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ABSTRACT

The Monte-Carlo method and a deterministic method are used to estimate the relative
perturbation in axial leakage from a lattice cell upon complete and instantaneous coolant voiding.
With a Monte-Carlo code the ratio of net current tallies at the axial boundary of the fuel channel
is calculated and compared with estimates from a two-dimensional deterministic lattice code, using
estimated axial bucklings and two different methods for calculating the diffusion coefficient. Results
are grouped into four energy bins.

INTRODUCTION

It is important to be able to accurately model each of the component mechanisms that contribute
to positive reactivity feedback induced by coolant voiding in an operating CANDU® reactor. These
mechanisms comprise a complicated mixture of spectral and spatial effects'?, thought to include a change
in neutron leakage from the core. Leakage is expected to increase upon voiding since spectrum hardening
and increased streaming both lead to larger cell diffusion coefficients. Generally, infinite-lattice cell codes
(like WIMS-AECL?), which provide these coefficients, are not designed to implicitly account for core
boundary effects and require an explicit adjustment in the form of user-supplied buckling values. In this
paper we investigate the accuracy of this methodology by comparing estimates of relative change in axial
leakage upon 100% instantaneous coolant voiding in CANDU, using WIMS-AECL and the Monte-Carlo
code MCNP-4*. Since MCNP-4 is a much more fundamental code this can be considered a benchmark
study of WIMS-AECL, within the statistical accuracy of our MCNP-4 results. The routine application of
Monte-Carlo codes to extended criticality problems such as that described here, made possible by advances
in computer hardware, is a powerful addition to the suite of analysis tools available to the reactor

physicist. Previous studies of CANDU void reactivity in both infinite and finite geometries using MCNP-
4 have been reported elsewhere®*.

¢ CANDU: CANada Deuterium Uranium. Registered Trademark.



DESCRIPTION OF WIMS-AECL AND MCNP-4

WIMS-AECL uses collision-probabilities to solve the multi-group neutron transport equation in
a two-dimensional infinite lattice (the PIJ transport option was used here). It has been developed by
AECL from a version of WIMS provided by the UKAEA in 1971. Diffusion coefficients can be
calculated using either the Benoist method”® or a simple transport calculation’, and both methods have
been used in this paper. The ENDF/B-V WIMS cross-section library was used in its full 89-group format.
MCNP-4 is a stochastic (Monte-Carlo) three-dimensional particle tracking code, used in analog neutron
transport mode with a continuous-energy cross-section library also derived from ENDF/B-V. Both codes
were run on a workstation. :

DESCRIPTION OF MODEL

The lattice cell for WIMS-AECL and MCNP-4 was a cylindrical 37-element CANDU fuel bundle
surrounded by fuel channel material and moderator with a square reflective boundary of side 28.55 cm
(see also References 5 and 6), shown in Figure 1(a). D,O coolant and moderator temperature (600 K and
300 K, respectively) corresponded to MCNP-4 library values. Fuel temperature (300 K) also corresponded
to the nominal MCNP-4 library value, to avoid concerns’ about temperature modelling.

MODERATOR
:?*‘*—“‘— 300 cm **"’—"*’*»: 25cm :
SYLLLLLLLLLLLL LS : |
/] FUELLED REGION
/

S /
reflective

PRESSURE Z-AXIS boundary ~ %

TUBE

GAP

(@) (b)
Figure 1. (a) 37-Element CANDU Lattice Cell; (b) Axial Model Used in MCNP-4

Axial CANDU geometry was modelled in MCNP-4 by six adjacent 50.0 cm fuel bundles in a
300.0 cm half-channel, terminated by a 25.0 ¢cm iron slab at one end and a reflection symmetry plane at
the other, as shown in Figure 1(b). A void region of zero importance terminated this geometry axially.
Partial currents were tallied at the plane interface between the fuelled and termination regions. Additional
calculations used unrealistic half-channel lengths of 125.0 cm and 60.0 cm in order to improve tally
statistics at this interface'®. In WIMS-AECL these varying channel lengths were reflected in energy-
independent axial bucklings derived from MCNP-4 using the method of Reference 10. These bucklings
are listed in Table 1, along with diffusion theory bare-core values® for comparison. Since the estimation
of collision probabilities in any 2-D lattice code such as WIMS-AECL includes an axial integration to
infinity, the adequacy of such a code’s radial flux calculation should decrease with shorter fuel channels.
For example, the cell diffusion length in CANDU is on the order of 20 cm and therefore one would



suspect the accuracy of a flux solution for the 60 cm half-channel case; however, the relative perturbation
in axial leakage upon voiding should be unaffected.

Table 1. Axial Bucklings Derived for WIMS-AECL (accuracy * 0.2%)
Total Cooled Voided Theoretical
Channel Case Case Value
Length (cm-2) (cm-2) (cm-2)
600 cm 2.59x10° 2.60x10° 2.74x10°
250 cm 1.39%x10* 1.38x10* 1.58x10™
120 cm 5.59x10* 5.52x10* 6.85x10*
DESCRIPTION OF METHOD

The subject of interest in this study is the accuracy of the relative change in axial leakage upon
100% instantaneous voiding,
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where L, is net surface-integrated leakage, defined by Equation (2):
f U;-J;)ds =L,-L; . )

Here S denotes the axial surface area. The surface-integrated partial currents, L*, and L7, can be
calculated directly using the direction cosine current tally option in MCNP-4, which normalizes the tallies
to one starting neutron. The statistical uncertainty in L, is reduced by 2cov(L*, , L™;), the error correlation
term associated with the partial currents, which can be extracted from MCNP-4 indirectly'®. The statistical
errors in the tallies for the two cases (cooled and voided) are assumed to be uncorrelated.

In WIMS-AECL leakage is treated by a user-supplied geometric buckling. Two-dimensional
collision probabilities integrated to infinity in the axial direction account for an average over the third
dimension, so that axial leakage can be estimated using classical diffusion theory (assurnmg D, is
independent of z),

-[ D,V*¢dv - VD,B}§ . (3)

The cell-averaged neutron flux, $ was normalized to a unit source in accordance with the normalization



in MCNP-4. The axial diffusion coefficient, D,, was calculated with and without the Benoist method
selected (the code default is a simple transport calculation). Note that the bucklings listed in Table 1 are
virtually independent of voiding, and therefore the ratio in Equation (1) is affected mainly by the change
in cell diffusion coefficient and flux.

RESULTS AND DISCUSSION

After 24 million neutron histories (24 Mh) the MCNP-4 values of k., and k,, (using the correlated
value from three different estimates®) converged to the values in Table 2, compared there with the
corresponding WIMS-AECL results. Despite an overall discrepancy of 5 mk (0.5%) in criticality between
the two codes (thought to be related to differences in temperature treatment), there is excellent agreement
in the predictions of void reactivity (Ak,, or Ak,), including the WIMS-AECL case without the Benoist
option. The presence of a constant 5 mk discrepancy between the two codes in both the k., and k,
calculations demonstrates that the overestimation by the lattice code is not due to the finite axial geometry.

Table 2. Comparison of Criticality and Void Reactivity Between MCNP-4 and
WIMS-AECL for 600 cm Fuel Channel

WIMS-AECL MCNP-4 (emror = o)
keﬁ‘ kaﬂ
with without K, Kot K.
Benoist Benoist
cooled 11223 | 11227 | 11328 | ] '101025: . '10%%‘:
voided 11441 | 11449 | 11585 | ] ‘10%%53 ] '10%%?;
void reactivity 22.0 21.9
k. oraiy || 218mk | 222mk | 227mk | FD | LTS

The relative changes in axial leakage upon voiding, calculated with MCNP-4 (24 Mh) and WIMS-
AECL using Equations (2) and (3), respectively, are given in Table 3 for four energy bins. Although
similar energy bins were used for both codes, the respective cross-section libraries do have different low-
energy and high-energy cut-off points: 2 x 10? eV to 10 MeV for WIMS-AECL, and 107 eV to 20 MeV
for MCNP-4. This is not significant since about 0.1% of the net current has energy below the WIMS-
AECL low-energy cut-off point (estimated from an auxiliary MCNP-4 run) and about 0.1% of the fission
spectrum’ is above the WIMS-AECL high-energy cut-off point.

Both codes calculate a slight decrease in thermal group axial leakage upon voiding, alon;g with
increases of approximately 10% and 30% in the resonance and fast groups, respectively. With Benoist
diffusion coefficients the increase in total axial leakage (bottom row) calculated by WIMS-AECL is twice
the amount calculated by MCNP-4. The results for the subdivided energy groups suggest that a modelling
problem occurs in the resonance range, while the results for the thermal and fast groups are satisfactory.
When the simple transport calculation for the diffusion coefficient is used the results are almost a



Table 3. Relative Change in Axial Leakage Upon Coolant Voiding for 600 cm Fuel Channel

WIMS-AECL MCNP-4
Energy Group with without
Benoist Benoist (error = o)
thermal o _ . ) . o
(0 - 0.625 eV) -12% | -51% (1.2+0.3) %
resonance

(0625 oV - 0.821 Mev) | * 122% | +75% | +(B0£14%

082 et Mov) | *347% | +303% | + (381518 %
- t10(;al\l/|eV) +60% | +18% | +(26%03)%

complement of those using the Benoist method: the resonance group result agrees with MCNP-4 while
the thermal and fast groups do not (although the fast group result is still within the 95% (*2c) confidence

interval of MCNP-4), and the total change in axial leakage is just inside the 99.7% (330) confidence
interval.

The results using a 250 cm and 120 cm channel are listed in Table 4 and Table 5, respectively.
While absolute leakage would be higher in these geometries, the relative perturbation upon voiding should
remain fairly constant since it is primarily a function of material properties. This is reflected in the
MCNP+4 results for all three channel lengths (Table 3 to Table 5), with the exception of an anomaly in
the thermal group for the 250 cm channel (Table 4). Aside from this anomaly the results for all energy

bins do increase slightly with decreasing channel length, but not by more than 3o from the 600 cm
channel case.

Note that the 120 cm channel results (Table 5) show very good agreement between WIMS-AECL
(with Benoist diffusion coefficients) and MCNP-4 in all four energy bins. The MCNP-4 statistics are, as
expected, best for this case, despite the fact that 12 Mh were run instead of 24 Mh as in the other two
cases. Based upon these results we can look back at the 600 cm channel results in Table 3 and suspect
that the MCNP-4 calculation, especially for total leakage, had not yet converged satisfactorily. This
demonstrates the need for extraordinary long runtimes when such small perturbations are involved.

In the interest of completeness the values of k,, and Ak, for the two short channel cases are
included in Table 6. The trend of overestimation in absolute criticality by WIMS-AECL continues, and
in these cases the disagreement in void reactivity is pronounced. This is due to an increase in the relative
importance of leakage over absorption as a loss mechanism.

Some light can be shed upon the relative changes in axial leakage in Table 3, by splitting the
relative leakage changes into the constituents which change upon voiding — the cell diffusion coefficient,
average flux and buckling in Equation (3). These partial contributions, Ry, R, and R, (where R, = (da/a)
+ second-order Taylor series term), appear in Table 7 and Table 8 for the longest and shortest channels,



Table 4. Relative Change in Axial Leakage Upon Coolant Voiding for 250 cm Fuel Channel

WIMS-AECL MCNP4
Energy Group with without ~
Benoist Benoist (error = o)
thermal 27 % 6.5 % (0.1 +0.2) %
(0 - 0.625 eV) —27% | -65% | -(01£02)%
(0625 ’23"_”3%0291 Moy) | +105% | +58% | +(B907)%
0821 gt Mev) | +327% | +282% | +(13%08 %
o- g‘gal\'dev) +45% | +04% | +(37£02) %

Table 5. Relative Change in Axial Leakage Upon Coolant Voiding for 120 cm Fuel Channel

WIMS-AECL MCNP-4
Energy Group with without
Benoist | Benoist (error = o)
o .ﬂ:)eéggleV) -29% | -66% ~(21+£02) %
© 62;:;5/0_"8%029; Mev) | *104% | +52% | +(104£02)%
fast o 9 + 2
(0.821 MeV - 10 Mev) || +328% | +276% | + (283205 %
o- %‘a’\"‘ev) +49% | +06% | +(35+01)%

respectively. For WIMS-AECL it is a trivial matter to generate the data in these tables; for MCNP-4 we

must average quantities over the axial direction and, in the case of diffusion coefficient’ and buckling'®,
make some estimations based on diffusion theory:
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Accuracy estimates for MCNP-4 average flux and diffusion coefficient have been based on the MCNP-4



error for the partial currents, and on the accuracy estimate for B," (+ 0.2%).

Table 6. Comparison of k Between MCNP-4 and WIMS-AECL for 250 cm and 120 cm Fuel

Channel
WIMS-AECL MCNP-4
with without (error = o)
Benoist Benoist Co
cooled 1.0778 1.0796 1.0730 £ .0001
voided 1.0966 1.1006 1.0927 £ .0001
250 cm
void reactivity
18.8 mk 21.0 mk 19.7 £ .1 mk
(Akqy)
cooled 0.9336 0.9392 0.9295 + .0002
voided 0.9428 0.9557 0.9436 % .0002
120 cm
void reactivity
9.2 mk 16.5 mk 141+ 3 mk
(AKy)

It can be seen that all energy groups experience an increase in the cell diffusion parameter upon
coolant voiding, and that the drop in thermal leakage is due to a drop in thermal cell flux. The
comparison between the two codes indicates that WIMS-AECL (with Benoist option) overestimates the
increase in diffusion coefficient for all energy groups, but the effect is not significant for the low-leakage
cases corresponding to an operating CANDU reactor. The perturbations in cell flux predicted by WIMS-
AECL have a negative bias in comparison with the corresponding MCNP-4 values, indicating that its
calculation of voided flux could be too low. These trends are true for both channel lengths, although the
overall leakage perturbations for the shortest channel case are similar for the two codes, as noted earlier.
An earlier experimental work'! on D,0 coolant voiding in a natural UQ, lattice predicts a value of 9% for
total dD, /D based upon the ratio of void volume to cell volume (but different geometry).

CONCLUSION

In general we find reasonable agreement between MCNP-4 and WIMS-AECL in terms of
estimating axial leakage perturbation upon lattice cell voiding, particularly for cases of direct interest to
operating CANDU reactors. An overestimate of the WIMS-AECL change in diffusion coefficient and a
negative bias in the flux change, both in comparison with MCNP-4, appear to cancel. The impqrtance
of ensuring adequate convergence of the Monte-Carlo process is demonstrated, as is the enormous
dedication of CPU time that is required. For these reasons it is clear that we describe a benchmark
procedure here and not a routine analysis method. The inadequacy of two-dimensional lattice codes in
certain finite geometries is noted.
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