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I A p r e l i m i n a r y  des ign-po in t  s t u d y  was made of  t h e  a p p l i c a b i l i t y  
El o f  n u c l e a r  p ropu l s ion  t o  v e r y  l a r g e  VTOL a i r c r a f t .  Fan-in-wing l i f t  

engine c o n f i g u r a t i o n s  were analyzed u s i n g  t h r e e  d i f f e r e n t  thermodyna- 
mic c y c l e s :  a hel ium Brayton cyc l e ,  a l i q u i d  meta l  Rankine c y c l e  
w i t h  d u c t  h e a t i n g  by t h e  condenser,  and a l i q u i d  me ta l  Rankine c y c l e  
w i t h  t h e  condenser  i n  t h e  wing. 

A g r o s s  weight  of one m i l l i o n  pounds and a des ign  c r u i s e  Mach 
number o f  0.8 a t  an a l t i t u d 2  of 3 6  089 feet  were assumed. V a r i a t i o n  
o f  g r o s s  weight  was a l s o  cons idered .  Areas o f  i n t e r e s t  i n  terms of  
hover t i m e  and range  requ i rements  were determined t h a t  sho,w where 
nuc l ea r  VTOL7s appear t o  be s u p e r i o r  t o  convent iona l  VTOLTs. 

I t  was found t h a t  g r o s s  weight  i s  t h e  most s i g n i f i c a n t  des ign  
parameter  a f f e c t i n g  t h e  performance o f  n u c l e a r  VTOL a i r c r a f t  and 
t h a t  the Brayton c y c l e  outperforms the Rankine c y c l e s .  

f 

INTRODUCTION 

A i r  t r a f f i c  conges t ion  over  major c i t y  a i r p o r t s  is a s e r i o u s  and 
growing problem. For i n s t a n c e ,  r e f e r e n c e  1 sugges t s  t h a t  a i r  t r a f f i c  
rnay t r i p l e  i n  the nex t  t e n  y e a r s .  A f u r t h e r  measure o f  d e l a y  and t 

1 
inconvenience is  o f t en  added by ground t r a n s p o r t a t i o n  systems because 
o f  t h e  remoteness  of major a i r p o r t s  from downtown b u s i n e s s  d i s t r i c t s .  i 

! 

These problems markedly reduce t h e  col-i.venience and d e s i r a b i l i t y  
o f  a i r  t r a v e l ,  e s p e c i a l l y  f o r  b u s i n e s s  t r i p s  between c i o s e l y  spaced 
l a r g e  c i t i e s .  They could  be a l l e v i a t e d  s imul taneous ly ,  however, by 
o p e r a t i n g  l a r g e  high-speed i n t e r - c i t y  VTOL a i r c r a f t  between downtown 
v e r t i - p o r t s .  

Unfo r tuna t e ly ,  r o u t e s  i n v o l v i n g  numerous and/or widely  s e p a r a t e d  
s t o p s  may demand performance (e.g. ,  a combination of  c r u i s i n g  speed, 
unre fue led  range ,  and hover t ime) beyond t h e  c a p a b i l i t y  of  conven- 
t i o n a l  (chemica l ly  fue l ed )  a i r c r a f t .  Relief from t h i s  s i t u a t i o n  might 
b e  provided by us ing  a nuclear'-pnwered VTOL a i r c r a f t  f o r  the most 
demanding i n t e r - c i t y  r o u t e s ,  



To t h e  b e s t  of t h e  a u t h o r s T  knowledge, no prev ious  s t u d y  o f  
t h i s  a l t e r n a t i v e  has  been r e p o r t e d .  Th i s  paper ,  t h e r e f o r e ,  p r e s e n t s  
a  p re l imina ry  a n a l y s i s  o f  t h e  performance c h a r a c t e r i s t i c s  of l a r g e  
n u c l e a r  VTOL a i r c r a f t .  P o t e n t i a l  a r e a s  o f  a p p l i c a t i o n  a r e  de r ived  
i n  an apgyoximate manner by comparing t h e  n u c l e a r  component weigh ts  
w i t h  t h e  chemical  f u e l  weight  of conven t iona l  VTOLTs. 

There a r e  a l s o  s e v e r a l  m i l i t a r y  miss ion requ i rements  t h a t  a 
n u c l e a r  VTOL might f u l f i l l .  Many s u r v e i l l a n c e  and search-and-rescue - miss ions  c a l l  f o r  long  r a n s e  coupled wi th  l a r g e  hover endurance.  
Th i s  i s  e s p e c i a l l y  t r u e  f o r  search-and-rescue miss ions  over d e s o l a t e  
and h o s t i l e  a r e a s  such a s  t h e  f r o z e n  was te lands  o f  t h e  Arctic. 

Three thermodynamic c y c l e s  f o r  t h e  lift engines  a r e  considered:  
(1) A hel ium Brayton tu rbo fan  c y c l e  (Sketch a)  - A i r  i s  compressed 
by a  f a n  and t h e n  s p l i t  i n t o  two s t reams .  One s t ream is simply 
expanded i n  a nozz l e  t o  g e n e r a t e  t h r u s t  whi le  t h e  o t h e r  i s  f u r t h e r  
compressed, hea t ed  by an a i r -he l ium h e a t  exchanger,  expanded th rough  
f a n  and compressor d r i v e  t u r b i n e s ,  and f i n a l l y  exhausted th rough  a  
nozz l e  t o  g e n e r a t e  a d d i t i o n a l  t h r u s t .  Helium i s  pumped from t h e  
r e a c t o r  t o  t h e  h e a t  exchanger and back t o  t h e  r e a c t o r .  (2) A l i q u i d  
me ta l  Rankine c y c l e  w i t h  duc t  h e a t i n g  by t h e  condenser (Sketch b) - 
A i r  i s  compressed by a  f a n ,  hea t ed  by a  l i q u i d  m e t a l - a i r  h e a t  
exchanger,  and expanded th rough  a  nozz l e  t o  produce t h r u s t .  Liquid  
me ta l  (potassium) i s  vapor ized  i n  t h e  r e a c t o r ,  expanded th rough  a  
t u r b i n e  t h a t  d r i v e s  the f a n ,  condensed i n  t h e  h e a t  exchanger and 
r e t u r n e d  t o  t h e  r e a c t o r .  (3) A l i q u i d  meta.1 Rankine c y c l e  w i t h  t h e  
condenser i n  t h e  wing (Sketch c) - This  c y c l e  i s  t h e  same a s  t h e  
p r e v i o u s  c y c l e  excep t  t h a t  t h e  l i q u i d  me ta l  condenser is  p l aced  i n  
t h e  a i r c r a f t  wing i n s t e a d  of t h e  f a n  duc t .  The condenser o p e r a t e s  
mainly by r a d i a t i o n  r a t h e r  t han  by convec t ion .  

Other  assumptions i nc lude :  (1) A g r o s s  weight  o f  1 0 0 0  000 
pounds f o r  most c a l c u l a t i o n s .  (2) A des ign  Mach number o f  0.8 a t  an 
a l t i t u d e  of  3 6  089 f ee t .  (3) A fan-in-wing l i f t  eng ine  con f igu ra t ion .  
(4) A crew r a d i a t i o n  dose r a t e  of  .0025 rem/hour a t  130 fee t  separa -  
t i o n .  For passenger  a p p l i c a t i o n s ,  t h e  passenger  a r e a s  a r e  c l o s e r  
t o  t h e  r e a c t o r  t h a n  t h e  crew, s o  t h e i r  dose r a t e  would be h i g h e r  t han  
t h i s .  But it i s  assumed t h a t  pas senge r s  would be  exposed f o r  s h o r t e r  
t imes  ( l e s s  f l i g h t s )  s o  t h a t  t h e i r  t o t a l  accumulated dose would be  
below recommended s t a n d a r d s .  (5) Cru i se  eng ines  a r e  t u rbo fan  Brayton 
types .  

* 

The concep tua l  des ign  of  t h e  a i r c r a f t  i s  shown i n  figure 1. This  
convent iona l ,  h igh  L/D c o n f i g u r a t i o n  i s  n o t  n e c e s s a r i l y  optimum f o r  
t h e  p r e s e n t  a p p l i c a t i o n ,  b u t  was chosen f o r  s i m p l i c i t y  and t o  f a c i l i -  
t a t e  comparisons w i t h  p rev ious  work. For one m i l l i o n  pounds g r o s s  
weight ,  t h e  o v e r a l l  dimensions o f  t h i s  a i r c r a f t  approximate t h o s e  of 
t h e  C5-A. 





SYMBOLS 

a r e a ,  f t  
2 

bypass  r a t i o  

wing mean aerodynamic chord  

s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e ,  BTU/(lb°F) 

t h r u s t ,  l b  

t h r u s t  t o  power r a t i o ,  lb/MW 

h e a t  exchanger  

2 c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  BTU/(hr f t  OF) 

t h e r m a l  c o n d u c t i v i t y ,  BTU/(hr f t 2  'F/ft) 

P r a n d t l  number, - C~ " 
k 

Reynolds number, a 
C1 

(P/P> t u r b  
t u r b i n e  p r e s s u r e  r a t i o  

f a n  p r e s s u r e  r a t i o  

compressor  p r e s s u r e  r a t i o  

h e a t  t r a n s f e r r e d  by condenser ,  MW 

h e a t  t r a n s f e r  a r e a  s u r f a c e  t e m p e r a t u r e ,  OR 

ambient  t e m p e r a t u r e ,  O R  T 
0 

TIP t u r b i n e  i n l e t  p r e s s u r e  

TIT 

U 

t u r b i n e  i n l e t  t e m p e r a t u r e ,  O R  

v e l o c i t y  of a i r  o v e r  wing, f t /sec 

weigh t ,  l b s  

v i s c o s i t y ,  l b / ( h r  f t )  

a i r  d e n s i t y ,  l b / f t  3 



str 

VTOL 

a d i a b a t i c  f a n  e f f i c i e n c y  

a d i a b a t i c  t u r b i n e  e f f i c i e n c y  

2 4 Stefan-B~bltzmann cons tan t ,  1 .713x10-~ BTU/(ft hrOR ) 

Subsc r ip t s  

c r u i s e  

engine 

g ross  

hea t  exchanger 

payload 

r e a c t o r  p l u s  s h i e l d  

s t r u c t u r e  

v e r t i c a l  t akeof f  and landing  

ANALYSIS 

Payload equat ions  may be w r i t t e n  f o r  each of t h e  t h r e e  engine 
cyc le  types  by a t t r i b u t i n g  t h e  a i r c r a f t ' s  non-payload weight t o  appro- 
p r i a t e  subsystems. The subsystem weight d iscuss ion  t h a t  fo l lows  i s  
broken down i n t o  t h r e e  s e p a r a t e  sect ions--each dea l ing  wi th  a p a r t i -  
c u l a r  engine cyc le  type .  

Rankine Cycle With Condenser-in-Wing Design 

I n  t h i s  design,  a l l  t h e  condensers a r e  assumed t o  be an i n t e g r a l  , 

p a r t  of t h e  wing s t r u c t u r e .  Heat rsmoval t a k e s  p lace  by both r ad ia -  
i 

t i o n  and convection processes .  The h ighes t  h e a t  load occurs  during * 

l i f t o f f  and letdown when t h e  r e a c t o r  i s  opera t ing  a t  o r  near  peak I 
i 

power. Unfortunately,  t h e  convective h e a t  t r a n s f e r  c o e f f i c i e n t  i s  a t  
a minimum dur ing  t h e s e  phases s i n c e  t h e  f l i g h t  v e l o c i t y  is  nea r  zero.  
This  mismatch r e s u l t s  i n  a h e a t  t r ans fe rd  a rea  requirement s u b s t a n t i a l l y  : 
i n  excess o f  t h e  aerodynamic wing area  requirement. Thus, t h e  wing 
a r e a  i s  "oversizedTr t o  accommodate t h e  condenser-in-wing concept. 



For payload computat ional  purposes ,  t h e  a i r c r a f t  i s  assumed t o  
be  composed o f  s t r u c t u r e ,  r e a c t o r  and s h i e l d ,  VTOL engines ,  c r u i s e  
eng ines ,  and payload.  Thus, t h e  payload equa t ion  f o r  t h i s  system 
is: 

W L = W  - W  str - - W  eng, VTOL .- W 
g eng, c 

The re1 ,a t ionsh ip  used t o  p r e d i c t  t h e  t o t a l  a i r c r a f t  s t r u c t u r e  weight  
is: 

This  equa t ion  re f lec t s  t h e  r e s u l t s  o f  r e f e r e n c e  2 t h a t  showed t h a t  
about  11 p e r c e n t  of  t h e  a i r c r a f t  weight  was a t t r i b u t a b l e  t o  t h e  wing 
s t r u c t u r e  and t h a t  wing weight  v a r i e d  a s  t h e  0.54 power of t h e  a r e a  
f o r  v e r y  l a r g e  wings. The c o n s t a n t  11 750 is  a r e f e r e n c e  wing a r e a  
t h a t  causes  Wstr t o  have a va lue  o f  0.35 W a t  t h e  s e l e c t e d  des ign  
p o i n t  o f  0.8 Mach number, 3 6  089 fee t  a l t i  f ude, and a g r o s s  weight  o f  
one m i l l i o n  pounds. (The sane  v a l u e  w i l l  be used f o r  t h e  o t h e r  two 
c y c l e s . )  S t r u c t u r e  weight  i n c l u d e s  equipment and many subsystems such 
a s  i n s t rumen ta t ion ,  c o n t r o l  system, g a l l e y s ,  wi r ing ,  e tc .  The v a l u e  
o f  0.35 Wg was ob ta ined  from r e f e r e n c e  2 which i n c l u d e s  a l lowances  
f o r  s p e c i a l  f e a t u r e s  n o t  r e q u i r e d  f o r  VTOL o p e r a t i o n .  However, t h e  
a l lowances  a r e  cons idered  t o  be an even t r a d e  w i t h  t h e  more demanding 
c o n t r o l  system requi rements  a s s o c i a t e d  w i t h  VTOL f l i g h t .  No weight  
p e n a l t y  i s  inc luded  h e r e  t o  account  f o r  t h e  l i f t  f a n  h o l e s  i n  t h e  
wing. Th i s  could add 12-30 p e r c e n t  t o  t h e  wing weight .  Equat ion (2) 
a l s o  i m p l i e s  t h e  f u r t h e r ,  and perhaps  deba tab le ,  assumptions t h a t  a 
hybr id  condenser-in-wing s t r u c t u r e  would weigh t h e  same a s  a conven- 
t i o n a l  wing s t r u c t u r e ,  and t h a t  t h e  condenser/wing s u r f a c e s  do n o t  
i n t e r f e r e  w i t h  t h e  l i f t  f a n s  i n  the wing. 

The h e a t  t r a n s f e r  a r ea ,  A w i n g ,  Was c a l c u l a t e d  wi th  s i m p l i f i e d  
r e l a t i o n s h i p s  a s  fo l lows .  Assume t h a t  t h e  wing is  a f l a t  p l a t e  w i t h  
b o t h  s u r f a c e s  a t  t empera ture  T and r a d i a t e s  a s  a b l a c k  body, t h e  
a i r  and ground a r e  a t  ambiefit t empera ture  To and a r e  n o n r a d i a t i n g .  

The h e a t  t r a n s f e r r e d  p e r  u n i t  a r e a  is: 

=t 4 
2A = U T  + h ( T -  To) 

wing 

where, from r e f e r e n c e  3 ,  

k 1/3 0.8  
h = 0.036 Np, N ~ e  

( forced  convection) 



h = 0.22 (T - To) 
1./3 

( f r e e  c o n v e c t i o ~ )  (5) 

The hea t  t r a n s f e r r e d  per  u n i t  a r e a  is  shown i n  f i g u r e  2 a s  a fu11c-tion 
of  t h e  s u r f a c e  temperature T. The dashed curve i s  f o r  r a d i a t i o n  h e a t  
t r a n s f e r  only  ( f i r s t  term of equat ion (3)), and t h e  s o l i d  curves 
r e p r e s e n t  both  r a d i a t i o n  and convect ive h e a t  t r a n s f e r  f o r  va r ious  
f l i g h t  v e l o c i t i e s .  VTOL opera t ion  corresponds t o  near zero  f l i g h t  
speed. The 50 and 100 f t / s  f l i g h t  speed curves  a r e  displayed mainly 
f o r  comparison wi th  STOL opera t ion .  The f i g u r e  shows t h a t  most of 
t h e  h e a t  i s  t r a n s f e r r e d  by r a d i a t i o n ;  and, the re fo re ,  high condensa- 
t i o n  temperatures a r e  r equ i red  t o  reduce t h e  h igh  su r face  a rea  
requirements.  

The weight of t h e  r e a c t o r  and s h i e l d  (Wrcs) was taken  t o  be: 

where t h e  i n s t a l l e d  power was assumed t o  be 1 .1 t imes  t h e  ze ro  acce lera-  
t i o n  power p l u s  a 6 percent  power allowance f o r  Liquid metal  pumps. For 
a helium-cooled thermal  r e a c t o r ,  equat ion  (6) i s  a curve f i t  t o  t h e  
combination heavy-metal and water s h i e l d  da ta  shown i n  f i g u r e  3 .  This  
f i g u r e  i s  based on data i n  re ference  2.  The higher  exponent (0.582) 
than t h a t  used i n  r e f e r e n c e  2 (0.4) i s  a r e s u l t  of t h e  very h igh  power 
l e v e l s  involved.  t high power l e v e l s ,  t h e  r e a c t o r  core  weight 
becomes a si n i f i c a n t  p a r t  of t h e  e n t i r e  system wei h t  s i n c e  it v a r i e s  
a s  (Power) 1.8 while s h i e l d  weight v a r i e s  a s  (Power)fi-4. Liquid metal  
r e a c t o r s  would probably n o t  d i f f e r  s i g n i f i c a n t l y  i n  s i z e  o r  weight 
from helium systems according t o  r e fe rence  4. 

The VTOL engine weight (Weng, VTOL) was c a l c u l a t e d  by assuming 
t h a t  t h e  e r ~ g i n e  thrust-weight  r a t i o  was e i t h e r  15  o r  20. L i f t  engines  
wi th  thrust-weight  r a t i o s  of 15 have a l r eady  been run while 20 t o  1 
engines  a r e  c u r r e n t l y  be ing  developed. A l t h o ~ ~ g h  t h e s e  numbers r e a l l y  
r e p r e s e n t  Brayton cyc le  engines, they  were taken t o  r e p r e s e n t  t h e  
Rankine cyc le  engines a s  well. because s i m i l a r  d a t a  f o r  t h e  Rankine 
engines  i s  lacking.  This assumption i s  judged t o  be not  c r i t i c a l  
s i n c e  t h e  VTOL engines account f o r  only about 6 percent  of t h e  gross  
weight.  

The c r u i s e  engine weight Weng,c was taken from re fe rence  2 
(which used c r u i s e  s i z i n g  of t h e  engines) a t  t h e  prescr ibed  design 
p o i n t  and i s  0.075 W . This  impl ies  t h a t  t h e  c r u i s e  engines a r e  of 
t h e  Brayton type o r , g a l t e r n a t i v e l y ,  t h a t  t h e  Rankine and Brayton 
engine weights a r e  comparable, Furthermore, it i s  o p t i m i s t i c  f o r  
t h i s  case  i f  t h e  wing area  is s u b s t a n t i a l l y  l a r g e r  than t h e  re ference  



a r e a  o f  11 750 squa re  fee t .  Th i s  is  because t h e  a i r p l a n e  d r a g  w i l l  
i n c r e a s e  a s  A w i n g  i n c r e a s e s ;  afid, hence, more t h r u s t  and engine  
weight w i l l  be  r e q u i r e d  than  t h a t  used t o  o b t a i n  t h e  above number. 
A s  w i l l  be seen  l a t e r ,  t h e  co~idenser- in-wing des ign  h a s  r a t h e r  poor 
performance; and, t h e r e f o r e ,  t h e  above optimism s t r e n g t h e n s  t h i s  
conclus ion.  

Rankine Cycle With Duct Heating 

I n s t e a d  of  p l a c i n g  t h e  condenser w i t h i n  t h e  wing, t h i s  system 
employs condensers  w i t h i n  t h e  eng ine  d u c t s  downstream of t h e  f a n s .  
This  scheme a l lows  f o r  less h e a t  exchanger s u r f a c e  a r e a  due t o  the  
f o r c e d  convect ion of  t h e  f a n s  and a l s o  i n c r e a s e s  t h e  t h r u s t  o f  t h e  
eng ines  provided t h e  a i r - s i d e  p r e s s u r e  drop i s  n o t  t o o  g r e a t .  

The a i r c r a f t  i s  assumed t o  be  composed of  s t r u c t u r e ,  r e a c t o r  
and s h i e l d ,  VTOL engines ,  c r u i s e  eng ines ,  VTOL h e a t  exchangers,  
c r u i s e  h e a t  exchangers,  and payload.  

Thus, the payload equa t ion  f o r  t h i s  system is:  

W L = W  - W  - W  - W  
g str r3.s eng, VTOL eng, c - w ~ , v ~ o ~  W C  (7) 

- W  - W  

The s t r u c t u r ?  weight is assumed t o  be  35 p e r c e n t  of t h e  v e h i c l e  g r o s s  
weight which i s  c o n s i s t e n t  w i t h  t h e  p reced ing  case .  The r e a c t o r - . s h i e l d  
and engine  weigh ts  a r e  c a l c u l a t e d  a s  b e f o r e  f o r  t h e  condenser-in-wing 
des ign.  The c r u i s e  engine  h e a t  exchanger weight  W H ~ , c  was t aken  t o  
be 5 p e r c e n t  of t h e  g ros s  weight  ( r e f .  2), The l i f t  eng ine  h e a t  
exchanger (condenser) weight  W ~ , V T O L  was c a l c u l a t e d  w i t h  a Lewis 
Research Center  computer code. E s s e n t i a l l y ,  t h e  h e a t  exchanger weight  
was t.:.cL,n t o  be t h 2  computed t u b e  bundle weight  p l u s  a  20 p e r c e n t  
suppor t  s t r u c t u r e  al lowance.  

Brayton- Turbofan Cyc1.e 

The payload equa t ion  f o r  t h i s  system is: 

W L = W  - W  - W  - w - w - str eng, VTOL eng ,c  'HX,VTOL 
-- W 

!3 rys HI, c 
- W 

d u c t s  

The subsystem weight  assumptions f o r  t h i s  system a r e  i d e n t i c a l  t o  t h o s e  
f o r  the duct-heated Rankine system w i t h  t h e  excep t ion  o f  t h e  l i f t  
engine  h e a t  exchanger weight .  The l a t t e r  was c a l c u l a t e d  by an approxi- 
mation f o r  t h e  h e a t  exchanger weigh ts  determined i n  r e f e r e n c e  2 ;  namely, 



W ~ ,  VTOL = 57 (Power, MW) + 300 

Although one might expect W VTOL t o  be a func t ion  of bypass r a t i o ,  
t u r b i n e  i n l e t  temperatures a 3 ' t o t a l  p ressu re  r a t i o ,  t r a d e o f f  s t u d i e s  
revea led  t h a t  i f  t h e s e  v a r i a b l e s  a r e  optimized, equat ion (9) ho lds  
f a i r l y  w e l l .  A weight allowance was a l s o  made f o r  t h e  h i g h  p ressu re  
d u c t s  t h a t  conduct helium from t h e  r e a c t o r  t o  t h e  c r u i s e  engines .  
Th i s  allowance Wducts i s  taken from reference  2 and is 2 percent  of  
t h e  g ross  weight. 

With t h e  above assumptions, a l l  t h a t  i s  necessary t o  c a l c u l a t e  
payload numbers is  a r e a c t o r  power l e v e l  computation. Power was mini- 
mized i n  t h e  Brayton turbofan cyc le  c a l c u l a t i o n s  by opt imizing t h e  f a n  
p ressu re  r a t i o  and o v e r a l l  p ressu re  r a t i o  fort s p e c i f i e d  va lues  of  
bypass r a t i o  and t u r b i n e  i n l e t  temperature.  The r e a c t o r  average w a l l  
temperatwe was 2160' F. The Rankine thermodynamic c a l c u l a t i o n s  were 
done mostly f o r  potassium wi th  an 1800' F t u r b i n e  i n l e t  temperature 
(TIT) and r e p r e s e n t  equiva lent  technology l e v e l  a s  t h e  Brayton cyc le .  
The t u r b i n e  e f f i c i e n c y  and expai~sion r a t i o  were va r i ed  pa ramet r i ca l ly .  

RESULTS 

Brayton Cycle 

Figure 4 shows how payload v a r i e s  with  BPR f o r  t h e  helium turbo- 
f a n  cyc le .  Turbine i n l e t  temperature and F/Weng VTOL a r e  a l s o  
parameters.  While t h e s e  parameters seem t o  a f f e c t  payload s t r o n g l y  
on t h e  p l o t  f o r  one m i l l i o n  pound a i r c r a f t ,  they a r e  r e a l l y  much more 
i n s e n s i t i v e  parameters when l a r g e r  gross  weights a r e  considered.  The 
important  po in t  is t h a t  even a t  h igh  va lues  of t u r b i n e  i n l e t  tempera- 
ture and extremely high bypass r a t i o s ,  t h e  payload r a t i o  i s  q u i t e  
small--Less than 5 percent  f o r  a one mi l l ion  pound a i r c r a f t .  

The optimum fan p ressu re  r a t i o s ,  o v e r a l l  p r - s su re  r a t i o s ,  and 
power l e v e l s  a r e  displayed on f i g u r e s  5 and 6 a s  func t ions  of  bypass 
r a t i o .  I n  p a r t i c u l a r ,  it i s  evident  t h a t  q u i t e  h igh  bypass r a t i o s  
a r e  des i r ed  i n  order  t o  reduce t h e  very  high power requirement 
(-1000 MW)--provided t h e r e  i s  no s i g n i f i c a n t  decrease i n  F/Weng, VTOL 

Rankine Cycles 

Under t h e  p resen t  assumptions (which a r e  a l r eady  o p t i m i s t i c  f o r  
t h e  Rankine cyc les  (see comnents on pages 4, 5, and 61, n e i t h e r  of 
t h e  Rankine cyc les  yielded a p o s i t i v e  payload a t  a g ross  weight of  
one m i l l i o n  pounds. The c a l c u l a t i o n s  and t r a d e o f f s  involved i n  



r e a c h i n g  t h i s  conc lus ion  a r e  d i scus sed  i n  appendix A .  I n  essence ,  
ex t remely  low l i f t  f a n  p r e s s u r e  r a t i o s  and, hence, ve ry  l a r g e  d ia -  
meter f a n s  a r e  r e q u i r e d  i n  e z t h e r  ca se .  Thus, t h e r e  is an enormous 
VTOL h e a t  exchanger weight  p e n a l t y  f o r  t h e  duct-heated v e r s i o n .  
For t h e  condenser-in-wing approach, h e a t  t r a n s f e r  a r e a  requ i rements  
d i c t a t e  a  wing t h a t  is ove r s i zed  by n e a r l y  an o rde r  of magnitude. 
T h i s  b r i n g s  about  a  l a r g e  s t r u c t u r a l  weight  p e n a l t y  a l s o .  I n  e i t h e r  
case ,  t h e  weight  p e n a l t i e s  exceeded t h e  payload c a p a c i t y  o f  t h e  a i r -  
p l a n e  even wi thout  cons ide r ing  t h e  lower aerodynamic e f f i c i e n c y  
i n h e r e n t  i n  t h e s e  c o n f i g u r a t i o n s .  

Effect o f  Gross Weight 

F igure  7  shows t h e  v a r i a t i o n  of payload w i t h  a i r c r a f t  g r o s s  
weight  f o r  t h r e e  d i f f e r e n t  nuc l ea r  p ropu l s ion  systems.  The s o l i d  
curve  r e p r e s e n t s  an advanced tu rbo fan  cyc l e  o f  bypass r a t i o  e q u a l  
t o  30 and a  1740° F t u r b i n e  i n l e t  temperature .  The broken l i n e s  
r e p r e s e n t  duct-heated Rankine c y c l e s  w i t h  assumed v a l u e s  o f  
t empera ture  and p r e s s u r e .  The t o p  broken l i n e  i s  f o r  a  1 p e r c e n t  
a j - r - s ide  p r e s s u r e  drop a c r o s s  t h e  duc t  h e a t  exchanger (condenser j ,  
wh i l e  t h e  bottom l i n e  i s  f o r  a 2 p e r c e n t  p r e s s u r e  drop. The optimum 
f a n  p r e s s u r e  r a t i o s  a s s o c i a t e d  w i t h  t h e s e  cu rves  a r e  q u i t e  low (e.g.,  
1 .02 t o  1 .06) .  I t  i s  immediately appa ren t  t h a t  t h e  ground r u l e  
v a l u e  of  one m i l l i o n   pound^, g r o s s  weight  is n o t  an a t t r a c t i v e  one. 
The payload r a t i o  i s  o n l y  2 1/2 p e r c e n t  f o r  t h e  Brayton c y c l e  a i r -  
c r a f t  and i s  n e g a t i v e  f o r  a  Rankine c y c l e .  The payload r a t i o  f o r  
t h e  Brayton c y c l e  VTOL rises t o  10 p e r c e n t  f o r  a  two m i l l i o n  pound 
a i r c r a f t ,  t o  16  p e r c e n t  f o r  a  f i v e  rn i l l i6n  pound a i r c r a f t ,  and t o  
2 8  p e r c e n t  f o r  a  t e n  m i l l i o n  pound a i r c r a f t .  F igure  7 a l s o  i n d i c a t e s  
t h a t  t h e  Rankine c y c l e  i s  n o t  t h e  b e s t  s u i t e d  f o r  t h i s  a p p l i c a t i o n .  
Besides  d e l i v e r i n g  less payload than  t h e  t u rbo fan  c y c l e s ,  it may 
be d i f f i c u l t  t o  des ign  duc t  condensers  having such  low a i r - s i d e  
p r e s s u r e  d rops  a s  1 -2  p e r c e n t .  

The b a r  c h a r t  of curnponent weigh ts  on f i g u r e  8 i n d i c a t e s  why 
t h e  Brayton c y c l e  t u rbo fan  shows b e t t e r  performance than  e i ther  of  t h e  
Rankine c y c l e s  i n  f i g u r e  7. It i s  t h e  r e l a t i v e l y  l a r g e  VTOL h e a t  
exchanger weight  caused by low c y c l e  p r e s s u r e  of t h e  Rankine system. 
(Ra is ing  t h e  c y c l e  p r e s s u r e  lowers t h e  h e a t  exchanger weight  b u t  
incjreases t h e  r e a c t o r -  s h i e l d  weight  even more. ) The condenser- in -  
wing system i s  a l s o  r e p r e s e n t e d  on f i g u r e  8. Its h igh  s t r u c t u r e  
weight ,  caused by o v e r s i z i n g  t h e  wing t o  accommodate condenser a r e a  
requirements ,  e l i m i n a t e d  any payload f o r  t h e  one m i l l i o n  pound s i z e  
a i r c r a f t .  

The b e t t e r  performance p o t e n t i a l  o f  l a r g e  s i z e d  VTOL n u c l e a r  
a i r c r a f t  is a l s o  seen  i n  f i g u r e  9 which shows t h a t  t h e  reason  f o r  



i n c r e a s e d  payload r a t i o  i s  a  r e s u l t  of  decreased  r e a c t o r  and s h i e l d  
r a t i o s  ( r e c a l l  t h a t  WHs ( ~ o w e r ) 0 * 5 8 2 ) .  

E f f e c t  of S t r u c t u r e  Weight 

Reduct ions  i n  t h e  l a r g e  Wst- would h e l p  i n c r e a s e  WL. To t h e  
e x t e n t  t h a t  ' the l a r g e  W s t r  i s  a s s o c i a t e d  w i t h  t h e  h i g h  c r u i s e  L/D, 
we have an unusua l  o p p o r t u n i t y  t o  b e t t e r  t h e  s i t u a t i o n  by p i c k i n g  an 
unconventional.  a i r f r ame  w i t h  low Wstr even a t  t h e  expense of  low 
L/D. No i n c r e a s e  i n  t h e  W*s i s  the reby  r e q u i r e d  s i n c e  on ly  a  
sma l l  p a r t  o f  t h e  i n s t a l l e d  VTOL-required power i s  p r e s e n t l y  needed 
f o r  c r u i s e ;  a l s o ,  of course ,  t h e  n u c l e a r  a i r p l a n e  does n o t  s u f f e r  
an i n c r e a ~ e  i n  f u e l  consumption a s  a  r e s u l t  of  t h e  low L/D. F igu re  
10 shows t h e  t r a d e o f f  betweeii c r u i s e  L/D and s t r u c t u r e  weight f o r  
c o n s t a n t  payload.  If a  s t r u c t u r e  can be b u i l t ,  whose s t r u c t u r e  r a t i o  
Lies  below t h e  t r a d e o f f  curve ,  t hen  a  payload i n c r e a s e  i s  p o s s i b l e  a t  
reduced L/D. 

Fans, P r o p e l l e r s ,  Rotors ,  and A u x i l i a r y  Systems 
... 

S i n c e  t h e  most a t t r a c t i v e  sys tems ' fo r  n u c l e a r  VTOL i n v a r i a b l y  
t u r n  o u t  t o  halve v e r y  low p r e s s u r e  r a t i o  "fans," it i s  of  some i n t e r e s t  
t o  determine t o  what c l a s s  o f  p ropu l s ion  d e v i c e s  t h e s e  systems belong.  
It is  recognized  t h a t  such c l a s s i f i c a t i o n  i s  somewhat academic and 
t h a t  t h e r e  a l s o  a r e  v a r i o u s  c r i t e r i a  f o r  s e p a r a t i n g  such d e v i c e s  
i n t o  c l a s s e s .  Never the less ,  figure 11 shows a  rough breakdown of 
such c l a s s e s ,  a cco rd ing  t o  t h e i r  bypass r a t i o .  From t h i s  s t a n d p o i n t ,  
t h e  n u c l e a r  l i f t  e n g i r ~ e s  t end  toward shrouded props  and h e l i c o p t e r  
t y p e  r o t o r b s  f o r  maximum payloads .  

Comparison With Chemical VTOL 

I t  i s  e v i d e n t  from f i g u r e  7 t h a t  a  n u c l e a r  VTOL s a c r i f i c e s  sub- 
s t a n t i a l  payload c a p a b i l i t y  to g a i n  un l imi ted  hover t i m e  and r ange  
i n  r e l a t i o n  t o  a  chemical  VTOL. This  i s  e s p e c i a l l y  t r u e  f o r  t h e  
s m a l l e r  a i r c r a f t  of one m i l l i o n  pounds where t h e  payload i.s o n l y  
25  000 pounds. Cons ider ing  t h a t  t h e  two m i l l i o n  pound VTOL h a s  t e n  
t imes  th i s  payload c a p a b i l i t y ,  it i s  probable  t h a t  nuc l ea r  VTOL a i r -  
c r a f t  would n o t  be b u i l t  f o r  less  t h a n  two m i l l i o n  pounds. 

The p o t e n t i a l  a r e a s  o f  i n t e r e s t  f o r  n u c l e a r  VTOL a i r c r a f t  a r e  
de f ined  i n  f i g u r e  12 i n  terms of range,  hover t i m e ,  and g r o s s  weight .  
Lines  o f  cons t an t  g r o s s  weight  a r e  p l o t t e d  i n  terms of  range and 
hover t ime such t h a t  t h e  r e g i o n  above a  l i n e  i s  f a v o r a b l e  t o  n u c l e a r  
VTOL and t h e  r e g i o n  below t h e  l i n e  is  f a v o r a b l e  t o  chemical  VTOL* 
 ere, f a v o r a b l e  i s  used t o  mean t h a t  h ighe r  payload c a ~ a b i l i t y  is  
p o s s i b l e .  These l i n e s  were c a l c u l a t e d  by e q u a t i n g  t h e  n u c l e a r  



powerplant  weight  of t h e  n u c l e a r  VTOL t o  t h e  chemical  f u e l  weight  of  
t h e  chemical  VTOL. This  f i g u r e  i n d i c a t e s  t h a t  t h e  nuc lea r  VTOL is  
a t t r a c t i v e  f o r  r anges  g r e a t e r  than  4000-5000 mi les  r e g a r d l e s s  o f  
hover t ime  requi rements .  I t  a l s o  i s  a t t r a c t i v e  f o r  hover t ime  
requi rements  exceeding one hour f o r  s h o r t  range (1000 mi les )  miss ions .  
However, such long hover t ime  requi rements  a r e  more c h a r a c t e r i s t i c  
o f  l a r g e - s c a l e  search-and-rescue o r  s u r v e i l l a n c e  miss ions  t h a n  
commercial t r a n s p o r t a t i o n .  

A hybr id  chemical-nuclear  VTOL might a l s o  be considered f o r  
s h o r t  'hover t ime  requi rements .  For i n s t a n c e ,  i f  n u c l e a r  power were 
used on ly  f o r  t h e  c r u i s e  p o r t i o n  of  f l i g h t  and 20 minutes of  chemical  
f u e l  hover d u r a t i o n  i s  r e q u i r e d ,  t hen  t h e  one m i l l i o n  pound c r a f t  
payload would be 125 000 pounds. T h i s  i s  f i v e  t imes  t h e  a l l - n u c l e a r  
VTOL payload f o r  t h i s  g r o s s  weight .  For h igher  g r o s s  weights ,  t h e  
e f f e c t  would n o t  be  n e a r l y  s o  dramat ic .  

Another p o s s i b i l i t y  i s  t h e  use of  s h o r t  du ra t ion  r e a c t o r  opera- 
t i o n  a t  power l e v e l s  cons ide rab ly  above t h e  des ign p o i n t .  If t h e  
r e a c t o r  and s h i e l d  assembly were des igned f o r  c r u i s e  power l e v e l s  
b u t  could s a f e l y  o p e r a t e  a t  VTOL power l e v e l s  f o r  s h o r t  t imes ,  t h e n  
a ve ry  l a r g e  i n c r e a s e  i n  payload would r e s u l t .  This  would l i m i t  t h e  
hover t ime,  however, t o  r e l a t i v e l y  s h o r t  p e r i o d s .  

CONCLUDING REMARKS 

While such a  p re l iminary  a n a l y s i s  a s  t h i s  l a c k s  numer ica l  p r e c i s e -  
n e s s ,  t h e  t r e n d s  i n d i c a t e d  should be v a l i d .  For i n s t a n c e ,  u n c e r t a i n t y  
i n  t h e  weight  e s t i m a t e s  f o r  the one m i l l i o n  pound a i r p l a n e  i s  probably  
a s  l a r g e  a s  t h e  c a l c u l a t e d  payloads .  However, f o r  l a r g e r  g r o s s  weights  
t h e  payload r a t i o  i n c r e a s e s  r ap id ly . .  The s t r u c t u r e  r a t i o  o f  35 per -  
c e n t  r z p r e s e n t s  a  f a i r l y  conse rva t ive  e s t i m a t e ,  t h e  range  of  p re sen t -  
day j e t s  be ing  between 3 0  and 38 p e r c e n t .  Th i s  conservat ism does no t  
r e f l e c t  t h e  growing use of  xew l i g h t e r ,  s t r o n g e r  composites which could  
s i g n i f i c a n t l y  reduce  t h e  weight .  Moderate weight  s av ings  i n  s t r u c t u r e  
could produce s i z a b l e  i n c r e a s e s  i n  payload;  b u t  l a r g e  payload p e n a l t i e s  
could  be i n c u r r e d  i f  t h e  des ign  th rus t -weight  margin were i n c r e a s e d  
from 10 t o  20 p e r c e n t  o r  s a f e t y  hazard weight p e n a l t i e s  were inc luded .  

An impor tan t  economic f a c t o r  is  t h e  development c o s t  of  such a  
system. The nuc lea r  system would invo lve  f a r  g r e a t e r  development 
c o s t  un le s s  well-developed n u c l e a r  systems become a v a i l a b l e  from o t h e r  
requi rements .  O f  perhaps  o v e r r i d i n g  importance i n  t h i s  a p p l i c a t i o n  
i s  t h e  s a f e t y  a s p e c t .  Nuclear d i s a s t e r  danger - -e i ther  r e a l  o r  imagined-- 
could  e a s i l y  p revent  nuc lea r  VTOL a i r c r a f t  from o p e r a t i n g  w i t h i n  
dense ly  populated a r e a s .  I n  t h i s  r ega rd ,  t h e  hybr id  p ropu l s ion  con- 
c e p t  seems noteworthy. I t  l a r g e l y  e l i m i n a t e s  s e r i o u s  nuc lea r  danger 



b y  t h e  e l i m i n a t i o n  o f  nuc lea r  o p e r a t i o n  i n  c l o s e  prox imi ty  t o  t h e  
ground and a l s o  p rov ides  good payload c a p a b i l i t y .  However, it has  
poor mul t i - s top  c a p a b i l i t y  fo r  pickup and d i scha rge  purposes.  The 
fo l lowing  t a b l e  summarizes t h e  miss ion advantages and d i sadvantages  
o f  t h e s e  t h r e e  powerplant  t y p e s .  

Advantages Disadvantages 

Chemica 1 High payload c a p a c i t y  f o r  Limited hover endurance 
a l l  g r o s s  weights .  and range ; mul t i - s top  

c a p a b i l i t y  reduces  pay- 
load and/or range.  

Nuclear 

Hybrid 

Unlimited hover endurance Se r ious  nuc lea r  hazards ;  
and range ; mul t i - s top  low payload c a p a c i t y  
c a p a b i l i t y  wi thout  p e n a l t y .  u n l e s s  ve ry  h i g h  g r o s s  

weights  a r e  u t i l i z e d .  

Unlimited range,  moderate ly  Moderate nuc lea r  hazards ,  
h igh  payload c a p a c i t y .  l i m i t e d  hover endurance;  

mul t i -  s t o p  c a p a b i l i t y  
reduces  payload.  

The fo l lowing  conc lus ions  may be  drawn from t h i s  s tudy:  

1. Gross weight  i s  t h e  most s i g n i f i c a n t  parameter  i n  de te rmin ing  
t h e  r e l a t i v e  performance of nuclear-powered VTOL a i r c r a f t .  Payload 
f r a c t i o n  f o r  t h e  Brayton c y c l e  i n c r e a s e s  from 2 .5  p e r c e n t  a t  a  g r o s s  
weight  of  one m i l l i o n  pounds t o  2 8  p e r c e n t  a t  a  g r o s s  weight  o f  10 
m i l l i o n  pounds. 

2 .  The Rankine c y c l e  does n o t  o f f e r  a s  much p ~ t e n t i a l  i n  terms 
o f  payload a s  t h e  hel ium o r  l i q u i d  me ta l  t u rbo fan  cyc le s .  Th i s  conclu- 
s i o n  r e s u l t s  from t h e  much more compact a i r -he l ium (or a i r - l i q u i d  
meta l )  h e a t  exchangers i n h e r e n t  i n  t h e  h igh  cyc le  p r e s s u r e  tu rbo fans .  
Using cesium i n s t e a d  of  potass ium i n  t h e  Rankine c y c l e  would n o t  a l t e r  
t h 2 s  conclus ion,  a l though  t u r b i n e  des ign  problems might be somewhat 
a l l e v i a t e d .  

3 .  S u b s t i t u t i n g  a l i q u i d  me ta l  f o r  hel ium i n  t h e  Brayton cyc le  
t u rbo fan  might be b e n e f i c i a l ,  b u t  o n l y  s m a l l  improvements, i f  any, a r e  
expected.  This  is  because  p o t e n t i a l  weight  s av ings  a r e  cen te red  about  
t h e  hea t  exchangers which a r e  r e l a t i v e l y  s m a l l  weight  i tems.  Also, 
it might be  neces sa ry  t o  s h i e l d  t h e  l i q u i d  me ta l  t o  l i q u i d  me ta l  h e a t  
exchangers of  t h e  a d d i t i o n a l  f l u i d  loop involved w i t h  l i q u i d  meta l  
systenis.  

4. For maximum payload, a l l  systems cons idered  tended toward 
low f a n  p r e s s u r e  r a t i o s  and, hence, l a r g e  f a n  d iameters  f o r  the l i f t  



engines .  A t  some p o i n t ,  t h e  systems become l i m i t e d  by f a n  s i z e .  
Appropr ia te  p e n a l t i e s  f o r  l a r g e  f a n  s i z e  were n o t  cons idered  f o r  
t r a d e o f f  i n  t h i s  s tudy .  

5. S p e c i f i c  mission requi rements  f o r  VTOL a i r c r a f t  d i c t a t e  t h e  
choice  o f  powerplant t ype .  If payload capaci . ty is of  prime importance 
and s h o r t  range and hover t imes  a r e  accep tab le ,  then  t h e  chemical  
VTOL a i r c r a f t  i s  b e s t  s u i t e d  f o r  t h e  a p p l i c a t i o n .  But many c u r r e n t  
mass t r a n s p o r t a t i a n  requi rements  do n o t  f a l l  i n t o  t h i s  ca tegory .  
The c a p a b i l i t y  f o r  economical and r a p i d  i n t e r - c i t y  t r a n s f e r  t o  
s e v e r a l  c l o s e l y  spaced c i t y  c e n t e r s  i s  s o r e l y  needed a t  p r e s e n t .  
If many t a k e o f f s  and l and ings  a r e  r e q u i r e d ,  t h e n  hover ing  t i m e  could 
i n c r e a s e  t o  t h e  p o i n t  where a nuc lea r  VTOL becomes a t t r a c t i v e .  So 
t h e  a t t r a c t i v e n e s s  of nuc lea r  VTOL t o  commercial i n t e r - c i t y  t r a n s p o r t  
appl icat i .on depends c r i t i c a l l y  upon t h e  number of  unrefue led  s t o p s  
p e r  f l i g h t .  

Lewis Research Center ,  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion ,  

Cleveland,  Ohio, December 17 ,  1968, 
789-50-01-01-22. 



APPENDIX A 

RANKINE CYCLE RESULTS 

P o s i t i v e  pay loads  were no t  ob t a ined  f o r  e i t h e r  Rankine c y c l e  
a t  one m i l l i o n  pounds g r o s s  weigh t .  Cycle performance i s  p r e s e n t e d  
on f i g u r e  13 i n  terms of t h r u s t  p e r  u n i t  r e a c t o r  power (F/P) a s  a  
f u n c t i o n  of  f a n  p r e s s u r e  r a t i o .  Under t h e  given ground r u l e s ,  maxi- 
mizing F/P is e q u i v a l e n t  t o  maximizing t h e  payload.  The d o t t e d  
curve  r e p r e s e n t s  t h e  condenser-in-wing des ign ,  whi le  t h e  s o l i d  curves  
a r e  f o r  duc t -hea t ing  a t  v a r i o u s  v a l u e s  o f  a i r - s i d e  p r e s s u r e  drop 
a c r o s s  t h e  condenser .  I n  e i t h e r  ca se ,  it i s  c l e a r  t h a t  ve ry  low f a n  
p r e s s u r e  r a t i o s  reduce  t h e  power requirement  and, hence, t h e  r e a c t o r  
and s h i e l d  weight .  There a r e  c e r t a i n  p r a c t i c a l  des ign  c o n s t r a i n t s ,  
however, t h a t  p r even t  use of v e r y  low f a n  p r e s s u r e  r a t i o s .  One 
c o n s t r a i n t  i s  t h e  f a n  s i z e  and ano the r  is  t h e  d i f f i c u l t y  i n  ach iev ing  
a very s m a l l  a i r - s i d e  p r e s s u r e  drop a c r o s s  t h e  condenser f o r  t h e  
duc t -hea ted  v e r s i o n .  Accordingly,  t h e r e  i s  some minimum f a n  pres -  
s u r e  r a t i o  below which des ign  d i f f i c u l t i e s  and/or h e a t  exchanger 
suppor t  s t r u c t u r e  weight  p e n a l t i e s  o f f s e t  h ighe r  F/P r a t i o s .  

Expansion R a t i o  

The Rankine c y c l e  d a t a  p r e s e n t e d  above was c a l c u l a t e d  f o r  a  
t u r b i n e  expansion r a t i o  o f  79 (corresponding condensate  t empera ture  
i s  1460' R). The effect o f  v a r y i n g  t h e  t u r b i n e  expansion r a t i o  on 
F/P is  shown on f i g u r e  1 4  f o r  t h e  duc t -hea ted  system. Expansion 
r a t i o s  g r e a t e r  t h a n  100 a r e  p robably  n o t  worthwhile,  e s p e c i a l l y  i n  
view of t h e  des ign  and weight  p e n a l . t l e s  a s s o c i a t e d  w i t h  such h i g h  
r a t i o s .  

Turbine E f f i c i e n c y  

The 0.70 t u r b i n e  e f f i c i e n c y  assumed t h u s  f a r  f o r  t h e  Rankine 
c y c l e s  is  v a r i e d  f o r  t h e  duct-heated ca se  i n  f i g u r e  15. There i s  a  
25  pe rcen t  change i n  F/P over t h e  0 .6  t o  0 .8  t u r b i n e  e f f i c i e n c y  r ange .  

Area Requirement f o r  Condenser-in-Wing System 

Condenser a r e a  a s  a f u n c t i o n  of f an  p r e s s u r e  r a t i o  is  shown on 
f i g u r e  16  f o r  t h r e e  condenser s u r f a c e  tempera tures .  The shaded band 
a t  t h e  bottom o f  t h i s  p l o t  r e p r e s e n t s  conven t iona l  a i r c r a f t  wing 
a r e a  (both  t o p  and bottom s u r f a c e s ) .  C lea r ly ,  huge wing s u r f a c e s  (or  
t h e i r  equ iva l en t )  a r e  r e q u i r e d  a t  p r a c t i c a l  f a n  p r e s s u r e  r a t i o s .  
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