der ive  t o t a l  system cos t s  f o r  the  candi- 
da te  vehic le  concepts. A key element of t he  analysis  w a s  a highly 
organized data  base s t ruc tu r e  o r ig ina l l y  developed during Space 
Shut t l e  Phase B s tud ies .  It cons i s t s  of a f u l l y  in tegrated cost  
data  bank encompassing a wide spectrum of programs from ac tua l  
Martin Mariet ta h i s t o ry  and other  sources including NASA and DOD. 
The second key element w a s  a proven, computerized cost  model, COCOM 
11. This model, developed by Martin Mariet ta,  includes cost  e s t i -  
mating re la t ionsh ips  t ha t  account f o r  vehic le  cha rac t e r i s t i c s  and 
DDT&E, production, and operations costs .  Work breakdown s t ruc tures ,  
system development schedules, t r a f f i c  models and operations sched- 
ules  were es tabl ished a s  bases f o r  t he  cos t  analyses. Research 
cos t s  w e r e  regarded a s  sunk cos t s  and therefore  w e r e  not  included 
i n  t he  l i fe-cycle  costs .  

WORK BREAKDOWN STRUCTURE 

The Work Breakdown Structure  (WBS) f o r  the  SSTO system i s  the  
same as used f o r  the  Space Shut t l e  system. This allows d i r e c t  
comparisons of the  various WBS items t o  be made between the  two 
systems. Table 30 summarizes t he  top l e v e l  items i n  the  SSTO sys- 
tem. A de ta i l ed  statement on the  WBS is  presented i n  Appendix B.  

TABLE 30.- WORK BREAKDOWN STRUCTURE 

Level 

1 SSTO system 

2 Design and development Operations 
Production 

3 Program management Systems engineering 
A i r  vehic le  GSE, tests, f a c i l i t i e s ,  

e t c  

4-7 Structures  Management 
(Summary) Propulsion Systems analysis  

Avionics Test hardware 
L i f e  support system Wind tunnel 
Power S t a t i c  f i r e  Tests 
Crew F l igh t  
Integrat ion assembly/checkout Training 

Logis t i c s  

I 



SYSTEM DEVELOPMENT SCHEDULE 

The o v e r a l l  program schedule f o r  t h e  SSTO pro jec t ,  shown i n  
Figure 66, has been designed t~ c o r r e l a t e  wi th  given milestones 
f o r  t h e  start of Phase A,  t he  ATP, and t h e  I O C .  Milestones and 
a c t i v i t y  periods a r e  r e f l e c t e d  on t h e  schedule f o r  t h e  design, 
development, manufacture and test of t h e  f l i g h t  vehic le ,  t h e  main 
engines, t h e  launch processing system and t h e  ground operat ions 
f a c i l i t i e s .  The a c t i v i t y  periods f o r  the  fue l ing  a i r c r a f t  and t h e  
ground s l e d  launch system options are a l s o  shown. 

The design and development of the  f l i g h t  vehic les  and t h e  main 
engines begins a t  t h e  t i m e  of Phase A go-ahead. During t h e  period 
from Phase A t o  ATP, t h e  design of the  f l i g h t  veh ic le  is  developed, 
the  l i s t  of mate r i a l s  i s  es tab l i shed ,  long lead orders  a r e  prepared 
and preorder procurement inves t iga t ions  are conducted. A t  the  t i m e  
of ATP, the  d e t a i l e d  manufacturing i s  s t a r t e d ;  t h e  f i r s t  a r t i c l e  
(OV-1) is  scheduled t o  be complete i n  e a r l y  1992 (4% t o  5 years  
l a t e r ) .  A 2-year test period,  using OV-1 as t h e  test a r t i c l e ,  i s  
planned f o r  a checkout of t h e  SSTO system. A r t i c l e  OV-1 i s  l a t e r  
refurbished t o  be used as an opera t ional  f l i g h t  vehic le .  Ground 
test a r t i c l e s  and a veh ic le  mockup are a l s o  scheduled t o  be manu- 
fac tured f o r  use i n  t e s t s  scheduled between e a r l y  1991 and 1994. 
The manufacturing of OV-2 follows OV-1, and i s  scheduled t o  be 
complete i n  l a t e  1993 f o r  use i n  the  FMOF. The manufacture of 
OV-3, -4, and -5 i s  t o  be  complete by mid-1998. 

The design and development of t h e  main engines i s  scheduled 
t o  s t a r t  i n  1983 and continues through 1991. Engine manufacturing 
i s  scheduled t o  start i n  1989. An estimated del ivery  schedule 
based on a ten-engine VTO configurat ion i s  a s  follows: 

per veh ic le  

Spare engines, 20% 

Component spares,  20% 10 equivalent  engines 

Major overhaul, 50% 25 equivalent  engines 

F l i g h t  articles ---- 
Vehicle test 4 6 10 ---- ---- ---- ---- ---- ---- ---- --- 
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The launch processing system development starts a f t e r  t h e  ATP 
and i s  t o  be complete i n  1992. An opera t ional  checkout period is  
planned from mid-1992 through mid-1993. On completion of t h e  check- 
out  e f f o r t ,  t h e  system w i l l  be a v a i l a b l e  f o r  opera t ions  beginning 
wi th  t h e  FMOF i n  1993. 

i 

The Ground Operations F a c i l i t i e s  r equ i re  development of a 
v e r t i c a l  takeoff  launcher o r  a hqr izon ta l  takeoff launcher, and 
normal runways f o r  landing and IFF takeoff .  The i n i t i a l  develop- 
ment e f f o r t  starts i n  e a r l y  1986. Construction extends from mid- 
1989 t o  mid-1992. A 1 5 ~ y e a r  test period has been scheduled before  
t h e  FMOF. .The* SSTO system i s  t o  be completely t e s t e d  and f u l l y  
opera t ional  i n  1995. 

I >  

TRAFFIC MODEL 

The October 1973 Space Shu t t l e  T r a f f i c  Model i s  used as a 
b a s i s  f o r  the  SSTO t r a f f i c  model. Table 6 (page 184) of Refer- 
ence 5 i l l u s t r a t e s  a 12-year t r a f f i c  summary. This 12-year 
summary, ending i n  1991, w a s  extended t o  1994 t o  obta in  a 15- 
year base represent ing t h e  Space S h u t t l e  program. This increased 
the  t o t a l  Space S h u t t l e  t r a f f i c  summary from 782 t o  1061 Space 
Shu t t l e  launch at tempts.  ,The number of f l i g h t s  per  year of Space 
Shu t t l e  was increased b y , t h e  r a t i o  of t o t a l  SSTO f l i g h t s  t o  t o t a l  
Space S h u t t l e  f l i g h t s  (1710/1016 = 1.6831) t o  ob ta in  t h e  number 
of f l i g h t s  per  year of SSTO. The SSTO study guidel ines  def ines  
the  I O C  d a t a  a s  1995. 

When the  launch r a t e  exceeds 114  launches per year ,  an im-  
provement i n  the  "average" turnaround t i m e  i s  expected. The num- 
ber  of launch at tempts f o r  t h e  Space S h u t t l e  and t h e  SSTO r e s u l t -  
ing  from t h i s  approach a r e  as follows: 



GROUND OPERATIONS SCHEDULES 

Launch and ground opera t ions  functions were analyzed t o  
e s t a b l i s h  a bas i s  f o r  opera t ions  c o s t s  (Appendix C). The 
ground operat ions and t imel ines  t o  r e f u r b i s h  and prepare t h e  
SSTO f o r  succeeding launches a r e  i l l u s t r a t e d  i n  Figure 67. The 
i n i t i a l  s t e p  i n  t h e  flow i s  the  s a f i n g  and desesvicing of t h e  SSTO. 
This s t e p  has been est imated t o  be performed i n  the  f i r s t 1 0  hours 
a f t e r  landing. The payload removal and t h e  maintenance a c t i v i t i e s  
can then begin. Systems retest and r e v e r i f i c a t i d n  is condacted i n  
p a r a l l e l  immediately following t h e  maintenance a c t i v i t y .  The in- 
s t a l l a t i o n  of new payloads then begins a t  the  22nd hour a f t e r  
landing over a n i n e  hour period.  After  t h e  i n s t a l l a t i o n , ' a n  in- 
tegra ted  test is  conducted i n  the  o r b i t e r  processing f a c i l i t y ,  
and the  SSTO then is  moved t o  t h e  v e r t i c a l  assembly bui ld ing 
(VAB) f o r  mating wi th  t h e  launch platform. The SSTO and the  launch 
platform i n t e r f a c e s  a r e  v e r i f i e d  i n  t h e  VAB. The SSTO is moved t o  
the  launch pad a t  t h e  43rd hour a f t e r  landing. The remaining 17 
hours a r e  spent  on the  launch pad where the  propel lants  and consum- 
ab les  a r e  i n s t a l l e d  and t h e  veh ic le  is  prepared f o r  telaunching 60 
hours a f t e r  landing. 

Based on 114 launches per  year and t h e  60 hour turnaround cycle,  
t h e  ground operat ions can b e  performed as shown i n  Figure 68. There 
i s  an average of 1 8  hours between each ground operat ion a c t i v i t y .  
This period can be used t o  accomplish any a c t i v i t y  t h a t  i s  not  i n  
t h e  normal flow o r  t o  accommodate any anomalies t h a t  hay occur. 

The assumed mission model r e s u l t s  i n  an average launch every 
3.2 days o r  an average turnaround of 16 days far  a 5-vehicle f l e e t .  
The requirement of a 60-hour turnaround f o r  ground operat ions is 
driven by t h e  assumption of a capab i l i ty  f o r  processing only one 
veh ic le  a t  a t i m e .  By providing mul t ip le  f a c i l i t i e s ,  t h e  24 h r /  
day pace could be re l i eved  t o  a more reasonable schedule allowing 
f o r  overtime t o  accommodate anomalies. The probable use of two 
launch sites (ETR and WTR) would i n  f a c t  r equ i re  a t  l e a s t  two such 
f a c i l i t i e s .  

COST MODEL 

The COCOM program ca lcu la tes  t h e  cos t  of each WBS element using 
e i t h e r  preassigned algorithms o r  d i s c r e t e  c o s t s  assigned t o  se lec ted  
elements. Equations and d a t a  a r e  i n  an a r r a y  matrix format enabling 
t h e  program t o  draw on design and p r i c i n g  spread c o e f f i c i e n t s ,  sched- 
u l e ,  q u a n t i t i e s ,  and other  programmatic d a t a  a s  ou t l ined  i n  Figure 
69. The c o s t s  a r e  determined us ing F i s c a l  Year 1976 d o l l a r s  and a r e  
l a t e r  escala ted  and/or discounted as desired.  
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Discrete cos t  inputs  w e r e  used f o r  cos t  elements not s i g n i f i -  
can t ly  impacted by veh ic le  s i z e .  Examples a r e  t h e  avionics subsys- 
t e m ,  b a t t e r i e s ,  hor izon ta l  f l i g h t  t e s t  operat ions,  and f l i g h t  test 
instrumentation. Input d a t a  sources include Space Shu t t l e  program 
c o s t s  and inhouse d a t a  based on a i r c r a f t  and spacecraf t  experience. 

, .  . . 

OV-x Vehicle identity shown 
for reference only 

Figure 68.- Typical  ground operat ions schedule 

Data Bank 

Ti tan  
Shu t t l e  
Saturn V 
F-4B 
Viking 
X-24 
DC-10 
72 7 

Discrete Schedules 
estimates Launch r a t e s  

1 9' ;::ng da ta  

> 
Production 

I 

Mass proper t i e s  
TPS a rea  
Configuration 
complexities 

Figure 69.- Cost model flow diagram 



The equations used i n  the  cos t  model are :  

C = F1 x F2 x F j  x F x R x Cp x ( w ) ~  x ( Q ) ~  
4 

or  

C = R x C p  

where 

F1 = Access a r e a  complexity f a c t o r  

F2 = Density f a c t o r  

Fg = Configuration Complexity Factor 

F L ~  = Material complexity ' f a c t o r  

R = Rate constant  ( labor and overhead r a t e s )  

Cp = Reference cos t  

W = Design parameter (weight o r  a rea )  

a = Scaling exponent 

Q = Production quant i ty  

f3 = Learning Curve 

The f i r s t  four  terms a r e  f u r t h e r  defined a s  follows: 

F1 = ( 4 x a rea  of hatches and doors 
t o t a l  wetted a r e a  

r 

t o t a l  dry weight 
t o t a l  moldline volume 

F3 = 1 f o r  launch vehic les  

2 f o r  t r anspor t  a i r c r a f t  

F4 = 1 f o r  aluminum s t r u c t u r e  

2 f o r  composite s t r u c t u r e  

This equation represents  the  requirements of an engineered c o s t  
es t imate .  The t o t a l  system c o s t  is derived using a s  many elements 
a s  poss ib le ,  with c o s t  equations r e l a t i n g  the elements and r e f l e c t -  
ing i n  d e t a i l  the  i n t e r a c t i o n  of t h e  elements when t h e  system i s  
developed, produced, operated, and supported. 



GENERAL COST ESTIMATING GUIDELINES 

Advanced CER methods r e l a t i v e  t o  Space Shut t l e  technology were 
developed and improved during the  Space s h u t t l e  Phase A and B 
s tud ies .  The est imating re la t ionsh ips  were validated against  cur- 
r en t  Space Shut t l e  cos t s  and applied t o  the  SSTO costing.  The 
prime contractor approach was  assumed tha t  a l l oca t e s  50% of the  
t o t a l  cost  t o  materials and subcontracts,  with the  prime contrac- 
t o r  re ta in ing  management, systems engineering, s t ruc tures ,  landfng 
gear,  TPS, e l e c t r i c a l ,  and f i n a l  assembly checkout functions,  

Separate cost  c l a s s i f i c a t i ons  were i dan t i f i ed  f o r  which labor,  
overhead, and G&A r a t e s  were developed. R a t e s  typ ica l  of a l a rge  
a i r c r a f t  manufacturer were as follows: 

Engineering $23.80/hr 

Tooling $20.50/hr 

Manufacturing $18.55/hr 

Materials & subcontract 27.5% 

Major subcontract 3.5% 

Engines and f a c i l i t i e s  were priced as GFE, without add i t iona l  
overhead o r  fee .  The control  document Cost pep F l i g h t ,  JSC Vol 
XVI, famed a basel ine  f o r  costing purposes. Vehicle design life 
was gief af 500 f l i g h t s  with an engine design l i f e  of 250 cycles,  
The lavqch i n t e r v a l  of 16 days per vehic le  requires  an engine 
d e s i w  l i f e  of only 172 cycles. 

DDT&E COSTING 

Guidelines 

The following costing guidelines were used fo r  DDT&E: 

(1) The schedule was i n  no way r e s t r i c t i v e ;  

(2) Program management was s e t  a t  6% of t o t a l  program cost ;  

(3) Systems Engineering was 12% of t o t a l  program cost ,  less pro- 
gram management; 

( 4 )  F a c i l i t y  construction assumed maximum use of ex i s t ing  fac i l -  
ities with the  addi t ion of two pads and one o r b i t e r  mainte- 
nance f a c i l i t y  each a t  KSC and WTR; 



(5) A nominal f l i g h t  test program is assumed. S t a t i c  f i r e ,  
hor izon ta l  t a x i  tests, and v e r t i c a l  takeoff use  a f l i g h t  
a r t i c l e ;  

( 6 )  Three sets of AGE were del iverable ;  

(7) F l i g h t  test spares  w e r e  de l ivered i n  t h i s  phase. 

Cost Estimating Relat ions (CER) 

Three groups of CERs t h a t  represent  the  bas i s  f o r  est imating 
design, tdol ing,  t e s t ,  and mate r i a l s  and subcontract  c o s t s  a r e  
tabulated i n  Table 31. The body s t r u c t u r e  labor c o s t s  have, been 
cor re la ted  with S-IV B LO2 and hydrogen tankage and F4B data. The 
design complexity f a c t o r s  increase  s t r u c t u r e s  design cos t s  by a 
f a c t o r  of 2.4; too l ing  f a c t o r s  increase  t h e  too l ing  c o s t s  by a 
f a c t o r  of 2.8 t i m e s  t h e  S-IV B basel ine .  The weight s c a l i n g  ex- 
ponents a r e  0.485 and 0.766 f o r  design and tool ing,  respect ively .  

TABLE 31. - COST ESTIMATING RELATIONSHIPS* 

I co s t  element 

Area, 1 m2 ( f t2 )  
I 

Thermal pro tec t ion  system 1 4 192 (45 126) 

I Design I 
I Test  I 
I Tooling I 

Materials  & subcontract  

Body s t r u c t u r e  

Design 

Test 

Tooling 

Weight, 

52 753 (116 299) 

I Materials b subcontract  I 
Aerodynamic con t ro l  sur face  28 767 (63 420 

Design 

I Test I I Tooling I 
Materials  & subcontract  

Labor, 
hr/m2 (hr/f  t 2 )  

Labor, 
hr/kg (h r l l b )  

Unit cos t ,  
$/m2 ( $ / f t 2 )  

Unit Cost , 
$./kg ($/ lb)  

Tota l  cos t ,  
$ Mill ions 

21 

53 

21 

18 

58 

9 1  

278 

18  

9 3 

56 

224 

14 
3 * 

Task 2 VTO example vehicle.  



Cost Results  

Table 32 tabula tes  DDT&E cos t s  f o r  each of the  veh ic le  con- 
cepts .  Weight d i f fe rences  among t h e  veh ic les  r e s u l t  i n  c o s t  d i f -  
ferences .  The l a r g e s t  c o s t  d i f ferences ,  however, r e s u l t  from con- 
s i d e r a t i o n s  of the  s l e d  c o s t s  f o r  t h e  HTO concept, namely $122 
Mill ion f o r  s l e d  veh ic le  design and $328 Mill ion f o r  s l e d  launch 
f a c i l i t i e s .  

TABLE 32.- DDT&E COSTS 

PRODUCTION COSTS 

Guidelines 

i t  

. Cost element 

Program management 
1 I 

Systems engineering and 
i n t e g r a t i o n  

A i r  veh ic le  design 

Ground support equipment 

Training 

Systems test and evaluation 
Test  hardwaret 
Test opera t ions  

HTO veh ic le  design 

Logf s t i c s  

F a c i l i t i e s  

Fee 

Tota l  

*LO2 i n  wing 

Production cos t  CERs w e r e  developed f o r  manufacturing, mate- 
r i a l ,  and labor .  Sustaining engineering and tool ing f a c t o r s  of 
8% and 10% respect ively  w e r e  used. Four f l i g h t  vehic les  w e r e  
pr iced f o r  each configurat ion concept, applying a 95% learning 
curve. Due t o  schedule delays between d e l i v e r i e s ,  no learning 
c r e d i t  w a s  given f o r  test a r t i c l e  production. Production control ,  
q u a l i t y  control ,  shipping,  and o the r  manufacturing departinents w e r e  

t2.5 equivalent  a i r  veh ic les  

1 

VTO 

$ 330 

590 

2317 

296 

172 

90 4 
390 

45 

466 

458 

$5968 

IFF 

$ 332 

591 

2441 

296 

172 

928 
39 0 

45 

466 

459 

$6120 

Dol lars  i n  mi l l ions  

HTO 

Dry 

$ 347 

619 

2491 

296 

172 

918 
390 

122 

45 

756 

48 3 ---- 
$6639 

Wet* 

$ 335 

599 

2380 

296 

172 

8 75 
390 

122 

4 5 

756 

466 

$6436 



considered a s  overhead. F i n a l  assembly, i n s t a l l a t i o n  and checkout 
w a s  pr iced i n  accordance with h i s t o r i c a l  d a t a  as 25% of t o t a l  pro- 
duction c o s t s  

Production CERs 

Costs i n  hours and d o l l a r s  per u n i t  weight, tabula ted  i n  Table 
33, are r e s u l t s  of design parameters, c o s t s ,  and complexity fac- 
t o r s  using t h e  genera l  CER equation previously described. Deriva- 
t i o n  of hours per  u n i t  va lue  can be  determined by dividing t h e  
labor  c o s t s  by t h e  weight t i m e s  t h e  labor  r a t e  of $18.55 per hour. 
Comparisons of hours per  pound among c o s t  elements are i n v a l i d ,  
however, because t h e  equation r e l a t i o n s h i p s  are exponential .  The 
S-IVB s t r u c t u r e s  cos t  per  pound i s  displayed t o  provide a po in t  
of c o r r e l a t i o n  wi th  fuse lage  s t r u c t u r e s  cos t s .  A complexity fac- 
t o r  of 1 .8  f o r  t h e  fuse lage  s t r u c t u r e  w a s  inpu t  t o  t h e  c o s t  model. 
With t h i s  f a c t o r ,  t h e  da ta  f o r  both SSTO and S-IVB c o r r e l a t e  t o  

190 (W) 
0.766 

Cost element 

I C r e w  s t a t i o n  

1 Body s t r u c t u r e  

Aerodynamic 
con t ro l  su r faces  

I Landing gear 

S-IVB s t r u c t u r e s  

*Example veh ic le  

Mater ia l  
Area, Labor, u n i t  c o s t ,  
m2 ( f t 2 )  hr/rn2 ( h r / f t 2 )  $/m2 ($ / f t2 )  

Cask 2 VTO. FY 19 76 d o l l a r s .  

Labor cos t  
1 $ mil l ions  

Cost Resul ts  

Var ia t ions  of t h e  production c o s t s  of t h e  veh ic le  concepts .are 
wi th in  10% (Table 34).  Concepts of const ruct ion are s i m i l a r  wi th  
t h e  exception of t h e  HTO concept with LO2 tanks i n  t h e  wings. 
Costs f o r  avionics ,  ECLS, power, and hydraul ics  are t h e  s a m e  f o r  
each concept. These c o s t s  exclude the  a i r c r a f t  tanker production 
cos t s .  The s l e d  c o s t s  are included i n  DDT&E. 



TABLE 34.-  PRODUCTION COSTS 

I D o l l a r s  i 

Cost element Dry 

S t r u c t u r e s  $ 307 $ 363 

Thermal p r o t e c t i o n  

Landing gea r  

'propulsion 1 354 1 292 

Avionics I 1 0 1  I 1 0 1  

ECLS 

Power, hydrau l i c s  

F i n a l  asse~nbly  and checkout 1 197 1 209 

Sus t a in ing  engineer ing  1 4 1  ( 45 

Sus t a in ing  t o o l i n g  1 52 1 56 

Fee 10 8 115 

T o t a l  - - 
F i r s t  a r t i c l e  c o s t  $ 362 $ 367 .. 
*LO2 i n  wing 

m i l l i o n s  

$ 309 

OPERATION COSTS 

Operat ions c o s t s  f o r  SSTO systems were i n i t i a l l y  es t imated  
us ing  t h e  approach of modifying p re sen t  Space S h u t t l e  ope ra t ions  
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 mod i f i ca 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  re- 
l a t e d  t o  t h e  e x t e r n a l  t ank  (ET) and t h e  so l id- rocket  b o o s t e r s  
(SRB). Th i s  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  pe r  
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 w a s  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. Th i s  approach involved a f u n c t i o n a l  anal-  
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 y e a r s  of Space S h u t t l e  ac t iv -  
i t ies  provide  t i m e  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 r o j e c t e d  improvements w e r e  based on cons ide ra t ions  of t h e  
automation (computer izat ion)  of many func t ions ,  a s  w e l l  a s  t h e  
f u t u r e  Space S h u t t l e  ope ra t ions  exper ience  and t h e  less complex 
SSTO f l i g h t  v e h i c l e  w i t h  self-checkout  c a p a b i l i t i e s .  ~ u i d e l i n e s  
and r e s u l t s  of t h i s  approach a r e  presented  here .  



The SSTO ope ra t ions  c o s t s  a r e  based on 1710 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 y e a r  (page 116) are 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 per iod .  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 

, o f  s p a r e s  are based on T i t a n  exper ience  and p r o j e c t i o n  f o r  SSTO op- 
e r a t i o n s .  F l i g h t  and launch ope ra t ions  are 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 are l a r g e l y  
automated. Most func t ions ,  t h e r e f o r e ,  can b e  performed by tech- 
n i c i a n s  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  c o s 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 t h e  60-hour ground oper- 
a t i o n s  t i m e l i n e  shown i n  F igure  67. Manhours and c o s t s  t o  support  
t h e s e  f u n c t i o n s  were es t imated  and used t o  develop t h e  c o s t s  p e r  
f l i g h t  shown i n  Table 35. Th i s  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  sma l l e r  c o s t s  p ro j ec t ed  f o r  
SSTO ope ra t ions .  

These sma l l e r  c o s t s  can b e  achieved wi th  "normal" technology 
growth focused i n  improving onboard f l i g h t  and ground support  sys- 
t e m s .  Examples f o r  ope ra t ions  technology emphasis are a s  fo l lows:  

(1) Onboard f l i g h t  systems designed w i t h  automated s e l f - t e s t  and 
I 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 r b i t  monitor ing sof tware  and cont ro l -center  s t a f f i n g .  

Space S h u t t l e  ope ra t ions  c o s t s  ( r e f .  5) have been a b a s i s  f o r  
de r iv ing  SSTO ope ra t ions  c o s t s .  I n  de r iv ing  SSTO c o s t s ,  t h e  WBS 
(Appendix B) conforms t o  t h e  cos t  element s t r u c t u r e  of Reference 
5. 

The Space S h u t t l e  b a s e l i n e  program c o s t s  of $10.45 m i l l i o n  was 
updated t o  F i s c a l  Year 1976 d o l l a r s  by a f a c t o r  of 1.32. Propel- 
l a n t  q u a n t i t y  requirements  were de r ived  from NASA~KSC engineer ing  
information.  P rope l l an t  and gas c o s t s  were der ived  from in-house 
d a t a ,  Linde Corporat ion,  and o t h e r  sources .  Costs  were used f o r  
LO2 and LH2 were $0.08/lb and $l.OO/lb, r e s p e c t i v e l y .  The opera- 
t i o n s  c o s t s  of t h e  SSTO concepts v a r y  d i r e c t l y  w i t h  t h e  p r o p e l l a n t s  
requi red .  Other cos t  v a r i a t i o n s  depend on t anke r  ope ra t ions ,  en- 
g ine  q u a n t i t i e s  o r  s l e d  opera t ions .  An a n a l y s i s  of t h e  launch and 
f l i g h t  ope ra t ions  manpower requirements  and c o s t s  is  i n  Appendix C. 



TABLE 35.- OPERATIONS COSTS PER FLIGHT 

LIFE-CYCLE COST RESULTS 

Launch operations 

F l igh t  operations 

A summary of projected t o t a l  program l i fe-cycle  cos t s  is  shown 
i n  Table 36. Space Shut t l e  costs ,  shown fo r  comparison, a r e  based 
on 1,016 launches whereas SSTO cos t s  a r e  based on 1,710 launches, 
both over a 15-year period of operations. Discounted values a r e  
shown f o r  Space Shut t l e  and VTO programs a t  a 10% rate. Space 
Shut t l e  cos t s  were discounted from the  1973 start of DDT&E; SSTO 
cos t s  were discounted from 1976. These dates  are selected as being 
the  years of decision making. 

Refurbishment 

Solid rocket  booster 

External tank 

Engines 

HTO 

Tanker 

Totals  

Technology growth provided by the Space Shut t l e  program is, 
of course, a p re requ is i t e  f o r  the  development of t he  SSTO program. 
Also, s i gn i f i c an t  reductions i n  Space Shut t l e  operations cos t s  
should be ant ic ipated a s  r epe t i t i on  of mission functions and more 
automation is  experienced. The SSTO cos t s ,  however, being con- 
s iderably  less than Space Shu t t l e  costs ,  i nd i ca t e  t h a t  R&T focused 
on advanced t ranspor ta t ion systems w i l l  have an important payoff. 

*control  document, JSC 07700, Volume XVI 

?LO2 i n  wing 

0.42 0.55 

3.33 4.40 

1.75 ' 2.31 

0.23 0.30 

10.45 13.90 

0.077 

0.210 

- 
1.940 

0.077 0.077 

0.168 0.168 

0.022 0.022 

-- 
1.937 1.877 

0.077 

0.168 

0.342 

2.319 



TABLE 36 . -  LIFE CYCLE COSTS 

Per turbat ions  on SSTO c o s t s  w e r e  examined from severa l  aspects .  
I f ,  f o r  example, t h e  production learning curve i s  reduced from 95% 
t o  85%, approximately $283 mi l l ion  would be saved. Production of 
one less veh ic le  ( four  ins tead of f i v e )  would save $300 million.,  
Increasing t h e  mission success r a t i o  from 92.5% t o  95% would reduce 
the  number of launch at tempts required,  thereby reducing the  opera- 
t i o n s  c o s t s  over 15  years  by $86 mi l l ion .  

DDT&E 

Production 

Operations 

To ta l s  

The cos t  ana lys i s  has r e f l e c t e d  t h e  advantages of "normal" 
growth i n  technology t h a t  w i l l  r e s u l t  from both continued re- 
search focused on SSTO requirements and from r e l a t e d  f u t u r e  Space 
S h u t t l e  and a i r c r a f t  experience. Selec t ion of thermostructural  
designs t h a t  use aluminum tanks a s  w e l l  a s  l ightweight  composites 
has allowed us t o  c a l c u l a t e  c o s t s  without introducing any abnormal 
cost-complexity f a c t o r s .  Costs of TPS have been based on, i n  p a r t ,  
our background with p ro jec t ing  c o s t s  of RSI i n  many o the r  appl i -  
ca t ions .  The c o s t  ana lys i s  has used a r a t i o n a l  approach and pro- 
vided meaningful r e s u l t s .  

*LOz i n  wing 

HTO 

Space S h u t t l e  

FY '76 $ 

5 499 

1 000 

14  052 

20 551 

Discounted 

3976 

655 

3699 

8270 

VTO IFF 

IT '76 $- 

6 120 

1 359 

3 965 

11 444 

FY '76 $ 

5 968 

1 399 

3 317 

10 684 

Dry Wet* 

Discounted 

1 777 

2 8 1  

249 

2 307 

FY '76 $ 

6 639 

1 420 

3 312 

11 371 

FY '76 $ 

6 436 

1 351 

3 210 

10 997 

Discounted 

1 979 

285 

248 

2 512 

Discounted 

1 906 

271 

253 

2 430 



SELECTED VEHICLES FOR FURTHER ASSESSMENT 

Major r e s u l t s  of t h e  vehic le  design weight analyses and pro- 
gram c o s t  analyses are shown on Table 37. The weights of t h e  VTO 
and HTO concepts are f o r  veh ic les  s i zed  using revised aerody- 
namics. Dry weight i s  a f i g u r e  of m e r i t  f o r  comparing concepts 
and t h i s  parameter is l e a s t  f o r  t h e  HTO vehic le .  Other f igures  
of m e r i t  are t o t a l  program c o s t s  and the  c o s t  pe r  pound of payload 
i n  o r b i t ;  these  a r e  l e a s t  f o r  t h e  VTO veh ic le .  For comparison, 
t h e  Space S h u t t l e  m e r i t  index is  $509/kg ($231/lb) and $134/kg 
($60.9/lb) based on f i s c a l  year 1976 and discounted d o l l a r s  re- 
spect ively .  

TABLE 37.- COMPARISON OF VEXCCLE CONCEPTS, WIGHTS, AND COSTS 

A mission success f a c t o r  of 0.925 w a s  used f o r  t h e  HTO and 
the  IFF concepts because t h e  s l e d  o r  the  tanker a i r c r a f t  introduce 
r i s k s  t h a t  may degrade success s i m i l a r  t o  t h e  Space S h u t t l e  ET/SRB 
s tages .  A mission success f a c t o r  of 0.95 was used f o r  the  VTO 
based on t h e  following expected improvements: 

Dry weigh t  
kg 
( l b )  

GLOW 
k g  
( l b )  

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% 

Mer i t  index* 
d o l l a r s l k g  ( d o l l a r s / p o u n d )  

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

(1) SSTO w i l l  have an a d d i t i o n a l  15  t o  20 years  experience i n  
technology and Space Shu t t l e  f l i g h t s ;  

(2) SSTO w i l l  have a higher f l i g h t  r a t e  than Space Shu t t l e ,  there- 
by exposing and solving f l i g h t  projlems i n  a s h o r t e r  t i m e  
span ; 

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

VTO 

196 923  
(434 142)  

1 883 631  
(4 152  695) 

1 0 . 7  
2.3 

6 9 . 3  (31.4)  
5 .3  (2.4)  

IFF 

217 994 
(480 595) 

1 990 279 
(4  387 815) 

11 .4  
2.5 

85 .1  (38.6) 
6.4 (2.9)  

HTO 

Dry wing 

217 493 
(479 491) 

1 960 291 
(4 321 701) 

11.4 
2.5 

71.0 (32.2) 
5 .3  (2.4) 

Wet wing 

190  002 
(418 882) 

1 752 275 
( 3  863 105) 

11 .0  
2.4 

68.8 (31.2) 
5 . 2  (2.3)  



(3) SSTO will use Space Shuttle technology in various subsystems, 
thereby minimizing new high risk technology items; 

( 4 )  The VTO is a single stage flight system. 

Based on the assessments of vehicle cost-performance merits, 
the VTO and the wet-wing HTO concepts were pursued during the 
Extended Performance Studies. Advanced technology assessments 
were focused on the VTO concept. 



ADVANCED TECHNOLOGY ASSESSMENT 

The Advanced Technology Assessment t a s k  i d e n t i f i e s  technology 
a r e a s  o f f e r i n g  t h e  g r e a t e s t  p o t e n t i a l  cost/performance/ b e n e f i t s  
f o r  SSTO VTO v e h i c l e s  t h a t  can r e s u l t  from focused R&T and addi-  
t i o n a l  funding. The a d d i t i o n a l  funding r e p r e s e n t s  R&T funding 
above the  "normal" l e v e l  prev ious ly  def ined .  Technology parameters 
were s e l e c t e d  t h a t  o f f e r e d  a p o t e n t i a l  f o r  s i g n i f i c a n t  improvement 
i n  veh ic l e  dry weight .  These parameters  r e l a t e d  t o  t h e  primary 
technology a r e a s  of m a t e r i a l s ,  s t r u c t u r e s ,  and propuls ion ,  a s  w e l l  
as secondary technology a r e a s  taken a s  a whole and v e h i c l e  design 
c r i t e r i a  and design margin requirements .  Research and technology 
programs were then  i d e n t i f i e d  t h a t  could b e  implemented t o  pursue 
t h e  improvements i n  the  technology parameters.  These R&T a c t i v i -  
t i e s  were s e l e c t e d  using t h e  fol lowing genera l  gu ide l ines :  

(1) Each program r e p r e s e n t s  a de f inab le  s e t  of R&T a c t i v i -  
t i e s  t h a t  l e a d  t o  improvements i n  r e l a t e d  parameters;  

( 2 )  Each program i s  e s s e n t i a l l y  independent of o t h e r  programs 
i n  tb rms  of i t s  goals  and a c t i v i t i e s ,  a l though combinations of pro- 
grams may l e a d  t o  common v e h i c l e  o b j e c t i v e s ;  

(3) Each program i s  de f ined  i n  s u f f i c i e n t l y  genera l  terms t o  
i nc lude  a broad scope (matr ix)  of r e l a t e d  R&T a c t i v i t i e s ;  

( 4 )  Each program i s  considered a s  a major candida te  f o r  iden- 
t i f i c a t i o n  i n  t he  NASA RTOPs, and can inc lude  subse t s  of RTOPs t h a t  
support  t he  program. 

The goa ls  of  t he  R&T programs i n  terms of v e h i c l e  parameter 
improvements and the  a s s o c i a t e d  man-years of e f f o r t  were est imated 
us ing  de lph i  techniques f o r  a 95% t o t a l  confidence i n t e r v a l ,  i . e . ,  
t h e  t o l e rances  f o r  t h e  parameters and funding l e v e l s  were est imated 
so t h e  t o t a l  i n t e r v a l s  inc luded  95% of t he  a n t i c i p a t e d  t o t a l  range. 
The manloadings f o r  t h e s e  t a s k s  f o r  t h e  yea r s  1975-1988 were con- 
v e r t e d  t o  1975 ( F i s c a l  Year 1976) d o l l a r s .  The c o s t s  of  any addi- 
t i o n a l  m a t e r i a l s  and f a c i l i t i e s  expendi tures  a l s o  were included.  

Each technology improvement f o r  t h e  var ious  R&T programs was 
used t o  c a l c u l a t e  i t s  o v e r a l l  e f f e c t s  on v e h i c l e  s i z e  and weights.  
These per turbed  v e h i c l e  d a t a  were incorpora ted  i n  a c o s t  model t o  
determine the  t o t a l  l i f e  cyc l e  c o s t s  (LCC) f o r  t h e  improved opera- 
t i o n a l  veh ic l e ,  assuming s t a r t  of t he  DDT&E phase i n  1982 and l a s t  
o p e r a t i o n a l  f l i g h t  i n  2009. Both t h e  R&T funding and t h e  l i f e  
cyc l e  c o s t s  were expressed i n  1975 d o l l a r s  and then discounted a t  
a nominal r a t e  of 10%. 



Cost/performance/benefit f i g u r e s  of mer i t  f o r  t h e  var ious  
I 

technology improvements were def ined  us ing  combinations of t h e  I 

discounted and undiscounted R&T and LCC va lues  and t h e  improve- 
ments i n  v e h i c l e  weights .  These d a t a  were a b a s i s  f o r  assessments 
of t h e  mer i t  of advanced technologies .  

IDENTIFICATION OF PERTURBED PARAMETERS 

The f i r s t  s t e p  i n  t h e  Advanced Technology Assessment was t o  
i d e n t i f y  t h e  technology parameters  t h a t  could o f f e r  a s i g n i f i c a n t  
reduct ion  i n  SSTO dry weight.  These parameters ,  i d e n t i f i e d  i n  
Tables  38 and 39, were s e l e c t e d  based on t h e  previous two t a s k .  
a c t i v i t i e s ,  as w e l l  as awareness of p o s s i b l e  new technology pro- 
grams. The improved v a l u e s  of t h e s e  parameters ,  which may r e s u l t  
w i t h  a c c e l e r a t e d  R&T funding, were then based on t h e  p r o j e c t i o n  
f o r  "normal" technology growth a s  w e l l  a s  judgements of f u r t h e r  
technology growth p o t e n t i a l s .  

IDENTIFICATION OF RESEARCH AND TECHNOLOGY PROGRAMS 

Based on t h e  preceding s e l e c t i o n  of per turbed  parameters ,  
twelve r e sea rch  programs were s e l e c t e d  f o r  assessment of t h e  po- 
t e n t i a l  b e n e f i t s  of a c c e l e r a t e d  funding and emphasis, Seven of  
t h e  twelve r e l a t e  t o  advancements i n  t h e  ma te r i a l s ,  s t r u c t u r e s ,  
and system suppor t  areas and t h e  remaining f i v e  r e l a t e  t o  t h e  
propuls ion  areas. These twelve a r e a s  a r e  summarized i n  Table 40. 

The funding l e v e l s  and r equ i r ed  o v e r a l l  a c t i v i t i e s  f o r  each 
s e l e c t e d  R&T program a r e  given i n  F igure  70, The m a t e r i a l s ,  s t r u c -  
t u r e s ,  and system suppor t  programs a r e  planned t o  s t a r t  i n  1977 
and t o  encompass a 10  t o  12  yea r  pe r iod .  With t h e  except ion  of  
t h e  i n t e g r a t i o n  engineer ing  program, each of  t h e  programs c o n s i s t s  
of a pe r iod  f o r  an a n a l y s i s  of t h e  design and m a t e r i a l s ,  optimiza- 
t i o n  of  t h e  des ign ,  development of m a t e r i a l  c h a r a c t e r i s t i c s  and 
manufacturing techniques ,  smal l  s c a l e  tests, and l a r g e  s c a l e  t e s t s .  
The f i v e  propuls ion  technology advancement programs a r e  scheduled 
t o  s t a r t  i n  1976 and t o  b e  completed by 1984. Each of t h e s e  pro- 
grams w i l l  c o n s i s t  of an a n a l y s i s  of t h e  design concept,  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  o r  l abo ra to ry  t e s t s ,  and component and subsystem 
t e s t s .  The o b j e c t i v e s ,  a c t i v i t i e s ,  and t e s t  programs o f  each of 
t h e  twelve programs a r e  given i n  t h e  fo l lowing  subsec t ions .  



TABLE 38.- PROPULSION PARAMETERS ' 

TABLE 39.- MATERIALS, STRUCTURES, AND DESIGN OPTIMIZATION PARAMlETERS 

Basis for 

Parameter to be perturbed 

structure, skirts, payload doors, 



TABLE 40 .- ADVANCED TECHNOLOGY PROGRAMS SELECTED FOR ASSESSMENT 

Mate r ia l s ,  s t r u c t u r e s ,  and design 
opt imizat ion Propulsion 

1. Thermal p ro tec t ion  systems 6 .  Main engine in jectors /chambers /  
nozzles  

2.  P rope l lan t  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 cool ing 

4. Thrust s t r u c t u r e s  
9.  OMS/RCS systems 

5. Miscellaneous 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  

Secondary technologies  Design c r i t e r i a  

Thermal P r o t e c t i o n  Systems (TPS) 

T h i s  R&T program w i l l  c o n c e n t r a t e  on a c c e l e r a t e d  r e s e a r c h  t o  
improve t h e  v e h i c l e  t h e r m a l  p r o t e c t i o n  sys tem (TPS) i n  ferms of  
(1)  maximizing performance,  r e l i a b i l i t y ,  and r e u s e ,  and (2)  mini-  
mizing t h e  complexi ty  a s s o c i a t e d  w i t h  d e s i g n ,  a n a l y s e s ,  f a b r i c a -  
t i o n ,  i n s t a l l a t i o n ,  maintenance,  and q u a l i t y  a s s u r a n c e .  The R&T 
emphasis  w i l l  b e  p l a c e d  on, b u t  n o t  l i m i t e d  t o ,  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  sys tems  improvements. Advancements i n  t h e  c h a r a c t e r i s -  
t i c s  o f  the rmal  p r o t e c t i o n  sys tems  u s i n g  r e u s a b l e  n o n m e t a l l i c s ,  
h i g h  t e m p e r a t u r e  m e t a l l i c s ,  and combinat i o n s  t h e r e o f  w i l l  b e  pur- 
sued  w i t h  t h e  f o c u s  on SSTO a p p l i c a t i o n s .  A c t i v i t i e s  a r e  enumer- 
a t e d  i n  t h e  f o l l o w i n g  paragraphs .  

TPS a n a l y s i s  and design. -  

(1) Improve a n a l y t i c a l  methods f o r  e v a l u a t i n g  TPS performance 
u s i n g  materials c h a r a c t e r i s t i c s ,  l a b o r a t o r y ,  and f l i g h t  d a t a .  

(2) Develop TPS d e s i g n  c o n c e p t s  i n c l u d i n g  i n t e r f a c e s  w i t h  
v e h i c l e  s t r u c t u r e s .  Analyze performance as r e l a t e d  t o  v a r i o u s  
v e h i c l e  c o n f i g u r a t i o n s  and aerothermodynamic f l i g h t  environments ,  
and o p e r a t i o n a l  environments .  



(3) Provide goa l s  and approaches toward developing new TPS 
m a t e r i a l s  and improving known ma te r i a l s .  

(4)  Analyze a l t e r n a t i v e  manufacturing and q u a l i t y  assurance 
techniques and f a c i l i t y  requirements .  

Research and l abo ra to ry  t e s t s . -  

(1) Obtain TPS materials and subsystem c h a r a c t e r i s t i c s  us ing  
wind tunne l ,  plasma a r c ,  and mechanical t e s t  f a c i l i t i e s  . Upgrade 
wind tunne l  and plasma a r c  f a c i l i t i e s  t o  more c l o s e l y  r ep re sen t  
f l i g h t  environments. 

(2)  Develop new and improved m a t e r i a l  compositions and formu- 
l a t i o n  techniques.  

(3 )  Evaluate  a p p l i c a b i l i t y  of non-des t ruc t ive  t e s t  methods 
and equipment. 

Subsystem t e s t s  .- 
(1)  Perform structural /environri iental  t e s t s  on small  and f u l l -  

s c a l e  TPS panels .  Inc lude  ground t e s t s  and f l i g h t  t e s t s  (Space 
S h u t t l e  and a i r c r a f t  such a s  YF-12 and X-24C), 

(2) Perform v e r i f i c a t i o n  of  non-destruct ive eva lua t ion  tech- 
niques.  

(3)  Perform workltime s t u d i e s  t o  support  c o s t  ana lyses  on 
maintenance, r e p a i r  and r e fu rb  a c t i v i t i e s  a f f e c t i n g  turnaround 
t i m e .  

(4) Develop manufacturing, assembly, and maintenance processes .  

P rope l l an t  Tanks 

The o b j e c t i v e  of t h i s  program w i l l  be  t o  improve t h e  propel-  
l a n t  tank  design technology l e v e l .  This  development w i l l  i nc lude  
such a r e a s  as main p rope l l an t  tank, RCSIOMS, and p rope l l an t  feed 
systems. A c t i v i t i e s  a r e  l i s t e d  i n  t h e  fo l lowing  paragraphs. 

S t r u c t u r a l  op t imiza t ion  and -- design.  - 

(1) Focus on p rope l l an t  tank design and opt imiza t ion  t o  
improve a n a l y t i c a l  methods f o r  p r e d i c t i n g  f a i l u r e  modes. 

(2) Design p rope l l an t  t anks  t o  improve t h e  b a s i c  s t r u c t u r a l  
l ayou t  and cons t ruc t ion ,  as w e l l  a s  t h e  feed  systems, p r o p e l l a n t  
u t i l i z a t i o n  f e a t u r e s ,  and i n t e r f a c e s  w i th  t h e  TPS and o t h e r  s t r u c -  
t u r e s .  Apply advanced composite materials when app l i cab le .  
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Figure 70.- Accelerated R&T programs and annual costs 
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Research and l a b o r a t o r y  t e s t s . -  --- 

(1) Determine t h e  c h a r a c t e r i s t i c s  of t h e  tank  m a t e r i a l s  i n  
SSTO f l i g h t  environments so  opt imal  use can b e  made of them, mini- 
mizing design margin requirements.  

(2) Develop t h e  manufacturing technology requi red  t o  use  
m a t e r i a l s  o f  i n t e r e s t  combined wi th  tankage conf igura t ions .  

(3)  Accelera te  m a t e r i a l  t e s t i n g  t o  i n c r e a s e  tankage r e l i a -  
b i l i t y  i n  t h e  a r e a  of  f r a c t u r e  rruechanics. 

Subsystem t e s t s . -  Conduct smal l  s c a l e  and l a r g e  s c a l e  s t r u c -  
t u r a l  and environmental t e s t s  on s e l e c t e d  tank  s t r u c t u r a l  con- 
cep t s .  

Wing and V e r t i c a l  T a i l  S t r u c t u r e s  

Th i s  program w i l l  improve t h e  s t r u c t u r e s  technology a r e a  f o r  
a p p l i c a t i o n  t o  t h e  wing and v e r t i c a l  t a i l  s t r u c t u r a l  assembly. 
These improvements w i l l  encompass such i tems a s  c o n t r o l  su r f aces ,  
con t ro l  a c t u a t o r s ,  fu se l age  i n t e r f a c e s ,  carrythrough s t r u c t u r e ,  
wing p rope l l an t  tanks,  composite ma te r i a l s ,  and TPS i n t e g r a t i o n .  
A c t i v i t i e s  a r e  a s  follows: 

S t r u c t u r a l  op t imiza t ion  and design ,analysis . -  

(1)  Define and analyze a l t e r n a t i v e  concepts  f o r  s t r u c t u r a l  
m a t e r i a l s  and opt imiza t ion .  Ma te r i a l s  w i t h  high s t r e n g t h  t o  weight 
and high modulus t o  weight p r o p e r t i e s ,  such as t h e  advanced com- 
p o s i t e  f i l amen t s  - graph i t e ,  boron, b o r s i c  and Kevlar f a m i l i e s  - 
w i l l  b e  analyzed i n  va r ious  ma t r i ce s  t o  provide minimum weight 
s t r u c t u r e s .  Design op t imiza t ion  w i l l  inc lude  design l ayou t s ,  f i -  
n i t e  element thermost ruc tura l  modeling, e x t e r n a l  load ,  and TPS de- 
s i g n .  

Research and l a b o r a t o r y  tests.- 

(1)  Acce lera te  development of advanced composite m a t e r i a l  
f o r  both h ighe r  e f f i c i e n c i e s  and lower c o s t s ,  Ma te r i a l  cha rac t e r -  
i s t i c s  w i l l  b e  determined f o r  a p p l i c a t i o n '  t o  t h e  SSTO environment. 

(2) Determine updated manufacturing technology t o  handle  t h e  
new materials o f  i n t e r e s t .  

Subsystem t e s t . -  

(1)  Conduct bo th  s m a l l  and f u l l - s c a l e  s t r u c t u r a l  and environ- 
mental tests o f  t y p i c a l  wing and v e r t i c a l  t a i l  s t r u c t u r a l  s e c t i o n s .  



(2 )  F l i g h t  t e s t  s e l e c t e d  des igns  t o  be  used f o r  t h e  develgp- 
rnen t /ve r i f i ca t ion  process .  Tes t  p la t forms such a s  t h e  YF-12, 
X-24C, and Space S h u t t l e  w i l l  b e  a v a i l a b l e  f 3 r  t hese  t e s t s .  

Thrust  S t r u c t u r e s  

This ,  R&T program w i l l  improve t h r u s t  s t r u c t u r e  design con- 
cep t s  l e a d i n g  t o  reduced weight,  us ing  advanced ma te r i a l s ,  design . 
concepts ,  and manufacturing techniques .  A c t i v i t i e s  a r e  d e t a i l e d  
i n  t h e  fol lowing paragraphs.  

S t r u c t u r a l  op t imiza t ion  - and design.- 

(1) Develop concept des igns  f o r  t h r u s t  s t r u c t u r e s  using ad- 
vanced composite m a t e r i a l s  such a s  t h e  graphi te/epoxy and boron/ 
epoxy f a m i l i e s ,  i n t e g r a t e d  w i t h  a l t e r n a t i v e  eng ine l a i r f r ame l t ank  
arrangements.  

, (2)  E s t a b l i s h  environmental c r i t e r i a  ( loads ,  v i b r a t i o n ,  
no i se ,  thermal ,  , l i f e )  f o r  SSTO t h r u s t  s t r u c t u r e s .  

(3)  Perform loads  ana lyses  of concept des igns  wi th  improved 
computer s y n t h e s i s  models. 

(4)  Analyze p o t e n t i a l  manufacturing techniques  and requi re -  
ment s. 

Research and l abo ra to ry  t e s t s . -  

(1)  Acce lera te  advanced composite m a t e r i a l  development t o  
i n c r e a s e  effici .ency and lower c o s t s ,  Determine m a t e r i a l  charac te r -  
i s t i c s ,  

(2)  Fab r i ca t e  t h r u s t  s t r u c t u r e  samples and perform s t r u c t u r a l  
and environmental t e s t s .  Tes t  va r ious  f a b r i c a t i o n  techniques  t o  
improve manufacturing technology. 

Subsystem t e s t s . -  

! (1) F a b r i c a t e  smal l  and l a r g e  s c a l e  t h r u s t  s t r u c t u r e  elements 
us ing  s e l e c t e d  advanced materials and manufacturing techniques.  

(2)  Perform s t r u c t u r a l  and environmental t e s t s  a s  a b a s i s  
f o r  eva lua t ion  of design concepts ,  techniques,  and a n a l y s i s  
methods . 

Miscellaneous S t r u c t u r e s  

The o b j e c t i v e  of t h i s  program w i l l  b e  t o  imprpve t h e  design 
technology l e v e l  of a number of secondary s t r u c t u r a l  systems. 



These systems w i l l  i nc lude  nontank s t r u c t u r e s ,  acces s  doors,  land-  
i n g  gear  i n t e r f a c e s ,  subsystem i n t e r f a c e s ,  t h e  payload compartment, 
t h e  crew compartment w i t h  docking mechanisms, and t h e  i n t e r n a l  
h e a t i n g  c o n t r o l .  The fo l lowing  a c t i v i t i e s  w i l l  b e  performed. 

S t r u c t u r a l  op t imiza t ion  and design.-  Define and ana lyze  a l t e r -  ---- 
n a t i v e  concepts  f o r  s t r u c t u r a l  m a t e r i a l s  and opt imiza t ion .  Mate- 
r i a l s  w i t h  h igh  s t r e n g t h  t o  weight and h igh  modulus t o  weight pro- 
p e r t i e s ,  such a s  t h e  graphi telepoxy and boronlepoxy advanced com- 
p o s i t e  f a m i l i e s ,  w i l l  b e  analyzed t o  provide minimum weight  s t r u c -  
t u r e s .  Design op t imiza t ion  w i l l  i nc lude  design l ayou t s ,  f i n i t e  
element thermos t r u c t u r a l  modeling, l oads  and environmental e f f e c t s ,  

Research and l a b o r a t o r y  tests.- 

(1)  Acce le ra t e  advanced composite m a t e r i a l  development t o  
i n c r e a s e  e f f i c i e n c y  and lower cos t s .  Determine m a t e r i a l  charac- 
t e r i s  t i c s .  

(2)  Develop t h e  manufacturing technology r equ i r ed  t o  use  ad- 
vanced m a t e r i a l s  i n  t h e  design of t h e s e  s t r u c t u r e s ,  

Subsystem t e s t s .  - 

(1) Conduct smal l  s c a l e  and l a r g e  s c a l e  s t r u c t u r a l  and envi-  
ronmental t e s t s  on s e l e c t e d  s t r u c t u r a l  concepts .  

(2) Some f l i g h t  t e s t  v e r i f i c a t i o n  may b e  requi red .  High 
speed a i r c r a f t  such a s  t h e  YF-12, X-24C, and Space S h u t t l e  can b e  
used i n  t h e  test program. 

Main Engine ~njectors/~hambers/~ozzles 

The o b j e c t i v e  of t h i s  program w i l l  b e  t o  improve t h e  main en- 
g ine  technology l e v e l  through more i n t e n s i v e  development of t h e  
components t h a t  comprise t h e  t h r u s t  chamber assembly. A c t i v i t i e s  
a r e  o u t l i n e d  i n  t h e  fo l lowing  paragraphs.  

Thrust  chamber assembly a n a l y s i s  and design.- 

(1)  Develop i n j e c t o r  p a t t e r n  t o  improve performance, reduce 
p re s su re  drop, improve combustion s t a b i l i t y ,  and reduce r equ i r ed  
chamber l eng th .  

(2) Develop i n j e c t o r  s t r u c t u r a l  design t o  accommodate p a t t e r n  
changes and t o  minimize weight .  T h i s  e f f o r t  w i l l  i n c l u d e  i n v e s t i -  
ga t ion  of new manufacturing techniques,  combustion chamber s i z e ,  
shape and s t r u c t u r a l  con f igu ra t ion  t o  reduce weight; improve per-  
formance, and main ta in  s u f f i c i e n t  cool ing .  



(3) Explore a p p l i c a b l e  engine c y c l e s  t o  improve performance 
and, i n  p a r t i c u l a r ,  t o  extend engine l i f e  and r e u s a b i l i t y .  The 
design op t imiza t ion  w i l l  i nc lude  examination of ox id i ze r  and f u e l -  
r i c h  preburners  o r  gas g e n e r a t o r s  and component i n t e g r a t i o n  to  
r educe  s i z e  and weight of v a l v e s ,  l i n e s ,  e t c ,  

( 4 )  Evaluate  t h e  i n j e c t o r  and combustion chamber technology 
improvements der ived  f o r  primary t h r u s t  chambers a s  appl ied  t o  gas 
gene ra to r s  and preburners .  I n  add i t i on ,  i n v e s t i g a t e  h ighe r  perform- 
i n g  fue l - r i ch  and ox id i ze r - r i ch  designs.  I n j e c t o r  p a t t e r n  de- 
velopment w i th  reduced p re s su re  drop w i l l  c o n t r i b u t e  t o  h igher  
subsystem e f f i c i e n c y  and reduced weight .  

-- 

Research and l a b o r a t o r y  t e s t s . -  

(1) I n v e s t i g a t e  h i g h e r  s t r e n g t h  meta ls  and composite mate- 
r i a l s  t o  e s t a b l i s h  a p p l i c a b i l i t y ,  m a t e r i a l  c h a r a c t e r i s t i c s ,  and 
design c r i t e r i a .  

(2)  Develop new manufacturing and forming techniques pa ra l -  
l e l i n g  t h e  design concepts . 

Subsystem t e s t s .  - 
(1) Build and t e s t  components and subassembly hardware repre-  

s e n t i n g  t h e  most promising concepts and cyc le  f e a t u r e s .  

( 2 )  Although no new major f a c i l i t i e s  w i l l  b e  necessary ,  t e s t  
f i x t u r e s ,  new ins t rumen ta t ion  and modi f ica t ion  of e x i s t i n g  f a c i l i -  
t ies w i l l  b e  requi red .  

Main Engine Pumps 

Th i s  R&T program w i l l  b e  d i r e c t e d  toward t u r b i n e  and propel-  
l a n t  pump improvements t h a t  i n c r e a s e  e f f i c i e n c i e s ,  improve compo- 
nent  l i f e ,  and reduce weight .  A c t i v i t i e s  a r e  a s  fol lows.  

Turbopump assembly design a n a l y s i s .  - 

(1) Optimize p r o p e l l a n t  impe l l e r ,  d i f f u s e r ,  and b l ade  design.  
P a r t i c u l a r  emphasis on c a v i t a t i o n  phenomena d e f i n i t i o n  and suppres- 
s i o n  w i l l  b e  requi red .  Technology of low NPSH pumps i s  emphasized. 

(2) I n v e s t i g a t e  t u r b i n e  cool ing  e x t e n s i v e l y  t o  extend l i f e  
and t o  improve performance by a l lowing  h ighe r  t u r b i n e  i n l e t  gas 
temperatures .  

(3) Pursue pump b e a r i n g  development and s e a l s  improvements 
(poss ib ly  through s e a l  e l imina t ion )  . 



Research and l a b o r a t o r y  t e s t s .  - ---- 

(1)  Accomplish new materials research  f o r  a p p l i c a t i o n  t o  
pumps, t u rb ines ,  and d r i v e  mechanisms. 

(2) I n v e s t i g a t e  new manufacturing and forming processes .  

Subsystem t e s t s .  - 

(1) Manufacture and t e s t  components and subassembly t e s t  
hardware us ing  e x i s t i n g  f a c i l i t i e s .  

(2)  Some modi f ica t ion  of e x i s t i n g  f a c i l i t i e s ,  some new f i x -  
t u r e s ,  and a d d i t i o n a l  i n s t rumen ta t ion  w i l l  b e  r equ i r ed .  

Main Engine Cooling 

The o b j e c t i v e  of t h i s  program w i l l  be  t o  reduce weight through 
improved t h r u s t  chamber and t u r b i n e  cool ing.  A c t i v i t i e s  a r e  de- 
t a i l e d  i n  t h e  fol lowing paragraphs. 

Thrus t  chamber assembly and t u r b i n e  design a n a l y s i s .  - 

(1)  Reduce system p res su re  l o s s e s  by developing b e t t e r  cool- 
i n g  techniques.  Lower p re s su re  l o s s e s  reduce pump d ischarge  pres-  
s u r e s  and power requirements ,  r e s u l t i n g  i n  sma l l e r  l i g h t e r  pumps, 
t u r b i n e s ,  and preburners  o r  gas  genera tors .  

( 2 )  I n v e s t i g a t e  o x i d i z e r  o r  bo th  p r o p e l l a n t s  a s  t h e  coolant .  
Because of dens i ty ,  h ighe r  l i q u i d  oxygen pump d ischarge  p re s su res  
a r e  e a s i e r  t o  a t t a i n  t han  those  w i t h  l i q u i d  hydrogen. The system 
can b e  optimized f o r  minimum engine  weight o r  h ighe r  chamber pres -  
su re s .  

( 3 )  Research new m a t e r i a l s  and coa t ings  toward minimizing t h e  
h e a t i n g  e f f e c t s  on engine hardware thus  reducing cool ing  requi re -  
ments and g iv ing  longe r  l i f e .  

Research and l a b o r a t o r y  t e s t s . -  

(1) Tes t  new m a t e r i a l s  and coa t ings  f o r  e f f e c t i v e n e s s  and 
t o  e s t a b l i s h  design c r i t e r i a .  

(2)  T e s t  p r o p e l l a n t s  t o  b e t t e r  d e f i n e  t h e i r  f l u i d  p r o p e r t i e s ,  
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  and cool ing  c a p a b i l i t i e s .  

(3) Conduct model h e a t  t r a n s f e r  tests of r e p r e s e n t a t i v e  cool- 
i n g  conf igu ra t ions .  



Subsystem t e s t s  .- Conduct s i n g l e  component and subassembly 
t e s t s  of t h e  b e s t  des igns  using LO2 and/or  both p r o p e l l a n t s  as 
coo lan t s .  

The o b j e c t i v e  of  t h i s  program i s  t o  e s t a b l i s h  advanced engine 
and p rope l l an t  system performance and design c r i t e r i a  f o r  o r b i t  
maneuvers and r e a c t i o n  c o n t r o l  systems us ing  L02/LH2. A c t i v i t i e s  
a r e  l i s t e d  i n  t h e  fol lowing t a b u l a t i o n .  

OMS/RCS a n a l y s i s  and conceptual  design.- 

(1) Pursue L02/LH2 pressure-fed and pump-fed engine and/or 
t h r u s t e r  development us ing  t h e  technology developed from l a r g e r  
s c a l e  hardware a s  w e l l  a s  new concepts t a i l o r e d  t o  f a s t  a c t i n g  
small impulse b i t  t h r u s t e r s .  Addi t iona l  research  i n t o  pu l s ing  
L02/LH2 a t t i t u d e  c o n t r o l  t h r u s t e r s  w i l l  develop high-performance, 
low-weight a u x i l i a r y  propuls ion  systems. 

(2 )  Continue s t u d i e s  and development on gaseous p rope l l an t  
supply systems common t o  OMS/RCS and/or  a u x i l i a r y  power systems. 

(3 )  Focus p a r t i c u l a r  emphasis on cryogenic l i q u i d  p rope l l an t ,  
used i n  e i t h e r  l i q u i d  o r  gaseous phase, employing a common, 
r e l a t i v e l y  smal l ,  accumulator o r  boost  s e r v i c e  tank t o  reduce over- 
a l l  system weight and minimize r e s idua l s .  

( 4 )  Zero-g p rope l l an t  a c q u i s i t i o n  techniques w i l l  cont inue 
t o  b e  developed. 

Research and l abo ra to ry  tests-. - 

(1) Evaluate  and test new m a t e r i a l s  t o  e s t a b l i s h  design c r i -  
teria. 

(2) Evaluate  new manufacturing and forming techniques.  

Subsystem t e s t s .  - 

(1)  Tes t  t h r u s t  chamber, turbopump, and s t o r a g e  and feed 
system components and subsystems. 

(2) No s i g n i f i c a n t  i n c r e a s e  i n  f a c i l i t i e s  requirements  a r e  
foreseen.  

Triple-Point  P r o p e l l a n t s  

T h i s  program w i l l  e s t a b l i s h  ground and f l i g h t  system concepts,  
design c r i t e r i a ,  and processes  necessary  t o  develop complete 
la rge-s ize  oxygen-hydrogen propuls ion  systems t h a t  u se  cryogenic 



p r o p e l l a n t s  t h a t  a r e  s t o r e d  at p r e s s u r e s  and temperatures  n e a r  
t h e i r  t r i p l e - p o i n t .  A c t i v i t i e s  are enumerated i n  t h e  fo l lowing  
paragraphs.  

P rope l l an t  system and engine  a n a l y s i s  and design.  

(1) Conduct p r o p e l l a n t  s t o r a g e ,  feed ,  l oad ing ,  and p r e s s u r i -  
z a t i o n  subsystems ana lyses  t o  determine t h e i r  r e s p e c t i v e  ope ra t ing  
and performance c h a r a c t e r i t i c s .  Define thermal  i n f luences  on t ank  
and system des ign .  Determine t h e  e f f e c t s  of  t r i p l e - p o i n t  and 
s l u s h  p r o p e l l a n t  f l u i d  p r o p e r t i e s  on l i n e  p re s su re  drop, va lve  
design,  and pump power requirements .  

(2) E s t a b l i s h  t h e  impact of dense cryogenic f l u i d s  on engine  
pumps, bea r ings ,  seals, coo l ing  passages,  and engine performance. 
The lower p r o p e l l a n t  en tha lpy  level w i l l  r e s u l t  i n  somewhat lower 
t o t a l  e f f e c t i v e  system performance. 

(3 )  Evolve t h e  most economical method f o r  producing, maintain- 
i ng ,  and us ing  t r i p l e - p o i n t  o r  s l u s h  p r o p e l l a n t s ,  

Research and l abo ra to ry  t e s t s  .- 
(1) Develop new m a t e r i a l s  f o r  i n s u l a t i o n ,  bea r ings ,  and 

s e a l s .  

(2) Determine p r o p e l l a n t  c h a r a c t e r i s t i c s  and f l u i d  proper- 
t i e s .  

Subsystem t e s t s  .- 
(1) Bui ld  and test  engine and p r o p e l l a n t  system components 

and subassemblies.  

(2) Demonstrate and e v a l u a t e  p i l o t  f a c i l i t i e s  f o r  producing 
t h e  p r o p e l l a n t s .  

Sub systems Weight Reduction 

Th i s  R&T program w i l l  add res s  performance and weight reduc- 
t i o n  p o t e n t i a l s  i n  subsystems such as e l e c t r i c a l ,  hyd rau l i c s ,  
pneumatics, l i f e  suppor t ,  av ion ic s ,  and communications. De ta i l ed  
a c t i v i t i e s  a r e  a s  fol lows.  

Subsystems des ign  opt imizat ion.-  

(1) Per f  o m  we igh t s / cos t /pe r f  ormance b e n e f i t s  a n a l y s i s  cover- 
i n g  a l l  secondary technology a reas .  



(2)  E s t a b l i s h  weight goals .  

(3)  Evaluate  des igns  and advanced concepts  f o r  cos t  and 
weight e f f e c t i v e n e s s .  

Configurat ion a n a l y s i s .  - - 

(1) Evaluate  con f igu ra t ion  a l t e r n a t i v e s .  

(2) Perform system t r a d e s ,  

Subsystem tests, - Perform test-bed demonstrations of improved 
sub system components. 

I n t e g r a t i o n  Engineering 

Th i s  R&T program w i l l  c o n s i s t  o f  systems engineer ing ,  design 
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 SSTO-related r e sea rch  programs. The a c t i v i t i e s  
i nc lude  cont inuing  e f f o r t s  toward e s t a b l i s h i n g  r e sea rch  goa l s ,  
gu ide l ines ,  des ign  c r i t e r i a  and margin requirements ,  and cos t lpe r -  
formance b e n e f i t s  o f  SSTO v e h i c l e  and program concepts.  A c t i v i t i e s  
a r e  l i s t e d  i n  t h e  fo l lowing  paragraphs.  

Research program development and t e c h n i c a l  management.- 

(1) I d e n t i f y  and p r i o r i t i z e  research  a c t i v i t i e s  (RTOPS) 
inc lud ing  t h e i r  goa ls ,  schedules ,  and funding based on continued 
a n a l y s i s  o f  cost/performance/benefits. 

( 2 )  Provide design goa l s ,  design c r i t e r i a ,  and design mar- 
g ins  f o r  t h e  advanced technology programs. 

(3) Develop mission models and t r a f f i c  models f o r  SSTO vehi- 
c l e s .  

(4)  Analyze f u n c t i o n a l  and f a c i l i t y  requirements f o r  DDTbE, 
product i on ,  and ope ra t ions .  

(5) Perform t o t a l  program c o s t  ana lyses  and figure-of-merit  
ana lyses .  Inc lude  p o t e n t i a l  budgetary l i m i t a t i o n s  and payload cos t  
cons ide ra t ions .  

Support technology and con£ i g u r a t  i on  a n a l y s i s .  - 

(1) Perform design engineer ing  f u n c t i o n s  us ing  updated tech- 
nology p r o j e c t i o n s  and improved a n a l y s i s  techniques.  

(2) Evalua te  con f igu ra t ion  a l t e r n a t i v e s ,  cons ider ing  mission/ 
payload models, f l i g h t  performance opt imiza t ion ,  f l i g h t  s t a b i l i t y  
augmentation, main propuls ion  system c h a r a c t e r i s t i c s ,  and c o s t /  
performance b e n e f i t s .  
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(3)  Improve a n a l y s i s  techniques including aerothermodynamics, 
computer-aided design, and performance optimizat ion wi th  opera t ional  
cons t ra in t s  (e.g., mission p r o f i l e s  f o r  s tandard and emergency 
f l i g h t  s i t u a t i o n s ,  aerodynamic and aerothermodynamic optimizat ions) .  
Improve computer program c a p a b i l i t i e s  f o r  SSTO veh ic le  and program 
syn thes i s  f o r  more s o p h i s t i c a t i o n  i n  optimizing and modeling. 

- 

(4) Perform parametric  wind tunnel  tests and plasma a r c  tests 
of f l i g h t  configurat ions,  and evaluate  Space S h u t t l e  da ta  a s  a 
b a s i s  f o r  b e t t e r  a n a l y t i c  c a p a b i l i t i e s  (e.g.,  viscous e f f e c t s ,  
boundary-layer t r a n s i t i o n ) .  Upgrade test f a c i l i t i e s  t o  b e t t e r  simu- 
l a t e  f l i g h t  environments. 

PERTURBED PARAMETERS AND EFFECTS ON VEHICLE 

The technology improvements f o r  each of t h e  twelve R&T pro- 
grams s e l e c t e d  were expressed i n  terms of  subsystem weight reduc- 
t i o n s  f o r  t h e  ma te r i a l s  and s t r u c t u r a l  programs and i n  terms of 
component weight reduction and I improvement f o r  the  propulsion 
programs. With t h e  exception ofS$he i n t e g r a t i o n  engineering pro- 
gram, t h e  system improvements a r e  tabula ted  i n  Table 41 along with 
t h e  r e s u l t a n t  improvements i n  SSTO dry weight and gross l i f t o f f  
weight. A s  can b e  observed, a l l  t h e  improved parameters r e s u l t  
i n  s i g n i f i c a n t  savings t o  both veh ic le  dry weight and GLOW. 

Each row of d a t a  i n  Table 4 1  p e r t a i n s  t o  t h e  given technology 
program, each taken ind iv idua l ly  a s  i f  i t  were t h e  only accelera ted  
program t h a t  would be  given t h e  requi red  add i t iona l  funding. I n  a 
subsequent s e c t i o n  (Figures of Mer i t ) ,  example r e s u l t s  of implement- 
ing meaningful combinations of programs a r e  shown. 

The i n t e g r a t i o n  engineering t a s k  proved t o  b e  t h e  most subject-  
t i v e  of a l l  t h e  technology improvement analyses. This  t a sk ,  which 
included t h e  reduction of design c r i t e r i a  and margin requirements 
f o r  a l l  phases of t h e  veh ic le  design,  produced a weight saving t h a t  
w a s  s i g n i f i c a n t l y  l a r g e r  than any of t h e  o the r  programs. 

The revised  v e h i c l e  weights t h a t  w e r e  based on each technology 
improvements were used t o  determine t h e  perturbed l i f e  cycle c o s t s  
expressed i n  E'Y 1976 d o l l a r s  and then discounted using a 10% r a t e .  
The A l i f e  cycle  c o s t s ,  obtained by sub t rac t ing  t h e  base l ine  VTO 
c o s t s  from t h e  perturbed cos t s ,  a r e  shown i n  Table 41. 



FIGURE OF MERIT ANALYSIS 

The R&T funding l e v e l s ,  t h e  technology improvements, and the  
l i f e  cyc l e  c o s t i n g  a r e  a l l  important parameters of t h e  Advanced 
Technology Assessment t a sk .  The problem w a s  t o  combine t h e s e  para- 
meters  i n  t h e  most e f f e c t i v e  manner s o  t h a t  t h e  n e t  b e n e f i t s  from 
the  twelve r e sea rch  programs could e a s i l y  be discerned.  A number 
of f i g u r e s  of mer i t  were s e l e c t e d  a s  meaningful,  i nc lud ing  the  
savings i n  technology parameters  f o r  a given R&T cos t  i n p u t ,  t he  
n e t  c o s t  s av ings  of  t h e  combined R&T and l i f e  c y c l e  c o s t s ,  and t h e  
sav ings  i n  l i f e  cyc l e  c o s t s  f o r  a given R&T cos t  l e v e l .  

The improvements i n  technology parameters  a r e  p l o t t e d  i n  
Figure 7 1  as a func t ion  o f  t h e  t o t a l  discounted R&T funding f o r  
each program wi th  t h e  except ion of t h e  I n t e g r a t i o n  Engineering task.  
The range of expected va lues  f o r  each R&T program, a s  obta ined  
from t h e  o r i g i n a l  95% confidence i n t e r v a l  e s t ima te s ,  a r e  a l s o  plot-  
t ed .  These va lues  a r e  a l s o  given as A Technology and A$% i n  
Table 41. 

The sav ing  i n  discounted l i f e  cyc l e  c o s t s  as a func t ion  of t he  
discounted R&T t o t a l  funding f o r  each technology program i s  shown 
i n  F igure  72,  a long  wi th  t h e  a s s o c i a t e d  var iances .  The s lopes  of 
t h e  nominal and upper and lower l i m i t  v a lues  ( e  A$Lcc,/A$%) 

have been p l o t t e d  i n  F igure  73. Any program wi th  a s l o p e  l e s s  than 
one w i l l  no t  save  a s  much i n  LCC as i t  c o s t  i n  R&T d o l l a r s .  These 
s l o p e s  f o r  bo th  t h e  discounted and undiscounted va lues  a r e  t a b u l a - ,  
t e d  i n  Table 41. 

A t h i r d  f i g u r e  of  mer i t  i s  t h e  n e t  c o s t  of t he  program express-  
ed  i n  discounted d o l l a r s ;  i . e . ,  t h e  sav ing  i n  l i f e  cyc le  c o s t s  
minus t h e  a d d i t i o n a l  expendi tures  r equ i r ed  f o r  t h e  a s soc i a t ed  
a c c e l e r a t e d  R&T technology program. These n e t  s av ings  f i g u r e s  a r e  
t a b u l a t e d  i n  Table 41. Seve ra l  of t h e  propuls ion  programs have t h e  
p o t e n t i a l  f o r  a n e t  l o s s  on t h e  technology programs. 



TABLE 41.- FIGURES OF MERIT 

I 

s t r u c t u r e s  

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

i 

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>. 
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TABLE 41 .- Concluded 

AGLOW, 
lcg (lbm) 

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

-75 700 + 35 050 
(-166 890 + 77 260) 

+40 250 

A$ 
DDT&ED, 

$M 

15.8 

30.0 

A$ 
ProdD, 

SM 

4.5 

8.6 

+17 230 
-27 630 -23 380 

+8 550 
-32 050 -31 710 

(-70 660 fk: :::) 
+45 510 

-137 330 -110 210 

b 

11.1 

4.2 

6.0 

9.4 

2.8 

2.8 

2.0 

11.0 

3.4 

12.9 

21.1 

OPSD, 

$* 

2.8 

4.1 

6.1 

2.6 

4.1 

6.5 

2.5 

1.4 

1.0 

-7.0 

1.1 

-58 660 + 22 580 
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I Struc tures  and TPS 

6 Main engine injectors/chambers/nozzles I 1 TPS 

7 Main engine pumps 2 Propel lan t  tanks 

8 Main engine cooling 3 wing & v e r t i c a l  t a i l  s t r u c t u r e  

9 OMSIRCS 1 4 m r u s t  s t r u c t u r e  

LO Triple-point propel lan ts  1 5 ~ s c e l l a n e o u s  s t r u c t l r e  

Figure 71.- Accelerated technology c o s t s  and d i r e c t  impact 
on weights  and s p e c i f i c  impulse. 

ARDi $ mil l ions  



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

3% 

S t r u c t u r e s  and TPS Propuls ion 

1. Thermal p r o t e c t i o n  System 
2. P rope l l an t  t anks  
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. Th rus t  s t r u c t u r e s  
5. Miscel laneous s t r u c t u r e s  

11. Subsystem weight  r educ t ion  

6. :lain engine injectorslci~amber~lnorzles 
7 .  ?lain engine pumps 
8. Hain engine coo l ing  
9 .  0:IZIRCS systems 

10. l r i p l e  po in t  p r o p e l l a n t s  

F igure 72.- L i f e  cyc le  c o s t  f i g u r e s  of m e r i t  

Q u a r t i l e  Synbols  

?laximum value* 

E x p e c t e d  value n o m i n a l  data'  

ilinimum value* 
,-MiscelLaneous s t r u c t u r e s  

F igure  73.- Figures of m e r i t  comparison 
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*Negl igible  p r o b a b i l i t y  t h a t  value 
is  o u t s i d e  t he se  l i m i t s  
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Wing and v e r t i c a l  t a i l  s t r u c t u r e s  

P r o p e l l a n t  t a n k s  

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

- 
Subsystems weight r educ t ion  

T r i p l e  po in t  p r o p e l l a n t s  

Therraal p r o t e c t i o n  systems 

Main engine coo l ing  - 
Main eng ine  injectorslchauberslnozzles 

Plain eng ine  pumps 

OMSIRCS systems 

Research programs 



The four f igures  of meri t  discussed previously (i.e., A$Lcc~/ 

A$RD, A$LCC/A$R, AWdrv2 and A$LCCD - A$R ) have been normalized and 
D 

ranked according t o  t he i r  r e l a t i v e  nominal values i n  Table 42, The 
normalizing value fo r  each FOM i s  t he  highest  nominal value fo r  each 
category, excluding the  in tegrat ion engineering program. The 
ATechnology parameter has had t h e  mixed inputs of weight and I 

S P 
converted t o  t o t a l  equivalent system weight fo r  t h i s  comparison, In 
addi t ion t o  the  obvious value of determining the  r e l a t i v e  merits  of 
t he  technology programs, Table 42 a l s o  provides two other s i gn i f i c an t  
conclusions by examining t he  q u a r t i l e  rankings of each of the  four 
FOMs. The f i r s t  i s  t ha t  the re  a r e  d e f i n i t i v e  groupings of t he  pro- 
grams i n  each qua r t i l e ,  indicat ing t h a t  t he  q u a r t i l e  ranking would 
not  be d i f f e r en t  even i f  the re  were changes of 10% o r  more i n  t he  
cos t  or weight 'est imates,  The second r e s u l t  i s  t ha t  the  q u a r t i l e  
rankings a r e  almost the  same regardless of the  FOM used. 

The s t ruc tures ,  TPS, and t r ip le-point  propellant  programs a r e  
primary candidates fo r  accelerated a c t i v i t i e s .  The advanced pro- 
pulsion programs a r e  not expected t o  have reasonable payoffs from 
accelerated funding, although "normal" a c t i v i t i e s  i n  these  research 
areas  a r e  required. Advanced propulsion programs i n  t h i s  study 
were l imi ted t o  LH?/LO systems fo r  main propulsion and OMSIRCS, 2 
and t h i s  conclusion i s  va l id  f o r  these LH /LO rocket systems. 

2 2 
Systems with other  propel lants  may show payoffs. 

TABLE 42.- RANKING OF ADVANCED TECHNOLOGY PROGRAMS 

Figures of merit 

Research programs 

No. T i t l e  

12. Integration engineering 

5. llisc s t ruc tures  

3. IJing & ver t ica l  
t a i l  s t ruc tures  

2. Propellant tanks 

4 .  Thrust s t ruc tures  

11. Subsystem weight 
reduction 

10. Triple point propellants 

1. Thermal protection 
systems (TPS) 

8. Main engine cooling 

6. Main engine injectors1 
chambersfnozzles 

7. Main engine pumps 

9. O>lS/RCS systems 

D. A$LCC, - A$% 

Rank 

0 ---- 
4 ---- 
1 

-- -- 
2 ---- 
5 

6 

---- 
3 ---- 
7 

9 

8 

10 

11 

A. A$LCC~/A$% 

Relative 
Vqlu$ 

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

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

0.16 

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

0.04 

0.04 
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R ~ n k  

0 

1 

2 

- - - -- 
3 

4 

5 

---- 
6 

7 

---- 
8 

9 

10 
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I ------ 
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I 
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I11 ------ 
IV 
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I11 ------ 

IV 

B. A$LCC/A$R 

Relative 
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. AWdrr A$% 
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0 

1 

3 

2 

4 
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8 

9 

10 
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(Z$Pb 
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I 1  
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(Z$% - 28.0) ------ 
I V  
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0 
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2 
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9 

10 
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Value 

2.78 

1.00 ---------- 
0.66 

0.66 

0.63 

0.54 

0.22 ------ 
0.33 
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The In tegra t ion  Engineering Technology program, although d i f -  
f i c u l t  t o  p rec i se ly  quant i fy ,  i s  t h e  most important of t h e  R&T pro- 
grams. A s  shown i n  Table 42, i t  i s  expected t o  have FOMs more than 
twice a s  l a rge  as any other  program. The es t imates  of t h e  m e r i t s  
of t h i s  program w e r e  based on assumptions f o r  relaxed s t a b i l i t y  
requirements, reduced design margin requirements, improved aero- 
thermodynamic and design ana lys i s  techniques, and f u r t h e r  design 
optimization. The outcome of t h i s  program is d i f f i c u l t  t o  assess  
quan t i t a t ive ly ,  a s  it  depends on t h e  expectat ion of excel lent  and 
e f f i c i e n t  t a l e n t  applied t o  design and operat ions philosqihy,  c r i -  
t h r i a  and in tegra t ion .  It i s  characterized by g rea t  cos t  avoidance 
with r e l a t i v e l y  low R&T cos t s .  Because these  a c t i v i t i e s  have 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  program saving, t h i s  program should be 
vigorously pursued. 

RISK ASSESSMENT 

Inherent  i n  t h e  f igure  of merit a n a l y s i s  i s  an assessment of 
t h e  r i s k  associa ted  with each R&T program. There a r e  severa l  ways 
t o  view t h e  r i s k  associa ted  with each technology. The variances 
on technology parameters, R&T funding l e v e l s ,  and l i f e  cycle cos t s  
were a l l  derived from the  95% confidence i n t e r v a l  assessment of 
improved veh ic le  parameters. Thus, the re  i s  a low r i s k  tha t  any 
technology parameter o r  cos t  l e v e l  w i l l  f a l l  outs ide  t h e  to lerance  
ranges given i n  Table 41. 

I f  t h e  n e t  funding l e v e l s  of both R&T and LCC a r e  considered 
f o r  each program then t h e  parameter A$LCC - A$% i s  of i n t e r e s t .  

D 
I f  t h e  to le rance  range f o r  a given program i s  completely pos i t ive ,  
there  i s  l i t t l e  r i s k  of t h a t  program not producing pos i t ive  program 
cost  benef i t s .  Based on t h i s  r a t i o n a l e ,  Programs 1, 2, 3,  4 ,  5, 
10, 11, and 1 2  should be  emphasized. The other  programs a l l  in-  
clude a high p o s s i b i l i t y  of cos t ing more i n  R&T d o l l a r s  than they 
save i n  l i f e  cycle cos t s .  

Another approach i s  t o  consider t h e  R&T d o l l a r s  a s  being sunk 
and including only t h e  l i f e  cycle  cos t s  i n  t h e  se lec t ion .  Assuming 
tha t  a technology program should be undertaken only i f  i t  r e s u l t s  
i n  an approximate 1% savings i n  l i f e  cycle cos t s  compared t o  the  
base l ine  VTO ( i . e . ,  $22.2M ALCCD), Table 41 ind ica tes  t h a t  t h e  pro- 

grams wi th  a high p robab i l i ty  of meeting these  re tu rns  a r e  2, 3, 
4,  5 ,  6 ,  10 and 12. Because t h e  1% is somewhat a r b i t r a r y ,  Program 
1 is a l s o  included f o r  it i s  c lose  t o  t h e  cutoff .  



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  was developed us ing  both VTO and HTO v e h i c l e  con- 
cep t s .  The acce l e ra t ed  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. A s  a  r e p r e s e n t a t i o n  of program goa l s  of t h e  I n t e g r a t i o n  
Engineering R&T program, t h e  s t a t i c  s t a b i l i t y  gu ide l ines  were re- 
reduced; t h e  minimum angle  f o r  hypersonic t r i m  was changed from 20 
deg t o  25 deg, and 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  repre-  
s e n t a t i v e  of cu r r en t  technology and a r e  conserva 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 reduct ions .  The extended perform- 
ance v e h i c l e  des igns  were a  b a s i s  f o r  mer i t  a n a l y s i s  t h a t  l e d  t o  
i d e n t i f i c a t i o n  of high-yield and c r i t i c a l  technology a reas .  

VEHICLE DESIGN USING ACCELERATED TECHNOLOGIES 

This  phase of t h e  v e h i c l e  s tudy  used t h e  figure-of-merit  ra -  
t i o n a l e  of Task 3 t o  d e f i n e  t h e  R&T programs t o  be  appl ied  t o  t h e  
extended performance veh ic l e s .  The VTO and HTO v e h i c l e s  have been 
s i zed  us ing  the  R&T programs l i s t e d  below: 

Program No. Descr ip t ion  

Thermal p r o t e c t i o n  system 
P r o p e l l a n t  tank s t r u c t u r e s  
Wing and v e r t i c a l  t a i l  s t r u c t u r e s  
Thrust  s t r u c t u r e s  
Miscellaneous s t r u c t u r e s  
Tr ip le -poin t  p r o p e l l a n t s  
Subsystems weight r educ t ion  
I n t e g r a t i o n  engineer ing  

Using the  combined R&T program weight advantages i n  a d d i t i o n  
t o  t h e  Task 2 veh ic l e  p r o j e c t i o n s ,  t h e  VTO and HTO v e h i c l e s  were 
r e s i zed .  Recalculated aerodynamic c h a r a c t e r i s t i c s  were included i n  
ascent  performance opt imiza t ion  conducted on t h e  Program t o  Optimize 
Simulated T r a j e c t o r i e s  (POST). The Vehic le  I n t e g r a t e d  S i z i n g  Pro- 
gram (VISP) w a s  used t o  o b t a i n  nea r  optimum requirements  f o r  both 
the  VTO and HTO v e h i c l e s .  The f i n a l  v e h i c l e  s i z i n g  i s  shown i n  
Figure 74 wi th  t h e  Task 2 v e h i c l e s  shown f o r  r e f e rence .  
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Figure  74.- Vehicle  s i z i n g  

Design Information 

The VTO and HTO v e h i c l e  pre l iminary  s i z e s  were based on Task 
2  r ev i sed  aerodynamics and then v e h i c l e  aerodynamics were reca lcu-  
l a t e d  t o  r e f l e c t  these  con f igu ra t ions .  The f i n a l  v e h i c l e  aero-  
dynamic c h a r a c t e r i s t i c s  a r e  shown i n  F igures  75 through 77 f o r  both 
veh ic l e s .  These aerodynamic c h a r a c t e r i s t i c s  w e r e  used i n  t h e  
ascent  t r a j e c t o r y  opt imiza t ion  POST program t o  determine the  r e -  
qu i r ed  mass r a t i o .  The h ighe r  d e n s i t i e s  of t he  t r i p l e - p o i n t  pro- 
p e l l a n t s  have a  s i g n i f i c a n t l y  favorable  e f f e c t  on v e h i c l e  s i z e  and 
r e s u l t i n g  dry weight.  The d e n s i t i e s  used i n  t h e  a n a l y s i s  a r e  a s  
fol lows:  

Liquid hydrogen 72.1 kg/m3 ( 4.5 l b l f t  3  ) 

Liquid oxygen 
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Figure 75.  - VTO aerodynamics 



I HTO 

lean configurations 

Figure  76.- Extended performance hypersonic l i f t l d r a g  

VTO Inboard P r o f i l e  

The inboard p r o f i l e  of t h e  Task 4 VTO v e h i c l e  i s  shown i n  
Figure 78. The v e h i c l e  i s  s i m i l a r  i n  concept t o  t h e  Task 2 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  smaller 
r e l a t i v e  t o  t h e  body. The thickness-to-chord r a t i o  h a s  been in-  
creased t o  0.10 a t  t h e  r o o t  of t h e  exposed wing. The v e h i c l e  has  
t h r e e  dua l -pos i t ion  nozz le  engines  and fou r  f ixed-pos i t ion  nozz le  
engines  . 

. .  
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Figure 77.- HTO aerodynamics 
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HTO Inboard P r o f i l e  

The s l e d  launched HTO v e h i c l e  shown i n  F igure  79 i s  a wet- 
wing design concept .  Approximately 62% of t he  o x i d i z e r  p rope l l an t  
i s  i n  t h e  wing and wing car ry through box. The o x i d i z e r  p r o p e l l a n t  
i s  t r a n s f e r r e d  t o  t he  body tanks  by pumps and t r a n s f e r  l i n e s  from 
the  a f t  end of t h e  wing carrythrough box. The wing i s  configured 
w i t h  a 47 deg leading  edge sweep and a 0 deg t r a i l i n g  edge sweep 
t o  f a c i l i t a t e  t h e  t r a n s f e r  of LO2 p rope l l an t s .  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  oxi-  
d i z e r  tanks. The a f t  f u s e l a g e  i s  boa t  t a i l e d  on t h e  s i d e s  t o  
match t h e  base-rocket  engine packaging requirements.  The rocke t  
engines a r e  t h r e e  dua l -pos i t i on  nozz le  and two f ixed-nozz le  
conf igura t ions .  

A v e h i c l e  thrust- to-weight  va lue  of 0.95 w a s  used based on 
Task 2 op t imiza t ion  analyses .  The v e h i c l e  i s  s i z e d  wi th  main 
engines f i r i n g  fox s i x  seconds dur ing  t h e  s l e d  a c c e l e r a t i o n  phase 
compared t o  t h e  20-second f i r i n g  used f o r  t h e  Task 2 veh ic l e .  
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Mass Proper t ies  

The Task 4 vehic le  mass proper t ies  summary i s  presented i n  
Tables 43 and 44 f o r  the  VTO and HTO vehic les  respect ively .  The 
primary di f ference i n  vehic le  dry weight between the two concepts 
is  i n  the wing and body weights. The wing of the  KT0 vehic le  i s  
heavier because of requirements t o  carry propel lants  and the l a rger  
wing area  t o  accommodate t he  vehic le  center  of gravi ty ,  which i s  
5.2% f a r t he r  a f t ,  The f i n a l  r e s u l t s  ind ica te  t ha t  t he  se lected 
thermostructural  concept i s  a s  e f f i c i e n t  fo r  the  extended per- 
formance vehicles a s  i t  was f o r  t he  normal technology vehic les .  



TABLE 43,- VTO EXTENDED PERFORMANCE MASS PROPERTIES SUMMARY 

Weight, pounds 

( 18 854) 

( 5107) 

( 78 017) 

( 67 258) 

( 10 339) 

( 66 352) 

( 4 424) 

( 4 032) 

(57 896) 

( 3 183) 

( 2 395) 

( 3 690) 

( 3 458) 

( 3 672) 

( 3 650) 

( 4 333) 

( 3 795) 

( 1 100) 

( 595) 

( 21 790) 

( 297 588) 

Mass, kg 

8 552 

2 316 

35 388 

30 508 

4 690 

30 097 

2 007 

1 829 

26 261 

1 444 

1 086 

1 674 

1 5u9 

1 666 

1 656 

1 965 

1 721 

499 

270 

9 884 

134 985 

Code 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

18.0 

19.0 

System 

Wing group 

Tail group 

Body group 

Induced environmental 
protection 

Landing and auxiliary 
systems 

Propulsion ascent 

6.1 Engine accessories 

6.2 Feedlines 

6.3 Engines 

Propulsion-RCS 

Propulsion-OMS 

Prime power 

Electrical conversion and 
distribution 

Hydraulic conversion and 
distribution 

Surface controls 

Avionics 

Environmental control 

Personnel provisions 

Payload provisions 

Margin 

Dry weight 

( 2  644) 

( 5 411) 

1 199 

2 454 

20.0 

23.0 

Personnel 

Residuals and gases 

Landing weight 138 638 ( 305 643) 

22.0 Payload I 29 484 ( 65 000) 

Landing and payload 168 122 ( 370 643) 

( 10 552) 

( 7 637) 

( 3 555) 

(2  613 450) 

( 3 086) 

( 17 385) 

(3 026 308) 

Center of gravity: Body length = 54.2 m (177.9 ft) Xc.g- 
Condition % of body length 

Dry 71.2 

Landing 70.9 

Landing with payload 68.8 

Liftoff 69.9 

4 786 

3 464 

1 613 

1 185 441 

1 400 

7 886 

1 372 710 

23.0 

25.0 

26.0 

27.0 

28.0 

29.0 

Residuals dumped 

Reserve fluids 

Inflight losses 

Ascent propellant 

Propellant-RCS 

Propellant-OMS 

GLOW 



TABLE 44.- HTO EXTENDED PERFORMANCE MASS FROPERTIES SUMMARY 

Code 

1 .0  

2.0 

3.0 

4.0 

5 .0  

6.0 

7.0 

8 .0  

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

18.0 

19.0 

Weight, pounds 

( 53  124) 

( 8 279) 

( 69 362) 

( 71 738) 

( 11 866) 

( 50 333) 

( 3 357) 

( 4 128) 

(42 848) 

( 3 183) 

( 2 381) 

( 3 690) 

( 4 0 7 6 )  

( 5 758) 

( 5 006) 

( 4 333) 

( 3 795) 

( 1 100) 

( 5953 

( 25 577) 

( 324 196) 

System 

Wing group 

T a i l  group 

Body group 

Induced environmental  
p r o t e c t i o n  

Landing and a u x i l i a r y  
systems 

Propuls ion  a s c e n t  

6 . 1  Engine acce s so r i e s  

6.2 Feedl ines  

6 .3  Engines 

Propulsion-RCS 

Propulsion-OMS 

Prime power 

E l e c t r i c a l  conversion and 
d i s t r i b u t i o n  

Hydraulic conversion and 
d i s t r i b u t i o n  

Surface  c o n t r o l s  

Avionics 

Environmental c o n t r o l  

Personnel  p rov i s i ons  

Payload p rov i s i ons  

Margin 

Dry weight  

Mass, kg 

24 097 

3 755 

31 462 

32 540 

5 382 

22 831 

1 523 

1 872 

19  436 

1 444 

1 080 

1 674 

1 849 

2 612 

2 271 

1 965 

1 721 

499 

270 

11 602 

147 054 

20.0 

23.0 

1 199 

2 488 

Personnel  

Res iduals  and gases  

( 2 644) 

( ' 5 486) 

Landing weight  150 741 ( 332 326) 

22.0 Payload 1 29 484 ( ( 65 000) 

Landing w i th  payload 180 224 ( 397 326) 

( 12 343) 

( 8 204) 

( 3 555) 

(2 604 577) 

( 3 312) 

( 18 687) 

(3 048 004) 

( 43 543) 

Gross weight  1 402 302 (3 091 547) 

Center  of  g r av i t y :  Body length  = 62.5 m (205 f t )  X 
c .g .  

Condit ion % of  body l e n g t h  

Dry 73.9 

Landing 73.6 

Landing w i th  payload 72 .1  

L i f t o f f  78.4 

5 599 

3 721 

1 613 

1 181 416 

1 502 

8 476 

1 382 551 

19 751 

23.0 

25.0 

26 0 

27.0 

28.0 

29.0 

Res iduals  dumped 

Reserve f l u i d s  

I n f l i g h t  l o s s e s  

Ascent p rope l l an t  

Propellant-RCS 

Propellant-OMS 

GLOW 

30.0 S led  a c c e l e r a t i o n  
p rope l l an t  



Technology Requirements 

The des igns  of extended performance v e h i c l e s  a r e  based on t h e  
nominal r e sea rch  goa ls  p r o j e c t e d  f o r  s e l e c t e d ,  focused, advanced 
technology programs. The s e l e c t e d  a r e a s ,  based on p o t e n t i a l s  f o r  
h igh  y i e l d ,  were sources  f o r  weight r educ t ions  of TPS, s t r u c t u r e s  
(both tank  and nontank) , p r o p e l l a n t s ,  subsystems (power, e l e c t r i -  
c a l ,  hyd rau l i c s ,  s u r f a c e  c o n t r o l s ,  environmental c o n t r o l ,  and 
av ion ic s )  and aerodynamic s u r f a c e s  us ing  re laxed  s t a b i l i t y  c r i -  
teria. 

The technology requirements  are t o  a t t a i n  t h e  p ro j ec t ed  ad- 
vanced goals  be fo re  DDT&E, as presented  i n  t h e  Advanced Technology 
Assessment. The advanced HTO sled-launched v e h i c l e  u ses  cryogenic 
wet-wing technology, which i s  assumed t o  b e  addressed wi th  advanced 
R&T. Also, t h e  main engines  a r e  i g n i t e d  whi le  t h e  s l e d  i s  acce l -  
e r a t i n g  nea r  t h e  end of t h e  s l e d  run.  Advanced technology i s  r e -  
qu 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  environment. 

MERIT ANALYSIS AND RISK ASSESSMENT 

Research A c t i v i t y  Assessments 

The nominal schedules  r e l a t i n g  t o  t h e  a c c e l e r a t e d  technology 
programs (F igure  70) can accep t  some de l ays  i n  s t a r t u p  i f  funding 
l e v e l s  a r e  i nc reased  l a t e r  i n  t h e  program. However, t h e r e  i s  a 
l i m i t  t o  s t a r t u p  d e l a y s  beyond which t h e  t o t a l  program output  be- 
comes jeopardized.  An a n a l y s i s  was conducted t o  determine t h e  
maximum schedule compressions t h a t  could b e  allowed without  incur -  
r i n g  h igh  program r i s k s ,  Table 45 summarizes t h e  maximum delays  
i n  program s t a r t  t i m e  t h a t  could be allowed b e f o r e  schedule com- 
p re s s ion  would become u n r e a l i s t i c .  Th i s  a n a l y s i s  was conducted by 
f i r s t  e s t ima t ing  t h e  va r i ances  i n  R&T and DDT&E program schedules  
t h a t  could be expected i f  t h e  programs were opera ted  a t  a low r i s k  
concent ra ted  l e v e l  of e f f o r t .  These t o t a l  t i m e  va r i ances  were then 
s u b t r a c t e d  from t h e  ATP d a t e  of 1987 t o  determine t h e  expected var- 
i ance  i n  s tar t  time. I f  any s t a r t  d a t e s  were determined t o  be 
be fo re  1976, they were set t o  1976. Then t h e  maximum a l lowable  
s l i p  i n  s t a r t  d a t e s  w a s  c a l c u l a t e d  by s u b t r a c t i n g  1976 from t h e  
l a t e s t  y e a r  i n  each category.  Some programs, such a s  t h e  wing and 
v e r t i c a l  t a i l  s t r u c t u r e s ,  could s l i p  t h e i r  s t a r t  d a t e s  t o  1977 
wi thout  i n c u r r i n g  h i g h  program r i s k ,  and o t h e r s ,  such a s  t h e  t h r u s t  
and miscel laneous s t r u c t u r e s  and subsystem weight r educ t ion  t a sks ,  
could s tar t  as la te  as 1980 be fo re  a h igh  p r o b a b i l i t y  of jeopardiz-  
i n g  the program would b e  incu r red .  



TABLE 45.- R I S K  ASSESSMENT OF ACCELERATED TECHNOLOGY AREAS 

tures ,  subsystem 
weight reduction 

propulsion s y s t e m  

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 (F igure  66) a r e  d iscussed  i n  t h i s  s e c t i o n .  The per turbed  
schedule t h a t  r e f l e c t s  t h e  r e s u l t s  of t h e  assessment is shown i n  
F igure  80. The a c c e l e r a t e d  schedule  i s  based on cons ide ra t ions  of 
t he  t iming of advanced research  programs, development, test, and 
product ion wi thout  i n c u r r i n g  h igh  r i s k s  of schedule  de lays .  Poss i -  
b i l i t i e s  f o r  condensing these  schedules  a r e  d iscussed  h e r e  w i t h  
t h e  assumption t h a t  t h e  cumulative funding f o r  t h e s e  a c t i v i t i e s  i s  
maintained . 

Research Programs. - 

(1) TPS.- The TPS re sea rch  program could be  acce l e ra t ed  from 
a 10-year p r o j e c t  t o  a 6-year p r o j e c t  wi thout  s i g n i f i c a n t  r i s k .  
The e f f o r t  could s t a r t  i n  1978 w i t h  peak a c t i v i t y  complete be fo re  
1983 and t h e  l a r g e  s c a l e  tests complete be fo re  1984. Any added 
ref inements  could p a r a l l e l  t h e  des ign  and development e f f o r t .  The 
design development of t h e  f l i g h t  v e h i c l e  could b e  s t a r t e d  i n  mid- 
1981 and t h e  mater ial /procurement  a c t i v i t y  could b e  i n i t i a t e d  i n  
mid-1982. Manufacturing e f f o r t  could s t i l l  t a k e  advantage of t h e  
r e s u l t s  of t h e  l a r g e  s c a l e  t e s t s  t o  be  completed i n  l a t e  1983. 
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(2) P r o p e l l a n t  t anks  ,- The e f f o r t  i n  t h i s  r e sea rch  area can 
be  a c c e l e r a t e d  from a 10-year pe r iod  t o  a 6-year per iod  wi thout  
s i g n i f i c a n t l y  i n c r e a s i n g  t h e  r i s k .  The e f f o r t  could begin  i n  e a r l y  
1977 and would a l low a b e n e f i c i a l  s tar t  f o r  t h e  design and develop- 
ment e f f o r t  i n  mid-1981. Refinement i n  t h e  technology improvements 
could p a r a l l e l  t h e  des ign  e f f o r t .  T h i s  s ta tement  i s  supported by 
completion of t h e  l a r g e  s c a l e  t e s t s  i n  1983 and peaking of t h e  tech-  
nology e f f o r t  i n  e a r l y  1981. Material/procurement a c t i v i t y  could 
b e  i n i t i a t e d  i n  mid-1982 and manufacturing e f f o r t  would be supported 
by t h e  r e s u l t s  of t h e  l a r g e  s c a l e  tests. 

(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 . -  Improvement e f f o r t s  
i n  t h i s  a r e a  could b e  a c c e l e r a t e d  from t h e  planned 10 y e a r s  t o  7 
o r  8 yea r s .  S t a r t i n g  i n  1977, t h e  major t h r u s t  of t h e  e f f o r t  would 
be complete i n  1984. A b e n e f i c i a l  s tar t  of t h e  design and develop- 
ment e f f o r t  could occur  i n  1982. The t e s t i n g  w i t h  f l i g h t  hardware 
s t a r t i n g  i n  1 9 8 1 w i l l  p rovide  t h r e e  y e a r s  of test d a t a  and w i l l  sup- 
p o r t  a p o s s i b l e  commitment t o  s t a r t  manufacturing i n  1983. 

(4) Miscellaneous and t h r u s t  s t r u c t u r e s , -  Schedules f o r  t h e s e  
r e sea rch  programs suppor t  t h e  s t a r t  of t h e  des ign  e f f o r t  i n  1981 
and t h e  s t a r t  of t h e  manufacturing e f f o r t  i n  1983. The completion 
of t h e  manufacturing techniques  developed by t h e  end of 1982 and 
t h e  completion of t h e  l a r g e  s c a l e  tests by t h e  end of 1983 suppor t s  
t h i s  conclusion.  

(5) Subsystem weight reduct ion.-  E f f o r t  i n  t h i s  a r e a  i s  r e l a -  
t ed  t o  advancements i n  t h e  o t h e r  a r e a s  and t h e  t r a d e o f f s  a v a i l a b l e  
i n  t h e  des ign ,  E f f e c t i v e  r e sea rch  e f f o r t  i n  t h i s  a r e a  would b e  
worked be fo re  des ign  and development. Adequate r e s u l t s  could b e  
achieved t o  suppor t  s tar t  of t h e  design e f f o r t  i n  1981 wi thout  
i nc reas ing  t h e  r i s k .  

(6) Propuls ion  technology.- Research e f f o r t  i n  t h i s  a r e a  i s  
planned t o  achieve  i t s  major goa l s  by t h e  end of 1982. The peak 
of t h e  e f f o r t  i s  concent ra ted  over  a 5-year per iod  from 1978 
through 1982. Achievements from 1978 through 1981 a l low a s t a r t  
of t h e  des ign  e f f o r t  f o r  t h e  main eng ines  and propuls ion  system i n  
1981. 

DDT&E and product ion.  - 

(1)  F l i g h t  veh ic l e s . -  System development schedules  a s  pre-  
s e n t l y  planned (Figure 66) represent  a low r i s k  schedule.  The 
p r o j e c t  can b e  a c c e l e r a t e d  by s t a r t i n g  t h e  des ign  and development 
i n  mid-1981, based on t h e  assessments  of t h e  technology schedules .  
Manufacturing of f l i g h t  v e h i c l e s  s t r u c t u r e  could b e  s t a r t e d  i n  mid- 
1984 and could b e  completed i n  fou r  y e a r s .  Development e f f o r t  
would ove r l ap  t h e  manufactur ing by one and one h a l f  y e a r s  and 
would a l low f o r  an adequate  pe r iod  f o r  i nco rpora t ing  any modifica- 
t i o n s  wi thout  impact ing t h e  manufacturing process .  T e s t  e f f o r t s  



should n o t  be condensed. The approach and landing  t e s t s  (AhL) and 
the  ground v i b r a t i o n  t e s t s  (GVT) should remain scheduled over a 
two-year per iod .  

By a c c e l e r a t i n g  t h e  manufacture of OV-1, OV-2 could b e  e i t h e r  
a c c e l e r a t e d  s i m i l a r l y  o r  could be  delayed u n t i l  a f t e r  OV-1 t e s t s  
a r e  complete. It would b e  more advantageous t o  hold manufacture 
of OV-2 u n t i l  one year  a f t e r  t h e  OV-1 t e s t s  and d e l i v e r  w i th in  
s i x  months a f t e r  OV-1. The OV-3 could b e  de l ive red  one and one 
h a l f  yea r s  a f t e r  OV-2 and OV-4, and OV-5 w a t e r f a l l e d  i n  one year  
increments,  Ground t e s t  a r t i c l e s  would have t o  be  scheduled f o r  
d e l i v e r y  be fo re  t h e  f l i g h t  v e h i c l e  A&L t e s t s .  

With a minimum i n c r e a s e  i n  r i s k ,  manufacture of t h e  f i r s t  a r t i -  
c l e  can be  a c c e l e r a t e d  by t h r e e  y e a r s  and d e l i v e r y  of t h e  v e h i c l e s  
can be  arranged t o  e l i m i n a t e  any r i s k s  because of modi f ica t ions .  
The f l i g h t  v e h i c l e s  could be t o t a l l y  de l ive red  two and one h a l f  
yea r s  e a r l i e r  than p r e s e n t l y  planned. 

(2) Main engines.-  Development of t h e  main engines could be  
s t a r t e d  i n  1981, two yea r s  e a r l i e r  than shown on t h e  gu ide l ine  
schedule.  The span time could conceivably be  reduced one and one 
h a l f  yea r s ,  overlapping manufacture of t h e  f i r s t  f l i g h t  a r t i c l e s .  
The manufacturing per iod  of t h r e e  y e a r s  appears  t o  b e  r e a l i s t i c  
and should inc lude  some t e s t i n g  and modi f ica t ions .  Engines might 
be  s e l e c t e d  t h a t  a r e  b a s i c  SSMEs wi th  moderate performance upra t ing ,  
bu t  no t  r e q u i r i n g  new components. The development t i m e  f o r  SSTO 
main engine modi f ica t ions  then  could be  reduced t h r e e  years .  

(3) Launch process ing  system, ground opera t ions  f a c i l i t i e s . -  
These opera t ions  w i l l  be  scheduled t o  r e l a t e  t o  t h e  f l i g h t  v e h i c l e  
and the  main engine schedules .  Acce lera t ion  of these  schedules  i s  
f e a s i b l e  without  any i n c r e a s e  i n  schedule r i s k s .  

Conclusion.- Re la t ive  t o  t h e  gu ide l ine  schedule,  t h e  s t a r t  of 
DDT&E could be  advanced approximately t h r e e  yea r s ,  whereas t h e  FMOF 
and I O C  could be advanced one yea r ,  without  i n c u r r i n g  any s i g n i f i -  
c a n t  i n c r e a s e  i n  r i s k .  Without an a c c e l e r a t i o n  of t h e  t o t a l  pro- 
gram, t h e  f i r s t  a r t i c l e  test e f f o r t  could be  moved t h r e e  and one 
h a l f  yea r s  e a r l i e r .  The test r e s u l t s  would then  b e  used i n  t h e  i n i -  
t i a l  b u i l d  e f f o r t ,  and t h e  p o s s i b i l i t y  of i n l i n e  modi f ica t ions  and 
l a t e r  r e t r o f i t t i n g  of OV-2 would be  reduced. 



L i f e  Cycle Costs  

The l i f e  cyc le  c o s t s  f o r  the  two advanced v e h i c l e  systems were 
determined i n  t h e  same manner a s  f o r  v e h i c l e s  descr ibed  previous ly .  
The r e s u l t s  given i n  Table 46 a r e  about  10% l e s s  than be fo re  p r i -  
mari ly  as a r e s u l t  of t h e  sma l l e r  v e h i c l e  s i z e s .  The f i r s t - a r t i c l e  
c o s t s  f o r  t h e  SSTO v e h i c l e s  a r e  about  t h e  same as f o r  t h e  Space 
S h u t t l e  Orb i t e r .  

TABLE 46.- LIFE CYCLE COSTS I N  MILLIONS OF D0LLA.R.S 

Product ion 

F igures  of Merit 

F igures  of m e r i t  (FOM) were developed f o r  t h e  Task 4 v e h i c l e s  
using goa l s  of t h e  recommended advanced technology programs 1, 2,  
3,  4, 5 ,  10, 11, and 12. The decreases  i n  dry weight and GLOW f o r  
both t h e  r ev i sed  VTO and r ev i sed  wet-wing HTO were c a l c u l a t e d .  The 
t o t a l  research  c o s t s  and t h e  discounted l i f e  cyc le  cos t  improve- 
ments based on t h e  Task 2 b a s e l i n e s  were determined. Two f i g u r e s  
of mer i t  were then appl ied:  (1) t h e  improvement i n  LCC div ided  by 
t h e  i n c r e a s e  i n  R&T funds and (2)  t h e  n e t  sav ings  of t h e  combined 
programs, i . e . ,  ALCC - AR. The FOMs were der ived  us ing  t h e  nominal 
parameter va lues  expressed i n  discounted d o l l a r s .  

A s  a b a s i s  of comparison, two o t h e r  p o s s i b l e  combinations of 
a c c e l e r a t e d  R&T programs w e r e  analyzed. The f i r s t  approach was t o  
apply a l l  twelve of t h e  programs t o  t h e  VTO veh ic l e .  I n v e s t i g a t i o n  
of Table 4 1  shows t h a t ,  of t h e  aforementioned recommended programs, 
Programs 4 and 11 had t h e  h ighes t  r i s k  of no t  achiev ing  a 1% i m -  
provement i n  l i f e  cyc l e s  c o s t s  compared t o  t h e  Task 2 base l ine .  
Therefore,  t h e  second approach excluded t h e s e  two programs and 
appl ied  goa l s  of programs 1, 2, 3, 5, 10, and 12 t o  t h e  VTO vehic le .  

Table  47 summarizes t h e  weight  sav ing ,  R&T c o s t s ,  LCC savings  and 
FOMs f o r  t h e  veh ic l e s .  The o r i g i n a l  technology combinations produced 
b e t t e r  FOMs when app l i ed  t o  t h e  Task 2 wet-wing HT0 than  when app l i ed  
t o  t h e  Task 2 VTO. The r ev i sed  combination of 1, 2, 3, 5, 10, and 
12 produced a b e t t e r  r e t u r n  than t h e  o r i g i n a l  s e l e c t i o n ,  b u t  t h i s  



could be expected because two of t h e  l e s s e r  e f f e c t i v e  programs ( f o r  
t h a t  combination) were e l imina ted .  The combination, inc luding  a l l  
twelve programs, produced much lower r e t u r n s  because some of t h e  
programs i n d i v i d u a l l y  had nega t ive  r e t u r n s  (Table 41).  Th i s  anal-  
y s i s  shows t h a t  t h e  t o t a l  program r e t u r n  i s  a func t ion  of t h e  ad- 
vanced R&T programs t h a t  a r e  appl ied .  Therefore ,  when a l e v e l  of 
t o t a l  R&T funding i s  a c o n s t r a i n t ,  cons ide ra t ion  must be given t o  
t h e  b e s t  d i s t r i b u t i o n  of t hose  funds among advanced technology 
a r e a s .  Meaningful combinations (Table 47) show t h a t  t o t a l  R&T 
funding would be increased  about $ l 2 ~ / y e a r  (undiscounted) over 
normal funding ( c f .  F igure  26).  

TABLE 47.- FIGURES OF MERIT FOR ADVANCED PROGRAM COMBINATIONS 

Combined technology A GLOW 

1, 2, 3, 4, 5 ,  10,  11 -63 451 -542 272 

1, 2, 3, 4 ,  5 ,  10,  11 / -42 949 1 -369 724 
and 1 2  a p p l i e d  t o  wet- ( -94 686) (-815 101) 
wing HTO 

1, 2, 3 ,  5 ,  10,  and 12  -60 584 I -526 434 
a p p l i e d  t o  VTO (-133 565) (-1 160 589) 

A l l  a p p l i e d  t o  VTO I -73 228 
(-161 440 1 (-l-% i::) 

Note: The symbols e > i n d i c a t e  undiscounted nomin - 
<R> and r e s u l t i n g  LCC sav ings  <LCC>. 

A$LCCD 
A$% ASLCC - Savings,  T o t a l  c o s t  
<A$R> <A$LCC> A $ R ~  A $ L C C ~ A $ %  LCCD+A$% 
$M SM 

For comparing t h e  b e n e f i t s  of t h e  advanced technology programs 
t o  t h e  t o t a l  SSTO program c o s t s ,  an a d d i t i o n a l  f i g u r e  of mer i t  was 
determined. The n e t  program cos t  f o r  t h e  advanced SSTO v e h i c l e  was 
ca l cu la t ed  as t h e  sum of t h e  l i f e  cyc l e  cos t  and t h e  a d d i t i o n a l  R&T 
funds r equ i r ed ,  assuming t h e  normal technology funding r e p r e s e n t s  
sunk c o s t s .  A s  shown i n  Table 47 t h e  n e t  discounted investment i s  
less f o r  t h e  VTO system than  f o r  t h e  HTO system. On t h i s  b a s i s ,  
t h e  VTO system would cont inue t o  be  s e l e c t e d  a s  t h e  p e r f e r r e d  sys- 
t e m .  The FOMs h e r e  r e f l e c t  t h e  compounding e f f e c t s  of simulatan- 
eous a p p l i c a t i o n  of t h e  combined a c c e l e r a t e d  programs. 

76.2 
<131.0> 

66.9 
<115.5> 

187.6 
<314.4> 

TECHNOLOGY RECOMMENDATIONS 

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 h a s  been shown 
t o  be f e a s i b l e  from both t echno log ica l  and l i f e - cyc le  cos t  sav ing  
viewpoints .  The "normal" technology growth, when focused on SSTO 
requirements ,  w i l l  p rovide  t h e  b a s i s  f o r  DDT&E of t hese  systems 
us ing  the rmos t ruc tu ra l  and propuls ion  concepts  presented  i n  our  
v e h i c l e  designs.  The "normal" technology goa l s  w i l l  b e  achieved 
without  a d d i t i o n a l  p ro j ec t ed  NASA R&T funding, a l though some re- 

L v a l u e s  of added R&T funding 

293 
<1376> 

255 
<1197> 

300 
<1408> 

3.85 

3.81 

1 .60  

216.8 

188.1 

112.4 

2213.2 

2073.9 

2239.6 



a l l o c a t i o n  of budgets  among RTOPS w i l l  develop. The advanced tech- 
nology growth, supported w i t h  a d d i t i o n a l  NASA R&T funding, w i l l  
provide t h e  b a s i s  f o r  DDTdE of  systems t h a t  have s i g n i f i c a n t l y  
b e t t e r  v e h i c l e  weight and program c o s t  sav ing  than wi th  "normal" 
technology. Recommendations of "mrmal"  technology and advanced 
technology a r e a s  t h a t  should b e  v igorous ly  pursued are d iscussed  i n  
t h i s  s e c t i o n .  

THERMOSTRUCTURES 

Development of l i gh twe igh t  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 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  c h a r a c t e r i z a t i o n ,  
des ign  a n a l y s i s ,  and f a b r i c a t i o n  technology. 

I n t e g r a l ,  load ca r ry ing ,  membrane p r o p e l l a n t  t anks  can b e  de- 
veloped 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  designs.  Research r e l a t e d  t o  tank 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 ng  techniques app l i ed  t o  mu l t i l obe  des igns  w i t h  t h e  goa l  of mini- 
mizing weight by reducing design margin requirements  and nonoptimum 
f a c t o r s .  Environmental c r i t e r i a  f o r  r e sea rch  and concept a n a l y s i s  
should inc lude  t r i p l e - p o i n t  p r o p e l l a n t  requirements .  

Advanced r e sea rch  programs r e l a t e d  t o  thermost ruc tures  gener- 
a l l y  have h igh  f igures-of-meri t  ( Q u a r t i l e s  I and 11) and should b e  
v igorous ly  pursued. Near-term a c c e l e r a t e d  r e sea rch  should b e  ap- 
p l i e d  t o  technology r e l a t e d  t o  composites f o r  u s e  i n  primary s t r u c -  
t u r e s ,  and subsystem i n t e r £  aces .  

THERBLAL PROTECTION 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  materials such 
a s  reuseable  s u r f a c e  i n s u l a t i o n  (RSI), r e in fo rced  carbon-carbon 
(RCC), f l e x i b l e  RSI, ceramics and m e t a l l i c s .  Development of t hese  
m a t e r i a l s ,  and a p p l i c a t i o n  t o  e n t r y  v e h i c l e  designs &re being vig-  
orous ly  pursued i n  t h e  Space S h u t t l e  program. Research r e l a t e d  t o  
SSTO 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 physi- 
c a l  p r o p e r t i e s ,  f a b r i c a t i o n  techniques ,  t e s t i n g  techniques ,  s t r u c -  
t u r a l  design ( inc 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 ) ,  per-  
formance a n a l y s i s  methods, maintenance, and re furb ishment ,  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 .  



Accelerated r e sea rch  i n  TPS technologies  should focus on re- 
ducing weight a s  w e l l  a s  DDT&E and product ion c o s t s  of 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 he  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 icknesses .  This  tech-  
nology a r e a  e x h i b i t s  a dry-weight FOM i n  Q u a r t i l e  I ,  al though cos t  
FOMs a r e  i n  Q u a r t i l e s  I11 and I V .  Accelerated funding could be 
delayed wi thout  h igh  r i s k ,  u n t i l  f u r t h e r  SSTO s t u d i e s  and Space 
S h u t t l e  des igns  a r e  completed. Inasmuch a s  RSI technology i s  r e l a -  
t i v e l y  young, t h e  p o s s i b i l i t y  of  unforeseen payoffs  from acce l e ra -  
t ed  research  should b e  considered i n  e v a l u a t i n g  a l l o c a t i o n s  of ad- 
vanced funding. 

PROPULSION SYSTEMS 

Main-engine propuls ion  systems a r e  be ing  developed f o r  t h e  
Space S h u t t l e  system t h a t  w i l l  b e  an important  base  f o r  SSTO engine  
developments, I n  add i t i on ,  r e sea rch  i s  under way o r  planned f o r  
paramet r ic  c h a r a c t e r i z a t i o n s  of dual-mode and l i n e a r  engine sys- 
tems and t h e i r  p o t e n t i a l  a p p l i c a t i o n  t o  SSTO veh ic l e s .  Normal pro- 
pu l s ion  r e sea rch  i n  t he  near  f u t u r e  should provide 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  concepts  t o  e s t a b l i s h  
t h e  mer i t s  of concepts o t h e r  than LO /LH be l l -nozz le  engines.  New 

2 2 
engine research ,  however, r e q u i r e s  a c c e l e r a t e d  funding f o r  compo- 
nent  and systems t e s t s  fo l lowing  a n a l y t i c  c h a r a c t e r i z a t i o n  and de- 
s i g n s .  Normal technology growth goa ls ,  t h e r e f o r e ,  a r e  considered 
t o  b e  r e l a t e d  only t o  long-term (about e i g h t  years )  R&T appl ied  t o  
LO /LH be l l -nozz le  engines.  Normal product improvements a r e  ex- 

2 2 
pected from SSIIE a c t i v i t i e s  i nc lud ing  developments i n  m a t e r i a l s  
and designs of components l e a d i n g  t o  b e t t e r  thermodynamic e f f i c i e n -  
cy and systems performance. Normal propuls ion  r e sea rch  should 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 les ,  which a r e  c r i -  
t i c a l  t o  SSTO performance. 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 - re t r ac t ion  mechanisms operable  without  engine 
shutdown, cool ing  methods f o r  extended nozz les ,  s e a l s  f o r  t h e  i n t e r -  
f a c e  between nozz le  segments, and dynamic loads  during ex tens ion .  

Research h a s  been app l i ed  t o  u se  of t r i p l e -po in t  p r o p e l l a n t s ,  
b u t  t h e  a c t i v i t y  i s  smal l .  Normal growth i n  t h i s  a rea ,  t h e r e f o r e ,  
i s  considered t o  b e  inadequate  f o r  SSTO a p p l i c a t i o n s .  

Auxi l ia ry  propuls ion  systems, such as f o r  OMS and RCS, should 
b e  improved by r e sea rch  focused towards LO /LH? systems f o r  SSTO 2 
a p p l i c a t i o n s .  Normal technology growth i s  p ro j ec t ed  t o  be  ade- 
quat e . 

Seve ra l  advanced concepts  f o r  main engine systems have 
been i d e n t i f i e d  inc lud ing  ae rosp ike  engines,  dual-mode engines,  
engines  i n t e g r a t e d  wi th  a i r f r ame ,  mul t inozz le  engines  wi th  l i n e a r  
a r r a y s  of nozz les ,  and engines  wi th  rolled-diaphragm extendable  



nozzles .  Such concepts  may f i n d  a p p l i c a t i o n  t o  SSTO, b u t  t h e i r  
performance c h a r a c t e r i s t i c s  and t h e i r  m e r i t  have y e t  t o  b e  s tudied .  
The m e r i t  of advanced propuls ion  concepts  would depend g r e a t l y  on 
mission and payload d e f i n i t i o n s ,  and on development c o s t s  of new 
engines.  Within t h e  gu ide l ines  of t h e  p re sen t  s tudy  i n  which 
hydrogen-fueled rocke t  engines  were t o  b e  used, cost/performance 
b e n e f i t s  of acce l e ra t ed  technology would have been s m a l l ,  w i t h  
figures-of-merit  i n  Q u a r t i l e s  III and I V .  

INTEGRATION ENGINEERING 

The R&T a c t i v i t i e s  a r e  be ing  pursued t o  i d e n t i f y  SSTO program 
concepts and technology requirements  and assessments,  as exempli- 
f i e d  by t h e  p re sen t  s tudy .  Other suppor t ing  r e sea rch  a c t i v i t i e s  
i n  NASA and DOD have been i d e n t i f i e d  and p ro j ec t ed  t o  cont inue,  
i nc lud ing  integrated-computer-aided-design s y n t h e s i s ,  wind tunnel  
t e s t i n g  of con f igu ra t ion  concepts ,  aerothermodynamic a n a l y s i s ,  and 
performance opt imiza t ion .  Addi t iona l  near-term, 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 l -  
led-configured 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  de- 
s ign .  Future 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  in-depth 
mission and payload requirements ,  design c r i t e r i a  and design mar- 
g ins ,  r e sea rch  requirements ,  and cost/performance/benefit assess -  
ments. 

T ranspor t a t ion  systems which w i l l  launch v e h i c l e s  a t  rates pro- 
j ec t ed  f o r  S h u t t l e  and SSTO r e q u i r e  r e sea rch  f o r  c o s t  sav ings  i n  
ope ra t ions ,  Normal S h u t t l e  program developments dur 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 ions  system base  f o r  SSTO 
opera t ions .  R&T a c t i v i t i e s  should focus on improved computeriza- 
t i o n  and sof tware  techniques  f o r  automating r e p e t i t i v e  and redun- 
dant  func t ions ,  and on improved data- l ink systems. Inasmuch as 
l i q u i d  hydrogen c o s t s  have i n f l a t e d  s o  much (more than  doubled i n  
1975), research  should a l s o  focus towards achiev ing  low-cost hydro- 
gen product ion.  

A c t i v i t i e s  represented  by t h i s  R&T program a r e  extremely impor- 
t a n t .  Present  assessments have i n d i c a t e d  excep t iona l ly  good f i g -  
ures-of-merit. I n  t h e  nea r  t e r m ,  more focus than  normal should be 
appl ied  f o r  in-depth assessments  of NASA resea rch  a c t i v i t i e s  and 
goa ls  r e l a t e d  t o  advanced t r a n s p o r t a t i o n  systems of n a t i o n a l  i n t e r -  
e s t .  Advanced R&T i n  t h e  nea r  term should a l s o  focus on paramet r ic  
design,  r e sea rch  requirements ,  and cos t  ana lyses  f o r  SSTO systems 
us ing  a l t e r n a t i v e  g u i d e l i n e s  t o  t hose  a n t i c i p a t e d  wi th  "normal" 
technology funding t o  suppor t  d e t a i l e d  recommendations f o r  a l l oca -  
t i n g  r e l evan t  R&T resources .  More suppor t  than  normal should be 
given t o  improving a n a l y t i c  techniques  f o r  aerodynamics, aero ther -  
modynamics, performance op t imiza t ion ,  con f igu ra t ion  development, 
mass p r o p e r t i e s ,  and c o s t  and mission models. 



HIGH-YIELD AND CRITICAL TECHNOLOGIES 

Assessments of  technology have l e d  t o  t he  conclusions summar- 
i zed  i n  Table 48. High-yield technologies  a r e  those  wi th  p o t e n t i a l  
f o r  l a r g e  improvements i n  cost-performance b e n e f i t s .  C r i t i c a l  tech- 
no log ie s  a r e  those  t h a t  a r e  requi red  f o r  SSTO success  us ing  t h e  
gu ide l ines  of t h i s  s tudy.  The h igh  y i e l d  and c r i t i c a l i t y  of nor- 
m a l  technology have a l r eady  been discussed.  The t r i p l e - p o i n t  pro- 
p e l l a n t s  program a l s o  has  p o t e n t i a l  f o r  h igh  y i e l d .  I t  i s  consid- 
e red  an advanced program because a c t i v i t i e s  i n  t h i s  a r ea  have not  
been con t inua l ly  and v igorous ly  pursued. C r i t i c a l  a spec t s  a r e  t h e  
technology f o r  l a r g e  s c a l e  product ion,  s t o r a g e ,  and t r a n s f e r  t o  t h e  
f l i g h t  veh ic l e s .  The f l i g h t  v e h i c l e  technology i t s e l f ,  however, i s  
not  c r i t i c a l ,  a s  i t  i s  a v a i l a b l e  wi th  normal technology. 



TABLE 48.- HIGH-YIELD AND CRITIC& TECHNOLOGY A S S E S S M D R S  

1 Thermal protection 

Reusable surface 
insulation Reusability for more 

than 100 missions must 
be demonstrated 

2 Propellant tanks 

Wet wings (applied 
to HTO) 

I 

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 RCS/OMS 

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 

Research not high 
yield nor critical 

Not being vigor- 
ously pursued at 
present time 

X 

X 

cost/performance/benefits 

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

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 

improvements. 

X 
(Based on time- 
liness) Technology 
for large scale 
applications must 
be developed 
Manufacture and 
storage 



CONCLUSIONS 

A fundamental goal  of t h i s  s tudy  was t o  i d e n t i f y  important 
a r e a s  of technology a s s o c i a t e d  w i t h  f u t u r e  e a r t h - o r b i t  t r anspor t a -  
t i o n  systems. These systems were represented  by reuseable ,  s i n g l e -  
s tage- to-orb i t  v e h i c l e  concepts  wi th  v e r t i c a l  and h o r i z o n t a l  ( s led-  
launched and i n f l i g h t - f u e l e d )  t akeo f f  c a p a b i l i t i e s .  Payload and 
mission requirements  w e r e  s i m i l a r  t o  Space S h u t t l e ,  which t h e  SSTO 
system could r e p l a c e  i n  1995. 

The s tudy  goa l  was pursued by a sequence of ana lyses  t h a t  i n -  
cluded p r o j e c t i n g  "normal" technology growth over  t h e  nex t  t en  t o  
f i f t e e n  yea r s ,  applying t h e  technology t o  v e h i c l e  des igns ,  and ca l -  
c u l a t i n g  t o t a l  program ( l i f e  cycle)  c o s t s .  Assessments of advanced 
technology were then made, p r o j e c t i n g  g o a l s  t h a t  could be achieved 
i n  a c c e l e r a t e d  r e s e a r c h  programs. Assessments were a ided  by dev- 
e lop ing  f i g u r e s  of mer i t  t h a t  r e f l e c t e d  cost-performance b e n e f i t s .  
The advanced goa l s  were then app l i ed  t o  v e h i c l e  des igns  and program 
c o s t s ,  p rovid ing  a b a s i s  f o r  assessments  of high-yield and c r i t i c a l  
a r e a s  of technology. 

The major r e s u l t s  of  t h e  s tudy a r e  a s  fol lows:  

(1) Single-s tage-to-orbi t  concepts have excep t iona l ly  worth- 
whi le  cost-performance m e r i t s  a s  advanced e a r t h - o r b i t a l  t r anspor t a -  
t i o n  systems us ing  "normal" technology growth. 

(2) Guidel ines  of t h i s  s tudy  l e d  t o  t h e  s p e c i f i c  design con- 
c e p t s  of t h i s  r e p o r t .  Changes t o  t h e  gu ide l ines  such a s  reduced 
dry-weight margins,  re laxed  s t a b i l i t y  c r i t e r i a ,  and o t h e r  main- 
engine and p r o p e l l a n t  combinations can l ead  t o  sma l l e r  and l i g h t e r  
v e h i c l e s  for t h e  same payload requirement.  Such gu ide l ine  changes, 
however, would no t  a f f e c t  t h e  major conclus ions  t h a t  i d e n t i f y  
technology requirements ,  except  f o r  propuls ion .  

(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 i n d i c a t e  t h e  high-yield a r e a s  t h a t  should b e  v igorous ly  pur- 
sued a r e  thermal  p r o t e c t i o n  systems, p r o p e l l a n t  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 ,  miscel laneous s t r u c -  
t u r e s ,  t r i p l e - p o i n t  p r o p e l l a n t s ,  subsystem weight reduct ion ,  and 
i n t e g r a t i o n  engineer ing .  

(4) C r i t i c a l  a r e a s  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 m a t e r i a l s  f o r  more than  100 missions,  t h e  develop- 
ment of main engines  w i t h  m u l t i p o s i t i o n  nozz les ,  and t h e  cont inuing  
e v a l u a t i o n s  of v e h i c l e  concepts  and suppor t ing  technology. Also, 
wet-wing technology i s  c r i t i c a l  f o r  HTO concepts .  Advanced growth 
technology r e q u i r e s  t imely  emphasis on la rge-sca le  a p p l i c a t i o n s  of 
t r i p l e - p o i n t  p r o p e l l a n t s ,  i n  p a r t i c u l a r ,  t h e i r  manufacturing and 
s t o r a g e  requirements .  



(5) Pro jec t ions  of "normal" technology growth over  t he  next  
t e n  yea r s  i nd ica t ed  t h a t  o v e r a l l  iinprovements over  today ' s  tech- 
nology w i l l  r e s u l t  i n  a v e h i c l e  dry-weight sav ing  of 16% o r  more. 
Advanced growth i n  s e l e c t e d  technologies  would inc rease  t h i s  sav ing  
t o  27% o r  g r e a t e r .  

( 6 )  Evaluat ions of  thermost ruc tura l  concepts i nd ica t ed  weight 
and technology advantages f o r  us ing  primary fuse l age  s t r u c t u r e s  
composed of  i n t e g r a l ,  mul t i lobe ,  load-carrying aluminum p rope l l an t  
tanks ,  p ro t ec t ed  from e n t r y  hea t ing  by RSI ma te r i a l s .  Advanced 
composi t ies  were s e l e c t e d  f o r  primary s t r u c t u r e s  i n  t h e  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 t h e r  s t r u c t u r a l  elements.  This  con- 
cept  is a p p l i c a b l e  t o  both VTO and HTO veh ic l e s .  

( 7 )  Comparison of  l i n e a r  and be l l -nozz le  main engines f o r  t h e  
SSTO r e s u l t e d  i n  s e l e c t i o n  of high-pressure s t aged  combustion b e l l -  
nozzle  engines,  s i m i l a r  t o  t h e  SSME. The s e l e c t e d  conf igu ra t ions  
inc lude  both f i x e d  nozz le  and dual-posi t ion-  nozz les .  UnlesS f u t u r e  
s t u d i e s  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 competi t ive w i t h  be l l -nozz le  engines i n  SSTO a p p l i c a t i o n s .  

(8) The VTO v e h i c l e  is optimized b e t t e r  w i th  dry  wings, where- 
a s  t h e  HTO v e h i c l e  i s  b e t t e r  wi th  wet wings. 

(9) The i n f l i g h t - f u e l e d  v e h i c l e  concept is  n o t  f e a s i b l e  be- 
cause i t  r equ i r e s  unique technology f o r  rendezvous and f o r  l a rge -  
s c a l e  p rope l l an t  t r a n s f e r ,  and i t  r e q u i r e s  development of t anke r  
a i r c r a f t  t h a t  would be cons iderably  l a r g e r  than heavy a i r c r a f t  now 
i n  use. 

(10) Addi t iona l  s t u d i e s  a r e  r equ i r ed  t o  e s t a b l i s h  t h e  cos t -  
performance b e n e f i t s  o f  l i n e a r  and dual-mode engines.  Other ad- 
vanced main engine concepts ,  such a s  veh ic l e - in t eg ra t ed  nozz les  
(e .g . ,  body f l a p s )  and air-augmented (composite) engines,  appear  t o  
be beyond t h e  time span of  Space S h u t t l e  follow-on veh ic l e s .  

(11) Future low-recurring c o s t s  can be achieved by cont inued 
and expanded emphasis on use of  new ope ra t ions  technology t h a t  
i nc ludes  automation, computer izat ion and combinations of func t ions  
of f l i g h t  and mission opera t ions .  

(12) Fu r the r  s t u d i e s  of  SSTO concepts  app l i ed  t o  o t h e r  payload 
and mission models, and w i t h  control-configured v e h i c l e  concepts ,  
are recommended t o  demonstrate t h e i r  payoffs  a s  advanced t ranspor-  
t a t i o n  systems. 
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APPENDIX A 

SECONDARY TECHNOLOGIES 

Technology projec t ions  have been addressed quan t i t a t ive ly  i n  
the  mate r i a l s ,  s t r u c t u r e s ,  and propulsion a reas  because of t h e i r  
primary inf luence  on veh ic le  dry weight and c.g. loca t ion .  Other 
technology a reas  have been addressed, but  with less depth of 
study because of t h e i r  lesser inf luence  on t h e  o v e r a l l  veh ic le  
design. These secondary d i s c i p l i n e s  included aerothermodynamics, 
performance optimization,  computer technology, aerodynamics, con- 
t r o l  systems, and a u x i l i a r y  power. The genera l  approach i n  
studying these  areas  consis ted  of f i r s t  iden t i fy ing  the  present  
a c t i v i t i e s  and t h e i r  associa ted  l e v e l  of technology and then 
iden t i fy ing  t h e  projected 1990 technology s t a t u s  and i t s  impact 
on SSTO veh ic le  design. 

Table A-1 summarizes t h e  ana lys i s  f o r  the  aerothermodynamics 
d i s c i p l i n e .  It i s  believed t h a t  emphasis on c a t a l y t i c  w a l l  ef-  
f e c t s  and lee surface  heat ing could r e s u l t  i n  s i g n i f i c a n t  TPS 
weight reductions . 

Performance optimization (Table A-2) w i l l  allow weight re- 
ductions because of improved t r a j e c t o r i e s  and increased speed, 
accuracy, and r e l i a b i l i t y  of f l i g h t  con t ro l s ,  guidance, and navi- 
ga t ion systems. The major determinant i n  these  improvements w i l l  
be the  implementation of optimal o r  near-optimal real- t ime on- 
board guidance systems. 

Advancements i n  computer technology (Table A-3) w i l l  be c lose ly  
associated with the  performance optimization,  The major impact 
on the  SSTO w i l l  be i n  terms of advanced onboard computers. These 
advancements a r e  projec ted  based on recent  breakthroughs i n  large- 
s c a l e  i n t e g r a t i o n ,  microprocessors, d i s t r i b u t e d  computer archi -  
t ec tu re ,  and reusable  software l i b r a r i e s .  The improvements i n  
f l i g h t  computers w i l l  allow f o r  the  implementation of advanced 
guidance systems t h a t  w i l l  be used f o r  the  performance optimiza- 
t i o n  t a sk ,  Main frame computer technology w i l l  see increases  i n  
computer power; however, t h i s  technology is  a l ready advanced and 
major impacts on ground based opera t ions  a r e  not  fo recas t .  
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TABLE A-2.- PERFORMANCE OPTIMIZATION 

Impact on 
SSTO 

Reduced weights be- 
cause of improved 
t r a j e c t o r i e s ,  guid- 
ance, and veh i c l e  
configurat ions.  
Optimal guidance 
w i l l  enable t he  
a c t u a l  veh ic le  t o  
f l y  t r a j e c t o r i e s  
t h a t  a r e  c l o se r  t o  
the  optimum. This 
w i l l  r e s u l t  i n  
small  p rope l lan t  
reserves ,  and hence 
l i g h t e r  weight 
veh ic les .  

Technology 
a r ea  

Performance 
Optimization 

Current 
a c t i v i t y  

Applicat ions 

Tra jec tory  
Shaping 

Guidance and 
Control 

Vehicle 
Design 

Aerodynamic 
Shapes 

Propulsion 
Nozzle Design 

S t ruc tu r a l  
Weight Minimiza- 
t i o n  

Technology 

Algorithms 

Problem 
Formulation 

Theory 

Current 
s t a t u s  

Several  opera- 
t i o n a l  programs 
e x i s t  f o r  t r a -  
j ec tory  optimi- 
za t ion  

Linear tangent  
is  the  only near  
optimal scheme 
now being used. 

L i t t l e  work done 
i n  t h i s  a r ea  
with modern opt i -  
mization algo- 
r i thms . 
Some progress  has 
been made on s i m -  
p l e  configura- 
t i ons .  

Some progress  has 
been made. 

A l o t  of cu r r en t  
i n t e r e s t  i n  t h i s  
a r ea  wi th  sub- 
s t a n t i a l  progress  
being made. 

Projected grad- 
i e n t  and va r i -  
a b l e  me t r i c  
methods a r e  most 
popular. 

Discre te  param- 
e t e r  methods 
a r e  mo$t popular 
wi th  l i t t l e  cur- 
r e n t  work on 
v a r i a t i o n a l  
methods. 

Most t h e o r e t i c a l  
work cen t e r s  on 
decomposition 
techniques and 
nonlinear  pro- 
g r aming  algo- 
r i thms.  

Pro jec ted  
s t a t u s  

Approximate solu- 
t i ons  t o  t he  
equat ions of mo- 
t i o n  o f f e r  poten- 
t i a l  f o r  an  order  
of magnitude re-  
duct ion i n  co s t  of 
shaping t r a j  ec- 
t o r i e s  . 
Optimal i t e r a t i v e  
guidance may be 
required f o r  a 
SSTO and would be 
f e a s i b l e  with t he  
new developments 
i n  onboard com- 
puters .  

Decomposition 
approach should be 
used t o  coordinate 
the  optimal design 
of aerospace vehi- 
c l e s .  

Not much advancement 
expected because of 
high l e v e l  of devel- 
opment i n  t h i s  a rea .  

Decomposition form- 
u l a t i on  w i l l  prob- 
ab ly  appear f o r  
more types of prob- 
lems . 

Not much advance- 
ment expected. 



TABLE A-3.  - COMPUTER TECHNOLOGY 

Technology 
a r e a  

Computers 

Spaceborne 
Computers 

Ground 
Based 
Computers 

Computer- 
Aided Design 

Current 
a c t i v i t y  

Hardware Technology 

Microprogramming 

LSI 

Technology Areas 

Power, Weight 
S i z e  

CPU Control  

~ c c u r a c y l  
R e l i a b i l i t y  

Memory 
Techniques 

Speed 

Performance 
(speed, s i z e )  

Processors  

S torage  

Batch 110 

Program 
Development 
Aids 

In t eg ra t ed  Pro- 
grams f o r  Aero- 
space  Design 
(IPAD) 

Optimal Design 
I n t e g r a t i o n  
(ODIN) 

Current 
s t a t u s  

Pficroprogrammed 
ch ips  have no t  
been flown on 
any veh i c l e .  

Extremely ad- 
vanced tech- 
nology 

Highly developed 

Wired sequencer 
used i n  major i ty  
of computers. 

S ing l e  p r ec i s ion /  
20000 MTBF 

Core 

1-5 usec a r i t h -  
met ic  400K in- 
s t r u c t i o n s  per  
second. 

I B M  3601195, CDC 
7600 a r e  indica-  
t i v e  of p r e sen t  
s t a t u s .  

Now being  used 
a s  components. 

E f f o r t  concen- 
t r a t e d  on mag- 
n e t i c  technology. 

Advanced 

FORTRAN is s t i l l  
t h e  b a s i c  langu- 
age  f o r  most 
s c i e n t i f i c  app l i -  
c a t i ons .  

I n  f e a s i b i l i t y  
s tudy phase 

Opera t ional  a t  
LRC and JSC 

Projec ted  
s t a t u s  

W i l l  be used on 
advanced f l i g h t  
computers t o  per- 
form b a s i c  mathe- 
ma t i ca l  funct ions  
and opera t ions .  

W i l l  no t  change 
much. 

W i l l  no t  change 
much. 

Advances w i l l  be 
made i n  ROM pack- 
aging dens i t y ,  
speed,  and power. 

Development of more 
DP i n s t r u c t i o n s  

U s e  of p l a t e d  w i r e  

U s e  of LSI c i r c u i t s ,  
semiconductor 
memories, f l o a t i n g  
p o i n t  a r i t hme t i c  

Near-term develop- 
ment of CDC STAR 
is t y p i c a l  of t h e  
t rend t h a t  w i l l  
r e s u l t  i n  speed 
i nc rea se  by a 
f a c t o r  of  10 t o  
50. 

This  t r end  w i l l  
continue.  

Magnetic bubble 
o r  charged coupled 
devices  w i l l  be  
used by 1985. 

L i t t l e  change. 
Costs  w i l l  remain 
h igh .  

S t ruc tu red  program- 
ming. 

Implementation of 
an  IPAD system is  
f e a s i b l e  w i th in  
fou r  yea r s .  

Minor improve- 
ments w i l l  be  made. 

Impact on 
SSTO 

High performance 
f l i s h t  computers 
w i l l  i nc r ea se  t he  
speed,  accuracy,  
and r e l i a b i l i t y  of 
f l i g h t  c o n t r o l s ,  
guidance, and navi- 
ga t i on .  This  w i l l  
enable  p rope l l an t  
margins t o  be re- 
duced. 

U s e  of new computer 
technology i n  a l l  
a r ea s  of veh i c l e  
des ign  and mission 
a n a l y s i s  w i l l  r e s u l t  
i n  more optimal 
conf igura t ions  de- 
veloped a t  l e s s  c o s t .  

Reduce c o s t  of 
suppor t ing  sof tware  . 

Improved des ign  pro- 
cedures and tech- 
niques w i l l  r e s u l t  
i n  more optimum con- 
f i g u r a t i o n s  a t  l e s s  
cos t . 



Improvements in the ability to estimate aerodynamic character- 
istics are being paced by fundamental problems in fluid mechanics, 
The most significant advances are being made in the area of com- 
putational flow simulation. The 2D flows were solved in 1975 with 
extension of 3D expected as early as 1978. Complete solutions to 
the viscous, time-dependent Navier-Stokes equations are expected 
by the mid-1980s. This technology, which is being paced by devel- 
opment of advanced computers and improvements to turbulent models, 
coupled with the development of high Reynolds number wind tunnel 
facilities, will allow for the development of optimal aerodynamic 
configurations and will especially increase the ability for more 
accurate analysis in the early stages of SSTO design. Table A-4 
summarizes the aerodynamics technology levels. 

TABLE A-4.- AERODYNAMICS 

. 

Projected 
s t a t u s  

Viscous time de- 
pendent Navier- 
Stokes equat ions 

High ReN f a c i l i t y  

Applicat ion t o  
SSTO shapes 

X-24C 

S h u t t l e  

New m i l i t a r y  
a i r c r a f t  

Applicat ion t o  
SSTO shapes. 

Current 
s t a t u s  

Continued re- 
f inemen t 

Under develop- 
ment 

Under develop 
ment/construc- 
t i o n :  

Aeropropulsion 
test f a c i l i t y  

High Reynold's 
number t ran-  
son ic  tunnel  

Ful l-scale  sub- 
son ic  wind tunnel  

Under develop- 
merit 

Continuing pro- 
grams 

Continuing 
a n a l y s i s  

Technology 
a r e a  

Computerized 
Aerodynamic 
Solut ions 

Wind Tunnel 
Development 

Configuration 
Development 

F l i g h t  Tes t  
Subs tan t ia -  
t i o n  af Theo- 
r e t i c a l  and 
Wind Tunnel 
Data 

F lu id  
Mechanics 

Current 
a c t i v i t y  

Inv isc id  l i n e a r  I Inv isc id  nonl inear  

Viscous time-aver- 
aged Navier-Stokes 
equation. 

High Reynold's 
number f a c i l i t i e s .  

Larger test 
s e c t i o n s .  

Minimize i n t e r -  
f erences . 

Wing body blending 

Control  configured 
veh ic les  

High-l i f t  devices  

Low-drag shaping 

SR 71 

X-24B 

Current f i g h t e r  
bomber a i r c r a f t  

Boundary l a y e r  
flow 

Separat ion 

I n t e r f e r e n c e  a e r o  

Vortex flow 

i 
Impact on 
SSTO 

Lower time and c o s t  
f o r  design 

Reduced need for 
wind tunnels  

Reduced need f o r  
f l i g h t  t e s t  sub- 
s t a n t i a t i o n .  

Decreased d a t a  
uncer ta in ty  . 

Low weight s o l u t i o n s  
t o  s t a b i l i t y  problems. 

Reduced wing a r e a s .  

Increased perfor-  
mance. 

Lower margins 
app l ied  t o  aero 
pred ic t ions  and 
reduced weight 
p e n a l t i e s .  

Used i n  computer- 
i zed  aero  s o l u t i o n s  
and conf igura t ion  
development. 

b 



A s  shown i n  Table A-5, advanced control  techniques w i l l  have 
s ign i f i can t  impact on SSTO control  system performance, cost ,  and 
r e l i a b i l i t y .  The key to  achieving t h i s  new l eve l  of performance 
is integrated onboard d i g i t a l  systems, relaxed s t a t i c  s t a b i l i t y ,  
and f l i g h t  pa th /a t t i tude  coupling. 

TABLE A-5.- CONTROL SYSTEMS 

' 

Technology 
a r e a  

F l igh t  
Controls 

D i g i t a l  
Fly-by- 
Wire 
(FBW) 

Control 
Configured 
Design 

Current 
a c t i v i t y  

NASA F-8 FBW 
Experimental 
A i r c ra f t  

Space Shu t t l e  

YF-16 

SST 

Space S h u t t l e  

YF-16 

SST 

Impact on 
SSTO 

45% savings i n  con- 
t r o l  system weight. 

14% reduction i n  
production cos ts .  

Reductions are re la-  
t i v e  t o  mechanical 
cont ro l  systems. 

10% - 20% reduc- 
t i o n  i n  dry weight 
a s  a r e s u l t  of 
saving i n  con t ro l  
sur face  weights 
( r e s u l t s  from the  
"snowball" e f f e c t  
of cont ro l  system 
weights on t o t a l  
vehic le  weight). 

Current 
s t a t u s  

Phase I system 
f l i g h t  t e s t ed  i n  
May 1972. 

Under develop- 
ment - 1975 

F l igh t  t e s t ed  
(prototype) 
1975. Suc- 
c e s s f u l  program 

USA program can- 
ce l l ed  1971. 

Under develop- 
ment 1975. 

F l igh t  t e s t e d  
1975 

USA program can- 
ce l l ed  1971. 

Projected 
s t a t u s  

Phase I I - A  w i l l  
rep lace  Apollo 
hardware wi th  com- 
mercial  a i r c r a f t  
hardware. Extended 
t e s t i n g  of perfor-  
mance handling 
q u a l i t i e s ,  f a u l t  
de tec t ion ,  auto- 
p i l o t  funct ion  of 
(M, h) holds, and 
CCV cont ro l  laws. 

W i l l  be completed. 
Primary emphasis is  
t o  ob ta in  reli- 
a b i l i t y  v i a  redun- 
dancy, not  expen- 
s i v e  qua l i t y  con- 
t r o l .  

Operat ional  t o  be 
so ld  t o  NATO a s  a 
r e s u l t  of t he  f ly-  
off  win over t h e  
YF-17. 

W i l l  be success- 
f u l l y  completed. 

W i l l  b e  opera- 
t i o n a l  1977 - 
1985. 



Table A-6 summarizes the  s t a t u s  of a u x i l i a r y  power systems. 
Subs tan t i a l  hydraul ic  system weight and volume savings a r e  ob- 
t a inab le  by r a i s i n g  t h e  opera t iona l  pressure .  A wider tempera- 
t u r e  range c a p a b i l i t y  f o r  t h e  hydraul ic  f l u i d  can reduce the  cool- 
ing  requirements during ent ry .  Hot gas ac tua t ion  systems can 
convert prime power t o  use fu l  power d i r e c t l y ,  thereby saving prime 
f u e l ,  and e l iminat ing  t h e  requirement f o r  hydraulic  f l u i d .  A cry- 
ogenic fue led  APU has demonstrated s i g n i f i c a n t l y  b e t t e r  performance 
f o r  SSTO app l i ca t ions  than the  conventional s t o r a b l e  fue led  APU. 
Also, advancements i n  f u e l  c e l l  technology may r e s u l t  i n  s i g n i f i -  
can t  system weight reductions.  

TABLE A-6.- AUXILIARY POWER 

Technology 
a rea  

Hydraulic 
Power 

Hot Gas 
Actuation 

APU 

Fuel Ce l l  

Current 
a c t i v i t y  

Pressure 

Temperature 

Application 

Rotary Actuator 
Leakage 

Hot Gas 
Generators 

~ ~ 1 0 2  Reactants 

Sys t e m  Power 
Density 

Sol id  
E lec t ro ly t e  

Impact on 
SSTO 

Minor weight 
reduction poten- 
t i a l l y  e l iminates  
need f o r  cooling 
during reent ry  

Increased payload, 
reduced sens i t iv-  
i t y  t o  environment 

Reduced power f o r  
ac tua t ion  

Reduced power f o r  
a e  t ua t ion  

Lower launch weight, 
higher landing 
weight compared t o  
s to rab l e  APU 

Reduced weight f o r  
prime e l e c t r i c a l  
power 

Reduced weight f o r  
prime e l e c t r i c a l  
power 

Current 
s t a t u s  

27.6 x l o 6  N/m2 
(4000 p s i )  

394OK (250°F) 

Small 
Miss i les  

High-pressure 
ro t a ry  ac tua to r s  
not  f e a s i b l e  

Usually f u l l  
flow 

Rejected f o r  
Shu t t l e  due to  
r i s k  

11.3 k g / k ~  
(25 IbIkW) 

Fully developed 
f o r  S h u t t l e  

Projected 
s t a t u s  

55.2 x l o 6  N/m2 
(8000 p s i )  

5 3 3 ' ~  (500°F) 

F l igh t  cont ro l  
ac tua t ion  system 
l i g h t e r  than 
hydraulic 

High-pressure 
ro t a ry  ac tua to r s  
developed 

High degree of 
t h r o t t l e a b i l i t y  

SFC 0.46110~ kg/Joule 

(1.5 Ib) hp-hr 
f u l l y  developed 

9.1 kg/kW 
(20 lb/kW) 

4.5 kg/kW 
(10 lb/kW) 



The d a t a  f o r  t h e  secondary technology p r o j e c t i o n s  were co l -  
l e c t e d  from a number of d i v e r s e  sources .  The main source f o r  each 
d i s c i p l i n e s ' s  a n a l y s i s  a r e  summarized i n  Table A-7. 

TABLE A-7.- SOURCE MATERIAL FOR TECHNOLOGY ASSESSMENT 

. B. Olstad: "Computational Analysis and Flight Experience." 
s tronaut ics  and Aeronautics, December 1974. 

Performance J. L. Kamm: DeueZopment o f  a Shu t t l e  Optimal Abort Program (SOAP). 
TRW Systems Group, MSC/TRW Task A-521, unpublished. 

Task Group, JPL: A Forecast o f  Space Technology, 1380-2000. 
NASA SP-387, 1976. 

"Spaceborne Digital Computer Systems. NASA SP-8070. Guidance and 
Control Design Cri ter ia ,  March 1971, 

F. G. Withington: Beyond 2984: A Technotogy Forecast. 
Datamation, January 1975. 

D. R. Chapman; H Mark; M. W. Pirtle: "Computers versus Wind Tunnels." 
Astronautics and Aeronautics, April 1975. 

Control Systems Advanced Control Technology and Its Potential for Future Transport 
Aircraft. NASA Symposium, July 1974. 

Task Troup, JPL: A Forecast o f  Space Technology, 1980-2000. 
NASA SP-387, 1976. 

"Present U.S . Fly-by-Wire Programs ." Astronautics and Aeronautics, 
July/~ug 1974. 

Auxiliary Power High Temperature Polyimide Hydraulic Actuator Rod Sea 2s for Advanced 
A ircra f t .  LeRC Development Program, SAE 8700790. 

Test ing o f  a Pneumatic Servomechanism. Bendix Dynavector, AFFDL-TR- 
71-146, Feb 1972. 

Fuel CeZZ TechnoZogy Program. PWA Final Report, CR-135002, 25 Jul 1973. 

?, CeZZ Program. GE Final Report, LPR-023, 



APPENDIX B 

WORK BREAKDOWN STRUCTURE 

A l i s t i n g  of t h e  Work Breakdown S t ruc tu re  (WBS) used i n  t h e  
SSTO cost ing ana lys i s  is  presented i n  t h i s  appendix. This WBS 
is similar t o  the  Space S h u t t l e  WBS. Costs f o r  each of these  
i t e m s  w a s  computed based on e i t h e r  system weights and areas, o r  
input  as d i s c r e t e  values. 



Item No. WBS No. Item 

1 01-00-0040-00 S e S e T e O *  ReDeTeANQ E 
2 or-00-00-00 PROGRAM MANAGEMENT 

02-8040-00 SYSTEMS ENG? TNT 
03-00-00-00-00 A I R  V E H I C L E  DESIGN 
03-004 1-00-00 STRUCTURE 
03-00-01-01-00 CREW S E C T I O N  
03-00+1- -01 TOOLING 
03-00-OX- -02 M A T E R I A L  + SUBCONTRACT 
03-0041- -03 D E S I G N  
03-0061- -44 TEST 
03-00-0 I-02+0 CARGO/PROPUt S I O N  
03-00-01- - O X  TOOLING 
03-00-OP- -02 M A T E R I A L  + SUBCONTRACT 
03-00-01- -03 DESIGN 
03-80-01- -04 TEST 
03-0045-03-00 AEPQ CONTROL SURFACES 
03-00-02- -01 TOOLING 
03-OO-OP- -02 M A T E R I A L  + SUBCONTRACT 
03-00-l- -03 D E S I G N  
03-0041- -04 T E S T  
03-0042-00-00 THERMAL PROTECTION 
03-00-02- -01 rC?GLING 
03-00-02- 6 2  M A T E R I A L  + SUBCONTRACT 
03-00-02- -83 DESTGN 
03-0042- -04 TEST 
03-0043-00-06 LANDING GEAR 
03-0043- - 4 1  TOOLING 
03-0043- -02 MATEA l A L  + SUBCONTRACT 
03-00-03- -03 DESTGN 
03-00-03- -04 TEST 
03-024)-0040 PROPULSION 
03-0241-0060 M A I N  
03-02-03-0140 LoVeMm 
03-02-01-02-30 I N T E G R A T I O N  
034241- -05 D E S I G N  
03-02-05- 4 2  T E S T  
03-0261-00-03 6 -F  oEe ENGINES 
03-02-02-0060 9ROP TANKS 
03-02-02- ' d l  PROPULSION MAT + SUB 
03-02-82- -02 PROPULSION DESIGN 
03-02-02- 6 3  PROPULSION T E S T  
03-0243-00-00 A T T I T U D E  COMTQOL SYSI 
03-02-03-0140 ENGINES 
03-0263-02-00 L e V e M e  
03-0243-0340 T A W S  AND PODS 
03-0263;.-.0440 I N T E G R A T  f ON 
03-02-03- -01 D E S I G N  
03426)3- --02 +EST 





I t e m  No. WBS No. I t e m  

03-04-81- -0% M A T E R I A L  + SUBCONTRACT 
03-0461- 4 2  D E S I G N  
03-0641- -83 T E S T  
03-04-02-00-00 C.R EW SYSTEMS 
03-04-02- -01 H A T F R I A L  * SUBCCNTRACT 
03-04-02- -02 D E S I G N  
03-04-02- 6 3  TEST 
03-05-00-00-00 POWER S U P P L Y  GROUP 
03-054 1-00-0 F L E C T  R T C A L  POWER 
03-05-61-0140 E L E C T R I C A L  D I S T R I B U T N ,  
03-05-r)1- -41 M A T E R I A L  + SUBCONTRACT 
03-05-01- 4 2  D E S I G N  
03-05-01- -03 TEST 
03-056)1-02-00 F U E L  C E L L S  
03-0541- -81 M A T E R I A L  4 SUBCONTRACT 
0 3 - 0 5 4 1 -  4 2  DFSPGN 
03-05-01- 6 3  T E S T  
03-05-62-00-00 H Y D R A U L I C  + PNEUMATIC  
0 3 - 0 5 4 2 -  dl T O O L I N G  
03-05-C)2- -02 M A T E R I A L  + SUBCONTRACT 
03-05-82- -03 D E S I G N  
03-05-r32- -04 TEST 

-62-00-00-00-00 F I R S T  U N I T  COST 
-02-00-00- -0% PRODUCTION 
-02-00-00- 4 2  M A T E R I A L  + SUBCONTRACT 
-02-81-80-00-00 A I R F R A M E  
-02-0141-00-80 STRUCTURE 
-02-0141-81 -00 CREW S E C T I O N  
-02-01--0 1- -4% PRODUCTION 
-82-01-02- -02 M A T E R I A L  + SUBCONTRACT 
-02-0141-02+0 CARGO/PROPULSION 
-02-0141- - 6 1  PRQDUCTBBN 
-02-01-701- -02 M A T E R I A L  + SUBCONTRACT 
-92-OL+l-03--0O AFRO CONTROL SURFACES 
-02-01-01- -61 PRODUCTION 
-92--OX-O%- 962 M A T E R I A L  + SUECONTRACT 
-02-0x42-00-90 THERMAL P R O T E C T I O N  
-02-01 -0 2- -0 1 PR OOUCP I O N  
-42-01-02- -02 HATERIAL + SUBCONTRACT 
-02-0143-0040 L A N D I N G  GEAR 
-02-01-03- 4 1  PRODUCTION 
-02-01--Q3- -02 HATER l A L  + SUBCONTRACT 
-02-02-00-08-00 P R O P U L S I O N  
-92-02-00- -91 P R O P U L S l O N  PRODUCTION 
-02-02--00- 4 2  P R O P U L S I O N  M A T  + SUB 
-02-02-4 1-08-00 MA PN 
-02-02--C)1-0140 L,V,M, 
-02-02-0 1-02-60 I N T E G R A T I O N  



Item No. WBS No. Item - 
62-0241-03-00 ENGINE 
-01-02-03-0040 A T T I T U D E  CONTROL SYS , 
42-0243-01 "-00 ENGf NES 
-02-02+3-02-60 LeV-M-  
-02-0243-03-40, TANKS 
-02-02-03-04-00 I N T E G R A T I O N  
-02-0264-00-00 CRUISE PROPULSION 
-02-02-04-01-00 ENGINES 
-02-0264-0260 L e V e M e  
62-0264-03-00 TANKS 
-02-02-04-04-00 f NTEGRATION 
-02-02-05-00-00 O R B I T  MANFUVE R I  NG SYS 
-02-0245-01-40 ENGINES 
-02-02-05-02-00 L e V - 4  - 
-02-0265-03-00 I N T E G R A T I O N  
-02-02-06-00-00 A U X I L I A R Y  POWER U N I T  
-02-02-06-0140 ENGINES 
-02-02-06-02-aQ fNTEGRAT3CON 
-02-0360-00--80L A V I O N I C S  
-02-03-00- --0 1 A V I O N I C S  PRODUCTION 
-02-03-00- -02 A V I O N I C S  MAT + SUB 
4263-01-0040 GUIDANCE + N A V I G A T I O N  
-02-83-01- -01 PRODUCTION 
-02-03-0 1- -02 M A T E R I A L  + SUBCOWRACT 
-02-03-02-00-00 F L  f GHT CONTROL FLEHEMT 
-02-03-02- - 4 1  PROOUGTIQN 
-02-03-02- -02 MATERf  A t  + SUBCONTRACT 
-02-03-03-00-00 DATA MANAGEMENT 
-02-03-03- -01 PRODUCTION 
-02-03-03- -02 H A T E R I A L  + SUBCONTRACT 
-02-03-04-00+0 CONMUNICATXON + NAVIG, 
-02-03-04- -01 PRODUCTION 
-02-03-434- -02 MATESTAL + SUBCMVTRACT 
-02-03-05-60-00 CRFW S T A T I O N  6 CONTROL. 
-02-03-45- -01 PRODUCTION 
-02-03-05- -02 M A T E R I A L  + SUBCONT~ACT 
-02-04-00-00--00 ECLS G R M l P  
62-04-01-0040 EC S 9 CRYOGENIC 
-02-0461- -01 PRODUCTION 
-02-04-01- -02 M A T E R I A L  + S U B C O M R A C T  
-+2-04-02-00-00 CREW SYSTEMS 
42-04-02- -01 PRODUCTION 
-02-04-02- -02 M A T E R I A L  + SUBCONTRACT 
-02-05-00-00-00 POHER SUPPLY GROUP 
-02-05dl-00-OO ELECTRf  C A L  POWER 
-02-05-01-0160 E L E C T R I C A L  D I S T R I B U T N -  
-02-0561- -01 PRODUCTTOM 
42-05-01- 4 2  P A T E R I A L  + SUBCONTRACT 



I t e m  N o .  WBS N o .  I t e m  

-02-05-01-02-00 FUEL C E L L S  
-02-05-01- 01 PRODUCTI/ON 
-02-05-01- -02 MATFRTAL + SUBCONTRACT 
-02-05-02-00-00 HYORAULIC + PNEUMATIC 
6 2 - 0 5 6 2 -  dl PPQDUCTION 
62-05-02- -02 M A T E R I A L  + SUBCONTRACT 
-02-06-00-00-00 F I N A L  ASSEMBLY + C/O 
-02-06-00- -10 PRODUCTTflN 
-02-06-00- - 0 1  TOTAL PROOUCTION 
-02-07-00-00-00 S U S T A I N I N G  ENGINEERING 
-02-07-00- -01 f3JGIMEERING 
-02-07-00- -06 SUSTATN I N G  TOOLING 
-04-0040-00 -0IGROUND SUPPORT E Q U I P  
66-01-00-00 - 0 l H A N D L I N G  + TRANSOFQ. 
-04-02-00-00 - O I S E R V I C I N G  E Q U I P  
-04-03-00-00 - 0 1 T E S T  + C/O E Q U I P  
45-00-00-00 -01 T R A I N I N G  SERVO + EQo 
-05-01-00-00 -OXTRAIN ING SERVICES 
-05-02-00-00 -QXT'RAIHING STM- +EQUIP 
66-00-00-00 - 0 I S Y S -  T E S T  + E V A L o  
-06-01-00-00 -OXGROUND TEST HARDWARE 
-06-02-00-00 -01 WIND TUNNEL TESTS 
-0663-00-00 -01 S T A T I C  F I R E  TESTS 
-06-04-00-00 -0 IMOCK-UPS 
-06-05-00-00 -01 F t  IGHT TESTS 
-06-05 01-00 - 0 3 F L I G H T  T E S T  HARDWA 
-06-05 02-00 - 0 l H O R I Z O N T A L f T A X I ) T F S f  
4 6 - 0 5  03-00 - 0 I V E R T I C A L  TESTS 
4 4 - 0 5  04-00 - 0 1 M I S C  MOOS + RFFURB 
44-05 05-00 -01 F L T -  T E S T  f N S T  RUM, 
-07-00-00-00 -01LOGISTTCS 
-07-01-00--00 -0lTRAPJSPORTATION 
-07-0240-00 - 0 l Z P A R E S  
-11-0040-00 dl F A C I L I T I E S  
-11-00-00- 01-0 FEE 

PR OOUCTUON 
PRQDUCTION 
MATERTAL + SUBCONTRACT 
AIRFRAME 
STRUCTURE 
CREW SECTION 
PRODUCTION 
M A T E R I A L  +' SUBCONTRACT 
CARGO/PROPULSION 





I t e m  No .  WBS No .  I t e m  

-03-03-04- -01 PRQDVCTION 
-03-03-04- '-02 M A T E R I A L  + SUeCONTRACT 
63-03 -05 -0040  CREW S T A T I O N  + CONTROL. 
-03-03-05- -01 PRODUCT I O N  
-03-0365- -02 M A T E R I A L  + SUBCONTRACT 
-03-04-00-00-00 ECLS GROUP 
-03-04-4 1-00-00 ECS 9 CRYOGENIC 
-03-0461- -01 PRODUCTION 
-03-04-01- -02 M A T E R I A L  + SUBCOMRACT 
-03-04-02-00-00 CREW SYSTEMS 
-03-04-02- -01 PRODUCTION 
-03-04-02- -02 M A T E R I A L  + SUBCONTRACT 
-03-05-00-00-0@ POWER SUPPLY GROUP 
-03-05-01-0060 F L E C T R I C A L  POWER 
-03-05-01-01 -00 F L E C T Q I C A L  D I S T R I B U T N  0 

-03-05-0 1- - 0 1  PRODUCT I O N  
-0365 -01 -  -02 M A T E R I A L  + SUBCONTRACT 
-03-05-01-02-00 FUEL C E L L S  
- 0 3 6 5 6 1 -  - 0 1  PRPDUCTION 
-03-05-01- - 0 2  M A T E R I A L  + SUBCONTRACT 
-03-05-02-00-00 HYDRAULIC + PNEUMATIC 
-03-05-02- -01 PRODUCTION 
-03-05-82- -02 M A T E R I A L  + SUBCONTRACT 
-03-06-00-00-00 F I N A L  ASSEMBLY +C/O 
-03-06-00-00--00 I N T E G R A T I O N  ASSEM. 
-03-07-00-00 00 S U S T A I N I N G  ENGR 
-0368-00-00-00 SUSTAfN I N G  TOOLING 
-03-0860-06-01 FEE 

03-00-0060-00 -0 OPERATIONS 
08-00-00-00 -0 LAUNCH OPERATIONS 
08-01-00-00 -0 KSC C I V I L  SERVICE 
OP-02-00-00 -0 PROPELtANTS 
08-02 01-00 -0 L H  2 
08-02 02-00 -0 LPX 
08-02 03-00 -0 LN-2  
08-02 Oh-00 -0 L I Q U I D  A I R  
08-02 05-00 -0 GWE 
08-02 06-00 -0 60-2 
08-02 07-00 -0 GY-2 I 
08-02 08-00 -0 F R E O N , A M M O N ~ H Y D ~ F L U I D  
08-03-00-00 --O GROUND SYS. CONTRACT 
08-04-QO-00 -Q ORBITER SPARES 
09-00-00-00 -0 FL IGWT OPERATIONS( 3s) 
10-00-00-00 -0 REFURBISHMENT (GO-SYS) 



APPENDIX C 

LAUNCH AND FLIGHT OPERATIONS FUNCTIONAL 
AND COST ANALYSIS 

The l a r g e s t  cos t  i t e m s  t h a t  have contributed t o  opera t ional  
cos t s  of previous manned o r b i t a l  veh ic les  a r e  launch opera t ions  
a t  ETR and WTR and f l i g h t  opera t ions  a t  JSC. 

S ign i f i can t ly  lower c o s t s  f o r  SSTO i n  t h e  1995 through 2009 
t i m e  period can be expected. A r e a l i s t i c  approach t o  es t imat ing 
these  projected c o s t s  has been taken by addressing t h e  p o t e n t i a l  
s impl i f i ca t ion  and combination of opera t ional  funct ions  and by 
a n t i c i p a t i n g  automated (computerized) techniques f o r  mission 
planning and operat ions.  This approach provides r e s u l t s  t h a t  
p ro jec t  c o s t  reductions based on having acquired s u b s t a n t i a l  
opera t ional  experience and technology improvements during t h e  
next 15  years ,  a s  w e l l  a s  on having a less complex f l i g h t  ve- 
h i c l e  ava i l ab le .  Costs i n  t h i s  appendix a r e  expressed i n  FY 
1971 d o l l a r s .  

Space S h u t t l e  Orbi ter  Baseline Launch Operations 

The base l ine  launch opra t ions  c o s t s  per  f l i g h t  (CPF) f o r  t h e  
Space Shu t t l e  program a r e  taken from Reference 1 and a r e  a s  
follows : 

KSC c i v i l  s e r v i c e  

Prope l l an t s  

Ground opera t ions  

Secondary landing site 

Orb i t e r  f e r r y  opra t ions  

Dol lars  i n  mi l l ions  

0.51 

Ground systems support 0.78 

Orbi ter  spares  ( including GSE) 0.84 

TOTAL 2.93 

The SSTO study requ i res  no secondary landing s i t e  o r  f e r r y  oper- 
a t i o n s ,  and t h e  propel lant  and spares  ca tegor ies  do not  inc lude 
personnel cos ts .  The remaining t h r e e  areas a r e  the re fo re  im- 
por tan t  f o c a l  po in t s  f o r  t h e  cos t  reduction analyses described 
i n  t h e  fol lowing paragraphs. 



(1) KSC c i v i l  s e r v i c e  ($0.51 mi l l ion  per f l i g h t ) . -  These 
c o s t s  include spare  p a r t s  inventory maintenance, sus ta in ing 
engineering, and f e r r y  k i t  i n s t a l l a t i o n  and removal. Because 
t h e  f e r r y  k i t  e f f o r t  is  not required,  spare  p a r t s  inventory 
maintenance can b e  automated and sus ta in ing  engineering can be 
reduced using a t echn ica l  r epresen ta t ive  approach with s p e c i f i c  
d i s c i p l i n e  s p e c i a l i s t s  on c a l l ,  and combining LCC and MCC func- 
t ions.  

(2) Ground operat ions element ($0.42 mi l l ion  per f l i g h t ) . -  
This element includes c o s t s  r e l a t e d  t o  refurbtshment, maintenance, 
and opera tors  of orbi ter -pecul iar  GSE and Main ~ n ~ i n e  assembly 
and disassembly wi th  t h e  Vehicle, and a r e  based on an average 
of 60 f l i g h t s  per  year.  For t h e  SSTO, t h i s  area  represents  a 
p o t e n t i a l  f o r  s i g n i f i c a n t  cos t  saving. 

(3) Ground systems support ($0.78 mi l l ion  per f l i g h t ) . -  This 
element includes contrac tor  support f o r  veh ic le  software mainte- 
nance, launch processing system (LPS) t o  veh ic le  i n t e r f a c e s ,  
veh ic le  systems monitoring and con t ro l  f o r  prelaunch and launch 
a c t i v i t i e s  i n  support of in tegra ted  systems t e s t s  and LCC console 
engineers. These a c t i v i t i e s  represent  s i g n i f i c a n t  p o t e n t i a l  
savings. Other a c t i v i t i e s  i n  t h i s  element include su rve i l l ance  
of GSE handling equipment, crew equipment, launch s i te  s torage  
and maintenance of cleaning equipment. These a c t i v i t i e s  do not  
represent  s i g n i f i c a n t  a r e a s  f o r  p o t e n t i a l  savings, although some 
automation and improved e f f i c iency  gains a r e  foreseen. 

SSTO Launch Operations 

I n  analyzing SSTO launch operat ions t h e  Space Shu t t l e  Turn- 
around Analysis Report (STAR) 0008 funct ional  flow was used t o  
s impl i fy  these  a c t i v i t i e s .  The SSTO func t iona l  flow (Figure C-1) 
i l l u s t r a t e s  estimated t i m e  f o r  each a c t i v i t y ,  which produces ve- 
h i c l e  turnaround t i m e  of 60 hours compared with t h e  current  160 
hours f o r  Space Shut t le .  The most s i g n i f i c a n t  saving i s  e s t i -  
mated t o  occur i n  t h e  a c t i v i t i e s  t h a t  a r e  checkout r e l a t e d ,  a s  
i l l u s t r a t e d  by t h e  LPS i n t e r f a c e s  i n  Figure C-1. 

Experience gained i n  t h e  ana lys i s  of these  a c t i v i t i e s  during 
our DOD/STS Ground Operations Study (Reference 2) w a s  drawn upon 
t o  combine o r  reduce those funct ions  t h a t  l o g i c a l l y  a r e  poten- 
t i a l l y  within "normal" technology growth. Speci f ic  crew s i z e s  
r e l a t e d  t o  each funct ion were drawn from Study Report (MCR-74-309), 
e n t i t l e d  Recommended Concept, Si t ing Arrangement and Acquisition 
Plan f o r  Western Test  Range operat ions i n  t h e  1980s. Those 
funct ions  r e l a t i n g  only t o  s o l i d  rocket  booster  (SRB) o r  ex te rna l  
tank (ET) w e r e  excluded. These crew s i z e s  and the  projected crew 
s i z e  f o r  SSTO operat ions a r e  i l l u s t r a t e d  i n  Table C-1. 



Landing 
area 

Duration (hours) 

SSTO mate t o  Interface Propellants 6 
mobile launch verif icat ion r and cabin consumables 

I 
6 integrated closeout servicing 

1.60-hour turnaround K I I l  
I Vertical assembly building (VAB) (1.10 hr) 
I - - - - - -, 1 I 

I 
I 

Hazardous 
services  

I Launch pad (1.18 hr) 
I 

F i g u r e  C-1.- SSTO s t r e a m l i n e d  ground operations f l o w  

TABLE C - 1 . -  SUPPORT CREW S I Z I N G  COMPARISON FOR LAUNCH OPERATIONS 

Support 
a c t i v i t y  
o r  a rea  

Landing 
& runway 
support 

Saf ing & 
Deservice 
( O W  

Other 
operat ions  
( O W  

V e r t i c a l  
assembly 
bu i ld ing  
& launch 
pad (LCC) 

Orb i t e r  f o r c e  p e r  1TT.R ground opera t ions  s tudy based on 1 8  f l i g h t s l y e a r  and 160 hour turnaround. 

RPIE = r e a l  proper ty  i n s t a l l e d  equipment 

SE = support  equipment 

Vehicle 

Orb i t e r  

SSTO 

Orb i t e r  

SSTO 

Orb i t e r  

SSTO 

O r b i t e r  

Work f o r c e  

Basic  

1 

1 

5 

5 

37 

20 

65 

24 

Support fo rce  
To ta l  
s t a f f  

2 

2 

1 3  

1 3  

111 

66 

210 

83 

LPS 

1 

1 

11 

4 

26 . 
2 

Basic 

4 

4 

32 

1 8  

61  

24 

Manhours 
per 

f l i g h t  

2 

2 

130 

121  

10 464 

1 2 1 7 . 5  

13 230 

759.5 

Haint "IE 

4 

4 

7 

7 

y o t a l  

1 

1 

6 

6 

48 

32 

91  

40 

L o g i s t i c s  
Maint SE 

1 

1 

8 

4 

15 

8 

Equip 

2 

2 

12 

12 

22 

10 

F a c i l  

4 

4 

8 

6 

Tng 

3 

2 

6 

2 

To ta l  

1 1  

1 1  

7 

7 

63 

34 

119 

43 



Landing and runway support . -  The two-man o r b i t e r  and runway 
crew is requi red  f o r  one hour per  t h e  cu r r en t  STAR. Because t h e r e  
a r e  114 f l i g h t s  per  year ,  t h i s  ope ra t ion  is performed approximately 
once every t h i r d  day. No s i g n i f i c a n t  r educ t ions  a r e  foreseen  due 
t o  personnel  phys i ca l  l i m i t a t i o n s  and,  t h e r e f o r e ,  t h e  a c t i v i t y  is  
c a r r i e d  i n  t h e  SSTO a t  t h e  same c o s t  pe r  f l i g h t  (two manhours per  
f l i g h t )  us ing  t echn ic i an  manpower. 

Saf ing  and deservicing.-  The o r b i t e r  crew is charged wi th  vent ing ,  
d ra in ing ,  and purging r e s i d u a l  RCS and main p r o p e l l a n t s  and en- 
vironmental  c o n t r o l  and l i f e  support  systems consumables and f u e l  
c e l l  t anks ,  as w e l l  as removing hypergol ic  modules. These a c t i v -  
i t ies  are a l l o c a t e d  1 0  hours  w i th  a  crew of 1 3  men (11 mechanical,  
one e l e c t r i c a l  t echnican ,  and one engineer  f o r  t h e  LPS console) .  
This  SSTO ope ra t ion  i s  es t imated  t o  t ake  10  hours due t o  o f f s e t t i n g  
f a c t o r s  of improved e f f i c i e n c y  and increased  p rope l l an t  tank  s i z e .  
However, t he  p o r t i o n  of t h e  ope ra t ion  r e q u i r i n g  LPS monitor ing by 
an engineer  i s  reduced t o  one hour. The t r a f f i c  r a t e  r e s u l t s  i n  a  
f a c i l i t y  use  of 1140 hours  per  year .  Approximately 50% of a one- 
s h i f t  ope ra t ion  can be accommodated by t h e  e x i s t i n g  OPF wi th  only 
a  s i n g l e  c e l l .  However, p rov i s ions  f o r  p a r a l l e l  ope ra t ions  using 
two c e l l s  would provide b e t t e r  schedule f l e x i b i l i t y .  The same 
crew s i z e  as needed f o r  Space S h u t t l e  i s  considered adequate f o r  
SSTO (12 t echn ic i ans ,  120 manhours per  f l i g h t ) .  

Other Operat ions i n  OPF 

The remaining o r b i t e r  ope ra t ions  i n  t h e  O r b i t e r  Process ing  
F a c i l i t y  (OPF) r e q u i r e  86 hours  turnaround t i m e  and r e q u i r e  a  
crew of 109 f o r  suppor t ,  inc luding  11 engineers  manning t h e  LPS 
consoles .  By automating and combining t h i s  func t ion ,  t h e  turn-  
around can b e  reduced from 86 t o  20 hours ,  and LPS ope ra t ions  
reduced t o  t h r e e  hours.  

The t o t a l  time i n  t h e  OPF of 32 hours  i n d i c a t e s  t h a t  adequate 
work s t a t i o n s  are d e s i r a b l e  t o  accommodate two SSTOs i n  t h e  
f a c i l i t y  a t  one t i m e .  The crew s i z e  work f o r c e  f o r  performing 
t h e  func t ions  ind ica t ed  by t h e  s t reaml ined  flow of F igure  C-1  a r e  
reduced t o  a t o t a l  of 66 men, which inc lude  f o u r  LPS and two 
t r a i n i n g  engineers .  

VAB and launch pad support.-  I n  t h e s e  a c t i v i t i e s  t h e  SSTO is 
mated t o  t h e  Mobile Launch Pla t form and t h e  v e h i c l e  i s  moved t o  
t h e  pad by a crawler - t ranspor te r  f o r  f i n a l  p repa ra t ions ,  propel- 
l a n t  loading ,  and launch. I n  t h e  o r b i t e r ' s  160 hour turnaround 
cyc le ,  VAB a c t i v i t i e s  used 39 hours  and t h e  v e h i c l e  spent  24 
hours  on t h e  pad. For SSTO, t h e  combination of  func t ions  and 
automation r e s u l t s  i n  reducing t h e s e  t imes t o  1 0  and 1 8  hours 
r e s p e c t i v e l y .  



Funct ions r e q u i r i n g  LPS monitor ing and suppor t  f o r  t h e  two 
a r e a s  a r e  reduced t o  14 hours.  For t h e  10-hour per iod  of  propel-  
l a n t  and consumables loading ,  t h e  LPS func t ion  r e q u i r e s  only  one 
engineer .  A second engineer  can cover  t h e  p a r a l l e l  hazardous 
s e r v i c e  ope ra t ions .  I n  t h i s  approach, prelaunch console  manning 
i s  done by t h e  f l i g h t  ope ra t ions  team, w i t h  c o n t r o l  handover a f t e r  
p rope l l an t  s e r v i c i n g  i n  l i e u  of tower-clear.  The range s a f e t y  
func t ion  i s  assumed t o  remain a t  KSC b u t  is  t o  be based on onboard 
automated checkout p l u s  f l i g h t  crew i n t e l l i g e n c e .  The LPS suppor t  
then  becomes t h r e e  engineers  f o r  s i x  hours  each f o r  a t o t a l  o f  1 8  
engineer ing  manhours p e r  f l i g h t .  Tra in ing  r e q u i e s  17.5 manhours 
per  f l i g h t .  Technician time f o r  t h e s e  func t ions  i s  based on a 
support  c r e w  of  f o u r  f o r  an 8-hour r o l l - o u t  and cabin  c loseout  
g iv ing  32 manhours pe r  f l i g h t ,  p l u s  t h e  f u l l  83 man support  crew 
f o r  t h e  p r o p e l l a n t  and hazardous s e r v i c e  per iod  of f o u r  hours  
g iv ing  332 manhours per  f l i g h t ,  p l u s  60 men f o r  t h e  remaining s i x  
hours o r  360 manhours pe r  f l i g h t .  The t o t a l  requirements  a r e  724 
manhours pe r  f l i g h t  f o r  t echn ic i ans  and 35.5 manhours per  f l i g h t  
f o r  engineers .  

Launch ope ra t ions  manpower and c o s t  summary.- The manpower 
comparisons r e s u l t i n g  from apply ing  t h e  foregoing r a ~ z o n a l e  a r e  
shown i n  Table C-2. 

TABLE C-2.- MANHOUR PER FLIGHT COMPARISON 

Safing & dese rv i ce  (OPF) 

.Other  ope ra t ions  (OPF) 

Applying 36% reduc t ion  t o  o r b i t e r  va lues  f o r  ET and SRB d e l e t i o n s  
(Reference 2) r e s u l t s  i n  1 5  249 manhours per  f l i g h t  f o r  o r b i t e r .  
The r e l a t i v e  f a c t o r  f o r  SSTO r e l a t a b l e  t o  reduced turnaround t i m e  
and automation i s  0.138. Applying t h i s  f a c t o r  t o  t h e  d a t a  of  
Reference 1 y i e l d s  t h e  fo l lowing  c o s t s  f o r  t h e  SSTO: 

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

KSC c i v i l  s e r v i c e  0.51 x 0.138 = 0.070 
Ground ope ra t ions  0.42 x 0.138 = 0.058 
Ground systems support  0.78 x 0.138 = 0.107 



The t o t a l  launch operat ions cos t  includes t h e  foregoing c o s t s  
r e l a t e d  t o  manpower a s  we l l  a s  cos t  f o r  propel lants  and spares.  

- 

Space Shu t t l e  Orbi ter  Baseline F l i g h t  Operations 

The base l ine  f l i g h t  opera t ions  c o s t s  per  f l i g h t  (CPF) f o r  t h e  
Space Shu t t l e  program a r e  l i s t e d  below and-discussed i n  succeeding 
paragraphs. 

Dol lars  i n  mi l l ions  

JSC c i v i l  se rv ice  0.15 

Mission con t ro l  & crew operat ions 0.70 

Program support 1.62 

Allowance f o r  growth 

Tota l  

(1) JSC c i v i l  se rv ice  ($0.15 mi l l ion  per f l i g h t ) . -  These 
c o s t s  include spares inventory maintenahce f o r  mockups, t r a i n e r s ,  
and post task  simulators.  C r e w  t r a i n i n g  and crew procedures 
documentation maintenance is a l s o  included, C i v i l  se rv ice  per- 
sonnel (JSC) man the  consoles i n  the  Mission Control Center (MCC) 
Mission Operations Control Room (MOCR) and these  personnel a r e  
a l s o  included i n  t h i s  element. H i s t o r i c a l l y ,  t h i s  support fo rce  
has been s i zeab le  and manned the  MOCR consoles 24 hours per day. 
Training has been extensive t o  allow crewmen t o  become prof ic ien t  
i n  onboard systems and s c i e n t i f i c  experiments. These a reas  a r e  
foreseen a s  p o t e n t i a l  cos t  reductions by onboard~automation and 
funct ion combination techniques. 

(2) Mission control  and crew operat ions ($0.70 mi l l ion  per 
f l i g h t ) . -  This element includes the  operat ion of mockups, t r a i n e r s ,  
par t - task  simulators and mission simulators.  This includes con- 
t r a c t o r  personnel a s  w e r e  used previously f o r  Mercury, Gemini, 
Apollo, and Skylab programs. An on-call  function i s  provided i n  
t h e  Multi-Purpose Support Room (MPSR). 

(3 )  Program support element ($1.62 mi l l ion) .  - This element 
cons i s t s  of t h e  equipment, food , cameras, and-komedical  equip- 
ment f o r  crew personnel. Mockups, t r a i n e r s ,  t r a i n i n g  a i r c r a f t  
c o s t s ,  and spares  a r e  included f o r  mission simulator  and t r a i n -  
ing  a i r c r a f t .  For t h i s  element, t h e  SSTO f l i g h t  r a t e  allows 
spreading t h e  c o s t s  of t r a in ing ,  a i r c r a f t ,  and mockups, and thus 
reduces t h e  cos t  per f l i g h t .  This can be accomplished by more 
automation and s e l f - t e s t  by onboard systems. The development 
of these  c a p a b i l i t i e s  is expected t o  occur with technology advance- 
ments i n  t h e  current  o r b i t e r  program and should not  r equ i re  exces- 
s i v e  add i t iona l  SSTO cos t s .  The o r b i t e r  onboard computer capa- 
b i l i t y  has inherent  f l e x i b i l i t y  t o  accommodate new technology 



developments and reduce t h e  crew t r a i n i n g  requirements .  

(4) Allowance f o r  growth ($0.445 m i l l i o n  pe r  f l i g h t ) . -  This  
element is  a n t i c i p a t e d  t o  be  unnecessary f o r  SSTO. 

The JSC Base l ine  Operat ions P l an  (BOP) is used a s  a  source  
f o r  f u n c t i o n a l  d e f i n i t i o n s .  The BOP summarizes t h e  f l i g h t  oper- 
a t i o n s  r e s p o n s i b i l i t i e s  f o r  Space S h u t t l e  o r b i t e r  ope ra t ions  
as fo l lows  : 

Concept: Small team of f l i g h t  c o n t r o l l e r s  f o r  real-time 
support  i n  MCC 

Provide  communication management and c e n t r a l  vo ice  
i n t e r f a c e  t o  o r b i t e r  crew 

Consult  w i t h  o r b i t e r  and ground suppor t ,  inc luding  
NRT support  f o r  systems, t r a j e c t o r y  and medical problems 

Coordinate support  f a c i l i t i e s  f o r  e f f e c t i v e  d a t a  
r e t r i e v a l  

Provide  r equ i r ed  mission suppor t  s e r v i c e s  

SSTO F l i g h t  Operat ions 

Support.- Table C-3 t a b u l a t e s  t h e  number of 
p o s i t i o n s  def ined  by t h e  c u r r e n t  BOP f o r  each support  team a rea .  

TABLE C-3.- SHUTTLE SUPPORT TEAM POSITIONS 

Data r e t r i e v a l  and a n a l y s i s  

Vehicle  systems suppor t  

Contamination, r a d i a t i o n ,  and weather 

T ra j ec to ry  ope ra t ions  



The MOCR func t ion  is d e c i s i o n  making, s i m i l a r  t o  t h e  f l i g h t  
ope ra t ions  management room (FOMR) dur ing  Skylab. The MCR cor- 
responds t o  t h e  mission ope ra t ion  c o n t r o l  room f o r  Apollo/Skylab 
i n  which t h e  f l i g h t  d i r e c t o r  and h i s  s t a f f  of s en io r  c i v i l  s e r v i c e  
engineers  manned consoles  f o r  each d i s c i p l i n e .  Each console  en- 
g inee r  was supported by s p e c i a l i s t s  i n  t h e  s t a f f  suppor t  rooms 
(SSR), which correspond t o  t h e  MPSR support  except t h a t  support  
was provided f o r  t h r e e  s h i f t s  dur ing  t h e  previous programs in-  
s t e a d  of t h e  "on c a l l 1 '  support  planned f o r  Space S h u t t l e .  

Severa l  assumptions must be  made t o  e s t a b l i s h  r e l a t i v e  sup- 
p o r t  manpower l e v e l s  f o r  SSTO. The MOCR and MCR t e a m  of 21 
persons provides  24 hours  per  day f o r  two days (average) ,  o r  1008 
manhours per  f l i g h t .  For t h e  on c a l l  func t ions ,  a team of 24 i s  
es t imated  wi th  a use  of 25% f o r  a t o t a l  of 32 832 manhours per  
year .  Th i s  suppor t  reduces  t o  547 manhours per f l i g h t  f o r  60 
f l i g h t s  per  y e a r ,  y i e l d i n g  a t o t a l  of 1555 manhours per  f l i g h t .  
Space S h u t t l e  o r b i t e r  MCC a c t i v i t y  is  r e f l e c t e d  i n  t h e  JSC c i v i l  
s e r v i c e  and mission c o n t r o l  and crew support  ca t egor i e s .  

Assuming a commercial a i r l i n e s  approach, managerial  dec i s ions  
are made on c a l l ,  MCR func t ions  a r e  reduced t o  "cont ro l  tower" 
f u n c t i o n s ,  and t h e  MPSR func t ions  remain on c a l l .  Assuming a 
MCR support  l e v e l  of two men f o r  two days per  f l i g h t  and 24 
hours  pe r  day g ives  96 manhours per  f l i g h t .  By automation, t h e  
management and MPSR suppor t  crew can be  reduced t o  12 wi th  t h e  
same 25% u s e  f o r  a t o t a l  of 16  416 manhours per  year .  This  
suppor t  reduces t o  144 manhours per  f l i g h t  f o r  t h e  on c a l l  func- 
t i o n s  o r  a t o t a l  of 240 manhours per  f l i g h t .  This  compares wi th  
t h e  1555 manhours per  f l i g h t  f o r  o r b i t e r ,  y i e l d i n g  a r educ t ion  
f a c t o r  of 0.15. The reduced t r a i n i n g  requirements  f o r  SSTO a l s o  
a f f e c t  t h e s e  areas, bu t  produce a major impact i n  program sup- 
p o r t ,  which i s  addressed i n  t h e  fo l lowing  paragraph. 

Funct iona l  a l l o c a t i o n s . -  A comparison of a l l o c a t i o n  of oper- 
a t i o n a l  func t ions  f o r  c u r r e n t  and p ro j ec t ed  l e v e l s  of autonomy 
w a s  made. The t r adeo f f  between onboard and ground performance 
of t h e s e  func t ions  as w e l l  as methods of implementation was ex- 
amined. Some func t ions  are a l l o c a t e d  and implemented onboard 
r e g a r d l e s s  of t h e  l e v e l  of autonomy, as i l l u s t r a t e d  i n  Table C-4, 
whereas o t h e r s  depend on t h e  l e v e l ,  shown i n  Table C-5. The 
major impact of automation i s  i n  reduced t r a i n i n g  and simula- 
t i o n  requirements  f o r  onboard and MCC crews. The reduced number 
of manual func t ions  r e s u l t s  i n  both  support  crew and t r a i n i n g  
c o s t  r educ t  ions .  



TABLE C-4.- FUNCTIONS WHICH DO NOT CHANGE WITH AUTONOMY LEVEL 

Guidance and navigation 

Guidance voting 

Cruise and f l i g h t  con t ro l  

Backup c r u i s e / f l t  con t ro l  

F l igh t  s a f e t y  f a i l u r e  
de tec t ion  and i s o l a t i o n  

Backup and a l t e r n a t i v e  systems 
implementation 

TABLE C-5.- FUNCTIONS WHICH VARY WITH AUTONOMY LEVEL 

Alternat ive  r e t u r n  planning 

Solar  f l a r e ,  weather, e t c .  

Performance t rend ana lys i s  

Routine scheduled maintenance 

Routine c a l i b r a t i o n  

Consumables planning 

Another area expected t o  reduce c o s t  f o r  program support i s  
c r e w  equipment. This is achieved by s tandardiza t ion and new manu- 
fac tu r ing  processes t h a t  minimize t h e  uniqueness of space-related 
equipment. Cost per  f l i g h t  f o r  t h i s  element can conservatively 
be reduced t o  25% of t h e  present  projec ted  cos t .  



F l i g h t  operat ions manpower and cos t  summary.- Applying t h e  re- 
duction facgors developed i n  t h e  previous paragraphs, t h e  SSTO 
f l i g h t  operat ions CPF becomes: 

JSC c i v i l  se rv ice  

Dollars  i n  mi l l ions  

0.15 x 0.15 = 0,023 

Mission con t ro l  and crew opera t ions  0.70 x 0.15 = 0.105 

Program support 

Tota l  0.533 
Per 
f l i g h t  
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