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1. INTRODUCTION 

Since most of the physical processes occurring in 1/02 have a thermally activated 
component, an accurate temperature calculation is needed for their correct estimation. 
The thermal analysis in a fuel rod is governed by the heat conduction equation. One of 
the terms in this equation is the local heat generation rate whose modeling is the object of 
this paper. 

In the present versions of ELESIMIELESTRES [I-21, the radial profile of the heat 
generation rate is modeled by a three parameter correlation. Two databases exist for 
these parameters. Both were established by using the reactor physics code CE- 
HAMMER to calculate the local heat generation rate for fbel pins of various radii, 
enrichment and burnup. The original database included fuel burnups in the range 0 to 
480 MWh/kgU. The most recent database is an extension to burnups of 840 M W g U .  
There exist, however, inconsistencies between the two databases that need to be resolved. 

This motivated us to develop a new code, RAD-HEAT, whose evaluation of the local 
heat generation rate is based on a more mechanistic approach that does not rely on these 
databases. Two factors that contribute to changes in the heat generation are the thermal 

neutron flux depression due to self-shielding, and a non-uniform buildup of ~ 2 4 ~ ~ ~ .  The 

radial profile of puU9 varies with burnup and is characterized, at high bumup, by a sharp 
increase in the concentration near the surface of the pellet. This non uniform distribution 
is due to the resonance capture of epithermal neutrons by u*)? In RAD-HEAT, our 
modeling of resonance capture phenomenon is based on Wagner's work [3] which 
considers the fbel element as a pure absorber. Several input parameters, such as the cross 
sections, are evaluated with WIMS-AECL. It is intended that RAD-HEAT be 
incorporated in ELESIM/ELESTRES. 



The paper is organized as follows. In Section 2, the relative power density factors are 

defined. A model for resonance capture in u''~ is described in Section 3. In Section 4, a 
set of depletion equations and their solutions are presented. Finally, test cases are 
discussed in Section 5 .  

2. RELATIVE POWER DENSITY FACTORS 

In RAD - HEAT, the radial profile of the heat generation rate is calculated by dividing the 

fuel into a number n,, of annuli and solving, for each annulus J, the power density I f J .  

The local heat generation rate ~ ~ ( t )  in annulus J and at time t is defined as 

~ ~ ( t )  = afqf l@ier  ~: ( t )o{  for J=1, n, (2.1) 
k 

where a f  is the energy release per fission (= 200 MeV), Q- is the u~~~ fast fission 

factor (1.08), mier is the time and volume-averaged thermal neutron flux in annulus J, 

~ : ( t )  is the volume-averaged concentration of fissile nuclei k (k = 1 for u ~ ~ ~ ,  k = 2 for 

t- ~ 2 - 4 ~ ~ ' )  in annulus J and at time t, and o{ is the time and volume-averaged weighted 
fission cross section of nuclei k. The time-averaged radial distribution Qrher(r) of the 
thermal flux within the pellet is assumed to be a solution of the one dimensional diffusion 
equation. For a solid pellet 

where I. is the modified Bessel function of the first kind and of order zero, R,, is the 

radius of the pin and K is the inverse of the thermal diffusion length. The value of K is 
obtained by fitting @,,,(r) to the thermal fluxes (for various bumups) calculated with 

WIMS-AECL. The time and volume-averaged thermal flux @Aer within annulus J of the 
fuel pin is then equal to 

where qn andr,, are the inner and outer radius of annulus J. This approach can be easily 
extended to include pellets with a central hole. The volume-averaged heat generation rate 
- 

Ir* 
H(t) in the pin at time t is then equal to 



where v J  is the volume of annulus J. The relative power density factorsr J ( t )  are 
defined as 

for J=l, n,. 

In Section 5 we compare power density factors calculated by RADHEAT and with those 
calculated by ELESIMELESTRES. The fission cross sections in equation (2.1) are 
obtained through a WIMS-AECL calculation. The concentrations are the only remaining 
unknowns in equation (2.1). They can be obtained by solving a set of depletion 
equations, the formulation of which requires a model for the radial profile of the 

resonance capture rate in U 238.  

3. A MODEL FOR THE LOCAL RESONANCE CAPTURE RATES IN u~~~ 
P 

Wagner [3] gives formulas for the rate of resonance capture per unit volume at any point 
within an infinite cylindrical solid fuel pin due to a single well-resolved resonance of the 
Breit-Wigner type. An important feature of his model is that for most points within the 
fuel the radial distribution of resonance capture is expressed as a universal function 
independent of the resonance parameters. Comparisons [3] with experimental data 
published by Hellstrand [4] strongly suggest that this function could be a good 
approximation for the radial profile of the total (all resonances) capture rate. We shall 
first describe Wagner's model and then address the issue of how it is implemented in the 
code RAD-HEAT. 

Wagner's model [3] is based on the following four assumptions: 

-The fuel pellet is solid, cylindrical and of infinite length. 

-The moderator's epithennal neutron flux is homogeneous and isotropic 
with an 11E energy dependence. 

-Scattering within the fuel can be neglected, making the fuel a pure absorber. 

-The Doppler broadening of the resonance can be neglected and only resonances 
of the Breit-Wigner type need be considered. 



P 
Let RP,, denote the radius of the pellet and consider some arbitrary point Po located at a 

radial distance r < R,, from the axis of the pellet. Since the fuel is a pure absorber, 

depletion of the epithermal flux only occurs through resonance captures. The energy 
dependent epitherinal flux @ ,  at point Po is therefore given by 

where ~ ( 6 )  is the macroscopic resonance cross section at energy E and 

1 

where C, is the macroscopic cross section at resonance energy E, and T the total line 

width of the resonance. The factor S * / ~ E E ~  represents (s* is a source term) the 
epithermal angular neutron flux which enters the fuel element at some arbitrary point 

d 

Ql and whose direction is that of the vector Q, Po . D is the distance between points Ql 
and Po. dl2 is a solid angle subtended at point P, by an element of surface about point 
Q,. The total epithermal flux (at energy E) at Po is then obtained by adding (integrating 
over dfi)  the contribution fiom all points on the surface A of the cylinder (end caps are 
neglected since we are dealing with an infinite cylinder). ~ ( r ) ,  the rate of resonance 
capture per unit volume at point Po, is therefore 

When R P ,  - r >> l/CO or R,,, - r = l /Xo  , one can use the asymptotic expansion of I ,  

to simplify the evaluation of the integral in equation (3.1). For the region well within the 
fuel 

.874a z ,TS* 
W(r)  = ITO \lw f ) for ' p i l l  - ' >> '1 0 

where (3 $2) 

and F is the hypergeometric series. Note that in this case, the radial distribution function 

f ( r /~ , , )  is independent of the parameters of the resonance. It is therefore a universal 

function valid for all resonances. For Po in the vicinity of the surface one gets 

where 

1.8285 I for R,-r=l/Co 



1CI 
In this case the radial distribution is no longer independent of the parameters of the 
resonance. We conclude this outline of Wagner's results by stressing the fact that the 
results given in equations (3.2) and (3.3) are resonance capture rates due to a single 
resonance. Nevertheless, since for most points in the fuel the radial dependence of the 
resonance capture rate is expressed in terms of a universal hnction, we might expect, as 
Wagner's comparison [3] with Hellstrands's [4] experimental data suggests, the same 
radial dependence for the total capture rate. 

The strategy used in the code RAD-HEAT to model the total resonance capture rate is 
therefore as follows. The resonance dependent parameters in equations (3.2) and (3.3) are 
removed by normalization (we are only interested in ratios of resonance capture rates, see 
equation (3.4)) and by replacing C, with C , ,  which can be regarded as an average 
resonance cross section. The fuel pin is divided into three regions. Regions 1 and 3 are 
chosen so that the radial dependence of equations (3.3) and (3.2) can be applied. The 
hnctional form of region 2 is chosen so that there is a smooth transition. The total 
resonance capture rate C,, ( r )  at point Po is described by one of the following functions 

for 

20 25 
~ , ( r ) =  0.2Em[p, f ( r / R p i n ) - p 2  W * ( R ~ ~ , ,  r ) ]  for -< Rpi,z - r  5- =, =a" 

for 

where 

The model depends on the free parameter Z, which can be determined by comparing 
code predictions and experimental data (see Section 5). 

In the code RAD-HEAT, the fuel pin is divided into several annuli and the above model 
is used to calculate the volume-averaged rate of resonance captures in each annulus J and 
in the pin 



c;, = -' . cg = pin 
Jr  dr 

7 

J'r dr 
J pin 

The rate of resonance capture for the case of a pin with a hole is assumed to be identical 
to that of a pin with no hole. For each annulus the following ratio is defined for use in 
modeling the resonance capture term in the depletion equations 

J c;, A =- for J=l, n,. (3.4) c;; 

4. DEPLETION EQUATIONS 

Since the percentage of depletion of u~~~ is small, we consider its concentration as 

constant throughout burnup and denote it N 2 3 8 .  The he1 is divided into a number n,, of 
annuli and thedepletion equations are formulated and solved for each annulus 

d ~ L 9  ( 4  - - J 

dt = - ~ ; 3 2  N g t ) o i e r  + 0;38, res N 2 3 8  @ii + o;38.,her N 2 3 8 @ h e r  for J=l  , nan (4.2) 
- 

where N ~ J  ( t )  is the volume-averaged concentration for nuclei k (k=235 for u~~~ and 

k=239 for ~ 2 4 ~ ) ~ )  in annulus J a t  time 1. @$, and @:,, are respectively the time and 

volume-averaged epithermal and fast fluxes in annulus J. D ; ~ ~ , ~ ~ ~ ,  ( T ; ~ ~ , ~ ~ ~ ~  and ~ l ~ ~ , ~ ~ ~ ,  
are the time and volume-averaged weighted resonance, thermal and fast capture cross 

sections of u ~ ~ ~ .  Finally, os, and cri3, are the time and volume-averaged weighted 

absorption cross sections of u~~~ and ~ 2 4 ~ ~ ' .  

All the cross sections can be evaluated using the reactor physics code WIMS-AECL and 
the thermal flux is given by equation (2.2). What remains to be specified, in equations 
(4.1) and (4.2), are the epithermal and fast fluxes. The goal is to express them in terms 
of the thermal flux. Using the model of resonance capture described in the previous 
section and equation (3.4), 



The ratio of pin-averaged epithermal to thermal flux can then be calculated using WIMS- 
AECL 

(4-4) 
ther 

where the use of 4 instead of 4, indicates that these are fluxes calculated by the code 
WIMS-AECL. Combining (4.3) and (4.4) we get 

A similar strategy is used for the fast flux 

where 4 represents fluxes calculated using WIMS-AECL. The parameters ,O and &, 
will vary with bumup and fuel type. 

The next step consist of formulating the depletion equations in terms of local burnups 
using the following relations 

dbuJ - f f J ( t )  -- for J=l.n,,  ; 
dbu - E(t) 
--- 

dt Phe, dl Pfitei 

where pfuel is the he1 density, buJ the volume averaged burnup in annulus J, and bu 
the volume-averaged burnup in the pin. Recalling equation (2. l), and combining the 
results expressed in equations (4.9,  (4.6) and the first relation of equation (4.7), one gets 

d&5(buJ) = -1, J N , , , ( ~ u ~ )  J for J=l, n ,  (4.8) 
dbuJ 

d~2:9 (bu J ,  

= -l$V&,(bu J ,  + (1: + 1; + c) N z , s  for J=l, n,  (4.9) 
dbu 

where 



Since the coefficients 2; (i=O, 4) are functions of the local concentrations, they are 
burnup dependent. The task of solving these equations is simplified greatly if we seek 

solutions which are valid for a small local burnup increment AbuJ = bu: - bu;'. Here 

bu; and bu: are the initial and final local bumup value. If AbuJis small enough, a 

reasonable approximation is to consider the local power density to be constant during that 
burnup interval. With such an approximation, the coefficients 1; can be considered 
constants whose values are determined by the concentrations at the initial burnup value 

bu,! . Equations (4.8) and (4.9) then become first order linear differential equations 
which can be solved by standard methods 

In RAD-HEAT, for each global burnup step A% the corresponding local burnup step 

~ b u  is evaluated using the following relation 

A ~ U  .' = r ( t , ) ~ b u  for ~ = l ,  n, 

where here T J(ti),  given by equation (2.3), is the value of the power density factor in 

annulus J at the beginning of the burnup step (At = tf -ti). The result is then 

substituted on the right hand side of equation (4.10) to obtain the new concentrations. 
The process is repeated for each global burnup step. 

5. APPLICATION OF RAD-HEAT 

Before RAD-HEAT can be applied, a value for the parameter C ,  must be determined. 
This was done by fitting the total (fast, epithennal and thermal) neutron capture rate in 

4- u~~~ predicted by the code RAD-HEAT with experimental data obtained by A. Okazaki, 
D.W. Hone and D.F. Allen (unpublished data, 1959) at the ZEEP (Zero Energy 



rC* 
Experimental Pile) reactor. The total capture rate in uZ3' is modeled by the second term 
on the right hand side of equation (4.9). 

Neutron capture in u~~~ results in the formation of ~ 2 . 4 ~ ~ ~ .  The transformation of u~~~ 
into P U ~ ~ ~  is accompanied b y  x-ray emissions that can be measured. Okazaki et al. 

obtained the radial profile of neutron capture in u~~~ by measuring this activity in thin 
samples taken at various depths of ZEEP rods. The moderator in this experiment was 
heavy water. Figure 1 and Table 1 show the total capture as predicted by RAD-HEAT (a 
bumup of 0 is assumed) and as measured by Okazaki et al. for a natural uranium metal 
rod of 3.26 cm in diameter with an aluminum cladding of .l cm in thickness and a .015 
cm gap. The rod was located at the center of the core whose hexagonal lattice had a 
center-to-center spacing of 5.77 cm. The results are normalized to unity at the point 
nearest to the surface. In the column 'distance', we give the distance fiom the 
longitudinal axis of the rod. Error bars for the experimental data were not provided by 
Okazaki et al. The following value provided the best fit 

C ,  = 230 cm" . 

This value was then used to compare the power density factors (see definition in 

p Section 2) predicted by RAD HEAT with those of the existing correlation in the code 
ELESIM/ELESTRES using the initial (original) and extended databases. The case was 
that of a single uranium oxide rod of 12.15 mrn in diameter with an enrichment of .71% 
and bumup of 400 MWh/kgU. The rod was immersed in 40 .  Cross sections used in 
this calculation were those associated with the outer pins of a 37-pin CANDU bundle and 
were obtained fiom a WIMS-AECL calculation. Power density factors are shown in 
Figure 2 and Table 2 (columns 2, 3 and 4) as a function of normalized (fraction of pellet 
radius) radial position (column 1 of Table 2). In columns 5,  6 and 7 of Table 2 we give 
the percentage difference between the three sets of power density factors: RAD-HEAT 
versus the initial (Oh rad-ini) and extended (% rad-ext) databases, and the initial versus 
the extended database (% ini-ext). The code CE-HAMMER could divide the fuel pin in 
at most 10 regions, while we have been using RAD-HEAT with over a thousand mesh 
points. The effect of a coarser mesh is to average the power density over a larger 
annulus, therefore decreasing its value, especially in the vicinity of the surface where the 
variation of the resonance capture rates is the greatest. This would explain why the 
difference between the power density factors calculated by RAD_HEAT and those 
evaluated by the existing correlation in ELESIM/ELESTRES is greater near the surface 
of the he1 pin, since the correlations are based on fitting CE-HAMMER calculated 
values. 

It is important to notice that the same value of Z, has been used to model different types 

P 
of fuel (metal or oxide, different radii and burnup). Although further tests are required to 
confirm the universality of this parameter, Wagner's comparison with Hellstrand's 



experimental data [4] suggests that this might be the case. Work done by P.G. Boczar 
(private communication 1987) on resonance capture also suggests the universality of C ,  . 

6. CONCLUSION 

Presently there are two databases available to calculate the local heat generation rate 
using the code ELESIM/ELESTRES. Although both databases have been derived from 
CE-HAMMER runs, and the function used for fitting its results is the same, there are 
noticeable differences (see column 7 of Table 2) in applying the two databases. The 
source of the problem has never been thoroughly investigated (it is believed that 
differences in fitting procedures are the main cause) but a solution to this problem is 
clearly needed. This was the main motivation behind our efforts to developed a more 
mechanistic approach to the evaluation of the local heat generation rate in a fuel pin. In 
ELESIMELESTRES, the resonance capture phenomenon is not modeled explicitly. The 

benefit of explicitly calculating neutron capture rates by u~~~ gives the possibility of 
validating the code using existing experimental data on such capture rates. Further tests 
of RAD-HEAT will include comparisons with Hellstrand's experimental data [4] on 

resonance capture by u ~ ~ ~ .  
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Fig. I Relative total neutron capture rate 



extended table. 

,initial table 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Fraction of pellet radius 
Fig. 2 Radial profile of relative power density factor for a burnup of 

400 MWhIkgU 


