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A method of determining the maximum permissible average heat toad 
at the fuel element surface in a pressurized-water reactor is proposed 
for a cosinusoidal distribution of heat release with respect to height 
and subcooling ->10" C at the channel outlet. 

A l i m i t i n g  fac to r  in the de t e rmina t i on  of the s ize  
of the core  of a p r e s s u r i z e d - w a t e r  r e a c t o r  (PWR) is 
the c r i t i c a l  heat  flux. The r e a c t o r  mus t  be so de- 
s igned that under  all  s e r v i c e  condi t ions  the hea t -  
r e l e a s e  e l emen t s  opera te  at subc r i t i c a l  hea t  loads. 
Otherwise  burnout  of the fuel e l e m e n t s  and r e a c t o r  
breakdown may ensue.  

Since the c r i t i c a l  heat  flux qcr  depends on the sub-  
cooling of the h e a t - t r a n s f e r  agent,  qcr  d e c r e a s e s  with 
i n c r e a s e  in t h e  enthalpy of the la t te r .  If d i s to r t ion  of 
the neu t ron  flux by the con t ro l s  is d i s r ega rded ,  the 
heat  r e l e a s e ,  and hence the heat  load q over  the height 
of the fuel e lement ,  in a cy l ind r i ca l  core  v a r i e s  in 
acco rdance  with a cos inuso ida l  law. Then the ma x i -  
m u m  value  of the heat  load usua l ly  occurs  at the cen-  
t e r  of the mos t  heavi ly  s t r e s s e d  fuel e lement .  In view 
of the d i f fe rence  in the laws of va r i a t i on  of the s u r -  
face heat  load and the c r i t i c a l  heat  flux over  the height  
of the channel  (Fig. 1) the ques t ion  a r i s e s :  At what 
point  is q c r  dec i s ive  in r e l a t ion  to the choice of a v e r -  
age heat  load at the fuel e l emen t  s u r f a c e ?  In the p r e -  
l i m i n a r y  s tages  of r e a c t o r  des ign  it is usua l  to p r o -  
ceed as follows. The ave rage  heat  load is d e t e r m i n e d  

f r o m  the f o r m u l a  

qav.c = qcr.out/k,, m~x kH m~• kaks.fl,  (1) 

where  

k . . . .  = q . . . .  /qav.~; ten~• ~ qn~,Jqav.z; ka = q . . . .  /qav.a. 

To e n s u r e  that  the heat  load does not  exceed the 
c o r r e s p o n d i n g  c r i t i c a l  heat  flux at any point  over  the 
height  of the fuel e l ement ,  the m a x i m u m  heat  load is 
u sua l ly  taken l e s s  than the m i n i m u m  c r i t i c a l  heat  

flux [1, 21. 
Thus,  qc r  in Eq. (1) is d e t e r m i n e d  where  the heat -  

t r a n s f e r  agent  l eaves  the fuel e lement ,  and the f ac to r s  
in the d e n o m i n a t o r  a r e  r e l a t ed  to the c e n t e r  of the 
mos t  heavi ly  s t r e s s e d  fuel e lement .  

An a n a l y s i s  of e x p r e s s i o n  (1) shows that apar t  f r o m  

the n e c e s s a r y  safe ty  fac to r  ks .f t  t he re  is a h idden 
safe ty  fac tor  leading  to a reduc t ion  in the ca lcu la ted  
ave rage  heat  load at the fuel e l e m e n t  su r face  and 
hence  to an i n c r e a s e  in the s ize  of the r eac to r .  This  
h idden f ac to r  is a consequence  of the fact  that  in (1) 
the n u m e r a t o r  and the denomina to r  a r e  d e t e r m i n e d  
for  d i f fe ren t  s ec t ions  of the fuel e l ement ,  the m i n i m u m  

c r i t i c a l  heat  flux and the m a x i m u m  su r f ace  heat  load 

being made  to coincide ,  i. e . ,  an un rea l  case  is de- 
l i b e r a t e l y  a s s u m e d  for  the PWR. 

qcr, 

, /  

ffx 
i 

Fig. i. Variation of i) critical heat flux qcr 
and 2) surface heat load q = qHmaxkakr • 
• eos(TrX/H') over height of most heavily 
stressed fuel element (the arrows show the 
direction of motion of the heat-transfer agent). 

In order to exclude the hidden safety factor, it is 
necessary to determine the average heat load at the 
point at which the safety factor ks. f is a minimum, in 
this case we get the maximum possible average heat 
load and hence the minimum reactor dimensions. 

Thus, the maximum possible average heat load at 
the fuel element surface can be determined from the 
formula, structurally analogous to (1), 

qav.c = qcr,xmin/krma• kaks.f, xmln' (2) 

where  

kHX min qH _ 
qav. 

-~-H/2 

= q~ max cos u-----7-- qH m a x  COS 

--H/2 

z~H 
--- ~ H cos ~ Xmin ZH' sin 

H - - - - r - -  " 2H' 

d X =  

In fact ,  the ra t io  of the ave rage  heat  loads d e t e r -  
mined  f rom Eqs. (2) and (1) is as follows: 

q'a v / Xrnin 
.c = ks.f i qcr x mln / qcr.out COS - -  k s.f x rain ~ 

qav.c / H' 

Since the safety f ac to r s  in (1) and (2) m u s t  take 
into account  the i n a c c u r a c y  of the s ame  des ign  f o r -  
mu l a s  (for d e t e r m i n i n g  the heat  t r a n s f e r  coeff ic ient  
and the c r i t i c a l  heat  flux) and the s ame  mechan ica l  

coef f ic ien ts ,  ks.f1 = ks . f  X rain and the l a t t e r  ra t io  
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t a k e s  the  f o r m  

�9 7~ Xmi n 
qav c _ qcr x rain / qcr.out cos 
qav.c H '  

E x p r e s s i o n  (3) is  g r e a t e r  than 1, s ince  

g X  . 
qcr xmin > qcr.out and COS ---5~, ~" .S 1. F /  

(3) 

Thus,  o t h e r  th ings  be ing  equal ,  u s ing  (2) m a k e s  
i t  p o s s i b l e  to obtain a l a r g e r  va lue  of the  des ign  a v e r -  
age s u r f a c e  hea t  load.  

In o r d e r  to u s e  (2), it  i s  f i r s t  n e c e s s a r y  to f ind  the 
poin t  at  which the sa fe ty  f a c t o r  is  a m i n i m u m .  F o r  
th is  p u r p o s e ,  i t  is  suf f ic ien t  to so lve  for  X an equa-  
t ion of the fo rm 

dksx/dX=O, (4) 

where 
ks.f qcr = X =--q-' q=k . . . .  qH~ a'~kac~ H' " 

The va lue  X = Xmin,  a t  which (4) van i shes ,  g ives  
the  r e q u i r e d  point.  Obvious ly ,  the e x t r e m e  va lue  of 
the  funct ion k s . f  in the i n t e r v a l  ( - H / 2 ,  +H/2) wi l l  be 
i ts  m i n i m u m .  

In the g e n e r a l  c a s e  the c r i t i c a l  hea t  flux depends  
on the subeoo l ing  Alp,  the p r e s s u r e  p, and the m a s s  
flow r a t e  YW of h e a t - t r a n s f e r  agent ,  as  wel l  a s  on 
the s i ze  a n d  shape  of the fuel  ' e l e m e n t  c r o s s  s ec t i on  
d, and m a y  be r e p r e s e n t e d  in the  f o r m  (1) 

qcr = const (h tp)f p h (y W) r~ d r". (5) 

Since the  m a s s  flow r a t e  and the d i a m e t e r  of the 
fuel  e l e m e n t  do no~ v a r y  oxier the  he igh t  of the l a t t e r ,  
whi le  the change  in the p r e s s u r e  of the  h e a t - t r a n s f e r  
agen t  can  be neg lec t ed ,  t he  e x p r e s s i o n  fo r  q e r  fo r  
the  fuel  e l e m e n t  s e l e c t e d  m a y  be  w r i t t e n  as  fol lows:  

qo~ = A A t~, (6) 

w h e r e  A = eons t  p f l ( y w ) f 2 d )  ~ = eons t .  
We sha l l  d e t e r m i n e  the change  in Atp  ove r  the 

he igh t  of the fuel  e l emen t .  F o r  th is  we w r i t e  the ba l -  
ance  equat ion f o r  hea t  t r a n s f e r  f r o m  the s u r f a c e  of 
the  fuel  e l e m e n t  to the  h e a t - t r a n s f e r  agent :  

qsdX = Gcdt. (7) 

Subs t i tu t ing  q = qHmaxkakrmaxCOS 7rX/H' and in-  
t e g r a t i n g  (7) f r o m  - H / 2  to X, we ge t  the change  in 
the  t e m p e r a t u r e  of the  h e a t - t r a n s f e r  agen t  o v e r  the 
he igh t  of the fuel  e l emen t :  

~ qnm~xka sHk .. . .  ( ~ nH ) 
t = / i n +  ~ ~ . ~  sin , +sin--ff~w- . (8) 

The subcoo l ing  

Atp=t~--t. (9) 

Us ing  (8) we can  w r i t e  the l a s t  equat ion in the f o r m  

qHm~xka silk . . . .  ( =X =H ) 
= = G c  sin - H 7  4- sin ~ . ( l O )  

In t roducing  the subcool ing  at  the  out le t  of the fuel 
e l e m e n t  channel ,  

A tp.ou t = t s --  lou t = t s - -  (tin + A l), 

subs t i tu t ing  fo r  the  m a x i m u m  heat  load  o v e r  the he ight  
of the  fuel  e l e m e n t  (qH max) the a v e r a g e  hea t  load  

(qav. H) 
�9 / ~ H  

qa m~x = qav H H r / 2H' sin 2H ~ (11) 

and tak ing  into account  that  At  = qav, HSHkakr  m a x /  
/ cG ,  we can  wr i t e  Eq. (10) in the f o r m  

Alp=Alp.out+ A~_~ ( l_s in  ~,, /sin nH 2H' )' (12) 

Subs t i tu t ing  (12) into (6), we ge t  the  law of v a r i a t i o n  
of the c r i t i c a l  hea t  f lux ove r  the height  of the fuel 
e l emen t ,  

At =H 
qc~- -A Alp .ou t+  - 7  1 - - s i n  s n . (13) 2H' 

Using  (13) and (11), We can wr i t e  Eq. (4) fo r  X = Xmi  n 
as  fol lows:  

d 

 :Xmin Sin -2"'Si. x 
2 \  Hi ~ �9 2H' .) 

X qav ,H = cos = 0 .  
�9 2H' 

We sha l l  in t roduce  the nota t ion  

A t (  =x~,. / 
M = A @ o u t + ~ - - .  1 - - s i n - - H ,  s i n - -  

B = 2H'sin =H / 2// '  qav, n r~ //" 

Then (14) t a k e s  the  f o r m  

-~x(AM/B / c o s  z~X~/4, ) = 0 . ,  

(14) 

2// '  ' 

(15) 

Dif fe ren t i a t i ng  (15) and mak ing  s{mpl i fy ing  t r a n s f o r m -  
a t ions ,  we ge t  

M f (siyl ~Xnlin / 7 H I c~ :Jl; Xmin H '  

--fAt / 2Msin r~H ) (16) 

Since M f >  0, fo r  (16) to be  s a t i s f i e d  it is  n e c e s s a r y  
tha t  

sin :~X~,,n / :~X,,,n / (17) cos 2 . . . .  f a t  2Msin ~H 
H' H' 2H' 

Alp = t ~ - - t i n  = E x p r e s s i o n  (17) l e a d s  to a quad ra t i c  equat ion,  
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whose solution is 

SJD. ~ Xmin 
H' 

+ l / s i n 2  stH 
- -  2H' 

Isin ~H (1 -~ + 2A tp.out 1 

( l + ~ , 2 A t p ' ~  

x I2 (1 - -  f ) l - L  (18) 

Analys i s  of the las t  express ion  fo r  Atp.ou t > 0 
shows that the plus sign in f ront  of the root  does not 
make sense,  s ince in that ease  the r ight  side becomes  
g r e a t e r  than unity. 

Keeping the minus sign in f ront  of the root, we 
find the point at which the safe ty  f ac to r  is a minimum, 

r. t 2H' ' A t ] 

~n '  AT-? 

x [ 2 ( 1 -  f)]--i I . (19) 
J 

F r o m  (19) it follows that the coordina te  of the 
point  of minimal  safe ty  f ac to r  Xmtn depends, in the 
genera l  case ,  on the height  of the fuel e lement ,  the 
r e f l ec to r  savings,  the degree  of heat ing of the hea t -  
t r a n s f e r  agent  in the m o s t  heavi ly  s t r e s s e d  fuel e le-  
ment  and the subcool ing at its outlet, as well as on 
the exponent of the subcool ing in the fo rmula  fo r  
qcr .*  All these  c h a r a c t e r i s t i c s ,  excep t  the f i r s t  two 
a r e  known. The height  of the fuel e lement  and the r e -  
f l ec to r  savings  in the s tage in quest ion a r e  not known. 
The re fo re ,  in o r d e r  to avoid succes s ive  app rox ima-  
t ions,  Eq. (19) can be rep laced  with an approx imate  
fo rmula  based  on the following cons idera t ions .  In 
m o s t  ca se s  of p rac t i ca l  in te res t  (e. g . ,  naval r e a c -  
tors)  the height  of the fuel e lements  in a PWR va r i e s  
in the range 1 - 2  m, the r e f l e c to r  savings  a re  equal 
to 0 .08 -0 .1  m. Thus, the ra t io  H / H '  l ies  in the range 
0.835 -< H / H '  -< 0.925. If we de te rmine  Xmi  n fo r  mean 
values of H / H '  and 6eft ,  i. e . ,  H /H '  = 0.88 and 6ef f = 
= 0.09 m, then (19) can be wri t ten  in the f o r m  

2a t~,.ou~) ~ -4f(1 - i )  ] • - /09 5 I 
I 

' ( 2 0 )  • 12 (1 -f) l- '  t .  
I 

*At p resen t ,  for  de te rmin ing  the c r i t i ca l  heat  f luxes 
at the p r e s s u r e  of the p r i m a r y  loop 137 �9 105-206 �9 105 
N / m  2 and subcool ings  f r o m  100 ~ to 10 ~ C widesp read  
use  is being made  of the Zenkevich-Subbot in  f o rmu la  
[3], in which f = 0.33; at subcool ings  >50 ~ C and p r e s -  
s u r e s  of 7 3 . 5 .  105-147 �9 105 N / m  2 0 r n a t s k i i  and Kichi-  

gin [4] r e c o m m e n d  f = 0.6. 

" X m ~ L 

o.1 ~ _ _ ~ = . . : . T . . . ~  ~ , 

20 O0 60 ~ t 

Fig. 2. Var ia t ion  of coord ina te  Xmin 
f o r f  -- 0.33: 1) when H / H '  = 0.86; 2) 
0.905; 3) 0.925; the continuous lines 
a r e  for  Atp.out  = 10 * C, the b roken  

lines for 25 ~ C. 

For the approximate value of Xmi n obtained from 
(20) for given Atp.ou t (not less than I0 ~ C) and At and 

selected f, we can determine the critical heat flux 
corresponding to this point and the coefficient of non- 

uniformity of heat release over the height of the fuel 

element, 

[ a[( "r ~ (21) 
qcr. X min~'A Alp.out ~ -  1 0.982 ' 

' kpsx ,~i~ ~ 1.410 cos 2.090 X,i_ (22) 

Taking the coeff ic ients  of nonuni formi ty  of heat  r e -  
lease  over  the radius  of the c o r e  and over  the fuel 
a s s e m b l y  on the bas i s  of exist ing exper ience  with the 
design of r e a c t o r s ,  de te rmining  (with al lowance fo r  
the i naccu racy  of the design fo rmu la s  f o r  the c r i t i ca l  
heat  flux, the heat  t r a n s f e r  coefficient ,  e tc . )  the 
safe ty  fac to r  f r o m  Eq. (2) and using (21), {22), we 
can f ind the m a x i m u m  pe rmi s s ib l e  ave rage  su r face  
heat  load. The value obtained differs  by no m o r e  than 
=~4% in absolute  magnitude f r o m  that computed  for  the 
exact  Xmin [(19)]. In this case  for  smal l  H /H '  the 
ca lcula ted  value will be too smal l  as c o m p a r e d  with 
the exact  computa t ion (for H / H '  = 0.835 by up to -4%),  
and fo r  l a rge  H/H '  too big (at H /H '  = 0.925 by up to 
+4%). Thus, when the ra t io  H /H '  is not known in ad-  
vance,  the max imum pe rmi s s ib l e  heat  load de te r -  
mined  f r o m  (2) with account  fo r  (20), (21), and (22) 
should be reduced  by 4%. 

It is des i rab le  to de te rmine  the inc rease  in the 
ave r age  heat  load as found f r o m  (2) in re la t ion  to that 
obtained by the usual  method [(1)]. F o r  this we turn  
to exp res s ion  (3), which we expand, bea r ing  in mind 
ma t  

qcr. 0 A t~. Xmi, [A tp.ou t + 
qcr. x rnin = a t~. 0 ~ qcr. 0 

+ ~ -  1 - - s in  sin 2tf' 

a l l , 1  

qcr.0 a t/p.out qcr.0 a t~p.ou t 
qcr.out - -  a re.0 (h t p.out + A t/2 y" 

Then we can wr i te  

q'av.c [ A t (  = X~,ir 1 
--_ Alp.out+ - ~  l - - s i n  H----r-- 

q, aV .C 
sin 2/-/' ) J  x 
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X At~.outCOS H'  / 

W h e n f  = 0 .33  X m i  n i s  c l o s e  to  0 (F ig .  2); t h e r e -  
f o r e  f o r  e s t i m a t i n g  t he  v a l u e  of t h e  r a t i o  we c a n  s e t  

X m i  n = 0. T h e n  

qav c lqav c ~ (1 4- A t/2A t ~0~:~ (23) 
�9 . ' p . o u t ~  " 

It  f o l l o w s  f r o m  (23) t h a t  t he  a v e r a g e  h e a t  l o a d  d e -  
t e r m i n e d  f r o m  (2) wi l l  e x c e e d  the  v a l u e  d e t e r m i n e d  
f r o m  (1) by an  a m o u n t  t h a t  is  g r e a t e r ,  t he  g r e a t e r  
t he  h e a t i n g  of t h e  h e a t - t r a n s f e r  a g e n t  in t he  r e a c t o r  

a n d  t h e  s m a l l e r  t h e  s u b c o o l i n g  a t  t he  fue l  e l e m e n t  

ou t l e t .  T h u s ,  f o r  A t  = 50 ~ C a n d  ZXtp.ou t = 10 ~ C i t  

w i l l  b e  r o u g h l y  50% h i g h e r ,  f o r  At  = 50 ~ C a n d  A t p . o u t  = 

-- 25 ~ C r o u g h l y  25% h i g h e r .  
In c o n c l u s i o n ,  i t  is  d e s i r a b l e  to  e x a m i n e  t he  c a s e ,  

c o m m o n  f o r  PWR,  w h e n  t he  s u b e o o l i n g  a t  t he  o u t l e t  

of the  m o s t  h e a v i l y  s t r e s s e d  fue l  e l e m e n t  i s  s e l e c t e d  

s o  t h a t  f o r  a l t  p o s s i b l e  d e v i a t i o n s  f r o m  r a t e d  o p e r a t -  

ing  c o n d i t i o n s  t he  c o n d i t i o n  A t p . o u t  >- 0 i s  s a t i s f i e d .  

T h i s  r e q u i r e m e n t  is  s a t i s f i e d  w h e n  u n d e r  d e s i g n  c o n -  

d i t i o n s  A t p . o u  t i s  (0 .3 - -0 .4 )At .  In t h i s  c a s e  (23) i s  

w r i t t e n  in t h e  f o r m  

Clav.c/qav.c ~ [1 + At/(0.6 - 0.8) At] ~ ~ 1.3. 

T h u s ,  u s i n g  (2), we g e t  a n  i n c r e a s e  in t he  c a l c u l a t e d  

a v e r a g e  s u r f a c e  h e a t  l o a d  of  ~30%.  

NOTATION 

q--heat  load at surface of fuel element;  qav.c0 qav .c-aVerag  e 
surface heat load; qc~-cr ir ical  heat flux; k -coef f i c i em of nonuni- 
fortuity of heat release; ks.f--safety factor [ks~ft-safety factor in 
Eq. (1)]; H, d, s--height, diameter,  and perimeter of fuel e lement;  
p, yw, Atp. ts, c. t-respectively, pressure, mass flowrate, subcooling, 
saturation temperature, heat capacity, and temperature of heat- 
transfer agent in primary loop; G, At-flow rate and heating of heat- 
transfer agent in most heavily stressed fuel element; dr--increase in 
temperature of heat-transfer agent on height dx; f, fl, fz, J~--ex- 
portents in the expression for qcr. Subscripts: r, H-radius aitd height 
of core: c -core ;  a - fue l  assembly; Xmin-point along fuel element 
at which ks.f is a minimum; out, in -outlet and inlet of heat-transfer 
agent; max-maximum value; 0--center of fueI element. 
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