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EXPERIMENTAL - _ I _ _ _ ~  AND THEORETICAL STUDIES OF SUBSONIC FAN NOISE 

Summary 

The present  report  describes an experimental and theoretical study carried 
o u t  t o  investigate mechanisms of inlet  radiated  noise from a subsonic, h i g h  
performance, single  stage  aircraft  engine fan.  The fan i s  designed t o  oper- 
a te  a t  transonic speeds b u t  only  subsonic  operation was studied. The fan has 
no in le t  guide vanes  and the  outlet   (stator) guide vanes are well separated 
(by 1.27 true ro tor  chords) from the  rotor. The fan has 44 rotor blades and 
86 outlet  guide  vanes. Wi th  th i s  vane blade rat io  and the use of large rotor- 
stator  separation, i t  i s  believed t h a t  the  study focused primarily on isolated, 
subsonic rotor noise mechanisms as  far  as  inlet  radiated  noise was concerned. 

The experiments  involved  varying the fan t i p  speed (three subsonic t i p  
speeds were studied) and also a t  each t i p  speed varying the flow to  the fan 
(two flows a t  each t i p  speed were studied). In addition a t  each t i p  speed/ 
flow sett ing,  we attempted t o  alter  the  character of the  inlet  turbulence 
impinging on the rotor  by the use of  three  turbulence producing grids designed 
to  create  different  ratios of length  scale of in le t  turbulence t o  ro tor  pitch. 

Measurements included f a r  field  acoustics ( i n  the GE anechoic chamber a t  
Schenectady, N .  Y .  ) , mapping o f  the time averaged inlet   to ta l  pressure  pattern 
and radial mapping of the  inlet  turbulence i n  intensity and scale. 

The anechoic chamber  employed f o r  these  studies draws a i r  from a l l  i t s  
walls  except  the wall from  which the  inlet duct  protrudes ( i t  i s  designed t o  
provide a ''porous" box type in le t  environment). No measurable stationary 
variation of  t o t a l  pressure was detected by  us t o  an accurac of  0.01 psi 
d u r i n g  the  course of  the  study. Turbulence intensit ies (rms r of  order 5 - 7% 
i n  the  casing boundary layer and o f  order 1 t o  2% mid-stream were  measured 
w i t h  a clean  inlet.  Introduction of grids  served t o  produce relatively more 
uniform intensity  profiles. W i t h  a clean in l e t  (no grids)  integral  length 
scales vary ( w i t h  radius) from about one t o  four times the  rotor  pitch. 
Again, grids produce much  more uniform length  scales  (radially) w i t h  integral 
scales approximately ha l f  the g r i d  mesh size. The clean in le t   fa r   f ie ld  
acoustic power level (PWL) spectra  exhibit sharp peaks a t  the f i r s t ,  second 
and third harmonics of  blade  passing  frequency a t  the  larger flow coefficient 
for a l l  t i p  speeds. The effect  of the  grids a t  the  larger flow coefficient 
i s  t o  broaden the PWL spectra without  significantly changing the tone levels. 

An unexpected acoustic phenomenon was observed for   a l l  t i p  speeds a t  the 
reduced flow coefficient and w i t h  the  clean in l e t  as well as w i t h  the  grids. 
The fan operated i n  a stable  fashion (no surge) b u t  the fa r   f ie ld  PWL spectra 
were now dominated by the appearance of  large amounts of relatively broad band 
energy a t  about one ha l f  and one and one-half times the  blade  passing  fre- 
quency.  In addition  there was a  general  increase of  acoustic energy i n  a l l  
frequency bands w i t h  decreased  flow. 

We carried o u t  a theoretical  analysis for the  estimation o f  noise gen- 
erated due t o  the  interaction of  inlet   distortion  or  inlet  turbulence w i t h  
an isolated,  subsonic  rotor.  Basically  the procedure i s  a systematic second 
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order   t rea tment   o f   th is   p rob lem  where in  we account fo r   the   no ise   genera ted   by  
q u a d r u p o l e   s t r e s s   f i e l d s   a n d   a l s o   a c c o u n t   f o r   t h e   d i f f r a c t i o n   o r   s c a t t e r i n g  
o f  these  source   f ie lds   by   the   ro to r   b lades .  Comparisons wi th   tone  data  pre-  
v i o u s l y   o b t a i n e d   a t  NASA, Lewis  suggested  several   ref inements  to  the  analysis 
wh ich   a re   descr ibed.   F ina l l y   a t tempts   to   p red ic t   the   comple te  PWL spectrum 
data  obtained  dur ing  the  course o f   t h e   s t u d y   m o t i v a t e d  a f u r t h e r   e x t e n s i o n   t o  
t h e   t h e o r y   i n v o l v i n g   i t s   e x t e n s i o n   t o   a n i s o t r o p i c   t u r b u l e n c e   i m p i n g i n g  on t h e  
ro to r ,   t he   an i so t ropy   be ing  due t o   d i s t o r t i o n   o f   i s o t r o p i c   t u r b u l e n c e  due t o  
i t s   i n g e s t i o n   i n t o   t h e   f a n   i n l e t .  The a n a l y s i s   i n   t h i s   f i n a l   f o r m  does a 
f a i r   j o b   w i t h  one e x c e p t i o n   o f   p r e d i c t i n g   b o t h   o u r  own data and t h e   p r e v i o u s l y  
mentioned  tone 1 eve1  data o f  NASA Lewis , as  a f u n c t i o n   o f   f a n   t i p  speed  and 
p ressu re   ra t i o .  No exp lanat ion  emerges f o r   t h e   l a r g e   i n c r e a s e s   i n   n o i s e   a t  4 
and 1% t imes  blade  passing  frequency  observed i n   t h e   s t u d y .  Those increases 
appear t o  be r e l a t e d   t o  some form o f   p r e s t a l l  phenomenon (the  compressor  f low 
i t s e l f  was s t a b l e   a t   t h i s   c o n d i t i o n ) .  
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PART I: EXPERIMENTAL  STUDIES 

I n t r o d u c t i o n  

C o n s i d e r a b l e   i n t e r e s t   e x i s t s   i n   t h e   a i r c r a f t   n o i s e   a r e a   i n   t h e   p r o b l e m  
o f   n o i s e  mechanisms o f  an i so la ted ,   subson ic   ro to r .  The m o t i v a t i o n   f o r   t h e  
i n t e r e s t   a r i s e s   f o r  two  reasons. F i r s t l y  even  though  transonic  fans  are 
employed i n   c u r r e n t   a i r c r a f t   a p p l i c a t i o n s ,   a p p r o a c h   o p e r a t i o n   o f   t h e s e   f a n s  
genera l l y   occu rs   a t   abou t  60% o f  design  speed a t  w h i c h   c o n d i t i o n   t h e   t i p  
speeds are  subsonic  being o f   o r d e r  900 f e e t   p e r  second.  Secondly,  thanks t o  
t h e   s t u d i e s   o f   T y l e r  and S o f r i n  [I]  and  innumerable  studies on e f f e c t   o f  
ro to r - s ta to r   spac ing ,   e t c .  on t h e   f a n   n o i s e   ( c f .  e.g. S o f r i n  and McCann [21 ) ,  
we now  know several  techniques o f   m i n i m i z i n g   r o t o r - s t a t o r   i n t e r a c t i o n   n o i s e .  
These i n c l u d e   s e l e c t i o n   o f   v a n e / b l a d e   r a t i o ,  employment o f   l a r g e   a x i a l  sepa- 
r a t i o n  between t h e   r o t o r  and s t a t o r ,   e l i m i n a t i o n   o f   i n l e t   g u i d e  vanes, e t c .  
A lso   as   fa r  as i n l e t   r a d i a t e d   n o i s e   i s  concerned,  one  surmises t h a t   w i t h   t h e  
l a r g e   a x i a l   s e p a r a t i o n   c a u s i n g   r o t o r - s t a t o r   i n t e r a c t i o n   n o i s e   t o  be generated 
p r i m a r i l y   a t   t h e   o u t l e t   g u i d e  vanes ( i n   conven t iona l   j a rgon ,   t he   "po ten t i a l  
i n t e r a c t i o n "   e f f e c t  due t o   t h e   o u t l e t   g u i d e  vanes  on t h e   r o t o r   o u g h t   t o  be 
smal l ) ,   the   h igh ly   s taggered  ro to r   b lades   car ry ing   near   son ic   ve loc i ty   f low 
r e l a t i v e   t o   t h e m s e l v e s   o u g h t   t o  be q u i t e   e f f e c t i v e   i n   i m p e d i n g   t h e  upward 
propagat ion o f  such no ise   i n to   t he   f o rward   quadran t .   Pu t t i ng   t hese   f ac ts   t o -  
gether,  one i s  tempted t o   r e g a r d   i n l e t   r a d i a t e d   f a n   n o i s e   f r o m  such a i r c r a f t  
fans a t  subsonic t i p  speeds  as p r i m a r i l y   n o i s e   f r o m  an i s o l a t e d   r o t o r  embedded 
i n   t h e   e n g i n e   d u c t .  

The mechanisms by  which  such a ro to r   m igh t   genera te   no ise  were f i r s t  
g iven  by  Shar land [31 who c l a s s i f i e d  them  as  due to   vor tex  shedding,  due t o  
tu rbu len t   boundary   layers  on the  blades and f i n a l l y  due t o   i n t e r a c t i o n   o f   t h e  
rotor   wi th   upst ream  f low  inhomogenei t ies  such as i n l e t   t u r b u l e n c e   o r   d i s t o r -  
t ion.   Furthermore  exper iments  by  Shar land  himsel f   and  order  of   magnitude 
es t ima tes   o f   t hese  mechanisms s u g g e s t s   t h a t   t h e   l a s t   o f   t h e s e   t h r e e  mechanisms 
i s   t h e  dominant one fo r   no i se   f rom we1 1 designed  fans. 

A c c e p t i n g   t h e   i n t e r a c t i o n   o f  an in f low  inhomogene i ty   w i th  an i s o l a t e d  
r o t o r  as a ma jo r   con t r i bu to r   t o   subson ic   f an   no i se ,  an impor tant   quest ion 
a r i ses  as t o  how t h i s   n o i s e  mechanism v a r i e s   w i t h   r o t o r   t i p  speed  and the  
load ing  on t h e   r o t o r  and a l s o   t o  what  extent i t  can be a f f e c t e d   b y   d e l i b e r a t e l y  
c r e a t i n g   d i f f e r e n t   t y p e s   o f   i n l e t   t u r b u l e n c e   i m p i n g i n g  on t h e   r o t o r .  The pre-  
sent  program was under taken  w i th   these  ob jec t ives  and a l s o   w i t h   t h e   o b j e c t i v e  
o f   c a r r y i n g   o u t   s u f f i c i e n t  aerodynamic  measurements i n   f r o n t   o f   t h e   r o t o r   f o r  
each c o n f i g u r a t i o n ,   t i p  speed  and f l o w   c o e f f i c i e n t  so t h a t   ( i n   P a r t   1 1 )  
t h e o r e t i c a l   p r e d i c t i o n s   c o u l d  be at tempted  for   purposes  o f   compar ison  wi th  
data . 

R. E. Sheer,  Ralph  Gunst, R. Otten, R. Warren,  and Dr.  James Wang prov ided 
va luable  ass is tance  dur ing  the  course  o f   the  exper imenta l   s tudy.   Ivan H. 
E d e l f e l t   h e l p e d   c o n s i d e r a b l y   i n  programming the   ca l cu la t i ons .  
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Experimental  Program 

The pr imary   ob jec t ives   o f   the   p rogram  were :  

1) Assessment o f   t h e   c o n t r i b u t i o n   o f   i n l e t   t u r b u l e n c e   o r   i n l e t   d i s t o r -  
t i o n   t o   i s o l a t e d   r o t o r   n o i s e   b y   a c t i v e   c o n t r o l   o f   t h e   i n l e t   c o n d i -  
t ions  employ ing  gr id   generated  turbulence.  

n o i s e   a t   c o n s t a n t   t i p  speed. 
2 )  I n f l u e n c e   o f  f l o w  c o e f f i c i e n t   ( p r e s s u r e   r a t i o )  on i s o l a t e d   r o t o r  

3)  A c q u i s i t i o n   o f  a s u f f i c i e n t  amount o f  aerodynamic  and acoust ic   data 
f o r  each t e s t   t o   e n a b l e  a detai led  theory-data  comparison i n   P a r t  11. 

An exper imenta l   s tudy   to   inves t iga te   the   no ise   genera ted   by   the   in te r -  
a c t i o n   o f   i n f l o w   d i s t o r t i o n s  and i n l e t   t u r b u l e n c e   w i t h  a f a n   r o t o r  was per -  
formed t o   f u l f i l l   t h e s e   o b j e c t i v e s .  Aerodynamic  and  acoustic  data was taken 
f o r  a f a n   r o t o r   a t   t h r e e   s u b s o n i c   t i p  speeds  and  two d i f f e r e n t   p r e s s u r e   r a t i o s  
a t  each t i p  speed (F igure  1). A t  each  speed  and  pressure r a t i o  a r a d i a l  map- 
p i n g   o f   t h e   t u r b u l e n c e   i n t e n s i t y  and sca le   imp ing ing   on   the   ro to r  was c a r r i e d  
o u t   a t  one c i r c u m f e r e n t i a l   l o c a t i o n .   C i r c u m f e r e n t i a l  mapping o f   t h e   t o t a l  
p r e s s u r e   p r o f i l e   u p s t r e a m   o f   t h e   r o t o r   a t   t h r e e   r a d i a l   p o s i t i o n s  was performed 
t o   e s t a b l i s h   t h e  degree  of i n l e t   d i s t o r t i o n   p r e v a l e n t   i n   t h e   e x p e r i m e n t s .  
Forward  radiated SPL and PWL noise  spectra  were  measured a t  each t i p  speed 
and p ressu re   ra t i o .  

These aerodynamic  and  acoustic  data  were measured w i t h  and w i t h o u t   i n l e t  
g r i d s  used t o   v a r y   t h e   i n t e n s i t y ' a n d   s c a l e   o f   t h e   i n c o m i n g   t u r b u l e n c e  i m -  
p ing ing  on t h e   r o t o r .  The s p e c i f i c a t i o n s   o f   t h e   g r i d s  were  chosen so as t o  
p rov ide  a s i g n i f i c a n t   v a r i a t i o n   i n   t h e   p r e d i c t e d   n o i s e   b e h a v i o r   o f   t h e   r o t o r  
due t o  a v a r i a t i o n   i n   t u r b u l e n c e   p r o p e r t i e s .  The g r i d   s i z e s  were se lec ted  so 
t h a t   t h e   i n t e g r a l   s c a l e s   o f   t u r b u l e n c e   r e s u l t i n g   t h e r e f r o m  were t o  be g rea te r  
than,   less   than  and  approx imate ly   equa l   to   the   ro to r   p i tch .  It was t h e r e f o r e  
hoped t h a t   t h e   r e s u l t i n g  power spec t ra   wou ld   cor respond ing ly   exh ib i t   vary ing  
degrees o f  "peakiness"  about  the  b lade  passing  f requency. 

The gr id   exper iments as well  as  the  mapping o f   t h e   i n l e t   d i s t o r t i o n  were 
bas i ca l l y   des igned   to   ach ieve   ob jec t i ve  (1) above. Thus t h e   f o l l o w i n g   c r i t e -  
r i a  were  employed i n   t h e   s e l e c t i o n   o f   t h e   g r i d s :  

a )  The gr ids   shou ld   p rov ide   w ide ly   vary ing   leng th   sca les .  However the  
tu rbu lence   i n tens i t i es   genera ted   by   t he   g r i ds   a t   t he   ro to r   f ace  
should be  comparable.  This  necessitated  using them a t  comparable 
values o f   t he   ra t i o ,   (d i s tance   f rom  ro to r /mesh   s i ze ) .  

b )  The r a t i o   ( d i s t a n c e   o f   g r i d   f r o m   r o t o r / g r i d  mesh s i z e )  was chosen 
l a r g e  enough to   p rov ide   approx imate ly   i so t rop ic   tu rbu lence  imp ing ing  
on t h e   r o t o r .  

c )  The g r i d s  w e r e   p l a c e d   s u f f i c i e n t l y   c l o s e   t o   t h e   r o t o r  t o  ensure  high 
enough m id -s t ream  tu rbu lence   i n tens i t i es   imp ing ing  on t h e   r o t o r .  

Ob jec t i ve  2 was a c h i e v e d   b y   o p e r a t i n g   t h e   a e r o - a c o u s t i c   f a c i l i t y   a t   i t s  
minimum and maximum res is tance  condi t ions.   Wi th   the  fan  employed  for   these 
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tes ts  whose map is shown i n  Figure 1, only a modest variation i n  pressure 
ratio a t  fixed wheel t i p  speed was possible. Above 70% t i p  speed,  the fan 
was supersonic and exhibited  substantial  multiple pure tone noise in the 
forward arc. Thus th i s  was a basic  limitation imposed on this   tes t  program 
due t o  the type  of compressor map t h a t  the fan and t e s t   f ac i l i t y  possessed. 

The program was conducted i n  the anechoic  environment a t  the GE CR&D 
Aero-Acoustic Facility i n  Schenectady, New York. 

An overall view of the  faci l i ty   is  shown i n  Figure 2. I t   i s  comprised 
of: 

1) A 2500 HP drive system for speeds up t o  26,000 RPM. 

2 )  An anechoic chamber approximately 35 f t .  wide by 25 f t .  long by 10 
f t .  high designed for  less than f 1 dB standing wave ratio a t  200 Hz. 
A 1  1 walls,  floor, and  ceiling  are covered w i t h  an array of  28" 
polyurethane foam wedges. 

3 )  Porous walls  for minimum inflow distortion t o  the  fan. 

4 )  Far f ie ld  noise measurement a t  17 f t .  radius from 0 t o  110" t o  the 
in le t .  

A 20 inch  diameter fan supplies  the  airflow and sound source. The fan 
used in this program was a NASA Lewis  model designated  as Rotor #11 with a 
stator  set  and casing manufactured by GE. The overall fan system has the 
fol 1 owing design  parameters : 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Inlet  guide vanes 

Fan diameter 

Design stage  pressure  ratio 

Design t i p  speed 

Design weight flow 

Design RPM 

Rotor blades 

S t a t o r  vanes 

Rotor/stator  tip spacing 

H u b / t i p  ratio 

Design fan specific flow 
(W2/fronta1 area) 

(W2/annul us area) 
Design fan specific flow 
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= None 

= 19.84 inches 

= 1.57 

= 1394 f t /sec.  

= 65 lb/sec. 

= 16,100 

= 44 

= 86 

= 1.27 true chords 

= 0.5 

= 30 lb/sec/f t2 .  

= 39 lb/sec/f t2 .  



The fan  performance map i s  shown i n  F igure 1. 

The i n l e t   d u c t   c o n s i s t e d   o f  a 7.7" long  and an  18.9" l o n g   c y l i n d r i c a l  
hardwall   spool  arranged i n  tandem.  The  7.7" spool was neare r   t o   t he   f an   and  
the  18.9"   spool   nearer   the  in le t .  All con f igu ra t i ons  were t e s t e d   w i t h  a 
standard  bel lmouth  designed t o  p r o v i d e   f l i g h t   t y p e   v e l o c i t y   p r o f i l e s   a t   t h e  
f a n   r o t o r .  The tu rbu lence -p roduc ing   g r i ds   were   pos i t i oned   a t   e i t he r   t he  up- 
s t ream  o r  downstream f l ange  o f  t he  18.9" spool. 

The fo l low ing   tu rbu lence-produc ing   g r ids  were  selected: 

Grid #1 G r i d  #2 Grid #3 

Mesh s ize   ( inches)  2.25  0.50  1.677 

Gr id   d iameter   o r   s ize   ( inches)  0.25 0.063  0.177 

D is tance  f rom  fan   ro to r   ( inches)  30.5  11.7  30.5 

% open area 79.0  76.4  80.0 

Gr id  #1 was cons t ruc ted   f rom  rods   w i th   square   c ross   sec t ion  and g r i d s  #2 and 
3 f r o m   w i r e   w i t h   c i r c u l a r   c r o s s   s e c t i o n .   F i g u r e  3  shows  a photograph o f   t h e  
th ree   g r i ds  . 

Both  acoust ic and  aerodynamic  measurements  were c a r r i e d   o u t .  The former 
i n v o l v e d   f a r   f i e l d   a c o u s t i c  measurements i n   t h e   a n e c h o i c  chamber. The l a t t e r  
i n c l  uded s i x teen   t h ree -p robe   K ie l   t o ta l   p ressu re   rakes   ( see   F igu re   4 ) ,   su i t -  
ab l y   a r rayed   wa l l   s ta t i cs ,  and a h o t  film traverse.   Addi t ional   aerodynamic 
measurements  were  used to  determine  the  fan  performance. 

Resul ts  

Aerodynamic 

The to ta l   p ressure   p robe  a r ray  shown i n  F igure  4 prov ides a c i rcumfer -  
e n t i a l  mapping o f   t h e   i n l e t   t o t a l   p r e s s u r e   p r o f i l e   e v e r y  22%" a t   t h r e e   r a d i a l  
s t a t i o n s .   D u r i n g   t h e   e n t i r e   c o u r s e   o f   t h e   p r o g r a m   ( f o r   a l l   t h e   s i x   s e t t i n g s  
o f  F igure 1 and w i t h   t h e   c l e a n   i n l e t  as we1 1 as w i t h   t h e   t h r e e   g r i d s ) ,  no 
s y s t e m a t i c   c i r c u m f e r e n t i a l   v a r i a t i o n   o f   t h e   t i m e   a v e r a g e d   i n l e t   t o t a l   p r e s s u r e  
was d e t e c t e d   a t   l e a s t   t o  an accuracy o f  0 .01   ps i .  A dynamic  head o f  0 .01  ps i  
corresponds  to a v e l o c i t y   o f  35 f p s   w i t h   a i r   a t   s t a n d a r d   c o n d i t i o n s  and  hence 
i t  i s   r e a d i l y  conceded t h a t  a mapping o f   t h e   s t e a d y   i n l e t   v e l o c i t y   w o u l d  have 
been a more s e n s i t i v e  measure o f   i n l e t   d i s t o r t i o n   r a t h e r   t h a n   t h a t  o f  t he  
to ta l   p ressu re .  Such a measurement ( w i t h   e i t h e r  a m u l t i p l e   h o t   w i r e   s e t  up 
o r  a c i r c u m f e r e n t i a l l y   t r a v e r s i n g   p r o b e )  was beyond the  scope o f   o u r  program. 

The turbulence measurements  were c a r r i e d   o u t  3.85" o r  2.72 r o t o r   p i t c h  
lengths ahead o f   t h e   r o t o r   o r   a b o u t  1.92 r o t o r   c h o r d s   ( t h e   t r u e   r o t o r   c h o r d  
l e n g t h   a t   t h e   t i p   f o r   r o t o r  11 i s  2 " )  ahead o f   t h e   r o t o r .   B o t h   t h e  mean and 
f l u c t u a t i n g   p a r t s  o f  t h e   v e l o c i t y  were  measured. The h o t  film element i t s e l f  
was a1 i g n e d   w i t h   i t s   a x i s   p a r a 1   l e 1   t o  an element  of  the  duct  circumference 
and  hence the  film was respons ive   t o   bo th   t he   ax ia l   and   rad ia l   ve loc i t y  com- 
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ponents .   Reso lv ing   the   ve loc i ty   in to   separa te   ax ia l  , r a d i a l  and c i rcumfer -  
e n t i a l  components was again  beyond  the  scope o f   o u r   e f f o r t .  

I n   F i g u r e  5 we show t h e   r e s u l t s   f o r   t h e   t u r b u l e n c e   i n t e n s i t y  normal i zed  
by the  maximum value o f  s t e a d y   v e l o c i t y   i n   t h e   d u c t  as  a func t i on  o f  d is tance 
f rom  the   ou ter   wa l l   (normal ized   by   the   duc t   w id th  H )  . These r e s u l t s  were 
essen t ia l l y   i ndependen t   o f   e i t he r  fan t i p  speed o r   f l o w   c o e f f i c i e n t   a t   g i v e n  
t i p  speed. The p l o t s   a r e   a c t u a l l y  an average f o r   t h e   s i x   c o n d i t i o n s  shown i n  
F igure 1. I n   F i g u r e  6, we show t h e  measured in teg ra l   l eng th   sca les   f o r   t he  
i n l e t   t u r b u l e n c e   ( o b t a i n e d   b y   i d e n t i f y i n g   t h e   ( l / e )   t i m e   d e l a y   p o i n t   i n   t h e  
co r re log ram  and   se t t i ng  L = u T where uc i s   t h e   l o c a l  mean v e l o c i t y )   w i t h   t h e  
c l e a n   i n l e t   a n d   w i t h   t h e   v a r i g u s   g r i d s .  These r e s u l t s  were a g a i n   r e l a t i v e l y  
i n s e n s i t i v e   t o   v a r i a t i o n s   o f   t i p  speed o r   f l o w   c o e f f i c i e n t .   W h i l e   g r i d  
generated  turbulence has  a r e l a t i v e l y   u n i f o r m   d i s t r i b u t i o n   o f   l e n g t h   s c a l e  as 
a f u n c t i o n  of  rad ius ,   t he   c lean   i n le t   exh ib i t s   m id -s t ream  va lues   o f   l eng th  
sca le   near ly   four   t imes  as   g rea t  as the  boundary  layer   length  sca le.  Shown 
i n  F igure 6 i s   a l s o   a n   a r e a   a v e r a g e d   r o t o r   p i t c h  D de f ined by 

rt 

"h 

where r and rt denote  the hub  and t i p   r a d i i  , p ( r )   t h e   p i t c h   a t   r a d i u s  r 
( =  2.rrr/h where N i s   t h e  number o f   r o t o r   b l a d e s ) .  A s imi lar   area  averaged 
l e n g t h   s c a l e   f o r   t h e   c l e a n   i n l e t   t u r b u l e n c e   ( f r o m   F i g u r e  6 )  works o u t   t o  
about  2.65"  and  with D = 1.11", one may est imate a r a t i o   o f   i n t e g r a l   l e n g t h  
s c a l e / r o t o r   p i t c h   o f  2.39 fo r   our   c lean  in le t   exper iments .   Another   no tewor thy  
f e a t u r e   o f   F i g u r e  6 i s   t h a t   w h i l e   t h e   i n t e g r a l   s c a l e   o f   t h e  2%" mesh g r i d   i s  
g rea te r   t han   t ha t   o f   t he   1 -2 /3 "  mesh g r i d  which i n   t u r n   i s   g r e a t e r   t h a n   t h a t  
o f   t h e  +" g r i d ,   t h e s e   s c a l e s   a r e   n o t   q u i t e   i n   t h e   r a t i o   o f  2%:1-2/3:%. The 
2%'' and  1 -2 /3"   g r ids   fa i led   to   genera te  as l a r g e  a length   sca le  as had been 
hoped. (Fo r tuna te l y   t he   c lean   i n le t   i t se l f   p rov ided   l eng th   sca les   subs tan -  
t i a l l y   g r e a t e r   t h a n   t h e   r o t o r   p i t c h   t h o u g h ,   i n   r e t r o s p e c t ,  we ought   to  have 
mapping L i n  more d e t a i l   i n   t h e   t r a n s i t i o n   r e g i o n   f r o m  y/H = .15 t o  y/H = 4 
f o r   t h e   c l e a n   i n l e t .  ) 

S ince   the   ho t  film measurements  were c a r r i e d   o u t  3.85"  upstream o f  the 
r o t o r ,  a ques t i on   a r i ses  as t o  whether i t  was i n l e t   t u r b u l e n c e   t h a t  was  mea- 
sured   o r   ac tua l l y   the   acous t ic   ve loc i t ies   assoc ia ted   w i th   ups t ream  no ise .  
This   issue i s  sometimes described as "acoustic  contamination."  There i s  no 
simple  procedure o f   d i s c r i m i n a t i n g   e x p e r i m e n t a l l y  between  turbulence  and 
noise  by means o f  f l u c t u a t i n g   v e l o c i t y  measurements a lone  bu t   severa l   ind i rec t  
observat ions may be o f f e r e d   h e r e   t o   s u p p o r t   t h e   i n f e r e n c e   t h a t   t h e   h o t  film 
was measur ing   p r imar i l y   t u rbu lence   ra the r   t han   no i se :  

1 )   I n  a p r e v i o u s   s t u d y   o f  a s i m i l a r   n a t u r e   i n   o u r   L a b o r a t o r y  [41 , an 
i n l e t   o f   t y p e   s i m i l a r   t o   t h e   p r e s e n t   i n l e t  was employed w i t h  a 
suc t ion   source   ( i .e .   there  was no r o t o r ) .   I n l e t   t u r b u l e n c e   d a t a  
ob ta ined on t h a t  program  wi th a c lean  in1   e t   cor respond  a lmost  
exac t l y   w i th   t hose  shown i n  Figures 5, 6 (when nondimensionalized 
the  same way). 
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2) The a u t o c o r r e l a t i o n  measurements show dominant   turbulent   energ ies 
from 1000 t o  2500 Hz which  are  1/6 t o  1/3  the  b lade  pass ing  f re-  
quencies.  There i s   a l s o  no o b v i o u s l y   o b s e r v a b l e   p e r i o d i c i t y   i n   t h e  
correlograms . 

3)   In -duc t  SPL's a t   t h i s   l o c a t i o n   a r e   o f   o r d e r  140 dB cor respond ing   to  
a c o u s t i c   p a r t i c l e   v e l o c i t i e s   o f  2 - 3 f p s  where  measured r o o t  mean 
s q u a r e   f l u c t u a t i n g   v e l o c i t i e s   a r e   a t   l e a s t  15 f p s  i n  t h e   h i g h  
i n t e n s i t y   r e g i o n s .  

4 )  "Acoust ic"   contaminat ion  would  not   have been  expected t o   l e a d   t o  
i n v a r i a n c e   o f   ( u ' / U )   w i t h   t i p  speed  and f l ow   coe f f i c i en t   as   obse rved .  
Acoust ic  contaminat ion  would have  caused  (u'/U) t o   i n c r e a s e   w i t h   i n -  
c r e a s e d   e f f i c i e n c y   o f   n o i s e   g e n e r a t i o n  and  as the   acous t ic   da ta  will 
s h o r t l y   r e v e a l  , t h i s   e f f i c i e n c y  goes up m a r k e d l y   w i t h   i n c r e a s i n g   t i p  
speed  and  decreas ing  f low  coef f ic ient   (a t   g iven  t ip   speed) .  

5 )  The g e n e r a l   t r e n d   o f   v a r i a t i o n   o f  measured s c a l e s   w i t h   i n t r o d u c t i o n  
o f   g r i d s   w i t h   g r i d   s i z e   s u g g e s t s   t h a t  we are  measur ing  turbulence. 

The only  other  aerodynamic  data  recorded was fan  performance  data  (cor- 
rec ted   we igh t   f l ow   and   p ressu re   ra t i o ) .   Fo r   t he   c lean   i n le t ,   t hese   mere l y  
c o n f i r m   t h a t   t h e   s i x   p o i n t s  shown i n   F i g u r e  1 were  where the   acous t ic   da ta  
was o b t a i n e d .   I n   t h e   a e r o - a c o u s t i c   f a c i l i t y  employed f o r   t h e s e   t e s t s ,   t h e  
system r e s i s t a n c e   i s   v a r i e d   b y   s e t t i n g  a discharge  valve i n   t h e   f a n   d i s c h a r g e  
f low  path.  Once the  discharge  valve  had been s e t   t o   c o r r e s p o n d   t o   t h e   p o i n t s  
i n   F i g u r e  1, i t  was n o t   a d j u s t e d   f u r t h e r  when t h e   g r i d s  were  employed.  Since 
gr ids  induce a s l i gh t   p ressu re   d rop ,  i t  turned  out   that   under   comparable 
condi t ions  the  gr id   exper iments  were  a lways  a t  a s l i g h t l y   l e s s e r   f l o w   a n d  
s l i g h t l y   h i g h e r   p r e s s u r e   r a t i o   ( i n   t e r m s   o f   t h e   f a n  map) t h a n   t h e   c l e a n   i n l e t  
exper iments.   Th is   e f fect  was however f a i r l y   s m a l l   ( o f   o r d e r   o f  3 - 4% on the  
f l o w   c o e f f i c i e n t ) .  

Acoust ic  

The pr imary measurement was t h e   r e c o r d i n g   o f  SPL's on  a 17 f o o t   a r c  
every 10" from 0" t o  110". As F igure  2 shows, t h e   f a c i l i t y   d e s i g n   i s  such 
t h a t  i t  i s   p o s s i b l e   t o   s e p a r a t e   t h e   i n l e t   a n d   a f t   r a d i a t e d   n o i s e   i n   q u i t e  a 
c lean  fash ion.  The SPL's a r e   i n t e g r a t e d   t o   d e r i v e  PWL spectra  which i s  a l l  
t h a t  we will p r e s e n t   i n   w h a t   f o l l o w s .   ( F u l l   i n f o r m a t i o n  on t h e   t h i r d   o c t a v e  
acoust ic   data  obta ined i n   t h i s  program i s  g iven i n  tabu la r   f o rm  i n   Append ix  
1.) No i n l e t  probes  employed for   the  aerodynamic measurements  were l e f t   i n  
s t ream  dur ing  the  acoust ic  measurements. 

I n   F i g u r e s  7 - 10, we p r e s e n t   a l l   t h e  PWL spec t ra   ob ta ined  dur ing   the  
course o f   t he   s tudy .  These a re  1/3 octave  data  re:   watts  and  are 
given  f rom 790 Hz t o  50 kHz which  covers  the  fan  noise  spectrum  f rom  about 
one- tenth  to   about   s ix   t imes  the  b lade  pass ing  f requency.  It i s   c l e a r  from 
these   f i gu res   t ha t   t he  60% speed  data i s   e s s e n t i a l l y   i n t e r m e d i a t e  between the  
50% and 70% speed  data  and  thus i t  s u f f i c e s   t o   d i s c u s s   o n l y   t h e  50% and 70% 
speed data i n  terms o f   t r e n d s ,   e t c .  
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Discuss ion   o f   Resu l ts  

Consider f i r s t   t h e   c l e a n   i n l e t   d a t a  shown i n   F i g u r e  11 fo r   t he  50 and 
70% speeds. The low   p ressu re   ra t i o   da ta   i s   domina ted   by   f a i r l y   concen t ra ted  
energy i n   t h e   f i r s t ,  second  and t h i r d  harmonics.  This i n   i t s e l f  needs some 
exp lanat ion  because i n   t h e  absence o f  any s t a t i o n a r y   i n l e t   d i s t o r t i o n ,   t h e  
i n t e r a c t i o n   o f   i s o t r o p i c   t u r b u l e n c e   w i t h  a ro to r   cha rac te r i zed   by  an L/D o f  
2.39 would  not   be  expected  to  produce  tones  wi th  a lmost a  10 dB f a l l   o f f   p e r  
t h i r d   o c t a v e .  

The low  f low,   h igh   p ressure   ra t io   da ta   exh ib i ts   unexpected ly   la rge   in -  
creases o f  broad  band  energy a t  about  one-half  and 1.5 t imes  the  b lade 
passing  frequency i n   a d d i t i o n   t o  an o v e r a l l   i n c r e a s e   i n  power l e v e l s   i n   a l l  
octave bands. The e x p l a n a t i o n   f o r   t h e   i n c r e a s e s   a t   h a l f  and 1% times  blade 
passing  frequency i s   n o t   c l e a r .  The fan  operated i n  a s tab le   f ash ion   a t   t hese  
f l ow   coe f f i c i en ts   (no   su rge ) .  As o t h e r   d a t a   i n   F i g u r e s  7 - 10 show, t h i s   e f -  
f e c t   p r e v a i l e d   f o r   a l l   t h e   l o w   f l o w   c o e f f i c i e n t   d a t a   ( i . e .   w i t h   a l l   t h e   g r i d s ) .  
The  phenomenon i s   n o t   i n  any way a q u i r k   o f   o u r   e x p e r i m e n t a l   p r o g r a m   f o r   a f t e r  
completion o f   o u r  program, we rece ived  F igure  12 from T. F. Gelder [5] o f  
NASA, Lewis who r e p o r t s  a ve ry   s im i l a r   expe r ience   w i th   t he  same fan. Gel der 
has measured reverberant  SPL i n  a h a r d w a l l e d   i n l e t  plenum  and h is   narrow band 
data  are shown i n   F i g u r e  12. S i m i l a r   i n c r e a s e s   a t  % and 1% times  blade 
pass ing   f requency   a re   ev ident   a t  60% speed on changing  the  corrected  weight 
f low  f rom 37.7 l b / s e c .   t o  31.3 lb /sec .  

F igure 13  summarizes t h e   e f f e c t   o f   i n l e t   g r i d s   a t  50% speed a t   b o t h   t h e  
l a r g e r  and lesser   we igh t   f lows.  A t  the  h igh  f low,   gr ids  broaden  the PWL 
s p e c t r u m   w i t h   r e l a t i v e l y   l i t t l e   e f f e c t  on the   t one   l eve l s .   Th i s  was t o  be 
expected on t h e   b a s i s   o f   F i g u r e  6 which shows the   t u rbu lence   l eng th   sca les   t o  
be reduced  ( f rom  the   c lean  in le t )  due t o   t h e   i n t r o d u c t i o n   o f   g r i d s   a l t h o u g h  
the mesh data i s   p u z z l i n g  inasmuch as i t  would  have been expected  to  pro- 
duce the  most  broad band s i g n a t u r e   o f   a l l .  

The low  f low  data  tends  to  be so dominated  by  the  energies a t  % and 1% 
times  the  b lade  passing  f requency  that  i t  i s   d i f f i c u l t   t o   d i s t i n g u i s h  any 
e f f e c t   o f   t h e   v a r i o u s   g r i d s .  

The drawing o f  ma jo r   conc lus ions   o f   t he   s tudy   i s   pos tponed   to   Pa r t  I 1  
a f t e r  a d e s c r i p t i o n   o f   t h e   a n a l y s i s .  
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PART 11: THEORETICAL STUDIES AND THEORY-DATA COMPARISONS ~~ ~~~ 

I n t r o d u c t i o n  

The m o t i v a t i o n   f o r   t h e s e   t h e o r e t i c a l   s t u d i e s   ( a   p r e l i m i n a r y   v e r s i o n  was 
given i n  Reference  [61)   arose  f rom  the  fact   that   the  no ise o f  subsonic t i p  
speed r o t o r s   i s   o f t e n   f o u n d   t o   d i s p l a y  a marked  dependence  on t h e   l o a d i n g  on 
t h e   r o t o r   a t   c o n s t a n t  wheel t i p  speed. A very good  example o f  such  data may 
be found i n   t h e  work o f  Gelder   and  Sol t is  171  who c a r r i e d   o u t   s t u d i e s   o f   i n -  
l e t   n o i s e   r a d i a t i o n   f r o m   i s o l a t e d   r o t o r s .   F i g u r e  14 i s  a r e s u l t   t a k e n   f r o m  
the i r   s tudy   where in  we show t h e   i n l e t   a c o u s t i c  power  obtained i n  a 50 Hz 
bandwidth  around  the  fundamental  blade  passing  frequency f o r  two d i f f e r e n t  
r o t o r s .  The two r o t o r s   a r e   e s s e n t i a l l y   t h e  same e x c e p t   t h a t  one  has 45 blades 
wh i l e   t he   o the r  has 90 blades. The measured  data  are shown f o r  50, 60, 70 
and 80% o f  design  speeds f o r   t h e s e   r o t o r s .  (Above these speeds , t h e   n o i s e   o f  
these  fans  tends t o  be  dominated  by  mul t ip le   pure  tones,   character is t ic   o f  
supersonic t i p  speed operat ion. )   Whi le   the  no ise  data  are shown i n   t h e  same 
manner tha t   Ge lder   and  So l t i s  showed it, i .e.  as a f u n c t i o n   o f   r e l a t i v e  Mach 
number a t   t h e   t i p   f o r   v a r i o u s   f i x e d   v a l u e s   o f  wheel  speed, i t  i s   c l e a r   t h a t  
decreasing  values o f  Mre1 ( a t   f i x e d   f a n  speed)  a lso  correspond  to  decreasing 
f l o w   ( o r   a x i a l  Mach number)  and genera l l y   i nc reas ing   p ressu re   ra t i o .   Fo r  
example f o r   f a n  2, a t  50%  speed, t h e   p r e s s u r e   r a t i o  and a x i a l  Mach number 
change from  1.03 & .367, t o  1.07 & .304, t o  1.11 & ,227,  as t h e   r e l a t i v e  Mach 
number Mre1 var ies  f rom .62 t o  .59 t o  .56. The f e a t u r e   o f   t h i s   d a t a   t h a t  
needs explanat ion i s   t h a t   t h e   n o i s e   o f t e n   i n c r e a s e s   a t   f i x e d  speed, when both 
the  f low  and blre1 are   decreas ing .   In   these  s tud ies   o f  [71 , t h e   s t a t o r s  
g e n e r a l l y   f o u n d   a f t   o f   t h e   r o t o r  were d e l i b e r a t e l y   e l i m i n a t e d  so t h a t  we are, 
i n   f a c t ,   l o o k i n g   a t   p u r e ,   i s o l a t e d   r o t o r   n o i s e   r a d i a t e d  i n  t h e   i n l e t   d i r e c t i o n .  
Convent ional   d ipole mechanisms would  suggest a decrease o f  n o i s e   w i t h  de- 
c r e a s i n g   r e l a t i v e  Mach number to   the   b lades .  

Another  feature o f  Figure 14 w o r t h   n o t i n g   i s   t h a t   d a t a   f r o m   d i f f e r e n t  
experiments on e f f e c t s   o f   c h a n g i n g   f l o w   c o e f f i c i e n t   a t   c o n s t a n t  wheel rpm a re  
o f t e n   n o t   m u t u a l l y   c o n s i s t e n t .  We r e f e r   h e r e   t o   t h e   d i f f e r e n t   t r e n d s   e x h i b -  
i t e d  by  the  upper  and  lower  halves  of  Figure 14. ( A f t e r   a l l ,   a e r o d y n a m i c a l l y ,  
r o t o r s  1 and 2 a r e   e s s e n t i a l l y   i d e n t i c a l .  ) Theore t i ca l l y ,   doub l i ng   t he  num- 
ber  of   b lades  should  not  have a f f e c t e d   t h e   r e l a t i v e   v a r i a t i o n   o f   n o i s e   i n  a 
narrow  band a t   t h e   b l a d e   p a s s i n g   f r e q u e n c y   w i t h   f l o w   c o e f f i c i e n t   a t   c o n s t a n t  
wheel rpm. 

I n  Reference 161 , i t  was argued t h a t  a quadrupo le   i n te rac t i on  mechanism 
a r i s ing   f rom an i n t e r a c t i o n   o f  an in f low  inhomogene i ty   such  as   in le t   tu rbu-  
l e n c e   w i t h   t h e   p o t e n t i a l   f l o w   f i e l d   o f   t h e   r o t o r   c o u l d   c o n c e i v a b l y   e x p l a i n  
such dependence on f l o w   c o e f f i c i e n t   a t   c o n s t a n t  wheel rpm. A f i r s t   a t t e m p t  
t o   p u t  some numbers i n t o   t h i s  argument i n  [6] showed however tha t   es t ima tes  
o f   t he   d i rec t   quadrupo le   i nduced   acous t i c   f i e ld  were t o o   l o w   t o  be a b l e   t o  
explain  the  observed  data.  The purpose o f   t h e   p r e s e n t   s t u d y  was t o   r e -  
examine the  theory  used i n  161 and c a r r y   o u t  some ma jo r   ex tens ions   o f  it i n  
o r d e r   t o  be b e t t e r   a b l e   t o   e x p l a i n   t h e   d a t a   o f   [ 6 ]  and  our own work i n   P a r t  I .  
A s t u d y   s i m i l a r   i n   s p i r i t   t o  Reference  [61  has  also  been  published  recently 
i n  Reference  [18] . 
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Theoret ical   Extensions 

We s t a r t   b y   g i v i n g  a v e r y   b r i e f  summary o f  what was c a r r i e d   o u t   i n  [61. 
A form o f   t h e   L i g h t h i l l   e q u a t i o n   f o r   n o i s e   g e n e r a t i o n   b y   q u a d r u p o l e  mechanisms 
f o r  a  medium character ized  by a u n i f o r m   v e l o c i t y  was f i r s t   s t a t e d  181. It was 
then  po in ted   ou t   tha t   the   re levant   quadrupo le  mechanism invo lved  one  component 
o f   v e l o c i t y  due t o  an inf low  inhomogeneity and another due t o   t h e   p o t e n t i a l  
f low  generated  by  the  s teady  ro tor   loading.  The former can  be r e a d i l y   c a l c u -  
la ted   fo r   s imp le   in f low  inhomogene i t ies   such as s t a t i o n a r y   d i s t o r t i o n s   o f   i n -  
l e t   t o t a l   p r e s s u r e  and homogeneous, i s o t r o p i c ,   i n l e t   t u r b u l e n c e .  The l a t t e r  
can be c a l c u l a t e d  if we employ  methods o f  subsonic,  l inearized,  cascade  aero- 
dynamics. The uni form  f low  quadrupole  no ise  generat ion  equat ion i s  then 
s i m p l y   s o l v e d   i n   t h e  cascade  plane  as  an inhomogeneous equat ion   w i thout   regard  
t o  any  boundary  condit ions imposed  by the   ro to r   b lade  sur faces .   Pre l im inary  
attempts i n  [61 to   ca r ry   ou t   abso lu te   t heo ry -da ta   compar i sons   w i th   t he   da ta  
of 171 were not  successful  because o f   t h e   p r e d i c t i o n   t h a t   i n   t h o s e   s i t u a t i o n s  
(excep t   poss ib l y   f o r   t he  80%  speed  data)  the  noise was dipole  dominated  and 
hence was predic ted  a lways  to   decrease  wi th   decreas ing Mrel a t   f i x e d  wheel 
rpm. 

Before  de lv ing  in to   the  mathemat ica l   formulat ion,  we w i s h   t o   g i v e  a 
p h y s i c a l   d e s c r i p t i o n   o f   t h e  new aspect o f   the   "quadrupo le"   no ise   genera t ion  
problem  that  we a r e   t r y i n g   t o   u n c o v e r   i n   t h e   p r e s e n t  phase as opposed t o  what 
was accompl i s h e d   i n   t h e   p r e v i o u s  phase 161. We will draw heav i l y   f rom  re -  
marks made by Professor  J .  E. Ffowcs  Williams  [91 i n  a recen t   l ec tu re .  

As p o i n t e d   o u t   i n  [91, as e a r l y  as  1868, Stokes  observed  that   the sound 
rad iated  f rom a t u n i n g   f o r k  became  much s t ronger  when t h e   b l a d e   o f  a l a r g e  
k n i f e   o b s t r u c t e d   t h e   m o t i o n   l o c a l   t o   t h e   t i n e   o f   t h e   t u n i n g   f o r k .   I n   f a c t  i t  
was th is   observa t ion   tha t   mot iva ted   Sommer f ie ld  some f i f t y  y e a r s   l a t e r   t o  
c a r r y   o u t   h i s   c l a s s i c   s t u d i e s   o f   t h e   d i f f r a c t i o n   o f  sound  by s e m i - i n f i n i t e  
p la tes .  The explanat ion  for   what   Stokes  observed  is  as fo l l ows .  Sources  near 
a noncompact sca t te r ing   sur face   induce an e x t e n s i v e   d i s t r i b u t i o n   o f   l i n e a r  
sur face  terms  act ing as noncompact  monopoles  and d ipo les.  These usua l l y  
accoun t   f o r   f a r   g rea te r   rad ia t i on   t han   t he   sou rce   i t se l f   t hough   they  need 
prov ide none o f   t h e   f i e l d ' s   e n e r g y  i f  they   a re   s ta t ionary .   For  example, i f  
we examine t h e   e f f e c t   o f  a r i g i d ,   s t a t i o n a r y ,   s e m i - i n f i n i t e   p l a t e  on the  
a c o u s t i c   o u t p u t   o f  a p o i n t   d i p o l e  where X i s   t h e  wavelength o f   t h e  sound 
emi t t e d  by the   d ipo le  and ro i s   t h e   s e p a r a t i o n  between the   d ipo le  and the  
edge o f   the   p la te ,  one f inds   tha t   the   rad ia ted   energy   (as  compared t o   t h e  
e n e r g y   e m i t t e d   b y   t h e   d i p o l e   i n   i s o l a t i o n )   i s   i n c r e a s e d   b y  a f a c t o r   ( X / r o ) .  
I n   f a c t   t h e   h i g h e r   t h e   o r d e r   o f   t h e   o r i g i n a l   m u l t i p o l e   s i n g u l a r i t y   t h e  
g r e a t e r   t h e   e f f e c t   o f   t h e   p r e s e n c e   o f   n e a r b y  noncompact sca t te r i ng   su r faces .  
Such sur faces   can   des t roy   the   de l i ca te   se l f -cance l ing   in te r fe rence  lead ing   to  
i n e f f i c i e n c y   o f   h i g h e r   o r d e r   s i n g u l a r i t i e s .  It i s   p r e c i s e l y   t h i s  mechanism 
by  which  the  pass ive  b lade  o f  a l a r g e   k n i f e   p l a c e d   n e a r   t h e   t i n e   o f  a tun ing  
f o r k   r e s u l t s   i n   p o w e r f u l   a m p l i f i c a t i o n   o f   t h e  sound f i e l d  generated  by  the 
fo rk   wh ich   cons t i tu tes  a quadrupole  ar ray.   Th is   spec i f ic  example o f   t h e  
sound f i e l d  generated  by a p o i n t   q u a d r u p o l e   i n   t h e   p r e s e n c e   o f   s e m i - i n f i n i t e  
p l a t e  was worked o u t   i n   d e t a i l  by  Ffowcs Will iams  and  Hal 1 [ lo ] .  They found 
t h a t   t h e   r e s u l t i n g   s u r f a c e   i n t e r a c t i o n   c o n t r i b u t i o n   c o u l d  be c l a s s i f i e d  
n e i t h e r  as  a monopole o r  a dipole  but   something i n  between. The f i e l d  
scat tered  by  the edge cou ld  be u s e f u l l y   t h o u g h t   o f  as o r i g i n a t i n g   i n  "one  and 
ha l f   po le . "  Our purpose i n   c i t i n g   t h i s   r e s u l t   i s  m e r e l y   t o   p o i n t   o u t   t h a t  

11 



whenever r a d i a t i o n   f r o m  a m u l t i p o l e   s i n g u l a r i t y   d i s t r i b u t i o n   i n   t h e   p r e s e n c e  
o f  noncompact s c a t t e r i n g   s u r f a c e s   i s   i n v o l v e d ,  i t  my n o t  be v e r y   p r o f i t a b l e  
t o   c l a s s i f y   t h e   p r o b l e m  as of monopole , d ipo le   o r   quadrupo le   t ype  and  draw 
in fe rences   conce rn ing   t i p  speed  dependence, r e l a t i v e   i m p o r t a n c e   o f  mechanisms, 
e t c .  

L e t  us now exp la in   the   app l i ca t ion   o f   these  ideas   to   the   cur ren t   p rob lem.  
The problem o f   t h e   d u c t e d ,   i s o l a t e d   r o t o r   i s   c h a r a c t e r i z e d   b y   t h r e e   t y p e s   o f  
s o l i d   s u r f a c e s  namely, t h e   i n n e r  and outer   duct   sur faces  and  the  b lade  sur-  
faces  themselves. The prev ious   ana lys is  161 a l   ready  imp1 i c i  t l y  a l b e i t  ap- 
p rox imate ly   accounts   fo r   the   inner  and outer   duct   sur faces  by  employ ing a 
two-dimensional o r  cascade  plane  formulat ion.   (This  approximat ion i s  ob- 
v i o u s l y  a h igh   hub - t i p   ra t i o   app rox ima t ion . )  However the  presence o f   t h e  
r o t o r   b l a d e   s u r f a c e s   t h e m s e l v e s   i n   d i f f r a c t i n g   o r   s c a t t e r i n g   t h e  sound was 
s imply   not   accounted  for .  Now, i n   t h e  cascade  plane, one  has an i n f i n i t e  
number o f  blades  and a  good  measure of t h e   " d e n s i t y "   o f   t h e   b l a d e   s u r f a c e s   i s ,  
o f  c o u r s e ,   t h e   s o l i d i t y   o f   t h e  row. Thus the   p rev ious  work [61 i s   i n  a sense 
a z e r o   o r   l o w   s o l   i d i  t y  approximation. (It does n o t  seem c h a r a c t e r i z a b l e   i n  
frequency  terms  as  either a low  or   h igh  f requency  approx imat ion.  ) 

To i nco rpo ra te   t h i s   ro to r   b lade   sca t te r i ng   p rob lem,  we f i r s t   n o t e   t h a t  
it i s  mot s e n s i b l e   t o   f i r s t   s w i t c h   t o  a frame o f   r e f e r e n c e   i n   w h i c h   t h e  
r o t o r  row i s   s t a t i o n a r y .  (It i s   n o t   v e r y   c o n v e n i e n t   t o   s o l v e   s c a t t e r i n g  
problems i n  a frame o f   r e f e r e n c e   i n   w h i c h   t h e   s c a t t e r i n g   s u r f a c e s   a r e   m o v i n g . )  
Th is  means  now t h a t   t h e  mean f l o w  has b o t h   a x i a l  and tangen t ia l  components 
but  an  advantage i s  gained i n   t h a t   t h e   r o t o r   p o t e n t i a l   f i e l d   i s  a s t a t i o n a r y  
one.  Using  the  notat ion  of 163 and i n  terms o f  F igure 15 we have t o   s o l v e  
f o r  a p ressure   f ie ld   p '   governed  by :  

la a a 
cO 

[-E+ Ma - +  ax M t v12 P '  

where  u!  (as  mentioned e a r l i e r )   i s  now s t a t i o n a r y .  The boundary  condit ions 
on (1) 18 a d d i t i o n   t o   t h e   u s u a l   o u t g o i n g  wave c o n d i t i o n s   a t  x = f 0) (neg lec t i ng  
d u c t   t e r m i n a t i o n   e f f e c t s )   a r e  as f o l l o w s .   L e t  a v !   be   assoc ia ted   w i th   p '  as 
under  (see  Equation (6) o f  [81). Def ine   p "  = (p')po  co) , opera tor  Do /Dr  = 

(L&+ Ma a x +  a M ">, a T 
cO t aY 

ij I -  - [ U i P  u& + U i S  u! Jp I .  Then v; s a t i s f i e s :  
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(Needless to  say, (1) itself i s  just obtained from (2), ( 3 )  by elimination  of 
v!. ) Then we require tha t  v' K = 0 on a l l  blade  surfaces where TT is a u n i t  
narmal to  the blade  surfaces. 

To solve the problem  posed by ( l ) ,  (2), ( 3 )  (and subject  to the radiation 
conditions) one  has two options. The f i rs t  would be to  follow Ffowcs Will iams 
and  Hall [ lo] and  more pertinently,  Goldstein [81. Goldstein (Equation (13) 
o f  181 ) has recently  generalized the L i g h t h i l l  -Curle theory  of aerodynamic 
noise by allowing for  a uniform motion of the medium as well as  allowing  for 
bounding surfaces  to be i n  motion. (This latter  generalization i s  not needed 
here since we use a  frame of reference i n  which the rotor  blades  are f ixed . )  
He shows ( i n  Section  III(B)  of [81) tha t  i f  a Green's function  solution t o  (1) 
is constructed such tha t  aG/an vanished on a l l  the blade  surfaces, an integral 
representation  of the solution t o  (1) can be .readily written down. Essentially 
the same procedure was followed by Ffowcs Williams and  Hall [ lo]  except tha t  
they  considered  the no flow situation. 

s t ruct  a particular  solution t o  (1) and calculate the associated v! from ( 2 )  
and ( 3 ) .  We then  seek a  complemeqtary func t ion  solution t o  the homogeneous 
form of (1) h n d  a associated vc from the homogeneous  forms of ( 2 )  and ( 3 ) )  
such that [ v p '  + v ?l I i vanishh on the blade  surfaces. 

In the present  study, a different procedure i s  followed. We j rs t  con- 

This  procedure appears a  1 i t t l  e more direct  (see Preface, Chapters I and 
I1 of 1111 for general remarks on Green's  function versus "direct" approaches 
for solution  to  diffraction and scattering problems) and also makes i t  possible 
to use effectively  the  analysis of  [6] to  derive  the  particular  solution. I t  
seems  more suitable than the Green function method when dealing w i t h  extended 
source  distributions. The Green's  function method i s  more suitable when 
dealing w i t h  concentrated  source  distributions  as i n  the case  of  the  point 
quadrupole problem dealt w i t h  by  Ffowcs Will iams  and Hal 1 [ 5 ] .  

To i l lus t ra te   the  f i x  ideas, we s t a r t  by considering  the problem for i n -  
let  distortion  noise. In terms o f  a coordinate system sketched i n  Figure 16, 
and w i t h  the  notation  of [6] ,  the  quadrupole  noise  generation problem may be 
written down as governed by: 

where x l ,  x are sometimes  used -to denote x ,  y. !vl, v2 are  velocity com- 
ponents norgalized by W r  parallel t o  x ,  y. and p 1s the acoustic pressure 
normalized by p Wr c ). In the above Q = 2 u u , Q = Q = ( u  u + u vp)  
and Q = 2 v v . ?or the distortion Eke w i t R  nSan GtegeP'varyiRg From 6 
to -,2?ypicalPex3ressions for  Q,,, Q,,, Q,, would be: 

Q,, = -(+ 2 A '  + 2j B')Ci(. . .) 
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Q,, = Q,, = i C'Ci( ...) 

where (. . . ) s tands   f o r  

and f o r   f i x e d  n, "i" i s  an in teger   vary ing   f rom - t o  + m. I f  n = 0, we must 
rep lace  A '  , B' , C '  i n   t h e  above  by A, B and C .  (A, B y  C, A ' ,   B '  , C '  a re  
constants   def ined  in   Appendix   2 . )  

Since we a r e   d e a l i n g   w i t h   p a r t i a l   d i f f e r e n t i a l   e q u a t i o n s   w i t h   c o n s t a n t  
c o e f f i c i e n t s ,   a l l   t h e   q u a n t i t i e s  p, vl, v must  have a y-T dependence o f  type 
given  by  the  source  term, i .e. 2 

We assume t h a t   t h i s  y-T dependence  has  been " fac to red"   ou t   o f   the   gove. rn ing  
equations and we a r e   t h u s   l e f t   w i t h  a s e t   o f   o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s  
i n  x. These 0.d.e. a re   aga in   cha rac te r i zed   by   cons tan t   coe f f i c i en ts   and   t hus  
we i n t r o d u c e   a x i a l   F o u r i e r   t r a n s f o r m s   o f   a l l   f u n c t i o n s   o f  x,  say s ( x )  as S by 

W W 

5 = \ s ( x )  e-''' dx w i th   t he   i nve rs ion   f o rmu la   be ing  s ( x )  = Z ( Z )   e j Z x  dZ. 2n 
-m -03 

We thus have, w i t h  ko = 8, Mt, k = Bn( 1 - G) , t h a t :  is 
Y 

( kO 
+ MaZ)fi + ZTl + ky c2 = 0 

0 Q e t c .  , d e n o t e   a x i a l   F o u r i e r   t r a n s f o r m s   o f   t h e   p a r t s   o f  Q Q , etc .  , 
a&r  #;toring  out o f   t h e   p a r t   e x p [ j  k y l  e x p ( j  ko T) .   Express j&s %- them 
a re  : Y 

- 

- 2 j [ 2 ( Z  - 6,)A' - 2 an B ' l C i  
911 - ( z  - Z,)(Z - Z,) 

- 

14 



I 

where Z = 6n + j an and Z = 6n - j an 
1P 2P 

I 2j C '  C,(Z - 6-)  - - 
Q12 (Z  - ZlPh 

II 

z - z  
2P) 

and Q,, = 0. 
Def ine Zv = (-ko/Ma)  and 

- 

ko Ma - { k i  - k 2 ( 1  - M i ) )  - 
z l s  - (1 - M i )  

k M + { k t  - k 2 ( 1  - M i ) }  
z2s - 

- o a  
(1 - M:) 

Then i f we d e f i n e  

D = Ma( l  - Mi ) (Z  - Zv)(Z - Zls)(Z - Z2s) 

t h e   s o l   u t i o n s   f o r  ql, i2,  p are: 

( kO 
+ Z Ma)' f l  + k (Z S2 - ky f l )  - -  

v1 - D 

(ko + Z M,)S2 - Z(Z S2 - k SI) 
" 

v2 - D 

-Z f l  - k S2 p =  

Upon inve r t i ng   t he   exp ress ions   f o r  ii , ii and p,  we no te   t ha t   wave l i ke   con t r i -  
bu t ions  w i  11 appear a t   t he   po les   o f  $he &press ions   f o r  ? , q2 and p .  For q1 
and T2 t h e s e   a r e   a t  Zv, Zlsy Z2s and Z 

2P - For p ,  they  ar4 Zls , Z2s , Zlp and 
Z 

2P * 

The p h y s i c a l   i n t e r p r e t a t i o n   o f   t h e s e   r e s u l t s   i s  as fo l lows.   In   genera l ,  
the  quadrupole  sources  generate  f ive  types  o f  waves. F i r s t l y   t h e y   g e n e r a t e  
(downstream o f   t h e   l o c a t i o n   o f   t h e   a c t u a t o r   d i s k )  a r o t a t i o n a l  wave which i s  
c o n v e c t e d   w i t h   t h e   f l o w   a s s o c i a t e d   w i t h   t h e   p o l e   a t  Z . This  wave i s   n o t  in-  
volved i n  so f a r  as the  acoust ic   pressure p o r   i s  cxncerned  obviously  be- 
cause no p ressu re   f l uc tua t i ons   a re   assoc ia ted   w i th  a r o t a t i o n a l  wave i n  a 
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un i fo rm ly   f l ow ing  medium. Secondly  the  quadrupole  sources  generate two 
acous t ic  waves upstream  and  downstream  associated  with  the  poles a t  Z and 

:2s the  upgtream wave. If k 4'0, t h e   r e v e r s e   i s   t r u e .  Now the   p rev ious  
s?ady  [61 i n   f a c t  employed ppec ise l y   t hese   two   po le   con t r i bu t i ons   t o  deduce 
the  noise  generated  by  the  quadrupole mechanism. F i n a l l y ,  two " p o t e n t i a l "  
wave contr ibut ions  appear  due t o   t h e   p o l e s   o f  Q and Q a t  Z and Z 
(downstream  and  upstream  respectively). These conth?but io&  repre@nt 
decaying waves c o n s t i t u t i n g   t h e   " p a r t i c u l a r "   i n t e g r a l   p a r t   o f   t h e   s o l u t i o n   t o  
the  governing  equations  and  were o f  no i n t e r e s t   p r e v i o u s l y  because  they  repre- 
sent  decaying waves and  hence  have  no acoust ic   energy  assoc iated  wi th  them. 

d i ca te  what  needs t o  be  done to   account  fdr t 6 e   s c a t i e r i n g   g f f e c t   o f   t h e   b l a d e  
rows  on t h e s e   v e l o c i t y   f i e 1  ds. The prob lem  w i th  v and v  as t h e y   s t a n d   i s  
t h a t   a f t e r   t r a n s f o r m i n g  them t o  a frame o f   r e f e r e d e   f i x e 8   w i t h   t h e   r o t o r  
( w h i c h   s t e p   b a s i c a l l y   a l t e r s   t h e i r   f r e q u e n c y   t o  [ i s  M c / a ] )  one f i n d s   i n  
genera l   that   the  combinat ion  [v   s in(ar)  - v cos(a ) f  ig not  zero  on  the 
blade  surfaces.  This, o f  coursd, i s  a requiFement  fhat   should be  imposed t o  
p r o p e r l y   a c c o u n t   f o r   t h e   s c a t t e r i n g   e f f e c t   o f   t h e   r o t o r   b l a d e  row. 

. I f  k > 0, t h e   p o l e   a t  Z i s   t h e  downstream acous t ic  wave and h a t   a t  

Having  developed  the  so l   u t ions  for  v , v ( o r  G and Q ) we can now in-  

To c a r r y   o u t   t h i s   r e q u i r e m e n t   i n   a l l   i t s   g e n e r a l i t y   i s   b o t h   n o t   f e a s i b l e  
and n o t  even  meaningful i n  view o f   t h e   a c t u a t o r   d i s k  model used t o   c a l c u l a t e  
t h e   r o t o r   a s s o c i a t e d   v e l o c i t y   f i e l d s .  An approximate  method of  h a n d l i n g   t h i s  
d i f f i c u l t  problem has the re fo re  been adopted as fo l l ows .  We impose the   requ i re -  
ment t h a t   [ v   s i n ( a r )  - v2 cos(ar) l   be  zero  on  the  three wave systems  (asso- 
c i a t e d   w i t h  3 , Z and Z o r  Z depending  on  whether k z 0) generated a f t  
of the  actuatxr   d lPk  p land?  In   &her  words, f o r   e s t i m a t i 8 n  o f  fo rward   rad ia -  
ted  noise  (which i s   a l l   t h a t  we will compute i n   t h i s  program) we cons ider   the  
e f f e c t i v e   a c t u a t o r   d i s k   t o  be l o c a t e d   i n  a p lane   co inc iden t   w i th   t he   l ead ing  
edge p l a n e   o f   t h e   r o t o r .  If one was c a l c u l a t i n g   a f t   r a d i a t e d   n o i s e ,  a  more 
appropr ia te  model might  be  one  where the   ac tua to r   d i sk   p lane  was taken 
c o i n c i d e n t   w i t h   t h e   t r a i l i n g  edge p l a n e   o f   t h e   r o t o r .  

W i th   t h i s  model then, we re ta in   t he   ups t ream  no i se   ca l cu la ted   p rev ious l y .  
I n   a d d i t i o n ,  we compute upstream  generated  acoustic waves  when t h e   c o n d i t i o n  
tha t   (v l   s in (ar )  - v2 cos(ar))   vanish i s  imposed  on t h e   t h r e e   a f t   r a d i a t e d  
waves. 

Even with  these  approximat ions,  we have s t i l l   t o  contend  wi th  a major  
phys ica l   aspect   which  renders  the  scat ter ing  problem complex. The v e l o c i t y  
f i e l d s   a s s o c i a t e d   w i t h  vl, v a r e   o f   t h e   t y p e   e x p [ j  k y l e x p [ j  ko TI where 
k = [(nB - i S ) / a ]  and k = $6 M /a   (n  > 0 and - m < 1 < a) w i t h  ' la"  denoting 
d e  mean r a d i u s   o f   a n a l y g i s .  Th& rotor-blades  can  Le  wFitten as hav ing a y-T 

dependence o f  exp( j m B  f)exp [ j m B  Mt :I where m denotes  any  integer.  This means 

t h a t   t h e   s c a t t e r i n g   e f f e c t   o f   t h e   b l a d e  row  on  any f i e l d   o f   t y p e   e x p [ j  k y l  
e x p ( j  ko T) i s   t o   a l t e r   t h e   t a n g e n t i a l   o r  y dependence f rom  exp ( j  k y )  #o 
e x p { j [ k  + (mB/a) ly l   and  the  f requency  f rom  exp( j  k T )  t o   e x p [ j ( k  y+ mB M )TI. 
We may #epresent a l l   o f   t h i s   d i a g r a m m a t i c a l l y  as  fo?lows.  Let us B l o t  a t 
normalized  frequency w = (k a/B M ) versus a normal ized  lobe number R = 
(a k /B)  (Figure 17). NThe qeadruphle  source  terms will p l o t  as  absc issa  l ines 
passYng through uN = 0, 1, 2, e t c .  The p ropaga t ing   acous t i c   reg ime   o f   i n te res t  

T 
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on t h i s   p l o t   c l e a r l y   c o r r e s p o n d s   t o  lwN/RI2 M2 + M2 > 1 which i s  shown as  the 
cross  hatched  region i n   t h e  above p l o t .   F i n a f l y  w$ n o t i c e   t h a t   t h e   s c a t t e r i n g  
e f f e c t   o f   t h e   r o t o r  on the  above p l o t   m a n i f e s t s   i t s e l f  as  a s h i f t  of  both uN 
and R by 'lm'l. We may r e p r e s e n t   t h i s   e f f e c t   t h e r e f o r e  on a u,,, - R p l o t   b y  a 
l i n e   a t  45" t o   t h e  x o r  y ax i s .  

The i m p l i c a t i o n   o f   t h e  above i s  then as fo l lows.  If we a r e   i n t e r e s t e d   i n  
say the  no ise  corresponding  to  u,,, = 1 (fundamental  noise) we must  account f o r  
a l l  source  terms  that  l i e  on  the  (F igure 18) l i n e  segments A B , A B1, A2B2, 
etc.,  and CFIDo, ChDi, e t c .  From each o f  these  source  region!?,OthrAe v 
c o n t r i b u t i o  s cor  e p o n d i n g   t o   t h e   r o t a t i o n a l ,  sound  and p o t e n t i a l  wav&s must 
be accounted  for .  One f i n a l   s i m p l i f i c a t i o n  used i s   t o   c o n s i d e r   a l l   t h e s e  
c o n t r i b u t i o n s   w i t h o u t   r e g a r d   t o  phase e f fec ts ,   i . e .   t hey   a re  added up i n  a 
mean square o r  power  sense. 

For a given  harmonic, we f i r s t  compute the   th ree  vn con t r i bu t i ons   f rom 
t h e   l i n e  segments A Bo, A B , etc. ,  and C Do, C D , etc.   For each v , a gust 
l oad  on  each blade ?s combuied  according eo ass6mbtions t o  be expla i f led i n   t h e  
fo l low ing   sec t ion .   Us ing   the   assumpt ion   o f  compact forces one can  then  est i -  
mate the   acous t ic   rad ia t ion   ups t ream and  downstream o f   t h e   b l a d e  row  though 
i n t e r e s t   i s   o n l y   i n   t h e  upstream  radiated sound. 

The above ana lys i s  has a l s o  been completed f o r   t h e  case o f  quadrupole 
noise  generat ion by i n l e t   t u r b u l e n c e .  The d e t a i l s   a r e   s i m i l a r   t o  what  has 
been sketched i n   F i g u r e  18. us and vs a re  now replaced  by d Zu and d Zv [61 
and t h e r e   i s  now a  need t o   d i r e c t l y   c o n s t r u c t  an express ion   fo r   the  mean 
square  pressure and  employ t h e   r e l a t i o n s  between d Zu, d Z v  and the  spectrum 
o f   the   tu rbu lence.  

I Assumptions Used i n   A d d i t i o n   t o  Those De ta i l ed  Above and Also  Mentioned i n  [61 

1) Both i n   t h e   " p r i m a r y "   d i p o l e   a n a l y s i s  and i n   e s t i m a t i n g   g u s t   l o a d s  
due to  the  quadrupole  induced vn, Osborne 's   resul ts  [ 121 as expressed i n  
closed  form  by Kemp [131  were  used t o  compute the  l ift response.  Osborne's 
work i s  a p e r t u r b a t i o n   t h e o r y   a t t e m p t i n g   t o   i n c l u d e   c o m p r e s s i b i l i t y   e f f e c t s   i n  
the  Sears'  type  problem. It was f o u n d   t h a t   t h e   o l d  Sears  and Kemp-Sears type 
r e s u l t s   l e a d   t o   g r o s s   o v e r e s t i m a t i o n   o f   n o i s e   a t   t h e   h i g h   s u b s o n i c  Mrel end. 

2 )  The c a l c u l a t i o n   o f   t h e   r o t o r   p o t e n t i a l   f l o w   r e q u i r e s  a knowledge  of 
the l ift c o e f f i c i e n t   p r o d u c e d   b y   t h e   r o t o r .   I n  [61, t h i s  l ift c o e f f i c i e n t  was 
deduced from  the  ideal   work  equat ion  (somet imes  cal led  Euler  turbine  equat ion).  
It seems as  though t h a t  when t h e   r o t o r   i s   o p e r a t i n g   s u b s t a n t i a l l y   o f f   d e s i g n ,  
e.g. when t h e   f l o w   i n c i d e n c e   a n g l e   a t   t h e   r o t o r  exceeds 0.1 rad ian,   the l ift 
c o e f f i c i e n t   i s   b e t t e r   e s t i m a t e d   b y  a r e l a t i o n   o f   t y p e  CL = ( 2 ~ )  ( inc idence 
a n g l e ) ( c o n s t a n t ) / T  where the  constant  may be est imated  f rom  Weinig 's 
work 1141 as o f   o r d e r  0.8 f o r  compressor r o t o r  cascades. The f a c t o r   ( 1  - M;)-' 
accounts fo r   t he   P rand t l -G lauer t  enhancement o f  CL due t o   c o m p r e s s i b i l i t y .  
Above M r  - 0.85  however  such a formula was no t  used (s ince  the  steady  aero- 
dynamics o f  such h i g h   v e l o c i t y  cascade f l ows   i s   no t   we l l   unders tood )   and   on l y  
the  work  equation was used t o  deduce CL. 

Comparison w i t h  Data 

I n   F i g u r e  18, we show comparisons  wi th  the  data o f  [7]. F o r   r o t o r  1 ( w i t h  
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45 b lades )   compar i sons   a re   ca r r i ed   ou t   by   ana lyz ing   t he   i n te rac t i on   w i th  a f o u r  
l o b e d   i n l e t   d i s t o r t i o n   w i t h  2% v e l o c i t y   d e f e c t   a n d   w i t h   t h e   d e f e c t  i n  the  form 
o f  a t r i a n g u l a r   p u l s e   o f   w i d t h   e q u a l   t o   t h e   w i d t h   o f   t h e   f o u r   s t r u t s  employed 
ahead of t h e   r o t o r   i n  [61. F o r   r o t o r  2 (90 blades),   comparisons  are  carr ied 
o u t   w i t h  a  model of homogeneous, i so t rop i c   t u rbu lence   imp ing ing  on t h e   r o t o r .  
The turbulence  parameters  were  deduced  from  our  "clean i n l e t "  measurements o f  
P a r t  I s ince  no turbulence measurements w e r e   c a r r i e d   o u t   i n  [6]. F i r s t l y  we 
note  general  agreement  between  the  data  and  the  predictions.  Secondly we 
would l i k e   t o   r e i t e r a t e  a p o i n t  made i n   t h e   i n t r o d u c t i o n   t h a t   t h e   t h e o r y   w o u l d  
be  expected t o   p r e d i c t   s i m i l a r   t r e n d s   f o r   t h e  two r o t o r s   s i n c e   t h e y   d i f f e r  
o n l y   i n   b l a d e  number b u t   t h e   d a t a   a r e   n o t   q u i t e   s i m i l a r .   W i t h   r e g a r d   t o   r o t o r  
2, t he  60% speed data  appear  too  h igh and t h e  80%  speed  data  too  low.  Also 
agreement on t h e   s l o p e   o f   t h e  60% speed  data i s  found  to  be improved  by  sub- 
sequent  use o f  an an iso t rop i c   t u rbu lence  model . I f  a turbulence model had 
been employed f o r   b o t h   r o t o r s   t h e  90 b l a d e d   r o t o r   ( r o t o r  2 )  would be p red ic ted  
t o  be about 3 - 4 dB qu ie te r   t han   t he  45 b laded   ro to r .  The v a r i a t i o n   w i t h  
f l o w   c o e f f i c i e n t   o f   t h e   e x p e r i m e n t a l   d a t a   f o r   r o t o r  2 looks   pecu l ia r .   For  
fu tu re   re fe rence,  we n o t e   t h a t   t h e   t h e o r e t i c a l   c u r v e s  shown h e r e   a r e   f a i r l y  
r e p r e s e n t a t i v e   o f  what the   theory   p red ic ts   in   genera l .  The n o i s e   i s   p r e d i c t e d  
t o  be r e l a t i v e l y   i n d e p e n d e n t   o f   f l o w   c o e f f i c i e n t   ( o r  even decreas ing  wi th  de- 
c r e a s i n g   f l o w   c o e f f i c i e n t )   a t   l o w   r e l a t i v e  Mach numbers (< .55) ,   increas ing 
m o n o t o n i c a l l y   w i t h   d e c r e a s i n g   f l o w   c o e f f i c i e n t   f o r   r e l a t i v e  Mach numbers from 
.55 t o  .85  and f i n a l l y   e x h i b i t i n g  a tendency  to peak a t  a c e r t a i n   f l o w   c o e f f i -  
c i e n t   f o r   r e l a t i v e  Mach numbers > 0.85. We a l s o   w i s h   t o   p o i n t   o u t   w i t h   r e g a r d  
to   F igu re  18 t h a t  whenever Mr 1 > 0.85, t he   " f ree "   quadrupo le   con t r i bu t i on  
dominates as might  be expectes  from  dimensional  reasoning.  Since  this  involves 
the   s teady ,   ro to r   f i e ld   wh ich   i s   es t ima ted   by   l i nea r i zed ,   subson ic ,   s teady  
aerodynamics  (Prandtl-Glauert) we  may a n t i c i p a t e  a tendency to   ove res t ima te   t he  
noise as Mrel approaches  uni ty.  

F igure  19 shows t h e   f i r s t   e f f o r t s   t o  compare theory  and d a t a   f o r   o u r   P a r t  
I exper iments  wi th   regards  to   the PWL spectrum. The blade  passing  frequency 
leve ls   a re   reasonab ly   we l l   p red ic ted   bu t   the   spec t rum shape f o r   t h e   l o w  
load ing  case i s   n o t   w e l l   p r e d i c t e d .  (It i s  broader  than  the  data.)  The blade 
load ing   e f fec t   theory -da ta   compar ison  i t  v i t ia ted   by   the   la rge   inc reases   about  
f / f b  = % and f / f b  = (3 /2 ) .  I n  genera l   the  theory  predic ts  a r a t h e r   u n i f o r m  
change o f   o r d e r  measured AOAPWL. Also we seem t o  have done  a l i t t l e   b e t t e r  
w i t h   t h e  70% speed data. 

Mot ivated  by  the  sharp ly  peaked spec t ra   a t   low  load ing ,  we t r i e d   t o  see 
i f  the  theory-data  compar ison  improved  by  t ry ing  to   incorporate an a n i s o t r o p i c  
turbulence  model.   Mot ivat ion  here i s   t he   sugges t ion   by  D. Hanson [151 t h a t  
reasonably   isot rop ic   eddies  f rom  the  ambient   are  s t re tched  out   s t reamwise  in  
the  process o f   b e i n g  drawn th rough  the   con t rac t ion   (F igure  20). A theory 
g iven  in   the   ear ly   50 's   by   Batche lo r ,   R ibner /Tucker  116, 171 on t h e   d i s t o r t i o n  
o f   t h e   s p e c t r u m   o f  homogeneous, i s o t r o p i c   t u r b u l e n c e  due to   convect ion  through 
a  sudden c o n t r a c t i o n   i s   f o u n d   u s e f u l   i n   t h i s   r e g a r d .   T h e o r y   c o n s i d e r s   d e f o r -  
mation o f   v o r t e x   l i n e s  as shown i n  l o w e r   h a l f   o f   F i g u r e  20. I t ' s   a p p l i c a t i o n  
t o   a c t u a l   c o n t r a c t i o n s   i s   h i g h l y   q u e s t i o n a b l e  as noted  by  Batchelor because 
t h e   i n e q u a l i t y   f o r   w h i c h  i t  i s   v a l i d   i s  m o s t   u n l i k e l y   t o  be  met i n   t h e  case o f  
rea l   con t rac t i ons .  Thus our  use o f  i t  i s   o n l y   t o  employ the   pos t   con t rac t i on  
spect ra as a sample o f   t h e   k i n d   o f   s p e c t r a  we might   assoc iated  wi th   eddies 
stretched  streamwise and contracted  cross  streamwise. 
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Implementation of the  theory does lead t o  a considerably improved ab i l i ty  
t o  predict  the  inlet PWL spectrum shape as shown i n  Figure 21. The contraction 
r a t i o  of 2 was chosen on the  basis t h a t  Hanson has reported ( u  / u a )  values of 
abou t  3 and i n  our flow path  the  contraction  ratio from the  inyet t o  the 
rotor i s  1-1/3. O f  course for the  static  case,  the concept of  "contraction 
r a t io"  i s  somewhat meaningless since i t  i s   i n f in i t e .  A contraction  ratio of 4 
leads t o  spectrum predictions even more peaked a t  f b ,  2 f  , etc. ,  and would  be 
acceptable i f  one argued t h a t  sources  other than isolate 9 rotor-turbul ence 
interaction were present. B u t  a r a t i o  o f  2 yields  best agreement w i t h  the 
spectrum shape i f  one argues t h a t  only rotor-turbulence  interaction  noise was 
present. The main message o f  Figure 21  is t h a t  even a modest extent of eddy 
anisotropy  as  represented by a sudden contraction r a t i o  of  2 suffices t o  
b r i n g  the  predicted spectrum shape i n .  1 ine w i t h  the measured d a t a .  

Figure 22 summarizes the  effects of  grids a t  low loading .  Three dis- 
crepancies  are ( a )  failure t o  see  predicted change a t  the blade  passing fre- 
quency w i t h  the  1-2/3" and 2-1/4" g r ids ,  (b) higher t h a n  predicted change a t  
low frequencies w i t h  the 1-2/3" and 2-1/4" grids and (c)  lesser than predicted 
attenuation a t  h i g h  frequencies (> 10 kHz) .  W i t h  regards t o  ( a )  a l l  we can 
say i s  t h a t  the  predicted change was observed a t  both the  third octave bands 
just  adjacent t o  the blade  passing  frequency. ( b )  seems related t o  aeolian 
tones from the  grids - a rough calculation assuming a Strouhal frequency peak 
a t  .2 gives a center frequency for these tones around 2 kHz. ( c )   i s  possibly 
explained by the f a c t  t h a t  even w i t h  10 kHz sound we are approaching wave- 
lengths o f  order 1" so t h a t  perhaps the  grids  are  attenuating some of the 
generated sound. 

Conclusions 

This study has introduced four  new ideas  over and above the  ideas con- 
sidered i n  [6] i n  order t o  explain  the complicated nature o f  the  experimentally 
obtained da ta  on the  influence o f  t i p  speed and flow coefficient on subsonic, 
i n l e t  radiated fan  noise. While the  precise  quantitative form employed for 
these  ideas i n  this  study ( P a r t  11) may  be the  subject of  debate, i t  seems 
inescapable t h a t  a proper  accounting of  the da ta  cannot be achieved wi thout  
paying attention t o  each o f  these  ideas. They are: 

1) The "direct" quadrupole  noise contribution  alone cannot explain  the 
flow coefficient/pressure  ratio dependence. Especially for Mre < 0.85, the 
scattering  effect by the blade row of the  direct quadrupole con 1 r i b u t i o n  has 
t o  be accounted for. The lower Mrel i s  the more true  this remark i s .  

2 )  A major i n p u t  needed t o  estimate  the rotor locked potential flow 
field  is   the steady rotor l i f t   coef f ic ien t  ( C L ) .  For near  design incidence, 
CL can be estimated from the  ideal work equation (from the  experimentally 
recorded pressure r a t i o )  b u t  when the blade row i s  operating way off-design 
(say a t  incidence  angles  greater than 0.1  radians) an incidence  angle  related 
estimation of C works better than a nominal pressure r a t i o  related  estimation 
o f  C L .  A more besign oriented  statement of  this  issue  is  as  follows. Most of 
the  subsonic fan noise data  available  in  the  aircraft engine  noise area i s  
actually p a r t  speed (say 50% to  80%) da ta  of  fans whose design (100% speed) 
My i s  supersonic. In this  p a r t  speed mode, such fans  often  exhibit very 
l i f i l e  nominal change in measured pressure r a t i o  for substantial changes of  
flow coefficient/incidence  angle. One also notes substantial changes i n  noise 
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a t  constant t i p  speed and trying  to  explain this on the basis of the ideas o f  
[6] and Part I1 herein leads.  to the above  mentioned conclusion  concerning 
estimation o f  C L .  

3) Both i n  calculation  of primary dipole  noise and quadrupole  induced 
dipole  noise, i t  seems essential ( i n  order  to  avoid  gross  overestimation  of 
dipole  noise)  to  incorporate  compressibility effects i n  calculating  blade i n -  
duced unsteady forces i n  response to  specified unsteady, upwash distributions. 
An approximate theory due to Osborne was used i n  the current  study. 

4) To get  detailed agreement on the complete PWL spectrum i t  seems nec- 
essary  to accommodate i n  some fashion the fac t   tha t  the in l e t  contraction pro- 
cess  leads  to eddy  asymmetry. An elementary  theory for sudden contractions 
due t o  Batchelor,  etc. , was  used i n  the present  study. 

A final  formulation  incorporating a l l  these  effects does succeed i n  ex- 
plaining the data  of [7 ]  and the h i g h  flow data o f  Part  I.  As shown i n  Figure 
22,  the effect  o f  grids is  also  predicted  to some extent  (see  earlier dis- 
cussion o f  Figure 22) .  So far  as  effect   of changing flow coefficient i n  Part 
I goes , we are stuck w i t h  the uncertainty  introduced by the pre-stall  noise 
signature w i t h  peaks a t  % and 1% times blade  passing  frequency. I t   i s  argu- 
able  that i f  we ignore  increases around these bands, the theory shown i n  
Figure 19 does do reasonably we1 1 i n  predicting the re1 a t i  ve changes due to  
change o f  flow coefficient. 

These types  of  theoretical  studies  involve at   least   four   discipl ines .  
Firstly  steady  state  rotor aerodynamics is  involved. Secondly unsteady rotor 
aerodynamics enters i n .  T h i r d  and fourth , we are a1 so contending w i t h  
acoustics o f  moving  media  and the  area o f  stationary  turbulence. In our view, 
i n  view of  al l   the experimental problems  and theoretical  uncertainties i n  each 
of the four  disciplines, i t  i s  somewhat questionable whether a more satisfac- 
tory  "theory" can  be developed. The two areas worthy o f  further  study seem 
to be: ( a )  further theory-data comparison w i t h  other  sources where data i s  
available on effects on noise  of  varying pressure r a t i o   a t  constant rmp (such 
an effor t   i s   current ly  underway using,  e.g.  data from the NASA Quiet  Engine 
Program  where data on fans A ,  B is   available showing effects of employing 
small, nominal  and large  discharge  nozzles); ( b )  further  exploration of  the 
nature/origin o f  the  large  increases  of  noise a t  low flows found i n  Part I .  
(Some assessment  of this i s  currently underway by examining data  obtained on 
other programs a t  GE on rotor 11 w i t h  flows  intermediate between the two 
extremes studies i n  Part I .  ) 
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MODEL SOUND  PRESSURE LEVELS (59. OEG. F,  70 PERCENT  REL. HUH. DAY1 - ANGLES FROM I N L E T  
0. 10 .  20.  30 40 50. 60 70. 80. 90. 1 0 0 .  1 1 0 -  

50 PWL 
63 

RADIAL 17. FT. 80 
( 5 .  H I  1 0 J  66.1 66.0 65.8  64.5 63.8 64.5 66.0 67.0 67.4 66.6  66.7 65.0 99.8 

1hC 72.8 72.3 72.5 72.8 71.8 71.0 70.5 69.8 71.4 70.3 71.2 68.8 104.7 
200 77.3 78.5 78.0 77.3 76.8 77.0 74.5 72.8 71.2 69.1 72.2 79.8 108.1 
25G 82.3 82.3 81.5 80.3 79.1 78.0 76.7 74.8 73.7 73.1 72.4 69.8 110.3 
315  80.8 80.5 79.8 78.8 77.3 76.0 74.5 74.3 72.7 70.1 70.4 69.5 108.7 

VEHICLE 1 2 5  71.1  73.5 69.3 67.0 67.6 67.5 69.3 69.5 70.4 68.8 70.4 69.8 103.0 

NASA Rotor 11 

401) 79.@ 79.3 78.8  77.7 77.1 75.5  73.2  71.5  76.4  68.6  68.4 66.8 107.5 
9AR P9.7 HG 500 76.5 77.3 77.0 76.5  75.1  73.5 71.7 70.0 68.4  66.6  68.9 63.8 105.8 

(00 361  N/M2)  63C  78.8  79.8 79.8 79.0  77.3  76.0 73.3 71.3  70.4  67.6  67.4 64.3 , 107.9 
,,, T A ~ B  62. DEG F 800 77.5 78.0 78.3 77.7 76.6 75.3 73.0 71.0 69.2 6 6 . 8  67.9 65.8 107.0 
N (301. DEG r0 1 0 0 0  74.8 75.2 75.3 75.2 74.6 72.5 73.2 67.0 65.4 61.8 53.1 62.7 104.1 

THET 71. DEG F 1250  73.3 74.C 74.0 73.7 73.4 71.5 69.2 66.3 64.2 61.6 60.4 59.8 102 9 
(295. DEG K)  1600 74.3 74.5 74.5 74.2 74.1 72.8 70.2 66.8 64.2 61.7 59.4 59.1 103.6 

HACTi5.74 GH/H3  2 0 0 0  76.1 77.0 76.3 75.7 75.3 73.8 71.0 67.8 64.4 62.2 60.9 60.1 104.9 
(a01574 KG/H3)  2500 78.0 77.5 78.0 77.6 77.8 76.C 73.7 73.5 66.7 65.2 63.1 62.1 107.1 

NFA11510. Q P Y  3150 79.3 79.5 79.9 79.6 79.8 79.2 76.9 73.7 69.7 66.7 65.9 64.1 109.6 
(1205. RAD/SEC) 4000 82.9 82.4 82.1 82.3 82.7 82.6 81.1 77.1 72.9 69.4 68.3 67.6 112.8 

N F K l i 2 6 3 .  RPY 5000 83.9 83.6 84.8 83.7 83.9 83.3 81.9 78.1 74.1 70.1 69.7 69.0 -. 114.0 
(1179. RAO/SECl 6300 83.7 85.7 87.3 86.6 86.9 86.G 83.8 79.3 75.1 72.5 71.4 70.5 116.5 

NFDl6 lOO.  RPM 80UG 92.8 95.0 97.6 100.1 1C3.4 103.2 103.2 98.5 93.2 89.1 87.6 85.8 133.1 
(1686. R A O I S E C ) I 0 0 0 0  86.9 08.1 90.3 90.7 93.2 93.1 92.9 87.9 82.2 78.7 77.3 76.2 123.0 

NO. O f  BLADES 44   12500  86.3  87.9 88.8 88.4  89.6  87.9 86.8 80.8 75.3  71.9 71.5 71.5 118.8 
16010 96.9 94.4  93.6 94.1 95.9  95.3  93.9 87.5 80.7 78.1 77.2  77.2 125.8 
20000 87.7 88.1 89.6 88.5 89.1 88.6 86.3 83.2 73.3  70.3 68.9 69.8 119.9 
2500G  86.1 87.5 91.5 90.2  92.2 91.5 89.9 81.6  74.8  69.0 69.4 68.9 122.9 
31530 82.6 8 4 . 0  87.0 86.1 87.5  86.5 84.9 76.5  68.4 63.2 63.0 65.4 119.3 
45000 78.5 79.2 82.9  81.0 83.5 82.2 79.9 70.5 64.1 58.5 60.8 67.0 116.2 
55000 77.2 76.5 78.0  77.2 8G.3 81.3 76.8  66.3 63.8  57.6  62.5 68.1 115.3 

8 0 0 0 0  72.6 68.2 68.7  67.4  72.4 73.8 70.9 60.8 64.6 59.9 60.5  72.0 115.8 

OVERALL  CALCULATED 10.0.2 100.2 101.7 102.7  105.2  104.9~~104.4 99.5 94.3 90.5 8 9 . 3  88.1 135.3 

C1 ean In1 e t ,  
70% Speed, 
Discharge  Valve 
Setting- = 0 

63000 75.5  72.6 72.6 72.6  77.1  77.7 7 1. 4.5 5 1 63.7 69.2 114.7 

OVERALL MEASURED 

0 v 1- 
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!4@3EL SCUND PRESSURE LEVELS  (59. DEG. F, 7 0  PERCENT REL. HUM. D A Y )  - ANGLES F2OH I N L E T  

RADIAL  17. FT. 
( 5 .  H I  

VEHICLE 

NASA Rotor 11 

BAR 29.7 H t  
(00 361. N/ ’ iZ )  

TAU3 ’ 82 .  DEG F 
(301.. DEG K) 

THE1  71. OEG F 
(295.  OEG K I  

HACT15.74  GM/Y3 
t.0 1 5 7 4  K G / M 3 I  

NFA11507. RPM 
(1255.  RAO/SEC) 

N F K l l 2 6 0  RPY 
11179.  RAD/SEC) 

5ri 
63 
80 

I F 0  
1 2 5  
I 6 2  
2 0 0  
2 5C 
3 1 5  
4 0 0  
5c2  
6 3 3  
8 0 0  

1 0 0 3  
125C 
1 6 0 @  
Z O O 9  
2505 
3156 
40 C C  
50 0 0  
6 3 0 0  

0. IO. 

7c.5 69.7 
72.2 72.2 
78.5 78.2 
77.5 78.7 
R1.2 8~J.7 
79.7 79.5 

77.0 77.2 
79.7 9 0 . c  
81.5 82.0 
84.G 83.7 

77.7  78.2 

5€.2 96.2 
87.2 88.2 
90.2 91.7 
95.5 95.5 
94.7 95.5 
97.1 99.4 

131.3 1Oh.l 
98.2 iOJ.9 

71.0 73.3 69.7 7C.5 
72.7 71.C 71.7 71.5 
79.5 79.2 78.5 73 .5  
79.2 79.0 78.c 7a.5 
80.6 79.7 77.7 77.2 
7 9 . 2  77.7 75.5 75.5 
77.7 77.5 76.2 75.5 
77.7 7 7 . 2  76.0 75.e 
8 i . 5  8 g . O  75.5 77.5 
82.7 81.9 8 5 . 3  79.5 
83.7 82.9 8L.8 9C.5 
85.2 ~ 5 . 9  85.0 83.5 
89.0 8 5 . 4  87.8 80.5 
92.0 90.9 9 0 . 3  98.2 
94.2 93.4 92.2 91.2 
95.9 94.3 94 .7  93.9 
99.1 99.6 122.6 151.8 

‘ICb.5 102.9  152.3 131 .3  
101.5 107.6  1 0 5 . 3  99.0 

6C. 70 .  8 0 .  

70.5 67.3 67.4 
7 1 . 2  70.5 7C.3 
77.5 71.9 70.4 

7 6 . 5  73.0 72.2 
7 4 . 5  72.8 71.4 

75.7 71.8 69.7 

73.7 79.9 68.7 
74.0 75.5 6 8 . 4  
75.7 72.8 71.2 
7 7 . 5  7 4 . 5  72.2 
77.7 74.8 72.1 

8 4 . 2  82.5 77.9 

8 7 . 9  R b . 0  8C.3 

80.7  78.0 75.2 

85.5 81.3 79.2 

89.9 65.5 82.4 
99.3 94 .6  31.1 
97.5 93.1 89.8 
95.3 ? J . 8  87.4 

30 

67.3 
69.8 
6 9 . 6  
6 6 .  h 
71.3 
69.1 
67.1 
66.3 
58.1 
73.3 
69.3 
73.1 
75.4 
7 6 0 4  
79.2 
79.9 
88.1 
87.8 
85.0 

100.  

66.8 
70 - 8  
69.1 
72.8 
69.8 
68.0 
66.C 
64.5 
6 6 . 3  
70 .O 
68.2 
70 - 8  
73.3 
74.3 
76.5 
78.2 
86.2 
86.6 
83.8 

NFDl6Y.00. ?PY 8090 97.2 93.5 101.1  1 0 1 . 5  193.6 1 0 4 . 5  2 0 3 . 4  97.5 92.7 8’3.6 87.5 
11686.  RAD/SEC)lOO!?O 1GO.5 101.3  102.3 132.2 102.a 121.3 99.1  9Z.5 88.4 86.g ‘34.0 

NO. OF %LADES 44  1250C 1 C O . C  101.3 l C 4 . 1  Ii l6.6 1 ~ 6 . 1  104.4 103.8  96.1 91.3 58.6 87.1 
16ooc  99.1 99.2 100.6 1 c n . 1  10c.3 99.8 97.6 83.2 8 4 . 2  82.3 81.0 

€lean Inlet, 2 O O O G  95.9 97.6 99.5 100.7  101.5 9.3.8 98.0  89.2 82.6 80.3 78 .0  
70% Speed, 25000 94.3  95.9 98.2 97.5 9 3 . 6  97.3 9 4 . 5  85.6  79.3  75.3  74.5 
Discharge  Valve 315!30  91.6  92.5 95.7 9 4 . 5  96 .4  94.7 9 2 . 4  82.0 74.9  69.9  68.9 
Set t ing  = 1.45 4000C 89.G 89.4 3 2 . 4  93.8 92.4 31.4 8 8 . 4  77.0 69.6 63.5 64.5 

500011  87.7 87.2 88.7 37.7 9G.2 89.8 8 5 . G  72.5 66.5 58.8 63.9 
63000 85.7  83.1  82.8 9 i l . R  87.3 8 7 . 2  82.6 63.6 65.0 58.6 65.5 
80000 82.5  78.4  78.4  77.3  d2.6 8 3 . 6  80.9 70.3  64.6  59.9 6h.2 

OVERALL MEASURED 
OVERALL CALCULATED IG9.c 111.1 1 1 2 . 1  111.9 112.3 111.6 1 ~ 9 . 7   1 ~ 3 . 2  98.9 96.3  94.7 

110.  

6 4 . 4  
69.6 
6 8  .I 
6 9  -1 
67. I 
67 - 6  
6 3 . 8  
6 2 . 8  
6 4  - 3  
68  .l 
68.6 
6 9  -9 
7 1  -9  
73.7 
75 -2 
7 6 0 9  
84.9 
85 - 6  
82.9 
86.4 
83.5 
86.9 
8 2  - 3  
77.9 
73.0 
6 7  - 2  
62 -4 
61 - 2  
62.3 
67.6 

93 - 9  

PWL 

102.3 
104.6 
109.0 
109.0 
108.9 
107.6 
106.7 
106.5 
109.0 
110.9 
111.8 
114.8 
117.5 
119.7 
122.3 
123.9 
130.7 
132.6 
1-29.9 
133.8 
132.1 
135.7 
-130.5 
131.3 
1’29.0 
127.5 
125.2 
124.5 

124.4 

142.4 

123.8 



MODEL 

55 
67 

RADIAL 17. FT. 8 0  
( 5. M I  1 0 3  

V E H I C L E   1 2 5  
160 

NASA Rotor 11 2 0 0  
2 5 0  
3 1 5  
43G 

EAR 29.7 HG 5 0 0  
(IC 361. N / M 2 )  6 3 5  

T A H B  82. DEG F 8 3 5  
P ( 3 0 1 .  DEG K) 1 0 0 0  

TWFT 71.  OEG F 1 2 5 0  
( 2 9 5 .  DEG K) 160G 

HACT15.74 GM/H3 2 0 0 Q  
( .01574 KG/?l3) 2 5 0 6  

N 

NFA 9875.  RPM 3150 

NFK 9 6 6 3 .  RPM 50 21 

N F D I 6 1 0 0 .  SPM 8G00 

(1034.   RADISEC)  400C 

(1012. RAO/SEC)  6351: 

(1686.  RAO/SEC) I U O O O  
NO. OF BLADES 44 1 2 5 0 0  

1 6 0 0 0  
Clean In l e t ,  
&% Speed, 

200DU 
2 5 0 3 0  

Discharge Val ve 
Se t t ing  = 0 

31500 
4 0 0 3 C  
5 0 0 0 0  
63COO 
8@OOO 

OVERALL H E 4 S U R E D  
OVERALL  CALCULATE0 

64.2 65.1; 65.0 
70.7 70.3 68.8 
72.5 72.3 74.5 
75.7 77.0 76.3 

S t . 0  8#;.2 79.0 
76.7 76.8 76.5 
74.7 74.5  75.0 
76.7 77.5 77.3 
7 4 . 5  75.3 75.8 
72.2 72.7 72.5 

72.0 73.0 73.3 

82.0 81.8 8il.8 

72.2  72.5  72.3 

74 .5  75.3 7 6 . 3  
77.2 77.0 77.2 
79.7 80.2 79.2 
91.9 82.2 81.6 
84 .1  84.1 84.8 
88.1 9C.7 92.0 
91.2 9 4 . 9  95.9 
84 .8  85.8 87.1 
88.8 8 9 . 1  9 0 . 1  
91 .1  92.7 91.4 

81.8 8 2 . 2  85.7 
alt.i 84.9  87.8 

79.0 79.8 83.5 
75.7 77.0 79.6 
74.4 74.7 76.0 
73.0 71.1 75.6 
66.7 63.2 68.5 

63.5 
66.8 
75.2 
75.3 
79.5 
78.3 
75.2 
73.7 
76.0 
75.2 
71.7 
71.7 
72.2 
75 .4  
77 .1  
79.4 
81.0 
84.7 
9?.6 
96.6 
87.C 
89.2  
91.8 
95.7 
85.7 
92 .1  
77.8 
7 4.2 
70.1 
67.4 

51.3 63.5 
66.6 67.b 
71.8 72.8 
7 4 . 3  74.3 
78.8 77.5 
76.8 75.5 
74 .1  73.d 
72.6 71.8 
75 .1  73.3 
7 4 . 1  72.5 
70.8 59.0 
71.5 69.3 
71.6 70.C 
74.6 7 2 . 8  
76.6 75.5 
80.5 79.2 
81.7 3 1 . 6  
83.9 9 4 . 1  
93.9 93.0 
9a.z 97.7 
87.9 97.4 
99.6 89.4 
92.1 92.6 
9 C . R  88.6 

84.7 84.2 
79.7 79.4 
76.6 7 C . t  
73.G 75.2 

87.2 8 6 . 3  

66.7 73.8 

65.3 
67.8 
7 0 . 8  
71.7 
76.2 
74.13 
71.5 
70.0 
70 e 5  

70.2 
67 .0  
67.2 
67.2 
69.5 
72.7 
75.7 

32.  J 
91.8 
97.2 
84.6 
38.9 
32.6 

7a.3 

8 7 . 8  

9 2 . 1  
85.2 

77.4 
73.6 
70.5 
70.9 

64.8 
69.5 
69.8 
70.3 
74.3 
73.8 
63.0 
58.0 
68.0 
63.5 
63. 7 
53.8 
64.3 
66.3 
69.0 
71 .5  
74.4 
77 .3  
8 3 .  a 
91.8 
77.9 
81.3 
85.5 
79.2 
75.1 
72.7 
6 5 . 2  t2. 0 
59.4 
63.6 

66.1  65.2 
69.8 69.7 
72.6 73.5 
69.3 68.5 
73.6 73.0 
72.6 70.2 
67.8 66.5 
66.1 64.5 
67.6 65.2 
66 .1  64.5 

62.3 60.3 
61.5 59.2 

62.1 59.3 
63 .6  61.1 
66.1 63.6 
68.1 66.6 
70.8 68.5 
73.5 71.2 
82.0 79.6 
87.1 84.5 
74.1 71.9 
76.5 73.5 
79.9 77.5 
72.5 69.1 
69.7 65.7 
65.5 61.3 
61.3 56.4 
61.7 56.2 
61.9 5 6 . 0  
58.0 55.0 

65.4 
69 .4  
72  e 7  
67.7 
71.6 
69.1 
6 5  a 9  
62.4 
63 .1  
64.4 
60 04 
58.6 
5 8 . 1  
59.9 
62 - 9  
64.4 
66.0 
6R.7 
78.4 
83.4 
70.3 
73.0 
75.4 
67.6 
65.2 
61.5 
60 08 
62.3 
63.4 
60.5 

62  -8 
69.0 
75.3 
67 -0 
69.0 
68.8 
64.3 
6 1  - 5  
62.0 
6 2  .C 
59.0 
57.5 
56.6 
5 8  a 6  
61  01 
63 e 4  
65 e 6  

68.3 
77.0 
8 1  0 6  
6 8   - 9  
72.3 
75 02 
6 6  08 
62.9 
60 a 9  
59.5 
63 .6 
62.2 
65.3 

PWL 

98.4 
102.6 
106.7 
105.7 
109. a 
loa. 1 
104.9 
103.4 
105.2 
104.3 
100.8 
101.0 
10-1 .. 4 
104.1 
106.2 
109.3 
111.4 
114.3 
i23; 2 
127.9 
117.3 
120.1 
123; 5 
120.6 
1173 
116.3 
113.0 
111.8 

"- 



R A D I A L  1 7 .  FT .  
( 5. Y )  

V E H I C L E  

NASA Rotor 11 

BAR 29.7 HG 

T A H B  9 2 .  !3EG F 

TWET 71. D E G  F 

HACT16.ll3 GM/M3 

NFA 9875 .  ?PY 

( 0 0  3 6 1  N / H 2 )  

( 3 0 0 .  O E G  Y) 

( 2 9 5 .  O E G  K )  

(,Gi603 KG/M3) 

110DEL SOUND P2ESSl.jP.E LEVELS (59 .  DEG. F ,  7C PERCENT  REL. HUM. D A Y )  - ANGLES FROI? I N L E T  

5c 
63  
ail 

1 O d  
1 2 5  
I 6 0  
2 0 0  
25?  
31 5 
403 
5BC 
630 
8 2 0  

IODO 
1 2 5 0  
1 6 0 0  
2 0 0 ;  
2505 
31511 

( 1 0 3 4 .  rZAD/SECI 4G00 

(1C13.  R A O / S E C )  63GO 
NF0161'00. SPN 80  0 0  

( 1 6 8 6 .  RAD/SECJICCOO 
NO. OF B L A D E S  4 4  1250e  

16CSi 
_Clean ,IFlet, 20390 
6& Speed, 25C10 
Discharge Valve 31550 
S e t t i n g  = 1.45 40C03 

5 0 0 5 9  
63GUC 
8 0 0 0 @  

OVERALL MEASURED 
OVERALL  CALCULATE9 

NFK 9672.  RPH 5000 

13. 

64.1  
hR.1 
72.3 
72 .5  
77.8 
76.3 
74.0 
73.b 
76. I 
78.8 
9 1 . t  
8 3 . 3  
85.U 
89.6 
93.5 
92 .8  

10. 

69.7 
71 .0  
77.2 
75.2 
78.2 
76.7 
75.0 
7 4 , 2  
77.2. 
83.G 
81.2 
83.7 
86.0 
89.7 
93.5 
93.7 

20. 

70.5 
71.7 
7 8.7 
76.5 
77.5 
76.5 
75.0 
7 4 . 2  
77.7 
81.2 
81.0 
83.7 
85.7 
9C.2 
91.9 
94.4 

3u .  

7 0 . 9  
73.2 
77.0 
75.5 
76.7 
75.7 
74.2 
74.0 
77.c  
73.7 
8 3 . 4  
83.9 
96.4 
83.9 
91 .6  
93. 9 

1 0 0 . 2  103 .4   105 .8  lG5.2 
100.1 1 0 3 . 1   1 0 2 . 8  100.9 

96.U 96.6 98.5 98.1 
95.7 37.6 99.2 39.7 
97.1 99.11 1~2.8 103.9 
96.7 98.2 99.0 98 .5  
95.1 97.1 98.7 97.: 
92.4 93.6 96.5 9 6 . 4  
9t .3  91.7 94.2 93.5 
87.6 89.5 91.2 9C.G 
84.5 85.9 88.1 86.5 
83 .6  83.6 84.6 83.6 
8C.4 8G.S 79.4 78.7 
74 .9  78.2 78.2 77 .1  

1 0 7 . 1  1 9 9 . 3  I lG.7 1 1 0 . 4  

4 0 .  

63.7 
67.7 
78.2 
75 .7  
?5.7 
74 .5  
73.5 
73.5 
76.2 
78.6 
77.5 
83.C 
96.3 
89.5 
91.6 
9 4 . 2  

50 . 

7 c .  5 
75.5 
79 .1  
76.2 
75.2 
73.9 
73.2 
72 .7  
7 5 . 2  
77.5 
77.7 
8 1 . 5  
a4 .5  
87 .2  
89 .5  
9 4 . 7  

6ir 

64 .1  
66. A 
70.8 
69.2 
72.7 
70.7 

69 .2  
71 .5  
73.7 
75 .2  
79 .7  

68.2 

8 2 . 3  
84.5 
35 .7  
91.9 

70 

65.3 
68.9 
71.8 
68.0 
713.5 
69.8 
66.8 
67.5 
69.3 
71 .8  
71.8 
75.3 
78.5 
89 5 
82 .5  
89 .2  

80. 

64.7 
67.9 
71.4 
65.7 
69.2 
6 7  e 9  

65.4 
6 5  .2 
67.7 
69.4 
69. I 
73.2 
76.2 
77.9 
79.7 
84.7 
92.9 
86.3 
86.6 
87.6 
90.7 
8 5 . 5  
82 .4  
78.6 
75 .5  
7G.4 
65.4 
63.9 
63.9 
64.4 

97 .7  

90 0 

64.6 
68.3 
72.6 
64.6 
68.3 

63 .1  
63.3 

65.8 

65.4 
67.3 
66.6 
71.1 
73.4 
75.4 
77.2 
81.9 
93.4 
84.1 
84.2 
85.5 
88.2 
83.0 
83.2 
76.3 
71.5 
65.9 
60.5 
58.5 
58.2 
59.7 

95.2 

100. 

6 5 . 3  
68.8 
72.3 
65.5 
67.3 
65  e3 
63.5 
61 .3  
63 .5  
67.3 
65.5 
6U.O 
71.3 
73.0 
75.0 
79.2 

1 1 0 .  

6 1  -9 
67.9 
74.6 
64.1 
64 .1  
64.3 
61 a i  

6C.t 
61 e 8  

65.3 
6 4 . 8  
67.6 
7C - 2  
72 - 2  
74.2 
77.9 

88.7 8 8 . 1  
82.6 82.1 
82.5 81.4 
83.7 82.1 
87.2 85.7 
01.5 0 1 . 3  
79 .2  79.2 
74.3 73.9 
70.8 68.8 
65.4 64.0 
62.7 59.6 
64.6 6C.i  
65.9 62.7 
66.C 67.6 

93.7 92.8 

P WL 

100.8 
102.7 
109.0 
105.6 
106.5 
105.0 
103.6 
103.4 
106.1 

109.2 
112.6 
115.6 
118.2 
120.5 
124.3 
134.1 
129.6 
128.0 
129.9 
134.8 
129.9 
128.5 
127..3 
125.5 
123.3 
121:o 
120.3 
119.9 
123.1 

140.8 

loa. 6 



HOOEL SCtJNf l  PQESSUQE LEVELS  (59 .  D Z G .  Fv 70 PERCEqT REL. HUM. O A Y )  - ANGLES FROM I N L E T  

'?AOIAL  17.  FT. 

VEHICLE 
( 5. M )  

NASA Rotor 11 

9AR  23.7 HG 
( 0 2  3 6 1 .  N / Y 2 1  

TAM9 8 2 .  D E G  F 

TWET 7 1 .  O E G  F 
( 3 0 1 .  DEG K )  

( 2 9 5 .  DEG Y )  
HACT15.74  GM/M3 

( .E1574  KG/M3)  
!JFA 8 2 1 6 .  RPM 

0 .  

6 2 . 3  
68.6 
6 9  a3 
69.3 
74.  c 
72.C 
7 2  .O 
69.3 
73 .3  
76.5 
7 7 . 8  
8C a 8  
84 .3  
88.1 
89 .5  
93.c  

IC. 

62.0 
57.8 
53.3 
70.3 
73.5 
72.c 
72.c 
6 9 r . 5  
74.0 
77.2 
78.7 
81.3 
85. il 
88.5 
99.0 
94.7 

2 2 .  

62.5 
67 .5  
69.9 
70.8 
7.3.0 
71.5 
71.0 
73.0 
73.8 
77.2 

82.0  
85.0 
88.5 
89.7 
96.2 

7a.5 

( 8 6 0 .  RAO/SEC) 40C? 97.4  99.4 
NFK 8G4C. t?PY 5QO? 94.6 95.4 

( 8 4 7 .  SAD/SEC) h30U 94.5  96.2 
NFD161011. RPM 8200 94.3  96.3 

( 1 6 8 6 .   R A D I S E C )  1 3 0 0 ?  9 3 . 1   9 4 . 6  
NO. OF BLADES 44  1 2 5 5 3  94.3  96.6 

16003  93 .7   93 .2  
C lean  In le t ,  
50% Speed, 

20005   87 .9   90 .1  

Discharge  Val ve 
251330 8 6 . 1  89.2 

S e t t i n g  = 1.45 
315C3 83.1 8 4 . 5  
49000 HC.3 81.5 
5CnOG 79.2 79.7 
5 3 0 0 5  77.3 74 .1  
R C O G I !  7 2 . 0  6R.5 

OVERALL  YEASU?EU 
OVERALL  CALCULATE0  lC4.P  lC5.8 

99.4 
95.0 
97.3 
9R.4 
96. I 
97.1 
94.9 
92.3 
89.5 
R7.@ 
83.4 
79.5 
73.6 
58.7 

1 0  6.4 

3i. 

61.3 
63.8 
69.5 
70.0 
71 .5  
70.5 
70 e 3  
67.7 
73.5 
76.7 
7 7 . 9  
81.9 
85.7 
87.9 
89.6 
96 .9  

4 0  

6 1  .5 
66.8 
hR.3 
68.8 
70.6 
58.6 
69 .1  
6e .5 
72.  I 
75.5 
76.8 
8 1 . 4  
95.4 
87.3 
89.6 
9 7 . 8  

97.8 96 .2  
94.3 93.9 
95.1 95.9 

1 0 3 . 4  lOC.9 
97.5 1 0 1 . 4  
95.2 96.6 
9 3 . 1  94.1 
91 .7  92.3 
88.7 89.t 
85.1 86.5 

77.5 79.6 
71 .8  76.6 

83.5 82.7 

67 .6   72 .k  

1 0 6 . 5   l C 7 . 4  

5 9 .  

61 .8  
67.5 
69.0 
68.3 
59.5 
67.8 
67.3 
57.3 
7 1.P 
74.  J 
75.3 
80.0  
93.8 
85.5 
n P . 3  
97.0 
94 .6  
3 2 . 8  
95 .0  

101 .2  
101 .6  

96.2 
93.1 
91.5 
89.2 
35.7 
82.2 
79.3 
76.2 
73.8 

1 0  7.1 

5 2 . 5  61.5 62.2 61.8 
67.3 68.5 71.2 70.3 
68.  il 53.3 66 .4  64.i 
66.7 63.3 6 2 . 4  60.8 
63.0 66.3 65 .7  64.8 
66 .7  65.5 63 .9  61.6 
65.7 62.8 62.2 kC.6 
66.0 63.8 61 .7  60.1 
69.0 66.C 64.7 6 2 . 6  
72.5 69.9 67.4 65.6 
73.3 73.0 67 .1  64.3 
77.0 74.3 71.7 6 9 . 1  

83.2 77.8 75.9 73.7 
85.C 81.5 77.9 76.2 
94.4 97.2 87.2 83.7 

83.7  77.8  74.7  72.9 

93.8 
89 .8  
9 2 . 6  
96.7 
97 .1  
93 .3  
90.6 
88.3 
85. C 
82 .1  
77.4 
74.3 
71.9 
70.3 

1 0 3 . 4  

86.1 
84.8 
87.8 
90.3 
89.9 
85.3 
82.0 
78 .3  
7 5 . 6  
71.0 
65.5 
61.0 
5 8  .i 
68 6 

97.3 

82.6  
81.6 
84.1 
86.7 
86.4 
8 0  a8 
77.0 
73.6 
7 0 . 5  
65.9 
62 .1  
63.0 
64.5 
64 .6  

93.8 

80.9 
7 5.3 
81.2 
85.1 
84.2 
78 .9  
75.3 
71.5 
6 6 . 3  
60.9 
57.5 
57.6 
57.8 
59.9 

91.5 

100. 

63.7 
69.7 
64.2 
63.9 
6 4 . 4  
6 2  -1 
6 1 . 1  
5 9 .  I 
6 1  -1 
6 5 . 1  
63.6 
66.9 
73 - 6  
7 2   - 4  
74.6 
83.9 
79.8 

80.7 
7a.2 

a3.3 
82.8 
78.7 
74.7 
69.9 
66.9 
62.2 
6 5  0 8  
62.3 
63.4 
60.3 

90  07 

110. 

59.8 
73.3 
66.5 
58.8 
61.3 
60 - 8  
59.3 
57.3 
59.3 
63 .5  
63.2 
66.5 
69.8 
7 1  - 3  
7 3  e 1  
81.6 
79.3 
77.5 
79.8 
82.5 
8 1 . 2  
77 08 
7 5  07 
70.5 
65.2 
60 - 4  
5 8  03 
59.8 
61.7 
66.3 

89.5 

PWL 

95.7 
103.4 
100.8 
99.8 
101.9 

99.6 
99.1 
102.4 
105.7 
106.8 
110.9 
114.6 
116.9 
118.8 
126.9 
126.1 

125T7 
130.1 
130.0 
126.5 
124.0 
122.6 
12n.4 
118.1 
115.6 
114.3 
113.5 
115.0 

136.9 

100 * 3 

_. 123.5 .. 



R A Q I A L  17. F T .  

V E H I C L E  
( 5. HI 

NASA Rotor 11 

SAR 29.7 HG 
(00 361. N/H2)  

TAHB 82. DEG F 
( 3 0 1 .  DEG K 1  

THET 71 .  O E C  F 
1295 .  DEG K) 

H A C T l 5 . 7 4  GH/M3 
( e 0 1 5 7 4  YG/M3) 

NFA 8225 .  RPM 
( 861. R A D I S E C )  

( 843. RAO/SEC) 
NFK 8 t 4 8 .  RPH 

MODEL  SOUND PRESSURE LEVELS ( 5 9 .  DEG. F ,  79 PERCENT REL.  HUH.  DAY) - ANGLES  FROM I N L E r  
0 .  10. 20. 30. 40. 50. 6C.e 70. 8 0 0  90. 100. 110. 

50 ’ 
6 3  
8C 

I P C  
1 2 5  
15C 
2 o c  
2 5 0  
3 1 5  
400 
500  
6 3  C 
8 0 0  

1 9 3 0  
1 2 5 0  
1611r‘ 
29 3 C  
2500  
315G 
4000 
5000  
6300  
8OJO N F O l 6 1 0 0 .  RPM 

( 1 6 8 5 .  RAO/SEC)IiJ!IO’I 
NO. OF BLAOES 44 125CO 

1600C 
Cl-e-an Inlet, 200cil 
50% Speed, 25000  
- Discharge .. Val ve 31500 
Sett ing = 0 40000  

5 0 0 0 0  
6 3 0 0 0  
R O O O O  

OVERALL  MEASURED 
OVERALL  CALCULATED 

63.2 
h9.2 
67.5 
73.2 
79.7 
77.2 
73.2 
71.5 
72.2 
70.2 
69.2 
69.2 
69.5 
72.2 
76.0 
77.4 
R C  .4 
84.3 
92.1 
82  e4 
84.3 
92 - 5  
82. I 
81 .l 
7 8   - 5  
75.0 
71.7 
70.4 
69.2 
64.2 

63.0 
69.G 
68.5 
74.3 
79 .  a 
77.0 
73.5 
73,8 
72.9 
71.3 
69.7 
7 J  0 
71.3 
74.0 
76.8 
78.5 
80.7 
85.4 
94.4 
8‘1 .r! 
85.5 
92.9 
84.9 
82.9 
80.2 
76.3 
7 3.2 
70.5 
66.3 
60   -7  

62.6 
68.6 
59.3 
73.6 
79.1 
76.3 
73.3 
71.3 
72 .8  
71.8 
69.3 
70.6 
71.3 
73.8 
76.3 
78. 2 
81.7 
86.6 
95.8 
84.4 

61.2 
64.2 
6 9  e 0  

72.4 
77.2 
74.9 
71.4 
69.7 
71.4 
70.6 
68.4 
69.9 
73.4 
73 .1  
76.3 
76.8 
8 1.: . 5 
85.6 
95.8 
34.5 

64.3 
71.6 
67.3 
66.6 
7 1  a h  
69.5 
64.3 
62.1 
63.1 
62.3 
58.8 
59.3 
59.3 
62.3 
65.3 
67.A 
69.5 
72.7 
83.5 
71.4 

64.5 
71.2 
65.2 
65.2 
71.C 
67.2 
62.2 
60.7 
69  - 7  
61! .2 
56.2 
57.5 
58.0 
60.1 
63.1 
65.1 
67.0 
70.5 
80.1 
70.0 

64.4  61.8 
70.2 72.8 
65.2 67.0 
65.9 63.0 
69.4 67.0 
65.9 65.5 
62.4 6C.5 
59.4 57.8 
59 .1  57.8 
60.6 58.3 
58.6 55.5 
56.4 55.0 
56.9 55.1 
58.6 57.6 
61.9 5 3 . 4  
63.9 6 1   - 4  
65.3 63.8 
69.0 68.0 
79.2 78.5 
68.1 67.3 

97.0  98.4 99.2 95.4 98.1 

85.7 
89.5 

84.9 
82.1 
78.6 
74.5 
71.9 
69.C 
64.4 

a4.2 

97.1 

.PWL 

96.8 
103.7 
100.5 
102.8 
107.7 
105.2 
101.3 
99.6 

100.7 
99.9 
97.8 
98.6 
99.5 

102.4 
105.6 
107.6 
110.3 
114.5 
124.2 
114.1 
116.1 
120.8 
115.5 
116.7 
114.3 
111.2 
108.4 
107.4 
107.4 
108.4 

128.3 

I 



M O D E L  SOUND PRESSURE  LEVELS ( 5 9 .  3EG. F c  70 PEKCEYT R E L .  HUM. D A Y )  - ANGLES FROH INLET 

9 A U I A L  1 7 .  FT. 
( 5. M I  

V E H I C L E  

NASA Rotor 11 

B A R  29.7 
( 3 0  361.  

T A H 3  76. 
( 2 9 8 .  

TWET 59.  
03 (294 .  

HACTIS. 74 
( e 0 1 5 7 4  

N F A l l  447. 

ru 

HG 
Y / M 2  1 
D E G  F 
OEG K )  
DEG F 
D E G  K )  
GM/M3 
YG/M3) 
P,P M 

50 
0 3  
8 0  

1 3 6  
1 2 5  
163 
2 0 9  
250 
3 1 5  
4 0 6  
5110 
530 
8 0 0 

loof! 
125C 
1 6 2 0  
2 0 0 s  
250 :  
3150 

0. 

650 1 
7 i  .3 
73.8 
77.5 

82 .3  
81.0 
83.G 
86.8 
88.3 

90.5 
9C .6 
92.8 
95.8 
92.5 

az.3 

89.5 

IO. 

r r  01.3 

75.3  
72.5 
79.0 
82.5 
82.5 
8 1  e 8  

83.3 
8 7 . 3  
89.2 
89.7 
92.5 
93.5 
94. J 
96.5 
92.7 

20. 

64.8 
68.8 
73.0 
78.0 
81.3 
81 .3  
81.0 
83.3 
87. 8 
89.3 
89. J 
89 .5  
91.3 
94.3 
95.5 
92.4 

33. 

63.8 
67.3 
73.3 
77.3 
80.5 
83 .3  
82.5 
82.5 
86.5 
89.2 
88.9 
88.7 
93.7 
94 .9  
97.4 
91.4 

40 

63.1 
67.1 
72.3 
77.1 
78.8 
79.1 
79.6 
81.3 
85.6 
88.5 
UR.3 
88.9 
90.1 
94 .1  
95. b 
93.3 

50. 

63 .8  
67.5 
71.5 
77.3 
77.8 
77 .8  
78.5 
8C.D 
8 4 .  E 
86.5 
56.8 
RR.3 
39.s 
94 .3  
97 .5  
89.9 

60 

65.0 
68.8 
70.8 
74.5 
7 6   - 5  
76.5 
76.2 
78.5 
82.0 
84.7 
84.5 
85.7 
96.7 
92.2 
96.7 
86.9 

7G 

66.0 
711 0 
71.8 
73.3 
75.3 
75.5 
74.3 
76.5 
R 9 . O  
8?.3  
8 1 . 0  
83.0 
83.3  
83.3 
94.5 
82.7 

(1139 .  iiAO/SEC) 40GO 92.3 94.2 
NFKl.1264. 9 P t l  5 0 0 0  9 4 . 1  94.4 

(1179 .  QAD/SEC) 630: 36.2 96.7 
NFDIb100. RPY 8 9 0 0  12c .4  190.2 

(1636 .  RAD/SECI l J0bG 99.1 99.3 
NO. O F  YLAJES 44   12500  97.2 97 .5  

16000 c17.3 97.3 
2 0 o u 0  14.4  95.1 
2 5 5 0 0  93.2 94.4 
3153L1 9C.3 99.4 
4 0 0 0 0  86.2 85.9 
5JOCO 83.7 82.2 
E30C.Z 79.7 76.3 
8 3 0 2 9  74.6 69.2 

Gr id  #1, 
7O%"Speed, 
Discharge  Valve 
Se t t i ng  = 0 

O V E R A L L  HEASUSED 
O V E R A L L  C 4 L C U L k T E T )  107 .6   107 .4  

80 

65.9 
69.9 
70.3 
71.4 
73.7 
73.9 
73.2 
74.4 
78.9 
8Q.7  
78.9 
80.7 
8G - 7  
86.2 
90.7 
79.4 
79.4 
30.3 
8 4 . 6  
90.9 
86.9 
u1.s 
8 0 . 4  
76.1 
74.2 
69.3 
64.8 
64.7 
65.0 
64.1  

96  a 9  

90 .  

64.8 
68.6 
69.6 
6903 
73. I 
71.8 
71.6 
72.6 
76.1 
79.1 
76.6 
77.9 
78.2 
8 3 . 2  
87.4 
76.9 
76.6 
77.6 
81.7 
87.8 
84.C 
78.8 
78.2 
73.5 
69.2 
63.8 
58.9 
59.5 
59.3 
59.4 

94.0 

100. 

69.2 
69.9 
71.2 
72 -9 
72 -1 
71.9 
70 - 6  
70.9 
74.4 
78.9 
76.6 
76.4 
76.4 
82  - 4  
85.6 
74.9 
75.5 
76.7 
80 04 
86.0 
83 .1  
78.1 
77.8 
72.1 
b9.6 
64.1  
61.0 
64.2 
64.1 
60 - 3  

92 e 7  

110. 

62 a 9  
67.4 
68 .I 
69.8 
68.8 
7 0  .I 
68 - 8  
68 - 3  
7 2 . i  
76 -3 
75.8 
74.6 
74.4 
79.2 
8 4 . 2  
73.4 
74.6 
7 5 . 4  
79.1 
85.3 
8 I a . 2  
77 a 0  
78 -2 
71 - 9  
67.7 
62.1 
59.5 
63.6 
66.7 
66  06 

91.3 

PGJL 

99.3 
102.5 
104.9 
108.3 
110; 2 
110.2 
1 io, i 
111.9 
115.9 
118.4 

118.9 
119.9 
124.5 
127.7 
120.4 
121.0 
122 .o 
125.8 
132.2 
129.2 
126.1 
126.7 
124.4 
12K6 
120.9 
117:5 
,116.1 

115.2 

137.9 

118.0 

114.5 



EOUEL SOUNO PRESSUP.E  1.EVELS (59 .  DEG. F, 7 0  PERCENT REL. HUM. D A Y )  - ANGLES FROH INLET I 

RADIAL  17. FT. 

VEHICLE 
( 5. H) 

NASA Rotor  11 

!3A? 29.7 HG 

T A Y B  7h.  D E C  F 
(00 3 6 1  N/M2) 

L n  (29'R. OEG K )  

( 2 9 4 .  O E G  K) 
TWET 69, D E G  F 

HACT15.74 GM/H3 

N F A l 1 4 5 4 .  PPM 
( .D l574  KG/H3)  

5 c  
6.3 
8 5  

1 C O  
1 2 5  
1 6 0  
2 0 0  
2 5 3  
3 1 5  
4 9 0  
5113 
6 3 2  
a n :  

l O G 0  
1 2 5 3  
1 5 0 0  
2 0 0 0  
2509  
3150  

G. 

7c . 2  
72.0 
79.5 

8 2 . 0  
81.7 
81.2 
H I  .2 
84.2 
86. C 
87.2 
8R e5 
92.7 
93.5 
97.2 
96.5 

79.0 

10. 

69.7 
72.0 
78.7 
80.5 
81.7 
81.2 
81.7 
8 1.4 2 
84.7 
86.7 
87.0 
89.5 
92.5 
95.3 
9 7 :5 
97 - 2  

20.  30. 

70.2 70.0 
72.2 72.0 
79.5 79.7 
110.2 77.7 
81.0 79.5 
81.0 79.7 
82.C 80.G 

85.5 8 5 . 0  
87.3 57.2 
87.0 86.9 
83.3 88.9 
93.2 92.9 
95.0 94.9 
95.7 95.1 
97.2 96.3 

81.5  51.1; 

40. 

7@.0 
7G.5 
78.7 
79.2 
79.c 
7R.7 
79.7 
80.5 
8 4 . 5  
86.3 
86.3 
3 A . 3  
92.0 
93.5 
9't 2 
96.0 

50. 

70.5 
72.0 
7 9.2 
79.2 
7  7.7 
77.0 
7  8.5 
79. 
83.C 
R5.C 
85.2 
R7.7 
'31.7 
93.0 
32.5 
94.2 

60. 

70.7 
72.2 
78.5 
73.3 
77.5 
76.5 
77.5 
8 0 . 0  
RC.5 
83.7 

85.7 
89.5 
91.5 
89.7 
99.4 

a3.2 

70. 

65.8 
5 3 . 8  
71.3 
72.8 
74.0 
74.5 
73.0 
75.3 
79.5 
B G .  5 
79. a 
82.8 
9 6 . 9  
87.5 
85.7 
ab. 7 

(1199.  R4D/SEC) 4 0 0 0  '39.4 1 0 6 . 4  1C1.3 101 .5  101.9 102.1 93.8 94.4 
N F K l l 2 7 1  RPH 5GOC 103.3 1 0 7 . 1  107.5 1 0 4 . 4  103.3 102.5 98.3 93.1 

( 1 1 8 0 .  RAD/SEC) 6 3 0 0  100.2 101.3 102.0 1 0 1 . 3  1131.1 150.3 97.3 92.3 
NFD16100. RP!4 80GC lC1.1 101.9 102.2 102 .7  153.8 1 0 4 . 1  1C1.8 96.7 

(1685.  RAD/SEC)ICC50 193.5 104.3 1C3.R 103 .2  163.6 192 .6  1 0 5 . 4  94.G 
NO. OF BLADES 4 4  1 2 5 5 0  104.2 l G 4 . 7  1 0 5 . 2  105.8 105.5 1 0 4 . 8  1 0 2 . 5  95.5 

16C30 150.8 1 0 1 . 1  101.2 1 O L I . 0  lOC.2 99.C 96.2 8 8 . 4  
. .  Grid #1, 2 0 0 2 0  1 O G . 1  100.4 101.3 103.4 163.5 99.1 96.3 87.9 
70% Speed, 25000  98.4 9Y.R 99.3 97.1 97.5 36.h 93.6 8 5 . 3  
Discharge  Valve 31550  95.7 96.6 96.9 93.7 94.6 93.8 90.5 81.2 
S e t t i n g  = 1.45 40000 92.6 92.3 93.5 8 9 a Y  71.3 89.5 86.3 76.1 

5 0 3 0 2  93.6  89.6 89.4  85.6 88.2 83.9 R3.3 7 2 . 2  
63Gi10 92.2 84.5 83.2 81.5 85.2 8 5 . 4  80.9 63.8 
H000C 94 .0  78.4 79.4 77.1 81.8 93.3 80.4 69.8 

OVERALL MEASURED 
OVERALL CALCULATEO 112.n  113.2 113.4 112.5 112.5 111.8 1 0 9 . 2  103.4 

80 .  90. 

66.7 64.8 
70.4 6 8 . 8  
71.4 69.1 
71.7 69.1 
73.2  72.3 
73.4  70.8 
72.9  70.6 
72.9 71.1 
77.4  74.4 
78.4 76.8 
77.4  75.1 
81.2  77.9 
83.9 81.4 
85.4 02.2 
82.9 80.7 
8 3 . 2  ' 81.2 
91.1 
90.1 
88.9 
9 1  - 4  
88.9 
90 .2 
84.1 
8 2  .l 
78.9 
7 3 . 3  
68.5 
66.2 
65.0 
64.1 

99.2 

88  - 4  
88.3 
86.5 
8 8 . 3  
86.7 
88.0 
82.G 
79.3 
74.4 
6 8 . 6  
62.4 
59.5 
58.3 
59.4 

96.7 

100.  

67.8 
69.6 

74.5 
71.3 
70.3 
69.5 
69.0 
72 S O  

75.5 
73.7 
75.5 

80 .O 
78.5 
79.2 

70 .8  

78.8 

110. 

62 6 
68  .I 
68 - 6  
69.1 
68.3 
69.1 
67.6 
67.6 
69.8 
74.6 
73.8 
75.1 
77.4 
7 8  -4 
77.2 
77.4 

86.7 85.6 
86.6 86.4 
84.8 84.1 
87.2 85.1 
85.5 84.5 
87.0 86.0 
80.9 81.7 
77.8 77.9 
73.7 72.7 
68.0 67.4 
63.6 62.5 
64 .1  61.1 
66.0 63.0 
65.7 70.1 

95.3 94.3 

PWL 

102.0 
104.2 
109.6 
110.0 
109.9 
109.6 
110.1 
111.0 
114.2 
116.5 
116.2 
" 118.6 
122 :3 
124.0 
124.0 
125.3 
131.6 
133.7 
130; 7 
133.6 
133.2 
135.4 
130.3 
130.8 
128.6 
126 ., 9 
124.3 
123.4 
122.4 
123.9 

142.7 

I 



HOOEL SOUNO PRESSURE LEVELS ( 5 9 .  OEG. F *  72  PERCEUT REL. HUH. O A Y l  - ANGLES F R S 3  I X C F !  
C .  IC. 2C. 30.  40.  50. 6C. 70. eG. 90. 100. 110. 

50  
6 3  

R A D I A L  17. FT 83 
( 5. M l  I c. 2 

V E H I C L E  1 2 5  

NASA Rotor 11 
160 
2 O G  
2 5 0  
3 1 5  
4 0 e  

BAR 29.7 HG 5 0 0  
(00 3 6 1  N/H2) 6 3 0  

T A W   7 6 .  OEG F 8 0 0  
(298. DEG K) 1 0 0 0  

TWET 69. DEG F 1255 
( 2 9 4 .  OEG K I  1 6 0 0  

H A C T 1 5 . 7 4  GM/M3 20CO 
( - 0 1 5 7 4  KG/!l3) 2 5 0 0  

NFA 9819.  RPH 3150  
(1028 .  RI \D/SEC)  4000 

NFK 9 6 6 2 .  RPH 5 0 0 0  
(1012.  R A D I S E C )  6 3 0 0  

N F D I 6 1 0 0 .  RPM 80 0 0  
(1686.  RAD/SEC)lOOOO 

NO. OF BLADES 44 1 z S o n  
16005 

Grid #1, 2 0 0 0 0  
60%- speea, 2 5 0 0 0  
Discharge Valve 31500  
s e t t i n g  = 0 4 0 0 0 C  

5 0 0 c o  
630~11 
8 0 0 0 0  

OVERALL  MEASURED 
OVERALL  CALCULATED 

66.6 
70.1 
73.6 
76.8 
H 1 . R  
81. 8 
B G  a 0  

80.8 
84.3 
85.8 
86.3 
86.8 
87.8 
88.1 
88.0 
87.8 
90.4 
91.9 
96.2 
96.9 
94.6 
14.5 
9 3 . 6  
91.2 
89.2 
86.0 
82.4 
95.7 
91 e 7  
91.8 

1 0 4 . 3  

b b . 8 
6?.3 
73.3 
77.3 
81.3 
81.3 
82.5 
81.5 
8 4 . 8  
86.3 
85.5 
87.3 
87.3 
95.9 
87.3 
88.5 
90 - 7  
92.4 
96.2 
97.4 
95.1 
94.8 
94.6 
91.9 
88.9 
85.7 
Rl.6 
78.7 
73.3 
67.7 

64.5 
68.5 
75.0 
77. tl 
8U.5 
80.8 
R Q . G  
81.5 
85. u 
8 7.0 
86.0 
86.3 
88.3 
90.5 
88.5 
88.7 
89.6 
92. II 
97.3 
97.8 
94. 8 
94.7 
94.3 
92.3 
89.4 
86.4 
82.5 
79.2 
75.3 
69.2 

1 0  5.0 

6z.a 
66.5  

75.5 
79.5 
73.5 
79.0 
87.7 
84 .5  
86.5 
85.4 
96.2 
87.7 
9'3.7 
87.9 
87.6 
8 8  .'J 
91.5 
95.6 
97.5 
93.7 
93.3 
92.2 
91.2 
87.1 
84.0 
79.4 
75.2 
75.0 
66.9 

74. a 

153.9 

64.3 
66.3 
73.3 
75.1 
7tl.R 
73.1 
73.6 

33.6 
8 6 . 3  
85.6 

$ 6 . 6  
90.3 
86 .8  
87.3 
89.13 
93.9 
9 5  .9 
97.6 
34.2 
93.8 
92.8 
91.3 
87.8 
814.7 
79.6 
77.3 
74.3 
71.7 

80 .1  

a[). 1 

104.1 

53.3 
66.3 
72.5 
74.8 
77. J 
76.5 
7 7 . 3  
78.3 
82.1 

85.5 
84.3 
86.3 
8 9 A  
85.5 
95.7 
8 9 . 1  
91.1 
96.5 
3 8.4 
92.9 
9 2 . 3  
92.2 
89.8 
87 .2  
83.9 
7 8.8 
77.0 
75.1 
73.3 

8 4 .  n 

103.8 

65.5 
68.3 
71.0 
72.5 
76.2 
75.7 
75.5 
76.7 

82.2 
81.2 
82.7 
8 4 . d  
88 .2  
93 .R  
82.9 
85.6 
88.9 
94.5 
96.8 
9J.9 

90.0 
37.0 
84.9 
81.3 
75.3 
73.0 
71.2 
70.4 

79. n 

30.2 

131.8 

6k. 5 
63.3 
73.8 
70.8 
74.3 
74.8 
73.8 
74.8 
77. R 
80.0 
79.2 

83.5 
84.3  
79.2 

79. a 

79.0 

85.3 
93.5 
92.4 
85.4 
54.0 
82.6 
73.3 
75.3 
71.9 
65.9 
63.5 
63. 6 
6C.3 

R E .  4 

97.3 

6 4 . 8  
6 8 . 9  
73.6 
69.6 
73.3 
73.1 
72.3 
72.8 
76.8 
78.3 
76.3 
77.5 
78.1 
82.3 
76.8 
75.8 
79. L! 
8G.7 
37.5 
89.5 
80. b 
78.6 
77.3 
73.7 
73.3 
6 5 . 2  
61.9 
62 .1  
02.1 
58.2 

63.6 
67.8 
72.3 
67.8 
72.1 
7c.3 
70.3 
70.6 
73.4 
76.1 
73.1 
74.9 
75.2 
78.2 
73.4 
73.7 
75.4 
78.8 
83.5 
85.3 
77.5 
76.0 
75.0 
70.8 
65.9 
60.6 
57.6 
58.8 
58.3 
59.9 

90 .7 

63.4 
67.7 
76.2 
6 9  - 2  
71.4 
70 - 4  
68.9 
68.9 
72  -1 
76.4 
73.1 
72  a 9  

73.4 
76  e 9  
72.1 
71.6 
73.5 
7 6   - 2  
31.7 
83.0 
76.8 
7 6  .I 
74.6 
69.4 
66 -1 
62.1 
6 0   - 7  
63.2 
62.9 
69.0 

89.3 

6 1  - 5  
68.3 
7 5 . 8  
67.3 
68  05 
69 -4 
68 -0 
6 7  e 0  
7 9  e 0  
74.8 
73.2 
72.5 
7 2  - 8  
75.1 
7c .9 
71.1 
73.6 
75.8 
80.3 
81.5 
75.7 
75.4 
75.1 
6 9  e 5  

64 e 6  
60 e 3  
60.7 
62 - 3  
64.4 
64.3 

88  0 3  

PWL 

97.7 
101.7 
107.5 
106.2 
109.6 
109.3 
109.0 
110.2 
113.7 
115.9 
114.9 
115.8 
117.0 
120.4 
116.7 
116.8 
119.0 
121.4 
126.5 
128.4 
123.9 
123.7 
123.3 
121.7 
119.3 
116.8 
113.5 
112.6 
112.5 
114.2 

134.6 



MODEL SOUND PRESSURE L E V E L S  (59.  DEG.  F ,  70 PERCENT REL. HUM. D A Y )  - ARWFS FCQ-H-TNLW 

.RADIAL 17. FT. 
I 5. M I  

V F H I C L E  

NASA Rotor 11 

BAR 29.7 HG 
( 0 0  3 6 1  N/Y2) 

YAHB 76. OEG F 
Y 1298. OEG K )  

TWEf 69. OEG F 
(294.  DEC K) 

H A C T I  5.74 GH/H3 
1.01574  KG/M3I 

NFA 9819. RPH 

59 
63 
80 

100 
1 2 5  
I 6 0  
205 
250 
3 1 5  
400 
5 0 0  
630 

1000 
1250 
1 6 0 0  
2000 
2505 
3150 

R o n  

0. 

70 e 2  

7 1  e5 
78.2 
77.5 
79 a 2  
80  .o 
79.5 
78.7 
81.2 
83.2 
R4.2 
87.2 
93.0 
91.5 
95.2 
94.7 

10. 

6 9 . 2  
73.5 
78.0 
77.7 
79.5 
79.5 
79.7 
7R.7 
8 2 i2 
84.2  
84.5 
87.7 
91.0 
92.2 
95.5 
95.2 

20.  

7 0.7 
71.2 
79.5 
7 8.2 
7R.5 
82.5 
80.0 
80.0 
83.2 
85.0 
85.0 
88.5 
91.2 
92.5 
94.4 
9 6 . 4  

30.  40. 

70.0 69.7 
70.7 69.7 
79.2 78.2 
77.0 76.5 
77.0 76.G 
78.0 76.7 
79.5 77.c 
79.7 79.0 
82.2 81.8 
84.4 83.5 
84.2 0 3 . 8  
8 7 . 9  87.5 
99.7 89.8 
91 .1  90.3 
93.6 92.5 
96.1 97.0 

50 e 

77.5 
79.5 
83.5 
92.5 
79.5 
78.0 
79.2 
79.7 
8 7.5 
89.5 
92.5 
95.0 
91.5 
89.2 
91.2 
95.9 

6 @  

72.7 
73.5 
79.0 
75.. 7 
76.7 
75.7 
74.7 
76.7 
79.2 
84.3 
84.0  
88.2 
90.7 
89.2 
89.2 
93. k 

70 

66.3 
69.8 
73.0 
71.3 
72.0 
72.5 
72.0 
7 5 . 0  
77.5 
79.3 
79.0 
82. 0 
83.8 
81.5 
83.7 
88.7 

. ( 1 0 2 8 .  RAOISEC)  4COO 105.9 106.6 108.6 107.5 105.1  103.6 100 .6  96.1 
NFK 9662. RPH 5000 102.1 103.3 102.8 100.7 93.1 98.5 95.8 90.8 

(1012.  RAOISEC)  6300 98.2 9'3.4 100.3 99.1 99.3 99.5 96.8 91.3 
NFOI6100. RPH 83OC 99.4 99.9 100.7 100.0 100.3 100.6 98.0 92.4 

(1686.  RAO/SEC)10000  102.0 102.5 103.8 1 0 4 . 4  105.8 104.3 101.6 95.C 
NO. OF BLADES 44  12500 99.9 100.2 100.5 99.8 100.2 99.3 97.0 90.0 

15000 98.3 93.1 99.5 97.7 9 8 . 2  99.0 94.2 86.1 
Gr_id-#l, 2 0 0 0 0  96.4 97.1 97.5 96.7 96.7 96.1 92.3 83.9 
60% Speed, 25000 94.7 94.8 95.6 93.6 94.5 33.4 9 0 . 4  81.0 
Discharge Valve 31500 92.0 91.4 93.1 90.2 91.1 90 .1  86.8 76.9 
Setting 1.45 4 0 0 0 0  88.6 88.3 89.8 86.2 37.3 86 .3  8 2 . 3  71.6 

5 5 0 0 0  9C.6 85.6 85.4 82.6 84.9 84.5 80.5 69.0 
630ilC 98.4 81.3 0 5 . 0  78.5  82.7 83.1 79.7  67.1 
~ O O O L '  98.8 77.7  77.9 75.8 81.6 3 3 . 3  80.4 69.8 

OVERALL  MEASURED 
OVERALL  CALCULATED 111.4 111.6 112.6 111.7 111.3 110.6 107.7 1 0 1 . 8  

80 .  

63.4 
67.2 
72.4 
67.7 
69.9 
7 0  - 4  
69.9 
70.7 
74.2 
75.4 
74.9 
79.2 
81.2 

80.4 
86.4 
9 3 - 4  
87.3 
88.1 
88.9 
90.7 
85.2 
81.9 
78 - 3  
75.4 
70.0 
65.3 
6 4 . 5  
65.0 
64.1 

98.4 

78.7 

90. 

62.6 
66.6 
71.3 
66.1 
69.3 
68.6 
68.1 
69.1 
71.1 
74.1 
71.8 
77.1 
79.2 
75.9 
77.9 
83.9 
91.6 
84.8 
85.7 
86.5 
87.7 
82.8 
79.7 
75.8 
70.9 
65.6 
59.9 
58.0 
58.3 
59.4 

96. i 

1 0 0  . 

62.3 
67.8 
75.3 
67.8 
68.3 
68.0 
66.8 
66.8 
69.5 
72.8 
70  05 
74.5 
76.8 
74.8 
76.5 
81.5 
88.2 
82.9 
84.0 
84.9 
86.5 
82.0 
79.2 
74.0 
70.7 
65.3 
63.4 
63.8 
66.0 
65.7 

94.1 

1 1 0 .  

60 -4 
66.9 
7 4 . 6  
64 e 8  
65.3 
67 -1 
65.3 
65.1 
67.1 
7 1  -1 
70 - 8  
73 -6 
75.2 
73.7 
74.9 
80.2 
88.9 
82.9 
82.6 
83 a 1  

85.0 
80 - 5  
79  04 
74.1 
69.2 
64.1 
60 m8 
60.4 
62 5 
68.3 

93.5 

PWL 

104.0 
105.9 

109.2 
108.4. 
108.4 m83 
109.4 
,114.1 
116.. 4 
118.0 
121.0 
12  1,2 
120.6 
122 :5 
126.1 
135.5 
129.9 
129.3 

134.5 
130.0 
128.5 
127.2 m 
123.1 

119.8 
i20.1 
123.7 

141.4 

i i i A  

" - 

_ .  - .  

_. 130.4 - . 

1203 



MODEL SOUND PRESSURE L E V E L S  (59 .  D t G .  F ,  70  PERCEUT KEL. 3UH. DAY) - CUGLES F?O?l I N L C i  
O. 1 0 .  20.  30 .  40. 50. 60 .  7G. 8 0 .  90. 10'2. li0. 

50 
6 3  

QADIAL  17. FT.  8 0  
( 5. M )  1 c c  

VEHICLE  125  
16C 

NASA Rotor 11 2 0 0  
250  
3 1 5  
400 

D A R  29.7 HG 530 
( 0 5 3 6 1 .  N / M 2 )  63Q 

T A V a  77.' OEG F 8OL7 
1 2 9 8 .  DEG K) l 5 O C  

TNET 7C. DEG F 1 2 5 0  
( 2 9 4 .  DEG K) lbCC 

HACT16.33 GM/M3 2 0 G 3  
(.E1633 <G/H3) 25GO 

NFA 8192.  RPM 3 1  50 
( 858. RADISEC) 4 0 0 8  

NFK 8053 .  RPH 5 0 0 0  
1 943.  RAO/SECI 6 3 0 0  

NFD16100.  9PM 8 9  o c  
(1686 .  RAO/SEC) 19033  

NO. OF BLADES 4 4   1 2 5 5 0  
160133 

" Grid #lL 20500  
50% Speed, 2 5 9 0 0  
Discharge Valve 315011 
Setting = 1.45 4 0 0 0 0  

5 0 0 0 0  
6 3 0 3 0  
A O O O O  

OVERALL  YEASUqED 
OVEQALL  CALCULATED 

61.8 
67.3 
7F.8 
72.5 
76.5 
77.0 
76.3 
75.5 
7 0  m i  
81.6 
81.8 
84.8 
86.1 
9C.3 
9c.5 
96.8 
99.7 
95.6 
96.5 
97.4 
96 .1  
96.7 
94.1 
9 1  e7 
89.2 
86.5 
84.3 
86. a 
91.5 
89.7 

106.8 

61 .3  
66.3 
7 c . 5  
73.5 
75.8 
7 6  .A 
76.5 

74.0 
81.3 
82.5 
86.0 
8h.3 
9s .5 
91.9 
93.7 

lOC.4 
96.6 
9'7.4 
9R.7 
96.8 
97.3 
94.1 
92.4 
9@.4 
86.4 
83.Q 
79.3 
74.3 
68.1 

75.8 

107.5 

66.3 61.0 61.6 
68.8 64.b 65.8 
72.3 71.5 70.3 
73.5 72.3 71.3 
75.0 74.0 72.8 
76.3 74.5 73.6 
79.0 74.7 74.1 
77.0 75.7 74.3 
R0.3 79.a 73.3 
81.3 81.C 80.6 
82.5 81.9 82.3 
86.3 85.7 86.6 
86.8 8 6 . 2  85.4 
89.5 87.2 8 8 . 3  
92.2 91.4 9C.6 

101.7 1 0 0 . 1  1 0 0 . 3  
99.6 98.5 97.5 
96.0 95.2 94.4 
97.A 96.6 96.2 
99.5 99.8 1QG.l 
96.8 97.2 99.2 
97.7 96 .1  9h.5 
95.0 93.2 93.8 
9 3 . 6  92.0 92.6 
90.6 88.9 89.3 
87.9 85.2 85.9 
83.9 80.1 81.3 
79.4 76.8 78.7 
73.3 71.6 75.3 
68.9 67.3 71.8 

61.3 
66.3 
69.5 
71.9 
71.0 
71.8 
72.5 
7'+. 0 
76.8 
78.8 
80.3 
86.3 
83.5 
8 6 . 3  
89.2 

1 0 0 . 0  
95.9 
'43.6 
96.5 
99.6 
98.9 
95.6 
92.5 
91.1 
88.2 
84.6 
8 0 . 2  
77.9 
74.9 
73.2 

1 0 6 . 8  

63.3 
66.5 
69. R 
69.2 
72.2 
71.5 
71.2 
72.5 
75.5 
77.5 
78.7 
33.7 
R S  .7 
83.7 
85.5 
96.7 
92.3 
9 1  .O 
93.1 
98.1 
96. 6 
93.9 

86.8 
34.9 
80.5 
76.2 
73.4 
70.7 
70.3 

as. o 

154.1 

61.0 
68.0 
64.0 
66.3 
63.5 
6'3. S 
63.3 
70.3 
72.8 
75.0 
76.5 
82.3 
75.0 
A 3 . 0  
82.7 
93.2 
87.9 
85.8 
AB. 0 
92.4 
3 0 . 4  
95.2 
82.1 
75.2 
75.0 
71.1 
65.5 
61.9 
53.1 
61.0 

93.0 

52.2 
71.2 
56.7 
65.2 
67.4 
67.9 
57.4 
68.2 
71.4 
72.9 
73.4 
78.9 
75.2 
76.7 
79.2 
39.4 
8 4 . 4  
8 2  .b 
84.6 
87.6 
85.7 
81.2 
76.9 
73.3 
69.4 
65.3 
61.9 
63.6 
65.0 
64 .0  

94.3 

61.1 
69.3 
63.8 
63.3 
66.3 
65.6 
65.3 
66.6 
69.6 
72.6 
71.1 
76.6 
72.7 
74.2 
76.') 
86.7 
83.1 
79.9 
82.3 
8 5 . 3  
8 3  0 
78.3 
75.2 
71.3 
66.2 
60.8 
57.0 
5 7.4 
57.8 
59.3 

92.4 

60.7 
68.7 
6<,. 4 
65e. t  
65.9 
65.5 
64.6 
65. I 
66.5 
70 e 9  
70 .1  
74.1 
7 9   - 6  
73.4 
75.9 
86.k 
81.3 
79.3 
81.4 
83.3 

78.4 
74.5 
70  -1 
66.6 
624 4 
60.4 
62.1 
62.9 
60.2 

81.6 

91.5 

59.5 
72.3 
65.5 
6 1  .e 
63.3 
6 4  8 
63.0 
63 . G  

6 9  .I! 
73.2 
74.6 
71.1 
72  - 8  
74.9 
84.6 
80.6 

65.0 

7 8  a3 

e3.2 

77.9 
75.6 
7 0  -5 
65.1 
60 - 5  
57.6 
50.9 
60  a 5  
65.4 

80.0 

a s  . 7  

90.7 

PWL 

95.5 
102.7 
101.8 
102.4 
104.1 
104.6 
105.1 
105.6 
108.6 
110.6 
111.9 
116.6 
115.0 
117.9 
120.3 
130.0 
127.3 
124.4 
126.4 
129.9 
128.5 
126.4 
123.7 
122.6 
120.4 
117.7 
114.8 
113.6 
112.6 
114.3 

137.3 



50 
63  

dADIAL  17 .  FT. 80 
( 5. H) 1 0 3  

V E H I C L E  1 2 5  
1 6 0  

NASA Rotor 11 2 0 0  
2 5 0  
3 1 5  
400 

BAR 29.7 HG 500 
(00361.   N/M2)  63 0 

TAHS 77. DEG F B O G  
W ( 2 9 8 .  DEG K )  1 0 0 3  

TWET 70. D E G  F 125! 
( 2 9 4 .  DEG K )  16tiO 

HACT16.33  GY/M3 2 0 0 0  

NFA 8 1 9 5 .  RPII 3150 

NFK 8556. RPY 50C@ 
( 8 4 4 .  RAO/SEC) 6300 

NF016100.  RPH 903c: 
(1686. RADISEC) I 0 0 0 0  

16G00 

( - 0 1 6 3 3  YG/M3)  2500 

( 858. RAO/SEC) 4009 

N O ,  O F  CLADES 4 4   1 2 5 3 0  

G r i d  #1, 20000 
50% Speed, 255  0 0  
Discharge Val  ve 31509 
Setting = 0 40007 

500GO 
6300G 
8 0 0 0 0  

CVERALL MEASUREO 
OVE9ALL  CALCULATED 

c .  

65.6 
6 8 . 0  
72.1 
74.3 
8 6 . 3  
79.8 
78.3 
78.3 
8 1  .l 
82.5 
82.8 
82.8 
86.6 
81.3 
82.R 
83  I! 
86.9 
92.6 
95.0 
90 .4  
89.6 
92.2 
87.3 
85.9 
83.5 

77.1 
77 .1  
82.3 
79.7 

131.1 

80.5 

IO. 

64.5 
7C a 0  

71.3 
75.8 
79.3 
73.5 
79.3 
78.5 
82.Q 
84.3 
84.0 
84.3 
85.0 
02.8 
83.8 
84  - 2  
8 7.4 
92.9 
95.7 
91.2 
91, - 6  
94.c 
87.8 
86 .4  
84.1 
86.9 
76.8 
73.8 
69.6 
h 7 ..6 

1 0 1 . 8  

23. 3 5 .  

53.3 62.0 
68.0 63.5 
72.0 71.8 
74.8 73.8 
78 .5  77.3 

70.3 77.2 
70.8 79.5 
82.3 81.5 

82.0 81.9 
83 .5  82.7 

82.8 83.4 
83.2 83.1 
83.9 83.4 
86.6 85.5 
91.8 91.5 
95.5 95.1 
91.0 90.5 
90.6 89.2 
92.5 91.1 
88.3 86.5 
87.3 86.5 
84.4 82.9 
81.6 78.7 
77.7 74.1 
73.6 70.6 
68.6 66.8 
67.9 66.8 

101.3  103.5 

78 .8  77.3 

8 3 . 3  8 3 . 2  

85.8  85.2 

4 0 .  

61.3 
66.1 
70.8 
73.3 
76.1 
76.1 
75.8 
77.6 
80.3 
82.1 
81.3 
83.1 
84.6 
81.8 
8?.6 
83 .1  
85.0 
9c.4 
94.2 
90.3 
90 e2 
91.0 
86. a 
85.6 
93.1 
79.4 
75.5 
72.9 
71.3 
71.6 

1ocl.2 

50 . 

52.0 
6h.8 
69.8 
73.5 
75.c 
74.3 
75.0 
76.3 
79.0 
8G.5 
80.0 
81.3 
32.3 
30.5 

82.5 
84.4 
90.1 
94.3 
89.4 
8 8.6 
39.6 

95.1 
82.2 
78.4 
74.2 
72.2 
71.9 
73.2 

99.4 

a1.5 

85.5 

6G 

63.3 

69.0 
70.7 
73.7 
72.7 
72.7 
74.7 
77.0 
78.5 
79.0 
79.7 
81.5 
77.7 
78.5 
79.4 

87.3 
91.6 
86.8 
35.4 
87.5 
82.5 
92.5 
79.4 
75.3 
71. II 
69. k 
69.0 
70.3 

96.8 

65.8 

a i .  3 

70 

62.5 
69.5 
6 5 . 9  
68.8 
71.8 
72.0 
7 0 . 8  
72.3 
75.0 
75.8 
75.0 
76.8 
7R. 0 
73.8 
74.2 
75.2 
75.9 

86.5 
81.7 
79.4 
81.0 
75.6 
73.7 
73.8 
65.9 
61.0 
58.6 
57.6 
60.0 

82. a 

91.8 

8C. 

63.3 
71.3 
67.1 
67.3 
7 1  -1 
7 0 . 6  
70.1 
70.8 
74 .1  
75.1 
73.3 
74.6 
76.1 
71.8 
71.R 
73.1  
74.5 
79.5 
83.5 
78.0 
75.3 
75.9 
70 - 8  
68.7 
65.1 
61.2 
60.6 
60.5 
61.4 
57.9 

88.9 

90. 

63.0 
70.2 
65.0 
66.2 
7li.5 
69.0 
68.5 
69.5 
71.5 
73.0 
70.7 
73.0 
73.8 
69.8 
69.8 
71.1 
72.3 
76.7 
81.4 
75.9 
73.6 
73.9 
69.1 
65.9 
61.8 
57.2 
56.4 
55.5 
55.7 
54.4 

86.8 

100. 

61.9 
68 .4  
65.2 
66.7 
69.4 
67.9 
67.1 
66.1 
69.1 
72. i 
69.4 
69.6 
71.4 
67.4 
67.9 
68.1 
70.0 
75.0 
80.2 
74.3 
72.3 
7 2  -6 
65.8 
65.9 
62.8 
60 e4 
60 09 
62.1 
62.7 
59.9 

85.4 

60.5 
72.0 
66 .0  
64.3 
66.5 
67.5 
65.3 

67.3 
65.3 

70.5 
69.7 
6 9  e 8  

70 .I 
66.6 
66.1 
66  -9  
69.1 
74.5 
78.8 
7 3   - 2  
71.4 
74.2 
69.6 
65.0 
60 03 
57.8 
59.3 
59.2 
60.0 
62.4 

84.6 

PWL I 

96.2 
103.0 
102.1 
104.2 
107.3 

106.7 
107.9 
110.8 
112.4 
111.4 
112.8 

111.5 
112.2 
112.9 
115.0 
120.7 
124.5 
120.1 
119.4 
121.2 
117.0 
116.9 
114.4 
111.6 
109.0 
108.2 
109.4 
113.8 

107.. 1 

114.5 

130.5 



MODEL SOUND PRESSUQE  LEVELS ( 5 9 .  D E G .  Ft 70 PERCEYT RE,. HUM. U A Y )  - A N 5 L E S  FKOK X?:L. : 

R A D I A L  1 7 .  FT 
( 5. N )  

V E H I C L E  

NASA Rotor 11 

BAR 39.6 HG 
(OOC29. N/HZ) 

o TAMS 74. O E G  F 

TWET 6 8 .  DEG F 
P ( 2 9 6 .  DFG K )  

( 2 9 3 .  O E G  K I  
H A C T 1 5 . 4 8  GW/H3 

1.01548 KT. /H3)  
NFB11435.  RPM 

NFK11273.  RPH 

NF016100.  9PY 

( 1 1 9 7 .  Q B O / S E C I  

( l i 8 G .  S A O I S E C )  

50 
6 3  
80 

100 
1 2 5  
150 
2 0 0  
2 5 0  
31 5 
4 0 0  
5 0 0  
6 3 0  
8 0 0  

I O U [ 1  
1 2 5 0  
160G 
20OC 
2 5 0 0  
3 1 5 0  

5c 0 3  
6 3 0 0  
80 0 0  

4033 

0. 

65  e 1  

70.1 
7 2 . 3  
76.3 
A i  .5 
79.8 
77.5 
7 5 . 3  
78.1 
77.0 
75.3 
75.8 
76.6 
79.6 
84.3 
86.G 
87.7 
89.6 
90 .o 
9 2 . 4  

10. 

6 5  .O 
75 .O 
71.5 
77.5 
81.3 
8C.C 
78 .c 
76. G 

7 7.5 
75.5 
76.0 
77.0 
92.5 
84.5 
85.7 
87.9 
89.6 
93.9 
9Lt.9 

79: G 

( 1 6 8 6 .  R A O / S E C ) I 3 0 C O  95.4  92.3 
NO. OF BLADES 4 4  12500  92.5  93.3 

1 6 3 0 0  97.3 95.6 

Gr id  #2, 2 0 0 0 0  9C.9 91.6 
70% Speed, 250CO 91.0 91.9 
Discharge  Valve 3150C 88.8 89.2 
S e t t i n g  = 0 4 0 C 0 0  85.2 84.9 

500011 83.4  81.4 
63000  85.6  76.2 
8 o 3 o a  87.3 69.2 

OVERALL  HEASUPED 
OVERALL  CALCULATED 1C2.7  102.8 

20. 

64.8 
69.3 
72.0 
76. 8 
80.C. 
79.3 
77.3 
75.8 
78.8 
77.5 
75.3 
75.8 
77.3 
80.5 
84.5 
86.2 
87.6 
89.0 
91.3 
96.3 
93.1 
93.7 
95.5 
93.3 
94.1 
93.9 
8 6 . 3  
81.7 
74.9 
69. 3 

103.6 

30. 

6 4 . 5  
67.0 
72.3 
76.0 

77.8 
78.8 

76.2 
75.2 
77.7 
77.2 
74.7 
75.2 
76.9 
79.9 
83.4 
85.4 
8 6 . 5  
88.2 
9"9 
97.5 

40.  50.  60 

64.6 
67.3 
72.1 
75.3 

76.5 
7 5 . 1  
73.8 
76.6 
76.1 
73.6 
75.1 
76.6 
79.3 
82.6 
8 4  e6 
86.2 
87.4 
9 0 . 4  
99. R 

78.1 

93.5 93.2 
93.1 93.0 
95.2 9 6 . 3  
92.7 92.8 
92.4 93.8 
88.7 89.4 
83.7 85.6 
77.4 81.8 
73.7 77.9 
68 .1  72.7 

64.5 
67.5 
7 1.0 
76.5 
76.5 
75 .3  
7 4.3 
72.3 
75.0 
74.8 
72.1) 
73.3 
75 .c  
78.C 
81.5 
84.0 
85.4 
86.6 
89.3 

10C.9 
93.1 
92 .1  
95.7 
91.3 
9 2 . 4  
88.1  
84.1 
81.5 
77.8 
73.3 

65.5 
68.5 
70.8 
73.5 
75.7 
74.2 
72.C 
78.7 
7 2  .A 
72.2 
69.5 
71.5 
73.0 
75.0 
79 .2  
81.7 
8 3 . 6  
84.3 
86.6 

100 .a 

70 

66.0 
69.8 
69.3 
71. 8 
73.5 
73.3 
73.0 
63.0 
7 j . 3  
7J. 3 
65.7 
63.5 
63.5 
72. !I 
75.2 
78.0 
79.1 
79.8 
82.3 
95.7 

8 0 .  

66.6 
7 0  - 6  
711 a 8  
70 e 6  
72.8 
72.1 
55.8 
57.6 
69.3 

54.9 
66.6 
67.6 

63.a 

67.6 
72.3 
75.1 
76.0 
77.0 
78.8 
99.3 

92.4  85.9 81.8 
90.7 e4.7 79.6 
93.5 87.1 81.5 
89"3  RZ.7 76.5 
89.6 8 3 . 8  76.3 
86.0 79.1 70.7 
61.8 7 3 . 1  67.2 
78.3 68.7 66.4 
73.6 63.0 62.0 
70 .7  GU.8 58.3 

90. 

65.3 
68.8 
69.3 

71.6 
67.6 

69.3 
66.8 
65.3 
66.9 
65.1 
62.1 

64.4 

69.7 

7 2  .b 
73.6 

86.3 
78.2 
76.5 
78.7 
72.8 
70.9 

63.6 

66.7 

71.2 

76.0 

64.8 
63.4 
62.0 
58.2 
59.4 

89.5 

100. 

65.2 
68.7 
63.9 
71.4 
70 .Y 
69.6 
66.1 
63  e 9  
65.4 
56.6 
62  a 9  

61.4 
62.1 
64.9 
67.6 
69.9 
7 1  e3 
73.0 
74.7 
85.3 

113. 

63 - 8  
68.3 
6 8  -0 
70 e 0  

6 8   - 3  
6 8  - 5  
65.3 
6 1  e 8  
64.C 
65.0 
61.5 
61.3 
6 1  a6  
6 4 . 1  
0 6  e 9  
58.6 
T O  . B  
7 2  e 3  

74.3 
83 - 5  

77.3 75.7 
75.4 75.2 
78.1 7 8 . 1  
71.9 71.3 
70.6 69.6 
65.1 64.3 
67.7 62 .7  
6 5 . 5  61.8 
63.0 63.1 
60.3 67.8 

8 8 . 4  87.2 

P WL 

98.9 
102.6 
104.2 
107.2 
109.0 
107.9 
105.9 
104.4 
106.9 
106.3 
103.6 
104.7 
106.2 
109.0 
112.6 
114.7 
116.3 
117.5 
120.1 
130.6 
123.5 
123.2 
126.4 
123.2 
124.4 
121.4 
118.5 
116.8 
115.0 
114.8 

134.9 



YODEL SOUbiD P?ESS!JRE LEVELS ( 5 9 .  DEG. F, 7C PERCEUT REL. HUM. DAY) - ANGLES FROt.! INLET i 
0. 1G. 2 0 .  3C. 4 0 .  52. 60. 70. 80. 90. 100. l l i l e  

50 
6 3  

RADIAL 17. FT.  80 

VEHICLE 1 2 5  72.C 73.7 72.0 71.5  77.7 

NASA Rotor 11 2 0 0  77.5  79.?  79.7 79.11 83.2 
250   80 .7  82.2 79.5  78.2 ~ n . 2  
3 1 5  79.7 a9.o 79.2 7 9 . ~  8 0 . 2  

( 5. M )  1CL) 7G.5  71.0 71.0 7E.C 78.5 

1 6 0  78.5 78.7 79.5 78.7 6J.L: 

430 78.2 79.P 78.5 77.2 76.5 
BA? 29.6 HG 5 0 0  77.2 79.5 77.7 77.5 76.9 

lOOC29. N/M2) 630 R L . 0  82:s 8l.C 85.6 79.3 
T A M S  74. DEG F 8 0 0  82.2 85.5 a4.2 82.3 81.3 

THET 68. D E G  F 1 2 5 2  86.5 88.2 86.7 86.4 8 5 . 8  
( 2 9 6 .  DEG K )  1000 04.7 87.3 85.a 83.7 82.3 

( 2 9 3 .  D E G  KI 1600 87.7 83.5 89.2 88.7 8a.c 
HACTl5.48 GM/M3 2 0 0 0  9C.7 92.2  92.0 9X.9 9 2 . 0  

(.G1548  KG/M3) 2 5 0 0  95.7 95.7 94.7 93.9 92.7 
N F A I I   4 3 3 .  FtPV 3156  94.7  95.5 96.4 95.3  35.2 

N F K I l 2 7 1 .  RPM 5000  102.6  109.1 110.3 1 0 5 . 9  1 0 4 . 1  

NF016100.  RPM 9000 97.4  99.6 101.0 l C i . 7  123.0 

(1197. RADISEC) 4 0 ~ 0  98.1 109.4 132.5 1 5 2 . 7  103.6 

I l lRO.  RADISEC) 6 3 0 0  98.9  101.4 102.3 101.3 1G1.3 

(1685. RAD/SEC)lOGOC 101.3 102.3 103.5 102.4  153.6 
NO. O F  BLADES 4 4   1 2 5 9 0  1 0 1 . 2  102.2 105.0 106.8 107.5 

16001I 98.5 1C3.3 iG1.7 100.7 131.2 
20003 96.6 98.6 l C l . 0  1C1.2 102.2 
25003 95.2 96.8 99.3 98.6 100.0 
3 1 5 5 0  93.7 94.9 97.1 95.4 96.8 
40000 91.1 91.6 93.5 91.4 93.3 
5 0 0 0 0  90.6 89.1 89.4 87.9 9C.7 
63GOG 94.3 84.4 84.1 83.2 87.8 
8 0 0 0 0  97.2 78.9 78.7 77.8 92.1 

Grid #2, 
70% Speed, 
Discharge Valve 
Setting = 1.45 

OVERALL MEASURED 
OVERALL  CALCULATED 110.1 112.8 114.2  113.0  113.4 

70.5 70.13 
72.2 72.2 
78.7 77.7 
79.0 76.7 
7 h . 5  75.2 
75.5 74.5 
75.5 73.7 
75.2 74.2 
78.3 76.5 
K . 5  77.7 
31.0 78.5 
94.2 81.5 
86.7 8 4 . 2  
88.5 85.5 
91.5 87.9 
93.9 90.2 

133.6  LOC*8 
102.5 9 a . 3  

3 9 . 7  96.6 
lr13.4 101.3 
1112.3 99.9 
106.1 105.2 
101.G 9 3 . 3  
1 0 1 . 8  99.1) 

98.6 95.4 
95.8 93.5 
92.3 88.8 
3b.3 86.2 
87.3 82.6 
83.3 eo.:, 

112.5 110.1 

65.8 
73.0 
71.0 
72.3 
72.5 
73.0 
73.3 
71.0 
73.0 
74.8 
75. c 
79.8 
83.8 
81.8 
94.5 
86.2 
95.6 
93.3 
91.5 
95.9 
93.5 
93.5 
9J.1 
9J 9 
87.3 
83.4 
77.9 
73.5 
69.5 
69.8 

103.9 

66.4 
713.7 
70.2 
69.2 
71.2 
71.2 

68.9 
71.9 
72.7 
72.6 
75.1 
78.4 
78.3 
81.2 
83.2 

6n.7 

92.4 
99 - 6  
88.4 
9G e 9  
88.7 
92.7 
85.4 
84.3 
80.4 
76.0 
70  e5 
66.7 
65.6 
64.1 

99.5 

66.1 
69.3 

68.3 
70.1 

70.8 
69.0 
67.0 
67.3 
69.3 
71.1 
69.8 
73.6 
75.6 
76.4 
78.4 
80.9 
90.1 
88.0 
85.9  
88.0 
86.2 
89.7 
82.7 
82.0 
76. I 
71.5 
66.1 
64.5 
65.4 
69.1 

96.8 

64.6 
68.6 
69.1 
72.5 
69.5 
68.5 
65.3 
64.5 
67.5 
7 0 . 8  
68.2 
7 1  a 8  

73.3 
74.8 
77. I? 
78.2 
87.9 
87 -1 
85.0 
86.4 
85.2 
88.5 
82.2 
79.5 
75.2 
70 - 5  
66.9 
64.3 
65.6 
65.7 

95.4 

6 2   - 4  
68  - 6  
6 7  - 9  
6 8  -1 
6 6 . 8  
67.6 
63 -8 
63.3 
65.3 
68 - 6  
68 m 8  
712.6 
72 - 2  
73.9 
75.9 
77.7 
87.4 
87.1 
84. I 
84.3 
83.7 
87.5 
8 2   - 9  
78.9 
73.7 
68 - 6  
62 - 8  
6 1  0 6  
62 - 4  
67.6 

94.6 

PWL 

104.2 
105.6 
109.4 
110.4 
108.9 
108 ..6 
106.9 
107.0 
109.5 
112.1 
112.8 

~ 115.5 " . . - . . 
117.8 

122.6 
124.5 
133.0 
135,-2 .. 

130.6 
132.8 
132.7 
136.9 
131.4 
" 132.4 . . 
130.3 
128.5 
125.9 
125.1 
124.3 
128.8 

119.0 

143.5 



MODEL 

55 
6 3  

R A D I A L  1 7 .  F T .  an 
I 5. Y )  10 0 

V E H I C L E  1 2 5  
160 

NASA Rotor 11 2 0 0  
2 5 0  
3 1 5  
4 0 0  

100029.  N / N 2 1  630 
TAM8 74. nEG F 300 

BAR 29.6 HG 5 00 

1296.  OEG K)  1000 
TWET 6 8 .  O E G  F 1 2 5 0  

1293.  DEG K )  16OS 
H A C T 1 5 . 4 9  GM/M3 2 0 0 0  

( S O 1 5 4 8  KG/M3) 2 5 0 0  
NFA 9 8 0 1 .  QPM * 3 1 5 0  

NFK 9662.  RPM 50 00 
(1012. R A D I S E C I  6 3 0 3  

NFDI6100. RPM 8 0 0 0  

11025.  R A O I S E C I  4 0 0 C  

( 1 6 8 5 .  RAD/SEC)100’l0 
NO. OF BLADES 4 4   1 2 5 0 0  

16000 
” Grid - #2, 2i1ooc 
60% Speed, 2500G 
Djscharge Valve 31500 
Setting = 0 4 0 0 0 3  

5 0 0 0 0  
63000 
8 O O O C  

OVERALL  MEnSUREO 
OVERALL  CALCULATE3 

SOUND PRESSURE  LEVELS (59 .  OEG. F, 70 PERCENT  REL.  HUH. D A Y )  - A N S L n  mTl f V L E t  
o .  IO. 20. 30 .   40 .  50. 60. 70. 8 0 .  90. 100. 110 

64.8 
69.3 
72.6 
75.G 
81.0 
79.0 
75.8 
73.5 
76.1 
73.8 
73.3 
74.3 
75.3 
78.1 
81.8 
83.0 
85.4 
87.9 
9c .7 
91.7 
88.4 
91.2 
91.3 
87.2 
84.7 
82.8 
80.2 
80.9 
87.9 
89.6 

68.5 
71.3 
74.0 
76.5 
A 9  .8 
79  e 0  

75.5 

7 6 ..3 
74.8 
73.7 
74.3 
76.5 
79.3 
82.3 
83.7 
85.3 
8 7.4 
92.2 
93.9 
99.6 
92.5 
93.3 
88.1 
86.4 
83.9 
85 .4  
77.9 
73.4 
6.8 G 

74.3 

64.3 
68.3 
73.8 
75.0 
80.0 
78.3 
75.0 
74.0 
76.5 
74.9 
73.0 
74.0 
76.5 
79. a 
82.0 
83.4 
84.6 
88.0  
92.5 
94.3 
91 .1  
92.2 
92.0 
90.1 
88.1 
85.4 
8 2 . 3  
78.0 
72.2 
68.2 

63.3 
65.5 
73.8 
74.0 
78.0 
77.0 
74.2 
73.2 
75.0 
74.7 
72.4 
73.9 
75.7 
73.9 
81.4 
82.6 
84.5 
87.2 
92.9 
94.8 
93.7 
91.6 
91.7 
31.7 
87.1 
8 4 . 0  
79.7 
75.7 
70.9 
67.1 

63.3 
66.3 
7 1  a 8  

73.3 
77.6 
75.6 
73.3 
72.3 
74.1 
75.3 
74.6 
75.6 
76.1 
78.1 
82 e 8  
83.1 
84.2 
86.7 
93.2 
95.6 
91.2 
92.5 
92.3 
92.3 
88 .8  

81 .1  
73.0 
74.4 
71.9 

86.2 

63.3 
65.8 
72.0 
73.3 
76.0 
74.3 
72.0 
7G.5 
72.3 
72.0 
69.8 
72.0 
74.3 
7 6.5 
79.7 
81.5 
83.6 
85.8 
32.3 
95.4 
9c.4 
91.6 
92.0 
91.8 
88.2 
9 5 . 1  
8C.8 
77.8 
74.5 
73.3 

6 4 . 8  
68.8 
69.8 
70  e5 
75.5 
73.2 
69.7 
69.0 
70.0  
69.7 
67.7 
70.0 
71.7 
74.2 
77.5 
78.7 
80.6 
83.3 
91.6 
94.3 
89.1 
90.0 
9G .8 
88 .8  
85.9 
83.0 
77.8 
74. [I 
71.3 
70 - 4  

64.3 
6 8 . 8  
71.3 
69.0 
7 2 -  8 
72.0 
67.5 
6 6 . 8  
67.3 
67.3 
65.0 
67.3 
68.3 
70.5 
74.0 
74.7 
75.9 
78.6 
85.8 
88.7 
8Z.4 
83.5 
84.4 
81.4 
78.0 
74.4 
68.6 
63.2 
60.2 
60.8 

65. I 
69.6 
74.1 
67.8 
72.3 
71.3 
6 6 . 8  
65.1 
6 6 . 8  
65.3 
62.5 
64.6 
65.8 
5 8 . 3  
70.8 
71.6 
73.0 
75.0 
91.8 
84.8 
78.3 
78.6 
7’3.0 
74.5 
71.1 
67.2 
67.2 
6 1  e9 
62.0 
58.5 

64.5 
67.7 
71.0 
67.0 
71.7 
69.0 
65.5 
63.2 
6 4 . 2  
64.0 
60.0 
62.8 
6 4 . 3  
65.8 
68.1 
69.6 
71.3 
73.2 
79.6 
82.7 
75.9 
75.7 
76.9 
72 -1 
67.6 
62.7 
60.8 
56.4 
55.8 
54.5 

63.4 
67.7 
75.2 
67.4 
70 - 6  
68 .1  
64.4 
61.4 
6 2   - 9  
63.9 
58.9 
60 - 4  
61 -1 
63.6 
66.1 
6 7  -1 
68.5 
7 1  . E  
78.4 
80 -5 
73.8 
74.6 
75.3 
69.9 
66.6 
63.4 
67.0 
62.2 
63.0 
60.3 

62.3 
67.0 
74.3 
65.5 
67  03 
67.8 
63 - 0  
59.8 
61.0 
62.3 
58.7 
59.8 
60  e 3  
63. I 
65.4 
66.6 
68.1 
70 - 3  
77.5 
80 :5 
73.2 
74.4 
75.4 
69.0 
64.6 
60 - 5  
58.4 
59.3 
61.1 
65.5 

PWL 

97.9 
101.. 7 
106.7 
104.5 
108.6 
1.0 7 . 0 
103.8 
102.5 
104.3 
104.0 
102.3 
103.8 
105.3 
107.9 
110.7 
112.3 
114.1 
,116.5 
122.9 
125.6 
120.8 
122.4 
123:O 
”. 122.4 - - 
119.6 
. ”  117.7 
114.6 
113.0 
112.1 
114.2 



RADIAL 17. FT. 
( 5. Y )  

V E H I C L E  

NASA Rotor 11 

BAQ 29.6 H G  
(SG029. N / M 2 )  

TAYS 7.4. D F G  F 
(296. D E G  '0 

TWET 68. 3EG F 
(293. DEG K l  

HACTIS.  48 G M / M 3  

N F A  9801. R P Y  
f . 0 1 5 4 8  YG/Y3) 

- 

I 
M L l U t L  SCUb:D Pr lESSURE LEVELS (59. OEG. F, 70 PERCENT REL. r lUM.  DAY)  - ANSLES FROM I N L E T  

59  
63 
83 

1 0 2  
125 
160 

35c 
315 
43il 
5 0 5  
636 
8 C C  

1000 
1250 
16C.7 
2i3cc 
2 5 0 2  
3153 

2 0 0  

0 .  

69.5 
7c.5 
77.5 
76.@ 
78.2 
76.2 
75.2 
74.2 
77.2 
96.2 
82.2 
84 . a  
86.C 
89.7 
94. G 
94 .o 

IO. 

63.2 
72.2 
77.7 
75.2 
77.5 
77.; 
75.2 

78.2 
89.7 
R2.2 
84.5 
85.7 
9;.7 
94 e . 0  

94.7 

7 4 0.2 

(1026. RAO/SEC) 4000 105.1 137.1 
N F Y  9662.  QPN 5000 lCl.1 103.1 

(1012. ROD/SEC) 6300 96.7 97.9 
NFD16109. QPH r l c l o 0  96.1 93.4 

(1686. RAD/SEC) 10300 98.3 100.5 
NO. O F  BLADES 44 12500 97.7 99.0 

16000 95.5 93.1 
". G r i d  #2, z o o o o  93.9 96.1 
60% Speed, 2502C 91.7 93.6 
Discharge Val ve 3150C 89.5 92.9 
S e t t i n g  = 1.45 4011GO 86.9 87.6 

5 0 0 0 C  3 8 . 6  85.6 
6300@ 97.8 81.2 
8 9 3 2 2  97.3 77.7 

0VERAL.L  CALCULATED 1C4.8  111.0 
OVERALL  HEASUPED 

2 0 .  

70.g 
70.2 
78.5 
77.0 
77.5 
76.2 
75.0 
74.7 
77.7 
81.0 
82.2 
84.7 
87.3 
90.5 
93.4 
95.7 

30. 

73.3 
711.7 
78.7 
76.7 
76.0 
75.5 
74. i 
74.5 
77.5 
8C.4 
81.4 
84.4 
86.7 
81.6 
91.9 
96.3 

40 rn 

72.5 
72.; 
73.7 
76.7 
75.7 
75.7 
9i.5 
81.3 
81.5 
82.3 
R0.5 
83.5 
86.3 
89. c 
91.5 
96. 7 

53. 

72.7 
73.2 
73.2 
77.7 
76.7 
73.2 
73.2 
7 6.5 
34.0 
84.5 
80.5 
82.2 
85.5 
97.2 
36.0 
96.4 

6G. 70. 8 0 .  

67.a  64.5  64.4 
69.3 6 9 . 3  68.2 
72.0 7 2 . 5  72.9 
72.7 68.5 65.7 
72.7 69.8 68.2 
74.0 61.3 67.7 
71.0 67.0 64.9 
70.2 67.5 65.4 
72.5 63.3 67.9 
75.2 72.3 69.7 
75.7 71.5 70.1 
73.7 76.5 73.9 
83.G 73.0 75.9 
84.2 8 J . A  77.7 
8 6 . 5  82.7 79.4 
94.2 90.2 86.9 

94.6 
87.1 
36.4 
87.1 
91.7 
86.2 
83.1 
79.6 
76.9 
71.8 
6 6 . 8  
65.0 
64.9 
64.1 

98.7 

90. 

63.3 
67.3 
70.3 
63.8 
67.8 
65.6 
63.1 
64.1 
65.6 
67.6 
67.3 
71.4 
74.2 
75.7 
77.7 
84.2 

100. 

63.1 
67 a 3  

74.8 
66.8 
66.8 
65.3 
6 4 . 5  
51.8 
64.0 
67.5 
65.2 
68 - 8  
71.3 
73.5 
75.5 
81.7 

92.1  90.2 

84.0 82.5 
84.5 82.9 
89.2 87.2 
83.5 81.8 
81.2 79.9 
77.5 75.5 
73.2 72.2 
68.6 67.3 
61.4 62.9 
58.8 63.8 
58.7 65.9 
59.6 65.7 

84.8 82.9 

96.2  94.4 

llrl. 

60.4 
67 a4 
73.4 
63.3 
63.6 
63 8 
60 e3 
59.6 
62.3 
66 -1 
6 5 . 8  
68.6 
70.4 
71 - 9  
74.4 

90.4 
83.4 
81.1 
82 m i  

86.5 
81 - 8  
80.4 
74 -6 
70 - 2  
65 -1 
6 0 . 0  
60 - 4  
61 a 9  
64.6 

ao .7 

94.1 

PWL 

101.7 
103.3 
109.5 
106.6 
106.6 
105.6 
106.7 
107.0 
110.4 
111.7 
110.5 
113.3 

118.5 
121.1 
126.3 
136.4 
130.0 
128.0 
129.3 
135.4 
130.6 
129.1 
128.2 
-m;6 
124.5 
121.6 
120.7 
120.3 
122.7 

116.0 

141. a 



MODEL SCUI.ID PRESSURE LEVELS (59. DEG. F, 70 PERCEMT REL. HUM. D A Y )  - ANGLES FROll I N L E T  

5 9  
63 

Rf iDI I \L  17. FT.  80 
( 5. H )  106 

VEHICLE  125  
1 6 d  

2 50 
2 0 3  

3 1 5  
4C 0 

BAR 2’3.6 HG 5 0 s  
(00029 . .  N/Y2) 6 3 0  

TAM8 73. DEG F 823 
0) ( 2 9 6 .  DEC K) 1 0 0 6  

THET 68. OEG F  1250 
( 2 9 3 .  O E G  K )  16CO 

HACT15.78 GM/M3 2OilG 

NFA 8163.  RPH 3 1 5 0  
( 855.  RAOISEC) 4000 

( 843.  RAO/SEC) h3SJ 

(1686. RAD/SEC)10903 
NO. OF RLAOES 44 1 2 5 0 0  

16050 

NASA Rotor 11 

0 

( -31578   KG/H31   2500  

NFK 8055. RPM 5 0 0 0  

N F D I 6 1 0 0  RPY 82 3 d  

C;!5d_.#2-r 20000 
50% Speed, 2500 0 
” Discharge Valve 31500 
S e t t i n g  = 0 4 0 0 0 0  

5 0 0 0 0  
63ilOC 
800  0 0  

OVERALL’ MEASURED 
OVERALL  CALCULATED 

0. 

62.5 
67.7 
68.7 
72.5 
78.7 
76.0 
72.0 
7G.t 
73.0 
7C .2 
70  e7 
73.0 
73.5 
7 6  . C  
78.7 
80.2 
84.1 
86.8 
91 a 9  

86.6 
87.3 
9 1   - 7  
R5.G 
83.1 
81.2 
78  a 1  

75.5 
76.0 
78.5 
76.2 

97.9 

IO. 20. 

62.3  61.8 

67.8 69.1 
73.3 72.6 
73.8 77.3 
76.3 75.3 
72.3 71.6 
73.3 6 9 . 9  
73.3 73.1 
71.5 71.3 
73.7 70.6 
73.0 73.1 
74.3 75.1 
77.0 77.3 
79.9 79.0 
80.7 81.2 
84.2 83.7 
87.9 88.3 
93.7 94.3 
87.4 88.1 
88.8 88.9 
95.3 91.8 
86.9 87.6 
84.9 86.4 
82.R 84.2 
79.3 81.6 
75.7 77.7 
73.3 72.9 
68.6 67.4 
61.9 61.2 

99.8  99.3 

66.3  67.6 

3G. 

60.7 
64.7 
68.7 
71.4 
76.2 
74.2 
76 2 
63.2 

75.6 
69.6 
72.4 
74.1 
76.9 
79.1 
82.3 
83.0 
87.4 
94.8 
87.4 
83 .4  
9 1  a 8  
85 .4  
85.9 
83.6 
79.5 
74.5 
71.0 
66.0 
59.7 

98.9 

71.7 

43. 

61.6 
64.8 
68.1 
71.0 
75.5 
73.3 
69.1 

7c.3 
70.1 
75 .R 
73.3 
73.8 
76.6 
78.6 
80.5 
82.2 
85.9 
92.7 
87.5 
59.1 
91.5 
87.0 
87. i3 
84.3 

75.5 
73.2 
69.8 
64 .1  

67. a 

80.8 

98.6 

6G.9 
66.6 
65.9 
73.6 
74.4 
71.1 
6 9 . 4  
67.4 
6 8 . 4  
67.9 
67.6 
70.4 
72.4 
75.3 
77.6 
7 9 . 1  
91.7 
85.2 
31.6 
36.7 
88.2 
90.4 
85 .8  
8 6 . 4  
84.2 
80.1 
75.5 
72.8 
69.3 
64.4 

97.5 

62.2 
6 8 . 4  
64.9 
67.7 

69.9 
65.4 
64.7 
65.9 
6 5 . 4  
65. I 
67.5 
69.9 
72.6 
74.4 
76.1 
78.8 
82.4 
83.7 
83.2 
85.8 
8 8 . 4  
84.7 
85.2 
82.5 
77.1 
71.9 

72.6 

68.6 
64.9 
61.3 

95.4 

63.9 
67.4 
64.9 
67.1 
71.6 
70.1 
64.4 
6.3 9 
6 4 .  I 
63.6 
63.1 
65.9 
67.9 
69.9 
71.4 
72.8 
74. A 
78.4 
8 5 . 4  
79.0 
79. h 
82.1 
76.5 
76.3 
73.1 
69.2 
62.1 
58.3 
56.0 
54.4 

90.0 

64.1 
72.1 
66.6 
65.3 
70.3 
67.8 
63.3 
61.6 
6 2 . 9  
61.6 
60.3 
62.8 
6 4 . 6  
66.3 
68.1 
69.1 
71.5 
75.0 
32.3 
75.0 
75.1 
77.4 
71.5 
7E.9 
66.8 
64.3 
b5.1 
61.0 
6 1  - 3  
58.2 

86.5 

90. 100.  1 1 0 .  

63.7 
75.2 
65.0 
64.2 
69.7 
66.0 
61.5 
60.0 
60.0 
59.5 
57.7 
61.3 
6 2 . 8  
64.1 
66.1 
66.8 
68.8 
72.5 
73.1 
7 3.2 
7 2   - 4  
74.2 
69.1 
67.9 
64.1 
65.9 
55.7 
55.5 
55.7 
54.7 

83.9 

62.7 
66.4 
63.9 
64.9 
68.6 
6 4  - 9  
60 - 9  
57.6 
58.6 
59.9 
56.4 
58.9 
60 e 4  
62.4 
63.1 
64.9 
67.0 
70 a7 
77.7 
7 1  e3 
71.1 
73.4 
69.3 
65.9 
6 3 . 3  
62.5 
b0  -4 
61.6 
62.7 
60.0 

82.6 

61.0 
71.0 
65  e3 
62.8 
65.5 
64.3 
60 .O 
56.8 
58 .O 
58.3 
56.5 
5 7 . 8  

61.3 
62 e 4  

58. a 

63.6 
65.8 
70.0 
77.3 
70 -0 
69.9 
73.9 
69.1 
65.3 
61.3 
58.4 
56.6 
59 -2 
59.7 
61.2 

az.1 

PWL 

96.3 
102.8 
99.9 
102.0 
106.5 
104.1 
100.2 
98.7 
100.7 
99.8 
99.4 
102.0 
103.6 
106.2 
108.2 
109.8 
112.3 

123.0 
117.1 
118.6 
121.6 

. 116.2 . - -. - . -. 

117.2 
” 117.7 

109 ;3 

115.6 
112.8 

108.2 
107.5 
107.2 

128.8 



MODEL SOUND PRESSURE  LEVELS ( 5 9 .  DEG. Fc  70 PERCENT REL.  HUM. D A Y )  - ANSLES FROM I N L E T  

5 2  
63 

RADIAL 1 7 .  F T .  81; 
( 5. Y )  1 0 3  

V E H I C L E  i 2 5  
160 

252 
315 
400 

3AR 29.6 H G  535 
( 0 0 t E 9 .  FI/H2) 631 

T A M 9  7?.. OEG F 8 0 3  
( 2 9 6 .  D E G  Y )  1 0 0 0  

TWET 68. DEG F 1250 
( 2 9 3 .  D E G  K )  IhGO 

HACT15.78 GM/H3 23CB 

NFA 8148. 9PY 3151. 
( 853. RAD/SEC) 4 0 0 0  

NFY 904C. QFM 5C 0 0  

NFD16100. SPN 3 o o r l  
(1686.  Q!JD/SEC)10000 

NASA Rotor  11 321 

( - 0 1 5 7 8  KGIH3) 2502 

( 842. RAD/SEC) 630'3 

N O .  OF BLADES 44  12500 

G r i d  #2, 
I60  0 2  

SO%Speed, 
2 0 0 0 0  

Discharge  Valve 
250GO 

S e t t i n g  = 1.45 
3:520 
4 0 i 1 3 d  
500UG 
63il;S 
R O i l O G  

OVERALL MEASURED 
O V E R A L L  CALCULATE0 

67.1 51.3 
6 8 . 8  65.5 
7U.6 69.3 
71.5 71.C 
74.8 73.3 
72.5 72.3 
71.3 70.8 
69.8 69.5 
i 5 . 1  75.P 
77.0 77.3 
R 1 . O  79.c 
83.C 81.8 
85.6 84.3 
8 8 . 8  89.0 
89.C 90.5 
95.5 99.0 
39.2 100.9 
94 .1  95.4 
94 .6  95.4 
95.4 97.2 
9 3 . 1  95.3 
94.7 97.0 
92.1 93.6 
88.9 91.: 
86.7 88.6 
84.2 86.1 
81.8 82.0 
82.1 79.8 
64.3 74.6 
81.5 68.9 

62.0 
67.0 
71.3 
71 .  0 
72.5 
71.5 
70.5 
69.5 
75.5 
77.5 
73.3 
81.3 
84.  H 
68.8 
91.7 

1c1.9 
99.1 
95 .3  
9b. 8 
9 9 . 8  
96.6 
97.7 
95.0 
93.3 
90.6 
87.5 
83.9 
79.4 
73.3 
68.4 

61.5 
64.3 
75 .3  
70.0 
71.3 
75.5 
69.2 
63 .5  
73.7 
77.c 
77.7 

84.9 
87.7 
93 .1  
93.4 
9 8 . 5  
94.2 
95 .4  
97.5  
95.7 
96.6 
93.0 
92 .5  
89.1 
85.6 

76.9 

67.1 

81.4 

8 2 . 8  

72.1, 

61.1 51.3  63.5 
63.1 57.3 67.3 
h9 .h  59 .5  68.R 
69.3 6'3.11 67.5  
7 C . l  6 8 . 8  68.5 
69.1 57.5 66.5 
68.5 67.5  6 5 . 5  
68.5 57.2 66.0 
72.8 71.3 59.0 
75.5 73.8 71.7 
77.1 75.5 73.2 
81.4 79.8 77.5 
84.9 83.5 80.7 
86.8 H5.3 8 2 . 0  

99.8 99.5 96 .4  
96.2 '15.4 91.8 
93.7 92.6 90.0 
95.4 94.5 91.6 

105.6 97.4 98.3 
98.4 78.4 96.9 
97.0 06.3 93 .5  
94.: 93.5 93.5 

92.3 39.2 86.6 
9 5 . 6  35.5 82.7 
82 .3  31.5 73.2 
79.7 78.7 74.7 
75.e 75.7 71.2 
71.9 73.0 70.1  

89.1 9 a . z  85.2. 

53 .3  92.1 9 n . 8  

70 

61 .3  
68.8 
63.8  
63.3 
65.5 
65.3 
62 .8  
6 4 . 0  
65.3 
69.3 
71.2 
75. ii 
77.0 
79 .5  
31.7 
92.7 
eri.  9 
95.1 
87.0 
92. 4 
93.9 
86.2 
8 2 . 1  
82. 2 
7 7 . 0  
72.3 
65.3 
51. b 
59.4 
6 J . 3  

98.6 

80.  

62.2 
72.4 
66.4 
63.4 
64  e 7  
5 3 . 3  
62.7 
62.Z 
64.9 
67.2 
67.9 
71.9 
74.7 
75.7 
77.9 
83.2 
83.9 
81.6 
83.1 
87.6 
35.7 
51.2 
78.4 
74.8 
71.4 
65.4 

63.6 
64.8 
63.8 

94.5 

6 2 . 4  

90. 

61.1 
70.1 
64.3 
6U.8 
63.6 
61. G 
60.1 
60.1 
62.1 
65.1 
64.8 
69.9 
72.7 
73.7 
75.7 
86.7 
80.9 
78.8 
81.5 
85  - 0  
8 2 , 7  
78.8 
76.0 
72.5 
67.9 
62.2 
57.3 
57.7 
57.8 
59.1 

92.0 

1 0 0 .  

6 0  - 9  
66.2 
62.4 
63.2 
63.1 
61.6 
59.6 
58.6 
6 1  - 4  
65.4 
63.6 
67.4 
70.4 
71.6 
74 .1  
85.4 
8 @  - 5  
78.2 
80.7 
8 4 . 0  
91.3 
79.1 
75.8 
71.1 
67.8 
62 .8 
62 - 4  
62.1 
62.4 
59.5 

91.C 

110. 

59 .8 
71.0 
64 e 5  

59.c 
60.3 
60 e 3  
58.0 
56.5 
59.3 
63.8 
63.5 
67.3 
69   -6  
71  -1 
73 .'4 

83.6 
80.1 
77.3 
79.3 
83.0 
81.7 
78.4 
76.4 
70.8 
65.8 
60 a 9  
57. b 
58.7 
60 a 2  
6 3  05 

9c.o 

PWL 

95.2 
102.7 
101.0 
100.2 
101.3 
100.2 
99 :i 
99.0 
103.0 
105.8 
107.0 
IlO,? 
114.2 
116.6 
119.0 
129.6 
126.8 
123.5 
i25.3 
129.8 
126.1 
126.8 
124.1 
123.2 
.IT1 : is 
115.5 
114.2 
113.0 
114.2 

137.0 

115.4 



6 3  
5c 

RADIAL  17 .  FT. R i '  
( 5. M )  1 c c  6 9 . 5  63.5 

V E H I C L E  1 2 5  7 z . 2  73.2 

NASA Rotor  11 
1 6 '  78.C' 77 .7  
2 1 5  78 .5  77.2 
2 5 0  92.2 81.7 
3 1 5  81.C 81.7 
40i1 79.5 77.7 

(011 361 .  EI/Y2) 6 3 3  81.7 6 2 . 2  
TA1.13 82.  'DEG F 8 7 3  83.5 84.C 

( 3 0 1 .  D E G  K 1  1 0 3 C  84.5 85.C 
TWET 70 .  D E G  F 1 z 5 c  8 5 . 0  0 6 . 3  

H A C T L  4.85 G M / M 3  2 o c i '  86.5 87.7 
( . 1 1 4 8 ' 5  K G / M 3 1  2501; 89.G 89.7 

5AP 27.7 HG 5 0 ;  7 9 . ?  78.7 

12'9't. O F G  Y) 1 6 0 6  86.0 85.7 

NFA11510 K P Y  315:: 89.7 85.5 
( 1 2 0 5 .  RAD/SCC) 40'lC 1 0 9 . 9  105.9 

N F K l l 2 6 3 .  ? P N  5115C 168 .6  1 0 5 . 1  
( 1 1 7 9 .  R A O I S E C )  6 3 3 3  33.7  94.1 

N F D I 6 1 0 0  S P H  8 0 3 3  97.2  74.5 
(1696.   RAO/SEC) l~CCIO 9h.0 97.3 

NO. O F  BLADES 4 4  1 2 5 0 0  34.8  95.1 

Grid 63, 
70% Speed, 
Discharge Valve 
S e t t i n g  = 0 

1 6 0 0 2  95.4 96.4 
? O G O 3  92.2  92.7 
2 5 9 0 0  91.9 92.3 
3 1 5 0 0  88.7 88.9 
4 0 0 0 0  84.9 85.4 
5 0 0 0 9  83.4 R2.h 
63COC 32.3 85.4 
80JCc: H3.C 7H.9 

OVEqALL  CCLCULATEO 113 .  J 11 2.1 
OVERALL !IEASUREC) 

65.5 6 3 . 8  
69.; 66.9 
71.9 72 .3  
77.5 75.3 

79.5 78.5 
79.5 7 7 . 7  
7 8 . 5  77.2 
82.3 81.2 
84.3 83.7 
8 5 . 0  83.9 

a?.a  73.5 

85.8  a5.2 
86.8 85.7 
87.8 97.7 
89.2 8 9 . 1  
R1.4 89.4 

101.9 102.3 
l C 1 . 0  131 .7  

94 .8  34 .9  
99.1 100 .1  
97.8 97.5 
95.b 94.7 
95.9 95.1 
93.7 92.6 
93.6 91.3 
90.1 85.9 
85.6 82.7 
82.0 78.7 
75.9 73 .1  
71.2 69.5 

10 8.1 1 0 8 . 1  

6 5 . 0  6 4 . 2  
65.1 b7.5 
72.3 71 .0  
7h.5 75.8 
78 .8  77.c 
7 7 . 5  75 .3  
76.6 75.3 

82.3 78.8 
8 2 . 3  91.5 
2 3 . 8  9 2 . 3  
8 4 . 0  53.3 

75 .8  7!4.5 

86.6 8 7 . 8  
86.5 n4.3 
37.1 85.5 
97.3 35 .2  
59.2 1DC.b 
99.7 39.6 
94.7 9 7 . 5  

103.4 1011.7 
98.1 98 .1  
95.4 94.7 
95.6 95.3 
92.4 91.7 
91.8 92.6 
87.3 35.1 
93.7 82 .1  
0C.8 80.3 
7 7 . 3  77.11 
74.2 74.3 

6 5 . 5  
bA. 3 
7'2 * 5 
7 4 . 3  
76. il 
7 4 . 7  
73  .2 
73.2 
76.5 
79.2 
79.5 
e:.? 

8 1 . 2  
82.7 
84.2 
9:. 3 
9 6 . 9  
91.3 
19.9 
96 .1  
9 2 . 5  
92.9 
88.9 
R H .  1 
0 b .  0 
79. b 
76.3 
7 2 . 5  
71.4 

n 1 . 5  

1 c 5 . 1  

57.0 
7J.C 
71.3 
72.9 
74.3 
74. r! 
71.2 
71.3 
74.3 
77 .0  
76.5 
73.9 
7 3 . 3  
77.5 
73. i: 
79.5 
89.6 
90.3 
86. 8 
95.5 
91.2 
86.3 
5 4 . 5  
82 .5  
a 1 . 5  
7 6 . i  
71.4 
69.2 
67.2 
70.8 

99.5 

66.4 
69.4 
7.2 4 
70.2 
72.4 
72.7 
69 .7  
68.9 
72.9 
74.9 
73.9 
76.4 
75 .4  
74.7 
75.7 
76.4 

98.5 
82 .9 
90.3 
86.2 
8 1 . 1  
8 0 . 2  
75.7 
73.6 
68.2 
64.6 
66.7 

87.1 

65.6 
65 .1  

95.5 

66.1 
6a.3 
6'2.6 
68.1 
71.3 
73.1 
68.1 
57.1 
7. j .  4 
77.8 
71.6 
73.6 
73.7 
72.4 
7 3 . 7  
73.9 
85.6 
95.0 
8 5 . 2  

82.7 
86.6 

7 8 . 4  
77.1 
72.3 
6'3.1 
63.3 
6C.7 
6 4 . 3  
58.6 
61.4 

92.7 

66.2 
73.7 
70.7 
73.4 
71.6 
69.6 
6 7 . 4  
55.Y 
6 8  "3 
72.6 
73.9 
72.1 
71.9 
7 t . l  
72.4 
72.4 
82.5 
8 3 . 2  
73.9 
3 5 . 4  

77.7 
77.2 
71.5 
69.3 
63.8 
64.5 
7 2 . 0  
64.2 
61.3 

81.3 

91.1 

64.4 
6 3  -6 
58.6 
6 9  a 6  

67.8 
68.8 
65.8 
63.8 
65.3 
71.1 
7 L  - 8  
72.4 
63.9 
711.2 
70.7 
70.4 
80 .6 
dd.6 
77  .I 
83 - 9  
79.5 
76.6 
77.3 
7i .7 
66.9 
61.6 
6 2 . 8  
7 3 . 1  
53.6 
68.1 

89.5 

PWL 

99.6 
102.6 
104.9 
107.9 
109.6 
106.6 
107.3 
106.8 
110.5 
113.0 
113.4 
114.8 
115.3 
115.9 
117.0 
117.5 
130.9 
130.3 
124.3 
131.5 
128.4 
125.3 
126.1 
123.2 
123.0 
120.0 
117.1 
116.5 
115.3 
117.1 

138.1 



MODEL SOUND PPESSURE LEVELS (59 .  DEG. F ,  70 PERCENT R E L .  HUH. DAY) - ANGLES  FROH I N L E T  

5 2  
6 3  

R A D I A L  1 7 .  F T .  0 7  
( 5. H) 1 0  J 

V E H I C L E  1 2 5  
1 6C 

NASA Rotor 11 2 9 3  
2 50 
315  
4 c c  

BAR 29.7 HG 5CO 
(05361.  N/MZ)  630 

TAHD 82. D E G  F a d o  
3 (301 .  D E G  K )  1 0 0 0  

TWET 70 .  OEG F 1251) 
(294 .  OEG lo 1 6 0 0  

t . 01485  YG/M31 2 5 0 @  
H A C T l 4 . 8 5   G H I Y 3  z o o 0  

NFAll5230 RPH 3150 
(1205.  RAO/SEC) 4003 

NFKll.265. RPY 5000 
(1180. RAD/SEC)  6 3 0 0  

N F D l 6 1 0 0  RPY 8 0 P C  
(1686. RAD/SEC)IOOCO 

NO. OF BLADES 4 4  12500 
160 0 0  

Grid.#3, 20000 
70% Speed, 25000 
Discharge Val ve 31500 
Set t i ng  = 1.45 40000 

50000 
63000 
a o o  o o  

OVERALL  .MEASURED 
OVERALL  CALCULATED 

75.0 69.2 70.3 70.3 69.7 
73.2 72.0 72.7 71.2 71.2 
78 .5  70.0 7 9 . 2  79.2 7 8 . 7  
78.5 0 3 . 5  01.5 8 2 . 2  79.2 
sc .7  ~ d . 5  80 .2  78.7 77.7 
86.0 79.7 79.5 78.2 77.2 
79.7 89.5 79.7 78.7 77.7 
78.2 78.2 73.0 78 .5  77.5 
R1.2  01.5 82.5 03.C 8 3 . 0  
83.7 04.2 84.7 0 4 . 4  03.5 

86.2 87.0 07.5 86.7 86.5 
85.5  85.5  85.7 84 .9  8 4 . ~  

80.2 80.7 89.0 88.2 97.3 
90.0 91.5 92.0 99.9 83.5 
95.5 95.2 94.7 9.3.4 92.7 
94.7 95.5 96.4 95.3 94.7 
99.6 102 .4  103 .3  103.0 103.6 

101.8 1 0 7 . 6  111.5 135.9 lOh.3 
100.4 101.1 1C3.0 1 D Z . R  lC1.6 

99.0 107 .7  IC2.3 103.1 104.1 
131 .3  102.8 104.0 103.4 lC3.6 
103.3 103.6 105.6 107.1 107.1 

99.6 100.4 1 o l . a  99.8 1 0 0 . 4  
98.5 l O S . 0  1Cl.I lOC.5 lUC.6 
97.1 97.8 99.0 97.6 97.7 
9 4 . 9  95.3 96.5 94.4 95.3 
92.2 91.6 93.9 93.7 91.3 
90.4 89.6 90.4 87.1 89.4 

83.0 80.2 81.9 78.6 82.6 
87.5  85.4  86.1 82.9 86.5 

110.6 112.7  115.0  113.3  113.2 

50. 6C. 

7C.5 70.2 
72.c 73.7 
7R.7 77.7 
79.7 79.3 
77.: 75.3 
76.,3 75.5 
75.7 75.3 
76.5 75.0 
79.5 7 7 . 5  
82.2 73.7 
82.2 80.5 
04.7 82.5 
85.5 03.2 
87.7 04.2 
91.2 07.7 
93.4 91.2 

l ' l3 .3  1 0 1 . 3  
1C3.3  98.5 
1 0 0 . 5  9 6 . 3  
103 .5  100.9 
102.6 99 .9  
105.7  104.6 

99.7 96.9 
96.6 94.3 
34.5 91.5 
90.1 87.1 
88.5 84.8 
86.5 81.0 
84.3 81 .4  

99.8 95.8 

l l i 1 . 2  109.7 

70. 8 0 .  90. 100. I 

PWL 

101.4 
104.2 
109.1 
110.2 
108.9 
108.2 
108.1 

111.0 
113.5 
113.9 

117.1 
119.3 
122.4 
124.5 
133.3 
135.7 

133.3 
133.2 
136.6 
130.7 

107. a 

116 s.0. 

i 3 1 . 3  

131.1 

127.3 
124.8 
124.2 

m1-9- 

123.8 
125.0 

143.4 



.PAI)IAL  17.  FT. 
( 5. M I  

VEHTCLE 

NASA Rotor 11 

HS 
N/M2) 
OEG F 
DEG I<) 
D E G  F 
DEG lo 
G M/ H3 
KG/Y3)  
RP?l 

MODFL SOUND PRESSUPE LEVELS (59. DEG. Fc 70 PERCENT REL. HUH. L I A Y )  - ANGLES FROM INLET 

5ti 
6 3  
8': 
IilC 
1 2 5  
16C 
2 3 0  
2 5 c  
3 1 5  
4 0 0  
50G 
6 3 0  
R 1 G  

l a 6 0  
1 2 5 5  
1 6 0 0  
2 0 c o  
2 5 0 0  
3 1 5 0  

(1035.   RADISEC)  4 0 9 0  
NFK 9660. RPH 50 0 3  

( l C ! l l e  RADISEC) 63CC 
NFDl6100.  RPH 8 0  G41 

(1686.   RAO/SEC) lOJ@Cl 
NO. OF BLADES 4 4  1 2 5 0 0  

16000 
Grid #3,  2 0 0 0 0  
60% Speed, 2 5 0 0 0  
Discharge Val ye 3 1 5 0 9  
Setting = 0 4 0 0 0 f l  

5 0 0 0 0  
6 3 0 0 0  
8 0 0 0 0  

OVER4LL HEASUZED 
OVERALL  CALCULATED 

C. 

54.8 
69.3 
72.8 
75.3 
91.3 
79.3 
77.c 
7L.3 
79.3 
81. @ 
81.5 
83. C 
82.3 
82.3 
8 4 . 8  
89.5 

10. 

64.5 
69.5 
72.3 
76.5 
85.9 
79.5 
77.3 
7  6 .,5 
83.5 
81.5 
82.0 

82.3 
u3.a 

83.3 
85.0 
90.5 

20. 

64.5 
68.8 
74.3 
75. 8 
85.3 
79.0 
77.0 
76.5 
80.0 
82.0 
81.5 
83. 0 
83.0 
84.5 
85.5 
86 .4  

30 

62.8 
66.5 
74.5 
74.8 
78.8 
79  .c  
75.7 
76.0 
79.2 
8 t . 7  
81.2 
8 2 . 4  
8 2 . 4  
84.2 
84.1 
a7.9 

128.9  lC'3.7 
94.6 95.4 
'33.2 94.7 
95.C 9 6 . 5  
91.6 92.9 
32.3 92.9 
92.9 93.4 
88.5 89.0 
86.6 87.2 
83.7 84.4 
80.6 83.8 
80.8  78.3 
82.2 74.0 
81.4 7U.5 

109.8 110.6 

99.4 105.C 
93.0 92.5 
95.8 94.9 
97.6 96.9 
93.1 92.5 
93.3 91.7 
92.6 91.3 
91.4  89.6 
87.5 9 5 . 2  
85.3 8.3.2 
82.0 7 8 . 1  
77.6 74.8 
72.3 70.5 
69.3 67.9 

104.9  107.0 

4 0 .  

63.1 
66.1 
7 3 . 1  
74.1 
77.8 
75.6 
74.6 
74.6 
79.3 
82 .6 
ArJ.5 
81.3  
81.9 
82.8 
83.8 
85.1 

50.  60. 7 0 .  

63.3 64.3 6 4 . 8  
56.0 67.3 63.0 
73.3 72.7 63.G 
74.U 73.7 63.5 
76.5 76.0 73.0 
74.8 73.5 73.3 
73.3 71.2 63.3 
73.3 71.7 69.8 
75.8 74.8 71.4 
79.5 76.7 75.3 
79.2 77.3 73.7 
iro.9 73.7 76.3 
83.3 78.3 74.5 
8 i . 3  77.5 73.8 
82.5 78.7 75.7 
n4.7 82.2 77.7 

94.5 37.: 98 .1  
91.2 90 .1  88.0 
95.2 94.8  91.8 
97.7 98.3 94.9 
93.2 92.6 90.1 
93.1 92.2 89.3 
92.4 92.6 90.9 
91.9 88.9 86.1 
87.4 Rh.3 8 4 . 2  
84.1 82.8 79.7 
79.8 79.8 75.3 
77.2 76.4 72 .4  
74.3 74.6 71.2 
72.5  74.1 71.2 

103 .7   103 .7   102 .1  

95.6 
84.6 
85.8 
83.3 
54.2 
8 4 . 1  
84.2 

75.5 
71.3 
65.6 

78.8 

62.6 
62.3 
63.9 

99. I 

8 0  

65.1  
69.8 
71.8 
68.1 
72.6 
71.8 
68 .1  
67.d 
71.3 
73.1 
71 .8  
73.6 
72.3 
7 1  e 8  

72.8 
74.3 

90. 

64.3 
68.6 
72.6 
67.1 
71.8 
6R.8 
66.1 
65.3 
68.4 
70 - 6  
68.3 
70.9 
69.7 
69.2 
72.4 
73.4 

80.3 90.4 
80.0  78.3 
83.3 80.5 
85.6 82.4 
8C.3 76.5 
79.2 75.4 
79 .1  75.6 
72.8 69.4 
69 .9  65.5 
64 .9  60.3 
62.9 60.8 
62.3 58.7 
62.6 58.5 
59.0 60.2 

91.2 92.4 

190. 

64.4 
71.4 
72.4 
66.9 
70 - 9  
63.4  
65.4  
64.1 
6 6  e 4  

70.6 
68 .1  
69.4 
68.4 
67.9 
68.6 
6'3.9 
76.8 
75.5 
79.4 
81.1 
76.1 
75.2 
74.7 
68.5 
65.4 
62.1 
64.7 
64.1  
63.9 
60.6 

87.4 

1 1 0 .  

6 2  -5 
68 - 8  
75.3 
66.3 
6 7 . 5  
68 e 3  
6 4 . 8  
62 - 3  
6 5  e 0  

69.5 
68 e 2  

68.5 
66.8 
66.8 
57.6 
69.6 
84 -1 
75.0 
78.5 
80  .8 
7 4 . 9  
74.5 
75.2 
68  e 4  

6 4  -4 
6 1  7 
66.6 
65.2 
6 1  04 
64.3 

88.5 

PWL 

97.8 
102.3 
-106.6 
105.1 
109.0 
107.7 
105.3 
105.2 
108.5 
110.9 
110.4 
112.0 

112.3 
113.6 
116.1 
131.9 
121.7 
124.9 
127.5 
122.9 
122.. 8 
123.1 
L2018 

118.4 
115.9 
113.3 

111.5 

112,2 
i12. i  
115.0 

135.6 



H 0 3 E L  SOUND PRESSURE  LEVELS (53. DEG. Fc  70 PERCENT  REL. HUM. DAY)  - ANGLES  FROM I N L E T  

e 

S A D I P L  17. F T .  
( 5 .  M )  

V E H I C L E  

NASA Rotor 11 

BAR 29.7 HG 
(00 351. N./32) 

TAHB 83. OEG F 
(301. DEG K)  

TWET 71. D E G  F 
. (295. DEG K) 

H A C T l 5 . 4 5  GM/M3 
(.O 1 5 4 5  KG/H3) 

NFA 9 8 8 1 .  RPM 

5G 
63 
80 

110 
125 
160 
209 
253 
315 
4a 3 
5 1 0  
630 
8 0 0  

10 00 
1250 
1600 
2010 
2500 
3150 

0. 

69.7 
70 .2 
78.0 
76.2 
78.7 
7 7 . 5  
76.2 
75.7 
79.0 
81.5 
92.7 
84.2 
8 5 . 5  
89.0 
93.7 
93.5 

IO. 

69.2 
71.5 
78.0 
76 .7  
78.0 
77.5 
7 6.5 
76.0 
79.5 
82.2 
83.5 
84.7 
85.7 
9il.7 
93.7 
94.2 

2 0 .  

70.0 
72.0 
79.G 
77.2 
78.2 
77.0 
76.5 
76.2 
79.5 
8 2.5 
83.0 
8 4 . 7  
86.7 
9'1.5 
93.4 
95.9 

3e. 

70.0 
7 1.9 
79.0 
77.0 
7 6 . 5  
75.7 
75.7 
75.7 
79.0 
82.4 
82.4 
84.7 
8 6 . 2  
89.4 
91.9 
95.8 

40 

70.c 
69.7 
78.5 
75.7 
75.7 
75.0 
74.7 
74.8 
78.3 
81.3 
81.5 
84.0 
85.5 
88.3 
91.5 
97.5 

50. 

7i1.5 
71.5 
79.2 
76.5 
74.7 
73.7 
74.2 
7 It. 3 
77.5 
8ti.J 
80.5 
82.0 
84 .0  
86.5 
3G.C 
96.7 

60. 7 0 .  

69.7 64.3 
71.2 63.0 
77.7 70.8 
75.5 68.8 
74.2 73.5 
72.7 73.3 
72.5 68.0 
72.7 75.0 
75.5 72.0 
77.7 74.8 
79.c 74.3 
79.7 75.8 
61.5 77.5 
83.0 73.0 

94.4  93.5 
86.7  82.7 

8@. 

63.2 
67.9 
70.7 
66.2 
69.2 
68.7 
66.2 
67.2 
70.7 
72.2 
71 - 6  
74.2 
75.2 
77.4 
79.7 
87.4 

(1035. RAD/SEC) 4000 106.1 106.9  109.3 1 0 8 . 5  lJh.1 134.6 101.8 
NFK 9660. RPM 5 0 0 0  101.6 103.1  103.8  101.2 99.8  98.8 95.5 

(1eii. RAOISEC) c j j o g  97.4 98.5 100.3 99.3 99.3 98.5 95.6 
N F O I 6 1 0 0 .  SPM R O O 0  97.0 9 9 . 5  100 .8  99.8 100.4 99.5 95.4 

(1685. R A D / S E C ) I 0 0 0 0  100.3 1 0 J . 8  1C3.5 104.9 107.3 106.1 102.4 
NO. OF BLADES  44  12500 97.8 99.1 100.3 99.1 101.1 1G1.2 98.1 

16000 9 6 . 4  97.7 98.8 98.1 98.5 93.1 95.6 
Grid"3, 20000 94.5 95.7 96.6 9 6 . 5  97.1 96.4 92.9 
60% Speed, 25000 93.3 93.7 94.7 93.7 94.1 34.2 91.0 
Discharge  Valve 31500 9 C . 4  91.1 92.3 9J.l 91.5 9 0 . 5  87.5 
Setting = 1.45 4 0 0 0 0  87.1 87.8 89.0 85.9 87.7 87.0 83.0 

5 o o c o   8 5 . 5  85.0 8 4 . 8  83.3  95.3  85.2 8 0 . 4  
63000 84.4 82.0 80.2 73?8 83.2 83.6 78.9 
80000 82.8 78.7 78.7 77.6 82.4 84.1 81.2 

OVERALL  MEASURED 
OVERALL  CALCULATED 110.0 111.1 112.8  112.1  112.1 111.1 108.0 

97.4 93.9 
90.3 86.8 
99.0 86.6 
91.3 87.5 
95.5 90.9 
91.3 86.3 
87.2 82.5 
84.5 78.7 
81.9 76.0 
77.4 70.7 
72.1 65.2 
68.6 6 4 . 4  
66.6 6 4 . 5  
70.6 64.9 

102.2  98.3 

6 2 . 6  
69.6 
70.6 
65.8 
67.0 
66 .0  
63 - 8  
63 - 5  
66s 0 
6 9 . 5  
68.G 
69.8 
71.C 
7 2 . 5  
7 5 . 5  
82 a5 
89.9 
82 -9 
83.0 
83.8 
86.7 
8 2 . 1  
79.8 
74.4 
70 - 8  
66.2 
63.6 
63.7 
65.7 
66.5 

94.3 

110. 

60 -9 
67 a 4  
73.9 
64.8 
65.1 

62.3 
65 -3 

61 -8 
64.3 
67.8 
67.6 
68 - 9  
69 - 9  
71.7 
74 -2 
81.4 
90.6 
03 -1 
82.1 
82.4 
85.7 
81.9 
79.5 
7 4 . 0  
69 - 3  
65.6 
67 -7 
6 4 . 0  
70.7 
70.1 

94.2 

I 
! PWL 

100.9 
103.4 
109.6 
106.7 
106.7 
105.7 
105.2 
105.3 

111.3 
111.4 
113.5 

loa. 5 

- ii5. i 
118.1 
121.1 
126.6 
136.4 
130.3 
128.9 
129. a 
135.6 

128.7 
-130.7 

127.2 
125.5 
123.2 
-120.9 
120.1 
120.5 
124.5 

141.8 



YODEL SOUFJD P R E S S U R E   L E V E L S  ( 5 9 .  DEG. F *  70 PERCENT  PEL.  HUM. DAY)  - ANGLES FROH INLET 

R A D I A L  17.  FT.  

V E H I C L E  
( 5. !I) 

NASA Rotor 11 

9AS 29.7 HG 

T A M E  83. DEG F 

T H E 1  71. DEG F 

H A C 1 1  5.45  GMIM3 

NFA 8 2 3 7 .  RPM 

(00 3 6 1  N I Y 2 )  

P ( 3 9 1 .  DEL  lo 

( 2 9 5 .  DEG K )  

l .01545  YG/H3)  

50 
6.3 
8 0  

I G O  
125 
I 6 Q  
2 0 0  
2 50 
3 1 5  
4 0 0  
5dO 
6 3 0  
B O G  

1000 
1 2 5 0  
16GC 
2 o c c  
2 5 9 0  
3 1  50 

( 862. R A O I S E C )  4 0 0 5  
NFK 8 0 5 3 .  RPM 5000 

( 843.  RAD/SEC) 63CO 
NFD161OO. RPM 8L‘OO 

( 1 6 8 6 .  RAD/SEC) l i ? O i j l !  
NO. OF BLADES 44  1250G 

16000 
Grid #3, z o I 1 c o  
5 K S p e e d ,  2 5 0 0 0  
Discharge  Valve 3 1 5 0 0  
Sett ing = 1.45 40000 

5 0 0 0 0  
6 3 0 0 0  
8 0 0 0 C  

OVERALL  MEASURED 
OVERALL  C4LCULATEO 

0. 

61.6 
67.3 

7 0  . G  
74.0 
73.3 
73.8 
72.C 
75.8 
78.3 
79.8 
81.3 
84.3 
87.8 
89.8 
96.0 

69.8 

61.3 
68.12 
69.8 
7 1   - 3  
73.8 
73.5 
73.5 
7 2  “8 
7 6 i 3  
78.8 
8d.2 
81.8 
83.8 
88.5 
90.0 
99.5 

99.9 101.2 
94.6 96.4 
94.7 96.2 
95.8 97.8 
93.6 95.3 
94.3 96.6 
91.7 93.7 
90.0 91.2 
87.3 88.2 
84.5 85.6 
81.4 82.1 
80.1 79.6 
79.2 75.G 
76.4 69.5 

1G5.5  107.C 

62.0 
67.0 
7 5 .  8 
71.0 
72.5 

73.0 
72.9 
77.0 
79.3 
79.3 
82.5 

72. a 

a4.3 
88.3 
90.7 

102.2 
100.4 

96.0 
97. 8 
99.1 
96.6 
97.8 
94.4 
92.4 
89.2 
86.8 
8 3 . 2  
79.6 
74.0 
69.8 

10 8.1 

69.5 
64.5 
73.3 
7G .3 
71. b 
71.5 
71.7 
72.5 
76.0 
70.7 
79.4 
81.9 
84.2 
87.7 
90 .4  

100.1 

60.9 
65.6 
67 e 6  

69.8 
71.3 
7F.6 
70.8 
71.6 
75.3 
78.3 
78.3 
81.6 
83.4 

89.6 
150.6 

eh.6 

50 

51.0 
56.5 
‘09.5 
69.3 
59.5 
68.8 
69.C 
76.3 
73.5 
76.3 
76.3 
79.5 
91 .8  
84.5 

1 0  1.0 
88.7 

60 

61.8 
65.C 
69.5 
68.U 
68.7 
67.5 
67.5 
69.0 
72 e3 
74.0 
74.7 
77.2 
79.0 
81.5 
85.7 
96.9 

70 

611.5 
65.0 

64.0 
65.3 
66 .3  
65.9 
56.5 
63.3 
71.8 
72.0 
74.5 
76.0 
77. A 
82.0 
94.0 

63.5 

80. 

61.4 
71.4 
66.3 
64.2 
65.7 
64.9 
53.9 
65.2 
67.9 
69.3 
69.6 
71.7 
75.7 
76.2 
78.9 
90.9 

99.8 98.0 96 .1  
94 .5  94.4 93.6 
96.9 96.4 95.3 
99.9 1 0 0 . 2  93.5 
97.0 99.4 98.9 
96.9 96.9 96.2 
93.1 94.1 9 3 . 1  
91.3 92.9 91.9 
8 8 . 2  89.4 88.0 
84.7 85.9 84.3 
79.9 81.3 80.3 
76.8 70.9 77.9 
72.0 76.3 75.6 
67.9 73.0 74 .1  

137.2  117.6 10h.9 

92.3 87.4 84.6  
90.3 85.8 82.1 
92.11 87.5 8 4 . 4  
97.2 32.0 87.7 
96.9 91.4 86.7 
93.8 85.3 81.1 
89.9 81.7 76.7 
87 .1  79.0 73.2 
84.7 75.4 69.5 
81.2 73.8 64.7 
76.3 55 .1  62.5 
73.7 61.6 63.6 
71.2 53.1 65.0 
71.2 60.9 64.3  

i04.0 99.0  95.4 

90. 

6 1 . 1  
71.1 
64.8 
61.3 
64.6 
62.6 
€ 2 .  I 
52.8 
65.4 
68.1 
66.1 
69.6 
71.4 
73.2 
76.4 
86.2 
81.9 
79.1 
82. G 
85.1 
33.7 
78.6 
74.8 
71.4 
65.8 
61.0 
57.3 
57.7 
58.3 
€0.2 

92.1 

100. 

61 - 2  
69.4 
63.4 
62.7 
63.9 
62.6 
62.1 
61.4 
54.1 
68.4 
66.9 
69.6 
72 .1  
7 2   - 6  
75.1 
86.4 

110. 

59.8 
73.3 
66.8 
59.3 
61.3 
6 1  m 5  
60.3 
59.5 
61.8 
66.0 
65.2 
67  .O 
68 - 8  
70 - 8  
74.1 
84.9 

81.5  80.6 
78.7 7 8 . 3  
8 1 . 2  8 0 . 0  
84.4 83.1 
82.6 81.4 
79.2 78.3 
75.4 75.5 
73.2 70.1 
66.4 65.4 
62.6 61 .2  
60.7 59.6 
62.4 61.4 
63.6 62.2 
60.6 67.8 

91.7  90.6 

PWL 

94.8 
103.3 
101.3 
100.6 
102.0 
101.4 
101.3 
,102.0 
105.4 
108.0 
io8.4 
111.1 
113:l 
116.3 
119.4 
130.5 
127 i 7 
124.2 
126; 1 
. 129.6 . .. 

128.7 
126.8 
123.9. 
- 122.6 
11919 
117.4 
11435 
113.7 
113 .-s 
115.4 

137.3 



MODEL SOUND P2ESSL;RE LEVELS ( 5 9 .  DEG. F, 70 PEf<CE'.IT REL. HUH. D A Y )  - ANGLES FZOY 1NLF.T 1 
C .  10. 2 0 .  30. 4 0 .  cj? ... 6 c .  70. ac .  99. ICB. 113. 

50 
63  

9ADIAL 17.  FT.  83 
( 5. H )  1 0 0  

VEHICLE  125  
160 

NASA Rotor 11 200 
250 
31 5 
403 

BA4  29.7 HG 5 0 0  
( 0 3 3 6 1 .  N / Y 2 )  6 3 1  

TAM3 8 4 .  D E G  F 8OG 
P 
VI (3 '?2 .  D E G  K )  1 0 0 0  

THET 71. OEG F 1 2 5 3  

HACTl5.15 GM/H3 2 0 0 0  
I 2 9 5 .  DEG K )  I 6 5 3  

( - 0 1 5 1 5   K G / Y 3 )   2 5 0 0  
NFA 8P40. RPM 3 1 5 0  

( 863.  RAD/SECI 400C 
NFK 8C48. P,PM 5 0 0 0  

( 9 4 3 .  RAD/SEC)  630G 
NF016200 .  RPM 8.1 0 3  

(1686.   RADISEC)  10003 
NO. O F  BLADES 4 4  1 2 5 0 0  

1600C 
Grid # 3, .. 2001c  
50% Speed, 250 0 0 
Discharge Val ve 31500 
S e t t i n g  = 0 4 9 0 0 0  

5000C 
630CG 
R O O G O  

OVERALL H E 4 S U R E D  
OVERALL  CA'LCtJLATEO 

63.8 
68.6 
7 @  .8 
73.0 
79.5 
76.5 
74 .5  
73.8 
76.8 
78.3 
78.8 
8 0  .a 
77.6 
78.3 
79.5 
R2.3 
95.7 
9c.4 
93.5 
88.8 
87.6 
93.1 
85.2 
83.5 
8 1  e 2  
78.5 
75.5 
74.9 
77.9 
75.6 

icc.9 

63.3 63.0 
69.3 63.3 
71.0 73.8 
74.3 73.8 
78.8 77.8 
77.c 75.8 
74.5 74.3 
74.0 73.8 
77e.3 77.8 
78.5 79.u 
78.7 78.8 
82.5 80.5 
78.3 79.5 
79.8 79.8 
811.8 80.7 

9-3.9 93.5 
99.9 91.5 
94.4 96.8 
89.8 90.4 

82.5 8 2 . 4  

88.3 88 .8  
93.6 91.6 
86.2 86.1 
84.5 85.7 
82.1 83.3 
7 9 . 4  80 .3  
75.4 76.5 
73.2 73.5 
69.7 69.5 
68.7 69.2 

100.7  101.1 

62.3 
64.3 
7i.8 
73.0 
76.8 
75.5 
73.0 
73.5 
76.7 
7R.7 
73.2 

79.4 
79.4 
8C.b 
8 1 . 4  
85.3 
9G.O 
9 5 . 1  
83.4 

95.7 
85.8 
85.1 

77.9 
73.7 
70.3 
67.5 
6 1 . 9  

78.9 

88.2 

a1.8 

99.6 

59.1 
65.1 
67.3 
71.5 
76.3 
73.8 
72.1 
72.3 
76.1 
77.6 
77.8 
7R. 6 
77.6 
78.3 
An .3 
82.0 
88 .9  
88.6 
93.7 
89.4 
89.6 
9 1  .¶ 
86.6 
87.1 
83.C 
79.1 
75 .1  
72.3 
59.2 
64.4 

99.5 

39.4 
66 .6  
66 .1  
71.1 
74.6 
72.6 
7G.4 
7G.7 
74.9 
76.4 
76.6 
77.5 
76.4 
76.3 
79 .1  
81 .1  
Y 5.7 
88 .2  
93.9 

88.2 
96.3 
85.7 
85 .8  
82 .9  

74.2 
71.9 
69.2 
64.9 

8a.3 

78.2 

99.8 

63.5 
71.5 
65.0 
64.7 
70.2 
67.0 
64.0 
64.0 
67. C 
69.5 
66.2 
67.8 
66.8 
65.6 
67.8 
59.5 
73.5 
75.0 
79.9 
74.5 
72.9 
73.8 
68.7 
67.0 
62.0 
58.7 
59.6 
56.6 
56.4 
55.3 

85.2 

62.7 61.5 
69.4 7 3 . 3  
65.2 67.3 
6 4 . 4  62.8 
68.6 66.3 
65.3 65.0 
63.1 6 1 . 3  
61.4 53.8 
6 4 . 4  62.5 
67.6 65.8 
6 5 . 4  65.5 
65.6 65.3 
64.4 63.3 
64.1 63 .1  
65.6 64.4 
57.4 65 .6  
T?.? 71.9 
73.: 73.0 
79.4 77.9 
72.9 72.3 
71.3 69.9 
73.2 73.0 
67.9 68.2 
66.2 65.6 
62.5 60.0 
61.3 60.2 
63.3 62.7 
62.2 59.3 
63.8 60.9 
60.8 66.0 

84.1 83.5 

PWL 

96.2 
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100.8 
102.8 
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102.6 
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116.5 
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108.6 
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114.: i 
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B ,   B '  
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i P  

U i  
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'r 
x ,  xi 
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V2 
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APPENDIX 2 

List of  Commonly Used Notations 

CLuW M M 
a t , A l = 2 A  

A = 4 ( 1  - M:) 

CL u wrq 
B =  4(1 - Mi) - , B '  = 2B 

sometimes also used to denote the number of  rotor  blades 

c = u CL w/4 , C '  = 2c 

l i f t  coefficient of isolated rotor 

Fourier  coefficient  of inlet  distortion  as i n  [61 

s t a t i c  speed of sound 

rotor blade row pitch 

i nteger 

axial and  wheel t i p  Mach numbers 

harmonic of blade  passing  frequency  noise of interest  

number of  lobes i n  in le t   d is tor t ion  as  i n  [6] 

ith component o f  perturbation  velocity  assoc 
rotor potential flow f ie ld  

ith component o f  perturbation  velocity  assoc 
in l e t  turbulence 

relative  velocity through rotor 

Cartesian  coordinates 

Cartesian  coordinate 

Laplacian 

2.rrlnl /1 - M; 
d ( l  - Mi) : (Mk = Mi + Mt) 

2 m / d  

iated w i t h  

iated w i t h  
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Pnn Ma Mt/d(l - Mi) 
rotor sol i di ty 
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ROTOR 11 PERFORMANCE MAP:  CLEAN INLET 

I I 

DV = L45 

I 

50% 

= o  

30 40 
~ ~~ 

50 
CORRECTED WEIGHT FLOW, LBS/SEC I 

FIGURE 1. Aerodynamic Map o f  Fan  Used i n  Present  Studies: 

DV = 0 Denotes Low System Resistance  While DV = 1.45 

Denotes  High  System  Resistance. 
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FIGURE 2. Schematic o f  t h e  GE A e r o - A c o u s t i c   F a c i l i t y   a t   S c h e n e c t a d y ,  N .  Y. 
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0 

FIGURE 3. Photograph Showing Three Grids Employed i n  Current Study. 



FIGURE 4. Photograph  Showing  Specially  Designed Kiel Probe  Array  for  Mapping  Inlet Distortion. 
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FIGURE 5. Turbulence Intensi ty  as Function o f  Distance  from  Outer Wall. 
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FIGURE 6 .  Integral   Length  Scales as Function 

o f  Distance  f rom  the   Wal l .  
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FIGURE 7 .  Acoustic Data - Clean Inlet. 
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o HIGH RESISTANCE, LOW  FLOW 

FIGURE 8 .  Acoustic Data - 4" Grid. 
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70% SPEED , BPF = 8438 HZ 
100 

40 100 250 630 1.6K  4.OK  IOK 
THIRD-OCTAVE BAND CENTER FREQUENCY  (xl0"Hz) 

I2 /3"  GRID A LOW RESISTANCE,  HIGH FLOW 
0 HIGH  RESISTANCE, LOW  FLOW 

FIGURE 9. Acoustic  Data - 1-2/3" Grid. 
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THIRD-OCTAVE BAND CENTER FREQUENCY ( x  10" H ~ I  

21/4" GRID P LOW RESISTANCE, HIGH FLOW 
0 HIGH RESISTANCE, LOW  FLOW 

FIGURE 10. Acoustic Data - 2 t "  Grid. 
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FIGURE 11. E f f e c t  of Pressure Rat io on the PWL Spectrum. 
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F I G U R E  12. Inlet Plenum Reverberant SPL Data from [SI. 
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FIGURE 13. E f f e c t  o f  Grids on Fan Noise. 
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FIGURE 14. Ef fect   o f   Pressure   Rat io  and T i p  Speed  on Iso la ted  Subsonic Rotor  Noise 

( V I  1. 
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FIGURE 15. Cascade Plane  Representation o f  Blade Row. 
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FIGURE 16. Rotor  Fixed Frame of  Reference,  



FIGURE 17(a), Lobe  Number - Frequency  Diagram. 
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FISURE 17(b). Kinematics o f  Scatter ing o f  Quadrupole Source  Terms. 
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FIGURE 18. Comparison with Results from [71. 

66 



20 

W 
W 

3 lo 
U 

0 

f = FUNDAMENTAL  BLADE  PASSING  FREQUENCY b 
I I I I  I 

n 
0 MEASURED # 4 

I I I 

-120 aB e @' "" ' \ o  - 
"" -THEORETICAL 

0 $0 
0 0  0 

0 0 - 110 4 

0 O O  
0 

0 - 100 0 
o o o  

I I ~~ I l l  . I I I 
.125 .25 .5 - 7 5  1 2 3 4 f/fb 

SPEED 
I 1- b 1  I I I I 

0 MEASURED 
0 

0 0 THEORETICAL - - - - 
0 O O  J 

- - MEASU~ED 0 
CHANGE  IN0 "-" fl  0 9 0 0  0 0 0  
OAPWL " - 4 

I 1 I 1  I I I 
- 1 2 5  - 2 5  . 5  .75  1 2 3 4 

ROTOR 11 
DATA AT 
CR&D 

F 
b: 

THEORETICAL I 

/ 
/ 0 0 

0 0 0  
0 0 0  

0 
0 

0 - 
0 0 3 

- - - -THEORETICAL 
o o o o  

0 
MEASURED I 

1 
OAPWL 

I I I 1  I I I 

70% 
SPEED 

FIGURE 19. Comparison with C1 ean Inlet  Results of Part I. 
Isotropic Turbulence - Rotor Interaction. 
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ANISOTROPIC  TURBULENCE 

BATCHELOR-RIBNER/TUCKER  THEORY FOR  EFFECT OF SUDDEN 

CONTRACTIONS  ON  SPECTRUM OF ISOTROPIC  TURBULENCE. 

u '  << - R 
U D 0 -  
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0 
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0 
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/ 
0 

FIGURE 20. D i s t o r t i o n  o f  I so t rop i c  Eddies Due to   I n le t   Con t rac t i on .  
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FIGURE 21. Anisotropic  Turbulence - Rotor Interaction (Contraction Ratio: 2). 
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FIGURE 22. Effect o f  Grids. 50% Speed - Discharge  Valve = 0.0. 
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