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PREDICTED AND MEASURED PERFORMANCE OF 

TWO FULL-SCALE DUCTED PROPELLERS 

By A. R.  Kriebel  and M. R. Mendenhall 
Vidya Divis ion,  I t e k  Corporat ion 

SUMMARY 

A t h e o r e t i c a l  s tudy  was made of  the a b i l i t y  of prev ious ly  developed 
theory  f o r  a ducted p r o p e l l e r  a t  angle  of a t t a c k  t o  p r e d i c t  duct-to- 

p r o p e l l e r  t h r u s t  r a t i o ,  normal force ,  and p i t c h i n g  moment. The t h e o r e t i c a l  
p red ic t ions  were extended t o  inc lude  duc t  p re s su re  d i s t r i b u t i o n ,  boundary- 
l a y e r  c h a r a c t e r i s t i c s ,  and duc t  s t a l l  boundary. The methods were eva lua ted  
by use of wind-tunnel d a t a  f o r  t w o  l a rge - sca l e  ducted p rope l l e r  models. 
Data a v a i l a b l e  cons i s t ed  of o v e r a l l  t h r u s t ,  normal fo rce  and p i t ch ing  
moment, duc t  su r f ace  p re s su re  d i s t r i b u t i o n ,  t o t a l  p re s su re  surveys a t  

t h r e e  a x i a l  s t a t i o n s  i n  t h e  duct ,  and a duct s t a l l  boundary deduced from 
t u f t s ,  sound, and p i t ch ing  moment da t a .  

The experimental  d a t a  ind ica t ed  t h a t  the flow over  a ducted p r o p e l l e r  
a t  angle  of a t t a c k  is very  complex, with much f r e e  v o r t i c i t y  generated by 

nonuniform blade  loading and flow sepa ra t ion  from the duct  and centerbody. 
On t h e  b a s i s  of  the extended theory  and da ta ,  an a n a l y t i c a l  model w a s  
developed which r ep resen t s  t h e  p r o p e l l e r  as  a uniformly loaded a c t u a t o r  

d i s k  and the duct  a s  a t h i n  c y l i n d e r  f o r  purposes of  computing f o r c e s  and 
moments and a s  a t h i c k ,  cambered r ing  a i r f o i l  f o r  computing duc t  pressures  
and boundary l aye r s .  Based on t h i s  model,.duct t h r u s t  and p i t ch ing  moments 

w e r e  computed which agreed w e l l  wi th  measured r e s u l t s .  Reasonable agreement 

on duc t  normal fo rce  was obtained f o r  one model. A cons iderable  over- 
p r e d i c t i o n  of measured normal fo rce  w a s  obtained wi th  t h e  second model, 

which i s  f e l t  t o  be due t o  t h e  h igh ly  nonuniform blade  loading. Predic ted  
duc t  p re s su re  d i s t r i b u t i o n s  f o r  both a x i a l  flow and angle  of a t t a c k  w e r e  
g e n e r a l l y  reasonably accura te ,  with the g r e a t e s t  d i f f e r e n c e s  occurr ing  on 

the windward inner  su r face .  Predic ted  boundary-layer s epa ra t ion  on t h e  
windward inne r  duc t  s u r f a c e  c o r r e l a t e d  reasonably w e l l  wi th  experimental  
i n d i c a t i o n s  of  duc t  l i p  s t a l l  a t  angle  of a t t a c k .  



INTRODUCTION 

A t h e o r e t i c a l  aerodynamic a n a l y s i s  of a ducted p r o p e l l e r  a t  angle of 

a t t a c k  is presented  i n  References 1 and 2 .  This p o t e n t i a l  flow a n a l y s i s  

can be used t o  p r e d i c t  the f o r c e  and moment on the duc t  i n  t e r m s  of t h e  
p r o p e l l e r  t h r u s t .  The use fu lness  of any theo ry  is  dependent on e v a l u a t i o n  
by comparison wi th  v a l i d  d a t a .  Much o f  t h e  previous d a t a  (summarized i n  

Ref. 1) are r e s t r i c t e d  t o  hover ing  o r  ax i a l  f l i g h t  and/or low Reynolds 
number with flow s e p a r a t i o n  from t h e  duc t .  Fu l l - sca l e  t e s t  d a t a  f o r  two 
ducted-propel le r  conf igu ra t ions  a t  ang le  of a t t a c k ,  presented  h e r e i n ,  allow 
a c o r r e l a t i o n  s tudy  and a good e v a l u a t i o n  of  the p o t e n t i a l  flow theo ry .  
The d u c t  fo rce  and moment are p red ic t ed  by use of Reference 2 and compared 
wi th  experiment. The a n a l y s i s  i s  extended t o  p r e d i c t  the d u c t  p re s su re  
d i s t r i b u t i o n  which is a l s o  compared w i t h  experiment. Duct boundary-layer 

s e p a r a t i o n  is p red ic t ed  and compared w i t h  a d u c t  s t a l l  boundary deduced 
from experimental  performance. 

The ana lys i s  i s  based on a combination of two previous  p o t e n t i a l  flow 
t h e o r i e s  f o r  a ring-wing a t  a s m a l l  ang le  of  a t t a c k ,  Reference 3 ,  and f o r  
a l i g h t l y  loaded ducted p r o p e l l e r  i n  a x i a l  flow, Reference 4. I n  Reference 2, 
t h e  d u c t  t h r u s t ,  normal fo rce ,  and p i t c h i n g  moment w e r e  p r ed ic t ed  by 

r ep resen t ing  the p r o p e l l e r  a s  a uniformly loaded a c t u a t o r  d i s k .  E s t i m a t e s  

of t h e  normal fo rce  and p i t c h i n g  moment on p r o p e l l e r  b l ades  o p e r a t i n g  i n  

a d u c t  were sma l l  compared wi th  those  on the duc t .  Small amounts of duc t  
t a p e r ,  camber, and th i ckness  w e r e  e s t ima ted  t o  have l i t t l e  e f f e c t  on t h e  
duc t  fo rce  and moment; hence, t h e  duc t  i s  r ep resen ted  h e r e i n  as a t h i n  

c y l i n d e r  t o  p r e d i c t  i t s  f o r c e  and moment. 

For comparison wi th  test  da ta ,  t h e  t h e o r y  is used t o  p r e d i c t  the t h r u s t ,  

normal force ,  and p i t c h i n g  moment on t h e  c y l i n d e r  i n  t e r m s  of t h e  measured 
t o t a l  t h r u s t  (on both t h e  d i s k  and c y l i n d e r ) .  The p r e d i c t e d  duc t  t h r u s t  
is then  compared with the va lue  deduced from the measured d u c t  p re s su re  
d i s t r i b u t i o n .  The p r e d i c t e d  d u c t  normal f o r c e  and p i t c h i n g  moment are 
compared w i t h  t h e  va lues  measured f o r  the ducted  p r o p e l l e r  u n i t .  

EXPERIMENTAL PROGRAM 

Two f u l l - s c a l e  ducted p r o p e l l e r s  w e r e  t e s t e d  a t  angle  o f  a t t a c k  i n  t h e  
NASA A m e s  Research Center 40- by 80- foot  wind t u n n e l .  The f i r s t  of these 
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./ 
w a s  an e x a c t  d u p l i c a t e  of t h o s e  used on the  Doak VZ-4DA a i r p l a n e .  This u n i t ,  
which is  r e f e r r e d  t o  h e r e i n  as the 4-foot model, c o n s i s t s  of a d u c t  wi th  a I 
chord-to-diameter r a t i o  of 0.608 and a p r o f i l e  thickness-to-chord r a t i o  of  
0.158; an e ight -b laded  p r o p e l l e r  w i t h  f i xed  b l ade  p i t c h  of  15O a t  t h e  t i p ;  
a s e t  of seven i n l e t  gu ide  vanes of v a r i a b l e  p i t c h ;  and a s e t  of n ine  
s t a t o r s  a f t  of the p r o p e l l e r .  A photograph and a ske tch  o f  t h e  c r o s s  
s e c t i o n  of t h i s  ducted p r o p e l l e r  a r e  shown i n  F igu res  l ( a )  and 2 ( a ) .  

I Complete d e t a i l s  of the 4-foot model and t h e  t e s t  methods are desc r ibed  i n  

, 

l 

Reference 5. The second u n i t  t e s t e d  w a s  a model o f  the ducted p r o p e l l e r s  
used on t h e  B e l l  X22-A VTOL a i r p l a n e .  It was mounted on t h e  t i p  o f  a 

s t u b  wing. This u n i t ,  r e f e r r e d  t o  a s  the 7-fOOt model, c o n s i s t s  of a 
duc t  wi th  a chord-to-diameter r a t i o  of 0.525 and a p r o f i l e  th ickness- to-  
chord r a t i o  of 0.172; a three-bladed v a r i a b l e  p i t c h  p r o p e l l e r ;  and s i x  

s t r eaml ined  suppor t  s t r u t s  a f t  o f  t h e  p r o p e l l e r .  For some of  the tests,  
an e l evon  extended a c r o s s  the d u c t  e x i t  p lane  w i t h  a t h i c k n e s s  o f  0.44 f o o t  

and a chord of approximately 5 f e e t .  A photograph and a ske tch  of the c r o s s  
s e c t i o n  of t h i s  model are shown i n  F igures  l ( b )  and 2 ( b ) .  The  t e s t  s e t u p  
and techniques  were s i m i l a r  t o  t hose  used w i t h  t h e  4-fOOt model. 

I 

, 

For the & f o o t  model, t h e  d a t a  included d i r e c t  measurement of l i f t ,  
drag, and p i t c h i n g  moment r epor t ed  i n  Reference 5 and duc t  s u r f a c e  p r e s s u r e  
a t  27 o r i f i c e  s t a t i o n s  around the duc t  p r o f i l e  a t  each of 10 azimuth loca- 
t i o n s ,  F igure  3 ( a ) .  T o t a l  p re s su re  w a s  measured along the duc t  r a d i i  
d i r e c t l y  ahead of the i n l e t  vanes, d i r e c t l y  behind the p r o p e l l e r ,  and a c r o s s  
the d u c t  e x i t  p lane  w i t h  p re s su re  rakes  a t  10  azimuth l o c a t i o n s ,  F igure  3 ( b )  
The  d u c t  s u r f a c e  p r e s s u r e s  and rake  t o t a l  p re s su res  w e r e  i n t e g r a t e d  t o  
o b t a i n  d u c t  f o r c e s  and moments and p r o p e l l e r  t h r u s t .  

Data f o r  t h e  "-foot model included d i r e c t  measurements of f o r c e s  and 
moments and d u c t  su r f ace -p res su re  measurements a t  19 o r i f i c e  s t a t i o n s  

around t h e  duc t  p r o f i l e  f o r  3 azimuth loca t ions ,  F igure  3 ( c ) .  S ince  t h e  
d u c t  p r e s s u r e  d a t a  w e r e  t aken  a t  on ly  3 azimuth l o c a t i o n s ,  p r e s s u r e  

i n t e g r a t i o n s  w e r e  made t o  o b t a i n  duc t  t h r u s t  on ly  a t  zero  angle  of a t t a c k .  

I n  a d d i t i o n  t o  the d a t a  descr ibed  above, s t a l l i n g  o f  t h e  4- foot  model 

d u c t  w a s  deduced from obse rva t ion  of t u f t s ,  sound l eve l ,  and p i t c h i n g  
moment a s  desc r ibed  i n  Reference 5. 

3 



METHOD OF PREDICTION 

. 
i 

P o t e n t i a l  Flow Model 

For a ducted p r o p e l l e r  a t  angle  of a t t a c k ,  the a n a l y s i s  of Reference 2 

p r e d i c t s  t h e  t h r u s t ,  normal fo rce ,  and p i t c h i n g  moment on t h e  duc t  i n  t e r m s  

o f  t h e  p r o p e l l e r  t h r u s t .  The a n a l y s i s  r e p r e s e n t s  t h e  p r o p e l l e r  and s t a t o r  
b lad ing  and the centerbody as a uniformly loaded a c t u a t o r  d i s k .  There i s  

no swirl. i n  the s l ip s t r eam,  and the c i r c u l a t i o n  about each p r o p e l l e r  and 

s t a t o r  blade i s  assumed t o  be i n v a r i a n t  w i t h  r a d i u s  and t i m e .  The boundary 
l a y e r  and f r i c t i o n a l  drag  o f  t h e  duc t  are neglec ted .  The ducted p r o p e l l e r  
i s  assumed i s o l a t e d  i n  t h e  f r e e  stream. 

Ca lcu la t ive  examples w e r e  run t o  i n v e s t i g a t e  t h e  e f f e c t s  of d u c t  

camber, r a d i a l  v a r i a t i o n  of d i s k  loading, and d u c t  s k i n  f r i c t i o n  i n  o r d e r  
t o  a r r i v e  a t  a simple,  y e t  r e a l i s t i c  a n a l y t i c a l  flow model. The work is  

descr ibed  i n  more d e t a i l  i n  Appendices A and B. A s  a r e s u l t  o f  t h i s  work, 
the following assumptions w e r e  employed: 

(a )  The  a c t u a t o r  d i s k  loading i s  app l i ed  on ly  t o  t h e  annular  area 
swept ou t  by t h e  p r o p e l l e r  b l ades  and n o t  t o  t h e  a f t  p a r t  o f  the centerbody 
o r  i nne r  duc t  su r f ace .  

(b) The duc t  t h r u s t  is taken  as t ha t  due t o  leading-edge s u c t i o n  on 
a t h i n  cy l inde r .  

(c)  The e f f e c t s  of d u c t  camber and th i ckness  a r e  neglec ted  except  i n  
computing t h e  duc t  p re s su re  d i s t r i b u t i o n  and boundary l a y e r .  (I t  i s  shown 
i n  Ref. 2 t h a t  t h i s  i s  a good approximation f o r  the d u c t  f o r c e  and moment.) 

(d )  The p r o p e l l e r  and s t a t o r s  are r ep resen ted  as a uniformly loaded 
a c t u a t o r  d i s k .  The centerbody, suppor t  wing, and e levon are neglec ted .  

To p r e d i c t  duc t  p re s su re  and v e l o c i t y  d i s t r i b u t i o n s  and boundary l a y e r s ,  
it w a s  necessary t o  use a d u c t  p r o f i l e  t h i c k n e s s  d i s t r i b u t i o n .  The d u c t  
p r o f i l e s  f o r  the two duc t s  do n o t  correspond t o  any s t anda rd  a i r f o i l  

s e c t i o n .  However, it was found t h a t  t h e  NACA 0018 is  a good approximation 
t o  t h e  a c t u a l  t h i ckness  d i s t r i b u t i o n  of both  conf igu ra t ions ,  p a r t i c u l a r l y  
over  t h e  forward p o r t i o n  o f  t h e  a i r f o i l  where t h e  p r e s s u r e  d i s t r i b u t i o n  i s  
of g r e a t e s t  i n t e r e s t .  
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D u c t  Force and Moment 

To p r e d i c t  t h e  duc t  fo rce  and moment, t h e  duc t  i s  represented  a s  a 
t h i n  c y l i n d e r  through t h e  a c t u a l  duc t  t r a i l i n g  edge as shown i n  Sketch A .  

t c - I  r Y 

Sketch A . -  Flow model f o r  p r e d i c t i n g  
duc t  fo rce  and moment. 

A l l  the t r a i l i n g  v o r t i c i t y  i s  placed on t h e  ex tens ion  of the c y l i n d e r .  
h i s  approximation r equ i r e s  t h e  free-s t ream c ross f  low t o  be small compared 
wi th  the s l i p s t r e a m  v e l o c i t y  (V s i n  cx << V . ) .  The pressure  jump across  the 
a c t u a t o r  d i s k  Ap is equa l  t o  the increased t o t a l  p re s su re  i n  the s l i p -  
s t ream a s  given by 

3 

t cosVa + .>' - v 2  &=i-,= 
v2 

2 

= 2 + cos a + - s i n 2 a  
V2 

The p r o p e l l e r  t h r u s t  i s  taken a s  

where Ap i s  t h e  annular  a r e a  swept out  by the p r o p e l l e r  b l ades .  Hence, 

the p r o p e l l e r  t h r u s t  c o e f f i c i e n t  i s  

The c o e f f i c i e n t s  €or t h e  duc t  fo rce  components and p i t c h i n g  moment a r e  
g iven  by Equations ( 2 0 )  through ( 2 3 )  of Reference 2 as 
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where the  f n  c o e f f i c i e n t s  are g iven  ve r sus  t h e  duc t  chord-to-diameter 
r a t i o  c/D i n  Table I, Reference 2 .  

U s e  of b l ade  element theory  i n  Reference 2 i nd ica t ed  t ha t  t h e  normal 
f o r c e  and p i t c h i n g  moment on t h e  p r o p e l l e r  a r e  g e n e r a l l y  sma l l  compared 

wi th  those on t h e  duc t .  Therefore,  w e  t ake  the c o e f f i c i e n t s  f o r  t h e  ducted 
p r o p e l l e r  u n i t  as 

C = c  
%P m D ( P )  

T h e  s t r e n g t h  of t h e  v o r t e x  c y l i n d e r  surrounding t h e  s l i p s t r e a m  is  

found by s u b s t i t u t i n g  Equations (l), ( 3 ) ,  and (5 )  i n t o  ( 7 )  and s o l v i n g  f o r  

f 3  - 1 s i n  a > .  A cos a +,/(:pcos a 1 + - Ap A C  TDP 

Y = -  
- A f 4  + 1  - € 4 + 1  V 

AP 

(10) 

T h e  g e n e r a l  procedure f o r  p r e d i c t i o n  i s  t o  determine r / V  from 
Equation (10) using a measured va lue  of C , and then  t o  e v a l u a t e  t h e  
preceding express ions .  This va lue  o f  y/V i s  a l s o  used t o  p r e d i c t  t h e  
duc t  sur face-pressure  d i s t r i b u t i o n  and boundary l a y e r .  

6 



Duct P r e s  s u r e  D i s t r i b u t i o n s  

The d u c t  p r e s s u r e  d i s t r i b u t i o n  i s  obtained by f i r s t  p r e d i c t i n g  the 
bound v o r t i c i t y  and v e l o c i t y  d i s t r i b u t i o n  ove r  the t h i n  duc t  camberline,  
t hen  inc lud ing  t h e  e f f e c t  of duc t  t h i ckness  t o  o b t a i n  the s u r f a c e  v e l o c i t y  

d i s t r i b u t i o n ,  and f i n a l l y  us ing  B e r n o u l l i ' s  l a w  t o  g e t  the d u c t  s u r f a c e  
p r e s s u r e .  

The flow model used t o  p r e d i c t  t h e  duc t  s u r f a c e  pressure is  shown i n  

Sketch B. 

Numbers 1 through 4 d e s i g n a t e  
the camberline o r  d u c t  s u r f a c e s  
ind ica t ed .  

L 

view 

Sketch  B.- Flow model f o r  p r e d i c t i n g  d u c t  p re s su re  d i s t r i b u t i o n .  

Duct-bound v o r t i c i t y . -  A l l  the bound and t r a i l i n g  v o r t i c i t y  is placed 

Jn a r e f e r e n c e  c y l i n d e r  through the duc t  t r a i l i n g  edge. T h e  d i s t r i b u t i o n  
of  duct-bound v o r t i c i t y  i s  composed o f  elementary yD v o r t e x  r i n g s  which 

a r e  a x i a l l y  symmetric and elementary y, r i n g s  w i t h  s t r e n g t h  p r o p o r t i o n a l  

t o  cos  9. The a x i a l l y  symmetric p a r t  of t h e  flow f i e l d ,  composed of 
V cos  a p l u s  t h a t  induced by the y, r i ngs  and the y c y l i n d e r ,  is set  
t angen t  t o  the d u c t  camberline.  This boundary c o n d i t i o n  is  a c t u a l l y  

imposed a t  the duc t  r e fe rence  c y l i n d e r  and it determines the s t r e n g t h  of t h e  
yD r i n g s .  
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The y, r ings ,  t o g e t h e r  w i t h  t h e  a x i a l  vo r t ex  f i l amen t s  which t r a i l  

from them, a r e  r equ i r ed  t o  cance l  the v e l o c i t y  ac ross  the d u c t  r e fe rence  
c y l i n d e r  due t o  t h e  f ree-s t ream c ross f low V s i n  a .  

The s l o p e  of t h e  duc t  camberline i s  expressed as a four-term cos ine  

series 

(11' 

where 

2xS cos 8 = - - C 

I n t e g r a t i o n  g ives  the duc t  camberline shape as 

The c o e f f i c i e n t s  are determined such t h a t  Equation ( 1 2 )  f i t s  the 

geometric camberline a t  x/c = 0, 1/4, 1/2,  3/4, and 1. An e f f e c t i v e  
camber due t o  th i ckness  

i n  Reference 6. This e f f e c t  i s  due t o  t h e  r a d i a l  v e l o c i t y  induced by the 

source  r ings  used t o  gene ra t e  d u c t  t h i c k n e s s .  W e  t a k e  ct f o r  a NACA 0018 

th ickness  d i s t r i b u t i o n  us ing  Equation (44), Reference 6. Thus, the s l o p e  
o f  the e f f e c t i v e  camberline i s  s p e c i f i e d  as 

Rn 

E t  is s u b t r a c t e d  from Equation (11), as desc r ibed  

1 

'Evaluation of t h e  a x i a l  v e l o c i t y  induced by the source  r i n g s  from 
Reference 6 i n d i c a t e s  tha t  it is  n e a r l y  the same as f o r  a s t r a i g h t ,  
two-dimensional wing wi th  t h e  same t h i c k n e s s  as the duc t .  T h i s  approxi- 
mation w i l l  be emploved i n  t h e  p r e s e n t  a n a l y s i s .  



To s e t  t h e  flow tangent  t o  t h e  camberline, w e  s p e c i f y  t h a t  11 

The u and v t e r m s  a r e  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 
along t h e  duc t  r e fe rence  c y l i n d e r  by the Y c y l i n d e r  extending from t h e  

I duct  t r a i l i n g  edge and t h e  YD r ings  bound t o  t h e  duc t  re ference  cy l inde r .  
These t e r m s  a r e  expressed a s  a six-term cosine series a s  fol lows.  The 

components induced by t h e  vor tex  cy l inde r  can be found from Reference 7 i n  

terms of  e l l i p t i c  i n t e g r a l s .  F o u r i e r  ana lys i s  by machine then g ives  

5 

2 = B *cos ne Y n 
0 

I f  t h e  duct-bound v o r t i c i t y  i s  put  i n  terms of a Glauer t  s e r i e s  a s 2  

- -  YD 
Y 0 

1 

then  t h e  corresponding induced a x i a l  v e l o c i t y  component is, from Equation (18), 
Reference 2 

i 
c4 - c 2  4 c1 cos 28 + cos 38 + c 3  

- c 3  COS 40 8 
c5 + 

2 Between the a c t u a t o r  d i s k  and duc t  t r a i l i n g  edge, YD includes t h e  v o r t i c i t y  
shed from t h e  d i s k  onto  t h e  inner  duct  su r f ace .  The Kutta cond i t ion  of 
no flow a c r o s s  t h e  duc t  t r a i l i n g  edge is s a t i s f i e d  because YD i s  non- 
s i n g u l a r  a t  e = 7T i n  Equation ( 1 7 ) .  

i 
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The r a d i a l  v e l o c i t y  component can be found from Equation (14) of Reference 4 

a s  

W 00 / W \ 
V 

- = - -  YD co 2 E 2 Pol + 1 COS kti (- 2 + E 2 p k J )  Y 
\ J = 0  / R = 0  k= 1 

The PkJ c o e f f i c i e n t s  appearing i n  Equation (19)  are eva lua ted  i n  

Tables 2 . 1  through 2.4 of Reference 4. 

The s i x  unknown Cn c o e f f i c i e n t s  appearing f o r  y, are determined 
by: (1) s u b s t i t u t i n g  t h e  foregoing  cos ine  series f o r  the terms i n  
Equation (14) ,  ( 2 )  expanding the right-hand s i d e  a s  a cos ine  series, and 
( 3 )  equat ing  each o f  t h e  s i x  harmonics o f  Equation (14 ) .  The r e s u l t i n g  
s i x  l i n e a r  a l g e b r a i c  equa t ions  a r e  then  so lved  by machine f o r  the s i x  
The remaining p a r t  of t h e  duc t  v o r t i c i t y  
by Weissinger f o r  a ring-wing a t  angle  of a t t a c k ,  and is  g iven  by 
Equation (8) of Reference 2 a s  

Cn- 

y, is  t h e  same a s  determined 

y, 
= c c o t  7j 6 + i c  s i n  no v s i n  a cos 9 o n 

1 

Weiss inger ' s  values f o r  the c c o e f f i c i e n t s  are g iven  i n  Table 1, 
Reference 2 .  The a x i a l  v e l o c i t y  induced by y, along t h e  d u c t  r e fe rence  
c y l i n d e r  i s  g iven  by Equation (19)  o f  Reference 2 as 

n 

- - 1 . 4 6 ~  (.. + 2) + >]cos 6 
i- [cO 4D 

c4 - c2 
c - c  

cos 2d  + cos 3 d  4 
+ 3  

c - c  
cos 4d 8 

+ s  

10 



! 

F i n a l l y ,  t h e  v e l o c i t y  d i s t r i b u t i o n  over  the  f o u r  d u c t  camberline s u r f a c e s  
shown i n  Sketch B, page 7, can be eva lua ted  by s u b s t i t u t i o n  of preceding  

express  ions i n t o  

'D u * = +  + v c o s a + u  + u  + U  
'D 

- S 

where the p l u s  s i g n  r e f e r s  t o  t h e  i n n e r  s u r f a c e s  2 and 3 and the minus s i g n  
the o u t e r  s u r f a c e s  1 and 4. 

t a n g e n t i a l  v e l o c i t y  component. W e  do not cons ide r  th is  component, s i n c e  
it vanishes  a t  t h e  v e r t i c a l  plane o f  symmetry, t o  w h i c h  w e  restrict  the 

p r e s s u r e  d i s t r i b u t i o n  p r e d i c t i o n s .  

A t  the s i d e s  o f  t h e  duc t ,  ya induces a 

Duct s u r f a c e  v e l o c i t y . -  To o b t a i n  the d u c t  s u r f a c e  v e l o c i t y  from t h e  

v e l o c i t y  d i s t r i b u t i o n  over  t h e  camberline (Eq. ( 2 2 )  ), w e  apply c o r r e c t i o n s  
t o  the d iscont inuous  ( v o r t i c i t y )  and continuous terms i n  Equation ( 2 2 ) .  

These c o r r e c t i o n  f a c t o r s  a r e  deduced as follows from t h e o r e t i c a l  r e s u l t s  
f o r  two-dimensional (c/D = 0)  t h i c k  a i r f o i l s  i n  Reference 8. For a t h i n  

f l a t  p l a t e  a t  angle  o f  a t t a c k ,  t h e  bound v o r t i c i t y  i s  

e _ -  - 2 a  co t  YD 
V 

A t  a = 1 / ( 2 8 ) ,  the l i f t  c o e f f i c i e n t  i s  u n i t y  and 

'D 1 e 
2v 2.rr cot z - = -  

This chordwise d i s t r i b u t i o n  i s  l i s t e d  i n  Table I f o r  comparison w i t h  va lues  
f o r  a NACA 0018 a i r f o i l  from Reference 8. It i s  e v i d e n t  t h a t  t h i ckness  has 

l i t t l e  e f f e c t  on the bound v o r t i c i t y  except nea r  the a i r f o i l  nose where 
x < 0 . 1 ~ .  Hence, w e  sha l l  c o r r e c t  the s i n g u l a r  ( c o t ( w 2 ) )  t e r m s  i n  y, 
and Ya by r e p l a c i n g  co t (8 /2 )  by the corresponding va lue  f o r  a NACA 0018 

a i r f o i l  when x < 0 . 1 ~ .  For  example, a t  the l ead ing  edge (1/2P)cot(0/2) 
is rep laced  by 1.342. The s u r f a c e  v e l o c i t y  d i s t r i b u t i o n  f o r  a two-dimensional 
NACA 0018 a i r f o i l  a t  a = 0 is  shown i n  the l a s t  column of Table I. I n  

th i s  case, the cont inuous  p a r t  of the camberline v e l o c i t y  d i s t r i b u t i o n  is  

V and the continuous par t  of  t h e  sur face  v e l o c i t y  d i s t r i b u t i o n  is  VF(x),  

where F ( x )  i s  g iven  by t h e  l a s t  column i n  Table I. By analogy, w e  
s h a l l  o b t a i n  the continuous p a r t  of the d u c t  s u r f a c e  v e l o c i t y  by mul t ip ly ing  
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4 1  

t h e  continuous p a r t  of the camberline v e l o c i t y  by F ( x ) .  Thus, w e  o b t a i n .  

t h e  d u c t  sur face-ve loc i ty  d i s t r i b u t i o n  from t h e  d u c t  camberline d i s t r i b u t i o n  

(Eq. ( 2 2 ) )  as 

where the s u b s c r i p t  c on the f i r s t  paren thes ized  t e r m  i n d i c a t e s  t h a t  t h e  

t e r m  i s  co r rec t ed  on ly  when x < O . l c ,  as descr ibed  p rev ious ly .  

Duct p re s su re  d i s t r i b u t i o n . -  The duc t  su r f ace -p res su re  c o e f f i c i e n t  i s  

ob ta ined  from Equation (25) by B e r n o u l l i ' s  l a w  as 

2 

c = I - -  
P V2 

However, on t h e  inne r  duc t  s u r f a c e  downstream o f  t h e  a c t u a t o r  d i s k ,  the 

t o t a l  p re s su re  i s  increased  by Ap and C i s  increased  by Ap/q due t o  

t h e  pressure  jump ac ross  the d i s k .  
P 

Duct Boundary-Layer Model and Assumptions 

Our purpose i n  computing the duc t  boundary l a y e r  is t o  p r e d i c t  t hose  
cond i t ions  under which s e p a r a t i o n  occurs  on the windward i n s i d e  s u r f a c e  
be fo re  t h e  p r o p e l l e r .  W e  use t h e  axisymmetric Truckenbrodt method t o  o b t a i n  
t h e  momentum th i ckness  (8) and shape f a c t o r  (H) of the boundary l a y e r  and 
then  use an empi r i ca l  r u l e  (H = 1.8) t o  p r e d i c t  t u r b u l e n t  s e p a r a t i o n .  

I 

The Truckenbrodt method (Ref. 9 o r  10) was compared t o  known r e s u l t s  

i n  both laminar and t u r b u l e n t  flow and found t o  g i v e  e x c e l l e n t  agreement. 
W e  computed t h e  laminar boundary-layer parameters for Howarth flow on a 
f l a t  p l a t e  and found agreement t o  w i t h i n  5 pe rcen t  o f  the e x a c t  Howarth 

s o l u t i o n .  Also, t u r b u l e n t  boundary-layer parameters w e r e  computed f o r  a 

NACA 65(216)-222 p r o f i l e  a t  10 . lo  angle  o f  a t t a c k  us ing  the measured v e l o c i t y  
d i s t r i b u t i o n ,  as  ob ta ined  from Reference 11. The computed momentum th i ckness ,  
shape f a c t o r ,  and s e p a r a t i o n  po in t  a l l  ag ree  w e l l  w i t h  measured r e s u l t s  
presented  t h e r e i n .  
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W e  make use of the fol lowing assumptions i n  c a l c u l a t i n g  the  duc t  

(1) 

boundary l aye r s  : 

The boundary-layer momentum th ickness  i s  sma l l  i n  comparison with;  
t h e  duc t  r ad ius  so t h a t  t h e  presence of the boundary l aye r  does no t  appre- 
c i a b l y  a l t e r  t h e  p o t e n t i a l  flow around the  duc t .  

( 2 )  The p red ic t ed  s u r f a c e  v e l o c i t y  (Eq. ( 2 5 ) )  is taken as  t h e  

(3)  

boundary-layer-edge v e l o c i t y  d i s t r i b u t i o n .  

The v e l o c i t y  p r o f i l e s  i n  t h e  boundary l a y e r  a r e  approximated by 
a one-parameter family of curves.  

A s  a t r a n s i t i o n  c r i t e r i o n ,  it is  assumed t h a t  t h e  boundary l aye r  
changes from laminar t o  t u r b u l e n t  a t  a Reynolds number of about 400 based 
on momentum th ickness  and l o c a l  su r f ace  v e l o c i t y .  In  cases  with h igh  

adverse p re s su re  g r a d i e n t s  near  t h e  leading edge, the laminar boundary 
l a y e r  separa ted  (H = 4.04) before  Re6 = 400. I n  these cases ,  it w a s  
assumed t h a t  t h e  sepa ra t ed  reg ion  a c t s  a s  a tu rbulence  t r i p ,  and t h e  

p o i n t  of t r a n s i t i o n  was loca ted  a t  the f i r s t  i n d i c a t i o n  of laminar separa-  
t i o n .  I n  Reference 1 2 ,  it is repor ted  that  s m a l l  laminar s epa ra t ion  

bubbles on r i n g  wings, which d id  not show up i n  the pressure  d i s t r i b u t i o n ,  
d i d  se rve  as turbulence  t r i p s .  

3 

The shape f a c t o r  (H)  is used to  es t imate  the loca t ion  of boundary- 
l aye r  s e p a r a t i o n  from t h e  duc t .  The usual  cr i ter ia  f o r  boundary-layer 
s e p a r a t i o n  is  t h a t  t u r b u l e n t  s epa ra t ion  occurs  when H has a t t a i n e d  a 
va lue  between 1 .8  and 2.4,  and laminar s e p a r a t i o n  occurs  when H = 4.04. 

The Truckenbrodt s o l u t i o n  to  the boundary l a y e r  is based on i n t e g r a t i o n  
of  the energy equat ion.  The energy equat ion is w r i t t e n  i n  the  form 

+ + (us3rs6**) = 7 d + t  
us rs PUS 

where 6** is  t h e  energy th ickness  of the boundary layer ,  d i s  t h e  
d i s s i p a t i o n  t e r m ,  and t i s  the  energy of  t u r b u l e n t  motion term. The 

r i g h t  s i d e  of Equation (27)  i s  t h e  shear  stress work i n  the  boundary l aye r .  

The t r a n s i t i o n  c r i t e r i o n  i s  based on a measured c r i t i c a l  Reynolds number 3 

on a f l a t  p l a t e ,  Vx/v = 3X105 (Ref. 1 0 ) .  This  corresponds t o  V@/v = 365 
i n  a laminar boundary l a y e r  on a f l a t  p l a t e .  Since t h e  loca t ion  o f  
t u r b u l e n t  s e p a r a t i o n  is i n s e n s i t i v e  t o  s m a l l  v a r i a t i o n s  i n  t r a n s i t i o n  
loca t ion ,  t r a n s i t i o n  was assumed t o  occur  when 350 < uSe/v < 425. 

13 



Truckenbrodt 's  f i n a l  expres s ion  f o r  momentum th i ckness  as a func t ion  of  

boundary-layer-edge cond i t ions  i s  

where 

c = laminar f l a t - p l a t e  drag  c o e f f i c i e n t  
f k ?  from t h e  Blas ius  r e l a t i o n ,  based on 

q and s 

c = t u r b u l e n t  f l a t - p l a t e  drag  c o e f f i c i e n t  
f t  from the Schultz-Grunow r e l a t i o n ,  

based on q and s 

n = 1 f o r  laminar flow 

n = 1/6 f o r  t u r b u l e n t  flow 

The  a c t u a l  c a l c u l a t i o n  o f  momentum th i ckness  is c a r r i e d  o u t  i n  a 

s u r f a c e  coord ina te  system where z is measured from t h e  l ead ing  edge 
along t h e  s u r f a c e  o f  the duc t  and s is  the s u r f a c e  l eng th  of t h e  duc t .  

The p o i n t  o f  t r a n s i t i o n  of the boundary l a y e r  from laminar t o  t u r b u l e n t  i s  

denoted by zl. 
coord ina te  system, the r e s u l t s  a r e  t r a n s f e r r e d  i n t o  a coord ina te  system 
based on a x i a l  d i s t a n c e  x and chord l e n g t h  c. 

Af t e r  the boundary l a y e r  is computed i n  t h e  s u r f a c e  

Boundary-layer parameters w e r e  computed on t h e  i n s i d e  s u r f a c e  o f  both 

duc t s  using measured and p red ic t ed  v e l o c i t y  d i s t r i b u t i o n s .  Computation of 
these parameters using the measured v e l o c i t y  d i s t r i b u t i o n  w a s  s t a r t e d  a t  
t h e  lead ing  edge. When t h e  p r e d i c t e d  v e l o c i t y  d i s t r i b u t i o n  was used t o  
compute the boundary-layer parameters,  the computation was s t a r t e d  e i ther  
a t  t h e  leading edge o r  a t  t h e  s t a g n a t i o n  p o i n t  on t h e  o u t s i d e  s u r f a c e .  

14 



, RESULTS 

I The p red ic t ed  fo rce  and moment c o e f f i c i e n t s  a r e  given by Equations ( 3 )  

through (10) i n  terms of  t h e  parameters Ap/A, c/D, and fn.  Values f o r  
t hese  parameters a r e  l i s t e d  i n  Table I1 f o r  both duc t s .  The f n  a r e  found 

by i n t e r p o l a t i o n  from Table 1, Reference 2 .  The t o t a l  measured fo rce  and 
moment c o e f f i c i e n t s  a r e  deduced from force balance da t a .  Ind iv idua l  measured 
duc t  and p r o p e l l e r  t h r u s t  c o e f f i c i e n t s  a re  determined from i n t e g r a t i o n s  of 
measured p res su re  d i s t r i b u t i o n s  over t he  duc t  s u r f a c e  and t o t a l  p re s su re  
rake d a t a  before  and j u s t  a f t  of t h e  p rope l l e r .  

I Divis ion  of Thrust  i n  Axial  F l o w  

Four-foot model.- For a s e r i e s  o f  a x i a l  flow runs with the  4-foot  
model duc t ,  the measured t h r u s t  c o e f f i c i e n t s  a r e  l i s t e d  i n  Table 111. 

The sum of t he  ind iv idua l  duc t  and p r o p e l l e r  measured t h r u s t s  (C 

and C 

T h e  va lues  of y/V and C 

l i s t e d  next .  F ina l ly ,  t h e  va lues  of r /V and C 

measured 

Equations ( 3 ) ,  (l), and (5 ) ,  i n  succession,  r a t h e r  than by t h e  usua l  
method (Eqs. (10) and ( 5 ) ) .  

TD (PI  
w i th in  7 percent .  

CTDP 
) i s  equal  t o  the  t o t a l  measured t h r u s t  

Tp ( D )  
are 

CTDP 
pred ic ted  from the  measured 

I predic ted  from t h e  
TD (PI  

TD ( P )  
a r e  shown. The l a t t e r  va lues  a r e  obtained by use of 

cTP ( D )  

are shown i n  
TD (PI Seven-foot model.- Measured values  of  C TDP and 

Table I11 toge the r  wi th  t h e  pred ic ted  values  of  C . The e f f e c t  of 
e levon removal i s  shown by comparison of t h e  f i r s t  two groups of runs.  
The e f f e c t  of changing p r o p e l l e r  b lade  p i t c h  is ind ica t ed  by t h e  l a s t  two 
groups of runs.  

TD (PI  

1 

Duct Force and Moment a t  Angle of  Attack 

Four-foot model.- Normal force,  duct t h r u s t  force ,  and p i t ch ing  
moment c o e f f i c i e n t s  p red ic t ed  ve r sus  the  t o t a l  t h r u s t  c o e f f i c i e n t  a r e  
shown i n  F igures  4, 5, and 6, t oge the r  wi th  measured force-balance va lues .  

The d a t a  g e n e r a l l y  l i e  below the  predicted curves,  p a r t i c u l a r l y  the  normal- 
f o r c e  c o e f f i c i e n t .  The measured duc t  normal fo rce  (deduced from the p res su re  

d i s t r i b u t i o n )  i s  cons iderably  smaller than t h e  measured t o t a l  normal force ,  
a s  shown i n  Table IV. 



Seven-foot model.- S i m i l a r  p red ic t ed  and measured c o e f f i c i e n t s  f o r  the 

l a r g e r  duct are shown i n  F igures  7 and 8. The  d a t a  are a l l  f o r  the same 

p r o p e l l e r  p i t c h  and w i t h  the e levon e i t h e r  o f f  o r  a l igned  w i t h  the duc t  a x i s .  
In  this  case, the d a t a  tend  t o  l i e  above the p red ic t ed  va lues .  The  elevon 

appears  t o  have most e f f e c t  on t h e  measured normal f o r c e  a t  t h e  h i g h e s t  
angles  o f  a t t a c k .  

D u c t  P re s su re  D i s t r i b u t i o n s  i n  Ax ia l  Flow 

Following t h e  procedure descr ibed  previous ly ,  t h e  f i r s t  s t e p  i n  pre- 

d i c t i n g  the  duc t  p re s su re  d i s t r i b u t i o n  is  t o  f i t  Equation ( 1 2 )  t o  t h e  duc t  
camberline and so lve  f o r  the fou r  camberline c o e f f i c i e n t s  

va lues  f o r  Rn are g iven  i n  Table I1 f o r  both duc t s .  The th i ckness  
d i s t r i b u t i o n s  f o r  both duc t s  w e r e  approximated by a NACA 0018 p r o f i l e .  
The r e s u l t i n g  duc t  p r o f i l e s  a r e  compared w i t h  a c t u a l  p r o f i l e s  i n  F igure  9. 
The a n a l y t i c a l  p r o f i l e s  f i t  t h e  nose r ad ius  of cu rva tu re  f o r  bo th  duc t s .  
However, the hook i n  the camberline nea r  t h e  lead ing  edge of t h e  l a r g e r  
duc t  i s  not w e l l  r epresented .  Attempts t o  f i t  the hook w i t h  the four-term 
series caused a very  poor f i t  over most o f  t h e  camberline. 

Rn. The computed 

The e f f e c t i v e  camber due t o  th i ckness  ( E ~  i n  Eq. ( 1 3 ) )  i s  g iven  by 
Reference 6 for a NACA 0008 p r o f i l e  and c/D = 1/2. M u l t i p l i c a t i o n  by 18/8 
g ives ,  f o r  a 0018 p r o f i l e  and c /D = 1/2 ,  

E = 0.001 + 0.040 cos 8 + 0.013 cos 261 - 0.001 cos 30 t 

This d i s t r i b u t i o n  was used f o r  both d u c t s .  The r e s u l t i n g  Rn* c o e f f i c i e n t s  
f o r  the e f f e c t i v e  camberline (Eq. ( 1 3 ) )  are g iven  i n  Table 11. 

Four ie r  a n a l y s i s  by machine g ives  the series c o e f f i c i e n t s  Bn and Bn*, 

which appear i n  Equations (15) and (16) f o r  the v e l o c i t y  components induced 

by t h e  vor tex  c y l i n d e r  t r a i l i n g  from t h e  duc t .  Machine computed va lues  a r e  
g iven  i n  Table V f o r  t h e  two duc t s .  

The PkR c o e f f i c i e n t s  which appear i n  Equation (19)  a r e  found by 

i n t e r p o l a t i o n  from Tables 2 .3  and 2.4 o f  Reference 4. Values f o r  the two 
d u c t s  are given i n  Tables V I  and V I I .  

T h e  Cn c o e f f i c i e n t s  i n  Equation (17) f o r  the duct-bound v o r t i c i t y  
Y, m u s t  be computed f o r  each case s ince  they  depend upon y/V. However, 
f o r  no duct camber (Rn* = 0) t h e  Cn depend only  upon c/D, and these 
va lues  are given i n  Table V.  
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The cn c o e f f i c i e n t s  i n  Equation ( 2 0 )  f o r  the duct-bound 

can be found by i n t e r p o l a t i o n  from Table 1 of Reference 2. y, 
the two d u c t s  a r e  g iven  i n  Table U. 

v o r t i c i t y  
Values f o r  

Four-foot model.- Duct p r e s s u r e  d i s t r i b u t i o n s  computed f o r  the sma l l e r  
d u c t  i n  a x i a l  flow are shown i n  F igure  1 0  a t  f o u r  t h r u s t  l e v e l s .  Measured 
d a t a  are shown by the v e r t i c a l  l i n e s  t o  i n d i c a t e  the v a r i a t i o n  w i t h  azimuth. 
The d iscont inuous  change i n  p red ic t ed  p res su re  on the i n n e r  d u c t  s u r f a c e  i s  

caused by the p r e s s u r e  jump ac ross  t h e  assumed uniformly loaded a c t u a t o r  

d i s k .  

Actua l  p r o p e l l e r  d i s k  loadings  w e r e  ob ta ined  by measuring t o t a l  

p r e s s u r e  d i s t r i b u t i o n s  i n  a p lane  j u s t  downstream o f  the p r o p e l l e r  and i n  

the d u c t  e x i t  plane.  Resu l t s  f o r  two advance r a t i o s ,  shown i n  F igure  11, 

i n d i c a t e  q u i t e  nonuniform loadings.  The i n f luence  of nonuniform d i s k  
loading  on duc t  p re s su re  d i s t r i b u t i o n  i s  d i scussed  i n  Appendix A. 

Seven-foot model.- For a series o f  a x i a l  flow runs,  the measured and 
p r e d i c t e d  d u c t  p re s su re  d i s t r i b u t i o n s  a re  shown i n  F igu res  1 2 ,  13, and 14. 
Figures  1 2  and 13 show the in f luence  o f  elevon removal, and Figures  13 and 14 
i n d i c a t e  the e f f e c t  o f  changing b lade  p i t c h .  As befo re ,  the p r e s s u r e  jump 
a c r o s s  t h e  uniformly loaded a c t u a t o r  d i s k  appears as a d i s c o n t i n u i t y  i n  t h e  
duc t  s u r f a c e  p re s su re .  

Duct P res su re  D i s t r i b u t i o n s  a t  Angle o f  A t t ack  

Four-foot model.- Measured and p red ic t ed  p r e s s u r e  d i s t r i b u t i o n s  a t  
angle  o f  a t t a c k  f o r  t h r e e  advance r a t i o s  are shown i n  F igures  15, 16, and 17. 
The p r e s s u r e s  shown are a l l  i n  the plane of symmetry4 excep t  the measured 

p r e s s u r e s  on d u c t  s u r f a c e s  3 and 4 i n  Figure 15, w h i c h  are a t  an azimuth 
s t a t i o n  30° o f f  t h e  p lane  of symmetry. I n  o r d e r  t o  c l a r i f y  the f i g u r e s ,  
the d a t a  p o i n t s  are shown on ly  f o r  the windward i n n e r  s u r f a c e  ( su r face  2 ) .  

Since the a c t u a t o r  d i s k  i s  assumed t o  be uniformly loaded, the s a m e  p re s su re  

jump a c r o s s  the d i s k  a c t s  on both i n n e r  s u r f a c e s .  

4 That p l ane  through the d u c t  c e n t e r l i n e  which c o n t a i n s  the f r ees t r eam v e l o c i t y  
v e c t o r .  For the tests desc r ibed  he re in ,  the ducted  p r o p e l l e r  models w e r e  
r o t a t e d  about a v e r t i c a l  axis i n  the tunnel  t o  g e t  an "angle o f  a t t a c k "  
flow cond i t ion ;  t hus ,  the p lane  of symmetry i n  the test  models i s  a 
h o r i z o n t a l  p lane  through the duc t  c e n t e r l i n e  (see Fig .  1). 



Radial d i s t r i b u t i o n s  of t o t a l  p re s su re  a t  t h e  duc t  e x i t  i n  t he  plane 

of symmetry a r e  shown i n  Figure 18 f o r  two advance r a t i o s .  These d a t a  show 

t h a t  the p rope l l e r  loading was not  uniform and t h a t  t h e  flow was separa ted  
from t h e  windward inne r  duc t  s u r f a c e  ( su r face  2 )  a f t  o f  t h e  p r o p e l l e r  f o r  
angles  of a t t a c k  g r e a t e r  than  approximately 20°. 

Seven-foot model.- Pressure  d i s t r i b u t i o n s  measured and p red ic t ed  f o r  
t h e  7-foot model duc t  a t  angle  of a t t a c k  a r e  shown i n  Figures  19 and 20 f o r  

two advance r a t i o s .  The e f f e c t  of angle  of a t t a c k  a t  a h igh  advance r a t i o  
is shown i n  Figures  19 and 1 2  (b)  ; and a t  a low advance r a t i o  i n  Figures  20 

and 1 2 ( e ) .  
symmetry (see Fig. 3 ( c ) ) .  

A l l  the d a t a  a t  angle  of a t t a c k  w e r e  taken 13O o f f  t h e  p lane  of  

Duc t  Boundary-Layer Ca lcu la t ions  

With the foregoing duc t  su r f ace  geometry and both measured and p red ic t ed  
surface-pressure d i s t r i b u t i o n s ,  duc t  boundary l a y e r s  were computed using the 
method previously descr ibed .  B e r n o u l l i ’ s  equat ion  was used t o  r e l a t e  

s u r f a c e  v e l o c i t y  and p res su re  d i s t r i b u t i o n s .  The boundary l aye r s  were 
computed only on t h e  lower inner  surface’ o f  t h e  computed duc t  p r o f i l e  back 
t o  t h e  p rope l l e r  s t a t i o n .  

Four-foot model.- For the  smal le r  duc t  i n  a x i a l  f l o w  a t  var ious  advance 

r a t i o s ,  the  computed boundary-layer momentum th i ckness ,  shape f a c t o r ,  and 
sur face-ve loc i ty  d i s t r i b u t i o n s  a r e  shown i n  Figure 21. The computation w a s  
s t a r t e d  a t  t h e  lead ing  edge where t h e  momentum th i ckness  w a s  assumed zero  
i n  each case. T r a n s i t i o n  w a s  governed by the ,issumed R e e  c r i te r ion  i n  a l l  
cases except J = 0.178 wi th  the p red ic t ed  v e l o c i t y  d i s t r i b u t i o n ,  where 
laminar s epa ra t ion  t r i g g e r e d  t r a n s i t i o n .  The t u r b u l e n t  boundary l a y e r s  

computed from the predic ted  v e l o c i t y  d i s t r i b u t i o n s  d i d  not  show s e p a r a t i o n  
from t h e  duct ahead of t h e  p r o p e l l e r .  However, when the measured v e l o c i t y  

d i s t r i b u t i o n  was used f o r  t h e  computation f o r  t h e  hovering f l i g h t  cond i t ion  
(J = 0) and a second h igh  t h r u s t  cond i t ion  (J = 0.178), the boundary l a y e r  

was predictad t o  sepa ra t e  s l i g h t l y  ahead of the p r o p e l l e r .  

0 

The computed duc t  shape is t h e  supe rpos i t i on  o f  a NACA 0018 th i ckness  

Since a stepwise numerical  i n t e g r a t i o n  scheme was used t o  compute boundary- 

5 

d i s t r i b u t i o n  on the  duc t  camberline shape from Equation ( 1 2 ) .  
0 

l a y e r  growth, a chordwise s t a t i o n  where Reg, = 400 e x a c t l y  was r a r e l y  
found, which accounts f o r  t he  v a r i a t i o n  of t r a n s i t i o n  Reg shown. 
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For non-zero angles  of a t t a c k  a t  J = 0.178, t h e  p red ic t ed  boundary- 
l a y e r  c h a r a c t e r i s t i c s  a r e  shown i n  Figure 22 .  Figure 2 2 ( a )  shows predic ted  
s u r f a c e  v e l o c i t y  d i s t r i b u t i o n ,  momentum th ickness ,  and shape f a c t o r  f o r  
angles  of a t t a c k  of  20° and 40°. 
the s t a g n a t i o n  po in t  on the o u t s i d e  su r face  a t  x/c = 0.1 f o r  a = 2 0  

and x/c = 0.15 f o r  a = 40 , using the  p red ic t ed  v e l o c i t y  d i s t r i b u t i o n s .  
Nei ther  boundary l a y e r  w a s  p red ic t ed  t o  sepa ra t e  upstream o f  the p r o p e l l e r .  
The r e s u l t s  f o r  a = 60 are shown i n  Figure 2 2 ( b )  f o r  both measured and 
p red ic t ed  v e l o c i t y  d i s t r i b u t i o n s .  In  addi t ion ,  f o r  the p red ic t ed  v e l o c i t y  

d i s t r i b u t i o n ,  boundary-layer computations w e r e  made s t a r t i n g  a t  t h e  lead ing  

edge and a t  t h e  s t a g n a t i o n  po in t  (x/c = 0.45 
The s t a r t i n g  po in t  made very  l i t t l e  d i f f e rence  i n  the computed boundary- 
l a y e r  c h a r a c t e r i s t i c s .  Separa t ion  w a s  p red ic ted  t o  occur  f o r  a l l  cases  a t  

a = 60 . Simi la r  r e s u l t s  f o r  a = 80 a r e  shown i n  Figure 2 2 ( c ) .  For 
a 2 60°, s e p a r a t i o n  was p red ic t ed  t o  occur f u r t h e r  forward w i t h  t h e  p red ic t ed  
than  with t h e  measured v e l o c i t y  d i s t r i b u t i o n s .  

The boundary l a y e r s  w e r e  computed from 
0 

0 

0 

on t h e  o u t s i d e  s u r f a c e ) .  

0 0 

For a h ighe r  advance r a t i o  (J z 0.34) t h e  e f f e c t  o f  angle  of a t t a c k  on 
t h e  duc t  boundary l a y e r  i s  shown i n  Figure 23. Using the p red ic t ed  v e l o c i t y  
d i s t r i b u t i o n  f o r  a = 0 , 20°J 40°, and 60°J t h e  boundary l a y e r s  were computed 
from t h e  leading  edge. Turbulent  boundary-layer s e p a r a t i o n  w a s  p red ic ted  

0 0 only  when a = 60 . Using t h e  measured v e l o c i t y  d i s t r i b u t i o n  f o r  a = 0 , 
t h e  t u r b u l e n t  boundary l a y e r  w a s  p red ic ted  t o  s e p a r a t e  s l i g h t l y  ahead of 
t h e  p r o p e l l e r .  

0 

The r e s u l t s  a t  the h i g h e s t  advance ra t io  considered (J 0.54) a r e  

shown i n  Figure 24. 
l ead ing  edge using both measured and predic ted  v e l o c i t y  d i s t r i b u t i o n s  d id  
n o t  s e p a r a t e  before  t h e  p r o p e l l e r .  A t  a = 20° and 40°, the predic ted  
v e l o c i t y  w a s  used t o  compute the boundary l a y e r  from t h e  s t a g n a t i o n  po in t s  

on the o u t e r  s u r f a c e  a t  x/c = 0.03 and 0.05, r e spec t ive ly .  A t  a = 40°J 

the boundary l a y e r  w a s  a l s o  computed from t h e  lead ing  edge using t h e  

measured v e l o c i t y .  The t u r b u l e n t  boundary l a y e r  was p red ic t ed  t o  s e p a r a t e  
on ly  wi th  t h e  measured v e l o c i t y  f o r  a = 40 . 

A t  a = Oo, t h e  boundary l a y e r  computed from t h e  

0 

Seven-foot model.- The momentum thickness  and shape f a c t o r  f o r  the 
l a r g e r  duc t  i n  a x i a l  f l o w  a t  s e v e r a l  advance r a t i o s  a r e  shown i n  Figure 25. 
The boundary l a y e r s  f o r  a l l  advance r a t i o s  w e r e  computed from t h e  leading 

edge us ing  t h e  measured v e l o c i t y  d i s t r i b u t i o n .  A t  advance r a t i o s  below 



0.434, t h e  boundary l a y e r s  w e r e  p red ic ted  t o  s e p a r a t e  ahead of t h e  p r o p e l l e r .  

The boundary l a y e r  a t  an in te rmedia te  advance r a t i o  (J = 0.216) was also 
computed from t h e  lead ing  edge using t h e  p red ic t ed  v e l o c i t y  d i s t r i b u t i o n ,  

b u t  it d id  not s epa ra t e .  

For a number of angles  of  a t t a c k  a t  a h igh  advance r a t i o  (J 2 0.52) ,  
t h e  pred ic ted  boundary-layer momentum th i ckness ,  shape f a c t o r ,  and s u r f a c e  

v e l o c i t y  d i s t r i b u t i o n  a r e  shown i n  Figure. 26 ( a ) .  Using p red ic t ed  v e l o c i t y  
d i s t r i b u t i o n s ,  t he  boundary l a y e r s  were computed from t h e  leading  edge a t  
a = 0 and 20°, and from x/c = 0.05 near  t h e  o u t s i d e  s t a g n a t i o n  p o i n t  
a t  a = 40 . No s e p a r a t i o n  was ind ica ted .  The measured v e l o c i t y  d i s t r i b u -  

t i o n  was a l so  used f o r  computations a t  a = Oo and 40°. Only f o r  t h e  l a s t  

of  t h e s e  computed boundary l a y e r s  was sepa ra t ion  p red ic t ed .  One can note  
from t h e  measured p res su re  d i s t r i b u t i o n  f o r  th is  l a s t  case  (Figure 19 (b )  

- t h a t  a s t rong  i n d i c a t i o n  of  s epa ra t ion  is  ev iden t  a t  x/c = 0.05. 

0 

0 

Since tu rbu len t  s e p a r a t i o n  was not  ob ta ined  a t  40' w i t h  t he  p red ic t ed  
v e l o c i t y  d i s t r i b u t i o n ,  t h i s  case  was repeated assuming t r a n s i t i o n  d id  not  
occur .  Laminar s epa ra t ion  was then p red ic t ed  t o  occur ( a t  x/c = 0.02 

and 
p o i n t  and a t  t h e  leading edge. 

Ree = 500) when t h e  boundary l a y e r  was s t a r t e d  both a t  t h e  s t a g n a t i o n  

For a lower advance r a t i o  (J z 0.21),  t h e  boundary l a y e r s  computed a t  
a = 20 and 40° a r e  shown i n  Figure 26 ( b ) .  Measured v e l o c i t y  d i s t r i b u t i o n s  
were used, and sepa ra t ion  was predic ted  forward of t h e  p r o p e l l e r  i n  both 

cases .  

0 

Duct s t a l l  boundary.- A summary of  a l l  of t h e  boundary-layer s e p a r a t i o n  

p r e d i c t i o n s  on t h e  smal le r  duc t  is shown i n  Figure 2 7 ( a ) .  The purpose of 

t h i s  p re sen ta t ion  i s  t o  a t tempt  t o  compare p red ic t ed  s e p a r a t i o n  r e s u l t s  
with t h e  only d a t a  a v a i l a b l e :  an observed s t a l l  boundary from Reference 5. 

Each po in t  in  Figure 27 (a )  r ep resen t s  a test  cond i t ion  a t  the appropr i a t e  
angle  of a t t a c k  and advance r a t i o .  The chordwise l o c a t i o n  of  t h e  p red ic t ed  

s e p a r a t i o n  point,  based on e i t h e r  measured o r  p red ic t ed  v e l o c i t y  d i s t r i b u t i o n ,  
i s  noted beside each po in t .  The upper dashed curve is the boundary co r re s -  
ponding t o  sepa ra t ion  midway between t h e  lead ing  edge and the p r o p e l l e r  
s t a t i o n  (x/c = 0.15).  This boundary is  es t imated  from t h e  p o i n t s  computed 
with measured v e l o c i t y  d i s t r i b u t i o n s .  The o t h e r  dashed curves correspond 

t o  sepa ra t ion  a t  o t h e r  va lues  of x/c, a s  es t imated  from t h e  computed p o i n t s .  
The s o l i d  curve is  t h e  experimental  s t a l l  boundary deduced from measured 
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p i t c h i n g  moment, sound l e v e l s ,  and observa t ion  of t u f t s  on the i n n e r  d u c t  

l i p  (Ref. 5 ) .  

A summary o f  p r e d i c t e d  boundary-layer s e p a r a t i o n  r e s u l t s  f o r  bo th  duc t s  

f o r  a x i a l  flow i s  shown i n  F igure  27 (b ) .  The  chordwise l o c a t i o n  of the 
p r e d i c t e d  s e p a r a t i o n  p o i n t s ,  based on measured v e l o c i t y  d i s t r i b u t i o n s ,  i s  

shown as a func t ion  o f  t o t a l  ducted p r o p e l l e r  t h r u s t .  

A l l  o f  t h e  computed s e p a r a t i o n  po in t s  on both  duc t s  are shown i n  

F igure  28. The p o i n t s  a r e  p l o t t e d  versus  a Reynolds number based on a 
l eng th  J.? obta ined  as ind ica t ed  i n  Sketch C and Figure  28. The maximum 

va lue  of 
is drawn from th i s  p o i n t  through t h e  known s e p a r a t i o n  p o i n t  on the curve.  

T h e  i n t e r c e p t  on the abscissa is t h e  length  1. 

u/umax is  t r a n s l a t e d  t o  the o r d i n a t e  (x = 0) and a s t r a i g h t  l i n e  

u 
U max 

Typica l  s e p a r a t i o n  p o i n t  
f o r  s t r a i g h t  l i n e  ve loc  

2 
e 

1 
0 e 

X 

i t y  

Sketch C.- L inear  approximation t o  duc t  v e l o c i t y  d i s t r i b u t i o n s .  

I f  l i n e a r  v e l o c i t y  p r o f i l e s  a r e  used w i t h  the Truckenbrodt method t o  

compute the l o c a t i o n  of sepa ra t ion ,  t he  s o l i d  l i n e  i n  F igure  2 8  is 

ob ta ined .  This l i n e  shows t h a t  t h e  s e p a r a t i o n  p o i n t s  €or a series of 
s t r a i g h t  l i n e  v e l o c i t y  p r o f i l e s ,  computed by the Truckenbrodt method as 
befo re ,  are a l l  a t  n e a r l y  a c o n s t a n t  v e l o c i t y  r a t io ,  usep/umax = 0.65. 

The p o i n t s  on F igure  28 which l i e  below the s o l i d  l i n e  are f o r  v e l o c i t y  
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p r o f i l e s  which a r e  convex downward, f o r  example, curve ( a )  i n  Sketch C, or 
the dashed curve i n  F igure  22 (c )  . O n  t h e  o t h e r  hand, the p o i n t s  which l i e  

I 

above t h e  curve a r e  f o r  convex upward p r o f i l e s  s u c h  as curve (b) i n  Sketch C,  1 
o r  the  dashed curve i n  F igure  2 3 .  

DISCUSSION I 

Divis ion  o f  Thrus t  i n  Ax ia l  Flow J 

T h e  4-foot model duc t  t h r u s t  p r e d i c t e d  both from the measured t o t a l  

t h r u s t  and t h e  measured p r o p e l l e r  t h r u s t  (Table 111) agrees  wi th  the 

measured value wi th in  +10/-12 percent .  T h i s  agreement seems s a t i s f a c t o r y  

i n  v i e w  of the f a c t  t h a t  t h e  theo ry  n e g l e c t s  t h e  observed nonuniformity o f  
p r o p e l l e r  b lade  loading and the prevalence o f  flow s e p a r a t i o n  from the duc t  
d i f f u s e r  in a d d i t i o n  t o  many other real  e f f e c t s .  

For t h e  7-foot model d u c t  i n  a x i a l  flow, the measured d u c t  t h r u s t  
g e n e r a l l y  exceeds the p red ic t ed  va lue  (Table 111). The flow sepa ra t ed  
from t h e  inner  d u c t  s u r f a c e  upstream o f  the p r o p e l l e r  when C > 2 

according to  t h e  boundary-layer p r e d i c t i o n s  us ing  the measured p r e s s u r e  
d i s t r i b u t i o n s  (Fig.  2 7 ( b ) ) .  The p r e d i c t i o n s  d i d  n o t  account f o r  t h e  hook 
i n  t h e  duct camberline nea r  the l ead ing  edge o r  the d u c t  f r i c t i o n a l  d rag .  
However, c a l c u l a t i o n s  i n d i c a t e  t h a t  bo th  o f  these e f f e c t s  a r e  apprec i ab le  

on ly  a t  low t h r u s t  l e v e l s  (Appendices A and B ) .  Ca lcu la t ions  a l s o  i n d i c a t e  
t h a t  t h e  t h r u s t  on t h e  7-foot model ( b u t  n o t  the &foo t  model) d u c t  i s  
p r e d i c t e d  more a c c u r a t e l y  when t h e  p r e s s u r e  rise ac ross  the a c t u a t o r  d i s k  

i s  assumed t o  a c t  on t h e  a f t  p a r t  o f  the i n n e r  d u c t  s u r f a c e  (Appendix A ) .  

TDP 

D u c t  Force and Moment a t  Angle o f  At tack  

The t h r u s t  on the sma l l e r  duc t  a t  ang le  o f  a t t a c k  is  reasonably  w e l l  
p r ed ic t ed  (Fig.  5 ) .  The measured duc t  t h r u s t  w a s  almost independent o f  

ang le  o f  a t t ack .  

The main d i f f e r e n c e  between the measured and p red ic t ed  performance o f  

the two ducted p r o p e l l e r s  is t h e  normal f o r c e  a t  angle  o f  a t t a c k .  The 

measured values o f  normal f o r c e  €or  t h e  4-foot model duc t  (Fig.  4 )  are 
g e n e r a l l y  much sma l l e r  than  foL t h e  7-foot model d u c t  (Fig.  7 ) ,  p a r t i c u l a r l y  
a t  h igh  t h r u s t  l e v e l s ,  even though t h e  two d u c t  c o n f i g u r a t i o n s  are v e r y  
s i m i l a r .  The p red ic t ed  normal f o r c e  i s  n e a r l y  the same f o r  the two duc t s  
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and g e n e r a l l y  i n  good agreement wi th  the d a t a  f o r  t h e  l a r g e r  duc t  without  

t h e  elevon (Fig.  7 ( a ) ) .  The d a t a  and p red ic t ions  both i n d i c a t e  t h a t  t h e r e  
was cons ide rab le  flow s e p a r a t i o n  from the &foo t  model duc t  a t  angle  of 

a t t a c k .  However, it is  f e l t  t h a t  t h e  very low normal fo rce  measured f o r  
t h e  s m a l l e r  d u c t  a t  h igh  t h r u s t  l e v e l  was caused l a r g e l y  by t h e  concentra-  
t i o n  of  p r o p e l l e r  t h r u s t  loading toward t h e  hub. Except f o r  t h i s  e f f e c t ,  

one might expect  t h e  normal f o r c e  on the sma l l e r  u n i t  t o  be g r e a t e r  than 
p red ic t ed  f o r  t h e  d u c t  alone because o f t h e  l a r g e  centerbody and l a r g e  
number of s t a t o r  and p r o p e l l e r  b lades .  T h e o r e t i c a l  e s t ima tes7  i n d i c a t e  t h a t  
concen t r a t ion  of t h e  p r o p e l l e r  loading  toward t h e  hub does cause t h e  duc t  

normal f o r c e  t o  d e c r e a s e s i g n i f i c a n t l y  a t  h igh  t h r u s t  l e v e l  bu t  has  l i t t l e  

e f f e c t  on t h e  duc t  t h r u s t .  

For t h e  7-foot model, t h e  a d d i t i o n  of t h e  e levon ( a l i g n e d )  has  t h e  
e f f e c t s  of  i nc reas ing  measured normal force a t  h igh  angles  of  a t t a c k  and 
dec reas ing  it a t  low angles  of a t t a c k  (Fig. 7 ) .  The p r e d i c t e d  normal force,  
which does no t  cons ide r  t h e  elevon, agrees b e t t e r  wi th  t h e  elevon-off d a t a ,  
a s  might be expected.  The m o s t  probable reason f o r  t h e  underpredic t ion  of 
normal fo rce  on t h e  l a r g e r  u n i t  is t h e  e x i s t e n c e  of normal f o r c e  components 

on t h e  b lad ing ,  centerbody, and elevon ( i f  p r e s e n t )  which a r e  n o t  p red ic t ed  

by t h e  theory .  Only t h a t  component ac t ing  on t h e  duc t  i s  shown i n  Figure 7. 
This  tends  t o  be borne o u t  by Table IV, which i n d i c a t e s  measured auct normal 

f o r c e s  lower than measured o v e r a l l  normal fo rces  f o r  t h e  4-foot  u n i t .  
a 

The measured p i t c h i n g  moment r e s u l t s  f o r  both ductxi are c o n s i s t e n t  with 
t h e  normal fo rce  r e s u l t s ,  i n  t h a t  h igher  moments a r e  obta ined  wi th  t h e  

l a r g e r  t han  with t h e  sma l l e r  duc t .  The p i t c h i n g  moment appears  t o  be w e l l  
p r e d i c t e d  f o r  both duc t s  (Figs .  6 and 8 ) .  

Duct P res su re  D i s t r i b u t i o n s  i n  Axia l  Flow 

The p res su re  d i s t r i b u t i o n s  f o r  the &foo t  model duc t  (Fig.  10) appear 
t o  be reasonably w e l l  p r ed ic t ed .  A t  the  h ighe r  t h r u s t  l e v e l s ,  and p a r t i c u -  
l a r l y  € o r  t h e  hovering f l i g h t  condi t ion ,  t h e  p re s su re  on t h e  inne r  duc t  
s u r f a c e  a f t  o f  t h e  p r o p e l l e r  is lower than p red ic t ed .  This is probably due 
t o  t h e  f a c t  t h a t  t h e  p r o p e l l e r  loading is concent ra ted  near  t h e  hub so t h a t  
t h e  f u l l  d i s k  p re s su re  jump is  not  applied suddenly t o  t h e  d u c t  su r f ace .  

Kr iebe l ,  A. R.: I n v e s t i g a t i o n  of Dynamic S t a b i l i t y  Der iva t ives  of  Ducted 7 

P r o p e l l e r s ,  1st Q u a r t e r l y  Progress  Rpt., Vidya P r o j e c t  N o .  9270, 
Con t rac t  Now 65-0348-c, June 1965. 
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me pressu re  d i s t r i b u t i o n s  f o r  the l a r g e r  duc t  (F igs .  1 2  through 14)  a r e  

accu ra t e ly  p red ic t ed  on the o u t e r  s u r f a c e .  However, on the more c r i t i c a l  
i n n e r  su r face ,  the p r e s s u r e  is p red ic t ed  less a c c u r a t e l y  than  f o r  the ! 
smaller duct.  This i s  p a r t i c u l a r l y  t r u e  when the b lade  p i t c h  and t h r u s t  
c o e f f i c i e n t  are h igh  (Fig.  1 4 ) .  Although the presence  of  t h e  elevon 
appears t o  have l i t t l e  e f f ec t  on the duc t  p r e s s u r e  d i s t r i b u t i o n  (F igs .  1 2  (c)  

and 1 3  (c) ), increased  b l ade  p i t c h  a t  a f i x e d  t h r u s t  lowers the measured 

p res su re  over the inne r  d u c t  s u r f a c e  (F igs .  1 2  (d)  and 14 ( a ) ) .  The e f f e c t  

is  complicated by the f a c t  t h a t  s e p a r a t i o n  of the boundary l a y e r  s l i g h t l y  
ahead o f  the  p r o p e l l e r  was computed f o r  a l l  o f  t h e  measured p res su re  

d i s t r i b u t i o n s  shown a t  t h e  h ighe r  b l ade  p i t c h .  Such s e p a r a t i o n  and p o s s i b l e  
reattachment a f t e r  the p r o p e l l e r  would probably be a f f e c t e d  by t h e  loading  
of  the p r o p e l l e r  b l ade  t i p s .  

', 
I 
1 

8 

The d i s c o n t i n u i t y  i n  d u c t  p re s su re  p r e d i c t e d  f o r  a uniform a c t u a t o r  
d i s k  loading i s  n o t  e v i d e n t  from the d a t a  f o r  e i ther  duc ted  p r o p e l l e r .  
This can be a t t r i b u t e d  t o  t h e  low loading  of t h e  p r o p e l l e r  b l ade  t i p s  f o r  
t h e  smal le r  u n i t  as mentioned e a r l i e r .  For the l a r g e r  u n i t  the b lade  t i p s  
w e r e  apparent ly  more h i g h l y  loaded, b u t  the computed duc t  boundary l a y e r  
s epa ra t ed  n e a r  the p r o p e l l e r  except  when t h e  b l ade  loading  was low. The 
s e p a r a t i o n  of the duc t  boundary l a y e r  may have caused the p res su re  discon- 
t i n u i t y  on the i n n e r  duc t  w a l l  t o  be smoothed o u t  s i m i l a r  t o  a shock wave- 
boundary l aye r  i n t e r a c t i o n .  The p r e d i c t e d  p r e s s u r e  g r a d i e n t  on t h e  i n n e r  

d u c t  su r f ace  can be improved by smoothing o u t  the t h e o r e t i c a l  d i s c o n t i n u i t y  

1 

1 
ac ross  the a c t u a t o r  d i s k .  

Duct P res su re  D i s t r i b u t i o n s  a t  Angle of At tack  

i 
i 

The p red ic t ed  p res su re  d i s t r i b u t i o n s  a t  ang le  o f  a t t a c k  are i n  o v e r a l l  
q u a l i t a t i v e  agreement f o r  bo th  duc t s  (F igs .  15, 16, 17, 19, and 20 ) .  

However, the accuracy i s  poores t  on the most c r i t i c a l  s u r f a c e  2 .  For 
s u r f a c e  2 the p re s su re  i s  underpredic ted  more f o r  t h e  smaller than  f o r  the 

8 Recently,  rake d a t a  w e r e  ob ta ined  on the 7-fOOt model approximately 10 inches  
upstream of t h e  duc t  e x i t  f o r  a = Oo, P = 290, J = 0, 0.22, 0.45, 0.62. 
The measured t o t a l  p re s su re  w a s  very  uniform f o r  each one of these runs  
except  wi th in  the duc t  boundary l a y e r  (about 2 i n .  t h i c k )  and toward the 
c e n t e r l i n e  ( r  2 18 i n .  w h e r e  Ap z 0). The low dynamic head i n  t h e  
c e n t r a l  p a r t  of t h e  s l i p s t r e a m  is be l i eved  t o  have: (1) caused t h e  
v e l o c i t y  over t h e  inne r  d u c t  s u r f a c e  t o  be h i g h e r  t han  p red ic t ed ,  and 
( 2 )  reduced t h e  e f f e c t i v e n e s s  of t h e  e levon.  
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l a r g e r  duc t .  This i s  i n  agreement with the f a c t  t h a t  t h e  normal fo rce  on 
t h e  smal le r  duc t  was overpredic ted  whereas t h e  normal fo rce  on the  l a r g e r  
model was not .  Duct flow sepa ra t ion  for  t h e  & f o o t  model i s  n o t  ev iden t  

from any of t h e  measured p res su re  d i s t r i b u t i o n s  (Figs .  15, 16, and 1 7 ) .  
Fo r  t h e  sma l l e r  duc t  t h e  inaccuracy of  p r e d i c t i o n  i s  a sc r ibed  t o  t h e  
in f luence  on t h e  o v e r a l l  t h e o r e t i c a l  flow model of  flow s e p a r a t i o n  from t h e  

duc t  a f t  of t h e  p r o p e l l e r  and t h e  nonuniformity of t h e  p r o p e l l e r  loading.  

For t h e  l a r g e r  duc t  a t  low t h r u s t  c o e f f i c i e n t  (Fig.  1 9 ( a ) ) ,  t h e  

p re s su re  g r a d i e n t  on t h e  uppermost su r face  4 is more adverse than  p red ic t ed .  

This is  be l ieved  t o  be caused by the  hook near  t h e  lead ing  edge of t h e  

a c t u a l  camberline (Fig.  9 )  which cannot be accura t e ly  represented  by t h e  
four-term s e r i e s  express ion  f o r  t h e  camberline.  The corresponding suc t ion  

peak is  much smal le r  f o r  t h e  smal le r  duct.  A s  t h e  angle  of  a t t a c k  is  
increased  t o  40° i n  Figure 1 9 ( b ) ,  t h e  flow s e p a r a t e s  from s u r f a c e  4. 
flow is  a l s o  separa ted  from su r face  2 i n  Figure 1 9 ( b )  as  shown by t h e  
measured p res su re  d i s t r i b u t i o n .  

The 

A t  h ighe r  t h r u s t  c o e f f i c i e n t  (Fig.  20) ,  t h e  s t a g n a t i o n  p o i n t  moves onto 

s u r f a c e  4 and t h e  p re s su re  g r a d i e n t  becomes favorable .  The computed separa-  
t i o n  on s u r f a c e  2 was near  t h e  p rope l l e r  (Fig.  2 6 ( b ) )  and the  sepa ra t ion  
bubble d id  no t  appear i n  t h e  d a t a  f o r  
s u r e  d i s t r i b u t i o n s  a r e  r e l a t i v e l y  accura te .  

a 5 40°. Hence, t h e  p red ic t ed  pres-  

Duct Boundary-Layer Ca lcu la t ions  

Comparison of measured and p red ic t ed  p res su re  d i s t r i b u t i o n s . -  The 
boundary l a y e r s  computed f o r  both ducts  using p red ic t ed  p res su re  d i s t r i b u -  
t i o n s  (Figs .  2 1  through 26) agree reasonably w e l l  wi th  those  computed from 
t h e  measured p res su res  except  near t he  p r o p e l l e r .  The p red ic t ed  p res su re  
g r a d i e n t  is t y p i c a l l y  l e s s  adverse j u s t  upstream o f  t h e  p r o p e l l e r  which 

de lays  s e p a r a t i o n  of t h e  p red ic t ed  t u r b u l e n t  boundary l aye r .  The more 

adverse p re s su re  g r a d i e n t  near t h e  p rope l l e r  c h a r a c t e r i s t i c  of  the measured 
p res su re  d i s t r i b u t i o n s  causes  the momentum th i ckness  t o  grow more r ap id ly  

which i n  t u r n  causes a more r ap id  increase  i n  shape f a c t o r .  I n  Figures  2 1 ,  

23, 24, and 25, th is  d i f f e r e n c e  i n  pressure  g rad ien t  causes the boundary 

l a y e r  corresponding t o  t h e  measured p res su re  t o  s e p a r a t e  ahead of  t h e  
p r o p e l l e r  w h i l e  t h e  p red ic t ed  pressure  boundary l a y e r  does no t .  However, 

when the boundary l a y e r  s e p a r a t e s  f a r t h e r  forward, s imilar  r e s u l t s  a r e  



ob ta ined  using measured a-nd p red ic t ed  p r e s s u r e  d i s t r i b u t i o n s  (F igs .  2 2  (b) 

and 2 2 ( c ) ) .  

S t a r t i n q  poin t . -  I n  F igures  22 (b )  and 2 2 ( c ) ,  the boundary l a y e r s  
computed from the leading  edge a r e  compared w i t h  t hose  computed from t h e  

o u t s i d e  su r face  s t a g n a t i o n  p o i n t .  U p  t o  the l ead ing  edge t h e  p re s su re  
g r a d i e n t  is  h i g h l y  f avorab le  and t h e  momentum th i ckness  a t  the l ead ing  
edge i s  q u i t e  smal l .  There i s  only  a s m a l l  d i f f e r e n c e  i n  momentum t h i c k -  

ness  on the i n s i d e  s u r f a c e  and n e g l i g i b l e  d i f f e r e n c e  (< 0 . 0 1 ~ )  between t h e  
computed sepa ra t ion  p o i n t s .  Therefore ,  the a d d i t i o n a l  e f f o r t  r equ i r ed  t o  
compute the  boundary l a y e r  from t h e  s t a g n a t i o n  p o i n t  does n o t  seem requ i r ed .  

Four-foot model.- A summary o f  a l l  the computed s e p a r a t i o n  p o i n t s  f o r  

t h e  smal le r  duc t  i s  shown i n  F igure  2 7 ( a ) .  The  dashed curves i n d i c a t e  the 

l o c a t i o n  of s e p a r a t i o n  on t h e  windward i n n e r  d u c t  s u r f a c e  2 a s  e s t ima ted  
from t h e  computed p o i n t s .  These curves are obvious ly  rough e s t i m a t e s  
because of the s m a l l  number of po in t s .  The upper dashed curve,  which can 
be  es t imated  more a c c u r a t e l y  than  t h e  o t h e r s ,  g ives  the es t imated  f l i g h t  

cond i t ions  (angle  of a t t a c k  ve r sus  advance r a t i o )  f o r  s e p a r a t i o n  about 
midway between the duc t  l i p  and p r o p e l l e r  (x/c = 0.15) .  The s t a l l  boundary 
deduced i n  Reference 5 from sound, t u f t ,  and p i t c h i n g  moment d a t a  l i e s  

somewhat above the upper dashed curve; hence, t h i s  s t a l l  boundary appa ren t ly  

corresponded t o  s e p a r a t i o n  ve ry  near  the l ead ing  edge of the duc t .  The 

lowest dashed curve i n d i c a t e s  t h a t  s e p a r a t i o n  is  expected t o  occur  be fo re  
t h e  p r o p e l l e r  except  f o r  low angle  of a t t a c k  and h igh  advance r a t i o .  The 
dashed curve f o r  s e p a r a t i o n  a t  x/c = 0.24 i n d i c a t e s  t h a t  t h i s  is  the 
c a l c u l a t e d  l o c a t i o n  o f  s e p a r a t i o n  f o r  hover ing  f l i g h t  (any a a t  J = 0 )  

and t h a t  t h e r e  a r e  va lues  o f  a f o r  J > 0 w h i c h  f i x  t h e  s e p a r a t i o n  p o i n t  
a t  x/c = 0.24. 

w i th  a f ixed  l o c a t i o n  o f  s e p a r a t i o n  be fo re  the p r o p e l l e r .  This  boundary 

would then  correspond wi th  any one o f  t h e  curves i n d i c a t e d  i n  F igure  2 7 ( a )  

depending on t h e  chosen l o c a t i o n  of s e p a r a t i o n .  

A "duct  s t a l l  boundary" could be de f ined  t o  correspond 

Seven-foot model.- The measured p r e s s u r e  d i s t r i b u t i o n  on t h e  duc t  a t  
a = 40° (F ig .  1 9 ( b ) )  i n d i c a t e s  a s e p a r a t e d  r eg ion  a t  x/c = 0.05. The 

boundary l aye r  computed from t h e  l ead ing  edge us ing  the measured p r e s s u r e  
d i s t r i b u t i o n  s e p a r a t e s  a t  x/c = 0.032 (F ig .  2 6 ( a ) ) .  S ince  t h i s  p r e s s u r e  

d i s t r i b u t i o n  c l e a r l y  i n d i c a t e s  a s e p a r a t i o n  reg ion ,  the computed r e s u l t  i s  

encouraging i n  t e r m s  o f  t h e  method used t o  p r e d i c t  the boundary l a y e r .  N o  
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s e p a r a t i o n  was computed us ing  t h e  p red ic t ed  p res su re  d i s t r i b u t i o n ,  b u t  t h i s  

d i s t r i b u t i o n  w a s  i naccura t e  because of t he  flow s e p a r a t i o n .  

Boundary-Layer Separa t ion  i n  Axial Flow 

The computed s e p a r a t i o n  p o i n t s  f o r  both duc t s  i n  ax ia l  flow are 
compared i n  F igure  2 7 ( b ) .  When the t o t a l  t h r u s t  c o e f f i c i e n t  i s  nea r  20, it 
can be seen  t h a t  the boundary l a y e r  on the  l a r g e r  d u c t  s e p a r a t e s  s l i g h t l y  
far ther  forward; however, the l a r g e r  duc t  carries a cons ide rab ly  l a r g e r  

f r a c t i o n  o f  the t h r u s t  (Table 111). The computed boundary l a y e r s  on both 
d u c t s  i n  a x i a l  flow are sepa ra t ed  ahead of the p r o p e l l e r  when 

Without unsteady e f f e c t s  due t o  f i n i t e  p r o p e l l e r  b l ades ,  the boundary l a y e r  
was computed beyond the p r o p e l l e r  f o r  both duc t s  i n  a x i a l  flow f o r  

us ing  t h e  measured v e l o c i t y  d i s t r ibu t . i on .  Separa t ion  occurred  on the sma l l e r  
= 0.684 and on the larger duc t  a t  x/c = 0.65 duc t  a t  x/c = 0.65 f o r  C 

f o r  C 

o f  bo th  d u c t s  s e p a r a t e  even f o r  t h r u s t  c o e f f i c i e n t s  smaller than  un i ty .  

> 2 .  
CTDP 

< 2  
CTDP 

TDP 
= 0.890. Thus, t h e  computed boundary l a y e r s  on t h e  i n n e r  s u r f a c e  

TDP 

Boundary-Layer Separa t ion  Summary 

The computed s e p a r a t i o n  r e s u l t s  f o r  both duc t s  are compared i n  F igure  28 .  

The s o l i d  l i n e  g ives  t h e  v e l o c i t y  r a t i o  f o r  s e p a r a t i o n  a s  p r e d i c t e d  f o r  a 
c o n s t a n t  adverse v e l o c i t y  g r a d i e n t  i nd ica t ed  i n  the ske tch  i n  F igure  28. 

The p o i n t s  w h i c h  l i e  above the curve a r e  f o r  i n c r e a s i n g l y  adverse  v e l o c i t y  
g r a d i e n t s  such tha t  u ( x )  i s  convex upward. The p o i n t s  below the curve are 
f o r  u ( x )  curves which are s h a r p l y  peaked near  the l ead ing  edge and convex 
downward. It can be seen  t h a t  a l l  o f  the  computed s e p a r a t i o n  p o i n t s  l i e  
w i t h i n  a r a t h e r  narrow band o f  v e l o c i t y  r a t i o ,  0.6 5 usep/umax 

approach o f f e r s  the p o t e n t i a l  f o r  p r e d i c t i n g  the l o c a t i o n  o f  s e p a r a t i o n  
f o r  a t y p i c a l  duc t  v e l o c i t y  p r o f i l e  r a t h e r  c l o s e l y ,  p rovid ing  these r e s u l t s  
can be v e r i f i e d  by boundary l a y e r  measurements. 

0.8. This 

CONCLUSIONS AND RECOMMENDATIONS 

The a b i l i t y  o f  p rev ious ly  developed theo ry  f o r  a ducted p r o p e l l e r  a t  
angle Of  a t t a c k  t o  p r e d i c t  the duct - to-propel le r  t h r u s t  r a t i o ,  the normal 

fo rce ,  and the p i t c h i n g  moment w a s  eva lua ted  by use o f  wind t u n n e l  d a t a  

f o r  t w o  l a r g e - s c a l e  duc ted  p r o p e l l e r s .  The t h e o r e t i c a l  p r e d i c t i o n s  w e r e  



extended t o  inc lude  t h e  p re s su re  d i s t r i b u t i o n ,  boundary l a y e r ,  and s t a l l  

boundary f o r  the duct .  

The experimental  d a t a  presented  h e r e i n  show tha t  t h e  flow over a 

ducted p r o p e l l e r  a t  angle  o f  a t t a c k  i s  g e n e r a l l y  ve ry  complex wi th  much 
f r e e  v o r t i c i t y  genera ted  by nonuniform b lade  loading  and s e p a r a t i o n  of t h e  
flow from the duc t  and centerbody. S p e c i f i c a l l y ,  t h e  rake  d a t a  f o r  t h e  
4-foot model show t h a t  t h e  b lade  loading  w a s  concent ra ted  near  the hub and 

t h a t  t h e  flow w a s  g e n e r a l l y  sepa ra t ed  from the inne r  duc t  surface.  

T h e  t h e o r e t i c a l  flow model concen t r a t e s  the f r e e  v o r t i c i t y  i n t o  a t h i n  

d u c t  boundary l a y e r  and a s i n g l e  vo r t ex  c y l i n d e r  t r a i l i n g  from t h e  duc t .  
Nevertheless,  th is  simple model succeeds i n  p r e d i c t i n g  a t  l e a s t  q u a l i t a t i v e l y  
the fo rce  and moment, the p res su re  d i s t r i b u t i o n ,  and t h e  s e p a r a t i o n  o f  the 
boundary l aye r  over t h e  e n t i r e  ope ra t ing  range of p r o p e l l e r  t h r u s t  and 
free-stream angle  of a t t a c k .  

The following s p e c i f i c  conclus ions  a r e  drawn from t h e  exper imenta l  d a t a  

(1) The duc t  t h r u s t  f o r c e  and p i t c h i n g  moment, a s  p red ic t ed  f o r  a t h i n  
and t h e o r e t i c a l  c a l c u l a t i o n s  r epor t ed  h e r e i n .  

c y l i n d e r  surrounding an a c t u a t o r  d i s k ,  correspond reasonably  w e l l  w i t h  the 

measured da ta .  I n  hover ing  f l i g h t  t h e  & f o o t  model d u c t  carr ies  about 
50 percent  of the t o t a l  t h r u s t  and t h e  7-foot model duc t  about 60 pe rcen t .  
For t h e  l a r g e r  model, the duc t  t h r u s t  i s  p r e d i c t e d  more a c c u r a t e l y  wi th  

the assumption t h a t  t h e  p re s su re  rise ac ross  the a c t u a t o r  d i s k  a c t s  on t h e  
inne r  duc t  s u r f a c e  a f t  o f  the p r o p e l l e r .  This is  n o t  the case f o r  t h e  
smaller duct,  appa ren t ly  because the p r o p e l l e r  loading  i s  low near  the 

b lade  t i p s .  

(2) The duc t  normal fo rce  a t  angle  o f  a t t a c k  i s  w e l l  p r ed ic t ed  f o r  the 

7-foot model and cons iderably  ove rp red ic t ed  f o r  t h e  4-foot model. This  

d i f f e r e n c e  is a l s o  be l i eved  t o  be caused by the concen t r a t ion  o f  p r o p e l l e r  
loading  nearer  the hub f o r  the sma l l e r  model, s i n c e  t h e o r e t i c a l  estimates 
i n d i c a t e  t h a t  t h e  duc t  normal fo rce  dec reases  wi th  reduced loading  of t h e  
p r o p e l l e r  blade t i p s .  

( 3 )  The duc t  p re s su re  d i s t r i b u t i o n s  p r e d i c t e d  f o r  a x i a l  flow c o r r e s -  
pond reasonably w e l l  w i t h  t h e  measured d a t a .  However, when t h e  t h r u s t  
l e v e l  and blade p i t c h  are both  h igh ,  t h e  p r e s s u r e  on t h e  i n n e r  s u r f a c e  of 

t h e  7-foot duc t  i s  lower than  p red ic t ed ,  and the p r e d i c t e d  d i s c o n t i n u i t y  
i n  p re s su re  ac ross  the p r o p e l l e r  is n o t  e v i d e n t  i n  the d a t a .  These 
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d i f f e r e n c e s  a r e  be l ieved  t o  be caused by low loading of  t h e  c e n t r a l  p a r t  o f  
t h e  p r o p e l l e r .  

(4)  The p red ic t ed  duc t  p re s su re  d i s t r i b u t i o n s  a t  angle  of  a t t a c k  a r e  

i n  q u a l i t a t i v e  agreement with t h e  da t a ,  but they  a r e  no t  always quan t i t a -  
t i v e l y  accura te ,  p a r t i c u l a r l y  i n  t h e  c r i t i c a l  reg ion  f o r  flow sepa ra t ion ,  
i n s i d e  t h e  windward duc t  l i p .  

:5) For both duc t s  i n  a x i a l  flow, sepa ra t ion  of the boundary l a y e r  
on t h e  inne r  su r face  i s  p red ic t ed  t o  occur before  t h e  p r o p e l l e r  except  when 

the  advance r a t i o  i s  h igh  and t h e  t h r u s t  c o e f f i c i e n t  i s  low. Separa t ion  i s  
p red ic t ed  s l i g h t l y  f a r t h e r  forward on the  7-foot  model duc t  than on t h e  
4-foot  model duc t  f o r  t h e  same t h r u s t  c o e f f i c i e n t  i n  a x i a l  flow; however, 
t h e  duc t - to-propel le r  t h r u s t  r a t i o  is h igher  f o r  t h e  l a r g e r  duc t .  The 

p r e d i c t i o n  of  flow s e p a r a t i o n  from the inner  duc t  l i p  of  t h e  4-foot  model 

duc t  a t  angle  of a t t a c k  corresponds w e l l  wi th  t h e  s t a l l  boundary deduced 
exper imenta l ly  from t u f t s ,  sound l e v e l ,  and p i t ch ing  moment. 

The g e n e r a l  conclusion of t h i s  s tudy i s  t h a t  t h e  d i f f e r e n c e  between 

t h e  measured performance of t h e  two ducted p r o p e l l e r s  and t h e  t h e o r e t i c a l  

p r e d i c t i o n s  i s  caused mainly by d i f f e r e n c e s  i n  b lade  loading d i s t r i b u t i o n  
and t h e  prevalence of flow s e p a r a t i o n  from t h e  inner  duc t  s u r f a c e .  More 
d a t a  and theory  a r e  needed t o  de f ine  and p r e d i c t  t h e  d i s t r i b u t i o n  of b lade  
loading,  t h e  duc t  boundary l aye r ,  and the  i n t e r a c t i o n  between t h e  p r o p e l l e r  
b lade  t i p s  and a region of flow sepa ra t ion .  

It is  recommended t h a t  a d d i t i o n a l  experimental  work be conducted t o  
determine t h e  d i s t r i b u t i o n  of v o r t i c i t y  i n  and around a ducted p r o p e l l e r  i n  

a x i a l  f low and a t  angles  of  a t t a c k  up through t h e  s t a l l  boundary. Measure- 
ments should be made of  t o t a l  and s t a t i c  p re s su re  d i s t r i b u t i o n ,  j u s t  before  

and a f t  o f  t h e  p r o p e l l e r ,  a t  t h e  duc t  e x i t ,  and i n  t h e  wake. Deta i led  
boundary-layer measurements should be made t o  determine where boundary- 
l a y e r  s e p a r a t i o n  occurs  on the o u t e r  and inne r  duc t  su r f aces  and t h e  

centerbody.  The s i z e  of the sepa ra t ed  reg ions  should be def ined ,  pa r t i cu -  

l a r l y  a laminar s e p a r a t i o n  bubble near  t h e  duc t  l i p  ( i f  it e x i s t s )  and the 
reg ion  near the b lade  t i p s .  These d a t a  could be used w i t h  the methods 
desc r ibed  h e r e i n  t o  determine t h e i r  v a l i d i t y  and t h e  e x t e n t  t o  which they  

should be modified and/or extended. 

Vidya Div is ion ,  I t e k  Corporat ion 
Pa lo  Alto,  C a l i f o r n i a  

May 17,  1966 



APPENDIX A 

D I S C U S S I O N  O F  ASSUMPTIONS 

Three assumptions w e r e  made regard ing  duc t  t h r u s t  which a r e  examined 

he re .  These were t o  n e g l e c t  t h e  e f f e c t s  of (1) duc t  camber, ( 2 )  r a d i a l  

v a r i a t i o n  o f  p r o p e l l e r  d i s k  loading, and 4 3 )  d i s k  p res su re  jump a c t i n g  on 

the inne r  duc t  su r f ace .  The duc t  f r i c t i o n  drag  i s  a l s o  neglec ted  based on 
t h e  r e s u l t s  i n  Appendix B. 

D u c t  Camber 

T h e  camber on the 4- and 7-fOOt models is r e l a t i v e l y  s m a l l .  T o  v e r i f y  
t h a t  t h e  e f f e c t  of t h i s  camber on the duc t  t h r u s t  i s  s m a l l ,  t h e  va lue  of 

t h e  duc t  t h r u s t  c o e f f i c i e n t  was computed from Equation (B-3)  of Reference 13 

a s  

+ C2B1 + C3B2 + C4B3 + C5B4 -I- 

- C1B2 - C2B3 - C3B4 - C4B5 - . . * ]  
This equat ion  is der ived  by summing t h e  thrus t .  f o r c e  on the elementary r i n g  

v o r t i c e s  of t h e  duct-bound v o r t i c i t y  due t o  the r a d i a l  v e l o c i t y  a c t i n g  on 
them. 
r a d i a l  v e l o c i t y  i s  t h a t  induced by t h e  t r a i l i n g  v o r t i c i t y .  It can be 

shown t h a t  Equation ( A - 1 )  i s  mathematically i d e n t i c a l  t o  the duc t  t h r u s t  

corresponding t o  t h e  p re s su re  d i s t r i b u t i o n  i n t e g r a t e d  over t h e  duc t  f o r  

cons t an t  t o t a l  head. Values computed from Equation (A-1)  using t h e  
appropr i a t e  duc t  c h a r a c t e r i s t i c s  a r e  l i s t e d  i n  Table A - 1  f o r  comparison 

wi th  va lues  from Equation ( 5 )  and Table 111. The va lues  a r e  i n  c l o s e  
agreement except when t h e  duc t  t h r u s t  i s  ex t remely  s m a l l  compared wi th  
both  the p r o p e l l e r  t h r u s t  and t h e  duc t  f r i c t i o n .  Hence, the e f f e c t  o f  

camber on the  t h r u s t  of both duc t s  seems n e g l i g i b l e  and use o f  the simple 
Equation ( 5 )  i s  cons idered  j u s t i f i e d .  

The duc t  v o r t i c i t y  inc ludes  t h e  e f f e c t  of t h i ckness  E t ,  and t h e  

I 
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1 .  

Radia l  V a r i a t i o n  of P rope l l e r  Disk Loading 

To p r e d i c t  t h e  d u c t  fo rce ,  moment, and p r e s s u r e  d i s t r i b u t i o n ,  it w a s  
assumed t h a t  t h e  v o r t i c i t y  bound t o  the p r o p e l l e r  b l ades  d i d  n o t  vary  wi th  

r a d i u s  and t h a t  it was a l l  shed from t h e  b lade  t i p s  on to  t h e  i n n e r  duc t  
s u r f a c e  and then  t r a i l e d  from the d u c t  (Sketch B ) .  H e r e  w e  s h a l l  examine 
t h e  e f f e c t  o f  a l t e r n a t e  placement of th i s  t r a i l i n g  v o r t i c i t y .  

F i r s t ,  two computed cases w e r e  repeated w i t h  t h e  v o r t i c i t y  t r a i l i n g  
a x i a l l y  downstream from t h e  p r o p e l l e r  blade t i p s  as shown i n  F igu res  A-1 
and A-2. Comparison o f  t h e  r e s u l t i n g  predic ted  duc t  p r e s s u r e  d i s t r i b u t i o n s  
i n  t h e s e  f i g u r e s  shows t h a t  t hey  do n o t  agree a s  w e l l  wi th  t h e  d a t a  a s  

t h e  former p red ic t ed  d i s t r i b u t i o n s  (from Figs .  l O ( a )  and l O ( c ) )  . The 

corresponding duc t  t h r u s t  c o e f f i c i e n t  pred ic ted  from the measured t o t a l  
t h r u s t  c o e f f i c i e n t  i s  l i s t ed  i n  Table A-I1 f o r  comparison wi th  measured 
and p red ic t ed  va lues  given p rev ious ly  i n  Table 111. The r e s u l t s  i n d i c a t e  
t h a t  when the v o r t i c i t y  i s  no t  allowed t o  fo l low the duc t ,  bo th  the duc t  
t h r u s t  and the p r e s s u r e  d i s t r i b u t i o n  a re  underpredic ted .  

To i n v e s t i g a t e  a r a d i a l  v a r i a t i o n  of d i s k  loading ,  p r e d i c t i o n s  w e r e  

made by approximating the measured t o t a l  p re s su re  d i s t r i b u t i o n  w i t h  t h e  
s t epwise  d i s t r i b u t i o n  shown i n  F igure  l l ( b )  f o r  the 4-foot model. T h e  

p r e d i c t e d  d u c t  p re s su re  d i s t r i b u t i o n  is  shown by dashed curves  'in 
F igu re  A-3. Pred ic t ed  t h r u s t  c o e f f i c i e n t s  are l i s t e d  i n  Table A-I11 f o r  

comparison w i t h  measured va lues  and those p rev ious ly  p r e d i c t e d  i n  Table 111. 

The p r e d i c t e d  r e s u l t s  i n d i c a t e  t h a t  the d i v i s i o n  o f  t h r u s t  between t h e  d u c t  
and p r o p e l l e r  and the duc t  p re s su re  d i s t r i b u t i o n  are n e a r l y  the same as 
b e f o r e  f o r  the s i n g l e  v o r t e x  c y l i n d e r  t r a i l i n g  from the duc t .  Moreover, 
the d i s c o n t i n u i t y  i n  duc t  s u r f a c e  pressure  a t  the p r o p e l l e r  i s  smoothed 
o u t  as the p r o p e l l e r  b l ade  t i p s  a r e  unloaded. T h e  d i f f i c u l t y  wi th  t h i s  
approach, however, is t h a t  p r o p e l l e r  wake surveys are g e n e r a l l y  n o t  

a v a i l a b l e  t o  d e f i n e  the r a d i a l  loading  v a r i a t i o n  and, a t  p r e s e n t ,  t h e r e  is 

no method of  p r e d i c t i n g  the v a r i a t i o n  from p r o p e l l e r ,  duc t ,  and o n s e t  flow 
characterist ics.  

Duct Thrus t  f r o m  P res su re  Jump 

For a uniform a c t u a t o r  d i s k  loading there is a d i s c o n t i n u i t y  i n  the 

d u c t  p r e s s u r e  ac ross  the d i s k .  The increased p r e s s u r e  a c t i n g  on t h e  i n n e r  

duc t  s u r f a c e  a f t  o f  the p r o p e l l e r  causes a d u c t  t h r u s t  which h a s  been 



, 
neglec ted .  To i n v e s t i g a t e  t h i s  e f f e c t ,  c a l c u l a t i o n s  w e r e  repea ted  assuming 
a uniformly loaded a c t u a t o r  d i s k  as before ,  b u t  w i t h  the p res su re  jump 

actin! on t h e  inne r  d u c t  s u r f a c e .  T h e  computational procedure is  t h e  same 

as be fo re  except  t h a t  i n  c a l c u l a t i n g  r / V  w e  l e t  Ap/A = 1 i n  Equation ( 1 0 ) .  

curves i n  Figures A-4,  A-5, and A-6. Pred ic t ed  fo rce  c o e f f i c i e n t s  a r e  

i 

1 
Recomputed p res su re  d i s t r i b u t i o n s  f o r  bo th  duc t s  a r e  shown by t h e  dashed 1 

l i s t e d  i n  Table A- IV f o r  comparison w i t h  measured va lues  and those  I 
1 

prev ious ly  p red ic t ed  i n  Table 111. 

With the  d i s k  p re s su re  jump a c t i n g  on t h e  inne r  duc t  s u r f a c e ,  t h e  

d u c t  t h r u s t  from leading  edge s u c t i o n  ( C T ~  ) i s  less than  the duc t  t h r u s t  
p rev ious ly  p red ic t ed ,  b u t  t h e  t o t a l  duc t  t h r u s t  is  g r e a t e r  t han  p rev ious ly  

S 

pred ic t ed .  For t h e  4-fOOt model, t h e  recomputed d u c t  t h r u s t  i s  cons ide rab ly  1 
g r e a t e r  than t h e  measured t h r u s t  and t h e  agreement i s  much worse than  t h a t  
o f  Table 111. For t h e  7-fOOt duc t ,  t h e  recomputed duc t  t h r u s t  i s  g e n e r a l l y  
i n  bet ter  agreement w i t h  t h e  measured va lues  than  i s  the case i n  Table 111. 

This t r end  is probably caused by h ighe r  b l ade  t i p  loading  f o r  t h e  l a rge r  I 

p r o p e l l e r  such t h a t  more of i t s  p re s su re  r ise ac t ed  on t h e  d u c t .  The 
p r e s s u r e  d i s t r i b u t i o n s  (Figs.  A-4 through A-6) i n d i c a t e  t h a t  t h e  r e d u c e d  

d u c t  leading-edge s u c t i o n  causes  poorer agreement w i t h  t h e  measured d a t a  
f o r  both duc ts .  

Comparison of t h e  l a s t  two columns i n  Table A-IV shows t h a t  t h e  t o t a l  
d u c t  t h r u s t  from t h e  p re s su re  d i s t r i b u t i o n  over  the cambered duc t  is n e a r l y  
equa l  t o  the sum of t h e  leading-edge s u c t i o n  on t h e  e q u i v a l e n t  t h i n  
c y l i n d e r  plus t h e  d i s k  p r e s s u r e  jump a c t i n g  on t h e  inne r  duc t  s u r f a c e .  

Based on t h e  r e s u l t s  i n  t h i s  appendix, it seems p o s s i b l e  t o  p r e d i c t  

the duc t  t h r u s t  and p res su re  d i s t r i b u t i o n  us ing  a uniformly loaded 
a c t u a t o r  d i sk  t o  r ep resen t  a nonuniformly loaded p r o p e l l e r  by use of t h e  

fo l lowing  approximations : 

(1) Neglect t h e  p re s su re  rise ac ross  the p r o p e l l e r  b l ade  t i p s ,  SO 

t h a t  t h e  t o t a l  p re s su re  i s  c o n s t a n t  around the d u c t  p r o f i l e .  The t o t a l  
measured duct t h r u s t  is  then  g iven  by t h e  r a d i a l  v e l o c i t y  induced by t h e  

d i s k  ac t ing  on the duct-bound v o r t i c i t y  (Eq .  (A-1)). Compute t h i s  duc t  
t h r u s t  by approximating it  wi th  t h e  leading-edge s u c t i o n  on a t h i n  c y l i n d e r  
(Eq. ( 5 ) ) .  The f r i c t i o n a l  drag  f o r c e  on t h e  d u c t  i s  neg lec t ed  based on t h e  

r e s u l t s  i n  Appendix B.  
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( 2 )  The duc t  p re s su re  d i s t r i b u t i o n  is  computed f o r  t h e  uniformly 
loaded d i s k  w i t h  the d i s c o n t i n u i t y  i n  pressure  across  t h e  a c t u a t o r  d i s k .  

This p res su re  d i s t r i b u t i o n  approximates t h a t  which would be computed f o r  
a nonuniformly loaded p r o p e l l e r  with the  d i s c o n t i n u i t y  smoothed o u t  l o c a l l y  
a s  the p r o p e l l e r  b lade  t i p s  a r e  unloaded. 
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0.541 F o u r - f o o t  
Model D u c t  -178 

0.682 

.525 

-437 

. 3 1 1  

Seven- f oot 
Model D u c t  

TABLE A - I  

0.168 

8.62 

0.0022 

-095 

.230 

-99  

COMPARISON O F  PREDICTED DUCT THRUSTS FOR 
T H I N  CYLINDERS AND FOR THICK DUCTS 

I I -214 1 3.19 

0 .  181 

8.66 

0.0036 

. l o 4  

.240 

1 . 0 2  

3 . 1 1  



TABLE A - I 1  

~ ~~ 

T a b l e  I11 R e p e a t e d  C a s e s  
~ 

D ( P )  

TDP 

cT 

From Measured D ( P I  
From Measured 

cT 

C 
Measured 

C J D 

TD ( P I  TDP 

( E q .  (5)) ( E q .  (A-1) ( E q -  ( 5 )  

0.541 0.186 0.168 0.156 0.114 

.178 7.98 8.62 6.66 6.50 

DUCT THRUST FOR ALTERNATE PLACEMENT 
OF PROPELLER VORTICITY, 4-FOOT MODEL 

C o e f f i c i e n t  

C 
TDP 

C 
TD ( P )  

P (D) 
cT 

R e p e a t e d  C a s e  P red ic t ed  
Table I11 M e  as u re d 

19.4 19.4 19.7 

8.0 8.6 8 .7  

10.8 10.8 11.0 

TABLE A - I 1 1  

THRUST COEFFICIENTS FOR NONUNIFORM 
PROPELLER BLADE LOADING, 4-FOOT MODEL 
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Figure A-1 . -  P re s su re  d i s t r i b u t i o n  f o r  t h e  
4 - f O O t  model d u c t  w i t h  a v o r t e x  c y l i n d e r  

t r a i l i n g  from t h e  p r o p e l l e r  b l ade  t i p s  
a t  a = 0, J = 0.541. 
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F igure  A-2. - Pressure  d i s t r i b u t i o n  for t h e  
4-fOOt model duct wi th  a vo r t ex  c y l i n d e r  

t r a i l i n g  from t h e  p r o p e l l e r  b l ade  t i p s  
a t  a = 0, J = 0.178. 
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Figure  A-3. - Pressu re  d i s t r i b u t i o n  f o r  the 
& f o o t  model d u c t  w i t h  m u l t i p l e  v o r t e x  
c y l i n d e r s  t r a i l i n g  from the p r o p e l l e r  

a t  a = 0, J = 0.178. 



I 

-3  

-2 

P -l 
C 

0 

+1 

Experiment 
+ Inner  s u r f a c e  

0 Outer s u r f a c e  
Theory 

I I I -  Figure  1O(c) 

0 0.2 0.4 0.6 0.8 1 

x/c 

Figure  A-4. - Pressure  d i s t r i b u t i o n  f o r  the 
4-foot model duct  with Ap a c t i n g  on 

duc t  and centerbody a t  a = 0, J = 0.541. 
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Figure  A-5. - Pressu re  d i s t r i b u t i o n  for  the 
7-foot model d u c t  w i t h  Ap a c t i n g  on d u c t  

and centerbody a t  a = 0, J = 0.438. 
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APPENDIX B 

DUCT FRICTIONAL DRAG ESTIMATION 

H e r e  w e  estimate t h e  t o t a l  d rag  f o r c e  on t h e  d u c t  due t o  i ts  boundary 

l a y e r  for  a x i a l l y  symmetric flow. For t h i s  purpose, w e  r e p r e s e n t  the duc t  
as a t h i n  c y l i n d e r  wi th  unseparated t u r b u l e n t  boundary l a y e r s  on the inne r  

and o u t e r  s u r f a c e s .  W e  approximate the s u r f a c e  v e l o c i t y  d i s t r i b u t i o n  on 
each s i d e  by a cons t an t  g r a d i e n t  p r o f i l e  w i t h  f ree-s t ream V a t  t h e  
t r a i l i n g  edge as shown i n  the ske tch  below. 

Sketch B-1.- Approximate v e l o c i t y  d i s t r i b u t i o n  
on one s i d e  of duc t .  

Thus, the  s u r f a c e  v e l o c i t y  on each s i d e  i s  g iven  by 

y 3 - = - -  v v  U uO x ( 2 -  .> 
where 

a t  X = O ,  Y = l  a t  X = l  uO y = y  = -  o v  

Using t h e  Truckenbrodt s o l u t i o n  f o r  a t u r b u l e n t  boundary l a y e r ,  the 
momentum th i ckness  i s  g iven  by (Eq. (22.20), Ref. 10)  

where cf i s  the f l a t  p l a t e  drag  c o e f f i c i e n t  when u = V. Hence, 
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uO 1 - -  V 

Now a t  t h e  d u c t  t r a i l i n g  edge (where Y = 1 and 8 = O C )  w e  have 

Using t h e  r e s u l t  f o r  a 1/7 power p r o f i l e  (p. 443, Ref. 10)  w e  have f o r  
each s i d e  of t h e  d u c t  

C f = q . r r D c -  - Fo - 0.072(Rec)-1/5 (B-5) 

where 

vc R e c  = - 
V 

and Fo i s  the f l a t  p l a t e  d rag  when v = V. 

Assuming f ree-s t ream p res su re  across  t h e  d u c t  e x i t  plane,  w e  have the 
t o t a l  d r a g  on each s i d e  of  the d u c t  given by eC a s  

(B-7) F = cDgTDc 
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where 

OC c = -  
D C 

Hence, using Equation (B-4), w e  can w r i t e  

D 

f 
- = - =  

c c  f C 

20c i L I 
The following va lues  from Equation (B-9) show t h a t  the duc t  drag  

inc reases  r a p i d l y  wi th  adverse v e l o c i t y  r a t i o :  

U,/V 

1.25 
1.67 
2.0 
4.0 

6.0 
7.0 
8 . 0  

f 

1.42 
2.45 

3.55 
18.9 
54.0 
8 2 . 2  

119.0 

Now t o  estimate the d u c t  drag  f o r  the 4-foot model a t  J = 0.541, 

a = 0, w e  have t h e  f ree-s t ream v e l o c i t y  

V = n D J = -  4600 60 (4 )  (0.5415) = 166 f p s  P 

The Reynolds number based on d u c t  chord is  

= 25.4x1O5 
l o 4  (166) (s) 

- - =  104vc 
1.8 1.8 R e c  - 

= 19 .1  
ReC 
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Using Figure  1 0 ( a ) ,  w e  approximate the su r face  v e l o c i t y  as u = V on the 
o u t e r  d u c t  su r f ace .  On the inne r  sur face ,  w e  use Equation (B-1) wi th  
uo = 2V. From Equation (B-5) t h e  d rag  c o e f f i c i e n t  on t h e  o u t e r  s u r f a c e  is 

From Equation (B-9) the drag  c o e f f i c i e n t  on the i n n e r  s u r f a c e  is 

cD = 3.55 cf = 3.55(0.0038) = 0.0135 

The t o t a l  d rag  c o e f f i c i e n t  based on t h e  d u c t  e x i t  p lane  area is  

(Cf + CD) WCD) C 
- 7r ‘D - = 4 5 (cf + cD) = 4(0.608)(0.0173) = 0.042 

4 D2 

From Table 111, the measured t h r u s t  c o e f f i c i e n t s  f o r  t h e  duc t  and t h e  

e n t i r e  c o n f i g u r a t i o n  are 

C = 0.186 
TD (PI 

C = 0.890 
TDP 

Hence, the es t ima ted  duc t  drag  is s m a l l  compared w i t h  the measured duc t  
t h r u s t  . 

S i m i l a r l y ,  f o r  J = 0.178 and a = 0, w e  have 

V = m J = -  2800 (4 )  (0.1784) 
P 60 

104 (33.3) (3) 1o4vC - R e c  = - - 1.8 1.8 

= 33.3 f p s  

= 5.O9X1O5 

= 13.8 

From F igure  l O ( c ) ,  w e  sha l l  t a k e  u = V on the o u t e r  s u r f a c e  and 
uo = 6V 
is then 

on the inner  su r face .  T h e  drag c o e f f i c i e n t  on the o u t e r  s u r f a c e  
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c = - =  0.00522 f 13.8 

and on the inne r  s u r f a c e  

26C C = 54.0 cf = 0.282 = - D C 

The t o t a l  d rag  c o e f f i c i e n t  based on t h e  d u c t  e x i t  p lane  area is  

CD = 4(0.608) (cf + cD) = 0.70  

The measured t h r u s t  c o e f f i c i e n t s  are 

C = 19.4 
TDP 

I n  t h i s  case,  t h e  e s t ima ted  boundary-layer momentum th i ckness  i n s i d e  the 
duc t  t r a i l i n g  edge ( O c  = 0.14 c = 4.6 i n . )  i s  so  l a r g e  t h a t  t h e  boundary- 
l a y e r  equat ions  a r e  inaccura t e .  (Furthermore, the boundary l a y e r  i s  
probably separa ted  a f t  o f  the p r o p e l l e r ,  see Fig .  l l ( b )  . )  However, t h e s e  
r e s u l t s  i n d i c a t e  t h a t  t h e  d u c t  s k i n  f r i c t i o n  d rag  is  s m a l l  compared w i t h  

the t o t a l  t h r u s t  a t  a l l  advance r a t i o s .  

A t  high advance r a t i o ,  t h e  e s t ima ted  d u c t  d rag  c o e f f i c i e n t  based on 
e x i t  a r e a  A i s  ( f o r  u = V )  

C 
CD 4 - ( 2 C f )  z 0.02 D 

Hence the duc t  drag  can be l a r g e  compared w i t h  the duc t  t h r u s t  when the 
advance r a t i o  is h igh  and the duc t  t h r u s t  c o e f f i c i e n t  i s  very  smal l .  
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EFFECT OF PROFILE THICKNESS ON 
SURFACE VELOCITY DISTRIBUTION 
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T A B L E  I V  

a 
( d e g )  
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MEASURED DUCT NORMAL F O R C E  C N ~ ( ~ )  F O R  

T H E  4-FOOT MODEL 

C 
NDP 

Measured 

.542 

0.178 
,178 I . 176 
fl 0.542 

60 2.65 

20 1.55 
40 3.39 
60 5.42 

Measured 

0.66 
1.20 
1.53 

1.16 
1.83 
2.06 



TABLE V 

COMPUTED FOURIER COEFFICIENTS FOR THE TWO DUCTS 
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B4 
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(a )  4-foot  model. 

F i g u r e  1.- Ducted p r o p e l l e r s  mounted i n  the A m e s  
40- by 80-foot wind t u n n e l .  
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(b) 7-foot model. 

F i g u r e  1. - Concluded. 



(a) 4-fOOt model. 
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3 propeller blades. 
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i i  

(b) 7-foot model. 
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i\ ' 

Figure  2 .  - Ducted p r o p e l l e r  c r o s s  s e c t i o n s .  
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