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ABSTRACT 

A six-foot-diameter low-speed f a n  designed f o r  low-noise production 

was t e s t e d  t o  provide data  on noise generat ion,  suppression e f f e c t s  of 

acous t i c  t reatment,  and exhaust j e t  noise .  Prel iminary r e s u l t  s showed 

t h a t  t h e  o v e r a l l  noise  varied with t h e  5.5 power of t h e  f a n  speed but was 

independent of blade loading obtained by varying back pressure a t  constant  

speed. The low-velocity j e t  from t h e  fan  produced noise  t h a t  followed t h e  

e ighth  power law and was lower than predic ted  by ext rapola t ion  of t h e  SAE 

curve. Modifying t h e  SAE method t o  e l iminate  t h e  e f f e c t s  of j e t  dens i ty  
- .  
& a t l y  improved t h e  agreement between p red ic t ion  and da ta .  

INTRODUCTION 

This paper d iscusses  some r e s u l t s  of recent  research  on f a n  and j e t  

noise  a t  t h e  Lewis Research Center of t h e  NASA. These r e s u l t s  were obtained 

from on-going programs which a r e  not yet complete. As a consequence, t h i s  

paper w i l l  not give complete s t o r i e s  o r  f i n a l  conclusions. Rather, t h i s  

paper i s  an intermediate progress r epor t  on se lec ted  por t ions  of t h e  program, 

Spec i f i ca l ly ,  the  t o p i c s  t o  be covered a re :  t h e  generat ion of noise  by 

l a r g e ,  low-speed fans ;  t h e  suppression of f a n  noise by acoust ic  t reatment;  

and t h e  production of noise by t h e  discharge j e t  from a l a rge ,  low-pressme- 

r a t i o  f a n  + 
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FAN NOISE GENERATION 

The f a c i l i t y  used f o r  conducting research with f u l l - s c a l e  f a n s  i s  

shown i n  f i g u r e  1. The f a n  i s  mounted i n  a  b o i l e r - p l a t e  nace l l e  whose 

proport ions can be adjus ted  t o  accommodate various f a n  arrangements, 

various duct lengths,  and acoust ic  t reatment.  The f a n  i s  dr iven by a 

d r ive  s h a f t  which i s  connected through gears t o  t h e  d r ive  motors of a  

l a r g e  wind tunnel .  The nace l l e  i s  mounted on a t a l l  concrete pylon and 

t h e  surrounding ground i s  paved t o  promote r e p r o d u c i b i l i t y  of acoust ic  

measurements . 
The p a r t i c u l a r  f a n  t h a t  produced t h e  da ta  t o  be discussed here  i s  

shown i n  f i g u r e  2. Sa l i en t  c h a r a c t e r i s t i c s  of t h e  f a n  a r e  l i s t e d  i n  

f i g u r e  3. The low t i p  speed of 1107 f e e t  per  second was chosen f o r  low- 

noise production. Rotor and s t a t o r  blade numbers were chosen t o  minimize 

t h e  production of sound i n  t h e  r o t a t i n g  modes. The s t a t o r  was spaced 3.7 

r o t o r  chord l eng ths  behind t h e  r o t o r  t o  reduce i n t e r a c t i o n  no i se .  

L i s t ene r s  r epor t  t h r e e  types  of noises  from t h e  fan:  a broadband 

random noise; d i s c r e t e  tones; and buzzsaw o r  mul t ip le  p w e  tones .  Narrow- 

band spect ra  i l l u s t r a t i n g  t h e s e  t h r e e  noises  a r e  shown i n  f i g u r e  4 .  The 

microphone was located  i n  f r o n t  of t h e  i n l e t  and t e n  degrees o f f  t h e  axis ;  

t h e  analyzer  bandwidth was 10  Hz. Spectra a r e  shown f o r  t h e  f a n  with th ree  

d i f f e r e n t  discharge nozzle a reas  corresponding t o  t h r e e  d i f f e r e n t  blade 

loadings  a s  obtained by varying back pressure a t  90 percent speed. Discrete 

s p e c t r a l  spikes a r e  seen r i s i n g  above t h e  random broadband noise;  t h e s e  peaks 

a r e  a t  t h e  fundamental and harmonics of t h e  blade passing frequency. With 

t h e  intermediate-sized nozzle, a  jumble of s p e c t r a l  l i n e s  i s  evident  toward 
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the  low-frequency end of the  spectrum; these  make up t h e  mult iple pure tone  

o r  "buzzsaw" no i se .  It i s  i n t e r e s t i n g  t o  note t h a t  t h e  mult iple pure tones  

a r e  most prominent a t  an intermediate nozzle s i z e  and a r e  l e s s  evident  with 

t h e  l a r g e r  o r  smaller  nozzles.  It i s  c l e a r ,  t he re fo re ,  t h a t  t h e  r e l a t i v e  

importance of t h e  t h r e e  noises depend upon t h e  operat ing condit ions of t h e  

f a n .  

The acous t i c  power i n  t h e  t h r e e  c l a s s e s  of broadband, blade passing 

tones,  and mul t ip le  pure tones can be determined by inspection and in tegra-  

t i o n  of spec t ra  such a s  those  shown i n  f i g u r e  4. The polar  d i s t r i b u t i o n  of 

blade passing tones  and broadband noise a r e  shown i n  f i g u r e  5. The blade 

passing tones  a r e  dominant ahead of the  f an  and t h e  broadband noise i s  

dominant behind t h e  f a n .  A t  t h e  condit ions of t h i s  t e s t  t h e  mul t ip le  pure 

tones were very low. 

The t o t a l  acous t i c  power can be obtained by in teg ra t ing  the  sound f i e l d  

around t h e  f a n .  Resu l t s  of such an in teg ra t ion  a r e  shown i n  f i g u r e  6 which 

shows t h e  t o t a l  acous t i c  power a s  a  funct ion  of discharge nozzle a r e a  a t  

90 percent  design speed. The v a r i a t i o n  of nozzle a rea  causes a  v a r i a t i o n  of 

s tage  opera t ing  po in t ,  l a r g e  a rea  corresponds t o  l i g h t  blade loading and 

small a r e a  corresponds t o  heavy blade loading.  The broadband acoust ic  power 

i s  almost independent of operat ing point  i n  t h e s e  t e s t s .  The acoust ic  power 

i n  the  blade pass ing tones a r e  weakly dependent on operating-point blade load- 

ing and have a poor ly  defined minimum a t  t h e  intermediate nozzle s i z e .  The 

acoust ic  power i n  t h e  mult iple pure tones  i s  extremely s e n s i t i v e  t o  operat ing- 

point  blade loading and nea r ly  reaches t h e  value of the  blade passing tones  
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3% the  intermediate nozzle s i z e .  The o v e r a l l  noise power i s  near ly  indepen- 

dent of operat ing-point  blade loading because t h e  broadband noise  i s  domi- 

nant .  This  conclusion might not apply t o  high-speed, close-spaced, o r  mult i-  

s tage  f a n s .  

The e f f e c t s  of f a n  r o t a t i v e  speed on f a n  noise  a r e  shown i n  f i g u r e  7. 

The broadband sound power r i s e s  r a p i d l y  with f an  speed; approximately as t h e  

4,5 power of t h e  speed. The blade passing tone  noises  a l s o  r i s e s  r a p i d l y  

with speed, but passes through a maximum and f a l l s  s l i g h t l y  a t  t h e  h ighes t  

speed t e s t e d .  The mul t ip le  pure tones  a r e  very low a t  low f a n  speeds but  

r i s e  a t  an extremely rapid  r a t e  a s  t h e  t i p  speed approaches t h e  speed of 

sound, and exceeds t h e  blade passing tones  a t  t h e  h ighes t  speed. The over- 

a l l  noise  i s  dominated by t h e  broadband noise a t  t h e  lower speeds, and v a r i e s  

approx imte ly  wi th  t h e  5.5 power of t h e  f a n  speed. Tkis conclusion may not 

hold f o r  higher speed fans  o r  f o r  f a n s  of d i f f e r e n t  design.  

The preceeding r e s u l t s  showing small e f f e c t s  of operating-point blade 

loading and l a r g e  e f f e c t s  of f a n  speed on noise discourage somewhat t h e  

prospects  of t r a d i n g  low-blade loading f o r  high-fan speed t o  obta in  low 

noise .  The r e s u l t s  presented here a r e  prel iminary and f u r t h e r  research  now 

i n  progress may give d i f f e r e n t  r e s u l t s .  

Perceived noise  l e v e l s  were computed from s p e c t r a l  da ta  and adjus ted  f o r  

d is tance  t o  corresponding pos i t ions  along a s i d e l i n e  1000 f e e t  from and par-  

a l l e l  t o  t h e  f a n  a x i s .  Resul ts  a re  shown i n  f i g u r e  8. The noise l e v e l s  a r e  

very  low, and if 6 PNdB were added t o  correspond t o  a four-engine t r a n s p o r t ,  

t h e  values a r e  below t h e  FAA c e i l i n g  of 108 PNdB. 
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ACOUSTIC TITEATMEBIT 

Even lower noise l e v e l s  can be reached by adding acoust ic  absorption 

a t  t h e  f a n  i n l e t  and o u t l e t ,  Successful reductions of t h e  noise of two- 

s tage  f a n  engines were demonstrated by McDonnell-Douglas and Boeing under 

con t rac t s  with N A S A . ~  Zero t o  modest performance and weight p e n a l t i e s  

were incurred.  The Lewis Research Center conducted f u r t h e r  t e s t s  with t h e  

s ingle-s tage ,  low-pressure-ratio f a n  and t e s t  f a c i l i t y  described e a r l i e r  t o  

determine t h e  af fec t iveness  of acoust ic  treatment i n  t h e  i n l e t  and discharge,  

Figure 9 shows t h e  i n l e t  treatment which cons i s t s  of honeycomb-backed per-  

fo ra ted  p l a t e s  covering t h e  wa l l s  of t h e  i n l e t  duct and a l l  surfaces  of t h e  

t h r e e  s p l i t t e r  r i n g s .  Figure 1 0  gives d e t a i l s  of t h e  treatments of t h e  

i n l e t  and discharge duct s . 
Spectra of t h e  noises a t  peak angle a t  take-off speed (90 percent de- 

s ign)  from t h e  f r o n t  and r e a r  of t h e  f a n  a re  shown with and without t r e a t -  

ment i n  f i g u r e  11. Large reductions i n  t h e  blade-passing noise and the  

broadband noises  were obtained. The i n l e t  noise was reduced 15 PNdB and 

t h e  discharge noise was reduced 12 PNdB. 

JET NOISE 

A f a n  discharges a large ,  low-velocity, cold j e t .  The mixing of t h i s  

j e t  with t h e  surrounding atmosphere generates noise ex te rna l  t o  the  nacel le .  

This noise can be higher than f a n  noise radia ted  from t r u l y  quie t  f a n  i n s t a l -  

l a t i o n s .  Thus, t h e  j e t  noise represen t s  a p r a c t i c a l  f l o o r  below which it i s  

extremely d i f f i c u l t  t o  go. I n  many V/STOL a i rp lane  designs, t h i s  noise f l o o r  

'NASA Acoustical ly Treated Nacelle Program, NASA SF-220, October, 1969~ 
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i s  g rea te r  than the  desired noise l eve l .  Accurate est imates of t he  low- 

ve loc i ty  j e t  noise f l o o r  a r e  important i n  these  cases .  The fu l l - s ca l e  fan  

experiments described e a r l i e r  provide new data  on low-velocity j e t  noise .  

A spectrum of noise measured behind the  fan  with acoust ic  treatment i n  

the  nacel le  i s  shown i n  f i gu re  12.  An estimated spectrum of j e t  noise2 has 

been adjusted t o  t h e  l e v e l  of the  data and p lo t t ed  i n  t h e  f igure .  The ob- 

served spectrum f a l l s  above t h e  adjusted j e t  spectrum a t  frequencies above 

1000 Hz. It was assumed t h a t  t he  noise below 1000 Hz i s  j e t  noise and t h e  

higher frequency noise i s  broadband noise f r o m t h e  fan .  

The low-frequency sound i n t e n s i t i e s  i n  t he  r e a r  hemisphere were i n t e -  

grated t o  obta in  t o t a l  j e t  sound power in  watts .  This power i s  p lo t t ed  a s  

a  function of the  L igh th i l l  parameter i n  f igure  13.  The L igh th i l l  parameter 

i s  proport ional  t o  t he  densi ty  of t he  surrounding a i r ,  p ; t h e  area of t he  
0 

j e t ,  A; t h e  ve loc i ty  of the  j e t ,  V; and inversely  proport ional  t o  t he  speed 

of sound i n  t he  surrounding a i r ,  a  . A s t r a i gh t  l i n e  with a  slope of un i ty  
0 

f i t s  t he  data  very wel l  indicat ing t h a t  t he  eighth power law holds. 

This r e s u l t  i s  c o n t r a r y t o  some widely known experiences with complete 

j e t  engines. A t  i d l e  power se t t ings ,  t he  j e t  ve loc i t i e s  a r e  low and t h e  

observed noises a r e  higher than would be expected from an eighth power ex- 

t r apo la t ion  of noise a t  high j e t  ve loc i t i e s .  The measured engine noises a t  

low j e t  ve loc i t i e s  may be higher than the  j e t  noise because of other noises 

such a s  t h e  f a n  noise discussed e a r l i e r ,  turbine  noises, combustion noises,  

and t a i l p i p e  obstruction noises.  For t he  present  data,  the  acoustic t r e a t -  

* je t  Noise Predict ion,  SAE AIR 886, 1965. 
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ment probably reduced t h e  i n t e r n a l l y  generated noise so t h a t  t h e  r e s u l t s  

shown are  representa t ive  of j e t  noise only. 

Another discrepancy may be t h e  e f f e c t s  of j e t  temperature on noise .  

The SAE predic t ion formula assumes t h a t  t h e  j e t  noise i s  proport ional  t o  

t h e  j e t  densi ty  squared. This assumption i s  open t o  doubt a s  can be seen 

by comparing data  between cold j e t s  and hot  engines i n  f igure  14. This 

s l i d e ,  which is 15  years old, shows t o t a l  acoust ic  power i n  wat ts  a s  a 

funct ion of t h e  L i g h t h i l l  parameter. 

Data from small cold a i r  j e t s  a t  low v e l o c i t i e s  cor re la te  we l l  with 

t h e  d a t a  from nonafterburning turbo j e t  engines when p l o t t e d  t h i s  way. 

The slope of t h e  cor re la t ing  l i n e  i s  un i ty  ind ica t ing  t h a t  t h e  e ighth  

power law represents  t h e  data .  Also t h e  dens i ty  and speed of sound i n  

t h e  surrounding medium were used t o  obtain t h i s  co r re la t ion .  

2 
The SAE cor re la t ion  curve was modified i n  f i g u r e  15  assuming t h a t  

noise power i s  proport ional  t o  atmospheric densi ty .  The SAE curve was 

obtained from d a t a  on hot engines. We guess t h a t  t h i s  temperature aver- 

aged 2.5 times t h e  atmospheric temperature. This change lowers t h e  SAE 

curve 8 decibels .  The ext rapola t ion of t h e  SAE cume now f i t s  t h e  data  

t h a t  were previously shown i n  f i g u r e  13. 

The foregoing ana lys i s  and da ta  seem t o  rea f f i rm the  15-year-old con- 

clusion t h a t  low-velocity j e t  noise i s  proport ional  t o  eighth power of t h e  

j e t  ve loci ty ;  d i r e c t l y  proport ional  t o  t h e  dens i ty  of t h e  surrounding a t -  

mosphere, and independent of t h e  j e t  temperature. 
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CONCLUDING EiEMARKS 

Experiments with a l a rge ,  low-speed f a n  designed f o r  low-noise pro- 

duction showed t h a t  t h e  broadband noise  dominated t h e  sound f i e l d  a t  most 

speeds. This  broadband noise,  and t h e  o v e r a l l  noise were n e a r l y  indepen- 

dent of blade loading a s  obtained by varying operat ing point  at  f i x e d  speed. 

The o v e r a l l  noise var ied  with approximately t h e  5.5 power of t h e  f a n  speed. 

The no i se  l e v e l  of  t h e  f a n  i s  lower than t h e  FAA requirements f o r  l a r g e  

a i r p l a n e s  , and acous t i c  t reatment produced f u r t h e r  l a r g e  reduct  ions  i n  

noise  l e v e l s .  The low-veloci ty j e t  from t h e  f a n  produced noise  according 

t o  t h e  e igh th  power law, and i s  lower than would be predic ted  by extrapola-  

t i o n  of t h e  SAE predic t ion  curve. Modifying t h e  SAE method by e l iminat ing  

t h e  e f f e c t s  of j e t  dens i ty  g r e a t l y  improved t h e  agreement between t h e  pre-  

d i c t i o n  and t h e  da ta .  



Figure 1. - Fan assembly installed i n  test facility. 

Figure 2. - In le t  face of rotor i n  fan assembly. 



FAN PRESSURE RATIO 1. 5 

ROTOR TIP DIAMETER, IN. 72 

NOMINAL THRUST, LB 24 000 

ROTOR TIP SPEED, FTlSEC 1107 

NUMBER OF ROTOR BLADES 53 
NUMBER OF STATOR BLADES 1 12 

ROTOR-STATOR SPACING IN ROTOR CHORDS 3.7 

Figure 3. - Fan design characteristics. 

+ (A) 97 PERCENT NOZZLE. 

FREQUENCY IN KHz 
(C) 124 PERCENT NOZZLE. 

Figure 4. - Fan spectra at 90 percent speed. 
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Figure 5. - Azimuthal d ist r ibut ion of sound pressure level at 90 percent 
speed for  broad-band and blade-passage tone noises. 
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F igure  6. - Effect of loading o n  total noise at 90 percent 
of design speed. 
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F igure  7. - Effect of speed o n  forward-radiated noise w i t h  
110 percent  of design exhaust  nozzle area. 
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dB 
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F igure  8. - Perceived noise at 90 percent  speed o n  a 
paral lel  l i n e  1000 feet f r o m  f a n  axis. 



Figure 9. - Inlet duct with acoustic treatment. 

Figure 10. - Details of treatment. 
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F igure  11, - Noise spectra at takeoff speed w i t h  and 
w i thou t  acoustic t rea tment  
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F igure  12, - Spectrum of f an  discharge noise. 
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Figure 13. - Low velocity jet noise. 
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Figure 14. - Sound power as a funct ion of L ighthi l l  parameter. 
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F i g u r e  15. - Jet sound  p ressure  level. 


