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The  c h a r a c t e r i s t i c  func t ions  and c e r t a i n  qua n t i t i e s  of s t a t e  a r e  m o d i f i e d  in the  p r e s e n c e  
of an i n t e r p h a s e  b o u n d a r y  of s e p a r a t i o n  and s u r f a c e  t e n s i o n .  

A p r e c i s e  knowledge  of the c h a r a c t e r i s t i c  func t ions  and the  q u a n t i t i e s  of  s t a t e  p l a y s  an i m p o r t a n t  r o l e  
when d e s c r i b i n g  c e r t a i n  t h e r m o d y n a m i c  r e l a t i o n s  in h e a t -  and m a s s - t r a n s f e r  p r o c e s s e s .  

A c c o r d i n g  to the  t h e o r e m  on s u r f a c e  t e n s i o n ,  the  c h a r a c t e r i s t i c  func t ions  and c e r t a i n  quan t i t i e s  of 
s t a t e  d i f f e r  f r o m  t h e i r  s i m p l e  a l g e b r a i c  s u m ,  c o r r e s p o n d i n g  to i n d i v i d u a l  p h a s e s  without  a s u r f a c e  of s e p a r a -  
t ion ,  a l l  o t h e r  cond i t ions  be ing  e q u a l ,  i . e . ,  t h e i r  t o t a l  m a s s ,  t e m p e r a t u r e ,  and p r e s s u r e  a r e  i d e n t i c a l .  Con-  
s e q u e n t l y ,  in o r d e r  to a c c u r a t e l y  d e s c r i b e  t w o - p h a s e  s y s t e m s ,  the a d d i t i o n a l  e f f ec t s  of s u r f a c e  t e n s i o n  a l so  
should  be t aken  into accoun t .  They  can be n e g l e c t e d  only  in the  c a s e  when the fo l lowing  s i m p l i f y i n g  a s s u m p -  
t ions  a r e  va l id :  

a) the m a s s  of the  i n t e r p h a s e  b o u n d a r y  l a y e r  is  v e r y  s m a l l  in c o m p a r i s o n  with  the  t o t a l  m a s s  of  the  
whole  s y s t e m ;  

b) s u r f a c e  t en s ion  does  not  c a u s e  an e x c e s s  p r e s s u r e  in one of the p h a s e s ;  in o t h e r  w o r d s ,  the c u r -  
v a t u r e  of the  i n t e r p h a s e  b o u n d a r y  of s e p a r a t i o n  i s  r e l a t i v e l y  i n s i g n i f i c a n t .  

Dur ing  an i n v e s t i g a t i o n  of t w o - p h a s e  s y s t e m s ,  the p r o b l e m  a r i s e s  of which p h a s e  i s  the  c a r r i e r  of the  
changes  c a u s e d  by s u r f a c e  t e n s i o n .  In the  c a s e  when one of the  p h a s e s  is  d i s p e r s e d ,  i t  can  be c l e a r l y  s e e n  
tha t  the  e f fec t  of  s u r f a c e  t en s ion  i s  p r e d o m i n a n t l y  on the s t a t e  of th is  p h a s e ;  c o n s e q u e n t l y ,  t h e s e  c h a n g e s  can  
be r e f e r r e d  to the  d i s p e r s e d  p h a s e  whi le  the  c o h e r e n t  p h a s e  i s  s u b j e c t e d  to a l m o s t  no c ha nge s  w h a t s o e v e r  [1]. 

B a s e d  on th is  a s s u m p t i o n  r e l a t i v e  to the  c h a r a c t e r i s t i c  func t ions ,  we s h a l l  t r y  to r e d u c e  the i n v e s t i g a -  
t ion of t w o - p h a s e ,  s i n g l e - c o m p o n e n t  s y s t e m s  to an i n v e s t i g a t i o n  of the  d i s p e r s e d  p h a s e .  Th is  c o n s i d e r a t i o n  
can  s i m p l i f y  t r a n s i t i o n  to two o r  m o r e  componen t  s y s t e m s .  

The  w e l l - k n o w n  r e l a t i o n s  of the  c h a r a c t e r i s t i c  func t ions  a r e  d e t e r m i n e d  in the  fo l lowing  way:  

E==F--TS,  

H =  E--pV,  

G = F •  

In the  c a s e  when t h e s e  c h a r a c t e r i s t i c  func t ions  r e f e r  to a s ing le  d i s p e r s e d  p a r t i c l e ,  s u r r o u n d e d  by a 
c o h e r e n t  p h a s e  of the  s a m e  c h e m i c a l  c o m p o s i t i o n ,  a s ,  f o r  e x a m p l e ,  a d r o p  in a v a p o r  a t m o s p h e r e  o r  a bubble  
in a vo lume  of l iqu id ,  we can w r i t e  

E, = F, + TS , ,  (1) 

H ,  ~== E, + p,V, (2) 

G. ----- F, __ p,V. (3) 

If the  f r e e  e n e r g y  F i s  r e f e r r e d  to a de f in i t e  p a r t  of the  m e d i u m  without  a s u r f a c e  of s e p a r a t i o n ,  then 
fo r  one and the s a m e  m a s s  the  m o d i f i e d  f r e e  e n e r g y  can  be e x p r e s s e d  as  
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F, = F + At~, 

and it is increased  o~ly due to the interphase surface of separat ion [i-3].  

The entropy evolved f rom the f ree  energy [3, 4] is represented in the form 

OF 
S -  

OT 

and, in consequence of this definition, by means of Eq. (4) we obtain 

dg S , = S - - A  
dT 

(4) 

(5) 

(5') 

the entropy modified by the presence  of the interphase surface of separat ion [1,2,5].  

Substituting (4) and (5) into (1), we obtain the internal energy of a surrounding par t ic le  of the dispersed 
phase: 

E , = E + A  (~- -T  da I 
dr J" (6) 

It is known that for  the surrounding liquid and par t ic les  of vapor in a two-phase sys tem there  is always 
an excess p r e s su re  {Ap) in compar ison with the p ressu re  of the surrounding medium. However, the p re s su re  
inside a surrounded par t ic le  differs not only f rom the p res su re  of the surrounding medium, but also f rom the 
p res su re  of the saturated vapor,  corresponding to its t empera ture  (Ap,} [2,6-9].  

This fact permits  the other  charac te r i s t ic  functions, up to now not found, also to be determined.  

With these conditions, the enthalpy (2) assumes the form 

and the free enthalpy (3) is 

H. = H + A (~ - -T  dTdq ) -Ap*V' (7) 

6, = 6 + Aa-- 5p.V (8) 

in accordance with the work necessa ry  for creat ing a bubble surface [10,11]. 

When investigating drops and bubbles, it is assumed,  as a rule,  that they have a spherical  shape. Ac-  
cording to Laplace ' s  theorem,  the capi l lary  excess p ressu re  inside a spher ical  part icle of the dispersed phase 
is equal to 

2~ Ap . . . .  (9) 
R 

This formula  was modified by Kelvin by assuming that the vapor p r e s su re  differs f rom the saturated 
vapor p r e s su re  in accordance with the usual approximation by 

2~ p" 
AP"=Ps--P"= "~ R p ,_p , ,  , (10) 

where the upper sign (--) re fe rs  to the drop and the lowe r sign (+) refers  to the bubble [2 ,6 ,7 ,  9]. 

This means that the difference between the saturated vapor p r e s su re  and the p ressu re  in the bubble 
can be found f rom Eq. {10), while in o rde r  to determine the difference between the saturated vapor p r e s su re  
and the p re s su re  in the drop Eq. (10) must  be supplemented by the p res su re  difference between the phases,  
Ap [Eq. {9)]. Based on this addition, the difference between the p res su re  inside the d ispersed part icles  of 
both types and the saturated vapor p res su re  can be found by the formula 

Ap ,=  -T- 2 ~  ..... e___, (11) 
R p' - -  p" 

where the signs must be the same as shown above, and the density p in the denominator always re fe r s  to the 
dispersed phase. 

It can be seen from Eqs.  (9)-(11) that for the case of a drop the p r e s s u r e  in both phases exceeds the 
saturated vapor p r e s su re ,  and, converse ly ,  in the case of bubbles, a p r e s s u r e  difference is observed in both 
phases.  In other words,  if a two-phase s ingle-component  medium were to exist in thermal  equilibrium, then 
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both  p h a s e s  would be e i t h e r  u n d e r h e a t e d  (drops  in an a t m o s p h e r e  of vapor )  o r  s u p e r h e a t e d  (bubbles  in a vo lume  
of l iquid)  in a c c o r d a n c e  with  t he  u s u a l  t e r m i n o l o g y .  

H o w e v e r ,  the  p r o b l e m  is  r a t h e r  tha t  u n d e r  t h e s e  cond i t i ons  the  c onc e p t  of the  s t a t e  of s a t u r a t i o n  i t s e l f  
a l s o  i s  m o d i f i e d ,  whi le  the  u s u a l  de f in i t i on  of  the  s t a t e  of s a t u r a t i o n ,  a c c o r d i n g  to which  the  p r e s s u r e  of s a t u r a -  
t ion depends  e x c l u s i v e l y  on the  t e m p e r a t u r e ,  is  v a l i d  only in the  s p e c i a l  c a s e  when R = ~o, fo r  the  v io l a t i on  of 
which  the e f f ec t s  of s u r f a c e  t e n s i o n  and the  d i m e n s i o n s  m u s t  be t aken  into  accoun t  a l s o .  The  i n s t a n t a n e o u s  
s t a t e  of s a t u r a t i o n  of a d r o p  o r  a bubble  of v a p o r ,  r e s p e c t i v e l y ,  can  be i de n t i f i e d  with the  fac t  tha t  an in f in i -  
t e s i m a l  hea t  t r a n s f e r  is  a c c o m p a n i e d  by a p h a s e  change .  

The  c h a r a c t e r i s t i c  func t ions  p e r  uni t  m a s s  of  d i s p e r s e d  p h a s e  in s i n g u l a r  f o r m  can  be ob t a ined  f r o m  
E q s .  (4)-(8) by the s u b s t i t u t i o n  of a s p h e r i c a l  s u r f a c e  and v o l u m e ,  and a l s o  f r o m  the  d i f f e r e n c e  of the  p r e s -  
s u r e s  [Eq. (11)] by p a r t i t i o n  of the  m a s s  of  a uni t  d r o p  o r  bubb le ,  r e s p e c t i v e l y .  With  the  cond i t ion  tha t  the  
s y s t e m  by n a t u r e  i s  m o n o d i s p e r s e ,  i . e . ,  the  d i s t r i b u t i o n  of  the  t e m p e r a t u r e  and s i z e  of the  d i s p e r s e d  p h a s e  
i s  u n i f o r m ,  a l l  t h e s e  o p e r a t i o n s  l e a d  to the  fo l lowing  func t ions :  

3 
f , = f @  - -  c% (12) 

Rp 

3 d~ (13) 
R9 dT 

e, = e -" ~ - -  T , (14) 
Rp 

3[( 2  ;)oTdo 1 h , = h +  ~ p - -  1-4- 3 p ' - - p '  dT ' (15) 

3 ( 1  2 p )c~ ' (16) 
g * = g +  R---P- -- 3 9 ' - - 9 "  

a m o n g  which the u p p e r  s ign  (+) in E q s .  (t 5) and  (16) r e f e r s  to the  d rop  and the  l o w e r  s ign  (-) r e f e r s  to the  bubb le .  

The  well-knox~aa de f in i t ion  of l a t en t  hea t  
r = h" - -  h' 

does  not  t ake  into  accoun t  the  e f fec t  of s u r f a c e  t e n s i o n  and c a p i l l a r y  e x c e s s  p r e s s u r e .  If th i s  e f fec t  i s  t a k e n  
into a c c o u n t ,  then  we ob ta in  two v a r i a n t s ,  depend ing  on the n a t u r e  of  the  t w o - p h a s e  s y s t e m ,  

If the  d r o p s  a r e  d i s p e r s e d  in a v a p o r  a t m o s p h e r e ,  then with a u n i f o r m  t e m p e r a t u r e  and s i z e  d i s t r i b u t i o n  
the  l a t en t  hea t  p e r  uni t  m a s s  of  l iqu id  p h a s e  i s  de f ined  a s  

r", = h " -  

In the  c as  e when t h e r e  i s  a u n i f o r m  d i s t r i b u t i o n  of t e m p e r a t u r e  and s i z e  of d r o p s  in a vo lume  of l i qu id ,  the  l a t en t  
hea t  p e r  uni t  m a s s  of v a p o r  p h a s e  can  be found as  

= % - h ' .  

B a s e d  on t h e s e  r e l a t i o n s ,  both t y p e s  of c a p i l l a r y  l a t en t  hea t  can  be desc  r i b e d  by m e a n s  of the  u s u a l  f o r m u l a  

3 1 :  2 9 o - - T  da 
r , = r ~  Rp 3 p'--p" dT j (17) 

w h e r e  the  u p p e r  s i g n s  r e f e r  to d r o p s  and the l o w e r  s igns  r e f e r  to b u b b l e s .  

It can  be s e e n  tha t  the  two t y p e s  of  l a t en t  hea t  in the  c a p i l l a r i e s  d i f f e r  f r o m  the  n o r m a l  l a t en t  hea t  a c c o r d i n g  to 

q < r < r .  

fo r  the cond i t ion  tha t  the  t e m p e r a t u r e  and r a d i i  a r e  equa l .  In o t h e r  w o r d s ,  f o r  v a p o r i z a t i o n  of the  l iquid  p h a s e  
a s m a l l e r  quan t i ty  of hea t  is  r e q u i r e d  in the c a s e  of f o r m a t i o n  of d r o p s ,  on the  one hand,  but ,  on the  o t h e r  hand, 
d u r i n g  c o n d e n s a t i o n  of the  v a p o r  p h a s e  with the  f o r m a t i o n  of  bubbles  a l a r g e r  quant i ty  of e n e r g y  i s  r e l e a s e d  in 
c o m p a r i s o n  with the  n o r m a l  l a t en t  hea t .  

If the  s y s t e m  is  p o l y d i s p e r s e ,  i . e . ,  if  the  t e m p e r a t u r e  and r a d i i  d i s t r i b u t i o n s  a r e  n o n u n i f o r m  in the  d i s -  

p e r s e d  p h a s e ,  t hen  the  a v e r a g e  v a l u e  m u s t  be  d e t e r m i n e d .  
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There  a r e  two different  a l t e rna t ives  in this reIatima depending on the na ture  of the dis tr ibut ion.  The 
distr ibution functions may  have a d i sc re t e  or  continuous na ture .  

With the condition tha t  the d i spe r sed  phase  cons i s t s  of d i s c r e t e  g roups ,  in each  group singIe sphe r i ca l  
pa r t i c l e s  have a t e m p e r a t u r e  T i and radius  Rj,  and mass  Mij i s  the total  m a s s  of these groups ,  then the a v e r -  
age value pe r  unit m a s s  of d i sPersed  phase  can be found f r o m  the fo rmula  

z-, = Y j~ ,z , (T~,  p j )  M , j  , (18) 
~Y't Mu 

in which the value of z ,  = f , ,  s , ,  e , ,  h , ,  g . ,  and r .  is  subst i tuted f rom Eqs .  (12)-(17). 

S imi la r ly ,  if the d i spe r sed  phase  contains sphe r i ca l  pa r t i c l e s  with a continuous t e m p e r a t u r e  and radi i  
dis t r ibut ion,  then the fo rmula  

.f3" z, (r, 4) 

gives the ave rage  of the above-ment ioned  functions pe r  unit mass  of the d i spe r sed  phase .  

Up to now we have been concerned with the cha rac t e r i s t i c  functions of the d i spersed  phase ,  independently 
of the s ta te  of aggregat ion (of the drops  or  bubbles) but, obviously,  the cor responding  physica l  quanti t ies of the 
coherent  phase  mus t  be taken into account a lso ,  i . e . ,  the weighted mean mus t  be de te rmined  when descr ib ing 
the comple te  two-phase  s y s t e m .  

The sur face  tension in the ma jo r i ty  of cases  is a s sumed  to be a t e m p e r a t u r e  function, which i s ,  ef fec-  
t ive ly ,  as for  the case  of a s imple  horizontal  su r face .  When invest igat ing drops  and bubbles,  they a re  usual -  
ly a s s u m e d  to be of sphe r i ca l  shape ,  and the effect  of curva ture  can be taken into account by using in place of 
the usual  fo rmula  fo r  the su r face  tension = the formula  

R 
c;, ~ R --}- 2C (r, (20) 

where C is an empi r i ca l  constant ,  equal to 10-~~ -9 m,  as shown in [5,12,13].  

Taking this function and i ts  quotient f rom different iat ion,  

O~. R 0o 
OT R -t- 2C dT 

Eqs.  (4)-(17) r ema in  unchanged in the i r  f o rm ,  except  for  a smaI1 deviation 

R. = R q- 2C, 

which mus t  be subst i tuted in them in place of the radius  R. 

In the case  of e x t r e m e l y  sma l l  d imensions  (radii), this effect ,  if n e c e s s a r y ,  can be taken into account 
also. 

N O T A T I O N  

A, su r face  a r e a  of the phase in ter face;  C, a constant;  E,  in ternal  energy;  e,  specif ic  in ternal  energy;  
F,  f r ee  e n e r g y ; f ,  specif ic  f ree  energy;  G, f r ee  en tha lpy ;g ,  specif ic  f ree  enthalpy; H enthalpy, h, specif ic 
enthalpy; M, m a s s ;  p, p r e s s u r e ;  Ps,  sa tura t ion p r e s s u r e ;  Ap, p r e s s u r e  difference;  R, radius  of a drop or  
bubble; r ,  latent  heat of vaporizat ion;  S, entropy;  s ,  specif ic  entropy; T,  t e m p e r a t u r e ;  V, volume; z, genera l  
function; p, mass  density;  o, su r face  tension;  a single p r ime  (') r e f e r s  to the liquid phase ,  a double p r i m e  (~), 
to the vapor  phase ,  and an a s t e r i s k  (*), to the d i spe r sed  s ta te .  
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T H E R M O C O N V E C T I V E  W A V E S  IN A H O R I Z O N T A L  

B O U N D E D  L A Y E R  O F  AN I N C O M P R E S S I B L E  F L U I D  

E .  F .  N o g o t o v  a n d  A .  K.  S i n i t s y n  UDC 536.25 

The propagation of f inite-amplitude thermoconveet ive waves in a horizontal fluid layer  ~ith 
rigid boundaries is investigated. 

In liquids ~4th a ver t ical  t empera tu re  gradient  (VT ~g),  as was f i rs t  shown in [1,2], it is possible for 
weakly attenuating thermoconvect ive waves (TCW) to propagate.  In [3,4], accurate  analytic solutions were 
obtained for the propagation of smal l -ampl i tude  TCW excited by, tempera ture  oscillations on the ver t ical  wall 
of a semibounded layer  with free edges. The region of weak attenuation of the TCW was determined,  the spec-  
t ra l  composit ion of the TCW was investigated, and amplitude and phase charac te r i s t i cs  were obtained. 

In [5-7], TCW were investigated in fluid layers  with rigid boundaries,  examining a number of proper t ies  
of TCW propagation against a background of mechanical  equilibrium of the medium and also in conditions of 
developed natural  convection. 

In [5, 7], the propagation of periodic tempera ture  perturbations in an ai r - f i l led rectangular  hor izonta l  
cavity (150 x 50 x 11.7 ram) uniformly heated f rom below was studied experimental ly in the frequency range 
~' = 10-2-10 -4 sec -1. The amplitude of the t empera tu re  oscillations on the side wall did not exceed 10/~ of the 
ver t ical  tempera ture  drop. In [6], numerical  calculations were ca r r i ed  out for a region of higher frequencies ,  
approximately an o rder  of magnitude l a rge r  than the upper limit achieved in the experiment;  in this case ,  the 
amplitude of the exciting oscil lat ions chosen was half the tempera ture  drop over  the height of the layer .  

In the present  work, the investigation of TCW in bounded fluid layers  is continued. Methods of mathe- 
matical  modeling are  used to study the effect of the exciting wave amplitude on TCW propagation and to eluci- 
date possible mechanisms of TCW propagation for different relations between the amplitude of the temperatui;e 
oscillations on the side wall and the ver t ical  tempera ture  drop in the layer.  

Physical  experiments [5,7] have shown that TCW propagation proceeds against a background of a two- 
dimensional cyclic convective s t ructure .  As a resul t ,  it is possible to limit theoret ical  investigations to a 
two-dimensional  model,  considering TCW in a rec tangular  region corresponding to a ver t ical  c ross  section 
of the layer  perpendicular  to the axes of the convective cycle.  

Mathematical expressions for TCW propagation may be written using the Boussinesq equations [8]. This 
sys tem of equations contains the Prandtl  (Pr),  Grashof (Gr), and Rayleigh (Ra) numbers ,  as well as w, the 
frequency of the tempera ture  oscillations on the side wall, and the pa ramete r  ~ charac ter iz ing  the relation be- 
tween the amplitude of these oscillations and the ver t ical  tempera ture  drop in the layer  [6]. The Grashof num- 
ber  is determined by the total t empera ture  drop in the layer  (I Tdi + A 0) and the Rayleigh number solely by the 
t empera tu re  drop over  the height of the layer  (Td). 
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