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P r e l i m i n a r y  3tudy of P r o p u l s i o n  Systems and A i r p l a n e ,  sing 
P a r a m e t e r s  f o r  a U.S. M a v y  S t ~ b s o i l l c  V/STOL A i r c r a f t  

by C. L. - la ,  L. A. P i s h b a c h ,  and J. L. A l l e n  

Uwie Reeearch C e n t e r  

P e r f o r m a n c e  is e v a l u a t e d  for two V/STOL p r o p u l s i o n  c o n c e p t s  
i n  a common a i r c r a f t  c o n f i g u r a t i o n .  One  p r o p u l s i o n  s y s t e m  
c o n s i s t s  of cross- c o u p l e d  t u r b o s h a f  t e n g i n e s  d r i v i n g  
v a r i a b l e -  p i t c h  f a n s ,  The o t h e r  s y s t e m  is a gas- c o u p l e d  
c o m b i n a t i o n  o f  t u r b o j e t  g a s  g e n e r a t o r s  an3 t i p -  t u r b i n e  
f i x e d  p i t c h  f a n s ,    he' s y s t e m s  are  e v a l u a t e d  p r i m a r i l y  f o r  
e n d u r a n c e  a t  low a l t i t u d e ,  l o w  s p e e d  l o i t e r  w i t h  e q u a l  
t a k e o f f  f  u s 1  l o a d s ,  E f f e c t s  o f  p r o p u l s i o n  s y s t e m  o i z i n q ,  
b y p a s s  r a t i o ,  a n d  a i r c r a f t  w i n g  p l a n f o r m  p a r a m e t e r s  a r e  
i n v e s t i g a t e d  and  c o m p a r e d .  R e s u l t s  show r e a s o n s  f o r  
p t e f e r r i n q  low b y p a s s  r a t i o  i n  e i t h e r  gas- o r  s h a f t -  d r i v e n  
p r o p u l s i o n  s y s t a m s .  S h s f t -  d r i v e n  p r o p u l s i o n  s y s t e m s  a p p e a r  
t o  r e s u l t  i n  b e t t e r  o v e r a l l  p e r f o r m a n c e ,  a l t h o u g h  a t  h i g h e r  
i n s t a l l e d  w e i g h t ,  t h a n  qas  s y s t e m s .  A t  g r o s s  w e i g h t s  a n d  
w i n g s p a n s  o f  i n t e r e s t  f o r  t h e  a i r c r a f t ,  low w i n g  a r ea s  
a p p e a r  p r e f e r a b l e ,  I n c r e a s e d  w i n g s p a n  a p p e a r s  d e s i r a b l e ,  b u t  
may e x c e e d  p r a c t i c a l  limits f o r  t h e  t y p e  o f  a i r c r a f t  
s t u d i e d .  

INTRODUCTION 

T h i s  s t u d y  p r e s e n t s  p r z l i m i n a r y  r e s u l t s  of a n  e v a l u a t i o n  o f  
p r o p u l s i o n  s y s t e m s  for a s u b s o n i c  V/STOL t y p e  o f  U.S. Navy 
a i r c r a f t  i n t e n d e d  t o  o p e r a t e  f r o m  smal l  s h i p  f a c i l i t i s s .  
P r o j e c t e d  u s e  o f  t h e  a i r c r a f t  e m p h a s i z e s  V/STOL c a p a b i l i t y  
a l o n g  w i t h  l o n g  e n d u r a n c e ,  m a k i n g  t h e  c h o i c e  o f  p r o p u l s i o n  
s y s t e m  c r i t i c a l  i n  terms o f  p e r f o r m a n c e  a n d  w e i q h t .  

The b a c k q r o u n d  of t h i s  s t u d y  l i e s  i n  o r i q i n a l  p r o p o s a l s  f o r  
s u c h  V/STOL a i r c r a f t  made  by T h e  B o e i n q  Company a n d  
M c D o n n e l l  D o u g l a s  A i r c r a f t  ( r e f e r e n c e s  1 a n d  2 ). T h e  B o a i n g  
a i r p l a n e  used a p r o p u l s i o n  s y s t e m ,  p r o p o s c d  by D e t r o i t -  
Diasel A l l i s o n  ( D D A )  , c o n s i s t i n g  o f  c r o s s -  c o u p l e d  
t u r b o s h a f t  e n g i n e s  d r i v i n g  v a r i a b l e -  p i t c h  f a n s .  T h e  
H c D o n n e l l  p r o p o s e 3  a i r p l a n e  was t o  b e  p c w e r s d  by a C e ~ . e r a l  
E l e c t r i c  ( G E  ) p r o p u l s i o n  s y s t e m  w h i c h  i s  a  g a s -  c o u p l e d  
c o m b i n a t i o n  o f  t u r b o j e t  gas q e c e r a t o r s  a n d  t i p -  t u r b i n e  
f i x e d -  p i t c h  f a n s .  T h e s e  s t u d i e s  were c o m p l e t e  p r e l i m i n a r y  
d e s i q n s  w h i c h  i n c l u d 6 3  a i r p l a n e  a e r o d y n a m i c s ,  a i r c r a f t  
w e i g h t  s c h e d u l e s ,  a n d  p r o p u l s i o n  s y s t e m  w e i g h t  b r e a k d o w n s .  
T h e  p r o p u l s i o n  s y s t e m  b y p a s s  r a t i o s ,  c o m p o n e n t  e f f i c i e n c i e s ,  



and o p e r a t f n g  c b a r a c t e r i a t i c ~  were o u t l i n e d  a n d  s p e c i f i e d .  
Thus, c o n p a t i ~ o n s  of  t h e  two propuls ion  systems, such as 
r e f e r e n c e  3 ,  wore balpied o n l y  on these  p a r t i c u l a r  ptoposals .  

T h e  purpose o f  t h i s  s t udy  i@ t o  compare perfotmancs f o r  t h e  
two basically d i f f e r e n t  V/STOL propuls ion systems over  a  
wide rar,je of  h y p a s a  r a t i o s  and aystem sizes.  Propuls ion  
system v a r i a t i o n s  a r e  so  be  d a r i v a t i v e ~  of t h e  b a s i c  rsystesa 
desc r ibed  i n  r e f e r e n c e s  1 and 2. I n  t h i s  s t u d y ,  t o  allow 
g r e a t e r  Locus on t h e  propuleion s y ~ t e a  comparisons,  the two 
systems 3 r e  i n s t a l l e l  i t '  a common a i r c r a f t  c o n f i g u r a t i o n  
w i t h  aqua1 f u e l  load.  A b r i e f  examination i s  a l s o  made of 
t h e  e f f a c t  of a i r c r a f t  wing a r e a  and wingspan. Other  t o p i c s  
such ns  l i f e  c y c l e  c o s t a ,  r e l i a b i l i t y ,  m a i n t a i n a b i l i t  , and 
v u l n e r a b i l i t y  a r e  a l s o  impor tan t  b u t  a r e  no t  cans dererl 
here.  

1 

The ? i s c u s s i o n  and s tudy  r e s u l t s  are presented  i n  f o u r  main 
p a r t s .  T t e  t i r a t  p a r t  c o v e r s  c y c l e  performance and weight of 
t h e  s h a f t -  coupled an? gas- coupled systems a t  d i f f e r e n t  
hypass  r a t i o s .  T h i s  p a r t  of t h e  s t u d y  makes use ~f t h e  NNPP 
a n d  WATZ-1  engine c y c l e  a n d  engine u e i q h t  computer codes 
desc r ibed  i n  r e f e r e n c e s  U and 5. T h e  next p a r t  of t h e  s t u d y  
e v a l u a t e s  and corn pa re s  t h e  performance of tits b a s e l i n e  
propuls ion systems on a  b a s e l i n e  a i r c r a f t .  For t h e  same 
b a s e l i n e  a i r c r a f t ,  t h e  t h i r d  p a r t  of t h e  r e s u l t s  shows the 
e f f e c t  on performsncs of p r o p u l ~ i o n  system s i z e ,  bvpass 
r a t i o ,  an11 mission cons t r s l . n t s .  T h e  f i n a l  p a r t  of t h e  
r e s u l t s  i n v e s t i g a t e s  t h e  combinsil e f f e c t s  af  t h e  a i r c r a f t  
wing a rea  an4 span, a i s s i o n  requirements ,  3 n d  propuls ion 
system hypass  r a t i o  o n  s e l e c t i n q  t h e  t o t a l  system. 

ANALYSIS A N 3  P P O C E D U F E  

A i r c r a f t  Conf igu ra t ions  

For comparab i l i t y ,  t h e  gas- and s h a f t -  d r i v e n  propuls ion 
systems a r e  assumed i n s t a l l a d  i n  s i m i l a r  a i r c r a f t  w i t h  equal  
miss ion o b j e c t i v e s ,  The nominal c o n f i g u r a t i o n  shown i n  
f i g u r e  1 is a me;-li~im- gross -  wdiqht, low- wing a i r c r a f t  
w i t h  t i irso h l q h -  a i r f l o w  f a n s  and two gas g e n e r a t o r s  o r  
t u r b o s h a f t  cDres i n s t a l l a d  a s  t he  propuls ion  system. T h e  
shsc ' t-  d r iven  a i r c r a f t  i n  f i q u r e  1 ( a ) ,  and t h e  gas-  d r iven  
a i r c r a f t  i n  f i q u r e  1 ( b )  have one fan i n s t a l l e d  i n  t h e  nose 
s e c t i o n  of t h e  fu se l aqe  vhich i s  r ~ m o t e l y  driven f o r  V / S T O L  
maneuvers, b u t  i s  i n o ; ) e r a t i v e  durinq crui.se.  The remaining 
two f a n s  a r e  l oca t ed  on o r  near  t he  f u s e l a g e ,  a f t  of t h e  
wing l e a d i n g  edge. T h e  c o r e s  a r e  i n  the nace l l e s ,  a s  i n  t h e  
s h a f t  system, o r  2re l o c a t e d  i n  t h e  fuse lag? ,  a s  i n  t h e  
gas-dr iven system o f  f i  l u r e  1 ( h ) ,  



T h e  t u o  a i r c r a f t  a r e  s s s u a e ~ i ,  as much a s  p o s s i b l e ,  t o  h a v e  
common d ~ s i q n  f e a t u r e s  i n  t h e  w i n g s ,  t a i l  s e c t i o n ,  a n d  
f u s e l a g e .  S p e c i f i c  d i f f e r e n c e s  I n  c o n f i q u r 3 t i o n  a r e  i n t e n d e ?  
t o  p r o v 1 J e  a more s u i t a b l e  h a t c h  for each p r o p u l s i o n  s y s t e n .  
H e n c e ,  i n  t h i s  s t a d y ,  t h o  ; h a f t -  c o u p l e d  s y s t e a  u s e s  h o l y -  
m o u n t e d  t i l t i t ~ q  n a . : e l l e s  a f t  o f  t h e  u i n q  w h e r e a s  t h e  gas- 
c o u p l e d  s y s t c - a  has o v e r - t  h ~ -  w i n  r p a r t i a l l y - b l e n d e d  f i x e d  
n a c e l l e s  w i t h  l ~ b s t e r -  t a i l  t y p e  d e f l e c t i n  7 n o z z l e s .  

Tne s h a f t -  S r f  v e n  3ircrrlft i n  p a r t  ( a )  o f  f i q u r e  1 s h o w s  t h e  
crass- silaf t e  : t i l t i n g  n < i c e l l ~ s  c o c t a i n i n q  t h e  t u r b o s h a f  t 
c o r e s  a n d  : e a r e l ,  v 3 r i d S l e  p i t c h  f a n s .  T h e  n e c e s s a r y  
c o n t i i n e r - ~ o x / + r a n s n t ~ s s ~ o n  w l t h  f o r w a r d  s h a f t i n g  t o  the nose 
f a n  i s  3150 s:;own. T!:? ]as- d r i v e n  a i r c r a f t .  s h o w n  i n  f i g u r e  
1 ( h )  i l l u s t r a t e s  t n e  a:sume l p l a c e m e n t  o f  t h e  q a s  q e n e r a t o r  
c o r e s ,  t 1 ; e ~ ~ -  i n l e t s ,  an3 n a c t . , s s a r v  d u c t i n q ,  I l b e  l i f t /  c r u i s e  
n a c e l l e s  c o n t a i n i n g  t h e  t i p -  t u r t  ine fans as? s h o w n  cross- 
d u c t e 3  t h r o u q h  t h e  t w s a l 3 q e .  

A n  a i r f r a m e  w e i r j h t  mole: i s  usfit1 i n  t h i s  s t u d y  w h i c h  
r e f l e c t s  t1.e h i g h ~ r  i : ~ t s r n  3 l f ~ ~ s e l a g e  r e q i l i r e g l e n t s  of t h e  
($as- I r lven  s y s t e m  s u q  r ? s t e i  i ) y  t h e  s c h e m a t i c .  On t h e  ~ t h a r  
h a n d ,  r i n q  weight fcr  4 ( r i v e n  s p a n  is  loder  i n  t h e  7as 
a i r c r r l f  t t h a n  t t a  s h a r  +, d i r c r a f t  ( i u e  t o  s t r u c t : l r a l  s l l p p o r +  
g i v e 3  !)y t:te p a r t i d l l y  h l c n  l e d  naccsl les. 

Y l s s i o n  nef i n i t i o n  

The b a s e l i n e  m i . s s i o n  i s  .;bows, ~ : c A e m a t i c a l l g  i n  f i f r u r e  2. 
T h i s  m i s s i 7 n  1s no? i n t e n l e l  t o  c o r r e s p o ~ * i  t o  any sneci f ic  
m i l i t d r y  r e q x i r e m t > r ~ t  h u t  r a+kez  h a s  b e e n  s e z  u y  a s  a 
red:<on.i hie t r inrc w a r k  f o r  systpf i  ? e r f o r m a r r c e  e o m p a r l s o x ? . :  i n  
t h e  p r c s e n t  s t u d y .  I n  f0.1 L O W I C ~  p e r f o r m a n  :e e v a l u ? t i o n s ,  
segment ( A )  , t a  k z o f f ,  i:: ? i t h e ? . -  v e r t i c a l  (VTO) o r  s h o r t  
t a k e o f f  (STO) . T h e  c l r ~ u n i l  r u l e  u s e 3  i r ,  the p r e s e n t  sttir!y 
s k e c i f i k s  t h a t  a v s r t i c a l  + a k ~ o f f  is o n l v  p o s s i b l e  when t h e  
r a t i o  of  v a r t l c . i l  t h r i l s ) :  t o  a i r p l a n e  qross w t ' i j h t  e q u a l s  o r  
excer31s 1 - 0 8  . T h i s  v a l u e  a l i o w n  f o r  a 3 or 4 p e r c e n t  t h r u s t .  
l o s s  d u e  t o  s u c k d o w n  e f f e c t s  a t  VTO i n i t i a t i o n .  The 
a l t e r n a t i v e  takeof f  p.015, 0 ,  is  assumetl  p o s n i h l e  as l o rq  
a s  tht. t i t r u s t  t o  w e i g h t  r a t i o  i s  0 , 8 0  o r  g r e a t e r .  As n o t ( - l  
i n  tile f i j u r e ,  both ST.) d n i  VTO a r e  assumail t o  r e , l u l r e  2.5 
m i n u t e s  d t  m d x i a u m  p o w e r .  

o p e r a t i n u  r a d i u s ,  def lncl  a s  t h e  d i s t a n c e  f r o m  t a k e o f f  t o  
t h e  l o i t e r  a r e a ,  i s  150 E. r n l ,  i n  t h e  Dassii i ia  : u i s s i o n .  F o r  
conss rva  t i  fa  i 3 u r p o s e s ,  no d i s t a n c e  r r e d l t  is  g i v e n  fo r  c l i r n h  
t o  c r u i s e ,  i ~ s c c a t  t o  l o i r ~ r ,  o r  c l i a b  t o  r e t u r n  c r u i s e .  
Iierice t h e  out-Lounci  ar.d r o t u r n  c r u i s a  d i s t a n c e s  a r e  e q u a l  t o  
t h e  o p ~ r a t i n q  r a d i u s .  P a c h  c r u i s e  l e g  a l l o w s  s ~ l e c t L o n  o f  
t h e  i ~ e s t  c r u i s e  a l t i + l l J ~ ,  a n 4  v e l o c i t y  (BCAV) t o  m i n i m i z ~  
f u e l  rasaqe o n  t n a t  l e g  h u t  i;: a l l  c a s e s ,  t h e  l o i r s r  a l t i t u d e  



is 10 000 feet .  Loiter Yach n u m h o r  is o ~ t i a i z e l  t o  y i e l - i  
rnaxilaum t i n e  or, s t a t i o n  (T0.5) a t  t h e  l o i t e r  a l t i t t i d e .  
H o w e v e r .  i n  a n y  case, l o i t e r  YaCh n u m b e r  i s  r e s t r i c t ed  ta 
l i e  b e t w e e n  9.30 a n d  0.50 . 
T h e  b a s e l i n e  missior. emphasizes ~ n d u r a n c e  a t  t h e  l o l t e r  
c o x i d i t i o n s  of low a l t i t u l e  an .1  r a c h  n u m b e r .  Y e n c e ,  f o r  
centrist, ~n 3 l t ~ r n a t e  t t n l L  r-rsli.;eft u i i s s l q n  i s  natal1 a t  the 
L o t t o 3  uf f i q u r s  2. T h e  p o r y c s e  o f  t h i s  w l s s i o n  i s  t o  plat-!? 
more ernph.1 ;is o n  s u s t a l n s d  cr11i:;e c a n a h i  l i t y  by  e v a l  l l a t i n t l  
t h e  m a x l l u u n  o p e r d t i ~ q  r i  l i u s  ( 3 Y A X )  of 3 j i v s n  a i r c r a f t  when 
n o  low a l t i t u d e  l o i t e r  i s  r o l u i r e ? .  T h i s  ~ l s s i o r ,  w 1 ; l . l  h e  
u s e d  l a t e r  I n  t h i s  ~ t ~ i f y  to e v a l u a t e  t h e  a l t e r n l t e  n i s s i o n  
r o l e  of d i r c r d f t  i l a s i q n c !  to n e ~ t  the s p e c i f i c  o b j e c t l v c ) ~  of 
t h e  p r i n a z y  low a l t L t u J e  l o i t o r  n i s s i o n ,  I n  a d d i t i ~ n ,  
r e j a r l l r s s  or t h e  n r s s i ~ n ,  i p n w ~ : i h l e  ORP-en  gins-out (3En) 
emt.xgeI:cy ~ i t u ~ t t i ~ n  nu.;t a l s o  s a t i s f  i o 1  i n  t h a t  t h e  
d l rc r4 i t+  ?l is t  l a n ?  v ~ r t l c l l l y  w i t h  a t h r u s t /  w ~ i q h t  of s t  
1~;1?=t 1-Q.3 w i t h  t h +  t h r e e  ? . i n s  p o w e r e d  b y  t b ~  o n e  r e n \ l i n i r ; q  
core er,j lnG:.  T h s  1 r n r . a c t  ot t.tlis r;,rerrqc:ncy v e r t . i c a 1  l a n d i c c r  
( E V L )  r r : r l u i r e m e c t  w i l l  i ~ e  l i . ;cusseL:  l a t e r .  

F o r  5 0 t h  34s a c t 1  s !aa f ' t  p r o p u l s i o n  systems, t h e  p r e sPn+ .  s t u d y  
i s s u m e s  t h a t  a e r o d y  r.arni:: I r a c r  c h a r a c t e r i s t  i cs o f  + h e  < J e r . e r a l  
a i r c r a r t  c ~ n t i c r a r a t i a n  or f i q u r e  1 a r e  t h e  saine. Bx3mr:l E S  of 
the toea! ~ i ~ a j  c?ef - fzc : i c*n+,  CD , a s  a  f l n c + . i e > n  of l i f t  
c o r f t ~ c i e r l t ,  CL , . I M ~  f l i q h t  Yac\ ~ u m h e r  1ra s50un i n  f i q l i r c  
3 .  As n o t  ;-4 i n  tbs fi-rtire, t h e  ; l i rc ra f t  f o r  t h i s  e x a m p l @  
s b c ; f  f i n e n e s s  r 3 t i o  of 6 dcd a w i n 1  p l a q f o r m  u i + h  
a s p e c t  r a + i o  ( 8 )  o f  5 ,  t ' i p e r  r a t i o  of 3 a n 3  3 msan 
t n i c k n e s s /  c h o r d  of  3. l u  . I n  this f i r u r e  t h z  b 3 q e l i . n -  
a i r c r l i f t  h i s  3 zero- l i z t  ' I r a 7  c o ~ f f i ~ i e n t  ( Zp,,) of n.n35 . 
I t  i s  3sslimeJ t h 3 t  e x c o r n  i l  s t o r f s  a r e  a l r e a d y  motinter1 or. 
t h e  asrcrd't, c o n t r i k i u t l n l ~  a I r a q  c o c f f i c i ~ n t  i n c r e n e n t  of 
a 3 o u t .  0,0330 , T h e  c u r v e z  i n  t!le fiqura a r e  hazed ori  t h e  
d r a g  r e l a t i o n  

CD 'Cbo + (cL- cL$ 
7 r E M  

where t h e  O s w a l d  ~ f f  i c i t n c y ,  € o t  t h e  w i n g  p l a n  f o r m  is a 
f u n c t i o n  of b o t h  Z L  a n 1  Y a c h  c u m b e r .  T h e  e f f e c t  o f  t 
~ r o - l u c e s  a s h a r p  d r a g  rise a +  X a c h  n u m h c ~ r s  a b o v e  0 - 7  a n d  
a l t e r s  t L c  p a r a b o l i c  n;i:uze of t h e  C D  v e r s u s  CL c u r v e s  a t  
L L  v 3 1 u e s  a b o v e  f i .  3 . 

E n . j i n e  C a l c u l a t i o n s  

P r o p u l s i o n  s y s t e m  variations f o r  t h e  p r e s e n t  s t u i y  a r e  
assumec.l  t o  be d e r l v a t i v ~ s  u r i n r y ,  a s  a b a s e l i n e ,  t h e  cores, 
f a r i s ,  ant3 o t h e r  p a r t s  of t h f =  q d s  a n d  s h a f t  s y s t e m s  p r o p o s e ?  



r .  r e f e r e n c ~ s  1 acd  2. To s i t c u l a t e  + h e  two b a s e l i n e  
p r o p u l s i o r ,  systems ( a n  - i l v a n c e d  DDA T7G1 w i t h  qarn. S + 1 .  F a n  
f o r  t h e  s h a f t  s y s t e m  a n d  d l v a n c e ?  GF J47 w i t h  LFb59 F a n  f o r  
t h e  g a s  s y s t e m  - h o t h  . i n s ~ a l e i f )  , it. was n e c a s s a r g  t o  h a v e  
c o m p o n e n t  p e r f o r m a n c e  m d p s .  These were o b t a i n e d  from t h e  
appropriate c o m p a n v  ( D ? A  o r  GE ) and i c c o r p o r a t e . 2  i n t o  t h e  
HNEF c o e p u t e r  C o l e  ( t .  4 )  t o  c a l c u l a t e  the e n q i n e  
p e r t o r m d n c e .  T L t r  c n a r u t a r  s l r t r u l a t i o n  was w ~ t c h ~ d  t o  b a s e l i r ~ e  
, r ~ c ~ r n e  p e r f  oraan;.+ s u p p l i e  i h y  GE a n d  DIjA f o r  t h e  qas ar.d 
s t . a f t  s y s t e m . ; ,  r e s p e c t i v e l y .  T h e  cycle s i a u 1 a t i o n . s  a d h a r e 3  
t o  c r 3 7 p o n e r  t limit.;, ? ~ l c h  a s  o n  s p e e d s  a n d  t e m p e r a t u r e s ,  
xmposed by t h r .  n a n u f a c t  mrers. T h e  o p t i m l z a  t i o n  c a p a b i l i t y  
of h N L P  wa:; a i s o  ~ n p l a v r . d  t o  a i i f i s t  f a n  p s t c h  s e t t i n q  arid 
b y p a s s  s o z z l a  i r e a  f o r  t h e  s h a f t  s y s t e m  a n d  ~ o z z l e  a rea  f o r  
t h e  q a s  syst~m t o  ~ a x k r n i z e  v e r t i c a l  t h r u s t  r a t i n q s  o r  t o  
mlclmizs SPC a t  p a r t - p 0 u l . r  o p e r a t i o n .  E n q i n e  c o m p o n e n t  
wz i q h t s  u c r P  3 L S O  r a 1 ~ 1 1 I a t e  1 u s i n & ;  t h e  HATE-1 c o m p u t e r :  c o d e  
( re f .  5 )  t o r  I i t e r  i n c l l l s l o r  i n  et-t imates of t h e  u a i q h t s  o f  
t h e  i n s t a ~ l e ~ l  ;>repulsion s y s t e m s .  T h e s e  sys ten  w e i s h + s  w i l l  
k e discus::+?ti  l a t e r .  

The s h a f t  system -as  qo.iele3 t o  h a v e  a w3ter i n 3 ~ c t o r  
h 2 t w e e n  ttlc f a s  a n 4  t h e  x d v a n c e r l .  T7Q1. When water w a s  u s e d ,  
a n  a m o u n t  e q u a l  t o  t h a t  r e a ~ u i r e ?  t o  s a t u r ~ t e  t h e  a i r f l o w  a t  
t h e  cornpr-...;sor f i c e  w3s a s s u m e , l  i l l  c a l c u l a t i n 7  b a s i c  e n ~ i n o  
p e r t o r r n a n c p .  F o r  c o n s p r v a t i * ; ~ ,  l ~ t c r  m i s s i o n  s t u d i e s  f o r  t h e  
sila k t  s y s t e v  assumed l e s . ;  t h r u s t  a u u ~ ~ r , t  l t i o n  f ~ ;  w a t e r  
i n - j c c t l o n ,  c o r r e s p o ~ ~ d i n q  t o  P O  y j e r c e n t  q f  t h e  s a t u r a t i o n  
water f l o w  rate. F o r  t h ~ c j a s  s y s t e m ,  4 p e r c e n t  w a t e r  
i n j e c t i o n  b e f o r e  t h e  c o i n b u s t o r  was u s e ?  I n  c ~ l c u l a t i n g  t h e  
p a r t o r l u d n c e  ? a t a  b 3 s e .  1 , 3 t e r  r a i s s i o r .  s t u d i e s  i n d i c a t e d  t h a t  
b p e r c e n t  water was r e g u i r e q .  

I n  t h e  p r r s 3 n t  s t u d y ,  t h e  term w a t e r  i n j e z t i o n  a c t u a l l y  
r e f e r s  t o  w a t e r - l l c o h o l  a i r t u r ~ s  t o  a v o i l  f r e e z i n q .  Water 
i n  j e c t 5 o n  t h r u s t  a u  7 m s n t a t i o n  i s  o f t e n  c o n s i d e r e d  
o h  j c c % i o r , s b l c  o n  t h e  t wi.; o f  a i l v e r s e  e f f e c t s  o n  e n g i c e  
o p e r a t i o n  s u c h  a? v i b r a t i o n  dr.d m a t e r i a l  ? r o b l e n s .  H o w e v e r ,  
the u:;e ot w a t e r  i n j l z t i o n  h s  a p p l i e d  h e r o  i s  r e s t r i c t e d  t o  
e m e r q e n c y  c o c l i t l ? n s ,  m3kinbq t h e  r j u e s t i o n  of r e * ? o c e d  e n 3 i r ~  
l i f e  a c a d e m i c ,  

T r o p i c a l  d a y  ( s t 3 .  + 3 I 0 P )  s e a  l e v e l  s t a t i c  p e r f o r m a n c e  f o r  2 
f a n s  o n  (i.e. d r i v e n  b y )  2 cores, 3 fan-- 2 s o r e ,  a n d  3  f 2 n -  
1 core m o d e s  k i t h  *rid w i t h o l i +  water injection a r e  s h o w n  i n  
T d ~ l e a  X t h r t l  V t o r  the s h a f t  drill q d s  s y s t z a s  a t  d i f f e r e n t  
n o m i n a l  b y p a s s  r a t i o s  ( 3 P F ) .  S a c h  s y s t e n  hsc; a b a s c l i n e  o r  
o r l q i n . l l l y  s u j  r e s t e d  RPF  i n  r e f e r e n c e s  1 a n  l 2,  The 1 7 8 s  

s y s t e m  vas ~ ; r o p o s s f  a t  I B P R  o f  8 .02 a n d  the s h a f t  s y s t ~ m  a t  
12.2 . 
T a b l e  I s h o w s  t h e r s o d y n a r n i c  c y c l e  d a t a  f o r  t h e  qas a n 4  s h a f t  
s y s t e m s  i n  t h o  2 f a n -  2 c3re c r u i s e  c o n f i ~ u r a t i o n  w h e r e  n o  



l o w e r  is i d  t o  t h ~  n o s e  f a n .  Fa11 size ( a i r f l o v )  is 
v i r i e 3  t o  r e f l e c t  different PPR w h i l e  t h e  core s i z ~ s  a r e  
k e I d  c o t s t a n t  b y  k e e p i n 7  t h e  core corrected a i r f l o w ,  
ii,#/g d c o c s t d n t  i r ,  e a c h  s y s t e m .  b y p a s b  c n t i o s  o f  6.0, 
P.02 ( b a s e l i n * ) ,  1 0 . 0 ,  a n 1  12.0 ard  s h o w n  for t t ,s  q a s  
s y s t e m .  I n  t h e  last t h r e e  r o l u r n s  o f  T a b l e  I ,  t h e  s h a f t  
system d d t a  is l i s t e d  f ? r  bPP of a . p ,  1n.O. and t h e  b a s e l i c e  
v a l u e  o f  1 2 , 2  . S i m i l i r ~  i a t d  is j;vi=n 1r. v 9 b 1 ~ ~  I: a n d  ITT 
f o r  r,ora32 v e r t i c a l  13-011- 2 )  o f . e r a t i o n ,  a n 3  i n  T s h l e s  T V  
a n d  Y tor  t h e  e x e r q c n c y  t h c ~ s t  ( 3 - o n -  1) mc~dc?. T h e  n n s e ,  nr 
t h i r i ,  r a n  a t  t d c h  s y s t e m  h P D  is n ~ s u m e l  the same qize  a s  
t h e  1 i f : J c r u i s e  f a c s .  T ~ P  d a t 3  o f  T a b l e  TIT f o r  watar 
i ~ i  j v c t ~ u n  ? u r i n q  n o r m a l  VT7 (3-01.- 2 )  i s  n o t  u s e 1  i n  t h e  
p r e s e n t  s t u J j  hu+ is i r t c l o  l e d  for  q e n e r a l  i n t e r e s t  ?nd t o  
i r .dicats  t h e  t h r o s t  3 u  j m e n t 3 t i o r  p o s s l t ~ ~ l i t i e s  o f  water 
injection i n  + h i s  rrlode. 

I n  gvc+;dting t h e  d a t d  o f  Tables I t h r u  Y f o r  t h e  $ a s  
system, c o a 5 ~ ~ s t o r  e x i t  t e m r , s r a t u r ~  ( C E T )  3.s l i m i k 2 - 1  +,cp 

2700°i; l o r  h r s t h  ? - o n -  2 ?rill 3-on- 2 o p d r - i + i o n .  9 C P  l i m i t  
or: 2 k 7 5 O f  is a l l o w e d  I n  t h ~  o m e c p n c y  ( 3  f?n- 1  ror-?)  111313 
o f  T 3 b l e s  IV ~ n d  7. L'nmpre: ;sor  r e l a t i v e  s p e e 1  (Y/@ ) is 
l ~ m i t t c - d  t 9  l e s s  t h a n  13 1.4 p e r c e n t  i n  3- c?- 2 o p r a + i o n  
d r l l  t o  leiis thar i  1C5 p n r c e n t  l u r i n g  e m e r g e n c y  o p ? r a t i o n ,  a s  
s eec  i n  T a b l e s  111 a n ?  V. 

F o r  the  s h a f t  s y s t e l c ,  X r  i s  r e s t r i c t e l  t o  2R8Q03 o r  l e s s  
f o r  2-on-  2  o p e r a t i o n ,  3103'~ f o r  + o n -  2 ,  ~ n d  3 2 0 0 " ~  for 
tta 3 f a n -  1 C o r a  mola. S u c h  h l q h e r  CET l i ~ ~ i t s  t3r t h e  
s h a & t  s y x t + m  r ~ l a t i v e  t o  the q a s  s y s t e m  a r a ,  f o r  t b e  most 
[~3r t ,  d u e  t o  t e m p ' s r a t u r z  l i a i t s  o t  t h e  d u c t  m a t e r i ~ i l  o f  t h e  
l a =  . ; y r ; t ~ m ,  w i i i c h  must r l r r y  h o t   AS t o  o t h p r  t ~ a r t ~  of t h c ?  

d ~ r ; l l ; t n s ,  S o p t  . l i f  r e r s n \ : e s  i n  t e r - t t n 2 l o ~ r y  l e v e l  3ss11m~d k v  
(;5 and 3r;l T a y  d l s o  c v x i s t ,  h a t  t h ~ s c  a r e  1 ;eyan . l  t h e  s * : o p ~  o f  
t h i s  s ~ u d y .  C o m p r . ~ s r ; ~ r  r ~ l ~ i t i v ~  s p c e l  is l i m i t t e l  t o  1 0 5  
p e r c e n t  I n  2 tart- 2 car-1 o r  :-on- 2 ope rat if:^ a n l  10 ~ e r c e s t  
o v e r . - j p e e L l  1 s  1 1 l o u e . i  I n  t h e  12rner.q-ccy  ode. T$e 7edrr 1 f a n  
i n  t h e  s h a f t  s y s t 3 : c  i s  a l l o w e l  no  more t l l d n  1 1  r l e r c e n t  
o v e r s ~ e ~ ~ l ,  o c c u r i n q  most o f t ~ n  i n  c r u s e  ~ o ? e ,  a s  -era i n  
T a b l e  T ,  The- v a r i ~ h 1 . r  p i t c h  a n q l e  ( @ )  of  t h e  far. 1s 
l i x i t  t t t i  t~ -<  t o  + E  d e  ~ r e e s .  

A s  seer, i n  T a b l e  I ,  +hr  13s s y s t 2 ~  p r o d u c e s  5 0 0 0  t o  7 r ) O f l  111. 
more t h r u s t  t h a n  t h e  s h s f t  system a t  e q u a l  b y p a s s  r a e i o s  i n  
t h e  2-on- 2 m o l d .  H o w e v e r ,  i q  t t , ~  n o r m a l  V T O  3-on-  2 mode  of 
T a b l e  11, tne t h r u s t  a i v a n t a q e  o f  t h e  qas s y s t e m  is much 
stnaller.  T h i s  r e l 3 t : i v ~  i r n i ) z o v e n i C ~ t  of: t h e  shift system 
t h r u s t  i s  p r i n c i p s l ' h y  iue t o  t k e  i n c r ~ a s e  o f  allowable EFT 
t o  3 0 0 0 ~ ~ .  I n  t h e  tser q e n c y  3-on-  1 mole of T a h l e s  I V  a n 3  V 
tt:e shar t s y s t e m  t h r u s t  exceeds t h a t  of t h e  q a s  s y s t e m  i n  
r s t h  l r y  a n d  w a t e r  i n j ~ 3 c C - e d  o p e r a t i o n  b y  6 to 1 2  p c l r c e n t .  
A s  c an  be s e e n  i n  t h e  r I n l l r s ,  t h e  s h a f t  s y s t e m  b e n e f i t s  i n  
t L i s  utode From a c o m b i n l t i o n  of h i g h e r  a l l o w e d  C E T  a n ?  c o r ?  



o v e r s p e e d ,  s r . d  v a r l a h l e  f a n  p i t c h .  Yote t h a t  f a n  p i t c h  a n 3  
corc specdri o p t i a u ~ s  are 3 t  dr near  t h e i r  d l l o ~ a b l e  limits i n  
t h e  water xnjectet cycle i a t a  o f  T a b l e  V. S p e c i a l  n o t e  
s h o u l d  tl+ g i v e n  t o  tkc! o p ~ r a t i n q  far. p r e s a u r e  r a t i o s  (PPP) 
o f  L o t h  s y s t e m s  i n  t h e  3-011- 1 e m e r q e n c y  m o 4 s  o f  T a b l e s  TTf 

a n d  V ,  3 a t 3  f o r  F P F ,  a s ; l 2 c l a l l y  a t  h l q h e r  BPF, a r e  g i v e n  a s  
1.13 o r  less.  S u c i i  l n w  v a 1 1 1 e s  of P P P  expose t h e  s y s t e m s  t o  
h i 3 h  t h r u s t -  l o s s  s e c a i t i v i t  y. 

C t h e i  t a t l a s  ( h o t  s t o u r .  ntre) w e r e  u e n e r a t e d  t o r  2 f a n -  
2 core c r u i s c  a k e r d t i o n  o f  - a c h  system a t  39ch BPF. T h e s e  
t a b l e s  c c n t a i n  c r u i s e  t h r u i t  a n d  s p e c i f i c  f u e l  c o ~ s u s p t i o n  
(SFC) Tsr f u l l  art i p a r t -  power o p e r a t i o n  f o r  1 r a n q e  3f 
f l x g h t  . i I t i t a d ~ s  a s u b s o r i c  nach n u m b e r s .  T h e  c r u i 5 e  
d a t a ,  a l c i n 7  w i t h  t h e  v e r t i c 3 l  t h r r ~ s f  d a t a  o f  T a b l s s  I t h r u  V 
were u s e d  i n  e v a l u a t i n  4 t n a  ~ e r f  o r s a n c e  of t h e  p r o p u l s i o n  
s y s t e m s  i n  a c o m p u t e r i z s i  f l i y h t  model o f  t h -  m i s s i o n .  

P l j u r e  4 s h o w s  t y p i c a l  t5r l ts t  a n d  SFC c u r v e s  f o r  t h e  qas and 
s h a f t  systems o p e r s t i n r  i r ,  the 2 f a n -  2 c ~ r a  c r u i s ~  mo3e. 
Examples  a r e  l i v e n  f o r  twa f l i g h t  c o n d i t i o n s ;  l o i t ~ r  a t  a n  
a l t i t u d e  of 10000 st. n n f i  crlrise a t  3t900 ft, Fnr C O F ~ ~ T ~ S O P .  

p u r p o s e s ,  t h e  d a t a  f o r  ear:t s y s t r ~ t  i s  s h o w n  a t  a EP? o f  
a n d  t h e  j r o l t u f s i o n  n y s t a n  s i z a s  a r e  scaled fqr eloal t h r u s t  
(35000  1 b . j  I n  t h e  n o r a d l  VT1 wo?u ( 3  f a r -  2 s o r e )  o f  T a b l o  
11. f f the? s y s t e m s  were r o a p a r e d  1 c  f i q u r e  3 3 t  a 9PF; of 12 
i n s t e a d  o t  0 t h e  q ~ x e r n l  level.;; o f  5 F C  w o u l i  h e  s l i ~ h t l y  
lower, ~ I J *  t h e  r e l 2 t i v ;  .3if  f e r c r . c + s  wol11.1 st111 a ~ p l  y. 

A s  szen ic t h ~ ?  f i ~ u r e ,  'he m a j o r  I l r f ~ r e r c e  l n  sPC ro t  t h e  
two s y s t e m s  is a t  t b c  l a l t e r  c o n l i t l o n .  The s h 3 f t  SYS'ZT h a s  
a 3 t o  9 p e r c e n t  l o u ~ r  SF,' t h a n  + : ~ e  j a s  s y s t c n  o v p r  4 uirla 
r n n g e  o r  t h r u s t  l n v o l .  ?Iax:num t h r u s t  f o r  13ach  S Y : ? ~ P I I  a t  
c r u i s e  a n d  l o i t e r  is i t ? - n t i f  lr.3 i n  f iq11rd b h y  3 - i r z l ~  
symbol. Tile  h i \ j h  l e v ~ l  o f  i n s t 3 l l e l  t h r u s t .  r e l u i . 1  e !  f o r  
t h e s *  V/STOL l i r c r a f t  rastllt ln e x t r e ~ ~ l y  low- p o w p r  
o p e r c t t i o n ,  r e l a t i v 3  t o  the m a x i m ~ l n  t h r u s c  a v a i  t a b l e ,  1 u r i n . r  
l o i t e r .  

A t  ttte t y p i c a l  c r u i s c  ~ l t i t t l i e ,  t h e  aax i rnum t h r u s t  o f  ~ a z h  
s y s t e m  is n o t i c e a b l y  l o w + r  t h a r  a t  t h e  l o i t e r  c o n ~ l i t i o n .  
H o w e v e r ,  t y p i c a l  c r u i s e  t h r t l s t  r e q u i r e m e n t s  s t i l l  r ~ s u l t ,  i n  
p a r t -  p o w e r  o p e r a t i o r , .  T h e  c r u i s e  !iFC uf t h e  gas  anci s h a f t  
s y s t e m s  a r e  c o w p a r a t l e  i n  t h e  r e q u i r e 3  t h r u s t  r a n g e  a c d  
s i g n i f  i j a n t l  y  l o w a r  t h s n  t h a  l o i t e r  v a l u e s .  

F o r  t y p i c a l  levels o f  r e q u i r e d  l o i t e r  t h r u s t ,  t h e  SFC o f  t h e  
s h a f t  s y s t e m  is 8 p e r c e n t  l o w e r  t h a n  t h a t  of t h e  Y a s  ~ y s t e ~ .  
The b - 3 t t c - r  f u e l  ecor .oivy o f  tke s h a f t  s v s t e m  J-s p r o b a b l y  d u e  
t o  n i j h e r  c o m p o r ~ e n t  e f f i c i i n c i ~ s  a n d  t h e  o p t i m i z a t i o n  3 f  f a n  
p i t c h  a n g l e  a t  p a r t -  p o k e r  p o i n t s .  T h i s  n e r f r r m a n c e  
a d v a ~ t a q e  f o r  the s h a f t  s y s t e m  a p p e a r s  i n  t h e  c w n p a r i s o r , ~  
made t h r o u c l h o u t  t h i s  st114 y. 



Pcopul%ion S y s t e n  W e i g h t  

As a ~ n t i o n a d  e a r l i e r ,  c o a ~ o n e n t  w e i g h t s  o f  t h e  e n q i n e  cycles 
c o v e t e d  by  T a b l e  I for  b o t h  la& and s h a f t  s y s t e m s  were a l s o  
e s t i m a t e d  w i t h  t h t  computer c o d $ >  o f  r e f e r e n c e  5 .  T h e w  
componer,t w z i q h t s  rere  s l l d e m l  *o s i m p l e  noclels o f  other p a r t s  
o f  t h e  p r o p u l s i o n  ~ y s t p m  1 i s  s u c h  as n a c e l l e s ,  
t r a n s m i s s i o n s ,  s h a t t i n q ,  a n 1   duct^ t o  r a s u 1 t  i n  a  t o t a l  
i n s t a l l e d  w e i s q h t  f o r  t h - .  r a s  a n d  s h a f t  systems. F i q u r e  5 
s h o w s  t h e  i n s t a i l t d  w o i j h t s  o f  e a c h  p r o ~ u l s i o n  s y s t e m  a s  
r c t l a t i v c  core s i z e  f a c t 9 r  (CSP)  acd  n o m i n a l  h y ~ a s s  r a t I o  
v a r y .  For the r a n q e  of v a r i a b l e s  i n  t h i s  f i q u r e ,  sys tea  
w e i q h t s  a v p e a r  t o  h a v ~  a v s r y  l i n e a r  b e h a v i o r .  

F o r  s i m p l i c i t y ,  i n  t h a  p r e s o r , t  s t u d y ,  t h e  p r o p u l s i o n  systep 
w e i g h t s  o f  f i q u r e  5 h a v e  Spen f i t t e d  w i t h  t h e  f o l l o w i ~ ~ ,  
r e l a t i o n s :  

(SHAFT) 

C o r e  ~ i z e  f a c t o r  (CSF)  i . c  a m e a s u r e  af t h e  c o r r e c t e r l  a i r f l o w  
of the t u r h o s h a f  t o r  7 3 s  g e n e r a t o r  core r e l a t i v e  t o  t h e  core 
s i z e  u s e d  i n  t h e  reference  e n q i n e  d a t a  of T ? b l a  1 . Yote 
t h a t  CSP is a t s z t o r  n n  c q r r e c t e d  a i r f l o w ,  h e n c e  p h y s i c a l  
s i z e ,  ot ,,.act1 core. F h g s k r a l  a i r f l o w  OF t h e  c ; h a f t  s y s t ~ r ,  
core c n a n g e s  w i t h  C P P ,  f u e  t o  c h d n g i n v  p r e s s u r e  r a t i o  o f  the 
f a n  l o c d t + . l  i n  f r o n t  of It, e v e n  w h e n  :SF ( c o r t e c t ~ ~ l  
a i r f l o w  ) is  h e l d  c o r s t 3 n t .  

hFSnLTS AND DISCilSSIQN 

B a s e l i n e  A i r c r a f t  

W e i g h t  s c h e d u l e s  a n d  d r s c r i p t i o n s  f o r  t h e  ?as-  l r i v e n  an? 
s h a f t -  d r i v e n  O a s ~ l i n s  a i r r r 3 f t  o f  t h i s  s t ~ i l v  ar;? p r e c e n t e q  
i n  T d h l e  VI. vl inq ere% ax? l a s p e c t  r a t i o s  a r e  the same f o r  
e a c h  a i r c r a f t  i n  t h e  T a b l e ,  a n d  I re  n o t  necessarily t o  be 
re, jar lc  l 3 ; L ' o p t i a u r n f *  ~ F ; S I I ? ~ F .  I r i t l i v i d u a l  weiqht it~ms i n  
t h e  b r o a k l o w n  a r e  { l e r i v e ; I  f r o m  p r s v i o u s  s t u d i d s  o f  s i m i l a r  
a i r c r a f t  i n  r e f ~ r 2 r . c ~ ~  1 a n d  2. T h e s e  r e f e r e n c e  s * l ~ d i i = s  
t j e n e r a l l y  - t l l o w  a s l i q h t  ly ! i l g h r r  d ~ s i q n  f u e l  l o a d  fqr t h e  
g a s  a i r c r z f  t: sific2, a s  llsctisserl e h r l i e r ,  fuel usaqe cf t h e  
b a s e l i r e  q35  system i s  h i q h c r  t h a r .  t h a t  of t h e  shsft system. 
H o w e v e r ,  f o r  c o m p 3 r i s ~ n  p u r p o s e s  i n  t h i s  s t n d v ,  t h e  l e s i c r n  
f u e l  l o a d s  h a v e  b e e n  a d  l a  E 11131. 'I h p  p r e s e n t  s t l i d y  u s e s  ar. 
a i r f r a r r , ~  w e i g h t  m ~ ! t ; l  s e n s i t i v e  t o  w i c y  p l a n f o r m ,  f u s e l a c l ~  
s i z e ,  a n d  p r o p u l s j o n  s v c t e ~  s i z e .  T h e  w s i ~ h t  moiel i s  
c a l i b r a t e d  b y  t h 2  weid! \ t s  s h o w n  here a n d  b y  t h s  e a r l i e r  



r e t s r s n c e s .  T h e - t  n e r j t t s  s h o u l d  b e  c o n s i d e r e d  as o n l y  
r e p r e s e n t a t r v *  s i n c e  t h ~ v  a r e  subject to r e f i n e m e n t  as more 
d e t a i l g d  s t x u c t u r e  a n d  c o m p o n e n t  s t u d i e s  are taade. 

l 'db la  V I  d i v i d e s  t h e  a l ~ c r a f t  weight into t h r e e  majar 
q r o u p s ;  A I . r f . r a a e ,  P r o p u l s i c n ,  a n d  o t h e r  S y s t e m s .  The 
Airtramhr w e i q h t  y o n s i s t s  of w i n g ,  t a i l ,  f u s e l a q e ,  l a n d i n q  
g e d r ,  a n d  a part o f  ,.ht weight a a s o c i a t a i  w i t h  i n s t a l l a t i o n  
o f  t h e  ~ r o p u l s i o n  s y s t e r .  The Propulsion w e i g h t  g r o u p  is 
a s s u r d d  h e r e  t c  i n c l u q c a  t h e  major p a r t  o f  t h e  n a c e l l e  a n d  
i n s t a l l a t i  o n - r e l a t e t i  w e i q h t .  :his g r o u p i n g  is t o  allow f o r  
s t u d i e s  o t  o t h e r  f a n  a n 1  core s i z e s  w i t h  a t t e n d a n t  c h a n q e s  
i n  i n s t a l l e d  w e i 3 h t .  T h e  T a b l e  s h o w s  t h e  w e i q h t  ot t h e  
h a s t l i n e  s h x f t  s y s t e m  a s  h e a v i e r  than t h e  b a s e l i n e  g a s  
cf:iten. %ate t h a t  t h e  u'rew a n d  s y u z p u i e n t  w e i q h t  is i n c l u d e d  
'in t h a  sc:nedu:e at t h e  o u t s e t .  T h i s  a l lows  the sum ~f t h e  
t h r e e  major v e i q h t  g r o u p s ,  alonq w i t h  e x p e n d a b l e  p a y l c a d ,  t o  
t , ~  termed ds u n f u e l t d  t?keoff  w e r c l h t  (1'"3W). T a k e o f f  r~torss 
w e i g h t  ( T C  ;W) t o r  s n y  a i s s i o ~ ~  is  tht-r ,  s i m p l y  + h e  s u m  o f  rJT9U 
:tnd t h e  t a k e o f f  f u e l  l o a d .  Any water c a r r i e l  f o r  p o s s i b l e  
. 2 a n a u v e r s  w l t h  ws t r r  i n j e c t i o n  i s  c s r s ~ 4 e r s d  a h a r q a b l e  t o  
*,he f u e l  l o a d .  

The a r a e r q e n c y  l a n d i n q  w e i r l t t  (ELW) o f  t h e  a i r c r a f t  Is 
a s s u m e d  t o  c o n s i s t  o f  t h e  IIT3W, m i n u s  the p d y l o s d ,  p l u s  a n  
800 p o u n a  a l l v w a n c e  r Pmergenci l a n a i n q  £ u s 1  s n d  w a t e r .  
Emer  y e n c y  l a n  l i r ~ s ]  w e i l j h t s  3re s h e w n  h e r e  ?s 2 3 R l O  l b .  f o r  
t h e  s h a f t - d r i v e n  a ~ r c r a f t  a n ( 1  22251: l h .  f o r  t h a  gas 
a i r c r a f t ,  S i n c e  the l n r l ~ e s ' t  p a r t  o f  t .he  BLW i s  IITOK, t h i s  
v a l u e ,  a l o n ?  w i t h  t h e  3 2 7  thrust of t h e  p r o p u l s i o n  s y s t e a ,  
d e t e r r a i n e r ,  rhet l icr  t h s  a i r c r a f t  c a n  s a f e l y  l a n d  i n  a n  
e m e r g e n c y .  

T a b l e  VII s u m m a r i z e s  t h a  v e r t i c a l  t h r u s t  c d p a b i 1 i t i C 2 s 8  
i n c l u d i n q  O E O  emerqoFcy I l n 3 l n g 8  o: t h e  s y s t e a s  p r e s e n t ~ d  i n  
T d u l e ;  I t h r u  V .  I f  a t h r u s t , /  w e i q h t  o f  1.03 i s  3 s s u n ~ t f 3  t~ 
a l l o ~  f o r  a s a f ?  kVL, i t  c a n  h e  seen t h n t  t h e  baseline 
(BPR= 1 2 . 2 )  s h d f t  s y s t e 1 8 ,  w i t h o u t  w a t e r  i r  j s c t i o n ,  ~01113 
s a f e l y  l a n d  t h e  b l s e l i n e  s h x f t  a i r c r a f t  of T a b l e  Y T  w i t h  o n e  
core e n g i n e  o u t  (OE?). I n  t h i s  case t h e  s h a f t - d r i v e n  
a i r c r a f t  c o u l - i  perform t h e  EVL w i t h  d t h r u s t /  w e l g h t  o f  
2 5 3 8 3 / 2 3 9 1 0  o r  1.366. T h n  w a t e r  i n j e c t e d  cases  f o r  t h e  
? ! r a f t  systems shcwr. i n  T a b l e  V d s s u E e  t h a t  100 psrcent 
s a c , u r d t i o n  i s  a c h i s v e ?  ~t t h e  c o m p r e s s o r  f a c e .  T h e s e  t h r u s t  
v a lues  a r e  r e p e a t e d  i n  T a b l e  711  f o r  t h c  s h a f t  s y s t e m  4 u t i r i q  
OEO emergency. F o r  c o r , s a r v a t F s m ,  b o w e v e r ,  i t  i s  a s s u m e 3  i n  
t h i s  s t u d y  t h a t  i f  w a t e r  i n j e c t i o n  is  u s e d  o n l y  80  p e r c e n t  
o f  s a t u r a t i o n  i s  a c h i s v a b l e .  T h e  c o r r e s p o n d i n g  t h r u s t  of 
2 7 0 4 0  1b. is a l s o  s l iown i n  T a b l e  V I T  for t h e  b a s e l ! n e  SPP 
of 1 2 . 2 .  I n  t h i s  case, t h a  t h r u s t /  w e i q h t  of t h s  h a s e l i ~ e  
s h a f t  d i r c r a f t  i r l  "wetf1 PVL is 1. 1 3 5  . 
a a t a  f o r  t h ~  q a s - 3 r i v t n  s y s t e m  s h o w n  i n  T a b l e  V I L  a t  the 



b a a e l r n ~  n o m i n a l  BPP of 8.02 p o i n t s  t o  t h e  f a c t  t h a t  t h e  
b a s s l i n s  a i r c r a f t  i n  Table V I  c a n n o t  s a f e 1  y l a n d  d u r i n g  J V L  
u i t h o u t  water r n j e c t i o n .  T h e  OE0 e m e r g e n c y  wet r a t i n g s  f o r  
t h e  gas systeas  s h o w n  i n  T a b l ?  V a re  b a s e 4  o n  4 p e r c a n t  
c o m b u s t o r  w a t e r  ~ n i e c t i o n .  Tsb1.a VII, h o u s v e t ,  s h o w s  t h a t  4 
p e r c e n t  water l n i s c t i c n  a t  the b ? s e l i n e  EPR o f  8 - 0 2  1% st i l l  
too  l o u  i n  c u e r g e n c y  t h r l l t t ,  q i v i n q  a v a l u a  o f  22025  l h . ,  
w h r c h  ;a lower t h a n  the ELW of the b a s e l i n e  a i r c r a f t  o f  
2 2 ~ 5 0  l b .  i f e n c e ,  i n  t h e  p r e s e n t  s t u d y  w a t e r  i n  j a c t i o n  i s  
a s s u a a d  u s e d  d u r i n g  EVL by  d l 1  q a s - d r i v e n  systeas  a t  a  r a t e  
o f  6 p e r c e n t .  T h i s  water r a t e  may co t  b e  neede4  i n  sore  of 
t h e  h i q h e r -  t h a n - b a s e l  i n ?  v a l u e s  of BPR, b u t  o n l y  r e q u i r e s  
t h e  c a r r y i n ?  o f  l e s s  t h a n  1 4 0  e x t r a  p o u n d s  o f  w a t e r .  I n  
t h i s  cass t h e  b a s e l i n e  73s p r o p u l s i o n  s y s t e m ,  a t  9 6 D e r c e n t  
water ra te ,  i n  t h e  t 3 ~ u l i n e  a i r c r a f t  o f  T a b l e  V T  i s  t d p a b l c ;  
o f  EVL w i t h  a t h r u s t  / w e i g h t  o f  2 2 0 1 6 / 2 2 2 5 0  o r  1 . 0 3  , 

B a s e l i n e  S y s t e n  E n d u r 3 n c e  

F i g u r e  6 s h o w s  t h a  v 3 r ~ ; l t l ~ n  of T i m e  On S t a t i o n  (T7S) a s  
f u j l  1033 f h a n c e  f O G d )  i s  c h a n s e d  f o r  hoth t h e  b a s e l i n e  
s h a f t  a n d  j a s - d r i v e n  a i r c r d f t .  h'ster i n j e c t l g n  i s  co t  u d h l  
t o r  t a k e o f t  t l ~ r u s t  a u . j i a ? n t a t l o n  h u t  is a s s u m e l  t:, h e  c a r r i e ?  
f o r  o n e - e r i q i n c t - o u t  e m e r g e n c y  v e r + i c d l  l a n d i n g  ( E V L )  . T h e  
r a d i u s  of a c t i o n  f o r  311  c a s e s  i r l  t h i s  f l q u r ~  is 150 n.mi.  
T h e  m i s s i o n  i n  f l j u r e  i s  t h a  b ~ s e l i n e  r a i s s i o n  o f  f i q u r e  2 
w h e r e  TOS i s  e v a l u s t e ~  f o r  l o i t e r  a t  a f i x e d  low s l t i t u d e  o f  
10003 f t .  w i t h  o p t i m i z a !  l o i t e r  Mac5 n u m b ~ r .  T h a  v a l u e s  o f  
TOS s h o w n  i n c l u d e  t h e  e f f e c t s  o f  a p e r c e n t  SFC l e q r a 3 a t i o n  
l e r . 3 l t y  a s s u r e d  f ~ r  ~ 3 z h  p r o p u l s i o n  s y s t e m .  F i q u r e  6 is 
tidsed oit t h e  b a s e l i n e  a i r c r a f t  dni! p r o p u l s i o n  s y y t e m  v ~ i c l h t  
s c h e d u l e s  of T a b l e  V I .  I n c r e a s e d  t a k e o f f  f t l ? l  l o a l  i n  b o t h  
a i r c r a f t  i n c r t > d s e s  t h e  "3s  nr.1 TOGV u n t i l  + h 2  maximun: 3 e s i q n  
v a l u a  cf ~ n r e r n a l  f u e l  l o s d  of 15nQ0 l b .  1s r e a c h e r !  , w i t h  
UTOW c o n s t a n t  f o r  h o t h  a i r c r a f t .  

T h e  t a k e o f f  f u e l  l o a 3  i.; g r e a t e r  t h a n  t h e  m i s s i o n  f u e l  
a c t r c 3 l l y  used,  s i n c e  i~ c v G r y  c a m  5 p e r c e n t  o f  t h ~  t a k e o f f  
f u e l  m u s t  b6. h e l d  i c  r e s x v e .  T ~ P  v a r i d t i o n  o f  TOS w i t h  TOGW 
is not l i n e a r  b e c a u s e  i n c r p d s e ?  l o i t e r  tlare d a d ,  h e n c ~ ,  f u e l  
r e ] u i r e m e r . t  t l n d  t o  i n c r n d s c  t h e  f l i p 1  ~ l n p d ? d  q n  t h e  c \ u t t > o u n l  
c l i m b  o n 1  c r u i s e  1 5 3 s  ~f t h e  m i s s i o n .  A v e r t i c a l  l l n e  is  
s h o w n  a t  a TOGW ~ f  3 2 5 4 0  l b .  f o ~  t h e  s h a f t  a i r ~ l a n e  a n 4  a 
TOGW o f  3'3830 l b .  t o r  t h e  ] a s - d r i v e n  a i r p l a n e .  T h e s e  a r e  +he 
m a x i n u m  a l l o w a b l e  TOGW f o r  v e r t i c a l  + a k e o f f  a t  3 t h r u s t  t o  
weigtit r a t i o  o f  1 . O P  9 r  q r e a t e r .  E a c h  v a l u e  of maxim~lrn T3ZV 
f o r  V T O  is d e r l v e 4  f r o m  t h e  d r y  VTO ( 3  f a n s  o n  .? c o r e s )  
t h r u s t  l i s t e d  i n  T a b l e s  T I  a n d  VII f o r  e a c h  b 3 s e l i n ~  
p r o p u l s i o n  s y s t ~ m .  T a k e o f f  a t  h i g h e r  TOGW m u s t  b s  a s s u m - 4  t o  
b e  a S T 0  s d n e u v e r  w i t h  v a r y z n j  t a k e o f f  i i s t a n z e .  Vote t h a t ,  
a s  s h o w n  i n  t i q u r e  2 ,  b ~ t h  V T O  d n d  5TO t a k e o f f  f u e l  arm 
asaos;ba same (2.5 a i n u t e s  a t  f u l l  oower) . F o r  e i t h e r  



t h e  gaps or s h a f t  systsrr l ,  maximum VTO f u e l  l oad  i s  f a r  l eqs  
t h a n  t h e  d e s i g n  f u e l  1331 a n d  1 e p e n d s  o n  t h e  VTO t h r u s t .  For 
tho  b a s e l i n e  s h a f t  a y s t e a  9PF of 12.2,  VTO t h r u s t  i l s  35142  
l b .  a n d  t h e  maxi mu^ VTO f u e l  l o a d  is 6380 It. T h e  r e s u l t i n q  
ToS f o r  t h e  b a s e l i n e  1 5 0  n- ai .  m i s s r o n  is  7 2  m i n u t e s .  T h e  
b a s t l i ~ e  gas p r o p u l r j i o n  s y s t ~ m ,  a t  a EPP ok 9.02, h a s  a VTr) 
thrust of 33234  lh .  a n l ,  h a r , c e ,  rl I ~ w 8 r  a l l o w a b l 6  TQGW w h i c h  
l i a i t s  V T O  f t ~ o l  t o  5 2 3 0  i n .  . L o w e r  t a k e o f f  f u a l  a n d  
s l i y h t l y  h i j n e r  f u e l  z o n s u r ~ t f  o n  r a t e  c o a h i n e  t 9  q i v e  t h e  
gas s y s t e m  a r O S  o f  56 m i ~ l u t e s ,  o r  1 6  m i n l l t e n  less  t h a n  the 
c a p a h i l i t ~  of  t h e  b a s o l  i n e  s b a f t - d r i v e n  s y s t e m .  

A t  t h e  ST0 p o i n t  a n  c a z h  c u r v e  w i t h  maximum i q t e r n a l  f u e l  o f  
1 5 0 0 0  l h . ,  i t  i s  n o t e d  t h a t  t h e  TnGW of t h e  s h a f t  a i r c r a f t  
is h i g h o r  t h a n  t h n t  of t h e  qas a i r c r a f t  ( U l l 4 3  V ~ L S U E  39600 
1 . )  T h ~ s e  d j f f e r ~ ~ l c e s  i n  ToGU a r e  m o s t l y  3 u e  t o  
d i f f e r e n c e s  i n  UTOW p a u s e d  b y  r h t  h e a v i e r  p r o p u l 3 i o n  system 
i n s t d l l a t i o n  o f  t h e  s h 3 f t - d r i v e n  system, V e v e r t h e l e s s ,  t h e  
b e t t e r  f u e l  ecorioray o f  t h t b  s h a f t  s y s t e m  r o z u l t s  i n  a maximum 
STo-TOS ot 220  m i n u t c s  T h e  qlas svs tea  has  a m a x i s u m  ?TO-TOS 
o f  204 o i n u t e s  a t  t h c  same maxiraum f u e l  condition. 

W~te  a l s o ,  a s  m e n t i o n e ?  e a r l i e r ,  t h e  b s s e l i n e  q a s  a i r c r 3 f t  
w i t h  its b a s e l i n e  p r o p u l s i o n  system i s  j u s t  m a r q i n a l l y  
c a p a b l e  o t  a n  e m e r g e n c y  v e r t i c a l  l a n d i n g  (EVL)  i f  6 percerit 
water ~ n j e c t i o n  is  a s s u m e d -  T h e  s h a f t  a i r ~ r l f t ,  h o w e v e r ,  is 
c a p a b l e  o f  EVL w i t h o u t  v a t e r  i n j e c t i o n  d n d ,  i n  f a c t ,  e x c e d i i s  
t h i s  r e q u l r t m e n t .  

E f f e c t  o t  Far. a n d  C o r e  S i z e  

T h e  p r e c e d i n q  sectlcri c o r a n a r ~ d  t h e  q a s  a n ?  s h s f t  s y s t e m s  i n  
a common a i r p l a n e .  Howeve r ,  t h e  e n q i n e  s i z e s  a n l  BPF wern  
held t o  t - h ~ i r  b a s e l i n - ,  r l n e q u a l  v a l u e s .  S u c h  c ~ m p a r i s o n s ,  
t h e r e f o r e ,  s h e d  l i t t l ~  l i j h t  on  t h e  i n 4 i v l d u i l  o r  r e l a t i v o  
merits o f  the two p r o p u l s i o n  s y s t e ? r s .  T h i s  q e c t i o n  e x p a n d s  
or, t h e  p r e v i o u s  o n e  h v  e x a r n i r t i n q  t h e  effect of 3 n q i n e  s i z p  
a n d  Sl'li w h i l e  k e e p i n q  t h o  c , y s + ~ m c ;  i n  a comaon a i : . p l a n e ,  

Tne yds a n d  s h a f t  S a s e l i n e  s y s t e m s  h a v e  c e r t a i n  n o m i n a l  
v a l u e s  of sea- I e v e l  c o r r e c t e d  a i r f l 3 w  f o r  t h e  f a n s  a n d  
cores. T h e s e  v a l u a s  were s ? e n  i n  T a b l e  I u n d e r  t h e  b a s e l i ~ e  
n o m i n a l  p r o p u l s i o r .  syst+m b y p a s s  r a t l o s  of  8 . 0 2  for t h e  q 2 s  
s y s t e m  a n d  12.2 f ~ r  t h ~  s h a f t  s y s t ~ a .  E f f e c t s  o f  f a n  a n t  
c o r e  s i z e  v a r i a t i ~ n s  r e l i t i v e  t o  %he b a w l i n s  p r o p u l . ; i c n  
s y s t ~ r u s  arc e x a n i n e d  i n  f i j u r e s  7 a n d  R b y  u ~ i n g  a f a n  s i z e  
f a c t o r  (PSF) a n d  c o r e  s i z e  f a c t o r  ( C S P )  t o  e x p r e s t  c o r r e c t e d  
a i r f l o w  r e l a t i v e  t o  t h t ?  h a s e l i n e  g a s  a n t  s h a f t  f a n s  a ~ d  
cores shou t1  i n  T a b l e  T. Natc aqa i r !  t h a t  p h v s i c a l  a i r f l o w  o f  
t h e  s h a f t  system core  cfldn IPS w i t h  EPa, d u e  t3 ch ; rng i r .q  
p r e s s u r e  r a t i o  o f  t h e  f 3 n  l o c a t e d  i r .  f r o n t  o f  it, e v e n  when 
CSF ( c o r r e c t e d  a l r f  low) is h e l d  c o n s t a n t .  Far t h e  ga.; 



s y s t e m ,  ?SF a n d  CSP r e l a t e  f a n  a n d  c o w  c o r r e c t e d  a i r f l o v s  
t o  627.75 a n d  7 9 . 1 7  l b . / s e c ,  r e s p e c t i v e l y ,  s h o w n  f o r  t h ~  
b a s e l i n e  3 F F  of  Y.02 i n  T a b l e  T. S i m i l a r l y ,  i n  t h e  
s h a f t - d r i v e n  p r o p u l s i o n  s y s t e m ,  FSF a n d  C S P  r e l a t e  f a n  and 
core c o r r e r t a d  a i r f l o v s  9 600.69 a n d  42 .83  l b . / s e c ,  
r e s p e c t i v e l y ,  w h i c h  a r e  n o t e d  a t  t h ~  b a s e l i n e  n o m i n a l  R P P  o f  
12.2 .  Pence ,  t h e  n o n - L a s ~ 1 i . n ~  q a s  s y s t e m  s h o u r ~  i n  T a b l e  I a t  
a  BPF o f  1 2 ,  b u t  w i r h  the h a s e l i c e  core s i z e ,  i s  d e f i n e d  a s  
h a v i n g  a C S F  o f  1.3 i111.1 a F S F  o f  a h o u t  1.50. T h i s  i m p l i e s  3 
f a n  d i a m ~ t e r  a b o u t  27  p e r c e n t  l a r g e r  t h a n  t h e  b a s e l i n e  f a n .  

F i g u r e  7 s h o w s  t k e  e f f e c t  o f  FSE acd CSF o n  TnS f o r  t h e  
b 3 s e l i n a  r r i s s i o n  3n . l  b 3 s e l i n c  q ; t s - d r i v e n  a i r c r a f t  o f  T a b l e  
V I .  T h e  s o l i d - l i n e  c u r v e s  i~ t h e  f i g u r e  s h o w  t h e  v a r i a t i ~ n  
o f  TOS w i t h  d e s l g r ,  RPF  o f  t h e  s y s t e m  a t  v a r i o u s  v a l u e s  o f  
CSP. E a c h  c o m t i n a t i o n  of CSP a n d  9 F . F  i m p l i ~ s  d v a l u e  c f  FSP. 
D a s h e C  l i n e s  o f  c o n s t r l n t  F'SF a r r  s h c d r  o v o r l a i d  o n  e a c h  
f i q u r e .  T h e  r i g h t - h a n d  s i l e  of t i q u r e  7 s h o w ?  t h e  ~ s x i m u m  
STO-TOS o? t h e  a i r - r a f t  when t a k i r , ?  o f f  witti t h e  f u l l  d e s i c r n  
i n t e r n a l  f u c l  l o a j  o f  1 5 0 0 0  It-. ' L . , ~  c i r c l e 3  p o i n t  a t  F S F  a c d  
CSF o t  1 .0  a n d  BPF o f  4.C2 h a s  a STO-TOS o t  2 0 4  m i n u t e s  a c d  
c o r z t . s ~ ~ o r : ~ l s  t o  t h e  m a x i s u o !  ?TO- ' IOS s h o u r ,  i n  f l q u r . '  6 .  T k c  
l e f t  i d  of f i ~ u r e  7 s h o w s  t h e  e f f ec t  o f  t h e  same 
p r o p u l s i o n  s y s t e m  v a r i a b l e s  o n  t h ~  VTO-TOS r a p a b i l i t y  w h e r e  
i~ e a c h  ':as.? t h e  a i r c r a f t  f u e l  h a y  b e e n  c f f - l o a d e d  t o  a l l o w  
VTO w i t h  a t h r u s t  / w e i j h t  of 1.0f4. The c i r c l ~ i l  p o i n t  i n  t h e  
l e f t - i l a n f i  p a r t  o r  t i q u r ~  7 d t  a VIP-TOS o f  56 n i n u t e s  w i t h  
C S P = 1 . 0 ,  ;ZFb=3.02, a n j  F S F = l . O  i t h e  sare case s h o w n  i n  
f i g u r e  6 r 2 r  VTO t d ~ . t h  6 7 3 0  l h .  o t  i u ~ l .  

An e f f i t r q e n o y  v e r t i c a l  l a n ( 7 i n q  {FVL) l i a i t  I1r.l i s  s h o w n  
c u t t i ~ q  a c r o s s  t h ~  c u r v F s  i n  t l ~ r u r e  7 f o r  STQ-TQS s n 3  
VTO-TOS c i t  ~ a r h  PPb.  The ')KO v e r L , i c a l  t h r u s t  OF t h ~  
g d s - d r i v e 1 1  sys te in  was  show^ i n  T a L l e  V T I  t o  i e p e n l  o n  FPF. 
T h i s  t h i u . ; +  1 s  - t l so  g r 3 : ) o r t i o n a l  t o  CYF dt e a c h  p ? s .  T h e  
tmer jenc:y l d n t i ~ n q  w e i q h t  ( E L W )  o t  t h e  d i r c r a F t  is s t r o n q l y  
d f f e c t e t l  b y  +he p r o p u l s i o n  s y s t e r r  w ~ i q h t  w h i c h ,  i n  t u r n ,  i~ 
a f u n c t i o n  o f  CSF ar,d FSF. H e n c e ,  f o r  a  ( l i v e n  ; l i r c r a f t  s u c h  
a s  i n  f i q u r e  7 ,  t h e r e  is a min imum a l l o v a b l t  ? S F  a t  eacl- R " r  
f o r  s3fe OEO e m c r a e n c y  v e r t i c a l  l a n d i n j  w i t h  a 
t h r u s t /  weL. jh t  o f  1.03. T t  c a n  h a  s e e n  i n  f i ~ u r e  7 t h a t  t h n  
b a s e l i n e  qls a i r c r 3 f  t w i t h  t h e  i l a s e l i n e  p r o p u l s i o n  s y s t e m  
a natal led is o n  t h a  EVL l i m i t  a t  a 3PQ 3f 8.n%. T h e r ~  i s  1;3 

m a r g i n  f u r  EVL i n  t h i s  c a s e  i f  u n f o r e s e e n  t h r t i s t  l o s ses  o r  
i n c r e . ~ s ~ s  i n  ELW o c c u r .  N o t e  t h a t  a t  E P R = 6 ,  t h e  a i n i n ~ u m  CSP 
f o r  EVL i:; a b o u t  1 . 1 ,  b u t  w i t h  a c a r r e s p o n 4 i n  7 v a l u e  o f  FSF 
o f  l e s s  t h a n  0.9. 

S i n c e  ST(\-IDS t e n d s  t o  i n c r e a s e  d t  e a c h  aPP a s  CSF 
l a c r a a s e s ,  t h e  e f f e c t  o f  t h e  EVL l i m i t  l irre  se t s  ar, u p p e r  

l i m i t  o n  SI 'O-TOS h t  e a c h  i5PF. A l o n q  e a c h  EVL l imi t  line, 
c i ~ a r q e s  i n  BPk p r g d u z e  r e l d t i v e l y  s m a l l  c h a r . 7 e s  i n  T 3 S  f o r  
b o t h  ST0 dnd VTO. 



P i g u r u  7 a l ~ o  s e r v e s  t o  s h o v  t h e  e f f e c t  o f  f i x i n q  t h e  f a n  
s i ze  a t  b a s e l i n e  ( F S F s 1 )  u h i l e  l a r q e r  core s i z e s  are  used 
o r ,  c o n v e r s e l y ,  f i x i n g  the core a t  b a s e l i n e  s i z e  (CSP-1)  
w h i l e  FSF i s  i n c r e a s e i .  Erther approach t e n d s  t o  i n c r e a s e  
VTO-T>lS ( u h i l e  ST)-TOS d e c r s d s e s )  a n d  p r o v i d e  w i d e r  m a r g i n s  
i n  t h e  system f o r  s a f s  EVL. i i o u e v e r ,  i t  s h o u l d  b e  p o i n t e d  
o u t  t h a t  l o u o r  F P P  h y i n c r e a s i n q  CSF an:! h o l d i n q  F S F  
p z o d u c e s  more ~ a p i ?  p a y o f f  i n  i n c r e 3  sen VTO-TOS. 
F d r t h e r m o r e ,  h o l d 1  n q  3r s3 i q h t l y  d e c r e a s i n q  F S F  a v o i d s  
nacelle size j r o w t h  a n d  i n c r e a s e s  t h e  o p e r a t i n q  f a n  pressure 
r a t i o  o f  t h e  p r o p u l s i ~ n  s y s A e m  i n  a l l  m o d e s .  

F i g u r e  e ~ h o w s  b o t h  ST3-TOS a n d  VTO-TOS f o r  t h e  s h a f t - 3 r i v e n  
b a s ~ l i n a  a i r c r a f t  a s  BPF, CSF,  a c 3  FSP a r e  v a r i e d .  T h e  EVL 
l i m l t  l i n e s  e ~ t a b l l s h i n q  min imum CFF a n 3  m a x i m u a  STO-TOS a t  
e a c h  13PP *re a l s o  sl lown i n  b o t h  p a r t s  o f  f i g u r e  R. T h e  
c i r c l e  1 p o i n t  f o r  t h ~  b f s e l i c e  s h a f t  p r o p u l s i o n  s y s t e m  a t  
BP9=12.2 a n d  C S F = l . O  i n  b o t h  p a r t s  o f  t h e  f i g q r e  i d a n t i f i e s  
t h e  TO5 c a p a b i l i t y  o f  t h e  b a s e l i n e  a i r c r a f t .  I n  this case  
t h e  STD-T3S i a  220 r n i n u t s s  a n d  t h e  VTO-TOS ss 7 2  m i n u t e s ,  
c o r r a s p o n d i n q  t o  r e r u l t s  j i v e n  f o r  t i i ~  s h a f t  a i r c r a f t  i n  
f i q u r e  6. Note t h a t  i t  t h e  s h a f t  s y s t e m ,  t h e  b a s e l i n e  
a i r c r i f  t anti e n g i n e  c o m b i n a t i o n  s h o w s  a consi  d e r a h l e  m a r q i n  
rrom t h e  minimum CSF f o r  t h e  EVL 1 r t  l l n e  a t  a  3PF of 
12.2.  I f  CSF i s  h e l d  f i x e l  a t  1.0 t h a  s h a f t  s y s t e m  r e s u l t s  
I n  f i j u r e  d a ; ) p r o a c h  t h e  E V L  l i m i t  d t  a  2 V F  n e a r  *, w h e r e  
FSF h a s  r e l u c e d  t o  l e s s  t h a n  0.8. P e r f o r m a n c e  o f  t h e  s h a f t  
s y s t e m  i n  f i q ~ r e  8 1s q e n e r a l l y  b e t t e r  t h a n  t h e  7 a s  s y s t e m  
i n  E i q u r e  7 s r n c e ,  f o r  a n y  selected VTO-TOS, t h e  
c o r r e s p o n d i n 3  SWD-TnS c a p a b i l i t y  of t h e  s h ; t f t  s y s t ~ m  i s  
g r e a t e r .  T h e r e f  ore t h e  s h a t t  s y s t e ~  i s  e x h i b i t i n g  h e t t e r  
c r u i s e  3 n d  l o i t e r  fuel o c o n o v y  a l o s q  w i t h  g e n l r a l l y  q r e a t e r  
m a r q i l i s  f o r  s a f e  EVL. 

F i q u r s s  7 a n 1  P a l s o  s e r v e  t o  i l l u s t r a t e  t h a t  i f  cSF is 
c o n s i l t - r e ?  v a r i a b l e ,  a 4 e s i r e r f  o r  " d e ~ i q n ~ ~  v a l u e  of ToS f o r  
t h e  v e r t i c a l  t a k e o f f  q o d e  c a n  h e  s~ecifled a t  e a c h  F F P .  T h m  
r e l a t i v e  f a n  s i z e ,  F S F ,  w o u l d  s t i l l  d e p e n d  o n  t h e  CSF 
r e q u i r e d  a t  e a c h  nPR t~ mcet  the d e s i g n  v a l u e  gf VTO-T3.:. A 
v a l u e  of VT3-T9S less  t h a c  t h a t  9f t h e  F V L  limit l i n e  c o u l d  
b e  s?ecifi12,i i t  3ny FPF. I l o w e v e r ,  i f  t h e  EVL c o n s t r a i n t  i s  
a l s o  t o  f a  o ~ s e r v e d ,  t h e  C S F  a n d  a l s o  t h s  F S F  o f  t h e  
p r ~ ~ u l s i o n  system w o u l d  t h e n  h e  s i 7 t d  by t h e  BVL c r i t e r i a  of 
t h r u s t /  ELX 3C 1.03, I l i s r ~ g a r d i n q  tile v a l u e  of VTO-TOS. 
f l e n z e ,  a t  e a c h  ?PF, i t  i s  p o ~ s i b l ~  t o  f i n d  t h e  r ~ q r i i r e d  CSF 
t o  meet t h e  h i g h e r  v a l u e s  of s p e c i f i e d  VTO-T3S, o r ,  t o  f i n d  
t h ~  n i n i m c a  CSF n 2 e d e d  t o  meet o n l y  t h e  FVL r e q u i r e m e n t .  



E f f e c t  o f  BPR a n d  S p e c i f i e d  VTO-TOS 

F i x i n g  t h e  d e s i g n  v a l u e  o f  VTO-TOS a y  f l o a t i n g  t h e  scale 
s i z e  o f  t h e  p r o p u l s i o n  s y s t e m  a l l ows  more c o n s i s t e n t  
c o m ~ a r i s o r . ~  t o  b e  aadc!  b e t  ween i i f  t e r e n t  s y s t e m  t y p e s  a n d  
d i f f e r e n t  b y p a s s  r l t i o s .  F i c r u r e  9 i s  ~ r e s s n t e d  i n  s i x  p a r t s  
t o  i l l u s t r a t e  t h e  e f f ec t  o f  !3PR and  d e s i q c  VTO-TOS Dn t h e  
p s r f o r m 3 n c e  o f  t h ?  gas-  l r i  v e n  V/STCL a i r c r a f  +. Q e s u l t s  a r e  
s h o u n  f o r  f i x e d  v a l t i e s  o f  VT3-TQS c ) t  9 0  a n d  1 2 0  r n i n t l t e s  a t  
e a c h  9 P P .  Also i n c l u d e d  i n  t n e  f i q o r e  a r e  r e s u l t s  t h a t  w o u l 4  
a p p l y  t o  m i n i m u m  s i z e  p r o p u l s i o n  s y s t e m s  i n t e n d e d  t o  j u 5 t  
meet t h e  EVL c r i t ~ r i a  a t  e a c h  BPP. 

T h s  s i x  items s h o v n  i n  f l q u r e  9 a r e  t h e  r e q u i r e d  core a n d  
f a n  r e l a t i v *  s i z e s  (CSF a n 3  FSF); t h e  TOS c 3 ~ a b i l i t y  o f  t h e  
a ~ r c r a f t  a n d  TOGW t o r  S T 0  w i t h  t h e  f u l l  i n t e r n a l  f u e l  1031 
o f  1 5 0 6 0  l b . ;  t h e  V T I - T I S  c a p a b i l i t y  o f  t h a  o c i n i m u s  CSF 
s y s t e m  d e s i q n e d  b y  t h p  EVL c o n s + r a i n t ;  a n d  t h e  ffiaximllm 
o p e r a t i n g  r a d i u s  ( U Y A X )  a c h i e v a b l e  w i t n  t h s  a i r c r a f t  b y  
u s i n g  S T 0  t a k e o t f  a t  f u l l  f u e l  l o a d  a n d  n a i n t a i n l n q  a h i q h  
- a l t i t u d e  c r u i s e  a t  a n  o p t i m r l m  l a c h  n u m b e r .  v3ximt1rn 
o p e r a t i n g  r a d i u s  stresses c r u i s e  e t t i c i e n c v  a t  h i g h  a l t i t u d e  
a n d  Y a c h  n u m b e r  o f  a b ~ u t  0.7, w h e r e a s  t h e  T3S  f i q u r e  of 
merit g i v e s  mora  i ~ p o r t a n c e  t o  f u e l  ~ f f l c i s n c v  a t  a 
r e l a t i v e l y  low a l t i t u d e  of 1OOOO f t .  a n d  l o i t e r  Yach 
n u m b e r  o f  a h o u t  0.4.  

I n  each p a r t  o f  f i g u r e  9 a  s o l i d  s y t t o l  h a s  b e e n  s p o t t e d  t o  
l o c a t z  d a t a  p e r t a i n i n 9  t o  t h e  h ; l s e l i n e  p r o p u l s i o n  s y s t e a .  I n  
t h i s  c a s e ,  a s  n e n t l o n ~ l  e 3 r l i e r ,  t h e  b a s e l i n e  qas-  i r i v e r .  
s y s t e m  an.1 b a s e l i n e  a i r c r a f t  f a l l  o n  t h e  FVL, l i m i t  l i n e  a t  
t h o  n i s e l i n ; .  3 P B  of P.32. NQte t h a c  CSP  and PSI? a r e  l . Q  f o r  
t h i s  c a s e ,  d ~ ; d  that S?3-TJS arid F M A X  dre j r z a t e r  t h a n  t h 3 s o  
f o r  jas- ~ i r i v 2 n  s y s t ~ n s  w i t h  i l e s i a n  v a l u e s  of VTO-To? of 9 0  
o r  129  a i ~ l ~ i t e s .  

It car: h e  seen ir, f i y u r e  ? t h a t ,  a t  e a c h  gP.9, d e s i g n i n g  f o r  
9 0  m i n u t e s  VTO-TVS c a l l 5  f n r  l a r g e r  CSF,  F S F ,  a n i  TOGW t h a n  
t h e  E V L - d e s i g n e d  i y s t e n .  ! I o w t ' v ~ r ,  t tie '41'0-TO5 o f  t h e  EVL 
s y s t 2 m  a n l y  e x c c o l s  6 C  m i n u t e s  f o r  b y p a s s  r a t i o s  h i q h ~ r  t h a n  
a b o u t  9.  F u r t h e r r n ~ r e ,  t h e  STG-TO:; o t  t h e  E V L - d e s i g n e d  c a s e s  
g e n e r a l l y  e x c e e d  t h o s e  of  t h e  9 0  m i n u t e  d e s i ~ n s  by l e a s  t h a n  
2 0  m i n u t e s  an3  d i f f e r  i n  T:lG'vl b y  l e s s  t h a n  7009 l h .  Heqcf?, 
rninimllm s l z i n j  o f  p r o p u l s i o n  s y s - t e i n s  c a n  t o c  e a s i l y  r e s u l t  
i n  p o o r  VTO n i s s i o n  performance f o r  o n l y  s l i ' 7 n t  g a i n s  i n  ST3 
m i s s i o n  p e r t m -  ,L n a n c e .  

T h e  b e s t  c h o i c e  of EFP f o r  STO-TOS o r  R M A X  a p p e a r s  t:, f a l l  
i n  t h e  r a n j e  o f  S t o  10 f o r  e i t h e r  f i x e d  VT3-TOS d e s i a n s  o r  
f o r  EVL d e s i g n s .  Y o w e v e z ,  d c h o i c e  o f  BP? i n  t h e  6 t o  8 
r a n g e  may b e  p r e f a r a b l e  s i n c e  p e r f o r m a n c e  is  o n l y  s l i a h t l y  
c o m p r o r n i s e . i  w h i l e  a v o i l i n q  l a r g a  d i a m e t e r  f a n s  (hicrtt  PSF) 
a n d  h i g h  v a l u e s  9 k  T07W. A s  s e e n  i n  T a b l e  11, n o r m a l  VTn 



3 f a n - 2  c o r e )  f a n  p r e s s u r e  r a t i o  of t h a  g a s  p r o p u l s i o r ,  
ystems i n  t h e  BPQ r a n . j c ,  o f  6 t o  8 is a l s o  h i g h e r  ( 1 . 3  t o  
- 3 )  t h a n  f o r  B P R  o f  13 a n d  12. S u c h  f a n  p r e s s u r e  r a t l o s  n a y  

h e  prt:ferrrd s i n c e  o p e r a t i n q  f a n  p r e s s u r e  r a t i o s  I n  t h o  
e a e r q e r . c y  ( 3  f a n -  1 c ; r e )  v e r t i c a l  t h r u s t  modes a re  a l w a y s  
l e s s  t h a n  t h o s t  at n o r a s l  VTO, w h i c h  i n c r e q s e s  t h e  t h r u s t  
l o s s  s t n s i t i v l t l e s  o f  t l ,e ~ r o p u l s i o n  s y s t e m  d u r i n q  t h e s e  
c r i t i c a l  F a n e a v e r s .  

P i q u r e  1 C  i s  a s i x  p a r t  c o m p o s i t e  ~ l l u s t r a t i o n  o f  t h e  e f f e c t  
o t  4 e s l q c  9PR a ~ . l  d a s i g n  VTO-TO5 f o r  the s h a f t -  ?riven 
p r o p u l s i o n  s y s t e m .  A s  i~ f ~ j u r e  4 f o r  t 5 o  ? a s  s y s t e m ,  t h e  
b a s e l i e e  . i l r c r a f t  p a r a r n s t e r s  dre u s e d  w i t h  a s p e c t  r a t i o  o f  6 
a n d  w i n g  a re3  o f  3 0 0  sq. ft . .  . F e s u l t s  f o r  RRAI, ST3-T3C,  
STG-TOGd, F S i ,  C:'F, a n d  VTO-TnS f ~ r  t h e  F V L - d e s i q n e d  
p r o p u l s i o n  s y s t e m  a r e  s h o w n  f o r  E r P  i t  t h e  r a n q e  o f  p t o  
1 2 . 2 .  

T h 6  b a s e l i r l e  DFF o f  t h ?  s h a f t  s y s t e m  is 12.2 a s  n o t e d  i n  
T a b l e  V I T .  The d a t a  f o r  t h e  b a s e l i n e  PPF a n ?  b a s e l i g e  s i z e  
s h a f t  s y s t e m  a r e  n o t e 3  i n  e d c h  p a r t  o f  f l l u r e  10 o y  t h e  * l a r k  
s o l i d  symbm31.  Vote t h 2 t  t h e  b a ~ e l i n e  s y s t e n ,  s t  !3Pr=12. 2 ,  
C S F - 1 . 0 ,  a n d  FSP=I .O s h o w s  I c o n s i d e r a b l e  m a r s i n  ic s i z e  
o v e r  t h a t  o f  t h e  F V L - 3 e s i y n e I  ~ i n i n u ~  s i z e  p r o p u l s i o n  
s y s t e m .  T h i s  r e r l ec t s  t h e  f a c t  t n a t  t h e  OE3 v e r t i c a l  t h r u s t  
o f  t h e  s h a f t  s y s t a f f i  is  s u b s t a n t i a l l y  l a r g e r  t h a n  r e q u i r e ?  
f o r  EVL wht-n t h e  b a s e l l n e  p r o p u i s i o c  s y E t a m  i s  u s e d .  A t  
BPEi=12.2 t h e  E V L  % i n i s u r n  s y s t e m  r c q u i r e s  eor-- a n 1  f a n  s i z e  
f a c t o r s  o f  o n l y  (3.86 . 9 s  q P n  is r e d u c e d  a l o n q  t h e  E V I  
l i m i t  l i n e .  t h e  r 2 q u i r 3 1  f a ?  s i z e  d e c r e a s e s  e v e n  f u r t h e r  t o  
0 . 7 6  a t  BP?=t3, w h i l e  t h ?  m i n i m u m  r f q u i r e i  Ycr? s i z e  r i ses  t~ 
c e a r l y  n a t c n  t h a t  o f  t!le b a s e l i n e  s y s t e m  a t  1 .0  . 
E a c h  a s p e c t  o f  t h e  S T 0  p c r f d r r n 3 n r e  o f  a n  E V L - d e s i q n e d  s h a f t  
s y s t e m  i n  t i  j u r e  1 0  a p p e a r s  s u ~ e r i o r  t o  t h a t  o f  + h e  q a s  
s y s t e m  i n  f i q u r e  3 ,  m c s t l g  4ut: t c  t h e  b e t t e r  f u e l  e f f l c i e n c v  
of t h e  s h a f t  s y s t e m  arid t h e  a k ~ i l i t y  t o  m o ~ t  t h e  !?VL c f i t e r i d  
w i t h  a reII.i t i v t l y  smsll p r o p u l s i ~ n  s y s t e a .  H o w e v e r ,  t h o  

n o r m a l  3 f a n -  2 c a r e  \'Tql t h r u s t  o t  t h e  s h a f t  s y s t e n  i s  n o t  
l a r g e  ~ r ~ o u j h  ic t h ?  EVL- k l r a i q r , t ~ ~  s y s t e r  t o  2llow e n o u q h  
t a k e o t t  t 1 1 ~ 1  1oa.l f o r  7003. V ' f 7  m l s s i o n  p e r f z ~ r m a n z e .  A t  t h e  
b d s e l i n e  PPC o f  1 2 . 2 ,  t h e  m a x i m n r  V -  l'3S f o r  t h e  FVL- 
d e s i g n ~ d  s y s t e m  is lesc t h a n  1 0  n i r u t e s .  T h i s  VTO- TnS  r i ses  
t o  45 m i n u t ~ s  a s  1;PR 3 3 c e a s e s  t? S, d u ~  t3  i n c r e a s e d  VTn 
t h r u s t  a c c o m p a n y i r l q  t h e  i n c r e a s e  1 core  scalrl f a c t o r .  Tn a n y  
e v e n t ,  t h e  s h a f t  s y s t e m  r e s u l t s  o t  f i g u r e  l o  s h o w  tl-e r i s k  
of p o o r  VT3 a i s s i o l i  p t > r t o r n a n c r  when  p r o p u l s i o n  s y s t e m s  a r e  
s i z e d  f o r  min imum EVL r e q u i r e m e n t s .  

As i n  t h e  g a s  s y s t e m  r e s u l t s  o f  t i q u r e  9 ,  f i g u r e  1 0  s h o w s  
t h a t  c o n s i d e r a b l y  1 a r r : e r  CSIZ ant1 F S F  t h a n  t h e  b 3 s e l j . n e  a r e  
r e q u i r e d  f 3r s p e c i f i e d  V " 0 -  TOS d c c i q n e d  s y s t e m s  o f  a n ?  
1 2 0  m i n u t e s  a t  . the  b a s e l i n e  5FF of  1 2 . 2  . A l s o ,  a s  w i t h  t h e  



gas system, c h a n g e s  i n  STO-TOCW, STO-TnS, and Q R A X  a r e  
r e l a t i v e l y  small a s  EPR i s  v a r i e d  a t  c o n s t a n t  VTD-TOS. F o r  
t h e  s h a f t  s y s t e m ,  t h e  b e s t  v a l u e  of BP" w o u l d  seem t o  b e  
a b o u t  10 a n  t h e  b a s i s  o f  S T 0  p e r f o r m a n c e  f o r  s p e c i f i e d  VTO- 
TOS. H o w e v e r ,  it is p o s s i b l t s  t h a t  aPB=8  w o u l d  be  p e r f e r r e d  
s i n c e  F S P  w o u l d  be k e p t  smaller t h a n  b a s e l i n e  (0.Q5 t o  0.90) 
a n d  n ~ r m a l  VTO f a n  F r e s s u r e  r d t i o s  a r e  i n  t h e  n e i q h b o r h o o d  
of 1.3 . T h e s e  a d v i n t s q e s  a r e  o b t a i n e d  w i t h  smal l  
c o m p r a m l s e s  i n  ST0 p e r f o r m a n c e  c o m p a r e d  t o  r e s u l t s  f o r  
B P R = 1 0 .  

An o v e r a l l  c o m p a r i s o n  o f  f i g u r e s  9 a n d  1 0  s h o w s  c h a t  lower- 
t h a n -  b a s e l i n e  b y p a s s  r a t i o  v e r s i o n s  o f  e i t h e r  t h e  g a s  o r  
s h a f t  p r o p u l s i o n  s y s t 2 1 1 s  c q n  r e s u l t  i n  g o o d  VTO a n d  S T 0  
p e r f o r m a n c e  b y  p r o p e r  m a t c h i n q  o f  t h e  core s i z e  t o  t h e  
a i r c r a f t  a n d  m i s s i o n .  C o a p a r i s o n  ~f t h e  STO- T O q Y  i n  t h e s e  
f i g u r e s  s h o w s  t h a t  i? q z n e r a l ,  f o r  t h e  same b a s e l i n e  
aircraft, R P E ,  d e s i q n  VTO- TOS, a n d  t h e  same 1 5 0 0 0  l b .  f u e l  
l o a d ,  t h e  s h a f t -  d r i v e n  a i r c r a f t  m u s t  w e i g h  s b o u t  1 0 0 0  l h .  
more t h a n  t h e  g a s -  d r i v a n  a i r c r a f t .  T h i s  TOGW d i f f e r e n c e  is 
m o s t l y  d u e  t o  h e a v i e r  p r a p u l s i o n  s y s t e m  u e i q h t  i n  t h e  s h a f t  
s y s t e m .  oc t h e  o t h e r  h 3 n d ,  d u e  t o  be t te r  f u e l  e f f i c i e n c y ,  
u n d e r  the s a m e  c o n d i + i o n s  t h ~  s h a f t  a i r c r a f t  is c a p a b l e  o f  
a b o u t  5 0  n.mi. q r e a t e r  o p e r l t i n q  r a d i u s  a ~ d  s h o u t  20 m i n u t e s  
g r e a t e r  STO- TOS t h a n  2 q a s  a i r c r a f t .  

E f f e c t  of Wing P a r a m e t e r s  

I n  f i q u r ~ s  6 t h r o u g h  1 3 ,  t h e  a i r c r a f t  h a s  b e e n  f i x e d  a t  i t s  
b a s e l i n e  p a r a m e t e r s  i n c l u d i n n  a w i n g  a r e a  o f  3 0 0  s q . f t .  a n d  
a s p s c t  r a t i o  o f  6. A i r f r a m e  w e i g h t s  i n  t h o s e  f i g u r e s  
p r i n a r i l y  d a p e n d c t l .  o n  t h e  p r o p u l s i o n  s y s t e m  w e i q h t  w h i c h  i s  
a f u n c t i o n  of t y p 2  o f  system, s i z e  f a c t o r s ,  a c d  bypass 
r a t i o .  F i x i n q  the a i r c r a f t  p a r a m e t e r s  p r o v i d e 3  a c o n v e n i e n t  
m e t h o d  of e x a m i n i n q  t h e  e f f e c t s  o f  CSF, BPR,  E V L  
c o n s t r a i n t s ,  a n d  s p e c i f i e d  VTO-T3S. 

B a s e d  or! t h e  r e s u l t s  s h o w n  i n  f i g u r e s  q a n d  1 0 ,  f i g u r e s  1 1  
a n d  1 2  s h o w  t h e  e f f e c t  o f  w i n q  arEa a n d  w i c q  s p a n  o n  b o t h  
t h e  q d s -  a n d  s h a f t -  d r i v e n  a i r c r a f t  f o r  s p e c i f i e d  VTO- TOS 
d e s i g n s  a t  a r e d u c e d  b y p a s s  r a t i o .  P s p e c t  r a t i o  c o u l d  h a v e  
b e e n  u s e d  i n  f i j u r e s  11 a r ,d  1 2  i n s t e a d  of w l n q s p a n .  W i n g s p a n  
i s  u s e d  s i n c e  i t  n a y  b e  a Lore i n ~ p o r t a n t  d e c i d i n g  f a c t o r  i n  
a i r c r a f t  s e l e c t i o n .  I t  c a n  a f f e c t  t a k e o f f  c l s a r a n c e s  a n d / o r  
f o l d e d  s p a n  f dr s t o w a u e  c o n s i d e r a t i o n s .  

F i g u r e  11 ,  f o r  t h e  g a s  a i r c r a f t ,  c o ~ s i s t s  o f  f i v e  p a r t s  
s h o w i c g  t h e  e f f e c t  o f  w i ~ q  a r e a ,  s p a n ,  a n d  d e s i q n  VTO- T D S  
o n  S T 0  v a l u e s  o f  TOS, TCGSI, a n 1  PHAX, a l o r ' g  w i t h  r e q u i r e d  
p r o p u l s i o n  s y s t e n ~  size ( C S F )  a n d  f a n  size ( F S F )  a t  e a c h  
p o i n t .  I n  f i q u r e  11 t h a  g s s  s y s t t m  h a s  a n o m i n a l  BPF o f  6 ,  
s o  t h a t  t h e  F S F  is a l w a y s  a f i x e d  f r a c t i o n  o f  CsF ( a b o u t  



0.75). R e s u l t s  are s h o w n  t o r  two f i x o d  v a l u e s  o f  s p e c i f i e d  
VTO- TOS, 90  a n d  1.20 e i r ! u t d s .  L i m i t s  f o r  EVL a r e  n o t  s h o w n  
i n  f i g u r e s  11 a n d  1 2  b e c a u s e  f o r  t h e  ~ t a t e d  values o f  VTO- 
T O S ,  EVL t h r u s t  / w e i q h t  r a t i o s  are  a b o v e  t h e  minimum 
r e q u i r e d  l e v e l  of 1 . 0 3  , Data f o r  t h e  b a s e l i n e  a i r c r a f t  a r e  
n o t e d  a t  a s p a n  of  42.4 f ee t  a n 3  a  w i n q  a r e a  of 3 0 0  s q . f t .  
o n  t h e  90  m i n u t e  VTO-T3S c u r v e  o f  e a c h  f i g u r e  b y  n e a n a  of a 
s o l i d  s y m b o l ,  

As sear i n  t h e  e a r l i e r  f i j u r e s ,  d e z i g n t n a  f c r  a 12G m i n u t e  
VTO- TCS r e q u i r e s  a l f r q a r  p r o p u l s i o n  s y s t e m  a n d  l a r g e r  
TOCW, w i t h  s l i g h t l y  r e d u c e d  S T 0  m i s s i o n  p e r f o r m a n c e  w h e n  
c o m p a r e  l t o  t h e  90 m i n u t e  1'0s. Tn f i q u r e  11, TOS a n d  P 3 A X  
r e s u l t s  t e n d  t o  f a v o r  a i r c r a f t  o f  s m a l l e r  wiriq a r e a  a n $ ,  
h e n c e ,  h i q h e r  w i n q  l o a l i n q ,  P e r f c r m a n c e  f o r  t h e  h i g h e r  u i n q  
a r e a  o f  4 P 0  sq.f t. o ~ l y  e x c ~ e d s  t h a t  of t h e  3 0 0  s q - f t .  w i n q  
a t  s p a n s  b e l l  a b o v e  5 G  f e e t ,  a n d  i n  the d i r e c t i o n  o f  q r o w i n q  
TIIGW. T h e  ef tect  o f  w i n g s p a n  i s  a g e n e r s l  i n c r e a s e  i n  
STU-TOS o r  R I A X ,  T h e  s h a p e  o f  t h e  c u r v e s  s u q q e s t  o p t i m u m  
v a l u e s  o f  s p a n  f o r  e a c h  w i n g  a r m .  B u t  i n  t h e  p r e s e n t  s t u d y  
t h e s e  m u s t  b e  c o r . s i d e r e ?  a s  l t t h c o r e t i c a l "  s i n c e  t h e y  o c c u r  
a t  h i g h  a s p e c t  rdtio wh sze  es t imated  u i n q  w o i q h t  a n 3  
p e r f o r m a n c e  may h e  u n r a l i a b l e .  T h e  a d v a ~ t a q e  of i n c r e a s e d  
s p a n  o n  ST3- TOS a r l l  Sr3-RYAX a r e  s e e r ,  i r ,  t h 2  o t b e r  p a r t s  o f  
f i g u r e  11. E a c h  c u r v e ,  h o w e v e r ,  t e n l s  t o  d i m i r i s h  
p e r f o r m a n c e  g a i n s  ~t h i t h e r  w i n g s p a n s  d u e  t o  the p e r s i s t ~ r ~ t  
q r o w t h  o f  a i r f r a m e  w e i g h t  v i t h  s p a n  2s s e e r ,  ic t h e  f i a u r e .  
P r a c t i c a l  l i m i t s  on w i n a s p a n  a l l  p r o b a n l y  l i m i t  s p a n  
s e l e c t i o n  t o  t h e  lgwer o r  m i l - r a n q c  v a l u e s .  

P o r  each f i x e d  v a l u e  of VTO-705, i t  c a n  b~ s e e n  t h s f  
w i n g s p a n  has l i t t l e  effect o n  r e q l l i r e Y  CSF ( a n 1  FSF), a n d  
t h a t  the e f f e c t  of u i n j  r r e l  o n  e r . q i n ~  s i z e  1s e v e n  s a a l l e r .  
S i n c e  r q u i r e d  e n q i n e  s i z e  v a r i e s  o n l y  s l i q h t l y ,  o n c p  VT3-  
TOS i s  s e t ,  th2 v a r i a t i o n s  s6en I.!? TOGW a l o n g  e a c h  c u r v e  a r a  
p r i n c i p a l l y  d u e  t a  i r , c r e a s e l  a i r f r a m e  w e i f l h t  w i t h  i n c r e a s e d  
spa l . .  On t h e  o t h e r  h a n l ,  a o s t  o f  t h e  d i f f e r e n c s  i n  T D G W  f o r  
. i i f f e r e n t  VTO- TclS a t  tho s5me s n a n  a n ?  w i n q  l r e a  is  3 u e  t o  
t h e  ;lit tersr~ce o f  3bou t .  0 . 1 0  i n  e n g i n e  s i z e  ( C S F ) .  

T h e  r e q u i r e d  f a n  s i z e  i n  f i q u r e  11, s i n c e  RPR i s  6 ,  r a n q e s  
b e t w e z n  0 .92  qni 1 - 0 3  o f  t h e  p r o p o s e d  b a s e l i n e  f a n  s i z e .  
T h i s  c o n t r a s t s  w i t h  f l q u r o  9 ,  w h e r e  t h e  h a q e l i n e  B P P  of 8.C2 
n e e d e d  a n  F S F  of 1.1 to 1.2 f o r  s i m i l a r  m i s s i o n  p s r f o r m a n c e .  
The a i f f e r l n c e s  i n  FSF t o r  t h e  t h o  v a l u e s  o f  BP? r e p r e s e n t  
a n  8 i n c h  d i f f e r s n c c  i n  f a n  d i a m e t e r  w i t h  a c o r r e s u o n d i ~ q  
r e d u c t i o n  i n  n a c e l l e  s i z c l .  F u r t h + r m o r e ,  a s  n o t e d  i n  T a b l e  
11, t h e  n o r m a l  VTO f a n  p r e s s u r e  r a t i o  f o r  B P R = G  i s  1 . 2 9 ,  
w h e r e a s  for t h e  L a s e l i n e  BP? of ?1.@2 it i s  1.22 . 
F i g u r ~  1 2  p r e s e n t s  r e s u l t s  f o r  t h e  s h a f t -  ' l r i v a n  a i r c r a f t  
s h o w i n g  t h e  e f f e c t  o f  w l n q  a r e a ,  w i n ~ s p a n ,  a n d  d e s i ~ n  VTn- 
TOS o n  ST0 ?erformacce a n d  o n  t h e  i e ~ u i r e i t  e n ~ i n e  s i z e .  



R e s u l t s  a r e  shorn f o r  a  s h a f t  systea  w i t h  a r e d u c e d  BPR o f  
8.0 and  d e s i g n  VTO- TOS 3f 90 a n d  120 m i n u t e s .  I n  q e n e r a l ,  
t h e  e f f e c t s  s e e n  i n  f i g u r e  1 2  a n d  t h e  t r e n d s  i n  STO- TOS a n d  
STO- TOGW are  s i m i l a r  t o  t h o s e  o f  t h e  q a s  systea  shown i n  
f i g u r e  11. A l s o ,  a s  b e f o r ~ ,  d a t a  p o i n t s  f o r  t h s  baselin~ 
a i r c r a f t  w i t h  w i n ]  a r a a  o f  300 sq. it. a n d  w i n g s v a n  o f  42.4 
f t .  a r e  i c l c n t i f i e d  i n  f i y u r e  12  w i t h  n s o l i d  s y m b o l ,  

I n  f i q u r e  1 2 ,  t h e  s h a f t  s y s t e m  w i t h  BPR=8 is s e e n  t o  r e q u i r e  
a n  PSP b e t w e a n  0.95 a n i  0.9 1, d e p e n d i n g  o n  VT9-  T 3 S .  T h i s  is 
c o n s i d e r a b l y  s s a l l e r  t hnn t h e  b a s e l i n e  f a n .  A l s o ,  c o a p a r i n q  
ST0 p e r f o r l a n c e  a n d  ToGU i n  f i g u r e  12  w i t h  t h e  b a s e l i n e  
s h a f t  s y t t t m  r e s u l t s  i n  f i r j l l r e  1 0  s h o w s  t h a t  t h e  l o u e r  BPP 
s y s t e m  g i v s s  e y u i v s l e n t  p e r f o r m a n c e .  

To s u m m a r i z e  f i g u r e s  11 a n d  1 2 ,  i t  i s  a p p a r e n t  t h a t  l a n q e r  
w i n g s p a n  i n c r e a s e s  b o t h  ST(?- R R A X  a n 6  STO- TOS, a l t h o u g h  
w i t h  a p e n a l t y  i n  t h ?  f o r r  o f  i n c r e a s e d  a i r f r a m e  w e i q h t  
w h r c h  IS e v i d e n t  i n  t h e  i n c r e a s e d  TOGW. F o r  a q i v e n  d e s i g n  
v a l u e  o t  VTO- T O S ,  c h q n q e s  i n  w i n g s p a n  o r  a rea  a p p r a r  t o  
h a v e  l i t t l a  e f f e c t  o n  +.he r e q u i r e d  CSF o r  FSF.  

S e l e c t e d  A i r c r a f t  

T a b l e  VIII s u m m a r i z e s  t h e  w e i g h t  b r e a k d o w n  a n d  p e r f o r m a n c e  
0 2  g a s -  d r i v e n  a n 1  s h a f t -  d r i v e n  a i r c r a f t  w i t t  l o w e r -  t h a n -  
b a s e l i n e  h y p a s s  r a t i o  p r o p u l s i o n  s y s t e a l s  a s  d i s c u s s e d  i n  t h e  
p r e v i o u s  s e c t i o r . .  T h e  a i r c r a f t  i n  t h e  t a b l e  ~ e e t  a s p e c i f i c  
g o a l  VTO- T O S  o f  90  m j  n ~ l r e s  on  t h c  b s s e i i n e  1 5 0  n.rai. 
m i s s i o n .  Two c o m b i n a t i o n s  o i  w i n q  a r e a  a n d  a s p e c t  r a t i o  a r e  
s h o w n  f o r  ~ a c h  s y s t e a  t c  ~ l l u s t r a t e  t h e  e f f e c t  of w i n g s p a n .  
T h e  t u o  a i r c r l f  t t a b u l a t e d  Flerc h a v e  u i n q  arwas o f  300 a n d  
350 sq.ft. w i t h  a s p e c t  r ~ t i o s  o f  7 a n d  8, r e s p e c t i v e l y ,  T ~ P  
w i n q s p a n s  o f  e a c h  are ? b o u t  146 ar .d  53 f e e t .  T h e  53 f o o t  s p a n  
cases  c o u l d  h a v e  3150 b s r n  b a s e d  o r  r e s u l t s  f o r  a n  a s p e c t  
r a t i o  of 7 a n d  w i n g  a r e r i  o f  U O O  s q . f t , ,  w i t h  s l i q h t  
d i t f s r ~ n c t s  i n  uersht rln i p a z f o r m a n c e .  Weiqht i t ems i n  t h ~  
a i r  frame, F r o p u  ls ior ,  svs t em.c ,  e m o r q e c c y  l a  r i d i n s  w e i q h t  , an13 
ST0 t 3 k e o f f  r i r o s s  w e i g h t  a r t -  p r e s w t e q  a s  i n  T a b l e  V I  w h e r e  
t h e  h a s c l  l n e  a i r c r i f t  v c r e  r I e 4 c r i b e d .  ~ O W P V ~ ~ ,  a 3  l i t i o n a l  
d e s i q n  anci p s r f o r r n 3 c c ~  d a t a  a r r  i n c l u d e d  a t  t h e  h o t t o m  o f  
T d h l e  VIII 3s a n  a i d  i n  c o m p a r i n q  t h e  g a s  s n l  s h a f t  a i r c r a f t  
d n d  t o  sflow t h e  e f f r ; c t  o f  i n c r e a s e d  u i r . q s p ? n  f o r  e a c h .  

T h e  r e l a t i v e  c o r e  s i z e s  f o r  t h e  s e l e c t e d  b y p a s s  r a t i o  
s y s t e m s  i n  T a h l e  VIII a r e  t h o s e  r e q u i r e ?  t o  raorr-t t k . 9  
s p e c i t i e d  VTO- TO5 o f  2 :  m i n u t e s  i n  e a c h  c a s e .  C o r e s  must h e  
o v e r s i z e d  1 2  t o  14 p e r c ~ r , + ,  f o r  t h e  se lec te l  s ! l a f t  s y s i e m  a n ?  
22  t o  2 4  p a r c e n t  tor t h e  qas  s y s t e m .  I n  t h e s e  cases, 
h o w e v e r ,  t h t  f a n  s i z r s  are 1 ~ n s  t h a n  t h e  b a s e l i c e  d u e  t o  +_t ip  

l o d e r  b y p a s s  r a t i o s .  T h e  p r 2 1 l u l s i o n  s y s t e m  w s i q h t s  show t h e  
e f f e c t s  of 3 P F  and C S F ,  3 s  i n  f r g u r e  5 .  F o r  t h e  c a s e s  i n  



Table  VIII, t h o  s h a f t  systetn is s l i g h t l y  l i g h t e r  t h a n  i ts  
b a s e l i n e  system a n d  t h o  g a s  tsystem is a b o u t  500 l b .  h e a v i e r  
t h a n  i t s  L a s a l i n e .  T h e  v i n q  p o r t i o n  of each a i r c r a f t  w e i g h t  
s h o w s  t h e  g r e a t e s t  s e n s i t i v i t y  t o  c h a n g i r g  w i n g s p a n .  

The l a s t  two l i n e s  o f  Table V J I I  s h o w  t h a t ,  w i t h  w a t e r  
injection, e i t h e r  s y s t e m  h a s  a n  enerqency o n e -  e n g i r b a -  o u t  
t h r u s t  / w e i g h t  c a p a b i l i t y  i n  excess o t  t h e  minimum 
r e . j u i r e m e ~ t  o f  1.03 . V o w e v e r ,  a s  m e n t i o n e 3  e a r l i e r ,  o n l y  
t h e  s h a f t  s y s t e m  s h o u s  a s a f e  EVL aarq in  u h e n  o p e r a t i n q  
ndry"  w i t h o u t  v a t a r  i n j e c t i o n  t h r u s t  a u g m e n t a t i o n  3 u r i n q  
e m e r g e n c y .  

C ' 3 N C L U D I N G  F E M A F K S  

F o r  t h e  common c o n f i g u r a t i o n  s u b s o n i c  V/STQL a i r c r t f  t o f  
t h i s  s t u 3 y ,  t h e  s h a f t . - d r i v e n  p r o p u l s i o n  s y s t e m s  a p p e a r  t o  
r e s u l t  i n  b e t t e r  o v e r a l l  p e r f o r w a n c e ,  a l t h o u g h  a t  h i g h e r  
i n s t a l l e d  w e i q h t ,  t h a n  t t . ?  g a s - d r i v e n  systeas.  T h i s  b r i e f  
s t u d y  u d s  m d 4 e  u ~ t h  t h e  c o n l i t i o n  t h a t  r a x i m u a  i n t e r n a l  f u e l  
l o a d  o f  b o t h  t h e  s h a f t  a n d  r ~ s s  a i r c r a f t  he e q u a l .  Tt is, 
h o w e v e r ,  p o s s i b l e  t h a t  a h i g h e r  d e s i g n  f u e l  a l l o v a n c e  f o r  
t h e  gas a i r c r a f t  u ~ u l d  r r i s o l t  i n  m o r e  e q u a l  p e r f o r m a r i c e  f o r  
t h e  t d o  s y s t e m s .  T n c r t s c ; e d  3 e s i g n  f u e l  u o u l l  ten1 t o  s c a l e  
u p  t h e  r e q u i r e 4  w e i q 1 t t . i  o f  t h +  a i r f r a m e  2 n d  p r o p u l s i o n  
s y s t e m  i n  t h e  q a s  a i r c r a f t .  T h u s ,  t h e  TnGU o f  t h e  s h a f t  a n 3  
g a s  d i r p l c i n e s  w0u1t  a l s o  h e c o m e  more e q u a l .  

I n  a n y  e v e n t ,  r e s u l t s  f o z  b o t h  s y s t e m s  s h o w  t h a t  t h e  c h o i c e  
o f  s y s t e m  b y p a s s  r 8 t i . o  i n  + h e  l o w  ranqe mhy b e  p r e f e r r a d ,  
a l l o u i n ]  r e l a t i v i ? l y  s m a l l e r  f a n s  o p e r a t i n q  a t  h i q h e r  f a n  
p r e s s u r e  r a t i a  d n l ,  i n  d 4 4 i t i o n .  a t  l i t t l e  o r  n3 l o s s  o f  
t y p i c a l  n i s s i o r ,  p s r f  o r r n 3 n c ~ .  S u c h  f c s u l t s  a r e  ~ b t a i n e r l  by 
l e t t e r  m a t c h i n y  o f  p r o p u l s i o n  s y s t e m  s i z e  w i t h  t h e  a i r c r a f t  
a t  each b y p a s s  r a t i o .  

F o r  t h e  a i r c r a f t ,  low w i n g  a r e a s  ( o r  h i g h  v i n q  l o a d i n q s )  
appear  p i f i f e r d  t i l e ,  e x c e ~ t  f o r  ;i t e n d e n c y  tow3 r 3  h i u h r r  
d r e a s  a; s p a n  i s  i n c r e a s e d  b e y o n d  50 f e e t .  T h e  e f f e c t .  o f  
u i ~ i q  s?an i s  t o  g e n e r a l l y  i m p r o v e  p e r f o r m a n c e  a s  s p a n  
i n c r e a s e s .  A i r c r a t  t wei l h t  g r o w t h  mav p r o d u c e  t h e o r e t i c a l  
o p t i m u m s  I n  w i n g s p a n  a t  h i ~ h  v a l u e s  o f  s p a n  a n  TOGW. 
fiowev-.r ,  limits o n  w i n g s p a n  i n  t h ~  m i d - r a n g e  w o u l d  p r o b a b l y  
b e  d o l i n d t e d  uy p r a c t i u l l  o r  p h y s i c a l  limits o n  a i r c r a f t  
s t o w a j e  a2 1 w i n q  f o i d i n . 7  c o n c . i d e r a t i o n s .  
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TABLE 1 

Engine Performance on +31 deg F Day - 2 Cores & 2 Fans No Water I n j e c t i o n  

NOtl lNAL BPR 

FAN INLET 
AIRFLOW IbCsec 
RECOVERY 

FAN 
I . J & ? / ~  lb/sec 
PR 

/ % y e l a t l v e  
Q r e l a t i v e  angle 

COtlPRESSOR 
N@ /d 1 b/sec 
P R 

'R 
~ln % r e l a t i v e  

COt4BUSTOR- Exi t T, deg R 

HIGH PRESS. T U R B I N E  
P R 
R 

LOW PRESS. T U R B I N E  
P R 
7\, 

BY PASS NOZZLE 
AR EA sq. I n, 
CS 
Cv 

CORE NOZZLE 
AREA sq, in .  
c s 
cv 

THRUST - Ib .  

r 
GAS 

6 8.02 10 12 
basel i ne 

451.41 600.74 749.57 899.18 
0.985 0.985 0.985 0.985 

471.55 627.75 783.38 939.74 
1.402 1.307 1.251 1.194 
C. 859 1). 862 0.862 0.863 
96.60 96.55 96.56 96.67 - w - - 
79.17 79.17 79.17 79.17 
16.34 16.34 16.34 16.34 
0.838 0.838 0.838 0.838 
99.19 99.19 99.19 99.19 

2700 2700 2700 2700 

4.262 4.262 4.252 4.262 
0,911 0,911 0.911 0.911 

2.472 2.577 2,677 2,722 
0.861 0.862 0.862 0.861 

1550 2200 29 3 0 3810 
1.0 1.0 1-0 1.0 
0.94 0.94 0.94 0.9b 

26776 29678 32172 33806 

SHAFT 

8 10 12.2 
barol ina 

498.35 576.93 665.58 
0.992 0.992 0.992 

513.02 598.70 690.69 
1.419 1.330 1.269 
0.885 0.885 0.885 
113. C 113-0 113. 0 

0 0 0 

42.83 42.83 42.83 
11.88 11.88 11.88 
0.828 0.828 0.828 
95.38 95.38 95.38 

2880 2880 2880 

3.825 3.710 3.631 
0.879 0.879 0.879 

3.741 3.638 3.590 
0.887 0.887 0.887 

1150 1530 1990 
0.951 0.9b7 0.943 
0.985 0.984 0.983 

55 0 535 530 
0.796 0.829 0.849 
0.982 0.982 0.982 

24716 25776 26954 
* 

4 



TABLE I I 

Engine Performance on + 3 1  deg F Day - 2 Cores L 3 F a n s  No Water In jec t ion  

NO141 NAL BPR 

FAtl I NLET 
AIRFLOW l b / s e c  
RECOVERY 

GAS 

6 8.02 1 0  12  
base1 i ne 

437.36 583.65 728.62 867.75 
0.985 0 .985  C.985 0.985 

SHAFT 

8 10  12.2 
basel i ne 

486-27  566.35 653.23 
0.992 0.992 0.99 2 

FAN t 

504.63 587.73 677.87 
1.318 1.25 2 1.207 
0 .881  0.879 0.879 
100.6 100 .6  91.4 
0.805 1 .17  4.77 

47.24 46.94 1 6 - 7 5  
13 .54  1 3 - 4 3  13.35 
0.833 0.833 0.833 
97.62 97.47 97.36 

3000 3000 3000 

3.821 3.708 3.630 
0.878 0,878 0.879 

3.96: 3.862 3.822 
0,9C6 0,906 0.9C5 

1335 1775 2290 
C.946 0.942 0.939 
C.985 0.984 0.983 

554 525 5 30  
0,836 0,860 0.875 
C. 983 0.983 0.982 

32192 33530 35142 

IJ@ /6 1 b / s e c  
PR 

3,m a r e l a t i v e  
Q r e l a t i v e  angle 

COMPRESSOR 
~ . l f f / 6  lb/sec 
PR 

? /  % r e l a t l v c  

COMBUSTOR- Ex i  t T, deg R 

HI GI1 PRESS. TURBI NE 
PR 
X 

LOU PRESS. TURBINE 
P R 

"L 
BYPASS NOZZLE 

AREA sq. in .  
c$ 
cv 

CORE NOZZLE 
AREA sq.  i n. 
co 
C Y 

THRUST - l b .  
=b 

457.25 61F. 16  761.76 9C6.89 
1 .292  1 . 2 2 1  1.179 1,145 
0.857 0.857 0.857 0.860 
89.53 89.5 0 89.46 

9 

89.56 
9 - g 

79.22 79.22 79.22 79.22 
16.36 16.36 16.36 16.36 
0.838 0.838 0.838 0.838 
99.27 99.27 99.27 99 .27  

270C 27Q@ 270C 2700 

4.266 4.266 4.266 4,266 
0.911 0 . 9 1 1  0 .911  0 ,911  

2.840 2 .951  3.042 3.122 
0.827 0.828 0,821) 0.82b 

16 8 5 2465 3350 4310 
1 .0  1 . 0  1. 0 1 .0  

0.94 C.94 0.94 0.94 

29976 33294 36024 38277 



TABLE II I 

Engine Performance on +31 deg F Day - 2 Cores 8 3 Fans U l T H  Water In jec t ion  

NO11 I tJAL BPR 

FAN INLET 
Al RFLOW I b/scc 
RECOVERY 

FAN 
IJ@ /d 1 b/sec 
PR 

/ % r e l a t i v e  
@ r e l a t i v e a n g l e  

COMPRESSOR 
\J@/& 1 b l sec  

I PR 

/ ? r e l a t i v e  

COMBUSTOR - Ex f t T, deg R 

HIGH PRESS. TURBI PIE 
PR 
'h 

LOU PRESS. TURBINE 
PR 
'L 

BY PASS NOZZLE 
AREA sq. in. 
cs 
cv 

CORE NOZZLE 
AR EA sq. in. 
c s 
cv 

THRUST - l b .  

GAS , 4; Combustor Water 

6 8.02 1 C 12 
base1 i ne 

440.33 587.65 732.22 882.29 
0.985 0.985 0.985 0.985 

460.15 614.09 765.18 922.09 
1.327 1.249 1.202 1.161 
0.860 0.860 0.86C 0.860 
91.70 91.68 91.45 92.20 - - - - 
80.62 80.62 80.62 80.62 
17.38 17.38 17.38 17.38 
0,825 0.825 0.825 0.825 
101. l P l . b  l@l. k 101.4 

2700 2700 2700 2700 

4.234 4.234 11.234 b. 230 
0.911 0.911 0.911 0.911 

2.928 3. P59 3.161 3.076 
0.825 0.825 0.826 0.822 

1615 2350 3 1  70 43 70 
1.0 1.0 1.0 1.0 

0.94 0.94 0.94 0.94 

32730 36345 39369 41727 

SHAFT, 1Q0: S a t u r a t i o n  a t  
Compressor Face 

8 1 0  12.2 
base1 i ne 

528.09 597.41 709.80 
0.992 0,992 0.992 

548.02 619.95 736.53 
1.423 1.358 1.271 
0.882 0.883 0.881 
109.5 109.8 110. b 

4.77 4.33 4.91 

53.55 53.53 53.23 
15.95 15.99 15.85 
0,825 0.825 8.827 
103.4 103.6 103.0 

2894 2938 29 38 

3.852 3.739 3.6511 
0.880 0.88C 0.879 

4 716 4.651 4.535 
0.914 0.915 0.915 

12bC 1550 2150 
0.952 0.948 0,943 
0.985 0.984 0.983 

554 525 53 0 
0.819 0.850 0.862 
0.983 0.983 0.983 

111448 421 76 43696 

I ,  



TABLE I V  

Engine Performance on +31  deg F Day - 1 Core & 3 Fans No Water I n j e c t I a n  

NOMINAL BPR 

FAtl l NLET 
AIRFLOW lb/sec 
RECOVERY 

FAN 
N&' /S 1 b/sec 
PR 

%# t r e l a t l v e  
r e r a t l v e  angle 

COMPRESSOR 
w l k / 6  1 b/sec 
PR 
'l 
N/J(~ Ib r e l a t t v e  

COMBUSTOR- Ex i t T, deg R 

HIGH PRESS. TURBINE 
PR 
't 

LOW PRESS. TURBINE 
PR 
'L 

BY PASS NOZZ tE 
AREA sq. 1 n. 
CS 
C;r 

CORE NOZZLE 
AREA sq. in. 
k 
CY 

THRUST - Ib,  
-- 

GA S 

6 8.02 10  12  
base1 lne 

382.26 SC4. 74 632.64 754.14 
0.985 0.985 0.985 0.985 

399.18 527 .31  660.94 788.16 
1 .176  1.135 1 ,108  1 .090  
0.845 0.858 0.846 0.854 
74.58 74.13 74.14 74.83 - - - - 
81.16 81.16 81.16 81.16 
17.34 17.34 17.34 17.34 
0.808 0.808 0.808 0.808 
103 .3  103.3 103.3 103.3 

2875 2875 2875 2875 

4.267 k. 267 4.267 1 - 2 6 ?  
0 .911  0.911 0 . 9 1 1  0 . 9 1 1  

3.355 3.429 3. b97 3.475 
0.735 0.737 0.742 0.734 

1837 2725 3835 43 70 
1.0 1.0 1.0 1 . 0  

0 .94 0.94 0.94 0.94 

18309 20257 21741 22962 
- - - - --- 

SHAFT ? 

I 

0 1 0  1 2  9 
b a s ~ l  i ne 

446.80 519.93 605.57 
0.992 0,992 0.992 

463.63 539.57 628.43 
1.183 1 ,152  1.127 
0.855 0,858 0.857 
87.62 88 .71  89.33 
-1.53 -1, 59 -1.20 

53.56 53.19 52.97 
16.16 15.95 15.83 
0.82b 0.827 6.829 
163.8 103 .0  102.5 

3190 3190 3195 

3,848 3.73C 3.656 
0.879 0.819 0.879 

5.211 4.158 4.158 
0.895 0 .897  0.897 

'1690 2190 2830 
0.938 0,936 0.935 
0.983 0.983 0.983 

554 5 25  5 30 
0.888 0 .900  0.908 
0.983 0.983 0.982 

22720 23973 25388 
A C 



TABLE V 

Engine Perfornance on +31 deg F Day - 1 Core & 3 Fans WlTH Water Injection 

.I. 

- 

t4OttI  NAL BPR 

FAN l NLET 
A1 RFLObI I b/sec 
RECOVERY 

FAN 
/ lb/sec 
PR 
? N / J ~  % relative 
@ relative angle 

COMPRESSOR 
I J ~  /$ 1b/sec 
PR 
T ~ / m  % relative 

COtlBUSTOR - Ex i t T, deg R 

tit GH PRESS. TURBINE 
PR * 

Loll PRESS. TURBINE 
P R 

't 
BYPASS NOZZLE 

AREA sq. f n. 
% 
CJ 

CORE NOZZLE 
AREA sq. 1 n. 
c s 
c v 

THRUST - I b .  

GAS 4% Combustor Water 

6 8.02 1 f! 12 
basei ine 

395.9) 522.67 641.10 7t17.05 
0.98 5 0.985 0.985 0.985 

b l3 .95  546.32 669.80 780.75 
1 .191  1.146 1.120 1 .101  
0.843 0.847 0.852 0.862 
77.53 76.96 76.08 76.26 - - - - 
81.47 81.47 81.47 81.47 
18.18 18.18 18.18 18.18 
0.789 0.789 0.789 0.789 
104.9 104.9 104.9 10b.9 

2 8 7 5  2875  2875 2875 

b.  233 b. 233 4.233 4.233 
0 .911  0 .911  0 .911  6 .911  

3.524 3.606 3.655 3-608 
0.737 9.740 0.740 0.732 

1840 2720 3655 43 70 
1. t! 1.Q 1. (1 1.0 

0.94 0.94 0.94 0.9b 

19896 220-'j 23703 25105 
- 

SHAFT,lOOZ Saturation at 
Compressor Face 

I 

8 1 0  12.2 
base1 I rw 

421.02 505.50 633.40 
0.992 0 .992  0.992 

437.07 524.57 657.30 
1.223 1.184 1.133 
0.872 0.868 0 . 8 1 ~  
90.75 98.44 109.0 - 5.98 - 5.88 - 5.65 

S f  . 4 l  55 .81  55.32 
17.03 17 .21  16.98 
0.809 0.807 0. a10 
108.7 109.9 108.5 

2987 3050 3050 

3.854 3.744 3.661 
0.881 0.881 0.881 

4.495 4.501 4.119 
0.907 0.909 0.914 

1425 1910 2880 
0.940 0 .938  0.935 
0.983 0.983 0.983 

55b 5 25 530 
0.877 0.892 0.908 
0.983 0.983 0.983 

23416 25559 27452 
* 

+ 

b 



TABLE V I  

T y p i c a l  Wel eht Schedules - Base1 i n e  A i  r c r a f t  and Engines 

* 

P r o p u l s i o n  System Nominal BPR 
Design I n t e r n a l  Fuel  - l b s .  
\J lng Area s q . f t .  
Aspect R a t l o  
Span ft. 
Note 

A i  r f r ame 
\ l i n g  
Fuselage & T a i l  
Land1 n g  Gear 
L l a c e l l e  R o t a t i o n  
A i r  I n d u c t i o n  
I n s t a l  l a t i o n  P e n a l t i e s  

- -- 
Propul  s  I on 

N a c e l l  es 
Gas Genera tors  ( c o r e s  1 
Fans 
:4ozzl es & T h r u s t  V e c t o r i  ng 
Valves & D u c t i n g  
Transr i i  s s i o n s  & S h a f t s  
C o n t r o l s  & S t a r t i n g  
Fucl  s  8 \ l a t e r  Systems 

Other Systems 
Con t ro l  s , e l e c t r o n i  c s , e t c .  
A v i o n i c s  
A i  r Cond., A n t i  - ice,etc .  
Crew and S u r v i v a l  gear 
Trappetl 1  l qu ids ,o i  1,etc. 

TOTAL o f  ~ i r f  rame+Propuls ion+ 
Other Systems 

Expendabl e Payload 
Unfuel  ed T a k e o f f  Ide ight  (UTO1.J) 
Emergency Landing Fuel 81 Water 
Emergency Land1 ng IJe ight  (ELI11 

TnGW v ~ i  t h  1,lax. I n t e r n a l  Fuel 
V e r t i c a l  T a k e o f f  T h r u s t  

S h a f t  

1 2 . 2  
1 5 0 0 0  

3 0 0  
6. C 

42.4 
P i v o t  

Place1 l e s  , 

5 9 2 0  
1 6 7 0  
2 7 0 0  
1000 

3 5 0  - 
2 0 0  

9 4 9 0  
1 4 0 0  
3 0 0 0  
1 0 4 0  

5 5 0  - 
25C.0 

4QC 
6C@ 

7 6 0 0  
1 7 0 C  
2 7 0 0  
1 7 0 0  
10CC 

5 0 0  

2 3 0 1 0  
3 1 5 0  

2 6 1 6 0  
8@C 

2381C 

4116C 
3 5 1 4 2  

Gas 

8.02 
1 5 0 0 0  

3 0 0  
6. C 

42.4 
Over-Wing 

P a r t .  Blended 

5 6 5 0  
1 4 3 0  
280C 

9 7 0  - 
2 5 0  
2 @ @  

8 2 0 Q  
10OQ 
1 6 0 0  
2 1 Q Q  
13CO 
1 2 0 C  - 

400 
6PC 

7 6 0 0  
1 7 0 0  
270C 
17CC 
1 0 0 0  

5CP 

2145C 
3 1 5 0  

24GCO 
800 

2 2 2 5 0  

3 9 6 P 0  
3 3 2 9 4  

J 



TABLE V I  I 

V e r t i c a l  Thrus t  Summaries 

Sha f t  Systems 

Gas Systems 

c 

* 

Condi t i o n  

tJormal VTO, 3 Fans on 2 Cores 
Dry, No Hater  I n j e c t  I on  

Emergency 

V e r t i c a l  

Thrust  

3 Fans 

1 Core 

1 v 
Nominal Bypass Rat l o  

Condi t i o n  6 8.02 10 12 
base1 i n e  

I 

Normal VTO, 3 Fans on 2 Cores 
Dry, No \dater I n j e c t i o n  29976 33294 36024 38277 

b 

1 

I 

Nomlnal Bypass Rat l o  

D r  Y 

F u l l  Wet 
100% S a t u r a t i o n  a t  
Compressor Entrance 

Wet 
80: S a t u r a t i o n  a t  

Compressor En t rance 

Energency 

V e r t i c a l  

Thrust  

3 Fans 

1 Core 

8 

32192 

22720 

23416 

23277 

Dry 18309 20247 21741 22962 

IJe t 
42  Combustor 19896 22026 23073 25104 

Water 

IJe t 
6: Combustor 20689 22916 24684 26175 

Water 

10 

33530 

23973 

25559 

25242 

12.2 
base1 l n e  

35142 

25388 

27452 

27040 

b 



. . 

TABLE V l l  l 

Weight and Performance Summary - M i s s i o n  Designed A i r c r a f t  
r I 

L 

Propu l  s l o n  System Nominal BPR 
Des ign  I n t e r n a l  Fuel  - lbs .  
Wing Area sq. ft. 
Aspect R a t f o  
Span ft. 

A i r f r a m e  
W i  ng 
Fuselage & T a i l  
Landfne Gear 
N a c e l l e  R o t a t i o n  
A l  r I n d u c t  i o n  
I n s t a l  l a t i o n  Penal t i e s  

Propul  sl on 
Nacel l e s  
Gas Genera t o r s  ( c o r e s  
Fans 
Nozz les  & T h r u s t  V e c t o r i n g  
Va lves  ti D u c t i n g  
T ransmiss i sns  & S h a f t s  
C o n t r o l s  & S t a r t i n g  
Fue ls  & Water Systems - -  

Other  Systems 
As i n  b a s e l i n e  

TOTAL o f  A1 r f rame+Propu l  s i o n +  
Other Systens 

Expendabl e Payload 
Un fue l  ed T a k e o f f  Ide t g h t  (UTOVI) 
Emergency Land ing  Fuel & Water 
Emergency Land ing  Weight (ELW)  

TOGW w i t h  Max. i n t e r n a l  Fue l  
V e r t i c a l  Takeof f  T h r u s t  

R e l a t i v e  Core S i z e  Fac to r  
R e l a t i v e  Fan S i z e  Fac to r  

VTO Time on S t a t i o n  min. 
( b a s e l i n e  m i s s i o n )  

I 

Gas 

6.C 
15000  

300 
7 
46 

5920  
1 6 4 0  
2730 
1 0 0 0  .. 

350  
200  

8700 
9 5 0  

2130 
2000 
1 2 0 0  
1 4 2 0  - 

400 
600  

7600 

22220 
3150  

25370 
800 

23020 

40370 
36750 

1.226 
0.917 

9 0  

189  

1060  
1.102 
0.975 

ST0 Time on S t a t i o n  mtn. 
(base l  i n e  m i s s i o n )  

Max. O p e r a t i n g  Radius n.mi. 
Emergency OEO Thrust/ELI.l ,wet 
Emergency OEO Thrust /ELI I  ,d ry  

F 

8.0 
1 5 0 0 0  

300 
7  
4 6  

6130 
1 8 6 0  
2640  
1 0 3 0  

4 0 0  - 
2 0 0  

9 3 6 0  
1 3 1 0  
3250 

800 
4 5 0  .. 

2550  
4 0 0  
6 0 0  

7600 

23090 
3150  

26240 
800 

23890 

41240  
36240  

1.126 
0.842 

9 0  

6.0 
1 5 0 0 0  

350  
8  
53  

6 5 5 0  
2120 
2880  
1 @ 0 0  - 

350  
200  

8770  
9 5 0  

2160 
2020 
1 2 0 0  
1 4 4 0  

o 

400  
600  

7600 
* 

22920 
3150 

26070  
800 

2372C 

41070 
37120 

1.238 
0.926 

90 

2C2 

1 1 5 0  
1.080 
0.956 

L 

S h a f t  

8.0 
1 5 0 0 0  

350  
8  
53  

6 7 8 0  
2360 
2790  
1 0 3 0  

40C .. 
200 

9 4 6 0  
1 3 3 0  
3280 

830 
470 

o 

2550 
400 
600 

7600 

23840  
3150  

26990 
800  

24640 

41990 
36735 

1 .141  
0.853 

9 0  

219 

1 1 3 0  
1.097 
1.071 

A 

236 1 
1227  
1.078 
1.052 



FIXED NACELLE 

QSECONDRRY I N L E T  

(b.) GPS- D R I V E ~ J  V/STOL P I L C P ~  ~f 

Figure 1. - A i r c r a f t  Configurat ion 



SEGMENT NOTES 

( A )  TAKEOFF VTO w i t h  t h r u s t / w e i g h t  >1.08, 2.5 minutes. 
o r  STO w i t h  t h r u s t / w e i g h t  >C.80, 2.5 minutes 

( B )  CLIIIB A t  80% max. power t o  outbound c r u i s e  1 1  and tl. 

(C) C R U I S E  OUT Best H and F! f o r  minimum f u e l  out .  

(Dl LOITER H=1000(! f t o ,  0.3< M < 0 . 6  # bes t  # f o r  max. TOS. 

(El RETURfl C R U l  SE Best t i  and M f o r  minimum r e t u r n  f u e l .  

( F )  I1OLD ti=5000 ft., Ms0.3 f o r  5 minutes. 

(GI VERTICAL LANDING A l l  missions, 2.5 minutes a t  f u l l  power. 

ALTERNATE M i  S S l  OM : tlAXlMUM OPERATING R A D l  US 

Segment (A), takeof f ,  i s  STO i n  a l l  cases. 
Segment ( D ) ,  low a l t i t u d e  l o i t e r ,  n o t  i n  miss ion.  
Segments ( C )  and ( E l ,  cru ise,  use BCAV f o r  maximum r a d i u s  

o f  o p e r a t i o n  w i t h  f u l l  i n t e r n a l  f u e l  l oad  a t  takeof f .  

F i gu re  2. - M iss ion  P r o f i  l e  Schematic 



F i g u r e  3. - L i f t  and Drag o f  base1 i n e  a i r c r a f t  c o n f i , y t i r a t i o n  i n c l u d i n g  e x t e r n a l  s to res .  
Assuried sane f o r  s h a f t - d r  i v e n  o r  gas-dr i v e n  a i  r c r a f t .  Body fi neness-6, l l l n g  area=3C0 s q - f t  -, - 
Aspect ra t io=G,  Taper r a t i o = .  33, !lean t h i c k n e s s  t o  chord=. 1 8  



F i g u r e  4. - T y p i c a l  t h r u s t  and s n e c i f l c  f u e l  consumntion fo r  gas and shaf  
s y s t e r n s . ~ r u l s e  mode w i t h  B D 9 = 8 .  -----. 



F igu re  5. - Total installed propulsion systcm weight. S h a f t  and gas systems 
with 3 f ans  and 2 cores. 





F i g u r r  7. - Gas-driven 'J/STOL A i r c r a f t .  C f f r c t  o f  r e l a t i v e  c o r e  s i z e  (CSF)  and nominal 
bypass r a t i o  on T i m  on S t a t i o n  (TnS) f o r  b a s e l i n e  a i r c r a f t  and b a s e l i n e  miss ion .  

. 





Figure 9. - Gas -d r i ven  System. Rase1 i n c  A i r c r  3 f t .  r f f ~ c t  o f  nominal  BPR 
dnd Dcsicn VTO-TOS o f  base l  l n e  m i s s i o n  on a i  r c r a f t  p e r f o r m a n c e  anrr 
p r o p u l  s i o n  s y s t n n  s i z c .  



g u r e  10. - S h a f t - d r i v e n  Systen. Ease 
Bpi? and Design VTO-TOS o f  l l a s e l i n e  rn 
and p r o i ~ u l s i o n  system s i z e .  

i n e  A i r c r a f t .  E f f e c t  o f  nominal 
s s i o n  on a i r c r a f t  per formance 



F i g u r e  ?I .  - : ias-drivrn Systcn ,  BPII=G.C . Cffect  o f  a i r c r a f t  wincsnan 
n i 1 a r e a  f o r  d i  f f e r e n t  9 e s i ~ n  VT'I-TO: on b a s ~ l  i n e  m i  q s l n n .  

.- . -- 



BASE -- - 120 

40 50 LO 
WlNG,SPOM , FT, 

F i g u r a  1 2 .  - S h a f t - d r i v e n  Systen, BPR.8.P . E f f e c t  o f  a i r c r a f t  w ingspan 
and w i n n  a rea  f o r  d i f f e r e n t  Des ign VTO-TOS on b a s e l i n e  r i i s s i o n .  
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