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EFFECT OF A COOLANT TEMPERATURE 

JUMP ON A CLAD FUEL ROD 

E. Lorenzini and M. Spiga UDC 536.242 

An analyt ic  exp re s s ion  is  de r ived  fo r  the t ime  dependence of the t e m p e r a t u r e  dis t r ibut ion in 
cy l indr ica l  clad fuel e lements .  The t r ans i en t  s ta te  r e su l t s  f r o m  a jump in the coolant  t e m p e r -  
a ture .  

We a s s u m e  that  the coolant  t e m p e r a t u r e  in a nuc lear  r e a c t o r  opera t ing  in a s teady s ta te  is  ins tantaneously  
i nc rea sed  f r o m  TF to TF + AT. Such an i nc r ea se  can a r i s e  because  of leakage of c o r e  coolant,  as the r e su l t  
of an accident ,  o r  fo r  o ther  r ea sons .  It is a s s umed  that  the hea t  r e l e a s e  (in f iss ion)  r a t e  r e m a i n s  unchanged, 
and consequent ly  the t e m p e r a t u r e  of the fuel and cladding i n c r e a s e s  until a new s teady  s ta te  is reached.  The 
solution of the t r ans ien t  p r o b l e m  resu l t ing  f r o m  such a hypothet ical  accident  is impor tan t  for  two reasons .  
F i r s t ,  i t  is expedient  and n e c e s s a r y  to know a p r i o r i  whether  the t e m p e r a t u r e  of the fuel o r  cladding at  the 
end of the t r ans ien t  p r o c e s s  r eaches  dangerous  values  which imper i l  the e f fec t iveness  and safe ty  of the ope r -  
ation of the facil iW [1]. Second, it is impor tan t  to es tab l i sh  f r o m  the va r ia t ion  of t e m p e r a t u r e  with t ime 
whether  the m a t e r i a l ,  which was  a l r eady  subjected to a heat  load because  of the spat ia l  t e m p e r a t u r e  gradient ,  
expe r i ences  fu r the r  heat  loads as a consequence of the accidental  jump in t e m p e r a t u r e .  Heat  loads a r e  p a r -  
t i cu la r ly  dangerous  in a t r ans ien t  p r o c e s s .  ~ 

Thus,  the p r e s e n t  p rob l em  is  reduced  to an e m e r g e n c y  si tuat ion which can occur  in a nuc lea r  r e ac to r ,  
and i ts  solution would p e r m i t  an appropr i a t e  choice of m a t e r i a l s  and opera t ing  conditions of the faci l i ty .  We 
a s s u m e  that  the fuel e l emen t  and cladding a r e  homogeneous and i so t ropic  and have constant  phys ica l  c h a r a c -  
t e r i s t i c s .  In cy l indr ica l  coord ina tes  the heat -conduct ion equations fo r  a fuel e lement  and cladding a re ,  r e -  
spect ively ,  

:~ [-~g- + ~ a~ + - - ~  + q~co~:~b~, aF---S-' 

a~2 1 ~2 a~0~ oo, (2) 
a~ + ~  a~ +-a-~--- a Fo" 

The functions ~1 and O2 and the p a r a m e t e r s  in Eqs. (1) and (2) a r e  defined as follows: 
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O~---T,--(TFq-AT),  ~ = T e - - ( T F - I - A T ) ,  F o = e ~  R~ ' 

= r/Ri, ~ = z/Rl, qe = qoR~/K~, (3) 

Bi = hR,/K~, b = R J2 (L -}- 6), Ho = Kr 

The o r ig in  of the  c y l i n d r i c a l  coo rd ina t e  s y s t e m  is loca ted  at  the g e o m e t r i c  c e n t e r  of the rod,  and the ~ axis  
co inc ides  with the axis  of  the rod.  

Acco rd ing  to [2, 3] the bounda ry  and ini t ia l  condi t ions  of  the p r o b l e m  have the f o r m  

00t1~ ~--- 0 at ~ = 0, (4) 

R - - - ~  ' (a) 

00t/0~ at ~ = 0, (6) 

0-----~-- 4- Bi 05 = 0 at ~ = ~o = RJRt,  (7) 

g s = 0  at ~ =  =l=~extr, (8) 

00zlO ~ = 0 at ~ = 0, (9) 

o~ o~5 (11) 
H~ - N - = - - 0 ~ -  ~ ~ = l, 

0,(~, ~, Fo)= 0,~, ~, 0), Fo = 0, (12) 

gs(~, ~, F o ) =  02(~, ~, 0), Fo = 0. (13) 

The  funct ions  ~1 (~, ~, 0) 
u sed  in [2, 3]:  

and O2 (~, ~, 0) f o r  a s t e a d y - s t a t e  p r o b l e m  a r e  e a sy  to find by  the method  

[ qo l _ h T  ' (14) 0, (~, ~, 0) = cos 13o~ Alo (~o~) + - ~  

g2 (~, ~, 0) = D cos ~o~ [CIo (~ )  + Ko (Po~)] - -  AT. (15) 

The cons tan ts  fi0, C, D, and A a r e  g iven by Eqs.  ( 27 ) - (30 ) .  The solut ion of  Eqs.  (1) and (2) is g iven 
by the s u m  of  two funct ions  

6, = 01+ 0~ , (16) 

65 = 05 + 0 : ,  (:7) 

w h e r e  01 and 02 a r e  so lu t ions  of Eqs.  (1) and (2) fo r  the s teady  s ta te  (T F + A T  is the coolant  t e m p e r a t u r e ) ;  
0* and 0* a r e  so lu t ions  of the homogeneous  d i f f e ren t i a l  equa t ions  c o r r e s p o n d i n g  to Eqs .  (1) and (2 ) .  The 
un iqueness  of the so lu t ions  0"l and 02 is p roved  in [41. 

The funct ions  01 and 02 d e s c r i b e  the t e m p e r a t u r e  d i s t r ibu t ion  in the rod  at  the end of the t r a n s i e n t  p r o -  
c e s s  

0t(~, ~) = 0t(~, ~, co) and02(~, ~)=0z(~,  ~, oo) 

and sa t i s fy  the s a m e  boundary  condi t ions  as  the funct ions  OLand  O2; t he i r  analyt ic  e x p r e s s i o n s  a r e  g iven in 
[2] and [3]. They  d i f f e r  f r o m  the funct ions  O1(~, ~, 0) and 02(~ , ~, 0) only in the p r e s e n c e  of AT. 

Le t  us now d e t e r m i n e  the funct ions  0~ and 0* 2, which a r e  the solut ions  of  the fol lowing s y s t e m  of homo-  
geneous  d i f f e r en t i a l  equat ions :  

~, V0'e; , 0o; 020; ] 0e; 
~, I - N  ~- + ~ o~ ~ - -8 W J  = 0 F o '  (18) 

o~0; 1 a0; o~0; o0; 
0~ 2 -~ ~ 0~ - ~ - ~ =  0Fo " (19) 

Ident ica l  bounda ry  condi t ions  a r e  i m p o s e d  on the funct ions  0~, 02* and 01, 02. The in i t ia l  condi t ions  fo r  0* and 
07 have the f o r m  
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It is c lear  that the solutions 0~ and 0~ 

The solutions of  Eqs. (18) 
we have 

0 j - - - - A T  for F o = 0 ,  (20) 

0~=- -AT for F o = 0 .  (21) 

do not depend on the sou rce  q0. 

and (19) can be found by the method of separat ion of var iables .  As a result ,  

i " 
.0, = Amn cos [~.~Jo ([~m~) exp [--(Ix2 m + [$~) Fo]. (22) 

~ 0  m ~ !  

0; = i ~ B,nn cos[~,~ [CmJo (Fm~) + Y0 ([~m~)] exp [-- (~2 m + [3]) Fo]. (23) 
n ~ 0  m ~ l  

We determine the constants Cm and #m from Eqs. (7), (10), and (11), and fin f rom Eqs. (5) and (8). 
The determinat ion of the constants Amn and Bran requi res  using (10), (11), (20), and (21), the orthogonality 
and comple teness  p roper t i e s  of a set  of t r igonometr ic  functions [5] in the domain [ - gextr, gextr ] , and o r -  
thogonality of an appropria te  l inear  combination of Besse l  functions [4]. The complete solution has the form 

[ ~ = 
+ qo ] cos [$o~ -F ~ Z Am= cos 13,~S o (l~mD exp [-- (1~2~ + [~) Fo], (24) 

O, = Dcos[~,~CI,([~o[)+ Ko ([~0~) -b i ~ BCOS~n~CmJo([Xm[) + Yo ("m~)exp [-- (F: + [~:)Fo]. (25) 
n = 0  m=l 

The eigenvalues /.tm are  solutions of the equation 

[(1~o - - 1 )  J~ (F)Jo (t~)Bi Yo r PY~ 'F[o)+ Bi Jo (p~o)- pJ~ (P~o, Ji (P) YoO x) 

S~_ (F) V, (~) ] / [Bi So (P~o) - -  I ~J, (P~0)] ---- O. (26) 
/-/0 ] / 

The values of the coefficients  in Eqs. (24) and (25) are:  

A ~ qo 
(~b) 2 

~n= ( 2 n + l )  ~ forn = 0 ,  I, 2, 3 . . . . .  (27) 
2~xtr 

C = goK, ([~,[o) - -  Bi Ko t[~o[o) (28) 
gol, (l~o~o) + Bi Io (go[o) ' 

D = AIr ([~o) Ho (29) 
C11 ([go) - -  Kt ([~o) ' 

cI, (go) - -  K, (go) (30) 
[C/o (go) + Ko ([~o)l Ho/,  (go) - - / o  (go) [C/,  (go) - -  K,  ([~o)l 

Cm = ~tmY, (~tm[O) - -  Bi Yo (~tm[o) , (31) 
Bi Jo (Fm[o) - -  ~mJi ~P~m~0) 

Gm= CmJo (~tm) + Yo (~tm) , (32) 
Jo (~m) 

1 / K~ 2 Lm = ~ ,  Kj [J~ (~,,,) -{- 32o (Fm)] + ~ ~0 [(CmJ, (l~m~o) -t- Y, (Fm~o)) 2 ,-i- (CmJo (Fm~o) + Yo (IXm~o)) 2] - -  

K~ } (33) G2 m [(CmJ~ ([Xm) + Y, (~tm)) 2 + (C~Jo (~tm) + Yo (~tm)) 21 , 

2AT f--1)" t\/( ~mCm ~. -~mCm [~ ([tm[O) "j-- Kc [~,oy t ([.tm[0)_ Yi (I/m)] ,/" Am.= K~-- go / J' (~"~ + Ko 
~ragn~extrLm Gm 

To desc r ibe  and analyze the resu l t s  obtained we presen t  t empera tu re  prof i les  in a cylindrical  clad fuel rod 
(Figs. 1-4). The prof i les  were  calculated by using Eqs. (24) and (25) with the following values of the pa rame-  
ters :  Bi = 1, 5; H 0 = 0.2, 0.5; cr 2 = 0.068, 0.135, 0.270 cm2/sec for  q0 = 600~ t0 = 100, b = 0.0045, ~0 = 1.1, 
AT = 60~ 

For  g r e a t e r  c lar i ty  the t ime in seconds ra the r  than the Fo number  was chosen as the independent var i -  
able. The time in t e rms  of the Fo number  is given by the relat ion Fo  = 0.541t for H 0 = 0.2 (Figs. 1, 2, 4), 
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Fo = 0 .216t  for  H 0 = 0.5 (F ig .  2b) ,  Fo = 4 a 2 t  (F ig .  3 ) .  

It follows f rom Fig. la, b that the values of the s teady-s ta te  t empera tu re  (at t = 0 and t = ~) increase  
with a dec rease  in the Blot number.  In addition, for large  values of the Blot number  the tempera ture  reaches  
a steady state more  quickly (t = ~ ) .  Phys ica l ly  this can be explained by the fact  that if the removal  of heat 
f rom the wall is equal to the inflow of heat to the wall, then with an increase  in the hea t - t r ans fe r  coefficient 
{i.e., with an increase  in the Blot number)  the t empera tu re  difference between the cladding and coolant is de-  
c reased ,  and consequently the cladding tempera tu re  is decreased.  

As a resul t  the t empera tu re  of the fuel e lement  reaches  lower values.  Similarly,  for a dec rease  in 
the thermal  conductivity of the cladding (i.e., with an increase  in the Biot number)  when the l inear power of 
the fuel element,  the external  t empera ture  of the cladding, and the hea t - t r ans fe r  coefficient remain  constant, 
the ra te  of r i se  of t empera ture  between the end sur faces  of the cladding increases .  Consequently, as the tem-  
pe ra tu re  at the inner  surface  of the cladding increases ,  the whole tempera ture  distribution increases .  There-  
fore,  it is obvious that the Blot number  is a measure  of hea t - t r ans fe r  effectiveness.  

Thus, the higher the Biot number the lower the tempera ture  in the fuel rod, and the more  rapidly the 
t ransient  state is ended. It is found also that the tempera ture  increases  very  much more  rapidly at points 
f a r the r  f rom the fuel rod axis. This resul ts  f rom the fact  that the tempera ture  of the coolant is increased  
suddenly. The pe r tu rba t ion  of the coolant t empera ture  is propagated toward the center  of the fuel element 
with a finite velocity. 

Variations of t empera tu re  with time are  shown in Fig. 2a. It is c lear  f rom the figure that for Bi = 5 the 
t ransient  state at the outer  surface of the cladding (~ = 1.1) lasts  0.5 sec, and the tempera ture  at the rod 
axis (~ = 0) reaches  an asymptot ic  value corresponding to the steady state in 2 sec. Figure 2a also shows 
the var ia t ion of t empera tu re  with time at a cer ta in  point of the cladding in contact  with the coolant (4 = 1.1) 
for two different  values of the Blot number.  Thus, we see that the higher the Biot number  the lower the 
s teady-s ta te  tempera ture ,  but the sho r t e r  the t ransient  state. F r o m  this there follows the ve ry  interest ing 
conclusion that it is des i rable  that the Blot number have a high value in a nuclear  reac tor ,  since in this case  
the mate r ia l s  will '%vork" at lower tempera tures .  However, in an emergency  {jump in coolant temperature)  
when the t ransient  state is shor ter ,  high thermal  s t r e s se s  develop in the material .  It is c lea r  that the cladding 
exper iences  a higher s t r e ss  than the fuel element itself, since the tempera ture  in it r i ses  more  rapidly. 

Thus, it is n e c e s s a r y  to choose mater ia l s  and sys tem pa rame te r s  so as to produce a compromise  in 
which the s teady-s ta te  t empera ture  is appreciably lower than the cr i t ica l  tempera ture ,  and random thermal  
s t r e s s e s  do not impai r  the mechanical  proper t ies  of the mater ia ls .  

Figure 2b shows the time dependence of the t empera tu re  at a cer ta in  point on the rod axis (4 = 0) and at 
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Fig. 1. Tempera tu re  ~ as a function of the dimensionless  radial  
coordinate ~ at severa l  values of the t ime for Bi equal to a) 1 
and b) 5; H 0=0 .2 ,  ~ =0 .  
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Fig. 3. Temperature e as a function of  t h e d i m e n s i o n l e s s  radial 
coordinate ~ for severa l  values  of the t ime and three different 
values  of the thermal  diffusivity a 2 of the cladding (Bi = 1, tI 0 = 
0 . 2 , ~  =0:  1) t = 0 ;  2) t =  1, (~2 =0-068;  3) 1, 0.135; 4) 1, 0.27; 
5) t =oo. 

Fig. 4. Temperature ~ as a function of  the d imensionless  axial 
coordinate ~ for  severa l  values  of the t ime (Bi = 1, H 0 = 0.2, ~ = 
0) : 1) t = 0; 2) 0.5; 3) 1; 4) t - -~ .  
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a cer ta in  point on the outer surface of the cladding i~ = 1.1) for two different ra t ios  H 0 of the thermal  conduc- 
tivity of the rod to that of the cladding. It might seem that the Blot number and the rat io H 0 would affect the 
t empera tu re  distr ibution differently. Actually the s teady-s ta te  t empera ture  increases  with an increase  in H o, 
whereas  the t ransient  state is prolonged. Thus, it is n e c e s s a r y  to choose mater ia ls  which can withstand 
thermal  loads under s teady-s ta te  conditions and mechanical  loads during the t ransient  state. 

Figure  3 shows the radial  t empera tu re  distr ibution before the per turbat ion (t = 0) ,  1 sec af ter  the pe r -  
turbation occur red ,  and at the end of the t ransient  it = ~) for severa l  values of the thermal  diffusivity a 2 of 
the cladding. As was shown, the thermal  diffusivity does not affect the s teady-s ta te  t empera tu re  distribution 
(t = 0 and t = ~ ) ,  but only the t ransient  distribution. It is quite c lear  that the rate of r ise  of t empera tu re  in- 
c r ea s e s  with increas ing a2. Therefore ,  it is natural  to take a r a the r  small  value of a2 in o rder  to avoid ex- 
cess ive  thermal  overloading. 

It can definitely be stated that in problems of the type considered,  the choice of Blot number and the 
rat io H 0 should be based on a compromise  when possible without taking too high a value of the thermal  dif- 
fusivity a2 (taking account of requi rements  imposed on other units of the fac i l i ty ) .  

Figure 4 shows that the axial t empera tu re  curves  at various t imes are  congruent  with the s teady-s ta te  
curve  ( t = 0 and t = ~ ) .  This can be understood physical ly  f rom the fact  that the per turbat ion actually 
reaches  all points on a line paral le l  to the axis with the same delay time. 

The p resen t  work is a development and completion of r e sea rch  s tar ted  in [6 ]. 

The numer ica l  calculations were  pe r fo rmed  on a Cyber-76 computer  at the In terunivers i ty  Computation 
Center  of Northeast  Italy with the pe rmiss ion  of the CNR. 

N O T A T I O N  

r, z, radial  and axial coordinates:  R1, R2, radii of fueled region and rod; L, half-height of rod; 5, ex t rap-  
olation distance; q0, heat re lease  at center  of rod; h, hea t - t r ans fe r  coefficient; Kf, K c, thermal  conductivi- 
ties of fuel and cladding; o~ 1, a2, thermal  diffusivities of fuel and cladding; Tf, Tc, ~ m p e r a t u r e s  of fuel and 
cladding; TF, coolant t empera tu re  before  jump; AT, jump in coolant tempera ture ;  01, 02, t empera tures  of 

* 0* fuel and cladding according to Eq. (3); 0 t, 2, t empera tures  of fuel and cladding according to Eqs. (16) and 
(17); t, t ime; J0, J1, zero th-  and f i r s t - o r d e r  Bessel  functions of the f i r s t  kind; Y0, Y1, ze ro th -  and f i r s t - o r d e r  
Bessel  flmctions of the second kind; I 0, It, ze ro th-  and f i r s t - o r d e r  modified Bessel  functions of the f r s t  kind; 
K 0, Kt, ze ro th-  and f i r s t - o r d e r  modified Besse l  functions of the second kind; Bi, Blot number i3); Fo, Four ie r  
number  (3); ~extr, extrapolated height according to Eq. (5); tz, eigenvalue, Eq. (26); fl, eigenvalue, Eq. (27). 

1o 
2. 

3. 

4. 
5. 
6. 

L I T E R A T U R E  C I T E D  

M. M. El-Wakil,  Nuclear  Heat Transpor t ,  International Textbook Co., Scranton (1971) 
E. Lorenzini  and M. Spiga, "Distr ibuzione di t empera tu re  in una ba r re t t a  di combustibile nucleate  con 
gap e cladding, con tempera tu ra  del r e f r ige ran te  variabile,"  Tecnica Italiana, in p ress .  
E. Lorenzini ,  "Prof i l i  di t empera tu ra  in b a r r e  di combustibile nucleate  con cladding, Ingegneria ,  Nos. 7- 
8, July-August  (1975). 
M. Spiga, Graduation Thesis,  Univ. of Bologna, Dept. of Engng. (1975-76). 
C. R. Wylie, Advanced Engineering Mathematics,  McGraw-Hill ,  New York (1966). 
E. Lorenzini  and M. Spiga, "Effe t t i  di una improvvisa  var iazione di t empera tu re  del re f r igeran te  in una 
b a r r a  di combustibile nucleare  con cladding,"  Ingegneria,  in p re s s .  

311 


