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SUMMARY 

A computationally e f f i c i e n t  body a n a l y s i s  designed t o  couple w i t h  a comprehen- 
s i v e  h e l i c o p t e r  a n a l y s i s  is developed i n  order  t o  c a l c u l a t e  t h e  body-induced aerody- 
namic e f f e c t s  on r o t o r  performance and loads .  A modified s l ende r  body theory i s  used 
as t h e  body model. With t h e  o b j e c t i v e  of demonstrating t h e  accuracy, e f f i c i e n c y ,  and 
app l i ca t ion  of t h e  method, t h e  a n a l y s i s  a t  this s t a g e  is  r e s t r i c t e d  t o  axisymmetric 
bodies  a t  zero  angle  of a t t a c k .  By comparing wi th  r e s u l t s  from an exact a n a l y s i s  f o r  
simple body shapes,  i t  i s  found t h a t  t h e  modified s l ende r  body theory provides  an 
accurate  p o t e n t i a l  flow s o l u t i o n  f o r  moderately t h i c k  bodies ,  w i t h  only a 10%-20% 
increase  i n  computational e f f o r t  over t h a t  of an i s o l a t e d  r o t o r  ana lys i s .  
t a t i o n a l  ease of t h i s  method provides a means f o r  r o u t i n e  assessment of body-induced 
e f f e c t s  on a ro to r .  Resul ts  are given f o r  s e v e r a l  conf igura t ions  t h a t  t yp i fy  those  
being used i n  t h e  Ames 40- by 80-Foot Wind Tunnel and i n  t h e  rotor-body aerodynamic 
in t e r f e rence  tests being conducted a t  Ames. 
a l s o  analyzed. 

The compu- 

A rotor-hybrid a i r s h i p  conf igura t ion  is 

I 

INTRODUCTION 

The aerodynamic i n t e r a c t i o n  between t h e  r o t o r  and t h e  fuse l age  of a he l i cop te r  
r equ i r e s  c a r e f u l  cons idera t ion  when a s ses s ing  performance and loads.  This  i n t e rac -  
t i o n  has been shown experimentally t o  have s i g n i f i c a n t  e f f e c t s  (e.g. ,  i n  r e f s .  1 
and 2 ) .  I d e a l l y ,  a n a l y t i c a l  models of t h e  rotor-induced e f f e c t s  a t  t h e  body and t h e  
body-induced e f f e c t s  a t  t h e  r o t o r  need t o  be  combined. Because of t he  complex na tu re  
of t h e  flow f i e l d  of a h e l i c o p t e r ,  however, t h e  end r e s u l t  of such a combination 
would r equ i r e  t h e  coupl ing of complex body and r o t o r  computer codes i n  o rde r  t o  ca l -  
c u l a t e  t h e  system behavior.  Typical  p a s t  e f f o r t s  ( r e f s .  3 and 4 )  have coupled poten- 
t i a l  flow panel methods f o r  fuse lage  aerodynamic a n a l y s i s  w i t h  s impl i f i ed  r o t o r  
a n a l y t i c a l  models. For i n v e s t i g a t i o n s  emphasizing t h e  r o t o r ,  an e f f i c i e n t  a n a l y t i c a l  
model f o r  t h e  fuse lage  i s  d e s i r a b l e ,  r a t h e r  than a complex and time-consuming panel ing 
code. 

This  paper p re sen t s  t h e  i n i t i a l  r e s u l t s  of an i n v e s t i g a t i o n  intended t o  develop 
an e f f i c i e n t  body model f o r  use i n  comprehensive h e l i c o p t e r  ana lyses ,  such as CAMRAD 
( r e f .  5) ,  i n  order  t o  c a l c u l a t e  body-induced e f f e c t s  on r o t o r  performance and loads.  
T h e  requirement f o r  e f f i c i ency  does no t ,  however, diminish t o  any degree t h e  need t o  
maintain t h e  accuracy of t h e  body flaw f i e l d .  Computational e f f i c i ency  i s  usua l ly  
achieved by using simple methods; i n  t h i s  case, a d i r e c t  r a t h e r  than an inverse  o r  
iterative method is des i red .  Slender  body theory i s  t h e  l o g i c a l  s t a r t i n g  poin t  f o r  
t h e  ana lys i s ,  but modi f ica t ions  t o  t h e  theory  w i l l  be  required t o  achieve the  accu- 
racy des i r ed  f o r  moderately t h i c k  bodies.  

This i n v e s t i g a t i o n  w i l l  u l t ima te ly  lead  t o  a general  model f o r  t h e  body shape, 
and w i l l  i nc lude  flows a t  nonzero angle  of a t t ack .  T h e ' r e s u l t s  of t h e  present  paper 
are the  i n i t i a l  s t e p s  of t h e  i n v e s t i g a t i o n ,  inc luding  (1) development of a model f o r  
a body of revolu t ion  a t  zero  angle  of a t t a c k ;  (2) demonstration of t h e  accuracy and 



l i m i t s  of t h e  model; and (3) c a l c u l a t i o n s  of t h e  i s o l a t e d  body-induced . e f f ec t s  on t h e  
r o t o r .  

Ames Research Center is  engaged i n  a n  experimental  program t o  measure t h e  aero- 
dynamic i n t e r a c t i o n  between t h e  r o t o r  and fuselage.  
been completed ( r e f s .  6 - 8 ) ,  and more are planned; f u l l - s c a l e  tests w i l l  b e  conducted 
i n  t h e  near  fu tu re .  For t h e  b a s e l i n e  fuse l age  bodies,  t h e s e  i n v e s t i g a t i o n s  use  axL- 
symmetric shapes, Hence, although t h e  p re sen t  a n a l y t i c a l  i n v e s t i g a t i o n  is r e s t r i c t e d  
t o  axisymmetric shapes f o r  t h e  purpose of demonstrating i t s  accuracy and limits, t h e  
methcd i s  d i r e c t l y  a p p l i c a b l e  t o  t h e  conf igu ra t ions  of this experimental  program. 
The two test modules r o u t i n e l y  used f o r  f u l l - s c a l e  r o t o r  tests i n  t h e  Ames 40- by 
80-Foot Wind Tunnel-  t h e  Rotor T e s t  Apparatus (RTA) and t h e  Easter Egg (EE) - pro- 
v i d e  body shapes f o r  c a l c u l a t i o n  of r o t o r  performance and loads.  
a l s o  b e  made w i t h  this body model t o  examine t h e  a b i l i t y  t o  o b t a i n  i s o l a t e d  r o t o r  
behavior from measurements on t h e s e  s tandard tes t  modules. 

Seve ra l  small-scale tests have 

-4 

Calcu la t ions  can  

This r e p o r t  p re sen t s  t h e  development of a modified s l ende r  body theory t o  calcu- 
l a te  t h e  flow f i e l d  of an axisymmetric body a t  zero ang le  of  a t t a c k .  T h i s  a n a l y s i s  
i s  coupled w i t h  a comprehensive h e l i c o p t e r  a n a l y s i s  f o r  c a l c u l a t i o n  of t h e  body- 
induced e f f e c t s  on t h e  r o t o r  performance and loads.  The approach i s  v e r i f i e d  by com- 
par ing t h e  r e s u l t s  f o r  performance and loads from t h e  modified s l e n d e r  body theory 
w i t h  r e s u l t s  from an exact  a n a l y s i s  f o r  simple shapes. This comparison a l s o  provides 
a f i r s t  look a t  t h e  source of  t h e  r o t o r  performance and load changes! Next, t h e  
body-induced e f f e c t s  on t h e  r o t o r  are c a l c u l a t e d  f o r  several r ea l i s t i c  cases: a 
t y p i c a l  f u l l - s c a l e  r o t o r  test  conf igu ra t ion ,  conf igu ra t ions  r ep resen t ing  t h e  model and 
f u l l - s c a l e  aerodynamic i n t e r f e r e n c e  tests a t  Ames, and a rotor-hybrid a i r s h i p  config- 
u ra t ion .  
i s  discussed.  

F i n a l l y ,  t h e  e f f i c i e n c y  of t h e  modified s l ende r  body theory computations 

BACKGROUND OF ROTOR-BODY INTERACTION 

Body-induced e f f e c t s  on t h e  r o t o r  have received somewhat less a t t e n t i o n  than 
rotor-induced e f f e c t s  on t h e  body, although t h e  e n t i r e  t o p i c  of rotor-body aerody- 
namic i n t e r a c t i o n  has been s u b j e c t  t o  i n t e n s i v e  i n v e s t i g a t i o n  only s i n c e  t h e  la tg  
1970s. The following i s  a b r i e f  summary of some of the work dea l ing  w i t h  body- 
induced e f f e c t s  on r o t o r  behavior.  

Reference 2 analyzes  t h e  e f f e c t s  of a model Lynx fuse l age  on r o t o r  behavior.  
Calculat ions w e r e  made of t h e  fuse l age  upwash e f f e c t s  on b l a d e  l i f t ,  torque,  and 
bending moments. The change i n  blade ang le  of a t t a c k  caused by t h e  body, as w e l l  as 
t h e  e f f e c t s  of rotor-body s e p a r a t i o n  on up wash^ v e l o c i t y ,  i s  presented. Body-induced 
e f f e c t s  on hub f o r c e s  and morrlents are a l s o  shown. Reference 3 shows measurements of 
t h e  e f f e c t s  of fu se l age  wid th  and rotor-body s e p a r a t i o n  on blade moments. A model 
fuse l age  and a f u l l y  a r t i c u l a t e d  model r o t o r  were used. Reference 4 presen t s  calcu- 
l a t i o n s  showing t h e  e f f e c t  of  t h e  f u s e l a g e  on r o t o r  b l ade  ang le  of a t t a c k  f o r  two 
advance r a t i o s .  
plane i s  a l s o  shown. 
a n a l y t i c a l  work done i n  t h e  r o t o r  body i n t e r a c t i o n  area. 

A s p a r s e  contour p l o t  of t h e  fuse l age  upwash v e l o c i t y  i n  t h e  r o t o r  .a 

I n  a d d i t i o n ,  r e fe rence  4 provides a summary of some of t h e  

Reference 6 presen t s  experimentally t h e  e f f e c t s  of a body of r evo lu t ion  on r o t o r  
perf onnance. Advance r a t i o ,  tip-path-plane angle ,  body angle ,  rotor-body sepa ra t ion ,  
and hub p o s i t i o n  are v a r i e d  t o  cover a range of conf igu ra t ions .  
however, i t  w a s  concluded t h a t  t h e  d a t a  obtained i n  r e fe rence  6 w e r e  not  a c c u r a t e  

I n  r e fe rence  7 ,  

2 



enough f o r  making conclusions about t h e  in f luence  of t h e  body i n  r o t o r  performance. 
Reference 8 i s  p a r t  of t h e  i n t e r a c t i o n a l  aerodynamics pragram being conducted a t  
Ames, which inc ludes  r e fe rences  6 and 7 .  Of p a r t i c u l a r  i n t e r e s t  t o  t h e  p re sen t  paper 
are t h e  r e s u l t s  shown i n  r e fe rence  8 f o r  t h e  su r face  p re s su re  d i s t r i b u t i o n  of a n  
i s o l a t e d  body of revolut ion.  

Reference 9 shows t h e  ca l cu la t ed  upwash v e l o c i t y  contour i n  t h e  r o t o r  plane f o r  
a general  fu se l age  model f o r  several rotor-body s e p a r a t i o n  d i s t ances .  A l s o  shown i s  
t h e  ca l cu la t ed  i n f l u e n c e  of t h e  fuse l age  on t h e  l o c a l  b l ade  ang le  of a t t a c k  and l o c a l  
blade l i f t  f o r  several rotor-body sepa ra t ion  d i s t ances .  Reference 10 shows t h e  cal- 
c u l a t i o n s  f o r  t h e  fuse l age  upwash v e l o c i t i e s  i n  t h e  r o t o r  plane and t h e  change i n  t h e  
blade angle  of a t t a c k .  Two a n a l y t i c a l  models w e r e  used i n  c a l c u l a t i n g  t h e  change i n  
angle  of a t t a c k  owing t o  t h e  body. The  more r e f ined  model showed changes of smaller 
magnitude than  t h e  less complex model. 

Reference 11 provides c a l c u l a t i o n s  of t h e  e f f e c t  of t h e  fuse l age  on t h e  edgewise 
bending moments f o r  several f l i g h t  condi t ions.  The change i n  t h e  l o c a l  blade angle  
of a t t a c k  caused by two body shapes (a h e l i c o p t e r  fu se l age  and a wind tunne l  test  
module) i s  shown. Reference 12 p resen t s  d a t a  from a model YUH-61A. The e f f e c t s  on 
blade bending moments and blade t o r s i o n  r e s u l t i n g  from v a r i a t i o n s  i n  rotor-body sepa- 
r a t i o n  and forward speed are presented. 
ence 13, t h e  e f f e c t  of two model fuse l ages  on t h e  r o t o r  drag-to-thrust  r a t i o  can be  
found ( e f f e c t s  shown i n  r e f .  10) .  f 

From t h e  t abu la t ed  d a t a  presented i n  r e f e r -  

Overal l ,  t h e r e  appears t o  b e  almost no performance measurements and no d a t a  f o r  
axisymmetric bodies when consider ing body-induced e f f e c t s  on t h e  r o t o r .  
been l i t t l e  a n a l y s i s  of axisymmetric shapes ( r e f .  11) and l i t t l e  use  of s l e n d e r  body 
theory with r o t o r  c a l c u l a t i o n s .  

There has 

DEVE'LOPMENT OF THEORY 

I n  developing an a n a l y t i c a l  model f o r  t h e  body flow f i e l d ,  t h e  primary consider- 

I f  t h e  com- 

A number of panel methods 

a t i o n  w a s  t h e  computational e f f i c i e n c y  of t h e  method. 
r o t o r  performance and loads i s  already a computationally expensive task. 
bined rotor-body a n a l y s i s  is  t o  be  predicted f o r  r o u t i n e  use,  i t  must r e q u i r e  t h e  
same order  of computer t i m e  as t h e  i s o l a t e d  r o t o r  problem. 
have been developed f o r  c a l c u l a t i n g  t h e  flow f i e l d  of a r b i t r a r y  bodies .  These methods 
t y p i c a l l y  r e q u i r e  several t i m e s  t h e  computer t i m e  of t h e  r o t o r  a n a l y s i s ;  hence t h e i r  
usefulness  i s  l imi t ed .  A more e f f i c i e n t  method is thus required.  Considering t h e  
sources  of t h e  l a r g e  computation t i m e  required f o r  t h e  panel  codes, i t  i s  concluded 
t h a t  an e f f i c i e n t  technique must u se  on t h e  o rde r  of 100 s i n g u l a r i t i e s ,  and must 
o b t a i n  t h e  s i n g u l a r i t y  s t r e n g t h  d i r e c t l y  from t h e  body shape (without i nve r s ion  o r  
i t e r a t i o n  s t e p s ) .  Slender body theo ry ,  using s m a l l  i n t e g r a t i o n  s t e p s  t o  eva lua te  t h e  
body-induced v e l o c i t i e s ,  s a t i s f i e s  t h e s e  requirements. For t h e  cases considered he re  
(axisymmetric bodies  a t  zero angle of a t t a c k )  i t  i s  p o s s i b l e  t o  develop a s u r f a c e  
s i n g u l a r i t y  method t h a t  would b e  reasonably e f f i c i e n t .  Unlike s l ende r  body theory,  
however, such a technique would not  r e t a i n  i t s  e f f i c i e n c y  when extended t o  the more 
general  problem. 

The c a l c u l a t i o n  of i s o l a t e d  

3 



Slender Body Theory 

The b a s i s  f o r  t h e  body model i s  s l e n d e r  body theory; p o t e n t i a l  flow i s  assumed. 
The body thickness  i s  assumed t o  be  much less than t h e  body length.  
metric bodies  are assumed, t h e  p o t e n t i a l  and stream func t ion  of an a x i a l  sou rce  
d i s t r i b u t i o n  are used ( r e f .  14): 

S ince  axisym- 

The coordinate  system and geometry used are shown i n  f i g u r e  1. Here, q r e p r e s e n t s  
t h e  source d i s t r i b u t i o n  and A and B r ep resen t  t h e  endpoints of t h e  body. The prob- 
l e m  i s  t o  f i n d  a d i s t r i b u t i o n  q t h a t  w i l l  model t h e  body. The following cond i t ions  
must a l s o  be  s a t i s f i e d :  

(1 1 ._- ”$ - 0 ( v e l o c i t y  normal t o  t h e  body s u r f a c e  i s  zero)  ’ 
an , 

q(x)dx = 0 (ne t  source s t r e n g t h  i s  zero f o r  a c losed  body) (2 1 

Applying condi t ions (1) and (2) ,  i n  add i t ion  t o  assuming r /x  << 1, t h e  fol lowing 
r e s u l t  i s  obtained ( see  r e f .  14) f o r  d e t a i l s  of de r iva t ion ) :  

Here, A i s  t h e  c ros s - sec t iona l  area of  t h e  body. For a body of r evo lu t ion ,  
A ’ ( S )  = 2nr0(S)rA(S). S u b s t i t u t i n g  f o r  q i n  t h e  expressions f o r  Cp and $ y i e l d s :  

Note t h a t  t h e  above two equat ions now inc lude  t h e  free-stream v e l o c i t y  U,. 

To o b t a i n  t h e  a x i a l  and r a d i a l  v e l o c i t y  components induced by t h e  body, t h e  
Cauchy-Reimann r e l a t i o n s  are used, t h a t  i s  , 
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Since t h e  zero s t r eaml ine ,  I) = 0, d e f i n e s  t h e  body s u r f a c e ,  t h e  stream func t ion  
r a t h e r  t han  t h e  p o t e n t i a l  i s  used i n  subsequent equations and c a l c u l a t i o n s .  Applying 
t h e  Cauchy-Riemann r e l a t i o n s  y i e l d s  

I d e a l l y ,  t h e  s t agna t ion  p o i n t s  of t h e  flow f i e l d  are loca ted  a t  t h e  nose and 
t a i l  o f  t h e  body. For bodies  wi th  b l u n t  noses and t a i l s ,  t h e  s t agna t ion  po in t s  w i l l  
be  forward of t h e  nose and a f t  of t h e  t a i l ,  i f  t h e  source d i s t r i b u t i o n  is  allowed t o  
run from t h e  nose t o  t h e  t a i l .  The s t a g n a t i o n  po in t  i s  found by s e t t i n g  t h e  equat ion 
f o r  Ux equal  t o  zero a t  r = 0 and so lv ing  t h e  r e s u l t i n g  equation f o r  x by 
i t e r a t i o n .  Figure 2(a)  shows t h e  amount of overshoot of t h e  s t a g n a t i o n  point  ve r sus  
t h e  maximum thickness  of s e v e r a l  e l l i p s e s .  
of i n t e g r a t i o n  were modified. For bodies  with b lun t  ends, r e f e rence  15 shows t h a t  
good approximations f o r  t h e  l o c a t i o n s  of t h e  l i m i t s  of i n t e g r a t i o n  are p o i n t s  t h a t  
are halfway between t h e  nose and t h e  c e n t e r  of cu rva tu re  of t h e  nose,  and halfway 
between t h e  t a i l  and t h e  c e n t e r  of cu rva tu re  of t h e  t a i l .  

To c o r r e c t  f o r  t h i s  ovekshoot, t h e  l i m i t s  

Location of I n t e g r a t i o n  L i m i t s  

The required o f f s e t  f o r  t h e  l i m i t s  of i n t e g r a t i o n  can b e  der ived i n  the  follow- 
i n g  way. Assume some o f f s e t  E a t  t h e  nose. Phys ica l ly ,  U, = 0 a t  t h e  a c t u a l  body 
nose, t h a t  is, U, = 0 a t  ( x , r )  = (A - ~ ~ 0 ) .  So, 

F i r s t  consider  t h e  case of a b l u n t  o r  rounded nose. For t h i s  case, ro(A) = 0 
and rh(A) = m y  bu t  ro(A)rh(a) i s  f i n i t e .  I n  f a c t ,  ro(A)rh(A) = RCN, where :'RCN is  
t h e  r ad ius  of cu rva tu re  of t h e  nose. T h i s  can be  shown by examining t h e  equat ion f o r  
a circle w i t h  r ad ius  of cu rva tu re  RCN and tangent  t o  t h e  body nose: 

R C N ~  = (X - R C N ) ~  i- 2 ( ~ )  

The d e r i v a t i v e  is  

So a t  x = 0, 

0 = 2 (x - RCN) + 2ro (x ) rh  (x) 

RCN = ro(0)r,'(O) 

5 



Evaluating t h e  above i n t e g r a l  f o r  a rounded nose g ives  

B 
ro(A)r;(A) (5 - A + E ) ' ~  de P A 

R 
= RCN [ (Z + E ) ' ~  dS 

- RCN - -  
E 

o r  E = RCN/2. 
I 

For a pointed nose,  r&(A) = S is f i n i t e  ( S  is  s lope  a t  nose).  This g ives ,  

R 
% + E  

= s2 I n ( %  + E) - 1nE - - 

o r  

-2 /s2 € = e  

So, f o r  a pointed nose,  E i s  very s m a l l  f o r  a moderate slope.  
a 

Correct ion Factor  K 

For moderately t h i c k  bodies ,  s l ende r  body theory underpredicts  t h e  maximum thick-  
ness .  Figure 2(b) shows t h e  c a l c u l a t e d  maximum th i ckness  f o r  e l l i p s o i d s .  For bodies  
t h a t  are symmetric f o r e  and a f t ,  t h a t  is ,  f o r  e l l i p s o i d s ,  a f a c t o r  of K i s  a l l  that 
is  needed t o  match t h e  maximum thickness .  A s  a r e s u l t ,  f o r  e l l i p s o i d s ,  t h e  following 
expression f o r  $ w a s  used: 
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where 

AA = A + RCN/2 

BB = B - RCT/2 
L 

For an e l l i p s e ,  RCN = RCT = t 2 / a ,  where t i s  t h e  maximum thickness  and a i s  
t h e  l e n g t h  of  t h e  semimajor a x i s  (see f i g .  l ( b ) ) .  I n  t h i s  s tudy,  t h e  semimajor axis 

des i r ed  such t h a t  r = t a t  x = 1/2. S e t t i n g  t h e  above equat ion f o r  + equal  t o  0 
and expressing t h e  limits of i n t e g r a t i o n  i n  terms of R = 2 t 2 ,  t h e  following equat ion 
f o r  K i s  obtained: 

v. w i l l  always be  1/2 and t h e  body w i l l  span from 0 t o  1. Now, a v a l u e  of K is 

+ R + (1 + R 2 2 ) 1 / 2  1 / 2  ] + (1 - R)(1 + R2)”$-’ 
1 - R + ( l + R )  

An approximate form f o r  
root term. This r e s u l t s  i n  

K( t )  can be  obtained by expanding t h e  l o g  term and square 
I 

K [ l  - R + R ln(R/2) + (3/2)R2 + O(R3)]-’ 

A p l o t  of K ve r sus  t i s  shown i n  f i g u r e  3 .  Figure 4 shows t h e  amount of over- 
shoot of t h e  s t agna t ion  po in t ,  u s ing  t h e  modified s l ende r  body theory.  
f i g u r e s  2(a)  and 4 ,  t h e  modified theory shows a reduet ion i n  t h e  overshoot.  

Comparing 

Compressed Coordinate System 

For t h e  case of more gene ra l  bodies t h a t  are not symmetric f o r e  and a f t ,  a 
compressed coordinate  system w a s  introduced t o  maintain n e t  zero source s t r eng th .  
Now, 

q ( < )  = ‘XqSB(S*) 

where 

<* = 5 - RCN/2 
1 - RCA 

RCN = r ad ius  of cu rva tu re  of nose 

RCT = radius  of cu rva tu re  of t a i l  

RCA = (1/2) (RCN + RCT) 

?’ Note: 

C * = O  a t  S = -  RCN 
2 
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RCT c * = l  a t  < = I - -  2 

O < < * i l  

and 

qSB(<*) = UoA' (6") 

Applying t h i s  compressed coord ina te  system t o  an e l l i p s o i d  gives 

I n  t h e  above equation, K 
a more general  shape, t hen ,  

i s  t h a t  va lue  ca l cu la t ed  p r e v i o n d y  f o r  an e l l i p s o i d .  For 

For t h e s e  gene ra l  shapes, K 
A l t e r n a t i v e l y , X  can be evaluated d i r e c t l y  from t h e  requirement t h a t  t h e  maximum 
th i ckness  of t h e  body b e  matched. The fol lowing expression f o r  $ w a s  t hus  used: 

can be  c a l c u l a t e d  based on an e l l i p s o i d  w i t h  R = RCA. 

Numerical I n t e g r a t i o n  of Equations 

A computer program w a s  w r i t t e n  t o  i n t e g r a t e  numerically t h e  equat ions f o r  t h e  
stream func t ion  and v e l o c i t i e s  using Simpson's ru l e .  
l i n e  is  des i r ed ,  t h e  equat ion f o r  $ i s  se t  equal  t o  zero; then f o r  each va lue  of 
x, a va lue  of 
The body shapes are kept i n  s e p a r a t e  sub rou t ines  so  t h a t  d i f f e r e n t  shapes may b e  used 
w i t h  relative ease. 
c i e n t  i n  most cases f o r  i n t e g r a t i n g  $ ( o r  t h e  v e l o c i t i e s ) .  For l o c a t i n g  s t a g n a t i o n  
po in t s ,  N > 100 w a s  sometimes needed. For body shapes r equ i r ing  a compressed coor- I 

d i n a t e  system, < w a s  transformed t o  5" be fo re  e n t e r i n g  t h e  body-shape subrout ines .  
A f lowchart  of t h e  procedure i s  shown i n  f i g u r e  5. The subrout ine VEL which computes 
t h e  v e l o c i t y  components, i s  s i m i l a r  t o  t h e  subrout ine STREAM, except t h a t  t h e  equa- 
t i o n s  f o r  Ux and Ur are i n t e g r a t e d  i n s t e a d  of $. 

For example, i f  a body stream- 

r i s  found by means of an in t e rva l -ha lv ing  scheme such t h a t  $ = 0. 

One hundred i n t e g r a t i o n  s t e p s  (N = 100) w a s  found t o  be s u f f i -  
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Source S t r e n g t h  D i s t r i b u t i o n  f o r  a Pointed T a i l  

Resu l t s  obtained f o r  t h e  zero s t r eaml ine  using t h e  above expression f o r  JI show 
t h a t  t h e  nose i s  w e l l  modeled, bu t  a pointed t a i l  i s  no t .  Regular s l ende r  body 
theory,  however, models t h e  t a i l  shape q u i t e  w e l l ,  b u t  breaks down near  t h e  nose. 
Multiplying t h e  sou rce  s t r e n g t h  by a f a c t o r  of 
pointed t a i l  i n c r e a s e s  t h e  p red ic t ed  body s lope.  An a d d i t i o n a l  condi t ion w a s  there- 
f o r e  needed t o  improve t h e  mathematical model; t h a t  i s ,  t h e  d e r i v a t i v e  of t h e  singu- 
l a r i t y  s t r e n g t h  a t  a pointed nose o r  t a i l  w a s  maintained i n  o rde r  t o  match t h e  body 
s lope.  A new formulation f o r  q w a s  thus developed f o r  t h e  p o i n t e d - t a i l ' c a s e .  

K ( l  - RCA) a lone  f o r  a body w i t h  a 

- 
T a i l  Correct ion Procedure 

The following equat ion f o r  t h e  source d i s t r i b u t i o n ,  

models t h e  nose of t h e  body w e l l .  But u s ing  t h i s  d i s t r i b u t i o n  gives  f o r  t h e  t a i l  

Since slender-body theory models t h e  t a i l  region w e l l ,  t h e  d e s i r e d  fdrm of q a t  t h e  
t a i l  i s  

Thus, le t  q t a k e  on t h e  fol lowing form: 

where 

and KN is  a f a c t o r  such t h a t  r = t a t  t h e  
q ' (1 )  = qiB(1) i f  f (1)  = 1/<*', which i s  t h e  

1 

$ q(S)dS 
0 

po in t  of maximum thickness .  Note t h a t  
d e s i r e d  r e s u l t .  For a closed body, 

= o  

which gives  
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I n  a d d i t i o n ,  t h e  cond i t ion  of f ( 0 )  = 0 must a l s o  b e  m e t  t o  maintain t h e  source 
d i s t r i b u t i o n  a t  t h e  nose. 

I n  summary, f must s a t i s f y  t h e  fol lowing t h r e e  requirements: 

1. f ( 0 )  = 0 

2 .  f ( 1 )  = 1&*' 

1 

3. I f(S*)(S* - l)dS* = 0 
. .  0 

I n  a d d i t i o n  t o  t h e  above requirements,  i t  w a s  des i r ed  t h a t  f be a continuous func- 
t i o n  t o  prevent d i f f i c u l t i e s  i n  t h e  numerical  i n t e g r a t i o n  scheme. Therefore,  f w a s  
chosen t o  b e  piecewise l i n e a r  f o r  s i m p l i c i t y .  Knowing t h e  d e s i r e d  form of f ,  t h e  
following d i s t r i b u t i o n  of f w a s  chosen: 

* 
f o r  o I: E,* 5, 

-ao(S, - E*) + (5" - 6,) 
f o r  

f o r  

5, < <* I i, 

5, < 5" 5 1 

(5, - 5,)5*' 
f(5") =[ 

A ske tch  of 
parameters t o  be  determined: ao, E , ,  and 5 , .  By applying cond i t ion  3 from above, 
a, i s  chosen t o  b e  

f ve r sus  5" i s  shown i n  f i g u r e  6. A s  shown t h e r e ,  t h e r e  are t h r e e  

.. 

For a given body shape, and 5, are determined by t r i a l  'and e r r o r .  Given E;1 and 
5,) t h e  value of KN can be found by numerically i n t e g r a t i n g  ( a l so  us ing  Simpson's 
r u l e )  t h e  fol lowing expression: 

JAA 

Here, xo is  t h e  x-coordinate of t he  p o i n t  of maximum thickness .  

The t a i l  c o r r e c t i o n  procedure may b e  d i f f i c u l t  t o  gene ra l i ze  t o  o t h e r  body 
shapes, e s p e c i a l l y  those w i t h  abrupt changes i n  body s lopes.  Several  a t tempts  w e r e  
necessary t o  choose t h e  and 5, va lues  f o r  t he  cases i n  this repor t .  
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Treatment of T e s t  Module Shapes 

The EE and t h e  RTA test modules have b l u n t  ends; however, t h e  r a d i i  of 
cu rva tu re  of t h e  t a i l s  are very s m a l l  relative t o  t h e  body l eng ths  (see t a b l e  1). 
To apply t h e  modified s l e n d e r  body theory w i t h  t a i l  c o r r e c t i o n ,  t h e  t a i l s  of t h e  
EE and RTA were extended t o  a po in t .  The extension increased t h e  l eng th  of t h e  EE 
by about 7.7%-; t h e  RTA l eng th  increased by 9.9%. I n  t h e  a n a l y s i s  t hus  f a r ,  a l l  
body lengths  were normalized t o  one, as wgs the free-stream v e l o c i t y .  Because t h e  
extensions caused t h e  lengths  of t h e  
ing" of t h e  coordinate  system f o r  t h e s e  two cases w a s  necessary.  
of this procedure follows. 

EE and RTA t o  b e  g r e a t e r  t han  one, a " s t r e t ch -  
A b r i e f  explanat ion 

.. Before e n t e r i n g  t h e  body shape subrout ine,  t h e  coordinates  are compressed, as 
discussed earlier. The amount by which t h e  EE (or  RTA) i s  extended i s  computed i n  
t h e  body shape subroutine.  Before i t  i s  entered i n t o  t h e  equations t h a t  desc r ibe  t h e  
body shape, t h e  v a r i a b l e  5" i s  m u l t i p l i e d  by t h e  amount' of t h e  extension,  XE, For 
example, XE f o r  t h e  EE is  1.077308; f o r  t h e  RTA, XE = 1.098950. Also, ro(<*XE) 
is  m u l t i p l i e d  by l /XE.  
rA(<*XE) i s  not mul t ip l i ed  by 
has a range of 0 5 x 5 1 and has a maximum thickness  of t / X E ,  where t i s  the 
maximum thickness  as def ined ear l ie r  f o r  t h e  a c t u a l  
A diagram of t h e  procedure i s  shown i n  f i g u r e  5 ( c ) .  Note t h a t  2.rrUorbrA and 
2?r~,[r;( l)  l 2  are equivalent  t o  qSB and qiB(1) , r e spec t ive ly .  1 

The body s lope  must remain t h e  same as t h e  phys ica l  body, so  
The body s t reamline generated by t h i s  procedure 1/XE.  

EE ( o r  RTA) w i t h  unextended t a i l .  

Body Shapes 

Table 1 gives  t h e  equations f o r . t h e  a c t u a l  body shapes used i n  t h i s  study. 
Table 2 g ives  t h e  va lues  of 
c l o s e l y  matched t h e  a c t u a l  body shapes. 

el, t2, a,, and KN, which produced body s t r eaml ines  t h a t  

Exact So lu t ions  

Exact s o l u t i o n s  descr ibing t h e  flow about a sphere o r  an e l l i p s o i d  can b e  found 
i n  t h e  f l u i d  mechanics l i t e r a t u r e .  
are given by ( see  r e f .  16) 

For a sphere,  t h e  p o t e n t i a l  and stream func t ion  

where a i s  t h e  radius  of a sphere cen te red  a t  ( x , r )  = (0,O). This g ives  f o r  t h e  
v e l o c i t i e s  

uOa3 
u = u o -  

X (x2 + r2l3i2 

u 
Y 2 (x2 + r 2 ) 5 / 2  
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For a coordinate  system centered a t  t h e  body nose,  x 
For a sphere of u n i t  l ength ,  a = 1/2. 

should be  replaced by (x - a ) .  

For flow about an e l l i p s o i d ,  t h e  p o t e n t i a l  i s  given i n  e l l i p t i c  coord ina tes  by 
t h e  following expression ( see  r e f .  16) : 

where ( fo r  v > 1) 

t a n  w = z /y  

k = (a2 - b2)1/2  

1 1 l + e  
A =  

1 - e2 2e 

A 2 - b2)1/2 
e = e c c e n t r i c i t y  = a 

A 

A 

a = semimajor a x i s  

b = semiminor a x i s  

To ob ta in  the  v e l o c i t y  components, t h e  following r e l a t i o n s  a r e  used: 

\Tote: a$/ao = 0. From t h e  expression f o r  + ( p , v ) ,  one ob ta ins  
i 

,?k = Uovk + A 
all 

-% = Uovk + A av 
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I n  oBder t o  f i n d  t h e  p a r t i a l  d e r i v a t i v e s  w i t h  respec t  t o  t h e  Car t e s i an  coordi-  
n a t e s ,  t h e  fol lowing matrix invers ion  i s  necessary: 

'af af  a i  
au a~ a w  
- - -  -1 

Inve r t ing  t h e  matrix r e s u l t s  i n  

a w  
ax 
- -  - 0  -s in  w - a w  

ay 
_ -  

k ( 1  - p 2 ) ' I 2 ( v 2  - 1 ) 1 / 2  

Hence, t h e  v e l o c i t y  components are given by 

2 1 / 2  -Ap COS ~ ( l  - 1-1 ) u =  
k(v2 - p2)(v2 - 1)1/2 

1 / 2  - -A,., s i n  w ( 1  - p2)  

k(v2 - p 2 )  (v2 - 1)'I2 uz - 

Given (x ,y ,z ) ,  v can b e  found, which then  g ives  1-1, as fol lows 

y2 + z 2  = k 2 ( 1  - p2)(v2 - 1) 

= k2(v2 + p2 - p2v2 - 1) 

= k2v2 + x2 /v2 - x2 - k2 

o r  

4 The above quadra t i c  equat ion r e s u l t s  i n  f o u r  r o o t s .  S ince  v must be  g r e a t e r  than  1, 
t h r e e  of t h e  roo t s  are e l imina ted  and so: 
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v - + y2 + z2 + k2 - 
2k2 

k i s  determined by 
v a l u e  of t h e  semimajor a x i s  w i l l  always be  1/2. 
The v a l u e  of 

2 
t h e  maximum thickness  of t h e  e l l i p s e  (b = t ) ;  t he  

Incorporat ion of Body-Induced V e l o c i t i e s  i n t o  a 
Comprehensive Rotor Analysis 

A f t e r  t h e  va r ious  body models w e r e  developed t o  a s a t i s f a c t o r y  degree,  t h e  next 
s t e p  w a s  t o  i n t roduce  t h e  body-induced v e l o c i t i e s  i n t o  t h e  comprehensive h e l i c o p t e r  
a n a l y s i s  C A M W  ( r e f .  17) .  The s o l u t i o n  procedure f o r  t h e  r o t o r  behavior i s  basi-  
c a l l y  unchanged, s i n c e  no i t e r a t i o n  between the  body and r o t o r  i s  involved (except t o  
update the  body-induced v e l o c i t i e s  when t h e  r o t o r  p o s i t i o n  r e l a t i v e  t o  t h e  body 
changes as t h e  t r i m  i t e r a t i o n  proceeds).  The cases  considered i n  t h i s  r e p o r t  involve 
a s i n g l e  r o t o r ,  and a body a t  zero angle  of a t t a c k .  Hence, t h e  wind-tunnel configu- 
r a t i o n  of r e fe rence  17 can be  used, w i t h  zero p i t c h  and yaw angles  o f ' t h e  body axes.  
The axis systems used are shown i n  f i g u r e  7 .  The c a l c u l a t i o n  of t he  body-induced 
v e l o c i t i e s  i s  performed f o r  each l o c a t i o n  on t h e  r o t o r  d i s k .  The blade pos i t i on -en  
t h e  r o t o r  d i s k  (scaled w i t h  t h e  body l eng th )  r e l a t i v e  t o  t h e  body nose is ( s e e  
f i g .  7 ) :  

- T R r =  ( - F B + F R + R  F ) -  SF b R 

where 

R / R  = body l e n g t h j r o t o r  r ad ius  

- 
r = p o s i t i o n  of t h e  body o r i g i n  re la t ive t o  t h e  body c.g. (body axes) 

r = p o s i t i o n  of t h e  r o t o r  hub relative t o  t h e  body c.g. (body axes) 

rb = blade p o s i t i o n  relative t o  t h e  hub l o c a t i o n  ( s h a f t  axes) 

B 

R 
- 
- 

RSF = mat r ix  which transforms body-axis system ( o r i g i n  a t  c.g.)  t o  sha f t - ax i s  system 
( o r i g i n  a t  hub p o s i t i o n ) ;  def ined by s h a f t  p i t c h  ang le  €Ir and c a n t  angle  o r  

The c a l c u l a t i o n  of Fb i s  def ined i n  r e fe rence  17 (p. 143) .  The blade p o s i t i o n  T is  
s e n t  t o  a subrout ine t h a t  c a l c u l a t e s  t h e  body-induced v e l o c i t i e s .  The v e l o c i t i e s  are 
then-included as pe r tu rba t ions  i n  t h e  r o t o r  s e c t i o n  v e l o c i t y  components. Since 
CAMRAD computes t h e  r o t o r  s e c t i o n  v e l o c i t i e s  relative t o  t h e  s h a f t  axes ,  i t  i s  neces- 
s a r y  t o  transform t h e  body-induced v e l o c i t i e s  t o  t h e  s h a f t  axes system. Hence, 

where 
- 
V = (Vx,Vy,V,) = body-induced v e l o c i t y  r e l a t i v e  t o  body axes,  

s c a l e d  by f r e e - s t r e a ?  v e l o c i t y  
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RR = r o t o r  t i p  speed 
- 
X = induced v e l o c i t y  a t  r o t o r  d i s k  re la t ive t o  s h a f t  axes 

The l o c a t i o n  on t h e  r o t o r  d i s k  a t  which t h e  body-induced v e l o c i t i e s  are calcu- 
l a t e d  depends on t h e  b l ade  motion; t h e r e f o r e ,  i d e a l l y  t h e  induced v e l o c i t i e s  should 
be ca l cu la t ed  a t  least once pe r  c i r c u l a t i o n  i t e r a t i o n  w i t h i n  0. However, t h i s  
r e s u l t e d  i n  a l a r g e  number of induced v e l o c i t y  c a l c u l a t i o n s  which were found t o  be  
unnecessary i n  achieving convergence. Ca lcu la t ion  of t h e  induced v e l o c i t i e s  once p e r  
c o n t r o l  i t e r a t i o n  w a s  found t o  b e  more than s u f f i c i e n t ,  s i n c e  t h e  r o t o r  p o s i t i o n  
changes l i t t l e  during t h e  f i n a l  s t a g e s  of t h e  t r i m  i t e r a t i o n ,  as shown i n  f i g u r e  8, 
f o r  a r e p r e s e n t a t i v e  forward f l i g h t  a n a l y s i s .  Options t o  compute t h e  v e l o c i t i e s  a t  
o the r  l o c a t i o n s  i n  CAMRAD are poss ib l e .  

Figures  9(a)  and 9(b) show t h e  e n t r y  p o i n t s  of t h e  body-induced v e l o c i t y  sub- 
r o u t i n e  i n t o  CAMRAD. To assess t h e  i n f l u e n c e  of t h e  v a r i o u s  body shapes discussed 
thus f a r ,  e i g h t  op t ions  w e r e  programmed. These e i g h t  op t ions  and t h e  necessary 
inpu t s  required by CAMRAD are shown i n  f i g u r e  9(c) .  A list of t h e  subrout ines  i n  
CAMRAD, which w e r e  modified, and a list of new subrout ines ,  which w e r e  added, are  
shown i n  f i g u r e  9(d).  A ske le ton  of t h e  subrout ine BODY1 i s  shown i n  f i g u r e  9 (e ) .  
Complete d e t a i l s  of the CAMRAD program s t r u c t u r e  and inpu t  are given i n  r e fe rence  18. 

For t h e  case of OPSHAP = -1 o r  -2, an unformatted f i l e  of v e l o b i t i e s  i s  read; 
no c a l c u l a t i o n s  of body-induced v e l o c i t i e s  are made. The v e l o c i t y  f i l e  i s  generated 
by a panel code o r  by some o t h e r  means independent of CAMRAD. The disadvantage of 
t h i s  method f o r  accounting f o r  body-induced e f f e c t s  i s  t h a t  t h e  v e l o c i t i e s  cannot be  
updated i f  t h e  r o t o r  blade p o s i t i o n  r e l a t i v e  t o  t h e  body changes during t h e  a n a l y s i s .  
The f i l e  has t h e  l o g i c a l  name VELOCITYFILE, and w i l l  be read by a statement of t h e  
form 

' 

READ(NF1LE) (((VINT(K,I,J),K = 1 , 3 ) , 1  = l,MRA),J = 1,MPSI) 

where K is t h e  index f o r  t h e  t h r e e  v e l o c i t y  components, I is t h e  index f o r  t h e  
blade r a d i a l  s t a t i o n ,  and J is  t h e  index f o r  t he  b l ade  azimuth pos i t i on .  The 
v e l o c i t y  should be  c a l c u l a t e d  a t  t h e  midpoints of t h e  blade aerodynamic panels  def ined 
by the parameter RAE i n  namelis t  NLRTR ( see  r e f .  18); t h e  t o t a l  number of s t a t i o n s ,  
M R A ,  i s  a l s o  from namelist  NLRTR. The azimuth pos i t i ons  are I) = 360 * J/MPSI (deg),  
where t h e  t o t a l  number MPSI i s  from namelist  NLTRIM. For OPSHAP = -1, a v e l o c i t y  
f i l e  of V(r ,+)  r e l a t i v e  t o  t h e  (XF,YF,ZF) coordinate  system i s  read ( see  f i g .  7 ) .  
The v e l o c i t i e s  are  scaled by t h e  free-stream v e l o c i t y .  
transformed t o  X as descr ibed above. For OPSHAP = -2, a v e l o c i t y  f i l e  of A(r,I)) 
re la t ive t o  t h e  (Xs,Ys,Zs) coordinate  system i s  read. I n  t h i s  case, t h e  v e l o c i t i e s  
are s c a l e d  by t h e  t i p  speed RR. 

These v e l o c i t i e s  w i l l  b e  - - 

ANALYTICAL MODEL OF ROTOR 

Three types of r o t o r s  ( t a b l e  3) w e r e  used i n  t h e  p re sen t  study. 
inflow and a f r e e  wake geometry ( f o r  two o r  t h r e e  r evo lu t ions  of t h e  wake) were used 
t o  model t h e  r o t o r  enviro&ent. 
geometry showed no s i g n i f i c a n t  change from t h e  f r e e  wake r e s u l t s .  Aerodynamic calcu- 
l a t i o n s  w e r e  performed a t  15 r a d i a l  s t a t i o n s  along t h e  b l a d e  and a t  every 15" of 
azimuth. The r a d i a l  s t a t i o n s  along t h e  b l ade  become more concentrated nea r  t h e  blade 
t i p .  For r o t o r  A,  a t e e t e r i n g  f l a p  mode w i t h  one harmonic of motion w a s  used. For 

Nonuniform 

Resu l t s  obtained from use of a prescr ibed wake 
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r o t o r s  B and C y  s i x  f l a p / l a g  bending modes ( inc luding  t h e  r i g i d  body modes) and one 
(blade) p i t c h  mode were used; seven harmonics of motion w e r e  used f o r  each mode. 
Rotor A i s  a s t i f f  model r o t o r ,  f o r  which only  t h e  performance w a s  ca l cu la t ed .  Both 
r o t o r  performance and loads  w e r e  ca l cu la t ed  f o r  r o t o r s  B and C. 

A l l  t h e  c a l c u l a t i o n s  w e r e  performed f o r  sea l e v e l  s tandard condi t ions .  The 
r o t o r  t i p  Mach number w a s  held cons tan t  ( see  t a b l e  3 ) ,  and t h e  advance r a t i o  w a s  i n  
t h e  range 1-1 = 0.15 t o  0.50, depending on t h e  case considered ( see  t a b l e  4 ) .  The 
r o t o r  ghrus t  and t h e  t ip-path-plane tilt r e l a t i v e  t o  the  r o t o r  s h a f t  w e r e  trimmed t o  
spec i f i ed  va lues  by vary ing  t h e  r o t o r  c o l l e c t i v e  p i t c h  and c y c l i c  p i t c h  c o n t r o l  
angles .  CT/O = 0.05 t o  0.09, t y p i c a l l y ,  and t h e  la teral  
f lapping  angle  w a s  always trimmed t o  zero.  The long i tud ina l  f lapping  angle  (and iI 

hence t h e  t ip-path-plane angle)  w e r e  trimmed t o  va lues  depending on t h e  case consid- 
ered ( see  t a b l e  4 ) .  

The t h r u s t  w a s  va r i ed  from 

The body v e l o c i t i e s  w e r e  r eca l cu la t ed  a f t e r  each c o n t r o l  change during t h e  r o t o r  
t r i m  i t e r a t i o n ,  ensuring t h a t  t he  v e l o c i t i e s  were evaluated a t  t h e  c o r r e c t ,  that is ,  
a t  t h e  f i n a l  trimmed r o t o r  pos i t ion .  

The adequacy of t h e  r o t o r  model can b e  assessed by comparing the  theory wi th  
experimental  r o t o r  da ta .  F igure  10 shows t h e  L/D as a func t ion  of t h r u s t  f o r  r o t o r  A 
over a range of advance r a t i o s .  The da ta  were obtained from referemce 6. The cor re-  
l a t i o n  is  good, although t h e  experimental  d a t a  were not  accu ra t e  enough t o  show a 
t rend  wi th  t ip-path-plane angle  ( fo r  a f ixed  advance r a t i o ) .  Figure 11 shows L/D 
versus  advance r a t i o  f o r  two va lues  of 
ha l f  peak-to-peak blade loads f o r  r o t o r  B. Figures  12(b) and 12(c) were ca l cu la t ed  a t  
t h e  70% and 60% blade  r a d i a l  s t a t i o n ,  respec t ive ly .  The d a t a  w e r e  obtained from 
reference  19. Both t h e  da t a  and t h e  theory f o r  f i g u r e s  11 and 12 inc lude  t h e  e f f e c t s  
of t h e  RTA, but as w i l l  be shown later i n  t h e  paper ,  t h e  RTA has a very  s m a l l  e f f e c t  
on t h e  r o t o r  behavior.  The c o r r e l a t i o n  i s  good t o  f a i r ;  s i m i l a r  c o r r e l a t i o n  i s  bhown 
i n  r e fe rence  11. 

+/a f o r  r o t o r  B. Figure 12 shows t h e  one- 

N o  da t a  are a v a i l a b l e  y e t  f o r  t he  i s o l a t e d  behavior of r o t o r  C. 

Nonuniform Inflow 

The changes i n  b lade  loads and p r o f i l e  power are due t o  changes i n  t h e  complex 
flow f i e l d  of t h e  r o t o r  blade.  The pe r tu rba t ion  v e l o c i t i e s  are f ixed  by t h e  body. 
These v e l o c i t i e s  do not simply produce an incremental  change i n  t h e  blade loads and 
power. 
t h e  b lade  loads  and t h e  p r o f i l e  power, proper c a l c u l a t i o n  of t he  blade angle  of 
a t t a c k  d i s t r i b u t i o n  i s  necessary.  Changes i n  t h e  induced power caused by t h e  body 
wouM be zero i f  a uniform inf low model (momentum theory  wi th  empir ica l  co r rec t ions )  
w a s  used. 
over t h e  r o t o r  d i sk .  
induced e f f e c t s  on r o t o r  behavior.  

Because of t h e  nonl inear  r e l a t i o n s h i p  between t h e  pe r tu rba t ion  v e l o c i t i e s  and 

Even t h e  d i r e c t  i n t e r f e r e n c e  power r equ i r e s  a d e t a i l e d  t h r u s t  d i s t r i b u t i o n  
Hence, a nonuniform inflow model i s  necessary t o  assess body- 

Wake Geometry I4 

A s  s t a t e d  earlier, a f r e e  wake geometry w a s  used f o r  a l l  c a l c u l a t i o n s  presented 
i n  t h i s  paper. 
changes were found i n  performance o r  loads caused by t h e  wake d i s t o r t i o n .  
t h a t  body-induced wake geometry v a r i a t i o n s  would not  b e  important eithe.r .  

Comparisons w e r e  made w i t h  prescr ibed  wake r e s u l t s ,  and no s i g n i f i c a n t  
It follows 
Therefore,  
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t h e  absence of t h e  d i s t o r t i o n  of t h e  wake geometry by t h e  body i n  t h e  present  analy- 
sis i s  not  s i g n i f i c a n t .  The change i n  t h e  body flow f i e l d  due t o  t h e  r o t o r ,  which 
then changes t h e  pe r tu rba t ion  v e l o c i t i e s  a t  t h e  r o t o r ,  i s  a l s o  neglected.  

Trimming (Convergence of So lu t ion )  

Resul ts  presented he re  are f o r  a f ixed  tip-path-plane angle ,  ~ t ~ p p .  An a l t e r n a t e  
approach would be t o  t r i m  t o  a s p e c i f i e d  propuls ive fo rce .  The presence of t h e  body 
does change t h e  propuls ive f o r c e  f o r  a f i x e d  aTPP; t h e r e f o r e ,  s l i g h t l y  d f f f e r e n t  
r e s u l t s  are obtained f o r  trimming t o  propuls ive f o r c e  r a t h e r  than trimming t o  CXTPP. 
These d i f f e r e n c e s  w e r e  not found t o  be  s i g n i f i c a n t  f o r  t h e  cases presented here, 

* which are f o r  s m a l l  propuls ive fo rce .  

RESULTS : VERIFICATION OF APPROACH 

The accuracy of t h e  modified s l ende r  body theory w i l l  be examined f o r  case 1 of 
t a b l e  4: e l l i p s o i d s  and axisymmetric bodies wi th  a NACA fou r -d ig i t  a i r f o i l  t h i ckness  
d i s t r i b u t i o n .  The e l l i p s o i d  case i s  u s e f u l  because t h e  exact  s o l u t i o n  f o r  t h e  body- 
induced v e l o c i t i e s  i s  known. The a i r f o i l  shapes are a reasonable  approximation f o r  
t y p i c a l  wind t u n n e l  test modules. The complete modified s l ende r  body theory w i t h  
t a i l  c o r r e c t i o n  w i l l  s e r v e  as t h e  "exact" s o l u t i o n  f o r  t h e  a i r f o i l  shaped bodies .  
Since t h e  purpose i s  t o  e s t a b l i s h  t h e  l i m i t s  of t h e  method, high va lues  of t h e  body 
th i ckness  (up t o  t = 0.50) are used. 

E l l i p s o i d s  

The v a l i d i t y  of t h e  models developed using s l ende r  body theory can b e  determined 
by f i r s t  consider ing t h e  flow f i e l d  of e l l i p s o i d s ,  f o r  which t h e  exact s o l u t i o n  is  
ava i  l a b  le .  

Figure 13 shows t h e  d iv id ing  s t r eaml ine  (body shape) of  e l l i p s o i d s ,  as obtained 
by unmodified and modified s l ende r  body theory.  Compared w i t h  t h e  exact  body shape, 
t h e  modified theory shows good accuracy f o r  t h e  60%-thick body, and f a i r  accuracy f o r  
t h e  80%-thick body. The 100%-thick body i s  even less accura t e ,  bu t  t h e  modified 
theory always matches t h e  maximum thickness .  

Figures  14 and 15 show t h e  flow f i e l d  ( v e l o c i t y  magnitude and angle  of a t t a c k ,  
r e spec t ive ly )  about a 60%-thick e l l i p s o i d  i n  a plane above t h e  body. Figures  16 
and 17 and f i g u r e s  18 and 19 show t h e  flow f i e l d  about 80%- and'lO@%-thick e l l i p s o i d s ,  
r e spec t ive ly .  The body-plane sepa ra t ion  f o r  a l l  t h r e e  bodies  i s  10% of  t h e  body 
length.  Re la t ive  t o  t h e  exact s o l u t i o n ,  s l e n d e r  body theory shows s i g n i f i c a n t  e r r o r s  
f o r  a l l  t h r e e  bodies .  The modified theory p r e d i c t s  bo th  t h e  v e l o c i t y  magnitude and 
angle  of a t t a c k  w e l l ,  even though t h e  body shape w a s  not  matched exac t ly  ( f i g .  13). 
Note t h a t  f o r  t h e  60%-thick body, t h e  modified theory gives  r e s u l t s  t h a t  are nea r ly  
i d e n t i c a l  t o  those of t h e  exact so lu t ion .  

Figures  20-25 sh3w t h e  s e c t i o n  ang le  of a t t a c k  change induced by t h e  body on a 
r o t o r  blade f o r  60%-, 80%-,-and 100%-thick e l l i p s o i d s .  The r o t o r  r ad ius  i s  equal  t o  
t h e  body l eng th ,  and t h e  rotor-body s e p a r a t i o n  i s  equal  t o  10% of t h e  body length.  
The advance r a t i o  i s  0.4.  The r o t o r  hub is  located above t h e  body cen te r  i n  f i g -  
u r e s  20, 22, and 24; i t  is  loca ted  above t h e  body q u a r t e r  chord i n  f i g u r e s  21, 23, 
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and 25. Again, t h e  modified s lender  body theory r e s u l t s  are almost i d e n t i c a l  t o  
those of t h e  exac t  s o l u t i o n  f o r  60%- and 80%-thick bodies.  
r e s u l t s  f o r  t h e  100%-thick body show f a i r  agreement wi th  t h e  exact  so lu t ion .  The 
body-induced changes i n  t h e  v e l o c i t y  magnitude seen by t h e  r o t o r  are not  s i g n i f i c a n t ,  
as shown by f i g u r e  26 (note  that f i g .  26(d) i s  f o r  t h e  i s o l a t e d  ro to r ) .  Here, the  
body i s  80%-th ick ,  t h e  advance r a t i o  i s  0.4, and t h e  r o t o r  hub i s  loca ted  above t h e  
body center .  The parameters f o r  f i g u r e s  27 and 28 are t h e  same as i n  f i g u r e s  22 
and 23 except ' t ha t  t h e  advance r a t i o  i s  0.2. A t  t h e  lower advance r a t i o ,  t h e  modi- 
f i e d  s l ende r  body theory r e s u l t s  are a l s o  q u i t e  accura te .  

The modified theory 

A i r f o i l  Shaped Bodies 

The a p p l i c a b i l i t y  of t h e  t h e o r e t i c a l  method w i l l  be examined by comparing t h e  
pred ic ted  and a c t u a l  d iv id ing  s t reaml ines  f o r  more genera l  (and more use fu l )  body 
shapes than t h e  e l l i p s o i d s .  Typical r e s u l t s  are as follows. Figure 29 shows axi-  
symmetric bodies  wi th  a NACA four -d ig i t  a i r f o i l  th ickness  d i s t r i b u t i o n .  
body i s  w e l l  modeled by s l ende r  body theory except f o r  t h e  nose s t agna t ion  poin t  
locaf ion ,  which i s  c o r r e c t l y  placed by using t h e  modified theory.  For t h e  30%- and 
5.QZ-fhick bodies ,  r e s u l t s  are shown from t h e  modified theory wi th  and without t he  
t a i l  co r rec t ion .  It i s  seen t h a t  t h e  f u l l ,  modified s l ende r  body theory gives  good 
r e s u l t s .  1 

The 10%-thick 

The angle  of a t t a c k  change a t  t h e  r o t o r  blade i s  shown i n  f i g u r e  30 f o r  a 
30%-thick a i r f o i l .  The advance r a t i o  i s . 0 . 4 ,  t h e  body l eng th  i s  equal t o  t h e  r o t o r  
r ad ius ,  and t h e  rotor-body separa t ion  i s  again equal t o  10% of the  body length.  The 

, r o t o r  i s  loca ted  above the  body maximum thickness  point  f o r  t h e  symmetrical a i r f o i l ;  
t h i s  point  is  loca ted  a t  t h e  body 0.3-chord s t a t i o n .  Aft of t h e  hub pos i t i on ,  t h e  
f u l l  modified theory i s  a c t u a l l y  c l o s e r  t o  s l ende r  body theory than i t  is  t o  t h e  
modified theory without t h e  t a i l  co r rec t ion  (because s l ende r  body theory models t h e  
shape of t h e  t a i l  c o r r e c t l y ) .  Forward of t h e  hub pos i t i on ,  t h e  modified theory 
without  t h e  t a i l  c o r r e c t i o n  and s l ende r  body theory s o l u t i o n s  are q u i t e  s i m i l a r .  

Error  i n  Performance and Loads 

Af t e r  s a t i s f a c t o r y  modeling of t h e  e l l i p s o i d s  and a i r f o i l s  had been achieved, 
t h e  next  s t e p  w a s  t o  determine t h e  d i f f e r e n c e  i n  r o t o r  performance and loads as cal-  
cu la t ed  using modified s l ende r  body theory and the  exact  s o l u t i o n  ( f o r  a i r f o i l  shapes,  
modified s l ende r  body theory wi th  t a i l  co r rec t ion  r e s u l t s  served as the  "exact" 
s o l u t i o n ) .  A l l  va lues  i n  t h i s  paper f o r  edgewise and f lapwise  bending moments are 
one-half peak-to-peak va lues  taken from s teady-s ta te  t i m e  h i s t o r i e s .  

Figures  31(a) and 31(b) show, as a func t ion  of t h r u s t ,  t h e  e r r o r  i n  t h e  calcu- 
l a t e d  lateral c y c l i c  c o n t r o l  angle  and t h e  r o t o r  l i f t - t o -d rag  r a t i o ,  r e spec t ive ly ,  
caused by e l l i p s o i d s  of va r ious  thicknesses .  
o the r  parameters are given i n  t a b l e  4 ,  case 1. The e r r o r s  are given by J 

Rotor A w a s  used f o r  t h e s e  ca l cu la t ions ;  
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Clea r ly ,  s l ende r  body theory shows s i g n i f i c a n t  e r r o r s ,  except f o r  t h i n  e l l i p s o i d s .  
The modified s l ende r  body theory r e s u l t s  are good f o r  moderately t h i c k  bodies.  
Figure 32 shows s imi l a r  r e s u l t s  f o r  a i r f o i l  shaped bodies .  The e r r o r s  are given by 

A ( e i c )  = ( e i c )  - ('ic)MSBT wi th  t a i l  c o r r e c t i o n  

A(L/D)  = (L/D) - (L/D)MSBT w i t h  t a i l  c o r r e c t i o n  

Figures 33(a) and 33(b) are p l o t s  of t h e  e r r o r s  i n  t h e  o s c i l l a t o r y  edgewise and 
f lapwise bending moments, r e s p e c t i v e l y ,  as a func t ion  of t h r u s t  f o r  va r ious  e l l i p -  
so ids .  The moments were c a l c u l a t e d  a t  t h e  60% r a d i a l  s t a t i o n .  Rotor B w a s  used f o r  
t hese  c a l c u l a t i o n s  toge the r  w i th  t h e  va lues  given i n  case 1 of t a b l e  4 .  The e r r o r s  
w e r e  ca l cu la t ed  using t h e  same procedure f o r  c a l c u l a t i n g  t h e  performance parameters 
t h a t  w a s  used above and are p l o t t e d  as a f r a c t i o n  of t h e  o s c i l l a t o r y  loads f o r  t h e  
exact body so lu t ion .  Even f o r  l a r g e  th i ckness  r a t i o s ,  modified s l ende r  body theory 
shows very l i t t l e  e r r o r  compared wi th  t h e  exact  s o l u t i o n  f o r  both edgewise and f lap-  
w i s e  bending moments. Slender  body theory,  however, shows l a r g e  e r r o r s  f o r  both 
cases .  Figure 34 shows s i m i l a r  r e s u l t s  f o r  t h e  edgewise bending moment f o r  v a r i o u s  
a i r f o i l  shapes. The f lapwise bending moment showed l i t t l e  e f f e c t  of t h e  body, s o  no 
e r r o r  c a l c u l a t i o n s  are presented.  For a 50%-thick a i r f o i l ,  modified s l ende r  body 
theory shows an improvement over s l ende r  body theory. 
t h e r e  is  an e r r o r  of about 7.5% f o r  t h e  edgewise bending loads.  Fop t h e  10%- and 
30%-thick a i r f o i l s ,  s l ende r  body theory gives  e r r o r s  t h a t  are less than 5%. 

Without t h e  t a i l  c o r r e c t i o n ,  

Inf luence of Body on Rotor 

The e f f e c t s  of va r ious  bodies on r o t o r  performance and loads w e r e  next analyzed. 
I d e a l  body shapes are considered he re  s i n c e  t h e  r e s u l t s  provide i n s i g h t  i n t o  t h e  
mechanisms involved i n  t h e  body-induced changes of r o t o r  performance and loads.  
Figures  35(a) and 35(b) show the  changes i n  l a te ra l  c y c l i c  c o n t r o l  and l i f t - t o - d r a g  
r a t i o ,  r e s p e c t i v e l y ,  caused by va r ious  body shapes. Rotor A w a s  used toge the r  w i th  
t h e  parameters i n  case 1 of t a b l e  4 .  
exact so lu t ion ;  t h e  a i r f o i l  shaped body r e s u l t s  were ca ldu la t ed  using t h e  modified 
s l e n d e r  body theory wi th  t a i l  co r rec t ion .  Figure 35(a) shows t h a t  f o r  a given body 
shape, t h e r e  i s  r e l a t i v e l y  no change i n  

The e l l i p s o i d  r e s u l t s  w e r e  ca l cu la t ed  us ing  t h e  

A e l c  w i t h  rrdtor t h r u s t .  

The body produces a b a s i c  once-per-revolution,variation of t h e  v e r t i c a l  i n t e r -  
f e rence  v e l o c i t y  seen by t h e  r o t o r  blade,  with ma&imwn amplitude a t  azimuth angles  
$ = 0" and 180". 
tip-path-plane l a t e ra l  i n c l i n a t i o n  a t  zero. FAgure 35(b) shows t h e  decrease i n  L/D 
caused by t h e  body. Figure 36 shows t h e  l if0-to-drag r a t i o  of r o t o r  A caused by 
va r ious  body shapes.  The performance l o s s  i nc reases  i n  magnitude as t h e  body thick- 
ness inc reases .  The l o s s  i s  s i g n i f i c a n t  only f o r  l a r g e  th i ckness  r a t i o s .  

Hence a la teral  c y c l i c  p i t c h  change i s  needed t o  maintain t h e  

Rotor B,  t oge the r  w i t h  t h e  parameters of case 1, w a s  used t o  generate  t h e  r e s u l t s  
shown i n  f i g u r e s  37 and 38. Figure 37 shows the changes i n  l i f t - t o -d rag  r a t i o ,  
o s c i l l a t o r y  edgewise bending load,  and o s c i l l a t o r y  f lapwise bending load f o r  va r ious  
e l l i p s o i d s  and a i r f o i l  shapes. Unlike r o t o r  A ,  r o t o r  B shows an inc rease  i n  perfor- 
mance up t o  about CT/O = 0.075 (compare f i g s .  37(a) and 35(b)) .  I n  f i g u r e  37, t h e  
blade o s c i l l a t o r y  bending moments are p l o t t e d  as a f r a c t i o n  of t h e  i s o l a t e d  r o t o r  
loads.  The bending loads inc rease  f o r  a l l  body shapes over t h e  given range of t h r u s t .  
Figure 38 shows t h e  edgewise and f lapwise o s c i l l a t o r y  loads as a func t ion  of t h r u s t .  
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Pi t ch  l i n k  loads were a l s o  ca l cu la t ed ,  but no s i g n i f i c a n t  i n f luence  of t h e  body 
w a s  found (5%-10% change f o r  t h e  e l l i p s o i d s ,  3%-5% change f o r  t h e  a i r f o i l  shapes).  
A l s o ,  t he re  w a s  l i t t l e  d i f f e r e n c e  i n  t h e  p i t c h  l i n k  loads pred ic ted  using t h e  va r ious  
body theo r i e s  compared above. 

Source of Performance Loss Caused by Body 

To determine t h e  cause of t h e  performance change produced by the  body, a d e t a i l e d  
a n a l y s i s  of t h e  e f f e c t  of an 80%-thick e l l i p s o i d  on r o t o r s  A and B w a s  performed. 

Table 5 shows t h e  breakdown of Cp/a (power c o e f f i c i e n t  d iv ided  by s o l i d i t y )  f o r  
r o t o r  A as a f f e c t e d  by an 80%-thick e l l i p s o i d .  
(case 1) .  Frpm t a b l e  5 ,  i t  fol lows t h a t  t h e r e  i s  a small i n c r e a s e  i n  t h e  performance 
d i r e c t l y  caused by t h e  i n t e r f e r e n c e  v e l o c i t y .  
and induced power i s  l a r g e r ,  however, than the  gain caused by t h e  i n t e r f e r e n c e  power. 
Thus, t h e  l i f t - t o -d rag  r a t i o  decreases .  Note t h a t  the same behavior i s  shown f o r  
both t ip-path-plane angle  t r i m  and propuls ive f o r c e  t r i m .  

The r o t o r  t h r u s t  w a s  CT/O = 0.08 

The l o s s  caused by t h e  p r o f i l e  power 

L 

Polar  p l o t s  w e r e  generated f o r  Aint ( i n t e r f e r e n c e  inf low r a t i o  = Vint/QR), 
a (blade s e c t i o n  angle  of a t t a c k ) ,  Cd (drag c o e f f i c i e n t ) ,  Cpo ( p r o f i l e  power coe f f i -  

c i e n t ) ,  cp, ( l i f t  c o e f f i c i e n t ) ,  CT ( t h r u s t  c o e f f i c i e n t ) ,  Cpi (induced power coe f f i -  

( i n t e r f e r e n c e  power c o e f f i c i e n t )  t o  determine how each parameter c i e n t ) ,  and 

va r i ed  over t h e  r o t o r  d i sk .  
'pint 

A b r i e f  summary of t h e  p l o t s  i s  discussed below. 

The v e r t i c a l  i n t e r f e r e n c e  v e l o c i t y  A i n t  w a s  found t o  be nega t ive  (up) on t h e  
f r o n t  of t h e  d i s k ,  and p o s i t i v e  (down) on t h e  rear of t h e  d isk .  
roughly propor t iona l  t o  cos J, ( a  l / r e v  v a r i a t i o n  wi th  f o r / a f t  symmetry). Lateral 
c y c l i c ,  A @ ,  , i s  needed t o  cancel  t h e  r e s u l t i n g  change i n  f l a p  moment, AMF, r e s u l t i n g  
from t h i s  lyrev v a r i a t i o n .  The lateral c y c l i c  c o n t r o l  angle ,  Ae,,, and Aint are 
both propor t iona l  t o  cos J,$ but 8 i s  independent of r and A i s  l a r g e r  near  t h e  
hub. Roughly, A i n t  = (At/r  )cos  J,, where A t  i s  t h e  va lue  of A a t  t h e  t i p .  The 
f l a p  moment is given by 

Hence, Aint w a s  

It fol lows t h a t  t h e  t o t a l  blade f l a p  moment change, which must be zero  f o r  an a r t i c u -  
l a t e d  r o t o r ,  i s  

o r  

A e l c  = 4At 

Now, t h e  change i n  angle  of a t t a c k  can b e  expressed as 
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Thus, w e  expect t h a t  Aa = 0 a t  r = 4-li3 = 0.63. Resul ts  show Aa t o  be ze ro  a t  
approximately r = 0.75. 

I n  general ,  a w a s  found t o  i n c r e a s e  inboard and decrease outboard on t h e  f r o n t  
of t h e  disk.  On t h e  rear of t h e  r o t o r  d i s k ,  a decreased inboard and increased out- 
board. Figure 39 shows t h e  angle  of a t t a c k  change caused by t h e  body over  t h e  r o t o r  
d i s k  f o r  this case. This ang le  of a t t a c k  change produces a change i n  che b l ade  sec- 
t i o n  d rag  c o e f f i c i e n t ,  bu t  t h e  p a t t e r n  i s  d i f f e r e n t  because 
func t ion  of a .  The drag c o e f f i c i e n t  cd w a s  found t o  inc rease  inboard of t h e  region 
of J, = 180". On t h e  advancing s i d e ,  however, Cd inc reased  outboard. The change 
i n  a caused by t h e  body on t h e  r e t r e a t i n g  s i d e  of t h e  d i s k  s h i f t s  t h e  s t a l l  region 
by a s m a l l  amount. The lower va lues  of a on t h e  rear of t h e  d i s k  reduce t h e  d r a g  
somewhat. Although a i s  nega t ive  i n  t h e  t i p  region i n  t h e  second quadrant of t h e  
r o t o r  d i s k ,  t h e  magnitude i s  such t h a t  t h e  cd 
s i d e  i n  t h e  t i p  region. The p r o f i l e  power c o e f f i c i e n t  Cpo w a s  found t o  vary simi- 
l a r l y  t o  cd. 

Cd i s  a non l inea r  

i s  increased on most of t h e  advancing 

The rotor-blade l i f t  c o e f f i c i e n t  C R  and t h e  t h r u s t  c o e f f i c i e n t  CT w e r e  found 
t o  va ry  s i m i l a r l y  t o  a. The m a x i m u m  c i r c u l a t i o n  (which determines t h e  wake 
v e l o c i t i e s )  i s  found t o  be g r e a t e r  a t  both J, = 0" and a t  J, = 180" a t  constant  
C T / U ,  s o  t h e  r a d i a l  d i s t r i b u t i o n  of t h e  c i r c u l a t i o n  i s  being changed. 
v e l o c i t y  w a s  somewhat higher  on t h e  f r o n t  and back of t h e  d i s k  when t h e  body w a s  
included . 

The induced 

I 

The induced power c o e f f i c i e n t  Cpi w a s  found t o  vary s i m i l a r l y  t o  CT. There 

i s  a s m a l l  n e t  i nc rease  i n  cPi s i n c e  A i  general ly  inc reases  from t h e  f r o n t  t o  t h e  

back of t h e  r o t o r  d i sk .  The i n t e r f e r e n c e  power c o e f f i c i e n t  

t o  A i n t .  The r o t o r  t h r u s t  c o e f f i c i e n t  CT i s  higher on t h e  f r o n t  of t h e  d i s k  
( p a r t l y  because of body e f f e c t s ) ,  so t h e  power inc rease  from t h e  f r o n t  of t he  d i s k  
is  g r e a t e r  than t h e  power l o s s  from t h e  rear of t he  d i s k .  

v a r i e s  s i m i l a r l y  'pint 

Table 6 shows t h e  breakdown of C /a f o r  r o t o r  B as a f f e c t e d  by an 80%-thick 
e l l i p s o i d  (case 1). 
A high va lue  of CT/U 
induced and p r o f i l e  power t o  be g r e a t e r  than t h e  i n t e r f e r e n c e  power (note  t h a t  
CT/O = 0.08 

The s a m e  b a s i c  begavior i n  r o t o r  A i s  a l s o  observed i n  r o t o r  B.  
is  needed, however, i n  o r d e r  f o r  t h e  sum of t h e  inc reases  i n  

f o r  t a b l e  5 ) .  

Source of Bending Load Inc rease  Caused by t h e  Body 

To analyze t h e  body e f f e c t s  on t h e  r o t o r  l oads ,  r o t o r  B w a s  used i n  combination 
Figures  40(a) and 40(b) show t h e  t i m e  h i s t o r i e s  of t h e  

The bending moments 

with an 80%-thick*ellipsoid.  
edgewise and f lapwise bending loads,  r e spec t ive ly .  
t h e  condi t ions of case  1, w i t h  
were c a l c u l a t e d  a t  t h e  60% radial s t a t i o n .  Figure 40 shows t h a t  t h e  e f f e c t  of t h e  
body i s  mainly on t h e  f r o n t  of t h e  d i s k  from J, = 90" t o  J, = 270". Referr ing t o  
f i g u r e s  37(b) and 3 7 ( c ) ,  t h e  i n c r e a s e  i n  t h e  edgewise and f lapwise bending moments 
caused by t h e  body i s  74% and 26%, r e spec t ive ly ,  f o r  an 80% e l l i p s o i d  a t  

sponding t o  a l ead  motion. The change i n  t h e  f lapwise bending moment is  nega t ive  i n  
t h i s  region,  corresponding t o  a downward f lapping motion. As s t a t e d  earlier,  a w a s  
found t o  inc rease  inboard and decrease outboard on the  f r o n t  of t h e  d i s k ,  as d i d  CT 
and c d ,  which explains  the  behavior of t h e  bending moments. 

Figure 40 w a s  generated under 
CT/G = 0.08 ( see  a l s o  t a b l e  6 ) .  

CT/U = 0.08. 
b The change i n  t h e  edgewise bending moment i s  p o s i t i v e  on t h e  f r o n t  of t h e  d i s k ,  corre- 
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Figures  41(a) and 41(b) show t h e  modulus of t h e  harmonics of t h e  o s c i l l a t o r y  
edgewise and f lapwise  bending moments, r e spec t ive iy ,  as a func t ion  of t h e  number of 
t h e  harmonic, n. The l / r e v  i s  t h e  dominant harmonic. There is  an  inc rease  i n  the 
modulus of bo th  bending moments because of t h e  body f o r  n = 1 t o  n = \ 3 .  The peak 

b l ade  n a t u r a l  frequency near  56?. The e f f e c t  of t h e  body i s  thus not  j u s t  a l o c a l  
phenomenon, bu t  r a t h e r  changes t h e  e n t i r e  p a t t e r n  of blade loading. 

area of n = 5 f o r  t h e  edgewise bending moment i s  due t o  a coupled f lap- lag  

RESULTS: ROTOR-BODY AERODYNAMIC INTERFERENCE 

The e f f e c t s  of t he  body on r o t o r  performance and loads w i l l  be examined f o r  
cases 2 t o  5 of t a b l e  4. Even though t h e  modified s l ende r  body theory has been 
developed he re  only ( f o r  axisymmetric bodies a t  zero  angle  of  a t t a c k ,  a number of 
p r a c t i c a l  conf igura t ions  can be  analyzed: 
Aines 40- by 80-Foot Wind Tunnel; t h e  Ames small-scale i n t e r a c t i o n a l  aerodynamics 
tests; t h e  f u t u r e  Ames f u l l - s c a l e  i n t e r a c t i o n a l  aerodynamics tests; and a ro tor -  

a t y p i c a l  f u l l - s c a l e  r o t o r  test i n  t h e  

a i r d h i p  conf igura t ion .  

Wind Tunnel Test Modules 
I 

The next  s t e p  i n  the  a n a l y s i s  w a s  t o  model t h e  test modules used i n  t h e  40- by 
80-Foot Wind Tunnel a t  Ames and t o  determine t h e i r  e f f e c t s  on r o t o r  performance-and 
loads.  

Figure 42 shows t h e  shapes of t h e  RTA and EE test modules. Modified s lender  
body theory modeled these  shapes wi th  no s i g n i f i c a n t  e r r o r  i n  body s t reaml ines  ( r e c a l l  
t h a t  these  test modules are modeled w i t h  t h e  t a i l s  extended t o  a po in t ) .  A l l  t h e  
following r e s u l t s  f o r  t h e  inf luence  of t h e  RTA and EE test modules w e r e  obtained 
using the  modified s l ende r  body theory wi th  t a i l  co r rec t ion .  

i s  compared wi th  t h e  d i s t r i b u t i o n  ca l cu la t ed  by t h e  modified s lender  body theory wi th  
t a i l  co r rec t ion  i n  f i g u r e  43. 
panel code from reference  8,  except f o r  
agreement i n  t h i s  v i c i n i t y  is t h a t  t h e  da t a  represent  t h e  occurrence of flow separa- 
Zion. The theory,  a t  this s t a g e  of development, does not model separa t ion .  The 
inf luence  of t h e  r o t o r  on t h e  body pressure  i s  g r e a t e r  than t h e  e r r o r  caused by 
separa t ion  a t  the  t a i l  ( see  r e f .  8 ) .  

The su r face  p r e s s u r e - d i s t r i b u t i o n  on a 1/6-scale  EE, obtained from reference  8 ,  

The theory compares w e l l  wi th  the  da t a  and wi th  t h e  
An explanat ion f o r  t h e  l a c k  of x 5 0.95. 

Ful l - sca le  T e s t  Configurat ion 

The combination of r o t o r  B and t h e  RTA is  a conf igura t ion  t y p i c a l  of a f u l l -  
s c a l e  wind tunnel  test i n  t h e  Ames 40- by 80-Foot Wind Tunnel. 
intended to 'measure t h e  i s o l a t e d  r o t o r  c h a r a c t e r i s t i c s .  
a t ed  under t h e  condi t ions  of case 2 i n  t a b l e  4 .  Figure 44 shows t h e  change i n  angle  - 
of a t t a c k  produced by t h e  RTA f o r  t h e  b a s e l i n e  va lues  of case 2 .  
i s  0 .4 .  

Such tests are 
Figures  44 t o  5 0  w e r e  gener- 

The advance r a t i o  

d 

Figure 45 shows t h e  inc rease  i n  t h e  l i f t - t o -d rag  r a t i o  of r o t o r  B caused by t h e  
RTA f o r  var ious  advance r a t i o s .  A s  shown, t h e r e  i s  a n e g l i g i b l e  performance improve- 
ment caused by t h e  RTA\(A(L/D) = 0 t o  0.2). The p r o f i l e  and induced power are b a s i c a l l y  
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unaffected by t h e  presence of t h e  body; t h e  change i n  
t h e  i n t e r f e r e n c e  power. 

L/D i s  due almost e n t i r e l y  t o  

Figures 46(a) and 46(b) show t h e  inc rease  i n  t h e  o s c i l l a t o r y  edgewise and f lap-  
w i s e  bending moments, r e spec t ive ly .  
t h e  60% r a d i a l  s t a t i o n ,  show a 10%-15% i n c r e a s e  because of t h e  body. The f lapwise 
bending moments, which w e r e  ca l cu la t ed  a t  t h e  70% r a d i a l  s t a t i o n ,  show a 5%-10% 
i n c r e a s e  caused by t h e  RTA. The c a l c u l a t e d  in f luence  of t h e  RTA on t h e  p i t ch - l ink  
loads w a s  n e g l i g i b l e  (+2%). 

The edgewise moments, which w e r e  ca l cu la t ed  a t  

Figure 47 shows t h e  l i f t - t o -d rag  r a t i o  of r o t o r  B w i th  and without  t h e  presence 
of t h e  RTA f o r  va r ious  advance r a t i o s .  A s  noted earlier, v e r y  l i t t l e  change i s  caused 
by t h e  body. Figures  48(a) and 48(b) show t h b  edgewise and f lapwise bending moments, 
r e spec t ive ly  . 

Figures  49(a) and 49(b) show t h e  t i m e  h i s t o r i e s  of the edgewise and f lapwise 
bending moments, r e spec t ive ly .  The advance r a t i o  is  0.5 and t h e  CT/G i s  0.07. The 
edgewise moment shows s m a l l  changes a t  a few azimuth l o c a t i o n s .  The f l apwise  moment 
shows almost no change as t h e  b l ade  progresses  around t h e  r o t o r  disk.  
shows t h e  moduli of t h e  harmonics of t h e  edgewise bending moment as a func t ion  of 
t h e  harmonic number. 

Figure 50 

Small-scale I n t e r a c t i o n a l  Aerodynamic T e s t  Configurations 

To s imula t e  some of t h e  small-scale rotor-body i n t e r a c t i o n a l  tests conducted a t  
Ames ( r e f s .  6-8), t h e  e f f e c t s  of scaled-models of t h e  RTA and EE on r o t o r  A w e r e  
analyzed. 

caused by t h e  EE f o r  t h e  two l o n g i t u d i n a l  hub pos i t i ons  i n  case 3. The b a s e l i n e  
va lues  f o r  t h e  advance r a t i o  and t h e  rotor-body v e r t i c a l  s epa ra t ion  were used. 
Moving t h e  hub p o s i t i o n  a f t ,  a s  shown i n  f i g u r e  51 (b ) ,  changes t h e  angle  of a t t a c k  
d i s t r i b u t i o n  s i g n i f i c a n t l y .  

t o  55. 
The b a s e l i n e  conf igu ra t ions  f o r  the RTA and EE approximately model t h e  f u l l - s c a l e  
test configurat ions a 

f o r  t h e  b a s e l i n e  conf igu ra t ion  a t  two d i f f e r e n t  advance r a t i o s .  
caused by t h e  EE inc reases  as t h e  advance r a t i o  is increased.  The RTA causes a 
s m a l l  i nc rease  i n  L/D a t  t h e  higher  advance r a t i o .  

Figures  51(a)  and 51(b) show t h e  change i n  angle of a t t a c k  of t h e  r o t o r  blade 

The b a s e l i n e  cond i t ions  of case 3 i n  t a b l e  4 apply t o  t a b l e  7 and t o  f i g u r e s  51  
The parameter v a r i a t i o n s  f o r  case 3 w e r e  chosen t o  match those i n  reference 7.  

Figure 52 shows t h e  l i f t - t o -d rag  r a t i o  f o r  r o t o r  A as a f f e c t e d  by t h e  RTA and EE 
The decrease i n  L/D 

Figure 53 shows t h e  e f f e c t  of changing hub p o s i t i o n  on t h e  l i f t - t o -d rag  r a t i o .  
The body used i s  t h e  EE. 
p o s i t i v e  i n c r e a s e  i n  L/D as compared w i t h  t h e  i s o l a t e d  r o t o r .  The advance r a t i o  
f o r  f i g u r e  53 is 0.3. CT/O = 0.07 
f o r  t h e  i s o l a t e d  r o t o r  case, and f o r  t h e  cases of r o t o r  A i n  combination wi th  t h e  RTA 
and EE. There are small i n c r e a s e s  i n  t h e  p r o f i l e  and induced power, b u t  t h e  change 

Figures  54(a) and 5 4 ( b j  show t h e  change i n  L/D 
r a t i o ,  r o t o r  h e i g h t ,  and hub p o s i t i o n  f o r  t h e  RTA and EE, r e spec t ive ly .  I n  
f i g u r e  54 (a ) ,  t h e  v a r i a t i o n  i n  r o t o r  he igh t  has l i t t l e  e f f e c t  on the  change i n  
Moving t h e  r o t o r  a f t  w i t h  r e spec t  t o  t h e  body nose i n c r e a s e s  t h e  change i n  
i n c r e a s e  i n  advance r a t i o  from p = 0.15 t o  0.2 causes a decrease i n  A(L/D). A s  

Moving t h e  hub a f t  w i t h  r e spec t  t o  t h e  body nose creates a 

Table 7 shows t h e  con t r ibu t ions  t o  t h e  power a t  

Ir i n  t h e  t o t a l  performance i s  due p r imar i ly  t o  t h e  d i r e c t  i n t e r f e r e n c e  power. 
caused by v a r i a t i o n s  i n  advance 

L/D. 
L/D. The 
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1-1 i s  increased from 0.2 t o  0.3, however, A(L/D) i s  increased.  For t h e  EE, increas-  
i n g  t h e  r o t o r  height  causes a s m a l l  i nc rease  i n  
A s  t h e  hub p o s i t i o n  is moved a f t ,  t h e r e  i s  an inc rease  of A(L/D) of about 0.4. The 
i n c r e a s e  i n  advance r a t i o  causes A(L/D) t o  decrease.  

A(L/D)  as shown i n  f i g u r e  54(b).  

Figure 55 shows t h e  l i f t - t o - d r a g  r a t i o  f o r  r o t o r  A as a f f e c t e d  by the EE f o r  
v a r i o u s  tip-path-plane ang le s  a t  an advance r a t i o  of 0.3. A s  aTpp becomes more 

~ negat ive,  L/D is  seen t o  decrease.  Figures  56(a)  and 56(b) show t h e  change i n  L/D 
as a f f e c t e d  by t h e  RTA and EE, r e s p e c t i v e l y ,  f o r  several tip-path-plane ang le s  a t  an 
advance r a t i o  of 0.3. 
w i t h  C~TPP, whereas i n  f i g u r e  56 (b ) ,  A(L/D) i s  seen t o  become less nega t ive  as ~ T P P  
becomes more negatiiva. 

Figure 56(a) does not show any d i s c e r n i b l e  t r e n d  of A(L/D) 

Although t h e s e  c a l c u l a t i o n s  are f o r  t h e  small-scale test conf igu ra t ions  of 
r e fe rences  6-8, i t  i s  n o t  p o s s i b l e  t o  v a l i d a t e  t h e  theory us ing  t h e  r o t o r  performance 
d a t a  of reference 6 ,  a r e s u l t  of t h e  systematic  e r r o r  now bel ieved t o  exist i n  t h e  
da t a .  
of r e fe rence  6 shows no t rend of t h e  i s o l a t e d  r o t o r  performance w i t h  
t h e  c a l c u l a t i o n s  show A(L/D) = 0.5 t o  1.0 f o r  an 8" change i n  
F i g u r e s  5 ( a )  and 8(b) of r e fe rence  6 show changes i n  
t h e  range of advance r a t i o s ,  hub p o s i t i o n s ,  and rotor-body s e p a r a t i o n  d i s t a n c e s  inves- 
t i g a t e d ;  but t h e  c a l c u l a t i o n s  show an in f luence  of t h e s e  parameters t h F t  i s  much less 
( f i g .  5 4 ( a ) ) .  Hence, a l l  t h a t  can b e  concluded i s  t h a t  t h e  c a l c u l a t i o n s  support  
t h e  conclusion t h a t  t h e r e  are systematic  e r r o r s  of t h e  o r d e r  of 0.5 i n  t h e  measured 
r o t o r  L/D. 

Reference 6 g ives  d a t a  f o r  t h e  r o t o r  a lone  and wi th  t h e  RTA model. Figure 4 
CXTPP, whereas 

a~~~ ( f i g .  55). 
A(L/D) of t h e  o r d e r  of 0.5 f o r  

Fu l l - sca l e  I n t e r a c t i o n a l  Aerodynamic T e s t  Configurat ions 

The combination of EE and r o t o r  C i s  a conf igu ra t ion  t o  b e  used as p a r t  of the 
f u l l - s c a l e  i n t e r a c t i o n a l  aerodynamic tests a t  Ames (case 4 of t a b l e  4 ) .  
shows t h e  con t r ibu t ions  t o  t h e  power c o e f f i c i e n t  f o r  tihe b a s e l i n e  v a l u e s  of  case 4 ;  
Comparing t a b l e s  7 and 8 ,  s h i f t i n g  t h e  hub p o s i t i o n  a € t  has a less favorab le  e f f e c t  
on t h e  i n t e r f e r e n c e  power f o r  r o t o r  C than f o r  r o t o r  A. Also,  t h e  induced power 
shows an i n c r e a s e  as a r e s u l t  of t h e  a f t  s h i f t  i n  hub p o s i t i o n  f o r  r o t o r  C y  whereas 
r o t o r  A shows a decrease i n  t h e  induced power as w e l l  as i n  t h e  p r o f i l e  power. 
Table 8 shows an o v e r a l l  n e t  performance gain of 2% caused by t h e  a f t  s h i f t  i n  hub 
p o s i t i o n ,  whereas t a b l e  7 shows a 6% n e t  performance gain.  

Table 8 

Figure 57 shows t h e  e f f e c t  of  t h e  hub p o s i t i o n  on t h e  l i f t - t o -d rag  r a t i o  a t  two 
advance r a t i o s .  Figure 58 shows t h e  e f f e c t  of hub p o s i t i o n  on t h e  change i n  L/D 
caused by the  presence of t h e  EE a t  two advance r a t i o s .  The e f f e c t  of  t h e  EE i s  
seen t o  be  very s m a l l  (A (L/D) = 20.1). Figures  59(a)  and 59(b) show t h e  i n c r e a s e  
caused by t h e  EE i n  t h e  o s c i l l a t o r y  edgewise and f lapwise bending moments, respec- 
t i v e l y ,  as a f f e c t e d  by t h e  hub p o s i t i o n  a t  two advance r a t i o s .  The moments w e r e  
c a l c u l a t e d  a t  t h e  50% r a d i a l  s t a t i o n .  The change i n  t h e  edgewise bending moment 
decreases  as t h e  advance r a t i o  i s  increased (hub p o s i t i o n  f i x e d ) ,  and i n c r e a s e s  as 
t h e  hub p o s i t i o n  i s  moved a f t  (advance r a t i o  f i x e d ) .  The change i n  t h e  f lapwise 
bending moment, however, i n c r e a s e s  as t h e  advance r a t i o  i s  increased.  

Figures  60(a)  and 60(b) show t h e  o s c i l l a t o r y  edgewise and f l apwise  bending 
moments, r e s p e c t i v e l y ,  as a f f e c t e d  by t h e  hub p o s i t i o n  a t  two advance r a t i o s .  T h e  
edgewise moment shows an i n c r e a s e  of 10%-20% caused by t h e  body f o r  t h e  b a s e l i n e  hub 
p o s i t i o n  and a 25%-45% i n c r e a s e  f o r  t h e  a f t  hub pos i t i on .  The f lapwise moment shows 
an inc rease  of 5%-15% because of t h e  body. There i s  l i t t l e  e f f e c t  of the hub p o s i t i o n  
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on t h e  f lapwise  moment. The ca l cu la t ed  e f f e c t  of t h e  EE on t h e  p i t c h  l i n k  loads 
w a s  small ( a  4%-8% i n c r e a s e ) .  

Figures  61 and 62 show t h e  t i m e  h i s t o r i e s  of t h e  bending moments a t  t h e  50% 
r a d i a l  s t a t i o n  f o r  
and 62, respec t ive ly .  The e f f e c t  of t h e  EE on t h e  edgewise moment i s  g r e a t e s t  a t  
t h e  f r o n t  of t h e  r o t o r  d i sk .  The f lapwise  moment shows s m a l l  changes caused by t h e  
body a t  var ious  loca t ions  on t h e  r o t o r  d i sk .  Figure 63 shows t h e  moduli of t h e  
harmonics of the edgewise moment as a func t ion  of t h e  harmonic number. 

CT/U = 0.07. The advance r a t i o  i s  0.3 and 0.4 f o r  f i g u r e s  61 

Rotor-Airship I n t e r f e r e n c e  

Because an a i r s h i p  is  s imilar  i n  shape t o  an e l l i p s o i d ,  performance ca l cu la t ions  
were made f o r  a t y p i c a l  hybrid a i r s h i p  conf igura t ion  us ing  a 50%-thick e l l i p s o i d .  
Case 5 of t a b l e  4 lists t h e  parameter va lues  used f o r  t h e  c a l c u l a t i o n s .  T h i s  air- 
c r a f t  opera tes  a t  low speed (v  = 0.15 he re ) .  Four r o t o r s ,  two forward and two a f t ,  
were placed a t  t h e  bottom.edge of t h e  body. Figure 64 shows t h e  l i f t - t o -d rag  r a t i o  
of a f ron t  r o t o r  and a rear ro to r .  The presence of such a large body produces a s ig-  
n i f i c a n t  e f f e c t  on t h e  L/D. The L/D of t h e  rear r o t o r  i s  seen t o  inc rease  by 
approximately 17%, and the  L/D of t h e  f r o n t  r o t o r  decreases  by 15%. The e f f e c t  of 
t h e  body had n e g l i g i b l e  in f luence  on t h e  p r o f i l e  and t h e  induced power. The e f f e c t  
on power required w a s  due almost e n t i r e l y  t o  the  i n t e r f e r e n c e  power.! Note t h a t  t h e  
induced v e l o c i t y  is  downward a t  t h e  f r o n t  of t h e  body and upward a t  t h e  rear of t h e  
body. 

COMPUTATION EFFICIENCY 

The computational e f f i c i e n c y  of modified s l ende r  body theory can b e  assessed by 

The amount of t i m e  required f o r  t h e  body analyses  depended 
comparing t h e  t i m e  required f o r  t h e  body a n a l y s i s  and t h e  t i m e  needed f o r  t he  r o t o r  
po r t ion  of t h e  ana lys i s .  
on t h e  frequency a t  which t h e  body v e l o c i t i e s  w e r e  updated wi th in  CAMRAD. 
approaches w e r e  used t o  estimate t h e  computational e f f i c i e n c y  of t h e  body ana lys i s .  

Two 

1. 
(OPINTV = 2) .  

Update body v e l o c i t i e s  (over e n t i r e  r o t o r  d i sk )  once p e r  wake i t e r a t i o n  

2. Update body v e l o c i t i e s  once per  c o n t r o l  change i n  t r i m  i t e r a t i o n  (OPINTV = 3 

One wake i t e r a t i o n  involves  t y p i c a l l y  5 t o  15 s t e p s  of c o n t r o l  changes ( see  f i g .  8) .  
Note t h a t  t h e  r o t o r  a n a l y s i s  begins  w i t h  a uniform inf low so lu t ion ,  then  proceeds t o  
a nmuniform inflow wi th  prescr ibed  wake geometry ( i t e r a t e d  i f  des i r ed ) ,  and then  t o  
a nonuniform inf low wi th  f r e e  wake geometry ( i t e r a t e d  i f  des i r ed )  (see f i g .  9 (a)  
and r e f s .  17-18). 

Approach (2) can be considered a f u l l y  converged body v e l o c i t y  ca l cu la t ion ,  
s i n c e  t h e  r o t o r  motion, hence t h e  r o t o r  pos i t i on  r e l a t i v e  t o  t h e  body, changes very  
l i t t l e  during t h e  f i n a l  s t e p s  of t h e  t r i m  i t e r a t i o n  ( see  f i g .  8 ) .  The fol lowing 
t a b l e  shows t h e  percentage of t h e  t i m e  requi red  f o r  t h e  e n t i r e  job  t h a t  w a s  used i n  
t h e  wake in f luence  c o e f f i c i e n t  c a l c u l a t i o n s  and t h e  body induced v e l o c i t y  calcula-  
t i o n s  using (1) and (2) .  Approach (2) r equ i r e s  more updates (a  f a c t o r  of 10-20) of 
t h e  body-induced v e l o c i t i e s  than approach (1). 

= 
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Approach 
Wake i n f l u e n c e  Body velocity 

c o e f f i c i e n t  c a l c u l a t i o n ,  % 
c a l c u l a t i o n ,  % 

Ana l y  s i  s 

Body-induced v e l o c i t i e s  ca l cu la t ed  
by modified s l ende r  body theory 

Free wake geometry 

Wake in f luence  c o e f f i c i e n t  matr ix  

Complete r o t o r  s o l u t i o n  (each wake 

Body-induced v e l o c i t i e s  ca l cu la t ed  

i t e r a t i o n )  

by panel method 

1 
2 

Rela t ive  t i m e  

35-40 5- 10 
15-25 40-70 

15-25 

60-100 

15 0-200 

400-600 

1000-3000 

I 

I f  t h e  body v e l o c i t i e s  are updated 3-5 t i m e s  p e r  wake i t e r a t i o n  i n  t h e  r o t o r  
s o l u t i o n ,  then t h e  body v e l o c i t i e s  , as c a l c u l a t e d  by modified s l ende r  body theory,  
w i l l  r equ i r e  10%-20% of t h e  t i m e  required f o r  a complete r o t o r  so lu t ion .  I f  
a panel method i s  used, however, t h e  t i m e  required t o  c a l c u l a t e  t h e  v e l o c i t i e s  w i l l  
be 2-6 t i m e s  t h a t (  required f o r  a complete r o t o r  s o l u t i o n ,  depending on t h e  complexity 
of t h e  panel code. 
t h e  case of an axisymmetric body a t  zero ang le  of  a t t a c k ,  t h e  above comparison of 
computation time r e f e r s  t o  t h e  more general  problem.) 

(Although a more e f f i c i e n t  panel code could be constructed f o r  

CONCLUSIONS 

Modified s l ende r  body theory w a s  used t o  assess body-induced e f f e c t s  on r o t o r  
behavior. The e f f e c t s  of several body shapes on t h r e e  d i f f e r e n t  r o t o r s  w e r e  s tud ied .  
The wide range of conf igu ra t ions  covered w a s  made poss ib l e  by t h e  computational e f f i -  
ciency of t h e  body model. Conclusions drawn from t h i s  study are l i s t e d  below. 

1. Moderately t h i c k  e l l i p s o i d s  are modeled w e l l  by modified s l ende r  body theory.  
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2. The s t r eaml ines  of body shapes wi th  pointed ends can be c l o s e l y  matched by 
t h e  modified s l ende r  body theory w i t h  t a i l  c o r r e c t i o n ,  but  a t r i a l  and e r r o r  proce- 
dure i s  necessary t o  f i n d  and 6,. 

3 .  I n  a s ses s ing  t h e  e f f e c t s  of simple body shapes on t h e  r o t o r ,  s l ende r  body 
theory produced s i g n i f i c a n t  e r r o r s  ( r e l a t i v e  t o  t h e  exact  s o l u t i o n )  except f o r  t h i n  
shapes,  whereas t h e  modified s l ende r  body theory w a s  a c c u r a t e  f o r  moderately t h i c k  
bodies.  

4 .  Since t h e  body-induced e f f e c t s  depend on t h e  d e t a i l e d  aerodynamic environ- 
ment of t h e  r o t o r  blade,  nonuniform inflow induced v e l o c i t y  c a l c u l a t i o n s  must be used 
i n  t h e  r o t o r  ana lys i s .  A f r e e  wake model produced e s s e n t i a l l y  t h e  same r e s u l t s  as a 
prescr ibed wake geometry model, implying t h a t  t h e  neg lec t  of body-induced d i s t o r t i o n s  
of t h e  wake geometry i s  acceptable.  

5. The c a l c u l a t e d  in f luence  of t h e  body on t h e  r o t o r  performance w a s  gene ra l ly  
s m a l l  f o r  t h e  cases considered here.  
o r  nega t ive ,  depending on t h e  body configurat ion.  The i n t e r f e r e n c e  power is t y p i c a l l y  
not ze ro ,  even f o r  cases with exact  fo re -a f t  symmetry of t h e  i n t e r f e r e n c e  v e l o c i t y ,  a 
r e s u l t  of t h e  asymmetry of t h e  r o t o r  loading d i s t r i b u t i o n .  
he re ,  t h e  p r o f i l e  power and induced power were always increased by t h e  presence of 
t h e  body. The p r o f i l e  power inc rease  w a s  general ly  g r e a t e r  than t h e  induced power 
inc rease .  The n e t  performance change caused by t h e  body could b e  favorable  o r  
unfavorable,  depending on t h e  s i g n  of t h e  d i r e c t  i n t e r f e r e n c e  power and i t s  magnitude 
r e l a t i v e  t o  t h e  p r o f i l e  power change. 

The d i r e c t  i n t e r f e r e n c e  power can b e  p o s i t i v e  

F o r - t h e  cases  considered 

6 .  The ca l cu la t ed  o s c i l l a t o r y  b l ade  bending moments w e r e  always increased by 
t h e  body f o r  t he  cases considered here .  The edgewise bending moment changes w e r e  
l a r g e r  than t h e  f lapwise bending moment changes. I n  some cases, t h e  loads  were 
increased by a s i g n i f i c a n t  f r a c t i o n  of t h e  i s o l a t e d  r o t o r  loads.  The i n t e r f e r e n c e  
e f f e c t s  w e r e  due t o  t h e  general  changes i n  t h e  r o t o r  flow p a t t e r n ,  r a t h e r  than t o  
l o c a l i z e d  e f f e c t s  of t h e  body. The in f luence  of t h e  body on t h e  blade loads occurred 
p r imar i ly  on the  f r o n t  of t h e  r o t o r  disk.  No s i g n i f i c a n t  e f f e c t s  on p i t c h  l i n k  
loads were found. 

7. For t h e  case of a t y p i c a l  f u l l - s c a l e  r o t o r  test  i n  t h e  40- by 80-Foot Wind 
Tunnel, n e g l i g i b l e  e f f e c t s  of t h e  Rotor T e s t  Apparatus (RTA) on t h e  r o t o r  performance 
and p i t c h  l i n k  loads w e r e  ca l cu la t ed .  
moments w e r e  found. Hence, such a test does produce e s s e n t i a l l y  i s o l a t e d  r o t o r  
behavior . 

Only s m a l l  i n c r e a s e s  i n  t h e  blade bending 

8. For t h e  case of t h e  Ames small-scale aerodynamic i n t e r f e r e n c e  tests, a per- 
formance change of about A(L/D) = 0.2 w a s  p red ic t ed  f o r  t h e  Easter Egg (EE) body 
shape. A 6% performance change (A(L/D) = 0 . 4 )  w a s  ca l cu la t ed  f o r  t h e  two body longi- 
t u d i n a l  p o s i t i o n s  t e s t e d .  
small. The c a l c u l a t e d  in f luence  of rotor-body ver t ical  s e p a r a t i o n  w a s  s m a l l  f o r  bo th  
body shapes. 

The corresponding i n f l u e n c e  of t h e  RTA body shape w a s  

9. For t h e  case of t h e  Ames f u l l - s c a l e  aerodynamic i n t e r f e r e n c e  tests, i t  i s  
predicted t h a t  t h e  EE body w i l l  produce n e g l i g i b l e  performance changes e 

t o r y  edgewise bending moments w i l l  be 10%-20% higher  than f o r  
t h e  EE a t  t h e  b a s e l i n e  pos i t i on .  I f  t h e  EE body were s h i f t e d  

The o s c i l l a -  

would be  25%-45% higher than f o r  t h e  i s o l a t e d  r o t o r .  Smaller 
f o r  t h e  in f luence  of t h e  body on t h e  f lapwise bending moment. 

t h e  i s o l a t e d  r o t o r  w i th  
forward, t h e  loads 
e f f e c t s  are p red ic t ed  
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10. For t h e  case of a rotor-hybrid a i r s h i p ,  a s i g n i f i c a n t  performance i n c r e a s e  
and decrease w e r e  p red ic t ed  f o r  t h e  rear and f r o n t  r o t o r s ,  respectively(A(L/D) = +15%). 

11. The computational e f f i c i e n c y  of t h e  body model i s  one o r  two o rde r s  of 
magnitude b e t t e r  t han  t h a t  of a t y p i c a l  p o t e n t i a l  flow panel code. 
u s ing  the modified s l ende r  body theory required only 10% t o  20% of the computation 
t i m e  required f o r  t h e  r o t o r  a n a l y s i s .  

The body a n a l y s i s  

RECOMMEND AT IONS 

The p red ic t ed  in f luence  of t h e  body on t h e  r o t o r  should b e  v e r i f i e d  by compari- 
son w i t h  experimental  da t a .  Such comparisons should b e  done i n i t i a l l y  f o r  simple 
shapes, such as t h e  RTA and EE wind tunne l  test modules, f o r  which t h e  accuracy of 
t h e  i s o l a t e d  body a n a l y s i s  i s  w e l l  e s t ab l i shed .  

The modified s l ende r  body theory should b e  extended t o  e l i m i n a t e  t h e  r e s t r i c t i o n s  
t o  axisymmetric bodies and zero body ang le  of  a t t a c k .  It i s  a n t i c i p a t e d  that the 
computational e f f i c i e n c y  of  t h e  method w i l l  be e a s i l y  maintained, b u t  that  some l o s s  
i n  accuracy r ep resen t ing  t h e  body s t r eaml ine  w i l l  r e s u l t .  The p resen t  r e s u l t s  imply 
t h a t  f o r  p r a c t i c a l  shapes t h e  accuracy w i l l  remain acceptable.  Techniques f o r  
modeling flow s e p a r a t i o n  should be  e s t a b l i s h e d ,  and a more general  approach f o r  t h e  
po in ted - t a i l  c o r r e c t i o n  would be  des i r ab le .  The inco rpora t ion  of rotor-induced 
e f f e c t s  on t h e  body aerodynamics should a l s o  b e  considered f o r  t h e  modified s l ende r  
body theory. 
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TABLE 2.- VALUES OF cl, e,, ao, AND KN FOR DIFFERENT BODY SHAPES 
I 

RCT 5, 

0.18 --- 
* 32 --- 
,50  --- 

0 0.10 
0 .10 
0 .10 
0 .05 
0 .10 

I 

Body 

E l l i p s o i d  
E l  l i p  so i d  
Sphere 
NACA a i r f o i l  
NACA a i r f o i l  
NACA a i r f o i l  
RTA 
EE 

5, 

___  
--- 
--- 
0.95 

.95 

.95 

.06 

.65 

Thickness 
r a t i o ,  % 

60 
80 

100 
10 
30 
50 
17.49 
30.74 

RCN 

0.18 
.32 
.50 
.0110 
.0992 
.2755 
.0585 
.6774 

t 

0.30 
.40 
.50 
.05 
.15 
.25 
.08745 
.1537 

Type 

Number of b lades  
Radius,  m 
S o l i d i t y  r a t i o  
Twist, deg 

Lock number 
T ip  Mach number 

TABLE 3.- ROTOR TYPES USED I N  ANALYSIS 

Rotor A Rotor B Rotor C 
( t e e t e r i n g )  ( a r t i c u l a t e d )  ( a r t  i cu l a tqd )  

2 4 4 
1 .12  6.71 7.01 

.065 1 ,0748 .0705 
- 10 -10 - 14 

(nonl inear )  (nonl inear )  
3.44 9.08 7.19 

.60 .60 .70 

a0 

--- 
--- 
--- 

0.4629 
.4629 
.4629 

15.4504 
,8530 

KN 

2.3227 
4..5377 

12.8526 
1.2680 
2.6539 
5.5858 

.926 1 
2.2642 
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TABLE 7.- PERFORMANCE CHANGES FOR ROTOR A WITH 
RTA AND EE (CASE 3 )  

CPi/o. 

‘Pint  /a. 

CP0 

(induced power) 

(interference power) 

( p r o f i l e  power)  

(‘Pi + ‘p in t  + ‘PO) c /o. = P 0 

(CPi/o.) 

A (CPint /o . )  

A ( C p o / d  

ACp/0 

L/D 

a (x/R)~,~ = 0.471. 

Tr im t o  CT/G = 0.07 

Is0 l a t  e d  
r o t o r  

0.00102 

--- 

.00178 

,002 80 

--- 

- -- 

--- 

--- 

7.50 

With 
RTA 

O.OO103 

-. 00005 

.00181 

.00279 

.00001 

- .00005 

.00003 

-.00001 

7.54 

With 
EE 

0.00106 

.00001 

.00182 

.00289 

.00004 

.00001 

.00004 

.00009 

7.26 

With 
EE“ 

0.00104 

-. 00012 

.00181 

.00273 

.00002 

-.00012 

.00003 

1 

- .OOOO7 

7.70 
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TABLE 8.- PERFORMANCE CHANGES FOR ROTOR C 
WITH EE (CASE 4 )  

a (x / t )hub  = 0.500. 

T r i m  t o  C T / ~  = 0.07 

I s o l a t e d  
r o t o r  

0.001 16 

--- 

.00185 

.00301 

--- 

--- 

--- 

--- 

6.99 

With 
EE 

0.00120 

-. 00004 

.00187 

.00304 

.00004 

- .00004 

.00002 

.00003 

6.92 

With 
EEU 

0.00122 

-.00011 

,00187 

.002 98 

.00006 

-.00011 

.00002 

-. 00003 

7.05 
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Figure 1.- Coordinate system and geometry used t o  de f ine  body shapes. 
(a) General axisymmetric body; (b) p r o l a t e  spheroid.  
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/" 

t 

(a) Amount of overshoot of s t agna t ion  po in t  as a percent  of  body l eng th  using 
s l ende r  body theory f o r  e l l i p s o i d s .  

t 

(b) Calculated maximum thickness using s lender  body theory f o r  e l l i p s o i d s .  

Figure 2.- Amount of overshoot of s t agna t ion  poin t  and ca l cu la t ed  maximum th ickness .  
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MAIN PROGRAM 

IN I TI ALI ZE 

N 

U O  
t 

X 

‘1 

$0  

CALL STREAM (x, ‘1, $1) 

CALL STREAM (x, ‘2, $2) 
5 r 2 = r 1  -Ar  

IF  ($1 < $,< $2) GO TO 10 
r1 = r 2  

GO TO 5 
$1 = $2 

10 r r=O 

15 r = (‘1 + r2)/2 
CALL STREAM (x, r, $ 1  

I F (  l r r - r l<c )GOTOIOO 

IF ( 9  < $ o )  ‘1 = r 
l F ( $ > & o ) r 2 = r  
rr = r 
GO TO 15 

100 PRINT x, r, $ 

CALL VEL (x, r, Ux, U,) 

PRINT Ux, U, 

STOP 
END 

I 

~~ 

(a) Summary of main program. 

Figure 5.- Procedure f o r  c a l c u l a t i n g  s t reaml ines  and v e l o c i t i e s .  
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SUBROUTINE STREAM (x, r. $1 

BB - A A  
N H =  

,$=0  

DO 100 I = 1, N 

, $ = , $ + H  

t - RCN/2 
1 - RCA 

I SUBROUTINE BODY SHAPE (t*, q) 

ro = ro (E") 
ro = ro E*) 
q = ro*ro 
RETURN 

I I 

I 

(b) Summary of stream funct ion and body shape subrout ines .  

Figure 5 .- Continued. 
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AAlN PROGRAM 
e 
e 
e 

SUBROUTINE STREAM (x, r, I)) 
e 
e 
e 

1 - RCA 

SUBROUTINE BODY SHAPE ([*) 
COMPUTE XE 
COMPUTE f ((1, 

ro = r,(C;*I/XE 

ro = ro ( t * )  
,$* = t*/XE 
q = KN*rO'+ f*t,$* - l)*(l - KN*E*')*(ro'(l))2 
RETURN 

CALCULATE I) 

RETURN 

KN already known at this stage) 

,$* = XEx[* 

I ,  

e 
e 
e 

END 

(c) Procedure f o r  i nc lus ion  of an extended t a i l .  

Figure 5 . - Concluded . 
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f 

I 

Figure 6 . -  Function f f o r  t a i l  co r rec t ion .  

(X, Y, 2): 
(Xs, Ys, Zs): 
(XF, YF, ZF): 

COORDINATE SYSTEM WITH ORIGIN AT BODY NOSE 
COORDINATE SYSTEM WITH ORIGIN AT HUB 
COORDINATE SYSTEM WITH ORIGIN ATCG 

ZS 

Figure 7.-  Blade pos i t i on  on r o t o r  d i s k  r e l a t i v e  t o  body o r ig in .  
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NONUNIFORM INFLOW 
m - 4  

UNIFORM INFLOW 

PRESCRIBED WAKE FREE 
GEOMETRY * 

5 4 -  

a 3- 
a 
$ 2 -  

2 
FZ \ 

c3 z 
w z 

I 
I- 
Q 

1 -  

\ I I%%- - I I I 
0 5 10 15 20 25 30 

CONTROL ITERATION NUMBER 

Figure 8. - Convergence of r o t o r  b lade  p o s i t i o n  du r ing  t y p i c a l  t r i m  i t e r a t i o n .  
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TRIM 

TIMER 
IF  TRIM RESTART, GO TO RESTART ENTRY POINT 
IF  OPINTV = 1, CALL BODY1 

UNIFORM INFLOW 
IF ITERU#O 

IF OPINTV = 2, CALL BODYl 
TRIM1 

NONUNIFORM INFLOW, PRESCRIBED WAKE GEOMETRY 
FOR IT = 1 TO ITERR 

WAKECI 
WAKEC2 
I F  OPINTV = 2, CALL BODY1 
TRIM1 

NONUNIFORM INFLOW, FREE WAKE GEOMETRY 
FOR IT = 1 TO ITERF 

WAKECI 
WAKEC2 
IF  OPINTV = 2, CALL BODYl 
TRIM1 

a 

I 

( a )  BODY1 subrout ine  ca l l s  i n  TRIM., 

Figure 9.- CAMRAD f o r  program modif icat ions.  
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RAMF 

TIMER 
IF OPINTV = 3, CALL BODY I 

e 

e 

e 

FOR COUNTC = 1 TO ITERC (CIRCULATION ITERATION) 
IF OPINTV = 4, CALL BODYI 
e 

0 

e 

FOR COUNTM = 1 TO ITERM (MOTION ITERATION) 
IF OPINTV = 5, CALL BODY1 
e 

0 

e 

TEST MOTION CONVERGENCE 
TEST CIRCULATION CONVERGENCE 

BODYF 

TIMER 

I 

(b) BODYI subrout ine cal ls  i n  W F .  

Figure 9. - Continued . 
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PARAMETER 

FSBODY 
BLBODY 
WLBODY 

LENGTH 

THICK 

OPSHAP 

NMSBT 

OPI NTV 

DESCRl PTI ON 

(x, y, z) COORDINATES OF BODY NOSE RELATIVE TO THE HUB POSITION, 
NORMALIZED BY R 

BODY LENGTH, Q/R 

BODY THICKNESS RATIO, 2t/Q (FOR OPSHAP = 1-6 ONLY) 

INTEGER SPEClFlYlNG BODY SHAPE: 
1 - ELLIPSOID (EXACT SOLUTION) 
2 - ELLIPSOID (MSBT) 
3 - ELLIPSOID (SBT) 
4 - NACA OOXX (MSBT WITH TAIL CORRECTION) 
5 - NACA OOXX (MSBT) 
6 - NACA OOXX (SBT) 

8 - EASTER EGG (MSBT WITH TAIL CORRECTION) 

I 

7 - ROTOR TEST APPARATUS (MSBT WITH TAIL CORRECTION) 

-1 - READ VELOCITY FILE (RELATIVE TO BODY AXES, SCALED WITH V) 
-2 - READ VELOCITY FILE (RELATIVE TO SHAFT AXES, SCALED WITH !2R) 

NUMBER OF NUMERICAL INTEGRATION STEPS USED TO INTEGRATE 
EQUATION FOR BODY-INDUCED VELOCITY 

INTEGER SPECIFYING WHEN BODY-INDUCED VELOCITIES 
ARE UPDATED: 
0 - NOT CALCULATED AT ALL (NO BODY) 
1 - ONCE PER CASE 
2 - ONCE PER WAKE ITERATION 
3 - ONCE PER CONTROL ITERATION 
4 - ONCE PER CIRCULATION ITERATION 
5 - ONCE PER MOTION ITERATION 

(c) New inpu t  parameters i n  namelis t  NLBODY and new common block INTAER (blade 
p o s i t i o n  c a l c u l a t i o n  also uses OPWKBP parameter from namelis t  NLWAKE). 

Figure 9.- Continued. 
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MOD I F I ED SU BROUTl N ES 

INPTB 

PRNTB 

TRIM 

RAMF 

SUBROUTINE I MODI FlCATlONS 

INCLUSION OF NEW PARAMETERS IN NAMELIST NLBODY 

NEW INPUT PARAMETERS PRINTED 

CALLS BODY I 

CALLS BODY1 

SUBROUTINE 

BODY I 

BODYBl 

NEW SUBROUTINES 

DESC R I PTlON 

CALCULATES BODY-INDUCED VELOCITIES OVER ROTOR DISK 

CALCULATES BLADE POSITION (IN SHAFT AXES) AT AERODYNAMIC 
STATIONS; DERIVED FROM SUBROUTINE WAKEBl 

CURVE 

OPTION 

VBODY I CALCULATES BODY-INDUCED VELOCITY 

CALCULATES BODY NOSE/TAIL RADIUS OF CURVATURE 

SELECTS BODY SHAPE 

EXACT I CALCULATES FLOW ABOUT ELLIPSOID - EXACT SOLUTION 

VMSBT I INTEGRATES VELOCITY EQUATION 

ELL I ELLIPSOID - USES MSBT 

ELLSB I ELLIPSOID - USED SBT 

N AC AMSBT NACA OOXX-USES MSBT WITH TAIL CORRECTION 

KVALUE CALCULATES VALUE OF KN FOR NACA OOxx 

FZETA I CALCULATES PARTS OF INTEGRAND FOR INTEGRATION IN KVALUE 

NACAMSB I NACA OOxx-USES MSBT 

NACASB I NACA OOxx-USES SBT 

RTA I ROTOR TEST APPARATUS - USES MSBT WITH TAIL CORRECTION 

EGG I EASTER EGG - USES MSBT WITH TAIL CORRECTION 

(d) L i s t  of new and modified subrout ines .  

Figure 9. - Continued. 
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BODY I 

IFOPSHAP>O 

BODYBI 

VBODY 

CURVE 

OPTIQN 
i 

ELL 

EL LSB 

MACAMSBT 

FZETA 

NACAMSB 

NACASB 

RTA 

EGG 

EXACT 

I F  OPSHAP < 0 
READ VELOCITY FILE 

I 

(e) Skeleton of BODY1 sub rou t ine  ( c a l l e d  by TRIM and RAMF). 

Figure 9. - Concluded. 
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Figure 10.- I s o l a t e d  r o t o r  performance f o r  r o t o r  A .  
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n 
5 6  
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TEST THEO.RY CT/O 
0 0.07 
0 - - 0.09 

I I I I I 

. I  .2 .3 .4 .5 
I.I 

Figure 11,- Performance f o r  r o t o r  B w i t h  RTA (aTpp = 0). 
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TEST THEORY CT/O 
0 0.07 

0.09 ----- 
/ 

.0005 

0 '  

- 

- 

- 

- 

- 

I I I I J 

.00241 

E 

0 

L I I L I 1 

0 . I  .2 .3 .4 .5 
(C) I.1 

Figure 12.-  O s c i l l a t o r y  blade loads  f o r  r o t o r  B with RTA (CXTPP = 0) .  ( a )  Control 
moment; (b) f lapping bending moment a t  0.7R; (c) edgewise bending moment a t  
0.6R. 
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EXACT SHAPE 
SLENDER BODY THEORY ---- MODIFIED SLENDER BODY THEORY 

-- 

(a) 60%THlCK 

(b) 80%THlCK 

/-- 

-.2 0 .2 .4 .6 .8 1 .o I .2 
(e) 100% THICK (SPHERE) CHORD 

Figure 1 3 . -  Body s t reaml ines  f o r  e l l i p s o i d s ,  comparing exac t ,  s lender  body, and 
modified s lender  body theo r i e s .  ( a )  60%-thick e l l i p s o i d ;  (b) 80%-thick e l l i p s o i d ;  
(c )  100%-thick e l l i p s o i d .  
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Figure 14.- P l o t  of v e l o c i t y  magnitude divided by f r e e  stream v e l o c i t y  i n  plane above 
body - 60% e l l i p s o i d .  (a )  Exact theory;  (b) s lender  body theory;  ( c )  modified 
s lender  body theory.  
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Figure 15.-  Plot of angle of attack (deg) i n  plane above body - 60%-thick ellip-soid 
(a) Exact theory ; (b) slender body theory; (c) modif Sed slender body theory. 
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Y 
-.5 0 .5 , 1.0 

Figure 16.- P l o t  of v e l o c i t y  magnitude divided by free stream v e l o c i t y  i n  p lane  above 
body - 80%-thick e l l i p s o i d .  (a) Exact theory; (b) s l ende r  body theoyy; (c) modi- 
f i e d  s l ende r  body theory ,  
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-1.0 -.5 0 .5 1 Y 

Y 

FORWARD 
1, SPEED 

Figure 17.- P l o t  of angle  of a t t a c k  (deg) i n  p lane  above body - 80%-thick e l l i p s o i d .  
(h) Exact theory;  (b) s lender  body theory; (c) modified s lender  body theory.  I 

/ 
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Figure.18.-  P l o t  of v e l o c i t y  magnitude divided by f r e e  stream v e l o c i t y  i n  plane above 
body - 100%-thick e l l i p s o i d  ( sphere) .  
(c)  modified s lender  body theory.  

(a) Exact theory;  (b) s l ende r  body theory;  



Y 

Y 

FORWARD. 
+SPEED 

Figure 19 .- Plot of angl'e of attack (deg) in plane above body - 100%-thick ell ipsoid 
(sphere). (a) Exact theory; (b) slender body theory; (c) madified slender body 
theory. 



X 

I 

FORWARD * SPEED 

, 

Figure 20.- Plot of rotor blade angle of attack change (deg) due t o  a 60%-thick 
el l ipsoid i n  plane of rotor disk - hub position above body mid-chord, p = 0.4.. 
(a) Exact theory; (b) slender body theory; (c) modified slender body theory. 
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-.75 ' ' ' 
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FORWARD 
*SPEED 

Figure  21.- P l o t  of r o t o r  blade angle  of a t t a c k  change (deg) c,ae t o  a 60%-thick 
e l l i p s o i d  i n  plane of r o t o r  d i s k  - h u b  p o s i t i o n  above body quarter-chord, p = 0.4. 
(a)  Exact theory ;  (b) s lender  body theory;  (c) modified s lender  body theory.  
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X 

V 

Figure 22.- Plot of rotor blade angle of attack change (deg) due to an 80%-thick 
e l l ipso id  i n  plane of rotor disk - hub position above body mid-chord, 1.1 = 0.4. 
(a) Exact theory; (b) slender body theory; (c) modified slender body ‘theory, 
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Figure 23.- Plot of rotor blade angle of attack change (deg) due to an 80%-thick 
el l ipsoid in plane of rotor disk -hub position above body quarter-chord, p ='0.4. 
(a) Exact theory; (b) slender body theory; (e) modified slender body theory. 
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Figure 24,- Plot of rotor blade angle of attack change (deg) due to  a 100%-thick 
el l ipsoid i n  plane of rotor.disk -hub position above body mid-chord, 1.1 = 0.4. 
(a) Exact theory; (b) slender body theory; (c) modified slender body theory. 
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Figure 25.- P l o t  of r o t o r  b l ade  angle  of a t t a c k  change (deg) due t o  a 100%-thick 
e l l i p s o i d  i n  plane of r o t o r  d i s k  - h u b  p o s i t i o n  above body quarter-chord, 1.1 = 0.4. 
(a) Exact theory;  (b) sAender body theory;  ( c )  modified s l ende r  body theory,  
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Figure 26. -  P l o t  of r o t o r  b lade  v e l o c i t y  magnitude (divided by t i p  speed) due t o  an 
80%-thick e l l i p s o i d  - h u b  p o s i t i o n  above body mid-chord, 1.1 = 0.4. (a )  Exact 
theory;  (b). s lender  body theory;  ( c )  modified s lender  body theory;  (c )  i s o l a t e d  
r o t o r .  
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?igure 27.- P l o t  of r o t o r  b lade  angle  of a t t a c k  change (deg) due t o  an 80%-thick 
e l l i p s o i d  i n  plane of r o t o r  d i s k  - hub p o s i t i o n  above body mid-chord, p = 0.2. 
(a) Exact theory;  (b) s lender  body theory;  (c) modified s lender  body theory.  
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Figure 28.- P l o t  of r o t o r  b lade  angle  of a t t a c k  change (deg) due t o  an  80%-thick 
e l l i p s o i d  i n  p lane  of r o t o r  d i s k  - hub pos i t i on  above body quarter-chord, p = 0.2. 
(a )  Exact theory;  (b) s l ende r  body theory;  (c )  modified s lender  body' theory.  
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EXACT BODY SHAPE 
SLENDER BODY THEORY ---- MODIFIED SLENDER BODY THEORY --- MODIFIED SLENDER BODY THEORY 

- 
(WITHOUT TAIL CORRECTION) 

I I I I I I 
(a) NACAOOIO 

m 2  r 

(b) NACA0030 

cn 
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Q 
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- n 

-.2 0 .2 .4 .6 .8 1 .o 1.2 
(c) NACA0050 CHORD 

Figure 29.- Body streamlines for axisymmetric bodies with NACA 4-digit airfoil 
thickness distribution. (a) NACA 0010; (b) NACA 0030; (c) NACA 0050. 
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Figure 30.- P l o t  of r o t o r  blade angle  of a t t a c k  change (deg) due t o  a 30%-thick 
a i r f o i l  shaped body i n  p lane  of r o t o r  d i sk ,  p = 0.4. (a)  Slender body theory;  
(b) modified s lender  body theory;  (c) modified s l ende r  body theory with t a i l  
co’rnection. 
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SLENDER BODY THEORY -- - -- MODIFIED SLENDER BODY THEORY 

TH I CKN ESS 
RATIO 

I 

0.6 

0.8 

1 .o 

-3 ' I I I I I 
.04 .05 -06 .07 .08 .09 

CT/o 

(a) Lateral c y c l i c  c o n t r o l  ang le  (deg). 

Figure 31. -  Error  i n  la teral  c y c l i c  c o n t r o l  ang le  (deg) and l i f t - to -drag  r a t i o  f o r  
ro to r  A i n  combination wi th  e l l i p s o i d s  of var ious th icknesses  (case  1). 
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SLENDER BODY THEORY 
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CT/a 

(b) Lif t- to-drag r a t i o .  

1 .o 

n0.8 

Figure 31 . - Concluded. 
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SLENDER BODY THEORY 
M W I E D  SLENDER BODY THEORY 
(WITHOUT TAIL CORRECTION) 

---- 

THICKNESS 
RATIO 

W 'I , , I ' ,;; , 
l- 
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.05 .06 .07 .08 .09 
-.5 

.04 
CT/O 

(a )  Lateral c y c l i c  c o n t r o l  ang le  (dek). 

I 

Figure 32.- E r r o r  i n  la teral  c y c l i c  c o n t r o l  ang le  (deg) and l i f t - t o -d rag  r a t i o  f o r  
r o t o r  A i n  combination w i t h  a i r f o i l  shaped bodies  of v a r i o u s  thicknesses  (case 1). 

74 



SLENDER BODY THEORY ----- MODIFIED SLENDER BODY THEORY 
(WITHOUT TAIL CORRECTION) 

THICKNESS 
RATIO 
,0.3 

-.2 I I I I I I 

1 0 . 3  

I I I I 1 
.05 .06 .07 .08 ' .09 

-.2 ' 
.04 

CT/o 

(b) Lift-to-drag r a t i o .  

Figure 32 .- Concluded. 
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SLENDER BODY THEORY 
MODIFIED SLENDER BODY THEORY 

THICKNESS 
RATIO 

E? 

E" -' 

0 
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-.6 I I 1 I I I 
.04 .05 .OS .07 .08 .09 

CTIa 

(a) O s c i l l a t o r y  edgewise bending loads.  

Figure 3 3 . -  Error  i n  o s c i l l a t o r y  bending loads  a t  0.6R f o r  r o t o r  B i n  combination 
w i t h  e l l i p s o i d s  of v a r i o u s  thicknesses  (case 1). 
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SLENDER BODY THEORY ---- MODIFIED SLENDER BODY THEORY 

THICKNESS 
RATIO 

1 

1 .o ,----- 
0.8 

------ ~ ---, Re----- 

-4  

1 .05 .06 .07 .08 .09 
CT/U 

(b) O s c i l l a t o r y  f l a p w i s e  bending loads.  

Figure 33. - Concluded. 
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THICKN ESS 
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E" 

.F igure  3 4 . -  Error  i n  o s c i l l a t o r y  bending loads a t  0.6R f o r  r o t o r  B i n  combination 
wi th  a i r f o i l  shaped bodies  of var ious  th icknesses  ( case  1). 
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4 
ELL I PSOl D 
AIR FOI L SHAPE e--- 

THICKNESS 
RATIO 

1 .o 

I 

0.6 

r ---? ,----'- -7 0.1 I 
4 -05 .06 .07 .08 .09 

(a )  Lateral c y c l i c  c o n t r o l  angle  (deg). 

Figure 35.- Ckange i n  lateral  c y c l i c  c o n t r o l  angle  (deg) and l i f t - t o -d rag  r a t i o  f o r  
ro to r  A due t o  bodies  of var ious  th icknesses  (case 1). 
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(b) Lif t - to-drag r a t i o .  

Figure 35 .- Concluded. 
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Figure 36.- Lift-to-drag ratio for rotor A i n  combination with bodies of various 
thicknesses (case 1 ) .  
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AI R FOI L SHAPE -- - - 
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THICKNESS 
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.04 
cT/o 

(a) Lift-to-drag r a t i o .  

F igu re  37 . -  Change i n  l i f t - t o -d rag  r a t i o  and o s c i l l a t o r y  bending loads f o r  r o t o r  B 
due t o  bodies  of v a r i o u s  thicknesses  (case 1). 
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(b) Oscillatory edgewise bending loads (at 0.6R). 

Figure  37 .- Continued. 
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(c )  O s c i l l a t o r y  f lapwise bending loads ( a t  0.6R) 

Figure 37 .- Concluded. 
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(a) O s c i l l a t o r y  edgewise bending loads.  

Figure 38.- O s c i l l a t o r y  bending loads a t  0.6R f o r  r o t o r  B i n  combination w i t h  bodies 
of var ious  th i cknesses  (case 1). 
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(b) O s c i l l a t o r y  f lapwise  bending loads .  

F igure  38. - Concluded. 
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Figure  39.- Angle of a t t a c k  change (deg) f o r  r o t o r  A a t  CT/O = 0.08 due t o  an 
80%-thick e l l i p s o i d  (case 1). 
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.003 r 
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ISOLATED ROTOR -- 

.0005 r 

(a)  Edgewise bending moment. 

WITH ELLIPSOID - - - ISOLATED ROTOR 

-.0015 1 I I I I 
0 180 360 

$. deg 

(b) Flapwise bending moment. 

Figure 40.- Time-his tor ies  of bending moments a t  0.6R f o r  r o t o r  B a t  CT/O = 0.08 
w i t h  an 80%-thick e l l i p s o i d  (case  1). 
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Figure 41.- Moduli of t h e  harmonics of t h e  bending moments a t  0.6R f o r  r o t o r  B wi th  
an 80%-thick e l l i p s o i d  (case 1). (a) Edgewise bending moment; (b) f lapwise 
bending moment. 
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(b) CHORD 

Figure 42.- Body s t r eaml ines  of test  modules (dashed l i n e s  are t a i l  ex tens ions ) .  
(a) Rotor T e s t  Apparatus (RTA) ; (b) Easter Egg (EE) . 
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0 MEASURED (WITHOUT ROTOR) 
MODIFIED SLENDER BODY THEORY ---. PANEL CQDE 

Figure 43.- Pressure d i s t r i b u t i o n  on an i s o l a t e d  Easter Egg a t  zero angle  of a t t a c k ,  
compared with measured d a t a  ( r e f .  8) and w i t h  panel code c a l c u l a t i o n s  ( r e f .  8). 
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Figure 4 4 . -  Plo t  of ro to r  b lade  angle-of-attack change (deg) due t o  the  RTA i n  t h e  
plane of the r o t o r  d i s k  (case 2 ) .  
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Figure 46.- Increase  i n  o s c i l l a t o r y  bending moments f o r  r o t o r  B due t o  t h e  RTA 
(case  2 ) .  (a) O s c i l l a t o r y  edgewise bending moment a t  0.6R; (b) o s c i l l a t o r y  
f lapwise  bending moment a t  0.7R. 
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Figure 47.- Lift - to-drag r a t i o  f o r  r o t o r  B and RTA conf igu ra t ion  f o r  s e v e r a l  advance 
r a t i o s  (case 2 ) .  
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(a )  O s c i l l a t o r y  edgewise bending moment a t  0.6R. 

Figure 48.- O s c i l l a t o r y  bending moments f o r  r o t o r  B and RTA conf igu ra t ion  f o r  
s e v e r a l  advance r a t i o s  (case 2 ) .  
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(b) O s c i l l a t o r y  f lapwise  bending moment a t  0.7R. 

Figure 48.- Concluded. 
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(b) Flapwise bending moment a t  0.7R. 

Figure 49.- Time-histories of bending moments f o r  r o t o r  B and RTA conf igu ra t ion  a t  
1-1 = 0.5 and CT/o = 0.07 (case 2). 
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Figure 50.- Moduli of t h e  harmonics of t h e  edgewise bending moment (0.6R) f o r  r o t o r  B 
and RTA conf igu ra t ion  a t  1.1 = 0.5 and CT/a = 0.07 (case 2 ) .  
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Figure 51.- P l o t  of r o t o r  blade angle  of a t t a c k  change (deg) due t o  t h e  EE i n  plane 
O f  t h e  r o t o r  d i sk  (Case 3 ) .  (a)  (X/J?,)hub = 0.199; (b) (X/%)hub = 0.471. 
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Figure 52.- Lift-to-drag r a t i o  of r o t o r  A i n  combination with t h e  RTA and EE f o r  
several advance r a t i o s  (case 3 ) .  
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Figure 53.- Ef fec t  of changing long i tud ina l  hub pos i t i on  on the  l i f t - t o -d rag  
r a t i o  f o r  r o t o r  A and EE conf igura t ion  (case 3) .  
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Figure 54.- Effec t  of changing advance r a t i o ,  l ong i tud ina l  hub p o s i t i o n ,  and ro to r -  
body ver t ica l  sepa ra t ion  on t h e  change i n  l i f t - t o -d rag  r a t i o  of r o t o r  A due t o  t h e  
test modules (case 3 ) .  
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(b) EE. 

Figure  54.- Concluded. 
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Figure  55.- Lif t - to-drag r a t i o  of r o t o r  A and EE conf igura t ion  f o r  var ious  t i p -  
path-plane angles  (case 3 ) .  
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Figure 56.- Change i n  l i f t - to -drag  r a t i o  f o r  r o t o r  A due t o  the test modules f o r  
several tip-path-plane angles  (case 3)  
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Figure 57.- E f fec t  of hub p o s i t i o n  on t h e  l i f t - t o -d rag  r a t i o  f o r  r o t o r  C and 
EE conf igu ra t ion  (case 4 ) .  
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Figure 58.- E f fec t  of hub p o s i t i o n  on t h e  change i n  l i f t - t o -d rag  r a t i o  f o r  r o t o r  C 
due t o  t h e  EE f o r  two advance r a t i o s  (case 4 ) .  
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Figure 59.- E f f e c t  of hub p o s i t i o n  an t h e  inc rease  i n  o s c i l l a t o r y  bending moments a t  
0 .5R f o r  r o t o r  C due t o  t h e  EE f o r  two advance r a t i o s  (case 4 ) .  ( a )  O s c i l l a t o r y  
edgewise bending moment; (b) o s c i l l a t o r y  f lapwise bending moment. 
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(a) O s c i l l a t o r y  edgewise bending moment. 

Figure 60.- Effec t  of hub p o s i t i o n  on t h e  o s c i l l a t o r y  bending moments a t  0.5R f o r  
r o t o r  C and EE conf igu ra t ion  f o r  two advance r a t i o s  (case 4 ) .  
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Figure 61.- E f fec t  of hub p o s i t i o n  on t h e  t ime-history of t h e  edgewise bending moment 
a t  0 . 5 R  f o r  r o t o r  C and EE conf igu ra t ion  a t  u = 0.3 and C T / O  = 0.07 (case 4 ) .  
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Figure 62.- E f fec t  of hub p o s i t i o n  on t h e  t ime-h i s to r i e s  of t h e  bending moments a t  
0.5R f o r  r o t o r  C and EE conf igu ra t ion  a t  p = 0.4 and CT/U = 0.07 ( case  4 ) .  
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Figure 6 3 . -  Effec t  of hub p o s i t i o n  on t h e  moduli of t h e  harmonics of t h e  edgewise 
bending moment a t  0 . 5 R  f o r  r o t o r  C and EE conf igu ra t ion  a t  1-1 = 0.4 and 
CT/a = 0.07 (case 4 ) .  
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