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A single-bubble mode[ for the boiling of a coolant in channels is analyzed. Calculations are 
reported on the dynamics of the ejection of sodium from a c i r cu la r  pipe during the boiling 
of sodium as a function of the initial superheating, the heat flux, and the point at which the 
vapor bubble forms.  

A problem concerning invest igators  in many countr ies  is the safety of fast  reac tors .  The working 
tempera tures  of the coolant (sodium) at present  do not exceed 600~ and are  far from the saturat ion tern- 
pera tures .  However,  as the most  likely emergenc ies  we should focus on the p roces se s  associated with the 
boiling of sodium in the active zone. 

The necessa ry  r e sea rch  includes the development of mathematical  models for the boiling, an exper t -  
mental  study of the boiling of sodium in situations resembl ing  the real  apparatus in te rms  of s t ruc ture  and 
pa rame te r s ,  and the study of this p rocess  with model liquids (water, Freon,  etc.). 

The resul ts  of many experiments  with water ,  alcohol, and Freon  [1-3] show that tile boiling can take 
the form of a single bubble or  severa l  bubbles in the in ter ior  of the channel, with liquid ejected toward both 
ends. In mos t  previous experiments  the boiling was caused by art i f icial ly ar ranging a rapid p re s su re  drop 
(usually by breaking a membrane).  

In a reac to r ,  boiling of this type can begin if a channel becomes clogged and there is a rapid drop in 
the flow rate .  At a zero  flow rate and at the heat flux densit ies cha rac te r i s t i c  of fast  r eac to r s  the t e m p e r a -  
lure can r ise  at a ra te  reaching 1000~ Since the heat evolution is not uniform along the length 
of the channel, the tempera ture  reaches  a maximum at the cen te r  of the active zone. Under otherwise 
equal conditions, boiling is most  probable here ,  and the inertia of the liquid column in the channel has a 
significant effect on the bubble growth rate. 

The single-bubble model for boiling has been adopted most  frequently for calculations.  Various 
assumptions are  used. For  example, it has been assumed [4] that there is no film at the wall; in [5, 6], 
only the equation of motion was considered,  with the p re s su re  in the bubble assumed constant  and equal to 
the saturat ion p re s su re  at the wall temperature .  The most  thorough t rea tment  of the boiling problem on the 
basis of this model was reported in [7]. Here the heat t r ans fe r  f rom the repulsed liquid columns and heat 
t r ans fe r  f rom the film were  taken into account. It was assumed that uniformly distributed heat sources  
a re  acting in the liquid, at a ra te  equivalent to the heat flux f rom the wall. The heat flux f rom the wall was 
determined through a solution of the heat-conduction equation in the film. The initial t empera ture  of the 
superheated liquid was set equal to the wail temperature .  Attempts have been made to t reat  this problem 
analytically [10, 11]. 

The choice of the superheating level is ex t remely  a rb i t ra ry .  Much work has been published on 
superheating. The superheating range observed in the ease of liquid metals  is ex t remely  broad, ranging 
f rom a few degrees  to 800~ The superheating has been found qualitatively as a function of the surface 
finish, the presence  of impurit ies and dissolved gases  in the coolant,  the edge wetting angle, the flow 
velocity,  the heating method, etc. 
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Fig.  1. The m o d -  
el  channel.  

However ,  these r e s u l t s  a r e  not an adequate bas i s  for  p red ic t ing  the s u p e r -  

heat ing in an ac tua l  appara tus .  Accord ing  to the data  of [8], under the condit ions 
p reva i l i ng  in a fas t  r e a c t o r  the superhea t ing  can range up to 150~ 

We r e p o r t  he re  the r e s u l t s  of a t h e o r e t i c a l  study c a r r i e d  out to evaluate  
the influence of the in i t ia l  superhea t ing ,  the heat  flux dens i ty ,  and the posi t ion 
at  which the boi l ing begins on the c o u r s e  of the p r o c e s s .  We adopt the s imple  
r o d - e j e c t i o n  model  shown in Fig.  1. 

A long, ve r t i c a l ,  c i r c u l a r  pipe is plugged at the bottom and fi l led with 
coolant  to a c e r t a i n  level .  The upper  end of the pipe communica tes  with a f ree  
volume with a p r e s s u r e  of P = P0 = 2 ba r s .  Heat  s ou r c e s  with a specif ic  s t rength  
of qv = qs(  I I / F )  a r e  d i s t r ibu ted  uniformly throughout the coolant .  There  is  no 
heat  flux f rom the f ree  su r face  of the coolant ,  nor is  there  hea t  t r a n s f e r  at  the 
wa l l s  of the channel.  At the beginning of vapor  format ion  (the eject ion) ,  the 
coolant  t e m p e r a t u r e  is  the same at  a l l  points T o > T s. By adjust ing T o we can 
se t  the in i t i a l  superhea t ing ,  AT = T o - T s ,  at  var ious  levels .  

The vapor  phase,  which ins tantaneously  f i l l s  the en t i r e  c r o s s  sect ion of the 
channel ,  s epa r a t i n g  the liquid column into two d i s t inc t  rods ,  fo rms  at  some d i s -  
tance h f rom the f r ee  sur face .  

We t rea ted  the c a s e s  with and without a liquid f i lm at  the wal l  dur ing  the e ject ion.  Without this f i lm,  
the t he rma l  energy  expended on the fo rmat ion  of the vapor  phase w a s  suppl ied by conduction f rom the 
liquid rods .  With a f i lm,  there  was  a l so  a hea t  flux through the l a t e r a l  su r face  of the wal l  in the bubble 
zone,  expended e n t i r e l y  on evapora t ion  f rom the f i lm. The f i lm was a s sumed  in f in i t es imal ly  thin; i t  was 
a s sumed  to be at  the sa tu ra t ion  t e m p e r a t u r e ;  and it was a s sumed  to not evapora te  comple te ly  dur ing the 
e jec t ion .  The in t e r f aces  a r e  p lanar  and a t  the rmodynamic  equ i l ib r ium with the vapor  phase throughout 
the e jec t ion  p r o c e s s .  The vapor  in the bubble is  at  the sa tu ra t ion  t e m p e r a t u r e .  The upper  liquid column 
is  r epe l l ed  by the e x c e s s  p r e s s u r e  of the vapor  phase.  The m a s s  of r epe l l ed  liquid is  a s sumed  constant ;  
the i ne r t i a  of the vapor  and i ts  r e s i s t a n c e  a r e  neglected.  Under these a s sumpt ions  the motion of the liquid 
column can be d e s c r i b e d  by the one -d imens iona l  equation 

v'h ( dl )2 
7 'h dr 2d~l = P v - - P o - - y ' g h - - ~  - ~ - ]  (1) 

The in i t i a l  condi t ions a r e  

dl 
1 =  O, - O. (2) 

dr 

at  r = 0. To find the values  of Pv,  which depend on Tin,  we mus t  solve the hea t -conduct ion  equation in the 
liquid columns.  

It follows f rom the a s sumpt ion  that the t e m p e r a t u r e  in the coolant  is  in i t ia l ly  uniform and that the 
hea t  t r a n s f e r  f rom the two rods  is  s y m m e t r i c  that i t  i s  suff ic ient  to cons ide r  the one -d imens iona l  h e a t - c o n -  
duction equation for  one of the rods :  

OT k O~T + q~ (3) 
Or Ox 2 %7' 

T = T o at  r = 0. (4) 

If there  is  no liquid f i lm at  the wal l ,  the boundary condit ions fo r  the hea t -conduct ion  equation a r e  

O T  
- - = 0  at  x = h ,  
Ox (5) 

OT dl 
2k = r7" - -  at  x = 0. 

Ox dr 

If there  is  a f i lm at  the waU, only boundary condit ion (6) is  changed in Eqs. (1)-(6). This boundary 
condit ion becomes  

OT ~dl dl 
2~. + q= - -  = rT" - -  a t  x = 0, (6 ' ) 

Ox F dt 
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w h e r e  the second t e r m  on the lef t  s ide  t a k e s  into accoun t  the hea t  flux through the liquid f i lm on the wal l .  

Equa t ions  (1)-(6) can  be so lved  only by a f i n i t e - d i f f e r e n c e  method .  The  quan t i t i e s  d2 l /d~  -2 and (d/ / t iT)  2 
which  a p p e a r  in Eq. (1) a r e  w r i t t e n  in t e r m s  of  f ini te  d i f f e r e n c e s  as  fo l lows:  

dt  ~ (6t) ~ ' \~ - -~  } 6z 26t (7) 

The  r e s i s t a n c e  coe f f i c i en t  ~n c o r r e s p o n d i n g  to t ime  T n is  w r i t t e n  as  

0.316 
~'~= (l~--l,~_,&c d ) ~ " v  

(s) 

Then  the d i f f e r e n c e  equat ion  equ iva l en t  to (I) can  be w r i t t e n  as  

where a = T'h; b = 

a ( l n . l - - 2 l , ~  l ~ _ O @ b ( l , ~ - - l n _ l ) ~  f~ (&c) 2 , 

0,3167 h 
4d ( vd 1/6T) ~ ; f n =  P v -  P 0 - h g T  ' '  A l t e r n a t i v e l y ,  so lv ing  f o r / n + l ,  we  have  

l .§  = 2al~ - -  [a - -  b (/ .  - -  17,_1) ~ l,~_ i + [ .  (6~) ~ 
a- , -b ( i ,~ - - l ,~_ l )  

(9) 

In a c c o r d a n c e  with condi t ions  (2) we can  w r i t e  l 0 = 0, ~1 = 0 .  If we know the va lues  of  the funct ion fn, we 
c a n  use  Eq. (9} to find 12, 13, e tc .  

To find the va lues  of fn, which  depend on (Tin)n, we m u s t  so lve  Eq. (3) wi th  boundary  condi t ions  (5), 
(6) fo r  each  t ime  T n. We pa r t i t i on  the so lu t ion  i n t e r v a l  0 < x < h into m equa l  s u b i n t e r v a l s .  We p lace  the 
ca l cu l a t i on  poin ts  at  the c e n t e r s  of  these  i n t e r v a l s ;  i . e , ,  

& = ( i - - 2 1 ~ ) 5 x ,  i = 1 , 2  . . . . .  m. 

To w r i t e  boundary  condi t ions  (5), (6) we need the f ic t i t ious  ang le s  

l 
X 0 - -  6X a n d  X m . l  ~ h ~- ~ 6x .  

2 2 

We w r i t e  the d i f f e r e n e e  equat ion  f o r  T,  equ iva l en t  to Eq. (3), in a c c o r d a n c e  with an exp l i c i t  s c h e m e :  

T'~ +l = T'~ i le&c [Ti~_I--2T~ --  Tin+l] ~- q~ 6% ~ = 1, 2 . . . .  ,m, (10) 
(6x) z %V' 

~.n+l wi th  the help  w h e r e  Tp a r e  the t e m p e r a t u r e s  at po ints  x i at t ime  r n. We find the funct ions  T~ +1 and ~ m + l  
of bounda ry  cond i t ions  (5), (6): 

Tn+l .rn+I , _,7..+, r?" l ,~+i--I  ~ (11) m+l T~ ~-l 5x - -  = - - t ? l  ~ - - 1 1  - -  " 

2~ 6~ 

The  t e m p e r a t u r e  of  the Hquid - b u b b l e  i n t e r f a c e  is ca l cu la t ed  f r o m  

1 T~+~ (12) T?~' = ~ (T~ +~ + ). 

The  va lues  of Pv  as  a funct ion of Tin  a r e  taken  f r o m  t ab le s  f o r  P s ,  Ts .  The ca l cu l a t i on  b a s e d  on Eqs.  (10)- 
(12) is  s t ab le  under  the condi t ion  

k6~ 1 
(fix) z 2 

A c c o r d i n g  to (10)-(12) the t e m p e r a t u r e s  a r e  ca l cu l a t ed  f o r  t ime  Zn+ 1 under  the condi t ion  tha t  the funct ion 
/n+l is  a l r e a d y  known. 

Tn+l A c c o r d i n g l y ,  f o r  each  t ime  we  f i r s t  c a l c u l a t e  /n+i f r o m  Eq. (9) and then ca l cu l a t e  a l l  the - i  and 
T. n+l f r o m  Eqs.  (10)-(12). 

I n  
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Fig.  2�9 Length of the vapor  bubble,  I (m), as  a function of the 
t ime T (sec) for  AT = 40~ 1) evapora t ion  f rom a sodium f i lm at  
the wal l  is  taken into account ,  qs = 1.75 �9 106 W / m  2, h = 0.1 m; 
2) the s ame ,  qs = 1.75�9 106 W / m  2, h = 0.4 m; 3) the s a m e ,  qs 
= 0�9 W / m  2, h = 0.1; 4) no evapora t ion  f rom f i lm,  h 
= 0.4 m,  qs = 1-75"106 W / m 2 ;  5) the same ,  qs = 0 .175-106W 
/m2;  6) the s ame ,  qs = 0. 

F ig .  3. The length 1 (m) as a function of T (sec) for  AT = 10~ 
h = 0.4 m: 1) evapora t ion  f rom the sodium fi lm at  the wal l  is  
taken into account ,  qs = 1.75-106 W / m 2 ;  2) the s a m e ,  qs = 0.175 
�9 106 W / m 2 ;  3) no evapora t ion  of the sodium f i lm,  qs = 1.75- 106 
W / m 2 ;  4) the s a m e ,  qs = 0.175- 106 W / m 2 ;  5) the s ame ,  qs = 0. 

If the boundary condi t ion for  T at  x = 0 is  used in fo rm (6'), the d i f fe rence  equation for  T~ +1 is  

T~ +1 = T~ +l - -  6x r?" /r~+t-- l~ q ~ d  (1~+1 [n)6x. (13) 
2k 6w 4kF 

Calcu la t ions  we re  c a r r i e d  out fo r  hea t  flux dens i t i e s  of qs = 1.75 �9 10  6 W / m  2 and qs = 0.175�9 106 W 

/ m  2. The superhea t ing  was va r i ed  f rom 10 to 40~ and the p r e s s u r e  was a s sumed  to be P0 = 2 ba r s .  To 
evalua te  the influence of the pos i t ion  of the boi l ing point we c a r r i e d  out ca lcu la t ions  for  both h = 0.4 m and 
h =  0 . 1 m .  

The ca lcu la ted  r e s u l t s  a r e  shown in F i g s .  2 -4 .  In the ca se  in which there  is  no liquid f i lm on the 
wa l l ,  at  the hea t  f luxes typica l  of the c e n t r a l  p a r t  of a fuel e l emen t  the influence of superhea t ing  is  i m -  
por tan t  only dur ing  the in i t ia l  s tage  of the p rocess �9  The max imum bubble growth r a t e s  and p r e s s u r e  
changes  a r e  obse rved  only in the in i t ia l  s tage .  T h e r e a f t e r  the p r e s s u r e  d e c r e a s e s ,  becoming constant .  

In the ca se  with evapora t ion  f rom the f i lm,  the e jec t ion  ve loc i ty  i n c r e a s e s  sharp ly .  While at  a heat  
flux on the o r d e r  of 1.75.106 W / m  2 the evapora t ion  of a channel  0.4 m long l a s t s  0.10-0.12 sec (depending 
on the in i t i a l  superheat ing)  this  evapora t ion  occu r s  in 0�9 see if the re  is  no evapora t ion  f rom a f i lm;  i . e . ,  
i t  occur s  five t imes  f a s t e r  when evapora t ion  f r o m  a f i lm is  taken into account.  The ve loc i ty  at  which the 
l iquid i s  e jec ted  r e a c h e s  300 m / s e c .  The p r e s s u r e  r i s e s  to 50 b a r s  at  the max imum heat  flux and to 7 
b a r s  a t  a hea t  flux an o r d e r  of magni tude lower.  

To show the influence of the pos i t ion  at  which the boi l ing begins on the c o u r s e  of the p r o c e s s ,  we 
show in Fig .  2 the r e s u l t s  of one of the ca lcu la t ions  fo r  a column height  of h = 0.1 m. As expected,  the 
p r o c e s s  o c c u r r e d  m o r e  r ap id ly ,  s ince  the m a s s  of the liquid column was s m a l l e r .  
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Fig. 4. P r e s s u r e  in the vapor bubble, P (bars), as a 
function of time ~- (sec): a) AT = 40~ b) AT = 10~ 
1) with evaporation from the film, qs = 1 .75.10 ~ W 
/m2;  2) the same,  qs = 0 .175.10 ~ W / m 2 ;  3) without 
evaporat ion from the film, qs = 1.75.106 W / m  2. 

The assumption that the sodium film is retained throughout the p rocess  may appear  questionable. 
Es t imates  show that at a zero  flow rate  and at qs = 1.75 �9 106 W / m  s the sodium film thins at a rate of 0.65 
mm ;/sec. According to the experimental  data of [9], the thickness of a potassium film is 0.07-0.23 mm 
in the piston flow regime.  Assuming the same thickness for the sodium film, we conclude that its evapora -  
tion lasts  0.1-0.4 sec. The coolant is ejected f rom the channel more  rapidly. Consequently, the a s sump-  
tion that the fi[m exists  throughout the evaporation is quite reasonable.  

The calculat ions neglect the energy expended on warming the film. At p r e s s u r e s  up to 50 bars  the 
energy expended on warming the film to the corresponding T s is appreciable.  The constancy of the ejected 
mass  assumed for  the calculations leads to some increase  in the p res su re  in the bubble and to some in-  
c r ea se  in the ejection time. 

The resul ts  of these calculat ions show that the superheating of the liquid is important  only at the 
initial stage of the boiling. The ejection velocity and the p re s su re  r i se  in the bubble depend on the p r e s -  
ence of the film and on the heat flux from the wall in the film zone. 

These calculated resul ts  agree qualitatively with the data of [7], obtained on the basis  of a more  
complete  descr ipt ion of the boiling p rocess ,  but with other pa ramete r  values. This calculation model will 
be refined in accordance  with the resul ts  of planned experiments .  

N O T A T I O N  

qv is the specific volume heat evolution; 
qs is the heat flux from surface; 
II is the perimeter; 
F is the cross-sectional area; 
T is the temperature; 
T s is the saturation temperature; 
T O is the initial temperature; 
Tin is the temperature at the liquid-bubble interface; 
h is the height of ejected liquid column; 
l is the bubble length; 
"y is the density; 
r is the time; 
Pv is the p re s su re  in bubble; 
P0 is the p re s su re  in the free volume; 
g is the acce lera t ion  of gravity;  
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d 

Re 
k 
Cp 

r 
x 

pr ime 
double pr ime 

is the pipe diameter ;  
is the res i s tance  coefficient, ~ = 0.316/Re~ 
is the Reynolds number, Re = d(d/ /d~)  / v; 
Is the thermal  diffusivity; 
is the specific heat; 
Is the thermal  conductivity; 
is the specific heat  of vaporization; 
is the coordinate in the liquid, reckoned from the bubble boundary; 
,s the liquid; 
is the vapor. 
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