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FOREWORD 

T h i s  is t h e  f i n a l  report documenting t h e  r e s u l t s  o f  a t h e o r e t i c a l  
program t o  p r e d i c t  t he  aerodynamic and a c o u s t i c  performance of advanced 

tu rboprops ,  sponsored by t h e  NASA L e w i s  Research Center .  The program extended 
from A p r i l  1983 t o  March 1985, w i t h  D r .  Kenneth Baumeister s e r v i n g  as Techn ica l  
Monitor. 

D r .  Pau l  V. Marrone, Head o f  t h e  P h y s i c a l  S c i e n c e s  Department, has 

o v e r a l l  r e s p o n s i b i l i t y  f o r  management and review o f  a l l  t e c h n i c a l  programs 
w i t h i n  t h e  department .  It was o r i g i n a l l y  env i s ioned  t h a t  D r .  W i l l i a m  J. Rae 
would s e r v e  as P r i n c i p a l  I n v e s t i g a t o r ,  w i t h  a s s i s t a n c e  from Drs. Gregory F. 
Homicz, Joseph P. Nenni, and John A. Lordi .  S h o r t l y  after t h e  program began, 
t h e  d e p a r t u r e  of Drs. Rae, Nenni and Lordi  led t o  D r .  Homicz b e i n g  appointed 
P r i n c i p a l  I n v e s t i g a t o r .  To a i d  him i n  t h e  t e c h n i c a l  effor t ,  Calspan ob ta ined  
t h e  s e r v i c e s  of Prof. A. Seybe r t  o f  t h e  U n i v e r s i t y  of Kentucky as a 
s u b c o n t r a c t o r .  P ro f .  Seybert  had r e s p o n s i b i l i t y  for t h e  o u t e r  l i n e a r i z e d  
a c o u s t i c  a n a l y s i s  and t h e  p r e p a r a t i o n  of S e c t i o n  4 and p o r t i o n s  o f  S e c t i o n  5 o f  
t h i s  r e p o r t .  We wish  t o  thank D r .  L. Bober, M. C e l e s t i n a ,  and H. Huynh o f  NASA 

L e w i s  f o r  their  generous h e l p  i n  f a m i l i a r i z i n g  u s  w i t h  t h e  NASPROP-E code and 
t h e i r  system. 
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ABSTRACT 

A hybr id  numerical  procedure is presen ted  f o r  t h e  p r e d i c t i o n  of the  

aerodynamic and a c o u s t i c  performance o f  advanced turboprops.  Because the  

r e l a t i v e  t i p  speed a t  des ign  is t y p i c a l l y  s u p e r s o n i c ,  one must a n t i c i p a t e  t h e  

p re sence  o f  shock waves as well as t r a n s o n i c  three-dimensional  effects in t h e  

immediate v i c i n i t y  o f  t h e  blades.  

w a r r a n t s  t h e  use  of t h e  i n v i s c i d  n o n l i n e a r  E u l e r  e q u a t i o n s  i n  p r e d i c t i n g  
aerodynamic performance. I n  t h e  o u t e r  flow regime away from t h e  propeller such 
effects have decayed s i g n i f i c a n t l y ;  here t h e  primary concern is t he  sound be ing  
propagated t o  t h e  farfield.  Hence in t h i s  r eg ion  a l i n e a r i z e d  a c o u s t i c  a n a l y s i s  

is j u s t i f i e d .  

The s t r o n g  r o t a t i o n a l  character o f  such flows 

The p r e s e n t  i n v e s t i g a t i o n  proposes  a hybrid scheme which in p r i n c i p l e  
leads to  a c o n s i s t e n t  s imul t aneous  p r e d i c t i o n  of both f ie lds .  I n  the  i n n e r  flow 
a f i n i t e  d i f f e r e n c e  method, t h e  Approximate-Factorization Al t e rna t ing -Di rec t ion -  
I m p l i c i t  (AD11 scheme, is used t o  s o l v e  t h e  n o n l i n e a r  E u l e r  e q u a t i o n s .  I n  t h e  

o u t e r  flow t h e  l i n e a r i z e d  a c o u s t i c  e q u a t i o n s  are so lved  v i a  a Boundary-Integral  
Equat ion ( B I E )  method. 
f i c t i t i o u s  i n t e r f a c e  in t he  flow so as t o  ma in ta in  c o n t i n u i t y .  A t  convergence 

t h e  r e s u l t i n g  aerodynamic load p r e d i c t i o n s  w i l l  a u t o m a t i c a l l y  s a t i s f y  t h e  

appropriate "free-field" boundary c o n d i t i o n s  a t  t h e  edge of t h e  f i n i t e  
d i f f e r e n c e  g r i d ,  while t h e  a c o u s t i c  p r e d i c t i o n s  w i l l  reflect t h e  "back-react ion" 
of t h e  radiated f i e l d  on t he  magnitude o f  t h e  l o a d i n g  s o u r c e  terms, as well as 
r e f r a c t i v e  effects in t h e  i n n e r  flow. 

The two s o l u t i o n s  are i t e r a t i v e l y  matched across a 

The e q u a t i o n s  and logic needed t o  match t h e  two s o l u t i o n s  are 
developed and t h e  computer program implementing t h e  procedure is descr ibed.  

Unfo r tuna te ly ,  no converged s o l u t i o n s  were o b t a i n e d ,  due to  t h e  unexpectedly 
large runn ing  times. The r e a s o n s  f o r  t h i s  are d i s c u s s e d  and s e v e r a l  means t o  
a l l e v i a t e  t he  s i t u a t i o n  are sugges t ed .  
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S e c t i o n  1 

INTRODUCTION 

The p a s t  two o r  three decades have witnessed a p rogres s ion  i n  t h e  

commercial a v i a t i o n  fleet from p r o p e l l e r  t o  t u r b o j e t ,  and most r e c e n t l y ,  t o  
turbofan-powered aircraft. 
desire for i n c r e a s e d  speed,  reduced cab in  v i b r a t i o n ,  and r e l a t i v e l y  s i m p l e r  
des ign .  
v e l o c i t i e s  o f  t h e  t u r b u l e n t  exhaus t  j e t .  T h i s  e v e n t u a l l y  led t o  t h e  t u r b o f a n  
e n g i n e ,  whose exhaus t  v e l o c i t y  (and r e s u l t a n t  n o i s e )  is much lower. 
compensate for t h e  reduced je t  t h r u s t ,  a s i g n i f i c a n t  f r a c t i o n  of t h e  i n l e t  a i r  
is made t o  bypass t h e  core eng ine  and flows i n s t e a d  through a ducted f a n ,  which 

g e n e r a t e s  a s i g n i f i c a n t  p o r t i o n  of t h e  t h r u s t .  

The t r a n s i t i o n  has  been motivated pr imar i ly  by t h e  

E a r l y  t u r b o j e t  eng ines  were r a t h e r  n o i s y ,  due t o  t h e  v e r y  h igh  e x i t  

To 

I n  r e c e n t  years t h e  need for i n c r e a s e d  f u e l  e f f i c i e n c y  has prompted 
r e c o n s i d e r a t i o n  of t h e  p r o p e l l e r  as a v i a b l e  a l t e r n a t i v e .  
t y p i c a l  c r u i s e  c o n d i t i o n  (M = 0.8 a t  30,000 f t . )  u s u a l l y  means blade r e l a t i v e  
t i p  speeds  which are i n  t he  t r anson ic / low s u p e r s o n i c  regime. The performance 

d e g r a d a t i o n  and wbuzz-sawn n o i s e  produced by conven t iona l  t u rboprops  at these 

c o n d i t i o n s  p r e c l u d e  t h e i r  use.  
flows, and improvements i n  manufactur ing t e c h n i q u e s ,  have d r i v e n  propeller 

d e s i g n  i n  t h e  d i r e c t i o n  of u s i n g  many smaller diameter, t h i n n e r  b l a d e s ,  w i th  a 
h i g h l y  swept  planform. The s i m i l a r i t y  t o  an unducted f a n . i s  obv ious ,  hence t h e  

name "propfanW. 

Opera t ion  a t  a 

Recent advances i n  o u r  unde r s t and ing  of such  

While wind-tunnel as w e l l  as f l i g h t  tests on scale models have 
confirmed the  p r o p u l s i v e  e f f i c i e n c y  of modern propfan d e s i g n ,  t h e  n o i s e  they  

create is sti l l  a major concern.  
b l a d e s  as d i s t r i b u t i o n s  o f  s o u r c e  and dipole  a c o u s t i c  s i n g u l a r i t i e s .  The 

magnitude o f  these s i n g u l a r i t i e s  is determined by t h e  blades '  t h i c k n e s s  and 
l o a d i n g  d i s t r i b u t i o n s ,  r e s p e c t i v e l y .  I n  p r i n c i p l e  t h e  geometric t h i c k n e s s  
d i s t r i b u t i o n  is a g i v e n ,  bu t  t he  loads themselves  r e q u i r e  a n o t h e r  whole 

p r e d i c t i o n  methodology, which f o r  advanced p ropfans  is g e n e r a l l y  a numerical  
algorithm o f  some s o r t .  Usual ly  t h e  numerical  s o l u t i o n  is extended o n l y  a 
f i n i t e  d i s t a n c e  from t h e  p r o p e l l e r ,  where uniform free-stream c o n d i t i o n s  are 

assumed t o  e x i s t .  T h i s  assumption is c l e a r l y  i n c o n s i s t e n t  w i t h  a c o u s t i c  

Most n o i s e  p r e d i c t i o n  methodologies  model the  

1 



r a d i a t i o n  t o  t h e  fa r f ie ld .  Such an approach t h u s  completely n e g l e c t s  any 
c o u p l i n g  between the  aerodynamic and a c o u s t i c  f i e l d ,  i.e. t h e  "back-react ion" o f  
t h e  r a d i a t i v e  f i e l d  on t h e  s o u r c e  mechanism. 

Comparisons o f  such  n o i s e  p r e d i c t i o n s  a g a i n s t  a v a i l a b l e  wind-tunnel 
and f l i g h t  test a c o u s t i c  data,  e.g. Refs. 1 and 2, show uneven agreement.  The 

Sound P r e s s u r e  Level  (SPL)  for both t h e o r y  and experiment  e x h i b i t s  a n e a r l y  
l i n e a r  i n c r e a s e  w i t h  i n c r e a s i n g  t i p  speed i n  t h e  s u b s o n i c  regime. However, as 

t h e  r e l a t i v e  t i p  Mach number passes through u n i t y ,  t h e  data t end  t o  l e v e l  o f f  a t  
a p l a t e a u ,  while  t h e  p r e d i c t e d  SPL c o n t i n u e s  t o  rise. 
between t h e o r y  and experiment  i n  t h e  t r a n s o n i c  regime which t h i s  program is 
i n t e n d e d  t o  address. 

c o u p l i n g  of t h e  aerodynamic and a c o u s t i c  f i e l d s  i n  t h e  t h e o r y  would improve t h e  

agreement.  

It is t h e  d i s c r e p a n c y  

S p e c i f i c a l l y ,  we  hope t o  de t e rmine  whether  a direct  

For  p r o p e l l e r  f lows which are s u b s o n i c  a t  t h e  hub and s u p e r s o n i c  a t  
t h e  t i p ,  s t r o n g  t r a n s o n i c  and n o n l i n e a r  effects must be a n t i c i p a t e d ,  i n c l u d i n g  
t h r e e - d i m e n s i o n a l i t y ,  swirl, and even shock waves. These phenomena dictate  t h e  

s o l u t i o n  of t h e  three-dimensional ,  n o n l i n e a r ,  i n v i s c i d  E u l e r  e q u a t i o n s  i f  

a c c u r a t e  aerodynamic p r e d i c t i o n s  are r e q u i r e d .  
as o u r  s t a r t i n g  p o i n t  t h e  NASPROP-E computer code w r i t t e n  by Chaussee and K u t l e r  

(Ref. 3 ) .  T h i s  choice was d i c t a t e d  by t h e  code 's  ready a v a i l a b i l i t y  on t h e  NASA 

L e w i s  CRAY system, lack of p r o p r i e t a r y  r e s t r a i n t s  on its use  or m o d i f i c a t i o n ,  and 
its demonstrated s u c c e s s  i n  t r e a t i n g  advanced propfan c o n f i g u r a t i o n s  (Ref. 4). 

For t h i s  purpose we have chosen 

NASPROP-E s o l v e s  t h e  E u l e r  e q u a t i o n s  u s i n g  a f i n i t e - d i f f e r e n c e  
algorithm on a boundary-conforming g r id .  

cou ld  be extended t o  t h e  a c o u s t i c  farf ie ld ,  b u t  i n  p r a c t i c e  t h i s  would soon 
s t re tch s t o r a g e  r equ i r emen t s  and CPU times t o  t h e  b reak ing  p o i n t .  Out of 
n e c e s s i t y  t h e  o u t e r  boundary o f  t h e  g r i d  is placed a f i n i t e  d i s t a n c e ,  s a y  
s e v e r a l  b l a d e  diameters, away from t h e  p r o p e l l e r  where t h e  boundary c o n d i t i o n s  
are o n l y  approximated by und i s tu rbed  free-stream v a l u e s .  

I n  p r i n c i p l e  t h e  grid and s o l u t i o n  

On the  o t h e r  hand, one e x p e c t s  i n t u i t i v e l y  t h a t  t h e  n o n l i n e a r  effects 
n e c e s s i t a t i n g  t h e  use o f  t h e  f u l l  E u l e r  e q u a t i o n s  are l i k e l y  t o  be dominant 
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o n l y  i n  t h e  immediate v i c i n i t y  o f  t h e  b l ades .  I n  t h e  farf ie ld ,  where t h e  

p ropaga t ion  o f  a c o u s t i c  waves is the  prime concern,  an a n a l y s i s  based on t h e  

l i n e a r i z e d  f low e q u a t i o n s  should s u f f i c e .  The la t ter  l e n d  themselves  t o  
s e m i - a n a l y t i c a l  methods which have a less vorac ious  a p p e t i t e  for computer 

r e s o u r c e s .  T h i s  s u g g e s t s  a hybr id  methodology i n  which NASPROP-E is used i n  t h e  

i n n e r  f low and matched a c r o s s  some s u i t a b l y  chosen i n t e r f a c e  t o  a l i n e a r i z e d  
model of t h e  o u t e r  flow. 

The scheme chosen here for t h e  o u t e r  flow is t h e  Boundary-Integral  

Equat ion ( B I E )  method (Ref. 5 ) .  As t h e  name s u g g e s t s ,  i t  is based on c o n v e r t i n g  
t h e  partial  d i f f e r e n t i a l  e q u a t i o n s  t o  an e q u i v a l e n t  i n t e g r a l  e q u a t i o n  on t h e  

i n t e r f a c e .  The number o f  spatial dimensions is t h u s  reduced from three t o  two. 
A s  env i s ioned  here, t h e  NASPROP-E s o l u t i o n  i n  t h e  i n n e r  f low is used t o  compute 
t h e  p r e s s u r e  g r a d i e n t  J)U/an (n  be ing  normal t o  t h e  i n t e r f a c e ) .  T h i s  is used 

as t h e  i n n e r  boundary c o n d i t i o n  for t h e  o u t e r  flow s o l u t i o n .  The la t ter  w i l l  

un ique ly  de t e rmine  a new p d i s t r i b u t i o n  on t h e  i n t e r f a c e ,  f u l l y  c o n s i s t e n t  w i t h  

t h e  a p p r o p r i a t e  r a d i a t i o n  c o n d i t i o n  at. i n f i n i t y .  
t h e n  used as t h e  o u t e r  boundary c o n d i t i o n  on a new c a l c u l a t i o n  of t h e  i n n e r  

flow. T h i s  procedure is repeated u n t i l  convergence is reached, as evidenced by 

c o n t i n u i t y  o f  p r e s s u r e  and its normal d e r i v a t i v e  across t h e  i n t e r f a c e .  After 

convergence,  t h e  SPL a t  any p o i n t  i n  t h e  o u t e r  flow is a v a i l a b l e  as a s imple 

q u a d r a t u r e  of p and ap/Jn 

T h i s  new p d i s t r i b u t i o n  is 

(which are now known) ove r  t h e  i n t e r f a c e .  

The d i s c u s s i o n  i n  t h e  fo l lowing  s e c t i o n s  proceeds logically from t h e  

propel le r  outwards.  S e c t i o n  2 g i v e s  an overview o f  t h e  e q u a t i o n s ,  v a r i a b l e s ,  
and algorithm used i n  NASPROP-E. 

matched across t h e  i n t e r f a c e  t o  t h e  BIE s o l u t i o n ,  which i n  t u r n  is d i s c u s s e d  i n  
S e c t i o n  4. The o v e r a l l  s t r u c t u r e  of t h e  combined code, termed CALPROP, is 

p r e s e n t e d  i n  S e c t i o n  5 a l o n g  w i t h  a d e s c r i p t i o n  o f  t h e  a d d i t i o n a l  i n p u t s  and 

S e c t i o n  3 d i s c u s s e s  how t h i s  s o l u t i o n  is 

o u t p u t s .  
s o l u t i o n ,  t h e  r e a s o n s  f o r  which are d i s c u s s e d  i n  S e c t i o n  6. S e c t i o n  7 closes 
w i t h  t h e  major c o n c l u s i o n s  from t h i s  s t u d y  and s u g g e s t i o n s  for f u t u r e  research. 

Large computer run times have thwarted e f f o r t s  t o  get a converged 

3 
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S e c t i o n  2 

I N N E R  NONLINEAR AERODYNAMIC MOD L 

A s  noted i n  t h e  I n t r o d u c t i o n ,  advanced propfan c o n f i g u r a t i o n s  can be 

expected t o  e x h i b i t  s t r o n g  r o t a t i o n a l  f low effects ,  as well as shock waves. For 
t h i s  r eason  a s o l u t i o n  o f  t h e  f u l l  n o n l i n e a r ,  i n v i s c i d ,  three-dimensional  E u l e r  
e q u a t i o n s  is needed i n  t h e  immediate v i c i n i t y  o f  t h e  blades.  A s  ou r  s t a r t i n g  
p o i n t ,  we chose t h e  NASPROP-E code developed by Chaussee and K u t l e r  (Ref. 3) .  
T h i s  s o u r c e  code was r e a d i l y  a v a i l a b l e  and working on the  NASA L e w i s  CRAY 

system, and has  been s u c c e s s f u l l y  used t o  ana lyze  c o n f i g u r a t i o n s  o f  i n t e r e s t  
h e r e  (Ref. 4). 

A c t u a l l y ,  t h e  o v e r a l l  package is a c o l l e c t i o n  o f  three s t and-a lone  
programs, each designed t o  do a d i f f e r e n t  t ask  i n  t h e  a n a l y s i s  sequence. The 

first is a mesh g e n e r a t i o n  program which takes the  p r o p f a n h a c e l l e  geometry as 
i n p u t  and produces a s u i t a b l e  boundary-conforming g r id .  T h i s  g r i d  is used as 
i n p u t  t o  the  flowfield a n a l y s i s  program, which s o l v e s  t h e  e q u a t i o n s  and stores 
t h e  f u l l  three-dimensional  s o l u t i o n  at a l l  g r i d  p o i n t s  o n t o  a d i s k  f i l e .  The 

las t  s t e p  is t h e  data r e d u c t i o n  program which reads the  s o l u t i o n  on f i l e  and 
computes force and moment c o e f f i c i e n t s ,  g e n e r a t e s  p lo t s  of selected q u a n t i t i e s ,  
etc. The flowfield a n a l y s i s  program is by far the  most complex and time 

consuming. It is t h i s  p o r t i o n  t h a t  we are p r i m a r i l y  concerned w i t h  h e r e ,  w i t h  

t h e  e x c e p t i o n  of one small change noted below i n  connect ion w i t h  t h e  mesh 

g e n e r a t i o n  code. 

A s  NASPROP-E h a s  been documented elsewhere, we g i v e  here o n l y  an 
overview s u f f i c i e n t  t o  i n t r o d u c e  c e r t a i n  v a r i a b l e s  and concepts .  We also 

d i s c u s s s  what m o d i f i c a t i o n s  were found n e c e s s a r y  t o  allow i n t e r a c t i o n  w i t h  t h e  

o u t e p  s o l u t i o n  f i e l d .  

Grid Transformation 

It is assumed t h a t  t h e  i n l e t  flow, a t  subson ic  Mach number, M ,  is 
Hence t o  an obse rve r  i n  a blade-f ixed r e f e r e n c e  frame (55 , 9 ,  $b ) t h e  uniform. 

flow appears s t e a d y ,  and it  is i n  such a frame t h a t  t h e  e q u a t i o n s  are so lved .  
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F u r t h e r ,  s i n c e  a l l  of t h e  B b l ades  are assumed i d e n t i c a l ,  it is o n l y  necessa ry  
t o  s o l v e  f o r  t h e  flow through one blade passage, s a y  0 < 4 < z v 0  . To 
fac i l i t a te  implementat ion of t h e  blade and n a c e l l e  boundary c o n d i t i o n s ,  t h e  f low 
is mapped i n t o  computat ional  c o o r d i n a t e s ,  

= 5 ( % C  es, t )  
4 - 4 @>% # I  f) 

1 at ( % C h  z") 
2 ' - t  

The t r a n s f o r m a t i o n  is boundary-conforming, i.e., t h e  f low boundaries  i n  t h e  

computa t iona l  domain a l l  l i e  a l o n g  c o n s t a n t  v a l u e s  o f  one o f  t h e  c o o r d i n a t e s .  
I n  t h i s  domain t h e  flow occup ies  a r e c t a n g u l a r  pr ism,  w i t h i n  which a uniform 
C a r t e s i a n  grid is employed. Such a t r a n s f o r m a t i o n  makes i t  e a s y  t o  adapt any 
number o f  f i n i t e - d i f f e r e n c e  a l g o r i t h m s  t o  t h e  s o l u t i o n .  It also a l l o w s  o n e - t o  
nbunch upn g r i d  p o i n t s  i n  r e g i o n s  o f  s t r o n g  g r a d i e n t s  w i thou t  compromising t h e  

accu racy  of t h e  d i f f e r e n c e  scheme. 

- A c r o s s - s e c t i o n  i n  t h e  ( E ,3- 1 p lane  of t h e  d i f f e r e n c e  g r i d  used 
here is shown i n  F i g .  1. T h i s  d i s p l a y s  t h e  non-uniform c u r v i l i n e a r  g r i d  i n  

phys ica l  space co r re spond ing  t o  a uniform C a r t e s i a n  g r i d  i n t  and q. 
cor re spond ing  i n t e g e r  i n d i c e s  are J and K, r e s p e c t i v e l y .  J = 1 r e p r e s e n t s  t h e  

h o r i z o n t a l  s t a g n a t i o n  s t r e a m l i n e  coming i n  from t h e  lef t .  Higher v a l u e s  o f  J 

are t h e  l i n e s  r o t a t i n g  t o  t h e  r i g h t ,  w i t h  J'= JA d e n o t i n g  t h e  specific E = 
c o n s t a n t  l i n e  i n t e r s e c t i n g  t h e  upper l e f t  c o r n e r  of t h e  grid.  The v e r t i c a l  
ou t f low boundary is denoted by J = J!4AX. Note t h e  bunching n e a r  t h e  s t a g n a t i o n  
p o i n t  and t h e  b l a d e  l e a d i n g  and t r a i l i n g  e d g e s .  The i n t e r s e c t i n g  g r i d  l i n e s  are 

f o r  9 and K c o n s t a n t ;  K = 1 is t h e  n a c e l l e  s u r f a c e ,  while K = KMAX a l o n g  t h e  

v e r t i c a l  inf low boundary and t h e  h o r i z o n t a l  c y l i n d r i c a l  s i d e w a l l .  I n  t h e  

a z i m u t h a l  d i r e c t i o n ,  L is t h e  index for c o o r d i n a t e  < ( n o t  shown i n  F ig .  1 ,  see 
Ref. 4); L = 1 l i e s  a l o n g  t h e  blades '  s u c t i o n  s u r f a c e ,  and L = LMAX a l o n g  t h e  

b l a d e s '  p r e s s u r e  s u r f a c e .  

The 

Transformed Equa t ions  

I n  t h e  computat ional  space t h e  E u l e r  e q u a t i o n s  can still be w r i t t e n  i n  
weak-conservation law form as fo l lows  : 

5 
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where s u b s c r i p t s  are used t o  deno te  d i f f e r e n t i a t i o n .  Q is a column v e c t o r  
c o n s i s t i n g  o f  t h e  unknowns, 

9 = J-'[p,p%ptr;p? (2-3)  

wherey is t h e  f l u i d  d e n s i t y ,  ( u ,  v ,  w) t h e  v e l o c i t y  components i n  t h e  (Z,T$) 
d i r e c t i o n s ,  r e s p e c t i v e l y ,  and e is t h e  t o t a l  energy per u n i t  volume d e f i n e d  by 

where p is t h e  

d e f i n e d  i n  Eq. 

p (U% v2+ w2/ (2-4) 

? - +  2 
e =  

&- 1) 
p r e s s u r e .  
(2-11, i.e. 

The q u a n t i t y  J is t h e  Jacob ian  of t h e  t r a n s f o r m a t i o n  

(2-5) 

and )'is t h e  ratio of s p e c i f i c  heats for a n  ideal gas. 

Before go ing  f u r t h e r ,  it should be noted t h a t  a l l  v a r i a b l e s  i n  t h e  

code have been nondimensional ized.  

diameter, D. 
andf- . V e l o c i t i e s  are normalized by a, /fl, where a. is t h e  free-stream 

sound speed ,  

Eq.  (2-4) t h e  ene rgy  p e r  u n i t  volume is also normalized by pm . 

Lengths are normalized by t h e  p r o p e l l e r  

P r e s s u r e  and d e n s i t y  are normalized by t h e i r  freestream v a l u e s ,  p, 

. Time is normalized by D f l / a m  . F i n a l l y ,  from 

The q u a n t i t i e s  E, F and G are t h e  column f l u x  v e c t o r s  i n  t h e  , 7 and 
d i r e c t i o n s  d e f i n e d  i n  terms of t h e  unknowns as, 

(2-6) 
Here (U, V ,  W) are t h e  c o n t r a v a r i a n t  v e l o c i t y  components i n  t h e  ( 6 , y , 
d i r e c t i o n s ,  r e s p e c t i v e l y :  

7 
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u = 6, f usz + V t T  + #4#/f- 

v - rt f U ’ I .  + q. + W*$/+. 

w = Ct f ucz + v<+ + W t , k  

H = (J+-)-Qqpu u7,0 (i +  wz/ 9 9  w2 (e +p) WJ 

52 = J ( r l &  -@q?j) 

t p  = J@ 1 t  - Z q 4 g )  

The u n d i f f e r e n t i a t e d  s o u r c e  term H is g iven  by 

T 
(2-8) 

The metrics of t h e  t r ans fo rma t ion  appea r ing  i n  E q s .  (2-6) and (2-7) can a l s o  be 

e v a l u a t e d  i n  t h e  computat ional  space u s i n g  t h e  cha in  r u l e ,  e.g. 

(2-7)  

(2 -9) 

and s i m i l a r l y  for t h e  ’I and < metrics. 

Numerical Algorithm 

The v e c t o r  Eq. (2-2) is a shor thand  f o r  5 scalar e q u a t i o n s  
r e p r e s e n t i n g ,  r e s p e c t i v e l y ,  c o n s e r v a t i o n  of mass, c o n s e r v a t i o n  of momentum ( 3  
components),  and c o n s e r v a t i o n  of energy. Note t h a t  t h e  time d e r i v a t i v e  has been 

r e t a i n e d  even though we seek t h e  s t e a d y - s t a t e  s o l u t i o n .  This  r e n d e r s  t h e  

e q u a t i o n s  hyperbol ic  and t h u s  amenable t o  a time-marching algorithm. That  is, 

t h e  s o l u t i o n  is i n t e g r a t e d  from some ( a r b i t r a r y )  i n i t i a l  c o n d i t i o n  through a 
sequence of f i n i t e  t i m e  s t e p s  u n t i l  a l l  t r a n s i e n t s  ‘have decayed. This  

aaympto t i c  f i e l d  is t hen  t h e  desired s t e a d y - s t a t e  s o l u t i o n .  

The u s e  o f  an e x p l i c i t  f i n i t e - d i f f e r e n c e  algorithm, though 
straightforward, is hampered by t h e  v e r y  small time steps r e q u i r e d  t o  m a i n t a i n  
numer i ca l  s t a b i l i t y  when small grid s p a c i n g s  are p r e s e n t .  T h i s  is p a r t i c u l a r l y  
n e t t l e s o m e  i n  a p p l i c a t i o n s  such as t h e  p r e s e n t ,  where t h e  t r a n s i e n t s  are n o t  of 
i n t e r e s t ,  and w e  wish  t o  converge t o  t h e  s teady  s o l u t i o n  as q u i c k l y  as p o s s i b l e .  

For t h i s  r eason  NASPROP-E employs a n  i m p l i c i t  marching a lgo r i thm.  Though more 
o p e r a t i o n s  are r e q u i r e d  a t  each time s t e p ,  i m p l i c i t  schemes allow greatly 

i n c r e a s e d  s t e p  sizes wi thou t  s a c r i f i c i n g  s t a b i l i t y .  The n e t  r e s u l t  is a 
s i g n i f i c a n t  s a v i n g s  i n  CPU time. 

8 



The p a r t i c u l a r  scheme used i n  NASPROP-E is t h e  Approximate- 

F a c t o r i z a t i o n  A l t e r n a t i n g - D i r e c t i o n - I m p l i c i t  ( A D I )  scheme i n  s o - c a l l e d  "delta" 

form (Refs. 6 ,  7). Basica l ly ,  af ter  a p p l y i n g  d i f f e r e n c i n g  formulae t o  Eq.  

(2-21, t h e  r e s u l t i n g  three-dimensional  spa t ia l  d i f f e r e n c e  o p e r a t o r  is f a c t o r e d  
i n t o  t h e  product  o f  three one-dimensional o p e r a t o r s .  Each o f  these o p e r a t o r s  

r e p r e s e n t s  a b l o c k - t r i d i a g o n a l  ma t r ix .  
s e q u e n t i a l l y ,  a s i g n i f i c a n t  s a v i n g s  i n  both s t o r a g e  and time requ i r emen t s  
compared w i t h  i n v e r t i n g  t h e  much larger matrix f o r  t h e  f u l l  three-dimensional  

o p e r a t o r .  
d i a g o n a l i z a t i o n  of t h e  block m a t r i x  s t r u c t u r e  (Refs. 8 ,  9) is also used. 
more de ta i l s  on t h e  Approximate-Factor izat ion A D 1  algorithm and its 
implementat ion i n  NASPROP-E, see Refs. 3, 4, 6-9. No c h a n g e s . t o  t h i s  p a r t  o f  
t h e  code were made d u r i n g  t h e  *present i n v e s t i g a t i o n .  

The la t ter  can be i n v e r t e d  one a t  a time 

A method f o r  speed ing  t h e  c a l c u l a t i o n  even more through f u r t h e r  
For 

I n i t i a l  and Boundary Cond i t ions  

The u s u a l  i n i t i a l  c o n d i t i o n  when s t a r t i n g  a case from scratch is t o  
set a l l  t h e  f low v a r i a b l e s  i n  t h e  v e c t o r  Q e q u a l  t o  t h e i r  free-stream v a l u e s .  

O p t i o n a l l y ,  one can a l s o  s t a r t  the  c a l c u l a t i o n  u s i n g  t h e  f l o w f i e l d  s o l u t i o n  
stored as t h e  r e s u l t  o f  a p rev ious  run.  No changes have been made t o  t h e  code 

i n  t h i s  regard ( S e c t i o n  4.4 of Ref. 3 ) .  

The boundary c o n d i t i o n s  used are those appropriate t o  an i n v i s c i d  

c a l c u l a t i o n .  
c o n d i t i o n  is  invoked, i .e.,  t h e  v e l o c i t y  normal t o  t h e  surface must be zero. 

I n  t h e  computat ional  s p a c e  t h e  blades map t o  a s u r f a c e  of c o n s t a n t  , so t h a t  

t h e  co r re spond ing  c o n t r a v a r i a n t  v e l o c i t y ,  W, must van i sh .  S i m i l a r l y ,  t h e  

n a c e l l e  maps t o  a s u r f a c e  o f  c o n s t a n t  q ,  a long  which the  c o n t r a v a r i a n t  v e l o c i t y  
V must be ze ro .  Details o f  how these are en fo rced  may be found i n  R e f .  3; no  

changes were made f o r  t h e  p r e s e n t  a p p l i c a t i o n .  

S i n c e  t h e  blades and n a c e l l e  are impermeable t h e  s u r f a c e  tangency 

A s  o r i g i n a l l y  w r i t t e n ,  t h e  o u t e r  boundary o f  t h e  NASPROP-E g r i d  was 

n o t  as d e p i c t e d  here i n  Fig.  1. The upstream p o r t i o n ,  rather than  t e r m i n a t i n g  
i n  a f l a t  v e r t i c a l  s u r f a c e ,  consisted o f  a hemisphe r i ca l  cap o f  t h e  same r a d i u s  
as t h e  downstream c y l i n d r i c a l  p o r t i o n .  
hemisphe re -cy l ind r i ca l  grid.  On the  hemisphe r i ca l  cap and c y l i n d r i c a l  sidewall, 

T h i s  w i l l  be referred t o  as t h e  

9 
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K = KMAX, free-stream v a l u e s  f o r  a l l  t h e  f low q u a n t i t i e s  were imposed f o r  a l l  

time. On the  v e r t i c a l  downstream ou t f low boundary (J = JMAX) o n l y  t h e  p r e s s u r e  
was assumed t o  have r e t u r n e d  t o  a c o n s t a n t  v a l u e  of p,. 

i n  t h e  v e l o c i t y  f i e l d  must be expec ted ,  however, because o f  t h e  added momentum 

and swirl imparted t o  t h e  flow. Appropriate  v a l u e s  f o r  t h e  v e l o c i t y  components 
were computed u s i n g  the  Method of Characteristics (MOC); see Ref. 3 for details. 

The d e n s i t y  was o b t a i n e d  from t h e  i s e n t r o p i c  r e l a t i o n ,  and t h e  t o t a l  energy p e r  

- u n i t  volume then  follows from Eq. (2-4). 

S i g n i f i c a n t  v a r i a t i o n s  

The above scheme, assuming as it does a c o n s t a n t  v a l u e  for t h e  

p r e s s u r e  ove r  t h e  whole boundary o f  t h e  gr id ,  is clearly i n c o n s i s t e n t  w i t h  

a c o u s t i c  r a d i a t i o n  t o  t h e  farfield.  It is t h i s  p o r t i o n  o f  NASPROP-E which had 

t o  be modified for t h e  p r e s e n t  a p p l i c a t i o n .  F i r s t ,  t h e  shape o f  t h e  o u t e r  
boundary i n  p h y s i c a l  space was changed from t h e  hemisphere-cyl inder  combination 
descr ibed i n  t h e  las t  pa rag raph ,  t o  the  f u l l y  c y l i n d r i c a l  shape shown i n  F i g .  1. 

Although t h e  matching t o ' t h e  o u t e r  f low s o l u t i o n  can i n  p r i n c i p l e  be 

accomplished for an a rb i t ra r i ly  shaped i n t e r f a c e ,  for r e a s o n s  which w i l l  become 

clearer i n  S e c t i o n  3 it  is much easier i f  each p o r t i 6 n  of the  i n t e r f a c e  is 

p a r a l l e l  t o  one of t h e  c o o r d i n a t e  d i r e c t i o n s .  We are indeb ted  t o  Drs. L. Bober 
and H. Huynh of NASA L e w i s  who made t h e  necessa ry  mesh a l t e r a t i o n s  f o r  u s  and 
s t o r e d  t h e  new g r i d  on t h e i r  CRAY system where we could d i r e c t l y  access it .  It 

shou ld  be noted t h a t  t h i s  change i n v o l v e s  o n l y  t h e  mesh g e n e r a t i o n  program, and 
is e s s e n t i a l l y  t r a n s p a r e n t  t o  t h e  three-dimensional  flowfield program. 

Changes have also been made wi th in  t h e  f l o w f i e l d  program to  allow for 

a v a r i a b l e  p r e s s u r e  d i s t r i b u t i o n  on t h e  i n t e r f a c e .  As exp la ined  i n  S e c t i o n s  
3 and 4 ,  NASPROP-E is used t o  compute Jf'/c?n on t h e  i n t e r f a c e ,  which is used by 

t h e  BIE package t o  compute a new p d i s t r i b u t i o n  there. T h i s  new i n f o r m a t i o n  
must somehow t h e n  be used as an updated o u t e r  boundary c o n d i t i o n  for t h e  n e x t  
i t e r a t i o n  through NASPROP-E; t h i s  is complicated by t h e  fact t h a t  p is n o t  one 
o f  t h e  primary v a r i a b l e s  s t o r e d  i n  t h e  s o l u t i o n  v e c t o r  Q ,  c f .  Eq. (2-3).  
Accordingly,  a t  t h e  upstream v e r t i c a l  face and t h e  c y l i n d r i c a l  sidewall i n  F ig .  
1 t h e  updated p r e s s u r e  from B I E  is used i n  Eq.  (2-4) t o  compute and store new 
t o t a l  energy v a l u e s  on t h e  i n t e r f a c e ,  assuming t h e  v e l o c i t y  components r e t a i n  
t h e i r  free-stream v a l u e s .  On t h e  downstream v e r t i c a l  face, where, u ,  v and w 
v a r y  s i g n i f i c a n t l y ,  t h e  same MOC method is st i l l  used t o  set new v a l u e s  f o r  t h e  

10 



v e l o c i t i e s ,  d e n s i t y  and energy. However, now the  p va lues  from BIE are used as 
input rather  than p, .  

This  completes the  d i scuss ion  of the  NASPROP-E port ion of t h e  code. 

The next  s e c t i o n  d i s c u s s e s  i n  d e t a i l  the  theory behind its i n t e r a c t i o n  with the  

BIE s o l u t i o n  of t h e  outer  flow. 
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S e c t i o n  3 

MATCHING ACROSS THE INTERFACE 

The p reced ing  s e c t i o n  gave an overview o f  how t h e  NASPROP-E code 

s o l v e s  t h e  n o n l i n e a r  E u l e r  e q u a t i o n s  i n  t h e  i n n e r  flow r e g i o n ,  and what changes 
were n e c e s s a r y  t o  allow it t o  accept arbi t rary o u t e r  p r e s s u r e  boundary c o n d i t i o n s  
from t h e  B I E  package. T h i s  s e c t i o n  d i s c u s s e s  i n  more de ta i l  t h e  t h e o r y  behind 
how t h e  two codes were in t ended  t o  i n t e r a c t .  There were three major 
i n c o m p a t i b i l i t i e s  between t h e  codes which had t o  be addressed: NASPROP-E 

o r i g i n a l l y  used a hemisphere/cyl inder  o u t e r  boundary, while BIE  was designed 

w i t h  a f u l l y  c y l i n d r i c a l  i n n e r  boundary i n  mind; NASPROP-E works i n  blade-f ixed 
c o o r d i n a t e s  whereas t he  c o o r d i n a t e  system i n  B I E  does n o t  rotate; NASPROP-E 
allows f o r  a uniform s u b s o n i c  a x i a l  flow, w h i l e  t h e  classical a c o u s t i c  a n a l y s i s  
i n  BIE does n o t .  The first of these was e a s i l y  r e s o l v e d  by s w i t c h i n g  t o  a 
c y l i n d r i c a l  o u t e r  boundary i n  NASPROP-E, as descr ibed i n  S e c t i o n  2. A s  w i l l  be 

s e e n  s h o r t l y ,  t h i s  also facilitates t r a n s f e r  of t h e  boundary c o n d i t i o n s  between 
t h e  two. Reso lu t ion  of the  remaining i n c o m p a t i b i l i t i e s  is descr ibed below. 

Eva lua t ion  of Normal P r e s s u r e  Grad ien t  a t  I n t e r f a c e  

F i g u r e  2 is a sketch o f  t h e  same c y l i n d r i c a l  i n t e r f a c e  shown i n  F ig .  

SA refers t o  t h e  upstream 1 ,  b u t  here wi th  emphasis on t h e  o u t e r  flow r e g i o n .  
v e r t i c a l  face a t  a x i a l  l o c a t i o n  sU, SB t o  t h e  c y l i n d r i c a l  s idewa l l  o f  r a d i u s  Rs,  

and Sc t o  the  downstream v e r t i c a l  face at Pd; t h e  t o t a l  ensemble is denoted by 

t h e  p r o p e l l e r ,  s e v e r a l  blade diameters s a y ,  so t h a t  n o n l i n e a r  effects such  as 
shock waves are assumed t o  be n e g l i g i b l e .  

S .  Keep i n  mind t h a t  S is  a f i c t i t i o u s  s u r f a c e . s u f f i c i e n t l y  Ear removed from 

We have t h e  choice o f  u s i n g  NASPROP-E t o  s p e c i f y  6’p/bn on S and t h e n  
u s i n g  BIE  t o  get p ,  or u s i n g  NASPROP-E t o  spec i fy  p on S and u s i n g  B I E  t o  
de t e rmine  af/aH . 
set i n  NASPROP-E (cf. S e c t i o n  21, t h e  first a l t e r n a t i v e  is clearly preferable. 

We t h u s  need t o  e v a l u a t e  t h e  outward normal p r e s s u r e  g r a d i e n t  i n  t h e  blade-fixed 

( Z , 9- , $ 1 frame i n  terms of t h e  s o l u t i o n  computed i n  t h e  boundary-conforming 
(6 , 7 ,c 1 c o o r d i n a t e s .  
SA we have 

Due t o  t h e  way i n  which t h e  o u t e r  boundary c o n d i t i o n s  are 

Using t h e  cha in  r u l e  for d i f f e r e n t i a t i o n  on s u r f a c e  

+ c* 7%) (3-la) 
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w h i l e  on SB, 

and on Sc, 
( 3 - l c )  

The metrics &, ,& etc .  are a l ready  s t o r e d  (cf .  Eq. (2-9)). 
p r e s s u r e  g r a d i e n t s  on t h e  r i g h t  is a two-step p rocess .  F i r s t  t h e  p r e s s u r e s  a t  

g r i d  p o i n t s  on and n e a r  S are e v a l u a t e d  f o r  t h e  s t o r e d  s o l u t i o n  v e c t o r  Q u s i n g  

Eq. (2-4). 

E v a l u a t i o n  of t h e  

Then s t a n d a r d  second-order a c c u r a t e  d i f f e r e n c e  formulae are a p p l i e d  

t o  get PE 9 Pq and P c  

Equa t ions  (3-1) d e f i n e  t h e  normal p r e s s u r e  g r a d i e n t  o n l y  w i t h i n  t h e  

pie-shaped sector formed by one blade passage ,  s ay  0 i V<Rs and 0<#<2v8. 

Because a l l  t h e  blades are i d e n t i c a l ,  t h i s  p a t t e r n  w i l l  repeat i tself  B times 
around t h e  a x i s  i n  both hub-fixed and blade-f ixed c o o r d i n a t e s .  It is n a t u r a l  
t h e n  t o  r e p r e s e n t  t h e  v a r i a t i o n  as a F o u r i e r  series: 

14 
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(3-3b) 
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The above forms a p p l y  t o  s u r f a c e s  SA, SB and Sc r e s p e c t i v e l y .  
r e f e r e n c e  we also q u o t e  here t h e  analogous expansions f o r  t h e  p r e s s u r e  i t s e l f :  

For l a te r  

where 

(3-4a) 

(3-4b) 

(3-4c)  

(3-Sa) 

(3-5b) 

Note t h a t  t h e  s u b s c r i p t  m on t h e  c o e f f i c i e n t s  is t h e  F o u r i e r  i n d e x ,  while t h e  

absence or p resence  of t h e  s u p e r s c r i p t  n i n d i c a t e s  a c o e f f i c i e n t  o f  e i ther  t h e  

p r e s s u r e  i t s e l f  o r  its normal d e r i v a t i v e .  

Equa t ions  (3-2) and (3-4) are w r i t t e n  i n  a blade-f ixed frame. The 
transformation to coordinates (z , , ) which translate with the hub but do 

no t  r o t a t e  is simply 

; I - z  F=7+ j L  # - R t  (3-6) 
- 

f o r ' a  propeller r o t a t i n g  i n  t h e  - F d i r e c t i o n  (as assumed by NASPROP-E) w i t h  

c o n s t a n t  a n g u l a r  v e l o c i t y R .  When a p p l i e d  t o  Eq.  (3-2) t he  r e s u l t  is 
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and s i m i l a r l y  f o r  Eq. ( 3 - 4 ) .  T h i s  c l e a r l y  shows t h a t  t h e  d i s t u r b a n c e  f i e l d  on 

S, and by i n f e r e n c e  t h e  e n t i r e  f i e l d  e x t e r n a l  t o . S ,  c o n s i s t s  o f  a s t e a d y  
component p l u s  a time v a r i a t i o n  a t  t h e  Blade Passage Frequency, 0l2, and its 

harmonics. 

Transformation from Mean Flow t o  S ta t ic  Flow 

So far o u r  a t t e n t i o n  has  focussed on t h e  boundary c o n d i t i o n s  t o  be 

a p p l i e d  t o  t h e  o u t e r  f low a t  t h e  i n t e r f a c e  S. 
be satisfied i n  t h i s  r e g i o n ,  where n o n l i n e a r  effects are assumed n e g l i g i b l e .  
The l i n e a r i z e d  e q u a t i o n s  governing t h e  o u t e r  flow i n c l u d i n g  t h e  effects of a 
s u b s o n i c  a x i a l  Mach number, M ,  can be reduced t o  a s i n g l e  e q u a t i o n  f o r  t h e  

p r e s s u r e ,  

We now c o n s i d e r  t h e  e q u a t i o n s  t o  

where / = 1 4 2 ,  and s u b s c r i p t s  i n d i c a t e  d i f f e r e n t i a t i o n .  T h i s  r e l a t i o n ,  
w r i t t e n  i n  t h e  same hub-fixed c o o r d i n a t e s  as Eq. (3-71, is t h e  convec t ive  form 
o f  t h e  wave equa t ion .  As noted ear l ier ,  t h e  B I E  program is designed t o  work for 

t h e  e q u a t i o n s  of classical a c o u s t i c s  w i t h  no mean flow. S e t t i n g  M = 0 i n  Eq.  

(3-81, and f u r t h e r  assuming a harmonic time dependence w i t h  f requency LJ = m Bfl 
i n  accordance w i t h  Eq. (3-71, we get 

(3-9) 

which is t h e  classic Helmholtz e q u a t i o n  so lved  by B I E ,  km b e i n g  t h e  wavenumber 
of t h e  mth harmonic, m B f l / G  . 

Consider  t h e  fo l lowing  t r a n s f o r m a t i o n  o f  both independent  and 
dependent  v a r i a b l e s  (Refs. 10, 11) :  

;s 5c= 6 s= r/p 

= p exp ( - i ~  k ~ / p )  m 

Applying t h i s  t o  Eq. (3-8) and c a n c e l l i n g  common factors y i e l d s  

+ F-’(FFF)r -# +- Mdt- f F F  

( 3 - l o a )  

(3 - lob)  

(3-11) 
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Hence i f  we  i d e n t i f y  

( 3 - 1 0 ~ )  

as p a r t  of the  t r a n s f o r m a t i o n ,  we recove r  t h e  classic Helmholtz e q u a t i o n ,  (3-9) .  
Thus we have t ransformed from a convec t ive  f low e q u a t i o n  i n  ( 

space  t o  an analogous s t a t i c  f low equa t ion  i n  ( i? , r” , 
i n t e g r a l  fo rmula t ion  can be used t o  s o l v e  t h e  la t ter  problem d i r e c t l y  as 
f o l l o w s  . 

- 
, ?= , 9 ,f3 ) 

,?I space. An 

B r i e f l y ,  t h e  s o l u t i o n  t o  Eq. (3-11) i n  t h e  o u t e r  flow i n  F ig .  2 is 

un ique ly  determined by c o n d i t i o n s  on S and a t  i n f i n i t y  (ou tgo ing  waves o n l y ) .  
L e t z  deno te  t h e  o p e r a t o r  on t h e  lef t -hand s i d e ,  and G deno te  t h e  Green’s 
f u n c t i o n  s a t i s f y i n g  t h e  analogous inhomogeneous e q u a t i o n ,  

(3-12) 

where d is t h e  Dirac delta f u n c t i o n  and go and x“ are g e n e r i c  symbols f o r  t h e  

v e c t o r  c o o r d i n a t e s  of t h e  s o u r c e  and f i e l d  p o i n t s  i n  ( 

r e s p e c t i v e l y .  As d e r i v e d  i n  any s t a n d a r d  t e x t  on mathematical p h y s i c s ,  e.g. 

Baker and Copson (Ref. 121, t h e  s o l u t i o n  t o  Eq. (3-11) can t h e n  be expres sed  
i n  t h e  f o l l o w i n g  i n t e g r a l  form, 

, , 6) s p a c e ,  

where t h e  i n t e g r a l  is o v e r  t h e  whole s u r f a c e  S ( x ” , )  and no d e n o t e s  t h e  outward 
normal at t h e  source  point  zo an S .  This form assumes on ly  outgoing waves at 

i n f i n i t y ,  and t h a t  there.are no s o u r c e s  e x t e r n a l  t o  S. 

I f  a Green’s f u n c t i o n  G can be found which v a n i s h e s  on S ,  Eq.  (3-13) 

r e d u c e s  t o  a s imple q u a d r a t u r e  ove r  p. T h i s  co r re sponds  t o  r e p l a c i n g  S by a 

dipole  d i s t r i b u t i o n .  Conversely,  i f  aG/Jno can be made t o  v a n i s h  on S, t h e  

s o l u t i o n  r educes  t o  a q u a d r a t u r e  ove r  Jf/8flo , cor re spond ing  t o  a monopole 
r e p r e s e n t a t i o n  on S. I n  g e n e r a l  an a n a l y t i c a l  r e p r e s e n t a t i o n  f o r  G w i t h  ei ther 

of these convenient  p r o p e r t i e s  is n o t  p o s s i b l e  f o r  an arbi t rary s u r f a c e  S, 
i n c l u d i n g  t h e  f i n i t e  l e n g t h  c y l i n d e r  used here. I n  t h i s  case i t  is 
conven ien t  t o  use  t h e  f r ee - space  Green’s f u n c t i o n ;  ei ther p or 2f/dn, 
assumed known on S ,  and Eq. (3-13) i n  t h e  l i m i t  where P approaches t h e  s u r f a c e  
p r o v i d e s  a n  i n t e g r a l  e q u a t i o n  f o r  t h e  remaining unknown. The i n v e r s i o n  of t h i s  

is 
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i n t e g r a l  e q u a t i o n  is t he  f u n c t i o n  se rved  by t h e  B I E  method descr ibed  i n  S e c t i o n  
4. 
here dictated by how e a s i l y  t h e  so lved  q u a n t i t y  could be i n c o r p o r a t e d  i n  t h e  

o u t e r  boundary c o n d i t i o n  o f  NASPROP-E. From t h e  d i s c u s s i o n  toward t h e  end o f  

S e c t i o n  2, it  is clear t h a t  Jp/J*1 
c o n d i t i o n  on t h e  i n n e r  flow. 
f i n i t e  d i f f e r e n c e  s o l u t i o n ,  as a n t i c i p a t e d  by Eqs. (3-1) through (3-7). 

The choice of whether t o  regard p or 2$e/gHo as g iven  i n  t h e  BIE s o l u t i o n  is 

would be d i f f i c u l t  t o  e n f o r c e  as a boundary 
So we have chosen t o  have gp/8n specified by t h e  

It remains t o  be s e e n  how t h e  t r a n s f o r m a t i o n  i n  Eq.  (3-10) affects 

t h e  boundary c o n d i t i o n s .  F i r s t  we n o t e  t h a t  t h e  r a d i u s  o f  t h e  c y l i n d r i c a l  
i n t e r f a c e  S is unchanged by (3-10a1, bu t  i ts l e n g t h  is  i n c r e a s e d  by t h e  

factor/-’. 
i n c r e a s e d  by t h i s  factor. 
specified i n  Eq.  (3-71, b u t  rather J@/az i n  t h e  t ransformed space. 

D i f f e r e n t i a t i o n  of Eq.  (3-10b) y i e l d s  t h e  fo l lowing  r e l a t i o n  between the  two: 

The wavenumber of each harmonic o f  t h e  a c o u s t i c  f i e l d  is also 
F u r t h e r ,  B I E  w i l l  need as i n p u t  n o t  t h e  gy/go 

Thus we see t h a t  i n  order t o  spec i fy  8F/gh” i n  t h e  t ransformed space, i n  
g e n e r a l  bo th  t h e  p r e s s u r e  and its normal d e r i v a t i v e  must be s u p p l i e d  i n  

p h y s i c a l  space .  Note t h a t  on SA and Sc, 

so t h a t  Eq.  (3-14) s p e c i a l i z e s  t o  
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on s u r f a c e s  SA, SB and Sc r e s p e c t i v e l y .  
been used ,  t h e  e v a l u a t i o n  o f  Eq. (3-14) would n o t  have been so s imple ;  it was 

f o r  t h i s  r eason  t h a t  t h e  c y l i n d r i c a l  shape was chosen. It follows from Eq.  

(3-15) t h a t  t h e  F o u r i e r  c o e f f i c i e n t s  of gFbz are related t o  t h o s e  f o r  p and 

Had an arbi t rary c u r v i l i n e a r  i n t e r f a c e  

(3-16b) 

which a g a i n  a p p l y  t o  SA, SB and Sc r e s p e c t i v e l y .  
above f o r  m = 0 ,  km = 0. 

Note t h a t  when e v a l u a t i n g  t h e  

It is t h e  F o u r i e r  c o e f f i c i e n t s  d e f i n e d  by Eq. (3-16) which are 
a c t u a l l y  passed t o  t h e  BIE  package as a r e p r e s e n t a t i o n  o f  a7./afl over  S. 

t h e n  i n v e r t s  t h e  i n t e g r a l  e q u a t i o n  d e r i v e d  from (3-131, as d i s c u s s e d  i n  S e c t i o n  
4 ,  for t h e  t ransformed p r e s s u r e  5 on S. A c t u a l l y ,  B I E  must do an independent  
c a l c u l a t i o n  f o r  each harmonic,  as t h e  c o n s t a n t  km i n  Eq. (3-13) w i l l  be 

d i f f e r e n t  for each v a l u e  o f  a. 
and Cm r e p r e s e n t i n g  t h e  v a r i a t i o n  o f  5 over  SA, SB and Sc i n  t h e  t ransformed 
p lane .  
blade-f ixed c o o r d i n a t e s  through Eq. ( % l o b ) ,  g i v i n g i  

c u r v  

.BIE 

d 

It r e t u r n s  a set of F o u r i e r  c o e f f i c i e n t s  K m ,  & 
d 

These c o e f f i c i e n t s  are converted t o  t h e i r  c o u n t e r p a r t s  i n  p h y s i c a l ,  

(3- 17a) 

(3-17b) 

( 3 - 1 7 ~ )  

When s u b s t i t u t e d  i n t o  Eq.  (3-4) these d e f i n e  a new p r e s s u r e  d i s t r i b u t i o n  ove r  
t h e  s u r f a c e  S. 
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The new p r e s s u r e  d i s t r i b u t i o n  found by BIE i n  g e n e r a l  w i l l  n o t  match 

t h a t  used as t h e  boundary c o n d i t i o n  on t h e  n o n l i n e a r  flow e q u a t i o n s  so lved  by 

NASPROP-E. The d i s p a r i t y  is used t o  update  t h e  boundary c o n d i t i o n s  used f o r  t h e  

n e x t  time s tep  as fo l lows .  Let P i  deno te  t h e  p r e s s u r e  d i s t r i b u t i o n  on S used as 
t h e  boundary c o n d i t i o n  on t h e  i n n e r  f low a t  t h e  q t h  time s t e p .  T h i s  s o l u t i o n  is 

used as i n p u t  t o  t h e  B I E  package, as per t h e  procedure descr ibed above, t o  
de te rmine  t h e  p r e s s u r e  ove r  t h e  same s u r f a c e  based on t h e  o u t e r  l i n e a r i z e d  

e q u a t i o n s ,  po say .  

are then  updated as fo l lows :  

q The boundary c o n d i t i o n s  on NASPROP-E f o r  t h e  n e x t  time s t e p  

(3-18) 
= dpg + (I-&) 

The parameter d. , where O<d. ,< /  , has been in t roduced  t o  allow f o r  
u n d e r r e l a x a t i o n  of t h e  i t e r a t i o n s .  T h i s  was found n e c e s s a r y  f o r  convergence of 

a similar i t e r a t i v e  p rocess  used a t  Calspan i n  ou r  s t u d i e s  of adap t ive -wa l l  
wind t u n n e l s  (Ref. 13) .  As noted a t  t h e  end o f  S e c t i o n  2, p is n o t  one o f  t h e  

pr imary v a r i a b l e s  used by NASPROP-E. Therefore, on SA and SB t h e  new v a l u e s  
from Eq. (3-18) are used t o  recompute t h e  local t o t a l  energy a t  t h e  boundary 
g r i d  p o i n t s  u s i n g  Eq.  (2-4). 

(MOC) is used t o  update  t h e  boundary v a l u e s  for d e n s i t y ,  v e l o c i t y ,  and energy 
u s i n g  t h e  new p r e s s u r e s .  

On s u r f a c e  Sc, t h e  Method of Characteristics 

Eventually, the above iterative process should converge in the sense 
9 q 

t h a t  t h e  d i s c r e p a n c y  between p i  and po grows p r o g r e s s i v e l y  smaller. 
is' e v a l u a t e d  i n  CALPROP by t e s t i n g  whether 

Convergence 

(3-19) 

where t h e  sum is o v e r  t h e  t o t a l  number, NT = JMAX+KMAX-1, o f  g r i d  p o i n t s  on S, 
and ~5 is set by t h e  u s e r .  When Eq. (3-19) is  sat isf ied,  t h e  composite s o l u t i o n  
provided by NASPROP-E and BIE shou ld  c o n s i s t e n t l y  s a t i s f y  t h e  blade boundary 
c o n d i t i o n s ,  t h e  free-field r a d i a t i o n  c o n d i t i o n s ,  and match p and ap/dn 
t h e  i n t e r f a c e  S. 

across 

The above procedure f o r  i n t e r f a c i n g  
summarized b r i e f l y  i n  S e c t i o n  5 as a means o f  

between NASPROP-E and B I E  is 

i n t r o d u c i n g  t h e  new r o u t i n e s  i n  
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t h e  combined code CALPROP. T h i s  r e c a p i t u l a t i o n  makes clearer t h e  sequence i n  
which each of t h e  o p e r a t i o n s  is performed. 

After convergence t h e  a c o u s t i c  n e a r - f i e l d  can be e v a l u a t e d  by 
i n t e r p o l a t i o n  i n  t h e  f i n i t e - d i f f e r e n c e  g r i d .  The a c o u s t i c  far-field is easi ly  

e v a l u a t e d  from Eq. (3-131, which now becomes a s imple  q u a d r a t u r e  o v e r  t h e  known 
5 and ~ F / C -  n d i s t r i b u t i o n s .  T h i s  is also done i n  BIE ,  which is descr ibed i n  
more de ta i l  i n  t h e  n e x t  s e c t i o n .  

!I  
2 1  
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' I  
S e c t i o n  4 

OUTER LINEARIZED ACOUSTIC MODEL 

Review o f  t h e  B I E  Method 

A s o l u t i o n  t echn ique  u t i l i z i n g  a discretized s u r f a c e  i n t e g r a l  is 
commonly referred t o  as a Boundary I n t e g r a l  Equation ( B I E )  method. 

o u t s t a n d i n g  f e a t u r e  o f  t h i s  method is t h a t  t h e  dimension of t h e  problem is 
reduced by one ,  s i n c e  o n l y  t h e  boundary ( s u r f a c e )  o f  t he  body is dealt w i t h .  

Thus, t h e  BIE method is p a r t i c u l a r l y  s u i t e d  for f i e l d  problems i n v o l v i n g  an 
i n f i n i t e  domain or a f i n i t e  domain i n  which t h e  f i e l d  v a r i a b l e s  are needed a t  
o n l y  a few p o i n t s .  
governed by l i n e a r  e l l i p t i c ,  p a r a b o l i c ,  and h y p e r b o l i c  par t ia l  d i f f e r e n t i a l  
e q u a t i o n s  (Ref. 14) .  Recen t ly ,  Shaw (Ref. 15) has g iven  an e x c e l l e n t  review of 
t h e  a p p l i c a t i o n  of t h e  BIE  t o  wave problems. 

The 

The BIE has been used s u c c e s s f u l l y  i n  s o l v i n g  problems 

I n  p r i n c i p l e ,  t h e  B I E  fo rmula t ion  can be d e r i v e d , f r o m  Green's theorem 
(Ref. 12, 16, 17) which relates t h e  s u r f a c e  i n t e g r a l  ove r  S t o  t h e  volume 
i n t e g r a l  ove r  V bounded by S f o r  
and nons ingu la r  i n  V:  

any two f u n c t i o n s  p and s u f f i c i e n t l y  smooth 

(4- 1) 

where n is t h e  outward normal o f  S ( i .e . ,  n is directed o u t  o f  t h e  r e g i o n  VI. 

t o  three-dimensional  a c o u s t i c  problems, e .g., 

body of s u r f a c e  area So,  u s i n g  t h e  freespace 

We a p p l y  t h i s  i d e n t i t y  
sound r a d i a t i o n  from a v i b r a t i n g  
Green 's  f u n c t i o n  exp(-ikQ)/Q =jb and t h e  a c o u s t i c  p r e s s u r e  p ,  where R is t h e  

d i s t a n c e  between any two p o i n t s  P and Q i n  V ,  and k is t h e  wave number. T h i s  

problem is classified as an e x t e r i o r  problem governed by Helmholtz 's  e q u a t i o n  
where a l l  p h y s i c a l  q u a n t i t i e s  are d e f i n e d  o u t s i d e  of t h e  body So. 

is t h e  space  bounded by So and t h e  s u r f a c e  c at i n f i n i t y .  
i n f i n i t y  can be r e p r e s e n t e d  by a sphere  o f  i n f i n i t e  r a d i u s .  

The volume V 

The s u r f a c e  a t  
The a c o u s t i c  

p r e s s u r e  p is smooth and n o n s i n g u l a r ,  b u t  is s i n g u l a r  when P = Q. To remove 

t h i s  s i n g u l a r i t y ,  we exc lude  a p o r t i o n  of V i n  a small s p h e r e d  o f  r a d i u s  e 
s u r r o u n d i n g  P as shown i n  F ig .  3. 
Helmholtz e q u a t i o n  v2$b + k'p= 0 

i n t e g r a l  i n  Eq. (4-1) is 0: 

Now, s i n c e  P # 9, both Jb and p sa t i s fy  t h e  

and V? +k> = 0 i n  V ,  t h e  volume 
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Taking t h e  l i m i t  as € t e n d s  t o  zero f o r  t h e  i n t e g r a l  ove r  C 

which r e s u l t s  from u s i n g  a spherical c o o r d i n a t e  system c e n t e r e d  a t  P and t h e  

fact t h a t  a/an = -a/aR 
s u r f a c e  i n t e g r a l  o v e r  t h e  p o r t i o n  of S at i n f i n i t y ,  i .e.,  c , is z e r o  because 
of t h e  Sommerfeld r a d i a t i o n  c o n d i t i o n .  Def in ing  a new normal t' = -n directed 

outward from t h e  body (i.e.,  i n t o  VI, t hen  Eq. (4-2) becomes 

where p (P)  is t h e  a c o u s t i c  p r e s s u r e  a t  P. The 

Now c o n s i d e r  Q as a s o u r c e  p o i n t  on the  s u r f a c e  So and allow t h e  f i e l d  

p o i n t  P t o  approach So. 

Q, t h e  s i n g u l a r i t y  t h a t  o c c u r s  as Q = P may be removed by e x c l u d i n g  t h e  p o r t i o n  
o f  V i n  a small hemisphere d around P. Following t h e  same procedure used i n  
deriving Eq. (4-41, t h e  fo l lowing  r e s u l t  is ob ta ined :  

P rov id ing  t h a t  t h e  s u r f a c e  So has  a unique t a n g e n t  a t  

Equat ion (4-5) is called t h e  S u r f a c e  Helmholtz I n t e g r a l  Equat ion.  

If t h e  f i e l d  p o i n t  P is i n s i d e  t h e  body, t hen  and p are always 
n o n s i n g u l a r  i n  V .  Therefore Eq.  (4-1) y i e l d s ,  for t h i s  case, 
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which is called t h e  I n t e r i o r  Helmholtz I n t e g r a l  Equat ion.  Equat ions (4-4) 
t h rough  (4-6) can be w r i t t e n  i n  a compact form: 

where 

c(p)=47Z' f o r  t h e  f i e l d  p o i n t s  o u t s i d e  the  body, 
=271' for t h e  f i e l d  p o i n t s  on t h e  s u r f a c e  o f  t h e  body, 
= 0 for f i e l d  p o i n t s  i n s i d e  t h e  body. 

As mentioned b e f o r e ,  f o r  f i e l d  p o i n t s  on t h e  s u r f a c e  So, c(P) = 2 77 
o n l y  when t h e  s u r f a c e  has a unique t a n g e n t  a t  P. 
C ( P )  is n e c e s s a r y  i f  there is no unique t a n g e n t  p l a n e  a t  P ,  i.e., when P is at  a 
c o r n e r  o r  edge of So. 

c o u n t e r p a r t  of Eq. (4-7) f o r  a f u n c t i o n  U s a t i s f y i n g  Lap lace ' s  e q u a t i o n  i n s i d e  
t h e  r e g i o n  bounded by So has  t h e  form 

A more g e n e r a l  e x p r e s s i o n  f o r  

For t h i s  more g e n e r a l  e x p r e s s i o n ,  n o t e  first t h a t  t h e  

J 

4 

i n  which (1/R) is t he  c o u n t e r p a r t  of exp(-ikR)/R for t h e  Laplace o p e r a t o r ,  and 

CO(P)  is t h e  r e s u l t  of t h e  l i m i t  o f  t h e  i n t e g r a l s  ove r  a small "bubble-like" 

r e g i o n  U 'wi th  

earl ier.  

hemisphere and t h e  base is n o t  f l a t  i n  t h e  l i m i t .  

o b t a i n e d  from Eq. (4-8) u s i n g  U = 1 which g i v e s  

"base" c e n t e r e d  a t  P similar t o  t h e  hemisphere mentioned 
However for P a t  an edge o r  c o r n e r ,  t h e  bubble- l ike r e g i o n  is n o t  a 

The r e q u i r e d  r e s u l t  can be 

c 0 m  = - J d ('lds, 
9fl R cro 

(4-9) 

which has  t h e  i n t e r p r e t a t i o n  of t h e  i n n e r  s o l i d  a n g l e  a t  P. S i n c e  t h e  l i m i t  

p r o c e s s e s  depend o n l y  on t h e  o r d e r  o f  s i n g u l a r i t y  of which is t h e  same f o r  
both the  Laplace and Helmholtz o p e r a t o r s ,  and s i n c e  C ( P >  i n  Eq. (4-7) may be 

o b t a i n e d  i n  t h e  l i m i t  as P approaches So from o u t s i d e  S o ,  C ( P >  has  t h e  

i n t e r p r e t a t i o n  of t h e  o u t e r  so l id  a n g l e  a t  P so t h a t  
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U P )  f C"(P) = 4 a .  (4- 10) 

Thus, C@)=4?7-C0@) and Eq. (4-5) can be r e w r i t t e n :  

Equat ion (4 -11 )  is a g e n e r a l  S u r f a c e  Hemlholtz I n t e g r a l  Equat ion a p p l i c a b l e  t o  
any arbi t rary s u r f a c e .  

Axisymmetric Formulat ion 

When t h e  s u r f a c e  is a body of r e v o l u t i o n  (Fig. 4) t h e n  

where dLo is the  d i f f e r e n t i a l  l e n g t h  of t h e  g e n e r a t o r  of t h e  body. 

rename our  n o r m a l 3  t o  n t o  conform w i t h  convent ion i n  a c o u s t i c s .  

we expand p and ay/h on So i n t o  F o u r i e r  series i n  t h e  # d i r e c t i o n :  

We now 
F u r t h e r ,  i f  

where B ( t h e  b l a d e  number) is a c o n s t a n t ,  t hen  Eq. (4-11)  may be w r i t t e n  for  a 
n 

s i n g l e  harmonic,  Am and Am, as 

im 84/P) 
where Am@)= A,,, e is t h e  p r e s s u r e  a t  a f i e l d  p o i n t  P. The axisymmetr ic  
f o r m u l a t i o n  above a l l o w s  u s  t o  decouple  t h e  i n t e g r a t i o n  o f  Eq. (4-11) i n t o  t he  
e v a l u a t i o n  of two l i n e  i n t e g r a l s  i n  t he  (Lo,$) c o o r d i n a t e  d i r e c t i o n s ,  Eq.  

(4-12). 

boundary data, Am and A m ,  and can be e v a l u a t e d  wi thou t  t h e  use of nodes and 

F u r t h e r ,  t h e  i n t e g r a l s  i n  t h e  # d i r e c t i o n  are independent  o f  t h e  
n 
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e lemen t s .  Thus,  a l l  e lement  d i s c r e t i z a t i o n  can be confined t o  t h e  g e n e r a t o r  of 
t h e  axisymmetr ic  body, i.e. t h e  elements  are now l i n e  segments.  The boundary 
data need o n l y  be s p e c i f i e d  a t  t h e  nodes on t h e  g e n e r a t o r .  

Numerical Implementation 

Because t h e  e x t e r i o r  s o l u t i o n  r educes  t o  a d i s c r e t i z a t i o n  of t h e  

g e n e r a t o r ,  o n l y  one-dimensional e lements  ( l i n e  segments)  are needed. The same 
q u a d r a t i c  i n t e r p o l a t i o n  is  used f o r  bo th  t h e  geometry and t h e  f u n c t i o n  v a r i a t i o n  
on each segment ( i s o p a r a m e t r i c  e l emen t s ) .  The c o o r d i n a t e s  @, ,E) of any p o i n t  
on t h e  g e n e r a t o r  (see F ig .  4 )  can be r e p r e s e n t e d  as: 

(4-13) 

(4-14) 

where %e) are t h e  shape ( i n t e r p o l a t i n g )  f u n c t i o n s  i n  t h e  mapped domain 
(-/ ,< & 6 / 1 cor re spond ing  t o  node d (each element  is a l i n e  segment c o n s i s t i n g  
o f  three nodes)  and cpa,Zd)are t h e  p h y s i c a l  c o o r d i n a t e s  of node d . 
i m p l i c i t  here t h a t  a l l  elements  are mapped i n t o  a "clean" -1 t o  1 r e g i o n .  A l l  

i n t e g r a t i o n s  are carried o u t  i n  t h i s  new reg ion .  

It is 

The &(e) are 

where is t h e  c o o r d i n a t e  i n  t h e  -1 t o  1 mapped space. 

(4-15) 

n 
For an element k, Am and Am are r e p r e s e n t e d  u s i n g  t h e  same shape 

f u n c t i o n s ,  Eq. (4-15): 

(4-16) 

where A,,,koL and A2hoL are t h e  p r e s s u r e  and normal d e r i v a t i v e  o f  t h e  p r e s s u r e ,  
r e s p e c t i v e l y ,  a t  n o d e d  on element k for harmonic m. S u b s t i t u t i n g  Eq. (4-16) 
i n t o  Eq. (4-12) y i e l d s :  
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(4-17) 

K is the  t o t a l  number of e lements  on the  g e n e r a t o r  and &(c') is the  Jacob ian  of 
t h e  mapping from y)Z) t o  ($ , g i v e n  by: 

I n  t h e  same manner, t h e  c o n s t a n t  C(P) i n  Eq. (4-17) is g iven  by: 

where 

(4-20) 

If we p u t  P on t h e  s u r f a c e  a t  a node which we  identify as j 

and Eq. ( j  = 1 t o  L ,  where L is . t h e  to ta l  number of e l emen t s )  t h e n  Am(P) = A m j ,  

(4-17) may be w r i t t e n  as 

where 
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(4-22) 

(4-23) 

(4-24) 



I n  t h e  above e x p r e s s i o n s  j deno tes  t h e  global  node number where P is located and 
k , d  deno te  t h e  e lement  number and local  node number, r e s p e c t i v e l y ,  of the  

l o c a t i o n  of Q. 

g i v e n  k , d  combina t ion ,  Eq. (4-21) may be w r i t t e n  as 
If we le t  4? be t h e  global node number for  Q cor re spond ing  t o  a 

o r  

where 44 is t h e  Kronecker del ta  

m a t r i x  form as: 
f u n c t i o n .  Equat ion  

(4-26) 

(4-26) may be w r i t t e n  i n  

(4-27) 

I f  t h e  normal d e r i v a t i v e  of t h e  a c o u s t i c  p r e s s u r e ,  { A i ) ,  is s p e c i f i e d  on the  

s u r f a c e ,  t h e n  from Eq. (4-27) we may c a l c u l a t e  t h e  a c o u s t i c  p r e s s u r e  {Am}. 

Calcu la t ion -  of F a r f i e l d  Sound P r e s s u r e  

After Am has been de termined  we may dete'rmine t h e  sound p r e s s u r e  a t  an  

e x t e r i o r  p o i n t  P u s i n g  Eq. (4-121, o r  its numer ica l  c o u n t e r p a r t ,  Eq. (4-171, 
n 

w i t h  C@)=+Z. T h i s  is a s imple q u a d r a t u r e  process s i n c e  (now) bo th  Am and Am 

are known on t h e  s u r f a c e .  

The I n t e r i o r  Eigenfrequency  Problem 

It h a s  l o n g  been recognized  (Ref. 18) t h a t  i n t e g r a l  e q u a t i o n s  of t h e  

t y p e  g i v e n  i n  Eq. (4-12) w i l l  n o t  y i e l d  a unique s o l u t i o n  a t  c e r t a i n  
characterist ic f r e q u e n c i e s  associated w i t h  t h e  shape of So.  These 

characterist ic f r e q u e n c i e s  are t h e  e i g e n f r e q u e n c i e s  of t h e  i n t e r i o r  of So 

a n  "altered" boundary c o n d i t i o n .  That is, i f  we are s o l v i n g  Eq. (4-12) by 

s p e c i f y i n g  Jpfh on S o ,  t h e n  t h e  characteristic f r e q u e n c i e s  where the  nonuniqueness 
problem arises are t h e  e i g e n f r e q u e n c i e s  of t h e  i n t e r i o r  of So determined  by 

S e t t i n g  P = 0 on so. 

w i t h  

For a c y l i n d e r  these f r e q u e n c i e s  are (Ref. 17, p. 429):  
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(4-28) 

where: n , =  = 1 ,  2 ,  3...; m = 0,  1 ,  2 ...; R and L are t h e  r a d i u s  and l e n g t h  of 
t h e  c y l i n d e r ,  r e s p e c t i v e l y ;  and3/,,are the  zeroes o f  t h e  mth order Bessel 

f u n c t i o n .  

The modal d e n s i t y  (average number o f  characterist ic f r e q u e n c i e s  p e r  
u n i t  f r equency)  is p r o p o r t i o n a l  t o  k3.  
e i g e n f r e q u e n c i e s  are c l o s e l y  spaced. The fo l lowing  table shows the  

e i g e n f r e q u e n c i e s  between 19 S ERs < 22 for t h e  CALPROP i n t e r f a c e  (L /Rs  = 1.21 1 
f o r  t h e  m = 0 c i r c u m f e r e n t i a l  mode. 

Even a t  moderate v a l u e s  o f  k t h e  

2 
4 
6 
5 
3 
6 
1 
7 
2 
5 
4 
7 

7 
6 
3 
5 
7 
4 
8 
1 
8 
6 
7 
2 

19.00 
19 e 5 4  
19.68 
19.79 
20.13 
20.84 
20.91 
21.37 
21.49 
21.58 
21.66 
21.84 

It has been observed (Refs. 5 ,  19 and 20) t h a t  symmetric boundary data 

w i l l  select only c e r t a i n  of t h e  e i g e n f r e q u e n c i e s .  Thus, o n l y  t h e  e igen -  

frequencies  above would r e s u l t  i n  nonuniqueness for symmetric ( m  = 0) 2?!/Jn 

boundary data; i .e. ,  t h e  m = 1 ,  2 ... e i g e n f r e q u e n c i e s  would n o t  produce 
nonuniqueness.  T h i s  is due t o  t h e  i n t e r p l a y  between t h e  c o e f f i c i e n t  m a t r i x  and 
t h e  r ight-hand-side v e c t o r  (Ref. 19) i n  Eq. (4-27). I n  t h e  p r e s e n t  problem 

there is symmetry i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  due t o  t h e  blade spac ing .  
Thus f o r  e i g h t  blades o n l y  t h e  rn = 8 modes w i l l  c ause  nonuniqueness problems. 
However, a c a l c u l a t i o n  u s i n g  Eq. (4-28) yie lded  32 e i g e n f r e q u e n c i e s  i n  t h e  range 
99 CZRs < 101 for  t h e  CALPROP i n t e r f a c e .  
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Attempts to Circumvent the Eigenfrequency Problem 

There is no general and systematic way to handle the nonuniqueness 
problem. This fact is evidenced by recent papers (e.g. Ref. 19) proposing new 
ways to achieve a unique solution to Eq. (4-12). However, the most common 

method (Refs. 18, 21) to handle nonuniqueness is called CHIEF. In CHIEF 

a least-squares solution is found by overdetermining the system, Eq. (4-271, 
with additional points interior to So where p = 0. 
are given by Eq . (4-6). 

These additional equations 

A second method (Ref. 22) forms a new integral equation from a linear 
combination of Eq. (4-12) and its normal derivative. The normal derivative of 
Eq. (4-12) has a nonunique solution at certain characteristic frequencies, but 
these eigenfrequencies are not the same as those for Eq. (4-12). Thus, a linear 

combination of Eq. (4-12) and its derivative will have a unique solution for all 
values of frequency. This method has been used successfully recently with a 
combination finite element/boundary element solution approach (Ref. 10). 

Nonuniqueness of the solution to Eq. (4-12) is manifested as 
ill-conditioning in the algebraic system, Eq. (4-27). This ill-conditioning 
reduces the accuracy of the (unique) solution in a frequency band Ak in the 
neighborhood of the eigenfrequencies. 

over Ak , the nonuniqueness problem would be only of academic interest because 
it is always possible to avoid the eigenfrequencies by a proper choice of 
frequency. Thus, it is the ill-conditioning that results from nonuniqueness, ~ 

and not nonuniqueness per se, that produces inaccurate results in solving Eq. 

If it were not for this ill-conditioning 

(4-27 1 

The method used in Ref. 22 works when the eigenfrequencies of Eq. 
(4-12) and its normal derivative are sufficiently spaced so that the Ak do not 
overlap. When this condition is met ill-conditioning will not occur. However, 

at higher frequency, e.g., kR > 20, it is expected that this method will not 

yield good results. 

method over the method in Ref. 22. 
It was this consideration that led us to pursue the CHIEF 
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Another method t o  overcome the f i c t i t i o u s  e igen f requency  problem is 
t h e  E x t e r i o r  Overdeterminat ion Method (EODM) (Ref. 19). Based on a combination 
o f  t h e  S u r f a c e  and E x t e r i o r  Helmholtz I n t e g r a l  Equa t ions ,  EODM u s e s  an i t e r a t i v e  

approach.  
Equat ion is  overdetermined by a d d i t i o n a l  e q u a t i o n s  formed by e v a l u a t i o n  o f  t h e  

E x t e r i o r  Helmholtz I n t e g r a l  Equat ion a t  selected p o i n t s  o u t s i d e  t he  body. An 
approximate impedance f u n c t i o n  is assumed on t h e  s u r f a c e  o f  t h e  body t o  i n i t i a t e  
t he  i t e r a t i o n s .  The s e l e c t i o n  of t h e  l o c a t i o n s  o f  t h e  e x t e r i o r  p o i n t s  used i n  
t h e  i t e r a t i o n  was found t o  be cr i t ical  as a r e s u l t  o f  some numerical  expe r imen t s  
we performed u s i n g  EODM. 

a d j a c e n t  p o i n t s  y i e l d  almost t h e  same e q u a t i o n ,  t h u s  c a u s i n g  s e v e r e  

i l l - c o n d i t i o n i n g .  If the  p o i n t s  are t o o  c l o s e  t o ' t h e  s u r f a c e ,  i t  is n o t  
p o s s i b l e  t o  have many p o i n t s  f o r  t h e  same reason.  
number of a d d i t i o n a l  p o i n t s  and t h e i r  l o c a t i o n s  co r re spond ing  t o  t h e  des i red  

rate of convergence remains unresolved.  

The s q u a r e  system o f  e q u a t i o n s  o b t a i n e d  from t h e  S u r f a c e  Helmholtz 

If t h e  p o i n t s  are too far removed from t h e  body, two 

The o p t i m a l  s e l e c t i o n  of t h e  
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S e c t i o n  5 
PROGRAM CALPROP 

I 
I 
I 

S e c t i o n s  2 th rough 4 were devoted t o  the  theory and algorithms used in 
t h e  NASPROP-E and BIE codes and how t h e y  were in t ended  t o  i n t e r a c t  i n  t h e  

r e s u l t i n g  combined program, CALPROP. T h i s  s e c t i o n  is concerned more w i t h  t h e  

mechanics of how a l l  t h i s  was implemented. O r i g i n a l l y  it was env i s ioned  t h a t  

CALPROP would c o n s i s t  of a new M A I N  program and associated I/O which would 
e s s e n t i a l l y  treat NASPROP-E and BIE as s u b r o u t i n e  packages. However, it was 
soon r e a l i z e d  t h a t  s i n c e  NASPROP-E would comprise t h e  major i ty  of t h e  s o u r c e  
code, and a l ready  con ta ined  much of t h e  r e q u i r e d  I / O  s t r u c t u r e ,  it was easiest 
t o  b u i l d  t h e  new program about  its e x i s t i n g  framework, w i t h  BIE i n c o r p o r a t e d  as 
a package of s u b r o u t i n e s .  T h i s  approach has the  added advantage  of making 

CALPROP t h a t  much easier t o  run  for p rev ious  u s e r s  of NASPROP-E. S i n c e  
NASPROP-E has been documented i n  Refs. 3 and 4, t h e  emphasis here w i l l  be o n l y  
on m o d i f i c a t i o n s  t o  e x i s t i n g  r o u t i n e s  and d e s c r i p t i o n s  of whatever new r o u t i n e s  
have been added. The source  code images are stored on t h e  NASA L e w i s  CRAY 

system as PDN = SRCLIB1,  and t h e  e x e c u t a b l e  object code as PDN = OBJLIB1; both 

have I D  = FSSPAN. The program takes up approximate ly  652K words of storage. 

The o v e r a l l  s t r u c t u r e  of program CALPROP is shown i n  F ig .  5. Although 

a l l  s u b r o u t i n e s  i n  t he  progam are shown, t h i s  is n o t  i n t ended  t o  be a detai led 

flow chart, b u t  merely t o  d i s p l a y  t h e  major i n t e r c o n n e c t i o n s .  

p o i n t  was the  NASPROP-E v e r s i o n  running  on NASA L e w i s '  CRAY computer,  which was 
permitted to us for this work by D r .  L. Bober. Those routines outside the 

dashed l i n e  are n a t i v e  t o  NASPROP-E. Some of these r e q u i r e d  changes and are 

d i s c u s s e d  first below. T h i s  is followed by a d e s c r i p t i o n  of t h e  new r o u t i n e s  
unique  t o  CALPROP, i.e., those i n s i d e  the  d o t t e d  l i n e  i n  F ig .  5. F i n a l l y ,  a 
d e s c r i p t i o n  of t h e  B I E  package is provided. 

The s t a r t i n g  

Changes t o  NASPROP-E Rout ines  

The on ly  e x i s t i n g  NASPROP-E r o u t i n e s  which r e q u i r e d  m o d i f i c a t i o n  were 

A I R 3 D ,  INPUT, I N I T I A  and BNDRY as follows: 
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Figure 5. OVERALL STRUCTURE OF CALPROP 
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A I R 3 D .  T h i s  is a c t u a l l y  t h e  Main, o r  d r i v i n g ,  program; t h e  o n l y  
change here is t h e  a d d i t i o n  o f  l a b e l l e d  COMMON/ACOUST/, which is  t h e  primary 

means o f  t r a n s f e r r i n g  data between t h e  NASPROP-E and BIE  r o u t i n e s .  The 

v a r i a b l e s ,  i n  t h e  order which they  appear, are d e f i n e d  below. 

Variable Name D e s c r i p t i o n  

EPS Convergence c r i t e r i o n  used i n  Eq. ( 3 - 1 9 )  

RMS Left-hand s i d e  o f  Eq. (3-19) 

J A  

JMPKM 

MMAX 

NINT 

NS I G  

RLXBC 

Value of J g r i d  index  a t  upper l e f t  c o r n e r  of 
c y l i n d r i c a l  g r i d  i n  F ig .  1 

JMAX+KMAX 

Highest v a l u e  of harmonic index  m ,  i.e., OSmgMMAX, 

MMAXS 5 

I n t e g r a l  number o f  time steps between boundary 
c o n d i t i o n  upda te s  u s i n g  BIE  

Number o f  o b s e r v e r  p o s i t i o n s  a t  which t h e  a c o u s t i c  
s i g n a l ,  SPL, is t o  be e v a l u a t e d ;  NSIG420 

Re laxa t ion  f a c t o r  on boundary cond. i t ions,oL , i n  Eq.  . 

(3-18) 

RSIG(IS),ZSIG(IS) Dimensionless F, 'z c o o r d i n a t e s  of t h e  I S t h  o b s e r v e r  
p o s i t i o n  a t  which t h e  a c o u s t i c  s i g n a l ,  SPL, is t o  be 

e v a l u a t e d ;  normalized by p r o p e l l e r  diameter, D; 

1 4 IS 6 NSIG 

I '  
' I  
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V a r i a b l e  Name 

SPL( MDUM, IS 1 

WAVK(MDUM) 

DELPHI, PHASE 

RTR(1) ,ZTR(I) 

P ( L , I )  ,PN(L,I)  

PC(MDUM,I), 
PNC( MDUM, I )  

D e s c r i p t i o n  

The Sound P r e s s u r e  Level of t h e  mth harmonic a t  t h e  I S t h  
o b s e r v e r  p o s i t i o n ,  r e f e r e n c e d  t o  poo ; MDUM=m+l, 
1 s  MDUMSMMAX+l, 1 S I S S N S I G  

Dimensionless wavenumber of mth harmonic of a c o u s t i c  

f i e l d ,  k,, normalized by t h e  r e c i p r o c a l  of p r o p e l l e r  
d i ame te r  

Working a r r a y s  c o n t a i n i n g  az imutha l  g r i d  s p a c i n g  and 
phase information used i n  F o u r i e r  decomposition 

Dimensionless $, f c o o r d i n a t e s  of I t h  g r i d  p o i n t  on 
c y l i n d r i c a l  interface, 1 6  I,< JMAX+KMAX+l 

Dimensionless p r e s s u r e  and normal p r e s s u r e  d e r i v a t i v e ,  
normal ized  by poo and poo /D r e s p e c t i v e l y ;  e v a l u a t e d  a t  t h e  

I t h  g r i d  p o i n t  i n  t h e  F, % p l a n e  and t h e  L th  F g r i d  
p o i n t .  

Dimensionless complex F o u r i e r  c o e f f i c i e n t s  of t h e  
p r e s s u r e  and its normal d e r i v a t i v e ,  normal ized  by p-and 
p, /D r e s p e c t i v e l y ;  cor respond t o  t h e  mth harmonic, 
m=MDUM-l, a t  t h e  I t h  g r i d  p o i n t  i n  t h e  F, g p l a n e .  

Labe l l ed  COMMON/ACOUST/ also was added t o  e x i s t i n g  routines INPUT, I N I T I A ,  and 
BNDRY. 

INPUT. The p r i n c i p a l  change h e r e  was t h e  a d d i t i o n  of new i n p u t  
v a r i a b l e s  r e q u i r e d  by CALPROP. The o r i g i n a l  NASPROP-E would r ead  i n  4 i n p u t  
r e c o r d s  from TAPE 5 for  a s tar t  from s c r a t c h .  I n  CALPROP, a f i f t h  r e c o r d  is 
added t o  r ead  i n  NINT, MMAX, N S I G  and J A  w i t h  a format 615, fo l lowed by a s i x t h  
r e c o r d  c o n t a i n i n g  EPS and RLXBC w i t h  a format 6F10.5. 
p a i r s  ZSIG(IS1, RSIG(1S) fo r  IS = 1,NSIG are read  i n  u s i n g  as many i n p u t  r e c o r d s  

F i n a l l y ,  t h e  c o o r d i n a t e  
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II 
as needed w i t h  a 6F10.5 format, i.e., 3 pairs to  a record. The v a l u e s  for NINT,  

MMAX, N S I G ,  J A ,  EPS and RLXBC are also w r i t t e n  on t h e  o u t p u t  f i l e  after t h e  

o the r  i n p u t  v a r i a b l e s .  

II 

I N I T I A .  If N I N T S N M A X  (c f .  d i s c u s s i o n  of BNDRY below), t h i s  r o u t i n e  
w i l l  now make i n i t i a l i z a t i o n  cal ls  t o  new r o u t i n e s  OUTER and B I E .  

BNDRY. There are two r o u t i n e s  i n  NASPROP-E w i t h  similar names, BNDRY 

BNDRY2 upda te s  t h e  boundary c o n d i t i o n s  o n l y  on t h e  blade s u r f a c e s ,  and BNDRY2. 

and was n o t  changed i n  any way for CALPROP. BNDRY is r e s p o n s i b l e  fo r  u p d a t i n g  
t h e  boundary c o n d i t i o n s  on t h e  n a c e l l e  (no  changes here),  and on t h e  o u t e r  
s u r f a c e  of t h e  d i f f e r e n c e  g r i d ,  i.e. t he  i n t e r f a c e  s u r f a c e  S; A s  mentioned 
before, t h i s  s u r f a c e  was changed from t h e  hemisphere /cy l inder  shape used i n  
NASPROP-E t o  a f i n i t e  l e n g t h  c y l i n d e r  i n  (.Z,?,#) c o o r d i n a t e s .  

m o d i f i c a t i o n  o n l y  n e c e s s i t a t e d  changes t o  t h e  mesh g e n e r a t i o n  program which 

produces  t h e  boundary-conforming g r i d .  Hence t o  BNDRY, which.works i n  t h e  

r e s u l t i n g  (e  , 7,  1 c o o r d i n a t e s ,  t h i s  p a r t i c u l a r  change was t r a n s p a r e n t .  

T h i s  

A s  for u p d a t i n g  t h e  o u t e r  boundary c o n d i t i o n s  on S ,  BNDRY was altered 

so t h a t  how t h e  boundary c o n d i t i o n s  are handled depends on t h e  r e l a t i v e  v a l u e s  
of t h e  three parameters NC, NMAX, and NINT. NC is t h e  i n t e g r a l  v a l u e  of t h e  

c u r r e n t  time s t e p  coun t ,  and is found i n  labelled COMMON/COUNT/. NMAX is an  
i n p u t  which r e p r e s e n t s  t h e  maximum v a l u e  of NC t o  be allowed on t h i s  r u n ,  and is 

found i n  labelled COMMON/BASE/; both are n a t i v e  t o  NASPROP-E. NINT is t h e  

i n t e r v a l ,  i.-e., some i n t e g r a l  number of time s t e p s ,  a t  which BIE  is called t o  
upda te  t h e  boundary c o n d i t i o n s .  It is an  i n p u t  parameter communicated through 
labelled COMMON/ACOUST/ (see above) ,  and is new t o  CALPROP. 

Three a l t e r n a t i v e  logic p a t h s  are poss ib le .  F i r s t ,  i f  t h e  u s e r  
specifies h i s  i n p u t  v a l u e s  such  t h a t  NINT>NMAX, B I E  is never  called, and BNDRY 

assumes a c o n s t a n t  p r e s s u r e  of pm ove r  S fo r  a l l  time. Hence t h i s  r e p r e s e n t s  a 

fallback o p t i o n  which w i l l  c ause  CALPROP t o  produce o u t p u t  i d e n t i c a l  t o  t h a t  

from NASPROP-E. A second p o s s i b i l i t y  o c c u r s  i f  NINTQ NMAX, b u t  NC is n o t  an  
i n t e g r a l  m u l t i p l e  of N I N T .  

t h e  boundary c o n d i t i o n s  on S are updated (though those on t h e  n a c e l l e  w i l l  b e ) .  

The t h i r d  and f i n a l  p o s s i b i l i t y  is t h a t  N I N T S N M A X  and NC is an  i n t e g r a l  

B I E  w i l l  n o t  get called on t h i s  s t e p ,  and none of 
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m u l t i p l e  o f  NINT as w e l l .  
new r o u t i n e s  unique t o  CALPROP which are used t o  c o r r e c t  t h e  boundary 
c o n d i t i o n s .  Thus, i f  NINT = 3, B I E  w i l l  be used t o  c o r r e c t  t h e  c o n d i t i o n s  o n l y  
e v e r y  t h i r d  time s t e p ,  while  f o r  N I N T  = 1 t h e  c o n d i t i o n s  are updated on e v e r y  

s t e p .  

f u n c t i o n s  t h e y  s e r v e  are descr ibed below. 

T h i s  triggers a c a l l  t o  B I E  as well as s e v e r a l  o t h e r  

The o t h e r  new r o u t i n e s  t h a t  are called i n  a d d i t i o n  t o  BIE  and t h e  

The o n l y  other change made i n  BNDRY o c c u r s  when NC e q u a l s  NMAX and is 
also a m u l t i p l e  o f  N I N T .  BNDRY then  makes cal ls  t o  NOISE ( a l s o  descr ibed below) 
t o  compute t h e  Sound P r e s s u r e  Leve l ,  SPL, a t  t h o s e  ( R S I G ,  Z S I G )  p o i n t s  i n s i d e  
t h e  f i n i t e  d i f f e r e n c e  gr id ,  and t o  t h e  B I E  package t o  get t h e  SPL a t  p o i n t s  

o u t s i d e  S. 

New Rou t ines  Unique t o  CALPROP 

These r o u t i n e s  are called by BNDRY, d i r e c t l y  or  i n d i r e c t l y ,  when t h e  

s t e p  count  NC is a n  i n t e g r a l  m u l t i p l e  of N I N T .  They i n c l u d e  OUTER, FRFIT, 
TRFORM, FREVAL, PR, and NOISE. We first g i v e  a br ief  d e s c r i p t i o n  o f  each, 

fol lowed by an e x p l a n a t i o n  of how t h e y  i n t e r a c t .  (The BIE  package w i l l  be 

descr ibed s e p a r a t e l y . )  

Subprogram 

OUTER 

FRFIT 

TRFORM 

D e s c r i p t i o n  

Eva lua te s  p a n d ,  
c y l i n d r i c a l  s u r f a c e  needed f o r  t h e  a c o u s t i c  f i e l d ;  once 
t h e  a c o u s t i c  s o l u t i o n  is o b t a i n e d ,  t h i s  r o u t i n e  a l s o  
upda te s  t h e  p r e s s u r e  on t h e  c y l i n d r i c a l  i n t e r f a c e  
a c c o r d i n g l y .  

i n  p h y s i c a l  space a t  t h e  o u t e r  

F i t s  a F o u r i e r  series t o  p and ap dn ; o u t p u t  is t h e  se t  
o f  F o u r i e r  c o e f f i c i e n t s .  

/ 

Transforms F o u r i e r  c o e f f i c i e n t s  o f  p and ap/h7 between 
t h e  p h y s i c a l  and t ransformed space, t h e  l a t t e r  
co r re spond ing  t o  no mean flow. 
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Subprogram 

FREVAL 

PR 

NOISE 

D e s c r i p t i o n  

Using t h e  c o e f f i c i e n t s  passed by B I E ,  t h i s  r o u t i n e  
e v a l u a t e s  t h e  F o u r i e r  series f o r  p a t  t h e  grid p o i n t s  
on t h e  c y l i n d r i c a l  i n t e r f a c e .  

A f u n c t i o n  subprogram which c a l c u l a t e s  s t a t i c  p r e s s u r e  
a t  any g r id  p o i n t  from t h e  d e n s i t y ,  v e l o c i t y  
components, and t o t a l  energy s t o r e d  i n  s o l u t i o n  v e c t o r  

Q. 

Eva lua te s  t h e  Sound P r e s s u r e  Level  (SPL). f o r  o b s e r v e r  
l o c a t i o n s  w i t h i n  t h e  f i n i t e  d i f f e r e n c e  g r i d  by 

i n t e r p o l a t i o n .  

A l l  o f  these subprograms, e x c e p t  PR, c o n t a i n  t h e  labelled COMMON/ACOUST/, which 

is t h e i r  pr imary means of communication. 
v e c t o r i z e  them, as their  run times are much smaller than  t h e  a l r e a d y  e x i s t i n g  
NASPROP-E r o u t i n e s .  A few are called w i t h  a s i n g l e  i n p u t  pa rame te r ,  IGO, whose 
v a l u e  de t e rmines  which of s e v e r a l  logic pa ths  is t o  be fol lowed on t h a t  call .  
How these r o u t i n e s  i n t e r a c t  is bes t  exp la ined  by r e c a p i t u l a t i n g  i n  sequence t h e  

steps descr ibed i n  S e c t i o n  3 for communicating between NASPROP-E and B I E ;  a t  
each s t e p  t h e  r o u t i n e  r e s p o n s i b l e  for its e x e c u t i o n  w i l l  be i d e n t i f i e d .  

way we are able t o  p rov ide  a convenient  summary of t h e  p rocedure ,  and t h e  o r d e r  

No attempt has  y e t  been made t o  

I n  t h i s  

of p r e s e n t a t i o n  w i l l  paral le l  t h e  logic f low i n  t h e  code. 

A p r e l i m i n a r y  s t e p  is t h e  i n i t i a l i z a t i o n  of v a r i o u s  v a r i a b l e s  and 
arrays i n  COMMON/ACOUST/ and i n  BIE  which can be c a l c u l a t e d  and stored once and 
f o r  a l l .  
and BIE  w i t h  t h e i r  i n p u t  parameter IGO = 0. 

and t h e  wavenumber array WAVK; a l s o  arrays DELPHI and PHASE t o  be used 
s u b s e q u e n t l y  i n  r o u t i n e s  FRFIT and FREVAL. 

For t h i s  purpose NASPROP-E r o u t i n e  I N I T I A  ca l l s  both r o u t i n e s  OUTER 

OUTER t h e n  c a l c u l a t e s  FSBETA, JMPKM 

The most impor t an t  f u n c t i o n  s e r v e d  by t h i s  c a l l  t o  OUTER is t h e  

f i l l i n g  o f  arrays RTR and ZTR. 

t h e  o u t e r  g r i d  p o i n t s  on S. They are ob ta ined  from NASPROP-E arrays Y and X, 
These are t h e  t ransformed c o o r d i n a t e s  P, of 
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cor re spond ing  t o  F and 5 ,  and Eq. (3-lOa). RTR(1)  and Z T R ( 1 )  are 
one-dimensional arrays whose index  I = 1 a t  t h e  lower l e f t  c o r n e r  o f  F ig .  1 ( J  = 
1 ,  K = KMAX) ,  and i n c r e a s e s  as one moves clockwise around t h e  c i r cumfe rence ,  

a t t a i n i n g  its maximum v a l u e  a t  t h e  lower r i g h t  ( J  = JMAX, K = 11,  where I = JMAX 

+ KMAX + 1. T h i s  is two more than  t h e  number of p o i n t s  a c t u a l l y  on S, because 
a t  t h e  c o r n e r  p o i n t s  ( J  = J A ,  K = KMAX) and ( J  = JMAX, K = KMAX) t h e  normal 
p r e s s u r e  g r a d i e n t  is double-valued. Hence t h e  two p o i n t s  co r re spond ing  to  I = 
J A  and J A  + 1 w i l l  have i d e n t i c a l  c o o r d i n a t e s  and p r e s s u r e s ,  b u t  d i f f e r e n t  
v a l u e s  of ~,O/C?Q . The same is t r u e  o f  t h e  two c o r n e r  p o i n t s  co r re spond ing  t o  
I = JMAX+l and JMAX+2. 

After e x i t i n g  I N I T I A ,  and subsequen t ly  EIGEN (urichanged), CALPROP 

e n t e r s  t h e  main loop  i n  F ig .  5, which is over  t h e  time s t e p  c o u n t e r ,  NC. Each 

time NC is a n  i n t e g r a l  m u l t i p l e  o f  NINT, t h e  f o l l o w i n g  sequence is triggered 

from BNDRY: 

1 .  OUTER is called w i t h  i n d u t  parameter IC0 = 1. T h i s  s i g n i f i e s  t h a t  arrays P 

and PN i n  l abe l l ed  COMMON/ACOUST/ are t o  be f i l l e d  w i t h  v a l u e s  for p r e s s u r e  and 
its normal d e r i v a t i v e .  Array P is f i l l e d  by c a l l i n g  f u n c t i o n  PR for each o u t e r  

g r i d  p o i n t .  
d e n s i t y ,  v e l o c i t y ,  and t o t a l  energy.  Array PN is f i l l e d  by e v a l u a t i n g  t h e  

a p p r o p r i a t e  form of Eq. (3-1) a t  each p o i n t ,  u s i n g  second order a c c u r a t e  
d i f f e r e n c e  formulae for p e  , p,, and pt . 
d i f f e r  because of t h e  s w i t c h  from Eq. (+ la )  t o  (3-lb1, as w i l l  t h e  v a l u e s  fo r  

I = JMAX+l and JMAX+2 because o f  t h e  s w i t c h  from Eq.  (3 - lb )  t o  (3-lc). 

PR s imply  s o l v e s  Eq. (2-4) f o r  p i n  terms of t h e  s t o r e d  v a l u e s  of 

The v a l u e s  f o r  I = J A  and J A  + 1 w i l l  

2. FRFIT is called t o  do t h e  F o u r i e r  decomposition. Equa t ions  (3-3) and 

(3-5) are approximated v i a  t h e  trapezoidal r u l e ,  u s i n g  t h e  discrete v a l u e s  of p 

and J)B/~I? stored i n  P and PN i n  Step 1. PHASE holds  t h e  n e c e s s a r y  array of 
complex phase factors i n  Eqs. (3-3) and (3-51, and DELPHI t h e  uneven inc remen t s  
i n  t h e  abscissa, A b .  
OUTER. The end r e s u l t  of FRFIT is t h e  set o f  F o u r i e r  c o e f f i c i e n t s  for p r e s s u r e  
and its normal d e r i v a t i v e ,  stored i n  arrays PC ( M D U M , I )  and PNC ( M D U M , I )  

r e s p e c t i v e l y .  MDUM is a n  o f f s e t  index for t h e  mth harmonic,  i .e. ,  m = MDUM-1, 

l ~ M D U M S M M A X + l ;  a g a i n ,  I refers t o  a p a r t i c u l a r  p o i n t  on S. 

Both of these were computed i n  t h e  i n i t i a l i z a t i o n  cal l  t o  
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3. TRFORM is c a l l e d  w i t h  t h e  i n p u t  parameter I G O  = 1. T h i s  s p e c i f i e s  t h a t  

t h e  r o u t i n e  is t o  compute t h e  F o u r i e r  c o e f f i c i e n t s  o f  t h e  normal p r e s s u r e  
g r a d i e n t  i n  t h e  t ransformed v a r i a b l e s  by app ly ing  Eq. (3-16) t o  PC and PNC i n  

p h y s i c a l  space .  The new transformed v a l u e s  are s t o r e d  i n  a r r a y  PNC, o v e r r i d i n g  
t h o s e  computed i n  S t e p  2. 

4. B I E  ( d i s c u s s e d  below) is called w i t h  i n p u t  parameter  I G O  = 1. T h i s  

s i g n i f i e s  t h a t  t h e  o u t e r  s o l u t i o n  is  t o  be ob ta ined  by i n v e r t i n g  t h e  a p p r o p r i a t e  
i n t e g r a l  e q u a t i o n ,  u s i n g  t h e  d a t a  i n  PNC as t h e  i n n e r  boundary c o n d i t i o n .  B I E  

r e t u r n s  t h e  s o l u t i o n  f o r  t h e  p r e s s u r e  on S as a se t  of F o u r i e r  c o e f f i c i e n t s  a t  
t h e  same g r i d  p o i n t s .  The c o e f f i c i e n t s  are s t o r e d  i n  a r r a y  PC,  o v e r r i d i n g  t h o s e .  

c a l c u l a t e d  i n  S t e p  2. Note a g a i n  t h a t  BIE  m u s t  e s s e n t i a l l y  s o l v e  a s e p a r a t e  
problem for each of t h e  harmonics,  m=O,l . .MMAX. 

5. TRFORM is c a l l e d  a g a i n ,  t h i s  time wi th  I C 0  = 2. T h i s  i n d i c a t e s  t h a t  t h e  

F o u r i e r  c o e f f i c i e n t - s  r e t u r n e d  by BIE ,  which are i n  t h e  t ransformed v a r i a b l e s ,  
are t o  be converted back t o  p h y s i c a l  space .  TRFORM does s o  by a p p l y i n g  Eq. 
(3-17) t o  a r r a y  PC. The new v a l u e s  o v e r r i d e  t h o s e  r e t u r n e d  by S t e p  4 as t h e y  

are computed 

6 .  FREVAL is c a l l e d .  The c o e f f i c i e n t s  PC r e t u r n e d  by S t e p  5 are those 

a p p r o p r i a t e  t o  Eq .  (3-4) i n  p h y s i c a l  space .  FREVAL simply e v a l u a t e s  t h e  

F o u r i e r  series a t  a l l  g r i d  p o i n t s  on S. The r e s u l t i n g  p r e s s u r e s  are s t o r e d  i n  
array P ,  o v e r r i d i n g  those computed on Step 1 .  

7. OUTER is called a g a i n ,  t h i s  time w i t h  IGO = 2. Its j o b  now is t o  use t h e  

newly estimated p r e s s u r e s  from S t e p  6 t o  upda te  the  o u t e r  boundary c o n d i t i o n s  t o  
be used on t h e  n e x t  pas s  through NASPROP-E. 

r e l a x e d  u s i n g  Eq. (3-18). The r e s u l t i n g  v a l u e s  are used i n  Eq.  (2-4) t o  compute 
new v a l u e s  f o r  t h e  t o t a l  energy on SA and SB, assuming t h a t  t h e  v e l o c i t y  
components r e t a i n  t h e i r  free-stream va lues .  The new energy v a l u e s  are s t o r e d  i n  

s o l u t i o n  v e c t o r  Q. 

F i r s t  t h e  new p r e s s u r e  v a l u e s  are 

8. C o n t r o l  is r e t u r n e d  t o  BNDRY, where t h e  r e l a x e d  p r e s s u r e  v a l u e s  on the  

downstream s u r f a c e  SC are used w i t h  t h e  Method of Characteristics (Ref. 3) t o  

c a l c u l a t e  updated v a l u e s  f o r  t h e  d e n s i t y ,  v e l o c i t y  and energy.  BNDRY a l s o  

computes and p r i n t s  o u t  t h e  r.m.9. change i n  p r e s s u r e ,  as d e f i n e d  by Eq. (3-191. 
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9 .  If NC = NMAX, r o u t i n e  NOISE is called from BNDRY t o  compute t h e  SPL a t  
t h o s e  o b s e r v e r  l o c a t i o n s ,  read i n  as c o o r d i n a t e  p a i r s  ( R S I G ,  Z S I G ) ,  which l i e  

w i t h i n  t h e  f i n i t e  d i f f e r e n c e  gr id .  F i r s t ,  t h e  q u a d r i l a t e r a l  c e l l  i n  t h e  

computa t iona l  ( k  , y( 
Then b i l i n e a r  i n t e r p o l a t i o n  is used  t o  get t h e  p r e s s u r e ,  PP(L), a t  each of the 

co r re spond ing  az imutha l  l o c a t i o n s ,  P H I ( L ) ,  L = l...LMAX. A F o u r i e r  
decomposition is then  performed on t h i s  data, a g a i n  u s i n g  a t r a p e z o i d a l ,  
approximation l i k e  t h a t  i n  FRFIT, t o  y i e l d  t h e  complex ampl i tude  for the  mth 

harmonic,  s t o r e d  as CP. F i n a l l y ,  t h e  SPL is computed from 

p lane  c o n t a i n i n g  t h e  o b s e r v a t i o n  p o i n t  is i d e n t i f i e d .  

SPL = 20 loy,e /CPl. 

S i n c e  t h e  p r e s s u r e s ,  and hence CP, have a l l  been normalized by pm , t h e  above 

SPL is a r e l a t i v e  scale r e f e r e n c e d  t o  p,,, . 
p, and a r e f e r e n c e  p r e s s u r e ,  P r e f ,  have been specified,  one has merely t o  add 
t h e  c o n s t a n t  v a l u e ,  20 log10 (p, / P r e f ) .  

c o o r d i n a t e s  o f  t h e  o b s e r v a t i o n  p o i n t  and t h e  SPL pred ic ted  there f o r  each 

harmonic. For  o b s e r v e r  p o s i t i o n s  o u t s i d e  t h e  f i n i t e  d i f f e r e n c e  gr id ,  t h e  

a c o u s t i c  s i g n a l  is computed w i t h  a ca l l  from BNDRY t o  B I E  w i t h  i n p u t  parameter  
I G O  = 2. 

To p u t  it on a n  a b s o l u t e  basis once 

NOISE concludes by w r i t i n g  t h e  

Modified Mesh for t h e  B I E  

The B I E  method i n v o l v e s  i n t e g r a t i o n s  o f  k e r n e l s  (e.g., exp(-ikR)/R) 
which are of o s c i l l a t o r y  n a t u r e .  The o s c i l l a t i o n s  i n c r e a s e  w i t h  f requency.  
estimate o f  t h e  l e n g t h  f o r  an element t o  perform sa t i s fac tor i ly  a c c u r a t e  
i n t e g r a t i o n s  can be determined.  It is assumed t h a t  t h e  k e r n e l  exp(-ikR)/R can 
be i n t e g r a t e d  a c c u r a t e l y ,  a l o n g  w i t h  t h e  shape  f u n c t i o n s ,  i n  an element  o f  

A n  

l e n g t h  e q u a l  t o  one-half  t h e  wavelength u s i n g  f i v e  Gauss p o i n t s  per e lement .  
Thus,  an element  l e n g t h  o f  T/k is adequate .  
c o n s e r v a t i v e  estimate o f  t h e  element l eng th .  

T h i s  is cons ide red  t o  be a 

The h igh  f r e q u e n c i e s  ( ~ R s  & 100) invo lved  r e q u i r e  much smaller 
element  s i ze  than  some o f  t h e  e lements  i n  t h e  NASPROP-E mesh. S i n c e  t h e  BIE  
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code r e q u i r e s  q u a d r a t i c  e lements  and t h e  NASPROP-E mesh d i d  n o t  conform t o  such 
a mesh, it was decided t o  g e n e r a t e  a new mesh based on t h e  NASPROP-E mesh. 

The NASPROP-E mesh is opt imized f o r  v a r i a t i o n s  i n  boundary data, t h e  

nodes b e i n g  crowded i n  r e g i o n s  o f  h igh  g r a d i e n t s .  Hence, it was decided t o  
modify t h i s  o p t i m a l  mesh rather than  t o  g e n e r a t e  a new mesh w i t h o u t  
c o n s i d e r a t i o n  of boundary data. 

It was a l s o  observed t h a t  t h e  NASPROP-E mesh c o n t a i n s  two d i s t i n c t  
groups o f  two-noded e l emen t s ,  t h e  "wide" and "narrow" e l emen t s .  The elements  
l o n g e r  than  SMALELz0.5 (SMALEL may be changed as noted below) are cons ide red  t o  

be wide e l emen t s  and t h e  rest as narrow elements .  The NASPROP-E mesh a l s o  
i n c o r p o r a t e s  "dual  nodes" a t  t h e  c o r n e r s  of t h e  c y l i n d e r .  The BIE r e q u i r e s  
a d j a c e n t  e l emen t s  n o t  t o  d i f fe r  v e r y  much i n  l e n g t h .  Cons ide r ing  a l l  these 

factors t h e  f o l l o w i n g  mesh g e n e r a t i o n  scheme was adopted (see Fig.  6 ) .  

One of t h e  d u a l  nodes was dropped a t  each co rne r .  One node was 
i n t r o d u c e d  i n  t h e  narrow elements  and an odd number of nodes (NPTS) was 
i n t r o d u c e d  i n  t h e  wide elements .  NPTS is r e q u i r e d  t o  be an odd number so t h a t  

a n  i n t e g r a l  number of q u a d r a t i c  e lements  is gene ra t ed  i n  any wide element.  

One node was in t roduced  i n  t h e  narrow elements  t o  make them q u a d r a t i c  e lements .  
I n  t h i s  way, a l l  t h e  elements  i nvo lved  have their  mid-nodes i n  t h e  middle of 
t h e  element .  The narrow elements  could n o t  be combined (wi thou t  a d d i t i o n  of 
more nodes) i n t o  quadra t i c  e lements  s i n c e  an element  might have been g e n e r a t e d  
a t  t h e  p o i n t  of t r a n s i t i o n  from t h e  narrow t o  t h e  wide e l emen t s ,  i n  which case 

t h e  mid-node might have been v e r y  much o f f - c e n t e r .  
problems i n  t h e  shape f u n c t i o n s .  

T h i s  would cause  s i n g u l a r i t y  

E x t r a  e lements  o f  t h e  same s ize  as the  las t  narrow element  were 
i n t r o d u c e d  i n  t h e  n a c e l l e  t o  c l o s e  t h e  g r i d ,  and Jp/ad n w a s  prescribed t o  be zero 
on these elements .  The g i v e n  boundary data were approximated by a piecewise 

s p l i n e  f i t  and t h e  boundary data f o r  t h e  newly in t roduced  nodes were determined.  

D e s c r i p t i o n  of Rou t ines  i n  BIE  

The block l abe l l ed  B I E  i n  Fig.  5 a c t u a l l y  r e p r e s e n t s  a package o f  

s e v e r a l  subprograms used t o  s o l v e  t h e  o u t e r  a c o u s t i c  f i e l d .  A schematic of how 
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t h e y  are i n t e r r e l a t e d  is g i v e n  i n  F ig .  7 ,  and below is a b r i e f  d e s c r i p t i o n  of 
t he  f u n c t i o n  s e r v e d  by each. 

Subprogram D e s c r i p t i o n  

B I E  

SR 1 

SR 2 

SR5 

HEAX 

SR 6 

FILLPC 

Dr ive r  program for  t h e  rest of t h e  package'. IGO = 0 

r e p r e s e n t s  an  i n i t i a l i z a t i o n  c a l l ;  for  I C 0  = 1 a new 
o u t e r  s o l u t i o n  is o b t a i n e d ;  for  IGO = 2 t h e  SPL at 
p o i n t s  o u t s i d e  t h e  i n t e r f a c e  is computed based on t h e  

las t  s o l u t i o n .  

Ca l l ed  o n l y  by BIE. P u t s  exter ior  c o o r d i n a t e s  
( i n i t i a l l y  i n  a r r a y s  RTR & ZTR) i n t o  a r r a y  XI. 

Ca l l ed  o n l y  by BIE. T h i s  is t h e  new mesh g e n e r a t i o n  
r o u t i n e .  Genera tes  new nodes between e x i s t e n t  nodes. 
Drops d u a l  nodes a t  c o r n e r s .  Es tab l i shes  node 
cor respondence  v i a  a r r a y s  CORR1 and CORR2 between t h e  

g i v e n  mesh and t h e  new gene ra t ed  mesh. 

nodes i n  n a c e l l e .  

I n t r o d u c e s  extra 

Ca l l ed  o n l y  by BIE.  Calls SPLFIT and f u n c t i o n  FS. 
I n t e r p o l a t e s  t h e  g i v e n  boundary v a l u e s  of t h e  g iven  mesh 

t o  de te rmine  t h e  same for  a l l  nodes of t h e  new mesh. 

Also establishes t h e  local-global node cor respondence  
f o r  the  new mesh. 

Called o n l y  by BIE.  Calls GAUSS, SHFUN, COEF, EXTR, 

SOLVER and BIVL. S o l v e s  fo r  t h e  unknown s u r f a c e  and 
f i e l d  p r e s s u r e s  u s i n g  t h e  B I E  method. 

Called o n l y  by BIE.  C a l c u l a t e s  the  Sound P r e s s u r e  Level.  

Ca l l ed  o n l y  by BIE.  F i l l s  a r r a y  PC, i.e., f i n d s  t h e  

F o u r i e r  p r e s s u r e  c o e f f i c i e n t s  on t h e  s u r f a c e  a t  t h e  

nodes of t h e  g iven  mesh. 
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Subprogram 

GAUSS 

SHFUN 

COEF 

EXTR 

SOLVER 

BIVL 

SPLFIT 

FS 

D e s c r i p t i o n  

C a l c u l a t e s  abscissas and weight factors f o r  numerical  
(Gaussian)  q u a d r a t u r e .  

C a l c u l a t e s  and s t o r e s  v a l u e s  of shape  f u n c t i o n s  and 
t h e i r  d e r i v a t i v e s  for quadra tu re .  

C a l c u l a t e s  and s t o r e s  t h e  m a t r i x  of c o e f f i c i e n t s  and the  

known ( i .e., Jf/g" n 1 v e c t o r .  

Modifies t h e  m a t r i x  o f  c o e f f i c i e n t s  and t h e  known v e c t o r  
f o r  e x t e r i o r  problems. 

S o l v e s  t h e  system of l i n e a r  algebraic e q u a t i o n s .  

P r i n t s  noda l  v a l u e s  o f  5 andap;/anG and p r i n t s  t h e  v a l u e s  
o f  p r e s s u r e  a t  e x t e r i o r  p o i n t s .  

I n t e r p o l a t e s  b!? g# t o  get c u b i c  s p l i n e  c o e f f i c i e n t s .  / 
Uses s p l i n e  c o e f f i c i e n t s  from SPLFIT t o  determineJp/2$ 
a t  a d d i t i o n a l  nodes. 

D e s c r i p t i o n  of Impor t an t  Parameters i n  B I E  

The f o l l o w i n g  are major parameters gove rn ing  t h e  o p e r a t i o n  of t h e  B I E  

s o l u t i o n  : 

Variable D e s c r i p t i o n  

NG Number o f  Gauss p o i n t s  per e lement  for i n t e g r a t i o n s  
a l o n g  t h e  g e n e r a t o r  when both s o u r c e  and f i e l d  p o i n t s  
are on t h e  s u r f a c e .  Maximum v a l u e  is 10. 
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Variable 

NGG 

NPTS 

NSS 

SMALEL 

D e s c r i p t i o n  

Number of Gauss p o i n t s  p e r  e lement  f o r  i n t e g r a t i o n s  i n  
t h e  d i r e c t i o n  o f  t h e  a n g l e  o f  r e v o l u t i o n .  Maximum v a l u e  

is 10. 

Number o f  nodes in t roduced  i n  e v e r y  wide element i n  

NASPROP-E gr id .  Must be an odd number. 

Number of s u b d i v i s i o n s  ( e l emen t s )  i n  f l  r a d i a n s  i n  t h e  

d i r e c t i o n  o f  r e v o l u t i o n .  

A l e n g t h  such t h a t  e lements  of NASPROP-E grid l o n g e r  
than  t h i s  l e n g t h  are classified as "wide" e lements .  A 

v a l u e  o f  0.5 is sugges t ed .  

The first f o u r  parameters are related - a l l  affect  t h e  numerical  
accuracy.  We recommend s e t t i n g  NG and NGG t o  a v a l u e  between 5 and 10. When 
t h i s  is done we have found t h a t  a c o n s e r v a t i v e  element  ( s u b d i v i s i o n )  l e n g t h  is 
g i v e n  by g / k  where k is t h e  wavenumber. 

NPTS and NSS such  t h a t  high numerical  accu racy  is achieved.  Using t h e  fl/k 
c r i t e r i o n  w e  de t e rmine  NSS by: 

T h i s  c r i t e r i o n  can be used t o  select 

one-half  of circumference o f  c y l i n d e r  
+ 1 ,  f l / k  NSS = 

NSS = 5k + 1 , 

s i n c e  Rs=5 is t h e  r a d i u s  o f  t h e  c y l i n d e r .  The 1 i n  t h e  above e q u a t i o n  i n s u r e s  
t h a t  there is a s i n g l e  s u b d i v i s i o n  i n  r a d i a n s  i n  t h e  d i r e c t i o n  o f  r e v o l u t i o n  
when k=O (i.e. t h e  m = O  term of t h e  F o u r i e r  series). We use  t h e  same E l k  
c r i t e r i o n  t o  de t e rmine  t h e  maximum element  l e n g t h  a l o n g  t h e  g e n e r a t o r .  We do 

t h i s  by s e l e c t i n g  t h e  wide element w i t h  t h e  maximum l e n g t h  ( * 1 > ,  d i v i d e  t h i s  

l e n g t h  byf/k and p ick  NPTS a c c o r d i n g l y  ( n o t i n g  t h a t  NPTS must be an odd 

number). The r e l a t i o n s h i p  between k, NPTS and t h e  t o t a l  number o f  nodes on t h e  

g e n e r a t o r  is g iven  below ( f o r  SMALEL = 0.5).  

49 



NPTS TOTAL NUMBER OF NODES 

1 
3 
5 
7 
9 
11 
13 

139 
161 
183 
205 
227 
24 9 
27 1 
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S e c t i o n  6 
RESULTS 

We have n o t  been able t o  get t h e  new CALPROP code t o  run a case 
through t o  comple t ion ,  and so have l i t t l e  i n  t h e  way o f  numerical  r e s u l t s  t o  
r e p o r t .  Basically, t h e  code takes t o o  long  t o  execu te .  I n  t h e  d i s c u s s i o n  
below, w e  w i l l  first describe t h e  sample case we have been working on, followed 

by a d e s c r i p t i o n  o f  t h e  d i f f i c u l t i e s  we encountered.  

F i g u r e  8 d i s p l a y s  t h e  i n p u t  d a t a  as p r i n t e d  by t h e  code f o r  t h e  case 
w e  worked w i t h ,  co r re spond ing  t o  an eight-bladed SR-3 p r o p e l l e r  a t  a nominal 
f l i g h t  Mach number o f  0.8. The a n g l e - o f  attack is O o  ( n e i t h e r  NASPROP-E n o r  t h e  

B I E  package can hand le  t h e  asymmetric i n f l o w  case), and t h e  advance ra t io  is 
3.06. The f i n i t e  d i f f e r e n c e  g r i d  used was t h a t  g e n e r a t e d  for u s  by H. Huynh 
(cf.  S e c t i o n  2) based on t h e  SR-3 b lade  geometry and t h e  new c y l i n d r i c a l  o u t e r  
boundary. R e f e r r i n g  t o  F ig .  1, t h e  r a d i u s  o f  t h e  o u t e r  boundary was set a t  

RS 
were pu t  a t  zu = -5 and Zd = 1.05. 
s o l u t i o n ,  these t r ans fo rm t o  ku = -8.33 and ‘;b = 1.75. 
p o i n t s  i n  t h e  

d i r e c t i o n  ( n o t  shown). 
c o r n e r  of t h e  c y l i n d r i c a l  i n t e r f a c e  is a t  J = J A  = 7. The grid p o i n t  
c o o r d i n a t e s  of t h i s  mesh can be accessed through permanent dataset name OURMESH 

w i t h  I D  = FSSPAN. Because t h i s  was t o  be a demons t r a t ion  r u n ,  t h e  maximum 
number of i t e r a t i o n s  (time s t e p s )  asked fo r  was o n l y  NMAX = 5. A Courant 
number of 20 was specified f o r  c a l c u l a t i n g  t h e  s t e p  s ize  used by the A D 1  

d i f f e r e n c e  scheme. 

= 5 p r o p e l l e r  diameters. The upstream and downstream faces o f  t h e  c y l i n d e r  

I n  t h e  c o o r d i n a t e  system used by t h e  o u t e r  
The g r i d  has  JMAX = 45 

d i r e c t i o n ,  KMAX = 21 i n  the  1 d i r e c t i o n ,  and LMAX = 1 1  i n  t h e  

The l i n e  o f  c o n s t a n t  6 i n t e r s e c t i n g  t h e  upper l e f t -hand  

The new i n p u t  parameters unique t o  CALPROP are l i s t e d  n e a r  t h e  end i n  

F i g .  8. NINT = 1 s p e c i f i e s  t h a t  t h e  B I E  package is t o  be called on each time 
s t e p  t o  update  t h e  o u t e r  boundary c o n d i t i o n s  a p p l i e d  t o  t h e  i n n e r  flow. 

MMAX = 2 specifies t h a t  t h e  m = 0,  1 and 2 F o u r i e r  components are t o  be inc luded  
i n  t h e  a c o u s t i c  c a l c u l a t i o n .  
t h e  fundamental  b l ade  passage f r equency ,  and its first harmonic, r e s p e c t i v e l y ,  
cf .  Eq. (3-7). T h i s  is cons ide red  minimal; the  program is dimensioned t o  

These correspond t o  t h e  steady-state component, 
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.. HACH NO.= 0.80 
ANGLE OF ATTACK= 0.00 DEGREES 
RATIO OF SPECIFIC HEATS=1,4 
PIIF=G. 1 0 4 0 E t 0 1  
RHOiNF=ir. I OEiOE+Ol 
AliVANCE RATIO =-0.306(30300E+01 
PET2 3 i 4 =  -58.70 DEGREES 
BLkDE DI,iV!ETiR= 1.00 FEET 
MEGA= -0.31 REVOLUTIONS PER SECCYD 
NO. BLAOES= 8 
PERIOD = 45.00Q00RdDIANS 
JYAI=45 
KHAK=21 
LrlbK=ii 
ITERATIONS= 5 
HETHOO=Z ( I=EXPLICIT ,  Z=IWPLICIT! 
CGtiRANT NO, =?O. OQ 
4TH EROEH SBOOTH CONST=O. 100Q 
2NB ORDER D I S S I P  CONST=0.?000 
61FFERENCING HETHOli=4 i2=SECONO ORDER,Q=FOURTH ORDER) 
I R M f r = O  
iWR1 T=: 
I Y X H =  1 
.JLE=?O 
JTE=35 
KTiP=l? 
IBC= 0 
iNETOT= 0 
NZHRGE= 9000 
iSitiD= 1 
YiNT = 1 
MA!! = 2 
NSiG = 1- 
J G =  ? 
E35 = 1. OOQE-02 
RLXBC = 1.000 

Figure 8 INPUT DATA FOR DEMONSTRATION CASE 
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a l l o w  MMAX t o  be as large as 5. 
c r i t i c a l  t o  t h e  f o l l o w i n g  d i s c u s s i o n .  

Values o f  t h e  o t h e r  i n p u t  parameters are n o t  

After first mating t h e  NASPROP-E and B I E  codes t o g e t h e r  w i t h  t h e  new 
r o u t i n e s  r e q u i r e d  for t h e  matching ( S e c t i o n  51 ,  it  was found t h a t  t h e  combined 
CALPROP code would n o t  execu te .  What ensued was a pe r iod  of s e v e r a l  months 
d u r i n g  which a series o f  t r i a l - a n d - e r r o r  r u n s  were made t o  "get the  bugs out." 
These inc luded  an i n i t i a l  i n c o n g r u i t y  between NASPROP-E and the  new f u l l y  
c y l i n d r i c a l  g r i d ,  s u b t l e  l o g i c  errors which passed muster  a t  compile time b u t  
raised havoc d u r i n g  e x e c u t i o n ,  and i n c o m p a t i b l i t i e s  between NASPROP-E and B I E  

which became e v i d e n t  o n l y  when p a s s i n g  in fo rma t ion  between t h e  two. Without 
g o i n g  i n t o  de ta i l ,  s u f f i c e  i t  t o  say  t h a t  t h i s  i n i t i a l  debugging pe r iod  took 
many times l o n g e r  t h a n  a n t i c i p a t e d .  

I n  o u r  d e f e n s e ,  we shou ld  p o i n t  o u t  t h a t  NASPROP-E and B I E  were 
developed independen t ly  for somewhat d i f f e r e n t  pu rposes ,  and on d i f f e r e n t  
systems a t  t h a t .  

between o u r s e l v e s  and Prof. S e y b e r t ,  t h e  time needed t o  familiarize o u r s e l v e s  
w i t h  t h e  i d i o s y n c r a s i e s  o f  t h e  NASA/Lewis  CRAY o p e r a t i n g  sys t em,  and t h e  

l i m i t a t i o n s  imposed on u s  by having o n l y  remote access t o  t h e  system. The 

l i m i t e d  number of t e l ephone  access p o r t s  r e l a t i v e  t o  t h e  a p p a r e n t l y  large 

Our efforts were also hampered by t h e  g e o g r a p h i c a l  s e p a r a t i o n  

community o f  u s e r s  p r e t t y  much restricted our  u s e f u l  window of access t o  the  

CRAY t o  a few v e r y  early-morning hours .  

Our p r e l i m i n a r y  development e f f o r t s  have now brought  u s  t o  t h e  p o i n t  
where t h e  code r u n s ,  b u t  a more ' s e r i o u s  o b s t a c l e  has been encoun te red .  
d i s c o v e r e d  when a run bombed f o r  hav ing  exceeded o u r  self-imposed j o b  time 
l i m i t  of lOO.secs., w i thou t  complet ing t h e  first time s t e p .  A s  a p o i n t  of 
r e f e r e n c e ,  t h e  o r i g i n a l  NASPROP-E code completed 10 time steps i n  approx ima te ly  
12 sec. u s i n g  t h e  same f i n i t e  d i f f e r e n c e  g r i d .  We a c t i v a t e d  t h e  TRACEBACK 

o p t i o n  on subsequent  r u n s ,  and added i n t e r n a l  d i a g n o s t i c  messages t o  l e t  us know 
which o f  t h e  new r o u t i n e s  unique t o  CALPROP had been s u c c e s s f u l l y  e x i t e d .  
p i n p o i n t e d  the  problem t o  r o u t i n e  COEF, p a r t  o f  t h e  B I E  package s u p p l i e d  by 

P r o f .  S e y b e r t ,  which was e n t e r e d  b u t  neve r  e x i t e d .  
code had g o t t e n  far enough a l o n g  t o  c a l l  COEF.)  

a run i n  which t h e  e n t i r e  B I E  s u b r o u t i n e  package was removed and replaced w i t h  

T h i s  was 

T h i s  

( T h i s  was t h e  first time t h e  

A s  a f u r t h e r  check we also made 
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a ttdummytt B I E  r o u t i n e  t h a t  s imply f i l l e d  t h e  PC array w i t h  t h e  complex c o n s t a n t  

(1.0, 1 . 0 ) .  Though t h e  r e s u l t s  were meaningless ,  t h e  modified code made it 
through two complete time steps i n  a few seconds.  T h i s  demonstrated t h a t  t h e  

o t h e r  new r o u t i n e s  i n  CALPROP (dashed o u t l i n e  i n  Fig.5)  r a n  in a r e a s o n a b l e  
amount o f  time. 

I .  

Our i n i t i a l  s u s p i c i o n  was t h a t  perhaps a DO LOOP parameter  i n  COEF had 

been l e f t  unde f ined ,  and the  code was loop ing  ad i n f i n i t u m .  A c a r e f u l  
i n s p e c t i o n  of t h e  COEF s t r u c t u r e  tu rned  up t h e  fo l lowing  set of f i v e  n e s t e d  DO 

LOOPS : 

DO 500 K = l , M  

DO 100 I G  = 1 ,  NG 

. 

. 

. 
DO 90 I R  = l , N  

. 
DO 515 I J  = 1,NS 

DO 51 I I G  = 1 1,NGG 

. 

51 CONTINUE 

515 CONTINUE 

. 
90 CONTINUE 

100 CONTINUE 

. 
500 CONTINUE 
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A system t iming  r o u t i n e  was added t o  COEF on an ad hoc basis ,  which confirmed 
t h a t  t h e  program was i n  t h i s  s e c t i o n  o f  code when it  r a n  o u t  o f  time. 
symbolic  dump triggered by t h e  TRACEBACK d i s c l o s e d  t h a t  M = 89, NG = 10, N = 
179, NS = 80 and NGG = 10. 

t h e  innermost  loop would have t o  be executed approximately 1.3 x lo8 times. 

b lock  c o n t a i n s  on t h e  order o f  102 f l o a t i n g - p o i n t  o p e r a t i o n s ,  which is probably 
on t h e  low s i d e .  Hence a t o t a l  o f  1.3 x 101o o p e r a t i o n s  are needed; assuming a 
s u s t a i n e d  rate f o r  t h e  CRAY of 2 x 107 f l o a t i n g - p o i n t  o p e r a t i o n s  per second,  
t h i s  s e c t i o n  of code a l o n e  would r e q u i r e  i n  e x c e s s  o f  10 min. CPU time. 

The 

T h i s  means t h a t  t h e  b lock  o f  s t a t e m e n t s  w i t h i n  

The 

The above estimate is  j u s t  for one F o u r i e r  component a t  one time s t e p .  
Fo r  t h e  p r e s e n t  demons t r a t ion  case which i n c l u d e s  o n l y  three F o u r i e r  components, 
and assuming t h a t  on t h e  o r d e r  of 100 time s t e p s  would be needed t o  converge 
( t y p i c a l  o f  t h e  o r i g i n a l  NASPROP-E code, cf. Ref. 3, p. 1001, something i n  
e x c e s s  o f  53 h r s .  of CRAY time would be  r e q u i r e d  t o  get one s o l u t i o n .  
Admittedly t h i s  is o n l y  a b a l l p a r k  f i g u r e ,  bu t  i t  is c l e a r l y  unaccep tab le  even 
f o r  a research o r i e n t e d  code. 

COEF is n o t  a p e r i p h e r a l  r o u t i n e  which can be t e m p o r a r i l y  bypassed. 
It is at  t h e  heart of t h e  BIE  package, i n  t h a t  it c a l c u l a t e s  t h e  c o e f f i c i e n t  
m a t r i x  i n  t h e  set of l i n e a r  e q u a t i o n s  t o  which t h e  o r i g i n a l  i n t e g r a l  e q u a t i o n  is 
t ransformed by t h e  d i s c r e t i z a t i o n .  
i n v o l v e  q u a d r a t u r e s  i n  two dimensions ove r  t h e  c y l i n d r i c a l  i n t e r f a c e .  
these q u a d r a t u r e s ,  for each of t h e  M elements  on t h e  g e n e r a t o r  o f  t h e  c y l i n d e r ,  
which are being  done i n  t h i s  nes ted  loop cons truc t .  Parameters such as NGG, NS, 

etc. ,  refer t o  t h e  number o f  Gauss q u a d r a t u r e  p o i n t s  and s u b d i v i s i o n s  t o  be used 

The elements  o f  t h e  c o e f f i c i e n t  m a t r i x  
It is 

i n  t h e  i n t e g r a t i o n s  (cf .  S e c t i o n  5). 

We c o n s u l t e d  Prof.  Seyber t  r e g a r d i n g  ou r  problem, who f e l t  i n  

r e t r o s p e c t  t h a t  perhaps he had been o v e r l y  c o n s e r v a t i v e  i n  choosing t h e  number 
o f  d i s c r e t i z a t i o n  e l emen t s  and Gaussian q u a d r a t u r e  p o i n t s .  
package was r e s t r u c t u r e d  so t h a t  a d i f f e r e n t  number of i n t e r f a c e  e l emen t s  and 

a z i m u t h a l  s u b d i v i s i o n s  was used f o r  each frequency ( t h e  lower t h e  wavenumber, 
t h e  coarser t h e  g r i d ) ,  and NG and NGG were both reduced from 10 t o  5. 

A s  a r e s u l t ,  t h e  BIE  
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Another attempt was made w i t h  these changes t o  CALPROP, and t h i s  time 
t h e  f irst  ca l l  t o  COEF was s u c c e s s f u l l y  completed f o r  t h e  m = 0 (i.e.,  
steady-state) F o u r i e r  component i n  on ly  15 sec. However, f o r  t h e  m = 1 

component ( t h e  fundamental  b lade  passage f r equency) ,  t h e  code a g a i n  bogged down 
i n  COEF and r a n  o u t  o f  time, t a k i n g  175 sec. j u s t  t o  complete t h e  K = 6 pass  

through t h e  outermost  loop, o u t  of t h e  129 passes r e q u i r e d .  On t h i s  c a l l ,  

M = 129, NG = 5,  N = 259, NS = 10, and NGG = 5 ,  f o r  a t o t a l  o f  approximately 4 x 
107 passes through t h e  innermost loop. T h i s  r e p r e s e n t s  o n l y  a marg ina l  
improvement from t h e  p rev ious  r u n ,  and does n o t  augur  w e l l  for what would be 

r e q u i r e d  i f  i t  e v e r  g o t  t o  t h e  m = 2 harmonic. 

Thus i n  its p r e s e n t  form t h e  CALPROP code can be made t o  run i n  some 
s e n s e ,  bu t  i t  is economical ly  u n f e a s i b l e  t o  use.  T h i s  is n o t  because o f  any 

known e r r o r s  per  se, n o r  is t h e  problem amenable t o  a "quick f i x "  r e s o l u t i o n .  

The way t h e  code is  s t r u c t u r e d ,  i t  simply g e n e r a t e s  such a volume of arithmetic 
f o r  t h e  o u t e r  s o l u t i o n  t h a t  it o v e r t a x e s  t h e  capabi l i t ies  o f  even a CRAY. 

Unfo r tuna te ly ,  a t  t h e  p o i n t  t h i s  was d i scove red  there was n e i t h e r  t h e  time nor  
r e s o u r c e s  remaining t o  do any major r e s t r u c t u r i n g  o f  t h e  BIE  package. 

be  said abou t  t h i s  in t h e  nex t  s e c t i o n .  
More w i l l  
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S e c t i o n  7 
CONCLUSIONS AND RECOMMENDATIONS 

S i n c e  we were n o t  able t o  get any converged s o l u t i o n s  w i t h  CALPROP, no 
meaningful  c o n c l u s i o n s  can be drawn r e g a r d i n g  t h e  aerodynamics and a c o u s t i c s  of 
advanced p ropfans  per  se. 
hybr id  numerical  scheme is a v i a b l e  approach f o r  such p r e d i c t i o n s ,  and would 
l i k e  t o  o f f e r  some comments t h a t  may prove u s e f u l  t o  f u t u r e  i n v e s t i g a t o r s .  . 

N e v e r t h e l e s s ,  we s t i l l  feel  s t r o n g l y  t h a t  such a 

T h i s  is  t h e  type  of problem t h a t  would o r d i n a r i l y  form t h e  basis f o r  
a long-term program o f  developmental  research. 
manpower l i m i t a t i o n s ,  we were forced t o  t u r n  t o  "off-the-shelf" software 
wherever p o s s i b l e .  
we could easi ly  marry two such disparate codes as NASPROP-E and BIE. 

o r i g i n a l l y  been developed for independent  purposes ,  and on d i f f e r e n t  systems. 
NASPROP-E was a t t r a c t i v e  because i t  was under no p r o p r i e t a r y  r e s t r a i n t s ,  and t h e  

mechanics of how t o  f o l d  i n  t h e  complex SR-3 blade geometry had already been 
done f o r  us .  S i m i l a r l y ,  BIE was chosen because i t  was r e a d i l y  a v a i l a b l e ,  and 
had a l r e a d y  been used w i t h  a f i n i t e  c y l i n d r i c a l  boundary. 

I n s t e a d ,  because of time and 

. 
I n  r e t r o s p e c t  we  may have been o v e r l y  o p t i m i s t i c  i n  t h i n k i n g  

Each had 

But n e i t h e r  code had been designed t o  communicate w i t h  a n o t h e r .  

Hence there were many i n c o n s i s t e n c i e s  between t h e  two, some documented and some 
n o t ,  t h a t  had t o  be i roned  o u t  on an ad hoc basis. 

problems in t roduced  by t h e  long-d i s t ance  c o l l a b o r a t i o n  w i t h  P r o f .  S e y b e r t ,  and 
T h i s  and t h e  logis t ical  

~ hav ing  Only remote access t o  t h e  CRAY system, d i v e r t e d  too much effor t  away from 

I d e a l l y ,  a program of t h i s  complexi ty  shou ld  command t h e  real t e c h n i c a l  i s s u e s .  
s u f f i c i e n t  r e s o u r c e s  t h a t  t h e  i n n e r  and o u t e r  f low s o l u t i o n  packages would be 

developed i n  c o n c e r t ,  on the  same sys t em,  w i t h  t h e  t a s k  of communication between 
t h e  two always k e p t  uppermost i n  mind. 

Having s a i d  t h a t ,  there remain two o b s t a c l e s  t o  f u r t h e r  development o f  
t h e  CALPROP code, v i z . ,  its v e r y  large run times, and t h e  p o t e n t i a l  
i l l - c o n d i t i o n i n g  o f  t h e  o u t e r  s o l u t i o n  n e a r  t h e  i n t e r i o r  e i g e n f r e q u e n c i e s  
( S e c t i o n  4 ) .  The r o o t  cause  of t h e  run time problem is r o u t i n e  COEF, which 

c a l c u l a t e s  t h e  c o e f f i c i e n t  m a t r i x  i n  Eq. (4-27) anew a t  each time s t e p .  
there is no r eason  t o  do so, s i n c e  t h e  m a t r i x  depends o n l y  on t h e  a c o u s t i c  

Yet 
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f requency and t h e  node placement ,  which remain f i x e d .  
s i d e  v e c t o r  i n  Eq. (4-271, which c o n t a i n s  t h e  boundary c o n d i t i o n s ,  t h a t  must be 

updated on each i t e r a t i o n .  Hence i t  is recommended t h a t  B I E  be r e s t r u c t u r e d  so 

t h a t  t h e  m a t r i x  is c a l c u l a t e d  and s t o r e d  once and f o r  a l l  a t  t h e  beginning o f  a 
r u n ,  p re fe rab ly  on t h e  i n i t i a l i z a t i o n  cal l  from I N I T I A  w i t h  I G O  = 0. S i n c e  a 

separate matrix must be stored f o r  each F o u r i e r  component, t h i s  w i l l  greatly 

i n c r e a s e  s t o r a g e  r equ i r emen t s .  But w i t h  t h e  memory a v a i l a b l e  on t h e  CRAY it 
shou ld  prove feasible,  and t h e  s a v i n g s  i n  run time would be tremendous. 

It is o n l y  t h e  r ight-hand 

Even w i t h  o n l y  a s i n g l e  c a l c u l a t i o n  of the  c o e f f i c i e n t  matrices, t h e  

t i m i n g  s ta t is t ics  quoted i n  S e c t i o n  6 s u g g e s t  t h a t  t he  run time might  s t i l l  be 

large. 
on t h e  i n t e r f a c e ,  and hence t h e  s i z e  of t h e  matrices, i n  t h e  o u t e r  s o l u t i o n .  
The BIE  package p r e s e n t l y  u s e s  t h e  g r i d  i n t e r s e c t i o n  nodes from NASPROP-E as a 

s t a r t i n g  p o i n t ,  and t h e n  i n s e r t s  e x t r a  nodes between them as needed, cf .  S e c t i o n  
5 and F ig .  6. T h i s  is done t o  avo id  a b r u p t  t r a n s i t i o n s  from c l o s e l y  t o  w i d e l y  

spaced nodes,  which c a u s e s  problems i n  t h e  B I E  method. 

node s t r u c t u r e  t h a t  r e s u l t s  is h a r d l y ' o p t i m a l  from t h e  B I E  viewpoint .  It is 
sugges t ed  t h a t  a better approach is t o  base t h e  node placement for t h e  o u t e r  
f l ow p r i m a r i l y  on t h e  needs o f  t h a t  s o l u t i o n ,  more o r  less independen t ly  o f  t h e  

g r i d  p o i n t s  used i n  t h e  i n n e r  flow. 

t r a n s f e r  data from one set of p o i n t s  t o  t h e  other as needed. Such a scheme 

shou ld  allow fewer nodes for t h e  BIE  s o l u t i o n ,  and reduced run times. 

F u r t h e r  r e d u c t i o n s  could be gained by r educ ing  t h e  number o f  nodes used 

But even t h e  modif ied 

Cubic s p l i n e s  could be easi ly  used t o  

These  las t  t w o  p o i n t s ,  i .e.,  when should t h e  BIE matrices be 

c a l c u l a t e d  a n d ' f o r  what node d i s t r i b u t i o n ,  are good examples of t h e  problems 
t h a t  a r o s e  because BIE  was o r i g i n a l l y  developed w i t h  o t h e r  a p p l i c a t i o n s  i n  mind. 
It had p r e v i o u s l y  been a p p l i e d  o n l y  t o  compara t ive ly  c o a r s e  gr ids ,  where t h e  

boundary c o n d i t i o n s  had a v e r y  s i m p l e  v a r i a t i o n  t h a t  was p r e s c r i b e d  a p r i o r i ;  
hence no i t e r a t i o n s  were necessa ry .  Run times were minimal,  so t h a t  

c o n s i d e r a t i o n s  o f  computat ional  e f f i c i e n c y  such  as t h o s e  above neve r  a r o s e .  

Assuming t h e  time needed f o r  t h e  o u t e r  s o l u t i o n  can be reduced 

s u f f i c i e n t l y ,  t h a t  s t i l l  l e a v e s  t h e  q u e s t i o n  o f  nonuniqueness.  That i s ,  t h e  

m a t r i x  e q u a t i o n  for t h e  e x t e r i o r  Neumann ( D i r i c h l e t )  problem is known t o  be 

s t r o n g l y  i l l - c o n d i t i o n e d  n e a r  t h e  e i g e n f r e q u e n c i e s  o f  t h e  complementary i n t e r i o r  
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D i r i c h l e t  (Neumann) problem. As d i s c u s s e d  i n  S e c t i o n  4 f o r  t h e  frequency range 

of i n t e r e s t  here, kRS b 100, t h e  e i g e n f r e q u e n c i e s  are much t o o  c l o s e l y  spaced 

t o  get s o l u t i o n s  by s imply  "tweaking" E u n t i l  it l i e s  betwen a d j a c e n t  
e i g e n f r e q u e n c i e s .  For t h e  p r e s e n t  program t h e  CHIEF method (Refs. 18, 21) was 

chosen as t h e  most promising scheme t o  overcome t h i s  d i f f i c u l t y .  Test cases 
have been run f o r  s imple  p o i n t  s o u r c e s  w i t h i n  t h e  same c y l i n d r i c a l  i n t e r f a c e  

rv 

used here, b u t  t o  date a c c u r a t e  s o l u t i o n s  have o n l y  been o b t a i n e d  up t o  
kRS"20. 

passage f r equency ,  which f o r  t h e  case cited i n  S e c t i o n  6 is C~RS = 109.5.  

t h i s  r eason  t h e  a d d i t i o n a l  r o u t i n e s  r e q u i r e d  t o  implement CHIEF are n o t  
p r e s e n t l y  inc luded  i n  CALPROP. 

Iv 

T h i s  is well below t h e  range needed f o r  even t h e  fundamental  b l ade  

For 

Professor Seybert ' s  s t a t e m e n t s  a t  t h e  end o f  S e c t i o n  4 
n o t w i t h s t a n d i n g ,  t h e  a u t h o r  b e l i e v e s  t h a t  t h e  method used by Meyer, e t  al .  i n  
Ref. 22 is a p r e f e r a b l e  means o f  removing t h e  i l l - c o n d i t i o n i n g .  They s o l v e  a 

modified i n t e g r a l  e q u a t i o n ,  formed as a l i n e a r  combination o f  t h e  o r i g i n a l  
e q u a t i o n  and its d e r i v a t i v e  normal t o  t h e  i n t e r f a c e .  
shown t o  possess a unique s o l u t i o n  a t  a l l  wavenumbers. Numerical r e s u l t s  
p re sen ted  i n  Ref. 22 confirm t h i s ,  even a t  c o n d i t i o n s  c o i n c i d e n t  w i t h  t he  

i n t e r i o r  e i g e n f r e q u e n c i e s .  
Baumeister and Horowitz (Ref. 10) i n  a similar hybr id  scheme a p p l i e d  t o  t u r b o f a n  

i n l e t  a c o u s t i c s .  A f i n i t e  element s o l u t i o n  was a p p l i e d  t o  t he  i n n e r  n o n l i n e a r  
flow. The boundary i n t e g r a l  method o f  Ref. 22 was used for t h e  l i n e a r i z e d  
a c o u s t i c  f i e l d .  

w a s  at t h e  outer  sur face  of the  n a c e l l e ,  for t h e i r  blade passage frequency 

klRs"35. 
show no ev idence  o f  i l l - c o n d i t i o n i n g .  

The new e q u a t i o n  has  been 

T h i s  method was s u c c e s s f u l l y  implemented by 

Assuming ( c o n s e r v a t i v e l y )  t h a t  t h e  r a d i u s  of t h e i r  i n t e r f a c e  

AJ 

The computed r e s u l t s  were o b t a i n e d  w i t h  o n l y  59 boundary segments and 
Reasonable agreement w i t h  e x p e r i m e n t a l  

data was also demonstrated.  

The nonuniqueness o f  t h e  s o l u t i o n  t o  Eq.  (4-12)  n e a r  t h e  

e i g e n f r e q u e n c i e s  is n o t  a m a n i f e s t a t i o n  o f  any p h y s i c a l  phenomenon. It is a 

p u r e l y  mathematical a r t i fac t  in t roduced  by t h e  t r a n s f o r m a t i o n  of t h e  gove rn ing  

e q u a t i o n  from d i f f e r e n t i a l  t o  i n t e g r a l  form. The fact t h a t  t h e  problem gets 

p r o g r e s s i v e l y  worse w i t h  i n c r e a s i n g  frequency shou ld  perhaps s u g g e s t  t o  u s  t h a t  

we may be a t t a c k i n g  i t  from t h e  wrong d i r e c t i o n .  That is ,  f o r  t h e  regime o f  
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i n t e r e s t  here we may n o t  need t h e  full-blown B I E  a r t i l l e r y ,  i f  o n l y  we 
are c l e v e r  enough t o  somehow take advantage o f  t h e  s h o r t  wavelengths.  

Such a high frequency approximation has  been used s u c c e s s f u l l y  i n  

s t u d y i n g  r a d i a t i o n  from s o l i d  b o d i e s ,  e.g., Ref. 23 and 24. 

f r equency  l i m i t  t h e  waves behave a s y m p t o t i c a l l y  l i k e  p l a n e  waves. 
t o g e t h e r  w i t h  t h e  c o n d i t i o n  of no f low through t h e  wall leads t o  a s imple 

algebraic r e l a t i o n  between t h e  a c o u s t i c  p r e s s u r e  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 ,  which i n  effect  can s e r v e  as a boundary c o n d i t i o n  r e p l a c i n g  t h e  

i n t e g r a l  equa t ion .  

I n  t he  high 

T h i s  

Such a n  approximation was b r i e f l y  cons ide red  here, u n t i l  it was 
realized t h a t  t h i s  s imple  r e l a t i o n  would n o t  a p p l y  i n  o u r  case because t h e  

s u r f a c e  is n o t  s o l i d .  For a s o l i d  r a d i a t o r  i n  t h i s  l i m i t ,  t h e  normal t o  t h e  

s u r f a c e  is also normal t o  t h e  a c o u s t i c  wave f r o n t s ;  b u t  i n  t h e  p r e s e n t  problem 

there is no r eason  for t h i s  t o  be so, as waves can pass th rough  t h e  i n t e r f a c e  at 

any  a n g l e .  T h i s  added degree of freedom d e s t r o y s  t h e  s imple algebraic r e l a t i o n .  
However, i t  may'be t h a t  w i t h  enough thought  a more g e n e r a l  r e l a t i o n  could be 

worked o u t .  The p o s s i b i l i t y  of such an approach a t  h igh  f r e q u e n c i e s  is v e r y  
a t t r a c t i v e ,  as it  n o t  o n l y  removes any i l l - c o n d i t i o n i n g ,  b u t  o b v i a t e s  
altogether t h e  need t o  i n v e r t  an i n t e g r a l  equa t ion .  

. 

I n  summary, t h e  lack of s u c c e s s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  shou ld  

n o t  be taken as ev idence  t h a t  t h e  basic approach is unworkable. A hybr id  scheme 
matching an i n n e r  n o n l i n e a r  f l o w  t o  an ou te r  l inear ized  f i e l d  s t i l l  appears 

i d e a l l y  s u i t e d .  t o  p r e d i c t i n g  t h e  aerodynamic and a c o u s t i c  f ie lds  o f  advanced 
tu rboprops .  It is hoped t h a t  t h e  comments o f f e r e d  here w i l l  h e l p  t o  f u r t h e r  
progress toward t h a t  goal. 
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NOMENCLATURE 

a speed o f  sound 

Am,  B,,,, C, d imens ion le s s  F o u r i e r  c o e f f i c i e n t s  of p r e s s u r e  d i s t r i b u t i o n  ove r  

SA, SB, Sc; d e f i n e d  by Eq. (3-5) 

N 

Am, G ,  ?m d imens ion le s s  F o u r i e r  c o e f f i c i e n t s  of p r e s s u r e  d i s t r i b u t i o n  i n  
t ransformed v a r i a b l e s ;  related t o  t h e  above by Eq. (3-17) 

A:, 4, C: d imens ion le s s  F o u r i e r  c o e f f i c i e n t s  o f  t h e  normal p r e s s u r e  g r a d i e n t  

o v e r  SA, SB, Sc; d e f i n e d  by Eq. (3-3) 

~n c n  d n  
A,, b, Cm d imens ion le s s  F o u r i e r  c o e f f i c i e n t s  o f  t h e  normal p r e s s u r e  g r a d i e n t  

i n  t ransformed v a r i a b l e s ;  related t o  t h e  above. by Eq. (3-16) 

B number o f  blades 

D p r o p e l l e r  diameter 

e t o t a l  energy p e r  u n i t  volume normalized by p, ; d e f i n e d  i n  Eq. 

( 2-4 1 

E, F, G f l u x  v e c t o r s  i n  t h e  & , , e d i r e c t i o n s ,  r e s p e c t i v e l y ;  d e f i n e d  i n  

Eq. (2-6) 

Green's f u n c t i o n  d e f i n e d  i n  Eq. (3-12) 

v e c t o r  of u n d i f f e r e n t i a t e d  s o u r c e  terms d e f i n e d  by Eq. (2-8) 

Jacob ian  of t h e  g e n e r a l i z e d  c o o r d i n a t e  t r ans fo rn ta t ion  d e f i n e d  by 

Eq. ( 2 - 5 )  

J,  K ,  L i n t e g e r  g r i d  i n d i c e s  i n  t h e  , y , t d i r e c t i o n s  

JMAX, KMAX, 

LMAX maximum v a l u e s  o f  t h e  above -  
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Q 

km 

M 

m 

n 

P 

U 

P 

d imens ion le s s  wavenumber o f  mth harmonic, normalized by D-’ 

free-stream Mach number 

F o u r i e r  series (harmonic) index 

l o c a l  outward normal t o  t h e  i n t e r f a c e  s u r f a c e  S i n  Fig. 2 

d imens ion le s s  s t a t i c  p r e s s u r e  normalized by p- 

d imens ion le s s  s t a t i c  p r e s s u r e  i n  t ransformed v a r i a b l e s ;  related t o  

p by Eq. (3-10b) 

v e c t o r  of dependent v a r i a b l e s  i n  f i n i t e  d i f f e r e n c e  s o l u t i o n ,  Eq. 

( 2-3 

RS d imens ion le s s  r ad iug  o f  s u r f a c e  SB, normalized by D 

SA, SB, Sc upstream, sidewall, and downstream faces, r e s p e c t i v e l y ,  of 
c y l i n d r i c a l  i n t e r f a c e  S,  F ig .  2 

t d imens ion le s s  time normalized by D V/% 

u ,  v ,  w d imens ion le s s  v e l o c i t y  components i n  t h e  Z, 3”, I d i r e c t i o n s  

normalized by a - / f l  

u, v, w d imens ion le s s  c o n t r a v a r i a n t  v e l o c i t y  components i n  t h e  6 , 7 , 
d i r e c t i o n s  normalized by U, fl ; d e f i n e d  by Eq. (2-7) I 

zf,3-, 4 d imens ion le s s  c y l i n d r i c a l  blade-f ixed c o o r d i n a t e s  normalized by D 

z,+=,j5 d imens ion le s s  c y l i n d r i c a l  c o o r d i n a t e s  t r a n s l a t i n g  w i t h  t h e  

propel le r ,  b u t  n o t  r o t a t i n g ;  related t o  t h e  above by Eq. (3-6) 

z, FJ d imens ion le s s  c y l i n d r i c a l  c o o r d i n a t e s  used i n  t r a n s f o r m a t i o n  t o  no 

mean f low; related t o  t h e  above by Eq. (3-10a) 
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00 

d imens ion le s s  axial c o o r d i n a t e s  o f  SA and SC, Fig.  2 

r e l a x a t i o n  factor used i n  upda t ing  t h e  boundary c o n d i t i o n s  on S, 

Eq.  (3-18) 

specific heat r a t i o  

Dirac del ta  f u n c t i o n  

convergence c r i t e r i o n ,  Eq. (3-191 

g e n e r a l i z e d  boundary-conforming c o o r d i n a t e s ,  Eq. (2-1) 

P- d imens ion le s s  d e n s i t y  normalized by 

d imens ion le s s  a n g u l a r  v e l o c i t y  of t h e  p r o p e l l e r ,  normalized by 

I S u p e r s c r i p t s  

used t o  i n d i c a t e  F o u r i e r  c o e f f i c i e n t  of t h e  normal p r e s s u r e  
n g r a d i e n t ,  e.g. A, 

time index  i n  Eq. (3-18) 

i n d i c a t e s  t h e  t r a n s p o s e  of a v e c t o r ,  e.g. Eq. (2-3) 

S u b s c r i p t s  

p e r t a i n i n g  t o  t h e  mth harmonic of Blade-Passage Frequency 

p e r t a i n i n g  t o  t h e  i n n e r  flow s o l u t i o n  

p e r t a i n i n g  t o  t h e  o u t e r  flow s o l u t i o n  

deno tes  a s o u r c e  p o i n t  on. S i n  Eq. (3-13) 

e v a l u a t e d  a t  upstream i n f i n i t y  
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