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FOREWORD 

This  program summary document i s  one o f   th ree   repor ts   p repared  by  

the  Lockheed-Georgia Company f o r  NASA Langley  Research  Center  under 

Contract  NAS1-13870, "Exp lo ra to ry   S tud ies  o f  the   No ise   Charac ter is t i cs  

o f  Upper  Surface  Blown  Configurations." The other  two  reports  under 

t h i s   c o n t r a c t   a r e  CR-145143, which  covers  the  deta i led  exper imenta l  

program, and CR-2812,  which  covers  the  analyt ical  and t h e o r e t i c a l  

program. 

i i i  





CONTENTS 
Page 

FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i i i 

I NTRODUCT I ON . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
FLOW CHARACTERISTICS . . . . . . . . . . . . . . . . . . . . . . . .  7 

Flow  V isual izat ions . . . . . . . . . . . . . . . . . . . . . . .  8 
Flow  Measurements . . . . . . . . . . . . . . . . . . . . . . . .  12 

ACOUSTIC  CHARACTERISTICS . . . . . . . . . . . . . . . . . . . . . .  17 

Parametr ic   Ef fects  . . . . . . . . . . . . . . . . . . . . . . .  19 
S c a l i n g E f f e c t s  . . . . . . . . . . . . . . . . . . . . . . . . .  22 
Forward Speed E f f e c t s  . . . . . . . . . . . . . . . . . . . . . .  27 

Noise  Reduction  Techniques . . . . . . . . . . . . . . . . . . .  27 

Comparison with  Other  Data . . . . . . . . . . . . . . . . . . .  31 
Additional  Experiments . . . . . . . . . . . . . . . . . . . . .  34 

PREDICTION PROGRAM . . . . . . . . . . . . . . . . . . . . . . . . .  34 
INTEGRATION OF AIRCRAFT  NOISE AND PERFORMANCE . . . . . . . . . . .  36 
THEORETICAL  DEVELOPMENTS . . . . . . . . . . . . . . . . . . . . . .  45 
CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 

V 

. 



INTRODUCTION 

The  primary  objective  of  this  program  was  to  develop a data base  which 
will  provide  the  technology  required  for  low  noise  configurations  of  upper 
surface  blown (USB) propulsive-lift  aircraft during takeoff and landing 
operations. In order to achieve this objective,  systematic  experimental 
and analytical  investigations  were  conducted.  The  overall  approach  of  this 
program is illustrated in the form of a flow  chart in figure 1 .  The  experi- 
mental  studies  were  of  two  types: ( 1 )  acoustic  characteristics and (2) flow 
characteristics  related  to  noise  generating  mechanisms. 

Acoustic  characteristics  were  measured in three  different  facilities.  The 
first was  the  Anechoic  Room  where  free-field  radiated  sound  was  measured  on a 
small scale  model  to understand noise  source  characteristics and to  establish 
the  effect  of  various  geometric and operating  parameters  [i.e.,  nozzle  exit 
geometry and area, nozzle  pressure  ratio  (jet  velocity),  longitudinal and 
vertical  location  of  the  nozzle  on the wing, flap radius of  curvature, flap 
length, and flap deflection  angle].  Schematic  diagrams  of  the  test  configu- 
ration  are  shown in figure 2. An initial series  of  screening  tests  determined 
which  produced  the  most  significant  noise  effects.  Then,  more  detailed in- 
vestigations  were  made  of the more  significant  parameters. A second  series 
of  tests  were  conducted in the  Acoustic and Performance  Facility,  where a 
large-scale  model  was  used  to  determine  the  scaling  effects  of  radiated  sound, 
to evaluate  surface  fluctuating  pressures, to evaluate  noise  reduction  con- 
cepts, and to  measure  static  aero-propulsive  performance.  The third set  of 
experiments  were  conducted in the  Acoustic  Free-Jet  Facility  (anechoic  open- 
throat  wind  tunnel) - to  determine  forward  speed  noise  effects,  near-field 
noise and aero-propulsive  performance. 
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(a) COORDINATE SYSTEM USED I N  FLOW  AND TURBULENCE MEASUREMENTS 
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SCHEMATIC  DIAGRAM OF EXPERIMENTAL MODEL 

Figure 2. Upper  Surface  Blown  Flap  Configuration 
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F l o w   c h a r a c t e r i s t i c s  were  measured p r i m a r i l y   i n   t h e   A e r o - A c o u s t i c   F l o w  

F a c i l i t y ,   u s i n g   t h e  same smal l   sca le model  and tes t   pa ramete rs   as   i n   t he  

Anechoic Room. In   add i t ion ,   space- t ime  cor re la t ions   o f   tu rbu lence  were  

measured. F l o w   v i s u a l i z a t i o n s  (o i l  f l o w  and Schl ieren  techniques)   were  a lso 

c o n d u c t e d   ' i n   t h i s   f a c i l i t y .  

The e x p e r i m e n t a l   r e s u l t s   f r o m   a l l   t h e   f a c i l i t i e s  were  used i n  ( 1 )  

p r o v i d i n g  a systemat ic  exper imental   data base, (2) i den t i f y i ng   t he   dominan t  

no ise  sources  for  USB systems, (3 )  unders tand ing   the   phys ics   o f   no ise   gener -  

a t ing  processes,  and (4)  prov id ing  the  background  data and p h y s i c a l   i n s i g h t  

t o   a i d   i n   d e v e l o p i n g  a meaningfu l   no ise  theory.  

from a r.at iona1  combination o f  theory  and 

parametr ic  exper imental   data  base.  Final  

used i n  a b r i e f  USB a i r c r a f t   d e s i g n   s t u d y  

empi r i ca l   techn iques  

l y ,   t h e   n o i s e   p r e d i c t  

t o   i n s u r e   c o m p a t i b i l  

no ise   t rends  and  good aerodynamic  performance. 

Theore t i ca l  methods  alone  are  not  yet  advanced  enough t o  be capable o f  

p r e d i c t i n g  USB noise.  Therefore,  a USB no ise   p red ic t ion   p rogram was developed 

based  on t h e  

ion  program was 

i t y  between  low 

Th is  volume  summarizes t h e   r e s u l t s  and conclus ions o f  t h e   o v e r a l l   n o i s e  

technology  development  program, and i n c l u d e s   s i g n i f i c a n t   h i g h l i g h t s  on no ise  

sens i t i ve   f l ow   cha rac te r i s t i cs ,   expe r imen ta l l y   de te rm ined   acous t i c   cha rac te r -  

i s t i c s ,   t h e   n o i s e   p r e d i c t i o n  program,  the a i r c r a f t   d e s i g n   s t u d y ,  and acous t i c  

theory  development. 

SYMBOLS 

empi r i ca l   cons tan ts  to f i t  t h e   a u t o c o r r e l a t i o n   f u n c t i o n   o f  
f l u c t u a t i n g   v e l o c i t i e s  

n o z z l e   e x i t   a r e a  

nozz le   ex i t   r e fe rence   a rea  

n o z z l e   a s p e c t   r a t i o  

r e c t a n g u l a r   n o z z l e   w i t h   a s p e c t   r a t i o   o f  2 

rec tangu la r   nozz le   w i th   aspec t   ra t i o  o f  4 
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r e c t a n g u l a r   n o z z l e   w i t h   a s p e c t   r a t i o   o f  8 

func t i on   o f   f l ow   p roper t i es   (equa t ion  4) 

wing  chord 

d i r e c t i v i t y   o f   r a d i a t e d  sound 

h y d r a u l i c   d i a m e t e r   o f   n o z z l e   e x i t  

frequency, Hz 

one- th i rd   oc tave  band center  frequency, Hz 

l a t e r a l  space c o r r e l a t i o n   f u n c t i o n   o f   f l u c t u a t i n g   v e l o c i t i e s  
a t   z e r o   t i m e   d e l a y  

n o z z l e   e x i t   e q u i v a l e n t   h e i g h t  

h e i g h t   o f   t h e   t r a i l i n g  edge s l o t  

constant  (equat ions 1 and 2) 

mod i f ied   Besse l   func t ion   o f   zero th   o rder  

f l o w   l e n g t h   ( l e n g t h  on the  wing and f l ap   su r face   f rom  the  
n o z z l e   e x i t   t o   t h e   t r a i l i n g  edge) 

s t reamwise  length  on  the  f lap  sur face  between  the  s tar t  
and  end o f   c u r v a t u r e  

e f f e c t i v e   l e n g t h   o f   s h e a r   l a y e r   i n   t h e   t r a i l i n g  edge wake 

leng th  o f  t h e   f l a p  between the  end of the   cu rva tu re  and the  
f l a p   t r a i l i n g  edge 

streamwise  length  of   the  wing  between  the  nozzle  exi t  and 
t h e   s t a r t   o f   c u r v a t u r e  

f l o w  Mach number i n   t h e   t r a i l i n g  edge wake 

sumrnat ion number (equat ion 3)  

Nozzle  Pressure  Rat  io 

v e l o c i t y  exponent  (equations 1 and 2) 

Quiet  Clean  Short-Haul  Experimental  Engine 

d i s t a n c e   o f   t h e   n o i s e  measurement l o c a t i o n   f r o m   a i r c r a f t  
or exper imental  model 

c o r r e l a t i o n   f u n c t i o n  

f l a p  knee r a d i u s   o f   c u r v a t u r e  
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eddy convection velocity 

longitudinal,  lateral, and transverse  components (x,y,t) 
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mean  velocities in the  x,y, and z directions 

fluctuating  velocities in the  x,y,  and z directions 

jet  exit  velocity 

reference  velocity 

velocity of trailing edge slot flow 

tunnel flow velocity 

nozzle  exit  equivalent  width 

flow  scrubbed  width at the end  of curvature of the flap 

flow  scrubbed  width  on  the  wing at the nozzle  exit 

flow  scrubbed  width at the trailing edge of  the flap 

flow  scrubbed  width at the  start o f  curvature 

longitudinal  (streamwise) coordinates 

longitudinal  position  of  the  nozzle  exit  on  the  wing 

longitudinal  location  of the fixed  hot wire 

longitudinal  separation distance between  the  two hot wires 

lateral (spanwise)  coordinates 

lateral  location  of  the  fixed  hot wire 

transverse  (vertical) coordinates 

empirical constants to fit the  autocorrelation  function 
of  fluctuating  velocities 

scale  of anisotropy of turbulence in the trailing edge  wake 
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thickness  of  the  shear  layer in the  trailing  edge  wake 

flap deflection  angle 

longitudinal decay  rate  of  correlation  function 

frequency,  radians  per  second 

microphone  plane - plane passing through  jet  axis 
($ =Oo corresponds to the  plane para1 le1  to  the wing surface) 

angle  from  the trailing edge  flow  direction 

density  of air .~ - 

time  delay  between  the  two  hot  wire  signals 

angle  between  the  forward  jet  axis and the  microphone 

nozzle  impingement  angle 

angle  between  the  forward  direction  of flap trailing edge 
and the  microphone  (figure 12) 

FLOW CHARACTERISTICS 

USB flow  characteristics  were  evaluated  to  insure  good  flow  spreading 
and turning on  the  flaps  for  the  acoustic  test  configurations  and  as an aid 
to  better  understand  the  noise  generating  mechanisms.  These  studies  con- 
sisted  of  flow  visualizations and flow  measurements.  Flow  visualization 
tests  were run at  the  highest  jet  nozzle  pressure  ratio (1.55) that was  used 
in the  acoustic  tests.  Flow  measurements,  with  hot  wire  apparatus,  were  ob- 
tained with a low  nozzle  pressure  ratio (1.1) in order  to  prevent  excessive 
hot  wire  breakage. 
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F low  V isua l i za t i ons  

Q u a l i t a t i v e  f low charac ter is t i cs   were   observed and i n t e r p r e t e d   p r i m a r i l y  

w i th  the  use o f  o i l  f low pat terns  on  the  wing  and  f lap  sur face,   and  sch l ieren 

p i c t u r e s  o f  t h e  f low f i e l d .  

Oil flow pat te rns .  - The e f f e c t  o f  var ious  geometr ic  parameters  on f low 

attachment to  the   su r face  and tu rn ing   cha rac te r i s t i cs   were   de te rm ined   qua l i -  

t a t i v e l y  b y   s u r f a c e   o i l  f low p i c tu res .   F igu re  3 shows t y p i c a l   e f f e c t s   o f  

nozz le  impingement  angle  on f low a t tachment   fo r  a rec tangu lar   nozz le .  The 

f low p a t t e r n  on  the  wing and f l a p   s u r f a c e s   i s   i l l u s t r a t e d   i n   t h e s e   p h o t o -  

graphs f o r   n o z z l e  impingement  angles o f  Oo, l o o ,  and 20°. A t  0' t h e   f l o w  

separated from the   su r face   be fo re   reach ing   t he   t ra i l i ng  edge. For  the  case 

o f  impingement  angles o f  loo  and h igher ,   the   f low  a t tached t o  the   su r face  and 

tu rned.a long  the   sur face .  I t  may a l s o  be observed  that   the  f low  spreading  on 

the  surface  increases  as  the  impingement  angle  increases. The o the r  parame- 

t e r s   t h a t  were   var ied   to   s tudy  f low a t tachmen t   e f fec ts  were:  Nozzle shape 

( rec tangu lar ,  A R = 8 ,  4 , 2 ;   c i r c u l a r ;  D-shaped; and e l l i p t i c a l ) ,   n o z z l e   c h o r d -  

w i s e   l o c a t i o n   ( X ~ / ~ = 0 . 2 ,  0.5),  f l a p  knee r a d i u s   o f   c u r v a t u r e   ( R c = 5 . 0 8  cm, 

7.62  cm),  and f l a p   t r a i l i n g  edge l e n g t h   ( L ~ ~ = 3 . 8 1  cm and 6.47 cm). 
- 

F low  spreading  and  turn ing  a long  the  sur face  are  re la ted  to   the 

"scrubbed  area.''  Since i t  was n o t   p r a c t i c a l   t o  measure the  actual   scrubbed 

area  on  the  surface, i t  was c a l c u l a t e d   e m p i r i c a l l y   f r o m  measurements o f  t h e  

w id ths   in   photographs   a t   severa l   chordwise   loca t ions .   The  e f fec ts   o f   var ious  

geometric  parameters  on  the  scrubbed  area,  are shown i n   f i g u r e  4. The obser-  

va t i ons  made from  these  exper iments  are summarized i n   T a b l e  1.  For 0~ > l o o  

and X N / ~  = 0 . 2 ,   t h e   f l o w   i s   f u l l y   a t t a c h e d   t o   t h e   w i n g  and f l a p   s u r f a c e s .  As 

the   nozz le  moved t o w a r d s   t h e   t r a i l i n g  edge,  however, the  nozzle  impingement 

angle  has to  be  increased to  ob ta in   t he   a t tached  flow. I t  was observed  that  

0~ =20° and X ~ / ~ = 0 . 2   a r e  good nozz le   cond i t i ons   t o   ob ta in   a t tached   f l ow   w i th  

good f low t u r n i n g   c a p a b i l i t y .  

Schl ieren  photographs. - The sch l i e ren   t echn ique  was used t o  s tudy   the  

f l o w   s t r u c t u r e   o v e r   t h e   w i n g  and f l a p   s u r f a c e s  and i n   t h e   t r a i l i n g  edge wake. 
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Figure 3 .  E f f e c t   o f  Impingement  Angle - 
Oi 1 Flow Photographs 

AR-2  NOZZLE, AN = 20.25 cm2 Rc = 5.08 cm 

xN - 0.2 
6 f  = 60' 

" 

C LTE = 6.47 CM 
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F igu re  4. Conf igurat ion  Ef fects   on  F low  Spreading.  
Sf=6Oo; R,=7.62 cm; L ~ ~ = 3 . 8 1  Cm; NPR= 1.55. 
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Typical  schlieren  photographs  taken in the  spanwise  direction  for  different 
nozzle  impingement  angles  are  shown in figure 5. The  following 
observations  were  made  from  this  study. 

o The  thickness of the  flow  field  increased with flap deflection, 
decreased with nozzle  impingement  angle,  and  appeared  to  be 
relatively  independent  of  flap  radius o f  curvature. 

o The  spreading  angle  below  the  wing/flap in the trailing edge 
wake  was  fairly  insensitive  to both flap  radius  of  curvature 

and flap  deflect  ion  angle. 

c 

o From  these  results,  the  reference  test  configuration  was 

selected  to  be  the A R = 4  rectangular  nozzle  with  pitch  angle 
9 ~ = 2 0 '  and located  on  the wing at XN/, =0.2.  This  configura- 

tion was used to evaluate  the  basic  noise  characteristics and 
the  effect  of  geometric  parameters  on  noise  were  studied  by 
varying  the  parameters  about  this  configuration. 

Flow  Measurements 

Profiles. - Mean  velocity  and  turbulence  intensity  profiles  were 
measured,  using  hot  wire  techniques, at various  longitudinal  and  lateral 
(spanwise)  locations in the trailing edge  wake.  Typical  mean  velocity and 
turbulence  intensity  profiles  just  downstream of the  trailing  edge  are  shown 
in figures 6 and 7, which  illustrate that the  velocity  gradient and the tur- 
bulence  intensity  are  very  large  close  to  the  surface  (small z'). The 

following  observations  were  made  from this phase o f  study. 

o Increased  nozzle  areas  tend  to  have  higher  peak  velocities and 
have  peaks  located  near  the  surface. 

o As the  spanwise  distance  from  the  jet  centerline  increased,  the 

magnitude  of  the  velocity  peak  reduced and thus  the  velocity 
gradient  was  also  reduced. 

12 
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Figure 5. E f f e c t  o f  Impingement  Angle - 
Schl ieren  Photographs 
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o As the   nozz le  moved t o w a r d s   t h e   t r a i l i n g  edge, t h e  mean v e l o c i t y  

increased and t h e  peak v e l o c i t y  peak moved c l o s e r   t o   t h e   s u r f a c e .  

B e t t e r   t u r n i n g  was achieved when a s t r a i g h t   s e c t i o n   f o l l o w e d   t h e  

curved  sec t ion   ra ther   than  p receded i t. This  improved  turning 

i s  due t o   t h e   l o n g e r   t r a i l i n g  edge a l l o w i n g  smoother  adjustment 

from  the  coanda-reduced  pressure  on  the  curved  surface  towards 

t h e   t r a i l i n g  edge sec t i on .  

o I n c r e a s i n g   t h e   t r a i l i n g  edge length   reduced  the   peak   ve loc i ty  and 

t h e   t u r b u l e n c e   i n t e n s i t y .  

o Decreas ing   the   f lap   rad ius   o f   curva ture   reduced  the  peak v e l o c i t y  

and increased  the  peak  turbulence  in tens i ty .  

o Freestream  f low  ( forward speed e f f e c t s )  promoted 

spread i ng o f   t h e   j e t .  

1 a t e r a  1 

o Smal ler   f lap  def lect ion  angles  promoted  a t tachment  and t u r n  

and tend   t o   dec rease   t he   t u rbu lence   i n tens i t y   i n   t he   ou te r  

mix ing  reg ion.  

i ng 

These r e s u l t s   i n d i c a t e d   t h a t   t h e  mean v e l o c i t y   p r o f i l e s   j u s t  downstream 

o f   t h e   t r a i l i n g  edge  had broad maxima, r e f l e c t i n g   t h e   f a c t   t h a t   t h e   f l o w  was 

s i m i l a r   t o   t h a t   o f  a f r e e   j e t   ( w i t h o u t   w i n g  and f l a p ) .   A l s o ,  a l a r g e   v e l o c i t y  

g r a d i e n t   c l o s e   t o   t h e   s u r f a c e  was ev ident .  The tu rbu lence  leve l  was q u i t e  

la rge   over  a s u b s t a n t i a l   p o r t i o n   o f   t h e  wake th i ckness .   S ince   t he   ve loc i t y  

g rad ien t  was small away from  the  shear  layer,   turbulence was not  generated 

there,   but   instead, was generated  upstream and convected  by  the mean f l ow .  

But i n   t h e  shear   l aye r ,   c l ose   t o   t he   f l ap   su r face ,   i n tense   t u rbu lence  was 

generated  which  can be a s s o c i a t e d   w i t h   t h e   l a r g e   v e l o c i t y   g r a d i e n t s .  

Space-time c o r r e l a t i o n   o f   t u r b u l e n c e .  - The reg ion   o f   h igh   t u rbu lence  

a t   t h e   t r a i l i n g  edge was t h o u g h t   t o  be a reg ion   o f   i n tense   no i se   genera t i on .  

T h e r e f o r e ,   t h e   c h a r a c t e r i s t i c s   o f   t h e   f l u c t u a t i n g   v e l o c i t i e s  were  evaluated 

i n   t h i s   reg ion   us ing   space - t ime   co r re la t i ons .  These data  were  used  pr imari ly 
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in conjunction  with  the  theoretical  acoustics  development  discussed in a 

later  sect  ion. 

Space-time  correlations of the  fluctuating  velocities in the  streamwise, 
lateral  (spanwise),  and  transverse  (vertical)  directions  were  measured. A 

typical  space-time  correlation  function in the  streamwise  direction for vari- 
ous  separation  distances  is  shown in figure 8 .  The  turbulence  parameters  such 
as  decay  rate,  length  and  time  scales  of  the  turbulence  structure  were  derived 
from these  correlation  functions.  The  length  scales in the  longitudinal  and 
lateral  directions  were found to be 0.84 and 0.366 cm,  respectively.  The 
ratio of these  two  length  scales ( 2 . 3 )  is  defined  as  the  scale  of  anisotropy. 
This  value is comparable  to  that  measured in the  initial mixing layer  of tur- 
bulent  jets.  The  convection  velocity  of  turbulence  is  found  to  be 0.3 times 
the  peak  mean  velocity in the trailing edge  wake,  which is slightly  higher 
than  typical  values  measured in jets.  However,  considering  the  difference in 
the  mean  velocity  profiles  between  the  jet  flow and the trailing edge  wake 
flow,  this  value may not  be  unreasonable.  The  longitudinal  decay  rate  of  the 
turbulence  (rate  of  losing  coherence  of  the  turbulence)  was  found  to  be 
2 . 8 4 8 / 6 ,  where 6 is  the  characteristic  thickness  of  the  shear  layer in centi- 
meters.  The  power  spectra  of  turbulence  pressure  was  modeled by assuming it 
has a similar  form  as that of  surface  fluctuating  pressures in boundary  layer 
flow. 

ACOUSTIC CHARACTERISTICS 

Experimental  investigations  were  conducted  to  evaluate  the USB noise 
characteristics  of  the  following: 

1 .  Parametric  Effects - Effects of various  geometric and 
operational  variables. 

2. Scale  Effects - Effect  of  the  geometric  size. 
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3 .  Forward Speed E f f e c t s  - E f f e c t  o f  s i m u l a t e d   a i r c r a f t   m o t i o n .  

4. Noise  Reduction  Concepts - F e a s i b i l i t y  o f  no ise   reduc t ion  

th rough  var ious   pass ive  and ac t ive   concepts .  

The in format ion  obta ined  f rom  these  tests   compr ise  the  major   par t  o f  t h e  

experimental  data  base  program. Due t o   t h e   s e v e r a l   t e s t   f a c i l i t i e s  used,  and 

numerous i n d i v i d u a l   t e s t   c o n f i g u r a t i o n s  and t e s t   p o i n t s ,   o n l y  some o f  t h e  

more s i g n i f i c a n t  ti-ends and charac ter is t i cs   a re   d iscussed  here .   Reference 1 

c o n t a i n s   t h e   d e t a i l e d   c a t a l o g  of  no ise   da ta   f rom  wh ich   the   fo l low ing  

paragraphs  are  der ived. 

Pa ramet r i c   E f fec ts  

Experiments  were  conducted i n  an  anechoic chamber us ing  a small  USB model 

under s t a t i c   c o n d i t i o n s   t o   e v a l u a t e   t h e  sound p r e s s u r e   l e v e l s ,   d i r e c t i v i t y  and 

s p e c t r a l   d i s t r i b u t i o n  o f  fa r - f i e ld   no i se .   Geomet r i c  and opera t iona l  parame- 

t e r s  were v a r i e d   s y s t e m a t i c a l l y   i n   o r d e r   t o   s t u d y   t h e   e f f e c t   o f  each.  The 

fo l l ow ing   a re   t he   pa ramete rs  and t h e i r  ranges  used i n   t h i s   p a r t   o f   t h e  

i n v e s t i g a t i o n :  

Nozzle Area  and Shape - 20.26 cm2 - c i r c u l a r ,   r e c t a n g u l a r  

w i t h   a s p e c t   r a t i o  of  8 and 4 ;  
10.13 cm2 - c i r c u l a r ,  D, e l l i p s e ,  

r e c t a n g u l a r   w i t h   a s p e c t   r a t i o  2; 

21.6 cm2 - mod i f ied  D ,  f i x e d   v e r s i o n  

o f  a s imulated  var iab le  geometry  

nozzle  (QCSEE) . 

Nozzle  Impingement  Angle - O', lo', 15', 20°, 30°, 40'. 

Nozz le   Long i tud ina l  and 
V e r t i c a l   P o s i t i o n  - X/c = 20%, 35%, 50% 

z=O, 1.27 cm, 1.59 cm, 2.54 cm. 
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Flap  Length - 8.4 cm to  18.4 cm. 

F lap  Radius  o f   Curvature - 5.08, 7.62 and 10.16 cm. 

Flap  Angle - O0 Y 

Nozzle shape. - As t h e   a s p e c t   r a t  

Is decreased - p a r t  

30°, 45O, 60' 

i o  of  the  nozz l e  inc reased,   the   no ise  

i c u l a r l y   i n   t h e   m i d - f r e q u e n c y   r a n g e .  The general  

i n d i c a t i o n   i s   t h a t  a decrease i n  spanwise j e t  spreading  on  the  wing/ f lap 

su r face   resu l ted   i n   an   i nc rease   i n   no i se   l eve l .   I n   t he   case   o f   t he   va r iab le  

geometry   nozz le,   however ,   the  no ise  leve ls   increased  main ly   in   the  h igh  f re-  

quency  range,  probably  because of   no ise  generated  by  the  nozz le  s ide  door  

open i ngs. 

Nozzle  area. The e f f e c t   o f   n o z z l e   a r e a  was i n v e s t i g a t e d   w i t h   t h e   b a s i c  

c i r c u l a r   n o z z l e  shape  by va ry ing   t he   d iamete r ,   wh i l e   ho ld ing   t he   w ing  and 

f l a p  geomet ry   f i xed .   Not   surpr is ing ly  i t  was found  that   the  noise  increased 

w i th   an   inc rease  in   nozz le   a rea .  An increase  in   nozz le  area  a lone,   however ,  

does n o t  change the   spec t ra l  shape o f  the   rad ia ted  sound. 

Nozzle  impingement  angle. - As the  nozzle  impingement  angle  increased, 

the   no ise   leve ls   tended to  decrease s l i gh t l y   i n   t he   m id - f requency   range .  I f  

the   f low  separa ted   f rom  the   sur face  ahead o f   t h e   t r a i l i n g  edge, as i n   t h e  case 

o f  Oo impingement  angle,  then  the  noise  level  dropped  markedly.  Therefore, 

t he   i nc rease   i n  impingement ang le  has e s s e n t i a l l y   t h e  same e f f e c t   a s   t h a t   o f  

an  increase i n  a s p e c t   r a t i o   o f   t h e   n o z z l e .   I n   b o t h  bases (w i th   a t tached  

f low) ,   the  f low  spread  spanwise  over   the  wing  and  f lap  sur faces and probably  

r e d u c e d   t h e   f l o w   v e l o c i t y   a t   t h e   t r a i l i n g  edge. I t  should be noted  that   an 

inc rease  in   nozz le  impingement  angle  reduced  the  ef fect ive  nozzle  area  which 

caused a lower mass f l o w   f o r  a g i v e n   v e l o c i t y ,  and consequent ly   lower   th rus t .  

When the   no ise  i s  c o r r e c t e d   f o r   t h i s  change i n   t h r u s t ,   t h e   n o i s e   l e v e l s   c o r -  

r e l a t e   b e t t e r ,   b u t   t h e r e   i s   s t i l l  a cons is ten t   modera te   reduc t ion   in   the  

middle  f requencies  wi th   increas ing  impingement   angle.  
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N o z z l e   l o n g i t u d i n a l   p o s i t i o n .  - As the   nozz le  was  moved from 0.2 c t o  

0.5 c t o w a r d s   t h e   t r a i l i n g  edge, the   magn i tude   o f   t he   no i se   l eve l s   d id   no t  

i nc rease   s ign i f i can t l y ,   bu t   t he   spec t rum  appears   t o   sh i f t   t owards   h ighe r  

f requencies.  I t  should be  noted,  however, t h a t   t h i s   i s   t r u e   o n l y   f o r   t h e  

cases  wi th   a t tached  f low.  

N o z z l e   v e r t i c a l   p o s i t i o n .  - The e f f e c t   o f   n o z z l e   v e r t i c a l   p o s i t i o n  on 

t h e   n o i s e   c h a r a c t e r i s t i c s   i s   n o t   s i m p l e   t o   a n a l y z e .   T h i s   p a r a m e t e r  has t o  

be  combined w i t h   t h e   n o z z l e   p i t c h   a n g l e  and probab ly   w i th   the   nozz le   long i -  

t ud ina l   l oca t i on   t o   ach ieve   t he   requ i red   f l ow   sp read ing  and t u r n i n g .   I n   t h i s  

program,  systematic  parametric  studies  were  not  conducted  to  evaluate  the 

n o i s e   f o r   t h e  same or   s imi lar   per formance.  However, pre l iminary  exper imenta l  

r e s u l t s   i n d i c a t e   t h a t   t h e   n o i s e   l e v e l s   i n   t h e  low  frequency  range  were reduced 

as  the  nozzle moved  away from  the  wing. No cons is ten t   t rends  were  observed i n  

the   ve loc i ty   exponents  and d i r e c t i v i t i e s .  

F lap  length.  - A s  t h e   t r a i l i n g  edge s e c t i o n   o f   t h e   f l a p  was increased  in 

length,   the  spect rum  sh i f ted  to   lower   f requencies,   but   the  magni tude  o f   the 

no ise  was not  changed. The v a r i a t i o n   i n   s p e c t r a  was v e r y   s i m i l a r   t o   t h a t   o f  

a change i n   n o z z l e   l o n g i t u d i n a l   l o c a t i o n .  

F lap   rad ius   o f   curva ture .  The r a d i u s   o f   c u r v a t u r e   o f   t h e   f l a p  was 

va r ied ,   keep ing   t he   t o ta l   f l ow   l eng th   cons tan t .  The f l a p   a n g l e  was a l so   kep t  

constant  by  changing  the  lengths  of   curved and s t r a i g h t   p o r t i o n s   o f   t h e   f l a p .  

I n   a d d i t i o n ,   t h e   r a d i a t e d  sound was a l s o  measured w i t h   z e r o   f l a p   a n g l e  (where 

t h e   c u r v e d   s e c t i o n   o f   t h e   f l a p  was replaced  by a s t r a i g h t   s e c t i o n ) .  These 

r e s u l t s   i n d i c a t e d   t h a t   t h e   e f f e c t   o f   r a d i u s   o f   c u r v a t u r e  on f a r - f i e l d  sound 

was n e g l i g i b l e ,   p r o v i d e d   t h a t   t h e   f l o w  was at tached on the  wing and f l a p  

surfaces. 

F low   pa th   l eng th   co r re la t i ons .  - Fo l l ow ing   t he   d i scuss ion   o f   e f fec ts   o f  

n o z z l e   l o n g i t u d i n a l   p o s i t i o n ,   f l a p   l e n g t h ,  and f l a p   r a d i u s   o f   c u r v a t u r e ,  i t  

i s  conc luded  tha t   the   f low  length   (de f ined  as   the   leng th  on the  sur face  f rom 

t h e   n o z z l e   e x i t   t o   t h e   f l a p   t r a i l i n g  edge) i s  a s ign i f icant   parameter   which 

can   be   va r ied   by   chang ing   e i t he r   t he   nozz le   l ong i tud ina l   pos i t i on   o r   t he   f l ap  
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length. A nondimensional  frequency  (Strouhal  number)  for U S B  noise  was 
developed  with  this  parameter and is  defined  as S=fLF/VJ, where f=center 
frequency  of  noise  one-third  octave  bands, LF=flow length,  and VJ =jet exit 
velocity.  Typical  resulting  nondimensionalized  spectra,  g.iven in figure 9, 
show that the  data  correlate  very  well.  Since  the  flow path length  and  jet 
exit  velocity  are  readily  available  quantities,  they  are  very  useful  parame- 

ters  for  defining  Strouhal  number in O S B  noise  predictions. 

Flap  angle. - The  effect  of  flap  angle  on  the  radiated  sound  field  was 
primarily a shift in directivity.  The  experimental  results  indicate that the 
sound  field  tends  to  rotate  with  changes in flap angle.  Figure 10 shows 

normalized data for  three flap angles in the  flyover  plane at a constant  angle 
relative  to  the flap upper  surface.  The 
the  nondimensional  parameter illustrating 
flap  angle  effects. 

Jet  exit  velocity. - The  jet  exit  ve 
parameter  affecting  far-field  noise.  The 

lap deflection  angle  is  included in 
the  method  devised  to  account  for 

ocity is obviously an important 
magnitude of the  radiated  sound  field 

varied as jet  exit  velocity  raised  to a power  between 5.5 to 7.8 depending on 
the  angle of propagation.  The  variation of the  spectral  distribution  with  jet 
velocity  is  shown in figure 1 1  and the  variation  of  the  velocity  exponent  with 
the  direction is illustrated in figure 12. 

Jet  exit  temperature. - The  effect  of  jet  temperature  on U S B  noise  was 

investigated using a jet  flow  with  one  elevated  temperature (93°C) in addition 
to  the usual ambient  jet  temperature  (approximately 26OC). These  preliminary 
results  indicated that the  noise  levels in the high frequency  range  were  re- 
duced  as  the  jet  flow  temperature  increased.  Since  the  temperature  experiments 
were  limited,  these  results  cannot  be  generalized. 

Scaling  Effects 

The  scale  effects  of  the U S B  configuration  on  far-field  noise  were 

investigated  using  two  geometrically  similar  configurations of two  sizes  (one 
in the  anechoic  room and the  other at the  acoustic and performance  facility). 
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The l i n e a r   s c a l e   r a t i o  between the  two  models i s  2.37.  The  sound pressure 

leve l   spect ra l   compar isons i n  the   f l yove r   p lane   a re  shown i n  f i g u r e  1 3 .  The 

mic rophone  d is tances   f rom  the   je t   ex i t   cen ter   were  2.4 m and 6.1 m f o r   t h e  

smal l -  and  large-model   tests ,   respect ive ly .  The noise  data  f rom  the  smal l  

model  were s c a l e d   t o   t h e   l a r g e  model  by  assuming t h e  sound pressures  were 

d i r e c t l y   p r o p o r t i o n a l   t o   t h e   a r e a  o f  the  nozz le and i n v e r s e l y   p r o p o r t i o n a l   t o  

the  square o f  microphone  distance, and tha t   the   f requenc ies  were i n v e r s e l y  

p r o p o r t i o n a l  to  t h e  model l i nea r   sca le .  Thus, the  smal l  model data  were  cor- 

rected  by  increas ing  the S P L ' s  by  (20  log 2.37 + 20 l o g  2.4/6.1)  and 

s h i f t i n g  down the  f requencies  by  1 /2.37.   In   addi t ion,   a tmospher ic   a t tenuat ion 

was c o r r e c t e d   t o   t h e   a p p r o p r i a t e   d i s t a n c e s  and frequencies.  The  good agree- 

ment between t h e   d a t a   f o r   t h e  two s i z e s   i n   t h i s   f i g u r e   c o n f i r m s   t h a t   l i n e a r  

s c a l i n g  . i s  adequate fo r   geomet r i ca l l y   s im i l a r   mode ls .  

Forward Speed E f f e c t s  

L i m i t e d   i n v e s t i g a t i o n s  were  conducted to  s t u d y   t h e   e f f e c t   o f   a i r c r a f t  

f l i g h t  on  noise.  These  experiments  were  conducted i n   t h e  Lockheed  anechoic 

f r e e - j e t   f a c i l i t y   w h i c h   i s  an  open th roa t   w ind   t unne l   w i th  an anecho ic   tes t  

sect   ion.  

Low frequency  noise was genera l ly   reduced  wi th  an increase  in   f ree-st ream 

v e l o c i t y  as shown i n   f i g u r e  14. The high-frequency  noise was reduced  by a 

small  amount i n   t he   f o rward   quadran t .   I n   t he   a f t   quadran t ,  however, the  noise 

leve ls   in   the   h igh   f requency   range  inc reased w i th  an   i nc rease   i n   f ree - je t  

s t r e a m   v e l o c i t y   ( s i m u l a t e d   a i r c r a f t   m o t i o n ) .   T h i s   i s   i l l u s t r a t e d   i n   f i g u r e  15. 

Th i s   i s   p robab ly  due t o  a s h i f t   i n   d i r e c t i v i t y .   I n   o r d e r   t o   f u l l y   u n d e r s t a n d  

t h e   n o i s e   c h a r a c t e r i s t i c s   o f  USB w i th   f o rward  speed, a d d i t i o n a l   a c o u s t i c  

and f l o w   i n v e s t i g a t i o n s  must  be  conducted. 

Noise  Reduction  Techniques 

Since  the  dominant USB no ise   genera t ing  mechanism i s   i n   t h e   v i c i n i t y   o f  

t h e   t r a i l i n g  edge, it was d e s i r a b l e   t o   m o d i f y   t h e   f l o w   c h a r a c t e r i s t i c s   o r   t h e  

acous t i c  impedance o f   t h e   s u r f a c e   n e a r   t h e   t r a i l i n g  edge t o  reduce  the  radiated 
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sound f ie ld .   There fore ,   the   fo l low ing   techn iques   were   inves t iga ted   exper i -  

menta l l y :  ( 1 )  replacement o f   t h e   f l a p  upper   sur face   w i th   acous t ic   mater ia ls  

o r   e x t e n d i n g   t h e   f l a p   w i t h   p o r o u s   m a t e r i a l ,  (2) secondary a i r   b l o w i n g   t h r o u g h  

a s l o t   c l o s e   t o   t h e   t r a i l i n g  edge,  and (3 )  use o f  s t r e a m w i s e   s p l i t t e r s   a t   t h e  

f l a p   t r a i l i n g  edge. These t e s t s  were rather  complex and d e t a i l s   a r e   g i v e n   i n  

re ferences 1 and 2. However, some g e n e r a l i z e d   h i g h l i g h t s   a r e   g i v e n   i n   t h e  

fo l lowing  paragraphs.  

The c o n f i g u r a t i o n s   w i t h  a complete  upper  surface  acoust ic  t reatment showed 

a s m a l l   r e d u c t i o n   i n   f l y o v e r   n o i s e  and  a sma l l   i nc rease   i n   s ide l i ne   no i se .  The 

c o n f i g u r a t i o n s   w i t h   h a l f   o f   t h e   s u r f a c e   t r e a t e d   i n d i c a t e d  an i nc rease   i n   bo th  

f l y o v e r  and s i d e l i n e   n o i s e .  However, c o n f i g u r a t i o n s   w i t h   p o r o u s   t r a i l i n g  edge 

extensions  produced a r e d u c t i o n   i n   b o t h   f l y o v e r  and s ide l i ne   no i se .  The com- 

b ina t ion   o f   comple te   t rea ted   upper   sur face  and porous t r a i l i n g  edge ex tens ion  

produced a s u b s t a n t i a l   r e d u c t i o n   i n   f l y o v e r   n o l s e ,   b u t   v e r y   l i t t l e  change i n  

s ide l i ne   no i se .  The c o n f i g u r a t i o n   w i t h   s t r e a m w i s e   t r a i l i n g  edge s p l i t t e r s  had 

a very  small   reduction.  Attempts  were  not made t o   o p t i m i z e   e i t h e r   t h e  

impedance o f   t r e a t m e n t   o r   t h e   s p a c i n g   o f   t h e   s p l i t t e r s .  

I n t roduc t i on   o f   secondary   b low ing   nea r   t he   t ra i l i ng  edge ( j u s t  ahead o f  

t h e  edge on  the  upper  surface) had  a s i g n i f i c a n t   e f f e c t  on  noise. Two parame- 

t e r s   o f   s l o t   b l o w i n g ,   t h e   s l o t   h e i g h t  and t h e   r a t i o   o f   s l o t   v e l o c i t y   t o   j e t  

e x i t   v e l o c i t y  were   inves t iga ted .   Typ ica l   resu l ts   a re  shown i n   f i g u r e  16.  The 

s p e c t r a l   r e s u l t s  and t h e   d i r e c t i v i t y   i n d i c a t e   t h a t   n o i s e   r e d u c t i o n  may be ob- 

t a i n e d   a t   a l l   f r e q u e n c i e s  and i n   b o t h   f o r w a r d  and a f t   d i r e c t i o n s .  However, 

t he   no i se   reduc t i on   a t   h igh   f requenc ies   a re   g rea te r   t han   a t   l ow   f requenc ies .  

Comparison  With  Other  Data 

Measured noise  data  were compared w i th   pub l i shed  exper imenta l   da ta   re -  

po r ted   i n   re fe rences  3 ,   4 ,  and 5. A typ ica l   compar ison i s  shown i n   f i g u r e  17.  
The l e v e l s   i n   t h i s   f i g u r e   a r e   n o r m a l i z e d   t o  a nozz le   a rea   o f  114 cm2, measured 

a t  6 . l m  form the  nozz le.  The comparison i s  reasonably good cons ider ing  some 

d i f f e r e n c e s   i n   c o n f i g u r a t i o n s ,   f a c i l i t i e s ,  and ins t rumenta t ion .  
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Addi t ional   Exper iments 

t h e   t r a i l i n g  edge wake and 

presented   in   re fe rence 1. 

d i ca ted   t ha t   t he   p ressu res  

center1  ine.   Fuselage  wal l  

w i t h   j e t   e x i t   v e l o c i t y   f o r  

pressures  were  increased s 

w i t h   j e t   v e l o c i t y  was ve ry  

In  a d d i t i o n   t o   t h e   r e s u l t s  summarized i n   t h i s   s e c t i o n ,   t h e . f o 1 1 o w i n g   t e s t  

r e s u l t s  were  obta ined:   (1) ”Sur face  f luc tuat ing  pressures  on  the  wing and f l a p  

surfaces, (2) f l u c t u a t i n g   p r e s s u r e s  on a s imu la ted   f use lage   wa l l   c l ose   t o   t he  

f l a p   t r a i l i n g  edge,  and (3 )  c o r r e l a t i o n  between the   nea r - f   i e ld   p ressu res  i n  

f a r - f i e l d   ( a c o u s t i c   p r e s s u r e s ) .  These r e s u l t s   a r e  

The f luc tua t ing   p ressures   on   the   w ing  and f l a p   i n -  

were maximum a t   t h e   f l a p   t r a i l i n g  edge o n   t h e   j e t  

icated  that   the  magnitude  increased 

With  forward speed,  however, t he  

pressures i nd 

s t a t i c  cases. 

l i g h t l y   f o r   a l l   j e t   v e l o c i t i e s ,   b u t   t h e   v a r i a t i o n  

smal l .  These p ressu re   da ta   i nd i ca te   t ha t   f o rward  

speed has a s t rong   i n f l uence  on the   f use lage   f l uc tua t i ng   p ressu res .  The c o r -  

r e l a t i o n s   o f   n e a r -  and f a r - f i e l d   f l u c t u a t i n g   p r e s s u r e s   i n d i c a t e d   t h a t   t h e  

maximum c o r r e l a t i o n  was o b t a i n e d   f o r   t h e   m i c r o p h o n e   c l o s e s t   t o   t h e   t r a i l i n g  

edge  and  decreased p r o g r e s s i v e l y  downstream. 

PRED I CTI O N  PROGRAM 

The s t a t e - o f - t h e - a r t   i s   n o t   s u f f i c i e n t l y  advanced t o  compute USB noise  by 

theory  a lone.  Consequent ly,   noise  predict ion  procedures  must be derived  by 

empir ica l   techniques based p r i m a r i l y  on  an ana lys i s   o f   t es t   da ta .  The data 

developed  under  the  current  program  were  used  in  the  development o f  a USB 

n o i s e   p r e d i c t i o n  program. 

As discussed  prev ious ly ,  i t  was found   tha t   t he   f l ap  knee rad ius  o f  curva- 

t u r e  does n o t  have a s i g n i f i c a n t   e f f e c t  on t h e   r a d i a t e d  sound f i e l d   p r o v i d e d  

the   f low  remains   a t tached  to   the   w ing  and f l ap   su r faces .   F lap   l eng th  and 

nozz le   l ong i tud ina l   l oca t i on   e f fec ts   can  be combined  together  as  the  f low 

p a t h   l e n g t h   e f f e c t   ( l e n g t h  between t h e   n o z z l e   e x i t  and t h e   f l a p   t r a i l i n g  edge 

on t h e   s u r f a c e ) .   F a r - f i e l d   n o i s e  depends  on t h e   f l o w   c h a r a c t e r i s t i c s   a t   t h e  

t r a i l i n g  edge,  and t h e .   f l o w   v e l o c i t y  and t h e   j e t   t h i c k n e s s   a t   t h e   t r a i l i n g  

edge  depend on   the   f low  pa th   leng th .  Thus, i t  i s  reasonab le   t o  assume t h a t  

t h e   n o i s e   c h a r a c t e r i s t i c s   a r e   f u n c t i o n s   o f   f l o w   p a t h   l e n g t h .   I n   f a c t ,   t h e  
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experimental  results did indicate  that  the  flow  path  length  (not  nozzle  diame- 
ter)  is  the  best  length  scale  to  be  used in the  Strouhal  number.  The  sound 
field  directivity  changed  as  the flap angle  was  changed.  However,  for a con- 
stant angle  with  respect  to  the  flow  direction in the trailing edge  wake,  the 
radiated  sound  field  is  essentially  independent  of  flap  angle.  Nozzle  exit 
shape  is  included  as  nozzle  aspect  ratio (ratio of  equivalent width to  equiva- 
lent  height) and hydraulic  diameter.  The  magnitude  of  the  radiated  sound was 
found  to  be  directly  proportional  to  the  area of the  nozzle.  The  sound 
pressure  is  proportional  to  the  jet  exit  velocity  raised  to  the  power n where 
n varies  from 5 to 7.5 depending  on  the  direction. The frequency  of  the  sound 
pressure is directly  proportional  to  the  jet  velocity.  The  following  equation 
is  derived  for  the  maximum  one-third  octave band sound  pressure  level, 

n 
V J  AN 
VO A 0  RO 

Peak SPL = 10 log (-) + 10 log - - 20 log - R 

- 10 log [(ARN)~’~ ‘1 + K 
DH 

where VJ - jet  exit  velocity 
AN - nozzle  area 
R - distance  from the aircraft  to  the  measuring  location 

ARN - nozzle  aspect  ratio 
LF - flow path length 
DH - hydraulic  diameter  of  the  nozzle 

Vo, Roy A, - reference  velocity,  distance, and area,  respectively. 

The  nondimensional  spectral  shape is given  as 

n 
V J  AN [SPL - 10 log (%) - 10 log - +  20 log - R 

A0 RO 
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aga ins t   mod i f ied   S t rouha l  number,  fLF/VJ (1  + 6 f ) l i 3  * F s ,  where 6 f  i s   t h e   f l a p  

a n g l e   i n   r a d i a n s ,  and n, K, and  Fs a r e   f u n c t i o n s   o f   d i r e c t i v i t y ,  e and 9 .  The 

s p e c t r a l  shape i s  shown i n   f i g u r e  18, and  comparisons  between  the  predicted 

and s t a t i c  measured data show t h e  agreement t o  be  good. 

Based  on the   p reced ing   fo r   b lown  f lap   no ise ,  a computer  program  has  been 

developed t o   p r e d i c t   t h e   n o i s e   o f  a complete USB a i r c ra f t .   Th i s   p rog ram  p re -  

d i c t s   one - th i rd   oc tave   spec t ra ,  PNL, and OASPL a t  any  g iven  observer   locat ion.  

A f o o t p r i n t  program i s   a l s o   a v a i l a b l e   t o   g e n e r a t e  EPNL contours.  A s i m p l i f i e d  

f l o w   c h a r t   o f   t h e   c o m p l e t e   p r o g r a m   i s  shown i n  f i g u r e  19. 

INTEGRATION  OF  AIRCRAFT  NOISE  AND  PERFORMANCE 

A l i m i t e d  USB a i r c r a f t   d e s i g n   s t u d y  was per formed  to   determine  the com- 

p a t i b i l i t y   o f  l o w   n o i s e   c h a r a c t e r i s t i c s  w i t h  good a i r c r a f t  performance.  This 

i n v e s t i g a t i o n  was based  on the  methods  developed to   s tudy   sho r t -hau l   t ranspor t  

systems a t  Lockheed f o r  NASA d u r i n g  1972-1974. The engines  used i n   t h i s   s t u d y  

were   t hose   w i th   des ign   f an   p ressu re   ra t i os   o f  1 .35 and i . 4 7 .  The s a l i e n t  

c h a r a c t e r i s t i c s   o f   t h e   e i g h t   a i r c r a f t   d e s i g n s   s e l e c t e d   f o r   i n i t i a l   s c r e e n i n g  

e v a l u a t i o n   a r e  shown i n   T a b l e  2. F igu re  20 shows t h e  90 EPNdB f o o t p r i n t   a r e a  

f o r   t h e   e i g h t   a i r c r a f t   i n i t i a l l y   s t u d i e d .  The t a k e o f f   n o i s e   l e v e l s   a r e  

d i c t a t e d   p r i m a r i l y  by the   cho ice   o f   the   eng ine  and l a n d i  

o f   f i e l d   l e n g t h .  

From the   cons idera t ions   o f   no ise ,   per fo rmance  (c ru i  

o p e r a t i n g   c o s t ,   A i r c r a f t  2 w i t h  a D-nozzle  shape was se l  

ng no ise  as a f u n c t i o n  

se  and low  speed), and 

ected as the   base l i ne  

des ign   f o r   f u r the r   s tudy .  The e f f e c t   o f   v a r i o u s   a i r c r a f t   p a r a m e t e r s  on  per- 

formance and no ise  were i nves t i ga ted .  The cruise  performance  parameters 

v a r i e d  were   nozz le   boa t ta i l   ang le ,   aspec t   ra t i o ,   re la t i ve   s i ze  and d ischarge 

pos i t ion   (der ived   f rom companion c o n t r a c t  NAS1-13871). Parameters   var ied   to  

s t u d y   t h e i r   e f f e c t s  on no ise  were n o z z l e   a s p e c t   r a t i o  and  impingement angle 

on the   w ing ,   f lap   ex tens ion ,   de f lec t ion ,  and rad ius   o f   curva ture ,   fan-duc t  

t reatment,  and USB noise  suppression  devices.  The e f f e c t   o f  each o f   t hese  

parameters  on  the 90 EPNdB f o o t p r i n t   a r e a   i s  shown i n   f i g u r e  2 1 .  The nozz le  
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0 . 0 1 0 4   0 . 0 0 9 6   0 . 0 0 9 6  0.0050 

I 
0 . 8 9 0  0.975 1 .ooo 1 .ooo 
0 . 4 1 5  0 . 3 4 4  0.350 0 . 1 7 2  

0.0335 0 . 0 2 8 4  0.0301 0.0317 

12.4 12.1 11.5 11.7 

0 . 0 1 1 6  0 . 0 0 9 6  0 . 0 1 2 0  0 . 0 1 3 2  

14 .2   14 .8   15 .5   18 .3  

2 5 0 . 8   ( 1 3 5 . 3 )  250.5 (135.1)  252.0 (135 .91   228 .8   (123 .4 )   184 .7   (99 .6 )   184 .7   199 .6 )   185 .4   (100 .0 )   187 .6   (101 .2 )  

11.4  11.2  11.7  14.0 

5.9  5 .9  5 .9  6 .1 3 . 8  3 .8  3 . 8  3.6 
160.7   (86 .7)   160.2   186.4)   159.4  ( 8 6 . 0 )  1 5 3 . 9  (83.0) 250.5  1135.1)   251.6  (115.71  247.9  1133.7)   262.9  1141.8)  

4 . 5 7   1 9 0 0 )  

0 . 3 8  0 . 4 2   0 . 4 7  0 .45  0 . 2 0   0 . 1 9   0 . 2 4   0 . 1 2  

COSTS ( 1 9 7 2  $ )  

ENGINES 

COMPLETE  AIRCRAFT 
DOC, 2 X 1 9 7 2  FUEL PRICE (23S/Gal), C/SEAT-S.M. 
DOC, 9 x 1972  FUEL  PRICE  (46C/Gal) .   c/SEAT-S.f la 

$ 3 . 5 9 8  $ 1 . 6 4 1  $3.751 
$ 1 0 . 5 8 H  

$ 2 . 8 3 8  

110 .92H  111 .34H  $10 .368  

2.33  2.26 2.27  2.27 

2.94  2.36 2 .89   2 .99  

$2:081 $2.081 $ 2 . 1 8 1  $ 3 . 1 1 1  

$ 9 . 4 9 1  $ 9 . 8 0 8  $ 1 0 . 4 9 1  111.15n 
1.74 1.12 1.76 1.94 

2.32 2.32 2 . 4 0  2.52 

NOISE 

~~ ~~~ ~ ~~ ~~~ ~ 

TAKEOFF  FOOTPRINT, 9 0  EPNdB, K m z  (S.M.‘) 

TAKEOFF  FLYOVER  AT 6.49 Kn, (3.5 N.H)n  EPNdB 
TAKEOFF, MAXIi”   AT  152.4 H (500 Ft ) ,   S IDEL INE,   EPNdB 

LANUING  FOOTPRINT,  90  EPNdB, Km2 ( S a M m 2 )  

LANDING  FLYOVER  AT  1.86 Kn, $ 1  N.M.),  EPNdB 

TOTAL FOOTPRINT. 9 0  EPN~B. ~m’ (s.n.’) 

2 . 8 3  ( 1 . 0 9 )  3.03 1 1 . 1 7 )  3 .47 ( 1 . 3 4 )  9 . 9 0   ( 3 . 8 2 )  

83.4 8 3 . 4  8 3 . 7  88.6 

9 9 . 1  9 9 . 1  100.3 1 0 6 . 3  

0 . 1 1   ( 0 . 0 4 )  0 . 1 8   ( 0 . 0 7 )  0.36 10.19)  1.14 10.44)  

8 6 . 8  88.7 9 1 . 1  95.0 

2 . 9 4   ( 1 . 1 3 )  3 . 2 1   ( 1 . 2 4 )  3 . 8 3  ( 1 . 4 8 )  1 1 . 0 4   ( 4 . 2 6 )  

1 5 . 2 0  15.87) 14.66 15.66) 17.35  16.70) a.07 (1.57)  

9 5 . 8  9 5 . 6  9 6 . 5  85.6 

106.4 106.2 107.4 1 0 1 . 9  

0 . 1 1  10.04) 0.11 (0.04) 0 . 1 6  (0.06) 0 . 1 1  10.011 
86.1 8 5 . 9  88.5 85.5 

1 5 . 3 1   ( 5 . 9 1 )  1U.77  (5.701 17 .51   (6 .76)  4.18  11.611 
~~~ ~~ 

Tab le  2. USB Study  Aircraft 



1 5 -  

10 - 

5 -  

2 -  1 1 
2 3 4 5 

A i r c r a f t  No. 

6 7 8 

F i g u r e  20. N o i s e  Footpr in t   Areas ,  USB S t u d y   A i r c r a f t  
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Figure 21. E f f e c t  of Some Var iab les on the  Takeoff N o i s e  F o o t p r i n t  Area 
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a s p e c t   r a t i o  and t h e   f l a p   l e n g t h   a r e  shown t o  be  impor tant   bas ic   des ign 

parameters  which  a f fect   no ise.  The use o f  a n   a s p e c t   r a t i o  6 nozzle  reduced 

the  90 EPNdB f o o t p r i n t   a r e a   t o  1.8 km2. E x t e n s i o n   o f   t h e   f l a p  so t h a t   t h e  

t o t a l   w i n g / f l a p   c h o r d  was increased by 50% r e d u c e s   t h e   t a k e o f f   f o o t p r i n t  

a rea   t o  1.2 km2. 

F ina l   des ign .  - Based on   t hese   s tud ies ,   t he   f i na l   des ign  shown i n   f i g u r e  

22 was evolved. It i s  v e r y   s i m i l a r   t o   t h e   b a s e l i n e   a i r c r a f t :  a high-wing 

f o u r - e n g i n e   a i r c r a f t   w i t h  a 148-passenger  capacity, f i e l d   l e n g t h   o f  610 m, 

s t a g e   l e n g t h   o f  927 km, and c r u i s e  Mach number o f  0.75. The wing  area i s  

170 m2 w i t h  a w ing   load ing   o f  387 kg/m2. The 1.35 fan   p ressure   ra t io   eng ines  

a re   sca led   t o  a t a k e o f f   r a t e d   t h r u s t   o f  83,200 N,  which  g ives a t h r u s t - t o -  

w e i g h t   r a t i o  o f  0.48.  The approach speed i s  160 krn/hr  and c l imbout  speed i s  

185 km/hr. The n a c e l l e  has a D n o z z l e   l o c a t e d   a t  35% chord   w i th  a b o a t t a i l  

a n g l e   o f  1 6 O .  Extended-chord   f laps   a re   used  to   ge t   the   no ise   benef i t   o f   the  

i nc reased   f l ow   l eng th   f rom  the   nozz le   t o   t he   t ra i l i ng  edge,  and t h e   f l a p  

in te rna l   b lowing   sys tem  used  in   the   base l ine   con f igura t ion  i s  de leted.  The 

a f t  fan   duc t   no ise   t rea tment  was found t o  be not   necessary,   a l though  there 

i s   p r o v i s i o n   t o   i n c o r p o r a t e   t r e a t m e n t   b o t h   i n   f o r w a r d  and a f t   d i r e c t i o n s .  

Separa t i on   o f   t he   f an  and pr imary   duc t   f low  s t reams  i s   ma in ta ined  r igh t  

up t o   t h e   n o z z l e   d i s c h a r g e   i n   o r d e r   t o   m i n i m i z e   f l o w   s e p a r a t i o n  and o the r  

i n t e r a c t i o n   e f f e c t s .  The pr imary  nozz le i s  s l i g h t l y  S-shaped i n   t h e   s i d e  

v iew  but a c i r c u l a r   c r o s s - s e c t i o n  i s  maintained  throughout.  The des ign 

i nco rpo ra tes   s tee l  honeycomb sandwich w i t h   t h e   f o r w a r d   i n n e r   p o r t i o n   f a b r i -  

ca ted   t o   i nc lude  a per fo ra ted   face   sheet   to   a t tenuate   tu rb ine   no ise .  The 

ou ter   fan   duc t  above the   w ing   sur face   i s   convent iona l   sheet   meta l /s t i f fener  

cons t ruc t i on .  

A long  chord,   h igh-extension  f lap  system was se lec ted .   D i rec t l y   beh ind  

the   eng ine ,   the   f lap   sur face  i s  cont inuous, as  i s  shown i n   f i g u r e  23.  The 

f l a p  system shown i n d i c a t e s  how the  chord  extension  can be obtained. The 

f i r s t  f l a p  segment s l i d e s  back on  a f i x e d   t r a c k .  The  second  segment i s  

mounted t o   t h e  f i r s t  through  another   t rack  which  prov ides  fur ther   extens ion.  

As shown i n  a rep resen ta t i ve   l and ing   con f igu ra t i on ,   t he   ex tens ion ,  measured 
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F i g u r e  22. G e n e r a l   A r r a n g e m e n t ,   B a s e 1   i n e   A i r c r a f t  
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Figure 2 3 .  Nacel le  In 'board  Prof i le 



along  the  upper   sur face,   is  36% of  the  wing  chord.  A t  t akeo f f   t he   ex tens ion  

w i th  t h i s   t r a c k   c o n f i g u r a t i o n   w o u l d  be  about 25% o f   t he   w ing   cho rd .  I t  i s  

expected  that   the  f lap  system shown i n   f i g u r e  23 could be m o d i f i e d   t o   p r o v i d e  

a  40% chord   ex tens ion   bo th   dur ing   takeof f  and landing.  

Noise. - The f l i g h t   p a t h  and f o o t p r i n t   c a l c u l a t e d   f o r   t h e   f i n a l   d e s i g n  

a i r c r a f t   a r e  shown i n   f i g u r e  24.  The t o t a l  90 EPNdB f o o t p r i n t   a r e a   i s  1.83 

km2, considerably  below  the  goal   of  2.59 km2. Typ ica l   t akeo f f   spec t ra   o f   t he  

var ious  no ise  sources  cons idered  in   the  predic t ion  program and o f   t h e  complete 

a i r c r a f t   a r e   p r e s e n t e d   i n   f i g u r e  25. 

THEORETICAL  DEVELOPMENTS 

I t  has  been suggested  from  previous  experimental and a n a l y t i c a l   i n v e s t i -  

g a t i o n s   t h a t   t h e   f l o w   m i x i n g   n o i s e  downstream o f   t h e   t r a i l i n g  edge i s   t h e  

dominant   no ise   source   in   p rac t ica l  USB f l a p  systems.  Therefore, a theory was 

developed  for   the  rad iated  no i .se  generated i n  the  h igh ly   sheared  layer   o f   the 

t r a i l i n g  edge wake o f  USB f l a p s .  The fol lowing  assumptions  were made i n  

deve lop ing   t he   re la t i on  between t h e   f l o w   c h a r a c t e r i s t i c s  and the   rad ia ted  

sound f i e l d .  

1 .  The wake i s   l o c a l l y  two  dimensional   wi th  constant  th ickness, 6 .  

2. Turbulence i s  s p a t i a l l y  homogeneous w i t h   r e s p e c t   t o  any plane 

p a r a l l e l   t o   t h e  shear  layer. 

3. The f l u i d   i n s i d e   t h e   l a y e r   i s  assumed t o  be incompressible. 

The f l uc tua t i ng   p ressu res   i n   t he   shear   l aye r  due to   t u rbu lence   a re   g i ven  

by the   so lu t i on   o f   Po isson ' s   equa t ion .  The d e t a i l s   o f   t h e s e   t h e o r e t i c a l  

developments  are  presented  in   re ference 2. 

Consider ing  on ly   the components o f   f l u c t u a t i n g   p r e s s u r e s   w i t h   s u p e r s o n i c  

phase v e l o c i t y ,   t h e   r a d i a t e d  sound i s   d e r i v e d   u s i n g   t h e  wave equat ion.   With 

reasonable  approximat ions,   the sound  power rad ia ted   per   un i t   f requency   per  
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F igure 25. One-Third  Octave Band S p e c t r a   f o r   B a s e l i n e   A i r c r a f t  
(Takeoff  cond i t ion) 
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u n i t   s o l i d   a n g l e   f r o m  a u n i t   s u r f a c e  of t h e   s h e a r   l a y e r   i n   t h e   d i r e c t i o n  

f rom  the   shear   l aye r   i s   g i ven   by   t he   d i rec t i v i t y   f unc t i on ,  D($ ,w)  as, 

For a f i xed   S t rouha l  number, S = w 6 / U ,  t he   quan t i t i es   i n   square   b racke ts  

a re   no t   expec ted   t o  be s t r o n g l y  dependent on U. To o b t a i n   t h e   t o t a l   n o i s e  

r a d i a t i o n   i n  a f i x e d   d i r e c t i o n ,  i t  i s  necessa ry   t o   i n teg ra te   t he  above  ex- 

p ress ion   over   the   who le   sur face   o f   the   tu rbu len t   shear   layer .  I f  Ls i s   t h e  

e f f e c t i v e   l e n g t h   o f   t h i s   s u r f a c e   a r e a ,   t h e n   t h e   p r o d u c t  ~~6 i s   weak ly  

dependent  on U. T h e r e f o r e ,   t h i s   e q u a t i o n   s u g g e s t s   t h a t   t h e   t r a i l i n g  edge 

no ise   pe r   un i t   f r equency   i s   rough ly   p ropor t i ona l  t o  U 5  (o r  U6  dependence f o r  

. t o t a  1 no i  se power). 

Comparison o f   t h e o r y   w i t h   e x p e r i m e n t a l   d a t a .   I n   o r d e r   t o  compare the 

t h e o r e t i c a l   r e s u l t s   w i t h  measured data,   the  equat ion i s  r e w r i t t e n   i n   t h e  

f o l l o w i n g   s i m p l i f i e d   f o r m :  

where 
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The  unknowns i n  t h i s   e q u a t i o n ,  A i ,  a i 6 ,  and Uc/U wh ich   descr ibe   the   f low 

c h a r a c t e r i s t i c s   i n   t h e   t r a i l i n g  edge wake were   no t   ava i l ab le   f o r  a general 

con f igura t ion .   There fore ,   these  quant i t ies  were  determined  from  the  measured 

t u r b u l e n c e   d a t a   o f   t h i s  program.  The f o l l o w i n g   v a l u e s  were  derived and used: 

Once t h e   v a l u e   o f  C i s  chosen,  however, t h e  sound p ressu re   i n  any d i r e c -  

t i o n  and a t  any  frequency  can  be  determined  (i.e., i s  independent o f  frequency 

and d i r e c t i v i t y ) .  The exper imenta l   da ta   were   ob ta ined  f rom  the   tes ts   o f   the  

USB c o n f i g u r a t i o n   u n d e r   s t a t i c   c o n d i t i o n s   ( w i t h o u t   f r e e   f l o w ) .  A t y p i c a l  

comparison o f  one- th i rd   oc tave  band  sound pressure   leve ls  i s  shown i n   f i g u r e  

26. The d i r e c t i v i t y   p a t t e r n   o f   o n e - t h i r d   o c t a v e  band  sound pressure   leve ls  

a t   cen te r   f requenc ies  o f  400 ,  1600,  and  8300 Hz a r e  shown i n   f i g u r e  27.  From 

these   f i gu res  i t  may be  seen t h a t   t h e r e   i s   v e r y   f a v o r a b l e  agreement  over  most 

o f   t h e   s p e c t r u m   i n   a l l   d i r e c t . i o n s .  

T h i s   a n a l y s i s  was developed fo r   the   no ise   genera ted  by t h e   t u r b u l e n t  

f l o w   m i x i n g  downstream o f   t h e   t r a i l i n g  edge o f  a p r a c t i c a l  USB c o n f i g u r a t i o n .  

S ince   these  ca lcu la ted   resu l ts  compare w e l l   w i t h   t h e  measured USB no ise   da ta  

below  the  wing, i t  may be conc luded. tha t   the   no ise   genera ted  downstream o f  

t h e   t r a i l i n g  edge i s   t h e  dominant  source.  These r e s u l t s   a l s o   i n d i c a t e   t h a t  

t he  sound f i e l d   r a d i a t e d   b e l o w   t h e   w i n g   i s   p r i m a r i l y  a f u n c t i o n   o f   t h e   f l o w  

p a r a m e t e r s   i n   t h e   t r a i l i n g  edge wake. A t  the  present   t ime,  no a n a l y t i c a l   o r  

e x p e r i m e n t a l   d a t a   a r e   a v a i l a b l e   t o   r e l a t e   t h e   t r a i l i n g  edge wake p r o p e r t i e s  

t o   t h e   c o n f i g u r a t i o n   g e o m e t r i c  and operat ional   parameters.   Therefore,  

a d d i t i o n a l  work i s   n e c e s s a r y   t o   e x t e n d   t h i s   t h e o r y   t o  be used i n  a p r a c t i c a l  

no ise  predic t   ion  program. 
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CONCLUSIONS 

Experimental and theore t ica l   s tud ies   were   conducted   to   deve lop  a no i se  

data  base f o r  US6 i n tegra ted   powered- l i f t   sys tems.  The fo l l ow ing   ma jo r  

conc lus ions   a re  drawn  f rom  these  invest igat ions.  

1 .  For a p rac t ica l   upper -sur face   b lown  f lap   con f igura t ion ,   the   tu rbu-  

l e n t   m i x i n g   j u s t  downstream o f  t h e   t r a i l i n g  edge is   the   dominant   no ise   source  

from  the  community  noise  point   of   v iew. 

2. The f a r - f i e l d  sound o f  USB i s   p r i m a r i l y  a f u n c t i o n  o f  t h e   f l o w  

p a r a m e t e r s   i n   t h e   t r a i l i n g  edge wake.  These pa ramete rs   a re   p r imar i l y  

, f u n c t i o n s   o f   j e t   e x i t   v e l o c i t y .  

3 .  T u r b u l e n c e   i n t e n s i t y   i n   t h e   t r a i l i n g  edge wake can be decreased  by 

inc reas ing   the   nozz le  impingement  angle and f l ow   l eng th .   Th i s   reduc t i on  i n  

tu rbu lence  tends   to   reduce  the   rad ia ted   no ise .  

4. The r a t i o  o f  f l o w   p a t h   l e n g t h   t o   t h e   h y d r a u l i c   d i a m e t e r   o f   t h e  

nozz le  appears  to  be a  good parameter t o   d e s c r i b e   t h e   f l o w   c h a r a c t e r i s t i c s  

a t   t h e   t r a i l i n g  edge  and t h e   r a d i a t e d   n o i s e   c h a r a c t e r i s t i c s .  

5. The nozz le shape  has some i n f l u e n c e  on t h e   r a d i a t e d   n o i s e ,   p a r t i c u -  

l a r l y   i n   t h e   m i d   f r e q u e n c i e s .  As t he   nozz le   aspec t   ra t i o   i nc reases ,   t he   no i se  

levels  decrease,  because  of  improved  f low  spreading on t h e   f l a p   s u r f a c e .  

6. For   geometr ica l ly   s imi lar   models ,   the  no ise  data  can be scaled  by 

assuming  the sound p r e s s u r e   i s   d i r e c t l y   p r o p o r t i o n a l   t o   t h e   n o z z l e   e x i t   a r e a  

and the   f requency   i s   i nve rse l y   p ropor t i ona l   t o   t he   square   roo t   o f   t he   nozz le  

area. 

7. I n   a d d i t i o n   t o   j e t   v e l o c i t y ,   t h e   f l o w   p a t h  

d i r e c t i o n   i n   t h e   t r a i l i n g  edge wake are   the   impor tan t  

t h e   n o i s e   c h a r a c t e r i s t i c s .  
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8. One of  the  ways of reduc ing   rad ia ted   no i se   i s  t o  mod i fy   the  wake 

shear  layer so tha t   the   tu rbu lence  genera t ion   i s   reduced.  Secondary  blowing 

from a s l o t  on t h e   u p p e r   s u r f a c e   j u s t   u p s t r e a m   o f   t h e   f l a p   t r a i l i n g  edge i s  

such a m o d i f i e r  and appears t o  have p o t e n t i a l   f o r   r e d u c i n g  U S B  noise. 

9. Forward  speed general ly  decreases  low-frequency  noise. I t  has 

l i t t l e   e f f e c t   a t   t h e   h i g h   f r e q u e n c i e s   a t  most locat ions,   but   causes  an 

inc rease  in   h igh   f requency   no ise   a t   the   ex t reme  a f t   quadrant   (beh ind   the  

wing) . 

10. USB n o i s e   l e v e l s   p r e d i c t e d   u s i n g   t h e   e m p i r i c a l  method  compare 

f a v o r a b l y   w i t h   v a r i o u s   a v a i l a b l e   s t a t i c   t e s t   d a t a .  

1 1 .  USB a i r c r a f t   d e s i g n   s t u d i e s  were  conducted  using  the  empir ical  

n o i s e   p r e d i c t i o n  program.  Cruise  performance was ca l cu la ted   us ing   t he   recen t  

data base  developed a t  Lockheed  under NASA Contract  No. NAS1-13871. Design 

s tud ies   i nd i ca te   t ha t   by   i nco rpo ra t i ng  a j e t  exhaust  nozzle w i th  an aspect 

r a t i o   o f  4 o r  6 and  an  extended f l a p ,  a p r a c t i c a l  USB a i r c r a f t  can  have a 

90 EPNdB footpr in t   area  as  smal l   as 1.2 km2. Th is   des ign   i s   co  

acceptable  aero-propuls ion  performance  requirements.  

12. The n o i s e   c h a r a c t e r i s t i c s   p r e d i c t e d   u s i n g   t h e   t h e o r e t  

,pat i b l e   w i t h  

c a l  model f o r  

t r a i l i n g  edge noise compared r a t h e r   f a v o r a b l y   w i t h  measured data.  However, 

f u r t h e r  developments o f  t h e   t h e o r y   a r e   n e c e s s a r y   i n   o r d e r   f o r  i t  t o  be 

g e n e r a l l y   u s e f u l   i n  USB n o i s e   p r e d i c t i o n .  
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