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STRUCTURAL CONCEPTS AND EXPERIWNTAL CONSIDERATIONS 

FOR A VERSATILE HIGH-SPEED RESEARCH AIRPLANE 

by L. Robert Jackson, F. S. Kirkham, and J. P. Weidner 

.-uture a i r c r a f t  my achieve f l i g h t  speeds t o  Mach 10 ana b u m  hydrogen 

fue l .  

airframe, requ i r i ng  new mater ia ls  and s t r u c t u r a l  concepts t o  r e s u l t  i n  v iab le  

This speed range and cryogenic f u e l  w i i l  impose new demands on the 

payloads. 

a t  l e a s t  r i sk ,  la rge  representat ive s t r u c t w a l  comoonents w i l l  r equ i re  t e s t i n g  

i n  the increas ing ly  severe f l i g h t  environments. To accomplish usefu l  f l i g h t  

tes ts  and demonstrations, a versa t i le ,  high-speed research z i rp lane  has been 

studied a t  Langley Research Center. Some object ives o f  t h i s  study are t o  de f ine  

a research a i rp lane concept t h a t  i s  capable of t e s t i n g  r e a l i s t i c  s i z e  components 

o f  pe r t i nen t  f u tu re  s t ruc tu res  a t  1-ast  expenditure o f  resources. 

To enable timely app l i ca t i on  o f  advances i n  s t ruc tu res  technclogy 

Reported here in are experimental considerat ions f o r  a hypersonic research 

airplane, a means of achieving v e r s a t i l e  research capab i l i t y ,  a discussion o f  

a l t e rna t i ve  thermal p ro tec t ion  systems, and a d e f i n i t i o n  o f  the s t ruc tu re  and 

thermal p ro tec t ion  system selected ;or the high-speed research a i rp lane.  

The study has i d e n t i f i e d  a near-ar t  s t ruc tu re  and thermal p ro tec t i on  system 

and a mans o f  dChieVing research ve! .sat i l i ty  for  a high-speed research a i rp lane.  

This research a i rp lane i s  capable o f  f l i g h t  t e s t i n g  and/or demonstrating l a rge  

s t ruc tu ra l  component:, hydrogen tanks, and thermal p ro tec t i on  systems f o r  a 

wide range o f  Mach numbers. 
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INTRODUCTION 

High-speed a i r c r a f t  o f  the f u t u r e  may include M x h  6-8 hypersonic t rans- 

ports,  Mach C.8-19 launch veh;cles f o r  shu t t les ,  and Mach 4-12 m i l i t a r y  a i r c r a f t .  

1;i addit ion,  w i t h  the p o t e n t i a l  o f  hydrogen fuel,  fu tu re  a i r c r a f t  r e q u i r i n g  

f u r t n e r  structura;  research may inc lude speeds ranging from subsonic through 

supersonic. 

research and development. 

plane (tiSv\; i s  discussed ( re f .  1 )  t h a t  w i l l  be capable o f  f l i g h t  t e s t i n g  

various f u t u r e  s t ruc tu res  over a wide range of speeds t o  Mach 10. 

Nuwrous advanced s t ruc tu res  f o r  t9ese a i  r c r a f  t w i  11 requ i re  

Consequently, a v e r s a t i l e  high-speed research a i r -  

P r i o r  high-speed research airplanes and recent research a i rp lane  concepts 

( r e f .  2), had dedicated s t ruc tu re  t o  s u i t  e i t h e r  research a i rp lane  goals o r  

one o f  the  operat ional  a i rp lane  goals. E f f e c t i v e  s t r u c t u r a l  research f o r  

numerous types o f  a i rp lanes requires t h a t  a research a i rp lane  be capable o f  

t e s t i n g  s t ruc tu res  f o r  these fu tu re  airplanes. 

Langley study i s  t o  design a v e r s a t i l e  research a i rp lane concept capable o f  

t e s t i n g  r e a l i s t i c  s i z e  components o f  numerous future s t ruc tu res .  

i s  desirable t o  have a research a i rp lane t h a t  can be upgraded t o  approach 

prototype construct ion as technology progresses. 

an in-house study was performed. 

Therefore, one ob jec t i ve  o f  the 

Moreover, i t  

To achieve these object ives,  

Recent s h u t t l e  experience has been app l ied  t o  the s t r u c t u r a l  design o f  the 

HSRA. 

gra l  tank s i m i l a r  t o  the i n t e g r a l  tank construct ion proposed by MACDAC ( r e f .  3) 

f o r  the HL-10 study. 

t o  be economical f o r  the Space Shu t t l e  flyback booster, considered p r i o r  t o  

se lec t ion  of s o l i d  rocke t  boosters, has been adopted f o r  the thermal p ro tec t i on  

system of the HSRA. 

For instance, the s t r u c t u r a l  arrangement o f  the HSRA includes an i n t e -  

I n  addi t ion,  the heat s ink p r i n i c p l e  t h a t  studies showed 

A t  present, however, a more e f f i c i e n t  heat s ink mater ia l  
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(Beryllium-38 Aluminum) i s  being studied for  the HSRA. Currently, beryllium 

alloys are available on special order, however, t h e  effect of future changes 

in heal th-related requirements related t o  production and processing is  unknown. 

The high-speed research airplane structural concept described herein 

enables fl ight testing and/or demonstrating of large components made of a 

variety o f  structural types and thennal protection systems throughout the 

speed range o f  interest. 

t' us rewiring no modification of the basic airplane structure. 

develops,the structure can approach prototype construction by incorporating 

advanced design components for the replaceable payload bay, wings ,  and thermal 

protection system. This i s  the f irst  s tudy of a Mach 8-10 class research air-  

plane t o  conceive an economical , near- term construction airplane that i s  

designed t o  enable a broad range o f  research and development of large structural 

and propulsive sys tems . 

T h i s  will be accomplished us ing  replaceable sections 

As technology 

The paper presents a discussion of a hypersonic research airplane where- 

i n  vehicle and structural concepts are presented to i l lustrate  the need 

for a versatile research airplane, a means of achieving versatile research 

capability, a discussion of alternative thermal protection systems, and a 

definition o f  the structure and thermal protection system selected fo r  the 

high-speed research airplane. The overall concept and design philosophy for  

this research airplane are presented i n  reference 1 ,  and aerodynamic data are 

given i n  reference 4 .  

SYMBOLS 

cP 
D 

specific heat 

cy1 i nder diameter 
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modulus of e l a s t i c i t y  

thermal conduct iv i t y  

cy1 i nder length  

Mach number 

dynamic pressure 

temperature 

densi ty  

t e n s i l e  y i e l d  s t rength 

EXPERIMENTAL CONS I DERATIONS 

The need t o  consider s t r u c t u r a l  experiments f o r  the high-speed research 

a i rp lane stems f r o m  the ever increas ing s e v e r i t y  o f  environment encountered by 

advanced vehic les and the  increas ing complexity o f  s t ruc tu res  requ i red  t o  

wi thstand the environment. Very l i t t l e  f l i g h t  experience e x i s t s  wi th the 

advanced s t r u c t u r a l  and mater ia l  concepts. 

sc r ibe  some poss ib le  advanced vehic les and s t ructures;  discuss the c a p a b i l i t i e s  

and l i m i t a t i o n s  o f  ground t e s t i n g  s t ructures;  and present the  techn ica l  benef i ts  

The fo l l ow ing  sect ions b r i e f l y  de- 

o f  f l i g h t  t es t i ng  and demonstrations. 

Advanced Vehicles and s t ruc tu res  

Advanced h igh performance vehic les and s t ruc tu res  may 

severe environments and complexities. Figure 1 i l l u s t r a t e s  

advanced vehicles i n d i c a t i n g  increased Mach number w i th  the 

imp l ica t ions  of increased aerodynamic heating, and simultan 

n c l  ude i ncreas i ngly  

several poss ib le  

accompanying 

ously these vehic les 

may be very la rge  and fueled w i th  cryogenic hydrogen. 

increase i n  s t r u c t u r a l  concept complexity w i th  increase i n  f l i g h t  Mach number. 

The concepts shown are f o r  l iquid-hydrogen-fueled vehic les a t  a tank l oca t i on  

Figure 2 shows the 
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i n  the fuselage. 

dynamic surface temperature and higher temperature difference between the 

aerodynamic surface and the t a n k  wall surface. The higher temperatures 

require advanced materials, not  comnonly used i n  airframe construction. 

high temperature difference necessitates consideration of greater thermal 

stress i n  advanced structures and means o f  coping with and alleviating thermal 

stress. Figure 2 shows three of the numerous structures that may be conceived 

t o  satisfy requirements of future vehicles. 

additional concepts t o  indicate the variety of structures t h a t  may require 

flight testing. 

As indicated, higher Mach number results i n  higher aero- 

The 

Appendix A describes several 

As indicated, material requirements for h i g h  performance aircraft  are 

more demandi ng w i t h  increasingly severe envi ronment , 1 arger vehicles and 

possible use of cryogenic fuel. 

vehicle construction in the future, and different types of structure - hot, 

insulated and cooled - f o r  a wide range of Mach numbers. 

materials are listed including composite materials. 

Figure 3 l i s t s  numerous materials for 

Also, many advanced 

Ground Tes t i  ng 

Gromd testing of advanced structures and materials i s  particularly 

Numerous concepts can be suited t o  research and technology development. 

economically investigated t o  show feasibil i ty,  materials characteristics, and 

structural behavior. 

the predicted general buckling strength of large structuiai components. 

tests of sufficiently large specimens under simulated fl ight environments are 

limited t o  mechanically applied discrete loads and radiant heating. 

such as sonic pressure, venting loads, dynamic loads, and f lut ter  particularly 

Static tests i n  the laboratory can be used t o  verify 

Static 

Factors 
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w i t h  cryogenic storage are not presently capable of being applied simu 

w i t h  the mechanical and heat loads t o  large t e s t  specimens. 

Wind tunne l  testing can simultaneously heat and load a structural 

t aneo us 

t e s t  

model. Depending on design conditions, limit loads may be attained and tunnel 

tests may be used for determining f lu t te r  resistance of a structure or thermal 

protection system. Current o r  planned faci 1 i t ies  are, however, 1 i m ?  ted1-i n the 

abi 1 i t y  t o  simultaneously tes t  specimens of adequate si ze wS t h  representative 

Y 

wall construction i n  a simulated high-speed fl ight environment. A t  h igh  speeds, 

wind tunnels can t e s t  only small structural models or panels. As shown i n  

reference 5,  small models w i t h  representative wall constructi.m cannot f a i l  i n  

the cri t ical  fai 1 ure mode of general i nstab ; 1 i ty ; consequently, wind tunne l  tes ts  

are not  suited t o  structural verification tests of fuseldge shells for h igh-  

lu t ter  speed aircraft. Wind tunnel tests are suited t o  airload, heating, and 

simultaneously with sonic load for short t es t  times. 

In general, Sround tests are well suited t o  material characterizat 

and el emen t (panel and cy1 i nder , etc. ) structural tests . Materi a1 s and 

on tests 

element 

tests can be cyclic and for long periods of time. 

ground tes t  facil i ty can simultaneously tes t  large specimens i n  real is t ic  h i g h -  

speed fl ight environment. 

Thus, i t  i s  concluded t h a t  no 

F l i g h t  Tests and Demonstrations 

Research aspects .- Structural research aspects of f l i g h t  testing include 

aerodynamic heating t o  Mach 10 a t  a dynamic pressure of up t o  71.8 kN/m 2 

structural load ing  of up t o  298 kN/m 2 (1700 l b / i n . ) .  

around the fuselage i s  on the order of 0.145 mN/m 2 (1.0 psi) ,  vhich may act 

( 1500 psf), and aerodynamic loads t h a t  may extend t o  6 g 's  t o  achieve desired 

Pressure difference 

over one or an array o f  heat shields be ing  tested. For a circumferential array, 
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ingress o f  baundary l a y e r  a i r  would be a t e s t  cond i t i on  f o r  unsealed heat 

shields.  Panel f l u t t e r  o f  heat sh ie lds  and primary s t r u c t u r e  panels may a l s o  

be a research aspect o f  f l i g h t  tes t ing .  

i s  i t  may serve t o  c a l i b r a t e  wind tunnel 

aerodynamic 1 oads . 
F l i g h t  demonstrations.- F l i g h t  t e s t  

A f u r t h e r  aspect o f  f l i g h t  t e s t i n g  

r e s u l t s  as w e i l  as v e r i f y  p red ic ted  
7 

ng may inc lude large-scale demon- 

s t r a t i o n  o r  p roo f  o f  concept tes t ing .  

s t ruc tu re  can buckle by general i n s t a b i l i t y .  

i n  general buckl ing, which i s  the usual c r i t i c a l  f a i l u r e  mode f o r  a i r c r a f t .  

As ind ica ted  i n  reference 6, a c y l i n d e r  length  o f  from one t o  th ree  diameters 

i s  needed t o  achieve general i n s t a b i l i t y .  The s p e c i f i c  length-to-diameter 

(L/D) r a t i o  depends on the r e l a t i v e  l ong i tud ina l  and c i r cumfe ren t ia l  s t i f f -  

nesses o f  the cy l i nde r  construct ion.  A i r c r a f t  s t ruc tu res  o f  the s t i f f e n e d  s k i n  

and r i n g  frame cons t ruc t ion  requ i re  an L/D of about 1.5. T rans i t i on  s t ruc tu res  

are needed a t  both ends o f  a t e s t  s t ruc tu re  t o  r e d i s t r i b u t e  loads i n t o  the 

fuselage s t ruc tu re .  

i s  requi red t o  demonstrate f use1 age concepts where genera 1 i ns t a b i  1 i ty coul d 

be a design concern. 

a t  the payload bay, a t o t a l  payload bay length  o f  about 4.27 m (14 f t . )  i s  

needed. Smaller f l i g h t  specimens are no t  completely v a l i d  demonstrations, 

since the c r i t i c a l  f a i l u r e  mode i s  no t  possible.  

s t ruc tu re  does n c t  buckle i n  f l i g h t  a t  l i m i t  loads ind ica tes  t h a t  the advanced 

s t ruc tu re  i s  s a t i s f y i n g  the requirement i n  the r e a l  environment. 

For instance, a l a r g e  payload bay 

A smal ler  specimen cannot f a i l  

Cmsequently, a payload bay length o f  about two diameters 

Since the HSRA fust?lage i s  about 2.13 m (7 f t . )  i n  diameter 

The fac t  t h a t  a l a rge  t e s t  

F l i g h t  t e s t  t ime required fo r  generation o f  peak thermal s t ress  i n  

advanced ho t  s t ruc tu res  i s  shown i n  f igure  4. 

reference 5, designed fo r  Mach 8 f l i g h t  are shown. 

Test r e s u l t s  of a ho t  s t ruc tu re ,  

The r e s u l t s  i n d i c a t e  t h a t  
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the maximum temperature difference occurs dur ing  ascent, not  a t  the highest 

velocity. 

temperature difference. Therefore, short f l i g h t  times are sufficient t o  

generate peak thermal stresses. In  fact ,  too rapid an acceleration may 

cause excessive thermal stress,  so the ascent trajectory may need to be 

specifically tailored for some structural tests.  F l i g h t  testing offers 

demonstrations of large structural components i n  the actual environment for 

A maximum thermal stress occurs a t  about the time of maximum 

useful periods of time. 

Operational factors such as rain and runway debris erosion, water entrain- 

ment, freezing, and ground handling are only experienced by f l i g h t  tests.  

F l i g h t  tests require a disciplined development program of the new technology 

t o  assure flight safety. 

l i f e  and t o  obtain operational experience have been deemed essential t o  the 

adoption of composite materials even for the relatively mi ld  subsonic environment. 

F l i g h t  testing complements ground testing, since ground testing i s  well 

suited tc  s ta t ic  testing of large structures and dynamic wind tunnel testing 

of small models; whereas, f l i g h t  testing i s  suited to demonstration of large 

structures i n  the real environment. Consequently, f l i g h t  testing provides 

convincing resul t s  wherein a demonstration structure having sus tai ned f 1 i g h t  
limit loads and environment as an integral component of the research airplane 

can be appl  i ed conf i dently t o  operational vehi cles . 
and thermal protection for high-speed aircraft  may well be cri t ically dependent 

on the complementing y r j u n d  and f l i g h t  testing capability of the future. 

F l i g h t  tests of large structures t o  determine service 

Advances i n structure 
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RESEARCH VERSATILITY 

Research v e r s a t i l i t y  i s  provided by an extensive rartge o f  Mach numbers 

and dynamic pressures s u f f i c i e n t  t o  inc lude s i g n i f i c a n t  por t ions  o f  f l i g h t  

envelopes o f  many poss ib le  f u t u r e  vehicles. S t r u c t u r a l  research v e r s a t i l i t y  

i s  provided by modular const ruct ion wherein several l a r g e  sect ions o f  the 

a i r c r a f t  are replaceable. 

o f  advanced s t ruc tu res  w i t h  representat ive const ruct ion i n  r e a l i s t i c  environment. 

This feature enables t e s t i n g  l a r g e  components 

S t ruc tura l  Research Goals 

The high-speed research a i rp lane s t r u c t u r a l  research goals are t o  permi t  

a v a r i e t y  o f  s t r u c t u r a l  research and enable advancements through r e t r o f i t  so 

as t o  approach prototype const ruct ion and t o  achieve t h i s  v e r s a t i l i t y  a t  l e a s t  

expenditure o f  resources. These goals are t o  be achieved wh i le  s a t i s f y i n g  a 

Mach 10 c ru ise  a t  a dynamic pressure of 23.9 kN/m (500 psf) f o r  a per iod  o f  

about 1.5 minutes w i t h  a 8-52 launch cons t ra in t .  The research a i r p l a n e  i s  t o  

be capable o f  t e s t i n g  the s t ructures and thermal p r o t e c t i o n  systems discussed 

f o r  f u t u r e  operat ional  a i rp lanes. S t ruc tura l  t e s t s  are t o  be s u f f i c i e n t l y  

l a r g e  t o  v e r i f y  the technolagy readiness f o r  appl ir  ! t i o n  t o  f u t u r e  airplanes. 

Local heat ing a t  any l o c a t i o n  on the a i rp lane i s  t o  be accessible f o r  t e s t i n g  

specia l ized TPS as desired. I n  addi t ion,  the lower forebody and af tbody con- 

tours are t o  be var iab le  f o r  scramjet tes ts ,  

2 

F1 i ght  Envelope 

Performave goals are achieved by the f l i g h t  envelope o f  the research 

Figure 5 shows the f l i g h t  envelope as funct ions o f  a l t i t u d e  and 

The research a i rp lane envelope i s  bounded by the heavy s o l i d  

a i rp lane.  

Mach number. 
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l in t? ,  and, as indicated, poterr t ia l  growth extends the performance from Mach 8 

t o  Mach lo ,  achieved by use o f  drop tanks. 

The f l  'ght  envelope o f  the research a i rp lane includes s i g n i f i c a n t  por t ions  

Hypersonic of f l i g h t  envelopes f o r  several proposed f u t u r e  aerospace vehic les.  

t ransports and a i rb rea th ing  launch vehic le  t r a j e c t o r i e s  z re  inc luded as we1 1 

as en t ry  t r a j e c t o r i e s  of spacecraft.  With the use o f  reac t ion  contro ls ,  the 

research a i rp lane can inc lude rocket  booster t r a j e c t o r i e s ,  thus prov id ing  

research v e r s a t i l i t y  i n  terns o f  appl ied environment f o r  advanced s t ruc tu res  

demonstrations f o r  a l l  p o t e n t i a l  vehic les mown i n  f i g u r e  1. 

Repl aceabl e Sec ti ons 

To eri.ibl2 t e s t i n g  the extensive v a r i e t y  of futu?e s t ruc tu res  described i n  

Appendix A ,  and t o  perform these tes ts  w i t h  adequate s i z e  s t ructures,  l a r g e  

sections o f  the research a i  r p l  ane are rep1 aceabl e ( f i g . 6)  . Repl aceabl e 

sect ions inc lude the nose cap, payload bay, and wings. 

p ro tec t ion  system i s  replaceable on a l l  surfaces except the elevons and rudder. 

I n  addi t ion,  the  thermal 

A 1 5 '  long replaceable payload bay i s  provided fo r  f l i g h t  t e s t i n g  r e a l i s t i c  

fuselage s t ructures and f o r  car ry ing  f l i g h t  inst rumentat ion and i n t e r n a l  f l i g h t  

research payloads. The payload bay length-to-diameter r a t i o  o f  2 was based on a 

general i n s t a b i l i t y  c r i t e r i a  f o r  s t r u c t u r a l  f a i l u r e  as described i n  tne sect ion 

e n t i t l e d  " F l i g h t  Testing." Although i t  i s  des i rab le t o  ha1.e a wing si ' f i c i e n t l y  

la rge  t o  demonstrate res is tance t o  f l u t t e r  of a t e s t  s t ructure,  8-52 clearance 

l i m i t s  and p r i o r  knowledge o f  the advanced s t r u c t u r e  preclude t h i s  feature as a 

c e r t a i n t y  w i thout  fu r ther  study of demonstration s t ructures.  

(fuselage i n s t a b i l i t y  and wing f l u t t e r )  would enable convincing f l i g h t  demon- 

These f a i l u r e  modes 

s t ra t ions ,  no t  achievable throuqh tes ts  of smal 1 specimens o r  panels. 
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Large-Scale Demonstrations 

With the la rge  replaceable sect ions o f  the high-speed research airplane, 

an extensive v a r i e t y  o f  large-scale f l i g h t  demonstratiorr s t ruc tu rcs  are passible. 

For exaRpfe, f igure 7 shows an in tegra?  l iquid hydrogen tank i n s t a l l e d  as a 

. i g h t  m n s t r a t i o n  s t r u c t u r e  or payload. As indicated, an advanced r a d i a t i v e  

t r , a m l  p r o t e c t i o n  system may be f l w n  simultaneously w i t h  the tank structure. 

Other p o t e n t i a l  payloads are described i n  Appendix B to W h a s i r e  the  need 

f o r  and value o f  research v e r s a t i l i t y  provided by the modular cons t ruc t i on  

o f  the high-speed research airplane. 

HSRA STRUCTURAL DESIGN 

The above discussions i n d i c a t e  a v a r i e t y  of s t ruc tu res  w i l l  be needed 

f o r  future airplanes and f l i g h t  t e s t i n g  w i l l  be warranted t o  advance the  

s t ructures a r t .  The r a t i o n a l e  f o r  s t r u c t w a l  design o f  the h igh speed 

research a rpldne, t o  enable e f f e c t i v e  f l ? g h t  t e s t i n g  o f  f u t u r e  s t ructures,  

are given n the fol lowing sections. 

A1 t e r n a t i v e  Concepts 

Several a l t e r n a t i v e  concepts are a v a i l a b l e  fo r  the basic HSRA s t r u c t u r e  

and thermal p ro tec t ion  system. Some a1 t e rna t i ves  can o f f e r  improved perform- 

ance through reduced weight. However, the more e f f i c i e n t  a1 te rna t i ves  

genera l ly  have less  l i f e  o r  requ i re  more development than the selected 

base1 i n e  concepts described i n  subsequent s e c t i m s .  Comparative pErformance 

and cost analysis are needed t o  enable f i n a l  se lec t ion  o f  s t r u c t u r a l  a l t e r -  

nat ives f o r  the HSRA. A l t e r n a t i v e  concepts considered f o r  the  HSRA are 

described i n  the fo l lowing subsectio3s. 
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k a t  Slnk shields.. Heat sink shields 

providinp the stand-off t h e m 1  protection 

a t  law cost slnce the heat sink concept i s  

a l l o w  research v e r s a t i l i t y  by 

featura (as seen in figure 8(a)) 

a well established approach. Heat 

shields made as heat slnks of fer  s imo l ic i t y  since thy can be operated a t  a 

d e r a t e  temperature. IOo,fnsulatim i s  M e d  between the shields and 

structure; and the develapcnt o f  high temperatun seals f o r  *s of sl ip..  

jo in ted  shields i s  avoided. The r e l a t i v e l y  thick shfelds are s t W ,  thus 

requir ing l i t t l e ,  if any, added s+’ffening while o f fe r i ng  r ig id  edges suited 

t o  s e a l i e  against inflow of hot boundary-layer a i r .  

M e r a t e  temperature heat sink materials include alminwn a l loys  and 

beryl 1 ium-aluminum a1 loys. Pure beryl l i w r  and nickel-base a1 loys may be 

operated t o  higher temperatures; however, packaged insulat ion ( f ig .  8(b)) i s  

needed to  protect an a lun inm a l l oy  primary structure. And the sealing 

problem i s  m r e  d i f f i c u l t  wi th higher temperature shields. 

Aluminum has been considered f o r  heat sink shields because aluminum has 

been 

shm . ilyback booster. However, as seen i n  f igure 9, aluminum i s  not  as 

e f f i c i e n t  as (Be-38A1) a t e r y l l i ~ a l u m i n u m  a l l oy  known as Locka‘: voy. 

Lockalloy has more than twice the speci f ic  heat and about twice :he allowable 

temperature r i s e  o f  a1 urn1 num. Analyses indicate that  a1 uminum shi e l  ds require 

more than three times the R ~ S S  as Lockalloy shields and, therefore, seriously 

detract from f l i g h t  performance. 

i n  studies t o  be cost e f fec t i ve  as a heat-c-ink structure f o r  the 

Nickel i i l l oy  as a heat sink mater ia l  for shields i s  less e f fec t i ve  than 

operating a t  a higher temperature where most aerodynamic heating i s  radiated 

f r o m  the shield. Newer superalloys allow radiat ion equil ibr ium temperature 

operation f o r  a wide range o f  Mach numbers. The Incenel X o f  the hcitt-sink 
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s t ruc tu re  o f  the X - l S  was l i m i t e d  t o  about 922°K (1200°F). 

t u re  che problem o f  i n s u l a t i o n  and sea l ing  e x i s t s  a t  a weight penal ty  over 

r a d i a t i v e  thermal protect ior ,  designed t o  operate a t  r a d i a t i o n  equ i l i b r i um 

temperature. 

A t  t h i s  tempera- 

Beryll ium, which has been used f o r  sh ie lds on the Gemini parachute can is te r ,  

holds promise f o r  improved f l i g h t  performance. 

heat than Lockalloy, thus be ry l l i um can be l i g h t e r  f o r  the same performance. 

addi t ion,  be ry l l i um has a hSgher operat ing temperature, which when coupled w i t h  

r e l a t i v e l y  near term i n s u l a t i o n  packages under the sh ie lds  ( f i g .  8(b)) ,  provides 

a f l i g h t  performance gain. The gain i s  s i g n i f i c a n t ,  see Table 11, warrant ing 

considerat ion o f  be ry l l i um heat s ink  heat sh ie lds.  As ind ica ted  i n  Table 11, 

a t  a mass o f  2722 kg (6000 lbrn), be ry l l i um o f f e r s  the  same Performance as 

3175 kg (7000 lbm) o f  Lockal loy f o r  the same temperature r i s e  o f  589°K (600°F). 

Upgrading the 2722 kg (6000 lbm) bery l1  um system by adding 680 kg (1500 lbm) 

of i nsu la t i on  and packages and a l low ing  a be ry l l i um temperature r i s e  of 811°K 

(1000°F) o f fe rs  1.3 minutes of c ru ise  t me a t  Mach 10 and a t  a dynamic pressure 

of 71.8 kN/m2 ( .SO0 @ s f ) ;  whereas, the 3175 kg (7000 lbm) and 589°K (600°F) 

Lockal loy system cannot achieve Mach 10 (M=9.3 mal) a t  a dynamic pressure o f  

71.8 kN/m (1500 psf) .  Study o f  be ry l l i um mechanical and f a b r i c a t i o n  proper t ies  

are needed t o  determine whether o r  no t  be ry l l i um i s  b e t t e r  than Lockal loy.  

L x k a l  loy has b e t t e r  duc t i  1 i ty  than bery l  1 i um, bu t  the duc t i  1 i ty o f  bery l  1 i urn 

may be adequate f o r  heat s ink heat sh ie lds.  

Bery l l ium has a h igher  spec i f i c  

I n  

2 

Reusable external  insu la t ion . -  Car r i e r  panels, shown i n  f i g u r e  lO(a),  may 

replace the basel ine heat sh ie lds wherein the c a r r i e r  panels a r e  c o v e n !  w i t h  

reusabl? .?xtei-nai i nsu la t i on .  

i n  a r i g i d i z e d  f ibrous i n s u l a t i o n  that  has an adequate cyc le  l i f e .  

Present s h u t t l e  development o f  RSI may r e s u l t  

Fur ther  
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development may be necessary f o r  app l i ca t i on  t o  the HSRA. 

c a r r i e r  panels may be b e t t e r  provided by continuous support along the leading 

and t r a i l i n g  edges ra the r  t h  i the post supports o f  the heat s ink  sh ie lds.  

Continuous support may be provided by r i n g  frames attached t o  the ou ts ide  of 

the primary s t ruc tu re  on the fuselage and by z-sect ion s t r i nge rs  at tached t o  

the outs ide o f  the spar caps on the wings. 

ment t o  the c a r r i e r  panels a re  developments t h a t  may d i f f e r  from s h u t t l e  tech- 

nology therefore r e q u i r i n g  f u r t h e r  development fo r  HSRA app l ica t ion .  

Attachment of the 

Car r i e r  panel seals and RSI attach- 

Ablation.- Ab la t ion  may be a candidate TPS f o r  HSRA p a r t i c u l a r l y  i f  

the RSI mater ia ls  prove t o  be inadequate f o r  HSRA app l i ca t i on  and i f  1e.s 

weight i s  necessary than requi red fo r  heat s ink  sh ie lds.  Refurbishment 

costs may be minimized by replaceable c a r r i e r  panels, bu t  i n i t i a l  cos t  and 

weight w i l l  increase. The c a r r i e r  panel, shown i n  f i g u r e  10(b), i s  s imply 

removed and replaced a f t e r  each f l i g h t .  

f l i g h t  tested on the X-15 appear sui ted;  however, many surfaces may b e n e f i t  

from an ab la to r  t h a t  has a py ro l ys i s  temperature approaching o r  g rea ter  

than the r a d i a t i o n  equ i l i b r i um temperature thereby reducing refurbishment 

requirements. However, the f r a g i l e  naturc o f  the r e l a t i v e l y  b r i t t l e  char 

layer  t h a t  forms where py ro l ys i s  occurs requi res f u r t h e r  study o f  re fu rb i sh -  

ment requirements. 

Low dens i ty  ab la to rs  o f  the type 

Elementary r a d i a t i v e  - TPS.- An elal ientary r a d i a t i v e  thermal p ro tec t i on  

system i s  shown i n  f i g u r e  lO(c) .  A r e l a t i v e l y  simple m e t a l l i c  heat shie;d o f  

f langed waf f le  p l a t e  const ruct ion i s  fastened t o  n i c k e l  a l l o y  standoffs.  

Pigh temperature i n s u l a t i o n  i s  enclosed i n  a sheetmetal conta iner ,  The 

container supports vent ing pressure di f ferences by three l ong i tud ina l  beams. 

A center web and the enclosure sides form the three beams. One requi red 
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development i s  high temperature s e a l i r g  o f  heat-sh ie ld  edges. To reduce t h e  

e f f e c t s  o f  leakage, the i n s u l a t i o n  packzges have overlapped edges t o  prov ide 

an add i t iona l  seal. 

i s  vented t o  he lp l i m i t  l a t e r a l  f l o w  o f  leakage t o  on l y  t h i s  space. 

The space between the  sh ie lds  and the i n s u l a t i o n  packages 

Heat-sink structure.-  Heat-sink s t ruc tu res  ( f i g .  11 (a)) have been consid- 

ered f o r  the high-speed research airplane. 

reduced because advanced thermal p r o t e c t i o n  concepts cannot be tes ted  as r e a d i l y  

o r  as r e a l i s t i c a l l y  as w i t h  the s tandof f  TPS selected f o r  the  HSRA. 

heat s ink panels and replacement by an equiva lent  submerged s t r u c t u r e  covered 

w i t h  an advanced TPS does permi t  experiment a t  e s s e n t i a l l y  any place on the  

vehicle. However, r i n g  frames, r ibs ,  and spars r e s t r i c t  the s i z e  and p o s i t i o n  

of t e s t  panels. Moreover, the c a v i t y  pressure and l a t e r a l  f l o w  condi t ions i n  a 

c a v i t y  are n o t  those o f  a f u l l y  heat-shielded s t ructure,  thus heat-sh ie ld  

leakage condi t ions are no t  % a l i s t i c .  

However, research v e r s a t i l i t y  i s  

Removal o f  

A s l i p  j o i n t  i s  provided a t  the wing root,  thus a h o t  heat-sink s t r u c t u r e  

of n icke l  a l loy ,  s i m i l a r  t o  the X-15, may s a t i s f y  HSRA wing s t r u c t u r e  requi re-  

ments. Higher temperature mater ia ls,  such as t i t a n i u m  and n i c k e l  base a l l oys ,  

are possible heat-sink s t r u c t u r a l  mater ia ls,  b u t  Lockal loy has a higher thermal 

e f f i c i e n c y  except f o r  systems t h a t  approach r a d i a t i o n  e q u i l i b r i u m  temperature, 

i.e., hot  s t ructure.  Lockal loy i s  a new technology, developed a f t e r  the X-15 

and promises s i m p l i f i e d  HSRA TPS and s t ructure.  

Cost considerations favor a heat s ink  s t r u c t u r e  over a s tand-of f  shielded 

structure,  so heat-sink s t ruc tu re  for  the HSRA warrants f u r t h e r  assessment. 

Hot s t ructure. -  Hot s t ruc tu re  ( f i g .  11 (b ) ) ,  which operates a t  r a d i a t i o n  

equ i l i b r i um temperature, i s  an a l t e r n a t i v e  t h a t  was proposed f o r  a d e l t a  wing 

f o r  the X-15. Hot s t ruc tu re  operat ing a t  h igh temperature i s  subject  t o  creep- 
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induced res idual  s t ress and s i g n i f i c a n t  thermal stress.  

w i t h  n icke l  a l l o y s  i s  considerably more c o s t l y  than w i t h  lower temperature 

metals. 

and, therefore, may s a t i s f y  the HSRA s t r u c t u r a l  requirements provided i t  can be 

shown t o  be weight and cos t  ef fect ive.  

Moreover, f a b r i c a t i o n  

However, h o t  s t r u c t u r e  has received more study than other  concepts, 

D i r e c t  bond insulators.-  I n s u l a t i n g  mater ia ls  bonded d i r e c t l y  t o  t h e  s t ruc -  

t u r e  ( f i g .  l l ( c ) ) ,  such as the  reusable external  i n s u l a t i o n  being developed fo r  

the Shutt le,  o f f e r  a poss ib le  l o w  weight a l te rna t ive .  However, l i k e  the heat  

s ink s t ructure,  research c a p a b i l i t y  i s  no t  as v e r s a t i l e  as w i t h  a s tanc-of f  

thermal p ro tec t i on  system. A f u r t h e r  considerat ion i s  t h a t  t h e  f r a g i l e  nature 

o f  the exterpal  i n s u l a t o r s  poses operat ional  d i f f i c u l t i e s  f o r  a research a i rp lane.  

Nunerous access doors and s t r u c t u r a l  replacements w i  11 requ i re  considerable hand- 

l i n g  of the vehic le  surface. A b r i t t l e  mater ia l  i s  more subject  t o  damage than 

a m e t a l l i c  surface such as a heat s ink  TPS. 

Nonintegral tanks.- With a stand-of f  thermal p r o t e c t i o n  system an i n t e g r a l  

tank has higher volumetr ic e f f i c i e n c y  than a nonintegral  tank; volumetr ic 

e f f i c i e n c y  i s  a c r i t i c a l  c r i t e r i a  f o r  HSRA performance. The se lec t i on  0. =torab le  

propel lants  f o r  the basic HSRA avoids cryogenic i n s u l a t i o n  development and poss ib le  

thermal s t ress problems o f  i n t e g r a l  tanks associated w i t h  cryogenic propel lants.  

The l a r g e  payload bay o f  the HSRA provides the oppor tun i ty  t o  perform research on 

cryogenic tank systems o f  e i t h e r  i n t e g r a l  o r  nonintegral  construct ion.  

nonintegral  tanks f o r  the basic HSRA propel lants  may of fer  more f l e x i b i l i t y  i n  

rho ice o f  propel lants  f o r  various research engine options. 

compartmentalized t o  provide storage o f  d i f f e r e n t  propel lants  f o r  research w i t h  

d i f fe ren t  propuls ion syscems ( re f .  4); however, cryogenic storage i n  i n t e g r a l  tanks 

would depend on development of reusable insu la t ion .  Select ion of nonintegral  tanks 

However, 

I n t e g r a l  tanks may be 
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fo r  HSRA would permi t  research a t  less  development w i t h  both stot,able and cryo- 

genic p rope l lan ts  w i t h  some loss  i n  tank volume w i t h  the  s tand-of f  TPS. A 

stud>* i s  needed t h a t  determines what propuls ion research and r e l a t e d  prope l lan ts  

an! ';o be tested on the HSRA and which tank arrangement, i n t e g r a l  o r  nonintegra l ,  

be;'; s a t i s f i e s  performance and f l e x i b i l i t y  goals. 

HSRA S t ruc tu ra l  Concepts 

HSRA s t r u c t u r a l  concepts based on approaches dedicated t o  m l y  a 

rese i rch  airplane, such as the h o t  heat s ink  s t ruc tu re  o f  the X-15, 

off (  lowest cost s t ructures.  S t ruc tu ra l  concepts dedicated t o  on ly  an 

operat ional  a i rp lane,  such as an advanced r a d i a t i v e  TPS on a boron- 

almfnum primary s t ruc tu re  are h ighest  cost  s t ructures.  The approach 

selected f o r  the bas ic  HSRA i s  a combination o f  these two approaches, 

aqd i s  shown i n  f i g w e  2. A more recent technology, o f f e r i n g  b e t t e r  

thermal e f f i c i e n c y  than the X-15 n i c k e l - a l l o y  heat s ink  s t ruc tu re ,  has 

bren appl ied t o  heat sh e lds fo r  the HSRA. 

s!,ield!: are attached by s tandof fs  t o  the  s t ruc tu re .  

s ta te-of - the-ar t  aluminum a1 l o y  sk in -s t r i nge r  const ruct ion.  I n t e g r a l  tanks 

( f i g s .  12a, 12b, and l i d )  w i t h  p a r t i t i o n s  a l low research o f  d i f f e r e n t  

engines and f! l?ls. 

therm81 wo tec t i on  o c f w  low cost. Research v e r s a t i l i t y  i s  provided by a 

l a rge  replaceable payload bay s t ruc tu re  i n  the fuselage t h a t  has a length  

of twice i t  diameter, by replaceable wings, and by a replacecble thermal 

protec '  ion system f o r  the e n t i r e  a i rp lane except f o r  elevons and rudder. 

Mccovev, a space i s  provided between the heat sh ie lds and s t ruc tu re  

fo r  v e r s a t i l i t y .  The Lockal loy sh ie lds periili t f l i g h t  performance t h a t  

satisf ie.s tcle object ives.  A t  speeds lower than Mach 10, the heat s ink 

Lockal loy (Be-38A1) heat s ink  

The s t ruc tu re  i s  a 

The conventional s t ruc tu re  and near-term heat s ink 
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system o f f e r s  extended c ru ise  times. 
2 c ru ise  1.4 minutes a t  Mach 10 and a t  a dynamic pressure o f  23.5 kN/m 

Further, as the Mach number i s  reduced, the c ru i se  time i s  increased. 

f o r  Mach 4.5, 10 minutes o f  c ru i se  t ime are  ava i lab le .  To make the heat-s ink 

thermal p ro tec t ion  system most e f fec t i ve ,  minimum heat load ascent and r e t u r n  

t r a  j ec t o r i  es were selected . 

As seen i n  f i g u r e  13, the HSRA can 

(500 psf). 

As shown 

The heat-sink p r i n c i p l e  has been se lected f o r  the leading edges f o r  the 

same reasons t h i s  p r i n c i p l e  was se lected f o r  the bas ic  thermal p ro tec t i on  system. 

Analyses performed t o  date show the leading edge weight i s  acceptable i n  Lock- 

a1 loy. 

leading edge chordal leng th  and they d i d  n o t  inc lude shock impingement o r  yaw 

ef fects on heat ing rates.  

h igher permissible operat ing temperature o f  b e r y l l i u m  warrants i t s  cons iderat ion 

f o r  the leading edges, o r  i f  some o ther  leading edge concept may be b e t t e r  f o r  

the b i is ic  a i rp lane.  

However, these analyses assumed uni form temperature throughout the 

A more de ta i l ed  analys is  i s  needed t o  determine i f  the 

However, the lower temperature o f  the Lockal loy leading 

edge s i m p l i f i e s  the s l i p  j o i n t  sea l ing  problem which has proven t o  be c r i t i c a l  

f o r  re f ractory-meta l  leading edges. 

Primary S t ruc ture  

The primary s t ruc tu re  o f  the high-speed research a i rp lane fuselage i s  

shown i n  f i g u r e  12. 

rectangular g r i d  o f  beams t h a t  form the t h r u s t  s t ruc tu re  bulkhead. A 

longeron i s  attached t o  each end o f  each beam t o  d iss ipa te  the concentrated 

t h r u s t  loads over the a f t  fuselage s h e l l .  

pay1 oad-bay bul  khead. 

Thrlust from the f i v e  rocket  motors i s  supported by a 

Longe:-ons terminate a t  the a f t  

Storable propel lants  a r e  contained by i n t e g r a l  tanks. The tank cross 

sect ion conforms w i t h  the fuselage cross sec t ion  except a t  tunnels and wheel 
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wel ls.  Transverse tens ion webs are  attached t o  each r i n g  frame on about 0.51 m 

(20 inch)  centers t o  support i n t e r n a l  pressure. 

re in forced access hole. 

Wall panels have flanged i n t e g r a l  s t i f f e n e r s  o r i en ted  l o n g i t u d i n a l l y  and ex terna l  

t o  the tank skin.  Panels a re  fusion welded a t  thickened weld lands. S im i la r l y ,  

the tank bulkheads have machined faces w i t h  t h i c k  weld lands f o r  r e l i a b l e  

seal ing.  The face o f  the bulkhead separat ing the  o x i d i z e r  and f u e l  i s  double- 

wa l l  cons t ruc t ion  f o r  f a i l - s a f e  design. 

volumetr ic e f f ic iency.  

f o r  B-52 launch cons t ra in ts  and f o r  armpi t  mounted research engine c a p a b i l i t y .  

The 8-52 c o n s t r i c t s  the body he igh t  f o r  ground clearance and wing pylon 

p o s i t i o n  and the armpit  engines c o n s t r i c t  body width.  

Each tension web has a r i n g  

Tank wa l l s  support pressure by bending between frames. 

F l a t  bulkheads prov ide maximum 

Volumetric e f f i c i ency  i s  a c r i t i c a l  design c r i t e r i a  

Primary s t ruc tu re  f o r  the payload bay and p i l o t  equipment and engine com- 

partments are made o f  r i v e t e d  sheet metal construct ion.  Longi tud ina l  z - s t i f f -  

eners are fastened ex te rna l l y  t o  the sk in  w i t h  i n t e r n a l  frames. 

The wing s t ructure,  shown i n  f l g u r e  14, cons is ts  o f  spanwise or ien ted  z- 

s t i f f e n e r s  r i v e t e d  ex te rna l l y  t o  the skins.  A f l a t  lower wing surface o f f e r s  

simple panels. A curved upper surface was selected instead o f  f l a t  areas and 

h igh po in ts  t o  avoid h igh p o i n t  spars which i n t e r s e c t  many panels, r i b s  and 

spars imposing an excessive number o f  par ts .  

const ruct ion w i t h  extruded T-section caps. 

f o r  compression support between upper and lower caps. 

the webs have f lange re in fo rced l i gh ten ing  holes. 

edges, f u l l  depth bonded a1 umi num honeycomb-core sandwich rep1 aces the z- 

s t i f f e n e d  skins as we l l  as the r i b s  and spars. 

Ribs and spars are r i v e t e d  sheet 

Webs are s t i f f e n e d  by z - s t i f f e n e r s  

Between the z - s t i f f e n e r s  

Adjacent t o  the leading 
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Control surfaces, shown i n  f i g u r e  15, have fabr ica ted  r i b s  and spars 

r i v e t e d  t o  t h i c k  Locka l o y  face sheets. 

t o  serve as heat s ink t ruc tu re .  This const ruct ion permits f u l l  depth 

s t r u c t u r e  fo r  t h i n  c o n t r o l  surfaces w h i l e  p rov id ing  the  same thermal per- 

formance as the  basic H ' J A  thermal p ro tec t ion  system. 

The face sheets are made o f  Lockal loy 

The wing s t r u c t u r e  i s  at tached t o  the body s t ruc tu re ,  as shown i n  

f igure  12(d), a t  each o f  the  spars, which have t h e  same spacing as the  body 

frames. 

beam caps i n  the fuselage. A l l  p ins are p a r a l l e l  t o  the  f l a t  lower wing surface 

t o  permit  unrestrained thermal expansion by s l i p  on the p ins  f o r  a ho t  

s t r u c t u r e  wing research opt ion.  

through s t r u c t u r e  are the  upper sect ion o f  the fuselage frames. 

The wing i s  p i n  j o i n t e d  a t  upper and lower spar caps t o  cerrespo:iding 

Fuselage beams t h a t  provide wins cdr ry -  

Thermal Pro tec t ion  System 

Thermal p ro tec t ion  f o r  the basic HSRA, as shown i n  f i g u r e s  12 and 16, 

consists o f  waf f led  and formed slabs o f  Lockal loy.  

vary i n  thickness from about 1.27 cm (0.5 inch)  t o  2.54  cm (1.0 inch)  and 

are about 0.51 m (20 inches) by 0.51 rn (20 inches) square. 

s l i p  j o i n t e d  along i t s  edges. 

sides are no less than 1.27 cm (0.5 inch)  t h i c k  although heat s ink requirements 

c a l l  f o r  less than t h i s  thickness, 

t c  approach the u n i t  mass requi red f o r  heat s ink and t o  provide s t i f f n e s s  

and depth requi red f o r  f l u t t e r  res is tance and load support. 

i n d i v i d u a l l y  supported by shared t i  canium standof fs  attached t o  the 

s t ruc tu re  a t  r i n g  frames and spars. 

are sealed $0 prevent i n f l o w  o f  ho t  boundary l a y e r  a i r  by Teflon gaskets. 

The maximum s h i e l d  temperature i s  570'K (600°F). 

These heat s i n k  sh ie lds 

€ach s h i e l d  i s  

Heat sh ie lds on the upper surfaces and body 

I n  these areas, the  sh ie lds are w a f f l e d  

Shields are 

S l i p  j o i n t s ,  shown i n  f i g u r e  16, 

Overlapping s h i e l d  edges 
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are bo l ted  t o  one another on about 7.67 cm ( 3  inch)  centers t o  prov ide a 

p o s i t i v e  seal. Each b o l t  has an enlarged o r  elongated ho le  i n  the  i n n e r  

s h i e l d  t o  permit  unrestrained thermal expansion. 

vided f o r  each s h i e l d  a t  three o f  the f o u r  support posts by s l o t t e d  holes a t  

a l l  bu t  one corner o f  each sh ie ld .  

s t r u c t u r e  i s  provided t o  permi t  i n s t a l l a t i o n  o f  packaged i n s u l a t i o n  f o r  an 

advanced r a d i a t i v e  TPS research package. 

12.7 cm ( 5  inches), and 10.2 cm (4  inches) are provided fo r  lower, s i d e  and 

upper surfaces, respect ive ly ,  of the  fuselage. Lower wing w a l l  th ickness i s  

10.2 cm ( 4  inches) and upper wing w a l l  thicl..;?ss i s  7.62 cm ( 3  inches). A 

smal ler  w a l l  th ickness i s  provided for  the wing than f o r  corresponding fuselage 

S l i p  j o i n t s  are a lso  pro- 

Space between the sh ie lds  and pr imary 

Wall thicknesses o f  15.2 cm (6 inches), 

surfaces t o  permi t  a maximum wing s t r u c t u r e  th ickness o f  no less  than 2.0 percent 

a t  m y  wing s t a t i o n .  These s t r u c t u r a l  thicknesses along w i t h  the reduced w a l l  

thicknesses r e s u l t  i n  maximum wing mold- l ine thicknesses o f  about 7 percent a t  

the t i p  and 3 percent a t  the body center l ine .  

may be needed f o r  the wings w i t h  advanced r a d i a t i v e  TPS demonstrations. 

body w a l l  thickness should be s u f f i c i e n t  f o r  optimum i n s u l a t i o n  dens i ty  f o r  an 

advanced r a d i a t i v e  TPS research package. 

A denser i n s u l a t i o n  than optimum 

The 

Both the nose cap and leading edges are made o f  Lockal loy.  L i k e  the 

heat shields,  b e r y l l i u m  may be a b e t t e r  mater ia l  f o r  the leading edges. 

Leading edges are segmented and s l i p  jo in ted .  Each segment (except end 

segments) i s  i d e n t i c a l  f o r  in te rchangeab i l i t y  and reduced cost .  

sect ion o f  the leading edge i s  constant f o r  the e n t i r e  leading edge. 

cross sect ion i s  def ined by the t i p  a i r f o i l .  

i s  blended t o  s u i t  the constant leading edge shape and the a f t  upper wing 

The cross 

The 

The forward upper wing contour 

surface contour. 
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Struc ture  and TPS Weights 

Performance analyses reported i n  reference 1 were made on the bas is  o f  

estimated weights f o r  s t ruc tu re  of the  HSRA. Thermal p ro tec t i on  weights 

were ca lcu la ted  based on ascent and descent t r a j e c t o r i e s  o f  minimum heat 

load. 

a weight est imate based on loads. Table I l i s t s  the i n i t i a l  s t r u c t u r a l  mass 

estimates and the  ca lcu la ted  values. 

i n i t i a l l y  estimated and l a t e r  analyzed. The estimated s t ruc tu re  p lus  land ing  

gear mass i s  3358 kg (7404 lbm), and the  ca l cu la ted  value i s  3374 kg (7439 lbm). 

This c lose agreement was no t  r e a l i z e d  f o r  each component; however, t he  perform- 

ance analysis i s  a f fec ted  on ly  by t i le  t o t a l  qeight. 

mass i s  3175 kg (7000 lbm). Both the  s t r u c t u r e  and thermal p ro tec t i on  requ i re  

de ta i l ed  design, analysis, and op t im iza t i on  t o  de f ine  the design weight. A 

modified B-52 launch veh ic le  could support a mass o f  49,900 kg (110,000 lbm); 

whereas, the basic HSRA w i t h  drop tanks i s  estimated t o  have a mass o f  on ly  

42,200 kg (93,000 lbm). Thus, a weight growth i s  permissible w i thou t  e f f e c t i n g  

program goals . 

Later analyses included s t ress  analyses o f  the s t r u c t u r e  t o  provide 

I n  add i t ion ,  t he  landing gear weight was 

The thermal p r o t e c t i o n  

Ana ly t i ca l  Basis f o r  Weight Estimates 

This sec t ion  presents a b r i e f  review o f  the a n a l y t i c a l  basis f o r  the  

s t r u c t u r a l  and thermal p ro tec t i on  system weight estimates o f  the  HSRA. 

Wing analyses are f o r  the  l i m i t  l oad  symmetrical 2.59 pu l l -up  maneuver 

Sixty percent o f  perforried a f t e r  re lease from the 8-52 c a r r i e r  a i r c r a f t .  

the l i f t  i s  assumed f o r  the exposed wing -- the remainder f o r  the fuselage. 

A gross mass o f  27.2 kg (60,000 lbm) was assumed. 

load condi t ion.  The HSRA has a greater gross mass when f lown w i t h  drop tanksI 

bu t  the drop tanks are attached t o  the wing, thus producing a load a l l e v i a t i o n  

This i s  the grea tes t  wing 
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f o r  the wing. Therefore, the drop tank loads were n o t  considered. 

subsonic l i f t  d i s t r i b u t i m  was considered t o  be centered on the  25 percent chord 

l i n e .  L i f t  forces were d i s t r i b u t e d  accordingly f o r  each o f  the  50.8 cm x 

50.8 cm (20 i n c h  x 20 inch)  wing panels. 

(20 inch)  centers, shear and bending moments were aetermined f o r  the  a i r l o a d s  

ac t ing  on the  corresponding wing panels. 

locat ion,  spar saps were selected adequate f o r  panel attachment and w i t h  the 

r e q l i r e d  shear web the  caps form I-beam spars o f  known dimensions. 

bending moment c a p a b i l i t y  o f  the  spar was determined a t  var ious span locat ions.  

Local buck l ing o f  t h e  cap was the c r i t i c a l  design considerat ion.  

u l t i m a t e  bending moment, appl ied over a 50.8 cm (20 inch)  wide s t r i p ,  was 

reduced by t h e  bending moment c a p a b i l i t y  o f  t h e  spar. 

The 

For each spar, spaced on 50.8 cm 

With known wing thickness a t  any 

The 

The t o t a l  

The remaining bending 

moment was c a r r i e d  by the  spanwise or ien ted  Z-s t i f feners ,  and t h e  skin.  The 

l o c a l  buckl i n g  of the Z-st i f fener elements and s k i n  between Z - s t i f f e n e r s  were 

set  about equal t o  one another and equal t o  the  column buck l ing s t rength  o f  

the Z-st i f fener-skin conbination. The l o c a l  buckl i n g  s t rength o f  t h e  spar 

caps was adjusted t o  equal t h a t  of the  wing panels. Upper and lower surface 

panels were made i d e n t i c a l  i n  cross sect ion o r  equiva lent  thickness. The 

above approach was used f o r  each wing panel and spar. Ribs, elevons, and 

wing-body attachment f i t t i n g s  were analyzed i n  a s i m i l a r  manner t o  enable 

c a l c u l a t i o n  o f  t o t a l  wing weight. 

A NASTRAN analys is  was performed on the  wing t o  v e r i f y  the  weight e s t i -  

mate based on the s t ress analys is  discussed above. 

model generated fo r  the upper surface o f  the  wing s t ructure.  A s i m i l a r  model 

was made f o r  the lower surface, and each surface was j o i n e d  by r i b  and spar 

Figure 17 shows t h e  NASTRAN 

webs. I t e r a t i v e  analys is  y i e l d e d  a welght c lose t o  t h a t  est imated by the s t ress 
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analysis methnd. 

These loads are i n d i c a t i v e  of those t h a t  have t o  be supported by a research 

wing s t ruc tu re .  

(3945 l b f / i n )  must be supported by the wing panels. 

covers the range of load i n t e n s i t i e s  p r q j i c t e d  f o r  l a r g e  hypersonic vehic les.  

The NASTRAN analys is  a lso provides wing react ions ( f i g .  18). 

Spanwise edge-compression load i n t e n s i t i e s  of  up t o  690 kN/m 

This maximum load i n t e n s i t y  

'tp 

The fuselage analys is  i s  based on the same 2.5 g pu l l -up  maneuver f o r  the  

The a i r  load was d i s t r i b u t e d  equal ly  over the planform body area, and wing. 

wing shears were added a t  respect ive body attachments. Shears and bending 

moments were determined from the n e t  a i r  and i n e r t i a l  loads along the  body 

length. 

The a x i a l  load from bending was combined w i t h  the l a t e r a l  68.9 kN/m (10 p s i )  

tank u l t imate  pressure load. Tank s ide panels were analyzed i n  a s i m i l a r  manner, 

bu t  h a l f  the body bending voment used f o r  upper panels was assumed. 

tension webs were s ized t o  support pressure fo rce  a c t i n g  or1 opposi te body 

halves. A r e i n f o r c i n g  r i n g  weight o f  twice the weight of the metal removed 

by the access hole was used. Other tank s t r u c t u r e  such as r ings  and bulkheads 

were d e t a i l e d  on design drawings, which were used t o  est imate weight of a l l  

parts.  

I n  the upper i n t e g r a l  tank panels, a beam-column analys is  was performed. 
2 

I n t e r n a l  

The forward fuselage had external  z - s t i f f e n e r s  and i n t e r n a l  r ings.  I t  

was no t  pressurized, so on ly  a x i a l  load from body bending was considered i n  

the analysis.  As f o r  the wing, l o c a l  and column buck l ing stresses were made 

t o  be equal by i t e r a t i o n  of element sizes, and t h i s  s t ress was equal t o  the 

u l t imate  appl ied stress.  Ring weight and proport ions were a r b i t r a r y ,  b u t  

judged t o  be s u f f i c i e n t  t o  preclude general i n s t a b i l i t y .  An op t im iza t ion  

analysis of the body would be requi red t o  minimize body weight, bu t  such 

analysis was beyond the scoDe o f  the study. However, a NASTRAN analys is  was 
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performed f o r  the payload bay structure. Weight deriwed from the NASTRAN 

analysis was about equal t o  tha t  derived by the methods discussed above. 

Figure 19 shows a cm;s section of the payload bay s t ructura l  model generated 

f o r  NASTRAN. Reactions a t  the attachment o f  the payload bay t o  the in tegra l  

tank structure are given i n  figure 20. These reactions are  ind ica t ive  o f  the 

loads tha t  must be supported by a demonstrator payload-bay structure. A peak 

edge-compression load in tens i ty  o f  115.9 kN/m (662 l b f / i n )  must be sustained 

a t  l i m i t  load by the payload bay panels. ?his maximum load in tens i t y  i s  

wi th in  the range predicted f o r  large hypersonic vehicles (ref .  5). 

Design o f  the main landing gear was performed t o  assure tha t  the gear 

was sui ted t o  both bottom-mounted s c r m e t  and armpit-mounted ramjet research 

Dackages. The resul t ing s t ru ts  were analyzed f o r  strength, and made from 4340M 

heat-treated steel. L im i t  load was 2.0 g and ul t imate load was 3.0 g ground 

tax i  condition. This load condition WAS selected f o r  i n i t i a l  s iz ing  o f  the 

1 andi ng gear. 
The th rus t  structure bulkhead, engine compartment, and ve r t i ca l  s t a b i l i z e r  

were a l l  detai led on design drawings. Weight estimates were made through 

engineer ng analysis and weight calculations made f o r  other parts o f  the a i r c r d f t .  

The heat sink mass was calculated based on a var ie ty  o f  t ra jec to r ies  tha t  

have minimum heat loads. A range of h c h  numbers and dynamic pressures 

were analyzed up t o  Mach 10 and 71.8 kN/m 2 (1500 l b f / f t  2 ). Resulting 

Lcckalloy weights are shown i n  f i gc re  21 f o r  a dynarnic pressure o f  23.9 kN/m 2 

(500 l b f / f t 2 ) .  As indicated, the 3175 kg, (7000 lbm) o f  Lockalloy o f fe rs  1.4 

minutes of cruise time a t  Mach 10. This same Lockalloy mass o f fe rs  over 

4 minutes o f  cruise time a t  Mach 8. 
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CONCLUSIONS 

A Langley study of a high speed research airplane (HSRA) has progressed 

through conceptual design. This  study indicates the following: a versatile 

high-performance research airplane I s  achievable w i t h o u t  structural modifi- 

cation over a wide range of Mach numbers and can be fabricated by near-term 

technology requiring zinimal RCTIE effort. An assessment of future vehicles 

covering the speed range of subsonic through hypersonic indicates t h a t  there 

are numerous possible advanced structural and propulsive systems warranting 

large scale f l i g h t  testing. 

Versatile f l i g h t  tesiing is provided by a replaceable fuselage section or  

payload bay of sufficient size to flight demonstrate realistic fuse'lage 

structwes. The payload bay was designed w i t h  a length-to-diameter rat io  of 

two to satisfy a rninimun size cri teria for  general instability of aircraft 

wall construction. Moreover, the wings are replaceable and have a s l ip- joint  

type attachment to  the body to enable tests of hot structure wings. The entire 

thermal protection system is removable and space is provided between the them1 

protection and the structure. Thus , f 1 i g h t  tests o f  advanced thermal protection 

system are possible for the entire airplane surface or for any local area of 

intere3t. As 'mhnology i s  developed the payload bay sr -+ion, wiags, and the 

entire thermal protection may be replaced by advanced constructions to  approach 

prototype construction throughout. The contour o f  the outer mold ltne may be 

modified by reconstructing them: protectfon shields t o  investigate, for 

example, the <.,let or exhaust flow field of a scramjet research engine. Versa- 

t i l i t y  is further provided for engine testing i n  t h a t  the fuel t a n k  i s  compart- 

mentalized t o  permit storage of varying amounts o f  different fuelL. Moreover, 



27 

hard p o i n t  attachments are b u i l t  i n t o  the  s t ruc tu re  f o r  mounting research 

engines and f o r  mounting research l i q u i d  hydrogen tanks. 

With a 6-52 launch and wi th drop tankss imi la r  t o  the  X-15A2 research 

(500 psf) i s  2 airplane, Mach 10 c ru ise  a t  a dynamic pressure c f  23.9 kN/m 

p r w i d e d  f o r  a per iod o f  about 1.5 minutes. 

minutes o f  c ru i se  t ime are avai lab le.  

s u f f i c i e n t  f o r  both advanced propuls ion and s t r u c t u r a l  research. These 

c ru ise  time Mach number combinations are  made poss ib le  through a heat s ink  

thermal y o t e c t i o n  system t h a t  does no t  exceed 589°K (600°F) f o r  any mission 

t o  speeds up t o  Mach 10. This low temperature s i m p l i f i e s  the  sea l ing  o f  

heat sh ie lds and negates development o f  packaged i n s u l a t i o n  and 1 ightweight  

shields fo r  the research airplane. This i s  p a r t i c u l a r l y  a t t r a c t i v e  when 

considerat ion i? given t o  mater ia l  se lec t ion  as a func t i on  o f  Mach number 

for  r a d i a t i v e  thermal protect ion.  The bas ic  research a i rp lane  thermal 

p ro tec t ion  syster,. cons is t  o f  r e l a t i v e l y  simple 50.8 cm (20-inch) square 

slabs of 2eryllium-aluminum a l l o y  (Lockal loy) mounted by t i t an ium s tandof fs  

t c  the under ly ing aluminum st ructure.  

A t  a Mach number o f  4.5, 10 

The ava i l ab le  c r u i s e  times are  

The aluminum primary s t ruc tu re  i s  a s tate-of - the-ar t  sk in -s t r i nge r  

An in teg ra l  p rope l lan t  tank e f f i c i e n t l y  contains the  low constraction. 

pressure s torable propel lants.  

The subject  study has i d e n t i f i e d  several poss ib le  research payloads 

tha t  cons is t  o f  advanced const ruct ion f o r  the replaceable sect ions o f  the 

a i rp lane 

development which may culminate i n  r e a l i s t i c  f l i g h t  t e s t i n g  o f  the  b e t t e r  

a1 te rna t ive  solut ions.  F1 igh t - tes ted  s t r i rc tures serve t o  man-rate the 

structures,  and t b e i r  development i s  enha..,td through the requi red 

These research payloads can provide a focus f o r  technology 
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disciplined research required f o r  f l i g h t  safety. Performance gain potent ia l  

o f  new technologies can be probed, and operational experience attained. 

Moreover, the RDT&E costs o f  future airplanes should be reduced through the 

research airplane t e s t  program which can provide e f f e c t i v e  design options 

for structures and propulsive system for many possible future vehicles. 
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APPENDIX A 

FUTURE VEHICLE STRUCTURES 

M i  t h  the poss ib le  advent o f  hydrogen f u e l ,  l a r g e r  a i rp lanes and h igher  

f l i g h t  speeds, new s t ruc tu ra l -ma te r ia l  concepts would be needed t o  wi thstand 

the environments and o f f e r  v i a b l e  payloads. A d iscus t i on  of some possib le  

f u t u r e  s t ruc tu res  i s  preserrted below f o r  var ious a i rp lanes t o  i n d i c a t e  t h e  

need f o r  v e r s a t i l i t y  i n  s t r u c t u r a l  research c a p a b i l i t y  o f  a research a i rp lane.  

A n u h e r  o f  s t r u c t u r a l  concepts are discussed f o r  vehic les t h a t  range f r o m  

subsonic through hypersonic speeds. 

comnon t o  a l l  speed ranges f o r  hydrogen-fueled vehic les,  so i n i t i a l  d iscussion 

per ta ins t o  hydrogen tank systems. 

However, hydrogen tank syt tems are 

A i r c r a f t  Hydrogen Tank Systems 

A i r c r a f t  hydrogen tank systems are o f  i n t e r e s t  because increas ing 

d i f f i c u l t y  i n  s a t i s f y i n g  demand fo r  petroleum f u e l  may requ i re  a change i n  

fuel  types. One fuel  p a r t i c u l a r l y  su i ted  t o  a i r c r a f t  i s  hydrogen. The 

h igh spec i f i c  energy enables longer ranges and the p-oducts o f  combustion 

are r e l a t i v e l y  f r e e  o f  po l lu tan ts .  

benef i t  from the enormous cool ing  capaci ty o f  hydrogen f u e l .  

I n  addi t ion,  high-speed a i r c r a f t  can 

Tank construct ion.-  E f f i c i e n t  storage o f  hydrogen i s  provided through 

l iquefact ion.  

times the volume o f  kerosene f o r  the same energy. Consequently, h igh 

volumetric e f f ic iency i s  des i rab le f o r  hydrogen tanks. t ,gures 22 and 23 

i l l u s t r a t e  p o t e n t i a l  tank designs c i f fer ing h igh volumetr ic e f f i c i e n c y  f o r  

storage i n  compartments t h a t  are no t  c i r c u l a r .  

However, the densi ty  of l i q u i d  hydrogen i s  low r e q u i r i n g  f o u r  

Mul t i - lobed tanks ( f i g .  22) 
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can e f f e c t i v e l y  fill a nonc i rcu la r  cav i ty ;  and nonc i rcu la r  tanks ( f i g .  23) 

can o f f e r  f u r t h e r  improvement i n  volumetr ic e f f i c i e n c y  f o r  a given tk ’zkness 

o f  insu la t ion .  

Generally, f o r  storage spaces t h a t  permi t  use o f  t he  f u l l  cross-sect ion 

o f  the  fuselage f o r  fue l ,  tanks t h a t  a l so  serve as the  s t r u c t u r e  ( i n t e a r a l  

tanks) o f f e r  a f u r t h e r  improvement i n  volumetr ic e f f i c i e n c y .  

o f  f u e l  storage and s t r u c t u r a l  func t ions  p o t e n t i a l l y  saves weight. However, 

l i f e  considerat ions may r e s u l t  i n  increased i n t e g r a l  tank weight s ince 

nonintegral  tanks may be designed fo r  less  l i f e  and be replaced dur ing  

service.  I n teg ra l  tanks employ i n t e r n a l  i n s u l a t i o n  t o  minimize thermal 

s t ress and low temperature effects on the  tank mater ia l .  Because o f  

hydrogen d i f fus ion  i n t o  the insu la t ion ,  ava i l ab le  i n t e r n a l  i n s u l a t i o n s  have 

an order o f  magnitude grea ter  thermal conduc t i v i t y  than s i m i l a r  i nsu la t i ons  

appl ied t o  the outs ide surface o f  the tank. 

s idera t ions  i s  requi red t o  determine whether o r  n o t  p o t e n t i a l  weight, cos t  

and volumetr ic e f f i c i e n c y  advantages o f  the  i n t e g r a l  tank can be achieved. 

The combining 

Fur ther  study o f  the abGve con- 

Cryoqenic insu la t ion . -  L iqu id  hydrogen i s  extremely co ld  and r e l a t i v e l y  

v o l a t i l e .  

even w i t h  ambient sea-level environment. Moreover, an uninsulated l i q u i d  

hydrogen tank can condense a i r  a t  a r a t e  s u f f i c i e n t  t o  b o i l  o f f  18 pounds 

o f  f u e l  per hour f o r  one square f o o t  o f  tank surfacru area (26.78 kg;m ), 

( r e f .  7). Therefore, hydrogen tanks must be we l l  insu la ted  and a i r  t n w t  

be kept from condensing. 

The low temperature can r e s u l t  i n  h igh heat t r a n s f e r  t o  the  f u e l  

2 

Crycgenic i nsu la t i ons  f o r  app l i ca t i on  t o  the outs ide o f  tanks are shown 

i n  f i g u r e  24. 

i n s u l a t i o n  i s  protected from erosion by the prfmary s t ruc tu re .  

The i l l u s t r a t i o n  i s  f o r  nonintegra l  tanks wherein the 

For i n t e g r a l  
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tanks, the i n s u l a t i o n  ma) be protected by a f iberg lass  cover ( r e f .  8) f o r  

subsonic a i r c r a f t  and by heat sh ie lds o f  composites and metals fo r  h igh 

speed a i  r c r a f t .  

With a porous f ib rous  insu la t ion ,  the  c o l d  tank wa l l  can condense any 

gas except helium. 

used helium purging o f  the i n s u l a t i o n  space surrounding the tank as shown i n  

the upper l e f t  c f  f i g u r e  24. 

cos t  o f  helium provided incen t i ve  t o  improve c r p g e n i c  i o s u l a t i o n  systems. 

Saturq S I 1  stages are i nsu la ted  w i t h  c losed c e l l  foam. 

acceptably dur ing ascent, bu t  i s  no t  su i ted  fo r  reuse. 

development i s  a f i b e r  re in fo rced closed c e l l  foam (ref. 10). 

number o f  reuse cycles i s  no t  known and t h i s  polyurethane foam i s  temperature 

l i m i t e d  t o  353°K (175°F). 

polyimides and pyronnes, f o r  example, requ i re  study t o  a t t a i n  a reusable 

c losed c e l l  foam t h a t  i s  impervious t o  a purge gas such as n i t rogen.  

The most developed TPS f o r  cryogenic tanks ( r e f .  9) 

Hwever, the  h igh  thermal co i rduc t iv i t y  and 

This foam f a i l s  

A more recent 

Howver, the  

For higher temperature app l i ca t ions ,  the  

I n  the COP purge system ( ref .  11) sh3w a t  the lower l e f t  o f  f i g u r e  24, 

C02 f r o s t  i s  cryodeposited w i t h  the a i d  o f  helium dur ing p r e f l i g h t .  

l ima t ion  of C02 absorbs heat t h a t  may t ransfer  t o  the f u e l  and provides 

i n - f l i g h t  i n e r t  purge gas. However, the CO purge system requi res some 

helium and imposes an operat ional  cons t ra in t  ? n  t h a t  a known quan t i t y  

and densi ty  o f  f r o s t  must be deposited before f l i g h t .  

Sub- 

2 

Evacuated m u l t i l a y e r  f o i l  (super i n s u l a t i o n )  ( re f .  12) i s  shown a t  the 

Even w i t h  a pressure load ac t ing  on the i nsu la t i on ,  lower  r i g h t  o f  f i g u r e  24. 

i t  i s  more e f f i c i e n t  than the other  cryogenic insu la t ions .  

the jackc ts  and the j o i n t s  between jackets  presents reuse d i f f i c u l t i e s .  

However, sea l ing  
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I n te rna l  cryogenic i nsu la t i ons  a re  a l so  emerging technologies, m d  

are  shown i n  f i g u r e  25. 

f i b e r  reinforcement o f  b locks o f  polyurethane foam. 

sealed f;berglass c l o t h  i s  added t o  prevent penetrat fon by l i q u i d  hydrogen. 

A more recent development i s  a gas f i l m  i n s u l a t i o n  t h a t  cons is ts  e i t h e r  o f  

open-endea organic tubes bonded t o  the tank w a l l  o r  o f  honeycomb bonded t o  

the  tank and covered w i t h  a per forated Mylar fac ing  ( r e f .  13). 

hydrogen penetrates i n t o  the  core, gas i f ies  and equal izes pressure over the  

The Saturn S-IV-B stage had a three-dimensional 

An inner  sur face of 

L iqu id  

miniscus a t  t he  per fo ra t ions  prevent ing f u r t h e r  l i q u i d  penetrat ion.  

these in te rna l  cryogenic i nsu la t i ons  has a r e l a t i v e l y  h igh  conduct iv 

s ince each i s  f i l l e d  w i t h  hydrogen gas. Impermeable l i n e r s  and l i f e  

a re  poss ib le  research goals f o r  i n t e r n a l  cryogenic insu la t ions .  

Cryogenic f u e l  safety.-  Safety aspects o f  hydrogen storage requ 

Each o f  

t Y  

t e s t s  

r e  

r e l i a b l e  tank seal ing and poss ib ly  purging o f  the enclosure around the  

tanks. 

aluminum a l l oy .  

(0.375 inch)  t h i c k  t o  minimize leakage. 

machined t o  avoid fastener  penetrat ions o f  the tank skin.  

requ i re  shear seals t o  meet acceptable leak rates;  however, the  Tef lon gaskets 

w i t h  c lose b o l t  spactr13s, as developed i n  reference 14, appear s u i t a b l e  f o r  

reusable seals warrant ing f u r t h e r  tes t i ng .  

A tank mater ia l  showing promise o f  r e l i a b l e  storage i s  2219-T87 

Welds are  made o f  thickened lands t h a t  a re  t y p i c a l l y  0.95 cm 

S t i f f e n e r s  i f  requ i red  are  i n t e g r a l l y  

Access doors may 

I n e r t  purging of enclosures conta in ing tanks can prov ide safety.  On- 

board i n e r t  purge systems are no t  ava i lab le ,  and are a subject  f o r  develcpment. 

Actual ly ,  a design c r i t e r i a  i s  needed on purging, s ince i t  may be poss ib le  t o  

safe the tank enclosures by purging w i t h  a i r ,  permi t ted f o r  ground-based 

equipment. 

t i ons  f o r  hydrogen storage i n  a i r c r a f t .  

F1 i g h t  t e s t i n g  can prove the operat ional  aspects o f  sa fe ty  considera- 
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Subsonic Aircraft 

For subsonic a i r c r a f t ,  the advanced structural concepts will be con- 

cerned w i t h  such factors as  composite materials, load alleviation controls, 

configurations to distribute loads and l i f t  forces to reduce internal loads, 

and the t a n k  alternatives described i n  the previous section. 

tanks may evolve, b u t  for subsonic airplanes the integral t a n k  wall may 

serve as the outer mold line, as shown i n  figure 26; therefore, added complexity 

results since the rings and stiffeners must be insulated w i t h i n  the tank. 

Internal joints will not  be readily accessible for the necessary periodic 

fracture control inspections. Operational experience i s  needed t o  assess 

many of the above structural advances for subsonic airplanes. A research 

airplane i s  capable o f  resolving the hydrogen storage problems a t  m i n i m u m  

risk since hydrogen fuel i s  considered i n  the i n i t i a l  design of the dirplane 

rather than as a re t rof i t  t o  an existing transport. Moreover, this research 

airplane can apply greater f l i g h t  loads t o  the t a n k  system than possible 

w i t h  a similar size t ank  i n  a converted transport. 

development could benefit by a research airplane followed by a converted 

transport demonstrator. 

Integral 

Therefore, tank 

Super;onic Aircraft 

Supersonic aircraft  performance i s  enhanced by hydrogen fuel. The 

increased efficiency of hydrogen may enable low sonic boom airplanes t h e t  

have greatly improved environmental aspects. 

heating imposes new requirements on the structure. 

However , the aerodynamic 

Studies t o  date of Mzch 3 class supersonic transports have taken the 

h o t  structure approach, an example of w h i c h  i s  shown i n  figure 27. The Ti-6A1-4V 

a l loy  i s  the primary material choice, w h i c h  i s  well suited t o  the Mach 3 
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environment. 

some external  thernia? p ro tec t i on )  appear s u i t e d  t o  Mach 4.5 environment. 

drogen tanks are made o f  2219-T87 aluminum a l l o y  as w i t h  subsonic airplanes. 

I n teg ra l  tanks are protected s t ruc tu res  i n  t h a t  packaged h igher  temperature 

i n s u l a t i o n  i s  needed i n  add i t i on  t o  the cryogenic i n s u l a t i o n  as shown i n  

f i g u r e  28. Heat sh ie lds  p r o t e c t  the insu la t ions ,  and the sh ie lds  may be 

e i  t he r  metal 1 i c  o r  nonmetal 1 i c. 

are respect ive candidates f o r  shields.  

Newer t i  t a n i  um a1 loys  and the boron-a1 umi num composi tes  (wi t h  

Hy- 

T i  t a n i  um and the  po ly imi  de-graptii t e  composite 

The high heat capacity o f  hydrogen enables coo l i ng  the a i rp lane  s t r u c t u r e  

as we l l  as the engines. Ac t i ve  coo l ing  ( r e f .  15) may permi t  use o f  aluminum 

s t ruc ture ,  as shown i n  f i g u r e  29, o r  low temperature epoxy-graphite composite 

ins tead o f  the more c o s t l y  mater ia ls  used f o r  ho t  s t ruc tu res .  

weight savings may r e s u l t  by coo l ing  the s t ruc tu re .  

Moreover, a 

Hyp. rson ic  A i  r c r a f t  

Hypersonic a i r c r a f t  s tcd ies  show several approaches t o  s t r u c t u r a l  design 

are possible. 

i nsu la ted  s t ruc tu re ,  and a:tively cooled s t ruc tu re .  

f o r  research and poss ib ly  f l i g h t  t es t i ng .  

These inc lude h o t  s t ruc tu re ,  p a r t i a l l y  i nsu la ted  s t ruc tu re ,  

Each approach i s  a sub jec t  

Hot structure.-  An extension t o  hypersonic a i r c r a f t  o f  h o t  s t r u c t u r e  i n  

nickel-base a l loys ,  such as Inconel 718 fo r  Mach 6 and Rene 41 f o r  Mach 8, has 

been s tud ied  and shown i n  f i gu re  30. A tubu la r  s t i f f e n e d  panel s t ruc tu re  o f  

Rene 41 i s  shown fo r  a hydrogen tank compartment. Such semimonocoque s t ruc tu res  

are su i ted  t o  ho t  s t ruc tu re  since the beaded skins o f f e r  thermal s t ress  r e l i e f  

through low transverse inplane ex tens ima l  s t i f f n e s s  as i nd i ca ted  i n  reference 16. 

S t a t i c a l  l y  determinate s t ruc tu res  a1 so have been considered f o r  ho t  

s t ruc tu res  t o  avoid thermal stress;  however, the reduct ion i n  thermal s t ress  
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i s  the result of reduced stiffness requiring added weight t o  avoid f lut ter .  

Consequently, semimonocoque and fully monocoque structures such as honeycomb- 

core sandwich have been shown t o  offer lighter hot structures. 

An unresolved problem area for hot strlrctures i s  creep induced residual 

stress. 

therefore, the creep will no t  be uniform t h r o u g h o u t  the structure. 

creep will result in local permanent strain in the structure w h i c h  when cool and 

unloaded will be forced t o  return t o  nearly the original geometry by the bulk  

of the structure which experienced no creep. 

stress w h i c h  varies with time a t  temperature rendering a complex stress-versus- 

time history. Possible solutions are to insulate the hotter areas ( t o  reduce 

Creep will occur only a t  the hotter, higher stressed areas; 

Nonuniform 

The result will be residual 

the structural temperature and t o  reduce temperature gradients) and t o  

actively cool the structure. 

Partially insulated structure.- - For areas of high heating rate,  partially 

insulated structure ( f ig .  31) is  beneficial. Partial insulating 

limits the maximum temperature of the structure for efficient load support 

and for control of temperature gradients t o  reduce the thermal stress. 

Lowering the structure temperature a1 so ?*loids creep and creep-induced residual 

stress. By control of  the  temperature yradients, the rigid semimonocoque 

a n d  fully monocoque structures are more efficient than the flexible statically 

determinate structure as shown in ref. 15. 

Insulated structure.- Insulated ctructure limited t o  low operatins 

temperatures of conventional aluminum a1 loy or low temperature composites, 

shown in figure 32, reduces thermal stress a n d  temperature related material 

problems. 

entire aerodynamic surface is  shielded. 

Considerable insulation weight a n d  thickness are required and the 

Shield design i s  a problem comnon 
!?- 
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t o  most s t r u c t u r a l  concepts s ince some shielded areas are u s u a l l y  required. 

I n s u l a t i o n  weight, however, i s  g rea ty r  f o r  the cool s t r u c t u r e  design than f o r  

e i t h e r  ho t  s t ruc tu re  o r  a c t i v e l y  cooled s t ructure.  Phase change mater ia ls  

( r e f .  17) contained and attached t o  the  cool s ide  o f  the i n s u l a t i o n  package 

show promise o f  reducing both t o t a l  thermal p r o t e c t i o n  system weight and 

i nsul a t  i on thickness f o r  i nsul a ted  s t ruc tu res  . 
A c t i v e l y  cooled s t ructure. -  A c t i v e l y  cooled s t r u c t u r e  s f  aluminum a l l o y  

and poss ib ly  o f  m e t a l l i c  composites o f f e r s  prcmise o f  less  weight than 

e i t h e r  ho t  o r  insu;ated cool s t ructure.  

( f i g .  33) proposed i n  reference 18, weight i s  reduced by us ins a l l  o f  t h e  

a v a i l a b l e  heat s ink  capaci ty  o f  the I'uel t o  coo? over two- th i rds o f  the 

aerodynamic surface wi thout  external  thermal protect ion.  I n  these areas 

the  aluminum s t r u c t u r e  i s  exposed t o  the  hypersonic environment. 

devices and f a i l u r e  detect ion are subjects of research f o r  a c t i v e l y  cooled 

s t ructure.  Among these devic are redundant coo l ing  c i r c u i t s ,  heat s i n k  

skins and r a d i a t i v e  thermal protect ion.  A c t i v e l y  cooled s t r u c t u r e  as we1 1 

as the  hot  and insu la ted  s t ruc tu res  have y e t  t o  be optimized and compared, 

so the  f l i g h t  t e s t  c a p a b i l i t y  of a research a i rp lane should be s u f f i c i e n t l y  

v e r s a t i l e  t o  t e s t  any type o f  s t ructure.  

I n  the  a c t i v e l y  cooled concept 

Fa i l -sa fe  

A i  rbreath ing Launch Vehicles 

Operational cos t  and launch s i t e  f l e x i b i l i t y  are enhanced by a reusable 

launch veh ic le  for  the space shut t le .  A rocket-powered winged booster was 

studied i n  the s h u t t l e  program. 

heat s ink s t r u c t u r e  i s  cost  e f f e c t i v e .  

breath ing prqpuls ion o f f e r s  improved s h u t t l e  performance. 

vehic les may be hypersopic and a lso  b e n e f i t  f rom hydrogen f u e l .  

These studies ind ica ted  t h a t  an aluminum 

However, w i t h  a reusable booster, a i r -  

A i  rbreath ing launch 

Insu la ted  
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hot  and a c t i  ve ly  cooled s t r u c t u r e  are a1 1 contenders f o r  a i  r b r e a t h i  ng 1 aunch 

vehic les.  I n  many respects the problems i n  p a r t i c u l a r  hypersonic a i rp lanes  

are the same as fo r  hydrogen-fueled airplanes. 

l i f e  and weight may no t  be as c r i t i c a l  as f o r  a hypersonic t ranspor t .  

lower f a b r i c a t i o n  c o s t  approach may be des i red even w i t h  a weight penal ty.  

With a reduced reuse requirement, the external  i n s u l a t i o n  being developed 

f o r  the space s h u t t l e  may be d i r e c t l y  bonded t c  an aluminum s t ruc ture ,  as 

shown i n  f i g u r e  34. However, w i thout  refurbishment, a Lockal loy (Be 38A1) 

heat s ink s t r u c t u r e  may s i g n i f i c a n t l y  reduce booster weight and s i z e  which 

may lower cos t  from the  aluminum heat s ink booster. 

weight, a r e l a t i v e l y  simple r a d i a t i v e  thermal p r o t e c t i o n  system may be 

su i tab le.  

s impler than the  l i g h t e r  weight, sheet-metal sandwich sh ie lds.  F l i g h t  

t e s t i n g  a i rb rea th ing  launch veh ic le  s t r u c t u r e  i s  i d e a l l y  s u i t e d  t o  t h e  HSRA 

which has about the same f l i g h t  environment. 

Exceptions may be t h a t  reuse 

A 

With an increase i n  

For instance, machined t i t a n i u m  ana n i c k e l  a l l o y  sh ie lds  may be 

M i  1 i t a r y  a i r c r a f t  

types discussed above, 

we l l .  The upper speed 

M i l i t a r y  A i r c r a f t  

no t  on ly  may inc lude most o f  the  LH2-fueled a i r c r a f t  

bu t  inc lude high-speed petroleum-fueled a i rp lanes as 

f o r  petroleum f u e l  i s  l i m i t e d  by engine coo l ing  t o  

about Mach 4.5. 

l i m i t  o f  t i t a n i u m  a l l o y s .  

a c t i v e l y  cool ing the e n t i r e  a i rp lane,  so e i t h e r  ho t  s t r u c t u r e  o r  insu la ted  

s t r u c t u r e  are contenders f o r  Mach 4 . 5  a i r c r a f t .  Figure 35 shows an advanced 

ho t  s t r u c t u r e  f o r  wing and fuselage app l ica t ion .  The s t r u c t u r a l  panels are 

formed by two beaded skins prov id ing e f f i c i e n t  load  support ( r e f ,  19). An 

advanced insu la ted  s t r u c t u r e  i s  shown fo r  the fuselage i n  f i g u r e  15 f o r  an 

This Mach number environment imposes the  upper temperature 

Petroleum f u e l  has i n s u f f i c i e n t  heat s ink  f o r  
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i n t e g r a l  tank. 

load bearing m e t a l l i c  insu la t ion .  

t o  the s t ruc tu re  a t  the  r i n g  frames. 

package concepts have been suggested and developed t o  some degree bu t  

f u r t h e r  study and t e s t s  are needed t o  i d e n t i f y  the cne best  r a d i a t i v e  

therva l  p ro tec t ion  system. 

I n  f i g u r e  36, l i g h t w e i g h t  heat sh ie lds  are supported by a 

I n s u l a t i o n  packages are a l s o  at tached 

Numerous heat s h i e l d  and i n s u l a t i o n  
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APPENDIX B 

STRUCTURAL RESEARCH PACKAGES 

The high speed research airplane i s  intended to  provide tes t  results 

t h a t  would form a basis for rational selection of optimum structural and 

propulsion technologies for future vehicles. Therefore, the various R&D 

programs may, af ter  analysis and ground-based tes ts ,  culminate in fl ight 

testing the more promising solutions. 

bay, wings, and entire TPS are replaceable, m d  various attachments are 

providing for mounting additional fuel tanks and research engines. 

in figure 6 ,  the HSRA i s  fabricated i n  several detachable sections: 

forward fuselage, a payload Say, the integral t a n k ,  wings, heat shields, 

leading edjes, note cone and control surfzces. As described in the HSRA 

structure section, the above componerts have built-in field splices or 

bolted attachments p r o v i d i n g  relatively simple replacement o f  compo:.ents. 

The technology t o  be fl ight tested would be incorporated i n t o  the appropriate 

replaceable p a r t  of the HSRA t o  form a research package. 

packages are described i n  the following subjections f o r  the purpose of 

illustrating the structural tes t  c a p a b i l i t y  of the research airplane, and as 

indicated i n  I eference 1 ,  propulsion research can be performed simultaneously. 

Liquid Hydrogen Tanks 

To accomJdate such tests the pa**load 

As shown 

a 

Potential research 

L i q u i d  hydrogen offers promise as an efficient clean fuel f j r  future 

Presently long l i f e  tanks, effic ent reusable TPS, and onboard aircraft .  

inert purge systems have not been developed Moreover, lightweight noncircular 

high volumetric efficiency tanks of either ntegral or nonintegral construction 

are a subject of research. Future research packages may incl?;de tests of a 
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nonintegral tank as shown i n  figure 37. 

is suspended from the bulkheads a t  each end of the payload bay. Hard point 

attachments are needed i n  these bulkheads. The a f t  support struts t rap-n i t  

thrust t o  t h ~  t ank ,  therefore, the a f t  hard points are  aligned w i t h  ,the 

longerons which are attached t o  the beam ends of the thrust structure. 

Figure 7 i l lust rates  an integral LH2 tank research package. This 

In this research package the tank 

tank supports body loads, therefore i t  is rigidly attached t o  the basic 

airplane structure forward and a f t  of the payload bay. A beaded transit ion 

structure is attached to  basic airplane bulkheads i n  a marmr identical 

t o  the basic airplane payload bay structure. Consequently, no additianal 

hardware is need& for  the basic airplane to  enable tests of the integrcl? 

tank research package. 

Advanced Primary Structures 

Either the payload bay structure or the wings of tIie basic airplane 

may be replaced by advanced primary strbcture research packages. With 

hydrogen fuel, a large cooling capacity is available, so resedrch of cooled 

primary structures has been underway to  determine the potential of extending 

low temperature structural materials t o  h jgh  speed aircraf t  application. 

Figure 37 i l lust rates  an actively cooled structure research payload. The 

cooled structure forms the aerodynamic surface or outer mold line; whereas, 

the basic airplane structure is  cbvered w i t h  heat shields. Consequently, 

the two structures are not inline requiring a transition structure a t  the 

ends of the research package payload bay structure. T h i s  transition structure, 

similar to that of the integral tank, i s  attached t o  the bulkheads identically 

to  the attachment of the basic payload bay structure. 
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A second s t ruc tu ra l  research package may be made o f  advanced panels 

instead o f  the Z-s t i f fened skins o f  the basic a i rp lane  payload bay o r  wing. 

Such a structure,  shown i n  f i g u r e  38, would be an i nsu la ted  s t ruc tu re ;  

however, the basel ine heat s ink  heat shields a re  s u i t a b l e  f o r  such s t r u c t u r a l  

test ing.  

t o  end bulkheads i d e n t i c a l l y  t o  :he basel ine payload bay s t ruc tu re .  

The advanced tubu la r  panel research s t r u c t u r e  would be attached 

A t h i r d  s t ruc tu ra l  research package my  be an advanced ho t  s t ruc tu re ,  

As w i t h  the  a c t i v e l y  cooled s t ruc tu re ,  t he  ho t  r ‘s  shown i n  f i g u r e  35. 

s t ruc tu re  fornis the mold l i n e  requ i r i ng  end t r a n s i t i o n  s t ruc tu res  t o  the  

basel ine structure.  These t r a n s i t i o n  s t ruc tu res  a t tach  t o  the  basel ine 

s t ruc tu re  bulkheads i d e n t i c a l l y  t o  t h a t  o f  the base1 i n e  payload bay s t ruc tu re .  

Each o f  the advanced a c t i v e l y  cooled, i nsu la ted  and ho t  s t ruc tu res  may 

The wing body j o i n t  o f  t h e  also form research packages as wing structures.  

basic 3;rplane has been designed t o  a l low attachment o f  var ious wing 

structures t o  the body using the  same body attachments. 

Advanced TPS 

The e r t i r e  TPS i s  replaceable i n  the basel ine HSRA design. Moreover, 

space between the heat shields and the  primary s t r u c t u r e  ‘.as been provided 

i n  the basel ine design t o  accommodate research pachage thermal p ro tec t i on  

systeins. 

Radiat ive m e t a l l i c  heat shields and packaged h igh  temperature i nsu la t i on ,  

as shown i n  f igure  36, may be tested on any p a r t  o r  a l l  o f  the  basic a i rp lane  

surface. 

and attachment f o r  resistance t o  f l u t t e r  and leakage o f  hot boundary l a y e r  

a i r  i n t o  the i n s u l a i i o n  space. 

object ives of f l i g h t  tes t ing .  

F l i g h t  t s t i n g  can determine the e f fec t i veness  o f  t ho  s h i e l d  support 

Venting and sonic f a t i g u e  e f f e c t s  a re  o the r  

With the basic airplane, the  s h i e l d  standoffs 
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are removed and replaced by c i rcumferent ia l  and spanwise s t r i p s  o f  m e t a l l i c  

load bearing i n s u l a t i o n  on the body and wing, respec t ive ly .  The heat sh ie lds  

and the i n s u l a t i o n  packages are designed t o  support vent ing pressure 

d i f ferences.  

(PCM) attached by enclosing PCM i n  a tubesheet fac ing  on the i n s u l a t i o n  package. 

This facing i s  per forated t o  a l l ow  pressure e q u i l i z a t i o n  o f  the  i n s u l a t i o n  

voids and the  space between the i n s u l a t i o n  and s t ruc tu re .  

The inner  surface o f  the package may have pilase change mate r ia l  

A second advanced TPS i s  a c t i v e l y  cooled heat shields.  For areas o f  

h igh heat f lux,  such as the  lower a f t  fuselage w i t h  scramjet propuls ion, 

a c t i v e  coo l ing  o f  supera l loy sh ie lds  may provide l o n g - l i f e ,  f a i l - s a f e  TPS. 

Coolant d i s t r i b u t i o n  can be located i n  the  space provided between the sh ie lds  

and primary s t ructure.  

A t h i r d  advanced TPS may cons is t  o f  a supera l loy s h e l l  suspended a t  

This one-piece heat sh ie ld  avoids h igh temperature seals Fuselage ends. 

and s l i p  j o i n t s  of r a d i a t i v e  sh ie lds and minimizes attachments t o  the  

s t ructure.  As a research package, t h i s  TPS may be attached t o  the basel ine 

s t ruc tu re  a t  the ends of the payload bay wherein one end of the s h e l l  s l i des .  

I nsu la t i on  packages would be attached t o  the primary s t ruc tu re .  An at tach-  

ment r i n g  may be requi red t o  support the heat s h i e l d  she l l ,  bu t  t h i s  would 

be added when the  research package i s  i n s t a l l e d .  

Leading Edges 

The basic a i rp lane leading edges are replaceable pe rm i t t i ng  research 

o f  advanced l e z l i n g  edge concepts. 

re f rac to ry  metal and carbon composites. 

cooled leading edges fo r  the hypersonic app l i ca t ions .  The need f o r  hydrogen 

fuel a t  hypersonic speeds provides a l a rge  coolant heat s ink which w i l l  be 

Radiat ive systems inc lude coated 

Long l i f e  may requ i re  c c t i v e l y  
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requi red f o r  engines and proba3ly b e n e f i c i a l  f o r  the leading edges and nose 

cap. 

segments o f  n i cke l  a l l o y  forms a p r a c t i c a l  approach. 

i s  s i m i l a r  t o  t h a t  developed f o r  the Hypersonic Research Engine, r e f .  20. 

Secondary coolant  f l o w  w i th i r ,  p la te - f i n - t ype  sandwich leading edge 

The technology invo lved 

Research Engines 

The lower body o f  the HSRA i s  contoured t o  s u i t  t e s t i n g  scramjet 

engines, and the  lower wing surface i s  f l a t  t o  s u i t  t e s t i n g  ramjets and 

turbojets .  

various quan t i t i es  o f  d i f f e r e n t  f ue l s  f o r  the basic rocket  propuls ion 

o f  the HSRA and f o r  JP-fueled research engines. The heat sh ie lds  may be 

l o c a l l y  removed t o  enable attachment o f  engines t o  the  air f rame, and the 

heat sh ie ld  mold l i n e  c m t o u r  may be modified by d i f f e r e n t  sh ie lds o f  the  

basic design t o  enable i n l e t  and exhaust research f o r  a scramjet. 

po in ts  a re  provided i n  the wing ( f i g .  39) and body s t ruc tu res  

t o  enable f u t w e  t e s t i n g  o f  research encjines wi thout  mod i f i ca t i on  o f  the 

airframe. As ind ica ted  i n  f igure  39, a three-point  suspension i s  provided 

f o r  each engine. One attachment i s  s ta t i ona ry  except f o r  ro ta t i on ,  the 

other two attachments are s l i p  j o i n t e d  t o  permit  d i f f e r e n t i a l  thermal expansion 

between the wing s t ruc tu re  and engine, rJhile simultaneously sus ta in ing  a l l  

engine forces wi thout  r e l a t i v e  movement EAcept t h a t  induced by thermal expansion. 

Moreover, bulkheads are provided w i t h i n  the body tanks t o  enable 

Hard 
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