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ABSTRACT 

The main drawback of using lattice cell codes in the daily calculation of burnup de- 
pendent fewgroup homogenized fuel cross sections is the extensive computer effort t,hat 
it requires. Many options for speehng up this process can be considered including a re- 
duction of the number of energy groups to be treated in the successive transport solution 
required at the various burnup steps. Here, we suggest a method for generating time 
dependent fewgroup microscopic cross sections and discuss how they can be used for fuel 
depletion calculations. 

The generation of fewgroup burnup dependent cell macroscopic cross sections for core 
diffusion calculations is one of the main goal of lattice cell codes such as WIMS-AECL['] 
and  DRAGON^^]. The general calculation scheme considered for such calculations relies on 
a two step process. The transport equation is first solved for the neutron field distribution 
at  specific time steps using predetermined nuclide field distributions. The changes in 
nuclide composition between two hfferent time steps being controlled by the depletion 
equations which are solved assuming that the neutron flux distribution remains relatively 
constant during the evolution period. 

The main problem of using this method for day to day analyzes is that it involves a 
repetitive solution of the transport equation, this generally being the most time consuming 
part in a lat,tice code calculation. Many options for speeding up this process have been 
considered including a reduction of the number of energy groups or a simplification of the 
geometry to be treated in the successive transport solution required at the various burnup 
steps. The main drawback with the use of a simplified geometry is that the resulting cell 
model generally gives rise to a totally different problem. Moreover, such a simplification 
of the geometry is difficult to automatize in lattice codes which can analyze a large variety 
of different geometry. Accordingly, we will concentrate our efforts on reducing the number 
of groups used for the transport solution. 

In order to be able to condensed the multigroup microscopic cross sections, the neutron 
flux spectrum must first be known. This flux spectrum depends on burnup as well as on 
the spatial location inside the cell. The solution therefore consists in pre-calculating 
approximate multigroup neutron flux distributions that can be used for the fewgroup 
condensat ion. 
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Such an option is already automated in the code WIMS-AECL.['] The condensation 
flux is comput,ed for a simplified cell using the initial nuclide field distribution in the 
reference cell. This works very well for the cases where the number of condensed energy 
groups remains relatively large. However, when a condensation to a very small number 
of energy groups is considered, the simulation errors at the end of the burnup cycle can 
become very important. 

Here, we propose to generate time dependent fewgroup microscopic cross sections 
based on two condensation fluxes each being representative of the state of the reactor at a 
specific time step. These cross sections will then be used for the fewgroup flux calculation 
as well as in the solution of the depletion equations. We expect that the variations in 
the neutron flux spectrum resulting from burnup can be partially accounted for in the 
time dependence of the microscopic cross sections. This should result in a method which 
permits a reliable evaluation fuel isotopic contents at the end of the burnup cycle even in 
the cases where a very small number of groups is considered. 

In Section I1 of this paper paper we will discuss how the fewgroup time dependent 
microscopic cross sections can be generated. The performance of the method will be 
considered in Section 111. Finally, we will conclude. 

11. Fewgroup Time Dependent Microscopic Cross Sections 

Let us consider the t,ypical burnup calculation scheme used in most lattice codes. For 
the case where an homogeneous cell containing I isotopes of known concentration ATi(t) 
at time t is to be analyzed, the first step consists of solving the transport equation for the 
neutron flux distribution using: 

[fi - V + zg ( t ) ]  @g ( t )  = Qg ( t )  

where the macroscopic cross section C9(t) is defined as 

with c$' the multigroup microscopic cross section associated with isotope i. The term Q 9  

generally includes fission and scattering sources and is therefore also dependent on t via 
the isotopic concentrations N,. 

In order to evaluate the concentration of the various isotopes in this cell as a function 
of time, one has to solve a set of I depletion equations of the form: 

where X j  is the decay constant of isotope j :  a;, is the microscopic cross section associated 
with reaction x for isotope j, ai-i = = -1, and the constants aj,i and ,Oj+i,x for 
i # j represent the production yield of isotope i resulting from a decay (a)  or neutron 
collision ( p )  with isotope j. 



This set of coupled differential equations is generally solved over the complete burnup 
cycle represented by T using a quasi-static algorithm. Accordingly, the period T is sub- 
divided into micro time steps Atk = tk+1 - tk during which the neutxon flux @(t)  can 
be assumed to remain relatively constant. As a result Eq. (3) can be solved for hii(tk+l) 
using the flux distribution at the beginning of the time interval ( tk ) .  As we mentioned 
above, this approximation is only valid when the depletion period is relatively short,. This 
implies that the time consuming computation of instantaneous neutron flux distributions 
must be repeated at a fairly large number of micro time steps. This scheme can be accel- 
erated either by reducing the number of micro time steps or by accelerating the solution 
of the transport equation. Here we will concentrate on the second of these options. 

One of the most efficient way to speed up the instantaneous flux distribution evaluation 
is to reduce the number of energy groups treated in the transport equation. The energy 
condensation process that leads to the generabion of time dependent fewgroup microscopic 
cross sections is: 

where 

G 1 
oi ( t )  = - C 49(t)0: 

P ~ ( ~ )  ~ E G  

and each macro group G contains a varying numbers of micro groups g. 
The main problem with this scheme is that the microscopic cross sections are now 

time dependent and will be affected by the change in the flux spectrum resulting from the 
depletion process. Because of the form of Eq. (4), we might expect that the dependence 
of 0: on t is weaker than the dependence of (Ps on t. In fact, for the case where 0; 

is relatively flat in the macro group G, this dependence vanishes, and a unique set of 
condensed microscopic cross sections can be generated using the initial flux distribut,ion 
in the cell. Typically. this is the behaviour observed when the number of micro groups 
included in a macro group is relatively small. However, in the cases where the macro 
groups are composed of a large number of micro groups, this approximation is no longer 
valid. We therefore have to take into account, at least approximately, the effect of t,he 
changing flux spectrum on the cross sections. 

Here we will assume that the condensed fewgroup microscopic cross sections vary 
linearly with time for macro time steps ATx = TK+i - TK much larger than the micro 
times steps Atk required for the depletion calculation. We will therefore consider that for 
TK 5 t < TK+1 we can use the relation: 

where 



and 

The problem is still incomplete since the evaluation of of1 requires the knowledge of 
49(T'+1). However, a first approximation for the flux a t  time TK+l can be obtained by 
solving the depletion equation over a macro rather than a micro time step using the quasi- 
static approach. As a result the overall change in the flux spectrum should be partially 
accounted for in the fewgroup microscopic cross sections. 

A solution of the burnup problem can then be considered using these fewgroup time 
dependent microscopic cross sections for the smaller micro time steps. As a result the 
full group transport equation would need to be solved only for a very small number of 
large burnup steps, while most of the micro time steps will involve computing only the 
fewgroup neutron flux distributions. 

This approximation scheme was programmed in the lattice code DRAGON for the case 
where a general het.erogeneous cell is considered. The derivation of the time dependent 
fewgroup microscopic cross-section library associated with a macro time step as well as 
the use of this library to generate the macroscopic cross sections required for each micro 
time steps were automated. 

One of the main concerns about this method that can be brought forward is related 
to  perturbations calculations. The fewgroup time dependent microscopic cross sections 
should be adequate when the properties of the various materials present in the cell are 
not modified during burnup. However, when temperature perturbations are considered 
or if coolant voiding takes place in the cell, the fewgroup cross sections computed using 
the method described above may be entirely inadequate. 

This problem can be easily by-passed in DRAGON, since the computed nuclide field 
distribution at any specific time step can be used to update either the fewgroup or the 
multigroup macroscopic cross-sections. As a consequence, the effect of perturbations at 
specific micro or macro time steps can be evaluated using the full library group struct,ure 
even if the successive transport calculations leading to this point in time were preformed 
based on the fewgroup cross-section library. Another option is to derive additional few- 
group libraries for perturbed cell based on the approximate nuclide composition obtained 
for a reference cell a t  the end of each macro time step. 

111. Xumerical results 

Here we will consider the burnup of a CANDU cell for 300 days a t  a power of 31.9713 
kw/kg. The fewgroup microscopic cross sections were generated using a single macro time 
step AT = 300 days assuming that the neutron flux spectrum remains constant during 
thls period. Starting from the 69 groups Winfrith WIMS-AECL library, three different 
fewgroup time dependent microscopic cross-section libraries were generated corresponding 
to a condensation to 2, 4 and 18 groups (see Table 1 for the energy limits associated with 
the individual group in the resulting fewgroup libraries). A unique set of microscopic 
cross section was generated for each of the isotopes present in the coolant, the moderator 
and the indvidual structure materials. Similarly, we generated for each of the fuel ring 
an independent set of microscopic cross sections. 



An explicit burnup calculation over a set of 15 non-uniform micro time step (1: 5: 10: 
20, 30, 50, 70, 90, 110, 130, 150: 200, 250 and finally 300 days) was then performed using 
the resulting fewgroup time dependent libra*ries and compared to a reference calculation 
for the same micro time steps but using the original 69 group library. Note that for the 
fewgroup calculations, the depletion over the macro time step, the generation of the time 
dependent library, and the burnup over the micro time steps were performed in a single 
DRAGOK run. 

The errors on K, in mk at the various micro time steps for the 2-, 4 and 18-group 
calculations are presented in Fig. 1 for the cases where time dependent microscopic cross 
sections were considered (C( t ) )  as well a.s for the case where time independent microscopic 
cross sections were genera.ted using the initial multigroup flux distribution inside t,o core 
(C(0)). As one can see: both 18 group results are within 1.5 mk of the reference. This 
is expected since the 18 group library is such that it retains most of the feature present 
in the 69 group library. The main differences can be observed when 2 group calculations 
are considered. In the case where a condensation using only the flux spectrum at t  = 0 is 
used, the error in reactivity for this cell can reach 8 mk. However, when time dependent 
cross sections are computed using the approximation met-hod described above, the errors 
in reactivity are reduced to a maximum of 2.3 mk this being comparable to the 18 group 
calculations with constant cross sections. 

One can easily understand the reason for such impr0vernent.s in the computed reac- 
tivity by looking at Fig. 2. As we expect, the use of time dependent cross sections that 
take into account approximately the final neutron flux spectrum, results in a much better 
simulation for the ratio of the thermal to the total flux in the cell. In fact, after reaching 
a maximum of 0.5 % at mid-burnup the errors in the thermal flux decrease to less than 
0.1 % at the end of the cycle. These errors are a direct consequence of the apparition 
of Plut,onium in the core. The thermal fission cross section vC; is initially controlled by 
235U alone but, as the cell burns, the contribution from Plutonium becomes more and 
more important. In fact, the error in the cell averaged YE; increase linearly with time 
when constant microscopic cross sections are considered reaching 40 % for the 18 group 
calculation (see Fig. 3). However, when time dependent cross sections are considered: the 
maximum error observed for a 2 group calculation is less t,han 20% over the whole burnup 
range. 

Finally, looking at  Fig. 4 to Fig. 7; where the errors on the concentration of 235U, 2 3 9 P ~ :  
2 4 1 P ~  and 135Xe as a f~nct~ion of time are presented, we see that our method can follow 
the nuclide field distribution in the core quite accurately. In addition, starting with t'he 
isotopic concentration obtained using the 2-group time dependent cross sections model at* 
t  = 300 days we have evaluated the void reactivity effect at the end of the burnup cycle 
to 11.56 mk. A full 69 group burnup results in a value of 11.37 mk. 

-4s one can see, even for the 2 group calculations the errors remain relatively low. On 
the other hand, the collision probability calculation only requires 3 seconds for the 2 group 
cross sections while 80 seconds were required for the same calculation using a 69 group 
library. This gain is partially compensated by the two additional 69 group transport 
calculations which are required condensation purpose. 



IV. Conclusions 

We have shown that it is possible to generate, using a very crude approximation, time 
dependent microscopic cross sections which can be used to study the burnup of a cell 
based on fewgroup transport calculations. Here, all the calculations were performed in 
the original cell geometry. Additional studies are required to see if these calculations could 
be further simplified while still keeping the same level of accuracy by considering either a 
simpldied cell for the evaluation the condensation flux or by considering a simplified cell 
for t,he transport calculations required a t  the micro time steps. 
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Table 1: Energy limits associated with the individual group for the 2-, 4 and 18-group 
libraries. 

Library 
2-groups 
4-groups 

18-groups 

group 
1 
1 
3 
1 
3 
5 
7 
9 
11 
13 
15 
17 

Emin  

(eV) 
4 . 0 0 0 ~ 1 0 ~  
5.530~10" 
6.250x10-~ 
3.679 x lo6 
6.734x104 
4.8O5x1O1 
9 . 8 7 7 ~ 1 0 ~  
1.071x1Oo 
6 . 2 5 0 ~  10-I 
2 . 2 0 0 ~  10-I 
5 . 0 0 0 ~  lo-* 
1 . 5 0 0 ~ 1 0 - ~  

group 
2 
2 
4 
2 
4 
6 
8 
10 
12 
14 
16 
18 

E m i n  

(eV) 
0.O00x1Oo 
4 . 0 0 0 ~ 1 0 ~  
0 . 0 0 0 ~ 1 0 ~  
8 . 2 1 0 ~ 1 0 ~  
5.530x103 
2.770x101 
4 . 0 0 0 ~ 1 0 ~  
9.960 x 10-I 
3 . 5 0 0 ~  10-I 
1 . 0 0 0 ~  10-I 
3 . 0 0 0 ~  
O.OOOxlOO 

, 
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Figure 1: Error on KeR. 
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Figure 2: Relative error on the ratio of the thermal to the total flux. 
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Figure 3: Relative error on cell averaged thermal fission cross section. 



100 150 200 250 300 

Time (days) 

Figure 4: Relative error on 2 3 5 ~  concentration. 
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Figure 5: Relative error on 239 PU concentrat ion. 
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Figure 6: Relative error on 241P~ concentration. 
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Figure 7: Relative error on 13'Xe concentration. 










