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The a r t i c l e  p r e s e n t s  the  r e s u l t s  of  the  a n a l y t i c a l  i n v e s t i g a t i o n  of  the  tempera ture  
f i e l d  and of hea t  e x c h a ~ e  i n  the evapora t ion  zone of coo lan t  i n s i d e  a porous f u e l  
e lement ,  wi th  hea t  t r a n s f e r  by hea t  conduct ion  ac ross  i t s  boundar ies  taken i n t o  ac-  
count .  

The ext remely  h igh  i n t e n s i t y  of  hea t  exchange upon evapora t ion  of a s t ream of  l i q u i d  
i n s i d e  hea ted  porous me ta l s  makes i t  p o s s i b l e  to  produce sma l l e r  hea t  exchangers by us ing  
porous m a t e r i a l s  i n  them. Porous f u e l  elements  (FE) ensure  the  most f avo rab l e  c o n d i t i o n s  
fo r  i n v e s t i g a t i n g  t h i s  p roces s ,  smooth change of vo lume t r i c  hea t  r e l e a s e  in  them makes i t  
p o s s i b l e  to  check i t s  course ,  to  o b t a i n  a t  the  o u t l e t  a b iphase  stream wi th  g r a d u a l l y  i n -  
c r ea s ing  vapor c o n t e n t ,  and to  o b t a i n  a n o t i o n  of the  s t r u c t u r e  of  the  evapora t ing  s t ream 
[1].  In [2] the p r e s e n t  au thors  developed an a n a l y t i c a l  model on the  b a s i s  of  which they 
i n v e s t i g a t e d  in  [3] the  tempera ture  s t a t e  of  a porous FE wi thou t  regard  to h e a t  t r a n s f e r  
by hea t  conduct ion  across  the  boundar ies  of  the  evapora t ion  zone, i . e . ,  m a i n t a i n i n g  a d i a b a t i c  
c o n d i t i o n s  on them. 

Experimental  i n v e s t i g a t i o n o f  the  p rocess  showed t h a t  the tempera ture  d i s t r i b u t i o n  i n -  
s i d e  such a FE depends l a r g e l y  on the  c o n d i t i o n s  of  coo l an t  ou t f low (Fig.  1) .  Var ian t  a co r -  
responds to the outflow of a biphase stream, b corresponds to the outflow of superheated 
vapor. Whereas in variant a the conditions are adiabatic at the beginning of the evapora- 
tion zone (maximum of the temperature T of the porous material for Z = L), and the results 
obtained in [2, 3] are correct for it, in variant b there takes place monotonic increase 
of the temperature of the porous material, both at the beginning Z = L, and at the end Z = K 
of the evaporation zone, and conditions here are not adiabatic. Heat transfer by heat conduc- 
tion across i t s  boundaries leads here t o  a substantial change of all the characteristics of 
the process. 

The temperature field of a FE illustrated in F i g .  ib is described by a system of equa- 
tions including equations for calculating the temperatures of the porous material Tj and of 
the coolant tj on the llquld (0 < Z < L, J = 1) and vapor (k < Z < 8, J - 3) sections of 
slngle-phase ~low: 

X d2TJ 
. ~ + q~ = h~ (Tj - -  h); 

Gc~, dt~ = h~ (Tj - -  t j) 
dZ 

(1) 

and the c r i t i c a l  equa t ion  f o r  de te rmin ing  the  i n t e n s i t y  h v of i n t r a p o r o u s  convec t ive  hea t  
exchange i n  the motion, of  a s i n g l e - p h a s e  h e a t - t r a n s f e r  agent  i n  porous cermets [4]:  

Nuj .= 0.004Re~PD; Nuj = h. (~,/~)2 ; Res = G (13/~,) 

In the evaporation zone (L < Z < K) 
local saturation temperature tz=ts(P), 
material is determined by the equation 

the temperature of the vapor phase is equal to the 
and the temperature distribution of the porous 
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Fig .  1. E x p e r i m e n t a l  and t h e o r e t i c a l  model  o f  t h e  p r o -  
c e s s  o f  e v a p o r a t i v e  l i q u i d  c o o l i n g  o f  a p o r o u s  f u e l  e l e -  
ment  (a) o u t f l o w  r eg im e  o f  b i p h a s e  s t r e a m ;  b) o u t f l o w  
r e g i m e  of  s u p e r h e a t e d  v a p o r ) .  I )  l i q u i d  r e g i o n ;  I I )  e v a p o ,  
r a t i o n  zone ;  I I I )  v a p o r  r e g i o n .  

~, d2T~ 
dZ ~ + q o = h o ( T ~ - - t s )  = G  di (2) 

dZ 

The o r d e r  o f  m a g n i t u d e  o f  t h e  i n t e n s i t y  ~ o f  v o l u m e t r i c  h e a t  exchange  upon e v a p o r a t i o n  
o f  a l i q u i d  i n s i d e  a po rous  m a t e r i a l  can  be  e s t i m a t e d  w i t h  t h e  a i d  o f  t h e  f o l l o w i n g  e x p r e s -  
s i o n  t h a t  was d e r i v e d  i n  [5] : 

- 18 (1 - - . / 7 )~  [1 - -  (1 - -  s ) ' / ~ l - L  ( 3 )  
k' 17 

The bounda ry  c o n d i t i o n s  f o r  t h e  s y s t e m  o f  e q u a t i o n s  ( 1 ) ,  (2) have  t h e  form:  

Z = O, Gc (t 1 - -  to) = ~ (Tx - -  to); (/4) 

Z = L ,  t x = t ~ = t , ;  T I = T ~ ;  (5) 

L dr1 -= Z, dT----L = G ( i ' - - c t o ) - - q , L ;  
dZ dZ 

Z = K ,  t z = t s = t ~ ;  T ~ = T s ;  

L dT~ = ~. dT  L -_ G ( i " "  Cto) - -  qvK; (6) 
dZ dZ 

Z = 8 ,  ~i tiTs -- 0. (7) 
dZ 

The c o o r d i n a t e  Z = L of  t h e  beg inmtng  o f  t h e  e v a p o r a t i o n  zone  i s  d e t e r m i n e d  f rom t h e  
c o n d i t i o n  o f  t h e  c o o l a n t  a t t a i n i n g  t h e  s t a t e  o f  s a t u r a t i o n  t t  = t s ,  i - i ' .  A t  t h e  end o f  
t h e  e v a p o r a t i o n  zone  Z = K t h e  e n t h a l p y  o f  t h e  c o o l a n t  i s  e q u a l  t o  t h e  e n t h a l p y  i "  o f  s a -  
t u r a t e d  v a p o r .  The n u c l e a t i o n  o f  v a p o r  b u b b l e s  i n  m o t i o n  o f  w a t e r  i n s i d e  p o r o u s  m e t a l s  
p r o c e e d s  p r a c t i c a l l y  u n d e r  c o n d i t i o n s  thermodynamic  e q u i l i b r i u m  [ 6 ] ,  i . e . ,  Tz--  t s l  z =L ~ lOC. 

The u s e  o f  e x p r e s s i o n  (3) f o r  w a t e r  w i t h  s = 0 . 1 9 ,  H = 0 . 3 3 ,  and d = 316; 100 ~m y i e l d s  
t h e  r e s p e c t i v e  v a l u e s  h v = 1 . 6 3 "  l o t ;  1 . 6 3 "  101@ W/(m s �9 OK). Hence f o l l o w s  t h a t  i n  p o r o u s  
FE w i t h  mean p a r t i c l e s  s i z e  d < 300 ~m w i t h  v o l u m e t r i c  h e a t  f l u x  d e n s i t y  qv < 10" W/m s t h e  
t e m p e r a t u r e  o f  t h e  m a t e r i a l  i n  t h e  e v a p o r a t i o n  zone  i n  t h e  r eg im e  o f  o u t f l o w  o f  a b i p h a s e  
s t r e a m  p r a c t i c a l l y  does  n o t  d i f f e r  f rom t h e  t e m p e r a t u r e  t s o f  t h e  v a p o r  p h a s e  o f  t h e  m i x -  
t u r e :  T s - - t s  = q v / h v  -" I o c .  

I f  we a c c e p t  t h e  a s s u m p t i o n  t h a t  t h e  v a l u e s  o f  t s ,  h v i n  t h e  e v a p o r a t i o n  zone a r e  c o n -  
s t a n t ,  t h e  s o l u t i o n  o f  E q .  (2) w i t h  t h e  bounda ry  c o n d i t i o n s  (5)  can  be o b t a i n e d  i n  a n a l y t i -  
c a l  fo rm:  

0~. = a exp h '  (z - -  1)1 + b exp [ - -~ ,  (z - -  l)l + q d h , ;  (8) 



k-z  ' m /// 
lO-I . . . . . . . .  / 

b 

10 lo-z lO-f /o ~ zO ~ ae 
, I I I 

fOs I0 z lO s t0 a ~7 o 

%'2 1a" 1o ~ /0' B~ 

Fig. 2. Dependence of the relative length k-- Z of the 
e v a p o r a t i o n  zone ( a ) ,  of  t h e  t e m p e r a t u r e  d i f f e r e n c e  ~ l (k )  
between t he  porous material and the coolant at the end of 
the region (b), and of the value of Es (formula (14)) (c) 
on the parameters of the process: 1) T = 31.6; 2) 100. 
qv, W/mS; ~ s ( k ) ,  *C. 

i ( z ) -  r 
= ~' {a exp [y (z - - / ) ]  - -  b exp [--y (z --/)]} - -  N~ (1 - -  E~) -t- N3 (z - - / ) ;  

C' B 2 
(9) 

a - 

b = 

i (z) - -  r 
x (z) c' (N~--N1) ' 

1 [00 q v / h v +  B 2 N x ( 1 - - E , ) ] ;  
2 y 

2 ~ 

(1o) 

(11) 

vhere 

~ = T~-:-ts; 0o = T~- -  t~lz=L; z =  Z/8; 

l = L/8; k = K/6;  B2 USc'/k; 

Nx = ( i ' - - c to ) l c ' ;  N~ = (i"--Cto)lC'; "~ = 8(h , lX)  ~/2 ; 

N 3 ~ (i It a (~)] - -  cto)lc'; E~ = qoStlGc'(t, - -  to). (12) 

The above e x p r e s s i o n s  make i t  p o s s i b l e  to  c a l c u l a t e  t he  change of  t e m p e r a t u r e  of  porous  
m a t e r i a l ,  o f  t he  e n t h a l p y  of  t he  c o o l a n t ,  of  t h e  d i s c h a r g e  mass q u a n t i t y  o f  v a p o r  of  a b i -  
phase  s t r u m  i n  t h e  e v a p o r a t i o n  zone.  To d e t e r m i n e  the  r e l a t i v e  l e n g t h  k - -  ~ o f  t h e  evapo ra -  
t i o n  zone,  we u s e  t h e  l a s t  of  c o n d i t i o n s  (6) which ,  t a k i n g  (8 ) - (12 )  i n t o  a c c o u n t ,  may be w r i t -  
t e n  as  f o l l o w s :  

a exp [y (k - - / ) ] - -  b exp [ - - y  ( k .  l)] --,  B2 {Ns - -  Na [(k - -  l) + l]} = O. 
u 

( 1 3 )  
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Fig .  3. Dependence of  the l e n g t h  of  
the  e v a p o r a t i o n  zone k -  Z ( s o l i d  l i n e s )  
and of  E= (dashed l i n e s )  on the  tem- 
p e r a t u r e  of  supe rhea t ed  vapor  f lowing 
ou t  of  the  e lement ,  w i th  p a r - m e t e r s  c o r -  
responding  to  p o i n t s  l ,  I I  i n  F ig .  2. t s  
(6 ) ,  ~ 

The obtained expression is the characteristic equation for determining the value of k--5 in 
dependence on the parameters y, B~, El, l, NI, N2, Ns. The solution of this equation is presented in 
Fig. 2a in the form of the dependence o5 k- Z on B= for two values of the parameter 7. N,, 
Na are calculated by using the physlcal properties of water and of water vapor in the satura- 
ted state at atmospheric pressure. In addition, the following was adopted: r = 2@C; 6 = 
i0 mm; A ffi i0 W/(m" ~ I = 0.052; El = 0.5. Under these conditions the values ~ ffi I0"; 
109 W/(m s �9 ~ correspond to the values of the parameter 7 = 31.6; 100. 

The change of the parameter B2 with fixed values of ~, k, c' occurs on account of a 
change in the flow rate of the coolant G. Complete evaporation of this coolant stre-m and 
its superheating inside the fuel element to the temperature ts(~) ffi 400@C corresponds to 
the value of volumetric heat flux density qv shown on the additional axis of abscissas. It 
should also be pointed out that with constant temperature is(6) the value of qv/~ can be 
expressed in the following way: qv/hv = B=Ns/7=. 

Figure 2b shows the values of the excess temperature ~= (k) ffi T= -- t s (superheating) of 
the porous material at the end of the evaporation zone under the same conditions as given 
in Fig. 2a, and Fig. 2c illustrates the change of the magnitude 

E~= N~ k qoSk (14) 
N ,  G (~" - -  ao) 

The magni tude  E= r e p r e s e n t s  the  r a t i o  of the  amount of  hea t  supp l i ed  on account  of  
hea t  r e l e a s e  i n  the  l i q u i d  r e g i o n  and i n  the  e v a p o r a t i o n  zone to  the  amount of  h e a t  absorbed 
h e r s  by the  c o o l a n t .  In  t h a t  ca se  1 -  E= i n d i c a t e s  the  r e l a t i v e  f r a c t i o n  o f  the  h e a t  expended 
on h e a t i n g  and e v a p o r a t i n g  the  c o o l a n t  which i s  supp l i ed  by h e a t  conduc t ion  from the  vapor  
r e g i o n  to  the  e v a p o r a t i o n  zone.  

F igu re  3 shows the  dependence o f  the  l e n g t h  of  t he  e v a p o r a t i o n  zone k -  Z and of  E= on 
the  t e mpe ra tu r e  of  the  outf lo~rlng vapor  t s  (6) when the  pa rame te r s  have v a l u e s  co r r e spond ing  
to  p o i n t s  I ,  I I  i n  F ig .  2. 

On t he  b a s i s  o f  the  d a t a  p r e s e n t e d  i n  F igs .  2, 3 we may conc lude  t h a t  f o r  the  c o n d i t i o n s  
under  examina t ion ,  h e a t  t r a n s f e r  by hea t  conduc t ion  from the  vapor  r e g i o n  to  the  e v a p o r a t i o n  
zone causes  a q u a l i a t i v e  change o f  the  n a t u r e  of  the  h e a t  exchange.  The l e n g t h  o f  the  eva-  
p o r a t i o n  zone d e c r e a s e s  g r e a t l y  i n  consequence of  the  i n c r e a s e d  l e n g t h  of  the  vapor  r e g i o n ,  
and when the  i n t e n s i t y  o f  v o l u m e t r i c  h e a t  exchange i s  h v = 10 ~ W/(m s �9 ~ (7 = 3 1 . 6 ) ,  the  
t h i c k n e s s  of  the  e v a p o r a t i o n  zone does no t  exceed k -  ~ ffi 0 .1  i n s t e a d  of  k -  Z = 0.67 when 
t h e r e  i s  no h e a t  supp ly  by hea t  conduc t ion  from the  vapor  r e g i o n .  I t  should be noted  t h a t  
when k -  Z i s  sma l l ,  i t  i s  c o r r e c t  to  assume t h a t  t s i s  c o n s t a n t  i n  the  e v a p o r a t i o n  zone.  

I t  f o l l o w s  from (8) t h a t  the  t empe ra tu r e  of  the  porous  m a t e r i a l  in- the  e v a p o r a t i o n  
zone i n c r e a s e s  e x p o n e n t i a l l y ,  and i t s  i n c r e a s e  i s  de te rmined  c h i e f l y  by the  h e a t  f l u x  t r a n s -  
f e r r e d  from the  vapor  r e g i o n .  The c o n t r i b u t i o n  of  the  component qv/hv t ak ing  v o l u m e t r i c  
hea t  r e l e a s e  i n t o  accoun t  i s  v e r y  smal l .  The e x i s t e n c e  of  a f i n i t e  t empe ra tu r e  d i f f e r e n c e  
Tz -- t s wi th  h igh  i n t e n s i t y  of  h e a t  exchange enab les  the  e v a p o r a t i n g  c o o l a n t  to  absorb  the  
hea t  f l u x  s u p p l i e d  by hea t  conduc t i on .  The p r o p o r t i o n  of  hea t  Ez expended on h e a t i n g  and 
e v a p o r a t i n g  the  c o o l a n t ,  s u p p l i e d  by v o l u m e t r i c  hea t  r e l e a s e  i n  the  l i q u i d  r e g i o n  and in  



the  evapora t ion  zone, i s  a l s o  smal l  (Yi$. 2c) .  The main p ropo r t i on  og hea t  ( 1 - - E a )  i s  con-  
ducted t h e r e  by h e a t  conduct ion  from the  vapor  r eg ion .  

W i t h  i n c r e a s i n g  tempera ture  o f  the  ou t f lowing  superhea ted  vapor and of  the  porous ma- 
t e r i a l  i n  the  vapor r eg ion ,  the  l e n g t h  of  the  evapora t ion  zone remains p r a c t i c a l l y  unchanged 
(Yig. 3) bu t  i t  g r a d u a l l y  s h i f t s  to  the  i nne r  s u r f a c e  of  the  e lement .  

The ob ta ined  r e s u l t s  enable  us t o  de te rmine  the  c o o r d i n a t e  K of  the  end of  the  evapora-  
t i o n  zone and the  tempera ture  d i f f e r e n c e  ~2(k)  - Tt --  t s a t  t h a t  p l ace ,  which a re  neces sa ry  
f o r  so lv ing  Eqs. (1) w i th  the  boundary c o n d i t i o n s  (6) ,  (7) f o r  f i n d i n g  the  tempera ture  f i e l d  
i n  the  vapor  r eg ion .  I t  should be noted  t h a t  the  common s o l u t i o n  f o r  the  l i q u i d  and vapor 
regions with the boundary conditions (5), (6) has the same form as the expressions (14), (15) 
and (29), (30) obtained in [3] under adiabatic conditions at the boundaries of the evapora- 
tion zone. However, a change of the boundary conditions leads to a change of the integra- 
tion constants. In the notation of [3] the integration constants assume the following form 
for the liquid region: 

Co = El/B1; 

P = l - - S t ( l  + DdAO; Q = l . S t ( 1  + Dd.40; 

V =St(1 -t-BdAO-- 1; St.= e/6c; E~< 1 (15) 

and fo r  the  vapor r eg ion :  

/ ) C3 = 1 q - E s , , ~ - s  -- 1 ; 

C~ = - - ( C s + C j ;  E s > I .  

(16) 

The s o l u t i o n  f o r  the l i q u i d  r eg ion  enables  us to determine  the  magnitude of the  supe r -  
hea t ing  a t  i t s  end T l - - t l [ z  = Z = T 2 - - t s [ z  = ~ which i s  used as one of the  boundary c o n d i ,  
t i o n s  i n  f i n d i n g  the  tempera ture  f i e l d  of  the  evapora t ion  zone. 

The ob ta ined  r e s u l t s  i n  de te rmin ing  the  tempera ture  s t a t e  of  the  l i q u i d  r eg ion  and of  
the  evapora t ion  zone con t a in  in  e x p l i c i t  form the  c o o r d i n a t e  Z of  the  beginning of the  
evapora t ion  zone which u n t i l  now had been taken as independent  parameter .  The l e n g t h  k - -  
of  the  evapora t ion  zone a l so  depends on the  c o o r d i n a t e  l ,  and consequent ly  a l so  the  coord-  
i n a t e  k of i t s  end. The magnitude k i n  t u rn  de termines  the tempera ture  f i e l d  of the  vapor  
r eg ion .  

The unique v a l u e  of the  magnitude l and the  unambiguous s o l u t i o n  of  the  e n t i r e  problem 
can be found as a r e s u l t  of subo rd ina t i ng  the  de r ived  pa ramet r i c  s o l u t i o n s  to the  l a s t  un-  
used boundary c o n d i t i o n :  the  c o n d i t i o n  of c o n t i n u i t y  of  the  tempera ture  of the  porous ma- 
t e r i a l  a t  the  end of  the  evapora t ion  zone: Ts = Ts f o r  z = k. 

NOTATION 

G, s p e c i f i c  mass f low r a t e  of  the  coo l an t ;  L, K, coo rd ina t e s  of  t h e  beginning and end, 
r e s p e c t i v e l y ,  of  the  evapora t ion  zone; H, p o r o s i t y ;  T, tempera ture  of  the  porous m a t e r i a l ;  
Z, c o o r d i n a t e ;  c,  hea t  c a p a c i t y  of  the  coo l an t ;  d, mean p a r t i c l e  s i z e  of  the  porous m a t e r i a l ;  
h v, i n t e n s i t y  of  the  vo lume t r i c  i n t r a p o r e  hea t  exchange; i ,  en tha lpy  of  the  c o o l a n t ;  ~, k ,  
d imens ion less  coo rd ina t e s  of  the  beginning and end, r e s p e c t i v e l y ,  of  the  evapora t ion  zone; 
qv, d e n s i t y  of  vo lume t r i c  hea t  f l u x ;  s ,  s a t u r a t i o n  of the  porous m a t e r i a l  wi th  l i q u i d  phase; 
t ,  t empera ture  of  the  coo l an t ;  x ,  vapor con ten t  of the  s t ream;  z, d4mensionless  c o o r d i n a t e ;  
6~ t h i cknes s  of  the  porous e lement ;  ~, thermal  c o n d u c t i v i t y ;  ~, dynamic v i s c o s i t y .  Sub- 
s c r i p t s :  l ,  2, 3, r e l a t i n g  to  parameters  i n  the  l i q u i d  r eg ion ,  i n  the  evapo ra t i on  zone, and 



in the vapor region, respectively; 
vapor in the state of saturation. 

I , ,  
t , relating to the parameters of the liquid and of the 
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HYDRODYNAMICS OF RIVULET FLOW ON A VERTICAL SURFACE 

I. M. Fedotkin, G. A. Mel'nichuk, 
F. F. Koval', and E. V. Klimkin 

UDC 536.248.5 

The flow of rivulets on a vertical surface is investigated theoretically and ex- 
perimentally. 

Liquid flow in the form of individual rlvulets occurs upon the breakup of a liquid film. 
Such a regime can occur, for example, in heat-transfer devices where heat is transferred 
through evaporation--condensation of the heat-transfer agent [1] and Inthe emergency film 
cooling of nuclear reactors. It is closely connected with the formation of dry patches on 
a heated surface [2]. As investigations showed [i, 2], in such a regime rather intense 
heat removal from the surface occurs without causing a sharp increase in its temperature. 

The majority of the research has been devoted to problems of the hydrodynamics and sta- 
billty of liquld film flow or the stability of rivulet flow [3-6]. 

The hydrodynamics of rivulet flow has still been inadequately studied. In [7], for 
example, the connection between the flow rate in a rivulet and its width was obtained on the 
basis of a solution of the Navier--Stokes equation for rivulet flow, and it was compared with 
experiment and showed only qualitative agreement. The problem of describing rivulet flow is 
divided into two parts: the first is to describe the shape of the surface of the rivulet; 
the second is to find the velocity distribution in the rivulet. 

In accordance with [7], we use the followlng physical model of rivulet flow. The shape 
of the rivulet is determined only by surface tension; we neglect gravity. The rivulet is 
represented in the form of a segment of a circle which does not vary during the entire flow. 
All the physical properties of the liquid remain constant. The rivulet moves uniformly in 
one direction under the action of gravity. We take the flow as fully developed and steady. 
Shear stresses at the interface are absent. 

The adopted physlcal model and coordinate system are shown in Fig. 1. Under the 
adopted assumptions the Navier--Stokes equations take the form 
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