
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  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  
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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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discharge volume gas content var ied between 0.5 and 15%. A special  gas-bubble genera tor  was fabricated for 
the tests  which would pe rmi t  obtaining a monodispersed ga s - l i qu id  mixture with gas bubbles of controllable 
size vary ing  between 0.1 and 1 ram. The spread in the bubble size did not exceed 15-20%. 

The fr ict ion s t r e s s  at  the wall was measured  in a section 2.5 m f rom the inlet (150 calibers) .  The tan- 
gential s t r e s s  was determined by using an e lec t rochemica l  method [9, 12]. The working fluid was a solution of 
0.5 N caust ic  soda and 0.01 N potass ium f e r r i -  and ferrocyanide in distilled water.  The friction sensors  were 
the endfaces of a platinum plate of 0.1 • 1.5 mm c r o s s  section embedded flush with the wall. The sensors  were  
carefu l ly  fitted to the inner surface  of the tube and were ground with a fine abras ive  cloth. 

The mean value of the sensor  cu r r en t  and the rms  values of the cu r ren t  pulsations were measured  to 
determine the tangential s t r e s s  at  the wall. The sensor  signal was amplified by using a wideband dc ampl i -  
fier.  The mean value of the amplif ier  output voltage was measured  by using an integrator  consist ing of a 
V2-23 vol tmeter  and a Ch3-32 frequency meter .  This sys t em permit ted obtaining the mean value of the s t r e ss  
with a 100-sec averaging time. The r m s  value of the amplif ier  output voltage pulsation was determined by 
using a special  quadratic vo l tmeter  with a 1 Hz to 5 kHz passband, which was used because of the low-frequency 
nature of the sensor  cu r r en t  pulsations.  The tangential  s t r e s s  ~ was determined by means of the measured  
mean value of the sensor  cu r r en t  I and the mean value of square of the cu r r en t  pu l sa t ions ]  2 by using the fo r -  

mula 
m = A ( I  3 + 3I~), (1) 

where A is a coefficient  determined during calibration. The sensors  were calibrated in the laminar flow of 
pure liquid in the tube. The value of the tangential  s t r e s s  during the cal ibrat ion was determined by means of 
the known fluid d ischarge  by the Hagen--Poiseui l le  formula.  The descr ibed scheme for per forming the m e a -  
surements  permit ted  obtaining the local value,  averaged with r e spec t  to t ime (100 sec is the averaging time), 
of the fr ict ion s t r e s s  on the wall. The e r r o r  in measur ing  r did not exceed 5-7%. 

A charac te r i s t i c  feature of the flow for low values of the Reynolds number Re < 5000 was the significant 
a s y m m e t r y  in the flow. Visually this was manifes t  in a nonuniform distribution of the gas bubbles over the 
c i r cumfe rence  of the tube in one section. It would be natural  to a ssume that a s y m m e t r y  in the tangential s t r e s s  
distr ibution along the pe r ime te r  should be a consequence.  Hence, six identical fr ict ion sensors  were mounted 
uniformly around the c i r cumference  in one c ros s  sect ion in the measur ing  section. The cu r ren t  of all six 
sensors  was measured  success ive ly  in one mode and then the local values of the fr ict ion s t r e s s  were computed 
for each by means of (1). The d iagrams of the tangential s t r e s s  on the wall were,  as a rule,  nonsymmetr ic ,  
and the rat io of the maximum value of ~- to the minimum value reached 3-4 in one section in a number of cases .  
This a s y m m e t r y  in the distr ibution of ~-around the c i r cumference  was random in nature and was not ord inar i ly  
reproduced upon repeti t ion of the measurements  in the ve ry  same mode. Despite the fact that the working par t  
of the apparatus was careful ly  e rec ted  ver t ica l ly ,  the a s y m m e t r y  occu r r ed  in a major i ty  of modes.  It should 
be noted that the gas-l iquid flow emerging  f rom the bubble genera tor  into the beginning of the working sect ion 
was sufficiently uniform; the a s y m m e t r y  developed only at a cer ta in  spacing f rom the inlet. 

The tangential s t r e s s  values at  the wall, presented below, are  the resu l t  of averaging values of T for all 
six sensors  located in one c ros s  section. The mean values of T obtained in this manner were reproduced to an 
accuracy  no worse  than 10-15% upon repeti t ion of the measurements  in the given mode. 

Results of measur ing  the fr ict ion s t r e s se s  at the tube wall a re  presented in Figs. 1-3 for the ascending 
flow of a g a s - l i q u i d  mixture as a function of the Reynolds number for different d ischarge gas contents and 
bubble s izes .  The drag  coefficient ~ and Reynolds number were determined by the following formulas ,  r e s p e c -  

t ively: 
= 8"dpu ~, Re = uDIv ,  

where u is the mixture  veloci ty determined by the formula 
u = ,,~0 + w0,  

and w~, w~ a re  the reduced liquid and gas veloci t ies ,  p i s  the liquid density,  v is the liquid viscosi ty ,  and D is 

the tube diameter .  

The gas -bubb led iamete r  for Figs.  1-3 was 1, 0.5, and 0.1 ram, r e spec t ive ly .  The different symbols c o r -  
respond to the different volume discharge gas-contents  fl [1) 0.5, 2) 1, 3) 2, 4) 5, 5) 10, 6) 15%]. The solid lines 
7 and 8 denote the Hagen -Po i seu i l l e  and Blasius formulas ,  respect ively ,  for laminar and turbulent flow modes 

of a pure liquid in the tube, respect ively .  
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The frict ion s t r ess  in the two-phase flow was considerably  higher in a lmost  all the modes than in the 
pure liquid flow despite the low values of the gas content. The nature of the change in MRe) is different for 
different  bubble s izes .  For d = l  mm (see Fig. 1), the g rea tes t  value of X/X0, where ;~0 is the value of the drag  
coefficient  ina  pure liquid flow with the same value of the Reynolds number,  is reached for Re=80-100.  As 
the flow veloci ty grows,  the dependence ;~(Re) approaches the corresponding dependence for a s ingle-phase  
flow. A quite definite s t ra t i f icat ion of the points corresponding to the different gas contents holds; as fi 
grows, the ra t io  ;~/~0 increases .  The dependence MRe) is smooth in the Reynolds number range corresponding 
to the t ransi t ion flow mode in a s ingle-phase s t r e a m  (Re = 2000-4000), where the value of ~ is g rea te r  than in 
a turbulent s ingle-phase  flow at the same Re. As the Reynolds number increases  fur ther  the points approach 
the Blasius dependence. 

The dependence X(Re) for bubbles of smal le r  size (d=0.5 and 0.1 ram, see Figs. 2 and 3), differs sub- 
stantial ly f rom the dependence for the bubbles of  sma l l e r  size. There is an abrupt  r i s e  in A in the 700 < Re < 
5000 range,  where the rat io A/X 0 reaches  the values 10-15 in this range.  Stratif ication of the point in fi holds 
only for gas contents less than 2%. For/3 = 5-15% the dependences X(Re) prac t ica l ly  merge  for different ft. The 
rat io ~/%0 diminishes,  tending to one, as the Reynolds number approaches 5000. For  d = 0.1 mm in the domain 
Re < 700, the flow was s t rongly a symmet r i c  and unstable. This caused a large spread in the points in these 
modes : The quite definite regular i t ies  were not t raced here.  In the 100 < Re < 700 range,  the behaviorof  ~(Re, f~) 
for  the bubbles of size i and 0.5 mm is qualitatively s imi la r :  The rat io ~/~0 diminishes as Re grows and 
s trat i f icat ion in f~ holds. 

Visual  obse rva t ions  of the flow configuration showed that the nature of the differently sized bubble motion 
is distinct. This is manifested mos t  c lear ly  for Re<2000.  Bubbles with d=0.1 and 0.5 mm tend to be con-  
centrated near the wall, forming a near -wal l  layer  with a high value of local gas content. The t r a j ec to ry  of 
smal l  bubble motion is a lmost  rec t i l inear ;  la teral  pulsations of the bubble veloci ty a re  not noticeable visually.  
Therefore ,  the smal l  size bubbles behave analogously to floating solid par t ic les  to some extent. As is known 
[11], par t ic les  whose density is less than the liquid density migrate  to the wall in ascending motion. The 
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presence  of gas c i rcula t ion within the bubble will natural ly  change the conditions at  the interface;  however,  
the nature of  the migrat ion remains  qualitatively the same as for solid par t ic les .  With a good approximation 
the bubbles of this size can be considered undeformable;  in this case the magnitude of the Laplace p r e s s u r e  
within the bubble apparently turns out to be significantly higher than the intensity of the turbulent p r e s su re  pul- 
sations in the liquid so that these latter cannot cause noticeable changes in the bubble shape. 

The flow configuration a l ters  substantial ly with the passage  to bubbles with d--1 mm. The motion t r a -  
j ec to ry  of these bubbles ceases  to be rec t i l inear  and a s t rong displacement  in the la teral  direct ion with an 
amplitude commensura te  with the channel diameter  occurs  with the ascent.  Consequently, the i - r a m - s i z e  
bubbles are  not concentrated near the wall, but a re  distributed uniformly over the whole channel section. Such 
a nature of the bubble motion is explained by the fact  [13] that bubble deformation s tar ts  to be felt  for these 
s izes.  In this case  the deflection f rom the spher ica l  shape turns out to be slight, however,  and is not seen 
c lea r ly  in the photograph. 

The p rocess  of bubble interaction with turbulent veloci ty and p re s su re  pulsations in the fluid is quite 
complex for the same r eason  that all the velocity pulsations in a liquid a re  caused only by the perturbing 
effect  of the bubbles at  Reynolds numbers less than the cr i t ica l  number for a s ingle-phase flow. The smal le r  
the bubble s ize,  the less the intensity of the pulsations they cause in the liquid. A growth in the pulsation 
intensity occurs  as the size increases ,  and at  a cer ta in  c r i t ica l  size d .  the p re s su re  pulsations in the flow 
become commensura te  with the quantity ~/d, where ~ is the surface tension, which resul ts  in a deviation f rom 
the spher ical  bubble shape. Bubble deformation resul t s  in the appearance of intense lateral  bubble velocity 
pulsations (the "spiral ing" process  s tar ts) ,  which ra i ses  the intensity of the liquid veloci ty still more.  There-  
fore,  the passage f rom one local gas content distr ibution over  the tube sect ion (the gas is concentrated near  the 
wall) to another (uniform distribution over  the c r o s s  section) should occur  in a sufficiently nar row range of 
var ia t ion  of the bubble diameter .  

Measurements  of ~ were per formed for d=0.3  and 0.7 mm in order  to obtain a more  complete picture of 
the influence of d on the magnitude of the fr ict ion s t r e s s  on the wall in cer ta in  modes. The relat ive value of 
the tangential s t ress  on the wall r/T0 (~'0 is the magnitude of r in a s ingle-phase flow for the same liquid 
velocity) is presented in Fig. 4 as a function of the bubble size d for p = 10% and different Reynolds numbers  
[1) Re=700,  2) Re=1600,  3 )Re=3200] .  As is seen f rom Fig. 4, the dependence of ~'/r0 on the size is quite 
strong. A diminution in ~ occurs  with the increase  in d. It is interest ing to note that the cr i t ica l  size var ies  
with the change in liquid velocity. The grea tes t  values of r/~0 and the mos t  definite dependence on the size hold 
at Re = 1600 for 0.5 mm < d < 1. For  Re = 3200 the diminution in r with the change in d is considerably  smoother .  

In the range of  Reynolds numbers  corresponding to the t ransi t ion mode in a pure liquid, the behavior of 
~(Re) for d=0 .7  mm (Fig. 5, where the notation corresponds  to Figs.  1-3) is qualitatively distinct even for dif- 
ferent  gas contents. For/3 = 0.5-2% these bubbles behave as " l a rge - sca l e "  bubbles, i .e. ,  k/k0 tends to the 
dependence for a s ingle-phase flow. For large values of ~ they s ta r t  to behave as "fine" bubbles, the ra t io  ~/k 0 
grows significantly and depends strongly on Re. In this Reynolds-number  range, the picture of the bubble inter-  
action with the liquid pulsations is still  more  complicated since the turbulen~ p rocesses  occur r ing  are  not 
determined uniquely by the per turbing effect of the bubbles, but can be damped out or  developed depending on 

the flow mode. 

Therefore ,  the behavior of the s t r e ss  at  the wall in a flow with gas bubbles of different size is de te r -  
mined, for low Reynolds numbers ,  by two main p rocesses  which a re  closely interrelated:  by the different 
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nature of the gas-eontentdistribution over the tube section and by the additional turbulence caused by the per-  
turbing effect of the gas phase. The size of the gas bubbles and the distribution function of the bubble size are  
important parameters  which strongly affect the character is t ics  of a gas- l iquid  flow. 
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