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Relations are  derived for the mean tempera ture  difference in the center  channel and within 
the active zone of a r eac to r  with a heat c a r r i e r  whose proper t ies  are  a lmost  constant.  

It is well known that a nuclear  power reactor /const i tu tes  a heat exchanger whose basic purpose is to 
ra ise  the t empera tu re  of the heat c a r r i e r  with the heat re leased during nuclear  react ions .  As far  as nuclear  r e -  
ac tors  are concerned, howeve r, no ideas have been developed yet on how to est imate one of the fundamental prop-  
e r t i es  of any heat exchanger:  the mean tempera ture  difference.  It is thus not possible to fully analyze the various 
reac to rs  and to evaluate them comparat ively  with respect ,  for example, to the attainable compactness  or 
the degree of i r revers ib i l i ty  of the heat del ivery p rocess  in the thermodynamic cycle of nuclear  power 
apparatus .  

The well known logar i thmic-mean  law for determining the mean tempera ture  difference cannot be 
applied to r eac to r s ,  essent ial ly  because the heat generat ion does not follow a monotonic trend.  The t em-  
pera tu re  var ia t ion along the heat emitting elements  is accordir41y charac te r ized  by a boundedness (Fig. 1). 

Another charac te r i s t i c  feature of a nuclear  reac to r  as a heat exchanger with internal  heat sources  is 
the use of a single heat c a r r i e r  whose tempera ture  is ra ised by a unique p rocess  of heat t r ans fe r  f rom the 
fuel. Eliminating the intermediate t empera tu res  determined on the basis of a s t age -by-s t age  analysis  of 
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Fig. 1. Tempera tu re  var ia t ion along 
the center  channel of a nonboiling-type 
r eac to r  with a sinusoidal heat source  
distr ibution: tempera ture  of the nuclear  
fuel t0f (1), t empera tu re  of the heat 
c a r r i e r  t (2), t empera ture  difference 
At z (3), heat generat ion (4), fuel e le-  
ment in the operat ing channel (5). 

we have for the case of steady heat flow with a heat 

(1) 
(2) 

(3) 

the process ,  
c a r r i e r  whose proper t ies  are a lmost  constant:  

At_~_ tof --t = q(Rf + Rg + R,s Jr- R), 

K*~(Rf + Rg+ Rs + R) - I =  1/Rr, 

dqr= Q r= S K*At  = K * % G  
Fr 

Here ~ and At" r denote the local and the mean tempera ture  dif- 
ference along the active zone of a r eac to r ;  the conductive the r -  
mal res i s tances  of the fuel Rf, of the gap Rg, and of the shell 
Rs, as well as the convective thermal  res i s tance  of the heat 
c a r r i e r  R are  determined according to published formulas  and 
depend on the type, the shape, and the thermophysica l  p rope r -  
ties of the heat emitting elements as well as on the heat t r ans fe r  
rate;  K* and K~ are the local and the mean heat t r ans fe r  coeffi-  
cients equal to the rec iproca l  of the respect ive  total thermal  
res i s tances  of the fuel and heat c a r r i e r  sys tem.  When K* var ies  
appreciably within the active zone of a reactor~ then 

i=n 
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The c h a r a c t e r i s t i c s  of heat  genera t ion  within an act ive zone a re  usual ly  a s sumed  analogous to the neutron 
flux dis t r ibut ion,  for  the desc r ip t ion  of which one int roduces  nonuniformity fac to r s  ~z r e f e r r e d  to the height 
of the mos t  highly s t r e s s e d  operat ing channel and ~ r  r e f e r r e d  to the radius  of the act ive  zone. Then 

(4) 

Combining exp res s ions  (3) and (4), we obtain 

At ' r= - * - - "  - qinaxl~*Sz" qraax/Kr"Fz ~,, Atc~ ,.,, (5) 

In o rde r  to be specif ic ,  we will cons ider  the common case  of a cyl indr ica l  act ive zone with a r egu la r  
s y m m e t r i c a l  d is t r ibut ion  of neut ron flux: s inusoidal  along the height and according to a z e r o t h - o r d e r  Bes se l  
function of the f i r s t  kind along the radius  [1]: 

p.,----- 1,57 1 H ' )  ' -~-T/ , ( 5 ' )  

At = q,,ax s i n - ~ , /  K*. (6) 

According to (6), the t e m p e r a t u r e  d i f ference  along the height v a r i e s  sinusoidally,  f i r s t  inc reas ing  
and then dec reas ing .  In the genera l  case  this va r i a t ion  follows the actual  pa t t e rn  of heat  genera t ion along 
the opera t ing channel.  With the aid of exp res s ion  (6) and assuming  that K* = K* h = const . ,  we will d e t e r -  
mine the m a x i m u m  local  t e m p e r a t u r e  d i f ference  as follows: 

H' OAt r~ ~ z  o nzo ~ 0,5r~; z . -  , o;=  -r 2 
- (7) 

Mma x = qmaxSin "-~ 

In this way, Atma  x occu r s  approx ima te ly  at the cen te r  of the act ive zone. The Law of the Mean yields  
H 

 dP-- H= -W ez, 
6 . ( S )  

h~" Atmax a8 ,:~ ~ cos/-/' cos-~ . 

When 5 << H (the effect  of the r e f l ec to r  is negligible),  then 

A~ch5 = 0 = 2htmax/~" (8 ' )  

Consider ing  e x p r e s s i o n  (7), we have instead of (5) 

~Ch= Atmax/~z; A~='A{max[lc~tr (9) 

A t ~ = A t h l ~  r" (lo) 

H e r e  ~ch = K * / K * .  is the nonuniformity fac tor  r e f e r r e d  to the heat  t r a n s f e r  within the act ive zone. In 
r .cn  view of the impor tance  of de te rmin ing  Atma x = (t0f--t)z_ 0 5H, we will examine the following express ions :  

qraax zr n8 
t==o.sn= t' + nW COS H'  " t,=n,-6 t ' =  t ' +  2 - q r ~  , = COS -H--7; 

nW 

tz=o,5 n = t' + 0.58t = 0.5(t' + t") =7, (11) 

For  the purpose  of de te rmin ing  Atmax, the re fore ,  the t e m p e r a t u r e  of the heat  c a r r i e r  at the center  
sec t ion  of the channel can be defined as the a r i thmet ic  mean  of the t e m p e r a t u r e  at the en t rance  and the 
exi t .  It is a l so  worthwhile to note the re la t ion between Atma  x and the shel l  t e m p e r a t u r e  at the channel 
en t rance  and exit  (At' = t ~ - t , ,  At" = t ~ - t . )  as  well  as at the nhot tes t ,  sect ion at the dis tance Zref-- 

~tma~k = ~xt' + At'~ , (12) 
2 sin (~S/H') , 

mZ ref (13) atmax:=. , (t s ~,~max- t) cosec H-/-. 
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It follows f r o m  (9) and (10) that the mean  t e m p e r a t u r e  d i f fe rences  in the channel and within the active 
zone depend on the nonuniformity  of heat  genera t ion  and heat  t r ans fe r ,  consti tut ing a pa r t  of the m a x i m u m  
t e m p e r a t u r e  d i f fe rence  in the channel Atmax,  that a l e s s e r  degree  of nonuniformity,  with other  conditions 
unchanged, will i nc r ea se  the mean  t e m p e r a t u r e  di f ference,  and that the t e m p e r a t u r e  d i f ference  in a r e a c t o r  
is a lways  s m a l l e r  than the t e m p e r a t u r e  d i f fe rence  in the cen te r  channel.  With an ideal  design of both the 
neu t ron -phys ica l  and the heat  t r a n s f e r  p r o c e s s e s  in the act ive  zone of a r eac to r ,  the nonnni formi t i esvan ish  
while Pz, P-r, and Pch approach unity. Then, according  to (9 )and  (10), At- r - -A t - ch - -A t -max ,  i .e. ,  under 
ideal conditions the mean  t e m p e r a t u r e  d i f fe rences  a t ta in  the i r  m a x i m u m  poss ib le  va lues .  

In the o ther  e x t r e m e  case ,  for  an act ive ~one with 25 <<H' and 26 <<R', e spec ia l ly  in a r e a c t o r  with-  
out r e f l ec to r  (5 = 0), exp re s s ion  (5') yields  ~z = 1.57, ~ r  = 2.31, and ~v = 1.57 �9 2.31 = 3.62. Assuming  that 
~eh = 1, for  s impl ic i ty ,  we find the m i n i m um poss ib le  mean t e m p e r a t u r e  d i f fe rences :  

' ~ : h . m l u  = 0"637~f./~max, ~r.ralri= 0.273~m~ x. 
t 

The resu l t  for  Atch,min is identical  to exp res s ion  (8'). General ly ,  

0.637< Atch/Atmax~ 1; 0.237 < ~r/htmax< 1" (14) 

Inequali t ies  (14) indicate the avai labi l i ty  of l a rge  marg in s  for  increas ing  the mean  t e m p e r a t u r e  d i f ference  
(and, consequently,  improving  the compac tness )  in nuc lear  r e a c t o r s  by bringing At r c lo se r  to Atma x. In- 
a smuch  as the ra t io  of these two quantit ies has  been es tab l i shed  as a m e a s u r e  of the nonuniformity of heat  
genera t ion  and heat  t r a n s f e r  within the act ive  zone of a r e ac to r ,  it becomes  obvious that any means  of r e -  
ducing the nonuniformit ies  will be effect ive in ra i s ing  the ut i l izat ion of the m a x i m u m  avai lable  t e m p e r a t u r e  
d i f fe rence .  

An ana lys i s  of the neut ron  flux dis t r ibut ion in a non-monogroup approx imat ion  makes  it poss ib le  to 
both account for  the effect  of a r e f l ec to r  and e s t ima te  the nonuniformity fac tor  ~-r m o r e  accura te ly  than ac -  
cording to fo rmula  (5'), while thus ref ining the lower  l imit  of inequali ty (14). The re  a re  a lso  methods 
known for  es t imat ing  the nonuniformit ies  in r e a c t o r s  with nonhomogeneous act ive zones .  

With an a r b i t r a r y  heat  sou rce  dis t r ibut ion,  which can be es tabl i shed by such conventional  methods as 
neu t ron-phys ica l  or  hydraul ic  profil ing,  or t r anspos i t ion  of regulat ing and compensa t ing  rods,  o r  burnout 
of fuel, etc. ,  subsequent  calculat ions a re  p e r f o r m e d  a f t e r  the heat  source  curve  has  been subdivided into 
equal  s egmen t s .  

In this case  we have for  the middle of each segment  

and for  the en t i re  channel (n segments} 

i=1 

(16) 

In the des ign for  ra ted opera t ing conditions one d i s r e g a r d s  the superhea t  f ac to r s .  In o rde r  to e s t ima te  the 
mos t  s e v e r e  opera t ing modes,  one introduces coeff icients  which account  for  the unfavorable  depa r tu re  f r o m  
the ra ted  heat genera t ion  (mq) and for  the re l iabi l i ty  of the des ign K~(mch ). Instead of (15) and (16), then, 
we have 

f~rt 

i ~ l  - -  i=1 

A c o m p a r i s o n  of t s , m a  x and tf, ma  x with the i r  allowable values  will indicate whether  the values  obtained for  
Ati, z a re  val id .  It is a lso useful  to know Ati, z for  es t imat ing  the range where  local  su r face  boiling of a 
liquid or  an organic  heat  c a r r i e r  may  occur .  

t~f 
t 
H', H 
5 

NOTATION 

is the t e m p e r a t u r e  of nuc lear  fuel at the axis of the element ,  ~ ; 
is the t e m p e r a t u r e  of heat  c a r r i e r ,  ~ 
is the effect ive and actual  height of act ive zone, m; 
is the effect ive extension, m; 
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q 

qmax 
K* 
,~t 
F 
# 

is the instantaneous t h e r m a l  flux density,  W/m2;  
is the mean  t h e r m a l  flux density,  W/m2;  
is the m a x i m u m  t h e r m a l  flux density,  W/m2;  
is the coeff icient  of heat  t r a n s f e r  f r o m  fuel to heat  c a r r i e r ,  W / m  2 �9 ~ ; 
is the t e m p e r a t u r e  di f ference,  ~ 
is  the outside sur face  of shell ,  m2; 
is the nonuniformity fac tor ,  

S u b s c r i p t s  

eh r e f e r s  to channel;  
r r e f e r s  to r~ac to r .  

S u p e r s c r i p t s  

, r e f e r s  to p a r a m e t e r  values  at the channel en t rance ;  
" r e f e r s  to p a r a m e t e r  va lues  at  the channel exit ;  
- denotes  averag ing .  
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