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FOREWORD 
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and non- in t eg ra l   t anks )  on the   per formance   of   ac t ive ly   cooled   hypersonic  

c r u i s e   v e h i c l e s .  The s tudy  was conducted i n   a c c o r d a n c e   w i t h   t h e   r e q u i r e m e n t s  
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SECTION 1 

SUMMARY 

A d e t a i l e d   a n a l y t i c a l   s t u d y  w a s  made t o   i n v e s t i g a t e   t h e  effects of  fuse- 

l a g e   c r o s s   s e c t i o n   ( c i r c u l a r   a n d   e l l i p t i c a l )   a n d   s t r u c t u r a l   a r r a n g e m e n t  

( i n t e g r a l   a n d   n o n - i n t e g r a l   t a n k s )   o n   t h e   p e r f o r m a n c e   o f   a n   a c t i v e l y   c o o l e d  

h y p e r s o n i c   c r u i s e   v e h i c l e .   T h e  vehicle w a s  a 200 passenge r ,   l i qu id   hydrogen  

f u e l e d  Mach 6 .   t r a n s p o r t   d e s i g n e d   t o  meet a range   goa l   o f   9 .26  Mm (5000 NM). 
T h r e e   s p e c i f i c   p o i n t   d e s i g n   a i r c r a f t ,   i l l u s t r a t e d   i n   F i g u r e  1, were 

developed.  The  aerodynamic  configurations were de r ived   f rom  the  NASA J3T-4 

tailless d e l t a   a i r c r a f t   c o n f i g u r a t i o n   d e s c r i b e d   i n   R e f e r e n c e  (1). 

A v a r i e t y   o f   t r a d e   s t u d i e s  were conducted i n   t h e  area o f   c o n f i g u r a t i o n  

a r r angemen t ,   s t ruc tu ra l   des ign ,   and  active c o o l i n g   s y s t e m   d e s i g n   i n   o r d e r   t o  

maximize the  performance  of   each of t h e   t h r e e   p o i n t   d e s i g n   a i r c r a f t .  A i r -  

c r a f t   r a n g e   a n d   w e i g h t  were used as the   bases   fo r   compar i son   and   t he  assump- 

t i o n  w a s  made t h a t   a d e q u a t e   l i q u i d   h y d r o g e n  w a s  a v a i l a b l e   t o   c o o l   t h e   a e r o d y -  

n a m i c   s u r f a c e s   o f   t h e   a i r c r a f t .  

MACH 6 HYPERSONIC TRANSPORT 
GE5/JZ6-C  TURBORAMJETS 

CIRCULAR WING-BODY 

CONCEPT 1. NON-INTEGRAL  TANKS 
CONCEPT 2. INTEGRAL  TANKS 

ELLIPTICAL  BLENDED WING-BODY 

CONCEPT 3. MULTIBUBBLE 
INTEGRAL  TAN 

FIGURE 1 
FUSELAGE/TANK  STRUCTURE  STUDY  AIRCRAFT CONCEPTS 



The r e s u l t a n t   d e s i g n   a n d   p e r f o r m a n c e   c h a r a c t e r i s t i c s  are summarized i n  

F igu re  2.  Concept 3,  t h e   b l e n d e d   b o d y ,   i n t e g r a l   t a n k   a i r c r a f t ,   w e i g h e d   t h e  

least  and  had t h e   g r e a t e s t   r a n g e   c a p a b i l i t y   ( o v e r  0.47 Mm (250 NM) more t h a n  

the   o the r s ) .   Th i s   supe r io r   pe r fo rmance  is a r e s u l t   o f   t h e   b e t t e r   a e r o d y n a m i c  

c h a r a c t e r i s t i c s   a n d   h i g h e r   v o l u m e t r i c   e f f i c i e n c y .  

CONCEPT  1 
CIRCULAR 

& 
*(360.5 F T ) 4  

109.9 rn 

TANKAGE 

MONOCOQUE TANK  WALL 

NON "INTEGRAL 

VOLUMETRIC 

4.6 LID 

EFFICIENCY 0.67 

O.W.E.  Mg (LBM) 190.2 (419,200) 

TOGW  Mg (LBM) 299.0 (659,200) 

RANGE  Mrn(NM) 8.69 (4,690) 

Note: L/D Basis - Nacelle on and Cool Wall 

Z2z2 
CONCEPT  2 

- (360.5 FT)"--/ 
109.9 rn 

INTEGRAL 

ISOG R I D 

4.6 

0.71 

190.6 (420,300) 

299.5  (660,300) 

8.73  (4,715) 

CONCEPT  3 
BLENDED  BODY 

k ( 3 2 8 . 5   F T ) A  
100.1 rn 

INTEGRAL 

ISOGRID 

4.8 

0.88 

187.2 (412,800) 

296.1 (652,800) 

9.20 (4,968) 

Vol e f f  = Tank  vol/available volume in fuselage  tank  section 

FIGURE 2 
DESIGN  AND  PERFORMANCE  CHARACTERISTICS 

The r e l a t i v e   p r o d u c i b i l i t y   a n d   s e r v i c e a b i l i t y  of e a c h   o f   t h e   t h r e e  air-  

c r a f t   c o n c e p t s  when o p t i m i z e d   f o r  maximum range  were as ses sed   t o   p rov ide   an  

i n d i c a t i o n  of c o s t   t r e n d s .   T h i s   a n a l y s i s  w a s  n o t  as d e t a i l e d  as t h e   d e s i g n  

s t u d i e s ,   b u t   t h e   r e l a t i v e   r a n k i n g  of t h e s e   f a c t o r s  is  b e l i e v e d   t o   b e   a c c u r a t e .  

These   f ac to r s  are g iven   be low,   wi th   h igher   numbers   ind ica t ing   h igher   cos t   o r  

grea te r   main tenance   requi rements .   Concept  1 i s  used as t h e   b a s e l i n e   f o r  

comparison. 

Concept 1 Concept 2 Concept 3 

I s o g r i d   I s o g r i d  

Tank Wall Monocoque S t i f f e n e d  S t i f f e n e d  

P r o d u c i b i l i t y  1 3.5 3 

S e r v i c e a b i l i t y  1 1 . 2  1 . 3  
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Design  approaches  which  would  improve  the  producibi l i ty   of   the   Concept  2 

and 3 a i r c r a f t  w e r e  b r i e f l y  examined. A l l  t h e s e   a p p r o a c h e s   r e s u l t e d   i n  

i n c r e a s e d   w e i g h t   a n d   t h e r e f o r e   s h o r t e r   r a n g e .  The  most a t t ract ive o f   t h e s e  

approaches  w a s  t o   u s e  monocoque t ank  w a l l  c o n s t r u c t i o n  as i n  Concept 1. The 

e f f e c t  of t h i s   a p p r o a c h ,   a n d   t h e   a s s o c i a t e d   d e c r e a s e   i n   t h e   r a n g e   o f   e a c h  

a i r c r a f t   c o n c e p t  i s  presented  below.  

Tank Wall 

P r o d u c i h i l i t y  

Range Loss  

Concept 1 

Monocoque 

1 

0 

ConceDt 2 w 
Monocoque  Monocoque 

1.6 1.0 
452 km (244 NM) 1 1 7  km (63 NPI) 
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SECTION 2 

INTRODUCTION 

Liquid  hydrogen (LH ) f u e l   h a s  several p o t e n t i a l   a d v a n t a g e s   o v e r  con- 2 
v e n t i o n a l   f u e l s  when a p p l i e d   t o   h y p e r s o n i c   f l i g h t .  A p a r t i c u l a r l y  a t t ract ive 

c h a r a c t e r i s t i c  is  i t s  h i g h   s p e c i f i c   i m p u l s e .   A d d i t i o n a l l y ,  i t  o f f e r s  a s i g -  

n i f i c a n t   h e a t   s i n k   c a p a c i t y   f o r   e n g i n e   a n d   i n l e t   c o o l i n g ,   a n d   a l s o  a poten- 

t i a l  c o o l i n g   o f   t h e   a i r f r a m e   i t s e l f .  

However, a s i g n i f i c a n t   c h a l l e n g e   f o r   t h e   a i r c r a f t   d e s i g n e r  is p r e s e n t e d  

by l i q u i d   h y d r o g e n ' s   c r y o g e n i c   s t o r a g e   t e m p e r a t u r e ,   2 0 . 3  K (-423'F),  and its 

ext remely   low  dens i ty   (approximate ly  1 / 1 2  t h a t   o f   c o n v e n t i o n a l  J P  a i r c r a f t  

f u e l ) .   T h e s e   f a c t o r s ,   p a r t i c u l a r l y   t h e  low d e n s i t y ,   r e s u l t   i n  a unique  

des ign   p rob lem.   The   l a rge   vo lumes   r equ i r ed   fo r   fue l   con ta inmen t   d i c t a t e  a 

r equ i r emen t   fo r   a i r c ra f t   shapes   wh ich   p rov ide   h igh  volume p e r   t o t a l  a i r -  

c r a f t   s u r f a c e  area. Typically,   blended-body  and  all-body  shapes are attrac- 

t i ve   cand ida te s .   These   shapes ,  combined w i t h   s t r u c t u r a l   c o n c e p t s   i n   w h i c h  

fue l   con ta inmen t  i s  i n t e g r a l   w i t h   t h e   b a s i c   s t r u c t u r e   g e n e r a l l y   l e a d   t o   h i g h  

v o l u m e t r i c   u t i l i z a t i o n .  

The s p e c i f i c   m a j o r   i s s u e s   i n   t h i s   s t u d y  were t o   e v a l u a t e   t h e   e f f e c t s   o f  

f u s e l a g e   c r o s s   s e c t i o n   ( c i r c u l a r   a n d   e l l i p t i c a l )   a n d   s t r u c t u r a l   a r r a n g e m e n t  

( i n t e g r a l   a n d   n o n - i n t e g r a l   t a n k s )  on the  performance  of a r e p r e s e n t a t i v e  

Mach 6 h y d r o g e n   f u e l e d   a i r c r a f t .  The e n t i r e   e x t e r n a l   s u r f a c e   o f   t h e   a i r c r a f t  

w a s  assumed t o   b e   a c t i v e l y   c o o l e d .   I n - d e p t h   s t u d i e s  were conducted  on  the 

des ign  of t h e   c o n f i g u r a t i o n   a n d   t h e   a c t i v e   c o o l i n g   s y s t e m .   D e t a i l e d   s t r e n g t h  

ana lyses   inc luded   an   eva lua t ion   of   the   impact   o f   f rac ture   mechanics   and  

f a t i g u e  on t h e   d e s i g n   o f   t h e   c r y o g e n i c   t a n k   s t r u c t u r e s .   T h e s e   a n a l y s e s  

emphasized  the  development  of minimum w e i g h t ,   l o n g   l i f e   s t r u c t u r a l   c o n c e p t s .  

They fu r the r   p rov ided  a f i r m   b a s i s   f o r   c a l c u l a t i n g   t h e   w e i g h t  of t h e   d e t a i l  

e l e m e n t s   o f   t h e   f u s e l a g e / t a n k   s t r u c t u r e   i n   l i e u   o f   u s i n g   s t a t i s t i c a l   w e i g h t  

es t imates .   Configurat ion  s tudies   focused  on  approaches  that   would  maximize 

volume u t i l i z a t i o n ,  a requi rement  w e l l  recognized  as a dominant   issue.  

The s tudy  w a s  conducted  with  fuel   weight   and  payload  being  f ixed a t  

108.9 Mg (240,OOo Ibm) and  21.8 Mg ( 4 8 , 0 0 0   l b m ) ,   r e s p e c t i v e l y .   A i r c r a f t   s i z e ,  

weight ,   and  range were dependen t   va r i ab le s .  Range w a s  s e l e c t e d  as a v i a b l e  

f i g u r e  of merit. 

5 



The s t u d y   l o g i c ,   p h a s i n g   a n d   i n t e r a c t i o n s  are shown i n   F i g u r e  3 .  The 

s t u d y  w a s  conducted i n  the s e q u e n c e   i n d i c a t e d ,   w i t h   t h e   n o n - i n t e g r a l   t a n k  

Concept 1 d e s i g n   b e i n g   a c c o m p l i s h e d   f i r s t ,   f o l l o w e d   b y   a n a l y s i s   o f   t h e   i n t e -  

g ra l   t ank   Concep t s  2 and 3 .  
The d e s i g n   a n d   p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f   t h e   b a s e l i n e   ( o r   p r e l i m i n -  

a r y )   c o n f i g u r a t i o n s  were developed  and  used as t h e   b a s i s   f o r   t h e   a i r c r a f t  

t rade-of f   and   des ign   re f inement   p rocess .  

G e n e r a l   a r r a n g e m e n t ,   s t r u c t u r a l   d e s i g n ,  active cool ing  system  design  and 

m i s s i o n   p r o f i l e   t r a d e   s t u d i e s  were accomplished  for   Concept  1 w i t h   f i x e d  

vehic le   payload   acd  a m i s s i o n   r a n g e   g o a l  of 9 .26  Mm (5,000 NM). Using   the  

r e s u l t s  o f   t h e s e   t r a d e   s t u d i e s ,   t h e   f i n a l   s i z i n g   o f   t h e   a i r c r a f t  w a s  accom- 

p l i s h e d   a n d   t h e   f u e l   r e q u i r e d   t o   p e r f o r m   t h e   m i s s i o n  w a s  determined.   This  was 

set a t  108.9 Mg (240,000 lbm). 

For  Concepts 2 and 3 the   payload   and   the   fue l   weight   (as   de te rmined   f rom 

Concept 1) were h e l d   f i x e d  and a i r c r a f t   r a n g e  w a s  t h e   v a r i a b l e .   S u f f i c i e n t  

hydrogen   fue l  w a s  assumed t o   c o o l   t h e   a i r c r a f t   a e r o d y n a m i c   s u r f a c e s .   F o r  a l l  

c o n c e p t s ,   s t r u c t u r a l   w e i g h t s  were determined as w e l l  as the   t ake -o f f   g ros s  

weight  (TOGW). P r i o r   t o   p r o c e e d i n g   w i t h   t h e   d e s i g n   r e f i n e m e n t   p r o c e s s   f o r  

Concepts 2 and 3 a t r a d e - o f f   o f   c a n d i d a t e   i n t e g r a l   f u e l   t a n k   t h e r m a l   p r o t e c -  

t i on   sys t ems  w a s  accomplished.  For a l l  t h r e e   a i r c r a f t   c o n c e p t s ,   r e f i n e d  

d e s i g n   a n d   p e r f o r m a n c e   c h a r a c t e r i s t i c s  were d e v e l o p e d ,   a n d   r a n g e   s e n s i t i v i t y  

t o   v a r i o u s  parameters w a s  d e t e r m i n e d .   F i n a l l y ,   t h e   c h a r a c t e r i s t i c s   o f   t h e  

t h r e e   c o n c e p t s  were compared  and  evaluated  and  conclusions were drawn. 
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SECTION 3 

PERFORMANCE AND DESIGN REQUIREMENTS 

P e r f o r m a n c e   a n a l y s e s   f o r   t h e   t h r e e   s t u d y   a i r c r a f t   c o n c e p t s  were accom- 

p l i s h e d   u s i n g   t h e   f l i g h t   p r o f i l e ,   g i v e n   i n   F i g u r e  4 ,  f o r   t h e   n o m i n a l   d e s i g n  

miss ion   range   of  9 . 2 6  Mm (5000 NM) . 
The a s c e n t   f l i g h t   p r o f i l e   f o r   e a c h   a i r c r a f t  w a s  c o n s t r a i n e d   b y   s o n i c  

boom ove rp res su re ,   dynamic   p re s su re ,   i n l e t   duc t   p re s su re   and   hea t ing  rate 

limits. Ascen t   a long   t hese  l i m i t  l i n e s  w a s  accomplished t o   r e a c h   t h e   b e s t  

(.L/D) (.Isp) c o n d i t i o n  a t  s tart  of Mach 6 c r u i s e .  From th is  p o i n t   c r u i s e  w a s  

cont inued  a t  the b e s t  (L/D) (Isp) u n t i l  s tart  of   descent .   Descent  was then  

accomplished a t  Max L/D. 

S u f f i c i e n t   f u e l  reserves t o   a l l o w   l o i t e r   f o r  20 minutes  a t  M = 0.8  and 

12.2 km ( 4 0 , 0 0 0  f t )   a l t i t u d e  w e r e  p rov ided .   Add i t iona l  sea level reserve i s  

s u f f i c i e n t   f o r   o n e  go around  (5   minutes  a t  M = 0 . 4 ) .  

The  mission  performance  requirements  common t o  a l l  t h ree   concep t s ,  are: 

1. Cruise  Mach number = 6 .  

2 .  Payload = 21.8 Mg ( 4 8 , 0 0 0  lbm) . 
3 .  Fuel   weight  = 108.9  Mg (240,000 lbm) (determined  from  Concept 1 

d e s i g n   s y n t h e s i s )   i n c l u d i n g   a l l o w a n c e   f o r   b o i l o f f   d u r i n g  a p re f l igh t   g round  

hold  of   one  hour .  

The p ropu l s ion   sys t ems  were s i z e d   t o  meet the   per formance   requi rements  

f o r   e a c h   a i r c r a f t   c o n c e p t .  The  "rubberized"  engines  were de r ived   f rom  the  

hydrogen  burning GE5-JZG wrap   a round  s to ich iometr ic   tu rboramje t .  A new MCAIR 

a p p r o a c h   t o  two  dimensional,   horizontal   ramp,  external  compression a i r  indus-  

t i o n  syster,zs w a s  u s e d   f o r  a l l  a i r c r a f t .  

Des ign   requi rements ,   gu ide l ines   and   assumpt ions  common t o  a l l  a i r c r a f t  

were : 

1. A l l  e x t e r n a l   s u r f a c e s   c o o l e d   t o  a maximum s t r u c t u r a l   t e m p e r a t u r e  of 

394K C250°F) excep t  the n a c e l l e .  An u n l i m i t e d   f u e l   h e a t   s i n k  w a s  assumed 

a v a i l a b l e   t o   a b s o r b   t h e   e n t i r e   h e a t   l o a d .  

2.  Design  Load  Factors:  

( a )   F l i g h t  n = 2.5, -1.0 ( l i m i t )  

(b) Taxi   nZ = 2 . 0  ( l i m i t )  

(c)  Emergency  landing n = 4.5,  -2.0, nx = 9.0, n = +1.5 (Ultimate) 

z 

z Y -  
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3. 

4. 

5. 

6 .  

7. 

8. 

9 .  

10. 

Tank p r e s s u r i z a t i o n  = 138 kPa (20 p s i )   g a g e  limit. 

S e r v i c e   L i f e  = 10,000 hrs. 

Fuel  was LH2 conta ined  a t  i ts  norma l   bo i l i ng   po in t   o f   20 .3  K (-423’F). 

Space   be tween   s t ruc tu re   and   fue l   t anks  w a s  purged  to   3 .45  kPa (0.5 

Psi)   gage.  

( V 0 1 u m e ) ~ / ~ / ( P l a n f o n n   A r e a )  was t o   b e   a p p r o x i m a t e l y   t h e  same as t h e  

HT-4. 

S t r u c t u r a l  material w a s  t o   b e   p r i m a r i l y  aluminum. 

Ai r f r ame   su r face   hea t ing  rates were based  on s u s t a i n e d   f l i g h t   c o n d i -  

t i o n s .  No al lowance w a s  made fo r  f l i gh t   maneuver s .  

Designs  were  based on t a n k   p r e s s u r e   s t a b i l i z i n g   t h e   s t r u c t u r e .  
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SECTION 4 

CIRCULAR BODY AIRCRAFT WITH NON-INTEGML  TANKS  (CONCEPT 1) SYNTHESIS 

The f i n a l   p e r f o r m a n c e   c h a r a c t e r i s t i c s   f o r   C o n c e p t  1 were p r e v i o u s l y  

summarized i n   F i g u r e  2 .   T h e s e   c h a r a c t e r i s t i c s  were determined as a r e s u l t   o f  

a series o f   t r a d e   s t u d i e s   a n d   d e t a i l e d   s t r u c t u r a l   a n d   c o o l i n g   s y s t e m s   a n a l y s e s  

o f   t h e   a i r c r a f t .  The   fo l lowing   s ec t ions   summar ize   t he   r e f inemen t   s tud ie s .  

Material S e l e c t i o n  

A s tudy  w a s  c o n d u c t e d   t o  select  t h e  materials to   be   u sed   fo r   p r imary   and  

s e c o n d a r y   s t r u c t u r e .   P r i m a r y   s t r u c t u r e  was l i m i t e d   t o   t h e   s e l e c t i o n   o f  an 
aluminum a l l o y .  The material s e l e c t i o n  was b a s e d   p r i m a r i l y  on  Concept 1 

requ i remen t s .   The   s e l ec t ion  w a s  m a i n t a i n e d   f o r  a l l  concepts  s o  t h a t  material 

p rope r t i e s   wou ld   no t   be  a v a r i a b l e   i n   t h e   f i n a l   c o m p a r i s o n  and   eva lua t ion .  

That  assumption w a s  reviewed as t h e   d e s i g n  of Concepts 2 and 3 progressed .  

No s p e c i a l   d e s i g n   r e q u i r e m e n t s  were found  which  would make t h e   o r i g i n a l  

s e l e c t i o n   i n v a l i d .  

Two c o n s i d e r a t i o n s  were paramount i n   s e l e c t i o n   o f   t h e  aluminum a l l o y s  

to   be   u sed .   Those  w e r e  t h e  394K (250°F) maximum tempera ture   to   which   the  

m o l d l i n e   s t r u c t u r e  w a s  t o   b e   c o o l e d   a n d   t h e  20.3K  (-423°F)  cryogenic  tempera- 

t u r e  a t  which t h e   f u e l   t a n k s   w o u l d   o p e r a t e .  An a d d i t i o n a l   c o n s i d e r a t i o n  was 

t h e   d e c i s i o n   t o   a s s e m b l e   t h e   t a n k s   b y   k e l d i n g .   T h i s   p r o v i d e d   t h e   b e s t   v a p o r  

seal  aga ins t   l eakage   of   the   hydrogen   fue l   and   min imized   the   weight   o f   the  

j o i n t s   r e q u i r e d   i n   a s s e m b l i n g   t h e   l a r g e   t a n k s .  

A comparison w a s  made of material p r o p e r t i e s   f o r   s e v e r a l  aluminum a l l o y s  

showing  promise   for   p r imary   s t ruc ture .  A summary of that   comparison  can  be 

found in   F igu re   5 .   Based  on t h i s   c o m p a r i s o n ,  2014-T6 and ?075-T6 a l l o y s  were 

e l imina ted   because  of t h e i r   s u s c e p t i b i l i t y   t o   c o r r o s i o n   a n d  stress c o r r o s i o n  

cracking.  The 7475-T761 material w a s  no t   compet i t ive   f rom  an   e leva ted  t e m -  

p e r a t u r e   s t r e n g t h   s t a n d p o i n t   a n d   h a d   t h e   a d d i t i o n a l   d i s a d v a n t a g e   o f   b e i n g  

a v a i l a b l e   f r o m   o n l y  a s i n g l e   s o u r c e   w i t h   r e s u l t i n g   h i g h   c o s t .  Low s t r e n g t h  

p r o p e r t i e s  a t  b o t h  room and   e l eva ted   t empera tu res   e l imina ted   t he  6061-T6 

material a n d   t h e  T6 temper   o f   the  2219 a l l o y .  

1 1  



k T  = 300K (80'Fl-T = 394K (25OoF) (1O;OOO H r s ) l  

Material Disadvantages 

I 

1 .oo 

Good  corrosion resistance, 
1 .oo good  elevated  temperature 

mechanical  properties 

Stable for long time 
9.86 exposure a t  elevated 

temperature 

High  fracture toughness, 
stable for long time exposurf 
to elevated  temperature. 

0.95 good  corrosion  resistance 
weldable, property data 
readily  available a t  
elevated  temperature 

High  fracture  toughness. 

resistance 
0.85  Excellent  corrosion 

NA 1 0.92 
Susceptible to corrosion, 
exfoliation, and  stress 
corrosion  cracking 

Low fracture  toughness 
a t  room temperature. No 
elevated  temperature 
fracture  toughness  data 

~~~ 

1 2014-T6 1.00  0.67 1 
2024-T81 1.00  0.47 

221 9-T6 0.64 0.92 

2219-T87 0.98 1.00 

0.99  0.99 

1.00  1.00 

0.63  0.98 

0.84 

1 .oo 0.34 1 1.00 

I Low initial strength, i.e., 
a t  low temperatures. No 
Elevated  temperature KC 
data 

NA I 0.75 0.58 

-t 
Low initial strength, i.e., 
a t  low temperatures. No 
elevated  temperature 
KC data 

1.00 1 0.79 0.77 
o.82 I 0.98 

I I 6061-T6 1 0.69 1 1.00 

70757T6 
~ 0.60 

0.91 

Low strength. No elevated 
temperature KC data 

SusceDtible to corrosion. 

0.41 1 0.59 0.61 1.00 

0.80 0.98 

0.85 0.97 

0.57 

0.82 

0.76 

' Exfoliation, and  stress 
1 corrosion  cracking. Low 

fracture toughness.  Tem- 
perature limited. No 

~ elevated  temperature KC 

0.76 0.84 0.95 

data. 
Sole source, premium  price, 

I 
temperature  limited. No 

data 
elevated  temperature KC 

I 

I 

7475-T761 
0.78 1 0.89 

1.00 0.59 

Note:  Index  rating  ratio  property  to  highest  value  in  column.  Highest  number is best  rating 

h.% indicates  data  not  available 
FIGURE 5 

SUMMARY  MATERIAL  EVALUATION - ELEVATED  TEMPERATURE 



Only  2024-T81  and  2219-T87  aluminum w e r e  f i n a l l y   c o n s i d e r e d  as t h e  

b a s i c   c o n s t r u c t i o n  material f o r   t h e   a c t i v e l y   c o o l e d   p a n e l s .  The f a i l u r e  

modes c o n s i d e r e d   t o   b e   m o s t   s i g n i f i c a n t  were: (1) s t a b i l i t y ,   w i t h  (Ec) com- 

p r e s s i v e   m o d u l u s   o f   e l a s t i c i t y   b e i n g   t h e   f i g u r e  of merit ,  and   (2 )   f r ac tu re  

mechanics ,   wi th   crack  growth rate (da /dn )   and   f r ac tu re   t oughness   coe f f i c i en t  

(Kc) b e i n g   t h e   f i g u r e s   o f  merit. The  2219-T87 a l l o y  w a s  shown to   be   compe t i -  

t i v e   i n   s t a b i l i t y   p a r a m e t e r s   a n d   t o   h a v e  a d e f i n i t e   s u p e r i o r i t y   o v e r  2024-T81 

i n   f r a c t u r e   m e c h a n i c s .  2219-T87 w a s  t h e r e f o r e   s e l e c t e d  as t h e   c o n s t r u c t i o n  

material f o r   t h o s e   s t r u c t u r a l   e l e m e n t s   o p e r a t i n g  a t  e l eva ted   t empera tu re .  

The choice  of  materials f o r   c r y o g e n i c   t a n k   c o n s t r u c t i o n  w a s  l imi t ed   by  

t h e   a f o r e m e n t i o n e d   d e c i s i o n   t o   u t i l i z e   a l l - w e l d e d   c o n s t r u c t i o n .  A comparison 

o f   t h e   t h r e e   c a n d i d a t e  materials is p r e s e n t e d   i n   F i g u r e   6 .  From t h i s  compari- 

son i t  became o b v i o u s   t h a t   t h e   c r a c k   g r o w t h   c h a r a c t e r i s t i c s   ( d a / d n )  of  6061-T6 

would   e l imina te  i t  f r o m   f u r t h e r   c o n s i d e r a t i o n .  The  2014-T6 material was a l s o  

el iminated  because  of  i t s  i n h e r e n t   s u s c e p t i b i l i t y   t o   c o r r o s i o n  and stress cor- 

ro s ion   c r ack ing .   The re fo re ,  2219-T87  aluminum a l l o y  w a s  chosen as t h e  

most a c c e p t a b l e  material f o r   t a n k   f a b r i c a t i o n .  

20 14-T6 
~ ~~~~ 

221 9-T87 

606 1 -T6 

High fracture toughness, 
stable for long time expo- 
sure to elevated  temperature. 
Good  corrosion resistance, 
weldable, property data 
readily available a t  
elevated  temperature 

High fracture toughness. 
Excellent  corrosion 
resistance 

Disadvantages 

Susceptible to corrosion, 
2xfoliation. and  stress 
corrosion  cracking 

Low room temperature 
strength 

Low strength. No 
cryogenic  temperature 
K c  data 

Note:   Index  ra t ing-rat io  of property  to  highest  value  in  column.  Highest  number is best  rating 

N A  indicates  data  not  available 

FIGURE 6 
SUMMARY  MATERIAL  EVALUATION  -CRYOGENIC  TEMPERATURE 
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Annealed   t i t an ium  a l loy  6A1-4V w a s  u s e d   i n  some l i m i t e d   s e c o n d a r y   s t r u c -  

t u r e   a p p l i c a t i o n s ,   s u c h  as f u s e l a g e   l i n k s   a n d   f i t t i n g s ,   w h e r e   c o n c e n t r a t e d  

l o a d s   o c c u r   a n d   l i g h t e r   s t r u c t u r e   w o u l d   r e s u l t .  The 6A1-4V a l l o y  w a s  s e l e c t e d  

because  of  i ts f a v o r a b l e   c o m b i n a t i o n   o f   t e n s i l e   s t r e n g t h ,   h i g h   f a t i g u e   a l l o w -  

ab le s ,   and  good f r a c t u r e   t o u g h n e s s ,  compared t o   s e v e r a l  commonly u s e d   t i t a n i u m  

a l l o y s .  

T rade   S tud ie s  

The base l ine   (p re l imina ry )   Concep t  1 a i r c r a f t   c h a r a c t e r i s t i c s  are g iven  

i n   F i g u r e  7. T h i s   b a s e l i n e  m e t  a l l  of   the  program  performance  requirements   and 

w a s  based on e s t i m a t e d   w e i g h t s   o f   t h e   f u s e l a g e / t a n k   s t r u c t u r e   a n d   t h e  active 

cool ing  system. The f u e l   w e i g h t   t o   p e r f o r m   t h e   m i s s i o n  w a s  determined as 

108.9 Mg (240,000 lbm) which w a s  t hen   f i xed   fo r   t he   Concep t  2 and 3 s t u d i e s .  

T r a d e   s t u d i e s  were c o n d u c t e d   t o   d e t e r m i n e   t h e   e f f e c t   o f   c o n s i d e r a t i o n s  

such as passenge r   compar tmen t   l oca t ion ,   t ank   s i ze ,   cons t ruc t ion   concep t s ,   and  

t h e r m a l   p r o t e c t i o n / a c t i v e   c o o l i n g   s y s t e m   d e s i g n s .  Detail d i s c u s s i o n s   o f   t h e s e  

t r a d e   s t u d i e s  are found i n   R e f e r e n c e s  (21, (3)  a n d   ( 4 ) .   I n   o r d e r   t o   e v a l u a t e  

T 
1 
38.0 rn 

( 124.8 FT) 

PRELIMINARY 
CHARACTERISTICS 

O.W.E. = 190 Mg (419,234 LBM) 

WTFUEL = 108.9 Mg (240,000  LBM) 

NON-INTEGRAL  FUEL  TANKS 

PAY LOAD = 21.8 Mg (48,000  LBM) 

(200 PASSENGERS) 

ENGINE (4) GE5/JZ6-C 

TSLS = 400 kN (90,000  LBF) 

UNINSTALLED PER ENGINE 

HOT  NACELLE.STRUCTURE 

SPEED M = 6.0  (MAXIMUM) 

SURFACE ACTIVELY COOLED 

TO 394  K (250OF) MAX 

RANGE  GOAL = 9.26 Mrn (5000  NM) 

CONCEPT 1 BASELINE  AIRCRAFT 
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t r a d e   s t u d y   r e s u l t s   i n  terms o f   a i r c r a f t   r a n g e ,   t h e   s e n s i t i v i t y   c u r v e  shown i n  

F igu re  8 w a s  d e v e l o p e d   f o r   t h e  a i rc raf t .  The r e s u l t s   o f   t h e s e   s t u d i e s   f o r   t h e  

Concept 1 a i r c r a f t  are presented  below.  

a. Pay load /Fue l   Loca t ion  - The  purpose  of this t r a d e   s t u d y  was t o  eval- 

u a t e   t h e   e f f e c t  on   range   of   four   d i f fe ren t   passenger   compar tment   loca t ions :  

a) a t  a fo rward   pos i t i on ;   b )  a t  t h e   a i r c r a f t   c e n t e r   o f   g r a v i t y  ( C G )  with   an  

upper t i e r  of seats; c) a t  the CG w i t h  a lower t i e r ;  and  d) a t  t h e  CG w i t h  a 

s h o r t   c o m p a r t m e n t   a r r a n g e d   v e r t i c a l l y   i n  several tiers of seats. The r e s u l t s  

are p r e s e n t e d   i n   F i g u r e  9. The  s i g n i f i c a n t   e f f e c t   o f   t h e   p a s s e n g e r   c o m p a r t -  

ment l o c a t i o n  on   u sab le   fue l   vo lume  is  e v i d e n t .  The i n c r e a s e d   r a n g e   r e s u l -  

t i n g   f r o m   t h e   b e t t e r   v o l u m e t r i c   e f f i c i e n c y  is the   p r imary   r eason   fo r   s e l ec -  

t i n g   t h e   f o r w a r d   l o c a t i o n  as t h e  most  promising of t h e   f o u r   l o c a t i o n s  

examined. I n   a d d i t i o n ,   t h e   f o r w a r d   l o c a t i o n   r e s u l t s   i n   a n   i d e a l   g r o u n d  

handl ing   a r rangement   for   board ing   and   deboard ing   passengers  and f o r   a i r c r a f t  

s e r v i c i n g .  The d i s t i n c t   p h y s i c a l   s e p a r a t i o n  of t h e   p r e s s u r i z e d   p a s s e n g e r  

compar tmen t   f rom  the   fue l   t ank   compar tmen t   a l so   p rov ides   t he   bes t   f ab r i ca t ion  

scheme  of the  four   arrangements   examined.  

270 

260 

E 
9 250 
rl 
E! 

6 240 
I 

.- z - 
U 230 
J 

220 

95 I I I I 
'175  180  185  190  195 200 

O.W.E. - Mg 

I I I I I I 
390  400  410  420  430  440 

O.W.E. - IO3 Ibm 

FIGURE 8 
RANGE  SENSITIVITY, CONCEPTS 1 AND 2 
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BASELINE:  CONCEPT NO. 1 AIRCRAFT 

A 
B 
C 
D 

0.478 
0.444 
0.381 
0.388 

0 
-0.74 (-400) 
-2.04 (-1100) 
-1.85 (-1000) 

FIGURE 9 
FORWARD PASSENGER COMPARTMENT  SELECTED 

b.  Tank  Length  and Dome Shape - The o b j e c t i v e   o f   t h i s   s t u d y  was t o  

determine  the  combinat ion  of   number   of   tanks  and dome shape  that   maximized 

a i r c r a f t   r a n g e .   C o m b i n a t i o n s   o f   t w o ,   t h r e e   a n d   f o u r   t a n k s   w i t h   e l l i p t i c a l ,  

t o r i s p h e r i c a l   a n d   h e m i s p h e r i c a l  domes were e v a l u a t e d .  The r e s u l t s  are sum- 

mar i zed   i n   F igu res  10 and 11. On t h e   b a s i s   o f   t h i s   c o m p a r i s o n  a two t ank  

c o n f i g u r a t i o n   w i t h   e l l i p t i c a l l y  domed tank   ends  was s e l e c t e d   f o r   t h e  Con- 

cep t  1 a i r c r a f t .  

c. Act ively  Cooled  Fuselage  Covering - Act ive ly   coo led   pane l s   o f   bo th  

honeycomb  and beaded   cons t ruc t ion  were compared f o r   t h e   f u s e l a g e   c o v e r i n g .  

The c r i t i c a l  f a i l u r e  mode f o r   t h e s e   p a n e l s  w a s  compressive  buckl ing.   Coolant  

t ube   spac ing  w a s  s e l e c t e d  t o  l i m i t  s k i n   t e m p e r a t u r e   g r a d i e n t s   t o  56K (100°F) 

maximum s u c h   t h a t   t h e r m a l  stresses had a n e g l i g i b l e   e f f e c t   o n   p a n e l   g e n e r a l  

s t a b i l i t y .   W e i g h t s  were d e t e r m i n e d   f o r   t h e   p a n e l s   c o n s i d e r i n g   n o t   o n l y   t h e  

l o a d   c a r r y i n g   s t r u c t u r e   b u t   a l s o   s p l i c e s ,   m a n i f o l d s ,   s h e a r   c l i p s ,   a d h e s i v e s ,  

f a s t e n e r s ,   r e s i d u a l   c o o l a n t   a n d  a pumping  power p e n a l t y .  The s t u d y   r e s u l t s  

are summarized i n   F i g u r e  1 2 .  The  honeycomb p a n e l   c o n s t r u c t i o n  i s  l i g h t e r ,  

w i t h i n   t h e  Concept 1 h a d   r a n g e ,  and   p rov ides   fo r  a g r e a t e r   r a n g e   p o t e n t i a l .  
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FIGURE 10 
RESULTS-FUEL  TANK  LENGTH  STUDY:  (ELLIPTICAL  DOMES) 

FIGURE 11 
RESULTS-FUEL  TANK  DOME SHAPE STUDY: (2 TANKS) 

T h e s e   a d v a n t a g e s ,   c o m b i n e d   w i t h   t h e   o t h e r   d e s i r a b l e   f e a t u r e s   l i s t e d   i n  

F igu re  1 2 ,  l e d   t o   t h e   s e l e c t i o n  of honeycomb p a n e l   c o n s t r u c t i o n  for t h e  

fuse lage   cover ing .  
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Actively  Cooled  Honeycomb 
Fuselage Primary  Structure 

Actively Cooled 
Corrugation  Stiffened 
Panel-Stringer  Concept 

Actively Cooled 
Honevcomb 

Fuselage 
Frame 7 

Fuselage Frame 1 Insulation -, 

Tank Wall 

Panel Unit Weight vs 
Ultimate  Allowable  Load 

- Honeycomb Panels  Selected 

16 
0 74.1 km (40 NM) Range  Saving 

(v 

E 
3 14- Minimize Fastener Installation 
4- 0 More Efficient  Structural  Utilization 

Loading  Range 0 Lighter 
". - Fail-safe  Fluid  Containment 

L 
07 

- g 1 2 -  
with Frame Caps 

i- 

3 
.- 
c 

10 I I 1 I - 
100 200 300 400  500 

NCR - kN/m 

I I I 
500  1000  1500  2000  2500 3000 

NCR - Ibf/in. 

FIGURE 12 
COMPARISON  BETWEEN  HONEYCOMB  AND  STIFFENED  STRUCTURAL CONCEPTS 

d.   Tra jec tory   Shaping  - A s t u d y   r e l a t e d   t o   t h e   a s c e n t   t r a j e c t o r y   p r o v i d e d  

v i s i b i l i t y   t o   t h e   s e n s i t i v i t y  of t h i s  class of a i r c r a f t   t o   t h e  maximum h e a t i n g  

rate e n c o u n t e r e d   i n   t h e   f l i g h t   p r o f i l e .  A s  i n d i c a t e d   i n   F i g u r e  13,  t h e   o r i g i -  

n a l l y  assumed  ascent w a s  b a s e d   s o l e l y   o n   s o n i c  boom overpressure,   dynamic 

p r e s s u r e ,   a n d   i n l e t   d u c t   p r e s s u r e   l i m i t a t i o n s .  The des ign  of  t h e   a c t i v e   c o o l -  

i n g   s y s t e m   t o   t h i s   p r o f i l e   r e q u i r e d   t h e   a b s o r p t i o n  of  a t r a n s i e n t   h e a t   l o a d  
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FIGURE 13 
FLIGHT  TRAJECTORY 

t h a t  w a s  40% g r e a t e r   t h a n   t h e   s u s t a i n e d   h e a t   l o a d   e x p e r i e n c e d   d u r i n g   c r u i s e  as 

i n d i c a t e d   i n   F i g u r e   1 4 .   T h i s   i n i t i a l   a p p r o a c h   r e s u l t e d   i n  a l a rge ,   heavy  

ac t ive   coo l ing   sys t em  wh ich  w a s  s i g n i f i c a n t l y   o v e r d e s i g n e d   f o r  most  of t h e  

mis s ion ,   i nc lud ing  a l l  o f   c ru i se .  

A m o d i f i c a t i o n   t o   t h e   a s c e n t   t r a j e c t o r y ,   f o l l o w i n g  a c o n s t a n t   h e a t i n g  

path  f rom Mach 5 t o   t h e  Mach 6 s t a r t  o f   c r u i s e  a t  t h e   b e s t   ( L / D ) ( I s p )   c o n d i t i o n ,  

w a s  t h e n   i n v e s t i g a t e d .   T h i s   a p p r o a c h   r e s u l t e d   i n  a ne t   r ange   ga in  of 289 k m  

(156 NM) a t t r i b u t a b l e   t o  a r e d u c t i o n   i n   c o o l i n g   s y s t e m   w e i g h t .   T h i s   a s c e n t  

t r a j e c t o r y   m o d i f i c a t i o n  w a s  i n c o r p o r a t e d   i n   t h e   f i n a l   t r a j e c t o r y .  

e. Nacelle Cooling - The f e a s i b i l i t y  of   cool ing   the   nace l le   module  

s u r f a c e s   t o   t h e  same tempera ture ,  394 K (250°F) ,  as t h e  rest o f   t he   a i r f r ame  

w a s  s t u d i e d .  It w a s  f o u n d   t h a t   a l t h o u g h   t h e   s u r f a c e  area invo lved   r ep resen ted  

only  9 .4% of t h e   t o t a l   a i r f r a m e   w e t t e d   s u r f a c e  area, c o o l i n g   t h e   n a c e l l e   s u r -  

f a c e s   a d d e d   2 3 . 8 %   t o   t h e   t o t a l   h e a t   l o a d   t o   b e   a b s o r b e d .  
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FIGURE 14 
EFFECT  OF  ASCENT  TRAJECTORY  ON  HEATING  RATES 

There are numerous  reasons why t h e   h e a t i n g  rates o n   t h e   n a c e l l e   s u r f a c e  

were much h i g h e r   t h a n   t h e   o v e r a l l   a v e r a g e   s u r f a c e   h e a t i n g  rates. 

o The n a c e l l e  is l o c a t e d  on t h e   l o w e r   s u r f a c e .  

o Most n a c e l l e   s u r f a c e   l o c a t i o n s  are n e a r   b o u n d a r y   l a y e r   o r i g i n s   w h i c h  

r e s u l t s   i n   h i g h   h e a t   t r a n s f e r  rates d u e   t o   t h e   s h o r t   c h a r a c t e r i s t i c  

l eng ths   i nvo lved .  

o Flow i n   t h e   b o u n d a r y   l a y e r   d i v e r t e r   r e g i o n  i s  subson ic   and   t he re fo re  

l o c a l   a d i a b a t i c  wal l  t empera tu res   app roach   t o t a l   t empera tu re .  

o The e x t e r n a l   i n l e t  ramps are p o s i t i o n e d  a t  h i g h   d e f l e c t i o n   a n g l e s .  

o H e a t i n g   t o   t h e   p a n e l s   i n  some reg ions   inc ludes   conduct ion   f rom  the  

i n t e r n a l   d u c t  walls i n   a d d i t i o n   t o   e x t e r n a l   a e r o d y n a m i c   h e a t i n g .  

A l l  of t h e s e   f a c t o r s  combine t o  impose   ex t reme  cool ing   requi rements   for   the  

n a c e l l e   s u r f a c e s .  

A comparison  with a " h o t f '   s t r u c t u r e   n a c e l l e   d e s i g n  was made. Supe ra l loy  

ma te r i a l s   compa t ib l e   w i th   t he   r e su l t an t   h ighe r   t empera tu re   env i ronmen t  were 

u s e d .  W h i l e   t h e   n a c e l l e   s t r u c t u r a l   w e i g h t   i n c r e a s e d ,  a n e t   a i r c r a f t   s y s t e m  

weight  decrease  of  2.39 Mg (5266  lbm) r e s u l t e d ,   c o r r e s p o n d i n g   t o  a 137 km 

20 



( 7 4  NM) g a i n   i n   r a n g e .   I n   a d d i t i o n ,   c o o l i n g   t h e   n a c e l l e   s u r f a c e   r e s u l t s   i n  many 

p r a c t i c a l   d e s i g n   p r o b l e m s .   R o u t i n g   c o o l a n t   l i n e s   a c r o s s   t h e   f u s e l a g e / n a c e l l e  

i n t e r f a c e   a n d   d e s i g n i n g   c o o l i n g   l i n e s   i n t o   t h e   e x t e r n a l   i n l e t   d u c t  ramps  and 

s idewa l l s   wou ld   be   complex   and   p robab ly   wou ld   r e su l t   i n   vo lumet r i c   pena l t i e s .  

Taking a l l  o f   t h e s e   f a c t o r s   i n t o   a c c o u n t ,   t h e   " h o t ' '   s t r u c t u r e   a p p r o a c h  w a s  

s e l e c t e d .  

f .  Hydrogen  Tankage  Thermal  Protection - Therma l   p ro t ec t ion   fo r   t he  

Concept 1 non- in t eg ra l   t ankage   cons i s t s   o f   coo led   su r f ace   pane l s ,  a n i t r o g e n  

p u r g e d   g a p ,   a n d   f o a m   i n s u l a t i o n   a p p l i e d   t o   t h e   e x t e r n a l   t a n k   s u r f a c e s .  A 

s tudy  w a s  c o n d u c t e d   t o   f i n d   t h e   c o m b i n a t i o n   o f   i n s u l a t i o n   w e i g h t   a n d   f u e l  

b o i l o f f   w e i g h t   t h a t   m a x i m i z e d   a i r c r a f t   r a n g e .   T h i s   s t u d y  w a s  based on t h e  

miss ion   requi rements   which   inc lude  a one   hour   g round   ho ld   p reced ing   t he   f l i gh t  

a s  w e l l  a s  a 20 m i n u t e   l o i t e r  a t  12.2 km ( 4 0 , 0 0 0   f t )   p r i o r   t o   d e s c e n t .  

P a r a m e t r i c   d a t a  on w e i g h t   e f f e c t s   a l o n e   i n d i c a t e   t h a t   t h e  minimum combined 

w e i g h t   o f   i n s u l a t i o n   a n d   f u e l   b o i l o f f   o c c u r s   w i t h   a n   i n s u l a t i o n   t h i c k n e s s   n e a r  

2.54 c m  (1 .0  i n c h )   a s  shown i n   F i g u r e   1 5 .  However, i t  w a s  de t e rmined   t ha t  

ach iev ing  more u s a b l e   f u e l  a t  t h e   e x p e n s e   o f   a d d i t i o n a l   i n s u l a t i o n   w e i g h t  w a s  

b e n e f i c i a l   f r o m  a r ange   s t andpo in t .  Maximum range was de t e rmined   t o   be  

ach ieved   w i th   an   i n su la t ion   t h i ckness   o f   4 .27  cm ( 1 . 6 8   i n . )   a s  shown i n  

F igu re  16 .  

S t r u c t u r a l   A n a l y s i s  

The s t ruc tu ra l   a r r angemen t   fo r   Concep t  1 i s  shown i n   F i g u r e  1 7 .  I n   o r d e r  

t o   i n i t i a l l y   d e t e r m i n e   t h e   v e h i c l e   s i z e   a n d   p e r f o r m a n c e   c a p a b i l i t y ,   a n   " i n i t i a l  

e s t ima ted   we igh t "  w a s  determined.   This   weight  w a s  based on c u r r e n t  MCAIR e s t i -  

m a t i o n   t e c h n i q u e s   m o d i f i e d   f o r   u s e   w i t h   a c t i v e l y   c o o l e d   s t r u c t u r e .   U s i n g   t h e s e  

t e c h n i q u e s ,   f a c t o r s  were a p p l i e d   t o   t h e   f o r w a r d   f u s e l a g e   p r e s s u r i z e d   p a s s e n g e r  

compartment t o   a c c o u n t   f o r   t h e   n o n - c i r c u l a r i t y   o f   t h e   f u s e l a g e   c r o s s   s e c t i o n  

shape.   Weights   for  a l l  s t r u c t u r a l  componen t s   excep t   t hose   l oca t ed   i n   t he  

f u s e l a g e l t a n k   ( c e n t e r   f u s e l a g e )   r e g i o n   o f   t h e   a i r c r a f t ,  as de termined   wi th  
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t h e s e   t e c h n i q u e s ,   t h e n   r e m a i n e d   f i x e d .   D e t a i l e d   s t r u c t u r a l   a n a l y s e s   o f  

r e p r e s e n t a t i v e   s t r u c t u r a l   c o m p o n e n t s   l o c a t e d  i n  t h e   f u s e l a g e / t a n k   r e g i o n  were 

t h e n   c o n d u c t e d   t o   r e f i n e   t h e   c e n t e r   f u s e l a g e   s t r u c t u r e   a n d   f u e l   t a n k   w e i g h t s .  

The r e s u l t i n g   r e f i n e d   w e i g h t s  w e r e  t h e n   u s e d   t o   d e t e r m i n e   t h e   f i n a l   a i r c r a f t  

r ange   and   pe rmi t   pe r fo rmance   compar i sons   w i th   t he   o the r   a i r c ra f t   concep t s .  

T h e   w e i g h t   r e f i n e m e n t   p r o c e s s   s t a r t e d   w i t h   t h e   d e f i n i t i o n   o f  a f i n i t e  

element  computer  model  of  the  fuselage  tank area which w a s  u t i l i z e d   t o   d e t e r -  

mine internal l o a d   d i s t r i b u t i o n s   r e s u l t i n g   f r o m   o v e r a l l   a i r c r a f t   l o a d s .  

Al though  on ly   the   fuse lage   t ank  area w a s  mode l l ed ,   s t i f fnes s   and   l oad   cha rac -  

t e r i s t i c s  o f   a d j a c e n t   s t r u c t u r a l   r e g i o n s  were considered  in   the  model .   Because 

o f   t h e   i n h e r e n t   s t i f f n e s s   c h a r a c t e r i s t i c s  of t h e  monocoque c o n s t r u c t i o n   o f   t h e  

forward  and a f t   f u s e l a g e   s e c t i o n s ,  i t  w a s  l o g i c a l l y  assumed t h a t   l o a d   i n t r o d u c -  

t i o n   f r o m   t h e s e   e l e m e n t s   w o u l d   t a k e   t h e   c l a s s i c   p l a n e   s t r a i n   d i s t r i b u t i o n .  

I n p u t   l o a d   v e c t o r s  were t h e r e f o r e   c a l c u l a t e d  on t h a t   b a s i s .  Wing l o a d   i n p u t s  

took   the   form  of   cap   loads   and  web s h e a r s   i n   e a c h   o f   t h e  spars.  A s i m p l i f i e d  

q u i c k   a n a l y s i s   i n d i c a t e d   t h a t   t h e   c h o r d w i s e   b e n d i n g   s t i f f n e s s  of t he   w ing   d id  

n o t   c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e   o v e r a l l   f u s e l a g e   b e n d i n g   s t i f f n e s s   a n d  w a s  

t he re fo re   neg lec t ed .   Des ign   l oads   u sed   i n   t he   Concep t  1 a n a l y s i s  are pre-  

s en ted   i n   F igu res   18   and   19 .  The i n t e r n a l   l o a d s  were then  employed i n   s t r e n g t h  

a n a l y s i s   t o   d e t e r m i n e  member s i z i n g   a n d   t o  assess t h e   e f f e c t s   o f   f a t i g u e   a n d  

f r a c t u r e   m e c h a n i c s   r e q u i r e m e n t s .   T h i s   s i z i n g   a n a l y s i s   p r o c e s s  w a s  automated 

u s i n g   t h e  MCAIR Computer  Aided S t r u c t u r a l   D e s i g n  (CASD) program. 

a. Finite  Element  Computer Model - The s t r u c t u r a l  model  used f o r   a n a l y s i s  

of the  Concept 1 c e n t e r   f u s e l a g e  is  i l l u s t r a t e d   i n   F i g u r e  20.  With th i s   mode l ,  

1055  jo in t   degrees   o f   f reedom were used.  A r e s i z i n g   r o u t i n e  was used  with 

t h r e e   i t e r a t i o n s   t o   o b t a i n   m a r g i n s  of s a f e t y   n e a r   t h e   d e s i r e d   z e r o   v a l u e .  

b .   Fuse l age   S t ruc tu re  - D e t a i l e d  stress a n a l y s i s  of t h e   a c t i v e l y   c o o l e d  

panels ,   f rames ,   bu lkheads   and   longerons   which   form  the   fuse lage l tank  area p r i -  

mary s t r u c t u r e   r e s u l t e d   i n  a c a l c u l a t e d   w e i g h t  of  16.41 Mg (36,185 lbm') com- 

p a r e d   w i t h   t h e   i n i t i a l   e s t i m a t e d   w e i g h t   o f   1 8 . 1 6  Mg (40,037 lbm). In t h e  

area of   the monocoque s t r u c t u r a l   s h e l l ,   t h e   a c t i v e l y   c o o l e d   p a n e l s  were 

h e a v i e r   t h a n   o r i g i n a l l y   e s t i m a t e d .  However, the  f rame  and  bulkhead  weights  

were l i g h t e r   t h a n   e s t i m a t e d ,   l a r g e l y  as a r e s u l t   o f   t h e   u s e   o f   t h e   p a n e l s  

as p a r t   o f   t h e   f r a m e  caps. Accomoda t ing   t he  N pu rge   p re s su re   r equ i r emen t  2 
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Mach 3.0 Altitude = 15.2 k m  (50,000 f t )  

DW = 299.02 Mg (659,234  Ibm)  Concept 1 
DW = 299.48 Mg (660,252  Ibm)  Concept  2 
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PAN E LS - 423 
0 1055 JOINT DEGREES OF FREEDOM 

FIGURE 20 
CONCEPT 1 FINITE  ELEMENT  COMPUTER  MODEL 

Fuselage/Tank  Area 

r e s u l t e d   i n   o n l y  a m o d e s t   w e i g h t   e f f e c t ,   s p e c i f i c a l l y  44 kg (97 lbrn), 

which a f f e c t s   r a n g e  by only  2.5.3 km (1 .4  NM).  

The e f f e c t s  of t he   f a t igue   and   f r ac tu re   mechan ics   r equ i r emen t s  were a l s o  

found t o   b e  small as no ted :  

o W e i g h t   i n c l u d e d   f o r   f a t i g u e  = 0 

o Weight i n c l u d e d   f o r   f r a c t u r e   m e c h a n i c s  = 268  kg  (590  lbm),  equivalent 

t o   1 4 . 8  km (9 NM) range.  

c. Fuel  Tanks - A p l a i n   s k i n ,  monocoque c o n s t r u c t i o n  w a s  s e l e c t e d   f o r   u s e  

on the  Concept 1 non- in t eg ra l   t anks .  The s k i n   t h i c k n e s s  was e s t a b l i s h e d  by 

b u r s t   p r e s s u r e   r e q u i r e m e n t s .   T h e   p r e s s u r e   s t a b i l i z e d   t a n k s  showed  adequate 

margins of  s a f e t y   € o r   t h e   c r a s h   a n d   f l i g h t   b e n d i n g   c o n d i t i o n s .  Use of s t i f -  

f en ing  on t h e   t a n k  wa l l s  w a s  n o t   r e q u i r e d   o n c e   t h e  monocoque t h i c k n e s s  w a s  

e s t ab l i shed   by   p re s su re   r equ i r emen t s .  The  unique  combination  of  tank  dimen- 

s ions   and   p re s su re  were c o m p l e t e l y   r e s p o n s i b l e   f o r   t h e   s e l e c t i o n   o f  monocoque 

tank  walls from a w e i g h t   s t a n d p o i n t .   A n a l y s i s   o f   t h e  two non- in t eg ra l   t anks  

l e d   t o  a calculated  weight   of   7 .12 Mg (15,699  lbm) as compared t o   t h e   i n i t i a l  

es t imated  weight   of   7 .09 Mg (15,635  lbm). 
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Cooling - "" System  Analysis  

A d e t a i l e d   s t u d y  of t h e   a i r c r a f t ' s  active coo l ing   sys t em w a s  conduc ted   t o  

r e f ine   t he   sys t em  we igh t   and   p rov ide  a comple t e   sys t em  de f in i t i on   fo r   compar i -  

s o n   w i t h   t h e   o t h e r   s t u d y   a i r c r a f t .  A s  i n d i c a t e d  i n  F igu re   21 ,   t he  active 

coo l ing   sys t em  uses   coo lan t   pas s ing   t h rough   t he   s t ruc tu ra l   su r f ace   pane l s   t o  

abso rb   t he   ae rodynamic   hea t ing   i npu t   t o   t he  airframe. A d i s t r i b u t i o n   s y s t e m  

rou te s   coo lan t   t o   and   f rom  the   pane l s  , pass ing   th rough a hea t   exchanger   where  

t h e   h e a t   l o a d  i s  t r a n s f e r r e d   t o   t h e   h y d r o g e n  fuel .  The p a n e l s  are h e l d   t o  a 

maximum s u r f a c e   t e m p e r a t u r e  of 394 K (250°F). The c o o l a n t  i n l e t  tempera ture  

t o   t h e   p a n e l s  w a s  assumed t o   b e  256 K (0°F) .   Coolant   tube   spac ing  w a s  chosen 

t o   p e r m i t  a 56 K (100°F) ou te r   sk in   t he rma l   g rad ien t   and   min imize   pane l   s t ruc -  

t u r a l   w e i g h t .  A s  a r e s u l t ,   t h e   a v e r a g e   c o o l a n t   o u t l e t   t e m p e r a t u r e  was approxi-  

mate ly  292 K ( 6 5 ° F ) .   S u f f i c i e n t   h y d r o g e n   f u e l   h e a t   s i n k   c a p a c i t y   f o r   a i r f r a m e  

coo l ing  was assumed,   as   par t  of t h e   i n i t i a l   s t u d y   g r o u n d   r u l e s .  I t  was  assumed 

t h a t   t h e  LH2 from  the  tanks was s u p p l i e d   t o   t h e   s y s t e m   h e a t   e x c h a n g e r  a t  20.3 K 
( -423°F) .   Subsequent   analyses ,   based on a f u e l   t e m p e r a t u r e  rise of 235 K 

(423°F) , r e v e a l e d   t h a t   e n g i n e   f u e l  f l o w r a t e s   d u r i n g   c r u i s e   w o u l d ,   i n   f a c t ,   n o t  

p r o v i d e   s u f f i c i e n t   h e a t   c a p a c i t y   t o   a b s o r b   t h e   t o t a l  air.frame hea t   l oad .   These  

f l o w r a t e s   a r e  only  s l i g h t l y  more t h a n   h a l f  of t h a t   r e q u i r e d .   T h i s   s u b j e c t  

i s  d i s c u s s e d   r e l a t i v e   t o   e a c h   c o n c e p t   i n   s u b s e q u e n t   s e c t i o n s   o f   t h i s   r e p o r t .  

F igure  22 i n d i c a t e s  how coo lan t   f eede r   l i nes ,   b ranch ing   ou t   o f   t he   ma in  

l i n e s ,   s e r v i c e   a d j a c e n t   s u r f a c e   p a n e l s .   C o o l a n t  i s  d i s p e r s e d   i n t o   m a n i f o l d s  

a t   t h e   p a n e l   e n d s   t o   d i s t r i b u t e   f l o w   e v e n l y   t h r o u g h   c o o l a n t   t u b e s .  A d i s t r i -  

b u t i o n   s y s t e m   r o u t i n g ,   i n d i c a t e d   i n   F i g u r e  2 3 ,  w a s  de r ived   based  on 6 . 1  m 

(20 f t )   l o n g   p a n e l s   w i t h   t h e   f u s e l a g e   p a n e l s   p o s i t i o n e d   i n  a s t agge red  

a r r angemen t ,   wh ich   r educes '   f eede r   l i ne   s i ze .  

A i rc ra f t   subsys t ems   ( env i ronmen ta l   con t ro l ,   hydrau l i c ,   and  e l ec t r i ca l  

systems)  were d e f i n e d   o n l y   i n   s u f f i c i e n t   d e t a i l   t o   e s t a b l i s h   t h e i r   c o o l i n g  

requirements .   These  systems were i n t e g r a t e d   w i t h   t h e   a i r f r a m e ' s   c o o l a n t  

d i s t r i b u t i o n   s y s t e m ,  as shown i n   F i g u r e  2 4 ,  so t h a t   t h e s e   h e a t   l o a d s  are 

a lso   absorbed   by   the   hydrogen   fue l .  
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Typical  Actively Cooled 
Surface  Panel 

tTmax = 394 K (250° 

Circumferential 
Return Feeder 

Aerodynamic Heating 

Tin. = 256 K (OOF) 

Note:  Temperatures  are  Representative of Star t  of Cruise  at   Mach 6 
Main Coolant Return Line 

FIGURE 21 
AIRFRAME  SURFACE  ACTIVE  COOLING  SYSTEM 
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PANEL  JOINT 

CONNECTION AT  PANEL 
MAN1 FOLD - TYPICAL 

CIRCUMFERENTIAL 
RETURN  FEEDER  LINE 

CIRCUMFERENTIAL 
SUPPLY  FEEDER L iNE 

H2 FROM  FUEL  TANK 

MAIN SUPPLY 
LINE - R/H 

MAIN SUPPLY LINE - L/H  HEAT  EXCHANGER 

FIGURE 22 
TYPICAL  COOLANT  DISTRIBUTION  ROUTING 

A T  MAJOR  COMPONENT  LOCATION 
UPPER CIRCUMFERENTIAL 
FEEDER  LINE 

SIDE  CIRCUMFERENTIAL  VERTICAL  TAIL 
FEEDER  LINE  DISTRIBUTION  LINE 

MAIN SUPPLY LINE 

LOWER CIRCUMFERENTIAL 
FEEDER  LINE 

HEAT  EXCHANGER 

AFT  FUSELAGE 
MAIN SUPPLY LINE 

Supply  Lines  Only are Shown,  Return  Lines Spaced Similarly 
Lines  Represent Those on One  Side of  Aircraft  Only, 
Exception  Vertical  Tail  Lines 

FIGURE 23 
SIMPLIFIED  DISTRIBUTION SYSTEM  SCHEMATIC, 

CONCEPTS 1 AND 2 
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. 
A f t  Fuselage 

Forward Fuselage Main  Supply  Line  Main  Supply  Line . 

+""" 
Ai r   t o  

Pressurized 
Compartment 

t" 
Air   From 

Pressurized 
Compartment 

Water  Coolant - I 

I Pump 
Leakage Air  

Make-up 

Cooling  System 
Heat  Exchanger 

Pumo 

Electrical 
System  Exchanger 

Intermediate 
Coolant J ' Forward Fuselage  Main Return Line 

I 

A Package 

u Hydraulic  System 

H 2   f r o m  
Tanks 

H2   to  
Engines 

Intermediate 
Coolant 

Exchanger 

&5 Aft Fuselage 

Main  Return  Line 

- Coolant - - - - Hydrogen  Fuel 

"- Air 0 Control  Valve 

FIGURE 24 
INTEGRATION OF SUBSYSTEMS WITH 

ACTIVE  COOLING  SYSTEM 

S u r f a c e   h e a t i n g  rates were e s t a b l i s h e d  a t  t h e   c o o l i n g   s y s t e m   d e s i g n   p o i n t  

s e l e c t e d   f r o m   t h e   a s c e n t   t r a j e c t o r y   t r a d e   s t u d y .   T h e s e   h e a t i n g  rates v a r i e d  

from a  maximum of 199 kW/m2 (17.5 B t u / s e c   f t 2 )  on t h e   f o r w a r d   f u s e l a g e   t o  a 

minimum of 12 kW/m2 (1 .1   B tu / sec  f t 2 )  on t h e   a f t   f u s e l a g e   u p p e r   s u r f a c e s .  The 

ave rage   hea t ing  rate o v e r   t h e   e n t i r e   c o o l e d   s u r f a c e  area w a s  29.4 kW/m2 

( 2 . 5 9   B t u / s e c   f t 2 ) .   P a r a m e t r i c   d a t a   g e n e r a t e d   w i t h  a computer ized  thermal  

model of a cooled   pane l  were u s e d   t o   e s t a b l i s h   f l o w r a t e   r e q u i r e m e n t s .   T h i s  

i n fo rma t ion ,  combined w i t h   t h e   d i s t r i b u t i o n   s y s t e m   d e f i n i t i o n ,   e n a b l e d   t h e  

ac t ive   coo l ing   sys t em  we igh t s   t o   be   de t e rmined .  

F igu re  25  p rov ides  a summary of the   resu l t s   o f   thermodynamic   ana lyses  

of the  Concept 1 a i r c r a f t .  Heat loads   and   coo lan t   r equ i r emen t s   fo r   each  

ma jo r   s ec t ion  of t h e   a i r c r a f t  are shown a l o n g   w i t h   t o t a l s   w h i c h   i n c l u d e  

subsystem  requirements .  A cool ing  system  weight   breakdown i s  provided  and 

t h e   f u e l   t a n k   t h e r m a l   p r o t e c t i o n   s y s t e m   c h a r a c t e r i s t i c s  are summarized.  These 

r e s u l t s  are based on the   spec i f i ed   a s sumpt ion   o f   un l imi t ed   fue l   hea t   s ink   capa -  

c i t y   t o   c o o l   t h e   e n t i r e   a i r c r a f t   s u r f a c e   ( e x c l u s i v e   o f   t h e   n a c e l l e ) .  A s  

30 



Hydrogen  Fuel  Tankage 
Thermal Protection System 

hert ical  tai l  =r 9.3 MW (8.78 X lo3 Btu/sec) 
m,ertical tail = 64 kg/s (142 Ibm/sec) 

Insulation Weight = 2.79 Ma (6.160 Ibm) 
12.7 cm (5 in.) Fuel Boiloff 

Environmental  Control System 
and  Purge  System  Components 

Qfuselage = 50.4 MW (4.78 x lo4 Btu/sec) ’ Active  Cooling System  Weight 

Residual Coolant 9.58  (21,130) 
(3,210) 

Heat  Exchanger 1.13  (2,500) 
2.99  (6.595) 

(33,435) 

mfuselage = 401 kg/s (883 Ibm/sec) Component: Mg (Ibm) 

Active  Cooling System  Heat  Exchanger Distribution Lines, etc. 1.46 

qota1 = 108.5 MW (1.029 x IO5 Btu/sec) Pumps  and Pump Fuel Req 
mtotal = 848 kg/s (1,869 Ibm/sec) Total 15.17 

Note:  Totals  include  subsystem  requirements. 

FIGURE 25 
THERMODYNAMIC  SUMMARY, CONCEPT 1 

m e n t i o n e d   p r e v i o u s l y ,   a c t u a l   e n g i n e   f u e l   f l o w r a t e s   d u r i n g   c r u i s e   a r e   i n a d e -  

q u a t e   t o   a b s o r b   t h e   t o t a l   h e a t   l o a d .   F o r   C o n c e p t  1, i t  was e s t i m a t e d   t h a t  

t h e   h e a t   s i n k   a f f o r d e d  by the f u e l   f l o w   d u r i n g   c r u i s e  i s  approximate ly  SO% of 

t h a t   r e q u i r e d   t o   a b s o r b   t h e   d e s i g n   h e a t i n g  rate.  However,  refinement of t h e  

a i r f r a m e   t h e r m a l   p r o t e c t i o n   s y s t e m   v i a   l o c a l i z e d   h e a t   s h i e l d i n g ,  etc. ,  t o  

p rov ide  a matching of t h e   a i r f r a m e   h e a t i n g  rates a n d   e n g i n e   f u e l   f l o w   h e a t  

c a p a c i t i e s   c o m p a t i b l e   w i t h   t h e   e n g i n e   e f f i c i e n c i e s   u s e d  w a s  c o n s i d e r e d   t o   b e  

beyond  the  scope of t h i s   s t u d y .  The  major  goal of t h i s   s t u d y  was e s t a b l i s h -  

ment  of a b a s e l i n e   s y s t e m   a g a i n s t   w h i c h   f u s e l a g e j t a n k a g e   t r a d e   s t u d i e s   c o u l d  

be made. 
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SECTION 5 

INTEGRAL TANKAGE THERMAL PROTECTION/ACTIVE COOLING SYSTEH  SELECTION 

P r i o r   t o   t h e   d e s i g n   r e f i n e m e n t   o f   C o n c e p t s  2 and 3 ,  a s tudy  w a s  conducted 

to select  a t h e r m a l   p r o t e c t i o n / a c t i v e   c o o l i n g   s y s t e m   a r r a n g e m e n t   f o r   t h e   i n t e -  

g r a l   t a n k  a i r c ra f t  concep t s .   T rade   s tud ie s   o f   e igh t   cand ida te   a r r angemen t s  

were conducted  and  the  most  promising  arrangement w a s  s e l e c t e d   b a s e d   o n   t h e  

f a c t   t h a t   n o   l i g h t   w e i g h t   v a p o r  barrier non-permeable t o   g a s e o u s   h y d r o g e n   e x i s t s .  

The e igh t   cand ida te   concep tua l   a r r angemen t s   cons ide red  are shown i n  

F igu re  26 .  Concepts @ , @ , and @ were s p e c i f i e d   i n   t h e   s t u d y   d e f i n i t i o n .  

Concepts @ through @ w e r e  e v a l u a t e d   t o   i n s u r e   t h a t  a v a r i e t y   o f   c o m p e t i t i v e  

arrangements  w e r e  inves t iga ted .   Concept  0 ,  due t o  i t s  thermodynamic s i m i -  

l a r i t y   t o   t h e   n o n - i n t e g r a l   t a n k a g e   t h e r m a l   p r o t e c t i o n   s y s t e m  (TPS) arrangement ,  

w a s  s e l e c t e d  as t h e   b a s e l i n e   c o n c e p t .  Range d i f f e r e n c e s  w e r e  de t e rmined   t o  

r e f l e c t   d i f f e r e n c e s   i n  TPS w e i g h t ,   u s a b l e   f u e l ,   a n d  TPS volume. The range 

d i f f e r e n c e s   r e f l e c t   c o n f i g u r a t i o n   v a r i a t i o n s  on t h e   u p p e r   h a l f   o f   t h e   f u s e l a g e  

on ly .   Th i s   s imp l i f i ca t ion   avo ided  numerous complex i t i e s   i nvo lved   w i th  con- 

s i d e r a t i o n s   u n i q u e   t o   t h e   l o w e r   h a l f   o f   t h e   f u s e l a g e  as j u s t i f i e d   i n   R e f e r -  

ence (3) . T h e r e f o r e ,   t h e   r a n g e   d i f f e r e n c e s  shown are approximately  one  half  

t he   ac tua l   magn i tude   i nvo lved .  Each  concept was  a l s o   e v a l u a t e d   i n  terms o f  

relative f a b r i c a t i o n   d i f f i c u l t i e s ,  inspectability/maintainability, cos t ,   and  

development s t a t u s .  A summary of t h i s   i n f o r m a t i o n  i s  p r e s e n t e d   i n   F i g u r e  2 7 .  

A s  noted  on  the  f igure,   Concept  0 ,  t h e   b a s e l i n e ,  w a s  a l s o   s e l e c t e d  as t h e  

i n t e g r a l   t a n k a g e  TPS concept .  

I t  c a n   b e   n o t e d   i n   F i g u r e  2 7  t h a t  most of t he   cand ida te   a r r angemen t s  are 

reasonab ly   compe t i t i ve  on a r a n g e   b a s i s   o r   p u r e l y  on a u n i t   w e i g h t   b a s i s .  

The re fo re ,   o the r   cons ide ra t ions  were p r i m e   d r i v e r s   i n   t h e   f i n a l   c o n f i g u r a t i o n  

se l ec t ion   p rocess .   Concep t s  @ and @, w h i c h   r e q u i r e   t h i c k   l a y e r s   o f   i n s u -  

l a t i o n  due t o  H2 g a s   p e r m e a t i o n ,   p e n a l i z e   t h e   u s a b l e   f u e l   v o l u m e  t o  t h e   e x t e n t  

t h a t   t h e   r e s u l t a n t   r a n g e   l o s s e s  are s i g n i f i c a n t .   C o n c e p t s  @ and @ r e q u i r e  

d i f f u s i o n  bonded s t r u c t u r e   t o   i n s u r e   a g a i n s t   h y d r o g e n   l e a k a g e .   S u c h   s t r u c t u r e s  

would be e x p e n s i v e   a n d   d i f f i c u l t   t o   i n s p e c t .   C o n c e p t  @ w a s  c o n s i d e r e d   d i f f i c u l t  

t o   f a b r i c a t e   a n d   i n s p e c t .  Concept@, a l t h o u g h   a n a l y t i c a l l y  a t t rac t ive ,  would 

r equ i r e   t he   deve lopmen t   o f   an   accep tab le   mu l t i l aye r ,   evacua ted   i n su la t ion  

material. Final ly ,   Concept  @ o f f e r s   n o   s i g n i f i c a n t   a d v a n t a g e s   o v e r  Con- 

c e p t  @ and is  less thermodynamical ly   eff ic ient .   Hence,   Concept  0 w a s  

s e l e c t e d   f o r   s u b s e q u e n t   s t u d i e s .  
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I Concept @: Internal  Insulation l- 
Primary System  Coolant 
Panel Inner  Skin Serves 
as Tank Wall 
Purge Locally  Around 
Coolant Feeder  Lines 
GH2 Permeated 
Insulation 

Coolant Feeder 
Line (Typ) 

Concept @: Hydrogen Cooled  Surface 
Panels/lnternal Insulation 

Direct  Hydrogen Cooled 
Panel Inner Skin Serves 
as Tank Wall 
No  Purge Requirement 
GH2 Permeated 
Insulation 

~ 

Concept @: Internal and External  Insulation 

e 
e 

e 

e 
e 

- 

Primary System  Coolan 
Purged Locally  Around 
Coolant Feeder  Lines 
Non-Permeated  Insula- 
tion 
Stiffened Tank Wall 
GH2 Permeated 
Insulation 

Concept 0: Internal and External  Insulation/ 
~~ 

Hydrogen Boil-Off Cooled Structure 

Primary System  Coolan. 
Purge Locally  Around 
Coolant Feeder  Lines 
Non-Permeated  Insula- 
tion 
Hz  Boiloff Heat Ex- 
changer  Inner  Skin 
Serves as Tank Wall 
GH2 Permeated 
Insulation 

1 
~ 

Concept 0: External  Insulation/Gap I 

I Concept @: Internal  Insulation/Gap I 

Concept a: Internal  Insulation/Metallic Liner 

e 
e 

e 

e 

e 

Primary  System Coolani 
Panel Inner Skin Serves 
as Tank Wall 
Purge Locally  Around 
Coolant Feeder  Lines 
Non-Permeated  Insula- 
tion 
Metallic Liner 

Concept 0: External  Multilayer, 
Evaculated Insulation/Gap 

Primary System Coolant 
e Purged  Gap 

Multilayer Evacuated 

Stiffened Tank Wall 
Insulation 

~ 

FIGURE 26 
CANDIDATE  INTEGRAL  TANKAGE TPS CONCEPTS 

34 



CONCEPT ' PERMEATED  INSULATION 
9 STRUCTURAL H2 COOLED 

STRUCTURAL  COOLED  PANEL, 

PANEL , 
PERMEATED  INSULATION * 

3 STRUCTURAL  TANK  WALL, 
NON-PERMEATED 
INSULATION,  GAP 

3 STRUCTURAL TANK WALL, 
PERMEATED 
INSULATION, GAP 

3 STRUCTURAL  TANK  WALL, 
NON-PERMEATED  INSULATION 

3 STRUCTURAL  BOILOFF  Hz 
COOLED TANK WALL, 

INSULATION 
PERMEATED/NON-PERMEATED 

g STRUCTURAL  COOLED PANEL, 
NON-PERMEATED  INSULATION , 
METALLIC  LINER 

9 STRUCTURAL  TANK  WALL 
MULTILAYER, EVACUATED 
INSULATION, GAP 

1 1 2  RANGE 
CHANGE  FROM 
BASELINE 
CONCEPT @ 
km(NM) 

-352 (190) 

-174(94) 

-44 (24) 

-98  (53) 

-7 (4) 

+39 (21) 

i 

DIFFERENCES  FROM  SELECTED  CONCEPT  STRUCTURE t 
TPS  UNIT 

FABRI- FIXED WEIGHT INSPECTABILITY/ 
RANGE DEVELOPMENT , kg/m2 (lbm/ f t 2, COST  MAINTAINABILITY  CATION 

SIGNIFI-  DIFFICUL'L'  POOR I HIGH 1 ------ 
CANT  LOSS1 1 
"" DIFFICULT  POOR 
LOS s 1 DIFFICULT 1 POOR 

I I I I 

BASELINE AND SELECTED  CONCEPT 

SIGNIFI- 
CANT  LOSS 

LOS s 

LOSS 

"" 

INCREASE 

"" 

"" 

DIFFICULT 

DIFFICULT 

"" 

"" 

"" 

POOR 

POOR 

"" 

-"- 

"" 

HIGH 

HIGH 

"" 

- 

23.7(4.86) ! 

22.0(4.50) 
14.7(3.02) 

19.4(3.98) 

20.9(4.28) 

20.5(4.19) 

24.0(4.91) 

19.3(3.96) 

19.5(4.00) 

i n s u l a t i o n   t h i c k n e s s  same as f o r  Concept@ As a result, f u e l   b o i l o f f  i s  i n a d e q u a t e   t o   c o o l   s u r f a c e  
panels.  Concept @ i n s u l a t i o n   t h i c k n e s s   s i z e d   t o   p r o v i d e   a d e q u a t e   b o i l o f f   f o r   s t r u c t u r a l   c o o l i n g .  

FIGURE 27 
INTEGRAL  TANK TPS SELECTION 





SECTION 6 

CIRCULAR BODY AIRCRAFT WITH INTEGRAL TANKS (CONCEPT 2)  SYNTHESIS 

The Concept 2 a i r c r a f t  i s  a l m o s t   i d e n t i c a l   i n   e x t e r n a l   l i n e s   t o   C o n c e p t  1. 

It a l s o   h a s   t h e  same fue l   weight ,   passenger   payload   and   propuls ion   sys tem.  

However, t h e   s t r u c t u r a l   a r r a n g e m e n t   o f   t h e   f u s e l a g e / t a n k  area i s  q u i t e   d i f -  

f e r e n t ,   i n   t h a t  a s i n g l e   i n t e g r a l   f u e l   t a n k   r e p l a c e d   t h e   n o n - i n t e g r a l   t a n k s   o f  

Concept 1. S e l e c t i o n   o f   t h e   t a n k   t h e r m a l   p r o t e c t i o n   a n d  active c o o l i n g   s y s -  

t e m s  for   Concept  2 w a s  c o m p l e t e d   p r i o r   t o   r e f i n i n g   t h e   d e s i g n   o f   t h e   a i r p l a n e .  

The r e f i n e m e n t   s t u d i e s  were similar to   those   o f   Concept  1. 

Trade   S tudies  

The base l ine   (p re l imina ry )   Concep t  2 a i r c r a f t   c h a r a c t e r i s t i c s  are g iven  

i n   F i g u r e  28. The airplane s i z e  was e s t a b l i s h e d  by   the   payload   and   fue l  

weight   requi rements .  Range w a s  a " f a l l   o u t "  of those  assumptions.  Many of 

t h e   t r a d e   s t u d y   r e s u l t s   d i s c u s s e d   i n   S e c t i o n  4 a lso   apply   to   Concept  2 .  Pas- 

s e n g e r   c o m p a r t m e n t   l o c a t i o n ,   e l l i p t i c a l l y  domed tank  ends,  and a two compart- 

ment f u e l   t a n k  are samples  of items retained  from  Concept 1. The t a n k   l e n g t h  

PRELIMINARY 
CHARACTERISTICS 

O.W.E. = 189.7 Mg (418,106 LBM) 

WTFUEL = 108.9 Mg (240,000 LBM) 
INTEGRAL FUEL TANKS 

" I PAYLOAD = 21.8 Mg (48.000 LBM) 

(200 PASSENGERS) 
- 

ENGINE (4) GE5/JZ6-C 
TSLS = 400 kN (90.000 LBF) 

UNINSTALLED PER ENGINE 

HOT NACELLE STRUCTURE 

SPEED  M = 6.0  (CRUISE) 

SURFACE ACTIVELY COOLED 

TO 394 K (25OOF) MAX 

FIGURE 28 
CONCEPT 2 BASELINE  AIRCRAFT 
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t r a d e   s t u d y  showed t h a t   t h e  two  compartment tank arrangement was n e c e s s a r y   f o r  

CG c o n t r o l   a n d   t o  limit the e f f e c t  of c r a s h   c o n d i t i o n   p r e s s u r e   h e a d s .  The 

honeycomb c o n s t r u c t i o n   a c t i v e l y   c o o l e d   p a n e l s  were a l s o   r e t a i n e d   i n   o r d e r   t o  

p rov ide  minimum fuse l age   we igh t .  The m o d i f i e d   t r a j e c t o r y  w a s  u t i l i z e d   f o r  a l l  

of t h e  aircraft concepts ,  as w e l l  as t h e   h o t   e n g i n e  nacelle module  configura- 

t i o n   d e s c r i b e d  i n  Sec t ion  4 .  The two m a j o r   a d d i t i o n a l   t r a d e   s t u d i e s   c o n d u c t e d  

f o r  Concept 2 involved   tank  w a l l  c o n s t r u c t i o n   a n d   t h e   s t r u c t u r a l   a r r a n g e m e n t  

t o  b e   u s e d   f o r   t h e   f u s e l a g e   c o v e r i n g   i n   t h e   t a n k  area. Range s e n s i t i v i t y   o f  

the  Concept 2 a i r c r a f t  was found   t o   be   t he  same as Concept 1. There fo re   t he  

s e n s i t i v i t y   c u r v e   o f   F i g u r e  8 w a s  u s e d   t o   e v a l u a t e   t h e s e   t r a d e   s t u d y   r e s u l t s .  

a. .Tank Wall Cons t ruc t ion  - Non-s t i f fened   tank  walls were found t o   b e  a 

heavy  approach  for   the  Concept  2 i n t e g r a l   t a n k s   d u e   t o   t h e   h i g h e r   b e n d i n E  

l o a d s .   I n t e g r a l l y   m a c h i n e d   s t i f f e n e r s  were chosen   over   mechanica l ly   fas tened  

s t i f f ene r s   because   o f   t he   p rob lem  a s soc ia t ed   w i th   l eakage   o f   gaseous   hydrogen  

t h r o u g h   t h e   f a s t e n e r   h o l e s .  The  two most a t t ract ive e x t e r n a l   s t i f f e n e r  

arrangements ,  a 0"-90" waffle p a t t e r n   a n d   I s o g r i d   c o n s t r u c t i o n ,  are compared 

in   F igu re   29 .   Based  on t h e s e   r e s u l t s ,   t h e   L s o g r i d   c o n s t r u c t i o n  w a s  s e l e c t e d  

fo r   Concep t s  2 and 3 t o   r e a l i z e   t h e   w e i g h t   s a v i n g s   p o t e n t i a l .  

600 I 

/ 

400 

5 6 7 8 9  

Unit Weight - kg/rn2 
Selected 

I I 

1.0 1.2 1.4  1.6  1.8 

Unit Weight - Ibrn/ft2 

FIGURE 29 
TANK  WALL/PRIMARY  STRUCTURE  CONSTRUCTION 

Externally Stiffened 
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Three other   methods   o f   t ank  w a l l  c o n s t r u c t i o n  were a l s o   c o n s i d e r e d   f o r  

this s t u d y .  The f i r s t  w a s  a 0-90" w a f f l e   p a t t e r n   m o d i f i e d   b y   t h e   a d d i t i o n   o f  

d i s c r e t e   r i n g s .   T h e s e   r i n g s   w o u l d   a l s o   b e   u s e d  as s u p p o r t s   f o r   t h e   a c t i v e l y  

coo led   pane l s .  Thermal gradients ,   however ,   f rom  20.3 K (-423OF) a t  t h e   t a n k  

wal l  t o  366 K (200'F) a t  t h e   p a n e l   i n n e r   s u r f a c e  would create d r a s t i c   t h e r m a l  

stress problems i n  a c o n t i n u o u s   r i n g .   F o r   t h i s   r e a s o n   t h e   r i n g s  were e l imin -  

a t e d   f r o m   f u r t h e r   c o n s i d e r a t i o n .  

I n t e g r a l   s t i f f e n i n g   b y  means o f  - +45" w a f f l e   p a t t e r n s   a n d   p l a i n  monocoque 

s k i n   c o n s t r u c t i o n  were a l s o   c o n s i d e r e d   b u t  were not   compet i t ive   f rom a weight  

s t a n d p o i n t .  Many o t h e r   a p p r o a c h e s   t o   i n t e g r a l   s t i f f e n i n g  are a v a i l a b l e .   T h i s  

s t u d y  w a s  l i m i t e d   t o   t h e   c o n c e p t s   n o t e d   a b o v e   b e c a u s e   o f   t h e i r   s i m p l i c i t y ,  

l i m i t e d   h e i g h t ,  a n d   r e a d y   a d a p t a b i l i t y   t o   a p p l i c a t i o n   o f   c r y o g e n i c   i n s u l a t i o n .  

b .   Semi - s t ruc tu ra l  vs Non-s t ruc tura l   Fuse lage   Cover ing  - S i n c e   t h e  

i n t e g r a l   t a n k  i s  t h e   p r i m a r y   s t r u c t u r a l   l o a d   p a t h   i n   t h e   f u s e l a g e / t a n k  area, 

t h e   a c t i v e l y   c o o l e d   p a n e l s   i n i t i a l l y  were d e s i g n e d   t o   b e   n o n - s t r u c t u r a l .  How- 

e v e r ,   t h e   p a n e l s ,  as d e s i g n e d   t o   t h e  minimum h e i g h t   r e q u i r e d   t o  serve the   coo l -  

ing   func t ion ,   weigh   approximate ly  90% as much as they  would i n  a s t r u c t u r a l  

c o n f i g u r a t i o n .   T h e r e f o r e ,  a t r a d e   s t u d y  w a s  conducted   to   de te rmine  how much 

we igh t   cou ld   be   s aved   by   u s ing   t he   pane l s  as s e c o n d a r y   b e n d i n g   s t r u c t u r e .  The 

n o n - s t r u c t u r a l   p a n e l s  were assumed to   be   suppor t ed   i nd iv idua l ly   f rom  the   i n t e -  

g r a l   t a n k   a n d   h a v e   s l i p   j o i n t s   a r o u n d   t h e i r   p e r i p h e r y   t o   a l l o w   r e l a t i v e   m o t i o n  

be tween   t he   pane l s .   I n   t he   s emi - s t ruc tu ra l   a r r angemen t  a l l  t h e   p a n e l s  were 

assumed t o   b e   i n t e r c o n n e c t e d  and  supported,   on  frames,  from  the  upper  wing 

s u r f a c e .   M a j o r   s l i p - j o i n t s  were u t i l i z e d   a t   e a c h   e n d   o f   t h e   c o v e r   t o   a l l o w  

thermally  induced  motion  between  the  tank  and  cover .  The s e m i - s t r u c t u r a l  

p a n e l s   d i d   n o t   h a v e   t o   b e   i n c r e a s e d   i n   w e i g h t   t o  carry t h e  maximum compressive 

running   loads .  By u s i n g   t h i s   a r r a n g e m e n t ,   t h e   i n t e g r a l   t a n k   b e n d i n g   l o a d s  are 

r e l i e v e d   s u f f i c i e n t l y   t o   p e r m i t  a s i g n i f i c a n t   t a n k   s h e l l   w e i g h t   r e d u c t i o n .  

The r e s u l t s  showed t h a t  998 kg (2200 lbm) in   t ank   weight   could   be   saved ,   which  

co r re sponds   t o  a r ange   i nc rease  of 5 1  k m  (31 NM) . The semi - s t ruc tu ra l   fu se -  

lage   cover   a r rangement   se lec ted   for   Concept  2 i s  i l l u s t r a t e d   i n   F i g u r e  30. 
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Cover Slip Joints 

FIGURE 30 
SEMI-STRUCTURAL  FUSELAGE  COVERING 

S t r u c t u r a l   A n a l y s i s  

The s t ruc tu ra l   a r r angemen t   fo r   Concep t  2 i s  shown i n   F i g u r e  31. The 

p r o c e s s   o f   s t r u c t u r a l   w e i g h t   r e f i n e m e n t   d e s c r i b e d   f o r   C o n c e p t  1 w a s  a l s o  

fo l lowed  for   Concept   2 .   Des ign   loads   used   in   the   Concept  2 a n a l y s i s  were 

t h e  same as those   u sed   fo r   Concep t  1 as p r e s e n t e d   i n   F i g u r e s  18 and  19. 

a. Finite  Element  Computer Model - The Concept. 2 s t r u c t u r a l   m o d e l  i s  

i l l u s t r a t e d   i n   F i g u r e  32.  1618  j o i n t   d e g r e e s   o f   f r e e d o m   a r e   u s e d   w i t h   t h i s  

model. The f u s e l a g e   a n d   t a n k   s t r u c t u r e s   h a v e   b e e n   s e p a r a t e d   f o r   t h i s   i l l u s -  

t r a t i o n ,   b u t  are jo ined   by   the   computer   ana lys i s   p rogram.  A s  for   Concept  1, 

a r e s i z i n g   r o u t i n e   w i t h   t h r e e   i t e r a t i o n s  w a s  employed t o   a p p r o a c h  a zero  margin 

of s a f e t y .  

b .   Fuselage  Covering - The l o a d s   i n   t h e   s e m i - s t r u c t u r a l   c o v e r i n g  are 

approximately 20% o r  less, of t h o s e   f o r   t h e   p r i m a r y   s t r u c t u r a l   c o v e r i n g   o n  

the  Concept 1 a i r c r a f t .  Detail stress a n a l y s i s   o f   t h e   s e m i - s t r u c t u r a l  

a c t i v e l y   c o o l e d   p a n e l s   r e s u l t e d   i n  a ca l cu la t ed   we igh t  of 9.31  Mg (20,540  lbm) 

compared   w i th   t he   o r ig ina l  estimate f o r   t h e   b a s e l i n e   o f  8.90 Mg (19,625  lbm). 

No a d d i t i o n a l   w e i g h t  was r e q u i r e d   t o   s a t i s f y   e i t h e r   t h e   f a t i g u e   o r   f r a c t u r e  

mechanics   requirement .  

40 







Accommodating t h e  N2 purge   r equ i r emen t   r e su l t ed  i n  only  a modest  weight 

e f f e c t ,  as was t h e  case with  Concept 1. S p e c i f i c a l l y   t h e   w e i g h t   e f f e c t  w a s  

an  increase  of   44  kg  (97  lbm)  which  t ransforms  to  a range  increment  of  2.53 km 

(1.4 NM) 

c. Tank - In   Concep t  2 the s t r u c t u r e  was i n t e r c o n n e c t e d   w i t h  l ink  systems 

t h a t  accommodate t h e   t h e r m a l   s t r a i n s   w h i l e  s t i l l  m a i n t a i n i n g   r e l i a b l e   s t r u c -  

t u r a l   l o a d   p a t h s .  A s  an  example  the  wing-to- tank  connect ion i s  made wi th  a 

series of l inks   which   have   monobal l   bear ings  a t  e a c h   e n d   t o   a l l o w   t h e   l i n k s   t o  

swivel and y e t   a l l o w   o n e   e n d   o f   t h e   l i n k   t o  move w i t h   r e s p e c t   t o   t h e   o t h e r .  

Each l i n k   h a s   f u l l  axial l o a d   c a p a b i l i t y .  A series o f   n e a r l y  ver t ical  l i n k s  

i s  u s e d   t o   a t t a c h   e a c h   s i d e  of t h e   f u e l   t a n k   t o   t h e   u p p e r   s u r f a c e   o f   t h e   w i n g .  

The l o n g i t u d i n a l   l o c a t i o n  of t h e   t a n k  i s  f ixed   by  a s i n g l e   a f t   l i n k  which 

a t t aches   t o   t he   w ing   ca r ry - th rough  a t  the c e n t e r l i n e .   S i d e   m o t i o n  of t h e  tank 

i s  prevented  by a series o f   t r a n s v e r s e   l i n k s .  

Thermal   cont rac t ion   of   the   t ank  i s  accommodated  by t h e s e   l i n k s ,   w h i c h  

t r a v e l   i n   a n  a r c  and  induce a bending stress of   only  about   3 .45 MPa (500 p s i )  

i n   t h e   t a n k  a t  t h e   p e a k  of t h e  arc .  Truss   networks  formed  of   the same type   of  

l i n k s   p r o v i d e   t h e r m a l   s t r a i n   r e l i e f  a t  t h e   s p l i c e   j o i n t s   w h e r e   t h e   f o r w a r d  

and a f t   f u s e l a g e   s e c t i o n s   a n d   t h e   v e r t i c a l  t a i l  a t t a c h   t o   t h e   t a n k .  

T e s t i n g   o f   t h e   I s o g r i d   s t i f f e n i n g   c o n c e p t   h a s  shown b i a x i a l l y   l o a d e d  

s t r u c t u r e  stress c o n c e n t r a t i o n   f a c t o r s  t o  b e   l i m i t e d   t o  a maximum of 1 .5 .  

Th i s   va lue  was  employed i n   t h e   i n t e g r a l   t a n k   a n a l y s i s .  

Detail  ana lys i s   o f   t he   Concep t  2 i n t e g r a l   t a n k   r e s u l t e d   i n  a tank   weight  

of  11.03 Mg (24 ,309   lbm)   compared   wi th   the   in i t ia l  estimate of   8 .76 Mg 

( 1 9 , 3 0 3   l b m ) .   T h i s   a n a l y s i s   a l s o   r e s u l t e d   i n  a f i n a l   w e i g h t  of the   f rame,  

bulkheads  and  longerons  of   3 .61 Mg (7,955  lbm)  compared  with  the i n i t i a l  es t i -  

mate o f   5 .51  Mg (12,150  lbm) . Al though   t hese   d i f f e rences   be tween   t he   i nd iv id -  

u a l   i n i t i a l  and f i n a l  estimates are s i g n i f i c a n t ,   t h e   t o t a l s  were i n  good 

ag ree .men t .   Weigh t   added   spec i f i ca l ly   fo r   f a t igue   cons ide ra t ions  w a s  minor ,  

20.4  kg  (45  lbm) , and  none w a s  added f o r   f r a c t u r e   m e c h a n i c s .  

Cooling  Sys tem Ana lys i s  

The.  Concept 2 coo l ing   sys t em w a s  a n a l y z e d   i n  a manner similar t o   t h a t  

desc r ibed   fo r   Concep t  1. Since  Concept 1 and 2 moldl ine  contours   and areas 

are n e a r l y   i d e n t i c a l ,   t h e   s u r f a c e   h e a t i n g  rates are similar and   the   cool ing  
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system  requirements  are e s s e n t i a l l y   e q u a l .  The most s i g n i f i c a n t   d i f f e r e n c e  

between  the  cool ing  system  designs  involved a m i n o r   r e l o c a t i o n   o f   t h e   c o o l i n g  

s y s t e m   h e a t   e x c h a n g e r .   T h i s   r e l o c a t i o n ,   n e c e s s i t a t e d  by t h e   l a c k   o f   a v a i l a b l e  

space  between  the  tank wa l l  a n d   t h e   o u t e r   s k i n ,   d i d   n o t   s i g n i f i c a n t l y   i m p a c t  

cool ing   sys tem  weight .  A summary o f   t h e   r e s u l t s  is p r e s e n t e d   i n   F i g u r e  33.  As 

with  Concept 1, t h e   e n g i n e   f u e l   f l o w r a t e s   d u r i n g   c r u i s e   a r e   s u f f i c i e n t   t o   c o o l  

about  50% of t h e   a i r f r a m e  heat load.  

Hydrogen  Fuel  Tankage 
Thermal Protection System 

Actively Cooled Qvertic-1 tail = 9.3 MW (8.78 X lo3 Btu/sec) 
Surface  Panel mvertical tail = 64 kg/s (142 Ibm/sec) 

Insulation Weight = 2.76 Mg (6,076 Ibm) 
Fuel Boiloff = 2.56 Mg (5,642 Ibm) 

Q,ings = 50.7 MW (4.8 x lo4 Btu/sec) 
m,,,,ings = 401 kg/s (883 Ibm/sec) 

Environmental  Control System 
and  Purge  System Components 

&uselage = 48.1 MW (4.57 X lo4 Btu/sec) Active  Cooling System  Weight 
mfuselage = 392 kg/s (864 Ibm/sec) Component: Ms (Ibm) 

- 
Residual Coolant 
Distribution Lines,  etc. Active  Cooling System  Heat  Exchanger 

9.61  (21,182) 
1.46  (3.2  12) . .  . 

Heat  Exchanger 1.13  (2,501 1 
Pumps  and Pump  Fuel Req 3.00  (6,613) 

Total 15.20  (33,508) 
Note: Totals include subsystem requirements 

FIGURE 33 
THERMODYNAMIC  SUMMARY, CONCEPT 2 
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SECTION 7 

ELLIPTICAL (BLENDED) BODY AIRCRAFT WITH INTEGRAL TANKAGE (CONCEPT 3) SYNTHESIS 

The Concept 3 a i r c r a f t ,   w i t h  i t s  blended  wing  body  configurat ion,   while  

similar i n   p l a n f o r m ,  is  q u i t e   d i f f e r e n t  i n  c r o s s   s e c t i o n   f r o m  the p rev ious  

s t u d y   a i r c r a f t .  Its e l l i p t i c a l   f u s e l a g e   c r o s s   s e c t i o n   r e s u l t e d   i n  a d i f f e r e n t  

a p p r o a c h   t o   c o n f i g u r a t i o n   o f   t h e   i n t e g r a l   f u e l   t a n k .  It did,   however ,   have 

t h e  common bas i s   o f   fue l   we igh t ,   pas senge r   pay load ,   and   p ropu l s ion   sys t em  tha t  

were used  on  Concepts 1 and 2 .  Tank t h e r m a l   p r o t e c t i o n  and t h e  active c o o l i n g  

s y s t e m s   f o r   i n t e g r a l  tank a i r c r a f t   ( C o n c e p t s  2 and 3) were d i s c u s s e d   p r e v i o u s l y .  

R e f i n e m e n t   o f   t h e   d e s i g n   i n t o   t h e   f i n a l   c o n f i g u r a t i o n  w a s  accomplished i n   t h e  

same manner as p r e v i o u s l y   d e s c r i b e d   f o r   t h e   C o n c e p t  1 and 2 a i r c r a f t .  

Trade  Studies  

The base l ine   (pre l iminary)   Concept  3 c h a r a c t e r i s t i c s  may be   found  in  

F i g u r e  3 4 .  Pay load   and   fue l   we igh t   r equ i r emen t s   s i zed   t he   a i r c ra f t ,   w i th   t he  

a i r c r a f t   r a n g e  as a " f d l  ou t " .   Pas senge r   compar tmen t   l oca t ion ,   e l l i p t i ca l ly  

PRELIMINARY 
CHARACTERISTICS 

O.W.E. = 187.4 Mg (413,204 LBM) 

WTFUEL = 108.9 Mg (240,000 LBM) A 
I INTEGRAL  FUEL  TANKS 

36.1 m 

1 
(l 18*4 FT) PAYLOAD = 21.8 Mg (48,000 LBM) 

1 (200 PASSENGERS) 

ENGINE (4) GE5/JZ6-C 

TSLS = 400 kN (90,000 LBF) 

UNINSTALLED PER ENGINE 

( (71zFT)  

HOT NACELLE  STRUCTURE 

21.8 m SPEED M = 6.0 (MAXIMUM) 
::::::x: :::::: ::..,-- - - ~ 

.. ...- 1 SURFACE ACTIVELY COOLED 

TO 394  K (25OOF) MAX 

FIGURE 34 
CONCEPT 3 BASELINE  AIRCRAFT 
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domed tank  ends,   and a two compartment f u e l   t a n k  are samples   o f  items r e t a i n e d  

from  Concept 1. The t a n k   l e n g t h   t r a d e   s t u d y  showed t h a t   t h e  two tank   a r range-  

ment w a s  n e c e s s a r y   f o r  CG c o n t r o l   a n d   t o  limit t h e   e f f e c t  o f   c r a sh   cond i t ion  

p res su re   heads .  The mul t ibubb le   t anks  of  Concept 3 r e t a i n e d   I s o g r i d   s t i f f e n -  

i n g  of t he   t ank  walls. The  honeycomb c o n s t r u c t i o n   a c t i v e l y   c o o l e d   p a n e l s  were 

r e t a i n e d   b u t   m o d i f i e d   t o   b e   n o n - s t r u c t u r a l .  A s e m i - s t r u c t u r a l   c o n f i g u r a t i o n  

similar t o  Concept 2 w a s  cons ide red   bu t   found   t o   r equ i r e   complex   suppor t   s t ruc -  

t u r e  and r e s u l t   i n  a r a n g e   d e f i c i t .  The ma jo r   add i t iona l   t r ade   s tudy   conduc ted  

f o r  Concept 3 i n v o l v e d   t a n k   c r o s s   s e c t i o n   o p t i m i z a t i o n .  

T h i s   t r a d e   s t u d y   i n v o l v e d   t a i l o r i n g   t h e   f u e l   t a n k   w i t h i n   t h e   e l l i p t i c a l  

f u s e l a g e   t o   o b t a i n  maximum a i r c r a f t   r a n g e .   A s s e s s m e n t   o f   t h e   r a n g e   e f f e c t  

u t i l i z e d   t h e   s e n s i t i v i t y   c u r v e   o f   F i g u r e  35 d e v e l o p e d   s p e c i f i c a l l y   f o r  Con- 

cep t  3 .  This  was accompl i shed   by   compar ing   s t ruc tu ra l   con ta inmen t   e f f i c i ency  

(we igh t   o f   fue l /we igh t   o f   con ta inmen t   s t ruc tu re )   and   vo lumet r i c   e f f i c i enc ie s  

f o r   s e v e r a l   c o m b i n a t i o n s  of b u b b l e   t a n k   c o n f i g u r a t i o n s  as shown i n   F i g u r e  3 6 .  

The r e s u l t s  of t h o s e   c o m p a r i s o n s   i n d i c a t e d   t h a t   t h e   f i v e   b u b b l e   c r o s s   s e c t i o n  

is  b e s t   i n  terms of s t r u c t u r a l   c o n t a i n m e n t   e f f i c i e n c y .   A i r c r a f t   r a n g e  levels  

Legend: - Range Mrn (NM) - - TOGW Mg ( lo3 Ibrn) 
I I 1 I I 

175 180 185 190 195 200 
O.W.E. - Mg 

I I I I I I 
390 400 410 420 430 440 

O.W.E. - lo3 Ibrn 

FIGURE 35 
RANGE  SENSITIVITY, CONCEPT 3 
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f a l l   o f f   f o r  any  bubble   number  above  f ive,  as i n d i c a t e d   i n   F i g u r e  3 6 .  The 

f i v e   b u b b l e   c o n f i g u r a t i o n  w a s  s e l e c t e d  on t h e   b a s i s   o f   b e i n g  a f i g h t e r   a n d  

more e a s i l y   f a b r i c a t e d   c o n f i g u r a t i o n ,   t h a n   t h e   s e v e n   b u b b l e   c o n f i g u r a t i o n .  

FIGURE  OF  MERIT  THREE  BUBBLE 

CROSS-SECTIONAL 
AREA  UTIL IZATION 
WEIGHT  EFFICIENCY 

WEIGHT  FUEL 17.6 
WEIGHT  STRUCTURE 

FABRICATION  COST  LO w 

73% 

RANGE 
PENALTY 

100 NM 

IO 

RANGE 
PENALTY 

M m  

I 
MODERATE  HIGH 

NUMBER OF BUBBLES 

FIG'URE 36 
TANK CROSS SECTION  SELECTION 

S t r u c t u r a l   A n a l y s i s  

The s t ruc tu ra l   a r r angemen t   fo r   Concep t  3 i s  shown i n   F i g u r e  37. The 

p r o c e s s   o f   s t r u c t u r a l   w e i g h t   r e f i n e m e n t   p r e v i o u s l y   d e s c r i b e d  w a s  a l s o   f o l l o w e d  

f o r  Concept 3 .  Design   loads ,   deve loped   for   the   Concept  3 a i r c r a f t ,  are pre-  

s e n t e d   i n   F i g u r e s  38 and 39. 

a. Finite  Element  Computer  Model - The Concept 3 s t r u c t u r a l  model i s  

i l l u s t r a t e d   i n   F i g u r e  4 0 .  1016   j o in t   deg rees   o f   f r eedom are u s e d   w i t h   t h i s  

model.  The r e s i z i n g   r o u t i n e   d e s c r i b e d  previously w a s  a l s o  employed f o r   t h e  

Concept 3 a n a l y s i s .  

b. Tank - D e t a i l e d   a n a l y s i s  of the  Concept 3 t ank  w a s  c o n d u c t e d   i n  a 

manner similar t o   t h a t   d e s c r i b e d  for Concept 2 .  However i n  t h i s   a n a l y s i s   t h e  

fuse l age   cove r ing   was   cons ide red   t o   be   comple t e ly   non- s t ruc tu ra l .   Th i s  

a n a l y s i s   r e s u l t e d   i n  a tank  weight   of   14.54 Mg (32,047  lbm)  compared  with  the 
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Note:  

external  surface  except  nacelles. 
Active  cooled  panels  cover  all 

r Fwd Fuselage 

r Fuselage  Cover Actively  Cooled Panels / /  I 

Speedbrake 

Aft Transition Truss L i n k s 7  - 

\ 
LPassenger  Cabin 

A\ - Wing Attach  Links 

v 

Links 

Nacelle  Module 
FIGURE 37 

CONCEPT 3 STRUCTURAL ASSEMBLY BREAKDOWN 
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CONCEPT 3 

Net Aircraft Shear and Moment 
2.59 Flight  Condition 
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FIGURE 39 
CONCEPT 3 

Net Aircraft Shear and Moment 
29 Taxi  Condition 
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I -  

i n i t i a l  estimate of 10.57 Mg (23,292  lbm). A l a r g e  amount of  the weight  

i n c r e a s e   i n   t h i s   t a n k   s t r u c t u r e  i s  a t t r i b u t a b l e   t o   t h e   r i n g s   w h i c h  act  a s   t h e  

wing  carrythrough-.  A s l i g h t  amount  of  weight,  213  kg (470 lbm) w a s .  added t o  

t h e   t a n k   f o r   f a t i g u e   c o n s i d e r a t i o n s  i n  the   t ank   r i ngs   and   no   we igh t   add i t ion  

w a s  r e q u i r e d   f o r   f r a c t u r e   m e c h a n i c s .  

Cooling  Sys t e m  Ana lys i s  

The p rocedures   u sed   t o   ana lyze   t he   Concep t  3 coo l ing   sys t em were similar 

to   t hose   desc r ibed   fo r   Concep t  1. However,  Concept 3 i s  a smaller a i r c r a f t  

and i ts  moldl ine   contours  are d i f f e r e n t .   T h e s e   d i f f e r e n c e s   r e s u l t e d   i n   l o w e r  

a i r f r ame   hea t   l oads   and   coo lan t   f l owra te   r equ i r emen t s .  Due t o   t h e   s i g n i f i -  

c a n t l y   d i f f e r e n t   f u s e l a g e   s h a p i n g   a n d  volume u t i l i z a t i o n ,   t h e   p r i m a r y   c o o l i n g  

system  components were r e l o c a t e d  t o  an a rea   forward  of t he   t ankage .  This non- 

c e n t r a l i z e d   l o c a t i o n   r e s u l t e d   i n  a w e i g h t   p e n a l t y   d u e   t o   l a r g e r   d i s t r i b u t i o n  

l i n e s .   T h e s e   r e s u l t s   a r e   s u m m a r i z e d   i n   F i g u r e  41. S i m i l a r  t o   t h e   o t h e r   a i r  

c r a f t   c o n c e p t s ,   t h e   e n g i n e   f u e l   f l o w r a t e s   d u r i n g   c r u i s e  are i n s u f f i c i e n t   f o r  

c o o l i n g   t h e   e n t i r e   a i r f r a m e .  I t  was e s t i m a t e d   t h a t   t h e   f u e l   h e a t   s i n k   c a p s -  

c i t y   f o r   C o n c e p t  3 i s  a l s o   a p p r o x i m a t e l y  50% of   t ha t   r equ i r ed .  
Hydrogen Fuel  Tankage 

Thermal  Protection System f Fuel Boiloff = 2.59 Mg (5,713 Ibm) 
Insulation  Weight = 3.1 1 Mg (6.855 Ibm) 

QVerfical ta i l  = 7.6 MW (7.24 x lo3 Btu/sec) 

mvertical = 54 kg/s ( 1  19 Ibrn/sec) 

Air  Gap 
1.80cm (0.71 in.) 

Insulation 
'. 4.57 cm (1.80 in.) 

Q~~~~~ 39.7 MW (3.76 x 104 Btu/sec) 
mwings = 310 kg/s (681 Ibm/sec) 

Environmental  Control System 
and Purge System Components 

Active Cooling System Heat Exchanger Active Cooling System  Weight 

Qfuselage = 42.9 MW (4.07 x lo4 Btu/sec) 
Component: Mg 

Residual Coolant 
mfuselage = 349 kg/s (769 Ibm/sec) 

8.92 
Distribution Lines, etc. 1.35 
Heat Exchanger 0.95 
Pumps and Pump Fuel Req 2.51 

Total 13.73 

Note: Totals  include subsystem requirements. 

FIGURE 41 
THERMODYNAMIC  SUMMARY, CONCEPT 3 
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SECTION 8 

FINAL  AIRCRAFT CHARACTERISTICS 

The t r adeof f   s tud ie s   and   des ign   r e f inemen t   p rocess   r e su l t ed  i n  f i n a l  

des ign   and   per formance   charac te r i s  t i c s  o f   t he   t h ree   concep t s   s tud ied .   These  

r e s u l t s  are summarized i n  F igu re  4 2 .  The lowes t   we igh t   and   bes t   r ange  is 

ach ieved   w i th   t he   b l ended   body   i n t eg ra l   t ank   a i r c ra f t ,   Concep t  3 .  Group weight  

s t a t e m e n t s   f o r   e a c h   a i r c r a f t  are p r e s e n t e d   i n   F i g u r e  4 3 .  

Analyses  were c o n d u c t e d   t o   d e t e r m i n e   t h e   r e l a t i v e   p r o d u c i b i l i t y   a n d  ser- 

v i c e a b i l i t y   o f   t h e   t h r e e   s t u d y   a i r c r a f t .   A l t h o u g h   t h e s e   a n a l y s e s  were g r e a t l y  

s i m p l i f i e d ,   t h e i r  re la t ive v a l u e s  are b e l i e v e d   t o   b e   a c c u r a t e .   E a c h   a n a l y s i s .  

concen t r a t ed  on those  areas w h e r e   s t r u c t u r a l   a n d   a r r a n g e m e n t   d i f f e r e n c e s  were 

s i g n i f i c a n t .  

P r o d u c i b i l i t y   a n a l y s e s ,   s u m m a r i z e d   i n   F i g u r e  4 4 ,  i nc luded   bo th  material 

and   l abo r .   D i f f e r ing  items such as the   cen ter   fuse lage   cover ,   t anks   and   wing  

at tachment  were c o n s i d e r e d   i n  some depth   whi le  common items, such as t h e   f o r -  

ward  fuselage,   wing  and t a i l ,  were i n c l u d e d   i n  a p r o d u c t b i l i t y   f a c t o r   w h i c h  

CONCEPT I 
WING BODY 

NON-INTEGRAL  TANKS 

O.W.E. = 190.2 Mg (419,234  LBM) 
RANGE = 8.69  Mm (4,690 NM) 
COST  FACTORS: 

PRODUClBlLlTY  1.0 t-" 109.9 rn "-+ SERVICEABILITY 1.0 
(360.5 FT) 

e 

CONCEPT 2 
e 

WING  BODY 
INTEGRAL  TANKS 

O.W.E. = 190.6 Mg (420,252  LBM) 
RANGE = 8.73 Mrn (4,715 NM) 
COST FACTORS: 

, PRODUClBlLlTY 3.5 e 
I"-- 109.9m + SERVICEABILITY 1.2 e 

(360.5 FT) 

CONCEPT 3 
INTEGRAL  TANKS 

e 

BLENDED  BODY 
O.W.E. = 187.2 Mg (412,816  LBM) 

e 

e f l  RANGE = 9.20 Mrn (4,968 NM) 

(328.5  FT) 

C O M M O N  
CHARACTERISTICS 

WTFUEL = 108.9 Mg (240,000  LBM) 

PAYLOAD = 21.8 Mg (48,000  LBM) 
(200 PASSENGERS) 

ENGINES (4) GE5/JZ6-C 

HOT NACE'LLE STRUCTURE 

CRUISE SPEED M = 6.0 

SURFACE ACTIVELY COOLED 
TO 394  K (25OOF) MAXIMUM 

T/W = 0.55  (TAKE  OFF) 

W/S = 2.87 kPa (60  LBM/FT2) 

FIGURE 42 
FINAL  AIRCRAFT  CHARACTERISTICS 



I Structure 

A.  Fuselage 
1. Fwd 
2. Center  (Includes  Fuel  Tanks 
3. Af t  

B. Remaining Structure 

II Propulsion Group 

I I I  Systems 

A.  Coolant Distribution System 
B. Remaining  Systems 

IZL Useful  Load 

ll O.W.E. 

3ZI Fuel 

Usable 
Boil-off 

Yll TOGW 

Concept 1 

Ms 

12.16 
29.39 

1.72 
62.87 

27.76 

15.15 
15.42 

25.67 

190.14 

108.86 

,106.27 
2.59 

299.0 

(Ibm) 

( 26,800) 
( 64,800) 
( 3,800) 
(138.600) 

( 61,200) 

( 33,400) 
( 34,000) 

( 56,600) 

(41  9,200) 

(240,000) 

(234,300) 
( 5,700) 

(659,200) 

Concept 2 

Ms 

12.16 
29.98 

1.72 
62.73 

27.76 

15.20 
15.42 

25.67 

190.64 

108.86 

106.30 
2.56 

299.5 

(Ibm) 

( 26,800) 
( 66,100) 
( 3.800) 
( 1  38,300) 

( 61,200) 

( 33,500) 
( 34,000) 

( 56,600) 

(420,300) 

(240,000) 

i234.400) 
( 5,600) 

(660,300) 

T 

FIGURE 43 
FUSELAGE/TANK-GROUP WEIGHT STATEMENTS 

I tem 

Welding 
Forming 
Material 
Machining 

Fuselage  Frames 
and  Bulkheads 

0 Tank to Fuselage  Ties 
Tank  Frames 

0 Tank  Wall 
Tank Ends 
Wing Attachment 
Overall  Machining 

Assembly 

Center  Fuselage" 

Total Vehicle  Cost 

Concept 1 

1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

' Includes tank, wing supports, and fo re  and a f t  stress l inks 

Concept 3 

Ms 

12.66 
32.25 

1.91 
57.88 

27.76 

13.74 
15.37 

25.67 

187.24 

108.86 

106.27 
2.59 

296.1 

( 27,900) 
( 71,100) 
( 4,200) 
(1  27,600) 

( 61,200) 

( 30,300) 
( 33,900) 

( 56,600) 

(4 1 2,800) 

(240,000) 

(234.300) 
( 5,700) 

(652,800) 

Concept 2 1 Concept 3 

7 
2.5 I 2.5 
5 

2 
15 
24 
31 
9 
1 

20 
3 

3 

0.4 
32 
15 
35 
9 

0.1 
15 
5 

10 

3.5  3 

8 

FIGURE 44 
RELATIVE COST RATIOS 
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w a s  common t o  a l l  t h r e e   a i r c r a f t .   R e l a t i v e   c o s t   r a t i o s  are p r e s e n t e d   f o r   t h e  

f u s e l a g e / t a n k  area and t h e   t o t a l   a i r c r a f t  and  provide a measure of t h e  relative 

f ly-away  cos t   for   each   concept .   S ince  a l l  t h r e e   a i r c r a f t   c o n c e p t s   c a r r i e d   t h e  

same f u e l   l o a d  and  number  of pas senge r s ,  an i n d i c a t i o n  of t h e   r e l a t i v e   o p e r a -  

t i o n a l   c o s t s  may b e   a t t a i n e d  by  comparing a i r c r a f t   r a n g e  as w e l l  as t h e   s e r v i c e -  

a b i l i t y   f a c t o r s   d i s c u s s e d   b e l o w .   T h e s e   r a t i o s  show Concept 1 t o   h a v e   t h e  low- 

est p r o d u c t i o n   c o s t .  A similar s tudy  for Concepts 2 and 3,  r e p l a c i n g   i n t e g r a l l y  

s t i f f e n e d   t a n k  walls w i t h   p l a i n   s k i n  monocoque walls,  r e s u l t e d   i n   r e d u c t i o n   o f  

t o t a l   v e h i c l e   c o s t   f a c t o r s   f r o m  3.5 t o  1 . 6  for   Concept  2 and  from 3 t o  1.8 f o r  

Concept 3 .  

S e r v i c e a b i l i t y   a n a l y s i s   a l s o   c o n c e n t r a t e d  on t h o s e   d i f f e r e n c e s   i n   a i r c r a f t  

a r r angemen t   wh ich   s ign i f i can t ly   a f f ec t ed   ma in tenance   ac t ions .  The n e t   r e s u l t  

of t h e s e   a n a l y s e s   g i v e n   i n   F i g u r e  45 indicated  Concept  1 t o  be   the   mos t   eas i ly  

maintained  with  Concepts  2 and 3 be ing  more d i f f i c u l t  by f a c t o r s  of 1 . 2  and 1 . 3  

r e s p e c t i v e l y .  

T 
~ ~ ~_ 

~ 

Service or General  Maintenance Action 
.. . . ~- 

Structural Tank  Repairs 
Actively Cooled Panel  Leak Inspection 
Actively Cooled Panel  Removal 
Actively Cooled Panel Manifolds and Controls 
Link and Lug AdjudRepair 
Coolant  Supply  Lines 
Coolant Return Lines 
Heat  Exchanger Unit 
Nitrogen Purge System 
Fuel  Feed  Lines 
Fuel  Boost Pumps 
Fuel  Transfer Controls 
Plumbing Repairs 
Electrical  Repairs 
Flight  Control Cables 
Average  Level of  Difficulty 
Normalized Level of  Diff icdty 

Comparative  Ratings  (Degree of  Difficulty) 

~~~~ 

~ ~- ~~~ ~ ~~ . .. 

~~ 

1 

1 .oo 
1 .oo 
1.30 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1.40 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1.04 

1 

Concept 

2 

1.30 
1.20 
1.20 
1.30 
1.60 
1.40 
1.40 
1.30 
1.30 
1.30 
1.20 
1.30 
1.20 
1.20 
1.20 
1.28 
1.2 

- 
3 

1.40 
1.40 
1 .oo 
1.40 
1.80 
1.50 
1.50 
1.40 
1 .oo 
1.50 
1.40 
1.30 
1.30 
1.30 
1.40 
1.37 
1.3 

1.0 = Concept with Lowest Mean Time  to Complete  Maintenance Action iUsed as Baseline) 
1.5 = 50% Greater Time to Complete Action Compared to Baseline 
1.8 = 80% Greater Time to Complete Action Compared to Baseline 

FIGURE 45 
RELATIVE  SERVICEABILITY  FACTORS 





SECTION 9 

OBSERVATIONS AND CONCLUSIONS 

T h i s   r e p o r t   h a s   p r e s e n t e d   t h e   r e s u l t s   f r o m  a s t r u c t u r a l   d e s i g n   s t u d y   o f  

a c t i v e l y   c o o l e d ,   h y d r o g e n   f u e l e d ,   h y p e r s o n i c   t r a n s p o r t   a i r c r a f t .   I n   a d d i t i o n  

t o   t h e   f i n a l   d e s i g n   a n d   p e r f o r m a n c e   d e s c r i p t i o n   o f   t h e   t h r e e   a i r c r a f t  con- 

c e p t s   s t u d i e d ,   d e t a i l e d   d e s i g n   t r a d e   s t u d i e s   a n d   s e n s i t i v i t y   s t u d i e s  were 

p e r f o r m e d   i n   t h e   e a r l y   p h a s e s .   S i m p l i f i e d   m a i n t a i n a b i l i t y   a n d   p r o d u c i b i l i t y  

s t u d i e s  were a lso   conducted .   Thus ,  a b r o a d   b a s i s  is a v a i l a b l e   f o r   a s s e s s i n g  

the   impor tan t   des ign   fac tors   which   mus t   be   cons idered  for  t h i s  class of 

a i r c r a f t  . 
The f i n a l   a i r c r a f t   c h a r a c t e r i s t i c s ,   w e i g h t s ,   a n d  re la t ive  c o s t   a n d  ser- 

v i c e a b i l i t y   f a c t o r s  were p r e s e n t e d   i n   S e c t i o n  8. From F igures  42 and 4 3 ,  i t  

i s  seen   tha t   Concept  3 ,  t h e   b l e n d e d   b o d y ,   i n t e g r a l   t a n k   a i r c r a f t   h a s   t h e  

l i g h t e s t   w e i g h t   a n d   t h e   g r e a t e s t   r a n g e   c a p a b i l i t y ,   ( o v e r  0.47 Mm (250 NM) 

more than   t he   o the r s ) .   Th i s   supe r io r   pe r fo rmance  i s  a r e s u l t  of t h e   b e t t e r  

a e r o d y n a m i c   c h a r a c t e r i s t i c s   a n d   h i g h e r   v o l u m e t r i c   e f f i c i e n c y .  

The s t r u c t u r a l   w e i g h t   d i f f e r e n c e s   b e t w e e n   i n t e g r a l   a n d   n o n - i n t e g r a l  

tankage are small. T h i s  w a s  examined i n  some d e t a i l   i n   o r d e r   t o   u n d e r s t a n d  

t h e   f a c t o r s   w h i c h   i n f l u e n c e   t h i s   f i n d i n g .  

F igure  46 shows a t y p i c a l   c r o s s   s e c t i o n   t h r o u g h   t h e   f u s e l a g e l t a n k   s t r u c -  

t u r e   f o r   e a c h   a i r c r a f t .   I n  a l l  cases the   coo led  w a l l  is made of  aluminum 

honeycomb panels   wi th   "dee"   shaped   cool ing   passages   bonded   to   the   ou ter   sk in .  

These  panels   absorb  the  aerodynamic  heat ing.   The  tank w a l l ,  which   se rves   the  

f u n c t i o n  of f u e l   c o n t a i n m e n t   a n d   p r e s s u r e   v e s s e l ,  i s  monocoque s t r u c t u r e   f o r  

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

Concepts.  The o u t e r  wall  coo l ing   func t ion   and   t ank  w a l l  p r e s s u r e   f u n c t i o n  

are t h u s  common t o  a l l  concepts .   However ,   for   each   concept ,   the   fuse lage  

bend ing   func t ion  i s  pe r fo rmed   d i f f e ren t ly   and   w ing   l oads  are c a r r i e d  

d i f f e r e n t l y .  

In   t he   non- in t eg ra l   Concep t  1, t h e   c o o l e d   o u t e r  w a l l  s e r v e s   t h e   a d d i -  

t i o n a l   f u n c t i o n   o f   p r o v i d i n g   s t r e n g t h   f o r   t h e   f u s e l a g e   p r i m a r y   s t r u c t u r e .  

Th i s  is  accompl i shed   by   i nc reas ing   t he   dep th   o f   t he  honeycomb p a n e l   a n d   t h e  

t h i c k n e s s   o f   t h e   o u t e r   s k i n .  However, t h e s e   r e q u i r e d   i n c r e a s e s  are small, 

so  t h e   c o o l e d   o u t e r  w a l l  pane l s  are o n l y   s l i g h t l y   h e a v i e r   t h a n   t h o s e   o f   t h e  

i n t e g r a l   c o n c e p t s .  
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CONCEPT 1 
0.6 mm - 1.1 mrn- 

0.4 rnm f 
15.2 crn FRAMES AT 0.91 m 

t MONOCOQUE  TANK  WALL 

2 mrn- 

TANK PRESSURE = 138  kPa 

Note: Not to Scale 

1 
f 
= I  

I 
1 

8 

CONCEPT 2 
0.6 mrn 7 

ISOGRID TANK  WALL 
AND  STRUCTURE 

t = 1.5mrn. 1.8mm 
( i  = 2mm - 2.8rnrnl 

2.5 cm 

30.5 cm FRAMES AT 0.91 m io 2.74 m 

CONCEPT 3 0,6m- 

A ISOGRID  TANK  WALL 
AND  STRUCTURE 

li = 1.8rnm - 2.8mm) 
i = 1.5rnm - 1.8rnrn 

2.5 crn 

2 2 3  cm FRAMES AT 0.91 m to 2.74 m 

FIGURE  46(a) 
STRUCTURAL  ARRANGEMENTS 

S.I. Uni ts  
CONCEPT 1 

0.025.0.045 in.- 

8.13 in. 
6 IN.  FRAMES  AT  3 F l  

0 TANK PRESSURE = 20 PSlG 

Note: Not to Scale 

ISOGRID TANK  WALL 
AND  STRUCTURE 

li = 0.081-0.1  10 in.) 
t = 0.060-0.070 In. 

0.98 in. 

12 IN. FRAMESAT 3 TO 9 FT 

ISOGRID TANK  WALL 
AND  STRUCTURE 

i i=0.070-0.l lOin.~ 
t = 0.058-0.070 in. 

0.98 in. 
U 

9 IN.  FRAMES  AT  3  TO  9 F l  

FIGURE  46(b) 
STRUCTURAL  ARRANGEMENTS 

Customary Units 
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F o r   t h e   i n t e g r a l   t a n k   c o n c e p t s   t h e   t a n k  w a l l  p rov ides   fu se l age   p r imary  

s t r u c t u r e   s t r e n g t h   u s i n g  a s t i f f e n e d   s k i n   a p p r o a c h .  Of t h e   s t i f f e n e d   d e s i g n  

c a n d i d a t e s   a n a l y z e d ,   a n   i s , o g r i d   s t i f f e n i n g   p a t t e r n   p r o d u c e d   t h e   l i g h t e s t  

w e i g h t .   I f   t h e   v o l u m e   o f   t h e   s t i f f e n i n g  members i s  ave raged   ove r   t he   su r f ace ,  

t h e   e q u i v a l e n t   w e i g h t   t h i c k n e s s  (t of   Figure 4 6 )  i s  o n l y   s l i g h t l y   g r e a t e r  

t h a n   t h a t   f o r   t h e   n o n - i n t e g r a l  monocoque t ank  w a l l .  T h u s ,   t h e   s t i f f e n e d   t a n k  

w a l l  i s  o n l y   s l i g h t l y   h e a v i e r   t h a n   t h e   u n s t i f f e n e d   n o n - i n t e g r a l   t a n k  w a l l .  

The combination of o u t e r   p a n e l   w e i g h t   p l u s   t a n k   w e i g h t   r e s u l t s   i n   a p p r o x -  

i m a t e l y   t h e  same s t r u c t u r a l   w e i g h t   f o r   e a c h   o f   t h e   t h r e e   a i r c r a f t   c o n c e p t s .  

T h i s   r e s u l t   a p p e a r s   t o   b e   s t r o n g l y   i n f l u e n c e d  by t h e   f a c t   t h a t   a c t i v e l y  

c o o l e d   s t r u c t u r e  is used. 

While no t   p roven   by   t h i s   s tudy  i t  a p p e a r s   t h a t   u s e  of a c t i v e l y   c o o l e d  

s t . ruc tu re   f avor s   t he   non- in t eg ra l   s t ruc tu ra l   concep t s .   Cons ide r   t he   comple t e  

s t ruc tu ra l   sys t em  o f   t he   non- in t eg ra l   Concep t  1. It e s s e n t i a l l y   h a s  two 

s t r u c t u r a l   e l e m e n t s .  The ou te r   e l emen t   s e rves  as a h e a t   s h i e l d  as w e l l  as 

p r i m a r y   s t r u c t u r e .  The i n n e r   e l e m e n t   c o n t a i n s   t h e   f u e l .  The i n t e g r a l  Con- 

c e p t s  2 and 3 a l s o   h a v e  two s t r u c t u r a l   e l e m e n t s .  The o u t e r   e l e m e n t   s e r v e s  as 

a hea t   sh i e ld   and   t he   i nne r   e l emen t   s e rves   t he   dua l   func t ions   o f   p r imary  

s t r u c t u r e   a n d   f u e l   c o n t a i n m e n t .   C o n s i d e r   t h e   s i t u a t i o n   i f  a non-ac t ive ly  

c o Q l e d   s t r u c t u r e  were employed,  say a r a d i a t i o n   h e a t   s h i e l d / i n s u l a t i o n  

system. Then the  non-integral   Concept  1 would r e q u i r e   t h r e e   s t r u c t u r a l  

e l e m e n t s :   a n   o u t e r   h e a t   s h i e l d / i n s u l a t i o n ,  a p r i m a r y  s t r u c t u r e   a n d   a n   i n n e r  

f u e l   c o n t a i n e r .  However, t h e   i n t e g r a l   C o n c e p t s  2 and 3 would s t i l l  only 

r e q u i r e  two s t r u c t u r a l   e l e m e n t s .  Thus i t  a p p e a r s  l o g i c a l   t h a t   t h e   a d d i t i o n  

of a t h i r d   s t r u c t u r a l   e l e m e n t   t o   t h e   n o n - i n t e g r a l   c o n c e p t s   w o u l d   r e s u l t   i n  

an  incremental   weight   penal ty   which i s  n o t   p r e s e n t   f o r   t h e   a c t i v e l y   c o o l e d  

s t r u c t u r e .  

The small d i f f e r e n c e s   i n   s t r u c t u r a l   w e i g h t  are a l s o   i n f l u e n c e d  by t h e  

t y p e   o f   s t r u c t u r e   s e l e c t e d ,   t h e   t a n k   d e s i g n   p r e s s u r e s ,   t h e  material proper- 

t ies  o f   t h e   t a n k s  a t  c r y o g e n i c   t e m p e r a t u r e   a n d   t h e   v e r y   l a r g e   s i z e   o f   t h e  

c i r c u l a r   f u s e l a g e .  Change t o  any   o r  a l l  of   these   e lements   could   change   the  

r e s u l t s .   F o r   e x a m p l e ,   t h e   l a r g e   s i z e   o f   t h e   v e h i c l e  is a d o m i n a n t   f a c t o r   i n  

a l lowing   the   usage   o f  monocoque s t r u c t u r e   f o r   t h e   n o n - i n t e g r a l   C o n c e p t  1. If 

the   t ank   d i ame te r  were c u t   i n   h a l f ,   t h e  w a l l  t h i c k n e s s   n e e d e d   t o   s u s t a i n  



pres su re   wou ld   a l so   be   ha lved .  The equ iva len t   bend ing   s t r eng th   wou ld ,  how- 

ever, be  reduced  by a f a c t o r   o f   e i g h t .  To r ega in   t he   necessa ry   bend ing  

s t r e n g t h ,   s u b s t a n t i a l   s t i f f e n i n g   w o u l d   b e   r e q u i r e d .   T h u s ,   t a n k   p r e s s u r e   a n d  

s i z e  are e x t r e m e l y   s i g n i f i c a n t   e l e m e n t s   i n   d r i v i n g   t h e   c o m p a r a t i v e   r e s u l t s .  

The p r i n c i p a l   a i r c r a f t   p e r f o r m a n c e   r e s u l t s  are p l o t t e d  on F i g u r e  47, t o  

p rov ide  a q u i c k   v i s u a l   c o m p a r i s o n   o f   t h e   t h r e e   a i r c r a f t   c o n c e p t s   s t u d i e d .  

C o n s i d e r i n g   t h e   e f f e c t  of t a n k   c o n s t r u c t i o n ,  i t  is s e e n   t h a t   t h e r e  is  ve ry  

l i t t l e  d i f f e r e n c e   b e t w e e n   t h e   c i r c u l a r  body non-integral   (Concept   1)   and 

c i r c u l a r  body i n t e g r a l  (Concept 2 )  a i r c r a f t .  Each r e s u l t s   i n   c o m p a r a b l e  

range  and TOGW. However, when c o n s i d e r i n g   t h e   e f f e c t  of  body s h a p e   t h e r e  

i s  a clear advan tage   fo r   t he   i n t eg ra l   t ank   b l ended   body   (Concep t  3)  over   t he  

i n t e g r a l   t a n k   c i r c u l a r  body  (Concept 2 ) .  A s  s t a t e d   p r e v i o u s l y ,   t h i s  i s  due 

t o   t h e  i m p r o v e d   a e r o d y n a m i c   c h a r a c t e r i s t i c s   a n d   b e t t e r   v o l u m e t r i c   u t i l i z a -  

t i o n .  T c  provide  a b a s i s  of  comparison  between  Concepts 2 and 3 ,  i t  is seen 

t h a t  by o f f   l o a d i n g  4.54 Mg (10,000 lbm)  of fue l ,   t he   Concep t  3 range  becomes 

t h e  same as Concept 2 ,  b u t  TOGW is s i g n i f i c a n t l y   r e d u c e d .  

I n  summary, t h e   r e s u l t s   o f   t h i s   s t u d y  a re  j u d g e d   t o   h a v e   i d e n t i f i e d  

s i g n i f i c a n t   t e c h n i c a l   f a c t o r s   r e l a t i n g   t o   i n t e g r a l   a n d   n o n - i n t e g r a l   t a n k  

d e s i g n s ,   i n   a d d i t i o n   t o   p r o v i d i n g   p e r f o r m a n c e   e f f e c t s   o f  body shape.  
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FIGURE 47 
BEST PERFORMANCE  WITH  BLENDED  BODY 
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The p r i n c i p a l   o v e r a l l   s t u d y   c o n c l u s i o n s  are: 

a. In t eg ra l   v s   Non- In teg ra l   Tanks  

1. There is  ve ry  l i t t l e  w e i g h t   d i f f e r e n c e   f o r   c i r c u l a r  body 

concepts .  

2 .  P r o d u c i b i l i t y   a n d   m a i n t a i n a b i l i t y   f a c t o r s   f a v o r   t h e  non- 

i n t e g r a l   t a n k   c o n c e p t s .  

3 .  Mult i -bubble   conf igura t ions   requi re   more   weld ing   and   assembly  

time and   thus  are more c o s t l y   t o   p r o d u c e   t h a n   c i r c u l a r   t a n k  

c o n f i g u r a t i o n s .  

b .   Ci rcu lar   vs   Blended  Body Shape 

1. Higher LID a n d   g r e a t e r   v o l u m e t r i c   e f f i c i e n c y  are a c h i e v a b l e  

wi th   the   b lended   body.  

2 .  Better p e r f o r m a n c e   ( i . e . ,   g r e a t e r   r a n g e   f o r   t h e  same weight )  

can   be   ach ieved   w i th   t he   b l ended   body   shape .  

c .  Vo lumet r i c   E f f i c i ency  

1. The e f f i c i e n t   u t i l i z a t i o n   o f  a l l  ava i l ab le   vo lume  is a dominant 

f ac to r   i n   max imiz ing   pe r fo rmance .   Th i s  w a s  shown i n  a number 

o f   t r a d e   s t u d i e s  as w e l l  as i n   t h e   c o m p a r i s o n   o f   t h e   c i r c u l a r  

and  blended  body  shape.   The  s tudies  of passenger  compartment 

a r r angemen t   and   l oca t ion ,   a long   w i th   s tud ie s   o f  dome shape  and 

number o f   t anks ,  a l l  showed s igni f icant   per formance   improve-  

ments when v o l u m e t r i c   u t i l i z a t i o n  was i n c r e a s e d .  

2 .  Design  compromises  which  increase  fuel  volume  can  improve air- 

c ra f t   r ange   even   t hough   t he   compromise   r e su l t s   i n   i nc reased  

s t r u c t u r a l   w e i g h t .  T h e   r a n g e   s e n s i t i v i t y   c u r v e s   f o r   C o n c e p t  1 

and 2 show t h a t   r a n g e  w i l l  b e   i n c r e a s e d   i f   f o r   e v e r y   a d d i t i o n a l  

u n i t  of f u e l   w e i g h t  l e s s  than  1.6 u n i t s  of s t r u c t u r a l   w e i g h t  

a re   added .  S i m i l a r  va lues   fo r   Concep t  3 are 1 . 9   u n i t s  of s t r u c -  

t u r a l   w e i g h t   p e r   u n i t  of fue l   we igh t .   Thus   t he   impor t ance  of 

a c h i e v i n g   h i g h   f u e l   v o l u m e t r i c   e f f i c i e n c y  i s  a g a i n   e v i d e n t .  

d. S t r u c t u r a l   D e s i g n  

1. Monocoque t ank  walls p rov ide   an  a t t ract ive f a b r i c a t i o n   a p p r o a c h  

from a p r o d u c i b i l i t y   s t a n d p o i n t .  However, t hey  may r e s u l t   i n  

increased  weight   and  decreased  range,   depending  upon  mission 

requirements .   For   Concept  2 ,  use  of  a monocoque r a t h e r   t h a n  
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s t i f f e n e d   t a n k  w a l l  r e s u l t s   i n  a 71% i n c r e a s e   i n   t a n k   w e i g h t  

and a range   loss   o f   . about  4 6 3  km (250 NM). For  Concept 3 ,  t h e  

f i g u r e s  are 16% and 185 km (100 NM) . 
2 .  The mono l i th i c   non- in t eg ra l   t anks  were d e s i g n e d   t o   b u r s t  

p r e s s u r e   r e q u i r e m e n t s   a n d   n o t   l i m i t e d   b y   f a t i g u e   o r   f r a c t u r e  

mechan ics   cons ide ra t ions .   However ,   t he   s t i f f ened   i n t eg ra l  

t a n k s  were c r i t i c a l  a t  t h e   t a n k   f r a m e s   f o r   f a t i g u e   d e s i g n ,  

a l though  no   weight  w a s  added   fo r   f r ac tu re   mechan ics .   Thus  

f o r   t h e   d e s i g n  service l i f e  (10,000 h r )   u s e d   i n   t h i s   s t u d y  

f a t igue   and   f r ac tu re   mechan ics   r equ i r emen t s   gene ra l ly   had  

n e g l i g i b l e   p e r f o r m a n c e   e f f e c t s .  However, f o r  a h i g h e r   s e r v i c e  

l i f e   r e q u i r e m e n t   t h e s e   c o n s i d e r a t i o n s   w o u l d   b e  more s i g n i f i c a n t .  

3 .  Vehic l e   s i ze   and   t ank   des ign   p re s su res   had  a s t r o n g   i n f l u e n c e  on 

t h e   r e s u l t s .  The  combination  of  these two f a c t o r s   a l l o w e d   t h e  

n o n - i n t e g r a l   t a n k   t o   b e   o f  monocoque design  and s t i l l  be  a t  

minimum w e i g h t .   I f   t a n k   p r e s s u r e s   a n d / o r   t h e   v e h i c l e   s i z e  were 

r educed ,   t he  minimum weight   design  would  probably  have  been a 

s t i f f e n e d   s t r u c t u r e   d e s i g n .  

4 .  P r o v i s i o n s   f o r   g a s e o u s  N 2  purg ing   be tween  the   pane ls   and   the  

tankage   can   be  m e t  w i t h   m i n i m a l   s t r u c t u r a l   w e i g h t   a d d i t i o n .  

e. Thermal  Design 

1. The e n g i n e   f u e l   f l o w  rate  demands d u r i n g   c r u i s e  are 52% t o  62% 

o f   t h o s e   t h a t   w o u l d   b e   r e q u i r e d   i f   t h e   e n t i r e   a i r p l a n e   s u r f a c e  

e x c l u s i v e   o f   t h e   n a c e l l e  were cooled .  

2 .  The u s e   o f   i n t e r n a l   i n s u l a t i o n   i n   t h e   t a n k s  w a s  uncompet i t ive ,  

because  of  GH2 pe rmea t ion   o f   t he   i n su la t ion .   Cover ing   t he  

i n s u l a t i o n   w i t h  a gaseous  hydrogen  vapor  barrier  would  have 

d i s t i n c t   a d v a n t a g e s .   T h e r m a l   p r o t e c t i o n   w e i g h t   a n d  volume 

requ i r emen t s   wou ld   be   r educed   and   s t ruc tu ra l   des ign   p rob lems  

would  be  minimized  without   the  need  for   thermal   expansion 

a l lowances .  

3. T r a j e c t o r y   t a i l o r i n g   t o   m i n i m i z e   p e a k   t r a n s i e n t   h e a t i n g   l o a d s  is 

i m p o r t a n t   i n   m i n i m i z i n g   t h e   s i z e   a n d   w e i g h t   o f   t h e   c o o l i n g  

s y s t e m   c o m p o n e n t s   a n d   t h e   c o o l a n t   d i s t r i b u t i o n   l i n e s .  
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4 .  A s  was f o u n d   i n   t h e   n a c e l l e   c o o l i n g   s t u d y ,   d e s i g n i n g   t h e   r e g i o n s  

s u b j e c t e d   t o   h i g h   h e a t i n g  rates as h o t   s t r u c t u r e  may reduce air- 

c r a f t   w e i g h t .  It a p p e a r s   t h a t   t h i s   o b s e r v a t i o n  would a l s o   a p p l y  

t o  remote areas, where   ac t ive   coo l ing   wou ld   d r ive  up t h e   s i z e  

and  weight of t h e   c o o l a n t   d i s t r i b u t i o n   s y s t e m .  

f .  Fly-away  Cost 

1. P r o d u c i b i l i t y   f a c t o r s   f a v o r   t h e   s i m p l e  monocoque non- in t eg ra l  

tank  approach.  

g. Opera t iona l   Cos t  

1. M a i n t a i n a b i l i t y   f a c t o r s   f a v o r   t h e   n o n - i n t e g r a l   c o n c e p t .  

2 .  Comparison of t h e   t h r e e   c o n c e p t s  a t  equa l   r ange   g ives   an   i nd ica -  

t i o n  of c o m p a r a t i v e   f u e l   c o s t s ,   s i n c e   t h e   p a y l o a d  was t h e  same 

fo r   a l l   t h ree   concep t s .   Th i s   compar i son   f avor s   t he   b l ended   body  

s h a p e   o v e r   t h e   c i r c u l a r  body s h a p e ,   s i n c e   s l i g h t l y  less f u e l  is 

used  f o r   t h e  sane miss ion .  
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SECTION 10 

CRITICAL AREAS REQUIRING ADDITIONAL RESEARCH AND TECHNOLOGY 

Vapor Barriers 

The   accommoda t ion   o f   t he rma l   s t r a ins   and   t he   r equ i r emen t   fo r   i n t eg ra l ly  

machined s t i f f e n i n g   c o n c e p t s   f o r   t h e   t a n k  walls are t h e   m a j o r   c o n t r i b u t o r s  

t o   t h e   h i g h  re la t ive cos ts   o f   in tegra l   t ankage .   The   deve lopment   o f  a v i a b l e  

v a p o r   b a r r i e r   a g a i n s t   g a s e o u s   h y d r o g e n   l e a k a g e   w o u l d   a l l o w   t h e   p r a c t i c a l   u s e  

o f   i n s u l a t i o n  on t h e   i n s i d e   o f   t h e   t a n k  w a l l .  T h i s   i n   t u r n  would  reduce  or  

eliminate t h e   t e m p e r a t u r e   d i f f e r e n t i a l   b e t w e e n   t h e   t a n k  w a l l  a n d   a c t i v e l y  

c o o l e d   s t r u c t u r e ,   p e r m i t t i n g   u s e   o f   l i g h t e r   a n d   s i m p l e r   s t r u c t u r a l   c o n c e p t s .  

L a r g e   s t r u c t u r a l   t h e r m a l   d e f l e c t i o n s   w o u l d   n o t   h a v e   t o   b e  accommodated  and 

volumetr ic   eff ic iency  would  be  enhanced.  It is  p o s s i b l e   t h a t   t h e  honeycomb 

cons t ruc t ion   ac t ive   coo l ing   concep t   and   l oad   ca r ry ing   t ank  wal l  could   be  

combined i n  a manner t o   a c c o m p l i s h   t h e   l o a d   c a r r y i n g   f u n c t i o n  as w e l l  as 

fue l   con ta inmen t   func t ion .  

F u r t h e r ,   f o r   t h e   s t r u c t u r a l   a p p r o a c h e s   p r e s e n t e d   i n   t h i s   r e p o r t ,   v a p o r  

b a r r i e r s  would r e s u l t   i n   u n d e g r a d e d   i n s u l a t i o n   p r o p e r t i e s   a n d   h e n c e   v o l u -  

metric e f f i c i ency   wou ld   be   enhanced   and   we igh t   l owered   due   t o   r educed   i n su la -  

t i o n   r e q u i r e m e n t s .  

Vapor b a r r i e r   r e s e a r c h   a n d   d e v e l o p m e n t   t h e r e f o r e   o f f e r s   i n t e r e s t i n g  

des ign   op t ions .  

Materials -______ 

There i s  c u r r e n t l y   c o n s i d e r a b l e   i n t e r e s t   i n   t h e   u s e   o f   c r y o g e n i c   h y d r o -  

gen f o r   a i r c r a f t   s y s t e m s ,   p a r t i c u l a r l y  as an   energy   conserva t ion   measure .  

P r a c t i c a l   c o n s t r u c t i o n   o f   t a n k a g e   f o r   t h i s   f u e l  w i l l  depend  on  extensive new 

knowledge of material  p r o p e r t i e s   s p e c i f i c a l l y   s u i t e d   f o r   t h i s   p u r p o s e .  The 

s t r u c t u r a l   d e s i g n e r   n e e d s  material p r o p e r t i e s   a n d   d e s i g n   a l l o w a b l e s   f o r   c r y o -  

gen ic   t ankage   cons t ruc t ion  materials. Such t a n k   s t r u c t u r e s   p r o b a b l y  w i l l  be 

weldments .   Thus   weld ing   da ta ,   a long   wi th   fa t igue   and   f rac ture   mechanics  

d a t a ,  are needed.   Development   of   l ight   a l loy  weldable  materials would 

e n h a n c e   t h e   a b i l i t y   t o   d e s i g n   r e l i a b l e   l i g h t w e i g h t   t a n k a g e   f o r   f u t u r e   h y d r o g e n  

f u e l e d   a i r c r a f t .  
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Radiat ive  Thermal   Protect ion  Systems 

Studies   which   match   a i r f rame  cool ing   requi rements  t o  a v a i l a b l e   f u e l   h e a t  

s i n k   c a p a c i t y  are needed t o   e s t a b l i s h  r e a l i s t i c  system  weights .   The  poten-  

t i a l  o f   combin ing   i n su la t ion   and  act ive c o o l i n g   i n   p a n e l   d e s i g n s   s h o u l d   b e  

eva lua ted .   Radia t ive   sys tems w i l l  p r o b a b l y   b e   r e q u i r e d   o v e r   p a r t   o r  a l l  of 

t h e   s u r f a c e s   t o   r e d u c e   t h e   t o t a l   h e a t   l o a d   a b s o r b e d  by the   coo l ing   sys t em  and  

match t h e   a v a i l a b l e   h e a t   s i n k   c a p a c i t y .  Such  systems  would  offer  the  poten- 

t i a l  of f a i l   s a f e   c a p a b i l i t y   a n d   a l s o   c o u l d   e v e n   r e d u c e   t h e   t o t a l   s y s t e m  

weight .  It appears   tha t   the   des ign   and   deve lopment  of r a d i a t i v e   p r o t e c t i o n  

systems w i l l  b e   n e e d e d   f o r   a c t i v e l y   c c o l e d   a i r c r a f t .  

Subcooled LH Fue l  2 "- 

The e f f e c t  of t h e   t a n k   s i z e   a n d   d e s i g n   p r e s s u r e s   o n   e s t a b l i s h i n g   t h e  

tank  wa l l  t h i ckness   fo r   Concep t  1 w a s  dominant i n   t h e   s t u d y .  Use of  sub- 

cooled  (or   s lush)   hydrogen  would  a l low a l o w e r   f u e l   s y s t e m   t a n k   p r e s s u r i z a -  

t i o n   a n d   a l s o   r e d u c e   t h e  a m o u n t   o f   b o i l - o f f   f u e l   l o s t   d u r i n g   t h e   m i s s i o n  

(both   g round  opera t ions   and   f l igh t ) .   Fue l   sys tem  components   for   handl ing  

sub-cooled  hydrogen  do  not  represent  major  technological  advancements.  

However, t h e   p o t e n t i a l   b e n e f i t s   s h o u l d   b e   f u r t h e r   i n v e s t i g a t e d   t o   d e t e r m i n e  

t h e  optimum d e g r e e   o f   s u b - c o o l i n g   i n   o r d e r   t h a t   d e s i g n   r e q u i r e m e n t s   c a n   b e  

establ ished.   Based  on  these  requirements ,   system  design  and  development  

i n v e s t i g a t i o n s  would  be  of  value.  

Cooling  System  Optimization 

I n v e s t i g a t i o n s   o f  several methods t h a t   c o u l d   r e s u l t   i n   a c t i v e   c o o l i n g  

sys tem  weight   reduct ions  are  w a r r a n t e d .   T r a d e - o f f   s t u d i e s   i n v o l v i n g   t h e  

f o l l o w i n g   c o n s i d e r a t i o n s  are sugges ted :  

a .  Reduce  coolant   f lowrate   requirements   by  maximizing  a l lowable  surface 

t e m p e r a t u r e s   a n d   o u t e r   s k i n   t h e r m a l   g r a d i e n t s .  - W h i l e   s t r u c t u r a l   w e i g h t  

p e n a l t i e s  may r e s u l t ,   t h e   t r a d e o f f   w i t h   c o o l i n g   s y s t e m   w e i g h t   s h o u l d   b e  

c l e a r l y   e s t a b l i s h e d .   F o r   e x a m p l e ,   d e s i g n i n g   f o r  a 422 K (300°F) maximum 

t e m p e r a t u r e   r a t h e r   t h a n  394 K (250°F)   would  reduce  f lowrate   requirements   by 

n e a r l y  40%. Inc reas ing   t he   a l lowab le   sk in   t he rma l   g rad ien t   f rom  56  K (100°F) 

t o  72 K ( .130"F)  would  reduce  the  number  of  coolant  tubes  required  by  about 

10%. 
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b.   Opt imize   coolan t   sys tem  des ign   pressure .  - A sys t em  des ign   p re s su re  

of 1.03 MPa (150 p s i )   a b s o l u t e  w a s  c h o s e n   f o r   t h i s   s t u d y .  A h i g h e r   d e s i g n  

p r e s s u r e   w o u l d   p e r m i t   l a r g e r   p r e s s u r e   d r o p s   i n   t h e   d i s t r i b u t i o n   l i n e s ,   h e n c e  

smaller l ines  and less r e s i d u a l   c o o l a n t .   O b v i o u s l y ,   h i g h e r   d e s i g n   p r e s s u r e s  

n e c e s s i t a t e   s t r u c t u r a l   w e i g h t   i n c r e a s e s   a n d   i n c r e a s e d  pumping  power. It is  

e s t i n a t e d   t h a t  a des ign   p re s su re   be tween  1.38 MPa (200   p s i )   abso lu t e   and  

1.72 MPa (250  ps i )   abso lu te ,   would   reduce   sys tem  weight   by   about  907 kg 

(2,000 lbm) . 
c. E s t a b l i s h   t h e   s i g n i f i c a n c e   o f   c e n t r a l i z i n g   t h e   l o c a t i o n   o f   m a j o r  

cooling  system  components.  A s  d i s c u s s e d   i n   S e c t i o n  7 ,  t h e   h e a t   e x c h a n g e r  

loca t ion   fo r   Concep t  3 r e s u l t e d   i n  a s i g n i f i c a n t   w e i g h t   p e n a l t y .  The p e n a l t y  

involved   in   p rovid ing   vo lume  for   components  a t  a more   favorable   loca t ion  

shou ld   be   a s ses sed .  

d .   R e f i n e   f e e d e r   l i n e   s i z i n g   t e c h n i q u e .  - E a c h   f e e d e r   l i n e   c o u l d   b e  

s i z e d   t o   m a t c h   t h e   l o c a l   a v a i l a b l e   p r e s s u r e   d r o p   b e t w e e n   t h e   m a i n   s u p p l y   a n d  

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

l i n e   l e n g t h   i n   e s t a b l i s h i n g   f e e d e r   l i n e   s i z e s .  It i s  e s t i m a t e d   t h a t ,   b y  

c o n s i d e r i n g   l o c a l l y   h i g h e r   l i n e   p r e s s u r e   d r o p s ,  a w e i g h t   s a v i n g s   i n   t h e  

o r d e r  of 454  kg (1000 lbm) is p o s s i b l e .  

e .  C o n s i d e r   a l t e r n a t e   l i n e   r o u t i n g   s c h e m e s .  - There are  a n   i n f i n i t e  

number of p o s s i b l e   l i n e   r o u t i n g s .   W h i l e   n o   a t t e m p t  w a s  made d u r i n g   t h i s  

s t u d y   t o   f i n d   a n  optimum c o n f i g u r a t i o n ,  i t  seems l o g i c a l   t h a t   b e n e f i t s   c o u l d  

b e   d e r i v e d .  
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