


The l a t t e r  i s  a p p a r e n t l y  enhanced  by ae rodynamics  s i n c e  t h e  e x t k r n a l  p r e s s u r e  s h o u l d  
p r o v i d e  a  p o s i t i v e  f eedback  t o  t h e  h o r i z o n t a l  d e f o r m a t i o n .  Suppor t  f o r  a n  aerodynamic  
e f f e c t  i s  found i n  t h e  o b s e r v a t i o n  o f  s t a b l e  h o r i z o n t a l  " ~ r o l a t e s "  f o r  v e r y  l a r g e  d r o p s ' .  

The d r o p  was assumed t o  have  o n l y  s u r f a c e ,  ~ r a v i t a t i o n a l  and  k i n e t i c  e n e r g i e s .  The 
minimum i n  t h e  s u r f a c e  p l u s  g r a v i t a t i o n a l  e n e r g y  was c a l c u l a t e d  n u m e r i c a l l y .  Agreement 
w i t h  wind t u n n e l  d a t a  and  t h e  nume:*ical r e s u l t  o f  P ruppache r  and P i t t e r  f o r  t h c  e q u i l i b r i u m  
a x i s  r a t i o  was w i t h i n  1% f o r  d i a m e t e r s  l e s s  t h a n  5 mm ( F i g u r e  1 )  demons1;rat ing t h a t  t h e  
aerodynamic  and  hydrodynamic p r e s s u r e s  a r e  much l e s s  i m p o r t a n t  t h a n  t h e  h y d r o s t a t i c  p r e s -  
s u r e  i n  d e t e r m i n i n g  t h e  a x i s  r a t i o .  

The s d r f ~ c e  p l u s  g r a v i t a t i o n a l  ene rgy  
f u n c t i o ~  was used  as a  p o t e n t i a l  e n e r g y  "we l l "  
f o r  anhsnmonic o s c i l l a t i o n s  o f  an  e l l i p s o i d a l  
d r o p .  The e q u a t i o n  01' ax i symmet r i c  mo t ion  f o r  
t h e  fundamen tz l  !vile was o b t a i n e d  f rom t h e  
e n e r g y  r e l a t  i o n  

by  s o l v i n g  fo l .  
ra t  l o  

t h e  t e m p o r a l  change  i n  a x i s  

where 

Va = ( 5 ~ ~ / m ) l / ~  (1 + ~ A R ~ ) ' ~ / ~  ( 3 )  

and  

w i t h  a  c m s t s n t  volume c o n s t r a i n t  

An a n a l y t i c a l  s o l u t i o n  f o r  s m a l l  a m p l i t u d e  
y i e l d e d  t h e  R a y l e i g h  o s c : i l l a t i o n  t i m e  ( T R )  
u s i n g  t h e  f a c t o r  o f  1 / 5  i n  t h e  k i n e t i c  e n e r g y  
r e l a t i o n .  L i n e a r  d i s s i p a > i o n  was added  t o  t h e  
c a l c u l a t i o n  by a s s u n i n g  KE = B KE where  B was 
d e t e r m i n e d  f rom t h e  r e ~ u l t  o f  ~ a m b "  f o r  a 
comple t e  c y c l e .  

Numerica1. i n t e g r a t i o n s  were  made f o r  D = 
F i g u r e  1. Drop a x i a l  r a t i o  as a f u n c t i o n  0.12 cm t o  compare w i t h  t h e  Nav ie r -S tokes  

o f  e q u i v a l e n t  s p h e r i c a l  volume d i a m e t e r .  s i m u l a t i o n  o f  ~ o o t e ' ~  f o r  t h e  a x i s y m m e t r i c  
C i r c l e s  a r e  f o r  r a i n d r o p s  ( Jqnes! ,  and  o s c l l l a t l o n  w i t h o u t  r a t p i t y  w i t h  p = 1 g cm-3 
t h ~  c u r v e  f o r  e q u i l i b r i u m  shaped  w a t e r  and o = 73  dynes  cm- ~ L Z F  presen! model f o r  
d r o p s  ( P r u p p a h e r  and P i t t e r ) .  C m -  t h e  l a r g e  a m p l i t u d e  o s c i l l a t i o n  o f  Foo te  
f i d e n c e  i n t e r v a l s  f o r  t h e  mean have  (whe re  ARo = 1 /1 .7 ;  g i v e s  t h e  same o s c i l l a t i o n  
been auded  t o  t h e  o r i ~ i n a l  r a i n d r o p  t i m e s  ( i . e . ,  1 . 0 4  TR f o r  u = 0.06 cm2 sec-1  
d a t a  a t  t h e  95% s i g n l f l c a n c e  l e v e l  and  1 . 0 6  TR f o r  u = 0 1 ,  and  shows s i m i l a r  
ba sed  upon t h e  e s t i m a t e d  s t a n d a r d  de- t e m p o r a l  v a r i a t i o n s  i n  t h e  s u r f a c e  and  k i n e t i c  
v i a t i o n  and  sample s i z e .  T r i a n g l e s  e n e r g i e s ,  and  i n  a x i s  r a t i o  w i t h  57% o f  tk,e 
a r e  p r e s e n t  model f o r  e q u i l i b r i u m  ime r p e n t  a s  a  p r o l a t e  s p h e r o i d .  The d x i s  
s h a p e .  r a t i o  a v e r a b e d  o v e r  onz  c y c l e  f o r  t h e  shove  

two c a s e s ,  and  a l s o  f o r  D = 0 . 3  and  0 .6  c m  
w i t h  c r a v i t y  ( e  = 9E(O cm sec-2 ,  ow = 0.998 g cm-2 and  o a 7 3  dynes  cm-1) f o r  b o t h  u = 0 . 0 1  
cn2 sec-1  and  u = 0 ,  y i e l d e d  v a l u e s  o f  o n l y  s l i g h t l y  i e s s  t h a n  t h e  mean o f  t h e  undamped 
t u r n i n g  p o i n t s .  

A s y m ~ e t r i c  c s c i l l a t i o n s  o f  t h e  fundamen ta l  mode ( m  = 2 d e g e n e r a c y )  i s  c u r r e n t l ,  under  
~ n v e s t i g a t i o n .  A s e t  o f  e q u a t i o n s  s i m i l a r  t o  t h o s e  g i v e n  above  i s  used  t o  s o l v e  t h e  
t e m p o r a l  b e h a v i s r  o f  t h e  a x i s  r a t i o .  

A n a l y t i c a l  and n u m e r j c a i  s o l u t i o n s  a r e  more d i f f i c u l t  t o  a b t a i n  t h a n  t h e  ax i symmet r i c  
c a s e  s l f i c e  o s c i l l a t i o n s  o c c u r  i n  t h e  shape  o f  a  g e n e r a l  e l l i p s o i d .  P r e l i m i n a r y  a n a l y s i s  
l r d i c a t e s  t h a t  t h e  t i m e  a v e r a g e  a x i s  r a t i o  f o r  % h e  asymrnet,ric o s c i l l a t i o n  o f  a  r a i n d r o p  
can  b e  app rox ima ted  by t h e  mean o f  t h e  t u r n i n g  p o i n t s  d e f i n e d  by t h e  p o t e n t i a l  ene rgy  w e l l .  
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Three  c a n d i d a t e s  f o r  t h e  c a u s e  of  r a i n d r o p  o s c i l l a t i o n s  were examined:  d r o p  i n t e r -  
a c t i o n s ,  t u r b u l e n c e  i n  t h e  a i r  and pumping by wake s h e d d i n g .  A d r o p  i n t e r a c t i o n  model was 
used t o  o b t a i n  t h e  o s c i l l a t i o n  e n e r g y  from a  b a l a n c e  between t h e  a v e r a g e  c o l l i s i o n a l  ene rgy  
and v i s c o u s  d i . s i p a t i o n .  The time a v e r a g e  a x i s  r a t i o  was found t o  b e  c o n s i d e r a b l y  l a r g e r  
t h a n  e q u i l i b r i u m  f o r  d r o p s  w i t h  D ? 3 mm i n  heavy r a i n f a l l .  I n  c o n t r a s t ,  p r e l i m i n a r y  
r e s u l t s  f o r  wake f o r c l n g  i n d i c a t e  t h a t  a p p r e c i a b l e  o s c i l l a t i o n s  o c c u r e  o n l y  f o r  D 5 2 mm. 

F s r  t u r b u l e n t  f o r c i n g  t h e  o s c i l l a t i o n  e n e r g y  was r e l a t e d  t o  t u r b u l e n c e  i n  t h e  I n e r t i a l  
sub range  u s i n g  t h e  d i s t a n c e  t r a v e l e d  by a  r a i n d r o p  d u r l n g  a n  o s c i l l a t i o n .  T h i s  gave  a  
unique  s c a l i n g  f o r  t h e  o s c i l l a t i o n  ene rgy  w i t h  r a i n a r o p  s i z e  and d i s s i p a t i o n  r a t e .  Mean 
a x i s  r ~ a t i o s  f o r  t h e  a v e r a g e  o s c i l l a t i o n  ene rgy  were c a l c u l a t e d  from a  b a l a n c e  between i n p u t  
o f  t u r b u l e n t  ene rgy  and d i s s i p a t i o n  Sy viscoq1r;y.  The r e s u l t s  p r o v i d e d  a  r e a s o n a b l e  f i t  t o  
t h e  mean a x i s  r a t i o s  o f  t h e  camer t  d a t a  and . s u i t l b l e  e n v e l o p e  f o r  t h e  obse rved  a m p l i t u d e s .  
It was concluded t h a t  a t m o s p h e r i c  t u r b u l e n c e  and a l s o  d r o p  i n t e r a c t i o n s  can  p roduce  
s i g n i f i c a n t  i n c r e a s e s  i n  a v e r a g e  a x i s  r a t i o  o f  r a i ~ d r o p s  r e s u l t i n g  i n  a n  a p p r e c i a b l e  change  
i n  r a d a  b a c k s c a t t e l  c r 3 s s  s e c t i o n s .  
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