
5. A.V. Lykov and Yu. A. Mikhailov, Theory of Heat and Mass Transfer [in Russian], Gose'nergoizdat, 
Most ow- Leningrad (1963). 

6. L.M. Nikitina, Thermodynamic Parameters and Coefficients of Mass Transfer in Moist Materials [in 
Russian], ]~nergiya, Moscow (1968). 

7. A.S. Ginzburg and V. A. Rezchikov, Drying of Food Products in a Fluidized Bed [in Russian], Pish- 
chevaya Prom-st', Moscow (1966). 

8. A.D. Kushkova, I. N. Taganov, and P. G. Romankov, Teor. Osn. Khim. Tekhnol., 4, No. 82, 826 (1970). 
9. M. ]~. Adrov and O. M. Todes, Hydraulic and Thermal Principles of the Operation-of Apparatus Contain- 

ing a Steady Granular Fluidized Bed [in Russian], Khimiya, Leningrad (1968). 
10. N.I. Syromyatnikov, L. K. Vasanova, and Yu. N. Shimanski, Heat and Mass Exchange in a Fluidized Bed 

[in Russian], Khimiya (1967). 
11. V.G. Levich and V. P. Myasnikov, Khim. Prom-st', No. 6, 404 (1966). 
12. O.M. Todes, A. K. Bondareva, and M. B. Grinbaum, Khim, Prom-st', No. 6, 408 (1966). 
13. N.I. Gel'perin, V. G. Ainshtein, and V. B. Kvasha, Principles of Fluidization Technology [in Russian], 

Khimiya, Moscow (196 7). 
14. N.B. Kondukov, A. N. Kornilaev, I. M. Skachko, A. A. Akhromenkov, and A. S. Kruglov, Inzh.-Fiz. Zh., 

6, No. 7, 13 (1963). 
15. hi. B. Kondukov, A. N. Kornilaev,  A. A. Aldaromenkov, I. M. Skachko, and A. S. Kruglov, Inzh. -Fiz .  Zh., 

7, No. 7, 2 (1964). 
16. ~'. A. Sheiman, Izv. Akad. Nauk BelorusSSR, Ser.  Fiz . - l~nerg.  Nauk, No. 2 (1974). 
17. A . G .  Temkin, Inzh . -Flz .  Zh., No. 12 (1959). 
18. I~. M. Gol 'dfarb,  Hea tTechno logyof  Metal lurgical  P r o c e s s e s  [in Russian], Moscow (1967). 
19. V . A .  Sheiman, Inzh . -Fiz .  Zh., 25, No. 4 (1973). 

T H E O R Y  OF  T W O - P H A S E  T R A N S P I R A T I O N  

C O O L I N G  S Y S T E M S .  I I  

M. M. L e v i t a n ,  T .  L .  P e r e l ' m a n , *  
a n d  T .  I .  l ~ l ' p e r i n  

UDC 536.248.2 

A s ta t i s t ica l  mode of bubbl inginporous  solids is formulated.  The theory developed is used for  
closing the sys tem of t r anspor t  equations for a two-phase t ranspi ra t ion  cooling sys tem.  

We shall  cons ide r  here  the problem of hydrodynamics  and heat exchange in two-phase t ranspi ra t ion  cool-  
ing sys t ems .  In our previous paper  [1], we cons idered  the case of a porous solid consist ing of capi l lar ies  with 
equal or  variable c ross  sec t ions .  However ,  although this model is of pract ical  in te res t  [2], the more  often en-  
countered porous ma te r i a l s  with a highly complicated void s t ruc tu re  remain  outside the scope of applicability 
of the developed theory.  We shall consider  he re  the model of liquid bubbling in porous sys tems  of the f luidized-  
solid and use it  as aba s i s  for  wri t ing the macroscop ic  continuum equations which descr ibe  the hydrodynamics  and 
heat exchange in two-phase t ransp i ra t ion  cooling sys t ems .  

S t a t i s t i c a l  Model of Bubbl ing  in a P o r o u s  Sol id  

The bubblingof a liquid filtering through a porous material occurs in the following manner. A vapor bub- 
ble which has formed in a certain pore grows in volume, fills the entire pore, and then passes into the neighbor- 
ing pores along the links connecting this pore with the others. As a result, a vapor-filled cavity forms inside 
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t 
F i g .  1. C o o r d i n a t e s  of a v a p o r  

c a v i t y  in the phase  s p a c e .  

the p o r o u s  m a t e r i a l .  Th is  c a v i t y  m o v e s  ins ide  the p o r o u s  m a t e r i a l  t o g e t h e r  with the l iquid flow. As it m o v e s ,  
the c a v i t y  con t inues  to g r o w  b e c a u s e  i t  is  fed by e v a p o r a t i o n  f r o m  the l iqu id .  

The l iquid  c o l u m n  in f ron t  of the v a p o r  c a v i t y  m o v e s  f a s t e r  than the l iquid  behind which the re  is no v a p o r  
c a v i t y .  This  o c c u r s  b e c a u s e  of the f a s t  g rowth  of the c a v i t y  v o l u m e .  As a r e s u l t  of a c c e l e r a t i o n  of the l iquid 
c o l u m n ,  the p r e s s u r e  d r o p  a c r o s s  i t  i n c r e a s e s ,  which h i n d e r s  the d e v e l o p m e n t  of a n o t h e r  c a v i t y  in this  co lumn.  
Thus ,  the d e v e l o p m e n t  of  two c a v i t i e s  s ide  by s ide  is  un l ike ly ,  a s  is  the c a s e  in the d e v e l o p m e n t  of a v a p o r  lock  
in an ind iv idua l  c a p i l l a r y  [3]. 

L e t  us w r i t e  the equa t ion  d e s c r i b i n g  the s t a t i s t i c a l  b e h a v i o r  of such  v a p o r  c a v i t i e s .  Each  c a v i t y  is c h a r -  
a c t e r i z e d  by the fo l lowing s e t  of p a r a m e t e r s  (see F i g .  1): x i i s  the c a v i t y  c o o r d i n a t e  d i r e c t e d  a c r o s s  the porous  
s p e c i m e n  l a y e r ;  x 2 is  the c a v i t y  length ;  and x~ is the t r a n s v e r s e  d i m e n s i o n  of the  c a v i t y .  In th is  phase  s p a c e ,  
we i n t r o d u c e  the d e n s i t y  of v a p o r  c a v i t i e s  N(t, x 1, x2, x3) and de f ine  i t  so  tha t ,  f o r  the unit  c r o s s  s e c t i o n  of the 
s p e c i m e n ,  N(t, x l ,  x 2, x3)dxjdx2dx 3 is equa l  to the n u m b e r  of c a v i t i e s  in the phase  s p a c e  ce l l  dxldx2dx3 n e a r  the 
poin t  x l ,  x2, x 3. We w r i t e  the t r a n s p o r t  equa t ion  fo r  this  quan t i ty :  

ON ~ ~ ~  ~v~N _ R+ (1) 
Ot ~ ~ Ox~ 

i = 1  

The s o u r c e  R + is de f ined  by 

R § = A ( x ~ ) 6 ( x 2 ) 6 ( x . ) ,  (2) 

w h e r e  the 5 - func t ion  a c c o u n t s  f o r  the fac t  tha t  the d i m e n s i o n s  of the n a s c e n t  c a v i t i e s  a r e  of the s a m e  o r d e r  a s  
the d i m e n s i o n s  of  the p o r o u s  s t r u c t u r e  c e l l ,  i . e . ,  they  a r e  c l o s e  to z e r o .  If we s e p a r a t e  in A(x~) the t e r m  d e -  
pend ing  e x p l i c i t l y  on the c o o l a n t  s u p e r h e a t  and,  th rough  it,  a l s o  on xl ,  as was done in [1], we can  r e w r i t e  (2) in 
the fo l lowing  f o r m :  

R § = ks z ~ 

w h e r e  k d e p e n d s  on the po rous  s t r u c t u r e  c h a r a c t e r i s t i c s ,  f o r  i n s t a n c e ,  the p o r o s i t y  e(xl) .  
k = k(xl ) .  The e x p r e s s i o n  fo r  o,,(xl) is g iven  in [1]. The quan t i t y  s/ is  de f ined  be low.  

E q u a t i o n  (1) ho lds  i f  e i t h e r  the d e n s i t y  of c a v i t i e s  is low o r  the l a y e r  wi th in  which the c a v i t i e s  evo lve  is  
s u f f i c i e n t l y  thin,  so  tha t  m u t u a l  i n t e r a c t i o n  of c a v i t i e s  can  be n e g l e c t e d .  

The l i q u i d - v a p o r  i n t e r f a c e  i n s ide  the s p e c i m e n  has  a h igh ly  i r r e g u l a r  s h a p e ,  which  v a r i e s  c o n s t a n t l y  
wi th  a f luc tua t ion  a m p l i t u d e  c o m p a r a b l e  to the t h i c k n e s s  of the l iquid  bubb l ing  r e g i o n  i n s i d e  the  s p e c i m e n .  The 
s h a p e  and the p o s i t i o n  of this  s u r f a c e  can  v a r y  u n d e r  the inf luence  of s e v e r a l  f a c t o r s :  the t r a n s l a t i o n a l  mot ion  
of the l iquid  f o r c e d  th rough  the s p e c i m e n ;  the f ac t  tha t  the l iquid  c o l u m n  pushed f o r w a r d  by the g rowing  v a p o r  
c a v i t y  m o v e s  f a s t e r  than the l iquid wi thout  a c a v i t y  behind  it; and the i n t e r a c t i o n  be tween  the c a v i t y  and the in-  
t e r f a c e  at  the m o m e n t  when the c a v i t y  r e a c h e s  i t  and c o l l a p s e s .  Only a s t a t i s t i c a l  d e s c r i p t i o n  of i n t e r f a c e  
m a k e s  s e n s e .  S u b s e q u e n t l y ,  we s h a l l  a s s u m e  tha t  any  s t r a i g h t  l ine  p a r a l l e l  to the x~ ax i s  i n t e r s e c t s  the l i q u i d -  
v a p o r  i n t e r f a c e  on ly  once .  L e t  us c o n s t r u c t  a c y l i n d e r  with the t r a n s v e r s e  c r o s s  s e c t i o n  s ,  w h o s e  gene r a t r i x  
is  a long  the x~ a x i s .  This  c y l i n d e r  cu t s  off a p a r t  of the l i q u i d - v a p o r  i n t e r f a c e .  D i f f e r e n t  e l e m e n t s  dg of this  
s u r f a c e  can  be l o c a t e d  at  d i f f e r e n t  poin ts  a long  the x 1 a x i s .  We s h a l l  deno te  by O-xtlx 1 = x the to ta l  p r o j e c t i o n  on 
the x 1 ax i s  of such  e l e m e n t s ,  l o c a t e d  a t  the po in t  xj  = x. We now i n t r o d u c e  the quan t i t y  Crxllxl = x/S.  The m e a n  
of th is  q u a n t i t y  with r e s p e c t  to a l a r g e  n u m b e r  of c y l i n d e r s  }(x, t) r e p r e s e n t s  the p r o b a b i l i t y  tha t  a part  of the 
l i q u i d - v a p o r  i n t e r f a c e  wi l l  be found a t  the poin t  x 1 = x.  It fo l lows  f rom th is  de f in i t i on  that  

+| 
S~(x,t)dx = 1. (4) 

(3) 

T h e r e f o r e ,  g e a e r a U y ,  
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The quantity ~(x, t) can be considered not only as the probability, but also as the average share of the interface 
projection per unit c ross  section of the specimen at the point x. Taking this into account, we can write the 
' t ranspor t  equation for  ~(x, t). 

The flux of this quantity is the product  between it and the rate at which it in tersects  the unit a rea .  In the 
case under considerat ion,  a par t  of the l i q u i d - v a p o r  interface,  ~1, in tersects  the a rea  at the rate v~, while the 
other  part ,  (2, in tersects  it at the rate v~. Here v~ is the veloci ty of the interface when it is not preceded by a 
vapor  cavity,  and v~' is the velocity of the interface when the la t ter  is preceded by a vapor cavity. The value of 
v~ depends on the cavi ty pa rame te r s ,  v~' = v~(x 1 , x 2, x3), and, moreove r ,  ~1 + ~2 = ~. 

Let  us introduce the quantity ~, the density of (2, defining it as the par t  of ~2 which is preceded by eavi-  
ties with the pa rame te r s  x~, x2, xa: 

x ~ x - - x  1 

2=~o "6 

The flux of ((x, t) is then writ ten 
x x - - x  1 

r~ = v*~l-l- ( i ~ v*~dxzdx,dxv (6) 

F rom the definition of ~,  it follows that 

g'.2 = nxSh(xv xv xs, t). (7) 

As a result ,  we write r~ in the following form by taking into account  (6): 
x x - - x  t 

r~ = v*~ + j" .I J (v* --v*).~xgN(xl,xvx3,t)dx,dx2dx3 (8) 
.oo  0 0 

and the following t r anspor t  equation holds for  ~(x, t): 

  xix, i O--t- q- ~ = - -  (v* --v*). nx~N(xx,xvxvt)dxadx.,dxl + R + + R-, (9) 

where R + and R- are  the te rms  reflecting the interact ion between the interface and the vapor  cavity at the 
moment  when the la t ter  col lapses .  We can readily write explicit  express ions  for  the collision integrals R + 
and R-. F o r  this, we introduce the quantity r x2, x3), which is equal to the flux of vapor cavit ies with the 
pa rame te r s  x 2 and x 3, the origin of which in tersects  the unit a rea  which is located at the point x 1 and moves 
at the velocity v~. Using eo(xt, x2, x3) , we rep resen t  the coll ision integrals R + and R- in the following form:  

R§ = S ~nx~r (.h,x2,x3) ~ (x~ + xz) dx3dxv (10) 
O 0  

R- = ~nx~ep(x 1 --xvxvxs)  ~ (x 0 dx3dx v (11) 
0 0 

The quantity r 1, x 2, x 3) is expressed  in te rms  of N(x 1, x~, x 3, t) as follows: 

(~ (X l ,Xg ,Xa)  = (rd I -Jc h - -  U~ ) N(XI ,X2 ,X3 , t  ) .  ( 1  2 )  

Equations (1) and (9) provide a s ta t is t ica l  descr ip t ion of the evolution of vapor  cavities and of the l iqu id-vapor  
interface during cootant bubbling in a porous solid. 

T r a n s p o r t  E q u a t i o n  B a s e d  on  t h e  S t a t i s t i c a l  M o d e l  o f  

C o o l a n t  B u b b l i n g  in  a P o r o u s  S o l i d .  

In o rde r  to complete the s ta tement  of the problem, it is necessa ry  to determine the velocit ies vt, v2, v3, v~, 
and ~*in Eqs. (1) and (9) and write the macroscop ic  t ranspor t  equations on the basis of the described s tat is t ical  
model  of bubbling. 

Since ~v < ~l, the vapor  cavity moves fas ter  than the surrounding liquid for  the same pressure  d is t r ibu-  
tion. In a l ayer  whose thickness is of the o r d e r  of the cavi ty radius the liquid in front of the cavi ty is pushed 
forward at a r a t e  equal to the veloci ty of the front boundary of the cavity.  Fur the r  on along the coolant flow, 
the effect  of the cavi ty is less pronounced, and the liquid there f i l ters  through at the rate vp If, in the mo-  
mentum balance, we take into account the fact  that a par t  of the liquid fi l ters through at a ra te  equal to the vapor  
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ve loc i t y ,  the m o d e l  b e c o m e s  u n n e c e s s a r i l y  c o m p l i c a t e d .  T h e r e f o r e ,  we s h a l l  s u b s e q u e n t l y  c o n s i d e r  that  a l l  of 
the l iquid  f i l t e r s  th rough  a t  the m e a n  v e l o c i t y  ~/, whi le  v a p o r  has  the m e a n  v e l o c i t y  ~-v" We t h e r e b y  a s s u m e  

tha t  v T = v~'. 

The v e l o c i t y  of  the l i q u i d - v a p o r  i n t e r f a c e  i s  e x p r e s s e d  in t e r m s  of the l iqu id  v e l o c i t y  in p o r e s  v I in the 
fo l lowing  m a n n e r :  

- - - - y  v* = v z Pt (13) 

w h e r e  ~ is the e v a p o r a t i o n  r a t e ,  which ,  a c c o r d i n g  to [4], is g iven  by 

zaV ,~ 
,c - V2_n_R~_~T [psfT) - -  P]. (14) 

The r a t e  a t  which  the v a p o r  c a v i t y  m o v e s  is  equa l  to the v a p o r  v e l o c i t y  in p o r e s  v v. If the c a v i t y  expands  
e q u a l l y  in the d i r e c t i o n  of m o t i o n  and in the oppos i t e  d i r e c t i o n ,  we have 

v~ 
vl = vv 2 " (15) 

The v e l o c i t i e s  v 2 and v 3 c h a r a c t e r i z e  the g rowth  of the long i tud ina l  and t r a n s v e r s e  d i m e n s i o n s  of the 
v a p o r  c a v i t y .  T h e s e  v a l u e s  can  be e s t i m a t e d  by c o n s i d e r i n g  the v a p o r  m a s s  ba lance  in the c a v i t y .  It c an  be 
shown tha t ,  in the l i m i t i n g  c a s e  of  v e r y i n t e n s i v e p h a s e  t r a n s i t i o n ,  when the c a v i t y  g r o w s  p r i m a r i l Y  on accoun t  
of the v a p o r  e n t e r i n g  i t ,  the equa t ion  of v a p o r  m a s s  b a l a n c e  in the c a v i t y  is w r i t t e n  as  fo l l ows :  

dP. 
p v ~  i- = zs, (16) 

w h e r e  ~2 is the vo lume  of the c a v i t y ,  and s is  i t s  s u r f a c e  a r e a .  A s s u m i n g  that  the long i tud ina l  and the t r a n s -  
v e r s e  d i m e n s i o n s  of the c a v i t y  i n c r e a s e  e q u a l l y ,  i . e . ,  v 2 = v3, and c o n s i d e r i n g  (14), we ob ta in  the fo l lowing 
e s  t im a te  : 

v2" • / R*T Ps(r) - -  p 2(x~ + xa) (17) 
V 2rl,u p 2x 2 + x s ' 

w h e r e  x 2 and x a a r e  the l ong i tud ina l  and the t r a n s v e r s e  d i m e n s i o n s  of the c a v i t y .  

We i n t r o d u c e  the q u a n t i t y  Sv, equa l  to the f r a c t i o n  of the unit  c r o s s  s e c t i o n  of the s p e c i m e n  w h e r e  v a p o r  
f i l t e r s  t h r o u g h .  I t  is  e x p r e s s e d  in the fo l lowing  m a n n e r  in t e r m s  of N(x 1. x2, x3, t) and ((x, t): 

The s i m i l a r  q u a n t i t y  s 1 fo r  the l iquid is  then equa l  to 

st  = 1 - - s  v- (19) 

By us ing  these  q u a n t i t i e s ,  we can  e x p r e s s  the flux d e n s i t y  of the c o o l a n t  m a s s ,  the m o m e n t u m  flux d e n s i t y ,  the 
e n e r g y  flux d e n s i t y ,  and the o t h e r  q u a n t i t i e s  f i g u r i n g  in t r a n s p o r t  e q u a t i o n s .  

L e t  us w r i t e  the f ina l  s y s t e m  of t r a n s p o r t  equa t i ons  fo r  the e a s e  of o n e - d i m e n s i o n a l  s t e a d y - s t a t e  f i l t r a -  
t ion  of a v a p o r - l i q u i d  m i x t u r e  t h rough  a po rous  s o l i d .  This  s y s t e m  inc ludes  the equa t ion  of m a s s  c o n s e r v a t i o n  
fo r  the c o o l a n t ,  

d 
dx [~surSvPvVv + ~surSt P iv t] = 0, (20) 

the  e q u a t i o n  of  m o t i o n  of the v a p o r - l i q u i d  m i x t u r e ,  

dp d ~ rsur 
Ssur dx ~(ssurSvPvV-v-4:- esurSt Pl v~ ) - - - -~- -  (rlvVv~-v-t- q t  v l s  ~) ' (21) 

the e q u a t i o n  of m o t i o n  of the v a p o r  p h a s e ,  

dp d .2 v z ) v  z ,?,stir 
esurSv~ = - - ~  (esurSvpv~v) - -  (esukSl 9t - -  ~--qv v v' 

and the equa t ion  of  e n e r g y  t r a n s p o r t ,  

dxd ~ suXOvVv~ v + P z v z s L h z) - - z  

(22) 

(23) 
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Assuming  that the additive law of the summat ion  of hea t  conductivi t ies  holds for  ),, we have 

Z = )~Z sl esur + Zv~vesur + Zsol(1 - -  esol). 

The following boundary conditions mus t  be added to Eqs .  (20)-(23): 

~dT  i _ s  
pi~=o = p~; p'.~=z = p~; - dx !,~=o = IPz vz cpz (T - -  T=)].~=o; dx I~=, = q" 

(24) 

(25) 

The above sys t em of t r a n s p o r t  equations holds only within the f r a m e w o r k  of our model  of liquid bubbling 
in a porous solid.  
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N O T A T I O N  

the dynamic  v i scos i ty  of the liquid; 
the dynamic  v i s c o s i t y  of  vapor ;  
the t he rma l  conduct ivi ty  of the liquid; 
the t he rma l  conductivi ty of vapor;  
the t he rma l  conductivity of the porous mat r ix :  
the su r f ace  poros i ty ;  
the p r e s s u r e  ; 
the tempe ra ture  ; 
the sa tura ted  vapo r  p r e s s u r e  a t  the t e m p e r a t u r e  T; 
the m o l e c u l a r  weight; 
the un ive r sa l  gas  constant ;  
the enthalpy of vapor;  
the enthalpy of the liquid; 
the specif ic  hea t  of the liquid a t  cons tan t  p r e s s u r e ;  
the length of porous spec imen;  
the incident t he rm a l  flux; 
the dens i ty  of ex t e rna l  ene rgy  sources ;  
the liquid t e m p e r a t u r e  a t  a point remote  f rom the porous wall; 
the inlet  p r e s s u r e ;  
the outlet p r e s s u r e ;  
the pe rmeab i l i t y  of the porous  s t ruc tu r e .  
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