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INTRODUCTION 

The Doppler coefficient of reactivity is an important parameter 
in the evaluation of reactor transients. The Doppler feedback, 
associated with changes in fuel temperature when a reactor goes 
from hot zero power to hot full power, is a relatively small 
effect which is difficult to measure directly. It is usually 
derived from other measured parameters. In two recent papers*112', 
Mosteller et al. calculated the Doppler coefficients for an 
infinite lattice of slight1 idealized pressurized-water reactor 
pin cells using the MCNP-3AL Monte Carlo code with data(*) 
generated from the ENDF/B-V nuclear data library. The results 
were used as a set of numerical benchmarks to evaluate the 
accuracy of the  CELL-^(^) code, a module within the EPRI-PRESS 
package for PWR lattice analysis. 

At AECL, the WIMS-AECL*~) lattice code is often used in reactor 
physics calculations. It is of interest to compare the Doppler 
coefficients predicted by WIMS-AECL to those calculated by 
MCNP-3A. This study also serves as a numerical benchmark 
validation of WIMS-AECL. 

LATTICE DESCRIPTION 

The MCNP-3A calculations were performed for an infinite array of 
infinitely long pin cells. A three-region pin cell was used in 
the study. It consists of a circular fuel pellet region of 
0.39306 cm radius surrounded by a cladding with an outer radius 
of 0.45802 cm. The pin cell pitch is 1.26209 cm square. The gap 
between the fuel pellet and the cladding was homogenized with the 
natural zirconium cladding. 

The fuel temperatures at hot zero power and at hot full power 
were assumed to be 600 K and 900 Kt respectively. The same pin 
cell dimensions were used in the MCNP-3A calculations for the 
fuel at 600 K and at 900 K. This was confirmed in a private 
communication with R.D. Mosteller. The changes in dimensions 
were supposed to be accounted for by the changes in density of 
the fuel and the cladding. 



The cladding and moderator were assumed to be at a temperature of 
600 K. The number density of the natural zirconium cladding was 
0.0383243 atom/b.cm when the fuel was at 600 K and 0.0389087 
atom/b.cm when the fuel was at 900 K. The isotopes in the light- 
water moderator were H', B'O and 016 and their concentrations were 
0.0442326, 0.0000102133 and 0.0221163 atom/b.cm, respectively. 

Uranium oxide fuel of various enrichments and mixed-oxide fuel 
with 1 and 2 atom percent (a/o) of plutonium were used in the 
studies. The uranium oxide fuel represents fresh fuel, while the 
mixed-oxide fuel represents fuel at high exposures. The uranium 
in the uranium oxide fuel pellet was assumed to contain only u2" 
and u ~ ~ ~ .  The isotopic concentrations of the fuel are shown in 
Table 1. 

Table 1 
Isotopic Concentrations of the Fuel 

Uranium Oxide Fuel 

Enrich. Temperature Number D l  
( w t %  1 (10 0l6 u u 
0.711 600 0.0461309 0.000166078 0.0228994 
1.6 600 0.0461355 0.000373729 0.0226940 
2.4 600 0.0461397 0.000560588 0.0225093 
3.1 600 0.0461433 0.000724086 0.0223476 
3.9 600 0.0461475 0.000910933 0.0221163 

Mixed Oxide Fuel 

Number Density fatom/b.cml 
A t  600 K A t  900 k 



CALCULATIONS WITH WIMS-AECL 

The pin cell geometry was modelled in WIMS-AECL Version 90-04-18 
(Frozen), and the infinite lattice array was simulated by 
applyingreflective boundary conditions. The WIMS ENDF/B-V Data 
Library Version 89-03-29 (Frozen) was used. 

In WIMS-AECL, the spatial mesh for the neutron transport 
calculation may be specified explicitly in the input, or the 
"MESH # nIt option may be chosen. If the "MESH # nl' option is 
chosen, WIMS-AECL will calculate and assign a mesh with n mesh 
points per mean free path length in each region. If n is not 
specified, the default value of 2.5 mesh points per mean free 
path length is used. Using PERSEUS, the collision probability 
neutron transport method in WIMS-AECL, a mesh study was performed 
to see if the meshes assigned by this default option were 
adequate. Two infinite lattice cases, one with 0.711% enriched 
fuel at 600 K and the other with 3.9% enriched fuel at 900 K, 
were used. The number of mesh points selected by WIMS-AECL was 
doubled for each case and the k-infinities were calculated. The 
results, shown in Table 2, indicate that the meshes chosen by the 
default "MESH #I1 option were adequate tor these cases. This 
option was used in all subsequent calculations. 

Table 2 
Mesh Study 

Fuel Number of mesh noints in k-infinity 
Enr. f w t % )  Temp. fK) Fuel Clad Moderator 
0.711 600 2 1 4 0.66502 
0.711 600 4 2 8 0.66500 
3.9 900 3 1 4 1.22757 
3.9 900 6 2 8 1.22753 

Calculations were performed using the DSN and PERSEUS neutron 
transport methods in WIMS-AECL with the full 89-group neutron 
energy structure in the WIMS ENDF/B-V Data Library. Another set 
of PERSEUS calculations using a condensed 32-group energy 
structure, frequently used in light-water reactor studies at 
Chalk River, was also performed. The group structures are given 
in Table A 1  of the Appendix. The convergence criterion on the 
eigenvalue was set to 1.0~10"~- 

WIMS-AECL RESULTS 

Uranium Oxide Fuel 

The k-infinities computed for the cases with uranium oxide fuel 
are compared with those from MCNP-3A calculations in Table 3. 



CELL-2 results from (1) and (2) are also included, for 
comparison. 

Table 3 
Comparison of k-infinities for Uranium Oxide Fuel 

Fuel Fuel WIMS-AECL WIMS-AECL WIMS-AECL 
Enr. Temp. MCNP-3A CELL-2 DSN PERSEUS PERSEUS 
(wt%) (Kl 89 GROUPS 89 GROUPS 32 GROUPS 

The change in reactivity due to the Doppler effect for each fuel 
enrichment was calculated by: 

Reactivity change = (1/kM0 - 1/~,0)1000 ink 

where kmo and are the k-infinities when the fuel temperatures 
are 600 X and 900 K, respectively. The changes in reactivity are 
compared in Table 4 and the Doppler reactivity coefficients are 
shown in Table 5. 

Table 4 
Comparison of Reactivity Change (mk) from 600 K to 900 K 

Fuel WIMS-AECL WIMS-AECL WIMS-AECL 
Enrichment MCNP-3A CELL-2 DSN PERSEUS PERSEUS 

fwt%) 89 GROUPS 89 GROUPS 32 GROUPS 



Table 5 
Comparison of Doppler Coefficient of Reactivity (mk/K) 

Fuel 
Enrichment MCNP-3A 

rwtw 
0.711 -0.054+0.008 
1.6 -0.036 + 0.003 
2.4 -0.027 + 0.003 
3.1 -0.026 + 0.002 
3.9 -0.024 + 0.002 

WIMS-AECL WIMS-AECL WIMS-AECL 
CELL-2 DSN PERSEUS PERSEUS 

89 GROUPS 89 GROUPS 32 GROUPS 
-0.056 -0.058 -0.059 -0.059 
-0.036 -0.036 -0.036 -0.036 
-0.030 -0.029 -0.030 -0.029 
-0.027 -0.027 -0.026 -0.026 
-0.024 -0.025 -0.025 -0.025 

Mixed Oxide Fuel 

The corresponding results for the mixed oxide fuel are shown in 
Tables 6, 7 and 8, respectively. 

Table 6 
Comparison of k-infinities for Mixed-Oxide Fuel 

Pu Fuel WIMS-AECL WIMS-AECL WIMS-AECL 
Conc. Temp. MCNP-3A CELL-2 DSN PERSEUS PERSEUS 
f a b l ~  89 GROUPS 89 GROUPS 32 GROUPS 
1.0 600 0.9445 5 0.0007 0.9478 0.9409 0.9417 0.9413 

900 0.9347+0.0007 0.9366 0.9314 0.9322 0.9318 
0.9383* 

( *  Values using improved CELL-2 calculations, in which the 
scattering temperature for 016 in the fuel region was at 900 K 
instead of 600 K as in the standard CELL-2 calculations.) 

Table 7 
Comparison of Reactivity Change (ink) from 600 K to 900 K 

PU WIMS-AECL WIMS-AECL WIMS-AECL 
Conc . MCNP-3A CELL-2 DSN PERSEUS PERSEUS 
(a/o) 89 GROUPS 89 GROUPS 32 GROUPS 

( *  Values using improved CELL-2 calculations. ) 



Table 8 
Comparison of Doppler Coefficient of Reactivity (mk/K) 

PU WIMS-AECL WIMS-AECL WIMS-AECL 
cone. MCNP-3A CELL-2 DSN PERSEUS PERSEUS 

m 

fa/o) 89 GROUPS 89 GROUPS 32 GROUPS 

( *  Values using improved CELL-2 calculations.) 

MCNP-3A calculations with a million neutron histories were run by - 
Mosteller et al. for each of the fourteen cases, resulting in 
standard deviations of no more than 0.0007 in the k-infinities. 
This produced standard deviations of the order of 10 percent in - 
the Doppler coefficient of reactivity. The MCNP-3A calculations 
for each case took about 10 days on a Micro VAX-11 (about 8 hours 
on a Cray-1). 

-1 

DSN Calculations 

The k-infinities predicted by the DSN calculations in WIMS-AECL 7 

for the cases with uranium oxide fuel are within the single 
standard deviation of the MCNP-3A predictions. The Doppler 
coefficients are therefore in excellent agreement with the 
MCNP-3A results. The calculations for each case took about 11 I 
seconds on the CDC 990 mainframe computer at Chalk River 
Laboratories. 

m 

For the mixed-oxide fuel, the DSN calculations produced 
k-infinities that are less than those computed by MCNP-3A: 4 mk 
less for the 1 a/o Pu fuel and about 6 mk less for the 2 a/o Pu - 
fuel. The cancellation of these biases in calculating the 
reactivity differences produce Doppler coefficients that are in 
excellent agreement with the MCNP-3A results. The calculations 
took about 14 seconds for the 1 a/o Pu cases and about 16 seconds - 
for the 2 a/o Pu cases. 



PERSEUS Calculations 

The PERSEUS 32-group reactivity for each case is within 0.2 ink of 
the corresponding reactivity calculated using 89 groups. This 
shows that using 32 groups would be sufficient for these cases. 
The 89-group PERSEUS calculations took about 2, 3 and 5 seconds 
for the uranium oxide, the 1 a/o Pu and the 2 a/o Pu cases, 
respectively, on the CDC 990, and the 32-group PERSEUS 
calculations took about 1, 1 and 2 seconds for the corresponding 
cases. 

Compared to MCNP-3A, the PERSEUS calculations overpredict the 
k-infinities of the uranium oxide cases by about 1 mk. PERSEUS 
underpredicts the k-infinities by 3 ink for the 1 a/o Pu fuel, and 
by about 5 ink for the 2 a/o Pu fuel when compared to those 
predicted by MCNP-3A. Again, the cancellation of these biases in 
calculating the reactivity differences produces Doppler 
coefficients that are in excellent agreement with the MCNP-3A 
results. 

CONCLUSIONS 

WIMS-AECL calculations of the Doppler coefficient of reactivity 
are in excellent agreement with those predicted by MCNP-3A, and 
are within the single standard deviation associated with the MCNP 
calculations. 

The k-infinities calculated by the DSN calculations for the 
uranium oxide cases are the same as those given by MCNP-3A. For 
the mixed-oxide fuel, DSN calculations give k-infinities that are 
4 to 6 mk less than those computed by MCNP-3A. The PERSEUS 
calculations overpredict the k-infinities of the uranium oxide 
cases by about 1 ink, and underpredict the k-infinities of the 
mixed-oxide cases by 3 to 5 mk when compared to MCNP-3A results. 

It was also shown that using the PERSEUS calculation method with 
the ENDF/B-V library, the 32-group neutron energy structure with 
the "MESH #@I option is adequate for reactivity calculations of 
pin cells with fresh slightly enriched uranium oxide and light- 
water moderator. 

This study shows that the WIMS-AECL lattice code, together with 
the WIMS ENDF/B-V data library, can predict the Doppler 
coefficient of light-water reactor fuel with good accuracy. The 
results could be used in SLOWPOKE or MAPLE reactor calculations, 
and in the validation of similar calculations for other reactors 
using WIMS-AECL. 
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Appendix 

Table A 1  
89- and 32-Group Structures 

(WIMS-AECL ENDF/B-V Data Library) 




