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The  i n s t an t  of s e p a r a t i o n  of a gas  bubb le  f r o m  a l iqu id  occupy ing  a v i b r a t i n g  c a p i l l a r y  at  
R e y n o l d s  n u m b e r s  of !Re < 100 is c o n s i d e r e d .  The  d i m e n s i o n s  of the  bubb le  a r e  d e t e r m i n e d  
a n a l y t i c a l l y  in r e l a t i o n  to  t he  a m p l i t u d e  and f r e q u e n c y  of v i b r a t i o n  of the  c a p i l l a r y .  The  r e -  
s u l t s  a r e  c o m p a r e d  with e x p e r i m e n t .  T h r e e  b a s i c  cond i t ions  of bubb le  f o r m a t i o n  a r e  d i s -  
t i n g u i s h e d .  

The  i n t e n s i f i c a t i o n  of h e a t -  and m a s s - t r a n s f e r  p r o c e s s e s  in l i q u i d - - l i q u i d  and l i q u i d - - g a s  s y s t e m s  
m a y  be  a c h i e v e d  by i n c r e a s i n g  the  s u r f a c e  of con tac t  of t he  r e a c t i n g  p h a s e s ,  and a l s o  by e s t a b l i s h i n g  a 
f a v o u r a b l e  h y d r o d y n a m i c  s i t u a t i o n  in the  zone of  d i f fu s ive  t r a n s f e r  - -  t h i s  m a y  be  done by s u i t a b l e  a p p a r a -  
tus  d e s i g n .  F o r  e x a m p l e ,  in the  c a s e  of p r o c e s s e s  in a l i q u i d - - g a s  s y s t e m  it  is  d e s i r a b l e  to  e n s u r e  the  
s m a l l e s t  p o s s i b l e  bubb le  s i z e  in a c a p i l l a r y  of s p e c i f i e d  d i m e n s i o n s ,  s u b j e c t  to  an a d e q u a t e  r a t e  of f low [1]. 
In o r d e r  to s o l v e  t h i s  p r o b l e m ,  we p r o p o s e  d i s p e r s i n g  g a s e s  and l i qu ids  in l i qu ids ,  and l iqu ids  in g a s e s  
(i. e . ,  " g r a n u l a t i n g "  t he  l i qu id s ) ,  by m e a n s  of a v i b r a t i n g  c a p i l l a r y .  

In o r d e r  to  s i m p l i f y  the  a n a l y t i c a l  d e t e r m i n a t i o n  of the  s i z e  of t he  bubb le  e s c a p i n g  f r o m  the  v i b r a t i n g  
c a p i l l a r y ,  we s h a l l  i n t r o d u c e  an a p p r o x i m a t i o n  by t r e a t i n g  the  bubb le  as  r i g i d  and s p h e r i c a l .  

Dur ing  the t o - a n d - f r o  m o t i o n  of the  bubb le  in t he  v e r t i c a l  d i r e c t i o n ,  the  fo l lowing  f o r c e s  ac t  upon i t :  
t he  A r c h i m e d e s  l i f t i ng  f o r c e  FA = ApgV; the  r e t a i n i n g  c a p i l l a r y  f o r c e  F c = 2 ~ R ;  the  Stokes  f o r c e  F S 
= 6~upaU;  the  f o r c e  of i n e r t i a  F b = M(dU/dt )  a r i s i n g  as  a r e s u l t  of the  n o n u n i f o r m  t o - a n d - f r o  m o t i o n  of 
the  bubb le  in the  l iqu id .  The  f i r s t  two f o r c e s  d e p e n d  s o l e l y  on the  d i m e n s i o n s  of the  neck" and the  bubble ;  
t hey  a r e  d e t e r m i n e d  as  in the  c a s e  of a s t a t i c  c a p i l l a r y .  The  l a s t  two f o r c e s  a r e  due to  t he  v i b r a t i o n  of the  
c a p i l l a r y .  The  f o r c e s  F S and F b ac t i ng  on a bubb le  the  c e n t e r  of which o s c i l l a t e s  h a r m o n i c a l l y  

x = A sin cot, (1) 

m a y  be  e x p r e s s e d  thus  

F s := 6avpaAo) cos (0t, 

F b . . . .  MA(o 2 sin (or. 

I t  fo l lows  tha t  the  e x t r e m a l  v a l u e  of t he  s u m  of t he  f o r c e s  

d 
- - - -  (6~vgaAco cos o~t - -  MA&-  sin cot) == 0 

dt 

is  d e t e r m i n e d  by the  p h a s e  of the  o s c i l l a t i o n  

(2) 
(3) 

(4) 

cot e : arctg 6.nrpa , ' (5) 

w h e r e ,  f r o m  the  cond i t ions  g o v e r n i n g  the  d e t a c h m e n t  of the  bubble ,  we m u s t  t a k e  the  s i g n s  of  t he  t r i g o n o -  
m e t r i c  func t ions  t hus :  

Me0 
sin o# e 

i (6zvpa) 2 -;- (M~o)~ 
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Fig. 1. Diagram to i l lustrate the 
derivation of the basic relat ions (a) 
and form of the experimental  appara-  
tus (b): 1) compresso r ;  2) rece iver ;  
3) sound generator ;  4) amplifier;  5) 
e lectrodynamic converter ;  6) capil-  
lary;  7)column;  8)d iaphragm;  9) 
f lowmeter;  10) manometer .  

6nvpa 
cos cot e = (M~o)~ , (6) I (6nvpa) 2 T 

so that the phase "~t e may cor respond  to the third quar te r  of 
the period, when the forces  (2) and (3) are  directed upward. 
The sign of the second derivat ive of the sum (2) and (3) in the 
phase (6) determines  the charac te r  of the extremal point 

d 
dr"- ( F s  + Fb)t=te == Am" (6nvpa)` '  - -  (Mto) 2 

~ (6avpa) 2 + (Mco)`'-' (7) 

For  the condition 

Mco 
- - -  > I (8) 
6nvpa 

in the extremal phase, the sum of the forces  is at a maximum, 
since the second derivative (7) is less than zero.  Otherwise 
the sum of the forces (2) and (3) is a minimum. 

On satisfying Eq. (8), the inequality F S < F b in the ex- 
t remal  phase of the vibration (6) is strengthened by the fact 
that we now also have the inequality 

- -  sin cote > cos cote (9) 

and the middle section of the gas bubble diminishes during its downward motion in the t r ace  of the capil-  
lary,  which leads to a reduction in the frontal res i s tance  F S. Without allowing for  this lat ter  factor ,  we 
may determine the rat io of t hemax imum sum of the forces (F S + Fb)ma x to the maximum value of the force 
(Fb)ma x thus 

-- I -i . (I0) 

Hence, for sufficiently large  forces  F8 and F b in low-viscosi ty  liquids, for which the condition 

( G~pva i ~- , - - - ~  ] <::I, ( I I )  

is satisfied,  we may assume that a varying force Fb acts on the bubble, and this force determines  the in- 
stant of detachment of the bubbie f rom the capil lary at the upper point. For  low frequencies the a l ternat -  
ing forces  a re  small  and the detachment of the bubble is determined by the forces  F A and F c. 

On satisfying Eq. (11), the forces  acting on the bubble at the upper point a re  determined thus* 

FA + F b =~ F e. (12) 

The augmented mass  M of the t ranslat ional ,  nonuniform motion of the sphere in the liquid r e f e r r ed  
to in Eq. (3) may be found [2] f rom the well-known velocity potential 

=: 1 u a - - ~  cosO (13) 
2 r`' 

and the definition of the kinetic energy of the liquid W 

2 W  = M U  2 = - p  cp. Or 

O acrcosV l--C = 

Here the l imits of integration a re  determined f rom Fig. la ,  allowing for  the direct ion of motion of the 
gas bubble. It follows from (13) and (14) that 

M upa3 [1 +} / ( l - -C` ' )3 ] ,  (15) 
3 

* In general  when (F S + Fb)ma x + F A = F c we obtain an equation of the sixth degree for the radius of the 
bubble. An analysis  of the equation may  be required for the d ispers ion of gases  and liquids in-liquids and 
the granulation of liquids (melts) in a gas.  
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If we allow for  the finite dimensions of the capil lary (neck of the bubble) we have 

FA = ,6~g( V s p - -  Vseg). 

Calculations show (Fig. la) that 

F, = 1 + ( 7 - - 5 - .  

Allowing for the lat ter  equation and remember ing  that at the point under consideration [(3) and (15)] 

1 [1 (1 - -  C2) 3] Ace ~, F b = ~ -  za3p + ; 

Eq. (12) takes the form (At9 ~ p) 

-6-'- ~"~e i ~-, -~ ~ c~+ 7 -  1-c~ + 2 d +  V ( i - ~  A~2e J] - 2 ~ R  

(16) 

(i7) 

(18) 

(19) 

In par t icular ,  for  a static capi l lary  [1] 

F rom (19) and (20) we obtain 

or  

3 R~ 
a~- 2 9g (20) 

- -  ~ = - -  1 @  + 1 - -  
a 3 : - - - U  8 2 j 

111 ; ( ! -c"-?]  Act- (21) 
2 2 8 " 

'% - K~ (c~) " ,% (c-') A(')--]-~ (22) 
l; 2g 

Here Kt(C 2) is a function of the volumetr ic  deformation [volume deformation factor  (16)], while K2(C 2) is a 
function of the form of the bubble surface  [form factor  (14)]. For a rigid spher ical  par t ic le  K 1 and K z may 
be found from Eq. (21). For  any other form of the bubble, allowance must  be made for (14) and (16). The 
argument  C is different for K t and K2 if the bubble is not spherical .  

In o rder  to study the formation of a bubble on a vibrating capi l lary experimentally,  we made the ap- 
paratus  i l lustrated in Fig. lb.  The volume of the bubble was determined as the mean of severa l  bubbles. 
The experiments were made with a capi l lary of radius 1.6 ram, and amplitude and frequency f of the v ibra-  
tions being regulated by means of a UM-50A amplif ier  and ZG-11 genera tor ,  between 20 and 250 Hz; the 
v ibra tor  was an e lectrodynamic conver ter  of the 100GRD-III-I type. The experiments were ca r r i ed  out in 
the distilled wa te r - - a i r  sys tem.  The p r e s s u r e  in the r ece ive r  was kept constant; the flow of air  was reg-  
ulated with a diaphragm. 

The resul ts  of our experiments to determine the s ize  of the bubble as a function of the relat ive ac-  
celeration,  defined by the complex Aw2/2g, are  presented in Fig. 2. From Fig. 2 we may draw the follow- 
ing conclusions.  

1. For  low frequencies and considerable  amplitudes (curves 1 and 2), the coefficients K 2 are  g rea te r  
than unity, and Ks of the order  of unity. 

2. For all frequencies and small  amplitudes (initial par ts  of the curves) K 1 = 1. 

3. For the frequencies  studied, K 2 inc reases  with the amplitude while K 1 becomes negative. For  
cer ta in  values of the complex Aw2/2g mic roscop ic  bubbles a re  formed in a t ransient  manner  (asymptotes 
of curves 3-5). 

4. For low (curves 1 and 2) and high (curves 6-8) frequencies we were never  able to reach the am-  
plitudes at which the t ransient  dispers ion of the gas through the macroscop ic  capi l lary began. 

5. Both from the point of view of energy consumption and from that of the action of the vibrat ing 
capil lary ion the dispersion of gas in the liquid, the least  effective frequencies for the capil lary under 
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Fig. 2. Exper imenta l  dependence of the re la t ive  volume of the 
bubble on the vibrat ional  acce le ra t ion  of the capi l lary .  For  a con- 
s tant  cycl ical  f requency (Hz) of the vibrat ions  of the capi l la ry  
(continuous curves) :  1) 20 Hz; 2) 40; 3) 60; 4) 80; 5) 100; 6) 
140; 7) 180; 8) 250; for  a constant ampli tude (mm) (broken 
curves) :  9) 0.1; 10) 0.3; 11) 0.5; 12) 0.7; 13) 0.9. 

consideration are those above i00 Hz. At high frequencies the model of a rigid spherical bubble does not 
correspond to experimental facts. 

6. The dispersion of the gas in the liquid in a vibrating capillary depends not only on the complex 
A~2/2g but also on the amplitude of the vibrations of the capillary, which (other conditions being equal) 
affect the conditions relating to the rigid spherical bubble. For low frequencies and a large amplitude, 
the bubble has the form of an elliptical cap directed with its vertex toward the capillary, while the major 
semiaxis coincides with the direction of motion. In this case the Archimedes force does not change (coef- 
ficient K i) while the augmented mass increases sharply (coefficient K 2, equal to the slope of the tangents 
to the curves 1 and 2). For high frequencies and a small amplitude, the bubble has a spherical shape, 
and the coefficients KI and K 2 are similar to the calculated values of Eqs. (14) and (16) (curves 7 and 8). 
For amplitudes of 0.5-1.0 mm and frequencies of 60-100 Hz, the shape of the bubble is unstable; it dis- 
perses into m i c r o - b u b b l e s  (asymptotes  of curves  3-5).  

F rom a considera t ion  of the curves  and a lso  visual  observat ions ,  we may  dist inguish th ree  main  
conditions for the fo rmat ion  of bubbles:  1) that of a t r ans ien t  bubble shape for  low frequencies  and l a rge  
ampli tudes;  2) that of a fan- l ike  a tomizat ion of the gas for  fa i r ly  l a rge  ampli tudes  and mode ra t e  f requen-  
cies;  3) that of a "s teady" shape of the bubble, a lmos t  spher ica l  for  high f requencies  and smal l  ampl i -  
tudes,  when the re  is l i t t le  r e l a t ive  motion of the bubble and the liquid, so  that the fo rces  (2) and (3) a r e  
also smal l .  This is the case  in which the action of capi l la ry  v ibra t ion on the fo rmat ion  of the bubble is 
l eas t  effect ive.  

A quanti tat ive es t imat ion  of these  th ree  dist inct  conditions of bubble format ion  wiil probably  involve 
the dimensions  of the capi l la ry ,  the v i scos i ty  and su r face  tension between the d i spe r sed  and d i spers ing  
phases ,  the p r e s s u r e  and r a t e  of flow of the d i spers ing  phase,  and so on. 

FA 
Ap 

g 

F c 

R 
ff 

NOTATION 

is the Archimedes lifting force; 
is the difference between the densities of the liquid and the gas; 
is the radius of the bubble; 
is the gravitational acceleration; 
is the retaining capillary force; 
is the radius of capillary (neck of the bubble at the instant of detachment); 
is the surface tension at the interface; 
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as 

FS 

P 
Fn 
M 
U 
t 

r, e 

X 

A 
f, ~ = 2vf 

W 
V 

Vo, aO 
Vsp, Vseg 

is the e lement  of su r f ace  a r e a  on the bubble in a spher i ca l  coordinate  sys t em;  
~s the Stokes force ;  
is the k inemat ic  v i scos i ty  of the liquid; 
as the densi ty  of the liquid; 
is the iner t ia l  force ;  
~s the augmented m a s s ;  
is the va r i ab le  veloci ty  of the t o - a n d - f r o  mot ion of the bubble; 
~s the t ime;  
a r e  the spher i ca l  coordina tes ;  
is the d i sp lacement  of the cen te r  of the bubble and the cap i l l a ry  f rom the s ta t ic  equi l ibr ium 
posit ion;  
is the ampli tude of v ibra t ion  of the capi l lary;  
a r e  the cycl ical  and angular  f requencies  of the v ibra t ion  of the capi l lary;  
is the veloci ty  potential  of the liquid; 
is the kinetic energy of the liquid; 
is the volume of the bubble obtained on the v ibra t ing  capi l la ry ;  
a r e  the volume and radius  of the bubble obtained on the s ta t ic  capi l la ry ;  
a r e  the volumes  of the s phe re  and segment ;  C = R / a ;  R e  = U a / v  = A , ~ a / v .  
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