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Abstract 

we prescnt rasults from a n  evperi .menta1 inves- 
tigation into ehe dynamics o f  a thin-cored vortex 
ring with diamcter a and circulation I' $,ncoun- 
tering a p l a n a r  interface of thickness 6 across  
whicli thc density increases from f ,  to ps . When 
6 ' 4  a and (a 'gIP')  7> 1 ,  the interaction should 
be determined by a single paramete r ,  namely 
[ ( p , - , O Z ) / ( . ~  ! , J L ) ] ( a J g / P ' ) .  
by o u r  experiments. Results show that the vortex 
c a n  penetrate the interface and subsequently mix 
the fluids only when Chis parameter exceeds a 
critical v a l u e .  It a l s o  appears  that baroclin- 
ically gcnerated vorticity from the interface 
plays the dominant role in the dynamics of the 
intcraction, with such rings displaying a Widmll- 
like instability modified by the presence of 
e x L c r i s i o n a 1  or compressional azimuthal strain. 

This has been verified 

Nomenclature 

a ring diameter 
8 gravity 
P pressure 
t time 
" velocity 
5 interface thickness 

I' ring circulation 
0, density of fluid 1 
PL density of fluid 2 
V kinematic viscosity 

i." vorticity 
D( ) l o t  Lagrangian derivative 
V gradient o p e r a t o r  
( 1 '  dimensionless quanLity 

Introduction 

'The study oL turhulence is currently rccciving 
a great deal of attention, due to thc relative 
lack of knowledge of the complex interactions 
occuring in R turbulent [low lield. A" inter- 
esting aspect of this field of Study is the 
interaction of turbulence with a density inho- 
mogeneity. 'This t ype  of interaccion h a  ,T wide 
range of applications, for example: in 
combustion, f u e l  injected into oxidizer of 
diftcrent density; i n  atmospheric studios, 
thermals rising i n l o  a stratified atmospherr; 
general problems o f  two-fluid mixing; ships' 
turbulent wakes interacting with the ocean s u r -  
Lace; shock wave intcrnctian with n fluid hubble; 

a s  well as various aerodynamic applications 

Vorticity in general i s  dirficult to study duc 
t o  thc complexity of the f l o w  ficld, and.Lhc 
rcsulting inability Co rrso lve  intcractionr. 
Thcrefore, wc chosc to study a compornrively 
simple vorticity field, thc vortex ring. Tha 
Structure and motion of such v o r t e x  rings, as well 
a s  thcir stability chargc5eijittics. h o v e  bccn 
studied for many years, ' ' ' thus making them 
a favorable choice f o r  thc study 0: vorticiLy 
ineeraction with a densiiy inhomogcnrity. Thc 
simplest density inhomogeneity that c a y  h r  studicd 
is a p l a n a r  density interface. ILinden h a s  
examined thc jntcraction of a turbulent vortex 
ring with a p l a n a r  density interface. 
the emphasis of  that e x p r r i m c n t  w a s  quiLc 
different from that considcrrd here, and providad 
no detailed information about thc dynamics of the 
interaclion. I n  this p a p e r ,  w e  cxnmine the int<'r- 
action of an incompressible laminar uortcx ring 
with a planar density intcrfnce in a relatively 
simple experiment designed to yield important 
b a s i c  results applicablr to many typcs of more  
complex flows. 

Howcver, 

+-----+ 
a 

P' 

p2 I 
pique 1. Diagram of relevant parameters 

Theoretical Considerations 

This cxpcrimcnt deals with the b e h a v i o r  of a 
thin-cored vortex ring of diameter a and circu- 
lation C encountering a density interface of 
thickness 6 , across  which the density incre.ases 
from p, to,:>- ( s e e  F i g .  1). 

In analyzing the motion of vortex rings, W P  

began with t.hc vorticity transport equation, 
nondimcnsionalieed i t ,  and identified 
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d r i v e n  s y s t e m  d u c  t o  t h e  i n h e r e n t  i n s t n h i l i i i r s  o f  
t h c  p i s t o n  s y s t e m ;  i . e . ,  any v i b r a t i o n s  i n  t h e  
p i s t o n  mechanism propagate i n t o  t h c  r i n g  C l u i d ,  
thus  caus ing  u n s t a b l e  r i n g s  to form. With t h c  n i r -  
d r i v c n  s y s t e m ,  we a c e  a b l e  t o  c r e a t e  v e r y  sha rp ,  
' c l c n n '  r ings .  u 

The complete d r i v e  system (see F i g .  2a . )  cox>- 
s i s t s  of t h e  f o l l o w i n g  components: 

1. cornprcssed a i r  t ank  
2 .  r e g u l a t o r  S C ~  a t  60 p s i .  
3.  p r r s s o r c  vessi.1 p r c s s u r i z e d  10  60 p s i . :  

~ p r o v i d c s  a lnrgc source of  h igh -p ressu rc  ,a i r  
t l m L  can  hc d r a w n  ripon when a r i n g  is b v i n g  
c rca  t e d .  

4 .  ONiOFF s o l c n o i d  iaalve:  t u r n s  f l o w  o f  a i r  0 1 ,  

o r  o f [  
5 .  s o n i c  m c t e r i n g  v a l v e :  c o n t r o l s  a i r  m a s s  r i o w ;  

i t s  t h r o a t  i s  t h e  smallcst a r r n  p o i n t  i n  ~ 1 1 ~ .  

s y i t e m  and allows BCCllrate rpgulntion "i a i r  
m a s s  i iow 

6.  r iu id -mec i ,nn icn t  low-pass ii 1 t e r :  cOns i  :; o r  
a ' c n p n c i t o r i r ~ s i s t o r '  i n  parillel whic i i  
C i l i e r s  o u t  h i g k  f r e q u r n c i e s  i n  t h c  pre i ; surc  
p u l s r  L O  a v o i d  e x c i t i n g  t hc  n a t u r a l  f r c c j t i c v c y  
o f  t h e  sys t em,  c a u s i n g  u n s t a h l c  r i n g s  

1 .  t i m c r  hox: rcgulntcs l rngth bC p ~ c s s u r < ~  
p i r l s c ;  t y p i c a l l y  s e t  f o r  apdrox imi i t e ly  200111s. 

W i t h  dy<.d w a t r r  S r o m  W h i ' l i  It,,. ' ing 
8 .  p l c n u m  ;and " O Z Z I C :  made o f  j u c i t e  and i i l l ,~< l  

c r c i i  t <id 
10- pa55 filter pienun. rez:.:<, 



The n o z z l e  e x i t  h a s  a d i a m e t e r  of 3.9cm.,  
p roduc ing  a r i n g  w i t h  a d i a m e t e r  of  4.9cm., and 
r i n g  corc  d i a m e t e r  e s t i m a t e d  t o  be approx ima te ly  
5mm. The v a r i a b i l i t y  of t h i s  d r i v e  s y s t e m  allows 
t h c  p r o d u c r i o n  of r i n g s  o f  w ide ly  v a r y i n g  c i r c u -  
l a t i o n ,  o r  s t r e n g t h .  The accu racy  of  t h e  me te r ing  
va lve  a n d  t i m c . ) ;  hox a l l o w  for r e p c a t a b i l i t y  o f  a l l  
r i n g  t y p c s .  A t y p i c a l  v o r t e x  r i n g  produccd  hy 
t h i s  s y s t ~ i n  can be seen i n  Figure 2b. 

The t a n k  j t s e l t  i s  approx ima tc ly  o n e  f o o t  
sq irare .  The bot tom h a l f  of t h e  t a n k  is i i l l e d  
w i t h  w a t e r  m i x e d  w i t h  e i t h c r  s a l t  o r  g l y c c r i n e  t o  
make it h e a v i e r  t h a n  t h e  t o p  l a y e r  of f r e s h  w a t e r .  
'The d e n s i t y  o f  rhe  bottom f l u i d  ranges from 0.2% 
t o  3% g r c a t e r  t han  t h e  d e n s i t y  o f  t h e  t o p  f l u i d  
l ayer .  To s e t  up t h e  i n t e r f a c e  be twcrn  t h e s c  f w o  
d m s i t y  l a y e r s ,  a water -soaked  p i e c e  of foam 
rubber  i s  p l a c e d  on t o p  of t h e  hcavy f l u i d ,  and 
f r e s h  w a t e r  i s  s lowly  poured  o n t o  i t .  A s  t h c  t a n k  
f i l l s ,  t h e  foam ( l o a t s  t o  t h e  t o p  and  i s  t h c n  
carcfully rcmoved, l e a v i n g  beh ind  two d i s t i n c t  
l a y e r s  of f l u i d .  

'The V O ~ L ~ X  r i n g  mot io r  i s  made v i a i h i e  hy dy ing  
both  t h e  r i n g  i t s e l i  a n d  t h e  hcavy f l u i d  w i t h  
c i t h e r  food  colortng o r  l a s e r  d y e s .  Thc food  
c o l o r i n g  a t  tows v i s u a l i z a t i o n  of t h e  t h r e c -  
d imens iona l  r i n g .  'The l a s c r  dyes  a r c  used  i n  
c o n j u n c t i o n  w i t h  a 5.5W Argon-ion l a s e r ,  which i s  
s e t  up such  Lhat a t h i n  s h e e t  o f  l a s e r  l i g h t  
sliccs t h rough  t h e  c e n t e r  of t h e  t a n k  and t h e  
r i n g .  U s i n g  l a s c r - i n d u c e d  f l u o r e s c e n c e  ( L I T )  
a l l ows  b e t t e r  v i s u a l i z a t i o n  of t h e  i n t e r n a l  
hchav io r  o f  t h c  r i n g  upon i t s  i n t e r a c t i o n  w i t h  t h e  
d e n s i t y  i n t o r f a c e .  The r i n g  mot ion  is r c c o r d e d  by 
r i t h c r  ii h i g h  6pcCd mavic camera o r  a 35mm Nikon 
Ci*li,C ra . 

v 

'Thc displacement 01 t h e  f r e e s u r f a c e  i n  r h c  
plenum was rncaaured w i t h  t h c  movie ~amcr r l .  Oncr 
t h i s  f r ecs i i r f ace  v q l o c i t y  w a s  known, i t  w a s  

c i r c u l a t i o n .  Ring c i r c u l a t i o n  v a r i e s  from 20cma/s  
t o  160cmz/s. A prohlcm w i t h  f i r i n g  r i n g s  o f  l a r g e  
C i r c u l a t i o n  i s  t h a t  a s econdary  r i n g  i s  p r o d u c c d  
t h a t  t r a v e l s  downward and c a n  i n t e r i c r c  w i t h  t h e  
in t e rac t . i on  0 1  t h e  original r i n g  w i t h  t h e  d c n s i t y  
i n t e r f a c e ,  . i i t hough  t h i s  i n t e r r r v e n c e  u s u a l l y  
occurs I a L e  cnough t h a t  t h e  impor t an t  s s p c c t s  of  
t h e  i n t e r a c t i o n  c a n  be a c c u r a t e l y  ohscrvcd. 

' b l c  t o  c s t i m a t u  f rom t h i s  t h e  r c s u l t i ~ i g  r i n g  

i<XJC! r imen i r i  I KC S" 1 t 5 

'This e x p c r i m e n r  d e a l r n g  w i t h  the i i l t e r a c t i o n  of  
a l aminar  v o r t e x  r i n g  w i t h  a d c n s i t y  i n t c r f a c c  h a s  
y i e l d e d  a (numhcr o f  i apo r t a r i t  rcsulls, i n c l u d i n g ,  
proof  o f  t h e  g o v e r n i n g  matching  p a r a m r t e r ,  t h e  
l i r s t  documenra t ion  o f  t h i s  t ype  o f  i n i c r n c t i o n ,  
a n d  d. lzn  on d c p t h  o f  r i n g  p e n c t r a r i o n .  

Proof of S i m i l a r i t y  

by  rxpe r imrnL ,  Ihiive p r o v c n  t h a t  L h r  par;, 
metcr  o b t a i n e d  i n  nondimens iona l  i a i n e  r h r  

. . -  
~ h e  vor tcx l  i t ' r e n g t h ,  i .5 t h c  i inpor tan t  m c ~ t c \ ~ i n g  
p a r m e t ~ o r  t o r  t h i s  i n t c r a c t i o n .  Holding t h e  
va lua  i o r  t h e  w r t f x  s t r e n g t h  f i x e d ,  t h r  v a l u e s  
for r i n g  c i r c u l a t i o n  a n d  d e n s i t y  r a t i o  W E ~ C  v a r i e d  

a p p r o p r i u t c l y ,  and  i t  was found t h a t  t h e  r i n g s  
c r e a t e d  i n  each C B S C  had t h e  same h c h a v i o r .  
F i g u r e  3 show a compar ison  of two weak r i n g  cases ,  
bo th  w i t h  v o r t e x  s t r e n g t h  of 1.20. ( N o L c :  s . g . . ~  
s p e c i f i c  g r a v i t y ) .  P i g u r c s  3 a .  a n d  3b. show n 
r i n g  w i t h  c i r c u l a t i o n  P 38.1c-m2/s and d e n s i t y  
i n t c r f a c e  w i t h  s p c c i f i c  g r a v i t y  of  1 .028 ,  i . c . ,  

show a r i n g  w i t h  I' z 2 2 . 2 c m V s  a n d  s p e c i f i c  
g r a v i t y  of 1 .01 .  (Notc: t h e  s t r a i g h t  l i n e  a p -  
pi 'oring i n  t h e  pliotos is a t t a c h e d  t o  the, hack of 
t h e  t a n k ,  a n d  indicates t h e  i n i t i a l  p o s i t i o n  or  
t h e  d e n s i t y  i n t e r f a c e . )  A s  c a n  he  s een  from L ~ C E C  

p h o t o g r a p h s ,  t h e  r i n g  b e h a v i o r  upon e n c o u n t c r i n g  
t h e  i n t e r f a c c  i s  c s s c n t i n l l y  t h e  s a w .  

p z i s  2.8% g r c a t e r  t h a n  p, .  F i g u r c s  IC. and I d .  

F i g u r e  4 shows a compar ison  b e ~ w r ~ c n  two s t r o n g  
r i n g  c a s e s ,  wi t !?  thv v a l u c  o f  t h e  vortex .;l.r-cngth 
c q u a l  t o  0 .025 .  i ' igurcn  4 a .  and 4 h .  show J r i n g  
w i t h  P = 107cm1/s a n d  s p c c i f i c  g r a v i t y  or  1.005. 
Thr  pho tographs  shown i n  4 n .  arid 411. wcrc o b t a i n c d  
u s i n g  l a se r - induced  f l .uorescence ,  a n d  show t h e  
i n t r r n a l  structure o f  t h e  r i n g .  F i g u r e s  4 c .  and 
4 d .  show a r i n g  w i t h  P ~ l S 4 c m 2 / s  a n d  s p e c i f i c  
g r a v i t y  of 1.01. Again i t  i s  a p p n r c n t  t h n t  t h c  
r i n g  hchav io r  f o r  t h c s c  two w i d r l y  v a r y i n g  S C ~ S  o f  
c o n d i t i o n s  is t h c  s ,~me.  Wjth t h e s r .  e u p c r j m ~ n t s ,  
we have  shown c h a t  g iven  t h c  v a l u c  f o r  

i t  i s  p o s s i b l e  t o  p r e d i c t  t h o  bchnv io r  o r  n r i n g  
e n c o u n t e r i n g  n d e n s i t y  i n t e r f a c e ,  r e g e r d l c s s  of 
t h e  r i n g  c i r c u l a t i o n  a n d  s t r r , n g t h  of t h c  
i XI c c r  f ncc  . 

r(p,-p,)/(p! +p*)l( .%iP')  

P h o t o g r a p h i c  R e s u l t s  

T h i s  expcr imcnt  has a t s o  documentcd t h p  
d e t a i l e d  dynamics resulting from t h c  i n t o r a c t i o n  
o t  a v o r ~ e x  r i n g  w i c h  a density i h , ce r r acc ,  impor-  
t a n t  r e s u l t s  t h a t  can be a p p l i e d  t : ~  r he  morn 
g e n e r a l  prohlcm of v o r t i c i t y  i n t e r a c t i o n ,  w i t h  
d e n s i t y  inhomogenr i t . i c s .  Figures 5 through 8 <ire  
plintogrnphs of r i n g  c a s c s  r ang ing  from i n t e r a c t i o n  
a t  i t  s o l i d  w a l l  t o  a s t r o n g  ~ i r r g  c a s c  w h c r i .  t h r  
r i n g  w i l  I p e r i c i r a t c  t h rough  rhc i n t e r f s c e .  

Figure, 5 shows a r i n g  h i t r i n g  n s o l i d  w a l l  - 
which mighc bc  Ihaught  o f  a s  arr i n f i n i f c  d c n i i t y  
i n t e r f a c e .  Tho p h o t o s  a r e  s i rnu l r rncous  b o t t a i l i  and 
s i d e  views of t h e  r i n g  o b t a i n c d  by t h c  usc o f  a 
m i r r o r  s e t  a t  45' bcnca th  t h c  t ank .  Note t h c  
fo rma t ion  of  a secondary  and t e r r i a r y  r i n g  o f  
o p p o : , i t e  C ~ I - C I ~ ~ A ~ ~ O T I  to t h e  o r i g i n a l  r i n g .  Thr sc  
r i n g s  a r e  formed bccausc  o r  t h c  n o - s l i p  c o n d i l i o n  
,it t h e  . i n l l .  Note a l s o  t h e  W i d n a l l - l i k c  wnvy 
i n s t a h i 1 i t . y  t h a t  o c c u r s  w h c n  t h c  s c c o n d a r y  r i n g  i s  
drawn i n t o  t h e  p r imary  r i n g .  

F i g u r e s  6 t h r o u g h  X arc, for v a r i o u s  r i n g  ciiscs 
w i t h  n d c n s i t y  interlace s e t  up i n  t.hc t nnk .  
i ' igurc  6 i s  R weak r i n g l s t r o n g  i n t e r f a c e  ( r i n g  o f  
low circul ; i r . i .on/ l . l rgc d e n s i L y  c h n n g c ) .  F i g u r e  7 
i s  a n  i n t c r m e d i a t c  c a s c ,  a n d  f i . g u r c  8 i s  a s t r o l l g  
r i n g / w c a k  inLerliacc case, d o n c  w i t h  LIF. A s  t h o  
v a l u e  f o r  t h e  vortcx s t r c n g t ~ h  grows p r o g r e s s i v e l y  
s m a l l e r ,  t h e  r i n g  i s  a b l e  t o  p e n e t r a t e  t h e  i n t e r -  
face more d c a p l y .  
secondary a n d  tertiary rings of oppositc c i r c u -  
l a t i o n  o f  t h e  p r imary  r i n g  forw duc t o  h a r o c l i n i c  
generation o f  v o r t i c i t y  a t  t h c  d e n s i t y  i . n t e r f a c r  
(set f i g u r e s  6 c . ,  7 c . ,  8 f .  f o r  ro rma t ion  o f  t h e  

I n  c~iich o f  t h e s e  c a s e s ,  

3 
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sionless v o r t e x  s t r e n g t h  , and has p r o v i d e d  d i r . ~  
on t h e  r i n g ' s  dep th  of  penetration u n d e r  v a r i o u s  
c o n d i t i o n s .  Although t h e  expe r imen t  i t s e l f  i s  
r c l n t i v r l y  s i m p l c  t o  pe r fo rm,  t h c  r e s u l t s  i t  h.zs 

COrn" lCZ  fIOUS. 

yielded a r c  applicablc t o  n widc r a n g e  o f  mor0 u 
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F i g u r e  3 .  Comparison o f  t w o  ring cases  w i t h  voricx s t r c n g t h  = 1 . 2 0 .  
P ~ 38.1 c m L / s ,  s.g.= 1.028; 3c. and 3 d .  have P 22.2cm'/s, 5 . 8 .  ~= 1.01. 
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F i g u r e  4 .  Comparison of two ring c a s e s  with vortex strength = 0.025. 4a.  and 4b.  have 
r ~ 107cm’/s, s .g .=  1.005, d o n c  by L I F ;  4 c .  and 4 d .  have  P 154cm‘/s, s.g. = 1.01. 
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Figure 5 .  Vortex ring h i t t i n g  a solid wall. 
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Figure  6 .  Weak r ing l s trong  in ter face  case; vortex strength = 1 . 2 0 .  w 
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Figure 7 .  Intermediate case; vortex strength - 0 . 1 0 7  
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W F i g u r e  8. S t r o n g  ringlwcnk i n t e r f a c e  c a s e ;  v o r t e x  s t r e n g t h  = 0 . 0 2 5 ;  r i n g  visualized b y  I.IT. 
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