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STUDY OF TURMING PZRRFORMANCE OF A FIGIETER-TYPE AIRPLANE 

PARTICULARLY A S  A-FFECTED BY PLAPS 

AND INCBEASED SUPERCHARGING - 

By 3,. W ,  Wetmore 

.. SUMMARY, 

R e s u l t s  of a  s t u d y  t o  d e t e r m i n e  t h e  e f f e c t s  on t u r n i n g  
per formance  due  t o  v a r i o u s  assumed m o d i f i c a t i o n s  t o  a  typ -  
i c a l  Naval f i g h t e r  a i r p l a n e  a r e  p r e s e n t e d ,  The m o d i f i c a t i o n s  
c o n s i d e r e d  i n c l u d e d  f l a p s  of v a r i o u s  t y p e s ,  b o t h  p a r t  and 
f u l l  span ,  i n c r e a s e d  s u p e y c b a r g i n g ,  and i n c r e a s e d  wing 
l o a d i n g .  

The c a l c u l ~ t i o n s  i n d i c a t e d  t h a t  n e a r  t h e  , laurnspeed 
end of t h e  speed  r a n g e ,  t h e  t u r n i n g  per formance ,  a s  deg ined  
by s t e a d y  l e v e l  t u r n s  a t  a g i v e n ' s p e e d , . w o u l d  be improved 
t o  some ' e x t e n t  by any of t h e  f l a p s  c o n s i d e r e d  a t  a l t i t u d e s  
up t o  abou t  25 ,000  f e e t .  (1f t u r n i n g  i s  n o t  r e q t r i a t e d  
t o  t h e  c o n d i t i o n s  of no l o s s  of speed o r  a l t i t u d e ,  more 
r a p i d  t u r n i n g  c a n ,  o f ' c o u r s e ,  be accompl ished w i t h  t h e  a i d  

"of f l a p s ,  r e g a r d l e s s  of a l t i t u d e . ) .  Powler f l a p s  an8  NACA 
s l o t t e d  f l a p s  appea red  somewhat s u p e r i o r  t o  s p l i t  o r  g e r -  
f o r a t e d  s p l i t  f l a p s  f o r  m a n e u q e ~ i n g  pur-posesr p a r t i c u l a r l y  
i f  t h e  f l a p  pos i t i ' on  Ss not  a d j u s t a b l e .  S i m i l a r l y ,  b e . t t e r  
t u r n i n g  per formance  s h o u l d  be r e a k i a e d  wdth f u i l - s p a n  t h a n  
w i t h  pa r t - span  f l a p s . .  Turn ing  per formance  o v e r  t h e  lower  
h a l f  of t h e  speed  range  would p r o b a b l y  n o t  be m a t e r i a l l y  
improved a t  any a l t i t u d e  by i n c r e a s e d  supercharg ing ' .o f  
t h e  eng ine  u n l e s s  t h e  p r o p e l l e r  were r e d e s i g n e d  t o  a b s o r b  
t h e  'added power more e f f e c . t i v e l y ;  w i t h  a s u f e a b l e  p r o -  
p e l l e r  th'e. t u r n i n g  per formance  a t  h i g h  a l t T t u d e s  bould  
p robab ly  be g r . e a t l y  improved w i t h  - i n c r e a s e d  s u p a r e h a i g i n g .  
A r e d u c t i o n  i n  wing a r e a  w i t h  t h e  a s p e c t  r a t i o  h e l d  "cab- 
s t a n t  would r e s v l t  i n  impairment  of t u r n i n g  per formance  
over  p r a c t i c a l l y  t h e  e n t i r e  s p e e d . r a n g e  a t  a l l  a l t i t u d e s .  

. . . .  . . .. . 
. . 

- IPTRODUCTION - . . .  

- . .  
I n  a c c o r d a n c e  w i t h  t h e  r e q u e s t  of t h e  Bureauc of ' 

A e r o n a u t i c s ,  Navy Department ,  a n  a n a l y s i s  has  b e e n - ~ a d e  t o  
* - -  .-< 



de te rmine  t h e  e x t e n t  t o  which t h e  t u r n i n g  performance 
of a f  i g h t e r - t y p e  a i r p l a n e  a t  v a r i o u s  a l t i t u d e s  might be 
expec ted  t o  improve t h r o u g h  t h e  u s e  of f l a p s  and by i n -  
c r e a s i n g  the' k r i t i c a l  a l t i t u d e  of t h e  e n g i n e  w i t h  a  more 
e f f e c t i v e  s u p e r c h a r g e r .  Four t y p e s  of f l a p  were con- 
s i d e r e d ;  namely, BACA s l o t t e d ,  F o u l e r ,  s p l i t ,  and per-  
f o r a t e d  s p l i t  f l a p s ,  Fo,r t h e  s l o t t e d  and s p l i t  t y p e s  
b o t h  p a r t -  and f u l l - s p a n  i n s t - a l . l a t i o n s  were i n v e s t i g a t e d .  
Xs t ima t ion  of t h e  e f f e c t i v e n e s s  of impPoved s u p e r c h a r g i n g  
was based on a  compar i son  of t h e  c a l c u l a t e d  t u r n i n g  c h a r -  
a c t e r i s t i c s  of t h e  a i r p l a n e  when equipped w i t h  a  two-stage 
gea r -d r iven  s u p e r c h a r g e r  g i v i n g  a  c r i t  i c a l  a l t i t u d e  of 
19 ,000 f e e t  and when equipped w i t h  a t u r b o  s u p e r c h a r g e r ,  
which i n c r e a s e d  t h e  c r i t i c a l  a l t i t u d e  t o  25,000 f e e t .  
S o m e . c o n s i d e r a t i o n  was a l s o  g iven  t o  t h e  e f f e c t s  on t u r n -  
i n g  performance due t o  ~ a r y i n ~ " ~ r 0 ~ 6 l l e r  d i a m e t e r . a n d  
wing l o a d i n g .  - 

There i s  a p p a r e n t l y  no s imple  ahd e n t i r e l y  a d e q u a t e  
c r i t e r i o n  whereby r e l a t i v e  t u r n i n g  performance may be 
Judged, The minimum a t t a i n a b l e  r a d i u s  and t h e  mintmum 
t ime  r e q u i r e d  t o  t u r n  th rough  a g iven  a n g l e  i n  s t e a d y  
f u l l - t h r o t t l e .  t u r n s  have been used a s  c r i t e r i o n s  t o  some 
e x t e n t  b u t ,  i n  g e n e r a l ,  t ,his p rocedure  does n o t  appear  

. % s a t i s f a c t o r y  p a r t i c u l a r l y ,  f o r  .bombat a i r p l a n e s .  .In t h e  
f i r s t  glace, ,  I t  would be ne,cess&ry'  t o  d e c i d e  whether  a 
s h o r t  time- of t u r n  o r  a  s m a l l  r a d i u s  of sturn is t h e  more 
d e s i r a b l e  because ,  . in  comparing 'd i f  f e r s n t  a i r p l a n e s  f o r  
which t h e  minimum v a l u e s  of r a d i u s  orb t fme t o  t u r n  occur  
a t  d i f f e r e n t  s p e e d s ,  i Z  i s  q u i t e  poss ' ib le  f o r  .one a i r p l a n e  
t o  t u r n  w i t h  a s m a l l e r  r a d i u s  and 'yet  r e q u i r e  a l o n g e r  .- t ime  t o  t u r n  t h a n  anothe-r ,  ~ u r t h s r m o r e ,  a n  a i r p l a n e  
t h a t  i s  c a p a b l e  'of turn i -ng  w' i th  a  smal'lrer r a d i u s  t h a n  
a n o t h e r  by v i r t u e  of i t s ' a b i l i t y  t o  f l y  a t  a  lower speed  
may g i v e  a  l a r g e r  r a d i u s  of t u r n  i'f bo th  a i r p l a n e s  a r e  
f lown a t  t h e  same speed ,  S t  a p p e a r s  d e s i r a b l e ,  t h e r e f o r e ,  , 
t o  compare t h e  t u r n i n g  performance of dif8f e r e n t  a i r p l a n e s  

I o r  of a g i v e n  a i r p l a n e  wi th  'var ious  modlf i c a t i o n s  a t  g iven  
s p e e d s  th roughou t  t h e  ' l e v e X - f l i g h t  speed range.  I n  t h i s  
c a s e  t h e  c h o i c e  of t ime o f  t u r n  o r  r a d i u s  of t u r n  i s  

u n i m p o r t a n t  because a t  a g i v e n  s p e e d . o n e  i s  d i r e c t l y  pro-  
p o r t i o n a l  t o  t h e  o t h e r .  % 

  he r e s u l t s  of ' t h e  p r e s e n t  a n a l y s f  s  a r e  g i v e n  . i n  

i 
c h a r t s  g e n e r a l l y  s i m i l a r  t o  t h o s e  used  I n  r e f e r e n o e  1 
from which t h e  t u r n i n g  performance  a t  any speed  f o r  any 

1 of t h e  c o n d i t i o n s  i n v e s t i g a t e d  dan be r e a d i 5 y  e s t i m a t e d *  
In a d d i t i o n ,  f i g u r e s  a r e  p rov ided  t h a t  show t h e  t u r n i n g  
performance f o r  p a r t i c u l a r  c o n d i t i o n s  t o  f a c i l i t a t e  com- 
p a r i s o n ,  



METHOD 
E 
c .  , . . . . . 

S~mboLg.- The symbols used  i n  t h e  d e r i v a t i o n s  and 
i n  p r e s e n t i n g  t h e  r e s u l t s  a r e .  d e f i n e d  'as f  olEaws: .. . 
Te . e f f e c t i v e . p r o p e l l e r  t h r u s t ,  paunds 

bhp brake  harsgpower 

I) drag o f  a i r p l a n e ,  pounds 

CL l i f t  c o e f f i c i e n t  . . 
d r a g  c o e f f i c i e n t  

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

C ~ i  indmced-drag c o e f f i c i e n t  w <  - 

'ma.0. 
pitching-moment a b o u t  ae lod jnamfc  dc*'i,' " % '  

t o t a l  e q u i v a l e n t  p a r a s i t e  a r e a  of-  a i r p l a n e ,  s q u a r e  
f e e t  

. ... ..- . - . 

f w  e q u i v a l e n t  p a r a s i t e  a r e a  o f  wing,  s ' q u ~ r e  f e e t  

S wing a r e a  
, .  . 

V g r o s s  weight  of a i r p l a n e ,  pounds 

l w  wing loading., pounds p e r  s q u a r e  f o o t  . . 4 , bv/ 

1s e f f e c t i v e  span l o a d i n g ,  pounds p e r  s q u a r e  f o o t  ( Z p  
n l o a d  f a a t o r  o r  normal a c c e l e r a t i o n ,  g 

a chord  

b 5 Pan 
, . 

8f  f l a p  d e f a e e t i o n  

9 drnamlc p r e s s u r e ,  pounds par s q u a r e  f o o t  

V t r u e  a i r s p e * d ,  f e e t  per second 

c o r r e c t  i n d l c a t  ed a i r s p e e d ,  m i l e s  p e r  hour 

-9 r a d i u s  of turn-,  f e e t  



4 . . 
. . . .  . . 

g  . . . a ~ E e l e r a t i o ~  due  t o  g r a v i t y  
* ^  -.. 

P mass & e n s i t y Z  of a i r  .'_ '. . - . . , 

cT r a t i o  of a i r  d e n s i t y  a t  a l t i t u d e  t o  a i r  d e n s i t y  . . at  s e a  l e v e l  - 

t t i m e  t o  t u r n  th rough  a g iven  a-ngl'e, sddoads 

v s i n d i c a t e d  s t a l l i n g  $peed, m i l e s  p e r  hour 

Fb a n g l e  of bank,  degre.es. 

$ a n g l e  t h r o u g h  which a i r p l a n e  t u r n s ,  d e g r e e s  . . +  

S u b s c r i p t s :  
s 

f f l a p "  ' 

w .  , '  w-ing - ' 
'I 

\L+.:* - 
1 s t r a i g h t  f l i g h t  . *.. 

t t u r n i n g  f l i g h t  >-. 
o  sea l e v e l  

. . _ ' .  

Develop;glent o f  t u r n i n g - p a r f  os.mance c h s r t s  ;-' The 
method of  c a l c u l a t i n g  ' t he  t u r n i n g  per formance  r;),n.d of . 
p r e s e n t i n g  t h e  r e s u l t s .  i s ,  i n  +pr . inefp le ,  t'h-e dh@e a s  
t h a t  used  i n  r e f e r e n c e  1. The tu rn ing-pe r  f orqance  
c h a r t s  were modif f e d  spmewhat t w  a more g e n e r a l  form t'o 
p e r m i t  "comparf son  'of d i f f  e r e a t  a i r p l a n e s  o r  m p d f f  - .  i c a t  i o n s  
of a g i v e n  a i r p l a n e  on a s i n g l e  c h a r t ,  . 

Use of t h i s  method depends on 'thd v a l i d i t y  of t h e  
f o l l o w i n g  assumpt ions  ; 

, . s - 

I. The turn i s  made w i t h o u t  s i d e s l 2 p .  



2. The t o t a l  d r a g  c o e f f i c i e n t  of t h e  a i r p l a n e  v a r i e s  
as t h e  s q u a r e  of t h e  l i f t  c o e f f i c i e n t  

3. The p r o p e l l e r  t h r u s t  a t  a g i v e n  s p e e d  i s  t h e  
same i n  a t u r n  a s  i n  l e v e l  f l r g h t  

From ' t h e s e  a s s u m p t i o n s  i t  f o l l o w s  t h a t  t h e  d r a g  of t h e  
a i r p l a n e  i n  a t u r n  may be  e x p r e s s e d  as 

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

The r a d i u s  of t u r n  i s  g i v e n  by t h e  r e l a t i o n ,  

s o  t h a t  

I n  t e r m s  of i n d i o a t e d  a i r s p e e d  V i  i n  m i l e s  p e r  h o u r ,  
e q u a t i o n s  (1) and ( 2 )  become 



a n d  

From e q u a t i o n s '  ( l a )  and f 2 a )  a c h a r t  c a n  be c o n s t r u c t e d  
by p l o t t i n g  one s e r i e s  of  c u r v e s  of By a g a i n s t  Vi 

w i t h  n as t h e  p a r a m e t e r  and a n o t h e r  s e r i e s  w i t h  03 
as t h e  p a r a m e t e r ,  (See  f i g s *  3 t o  11.) I n  a d d i t i o n ,  
t h e  a n g l e s  of  bank c o r r e s p o n d i n g  t o  t h e  n c u r v e s  c a n  be 
d e t e r m i n e d  f rom t h e  r e l a t i o n  

1 
c o s  pI = 5 

and can  be i v e n  t o g e t , h e r  w i t h  t h e :  n v a l u e s ,  I n  a s t e a d y  
t u p n ,  t h e  t fme  t o  t u r n  t h r o u g h  a r g f v e n  a n g l e  $ i n  d e g r e e s *  
i s  

A : .* '. 

which  becomes,  upon s u b s t i t u t i . o n  of R f rom e q u a t i o n  ( 2 a )  

S O  t h a t  depends  o n l y  on ' A Y  and  a s c a l e  o f  
c a n  be p r o v i d e d  on t h e  c h a r t  a l o n g  t h e  AY a x i s .  

The e x c e s s  t h r u s t  a v a i l a b l e  i n  a t u r n  is 



F o r  a s t e a d y  t u r n  a t  c Q n s t a n t  a l t i t u d e  whe re  t h e  a v a i l a b l e  
t h r u s t  i s  f u l l y  u t i l i z e d ,  

T h u s ,  i f  a p l o t  of Y a g a i n s t  V i  f o r  -any a i r p l a n e  
u n d e r  a n y  c o n d i t i 0 . g  i s  s u p e r i m p o s e d  o j l_ tg&ar t ,  t h e  _ 
v a l u e s  o f  OR; . , T ? ? ~ 6 " 1 - ~ n c l n c l ' [ ~ - ~ 5 x ^  o n ' t h e  c h g f i  " "  ;'̂ 

c o r r e s p o n d i n g  tG,my p o i n t  on  t h e  'Y c u r v e  r e p r e s e n t  
t h e  b e s t  t u r n  t h a t  c a n  b e  a c c o m p l i s h e d  a t  t h e  cor res .pond- -  
i n g  s p e e d  w i t h o u t  l o s s  o f  s p e e d  o r  a l t i t u d e ,  p r o v i d e d ,  

\ 
of c o u r s e ,  t h a t  t h e  t u r n  i s  n o t  l i m i t e d  by s t a l l i n g .  

Tor  a t u r n  s u c h  t h a t  t h e  v a l u e  of Ay i s  above  t h e  
Y c u r v e ,  t h e  a i r p l a n e  w i l l  l o s e  . speed  o r  a l t i t u d e  o r  b o t h  
d u r i n g  t h e  t u r n  a n d ,  c o n v e r s e l y ,  i f  t h e  v a l u e  of- AY 
f a l l s  below t h e  Y cur .ve ,  t h e  a i r p l a n e  may g a i n  s p e e d t o r  
a l t i t u d e  i n  t h e  t u r n .  I n  t h e  c a s e  of a t u r n  a t , c o n s t q n t  
a l t i t u d e ,  t h e  a c c e l e r a t i o n  o r  d e c e l e r a t i o n  c a n  be d e t e r -  
mined from t h e  r e l a t i o n  , 

For  a t u r n  a t  c o n s t a n t  s p e e d  b u t  v a r y i n g  a l t i t u d e ,  
t h e  r a t e  of a s c e n t  o r  d e s c e n t  i n  f e e t  p e r  s e c o n d  5 s  
g i v e n  by 

dh 1 .47Vi  I s  ( Y - . A ? )  . . - =  
.d t * .  h/T - 

The chan:ge of  a l t i t u d e  d u r i n g  a t u r n  t h r o u g h  a g i v e n  
a n g l e  i s  t h e n  



The v a l u e s  of JW, DR, and  n  c o r r e s p o n d i n g  t o  a .  
g i v e n  v a l u e  of Ay o r ,  c o n v e r s e l y ,  t h e  v a l u e s  o f  Ay 

a n d  c ~ r r g s p o n d i n g  t o  a g i v e n  v a l u e  of R o r  n 
a t  .a g i v e n  s p e e d  ca-n be r e a d  d i r e c t l y  f r o m 3 h . e  c h a r t .  

The s p e e d  a t  which  a n  a i r p l a n e  s t a l l s  i n  a t u r n ,  
i f  t h e  e f f e c t s  of Reynolds  numbgr a n d  s l i p s t r e a m  on t h e  
maximum l i f t .  c o e f f i c i e n t  a r e  n ' e g l e c t e a ,  i s  g i v e n  by 
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o r ,  i n - t e r m s  of '  . A y ,  upon s u b s t i t u t i p n  f o r  n f rbm e q u a t i o n  
( i a )  ,' t h e  s t a l l - b o u n d a r y  c u r v e  f o r  a  gZv9.n a i r p l a n e  c a n  be 
p l o t t e d  on t h e  c h a r t  by u s e  of t h e  r e l a t i o n  

.... .---" . 
Turns  Can be made o n l y  un$&f 
t h e  p a r t  o f  t h e  c h a r t  l y i n g  t o  t h e  r i g h t  o f  t h e  s t a l l -  
boundary c u r v e .  For  a n ' a i r p l a n e  e q u i p p e d  w i t h  f l a p s  o r  
o t h e r  l i f t - i n c r e a s i n g  d e v i c e ,  t h e . s t a l 1  boundary  i s  . \ 
moved t o  t h e  l e f t  a s  t h e  d e v i c e  i s  appl$.ed* The e f f e c t s  
of s l i p s t r e a m  and v a r i a t i o n s  i n  Reynolds  number were 
n e g l e c t e d  b e c a u s e  of t h e  i nadequacy  of ava i lab3 .e  in form-  
a t i o n  on t h e s e  - e f f e c t s ,  p a r t i c u l a r l y  when f l a p s  a r e  used .  
The s t a l l - b o u n d a r y  c u r v e s  a s ' b e f i n e d ,  t h e r e f o r e ,  g i v e  
s t a l l i n g  s p e e d s  t h a t  a r e  somewhat t o o  h i g h ;  

D e s ~ r i p t i ~ a  o f  a i r p l a n e * -  b t y p i c a l  n a v a l  f i g h t e r  
a i r p l a n e  was u s e d  a s  t h e  s u b j e c t  o f  t h e  a n a l y s i s .  The 
p e r t i n e n t  c h a r a c t e r i s t i c s  of t h e  a i r p l a n e  a r e  g i v e n  i n  
t h e  f o l l o w i n g  t a b l e :  

Weight ,  po.unds . ; . ; ; . . . . . : , . ; . . . . , , . . . . . . . . . 6 .g *  6800 .......................... Wing a r e a ,  s q u a r e  f e e t  260 
Wing s p a n ,  f e e t  ..................... i . . , . . . . . . .  38 

Tip  chord  ....................................... 0.6 
Boot- c h o r d  

T a i l  l e n g t h  ................................. 2 .6  
Mean wing c h o r d  . . . 

. . . . .  



.. .................. P r o p e l l e r  t y p e  3 b l a d e  c o n s t a n t  s-geed ......... P r o p e l l e r  d i a m e t e r ,  f e e t . . . . . . . . . . . . . . . . . .  9.75 
P r o p e l l e r  g e a r  r a t i o  ..........;................... 5:2 ...................... S u p e r c h a r g e r  - . 2 - s t a g e ,  gear- d r i v e n  

i power s e a  l e v e l  t o  3500 f e e t ,  1100 bhp a t  2550 Fpm 
r a t i n g  4800 f e e t  t o  11 ,000  f e e t ,  1050 bhp a t  2550 rpm 

12,200 f e e t  t o  19 ,000 f e e t ,  1000 bhp a t  25.50 rpm 
E s t i m a t e d  e q u i v a l e n t  p a r a s i t e  

a r e a  of a i r p l a n e ,  l e s s  wings ,  s q u a r e  f e e t  ..... .:. 4.0 

' T h e ' f o r e g o i n g  c h a r a c t e r i s t i c s  w i l l  be r e f e r r e d  t o  i n  t h e  
r e p o r t  as n o r x a l .  

& & e u l a t i o n  &_thrus t . -  I n  t h e  absence  of s u i t a b l e  
d a t a  f o r  t h e  t y p e  of p r o p e l l e r  a c t u a l l y  used  on t h e  a i r -  
p l a n e  c o n s i d e r e d  i n  t h i s  a n a l y s i s ,  t h e  p r o p e l l e r  b l a d e s  
were assumed t o  be of . t h e  Bavy t y p e - - 5 8 6 8 - 9 ,  The t h r u s t  
was computed from d a t a  on t h i s  t y p e  of p r o p e l l e r  t aken  
from r e f e r e n c e  2  and was c o r r e c t e d  f o r  c o m p r e s s i b l i t y  
e f f e c t s  i n  a c c o r d a n c e  w i t h  t h e  methods of r e f e r e n c e  3. The - 
computa t ions  cove red  t h e  l e v e l - f l i g h t  s p e e d  r a n g e  a t  each  
o f  t h r e e  a l t i t u d e s :  1 1 , 0 0 0 ,  25,000,  and 35,000 f e e t ,  b o t h  
f o r  t h e  g e a r e d  s u p e r c h a r g e r  w i t h  w h i c h * t h e  a i r p l a n e  i s  
no rmal ly  equipped and f o r  a t u r b o s u p e r c h a r g e r  which was 
assumed t o  m a i n t a i n  s e a d l e v e l  r a t e d  power up t o  a n  a l t i t u d e  
of 25,000 f e e t ,  In  a d d i t i o n ,  t h e  c a l c u l 8 t i o n s  were r e -  

, ' p e a t e d  w i t h  t h e  p r o p e l l e r  d i a m e t e r  a r b i t r a r i l y  i n c r e a s e d  
f ~ o m  9.75 f e e t  t o  10,?5 f e e t .  I n  a 1 l : c a s e s  i t  was assumed 
t h a t  a l l  t h e  a v a i l a b l e  power was utilized, 

Above t h e  c r i t i c a l  a l t i t u d e  of t h e  e n g i n e ,  t h a t  f s ,  
19 ,000  f e e t  w i t h  t h e  g e a r e d  s u p e r c h a r g e r  and 25,000 f e e t  
w i t h  t h e  t u r b o s u p e r c h a r g e r ,  t h e  power d e l i v e r e d  by t h e  
e n g i n e  was aslJumed t o  d e c r e a s e  w i t h  i n c r e a s i n g  a l t i t u d e  
i n  accordance  w i t h  t h e  r e l a t i o n  

. ,where t h e  s u b s c r i p t  c d e n o t e s  c o r l d i t i o n s  .aC t h e  c r i t i c a l  
' a l t i t u d e .  .- . 

  he ' v a l u e s '  of pdwep 'and engin6  speed  used  Sn t h e  
t h r u s t  c a l c u l a t i o n s  ' a r e  shown i n  t h e  f o l I o w i n g  t a b l e  t 



------ --- -- 
I @eared  1 Turbo- 

A l t i t u d e  I s u p e r c h a r g e r  -- 
( f t )  T m  --.----- - -- 

. The c a l c u l a t e d  t h r u s t  c u r v e s  f o r  t h e  v a r i o u s  con- 
d i t i o n s  a r e  shown i n  f i g u r e  1. 

D e t e r m i n a t i o n  of l i f t  and d ra2 . -  S e c t s o n  l i f t ,  d r a g ,  
-7 

and pitching-moment d a t a  f o r  the  p l a i n  wing and f o r  t h e  
wing equipped w i t h  NACA s l o t t e d ,  Fowler ,  and s p l i t  f l a p s  
( s e e  f i g .  2) were o b t a i n e d  from two-dimensional-flow 
t e s t s ,  a l l  made under  t h e  same c o n d i t i o n s  and r e g o r t e d  
i n  r e f e r e n c e s  4 ,  S , . a n d  6 .  The d a t a  used'  f o r  t h e  per -  
f o r a t e d  s p l i t  f l a p  ar rangement  were o b t a i n e d  from ua- 
p u b l i s h e d  t e s t  r e s u l t s  on a komplete  a i r p l a n e  model a t  
r e l a t i v e l y  low Reynolds number. In  l i e u  o f  d i r e c t  u s e  
of t h e s e  d a t a ,  i t  was assumed t h a t  t h e  r a t i o  of l l f t  i n -  
crement  due t o  t h e  f l a p s  w i t h  p e r f o r a t i o n s  ' t o  t h a t  due 
t o  f l a p s  w i t h o u t  p e r f o r a . t i o n s  and s i m i l a r l y  t h e  r a t i o  
of p r o f i l e - d r a g  increment  due t o  f l a p s  w i t h  p e r f o r a t i o n  
t o ' t h a t  due t o  f l a g s  w i t h o u t  p e r f o r a t i o n ,  as shown by 
t h e s g  d a t a  ( t h e  l i f t  and d r a g  inc rement s  were b o t h  r e -  
duced abou t  30 p e r c e n t  by t h e  p e r f o r a f i o n s )  , c o u l d  be 
a p p l i e d  t o  t h e  d a t a  used  f o r  t h e  p l a i n  s p l i B  f l a p  ( r e f e r -  
e n c e  6 ) .  

The d a t ~  of t h e  two-dimensional-f low t es t s  'were 
c o n v e r t e d  t o  t h e  f low c o n d i t i o n s  f o r  t h e  a c t u a l  f i n i t e  
wing by t h e  methods of r e f e r e n c e  7 ,  I t  was assumed t h a t  
t h e  l i f t  and d r a g  i n c r e m e n t s  caused  by t h e  f l a p s  'w6re-- 
ma in ta ined  a c r o s s  t h e  f u s e l a g e .  Inasmuch as  t h e  e f f e c t i v e  
Reynolds numbe,r of t b e . a f o r e - m e n t i o n e d  t e s t s  was r e x a t i v e l y  
h i g h  (3,500,000) and i n  v i e w .  of t h e  incomple teness  of i n -  
f o r m a t i o n  on Reynolds number e f f e c t s  f o r  wings w i t h  f l a p s ,  
no c o r r e c t i o n s  f o r  Reynolds number were made. S i m i l a r l y , .  
s i n c e  t h e r e  i s  l i t t l e  u s e f u l , k n o w l e d g e  of t h e  e f f e c t s  of 
s l i p s t r e a m  on t h e  l i f t  a n d ' a r d g  of wihgs w i t h  f l a p s ,  t h e s e  , 
e f f e c t s  were l i k e w i s e  n e g l e t t e d ,  ~ i f t  o o e f f i c i e n t s  were 
c o r r e c t e d  f o r  t a i l  l o a d  by+ t h e  r e l a t i o n .  

X mean chord  . . 
A C ~  Cma.q. t a i l '  l a n p t h  



I n  o r d e r  t o  c o n v e r t  t h e  l i f t  and  d r a g  c h a r a c t e r i s % % c s  
t o  t h e  form u s e d  i n  t h e  t u r n i n g - p e r f o r m a n c e  equa' t%ons' .and 
c h a r t s  ,. t o t a l  d r a g  c o e f f i c i e n t s  ( c D O  + C D ~ )  were p l o f t e d  

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

. e x a e p t ,  p o s s i b l y ,  a t  v e r y  small l i f t  c o e f f i c i e n t s  and n e a r  
maximum l i f t .  The e q u i v a l e n t  p a r a s i t e  a r e a  of t h e  wing 
f, and t h e  e f f e c t i v e  s p a n  l o a d i n g  i s  were d e t e r m i n e d  
from t h e  s t r a i g h t  l i n e s  most' n e a r l y  r e p r e s e n t i n g  t h e  
a c t u a l  v a r i a t i o n s  by t h e  r e l a t i o n s  

and  

where C J ) ~  i s  t h e  d r a g  c o e f f i c i e n t  d e f i n e d  by t h e  s t r a i g h t  
l i n e  a t  e e r o  l i f t  and  i s  t h e  s l o p e  of t h e  s t r a i g h t  

d C ~ 2  - 
l i n e .  

The c h a r a c t e r i s t i c s  of  t h e  v a r i o u s  wing c o n d i t i o n s  
c o n s i d e r e d  i n  t h e  a n a l y s i s  a r e  g i v e n  i n  t a b l e  I. 

The Fowler  f l a p  w a s  assumed t o  be f u l l y  e x t e n d e d  ' b e f o r e  
. a n g u l a r  d e f l e c t i o n  s t a r t e d .  

RESULTS AND DISCUSSIOEJ 

P r e s e n t a t i o n  of r e s u l t s . .  .The r e s u l t s . o f  t h e  c a l c u -  
l a t i o n s  a r e  p r e s e n t e d  i n  f i g u r e s  3 t o  11 i n  t h e  dorm of 
c h a r t s  from which t h e  t u r n i n g  c h a . r a c t e r i s t i c s  of  t h e  a i r -  
p l a n e  may be d e t e r m i n e d  for -any o f  t h e  c o n & l t i o n s  c o v e r e d  
i n  t h e  a n a l y s i s .  Xach c h a r t  shows Y c u r v e s  and s t a l l -  
boundary c u r v e s  f o r  t h r e e  f l a p  p o s i t i o n s  i n  a d d i t i o n  t o  
t h e  n o - f l a p  c o n d i t i o n  a t  e a c h  of t h r e e  aEC.i tudes .  F i g u r e s  
3 C o  6 g i v e  t h e  r e s u l t s  f o r  t h e  normal  a i r p l a n e  e q u i p p e d  
w i t h  p a r t - s p a n  f l a p s  of  NACA s l a t t e d ,  Fowler., '  s p l i t ,  and 
p e r f o r a t e d - s p l i t  t y p e  i n  t h a t  o r d e r .  ~ i g a r e s  7 a'nd 8 a r e  
f o r  t h e  normal  a i r p l a n e  w i t h  f u l l - s p a n  NACA,s lo t t ed  and  
s p l i t  f l a p s ,  r e s p e c t i v e l y .  I n  f i g u r e  9 . t he  a i r p l a n e  i s  
h o d i f  i e d  by r e p l a c e m e n t  of t h e  g e a r e d  s u p e r c h a r g e r  w i t h  
t h e  t u r b o s u p e r c h a r g e r .  F i g u r e  10  i s  f o r  t h e  c a s e  o f  t h e  



t u r b o s u p e r c h a r g e r  w i t h  p r o p e l l e r  d i a m e t e r  i n c r e a s e d .  
The l a s t  c h a r t ,  f i g u r e  11, shows t h e  e f f e c t  of r e d u c i n g  
wing a r e a .  For  t h e  c a s e s  shown 'try f i g u r e s  9 ,  1 0 ,  and  11, 
t h e  a i r p l a n e  was assumed t o  be equ ipped  w i t h  p a r t - s p a n  
EACA s l o t t e d  f l a p s .  

I n  a d d i t i o n  t o  t h e  g e n e r a l  t u rn ing -pe r fo rmance  c h a r t s  
t h e  e f f e c t s  of t h e  v a r i o u s  assumed m o d i f i c a t i o n s  t o  t h e  
a i r p l a n e  a r e  shown by d i r e c t  compar i son ,  f o r  t h e  c a s e  of - 
l e v e l  s t e a d y  t u r n s  i n  f i g u r e s  12  t o  1 5 ,  F i g u r e  16  shows , , 
t h e  e f f e c t  of r e d u c i n g  s p e e d  d u r i n g  t h e  t u r n .  I n  t h e s e  
f i g u r e s  t h e  i n f o r m a t i o n  i s  p r e s e n t e d  f o r  e a c h  of t h r e e  I 

a l t i t u d e s  a s  t h e  r a t i o  of t h e  minimum r a d i u s  of l e v e l  
s t e a d y  t u r n  f o r  t h e  normal  c o n d i t i o n s  w i t h  f l a p s  i n o p e r -  
a t i v e  t o  t h e  r a d i u s  of t u r n  f o r  a g i v e n  c o n d i t i o n  p l o t t e d  
a g a i n s t  i n d i c a t e d  a i r s p e e d .  On t h e s e  f i g u r e s  t h e  c u r v e s  . %  

d e s i g n a t e d  l l s t a l l  l i m i t ,  no f l a p "  d e f i n e  t h e  r a d i u s  of 
t u r n  a s  l i m i t e d  by s t a l l i n g  r a t h e ~  t h a n  by a v a i l a b l e  t h r u s t .  
Thus ,  a t  s p e e d s  below t h a t  a t  which t h e  s t a l l - l i m i t  c u r v e  
i n t e r s e c t s  t h e  main c u r v e ,  t h e  a i r p l a n e  c a n n o t  t u r n  w i t h  
smaLler  r a d i i  t h a n  t h o s e  shown by t h e  s t a l l - l 5 m i t  c u r v e  . . 
u n l e s s  t h e  a v a i l a b l e  l i f t  i s  i n c r e a s e d ,  t h a t  i s ,  u n l e s s  
f l a p s  o r  o t h e r  h i g h - l i f t  d e v i c e s  a r e  u sed .  f h e  p o r t i o n  
of t h e  main c u r v e  t o  t h e  l e f t  .of t h e  s t a l l - l i m i t  c u r v e  ( *  

g i v e s  t h e  r a d i u s  of t u r n  w i t h  f l a p  d e f l e c t e d  t o  t h e  op- 
timum p o s i t i o n s ;  t h a t  i s ,  t h e  p o s i t i o n  wh ich ,  a t  a  g i v e n  
speed ,  w i l l  g i v e  t h e  s m a l l e s t  r a d i u s  of t u r n  u n d e r  t h e  
p r e s c r i b e d  c o n d i t i o n s . .  

The e f f e c t  of t h e  v a r i o u s  t y p e s  of f l a p  on t h e  r a d i u s  
. of t u r n  where t h e  t u r n  i s  l i m i t e d  on ly  by s t a l l i n g  i s  shown 

i n  f i g u r e  17 f o r  an i n d i c a t e d  spee'dv of 110 m i l k s  p e r  hour ,  / 

For  t h i s  c a s e  i t  was assumed t h a t  t h e  s p e e d  was h e l d  con- , 

s t a n t  d u r i n g  t h e  t u r n s  s o  t h a t  i n e q u a l i t y  between t h r u s t  
and  d r a g  must b e  made up by v a r y i n g  a l t i t u d e .  Each c u r v e  
c o r r e s p o n d i n g  t o  a  g i v e n  f l a p  a r r a n g e m e n t  r e p r e s e n t s  a  
v a r y i n g  maximum l i f t  c o e f f i c i e n t  o b t a i c e d  by c o n t i n u o u s l y  
v a r y i n g  t h e  f l a p  p o s i t i o n ,  

Use of t u rn ip , e -ne r f  ormance @,ar ts  a - The method of  
u s i n g  t h e  o h a r t s  o f  f i g u r e s  3 t o  11 i s  shown by t h e  
f o l l o w i n g  examples :  

! 3-,* Determine  t h e  r a d i u s  R ,  t h e  t i m e  . t ,  
I and t h e  normal  a c c e l e r a t i o n  n f o r  a  s t e a d y  f u l l - t h r o t t l e  - 
I 180°  t u r n  a t  a n , a l t i t u d e  : o f  25 ,000  f e e t  and  an  i n d i c a t e d  

a i r s p e e d  ~f 110 .mi l e s  . pe r  h o u r  f o r  t h e  normal  c o n d i t  i a h  
I of t h e  a , i r p l a n e  w i t h  a p a r t - s p a n  NACA s i o t t e d  f l a p  de-  

f l e c t e d  2Qo ( f i g .  3 ) .  

. . 



The v a l u e s  of oB, @, and n  a r e  r e a d  d i r a c t T y  
f rom t h e  c h a r t  a t  t h e  p o i n t  on t h e  Y c u r v e  r e p r e s e n t i n g  
t h e  p r e s c r i b e d  c o n d i t i o p s ,  , I t  i p  found t h a t  . . 

gB = 830 f e e t  
4- .R 
, L.7-g. 

%&* - 16 s e c o r i d s ~ ~ : ~ * ~  

z i 

Inasmuch a s ,  a t .  25,'000 f e e t ,  @ = 0.448 

830 .a 1850 f e e t  7 -  =.m 

. ' 

Example 8.- - Determifie t h e - r a d i u s ,  t h e  . t ime,  t h e  normal  
a - c c e l e r a t i o n ,  and t h e  "change  o f  a l t f t u d e  f o r  t h e  s h o r t e s t  - 180°  t u r n  t h a t  can be made ~ i t h o u t ~ s t a l l i n g  f o r  t h e  same 
a i r p l a n e  c o n d i t i o n ,  a l t i t u d e ,  and  sp6ed  as f o r  example. A ,  
on t h e  a s s u m p t i o n  t h a t  t h e  speed  i s  h e l d  cons : t an t .  .. . 

i o r  t h i s  c a s e .  t h e  c h a r a c t e r i s t 3 c . s  of . the  t u r n  i r e  
' d e f i n e d  by t h e  po.fnt on t h e  s t a l l - ' b o u n d a r y  c u r v e  f o r  . 

6 f  = 200 c o r r e s p o n d i n g  t o  t h e  i n d i c a t e d  s p e e d  of 110  
m i l e s  p e r  h o u r .  The v a l u e s  o f  oR;,/ots' and n  a r e  . 
a g a i n  r e a d  d i r e c t l y  f rom t h e  c h a r t  ( f i g ,  3) and  a r e  shown 
t o  be t 

oR = 405 f :eet  + 

- 4. 

a/&= 7 . 9  s econds  

a n d ,  a s  i n  exampze A ,  ' - *  . 
" ' !  ' '. . . . . 1 .  
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w i 3 . l .  b-e:a c:hancr;e of z l t i t u d e  ('if .the speed  i s  h e l d  con- 
s t a n t )  g i v e n  by . .  -' - - . . 

1.47 v i l s ( Y  - A Y )  (d;, !) Ah * 
B 

s o  t h a t ,  from t h e  i n f o r m a t i o n  g i v e a  i n  f i g u r e  3, -. 

E f f e c t  of f l a ~ s  f o r  s t e a d s  l e v e l  t u r n s + -  Ftom t h e  - 
r e s u l t s  of t h s p r e s e n t  a n a l y s i s  i t  a p p e a r s  t h a t  f l a p s  be- 
come e f f e o t  i v e  f o r  improv ing  t u r n i n g  per formpnce  on ly  a t  
s p e e d s  below t h e  speed  a t  which t u r n i n g  w i t h o u t  f l a p s  i s  
l i m i t e d  by s t a l l i n g ,  For s t e a d y  l e v e l  t u r n s  w i t h  t h e  
normal  c o n d i t i o n  of  t h e  a i r p l a n e  c o n s i d e r e d  i n  t h e  a n a l -  
y s i s ,  t h i s  s p e e d  i s  shown i n  f P g u r e  1 2  t o - b e  a b o u t  127 
m i l e s  p e r  h o u r ,  i n d i c a t e d  a i r s p e e d ,  a t  a n  a x t i t u d d  of . 
1 1 , 0 0 0  f e e t  and a b o u t  1 0 2  m i l e s  p e r  hour  a t  25,000 f e e t ;  
a t  a h e i g h t  of 35 ,000 f e e t  s t e a d y  l e v e l  t u r n s  c a n n o t -  be 

' made w i t h  f l a p s  down. Of t h e  f o u r  p a r t - s p a n  f l a p  a r r a n g e *  
ments  shown i n  t h i s  f i g u r e  t h e r e  appeaas  t o  be l i t t l e  
c h o i c e  ,,bet.ween t h e  Fowler  and s l o t  t e d  t y p e s  or between 
t h e  p e r f o d a t e d  and p l a i n  s p l i t  f l a p s .  'The f i r s t  two 
t y p e s  .are' somewhat s u p e r i o r  t.o t h e  o t h e r  two 2 a r t . i c u l a r l y  
a t  lower . speeds  a n d ' l o w e r  a l t i t p d e s :  f o r  example,  a t  l f  , 800  
f e e t  -and 90 m i l e s  pe'r h ~ u r  t h e  s l o t t e d  @nd t h e  Fowler  
f l a p s  g i v e  'a.bout '15 p e r c e n t  s m a l l e r  r a d i u s  of t u r n  t h a n  
t h e  s p l i t - t y p e  f l a p s .  

I The e f f e c t  of  i n c r e a s i n g  t h e  f l a p  span  from 60 p e r -  
I c e n t  t o  f u l l  span i s  shown f o r  t h e  MdCk .s.lo-tt.ed. and- t h e  

I s p l i t - t y p e  f l a p s , i n  f i g u r e  1 3 *  In  b o t h  c a s e s  t h e  r e d u c -  
t i o n  i n  r a d i u s  of t u r n  due t o  t h e  i n c r e a s e d  f l a p  s p a n  i s  
of t h e  o r d e r  o f  10  p e r c e n t  a t  an  i n d i c a t e d  a i r s p e e d  of 
90 m i l e s  p e r  hour  a t  11 ,000 f e e t  and about  5 p e r c e g t  a t  
t h e  same i n d i c a t e d  s p e e d  a t  25,000 f e e t .  A t  35 ,000 f e e t  
t h e  f l a p s  a r e  a g a i n  i n e f f e c t i v e  f o r  Live1  s t e a d y  t u r n s .  

There a p p e a r s  t o  be a c o n s i d e r a b l e  a d v a ~ t a ~ e ,  where , f l a p s  a r e  t o  be used  f o r  maneuver ing ,  i n  p i o v i d i n g  f o r  
t h e i r  r a p i d  and ,  i f  p o s s i b l e ,  a u t o m a t i c  a d j u s t m e n t  t o  
t h e  b e s t  p o s i t i o n  f o r  t h e  p a r t ' l k u l a r  con'd-itforis under  
which a  t u r n  i s  t o  be made; f o r  example ,  w i t h  t h e  p a r t -  
span  s p l i t  f l a p  t h e  b e s t  l e v e l  s t e a d y  t u r n  a t  an i n d i c a t e d  

* : 



a i r s p e e d  of 90 m i l e s  p e r  hour  and an  a l t i t u d e  of b1,,000. 
f e e t -  i s  o b t a i n e d  w i t h  f l a p  d e f l e c t e d  abou t  30'. On t h e  
o t h e r  hand,  i f  a  t u r n  i s , a t t e m p t e d  w i t h  t h i s  f l a g  a n g l e ,  
a t  a  speed of 127 m i l e s  p e r  h o u r ,  t h e  s m a l l e s t ' r a d i u s  
t h a t  cou ld  be ma in ta ined  withcrut l o s s  of speed  o r  & 1 t i t u d e ,  
a s  can be s e e n  from f i g u r e  5 ,  would be abou t  t w i c e  as l a r g e  
a s  t h a t  which would be o b t a i n e d  w i t h  f l a p s  up  a t  t h e  same 
speed.  The u s e  o f  f l a p  a n g l e s  o t h e r  t h a n  t h e  optimum would 
n o t  be q u f t e  so  s e r i o u s  f o r  t h e  lowep-drag p a r t - s p a n  f l a p s - -  
t h a t  i s ,  Bowler and s l o t t e d .  - . a l t h o u g h  even f o r  t h e s e . t h e  
b e s t  f l a g  a n g l e  f o r  a s p e e d  of 90 , m i l e s  p e r  hour  a t  11,000 
f e e t  wou3.d g i v e  a  r a d i u s  abou t  20 p e r c e n t  g r e a t e r  t h a n  
n e c e s s a r y  a t  X27.mi les  p e r  hour.  ( S e e . - f i g s .  3 and 4.) 

E f f e c t s  of  s u p e r c h a r g i n g  and p r o p e l l e r  d iameter :  _on 
l e v e l  s t eady ' . t u rns . - .   he =a1 ~ u l a t i o n s  i n d i d a f  ed t h a t  $ o r  
7 

t h e  a i r p l a n e  wi th  t h e  o r i g i n a l  p r o p e l l e r  t h e  t u r n i n g  per -  
formance o v e r  t h e  lower  h a l f  of- t h e  speed range  would n o t  
be m a t e r i a l l y  improved a t  a l t i t u a e s  uph to  25,000 f e e t  by 
r e p l a c i n g  t h e  gea red  s u p e r c h a r g e r  w i t h  t h e  t u r b o s u p e r -  
c h a r g e r  ( f i g .  14).  No l a r g e  improvement was t o  be ex- 
p e c t e d  a t  11 ,000  f e e t  because  € he t u r b o s u p e r c h a r g e r  was 
assumed t o  i n c r e a s e  t h e  eng ine  power by o n l y  abou t  5 per -  
c e n t  a t  t h f s  a l t i t u d e ,  b u t  a t  25,000 and 35,000 f e e t  t h e  
power was abou t  40 p e r c e n t  g r e a t e r  t h a n  t h a t  o b t a i n a b l e  
w i t h  t h e  gea red  s u p e r c h a r g e r .  A t  35,000 f e e t  t h e  c a l c u -  
l a t i o n s  i n d i c a t e d  t h a t  t h e  i ~ p r o v e m e n t  i n  t u r n i n g  perform- 
a n c e  would be c o n s i d e r a ~ b l y  g r e a t e r  because  a t  t h i s  a l t i t u d e  
a small i n c r e a s e  i n  t h r u s t  g ive6  a r e l a t i v e l y  l a r g e  per -  
c e n t a g e  of i n c r e a s e '  i n  e x c e s s  t h r u s t .  Fr0.m f i g u r e  1 3% 
may be s e e n  t h a t  th,e i n c r e a s e  i n  t h r u s t  a t  100 m i l e _ s  p e r  
hour  a t  35 ,000  f e e t .  i s  o n l y  about .  5  p e r c e n t  which g i v e s ,  
a c c o r d i n g  t o  f i , gu re  .l4, a , r e d u c t i o n  i n  t u r n i n g  r a d i u s  of - 
a b o u t  20 p e r c e n t  a t  t h i s  speed.. 

From $he. 'f oFegoing r e s u l t s  i t  a-ppears t h a t  t o  . d e r i v e  
b e n e f i t  a t  low ,speeds from t'he- i n c r e a s e d  po'wer ,output  . 
w i t h  t h e  turbo 'superchar 'ger  i t  would be n e c e s s a r y  t o  u s e  
a p r o p e l l e r  d e s i g n e d  t o  a b s o r b  t h e  added power a t  lower  
and more e f f l c i e n t ' b l a d e  a n g l e s ,  t h a t  i s ,  w i t h  g r e a t e r  
d i a m e t e r  o r  g r e a t e r  s o l i d i t y .  The c a l c u l a t i o n s  were r e -  
p e a t e d  t h e r e f o r e  with. t h e  p r a p e * l l e r  d i a m e t e r  a r b i t r a r f  l y  
i n c r e a s e d  from 9-75 f e e t  t o  10.76 f .ee t , '  With t h e  tu rbo-  
s u p e r c h a r g e r  t h i s  change i s  shown t o  .give a l b r g e  i m - :  . . .  
provement i n  t u r n i n g  perf.ormance p a r t i ~ u l a r ~ y :  a t  t h e  " 

lower  speeds  and. .a$ h i g h  a l t i t u d e s .  . f t  i s  s h o w  t h a t  a t  
35,000 f e e t  t h e  p a r t y s p a n  s l o t t e d  f l a p s  can  now be used  
f o r  s t e a d y  l e v e l  t u r n s  a l t h o u g h  over  a r a t h e r  l i m i t e d  
speed  Faage between abou t  75  and 95 m.iles p e r - h o u r ,  The 



improved performance  a t  t h e  Jower speeds  w i t h  t h e  Xarger 
p r o p e l l e r  i s  o b t a i n e d  On s p i t e  of r e l a t i v e l y  l a r g e  t i p  
l o s s e s  d u g . t o  t h e  h i g h  ~ r o p e l l e r  t i p  s p e e d s ,  A t  maximgm 
speed  at t h e  lower  a l t i t u d e s  some l o s s  i n  per formance  i s  
i n c u r r e d  by t h e  h igh  t i p  s p e e d s  but  i t  a p p e a r s  r e l a t i v e l y  
small and a p p a r e n t l y  v a p i s h e s  at' a l t i t u d e s  above 25,000 

' 

f e e t .  ' , 

With t h e  normal s u p e r c h a r g e r  a r rangement  t h e  increase ,d  
p r o p e l l e r  d i a m e t e r  a g a i n  improves t h e  t u r n i n g  per formance  
a t  t h e  lower  speeds  a l t h o u g h  t o  a much l e s s  e x t e n t  t h a n  
w i t h  t h e  t u r b o s u p e r c h a r g e r .  Fur the rmore ,  because  w i t h  

_ l o w e r  engine  power. t h e  g a i n  ' i n  e f f  fciiency t o  be r e a l i z e d  
by dec reas5ng  t h e  b l a d e  a n g l e s  3s  l e a k ,  t h e  e f f e c t  of t h e  
t i p  l o s s e s  is r e f a t i r e l y  g r e a t e r  s o  t h a t  t h e r e  i s  a  con- 
s i d e r a b l e  d e t r i m e n t a l .  e f f e c t  on maximum speed  p a r t i c u l a r l y  
a t  t h e  h i g h e r  a l t i t u d e s .  

While t h e  e f f e c t  of f n c r e a s i n g  t h e  s o l i d i t y  of t h e  
g r d p e l l e r  . ( t h a t  I s ,  t h e  'number of b l a d e s  or  t h e  b l a d e  
wid th )  has  n o t  been c o n s i d e r e d  i n  d e t a i l ,  i t  seems l f k e l y  
t h a t  t h i s  means of i n c r e a s i n g  prope1;ler e f f i o i e n c i 6 s  a*' 
h i g h  a l t i t u d e s  would be c o n s i d e r a b l y  more e f f e c t i v e  t h a n  
i n c r e a s i n g  t h e  d i a m e t e r  because  of . sma l l e r  t i p  l o s s e s .  

, . 
E f f e c t  of i n c r e a s e d  wing l o a d i n g  on s t e a d y  l e v e l  turns, . -  

, In f i g u r e  15 i t  i s  shown t h a t  a  20 p e r c e n t  r e d u c t i o n  i n  
'wing a r e a  w i t h  a s p e c t  r a t i o  h e l d  c o n s t a n t  r e s u l t s  i n  a 
marked d e t e r i o r a t i o n  i n  t u r n i n g  es f  ormance oper  t h e  g r e a t e r  I p a r t  of t h e  s p e e d  r a n g e  a t  a l l  a t i t u d e s  c o n s i d e r e d ,  p r i m a r i l y  
because  of t h e  i n c r e a s e d  span l o a d i n g .  A t  11 ,000  f e e t  t h e  

'maximum speed  i s  i n c r e a s e d  s l i g h t l y  b u t  a t  a l t i t u d e s  above 
25,000 f e e t  t h e  maximum speed  i s  d e c r e a s e d  by t h e  i n c r e a s e d  - 
wing l o a d i n g .  With t h e  h i g h e r  wing l o a d i n g  f l a p s ,  of c o u r s e ,  
become e f f e c t i v e  f o r  r e d u c i n g  t u r n i n g  r a d i u s  a t  somewhat 
h i g h e r  s p e e d s ,  f o r  example; 139 m i l e s  p e r  hour  a t  11 ,000 
f e e t  and '113 m i l e s  p e r  hour  a t  25,000 f e e t ,  

. Although t h e  e f f e c t  of  .reducing t h e  wing a r e a  w i t h o u t  
chang ing  t h e  sgan  has  not  been  covered  i n  d e t a i l  i n  t h i s  
a n a l y s i s ,  i t  can  be s e e n  t h a t . i n  t h i s  c a s e  t h e  t u r n i n g  
per formance  would be a d v e r s e l y  . a f f e c t e d  only  a t  speeds  
below t h e  s t a l l . & i m i t .  I f ,  qoy t h e  a v a i l a b l e  l i f t  c o e f f i -  
c i e n t  were i n c r e a s e d  by t h e ' ~ s e  o f  f l a p s  t o  compensate 
f o r  t h e  i n c r e a s e d  wing loadQjg . -  t h a t  i s ,  t o  r e t a i n  t h e  
s a m e ' r a t i o  of wing l o a d i n g  ,.f o maximum l i f t  c o e f f i c i e n t  
as f o r  t h e  o r i g i n a l  wing and henhe ,  t h e  same s t a l l i n g  
speed  - t h e  t u r n l n g  per formance  a t  t h e  lower  speeds  
wou4d be ~ f f e u t e d  a d v e r s e l y  only  t o  a s m a l l  e x t e n t ,  T h i s  
e f f e c t  i s  e x p l a i n e d  by t h e  f a c t  t h a t  a t  t h e  lower end of 



t h e  speed range  t h e  t u r n i n g  performance w i t h  a g i v e n  
I . a v a i l a b l e  power w i l l  depend p r i n c i p a l l y  on t h e  s t a l l i n g  

speed  and s p a n  l o a d i n g  s o  t h a t ,  f o r  t h e  c a s e  c o n s i d e r e d ,  
t h e  e f f e c t  of t h e  i n c r e a s e  i n  e q u i v a l e n t  p a r a s i t e  a r e a  
r e s u l t i n g  from u s e  of t h e  f l a p s  would be comparatively , u n i m p o r t a n t ,  as only  a r e l a t i v e l y  small f l a p  d e f l e c t i o n  
( f o r  example, abou t  15' wP%h t h e  pa r t - span  s p l i t  flap] 
would be r e q u i r e d  t o  g i v e  t h e  d e s i r e d  i n c r e a s e  i n  maxi- 
mum l i f t  c o e f f i c i e n t .  

Turning  w i t h  l o s s  of speed  o r  a l t i t u k -  Al though 
t h e  e a s e ' o f  s t e a d y  l e v e l  f u l l - t h r o t t l e  t u r n s ,  previously 
d i s c u s s e d ,  p r o v i d e s  a con.venienlt b a s i s  f o r  comparPson 
o f  t u r n i n g  per formance  because  t h e  l i m i t i n g  f a c t  or s ,  
a v a i l a b l e  power and s t a l l i n g ,  a r e  f a i r l y  w e l l e ' d e f i n e d ,  
i t  does not  t.ake a c c o u n t  of  a l l  t h e  c o n d i t i  ons u n d e r  
which t u r n s  might be made. I n  combat a p i l o t ,  i n  o r d e r -  
t o  evade t h e  f i r e  of h i s  opponent ,  would p r o b a b l y  t u r n  
as r a p i d l y  as p o s s i b l e  w i t h i n  t h e  l i m i t s  i-mposed by h i s  
c a p a c i t y  t o  w i t h s t a n d  normal a c c e l e r a t i o n  o r  by s t a l l i n g ,  
no t  g i v i n g  much c o n s i d e r a t i o n  t o  t h e  l o s s  .of a l t i t u a e  
o r  speed which might r e s u l t .  A s  shown i n  f i g u r e  3 t h e  
g r e a t e s t  normal a c c e l e r a t i o n  t h a t  c a x  be d e v e l o p e d  i n  a 
l e v e l  s t e a d y  t u r n  w i t h  t h e  a i r p l a n e  under  c o n s i d e r a t i o n  
i s  only  abou t  2 , 5 g  a t  a n  a l t f t u d e  of 1 1 , 0 0 0  f e e t ,  a b o u t  
1.7g a t  25,000 f e e , t ,  and about  l . 1 g  a t  35,000 f e e t .  The 
s.pe.ed . in a combat s t a r t i n g  a t  a h i g h  speed would p r o b a b l y  
d,eorease d u r i n g  t h e  enga'gament u n t i l ,  w i  t h  f u r t h e r  r e -  
d u c t i o n ,  s t a l l i n g  would unduly  limit t h e  maneuvers;  r a p i d  
t u r n i n g  f ~ o m  t h e r e  on would p r o b a b l y  be accompl ished by 
l o s i n g  a l t f t u d e  3f n e c e s s a r y ,  

I t  appe 'ars  i m p o r t a n t  t o  c o n s i d e r  t h e s e  c a s e s , - p a r t i c - -  
u l a r l y  i n  e s t i ' m a t i n g  t h e  u s e f u l n e s s  of f l a p s  f o r  improving 
t h e  rnaneuverabil$ty'of,fighters. Inasmuch as t u r n i n g  ubder  
a lmos t  any c o n d i t i o n s  can  be e v a l u a t e d  r e a d i l y  from t h e  
c h a r t s  of f i g u r e s  3 %o 11, t h e  c a s e  of t u r n s  w i t h  l o s s  of 
speed  o r  l o s s  of a l t i t u d e  w i T 1  be c o n s i d e r e d  d t r e c t l y  on ly  
i n s o f a r  as i s  n e c e s s a r y  ' t o  i l l u s t r a t e  t h e  e f f e c t s  on %he 
a p p l i c a b i l i t y  of f l a p s  .* 

In  f i g u r e  16 i t  i s  showq. t ,ha t ,  if a 1 0  p e r c e n t  l o s s  
of speed (assumed a r b i . t r a r i l y )  can be t o l e r a t e d  i n  a t u r n  
t h r o u g h  1800,  t h e  t u r n  c a n  be t i g h t e n e d  t o  such  a n  
e x t e n t  t h a t  t h e  speed  a t  which t h e  s t a l l  i s  e n c o u n t e r e d  

' w i t h o u t  f ; laps i s  i n c r e a e e d  by 26 m i l e s  p e r  hour  a t  11 ,000 
f e e t  and by abou t  20 m i l e s  p e r  hour  a t  25,000 f e e t  o v e r  t h e  

, speeds  &t  which t u r n i n g  w i l l  be l i m i t e d  by s t a l l i n g  i f  no 
Loss of speed o r  a l t i t u d e  i s  p e r m i t t e d ;  t h e  range  c f  s p e e d s  
o v e r  which f l a p s  w i l l  p r o v i d e  an 'abvant 'age  i n  t u r n i n g  i s  



t h e r e f o r e  c o n s i d e r a b l y  i n c r e a s e d  a t  t h e s e  a l % i t u d s s ,  A t  
35,000 f e e t  t h e  10-pe rcen t  speed  l o s s  p e r b i t s  a  l a r g e  re-  
d u c t i o n  i n  t u r n i n g  r a d i u s  w i t h  f l a p s  up b u t  i s  n o t  s u f f i -  
c i e n t  t o  w a r r a n t  t h e  u s e  of f l a p s .  

lit t h e  lower  s-pe'eds i n  t h e  r ange  i n  which f l a p s  would 
be l i k e l y  t o  be u s e d ,  t h e  s h o r t e s t  p o s s i b l e  t u r n  would 
p robab ly  be made by p e r m i t t i n g  a l o s s  of  a l t i t u d e ,  i f  nec-  
e s s a r y ,  r a t h e r  t h a n  a  l o s s  of speed.  F i g u r e  57 s h ~ w s  t h e  
r a d i i  of t u r n  and t h e  r a t e s  of d e s c e n t  r e q u i r e d  f o r  t h e  
s h o r t e s t  p o s s i b l e  t u r n s  ( l i m i t e d  by s t a l l i n g )  at, arr in -  
d i c a t e d  a i r s p e e d  of 110 m i l e s  p e r  h s u r  f o r  t h e  v a r i o u s  
pa-rt-span f f a p .  arrangement  a. Where t u r n i n g  i s  l f m f t e d  
o n l y  by s t a l l i n g  i t  i s  obvious  t h a t  f l a p s  w i l l  a lways  pe r -  
m i t  s h o r t e r  t u r n i n g  r e g a r d l e s s  o f  a l t i t u d e ,  f t  i s  shown 
t h a t  f o r  r e d u c t i o n s  i n  t h e  r a d i u s  of t u r n  up t o  abau t  15 
p e r c e n t  of t h e  r a d i u s  w t t h o u t  f l a p s  a t  t h e  g l v e n  speed  
t h e r e  i s  1 . i t t l e  advan tage  o f  one t y p e  of f l a p  oves a n o t h e r ,  
In  o r d e r  t o  accompl ish  gre7ate,r  r e d u o t i o n s  i n  r a d i u s ,  how- 
e v e r ,  t h e  l o s s  of  a J t i t u d e  a s s o c i a t e d  w i t h  t h e  t u r n i n g  w i l l  
be c o n s i d e r a b l y  g r e a t e r  f o r  t h e  h igh-drag  t y p e s  of f l a p  
( s p l i t  and p e r f o r a t e d )  t h a n  f o r  t h e  low-drag t y p e s  (MADA 
s l o t t e d  and Fowler) .  

f iere ,  a g a i n ,  the '  d e s i r a b i l i t y  of d e f l e c t i n g  a f l a p ,  
p a r t i c u l a r l y  one of  t h e  .high-drag t y p e ,  on ly  as f a r  as 
n e c e s s a r y  t o  accompl i sh  a d e s i r e d  r e s u l t  i s  kihown by Lhs 
f o l l o w i n g  example: .Jf  'a t u r n  w i t h  a  r a d i u s  of 1500 f e e t  
i s  d e s i r e d  a t  a n  i n d i c a t e d  a i r s p e e d  of  110 m i l e s  and a t  
a h e i g h t  of 35;000 f e e t ,  a d e f l e c t i o n  of s l i g h t l y  l e s s  
t h a n  15' would be r e q u i r e d  w i t h  t h e  p a r t - s p a n  ' s p l i t  f l a p ;  
t h e  c o r r e s p o n d i n g  r a t e  of d e s c e n t  would be about  3100 
f e e t  p e r  minute;  I f  t h e  f l & p s  w6re d e f l e c t e d  i n s t e a d  t o  
30° for- t h e  same r a d i u s  of t u r n ,  t h e  r a t e  of d e s c e n t  would 
be i n c r e a s e d  t o  about  4200 f e e t  p e r  minute .  For t h e  p a r t -  
span  s l o t k e d  f l a p  t h e  i n c r e a s e  i n  r a t e  of d e s c e n t  t h a t  
would be c a u s e d  by u s i n g  a f l a p  a n g l e  of 30° i n s t e a d  of 
t h e  b e s t  a n g l e  ( abou t  150)  f o r  t h e  c o n d i t i o n  of t h e  p r e -  
c e d i n g  example would be abou t  400 f e e t  p e r  minute ,  

. - 
. The r e s u l t s  o f  t h e  a n a l y s i s  i n d i c a t e  t h a t ,  f o r  t h e  

a i r p l a n e  c o n s i d e r e d ,  any of t h e  f l a p  a r rangements  i n v e s t 5  - 
g a t e d  can be expec ted  t o  g i v e  some improvement i n  low-speed , 

t u r n i n g  per formance  a s  d e f i n e d . b y  s t e a d y  l e v e l  f u l l - t b r o t t l e  
t u r n s  - a t  a  g fven  speed f o r  a l t i t u d e s  up t o  about  25',000 " f e e t ,  



I f  t u r n i n g  i s  not  r e s t r i c t e d  t o  t h e  c o n d i t i o n  o f  no l o s s  
of a l t i t u d e  o r  s p e e d ,  t h e n ,  of c o u r s e ,  t u r n s  can  be made 
a t  any a l t i t u d e  more q u i c k l y  w i t h  f l a p s .  Low-drag f laps  
auch as t h e  F ~ w l e r  arid . tha  BACA s l o t t e d  t y p e s  are' eLpgar-: 
e n t l y  somewhat s u p e r i o r  t.6 ' t h e  s p l i t  o r  p e r f o r a t e d  s p l i t  
t y p e s  p a r t i , c u l a r l y  . i f  . t&e f l a p  p o s i t i o n  i s  n o t  a d j u s t a b l e .  
A t  a q iven  speed  somewhat s h o r t e r  t u r n s  shou ld  be p o s s i b l e  
w i t h  f u l l - s p a n  f l a p s  t h a n  w i t h  pa r t - span  f l a p s .  . . 

Turning p e ~ f o r r n a n c e  ov.er the  lower h a l f  of t h e  speed 
raa.ge f o r  t h e  a i r p J a n e  urrder c o n s i d e r a t i o n  would p r o b a b l y  
n o t  be m.ater iakly,  improved. a t  any a l t l t u d e  by i b e r e a s e d  
s u p e r c h a r g i n g  of t h e  e n g i n e  u n l e s s  t h e  p r o p e l l e r  were r e -  
d e s i g n e d  t o  a b s o r b  t h e  added power more e f f i p i e n t l y ,  

. A  r e d u c t i o n  i n  wing a r e a ,  i f  t he  a s p e c t  r a t i o  i s  
mainte&%caQconstant,  w i l l  r e s u h t  i n  impairment of t u r n i n g  
performance over  p r a c t i c a l l y  t h e  e n t i r e  speed  r a n g e  a t  
a l l  a l t i t u d e s ,  . . 

~ a a ~ l e y  Memorial A e r o n a u t i c a a  L a b o r a t o r y ,  , 
. . 

N a t i o n a l  Advisory  Committee f o r  A e r o n a u t i c s ,  .. 
~ .. Langl-ey F i e l d ,  . V a .  
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TABLE I 

CALCULATED LIFT-DRAG CHARACTERISTICS OF 

B IGHTER A. IRPLAEE W ITH VAR I OUS FLAP ARRANGEMENTS 

- 
 one 7 7; 94-6 1 I 5.g 6-99 

9r2 1 7-30 
BTACA s lo t t ed  -26 7-38 

1 - 
-60 {i; 2.- 12.0 

, 2.08 -78.3 1 21,g 1 7.25 

Normal Wing Area 
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I 

HACA s lot ted 
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r o 1.76 76.0 8.3 
Fok~Ier  / 2.05 10.k 14.1 

2.22 67.7 26.9 

1.84 74.3 17.7 
2-08 69.9 36.4 
2.27 66.9 60.3 1 is+ 

,/L'dL' 15 1.70 77.4 14.G 
30 1.85 , 7 4 . 1  28.3 

i 45 1-97 
t 1.61 79.5 12.3 

5.59 

5 . 84 
6.07 
5.97 

5. s 4  
5.90 
5 go 

5-99 
6-12 
6-33 

5.37 
5-32 
4.7s 

5-37 
5.50 - 
4-93 

5.37 
Perforated sp l i t i  0 -60 1-72 76.9 2 2  1 5-50 1 {$ ---- A---L- LI-5 --a 1.~0 ---- 135.2 2.4- Lt.93 

Reduced w i n g  area 





Fig. 2 

EJACA slot ted f l ap  

---_ -- 
- -  

- -- ._ , . 
. . . .. -. . . . . . --:< 

Fowler f l ap  -. 

Spl i t  and perforated s p l i t  f laps  

P i p e  8.- Section views of  f laps.  



Figure 8. - Turning performance chart, Flghter-type airplane, 
normal aonditlon, part SP(U~ HACA slotted Slaps. 



/&lafed o~ksped, inmp h 

Figure 4 ;  :: Turning per e F%BBte~-t~pe aiwlme, normrl condition 
part span Fowler f lap.  



Pig. 5 



Figure 6. - Turning perfomance chart. Fighter-tmo airpl-e, 
normal condition, part span perforrtsd 8plSt flaps* 



ng parfbmmce ohtart. Fighter- typs aipplme, 
nonsaP condition, f'\a13 span NACA slotted fleps, 



/dica'eor airspeed, mg h 

Flgrwa 8. -.Turnfng perllo c@ cl%aPt* Fighter-tlgpe air~1-e 
soma1 condition, lull-sp@ aplft f laps.  





WACA Fig. 10 

- - - - - - - 

Flgure 10, - hulling performance chart. Fighter-type airplane, 
turbosupercharger, propeller diameter 10,75 feet, 
part span WACA slotted flaps* 



Figure 11. - Turning performance chart. Fighter-type airpl.ne, 
wing area reduced to 208 squarg feet, part span 
HACA slotted flaps. 



NACA 

rigure 12.- Effect of art-epsn fla e of varioua t ee on turning radius. Fighter-type 
airplane, ?urn8 at consPant @eed and S t i t u d e .  (Rmi, i e  nin&mum rdf;lae 00 tqra 

without f lase. ) 



NACA Fig. 13 

Figure 13.- Effeat of flop-span on turning radius. Fighter-type airplane, turns at constant 
speed an8 altitude. (Rmin is minimum radius of turn without f laps.  ) 



Figure 14.- Effect of supercharging ibna propeller di@meter.on turaing redius. Fighter-type 
airplane, part-epra slotted flaps,  turns at conatant #peed and altitude. ( ~ a i n  

i s  m i n i m  radiua of twn with geuea supercharger, 9.75-foot propell0P, and no flaps.) 



WACA Fig. 15 

Figure.15.- Effect of reduced ring area on turning radius. Fighter-type airplane, part-span 
slotted flaps, turns at constant speed and altitude. (Rmin i s  minimum radius crf 

turn with wing loading 26.2 lb  per sq ft;, no flaps.)  



NAC A Fig. 16 

/nd,cu&d ~ i rs~eed~fsfar f ,  mmp h 

Figure 16.- Effect of deceleration on radius of turn. Fighter-type airplane, part-span 
slotted flaps. (Rmin is minimum radius of turn at constant speed and altitude 

without flaps. ) 



Fig. 17 

Figure 17. - Radius of turm a t  a ta l l  with pMgt span flap8 of varioua 
typeso Elghtehetgpe airplane, turns a t  a constant 
indiaated airspeed of 130 d l e s  pep how, varyZng 
flap poeltiono 




