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A free  surface ,  both under natural  conditions and in ins t ruments  of chemical  technology and thermal  en- 
erget ics ,  is most ly  per turbed by waves. The natural  problem ar ises :  which waves can vary  the intensity of 
diffusion p r o c e s s e s  in a fluid, and which wave p a r a m e t e r s  affect most  substantially gas exchange between the 
f ree  sur face  and the a tmosphere  ? 

An effective method of solving the diffusion problem near  a f ree  surface  was suggested in [1, 2], where 
the existence was shown of a s e l f - s imi l a r  solution, obtained within the approximation of a thin diffusion bound- 
a ry  layer .  In fact, this approach is based on the introduction of Lagrange coordinates  for fluid par t ic les  at the 
surface.  In the p resen t  study, the method mentioned is general ized to the case of nonstat ionary diffusion with 
homogeneous initial and boundary conditions and imposed per turbat ions  of general  spatial form.  Diffusion is 
then investigated in detail in t ravel ing and standing plane waves. 

Since the diffusion coefficients in the fluid are  small  for  all molecules,  most  of the res i s tance  to mass  
t r ans f e r  is concentrated in the fluid phase,  and mater ia l  diffusion in the gas phase over  the fluid must not be 
considered,  assuming for  all moments  of time t > 0 that the concentrat ion at the free surface  is given by C 0. 
The initial concentrat ion of t hed i s so lved  gas in the fluid bulk is C1. 

Let the free sur face  be given by the equation y = h(x, z, t), where y is the vert ical ,  and x and z are  the 
horizontal  coordinates .  Denoting by the subscr ip t  0 the values of all quantities at the surface  y = h, we have 
the kinematic condition 

Vo = Oh/Ot + (u0.v)h. (1) 

Here and in the following V = ( 0 / 0 x ,  ~ /Oz)  is the two-dimensional  gradient operator ,  and u 0 = (u 0, w 0) is the 
vector  of horizontal  velocity components at the fluid surface.  Integrating the equation of continuity near  the 
free surface,  for the vert ical  velocity component one obtains within the f i r s t  approximation 

v ---- v0 + (h --  y)(V" u0). (2) 

For  waves in soft water  the horizontal  velocity components are  constant over  the whole layer  thickness and 
equal to their  values at the surface;  therefore  it follows f rom the equation of continuity that v = - y ( V  �9 u 0) and 
v 0 = - h ( V  �9 u0). Combining the lat ter  re la t ion with the kinematic condition (1), we find the conservat ion equa- 
tion of fluid mass ,  known in the theory  of soft water: 

0h/at + (V..oh) = 0. (3) 

If one now takes into account express ions  (1), (2), and t r ans fo rms  the equation of convective diffusion, 
selected in the boundary- layer  approximation, to the new coordinate y'  = h - y measured  f rom the free surface,  
it acquires  the fo rm [1, 2] 

OC/Ot + (u0.v)C -- y'(V.Uo)OC/Oy' = DO~C/Oy '2. (4) 

In deriving Eq. (4) and everywhere  in the following, one also uses the approximation of a weakly curved s u r -  
face, neglecting t e r m s  with x and z derivat ives  of second o rde r  of smal lness :  (Vh) 2, Vah, (Vh �9 VC). This ap-  
proximat ion is, obviously, valid for  long waves, whose amplitudes are  much smal l e r  than the wavelength. 

For  smal l  diffusion coefficients of gas molecules  in viscous fluids (D ~ 10-9-10  -12 m 2 / s e c ) ,  and during 
the significant t ime interval (t << h2/D) ,  the external  boundary of the diffusion boundary layer  6 ~ (Dr) ~/2 does 
not reach the bottom of the basin, and the exact boundary condition at the bottom (OC/0y ' )y ,  =h = 0 can be 
neglected, replacing it by the condition C = C~, with 6 << y'  < h. For  waves in deep water,  when the wave- 
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l ength  X i s  much  s m a l l e r  t han  the  dep th  h, the  t i m e  i n t e r v a l  f o r  which  Eq.  (4) i s  s o l v e d  i s  d e t e r m i n e d  by the  
cond i t i on  6 (t) << ~ ,  upon s a t i s f a c t i o n  of which  the  a s s u m p t i o n  of c o n s t a n c y  of the  h o r i z o n t a l  v e l o c i t y  c o m p o n e n t s  

o v e r  the t h i c k n e s s  of  the  d i f fu s ion  b o u n d a r y  l a y e r  i s  va l id .  

So as  not  ~o e n c u m b e r  the  d i s c u s s i o n ,  in what  fo l lows  we o m i t  the  s u b s c r i p t  0 at  t he  v e l o c i t y  c o m p o n e n t s  
and the  p r i m e  of the  c o o r d i n a t e  y.  Equa t ion  (4) i s  a u g m e n t e d  by the  b o u n d a r y  and i n i t i a l  cond i t i ons :  C{y = 0) = 
C 0, C(y >> 6) = C l, C( t  = 0) = C i. T h e r e  e x i s t s  a s e l f - s i m i l a r  s o l u t i o n  of Eq.  (4), s a t i s f y i n g  t h i s  b o u n d a r y  con -  
d i t i o n :  

y16 
C - -  C O 2 
C, - -C  O ] / E  exp (- -  n ~") d B. /5) 

o 

The fo l lowing  equa t ion  i s  o b t a i n e d  f r o m  (4) fo r  6 ,  the  t h i c k n e s s  of the  d i f fu s ion  b o u n d a r y  l a y e r ,  

062/8t + (u. V)8 ~ + 2(V. u)6 ~ = 4D (6) 

wi th  the  i n i t i a l  cond i t i on  5 = 0 a t  t = 0. 

In the  a p p r o x i m a t i o n  adop ted  the  h o r i z o n t a l  v e l o c i t i e s  in the  dep th  of the  f lu id  l a y e r  and a t  the  f r e e  s u r -  
f a c e  c o i n c i d e . . a n y  two f lu id  p a r t i c l e s ,  then,  hav ing  i n i t i a l l y  i d e n t i c a l  c o o r d i n a t e s  x0, z 0 but  wi th  d i f f e r e n t  d i s -  
t a n e e s  to the  s u r f a c e  Y01, Y02, wi l l  in  t he  fo l lowing  have  c o i n c i d i n g  h o r i z o n t a l  c o o r d i n a t e s  x 1 = x2, z 1 = z2, and 
v e r t i c a l  c o o r d i n a t e s  s t r i c t l y  p r o p o r t i o n a l  to e a c h  o t h e r  Yi/Y2 = Y0i/Y02* The  t r a j e c t o r i e s  of f lu id  p a r t i c l e s  a r e  
found f r o m  the d i f f e r e n t i a l  equa t i ons  

dx/dt = u(x, z, t), dz/dt = w(x, z, t), dgTdt = --(V.U)g (7) 

wi th  the  i n i t i a l  c o n d i t i o n s  x = x 0, z = zo, y = Y0 a t  t = 0. An e x t r a c t e d  s m a l l  f lu id  r e g i o n  at  t he  f r e e  s u r f a c e  
wi th  l a y e r s  a d j a c e n t  to i t  f r o m  be low wi l l  be d i s p l a c e d  s p a t i a l l y ,  u n d e r g o i n g  on ly  s i m p l e  d e f o r m a t i o n s  in t he  
y d i r e c t i o n .  

S u b s t i t u t i n g  u and (V �9 u) f r o m  (7) into (6), we have  

d6 2 2 ~ ~e = ~D, (8) 
dt y d t -  

w h e r e  t he  t o t a l  ( subs t an t i a l )  d e r i v a t i v e  a long  the  f luid p a r t i c l e  t r a j e c t o r y  on the  f r e e  s u r f a c e  d / d t  = 8/8t + 
(u �9 V) was  i n t r o d u c e d .  I n t e g r a t i n g  Eq.  (8) wi th  accoun t  of  the  i n i t i a l  cond i t ion  6 (t = 0) = 0 g i v e s  

1/ ; 6 = 4Dy e (t) tit" 
o y2 (t')" 

(9) 

F o r  w a v e s  in  sof t  w a t e r  y ~ h, a s  i t  fo l lows  f r o m  (3), (7) t ha t  ( 1 / h ) d h / d t  = - ( V  �9 u) = ( 1 / y ) d y / d t .  Then 

6 = 2h(t) D h~Ct,), 
o 

(10) 

whence  i t  i s  s e e n  t ha t  t he  t h i c k n e s s  of the  d i f fu s ion  b o u n d a r y  l a y e r  i s  p r o p o r t i o n a l  to the  i n s t a n t a n e o u s  t h i c k -  
n e s s  of the  w a t e r  l a y e r ,  wh i l e  " m e m o r y "  of  f o r m e r  d e f o r m a t i o n s  of t h i s  l a y e r  o c c u r s  in f o r m  of an i n t e g r a l ,  
c o m p u t e d  a long  a L a g r a n g i a n  t r a j e c t o r y  of s u r f a c e  p a r t i c l e s .  To d e t e r m i n e  6 at  the  g iven  po in t  x ,  z a t  the  
m o m e n t  of t i m e  t ,  i t  i s  r e q u i r e d ,  by i n v e r s e  i n t e g r a t i o n  f r o m  t to 0, to d e t e r m i n e  f r o m  Eq.  (7) the  p a r t i c l e  t r a -  

t 

] e c t o r y  at  the  s u r f a c e  [ i . e , d e t e r m i n e x 0 ,  z0, x( t ) ,  z(t)] ,  and then c a l c u l a t e  the i n t e g r a l  .f dt ' /h2(t"  x( t ' ) ,  z(t ' ) ) .  
0 

By de f in i t i on ,  the  l o c a l  m a s s  flow d e n s i t y  is  j = - D ( S C / B y )  0. By Eqs .  (5), (6) 

20 (c  o - c , )  _ c o - c ,  [ ~  + us) ] .  
J= Vff6 VE t0t (V" (iz) 

A f t e r  i n t e g r a t i o n  o v e r  the  s u r f a c e  in Eq.  (11) the  d i v e r g e n t  t e r m  v a n i s h e s  due to the  p e r i o d i c  b o u n d a r y  c o n d i -  
t i o n s  in x and ~:, and the  i n t e g r a l  m a s s  flow is  
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x= f S xd,= <~ ;  dxd: , V ~  . j  ot 
S s 

The total  amount  of  m a t e r i a l  d i f fus ing th rough  the s u r f a c e  S at t ime  t is  

t 

m=~Jdt--c"--cl~6dxdzo =V-~ s =c~ S(5> (12) 

(the angu la r  b r a c k e t s  denote  a v e r a g i n g  o v e r  the s p a t i a l  v a r i a b l e s  x and z). 

In the w a t e r l e s s  c a s e  at  the  s a m e  t ime  the m a s s  m 0 = [(C o - CI) / r l /2]S(4Dt)t /2 d i f fuses  t h rough  the a r e a  
S. The  m a s s - t r a n s f e r  in tens i f i ca t ion  coef f ic ien t  K is n a t u r a l l y  d e t e r m i n e d  by the r a t i o  m / m  0 = ( 6 } / 6  o. F r o m  
e x p r e s s i o n s  (9), (12) we have 

K = < y ( t )  t,oJ?~(t,)ff t-+~ "N ' ' { , 7 )  / 
(13) 

(the o v e r b a r  deno tes  a v e r a g i n g  o v e r  the t ime  in t e rva l  t). F o r  a t r ave l i ng  wave it is  p o s s i b l e  to f u r t h e r  s i m -  
pl ify the a sympto t i c  (13): 

K t~3 < y } [ y ~ ]  " 

Indeed,  in a t r a v e l i n g  wave the m e a n  of the L a g r a n g i a n  coo rd ina t e  f Z : o v e r  t ime  with t - -  ~ b e c o m e s  d e -  
pendent  on the c o o r d i n a t e s  x and z.  T h e r e f o r e  the quant i ty  (1/y2)l /2  is r e m o v e d  f r o m  the angu la r  b r ack e t  in 
Eq. (13). Since in a t r ave l i ng  wave a fluid p a r t i c l e  p a s s e s  in a long t ime  all c o o r d i n a t e s  x in a wave uni t  cel l ,  
the a v e r a g e s  o v e r  x, z and the mean  o v e r  t m u s t  co inc ide  (i.e.,  (y)  =y-). 

We show now that  f r o m  the known C a u c h y - B u n y a k o v s k i i  inequal i ty  [3] (.[]q~dt) ~ ~ (.[]2dt)(.[~dt) (in our  c a s e  

7~ ~" ~ fi~2) i t  fo l lows that  K~o -> 1. Choos ing  ] = ~/y, ~ ~- l / I / y ;  we have 

= j (14) 

The las t  inequal i ty  in (14) (t/y) ~ (I/y-')~l -' fol lows f r o m  the  obvious  f o r m u l a  0 4  ( i / y  --  (i/y)) ~ a f t e r  expanding 
the b r a c k e t  and e x t r a c t i n g  the root .  

F o r  a s tanding  wave the ex t r ac t i on  of  (~'~)1/2 f r o m  the angu la r  b r a c k e t  in Eq. (13) is i nadmis s ib l e ,  s ince  
it is  obvious  that  this  t ime  a v e r a g e  depends  subs t an t i a l l y  on the  c o o r d i n a t e s  x, z, i .e . ,  on whe the r  the s u r f a c e  
p a r t i c l e  c a r r i e s  out  o sc i l l a t i ons  (in nodes  o r  ant inodes  of a s tanding  wave,  f o r  example) .  

The p r o b l e m  of di f fus ion to the f r e e  s u r f a c e  is so lved as  fol lows fo r  a t r a v e l i n g  plane wave.  F o r  a given 
fluid ve loc i ty  at the s u r f a c e  u = u m eos[2~(x  - ct)/s ] i t  i s  n e c e s s a r y  to d e t e r m i n e  the local  m a s s  flow dens i ty  
and the m a s s - t r a n s f e r  in tens i f ica t ion  coef f ic ien t  with ins t an taneous  inc lus ion  of  the di f fus ion p r o c e s s  at  the 
m o m e n t  of t i m e  t = 0. In a coo rd ina t e  s y s t e m  mov ing  with the wave phase  ve loc i ty  the fluid flow is  s t a t i o n a r y  
with ve loc i ty  u - c. The equat ion fo r  the L a g r a n g e  c o o r d i n a t e s  of the  fluid p a r t i c l e s  in this  r e f e r e n c e  s y s t e m  is 

d~ u - - c = _ ~ ( t _ A c o s 2 ~ ) ,  (15) 
d t  ~, ~, 

where  A = u,~lc; ~ = (x - -  ct)~l~. Using  (15), we obtain  

~ ] / l - - A Z - - a r c t g ( t g u n - ~ ~  ). 

H e r e  �9 = tc/)~; • = i / ( i  - -  A)/(t + A), and ~0 = x0/~ 
In t eg ra t ing  (7), we find 

(16) 

is the ini t ia l  d i m e n s i o n l e s s  coo rd ina t e  of the fluid pa r t i c l e .  

const 
- A c o s  2 . ~ "  ( 1 7 )  
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-/ z 

o 
Fig. 1 

S u b s t i t u t i n g  (17) into Eq.  (9), a f t e r  c a l c u l a t i n g  the  i n t e g r a l  wi th  r e p l a c e m e n t  of the  v a r i a b l e  of i n t e g r a t i o n  

t by } ,  we w r i t e  
A 

6 ~  (4~_~) ~ 0 - ~ -  ~ ( s in2~0-s in2a~)  
': ( 1 8 )  

w h e r e  4D)~/c := 4 D T  o = 6~o i s  t he  s q u a r e  of the  t h i c k n e s s  of the  d i f fu s ion  b o u n d a r y  layer~  f o r m e d  a f t e r  the  wave  
p e r i o d  T O = X/c in  t h e  w a v e l e s s  c a s e .  In what  fo l lows  we use  the  d i m e n s i o n l e s s  t h i c k n e s s  5 ,  r e f e r r e d  to  6 0. 
E q u a t i o n s  (16) and (18) p r o v i d e ,  in  p a r a m e t r i c  f o r m  in  t e r m s  of the  p a r a m e t e r  } 0, the  d e p e n d e n c e  6 (~,  t ) ,  and,  
c o n s e q u e n t l y ,  a c c o r d i n g  to  Eq.  (11), t h e y  d e t e r m i n e  the  l o c a l  m a t e r i a l  f low j (~ ,  T). 

In F ig .  1 t he  c u r v e s  1 - 4  d e m o n s t r a t e  the  b e h a v i o r  of j (~, T) a s  a funct ion  of d i m e n s i o n l e s s  t i m e  T fo r  
four  c h a r a c t e r i s t i c  p o i n t s  on the  wave  p r o f i l e  (} = - 0 . 2 5 ;  0; 0.25; 0.5),  which for  the  c a s e  u n d e r  c o n s i d e r a t i o n  
A = 4-3/2 = 0.865 i s  i l l u s t r a t e d  above;  t h e s e  fou r  m e n t i o n e d  po in t s  a r e  no ted  on the  p r o f i l e ,  and the  c u r r e n t  
l i n e s  a r e  deno t ed  by p r i m e s  with  depth ;  l ine  5 i s  t he  l o c a l  m a s s  f low in the  w a v e l e s s  c a s e .  

Al l  c u r v e s  f o r  the  c a s e  of  a t r a v e l i n g  wave  in F ig .  i have  a c h a r a c t e r i s t i c  s t ep  shape .  F o r  the  a m p l i t u d e  
A =~f~2  the  s t e p  d u r a t i o n  in  the  l o c a l  m a s s  flow is  equa l  to  2, be ing  the  t i m e  r e q u i r e d  f o r  d i s p l a c e m e n t  of the  
f lu id  p a r t i c l e  on the  f r e e  s u r f a c e  f r o m  one wave  ce l l  into a n o t h e r  (for e x a m p l e ,  f r o m  a t r o u g h  into an a d j a c e n t  
wave  t r o u g h ) .  Indeed ,  the  t i m e  for  t h i s  d i s p l a c e m e n t  i s  

1 

J ' d~ r o 
T :  r 0 i - - A c o s 2 ~  --  ~ - ~ '  (19) 

0 

and in d i m e n s i o n l e s s  un i t s  with A = V'3/2 we ob t a in  T = 2. 

F o r  l a r g e  T i t  f o l l o w s  f r o m  (16) t h a t  ~0 = ] f i  - -  A ~ .  We d e t e r m i n e  the  a s y m p t o t i c  i n t e g r a l  m a s s  f low 
by Eq.  (12), w h e r e  i t  i s  n e c e s s a r y  to s u b s t i t u t e  t he  e x p r e s s i o n  f o r  6 ,  fo l lowing  f r o m  {18) f o r  ~ - ~  oo : 6 ---- 

yr~0/(t - -  A cos 2a~) ; we then  have ,  b y  Eq.  (12), 

1 

Koo ~ (t - -  A~)114.1 
d~ t 

(l -- A cos 2~) (i -- A2) 1/4" (20) 
0 

F o r  the  a m p l i t u d e  A =~-3-/2 t he  a s y m p t o t i c  va lue  i s  K ~  = ~ ,  i . e . ,  f o r  q u i t e  l a r g e  wave  a m p l i t u d e  (A = 
0.865) the  d i f fu s ion  p r o c e s s  i n t e n s i f i c a t i o n  r e a c h e s  on ly  41%. H o w e v e r ,  with the  v e l o c i t y  u m a p p r o a c h i n g  c 
( i .e . ,  when A - -  1) by Eqs .  (19), (20) T and K ~  t end  to in f in i ty .  A s i m i l a r  e f f ec t  is  o b s e r v e d  in a n a l y z i n g  d i f -  
f u s i o n  on a wavy  d i s c h a r g i n g  f i l m  [2], and i s  c a l l e d  " d i f fu s ion  i ndependen t  of wave  c e l l s . "  The  q u a l i t a t i v e  e x -  
p l a n a t i o n  i s  t he  fo l lowing:  in  t h e  c a s e  u m = c t he  i n t e g r a l  (19) d i v e r g e s ,  and the  f lu id  p a r t i c l e s  canno t  be d i s -  
p l a c e d  f r o m  one c e i l  to a n o t h e r  d u r i n g  a f in i t e  t i m e ;  c o n s e q u e n t l y ,  one and the  s a m e  s t a t i o n a r y  m a s s  f low d i s -  
t r i b u t i o n  i s  e s t a b l i s h e d  in  each  ce l l ;  in t h i s  c a s e  m ~ t and m 0 N~/t, so  tha t  wi th  i n c r e a s i n g  t, K ~ f ~  -~ ~ .  

W e  ob t a in  now the s o l u t i o n  of the  p r o b l e m  of n o n s t a t i o n a r y  d i f fu s ion  of a s t a n d i n g  wave  on the  s u r f a c e ,  
t he  p a r t i c l e  v e l o c i t y  in which  i s  g iven  by the  f o r m u l a  u = cA cos (2.~x/~) cos(2~t/T@. I n t r o d u c i n g  the  d i m e n s i o n -  
l e s s  v a r i a b l e s  ~ = x/J.,: ~ = t/To, we r e w r i t e  Eq. (7) in the  f o r m  

d~/d'~ = A cos ( 2 ~ )  cos (2zt'~); (21) 
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dy /d t  = y A sin (2n~) cos (2a~). 

Equations (21), (22) are  integrated by the method of separa t ion of variables:  

(22) 

sin 2a~ -- th (p . (23) 
sin 2n~0 = i --sin 2a~ th r 

Y ---- yo (ch ~p ~- sin 2~0 sh (p) (24) 

(q~ = A sin 2~ r).  To determine the thickness of the diffusion layer  5 (x, t) we substitute y f rom (24) into (9), 
and then replace  everywhere  sin 2~0  by express ion (23). After per forming some t ransformat ions ,  we then 
have for the dimensionless  thickness 5 (~, T) 

tiT, 
62 (~, T) = [ch ((Pi~-- ~) q- sin 2~ sh (~, -- r (25) 

(~o 1 = A sin 27rr 1 is the dimensionless  variable of integration). The integral  in Eq. (25) could not be calculated 
analytically,  but it is easi ly determined numer ica l ly  by the Simpson method. 

In Fig. 2 we show for the same amplitude A = 4-3-/2 the local mass  flow j = 1 / 5  in a standing wave. Curve 
i was calculated for the poir~ts ~ = 0.25, 2 - } = 0. These points are  the c res t  and trough (1, 2, respect ively ,  
on the wave profile). Curve 3 r e fe r s  to the waveless case.  An interest ing feature can be noted of curve 1: 
while decaying, it osci l la tes  with double frequency.  This is explained by the fact that near  a node, the fluid 
surface  will be extended when the antinode on the right moves above and when a trough is formed here.  The re -  
fore  y, the coordinate of the fluid par t ic le  near  the site, will be contracted with double the frequency. Ac-  
cording to Eq. (9), these osci l lat ions generate  fluctuations of twice the frequency in 5(~, r) and, consequently, 
in j(~, r).  

By comparing Figs.  1 and 2 it can be concluded that the m a s s - t r a n s f e r  intensification obtained for a s tand- 
ing wave is substantially smal le r  than for  a t ravel ing wave. Direct  calculations of the intensification coefficient 
K = (6)/]/r~- were  ca r r i ed  out by Eq. (13). 

Curves  1 and 2 of Fig. 3 show the behavior  of the quantity AK = (K - 1) �9 100% for these types of waves 
with identical amplitude A = ~-ff/2. With increas ing  r the osci l la t ions noted in Fig. 3 decay, and cer tain z~K~ 
values are  established (41.2 and 7.8%). 

Curves  1 and 2 of Fig. 4 show the dependence of the quantity AK~ on the wave amplitude for t ravel ing and 
standing waves, respect ively.  For  t ravel ing waves with A ~ 1 the fluid velocity at the c re s t s  Urea x approaches 
the phase velocity c. In this case the fluid surface  is parti t ioned into isolated c res t  diffusion cells.  A stat ion-  
a ry  diffusion p roces s  is established in each such cell with the flow of t ime, which differs  qualitatively f rom the 
general  case in which the fluid in the wave sys tem drif ts  f rom cell to cell (A < 1). For  standing waves this 
mechanism is absent, and m a s s - t r a n s f e r  intensification is generated only by oscil lat ing motions of the fluid. 
Due to the nonlinear cha rac te r  Of the amplitude of diffusing oscil lations,  the averaging provides  a smal l  posi-  
tive enhancement effect of mass  exchange in standing waves. The resul ts  of calculations for  standing waves 
can be represented  with an e r r o r  not exceeding 0.5% in the form of the following approximation: ZkK~ = 0.125A 2. 
(1 + 0.583A2) -I/2 �9 i00%. 

It is  c lear  that wind, being the common reason for wave generation in open basins, is  capable of leading 
to formation of diffusion of independent wave cells due to the loss of the approximate velocity of fluid surface 
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l a y e r s  to the wave phase  velocity.  With inc reas ing  wind velocity,  however ,  one mus t  genera te  wave col lapse ,  
and the fluid su r f ace  turbulence  is enhanced. These  r e g i m e s  r equ i re  different  invest igat ion methods.  
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