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ADVABCE C O N 3  LDENT I A L  REPORT 

EZ'FECTS OF DIRECTION OF FROPELLEB ROTATION ON ffEE 

L O N G I T U D I N A L  STABILITY 02 THE 1/io-SCALE MODEL OF 

THE: NOBTH AMERICAN XB-28 AIRPLANE WITH FLAPS NEUTRAL 

By Hoe1 K. Delany  

The e f f e c t s  of d i r e c t i o n  of p r o p e l l e r  r o t a t i o n  on 
f a c t o r s  a f f e c t i n g  t h e  l o n g i t u d i n a l  s t a b i l i t y  of t h e  XB-28 
a i r p l a n e  were measured on a 1 /10 - sca l e  model i n  t h e  7- b y  
10-soot t u n n e l  of t h e  Ames A e r o n a u t i c a l  L a b o r a t o r y .  The 
main e f f e c t  o b s e r v e d  was t h a t  c a u s e d  by  r e g i o n s  of h i g h  
downwash b e h i n d  t h e  n a c e l l e s  (power o f f  a s  w e l l  as power 
on w i t h  f l a p s  n e u t r a l ) .  The optimum d i r e c t i o n  of p r o p e l -  
l e r  r o t a t i o n ,  b o t h  p r o p e l l e r s  r o t a t i n g  up  toward  t h e  fu -  
s e l a g e ,  s h i f t e d  t h i s  r e g i o n  o f f  t h e  h o r i z o n t a l  t a i l  a n d  
t h ~ s  removed i t s  d e s t a b i l i z i n g  e f f e c t .  R o t a t i n g  b o t h  
p r o p e l l e r s  downward toward  t h e  f u s e l a g e  moved i t  i n b o a r d  
on t h e  t a i l  a n d  a c c e n t u a t e d  t h e  e f f e c t ,  w h i l e  r o t a t i n g  
b o t h  p r o p e l l e r s  r i g h t  hand had a n  i n t e r m e d i a t e  P e s u l t .  

Comparisons a r e  made of t h e  t a i l  a f f e c t s  as measured 
by  f o r c e  t e s t s  w i t h  t h o s e  p r e d i c t e d  f r o m  t h e  point-by- 
p o i n t  downwash a n d  v e l o c i t y  s u r v e y s  i n  t h e  r e g i o n  of t h e  
t a i l .  These s u r v e y s  i n  t u r n  a r e  compared w i t h  t h e  r e s u l t s  
p r e d i c t e d  f r o m  a v a i l a b l e  t h e o r y .  

INTBODUCTIOR 

A t  t h e  r e q u e s t  of t h e  B u r e a u  of A e r o n a u t i c s ,  Bavy 
D e p a r t m e n t ,  t e s t s  were c o n d u c t e d  o n  a l / l 0 - s c a l e  model of 
t h e  XB-28 a i r p l a n e  i n  t h e  7- by 10 - foo t  t u n n e l  2 t o  de- 
t e r m i n e  t h e  e f f e c t  of mode of p r o p e l l e r  r o t a t i o n  on t h e  
l o n g i t u d i n a l  s t a b i l i t y  c h a r a c t e r l s t i c s ,  The r e s u l t s  of 
r e f e r e n c e  1 showed t h e  marked e f f e c t  which  t h e  mode of 
p r o p e l l e r  r o t a t f  on has  on t h e  l o n g i t u d i n a l  s t a b i l i t y  
c h a r a c t e r i s t i c s  of t h e  XB-28. The  p u r p o s e  o f  t h e  t e s t s  
r epo r  t e a  h e r e i n  was t o  measure  t h e  changes  i n  dawnwash 
a n d  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  r e g f o n  of t h e  h o r i z o n t a l  

" - P .  



t a i l  s u r f a c e  a s s o c i a t e d  w i t h  t h e  v a r i o u s  nodes  of p r o p e l -  
l e r  r o t a t i o n ,  t h e r e b y  e s t a b l i s h i n g  a  b a s i s  f o r  t h e  change 
i n  t h e  l o n g i t u d i n a l  s t a b i l i t y  c h a r a c t e r i s t i c s .  

The l / l 0 - s c a l e  model of t h e  Nor th  Amer ican  XB-28 
i r 2 l a n e  was f u r n i s h e d  by N o r t h  American A v i a t i o n  I n c .  
i g u r e  1 i s  a three-v iew d r a w i n g  of t h e  model ,  a n d  f i g u r e  

shows t h e  model as i t  was mounted i n  t h e  t u n n e l .  

The model d imens ions  were as f o l l o w s  t 

S -  wing a r e a  ( 6 . 7 5 9  s q  f t )  

c  mean ae rodynamic  c h o r d  (1 .001  f  t )  - .. 

b wing span  ( 7 . 2 6 1 f t )  

D p r o p e l l e r  d i a m e t e r  (1 .388 f t )  

The model c o n f i g u r a t i o n  was m a i n t a i n e d  t h r o u g h o u t  
t h e  t e s t s  a s  shown' i n  f i g u r e  1 e x c e p t  t h a t  t h e  h o r i z o n t a l  ' 

t a i l ,  which  had a d i h e d r a l  a n g l e  of 7 .50 ,  was removed f o r  
s u r v e y s  a n d  f o r  " t a i l  o f f "  f o r c e  t e s t s .  

Three  f  our-blade , 1.388-fee t -d iameter  p r o p e l l e r s  
were f u r n i s h e d  w i t h  t h e  model .  Two were r i g h t - h a n d  pro-  
p e l l e r s  a n d  one l e f t - h a n d .  The p r o p e l l e r s  were s e t  a t  a  
b l a d e  a n g l e  of 40.50 a t  t h e  0.75R s t a t i o n  t h r o u g h e u t  t h e  
t e s t s .  

A c a l i b r a t e d  0.25-inch d i a m e t e r  d i r c c t  i o n a l  p i t  o t  
t u b e  was f o r  t h e  po in t -by-poin t  s u r v e y s ,  The t u b e  was 
mounted on a 8 t r u t  which e n a b l e d  i t  t o  be  moved v e r t i c a l -  
l y ,  l o n g i t u d i n a l l y ,  a n d  l a t e r a l l y  f r o m  o u t s i d e  of t h e  t e s t  
s e c t i o n .  . . 

C O E F ~ ? I ~ I E N T S  k W  SYMBOLS , , ' 

The r e s u l t s  df t h e  t e s t s  a r e  g i v e n  i n  tkie fo rm of 
s t a n d a r d  NACA c o e f f i c i e n t s  of f o r c e s  a n d  moments b a s e d  on 
model wing a r e a ,  wing ' s p a n ,  a n d  mean aerodynamic  c h o r d .  
A l l  moments a r e  g i y e n  a b o u t  t h e  cen te r -o f , -g rav i ty  l oca -  
t i o n  on t h e  fu se l ' age  r e f e r e n c e  l i n e  a t  26 p e r c e n t  of t h e  
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Te e f f e c t i v e  t h r u s t ,  T-bD 

A D  i -ncrenent  of d r a g  due t o  i n c r e a s e d  v e l o c i t y  i n  
s l i p s t r e a m  o f  p r o p e l l e r  

P mass d e n s i t y  of a i r  i n  s l u g s  p e r  c u b i c  f o o t  

V a i r s p e e d  i n  f e e t  p e r  s econd  

D p r o p e l l e r  d i a m e t e r  (1 .388  f t )  

n  p r o p e l l e r  r o t a t i o n a l  s p e e d  i n  r e v o l u t i o n s  p e r  s econd  

Symb 01s  ------ 
a a n g l e  of a t t a c k  of f u s e l a g e  r e f e r e n c e  l i n e ,  d e g r e e s  

a, u n c o r r e c t e d  a n g l e  a t t a c k  of f u s e l a g e  r e f e r e n c e  
l i n e ,  d e g r e e s  

at r e s u l t a n t  ae rodynamic  a n g l e  a€ a t t a c k  of t h e  h o r i z o n -  
t a l  t a i l  ( a t  = a + i t  - .€)  

i t  a n g l e  of s t a b i l i z e r  s e t t i n g  w i t h . r e s p e c t  t o  f u s e -  
l a g e  r e f e r e n c e  l i n e ,  d e g r e e s  ( p o s i t i v e  w i t h  
t r a i l i n g  edge down) 

€ downwash a n g l e  measured f r o m  t h e  1 a n g i t u G i n a l  wind 
a x i s  , d e g r e e s  

r: - r a t i o  of l o c a l  dynamic p r e s s u r e  t o  f r e e - s t r e a m  
g o  dynamic p r e s s u r e  

1. $ p r o p e l l e r - b l a d e  a n g l e  s e t t i n g  a t  75 p e r c e n t  r a d i u s  

TARE AITD TUNNEL-WALL COSBECTIONS 

The l i f t ,  d r a g ,  p i t c h i n g  moment, a n d  downwash have 
b e e n  c o r r e c t e d  for t a r e s  Caused b y  t h e  s t r u t s .  These t a r e s  
were  o b t a i n e d  f ram p r e l i m i n a r y  power-off t e s t s ,  n o t  pre-  
s e n t e d  i n  t h i s  r e p o r t .  

The a n g l e s  of a t t a c k ,  d r a g  c o e f f i c i e n t  , p i t c h i n g -  
n o a e n t  c o e f f i c i e n t ,  a n d  downwash a n g l e s  h a v e  a l l  b e e n  C O r -  

r e c t e d  f o r  t unne l -wa l l  e f f e c t s .  The j e t -bounda ry  c o r r e c -  
t i o n s  u s e d  were computed a s  f a l l o w s  a n d  a r e  a l l  a d d i t i v e .  



where 

dCm 
- i i  = 0.030 ( f rom f o r c e  t e s t s )  
$it 

4  -- = 1 (assumed) 
4 0  

S = 6 .759  s q u a r e  f e e t  

C = 70 s q u a r e  f e e t  

DESCRIPTION OF TESTS 

The pu rpose  of t h e s e  t e s t s  was t o  measure  t h e  changes  
i n  downwash a n d  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  r e g i o n  of t h e  
h o r i z o n t a l  t a i l  s u r f a c e  a s s o c i a t e d  w i t h  v a r i o u s  d i r e c t i o n s  
o f  p r o p e l l e r  r o t a t i o n .  Two methods were u s e d .  The f i r s t  
method c o n s i s t e d  of d i r e c t  measurement of t h e  s t r e a m  a n g l e s  
a n d  dynamic p r e s s u r e  w i t h  a  c a l i b r a t e d  p i t c h  a n d  yaw s u r v e y  
t u b e .  A poin t -by-poin t  s u r v e y  was made a c r o s s  t h e  t a i l  
s p a n  on a  l i n e  c o r r e s p o n d i n g  a p p r o x i m a t e l y  t o  t h e  25-per- 
c e n t  c h o r d  l i n e  of t h e  h o r i z o n t a l  t a i l  s u r f a c e .  The loca-  
t i o n  of t h e  s u r v e y  l i n e  was 31 .91  i n c h e s  a f t  of t h e  c e n t e r  
of g r a v i t y  (measured a l o n g  t h e  t h r u s t  a x i s )  a n d  3.55 i n c h e s  
above  t h e  c e n t e r  of g r a v i t y  (measured p e r p e n d i c u l a r  t o  
t h e  t h r u s t  a x i s ) .  . R e a d i n g s  were t a k e n  s t a r t i n g  24 i n c h e s  
f r o m  t h e  c e n t e r  l i n e  of t h e  f u s e l a g e  a n d  p r o g r e s s i n g  out  
i n  1- inch i n c r e m e n t s ,  The se t -up  a n d  a p p a r a t u s  u s e d  f o r  
t h e s e  measurements  a r e  shown i n  f i g u r e  3. 

The a v e r a g e  downwash was a l s o  measured i n d i r e c t l y  by  



d e t e r m i n i n g  t h e  a n g l e  of, z e r o  l i f t  of t h e  h o r i z o n t a l  t a i l  
s u r f a c e s .  For  t h i s  p u r p o s e  f o r c e  t e s t s  were made w i t h  
t h e  h o r i z o n t a l  t a i l  s u r f a c e  i n c i d e n c e  o f  3.5O, 1.5', 0 ° ,  
-1,5O, -3.5O, -5.5O, a n d  -7.5O. F i g u r e  2  shows t h e  model 
a s  mounted i n  t h e  t u n n e l  f o r  f o r c e  t e s t s .  

The t e s t s  o u t l i n e d  above  were  made power o f f  a n d  
w i t h  p r o p e l l e r s  o p e r a t i n g  i n  t h e  f o l l o w i n g  d i r e c t i o n s .  

1. B o t h  p r o p e l l e r s  r o t a t i n g  r i g h t  hand 

2 .  0 B o t h  p r o p e l l e r s  r o t a t i n g  u p  toward  t h e  
f u s e l a g e  

a*(?4 Ir) B o t h  p r o p e l l e r s  r o t a t i n g  down toward  
t h e  f u s e l a g e  

A l l  p r o p e l l e r  o p e r a t i n g - r u n s  were made w i t h  a b l a d e  
a n g l e  of 40.5O, a t  t h r u s t  c o n d i t i o n s  s i m u l a t i n g  s t e a e y  
f l i g h t  a t  r a t e d  power (1625 h p ,  1020 rpm a t  2 5 , 0 0 0  f t )  
t h r o u g h o u t  t h e  s p e e d  r a n g e .  The computed t h r u s t  c o e f f  i- 
c i e n t  (Tc)  v e r s u s  CL c u r v e ,  wh ich  was matched i n  t h e  
r u n n i n g  of t h e  t e s t s ,  i s  shown i n  f i g u r e  4 .  The computed 

v 
' T, v e r s u s  - f o r  t h e  model p r o p e l l e r  a t  a b l a d e  a n g l e  

t nD 
of 40.5O, which was a s sumed ,  and  t h e  measured e f f e c t i v e  

V 
t h r u s t  c o e f f i c i e n t  (T,') , v e r s n s  - a r e  shown i n  f i g -  

nD ' 
u r e  5 .  

The r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e s  6 t o  1 4 .  F ig -  
u r e s  6 a n d  7 show t h e  v a r i a t i o n  & l i f t  a n d  d r a g  c o e f f i -  
c i e n t  a g a i n s t  a, f o r  t h e  v a r i o u s  modes of p r o p e l l e r  
r o t a t i o n ,  h o r i z o n t a l  t a i l - o f f  a n d  h o r i z o n t a l  t a i l L o n  
i t  = 1.5'. F i g u r e s  8 t o  11 p r e s e n t  t h e  f o l l o w i n g  cha r -  

a c t e r i s t i c s  f o r  t h e  v a r i o u s  d i r e c t i o n s  of p r o p e l l e r  ro -  
t a t  ioxi. 

(a) Point-by-point  downwash a c r o s s  h o r i z o n t a l  t a i l  
s p a n  a t  a p p r o x i m a t e l y  t h e  25-percent  c h o r d  
l i n e  

( b )  P o i n t  by p o i n t  q / q o  a c r o s s  t h e  h o r i z o n t a l  - 
t a i l  s p a n  a t  a p p r o x i m a t e l y  t h e  25-percent  
c h o r d  l i n e  



( c )  E f f e c t  of s t a b i l i z e r  s e t t i - n g  an t h e  p i t c h i p g -  . 
moment . c o e f f  f c i e n t  . . 

' - . -  . . . 
( d l  Pi t ch ing imomen t  c o e f f i c i e n t  of t h e  h o r i z o n t a l  - 

t a i l  v e r s u s  a n g l e  of i n c i d e n c e  f o r  v a r i o u s  
a n g l e s  of a t t a c k  ' . . . . . .  

t e )  Point-by-point  t a i l  e f f e c t i v e n e s s  f a c t  or 
./ s . . --  local. at) a c r o s s  t h e  h o r i z o n t a l  

q o  
t - a i l  s p a n  f o r  a n  . angl& of i n c i d e n c e  of t h e  

' s t a b ' i l i z g r  of 1.50. 

The avera .ge downwash a g l e s ,  a s  o b t a i n e d  . f rom t h e  
po in t -by-poin t  s u r v e y ,  a r e  9 hown i n  f i g u r e  12 .  The a v e r -  
a g e  downwa,sh f r o m  t h e  a n g l e  of z e r o  pitchfng-moment coef-  
f i c i e n t  of t h e  h o r i z o n t a l  t a i l  i s  shown i n  f f g u r e  13 .  
F i g u r e  1 4  shows t h e  v a r i a t i o n  .of a v e r a g e  t a i l  e f f e c t i v e -  
n e s s  f a c t o r  f o r  power p f f  , an4  t h e  t h r e e  d i r e c t i o n s  of pro-  

+ - 
p e l l e r  r o t a t i o n  v e r s u s  a n g l e  of a t t a c k .  

D I S C U S S I O N  

Xxaminat i on of t h e  point-by-point  power-off downwash 
s u r v e y  ( f i g .  8 ( a ) )  shows r e g i o n s  of . h i g h  downwash b e h i n d  
t h e  n a c e l l e s  a t  a n g l e s  of a t t a c k  abode 5O.. These r e g i o n s  
have a marked d e s t a b i l i z i n g  i n f l u e n c e .  They a r e  p r o b a b l y  
c a u s e d  b y  t h e  " inwash"  i n t o  t h e  n a c e l l e  wake ( t r e a t e d  
q u a n t i t a t i v e l y  f o r  two-d imens iona l  wakes i n  r e f e r e n c e  2 )  
a n d  t h e  v a r i a t i o n  i n  l i f t  ove r  t h e  s p a n  of t h e  wing oceu- 
p i e d  b y  t h e  n a c e l l e s ,  The major  p o r t i o n  of t h e  e f f e c t s  
of p r o p e l l e r  o p e r a t i o n  on s t a b i l i t y  c a n  b e  t r a c e d  t o  t h e  
s h i f t i n g  of t h e s e  ' r e g i o n s  of downwash w i t h  vari-o.us modes 
of p r o p e l l e r  ro t a t , i ' on ,  a .  - -  . A, - 

With power o f f  t'he o u t b o a r d  22 p e r c e n t  of t.he ho..~.i- 
z o n t a l _ t , . a i l  i s  immersed i n  t h i s  r e g i o n  of h i g h  downwash. 
However, t h e  l o n g i t u d i n a l '  s t a b i l i t y  power off  i s  s a t f  s- 
f a c t o r y ,  %he s l o p e  of t h e  pitching-moment c u r y e  r e m a i n i n g  
a p p r o x i m a t e l y  ' cans  t a n t  t h r o u g h o u t  t h e  a n g l e -  of - a t t a c k  
r a n g e  t e s t e d .  

Wi th  b o t h  p r d p e i l e r s  r o t a t i n g  up  toward  t h e  f u s e l a g e ,  
b o t h  t h e s e  r e g i o n s  a r e  s h i f t e d  o u t b o a r d  ( s i n c e  t h e  t a i l  
p l a n e  i s - i n  t h e  upper: h a l f  sf t h k  s l i p s t r e a m )  a lmos t :  con- 
p l e t e l y  o f f  t h e  t a i l ,  The  emo oval -& t h e  d e s t a b i l i z i n g  



e f f e c t s  of t h i s  downwash r e g i o n  j u s t  a b o u t  c a n c e l s  t h e  
e f f e c t s  of t h e  normal  i n c r e a s e  i n  downwash c a u s e d  by t h e  
i n c l i n a t i o n  of t h e  t h r u s t  axis .  A s  a  r e s u l t  t h e r e  i s  
v e r y  l i t t l e  d i f f e r e n c e  be tween  t h e  power o f f  a n d  t h e  power 

.+t,f ; power o f f  . i 
r, 

k c c  &('(~tc~i,.l r The o p p o s i t e  e f f e c t  t o  t h a t  o u t l i n e d  above  o c c u r s  
w i t h  b o t h  p r o p e l l e r s  r o t a t i n g  down toward  t h e  f u s e l a g e ,  

& k t  k i w ' ~  
The reg ion-s  of h i g h  downwash b e h i n d  t h e  n a c e l l e  a r e  s h i f t -  
e d  inward  t o  t h e  l a r g e r  c h o r d  p o r t i o n s  of t h e  t a i l  ( s e e  

a l a r g e r  t a i l  a r e a  i s  a f f e c t e d .  A 
e f f e c t  a l s o  o c c u r s ,  A t  t h e  h i g h e r  a n g l e s  a n d  

, power c o n d - i t i o n s ,  t h e  downvash b e h i n d  t h e  n a c e l l e  i s  h i g h  
enough t o  c a u s e  a r e v e r s a l  i n  t h e  a n g l e  of a t t a c k  of t h e  

i n  t h i s  r e g i o n ,  g i v i n g  a downward 
t a i l  l i f t  i n s t e a d  of a n  upward t a i l  l i f t .  

normal  s t a b i l i a i n g  e f f e c t  of t h e  in-  
c r e a s e d  v e l o c i t y  i n  t h e  s l i p s t r e a m  a n d  c a u s e s  i t  t o  have 
a  d e s t a b i l i z i n g  e f f e c t .  T h i s  phenomenon i s  i l l u s t r a t e d  
q u a n t i t a t i v e l y  i n  t h e  p l o t s  of ' I t a i l  e f f e c t i v e n e s s  f a c t o r "  
v e r s u s  t a i l  s p a n .  The t a i l - e f f e c t i v e n e s s  f a c t o r  i s  t a k e n  
a s  at clocal q / q O ,  t h e  t h r e e  f a c t o r s  of which  t a i l  l i f t  
i s  a  f u n c t i o n ,  The. n e g a t  i + e  peaks  ( i n d i c a t i n g  n e g a t i v e  
l i f t ,  which  i s  d e s t a b i l i z i n g  i n  t h i s  c a s e )  which  a r e  e v i -  
d e n t  on f i g u r e  l l ( e )  a r e  i n c r e a s e d  n e g a t i v e l y  by t h e  h i g h e r  ' 
v e l o c i t y  i n  s l i p s t r e a m s .  A l l  t h e  e f ' f e c f s  ou t  l i n e  above  

dCmt combine t o  d e c r e a s e  t h e  a v e r a g e  --- w i t h  b o t h  p r o p e l -  
~ C L  

l e r s  r o t a t i n g  down toward  t h e  f u s e l a g e .  

B o t h  p r o p e l l e r s  r o t a t i n g  r i g h t  hand gave  s t a b i l i t y  
- i n t e r m e d i a t e  be tween  t h e  two o t h e r  modes of r o t a t i o n .  
The d e s t a b i l i z i n g  i n f l u e n c e s  p r e d o m i n a t e ,  however;  t h i s  

I ' i s  due i n  p a r t  t o  t h e  r e v e r s a l  of t h e  n o r m a l l y  s t a b i l i z -  
I i n g  e f f e c t  of t h e  i n c r e a s e d  v e l o c i t y  ove r  a  l a r g e  p o r t i o n  
I 

dCmt . . 'Lf t h e  t a i l  i n  t h e  s l i p s t r e a m .  L --- of, -0.184 r e s u l t s .  
~ C L  

I f  c o n s i d e r a t i o n s  o t h e r  t h a n  aerodynamic  make i t  in-  
I a d v i s a b l e  t o  u s e  t h e  optimum mod'e of p r o p e l l e r  r o t a t i o n ,  

b o t h  p r o p e l l e r s  r o t a t i n g  up  toward  t h e  f u s e l a g e ,  two 
I means of min imiz ing  t h e  u n f a v o r a b l e  e f f e c t s  of b o t h  rpro- 

p e l l e r s  r o t a t i n g  r i g h t  hand s u g g e s t  t h e m s e l v e s .  The 
f i r s t  i s  a  movement of t h e  t a i l  upward f a r  enough t o  g e t  

l i t  ou t  of t h e  r e g i o n  a f f e c t e d  by  t h e  a l i p s t r e a m s .  However, 



r e s n l t s  of s u r v e y s  ( n o t  shown i n  t h i s  r e $ o r t )  i n d i c a t e  
t h a t  a 3- inch v e r t i c a l  movement on t h e  model (30-in. 
f u l l - s c a l e )  would be  r e q u i r e d  f o r  any  a p p r e c i a b l e  i m -  
p rovement .  T h i s  would p u t  t h e  t a i l  w e l l  u p  on t h e  v e r -  
t i c a l  f i n .  A second  s o l u t i o n  would b e  a  change  i n  t h e  
i n c i d e n c e  of t h e  n a c e l l e  s o  a s  t o  minimize t h e  i n t e n s e  -1 downwash b e h i n d  i t  a t  h i g h  a n g l e s  of a t t a c k .  Model con  
s t r u c t i o n  d i d  n o t  p e r m i t  t e s t s  of s u c h  a  m o d i f i c a t i o n .  1 
T h i s  change  would b e  accompanied  by  two o t h e r  f a v o r a b l e  
e f f e c t s .  The i n c l i n a t i o n  of t h e  t h r u s t  a x i s  would c a u s e  
t h e  t h r u s t  t o  g i v e  a  d i v i n g  moment and  would a l s o  dec reas i e  
t h e  downwash i n  t h e  s l i p s t r e a m  i t s e l f  ( b o t h  e f f e c t s  would\ 
i n c r e a s e  s t a b i l i t y ) .  _--j 

The s h i f t  i n  t h e  r e g i o n s  of downwash n o t e d  above  i s  
c a u s e d  by  t h e  i t s h e a r i n g "  of t h e  uppe r  and  lower  h a l v e s  of 
t h e  s l i p s t r e a m  a f t e r  i t  h a s  p a s s e d  over  t h e  wing ( n o t e d  
by  o t h e r  o b s e r v e r s ;  s e e  r e f e r e n c e s  3 a n d  4 ) .  An a t t e m p t  
t o  compute t h e  amount of t h i s  s h i f t  has  been  made, a f t e r  
t h e  manner of r e f e r e n c e  4 .  I t  i s  assumed t h a t  t h e  v e r t i -  
c a l  components of t h e  r o t a t i o n a l  v e l o c i t y  a r e  c o m p l e t e l y  
damped ou t  a s  t h e y  p a s s  o v e r  t h e  w ing ,  l e a v i n g  t h e  l a t e r a l  
components o n l y ,  which c a u s e  t h e  t r a n s l a t i o n  of t h e  u p p e r  
h a l f  of t h e  s l i p s t r e a m  i n  one d i r e c t i o n  and  t h e  lower  
h a l f  i n  t h e  o t h e r .  The c i r c u 1 a ~ - v e l o c i t y  c o n t o u r s  a r e  
d i s t o r t e d  i n t o  o v a l  s h a p e s .  

A c t u a l  c o m p u t a t i o n  of t h i s  s h i f t  of n e c e s s i t y  in-  
v o l v e s  a number of a s s u m p t i o n s  a n d  t h e  n e g l e c t  of sec-  
onda ry  v a r i a b l e s .  The computa t  i o n  was made a s  f o l l o w s :  
The t r a p e z o i d a l - t  o rque  a n d  t h r u s t - g r a d i n g  c u r v e s  of f i g -  
u r e  1 5  were assumed.  These would g i v e  v e l a c i t y  c o n t o u r s  
i m m e d i a t e l y  b e h i n d  t h e  p r o p e l l e r  (and b e f o r e  p a s s i n g  over  
t h e  w ing)  a s  shown by  t h e  d o t t e d  l i n e s  i n  f i g u r e  1 6 ( a )  
f o r  a T c  of 0 .131.  Downrvash c o n t o u r s  due t o  t h e  p i t c h  
a n g l e  of t h e  p r o p e l l e r  ' a x i s  a l s o  would be  c i r c u l a r .  F ig -  
u r e  1 6 ( b )  shows t h e s e  c o n t o u r s  computed b y  t h e  method of 
r e f e r e n c e  5 ,  w i t h  t h e  a d O i t i o n a l  r e f i n e m e n t  of assuming  a 
t r a p e z o i d a l  d i s t r i b u t i o n  of downwash a c r o s s  t h e  d i a m e t e r  
of t h e  s l i p s t r e a m  and  t a k i n g  i n t o  a c c o u n t  t h e  a v e r a g e  up- 
wash i n  f r o n t  of t h e  wing (which  a d d s  t o  t h e  e f f e c t i v e  
p i t c h  a n g l e  of t h e  p r o p e l l e r  a x i s ) ,  Xote t h a t  t h e s e A  con- 
t o u r s  do n o t  i n c l u d e  t h e  downwasb component of t h e  r o t a -  
t i o n a l  v e l o c i t i e s  i n  t h e  s l i p s t r e a m .  The s o l i d  l i n e s  of 
f i g u r e s  1 6 ( a )  a n d  ( b )  show t h e  d i s t o r t e d  c o n t o u r s  i n  t h e  
r e g i o n  of t h e  t a i l ,  b a s e d  on t h e  a s s u m p t i o n  o u t l i n e d  above  
t h a t  t h e  v e r t i c a l  components  cf  t n a  + ? t a t i o n a l  v e l o c i t y  
(computed f rom t h e  assumed t o r q u e  gi :ading)  a r e  c o m p l e t e l y  
damped o u t  by t h e  wing .  



These downwash a n g l e s  (hp )  due t o  t h e  s l i p s t r e a m  
were super imposed  on t h e  downwash a n g l e s  ( c W )  due t o  t h e  
wing  (computed f r o m  r e f e r e n c e  6 ) .  The l o c a t i o n  of t h e  
t a i l  i n  t h e  s l i p s t r e a m  was t h e n  computed i n  t h e  manner 
shown d i a g r a a m a t i c a l l y  , in  f i g u r e  1 7 ,  where h p  was t a k e n  
a s  t h e  a v e r a g e  s l i p s t r e a m  downwash. 

The downwash d i s t r i b u t i o n  a c r o s s  t h e  t a i l  span  com- 
p u t e d  by  t h e  above  method i s  shown f o r  a  r a n g e  .of a n g l e s  
of a t t a c k  and  T c  i n  figure 1 8 ( a )  f o r  b o t h  p r o p e l l e r s  
r o t a t i n g  down toward  t h e  f u s e l a g e  and  i n  f i g u r e  1'8(1) f o r  
b o t h  p r o p e l l e r s  r o t a t i n g  u p  toward  t h e  f u s e l a g e .  Inspec-  
t i o n  of t h e s e  c u r v e s  i n d i c a t e s  t h a t  a f a i r  a p p r o x i m a t i o n  
of t h e  s h i f t  of t h e  s l i p s t r e a m  due t o  t h e  s h e a r i n g  e f f e c t  
i s  o b t a i n e d .  The f a c t  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  ex- 
ceeO t h e  computed r e s u l t s ,  d e s p i t e  t h e  ex t r eme  a s s u m p t i o n s  
made i n  t h e  c o m p u t a t i o n s ,  i n d i c a t e s  t h a t  s e c o n d a r y  e f f e c t s ,  
p o s s i b l y  t h e  e f f e c t  of t h e  n a c e l l e s  and  f u s e l a g e  and t h e  
i n c r e a s e  i n  t h r u s t  a n d  t o r q u e  on t h e  downcoming b l a d e  of 
t h e  p i t c h e d  p r o p e l l e r  a r e  i m p o r t a n t .  

Downwash computa t  i o n s  made i n  t h e  manner out l i n e d  
above  a n d  i n t e g r a t e d  a c r o s s  t h e  t a i l  span  were  u s e d  t o  
d e t e r m i n e  t h e  v a r i a t i o n  of c,, v e r s u s  a ,  shown on f i g -  
u r e  1 9 .  The d i f f e r e o c e  be tween  t h e  computed a n d  t h e  ob- 
s e r v e d  downwash i s  due a l m o s t  e n t i r e l y  t c  t h e  i n c r e a s e d  
downwash n e a r  t h e  f u s e l a g e  a n d  b e h i n d  t h e  n a c e l l e s .  Be t -  

d  c: 
t e r  agreement  i s  o b t a i n e d ,  however ,  on t h e  s l o p e  - 

dCm d a  ' 
which i s  one of t h e  f a c t o r s  on which  --- w i l l  depend.  

dC 7 

d €  W 

Computea v a l u e s  o f  - a r e  a p p r o x i m a t e l y  t h e  same a s  
d a  t e s t  v a l u e s .  

A compar i son  of t h e  a v e r a g e  downwash d e t e r m i n e d  f rom 
a n  i n t e g r a t i o n  of t h e  po in t -by-poin t  s u r v e y s  w i t h  t h a t  
d e t e r m i n e d  f rom t h e  a n g l e  of z e r o  l i f t  of t h e  t a i l  is of 
i n t e r e s t .  F i g t l r e s  1 2  and  .13 show t h a t  t h e  point-by-point  
method measures  b o t h  h i g h e r  a b s o l u t e  v a l u e s  of h and  
h i g h e r  s l o p e s  ' ( d € / d a ) .  The t a i l  would  b e  e x p e c t e d  t o  
" w e i g h t "  i t s  a v e r a g e  of c: on t h e  b a s i s  of (q/qo)local  

a n d  c l o c a l .  B o t h  of t h e s e '  e f f e c t s ,  however ,  would work 

i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  one o b s e r v e d ,  s i n c e  h i g h  
h Occurs i n  t h e  r e g i o n  of h i g h  q / o o  and  l a r g e  c h o r d ,  

a n d  t h e  a v e r a g e  c d e t e r m i n e d  b y  t h e  t a i l  s h o u l d  b e  
h i g h e r  t h a n  t h a t  d e t e r m i n e d  f r o m  t h e  point-by-point  a v e r -  



a g e .  A p p a r e n t l y  t h e  " j e t "  e f f e c t  of t h e  s l i p s t r e a m  a n d  
t h e  e x t r e m e  v a r i a t i o n  i n  downwash combine t o  make t h e  t a i l  
min imize  t h e  imposed c h a n g e s  i n  a n g l e .  The q u a l i t a t i v e  
c o n c l u s i o n  may b e  r e a c h e d  t h a t  t h e  changes  i n  s t a b i l i t y  
wh ich  would b e  p r e d i c t e d  f r o m  l o c a l  f l o w  c o n d i t i o n s  ove r  
a t a i l  i n  t h e  s l i p s t r e a m  w i l l  be  c o n s e r v a t i v e ,  t h a t  i s ,  
t h e y  w i l l  e x a g g e r a t e  t h e  e f f e c t .  

The t e n d e n c y  of t h e  t a i l  t o  min imize  t h e  e f f e c t  of 
l o c a l  f l o w  c h a n g e s  i s  a l s o  shown by t h e  v a r i a t i o n s  i n  t a i l -  
e f f e c t i v e n e s s  f a c t o r  shown on f i g u r e  l l ( e ) ,  The change  i n  
dC 

t --- a s s o c i a t e d  w i t h  t h i s  f a c t o r  may b e  deduced  f r o m  t h e  
~ C T  

f o l l o w i n g  r e l a t i o n s .  

E t  
= - -  

'" tail  sc  d a t .  

T a b l e  I compares  t h e  ---- computed by e q u a t i o n  (3 )  
L 

w i t h  t h a t  a c t u a l l y  measured i n  t h e  f o r c e  t e s t s .  

TABLE I 

Comput ed 
I 
i Force t e s t  

Direction of 
propeller 
r o t a t i on  

(1) 

(2) 

(3) 

dTEF 
da 

0.214 

.441 

.IS9 

p P 

2 
f-? 

d a  - - -  
~ C J ,  

10.25 

10.00 

11.32 

dCmt 
da 

-0.0179 

-.O211 

-.0107 

Propel ler  off  . j 5 j l  , , 1 g 5 0 ,  -. 315, Propel ler  off I 

dC;n f 
dCL 

-0.184 

-.211 

-.I21 

12-10 

xq- 
0.066 

-.0209 -.253 

da 

q 
(IDm - 
dCL 

10.65 -0.151 

-*Do 
- 133 



The same t r e n d  i s  o b s e i v a b l e  i n  b o t h ,  b u t  t h e  com- 
p u t e d  v a l u e s  p r e d i c t  a g r e a t e r  e f f e c t  of power t h a n  was 
a c t u a l l y .  ~ e a s u r e d .  . . -  

CONCLUS IONS 

1. The i r e a t e s t  s i n g l e  e f f e c t  of p o k e r  o n  t h e  l o n g i -  
t u d i n a l  s t a b i l i t y  of t h e  XB-28 i s  due t o  t h e  s h i f t  of t h e  
i n t e n s e  r e g i o n s  of downwash b e h i n d  t h e  n a c e l l e s .  T h i s  
s h i f t  i s  nu-st f a v o r a b l e  f o r  b o t h  p r o p e l l e r s  r o t a t i n g  u p  

dCm toward  t h e  f u s e l a g e ,  g i v i n g  approx i ,ma te ly  t h e  same -- 
~ C L  

a s  power o f f .  . With t h e  o p p o s i t e  r o t a t i o n  t h e  a i r p l a n e  
becomes s l i g h t l y  u n s t a b l e  a t  h i g h  a n g l e s  of a t t a c k .  The 
cus tomary  d i r e c t i o n  of r o t a t i o n ,  b o t h  p r o p e l l e r s  r i g h t  
h a n d ,  h a s  a n  i n t e r m e d i a t e  e f f e c t .  

2.  The t h e o r y  f a i l s  i n  t h e  c o m p u t a t i o n  o f  t h e  abso- 
l u t e  v a l u e  of downwasb b e c a u s e  of t h e  n e g l e c t  of t h e  e f -  
f e c t s  of t h e  n a c e l l e  a n d  f u s e l a g e ,  F a i r  a g r e e m e n t ,  how- 

d €  e v e r ,  i s  o b t a i n e d  f o r  -. 
da 

Ames A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  A d v i s o r y  Commit t e e  f o r  A e r o n a u t i c s  , 

Moff.ett  F i e l d ,  C a l i f .  
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