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APPENDIX  A 

HORIZONTAL TAKEOFF - SINGLE STAGE TO ORBIT 
TECHNICAL SUMMARY 

A. 0 INTRODUCTION 

Evolving  Satellite  Power  System (SPS) program  concepts  envision  the 
assembly and operation  of  sixty  solar-powered  satellites  in  synchronous 
equatorial  orbit  over  a  period of-thirty years.  With  each  satellite  weigh- 
ing  approximately 35 million  kiolgrams,  economic  feasibility  of  the  SPS is 
strongly  dependent  upon  low-cost  transportation  of  SPS  elements..  The  rate 
of  delivery  of  SPS  elements  alone  to LEO for  this  projected  program .is 70 
million  kilograms  per  year.  This  translates  into  770  flights  per  year  or 
2.1 flights  per  day  using  a  fleet  of  vehicles,  each  delivering  a  cargo  of 
91,000 kilograms. 

The  magnitude  and  sustained  nature of this  advanced  space  transportation 
program  concept  require  long-term  routine  operations  somewhat  analogous  to 
commercial  airlinelairfreight  operations.  Vertical-takeoff,  heavy  lift  launch 
vehicles (e.g., 400,000 kg payload)  can  reduce  the  launch  rate  to  175  or  more 
flights  per  year.  However,  requirements  such  as  water  recovery  of  stages  with 
subsequent  refurbishment,  stacking,  launch  pad  usage,  and  short  turnaround 
schedules  introduce  severe  problems  for  routine  operations.  Studies  performed 
previously  showed  that  substantial  operational  advantages  are  offered  by  an 
advanced  horizontal  takeoff,  single-stage-to-orbit  (HTO-SSTO)  aerospace  vehicle 
concept.  Further  analysis  of  this  concept  was  needed  to  provide  a  promising 
alternative  to  vertical  launch  heavy  lift  launch  vehicle  approaches  for  LEO 
logistics  support  of  the SPS. 

The  technical  problems  requiring  investigation  were  of  two  types: (a)  the 
need  for  further  development  of  the  vehicle  system  concept  including  a  multi- 
cell  wet  wing  containing  cryogenic  propellants in a  blended  wing-body  configura- 
tion;  and (b) technology  issues,  particularly  the  technical  feasibility  and 
performance  potential of an  advanced  hybrid  airbreathing  engine  system,  and 
technical  assessment  of  a  flight  mode  involving  horizontal  takeoff,  long  range 
cruise,  subsequent  insertion  into  an  equatorial  orbit  and  return  via  aeromaneu- 
ver to  the  higher-latitude  take-off  site. 

The  general  objective  of  this  study  was  to  improve  system  definition  and 
to  advance  subsystem  technologies  for  a  horizontal  takeoff,  single-stage-to- 
orbit  vehicle  which  can  provide  economical,  routine  earth-to-LEO  transportation 
in  support of the  Satellite  Power  Systems  program.  Specific  objectives  were: 

1, To  improve  the  design  definition  and  technical  and  operational 
features  of  the  HTO-SST0  vehicle  concept  primarily  using  exist- 
ing  aerodynamic,  aerothermal,  structural,  thermal  protection, 
airbreather  and  rocket  propulsion,  flight  mechanics  and  operations 
technology  integrated  into  a  total  systems  design. 
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2. To identify  disciplines and 'subsystems in  which the  application 
of advanced  technology  would  produce  the  greatest  increase in 
system performance,  and  to  advance  technologies  in  specific 
areas. 

The  primary  elements of the  HTO-SST0  study  and  the  related  technology 
issues  are  summarized  in  Figure A - 1 .  Technical  briefings  and  study  progress 
briefings  were  given  to NASA Headquarters,  MSFC,  JSC  and  LaRC,  and to USM/ 
SAMSO. A code  showing  the  general  level  of  technical  assurance  of  the  study 
data  as  being  suitable  for  feasibility  confirmation  is  placed  adjacent  to 
technology  items. A filled  square, m ,  indicates  a  high  degree of confidence 
in  analytical  methods  and  results. A half-filled  square, 0 , indicates  data 
requiring  further  technical  analyses.  The  hollow  square, 0 , relates  to 
technology  issues  not  analyzed  or  which  will  require  detailed  in-depth  analysis 
to  produce  data  suitable  for  feasibility  confirmation. 
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Figure A - 1 .  Study Summary -- Advanced Transportation 
System for SPS 

m e  combined  systems  design/performance  and  technology  development  studies 
produced a number of significant  results. 
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1. Demonstrated,   with end-to-end s i m u l a t i o n ,   t h e   a b i l i t y   o f   t h e  
v e h i c l e   t o   t a k e   o f f   f r o m  KSC, c r u i s e   t o   t h e   e q u a t o r i a l   p l a n e ,  
i n s e r t   i n t o  a 300 nmi e q u a t o r i a l   o r b i t   w i t h  151,000-pound  pay- 
load ,   and   t hen   t o   r e - en te r   and   r e tu rn   t o   t he   l aunch  si te;  a l s o  
t o   d e l i v e r  a 196,000-pound  payload  with a due-East  launch. 

2. Devised a m o d i f i e d   a i r b r e a t h i n g   e n g i n e   c y c l e   f o r   o p e r a t i o n   i n  
turbofan,  air-turbo-exchanger  and ramjet modes to   p rov ide   an  
e f f e c t i v e   m a t c h   w i t h   t a k e o f f ,   c r u i s e   a n d   a c c e l e r a t i o n   r e q u i r e -  
ments. 

3. Showed t h a t   t h e  HTO-SST0 1ower . sur face   t empera tures   dur ing  re- 
e n t r y  are several hundred  degrees   lower  than  the STS o r b i t e r  
lower   sur face   t empera tures   because   o f  a lower  wing  loading. 
As a result, an advanced  t i tanium  aluminide  system shows  pro- 
mise o f   be ing   l i gh te r   t han   t he  RSI t i l e  f o r   t h i s   a p p l i c a t i o n .  

This   s tudy-was  funded  pr imari ly  by  Rockwell IRCD funds  and  a-summary  only is 
contained  herein.  

A. 1 OPERATIONAL FEATURES 

The HTO-SST0 concept  adapts  existing  and  advanced  commercial   and/or m i l i -  
t a r y  air  t ransport   system  concepts ,   operat ions  methods,   maintenance  procedures ,  
and  cargo  handling  equipment  to  include a space-related  environment .  The 
p r i n c i p a l   o p e r a t i o n a l   o b j e c t i v e  is to   p rov ide   economic ,   r e l i ab le   t r anspor t a -  
t i o n  of l a r g e   q u a n t i t i e s   o f  material between ea r th   and  LEO a t  h i g h   f l i g h t   f r e -  
quencies   wi th   rou t ine   log is t ics   opera t ions   and   min imal   envi ronmenta l   impact .  
An a s s o c i a t e d   o p e r a t i o n a l   o b j e c t i v e  w a s  t o   r educe   t he  number of o p e r a t i o n s  
r e q u i r e d   t o   t r a n s p o r t  material and  equipment  from t h e i r   p l a c e   o f   m a n u f a c t u r e  
on e a r t h   t o  low e a r t h   o r b i t .  

O p e r a t i o n s   f e a t u r e s   d e r i v e d   i n   t h e   s t u d y  are as fol lows:  

S i n g l e   o r b i t  up/down to / f rom  the  same launch s i t e  (at any  launch 
azimuth  subject  to  payload/launch  azimuth  match) 

Capable  of  .obtaining 300 nmi e q u a t o r i a l   o r b i t  when launched  from 
KSC 

Tota l   sys t em  r ecove ry   i nc lud ing   t he   t akeof f   gea r   wh ich  is  j e t t i -  
soned  and  recovered a t  the   l aunch  s i t e  

Aerodynamic f l i g h t   c a p a b i l i t y   f r o m   p a y l o a d   m a n u f a c t u r i n g  s i te  to  
launch site, add i t ion   o f   l aunch   gea r   and   fue l ing ,   and   l aunch   i n to  
e a r t h   o r b i t  
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Amenable t o  alternative launch/ landing sites 

I n c q r p o r a t e s  A i r  Force (C-SA Galaxy)  and  commercial (747 cargo)  
payload   handl ing ,   inc luding   ra i l road ,   t ruck ,   and   cargo-sh ip  con- 
t a i n e r i z a t i o n   c o n c e p t s ,   m o d i f i e d   t o  meet space  environment 
requirements  

Swing-nose  loading/unloading,   permit t ing  normal   a i rcraf t   loading-  
d o o r   f a c i l i t y   c o n c e p t   a p p l i c a t i o n  

9 Propuls ion   sys tem service us ing   ex is t ing   suppor t   equipment   on  
runway aprons or near s e r v i c e   h a n g a r s  

I n - f l i g h t   r e f u e l i n g   o p t i o n s   ( o p t i o n   n o t   i n c l u d e d   i n   r e f e r e n c e  
v e h i c l e   d a t a )  

Ai2 DESIGN FEATURES 

The HTO-SST0 u t i l i z e s  a t r i - d e l t a   f l y i n g  wing   concept ,   cons is t ing   o f  a 
m u l t i - c e l l   p r e s s u r e  vessel o f   t ape red ,   i n t e r sec t ing   cones .  The t r i - d e l t a   p l a n -  
form  (blended  fuselage-wing)  and a Whitcomb a i r f o i l   s e c t i o n   o f f e r   a n   e f f i c i e n t  
aerodynamic  shape  from a per formance   s tandpoin t   and   h igh   propel lan t   vo lumetr ic  
e f f i c i e n c y .  The outer   pane ls   o f   the   wing   and   vent   sys tem  l ines  i n  the   wing ' s  
l ead ing   edge   p rov ide   t he   gaseous   u l l age   space   fo r  LH2 f u e l .  LH2 and LO2 t anks  
are l o c a t e d   i n   e a c h   w i n g   n e a r   t h e   v e h i c l e , , c . g . ,   a n d   e x t e n d   f r o m   t h e   r o o t   r i b  
t o   t h e  wing t i p  LH2 u l l age   t ank   (F igu re  A-2). Approximately 20% o f   t he  volume 
o f   t h e   v e r t i c a l   s t a b i l i z e r  i s  u t i l i z e d  as pa r t   o f   t he   gaseous   u l l age  volume  of 
t h e   i n t e g r a l  wing-mounted LO2 t a n k s .   I n   t h e   a f t  end   o f   t he   veh ic l e ,   t h ree  up- 
ra ted   h igh-PC  rocke t   engines   ( th rus t  = 3.2X106 l b )  are a t t ached   w i th  a double- 
c o n e   t h r u s t   s t r u c t u r e   t o  a two-cell  LH2 tank. 

Most of   the   cargo   bay   s ide  walls are provided  by  the  root-r ib   bulkhead  of  
t h e  LH2 wing  tank. The cargo   bay   f loor  is  designed similar t o   t h e  C5-A m i l i t a r y  
t r a n s p o r t   a i r c r a f t .   T h i s  p e r m i t s  the  use  of  MATS and  Airlog  cargo  loading  and 
r e t en t ion   sys t ems .  The top  of  the  cargo  bay is a mold-l ine  extension  of   the 
wing  upper  contours,   wherein  the  frame  inner  caps are a r c h e d   t o  resist p r e s s u r e  
a t  minimum weight.  The forward end of   the   cargo   bay   has  a c i r c u l a r   s e a l / d o c k -  
ing   p rov i s ion   t o   t he   fo rebody .  Cargo is  d e p l o y e d   i n   o r b i t  by  swinging  the  fore-  
body t o  90 or more degrees   about  a v e r t i c a l  axis a t  t h e   s i d e   o f   t h e  seal, and 
t r ans fe r r ing   ca rgo   f rom  the  bay i n t o   s p a c e  or t o   i n - space  receivers on te lescop-  
i n g  rails. 

The forebody i s  a n  R"10 ogive   o f   revolu t ion   wi th   an  a f t  dome c l o s u r e .  
The ogive i s  d i v i d e d   h o r i z o n t a l l y   i n t o  two levels. The upper level provides  
s e a t i n g   f o r  crew and  passengers,  as well as t h e   f l i g h t   d e c k .  The lower  compart- 
ment c o n t a i n s   e l e c t r o n i c ,   l i f e   s u p p o r t ,  power ( f u e l   c e l l )  , and other   subsystems 
i n c l u d i n g   s p a r e  l i f e  support  and  emergency  recovery  equipment. 

Ten high-bypass, supersonic-turbofan/airturbo-exchanger/ramjet engines  
wi th  a combined s ta t ic  t h r u s t  of 1 . 4 X 1 O 6  l b  are mounted  under  the  wing. The 
i n l e t s  are v a r i a b l e  area r e t r a c t a b l e  ramps t h a t   a l s o   c l o s e   a n d   f a i r   t h e   b o t t o m  
i n t o  a smooth su r face   du r ing   rocke t  powered f l i g h t  and for   h igh   angle-of -a t tach  
b a l l i s t i c  re-entry. 
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F i g u r e  A-2. HTO-SST0 D e s i g n   F e a t u r e s  

Figure A-3 s h o w s   a n   i n b o a r d   p r o f i l e   o f   t h e   v e h i c l e ,   i l l u s t r a t i n g   t h e  
d e t a i l s   o f  body c o n s t r u c t i o n ,  crew compartment,   cargo  bay  length,  LHz tank 
conf igu ra t ion ,   and   l oca t ion  of the   rocke t   engines  a t  rear of   fuse lage .  The 
h ing ing   and   ro t a t ion   o f   t he   nose   s ec t ion   fo r   l oad ing   and   un load ing   t he  pay- 
loads  are i l l u s t r a t ed ,   w i th   i nd ica t ion   o f   v i ew  ang le   f rom  the  rear of   the  
nose   s ec t ion   du r ing   t hese   ope ra t ions .  The m u l t i p l e   l a n d i n g   g e a r   c o n c e p t  shows 
t h e   p o s i t i o n   o f   t h e   n o s e   g e a r   b o g i e ,   t h e   j e t t i s o n a b l e   t a k e o f f   g e a r ,   a n d   t h e  
main  landing  gear  for  powered  landing. 

Figure A-4 p r e s e n t s   f r o n t  and rear views  of   the  vehicle   showing  the  blended 
wing ,   engine   in le t   duc ts ,   l anding   gear   a r rangement ,   and  ver t ical  s t a b i l i z e r .  
Also shown are t y p i c a l   s e c t i o n s   t h r o u g h   t h e   v e h i c l e  a t :  

The h inge  line s e c t i o n  (B-B) a f t  o f   the  crew compartment  and 
forward  of   the  noae  gear .   Cross-sect ional   dimensions of  t h e  
cargo  bay are i n d i c a t e d .  

The 40% c h o r d   l i n e   f u s e l a g e   s e c t i o n  (C-C) i l l u s t r a t i n g   t h e  
wing and f u s e l a g e   c o n s t r u c t i o n   a n d   t h e   p r o f i l e   o f   t h e   w i n g /  
f u s e l a g e   f a i r i n g .  

The  main  landing  gear   s ta t ion (D-D) i l l u s t r a t i n g   t h e   g e a r  
r e t r a c t i o n   g e o m e t r y ,   t h e   r e l a t i o n s h i p   o f   t h e   g e a r   t o   t h e  
engine  a i r  i n l e t  duc t s   and   t he   w ing   cons t ruc t ion   and   p ro f i l e  
to the .   f t iselage  shape.  
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F i g u r e  A - 3 .  HTO-SST0 Inboard Profi le  

SECTION C-C SECTION 0-0 

YIC Y/C 
.08772 20247 
I I 

F i g u r e  A-4. Vehicle S e c t i o n   R e s u l t s  
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Figure  A-5 p r e s e n t s   d e t a i l s   o f   t h e   b a s i c   m u l t i - c e l l   s t r u c t u r e  of the wing. 
The u p p e r   p o r t i o n   i l l u s t r a t e s   t h e   a p p l i c a t i o n   o f   " S h u t t l e - t y p e "  RSI t i l e  thermal 
pro tec t ion   sys tem (TPS). The lower   por t ion  shows a p o t e n t i a l   u t i l i z a t i o n   o f  a 
"metallic" TPS. 

The  wing is  a n   i n t e g r a t e d   s t r u c t u r a l   s y s t e m   c o n s i s t i n g   o f   a n   i n n e r   m u l t i -  
cel l  p r e s s u r e   v e s s e l ,  a foam-f i l l ed   s t ruc tu ra l   co re ,   an   i nne r   f ac ing   shee t ,  a 
p e r f o r a t e d   s t r u c t u r a l  honeycomb core ,   and   an   ou ter   fac ing   shee t .  The i n n e r  
m u l t i - c e l l   p r e s s u r e   v e s s e l   a r c h e d   s h e l l   a n d  webs are conf igu red   t o  resist 
p res su re .  The p res su re   ves se l   and   t he  two f ac ing   shee t s ,   wh ich  are s t r u c t u r a l -  
l y   i n t e rconnec ted   w i th   pheno l i c - impregna ted ,   g l a s s   f i be r ,  honeycomb c o r e ,  re- 
sist wing  spanwise  and  chordwise  bending moments. Cell  webs react w i n g l i f t  
shear forces .   Tors ion  i s  r e a c t e d  by t h e   p r e s s u r e   v e s s e l   a n d  the two f a c i n g  
s h e e t s  as a mult i -box  wing  s t ructure .  

R S I  TILE TPS 
OUTER FACING SHEET 

FOAM FILLED 
H O N E Y C O M   C O I E  

INNER  FACING SHEET 

METALL1 C TPS CELL  ARCHED  SHELL ' 
TRUSS CORE PANEL 

THERMAL INSULATION BLANKET 
(PROTECALOR METAL FOIL WRAPPED) 

II 11 

F i g u r e  A-5. W i n g   C o n s t r u c t i o n   D e t a i l   w i t h   C a n d i d a t e  
TPS Con f i gura  ti ons 

The o u t e r  honeycomb c o r e  is  p e r f o r a t e d  and p a r t i t i o n e d  t o  provide  a con- 
t ro l led   passage ,   purge   and   gas   l eak   de tec t ion   sys tem  func t ion   in   addi t ion   to  
t h e   f u n c t i o n   o f   s t r u c t u r a l   i n t e r c o n n e c t   o f   t h e   i n n e r   a n d   o u t e r   f a c i n g   s h e e t s .  
The c o n s t r u c t i o n   o f   t h e   w i n g   s t r u c t u r e   u t i l i z e s   t h e   " I n f l a t i o n  Assembly 
Technique"  developed by Rockwell f o r   t h e   S a t u r n  I1 b o o s t e r  common bulkhead. 

A. 3 MULTI-CYCLE AIRBREATHER ENGINE SYSTEM 

Takeoff  and  climb  to 100,000 f t   a l t i t u d e  and  5,800  fps is by a i r b r e a t h e r  
propuls ion .   Para l le l   burn   o f   a i rbrea ther   and   rocke t   p ropuls ion   occurs   be tween 
5,800 t o  7,200 fps.   Rocket power is  then  employed  from 7,200 f p s   t o   o r b i t .  
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The mul t i -cyc le   a i rbrea th ing   engine   sys tem,   F igure  A-6 is  der ived  from t h e  
General Electric CJ805 a i r c r a f t   e n g i n e ,   t h e   P r a t t  and  Whitney SWAT 201 super- 
s o n i c  wrap-around t u r b o f a d r a m j e t   e n g i n e ,   t h e   A e r o j e t  A i r  Turborocket,   Marquardt 
var iab le   p lug-nozz le ,  ramjet engine  technology,  and  Rocketdyne  tubular-cooled, 
high-PC rocket   engine  technology.  

TURBOJET 
TURBINE 
CoMPRESSOR / (LH2  RANKINE  CYCLE) 
DRIVE 1 

AIRTlJRBO EXCHANGER  MANIFOLD 

TURB 
snul 

TURBOJET 
C0MI)USTION I I /  FREE-TUUBINkjFAN 

ASSEMBLY 

0 JET 
lOFF 

ic 

P L U G   N O Z Z L E  SUPPORT ' 
COOLED C W E I  
REGENERATIVELY 

DESIGN  POINT ORBITAL  FLIGHT 
AIR INLET  CLOSED 

DESIGN POlM TAKEOFF 
AIR INLET OPEN 

F i g u r e  A-6. Mult i -Cycle   Airbreathing  Engine and I n l e t ,  
Turbofan/Air  Turboexchanger/Ramjet 

The multi-mode  power cyc le s   i nc lude :   an   a f t - f an ,   t u rbo fan   cyc le ,  a LH2,  
regenera t ive   Rankine ,   a i r - turboexchanger   cyc le ;   and  a ramjet c y c l e   t h a t   c a n  
a l so   be   used  as a f u l l   f l o w   ( t u r b o j e t   c o r e  and fan   bypass   f low)   th rus t -  
augmented  turbofan  cycle .   These  four   thermal   cycles  may receive f u e l   i n   a n y  
combinat ion  permit t ing  high  engine  performance  over  a f l i g h t   p r o f i l e   f r o m  sea 
level t akeof f   t o  Mach 6 a t  100,000 f t   a l t i t u d e .  

The engine a i r  in l e t   and   duc t   sys t em is based on a f ive- ramp  var iab le  
i n l e t '   s y s t e m   w i t h   a c t u a t o r s   t o   p r o v i d e  ramp movement f rom  fu l ly   c losed   (upper  
RH f igure)   for   rocke t -powered   and   re -en t ry   f l igh t ,   to   fu l ly   open   ( lower  RH 
f i g u r e )   f o r   t a k e o f f   o p e r a t i o n .  

The i n l e t  area w a s  determined by t h e   e n g i n e   a i r f l o w   r e q u i r e d  a t  t h e  Mach 6 
des ign   po in t .   The   conf igura t ion   requi red  1 . 4 ~ 1 0 ~  pounds t h r u s t  a t  t h e  Mach 6 
condi t ion  and a t  least 1.2~10~ pounds f o r   t a k e o f f .   T h i s   r e s u l t e d  i n  a n   i n l e t  
area of  approximately 1200 f t 2   o r  120 f t 2 / e n g i n e   f o r  a 10-engine   conf igura t ion .  
I n   o r d e r   t o   p r o v i d e   p r e s s u r e   r e c o v e r y   w i t h  minimum s p i l l a g e   d r a g   o v e r   t h e   w i d e  
range  of Mach numbers, a v a r i a b l e  multi-ramp i n l e t  is  r e q u i r e d .   I n l e t   p r e s s u r e  
r ecove ry   e f f i c i ency  vs. v e l o c i t y  is  p l o t t e d  on Figure  A-7. H ighe r   r ecove r i e s  
are p o s s i b l e   f o r   t h e  HTO v e h i c l e   t h a n   f o r  military a i rc raf t  which  must  operate 
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d u r i n g  more v i o l e n t  maneuvers.  However, the   p ressure   recovery   mus t  still pro- 
v i d e  a marg in   wh ich   p reven t s   i n l e t   i n s t ab i l i t y   and   poss ib l e   eng ine   f l ameou t  
f rom  expuls ion   of   the   normal   shock   dur ing   t rans ien ts .  

Es t ima ted .   eng ine   t h rus t   ( t o t a l  o f   10   engines)   versus   ve loc i ty  i s  given 
in Figure A-8. I n i t i a l l y ,  a c o n s t a n t   t h r u s t   o f  1.4 m i l l i o n  pounds  of   thrust  
was assumed f o r   t h e  Rockwell   modif ied  Rutowski   energy  method  t ra jectory  analysis  
(dashed  curve of Figure  A-8). A t en ta t ive   a i rb rea the r   eng ine   pe r fo rmance  map 
was est imated  f rom  engine  data   sources   previously  descr ibed.   Subsequent   anal-  
yses   p roduced   the   engine   th rus t   versus  Mach number estimate shown by the upper 
s o l i d   c u r v e  of Figure A-8. 

FREE-STREAM  MACH  NUMBER 

Figure   A -7 .  A i r  I n d u c t i o n  
S y s t e m   P e r f o r m a n c e  

3,000,000 1 

= 2 P 0 0 . 0 0 0 c  m 
d 

CURRENT 
THRUST - 

I- 

a \ 

1,000,000 PREVIOUSLY ASSUMED' 
CONSTANT  THRUST 

500,000 

0 
0 1 2 3 4 5 6 7  

MACH  NUMBER 

F i g u r e  A - 8 .  A i r b r e a t h e r   T h r u s t  
V e r s u s  Mach  Number 

Major  engine  companies were con tac t ed   t o   ob ta in   a s s i s t ance   i n   advanced  
c y c l e   a n a l y s i s  and to   ob ta in   t he   r e su l t s   o f   any   s tud ie s   wh ich   i nves t iga t ed  
th i s   ope ra t ing   r eg ime .  Data from a P r a t t  and  Whitney repor t   (Reference  1) 
on an  advanced  hydrogen  burning  engine-,   the SWAT 201 tu rbofan  ramjet, were 
evaluated  and  scaled up t o   t h e   s i z e   r e q u i r e d .  However, th i s   engine ,   which  
uses  a bypass valve t o   c l o s e   o f f   t h e   e n g i n e   c o r e   a b o v e  Mach 3.1 and o p e r a t e s  
t h e   a f t e r b u r n e r  as a ramjet a t  h igher   speeds ,   d id   no t   p rovide  a good  match of  
t h rus t   r equ i r emen t s   ove r   t he   r equ i r ed   ope ra t ing   r ange .   A l so   because   o f   t he  
h igh   compress ion- ra t io   des ign ,   the   engine   th rus t - to-weight   ra t io  (T/W) w a s  
i n  the   range   of  4.5 t o  5.5 f o r  an ins ta l led   sys tem.   S ingle-s tage- to-orb i t  
l a u n c h   v e h i c l e   a n a l y s i s  showed t h a t  a T/W of a t  least 8 would  be  necessary 
t o  meet the   vehic le   payload   requi rements .  From Aerojet ,   (Reference 2)  d a t a  
were obta ined  on an a i r  turborocket  concept  which  provides a p o t e n t i a l   f o r  
mee t ing   t he   r equ i r ed  T/W va lues   whi le   p rovid ing  a b e t t e r   m a t c h   o f   t h r u s t  
requi red  a t  t akeof f ,   t r anson ic   and   supe r son ic   cond i t ions .  A modif ica t ion   of  
this c y c l e  w a s  devised  by  Rockwell t o   b e s t  match t h e  SST0 requirements .   This  
eng ine   ope ra t e s  as an  augmented  turbofan  for  takeoff,  a tu rbofan   fo r   h igh -  
e f f i c i e n c y   c r u i s e ,  an augmented  turbofan  for   accelerat ion,   and as a ramjet 
above Mach 3 .  
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The engine  components  include a ro t a ry   vane   a s sembly   t o   c lo se   o f f   t he  
compressor-turbine ass.embly a t  h ighe r  Mach numbers.  The  use  of LH2 f u e l   p e r -  
mits the   u se   o f  a Rankine-cycle a i r  turboexchanger   concept   to   provide power 
for   the   bypass   fan .   This   a l lows   e l imina t ion   of   approximate ly   one-ha l f   o f   the  
normal   tu rbofan   compressor   s tages   normal ly   needed   for   fan   d r ive .   Heat ing   of  
t h e  LH, i n  o u t e r  walls and n o z z l e   p l u g   o f   t u b u l a r   c o n s t r u c t i o n ,   i n   a d d i t i o n  
to prov id ing   f an   d r ive  power,   permits   s toichiometr ic   combust ion  in   the  aug-  
mentorl ramjet  by cooling  of  exposed  surfaces.  The 5500-degree  combustion 
tempera ture   p rovides   h igh   cyc le   e f f ic iency .   Dur ing  ramjet mode ope ra t ion ,  
t h e   f a n  i s  allowed  to  windmill   and is cooled by flow  of LH2 th rough   t he   f an  
guide  vanes.  

The scope   o f   t h i s   s tudy   d id   no t   pe rmi t  a de ta i l ed   eva lua t ion   o f   eng ine  
components t o   p r o v i d e   f u r t h e r ,  more accu ra t e   ca l cu la t ion   o f   t he   pe r fo rmance  
capab i l i t y   o f   t h i s   eng ine   concep t .   Eng ine   manufac tu re r s  are bes t   equipped   to  
f u r t h e r   r e f i n e   t h e   d e s i g n  and  provide real d a t a  o n   c o n c e p t   f e a s i b i l i t y  and 
system  weight .  

For   p re l iminary   es t imat ion   of   a i rbrea th ing   propuls ion   sys tem  s ize   requi re -  
ment, a computer  program was deve loped   fo r   t he  H e w l e t t  Packard  computer. A 
flow  diagram  of  this  program is shown i n   F i g u r e  A-9. 

FREESTREAM  CONDJTIONS (OD) 
BODY WEDGE ANGLE 
THRUST  REDUIREO 

COMPUTES: 

, 
USING Hz/AIR 
COMBUSTION  PROOUCTS 
ATSTOICHIOMETRIC, ISPIDEAL AND 'SPACTUAL 

CONDITIONS AT NOZZLE EXIT (9 )  
ALSO:  WAIR AND WH 

2 

COMPUTES: REQUIRED EXPANSION 
R A T I O 4  AND NOZZLE 
AREAS I 

Figure   A-9 .   Computer  Program F l o w  Diagram for A i r b r e a t h e r  
P r o p u l s i a n  System S i z i n g  

A computer  program  which  has  the  capability  of  computing  performance of 
mixed-cycle   engines   including J P  and LH2 f u e l ,  as well as t h e  a i r  turbo- 
exchanger   cycle  was obtained  from  the Los  Angeles  Division  of  Rockwell  (Refer- 
ence 3 ) .  This  program w a s  developed  under NASA c o n t r a c t   i n  1966 and i s  
cur ren t ly   u sed  by LAD fo r   ca l cu la t ion   o f   JP - fue led   t u rbo je t   and   t u rbo fan  
e n g i n e   d a t a   f o r   a d v a n c e d   a i r c r a f t .  
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I n   o r d e r   t o  maximize the p a y l o a d   b o o s t e d   t o   o r b i t ,  an o p t i m i z a t i o n  tech- 
n ique  is requ i r ed   t a   de f ine   t he   p rope r   eng ine   s equenc ing   ove r  the f l i g h t  
t r a j e c t o r y .  

A. 4 AERODYNAMIC CWCTERISTICS 

The selected  wing  shape is a s u p e r c r i t i c a l  Whitcomb a i r f o i l   w i t h  a rela- 
t i v e l y   b l u n t   l e a d i n g   e d g e ,  f l a t  upper   sur faces   and   cambered   t ra i l ing   edges .  
The t ra i l ing-edge   camber   and   the   t r i -de l ta   shape  minimize t r a n s l a t i o n   o f   t h e  
c e n t e r   o f   p r e s s u r e   t h r o u g h o u t ,   t h e   f l i g h t  Mach number  regime. The b lunt   l ead-  
i n g   e d g e   o f f e r s  good s u b s o n i c   c h a r a c t e r i s t i c s ,   b u t   p r o d u c e s   r e l a t i v e l y   h i g h  
supersonic  wave d rag ;   t he re fo re ,   fu r the r   shape   and   r e f inemen t s  are requi red .  
The  wing  has a spanwise   t h i ckness   d i s t r ibu t ion   o f  10 percent  a t  t h e   r o o t ,  
6 percent  near  midspan,  and 5 percent  a t  t h e   t i p ,   p r o v i d i n g  a l a r g e   i n t e r i o r  
volume f o r   s t o r a g e   o f   f u e l .  

Aerodynamic c o e f f i c i e n t s  (CL, CD, C.P.) were c a l c u l a t e d   u s i n g   t h e   F l e x i b l e  
Uni f ied   Dis t r ibu ted   Panel   p rogram FA-475, which w a s  developed  by  the LAD.Aero- 
dynamic  group.  Because  the  governing  equation is  l i n e a r ,   s i n g u l a r   b e h a v i o r   o f  
t h e   l i n e a r   e q u a t i o n   a n d   n o n l i n e a r i t y   n e a r  M = 1 .0  p rec lude   t he   t r anson ic   so lu -  
t i o n s .  Also, t h e   h y p e r s o n i c   s o l u t i o n   c a n n o t   b e   c a l c u l a t e d   w i t h   t h i s   t h e o r y  
d u e   t o   t h e   i n t r o d u c t i o n  o f  n o n l i n e a r  terms. However,  aerodynamic c o e f f i c i e n t s  
computed a t  M, 5.0 can   be   f rozen   and   can   be   used   for   hypersonic   appl ica t ion .  
V i scous   d rag   due   t o   t he   sk in   f r i c t ion  is  not  computed by t h i s  program.  This 
e f f e c t  was added i n  a s e p a r a t e   a n a l y s i s .  The r e su l t i ng   ae rodynamic   coe f f i c i en t s  
are p l o t t e d   v e r s u s   f l i g h t  Mach number i n   F i g u r e  A-10. 

0 
I 
8 

W" 

LIFT COEFFICIENTS DRAG  COEFFICIENTS 

12.0 

C.?JQEF 

C.P.  MEASURED FROM WING ROOT LEADING EDGE 
CREF IS WING ROOT  CHORD 

0 1 2 3 4 5 6 7 
MACH NUMBER M- 

Figure A-10. A e r o d y n a m i c   C o e f f i c i e n t s  
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Maximum l i f t / d r a g  and corresponding l i f t  c o e f f i c i e n t s  and a n g l e  of a t t a c k  
versus  Mach number are given i n  F igure  A-11. 

Subsonic: (L/D),ax Q - 16.0 a t  a Q - 1.0,  CL 2 0.22 

Supersonic:  (L/D),ax  from 5.4  t o  4.0 a t  4.5" " < a < 6.2" 

Hypersonic:   For  airbreather-OFF,  rocket  only (L/D) Q 3 . 4  max - 

Figure A-11 . Maximum L i f t / D r a g  

The wing  bending moments are based  on  the  fol lowing  data:  

D i f f e r e n t i a l   p r e s s u r e   d i s t r i b u t i o n s  computed  by  the  Unified 
Dis t r ibu ted   Panel   Program 

x = 10" 

2 g loading  on  wing 

GLOW = 4 X 1 O 6  lb 

L i f t  f o r c e  (LF) and  bending moment (BM) a t  the   wing   roo t   for   the   above  con- 
d i t i o n s   a r e  shown i n   t h e   f o l l o w i n g   t a b u l a t i o n .  
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A. 5 FLIGHT  MECHANICS 

The ma jo r i ty   o f   t he   a scen t   pe r fo rmance   ana lys i s   fo r   t he  SSTO v e h i c l e  con- 
c e p t  w a s  accomplished  using a r ecen t ly   deve loped   l i f t i ng   a scen t   p rog ram  based  
on a modified  Rutowski  Energy Method (Ikawa Method).   This  technique  accurate- 
l y  estimated  payload  and  propellant  performance;  however,  i t  d i d   n o t   p r o v i d e  
a b o n a   f i d e   i n t e g r a t e d  time h i s t o r y   o f   t r a j e c t o r y  state f r o m   l i f t o f f   t o   o r b i t  
i n s e r t i o n .  A second  computer  program,  the  Two-Dimensional  Trajectory  Program 
(TDTP), w a s  t hen   u sed   t o  compute t h e   a s c e n t   t r a j e c t o r y   t i m e l i n e .  

I n   o r d e r   t o  do a n  end-to-end s imula t ion  of t h e  SSTO (i .e. ,  a i r b r e a t h e r  
h o r i z o n t a l   t a k e o f f ,   c l i m b ,   c r u i s e ,   t u r n ,   a i r b r e a t h e r   a s c e n t ,   r o c k e t   a s c e n t ,  
c o a s t ,   a n d   f i n a l   o r b i t   i n s e r t i o n )   w i t h   f l i g h t   o p t i m i z a t i o n   i n c l u d i n g   a e r o -  
dynamic e f f e c t s ,  Rockwell   acquired  the  Langley POST computer  program  (program 
to   op t imize   s imula t ed   t r a j ec to r i e s ,   deve loped  by  Martin-Marietta) . POST was 
i n s t a l l e d  on t h e  CDC system a t  Rockwell  and several launch  cases were executed. 

The SSTO u s e s   a i r c r a f t - t y p e   f l i g h t  from a i rpo r t   t akeof f   t o   app rox ima te ly  
Mach 6 ,  w i t h  a p a r a l l e l   b u r n   t r a n s i t i o n   o f   a i r b r e a t h e r   a n d   r o c k e t   e n g i n e s   f r o m  
Mach 6 t o  7 . 2 ,  and  rocket-only  burn  from Mach 7 . 2  t o   o r b i t .   F i g u r e  A-12 
i l l u s t r a t e s  a nominal   t ra jec tory   f rom KSC t o  300-nmi e a r t h   e q u a t o r i a l   o r b i t .  
Pr ime  e lements   o f   the   t ra jec tory  are: 

Runway takeoff   under   high-pass   turbofan/air turbo  exchanger  (ATE)/ 
ramjet  power,   with  the ramjets a c t i n g  as supe rcha rged   a f t e rbu rne r s  

Je t t i son   and   parachute   recovery   o f   l aunch   gear  

Climb t o  optimum c r u i s e   a l t i t u d e   w i t h   t u r b o f a n  power 

Cruise  a t  optimum a l t i t u d e ,  Mach number,  and d i r e c t i o n   v e c t o r   t o  
ea r th ' s   equa to r i a l   p l ane ,   u s ing   t u rbo fan  power 

Execute a l a r g e - r a d i u s   t u r n   i n t o   t h e   e q u a t o r i a l   p l a n e   w i t h   t u r b o f a n  
power 

Perform  an optimum pi tch-over   in to  a near ly   constant-energy  (shal low 
y-angle)   dive if necessary,   and accelerate th rough   t he   t r anson ic  
reg ion   to   approximate ly  Mach 1.2,  using  turbofanlramjet   (supercharged 
a f t e r b u r n e r )  power 

Execute a long-radius optimum  pitch-up t o   a n  optimum supersonic  
c l imb  f l ight   path,   us ing  turbofan/ATE/ramjet   power 

Climb to  approximately 29 km (95 k f t )   a l t i t u d e ,   a n d  1900 m / s  (6200 f p s )  
v e l o c i t y ,  a t  optimum f l i g h t   p a t h   a n g l e   a n d   v e l o c i t y ,   u s i n g   p r o p o r t i o n a l  
fue l - f low  th ro t t l i ng   f rom  tu rbofan /ATE/ ramje t ,   o r   fu l l  ramjet, as re- 
q u i r e d   t o  maximize t o t a l   e n e r g y   a c q u i r e d   p e r   u n i t  mass o f   f u e l  consumed 
as f u n c t i o n   o f   v e l o c i t y   a n d   a l t i t u d e  
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TURN  INTO 
EOUATORIAL 

1.0 a CLIMB 10 

Figure A-12. SST0 Trajectory 

Shut down a i rb rea the r   eng ines   wh i l e  closing a i r b r e a t h e r   i n l e t  ramps 

Continue  rocket  power a t  f u l l   t h r u s t  

I n s e r t   i n t o  an e q u a t o r i a l  e l l i p t i c a l  o r b i t  91x556 km (50x300 nmi) 
a long   an  optimum l i f t / d r a g / t h r u s t   f l i g h t   p r o f i l e  

Shut down rocket   engines   and  execute  a Hohmann t r a n s f e r   t o  556 km 
(300 nmi) 

C i r c u l a r i z e  Hohmann t r a n s f e r  

The r e - e n t r y   t r a j e c t o r y  is c h a r a c t e r i z e d  by  low gamma ( f l i g h t   p a t h   a n g l e )  
h i g h   a l p h a   ( a n g l e   o f   a t t a c k )   s i m i l a r   t o   S h u t t l e .  The main   re -en t ry   t ra jec tory  
elements are: 

P e r f o r m   d e l t a   v e l o c i t y  (AV) maneuver  and i n s e r t   i n t o   a n   e q u a t o r i a l  
e l l i p t i c a l   o r b i t  91x556 km (50x300 nmi) 

Perform a low-gamma, h igh-a lpha   dece lera t ion   to   approximate ly  Mach 6.0 

Reduce a l p h a   t o  maximum l i f t / d r a g  (L/D) fo r   h igh -ve loc i ty   g l ide   and  
cross-range  maneuvers  to  subsonic  velocity  (approximately Mach 0.85) 
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- Open inlets and start a i r b r e a t h e r   e n g i n e s  as r e q u i r e d  

Perform  powered f l i g h t   t o   l a n d i n g   f i e l d ,   l a n d  on  runway,  and taxi 
t o  dock 

Flyback  fuel   requirements   include  approximately 300 nmi  subsonic   cruise   and 
two landing  approach  maneuvers   ( f i rs t   approach  waveoff   with  f lyaround  for  
second  approach). 

Typica l  Isp c h a r a c t e r i s t i c s  of &/rocket   engine  system are: 

Subsonic  range - Linear   reduct ion  of Isp from  9700 t o  4000 sec a t  
1200 f p s  

Supersonic  range - Reduction  of Isp from  4000 sec a t  1200  fps   to  
3500 sec a t  55600 f p s  (AB) 

Rocket - ISp - 455 sec 

The a i r b r e a t h e r   c r u i s e  mode, which r e s u l t s   i n   a n   e c o n o m i c a l   o r b i t   p l a n e  
change  from  the  launch s i t e  t o   t h e   e q u a t o r i a l   o r b i t ,  was analyzed. The esti- 
mated fue l   r equ i r emen t s  t o  c r u i s e  1000 s t a t u t e  miles down-range f o r   a l t e r n a t e  
propuls ion modes are given  below. 

V A l t i t u d e  A t  AWF 
( f t / s e c )  (k-f t ) .  - ( sed  (Ib) Engine 

800 20 6600 72,000 Turbofan Jet  

6000 85 880  386,000 R a m j e t  

Al though  subsonic   c ru ise   t akes  a longer  t i m e  (110 minu tes ) ,   t he  amount o f   f u e l  
consumed i s  s u b s t a n t i a l l y  less when the   o rb i t a l   p l ane   change  i s  accomplished 
wi th   subson ic   c ru i se  a t  maximum L/D. 

A t r a n s i t i o n  maneuver  from h i g h - l i f t   c o n f i g u r a t i o n   t o  (L/D)max configura- 
t i o n  is p e r f o r m e d   s h o r t l y   a f t e r   l i f t o f f   ( b e g i n n i n g  a t  3000 f t   a l t i t u d e ) .  The 
maximum angle  of a t t a c k   o f  13 degrees  is reduced   g radua l ly   t o  1 degree   fo r  
subsonic  (L/D),, c l imb   conf igu ra t ion .  

V e l o c i t y   a n d . a n g l e   o f   a t t a c k  vs f l i g h t  time i n d i c a t e   t h e  t i m e  r e q u i r e d   t o  
reach 300 nmi o r b i t   ( n o t   i n c l u d i n g   s u b s o n i c   c r u i s e   l e g )  varies from  1800 t o  
2300 sec, depending  upon (W/S)o, (T/W) , and   eng ine   ope ra t iona l  mode. 

V a r i a t i o n   i n   l o a d   f a c t o r ,   a l t i t u d e ,  and  dynamic p r e s s u r e   w i t h   r e s p e c t   t o  
v e l o c i t y   a n d  time dur ing   supe r son ic   a scen t  show a maximum l o a d   a c c e l e r a t i o n  
less than  2.3 g. Maximum dynamic p r e s s u r e  is 940 psf ,   which  is  wi th in   l oad  
l i m i t s .  From t akeof f   t o   bu rnou t ,   t he   a scen t   p ro f i l e  is  q u i t e   s h a l l o w  - w i t h  
f l i gh t   pa th   ang le   r ang ing   be tween  -0.7 and 4.5 degrees.  

Ascen t   and   descen t   t r a j ec to r i e s   o f   t he  SST0 and  the   Space   Shut t le   miss ions  
are compared i n   F i g u r e  A-13. Because  the  performance  of   a i rbreathing  engines  
and  aerodynamic l i f t i n g   o f  winged  vehicle  depend  on  the  high  dynamic  pressure,  
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Figure A - 1 3 .  Ascent and Descent  Trajectory  Comparisons 

t h e  SSTO f l i e s  a t  much l o w e r   a l t i t u d e   d u r i n g   t h e  powered  c l imb  than  the  ver t i -  
ca l  a s c e n t   t r a j e c t o r y  of t h e   S p a c e   S h u t t l e   f o r  a g i v e n   f l i g h t   v e l o c i t y .   L i g h t  
wing  loading  of   the SSTO c o n t r i b u t e s  to  t h e   r a p i d   d e c e l e r a t i o n   d u r i n g   d e o r b i t .  

The t o t a l   e n t h a l p y   f l u x   h i s t o r i e s   w h i c h   i n d i c a t e   t h e   s e v e r i t y  of expected 
aerodynamic  heat ing are shown i n   F i g u r e  A-13. A s  expected,  the  aerodynamic 
h e a t i n g   o f   a s c e n t   t r a j e c t o r y  may des ign   t he  SSTO  TPS requirement.  The maximum 
t o t a l   e n t h a l p y   f l u x   o f  6000 B t u / f t 2 - s e c  i s  e s t ima ted   nea r   t he   end   o f   a i rb rea the r  
power   c l imb  t ra jec tory .   Except   in   the   v ic in i ty   o f   vehic le   nose ,   wing   lead ing  
edge, or s t r u c t u r a l   p r o t u b e r a n c e s ,   w h e r e   i n t e r f e r e n c e   h e a t i n g  may e x i s t ,  most 
o f   t h e   a s c e n t   h e a t i n g  is  from t h e   f r i c t i o n a l   f l o w   h e a t i n g  on t h e   r e l a t i v e l y  
smooth f l a t   s u r f a c e .  

The descen t   hea t ing  i s  mainly  produced by the  compressive  f low  on  the  vehi-  
c le  windward sur face   dur ing   the   h igh-angle-of -a t tack   re -en t ry ,   and  i s  expected 
to   be   cons ide rab ly  lower than   the   Space   Shut t le   re -en t ry   hea t ing .  

Weight i n   o r b i t  is summarized i n   T a b l e  A-1. The data e n t r i e s   i d e n t i f i e d  
b y   a n   a s t e r i s k  are r ev i sed   r e fe rence   veh ic l e   da t a   r e su l t i ng . f rom  Rockwel l   and  
NASA/MSFC da ta   exchange   i n  May 1 9 7 8 .   C a l c u l a t i o n s   r e f l e c t   a d d i t i o n a l   f u e l  
reserves, performance losses and a 10-pe rcen t   g rowth   f ac to r .   I ne r t   we igh t   i n  
o r b i t  was inc reased   f rom  694 ,510   l b   t o  775,800 l b  and a i r b r e a t h e r   e n g i n e   t h r u s t  
of 1 . 4 X 1 O 6  l b   c o n s t a n t  was r e v i s e d   t o  ref lect  i n c r e a s e   i n   a i r b r e a t h e r   t h r u s t  
p o t e n t i a l  shown i n  F igure  A-8. 
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T a b l e  A - 1 .  SSTO Weight  in Orbit Summary 
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A . 6  AERODYNAMIC AND STRUCTURAL  HEATING 

Pre l iminary   aerodynamic   hea t ing   eva lua t ion   of   the  SSTO c o n f i g u r a t i o n  was 
performed f o r  several wing  spanwise  s ta t ions  and  the  fuselage  center l ine.  

For   the   wing   lower   sur faces ,   hea t ing  rates were computed i n c l u d i n g   t h e  
chordwise   va r i a t ion   o f   l oca l   f l ow  p rope r t i e s .   E f fec t s   o f   l ead ing   edge   shock  
and   angle   o f   a t tack  were i n c l u d e d   i n   t h e   l o c a l   f l o w   p r o p e r t y   e v a l u a t i o n .  
Leading   edge   s tagnat ion   hea t ing  rates were based  on  the  f low  condi t ions  normal  
to   t he   l ead ing   edge   neg lec t ing   c ros s - f low  e f f ec t s .  A l l  computations were per- 
formed  using  ideal  gas  thermodynamic  properties.  

Wing upper -sur face   hea t ing  rates were computed using  f ree-s t ream  f low 
p r o p e r t i e s ,  i . e . ,  neg lec t ing   chordwise   va r i a t ions   o f   f l ow  p rope r t i e s .   Hea t ing  
rates were computed f o r  several p r e s c r i b e d  wall temperatures  as w e l l  as t h e  
r e r a d i a t i o n   e q u i l i b r i u m  wall  tempera ture   condi t ion .   Trans i t ion   f rom  laminar  
to t u rbu len t   f l ow was taken  into  account   in   the  computat ions.   Wing/body  and 
i n l e t   i n t e r f e r e n c e   h e a t i n g   e f f e c t s  were n o t   i n c l u d e d   i n   t h i s   p r e l i m i n a r y  
a n a l y s i s .  The a n a l y s i s  w a s  l i m i t e d   t o   t h e ,   a s c e n t   t r a j e c t o r y ,   s i n c e   t h e   d e s c e n t  
t r a j e c t o r y  i s  thermodynamically less severe. 

These paramet r ica l ly   genera ted   aerodynamic   hea t ing  rate d a t a  were used 
f o r   t h e r m a l   a n a l y s i s   o f  the va r ious   cand ida te   i n su la t ion   sys t ems .   Rad ia t ion  
equ i l ib r ium  t empera tu res   fo r   emis s iv i ty ,  E = 0.85, are based on: 
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Leading   edge   s tagnat ion   hea t ing  rates peak a t  M = 16.4, 
a l t  - 196,000 f t  

Upper wing  surface  uniform s ta t ic  pressure  assumed,   temperatures  
peak a t  M = 6 . 4 ,  a l t  = 86,500 f t  

Lower wing   su r f ace   hea t ing  rates and  temperatures  peak a t  M = 7.9, 
a l t  = 116,000 f t  

Loca l   f low  proper ty   var ia t ion ,   angle  of a t tack,   and  leading-edge 
s h o c k   e f f e c t s  are included 

I n l e t   i n t e r f e r e n c e   e f f e c t s  were not   inc luded  

I so the rms   o f   t he   peak   su r f ace   t empera tu res   fo r   uppe r   and   l ower   su r f aces  
( e x c l u d i n g   e n g i n e   i n l e t   i n t e r f e r e n c e   e f f e c t s )   f o r   t h e  SSTO and   Orbi te r  are 
shown i n   F i g u r e  A-14. Leading  edge  and  upper  wing  surface  temperatures  have 
similar p r o f i l e s .  The SSTO lower-surface temperatures are from 400°F t o  600°F 
lower  than the o rb i t e r   due   t o   l ower   r e - en t ry   w ing   l oad ing  (23 ver sus  67 psf). 

SSTO 
LOWER  SURFACE - 1 - UPPER  SURFACE 

3 m Q F  

440 
1 I24a 

ORBITER-TRAJECTORY 
UPPER SURFACE - 1- LOWER SURFACE 

1. - ..\ \ 

Figure A-14. Isotherms of Peak Surface Temperatures During Ascent 

S t r u c t u r a l   h e a t i n g   a n a l y s e s   i n c l u d e :   ( a )   t y p i c a l   v a r i a t i o n s  of  h e a t   l e a k  
rate (BTU/ft2-hr)  and t o t a l   h e a t   f l u .  (BTU/ft2) as a f u n c t i o n  of HRSI t i l e  
t h i c k n e s s   f o r   t y p i c a l  LH2 upper   and  lower  wing  tank  surface  locat ions;  (b) v a r i -  
a t ion   o f   bond l ine   t empera tu res   ve r sus  t i l e  maximum t e m p e r a t u r e   t o   t h i c k n e s s   r a t i o  
f o r  RSI t i l e  i n s u l a t i o n ,   i n c l u d i n g   b o n d l i n e   t e m p e r a t u r e s   f o r   t h e   d r y ,   w i n g t i p  
u l l age   t ank ,  the wetted  lower  surface  of   the LH2 tank,   and  the  dry  upper   surface 
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of the LH2 tank;  and (c) typical  thermal  response  as a function  of  launch 
trajectory  exposure  time  of  the  insulation  system. 

Figure  A-15  shows HRSI tile  thickness  profiles  for  Pondline  temperatures 
of  350'F. Preliminary  data  indicate  that  the  titanium  aluminide  system  des- 
cribed  in  the TPS section of this  report  may  be  lighter  than  the RSI tile  for 
the SSTO TPS  system  due  to  the  low  average  temperature  (lOOO°F  to 1600'F) 
profiles  occurring  over 80 and  85  percent  of  the  vehicle  exterior  surface. 

LOWER  SURFACE 

ULLAGE 

UPPER SURFACE 

ULLAGE 

7GT-l 

F i g u r e  A-15. HRSI T i l e  Thickness C o n t o u r s  
f o r  350'F Bondline T e m p e r a t u r e  

A . 7  THERMAL  PROTECTION  SYSTEM 

Ceramic  coated R S I  tile,used  on  Shuttle,  and  metallic  truss  core  sandwich 
structure,  developed  for  the B-1 bomber,  were  investigated  as  potential  thermal 
protection  systems  for  the SSTO, Figure  A-5. 

The  radiative  surface  panel  consists  of  a  truss  core  sandwich  structure 
fabricated  by  superplastic/diffusion  bonding  process.  For  temperatures  up  to 
1500/1600'F,  the  concept  utilizes  an  alloy  based  on  the  titanium-aluminum 
systems  which  show  promise  for  high-temperature  applications  currently  being 
developed  by  the  Air  Force.  For  temperatures  higher  than  1500/1600°F,  it  is 
anticipated  that an  alloy  will  be  available  from  the  dispersion-strengthened 
superalloys  currently  being  developed  for  use  in gas turbine  engines.  Flexible 
supports  are  designed to accommodate  longitudinal  thermal  expansion  while 
retaining  sufficient  stiffness to transmit  surface  pressure  loads  to  the  primary 
structure.  Also  prominent  in  metallic  TPS  designs  are  expansion  joints  which 
must  absorb  longitudinal  thermal  growth  of  the  radiative.surface,  and  simulta- 
neuously  prevent  the  ingress  of  hot  boundary  layer  gases  to  the  panel  interior. 
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The i n s u l a t i o n   c o n s i s t s   o f   f l e x i b l e  thermal b l a n k e t s ,   o f t e n   e n c a p s u l a t e d   i n  
f o i l  material to   p reven t   mo i s tu re   abso rp t ion .  The i n s u l a t i o n   p r o t e c t s   t h e  
pr imary   load-car ry ing   s t ruc ture   f rom  the   h igh   ex terna l   t empera ture .  

Dur ing   the   pas t  two years ,   Rockwell   and  Prat t   and  Whitney  Aircraf t   have 
p a r t i c i p a t e d   i n   a n   A i r - F o r c e  Materials Laboratory  sponsored  program, F33615-75- 
C-1167, d i r ec t ed   t oward   t he   exp lo i t a t ion  of TisAl   base   a l loy   sys tems.  The 
t i t a n i u m   a l u m i n i d e   i n t e r m e t a l l i c  compounds based  on  the  composi t ions T i 3 A l  
6 2 2 )  and T U 1  (y) which  form  the  binary Ti-A1 a l loys   have   been  shown t o   h a v e  
attractive e leva ted- tempera ture   s t rength   and   h igh   modulus /dens i ty   ra t ios .  

Titanium  hardware of  complex conf igura t ions   have   been   deve loped ,   u t i l i z ing  
a process   which   combines   superp las t ic   forming   and   d i f fus ion   bonding  (SPF/DB). 
This   Rockwel l   p ropr ie ta ry   p rocess   has   p rofound  impl ica t ions   for   t i t an ium  fab-  
r i ca t ion   t echno logy ,  p e r  se. In  addi t ion,   the   unprecedented  low-cost   hardware 
i t - g e n e r a t e s   p r o m i s e s   t o   r e v o l u t i o n i z e   t h e   d e s i g n   o f   a i r f r a m e   s t r u c t u r e .  The 
versati le na tu re   o f   t he   p rocess  may be shown  by t h e   n a t u r e   o f   t h e  complex  deep- 
drawn s t ruc ture   and   sandwich   s t ruc ture   wi th   var ious   core   conf igura t ions   which  
have  been  fabricated.   This  manufacturing  method  and  the  design  freedom i t  
a f f o r d s   o f f e r  a s o l u t i o n   t o   t h e   h i g h   c o s t   o f   a i r c r a f t   s t r u c t u r e .   M a n u f a c t u r i n g  
f e a s i b i l i t y   a n d   c o s t   a n d   w e i g h t   s a v i n g s   p o t e n t i a l   o f   t h e s e   p r o c e s s e s   h a v e   b e e n  
e s t ab l i shed   t h rough   bo th  IR&D e f f o r t s  a t  Rockwell  and A i r  Force   cont rac ts .  
These   s t ruc tu res  may be  used €or engine  cowling,   landing  gear   doors ,  etc. ,  i n  
a d d i t i o n   t o   p r o v i d i n g   m a j o r  TPS components. 

Unit  masses of  the  SST0  TPS concept ,   s ta te -of - the-ar t  TPS hardware  and 
advanced   thermal -s t ruc tura l   des igns  are compared w i t h   t h e   u n i t  mass o f   t he  
o r b i t e r  RSI i n  Figure A-16. The u n i t  mass of   t he  RSI inc ludes   the  t i l e s ,  t h e  
s t r a i n   i s o l a t o r   p a d ,   a n d   b o n d i n g  material. The hashed  region shown f o r   t h e  RSI 
mass is  i n d i c a t i v e   o f   i n s u l a t i o n   t h i c k n e s s   v a r i a t i o n s   n e c e s s a r y   t o   m a i n t a i n  
mold l i n e  ove r   t he   bo t tom  su r face   o f   t he   o rb i t e r .  The RSI is  requ i r ed   t o   p re -  
ven t   t he   p r imary   s t ruc tu re   t empera tu re   f rom  exceed ing  350'F.  The u n i t  masses 
of  t h e  metallic TPS are p l o t t e d  a t  the i r   co r re spond ing  maximum use  temperatures .  
The advanced  designs a re  seen   t o   be   compe t i t i ve   w i th   t he   d i r ec t ly  bonded  RSI. 

A. 8 STRUCTURAL AiULYSIS 

The m u l t i - c e l l  wing  tanks  provide a s t r u c t u r e  which is capable of  s u s t a i n -  
i ng   p re s su re   wh i l e ,  a t  t h e  same time, react ing  aerodynamic  loads.  The tanks  
are s i zed   based   on   u l l age   p re s su res   o f  32-34 p s i a  (LH2) and 22-22 p s i a  (LOX). 
Maximum wing  bending  occurs a t  about Mach 1.2.  The LH2 and LOX wing  tanks are 
the   ma jo r   l oad   pa th   fo r   r eac t ing   t hese   l oads .  The  wing a l s o   s u p p o r t s   t h e  air- 
breather   engine  system. 

The primary  wing  attachment is  t o   t h e   c a r g o   b a y   s t r u c t u r e .  The cargo  bay 
a f t   s e c t i o n , ,  i n  t u r n ,  is  connec ted   t o   t he  LH2 tank. The LH2 i n t e r c o n n e c t s   t h e  
ca rgo   bay ,   a f t   po r t ions   o f   t he   w ing ,   t he  ver t ical  su r face ,   and   t he   rocke t   eng ine  
t h r u s t   s t r u c t u r e .  

An u l t i m a t e   f a c t o r  of s a f e t y   o f  1-50 was u s e d   i n   t h e   a n a l y s i s .  The prime 
d r i v e r  in  t h e   s t r u c t u r a l   s i z i n g  of the   mul t i -ce l l   wing   tanks  is  the  bending 
moment r e su l t i ng   f rom air l o a d s - a t  Mach 1.2. The ne t   bend ing  moment on t h e  
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wing is  the   d i f f e rence   be tween   t he  l i f t  moment and t h e   r e l i e v i n g  moment due   t o  
LOX r e m a i n i n g   i n   t h e  wing. Trades were performed t o   d e t e r m i n e   t h e   s t r u c t u r a l  
w i n g   w e i g h t s   r e q u i r e d   t o   s u s t a i n  these bending moments p l u s   i n t e r n a l   p r e s s u r e .  
An in t e rmed ia t e   l oca t ion  was chosen   fo r  LOX p r o p e l l a n t   w h e r e   l i f t  moment -2 
times r e l i e v i n g  moment. Locat ing LOX o u t b o a r d   r e s u l t s  i n  a l o w e r   n e t   f l i g h t  
bending moment, b u t   t h e  c r i t i c a l  des ign   condi t ion   then  becomes prelaunch  under  
f u l l   p r o p e l l a n t   l o a d i n g .  To s u s t a i n   t h i s   p r e l a u n c h   b e n d i n g  moment, t h e  wing 
weight would b e  i n  excess   of  200,000 l b .  

The  wing LH;! tank w a s  d e s i g n e d   t o   s u s t a i n   t h e   l o a d s   f r o m   b o t h   i n t e r n a l  
p r e s s u r e  and  wing  bending. Al 2219-T87 was c h o s e n   f o r   t h e   t a n k  material on 
t h e   b a s i s   o f   h i g h   s t r e n g t h  a t  c ryogenic   t empera tures ,   f rac ture   toughness ,   and  
weldabi l i ty .   Loads  resul t ing  f rom  wing  bending moments are dominant i n   d e t e r -  
mining membrane thickness ,   which is based  on a maximum t a n k   u l l a g e   p r e s s u r e   o f  
34 p s i a ,  and an u l t i m a t e   f a c t o r   o f   s a f e t y   o f  1.50. F igure  A-17 shows material 
t h i c h e s s   v e r s u s  wing s t a t i o n   d u e   t o   p r e s s u r e  and  wing  bending.  The  column 
showing  bending  only relates t o  wing-bending  contr ibut ion,   not   an  unpressurized 
wing  design. 

The f u s e l a g e  LHz t ank  I s  t h e   p r i m a r y   l o a d   p a t h   f o r   r e a c t i n g   t o t a l   v e h i c l e  
mass i n e r t i a s   d u r i n g   t h e  max imum a c c e l e r a t i o n   c o n d i t i o n  (3.0 g).  Approximately 
27 percent  o f  t he   p rope l l an t   r ema ins  a t  t h a t  time. The t ank   has  a twin-cone 
"Siamese" conf igura t ion   which  is r e q u i r e d   i n   o r d e r   t o  f i t  i n   t h e   f u s e l a g e  a t  
maximum p r o p e l l a n t  volume.  The  forward  end  of  the  tank i s  c y l i n d r i c a l ,   w h i l e  
the a f t  end is c l o s e d   o u t  with a doub le   mod i f i ed   e l l i p so ida l  shell .  The  bulk- 
h e a d s . r e a c t   t h e  internal p r e s s u r e s   w h i l e   t h e   s i d e w a l l  carries pressure   and  
axial  compression  loads.  The bulkheads are monocoque c o n s t r u c t i o n   w h i l e   t h e  
s i d e w a l l  is an i n t e g r a l   s k i n - s t r i n g e r   w i t h   r i n g   f r a m e s   c o n s t r u c t i o n .  Tank 
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Figure A-17.  Material  Thickness  Versus Wing S t a t i o n  

configurat ion  and  bulkhead membrane and  sidewall   "smeared"  thickness  require- 
m e n t s   t o   s u s t a i n   t h e   i n t e r n a l   p r e s s u r e  and axial compression  loads  have  been 
de termined .   The   s t ruc tura l   des ign  of a l l  c ry0   tanks  is based on cryogenic  
temperature  material p r o p e r t i e s  and  allowables.  

A.9 MASS PROPERTIES 

SST0 mass p r o p e r t i e s  are dominated by t h e   t r i - d e l t a  wing s t r u c t u r e ,   t h e  
the rma l   p ro t ec t ion   sys t em  and   t he   a i rb rea the r  and rocket   p ropuls ion   sys tem.  
The i n i t i a l  r e f e r e n c e   v e h i c l e   d a t a ,  shown i n   T a b l e  A-2, were generated  by 
Rockwell   during  the  period  of December  1977 - January  1978.  These  data were 
reviewed by NASA MSFC/LaRC during  February  and March 1978,  r e s u l t i n g  im twe, 
extremes  of mass e s t i m a t e s .  A reassessment  by  Rockwell   during May produced 
t h e   f i n a l   r e f e r e n c e   v e h i c l e   d a t a .  The d a t a   p r e s e n t e d   i n   t h i s   r e p o r t  are con- 
s i d e r e d   t o   b e   r e a s o n a b l y   a c h i e v a b l e   t a r g e t s .  The technology items coded  on 
F igure  A - 1  r e q u i r e   s t u d y   i n   g r e a t e r   d e p t h  and  degree of s o p h i s t i c a t i o n  to 
confirm SST0 mass p rope r ty   da t a .  
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Table A - 2 .  SST0 Weight Sunnnary 

I ROCKWELL YSFC ROCKWELL I 
REFERENCE NORMAL REFERENCE 'ACCELER 

INITIAL 

972.400 801,700 ORBITAL  INSERTION  WEIGHT 

196.580  107.100 PAYLOAO WEIGHT 

775.820 694,500 INERT  WEIGHT 6 USEFUL  LOAD 

47.- - - 47.400 USEFUL LOA0  IFLUIOS. RESERVES. ETC.1 

7m.420 567.600 898,700 647.100 TOTAL  INERT  WEIGHT  (DRY  WEIGHT] 

66.220 51.600  81.700 10% GROWTH 

662.200  516.000 117.000 647.100 SUBTOTAL 

37.800 22.000 41.000 35.5mJ OTHER SYSTEMS 

5.000  7.000  9.000 1.100 OMS PROPULSION 

l o . m  11.000  16.000 4.000 RCS PROPULSION 

1 4 0 . m  1 4 8 . W  100.000 148.WO AIRBREATHER  PROPULSION 

71.7M) 40.000 40.000 63.700 ROCKET  PROPULSION 

27.700 sD.000 u.000 27.700 LANDING  GEAR 
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