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SUMMARY 

A model high-speed advanced counterrotat ion propeller, F7/A7, was tested 
in the  NASA Lewis Research Center's 9- by 15-Foot Anecholc Wind Tunnel at simu- 
lated takeoff /approach condi t ions of 0.2 Mach number. 
were taken with f ixed f loor  microphones, an axial ly t ranslat ing microphone 
probe, and with a "polar" microphone probe which was f ixed t o  the propel ler  
nacel le and could take  both s idel ine and circumferential acoust ic surveys. 
Aerodynamic measurements were a l so  made t o  establ ish the  propel ler  opera t ing  
condi t ions.  
ang le / rear  angle) f rom 36.4'136.5" t o  41.1'/39.4', t ip speeds f rom 165 t o  
259  m/sec (540 t o  850 ft/sec), rotor spacings f rom 1.56 t o  3.63 based o n  for- 
ward ro to r  t ip chord t o  aerodynamic separation, and angles of at tack  t o  k16". 

First  o rde r  rotor a lone tones showed highest direct iv i ty levels near the  pro- 
pel ler  plane, whi le interaction tones showed high levels throughout s idel ine 
direct iv i ty - especial ly toward the propeller rotat ion axis. 
levels were sensi t ive t o  propeller r o w  spacing whi le rotor a lone tones showed 
l i t t le spacing effect. 
propel ler  blade numbers fo r  the same overal l  propel ler  thrust. 

Acoust ic measurements 

The propeller was run over  a range of blade sett ing ang les  ( f ront  

Interact ion tone 

There i s  a decreased noise level associated with higher 

INTRODUCTION 

Modern high-performance turboprop aircraft offer the  promise of consider-  

Advanced counterrotat ion propel lers may o f fe r  f rom 
able fuel savings whi le still a l lowing fo r  a cruise speed simi lar  t o  that  of 
current turbofan aircraf t .  
8 to 10 percent addit ional fuel savings over similar single rotat ion propel lers 
at c ru ise  condi t ions (ref. 1). However, there is considerable concern about 
the potential noise generated by such aircraft,  which includes both in-flight 
cabin no ise  and community noise dur ing takeoff  and landing. 

This paper presents the  acoust ic resul ts f o r  a model counterrotat ion pro- 
pel ler  which was tested in the NASA Lewis 9- by 15-Foot Anechoic Wind Tunnel. 
The test  resul ts are fo r  0.20 Mach, which i s  representat ive of takeof f /  
approach operat ion.  The test  propel ler  (designated F7/A7) had 1 1  fo rward  
blades and nine af t  blades. The propel ler  was tested at three rotor spac ings  
a t  f ixed blade angles t o  invest igate spacing effects, and with increased blade 
ang le  a t  maximum spacing to invest igate loading effects, and was opera ted  ove r  
a range of rotat ional speeds and a t  angles of at tack  up t o  *16'. 
were taken with a t rack  "f lyover" microphone probe which was f ixed t o  the tun- 
nel f l oo r  and with a "polar" microphone probe which was mounted o n  the  down- 
stream end of the  propel ler  housing. This polar probe assembly moved with the 
model a t  ang le  of at tack  and surveyed both the angular and sidel ine noise 
f ie ld.  

Acoust ic data 



The unequal blade numbers of the 1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 9 conf igurat ion of the  F7/A7 propel- 
ler great ly simp1 ified the  acous t ic  analysis of the  compl icated counterrotat ion 
propeller spectra. Limited resul ts fo r  the 8 + 8 conf igurat ion of the  F7/A7 
propeller a re  a l so  presented in th is  paper fo r  comparison. Corresponding aero- 
dynamic resul ts will be  presented t o  establ ish the  propel ler  opera t ing  condi- 
tions. 

APPARATUS A N D  PROCEDURE 

The NASA Lewis 9- by 15-Foot Anechoic Wind Tunnel is located in the  low- 
speed return leg of the  supersonic 8- by 6-Foot Wind Tunnel. 
a i r f low veloci ty in the  tunnel is s l ight ly over  0.2 Mach, which provides a 
takeoff /approach test  environment.  The tunnel acoust ic t reatment was recent ly 
modif ied t o  provide anechoic condi t ions down t o  a f requency  of 2 5 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz, which is 
lower than the  range of the fundamental  tone produced by the F7/A7 propeller. 

The maximum 

Acoust ic instrumentat ion in the  9- by 15-foot tunnel consisted of f i xed  
arrays of 0.64 cm (0.25 in.) condenser microphones o n  the tunnel f loor,  and 
simi lar  microphones o n  t w o  remotely-control led acoust ic survey probes. The 
f ixed microphone array was mounted on  a wooden support  beam posit ioned 61 c m  
(24 in.) above the f loor ,  and was staggered at about 10" t o  the tunnel f l o w  t o  
prevent mi crophone wakes f rom imp1 ngi ng on the downstream mi crophones. The 
"flyover" t ranslat ing microphone probe traversed 6.50 m (21.33 ft) which cov- 
ered most of the 8.2 m (27 f t )  length of the  t reated test  section. The inner 
microphone o n  this probe was located 137 m (54 in.) f rom the propel ler  ax is  
(for 0" ang le  of attack), whi le the second microphone was located 30 cm ( 1  f t )  
ahead and 30 cm fu r ther  ou t  f rom the f i rs t  microphone. The inner mic rophone of 
the  t rack  probe surveyed sidel ine angles f rom 18" t o  150" relat ive t o  the  pro- 
pel ler ax is  of rotat ion (at 90" referenced t o  the aft propel ler  p lane) wi th the 
propel ler  at 0" ang le  of attack. 

The "polar" microphone probe had the  capabi l i ty  t o  survey much of the pro- 
pel ler  noise f ie ld.  As  shown in the sketch of f igure 2, the polar mic rophone 
probe was mounted o n  the  downstream propeller housing and moved with the pro- 
pel ler  at angles of attack. 
extending about 45" o n  ei ther s ide of the af t  propel ler  plane. 
surveys could be made ove r  a 240" range, being 1 imi ted by support  hardware 
interference. 

The probe could perform sidel ine acoust ic surveys 
Circumferent ia l  

The counterrotat ion propel ler  model designated F7/A7 was used in these 
experiments. The f ron t  propel ler  is nominal ly 62.2 cm (24.5 in.) in diameter,  
and the af t  propel ler  is 60.7 cm (23.9 in.) in diameter.  Most of the tes ts  
reported herein were with an 1 1  + 9 blade conf igurat ion;  however,  l imited 8 + 8 
resul ts a re  presented fo r  comparison. See  table I f o r  design character ist ics 
at cruise condi t ion of 0.72 Mach. Addit ional aerodynamic resul ts fo r  the F7/A7 
8 + 8 conf igurat ion are  presented in reference 2. The propeller instal lat ion 
in the 9- by 15 Foot Wind Tunnel was powered by t w o  independent a i r  turbine 
drives. a l lowinq the op t ion  of independent in separat ing the tone conten t  o f  

model was operated a t  propeller ax is  ang les  of the 8 + 8 configuration. The 
at tack up t o  *16". 

Table I 1  shows the prope 
The propel ler was operated at 
36.5" at  three blade row spac 

ler test  condi t ions which are reported herein. 
a forward blade ang le  of 36.4", a f t  ang le  of 
ngs. These spacings, measured between the blade 
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row p i t c h  change a x i s ,  were 8.5 cm (3.3 i n . ) ,  10.6 cm (4.2 i n . ) ,  and 15.0 cm 
(5.9 i n . ) .  
maximum p r o p e l l e r  spacing. These two b lade  ang le  c o n f i g u r a t i o n s  were t e s t e d  
a t  p r o p e l l e r  a x i s  angles o f  a t t a c k  up to  *16" and a t  70 to 90 p e r c e n t  o f  t h e  
des ign  c o r r e c t e d  r o t a t i o n a l  speed of 8371 rpm. An i n t e r m e d i a t e  b lade  ang le  
c o n f i g u r a t i o n  o f  39.0"/38.6" was on.ly t e s t e d  a t  0" ang le  of a t t a c k .  

A h i g h e r  l o a d i n g  b lade  ang le  o f  41.1"/39.4" was o n l y  t e s t e d  a t  t h e  

There zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  c u r r e n t l y  some q u e s t i o n  as t o  which b lade  angles and t i p  speeds 
should be chosen t o  min im ize  n o i s e  w h i l e  p r o v i d i n g  t h e  necessary t a k e o f f  
t h r u s t .  Increased b lade  ang le  w i t h  a corresponding r o t a t i o n a l  speed r e d u c t i o n  
( t o  m a i n t a i n  t h e  same t h r u s t )  may lower  t h e  p r o p e l l e r  no i se .  T h i s  c o u l d  r e s u l t  
i n  choosing somewhat h i g h e r  t a k e o f f  b lade angles than  p resen ted  i n  t h i s  paper.  
However, t h e  range o f  l o a d i n g s  and t i p  speeds r e p o r t e d  a r e  adequate t o  show t h e  
a c o u s t i c  dependence on these parameters. 

RESULTS AND DISCUSSION 

A l l  t e s t s  were performed a t  0.20 tunne l  Mach number. L i m i t e d  aerodynamic 
r e s u l t s  a r e  presented t o  e s t a b l i s h  t h e  p r o p e l l e r  o p e r a t i n g  c o n d i t i o n s .  Acous- 
t i c  r e s u l t s  show how t h e  p r o p e l l e r  no i se  i s  a f fected by ang le  o f  a t t a c k ,  b lade  
angle,  t i p  speed, b lade  row spacing, and b lade  row numbers. 

Aerodynamic performance. - F i g u r e  3 i s  a p r o p e l l e r  o p e r a t i n g  map o f  t h e  
t o t a l  power d e n s i t y  (based on t h e  forward p r o p e l l e r ) ,  PQAT, as a f u n c t i o n  o f  
t h e  f o r w a r d  p r o p e l l e r  advance r a t i o ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ .  PQAT i s  d e f i n e d  as: 

Power 

(P)(;::) - ( D  >(Annulas area)  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp i s  t h e  l o c a l  a i r  d e n s i t y ,  and D i s  t h e  p r o p e l l e r  d iameter .  The 
r e s u l t s  i n  f i g u r e  3 a re  for  t h e  maximum blade row spacing t e s t e d .  
i s  3.63, d e f i n e d  a t  97 pe rcen t  span as t h e  aerodynamic i n t e r - b l a d e r o w  ( i . e . ,  
t . e .  t o  1 . e . )  spac ing d i v i d e d  by the  F7 aerodynamic chord.  A 45" s w i r l  ang le  
was assumed i n  de te rm in ing  the aerodynamic spacing.  D e s i g n a t i o n  o f  t he  e x a c t  
" t a k e o f f  des ign"  b lade  angles and r o t a t i v e  speed i s  c u r r e n t l y  i n  a s t a t e  of 
f l u x  due t o  t r a d e - o f f s  between t i p  speed and b lade  l o a d i n g  for  optimum aero- 
a c o u s t i c  b e n e f i t s  The c u r r e n t  e s t i m a t e  corresponds t o  a J v a l u e  o f  about 
0.90 and b lade  angles a t  or s l i g h t l y  above t h e  maximum shown on f i g u r e  3. 

T h i s  spacing 

Sound pressure l e v e l  s p e c t r a .  - The a c o u s t i c  s p e c t r a  for c o u n t e r r o t a t i o n  
p r o p e l l e r s  may be q u i t e  complex, c o n s i s t i n g  of b o t h  r o t o r - a l o n e  tone  o r d e r s  for  
each p r o p e l l e r  and an a r r a y  o f  i n t e r a c t i o n  tones.  F i g u r e  4 p r e s e n t s  a t y p i c a l  
SPL s p e c t r a  f o r  t h e  F7/A7 p r o p e l l e r .  Th i s  spectrum, which has a bandwidth of 
13 Hz, i s  from a f i x e d  microphone which was l o c a t e d  near t h e  p r o p e l l e r  p lane .  
The p r o p e l l e r  was o p e r a t i n g  a t  90 p e r c e n t  des ign  speed and 0" ang le  o f  a t t a c k .  
The fo rward  (BPF1) and a f t  (BPF2) r o t o r - a l o n e  tones have t h e  h i g h e s t  dB l e v e l s .  
Rotor-alone tones above 2BPF a re  e s s e n t i a l l y  b u r i e d  i n  t h e  broadband. 
i n t e r a c t i o n  tones (BPF1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt BPF2, e t c . )  c l e a r l y  dominate t h e  spectrum a t  h i g h e r  
f requenc ies .  S h a f t  o r d e r  tones,  based on p rev ious  exper ience,  may be caused by 
b lade  n o n u n i f o r m i t i e s  based on s t r a i n  gage and b lade  p ressu re  i n s t r u m e n t a t i o n .  

The 
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The  spectral content a t  several axial locat ions fo r  the  same propel ler  
opera t ing  condi t ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  presented in f igure 5. 
bandwidth of 50 Hz. The f i rs t  o rde r  rotor-alone tones are  on ly  evident near 
the  propel ler  p lane (90" and 110"). whi le  the  interact ion tones dominate  all 
but t he  propeller plane spectra. Th is  tendency for the interact ion tones  fo r  
counterrotat ion propel lers t o  have high levels toward the  propel ler  ro ta t ion  
ax is  has  been well documented in the  l i terature (refs. 3 and 4). The  rotor- 
a lone tones fo r  counterrotat ion propel lers behave more 1 ike those f o r  single- 
rotat ion propel lers (ref. 51,  wi th  max imum level s observed near the  propel ler 
p lane and rapid noise level reduct ion toward the  propel ler  axis. The  fo l low ing  
resul ts wi 1 1  f u r t h e r  explore the  direct iv i ty character ist ics of the  counterro- 
tat ing propeller. THe direct iv i ty resul ts presented in th is  paper have a 16 H z  
bandwldth. 

These 0 t o  20 k H z  spec t ra  have a 

S ide l ine  direct iv i ty.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Figure 6 presents a typical s idel ine d i rec t i v i t y  
f o r  the  F7/A7 propeller. All of the  survey resul ts in th is  paper a re  f o r  a 
16 Hz bandwidth. These resu l ts  a re  f o r  the  "f lyover" microphone probe o n  a 
137 c m  (54 in.) sidel ine. 
expected maximum levels near the  propel ler  p lane, whi le the  interact ion tone 
(BPF1 + BPF2) has the  highest levels toward the  propel ler  rotat ion axis.  Side- 
l ine direct iv i t ies f o r  interact ion tones typical ly show min imum va lues  near 
the  propel ler  plane, as  is the  case  for the  resul ts of f igure 6. 
broadband noise f l oo r  a t  about 100 d B  f o r  th is  16 H z  bandwidth ana lys is  l imi ted 
the  ro to r  alone direct iv i t ies.  T h i s  broadband level i s  probably caused by 
microphone "self  noise." 

The rotor-alone tones (BPF1 and BPF2) show the  

A n  apparent  

F igure  7 compares sidel ine direct iv i t ies fo r  the  same propel ler  opera t ing  
condi t ion and circumferent ia l  locat ion fo r  the  f l yover  and polar mic rophone 
probes. 
the expected decay  f o r  spherical spreading. 
the  c loser,  61 c m  (24 in.) polar microphone probe is measur ing far f ie ld  
resul ts f o r  the BPF2 and BPFl + 2BPF2 tones. 

Rotor-alone tones are  strongly af fected by propel ler  ax is  ang le  of at tack  
(refs. 4 and 5). This noise increase i s  associated with local changes in the  
propel ler  b lade ang le  of attack,  wi th higher blade loading producing higher 
noise. The maximum noise associated with propel ler  ax is  ang le  of a t tack  is 
o f ten  observed about 90" circumferent ia l ly  ahead of the max imum blade loading 
of the  advancing propeller. 

The polar microphone probe resu l ts  were reduced by 7 d B  accord ing  t o  
These resul ts c lear ly show tha t  

Figure 8 presents s idel ine direct iv i t ies f o r  t he  polar mic rophone in the  
aircraf t  f l yover  plane (same circumferential posi t ion as  the  s idel ine "f lyover" 
probe). Posi t ive angles of at tack  correspond t o  the  propel ler  ro ta t ion  ax i s  in 
"climb." Figures 8(a> and (b) show the rotor-alone tone direct iv i t ies.  The 
forward rotor (BPFI) tone varies by about 27 d B  ove r  the  range of *16" ang le  of 
attack. The aft propel ler  (BPF2) tone shows more  than a 20 d B  var iat ion o v e r  
th is ang le  of at tack  range. The direct iv i ty t rends  of the  t w o  representa t ive  
interact ion tones (BPF1 + Bpf2, and 2BPF1 + BPF2) wi th propel ler  ax is  ang le  of 
at tack  a re  much less defined. The  BPFl + BPF2 tone (fig. 8(c)) does  fo l l ow  the  
trends of the  rotor-alone tones, wi th maximum flyover levels fo r  a c l imb condi- 
tion. However, the  2BPF1 + BPF2 tone (fig. 8(d)) resul ts d o  not necessar i ly  
fo l low th is  trend. 
pel ler  ax is  angle of a t tack  is often di f ferent from the response of o the r  tone 
orders,  as  will be shown in subsequent f igures.  

The acoust ic response of th is tone (2BPF1 + BPF2) t o  pro- 
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F i g u r e  9 shows t h e  SPL i n  t h e  a f t  p r o p e l l e r  p l a n e  "below an a i r c r a f t "  as a 
These d a t a  a r e  for t h e  p o l a r  probe f u n c t i o n  o f  p r o p e l l e r  a x i s  ang le  o f  a t t a c k .  

a t  a 61 cm (24 i n . )  s i d e l i n e .  These r e s u l t s ,  which summarize t h e  p r o p e l l e r  
p lane  r e s u l t s  o f  f i g u r e  8, show t h a t  t h e  rotor a lone  tones a r e  s t r o n g l y  
a f f e c t e d  by ang le  o f  a t t a c k .  The two r e p r e s e n t a t i v e  i n t e r a c t i o n  tones show 
l i t t l e  dependence on ang le  o f  a t t a c k .  

C i r c u m f e r e n t i a l  d i r e c t i v i t y .  - The p o l a r  microphone probe was capable o f  
t a k i n g  con t inuous  c i r c u m f e r e n t i a l  d i r e c t i v i t i e s  o v e r  a 240" range. A lso,  com- 
p l e t e  360" c i r c u m f e r e n t i a l  d i r e c t i v i t i e s  for  o p e r a t i o n  w i t h  t h e  p r o p e l l e r  a x i s  
a t  ang le  o f  a t t a c k  were produced by combining co r respond ing  p o s i t i v e  and nega- 
t i v e  angle o f  a t t a c k  r e s u l t s .  
t i v i  t i e s  were e s s e n t i a l l y  cons tan t  o v e r  t h e  e n t i r e  angu la r  range. 

for 16" ang le  o f  a t t a c k  o p e r a t i o n .  Th is ,  and f o l l o w i n g  c i r c u m f e r e n t i a l  d i r e c -  
t i v i t y  f i g u r e s  a re  o r i e n t e d  such t h a t  t o p  v e r t i c a l ,  l a b e l e d  0". i s  above t h e  
a i r c r a f t .  Again, a p o s i t i v e  p r o p e l l e r  a x i s  ang le  o f  a t t a c k  corresponds t o  t h e  
a i r c r a f t  i n  a c l i m b  c o n d i t i o n .  The r e s u l t s  of f i g u r e  10 a r e  c o n s i s t e n t  with 
those for  t h e  s i d e l i n e  d i r e c t i v i t y  a t  ang le  o f  a t t a c k  i n  f i g u r e  8. 
c i r c u m f e r e n t i a l  d i r e c t i v i t y  BPF, for  z e r o  ang le  o f  a t t a c k  i s  shown as t h e  
dashed cu rve .  The maximum r o t o r - a l o n e  tone l e v e l s  a r e  n e a r l y  below t h e  a i r -  
c r a f t  a t  180". However, t h e  r e p r e s e n t a t i v e  i n t e r a c t i o n  tone (2BPF1 + BPF2) 
shows a minimum below t h e  a i r c r a f t  and a maximum v a l u e  s l i g h t l y  above t h e  h o r i -  
z o n t a l  p l a n e  a t  about  300". The r o t o r - a l o n e  tones v a r y  c i r c u m f e r e n t i a l l y  by 
a lmost  30 dB, w h i l e  t h e  i n t e r a c t i o n  tone  shows about  a 16 dB c i r c u m f e r e n t i a l  
va r  i a t  i on. 

For 0" a n g l e  of  a t t a c k  o p e r a t i o n  t h e  tone d i r e c -  

F i g u r e  10 shows 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 v i t y  i n  t h e  a f t  p r o p e l l e r  p lane  

The u n i f o r m  

S i x t e e n  degrees ang le  o f  a t t a c k  i s  a r a t h e r  severe a i r c r a f t  o p e r a t i o n ;  
however, 8" m igh t  be reasonable expected d u r i n g  t a k e o f f .  F i g u r e  11 shows 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 v i  t i e s  for  t h e  f i r s t  o r d e r  r o t o r - a l o n e  tones and t h e  
2BPF1 + BPF2 i n t e r a c t i o n  tone a t  8" ang le  of a t t a c k .  
t h r e e  a x i a l  l o c a t i o n s :  
stream a x i s ,  t h e  a f t  p r o p e l l e r  p lane ,  and upstream a t  60" from t h e  p r o p e l l e r  
a x i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs .  

Resu l t s  a r e  p resen ted  f o r  
downstream d i r e c t i v i t i e s  a t  124" from t h e  p r o p e l l e r  up- 

The r e l a t i v e  d a t a  t r ends  shown i n  f i g u r e  1 1  are  c o n s i s t e n t  w i t h  t h e  
r e s u l t s  o f  f i g u r e  10. However, t h e  r o t o r - a l o n e  tones s t i l l  c o n t a i n  cons ide r -  
a b l e  a c o u s t i c  energy a t  k30" from t h e  a f t  p r o p e l l e r  p lane .  

The maximum l e v e l  f o r  t h e  a f t  p r o p e l l e r  r o t o r - a l o n e  tone i n  t h e  a f t  pro-  
p e l l e r  p lane  i s  about 138 dB, o c c u r i n g  a t  about 210" ( f i g .  10 (b ) ) .  Th i s  I s  
v e r y  c l o s e  t o  t h e  corresponding 140 dB observed f o r  t h i s  a f t  r o t o r - a l o n e  tone 
a t  16" ang le  o f  a t t a c k  i n  f i g u r e  10. T h i s  r e s u l t  suggests t h a t  t h e  response 
of t h e  a f t  r o t o r - a l o n e  tone to  ang le  o f  a t t a c k  l e v e l s  o u t  beyond 8" ang le  o f  
a t t a c k .  

F i g u r e  12 shows 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 v i t y  o f  f ou r  i n t e r a c t i o n  tones 
a t  t h e  a f t  p r o p e l l e r  p lane  and a t  t h e  upstream p o s i t i o n  60" from t h e  p r o p e l l e r  
a x i s  l o c a t i o n .  
Of t h e  i n t e r a c t i o n  tones presented,  t h e  2BPF1 + BPF2 tone shows t h e  most sensi -  
t i v i t y  t o  ang le  o f  a t t a c k .  The i n t e r a c t i o n  tone l e v e l s  a t  t he  f o r w a r d  l o c a t i o n  
( f i g .  12(b))  a re  g e n e r a l l y  s l i g h t l y  lower  than those a t  t h e  a f t  p r o p e l l e r  
p lane .  

These r e s u l t s  a r e  a l s o  f o r  8" p r o p e l l e r  a x i s  ang le  o f  a t t a c k .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Loading effects. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- In  add i t ion  t o  expected noise level increases with 
loading, it is possible tha t  h igher blade loading may a f fec t  the sensi t iv i ty of 
the noise direct iv i ty t o  ang le  of attack. 
prevented a direct  compar ison  of circumferent ia l  d i rect iv i ty wi th increased 
blade loading a t  the  max imum blade r o w  spacing and ang le  of attack. 

Missing port ions of the  test  da ta  

Therefore,  t he  fo l low ing  approach will be used t o  show the  ef fect  of blade 
loading on circumferential d i rec t i v i t y  a t  ang le  of attack.  First,  t he  a f t  
rotor plane direct iv i t ies a t  the  lower blade angles (36.4"/36.5") and 8" ang le  
of at tack  will be compared f o r  nominal and maximum ro tor  spacing t o  establ ish 
spacing effects. Next, t he  cor respond ing  direct iv i t ies fo r  h igher blade ang les  
(41.1"/39.4"> still a t  max imum ro tor  spacing but a t  16" ang le  o f  at tack  will 
show loading effects. This discussion will show how increased blade loading 
would l ikely produce the  same sensi t iv i ty t o  ang le  of at tack  as was observed 
fo r  l igher loading. 

Figure 13 shows the  circumferent ia l  tone direct iv i ty a t  the  a f t  propel ler  
These resu l ts  a re  plane f o r  8" ang le  of a t tack  and maximum blade row spacing. 

f o r  the  lower, 36.4"/36.5" blade sett ing angles. Figure 13 compares  d i rec t l y  
with f igure  ll(b), which shows the  corresponding resul ts a t  the  nominal b lade 
row spacing. The direct iv i t ies f o r  the  rotor-alone tones a re  essent ia l l y  t he  
same a t  both blade row spacings, al though the  maximum tone levels (at 210") are  
somewhat higher a t  the  nominal spacing. 
direct iv i ty is about 15 d B  lower near the  0" circumferent ia l  posi t ion a t  the  
maximum blade row spacing. 

plane f o r  16" ang le  of at tack  and maximum blade row spacing. These resu l ts  a re  
fo r  the  more highly loaded, 41.1"/39.4" blade sett ing angles.  The resul ts o f  
f igure  14 may be compared with the 16" angle of attack,  36.4'136.5" blade ang le  
resul ts of f igure  10. The rotor-alone direct iv i t ies of f i gu re  14 are  essen- 
t ia l ly  s imi lar  t o  the  corresponding direct iv i t ies of f igure  10, indicat ing that 
blade loading does not seem t o  a f fec t  the rotor-alone direct iv i t ies.  The 
rotor-alone tones in f i gu re  14 show on ly  a small level increase with loading a t  
a = 0" (see dashed curves in figs. 10 and 14) and show about the  same overal l  
sensi t iv i ty t o  ang le  of at tack  (about a 10 d B  increase at 180"). 

The 2BPF1 t BPF2 interact ion tone 

Figure 14 shows the circumferent ia l  tone direct iv i ty a t  the  a f t  propel ler  

The 8" ang le  of at tack  spacing comparison of f igures  ll(b) and 13 sug- 
gested that the  2BPF1 t BPF2 direct iv i ty zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  affected by blade r o w  spacing. The 
16" ang le  of at tack  resul ts of f igures 10 and 14 show a simi lar  spac ing  ef fect ,  
with the  circumferential locat ion of maximum intensi ty moving counter-c lockwise 
about 130" as  the  blade row spacing is increased f rom nominal t o  maximum. 

Aerocoust ic maps. - Figure 15 shows peak tone levels measured along a 
137 cm (54 in.) s idel ine super imposed o n  the propel ler  opera t ing  map of 
f igure 3. 
fundamental  rotor-alone tones. Figure 15(c) shows the maximum s ide l ine  values 
fo r  the f i rs t  interaction tone,  BPFl t BPF2. These resul ts a re  fo r  0" propel- 
ler ax is  angle of attack. 
acoust ic "picture" of the ef fect  of the blade opera t ing  parameters o n  maximum 
tone levels. 

Figures 15(a> and (b> .a re ,  respect ively,  f o r  the forward.and a f t  

The resul ts of f igure  15 resul ts in an  overal l  

Propel ler  r o w  spacing effects. - Figure 16 shows how the  fundamental  
rotor-alone tones and t w o  of the interact ion tones are affected by blade row 
spacing at 0" propel ler  ax is  angle of attack. The def in i t ion of the  "spacing/ 
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chord" parameter was explained ear l ier  under "aerodynamic performance." 
forward propel ler  BPF tone, which is control led by steady loading and thickness 
sources, shows essent ia l ly  n o  spacing effect. The aft propel ler  BPF tone shows 
a s l ight  decrease with blade row spacing, whlch m a y . b e  due  t o  small var iat ions 
in the  a f t  propel ler  loading. 

The 

The interact ion tones d o  show considerable sensi t iv i ty t o  blade r o w  spac- 

The 2BPF1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ BPF2 tone shows an even grea ter  sen- 
ing. 
increases f rom 1.56 t o  3.63. 
si t iv i ty wi th a reduct ion of 10 d B  o v e r  th is  change in blade r o w  spacing. 

The BPFl + BPF2 tone decreases  by about 7 d B  as  the  propel ler  r o w  spacing 

The circumferential d i rect iv i t ies consistent ly showed constant values f o r  
the  various tone orders  a t  0" ang le  of attack. 
ues of f igure  16 should be representa t ive  of the  noise f ie ld.  

Thus, the  max imum s ide l ine  val- 

Reference 6 presents resu l ts  for the  8 + 8 configuration of t he  F7/A7 
model t u rboprop r run  in the NASA Lewis 8- by 6-Foot Wind Tunnel. The  propel ler  
was operated a t  high f l igh t  speed and the  acoust ic effect of the  same blade 
r o w  spacings was reported. A t  0.8 tunnel Mach the  f i rst  interact ion tone 
(BPF1 + BPF2) showed an 8 d B  decrease o v e r  the range of blade r o w  spac ings  - 
essent ia l ly  the  same decrease as  observed a t  0.2 Mach in the  present study. 
Note, tha t  a t  cruise in contrast  t o  takeof f  the overal l  levels of the  interac- 
t ion tones are  down compared t o  the rotor-alone tones. 
cuss  how the  forward rotor v iscous wake and t ip  vort ices might be expected t o  
generate interact ion tones with the downstream propeller. 

References 6 and 7 dis- 

Comparison of the 8 + 8 and 1 1  + 9 configurations. - The F7/A7 counterro- 
tat ion turboprop was f i rs t  run  in the 8 + 8 conf igurat ion.  Increasing and 
mismatching the  blade numbers al lowed for easier acoust ic ana lys is  as  well as  
providing data o n  the  acoust ic effects of loading per blade. 
pares the  sidel ine direct iv i ty measured by the  polar mic rophone (61 c m  (24 in.) 
sidel ine) fo r  the  t w o  conf igurat ions a t  0" ang le  of attack. Data  a re  presented 
fo r  t w o  closely matched blade ang le  configurations wi th respect t o  total stage 
thrust. 

Figure 17 com- 

Figure 17(a) compares the  forward propeller BPF fo r  the t w o  conf igura- 
t ions. There zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  a signi f icant di f ference in blade number ( 8  and 1 1 ) .  The 
11-blade rotor produced the higher thrust  (1681 nt versus 1393 nt) a t  a lower 
blade ang le  (39" versus 41"). The resul ts of 17(a> show that the  eight-blade 
propel ler  was as  much as  13 d B  nois ier  a t  upstream angles. 
higher loading per blade of the  8-blade propel ler  and clear ly shows the  acous- 
t ic  advantage of increased blade number. 

This re la tes  t o  the 

The af t  propel ler  BPF, f igure  17(b) is about the same fo r  the  t w o  propel- 
lers except toward the downstream ax is  where the  nine-blade propel ler  is some- 
what quieter. 
propel ler  thrust  a re  more near ly matched. 

Here the blade numbers (8 and 91, blade sett ing ang les ,  and 

The BPFl + BPF2 interact ion tone, f igure  17(c> is somewhat higher fo r  the 
8 + 8 conf igurat ion o n  ei ther side of the  propel ler  p lane (90"). 
creased propel ler  blade numbers c lear ly have acoust ic benefi ts. In  th is  case 
lower loading per blade on  the  forward rotor decreases interact ion noise. 

Aga in ,  in- 
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Reference 8 presents a discussion o n  the  acous t ic  ef fect  of the number of 
propel ler  blades. 
an  est imate of the strength of the  l'mll harmonic fo r  a propel ler  as  

This reference g ives  the  fo l low ing  Gutin-type ana lys is  f o r  

where m is the order  of the  harmonic,  B is the  number of blades, M t  is the  
blade t i p  rotat ional Mach number, and Jn(X) is a Bessel function of the  f i r s t  
k ind of order  n and argument  x. 

Solv ing this expression fo r  the  fundamental tone, m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 ,  f o r  the  8 and 
11-blade forward propel ler  leads t o  an  expected 6.7 d B  maximum sidel ine noise 
increase fo r  the  eight-bladed propeller. Figure 17(a) shows that the  max imum 
sidel ine BPF tone fo r  the  fo rward  propel ler  was about 7 d B  higher f o r  the  
eight-bladed propel ler ,  which is in excel lent  agreement wi th the theory of 
re fe rence 8. 

Solving this expression fo r  the fundamental  tone fo r  the 8 and 9 blade a f t  
propel ler  leads t o  an  expected 2.2 d B  di f ference in the  maximum sidel ine no ise  
levels fo r  the  t w o  blade numbers. Again,  th is  predict ion is in exce l len t  
agreement with the experimental resul ts of f igure  17(b). 

SUMMARY OF RESULTS 

An advanced counterrotat ion turboprop was acoust ical ly tested in the  NASA 
Lewis 9- by 15-Foot Anechoic Wind Tunnel a t  a s imulated takeoff l landing speed 
of 0.20 Mach. The propel ler  was tested over  a range of blade r o w  spac ings  a t  
f ixed blade angles,  ove r  a range of blade angles at maximum blade r o w  spacing 
and a t  propel ler  axis ang les  of at tack  up t o  k16". 

with f ixed f loor  microphones, a t ranslat ing s idel ine microphone, and with a 
unique polar microphone probe which was f ixed t o  the downstream propel ler  hous- 
ing, and measured both s idel ine and circumferent ia l  noise direct iv i t ies.  The 
fo l low ing  signi f icant resul ts were observed in th is  study: 

Acous t ic  da ta  were taken 

1 .  The f i rs t  o rder  rotor-alone tones (BPF1 and BPF2) dominated the  side- 
l ine direct iv i t ies near the  rotor plane. The interact ion tones (BPF1 + BPF2, 
etc.) show high levels th roughout  the side1 ine direct iv i t ies,  wi th the  h ighes t  
1 eve1 s of ten  observed toward the propel 1 er axi s. 

2. Sample s idel ine direct iv i t ies fo r  the  same propel ler  opera t ing  condi- 
t ions showed excel lent  agreement between the  polar and translat ing mic rophone 
probes. This means that essent ia l ly  far-f ield condi t ions exist  at least down 
t o  the polar probe radius o f  61 cm (24 in.), which i s  o n e  propel ler  d iameter  
f rom the propeller axis.  

3. The sidel ine noise levels f o r  the rotor-alone tones were strongly 
inf luenced by propel ler  ax is  ang le  of attack.  The forward rotor BPF tone 
increased by about 27 d B  over  the range of k16" ang le  of attack,  whi le the  a f t  
rotor BPF varied by about 20 dB. The interact ion tones showed a varied 
response t o  ang le  of attack. 
wi th a circumferential var iat ion of 15 dB at 16" angle of attack. Other  inter- 
act ion tones showed much less sensi t iv i ty t o  angle of attack. 

The 26PF1 + BPF2 tone  showed the most  ef fect ,  

8 



4. The c i r c u m f e r e n t i a l  d i r e c t i v i t i  sh wed maximum rotor- l o n e  t 1 ev- 
e l s  n e a r l y  below t h e  " a i r c r a f t "  f o r  p o s i t i v e  ( c l i m b )  angles o f  a t t a c k .  How- 
ever ,  t h e  i n t e r a c t i o n  tone ( rep resen ted  by 2BPF1 + BPF2) tended t o  have maximum 
l e v e l s  "above t h e  a i r c r a f t "  for  t h e  nominal b lade  row spacing c o n f i g u r a t i o n .  
The l o c a t i o n  o f  maximum i n t e r a c t i o n  tone  l e v e l  moved c i r c u m f e r e n t i a l  l y  w i  t h  
b lade row spacing. 

5. The c i r c u m f e r e n t i a l  d i r e c t i v i t i e s  a s s o c i a t e d  w i t h  t h e  41.1"/39.4" b lade  
angle c o n f i g u r a t i o n  were s i m i l a r  t o  those for  t h e  more 1 i g h t l y - l o a d e d  36.4"/ 
36.5" c o n f i g u r a t i o n ,  i n d i c a t i n g  t h a t  loadlng- induced d i r e c t i v i t y  changes a r e  
n o t  s i g n i f i c a n t  ove r  t h i s  range of b lade  load ings .  

6. The maximum r o t o r - a l o n e  tone l e v e l s  observed 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 v i t i e s  f o r  +8" c l i m b  were n e a r l y  as h i g h  as those observed for  +16" 
c l i m b .  
near t h e  +8" o p e r a t i n g  c o n d i t i o n .  

t h e  2BPF1 + BPF2 tone showing a 10 dB decrease as t h e  spacing was inc reased  
from 3.6 t o  1.6 s p a c i n g / r o t o r  t i p  chord r a t i o .  
showed l i t t l e  s e n s i t i v i t y  t o  spacing, as expected. 

T h i s  suggests t h a t  maximum l e v e l s  o f  p r o p e l l e r  e x c i t a t i o n  were achieved 

7. The I n t e r a c t i o n  tones were c l e a r l y  s e n s i t i v e  to  b lade  row spacing, w i t h  

However, t h e  r o t o r - a l o n e  tones 

8.  There was a no ise  r e d u c t i o n  a s s o c i a t e d  w i t h  i nc reased  b lade  numbers 
(and reduced l o a d i n g  per  b lade)  a t  cons tan t  t h r u s t .  I n  p a r t i c u l a r ,  t h e  f o r w a r d  
rotor BPF tone peak for  t h e  8 + 8 c o n f i g u r a t i o n  was about 7 dB h i g h e r  than  t h e  
corresponding tone peak f o r  t h e  l l - b l a d e  f o r w a r d  rotor o f  t h e  1 1  + 9 c o n f i g u r a -  
t i o n .  L i kew ise ,  t h e  e igh t -b lade  a f t  rotor BPF tone was about  2 dB h i g h e r  than 
t h e  n ine-b lade a f t  rotor BPF tone. 
l e v e l  as a f u n c t i o n  o f  b lade  number showed e x c e l l e n t  agreement w i t h  these  
exper imenta l  r e s u l t s .  

A Gut in - t ype  a n a l y s i s  for  maximum tone  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  - DESIGN CHARACTERISTICS OF F7/A7 
COUNTERROTATION PROPELLER 

Number o f  blades" . . . . . . . . . . . . . . . . . . . . . . . . . 1 1  /9 
Design c r u i s e  Mach number . . . . . . . . . . . . . . . . . . . . . 0.72 
Nominal diameter, cm ( i n . )  . . . . . . . . . . . . 62.2(24.5)/60.7(23.9) 
Nominal design c r u i s e  t i p  speed, m/sec ( f t / s e c )  . . . . . . . . 238(780) 
Nominal design advance r a t i o  . . . . . . . . . . . . . . . . . . . 2.82 
Hub-to-tip ratio . . . . . . . . . . . . . . . . . . . . . . . . . 0.42 
Geometric t i p  sweep, deg . . . . . . . . . . . . . . . . . . . . 34/31 
A c t i v i t y  f a c t o r  . . . . . . . , , . . . . . . . . . . . . . . . . 150/150 
Design power c o e f f i c i e n t  based on annulus area . . . . . . . . . . 4.16 

aFront p r o p e l l e r / r e a r  p r o p e l l e r .  
1 

TABLE 11. - TEST CONDITIONS 

[ A l l  data  taken a t  0.20 tunnel  Mach.] 

spacing design speed 

36.4'136.5" Nominal 0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28", 216" 70 + 90 
36.4'136.5" 70 + 90 



F I G U R E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. - PHOTOGRAPH OF THE UDF COUNTER-ROTATING TURBOPROP MODEL I N  THE 9x15 ANECHOIC 
WIND TUNNEL. 
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I 1  I 
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0 1 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 4 5 
FREQUENCY, KHz 

90 

FIGURE 4. - TYPICAL SPL SPECTRUM FOR THE F7/A7 11x9 TURBO- 
PROP, DATA IS FOR THE FIXED FLOOR MICROPHONE I N  THE 

36.5', NOMINAL BLADE SPACING. 1 
PROPELLER PLANE. (90 PERCENT SPD. a = oo, B = 3 6 . ~ ~ 1  
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130 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1 W  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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130 
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m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

; 110 
UY 

100 

9 0  

130 r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe = i i o o  
I I I I 
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110 

100 

e = i 5 0 °  
I I I I 

0 4 8 12 16 20 

I e = 900 (PROPELLER PLANE) 
I I I I I 
4 8 12 16 20 90 

0 
FREQUENCY, KHZ 

FIGURE 5 .  - SPL SPECTRA AT SEVERAL SIDELINE POSITIONS FOR THE F7/A7 11x9 TURBOPROP. DATA ARE FOR THE FIXED 
FLOOR-MUNTED MICROPHONES. (90 PERCENT SPD. a = oo. B = 36 .4° /36 .50 ,  NOMINAL BLADE SPACING.) 
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TONE ORDER 
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16 

ANGLE OF ATTACK, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DEG I 

1 4 0  

120 

100 
(A)  BPFl TONE (ROTOR ALONE). 

1 4 0  

120 

- 100 

a 1 4 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

120 

100 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(B) BPF2 TONE (ROTOR ALONE). 

- 

I I I I 
(C) BPF1 + BPF2 TONE (INTERACTION). 

lq0 r 

ANGLE FROM PROPELLER UPSTREAM AXIS 

(D) 2 BPF1 + BPFz TONE (INTERACTION). 

FIGURE 8. - TONE DIRECTIVITY ALONG A 61-CM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 k I N . )  SIDE- 
L I N E  FOR SEVERAL PROPELLER AXIS ANGLES OF ATTACK. 
(90 PERCENT SPD, B1/B2 = 36.4'/36.5'. NOMINAL SPACING, 
M,= 0.2. CENTERED ON AFT PROPELLER PLANE.) 



} ROTOR ALONE 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

270' 

I I 

TONE ORDER 

a = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo0 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10. - CIRCUMFERENTIAL TONE DIRECTIVITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAT THE AFT PROPELLER 
PLANE FOR a = 16'. (90 PERCENT SPD, B, = 36.4O/36.5O. NOMINAL 
SPACING, M o o =  0.2.) 
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270'- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA00 

900 

ORDER 

+ BPF2 

(A) 124' FROM INLET AXIS RELATIVE TO AFT PROPELLER PLANE. 
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1;oo 

(B) AFT ROTOR PLANE. 
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- 900 

1 A00 

FIGURE 11. - CIRCUMFERENTIAL TONE DIRECTIVITY FOR a = 8O. 
(90 PERCENT SPD, B1/B2 = 36.4°/36.50. NOMINAL SPACING. 
M,= 0.2.) 
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270'- 

0' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

TONE ORDER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 BPF1 + BPF2 

2BPF1 + BPF2 
BPFl + 2BPF2 
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do '  
(A )  AFT PROPELLER PLANE. 

270'- 

d o 0  

(B) 60' FROM PROPELLER INLET A X I S  RELATIVE TO AFT PROPELLER 
PLANE. 

FIGURE 12. - CIRCUMFERENTIAL INTERACTION TONE DIRECTIVITY FOR 
a = 8'. (90 PERCENT SPD, M, = 0.2.) 
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270' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

0' 
TONE ORDER 

0 BPF, 
BPF; 
2BPF1 + BPF2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

'I 90' 

I 

180' 

FIGURE 13. - CIRCUMFERENTIAL TONE DIRECTIVITY AT THE AFT PROPELLER 
PLANE FOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ = 8' (90 PERCENT SPD, B1/B2 = 36.4'/36.5. MAXIMUM 
SPACING). 

0' e 
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270' - 

TONE ORDER 

BPF 1 
BPF2 
2BPF1 + BPF2 
REF. BPFl FOR a 

90' 

I 

180' 

FIGURE 14. - CIRCUMFERENTIAL TONE DIRECTIVITY AT THE AFT PROPELLER PLANE 
FOR a = 16' (90 PERCENT SPD, B1/B2 = 41.1'/39.4', MAXIMUM SPACING). 
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1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

B1/B2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- MAXIMUM BPF1 TON 

(A) FORWARD PROPELLER MAXIMUM BPF TONE. 
- 

MAXIMUM BPF2 TONE. SPL, dB  105 - 
I 

(B) AFT PROPELLER MAXIMUM BPF TONE. 
- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1 0  - - 
FlAXIMUM BPFl + BPF2 TONE. SPL. dB 

, .90 .95 1.00 1.05 1.10 1.15 

J 1  
(C) MAXIMUM BPFl + BPF2 INTERACTION TONE. 

FIGURE 15. - MAXIMUM TONE LEVELS ALONG A 137-CM (54-IN.) 
SIDELINE SUPERIMPOSED ON THE PROPELLER OPERTING RAP 
(a = oo, M,= 0.2, RAXIMUM BLADE SPACING). 
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SPACING/CHORD 
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FIGURE 16. - EFFECT OF PROPELLER BLADE ROW SPACING ON RAXIf lUfl  
TONE LEVELS ALONG A 137-CM (54-IN.) SIDELINE. (90 PERCENT 

SPD, B1/B2 = 36.4'/36.5', a = O o . )  
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CONFIG- J1 Cpl THRUST1. B1, 
URATION N DEG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 + 8 0.864 0.965 1393 41.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 11 + 9 ,865 ,937 1681 39.0 

140 

Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
100 ! 

(B) BPF2. 

CONFIG- PQATI TOTAL Bl/B2, I URATION THRUST. DEG 
N 

0 8 + 8 3.147 3029 41.8/38.4 
0 11 + 9 3.135 3327 39.0/38.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

120 
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