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A METHOD FOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACALCULATING 
EXTERNALLY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABLOWN FLAP XOISE 

Martin R .  Fink 
United  Technologies  Research  Centgr 

SUMMARY 

A method i s  descr ibed  for   calculat ing  external ly blown f lap  no ise as a 
sum of several  simple  basic  noise components.  These  components are (1) com- 
pact lift dipoles  associated  wi th  the wing  and f l aps ,  (2 )  t r a i l i n g  edge  noise 
assoc ia ted   w i th   the   las t   t ra i l ing  edge, and (3) quadrupole  noise  associated 
with  the  undeflected  exhaust  jet,   deflect ion by a f lap  sur face or nozzle  de- 
f lect ing  sur face,  and the   f ree   je t   loca ted  downstream  of t h e   t r a i l i n g  edge. 
These noise components are combined t o  allow  prediction of d i r e c t i v i t y  and 
spectra  for  under-the-wing (UTW) slotted  f laps  with  conventional or mixer 
nozzles, UlW slot less  f laps,  upper-surface-blowing (USB) s l o t l e s s   f l a p s ,  and 
engine-in-front-of-the-wing  slotted  f laps. The development of t h i s  method 
as p a r t  of a four-year  ef for t  under this Contract i s  described. A d i g i t a l  
computer  program l i s t i n g  i s  given  for this calculat ion method. 

D i rec t i v i t i es  and spectra  calculated by t h i s  method, the  current NASA 
MOP method,  and a method developed by Lockheed-Georgia Co. a r e  compared 
w i th   f ree- f ie ld   da ta   fo r  U'IW and USB conf igurat ions  recent ly  tested by NASA 
Lewis Research  Center.  These  data had not been part   of   the  data  base used i n  
development of these  three methods. The UTRC method best  predicted  the 
d e t a i l s  of the measured  noise  emission,  but  the AXOP method best  est imated 
the   no ise   leve ls   d i rec t l y  below these  configurations. 
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INTRODUCTION 

Noise  generated  by  stationary  solid  bodies i n  the  presence of the  
turbulent   a i r f low  in   fan  ducts  i s  a  ma,jor part   of   the  noise of ins ta l led  
turbofan  aircraf t   engines. For example, acous t i ca l l y   t rea ted   sp l i t t e rs  
wi th in  the  engine  in let  and exhaust  ducts can attenuate  turbomachinery  noise 
but  produce  noise a t   t h e i r  edges.  Internal struts, necessary  for   s t ructura l  
support of the  engine and s p l i t t e r s ,   a r e   l i k e l y   t o  be  immersed in  high-veloc- 
i ty   turbulent   engine  a i r f lows.  Turbofan s ta to r   b lades   a re   sub jec ted   to  
f luctuat ing wakes produced by the  fan  rotor  b lade. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor STOL a i r c r a f t ,  
external ly  blown f laps  def lect   engine  exi t   a i r f low  in  order  to  generate 
addi t ional  wing l i f t  f o r c e   a t  low f l igh t   speeds.   In   a l l   these  cases ,  a so l id  
sur face  o f   f in i te   extent  i s  scrubbed by air f low  containing  veloci ty and 
pressure  f luctuat ions.  The  same basic  aeroacoustic mechanisms should be pre- 
sent   for  a l l  of  these  examples. 

The subject  of t h i s   r e p o r t  i s  predic t ion of noise  caused by ex terna l l y  
blown flaps.  This  comprised  the major portion  of  the  investigation  conducted 
under this  four-year  contract.  Experiments  with  simple  configurations were 
ut i l ized  to   develop  s imple  analy t ica l  models of   several   noninteract ing  noise 
components. Some components could, i n  concept, be calculated by r igorous 
methods. Such a theory would be extremely complex and i s  not  present ly 
ava i lab le   fo r   ex te rna l l y  blown f laps.  Therefore a semi-empirical  noise 
component  method fo r   ex te rna l l y  blown f l a p  (EBF) noise was developed  instead. 
This UTRC method can  be  applied t o  under-the-wing s l o t l e s s  or s lo t ted   f l aps  
and conventional zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor mixer nozzles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, upper -surface-blowing  configurations  with 
uniform  exhaust'  flow , and  engine-in-front-of  -the-wing  installations.  Other 
predict ion methods a l s o   e x i s t   f o r  some of  these  types of EBF configurations. 
A l l  of these methods are  described and are  evaluated  herein by  comparing t h e i r  
predict ions  wi th NASA-designated f r e e   f i e l d   d a t a   f o r  a range  of EBF configu- 
ra t ions .  These recent  data had not been  used i n  development  of these methods, 
so t ha t   t he  comparison-would  not  be  biased.  Crosscorrelation measurements 
to   ident i fy   no ise  source  locat ions  are  repor ted  in  Appendix D herein.  

A companion f inal   report   descr ibes  the  remainder  of   the  contract   ef for t ,  
devoted  toward  the  development  of a method for   predic t ing and  reducing  noise 
rad iat ion from  gas turbine  engine  struts and. s p l i t t e r s .  

Ed i to r ia l  review of  this  Contractor  Report w a s  performed at  NASA Lewis 
Research  Center  and by colleagues  within UTRC i n   o rde r   t o   assu re   c la r i t y  of 
ideas  expressed.  Drafts  of t h i s  repor t  were a l so  reviewed by persons at 
NASA Lewis Research  Center  and at  Lockheed-Georgia Co.  who have  developed 
competing  methods, in   o rder   to   assure   cor rec t   eva lua t ion   o f   the i r  ZBF noise 
predict ion methods. 



DESCRIPTIOlV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF' Tm UTRC EBF NOISE m D I C T f O N  MET€IOD 

Development of  Analysis Under This  Contract 

The  work conducted  under th is  Contract  was based on an  ear l ier   no ise 
component  method developed a t  UTRC and f i r s t  presented  in  reference 1. That 
method had regarded  under-the-wing (UTW) externaly flown f l a p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(EBF) noise as 
a sum of three  types of noise components.  Scrubbing noise as described 
there in  was taken  to  be a l i f t  dipole  noise  act ing on the  wing  and f l a p  
panels  scrubbed  by  the  exhaust  jet. The noise  generating  process was taken 
as that  descr ibed by  Sharland  (reference 2)  for  noise  produced by a turbulent 
boundary layer on an a i r fo i l   sur face .  Such noise was assumed propor t ional   to  
ve loc i ty   ra ised   to   the   s ix th  power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, surface  area  scrubbed  by  the  jet, and 
surface  pressure  f luctuation  squared.  Pressure  f luctuations on t h e   f l a p  
surfaces were  assumed equal t o  those  for   the  f ree- je t  mixing region,  an  order 
of magnitude larger  than  those  for  an  attached boundary layer .  It was shown 
that  equation (10) of  reference 2 predicted  lobes  of  f lap-generated l i f t  
dipole  noise  that   general ly matched the  avai lab le EBF no ise   da ta   a t  low ex- 
haust  veloci t ies  for   d i rect ions above  and below the  f laps.  Another noise 
component was quadrupole  noise  generated  by  deflection of the  exhaust je t .  
Th is  noise  contr ibution was evaluated from the  data  of   reference 3 f o r  a j e t  
def lected by a la rge   f la t   sur face .   S lo t ted  and s l o t l e s s  U'IW configurations 
were noted t o  have approximately  equal  peaks  of  quadrupole-like  noise a t  
shallow  angles  above and below the   de f lec ted   je t .  Measured de f l ec ted   j e t  
noise  radiat ion was therefore assumed to   app ly  a t  both  these  direct ions  de- 
spite  lack  of  an  explanation  for  the  upward-radiated  noise. The sum of these 
quadrupoie and l ift dipole components general ly matched the  avai lab le  data 
except  for  underprediction of noise measured in   t he  upper forward  quadrant. 
The only  noise  generating  process that  i s  s t ronges t   a t   d i rec t ions   oppos i te   to  
the   de f lec ted   f lap   t ra i l ing  edge would be t r a i l i n g  edge  noise.  This  addi- 
t ional   no ise component therefore had been assumed i n   o r d e r   t o  match  measured 
U'IW di rect iv i ty   shapes  in  a l l  quadrants. 

The f i rst f i sca l   yea r ' s  work  under th is  Contract ,   reported  in  references 
4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  and 6, consisted  of  experiments  directed  toward  evaluating  the  several 
avai lab le  theor ies  for   inc idence  f luctuat ion  no ise,   t ra i l ing  edge  no ise,  and 
scrubbing  noise.  Results  for  incidence  f luctuation  noise  were  presented i n  
reference 5 .  That  port ion  of  the  Contract  effort,  and addit ional  Contract 
e f for t   d i rected  to   predic t ing  no ise  generated by struts and s p l i t t e r   r i n g s  
wi thin  turbofan  exi t   ducts,  i s  summarized in   re ference 7. The study of 
t r a i l i n g  edge noise was also  presented  in   re ference 5 .  Those data,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 / 3  
of the  summary data  given by  Hayden i n  reference 8, were  found t o  substan- 
t ia te  the  funct ional  dependence of t r a i l i n g  edge noise  developed by 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ffowcs Williams and Hall (reference 9) and  by Chase (reference 10). They d id  
not  agree  with  the dependence s ta ted  by Hayden i n   re fe rences  8 and 11. 
(Hayden has  published a rebut ta l   in   re ference  12 which presents   h is   data  for  
the  characterist ic  decay  f low  regime, which agrees  with  his  equation and was 
not shown in   re ference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. That  comparison did  not   contain  h is  data  of  
reference 8 f o r  a large  range  of  velocities i n  the   po ten t ia l   core   o r   rad ia l  
decay  regimes, shown in   f i gu res  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19 and 20 of reference 4 and i n   f i g u r e  6 of 
reference 5. ) 

The study  of  scrubbing  noise,  published  in  references 4 and 6, had a 
major e f f e c t  on the EBF noise  calculat ion method developed  under t h i s  
Contract. It was shown by crosscorrelat ion  experiments  that  regions  of  the 
f lap  sur face which experienced  large  f luctuations  of  stat ic  pressure were not 
strong  generators  of  noise.  This result i s  frequently found in   crosscorre la-  
t ion  experiments, as noted i n  Siddon's  basic  studies  (reference 13) of sur- 
face-radiated  noise. It contradicted  the major noise  process assumed i n  
reference 1. Variat ion  of m a x i m u m  normalized  crosscorrelat ion  coeff icient 
wi th  chordwise  position and variat ion,  with  chordwise  posit ion, of the times 
a t  which maximum f irst derivat ive of crosscorrelat ion  coeff icient  occurred, 
were ut i l ized  to   develop a dif ferent  descript ion  of  this  noise  process  during 
the second f iscal  year.  This  concept  also  ut i l ized  the  then-recent  concepts 
of   large-scale  vortex  structure  in a UTW exhaust j e t  as influenced by feed- 
back  from the downstream sol id  surface  (reference 14) .  These vortexes,  con- 
vected  past  the wing and f lap  sur faces,  were  assumed t o  induce l i f t  force 
f luctuat ions on those  surfaces.  Strength  of  the lift force  f luctuat ion and 

therefore  the  noise  radiat ion depended  on distance between the  vor tex  t ra jec-  
t o r y  and the  surface. The f i rst year's  study  of  incidence  f luctuation  noise 
provided  analyt ical   just i f icat ion  of   the  empir ical ly assumed asymptotic 
spectrum  slopes a t   l a r g e  and small Strouhal numbers for   th is  noise  concept.  
The explanation  developed a t  NASA (reference 15) to   expla in   the measured 
variat ion  of UTW noise  wi th  exhaust  veloci ty  to  the 6.7 power rather  than 
s i x th  power was also  inc luded  for   th is  component. That i s ,  local  exhaust 
veloci ty as calcu lated  for   the  nozz le  ex i t  Mach number and f l a p   t r a i l i n g  edge 
locat ion was taken as the  re levant  flow veloci ty.  

During t h i s  second f i sca l   year ,  a method was developed for   predic t ing 
the  increased  quadrupole  noise  caused by  an  exhaust j e t  impinging  against a 
f lap  surface.  This  calculat ion  procedure used t h e  NASA-developed  method of 
reference 16 for   no ise  rad iated by an i so la ted   j e t .  It was shown t h a t  i f  
th is   no ise  was increased by an amount proport ional   to  s ine  squared of def lec- 
t ion  angle,  and the   d i rec t i v i t y   pa t te rn  was rotated  through  that  angle,  the 
data of reference 3 could be closely matched. OASPL d i r e c t i v i t i e s  and S/3 
octave  spectrum  shapes were then  calculated  for most of the  small-scale EBF 
conf igurat ions  tested a t  NASA Lew is  Research  Center. A detai led  descr ipt ion 
of the  calculat ion method,  and comparisons between predict ions and data, were 



given  in  reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17. Sketches of the  twelve  small-scale EBF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

which  form the  data  base from  which t h i s  UTRC method  was develo! 
i n  Table I. 

TABLE I 

EXTERNALLY BLWN FLAP MODELS FOR COMPARISON 
OF MEASURED AND PRFDICTED NOISE 

Sketch Des- Sketch 

m, 60° f l a p  
slot less wing 

UTW, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60° f l ap  
vary  diameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

m, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60' f l a p  -\ 
vary  posi t ion 

Front  of wing 
20° and 60° 
f l a p  

- 



During t h e   t h i r d  f i sca l  year, the  calculat ion method was modifed t o  
account   fo r   the   fac t   tha t  a l l  the  reference  data  base had  been  obtained  under 
nonfree-field test  conditions.  Crosscorrelations among s.urface pressures on 
f l a p  upper and lawer surfaces, and f a r  f ie ld   acoust ic   pressures,  were conduc- 
ted  for   both VI% and upper surface blowing (USB) configurations. These 
results general ly  val idated  the assumed conceptual model. Noise ca lcu lat ions 
were conducted for  large-scale UTW and USB EBF conf igurat ions  tested a t  NASA 
Lewis Research  Center  and  corrected t o  f ree f i e l d .  Comparisons wi th   these 
U'IW and USB data ,   fo r  which the  exhaust j e t  was e i t h e r  a nominally  half- 
scale  cold j e t  or a TF-34 engine, were given  in  reference 18. The UTRC 
method fo r   ca l cu la t i ng  EBF noise was frozen a t  t h i s  time, except  for two 
changes.  Forward f l i g h t   e f f e c t s  were included l a te r  t h i s   t h i r d  year. &e- 
dict ion  of   noise  radiat ion  f rom U'IW s l o t l e s s  wings was modified  during  the 
fourth  year  because  of  poor  agreement  found  during  the  third year. A t  t h i s  
time the  calculat ion  procedure  consisted  of two separate  t ime-shar ing  digi ta l  
computer  programs,  one fo r  OASPL d i r e c t i v i t y  of  each  noise component and  of 
t h e i r  sum, and one f o r  spectrum.  Considerable  manual e f f o r t  was needed i n  
preparing  inputs  for  each program.  Forward f l i g h t   e f f e c t s  on l oca l  flow 
propert ies,   surface  pressure  f luctuat ions,  and fa r   f ie ld   acous t ic   p ressures  
were measured in   an   acous t ic  wind tunnel   for  a range  of  exhaust  velocit ies 
a t  d i f f e r e n t   r a t i o s  of f l i gh t   ve loc i ty   to   exhaust   ve loc i ty .  A method was 
developed fo r   ca lcu la t ing   the   resu l t ing   e f fec ts   o f  forward f l i g h t  on various 
noise components. One unexpected resul t  was that  the  spectrum  of USB sur" 
face-radiated  noise i s  decreased  in  amplitude and sh i f t ed   t o   h ighe r   f re -  
quency. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFull scale  spect ra,  a t  high-annoyance  frequencies,  also  decrease  in 
amplitude as frequency i s  increased. The resul t  i s  a large  predicted  noise 
reduction a t  low frequencies, where the   con t r ibu t ion   to  annoyance i s  small, 
and negl ig ib le  forward  f l ight   ef fect  on high-annoyance  noise.  This  predicted 
behavior i s  substant iated by data.  The UTRC method for   predic t ing EBF noise 
was modified t o  include  these  predicted  ef fects of  forward f l i g h t .  Results 
obtained  during  the  third f isca l  year were presented  in  reference 18. Papers 
containing  port ions  of  the  results were  given in   re ferences 19 and 20. 

Activi t ies  conducted on EBF noise  dur ing  the  four th   ( f ina l )   f isca l   year  
included a t es t  program t o  examine USB noise  source  locations  by  crosscorre- 
l a t i o n  of loca l   ve loc i ty   f luc tuat ions and far - f ie ld   acoust ic   pressures.  The 
noise  calculat ion method developed  by Tam and Reddy in   re fe rence 21  had 
assumed t h a t  one of   the dominant  components of USB noise i s  t he  flow  mixing 
process  in  the  highly  sheared  region downstream of t he  t r a i l i n g  edge  and below 
the  deflected  exhaust j e t .  Instead,  the  crosscorrelat ion results presented 
i n  APPENDIX D herein  indicated  that   the  noise was associated  with  large- 
scale  structure  of   the  exhaust j e t  t h a t   e x i s t e d   i n   t h e  wing  upper-surface 
boundary layer .  These  convected  eddies  produced  noise  only as they moved 
pas t   t he   t ra i l i ng  edge. A s  another   task,   the  severa l   par ts   o f   the  compter  
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programs f o r  EBF noise as used i n   l a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1975 were combined i n t o  one FORTRAN 
program,  and a geometr ic  error  in  calculat ing  the  ef fect   of   azimuth  angle was 
corrected.  This program calculates OASPL and 1/3 octave  spectrum  for  ranges 
of polar  angle and azimuth  angle  specified by the  input ,   for  UTW configura- 
t ions   tha t  can  have  conventional zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor mixer nozzles and s lo t ted  or s l o t l e s s  
wings, USB configurations, or engine-in-front-of-wing  configurations.  Calcu- 
l a t i ons  were compared with  free-f ield  data  obtained  by NASA Lewis Research 
Center and wi th   l imi ted  addi t ional   data.   Resul ts   for   th is   four th  year a r e  
presented  herein;   port ions  of   the  resul ts were presented in   re fe rences  19 and 
22. 

Assumptions  Within UTRC Method 

Basic  Concepts 

The noise component method descr ibed  in   th is   repor t   ca lcu la tes   the   to ta l  
noise  as a sum of  several components which are acoustical ly  but  not  aerody- 
namically  independent. I n  i t s  i n i t i a l  development,  each component had the 
analyt ical ly  predicted  funct ional   propert ies  of   noise  radiat ion from a simpli-  
f ied  physical   s i tuat ion.  If a fundamental  analysis  existed  for  noise  radia- 
t i o n  from sur faces  in  nonuniform  flow, and i f  spat ia l   d is t r ibu t ions  of mean 
veloci ty and turbulence  spectrum were known f o r  each EBF configuration,  then 
the  noise  radiated by each component could  be calculated  rigorously.  This 
information i s  not  presently  avai lable.  Empir ical  constants  therefore have 
been  developed i n  the  analyt ical  descript ion  of  each  noise component.  These 
constants  represent a combination  of  both  the unknown local  exhaust  proper- 
t i e s  of the  def lected  je t  (mean veloci t ies,   turbulence rms amplitudes, and 
turbulence  integral   scale  lengths) and the unknown interact ions between 
adjacent  f lap segments. From this  viewpoint,  the same basic  simple  noise 
components are assumed t o  occur for  UTW s lo t ted  or s l o t l e s s  EBF configura- 
t ions  with  conventional or mixer nozzles and fo r  USB configurations. Ampli- 
tude of each  noise component i s  ca lcu lated  for   the  spec i f ic  geometry  of  each 
case, and the   resu l t ing  OASPL'S and spectra for a l l  components are  sumed as 
s t a t i s t i c a l l y  independent  quantities. 

Noise rad iat ion from surfaces i n  turbulent flow can  have d i f f e ren t  
behavior  depending on the  relat ive  s izes  of   the  chord,   turbulence, and acous- 
t i c  wavelength. One convenient  approximation  used in  reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 was t o  
compare measured noise  radiat ion  patterns  wi th  those  predicted  for  two 
l imit ing  cases:  very small and  very  large  chord relat ive to   turbulence  sca le 
length and acoustic  wavelength. The EBF noise  predict ion method given  herein, 
denoted as the UTRC method, approx imates  the  actua l   no ise  d i rect iv i ty   pat tern 
of  surface-radiated  noise as a sum of  those two l imit ing  cases. The limit of 
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very zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsmall chord is  ca l led   f luc tua t ing  l i f t  noise, and that  of   very  large 
chord i s  ca l l ed   t ra i l i ng  edge noise.  Functional  dependence  of  noise  ampli- 
tude i s  taken from theory;  absolute level  had been  picked t o  match selected 
EBF data. The empirical  agreement  with  data was improved i f  another compo- 
nent,   having  the  d i rect iv i ty  shape and general  behavior of j e t  mixing  noise 
rotated  through  the  exhaust  deflect ion  angle, was also  included. 

Typ ica l   d i rec t i v i t y   pa t te rns  and relat ive  ampl i tudes are sketched i n  
f igure 1 for  each  of   these assumed noise mechanisms as it occurs  for UlW and 
USB configurations.  Fluctuating l i f t  noise,  also  cal led  scrubbing  noise  or 
inflow  noise, is sketched i n   t h e  upper p a r t  of t h i s   f i gu re .  It i s  defined as 
an acoust ica l ly  compact l i f t  dipole  noise  oriented  perpendicular  to  each 
chordwise segment of t he  wing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs shown experimental ly  in  references zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 
6, loca l   f luc tuat ions  o f   a i r fo i l   loading  occurred which  were  coherent  along 
the  width of the  region  scrubbed  by  the  exhaust j e t .  They moved downstream 
along  the  surface a t  the eddy convection  velocity of about 8% of l o c a l  maxi- 
mum velocity.  Local  pressure  f luctuations  induced by this  process  resemble 
those  caused by discrete  vort ices  convected  past an i so la ted   a i r f o i l .  Ampli- 
tudes of these  pressure  f luctuat ions  are small compared with  pressure  f luc- 
tuations  generated by the  shear-layer  mixing  process and impressed  onto  the 
ad.iacent  surface. Thus the  regions  having  strongest  surface  pressure  f luc- 
tuations  general ly do not  have  strongest  local  noise  source  strength. This 

resu l t   tha t   loca l   d ipo le   no ise   rad ia t ion  i s  not  necessar i ly   proport ional   to 
local   surface  pressure  f luctuat ion has  been  found in  other  studies  (e.g. ,  
reference 13) of  noise  generation  processes  investigated by crosscorrelat ion 
techniques. 

A s  sketched i n   t h e  upper par t   o f   th is   f igure ,   fa r - f ie ld  l i f t  f luc tuat ion 
noise from the  undeflected  portion of a wing and from  each separately  def lec- 
t ed  chordwise f l a p  segment was represented  by a separate  dipole. Because  an 
u?w f l a p  (upper l e f t  sketch) i s  def lected  in to   the  je t   exhaust  and therefore 
c loser  to  the  hypothet ical   outer edge  of the  je t ,   the  d ipo le  assoc iated 
wi th   the a f t  f l a p  segment i s  re la t ive ly   s t rong.   In   cont rast ,   an USB f l a p  
(upper  r ight  sketch) i s  def lected away from the j e t  exhaust. I ts  strongest 
assumed dipole  tends t o  be t h a t  from the  undeflected  part of the wing. 

Trai l ing edge noise,  sketched  in  the second row from the  top,  has a 
d i rec t i v i t y   pa t te rn   t ha t  i s  st rongest   d i rect ly  upstream from the  deflected 
t r a i l i n g  edge.  Other  propert ies  of  trai l ing edge noise are dkscussed i n   r e f -  
erences 4 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  Noise  generated a t  intermediate  trai l ing  edges  such as t h a t  
of the  undeflected  forward  part of the wing was neglected. Thus the  calcula- 
t i on  method developed  here  does  not  predict more t r a i l i n g  edge noise  for  mul- 
t ip le   s lo t ted   f laps   than  fo r   s ing le   s lo t ted  or unslotted  f laps. The t r a i l i n g  
edge noise component was included  because i t s  d i rec t iv i t y   pa t te rn   tends   to  
fill the  gap  in   the upper forward  quadrant between lobes of f luctuat ing lift 
noise, and thus  produce be t te r  agreement  between predict ions and data. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Quadrupole  noise,  sketched i n   t h e  th i rd  row, i s  represented as a sum of 

three components for   both UTW and USB ins ta l l a t i ons .  One component i s  the 
j e t  mixing noise from  undistorted,  undeflected  parts  of  the  exhaust jet .  
This  noise is. calcu lated  for  t he  isolated  exhaust  nozzle and increased 2 dB 
t o  account  for  ref lect ion  of  noise by the wing surface. Such noise i s  
radiated beneath  the UTW and  above  an USB configuration. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu1[w i ns ta l l a t i ons  
also  generate a quadrupole  noise from the  region where t h e   j e t  i s  deflected 
by the  f lap.   This  noise was cal led  impact  noise  in  references 24 and  25.  For 
conventional UTW instal lat ions,   th is  quadrupole  noise  generated  by  def lect ion 
o f   the   je t  i s  stronger  than  that  from the  undeflected je t .  This noise i s  
radiated  both  above and below s lo t ted   f l aps .  USB configurations  generate a 
similar  increase  of  noise,  radiated  only above the wing and . f l ap ,  caused  by 
def lect ion of the  exhaust  jet  through  the  nozzle  roof  angle or cant  angle. 
Both types  of  configurations  produce  additional  quadrupole  noise from the 
shear  layer  that  forms  beneath  the  deflected  exhaust  jet downstream of  the 
t r a i l i n g  edge.  Final ly,  as  sketched  in  the  lower  r ight  port ion  of  the  f igure, 
external  f low  deflect ion  devices which produce  attached  flow  of  the USB ex- 
h a u s t  j e t   t o   t h e   d e f l e c t e d   f l a p  can radiate  noise.  Flow deflectors  can gen- 

erate  high-frequency  dipole  noise which is  usual ly  shielded  by  the wing, b u t  
some of t h i s  noise can  be radiated below the wing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

This  empirical  analysis models the  exhaust j e t   a s  a l i n e  of d i sc re te  
vortexes a t  t h e   j e t  edge. Discrete  vort ices  convected  along  an  air fo i l   are 
known t o  induce  local  loadings  concentrated  near  the  vortex. The loading 
strength i s  a function  of  vortex  chordwise  position and varies  approximately 
inversely  with  distance between the  vortex and surface a t  constant  chord. 
Too close a spacirg w i l l  cause  viscous  dissipation  of  the  vortex,  reducing 
the scrubbing  noise. If the  spectrum  of  vortex  strength i s  tha t  f o r   j e t  t u r -  
bulence and the l i f t  force  response i s  t h a t   f o r  a discrete  vortex  in  subsonic 
compressible  flow, power spectral   densi ty  of   an  acoust ical ly compact source 
should  vary as frequency  squared a t  low reduced  frequencies and frequency t o  
the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-7/3 power a t  high  reduced  frequencies. The resu l t i ng  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/3 octave  slopes 
of 9 dB/octave  and -4 dB/octave fo r  low and high  reduced  frequencies,  along 
w i th   d ipo le   d i rec t i v i t y  and dependence on l o c a l   v e l o c i t y   t o   t h e   s i x t h  power, 
are  typical   propert ies  of   observed  f luctuat ing lift noise. 

The concept  of  f luctuating l i f t  noise as a l i f t  dipole  noise  radiated on 
both  sides of a wing  and def lected  f lap,  b u t  generated by hypothetical  coher- 
en t   vor t i ces   in   the   exhaust   je t  on one s ide of t h e  wing  and f l ap ,  i s  funda- 
mental to   the   p red ic t ion  method. This  explanation was val idated by t e s t s  
descr ibed  in  reference 4 i n  which fa r - f ie ld   spec t ra  measured on both sides of 
a wing were compared. If t h i s  concept i s  correct ,   spectra measured on the 
side opposite  from  the j e t  should have a sum of  trai l ing-edge  noise and lift- 
dipole  noise.  Spectra measured at  t h e  same angle from t he  wing chord  plane, 
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b u t  on the  s ide  ad jacent   to   the  exhaust  j e t ,  should  be  the sum of those two 
noise  processes plus j e t  mixing  no ise  rad iated  d i rect ly   to   the far f i e l d  and 
j e t  mixing noise  re f lected from the wing t o   t h e  far f ie ld .  To test  t h i s  
assumption,  spectra measured both  above  and below an  undeflected wing tangent 
t o  an exhaust j e t  were compared i n   f i g u r e  34 of  reference 4. Spectra  for   the 
isolated  nozzle a t  t h e  same direct ion  angles and pressure   ra t ios   a lso  were 
shown. Par t   o f   th is   f igure   fo r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250 m/sec exhaust  velocity is reproduced as 
f igure 2 herein. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAt di rect ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60° and 90' from  upstream, spectra measured 
on the   s ide   ad jacent   to   the  j e t  (dot ted  l ine)  were c losely  predicted 
( c i r c les )  by taking  the  spectra  for  the  nozzle  alone  (dash  l ine),  adding 3 dB 
fo r   re f lec t ion   o f   je t   no ise  from the wing, and adding  that sum t o   t he   spec -  
t r u m  measured  on the  sh ie lded  s ide  (so l id   l ine) .   Fur ther  comparisons  of 
spectra measured on the  shielded  s ide a t  d i f fe ren t   d i rec t ions  and exhaust 
veloci t ies,   descr ibed  in  reference 4, substant iated  that   those  spectra were 
a sum of two simpler  spectra. One of  these components  had m a x i m u m  amplitude 
a t  a r e l a t i v e l y  low frequency,  decayed  rapidly i n  amplitude a t  higher  f re-  
quencies, and  had the  f i f th-power  velocity dependence  and car t io id   d i rec t ion-  
angle dependence o f   t r a i l i n g  edge noise. The other component had a broader 
spectrum  shape  with less  rapid  high-frequency  decay. I t s  amplitude  varied 
w i th   ve loc i ty   to   the   s ix th  power,  and i t s  d i r e c t i v i t y  was tha t   o f  a l i f t  
dipole.   Th is   la t ter   no ise component i s  what has  been  described  herein  as 
f luctuat ing l i f t  noise. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

'3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

UTW Slotted Wing 

Geometric propert ies of a UTW s lo t ted  wing are  given  (f igure 43) by the 
number of f lap   s lo ts ,   lead ing  edge ordinates  for   the wing and each f lap  panel  
r e l a t i v e   t o   t h e   c e n t e r  of   the  nozzle  exi t ,   def lect ion  of   the wing chord l i n e  
re la t i ve   to   the   nozz le   cen ter l ine  and o f   each  f lap   re la t i ve   to   the  wing chord 
l i ne ,  and chord  of t h e   l a s t   f l a p  segment. If aerodynamic data are   ava i lab le  
for   the  ef fect ive  turning  angle  of   the  f lap segment, def lect ion  angle of the 
last f l a p  segment i s  taken as t h i s  aerodynamic  angle  rather  than  the geom- 
metric  angle. Chord of t he  wing, and of a l l  b u t  the las t  f l a p  segment , i s  
taken as the  d is tance from i t s  leading edge to   the  next   leading edge. How- 
ever ,   t ra i l ing  edge locat ion i s  calculated from chord  and the  input  def lec- 
t ion  angle.  The computer  program  can accept up t o   f o u r  chordwise f lap  seg-  
ments  (quadrupole s lo t ted   f l aps ) .  U'IW wings w i th   re t rac ted   f laps   a re   d is -  
cussed in   the  fo l lowing  sect ion  ent i t led "UTW S lo t l ess  Wings". 

A hypothet ical   l ine  of   vort ices i s  assumed t o  induce l i f t  force  f luc-  
tuat ions on the wing  and f l a p  segments.  Vortex t ra jec to ry  i s  taken  as a 
s t ra ight   l ine,   para l le l   to   the  nozz le  center l ine,   extending downstream  from 
the  nozzle lower l i p   u n t i l  it gets  wi th in  hal f  a diameter  of  the  f lap  surface. 
If the wing or f lap  extends below the  nozzle  centerl ine,  the  vortex 
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t r a jec to ry  becomes p a r a l l e l   t o  the f lap chord l i n e  and displaced  half  a 
diameter away from it. 

L i f t  force f luctuation  caused  by a vortex  convected  past  an  a i r fo i l  i s  
known to  vary   inverse ly  w i t h  distance of closest  approach.  Noise  radiation 
is  assumed to  vary  wi th  force  f luctuat ion  squared and therefore  d i rect ly   wi th  
the  product  of  nozzle  diameter and t o t a l  chord  and  inversely  with  average 
distance  squared. For each  chordwise  segment,  the  average  value  of  inverse 
distance  squared,  h-2, is  taken as the  average of th is   quant i t y   eva lua ted   a t  
the segment leading and t r a i l i n g  edge.  Spreading of the  exhaust j e t  by the 
def lected  f laps was neglected, so  the mean square  acoustic  pressure from each 
segment i s  assumed proport ional  to  the  product  of segment chord and nozzle 
diameter  divided by far f ie ld  d istance  squared. Noise  amplitude  caused by a 
vortex  distance  of one diameter was se lec ted   t o  match data from reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
for  a wing wi th  re t racted  f laps.  By varying  the assumed t ra jec to ry ,  the vor- 
tex minimum displacement of half a nozzle  diameter was in fer red  as t h a t  value 

which  would predic t   the measured noise  increase  reported  in  reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,; i n  
changing  the  f laps-retracted t o   t h e  approach  configuration  for a double 
slotted  f lap.  (Absolute  ampli tudes  for  noise  radiat ion  were  later  decreased 
because  the  data  given  in  reference 26 are  not   f ree- f ie ld . )  Thus fo r   the  
wing and for  each of n f l a p  segments zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

K, I X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C,/C) (h,/Cr2 (1) 

and the   to ta l   overa l l   f luc tua t ing  lift noise i s  given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As with  the basic concepts of the NASA ANOP method of reference  27  for  

EBF, f luctuat ing lift noise was assumed t o  vary  with impingement ve loc i ty  
r a i s e d   t o   t h e   s i x t h  power.  Impingement ve loc i ty  was def ined  as  the maximum 
v e l o c i t y   i n  an i so la ted axismetr ic  exhaust je t  at  the  ax ia l   d is tance  o f   the 
impingement point. For a f lap  conf igurat ion  that   extends below the  nozzle 
center l ine,   the impingement point i s  the posi t ion where the   cen ter l ine   in te r -  
sects the f lap .  For flaps that are  not  deflected that  f a r   i n t o   t h e  exhaust 
j e t ,  the impingement point  i s  taken  as   the   t ra i l ing  edge of the last f l a p  
segment. The r a t i o s  of impingement ve loc i ty   and  t ra i l ing  edge  ve loc i ty   to  
nozzle  exhaust  velocity were calculated from the  NASA-developed equation (3) 
of reference 15. 



Large r a t i o s  of f lap length t,o nozzle  diameter  have  been found to   genera te  
less noise  than  this  procedure would predic t .   L i f t   f luc tuat ion  no ise  there-  
fore zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas arb i t ra r i l y   mu l t ip l ied  by the   ra t i o  of t r a i l i n g  edge ve loc i t y   t o  
impingement velocity  squared.  Equivalent  nozzle  velocity for  an unmixed 
coaxial j e t  was calculated from equation (5 )  of reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA27,  t,he NASA A N W  
method for  EBF. 

Trail ing  edge  noise i s  proport ional   to  the  product  of   turbulence 
in tegra l   sca le  length and  spanwise distance  along  the edge.  Both  of these 
dimensions are proport ional   to  nozzle  d iameter.  Amplitude  of t ra i l ing  edce 
noise i s  propor t iona l   to   the   ra t io  of diameter  squared to   fa r - f ie ld   rad ius  
squared, and t o   t r a i l i n g  edge  ve loc i ty   ra ised   to   the   f i f th  power. Direct iv- 
i t y  i s  given by cosine  squared  of  half  the  angle from the last f l a p  segment's 
upst rem  d i rect ion.  

O A S P L ~  = 10 log 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( p z ~ : / o ~ r e f ' )  ( ~ / r f  Cos2+C0s2[(e+ s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn)] (11) 

Normalized 1 / 3  octave  spectra  taken from equations (11) and ( 1 2 )  of 
reference 1 7  a r e  used for   f luc tuat ing l i f t  noise and t r a i l i n g  edge  noise. 
These spect r r  hhive analyt ical ly  just i f ied  asymptot ic  s lopes a t  small and 
large  Strouhal  numbers, but  nevertheless  they are empirical  curves  based 
on published  normalized  spectra. The so le   jus t i f i ca t ion   fo r   use   o f   these 
equations i s  t h e  good agreement  with  measured  normalized EBF spectra  given 
i n  reference 1. 

(SPL 113- OASPL),= IO log 0.037 St4(S18/3+ 0.008)-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  

(SPL1/3-  OASPL)T= 10 log 0.029 St4(St3/2+0.5)-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6) 

Calculation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  several  kinds of quadrupole  noise i s  based  on  the 
NPSA ANOF' i!lethod of reference 16 for  quadrupole  noise of an i so la ted axisyn- 
metric  subsonic  exhaust j e t .  OASFL is  calculated  by  an  expl ici t   equation, 
with an empir ical   correct ion  for   refract ion at  di rect ion  angles  c lose  to   the 
downstream center l ine.  lJornlal t o   t h e  j e t ,  

where the  sonvective !.lach nuyber !.! was taken as O.62l.l 
c J '  



i s  added t o  OASPLJ calculated from equation (8) t o  account  for  refract ion 
within  the  jet.   Deflect ion  of  the  exhaust  . jet by a f l a p  segment i s  assumed 
t o  add a quadrupole  noise  term  given  by 6 sine  squared of the  e f fect ive  turn-  
ing  angle  ( input as t h e   l a s t   f l a p  angle) mult ipl ied  by  noise of the  iso la ted 
j e t .  The sum of these 'two quadrupole terms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

OASPLo: OASPL,+ IO log [ ( 1 + 6 ~ i n ~ ~ ~ ) ( i + C 0 5 * ~ ) / 2 ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(10) 

has i t s  di rect iv i ty   def ined  re la t ive  to   the  def lected- f low  center l ine.  
Quadrupole  noise i s  a lso  assumed t o  be  generated  by  the  portion  of  the  ex- 
haus t   je t  downstream of t he   l as t   f l ap  segment t r a i l i n g  edge. This noise i s  
arb i t ra r i l y   t aken   as   t ha t   f o r   an   i so la ted   j e t   hav ing  a diameter  equal t o   t h e  
nozzle  diameter and exhaust  velocity  equal t o   t he   ca l cu la ted  maximum veloc i ty  
a t   t h e   t r a i l i n g  edge. It is  then  mult ipl ied  by  the same fac tor ,  1 + 6 s i n  
(deflect ion  angle), used w i t h  the  jet  def lect ion  process. T h i s  quadrupole 
noise component i s  a lso   re fe renced  to  t h e  deflected-f low  centerl ine. A l l  of 
these  quadrupole  noise components rad iate  equal   in tens i t ies above  and below 
the  deflected  jet.   This  assumption was  made because  experimentally  deter- 
mined UTW directivity  patterns  contain  equal-amplitude  peaks  of  quadrupole 
noise  above  and below the   de f l ec ted   j e t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

Quadrupole  noise at  di rect ions below t h e   j e t ,  termed  impact  noise i n  
reference 24, was taken  in that  study as equal   to   the  no ise measured a t   t h e  
same angle  beneath a j e t  deflected by a large  so l id   sur face.   Acoust ic   re-  
f lec t ion  from that  s impl i f ied  conf igurat ion  ra ises  the  noise  caused  by t h e  
undistorted  port ion  of  the j e t  between the   nozz le   ex i t  and the impingement 
region, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand by j e t  d is to r t ion  and  def lect ion  in   the impingement region. 
Whether s lo t ted   f laps  were  assumed to   t ransmi t   o r   re f lec t   th is   no ise ,  it was 
necessary t o  postulate  an  addit ional  quadrupole  noise  process  having  approxi- 
mately  the same strength and orientation.  Their sum would match LDN d a t a   a t  
d i rect ions 20' t o  400 above and below the   de f lec ted   je t .  The quadrupole 
no i se   a rb i t ra r i l y   a t t r i bu ted   t o   t he   exhaus t  j e t  downstream of t h e   t r a i l i n g  
edge was hypothesized  for  this  reason. 

UTW quadrupole  noise i s  important a t  direct ion  angles  greater  than 90' 
from the  upstream  direct ion  of the def lec ted   je t .  Within this region,  nor- 
malized  spectrum  shape  for  an  isolated j e t  changes great ly   ( f igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 of re f -  
erence 16) with direction  angle. Spectrunl  shapes  for  directions  near  peak 
OASPL amplitude  have a more rapid  high-frequency  decay t E n  t h a t  for  more 
upstream  directions. It was found t h a t  spectrum  shapes which were correct  
for   an  isolated j e t  a t  peak OASPL underpredicted  the measured  high-frequency 
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noise  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUIW slotted  f laps  at  approach  f lap  posit ion.  Closer  agreement was 
obtained By use of the  normalized  spectrum  for  an  isolated j e t  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA140' di rec-  
t ion   ang le   fo r   a l l   ang les  between 140° a ~ d  180'. 

The contr ibut ion  ofquadrupole  noise  to  total  UTWnoise below the wing 
decreases  as  d i rect ion  angle i s  decreased from this  range.  Rather  than i n -  
clude  the  complexity  of a spectrum  shape that   var ies  wi th   d i rect ion  angle,  
over a direct ion  range where th is   cont r ibut ion becomes small, t h i s  one nor- 
malized  spectrum  for  quadrupole  noise i s  used a t  a l l  di rect ions.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As p u t  of  the development  of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTRC method, calculated  var iat ions  of  
UTd noise  with  changes i n  configuration geometry  were compared with  avai lable 
data.  Measured e f fec ts   o f   ax ia l  and vertical  displacement  of a double 
s lot ted  f lap  approach  conf igurat ion  ( reference 26) were shown in   re fe rence 17 
t o  be closely  predicted. Measured effects  of  doubling and halving  the  nozzle 
diameter of t h a t  model, a t  constant axial  and ver t ica l   pos i t ion of the  nozzle 
upper  edge,  were a lso  ( re ference 18) correctly  given.  Although  based on dlata 
fo r   tha t   doub le   s lo t ted   f lap  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20" and 60' f lap  def lect ions,  t h i s  lllw noise 
predict ion method was shown i n  reference 18 to   p red ic t   c lose ly  t h e  measured 
noise from a 40' de f lec t i on   t r i p le   s lo t ted   f l ap .  

Forward f l i g h t   e f f e c t s  on LFIW f luctuat ing l i f t  noise and t r a i l i n g  edge 
noise,  taken from references 18 and 20, are  represented  as a decreased  ampli- 
tude  given by t h e   r a t i o  of re lat ive  veloci ty  to  exhaust  veloci ty  squared. 
Forward f l ight ef fec ts  on  quadrupole  noise  from the  undeflected  port ion  of 
t h e  exhaust  are assumed t o  vary   w i th   re la t i ve   ve loc i ty   ra t io   to   the   s ix th  
power as   w i th   the  NASA ANOF method of reference 16 for noise  of  an  isolated 
je t .  However, the  increases  of  quadrupole  noise  attr ibuted  to impingement 
aga ins t   the   f lap  lower surface and to   t he   j e t   dmns t ream of t h e   t r a i l i n g  edge 
a r e  assumed to  vary   wi th   re la t ive  ve loc i ty   ra t io   squared.   Th is   reduced expo- 
nent was based on the   da ta  of reference 18. Relat ive  veloci ty between the 
exhaust j e t  and the  surface  against which it impinges is  not  affected by for -  
ward f l i g h t .  These calculat ions  provide  the  predicted  effect  of  forward 
f l i g h t  on EBF noise  source  strength  in a coordinate  system  fixed t o  the a i r -  
frame. They do not  include  the  ef fect   of   a i r f rame  mot ion  relat ive  to a 
ground-fixed  observer.  Corrections  for  this  difference between an aircraf t ,  
f lyover  and  an  acoustic wind tunnel   test   are  g iven  in  reference 27. 
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UTW Mixer Nozzle 

Some zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTW s lo t ted   f l aps  have  been operated  with  mixer  nozzles t o  decrease 
the peak veloci ty and temperature at  the  deflected  f laps. For t h i s  type of 
conf igurat ion,   rat io of loca l   ve loc i ty  a t  the  impingement point  to  exhaust 
veloci ty must be  supplied as input.  This  quantity i s  a rb i t ra r i l y   de f ined as 
the  average of the two la rges t   l oca l  peak  values of ve loc i ty   ra t io  measured 
in  the  exhaust  of  the  isolated mixer  nozzle a t  the impingement-point a x i a l  
location. The same ve loc i ty   ra t io  i s  assumed t o  apply at  t h e   t r a i l i n g  edge. 
Nozzle  diameter i s  taken as the  hydraulic  diameter  of the mixer  nozzle t o t a l  
exit   area.  Calculat ion  of  f luctuating l i f t  noise and t r a i l i n g  edge noise 
then  follows  the method for UTW s lo t ted   f l aps  having  conventional  axisymmetric 
nozzles,   except  that   the  resul t ing  levels  are  arbi t rar i ly   increased 3 dB. 
This increased  amplitude,  possibly  caused by higher  turbulence  levels or 
larger-diameter  core of high-velocity  exhaust  flow, was  shown in   re ferences 
17 and 18 t o  be  necessary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor obtaining good agreement  with data. 

This computer  program does  not  calculate  quadrupole  noise  for UTW mixer 
nozzles.  Although OASPL amplitudes  for a mixer nozzle  generally match those 
for   the unmixed exhaust  jet,   spectrum  levels depend strongly on the mixer 
nozzle  geometry. It i s  assumed t h a t  measured noise  spectra and OASPL ampli- 
tudes  are  avai lab le  for   the  iso la ted mixer nozzle a t  takeoff and  approach 
f l i g h t  speeds.  This  measured  noise must  be  increased  by 10 log (16 (veloc- 
i t y  rat io)8  sine  squared  (f low  deflect ion  angle))  to  account  for  deflect ion 
of  the mixed exhaust j e t .  The resu l t i ng  quadrupole  noise  should  be  rotated 
through  the  f low  deflection  angle, and a l l  amplitudes a t  di rect ions below the  
wing and flaps  should be increased 3 dB. This  increase had been s t a t e d   i n  
reference 17 and 18 t o  be caused  by re f l ec t i on  of  quadrupole  noise from the 
wing  and f l ap .  However, improved agreement with  data measured  above the wing 
i s  obtained i f  upward-radiated  noise i s  assumed t o  b ~ !  transmitted  through  the 
f l a p   s l o t s .  The resulting  quadrupole  noise component (increased 3 dB below 
the  wing  and f lap,  not  increased above  them)  should be added to   sur face-  
radiated  noise  given by the computer  program. 

Upper Surface  Blminq 

Geometry of a USB ( f igure 43) i s  ideal ized as two s t r a i g h t   l i n e s ,  one 
f o r  the wing  and one f o r  the last f lap.  The wing i s  described by the upper 
surface  coordinate a t  the  nozzle  exit   plane and by the wing incidence  rela- 
t ive  to   the  nozz le  center l ine.  The f l a p  i s  given by i ts  t r a i l i n g  edge coor- 
d inates and by the  aerodynamic turning relat ive t o   t h e  wing chord  l ine. 
Coordinates a t  the  intersect ion  of   those two l i n e s  are computed as par t   o f  
the  solut ion.  Effects of nozzle exit shape are neglected, and the  nozzle i s  
speci f ied by i ts  hydraulic  diameter and i t s  roof  angle, cant angle,  or  exter- 
n a l  vane deflect ion  angle relat ive to   the  nozz le  center l ine.  Details of t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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nozzle and def lector  shape have been  found  empirically t o  have s ign i f icant  
e f fec ts  on noise  amplitudes;  these can be estimated  using  the  data  given  in 
reference 28. 

Trai l ing edge noise and f luc tuat ing l i f t  noise zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL's are calcu lated  in  
the same manner as f o r  U'IW s l o t t e d  wings. However, ampl i tude  of   t ra i l ing 
edge noise was taken as twice as l a rge   fo r  USB as f o r  W. The vortex t ra-  
jec tory  i s  assumed t o  be  one  hydraulic  diameter above the wing. L i f t  f l uc -  
tuat ion  noise from the   f l ap  i s  arb i t ra r i l y   t aken  as 1.5 times t h a t   f o r  a 
hypothet ical   vortex  t ra jectory one hydraulic  diameter  above  the  flap.  Veloc- 
i t y   r a t i o   a t   t h e   t r a i l i n g  edge i s  calculated  for  a distance  equal   to  the  path 
length  along  the wing and f lap.  It was found tha t   spec t ra   ca lcu la ted   in   th is  
manner decayed less  rapidly  than  the  data  for   large  Strouhal  numbers and low 
exhaust  velocities.  Therefore  the  normalized  spectrum  shape  for  trail ing 
edge noise was a r b i t r a r i l y  used with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL calculated from the sum of l i f t  
f luctuat ion  noise and t r a i l i n g  edge noise. 

Quadrupole noise  caused  by impingement of  the  exhaust  jet  against a 
deflect ing  surface i s  assumed to  increase  the  quadrupole  noise of  an iso la ted 
exhaust  jet .  This increase  caused by roof  angle,  cant  angle, or vane angle 
i s  given by the same factor  as t h a t   f o r  impingement of a WIN exhaust j e t  
against a def lected  f lap.  The resu l t i ng  quadrupole  noise i s  assumed t o  be 
shielded by the wing  and f l a p  upper surface. It i s  rotated  through  the  aero- 
dynamic turning  angle and i s  calculated  only f o r  direct ion  angles above the 
wing and deflected  f lap.  Quadrupole  noise from the  port ion  of   the  exhaust  jet  
downstream  of t he   t ra i l i ng  edge i s  increased by the same factor  and rotated 
through  the same angle, b u t  it rad ia tes   t o  a l l  di rect ions.  A s  wi th  UTW, one 
normalized  spectrum  shape i s  used a t  a l l  direct ions.  It i s  l i k e l y  that  f o r  
d i rect ion  angles  a t  which USB quadrupole  noise i s  important, improved agree- 
ment with  data would be  obtained i f  the  normalized  spectrum was assumed t o  
vary  wi th   angle  re la t ive  to   the  def lected  je t   center l ine  as  wi th  an iso la ted 
j e t .  Measured noise  of  each  isolated  nozzle and def lector,   wi thout  the wing 
and f l ap ,  should  be compared with  quadrupole  noise  calculated  for  the  deflec- 
t ed   j e t .  Any increment  of measured dipole  noise  associated  with  the  presence 
of the  deflector  should be  added to   t he   p red ic ted  USB noise  for   d i rect ions 
above the wing. 

Forward f l i g h t   e f f e c t s  on the sum o f   t ra i l i ng  edge noise and f luctuat ing 
lift noise was taken as a decrease  of  amplitude combined with an increase  of 
frequency. A s  with UTW, the OASPL amplitude i s  taken  proport ional   to  re la-  
t ive  ve loc i ty   ra t io   squared.  However, normalized l /3 octave SPL i s  calcula- 
ted for  Strouhal numbers t h a t  were mult ipl ied by the  quant i ty (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ f l i g h t  
velocity/exhaust  velocity).  This  adjustment had been  developed in  references 
18 and 20. Forward f l i g h t   e f f e c t s  on quadrupole  noise  are  taken  equal t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
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those  for UTW. One reasonable  validation of these  predicted  forward  f l ight 
e f fec ts  on USB noise would be  comparisons w i t h  f lyover  data  for   the Boeing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
YC-14 Advanced Medium STOL Transport,   the  only  ful l-scale USB a i rp lane ,   i f  
noise from the  insta l led  engine  proves  to   be  suf f ic ient ly  low. 

UTW Slot less Wing 

Geometry of a UTW s l o t l e s s  wing i s  speci f ied and ca lcu lated  in   the 
same manner as that f o r  USB. Quadrupole noise and t r a i l i n g  edge noise  are 
computed i n   t h e  same manner as f o r  a UTW s lo t ted  wing. To obtain  closer 
agreement  between  measured and predic ted  no ise  d i rect iv i ty ,  it w a s  found 
necessary t o  add a noise component having  the  general  shape and veloci ty 
dependence  of a l i f t  dipole  or iented  perpendicular  to  the  def lected  af t   f lap.  
However, increasing  the  f lap  chord w a s  experimentally  found  not to   inc rease 
t h i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL. This noise component was a r b i t r a r i l y  modeled as f luctuat ing lift 
noise with an  amplitude  three  times  that which would be  calculated  for  the 
wing segment, rotated  through  the  f lap  deflect ion  angle. 

This  special   calculat ion  of   f luctuat ing l i f t  noise i s  applied  only i f  

t h e   s l o t l e s s  wing extends below the  nozzle  centerl ine. Any s l o t l e s s  UTW 
which  does  not meet this condition i s  regarded as a wing with  retracted 
f laps.  Geometry of a wing wi th   re t racted  f laps i s  speci f ied as t ha t   f o r  a 
USB configuration  having  zero  f lap  deflect ion. It could  also be speci f ied as 
a UTW single  s lot ted  f lap  having a f lap  wi th  zero  def lect ion and zero  chord, 
loca ted   a t   the  wing t r a i l i n g  edge.  Both calculat ions w i l l  give  the same 
resu l t .  

Engine i n  Front  of Wing 

This  type of configuration  has  the wing chord  l ine  coincident  with  the 
exhaust  nozzle  centerline. The wing i s  completely immersed i n  the  turbulent 
exhaust je t .  For the one conf igurat ion  tested, m a x i m u m  wing thickness was 
about  half   the  nozzle  exit   diameter.  Therefore  the  exhaust  jet was substan- 
t i a l l y   a l t e r e d  by  the  presence of the wing. M a x i m u m  l oca l   ve loc i t i es  a t  t h e  
t r a i l i n g  edge f laps  probably were  reduced  by  viscous  decay  along  the  wing. 
Spectra  radiated  by  th is model were characterized  by a high-frequency  decay 
ra te   la rger   than  tha t   fo r   o ther  EBF configurations.  This rate of about 12 dB 
per  octave  for 1/3 octave band spect ra  agreed  wi th   data  for   iso la ted  a i r fo i ls  
in  turbulent  f low. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A calculat ion method developed in   re ferences 4 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 for   predic t ing 
noise  radiated  by  isolated  air fo i ls   in  three-dimensional   compressible  f low 
was appl ied  to  the  undef lected wing panel and  each f l a p  segment.  Each lift zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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dipole was assumed t o   a c t  normal t o   t h e   l o c a l  chord.  Calculated j e t  mixing 
noise zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor an i so la ted  undef lected  exhaust   je t  was added t o   t h e  lift f l uc -  
tuat ion  noise.  Width of the  turbulent  f low was taken  equal   to   the  nozz le 
diameter, and flow  velocity was taken as the  nozzle  exi t   veloci ty.  It was 
found t h a t   f r e e - f i e l d  spectrum  could  be  matched i f  turbulence  intensi ty was 
a r b i t r a r i l y  set equal t o  7 percent and turbulence  h tegra l   sca le  length was 
taken as one-eighth  the  nozzle  radius. (The data had been  measured with a 
re f l ec t i ng  ground surface, and a 10 percent  turbulence  level was c i t e d   i n  
reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17 t o  match those  data.)  Result ing  calculated OASPL d i r e c t i v i t y  
tended to   overpred ic t   the   da ta   fo r   the  f i rst  and th i rd   quadrant   a t  approach 
f lap  def lect ion.   Closer agreement was obtained by neglecting  the  acoustic 
contribution  of  the last  f lap  panel .  It i s  poss ib le   tha t   loca l  f low  velocity 
a t   t ha t   l oca t i on  was decreased by the  presence  of  the wing w i th in   the   je t ,  
causing a decrease  of  local  noise  radiat ion. 

Calculated  noise  radiation fo r  t h i s  type  of  configuration  should be 
appl icable  to   in ter ference  no ise of a wing-mounted propfan.  Slipstream 
velocities  for  highly  loaded  propfans  designed for cruise a t  Mach numbers 
near 0.8 would be  comparable t o  exhaust  velocit ies of l i g h t l y  loaded  high  by- 
pass  rat io  turbofan  engines. 

EVALUATION OF EBF NOISE PFZDICTION METHODS 

Other EBF Noise Predict ion Methods 

The method developed under th i s   con t rac t  i s  eva lua ted   in   th is   sec t ion  by 
comparing i t s  predict ions,  and those  from  other  openly  published methods, with 
NASA-supplied data. These new data had not been p a r t  of the  data base used 
i n  development of  the EBF noise  predict ion methods compared herein.  Capabil i- 

t i e s  and  l imitat ions of these methods are compared i n  Table 11. 
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TABLE I1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- CAPABILIZES AND LIMITATIONS  OF 
EBF  NOISE  PREDICTION  METHODS 

Method 

UTRC 

( 1976 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ANOP 

(1975 1 

GELA C 

(1973 ) 

GELAC 

( 1975 ) 

NASA 
Lewis 
( 1975 ) 

UTW 
Slot ted 

Yes 

Yes 

Yes 

Ye s 

Ye s 

UTW 
Slo t less  

Yes 

No 

Yes 

Ye s 

Yes 

Note tha t   t he  UTRC method i s  
urations  with  mixer  nozzles. 

UTW 
Mixer 

Yes 

No 

No 

No 

No 

USB , 
Slot  

Nozzle 

Ye s 
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the  only one which  can  be app l i ed   t o  UTW config- 
The recent NASA Lewis method f o r  UTW configura- 

tions  having a uniform  exhaust j e t  i s  current ly  l imi ted  to  predict ion  of  OASm 

d i rec t i v i t y ;  it does  not  predict  spectra. One widely used method i s  the NASA 
ANOP (A i rcraf t  Noise Predict ion Program) method  of reference  27.  This method 
i s  based on empirical  curves drawn through  data  avai lable  in 1975; these  data 
were corrected  for ground ref lect ion.   Appl icat ion  to  USB configurations 
having  noncircular  exhaust  nozzles was not  speci f ical ly  descr ibed. However, 
noise from  such configurations  has been calculated by NASA using  the ANOP 
method  by replacing  the  actual   nozzle  wi th a c i rcular  nozzle of equal   ex i t  
area.  This same usage i s  made herein. 

Another method used fo r   th is   eva lua t ion  i s  the GELAC (Lockheed-Georgia 
Co.) method developed  for  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFAA. It i s  a noise component  method which  con- 
ta ins  separate  calculat ions  of   surface-radiated  noise and  quadrupole  noise 
*om several  geometric  regions. The ear ly   vers ion  o f   th is   procedure  ( re fer -  
ence  29)  included  the  effects  of many UTW geometr ic  var iables  ( f lap  vert ical  
and ax ia l   pos i t ion,   nozz le  p i tch  angle,  and number o f   f l ap   s lo t s )   no t  
represented i n  the ANOP method. A more recent  version  (reference 33) has 
much l e s s  dependence on f l a p  geometry  and i s  more strongly  directed  toward 
USB configurations. Both vers ions  ex is t   as  d ig i ta l  computer  programs and as  



hand calculation  procedures.  Predictions  given  herein were obtained by the  
hand calculat ion method of reference  29 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor UTW and t h a t  of reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 f o r  
USB. Because the  data base  for  the method of  reference 29 consisted  of mea- 
surements t h a t  were af fected by ground ref lect ion,   predicted  levels were de- 
creased 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd B  for  closer  agreement  with NASA f r e e   f i e l d   d a t a .  The e a r l i e r  
method of reference  29  represents a l l  UTW noise as varying  with  exhaust 
ve loc i t y   t o   t he   s i x th  power. This method was ut i l ized  because OASPL'S and 
d i rec t i v i t y   pa t te rns   ca lcu la ted  from reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 were i n  very  poor  agreement 
with U'IW data. It was later recognized  that a l l  quadrupole  noise  terms  given 
in  reference 30 were  of  the  order  of 10 dB below expected  levels. Quadru- 
pole  noise  calculat ions  developed  in  the GELAC method of  reference  30  were 
scaled from levels  predicted by the NASA ANOP method for  jet   exhaust  noise 
(reference 16). Jet  exhaust  noise  for   an  isolated  c i rcular  exhaust  nozzle i s  
given  by  equation (5)  of  reference 30, which agrees  with  the  corresponding 
equation (6) of reference 16 except  for one item. The numerical  value f o r  
the  constant K used in   re ference 16 was 141 dB. However, th is   constant   as 
speci f ied on p. A-86 of reference 30 for  hand calculat ions  by  the GELAC 
method was 134 dB. This same constant, 7 dB less  than  that   spec i f ied  for   the 
NASA ANOP method for   je t   no ise  a lso  appears  wi th in   the GELAC computer  program 
l i s t i n g   ( l i n e  110 of  subroutine JET,  p. A-24 of  reference 3 0 ) .  Comparisons 
between calculated and  measured OASPL were not shown within  the GELAC docu- 
ment. Although  not  explained in   re fe rence 30, t h i s  change from the  constant 
used in   re ference 16 was included  to  provide  closer  agreement w i t h  unpublish- 
ed GELAC USB data and i t s  e f f e c t  on UTW predict ions was not examined. 

A method was developed a t  NASA Lewis Research  Center  for  calculating 
OASPL d i rec t i v i t y   o f  UTW conf igurat ions  at   d i rect ions under the wing in   the  
flyover  plane. Use of t h i s  method f o r   s l o t l e s s  wings was f i r s t  descr ibed  in 
reference 24. The s ign i f icant   no ise  sources  for   s lo t less wings  were  assumed 
t o  be t r a i l i n g  edge  noise and impact  noise.  Trailing edge noise was calcu- 
la ted from loca l  m a x i m u m  veloci ty,  boundary layer  thickness at the  posit ion of 
maximum veloci ty,  and width of  the  exhaust  jet  ( a l l  measured at t h e   t r a i l i n g  
edge). Impact noise  caused by a j e t  impinging against a very  large  deflect ing 
surface w a s  obtained from data such as that  of  reference 3. This method w a s  
extended i n  reference 25 to   inc lude  appl icat ion  to  UTW s lo t ted  wings. An 
addit ional  noise mechanism, inf low  noise  (cal led  f luctuating lift noise  in  
the UTRC method), i s  included  for  those  configurations. This noise i s  assumed 
t o   r e s u l t  from the  luge-scale  turbulence  structure,   present i n  jet   exhausts,  
moving past  the  f laps  to  cause  f luctuat ions of lift force. The noise was tal- 

culated  using  local  f low  propert ies  est imated a t  midchord  of  each f lap  panel. 
This NASA Lewis method currently  does  not  predict  noise  spectra. OASPL 
d i rec t iv i t ies   ca lcu la ted   fo r   s lo t less  wings by t h i s  method were provided by 
Mr. D. J. McKinzie, Jr., of NASA Lewis Research  Center. 
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Other  calculation methods f o r  USB had been  developed  by Hayden ( re fe r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
ence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11) , Fi l ler   ( re ference 3 l ) ,  and Reddy (reference  21).  Noise  levels mea- 
sured  direct ly  beneath two USB models  were compared in   f i gu res  10-52 of ref- 
erence 32 with  predict ions by the methods of  references 11 and 31, and  by  an 
early  version  (reference 17) of  the method of this report .  Upper surface 
length from the   s lo t   nozz le   t o   t he   f l ap   t ra i l i ng  edge d i f fered by a factor  of 
2 for these models. OASPL of  both models was overpredicted  roughly 10 dB by 
the  method of  reference 11 and  underpredicted  the same amount by t h e  method 
of reference 31. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor both of those  methods,  the  predicted  spectrum  shape w a s  
more sharply peaked than  the measured  shape. Good agreement on l e v e l  and 
spectrum  shape was obtained with the  ear ly  UTRC method.  Those two predict ion 
methods  were not  evaluated  herein  because  they  gave  such poor  agreement w i t h  
those data. The  more recent method of  reference 21 w a s  not   avai lab le  in  
su f f i c i en t   de ta i l   t o   be   app l i ed .  

Designated EBF Model Configurations 

The EBF model configurations shown i n  f igures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and 4 were designated 
by TJASA Lewis Research  Center t o  be  used for  evaluation of noise  predict ion 
methods.  These  models  were re la t i ve l y  small, with nozzle  exit   areas  general ly 
equal   to  t h a t  of a 5.2 cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2  i n . )  diameter  circular  nozzle. All had been 
tes ted  a t  NASA Lewis Research  Center i n  an outdoor f a c i l i t y  equipped  with a 
m a t  of acoustic  absorbing foam to  g ive  f ree- f ie ld  data above 200 Hz. Data had 
been corrected  for  atmospheric  attenuation. Comparisons  were a lso made w i t h  
nonfree-field data for   spec i f ic  unique  configurations. 

Two designated models  were under-the-wing  configurations.  Sketches  of 
these models are  g iven  in   f igure 3. These  were a t h r e e - f l a p   i n s t a l l a t i o n   a t  
both  takeoff and approach f lap  def lect ion,   for  a range  of  sideline  angles, 
and a s l o t l e s s  wing having  the same lower surface  contour  as  the  three-f lap 
approach f l a p  shape,  for  only  the  f lyover  plane.  Port ions  of  these  data had 
been  presented in   re fe rence 19. They were compared therein  wi th  predict ions 
by  the UTRC, NASA ANOP, and GELAC methods. 

The other  three models, shown i n   f i g u r e  4, were  upper-surface-blowing 
(over-the-wing)  configurations. One w a s  the QCSEE configuration  having an 
aspect   ra t io  2 s lot   nozz le,   tested at nominal 1/11.5 scale with 14 cm (5.5 
in.)  equivalent  nozzle  diameter. Data were supplied  for a range of f lap  length 
and sidel ine  angle a t  takeof f   f lap  def lect ion and a range of s idel ine  angle a t  
approach  f lapdeflection. These data had  been presented  in  reference 22 where 
they were compared with  predict ions by the UTRC method. Another w a s  a 1/18.5 
scale model of t h e  TF-34 over-the-wing aspec t   ra t io  4 slot-nozzle  short-f lap 
configuration  of  reference 33 with takeoff   f lap  def lect ion.  The t h i r d  
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configuration  (reference 34) had a circular  nozzle  above  the wing and  an 
external   je t - f low  def lector   to   d i rect   the  exhaust  j e t  toward the  wing upper 
surface.  This  arrangement was expected t o  reduce  adverse  interference of t h e  
exhaust j e t  on t h e  wing drag  force  dur ing  cruise.  

Aerodynamic performance  data ( l i f t ,  t h rus t ,  and t r a i l i n g  edge ve loc i ty  
p r o f i l e )  a t  zero  forward  speed are ava i l ab le   f o r  a l l  these  configurations. 

Comparisons  With Designated UTW Data 

Predicted and  measured UTW noise  radiat ion are compared in   the   fo l low ing  
order: OASPL a t  t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoo polar  angle Oo azimuth  angle  f lyover  position, 
general  shape  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL d i rec t i v i t y   i n   t he   f l yove r   p lane ,   e f fec t  of azimuth 
angle on OASPL amplitudes, and  normalized 1/3 octave  spectra. The discussion 
i s  directed  pr imari ly toward evaluat ion  of   the UTRC method, the  subject  of 
t h i s   repo r t .  

Tr ip le  Slot ted  Flap, Approach 

This configuration had  been t e s t e d  a t  nominal 1/28 scale.  Data were 
presented, and were compared with predict ions by severa l  methods, i n   re fe r -  
ence 19. The free-f ie ld  spectra  contained small peaks and va l leys at  non- 
uniformly  spaced  frequencies.  These  frequencies  did  not  vary w i t h  exhaust 
veloci ty  but  were al tered  by  changing  the  f lap  def lect ion.  

Calculated  and  measured OASPL d i rec t i v i t ies   in   the   f l yover   p lane  fo r  
approach f lap   de f lec t ionand f o u r  exhaustve loc i t ies  are compared i n   f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  
A t  low exhaust   ve loc i t ies  the UTRC and ANOP methods underestimated  the mea- 
sured OASPL a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90' polar  angle by 3 t o  4 dB, and the  GELAC method was about 
2 dB high. A t  t h e  two higher  exhaust  velocit ies  the UTRC and GELAC methods 
were  within 1 t o  2 dB and 1 t o  3 dB, respect ive ly ;   the ANOP method remained 
3 dB low. 

Both the  ANOP and GELAC methods use a cons tan t   d i rec t i v i t y  shape t h a t  
general ly matched the   da ta .   I n   con t ras t ,   d i rec t i v i t y  shape  calculated by 
the  UTRC method varied  with  exhaust  velocity.  Except a t  polar  angles  near 
the  def lected  exhaust,   the measured d i r e c t i v i t y  shape  did  not change great ly  
with  exhaust  velocity. Measured OASPL amplitudes  varied  approximately  with 
the  6.5 power of  exhaust  velocity. 
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Effects  of  sidel ine  angle on measured  and calculated OASPL f o r   t h i s  
approach  f lap  conf igurat ion  are  sham  in  f igure 6. These e f fec ts   a re   p lo t ted  
as changes i n  OASPL r e l a t i v e   t o  that for   the  f lyover  p lane,  at  two exhaust 
ve loc i t ies,   as a funct ion  of   polar  angle  (angle  re lat ive  to  the  nozzle  cen- 
t e r l i n e ) .  The GELAC predict ions  (defined  only  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90' polar  angle)  essent i -  
a l l y  matcn the max imum noise  reductions  calculated by the  ANOP method. I n  
contrast ,  Che UTRC predicted max imum reductions  are  about  twice  as  large and 
general ly  agree  with  the  data. These ca lcu la t ions   d i f fe r  from those  given  in 
reference 19, which  contained a t r igonometr ic  error.   Detai ls  of   the  predic-  
ted  shape do not  precisely matcn tne  data;  max imum reduction i s  predicted  near 
goo polar  angle b u t  occurred  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloo fu r ther  downstream. For 60° s ide l ine  
angle  the  predicted and  measured maximum reductions of  about 6 dB general ly 
agree  with  the  analyt ical ly  expected dependence  of surface-radiated  noise on 
sine  squared  of  tne  sideline  angle. For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 5 O  sidel ine  angle  the measured  and 
UTRC calculated  sidel ine  noise  decrease  roughly  10 dB t o  a f l o o r   s e t  by 
quadrupole  noise from the   de f lec ted   je t .  Measured and UTRC calculated  noise 
was increased  several dB a t  120' polar  angle.  This  angle i s  wi th in  the   re -  
f rac t ion   va l ley  of  quadrupole  noise from the  def lected  exhaust  jet   as viewed 
in  the  f lyover  plane, b u t  i s  near  peak  amplitude  of  quadrupole  noise when 
viewed  from the  s ide.  

Calculated and measured l/3 octave  spectra  normalized wi th  r e s p e c t   t o  
OASPL, for   approach  f lap  def lect ion,   are compared i n  f igure 7. Frequencies 
are  normalized  as  Strouhal number based on nozzle  diameter and exhaust  veloc- 
i t y .  Data are shown for TO0 and llOo polar  angle and 120  and  228 m/sec ex- 
haust  veloci ty,   in  the  f lyover  p lane and a t  8 5 O  s ide l ine  angle.  For tne   f l y -  
over  plane and large  Strouhal numbers, the  data  po ints   for  70° polar  angle 
were about 5 dB below those  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA110' polar  angle. OASPL was  somewhat aff ec- 
ted by i r regular  peaks in   the  spect ra measured a t  forward  polar  angles; 
ac tua l  l /3 octave band SPL's for   the two d i rect ions  d i f fered by about 10 dB 
near  peak  amplitude b u t  were within 2 dB for  Strouhal numbers above 2. A l l  
three  predict ion methods general ly matched the  normalized  spectra  for l l O o  
and (not shown) 90' polar  angles.  Normalized  spectra  for  the 8 5 O  s ide l ine  
plane had about 8 dB data  spread at large  Strouhal  numbers. The ANOP and 
GELAC methods bracketed  tne  data  for small Strouhal numbers and general ly 
matched tne  high-veloci ty  spectra  for   large  Strouhal  numbers. Spectrum  shapes 
calculated by the UTRC method var ied  because  the  re lat ive  ampl i tudes  of   d i f -  
ferent   no ise components vary  with  exhaust  velocity and polar  angle. The 
resu l t ing   ca lcu la ted   spec t ra   l ie   w i th in  a  narrow  envelope. The UTRC method 
was c lose r   t o  an  average  of  the data for   large  St rouhal  numbers. It gave a 
more rapid  spectrum  rol l-off   at  high  frequency  than d i d  the  other two methods. 
This  stronger  decay was in  closer  agreement  with  the  data. 



Triple  Slotted  Flap, Takeoff 

Calculated and  measured zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL d i r e c t i v i t i e s  i n  the  f lyover  p lane  for   the 
takeoff  configuration and four exhaust ve loc i t i es  are shcwn i n   f i g u r e  8. 
Calculation by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANOP method used equation (16) of  reference 27, ra the r  
than  equation (11) of that   re ference,   for   predic t ing  the  var ia t ion  o f  OASPL 
with f lap deflect ion  angle. Use of  equation (16) was recommended for  conf ig-  
urat ions  in  which the  f laps  extend  re la t ive ly  far in to   the  h igh-ve loc i ty  ex- 
haust j e t  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsmall def lect ion  angles.  If the  other  equation had been  used, 
calculated  noise  levels would have been 5.2 dB smaller. Measured amplitudes 
were underpredicted by a l l  three methods. Near zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90' polar  angle  the UTRC 
method and the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANOP method with  the more favorable  equation were  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 dB 
low. The GELAC method of  reference 29 w a s  about 8 dB low. This ANOP equa- 
t i o n  had been  developed spec i f i ca l l y  from data fo r   t r ip le -s lo t ted   f lap  con- 
f igurations  with  this  type  of geometry. In   cont rast   wi th   th is  poor  agreement, 
these  three methods  were known to   predic t   c losely   (wi th in  2 dB) t he  OASPL 
di rect iv i ty   data  o f   re ference 26 fo r   an  U'IW double-slot ted  f lap a t  takeoff 
def lect ion.  A l l  three methods had been  developed t o  match those  data.  That 
double-slotted  f lap  configuration had a smaller t o t a l   f l a p  chord  than  the 
model t r i p le -s lo t ted   f l ap ,  and  about the  same wing leading edge posi t ion and 
wing chord. A t  takeoff  deflect ion, the' t r a i l i n g  edge of  the  double-slotted 
f l a p ' s  last  f l a p  segment was located above the  nozzle  centerl ine. From the 
viewpoint of t h e  UTFX method, the  def lected  f lap  panels   d id   not   great ly   d is-  
to r t   the   exhaust   je t   so   they   d id   no t  produce much l i f t  f luctuat ion  noise.  
Nearly a l l  the las t  panel   o f   the  t r ip le-s lo t ted  f lap  extended below the  
nozzle  centerline a t  takeoff   def lect ion.  None of   these  three methods correc- 
t ly   predic ted  the  resul t ing  increased  no ise  leve ls .  The GELAC method,  which 
was the  on ly  method to   overpredic t  measured levels  near 90' polar  angle  for 
the  approach  configuration,  gave  the  worst  underprediction a t  takeoff.  

A four th  set of  predicted  curves,  labeled NASA LEWIS, shows OASPL 
d i rec t i v i t ies   ca lcu la ted  by D. J. McKinzie, Jr. of NASA Lewis Research 
Center  by  the method of  reference  25. These calculat ions  require  extensive 
knowledge of local   turbulence and mean veloci ty.  Such calculat ions were 
supplied  by NASA only  for   th is  takeoff   conf igurat ion,  where other methods 
gave worst  agreement  with  data. These calculated  amplitudes were within 2 dB 
of  data  near 90' polar  angle. They general ly matched the  data from t h e r e   t o  
the  def lected  je t  and  were up t o  4 dB high i n   t h e  forward  quadrant.  This 
good agreement with data was achieved by use of est imated  local  f low  propert ies 
evaluated from data f o r   i so la ted   j e t s ,  and i l l u s t r a t e s   t h e  need fo r  such  flow- 
f ield  information. As previously  noted,  this method has  not  yet  been  extended 
to   predic t ion of spectra or of   s ide l ine  d i rect iv i ty .  
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The e f fec t  of s idel ine  angle on calculated and  measured zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL d i rec t i v -  
i t y  is  shown i n   f i g u r e  9. Measured maximum reduc t ions ,   re la t i ve   to   those  in  
the  f lyover  plane zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, were  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 and 12 dB fo r  600 ,and 85' sidel ine  angle , 
respect ively.  These reductions were more than  twice  those  predicted by the 
ANOP method and  were general ly  predicted by the UTRC method. The UTRC 
method a lso   cor rec t ly   p red ic ted   tha t   the   d i f fe rence between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL i n   t he  
s idel ine  p lane and the  f lyover  p lane would be p o s i t i v e   a t  150° polar  angle. 
This polar  angle i s  i n   the   de f lec ted   exhaust   je t ' s   re f rac t ion   va l ley   fo r   the  
f lyover  p lane  but  not   for   the 60° or 850 sidel ine  angles.  

Calculated and  measured normalized 1/3 octave  spectra a t  takeof f   f lap  
de f lec t ion   a re  compared i n  f igure  10 for  two polar  angles and  two exhaust 
ve loc i t ies  in   both  the  f lyover  and 85' sidel ine  p lane. The sca t te r  among 
normalized  data  points  near  peak  amplitude  in  the  f lyover  plane was  22.5 dB 
fo r   d i f fe ren t   po la r   ang les   a t   the  same veloc i ty  and *4 dB f o r   d i f f e ren t   ve l -  
o c i t i e s   a t   t h e  same angle.  This  scatter  greatly  exceeds  the  approximately 
5 / 4  dB day-to-day  repeatabi l i ty  of these  data.  The sca t te r  was caused  by 
the  previously mentioned  spectrum i r r e g u l a r i t i e s .  A l l  of the  noise  predict ion 
methods use a smooth normalized  spectrum or a sum of smooth spectra.  There- 
fore  the  existence of irregular  spectra  causes  an  inherent  uncertainty  in  the 
predict ions.  There was no systematic  effect  of  polar  angle or exhaust  veloc- 
i t y  on normalized  spectrum. A l l  three  predict ions  general ly matched the   f l y -  
over  spectra  for  Strouhal numbers from 0.2 t o  2 and overestimated  the  levels 
a t  higher  Strouhal numbers. 

A d i f ferent   s i tuat ion  occurred  for   the  takeof f   f lap  set t ing  a t  850 
azimuth  angle. As shown in the lower p a r t  of  f igure  10,  the  normalized  levels 
a t   la rge   S t rouha l  numbers  were higher at   the  larger  exhaust  veloci ty.   This 
dif ference  occurred  because  levels  for  large  Strouhal numbers varied with ex- 
haus t   ve loc i t y   t o   a t   l eas t   t he   e igh th  power while  those  near  peak  amplitude 
followed  approximately a 6.5 power var ia t ion.  A t  Strouhal numbers larger  than 
2, corresponding to   h igh ly   weighted  f requencies  for   perce ived  no ise  a t   fu l l  
scale,   the ANOP predict ion matched the  data  for  the  higher  exhaust  velocity 
and rearward  direct ion. The GELAC predict ion was c lose r   t o  data f o r   t he  lower 
veloci ty,  and the UTRC predict ion  general ly was between the two. 

S lo t less  . .  - Version of  Three-Flap Winq 

Measured d i rec t i v i t y   in   the   f l yover   p lane  fo r  an UTW s l o t l e s s  wing having 
a lower surface  contour  tangent  to  that   of   the  three-f lap  conf igurat ion  at  
approach f l ap   de f l ec t i on  i s  p lo t ted   i n   f i gu re  11. The data   a re  compared with 
predict ions by the  UTRC and GELAC methods  and with  the NASA Lewis method of 
references 24 and 25. This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANASA method represents  the OASPL noise  rad iat ion 
from s l o t l e s s  wings as a sum of two terms. One term i s  the  noise measured 
for  a j e t  impinging  against a l a rge   f l a t   su r face  a t  the  same def lect ion  angle 



and  impingement velocity,  scaled from the  data of reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Because these 
data were influenced  by  ground  reflection,  they were decreased 2 dB fo r  
comparison w i th   these  f ree- f ie ld   s lo t less  wing data.  The other term repre- 
sents t r a i l i n g  edge  noise. It uses measured variat ions  of  deflected-jet  width, 
boundary layer  thickness, and m a x i m u m  veloc i ty  a t  t h e   t r a i l i n g  edge within 
an equation  having  the  correct  functional dependence. The GELAC hand calcu- 
l a t i o n  method of  reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 pred ic t s   t ha t  a s l o t l e s s  U'IW configuration w i l l  
be 3 dB quieter  than  the  double or t r i p le   s lo t ted   equ iva len t  shape. 
Additional  comparisons  of  the NASA Lewis and UTRC methods a r e  made in   t he  
sect ion  ent i t led  "Addi t ional   S lo t less Wings". 

Measured d i rec t i v i t y   shapes changed  from a broad  l i f t -d ipo le   sor t  of 
pat tern a t  low exhaust  velocities,  with  peak  ampli,tude  normal t o   t he   de f l ec -  
ted  f lap  region,  to  near ly  constant  ampl i tude below the wing  and f l a p  a t  
la rge  ve loc i t ies.  The UTRC method matches these  shapes  and  levels,  although 
it general ly  predicts  too low a no ise   leve l   fo r   d i rec t ions  above the  deflec- 
ted af t  surface. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor di rect ions below the wing and flap,  agreement  ranges 
from 2 dB underestimate at  the  lowest  exhaust  velocity  to 2 dB overestimate 
a t  the  highest.  Levels  calculated by the  NASA Lewis method of  references 24 
and 25  agree  with  the UTRC predict ions  near zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100° polar  angle where both  are 
dominated by deflected-jet  noise.  This NASA Lewis method matches the  data 
within 2 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 dB over  the  range  of  polar  angles  from 20° t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA120' f o r  which 
the method appl ies.  Note t h a t  because  the test  model i s  r e l a t i v e l y  small, it 
was necessary  to  use  the  f low-f ie ld  data  of   reference 24 fo r   t he  same model 
s i z e  rather  than  that   of   reference 25 f o r  a geometrical ly  larger model. The 
constant-shape GELAC curve  tended t o  be  about 5 dB above the  data, and did 
not match  measured shapes  for   the  h igher  veloci t ies.  

. Free-f ield  spectra measured a t  goo polar  angle  are compared in   f igure  
12 with  those  calculated by the  UTRC method. I r regu la r i t ies ,   inc lud ing  a 
strong minimum i n   t h e  1/3 octave band centered a t  630 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz , dominate the low- 
frequency  portion of t he  measured spectra. These  spectrum i r r e g u l a r i t i e s  were 
especially  strong  near 40' polar  angle, which i s  not  an  obvious  angle  for  noise 
generation or r e f l e c t i o n   f o r   t h i s   s l o t l e s s  wing. Above 1600 Hz these  spectra 
at  900 angle  contain mi ld  osc i l l a t i ons  of about 2 dB half-amplitude  about  the 
calculated smooth curves.  Oscil lations were shown in   re fe rence 19 t o  be  larger 
for t h i s   s l o t l e s s  wing than  for   the  three- f lap  s lo t ted wing a t  either  def lec- 
t ion.  Possible  causes  of  the nonsmooth spectra were discussed  therein. Note 
that   accord ing  to   the data of reference 33, t h i s   s l o t l e s s  wing w a s  too many 
nozzle  diameters downstream t o  produce  noise by acoustic  feedback between the 
nozzle and deflected  sol id  surface. The measured  spectrum osc i l la t ions  s t rongly  
a f fec t   the   s ta t i s t i ca l   accuracy  of  measured OASPL. Therefore  the  normalized 
l/3 octave  spec t ra   fo r   th is   s lo t less  wing are   less   re l iab le   than  those  fo r   the  
t r i p le   s lo t ted   f l aps .  
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Calculated  and  measured  normalized zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/3 octave  spec t ra   fo r   the   s lo t less  
wing a r e  shown i n  f i gu re  13. The spectrum  measured at  t he  lower  exhaust 
veloci ty and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA70° polar   angle  conta ins  the  largest   scat ter .  Measured normal- 
ized  leve ls   for   th is   spect rum and  Strouhal numbers larger  than 2 are about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
dB below those  for   the  o ther   spect ra.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l l  the  calculated  normalized  spectra 
l i e  2 t o  3 dB above those  other measured spectra  for   Strouhal  numbers l a rge r  
than one. A s  with a l l  other  normalized  spectra shown except  those  for   the 
flyover  plane and takeoff   f lap  def lect ion,   the ANOP method markedly  under- 
predicts measured levels   for   St rouhal  numbers less   than 0.2. This may be 
important  for  predictions of a i r f rame  structure  acoust ic  fat igue. 

Comparison With  Designated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUSB Data 

QCSEE USB, Takeoff 

Acoustic and aerodynamic r e s u l t s  for l/ll.5 and 1/28 scale models of the 
QCSEE USB configuration were presented by NASA in  reference 22. Acoustic 
data were compared by NASA with  predict ions made a t  UTRC before  the  data were 
avai lable. These  comparisons are  plotted  herein.  Calculated and  measured 
OASPL d i rec t i v i t ies   in   the   f l yover   p lane  a re  compared in   f igure  14 for   the 
larger  model.  Measured d i r e c t i v i t i e s   c l e a r l y  changed shape with  exhaust  ve- 
l oc i t y .  Amplitudes  near 90° polar  angle were predicted by the UTRC method 
within 2 dB, and the  d i rect iv i ty   shapes were closely matched. In   con t ras t ,  
the ANOP method matched the  measured shapes  only a t  low exhaust  veloci t ies 
(not used a t   t akeo f f )  and was about 4 dB  low near 90° polar  angle. Ampli- 
tudes  near 90' angle, as calculated by the GELAC method of reference 30, were 
no  worse than  those from the ANOP method, but   d i rect iv i ty   shapes were i n  poor 
agreement  with  data.  This GELAC method contains  several  noise components 
which vary  wi th  nozzle  veloci ty  ra ised  to  the  e ighth power. For USB config- 
urat ions  they  represent  noise from the  exhaust   je t  downstream of t h e   t r a i l i n g  
edge,  the wall j e t  on the  wing and f l a p  upper surface, and the  canted  nozzle 
exhaust  impinging  against  the wing  upper surface. However, the sum of these 
calculated terms i s  5 t o  10 dB below what would be needed t o  achieve  reason- 
able agreement  with  the  data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs ment.ioned i n  the  preceding  sect ion  ent i t led 
"EBF Noise Predict ion Methods", even the  noise from an  isolated  exhaust 
nozzle would be  calculated as 7 dB less  than  that   g iven by t h e  NASA ANOP 
method of reference 16. 



ETfects  of  polar  angle on ca lcu lated,and measured s ide l i ne   d i rec t i v i t y  
are given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin f igure  15 f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 3 O  and 85' sidel ine  angles.   Resul ts  are shown 
for  the  nominal   f lap  length and f o r  two o the r   f l ap   l eng ths   t o  be  discussed 
l a t e r .  Measured reductions between 75O and l O 5 O  polar  angle  were  about 6 dB 
and 9 dB fo r  630 and 85' s ide l ine  angle,   respect ive ly .  These reductions were 
predicted by the UTRC method  and greatly  underpredicted  by  the ANOP and GELAC 
Measured reductions between 75' and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA105O polar  angle were about 6 dB and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 dB 
for 63' and 85' sidel ine  angle,   respect ively.  These reductions were predic-  
ted  by the  UTRC method and great ly  underpredicted  by  the ANOP and GELAC 
methods. The ANOP predic t ion  for  USB i s  def ined  only  for  90' polar  angle. 
Detai ls  of  the measured s ide l ine   e f fec t  i n  the  af t   quadrant were  poorly  pre- 
dicted by the UTRC method. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  with  the comparison fo r  UIW configurations, 
m a x i m u m  noise  reduction  occurred  behind 90° polar  angle b u t  was pred ic ted   to  
occur a t   o r  ahead  of that  angle.  Increased OASPL a t  630 s ide l ine  angle,   a t  
a polar  angle  wi th in  the  def lected  jet   exhaust  refract ion  val ley  in  the  f ly-  
over  plane, was larger  than  predicted and occurred a t  20° larger  polar  angle. 
This good qua l i ta t i ve  agreement,  but poor agreement i n  detai ls,   probably 
resu l t s  from the  incorrect  assumption  that quadFupole no ise  rad iat ion from a 
USB slot   nozzle  is   axisymmetr ic  about  the  def lected  jet   center l ine.  

Effects  of  polar  angle and exhaust  velocity on calculated and  measured 
normalized  spectra  for  the 1/11.5 scale model a re  compared i n   f i g u r e  16. Data 
are shown for 60° ,and 120' polar  angles a t  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA150 and 220 m/sec exhaust 
ve loc i t ies .  Measured normalized  spectra  for  the  f lyover  plane and large 
Strouhal numbers are  h ighest  for   the  af t   polar  angle  at   both  veloci t ies.  
They are  about 8 dB lower for  the  forward  angle and  lower velocity.  This 
change i n  spectrum  shape and l e v e l  i s  predicted by the UTRC method. Although 
the GELAC method gave  a  poor predict ion of OASPL a t  120' polar  angle, it 
co r rec t l y   p red ic ted   t ha t   no i se   a t   t h i s   d i rec t i on  would be dominated by 
quadrupole  noise. The result ing  calculated  normalized  spectra  also match the 
high-frequency  portion of the  data.  The ANOP normalized  spectrum i s  inde- 
pendent of polar  angle and exhaust  velocity; it would general ly match the 
data  (not shown) for goo polar  angle and both  ve loc i t ies.  Measured  normal- 
ized  spectra  at   large  Strouhal  numbers were great ly   a f fected by exhaust 
ve loc i ty   a t  600 polar  angle  but  not  at 120° angle. For 60° angle,  increasing 
the  exhaust  veloci ty  great ly  increases  the  calculated amount of  quadrupole 
noise and therefore  the  spectrum  amplitudes a t  high  Strouhal numbers. It 
causes  only moderate increases  of  surface-radiated  noise which  dominates the 
peak  amplitudes and OASPL. The ANOP method overpredicts measured  normalized 
levels  by about 3 t o  11 dB a t  high  Strouhal numbers. Normalized spectra 
given  by  the GELAC method were  a few dB c loser   to   data  than  those from the 
UTRC method for  Strouhal  numbers larger  than 5. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Three d i f ference  f lap  lengths had been tes ted   w i th   the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/11.5 scale 

model a t  218 m/sec exhaust  velocity. The e f fec t  of f lap   leng th  on d i rec t i v -  
i t y  and spectrum in   the   f l yover   p lane i s  shown in   f igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  can  be  seen 
*om the  sketch a t  the  top of th is   f igure ,   the   shor t   f lap  was only   s l ight ly  
shorter  than  the  nominal  length but  the  long  f lap was considerably  longer. 
The sho r t   f l ap  was found t o  cause 3 t o  4 dB increase, and the  long  f lap  about 
2 dB decrease, of OASPL r e l a t i v e   t o   t h a t   f o r   t h e  nominal f lap .   In   con t ras t ,  
the ZlTRC methd  predicted no s ign i f i can t  change wi th   the  shor t   f lap and about 
2 dB increase  with  the  long  f lap. The UTRC method tends  to   predic t   an  in-  
crease  of  surface-radiated  noise due to   increased  f lap  length,  and a decrease 
of both  quadrupole and surface-radiated  noise  caused by viscous  decay of  ex- 
haust  veloci ty at  t h e   f l a p   t r a i l i n g  edge.  Data given  in  f igure 4 of r e f e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
ence 22 showed 10 percent lower  peak v e l o c i t y   a t   t h e   t r a i l i n g  edge  of the 
long  f lap.  This  velocity  dif ference would  be expected t o  cause 3 dB noise 
decrease below zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTRC ca lcu la ted   leve ls ,   resu l t ing   in  a 2 dB overestimate as 
with  the  nominal  f lap.  Negligible  viscous  decay was predicted  for   the  short  
and nominal f lap   leng ths ,  and very l i t t l e   f o r   t h e  long  f lap. The UTRC 
method therefore  could  predict  the measured e f f e c t  of increased  f lap  length 
on OASPL fo r   th is   con f igura t ion  i f  measured v e l o c i t y   a t   t h e   t r a i l i n g  edge 
could be suppl ied  as  input,   rather  than  calculated  as one port ion of t h a t  
method. . 

Measured normalized l/3 octave  spec t ra   fo r   the   th ree   f lap   leng ths   a t  
105' po la r   ang le   a re   p lo t ted   in   the  lower pa r t  of f igure  17. Also shown i s  
the  normalized  spectrum  calculated  by  the UCRC method,  which was the same for  
these  f laps.   This  calculat ion was within 2 dB of   data  for   the nominal  and 
long  f lap.  The normalized  spectrum measured wi th   the  shor t   f lap was 2 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
dB higher  than  the  other  data  near peak amplitude and the same increment 
lower a t  high  frequencies.  That is ,  for  frequencies above 435 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz f u l l  scale 
(5000 Hz model sca le )  which strongly  affect  annoyance-weighted  noise,  actual 
measured spec t ra   fo r   the   shor t  and nominal. f laps  agreed  wi th in 2 dB with  each 
other and within  about 3 dB with  the UTRC predict ion.  Large dif ferences  be- 
tween 1/3 octave  spectra  for   these two f lap  lengths were  concentrated below 
about 110 Hz f u l l  scale (1250 ?3z model scale),   near peak  amplitude  of  the 
spectra.  Calculated  ful l-scale annoyance levels   therefore would underpredict 
data by about 3 dB for  the  smal l  and nominal f laps .  For the  long  f lap,   they 
would be about 5 dB too  high. 

All three  f lap  lengths had been t e s t e d   a t  63' s ide l ine  angle  in   addi t ion 
to  the  f lyover  p lane. A s  shown i n   f i g u r e  15, there  was no s ign i f i can t   e f fec t  
of f lap   leng th  on sidel ine  noise  reduct ion.  This r e s u l t  is i n  agreement  with 
predict ions by a l l  methods. The measured 5 dB reduc t ion   a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90° polar  angle 
was predicted  wi th in 1 dB by the  UTRC method and underpredicted by the  other 
methods. 



QCSEE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUSB, Approach 

Calculated and  measured OASPL d i r e c t i v i t i e s  i n  the  f lyover  plane  for  the 
nominal f lap   leng th  and  approach f lap   de f lec t ion   a re  colapared i n  f igure  18. 
A s  wi th  the  takeoff   conf igurat ion,   the measured d i rec t i v i t y   pa t te rn  changed 
shape as  exhaust  velocity was increased. It varied from re la t ive ly   constant  
amplitude in  the  forward  quadrant a t  small exhaust   ve loc i t ies  to  a shape 
which  resembled je t   no ise  ro tated  through  the flow def lec t ion   ang le -a t   la rge  
exhaust  veloci t ies.  The ANOP method correct ly  predicted  the measured leve ls  
ahead of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60' polar  angle  but  increasingly  underestimated  peak  levels a t  90' 
as exhaust  veloci ty was increased. The UTRC method correct ly  predicted  the 
change of  shape  but  tended to  overest imate by severa l  dB the  peak noise  for  
d i rect ions below the   de f lec ted   je t .  For the  typical   cr i t ical   approach  case 
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoo polar  angle and 189 m/sec exhaust  velocity, measured OASPL was about 
2 dB above the  ANOP predic t ion and an equal amount  below the UTRC predic-  
t ion.  The GELAC predic t ion  for   the sum o f   t r a i l i n g  edge noise and  low-ampli- 
tude  quadrupole  noise  terms  dif fered  greatly from the  data.  Underestimates 
of 10 t o  13 dB general ly  occurred  near Po polar  angle. 

Ef fects of polar  angle on calculated and measured s ide l i ne   d i rec t i v i t y  
a re  shown i n  f igure 19 for  the  approach  configuration and 190 m/sec exhaust 
veloci ty.  The measured 5 dB maximum reduc t ion   a t  goo polar  angle and 63' 
sidel ine  angle was predicted  wi th in 1 dB by the UTRC method and underestima- 
ted  2 dB by the ANOP method. Reductions  calculated by the GELAC method de- 
c rease  to   zero   fo r   d i rec t ions   near   the   de f lec ted   t ra i l ing  edge, where ca1cu.- 
lated  quadrupole  noise components a r e  much la rger   than  the   ca lcu la ted   t ra i l -  
ing edge noise. Measured maximum noise  reduction was only  about 1 dB 
l a r g e r   a t  85' t han   a t  63' s ide l ine  angle,   cont rary   to   the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 dB increase  cal-  
culated by the UTRC method. However, the ANOP method incor rec t ly   p red ic ts  
an  increase of OASPL fo r   t ha t  change of s idel ine  angle.  This r e l a t i v e l y  poor 
predict ion by the UTRC method of s idel ine  noise  reduct ion  at   approach  f lap 
def lect ion and 850 sidel ine  angle may be associated  with  the  underpredict ion 
of  quadrupole  noise a t  polar  angles  above  the  def lected  f lap  in  the  f lyover 
p lane  ( f igure 18). The s lo t   je t   shou ld  be loudes t   a t   d i rec t ions  normal t o   t he  
narrow s ide of t h e   j e t .  For th is   la rge   s ide l ine   ang le  and large  f lap  def lec-  
t ion,   the microphone at  goo polar  angle i s  not  shielded from l ine-of-s ight  
view of the  exhaust  nozzle. Any underestimate  of  exhaust  jet  noise above the 
wing would cause  an  overestimate  of  sideline  noise  reduction. 

Calculated and measured  normalized 1/3 octave  spectra  are compared i n  
f igure 20 for   no ise  rad iated by the  QCSEE USB approach  configuration. Re- 
s u l t s   a r e  shown fo r  60° and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA105' polar  angles and nominal 150 and 220 m/sec 
exhaust  veloci t ies  in  the  f lyover  p lane, and 600 and 120° polar   angles  in   the 
63' sidel ine  p lane.  In  the  f lyover  p lane,  the UTRC method predicted a small 
range  of  variat ion  for  normalized  spectra. These calculated  spectra were 
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c lose   to   tha t   g iven  by t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANOP method. In   con t ras t ,   the  GELAC method pre- 
dicted a larger  range of spectrum  shapes t h a t  was i n   c l o s e r  agreement with 
data. The  same differences  occurred between predict ions  for   the 630 s ide l ine 
plane.  Spectra measured i n  this plane were more closely  predicted by the 
UTRC method a t  large  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsmall Strouhal numbers. 

TF-34 Scale Model 

This model, shown i n   f igure  4b, was 1/18.5 the  s ize  of  a large-scale USB 
model having a 4 : l  canted  slot  nozzle and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40° def lect ion  shor t   f lap,  tested 
with  the mixed exhaust  of a TF-34 turbofan  engine.  nee-f ie ld  data  for  t h i s  
geometrical ly  similar  scale model  had been compared in  reference 22 wi th  data 
for   that   large-scale model, taken from reference 34. OASPL d i r e c t i v i t y  a t  
high  subsonic  exhaust  velocities was characterized by a re la t i ve ly   s t rong 
peak  of  noise a t   d i r e c t i o n s  j u s t  below the  def lected  je t .  Data  from previous 
t e s t s  of  large- and small-scale USB models had not  contained t h i s  feature.  
It was not  apparent  whether t h i s  localized  apparent  quadrupole  noise was 
pecul iar  to  the  nozzle and f l a p  geometry or was  somehow associated wi th  use 
of a real  turbofan  engine  as  an air  supply. Both t h i s  scale model and the 
TF-34 engine  insta l la t ion had uniform  exhaust  velocities. However, the ex- 
haust of an  engine would be hot ter  and more turbulent  than t h a t  obtained wi th  
unheated  compressed a i r ,  and  could have an  incompletely m i d d  high-velocity 
core. This small model of  the  large  configuration was tested by NASA t o  re- 
solve  th is  quest ion.  It was shown in   re ference 22 tha t  the model data, 
scaled  to  the  large  conf igurat ion,  d i d  reproduce  the measured d i r e c t i v i t y  and 
spectra. Data were obtained  only  for  the  f lyover  plane. 

Measured  and calculated OASPL d i r e c t i v i t i e s   a r e  compared i n   f i g u r e  28 
for   f ive  exhaust  veloci t ies.  A t  the  lowest  velocity (115 m/sec) the measured 
d i r e c t i v i t y  had no abrupt  peak and was c losely  matched by the ANOP and UTRC 
methods. Increasing  the  exhaust  velocity  caused a large  increase of noise 
rad iat ion a t  looo t o  130° polar  angles, as with  the data of  reference 34. 
The ANOP method d id  not   p red ic t   th is  change. The UTRC method predicted  the 
qual i ta t ive  increase of OASPL but  underestimated i t s  magnitude. However , 
OASPL a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90° polar  angle was predicted  within 2 dB by t h a t  method fo r  a l l  ex- 
haust  veloci t ies.  The GELAC method of  reference 30 again  greatly  underesti-  
mated the  data f o r   a l l  b u t  the  lowest  exhaust  velocity and less than 90° 
polar  angle, as i f  the  quadrupole  terms were too low. 

Calculated and  measured norml fzed  spect ra  are compared i n   f i g u r e  22 f o r  
600, go0, and 120° polar  angles a t  116 and 239 m/sec exhaust  velocit ies. A t  
both  veloci t ies  the UTRC method predicts a narrower  range of spectrum  shapes 
than  the c;ELAC method and lower  normalized  amplitudes a t  high  frequencies 
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than  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANOP method. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTRC method c l e a r l y  gave the   c loses t   p red ic t ion  
of  data  above 10 kHz model frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz large-scale  flrequency).  This 
would be the  dominant  region  for  predicting  annoyance-weighted  noise levels 
of  the  large-scale  conf igurat ion  tested  wi th  the TF-34 engine. The measured 
rapid  decay  of  normalized  amplitudes below 1 kHz model frequency (50 Hz 
large-scale  frequency) was not  predicted by any of the  three methods. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ANOP method does  predict   th is type of rapid  decay  but was 5 t o  10 dB above 
the measured levels. 

USB Vane Deflector 

This  configuration, shown in   f igure  4c and descr ibed  in  reference 28, 
has a circular  nozzle a t  moderate  height  above  the  wing. A vane def lector ,  
mounted on a pivot  located above  and  downstream  of the  nozzle,  forced  the 
exhaust j e t  down against   the wing upper surface  for   powered- l i f t   f l ight .  Ex- 
ternal   a i r f low would pass between the  wing  upper surface and the  exhaust j e t ,  
awing  c ru ise   the   de f lec to r  would be  retracted and  stowed away, reducing 
aerodynamic f r i c t ion   d rag   re la t i ve   to   convent iona l  USB (f igure ha) .  Addition- 
a l  acoust ic  data,   not   g iven  in  reference 28, were provided  by NASA for use i n  
th is  evaluat ion  of  EBF noise  predict ion methods. 

Calculated and measured OASPL d i rec t iv i t ies   in   the   f l yover   p lane  fo r  
th is  conf igurat ion at  takeof f   f lap  def lect ion  are compared i n   f i g u r e  23 f o r  
three  exhaust  velocit ies. The ANOP method predic ts   the  genera l   leve l   but  
not  the  shape  of  these  data. The c;ELAC method matches the  measured levels  of 
OASPL near 90° polar  angle b u t  gives a very poor predic t ion  o f   d i rect iv i ty  
shape. The UTRC method matches the  general  shape b u t  i s  about 7 dB too  large 
in  ampli tude.  This  large  error was caused  by the  calculated l i f t  f luc tuat ion 
noise component associated w i t h  the  large  chord. However, measured noise d id  
not  exceed tha t   fo r   the  TF-34 scale model which had the same nozzle  equiva- 
lent  diameter  but zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.425 times t h i s  chord.  Unpublished ve loc i ty   d is t r ibut ions 
measured f o r  t h i s  vane def lector show that  the  exhaust   je t  was spread  over a 
very  large  spanwise  extent  re lat ive  to tha t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor USB slot   nozzles.  Thus the  f low 
f i e l d  achieved k i t h  a vane def lector w a s  not t yp i ca l  of that  f o r  which the  pre- 
d ic t ion method i s  based. 

Calculated and  measured s ide l i ne   d i rec t i v i t i es   f o r   t h i s   t akeo f f   con f i g -  
urat ion  are compared i n   f i g u r e  24. A t  600 sidel ine  .angle  ( f igure 24a ) , the 
measured reduct ions  re la t ive  to   those  for   the same polar  angle and the   f l y -  
over  plane  were  closely  predicted by the  UTRC method. M a x i m u m  measured r e -  
ductions  of  about 5 dB a t  two exhaust  velocit ies were about  twice  the  reduc- 
t ion  predicted by the ANOP method. This  clsse agreement wi th  the  noise 
increments  predicted by t h e  UTRC method i l l u s b r a t e s   t h a t   t h e  dominant noise 
radiat ion  process below the  exhaust   je t  a t  both 00 and 600 s ide l ine  angles 
must be surface-radiated  noise. 
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In   cont rast ,   no ise  rad iat ion measured a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA85O sidel ine  angle was stronger 
than  tha t   fo r  60° sidel ine  angle.  This result i s  predicted by the  UTRC 
method only when the  nozzle  exit   plane and exhaust-deflect ing  surfaces  can 
be  viewed  above the wing surface. It i s  l i k e l y ' t h a t   t h e  high-mounted vane 
def lector  was not  shielded by the  l imited-span wing model f o r  any  polar 
angle  d i rect ions  in   the 850 sidel ine  plane.  Calculated  and measured absolute 
values  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL a t  tha t   s ide l ine   ang le   a re  compared i n   f i g u r e  24b. A l l  th ree  
methods  matched the  general   level   of   the  data,   wi th  the UTRC method being 
about 3 dB low. It i s  possible  that   def lect ion  of   the  .exhaust  jet  by  an  ex- 
t e rna l   c i r cu la r  vane causes more noise  than  def lect ion by a nozzle  roof  in- 
c l i n e d   a t   t h e  same angle,  as was assumed in   the   ca lcu la t ion .  

Calculated and  measured OASPL d i r e c t i v i t i e s  i n  the  f lyover  p lane  for   the 
approach  configuration  are compared in   f i gu re  25 for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo ve loc i t ies .  The 
ANOP and GELAC methods general ly match these measured leve ls .  The UTRC 
method is about 8 dB too  high  near zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoo polar  angle and about 3 dB too  high 
a t  forward  positions.  That  is,  the  underestimate  of  surface-radiated  noise 
associated wi th  the  h igh ly   def lected  f lap was not  as  severe  as  the  underesti-  
mate of noise  associated wi th  the  undeflected  part  of  the wing. 

Calculated and  measured normalized l/3 octave  spectra  in  the  f lyover 
plane  for   the USB vane def lector  model a r e  compared i n  f igure  26.  Data for  
takeof f   f lap and  vane pos i t ion,  shown in   f i gu re  26a, had one broad  peak a t  
t he   re la t i ve l y  low Strouhal number of 0.1 and another  broad  peak a t  Strouhal 
numbers near  2. The ANOP method matched the peak at  the  low S t r o u h a l   n u -  
ber. However, it and the  other two  methods predicted a second  peak a t  
Strouhal numbers from  0.2 t o  0.5 where the  data had a l oca l  minimum. Both 
the ANOP and UTRC methods general ly matched the  data  for   St rouhal  numbers 
larger   than 1. The GELAC method predicted a  wide envelope  of  normalized 
spectra  for  this range  of  polar  angles. For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1200 polar  angle  the OASFL ca l -  
culated by the  GELAC method was dominated by no ise   a t t r ibu ted   to   d i rec t  
rad ia t ion  from the wake downstream  of t h e   t r a i l i n g  edge.  This  noise compo- 
nent  decays  slowly  with  increasing  Strouhal number a t   t h i s  measurement d i rec-  
t ion .  Thus the  upper do t ted   l ine  at  large  Strouhal  numbers, which l i e s  
fu r thes t  above the  average  data,  corresponds  to  the open t r iang le   da ta  sym- 
bols which l i e  below the  average  data. 

Measured normalized  spectra  for  the  approach  configuration, shown i n  
f igure 26b, had sharper peaks than  those measured for   takeof f .  The high-*e- 
quency peak,  centered a t  a Strouhal number of 2, extended  over  about  an 
octave  of  frequency. It protruded more than 6 dB above the  remainder of the 
spectrum a t   t h e  lower exhaust  velocity. All of   the  no ise  predic t ion methods 
gave smooth curves which did  not  reproduce t h i s  spectrum  peak. The UTRC and 
ANOP methods predic ted  the  genera l   leve l  of data.  The GELAC method again 
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predicted a much larger  range  of  normalized spectrum shape  than was measured. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. These zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100' polar angles are re la t i ve l y   c lose   t o   t he   de f l ec ted   exhaus t  

je t  downstream di rect ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor Strouhal numbers from 1 t o  10, noise  calcula- 
ted   by   the  GELAC method f o r  800 polar  angle was predic ted  to   be dominated by 
quadrupole  noise  from  the wake downstream o f   the   t ra i l ing   edge.  A t  t h i s  mod- 
.crate angle  from  the  deflected j e t  downstream d i rec t i on ,   t he   resu l t i ng  cal- 
culated spectrum had a large  decay rate.  For looo polar  angle  the  calculated 
quadrupole  noise  radiated  from  the  f lap upper surface wall je t ,  and re f rac ted  
around  the  t ra i l ing  edge, was calcu lated  to   dominate a t  large  Strouhal  nun- 
bers.  This  normalized spectrum has a small decay ra te and  produced the  
upper dash  curve. For Strouhal numbers near 4, t h i s  upper curve i s  about 8 
dB higher  than  the looo polar   angle  ( t r iangle)  data symbols.  This  strong 
sensi t iv i ty  of   h igh-frequency spectrum shape to   po la r   ang le ,  a t  d i rec t ions  
within  about 60' from the  def lected j e t  downstream d i rec t ion ,  i s  a property 
of predict ions by t h e  GELAC USB method of  reference 30. The predicted  strong 
var ia t ion  i s  independent of errors  in  absolute  level   of   quadrupole  noise,  and 

i s  cont ra ry   to   the   da ta .  

Normalized spectra  for  the  takeoff  configuration a t  90' polar  angle and 
both 60' and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA85' s ide l ine  angle are shown in   f igure   27 .  A t  600 s ide l ine  
angle, shown in   f igure  27a,   the  data  for   h igh  St rouhal  numbers were  bracketed 
by the  ANOP and UTRC methods.  Each method was about 3 dB from the  data.  For 
8 5 O  sidel ine  angle,  shown i n  f igure  27b, the ANOP and GELAC methods general ly 
were within 3 dB of t h e  data. The UTRC method gave  worst  agreement  with 
data for   th is   conf igurat ion and sidel ine  angle.  

Discussion  of Error 

When  EBF noise data are  appl ied  to   predic t ion of fu l l -scale  f lyover 
noise,  calculated  levels  of  perceived  noise  level (PNL) are dominated by 
the  noise radiated a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA900 polar  angle. A rough estimate of  error  incurred 
by use  of  each  prediction method was obtained  from  the  dif ference between  pre- 
d ic ted and  measured OASPL f o r   t h i s  overhead  position.  These  comparisons 
were  examined only a t  the  second  highest  exhaust  velocity  for which d i rec t i v -  
i t y  data are presented. Error i n   p red ic t ing  annoyance-weighted  noise was 
obtained  by  comparing PNL for  scaled  predicted and  measured spect ra at  t h i s  
d i rec t ion  and ve loc i ty .  Model l inear  dimensions  and  far-field  distance 
were each  multiplied  by 1 0  i n   o r d e r   t o  weigh the  high-frequency  portions  of 
the measured s p e c t r a   i n  a manner similar t o  tha t  f o r  PNL a t  f u l l   sca le .  
Atmospheric attenuation  over  the  increased  path  length was included i n   t h e s e  
PNL predict ions. The resul t ing  predic t ion  er rors  for each  configuration, 
mean er ro r ,  and  range  about  that mean f o r  50% confidence (0.67 times t he  
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standard  deviat ion)  are shown i n  TABLE I11 f o r   t h e  UTRC, ANOP, and GELAC pre- 
dict ion methods.  These calculat ions  of PNL, and t h e   s t a t i s t i c a l   a n a l y s i s ,  
were  conducted by NASA Lewis Research  Center  using  spectra  predicted as par t  
of t h i s   con t rac t   e f fo r t .  

TABLE I11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- OASPL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND PNL PREDICTION ERROR FOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90' FLYOVER  POSITION 

Notes:  Errors = Prediction-Data, PNL calculated  for  10 times model sca le ,  
Comparisons fo r   the   tes t   exhaust   ve loc i ty   c loses t   to  225 m/sec. 

OASPL E r r o r ,  dB PNL Error ,  PNdB 
Configuration 

3 -Flap UTW, T/O 

APP 

Slotless  3-Flap 

QCSEE USB, T/O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A PP 

TF-34 USB 

Vane USB, T/O 
A PP 

Mean Error 
50% Confidence 

UTRC 

-3 -5 
-1.5 

+1.5 

+1.5 
+1.9 

-1.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+9 .o 
+7.1 

+2.9 
+1.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ANOP 

-2.7 

-2.5 

NA 

-3.2 
-2.5 

-4.2 

m.1 
-0.8 

-2.3 
k1.0 

GELAC 

-6.7 
+Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.6 

+3 .O 

-4.9 

-5.8 

-10.4 

-2.3 
-0.1 

-3 03 
23 .o 

UTRC 

-6.6 
-0.7 

+2 .o 

+1.1 
+4.6 

-3.2 

4.0 
+ll .2 

+2 .o 
+3 -9 

ANOP 

-4.1 
-1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NA 

-5.2 
-1.2 

-6.9 

+2 .o 
+2.3 

-2.1 
f2.3 

GELAC 

-8.4 
+0.5 

+2.7 

-5 07 
-9.4 

-6.7 

+o .2 
-3.2 

-3 97 
-13 .o 

Both t h e  ANOP and UTRC methods have mean errors  of  about 2 dB in  both 
OASPL and PNL. Mean er ro r   o f   the  GELAC method w a s  about 50% la rge r .  The 
range  of s c a t t e r  about  these mean errors  (assuming a Gaussian d i s t r i bu t i on )  
w a s  about  half as la rge   f o r   t he  ANOP method as for   the  other two methods. 
The UTRC method.best  predicted  the  shapes  of  the  polar and azimuthal 
d i rec t i v i t y ,   bu t  it f a i l e d   t o   p r e d i c t  OASPL and PNL at the  f lyover   pos i t ion 
s ign i f icant ly   bet ter   than  the  ear l ier   empir ica l  ANOP method. There a re   t h ree  
key reasons   f o r   t h i s   l a t te r   resu l t :  (1) calcu lated  no ise  leve ls   are  sens i -  
t i v e   t o   l o c a l  mean ve loc i ty  and turbulence  level ,  which are  crudely  repre- 
sented   in   the  UTRC method, ( 2 )  by summing several  components whose leve ls   a re  
m a x i m u m  at  directions  determined by t h e   f l a p  geometry, it i s  easy t o  miss t h e  
l eve l  at  any one d i rect ion,  and (3)  the ANOP method w a s  based on data  corre- 
la t ions   fo r   the   spec i f i c  goo direction  angle at which t h i s  comparison w a s  
made.  The resul t ing ANOP predict ions,  at  t h i s  goo direct ion  angle and 
exhaust  pressure  rat ios  near 1 . 4 ,  apparently  are a t  l e a s t  as accurate as 
those from the  UTRC and GELAC methods  which are based on summations of 
separately  calculated  noise components. I f   t h e  vane USB configuration  had 
not been included  in this comparison, t he  UTRC method would have  achieved 
mean errors   smal ler   in  magnitude than 0.5 dB, with 50% confidence  levels  of 
- + 1 . 5  dB OASPL and - + 2.7 PNdB. These predic t ions  c lear ly  were bet ter   than 
those of the  o ther  methods. 
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me poss ib le   a l te rna te  method f o r  W and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUSB noise  predict ion would 

regard  measured  noise  amplitudes and spectra as a sum of two independent 
components: surface-radiated  noise  and  quadrupole  noise.  Quadrupole  noise 
as in fer red from the  data would  be subtracted from those data t o   f i n d   a n  
amplitude a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90' di rect ion,   d i rect iv i ty   shape,  and  spectrum  shape  associated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
with  surface-radiated  noise. These quant i t ies  would vary  with  configuration 
type (W or USB) and f lap   de f lec t ion   ang le   bu t  would be  independent  of  the 
detailed  configuration  geometry,  as  with  the  current ANOP method. Use of 
these two  components, each  optimized to   g i ve   bes t  results a t  the 90° f lyover 
direct ioP3  should  give  better  predict ion  of  ampli tudes,  spectra, and general 

d i rec t i v i t y   shapes   f o r   t h i s  and other  direct ions.  This  possible new method 
would require  less  computat ion  ef for t   than  the  noise component methods. It 
could be used with U"W mixer nozzle  configurations and s l o t l e s s  wing config- 
urat ions. Use of this  empir ical  approach would give up a l l  pretense of 
describing EBF noise as a sum of  simple  basic  noise  processes  for  which  the 
predict ion  accuracy i s  l imited  only by the  accuracy of estimated mean and 
f luctuat ing  local   f low  propert ies.  

Comparisons for  Addi t ional  EBF Configurations 

Addi t ional   Slot less Wings 

The method presented  herein  for   calculat ing  noise  radiated  by  s lot less 
wings  had  been strongly  inf luenced by da ta   fo r   the  UTW slot less  version  of  a 
t r i p le -s lo t ted  wing (reference 19). That  paper had included  comparisons  with 
the  calculated sum of a deflected-jet  quadrupole  noise component and a t r a i l -  
ing edge noise component with  amplitude matched with data fo r   t he  upper fo r -  
ward quadrant.  That sum greatly  underpredicted  the  noise measured below the 

wing a t  low exhaust  veloci t ies.  The NASA Lewis method of references 24 and 
25 used essent ia l l y   these same two  components. At tent ion was confined t o   t h e  
limited  range  of  polar  angles below the wing  and f l ap .  The def lected- jet   noise 
data of reference 3, used in  reference 25 for  representing  quadrupole  noise, 
i s  similarly  l imited  because  half  the  range of polar  angles was shielded  be- 
hind  the  large f lat   surface.  Also,   data  are  g iven  therein  only  for  l5', 30°, 
600, and 90' def lect ion  wi thout a simple method fo r   in te rpo la t ing   to   in te r -  
mediate  angles. The UTRC method uses  an  empirical  modification t o   t h e  
accepted  predict ion  (reference 16) of noise  radiated by  an  isolated  jet .  
Therefore it can be readi ly   appl ied  for   a l l   def lect ion  angles and exhaust  ve- 
l o c i t i e s ,  and includes  noise  radiated above the  def lected  exhaust   je t  down- 
stream of t h e   s l o t l e s s   f l a p   t r a i l i n g  edge. 

Calculated  and  measured zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL d i rec t iv i t ies   in   the   f l yover   p lane  a re  
p lo t ted in f igure  28  for   the  large  double-slot ted wing  of  reference 25 with 
the  s lo ts   c losed by p lug  fa i r ings.  The calculated  curves  designated NASA were 
taken from reference  25;  they  closely match the data. The UTRC calculated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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curves d id  not match the   f ine  deta i l  of measured d i rect iv i ty   near   the  def lec-  
ted j e t  b u t  general ly were within 2 dB of  the  data.  Therefore  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTRC 
method f o r   s l o t l e s s  wings  gives  acceptable  predict ion  of  these  direct ivi ty 
data. 

Calculated and measured d i rec t i v i t ies   in   the   f l yover   p lane  a re  compared 
i n   f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 f o r   t h e  UTW s l o t l e s s  wing of reference 26. This  configuration 
matched the  length and  contour  of a double-slotted wing at  approach  deflec- 
t i o n ;  it was shor te r   than  the   s lo t less   vers ion   o f   the   t r ip le -s lo t ted  wing. 
Data were presented  for two subsonic and (not shown) one supersonic  exhaust 
veloci ty.  These data have not  been  corrected t o  free f ie ld ,  so a l l  of  the 
predic ted  leve ls  have  been increased 2 dB t o  account  approximately  for  ground 
ref lect ion.  

For the  higher  exhaust  velocity,  the NASA Lewis method c losely  matched 
the  measured trends and levels  a t  di rect ions below the  wing, where t h i s  
method appl ies.  Note t h a t  i f  t h a t  method had been assumed t o   a p p l y   a t  a l l  
di rect ions,  a broad  peak of trai l ing-edge  noise  centered  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300° polar  angle 
would be predicted  to  occur. Maximum amplitude  of  that  peak would exceed 
the  levels  calculated by t h i s  NASA Lewis method f o r  20' polar  angle. This 
result i s  inherent   in   the  analy t ica l   descr ip t ion and i s  con t ra ry   t o   t he  mea- 
sured  direct iv i ty  shapes. The UTRC method predic ted  the  genera l   leve l  b u t  
not the precise  shape  of data below the wing. It matched the  shape measured 
above the wing, although  levels were underpredicted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t o  4 dB a t  most d i rec-  
t ions.  For the  lower  exhaust  velocity the UTRC method c losely  matched the 
measured  shape  and l e v e l  below the  wing and the NASA method was low. The 
G E U C  method was about 5 dB high  for   both  veloci t ies.  

Measurements of OASPL d i r e c t i v i t y  and sound power spectra had been 
presented  in  reference 35 for a UTW s l o t l e s s  wing a t   seve ra l   f l ap   l eng ths .  
The tes t  model had a straight  section  corresponding  to  an  undeflected wing, 
followed  by a c i r cu la r   a rc   w i th  450 turning  angle.  This  curved  portion  ex- 
tended below the  nozzle  center l ine.   Straight  f lap  sect ions  wi th  lengths of 
0.75, 3.75, and  12.75 diameters were added t o   t h e  model.  Measured d i rec t i v -  
i t y   i n   t h e   f l y o v e r  plane a t  a j e t  exhaust Mach number of 0.84 (exhaust  veloc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
i t y  270  m/sec) was given i n   f i g u r e  13 of  reference 35 for   these three f l a p  
lengths. These data are p lo t ted   in   f igure  30, with  the  f laps  denoted as 
shor t  , medium, and long. 

Calculations by the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANASA method of  reference 24 required  scal ing  or 
in terpolat ion  o f   the j e t  impingement noise data of reference 3 t o   t h i s  de- 
f l e c t i o n  
30° than 
f l e c t i o n  

angle. Those data have a more sharply peaked d i r e c t i v i t y  shape f o r  
f o r  60° def lect ion.  The s l o t l e s s  wing data  of   f igure 30 f o r  45O de- 
a lso  have a sharply peaked direct iv i ty.   Calculat ions by the NASA 
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method used an  interpolat ion between the  noise  data  of  reference 3 fo r  30° 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA600 de f lec t i on   t o   ob ta in  a predic t ion  for   the  requi red 45' deflect ion. 
Nei ther   the  s lo t less wing data  of  reference 35 nor  the j e t  impingement noise 
data of reference 3 were co r rec ted   t o   f ree   f i e ld .  Values for   je t   exhaust  
width,  boundary  layer  thickness, and maximum veloc i ty  a t  t h e   t r a i l i n g  edge 
were taken from data of reference 24 scaled  for   var iat ions  wi th f la? length. 

Increased  f lap  length  causes  increased  exhaust  cross  section  area,  increased 
boundary  layer  thickness, and decreased maximum velocity,  producing  dif ferent 
calculated  noise  for   the  short  and medium f laps.  The UTRC method predicted a 
small  decrease  of  noise as f lap   leng th  was increased from s h o r t   t o  medium. 
Noise levels  calculated by the UTRC method were increased 2 dB t o  account zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 
the measurements being  conducted above a ref lect ing  surface.  Calculated 
direct iv i ty  curves  are  not   p lot ted  for   the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGELAC method of  reference  29. The 
normal ized  direct iv i ty  curves  given  in  f igure 5-19 of   tha t   repor t  change 
shape d ras t i ca l l y  between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20' and 60' f lap  def lect ion.  If the  maximum re la -  
t ive  ampli tude shown in   t ha t   f i gu re   f o r  60' was assumed to   app ly   f o r  4 5 O  de- 
f lec t ion ,   the   resu l t ing  broad  peaks  of  the  calculated  curves would match the 
levels  of   data  p lot ted  in  f igure  30  for   the medium f l ap   l eng th   a t  800 and 
200° polar  angles. It would not  give  the  sharp  peaks of noise measured near 
the  def lected  exhaust  jet .  Because a l l   f l a p   l e n g t h s  have the Same impinge- 
ment-point  location,  they would a l l  have the  same calculated  noise  levels.  

A s  shown i n   t h e  upper  part of f igure 3 0 ,  t he  NASA method  matched the  
measured OASPL shape  below the  wing fo r   the   shor t  and medium f lap .  It was 
about 3 dB below data fo r   the   shor t   f lap  and 1 dB above data fo r   the  medium 
f lap .  The UTRC method d id  not  reproduce  the  measured  sharp  peak at  llOo 
and 120° polar  angle, 15O t o  250 below the   de f l ec ted   j e t ,  and was 4 t o  8 dB 
below data. The UTRC method underestimated  angular  extent  of  the  noise  peak 
measured  above the  def lected  je t   but   correct ly   predic ted  the measured leve ls  
near 270' polar angle.  Levels  measured  with  the  short  f lap  generally were 
about 5 dB louder  than  with  the medium f lap.  Neither method predic ted  th is  
di f ference. 

Calculated and  measured d i rec t i v i t i es   f o r   t he   l ong   f l ap   a re  shown i n   t h e  
lower par t  of  f igure 30.  The NASA method predicted  the measured  sharply 
peaked  shape and measured leve ls .  The UTRC method poorly  predicted  the mea- 
sured  direct iv i ty  shape  for   polar  angles below the  wing. A calculated  curve 
i s  not shown fo r   t he  GELAC method because t h i s  geometry i s  beyond the  range of 
variables  used i n  t h a t  method. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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UTW Mixer Nozzle 

Noise  radiation data f o r   t he  nominal half-scale UTW mixer nozzle  config- 
urat ion  of  reference 37 were compared with those  calculated by the method 
given  herein.  Although  the  only UTW EBF airplane now f l y i ng  (McDonnell- 
Douglas YC-15) uses  mixer  nozzles, no other method has  been  published  for 
predict ing  the  noise  of   such  instal lat ions.  This method calculates UTW s u r -  
face-radiated  noise  for  an  exhaust  velocity  equal  to  the  average  of  the two 
highest peak ve loc i t i es   i n   t he   i so la ted  mixer nozzle's measured velocity  pro- 
f i l e .  Measured no ise   fo r   the   i so la ted  mixer nozzle i s  increased  correspond- 
ing   to   the   ca lcu la ted   e f fec t  of  flow  deflection by the f l aps  a t  t he   l oca l  

flow velocity  (reference 18). For th is  conf igurat ion,  m a x i m u m  l oca l   ve loc i ty  
a t  the impingement point  was 0.64 t imes  the je t  exhaust  velocity. The 
resul t ing  increases were 0.1 dB for   takeoff  and 0.6 dB f o r  approach  deflec- 
t ion.  This measured, s l ight ly  increased  noise  associated  wi th t he  mixer 
nozzle  flow f i e l d  was rotated  through  the flow deflect ion  angle. For polar 
angles above the wing and def lected  f laps,  it was added d i r e c t l y   t o   t h e   c a l -  
culated  surface-radiated  noise. For polar  angles below the wing and def lec- 
ted   f lap ,  it was increased 3 dB and added to  the  calculated  surface-radiated 
noise zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

These t e s t s  were not  conducted i n  a f ree- f ie ld  environment and a re  
affected  by ground ref lect ions.   Acoust ic   ca l ibrat ion  o f   the  test   area have 
shown t h a t  wave cancel lat ion  tended  to occur i n   t h e  range  from 400 t o  630 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 
center  frequency.  This  frequency  region, and frequencies from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800 t o  2000 Hz 
where  ground re f l ec t i on  caused  about 1.5 dB increase,  general ly dominated the 
measured OASPL. Tabulated  values of OASPL, plot ted  here in ,   are  be l ieved  to  
be about 1.5 d B  too  large.  

Measured OASPL d i rect iv i t ies   in   the  f lyover   p lane,  and those  calculated 
by the method given  herein,  are compared in   f i gu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA31 for  both  takeoff and 
approach f lap  def lect ions.   Resul ts are shown for  nominal  exhaust  pressure 

r a t i o s  of 1.2, 1.4, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.7 a t  both  deflect ions.  Calculated  levels and d i -  
r e c t i v i t y  shapes  closely match the  data. A t  directions  near 30° above and 
below the  def lected je t ,  the  ca lcu lated  leve ls   are dominated  by  measured 
noise from the mixer nozzle as modified i n   t h e  manner described  above. 
Because data fo r   the  U'IW configuration and the  iso la ted mixer  nozzle  contain 
the same ground re f lec t ion   e f fec t ,   the   re la t i ve   d i f fe rence between calculated 
curves and  measured data symbols i s  unaffected  by  ground  reflection a t  these 
angles.  Further away from the  def lected je t ,  calcu lated  leve ls  are primari ly 
surface-radiated  noise. Maximum OASPL was approximately  independent  of  f lap 
deflection  because it was dominated  by  noise  associated  with  the  mixer  nozzle 
rather  than  the  f laps.   Increasing  the  pressure  rat io  caused  the measured, 
nearly f l a t  d i r e c t i v i t y  shape below the  wing t o  develop a peak  near the  de- 
f lected  je t .   Th is  change was correct ly  predicted. 
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For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdirect ion  angles  of   pract ical   interest ,   the  port ion  of   the  f requency 
spectrum  which would dominate  annoyance-weighted  noise would be  predicted t o  
be associated  wi th  the mixer nozzle.  Surface-radiated  noise would be  signi- 
f icant  only a t  lower frequencies.  &asured  spectra  therefore  are  not com- 
pared  with  predictions. Such comparisons  were  given in   re fe rence 18. The 
best  evaluat ion  of   th is  noise  predict ion method fo r  U'IW mixer  nozzles would 
be  comparisons with  f lyover  noise data fo r   the  USAF YC-15 Advanced Medium 
STOL 'I!ransport.  This  comparison would have t o  include  measured,  rather  than 
calculated,  forward  f l ight   ef fects on noise fYom t h e  mizer  nozzles. 

Engine i n  FYont of Wing 

Calculated and measured OASPL d i r e c t i v i t i e s   f o r  t h i s  configuration at 
two exhaust  veloci t ies  for   takeoff  and  approach f lap  def lect ion are shown i n  
f igure 32. Data f o r  t h i s  small model (reference 37) were not measured  under 
free-f ield  condit ions and are   p lo t ted  3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdB below the tabu la ted   leve ls   fo r  
t h i s  comparison. Measured leve ls  were unaffected by axial posit ion  of  the 
wing leading edge r e l a t i v e   t o  t h e  nozzle  exit   plane, and t h i s  parameter  does 
not  af fect   the  noise  predict ion.  A s  compared with UTW and USB configurations, 
t he  measured d i rec t i v i t ies   a re   re la t i ve ly   unaf fec ted  by f lap  def lect ion.  
Calculated  noise  levels  beneath  the wing were underestimated 2 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 dB a t  
the  higher  velocity  but were closely  predicted at  a l l  direct ions at  t he  lower 
veloci ty.  

Calculated and  measured spectra a t  the   d i rec t ions   fo r  m a x i m u m  OASPL are 
compared i n   f i g u r e  33. These spectra are characterized by a 12 dB per  octave 
decay a t  high  frequencies.  This  decay i s  more rapid  than  that   associated 
wi th   e i ther  UTW or USB. Measured spectra  general ly were closely  predicted 
but were underestimated a t  low frequencies which  dominated the  contr ibut ions 
t o  OASPL. 

Noise Predict ions  for   Ful l -scale QCSEE Configurations 

Zero Forward  Speed 

Noise radiat ion  caused by the  presence of the wing and t r a i l i n g  edge 
f laps was ca lcu lated  for   the  fu l l -sca le QCSEE engine,  wing, and f l a p   i n s t a l -  
l a t i ons .  Both the U'IW and USB configurations  were  represented a t  the  engine 
exhaust  velocit ies  specif ied as the  design  takeoff and landing  conditions. 
NASA tests  of   these  conf igurat ions a t  zero  forward  speed are scheduled t o  be 
run within  the  next two years.   Calculat ions  d iscussed  in  th is  subsect ion 
were conducted fo r  a 100 m (305 f t )  fa r - f ie ld   d is tance and zero  forward 
speed.  Configuration  geometries  supplied by NASA are  shown in   f igure  34. 
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The U'IW configuration had a double-slot ted  f lap  wi th  re lat ively  large  forward 
f l a p  chord. The af t  f lap  panel   extends  re la t ive ly  far i n t o   t h e  exhaus t  j e t  
at  takeoff f lap deflection.  Therefore it i s  l i ke ly   tha t   the   p red ic t ions  
given  herein w i l l  underestimate  the  f lap-radiated  noise  for  this  condit ion, 
as occurred  with  the UTW t r i p l e - s l o t t e d   f l a p  model previously  discussed. 
Model t e s t s   o f   t h i s  QCSEE configuration are recommended, t o  determine  whether 
the  increased  noise  does  occur. The high  bypass r a t i o  engine  had  coaxial  fan 
and core  exhaust jets. Equivalent  exhaust  velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVE was def ined  in  terms 
of   the  fan  exhaust  veloci ty VF and exhaust area AF, and core exhaust veloc i ty  
Vc and  exhaust  area AC, i n   t he  same manner as wi th   the NASA  ANOP method of 
reference  27.  That i s ,  (AF+Ac)V& zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= A F V ~ 6  + ACVC 6 . Other velocity  weighting 

funct ions  for   def in ing an equivalent  exhaust  velocity,  such as a mass flow 
weighted  velocity  (references 22 and 34),  could  also  have  been  used.  Deter- 
mination of the  correct  weighting  function  for two-stream UTW i n s t a l l a t i o n s  
also  requires  addit ional  model-scale  tests. The sum of  fan and core  exhaust 
area was 1.96 m2 (21 .1  f t 2 )  corresponding t o  1.581 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm (5.188 f t  ) diameter. 
Velocit ies  specif ied by NASA f o r  UTW takeoff and approach  are: 

Equivalent 
Fan Velocity, Core Velocity,  Velocity, 
m/sec ( f t /sec)  m/sec ( f t /sec)  m/sec ( f t /sec)  

Takeoff 204 (670) 245 (803) 215 (704) 

Approach 146 (480) 194 (636) 16s (528) 

The USB configuration had an  in ternal  mixer  nozzle.  Fully mixed exhaust 
ve loc i t ies were speci f ied as 220 m/sec (722 f t / sec)   fo r   takeof f  and 190 m/sec 
(623 f t / s e c )   f o r  approach.  Nozzle  equivalent  diameter was 1.491 m (4.893 
f t ) .  Atmospheric propert ies were taken  as  those  for  standard  sea level.  

Because ac tua l   exhaust   ve loc i t ies   fo r   these  p lanned  fu l l   sca le   tes ts  may 
dif fer  from those  speci f ied  here,  and other   def in i t ions of equivalent  veloci- 
t y  may be  examined, it is necessary t o   p r e d i c t   t h e   e f f e c t  of small changes i n  
exhaust  velocity. This was  done by regarding OASPL at each  polar  angle, 
s idel ine  angle,  and f lap   de f lec t ion  as varying  with  equivalent  exhaust  veloci- 
t y   r a i s e d   t o  some exponent  n. OASPL was ca lcu la ted   to  two decimal  places  for 
the nominal and 1.0233 times nominal veloci ty.  Ten times the  d i f ference 
between t h e  two values  of OASPL was then  equal t o   t h e   v e l o c i t y  exponent. 

The calculated OASPL d i rec t iv i t ies   in   the   f l yover   p lane and a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA63O and 
8 5 O  s ide l ine angles are   p lo t ted   i n   f i gu re  35 f o r  UTW takeoff.  Also shown are 
the  calculated  variat ions  of  velocity  exponent  with polar angle  for   these 
three s ide l ine angles. The velocity  exponent a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoo polar  angle i s  l a rges t  



for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 5 O  sidel ine  angle  because  calculated  noise at t h i s   d i rec t i on  i s  dominated 
by quadrupole  noise.  Calculated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOASPL d i r e c t i v i t i e s  at these  s idel ine  angles 
f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTW approach,  and the  associated  velocity  exponents, are p lo t ted   in   f igure  
36. For  both  takeoff and approach,  the  calculated OASPL in   the  f lyover   p lane 
increases by 1 t o  3 d B  as polar  angle i s  increased from upstream  toward  the 
deflected je t .  Predicted  velocity  exponents  have m a x i m u m  values  of  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 
near  the edge of   the j e t  exhaust  refract ion  region. These  values  are some- 
what la rger   than  tend  to   be   ac tua l l y  measured.  Calculated  1/3  octave  spectra 
at 90' polar  angle and the   t h ree   s ide l i ne   ang les   a re   p lo t ted   i n   f i gu re  37 fo r  
both  takeoff and approach. M a x i m u m  1/3  octave SPL i s  predicted  to  occur below 
50 Hz center  frequency,  the  lowest  frequency  used  in many methods for  predic- 
t ion  o f  annoyance-weighted noise,   for   f ive of these  s ix   spec t ra .   I f  OASPL i s  
measured as the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsum of 1/3  octave SPL's for  center  frequencies from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 t o  
10,000 Hz, thisquantitywould  be  about 3 dB l ess   than  the   ac tua l  OASPL plot ted 
in   f igures  35 and  36. 

Calculated OASPL d i r e c t i v i t i e s  and velocity  exponents  for  the QCSEE USB 
configuration at  take  o f f  and  approach  conditions  are  plotted i n  f igures 38 
and 39. OASPL in   the  f lyover   p lane i s  pred ic ted   to  have  very l i t t l e   v a r i a -  
t ion  with  polar  angle at direct ions  beneath  the  def lected  exhaust  jet .  Again, 
the  calculated  velocity  exponents  near  the edge  of the  exhaust  jet   refract ion 
region seem unreal ist ical ly  h igh.   Calculated  levels  of  OASPL at  900 polar 
angle  in  the  f lyover  p lane  are between 102 and 103 dB for   both UTW and USB at  
takeoff .  They a r e  about 97 and 98 dB f o r   t he  two configurations at  approach. 
The specified  geometries and  exhaust veloci t ies  therefore  are  wel l   balanced 
t o  provide  calculated  conditions  of  about  equal  noise  for  both UTW and USB. 
Calculated  1/3  octave  spectra at 90' polar  angle  for USB takeoff and approach 
are   p lo t ted   in   f igure  40. A s  with  the UTW spectra,  only  about  half   the OASPL 
w a s  predic ted  to   be  rad iated above 50 Hz center  frequency. 

Effects  of Forward F l ight  

Calculations were  conducted  of the   e f fec ts  of  forward f l i g h t  on spectra 
a t  a pos i t i on  100 m (328 f t )  direct ly  beneath  the QCSEE configurations. The 
f l i g h t  speed was taken as 41 m/sec (80 knots) ,   the QCSEE nominal  design  con- 
d i t i on  f o r  both  takeoff and approach. A s  w a s  previously  mentioned,  this  cal- 
culat ion method pred ic ts   spec t ra   tha t  would be  measured i n  a coordinate 
system  which i s  f i xed . re la t i ve   t o   t he   a i r f rame.  Such predic t ions  are 
appropriate  for comparison w i t h  data   fo r  models t e s t e d   i n  open j e t s  or 
acoustic wind tunnels. They include  the  ef fects  of  a reduction  in  noise 
source  strength  caused by changes in   tu rbu lence  leve l  of the  exhaust   je t .  
They  do not  include  the changes i n   d i r e c t i v i t y   p a t t e r n  caused by motion of 
the   no ise   sources   re la t i ve   to   the  atmosphere.  This  change would divide  the 
mean square  acoustic  pressure by the  quant i ty 1-MFCOS8raiSed t o  Some posi-  
t i v e  exponent,  where MF i s  t h e   f l i g h t  Mach number. However, EBF noise 
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annoyance i s  predic ted  to   be  largest   for   po lar   angles zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 near zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoo, and EBF 
f l i g h t  Mach numbers for   takeof f  and landing  are  near 0.2. Thus the  omitted 
correct ion i s  unimportant for  condit ions  of  practical  importance.  Predic- 
t i o n s   f o r  a coord inate  system  f ixed  re la t ive  to   the  a i rcraf t  can  be  converted 

to  those  for  ground-f ixed microphones  by dividing mean square  acoustic  pres- 
sure by 1-mcose and Doppler-shift ing  the  frequency.  This  correction  also i s  
small for   cases  o f   pract ica l   in terest .   Calcu lated  spect ra are shown fo r   the  
f lyover  posit ion, a t  which the  omitted  factors do not change the  predicted 
noise zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

The calculated  ef fect   of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41 m/sec f l igh t   ve loc i ty  on f lyover  spectra 
fo r   t he  QCSEE U'IW takeoff and approach  configurations i s  shown i n   f i g u r e  41. 
Each predicted  spectrum i s  decreased by near ly a constant  increment a t  a l l  
frequencies. The decrease i s  s l i gh t l y   l a rge r  for approach,  with i t s  larger 
ra t io   o f   f l ight   ve loc i ty   to   exhaust   ve loc i ty ,   than  for   takeof f .   In   cont rast ,  
the same comparison fo r   the  QCSEE  USB configuration  (f igure 42) shows only 

ab%ut 1 dB predicted  noise  reduction a t  frequencies of i n te res t   f o r   no i se  
annoyance.  This small effect  occurs  because  forward  f l ight i s  predicted  not 
only t o  reduce  the  spectrum  amplitudes  but t o   s h i f t  each  amplitude t o  a 
higher  frequency. It was shown in  references 18 and 20 tha t   these  qua l i ta -  
t i ve   t rends  have  been repor ted   fo r   tes ts  of EBF conf igurat ions  in  acoust ic 
wind tunnels. 

CONCLUSIONS 

1. The UTRC method best  predicted  the  variat ions  of EBF noise  amplitude 
w i t h  polar and azimuthal  angle. The U T R C ,  ANOP, and GELAC methods 
adequately  predicted  normalized  spectrum  shapes. 

2. A l l  three methods poorly  predicted OASPL at the  f lyover  posi t ion  for  
some configurations. The UTRC method fa i led   bad ly   fo r  a USB c i r cu la r  
nozzle with vane def lector at  both  takeoff and  approach f lap  def lect ions,  
but  general ly was c loses t   t o   da ta   f o r   t he  more conventional UTW and 
USB installations.  This  discrepancy  probably w a s  caused by di f ferences 
between the   ac tua l  and calculated or assumed local  f low-f ield  proper- 
t i e s .  The consequence of t h i s  poor  agreement f o r  two of   the  e ight  
example cases w a s  t h a t   t h e  ANOP method gave more accurate  predict ions of 
average PNL at 90 direct ion  than d id  t he  UTRC or GELAC methods. 

0 
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RECOMMENIlATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFOR FUTURE RESEARCH 

Flaw-field  turbulence  properties  such  as  turbulence  streamwise  and 
t ransverse  in tegra l   sca le  length and  turbulence  convective  velocity,  along 
with mean and rms f luctuat ing  veloci ty,   should be measured for  s imple  s lot ted 

KIN and unslotted USB configurations. These data  should be ut i l ized  a long 
with  avai lable  theor ies  for   calculat ing  the  spectrum  of  l i f t  force  f luc tua-  
t i o n  and  noise  radiation. For USB, it may be necessary t o  develop a numeri- 
cal   s imulat ion  for   the  pressure  f ie ld  induced by a random dis t r ibut ion  o f  
d iscrete  vort ices  represent ing  the  wal l - jet  boundary layer  and  upper  shear 
layer.  

Noise  measurements  should  be  obtained  for USB configurations  having 
conventional  nozzles  and a t   l e a s t  a factor   o f  2 va r ia t i on   i n   t he   ra t i o   o f  
upper surface  f low  length  to  nozzle  diameter. These data would be u t i l i zed  
t o  determine  whether  discrepancies between  measured noise  rad iat ion f o r  USB 
models and levels   predic ted by the  method given  herein  were  caused by incor-  
rect   predic t ion  o f   the  e f fect   o f   th is   parameter .  If so, the  predic t ion 
method should be modified. 

Noise  measurements  should be obtained  with a scale model of the  QCsEE 
UTW conf igurat ion  at   takeoff   f lap  def lect ion.   Current EBF noise  predict ion 
techniques  poorly  predict  data  for  this  type of f l a p   p o s i t i o n   r e l a t i v e   t o  
the  exhaust  nozzle. 

Flyover  noise  data  should be obtained  and compared wi th   predic t ions by 
th is  and other methods. Ideal ly,   these  tests  should be obtained  with a 
powered sa i lp lane or some other  type of a i r c r a f t  having  highly  suppressed 
engine  noise.  Tests  could be conducted  with  the two USAF Advanced bkdium 
STOL Transport  configurations  (a USB and a mixer nozzle UTW) i f  it i s  pre- 
d ic ted  that   f l ight   condi t ions  ex is t   for  which EBF noise  exceeds  noise 
rad ia ted   d i rec t l y  from the  propulsive  systems. 
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Q Directly  radiated  quadrupole  noise 

T Trai l ing edge noise 
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APPENDIX A :  LIST OF SYMBOLS 

a 

C 

Cn 

D 

f 

h 

Kn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mc 

M J  

MN 

Speed of  sound, m/sec 

Total  wing  and f lap  chord, m 

Chord of n th  f lap  panel ,  m 

Nozzle exi t   d iameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor hydraulic  diameter, m 

One-third  octave  center  frequency, Hz 

Average d is tance from f l a p   p a n e l   t o  assumed vor tex  t ra jectory ,  m 

Amplitude funct ion  for   f luc tuat ing l i f t  noise of n th  f lap  panel  

Convective Mach number f o r   j e t ,  0.62 MJ 

Jet exhaust Mach number r e l a t i v e   t o  ambient  speed of sound 

Jet  exhaust Mach number r e l a t i v e   t o   j e t  speed  of sound 

Pref  Reference  acoustic  pressure, 2 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10-5 N/m2 

Far- f ie ld   d is tance,  m 

Strouhal number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, fD/V 

M a x i m u m  exhaust   ve loc i ty   a t  impingement distance, m/sec 

Nozzle  exhaust  velocity, m/sec 

Axial  distance from nozz le   ex i t   to  impingement po int ,  m 

Def lect ion  angle  o f   las t   f lap segment,  deg 

Polar  angle  re lat ive  to  nozzle upstream direct ion,   deg 

Po lar   ang le   re la t i ve   to  upstream direct ion  along  chord  of  nth  f lap 
segment,  deg 

Density, kg/m3 

Azimuth angle  re lat ive  to  f lyover  p lane,  deg 

Subscripts 

a Ambient atmosphere 

ISA International  standard  atmosphere 

J Jet  exhaust 

L L i f t  f luc tuat ion  no ise 

n Nth f l a p  segment 
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Resul ts   for  Model QCSEE Over-the-Wing Configurations.  Paper 77-23, 
AIAA, Jan. 1977. 

The following AIAA paper and publication,  while.  not conducted under t h i s  
Contract,  described a direct   extension of cont rac t   resu l ts   to   an   add i t iona l  
pract ica l   appl icat ion.  

Fink, M. R.: Approximate Prediction  of  Airframe  Noise. J. A i rc ra f t ,  
Vol. 13, No. 11, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANov. 1976, pp 833-834. Paper 76-526, A M ,  J u l y  1976. 



APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: COMPUTER PROGRAM FOR CALCULATING EBF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOISE 

General  Description 

T h i s .  d i g i t a l  computer  program, wr i t t en   i n  FORTRAN I V Y  predicts 
external ly blown f l ap   no i se   t ha t  would be measured i n  t h e   f r e e   f i e l d  a t  
points on a sphere  centered a t  the  nozzle  exi t .  These points are equally 
spaced in  polar  angle,   in  p lanes  of   designated  s idel ine  angle.  The reference 
angle  direct ion  (zero  polar  angle  for a l l  azimuth  angles) i s  forward  along 
the  nozzle  centerline. If atmospheric  properties are not  specif ied as input 
but  allowed t o  remain a t  their   sea- level   standard  defaul t   values, a l l  l i nea r  
dimensions  should  have the  dimensions  of  meters and ve loc i t i es  should be i n -  
put as meters  per  second. Comment statements  are  placed  throughout  the  pro- 
gram l i s t ing   to   descr ibe   the   purpose of  each port ion  of   the program  and t o  
def'ine the program var iables.  The program i s  r e l a t i v e l y  small, requir ing 
less than 1 2 K  of computer memory. 

Input  quantit ies  include  geometric  properties  of  the EBF configuration 
as  sketched  in  f igure 43. For under-the-wing (UTW,CONFIG=l) and engine-in- 
front-of-the-wing (IFW,C;dWIG=3) instal lat ions,   these  propert ies  include  the 
coordinates of the wing and f lap  leading  edges  in  a coordinate  system  center- 
ed a t  the  nozzle  exi t .   Here,posi t ive X i s  downstream and pos i t ive Y i s  up- 
ward,  normal t o   t h e  wing plane.  Other  geometric  properties  are  the wing i n -  
c idence  relat ive  to  the  nozzle  center l ine,   def lect ion  of   each  f lap segment 
r e l a t i v e   t o   t h e  wing, number of f l a p  segments,  chord  of t h e  las t  f l a p  segment, 
nozzle  exit  diameter, and f a r - f i e l d  rad ius.  Geometric  lengths  required  for 
upper surface blowing (USB,CONFIGS) instal lat ions  are  the  coordinates  of   the 
wing leading edge  and f l a p   t r a i l i n g  edge,  nozzle exit  hydraulic  diameter, and 
fa r - f i e ld  radius. Geometric  angles  for  these  instal lat ions  are  the  nozzle 
roof  angle  (also  cal led  cant  angle or kickdown ang le)   re la t i ve   to   the   nozz le  
upstream center l ine,  wing inc idence  re la t ive  to   the  nozz le upstream center- 
l i n e ,  and f l a p   d e f l e c t i w   r e l a t i v e   t o   t h e  wing. An zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUSB configwation  without 
a f l a p  i s  described as having  zero  f lap  deflect ion. 

Two special  cases  are  under-the-wing  configurations  having  slotless  wings 
or mixer  nozzles.  Slotless  wings  are  represented by CONFIG=l  and NFLAP=O i n -  
put. Wing geometry i s  input as the  leading edge coordinates XW, YW, the  de- 
f l ec ted   t ra i l i ng  edge coordinates X ( 2 )  , Y(2), incidence DELW of  the  forward 
undeflected  port ion  of  the  slot less wing re la t ive  to   the  nozz le  center l ine,  
and def lect ion D E L ( 1 )  of  the a f t  por t i on   re la t i ve   t o   t he  forward  portion. 
Slot ted under-the-wing configurations  having  mixer  nozzles  are  designated 
separately (CONF'IG=4). They requi re  the same input as CONFIG=l p lus  the  iso-  
la ted-nozz le  center l ine  ve loc i ty   ra t io  at  t he  impingement distance,  input as 
ROOF. 



A flow char t   for   the  ca lcu lat ion  process i s  shown as f igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44. The 
first port ion  of  the computer  program calculates  var ious  geometr ic  quant i t ies 
such as  chord  lengths.  For UTW and USB, it also  ca lcu lates  d is tances *om 
the  nozz le  ex i t   p lane  to   the impingement point and t h e   t r a i l i n g  edge,  average 
distance from  each wing  and f l a p  segment t o   t h e  assumed f a r  edge o f   t he   j e t  
shear  layer, and resulting  spanwise-coherent l i f t  force  f luctuat ion.   Axial  
d istances downstream of the   nozz le   ex i t   p lane  a re   u t i l i zed   to   ca lcu la te   the  
r a t i o  of l o c a l  max imum veloc i ty   to   nozz le  ax ia l   ve loc i ty .  The program va r i -  
ables XW and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXL(N) a r e   t h e   r a t i o s  of  wing  and  Nth f l a p  segment max imum f l uc -  
t u a t i n g - l i f t  mean square  acoustic  pressure  to  reference  pressure  squared. 
(This  noise component has a l so  been called  scrubbing  noise or inflow  noise.) 
The program var iab le XTE i s  t h e   r a t i o  of max imum t r a i l i n g  edge noise mean 
square  acoustic  pressure  to  reference  pressure  squared,  calculated  only  for 
the most rearward  t ra i l ing edge.  Calculated  quadrupole  noise *om an iso-  
la ted  exhaust   je t ,   in   the  d i rect ion  perpendicu lar   to   the  je t   center l ine,  i s  
ad jus ted   fo r   loca l   ve loc i ty   ra t io  and je t   de f lec t ion   ang le   to   y ie ld   the  
acoustic  pressure  rat ios  for  quadrupole  noise of a je t   de f lec ted  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTW f l aps  
or an USB nozzle and wing assembly, and  of such a j e t  downstream of the  
t r a i l i n g  edge. These pressure  rat ios  apply  for   the  d i rect ion  perpendicular 
t o  the  def lected  je t .  

Next, the  no ise components are  calculated  at  equally  spaced  increments 
DELTH of   po lar   angle  a t  up to  ten  designated  s idel ine  angles PHI. For each 
polar  angle,  the components of f luc tua t ing  l i f t  noise from the wing  and f laps  
are  computed and summed. Simi lar ly,   the  v iewing  angle  re lat ive  to  the  center-  
l i n e  of the   de f lec ted   je t  must be computed so t h a t  quadrupole  noise can  be 
determined.  Calculations of  quadrupole  noise  pressure  ratio GJET must take 
into  account  whether  the  combination of polar  angle and s ide l ine  angle  y ie lds 
a d i rec t ion   w i th in   the   je t   reeac t ion   reg ion  and, f o r  USB, whether  the  direc- 
t i o n   i s   s h i e l d e d  from noise  generated  near  the  nozzle  exi t .   Indiv idual  1/3 
octave  spect ra  for   the  d i f ferent   no ise components a re  computed and added t o  
obtain  the  spectrum and OASPL of  the UTW or  USB configuration. 

In  contrast,  quadrupole  noise from  engine-in-front-of-the-wing 
i ns ta l l a t i ons  i s  taken as t h a t  from an undeflected  isolated  exhaust  jet.  L i f t  
f luctuat ion  noise i s  calcu lated  for   loading  d is t r ibut ions which become acous- 
t i c a l l y  noncompact along  the  scrubbed  span. The 1/3 octave  spectra  of  noise 
from the  wing and f l a p  is  ca lcu lated  tak ing  th is   in to   account ,  and t h i s  spec- 
t r u m  i s  summed to  obta in   overa l l   no ise.  
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Input Variables 

The following i s  a l i s t  and def in i t ion  o f   the  input   var iab les and t h e i r  
default  values. 

Program Symbol Definit ion 

CONETG In teger   equal   to  1 f o r  UTW, 2 for  USB, 3 for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIFW, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
or 4 for  UTW with mixer nozzle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NFLclp Integer,  number of f l a p s  

Integer,  number of  sideline  angles ( m a x i m u m  
allowable number i s  SO) 

V Exhaust  velocity 

VINF Fl ight   ve loc i ty  

D Nozzle hydraulic  diameter 

R Far-f ie ld radius 

THL Lower value  for  polar  angle, deg 

THU Upper value  for  polar  angle,  deg 

DELTH Increment  between  successive  polar  angles,  deg 

First   polar  angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, deg 

pHs:(2) Second polar  angle,  deg 

PHs (10) 

FL 

Fu 

CA 

M O A  

Default 
Value 

1 

1 

1 

100. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 .  

1. 

1. 

0 .  

180. 

10. 

0 .  

0 .  

Tenth  polar  angle, deg 0. 

Lower limit f o r  1/3 octave  center  frequency, Hz 50 

Upper limit f o r  1/3 octave  center  frequency, Hz .1~5 

Ambdent speed  of sound 340.3 

Ambient ai r  densi ty 1.225 
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Program Symbol 

€!REF 

DELW 

DEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) 

DEL(2) 

DEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( JWLAP) 

ROOF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
xw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x (NFLAP) 

Yw 

Definit ion 

Reference  acoustic  pressure 

Defau l t  
Value 

. 2 ~  -6 

Wing def lec t ion   re la t i ve   to   nozz le ,  deg 0. 

Deflection  of f i rst f l a p   r e l a t i v e   t o  wing, deg 0. 

Deflection  of  second f lap r e l a t i v e   t o  wing,  deg 45 

Deflection  of las t  f l ap   re la t i ve   t o   nozz le ,  deg 45 

USB nozzle  roof  angle,  deg, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmixer nozzle 0. 
v e l o c i t y   r a t i o   a t  impingement distance 

Axial posit ion  of wing leading edge 0. 

Axial posit ion  of f i rst f lap  leading edge 1. 

Axial posit ion  of last  f lap  leading edge 1. 

Vert ical   posi t ion  of  wing leading edge 0. 

Vert ical  posit ion  of f i rst f lap  leading edge 0. 

i(NFLAP) Vert ical  posit ion  of las t  f lap  leading edge 0. 

CLAST Chord of las t  f l a p  1. 

The input  variables CONFIG, NFLAP, and NPKT must  be integers.  This program 
can  be uti l ized  with  English-system units ( f t , f t / sec)   fo r   leng ths  and veloc- 
i t i e s  i f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC A Y  M O A ,  and PREF are  suppl ied  in  Engl ish  uni ts.  For standard 
atmosphere,  these  are set equa l   to  I-11-6.~ .23773-2,  and .41773E-6, respective- 
ly .  Data input  uses  the  standard NAMELIST format. A t i t le   card,   prepared 
for  each  run,  provides a p r i n t e d   t i t l e   t o   i d e n t i f y  each  specific  configura- 
t ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Test Case 

The following  cards  provide a t e s t   c a s e   f o r   t h i s  computer  program. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l l  

of these  cards are punched s t a r t i n g   i n  column 2. The f i rst card  provides a 
t i t l e  to  ident i fy  the  pr int-out.   Input  d imensions  are  in  meters and  exhaust 
veloci t ies  are  in  meters  per  second, so the  defaul t   va lues  for   s tandard  sea-  
l e v e l  air  densi ty and reference  acoust ic  pressure  are used.  This t e s t  had 
been performed  during  cold  weather, and speed  of sound i s  input   for   the 
actual   a i r   temperature.  The inputs  for   d i rect ion  angle w i l l  cause  calcula- 
t i o n s   t o  be  performed for  polar  angles from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60° t o  120° i n  20' increments, a t  
0' and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA63' sidel ine  angles,   for   both  exhaust  veloci t ies.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
QCSEE USB l/ll.5 SCALE  MODEL, TAKEOFF FLAP SETTING 

CONFIG=2, NPHI=2,PHI(l)=O.,pK[(2)=63. 
THLGO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, THU=120 e, DELTHz20. FL=50. FU=20000. 
DELW=5.,XW=-.20,YN=-.024,D=.123,.R=6.1 
DEL(S)=30.,X(2)=.42,Y(2)=-.122,CA=330. 
V=l91.  
$END 
$INPUT 
v=219. 
$Em 
$INPUT 

$END 

$INPUT 

IEND=;1 



1* c*** THIS P R O G R A M  C A L C U L A T E S  FAR-FIELD E X T E R N A L L Y  B L O Y N  FLAP NOISE FOR 
2* C * * *  UNDER-THE-YING  (CONFIG=1) UPPER  SURFACE  BLOUING  4CONFIG = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 )  AND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3* . .  c***  IN-FRONT-OF-THE-UING (CONFIG = 3 1  ENGINE INSTALLATIONS* OASPL AND SPECTRA 
4* ' .C***  ARE CALCULATED FOR THE  FREE F I E L D  AT P O I N T S  ON A SPHERE  CENTERED AT T.HE , 

5 *  C***  EXHAUST NOZZLE AND MOVING Y I T H  THE  AIRCRAFT A T  A LOU SUBSONIC  FLIGHT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6* C***  SPEED. DEFAULT  ATMOSPHERIC  PROPERTIES AND REFERENCE  ACOUSTIC  PRESSURE ARE 
?* C*** I N  METRIC  SYSTEM  UNITS  CORRESPONDING T O  INPUT  D ISTANCES I N  METERS AffU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8* C * * * -  EXHAUST  VELOCITY AND FL IGHT  VELOCITY I N  flETERS  PER SECOND. 

1 o* 9* = 4  FOR NDER-THE-YING  EBF  UITH  HIXER  NOZZLE '*** E M E E R  CONFIL! 

16* 
17* 
l8* 
19* 
20* 

34: 
2 3* 
24* 
2 5 *  
26* 
27* 
28 * 
29* 
3 a* 
3 1* 
3 2* 
3 3* 
3 4 +  
35* 
36* 
3 7 *  
38* 
3 9* 
4 O* 
4 1* 
4 2* 
4 3* 
4 4 *  
4 5 *  
4 6 *  
4 7 +  

4 9* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy 4 8 *  

NTHETAF- ( THU-THL W D E L T H  + i .oooo i  
I F ( N T H E T A ~ G T ~ 3 7 ~ 1 1 N T H E T A = 3 7 ~ 0 0 0 0 1  

7 F O R M A T ( ~ )  
Y R I T E ( 6 -  7)  

I F (   I E N D  .NE 00) G O  T O  2 0 0 0  
Y R I T E ( 6 , I N P U T )  
I F =  1 



6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 4  
6 24 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b 3 4  
6 4 *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b5* 
6 6 s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 7 *  
6 8 4  
h 9 *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 o* 
7 1* 
7 2* 
7 3 4  
7 4  * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
15* 
7 6 *  
7 1* 

7Y 4: 
6 0 4  
131s 
8 28 
8 3 4  
8 4 4  
8 5 s  
8 6 4  
8 7 4  
88* 
89*  
90* 
9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl* 

784: 

' 9  34 
9 Z* 

l G  
2 0  L F = 3 8  

uo 30 1 = 1 , 3 9  
J = 33-1 

T O  2 I1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3il CONTINUE 
4 5  I F ( 1 T  .LT.LF b G O  r9 5;3 

5 0  CONTIhJUE 
L F Z I F  

. UEGeAD = e 0 1 7 4 5 3 2 9  
I F ( X U e L T o O 0 ) X W ~ O m  
I F ( C O N F I G o E Q o 4 )  G O  T O '  63 
I F ( C O Y F I G e N E . 1 )  GO T 3   2 0 0  

6 0  CONTINUE 
c*** GEOl lETHY C A L C U L A T I O N S  F 9 R  U N D E R - T H E - L I h G  A L O M N   F L A P S  

I F ( Y F L A P o N E * i J l  G O  T O  1Li3 
C*** S L 3 S L E S S   ~ U N D E G " T H E - W I N G   C 3 N F I G U R A T I O N  

G O  T O  ZJS 

L - L I E  
c =  3.*cw 

155 L T E = X (   l ) + C C t l  

D O  llil N = l * N F L A D  
CC(N)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 S O R T ( ( X ( N + l ) - X ( N ) ~ ~ * Z . + ( Y ~ N + , l ) - Y ( N ) ) 4 * 2 * )  

c = SUM 
110 SUM = S U M + C C ( N I  

C*** SHEAR  LAYER  TRAJECTORY AND FL.AP L I F T  F L U C T U A T I O N S  
1 2 0  HLiJ 1 e 5 * D  + Y W  



101* 
1 u 2 *  
1 0 3 *  
1 0 4 *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
105* 
106* 

H T ( N )  = H L ( N ) - C C ( N )  * SIN(DELW*DEGRAD + 
I F ( H L t N ) o L T . . S * D )  H L ( N 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=.5*0 
I F ( H T ( N ) . L t * . S * . D )  H T ( N J  = * 5 * 0  
K ( N )  = l . E - 7 * C * C C ( N l   * ( H L ( N ) * * ( - 2 . ) + H T (  

IF(CONFIG.NE.2)  G O  T O  300 
G O  TO 500 

G E O M E T R Y  CALCULATIONS FOR UPPER SURFACE 

ARG=(DELU+DEL (1) )WEGRAD 
CONTINUE 

NFLAP-1  

130 

2 R Q  
C * * * ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 079 

1089 
109s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 05. 
. .  

110* 
111* 
, 1 1 2 a  
11J* 
1 1 4 *  
1 1 5 8  
116* 
117*  

1 
210 

1 1 8 s  
1 1 9 *  
1 2 0 *  
1 2 1 *  
1 2 2 *  

L = x ( l ) + C c ( l )  
L T E = L  
KW=2.E-7*C*X t 111 ( D * D )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
K ( l ) = l . S € - 7 e C * C C ( l ) / ( D * 0 1  
G O  TO 500 

300  CONTINUE 
C*** ENGINE I N  FRONT OF THE WING 

CHD=CLAST 

123* 
1 2 4 8  
1 2 5 9  
1 2 6 *  
1 2 7 *  
1 .?.El* 
i 298  
1 3 0 *  
1314: 
1329: 
1 3 3 *  
1 3 4 *  
1 3 5 *  
1 3 6 *  
1 3 7 *  
138* 

I F (   N F L  
cw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 s 
X(NFLA 
Y(NFLA 
D O  3 1 0  
C C ( N )  

G O  T O  3 2 0  

( N F L A P I  + CLAS 
) -XU)**2 .+  t Y (  

(NFLAP) '  - CLAS 
AP 
X ( N + 1  ) - X  ( N I  I * *  

I U P P E R X 1  
I UPPER x 2  
I U.PP ER ZNFLAP 

/ V  1 * *6 . *1  E14  

a 1  

D * ( P I  * R H O A * V  

+ ( m 6 2 * H ) * * 5 . )  

DEL 
DEL 

2. 

( N F L A P I  
f N F L A P I  

1 

*DEGRA D 1 
*DEGRA D 1 

3 1 D  
3 2 0  I F  i NFL 

I F  ( N F L  
I F  ( N F L  
H = V /  

Ol*E**4 0 5 )  1 , 1 3 3 *  
1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA04 
1 4  I* 
1 4 2 *  
1 4  3* 
144 4 
1 4 5 *  
1 4 6 *  

. .147* 
1 4 8 *  
149C 
15u* 

* * * +  

* *2  



(3\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

151*- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
152* 
1534 
159* 
l S 5 *  

15 7* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
158* 
1594 
160* 
16 l* 
t62+ 
163* 
164* 
1.6 5 * 
166* 
16 7*  
168* ' 

169* 
170* 
1 7 1 * -  
172* 
1 7 3 4  

' .  17Q* 
175* 
176* 
177* 
178* 
1794 
180 * 
181* 
162* 
18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3* 
189* 
105* 

'186* 
187* 

18 9* 

19 l*  
192* 

' 19 3* 
19q* 
19S+ 
196* 
197* 
198+ 
199* 
zoo* 

,156* 

. "" 

l a g *  

1m* 



201+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
202* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2u3* 
204*  
2054 
206 * 
207* 
2 0 8 +  
209+ 
210* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 1  1* 
212* 
21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3+ 
214* 
215* 
216* 
217* 
2184 
2190 
228* 
221*  
2229 
223* 
224 * 
2 2 5 8  

227s 
22bS: 

2 2 8 4  
2294 
230* 
23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 8  
2 3 L +  
2 3  39 
234'e 
2354 
236s 640 C J E T = X T E J E T W   l . + B * C O S ( T H E T A + A N G J  
237* I F ( C O N F I G e E Q . 2 )  GO T O  630 
23d4 C**+ R E F H A C T I O N  IN O I J A D R U P O L E   N O I S E  . 

242* 
24 3* 
244C 
24 5s 
2469: 
243* 

249t 
25 O* 

i2? 2488 

6 7 0  G J E T = X T E J E T * I l o + B * C O S ( T H E T A + A N G J ) 1 * * ( - 3 m )  

6 8 0  I F ( C O N F I G a E O a 2 )  G O  T O  670 
6 9 0  G J E T = ( X I n J E T + X T E J E T ) * ( l o + B * C O S ( T H E T A + A N G J ) ) + * ( - 3 b )  

IF (CONFIGmEQ*2~ GO TO 730 
I F ( ( ( T H E T A + A N G J ) C M J ) o L T * 2 m 6 1 8 ) G O  T O  700 
I F ( ( ( h m 2 8 3 2 - T H E T A - A N G J ) * M J ) m L l a 2 m 6 1 8 ) G O  T O  700 

G O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr o  700 

G O  T O  650 



k? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1* 
25 2 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 5  34 
254 * 
255*  
2 5 6 *  
25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 4  
25B*  
2 5 9 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
26 0 4  
26 1* 
262* 

. 263* 
264 * 
2 6 5 *  
2 6 6 s  
2 6  7 *  
2684: 
26'3 0. 
2 7 3 *  
2 7 1 *  
27 ?*  
27  3~ 
271+* 
275*  
2 7 6 *  
2 7 7 9  
2 7 4 *  
2 7 9 4  
28 
28 1* 
23 2* 
28  34 
2 8 4 *  
2 8 5 4  
2 8 6 *  
28 7 8  
2 8 8 *  
28 9 9  

,_ 2 9 0 4  
29 1* 
29  2*  
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APPEM)IX D: NOISE SOURCE LOCATION FOR UPPER SURFACE B L M N G  

Purpose  of  Experiment 

Several  analyses have been presented  for  the  acoustic  process by which 
noise i s  generated by USB external ly blown f laps.  The physical  si tuation 
along  the jet   center l ine  p lane i s  sketched in   f igure 45. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn engine  exhaust 
nozzle i s  located on a wing upper surface. The presence of the wing causes 
observers  beneath  the wing t o  be shielded from much of  the  aft-radiated en- 
gine  noise. When the   t ra i l ing  edge f laps  are  def lected,  their  upper surfaces 
form a smooth low-curvature  surface. The exhaust j e t  remains at tached  to 
t h i s  curved upper surface and i s  deflected downward, generating  signif icant 
increases  of wing l i f t  a t  low f l i gh t  speeds. Broadband noise wi th  a velocity 
exponent less  than  that   for   isolated  exhaust  jet   noise i s  also  generated. 

A t  small distances downstream of the  exhaust  nozzle,  the  exhaust j e t  can 
be regarded  as  containing a potential  core  having  uniform mean flow proper- 
t i e s  and low turbulence  level. A boundary layer  exists between the  potent ia l  
core and the wing upper suface, and a shear  layer  exists above the  potential 
core. The upper shear  layer  has a fas te r  growth r a t e  and higher  turbulence 
level  than  the boundazy layer. Depending on the  configuration,  these two 
layers of strong  viscous  effects may merge upstream of the   f lap   t ra i l ing  
edge. The boundary layer can s t i l l  be denoted as a dist inct   region because 
of i t s  larger  gradients of streamwise mean veloci ty and smaller normal t u r -  
bulence levels ,  caused by the boundary constraint  a t  a solid  surface. Dmn- 
stream  of  the  trai l ing edge, the upper surface boundary layer becomes a shear 
layer. The large  gradient  of mean velocity  within  the boundary layer  pro- 
duces a large growth r a t e  and high  turbulence  levels  in  the  in i t ia l   part  of 
this  shear  layer. Thus the  largest  turbulence  levels  in any  portion  of  the 
exhaust j e t  near  the  t ra i l ing edge are  those  of  the  shear  layer downstream of 
the   t ra i l ing  edge  and below the  exhaust  jet. 

One analysis  of USB noise,  developed by Tam and Reddy (reference 21), 
assumed tha t  one of the dominant components was quadrupole  noise  generated 
in   the  lower  shear layer. The calculated  levels depend upon measured proper- 
t i e s  of the  turbulence and the mean veloci ty  prof i le.  Some  USB noise  reduc- 
tion  concepts  tested by Hayden (reference 38) have assumed that  the  noise i s  
caused by turbulent  eddies  convected  past  the  trailing edge and spat ia l l y  
very  near  that edge. Thus the  noise i s  impl ic i t ly  assumed t o  depend on t u r -  
bulence  properties  of  the wing upper surface boundary layer immediately up- 
stream of the   t ra i l ing  edge. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA noise  predict ion method developed by Fink 
(reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17) represented USB no ise   a t  low exhaust  velocit ies  as a sum of 
two simple  surface-radiation  noise  processes:  trailing-edge  noise and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
68 



whole-body l i f t  f luctuation  noise caused by large-scale  structure of the 
exhaust j e t  as it i s  convected  along  the a i r f o i l  and past  the  t ra i l ing edge. 
The upper shear  layer ahead of the   t ra i l ing  edge, wi th a combination of large 
turbulence  scale  length and large  turbulence  intensity, was regarded as   t he  
dominant region. It seemed l ikely  that   crosscorrelat ion between loca l  flow 
ve loc i t ies and far  f ield  acoustic  pressure  should  indicate which region, i f  
any,  contains  the dominant noise  source. 

Apparatus and Procedure 

Test  Apparatus 

Tests were conducted in   the  anechoic chamber of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUTRC acoustic wind 
tunnel. A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 cm (6 in.)  inside  diameter  duct  brought a regulated  muffled 
supply of high-pressure a i r   in to   the  chamber. This  air supply  duct was con- 
nected t o  a 4.9 cm (1.925 in . )   ex i t  diameter  axisymmetric  nozzle. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 23 cm 
(9 i n . )  chord NACA 0018 a i r f o i l  was  mounted such that  for   zero  def lect ion 
re la t ive  to   the  nozz le  center l ine,   the  a i r fo i l   leading edge was ver t ica l .  I ts  
closest  posi t ion  to  the  nozzle was 2.5 cm (1.0 in. )  duwnstream and 2.0 cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(0.8 i n . )   to  one side of the  nozzle  l ip. The a i r f o i l  was rotated about i t s  
30  percent  chord l i n e   t o  9' def lect ion,   t ra i l ing edge toward the  exhaust j e t .  
This  nozzle  and a i r f o i l  had previously been used in   t es ts   repo r ted   i n   re fe r -  
ences 17, 18, and 20. When posi t ioned  in  th is manner, t he   a f t  70 percent of 
the  a i r fo i l   sur face  ad jacent   to   the  je t  was near ly   in   l ine  wi th  the  nozzle 
l i p .  A conventional 0.635 cm ( l /4  in . )  microphone was located 2.13 m (7 f t )  
to   the  s ide of the  nozzle  exit   centerl ine  shielded by the-wing,   to  measure 
far-f ield  acoustic  pressure. Thus the  test  configuration was an USB i ns ta l -  
lat ion  rotated 90'. 

When t h i s   t e s t  program was planned, it was intended t o  measure the 
exhaust j e t  flow properties  with a miniature  hot film gage  used i n  t e s t s  
described  in  reference 20. However, repeated  irregular  output  spectra 
occurred. A conventional  single  hot  wire  gage, which generally i s  l ess  rugged 
than  hot  film  gages, was therefore used. This  hot  wire gage was mounted on 
a traverse mechanism which could  be  manually  positioned ax ia l l y   i n  a plane 
normal t o   t he   a i r f o i l  chord and containing  the  nozzle  centerline. The hot 
wire  could be remotely  actuated  in  horizontal  position  within  this  plane. 
The amplified  output  signal  could be  connected t o   c i r c u i t s  which measured 
mean mtput  and rms f luctuation,  corresponding  to mean and rms axial  veloc- 
i t y .  



Procedure 

Far-f ield  acoustic  spectra were  measured with and without  the  hot wire 
gage and i t s  support s t ru t  extended  across  the  exhaust je t  at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 m/sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(328 
ft/sec)  exhaust  velocity. The presence  of  the  support strut caused up t o  2 
dB noise  increase at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2500 Hz frequency and up t o  7 dB i nc rease   a t  6300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz. 
This  larger  frequency was the  expected  Strouhal  frequency  for  vortex  shedding 
by the 0.32 cm (1/8 in.)  diameter  hot-wire  support strut .  Output  of  the  far- 
f ie ld  microphone  and the  hot  wire was therefore  sent  through matched f i l t e r s  
adjusted  to  pass  only  the  frequency  region between 100 and 2000 Hz. The r e -  
su l t ing   f i l te red   fa r - f ie ld   acous t ic   s igna l  was essent ia l ly   unaffected by hot- 
wire  position. The dominant  broadband  peak  amplitude  occurred a t  about 400 
Hz frequency and was unaffected by t h e   f i l t e r s .  

The hot wire was traversed  across  the  exhaust  jet   to  obtain  prof i les  of  
mean veloci ty and rms veloc i ty   f luc tuat ion  in   the  d i rect ion  para l le l   to   the 
nozzle  centerl ine. These traverses were  conducted a t   ax ia l   loca t ions   ha l f  a 
nozzle  diameter  upstream and downstream of   the  t ra i l ing edge. Posit ions of 
m a x i m u m  rms turbu lence  in   the wing boundary layer,  lower  shear  layer, and 
upper shear  layer  at   both  axial   stat ions were located  during  these  traverses. 
The hot  wire was then  posit ioned  at  each  of  these  four  locations.  Far-f ield 
acoustic  spectrum was measured in  the  frequency  range from 100 t o  2000 Hz t o  
assure  that  the  spectrum was unaffected  by  the  presence of the  hot-wire 
support st rut .  The measured dif ference between noise  signals  with and with- 
out  the  probe was largest  at  the  support  probe  Strouhal  frequency  near 10,000 
Hz but was greater  than 0.2 dB down to  3150 Hz. Autocorrelat ions  of  the  re- 
su l t ing   f i l te red  broadband  hot-wire and acoustic-pressure  signals, and a 
crosscorrelat ion of those  signals,.were  obtained.  Tests were a lso conducted 
w i t h  the  hot  wire  located  at  the same ver t i ca l   d is tances   re la t i ve   to   the   a i r -  
f o i l  sur face  a t   ax ia l   pos i t ions one diameter  upstream and downstream of the 
t r a i l i n g  edge. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll data were obtained a t  100 m/sec exhaust  velocity. 

Hot-wire  autocorrelat ion  traces were integrated  with  respect  to  t ime  to 
obtain  the  Eulerian  integral  t ime  scale.  This  t ime  scale was mult ipl ied by 
the mean ve loc i t y   a t   t he  measurement position  to  determine  the  streamwise 
integral  length  scale  of  the  local  turbulence. 

Crosscorrelations  generally  contained a large  posi t ive peak  followed by 
a large  negative  peak.  This  portion of the   s igna l  was approximately  anti- 
symmetric  about the  delay  t ime  at  zero  amplitude. Maximum negative  sloDe, 
corresponding  (reference 1.3) t o  maximum surface-radiated  noise  source- 
strength,  occurred  approximately a t   t h i s   de lay   t ime .  Normalized cross- 
correlat ion was taken  as  the  average maximum amplitude of the two peaks, 



divided by the  square  root  of  the  product  of  the maximum values  of  the  auto- 
correlat ion.  These la t ter  maxima occurred a t  zero  delay  time. 

Presentation and In terpretat ion of Data 

Velocity and Turbulence  Profiles 

Mean axial veloc i ty   prof i les   ha l f  a diameter  upstream and  downstream of 
t h e   a i r f o i l   t r a i l i n g  edges are p l o t t e d   i n   f i g u r e  46. Flow around t h e   s l i g h t l y  
curved a i r f o i l   su r face  caused the l a rges t   loca l   ve loc i ty  a t  these  posi t ions 
t o  exceed the  nozzle exhaust veloci ty.  The upper surface  shear  layer became 
thicker  with  increased downstream distance. Axial turbu lence  prof i les   are 
p lo t ted   in   f igure  47. Minimum turbulence  within  the  exhaust  jet,  and maximum 
mean velocity,  occurred  approximately  half a nozzle  diameter  above t h e   a i r -  
fo i l   sur face .  Peak ax ia l   t u rbu lence   l eve l   i n   t he   a i r f o i l  boundary layer was 
less   t han  11 percent and occurred where the mean veloci ty was about 85 per- 
cent of  exhaust  velocity. Peak ax ia l   turbulence  leve l   in   the lower  shear 
layer was about 15 percent. It occurred a t   t he   ve r t i ca l   pos i t i on   o f   t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

' t r a i l i n g  edge,  where mean ve loc i ty  was about 70 percent of  exhaust  velocity. 
Maximum turbulence  levels  in  the upper shear  layer  were  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl5 per- 
cent  for  positions  upstream and  downstream of t h e   t r a i l i n g  edge.  These  maxi- 
mum levels  occurred a t  a height  roughly one nozzle  diameter above the t r a i l -  
ing  edge, a t  l oca l  mean ve loc i t ies 65 t o  70 percent  of  nozzle  exhaust  veloc- 
i t y .  Peak turbulence  levels  of l5 percent   in   the upper  and lower  shear 
layers a t  these  posi t ions  are  s l ight ly  less  than  the 17 percent  levels shown 
in   f i gu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 of  reference 39 for  a posi t ion j u s t  downstream of t h e   t r a i l i n g  
edge,  for a model with  circular  exhaust  nozzle. 

Crosscorrelation  Traces 

Crosscorrelations have been  measured  between s ta t i c   p ressures  on the 
upper surface of t h i s  USB model with far - f ie ld  acoustic  pressures below the 
model. Those crosscorrelat ion  curves, shown i n   f i g u r e  7b of  reference 18, 
had negative  peaks  followed  by  positive  peaks. From the  analys is   g iven  in  
reference 13, surface  pressures on one side of an a i r fo i l   c rosscor re la ted  
with  d ipole  acoust ic  pressures  in  the far f i e l d  on the same side  of tha t  a i r -  
f o i l  should  cause a positive  peak  followed by a negative  peak. Maximum nega- 
t ive  s lope and zero  amplitude  occur a t  a delay  time  which, for a noise  source 
location, i s  equal  to  the  acoust ic  t ravel   t ime  r /a.  The change t o  a USB con- 
f iguration,  with  acoustic  pressures  beneath  the  airfoi l   occurring 1800 out  of 
phase  with  those above t h e   a i r f o i l ,  produces one reversa l  of sign. However, 
i n   i sen t rop i c  f low  an  increase  of  stat ic  pressure  corresponds  to a decrease 
of  flow  velocity. Use of a hot  wire  rather  than a pressure  transducer 
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therefore  reverses  the  s igns.  Thus a crosscorrelat ion between a hot  wire 
above an a i r f o i l  and within a flow that  causes  dipole  noise, and a far f i e l d  
microphone below the   a i r fo i l ,   shou ld  produce' a positive  peak  followed  by a 
negat ive  peak.  In  contrast ,   d i rect ly radiated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor refracted  quadrupole  noise 
should  produce a single  negative peak  centered a t  delay  time r/a (references 
40 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41). 

Crosscorre la t ion  s ignals   are  p lo t ted  in   f igure 48 for  hot-wire  locations 
i n   t h e   a i r f o i l  boundary  layer and lower  shear  layer.  Amplitudes  of  the  orig- 
ina l   da ta   t races  were rep lot ted  such  that   a l l   curves have the same sca le   fo r  
normalized  crosscorrelat ion  coeff icient. A l l  four  curves have the  same basic 
shape  of a posi t ive peak  followed  by a negative  peak,  with maximum negative 
slope a t  zero  amplitude,  corresponding to   d ipo le  no ise.  For the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo posi- 
t i o n s   i n   t h e   a i r f o i l  boundary  layer,  the  zero  crossing  with maximum negative 
slope  occurred a t  times which  exceeded the  t ime  required  for  an  acoustic wave 
t o   t r a v e l  from the model t o   t h e   f a r - f i e l d  microphone. The zero-crossing  time 
approached th is   acous t ic   t rave l   t ime as t h e   t r a i l i n g  edge was approached. 
Similarly,  the  zero-crossing time measured hal f  a diameter downstream  of the 
t r a i l i n g  edge was smaller  than  the  acoustic  travel  t ime.  This  behavior would 
occur i f  the  hot  wires were detecting  turbulence which maintains i t s  i den t i t y  
a s  it i s  convected  along  the  airfoi l  and into  the  near wake, but  causes SIX- 

face-radiated  noise  only  as it passes  c lose  to  the  t ra i l ing  edge. A convec- 
t ion   ve loc i ty  can  be in fer red from the change  of  zero-crossing  times wi th  
streamwise  distance.  This  convection  velocity i s  about 60 percent of nozzle 
exhaust  velocity, and i s  approximately  equal t o   t h e  mean ve loc i ty   a t   these 
locat ions of m a x i m u m  turbulence  (f igure 46). Approximately t h i s  same con- 
vect ion  ve loc i ty   ra t io  was reported  in  reference 40 f o r   t e s t s  of a USB con- 
f iguration  having a 1 O : l  slot   nozzle  rather  than  the  c i rcular  nozzle used 
with  the  tests  reported  herein.  

The crosscorre la t ion  t race which was measured half a diameter downstream 
of   the  t ra i l ing edge has a negative  peak a t  approximately  the  far-field 
acoust ic   t ravel  time, preceded by a positive  peak. The negative  peak  corre- 
sponds t o  quadrupole  noise  radiated  direct ly  to  the far f i e l d  by the   l oca l  
high-intensity  turbulent  f low. A s  previously  mentioned,  the  combination of a 
pos i t ive and negative  peak a t  th is  posi t ion  corresponds  to  surface-radiated 
noise  generated  by a portion  of t h i s  turbulence a t  an e a r l i e r  time. The 
measurement a t  one  diameter downstream has a posi t ive peak  followed  by a 
negative  peak,  followed  in  turn by a posi t ive peak a t  the  acoustic  delay  t ime. 
Here the  f i rst pai r   o f  peak levels  occurs a t  a time consistent  with  genera- 
t i o n  of  surface-radiated  noise  near  the  trail ing  edge,  followed by convection 
of  turbulence  within  the lower shear  region to   the  hot   wi re .   In terpretat ion of 
the  posi t ive peak a t  the   acous t ic   t rave l  time i s  not  obvious. The analysis 
given in   re ference 40 showed t h a t  a pos i t ive second derivative  of  the 
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crosscorrelation  corresponded to   d i rec t   acous t ic   rad ia t ion  from the  turbu.- 
lence-measuring  hot wire t o   t h e   f a r - f i e l d  microphone. M a x i m u m  posit ive  sec- 
ond derivative  corresponds to   zero   s lope and minimum amplitude. However, 
posi t ive  rather  than  negat ive peaks of the  crosscorre la t ion were repo r ted   i n  
reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41 as  representing  directly  radiated  quadrupole  noise.  Perhaps 
the posi t ive peak at  t he  far-f ield acoust ic   t rave l  time then  represents 
quadrupole  noise from the lower  shear  layer, and the  preceding  posit ive and 
negative  peaks  represent  surface-radiated  noise  generated when the measured 
turbulence had convected past t h e   t r a i l i n g  edge. 

The l a r g e s t  peak  values  for  normalized  crosscorrelation  in  the  lower 
shear  layer were those  for the measurement locat ion  hal f  a diameter  upstream 
of  the  leading  edge. However, a comparison  of  these  peak  amplitudes  alone 
does  not  give a d i r e c t  measure of the re la t i ve   s t rength  of surface-radiated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and volume-radiated  noise  sources  (references 13, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40, and 41). 

Crosscorrelations between the  far-f ie. ld  acoustic  pressure and 
ve loc i t ies   in   the  upper shear  region  are  given  in  f igure 49- These t races 
contain a weak pos i t ive peak  followed  by a strong  negative and then a strong 
positive  peak. If the two largest  peaks  are  considered  to be the dominant 
feature,  they  represent  the downstream convection of a flow  disturbance  of 
oppos i te   s ign   to   tha t  which  produced the  far - f ie ld   no ise.  The delay  times 
a t  the  zero  crossing with posi t ive  s lope  are  about a mill isecond  larger  than 
those  for  zero  crossings shown in   f igure  48. If these flow d is turbances  l ie  
in   p lanes  skewed about 4 5 O  t o   t h e  j e t  ax is ,  with t h e i r  slower-moving port ion 
in   the  upper shear  layer,  the  observed  dif ferences  in  delay  t imes would 
occur. 

Another  viewpoint  might be t h a t   t h e  f i rst posi t ive peak followed by the 
large  negative peak i s  the  important  feature. These port ions of the  cross- 
correlat ions have  zero  crossing  times  approximately  equal t o   t hose   i n   f i gu re  
48 f o r   t h e   a i r f o i l  boundary layer and the lower shear region. The large- 
sca le  s t ructure would then be approximately  perpendicular t o   t he   exhaus t   j e t  
as with an i so la ted  jet .  In terpretat ion of t he   f i na l   pos i t i ve  peak, and i n  
pa r t i cu la r  i t s  decrease  of  occurrence  time  with  increasing downstream d i s -  
tance,  then becomes d i f f i c u l t .  The most l i ke ly   in te rpre ta t ion  of  these data 
f o r   t he  upper  shear  layer i s  t h a t  the upper shear  layer of  an  axisymmetric- 
nozzle USB i s  re la ted   t o   no i se   rad ia t i on   i n  a complicated manner that  cannot 
be readily approximated as a sum of  dist inct  volume-radiated and surface- 
radiated components. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Results of  Crosscorrelat ion 

Spa t ia l   d i s t r i bu t i ons  of axial  in%egral  length  scale  within  the  surveyed 
region are p l o t t e d   i n   f i g u r e  5Oa. This  length  scale  general ly was about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/3 
the  nozzle  diameter. It increased  to  about 45 percent of t h i s   d iamete r   i n  
the  upper  shear layer downstream o f   t h e   t r a i l i n g  edge. Thus the  posi t ions  of  
m a x i m u m  turbulence  intensi ty  are  associated  wi th  large-scale  structure  of   the 
j e t  turbulence similar t o  that of   an   i so la ted   je t .  

Maximum normalized  crosscorrelat ion  coeff icients between the j e t  veloc- 
i t y  and far- f ie ld acoust ic  pressure  are shown in   f i gu re  50b. They were evalu- 
ated  for   the  largest  adjacent  posi t ive and negative  crosscorrelat ion  peaks  in 
f igures 48 and 49. Maximum normalized  crosscorrelation  coefficient  ranged  from 
0.08 t o  0.10 f o r  most locat ions.  The only   s ign i f icant ly   larger   va lue,  0.33, 
was measured i n   t h e   a i r f o i l  boundary layer  hal f  a diameter  upstream  of t he  
t r a i l i n g  edge.  Normalized crosscorrelat ions  of upper surface  pressures and 
far  f ie ld  acoust ic  pressures  for   th is USB configuration were shown i n   f i g u r e  
10d of  reference 18 f o r  a somewhat higher  exhaust  velocity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(125 m/sec). The 
measured value  of  nearly 0.4 a t  a posi t ion  near ly  hal f  a diameter  upstream of 
t h e   t r a i l i n g  edge i s  much larger  than  the  largest  value measured with  the  hot 
wire. Evidently,  the  hot wire measured far more d e t a i l s  of t he   l oca l  
unsteady flow than  the  area  average  provided  by a surface  pressure  trans- 
ducer. 

From the  crosscorrelat ion  ampli tudes, and the  delay  t imes  for  zero 
crossings  with  large-amplitude  slopes, it i s  concluded t h a t  USB configura- 
t ions  with  axisymmetric  nozzles and shor t   f lap  lengths have two important 
noise  processes. One i s  convection of a i r f o i l  upper-surface  boundary  layer 
turbulence  past  the neighborhood of t h e   t r a i l i n g  edge,  generating a surface- 
radiated edge noise. The other i s  d i rec t   rad ia t ion  of quadrupole  noise from 
the  high-turbulence  lower  shear  layer a t  moderate distances downstream of  the 
t r a i l i n g  edge. 

It should be noted  that  two concurrent  studies  (references 41 and 42) 
have invest igated  noise  radiat ion fram USB slot  nozzle  configurations. Both 
experimental programs  used  an aspec t   ra t io  10 slot   nozzle and a f l a t - p l a t e  
wing having  zero  f lap  deflect ion. Both wing  models  were longer  than  the  jet  
potent ia l   core,   unl ike  the  s i tuat ion  for   the  conf igurat ion  descr ibed  herein.  
Both  programs  used crosscorrelat ions between f low-f ield  hot  wires and far- 
f ie ld  microphones. In  reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41 it was concluded tha t   t he  dominant process 
was quadrupole  noise  radiated  direct ly from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu small region  of  high  turbulence, 
severa l   s lo t   he ights  downstream of the  t ra i l ing  edge.  However, for   the 
near ly  ident ical   conf igurat ion and t e s t  program descr ibed  in  reference 42, 
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trailing-edge  noise  caused  by  turbulence  in  the upper shear  layer was 
reported  to dominate. If noise  radiation from USB configurations can be 
approximated  by a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsum of several  simplified  noise components, associated 
with discrete  source  locations,  the  location  of  the dominant source  cannot 
be conclusively  identif ied  for a l l  cases. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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