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SUMMARY P s t a t i c  p r e s s u r e  

T h i s  paper  p r e s e n t s  t h e  r e s u l t s  o f  an i n v e s t i g a -  
t i o n  o f  t h e  e f f e c t s  o f  f a r  f i e l d  boundary  c o n d i t i o n s  
on t h e  s o l u t i o n  o f  t h e  t h r e e  d imens iona l  E u l e r  equa- 
t i o n s  g o v e r n i n g  t h e  f l o w  f i e l d  o f  a h i g h  speed s i n g l e  
r o t a t i o n  p r o p e l l e r .  The r e s u l t s  show t h a t  t h e  so lu -  
t i o n s  o b t a i n e d  w i t h  t h e  n o n r e f l e c t i n g  boundary  cond i -  
t i o n s  a r e  i n  good agreement w i t h  exper imen ta l  da ta .  
The s p e c i f i c a t i o n  o f  n o n r e f l e c t i n g  boundary c o n d i t i o n s  
i s  e f f e c t i v e  i n  r e d u c i n g  t h e  dependence o f  t h e  s o l u t i o n  
on t h e  l o c a t i o n  o f  t h e  f a r  f i e l d  boundary.  D e t a i l s  o f  
t h e  f l o w  f i e l d  w i t h i n  t h e  b l a d e  passage and t h e  t i p  
v o r t e x  a r e  p resented .  
power c o e f f i c i e n t  on t h e  b l a d e  s e t t i n q  ang le  i s  
exami ned. 
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INTRODUCTION 

- 

b l a d e  ang le  a t  0.75 b l a d e  r a d i u s  

Advanced h i g h  speed p r o p e l l e r s  w i t h  t r a n s o n i c  
h e l i c a l  t i p  Mach numbers a r e  b e i n g  deve loped f o r  f u e l  
e f f i c i e n t  passenger a i r c r a f t  t o  o p e r a t e  i n  t h e  speed 
range o f  t h e  c u r r e n t  t u r b o f a n  powered a i r c r a f t .  H i q h  
sneed p r o p e l l e r s  i n c o r p o r a t e  many f e a t u r e s  which a r e  
q u i t e  d i f f e r e n t  f r o m  low  speed ones. 
p e l l e r s  employ e i g h t  o r  t e n  h i g h l y  loaded, l o w  aspec t  
r a t i o ,  t h i n  and h i g h l y  swept b l a d e s  ( F i g .  1) t o  o b t a i n  
h i g h  p r o p u l s i v e  e f f i c i e n c y  and t o  reduce  n o i s e  r a d i a -  
t i o n .  To o p t i m i z e  t h e  d e s i g n  o f  h i g h  speed p r o p e l l e r s  
i n  te rms o f  t h e  aerodynamic and ae roacous t i c  cons ide r -  
a t i o n s ,  a knowledcje o f  t h e  complex f l o w  f i e l d  i s  

Advanced pro-  
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e s s e n t i a l .  Exper imen ta l  , a n a l y t i c a l  and numer i ca l  
approaches a r e  b e i n q  developed t o  d e f i n e  and ana lyze  
t h e  f l o w  f i e l d  o f  an advanced h i g h  speed D r o p e l l e r  
( M i k k e l s o n  e t  a l .  1985).  

p e l l e r s  employs t h e  G o l d s t e i n  t y p e  l i f t i n g  l i n e  ana- 
l y s i s  m o d i f i e d  t o  account  f o r  b l a d e  sweep, spanwise 
v a r i a t i o n  o f  b l a d e  l o a d i n g  and b lade -nace l l e  i n t e r -  
a c t i o n  (Rohrbach e t  a l .  1982). F o r  a d e t a i l e d  a n a l y s i s  
and unders tand ing  o f  t h e  h i g h  speed p r o p e l l e r  f l o w  
f i e l d ,  l i f t i n g  s u r f a c e  analyses a r e  used. The l i f t i n g  
s u r f a c e  a n a l y s i s  used i n  a f u l l  numer i ca l  approach t o  
t h e  unders tand ing  o f  t h e  p r o p e l l e r  f l o w  f i e l d  i s  e i t h e r  
a p o t e n t i a l  f l o w  a n a l y s i s  o r  an E u l e r  a n a l y s i s .  
p o t e n t i a l  f l o w  a n a l y s i s  so lves  t h e  t r a n s o n i c  p o t e n t i a l  
e q u a t i o n  and r e q u i r e s  t h e  s p e c i f i c a t i o n  o f  wake loca -  
t i o n .  The p o t e n t i a l  f l o w  s o l u t i o n  has been e x t e n s i v e l y  
used i n  aerodynamic ana lys i s .  The assumption o f  po ten-  
t i a l  f l o w  i s ,  however, n o t  s t r i c t l y  c o r r e c t  when shock 
waves a r e  p resen t .  
i n v i s c i d  t r a n s o n i c  f l o w  can be be o b t a i n e d  by  s o l v i n q  
t h e  t h r e e  d imens iona l  E u l e r  equa t ions .  These equa t ions  
a l l o w  e n t r o p y  r i s e  th rough  the  shock waves w h i l e  con- 
s e r v i n g  mass, momentum and enerqy. 
t i o n  p r o v i d e s  f o r  t h e  t rea tmen t  o f  r o t a t i o n a l  f l o w s  
i n c l u d i n g  v o r t i c e s  and s t ronq  shock e f f e c t s .  I t  has 
been r e p o r t e d  t h a t  t h e  s o l u t i o n  o f  E u l e r  equa t ions  has 
produced a reasonab le  d e s c r i p t i o n  o f  l e a d i n g  edge vo r -  
t e x  and v o r t e x  wake behav io r  ( R i z z e t t a  and Shanq 1986, 
G r i n s t e i n ,  e t  a l .  1986).  The s o l u t i o n s  o f  t h r e e  dimen- 
s i o n a l  E u l e r  equa t ions  have been found  v e r y  u s e f u l  i n  
a n a l y z i n g  complex f l o w s  i n  turbomachines. 
t h e y  have a l s o  been employed t o  d e s c r i b e  t h e  f l o w  
f i e l d s  o f  h i g h  speed s i n q l e  r o t a t i o n  ( B a r t o n  e t  a l .  
1985, C l a r k  and S c o t t  1986) and c o u n t e r  r o t a t i o n  
( C e l e s t i n a  e t  a l .  1986) p r o p e l l e r s .  

The t i m e  dependent E u l e r  equa t ions  admi t  an i n f i -  
n i t e  number o f  s o l u t i o n s ,  each one d e f i n e d  b y  a s e t  o f  
i n i t i a l  and boundary c o n d i t i o n s .  I n i t i a l  c o n d i t i o n s  
rema in ing  t h e  same, any change i n  t h e  houndary cond i -  
t i o n  w i l l  p roduce a new s o l u t i o n .  The s p e c i f i c a t i o n  
o f  t h e  boundary c o n d i t i o n s  f o r  t h e  t i m e  dependent E u l e r  
equa t ions  gove rn ing  t h e  f l o w  i n  an i n f i n i t e  domain, 
such as t h a t  o f  a p r o p e l l e r ,  needs c a r e f u l  cons idera-  
t i o n .  The numer i ca l  s o l u t i o n  o f  t h e  d i f f e r e n t i a l  
e q u a t i o n s  gove rn inq  t h e  p r o p e l l e r  f l o w  f i e l d  can be  
c a r r i e d  o u t  i n  one o f  t h r e e  ways: 

(1) Trans fo rm t h e  i n f i n i t e  domain t o  a f i n i t e  
domain and s p e c i f y  t h e  f r e e  s t ream c o n d i t i o n s  a t  t h e  
f a r  f i e l d  houndary. 

( 2 )  P l a c e  t h e  f a r  f i e l d  boundary a t  a d i s t a n c e  
s u f f i c i e n t l y  f a r  away f r o m  t h e  s o l i d  s u r f a c e  and 
s p e c i f y  t h e  f r e e  s t ream c o n d i t i o n s  on t h i s  boundary. 
o r  

( 3 )  P l a c e  t h e  boundary a t  a f i n i t e  d i s t a n c e  b u t  
r e l a t i v e l y  c l o s e  t o  t h e  r e g i o n  o f  i n t e r e s t ,  t o  keep t h e  
number o f  g r i d  p o i n t s  and hence t h e  comput ing t i m e  
w i t h i n  l i m i t s .  The boundary c o n d i t i o n  on t h i s  boundary 
t h e n  shou ld  be m o d i f i e d .  

O p t i o n  t h r e e  i s  d e s i r a b l e  i n  many r e s p e c t s  p a r t i c -  
u l a r l y  i n  te rms o f  g r i d  r e s o l u t i o n  and accuracy  o f  t h e  
s o l u t i o n  i n  t h e  r e g i o n  o f  i n t e r e s t .  However, boundary 
c o n d i t i o n  m o d i f i c a t i o n  becomes comp l i ca ted  f o r  t h r e c -  
d imens iona l  f l o w s .  S i m p l i f i e d  n o n r e f l e c t i n q  boundary 
c o n d i t i o n s  a r e  o f t e n  employed. 

o f  t h e  t h r e e  d imens iona l  Eu le r  p r e d i c t i o n s  t o  f a r  f i e l d  
boundary c o n d i t i o n s .  The p resen t  i n v e s t i q a t i o n  con- 
s i d e r s  t h e  a p p l i c a t i o n  o f  a s i m p l i f i e d  n o n r e f l e c t i n g  
f a r  f i e l d  boundary c o n d i t i o n  and t h e  e f f e c t  of t h e  
l o c a t i o n  o f  t h e  f a r  f i e l d  boundary i n  t h e  E u l e r  ana- 
l y s i s  o f  a p r o o e l l e r  f l o w  f i e l d .  

The d e s i g n  p rocedure  f o r  advanced h i g h  speed p ro -  

The 

A c o r r e c t  d e s c r i p t i o n  of  t h e  

The E u l e r  f o rmu la -  

Recen t l y ,  

The aim o f  t h i s  paper  i s  t o  s t u d y  t h e  s e n s i t i v i t y  

The s o l u t i o n  o b t a i n e d  

w i th  t h e  s i m p l i f i e d  f a r  f i e l d  boundary c o n d i t i o n  i s  
f ound  t o  be  i n  qood aqreement w i t h  exoer imen ta l  d a t a  
and p u b l i s h e d  E u l e r  ana lyses .  
n o n r e f l e c t i n g  boundary c o n d i t i o n  i s  shown t o  be e f f e c -  
t i v e  i n  r e d u c i n q  t h e  deoendence o f  t h e  s o l u t i o n  on t h e  
l o c a t i o n  o f  t h e  f a r  f i e l d  boundary. 

The s p e c i f i c a t i o n  o f  a 

N u i n e r ~ ~ ~ ~ r T a r e q t i n e n t  ,o_f f a r  f i e l d  Roundary C o n d i t i o n s  
n ves t 1 q a t  o r  s have s t X 6 b i 3 i G - 8 F e f i f  

f a r  f i e l d  boundary c o n d i t i o n s  on t h e  s o l u t i o n  o f  E u l e r  
equat ions .  The e x c e l l e n t  s t u d y  o f  boundary c o n d i t i o n s  
f o r  superson ic  f l o w s  hy A b b e t t  (1973)  c l e a r l y  p o i n t e d  
o u t  t h a t  t h e  c h a r a c t e r i s t i c  t y p e  schemes a t  boundar ies  
tended t o  r e s u l t  i n  optimum accuracy.  Approaches 
deve loped t o  reduce t h e  i n f l u e n c e  o f  t h e  l o c a t i o n  o f  
t h e  f a r  f i e l d  houndary  and t h e  boundary c o n d i t i o n  
s p e c i f i e d  t h e r e  on t h e  s o l u t i o n  o f  t r a n s o n i c  f l o w s  
i n c l  ude: 

(1) A f a r  f i e l d  houndarv c o n d i t i o n  hased on an 
expanr ion  t h a t  was asympto t i c  i n  d i s t a n c e  f r o m  an 
a r b i t r a r v  o r i q i n ,  deve loped b y  Thomas and 5 a l a s  (1986)  
and R a y l i s s  and T u r k e l  (1980) .  

wh ich  e x a c t l y  a n n i h i l a t e s  t h e  o u t q o i n q  waves deve loped 
b y  E n q q u i s t  and Mazda (1981). 

t i o n  i n  wh ich  t h e  p r e s s u r e  a t  t h e  o u t f l o w  s e c t i o n  i s  
e f f e c t i v e l y  r e l a x e d  t o  i t s  c o r r e c t  va lue ,  u s i n q  an 
a r b i t r a r y  narameter.  

( 4 )  C h a r a c t e r i s t i c  va r iab le lR ie inann  i n v a r i a n t  
s p e c i f i c a t i o n  a t  t h e  boundary deve loped b y  M o r r e t t i  
(1930), Jaineson and Raker (1933)  and o t h e r s  ( f o r  
example C e l e s t i n a  e t  a l .  1986).  

d i t i o n s  on  t h e  t i m e  dependent sma l l  d i s t u r b a n c e  eqiia 
t i o n  f o r  t h e  f l o w  o v e r  an a i r f o i l  and came t o  t h e  
c o n c l u s i o n  t h a t  t h e  c h a r a c t e r i s t i c  c o n d i t i o n  i s  t h e  
most e f f e c t i v e  one i n  r e d u c i n g  t h e  s i z e  o f  t h e  compu- 
t a t i o n a l  domain and i n  a c c e l e r a t i n q  converqence. The 
s t u d y  of  H e r r y  (1984)  on t h e  e f f e c t  of boundary cond i -  
t i o n s  on t h e  s o l u t i o n  o f  (2-0) E u l e r  e q u a t i o n s  f o r  t h e  
f l o w  o v e r  an a i r f o i l ,  showed t h a t  t h e  c h a r a c t e r i s t i c  
v a r i a b l e  s p e c i f i c a t i o n  a t  t h e  f a r  f i e l d  boundary p r o -  
duced t h e  h i q h e s t  r a t e  o f  converqence. An r x c e l l e n t  
d e s c r i p t i o n  o f  t h e  h a s i s  and t h e  f o r m u l a t i o n  o f  t hP  
c h a r a c t e r i s t i c  houndary c o n d i t i o n s  f o r  one d imens iona l  
f l o w  and e x t e n s i o n s  t o  mu l t i - d imens iona l  f l o w s  a r e  
q i v r n  hy Y o r r e t t i  (1980) .  To reduce t h p  complex i  t y  
and e f f o r t  i n v o l v e d  i n  t h e  t r e a t m e n t  o f  t h e  f a r  f i e l d  
boundary f o r  th ree-d imens iona l  f l ows ,  o f t e n  i t  i s  
t r e a t e d  b y  employ inq  a l o c a l  one-dimensional  a o p r o x i -  
ma t ion  and s p e c i f y i n q  c h a r a c t e r i s t i c  v a r i a b l e s  a t  t h e  
boundary ( C e l e s t i n a  e t  a l .  1986, Jameson and Raker 
1983, R e r r y  1984).  Such a houndary c o n d i t i o n  i s  pe r -  
f e c t l y  n o n r e f l e c t i n q  t o  waves i n  one d imens inn  and t o  
waves a t  normal i n c i d e n c e  i n  two d imens ions  (Headstrom 
1979). The i d e a l  boundary t rea tmen t  shou ld  t a k e  i n t o  
account  a l l  o u t g o i n q  waves and assure  t r a n s m i s s i o n  o f  
a l l  waves. 5uch a techn ique  i s  d e s c r i b e d  by  Erdos  e t  
a l .  (1977) .  T h e i r  t echn ique  i s ,  however, t o o  i n v o l v e d  
and t i m e  consuming and i s  n o t  employed i n  p r a c t i c e .  
I n  t h i s  oaper, we s h a l l  be concerned o n l y  w i t h  a l o c a l  
one-dimensional  app rox ima t ion  techn ique  ( i  tern 4 above).  

M O T I V A T I O N  

( 2 )  C o n s t r u c t i o n  o f  a p s e u d o - d i f f e r e n t i a l  o n e r a t o r  

( 3 )  Rudi  and S t r i k w e r d a ' s  (1980)  boundary cond i -  

Kwak (1980) t e s t e d  s e v e r a l  o f  t hese  boundary con- 

C l a r k  and S c o t t  (1936)  employed Den ton ' s  (1950)  
t i m e  march ing  method, wh ich  i s  a f i n i t e - v o l u m e  method 
deve loped f o r  t u rbomach ine ry  f l o w  a n a l y s i s ,  t o  s o l v e  
t h e  f l o w  f i e l d  o f  a hiqh-speed p r o o e l l e r .  They modi- 
f i e d  Den ton ' s  comouter proqram t o  accommodate t h e  f a r  
f i e l d  boundary o f  t h e  p r o p e l l e r  f l o w  f i e l d .  They 
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specified the far field boundary at a distance of two 
blade radii from the axis of the propeller and imple- 
mented the slip wall boundary conditions there. It has 
been argued that such a wall boundary specification for 
a propeller flow in an infinite domain, could produce 
significant errors in the computed blade pressure dis- 
tributions which are the input needed for acoustic 
computations. The importance of an accurate descrip- 
tion of the blade pressure distributions has motivated 
the present study of the effect of far field boundary 
conditions on the Euler solution of the propeller flow 
field. In this paper we consider three different far 
field boundary conditions. 
condition, solid wall boundary condition and a non- 
reflecting boundary condition. 
incorporated into the Denton computer program and the 
solutions are compared. 

The experimental data on the high-speed propeller 
flow field is very limited. Use of the data is diffi- 
cult because of the uncertainties in the dynamic blade 
shape. In this paper, the sensitivity of the numerical 
solution to the blade-setting angle is studied. In 
addition to the far field boundary condition, the study 
examines the effect of location of the far field bound- 
ary and nonreflecting boundary conditions at the inlet/ 
exit sections. 

They are the free stream 

These conditions are 

Governing Equations 

flow field of the propeller are the three-dimensional 
Euler equations, expressing the conservation of mass, 
momenta, and energy. It i s  convenient to work with 
absolute quantities, writing the equations in a coor- 
dinate frame rotating with the blade, so that centrif- 
ugal and Coriolis forces can be represented as body 
forces acting on each element. 
written in the form (Denton 1980): 

___ 
The governing equations describing the inviscid 

The equations are 

continuity 

Vol A p  = A t x p v  A + R a p  At VOl ae 

axial momentum 

3 
35 + R - (prV,)At Vol 

These equations are solved in conjunction with the 
perfect gas relationships: 

P = 02: 

1 2  H = C T + - V  
P 2  

Computational Grid 

domain on a grid generated algebraically. 
domain is discretized using three kinds of surfaces. 
The bladewise surfaces are evenly spaced and are lim- 
ited by the suction side of one blade and pressure side 
of the adjacent one (Fig. 2(a)). In the figure the 
outer boundary is at a distance 2Rt from the axis 
of the spinner. 
spaced along the spanwise direction and are limited by 
the spinner/nacelle surface and the outer boundary 
(Fig. 2(b)). The spanwise (quasi-orthogonal) surfaces 
are variably spaced along the axial direction depending 
on the region, leading edge, trailing edge, blade sur- 
face, inlet or exit and are limited by the inlet and 
exit planes. The computational nodes are located at 
the corners of each volume element defined by the 
streamwise, bladewise and spanwise surfaces. The 
fluxes of mass, momenta, and energy through each face 
are calculated using the averages of the flow proper- 
ties stored at the corners of that face. 

The governing equations are solved in the physical 
The flow 

The streamwise surfaces are variably 

The Numerical Technique 
Denton's explicit time marchinq method employs 

what is called an opposed difference scheme. 
scheme uses upwind differences for fluxes of mass and 
momenta, and downwind differences for pressure, in the 
streamwise direction. The derivatives in the circurn- 
ferential direction are evaluated usinq central differ- 
ences. The time marchinq method uses a time step such 
that the Courant number is close to unity. The method 
itself ensures stability by solvinq the flow equations 
i n  the order of continuity - energy - momentum. The 
procedure is as follows: 

(1) For each time step and each control volume the 
continuity equation is used to find the new density 
associated with each grid point. 

(2) The energy equation is solved to yield new 
energy using the densities of the previous time step. 

( 3 )  The new density is then used along with the 
velocities and energy from the previous time step to 
compute new pressures. 

( 4 )  The velocities are then updated using the 
momentum equations with the new pressures and 
densities. 

A variable time step appropriate for each volume 
element is used to accelerate convergence. 
is of first order accuracy and is modified to achieve 
greater accuracy by adding a lagged correction factor 
to correct the upwind pressure to a value close to the 
true one. The scheme uses no explicit artificial vis- 
cosity. Only a smoothing is used after each time steo 
to smooth out any waviness in the circumferential 
directinn, The cnnvprgenre i s  j i idged nn t h e  hasis nf 
mass conservation and the maximum change in the axial 
velocity component. 

The" 

The method 

Initial and Boundary Conditions 
The Euler equations governinq the flow field o f  

the propeller have to be solved in conjunction with 
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a p p r o p r i a t e  i n i t i a l  and boundary c o n d i t i o n s  o f  t h e  
f l o w .  
here,  t h e  i n i t i a l  c o n d i t i o n s  need be  o n l y  approximate.  
The boundary c o n d i t i o n s  t h a t  need t o  be  s p e c i f i e d  
depend on t h e  f l o w  Mach number. 
e n t e r i n g  and l e a v i n g  t h e  computa t iona l  domain i s  
assumed subson ic .  

b l a d e  p r e s s u r e  d i s t r i b u t i o n  i s  o f  ma in  concern  i n  t h e  
p r e s e n t  s tudy .  

The w a l l  boundary 
c o n d i t i o n  r e q u i r e s  t h a t  t h e  mass f l u x  t h r o u g h  t h e  sur -  
f a c e  be  z e r o  and t h e  v e l o c i t y  normal t o  t h e  s u r f a c e  b e  
zero .  
as t h a t  o f  Denton (1980)  and C l a r k  and S c o t t  (1986).  
Tha t  i s ,  t h e  mass f l u x  th rough t h e  f a r  f i e l d  boundary 
i s  s i m p l y  s e t  t o  z e r o  and the  v e l o c i t y  components and 
d e n s i t y  a t  t h i s  boundary are c a l c u l a t e d  u s i n g  t h e  
changes i n  va lues  a t  two p o i n t s  ad jacen t  t o  t h e  bound- 
a ry .  The p r e s s u r e  a t  t h e  boundary i s  computed as f o r  
any i n n e r  f i e l d  p o i n t .  

( 2 )  F r e e  s t ream boundary c o n d i t i o n .  
s t ream s t a t i c  p ressure ,  v e l o c i t y  components and d e n s i t y  
a r e  s p e c i f i e d  a t  t h e  f a r  f i e l d  boundary. 

l o c a l  one d imens iona l  f l o w  approx ima t ion  and s p e c i f i -  
c a t i o n  o f  t h e  c h a r a c t e r i s t i c  v a r i a b l e  normal t o  t h e  
boundary.  Assuming a f i x e d  incoming c h a r a c t e r i s t i c  
C- 

S i n c e  t h e  s teady  f l o w  s o l u t i o n  i s  o f  i n t e r e s t  

The a b s o l u t e  f l o w  

The e f f e c t  of  f a r  f i e l d  boundary c o n d i t i o n  on t h e  

The boundary c o n d i t i o n s  cons ide red  are :  
( 1 )  Wa l l  boundary c o n d i t i o n s .  

The imp lemen ta t i on  o f  t h i s  c o n d i t i o n  i s  t h e  same 

The f r e e  

( 3 )  A n o n r e f l e c t i n g  boundary c o n d i t i o n  based on a 

The o u t g o i n g  c h a r a c t e r i s t i c  C+ i s  e x t r a p o l a t e d  f r o m  
t h e  i n t e r i o r  o f  t h e  computa t iona l  domain 

From t h e  Riemann i n v a r i a n t s  we can  w r i t e  

v = 1 (C+ + c-) r 2  

where Vr and c a r e  t h e  normal v e l o c i t y  and speed 
o i  sound t o  be s p e c i f i e d  a t  t h e  f a r  f i e l d  boundary. 
The e n t r o p y  i s  e x t r a p o l a t e d  ( f r o m  p o i n t s  i n s i d e  t h e  
compu ta t i ona l  domain ad jacent  t o  : . le  boundary) o r  s e t  
equa l  t o  t h e  f r e e  s t ream va lue  depending on t h e  d i r e c -  
t i o n  o f  t h e  r a d i a l  v e l o c i t y .  The d e n s i t y ,  energy  and 
p r e s s u r e  a r e  c a l c u l a t e d  froin t h e  speed o f  sound and 
en t ropy .  
v e l o c i t y ,  t h e  a x i a l  v e l o c i t y  a t  t h e  boundary p o i n t  i s  
computed u s i n q  e i t h e r  t h e  a x i a l  v e l o c i t y  o f  t h e  f r e e  
s t ream o r  t h e  a x i a l  v e l o c i t y  a t  t h e  p o i n t  a d j a c e n t  t o  
t h e  boundary i n s i d e  t h e  comnuta t iona l  domain. The tan -  
g e n t i a l  v e l o c i t y  component i s  e x t r a p o l a t e d  f r o m  t h c  
p o i n t  a d j a c e n t  t o  t h e  boundary. 

A p e r i o d i c i t y  c o n d i t i o n  i s  imposed ahead and down- 
s t ream o f  t h e  b l a d e  f r o m  hub t o  o u t e r  boundary and 
beyond t h e  b l a d e  t i p  i n  t h e  b l a d e  r e g i o n .  On t h e  s o l i d  
s u r f a c e s  t h e  mdss f l u x  th rouqh t h e  s u r f a c e  i s  s e t  t o  
zero.  A t  t h e  i n l e t  boundary t h e  r e l a t i v e  s t a g n a t i o n  
t,emperature, p r e s s u r e  and the  f l o w  anq le  a r e  s p e c i f i e d .  
The a x i a l  v e l o c i t y  i s  computed f r o m  t h e  c h a r a c t e r i s t i c  
boundary  c o n d i t i o n .  The upstream r u n n i n q  c h a r a c t e r i s -  
t i c  C- i s  e x t r a p o l a t e d  from t h e  i n t e r i o r  of  t h e  
compu ta t i ona l  domain. Then u s i n q  t h e  s p e c i f i e d  t o t a l  

Depending on t h e  d i r e c t i o n  o f  t h e  r a d i a l  

t e m p e r a t u r e  and C- t h e  t o t a l  i n l e t  v e l o c i t y  i s  
computed f r o m  i s e n t r o p i c  r e l a t i o n s .  The i n d i v i d u a l  
v e l o c i t y  components a r e  computed f r o m  geomet r i c  r e l a -  
t i o n s  w h i l e  d e n s i t y  and p r e s s u r e  a r e  c a l c u l a t e d  f r o m  
i s e n t r o p i c  r e l a t i o n s .  A t  t h e  downstream boundary t h e  
s t a t i c  p r e s s u r e  i s  s p e c i f i e d  a t  t h e  f a r  f i e l d  boundary. 
The r a d i a l  v a r i a t i o n  o f  t h e  s t a t i c  p r e s s u r e  s a t i s f y i n g  
t h e  r a d i a l  e q u i l i b r i u m  i s  computed f r o m  

n 

H e r e  V, and p a r e  t h e  e x t r a o o l a t e d  va lues  
from t h e  i n t e r i o r  o f  t h e  domain. The downstream run -  
n i n g  c h a r a c t e r i s t i c ,  C+ i s  a l s o  e x t r a p o l a t e d .  The 
f i n a l  d e n s i t y  and speed o f  sound a r e  c a l c u l a t e d  f r o m  
i s e n t r o p i c  r e l a t i o n s .  The e x i t  a x i a l  v e l o c i t y  i s  com- 
p u t e d  f r o m  t h e  e x t r a p o l a t e d  C+ c h a r a c t e r i s t i c .  

RESULTS AND D I S C U S S I O N  

S o l u t i o n s  of SR-3 p r o p e l l e r  f l o w  f i e l d  have been 
o b t a i n e d  w i t h  t h r e e  d i f f e r e n t  f a r  f i e l d  boundary con- 
d i t i o n s ,  w i t h  t h e  boundary l o c a t e d  a t  t w i c e  t h e  b l a d e  
r a d i u s  f r o m  t h e  a x i s  o f  t h e  p r o p e l l e r .  T h i s  boundary 
l o c a t i o n  was chosen p r i m a r i l y  t o  assess t h e  e f f e c t s  o f  
w a l l  boundary  c o n d i t i o n  s p e c i f i e d  a t  t h e  same l o c a t i o n  
used b y  C l a r k  and S c o t t  (1986).  The compu ta t i ons  have 
been c a r r i e d  o u t  f o r  t h e  d e s i g n  c o n d i t i o n s  o f o t h e  SR-3 
p r o p e l l e r ,  3 = 3.06, M = 0.8, and 8314 = 61.3 . 
R e s u l t s  o b t a i n e d  w i t h  t h e  t h r e e  boundary c o n d i t i o n s  -- 
w a l l  boundary c o n d i t i o n ,  f r e e  s t ream boundary  c o n d i t i o n  
and t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  -- a r e  com- 
pa red  w i t h  each o t h e r  and w i t h  exper imen ta l  d a t a  where 
p o s s i b l e .  The e f f e c t  o f  l o c a t i o n  o f  t h e  f a r  f i e l d  
boundary  and d e t a i l s  o f  t h e  p r o p e l l e r  f l o w  f i e l d  a r e  
a l s o  examined. An accu ra te  d e s c r i p t i o n  o f  t h e  p res -  
su res  on  t h e  b l a d e  s u r f a c e s  i s  e s s e n t i a l  as t h e y  a r e  
t h e  i n p u t  needed f o r  a c o u s t i c  computa t ions .  The 
e f f e c t s  o f  t h e  f a r  f i e l d  boundary c o n d i t i o n s  a r e  shown 
i n  t h e  cho rdw ise  p r e s s u r e  d i s t r i b u t i o n s  o l o t t e d  i n  
F i g .  3. The f i g u r e  shows b l a d e  s u r f a c e  p ressu res  a t  
21, 53, 84, and 100 p e r c e n t  span h e i g h t s .  F i r s t ,  i t  
i s  observed t h a t  t h e r e  e x i s t s  an a p p r e c i a b l e  d i f f e r e n c e  
between t h e  s o l u t i o n s  o b t a i n e d  w i t h  t h e  w a l l  boundary 
c o n d i t i o n  and n o n r e f l e c t i n g  boundary c o n d i t i o n .  The 
l a r g e  d i f f e r e n c e  stems f r o m  t h e  p r e s s u r e  r i s e  i n t r o -  
duced due t o  t h e  c o n f i n i n g  w a l l  boundary. The d i f f e r -  
ence i n  p ressu res  between n o n r e f l e c t i n g  and f r e e  s t ream 
c o n d i t i o n s  a r e  a p p r e c i a b l e  o n l y  a t  84 and 100 p e r c e n t  
l o c a t i o n s .  I t  i s  t o  be n o t e d  t h a t  o n l y  w i t h  t h e  non- 
r e f l e c t i n g  boundary c o n d i t i o n  a r e  t h e  computed so lu -  
t i o n s  i n  good agreement w i t h  exper imen ta l  d a t a  as d i s -  
cussed b e l  ow. 

F i g u r e  4 shows t h e  spanwise v a r i a t i o n  o f  t h e  e l e -  
men ta l  power c o e f f i c i e n t ,  dc /dx  
t h r e e  boundary c o n d i t i o n s .  j l s o  shown f o r  compar ison  
a r e  t h e  exper imen ta l  d a t a  (M ikke lson  e t  a l .  1985) and 
t h e  r e s u l t s  o f  t h e  l i f t i n g  l i n e  a n a l y s i s  of t h e  d e s i g n  
c o n d i t i o n  (Rohrbach e t  a l .  1982). The c u r v e  f o r  t h e  
n o n r e f l e c t i n g  boundary c o n d i t i o n  shows good agreement 
w i t h  t h e  exper imen ta l  da ta .  The v a r i a t i o n  o f  t h e  e l e -  
menta l  power c o e f f i c i e n t  above 50 p e r c e n t  span h e i g h t  
i n c l u d i n g  t h e  l o c a t i o n  o f  t h e  neak power c o e f f i c i e n t  
i s  w e l l  p r e d i c t e d .  The E u l e r  p r e d i c t i o n s  n e a r  t h e  
b l a d e  r o o t  a r e  poo r  i n  a l l  cases. The l i f t i n q  l i n e  
a n a l y s i s  p r e d i c t s  w e l l  nea r  t h e  b l a d e  r o o t  b u t  t h e  
p r e d i c t i o n  i n  t h e  r e g i o n  o f  peak power c o e f f i c i e n t  i s  
poo r .  

The spanwise v a r i a t i o n  o f  t h e  e lemen ta l  t h r u s t  
c o e f f i c i e n t ,  dCTH/dx, i s  shown i n  F i g .  5. As  b e f o r e  

o b t a i n e d  w i t h  t h e  
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t h e  c u r v e  f o r  t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  
shows good o v e r a l l  agreement w i t h  exper imen ta l  d a t a  
( J e r a c k i  1986).  A l l  o f  t h e  t h r e e  E u l e r  p r e d i c t i o n s  and 
t h e  l i f t i n g  l i n e  a n a l y s i s  s i g n i f i c a n t l y  o v e r p r e d i c t  
n e a r  t h e  b l a d e  r o o t  reg ion .  The p r e s e n t  r e s u l t s  show 
a " t r a n s i t i o n "  r e g i o n  i n  t h e  p r e d i c t e d  e lemen ta l  t h r u s t  
c o e f f i c i e n t  curve ,  wh ich  cor responds t o  t h e  r e g i o n  o f  
b l a d e  shape t r a n s i t i o n .  
i n c o r p o r a t e s  a i r f o i l  s e c t i o n s  o f  NACA s e r i e s  16  From 
t i p  t o  53 p e r c e n t  r a d i u s  and NACA s e r i e s  65  c i r c u l a r  
a r c  camber l i n e s  f r o m  37 p e r c e n t  r a d i u s  t o  t h e  r o o t  
w i t h  a t r a n s i t i o n  f a i r i n g  between. D e t a i l e d  examina- 
t i o n  o f  p r o j e c t e d  areas  o f  t h e  b l a d e  e lements  qave no 
i n d i c a t i o n  o f  a t r a n s i t i o n .  L i m i t e d  r u n s  made w i th  
d i f f e r e n t  g r i d  d e n s i t i e s  d i d  n o t  a l t e r  t h e  shape o f  t he  
e lemen ta l  t h r u s t  curve .  A l though  t h e  exper imen ta l  da ta  
i n d i c a t e s  a change i n  s l o p e  o f  t h e  curve ,  i t  does n o t  
show a d i s t i n c t  t r a n s i t i o n  r e g i o n  as i n  t h e  p r e d i c -  
t i o n s .  I t  s h o u l d  be  no ted  h e r e  t h a t  t h e  measurement 
o f  t h e  e lemen ta l  t h r u s t  c o e f f i c i e n t  i s  n o t  as d i r e c t  
as t h e  power c o e f f i c i e n t .  The exper imen ta l  d a t a  shown 
i n  F i g .  5 have been sca led  t o  match t h e  measured t o t a l  
t h r u s t  c o e f f i c i e n t .  

ang le  downstream o f  t h e  b lade.  F i q u r e  6 shows the  
s w i r l  ang les  p r e d i c t e d  i n  t h e  p r e s e n t  s t u d y  a long  w i t h  
exper imen ta l  d a t a  and p r e d i c t i o n s  o f  B a r t o n  e t  a l .  
(1985) .  (The F i l l e r  a n a l y s i s  of B a r t o n  e t  a l .  (1985) 
s p e c i f i e s  f r e e  s t ream c o n d i t i o n s  a t  t h e  f a r  f i e l d  
boundary  l o c a t e d  a t  9 r a d i i  f r o m  t h e  a x i s  o f  t h e  Dro- 
p e l l e r . )  Use o f  t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  
tends  t o  move t h e  p r e d i c t e d  s w i r l  ang les  c l o s e r  t o  the 
data .  

The s e n s i t i v i t y  t o  t h e  c h o i c e  o f  f a r  f i e l d  
boundary l o c a t i o n  i s  sma l l  when t h e  boundary i s  non- 
r e f l e c t i n g .  
t h r e e  boundary l o c a t i o n s ,  namely, 2Rt, 2.5Rt, and 
3Rt. 
i n  p ressu res  o b t a i n e d  w i t h  t h e  f a r  f i e l d  boundary 
l o c a t e d  a t  2 and 2.5Rt. occu rs  a t  84 p e r c e n t  span 
h e i g h t  and a t  t h e  b l a d e  t i p .  
c o e f f i c i e n t  changes b y  o n l y  about  3 pe rcen t .  
f e rence  between t h e  b l a d e  p ressu res  o b t a i n e d  w i t h  t h e  
f a r  f i e l d  boundary a t  2.5Rt and 3Rt  i s  n e g l i -  
g i b l e  i n d i c a t i n g  t h a t  2.5Rt i s  s u f f i c i e n t l y  f a r  
when t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  i s  used. 
S ince  t h e  t o t a l  power c o e f f i c i e n t  change i n  moving t h e  
f a r  f i e l d  boundary  f r o m  2Rt t o  2.5Rt i s  smal l ,  
comparisons w i t h  d a t a  a r e  made w i th  t h e  boundary a t  
2Rt  as i n  t h e  paper  o f  C l a r k  and S c o t t .  I t  may b e  
n o t e d  h e r e  t h a t  t h e  comparison has been c a r r i e d  o u t  
w i t h  t h e  same number o f  g r i d  p o i n t .  i n  t h e  r a d i a l  
d i r e c t i o n .  A f t e r  t h e  imp lemen ta t i on  o f  t h e  non- 
r e f l e c t i n g  boundary c o n d i t i o n  a t  t h e  f a r  f i e l d ,  i n c o r -  
p o r a t i o n  o f  t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n s  a t  
t h e  i n l e t l e x i t  does n o t  produce any n o t i c e a b l e  d i f f e r -  
ence i n  b l a d e  p r e s s u r e  d i s t r i b u t i o n s .  F o r  one- and 
two-d imens iona l  f l ows ,  imp lemen ta t i on  o f  t h e  non- 
r e f l e c t i n g  f a r  f i e l d  boundary c o n d i t i o n  has been found 
t o  a c c e l e r a t e  t h e  convergence r a t e  (Rud i  and S t r i kwerda  
1980, B e r r y  1984) o f  t h e  s o l u t i o n  t o  s teady  s t a t e .  I n  
t h e  p r e s e n t  compu ta t i ons  o n l y  a 10 t o  20 p e r c e n t  reduc- 
t i o n  i n  t h e  number o f  i t e r a t i o n s  has been n o t e d  w i t h  
t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n s .  

W P  have observed t h a t  t h e  s o l u t i o n  o b t a i n e d  w i t h  
t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  i s  i n  reasonab ly  
good agreement w i t h  exper imen ta l  da ta .  
i n s t r u c t i v e  t o  examine t h e  comple te  f l o w  f i e l d  p rov ided 
b y  t h i s  s o l u t i o n .  The c o n t o u r  p l o t s  o f  p ressu res  i n  
t h e  b l a d e  passages a r e  shown i n  F igs .  8 and 9. 
f i g u r e s  show c o n t o u r  p l o t s  f o r  two ad jacen t  b l a d e  pas- 
sages t o  a i d  unders tand ing  o f  t h e  f l o w  f i e l d .  F ig .  8 
shows p r e s s u r e  c o n t o u r s  a t  t h e  b l a d e  r o o t ,  midspan and 

The SR-3 p r o p e l l e r  des ign  

Ano the r  q u a n t i t y  o f  i n t e r e s t  i s  t h e  f l o w  s w i r l  

F i g u r e  7 shows p r e s s u r e  d i s t r i b u t i o n s  f o r  

R e s u l t s  i n d i c a t e  t h a t  a n o t i c e a b l e  d i f f e r e n c e  

However, t h e  t o t a l  power 
The d i f -  

. 

I t  i s  t h e n  

The 

b l a d e  t i p .  The c o n t o u r s  show t h e  h i q h l y  t h r e e -  
d imens iona l  n a t u r e  o f  t h e  f l o w  w i t h i n  b l a d e  passages. 
The b l a d e  - n a c e l l e  i n t e r a c t i o n  e f f e c t s  a r e  r e f l e c t e d  
i n  t h e  contoiurs a t  t h e  h l a d e  r o o t  ( F i q .  8 ( a ) ) .  The 
p r e d i c t e d  f l o w  i s  i n  q u a l i t a t i v e  agreement w i t h  o t h e r  
p r e d i c t i o n s  and and exper iments  summarized b y  M ikke lson  
e t  a l .  (1985).  The p ressu re  d i s t r i b u t i o n s  a t  t h r e e  
a x i a l  s t a t i o n s ,  namely, l e a d i n q  edqe, m id  chord,  and 
t r a i l i n g  edge a r e  shown F i g .  9. The p r e s s u r e  c o n t o u r s  
a t  t h e  t r a i l i n q  edqe ( F i g .  9 ( c ) )  i n d i c a t e  t h e  propaqa- 
t i o n  o f  p r e s s u r e  waves from t h e  h l a d e  t i p  as p i c t u r e d  
i n  c o l o r  g r a p h i c s  by Adamzyck (1986) .  
s e c t i o n  c o n t o u r s  show t h e  n a t u r e  o f  t h e  p r e s s u r e  d i f -  
f e r e n t i a l  e x i s t i n q  between t h e  two s i d e s  o f  t h e  b lade.  

F i g u r e  10 shows t h e  v o r t i c i t y  c o n t o u r s  a t  two 
a x i a l  s t a t i o n s  downstream o f  t h e  t r a i l i n g  edqe. O f  
p a r t i c u l a r  i n t e r e s t  a r e  t h e  v o r t i c i t y  c o n t o u r s  i n  t h e  
t i p  reg ion .  One can observe  t h e  inovement o f  t h e  c e n t e r  
o f  t h e  v o r t e x  (marked b y  A B  i n  F i g .  1 0 ( b ) )  i n  t h e  
d i r e c t i o n  o f  r o t a t i o n  OF t h e  b lades .  Such a d i s p l a c e -  
ment o f  t h e  v o r t e x  f r o m  t h e  b l a d e  wake has been 
observed i n  l a s e r  Dopp ler  measurements OF t h e  h iqh -  
speed p r o p e l l e r  f l o w  f i e l d  (Neumann e t  a l .  1983). I t  
i s  a t t r i b u t e d  t o  t h e  t i p  v o r t e x  r o l l - u p .  One can a l s o  
n o t i c e  d i f f u s i o n  o f  v o r t e x  w i t h  a x i a l  d i s t a n c e ,  due t o  
numer i ca l  d i f f u s i o n .  However, t h e  f a c t  t h a t  E u l e r  
s o l u t i o n s  do  p r o v i d e  a reasonab le  d e s c r i p t i o n  o f  t h e  
v o r t e x  wake and l e a d i n g  edge v o r t e x  f l o w s  has been 
observed b y  many i n v e s t i g a t o r s  ( f o r  example R i z z e t t a  
and Shang 1986, G r i n s t e i n  e t  a l .  1986). Recen t l y ,  
IHanson (1986)  e s t i m a t e d  t h e  n o i s e  produced by  t h e  
r a d i a l  f o r c e s  assoc ia ted  w i t h  t h e  t i p  v o r t e x  o f  a h i q h -  
speed p r o p e l l e r .  

c a t e  a s t r o n g  dependence o f  t h e  t o t a l  power c o e f f i c i e n t  
on t h e  b l a d e  shape. I t  i s  d i f f i c u l t  t o  de te rm ine  p re -  
c i s e l y  t h e  dynamic b l a d e  shape. Here, t h e  s e n s i t i v i t y  
o f  t h e  numer i ca l  s o l u t i o n  t o  t h e  b l a d e  s e t t i n g  anq le  
i s  examined. The des ign  h i a c e  anq le  o f  t h e  SR-3 pro-o 
p e l l e r  a t  3 / 4  r a d i i i s  i s  61.3 , which  u n t w i s t s  t o  58.7 , 
w i t h  c e n t r i f u g a l  l o a d i n q  a t  d e s i g n  speed. The compu- 
t a t i o n s  r e p o r t e d  i n  t h i s  paper  a r e  w i t h  a b l a d e  a n g l c  
o f  !i8.7', a l l o w i n g  f o r  t h e  dynamic u n t w i s t .  The deDen- 
dence OF t h e  computed power c o e f f i c i e n t  on t h e  b l a d e  
s e t t i n g  ang le  i s  shown i n  F i g .  11. I t  i s  seen t h a t  t h e  
power c o e f f i c i e n t  depends s t r o n q l y  on t h e  b l a d e  s e t t i n q  
ang le  ( o r  t h e  e s t i m a t e d  u n t w i s t ) .  Such a dependence 
has been observed i n  exper iments  (Rohrbach e t  a l .  1982) 
and o t h e r  E u l e r  a n a l y s i s  ( B a r t o n  e t  a l .  1985).  

CONCLUSIONS 

The m id  c h o r d  

Exper imen ta l  d a t a  on hiqh-speed D r o p e l l e r s  i n d i -  

The s o l u t i o n  o f  t h e  th ree-d imens iona l  E u l e r  equa- 
t i o n s  gove rn ing  t h e  f l o w  f i e l d  o f  a h iqh-speed p ro -  
p e l l e r  w i t h  n o n r e f l e c t i n g  boundary c o n d i t i o n s  y i e l d s  
r e s u l t s  wh ich  a r e  i n  f a i r l y  good aqreement w i t h  exper -  
i m e n t a l  da ta .  The s o l u t i o n  o b t a i n e d  w i t h  t h e  w a l l  
bounriary c o n d i t i o n  d t  t h e  f a r  f i e i d  o v e i p i e d i c t s  t h e  
b l a d e  l o a d i n q  i n  t h e  r e q i o n  o f  t h e  peak by  as much as 
20 pe rcen t .  The r e s u l t i n g  o v e r p r e d i c t i o n  i n  t h e  t o t a l  
power c o e f f i c i e n t  i s  about  14  pe rcen t .  The s t u d y  a l s o  
shows t h a t  w i t h  t h e  s p e c i f i c a t i o n  o f  t h e  n o n r e f l e c t i n q  
boundary c o n d i t i o n ,  t h e  f a r  f i e l d  boundary can he  
l o c a t e d  as c l o s e  as 2.5 b l a d e  r a d i i  f r o m  t h e  a x i s  O F  
t h e  o r o p e l l e r  w i t h o u t  a f f e c t i n g  t h e  computed s o l u t i o n .  
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FIGURE 1. - SR-3 PROPELLER. 



(A) BLADEWISE SURFACE. 

(B) STREAMWISE SURFACE. 

(C) SPANWISE SURFACE. 

FIGURE 2. - COMPUTATIONAL GRID. 
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(A) LEADING EDGE. 

(B) MIDCHORAD. 
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FIGURE 9. - COMPUTED PRESSURE DISTRIBUTION ON SPANWISE 
SURFACES. M = 0.8, J = 3.06. 



(B)  wc = 1,82. 

FIGURE 10. - COMPUTED VORTICITY DISTRIBUTIONS. 
wc = VORTICITY AT THE VORTEX CENTER. 
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