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SUMMARY 

The s u c c e s s f u l  development o f  h i g h - t e m p e r a t u r e  superconductors  (HTS)  
c o u l d  have a major  impact  on f u t u r e  a e r o n a u t i c a l  p r o p u l s i o n  and a e r o n a u t i c a l  
f l i g h t  v e h i c l e  systems. A p r e l i m i n a r y  e x a m i n a t i o n  o f  t h e  p o t e n t i a l  a p p l i c a t i o n  
o f  HTS for  a e r o n a u t i c s  i n d i c a t e s  t h a t  s i g n i f i c a n t  b e n e f i t s  may be r e a l i z e d  
t h r o u g h  t h e  development and i m p l e m e n t a t i o n  o f  these newly  d i s c o v e r e d  m a t e r i a l s .  - A p p l i c a t i o n s  o f  h i g h - t e m p e r a t u r e  superconductors  ( c u r r e n t l y  s u b s t a n t i a t e d  a t  

$ 95 K)  have been e n v i s i o n e d  f o r  s e v e r a l  c l a s s e s  o f  a e r o n a u t i c a l  systems, i n c l u d -  
* I i n g  subsonic  and s u p e r s o n i c  t r a n s p o r t s ,  h y p e r s o n i c  a i r c r a f t ,  V/STOL a i r c r a f t ,  

' r o t o r c r a f t ,  and s o l a r ,  m i  crowave and 1 a s e r  powered a i r c r a f t .  

I n  t h i s  paper ,  we s h a l l  i n t r o d u c e  and d e s c r i b e  p a r t i c u l a r  a p p l i c a t i o n s  
and p o t e n t i a l  b e n e f i t s  o f  h i g h - t e m p e r a t u r e  superconductors  as r e l a t e d  to  
a e r o n a u t i c s  a n d / o r  a e r o n a u t i c a l  systems.  

INTRODUCTION 

The r e c e n t  d i s c o v e r y  o f  h i g h - t e m p e r a t u r e  superconductors  ( H T S )  has c r e a t e d  
a stir o f  e x c i t e m e n t  i n  t h e  s c i e n t i f i c  community. The p o t e n t i a l  b e n e f i t s  wh ich  
may be p r o v i d e d  t h r o u g h  app l  i c a t i o n  o f  these newly  d i s c o v e r e d  s u p e r c o n d u c t i n g  
m a t e r i a l s  (ceramic  p e r o v s k i t e  s t r u c t u r e s )  a r e  now b e i n g  e x p l o r e d  by i n v e s t i g a -  
tors .  S t u d i e s  have been i n i t i a t e d  to  assess t h e  p o t e n t i a l  advantage o f  HTS in 
a number o f  a reas ,  i n c l u d i n g :  e l e c t r i c a l  power t r a n s m i s s i o n  and s t o r a g e ,  com- 
m u n i c a t i o n s ,  computer systems, medica1 d i a g n o s t i c  equipment ,  and ground 
t r a n s p o r t a t i o n  systems ( m a g n e t i c a l l y  l e v i t a t e d  h igh-speed t r a i n s ) .  

D e s p i t e  t h e  a c c l a i m s  and p r o j e c t i o n s  made fo r  these newly  d i s c o v e r e d  
s u p e r c o n d u c t i n g  m a t e r i a l s ,  i t  i s  g e n e r a l l y  agreed t h a t  a s i g n i f i c a n t  e f f o r t  
w i l l  be r e q u i r e d  b e f o r e  these m a t e r i a l s  can be deve loped t o  a s t a t e  where t h e y  
can be s u c c e s s f u l l y  used i n  p r a c t i c a l  a p p l i c a t i o n s .  For example,  problems 
a s s o c i a t e d  w i t h  t h e  p h y s i c a l  and chemical  s t a b i l i t y  o f  these m a t e r i a l s  must be 
addressed and s o l v e d .  
m a t e r i a l s  i n t o  r e l a t i v e l y  s t r o n g ,  u s e f u l  shapes ( w i r e s ,  f i l m s ,  e t c . )  f o r  
s p e c i f i c  uses and/or  a p p l i c a t i o n s .  N e v e r t h e l e s s ,  t h e  f e e l i n g  o f  many 
r e s e a r c h e r s  seems t o  be t h a t  most or a l l  o f  t h e  c u r r e n t l y  r e c o g n i z e d  problems 
w i t h  HTS can be r e s o l v e d  t h r o u g h  a p p l i e d  r e s e a r c h  e f f o r t s  ( r e f .  1 ) .  Based on 
t h i s  p remise ,  HTS l i k e l y ,  i n  t i m e ,  w i l l  f i n d  a way i n t o  a number o f  s p e c i f i c  

Also, methods must be deve loped f o r  f a b r i c a t i n g  these 



I 
a p p l i c a t i o n s .  I n  t h i s  paper ,  we s h a l l  look i n t o  t h e  p o t e n t i a l  a p p l i c a t i o n  o f  
h igh- tempera ture  superconductors  i n  r e l a t i o n  t o  a e r o n a u t i c s  and /o r  a e r o n a u t i c a l  
systems. 

HTS RESEARCH AND DEVELOPMENT 

C r i t i c a l  Temperature 

I n  genera l ,  i t  appears t h a t  t h e  success fu l  development o f  HTS t e c h n o l o g y  
c o u l d  have f a r - r e a c h i n g  b e n e f i t s  i n  t h e  f i e l d  o f  a e r o n a u t i c s .  The r e a l  bene- 
f i t s ,  however, w i l l  depend on seve ra l  factors-some o f  wh ich  a r e  n o t  w e l l  known 
a t  t h i s  t i m e .  For  example, t h e  c r i t i c a l  tempera ture  ( T c >  o f  h i g h - t e m p e r a t u r e  
superconductors  most c e r t a i n l y  w i l l  i n f l u e n c e  t h e  p r o j e c t e d  b e n e f i t s  which may 
be r e a l i z e d - p a r t i c u l a r l y  for some proposed a p p l i c a t i o n s  r e l a t e d  t o  a e r o n a u t i c s .  
( C r i t i c a l  tempera ture ,  T c ,  i s  d e f i n e d  as t h e  upper t e m p e r a t u r e  l i m i t  a t  which 
a m a t e r i a l  e x h i b i t s  s u p e r c o n d u c t i n g  p r o p e r t i e s . )  A t  t h e  p r e s e n t  t i m e ,  c r i t i c a l  
tempera tures  o f ,  or near ,  95 K ( 1 7 1  O R )  have been w e l l  s u b s t a n t i a t e d .  And 
seve ra l  r e s e a r c h e r s 2  have r e p o r t e d  ( i n  a p o p u l a r  t e c h n i c a l  magazine) ev idence 
of  s u p e r c o n d u c t i v i t y  a t  tempera tures  near  300 K (540 O R ) .  

Obv ious l y ,  t h e  h i g h e r  t h e  c r i t i c a l  tempera ture ,  t h e  s m a l l e r  t h e  c o o l i n g  
r e q u i r e m e n t  w i l l  be. And t h i s  i s  e s p e c i a l l y  i m p o r t a n t  i n  a i r c r a f t  systems 
because c o o l a n t  for m a i n t a i n i n g  t h e  Tc must be c a r r i e d  on board .  There 
a r e ,  however, a p p l i c a t i o n s  i n  a e r o n a u t i c s  where t h e  need t o  c a r r y  c o o l a n t  on 
board  may n o t  be an o v e r r i d i n g  concern .  I n  s u p e r s o n i c  a n d / o r  h y p e r s o n i c  a i r -  
c r a f t ,  where t h e  f u e l  may be c r y o g e n i c  ( l i q u i d  methane or l i q u i d  hydrogen) ,  
t h e  f u e l  may be used as a h e a t  s i n k  t o  m a i n t a i n  t h e  s u p e r c o n d u c t i n g  m a t e r i a l s  
a t  or below t h e  c r i t i c a l  t empera tu re .  L i k e w i s e ,  f o r  a i r c r a f t  f l i g h t  m i s s i o n s  
which a r e  s h o r t  d u r a t i o n ,  t h e  c o o l a n t  r e q u i r e m e n t s  may be r e l a t i v e l y  smal l  and 
o f  a l e s s e r  s i g n i f i c a n c e .  Then, too, i n  a e r o  a p p l i c a t i o n s  where superconduct-  
i n g  motors and g e n e r a t o r s  a r e  proposed,  t h e  p r e d i c t e d  h i g h  e f f i c i e n c i e s  of 
these components c o u l d  reduce t h e  c o o l i n g  r e q u i r e m e n t s  t o  a more r e a s o n a b l e  
and manageable l e v e l .  

M a t e r i a l s  

Be fo re  h i g h - t e m p e r a t u r e  superconductors  can be s u c c e s s f u l  l y  used i n  
p r a c t i c a l  a p p l i c a t i o n s ,  s p e c i f i c  p rocesses  and t e c h n i q u e s  w i l l  need t o  be 
developed f o r  f a b r i c a t i n g  these m a t e r i a l s  i n t o  u s e f u l  shapes. The i n h e r e n t l y  
b r i t t l e  n a t u r e  o f  these ceramic based m a t e r i a l s  poses a p rob lem which w i l l  
need t o  be addressed.  

Superconduct ing  w i r e s  and r i b b o n s  which e x h i b i t  b o t h  s t r e n g t h  and f l e x -  
i b i l i t y  w i l l  be r e q u i r e d  for f a b r i c a t i o n  o f  s u p e r c o n d u c t i n g  components, such 
as e l e c t r i c a l  power t r a n s m i s s i o n  l i n e s ,  motors, and g e n e r a t o r s .  For ae ro  
a p p l i c a t i o n s ,  i n  p a r t i c u l a r ,  t hese  components must be l i g h t w e i g h t  and must 
o f fe r  advantages o v e r  c o n v e n t i o n a l  e l e c t r i c a l  components. 
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M o t o r s l G e n e r a t o r s  

P r e l i m i n a r y  e s t i m a t e s  i n d i c a t e  t h a t  HTS motors and g e n e r a t o r s  c o u l d  have 
a s i g n i f i c a n t  w e i g h t  advantage o v e r  c o n v e n t i o n a l  e l e c t r i c  motors and gener-  
a t o r s .  T h i s  e s t i m a t e d  w e i g h t  advantage may be r e a l i z e d  i n  p r a c t i c e ,  however, 
o n l y  i f  t h e  HTS m a t e r i a l s  have t h e  s t r e n g t h  necessary  t o  w i t h s t a n d  t h e  l o a d s  
genera ted .  The p o s s i b l e  need for  l a r g e  s u p p o r t i n g  s t r u c t u r e s  t o  w i t h s t a n d  t h e  
h i g h  t o r q u e s  c o u l d  a l s o  d i m i n i s h  t h e  e s t i m a t e d  w e i g h t  advantage o f  HTS motors 
and g e n e r a t o r s .  

The e f f i c i e n c i e s  o f  l a r g e  HTS e l e c t r i c  motors ( i n d u c t i o n - t y p e )  and 
g e n e r a t o r s  have been e s t i m a t e d  t o  be e x t r e m e l y  h i g h ,  i . e . ,  i n  t h e  ne ighborhood 
o f  99.9 p e r c e n t .  E s s e n t i a l l y  a l l  o f  t h e  energy r e s u l t i n g  from i n e f f i c i e n c i e s  
shows up as h e a t  g e n e r a t i o n .  
r a t i n g ,  0.1 p e r c e n t  o f  t h e  power i n p u t  t o  t h e  motor i s  t r a n s f o r m e d  i n t o  h e a t .  
T h i s  h e a t  g e n e r a t i o n  r a t e ,  a l t h o u g h  o n l y  a smal l  p a r t  o f  t h e  motor power, 
r e s u l t s  i n  a s i g n i f i c a n t  c o o l i n g  r e q u i r e m e n t .  The p e n a l t y  imposed by  t h e  
c o o l i n g  r e q u i r e m e n t  w i l l  depend l a r g e l y  on  t h e  c r i t i c a l  t e m p e r a t u r e  ( T c >  o f  
t h e  s u p e r c o n d u c t i n g  m a t e r i a l .  I f  t h e  c r i t i c a l  t e m p e r a t u r e  i s  r e l a t i v e l y  h i g h ,  
say 300 K (540 O R ) ,  t h e n  ambient  tempera ture  a i r  (o r  s l i g h t l y  p r e c o o l e d  a i r )  
may be used f o r  c o o l i n g .  The p e n a l t y  a s s o c i a t e d  w i t h  u s i n g  ambient  a i r  as a 
c o o l a n t  i s  e s t i m a t e d  t o  be s m a l l .  However, i f  t h e  c r i t i c a l  t e m p e r a t u r e  i s  near  
95 K (171 O R ) ,  some o t h e r  c o o l i n g  scheme, such as use o f  l i q u i d  n i t r o g e n ,  may 
be r e q u i r e d .  And t h i s  c o u l d  impose a more s i g n i f i c a n t  p e n a l t y .  For example, 
i t  can be shown t h a t  t h e  amount o f  l i q u i d  n i t r o g e n  c o o l a n t  t h a t  must be 
v a p o r i z e d  t o  c o o l  a 100 HP HTS motor (o f  99.9 p e r c e n t  e f f i c i e n c y )  i s  about  
3.0 l b l h r .  

Thus, w i t h  a 99.9 p e r c e n t  motor e f f i c i e n c y  

AERO APPLICATIONS OF HTS 

Mag-Lev A i r c r a f t  Launch Systems 

The p r i n c i p l e s  o f  e l e c t r o m a g n e t i c  ( E M )  p r o p u l s i o n  and l e v i  t a t i o n ,  enhanced 
t h r o u g h  t h e  use o f  t h e  new high-T, s u p e r c o n d u c t i n g  ( H T S )  m a t e r i a l s ,  can 
p r o v i d e  t h e  f o u n d a t i o n  fo r  a i r p o r t s  of t h e  f u t u r e .  
A i r p o r t s  i s  a b l e n d  o f  t h a t  used i n  m a g n e t i c a l l y  l e v i t a t e d  (MAGLEV) t r a i n s  and 
i n  c e r t a i n  EM mass d r i v e r  concepts .  

The t e c h n o l o g y  f o r  EM 

A i r c r a f t  l a u n c h i n g  can be accompl ished t h r o u g h  magnet ic  l e v i t a t i o n  and 
low "g"  a c c e l e r a t i o n  by  means o f  e i t h e r  l i n e a r  synchronous (d-c f i e l d  w i n d i n g s )  
or l i n e a r  i n d u c t i o n  (a-c)  motors. S i n c e  s u p e r c o n d u c t i n g  magnets a r e  o n l y  a b l e  
t o  t o l e r a t e  d-c c u r r e n t s  w i t h o u t  energy  loss, l i n e a r  synchronous motors 
( s i m i l a r  t o  t h o s e  developed for MAGLEV t r a i n s )  o f f e r  s i g n i f i c a n t  advantages.  
The most s t r a i g h t f o r w a r d  approach f o r  a i r c r a f t  l a u n c h  i s  t o  a t t a c h  t h e  a i r c r a f t  
( v i a  q u i c k - d i s c o n n e c t  c a b l e s )  t o  an EM s h u t t l e  v e h i c l e  t h a t  r i d e s  on  l i n e a r  
s t a t o r  t r a c k s .  One c o n f i g u r a t i o n ,  f o r  example, uses t h e  o p e r a t i n g  p r i n c i p l e  
of a s q u i r r e l - c a g e - m o t o r ,  e x c e p t  t h a t  i n s t e a d  o f  t h e  s t a t o r  b e i n g  i n  c i r c u l a r  
form w i t h  t h e  rotor r e v o l v i n g  w i t h i n  i t ,  t h e  s t a t o r  i s  u n r o l l e d  and l a i d  o u t  
f l a t  w i t h  t h e  moving s h u t t l e  v e h i c l e  becoming a l i n e a r  ro to r .  For a i r c r a f t  
l a u n c h i n g ,  t h e  l i n e a r  EM p r o p u l s i o n  t r a c k  i s  l o c a t e d  be low t h e  a i r f i e l d  
s u r f a c e ,  w i t h  o n l y  t h e  t o p  p o r t i o n  o f  t h e  a c c e l e r a t i n g  s h u t t l e  c a r  and i t s  
a i r c r a f t  c a b l e  c o n n e c t i o n s  p r o t r u d i n g  s l i g h t l y  above t h e  s u r f a c e  l e v e l .  
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An alternative to the EM catapult system described above is the applic- 
ation of EM fields directly to the underbody of the aircraft itself and omit- 
ting the track shuttle vehicle. This approach would be mm-e analogous to the 
levitation/propulsion systems under development for MAGLEV trains. However, 
the EM shuttle/catapult approach offers several advantages which include: the 
magnetic fields can be applied over a larger surface area than would be avail- 
able on the airplane itself, location of the EM field (rotor) windings in the 
shuttle vehicle results in reduced aircraft weight, and the airplane passengers 
could be more easily shielded from effects of the magnetic fields. 

In all likelihood, the most probable near-term application of aircraft EM 
launch will be aboard naval carriers. Figure 1 depicts a mag-lev aircraft 
launch system operating from a naval carrier. A mag-lev launch system such as 
shown here could be a welcomed replacement for the noisy steam catapult 
launchers on present-day carriers. 

HTS Electric Motors For Propulsion 

The proposed use of electric motors for powered flight has been studied 
by a number of investigators (refs. 3 and 4 ,  for example). For the most part, 
these studies indicated that electric motors did not offer a distinct advantage 
over conventional aircraft engines (recips. and/or turboshafts). Electric 
motor weight and the inefficiency associated with conversion of mechanical 
shaft power to electrical power were considered to be major drawbacks. 

Whereas conventional electric motors typically have power-to-weight ratios 
that are relatively low (0.5 to 1.0 hp/lb>, estimates for HTS motors indicate 
that much higher power-to-weight ratios are possible, e.g., 15 hp/lb. Like- 
wise, the projected efficiencies of HTS motors are expected to be far better 
than conventional electric motors. These projected improvements, taken 
together, may significantly improve the attractiveness of electric motors for 
aircraft propulsion and/or particular powered flight applications. 

Figure 2 shows the progression of specific shaft power as a function of 
time for both electric motors and gas turbine engines. The values shown for 
the gas turbine with transmission are indicative of systems used for rotor- 
craft, where the transmission represents a significant part (-40 percent) of 
the overall propulsion system weight. As indicated in figure 2 ,  present-day 
gas turbine engines of this type have about twice the specific shaft power of 
conventional electric motors. Future projections for these systems are shown 
on the far right side of figure 2. With advanced technology, the specific 
shaft power of the gas turbine system could increase in the future to a value 
near 2.5 hp/lb. And the specific shaft power of electric motors, with HTS 
technology (currently with of 95 OR), may reach a value of about 
15 hp/lb. An improvement of this magnitude, i.e., a fifteen-fold change in 
specific shaft power, could revolutionize the thinking regarding electric 
motors for aero propulsion and aero applications. 

Tc 

Lightweight HTS motors and generators may, in some cases, offer advantages 
over conventional aero propulsion systems. In the paragraphs which follow, HTS 
electric motors and generators are considered as a means of supplying propul- 
sive power for specific types of aircraft. The types of aircraft to be con- 
sidered here are: helicopters, subsonic transports, supersonic/hypersonic and 
solar powered aircraft. 
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H e l i c o p t e r s .  - Most commonly, t h e  p r o p u  s i o n  s y s t e m  fo r  c o n v e n t i o n a l  h e l -  
i c o p t e r s  c o n s i s t s  o f  a t u r b o s h a f t  e n g i n e  and a s h a f t  speed r e d u c t i o n  system 
( t r a n s m i s s i o n ) .  Because o f  t h e  l a r g e  r e d u c t  on i n  s h a f t  speed r e q u i r e d  between 
t h e  t u r b o s h a f t  eng ine  and t h e  ro tor  s y s t e m ,  he t r a n s m i s s i o n s  f o r  r o t o r c r a f t  
a r e  n o r m a l l y  l a r g e ,  heavy and g e n e r a t e  c o n s i d e r a b l e  n o i s e .  T y p i c a l l y ,  t h e  
w e i g h t  o f  t h e  t r a n s m i s s i o n  system f o r  h e l i c o p t e r s  r e p r e s e n t s  a o p r o x i m a t e l y  
40 p e r c e n t  of t h e  t o t a l  w e i g h t  of t h e  gas g e n e r a t o r  and t r a n s m i s s i o n  system. 
A c o n v e n t i o n a l  r o t o r c r a f t  p r o p u l s i o n  system w i t h  onboard f u e l  i s  d e p i c t e d  i n  
f i g u r e  3 ( a > .  

A conceptua l  p r o p u l s i o n  s y s t e m  f o r  r o t o r c r a f t  wh ich  uses a HTS g e n e r a t o r /  
motor i s  shown i n  f i g u r e  3 ( b ) .  I n  t h i s  conceptua l  system, t h e  t u r b c s h a f t  
eng ine  d r i v e s  a HTS g e n e r a t o r  wh ich ,  i n  t u r n ,  s u p p l i e s  e l e c t r i c a l  power t o  a 
HTS motor. The HTS motor, i n  t u r n ,  d r i v e s  t h e  h e l i c o p t e r  r o to r .  The HTS 
g e n e r a t o r / m o t o r  s y s t e m  j u s t  d e s c r i b e d  i s  c u r r e n t l y  b e i n g  s t u d i e d  by  P r a t t  and 
Whi tney under a NASA-Lewis sponsored c o n t r a c t .  

The p o t e n t i a l  advantage o f  t h i s  conceptua l  s y s t e m  ( f i g .  3 ( b > >  i s  t h a t  t h e  
heavyweigh t  gearbox i s  e l i m i n a t e d  from t h e  p r o p u l s i o n  system. B u t ,  as i n d i -  
c a t e d  i n  f i g .  3 ( b > ,  a HTS g e n e r a t o r / m o t o r  system i s  added i n  p l a c e  o f  t h e  heavy 
gearbox .  N e v e r t h e l e s s ,  a n e t  w e i g h t  advantage may be r e a l i z e d  by  t h i s  exchange 
i f  t h e  s p e c i f i c  s h a f t  power o f  t h e  g e n e r a t o r / m o t o r  s y s t e m  i s  r e l a t i v e l y  h i g h .  
F o r  example, i f  we assume t h e  s p e c i f i c  s h a f t  power o f  t h e  c o n v e n t i o n a l  ro to r -  
c r a f t  p r o p u l s i o n  s y s t e m  t o  be 1.25 h p / l b ,  and a l s o  assume t h e  t r a n s m i s s i o n  
w e i g h t  t o  be 40 p e r c e n t  o f  t h e  t o t a l  p r o p u l s i o n  s y s t e m  w e i g h t ,  we can t h e n  
e s t i m a t e  t h e  p o t e n t i a l  improvement wh ich  may r e s u l t .  By u s i n g  a s p e c i f i c  s h a f t  
power of 15 h p / l b  fo r  t h e  HTS g e n e r a t o r / m o t o r  system, i t  can be shown t h a t  t h e  
t o t a l  w e i g h t  o f  a r o t o r c r a f t  p r o p u l s i o n  system can be reduced by  n e a r l y  
25 p e r c e n t .  That  i s ,  t h e  w e i g h t  o f  t h e  t o t a l  p r o p u l s i o n  s y s t e m  shown i n  
f i g u r e  3(b> i s  n e a r l y  25 p e r c e n t  l e s s  t h a n  t h e  c o n v e n t i o n a l  system shown i n  
f i g u r e  3 ( a ) .  T h i s  i s  o b v i o u s l y  a s u b s t a n t i a l  improvement.  O t h e r  more s u b t l e  
advantages o f  t h e  system shown i n  f i g u r e  3 ( b >  a r e  e l i m i n a t i o n  o f  gearbox n o i s e  
and v i b r a t i o n  and a p o s s i b l e  improvement i n  t h e  r o t o r c r a f t  w e i g h t  d i s t r i b u t i o n .  

F i g u r e  3 ( c )  d e p i c t s  a more advanced conceptua l  p r o p u l s i o n  system fo r  
r o t o r c r a f t  which uses HTS t e c h n o l o g y .  I n  t h i s  c o n c e p t u a l  system, microwave 
power i s  beamed t o  a r e c t e n n a  ( a  r e c t i f y i n g  an tenna)  on  board  t h e  r o t o r c r a f t .  
The r e c t e n n a ,  i n  t u r n ,  c o n v e r t s  microwave energy  d i r e c t l y  t o  e l e c t r i c a l  energy  
wh ich  t h e n  powers an HTS e l e c t r i c  motor. The HTS motor, i n  t u r n ,  d r i v e s  t h e  
h e l i c o p t e r  ro to r .  
s i g n i f i c a n t  w e i g h t  r e d u c t i o n s  f o r  b o t h  t h e  e l e c t r i c  motor and t h e  r e c t e n n a .  

H igh  t e m p e r a t u r e  superconductors  a r e  p r o j e c t e d  t o  o f f e r  

The advantages o f  t h e  system shown i n  f i g u r e  3 ( c >  a r e  r a t h e r  a p p a r e n t .  
T h i s  conceptua l  s y s t e m  c a r r i e s  n o  onboard  f u e l  and t h e  p r o p u l s i o n  system con- 
s i s t s  o n l y  o f  a r e c t e n n a  and an HTS e l e c t r i c  motor. A r o t o r c r a f t  powered by  
t h e  conceptua l  s y s t e m  shown i n  f i g u r e  3 ( c >  c o u l d  be a v a l u a b l e  r e s o u r c e  f o r  
l o n g  d u r a t i o n  s u r v e i l l a n c e  a c t i v i t i e s ,  such as for s p e c i f i c  n a v a l  o p e r a t i o n s  
a t  sea. 

Subsonic  t r a n s p o r t s .  - HTS motors and g e n e r a t o r s  may be used t o  advance 
and improve t h e  p r o p u l s i o n  systems o f  subson ic  t r a n s p o r t  a i r c r a f t .  A con- 
c e p t u a l  a p p l i c a t i o n  o f  HTS motors and g e n e r a t o r s  t o  a subson ic  t r a n s p o r t  
p r o p u l s i o n  system i s  shown i n  f i g u r e  4 .  
a p p l i c a t i o n s  of HTS i s  i n c l u d e d  h e r e .  I n  t h i s  system, gas t u r b i n e  eng ines  
mounted be low t h e  a i r c r a f t  wings a r e  used t o  d r i v e  HTS e l e c t r i c  g e n e r a t o r s .  

A c o l l e c t i o n  o f  s e v e r a l  s e p a r a t e  
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The generators, in turn, supply electric power to systems and subsystems on 
board the aircraft. In effect, the aircraft shown in figure 4 is an all- 
electric powered aircraft. In this aircraft, a major portion of the electric 
power generated is used by HTS motors located at the rear of the fuselage. 
These HTS motors drive propulsors (propellers or fans) which provides thrust 
to the aircraft. A minor portion of the electric power is used for other sub- 
systems. These include: winglet propellers or "proplets" (powered by small 
HTS motors) to counter the drag produced by wing-tip vorticies, and suction 
devices (driven by HTS motors) to promote a laminar boundary layer and thereby 
reduce drag on the wing surfaces. 

The major advantage of the conceptual propulsion system shown in figure 4 
is that the turboshaft engines and propulsors need not be colocated on the 
aircraft. By locating the propulsors at the rear of the fuselage, aircraft 
cabin noise can be reduced. This arrangement may also improve the aircraft 
balance and/or weight distribution. And, finally, the total drag of the air- 
craft may be significantly reduced through use of "proplets" and laminar 
boundary layer control. 

Again, the critical temperature of the HTS materials needed in this 
application is of major importance. Mostly likely, an all-electric propulsion 
system such as shown in figure 4 would be advantageous only if superconductors 
with relatively high critical temperatures 0 9 5  K )  were available. 

aircraft are again being strongly advocated for some civil and military mis- 
sions. In the high-speed flight regime (Mach 3 and above) cryogenic fuels 
(liquid methane and liquid hydrogen) appear to be especially attractive 
because of their heat sink capacity. Cry0 fuels may be used to cool high- 
temperature components on both the vehicle and propulsion system. Specific 
examples are: the leading edge of wings, the leading fuselage structure and 
the engine inlet cowl/lip structures. 

Supersonic/hypersonic aircraft. - High-speed supersonic and hypersonic 

Most of the proposed propulsion systems for high-speed flight, say to 
Mach 6 or so, are "composite" engine systems. These systems consist, usually, 
of a low by-pass turbofan engine for flight speeds up to about Mach 3 and a 
ramjet engine for speeds above Mach 3 .  A conceptual turbofan engine which 
uses HTS technology and which may offer superior performance for flight speeds 
up to Mach 3 is shown in figure 5 .  The key feature of this engine is the all- 
electric, tip-powered fan. The engine fan i s  effectively the rotor of an 
electric motor and the fan shroud contains the stator windings which surround 
the fan and/or rotor. 

It appears that high-temperature superconductors may be the enhancing or 
enabling technology for this type of conceptual all-electric tip powered turbo- 
fan system. 
the HTS materials at or below their critical temperature, even for Tc 
values of or near 95 K.  

And cryogenic hydrogen may provide the cooling needed to maintain 

Solar powered aircraft. - A solar powered civil aircraft is illustrated 
in figure 6. A manned aircraft of this type has already been flown across the 
English Channel. 
be improved by use of a superconducting electric motor and generator, and 
energy storage coils. The storage coils would be used to supply power for 

The basic performance o f  the aircraft shown in figure 6 may 
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n i g h t t i m e  o p e r a t i o n  and would be r e c h a r g e d  d u r i n g  t h e  day .  
p l a n e  c o u l d  be used fo r  weather  o b s e r v a t i o n s  and p r e d i c t i o n s ,  and f o r  communi- 
c a t i o n .  
tempera ture  o f  t h e  HTS i s  e x t r e m e l y  i m p o r t a n t .  

T h i s  t y p e  o f  a i r -  

The a i r p l a n e  may f l y  f o r  months a t  a t i m e  and hence t h e  c r i t i c a l  

c i v i  

t a r y  
f o r  
w i t h  

A s o l a r  powered a i r p l a n e  can f l y  u s i n g  e x i s t i n g  t e c h n o l o g y  f o r  e l e c t r i c  
d r i v e  motors and s t o r a g e  b a t t e r i e s .  A f u t u r e  system based on  room-temperature 
HTS would be enhancing and may p r o v i d e  a low-cost means o f  s u r v e i l a n c e  f o r  

needs. 

The same a i r p l a n e  s y s t e m  d e s c r i b e d  above may a l s o  be a p p l i c a b l e  f o r  m i l i -  
m i s s i o n s  as i l l u s t r a t e d  i n  f i g u r e  7 .  Such an a i r c r a f t  may be advantageous 
ong d u r a t i o n  s u r v e y l r e c o n n a i s s a n c e  a c t i v i t i e s  such as t h o s e  connected 
n a v a l  o p e r a t i o n s  a t  sea. 

A i r c r a f t  secondary e l e c t r i c  power s y s t e m s .  C u r r e n t  subson ic  t r a n s p o r t  
a i r c r a f t  use t h r e e  d i f f e r e n t  t y p e s  o f  secondary power; namely,  h y d r a u l i c ,  
pneumat ic  and e l e c t r i c .  A s  i n d i c a t e d  i n  f i g u r e  8 ,  secondary power i s  used t o  
a c t i v a t e  c o n t r o l  s u r f a c e s  and o t h e r  systems ( f l a p s ,  s p o i l e r s ,  s l a t s ,  l a n d i n g  
g e a r ,  e t c . )  on t h e  a i r c r a f t .  

I t  has a l r e a d y  been shown i n  r e f e r e n c e  5 t h a t  an a l l - e l e c t r i c  secondary 
power s y s t e m  (wh ich  uses c o n v e n t i o n a l  c o n d u c t o r s )  can p r o v i d e  s i g n i f i c a n t  bene- 
f i t s  o v e r  t h e  c u r r e n t l y  used m u l t i p l e  power system. Reference 5 i n d i c a t e s ,  
f o r  example,  t h a t  a c o n v e n t i o n a l  ( c o p p e r - w i r e )  a l l - e l e c t r i c  secondary power 
system c o u l d  produce n e a r l y  a 10 p e r c e n t  r e d u c t i o n  i n  t h e  m i s s i o n  f u e l  r e q u i r e -  
ment o f  a subson ic  t r a n s p o r t  a i r c r a f t .  The b e n e f i t  c i t e d  i n  r e f e r e n c e  5 may 
be improved f u r t h e r  i f  an a l l - e l e c t r i c  HTS secondary system i s  used.  I n d i c a -  
t i o n s  a r e  t h a t  m i s s i o n  f u e l  c o u l d  be c u t  an a d d i t i o n a l  t h r e e  percentage p o i n t s  
w i t h  an a l l - e l e c t r i c  HTS secondary power s y s t e m .  T h i s  a d d i t i o n a l  r e d u c t i o n  i n  
m i s s i o n  f u e l  i s  t h e  r e s u l t  o f  l i g h t e r  w e i g h t  and h i g h e r  e f f i c i e n c y  HTS motors. 

I n  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  however, c r i t i c a l  t e m p e r a t u r e  o f  t h e  HTS 
m a t e r i a l  i s  e s p e c i a l l y  i m p o r t a n t .  I f  c o o l i n g  o f  t h e  s u p e r c o n d u c t i n g  m a t e r i a l s  
i s  r e q u i r e d ,  t h e  p o t e n t i a l  b e n e f i t s  o f  HTS f o r  secondary a l l - e l e c t r i c  power 
c o u l d  be reduced or l o s t .  Thus, f o r  t h i s  a p p l i c a t i o n ,  a room tempera ture  
superconductor  may be b o t h  d e s i r a b l e  and necessary  t o  a c h i e v e  t h e  g a i n s  j u s t  
c i  t e d .  

Magnet ic  Bear ings  

S i g n i f i c a n t  b e n e f i t s  may be r e a l i z e d  t h r o u g h  t h e  use o f  magnet ic  b e a r i n g s  
i n  a e r o  p r o p u l s i o n  systems. P r e l i m i n a r y  e s t i m a t e s  by  P r a t t  and Whi tney i n d i -  
c a t e  t h a t  t h e  e x c l u s i v e  use o f  c o n v e n t i o n a l - t y p e  magnet ic  b e a r i n g s  i n  t u r b o f a n  
eng ines  c o u l d  p r o v i d e  as much as a 6 p e r c e n t  r e d u c t i o n  i n  e n g i n e  w e i g h t  and a 
3 p e r c e n t  improvement i n  t h r u s t  s p e c i f i c  f u e l  consumpt ion ( T S F C )  f o r  a subson ic  
h i g h  BPR t u r b o f a n .  These e s t i m a t e d  improvements come a b o u t  from: ( 1 )  t h e  
a b i l i t y  t o  o p e r a t e  a t u r b o f a n  eng ine  a t  h i g h e r  ro tor  speeds, ( 2 )  reduced ro to r  
t i p  c l e a r a n c e  r e s u l t i n g  from t i g h t e r  b e a r i n g  c l e a r a n c e ,  ( 3 )  s i g n i f i c a n t l y  l o w e r  
f r i c t i o n  and h e a t  g e n e r a t i o n ,  and ( 4 )  reduced eng ine  n a c e l l e  s i z e  r e s u l t i n g  
from s m a l l e r  b e a r i n g  compartments.  
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Magnet ic  b e a r i n g s  made o f  HTS m a t e r i a l s  shou ld  be s i g n i f i c a n t l y  s m a l l e r  
and l i g h t e r  than c o n v e n t i o n a l  mag b e a r i n g s .  A s  d e p i c t e d  i n  f i g u r e  9 ,  t h e  HTS 
magnet ic  b e a r i n g s  have s m a l l e r  c o i l s ,  c o n t a i n  no i r o n  and a r e  s t i f f e r  t h a n  
c o n v e n t i o n a l  mag b e a r i n g s .  E s t i m a t e s  i n d i c a t e  t h a t  these b e a r i n g s  c o u l d  p ro-  
v i d e  an a d d i t i o n a l  improvement i n  f a n  per formance o v e r  t h a t  p r o j e c t e d  f o r  con- 
v e n t i o n a l  mag b e a r i n g s .  

Magnet ic  B r a k i n g  

The h i g h - c o n d u c t i v i t y  plasma c r e a t e d  upon e n t r y  of a h y p e r s o n i c  a i r c r a f t  
(or s p a c e c r a f t )  i n t o  t h e  atmosphere can p o t e n t i a l l y  be used as t h e  w o r k i n g  
plasma o f  a MHD b r a k i n g  s y s t e m .  A v e h i c l e  f l y i n g  a t  h i g h  speed t h r o u g h  t h e  
atmosphere may r a i s e  t h e  l o c a l  s t a g n a t i o n  tempera ture  h i g h  enough t h a t  t h e  a i r  
becomes i o n i z e d  and hence an e l e c t r i c a l  c o n d u c t o r .  I n  p r i n c i p l e ,  a s t r o n g  
magnet ic  f i e l d  genera ted  by  HTS c o u l d  be used t o  d e f l e c t  t h e  plasma formed and 
t h e r e b y  d e c e l e r a t e  t h e  v e h i c l e  t h r o u g h  an imposed r e a c t i o n  f o r c e .  

Magnet ic  b r a k i n g  c o u l d  m i n i m i z e  t h e  need f o r  h e a t  s h i e l d s  o f  t h e  t y p e  used 
on t h e  s h u t t l e  s p a c e c r a f t .  Magnet ic  b r a k i n g  may a l s o  p e r m i t  t h e  d e c e l e r a t i o n  
o f  a s p a c e c r a f t  t o  b e g i n  a t  a more d i s t a n t  p o i n t  i n  t h e  t r a j e c t o r y ,  t h e r e b y  
r e d u c i n g  t h e  peak r e a c t i o n  f o r c e s  on t h e  s p a c e c r a f t .  F i g u r e  10 d e p i c t s  a 
s p a c e c r a f t  e n t e r i n g  t h e  atmosphere and b e i n g  d e c e l e r a t e d  b y  aerodynamic d r a g  
f o r c e s  (upper  l e f t )  and magnet ic  b r a k i n g  f o r c e s  ( l o w e r  r i g h t ) .  

CONCLUDING REMARKS 

The s u c c e s s f u l  development o f  h igh- tempera ture  superconductors  c o u l d  have 
a m a j o r  impact  on f u t u r e  a e r o  p r o p u l s i o n  and a e r o  f l i g h t  v e h i c l e  s y s t e m s .  A 
number o f  conceptua l  a e r o  a p p l i c a t i o n s  o f  HTS have been i d e n t i f i e d  and 
d e s c r i b e d  h e r e i n .  The n e x t  s t e p  i n  t h e  s t u d y  o f  HTS a p p l i c a t i o n s  f o r  aeronau- 
t i c s  i s  t o  q u a n t i f y  t h e  p o t e n t i a l  advantages i n  terms o f  per fo rmance,  w e i g h t  
and cost. I n  g e n e r a l ,  i t  i s  b e l i e v e d  t h a t  a e r o  a p p l i c a t i o n s  o f  HTS w i l l  be 
more s e n s i t i v e  t o  c r i t i c a l  tempera ture  than most o t h e r  a p p l i c a t i o n s .  T h i s  i .s 
because t h e  c o o l i n g  s y s t e m  w e i g h t  must be c a r r i e d  on-board t h e  a i r c r a f t  and, 
as such, may compromise t h e  p a y l o a d  and/or  range o f  t h e  a i r c r a f t .  

F i n a l l y ,  t h e  t e c h n o l o g i e s  t h a t  must be deve loped f o r  t h e  most a t t r a c t i v e  
a p p l i c a t i o n s  o f  HTS need t o  be i d e n t i f i e d  and t h e  a p p r o p r i a t e  r e s e a r c h  s h o u l d  
be i n i t i a t e d .  I 
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FIGURE 3 - ROTORCRAFT DRIVE SYSTEMS USING 
SUPERCONDUCTORS 
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FIGURE 4 - SUBSONIC TRANSPORT OF THE FUTURE 
Aircraft BLC: Separate Superconducting Generators, Motors 

-_ LAND CONVERSION 
, HTS Stator Windings -. .- -. 

In this propulsor concept, thrust 
producing fan is really the rotor 

C '  . of a superconducting .electric motor. 
~ 

FIGURE 5 - HTS ELECTRIC MOTOR OPERATING AS A 
PROPULSOR 
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FIGURE 6 - SOLAR POWERED AIRCRAFT WITH 
SUPERCONDUCTING TECHNOLOGY 

Superconducliiig Electric Motor 

FIGURE 7 - ULTRA-LIGHT SURVEY / RECONNAISSANCE 
AIRCRAFT FOR NAVAL OPERATIONS 

(Aircraft Powered by Superconducting Electric Motor and Solar Cells) 
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0 Current transport A/C use three types of secondary power 
(hydraulic, pneumatic and electric). 

0 Studies indicate that an all-electric secondary power system 
using HTS has significant advantages. 

FIGURE 8 - HTS FOR SECONDARY POWER SYSTEM OF 
TRANSPORT AIRCRAFT 
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FIGURE 10 - MAGNETIC BRAKING WITH HTS 
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