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PErJPf;LLEI! ROTBTIOI~ 

By A r t h u r  F, Deming 

Sound. p r e s s u r e s  o f  t h e  f i r s t  f o u r  hnrmoi?ics o f  r o t a -  
t i o n  n o i s e  f r o m  a f u l l - s c a l e  two-blade p r o p e l l e r  were 
measured  a i d  a r e  compared w i t h  v a l u e s  c a l c u l a t e d  f r o m  

b u t i o n  w i t h  c o n s t a n t  t i p  s p e e d  and  ( 2 )  f o r  f i x e d  s p a c e  
a n g l e s  w i t h  v a r i r t b l o  k i p  specd.  

. t h e o r y ,  The compar ison  i s  mad-e (1) f o r  t h e  s p a c e  d i s t r i -  

A r e l a t i o n  f o r  r o t z t i o n  n o i s e  f rom an  c l emen t  o f  ra- 
d i u s  d e v e l o p e d  by G s t I n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  e x t e n d e d  t o  c o v e r  t h e  e n t i r e  
progo l l e r  d l s k .  Curves ~ T C  Givcn sbos.rirzg t h e  e f f e c t  o f  
number o f  'u lndes on t h e  r o t ? , t i o n  n o i s e ,  

P r o p e l l e r  n o i s e  cam, i n  gencra.1,  be d i v i d e d  i n t o  t w o  
c ~ c ~ s s i f i c c t i o n s :  (1) r o t ? - t i o n  n o i s c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnnd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  v o r t e x  n o i s c .  
The f i r s t  i s  by f u r  t h e  more i n t e n s e ,  ?he second.,  as t h e  
name i m p l i e s ,  i s  d.ue t o  t h e  edi i ing of  v o r t i c e s  f r o m  t h e  
b l a d e s ;  and i t s  i n t e n s i t y  a n d  f r e q u e n c y  s ixc t rum p r o b a b l y  
depend on a n g l e  of' s t t a c k ,  v a l o c i - t j r ,  a i r  t u r b u l b n c e ,  b l a d e  
chorcl, and  s 3 a p e  o f  t h e  b l z d e  s e c t i o n s  frorr!  hub $ 0  t i p .  

The r o t a t i o h  i l o i s c  i s  due t o  t h e  p r e s s u r e  wave e n v e l -  
o p i n g  e a c h  b l a d o  a n d  movirig wi th  i t ;  t k c  v o r t e x  n o i s e , i s  
due  t o  pressu re  v a r i a t i o n s  on t h e  blade as a r c s m l t . o f  
v a r i a t i o n s  o f  c i r c u l a t i o a .  I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay be  sirnr;.lx s t a t e d  t h a t  
t h e  r o t a t i o l l  n o i s e  i s  duo t o  t h c  c o a s t m - i ;  ni r  f o r c e  on t h e  
b lades  nnci t h a t  t h e  v o r t e x  n o i s e  i s  duo t o  t h e  v o r t i c e s  
s h e d  i n  t h c  wake. 

The r o t a t i o n  n o i s e  may be  f u r t h e r  d i v i d e d  i n t o  th.e 
r o t a t i o i l  n o i s e  due (1) t o  t o r q u e  and  t h r u s t  and ( 2 )  t o  
b l a d e  t h i c k n e s s .  The s e c o a d  c a s e  has been  t r e a t e d  i n  a 
p r e v i o u s  paper ( r e f e r e n c e  1). The e f f e c t  o f  t h i c k n e s s  on 
r o t a t i o n  n o i s e  i s  s m a l l  e x c e p t  f o r  t h e  h i g h e r  ha rmon ics  
and  small a n g l e s  o f  c t t a c k .  
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d-oos n o t  chcck  w i t h  e x p e r i m e n t  i n  some r e s p e c t s ,  e s p e c i a l -  
l y  i n  tLZc d - e t a i l s  o f  s p a t i  t r i b u t i o n  a n d  t i n e  p 
o f  t h e  harmonics  ; d o e s  p r e d i c t  t o  a f 
d e g r e e  of a c c u r a c y  s s O T I i l d  and 
maximuro, sound p r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgeneral shape  
of  t h e  s p a , t i a l  d i s t r i b u t i o n  o f  sound p r e s s u r e  o f  t h e  fun- 
d a n e z t a l  and 'chc sccoild liarnionic f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa two-blade p r o p e l -  
l o r  i s  f a i r l y  well g i v e n  by t h e o r y .  For  h i g h c r  h a r m o n i c s ,  
t h e  d i s t r i b u t i o n  i s  n o t  s o  w e l l  g i v e n  by t h e o r y .  The use  
of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG%s t h c o r g  d o e s ,  however, g i v e  r e l a t i v e l y  a c c u r a t e  vrzl- 
u c s  f o r  thny m a g n i t u d e s  t o  b e  e x p e c t e d ,  ~ b i c l i  i s  p e r h a p s  
all . tha t  i s  r e q u i r e d  i n  sound. r b s c a r c h  whcrc one i s  d e a l -  
in:, w i t h  sound l c v c l s  i n  d e c i b e l s  i n s t c a d  o f  p e r c e n t a g e s .  

Gu t in  ( r e f e s e a c c  2 )  s t a r t s  h i s  d e r i v a t i o n  f o r  the 
e f f e c t  o f  t o r q u e  and t h r u s t  w i t h  

ant? a r r i v e s  at  t h e  r e s u l t  

E q u a t i o n  (1) employs t h e  s t a n d a r d  n o t a t i o n  =sed  i n  acous -  
t i c s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX, Y ,  and Z b e i n g  t he  componc~ l t s  o f  f o r c e  ex- 
e r t e d  '18 t h e  b l a d e  c l e c e n t  on t h e  medium. Some o f  t h e  
symbols  u s e d  b g  Gut in  ?,re d i f f e r e n t  f r o m  t h o s e  u s e d  by t h e  
17.B.C.A. i n  a c o u s t i z s ;  i n  o r d e r  t o  a v o i d  c o n f u s i o n ,  t h e  
f o l l o v i n g  t s b l c ,  whi.ch comperes  a c o u s t i c  symbol s ,  h a s  

' b een  i n c l u d e d  i n  t h i s  paper .  
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i -- 

S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 1 i ct i % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tis tsIb*y.t ion exponen t  I -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i 

1 a, b, e, and  f 

Bc?ssel f m ~ c t i o n  of  f f r s t  . .  v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. ri zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 o f o r d e r qn 

G n t i - ,  i n  t h e  c o u r s e  o f  h i s  d e r f v a t i o n  o f  cquatiolcl 
(21,  d o v s l o 2 s  t h e  s c l a t i o n  f o r  t h e  soiand prcss i l rc  at a 
C?is-LL?unt g o i n t  d.uc t o  t h 3  torclue and  t h e  t h r u s t  from an 
a l e c c n t  o f  rc:dius dR.  T h i s  r c l a t i o i i ,  oxprcsscd i n  t h o  
E . A . C . 8 .  8 c o u s t i c  nstco, t ion,  i s  

P r o m  t h i s  r e l a t i o n ,  G u t i : : ,  s t u d i e d  a y > r o x i x a t i o n s ,  or- 
r i v e s  at t h e  s e l c - t i o n  given i n  e q u n t i o a  ( 2 ) .  

Fkc  u s e  of  s i m p l e  r e l a t i o n s  t o  r e p r e s e n t  t h e  t o r q u e  
sild t h a  t h r u s t  dSs t i - i bu ' c ion  makcs i t  qui'ctl f or?,s ible  t o  
i n t e g r a t e  o v s r  t h e  e n t i r e  d i s k .  A n  c q i ~ ~ t i o n  r e s u l t i n g  
f r o m  t h i s  i n t e g r a t i o n  w i l l  show t h e  c f f c c t  o f  t o r q u e  and 
t h r u s t  d i s t r i b u t i o n  011 t h e  sound p r e s s u r c  o f  tCe h a r m o n i c  
comjloaents.  

By thc: u s e  o f  

and  

f o r  t4;c t h r u s t  .?A& tk?o t c r q u e  d i s t r i b n t i o a s ,  r e s g c c l i v c -  
la, ec_uat iou  ( 3 )  c a l l  be  i n t e g r a t e d .  Tho c o n s t a i i t s  KT 
and ?cQ i n  cq t i3 t ions  ( 4 )  f,n.iL ( 5 )  caa bc f o u ~ d  b:; i n t e -  
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g r a t i n g  w i t h  r e s p e c t  t o  R f r o m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 t o  R d ,  The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAresult 
i s  

( a  + l ) ( b  + 1) 1 
” R o  ( b  - a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

and  

where t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsubscript o r e f e r s  t o  t h e  v a l u e s  a t  t h e  t i p  
and  t o  i n t c g r a t c d  v a l u c s .  

d’p and - d Q  i n  equa- 
S u S s t i t u t i o n  o f  t h o  values f o r  - 

aIi d ii 
t i o n  (3 )  g i v e s  

I n t c g r n t i o n  of  e q u a t i o n  ( 8 )  gi - res  

1 

( q n +  a +  l ) ( q n +  3-1- 1) 

qmu, 

pqn = {- To c o s  p (a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- 1 M b - b  1) 

2 x 4 ( 3qn -i- 2 )  ( 2qn f 4)  ( qn + a 3- 5)  ( qn + ’2 + 5) J 
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T O  where  ab = qn s i n  @ --. i t  c a n  b c  shown. t h a t  t h e  argu- 

2n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsi0 p 
ment m o  i s  e q u a l  t o  - 

A 
wave l e n g t h s  c o n t a i n e d  i r ?  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc d i s t a n c e  e q u a l  t o  n t i n e s  
t h e  d ia rnc tcr  p r o j e c t e d  on t h e  l i n e  t o  tho o b s c r v e r ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 

o r  t h e  number o f  '~ 

E q u c t i o n  ( 8 )  c o u l d  have been  i n t e g r a t e d  i n  t e r n s  o f  
a s e r i e s  o f  B o s s e l  f u n c t i o n s ,  f o r  which t a b l e s  c o u l d  b e  
u s e d ;  b u t  t h e  e x p r e s s i o n  r e s u l t i n g  t h e r e f r o m  would be  m o r e  
euqbcrsomc t o  U S G  t h a n  e q u a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 9 1 ,  at, l e a s t  f o r  t h e  
s n a l l c r  v::lucs of  qn, 

XEFEZElTCE C O R D  1 TI OBS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T h e  c o n d i t i o n s  u n d e r  which t h e  c a l c a l a t i o n s  f o r  t h e  

s o u n d  p r e s s u r e s  aad t h e  e x p c r i n c n t n l  t c s t s  ~ ~ c r c  nadc a r e :  

Zun'bsr o f  p r o p e l l e r  b l a d e s  n,  2 .  

Blade r c d i u s  t o  t i F  B o ,  4.75  f c c t .  

BZt:de s e c t i o n ,  E.A.3 .  6 ,  

Elaxle  z n g l e  nt G.75E0 a ,  5'. 

Distz-ncc of n i c r o p h o n e  t o  p r o p l l e r  c e n t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  35 f e e t .  

T o t a l  t h r u s t  at p r o p z l l , t r  s p e d  o f  1,700 r , p . n .  

'L = O)Tn, 6 6 8  pounds.  
nD 

T o t a l  t o r q u e  at p r o p e l l e r  s p e c d  o f  1 , 7 0 0  r .p.n* 

2 5 1  pound-f e e t .  

S p e c i f i c  a c o u s t i c  r c s i s t a n c e  p c ,  42 gracs p e r  S C C -  

ozcf c e n t i u c t e r " .  

The d?.t;z, f o r  t h e  p o l a r  cu-rvcs were o b t c l n c d  n t  a con- 
s t r a t  propeller s p e c d  o f  1 , 7 0 0  r .p.n.  and w i t h  t h e  a z i r i u t h  
a i l g l e  p betvreeil p r o p e l l e r  a x i s  nnd n i c r o p h o n c  changed  i n  
s t e p s  o f  1 5 O ,  T o r ,  t h e  spccd  r u n s ,  t h e  a r g l c  wcs h e l d  a t  a 
c o u s t z n t  v n l u c  o f  1 2 0 O  f o r  tlze f u n d a n e n t n l ,  110' f o r  t S c  
second  and t h e  t h i r d  h a r n o n i c s ,  an6 102-1/2O f o r  t h e  f o u r t h  
hp-rnonic ,  w h i l c  the s p e c d  w a s  varied f r o 3  r , in inur  t o  n t - t x h u ~ i .  
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p l o t t e d  
pqn 

F i g u r e  5 shows t h e  sound p r e s s u r e  

a g a i n s t  qn f o r  t h e  r e f e r e z c e  c o E d i t i o n s  g i v e n  e a r l i e r  
w i t h  t h e  t h r u s t  and t h e  t o r q u e  f ix 'ed .  I t  w i l l  be  r e a l i z e d  
t h e  qn n u s t  be  a whole n u n b e r ;  obvio tzs ly ,  v a l u e s  be tween 
whole r,ur.,bcrs have  no p r a c t i c a l  n e a n i n g .  

F o r  a two-blade  p r o p e l l e r ,  t h e  v a l u e s  o f  qn for t h e  
h a r n o n i c s  would be 2 ,  4, 6 ,  8 ,  1 0 ,  1 2 ,  e t c . ;  f o r  a t h r e e -  
b l a d e  p r o p e l l e r ,  3, 6 ,  9 ,  1 2 ,  15,  1 8 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc to , . ;  f o r  a f o u r -  
b l a d e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApropoller 4 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ,  1 2 ,  1 6 ,  20,  24,  e t c . ,  T o r  any  v a l u e  
of t i ?  s p e e d  u s e d ,  t h e  sounl!  p r e s s u r e '  of a l l  t h e  h a r n o n i c s  
f o r  a n y  c o x l i t i o n  can b e  e s t i c s t e d  f r o r ;  c u r v e s  l i k e  t h o s e  
' i n  f i g u r e  5. I t  n u s t  be  re : ienbcred  t h a t  t h e  sound p r e s s u r e  
i s  p r o p o r t i o n a , l  t o  t h e  t o r q u o  and t h e  t h r u s t  as  shown i n  
e q u a t i o n  ( 9 )  acd t h a t  f i g u r e  5 i s  p l o t t e d  f o r  t h e  g i v e n  con-  
d i t i o : i s  w i t 1 1  @ = 110'. 

POtlilER RADIATPED AS ROTATI017 EiOISE 

F o r  n o r a a l  c o ~ d i t i o n s ,  t h e  power r a d i a t e d  as souild is 
largely rmde zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup o f  r o t c t f o r  n o i s c .  The poiqer i n v o l v e d  i n  
t h e  v o r t e x  n o i s c  i s  r e l a t i v e l y  small e x c e p t  ot l o w  v a l u e s  
o f  Vo/c. T h i s  c o n c l u s i o n  would be t r u e  f o r  p r o p e l l e r s  
w i t h  t w o  o r  t h r e e  b l a d e s ;  i t  i s  p o s s i b l e ,  however ,  t h a t  
the power i n v o l v e d  i n  v o r t e x  n o i s e  n a y  be e q u a l  t o  o r  even 
g r e a t e r  t h a n  t h a t  due t o  r o t a t i o n  n o i s e  f o r  a l a r g e  number 
of  b l a d e s .  

The povrer i n  watts r a c i i a t e d  can  be  o b t a i n e d  by sub- 
s t i t u t i n g  t h c  d a t a  g i v e n  h e r o i n  i n  t h e  r e l a t i o n  { s e e  r e f -  
e r e n c c  2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m 

F o r  t h i s  r e l a t i o n ,  t h e  d a t a  g i v e n  by t h e  polar c u r v e s  
of  t h c  sound p r e s s u r e s  c a n  be used .  These d a t a  were meas- 
u r e d  a t  1 5  i n t e r v a l s  u p  t o  3600, n a k i n g  24 v z l u e s  f o r  t h e  
c o n p l c t c  polar c i r c l e .  S i n c e  sound p r e s s u r e s  were rnccsured 
on b o t h  s i d e s  o f  t h e  O o  - 180° a x i s ,  t h e  s q u a r e  of each  
p r e s s u r e  n e a s u r c d  from 0' t o  180' s h o u l d  be a d d e d , t o  t h e  
sq,unre o f  t h e  c o r r e s p o n d i n g  p r e s s u r e  on t h e  o p p o s i t c  s i d e  
of  t h e  axis  and t h e  nean of t h e s e  t w o  s q u a r e s  be t aken .  
T h i s  c o n p u t a t i o n  w i l l  r e s x l t  i n  1 2  v a l u e s  of pqn2 f o r  

t h e  e x p a r i n e n t n l  sound. p r e s s u r e  c o i i s i s  t e n t  w i t h  t h e  rcvlgc 
o f  t h e  i i l t c g r a l  0 t o  n. An i n p o r t n n t  f a c t  t o  rcnenbcr i s  
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which  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10 naxirnu.1 v n l u e e  o f  t k c  s i n u s o i d a l  sound p r e s -  
s u r c s  c r ? l c u l a t c d  f o r '  f r e e  s p a c e .  The soun,;! pres su rcs  
;ici?.surcd. b y  t h e  nicroF,lzo;?c o n  t h c  ground a r e  d o u b l e  tlic! 
va1.1~0~ t h a t  would  b e  n c c s u r o d  i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs a ~ 2  r e l a t i v e  l o c n -  
t i o i i s  i n  f r c c  s p c e .  If values  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvcrc t z k o n  f r o m  f i g u r e  I, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
thcy n u s t  t h e r e f o r e  bo  divided by n. E q u a t i o n  (LO) t h c n  
b c c o ~ i e s ,  v i t h  pqn a s  t h o  ricasured p r c s s u r c s ,  

y u a t i o n  ( 9 )  

PI Xa 18.2  

These l i s t e d  v a l u e s  o f  power r a d i a t e d  by t h e  f i r s t  
four h a r r ; , o i i c s  are P l o t t e d  oii serni log Dnper 5n f i g u r e  6 .  

The sum o f  t h e  w a t t a g e s  f o r  t h e  f i r s t  f o u r  hzvrna i l ics  
g i v e s  ver;- a e a r i g  t h e  t o t a l  power I n  t h c  r o t a t i o n  n o i s e ,  
F r o n  t h e  t h r c c  d i z f z r e n t  methods o f  c a l c u l a t i o n ,  t h e  powers 
arc 
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E x p e r i m e n t ,  f- Pqn = 28.7 watts. 

Pqn = 12.3 w a t t s ,  3.68 
d e c i b e l s  % e l o w  28.7 
1-1 a t  t s . qn= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S-- P,,= 11.3 watts,  4.04 

d e c i b e l s  b e l o w  28.7 
qn=2 w a t t s .  

3 I S C: U S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI O B  

In t h e  cov-.rse of t i e  e x p e r i m e n t a l  work  c o n n e c t e d  w i t h  
t h z s  Xiapcr, t 5 c  q u e s t i o n  03 i n t e r f e r e n c e  agpea red .  With 
t h e - m i c r o p h o n e  p l a c e d  5 f e e t  above t h e  g rouzd ,  d a t a  were 
o b t a i n e d  t h a t  gave s p a ~ d - r u n  c u r v c s  which wore  less s t e e p  
t h a n  t h e o r y  i n d i c a t e d ,  p a r t i c u l a r l y  f o r  t h e  t h i r d  and t h e  
f o u r t h  ha rmon ics .  The p o l a r  c u r v e s  o b t a i n e d  with t h e  m i -  
crophone  i a  t h i s  p o s i t i o n  d i d ,  howcver ,  check  reasonably 
well. w i t 2  t h e  t h c o r y .  

Y i t h  t h e  microphone  o n  t h e  groui id ,  t h e  p o s i t i o n  u s e d  
f o r  t l i 2  d-atn p r e s e n t e d  h e r e i n ,  t h e  slopes o f  t h c  spoed- 
r u n  curvi is  v c r e  s t e e p e r  t h a n  t h e o r y  i n d i c a t e d  c x c c p t  t h a t  
f o r  t h e  f o u r t h  ha rmon ic ,  which  was l e s s  s t e e p  t h a n  t h e  
t h o o r y  ind icr : tcd .  This  r e s u i t  i s  shown i n  f i g u r e  4. The 
slopes shown i n  f i g u r e  4 o b t a i n e d  f r o m  e q u a t i o n s  (2) and. 
( 9 )  arc very n c a r l y  t h e  s a n e .  Thc polar c u r v e s  g i v e  a 
f a i r  check  f o r  t h o  f i r s t  and t h c  second- l i a r n o n i c s ,  b u t  t h e  
t h i r d  and t h e  f o u r t h  h?,rmonics show a d i s c r c p a c c g  o f  a b o u t  
4.6  an& 6.4 d e c i b e l s ,  r s s p c c t i v e l y ,  f o r  pokrer r a d i a t e d .  

A s  might  b e  e x p s c t c d ,  t h e  f i r s t  hcrmonic  s i iovcd  l i t t l e  
e f f e c t  of i n t c r f  e r e a c e  b c c n u s e  thnc! wavc l e i l g t h  VF-S a b o u t  
20 f e e t  f o r  a p r o g o l . l o r  s p e e d  of 2 , 7 0 0  r .p.a.  Th i s  wavc 
l e n g t h  uas s u f f i c i c n t l y  l a r g c  compared w i t h  t h e  mesh o f  the 
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n e a r b g . 6 b j e c t s  and t h e  r o l l  of t h e  ground t h a t  t h e  acous -  
t i c  image o f  t h e  p r o p e l l e r  was f a i r l y  d e f i n i t e  b u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw a s  
probals ly  n o t  d e f i n i t e  enQugh f o r  t h e  h i g h e r  harmonics .  

A s  h a s  p r o b a b l y  bcen  o b s e r v e d ,  t h e  c u r v e s  obtained.  
f rom e q u a t i o n s  ( 2 )  and ( 9 )  d.0 n o t  check  i n  a b s o l u t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmag- 
n i t u d e .  F o r  t b e  f i r s t  and t h e  sccond h a r m o n i c s ,  t h e  u s e  
o f  e q u a t i o n  ( 2 )  r e s u l t s  i n .  t h e  h i g h e r  v a l u e s ,  g i v i n g  t h e  
b e t t e r  check  of t h e o r y  w i t $  e x p e r i m e n t ,  The o p p o s i t e  i s  
t r u e  f o r  t h e  t h i r d  and  t h e  h i g h e r  ha rmon ics  b e c a u s e  aqua- 
t i o n  ( 9 )  g i v e s  t h e  l a r g e r  va lues , .  In e q u a t i o n  ( 2 ) ,  how- 
e v e r ,  0.75Ro w a s  used  f o r  R f o r  a l l  h a r m o n i c s ;  w h e r e a s ,  
p r o g r e s s i v e l y  la rger  v a l u e s  s h o u l d  have  b e e n  used f o r  t h e  
h i g h c r  ha rmon ics .  I f  l a r g e r  v a l u e s  of B h a d  been  u s e d  
i n  equ-atioiz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 ) ,  a s  G u t i n  s u g g e s t s  i n  h i s  s t u d i e d  a p p r o x i -  
m a t i o n s ,  the  d i f f e r e n c e  i n  ‘sound. p r e s s u r e s  o b t a i n e d  f r o m  
e q u c t i o n s  ( 2 )  and ( 9 )  won1d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhave b e e n  sma11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As h i g h e r  ha rmon ics  and z g r e a t e r  number of b l a d e s  
arc  c o n s i d c r c d ,  t h e  t h i c k n e s s  c f f o c t  bccomcs more impor- 
t a n t  r e l n t i v e  t o  t h o  t h r u s t  and  t h e  t o r q u e  e f f e c t ,  p z r t i c -  
u la r ly  at h i g h  Vo/c.  This  c o n c l u s i o n  i s  drawn f r o m  a 
s t u d y  o f  t h e  e f f e c t  of  (1 amid n i n  e q u a t i o n s  ( 2 )  and ( 9 )  
comparcd w i t h  tlzc e f f e c t  of q nnd n i n  e q u z t i o n  ,(19) o f  
r e f c r e n c c  I. 

A B e t t e r  approach  t o  s x p e r i m e n t a l  d a t a  can  bc  o b t z i n e d  
’ by inc l -cd ing  t l ; , i ckncss  e f f e c t  t h a n  from e q ~ a t i o n  ( 2 )  o r  

( 9 )  a lo i lc .  i f  t h e  s q u a r e  r o o t  of  t h e  sum o f  t h e  s q u a r e s  
of t l i z  sound p r c s s u r e s  o b t a i n e d  from e q u a t i o n  ( 9 )  and from 
e q u a t i o n  ( 1 9 )  o f  r c f c r e n c c  1 were c a l c u l a t e d ,  b e t t e r  com- 
p a r i s o n  w i t h  c x p e r i n c n t  sl iould r e s u l t .  A d i f f e r e n c e  i n  
t i n e  pL3Se o c c u r s  be t i rcen  t 3 c  t h i c k n e s s  c f f e c t  and tlzc 
t l f r u s t  a i d  t q r q u c  e f f e c t ,  t h c  F o u r i e r  s c r i o s  f o r  t!ie t h i c k -  
n e s s  c f f e c t  S e i n g  a s i i i c  s c r i e s  m d  t h a t  f o r  t h e  t h r u s t  
and t o r y u c  e f f e c t  b e i n g  a c o s i a c  s c r i q s ;  ~ . C T J C C ,  t h e  s q u a r e  
r o o t  of t h e  sun o f  t h o  s q u a r e s  i s  s u g ~ ~ e s t c d .  

F o r  coixvcnicncc,  c q u a t i o n  ( 1 9 )  of  r e f c r c i i c e  1 f o r  
t h i c k n e s s  e f f e c t  i s  r epez - t ed  as c q u a t i o n  ( 1 2 )  o f  t h i s  p a p e r .  

3 0 ”  EO*  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe-. 4- 
2(2qr.+2) (q11-1-3) 2 ~ 4 ( 2 q n + . ? )  (2qn+4)  (qnt.5) 
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a n  f ( a , % )  = - - 
3 . b  

( f o r  t y p i c a l  s y r n n e t r i c a l  a i r f o i l .  scct; io:i) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d 

;?, i s  or,e-li?clf o?axizun t h i c k n e s s  a t  nlsout 0.80R,* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3, c h o r d  a t  a b o u t  0.80Ro* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

mid a l l  of t h e  o t h e r  syn3ols a r e  t h c  s r m e  as t h o s e  used i n  
t h e  prcse: i t  paper .  A s  e4713tioa (12) g i v e s  t ~ i ~ c  t h e  f r e e -  
s p a c e  roo t -nenr - squaTc  v c l u , c s ,  ~ 1 1  val-ucs obta iz ied  f r o n  
e q u z t i o n  (1%) n u s t  be d i v i d e d  'Sy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf l  i n  o r c i e r , t o  5 c  used 
v i t l i  t h e  v a l u e s  ob ta incc i  f r o n  e q u a t i o n  ( 2 )  o r  ( g j .  

The q u c s t i o n  o f  s o l i d . i t ; r  (r i s  o f  i i2porta:rcc  i n  de- 
t c m i n i n g  t h e  F o u r i e r  c o c f f i c i e n t s  : for t 3 c  a p p r o x i n a t i o n s  
nzdc  i n  d e r i v i n g  e q u a t i o n s  (2), (s), CE& (lz), t h o  a n g l e  

. q n b / R  i i u s t  t h c r c f o r c  !:c r ezsona ' j l y  sr?nl l .  I f  ynb/R i s  
n o t  s ~ n a l l ,  errors i n  t h e  c n l c u - l a t i o n  o f  pqn w i l l  arise;, 

b u t  i t  i s  ' ac l iavZ2 t h a t  hnrr?ori ics  up t o  til2 o r d e r  o f  1/20, 
ome-half t ' ic r ociprccr=l .  o f  t l i c  s o l i d i t ; - ,  C:>X 135 c n l c t r l z t c d  
by equpvt;ions ( a ) ,  ( s i ,  a116 ( 1 2 )  w i t h o u t  s e r i o u s  c r r o r  froin 
t h i s  ccxse .  Thc s o l i d i t y  o C:lil 3 c  e x p r e s s e d  by 11b/2nR. 

A g o o &  d e s c r i p t i v e  a r t Z c l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb y  11. 2. D o w e l 1  on t h e  ques- 
t i o i l  02 v o r t e x  n o i s e  ( r e f e r e i c e  3) r .eccnti;J  appea red  as a 
r e s u l t  of some i n v c s t i g a t i o n s  o f  f a n  n o i s e .  This work i n -  
v o l v e d  low t i p  speeds  s o  t h z t  p r a c t i c a l l y  211 o f  t h e  n o i s e  
g e n e r a t e d  was due t o  v o r t i c e s  tx -a i l i nc ;  f r o n  t h e  blades# I f  
s u f f i c i e n t l Z 7  fii:;h v n l u c s  o f  t i p  s-peecL h d  b e c n  used i n  t h e  
t e s t s ,  r o t a t i o n a l  p o i s c  v o u l 1 :  hcvc  hr?c l  t o  b e  c o n s i d e r e d  
and  wol;ld hcvc  Bominatcd thct a c o u s t i c  s p z c t r u m  f r o m  t h c  f a n .  
The i m p o r t a n c c ' o T  t h s  r o t a t i o n  n o i s e  q t  h i g h  ti;! spccds  i s  
due  t o  t h e  f G c t  t h c t  r o t a t i o n  n o i s e  g c n c r a l l y  i n c r c s s c s  
w i t h  ,?. grcF, tcr  p o s e r  o f ,  T0/c  t h a n  c 'oes  .Tortex n o i s e .  I t  
i s  f o u n d  f r o m  f i G u r c  4 t h a t  r o t a t i o n  n o i s c  power r a d i a t e d  
i n  t l ic  l iarmonies  v a r i e s  n n p r o x i m n t o l y  8,s t : tc G .t 5 / 3  qn 
power o f  . v ~ / c ,  b u t  t l ie  power r2,ai::tca a s  v o r t e x  n o f s c  
v a r i e s  as a p p r o x i n r t c l y  t k c  5.5 p o v c r  of V ~ / C  ( r e f e r e n c e  

4)  
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1. The t h e o r y  g i v e s  vc lucs  of t o t a l  p o w e r  r a d i n t c d  i n  
t h e  f i r s t  f o u r  h n r n o n i c s  w i t h i n  4 d e c i b e l s  o f  e x p e r i n c n t n l  
v c l u e s  . 

2. T h i s  s t u d y  shows t h a t  t h e  c x p c r i m e n t ~ , l  r e s u l t s  are 
i n  r e a s o n a b l y  g o o d  agreement w i t h  G u t i n ' s  t h e o r y .  The 
a g r e m e n t  i s  p a r t i c u l a r l y  good.  f o r  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlower harmonics ,  i n  
regard t o  b o t h  magn i tude  and d i s t r 5 b u t i o n .  

3. F o r  t h e  f o u r t h  hc rmon ic ,  t h o  r e s u l t s  d i f f e r  by a s  
much a s  8 d e c i b e l s .  T l i i s  d i s a g r c c n e n t  might  be  due t o  
d i s r e g a r d  of t h e  t h i c k n e s s  e f f e c t ,  which,  i n  g c n c r t i l ,  
s h o u l d  bc g r c n t c r  f o r  t h e  h i g h e r  harnori i .cs .  

4. I t  has b c c n  shown t ha t  t h e  power o u t p u t  i n  r o t a -  
t i c n  n o i s e  i n c r e a s e s  ;:"s t h e  6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 5 / 3  qn powcr o f  thc t i p  
s p c e d .  

5. Thc sound calculated by VAL' of t h c  x2  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 1 2  a is -  
t r i b u t i o n  cheeks  r c a s o n n b l y  r r c l . 1  w i t h  t h e  n o i ~ n d  c r - . l cu l a t ed  
by G u t i n ' s  formv-lc. u s i n g  0.75Eo as r c p r c s e n t a t i v e .  

Langley M o m o r i a l  A c r o n a u t i c a l  Lnbora t :? ry ,  
lTntioiin1 A d v i s o r y  C o n n i t t e e  f 31' A e r o n a u t i c s  , 

i;aiiglcy P i c l d ,  V?"., EicvcnScr 2 7 ,  1939. 
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Figure 4.- Variation of the exponent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Vo/c 

with qn. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 2 4 6 8 
qn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 6.- Variation of P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- with qn for the first four 

data, equation (a), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand equation (9) for the reference 
conditions. 

harmonics. Val% obtained from experimental 
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Figure 5.- Variation of P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwith qn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 8ix value8 of Vo/c at I3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 110'. Thrust and torque colutant 

at given refer& oadition. 
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