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Information concerning the coalescence and disruption of colliding droplets is needed for solving a num- 
ber of problems of two-phase flow dynamics.  A considerable  number of studies have been devoted to droplet  
coll ision [1-8]; so far,  however,  in calculating flows with allowance for par t ic le  coagulation and disruption, 
approximate hypotheses and empir ical  formulas for the droplet  coalescence probabili ty have been used. Below 
we present  the resul ts  of a cinematographic investigation of the coll ision of f ree-f ly ing droplets in air. As 
distinct f rom the authors of [2, 3], we investigated not averaged mass  coll ision effects,  but the behavior of 
individual interacting droplets  in relat ion to the c r i t e r i a  determining the resul t  of the collision. 

The apparatus consisted of two genera tors  producing continuous counterflows of monodisperse  droplets 
which We shall agree  to call  targets  (the l a rge r -d i ame te r  droplets) and project i les .  In order  to obtain target  
droplets (0.6-1.2) �9 10 -3 m in diameter  we used a genera to r  of the "vibrating capil lary" type in which vibrations 
with a frequency of 20-100 Hz were  produced by an electrodynamic t ransducer .  Project i le  droplets  (0.3-0.8) �9 
10 -3 m in d iameter  were  obtained in a genera tor  of the "rotat ing capil lary" type. Liquid f rom a tank mounted 
on the shaft was supplied to the capi l lary through an intermediate  tube. On rotation, a droplet  was cut off by 
a metal  thread 50 �9 10 -6 m in d iameter  placed near the end of the capi l lary at right angles to the plane of ro ta -  
tion. This ensured the separat ion of droplets  at a cer ta in  point on the per iphery  at a frequency of 5-200 drop-  
lets per  second. The droplet  coll ision velocity u -= 1-5 m / s e c .  The coll ision p rocess  was recorded  with an 
SKS-1M high-speed mot ion-pic ture  camera  at the ra te  of 1500-3000 f rames  per second. The experiments  were  
conducted with distil led water  [whose density, dynamic viscosi ty,  and surface  tension were,  respect ively ,  
p = 103 k g / m  3, 77 :: 10 -3 k g / ( m "  see), and ~ ~: 72.88 �9 10 -3 k g / s e c  2 at a t empera tu re  of +20~ 

The interact ion of droplets with a given d iameter  rat io {in our experiments  7 := D~/DI  := 1.9 ~: 0.8) is 
determined by the coll ision angle 0 (the angle between the droplet  coll ision velocity vector  and the straight  line 
connecting the centers  of the droplets  at the moment of contact) and the Weber number W = pu2D1/~. For  water  
droplets  the viscosi ty  forces are  negligibly smal l  compared  to the surface  tension and inert ia  forces;  accord-  
ingly, the effect of the c r i t e r ion  containing ~ (for example, Lp = p o - D 2 / ~  2 ~ 10  5) is unimportant.  Under our ex- 
per imental  conditions the value of 0 was not determined,  and the resul ts  obtained rep resen t  averages over all 
possible values of the coll ision angle 0 = 0 - ,v/2. On the interval W = 0.1-120 qualitatively different types of 
interact ion were  observed,  depending on the value of the Weber number. 

1. At 0 < W < 0.5 we observed coalescence  of the droplets  under the influence of sur face  tension forces 
(Fig. ta). The interact ions at small  values of W were  obtained as a resul t  of droplets f rom the same  genera tor  
overtaking each other.  Droplet  coalescence  at low coll is ion velocit ies can be attributed to vibration of the s u r -  
face of the droplets  and a reduction of p r e s s u r e  in the gap between them [7] or to saturat ion of the a tmosphere  
with vapor [1, 6]; however,  there  is no general ly accepted opinion on this point. 

2. In collisions at W f rom 0.7 to 1.5 the project i le  droplet  was observed to rebound f rom the target  drop-  
let (see Fig. lb). The probable cause of rebound is the p resence  of an intervening gas layer  between the drop-  
lets [1, 7]. It may be assumed that the impact  of the colliding droplets is insufficient to displace the gas and 
achieve physical  contact. In [8] rebound is attributed to the elast ic proper t ies  of the sur face  layer  of the drop-  
lets; coalescence  is possible only after considerable  deformat ion of the droplets ,  when the kinetic coll ision 
energy is comparable  with the free sur face  energy. This assumption is contradicted,  however,  by the observed 
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Fig. 1 

coalescence  of the droplets  at n e a r - z e r o  coll ision velocit ies (see Fig. la). 

3. At values of W f rom 2 to 15 stable coalescence  of the droplets was observed (see Fig. lc). In this 
case  the kinetic energy of the droplets  is sufficient to displace the intervening air  layer ,  and the droplets enter 
into physical  contact. The coalescence  process  is accompanied by complex motions of the droplet  formed: 
rotat ion and various modes of vibration. 

4. At W > 15 coll is ion leads to t empora ry  coalescence  of the droplets  with subsequent disruption of the 
coalesced droplet  (Fig. 2a). In this case  two droplets ,  of approximately the same size as the colliding droplets ,  
a re  formed. One possible cause of the disruption of the initially formed droplet  is the rotat ion resul t ing f rom 
noncentral  impact. If the momentum of rotation ~2 reaches  a cer ta in  value ~ . ,  the droplet  may be disrupted by 
the action of the centrifugal  forces .  In [5] it was shown theoret ical ly  that, as a body topologically equivalent to 
a sphere,  a droplet  will exist at values of the dimensionless  momentum ~ = 12 / p~p-~-V 7/6 < 2.38 (V is the volume 
of the droplet  formed as a resul t  of coalescence).  The relat ion between ~ and W is given by the express ion 
co = 0.565~-W-[T3(1 + 7) / (1  + T3) I3/16] s in0,  whence for W,  = 15-30 we obtain w. = 5.4-7.6 (for 7 = 1.9), i.e.,  
about twice as grea t  as the calculated value. For  sin 0 we took the mathematical  expectation of that quantity 
(< sin 0 > = 2 / 3) calculated on the assumption of a uniform distr ibution of the points of intersect ion of the col l i -  
s ion velocity vector  and the normal  plane. 

5. With fur ther  increase  in W the interact ion pic ture  changes sharply. For  central  impact  at W > 50 we 
observed "penetration" of the ta rge t  droplet.  At the moment of coalescence  the d iameter  of the target  increases  
by 10-15%; then a droplet  of approximately  the same  s ize  as the project i le  separa tes  f rom the back of the target  
(see Fig. 2b). In this p rocess  a neck about 0.1D 1 in d iameter  and 4D1 long is formed between the droplets;  this 
neck breaks down with the formation of four or  more  accompanying droplets  up to 0.2D 1 in diameter .  

202 



Fig. 2 

6. At W > 100 we obse rved  the severa l fo ld  expansion of the t a rge t  drople t  with re ten t ion  of its spher ica l  
shape  and w a v e - s t r u c t u r e  su r f ace  per tu rba t ions .  This was followed by the explos ive  d is rupt ion  of the drople t  
with the fo rmat ion  of a l a rge  number  of f ragments  expelled radia l ly  f r o m  the in terac t ion  zone (see Fig. 2c). It 
is p robab le  that  at a ce r t a in  value of W the drople t  in te rac t ion  takes  p lace  in the cavi ta t ion mode. 

Thus,  the in te rac t ion  of colliding drople ts  may have any of six poss ib le  outcomes  depending on the value 
of the Weber  number .  We have exper imenta l ly  de te rmined  the range  of numer ica l  values of this c r i t e r i on  c o r -  
responding to each mode of interact ion:  coa lescence  at low col l i s ion veloci t ies ,  rebound, s table  coa lescence ,  
d is rupt ion  of the coa lesced  drople t  owing to ro ta t ional  or  v ibra t ional  instabil i ty,  pene t ra t ion  of the t a rge t ,  and 
cavi ta t ional  d i s rupt ion  of the droplet .  

The authors a re  gra teful  to I. M. Vasenin for  d i scuss ing  the i r  resul t s .  
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In recen t  y e a r s  many theore t i ca l  and exper imenta l  r epo r t s  have been published on the invest igat ion of 
shock waves  in liquids containing gas bubbles [1-11]. The r epo r t s  on the exper imenta l  level  a re  devoted to the 
invest igat ion of the s t r u c t u r e s  of c o m p r e s s i o n  waves  in mix tu res  with r a the r  l a rge  bubbles (~ 1 mm) [4-6, 9]. 
Because  of the cons iderab le  lengths of the re laxa t ion  zones for waves  in such mix tu res  (~ 1 m),  comparab le  

'wi th  the lengths of the shock tubes ,  the waves  obse rved  in [4-6, 9] w e r e  nonsteady,  as a rule.  This was f i r s t  
noted in [8], whe re  the necess i ty  of enlis t ing the nonsteady theory  in the analys is  of exper imenta l  data  was 
pointed out (up to then only s teady wave configurat ions w e r e  studied in the theore t ica l  r epo r t s  [1, 3-5,  8, 9]). 
The propaga t ion  of a weak  nonsteady wave was f i r s t  studied in [7] on the bas is  of the Burge r s  - K o r t e w e g - d e  
Vries  model equation. The r e p o r t  [10] is devoted to a desc r ip t ion  of the genera l  approach to the invest igat ion 
of nonsteady waves  in bubble media.  In the p r e sen t  r e p o r t  pr incipal  attention is paid to quest ions of the con-  
c r e t e  definit ion of the model  of the dynamic behavior  of the med ium and to a d i scuss ion  of recent  resul t s .  

w To de sc r i be  the nonsteady motions of mix tures  of liquids and gas bubbles we use  the methods of the 
mechanics  of a continuous medium,  a s suming  that  the c h a r a c t e r i s t i c  l inear  sca les  of the flow a r e  much l a r g e r  
than the s izes  of the bubbles and the d is tances  between them. We cons t ruc t  the model  of the dynamic behavior  
of the mix tu re  with the following s impl i fy ing  assumpt ions :  

1. The v i scos i t i e s  and t he rm a l  conductivi t ies  of the phases  a r e  impor tan t  only in p r o c e s s e s  of i n t e r -  
action between the phases .  

2. The bubbles a r e  spher i ca l  and monodisperse .  

3. Breaking up, col l is ions ,  and coagulat ion of bubbles a r e  absent.  

4. The veloci t ies  of the m a c r o s c o p i c  motions of the phases  coincide. 

5. The densi ty  and t e m p e r a t u r e  of the liquid a re  constant.  

Let  us d iscuss  assumpt ions  4 and 5, which are  of fundamental  in te res t  f r o m  the point of view of s impl ic i ty  
of the solution of concre te  p r o b l e m s ,  in m o r e  detail.  In sufficiently weak waves  the d i f fe rence  in the veloci t ies  
of the phases  is smal l  and viscous  d iss ipa t ion  in the re la t ive  t rans la t iona l  motion of the liquid and bubbles is 
ba re ly  not iceable  against  the background of the dominant  t he rma l  d iss ipa t ion  [8]. In s t ronge r  waves ,  when the 
noncoincidence of the veloci t ies  of the phases  is s ignif icant ,  the bubbles b r e a k  up, as a rule  [12]. This leads 
to a sha rp  d e c r e a s e  in the sl ipping of the phases  and to a cor responding  d e c r e a s e  in the d iss ipa t ion  due to the 
re la t ive  motion. With al lowance for  the effect  of the b reak ing  up of bubbles,  one can also study r a the r  s t rong  
waves  within the f r a m e w o r k  of the one-ve loc i ty  approach.  

The assumpt ion  of constancy of  the liquid t e m p e r a t u r e  is fully just if ied f r o m  the physical  point of view, 
s ince the heat  capaci ty  of the liquid (per unit volume of the mixture)  cons iderably  exceeds  the heat  capaci ty  of 
the gas.  The a s sumpt ion  of constancy of the liquid densi ty is appl icable  if the vo lume  content of bubbles in the 
mix tu re  is high enough and the compres s ib i l i t y  of the mix tu re  is p rac t i ca l ly  de te rmined  by the de format ion  of 
its gaseous component.  
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