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ABSTRACT

During the 1970s and early 1980s a wide ranging series of experiments was performed in the ZR-6
facility in Budapest. The cores consisted of arrays of UO2 fuel rods on a hexagonal pitch with light
water moderator. Criticality was achieved by varying the moderator height.

The experiments modelled in this analysis covered:

• basic unperturbed lattice
• boron carbide absorber pins
• water holes
• gadolinia (in aluminium oxide) with a range of poison level
• effect of inter assembly gaps

The analysis described in the present Paper is based on the WIMS code. The present version, WIMS7,
is an extremely flexible package of methods that can be used to model any type of thermal reactor.

The traditional method used in lattice calculations for cross section generation is diffusion theory, and
is implemented in the SNAP module of WIMS. Diffusion models require homogenisation of the
pincells to form a manageable hex-z geometry. They are therefore subject to errors in
homogenisation, especially of the poison pins, in addition to the well-known deficiencies of diffusion
theory itself. Results of SNAP calculations will be presented in the Paper to show that agreement with
experiment on k-effective is about 1 %, except for those lattices that are perturbed by heavy absorbers.

More recently, the characteristics method, known in WIMS as the CACTUS module, has become a
viable option for 2D core slice calculations. The main part of this Paper will address the results that
have been obtained through comparisons of WIMS/CACTUS and experiment. The CACTUS
solutions are now considered to be accurate in their representation of 2D heterogeneities, but still
require the use of axial bucklings to determine axial leakage and height coefficients. Nevertheless, it
is possible to comment on the treatment of the wide range of experimental parameters, and to observe
the differences due to the approximations made in the SNAP diffusion theory calculations. In
particular, the ZR-6 experiments have now become a valuable source of validation data for WIMS for
the use of gadolinia poisons.



INTRODUCTION

In order to perform a neutronics calculation for a nuclear reactor core, a library of cross section
data is required. Normally this library contains average data for each fuel assembly, tabulated against
various reactor parameters, mainly material temperatures and densities. The within assembly pin
power peaking rates may also be present, lo allow the reactor code to evaluate pin powers.

This cross section library is generated by a so-called lattice code, usually modelling a neutron flux
distribution for a single assembly without leakage, and subsequently calculating assembly averaged
cross sections by simple flux and volume weighting. The traditional method employed for this
calculation has been diffusion theory. This has the advantage of being rapid but suffers from the
drawbacks that most implementations require the homogenisation of the fuel, clad and moderator
prior to the calculation, and also the method is a poor model of the current into highly absorbing
zones where a fix-up to a transport theory result is required.

WIMS is a software package that can model any thermal reactor by a variety of methods. One of
the many flax solution algorithms available is a characteristics transport method, known as CACTUS.
This technique permits all of the details of the lattice geometry to be represented (i.e. no smearing),
and, being a transport solution, does not need any special treatment for absorber zones or other
regions with a large flux gradient. CACTUS has been improved considerably for this type of
calculation by:

- new internal data management which greatly increases the running speed.
- The development of a builder which generates a CACTUS geometry of hexagonal pincells from a

simple input, consisting of the problem dimensions and the core map.
- The mapping of integration tracks onto problem symmetry segments. For WER-type geometries,

it is generally necessary to model only one sextant of the full assembly; for PWR geometries only
an octant.

- Inclusion of axial leakage treatment.
- Use of a Graphical User Interface (GUI) that is dedicated to the building, visualisation and

modification of CACTUS input,
- The development of robust and efficient flux convergence strategies.

CACTUS has now superseded diffusion theory in the UK design route for PWR. Critical
experiments are frequently used to validate these lattice codes and their associated nuclear data. The
main part of this paper will address the results that have been obtained using WIMS, employing both
CACTUS and diffusion theory, to simulate zero energy experimental cores.

ZR-6 LATTICES

In the 1970s and early 1980s a wide ranging series of experiments was performed in the ZR-6
facility in Budapest1. The cores consisted of arrays of UO2 fuel rods on a hexagonal pitch with light
water moderator. Criticality was achieved by varying the moderator height.
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The experiments modelled in this analysis covered:

- basic unperturbed lattice (Figure 1)
- boron carbide absorber poison pins (Figure 2)
- Water holes (Figure 2)
- gadolinia (in aluminium oxide) pins with a range of poison level (Figure 2)
- effect of inter assembly gaps (Figure 3)

All of the lattices considered in this paper contained fuel of 3.6% enrichment on a pitch of
1.27cm; there was no dissolved poison in the moderator.

MEASURED PARAMETERS

The measured quantities that are most useful for analysis include:

- critical axial buddings, corrected for spacer grids,
- height reactivity coefficients
- pinwise power distributions, and
- reaction rate ratios.

WIMS METHOD

The stages in the generation of cross section data for a reactor code using WIMS are as follows:

- Perform a resonance shielding calculation. The user has the option to use either an equivalence
theory or a subgroup approach.

- Calculate a flux solution in approximate geometry in the library group structure. This calculation is
normally based on collision probabilities.

- Use this flux solution as a condensation spectrum to reduce the number of energy groups.
- Homogenise the pincells (if followed by diffusion theory or an SN transport solution).
- Calculate a flux solution in detailed geometry. There are a number of different methods available

for this calculation, including: characteristics method, SN, Monte Carlo, diffusion theory and
collision probabilities.

- Convert the flux solution to a critical spectrum, on the basis of a homogeneous calculation
- Burnup to the required irradiation. The burnup calculation is normally performed in six energy

groups.

Further condensation and homogenisation are applied after the flux calculation in detailed
geometry in order to generate the cross sections to be used in the reactor code. Perturbed calculations
are performed at specified irradiation points to obtain the correct parameterisation of the cross
sections.

In this analysis the resonance shielding effect was calculated using CACTUS in a subgroup
treatment, and the few-group flux solution was evaluated using both diffusion theory (known as the
SNAP module in WIMS) and CACTUS, using a consistent set of cross sections. The sequence of
modules executed for the diffusion theory calculation is therefore:
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- HEAD to read the nuclear data library and user input and to perform a temperature interpolation of
the cross sections. HEAD can perform an equivalence resonance shielding calculation but it is
replaced by the subgroup method in this route.

- PRES to generate subgroup cross sections.
- CACTUS to calculate a flux solution for these subgroups.
- RES to recombine the subgroup cross sections and fluxes for the user specified nuclides into broad

group cross sections corrected for resonance shielding.
- PERSEUS to calculate multicell collision probabilities. Collision probabilities are generated for an

annular model of each pin with the outer radius chosen to conserve volume. The collision
probabilities for the individual pin cells are combined to form the multicell collision probability
matrix. The cell to cell collision probabilities are derived from the fraction of each cell type in
contact with other cell types. This is evaluated for an hexagonal lattice, optionally with layers of
wrapper or reflector.

- PIP to derive a flux solution from the collision probabilities.
- CONDENSE to collapse the number of energy groups from the 69 groups in the library down to 6

to enable a rapid main transport calculation to be performed.
- WSMEAR to homogenise the pin cell nuclear data using flux and volume weighting.
- SNAP a diffusion theory solution, with a Bo correction to the diffusion coefficient for anisotropic

effects. This Bo correction yields a more appropriate diffusion coefficient for high leakage
situations such as these. SNAP has the capability to perform a 3D model of W E R and PWR type
geometries, but in order to make the route close to the design route, a 2D calculation with input
axial buckling was used. The buckling was applied by augmenting the absorption cross section by
DB2.

- CRITIC to calculate a value of k-effective by representing the axial leakage using the B, method.
CRITIC is a flux solution for a homogeneous geometry which is derived by flux and volume
weighting using the SNAP fluxes.

For standard calculations users can call up a pre-defined route from within the WIMSBUILDER
tool, which requires only engineering data to be input.

The CACTUS module can represent any geometry which can be constructed from straight lines
and circular arcs, i.e. it is exact in 2 dimensions. Therefore, in the CACTUS route, the SMEAR
module is not required and CACTUS follows directly after CONDENSE. Within CACTUS the axial
leakage is also applied by adding DB" to the absorption cross sections. This isjcnown to be
approximate for regions with high diffusion coefficients, such as the fuel cladding, but the use of a k-
infmity solution was observed to significantly bias the radial power profile for these high leakage
cores. For this reason the quoted k-effective value was calculated using CRITIC.

The characteristics form of the Boltzmann equation is given by:

d<? _ O (1)
—- + £<p = -=-
ds 4n

This is what is seen by an observer travelling in a particular direction with the neutrons.



This equation can be integrated along line segments or characteristics. Assuming that the source is
stant alone the portion considered we obtain:constant along the portion considered we obtain:

C2)

This integration is carried out over tracks that traverse the problem and reenter at the boundary
according to whether translational or reflectional boundary conditions are selected, before eventually
returning to their starting point. The distance between tracks and the angular separation of tracks are
under user control. To calculate the scalar flux, the angular flux is integrated across the tracks and
then over azimuthal and polar angles.

All of the following results were produced using the version of WIMS known as WIMS7B.

The nuclear data library currently used by WIMS, known as the 1996 library2, was generated from
the JEF2.2 database using the internationally available NJOY code. It contains data for 174 nuclides.
Multi-temperature thermal scattering data are present for hydrogen in water, deuterium in deuterium
oxide, carbon in graphite and oxygen. Resonance self shielding data, tabulated as resonance integrals
as a function of a background scattering parameter, are present for 15 nuclides; multi-temperature
resonance data are available for Ag , Ag , U 35, U2 8 and Pu . 82 fission products and one
pseudo fission product are represented; the explicit fission products accounting for more than 99% of
the fission product absorption.



RESULTS

The k-efcctive values obtained for the ZR-6 lattices are given in Table I; the experimental value
should be taken to be unity in each case.

Table 1 k-effective values

Identifier

47/3
D7 57/57
E7 58/57
17 998/798
N7 310/310
101/100

Type

Unperturbed
B4C Pins
Water gaps
A1?(X pins
7.5% Gd?O, pins
assembly gaps

Critical
height
(cm)

78.1
56.8
31.3
32.1
39.7
25.8

CACTUS

k-cactus
0.9819
0.9827
0.9751
0.9752
0.9811
0.9761

k-critic
0.9872
0.9914
0.9970
0.9967
0.9976
1.0043

SNAP

k-snap
0.9783
0.9895
0.9888
0.9889
0.9908
0.9928

k-critic
0.9817
1.0018
1.0037
1.0037
1.0069
1.0143

The ratio of calculated to experimental powers were calculated for each configuration of the ZR-6
cores. Values for the whole of the experimental core are given in Table 2; values for the central
section, corresponding approximately to the pins enclosed by two-thirds of the core radius are shown
in Table 3.

Table 2 ZR-6 Whole Core Pin Powers rms Difference from Experiment

Identifier
47/3
57/57
58/57
310/310
101/100

Type
Unperturbed
B4C Pins
Water gaps
7.5% Gd2O3 pins
assembly gaps

CACTUS
0.72
2.18
1.94
2.27
1.74

SNAP
0.70
2.00
1.16
1.94
1.23

Table 3 ZR-6 Core Centre Pin Powers rms Difference from Experiment

Identifier
47/3
57/57
58/57
310/310
101/100

Tvpe
Unperturbed
B4C Pins
Water gaps
7.5% Gd2O3 pins
assembly gaps

CACTUS
0.80
1.13
1.21
1.52
0.84

SNAP
0.69
1.35
1.12
1.83
0.79
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DISCUSSION

The k-effective values from CRITIC within the CACTUS route were well predicted. The
aoreement was within 1% for three of the unperturbed cores (58/57,298/298 and 101/100); there is
an underprediction of 1.3 % for the small 47/3 core.For the perturbed cores, (57/57 and 310/310) the
agreement is also better than 1%. For the SNAP route the agreement is to within 1% except for the
small 47/3 core (1.8% low), and the 101/100 core which has very high axial leakage (1.4% high).

The k-effective values are significantly underpredicted by the eigenvalues calculated by
CACTUS and SNAP. In both cases this is attributed to the approximate treatment of axial leakage
usina the DB2 correction, rather than more rigorous transport theory. Furthermore, the large diffusion
coefficient in the fuel clad in CACTUS gives an additional overestimate of leakage using the DB2

method. This is not a problem in diffusion theory as the pincells are homogenised by smearing Z^
(=1/3D) so the smaller diffusion coefficients dominate.

The whole-core power profiles are well predicted by SNAP for both the perturbed and
unperturbed cores, agreement was 2% rms or better for all cases. These powers were slightly less well
predicted by CACTUS, with a rms difference from experiment of up to 2.3% The poorer agreement is
attributed to be the prediction of the current into the reflector; the edge pins have the greatest errors in
the CACTUS powers. Further support for this hypothesis comes from examining the rms differences
from experiment for the central pins. Comparing Table 2 and Table 3 and using the whole-core result
as a baseline, it is observed that CACTUS exhibits a much greater change than SNAP when selecting
only the central region. The core centre is much more representative of the infinite array of
assemblies that is solved by CACTUS when generating cross sections for a reactor code, and here the
pin powers are much better predicted, the maximum differences from experiment being less than 1.6
%. it is also observed that for the lattices with absorber pins (57/57 and 310/310) the central power
distribution from CACTUS was in better agreement with experiment than SNAP. This demonstrates
the advantage of the characteristics method over diffusion theory for modelling absorber regions.

CONCLUSIONS

,.\ flux calculation using the method of characteristics has been implemented in the CACTUS
module of WIMS. It allows an accurate representation of the lattice in two dimensions and the same
model can be used in the resonance shielding and flux calculations. CACTUS gives a good prediction
of the reactivity of the lattice and the central pin power distribution, and is an improvement on
diffusion theory for the representation of absorbing zones. Furthermore, CACTUS can evaluate the
within P»n ^ u x directly, so that the differential bumup in different zones of the pin can be calculated
trom the assembly flux solution.

there is room for improvement in the representation of axial leakage and the core/reflector
cunwt in the present version of CACTUS; the DB" treatment has been shown not to be accurate for
hi^h leakage cores. As part of our on-going improvement process, an axial leakage treatment based
on transport theory, and facilities to refine the mesh structure (which will improve the reflector

Are currently under development.
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N O M E N C L A T U R E

B Buckling
D Diffusion coefficient
Q Neutron source
s distance along track
t track length
(p angular flux
<p0 angular flux at start of track segment
cpout angular flux at end of track segment
£ total cross section
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