
The e x p e r i m e n t a l  s chem e  cons idered  above,  based on the s tabi l i ty  conditions obtained in Sec. 2 within an 
exac t  formula t ion ,  p o s s e s s e s  the s ame  range  of appl icabi l i ty  as the method of [7]. We only note in addition that 
the c r i t i ca l  p r e s s u r e  in the s chem e  suggested can, in pr inc ip le ,  be measu red  m o r e  r e l i ab ly  than drop height 
a t  the momen t  p r e c e d i n g  b r e a k u p .  

The author  is g ra te fu l  to F. L. Chernous 'k i i  for  his i n t e r e s t  in this work.  
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C H A R A C T E R I S T I C S  IN  T H E  I N I T I A L  

O F  A D R O P  ON A S O L I D  S U R F A C E  

S.  V .  S t e b n o v s k i i  

S T A G E  OF T H E  S P R E A D I N G  

UDC 532.529.6 

A study of the p r o c e s s  of the spreading  of  a drop on a solid su r face  has been the subject  of many  inves t i -  
gations (see ,  e .g. ,  [1, 2]). In a l l  of these  inves t iga t ions  the p r o c e s s  of  spread ing  was cons idered  f r o m  the 
ins tant  of  t ime  when the drop could a l r eady  be r e g a r d e d  as a liquid body, having the f o r m  o f  a spher i ca l  s eg -  
men t  with an angle of wetting on the o r d e r  of 90 ~ However ,  for a p r e c i s e  formula t ion  of the p rob l em con-  
cern ing  the spread ing  of a spher i ca l  drop i t  is n e c e s s a r y  to have some  idea of how the boundary of wetting 
behaves  f r o m  the ins tant  the drop makes  contac t  with the solid sur face .  This is the p rob l em we address  in the 
p r e s e n t  paper .  

To study the ini t ial  s tage in the sp read ing  of a sphe r i ca l  drop on a solid plane sur face  we employed the 
expe r imen ta l  setup shown in Fig. 1. The pr inc ip le  involved here  is the following. When a i r  is admit ted into 
the pipette 1 a sphe r i ca l  drop 2 is fo rmed;  upon s epa ra t i ng  f r o m  the pipet te ,  the drop acqui res  the requis i te  
speed u 0 and falls onto the plane su r face  3. But be fo re  s t r ik ing  the su r face  it  i n t e r sec t s  a light r a y  in the opt i -  
ca l  s y s t e m  consis t ing of the light sou rce  4 and the photocell  5; consequently,  a f t e r  a r equ i s i t e  t ime delay, the 
device 10 ene rg izes  the h igh-vol tage  R C - o s c i l l a t o r  9, which furn ishes  a s e r i e s  of h igh-vol tage  pulses  to the 
hydrogen f lashtube 6. Per iod ic  f lashes  of  light f r o m  the la t ter  pass  through the shadowgraph 7 in whose field 
of  view the drop a ppea r s ,  sp reads  out on the solid su r face ,  a r eco rd ing  of which is made by the pho to reg i s t e r  8 
(a t r a n s p a r e n t  ro ta t ing  d rum with a f i lm).  Thus,  the p r o c e s s  to be studied is r e co rded  f r a m e  by f rame.  More-  
ove r ,  with the aid of the two m i r r o r s  11 (see Fig. l a ) ,  a r e c o r d  is obtained of the spreading  of the drop 2 on 
the t r a n s p a r e n t  plate  su r face  3, in two pro jec t ions  s imul taneously:  f r o m  the side (rays a-a) and f r o m  below 
( rays  b - b ) .  

Novosibirsk.  T rans la t ed  f r o m  Zhurnal  t>rikladnoi Mekhaniki i Tekhnicheskoi  Fiziki ,  No. 1, pp. 89-92,  
J a n u a r y - F e b r u a r y ,  1979. Original  a r t i c l e  submit ted  Feb rua ry  7, 1978. 
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Fig. 2 

The maximum exposure ra te  was 40,000 f r ames / sec ;  the time interval involved in the study was approxi-  
mately 10 -2 see;  the drop radi i  were %=1o5 mm and 3 mm;  the drop mater ia ls  w e r e  H20 and C2H5OH ; and, 
finally, the mater ia ls  composing the solid surface consisted of glass and fluorite. 

Our principal  a im in the experiments  was to study the initial stage in the spreading of a drop on a plane 
surface subject to the action of su r f ace - t ens ion fo rces .  For this study we chose the speed of contact  u 0 of the 
drop with the surface  to be 1 cm/sec .  

Figures  2a and 3a display typical  cir~ r eco rds  of the p rocess  of spreading of a spher ica l  water drop of 
radius r 0 = 1.5 mm on a plane fluorite surface.  It is quite evident f rom the f i r s t  few f rames  that a film of 
liquid is formed in a neighborhood of the point of contact  of the drop with the surface;  and that this film 
apreads  rapidly  over  the fluorite surface.  A s imi lar  phenomenon is observed also when a drop of alcohol 
C2H5OH falls onto a surface of glass or  fluorite;  it is also observed when drops of water fall onto a surface of 
glass.  After a time of 0.12 �9 10 -3 sec the radius of the liquid film attains a value of r0 = 0.6 ram; during this 
time the center  of the drop is lowered by only 0.12" 10 -2 mm. Thus, one can assume that during this time 
interval  the drop is s ta t ionary whereas formation of the liquid film (shown shaded in Fig. 3a) depends only on 
the wetting forces ,  subject  to whose action there occurs  a displacement  of the par t ic les  of the liquid f rom the 
sur face  layer  of the drop on the fluorite (glass) surface.  

The m i r r o r s  (see Fig. 1) enabled us to view the expanding drop simultaneously ac ros s  its la teral  p ro jec -  
tion and ac ross  the area  of the spot, the latter being the t race  of the liquid fi lm on the surface of  the glass 
plate. This method allowed us to determine,  fair ly accura te ly ,  the values of the radius of the wetted region on 
the surface  of the glass.  Radius values obtained during the initial stages of the spreading of the liquid film 
(t ~ 10 -4 sec) proved to be higher when determined f rom measurements  of the spot size than when determined 
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f r o m  m e a s u r e m e n t s  on the l a t e r a l  p r o j e c t i o n  of  the  d r o p .  F r o m  th i s  i t  fo l lows  tha t  for  the t i m e  i n t e r v a l  i n d i -  
c a t e d  for  s p r e a d i n g  o f  the d r o p ,  the l e a d i n g  edge  of  the  l iquid  f i l m  is  v e r y  thin and is  not  s c a nne d  on i t s  l a t e r a l  
p r o j e c t i o n .  

In F i g s .  4 and 5 we show,  r e s p e c t i v e l y ,  how the r a t e  v a t  which the  l iquid  f i l m  s p r e a d s  out  v a r i e s  with the  
t i m e ,  and a l s o  how the r a d i u s  r of  the  r e g i o n  o f  we t t ing  v a r i e s  with the  t i m e ,  for  v a r i o u s  l iqu ids  and so l id  s u r -  
f a c e s  [1) w a t e r  on g l a s s ,  r 0 = 3  m m ;  2) w a t e r  on g l a s s ,  r 0 = 1 . 5  m m ;  3) w a t e r  on f l u o r i t e ,  r0= 1.5 ram;  4) a l c o h o l  
on f l u o r i t e ,  r 0 = 1.5 mm] .  In F ig .  4 i t  is  e v i d e n t  t ha t  in the t i m e  i n t e r v a l  c o n s i d e r e d  the r a t e  a t  which  the l iquid  
f i l m  s p r e a d s  d e c r e a s e s  v e r y  r a p i d l y  f r o m  v a l u e s  of  v >  15 m / s e c  to v a l u e s  o f  v in the r a n g e  f r o m  1 to 2 m / s e c .  
(In an  i n i t i a l  t i m e  i n t e r v a l  l e s s  than 25" 10 -6 s e c ,  the s p r e a d i n g  r a t e  is  o b v i o u s l y  g r e a t e r  than 15 m / s e c ;  how-  
e v e r ,  we cou ld  not  r e c o r d  th is  s i n c e  o u r  m a x i m u m  f r a m e  r a t e  was  a t  m o s t  40,000 f r a m e s / s e c . )  With a d e c r e a s e  
in v the  f i l m  t h i c k n e s s  i n c r e a s e s  r a p i d l y  ( see  F ig .  2a),  with the r e s u l t  tha t  the  ang le  of  we t t ing  i n c r e a s e s  
t o w a r d s  90 ~ B a s e d  on the e x p e r i m e n t a l  da ta  shown in F ig .  5, we can  s a y  tha t  in the  t i m e  i n t e r v a l  0.1 " 10 -3 
s e c  < t <  0.4" 10 -3 s e c  the  r a d i u s  o f  the  r e g i o n  of we t t ing  i n c r e a s e s  a p p r o x i m a t e l y  in a c c o r d a n c e  with the  law 
r ~ t ~ 

In the l a s t  s t a g e s  ( t>  0.6" 10 -3 sec)  in the p r o c e s s  of  s p r e a d i n g  of the d r o p ,  s u r f a c e  t e n s i o n  p l a y s  the 
d o m i n a n t  r o l e ,  l e a d i n g  to a n o t i c e a b l e  d i s t o r t i o n  in the  s p h e r i c a l  s h a p e  of the d rop .  The ang le  o f  we t t ing ,  a t  
l e a s t  up to 13 �9 10 -3 s e c ,  r e m a i n s  a p p r o x i m a t e l y  equa l  to 90 ~ 

I t  should  be  noted tha t ,  a c c o r d i n g  to the r e s u l t s  d i s p l a y e d  in F ig .  4, the  m a t e r i a l s  we e m p l o y e d  for  the 
d r o p  and for  the  so l id  s u r f a c e  have  no e s s e n t i a l  i n f luence  on the r a t e  of s p r e a d i n g  of the d rop .  Conse quen t l y ,  
b a s e d  on t h e s e  r e s u l t s ,  we canno t  d e t e r m i n e  to wha t  d e g r e e  the  e f f ec t  of we t t ing  i n f luences  the  d y n a m i c s  o f  
f o r m a t i o n  o f  the l iquid  f i lm.  

We i n v e s t i g a t e d  the m a t t e r  o f  how the r a t e  a t  which the  d rop  fa l l s  i n f luences  the  m e c h a n i s m  of  i t s  
s p r e a d i n g  on the  s o l i d  s u r f a c e .  In F i g s .  2b and 3b we d i s p l a y  t y p i c a l  cin~ r e c o r d s  showing the  s p r e a d i n g  of  a 
d rop  of  w a t e r  (r  e = 1.5 mm) a f t e r  f a l l i ng  onto a s o l i d  f l u o r i t e  s u r f a c e  a t  a s p e e d  of u0 = 2 m / s e c .  I t  c an  be  
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obse rved  that  an i nc r ea s e  in the r a t e  of fall  by two o r d e r s  of magnitude leads to new r e s u l t s ,  both qual i tat ively 
and quanti tat ively.  Thus,  the r a t e  of  spread ing  of the liquid f i lm 25- 10 -6 sec a f te r  the instant  of contact  is 
equal  to 27 m/sec .  This ,  obviously,  may  be explained by the fac t  that an i nc rea se  in the r a t e  of fall  of the drop 
leads to the development  of a cumulat ive  flow at  the point  where  the spher i ca l  drop sur face  impacts  the solid 
su r face ;  that  is ,  in this case  the init ial  r a t e  of  spread ing  of the liquid f i lm is de te rmined  not only by the cap i l -  
l a ry  effect  but also by the cumulat ive  effect .  Because  of this ,  the p r o c e s s  of deformat ion  of the drop mani fes t s  
i t se l f  much e a r l i e r  (approx imate ly  10 -4 sec  a f te r  the ins tant  of  impact) .  

The angle of wetting a t  the s t a r t  is equal  to zero ,  a f te r  which it  i n c r e a s e s  slowly, r emain ing  less  than90 ~ 
for  at  l ea s t  13 �9 10 .8 sec .  In our s e r i e s  of expe r imen t s  it was not poss ib le  to de t e rmine  with sufficient  a ccu racy  
the angle of wetting owing to the v e r y  sma l l  th ickness  of  the forward edge of the liquid fi lm. 

The author e x p r e s s e s  his thanks to V. V. Pukhnachev for turning his at tention to the actual i ty  of this 
p rob l em;  he also thanks V. M. Bolosukhin and B. A. Gorbunov for thei r  aid in c a r ry ing  out the expe r imen t s  and 
in thei r  t r e a t m e n t  of the r e s u l t s .  
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I N V E S T I G A T I O N  O F  T H E  F R I C T I O N  S T R E S S  

I N  A M O N O D I S P E R S E D  G A S - L I Q U I D  F L O W  

N. V .  V a l u k i n a  a n d  O.  N. K a s h i n s k i i  

ON A W A L L  

UDC 532.529.5 

Despi te  the fact  that  a l a rge  number  of paper s  (see [1]) is devoted to the m e a s u r e m e n t  of  the p r e s s u r e  
d rop in  two-phase  gas- l iquid  flows, at p r e sen t  the re  a r e  no un ive r sa l  methods of computing the f r ic t ion  s t r e s s  
in such s y s t e m s  which would yield s a t i s f ac to ry  r e s u l t s  in the whole r a n g e  of var ia t ion  of the flow p a r a m e t e r s .  
The bubble flow mode with low gas contents has been invest igated leas t  in this r e spec t .  Data on the m e a s u r e -  
men t  of the f r ic t ion  s t r e s s  in this mode a re  p resen ted  in [2-5]. At the s ame  t ime,  invest igat ions p e r f o r m e d  
r ecen t ly  of the velocity prof i les  and local  gas content  [3, 6, 7] show that  the flow configurat ion in the bubble 
mode is quite complex ,  which should na tura l ly  be re f l ec ted  in the behavior  of  the f r ic t ion coefficient.  As has 
been shown in [4, 5], a t  high fluid ve loci t ies  (more  than 3 m/sec)  the f r ic t ion s t r e s s  a t  the wall  differs  sl ightly 
f r o m  the value computed by means  of the homogeneous model  [1]. At low flow veloci t ies  an anomalous  growth 
in the fr ic t ion s t r e s s  occu r s  in the bubble mode [2, 8, 9], where  the measu red  values differ  e s sen t i a l ly  f rom 
the values  given by al l  the known computa t ional  methods [8]. In addition to the sharp  growth in the tangential  
s t r e s s  a t  the wall ,  the lack of a unique dependence of  the f r ic t ion  s t r e s s  on the Reynolds number  and the d is -  
cha rge  gas content  is obse rved  at  low veloci t ies  [8, 9]: the expe r imen ta l  points d isc lose  a s ignif icant  spread.  

A two-phase  s t r e a m  with shallow gas bubbles is a pa r t i cu la r  case  of the flow of a suspension.  For  sma l l  
bubble s i z e s ,  the gas bubbles can be cons idered  nondeformable  in a f i r s t  approximat ion;  their  behavior  will 
hence be analogous in ce r t a in  r e s p e c t s  to the behav ior  of spher i ca l  solid pa r t i c l e s  in suspens ions .  Invest igat ions 
of  the effects  of so l id -pa r t i c l e  migra t ion  in a fluid flow [10, 11] show that  the pa r t i c l e  s ize  is an impor tan t  
p a r a m e t e r  c h a r a c t e r i z i n g  the p rope r t i e s  of such s y s t e m s .  It is natural  to a s s u m e  that the s ize  of  the gas 
bubbles will e x e r t  subs tant ia l  influence on the flow c h a r a c t e r i s t i c s  in definite modes in g a s - l i q u i d  flows. At 
the s ame  t ime,  there  a r e  no expe r imen ta l  data in the l i t e ra tu re  in which the s ize  of the gas bubble was a con-  
t ro l lab le  vary ing  p a r a m e t e r .  The purpose  of  this pape r  is the exper imenta l  invest igat ion of the influence of the 
gas -bubble  s ize  on the c h a r a c t e r i s t i c s  of a monod i spe r sed  ascending two-phase  flow. 

The expe r imen t s  we re  p e r f o r m e d  in the appara tus  of  [9]. The working sect ion was a ve r t i c a l  tube with a 
1 5 - m m  inner d i ame te r  and 6 - m  length. The reduced  fluid veloci ty  var ied  between 0.006 and 0.3 m/sec ,  and the 
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