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ABS'IL'RACT 
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I P rcviouv s t u d i c a  have shown t h a t  i n c r e a s i n g  t h e  annu lus  wid th  of o 
W 

c o ~ l v e n t i o ~ r a l  c o a x i a l  n o z z l e  w i t h  c o n s t a n t  bypass v e l o c i t y  will lower t h e  
n o i s e  l e v e l .  Ti1 t h o  p r e s e n t  mode l - sca le  s t u d y ,  t h e  annulus  was s l r ~ p e d  
by a11 e c c a n t r i c  ~r~outr r ing o f  t h c  s ~ ~ n r l l z r r  noxz lc  w i t h  r e s p e c t  t o  tlre con- 
i c a l  c a r e  n o z z l e .  Acous t i c  nreasurcnrents were nrade i n  t h e  I l y o v c r  p l a n c  
below the  \ ~ i d c s t  p o r t i o n  of t h e  a~anu lus  and a t  90' and 180° from t h i s  
p o i n t .  'Yhe   nod el-sctrle s p e c t r a  clrc sc t i l cd  u p  t o  e n g i n e  s i z e  (1.07 m dl.- 
nnmtcr)  end tllc p c r c e i v c d  n o i s e  l e v e l s  f o r  the  e c c c n r r i c  end c o n c e n t r i c  
c o a x i a l  n a z z l c s  art ;  conlpered o v e r  n  l i m i t e d  rar)ge o f  o p e r a t i n g  condi-  
t i o n s ,  Tl~c i rn l>l icot ions  e f  t h e  a c o u s t i c  banefi  ts d e r i v e d  from the  ac-  
c u ~ r t r i c  n o z z l e  t o  p r t l c t i  c n l  n p p l i c i ~ t i o n s  a r c  t l i  s c u s s e d .  

Kspc.rimc\ntn I. dritu obtnincri  \~ i t t ,  c o o s i a  1 bypuss n o z z l c s  ( r e f .  1 )  in- 
c l i c a t c  tll:~t J c t  noi  h e  ? i u l ) p r ~ s s  i o n  i n c r e n s e s  w i t h  i n c r c a s i n y  r a d i u s  r a t i o  
o f  the  s i l t c r  lo\\, v e l o c i t y  s t r e a m ,  Front t h i s  c o n s i d e r a t i o n ,  a two-stream 
byptlss u a e z l c  concl!pt was cvo lved  i n  wllicll n o z z l e  s h a p i n g  tllroi~gll n1.1 
s s y n n c t r i c n l  cs l~nust :  nozzlc  F l o w  pessnge c o n c e i v a b l y  csulci p r o v i d c  : ~ d J i -  
r i o n a l  a c o u s t i c  b c n a t i t s  o v e r  t lrot  of  B concentric b u s c l i n c  bypass nox- 
z l c .  (Z'lzc l u t t u r  byposs ~ ~ o z z l c  woulcl sl lrcady bc .lIorc clltlct th~an  a r c i c r -  
c n c e  c o n i c a l  nozzle. ) l n  thsl p r e s c n t  s t u d y ,  s j m p l c  nozz le  shnp iug  Ear 
noi.se r e d u c t i o n  I J ~ S  o b t t ~ i n c ~ l  by  modi Eying an c x i s  Ling concc~r  l . r i c  coaxirr l 
uozzlc? i ~ s c d  i n  p rev ious  t ict l l~fi t ic  s t u d i e s  ( r c f s .  3 and 3) .  't'llc n o a z l c  was 
~nodif!eci sucll  a s  t o  p rov ic i~ '  nn c c c c ~ l t r i c  o u t e r  strealt i  a n t ~ u l u s ,  w l t i  l c  
!!:::f t ~ t u i u i t ~ g  :~ylr ros iara tc ly  t llc* S R I I ~ C  t11rougl.r- f  low ns  t l ~ i ~  t , f o r  ti113 o r i g i n a l  
c o n r c n t r i c  byptiss 11o::zle. 'I'll is i r l t c r n t i o n  proviclcd a  witcic ennulus  st one 
p o i n t  of tlrc o u t e r  I I U Z X ~ C  :111d :I n:irro\~ :~nnt~Lits a t  180" o r  opposi  tc. t ~ l i  s 
~l  dczi t poi.uL , w i  t11 :I v t ~ r y i n g  :ilr1111 111s widtli bctwc\r?~r tlrcsc two po i l l t s  
f .  1 ) .  '1'11tb outer s trt*:r~ir JcL vibl o c i  t y  W:IS cons C:~nt :~r'ound tlic c i ~ C ~ I I I I -  

fc\rcncc o l  tlic l ~ c c c ~ ~ ~ t r i c .  i~nlr t~  l t ~ s  ~ I L  ~ 1 1 ~ '  c ~ s l ~ : ~ t ~ s  l pl ant*. I L s l ~ t ~ l  ic l  hc 
irotatl t l ~ u t  \ \ t i l l 1  :In invcrt.c\J-vc loci . ty-pro1 i lc)  ~;oz;zlc\, ,.;tlpprr.ss i.on i s  ,)I>- 
t~ i incld  w i t 1 1  tire u t~ r row p o r t  it111 of  tlrc* : ~ n ~ ~ t ~ l t ~ s  i 11 t i l t* Llyovcr ~ ) L : I ~ L $  
( r e f  . 4 ) i n  cot l t rns  t t o  ~ I I C  prc\si>11t c o ~ r E i g i ~ ~ * n t i  OII i l l  \ ~ l l i c I ~  s u p p r ~ s s  ion 
i s  o b t a i n e d  w i t h  tlrr! wide p o r t i o n  of t l ~ c  ~ r n n i ~ l t t s  i n  tlic f lyovcr  p lunc .  



As a consequence o f  t h e  varying c i r cumfe ren t i a l  v e l o c i t y  decay around 
the annulus,  skewed v e l o c i t y  p r o f i l e  should e x i s t  i n  t h e  downstream 
p o r t i o n  of the  exhaust  plume, wi th  maximum and minimum v e l o c i t i e s  i n  
the o u t e r  s t ream corresponding t o  the  widest  and narrowest po r t ions  of 
the  e c c e n t r i c  annulus.  Peak j e t  n o i s e  reduct ions  would be expected t o  
r e s u l t  i n  a  d i r e c t i o n  below the  maximum ou te r  s t r eam annulus width, 
which i s  an a i r c r a f t  a p p l i c a t i o n  would be t h e  f lyove r  plane.  I n  a  p rac -  
t i c a l  case ,  s i d e l i n e  no i se  reduct ions  a r e  of equal  o r  g r e a t e r  importance 
compared with t h e  f lyover  values.  The present  nozz le  concept has  l e s s  
no ise  reduct ion  a s  t he  circumf e r e n t i a l  angle  i nc reases  from the  f lyover  
p o s i t i o n  because the  o u t e r  s t ream annulus width decreases  wi th  inc reas -  
ing c i r cumfe ren t i a l  angle .  P r a c t i c a l  a p p l i c a t i o n s  i n  which t h e  annu- 
lus  h e i g h t  would be shaped and be maintained a t  a  cons tan t  wide width 
fo r  80° t o  120' from the  f lyover  p lane  a r e  d iscussed  i n  t he  paper.  

This  paper then  presents  the  r e s u l t s  of an exp lo ra to ry  experimental  
program t o  determine t h e  n o i s e  gene ra t ing  c h a r a c t e r i s t i c s  of an eccen- 
t r i c  coax i&i  bypass nozzle  over a  range of flow cond i t i ons .  The r e s u l t s  
a re .  compared wi th  those f o r  a  concent r ic  coaxia l  nozzle  ( r e f s .  2 and 3). 
Nominal temperatures ranged from 280 t o  1100 K, wi th  nozvle pressure  ra -  
t i o s  ranging from 1.4 t o  ' 2 . 2 ,  f o r  t he  inner  s t r eam and a  cons t an t  1.4 
f o r  the  ou te r  s t ream. 

APPARATJS AND PROCEDURE 

F a c i l i t y  

A photograph of the  flow f a c i l i t y  is  shown i n  f i g u r e  2 .  A common 
source  of unheated labora tory  a i r  was used t o  supply flow f o r  two pa ra l -  
l e l  flow l i n e s ;  one l i n e  f o r  t he  inne r  nozzle  and the  o t h e r  f o r  the  o u t e r  
nozz le .  Each flow l i n e  had i t s  own a i r  and f u e l  flow con t ro l  and flow 
measuring systems. The a i r  i n  each l i n e  was hca t ed  by j e t  engine com- 
b l ~ s t o r s .  Mufflers  i n  each l i n e  a t t enua ted  flow con t ro l  va lve  noise  and 
i n t e r n a l  combustion noise .  The system was designed t o  g ive  maximum noz- 
z l e  exhaust  temperatures  of 1100 K and nozzle  p re s su re  r a t i o s  up th: 3.0 
i n  bo th  the i n n e r  and ou te r  s t ream flow l i n e s .  

tlcous t i c .  - A s i d e l i n e  microphone a r r a y  was used f o r  t he  t e s t s  de- 
s c r i b e d  here in .  Flicrophones were placed a t  a  cons t an t  5 .0 meters d i s -  
tance from and p a r a l l e l  t o  the nozzle  a x i s ,  a s  shown i n  f i g u r e  3. The 
c e n t e r l i n e  inicropl~one a r rpy  cons i s  t ed  of 0.635 cni condenser microphones 
wi th  the  metal p r a t e c t i v r  g r i d s  renioved t o  improve the  a c o u s t i c  perform- 
ance a t  high f requencies .  The loca t ious  of t h e  microphones were s e l e c -  
ted  t o  accommodate o t h e r  acous t i c  t e s t  programs ( r e f .  2 ) .  The ground- 
plane of the t e s t  a r ea  was composed of a s p h a l t  i n t e r spe r sed  wi th  patches 
of concre te  and covered with 15.25 cm t h i c k  foam rubber b l anke t s .  



Nozz l c s  

'Ilm coux ia l  rloezle conf igura t ions  were used i n  t hc  experimental  pro- 
gram; one w i t 1 1  a concen t r i c ,  coplanar e x i t ,  and orre with an e c c e n t r i c  co- 
p l a n a r  e x i t .  P e r t i n e n t  dimensions of tllc nozzles a r e  given i n  f i g u r e  4. 
The a rea  r a t i o  o f  tile nozzle  was 1.4 cnd is def ined  as  t he  r a t i o  of the 
o u t e r  nozzle  flow a r e a  t o  tire inner  nozzle  flow area .  The diameters  
shown i n  the  f i g u r e  a r e  i n s i d e  d i a ~ n e t e r s  of t he  r e spec t ive  nozzles .  Pho- 
tographs of t he  concen t r i c  and e c c e n t r i c  coplanar  nozzles  a r e  shown i n  
f i g u r e  5. The o u t e r  wa l l  of the  inner  noz, l e  was coated with a  high tem- 
p e r a t u r e  ceramic m a t e r i a l  t o  minimize h e a t  t r a n s f e r  between the two s t r e a ~ ~ ~ s  
d u r i n g  coplanar  opera t ion .  'rile i n t e r i o r  of t hc  upstream por t ion  of  the i n -  
n e r  nozzle  supply  l i n e  was a l s o  l i ned  with i n s u l a t i n g  ma te r i e l .  

Procedure 

S teady-s t a  t e  cond i t i o r s  were a t t a i n e d  f o r  each t e s t  before  t h e  d a t ~  
were recorded. Upstream t o t a l  temperatures and t o t a l  p ressures  f o r  both 
s  treains were then  au tomat ica l ly  recorded, us were the acous t i c  d a t a .  

I n  the a c o u s t i c  t e s t s ,  the noise  s i g n a l s  fro111 the  microphone were 
s e q u e n t i a l l y  analyzed on- l ine ,  and 1/3-octave-band sound p re s su re  l e v e l s  
were d i g i t a l l y  recorded on magnetic tape f o r  f ~ t r t h e r  processing. Acous- 
t i c  nleasurements were made i u  a  plane p ~ i s s i n g  through the minimum and 
lriaxinlum annulus width po in t s ,  as wel l  a s  a t  90" t o  t h i s  plane by r o t a t i n g  
the o u t e r  noaalc  about i t s  a x i s .  

I n  order  t o  o b t a i n  f u l l - s c a l e  perceived noise  l e v e l s ,  PNL, the  model- 
s c a l e  noise s p e c t r a  were sca led  f o r  s i z e  (equiva len t  nozzle  d i a~ l i e t e r  of 
1.07 m) , d i s t a n c e  , and atmospheric a t t enua t ion  and frequency-shif t ad  
us ing  the S trout~zil  r e l o  t i o n s l ~ i p .  Fro111 sc~cll fu 11-scale  s p e c t r a  PNI, v  Iue:; 
were computed f o r  a  s tandard  day (288 t( a t  70% K.H.) a t  t f l yove r  Licigl~t 
of 238 m. 

From p l o t s  of f u l l - s c a l e  PNL values as  a [unction of d i s t a n c e  a long  
the f l i g h t  pa th ,  a  Elyover r e l a t i v e  noise l e v e l  (FRNL) was cunrputcd as  
dcscr lbed  i n  appendix .4 of r c f e rcncc  5 .  'rhe tcmi " r c l a t i v c "  i s  t~srtl I \ ~ t - r l  
i n  s i n c e  the convcn t i l~na l  c le f in i t ion  of effective perceived noisc  1 ~ ~ ~ 1  
(EPNL) includes forward Eli7:ht e f f e c t s ,  wlrcrea:; t t ~ c  prcscnt  da t a  a r c  fur  
s t a t i c :  condi t ions .  l'hc o~~ii: , :~ion of f l i g l ~ t  c f f ~ * c t s ,  however, docs not  s i g -  
n i f  i c a n t l y  a f  f c c t  the prescnt  f lyover r . l n t  ive noise  l c v c l  coaiparisons bc- 
tween tlrc var ious con f igu ra t ions .  Co~iipilrisons of r e l a  t i - ~ c  Clyovcr noise 
l c v e l s  of tlrc concc t l t r ic  and c*cccnLric nozzles werc t l ~ c n  mado. 



Summary of  Flow Conditions 

The flow condi t ions  used i n  the p re sen t  acous t i c  s tudy  a r e  sununar- 
i z a d  i n  t h e  fol lowing t ab l e .  

NOMINAL NOZZLE FLOW CONDITIONS 

Opera t iona l  mode PRO T s K Vo, m/s PRi Ti, K Vi, m / s  
0 "0'"i 

A 1 1  subsonic 1.4 288 2 32 1.8 1089 601 0.39 

Supersonic V 
i a 

1.4 288 229 2.2 533 495 .4b 
Subsonic Vo 

MODEL-SCALE SPECTRAL DATA 

Representa t ive  ~ueastlred s p e c t r a l  d a t a  i n  the  f lyover  plane ([P = 0') 
f o r  the  concen t r i c  nozzle  obta ined  a t  model s c a l e  a r e  compared with those 
f o r  the  e c c e n t r i c  nozzle  i n  f i g u r e  f. Thc da ta  shown a r e  for  a r a d i a t i o n  
ang le ,  d ,  a f  129' end t h e  flcu. condi t ions  given i n  the  f igu re .  I t  is  ap- 
pa ren t  t h a t  f o r  t h i s  r a d i a t i o n  angle ,  a s i g n i f i c a n t  suppression i n  SPL i s  
obtained with t h e  e c c e n t r i c  nozzle  f o r  model orale frequencies  greater '  
than  about 1000 h e r t z .  For frequencies  below 1000 h e r t z ,  t he  s p e c t r a  f o r  
the two nozzles  i n d i c a t e  t h a t  l i t t l e  no ise  suppress ion  i s  obtained wi th  
the  e c c e n t r i c  nozzle .  Also shown on the a b s c i s s a  i n  the  f ig l i re  is  a  sec-  
ond s c a l e  t h a t  i d e n t i f i e s  the frequencies  and sound pressure  l e v e l  reg ion  
a s soc i a t ed  wi th  a f u l l - s i z e  engine having an equiva len t  nozzle  diameter  
o f  1.07 m ( t o t a l ,  exhaust a r ea  of 0.9 m2). H e r e i n a f t e r ,  a l l  the  acous t i c  
d a t a  w i l l  be s c a l e d  t o  and presented f o r  t h i s  engine s i z e .  

@1n rhc fol lowing s e c t i o n ,  r e p r e s e n t a t i v e  s p e c t r a  f o r  s e v e r a l  concen- 
t u a l  engint) cyc l e s  a r c  presented f o r  bath t h e  e c c e n t r i c  and concent r ic  noz- 
z 1 . w  a t  c ~ ~ g i n e  s i e c .  The engine cpc l c  concepts c o n s i s t  o f :  (1) both 
str~. : tms subsonic c111d ( 2 )  i n n e r  s t reaai  srcpcrsonic anci ou te r  s t ream subsonic.  

Flyover Plane (9 = 0') 

For each of the preceding cyc le  concepts ,  1:epresentative engine-s ize  
0 

s p e c t r a  w i l l  be shown f o r  t he  forward quadrant  (0  = 46 ), nea r ly  overhead 
f lyove r  (d = 95O), and r e a r  quadrant  (f.3 - 1 2 9 ~ ) .  



Forward quadrant ( 8  = 46O). - Thc s p e c t r a  J'or both t l ~ c  e c c e n t r i c  and 
concen t r i c  nozzles  a r e  sl~own i n  f i g u r e  7 f o r  t he  two engine cyc l e  concepts.  
I n  gene ra l ,  wi th  both s t reams subsonic ( f i g .  7(a ) )  no n c i s e  suppression i s  
ob ta ined  wi th  the  e c c e n t r i c  nozzle .  (The apparc!nt suppression a t  frequen- 
c i e s  Less than  200 h e r t z  i s  bel ieved due, i n  l a rge  p a r t ,  t o  ground r e f l e c -  
t i o n s . )  \ J i t h  a  supersonic  core  s t ream ( f ig .  7 ( b ) ) ,  however, t he  spectrum 
f o r  t he  e c c e n t r i c  nozzle  i s  suppressed f o r  a l l  f requencies  compared t o  
t h a t  ob ta ined  with t h e  concentric bypass nozzle .  As w i l l  be shown l a t e r ,  
t h e  e c c e n t r i c  nozzle was louder than the  concen t r i c  nozz le  when the  sub- 
s o n i c  core  s t ream v e l o c i t y  was reduced fronr 601 t o  338 m/s wi th  a cons tan t  
o u t e r  s t ream nominal v e l o c i t y  of 230 m/s. 

Flyover (d = 95'). - Representat ive s p e c t r a  f o r  tile two-cycle con- 
c e p t s  a r e  shown i n  f i g u r e  8 f o r  a  nea r ly  overhead f lyove r  l oca t ion .  In  
g e n e r a l ,  t he  s p e c t r a  f o r  the  e c c e n t r i c  and concen t r i c  nozzles  a r e  t h e  
same. Any apparent  dev ia t ion  of the d a t a  appear t o  be wi th in  da t a  repea t -  
a b i l i t y  and/or  a s soc i a t ed  with ground r e f l e c t i o n s  i n  t he  test arena,  Con- 
sequent ly ,  t he  e c c e n t r i c  nozzle shows no s i g n i f i c a n t  a c o u s t i c  b e n e f i t s  over 
t he  concent r ic  nozzle a t  the overhead f l i g h t  p o s i t i o n ,  

Rear quadrant  (0  = 129'). - Representat ive s p e c t r a  f o r  the  i l l u s t r a -  
t i v e  engine cyc les  a r e  shown i n  Eigurc 9 near the  peak noise  angle i n  the  
f lyove r  plane.  In  a l l  c a ses ,  t h e  e c c e n t r i c  nozzle  provided n o i s e  suppres- 
s i o n  compared with no i se  produced by the  concent r ic  nozzle .  I n  gerleral,  
the  s p e c t r a l  reduct ions  occurred a t  engine-s ize  frequencies  g r e a t e r  than 
100 h e r t z .  

S i d e l i n e  = 90') i111d Ov~r \ \ cad  (9 = laoO) 

In gene ra l ,  tllc SL'L l o r  the  ccccn t r i c  nozzlc  a t  r{' of 90' and 180' 
( s ec  f i g .  1 )  were s i g n i f  i c a n l l p  I ~ i g l ~ c r  ( l o c a l l y  111) t o  5 dB) tllan thos 
f o r  the  c o ~ l c e n t r i c  nozzle .  A t  lligll r a d i a t i o n  angles  ( t )  = 139" t o  148~ ' ) ,  

0 
the  overhead ((P = 180 ) SPL valitcs for  the narrow por t ion  of thc  annulu:, 
were l o c a l l y  a s  much a s  LO dR g r e a t e r  with the c c c e n r r i c  nozzle  comparccl 
wi th  those f o r  the concent r ic  nozz le ,  

E f fec t  of Cycle Conditions on Spec t ra  

The e f f e c t  of changing the inner  streall1 v e l o c i t y  while  nlaintoir~ing 
the  o u t e r  s t ream v e l o c i t y  cons tan t  i s  shown i n  f i g u r e  10 f o r  r a d i a t i o n  

0 angles  of 4b0 ,  6s0,  95*, 115', 12!1°, 123 , and 148'. The d a t a  a r e  shown 
as  an SPL d i£ fc rencc  between the concentr ic  and e c c e n t r i c  nozz le ,  "f:'llL 
= SPLE - SlJLC, as  a  func t ion  of cngiiic-s i : ~  Erucpellcy. In  gencri-\l, the 

g r e a t e s t  suppression in  tllc Eort~ardquaclr~lnL was t h t a ined  wit11 t h c  s i ~ p c r s o n i c  
c c r c  s t ream ve loc i ty .  An app;.'rCtit i .ncrca?i~~ i n  SPL was obtaincd \ ~ i  t l i  tllc 
lowest core s trCi111I vr'lori. t y  (338 ~ n / s ) .  I n  .tllc rear cluadrclrrt, t l i c .  Lcns t  



S P L  suppression was obdaieed wihh the lowust co re  s t rcu~n vcloci ty .  1;n 
t he  region of  0 = 129 and 139 , the  g r e a t e s t  SPL suppress ionowas ob- 
ta ined with a high subsonic core stream, However, a t  8 = 148 , ttid 
supersonic co re  stream spectrum indica ted  the  g r e a t e s t  SPL suppression. 
Because of t h e  l imi ted  d a t a ,  genera l  t rends i n  the  loca l  SPL values with 
opera t ing  condi t ions  howmer, cannot be ascer ta ined with any degree of 
confidence. 

PERCEIVED NOIE E LEVELS 

Ycom the  measured spec t ra  f o r  the concentr ic  and eccen t r i c  nozzles, 
the  engine-size perceived noise l eve l s  (PEL) were calcula ted  as a  function 
of  d is tance  along the  f l i g h t  path,  A r ep resen ta t ive  va r ih t ion  of PNL as a 
function of d i s t ance  along the f l i g h t  path is shown i n  f i g u r e  11. For t h e  
s p e c l f i c  opera t ing  conditions noted on the  f igure ,  i t  is  apparent tha t  s i g -  
n i f i c a n t  no i se  reduction i s  obtained with the eccen t r i c  nozzle i n  the  PNL 
region important f o r  noise c e r t i f i c a t i o n  ( i ,e . ,  10 PNdB down from the  peak 
PNL value) , 

The reduction i n  PNL obtained by use of the  eccen t r i c  nozzle is shown 
i n  f igure  12 f o r  a l l  flow condit ions i n  tenns of a  APNL = P N h  - PNLc as 

a funct ion  of the  d i s t ance  along the  f l i g h t  path. The da te  show t h a t  the  
PNL values f o r  the  e c c e n t r i c  nozzles a r e  suppressed s i g n i f i c a n t l y  i n  the  
r e a r  qaadrant and t o  a  l e s s e r  extent  i n  the  forward quadrant,  Maximum 
suppressions of about 3 t o  6 PNdB were obtained a t  the  peak noise angles 
f o r  the  :ycle concepts iricluded i n  the study.  'Che most e f f e c t i v e  PNL 
suppressions il: the  forward quadrant were obtained with a supersonic inner  
s t ream ( f ig .  12 (b)) . 

I n  genera l ,  as indicated i n  the  d iscuss ion of SPL t rends,  th$ noise  
lev81 of the  eccen t r i c  nozzle was s i g n i f i c a n t l y  higher a t  9 = 90 and 
180 than t h a t  of the  concentr ic  nozzle. The PNL diff \?rences between the  
eccen t r i c  and concentr ic  nozzles f o r  cp = 180' a r e  shown i n  f igure  13 as 
a  function of disgance along the  f l i g h t  path. S imi lar  r e s u l t s  were ob- 
ta ined a t  T = 90 . 

FLYOVER RELATIVE NOISE LEVEL 

From PNL p l o t s ,  such as t h a t  shown i n  f i g u r e  11, f lyover r e l a t i v e  
noise  levels  (FRNL) were ca lcula ted  by the method of reference 5. The 
change i n  FRNL values between the concentr ic  and eccen t r i c  nozzles f o r  
t h e  three  flow opera t ing  condit ions included he re in  a r e  shown i n  the  fo1.- 
lowing t ab le  as  .'WKNL = PRNLI: - F R N k .  



SUMMARY OF FLYOVER RELATIVE NOISI< LEVELS 

O p e r a t i o n a l  nlode Vo, m / s  Vi ,  m / s  PRO PRi V o i V i  AFItNL, El'NdB 

A l l  s u b s o n i c  2 32 6 0  1 1.4 1.8 0.39 -3.2 

S u p e r s o n i c  V 
i ' 229 495 1.4 2.2 .46 -3.2 

S u b s o n i c  V 
0 

A s  shown i n  t h e  p reced ing  t a b l e ,  -WRNL v a l u c s  o f  -1.4 t o  -3.2 
EPNdB a r e  ac t l ieved w i t h  t h e  e c c e n t r i c  n o z z l c  wllcia coalpared w i t h  t h e  con- 
c e n t r i c  n o z z l e  n o i s e  l e v e l s .  Also sl~own i s  t h a t  h i g h e r  rURNL v a l u e s  
a r e  o b t a i n e d  w i t h  r a t i o s  n e a r  0.4 t h a n  wi t11  t h a t  n e a r  0 .7 .  

PMCTICAL APl'LICA'CION CONS IDEIZATIONS 

For pbrposes  o f  p r a c t i c a l  a p p l i c a t i o ~ l  noiscx s u p p r e s s i o n  i s  g e r ~ e r o l l y  
d e s i r e i  both  i n  t h e  s i d e l . i n e  p l a n e  (9 = 65') and t h e  f  l y o v e r  p l a n e  
(Cl: = 0 ). The e c c e n t r i c  n o z z l e  p r o v i d e s  maximu~u s u p p r e s s i o n  i n  t h e  f l y -  

0 
o v e r  p l a n e ,  w i t h  d e c r e a s i n g  s u p p r e s s i o n  a s  T i n c r e a s e s  toward 90 . How- 
e v e r ,  by s h a p i n g  t h e  annulus  w i t h  a  c o n s t a n t  wide wid th  t o  cP = g o 0 ,  o r  
even  g r e a t e r ,  s i d e l i n e  s u p p r e s s i o n  shou ld  be a c h i e v a b l e .  By fo1lowf.11~ 
t h i s  p rocedure ,  t h e  annu lus  w i d t h  o ~ u s t  be  d e c r e a s e d  f o r  0 v a l u e s  l a r g e r  
t t r a ~ ~  the  q'lllax f o r  t h e  wide wid th  annulus .  T h i s ,  i n  e s s c n c e ,  y i e l d s  a n  

asynnuetric snnu lus  ( I ' ig .  14) f o r  t h e  p r e s c n t  noxz le  c o n c e p t ,  

Co:~sider  uo\.i .1it;z1~ shclping :IS 3 couccp t  f u r  plug- type  laozzles.  Doto ,  
n o t  included h e r e i n ,  obtaiueci w i t 1 1  t h e  present :  ~ ~ c c c n t r i c  n o z z l c  w i t l a  f low 
i n  t h e  annulus  o n l y  ( i n n e r  streell1 Elow s l r u t o f f ) ,  showed n o i s e  r e d u c t i o n s  
occurr i iag  i n  the  r e a r  quadran t .  T h i s  i s  perhap?; i n d i c a t i v e  of what I,iight: 
o c c t ~ r  h.~it:l o s i i ~ g l , :  i t r?~, i l  2 1  I!: ~10:.::<1d. 'She ms>:t~itude of  t h e  r e d u c t i o n s  
were s i ~ ~ ~ i l a r  t o  t h o s e  o b t a i n e d  w i t h  both  stream:; f1o~; ing .  The n o i s e  r e -  
duc  t i o n  was o b t a i n e d  w i t h  the  narruw p o r t i o n  of  t h e  annulus  o r i e n t e d  i n  
t h e  f l y o v e r  p l a n e .  

I n  f i g u r e  15 i s  strowa ii p o s s i b l e  two-stream p l i ~ g  n o z z l e  co:lcept u t i -  
l i z i n g  nozz le  s h a p i n g  t o  o b t a i n  a d d i t i o n a l  n o i s c ~  s i ~ p p r e s s i o n  o v e r  t h e  r e -  
s p e c t i v e  b a s c l i n e  c o n f i g u r a t i o n  based on t h e  p r t ~ v i o u s  d i s c u s s i o n  and d a t a  
i n c l u d e d  h e r e i n .  The n o z z l e  c o n f i g u r a t i o n  show11 c o n s i s t s  of a  c o n v e n t i o n a l  
bypass  nozz le  concep t  u t i l i z i n g  a n  i n n e r  s t r e a m  p l u g  n o z z l e  and an o u t e r  
s crealrl a n n u l i ~ r  n o z z l e .  For t h i s  c a s e ,  i n n e r  annulus  h a s  t h e  narrow p o r t i o n  
o f  t h c  annulus  i n  t h c  f lyovci- :iraci s i .daLin~> plani 's  whereas t h e  o u t e r  annu lus  
has tllr \ ~ i d r ?  p o r t i c ~ : ~  of  the  an11i11us i n  t l lcse  p1.1ues. 



It i s  expected that f u r t h e r  n u b s t a i ~ t i a l  noise  suppression can be 
achieved with shaped nozzles by incorporat ing suppressor elements i n t o  
t h e  design concept. Such nozzle concepts could consider both f u l l  core 
stream suppressors,  o r  p a r t i a l  core stream suppressors. The applfca- 
t i o n  of such suppressors could not  only reduce the j e t  noise b u t  could 
enhance the  usual  suppressor noise reductioh of the  base l ine  nozzles by 
advantageously a l t e r i n g  the  jet plume v e l o c i t y  p r o f i l e .  

CONCLUDING REMARKS 

From a b r i e f  experimental exploratory study,  i t  has been determined 
t h a t  additia-.-I d i r e c t i o n a l  noise  s u p p r e n ~ i o n  benef i t s  can be obtained 
wi th  nozzle shaping compared with those obtained with a base l in?  nozzle. 
The noise b e n e f i t s  were obtained with an eccen t r i c  coaxial  nozzle appli-  
cable  t o  subsonic a i r c r a f t .  Applications of the  study t o  o the r  bypass 
nozzle concepts indica ted  po ten t i a l  benef i t s  f o r  coannular plug-type noz- 
z l e s .  r";ffccts of non-coplanar two-s tream i ~ o z z l e  arrangements on the  po- 
t e n t i a l  benef i t s  of nozzle shaping remain t o  be assessed. 

APPENDIX A 

SYMBOLS 

EPNL e f f e c t i v e  perceived noise l eve l ,  EPMdB 

FRNL f lyover  r e l a t i v e  noise  l eve l ,  EPNdB 

PNL perceived noise  l eve l ,  PNdB 

P R s tream pressure r a t i o  

SPL 1/3-octave-band sound pressure l e v e l ,  dB r e  20k ~ / m  2 

T stream t o r a l  temperature 

V stream ve loc i ty  

4' c i rcumferentioi  angle (fig. 1) 

d r ad ia t ion  angle 

Subscr ip ts  : 

C concentr ic  

E eccen t r i c  

i inner s tream 

o outer stream 
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Figure 1. - Eccentric conventional-bypass nozzle. 
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Flgure 2. - C m x ~ a l  jet flow fac~l i ty.  
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Flgure 3. - Mlcraphone layout 
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la) BASIC NOZZLE DIMENSIONS. 
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NOZZLE. NOZ'LE. 

Figure 4, - Schematic of coaxial nozzles. All  dimensions I n  centimeters. 



Ibb ECCENTRIC NOZZLF. 
Figure 5. - Photographs of concentr ic  a n d  eccentr ic  nozzles. 
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F igure  6. - I l lustrat ion of model-scale spectra a p p l ~ c a b l ~  to eng ine  
size noise character is t ics.  Rad'dtion angle. 0, lao, FR. 2 2, 
PR,. 1.4: Vo. 496 m:s; Vi. 229 mls;  enginelmodel  n o l z l i  scale 
factor. 6.9; (a. PO. 



NOZZIE 
0 ECCENlRlC 
0 CONCENTRIC 

@@ 

0, 
u PRO = 1.4 €I 
d PRi = 1.8 

Q 
V) V, mls  = 232 
i 
w Vi. mlS a 601 

8 

4 Q 
z 
a I I I 
V) 

I I In j 
V) z (a) BOTH STREAMS SUBSONIC. 
Q 

I I I I I I 9 1 
w 100 a00 Mo loao am m low 

FREQUENCY, Hz 

(bJ INNER STREAM SUPERSONIC, OUTER STREAM 
SUBSONIC. 

Figure 7. - Re resentative spectra at 46O radiation 
angle. r & 

- 

B 
NWIINAL 

0 

W 8 
Y, m l s  * 229 8 
Vi. m ls  = 495 

8 

, 
m -0 

2 0. 
VI 

$ 
4 

tr" 
3 .  
VI 

(b) INNER SlREAht SUPERSONIC, OUTER SIREAM 
SUBSONIC. 

Figure 8. - R resentative spectra at 9!i0 radiation 
angle. p, 8 

NOZzlE 

7 0 ECcENlRH: 
0 CONCaVlRlC 

10 

T ~ ~ ~ o @ @ @ ~ ~ ~ ~  8@ 
'0 NOMINAL - p%-1.4 k 

PRi*L8 
V, m ~ s  = 232 B 
vi. mls  = 601 8 - 

0 

I I I 
0 

I U A  
!?! 

(a) 80RI STREAMS SUBSONIC. 



NOZZLE 
0 ECCENTRIC 

CONCENTRIC 

pB00e8~oo 
Ooo~oo 

m 
NOMIEWL: O~oooo 

u P% = 1.4 
1 P PRi -1.8 
V) V, mls 232 

Oo 
i 
W Vi. mls = 601 O u 
2 
2 O CI 
z > I I I I 0 
v, 1 - 
vr W 

e (a) BOW STREAMS SUBSONIC. 
n 

PRO = l.4 
PRi - 2 2  
V, mls = 229 
Vi. mls = 495 

- - FREQUENCY, Hz 

(b) INYER STREAM SUPERSONIC, 
SUBSONIC. 

OUTER STREAM 

Figure 9. - Re resentative spectra at 1290 radiation 
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Figure n. - Representative flyover PNL comparison between eccentric and 
concentric nozzles. Nominal values d v, 2~ m/s; vi, 4 5  mls; p~, 
1.4 PRi, 2 2; Co. 0'; f lywer height, 3% m. 
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Figure 12 - Variation of PNL differences between w m b i c  m d  w n -  
t r ic  nozzles as function of f lywer  distance. 
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Figure 13. - Increase in PNL in plane of narrow annulus, PNlp?=l@ - PNLC. 
as function of flyover distance. 

Figure 15. - Schematic d a possible mwentimal- 
bypass plug shaped-nmzle conapt 

(a) PRESENT ECCENTRIC NOZZLE. (b) PROPOSED ASYMMETRIC 
SHAPED NOZZLE. 

Figure 14. - Schematic annulus shaping for improved sideine noise suppression 
benefits. 
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