
INVESTIGATIONS OF SCALING LAWS FOR JET IMPINGEMENT 

J.B. Morton, J.K. Haviland, G.D. Catalano,  and W.W. Herl ing 
Univers i ty  of Vi rg in ia  

SUMMARY 

es were i n v e s t i g a t e d  by two techniques.  I n  one, a 
W )  was used i n  a smoke-laden j e t  t o  measure one- 
, inc lud ing  mean v e l o c i t i e s ,  t u r b u l e n t  i n t e n s i t i e s ,  
a t  i o ~ i s ,  and power-spectral d e n s i t i e s .  I n  t h e  o t h e r  
u r f a c e  p ressure  probes connected t o  1 / 8  i n c h  micro- 
ingle-point  rms and 113-octave p ressures ,  as w e l l  
ons,  t h e  l a t t e r  being converted t o  auto-spectra ,  
, and coherences. The r e s u l t s  of t h e s e  s t u d i e s  
f j e t s ,  gave some i n s i g h t s  i n r o  t h e  e f f e c t s  of 

on flow v e l o c i t i e s .  Addit ion i n v e s t i g a t i o n s  were made wi th  a 114 s c a l e  model 
of t h e  Langley s t a t i c  t h r u s t  s t and ,  wi th  a rec tangu la r  nozzle  i n  an upper 
su r face  blowing conf igurat ion.  It was found t h a t  t h e r e  a r e  a t  l e a s t  two e f fec -  

which p e r s i s t s  f o r  a longer  d i s t a n c e ,  appears t o  be i n  agreement wi th  a v a l u e  
given i n  t h e  l i t e r a t u r e  f o r  f a r - f i e l d  noise .  There i s  a l s o  some evidence of a 
t h i r d  s p e c t r a l  peak a t  an even lower frequency, corresponding t o  an e f f e c t i v e  
diameter equal  t o  t h e  major rec tangu la r  dimension. I n i t i a l  s u r f a c e  p r e s s u r e  
measurements have been used t o  o b t a i n  dimensionless s p e c t r a  f o r  comparison w i t h  
f : l l l -scale  t e s t  d a t a ,  and agreement has been s u f f i c i e n t l y  good t o  support  t h e  
idaa  o f  us ing low Mach number models f o r  t h i s  Fuxpose. However, t h e s e  s p e c t r a  
a r e  dependent on t h e  a c o u s t i c a l  p ressure  s p e c t r a  i n  t h e  nozzle  t o  an a s  ye t  un- 
determined e x t e n t ,  so t h a t  it may become necessary  t o  s imula te  t h e  engine 
s p e c t r a  t o  o b t a i n  r e l i a b l e  r e s u l t s .  
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INTRODrJCT ION 
" -1 
, . , I S  .: 
":! . , 
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The p r i n c i p a l  goal  of t h i s  i n v e s t i g a t i o n  ts t o  determine t h e  s c a l i n g  laws 
f o r  t h e  dynamic p r e s s u r e s  induced on wing s u r f a c e s  o r  f l a p s  o f  STOL a i r c r a f t  
due t o  j e t  impingement. To achieve t h i s  g o a l ,  t h e  i n v e s t i g a t o r s  have used an 
approach which has  combined t h e o r e t i c a l  cons ide ra t  i o n s ,  b a s i c  s t u d i e s  of j et 
f lows,  and d i r e c t  s c a l e  model tests on a  kno-m conf igura t ion .  T h i s  paper is 
divided i n t o  t h r e e  s e c t i o n s .  The f i r s t  p r e s e n t s  a  b r i e f  d i s c u s s i o n  of  t h e  * ~ 1 . . ,  , . '  

l i t e r a t u r e ,  and of some of t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s  which might l ead  t o  
a  method of s c a l i n g .  The second p r e s e n t s  a b a s i c  s tudy of t h e  f low i n  a c i r -  
c u l a r  j e t  blowing over  an a i r f o i l  s u r f a c e ,  us ing a  laser-Doppler velocimeter .  
The t h i r d  p r e s e n t s  some i n i t i a l  r e s u l t s  from a 114 s c a l e  model gf t h e  upper 

, I 

s u r f a c e  blowing f a c i l i t y  a t  Langfey, which u s e s  a JT15D-1 engine.  Another , : , , 
1 

major e f f o r t  i n  t h i s  program, now completed (ref. l), h a s  been a n  inves t iga -  
t i o n  o f  t h e  f low from a c i r c u l a r  j e t ,  which h a s  involved measurement of t h e  
f l u c t u a t i n g  p ressures  i n  t h e  f r e e  f low and i n  t h e  f low impingement on a f l a t  . . . .  
p l a t e .  1 i 

i 
I . ,  

DISCUSSION 
j - :i I / : J b  

L i t e r a t u r e  Review ! ! I  , 
i 

In  reviewing t h e  l i t e r a t u r e ,  one f i n d s  t h a t  th?  s i n g l e  most important  con- . I 
t r i b u t i o n  t o  t h e  understanding of j e t  flows is the  replacement of t h e  "c las-  
s i c a l "  j e t  model shown i n  f i g u r e  l a  by t h e  v o r t e x  model shown i n  f i g u r e  l b .  

i ,. 
1 I 

I 
- i 

Early  i n v e s t i g a t o r s ,  such a s  Powell ( r e f .  2), Bradshaw, F e r r i s  and Johnson 
( r e f .  3) ,  and Mollo-Christensen ( r e f .  4)  had r e a l i z e d  t h a t  t h e  j e t  tu rbu lence  i 1  i 
was s t r u c t u r e d ,  whi le  Davies ( r e f .  5 ) ,  Crow and Champagne ( r e f .  G ) ,  and Lau, 
F i she r  and Fuchs ( r e f .  7 ) ,  t o  name j u s t  a  few, con t r ibu ted  t o  t h e  i d e n t i f i c a -  ' i  
t i o n  of t h e  v o r t e x  s t r u c t u r e .  Whereas t h e s e  i n v e s t i g a t o r s  worked mainly on I 

I measuring o v e r a l l  flow s t a t i s t i c s ,  many o t h e r s  at tempted flow v i z u a l i z a t i o n .  ~ I 
Also, by examining ins tan taneous  s i g n a l s  from p r e s s u r e  t r a n s d u c e r s ,  Laufer ,  I { !  

1 ' :  
Kaplan, and Chu ( r e f .  8) showed t h a t  p a i r s  of v o r t i c e s  tend t o  coa lesce  i n t o  
s! g l e  v o r t i c e s ,  a s  shown i n  f i g u r e  l b .  Recently,  Lau and F i s h e r  ( r e f .  9) have I 

argued t h e  case  f o r  t h e  'probable  f low' ,  i n  c o n t r a s t  t o  t h e  ' i d e a l i z e d  f l o w ' ,  * I  

both  shown i n  f i g u r e  lb .  I .  i j , . ! 
1 :  

I . , 
It is  d i f f i c u l t  t o  cons t ruc t  a  s a t i s f a c t o r y  a n a l y t i c a l  model of  t h e  j e t  

s t r u c t u r e .  However, Batchelor  and G i l l  ( r e f .  10) showad t h a t  t h e  v o r t e x  tube  I ! I ; 
which emerges from a  j e t  is u n s t a b l e ,  and t h a t  t h i s  could t r i g g e r  t h e  formation 
of v o r t i c e s .  Widnall and S u l l i v a n  ( r e f .  11)  showed t h a t  i n d i v i d u a l  v o r t i c e s  1 
a r e  uns tab le ,  develop lobes ,  and u l t i m a t e l y  break up. Also, Davies e t  a l .  ! 
( r e f .  12)  c o n s t r ~ c t e d  a computer model i n  which t h e  vor tex  tube  emerging 
from t h e  j e t  was represen ted  by nmall, c l o s e l y  spaced v o r t i c e s ,  and showc? t h a t  1 - 1  ; t h e s e  combine i n t o  l a r g e r  v o r t i c e s ,  j u s t  a s  t h e  observed vor tex  tube  i n s t a b i l -  ,. 
i t y  would i n d i c a t e .  



The vo r t i ce s  present i n  t he  j e t  cont r ibu te  t o  t he  c h a r a c t e r i s t i c  j e t  spec- 
trum, which peaks a t  a Strouhal number (frequency f tlmes jet diameter D divid- 
ed by j e t  ve loc i ty  UJ) of between 0.3 and 0.4, so t h a t  one might expect t h i s  
frequency t o  show up i n  the  dynamic pressures  exerted during impingement. 
There have been some fu l l - s ca l e  s tud ie s  of t he  e f f e c t s  of j e t  engines i n  ex- 
t e r n a l l y  blown f l a p s  and i n  upper sur face  blowing configurat ions ( re fs .  13-15), 
and of small  cold j e t s  impinging on f l a t  p l a t e s  ( re fs .  1, 16-18), which sub- 
s t a n t i a t e  t h i s .  

Since It is known t h a t  f a r - f i e ld  radiated j e t  noise o r ig ina t e s  i n  t he  
turbulent  j e t  s t ruc tu re ,  one might we l l  expect some re la t ionship  between the  
j e t  noise spectrum and the  d i s t r i b u t i o n  of vo r t i ce s  i n  t h e  j e t .  In  f a c t ,  t he  
noise spectrum: i n  a s ta t ionary  j e t  a t  about 30' t o  t he  a x i s ,  where it i s  a 
maximum, a l s o  exh ib i t s  a peak a t  a Strouhal number of around 0.3. The l i t e r a -  
t u r e  on j e t  noise is extensive, ano a good account of i t  is given by Stone 
(ref.  19). It is unfortunate t ha t  t he  accepted method of non-dimensionalizing 
j e t  noise i s  t o  r e f e r  i t  back t o  the  values obtained a t  90' where the  spec t r a l  
peak occurs a t  a Strouhal number of around 1.0,  because there  a r e  severa l  ex- 
amples of spec t ra  f o r  s l o t  nozzles,  represent ing upper surface blowing con- 
f igura t ions  ( r e f s .  20, 21). These show secondary peaks a t  much lower Strouhal 
numbers In the  90° case, but there  i s  no information on how these peaks s h i f t  
a s  the  angle is  reduced to 30°. 

Theoret ical  Considerations 

The sca l ing  laws f o r  f l u i d  flows a r e  well-known, and it is  q u i t e  c l ea r  
t ha t  an adequate job of sca l ing  a j e t  impingement configuration could be done 
i f  the correct  Reyr~olds number and Mach number could be obtained, i f  the  in- 
t e rna l  noise spec t ra  could be scaled,  and i f  t he  core a i r  were preheated to 
produce the  cor rec t  temperature r a t i o .  Then the  spec t ra  02 pressure coeff i -  
c i en t s  ( i .  e. , f luc tua t ing  pressures divided by j e t  dynamic pressure) a s  func- 
t i ons  of the Strouhal number would he iden t i ca l  f o r  t he  model and f o r  t he  f u l l -  
s ca l e  a r t i c l e .  Nevertheless, it is v i r t u a l l y  inpossible  t o  achieve sca l ing  to  
t h i s  extent.  Therefore, l e t  us consider to what extent  these hypothet ical  re- 
quirements can be relaxed. 

F i r s t ,  consider t he  Reynolds number. Several inves t iga tors  have re- 
ported no apparent e f f ec t  of Reynolds number above about lo4 ,  because, a l -  
though v iscos i ty  may play a par t  i n  t r i pp ing  t h e  i n i t i a l  i n s t a b i l i t y  which 
causes the  vortex tube t o  r o l l  up, subsequent behavior of the  j e t  appears t o  be 
dominated by the vortex s t ruc tu re ,  which causes the  poten t ia l  core t o  disap- 
pear i n  only f i v e  j e t  diameters. 

second, consider t he  hach number. It seems inevi tab le  t h a t ,  once a Mach 
number of one is reached i n  the  j e t ,  shock formation phenomena w i l l  play some 
part .  However, most inves t iga tors  i n t o  j e t  noise ( see ,  fo r  example, r e f .  19) 
have reported minimal compressibili ty e f f e c t s ,  although there  a r e  kinematic 
e f f e c t s  which play a part  i n  thc correct ion f o r  angle t o  the  j e t  ax is .  Also, 
a small Mach number depeildent e f f e c t  on pressure coe f f i c i en t s  was noted i n  a 
fu l l - sca le  upper surface blowing t e s t  ( r e f ,  15). 



I f  t h e  e f f e c t  of  Reynolds number is n e g l i g i b l e  and t h e  e f f e c t  of Mach 
number is  minimal, i t  should  be p o s s i b l e  t o  des ign  q u i t e  s imple  s c a l e  model 
tests f o r  t h e  de te rmina t ion  of dynamic loads  on t y p i c a l  STOL c o n f i g u r a t i o n s ,  
such a s  i n  upper-surface blowing and i n  blown-flap arrangements. .One merely 
has  t o  des ign a s c a l e  model, and t o  i n t e r p r e t  t h e  r e s u l t s  i n  terms of p r e s s u r e  
c o e f f i c i e n t s  r e fe renced  t o  jet dynamic p ressure  and t o  S t rouha l  number. 

However, two d i f f i c u l t i e s  remain. F i r s t ,  i t  is not  p o s s i b l e  t o  model a 
f a n  j e t  engine  c o r r e c t l y  w i t h  co ld  a i r ,  u n l e s s  t h e r e  is 103% mixing ahead of  
t h e  e x i t  nozzle ,  because t h e  d i f f e r e n t  d e n s i t i e s  of t h e  hot  and cold  a i r  make 
i t  impossible t o  s c a l e  both  dynamic p r e s s u r e  (dynamic s c a l i n g )  and j e t  velo- 
c i t i e s  (kinematic s c a l i n g )  a t  t h e  same ti.me. Second, i t  may be d i f f i c u l t  t o  
s c a l e  i n t e r n a l  engine  n o i t e  s p e c t r a  adequately.  

LASER VELOC IMETER MEASUREMENTS 

Discussion 

i n s  
22. 

A d i scuss ion  of t h e  development of LDV techniques  f o r  t h e  measurement of 
tantaneous v e l o c i t y  components i n  a smoke l aden  j e t  i s  given i n  r e f e r e n c e  

Using t h e s e  techniques ,  t h e  following can be found; mean v e l o c i t y  com- 
ponents,  turbulence  i n t e n s i t i e s ,  v e l o c i t y  a u t o - c o r r e l a t i o n s ,  and v e l o c i t y  
powtr-spectral  d e n s i t i e s ,  Also, t h e  presence o r  l a c k  of smoke laden a i r  a t  a  
g i r e n  point  can be used f o r  i n t e r m i t t e n c y  measurements. A l i g h t  s c a t t e r i n g  
technique is  a l s o  used t o  measure concen t ra t ion  of smoke. Wher t h i s  concen- 
t r a t i o n  is  c o r r e l a t e d  wi th  v e l o c i t y ,  use fu l  informat ion about t h e  s t r u c t u r e  of  
t h e  j e t  can be o b ~ a i n e d .  

The purpose of t h e  laser-Cctppler-velocimeter (LDV) experimer:t was t o  de- 
termine t h e  e f f e c t s  of an a i r f o i l  on t h e  flow f i e l d  of an axisymmetric j e t  a s  
w e l l  a s  t o  s tudy t h e  impl ica t ions  of t h e  *.ortex model of  t h e  near  f i e l d  of  a 
f r e e  j e t .  The posi . t ioning of t h e  A r f o i l  r e l a t i v e  t o  t h e  e x i t  p lane  of t h e  
j e t  i n  f i g u r e  2 corresponds t o  t h e  upper s u r f a c e  blowing conf igura t ion .  The 
arrows a r e  s c a l e d  t o  t h e  l o c a l  velocFty v e c t o r s  obta ined by LDV measurcrnents 
and can be seen t o  follow t h e  s u r f a c e  contour.  

A j e t  w i t h  a c o n t r a c t i o n  r a t i o  of  14 t o  1 over  a l eng th  of 159 ~run and an 
e x i t  p lane  diameter of 21.4 nun is used t o  g c n e r a t e  a f l a t  v e l o c i t y  p r o f i l e  a t  
i ts  e x i t  plane. The a i r f o i l  i s  composed of t . ~ o  s e c t i o l ~ s ,  a f l a t  s u r f a c e  
178 mm wide and 75 mm long,  and a c t r v e '  p o r t i o n  w i t h  a r a d i u s  of  cu rva tu re  
of  65 mm sweeping ou t  an a r c  of 70 degrees.  This  a i r f o i l  is a sca led  down 
model of t h e  a c t u a l  a i r f o i l  s u r f a c e  which had been used i n  t h e  upper s u r f a c e  
blowiag i n v e s t i g a t i o a  a t  NASA-Langley. The r a t i o  of t h e  dimensions of f u l l -  
s c a l e  conf igura t ion  t o  t h e  model used i n  t h i s  i n v e s t i g a t i o n  is about 12  t o  1. 

The j e t  and a i r f o i l  were placed i n s i d e  a 203 mm by 305 mm wind tunne l ,  
where a uniform flow was maintained.  The ex4*  Reynolds n u m b ~ r  of t h e  j e t  was 
22 600 while  t h e  r a t i o  of t h e  e x i t  v e l o c i t y  UJ of t h e  j e t  t o  t h a t  o f  t h e  
p a r a l l e l  secondary flow UFS i n  t h e  wind t u ~ n e l  w l s  5.16 t o  1. 



Mean Veloc i t ies  

I n  f i gu re  3, mean ve loc i ty  p r o f i l e s  f o r  the  longi tudinal  c,ouiponcnt a r e  
presented f o r  th ree  downstream loca t ions  (X/D = 2.,3,4) and a t  one v e r t i c a l  
pos i t ion  (Z/D = 0.5) f o r  flow f i e l d s  with and without f l a p .  The r a t i o  of t h e  
l o c a l  excess ve loc i ty ,  U - UFS, t o  the  excess core ve loc i ty ,  UJ - UFS, r s  
plo t ted  versus l a t e r a l  d i s tance ,  Y/D (non-dimer~sionalized by the  diameter of 
the  j e t )  from the cen t e r l i ne  of the  j e t ,  where lJFS is the  f r e e  stream ve loc i ty  
of the  wind tunnel flow. Two observations can be  made concerning the  com- 
parison of the  flows. With the  a i r f o i l  present ,  there  i s  a not iceable  inzrease 
i n  the  width of the  ve loc i ty  f i e l d  a t  each downstream loca t ion .  Secondly, t h e  
maximum ve loc i ty  a t  the cen t e r l i ne  (Y/D = 3) of the  p r o f i l e s  decays much more 
rap id ly .  When X/D equals 4 i n  the f r e e l y  expanding coflowing j e t ,  the  maximum 
value of mean ve loc i ty  has decayed t o  approxin :ely .95 of its e x i t  plane 
value. However, with the a i r f o i l  sur face  positioned i n  t he  flow f i e l d ,  the  
r a t i o ,  (U - UFS)/(UJ - UFS), has a maximum of approximately . 5 5 .  

A comparison of l a t e r a l  mean v e l o c i t i e s  V f o r  bott ,  flow f i e l d s  i n  f i gu re  
4 ind ica tes  once again an increase i n  the width of the  ve loc i ty  f i e l d  with 'he 
a i r f o i l  present.  Also, the  maximum value of  he r a t i o ,  V/(UJ -Ups), has ap- 
proximately doubled when X/D equals 4 and Z / D  equals 0.5.  P r o f i l e s  of mean 
ve loc i ty  i n  t he  v e r t i c a l  d i r ec t i on  W f o r  the  same downstream loca t io . .~  
(X/D = 4) ,  but d i f f e r e n t  v e r t i c a l  pos i t ions  (z/D = 0.5 and 0.185) a r e  a l s o  pre- 
sented i n  f i gu re  4. When Z/D equals 0.5, the  maximum value of the  r a t i o ,  
W/(Uj - UFS), is obtained a t  the  cen t e r l i ne  of the  p ro f i l e .  This  is i n  con- 
t r a s t  t o  the da ta  presented f o r  Z/D equal t o  0.185. I n  t h i s  p r o f i l e ,  

Turbulent I n t e n s i t i e s  

The a x i a l  and r a d i a l  d i s t r i b u t i o n s  of the turbulence i n t e n s i t i e s  i n  terms 

; n e  compzrative p r o f i l e s  yielcls two observationli. F i r s t ,  wi th  the  a i r f o i l  
present,  ti:e turbulent  ve loc i ty  f i e l d  is s i g n i f i c a n t l y  wider. Second, t he  
po t en t i a l  core  region of the 3risynmetric j e t  is broken up much sooner. The 

Concentration-Velocity C o r r e l a t i o ~  

The concentration-velocley co r r e l a t i on  coe f f i c i en t  was a l s o  measured i n  . . 

the  f r e e l y  expanding j e t .  I t  is defined a s  follows: I .  

I 



where u is the f luc t*z ; ing  ve loc i ty  and B i e  t he  f l uc tua t ing  pa r t  of the ton- 
cen t ra t ion ,  both r r a su r rd  a t  the  same point  and time i n  t he  flow. The three  
p r o f i l e s  shown Ln f i gu re  6 are taken &ere X/D equals 2, 4 and 8. 

The e ign l r icance  of t he  concentration-velocity co r r e l a t i on  i~ t h a t  i t  in- 
d i c a t e s  how c lose ly  the passive admixture f i e l d  is  r e l a t ed  t o  the  ve loc i ty  
f i e l d  a s  one moves downstream. A zero i o r r e l a t i o n  indicatee t ha t  the  f luctua-  
t ions  i n  the concentration f i e l d  a r e  t o t e l i y  independent of t he  turbulent  
ve loc i ty  f luc tua t ions ,  a s  is the case  f o r  t h e  p r o f i l e  taken where X/D equals 2 ,  
near t;:c center l ine.  Though both 8- and p S m  a r e  . - -a l l  i n  the po t en t i a l  
core, they are not neg l ig ib le .  The exis tence of O, , a t  the  e x i t  plane i s  
probably due t o  imperfect seediag. Out from the  cen t e r l i ne  of the j e t ,  rq10 
i n i t i a l l y  becomes negatlve,  then changes s ign ,  and evontually reaches a maxi- 
mum value a t  an RID approximately equal t o  one ha l f .  Vortices,  which would 
en t r a in  "clean" a i r  from au t s i ae  the j e t  and would then acce le ra te  the en- 
t ra ined a i r ,  would give r i s e  t o  concentration ve loc i ty  co r r e l a t i ons  of the  
shape shown where X/D nqua3s 2. A s   be po ten t i a l  Cora b reu ' s  up f u r t h e r  
downstream, the  concelrtration and ve loc i ty  f lb , tuat ions would become more 
highly dependent i n  t ~ e  center  rep2on of t he  jet,  a s  is the case.  Thus, the  
r e s u l t s  shown a r e  e n t i r e l y  co-sistent with the  vortex model. 

QUARTER-SCALE MODEL SI; JDY 

Fiscuss ion 

I n  the  study reported i n  reference 1, unsteady pressure measurements were 
made i n  t he  f r e e  f l a r  of a c i r c u l a r  jet and a f  the  sur face  pressures  due t o  
t b  : impingement of t h i s  j e t  on a f l a r  surface.  A l l  measurements were made with 
1 /8  inch (3.2 mm) B & K microphones which were cqnnected by p l a s t i c  tubi-rg t o  
sur face  probes or t o  miniature t o t a l  o r  s t a t i *  frt?-flow probes. Instrumenta- 
t i on  included mean t o t a l  ve loc i ty ,  and rms o r  - 1 3  octave spec t ra  of s t a t i c  
pressures.  Also, two-point auto- and cross-carrel-ations were obcaFnkd which 
were l a t e r  converted i n t o  power Bpectra, r e l ~ t i v e  amplitudes and phases, and 
coherences. Considerable emphneis was placed on the  meaa..rcments of t r ans fe r  
functioris fo r  the  probes, Although techniques fo r  correccion 3y computer we! 
dezonscrnted, t he  :~?ceseary ca l i b r a t i on  equipment was not ?vails.ble a t  the  
time, .so t h a t  cor rec t ions  had tc  be made by hend where ntcessary.  

I i 

Measurements made i n  the circillar j e t  supported the  vortex model, and were \ i $- a. 

i n  general  a g r c a e n t  with o ther  r e s u l t s  reported i n  the l i t e s a t u r e  when tne> ! , .  

were expressed i n  dimensionless form   sing the j e t  diameter and ve lo ;~ t : :  as ! 
sca l ing  parameters. No dependency on Reynolds number could be se.l!l, 21.5 i:c i! 
attempt was made t o  determine Mach r m b e r  e f f e c t s .  :\  t :  

r i .  I c  



During t h e  invas t iga t ion  of t h e  rectangular  jet described i n  t he  follow- . - 
ing paragraphs, f requent  compar?.sons are made with t he  r e s u l t s  on c i r c u l a r  . . 
jets. One question of p a r t i c u l a r  i n t e r e s t  is, what form do t h e  vo r t i ce s  take, 
and what a r e  t h e i r  c h a r a c t e r i s t i c  dimensions? . : . I 

Tes t  Apparatus 

A qua r t e r  scale model of the  nozzle and a i r f o i l  used i n  test: on t he  s t a t i c  
t h rus t  s tand at L a n g l ~  ( re f .  14) was b u i l t  i n  order  t o  makc a d i r e c t  evallration 
of t he  use of s ca l i ng  l n v s  i n  conjunction with low Mach number models The test 
apparatus used is shown i n  f i gu re  7. The sca led  nozzle is at tached t o  an 
adapter s ec t i on  l e a d l x  f roa a plenum chamber. Two i n l e t s  t o  t h e  plenum 
chamber a r e  intended f o r  t h e  core  and fan  air t o  s imulate  t h e  JT15D-1 engine. 
However, the  inner  nozzle f o r  the  core  jet has  no t  been i n s t a l l e d  t o  date .  
I n i t i a l  t e s t i n g  w a s  c a r r i ed  out with two b l w e r s  supplying a pressure of 
8.25 cm of water (630 ~ / m ~ j  vbich - .esul ts  i n  a 32 m / s  jet. Later ,  one of t h e  
two mufflers was used with one h l w e r ,  t he  o ther  i n l e t  being used f o r  a speaker 
t o  provide exc i t a t i on  of zhz p:. chamber. With one blower and muffler,  
t h e  flow ve loc i ty  f e l l  t o  22 m/.. 

Instrumentation used w a s  t he  same as t \a?  developed f o r  the  earlier c i r -  
c.zlar jet study ( re f .  1 ) .  Free stream probku were of 1 .3  mm ou ts ide  diameter, 
with four 0.5 mm holes  12.7 mm from the  rounded end. The i n t e r n a l  diameter 
was stepped up t o  3.2 mm and connected by up t o  3 meters of p l a s t i c  tubing 
t o  the  1 / 8  inch (3.2 mm) B 6 K microphones. Surface probes were f l u sh  mounted 
holes ,  1.0 am i n  diameter. It was necessary t o  co r r ec t  f o r  probe respons 
when measurirlg spec t ra ,  pa r t i cu l a r ly  with t h e  3 m tubing, but  t h i s  responsd 

L cancelled oLr wh2n r e l a t i v e  amplitudes, phase lags ,  and coherences were 

Correlat ion Coef f ic ien ts  

j I ; .  
I n  the  previous c i r c u l a r  j e t  study of the   ariat ti on of the  co r r e l a t i on  

coe f f i c i en t  between a probe on the  cen t e r l i ne ,  and a j robe a t  a r a d i a l  posi- i j  j 
. I . i  

r ion  R,  the  co r r e l a t i on  was found t o  dro: t o  a minimum when R/D approached one / i  j 
h a l f ,  s o  i h a t  the -)robe was behind the  jet l i p ,  and then t o  increase  again a s  r % 

1 ! 
R / 3  increased fur ther .  This was a t t r i b u t e d  t o  the  i r r e g u l a r  passage of vortpx ! ; 

. , 

- 8  - 

f;.laments ol-=r tile probe when i t  was located behind the  jet l i p .  Tht r e s u l t s  . . 
I 
i .  

, 
of a s imi la r  study 1 7  cm behind the  e x i t  plane of t he  rectanguJ.ar nozzle a r e  , . 

i : 
shown i n  f i g u ~ e  8. One probe was placed a s  indicbted i n  the  f i gu re  by "ref",  , : I  

aild the  second was moved t o  the  pos i t ions  indicated.  When the  probe was moved 1 ,  
v e r t i c a l l y  i n  the direction of the  s n a l l e r  dimension, t h e  co r r e l a t i on  coeff i -  i 

I . I 

tie-.- became a inimum behind the  lower l i p ,  and then increased beyond i:. 
This behavior; which -?as acccr,tuated when the a i r f o i l  was i n s t a l l e d ,  was taker, 
t o  ind ica te  t h a t  vortex fi laments were breaking f: Jrn the  lower l i p .  When the  
probe was 4ispJ.aced horizon ta: lv, the  co r r e l a t i on  st a given d is tance  was some- 
what l e s s ,  although i t  agYLi ,raproved with the a i r f o i l  i n s t a l l e d .  The l a t t e r  
behavior was cons!stent will1 the  idea t ha t  v e r t i c a l  vortex f i laments  r i g h t  be 
passing ;t randon, and t h a t  they could be p a r t s  of v o r t i c e s  whose dimensions 
would be of t he  order  of che minor aozzle dimension. Another ind ica t ion  of the  



I 

i ,  I / : . ,  
.i ' w 

' I. 

., , 
, . 

i 1 i '  . j -'; 
; ?Fir 

I :.t;:.: 

"'? - i . .. 
presence of vortex f i laments  had been found i n  t he  c i r c u l a r  jet study t o  be  a . t . ,  

. . ., 
peak i n  t he  rms pressure a s  t he  jet was traversed. A s imi l a r  t r ave r se  of t h e  , t .. . I 

rectangular  nozzle (no f igure)  shows peaks behind the  upper and lower l i p ,  ex- -, 1 
, ' 1. 

cept  t h a t  the  peak 5ehiad the  upper l i p  disappears  when the  a i r f o i l  is in- "i . 
s t a l l e d .  This  could be explained i n  terms of horseshoe v o r t i c e s  a t tached t o  1 

t h e  a i r f o i l .  .-:I 
! 

,-+ - 

Phase snd Coherence P l o t s  . :..?. 
1 - 5 

Three phase lag  and coherence p l o t s  a r e  shown i r i  f i g u r e  9 f o r  two of t he  
+ . .  

loca t ions  covered i n  the  corr , la t ion study, one of them i n  the  f r e e  jet with . I  , . 
the  a i r f o i l  removed. The coherence has -such the.same s ign i f i cance  a s  corre- 
l a t i o n ,  except f o r  being frequency :<-pendent. The phase l a g  is a d i r e c t  
measure of convection ve loc i ty  between two points .  Thus, i n  t h e  examples shown 

'i I ::. 
I 

i n  f i gu re  9 ,  t he  small phase l ags  i nd i ca t e  t h a t  t he  pressure dis tuibances '-i 
a r r i v e  a t  d ~ e  two probes almost simultaneously. It  shauld be  noted t h a t  the  
coherence between two v e r t i c a l l y  displaced probes is much higher with the  a i r -  

J : 
I . I  

f o i l  present than i n  t he  f r e e  jet, and a l s o  much higher than f o r  t-lo horizon- 
t a l l y  displaced probes. 

Other phase l ag  p l o t s  (not s h m )  were obtained with t he  probes d i s -  
I placed a x i a l l y  and were used t o  ca l cu l a t e  convection v e l o c i t i e s .  It was found / , : 

thaL these v e l o c i t i e s  were between (2.3 and 0.4 of jLt ve loc i ty  up t o  100 Hertz,  , I  i.. , 
and t h a t  they increased t o  between 0.6 and 0.7 of j e t  ve loc i ty  a t  higher f re -  j L  quencies. I n  con t r a s t ,  convection v e l o c ? t i e s  i n  the  c i r c u l a r  j e t  were con- I : 

s t a n t  between 0.6 and 0.7 of jet ve loc i ty  over t he  e c t i r e  freqaency range. I :. 
This  could be explained on the b a s i s  t ha t  the  lower frequency dis turbances i n  1 

rectangular  jets a r e  associated with l a rge  v o r t i c e s  which expand outs ide  thc  
j e t  flow, and therefore  convect more slowly. On the o ther  hand, vo r t i ce s  i n  i 

, ? !  

the  c i r c u l a r  j e t s  remain equal t o  t he  j e t  diameter. i 1 
I !  

One-.Third-Octave Spectra 

The ?e-gclopment of 1!3-octave spec t re  (referenced t o  j e t  dynamic 
pressure: along *\e j e t  c en t e r l i ne ,  both i n  tile f r e e  j e t  and with the a i r f o i l  i .  
i n s t a l l e d ,  is shown i n  f i gu re  10. une can i n t e r p r e t  the peaks i n  the spec t r a  , I  

a s  r e su l t i ng  from disturbances a t  a Strouhal  number of 0.3, but  r e l aLed  ta : , .  
, . 

vor t i ce s  of a corresponding e f f e c t i v e  diameter. Thus, with the flow ve ioc i ty  , . * .  

a t  30.8 m / s ,  the  315 Hertz peak, which decays i n  200 nun from the  e x i t  plane, I il 

c0111d r e l a t e  t o  an e f f e c t i v e  diameter of 29 mm, c lose  t o  t h e  minor nozzle d i -  I 

mension of 42 m. The 100 Hertz peak, which p e r s i s t s  out  beyond 300 m, could 
r e l a t e  t o  an e f f e c t i v e  diameter of 92 imn. Stone ( r e f .  19) suggests an effec-  

I 

, - 
t i v e  diameter D, of 1 l i  

D = D 0.6 D 0.4 1 j :  e a h 
j I ;  

where Da ( JG) is th r  diameter based on a rea ,  and Dh (4AIP)  is the  hydrau- 1 I :  l i c  deptn. I 

I ; 
I 
I 
I 

i 



I n  these equations A is the  nozzle a r ea ,  and P is  i c s  perimeter. For t he  
234 mm by 42 mu rectangular  nozzle,  Da is equal t o  112 nm and 3h is equal t o  
71 mm, s o  t h a t  De works ou t  t o  be 93 mm, which is cons is ten t  with the  100 Hertz 
peak. A p e r s i s t e n t  lower peak a l s o  observed a t  40 Hertz could r e l a t e  t o  an 
equivalent diameter of 231 m, c lose  t o  t he  major dimension of 234 om, but  t h i s  
peak could a l s o  have been t r ipped by noise  known t o  be present  i n  the  plenum 
chamber. 

Jet Exci ta t ion  

Because i t  was suspected t h a t  some of t he  dis turbances might be induced 
by blawer noise  present  i n  t he  plenum chamber, a muffler w a s  added, and a 
speaker w a s  i n s t a l l e d  f o r  exc i t a t i on  of t he  plenum chamber. The mufi ler  was 
found t o  e l imina te  dis turbances above 50 Hertz,  ')ut was noisy a t  40 Hertz due 
t o  t he  formation of i n t e r n a l  v o r t i c e s  by the  152 mm duc ts  which were used. The 
a l t e r i i a t e  muffler,  shown i n  f i gu re  7, eliminated the  40 Hertz no ise  'Jut was 
r e l a t i v e l y  i ne f f ec t i ve  a t  higher frequencies.  

The r e s u l t s  of exc i t i ng  t he  plenum chamber a t  1/3-octave band cen te r  
frequencies a r e  shown i n  f i gu re  11 i n  dec ibe ls  referenced t o  t he  l e v e l s  a t  the 
e x i t  plane with the  blower running t o  provide an a i r f low.  When the blower w a s  
turned o f f ,  t he  measured i e v e l  a t  the e x i t  plane was unchanged, ind ica t ing  tha t  
the pressures  measured a t  the  e x i t  were p r e l y  acoust ic .  However, a s  the  probe 
was moved away rrom the  e x i t ,  t h e  pressures  increased with the blower on while  
t he  acous t ic  pressures  dropped with t he  blower o f f .  This  indicated t h a t  t he  
pressure dis turbances measured i n  the  jet were at tached to v o r t i c e s  which had 
been tripped by acous t ic  exc i t a t i on  of t he  pllnum. Measured l e v e l s  were 15 t o  
20 dec ibe ls  above backgrouxld l eve l s .  The r a t e  of buildup was g r e a t e s t  a t  160 
Hertz, corresponding t o  an e f f e c t i v e  diameter of 41 mm i n  the  22 m / s  flow, 
i.e., t he  minor dimension, a s  s t a t e d  before.  

Surface Pressure  Measurements 

One-third-octave s c r f ace  pressure measurements w e r e  made on the  114 s c a l e  
model f o r  comparison with power-spectral dens i ty  p l o t s  of sur face  pressures  or  
the fu l l - s ca l e  a r t i c l e .  The e f f e c t i v e  diameter De was c l . s e n  a s  the  s ca l i ng  
dimension, because i t  has a l ~ e a d y  been recommended f o r  f a r - f i e ld  no ise  (ref.181, 
and because i t  appears t o  r e l a t e  t o  t he  most p e r s i s t e n t  peak i n  the  s t a t i c  
pressure spec t ra .  The spec t ra  were non-dime s iona l ized  a s  follows: 

Strouhal No. 

Dimensionless :,!.ectral dens i ty  from power s p e c t r a l  dens i ty  PSD(f) 

LDPSD(f) = 10 loglO (PSD(f) uJ lq2~, )  dec ibe ls  

where f is the frequency, UJ the  j e t  ve loc i ty ,  and q is the j e t  d,-namic 





For a s h o r t  d i s t ance  from the  exit, t he  pressure spectrum peaks a t  a f r e -  
quency whose Strouhal  number, based on the  minor rectangular  dimension o r  on 
the  hydraul ic  depth, is about 0.3. Hwever, t h i s  decays about f i v e  of these  
dimensions downstream, acd is replaced by a lower peak which appears t o  be 
based on an e f f e c t i v e  diameter, as defined i n  the  l i t e r a t u r e  f o r  f a r - f i e ld  
no ise  (Westley et al., AGARD-CP-113). These peaks a r e  accentuated when 
exc i ted  by a speaker i n  t h e  plenum chamber. There may be a l o w  frequency 
peak, based on the  major rectangular  dimension, but t h i s  was not  confirmed. 

A i r f o i l  sur face  pressures  can be scaled by r edwing  them t o  pressure co- 
e f f i c i e n t s  based on jet dynamic pressure,  and the  corresponding frequencies 
can be sca led  by reducing thei t o  Strouhal  numbers based on any s u i t a b l e  
reference length. However, t o  f a c i l i t a t e  comparisons between nozzles of 
d i f f e r e n t  shapes, i t  might be  b e t t e r  t o  use the  above-mentioned e f f e c t i v e  
nozz1.S diameter. 

Evidence ava i l ab l e  t o  da te ,  but  not  subs tan t ia ted  f u r t h e r  i n  t h i s  study, 
i nd i ca t e s  thac, the  e f f e c t  of jet Reynolds number is negl ig ib le ,  w h i l i r  tfie 
e f f e c t  of Mach number is c e r t a i n l y  small, although not  w e l l  understood a t  
present.  

The e f f e c t  of the  i n t e r n a l  noise  spectrum of the  j e t  engine is  probably 
of s u f f i c i e n t  importance t h a t  i t  w i l l  have ' to  be accounted f o r  t o  some extent .  
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EARED ANNULUS 

P O T E N T I A L  CORE - 
(a)  C L A S S I C A L  MODEL 

COALESCENCE OF V O R T I C E S p  

- 

i ~ ~ ~ ~ ~ l ~ ~ ~  FLOW 

(b) V O R T E X  M O D E L  

Figure 1.-  Current models of the structured turbulence i n  circular j e t s .  
(Uc l s  the convection ve loc i ty  of the vort ices . )  

f"" 

Figure 2 . -  Vectorial diagram of the mean v e l o c i t i e s  i n  the X-Z plane. 
Circular j e t  over a l r f  o i l ,  using LDV. 





LATERAL DISTANCE - Y /  D 
Figure  5.- P r o f i l e s  of t h e  axial (U) components of turbulence 

i n t e n s i t y .  C i r c u l a r  j e t  over a i r f o i l ,  us ing 'DV. 

X / D =  2 - 
DISTANCE FROM CENTERLINE - R / D  

Figure  6 .- P r o f i l e s  of t h e  c m c e n t r a t i o n - v e l o c i t y  c o r r e l a t i o n  
c o e f f i c i e n t .  Free  c i r c c l a r  j e t ,  us ing  LDV. 



ALTERNATE MUFFLER 7 
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PLAN VIEW SPEAKER OR AIR SUPPLY 

SIDE ELEVATION OF NOZZLE 

Figure 7.- Schematic of quarter-scale model of upper surface 
blowing configuration. 
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OVER A I R F O I L  - 

L A T E R A L  CORRELATION VERTICAL CORRELATION 
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X = PROBE LOCN. 

Figure 8.- Pressure correlation coeificients 170 mm from exit plane of 
quarter-scale model rectangular jet, both free and blowing over 
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Figure 9.- Phase and coherence plots 220 mm from exit plane of 
quarter-scale model rectangular jet, 50th free and blowing 
over airfoil. 
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Figure 10.- Growth of 113-octave pressure levels in quarter-scale 
model rectangular jet, both free and blowing over airfoil. 
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Figure 11.- Effect of forcing separate 113-octave band center frequencies 
i n  rec tan~u lar  j e t  blowing over y i r f o i l ,  compared with acoustical l e v e l s  
without airflow. Quarter-scale model. 
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Figure 12.- Comparison of nondimensional power-spec'ral denrtt ies  of s t a t i c  
pressure spectra. Quarter-scale model v s .  fu l l - s i ze  conliguration. 




