
NOTATION 

p, pressure; T, t, temperature; q, heat flux; At = t w- tq, temperature difference; ~, 
v, absolute and kinematic viscosities; Q, density; u, velocity; pu, mass velocity; x, dis L 

~:qgdSAf tance from pipe inlet; d, pipe diameter; Nu =~/~q; Re= pud/~q; Pr =~q%q/~q; Pe = Re Pr; Gr =-~-- 
respectively, the Nusselt, Reynolds, Prandtl, Peclet, and Grashof numbers; X, corrected pipe 
length. Indices: w, wall; q, liquid; cr, critical; e, experimental. 
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INFLUENCE OF A MAGNETIC FIELD ON THE CONTACT WETTING ANGLE IN BUBBLE BOILING 

N. B. Chigarev UDC 536.423.1 

It is experimentally shown that an external magnetic field applied to a bubble boil- 
ing region improves wetting of the surface heating the boiling liquid. 

Investigations of recent years have shown that one possible way to improve heat trans- 
fer in bubble boiling is to apply an electric or a magnetic field to the boiling region. 
Here one finds appreciable changes in the heat-transfer coefficient and the critical heat 
flux [I-3], in the density of vapor forming centers, separation size of the bubbles, and 
their separation frequency [3-5]. All of this indicates that if one knows the mechanism 
of the action of the field on the boiling, one can use an electric field as a means of control- 
ling heat and mass transfer. However, in spite of the practical value of these effects, the 
mechanism of the influence of the field on bubble boiling has not yet been elucidated con- 
clusively. It is suggested that the external field alters the structure of the heated bound- 
ary layer or of the double electric field. In [i] the intensifying action of the electric 
field on the heat transfer is explained by the generation of electroconvective fluxes, and 
according to the research data of [6] the electric field alters the contaCt wetting angle. 
Further investigations are needed to pinpoint the mechanism of the field action. 

It has been established earlier that the contact wetting angle strongly influences the 
heat-transfer coefficient [7], the critical heat flux [8], the density of vapor forming cen- 
ters and their stability, the separation dimensions of vapor bubbles, and the mechanism and 
frequency of their separation [9, i0]. The present author attempts to explain the influence 
of a magnetic field on the contact wetting angle and to evaluate the relative changes in the 
microparameters D0, O under the action of this field. 

The experimental equipment has been described in [5]. The boiler chamberis equipped 
with windows for motion pictures and visual observation of the boiling process, as well as 
an external heater to maintain the saturation temperature. Inside the chamberare mounted 
a heat-transfer surface, a device to create and control the magnetic field, and a system of 
thermocouples to measure temperatures. The magnetic field intensity varied over a range in- 
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Fig. i. Sketch of a vapor bubble for de- 
termining the contact angle 8. 

TABLE i. Relative Diameter of the Separating Vapor 
Bubbles and the Relative Contact Wetting Angle as a 
Function of the Magnetic Field Intensity 

Magnetic fie M Mean contact Mean separa- ~ D__~M 
intensity ~ angle, deg tion diam., e~ 
• 10-4 :A,/"m I mm o~ D~ 

0 75 
1,59 65 
3,18 60 
4,77 54 
5,72 50 

3,49 
3,10 
2,74 
2,47 
2,31 

l 
0,87 
0,8 
0,73 
0,66 

I 
0,89 
0,7 
0,7 
0,68 

eluding the region of magnetic saturation of the material of the heat-transfer surface. 
The movies were taken at a rate on the order of I000 frames/see. From magnified frames of 
the exposed and developed movie film we measured the contact wetting angle and the diameters 
of bubbles at the moment of separation. The results were reduced by the methods of mathe- 
matic statistics of [5]. 

Measurement of the contact wetting angle, particularly during the boiling process, meets 
with great difficulties [7, 8, i0]. The following method was used here to measure O �9 At 
each vapor forming center we chose a frame with a picture of a bubble at the initial stage 
of its asymptotic growth, i.e., at the moment when the bubble shape has not yet been ap- 
preciably distorted under the influence of gravitational forces and is a part of a sphere. 
For such a bubble we measured the diameter of the wetted perimeter d from the thickening at 
the phase interface, and the height h of the bubble at the center (see Fig. i), and then 
calculated the contact wetting angle from the formula 

d 
@ = 2 a r c t g - -  . 

2h 

The  v a l u e s  o b t a i n e d  w e r e  m o n i t o r e d  b y  r e p e a t  m e a s u r e m e n t s  w i t h  t h e  a i d  o f  a p r o t r a c t o r  u s i n g  
t h e  m e t h o d  o f  [ 7 ] .  The  v a l u e s  c o i n c i d e d  t o  w i t h i n  t h e  m e a s u r e m e n t  e r r o r  l i m i t s  o f  2 - 4  ~  

I n  t h e  e x p e r i m e n t s  d e s c r i b e d  we k e p t  t o  a minimum f a c t o r s  d i s t o r t i n g  t h e  b u b b l e  s h a p e  
due  t o  o p t i c a l  e f f e c t s  ( t h r o u g h o u t  t h e  w h o l e  v o l u m e  t h e  s a t u r a t i o n  t e m p e r a t u r e  was  m a i n t a i n e d ,  
t h e r e  was no  f o r c e d  f l o w ,  t h e  t e m p e r a t u r e  h e a d  was  s m a l l ,  and  t h e  p a t h  l e n g t h  o f  t h e  l i g h t  
r a y  t h r o u g h  t h e  h e a t e d  l a y e r  was  5 . 1 0  - 3  m) .  The  m a i n  e r r o r  comes  f r o m  t h e  a c c u r a c y  o f  m e a -  
s u r i n g  d a n d  h a n d  t h e  s t a t i s t i c a l  s c a t t e r  i n  O a t  t h e  d i f f e r e n t  b o i l i n g  c e n t e r s .  

The r e l a t i v e  e r r o r  o f  m e a s u r e m e n t  o f  t h e  c o n t a c t  a n g l e  a t  a g i v e n  c e n t e r  e = [(hd~)/d2+ 
(AhZ)/(2hZ)] I/2 was  3-4%. H e r e  Ah = &d = 0 . 5 - 1 0  - 3  m i s  t h e  maximum e r r o r  o f  t h e  m e a s u r i n g  r u l e .  

The s t a t i s t i c a l  mean v a l u e  o f  t h e  c o n t a c t  a n g l e  ~ and  t h e  c o n f i d e n c e  i n t e r v a l  AO f o r  
e a c h  p i c t u r e  w e r e  e v a l u a t e d  a s  f o l l o w s :  0 =~Oin~/~ni; c o r r e c t e d  d i s p e r s i o n  i s  S ~ =  I ~ ( O - -  

Oi)Zni/Zni(Znt--1)] 1/2. The S t u d e n t  f a c t o r  t y  was  c h o s e n  f r o m  t h e  t a b l e s  a c c o r d i n g  t o  t h e  t o t a l  
number  o f  v a l u e s  o f  c o n t a c t  a n g l e  on t h e  f i l m  Zn i a n d  t h e  d e g r e e  o f  r e l i a b i l i t y  y = 0 . 9 5 .  
The c o n f i d e n c e  i n t e r v a l  AO=Sff t  v i n  t h e  v a r i o u s  t e s t s  was  4 -6  ~  

The  r e s u l t s  o f  t h e  t e s t s  a n d  t h e  c a l c u l a t i o n s  a r e  shown i n  T a b l e  1.  The s u b s c r i p t  0 
i n d i c a t e s  v a l u e s  o f  t h e  q u a n t i t i e s  w i t h  no f i e l d ,  a n d  t h e  s u b s c r i p t  M i n d i c a t e s  t h e  same q u a n -  
t i t i e s  with the field present. 

It can be seen from Table i that: I) under the influence of an external magnetic field 
there is a decrease of the contact wetting angle O and the mean diameter of separating buS- 
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bles Do; 2) the greatest effect is observed in going from boiling without the field to boil- 
ing with the field. On further increase of the field intensity by a factor of 2 or 3 the 
effect of the field is diminished; and 3) the relative reduction of the separation diameter 
under the influence of the magnetic field is on the same order as the relative reduction of 
the contact angle. 

From analysis of the experimental data we can make some observations regarding the mech- 
anism of action of the magnetic field on the microparameters of boiling in the model compris- 
ing a bubble and a microlayer. 

At moderate heat flux and normal atmospheric pressure the separation diameter of the 
vapor bubbles growing on a horizontal surface is described satisfactorily by the Fritz 
formula 

O o = 0 . 0 2 0  1 - - ~ ]  . 

Our tests have shown that under the influence of the magnetic field the separation diameter 
of vapor bubbles is reduced proportionally with the contact angle. This agrees with the 
Fritz formula if we take into account that the surface tension and the density of water and 
water vapor vary little under the influence of the field. The contact wetting angle O is the 
most important physicochemical characteristic of the molecular interaction at the phase 
boundar ie s: 

cos 0 = ~ ( l )  - -  ~ 

Under the influence of the magnetic field the quantity ~(Z) can alter appreciably, 
since the external field has an orienting influence on the molecules of the microlayer, and 
this results in a change Of the mean distances between the molecules and the forces between 
them. Here the equilibrium microlayer increases and the contact wetting angle decreases 
[Ii]. When the field is on the majority of the molecules are oriented, which markedly af- 
fects the microparameters. With increased field intensity one can additionally orient some 
of the remaining molecules. This explains the diminished influence of the field. 

NOTAT ION 

e, contact wetting angle; h, bubble height at its center; d, diameter of the wetting 
perimeter; ~(1), "effective surfacetension" at the solid-vapor boundary, allowing for the 
liquid sublayer between them; ~12, o, specific free surface energies at the solid,liquld 
and liquid-vapor boundaries, respectively; I mierolayer thickness; hi, number of bubbles 
with contact angle e~;t v , Student factor; S~, adjusted dispersion. 
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MECHANISM OF GROWTH AND SEPARATION OF AXISYMMETRIC DROPS AND BUBBLES 

V. E. lllarionov and B. M. Kochanov UDC 532.135:66.066.1 

A practical solution is obtained for the axisymmetric problem of quasistatic drop 
and bubble growth. 

In practice, processes of mass transfer and heat exchange between drop-forming liquid 
and gaseous disperse media depend on the interaction of the two media. The bubbling of gases 
through liquids is a technique widely used in chemical engineering while air conditioning tech- 
nology is based on producing a liquid spray in a vapor--air mixture [i-iI~. The interaction 
of two media on the developed surface of packings finds application in various branches of 
industry. The interaction of the two media depends not only on the temperature difference, 
the partial pressure difference and the area of the contact surface but also on a number of 
other factors, such as capillary, surface and hydrodynamic effects. If the relative motion 
of the media in direct contact is due to the action of gravitational forces, then the influ- 
ence of the velocity factor on the mass-transfer process is conditioned by the physical prop- 
ties of the media and can be intensified by developing the contact surface. Accordingly, 
the question of the formation of the contact surface and the capillary effects on that sur- 
face are of considerable significance in connection with the solution of engineering problems. 

Let us consider an axisymmetric drop of liquid suspended over a calibrated orifice of 
sufficiently small diameter in a plate of solid material. To this there corresponds a gas 
bubble formed over the orifice in a device made in the form of an individual nozzle, plate, 
or capillary. The diameter of the orifice is so selected that the velocity head of the liq- 
uid or gas is balanced by the resistance to the motion of the drop or bubble (Fig. i). Then 
the total energy of the object at any moment of time t ~ tse p is composed of the surface en- 
ergy and the energy of the force of gravity for drops or the energy of the buoyancy force 
for gas bubbles. Accordingly, the energy functional takes the form 

= dxdy @ ~ f zdxdy, (1) 
D 2 a 2  , J 

where  z = z ( x ,  y, t) i s  t h e  e q u a t i o n  o f  t h e  s u r f a c e  and p = a z / a x ;  q = a z / a y ;  ~ =O~o/n ( p l  - pg )g  
i s  a c e r t a i n  p a r a m e t e r  w i t h  t h e  d i m e n s i o n  o f  t h e  s q u a r e  o f  l e n g t h ,  s i n c e  P l  and Og a r e  t h e  
d e n s i t i e s  o f  t h e  l i q u i d  and t h e  g a s ,  r e s p e c t i v e l y ;  ~ i s  t h e  s u r f a c e  t e n s i o n  a t  t h e  i n t e r f a c e  
o f  t h e  c o r r e s p o n d i n g  p h a s e s ;  ~ i s  t h e  L a g r a n g e  m u l t i p l i e r  t a k i n g  i n t o  a c c o u n t  t h e  i n v a r i a b i l -  
i t y  o f  t h e  volume a t  t ime  t in  s e e k i n g  t h e  e x t r e m a l  of  f u n c t i o n a l  ( 1 ) .  

The a x i s y m m e t r y  makes i t  p o s s i b l e  t o  go o v e r  f rom t h e  t w o - d i m e n s i o n a l  domain to  the  p l a n e  
p r o b l e m  by making  t h e  s u b s t i t u t i o n  r = ]/xz-{ - ~ .  Then (1) t a k e s  t h e  fo rm 

r 

(o = 2 .I + + + (2) 
0 
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