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An examina t ion  is m a d e  of  hea t  r e m o v a l  ia  expe r imen ta l  nuclear  

reac tor  channels  in the form of a Field tube for forced and natura l  

c i rcula t ion of the hea t  car r ie r .  

In c o n t r a s t  to the  known r e f e r e n c e s  [1, 2], the  p r o b -  
l e m  is  so lved  h e r e  fo r  both  fo r ced  and n a t u r a l  c i r -  
cu la t ion  of the hea t  c a r r i e r ,  and a l so  a l lows  fo r  s u b -  
d iv i s ion  of the hea t  t r a n s f e r  s u r f a c e  into s e v e r a l  zones  
with d i f f e r en t  hea t  t r a n s f e r  coe f f i c i en t s .  
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1. Schema t i c  of f o r c e d  
c i r c u l a t i o n  s y s t e m .  

F o r c e d  c i r c u l a t i o n .  In the  i n t e rna l  c av i t y  of  length  
l ,  of a F i e l d  tube (Fig.  1) hea t  i s  g e n e r a t e d  at  a r a t e  
q. The t e m p e r a t u r e  of the hea t  c a r r i e r  a t  the in le t  is  
T. Heat  is  l o s t  a t  the  ou te r  s u r f a c e  o v e r  length  l to a 
s u r r o u n d i n g  m e d i u m  with  an a s s u m e d  cons tan t  in i t i a l  
t e m p e r a t u r e  of z e r o  d e g r e e s .  Ove r  the  whole length  
L of the  tube t h e r e  is  a hea t  c u r r e n t  t h rough  the wal l  
of the c e n t r a l  tube ,  be tween  the s t r e a m s  of hea t  
c a r r i e r .  The m a s s  f low r a t e  of hea t  c a r r i e r ,  the hea t  
t r a n s f e r  c o e f f i c i e n t s ,  and the channel  g e o m e t r y  a r e  
given.  

Wr i t i ng  the  s y s t e m  of d i f f e r e n t i a l  h e a t - b a l a n c e  
equa t ions ,  the  bounda ry  cond i t i ons ,  and the ma tch ing  
condi t ions  and so lv ing  the s y s t e m ,  we obta in  the t e m -  
p e r a t u r e  d i s t r i b u t i o n  

t=Alexps~x-f-(  ~q --A1 el lexpe2x } q(k-bfq) 
W s~ ~ ] kkl 

h = (% § A1%) exp i~1 x + (% -[- A~ %) exp 1.5 x, 

t2 = (% + A1%) x § r § A1 ,%, 

IF e l  
0 - - t  = AI~ ~ exps~x + 

W s~ 

Or-- tl = (qol -k As ~2) ~ ~ exp 1.1 x + 

+ (% + A1 cp4) g exp F2 x, 

IF 

k2 

The r o o t s  of  the c h a r a c t e r i s t i c  equa t ions  a r e  

~k / g~k ~ 
el,~ = - W -  + - V - T ~  r + ~k2 W 2 �9 

C a l c u l a t i o n  of the  cons tan t  coe f f i c i en t s  is  p e r f o r m e d  
a c c o r d i n g  to the  r e l a t i o n s  be low,  in the  o r d e r  of 
wr i t ing :  

k2 { ~ s =  ( e2 ~t2)exp(%ll_1*l11)__ (Pl - -  
1.1 - -  1.2 k ,  k2 

__ [~q~  q- q~t~kklk~(k -b kl) ] exp (--1.111) t , 

q02 
1.1 - -  1.2 ke 

s~.sl (S~kl k2b'2 ) exp(s211--1*lll) l ' 

~q exp(e~ 11-- g2 l~)-- ~a q(k-kk,)kle, exp(--1*2 tl) q- ~ 

- -  qa exp (bh It - -  bt2 11), 

% = exp (el 11-- ~xe ll) - -  

s, exp (s2 Ix - -  bt2 I1) - -  % exp (1"1 Ii - -  1.2 [1), 
82 

% = qo11.1 exp 1*r I q- %1*2 exp 1..o I, 

% = %1~1 exp 1.~ t q- %1*.a exp t,2 l, 

r. D = % exp 1.11 q- % exp 1.., 1 - -  % l, 

% = q% exp ~11 -> q~4 exp 1.21 - -  % l, 

Y -- % (L + • W/k2) -- gov As 
cps + % (k § x W/k,~) 

In the  e a s e  w h e r e  the  hea t  c a r r i e r  e n t e r s  the in -  
t e r n a l  cav i ty  ( accord ing  to the s c h e m e  of Fig ,  1), ~ = 
= - -1 ,  • = 0; fo r  the  r e v e r s e  flow d i r e c t i o n ,  ~ = 1, 
~4=1 .  

T h e r e  i s  g r e a t  i n t e r e s t  in hea t  r e m o v a l  in the  ex -  
p e r i m e n t a l  r e a c t o r  channel ,  when t h e r e  is  no hea t  
r e m o v a l  to the  s u r r o u n d i n g  m e d i u m  th rough  the  o u t e r  
wa l l  of the  F i e l d  tube, and the s ec t ion  l 1 - L  of the  
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channel  opera tes  only as a r e g e n e r a t o r  al lowing the 
t e m p e r a t u r e  at the in le t  to the working sec t ion  0 - l l  
to be i n c r e a s e d  to a de s i r ed  value for  a given channel  
in le t  t e m p e r a t u r e  T. The t e m p e r a t u r e  d i s t r ibu t ion  in 
th is  case  is 

t = T q- • qll q qk,atl (L - -  11) _!_ 
W W ~" 

+, qk~ (12 __ x~) q_ ~ q 
2W ~ ~ -  x, 

q t - - ~ = ~ - ~ -  x, tout=T4- q l l  
W 

For  the scheme  of Fig. 1 ~I = - 1 ,  ~1 = 1 ; ~ 1 = 1 ,  
~ ,  = 0 for  the r e v e r s e  flow d i rec t ion .  

Na tu ra l  c i rcu la t ion .  Let us examine  two of the mos t  
r e a l i s t i c  ca ses  of heat r emova l  by na tu r a l  c i r c u l a t i on  
in the e x p e r i m e n t a l  channel .  

1. Heat r e m o v a l  is accompl i shed  en t i r e ly  through 
the ou te r  wall  of the channel  to the su r round ing  m e -  
d ium (the scheme of Fig.  2 with l 2 = 0). 

2. Heat r e m o v a l  is accompl i shed  en t i r e ly  in  the 
ex tens ion  heat  exchanger ,  and the re  is no heat  t r a n s -  
f e r  through the ou te r  channel  wal l  to the r e a c t o r  (the 
scheme  of Fig. 2). 

The p r o b l e m  is fo rmula t ed  as follows. The channel  
is  in the fo rm of a F ie ld  tube f i l led with heat c a r r i e r .  
In the sec t ion  0 - l l  heat  is genera ted  at a ra te  q. The 
channel  geome t ry  and the scheme  of heat  r e l e a s e  to 
the m e d i u m  with an assigzled in i t i a l  t e m p e r a t u r e  of 
zero  degrees  a re  given.  Over  the whole length of the 
tube the re  is a heat  flow be tween  the ascending  and 
descending  s t r e a m s  of heat  c a r r i e r ,  through the wall  
of the cen t r a l  tube. We a r e  r e q u i r e d  to f ind the mot ive  
heat  and flow ra te  of the n a t u r a l  c i r cu l a t i on ,  and the 
t e m p e r a t u r e  d i s t r i bu t ion  along the channel .  

Fig. 
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2. Schemat ic  of n a t u r a l  
c i r cu l a t i on  sys tem.  

The temperature distribution with heat removal 
through the outer wall over length L may be written in 
the form 

[ q --F1 e~ '~  exp~x~-  q ( k 4 - k , )  
t=F~expe ,  x §  W e~ ' kkx 

t J 

WE1 - - I = F 1  ~ e x p e l x q -  

Wez ~ e x p e 2 x - - - - k ~  ' 

W~I (FlW'q ~ l - - h = - - ~ -  2 

+ ~'1) [exp bh x - -  exp (bt~ x -{- btl L -- 1~2 L)]. 

The c a r r i e r  flow r a t e s  and the heat t r a n s f e r  coeff i -  
c i en t s ,  which depend on them,  a re  as yet  unknown,  
although they a re  cons tant .  
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Fig.  3. Va r i a t i on  of r e l a t i ve  heat  
excess  as  a funct ion of the de-  
t e r m i n a n t  p a r a m e t e r s :  1) for  
a r b i t r a r y  va lues  of m and b ~ 0; 
2 a n d a )  w i t h m = l a n d b = 0 . 9 6  
and 8 .75 ,  r e spec t ive ly ;  4 and 5) 
with m ~ 0 and b = 0.96 and 8.75.  

The roots  of the equat ions  a r e  found f rom the r e -  
la t ions  g iven above,  when ~ = 1; the coeff ic ients  F1, 
~ ,  ,I,1, ,I, 2 a re  ca lcu la ted  f rom the following fo rmu la s :  

~31 k 2 exp el ll - -  exp e2 tl 
T - -  

kl ~1 exp~111 -- exp(lxl L --F2 L q- ~t~ ll) ' 

qk., exp e~ I1 - -  1 

Wkl~q exp~ll l - -exp(bt lL--~2L+p~el l )  

To = exp p,:t ls - -  bt----L exp (ptl L - -  p.,2 L q- p~_ l:J, 

F1 = (q/W e2) exp e2 tl q- q (k '-- kl)/kkl - -  ~t~-,. 

TT2 --  exp e 1 11 @ (El/e2)  exp eo 11 

The mot ive  head of the n a t u r a l  c i r c u l a t i on  in  the 
sec t ion  0 - L  is de t e rmined  by the re l a t ion  

kl ~ W We2 _, 

k 1 
X (expe2ll - -  1 ) - - ( F I ~  + ~1) ~ (explh L - -expel / i )  q- 

~x kt 
+ (F~ 'I ~ + 'rl) [exp ~ L - -  e• (~  L - -  ~t~ L + g~_ l~)]} . 

| 

The ca lcu la t ion  of heat  r e m o v a l  is  done in the fol-  
lowing o rde r .  The n a t u r a l  c i r c u l a t i on  flow ra te  is 
a s s igned ,  and we ca lcu la te  in  s u c c e s s i o n  the heat  
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t r a n s f e r  c o e f f i c i e n t s ,  the  r o o t s  of the  c h a r a c t e r i s t i c  
equa t ions ,  the  cons tan t  c o e f f i c i e n t s ,  and the mo t ive  
head  of the  n a t u r a l  c i r c u l a t i o n .  

t)' 
-t~ 20 #0 60 8a n 

Fig .  4. I n t ens i ty  of n a t u r a l  c i r c u -  
l a t ion  a s  a funct ion of the  d e t e r -  
m inan t  p a r a m e t e r s  (ml ~ 0): 
1) with m2 ~ 1; 2, 3, and  4) wi th  
m 2-~ 0 a n d b = 0 ,  0 .96 ,  a n d S .  75, 

r e s p e c t i v e l y .  

By p e r f o r m i n g  the ca l cu l a t i ons  fo r  s e v e r a l  flow 
r a t e  v a l u e s ,  we m a y  obta in  a c u r v e  of  v a r i a t i o n  of 
m o t i v e  head  as  a funct ion of f low r a t e .  By s u p e r p o s -  
ing on t h i s  g raph  the cu rve  of hyd rau l i c  l o s s e s ,  we 
ob ta in  the  d e s i r e d  va lue  of n a t u r a l  c i r c u l a t i o n  flow 
r a t e  of  the s y s t e m  be ing  e x a m i n e d  at  the  poin t  of in -  
t e r s e c t i o n  of the  c u r v e s .  

As  a b a s i s  fo r  c o n s t r u c t i n g  the g r a p h i c a l  so Iu t ion ,  
o r  a s  a f i r s t  a p p r o x i m a t i o n  in the  c a s e  of  so lu t ion  by 
the  method  of s u c c e s s i v e  a p p r o x i m a t i o n s ,  we r e c o m -  
m e n d  the u se  of a flow r a t e  va lue  c a l c u l a t e d  f r o m  the 
r e l a t i o n  

3 ~ 

G = V' qllL ~/2Ncp, 

w h e r e  N is  the  r e d u c e d  h y d r a u l i c  r e s i s t a n c e  coe f f i -  
c i en t  of  the  c i r c u i t  in the  f o r m u l a  APa = NG 2. 

In the  c a s e  of hea t  r e m o v a l  t h rough  an ex tens ion  
hea t  e x c h a n g e r  (L > l 2 > 11), the  so lu t ions  fo r  the  t e m -  
p e r a t u r e s  have the f o r m  

t = 091+ q-q- x - -  qkl x2 ' 
W 2W ~ 

t l = O ~  [ e x p i x l x - -  Ix--A-1 exp( l*~x~-g lL- -g~ .L)  1 , 
IX2 

q 
~ - - t = - -  x, 

W 

#1- -  h = ~ ~ [exp91 x - -  exp(iaz x + IXl L --  Ia: L)]. 

The  r o o t s  # t, 2 of  the c h a r a c t e r i s t i c  equat ion  a r e  
found f r o m  the  r e l a t i o n s  given above ,  with ~ = 1: 

(D~-- qllk~ 1 
IV 2 IX1 exp (p,1 L ~ ~2 L + IX~ l~) - -  exp Ih l~ 

qkfl~ qkfll (12 - -  I1) qll 
~1 = - - ~ - r +  W* - - - ~ - +  

4 (1)=[expixl/.O-- ~--Z-~ exp(9~L--bt=L+g~l~)  ] . 
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The mo t ive  head  of n a t u r a l  c i r c u l a t i o n  is  d e t e r m i n e d  
by  the equat ion 

k~ [ W 2 

q- ep~ I*_.k [exp~ti L - - exp ( l~ lL - - I~  L + ~2/*)]} . 
P.2 

The  o r d e r  of p e r f o r m i n g  the c a l c u l a t i o n s  is  s i m i l a r  
to  tha t  d e s c r i b e d  p r e v i o u s l y .  A s  a b a s i s  f o r  con -  
s t r u c t i n g  the  g raph  we choose  a flow r a t e  va lue  d e t e r -  

m i n e d  f r o m  the f o r m u l a  

6 = ~/[~ ql~ (L + t ,~- h)l/2Nc~. 

I n v e s t i g a t i o n  of  the  so lu t ions .  Without  lo s s  of gen -  
e r a l i t y ,  we sha l l  i nves t i ga t e  the so lu t ion  of the  p r o b -  
l e m  fo r  the  s c h e m e  of F ig .  1 with f o r c e d  c i r c u l a -  

t ion  of hea t  c a r r i e r  a t  va lue s  of the  p a r a m e t e r s  T = 0, 
k I = k2, l = L,  and fo r  the  s c h e m e  of F ig .  2 with 
l i n e a r  dependence  of h y d r a u l i c  r e s i s t a n c e  on flow 

r a t e  A P  a = PW and k 1 = k 2. 
F o r c e d  c i r c u l a t i o n .  A f t e r  the  n e c e s s a r y  m a t h e m a t i -  

ca l  t r a n s f o r m a t i o n s ,  we m a y  obta in  the fol lowing 
f o r m u l a  fo r  the  d i m e n s i o n l e s s  hea t ing  of the c a r r i e r  

a t  the  channe l  exi t :  

a t -  < - s  + 
abm 

Aq exp ( - -  a ix; m) -k N= exp ( - -  a IX~ m) - -  1 
+ IX,~ exp ( - -  a 1'2 ) - -  ~; exp ( - -  a IX; ) , (A) 

w h e r e  

_ _  kL kl l ~  A T =  W ~(1),  a b = - - ,  m = - -  , 
ql~ = "W- ' k L 

I x ; ~ = - 0 5 + _  V 0 2 5 + b ,  

N~ -- ~t~ - -  ~t; , ' 

N~ - ~ ;_  ~; 

The r e s u l t s  of c a l c u l a t i o n s  a c c o r d i n g  to (A) a r e  
shown in Fig .  3. A n a l y s i s  of (A) and of the  da ta  of 
Fig .  3 p e r m i t s  the  fol lowing conc lus ions  to be  drawn:  

1. The hea t  f lux to the  su r round ing  m e d i u m  b e -  
c o m e s  a p p r e c i a b l e  fo r  a >- 0 .05 ,  when a dev ia t ion  of  
the  hea t  e x c e s s  AT f r o m  unity beg ins .  The  hea t  i s  
p r a c t i c a l l y  a l l  r e m o v e d  th rough  the o u t e r  wa l l  when 

a ~ > 3 .  
2. I n c r e a s e  of the  coe f f i c i en t  of hea t  t r a n s f e r  

th rough  the i n n e r  wal l ,  o t h e r  cond i t ions  be ing  equa l ,  
r e d u c e s  the  e x c e s s  hea t  of  the c a r r i e r ,  i. e . ,  in -  
c r e a s e s  the  hea t  f lux to the  s u r r o u n d i n g  m e d i u m .  
Even  when b ~ 1 neg lec t  of hea t  t r a n s f e r  be tween  the 
a scend ing  and descend ing  s t r e a m s  of c a r r i e r  m a y  
l ead  to l a r g e  e r r o r  in c a l c u l a t e d  AT. When b = 5 - 1 0  
the e r r o r  m a y  be  100% and m o r e ,  depending on the 
va lue  of a. 
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3. Reduct ion of r e l a t ive  length of the h e a t - g e n e r a t -  
ing sect ion leads  to reduced  heat excess  and to in -  
c r e a s e d  heat  t r a n s f e r  through the ou te r  wall  when 
b >> 1; when b ~< 1 concen t r a t i on  of the heat  source  has 
p r a c t i c a l l y  no inf luence  on AT. 

Na tu ra l  c i rcu la t ion .  If we fo rm the ra t io  APh /APa ,  
equate it  to un i ty ,  and p e r f o r m  the appropr i a t e  c a l -  
cu la t ions ,  we obtain the following p a r a m e t r i c  equa-  
t ion: 

2. When the length of the heat r e m o v a l  sec t ion  is 
s m a l l ,  a ve ry  weak dependence is obse rved  be tween 
n a t u r a l  c i r c u l a t i on  flow ra te  and the ex tens ion  of the 
h e a t - g e n e r a t i n g  sou rces  and the coeff ic ient  of heat 
t r a n s f e r  through the i n t e r n a l  wall .  

3. When the h e a t - g e n e r a t i n g  sec t ion  is s m a l l  and 
the heat  r e m o v a l  sec t ion  is  long,  the p a r a m e t e r  b 
p lays  a dominan t  role .  I n c r e a s e  of b leads  to a sharp  
reduc t ion  of flow ra te  at  the s ame  va lues  of n. 

n tr/1 
_ _  .~.~ t./~/2_ - -  q- 
a ~ 2 

a'_, + (el - -  e~ ) exp [a el ( 1 - -  m2)] -- el exp [a (el - -  e~ ) (1-- m2)] + 

where  n = pk2L/ f lq l i ;  m l  = / i /L;  m2 = 12/L; ~'1,2 = 
= 0 .5  ~ ~ .  

Rela t ion  (B) d e s c r i b e s  in impl ic i t  fo rm the r e l a t i on  
be tween  n a t u r a l  c i r c u l a t i o n  flow ra te  and the hyd r a u -  
l ic ,  t h e r m a l ,  and o ther  c h a r a c t e r i s t i c s  of the sys tem.  
Ana lys i s  of (B) and of the data of Fig. 4 leads  to the 
following conc lus ions :  

1. Values  a t ta inable  in  p r a c t i c e  of the p a r a m e t e r  
l /a ,  propor t iona l  to flow ra te ,  l ie  for  n >~ 1 in the r e -  
gion l e s s  than uni ty ,  independent ly  of the va lues  of 
the o the r  p a r a m e t e r s .  

NOTATION 

q-heat generation per unit length, W/m; k, kl, kz-linear co- 
efficients of heat transfer through the relevant channels walls (see 
figures), W/m �9 degree; W = GCp, where G and Cp are flow rate of 
heat carrier, kg/sec, and its specific heat, J/kg. degree; ~, ~l, 
x, xl-dimensionless coefficients; x-coordinate, m; B-volume ex- 
pansion coefficient of heat carrier, 1/degree. 
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