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ADVANCED TURBOPROP WING INSTALLATION EFFECTS MEASURED BY UNSTEADY BLADE 
PRESSURE AND NOISE 

Laurence J .  Heide lberg  and Richard .P. Woodward 
N a t i o n a l  Aeronaut ics  and Space Admlni s t r a t i o n  

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

A s i n g l e  r o t a t i o n  model p r o p e l l e r  (SR-7A) was t e s t e d  a t  s imu la ted  
takeof f /approach cond i t i ons  (0.2 Mach) i n  the  NASA Lewis 9- by 15-Ft Anechoic 
Wind Tunnel. Both unsteady b lade surface pressures and no ise  measurements 
were made for  a t r a c t o r  c o n f i g u r a t i o n  w i t h  a p r o p e l l e r / s t r a i g h t  wing and pro- 
p e l l e r  a lone c o n f i g u r a t i o n s .  The angle between the wing chord and p r o p e l l e r  
a x i s  (droop angle)  was v a r i e d  a long w i t h  the  wing angle of a t t a c k  t o  determine 
the  e f f e c t s  on no ise  and unsteady load ing .  A method was developed t h a t  uses 
unsteady blade pressure measurements to p rov ide  a q u a n t i t a t i v e  i n d i c a t i o n  o f  
p r o p e l l e r  i n f l o w  cond i t i ons ,  a t  lease for  a un i fo rm (across the  p r o p e l l e r  d i s k )  
i n f l o w  angle.  The wing i n s t a l l a t l o n  caused a n e a r l y  uni form upwash a t  the  pro-  
p e l l e r  i n l e t  as evidenced by the dominat ion of the  pressure spec t ra  by the  
f i r s t  s h a f t  o r d e r .  Th is  i n f l o w  angle increased a t  a r a t e  o f  almost 150 percent  
o f  t h a t  o f  the  wing angle-of-at tack for  a p rope l l e r -w ing  spacing o f  0.54 wing 
chords a t  a constant  droop angle.  The f l y o v e r  no ise,  as measured by the  maxi- 
mum blade pass ing frequency l e v e l ,  c o r r e l a t e s  c l o s e l y  w i t h  the  p r o p e l l e r  i n f l o w  
angle (-0.6 dB per  degree o f  i n f l o w  angle)  f o r  a l l  droop angles and wing 
ang les-o f -a t tack  tes ted ,  i n c l u d i n g  the  p r o p e l l e r  a lone data.  Large changes i n  
the  unsteady pressure responses on the  s u c t i o n  sur face  o f  the  b lade were 
observed as the  advance r a t i o  was va r ied .  The presence of a l e a d i n g  edge vor-  
t e x  may e x p l a i n  t h i s  behavlor  s ince  changes i n  the  l o c a t i o n  o f  t h i s  vo r tex  
would change w i t h  l oad ing  (advance r a t i o ) .  
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INTRODUCTION 

The n e x t  genera t ion  o f  commercial a i r l i n e r s  i s  l i k e l y  to be powered by an 
advanced turboprop t h a t  o f f e r s  the  promise o f  cons iderab le  f u e l  savings w h i l e  
s t i l l  a l l o w i n g  for  a c r u i s e  speed s i m i l a r  t o  t h a t  o f  c u r r e n t  t u rbo fan  a i r c r a f t  
( r e f s .  1 and 2 ) .  However, t he re  i s  cons iderab le  concern about the  p o t e n t i a l  
no ise  generated by such a i r c r a f t ,  which inc ludes  bo th  i n - f l i g h t  cab in  no i se  
and community no ise  du r ing  takeoff  and land ing .  This  no ise  may be a f f e c t e d  by 
p r o p e l l e r  i n f l o w  cond i t i ons  i n c l u d i n g  i n s t a l l a t i o n  e f f e c t s  such as p r o p e l l e r  
a x i s  angle o f  a t t a c k  and i n t e r a c t i o n s  between a wing flow f i e l d  and the  
p r o p e l l e r .  

I n  t h i s  i n v e s t i g a t i o n  the  p r o p e l l e r  i n f l o w  cond i t i ons  caused by a wing 
i n s t a l  l a t i o n  were determined from measurements o f  the  unsteady b lade sur face  
pressures.  This  was done by c a l i b r a t i n g  each measuring s t a t i o n  i n  terms o f  
p r o p e l l e r  i n f l o w  angle ( p r o p e l l e r  a lone c o n f i g u r a t i o n )  and then us ing  t h i s  c a l -  
i b r a t i o n  t o  determine the unknown i n f l o w  c o n d i t i o n s  o f  the  wing i n s t a l l a t i o n .  
The i n f l o w  cond i t i ons  i n  t e r m s  o f  l o c a l  i n f l o w  angle a t  the  p r o p e l l e r  f ace  were 
then c o r r e l a t e d  t o  the f l y o v e r  no ise .  This  paper presents  b lade sur face  pres- 
sure and acous t i c  r e s u l t s  for the  SR-7A sca le  model of the  "Large-scale 
Advanced Propfan" (LAP) p r o p e l l e r .  The SR-7A p r o p e l l e r  was t e s t e d  i n  the  NASA 



Lewis 9- by 15-Ft Anechoic Wind Tunnel. 
Mach of 0.2, which is representative of the aircraft takeoff/approach speed. 
These tests were in support of the "Propfan Test Assessment" (PTA) flight pro- 
gram which involve tests of the full-scale LAP propeller on a modified Gulf- 
stream I1 aircraft (refs. 3 and 4 ) .  The PTA flight tests include a variation 
of nacelle tilt angle from 3" down t o  2" up. 

All tests were performed at a tunnel 

Results are presented in this paper for the SR-7A propeller alone and 
for the SR-7A in a tractor installation with a straight wing. The complete 
acoustic results for these and several other configurations are reported in 
reference 5. 

NOMENCLATURE 

blade chord, rn 

unsteady pressure coefficient for the first shaft order, P1/qr 

advance rat i 0, vw/2nR 

blade relative Mach number at radius r 

tunnel or flight Mach number 

rotational speed, rps 

magnitude of the rms pressure at the first shaft order, Pa 

static pressure, Pa 

local dynamic pressure at radius r, 0.7 pMr2 (for air), Pa 

blade radius at tip, m 

blade radial station, m 

tunnel or flight velocity, m/sec 

local inflow angle relative to propeller axis (fig. 31 ,  deg 

wing), deg angle propeller axis makes with tunnel flow (no 

angle of attack of wing, deg 

d / a B  periodic change in blade angle of attack, deg 

6 droop angle, angle wing chord makes with propel 
propeller is pitched down, deg 

v blade azmuthal angle (fig. 2 )  
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er axis, negative when 



APPARATUS AND PROCEDURE 

The NASA Lewis 9- by 15-Ft Anechoic Wind Tunnel i s  l oca ted  i n  the  low- 
speed r e t u r n  loop of the  8- by 6-Ft Supersonic Wind Tunnel. 
flow v e l o c i t y  i s  s l i g h t l y  over  0.2 Mach, which prov ides  a takeof f /approach t e s t  
environment. The tunne l  acous t i c  t rea tment  was mod i f i ed  p r i o r  t o  the  SR-7A 
t e s t s  t o  p rov ide  anechoic c o n d i t i o n s  down t o  a f requency of  250 Hz, which i s  
lower than the range o f  t h e  fundamental tone produced by the  SR-7A p r o p e l l e r .  

The maximum a i r -  

F igure  1 is a photograph of the  SR-7A p r o p e l l e r  i n s t a l l e d  i n  the  9- by 
1 5 - f t  t unne l .  The acous t i c  i ns t rumen ta t i on  i s  c l e a r l y  seen i n  t h i s  p i c t u r e .  
The SR-7A p r o p e l l e r  was powered by an a i r  t u r b i n e  d r i v e  system. The suppor t  
s t r u c t u r e  for  the p r o p e l l e r  extended between the  tunne l  floor and c e i l i n g ,  as 
shown i n  f i g u r e  1 .  
p o s i t i o n i n g  o f  the  p r o p e l l e r  a x i s  t o  angle o f  a t t a c k  i n  the  h o r i z o n t a l  p lane.  
F igure  2 is a p lan  view o f  the  p r o p e l l e r  i n s t a l l a t i o n  i n  the  9- by 1 5 - f t  tun- 
n e l .  The p r o p e l l e r  r o t a t e d  i n  a clockwise d i r e c t i o n  l o o k i n g  downstream, and a 
p o s i t i v e  angle o f  a t t a c k  corresponds to  the  p r o p e l l e r  a x i s  angled toward the 
near w a l l .  

Th is  s t r u c t u r e  was mounted on a t u r n t a b l e  to p rov ide  remote 

A complete d e s c r i p t i o n  of the  acous t i c  i ns t rumen ta t i on  can be found i n  
re fe rence 5. 
over  no ise,  was used i n  t h i s  paper.  

Only the t r a n s l a t i n g  probe microphone data,  which measures f l y -  

The SR-7A p r o p e l l e r  i s  an a e r o e l a s t i c  sca le  model o f  the  SR-7L p r o p e l l e r  
which is f l y i n g  on a mod i f i ed  Gulfstream I 1  t e s t  a i r c r a f t .  Cru ise  des ign 
parameters for t h i s  p r o p e l l e r  a re  presented i n  t a b l e  I. The da ta  presented i n  
t h i s  paper a re  f o r  the takeoff /approach c o n d i t i o n  a t  0.2 Mach number. 
values used a t  t h i s  a i rspeed were a b lade angle o f  37.8" and a b lade t i p  speed 
o f  244 m/sec (800 f t l s e c ) .  Th is  g ives  a nominal t a k e o f f  advance r a t i o  o f  0.88 
and power c o e f f i c i e n t  o f  0.85. 

"Design" 

F igure  1 shows a s t r a i g h t  wing i n s t a l l e d  downstream o f  the  p r o p e l l e r .  
Three d i f f e r e n t  wing c o n f i g u r a t i o n s  were i n s t a l l e d  downstream o f  the  SR-7A pro-  
p e l l e r  to  i n v e s t i g a t e  the  acous t i c  e f f e c t s  of p rope l l e r -w ing  i n t e r a c t i o n .  
These c o n f i g u r a t i o n s  inc luded a s t r a i g h t  wing and two 30" swept wings us ing  
the  s u p e r c r i t i c a l  a i r f o i l  s e c t i o n  ( r e f .  6) .  Only the  da ta  from the  s t r a i g h t  
wing w i l l  be used i n  t h i s  paper. 
The p r o p e l l e r  p i t c h  change a x i s  t o  wing l ead ing  edge spacing for the  s t r a i g h t  
wing was 0.54 wing chords or 0.53 p r o p e l l e r  d iameters.  
s t r a i g h t  wing angle of a t t a c k  cou ld  be changed r e l a t i v e  to  the  p r o p e l l e r  a x i s  
t o  exp lo re  the  e f f e c t  o f  p r o p e l l e r  "droop angle".  Droop angle i s  de f i ned  i n  
t h i s  paper as the angle o f  the  p r o p e l l e r  a x i s  r e l a t i v e  to  wing chord measured 
nega t i ve  downward, as shown i n  f i g u r e  3. 

The s t r a i g h t  wing chord was 0.61 m (2 .0  f t ) .  
' 

I n  a d d i t i o n ,  t he  

Blade Mounted Pressure Transducers ( B M T ' s )  

Several  K u l i t e  m i n i a t u r e  pressure t ransducers were mounted on two d i f f e r -  
e n t  b lades i n  p o s i t i o n s  shown i n  f i g u r e  4(a) .  Two chordwise s t a t i o n s  were used 
a t  bo th  the  0.75 and 0.88 rad ius ,  w h i l e  o n l y  the  0.1 chord s t a t i o n  was used a t  
0.65 r a d i u s .  The BMT's measuring the suc t i on  sur face  were a l l  mounted on one 
b lade w h i l e  the  pressure sur face measurements were made on a second b lade.  The 
two inst rumented blades were always a d j a c e n t l y  mounted i n  the  hub t o  measure 
flow p r o p e r t i e s  from the same b lade passage. The t ransducers were mounted to 
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measure the  pressure through a 1.55 mm diameter h o l e  d r i l l e d  through t h e  b lade 
as shown i n  f i g u r e  4(b>.  
o rder  t o  i n s u r e  t h a t  t h e  t ransducers were s t r a i n  i s o l a t e d  from t h e  b lade.  The 
RTV adhesive was a l s o  used t o  f a i r  t h e  BMT i n t o  t h e  b lade surface. 

An RTV s i l i c o n e  adhesive was used for  bonding i n  

The s i g n a l s  from t h e  BMT's a r e  taken o f f  t h e  ro tor  through a r o t a r y  t rans-  
former.  Transducer e x c i t a t i o n  i s  a 30 kHz s i g n a l  brought  across t h e  r o t a r y  
t ransformer.  The t ransducer  o u t p u t  ampl i tude modulates t h e  30 kHz c a r r i e r  
which i s  demodulated, a m p l i f i e d ,  and recorded on FM tape. The system frequence 
response was 10 kHt or 65 t o  130 s h a f t  o rders  ( P  o r d e r s )  depending on rpm. 

The recorded BMT s i g n a l s ,  a long w i t h  t h e  once-per- revolut ion pu lse  were 
The d i g i t a l  i n f o r m a t i o n  was d i g i t i z e d  a t  r a t e  o f  128 samples per  r e v o l u t i o n .  

then processed on a malnframe computer t o  produce 100 t ime ensembles o f  t e n  
r e v o l u t i o n s  each. These were averaged ( t i m e  domain averaging) ,  and Fas t  
F o u r i e r  Transforms (FFT's)  were  taken t o  produce enhanced spec t ra  and phase 
(azmuthal) angles.  I n  a d d i t i o n ,  FFT's were taken o f  the  i n d i v i d u a l  t ime ensem- 
b l e s  o f  da ta  and then averaged i n  the  f requency domain. These spec t ra  were 
o n l y  used to  mon i to r  da ta  q u a l i t y .  
o rders  ( P ) .  

A l l  spec t ra  produced are  i n  terms o f  s h a f t  

RESULTS AND DISCUSSION 

The p r o p e l l e r  a lone c o n f i g u r a t i o n  was r u n  f i r s t  so t h a t  the  i n f l o w  angle 
was known. 
f u n c t i o n  o f  i n f l o w  angle.  The p r o p e l l e r  a x i s  was s e t  t o  v a r i o u s  angles o f  
a t t a c k  r a n g i n g  from -10" t o  +15". Next t h e  wing was i n s t a l l e d  downstream o f  
the p r o p e l l e r  and t h e  b lade pressure response was measured over  wing angles o f  
a t t a c k  r a n g i n g  from o f  -2" t o  +8" and engine droop angles from +2" to -4" .  
The e q u i v a l e n t  i n f l o w  angle was then determined by matching t h e  measured first 
harmonic (one P)  response to  t h a t  of t h e  p r o p e l l e r  a lone c o n f i g u r a t i o n .  I n  
e f f e c t ,  t h e  BMT's were c a l i b r a t e d  i n  terms o f  the  p r o p e l l e r  i n f l o w  ang le  and 
then used t o  measure unknown i n f l o w  c o n d i t i o n s .  The f l y o v e r  no ise  i n  terms o f  
the b lade pass ing frequency (BPF) tone l e v e l  was then c o r r e l a t e d  w i t h  t h e  
i n f l o w  angles for  the  p r o p e l l e r  for b o t h  p rope l  l e r l w i n g  and p r o p e l l e r  a lone 
c o n f i g u r a t i o n s .  

The pressure response for a l l  the  BMT l o c a t i o n s  was measured as a 

P r o p e l l e r  Alone 

Both unsteady b lade surface pressure and no ise  measurements were made 
w i t h  the  p r o p e l l e r  a x i s  s e t  a t  angles between -10" ( p i t c h e d  down) and +15" to  
the tunnel  f low. The b lade angle was s e t  a t  37.8" and the  t i p  speed was var-  
i e d  between 183 t o  290 m/sec (600 t o  950 f t / s e c ) .  The advance r a t i o ,  J ,  cor re-  
sponding t o  t h i s  t i p  speed change was 1.18 to 0.74. The no ise  measurements 
w i l l  be discussed i n  a l a t e r  s e c t i o n  o f  t h i s  paper.  

A t y p i c a l  s e t  o f  pressure waveforms for  a case where t h e r e  i s  an i n f l o w  
angle t o  the  p r o p e l l e r  i s  shown i n  f i g u r e  5. Here the p r o p e l l e r  was r u n  a t  an 
angle o f  100 to  t h e  f low and 100 synchronous averages were used, a l though l i t -  
t l e  sample t o  sample v a r i a t i o n s  occurred.  
azimuthal  angle,  9, i s  t h a t  0" corresponds t o  the  v e r t i c a l  d i r e c t i o n  for  an 
a i r c r a f t  i n s t a l l a t i o n ,  w i t h  i n c r e a s i n g  angle measured i n  the  d i r e c t i o n  o f  r o t a -  
t i o n .  

The convent ion used for  b lade 

For t h i s  t e s t  s e r i e s ,  0" i s  toward the  near w a l l ,  as shown i n  f i g u r e  2. 
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The BMT r e s u l t s  shown i n  f i g u r e  5 a re  for bo th  the  pressure and s u c t i o n  sur- 
f ace  a t  the  0.75 r a d i u s  and 0.1 chord l o c a t i o n  for a t i p  speed o f  244 m/sec 
(800 f t / s e c )  corresponding to  a J o f  0.88. The angular  i n f l o w  t o  the  p r o p e l l e r  
causes an approx imate ly  s inuso ida l  v a r i a t i o n  i n  b lade angle o f  a t t a c k  as i t  
r o t a t e s .  The magnitude o f  t h i s  v a r i a t i o n  i s  l e s s  than the  angle the  p r o p e l l e r  
a x i s  makes w i t h  the  flow due t o  the  b lade advancing i n t o  the  f l o w  as the  b lade 
angle increases and r e t r e a t i n g  as the  b lade angle decreases. This  vec to r  d ia -  
gram e f f e c t  i s  a f u n c t i o n  of  b lade r a d i a l  l o c a t i o n  and advance r a t i o .  F igu re  6 
shows t h i s  e f f e c t  by us ing  an express ion s i m i l i a r  to, b u t  more general  than 
equat ion ( 9 )  o f  re fe rence 7 (no te :  J i s  de f i ned  d i f f e r e n t l y  i n  t h i s  r e f e r -  
ence) t o  generate the  curves. The two curves shown represent  a t y p i c a l  take- 
o f f /approach c o n d i t i o n  ( J  = 1)  and a c r u i s e  c o n d i t i o n  (3 = 3 ) .  For the  da ta  
presented i n  t h i s  paper, t he  J = 1 curve i s  a good guide to  the  e f f e c t  o f  
r a d i u s  and the change i n  aB. The 0.65 r a d i u s  l o c a t i o n  has a hag = 20.94  for  
a = 5".  A t  0.88 r a d i u s  the  AC~B = 20.58 or o n l y  62 percent  o f  the  hag seen 
a! the  0.65 rad ius  s t a t i o n .  The Aag i s  much l a r g e r  for  the  J = 3 curve, 
w h i l e  the percent  change w i t h  r a d i u s  i s  lower than for  J = 1 .  The e f f e c t  o f  
sweep was no t  inc luded i n  f i g u r e  6. 
r a d i u s  would be s t i l l  l a r g e r  s ince ,  the sweep angle increases w i t h  r a d i u s  for  
a l a r g e  p a r t  o f  the  blade span. 

The e f f e c t i v e  angle of  a t t a c k  change w i t h  

The change i n  b lade angle o f  a t t a c k  i s  inc luded i n  f i g u r e  5 i n  o rde r  t o  
show the phase r e l a t i o n  between the  pressure and i t s  f o r c i n g  func t i on .  
pressures on oppos i te  sur faces a re  rough ly  180" o u t  of phase. 
sur face  lags the angle of  a t t a c k  curve by 16". Only a ve ry  l i m i t e d  amount o f  
phase angle data w i  1 1  be presented s ince  t h i s  paper uses the  magnitude o f  the  
pressure response t o  i n v e s t i g a t e  no ise .  

The 
The pressure 

The spect ra for  the two BMT waveforms presented i n  f i g u r e  5 a re  shown i n  
The s u c t i o n  sur face  pressure has cons iderab ly  more harmonic conten t  

The r e s t  o f  the  d iscuss ion  of pressure response i n  t h i s  

f i g u r e  7 .  
than the  pressure sur face,  p a r t i c u l a r l y  i n  the lower s h a f t  o rde rs  (2-4P).  
These spect ra a re  t y p i c a l  o f  the  pressure and suc t i on  sur faces a t  most o f  the  
measuring s t a t i o n s .  
paper w i l l  be centered on the fundamental frequency. The magnitude o f  the  fun- 
damental s h a f t  o rder  ( 1  P )  RMS pressure was d i v i d e d  by the l o c a l  dynamic pres- 
sure, q,, for the radial station o f  the BMT t o  obtain a pressure coefficient. 
C p l .  The r e l a t i v e  Mach number, M r  f o r  the  r a d i a l  l o c a t i o n  of  the  BMT and tun- 
ne l  s t a t i c  pressure were used t o  c a l c u l a t e  g,. Th is  1 P pressure c o e f f i c i e n t  
i s  shown a t  a l l  ten  l o c a t i o n s  as a f u n c t i o n  of advance r a t i o ,  J ,  i n  f i g u r e s  8 
and 9 for  the  pressure and s u c t i o n  sur faces r e s p e c t i v e l y .  

A s  shown i n  f i g u r e  8, ve ry  l a r g e  changes i n  unsteady pressure c o e f f i c i e n t  
occur on the suc t i on  sur face.  There seems t o  be a p a t t e r n  i n  the  r e s u l t s  near 
the  l ead ing  edge (0.1 and 0.15 chord).  The 0.88 rad ius ,  0.15 chord l o c a t i o n  
shows a very r a p i d  i n i t i a l  decrease i n  response t o  increased load ing  (decreas- 
i n g  J )  and then a more gradual  drop. This  suggests t h a t  t he re  may be a peak a t  
a J above 1.18. The 0.75 rad ius  0.1 chord l o c a t i o n  shows a l a r g e  peak a t  a J 
o f  0 .94  w h i l e  the 0.65 r a d i u s  0.1 chord s t a t i o n  seems t o  be approaching a peak 
beyond the  range of the da ta  (below a J of 0.83). These peaks i n  the  response 
o f  the  suc t i on  surface l ead ing  edge BMT 's  seem t o  be moving r a d i a l l y  inward as 
the  l oad ing  increases. 

There may be a connect ion between the  da ta  presented here and 
o f  a l ead ing  edge vo r tex .  The s tud ies  i n  re fe rence 7 show o i l  flow 
t i o n  on s i m i l i a r  b lades t h a t  suggest the  presence o f  a l ead ing  edge 

the  mot ion 
v i  sua1 i z a -  
v o r t e x  t h a t  
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merges w i t h  the t i p  vo r tex  when load ing  c o n d i t i o n s  are  s i m i l i a r  to those i n  
t h i s  i n v e s t i g a t i o n .  The photographs presented i n  re fe rence 8 were used to  cre-  
a t e  f i g u r e  10, which shows the  l o c a t i o n s  of  the  reattachment l i n e s  for  th ree  
d i f f e r e n t  advance r a t i o s  on the  CRP-XI b lade a t  a f l i g h t  Mach number o f  0.25. 
A l though the blade load ing  and Mach number i n  f i g u r e  10 are  s i m i l a r  t o  those i n  
t h i s  i n v e s t i g a t i o n ,  i t  should o n l y  be used as a q u a l i t a t i v e  gu ide to the  flow 
c o n d i t i o n s  present  i n  t h i s  data.  
migra tes  from the  t i p  o f  the  b lade toward the  hub as the  l oad ing  increases from 
J -- 1.67 t o  1.05. Not o n l y  does the  vo r tex  move t o  a lower r a d i u s  b u t  down- 
stream along the chord, t o  a p o i n t  t h a t  a t  h i g h  load ing ,  the  reattachment l i n e  
has moved t o  the  t r a i l i n g  edge a t  a s u b s t a n t i a l  d i s tance  from the  t i p .  I t  i s  
p o s s i b l e  t h a t  t h i s  growth o f  the vo r tex  system w i t h  l oad ing  i s  respons ib le  f o r  
t he  progress ion  o f  the peak i n  the response o f  the  unsteady pressure to  lower 
r a d i a l  s t a t i o n s  as l oad ing  increases.  I t  a l s o  appears t h a t  the  vo r tex  can grow 
beyond the  0.5 chord s t a t i o n  a t  the  0.88 r a d i u s  l o c a t i o n .  This  migh t  account 
for  the  h igh  unsteady l oad ing  peak for  t h i s  l o c a t i o n  shown i n  f i g u r e  8. Gener- 
a l l y ,  t he  0 .5  chord s t a t i o n  has a low response t y p i c a l  of the  0.75 r a d i u s  data.  
I t  cou ld  be speculated t h a t  if the blades were loaded beyond the  l i m i t s  o f  the  
present  data,  even the  s t a t i o n  a t  0.75 r a d i u s  and 0.5 chord would have a 
response peak s i m i l i a r  t o  the  o t h e r  s t a t i o n s .  D e t a i l s  such as t h e  l o c a t i o n  o f  
the  vo r tex  corresponding t o  the  peak unsteady pressure response a re  n o t  appar- 
e n t  i n  t h i s  i n v e s t i g a t i o n .  

The vo r tex  system near the  l ead ing  edge 

The phase angles shown i n  f i g u r e s  8 and 9 a re  i n  t e r m s  o f  l ead  or l a g  
r e l a t i v e  to  the  f o r c i n g  f u n c t i o n  (change i n  angle o f  a t t a c k ) .  A s  shown i n  
f i g u r e  5, on the pressure sur face the  f o r c i n g  f u n c t i o n  has a maximum a t  an a z i -  
muthal angle o f  90". The suc t i on  surface f o r c i n g  f u n c t i o n  i s  1800 o u t  of  phase 
w i t h  the  pressure sur face and has a maximum a t  (I' = 270". 
a l l  t he  phase angle da ta  i s  grouped together  i n  f i g u r e  8. The genera l  t r e n d  
i s  a p rogress ion  f rom a 10" l a g  t o  one o f  25" l a g  as the  l oad ing  i s  increased.  
I t  i s  n o t  known why the  0.75 rad ius ,  0.5 chord s t a t i o n  has a phase lead  and 
increases w i t h  load ing .  
de te rm ina t ion  of phase angle l e s s  accurate.  

With one except ion  

The low pressure ampl i tude a t  t h i s  s t a t i o n  makes the  

F igure  9 shows the response o f  the  same f i v e  s t a t i o n s  on the  pressure 
sur face .  
g e n e r a l l y  lower on the pressure sur face  than the s u c t i o n  sur face.  
s t rong  t rends  w i t h  l oad ing  and the  phase angles are  a l l  near 10" lag .  A l though 
the  steady l oad ing  i s  i nc reas ing  w i t h  decreas ing J ,  the p e r i o d i c  change i n  
b lade angle o f  a t t a c k  i s  decreasing, as p r e v i o u s l y  discussed. 
s i t e  e f f e c t s  may e x p l a i n  the  f l a t  unsteady pressure response w i t h  3. The t r e n d  
i n  the  B M T ' s  near the l ead ing  edge t o  h igher  unsteady response as the  r a d i u s  
decreases can a l s o  be exp la ined by changes i n  the p e r i o d i c  v a r i a t i o n  i n  b lade 
angle o f  a t t a c k .  A s  mentioned p rev ious l y ,  t he re  i s  a s i g n i f i c a n t  inc rease i n  
the  p e r i o d i c  blade angle o f  a t t a c k  change w i t h  decreasing r a d i u s .  

A s  might  be expected, the  magnitude o f  the  pressure c o e f f i c i e n t  i s  
There a re  

These two oppo- 

The 1 P pressure c o e f f i c i e n t s  for  bo th  the pressure and s u c t i o n  sur faces 
are  p l o t t e d  aga ins t  the ang le-o f -a t tack  o f  the  p r o p e l l e r  ax i s ,  ap, for  a J 
0.88, as shown i n  f i g u r e  11.  The responses from s i x  o f  the BMT's a t  var ious  
l o c a t i o n s  are  p l o t t e d  f o r  bo th  p o s i t i v e  and negat ive  ap. The negat ive  C p l  
values are  -180" o u t  o f  phase w i t h  the  p o s i t i v e  values. The response a t  
0.75 rad ius  ( f i g .  l l ( a ) )  seemed normal, w i t h  the  suc t i on  sur face near the  lead- 
i n g  edge showing very h igh  response t o  the 1 P v a r i a t i o n  i n  blade load ing .  The 
corresponding pressure sur face l o c a t i o n  has s i g n i f i c a n t l y  l e s s  response, which 
i s  analogous to  the expected steady pressure p r o f i l e s .  

o f  

The response a t  0.88 
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radius (fig. ll(b)) also has higher response on the suction surface. However, 
the 0.15 chord location shows lower amplitude response than the 0.5 chord loca- 
tion, which i s  not expected from steady-state pressure profiles on this blade 
section. The unusual pressure response behavior was. covered in the discussion 
of figures 8 and 9. Recall that this behavior may be related t o  the change in 
the location of the leading edge vortex. 

All stations have a fairly linear response t o  up, which indicates no 
major flow changes are occurring at the angles of attack included in this 
investigation. The curves in figure 1 1  d o  not go through the origin but seem 
t o  cross the horizontal axis at about -1.5". This might be a result of the 
misalignment of the propeller axis with the tunnel axis, a tunnel flow distor- 
tion caused by the propeller not being mounted at the center o f  the test sec- 
tion, o r  residual electrical signals generated by the rotary transformer used 
t o  transmit the BMT signals. 

Propeller-Wing Installation 

A straight (unswept) wing of 0.61 m (2.0 ft) chord was installed down- 
stream of the propeller. 
and wing leading edge was 0.54 wing chords. The droop angle, 6 as shown in 
figure 3 was adjusted between t2 and -4" in 2" increments. A range of wing 
angle of attack, aW was run between 0" and t8". As indicated in figure 2, the 
wing causes an additional upwash which results in an increase in the local pro- 
peller inflow angle, QL. This additional upwash is the difference between ap - 
and aL and is assumed uniform here. 

The spacing between the propeller pitch change axis 

An example of the measured pressure response for the propeller-wing 
for the 0.75 radius and 0.1 

Here cB1 installation is shown in figure 12. 
chord location o n  the suction surface is plo ted against aW for each droop 
angle tested. At only one droop angle, 6 = -4", did the curve ever go through 
zero, indicating n o  angular inflow. Some lowering of the slope of these curves 
i s  evident at the very high dynamic loading above a Cpl = 0.3. 

peller blades with the wing installed is to use it t o  determine the local 
inflow angle, a ~ .  

entering the propeller alone response curves, figure 1 1 ,  with the values of 
Cpl from the wing data (example, fig. 12) and reading the corresponding pro- 
peller angle of attack. It was assumed that the local inflow angle and propel- 
ler angle of attack are the same (ap = UL) for the propeller alone case. 
this was done for all six measuring stations, the small station t o  station var- 
iation in aL was eliminated by averaging all stations. The resulting local 
inflow angles were then plotted against wing angle of attack as shown in 
figure 13. 

A more revealing way o f  using the measured pressure response o f  the pro- 

from the wing instal- This can be done by setting the C 1 
lation equal to that of the propeller alone configura P ion. This was done by 

When 

The QL increases very nearly linearly with aW at a rate of 1.5" for 
every degree of aW for all four droop angles. The droop angle curves are 
spaced -2" apart for every 2" change in droop angle. 
gle of attack there i s  approximately a 2" upwash at the propeller inlet for 6 
= 0". In order t o  keep the local inflow angle at zero degrees, the curves can 
be generalized by the following expression: 

With the wing at zero an- 
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6 -2 - (1.5 uW) 

for  UL = 0" 

Hence, a r e l a t i v e l y  l a r g e  va lue o f  droop i s  necessary t o  o b t a i n  a p r o p e l l e r  
i n f l o w  angle o f  zero.  
o f  -8" t o  a l i g n  t h e  p r o p e l l e r  w i t h  the  flow. 

For example, when uW = 4" i t  would take  a droop angle 

With t h e  l o c a l  i n f l o w  angle o f  t h e  p r o p e l l e r  known over  a wide range o f  
droop angles and wing angles o f  a t t a c k ,  a c o r r e l a t i o n  can be found for  t h e  f l y -  
over  no ise data.  
f l y o v e r  b lade pass ing f requency tone l e v e l s  a g a i n s t  UL. 
b o t h  the  p r o p e l l e r / w i n g  c o n f i g u r a t i o n s  and t h e  p r o p e l l e r  a lone cases. Almost 
a1 1 the  da ta  c o l  lapses t o  w i t h i n  one dec ibe l  ( a c o u s t i c  da ta  repeatab i  1 i ty )  on 
t h i s  p l o t .  Th is  i n d i c a t e s  t h a t  t h e  no ise  i s  c o n t r o l l e d  by the  l o c a l  i n f l o w  
angle,  which a l s o  sets  t h e  unsteady b lade load ing .  The f i r s t  o r d e r  i n s t a l l a -  
t i o n  e f f e c t  o f  t h e  wing i s  a u n i f o r m  i n f l o w  angle a t  t h e  p r o p e l l e r .  
p r o p e l l e r  o p e r a t i n g  a t  an angle to t h e  flow might  be expected to generate t h e  
same noise as a wing i n s t a l l a t i o n  causing t h e  same i n f l o w  angle.  
p e l l e r  t h e r e  i s  approx imate ly  0.6 dB increase i n  t h e  maximum BPF f l y o v e r  no ise  
for  every degree increase i n  i n f l o w  angle.  

F i g u r e  14 shows t h i s  c o r r e l a t i o n  by p l o t t i n g  a l l  t h e  maximum 
Th is  d a t a  i n c l u d e s  

Thus, a 

For t h i s  pro-  

A comparison of the pressure waveform and spectra for t h e  propeller alone 
and p r o p e l l e r l w i n g  i n s t a l l a t i o n  a t  t h e  same l o c a l  i n f l o w  angle i s  u s e f u l  i n  
de termin ing  j u s t  how s i m i l a r  b o t h  i n f l o w  c o n d i t i o n s  are .  F i g u r e  15 shows a 
comparison between wing and no wing pressure waveforms f o r  an i n f l o w  ang le  of 
10.0". Th is  da ta  i s  for  a BMT a t  0.75 r a d i u s  and 0.1 chord on t h e  s u c t i o n  sur-  
face .  The waveforms are  almost i d e n t i c a l  except for  a smal l  r e l a t i v e  phase 
l a g  (11")  i n  t h e  wing case. F igure  16 shows a s p e c t r a l  comparison o f  t h e  same 
two BMT 's  shown i n  f i g u r e  14.  The f u l l  enhanced ( t i m e  domain synchronous aver-  
aged) spectrum for  t h e  p r o p e l l e r  a lone i s  shown w h i l e  o n l y  t h e  tone l e v e l s  a r e  
i n d i c a t e d  for  t h e  wing data.  
r e s u l t s  s ince the  spectrum shows o n l y  smal l  increases i n  the  2 and 4P l e v e l s ,  
and s l i g h t  decreases i n  some o f  t h e  l e v e l s  i n  t h e  v i c i n i t y  o f  1OP. Al though 
t h e  wing increases t h e  2P l e v e l  and t h i s  cou ld  inc rease t h e  no ise ,  t h e  1 P 
l e v e l  i s  s t i l l  a lmost an o r d e r  o f  magnitude h i g h e r .  Th is  i n d i c a t e s  t h a t  t h e  
e f f e c t  o f  t h e  wing i n s t a l l a t i o n  i s  p r i m a r i l y  one o f  n e a r l y  u n i f o r m  upwash w i t h  
a l l  o t h e r  e f f e c t s  be ing  second o r d e r  or l e s s .  Th is  i s  c o n s i s t e n t  w i t h  t h e  
no ise  da ta  c o r r e l a t i o n  presented. 

The wing seems t o  have l i t t l e  e f f e c t  on t h e  

SUMMARY OF RESULTS 

A s i n g l e  r o t a t i o n  model p r o p e l l e r  (SR-7A) was t e s t e d  a t  s imu la ted  
takeof f /approach c o n d i t i o n s  (0.2 Mach) i n  t h e  NASA Lewis 9x15 Anechoic Wind 
Tunnel. Both unsteady b lade sur face  pressures and no ise  measurements were 
made for  a t r a c t o r  c o n f i g u r a t i o n  w i t h  a p r o p e l l e r / s t r a i g h t  wing and p r o p e l l e r  
a lone c o n f i g u r a t i o n s .  The angle between t h e  wing chord and p r o p e l l e r  a x i s  
(droop angle) was v a r i e d  a long w i t h  t h e  wing angle of  a t t a c k  t o  determine t h e  
e f f e c t s  on no ise  and unsteady load ing .  

to  prov ide  a q u a n t i t a t i v e  i n d i c a t i o n  o f  p r o p e l l e r  i n f l o w  c o n d i t i o n s ,  a t  lease 
f o r  a un i fo rm (across t h e  p r o p e l l e r  d i s k )  i n f l o w  angle.  This  method i n v o l v e s  
c a l i b r a t i n g  each measuring s t a t i o n s  on the  b lade i n  terms o f  t h e  p r o p e l l e r  

1 .  A method was developed t h a t  uses unsteady b lade pressure measurements 
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i n f l ow  angle ( p r o p e l l e r  a lone c o n f i g u r a t i o n )  and then us ing  these c a l i b r a t i o n s  
t o  determine an unknown i n f l o w  c o n d i t i o n  (p rope l l e r /w ing  con f igu ra t i on ) :  

2. The wing i n s t a l l a t i o n  caused a n e a r l y  un i fo rm upwash a t  the  propel -  
l e r  i n l e t  as evidenced by the  dominat ion o f  the  pressure spec t ra  by the  f i r s t  
s h a f t  o rder .  Th is  i n f l o w  angle increased a t  a r a t e  o f  almost 150 percent  of 
t h a t  o f  the  wing angle-of -at tack for  a p rope l le r -w ing  spacing o f  0.54 wing 
chords a t  a constant  droop angle.  

3. 
quency l e v e l ,  c o r r e l a t e s  c l o s e l y  w i t h  the  p r o p e l l e r  i n f l o w  angle (-0.6 dB per  
degree o f  i n f l o w  angle) fo r  a l l  droop angles and wing angles-of -at tack tes ted ,  
i n c l u d i n g  the  p r o p e l l e r  a lone data.  This  i s  cons i s ten t  w i th  a un i fo rm i n f l o w  
angle caused by the  wing i n s t a l l a t i o n ,  as i n d i c a t e d  by the  blade surface pres- 
sure measurements. 

The f l y o v e r  noise,  as measured by the  maximum blade pass ing f r e -  

4. Large changes i n  the  unsteady pressure responses on the  suc t i on  sur- 
The presence face  o f  the  blade were observed as the  advance r a t i o  was va r ied .  

o f  a lead ing  edge vor tex  may e x p l a i n  t h i s  behavior s ince  changes i n  the  loca- 
t i o n  o f  t h i s  vor tex  would change w i t h  l oad ing  (advance r a t i o ) .  
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TABLE I. - SR-7A PROPELLER DESIGN CHARACTERISTICS 

D i a m e t e r ,  cm ( i n . )  . . . . . . . . .  
Number o f  b l a d e s  . . . . . . . . . .  
Design Mach number . . . . . . . . .  
Design t i p  speed, m/sec ( f t / s e c )  . . 
Design advance r a t i o  . . . . . . . .  
Design power c o e f f i c i e n t  . . . . .  
Design power l o a d i n g ,  kW/m2' ( h p / f t 2 )  
I n t e g r a t e d  design l i f t  c o e f f i c i e n t  . 
A c t i v i t y  f a c t o r  . . . . . . . . . .  
Design e f f i c i e n c y ,  p e r c e n t  . . . . .  

- 
. .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  

6 2 . 2  (24.5) 
. . . . .  8 
. . . .  0.80 
. 244 (800) . . . .  3.06 . . . .  1.45 

257 (32.0) 
. . .  0.202 . . . .  227 
. . . . .  79 

FIXED MICS ON WALL: 
FLOOR. AND CEILING 

/ I  
LJ-86-0270 

FIGURE 1. - PHOTOGRAPH OF SR-7A TURBOPROP I N  9- BY 15-FT ANECHOIC WIND TUNNEL 
SHOWING STRAIGHT WING INSTALLED. 
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FIGURE 2. - PLAN VIEW OF THE 9x15 ANECHOIC WIND TUNNEL SHOWING THE SR-7A TURBOPROP 
INSTALLATION. 
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FIGURE 3.  - PROPELLER AND WING GEOMETRY. 
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(A) PRESSURE TRANSDUCER LOCATIONS: TWO BLADES IN-  
STRUMENTED. ONE ON PRESSURE SURFACE, THE OTHER 
ON SUCTION SURFACE. 

:b BLADE SURFACE 
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(B) TYPICAL INSTALLATION OF BLADE MOUNTED PRESSURE TRANS- 
DUCER SENSING THROUGH BLADE. 

FIGURE 4. - BLADE MOUNTED PRESSURE INSTRUMENTATION. 
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FIGURE 5 .  - PRESSURE WAVEFORM FOR A LOCATION OF 0.75 
RADIUS AND 0.1 CHORD FOR A PROPELLER A X I S  ANGLE-OF- 
ATTACK OF loo, J = 0.88. M, = 0.2. T I P  SPEED = 
244 WSEC (800 FT/SEC). 100 AVERAGES. 
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(A)  PRESSURE SURFACE, 

I I I 
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(B) SUCTION SURFACE. 

1001 

FIGURE 7. - SPECTRA OF PRESSURE WAVEFORM AT 0.75 RADIUS 
AND 0.1 CHORD FOR PROPELLER A X I S  ANGLE OF ATTACK OF 
IOo, J = 0.88, M,= 0.2, T I P  SPEED = 244 WSEC (800 
FT/SEC), 100 AVERAGES. 
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