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E F F E C T  O F  S U R F A C T A N T  ON B U B B L E  
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I .  E .  S h c h e k i n  

M O T I O N  

UDC 541.183:532.529.6 

Numerica l  ana l y s i s  ~s used to study the effect  of sur fac tan ts  on the p a r a m e t e r s  of gas -bubble  
mot ion  c lose  to a solid wall under  the influence of abrupt  p r e s s u r e  change at infinity. 

The study of gas -bubb le  mot ion c lose  to a solid wall  in liquids containing dissolved surfac tanf  is of g r ea t  
in te res t  for  the design of chemica l - eng inee r ing  appara tus  for  a number  of impor tant  l iqu id-ex t rac t ion  p r o -  
c e s s e s  and a lso  in connect ion with the product ion technology fo r  var ious  solvents .  

The p r e s e n t  work  gives the resu l t s  of a numer ica l  invest igat ion of gas -bubble  mot ion c lose  to a solid 
wall  in an incompress ib l e  liquid containing surfac tant ,  under  the influence of an abrupt  p r e s s u r e  change at 
infinity. 

Cons ider  a bubble of radius  R si tuated a dis tance x f r o m  the wall; the bubble pu lsa tes  and moves  toward 
the wall  with veloci ty ~. This  bubble mot ion  may  be descr ibed  by Lagrange  equations [1] 

d OT OT = F~, d OT OT = F~, (1) 
dt Ox, Ox dt OR OR 

where  T is the kinetic energy  of the liquids, calculated f rom the potential  and its de r iva t ives  at  the boundary 
su r faces  by the fo rmula  

T - -  P ~'~" Oqo dS. 
2 . ,o  ~ on 

S 

The veloci ty- f ie ld  potential  ~0 sa t i s f ies  the Laplace equation with the following boundary conditions 

0q) r=R= /~ - -  X COS 0, 0(D 0 at the wall, (grad r = 0. (2) 
On On 

Using the method outlinect in [2-4] to find the function ~0 sat isfying the boundary conditions in Eq. (2), the liquid 
kinetic energy  for  the bubble c lose  to the solid wall  is given, re ta ining t e r m s  of o rder  up to e3 by the expres s ion  

r = 2upR a [(1/3 - -  1/8 8 3) X z -~ (2 ~- e) t)2 __ l/2e2~R]. (3) 

The s y s t e m  in Eq. (1) may be used in the case  when the ve loc i ty  field of the rea l  liquid deviates  sl ightly 
f rom the cor responding  velocity field of an ideal liquid. It was shown in [5] that this condition is sa t i s f ied  fo r  
a liquid with Re>>l. As s um e  that the sur fac tan t  does not have a g rea t  effect  on the hydrodynamics  c lose  to the 
bubble sur face ;  then, a cco rd ing  to [6], the genera l ized  force  F x is given by the express ion  

f~ = 12z~ R x - -  i. 15~.R*T1RF o. (4) 

When the sur fac tan t  concentra t ion  is smal l  and adsorp t ion  is f a r  f rom sa tura t ion  [7] 

k - g - /  (5) 
Substituting Eq. (5) into Eq. (4) gives 

F~:= 12np, Rx- -  I.15R*T1F2 C~ ( ! ~ - ?  ~/~-. (6) 
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Fig~ 2. Dependence of bubble d isp lacement  ~ = x / R  o on 
t ime T= ( t /Ro)(Po/p/ /2  fo r  xo/Ro=3 (1, 2) aml x ~ R o = 2  
(1', 2'):  1, 1') in the absence  of surfactant ;  b) with s u r -  
factant .  
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1/2 Fig. 2. Dependence of velocity of bubble/~= (dx/dt)(P/Po) on t ime  
~" = ~lRo)(PolP) 112 fo r  flo =xo/Ro--2: a) in the absence  of surfacmnt ;  
b) with surfactanto 

Fig. 3. T ime  AT = (At/Ro) (Po/p)l/2 for  the bubble to reach  the solid 
wall  as  a function of the initial d is tance f r o m  the wall  fl0=xo/Ro: 1) 
without surfactant ;  2) with surfac tant .  

The genera l ized  fo rce  F R is given by the exp re s s ion  

2~ _ 4 ~ - - k - -  
FR = 8~R2 Pv -- Po -- R 

The surface tension ~ is related to the adsorbed-materia/distribution F 0 over the bubble surface by the Gibbs 

equation [7] 

= % - -  R*T1F o. 

Then 

F,~ = 8;~R 2 Pr--Po 2%R ~ 2R*T~F~ 4 1 ~  " fl) 

Substituting Eqs.  (3), (4), and (7) into Eq. (1) leads to a s y s t e m  of two different ia l  equations descr ib ing  the 
radial  and t rans la t ional  mot ion  of the bubble c lose  to a solid wall in the p r e s e n c e  of surfactant :  

q ~ ( ]  4-  e l2 )  § (312 + e) ~I 2 -  ]12e2~I ~ - -  ilSe2n ~ - -  z/4~ 2 4- i - -  

- -  a lq  4 4- E l r l  - -  2R*  T I / ' d l  - I  + 4 M  ~I~I - I  = 0, 

(I  + 3/8e) ~ i~ + (3 + 914e) ~ I~ - 9/482 ~ 2 -  3 /4~ i i  - 

- -  9/I 6,v-.4~? - -  9Ml~q - I  4- 0,8625 ~-* ~-I F-o I I~ I' z2 - -  ~ 0~  
~ob l l  2 tlal ~' 

(8) 
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~i= d2R Rop , 1~= d2x Roo , ~ = _ _  
dt~ Po dr2 Po Ro 

8 =P o/Po, 7-1= Vdro,  *roN - _  r~ 

~0 =-N-' , e -  , M = .  �9 
PoRo Ro V-~oP 

In obtaining Eq. (8), it is assumed that the gas in the bubble is compressed  adiabatically,  T=4/3. 

Numerical  solution of Eq. (8) was ca r r i ed  out on a computer  by the Runge-Kut ta  method. The initial 
conditions used in solving Eq. (8) correspond to the assumptions that initially the bubble (radius R 0 = 0.0001 m) 
is at  rest ;  that the difference between the p r e s s u r e  at infinity and that inside the bubble A P = P 0  - Pg0 = 0.9.  
105 N/m 2 for t = 0, ~?0 = 1, fl = rio, ~? = 0, ~ = 0; and that the bubble is moving in an aqueous solution of amyl a lco-  
hol at 18~ (diffusion coefficient D = 0 .88 .10  -9 m2/sec;  F0/C 0 -- 3.55 �9 10 -4 [4]; C o = 0.01 1YD. 

As an example,  Figs.  i and 2 show resul ts  for  the displacement  (Fig. 1) and velocity (Fig. 2) of thebubble 
as a function of time, with and without additions of surfactant ,  for  various initial distances from the wall. 

Analysis  of the resul ts  shows that the bubble displacement  and its velocity toward the wall a r e  signifi- 
cantly different before and af ter  the addition of surfactant .  Thus, it is evident f rom the curves  (for r0 = 2) that 
the addition of surfaetant  halves the maximum bubble velocity toward the wall. 

In the presen t  c a s e ,  the bubble reaches  the wall f rom any initial distance,  although severa l  compress ion  
and expansion cycles  may be required.  

The existence of maxima and minima in the t ranslat ional  bubble velocity toward the wall (Fig. 2) may be 
explained by means  of the momentum-conse rva t ion  law m~=cons t ,  where m is the associa ted mass  of liquid, 
equal to (2/3)IrpR 3 for  translat ional  bubble motion. 

Hence it is evident that, on compress ion  to the minimum size, the t ranslat ional  bubble velocity increases  
and reaches  a maximum, while on expansion to the maximum size the bubble velocity decreases  and reaches 
a minimum. The increase  in the maximum translat ional  velocity observed with increase  in t ime is explained 
by a dec rease  in the bubble -wal l  distance and, hence, an increase  in the a t t ract ive forces  between the bubble 
and the wall. Fluctuations in the t ranslat ional  bubble velocity lead to a cer ta in  uonmonotonic dependence ~ff) 
(Fig. 1). 

The t ime for the bubble surface  to reach the solid wall is shown in Fig. 3 as a function of the initial dis-  
tance,  with (curve 2) and without (curve 1) addition of surfactant .  It is evident f rom these curves  that the 
change in the t ime required for  the bubble to reach the solid wall that resul ts  f rom the addition of surfactant  
increases  with increase  in the initial distance f rom the wall. 

Note that as is evident f rom Eq. (6), increase  in pa r ame te r s  such as F 0 and T1 or  decrease  in C o is ac -  
companied by an increase  in the retarding forces  due to the surfactant  and hence to a decrease  in the t r ans l a -  
tional bubble velocity toward the solid wall. 

These resul ts  indicate that surfactant  has a significant effect on bubble motion toward a solid wall, even 
at low surfactant  concentrat ions.  

N O T A T I O N  

R0, R, bubble radius at initial and presen t  t imes;  x0, x, initial and presen t  distance f rom bubble center  
to wall; T, kinetic energy of liquid; /~, dynamic viscosi ty of liquid; R*,  universal  gas constant; T~, temperature;  
F0, equilibrium surface concentrat ion of adsorbed mater ia l ;  )t, p a r ame te r  defined by Eq. (5); Co, concentrat ion 
of mater ia l  dissolved in liquid; D, diffusion coefficient; %, surface tension in the absence of surfactant;  a, su r -  
face tension with surfactant  present;  Pg = Pg0(R0/R)3~, gas p r e s s u r e  in bubble; Pg0, gas p r e s s u r e  in bubble 
when R=R0; P0, p r e s s u r e  in liquid; M, dimensionless viscosity;  y, adiabatic coefficient; t, t ime; T, dimension- 
less  t ime; A~-, t ime for  bubble surface to reach solid wall; 6 = Pg0/P0, relat ive gas content; N, number  of moles 
of mater ia l ;  r~ 0, polar  coordinates .  
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The qual i ta t ive l iquid-f low pa t t e rn  is cons idered  for  a rota t ing rec tangu la r  cavi ty  in the case  
of heat  t r a n s f e r  in a d i rec t ion  pa ra l l e l  to the axis of rotation; calculat ional  re la t ions  d e s c r i b -  
ing the heat  t r a n s f e r  a r e  obtained. 

Calculat ions of the t e m p e r a t u r e  s ta te  of rotat ing machine  pa r t s  r equ i re  informat ion on heat;-~transfer co-  
efficien~s in channels and cav i t i e s .  One type of rotat ing cavi ty  is shown in Fig. 1: The cavi ty  is in the fo rm 
of a r ec t angu la r  c losed para l le lep iped ,  through which the re  is heat  t r a n s f e r  in a d i rec t ion  pa ra l l e l  to the axis 
of rotat ion.  The liquid mot ion in such a cavi ty  is de te rmined  by centr i fugal  and Cor io l i s  fo rces .  

The field due to the centr i fugal  m a s s  fo rces  is inhomogeneous,  because  of the change in the liquid density 
in the t h e r m a l  boundary l a y e r  nea r  the h e a t - t r a n s f e r  sur face  and a lso  as  a r e su l t  of the var ia t ion  in the iner t ia l  
centr i fugal  a cce l e r a t i on  ove r  the radius of rotat ion.  

The va r ia t ion  in liquid density in the d i rec t ion  normal  to the h e a t - t r a n s f e r  su r face  gives r i s e  to radial  
d i sp lacement  of the liquid and leads to the development  of c i rcula t ion  in opposite d i rec t ions  in the t~vo halves 
of the cavi ty .  The d i rec t ions  of the c i r cu la to ry  mot ion a r e  indicated on the side su r face  of the cavity in Fig. 1. 

The liquid mot ion  n e a r  the cooled wall  occurs  in a pos i t ive  p r e s s u r e  gradient ,  while c lose  to the heated 
wall  t he re  is a negat ive p r e s s u r e  gradient .  

The Cor io l i s  acce l e r a t i on  vec to r  l ies  in the c r o s s - s e c t i o n a l  plane,  and va r i e s  in magnitude in accordance  
with the velocity of rad ia l  d i sp lacement  of the liquid. The dis t r ibut ion of the radia l  velocity and the d i rec t ion  
of the Cor io l i s  force  in the c r o s s  sec t ion  a r e  indicated on the f ront  wall  of the cavi ty  in Fig. 1. This Cor io l i s -  
fo rce  dis t r ibut ion may  give r i s e  to rota t ional  mot ion  of the liquid, leading to changes in the h e a t - t r a n s f e r  con-  
dit ions.  The d i rec t ion  of mot ion  is shown in Fig. 1. 

I 

_!.J 
Fig. 1. D iagram of rotat ing cavi ty .  
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