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A b s t r a c t  

I n l e t  n o i s e  and aerodynamic perforniance a r e  
presented f o r  a h igh  t i p  speed fan designed w i t h  
r o t o r  b l ade  l ead ing  edge sweep t h a t  g i v e s  a sub- 
s o n i c  component of i n l e t  Mach number normal t o  t h e  
edge a t  a l l  r a d i i .  The i n t e n t  of t h e  des ign  was t o  
minimize t h e  g e n e r a t i o n  of  r o t o r  l ead ing  edge shock 
vaves the reby  minimizing m u l t i p l e  pure tone n o i s e .  
Sound power l e v e l  and s p e c t r a l  comparisons a r e  made 
v i t h  s e v e r a l  high-speed f ans  of convent ional  d e s i g n .  
R e s u l t s  showed m u l t i p l e  pu re  tone n o i s e  a t  l e v e l s  
below those  of some of t h e  o t h e r  f ans  and t h i s  
n o i s e  was i n i t i a t e d  a t  a h i g h e r  t i p  speed.  Aero- 
dynamic performance of t h e  f a n  d i d  n o t  meet d e s i g n  
goals  f o r  t h i s  f i r s t  b u i l d  which app l i ed  convent ion-  
a l  des ign  procedures  t o  the  swept f a n  geometry. 

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

For t h e  p a s t  decade o r  more a ve ry  cons ide r -  
a b l e  e f f o r t  has  been made t o  lower t h e  no i sc  gener-  
a t ed  by tu rbofan  engines .  E a r l y  s t u d i e s  showed t h a t  
the dominating j e t  n o i s e  could be g r e a t l y  reduced 
by an i n c r e a s e  i n  t h e  f an  bypass r a t i o ,  and t h i s h a s  
become a s t a n d a r d  f e a t u r e  of a l l  subsequent  d e s i g n s .  
With t h e  primary j e t  n o i s e  reduced s u c c e s s f u l l y ,  t h e  
f a n  turbomachinery n o i s e  was exposed i n  t h e  o v e r a l l  
n o i s e  spectrum a s  t h c  predominant n o i s e  sou rce ,  and 
much a t t e n t i o n  was focused on both f a n  source n o i s e  
r educ t ion  and n o i s e  abso rb ing  concepts t o  q u i e t  t h e  
f a n  n o i s e .  E f f o r t s  t o  reduce source  n o i s e  showed 
t h a t  l o w  f an  t i p  speed was ve ry  d e s i r a b l e  f o r  s ev -  
e ra l  reasons and a s  a r e s u l t  t h e  e f f o r t  i n  no i se -  
r educ t ion  work on h igh  speed f ans  a t  NASA-Lewis Re- 
search Center  lagged f o r  a per iod .  

The high-speed fan has an a c o u s t i c  disadvan- 
tage r e l a t i v e  to i t s  low-speed coun te rpa r t  i n  pro-  
ducing an a d d i t i o n a l  component of n o i s e ,  t h e  m u l t i -  
p l e  pure tones  t h a t  a r i s c  from t h e  s p a t i a l l y  non- 
uniform p a t t e r n  of shock waves a s s o c i a t c d  wi th  t h e  
supe r son ic  i n l e t  flow r e l a t i v e  t o  t h e  r o t o r  b l a d i n g .  
However, from t h e  s t a n d p o i n t  of t he  engine a s  a 
system, t h e  high-speed fan h a s  a s i g n i f i c a n t  advan- 
t age  i n  p e r m i t t i n g  e i t h e r  t h e  t u r b i n e  t o  b e  o f  
sma l l e r  d i ame te r  and fewer s t a g e s ,  o r  a f a n - d r i v e  

p o t e n t i a l  c o s t ,  weight ,  and complexity of  t h e  h i g h -  
. g e a r  box t o  be e l i m i n a t e d .  The r e s u l t i n g  lower ' 

~ speed f an  a r e  advantages t h a t  motivated a r e su rgence  
. of i n t e r e s t  i n  a t t empt s  t o  reduce i t s  n o i s e .  

I n  response t o  a NASA-Lewis r eques t  f o r  pro- 
' posa l s  aimed p r i m a r i l y  toward source  n o i s e  r e d u c t i o n  
concepts  f o r  h igh  speed f ans .  t h e  B o l t ,  Beronek and 
Newman Company, w i t h  AVCO-Lycoming a s  a subcon t rac -  
tor,  proposed and was concracted t o  des ign  and f ab -  
r i c a t e  a f a n  i n c o r p o r a t i n g  a novel  concept which 
had p o t e n t i a l  f o r  s i g n i f i c a n t l y  reducing the  amount 
of shock r e l a t e d  n o i s e .  Their concept ,  which was 
o u t l i n e d  i n  Ref.  1 and d e t a i l e d  i n  Ref. 2 s u g g e s t s  
t h a t  i f  t h e  fan r o t o r  b l ade  leading edge can be 
considered analogous t o  a supe r son ic  a i r p l a n e  wing 

l e a d i n g  edge, then sweeping t h e  r o t o r  edge p r o p e r l y  
shou ld  g r e a t l y  r educe  t h e  p roduc t ion  of shock waves. 

The p r i n c i p l e  involved i n  t h e  a i r p l a n e ' s  swept- 
leading-edge wing s t a t e s  t h a t  t h e  flow e f f e c t s  on 
bo th  t h e  edge and t h e  a i r f o i l  s e c t i o n  behind t h e  
edge depend on ly  upon t h e  component o €  t h e  r e l a t i v e  
incoming Mach number which i s  normal t o  t h e  edge; 
t h e  component p a r a l l e l  t o  t h e  edge can produce no 
shock or flow e f f e c t s  because i t  never c r o s s e s  t h e  
edge.  This  t heo ry  was f i r s t  a l l u d e d  t o  i n  1935 by  
Buseman and was p r o p e r l y  d e f i n e d  a decade l a t e r  by 
J o n e s .  (3 )  Bliss(4) p a t e n t e d  t h e  concept  of apply-  
i n g  t h e  swept-edge t o  a s u p e r s o n i c  r o t o r  b l a d e  f o r  
t h e  purpose of shock c o n t r o l  and s h o c k - r e l a t e d  
n o i s e  r educ t ion .  It is t h i s  p a t e n t  which forms t h e  
b a s i s  of t h e  BBN p roposa l  f o r  t h e  fan d e s c r i b e d  
h e r e i n .  

An a d d i t i o n a l  n o i s e  r e d u c t i o n  concep t ,  sweep- 
i n g  of t h e  s t a t o r  l ead ing  edge,  was inco rpora t ed  i n  
t h i s  f a n  des ign  and was in t ended  LO reduce the  Fro- 
d u c t i o n  of 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  a t  b l a d e  
passage frequency.  This concept  i s  n o t  new b u t  f o r  
t h e  p r e s e n t  des ign  much e f f o r t  vas  expended on 3 
d e t a i l e d .  r a d i a l  a n a l y s i s  of  t h e  r o t o r  wake s t r c n p t h ,  
w id th ,  p o s i t i o n ,  s w i r l ,  a x i a l  v e l o c i t y ,  and stream- 
l i n e  changes i n  moving from t h e  r o t o r  t o  the s t i t o r .  
This in fo rma t ion  was used i n  s e l e c t i n g  3 r a d i a l l y -  
v a r y i n a  sweep on t h e  s t a t o r  l ead ing  cdge t o  main- 
t a i n  t h e  t r a c e  speed of t h e  wake along t h e  edge 
subson ic .  However, because a s t a t i c  a c o u s t j c  t e s t  
f a c i l i t y  has  more i n l e t  t u r b u l e n c e  and circumferen-  
t i a l  i n l e t  f low d i s t o r t i o n  than  the  f a n  e x p e r i o r c e s  
i n  f l i g h t ,  w i th  r e s u l t a n t  p roduc t ion  of spu r ious  
tone n o i s e ,  t h e  b e n e f i c i a l  e f f e c t  of t h e  swept 
s t a to r  on tone  n o i s e  is l i k e l y  t o  be d i f f i c u l t  t o  
measure wi thou t  t h e  a i d  of c a r e f u l l y  c o n c r o l l e d  
rotor inf low and a reEerence u n s w e p t  s c a t o r .  Also, 
a t  s u p e r s o n i c  t i p  speed t h e  r o t o r - a l o n e  f i e l d  i: a 
s t r o n g  p o t e n t i a l  sou rce  of  t onc  no i se  t h a t  c o u l d  
mask r o t o r - s t a t o r  i n t e r a c t i o n  tone n o i s e .  For t h e s c  
r e a s o n s ,  t he  s u b j e c t  of the p r e s e n t  r e p o r t  is con- 
f i n e d  t o  t h e  a c o u s t i c  e f fec ts  of t h e  swept r o t o :  on 
i n l c t  n o i s e  p roduc t ion .  

The fan r e s u l t i n g  from t h e  c o o p e r a t i v e  d e s i g n  
e f f o r t  among the  c o n t r a c t o r ,  s u b c o n t r a c t o r  and 
NASA-Lewis was - c o n s t r u c t e d  wi th  a nominal t i p  diani- 
e t e r  of  500 mm (20 i n . ) .  It  was s i z e d  and conf ig -  
ured f o r  t e s t i n g  i n  both t h e  a c o u s t i c  and aero-  
dynamic t e s t  f a c i l i t i e s  a t  NASA-Lewis. The p r e s e n t  
r e p o r t  documents t h e  r e s u l t s  of  t e s t i n g  i n  the  
a c o u s t i c  tes t  f a c i l i t y .  During t e s t i n g  t h e  f an  was 
o p e r a t e d  over  the speed range from 50 t o  100 pe r -  
cent o f  des ign  c o r r e c t e d  speed ,  and ove r  a l l  o r  
p a r t  o f  f i v e  d i f f e r e n t  o p e r a t i n g  l i n e s .  T e s t s  were 
made wi th  both a bellmouth i n l e t  and an i n l e t  with 
s i m u l a t e d  f l i g h t - t y p e  i n t e r n a l  con tour s  and a 
t h i c k e r  l i p  for  s t a t i c  t e s t i n g .  Add i t iona l  tes ts  
were made us ing  a t u rbu lence - reduc ing  honeycomb/ 
s c r e e n  flow c o n t r o l  d e v i c e  o v e r  t he  f l i g h t  i n l e t  i n  
an a t t empt  t o  reduce t h e  excess  b l ade -passage  tone  
n o i s e  a s s o c i a t e d  wi th  in f low d i s t u r b a n c e s  i n t e r -  
a c t i n g  wi th  t h e  rotor. 
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Pan Design 
I 

The f a n  (termed QF-12) designed t o  i n c o r p o r a t e  
t h e  w e p t  r o t o r  urea convent ional  aerodynamic 
ranger  and limitr on ruch parameters a s  s o l i d i t y ,  
lorser, - rad ia l  work d i r t r i b u t i o n  and d i f f u s i o n  
f a c t o r .  Design parameters  s e l e c t e d  were I t i p  
speed o f  480 mlseq p r e r a u r e  r a t i o  o f  1.60, and an 
in le t  r p e c i f i c  annular  flow of 199 kg/sec-m2. 

It is d e s i r e d  to have the component of t h e  
incomlng r e l a t i v e  Mach number normal t o  t h e  r o t o r  
l e a d i n g  edge a s  rmch below 1.0 as p o s s i b l e ,  pre-  
f e r a b l y  Low enough t h a t  t h e  riae w i t h i n  t h e  i n t e r -  
b l a d e  channel  would n o t  i n c r e a r e  it above 1 . 0 .  
With a d e c r e a s e  in normal Mach number t h e  l e a d i n g  
edge rweep a n g l e  becanes s t e e p e r  and t h e  b l a d e  
rtrerses i n c r e a s e ,  so eventua l ly  some form o f  corn- 
promire  i r  needed. Ear ly  aeromechmical  d e s i g n  
i t e r a t i o n s  on t h i s  f a n  demonstrated c o n c l u s i v e l y  
t h a t  s rubsonic  normal Mach number could  n o t  be  
achieved wi th  a s i n g l e  forward o r  rearward sweep. 
It was necessary  t o  employ a r e v e r r a l  of  t h e  sweep 
a n g l e  a t  r b o u t  mid-span t o  achieve a b l a d e  w i t h  
mechanical  i n t e g r i t y .  T h i s  war accomplished i n  
p a r t  by u t i l i z i n g  t h e  compressive s t r e s s e s  due to 
t h e  bending moments r e s u l t i n g  from n o n r a d i a l  r t a c k -  
ing of t h e  s e c t i o n  c e n t e r r  of g r a v i t y  t o  c o u n t e r a c t  
a p o r t i o n  of t h e  c e n t r i f u g a l  t e n s i l e  s t r e s r e s .  
With t h i s  scheme, combined with i t e r a t i n g  and care-  
f u l l y  l o c a t i n g  t h e  r a d i a l  p o s i t i o n  of t h e  sweep 
r e v e r s a l ,  a des ign  was achieved which hed a r a t i s -  
f a c t o r y  r t e a d y - s t a t e  stress p a t t e r n ,  a p p r o p r i a t e  
a e c t i o n  chorda and thus  s o l i d i t i e s ,  and a r a d i a l l y -  
v a r y i n g  sweep a n g l e  which yielded a normal Mach 
number vary ing  from 0.83 a t  the  hub t o  0.91 from 
mid-span t o  t h e  t i p .  T h i n  Mach number range was 
expected t o  s a t i s f y  t h e  rubsonic  edge c r i t e r i o n  f o r  
the a c o u s t i c  concept ,  though i t  would probably per -  
m i t  sane channel  Mach numbers t o  be r l i g h t l y  ruper -  
a o n i c .  Because of the rubsonic  normal Mach number 
a t  t h e  r o t o r  edge, t h e  des igners  chose t o  u s e  
double  c i r c u l a r  a r c  a i r f o i l  s e c t i o n s  on t h e  r o t o r  
r a t h e r  t h a n  t h e  m u l t i p l e  c i r c u l a r  a r c  or s p e c i a l  
a i r f o i l s  normally used on fans  of t h i s  h i g h  t i p  
rpeed range.  

The designer .  reelired t h a t  complete eliminat- 
ion of rhocks in t h e  i n l e t  was imposs ib le  even wi th  
t h e  "subsonic" edge becaure  weak shock systema 

t i p  with t h e  cas ing  w a l l ,  a t  the  rweep r e v e r r a l  . 
, p o i n t  which is s d i s c o n t i n u i t y  of  t h e  edge, and 
; from leading-edge t h i c k n e s s  e f f e c t s .  There weak 
rhock r y r t a n r  were expected t o  have only a r m a l l  
e f f e c t  on mult ip le -pure- tone  noise  when weighed 

/ a s r i n r t  the b e n e f i c i a l  e f f e c t  on n o i s e  of t h e  re- 
I d u c t i o n  o f  t h e  major source  of ruch shock aystams,  
I t h e  s t r o n g  leading  edge ahockr of convent iona l  

vould originate a t  the i n t e r s e c t i o n  of .the blade 

Apparatus  and P rocedure  

T e s t  F a c i l i t y  

The f a n  r h m  in F i g s .  1 and 2 was i n s t a l l e d  
f o r  a c o u s t i c  t e s t i n g  in  t h e  NASA-Lewis  Engine Fan 
and J e t  Noise f a c i l i t y  which h a s  been d e s c r i b e d  i n  
d e t a i l  i n  Ref. 5 .  F i g u r e  3 rhows t h e  fan  with i t s  
modif ied f l i g h t - t y p e  i n l e t  i n s t a l l e d  i n  t h e  f a c i l i t y  
and a l r o  shows some of  t h e  f i x e d  microphones used 
f o r  f a r - f i e l d  n o i s e  measurements. P l a n  and e l e v a -  
t i o n  views of t h e  f a c i l i t y  a r e  shown in  Fig .  4. 
C a l i b r a t i o n  o f  t h e  chamber i n d i c a t e d  t b a t  i t  can be 
cons idered  anecho ic  w i t h i n  1 dB a t  f requencies  ahove 
500 Hz. The chamber muy be  o p e r a t e d  wi th  i n l e t  flow 
e i t h e r  through t h e  s i l r n s e r  shown on Fig. 4 o r  
through a r p i r a t i n g  f l r  :. c e i l i n g  and w a l l s .  All 
n o i s e  d a t a  p r e s e n t e d  !. ' .  i n  were obta ined  with Lnle t  
a i r  f lowing through ~b i l e n c e r .  The f a n  is d r r v e n  
by a v a r i a b l e - s p e e d  el . : r i c  motor  and speed- 
i n c r e a s i n g  gearbox 1 o ~  .* t*.d in an ecous t i c a l l y  iso- 
l a t e d  room. The fan  d i s c h a r g e s  i n t o  a c o l l e c t o r  i n  
the moto r -d r ive  room from which t h e  a i r  exhaus ts  
through two m u f f l e r s  and f l o w - c o n t r o l  v a l v e s  t o  t h e  
atmorphere o u t s i d e  t h e  b u i l d i n g .  The test f a c i l i t y  
h a s  an a r r a y  o f  f i x e d  f a r - f i e l d  microphones on a 
7.6 meter (25 f t )  r a d i u s  c e n t e r e d  a t  t h e  f a n - i n l e t  
f a c e .  These a r e  p o r i t i o n e d  a t  loo spac lngs  from 
Oo to  90° from t h e  f a n  i n l e t  a x i s .  

- -  

I 
I high-rpeed f a n s .  t 

' V i b r a t i o n  and f l u t t e r  m a l y r i r  o f  t h e  r e s u l t -  
i n g  r o t o r  b lade  i n d i c a t e d  problemr i n  t h i s  a r e a ,  

T u d  a par t - rpan  rhroud waa added t o  r a i r e  the 
b l a d e  n a t u r a l  f requencies  and dampen v i b r a t i o n r .  
The damper war l o c a t e d  f a r  enough back in  t h e  
i n t e r b l a d e  channel t h a t  m y  rhocb vavea from i t 8  

and t h u r  not produce f o m a r d - r a d i a t e d  n o i r e .  
1 l e a d i n g  edge should be contained vlthin t h e  channel  

A c r o s r - r e c t i o n  of  t h e  f i n a l  f a n  des ign  i r  
a h o w  on P i g .  1 and a photograph is r h m  on P i g . 2 .  
)lore d e t a i l e d  informat ion  on t h e  swept r o t o r  d e r i g n  

Fan Hardware 

The f a n  assembly,  o t h e r  t h a n  b l a d i n g ,  was of 
heavy c o n s t r u c t i o n  f o r  r i g i d i t y  and d u r a b i l i t y .  
A s o f t  rub r t r i p  was provided i n  t h e  c a s i n g  over  
t h e  r o t o r  t i p a  to p r e v e n t  b l a d e  damage i n  t h e  e v e n t  
of a rub. 

Three d i f f e r e n t  i n l e t  assembl ies  were used w i t h  
t h i s  f a n  f o r  t h e  tests r e p o r t e d  h e r e i n .  Most of t h e  
d a t a  were o b t a i n e d  w i t h  a n  i n l e t  having f l i g h t - t y p e  
i n t e r n a l  c o n t o u r a ,  which was in  f a c t  t h e  I d e n t i c a l  
u n i t  used on t h e  tests r e p o r t e d  i n  Ref.  5 .  Some 
tertr  a r e  a l r o  r e p o r t e d  u s i n g  t h i s  same i n l e t  w i t h  
t h e  a d d i t i o n  of  t h e  tu rbu lence - reduc ing  honeycomb/ 
a c r e e n  in le t  f low c o n t r o l  d e v i c e  r e p o r t e d  in Ref.  6 ,  
and i l l u e t r 8 t e d  in Figs. 5 and 6 .  In 8dd i t ion ,  t h e  
fan war a l s o  tested w i t h  the bel lmouth inlet  i l l u s -  
t r a t e d  i n  F i g .  7 .  

Although the t e s t i n g  of  t h i r  f a n  wan p r i m a r i l y  
f o r  a c o u r t i c  e v a l u a t i o n ,  r u f f i c i e n t . a e r o d y n a m i c  
i n r t r m n e n t a t i o n  was provided t o  e s t a b l i s h  t h e  over -  
a l l  o p e r a t i n g  p o i n t  and t o  p e r m i t  a n  assessment  of 
t h e  f a n ' s  o v e r a l l  aerodynamic performance. 2he in- 
r t r u w n t a t i o n  inc luded  thermocouples and r t a t i c  
p r e r s u r e  t a p s  i n  t h e  i n l e t  assembly f o r  I n l e t  mass 
f l w  c a l c u l a t i o n s ,  and f o u r  5-poin t  r a d i a l  rakes  a t  
;the fan d i r c h a r g e  measuring t o t a l  t empera ture  and 
p r e r s u r e .  
I p r e r r u r e  m u l t i p l e x e r  and computer sy r t em t o  c a l -  
c u l a t e  t h e  aerodynamic performance parametere .  
performance pa rame te r s  were c o r r e c t e d  t o  r t a d a r d  
day  c o n d i t i o n  (288.2O K, 10.13 N/cm2). 

There mearurements were proceseed through 

A l l  

T e s t  P rocedure  - 
A r o t o r  b l a d e  hav ing  t h e  d e r i g n  complexi ty  of 

the p r a r e n t  one had n e v e r  b e f o r e  been t e s t e d ,  and 
b e c a u r e  of  t h i r  i t  was n e c e s s a r y  t o  c a r e f u l l y  
asresr t h e  aerodynamic and mechanical  performance 



c o n d i t i o n .  Operat ion began with low speeds and low 
aerodynamic loading,  then progressed s lowly t o  
h i g h e r  speed and load ing .  Tes t ing  with most com- 
b i n a t i o n s  of ope ra t ing  l i n e  and i n l e t  hardware 
covered the  speed range from 50 t o  100 pe rcen t  of 
des ign  i n  increments of 5 or 10 pe rcen t .  

S i x  samples of a l l  aerodynamic measurements 
were obtained a t  each ope ra t ing  po in t  by an auto-  
ma t i c  d i g i c a l  da t a  encoder.  These s i x  samples were 
averaged and from them t h e  aerodynamic performance 
was computer-processed on l i n e .  A continuous t r a c e  
of fan d i scha rge  p r e s s u r e  a g a i n s t  i n l e t  s t a t i c  
p r e s s u r e  was d i sp layed  on an X-Y r eco rde r  f o r  com- 
p a r i s o n  with a p red ic t ed  s t anda rd  ope ra t ing  l i n e  
p l o t t e d  on the  r e c o r d e r  c h a r t .  

S t r a i n  gages were placed on- s i x  o f  t h e  r o t o r  
b l a d e s  i n  l o c a t i o n s  a p p r o p r i a t e  f o r  measuring t h e  
maximum pred ic t ed  s t e a d y - s t a t e  stress and t h e  v i -  
b r a t o r y  stresses f o r  s e v e r a l  p red ic t ed  low-order 
modes. The s t e a d y - s t a t e  and v i b r a t o r y  s t r e s s e s  
were s e p a r a t e l y  d i sp layed  on o s c i l l o s c o p e s  and were 
cont inuously monitored v i s u a l l y .  

Acoust ic  d a t a  were obtained concur ren t ly  wi th  
the aerodynamic d a t a .  S i g n a l s  from a l l  t h e  micro- 
phones were processed on - l ine  by a one-third-octave 
ana lyze r  with the o u t p u t  recorded d i g i t a l l y  on 
magnetic tape.  The t h r e e  d a t a  samples on tape were 
averaged and processed o f f - l i n e  by computer u s ing  
t h e  a n a l y s i s  programs d e t a i l e d  i n  Ref .  7 .  Simulta-  
neously wi th  the  o n - l i n e  a n a l y s i s ,  t h e  microphone 
o u t p u t s  were a l s o  recorded a s  analog s i g n a l s  on 
magnet ic  t ape  f o r  o f f - l i n e  ana lyses  a s  des i r ed .  

Resu l t s  and Discussion 

Aerodynamic Perf  ormancc 

An a n a l y s i s  and assessment  o f  t he  fan a c o u s t i c  

It  must be determined 
c h a r a c t e r i s t i c s  r e q u i r e s  some knowledge of t he  
aerodynamic c h a r a c t e r i s t i c s .  
i f  t h e  fan i s  performing aerodynamically a s  de- 
s i g n e d ,  and i f  n o t ,  how any d i f f e r e n c e s  would be 
expected t o  a f f e c t  t h e  n o i s e  gene ra t ion  processes  
and r e l a t e  t o  the measured no i se  output. T h i s  i s  
p a r t i c u l a r l y  t r u e  f o r  a f a n  such a s  QF-12 whose 
s o u r c e  n o i s e  r educ t ion  concept is i n t i m a t e l y  r e -  
l a t e d  t o  t h e  aerodynamic des ign  d e t a i l s .  

The aerodynamic performance c h a r a c t e r i s t i c s  of  
QF-12 a r e  p re sen ted  i n  F ig .  8 a s  s t a g e  t o t a l  pres-  
s u r e  r a t i o  and temperature  r ise e f f i c i e n c y  v e r s u s  
p e r c e n t  of design i n l e t  flow. These d a t a  were ob- 
t a i n e d  with both t h e  f l i g h t - t y p e  i n l e t  (shown a s  
open symbols) and t h e  bellmouth i n l e t  (shown a s  
c losed  symbols). A l s o  shown on t h i s  f i g u r e  a r e  t h e  

~ ' d e s i g n  p o i n t  va lues  of each of  t h e  parameters .  
.The design f low and e f f i c i e n c y  va lues  were ca l cu -  

l a t e d  be fo re  t h e  mid-span dainper was added t o  t h e  
rotor b lade ,  so they do n o t  r e f l e c t  t he  blockage 

' and  loss normally a s s o c i a t e d  with a damper. It is 
obvious t h a t  none of  t he  t h r e e  parameters  q u i t e  m e t  
d e s i g n  va lues  a t  des ign  speed.  Nearest  t h e  ex- 
pected s t anda rd  o p e r a t i n g  l i n e  t h e  weight  flow i s  
low by about 7 pe rcen t ,  t h e  e f f i c i e n c y  is low by 
about  9 percentage p o i n t s ,  and t h e  p r e s s u r e  r a t i o  
reached only 1.56 r a t h e r  than t h e  des ign  va lue  of  

mouth d a t a  obtained nea r  s t a l l  t o  des ign  speed,  t h e  
d e s i g n  p r e s s u r e  r a t i o  might j u s t  be a t t a i n e d  very 
close t o  s t a l l .  I f  t h e  des ign  va lues  of  weight 

'\ 

' 1.6.  It appears  t h a t  by e x t r a p o l a t i n g  the  b e l l -  

f low and e f f i c i e n c y  on F i g .  8 a r e  a d j u s t e d  f o r  t h e  
e f f e c t s  of  t h e  damper, t h e  measured va lue  o f  flow 
i s  probably about  5 or  6 p e r c e n t  low and t h e  e f f i -  
c i ency  about 7 percen tage  p o i n t s  low. 

With l i m i t e d  aerodynamic i n s t r u m e n t a t i o n  on 
t h e  f a n ,  i t  is n o t  p o s s i b l e  t o  determine t h e  exac t  
sou rce  of t h e  performance loss. Figure  9 i n d i c a t e s  
t h a t  t h e  s t a g e  produces a r a t h e r  low p r e s s u r e  r i s e  
n e a r  t he  hub and s l i g h t l y  above des ign  v a l u e  i n  the  
t i p  r eg ion .  The e f f i c i e n c y  is g e n e r a l l y  low over  
t h e  f u l l  span.  One tes t  wi th  t h e  s t a t o r s  removed 
and t h e  e x i t  r akes  r e a l i g n e d  showed t h a t  e s s e n t i a l -  
l y  t h e  same r a d i a l  g r a d i e n t s  a r e  p r e s e n t  which in -  
d i c a t e s  t h a t  t h e  problem is i n  t h e  r o t o r .  Without 
knowing such d e t a i l s  a s  t h e  r a d i a l  v a r i a t i o n  of 
a x i a l  v e l o c i t y  i n t o  t h e  r o t o r  i t  is d i f f i c u l t  t o  
s p e c u l a t e  on t h e  r easons  f o r  t h e  d e f i c i e n c i e s  i n  
r o t o r  performance, bu t  i t  wouid seem probab le  t h a t  
t he  h i g h  r a d i a l  g r a d i e n t  of p r e s s u r e  r a t i o  near t he  
t i p ,  t h e  h igh  p r e s s u r e  r a t i o  a t  t he  t i p  and the  
a s s o c i a t e d  low e f f i c i e n c y  could be the r e s u l t  of an 
unexpected normal shock ove r  p a r t  of t h e  rotor 
channel e n t r a n c e  r eg ion .  

Acoust ic  Performance 

Narrow-band a n a l y s i s .  The r o t o r  s o u r c e  n o i s e  
r educ t ion  concept  embodied i n  the  QF-12 f a n  was ex- 
pected t o  g r e a t l y  reduce t h e  m u l t i p l e  pu re  tones 
normally p r e s e n t  a t  supe r so? ic  t i p  speeds.  These 
tones i n  t h e  forward n o i s e  s p e c t r a  a t  i n t e g r a l  
m u l t i p l e s  of  t h e  s h a f t  r o t a t i v e  frequency,  a r e  most 
g r a p h i c a l l y  seen  on narrow-band s p e c t r a .  F igu re  i o  
d i s p l a y s  such narrow-band s p e c t r a  f o r  QF-12 aL 70° 
from t h e  i n l e t  a x i s  a long  t b e  approximate s t a n d a r d  
o p e r a t i n g  l i n e  a t  s e v e r a l  speeds .  It is  q u i t e  cb- 
vious t h a t  QF-12 does have a c o n s i d e r a b l e  EPT ccn- 
t e n t  i n  i t s  spectrum a t  h igh  t i p  speeds i n  con t r a -  
d i c t i o n  t o  t h e  p r e d i c t e d  r e s u l t ,  and t h e s e  tones 
a r e  q u i t e  a u d i b l e  when l i s t e n i n g  t o  t h e  f a n  n o i s e .  
However, t h e  lowest  speed a t  which the  XF'T n o i s e  is 
a t  a l l  prominent i s  j u s t  below 80 p e r c e n t  of d e s i s n  
a t  a t i p  r e l a t i v e  i n l e t  Mach number of approximate-  
l y  1 .25.  Convent ional  unswept f ans  which have bean 
designed t o  be  q u i e t  w i l l  g e n e r a l l y  show t h e  o n s e t  
of prominent MPT n o i s e  a t  t i p  r e l a t i v e  i n l e t  Xach 
numbers i n  t h e  range from approximately 0 . 9  t o  1.0. 
Even lower MPT t h r e s h o l d s  a r e  p o s s i b l e  depending on 
a number of aerodynamic and b l a d e  des ign  v a r i a b l e s .  

I t  is clear from t h i s  d i s c u s s i o n  of unswept 
r o t o r s  t h a t  t h e  swept r o t o r  has  s i g n i f i c a n t l y  
r a i s e d  t h e  Mach number t h r e s h o l d  f o r  g e n e r a t i o n  of 
MPT n o i s e .  Although the  des ign  c a l c u l a t i o n s  i n d i -  
c a t e  a t h re sho ld  much h i g h e r  ( t h e  t i p  r e l a t i v e  Xach 
number is 1 . 7 5  when i t s  normal component i s  l . O ) ,  
t h e  b e n e f i c i a l  e f f e c t  of sweep on MPT n o i s e  i s  in -  
d i c a t e d .  

The d i f f e r e n c e  bctwecn p r e d i c t e d  and measured 
MPT t h r e s h o l d s  is  probably r e l a t e d  t o  s e v e r a l  d t -  
s i g n  l i m i t a t i o n s  and aerodynamic d e f i c i e n c i e s  ir .  
t h e  fan des ign .  F i r s t ,  t h e  d e s i g n e r  p r e d i c t e d  the 
occur rence  of  weak c o n i c a l  shock systems a t  t h e  
r o t o r  l ead ing  edge d i s c o n t i n u i t i e s  (sweep r e v e r s a l  
p o i n t  and r o t o r  t i p )  which were expected t o  produce 
a small  amount of MPT n o i s e  a t  a l l  s u p e r s o n i c  t i p  
speeds .  I n  a d d i t i o n ,  t h e  d e f i c i e n t  aerodynamic 
performance could we l l  be r e l a t e d  t o  f low condi-  
t i o n s  i n  t h e  e n t r a n c e  r eg ion  o f  t h e  i n t e r b l a d e  
channels  b e f o r e  t h e  channel t h r o a t .  Poor flow i n  
t h i s  a r e a  of t h e  b l a d e s  could produce s u c t i o n -  

3 



, 

I 

s u r f a c e  shocks a t  s e p a r a t i o n  p o i n t s ,  for example. 
As no ted  p rev ious ly ,  some of  t h e  r a d i a l  performance 
v a r i a t i o n s  could be s p e c u l a t i v e l y  r e l a t e d  t o  such 
e n t r a n c e  r eg ion  shocks.  T h i s  s i t u a t i o n  could have 
been aggravated (perhaps even t r i g g e r e d )  by t h e  u s e  
of  t h e  e s s e n t i a l l y  subson ic  d o u b l e - c i r c u l a r - a r c  
r o t o r  b l a d e  s e c t i o n s .  It  is  a l s o  j u s t  p o s s i b l e  
t h a t  t h e  part-span.damper could have d i v e r t e d  t h e  
ad jacen t  s t r e a m l i n e s  r a d i a l l y  enough to dec rease  
the e f f e c t i v e  sweep  a n g l e  on one s i d e  and thus pro- 
duce l o c a l  l ead ing  edge shocks.  Add i t iona l ly ,  t h i s  
des ign  d i d  n o t  account  for t h e  adve r se  e f f e c t  on 
sweep a n g l e  a t  some r a d i i  of a t ape red  ro to r -b l ade  
planform which has  i t s  e f f e c t i v e  sweep ang le  a t  t h e  
qua r t e r - chord  l i n e  r a t h e r  than a t  t h e  leading 
edge. ( 8 )  
t o  an a i r p l a n e  wing r e q u i r e s  some freedom f o r  t h e  
s t r e a m l i n e s  t o  a d j u s t  spanwise,  and t h e  fan r o t o r  
cannot allow t h i s  n e a r  t h e  w a l l s  and poss ib ly  nea r  
the damper. Whether o r  n o t  t h i s  would be expected 
t o  have any r e a l  e f f e c t  on t h c  swept-edge pe r fo r -  
mance i n  the f a n  i s  unknown. 

F i n a l l y ,  t h e  swept-edge concept  a s  app l i ed  

One-third-octave a n a l y s i s .  F i g u r e  11 p r e s e n t s  
one - th i rd  oc t ave  sound power l e v e l  s p e c t r a  f o r  t he  
QF-12 f a n  along t h e  s t a n d a r d  o p e r a t i n g  l i n e  a t  v a r i -  
ous speeds .  The lower speeds ,  50 and 70 pe rcen t  of  
des ign ,  show no MPT c o n t e n t  which t y p i c a l l y  appears  
i n  t h e  frequency range cen te red  from about  one - t en th  
t o  one-half  of  blade-passage frequency.  The high-  
speed s p e c t r a  show ve ry  marked a r e a s  of XF'T con ten t  
cen te red  a t  about 2 kHz. I t  i s  obvious from the  
narrow-band s p e c t r a  of F i g .  10 t h a t  PPT n o i s e  f i l l s  
t h e  spectrum up t o  a t  l e a s t  25 Ulz, b u t  on a sound 
power b a s i s  i t  is most n o t i c e a b l e  i n  the  one - th i rd  
oc t ave  s p e c t r a  i n  t h e  a r e a  below blade-passage f r e -  
quency. It can be  seen t h a t  t he  90 and 100 p e r c e n t  
s p e c t r a  have about  t h e  same MF'T and blade-passage 
tone levels, while  t h e  95 p e r c e n t  spectrum has  
n o t i c e a b l y  more MPT n o i s e  and less blade-passage 
n o i s e .  Apparent ly  a s  t h e  speed i s  r a i s e d  from 95 
t o  100 pe rcen t  some tone  g e n e r a t i n g  mechanism 
changes d r a s t i c a l l y  t o  s h i f t  t he  energy from NPT t o  
b l ade -passage  tone n o i s e ,  thereby a l t e r i n g  t h e  con- 
v e n t i o n a l  t r end  of i n c r e a s i n g  MPT n o i s e  with in -  
c r e a s i n g  speed.  This s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  
a s  the d e s i g n  aerodynamics a r e  being approached 
(though neve r  reached) t h e  no i se  r educ t ion  concept  
is beg inn ing  t o  work a s  a n t i c i p a t e d .  Data a t  h i g h e r  
speeds were d e s i r e d  t o  e v a l u a t e  t h i s  new t r end  b u t  

t o  d e s i g n  speed .  
u n f o r t u n a t e l y  the ro to r  blades w e r e  s t r - e s s - l i m i t e d  

F i g u r e s  12 and 13 p r e s e n t  power s p e c t r a  a t  90 
p e r c e n t  of  f a n  des ign  speed f o r  t h e  d i f f e r e n t  op- 
e r a t i n g  l ines wi th  bo th  f l i g h t - t y p e  and bellmouth 
i n l e t s .  While on ly  t h e  f l i g h t - t y p e  i n l e t  d a t a  a r e  
p r e s e n t e d  i n  t h e  remainder of  t h e  f i g u r e s ,  h e r e  t h e  
bel lmouth i n l e t  d a t a  a r e  p re sen ted  because of t h e  
a d d i t i o n a l  o p e r a t i n g  l i n e  q u i t e  c l o s e  t o  s t a l l .  

\ I n  g e n e r a l ,  r a i s i n g  t h e  o p e r a t i n g  l i n e ,  and thus 
the f a n  load ing  and p r e s s u r e  r a t i o ,  r a i s e s  t h e  MF'T 
n o i s e  in t h e  1 to  5 Wiz range.  Note,  though, t h a t  

-with bo th  i n l e t s  t h e  s t anda rd  o p e r a t i n g  l i n e  has  
less MPT n o i s e  than t h e  below-standard l i n e .  A t  
speeds of 95 and 100 p e r c e n t  of d e s i g n ,  however, 
t h e  MPT noise i n c r e a s e s  i n  o r d e r l y  f a s h i o n  wi th  
p r e s s u r e  r a t i o  a s  t h e  o p e r a t i n g  l i n e  i s  changed. 
Th i s  s u g g e s t s  aga in  t h a t  s u b t l e  d i f f e r e n c e s  i n  
r o t o r - e n t r a n c e  aerodynamics can have a q u i t e  mea- 
s u r a b l e  e f f e c t  on MF'T n o i s e ,  and thus on t h e  appar- 
e n t  v a l i d i t y  o f  t he  swep t - ro to r  n o i s e  r educ t ion  
concept  . 

T e s t s  w i th  i n l e t  f low c o n t r o l  dev ice .  A series 
of  tests u s i n g  t h e  i n l e t  f low c o n t r o l  dev ice  o f  
F igs .  .5 and 6 was in t ended  t o  determine t h e  sensi- 
t i v i t y  o f  t h e  QF-12 f a n  blade-passage tone n o i s e  t o  
in f low tu rbu lence ,  and i n  a d d i t i o n  de te rmine  i f  any 
such s e n s i t i v i t y  exists in  t h e  MPT n o i s e .  A com- 
p a r i s o n  of sound power s p e c t r a  a t  80 percen t  of de- 
s i g n  speed which i s  t y p i c a l  of  s p e c t r a  wi th  and 
wi thou t  t h e  i n l e t  f l ow c o n t r o l  dev ice  i n  shown i n  
F i g .  14.  There is  no obvious e f f e c t  of t h e  i n l e t  
f low c o n t r o l  on e i t h e r  blade-passage n o i s e  o r  MPT 
n o i s e  a t  t h i s  s u p e r s o n i c  speed .  The f a c t  t h a t  MPT 
n o i s e  is n o t ' a l t e r e d  by t h e  i n l e t  f low c o n t r o l  d e -  
v i c e  a p p a r e n t l y  i n d i c a t e s  t h a t  t h e  shock g e n e r a t i o n  
p rocess  is i . n s e n s i t i v e  t o  t h e  sma l l  f low pe r tu rba -  
t i o n s  on t h e  b l ade  edge and s u r f a c e s  due t o  turbu-  
l ence .  Th i s  c o n t r a s t s  somewhat with the  r e s u l t s  of 
Ref. 6 ,  p o s s i b l y  because t h e  p r e s e n t  r e s u l t s  a r e  
obtained a t  a h i g h e r  Mach number l e v e l .  

A comparison o f  b l ade -passage  tone sound pcwcr 
l e v e l  w i th  and wi thou t  t h e  i n l e t  f low c o n t r o l  de- 
v i c e  i s  shown i n  F i g .  15 ove r  t h e  f u l l  range of  
speed.  This f i g u r e  i n d i c a t e s  t h a t  a t  t i p  speeds 
below t h a t  a t  which shock e f f e c t s  ( i . e . ,  MPT n o i s e )  
begin t o  predominate ,  t h e  i n l e t  Elow c o n t r o l  d e v i c e  
does reduce blade-passage tone  n o i s e  some 2 t o  4 dB. 
I t  has  no obvious e f f e c t  a t  h i g h e r  speeds .  The 
azimuthal  e f f e c t  on b lade -passage  tone  sound p r e s -  
s u r e  l e v e l  is shown i n  Fig.  16 wi th  and wi thou t  t h e  
i n l e t  f low c o n t r o l  d e v i c e .  F i g u r e  16(a)  shows t h a t  
a t  a speed below t h e  o n s e t  o f  shock e f f e c t s  t h e  
blade-passage tone  sound p r e s s u r e  l e v e l  is essen -  
t i a l l y  c o n s t a n t  around the  i n l e t  a r c .  However, 
above shock o n s e t ,  F i g .  16(b) shows t h a t  t h e  blode-  
passage tone sound p r e s s u r e  l e v e l  i s  reduced 
n o t i c e a b l y  between t h e  i n l e t  a x i s  and 60° ( excep t  
on t h e  a x i s ) ,  and i n c r e a s e d  between ang le s  of 60° 
and 90° with t h e  i n l e t  f low c o n t r o l  dev ice .  The 
n e t  e f f e c t  on sound power l e v e l  a t  t h i s  speed was 
shown on F i g s .  14 and 15 t o  be  about  ze ro .  Because 
no e f f e c t  of t h e  i n l e t  f low c o n t r o l  dev ice  has  been 
shown on tone l e v e l s  a t  h igh  speeds ,  t h e  comparisons 
t o  fo l low w i l l  be made u s i n g  d a t a  ob ta ined  w i t h o u t  
t he  dev ice .  

Sound Power Comparison of QF-12 and O t h e r  Fans 

Comparison w i t h  JTBD Refan.  The QF-12 f a n  was 

of t h e  JTSD Refan had been p r e v i o u s l y  t e s t e d  a s  r e -  
p o r t e d  i n  R e f .  5. The Refan model, a modern, q u i e t  
f an ,  i s  t h e  same s i z e  a s  QF-12, has  n e a r l y  t h e  same 
p r e s s u r e  r a t i o  (1 .67  v s .  1.60). s l i g h t l y  h i g h e r  
flow (35.0 kg/sec v s .  3 1 . 2 ) ,  and n e a r l y  t h e  same 
t i p  speed (488 rn/sec v s .  480) .  While t h e  Refan h a s  
i n l e t  gu ide  vanes i t  i s  o the rwise  q u i t e  s i m i l a r  t o  
QF-12 b u t  w i t h  conven t iona l  unswept r o t o r  b l ad ing .  
The f a c t  t h a t  t h e  Refan i s  aerodynamical ly  s o  s i m i -  
l a r  to  QF-12 and was t e s t e d  i n  t h e  same f a c i l i t y  
w i th  t h e  same f l i g h t - t y p e  i n l e t  makes i t  a good 
s t a n d a r d  f o r  a c o u s t i c  comparisons.  The d i f f e r e n c e s  
between t h e s e  two f a n s  a r e  r e l a t i v e l y  sma l l  b u t  
could become a c o u s t i c a l l y  s i g n i f i c a n t  a t  t h e  
h i g h e s t  speeds .  The Refan d i d  a t t a i n  i t s  d e s i g n  
aerodynamics where QF-12 d i d  n o t .  Futhermore,  t h e  
Refan i n l e t  guide vanes  were des igned  t o  r a i s e  t h e  
r o t o r  hub r e l a t i v e  i n l e t  Mach number and lower 
somewhat t h e  r o t o r  t i p  r e l a t i v e  i n l e t  Xach number. 
Th i s  lowering of  t h e  t i p  r e l a t i v e  Mach number would 
s l i g h t l y  weaken t h e  normally s t r o n g  l ead ing  edge 
shocks and thus '  would tend t o  l e s s e n  somewhat t h e  

a c o u s t i c a l l y  tes ted  i n  a f a c i l i t y  i n  which  a m o d e l  
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MPT n o i s e  gene ra t ion .  I n  a d d i t i o n  t h e  p re sence  of  
t h e  gu ide  vanes c o n s t i t u t e s  a f low a r e a  blockage 
which l o c a l l y  r a i s e s  t h e  a l r e a d y  h i g h  a x i a l  Mach 
number and could t h e r e f o r e  p o s s i b l y  a t t e n u a t e  t h e  
forward propagat ion of sound a t  h i g h  speed r e l a t i v e  
t o  the  non-IGV QF-12 n o i s e  p ropaga t ion .  However, 
even with these d i f f e r e n c e s  t h e  t w o  f ans  a r e  s i m i -  
l a r  enough t o  warrant  a comparison of  t h e i r  noise 
ou tpu t .  

F igu res  17  and 18 p r e s e n t  d i r e c t  comparisons 
between t h e  two f ans  of o v e r a l l  sound power l e v e l  
and blade-passage tone one - th i rd  oc t ave  sound power 
l e v e l  r e s p e c t i v e l y  a s  func t ions  o f  f an  speed .  The 
o v e r a l l  power levels f o r  t h e  t w o  f ans  a r e  n e a r l y  
i d e n t i c a l  through 90 pe rcen t  of d e s i g n  f an  speed,  
b u t  a t  h i g h e r  speeds QF-12 is  some 4 dB h i g h e r  be- 
cause of  a l a r g e  jump i n  n o i s e  between 90 and 95 
percent  speed.  The blade-passage tone  n o i s e  (Fig.  
18) i s  about  t he  same f o r  t h e  two f a n s  a t  t h e  lower 
speeds,  b u t  above 80 pe rcen t  speed,  QF-12 i s  some 
5 t o  9 dB n o i s i e r  than Refan. I t  i s  s i g n i f i c a n t  
t h a t  between 90 and 95 pe rcen t  speeds the  o v e r a l l  
power l e v e l  of QF-12 rises while  t h e  blade-passage 
tone l e v e l  dec reases ,  with these  t r e n d s  be ing  sharp- 
l y  r eve r sed  between 95 and 100 p e r c e n t  speeds .  This  
is r e l a t e d  t o  t h e  sha rp  peak i n  MPT g e n e r a t i o n  a t  
95 percen t  speed and e q u a l l y  s h a r p  dropoff  a t  100 
pe rcen t  speed shown on F i g .  11. 

Comparison with 4 high-speed f ans .  I n  a d d i t i o n  
t o  t h e  Refan j u s t  d i scussed ,  t h e r e  a r e  s e v e r a l  o t h e r  
modern high-speed q u i e t  fans  f o r  which n o i s e  d a t a  
a r e  a v a i l a b l e  t o  compare with those  of QF-12. 
Appropriate  des ign  parameters  f o r  t h e s e  f a n s  a r e  
given i n  Table  I. Fan C from t h e  NASA Quie t  Engine 
Program i s  a convent ional  high speed f an  design.ed 
t o  be a s  q u i e t  a s  p o s s i b l e  w i t h i n  t h e  framework of 
conven t iona l  aerodynamic des ign  c r i t e r i a .  I t  was 
b u i l t  and t e s t e d  i n  f u l l  engine s i z e ,  and t h e  n o i s e  
d a t a  a r e  r e p o r t e d  i n  R e f .  9 .  

Fan C - Mod V I 1 1  was an improvement of f a n  C 
w i th  t h e  r o t o r  blade very c a r e f u l l y  reshaped t o  
swallow t h e  i n l e t  shock a t  90 pe rcen t  speed ( t h e  
t akeof f  speed) r a t h e r  than a t  100 p e r c e n t  speed a s  
fan C had been designed,  y e t  s t i l l  a t  l e a s t  r e t a i n  
t h e  e f f i c i e n c y  of t h e  o r i g i n a l  f an  C.  The b a s i c  
i n t e n t  was to reduce t h e  ElPT n o i s e  a t  t akeof f  w i th  
t h e  a l t e r e d  shock s t r u c t u r e .  In t h i s  i t  was q u i t e  
s u c c e s s f u l ,  a l thouph a t  t h e  expense of n o t i c e a b l y  
inc reased  b l a d e  passage tone no i se .  Th i s  f a n  was 
b u i l t  and t e s t e d  i n  about  h a l f  t h e  s i z e  of f a n  C ,  
and i t s  n o i s e  c h a r a c t e r i s t i c s  a r e  r e p o r t e d  i n  Ref.  
10. 

I 
I The General  E l e c t r i c  G E - A l T  f a n  was of  abou t  

t h e  same t i p  speed a s  t h e  o t h e r  f a n s  under cons id -  
e r a t i o n  h c r e ,  b u t  i t  had a somewhat h i g h e r  p r e s s u r e  
r a t i o  and des ign  s p e c i f i c  inf low.  It  was des igned  

' ,with a s  many q u i e t i n g  f e a t u r e s  a s  p o s s i b l e  inc lud -  
i n g  swallowed shocks a t  t akeof f  speed.  I t  was b u i l t  
and t e s t e d  i n  about h a l f  s c a l e ,  and t h e  n o i s e  d a t a  

~ 

I 

-are r e p o r t e d  i n  Ref. 11. 1 
The P r a t t  and Whitney JT8D Refan h a s  been d i s -  

cussed ear l ier .  
from t h e  o t h e r  f ans  i n  t h i s  comparison was t h e  use 
of i n l e t  gu ide  vanes.  Acoust ic  d a t a  f o r  t h i s  model 
fan arc r e p o r t e d  i n  p a r t  i n  Ref. 5 ,  and i n  p a r t  a r e  
un repor t ed .  The fan C and CE-ATT i n l e t  n o i s e  d a t a  
were ob ta ined  with bellmouth f a n  i n l e t s ,  w h i l e  t h e  
other t h r e e  fans used modified f l i g h t - t y p e  i n l e t s .  
The d a t a  f o r  a l l  f i v e  f ans  have been c o r r e c t e d  to  a 

Its most s i g n i f i c a n t  d i f f e r e n c e  

d e s i g n  t h r u s t  l e v e l  e q u a l  t o  t h a t  o f  f a n  C f o r  pur- 
poses  of  comparison. This was accomplished by sdd- 
ing to  t h e  model sound power l e v e l s  a number o f  
d e c i b e l s  e q u a l  t o  10 l o g  of t h e  r a t i o  of f a n  C ,de- 
s i g n  t h r u s t  t o  t h e  model f an  d e s i g n  t h r u s t .  The 
model s p e c t r a  were then  s h i f t e d  down i n  frequen.:y 
( t o  t h e  n e a r e s t  o n e - t h i r d  o c t a v e )  by t h e  squa re  
root of  t h e  r a t i o  of  f a n  C d e s i g n  t h r u s t  t o  t h e  
model f a n  t h r u s t .  

Inlet  sound power s p e c t r a  f o r  ~ 1 1  f i v e  of  t h e  
f ans  a t  90 p e r c e n t  of  t h e i r  i n d i v i d u a l  des ign  
speeds ( t o  r e p r e s e n t  t h e  n o i s e  expected a t  t a k e s f f )  
a r e  shown on Fig.  19.  For c l a r i t y  of p r e s e n t a t i o n  
the s p e c t r a  a r e  d i v i d e d  i n t o  two s e p a r a t e l y -  
p re sen ted  g roups ,  each of  which c o n t a i n s  t h e  QF-12 
spectrum. In t h e  MPT range  below abou t  1600 Hz 
f an  C and t h e  GE-ATT f a n  a r e  s e e n  t o  be  much h i z h e r  
i n  MPT produc t ion  than  t h e  o t h e r  f a n s .  Fan C - 
Mod V I 1 1  obv ious ly  m e t  i t s  d e s i g n  g o a l  o f  r educ ing  
the  MPT n o i s e  of  f a n  C by lowering i t  some 8 t o  10 
dB. However, t h i s  r e d u c t i o n  cane a t  t h e  expense of 
a c o n s i d e r a b l e  i n c r e a s e  i n  b l ade -passage  n o i s e .  
Th i s  had been shown e x p e r i m e n t a l l y  i n  Ref. 10 t5 be 
a consequence of each of  t h e  v a r i o u s  m o d i f i c a t i o n s  
made t o  t h e  fan C d e s i g n  t o  lower t h e  MPT n o i s e  a t  
t akeof f  speed.  The Refan and QF-12 a r e  s e e n  on 
F i g .  1 9 ( a )  t o  be n e a r l y  equa l  i n  MPT p roduc t ion ,  
w i th  QF-12 b e i n g  s l i g h t l y  t h e  lower of  t h e  two. 
QF-12 and f a n  C - Xod V I 1 1  a r e  a l s o  n e a r l y  equa l  
w i th  QF-12 b e i n g  somewhat poore r  below about  600 Hz. 

An a t t e m p t  was made t o  q u a n t i f y  t h e  MPT con- 
t e n t  i n  t h e  s p e c t r a  f o r  t h e  f i v e  f ans  by l o g a r i t h -  
m i c a l l y  adding the o n e - t h i r d  o c t a v e  sound power 
l e v e l s  i n  t h e  p o r t i o n s  of  t h e  s p e c t r a  below t h e  
blade-passage frequency where t h e  MPT c o n t e n t  
appeared d o n i n a n t .  While the  r e s u l t i n g  numbers a r e  
n o t  t h e  t r u e  PIPT n o i s e ,  t hey  do r e p r e s e n t  a r eason-  
a b l e  and c o n s i s t e n t  " f i g u r e  of merit" f o r  MPT nt i ise .  
The r e s u l t s  should be a f u n c t i o n  of  t i p  r e l a t i v e  
i n l e t  Mach number, b u t  because i n s u f f i c i e n t  i n f o r -  
mat ion e x i s t e d  t o  c a l c u l a t e  t h i s  number f o r  a l l  
f a n s ,  t h e  r e s u l t s  a r e  shown on F i g .  20 a s  a func-  
t i o n  of  f an  speed.  For t h i s  group of f a n s  wi th  
s i m i l a r  d e s i g n  flows and t i p  s p e e d s ,  t h e  fan speed 
i s  a s a t i s f a c t o r y  c o r r e l a t i n g  parameter .  Th i s  f i g -  
u r e  c l e a r l y  shows QF-12 and f an  C - Mod VI11 t o  b e  
n o t i c e a b l y  lower than  the o t h e r s  i n  PIPT n o i s e  a r  
speeds of 90 p e r c e n t  and below. O f  t h e s e  t w o  f a n s ,  
f an  C - Mod VI11 i s  e q u a l l y  c l e a r l y  t h e  b e t t e r .  

The sound power levels of t h e  f i v e  f ans  a r e  
compared on a c u r r e n t  c o r r e l a t i o n  of t h e  sound 
power f r a n  modern, q u i e t  low-t ip-speed f ans  (Ref.  
12) .  This  c o r r e l a t i o n  p r e s e n t s  t h e  t h r u s t - c o r r e c t e d  
sound power level a s  a f u n c t i o n  of t o t a l  p r e s s u r e  
r ise r a t i o ,  and i t  c o r r e l a t e d  t h e  n o i s e  of many low 
speed f ans  w i t h i n  12 .5  dB. Note, however,  t h a t  t h e  
c o r r e l a t i o n  was developed f o r  t o t a l  f a n  sound power, 
and t h e  h i g h  speed f an  d a t a  t o  be  p re sen ted  on t h i s  
c o r r e l a t i o n  a r e  f o r  forward n o i s e  o n l y .  I n  F i g .  21  
t h e s e  d a t a  are  p r e s e n t e d  wi th  the. c o r r e l a t i o n .  

A l l  of  t h e  f ans  have low speed n o i s e  trend:; 
which fo l low t h e  c o r r e l a t i o n  w e l l .  A t  t h e  approx i -  
mate speed where MF'T noise appea r s  t h e  d a t a  cu rves  
rise much more s t e e p l y  than  t h e  c o r r e l a t i o n , . a n d  a t  
h i g h  speeds t h e  f a n s  f o r  which such d a t a  a r e  a v a i l -  
a b l e  (QF-12, Refan, and G E - A n )  a l l  show a marked 
dropoff  i n  n o i s e .  Th i s  l a t t e r  e f f e c t  i s  p robab ly  
an a t t e n u a t i o n  due t o  t h e  h igh  a x i a l  Plach numbers 
a t  t h e  fan i n l e t .  The GE-ATT fan  shows t h e  most 
s p e c t a c u l a r  dropoff  due t o  hav ing  t h e  h i g h e s t  de- 
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s i g n  s p e c i f i c  i n l e t  flow and thus t h e  h i g h e s t  a x i a l  
Mach number. I t  is a l s o  t h e  on ly  f an  shown f o r  
which t h e  f i n a l  d a t a  p o i n t  p re sen ted  was ob ta ined  
a t  a speed over  des ign  (106 pe rcen t  of d e s i g n ) .  

Fan C and CE-ATT a r e  seen on Fig.  21  t o  be the  
n o i s i e s t  i n  t h e  MPT range below t h e  p o i n t  where 
i n l e t  Mach number $ t t e n u a t i o n  becomes e v i d e n t .  The 
o t h e r  t h r e e  f ans  a r e  n o t i c e a b l y  b e t t e r  and a r e  
about e q u i v a l e n t .  I t  appears  s i g n i f i c a n t  t h a t  
QF-12, d e s p i t e  aerodynamic problems which e v i d e n t l y  
negated some of  t he  va lue  o f  t h e  swept-edge concept ,  
is roughly e q u i v a l e n t  i n  n o i s e  p roduc t ion  i n  t h e  
MPT range to  a f a n  s p e c i f i c a l l y  developed t o  reduce 
MPT a t  t he  expense of a l a r g e  i n c r e a s e  i n  blade-  
passage tone  n o i s e  ( fan C - Mod VIII), and t o  a 
h i g h l y  developed f an  us ing  i n l e t  guide vanes t o  re- 
duce t h e  MF'T-generating t i p  i n l e t  r e l a t i v e  Mach 
number (Refan). The forward sound power of t h e s e  
t h r e e  high-speed f ans  f a l l s  w i t h i n  t h e  c o r r e l a t i n g  
band f o r  t o t a l  low-speed f a n  n o i s e ,  and inasmuch a s  
t h e s e  f ans  a r e  expected t o  b e  dominated by t h e i r  
forward n o i s e  i t  appears  t h a t  even t h e i r  t o t a l  
n o i s e  could f a l l  w i t h i n  t h e  band. Th i s  good acous- 
t i c  performance of  high-speed f ans  was unexpected 
from t h e  p re l imina ry  r e s u l t s  of  Ref. 12 which in -  
cluded on ly  Fan C .  

Perceived Noise Comparison of  QF-12 and Other  Fans 

A perceived n o i s e  level comparison between 
QF-12 and t h e  Refan model, bo th  sca l ed  t o  Refan 
engine t h r u s t  l e v e l s  i s  p re sen ted  i n  Fig.  2 2 .  
QF-12 is seen t o  be somewhat lower i n  perceived 
n o i s e  a t  low fan  speeds and somewhat h i g h e r  a t  h igh  
speeds.  A t  t he  takeoff  f a n  speed of  90 p e r c e n t  of 
des ign ,  a t  which t h e  two f ans  have almost  i d e n t i c a l  
perceived n o i s e ,  an azimuthal  p l o t  oE perce ived  
n o i s e  on a 30.5 meter s i d e l i n e  is given on F ig .  23. 
The two f a n s  have m c h  t h e  same azimuthal  p ro jec -  
t i o n  o f  n o i s e  wi th  Refan beaming i ts  n o i s e  s l i g h t l y  
more toward t h e  i n l e t  a x i s .  

The t akeof f  (90 p e r c e n t  speed)  maximum s i d e -  
l i n e  pe rce ived  n o i s e  l e v e l  was c a l c u l a t e d  for each 
o f  t h e  f i v e  high-speed f ans  desc r ibed  above and 
plotted on a correlation d e s c r i b e d  in Ref. 12 of 
t h r u s t - c o r r e c t e d  perceived no i se  l e v e l .  These c a l -  
c u l a t i o n s ,  shown on F ig .  24,  i n d i c a t e  t h a t  fan C 
and f a n  C - Mod VI11 a r e  both above the  c o r r e l a t i o n  
band, t h e  l a t t e r  on ly  because of ' i t s  h igh  blade-  
passage tone  level.  The o t h e r  t h r e e  f a n s  f a l l  w e l l  
w i t h i n  t h e  band. Again QF-12 is among t h e  b e s t  of 
t h e  f a n s  even with the  aerodynamic problems which 
appeared t o  prevent  i t  from ga in ing  f u l l  b e n e f i t  
from t h e  swept-edge a c o u s t i c  concept .  

Concluding Remarks 

A series o f  experiments were conducted t o  I 
assess t h e  o v e r a l l  aerodynamic and i n l e t  a c o u s t i c  

swept l ead ing  edge on the r o t o r  b l a d e s .  The edge 
was designed t o  be "subsonic" t o  minimize t h e  pro- 
d u c t i o n  of i n l e t  shock systems and thus  minimize 
the g e n e r a t i o n  of  m u l t i p l e  pure tone (MPT) n o i s e .  

. The aerodynamic performance parameters  o f  t h e  

-.performance of an a i r c r a f t  f an  designed wi th  a 

. f a n  d i d  n o t  reach des ign  v a l u e s ,  w i th  r a d i a l  d i s -  
t r i b u t i o n s  of some parameters  being q u i t e  d i f f e r e n t  
from d e s i g n .  It was expected t h a t  t h i s  could have 
been a s s o c i a t e d  with u n a n t i c i p a t e d  shocks n e a r  t h e  
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r o t o r  t l p .  Such shocks were a l s o  i n d i c a t e d  by the  
p re sence  of MPT n o i s e  i n  the  i n l e t  s p e c t r a .  

. The t h re sho ld  of t h e  MPT n o i s e  occur red  a t  an 
i n l e t  t i p  r e l a t i v e  Mach number of  abou t  1.25, c.m- 
s i d e r a b l y  above t h e  more normal range of perhaps 
0.9 t o  1.0 expected from conven t iona l  fan r o t o r  
b l ades .  The MPT n o i s e  rises r a p i d l y  from i t s  
t h r e s h o l d  t o  95 p e r c e n t  of des ign  f an  speed and 
then dec reases  q u i t e  markedly a t  des ign  speed .  I t  
seems e v i d e n t  t h a t  t h e  d e t a i l s  o f  r c t o r  e n t r a n c e  
flow cond i t ions  have a s t r o n g  i n f l u e n c e  on  MPT 
n o i s e  p roduc t ion  by t h i s  f an ,  and i t  would seem 
e q u a l l y  ev iden t  t h a t  p rope r  aerodynamic d i a g n o s i s  
and r e d e s i g n  of t h e  r o t o r  could probably lower t h e  
MF'T n o i s e  p roduc t ion  and r a i s e  i t s  t h r e s h o l d .  

When compared w i t h  fou r  o t h e r  high-speed q l ie t  
f ans ,  t h e  swept r o t o r  f an  produced less MPT n o i s e  
than a l l  b u t  one,  and t h a t  one had ob ta ined  low 
mT n o i s e  a t  t h e  expense of g r e a t l y  inc reased  
b l ade -passage  tone  n o i s e .  T h e - b e s t  t h r e e  of t h e s e  
high-speed f a n s ,  t h e  swept r o t o r  fan among them, 
produced forward sound power which f e l l  w e l l  w i t h i n  
t h e  band of t o t a l  l e v e l s  of modern q u i e t  low speed 
f ans  on a c o r r e l a t i o n  of  such n o i s e .  On t h e  b a s i s  
of  maximum s i d e l i n e  pe rce ived  n o i s e ,  t h e  swept  
r o t o r  f a n  was aga in  among t h e  b e s t  t h r e e ,  a11  o f  
which a r e  w i t h i n  t h e  c o r r e l a t i o n  band of  such n o i s e  
f o r  modern, q u i e t  low speed f a n s .  

For t h e  f i r s t  b u i l d  of a f an  which was ve ry  
d i f f i c u l t  t o  d e s i g n ,  and f o r  which no f i r m  d e t a i l e d  
des ign  ru les  were a v a i l a b l e ,  t h i s  s w e p t - t o t o r  fan 
must be  considered f a i r l y  s u c c e s s f u l .  I t  d i d  no t  
f u l f i l l  i t s  h i g h e s t  a c o u s t i c  e x p e c t a t i o n s ,  b u t  d i d  
show an improvement ove r  conven t iona l  d e s i g n s .  The 
source  of t h e  performance d e f i c i e n c i e s  i s  appa ren t -  
ly in t h e  r o t o r  i n f l o w  aerodynamics,  and a more de- 
t a i l e d  i n v e s t i g a t i o n  o f  t hose  aerodynamics woul:! b e  
expected t o  i n d i c a t e  a r e a s  f o r  s i g n i f i c a n t  pe r fo r -  
mance improvement, bo th  aerodynamic and a c o u s t i c .  
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TABLE I 

Fan Tip speed, T ip  d i ame te r ,  P r e s s u r c  
d s e c  m r a t i o  

QF-12 480 0.498 1.6 
Fan C 472 1.73 1.6 
Fan C-Mod V I 1 1  47 2 0.914 1.6 
GE-ATT 503 0.904 1.8 
JT8D Rcfan 488 0.508 1.67 
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28 ROTOR BLADES 59 STATOR VANES - 
-- -I- 

PRESSURE RATIO 1 .6  
MASS FLOW, kglsec 31.2 
SPECIFIC MASS FLOW, kg/sec-m2 199.0 
ROTOR TIP DIAMETER. m ' .49a 
ROTOR TIP SPEED, mlsec 480 
HUBlTlP RADIUS RATIO .442 
STAGE EFFICIENCY .86  - 

Figure 1. - Schematic cross-sectional view of fan QF-12 and table of design characteristics. 

Figure 2. - OF-12 Fan. 



Figure 3. - QF-12 Fan in acoustic test facility. 
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Figure 4. - Anechoic chamber. 
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Figure 5. - Inlet flow control device installed on research fan in anechoic chamber. 
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PKJue 6 - Inlet flow control device. 



Figure 1. - Bellmouth inlet on O F 4 2  fan. 
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Fipure 8. - Overall aerodvnamic performance of fan OF-12. 
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Figure 10. - Narrowband spectra of W - l Z o n  standard operating line at 78 from fan i n k i  axis. 
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Figure 11. - Effect of fan speed on QF-12 inlet power spectrum on standard operating line. 
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Figure 12. - Effect of operating line variation on QF-12 inlet power spectrum at 90 per- 
cent of design fan speed with flight-type inlet. 
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Figure 13. - Effect of operating line mriation on QF-12 inlet power spectrum at 90 per- 

cent of design fan speed with bellmouth inlet. 
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Figure 15. - Effect of inflow control device on 
QF-l2blade passage power level with fan 
speed on standard operating line. 
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Figure 16. - Azimuthal effect of inflow control device on 
QF-12 blade passage tone at a fixed fan speed. 
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Figure 18. - Comparison of QF-12 and JT8D refan standard operating 
line blade-passage-tone one-third-octave sound power levels. 
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Figure 21. - QF-12andother high-tip-speed fan inlet swnd power levels on 
a correlation of noise from low-tip-speed fans. 
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Figure 22. - Comparison of QF-1Zand refan maximum 
perceived noise levels o n  a 30.5 meter sideline 
scaled to refan engine thrust level. 
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Figure 23. - Comparison of QF-1Zand refan perceived 
noise on  a 30.5 meter sideline at 90 percent of 
design fan speed scaled to refan engine thrust level. 
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