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INTRODUCTION 

Noise generated by helicopter and turbomachine rotors is a 

nuisance that designers would like to predict and to minimize 

within other design constraints. Brooks and Schlinker (1983) re- 

viewed some recent research on helicopter rotor noise and discussed 

the categories of noise sources. Their review showed that there is 

a clear need for experimental information on blade self-noise 

generation by strong adverse-pressure-gradient attached turbulent 

boundary layers and by separated turbulent boundary layers that 

accompany stall. This project h a s  provided such experimental data. 

Brooks and Hodgson (1981) showed that starting with given surface 

pressure fluctuation spectra and convective speeds, then radiated 

noise due to the turbulent boundary layer can be predicted. Further- 

more, if the surface pressure fluctuation spectra and convective 

speeds can be related to the turbulent flow structure, then turbulent 

boundary layer flowfield calculation methods could be used when de- 

signing rotors to estimate the needed surface pressure fluctuation 

informat ion. 

Thus, a key requirement for this noise calculation procedure is 

knowledge relating the flowfield structure to the surface pressure 

fluctuation structure. Unfortunately there are few measurements of 

both flowfield structure and surface pressure fluctuation structure 

for a given flow, especially in the presence of adverse pressure 

gradients. Since only recently have detailed flowfield measurements 

been made of nominally two-dimensional separated turbulent boundary 
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l a y e r s  (S impson ,  e t  a l . ,  1 9 8 1  n ,  b ,  c ;  1 9 8 3  a ,  b ) ,  t h i s  r e s e a r c h  

program i s  t h e  f i r s t  t o  o b t a i n  i n f o r m a t i o n  on t h e  s u r f a c e  p r e s s u r e  

f l u c t u a t i o n s  f o r  we l l -documen ted  s e p a r a t i n g  v e l o c i t y  f l o w f i e l d s .  

- -  

SUblMARY OF ACCOMPLISHMENTS D U R I N G  THIS GRANT PERIOD 

T h i s  g r a n t  f o l l o w e d  NASA Grant  NAG-317, which r e s u l t e d  i n  t h e  

p u b l i c a t i o n  o f  Simpson -- e t  a l . ,  ( 1 9 8 4 ,  1 9 8 6 ) .  T h i s  g r a n t  made u s e  of  

t h e  e x p e r i m e n t a l  a p p r o a c h e s  and  t e c h n i q u e s  d e v e l o p e d  d u r i n g  t h e  

e a r l i e r  g r a n t .  Dur ing  t h i s  g r a n t  p e r i o d  t h e r e  were s e v e r a l  s i g n i f i -  

c :i n t a c h i e v e m  e n t s : 

1. A d d i t i o n a l  e x p e r i m e n t a l  a p p a r a t u s  and  t e c h n i q u e s  were  d e v e l o p e d .  

A Data  P r e c i s i o n  6000 ,  4 c h a n n e l ,  u n i v e r s a l  waveform a n a l y z e r  was 

p u r c h a s e d .  T h i s  1 4  b i t  m i c r o p r o c e s s o r  u n i t  wh ich  c o n t a i n s  d u a l  

f loppy-  d i s k s ,  i s  programmable and c a p a b l e  o f  p e r f o r m i n g  a l l  r e q u i r e d  

d a t a  r e d u c t i o n  o p e r a t i o n s  w i t h  a c q u i r e d  d a t a .  The d a t a  s t o r e d  on 

d i s k s  c a n  be  r e a d  d i r e c t l y  by t h e  new IBEI PC. 

I n  o r d e r  t o  o b t a i n  h i g h  q u a l i t y  s p a c e - t i m e  c o r r e l a t i o n s  and  

s p e c t r a ,  m i n i a t u r e  and  s e n s i t i v e  p r e s s u r e  f l u c t u a t i o n  t r a n s d u c e r s  

were  r e q u i r e d .  Knowles E l e c t r o n i c  N o d e l s  BT-1753 and  B T - 1 7 5 5  s u b -  

m i n i a t u r e  c o n d e n s e r  mic rophones  were s e l e c t e d  b e c a u s e  o f  t h e i r  s i z e  

( 5 . 6  mm x 7 .92  mm x 2 . 2 8  mm) and s e n s i t i v i t y  ( 1 0  mv/Pa) .  T h e s e  

m i c r o p h o n e s  c o n t a i n  i n t e r n a l  a m p l i f i c a t i o n  and  h a v e  good s h o c k  a n d  

v i b r a t i o n  r e s i s t a n c e .  

Two o f  t h e  Model BT-1755 mic rophones  a r e  u s e d  i n  a P l e x i g l a s  

w a l l  u n i t ,  w i t h  t h e  p o s i t i o n  o f  o n e  mic rophone  b e i n g  a d j u s t a b l e  w i t h  

r e s p e c t  t o  t h e  s e c o n d .  T h i s  p e r m i t s  s p a c e - t i m e  c o r r e l a t i o n s  o f  t h e  
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s u r f a c e  p r e s s u r e  f l u c t u a t i o n s  wi th  s p a c i n g s  he tween  0 and  1 0  mm.  

The p o r t  o f  e a c h  o f  t h e s e  microphones  h a s  a n  o u t s i d e  d i a m e t e r  o f  

1.4 mm. A s c r e e n  c o v e r  u s e d  on E N D E V C O  Model 8 5 1 4 - 1 0  p i e z o r e s i s t i v e  

p r e s s u r e  t r a n s d u c e r s  was mounted on t h e  p o r t  o p e n i n g ,  s u b d i v i d i n g  t h e  

o p v n i n g  a r e a  i n t o  :i number o f  s m a l l e r  a r e a s .  Whi le  t h e s e  c o v e r s  do 

n o t  improve  t h e  s p a t i a l  r e s o l u t i o n  o f  t h e  t r a n s d u c e r s ,  t h e y  r e d u c e  

t h e  w a v e l e n g t h s  o f  p r e s s u r e  f l u c t u a t i o n s  t h a t  a r e  r e s o n a n t  w i t h  t h e  

p o r t  o p e n i n g  d i m e n s i o n .  The e f f e c t  o f  t h i s  r e s o n a n t  a m p l i f i c a t i o n  

was o b s e r v e d  by B u l l  and  Thomas. By r e d u c i n g  t h e  w a v e l e n g t h  a t  t h i s  

r e s o n a n c e ,  t h e  e f f e c t  i s  moved i n t o  a h i g h e r  f r e q u e n c y  r a n g e  where  

t h e r e  a r e  much l o w e r  n a t u r a l  a m p l i t u d e s  a n d  c o n t r i b u t i o n s  t o  t h e  mean 

s q u a r e  p r e s s u r e  f l u c t u a t i o n .  

A Model B T - 1 7 5 3  microphone  w i t h  a p o r t  o p e n i n g  d i a m e t e r  of  0 . 5 1  

mm i s  a l s o  mounted i n  t h i s  P l e x i g l a s  u n i t .  T h i s  microphone  h a s  a 

s l i g h t l y  d i f f e r e n t  f r e q u e n c y  r e s p o n s e  t h a n  t h e  Model B T - 1 7 5 5 ,  S O  

d i f f e r e n t  r e s u l t s  w i t h  improved s p a t i a l  r e s o l u t i o n  a r e  b e i n g  o b t a i n e d  

F o r  c a l i b r a t i o n  p u r p o s e s ,  a 4 '  s 4 '  x 4 '  a n e c h o i c  chainber was 

c o n s t r u c t e d  u s i n g  S @ X E X  sound a b s o r b i n g  s h e e t s  on t h e  i n t e r i o r .  T h i s  

chamber  p e r m i t s  d i r e c t  c a l i b r a t i o n s  w i t h  i n s t r u m e n t a t i o n  m i c r o p h o n e s .  

S h i n p a u g h  (1986)  c a l i b r a t e d  t h e s e  m i c r o p h o n e s  a t  VPTGSU i n  t h e  l o w  

f r e q u e n c y  r a n g e  o f  1 0 - 1 2 5  H z ,  which was n o t  p r e s e n t e d  by t h e  manu- 

f a c t u r e r .  

2 .  A s  o r i g i n a l l y  p r o p o s e d  f o r  t h e  y e a r  $ l a rch  1 5 ,  1984 t h r o u g h  

blarch 1 5 ,  1 9 8 5 ,  s u r f a c e  p r e s s u r e  f l u c t u a t i o n  d a t a  f o r  z e r o - p r e s s u r e -  

g r a d i e n t  a n d  a c c e l e r a t i n g  t u r b u l e n t  b o u n d a r y  l a y e r s  were  o b t a i n e d .  
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T LV o z e r o - p r e s sur e - g r d i en t tu rbu 1 en t bound a r y 1 aye r s we re ex ami ne d 

with freestream velocities of 72 fps rind 105 fps. The freestream 

vclocity for the accelerating turbulent boundary layer varied from 

50 fps to 100 fps. Mean and fluctuation velocity profiles and 

streamwise velocity spectra and wavespecds were obtained for momentum 

thickness Reynolds numbers up to 18000 for the zero-pressure-gradient 

case and up to 4000 for the favorable-pressure-gradient case (Ahn, 

1 9 5 6 ) .  The wall shearing stress was estimated from a Clauser plot 

of the near wall data. 

The Knowles Electronics Models BT-1753 and B T - 1 7 5 5  subminiature 

condenser microphones that are mounted in each of two plexiglas ~ 3 i l  

units were used for the surface pressure fluctuation measurements. 

Surface pressure spectra for each flow were obtained with the 

Model BT-1753 microphones, ~ i t h  a 0.51 mm pinhole opening. Cross- 

spcctra, coherence, and phase were obtained in streamwise and span- 

wise directions using two cf the Model BT-1755 microphones, one o f  

which was moveable with respect to the second. Data were obtained 

at 10 different spacings betlieen 2.5 mm and 10 mm. 

The results for the surface pressure fluctuation spectra are 

presented by McGrath in his N . S .  thesis nondimensionalized by dif- 

ferent groupings of the outer and inner boundary layer variables. 

The grouping using the variables, Ue, -rw and 61 collapse the spectra 

for the low to middle range of frequencies for most test cases. The 

grouping using the inner variables, UT and u ,  collapse the spectra 

for t h e  middle to high range of frequencies for all test cases. 

value of P ' / T ~  was near 3 . 8  and 2 . 8  for the smallest values of d+ 

The 
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i n  the zero and favorable pressure gradient f l o w s  rcspectively. 

T h e  spectral data were corrected using the correction developed 

b y  G. M .  Corcos. The pinhole effect suggested by Bull and Thomas 

w a s  not observed. 

The coherence exhibits a decay that is not exponential in some 

cases, but the Corcos similarity parameters wAx/U 

the data for all test cases. 

with increasing O ~ ~ / U ~  up to a certain value of uA1/Ue, where Uc/Ue 

becomes constant. This was observed in the present results f o r  both 

andbAz/Uc collapse 
C 

The ratio of Uc/Ue shows an increase 

st reamwise pressure gradient flows. 

The experimental results presented show improved resolution and 

correlation over previous research. 

3. As originally proposed, durifiz the March 15, 1985 to Sept. 15, 

1986 period much velocity profile data were obtained for two separate 

turbulent boundary layers f o r  whic :I surface pressure fluctuation in- 

formation was obtained. These surface pressure fluctuation and 

velocity profile data and those obtained by the investigator earlier 

(Simpson, g. ,  1986) revealed much about the velocity-pressure 
fields relationships. NASA-Langley plans to use a boundary layer 

calculation method to compute mean velocity profile parameters, such 

as the maximum shearing stress 6, 6 , and 8 for practical cases. 

Surface pressure fluctuation spectra and convective speeds from cross- 

* 

spectral measurements are related to these scaling parameters. Con- 

sequently, with sufficient data to define these relationships, the 

radiated noise due to the turbulent boundary layer can be calculated. 



Thus, enough velocity profile data a re  needed for each flow 
* 

case to define T ~ ~ ,  \ S ,  i', , and 3 ,  The surface pressure fluctuation 

spectra and cross-spectra can be correlated using outer scaling 

variables Urn, 6, 6 , and 8 for low frequencies and inner scaling 

variables Ub1 and v/Ub1 based on the maximum shearing stress -rM for 

higher frequencies. Convective speeds from surface pressure fluctu- 

ations at various frequencies can be related to UM and U Single- 

wire and cross-wire hot-wire anemometers and a laser anemometer were 

* 

. 
a3 

used to make the velocity measurements. 

was estimated from a Clauser plot of the near wall data upstream of 

detachment. 

The wall shearing stress T~ 

No valid hot-wire measurements can be obtained in the reversed 

flaw zone of separated flows, so in addition to the laser anemometer 

the "thermal tuft" developed and used by the principal investigator 

was used to measure the fraction of time that there is backflow, ypu. 

This simple instrument is easy to use and provides important data on 

the state of a separating flow. 

The earlier separating turbulent boundary layer (Simpson, et a l . ,  -- 

1 9 8 6 )  h a s  a momentum thickness Reynolds number of about 13700 at the 

beginning of detachment. Since the length and velocity scales of the 

ne:ir wall and the outer region turbulent motions affect surface pres- 

sure spectra and their correlations for turbulent boundary layers, 

data need to be obtained for different ratios of near wall and outer 

region length scales (4) and velocity scales (Ubl/UD3). 

momentum thickness Reynolds numbers, the ratios of length scales and 

At higher 
%I 

velocity scales are lower and velocity and surface pressure spectra 

show the effect of Reynolds number. Consequently, measurements were 
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made on two h i g h e r  Reyno lds  number s t r o n g  a d v e r s e  p r e s s u r e  g r a d i e n t  

f l o w s  i n  o r d e r  t o  o h t a i n  i n f o r m : i t i o n  on t h e  e f f e c t  o f  Reyno lds  number.  

I n  one  s t r o n g - a d v e r s e - p r e s s u r e  g r a d i e n t  f l o w  t h e  f r e e s t r e a m  

v e l o c i t y  was i n c r e a s e d  t o  1 0 0  f p s  w i t h  t h e  t e s t  s e c t i o n  u p p e r  w a l l  

i n  t h e  same p o s i t i o n  as i n  t h e  e a r l i e r  r e s e a r c h  (S impson ,  -- e t  a l . ,  

1 9 S 6 ) .  A momentum t h i c k n e s s  Reynolds  number f l o w  o f  a b o u t  1 9 , 0 0 0  

was p r o d u c e d  n e a r  d e t a c h m e n t .  For t h e  s e c o n d  f l o w ,  t h e  same f r e e -  

s t r e a m  v e l o c i t y  d i s t r i b u t i o n  and t e s t  s e c t i o n  c o n t o u r  a s  u s e d  i n  

t h e  e a r l i e r  r e s e a r c h  was u s e d ,  b u t  a l e a d i n g  e d g e  s i n g l e  r o u g h n e s s  

e l e m e n t  was p l a c e d  s p a n w i s e  a c r o s s  t h e  t w o - d i m e n s i o n a l  f l o w .  T h i s  

p r o d u c e s  a momentum t h i c k n e s s  Reynolds  number f l o w  n e a r  2 7 , 0 0 0  a t  

t h e  b e g i n n i n g  o f  d e t a c h m e n t  w i t h  t h e  r a t i o  o f  l e n g t h  s c a l e s  and  t h e  

r a t i o  o f  v e l o c i t y  s c a l e s  a b o u t  h a l f  t h o s e  examined  i n  t h e  o t h e r  a b o v e -  

m e n t i o n e d  t e s t  f l o w s .  

F o r  t h e s e  l a t t e r  two f l o w s ,  t h e  f l o w  d e t a c h e s  a n d  t h e n  r e a t t a c h -  

e s  some d i s t a n c e  downst ream.  The s u r f a c e  p r e s s u r e  f l u c t u a t i o n s  were  

m e 3 s u r e d  i n  t h e  d e t a c h e d  f l o w  zone f o r  t h e s e  f l o w s  a n d  c o r r e l a t e d  

w i t h  t h e  s e p a r a t e d  s h e a r  l a y e r  t h i c k n e s s  a n d  l e n g t h  o f  t h e  d e t a c h e d  

f lew zone  i n  t h e  manner s u g g e s t e d  by Mabey. 

4 .  A r t i c l e s  f o r  s u b m i s s i o n  t o  t h e  J o u r n a l  o f  Sound and  V i b r a t i o n  

a n d  t h e  J o u r n a l  o f  F l u i d  Mechanics  a r e  b e i n g  p r e p a r e d  t o  complement  

e a r l i e r  a r t i c l e s  on s e p a r a t e d  t u r b u l e n t  f l o w .  D e t a i l e d  d a t a  t a b -  

u l a t i o n s  a r e  i n c l u d e d  i n  t e c h n i c a l  r e p o r t s  (McGrath,  M .  s .  T h e s i s ;  

Ahn, M .  S .  T h e s i s ;  Simpson and Sh inpaugh ,  u n d e r  p r e p a r a t i o n ) .  

7 
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I t  i s  c l e a r  t h a t  t u r b u l e n t  p r e s s u r e  f l u c t u a t i o n s  a r e  p r o d u c e d  

by t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s .  D e t a i l e d  s i m u l t a n e o u s  m e a s u r e -  

ments  o f  a l l  o f  t h e s e  f l u c t u a t i o n s  a r e  needed  t o  d e t e r m i n e  i n  more 

d e t a i l  t h e  s t r u c t u r a l  r e l a t i o n s h i p s  be tween v e l o c i t y  and  p r e s s u r e  

f i e l d s .  A l t h o u g h  some measurements  have  b e e n  made f o r  u n s e p a r a t e d  

f l o w s ,  none  have  been  made f o r  s e p a r a t e d  f l o w s .  
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