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.A series of assemblies was built in the ZEBRA zero-power 
fast reactor at Winfrith to study the methods used to calculate 
the effe b ts 
fuel. So ium-containing and sodium-voided versions of each 

0 ‘4, 

of heterogeneity in cores built with pin and plate 

goc:net.ry wIX,re b,uilt, making four a0aembliea in ali. 

The sodium-containing assemblies worr: used for an international 
Comparison of methods of calculating k-values and seven 
solutions were submitted. The solutions overestimated the 
reactivity of the pin fuel relative to the plate fuel by 
between 0.0015 and 0+0082 in k (the measurement uncertainty 
Y.?ing -i 0.0013 dk, la). Some diagnostic calculations helped 
i&ntify the reasons for the variations in the overestimates 
bk': did not reveal the basic cause of the discrepancy. 

Some participants subsequently carried out some extra 
calculations and analysed other expertments in the CADENZA 
assemblies. 
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1 Introduction 

Most of the validation of the calculation methods used to 
predict the properties of power reactors, with fuel in pin 
geometry, have been in zero power assemblies constructed with 
materials in plate form. It is a prerequisite of the 
validation process that the calculation methods deal adequately 
with the plate-geometry heterogeneity. Experiments (in the 
large BIZET assemblies in the ZEBRA zero-power fast reactor at 
Winfrith in which zones containing plate geometry cells were 
replaced by minicalandria pin cells) had suggested that there 
was a discrepancy between calculation methods used to analyse 
the plate geometry and pin geometry cells, in particular, the 
pin cells appeared to be calculated too reactive relative to 
the plate cells. 

To enable a more direct comparison to be made of calculation 
methods for plate geometries and minicalandria pin geometries 
the CADENZA series of assemblies was built in ZEBRA. These 
were small cores with compositions typical of fast power 
reactors - mixed oxide fuel, sodium and steel. They were of a 
size which could be built almost entirely out of the available 
minicalandria pin cells. Supplementary measurements made the 
small extrapolations to a core composed entirely of pin cells. 

Four assemblies were built in pin and plate geometry: normal 
(sodium-containing) and, to accentuate streaming, sodium-voided 
versions. The reactivity effects of replacing plate cells by 
pin cells in different regions were measured to examine 
possible spatial (ie leakage) dependent aspects of the 
d~ifferences. To ~extend the studies of heterogeneity, other 
measurements included the effects of replacing small groups of 
cells containing plutonium-metal fuel plates by cells 
containing mixed-oxide fuel plates and the effects of changes 
in the plate cell heterogeneity on both reactivity and 
reaction-rate fine structure. Reaction-rate ratios, axial and 
radial reaction-rate distributions and reactivity perturbations 
for sodium (both in small and large zones) and a variety of 
small samples, intended to cover the major compositional 
differences, were also measured. 

The normal pin,and plate cores described in detail in Reference 
1 were adopted by the NEACRP for an International Comparison of 
methods used to treat plate-geometry and pin-geometry 
heterogeneity. Calculated k-effectives for the two‘assemblies 
were provided by each participant, together with 
infinite-medium and simple-geometry calculations to assist in 
the evaluation of different effects. A meeting was held at 
Winfrith in June 1983, to discuss these calculations, which 
confirmed the existence of a pin-plate reactivity discrepancy. 

The results were presented to the 26th NEACRP meeting in 
October 1983 (2). 
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It was agreed that further experiments in the CADENZA 
assemblies would bls analysed to try and resolve the reactivity 
discrepancy. These further measurements included: 

a) k-effective v,alues for the voided cores; 

b) the replacement of central pin elements by plate elements 
and edge plate elements by pin elements in large zones in 
the normal pin core; 

Cl the introduction of small zones of elements with 
pin-geometry fuel and mixed-oxide plate geometry fuel into 
the normal and voided plate cores; 

d) plate cell heterogeneity effects in the normal plate 
core. 

Unfortunately only two of the non-UK participants were able to 
carry out any of these extra calculations. k-values for the 
voided cores were received from both Japanese participants. 
One of these also produced revised k-values for the normal 
cores. The other carried out analysis of the reactivity worths 
of the pin-plate element replacement, and the changes in the 
plate cell heterogeneity and the reaction-rate distributions in 
the different plate cells. 

The UK, who of course devised and carried out the experiments, 
have analysed all the supplementary measurements. 

ANL made minor revisions to the calculational methods for the 
normal assemblies. Both changes lowered the k-values but 
had only a very small effect on the pin-plate discrepancy. 
Whole-reactor Monte-Carlo calculations were also run for the 
normal assemblies. Finally, ANL analysed the ZPPR-12 
assemblies, which had all-plate and extrapolated all-pin 
versions (and were similar to, but smaller than, the normal 
CADENZA assemblies), using the same deterministic and 
Monte-Carlo methods. 

0 

This Paper summarises the results of all the calculations 
submitted including those of Reference 2, compares them with 

0 

the measured values and comments on the present situation 
regarding the pin-plate reactivity discrepancy. 

2 Brief Description of the Assemblies 

ZEBRA assemblies are made up of steel sheaths filled with 
components nomina:Lly 50.8mm square. The sheaths are loaded 
vertically into the reactor, on a square pitch of 54.254mm. 
Plate components ;are placed horizontally, while pin fuel is in 
the form of sixteen vertical pins in a minicalandria. The two 
CADENZA assemblies specified for the initial comparison were 
the all-plate core and the extrapolated all-pin core, both 
containing sodium. 



The standard plate cell contained one plutonium metal plate, 
two natural uranium oxide plates, three sodium plates and one 
stainless steel plate. There was a shortfall of about 25% in 
the oxygen content compared with a mixed-oxide composition, 
because of the presence of the plutonium metal. The plutonium, 
U02 and sodium plates were all canned in stainless steel. The 
inner region of the canned fuel plates occupies about 75% of 
the area associated with each element. The sequence of plates 
in the standard cell is shown in Figure 1. Alternate cells 
were inverted to maintain axial symmetry. There were a total 
of 24 cells but the last cells at the top and bottom of the 
core omitted the steel plate to ~give a core height very close 
to that of the pin core (-892mm). The plate core consisted of 
215 elements (Figure 2), giving an equivalent diameter of 
-9OQmm. This included 9 control rods, but the change in 
reactivity on replacing these by standard plate elements was 
determined. All the plate elements had almost identical 
compositions and could be treated as one ,type in the 
calculations. 

The pin cells consisted of 16 mixed-oxide or natural U02 pins, 
canned in stainless steel in a stainless steel minicalandria 
filled with sodium (Figure 3). There were several different 
types of pin cell. One type contained 16 mixed-oxide pins 
(Pu/(Pu+U) = 0.25, matching the plate cell). The other types 
contained mixtures of two pin types, mixed-oxide of different 
enrichments, and in one case, mixed-oxide and natural UO;! pins. 
The as-built core contained 168 pin elements, 49 plate elements 
(around the core edge) and 9 control rods, giving an equivalent 
diameter of -92Umm. ~ The worths of replacing the plate elements 
and control rodsby particular types of pin elements were also 
measured, to give the k-value of the all-pin 226-element core. 
~although the average compositions of the various pin cells were 
similar, the differences had to be taken into account. 

Both cores were surrounded axially and radially by natural 
uranium metal blankets and then, to minimise the influence of 
the surrounding concrete shields, by steel reflectors. More 
details.of these assemblies are given in Reference 1. 

The sodium-voided assemblies were very similar. The plate core 
had the sodium+plates replaced by steel components with very 
similar steel weights and thicknesses as the sodium plates. 
The pin core had minicalandrias without sodium. The voided 
all-plate and (extrapolated) all-pin cores contained 231 and 
243 elements respectively. 

The homogenised compositions of the standard plate cell and the 
uniform pin cell are shown in Table Al. 

3 Calculations for the Normal Cores 

3.1 Summary of Calculations 

Each participant produced cell-averaged macroscopic 
cross-sections for the heterogeneous ce1l.s to be used in whole 
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assembly calculations of keff for the all-plate core and the 
extrapolated all-pin core. The cell-averaged macroscopic 
cross-sections included directionally-dependent diffusion 
coefficients corrected for preferential streaming in dilute 
regions. Cross-sections were also prepared for homogeneous 
cell compositions. 

More detailed comparisons of heterogeneity effects were made by 
means of infinite medium calculations for selected cells, with 
a specified applied buckling. Cross-sections from homogeneous 
and heterogeneous cell calculations, with and without streaming 
corrections, were used in order to obtain separate estimates of 
"k, heterogeneity" and "streaming" effects. 

It became clear from the results of these calculations that the 
variation in the pin-plate reactivity difference calculated by 
the participants did not arise solely from heterogeneity 
effects, but that there was significant variation even in the 
results obtained with homogeneous cell compositions. A further 
set of calculations was therefore carried out to estimate the 
contributions from the most important nuclides to the 
reactivity difference between homogeneous pin and plate cell 
compositions. This was done using perturbation theory, both 
for infinite-medium calculations and for RZ whole-core 
geometry. 

3.2 Calculation Methods 

The methods used by the various participants for the cell 
calculations are summarised in Table 1. In all cases collision 
probability methods were used to solve for the spatial flux 
distribution in the cells. Various geometrical models of the 
cells were used. 

e 

For plate cells the basic 1D model was obtained by a lateral 
smearing over the lattice area, but most participants used 
improved methods. These included modified 1D models which 
avoided smearing any steel with the Pu or UO2 (and thus e 
diluting them), 31) models having an inner and outer region for 
each slab, and multi-stage homogenisation procedures. In fact, 0 
only the GERMAN calculations used the basic 1D model alone. 

For pin cells the basic 1D cylindrical model comprised a single 
pin surrounded by its can and minicalandria tube and then 
one-sixteenth of the remaining cell material. Mixed pin cells 
were treated eithcsr by this 1D method with an average pin 
composition or by using a separate 1D single-pin cell model for 
each pin type and then combining them either by a simple volume 
weighting or by mtsans of a mixed lattice calculation (ie 
"extended 1D" or "coupled cell" model). Volume weighting, as 
used in JAPAN-lB, takes no account of fine structure between 
the two pin cells and underestimates the reactivity of the 
mixed-pin cells. Methods were also used to represent the 
minicalandria walls and the sheath by modelling the 16 pins in 
a square box either by a single calculation or in two steps. 
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These are described as "3D" models, although there is, in fact, 
no representation of axial variation. 

-In general, anisotropic Benoist diffusion coefficients were 
generated, using the formula: 

'The FRANCE/ITALY method used direction-averaged Benoist 
diffusion coefficients and applied a reactivity correction for 
the anisotropy. The UK used an S, method to derive diffusion 
coefficients by calculating leakage from cells with an imposed 
buckling, using 1D models chosen to give a good representation 
for the main streaming paths. The flux solution in this 
method, in plate cells for example, takes the form: 

q(x,y;z) = Re[O(z)exp(iB,x + iByy)] 

The methods used for the whole assembly calculations are 

0 
summarised in Table 2. The assemblies were modelled either in 
XY!Z geometry or in RZ geometry in which case cylindricalisation 
corrections were estimated from additional calculations in XY 
and cylindrical geometries. 

For the pin core, all the different types of pin cell were 
generally represented, but in three cases only one type was 
used and a correction was applied. In USA-l, the core 
consisted entirely of the uniform pin cell. In USA-2, a 
uniform pin cell'representing the average composition of all 
the ~cells wasused. :GERMANY used'the mixed-pin cell types 3C, 
which was close to the average of~the'pin cells in composition 
sand reactivity. 

The cell-averaged cross-sections for the core cells in the 
assembly calculation were taken either directly from the best 

0 
cell calculations or from the simpler 1D cell calculations, in 
which case corrections for cell modelling approximations were 
estimated from RZ or infinite medium comparisons. 

0 Finite difference diffusion theory codes were used for the 
whole assembly calculations, and the keff values were corrected 
for the effects of the finite mesh and the use of diffusion 
rather than transport.theory. 

3.3 Assembly Keff Values 

\ Table 3 gives the keff values for the pin and plate assemblies 
obtained by the participants using their best calculation 
methods as summarised in Table 2. The corrections for the 
approximations in the pin core representations discussed in 

'Section 3.2 were obtained as follows. For USA-l, a correction 
of +O.O064dp was obtained from XYZ calculations by the UK. For 

SOUSA-2 the correction was obtained in two stages:- from the 
average uniform pin to the actual uniform pin (-O.O051dp, RZ 
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USA-2) and to the actual pin loading as for USA-l (+O.O064dp, 
XYZ, UK). GERMANY showed using XY calculations that the 
correction was <O.OOOldp. 

The quantity of primary interest in this comparison is the 
discrepancy between calculation and experiment for the pin core 
- plate core reactivity difference, and this is shown in the 
last column of the table. The discrepancy is positive in all 
cases, ranging from (+0.15 to +0.82)x10-2dp with a mean and 
standard deviation about the mean of (+0.48+0.23)x10-2dp. 
Because of the different data used by the various participants, 
the standard deviation about the mean for the discrepancy is 
much smaller than that for (C-E) for the k-value for either 
assembly as seen in Footnote f to Table 3. 

The GERMAN result which does not correct to a 3D model in the 
plate cell gives the largest discrepancy and the JAPAN-1B 
solution which underestimates the heterogeneity of the 
mixed-pin cells by using volume weighting gives one of the 
lowest values. Omitting these two results changes the mean and 
associated standard deviation to (+0.47?0.19)xlO-tip. 0 

The combined (10) uncertainties of the experimental 
reactivities of thle assemblies (0.13x10-2dp) arise from the 
fissile contents a.nd axial dimensions of the cores. The major 
contribution is from the uncertainty in the fissile content of 
the pin core where the fuel is a mixed oxide. Prior to the 
building of CADENZ,A assemblies, a complete reanalysis of the 
Pu/(Pu+U) ratios and the oxygen to heavy atom ratios of sample 
pellets from the various pin types was carried out. Good 
agreement was found with the initial analysis when the pins had 
been manufactured and the estimated errors supported. The 
contributions from uncertainties in the use of average masses 
of plutonium in fuel components, the impurities in the 
plutonium of the metal fuel plates, the masses of the U02 and 
diluent pins and plates, the (small) hydrogen contents of all 
components, the radial dimensions of the pins, mini-calandria, 
plates and sheaths and the element pitch are all negligible. 

Most of the discrepancies are therefore.significant. These 0 
results therefore confirm the trend which originally prompted 
this study. 

Although the main objective was to compare the pin-plate 
reactivity difference, it is also of interest to examine the 
individual keff values for the two assemblies. The calculated 
keff values for the plate assembly vary from 0.010 below 
experiment to 0.007 above, while those for the pin assembly 
vary from 0.004 below to 0.015 above. 

The C-E values for the UK results were of about the expected 
size. The UK data library was adjusted to give good 
predictions of ke:Ef for ZEBRA plate cores using cross-sections 
from 1D cell calculations. The use of the 3D cell method 
accounts for the overestimation of the plate core keff. The 
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overestimation of the pin core keff is consistent with the 
indications from the earlier ZEBRA experiments. 

It is of interest to note that the FRANCE/ITALY results, where 
the reactor experiments normally use rodlets rather than 
plates, show relative good agreement for pin geometry but the 
largest discrepancy for the plate geometry. 

4 Investigation into the Contributions to the Pin-Plate 
Discrepancies for the Normal Cores 

4.1 Separation of Contributions 

The differences between the pin and plate assemblies can be 
divided into three components: 

0 

a) differences in homogeneous compositions; 

b) the larger core size for the pin core: 

cl differences in spatial heterogeneity and streaming 
in the pin and plate cells. 

These separate contributions have been studied by most 
participants, generally in simple-geometry calculations. 

4.2 Composition Change 

The reactivity .from the change in homogeneous composition 
betneen.the~standard'plate ~cell~and the uniform pin cell were 
obtained by preparing homogeneous cross-sections in the same 
way as for the heterogeneous cells. The cross-sections were 
'then used in an RZ diffusion-theory model of the normal plate 
core. 

0 
The results are shown as Item 2 of Table 4. The variation 
between participants is surprisingly high, the spread 

0 
(0.30x10-2dp) being nearly half the spread of the pin-plate 
discrepancies. The differences of about 0.1x10-2dp between the 
results from JAPAN-l A and JAPAN-2 (which both used the JENDL-2 
data) and between USA-l and USA-2 (which both used ENDF/B-IV) 
are surprising~and, indicate possible differences in the methods 
of processing cross-section data. Perturbation calculations 
were carried out to study the effects of the change.in 
homogeneous composition in more detail, by progressively 
changing from the plate to the pin composition, one nuclide at 
a time in a specified order. A fresh homogeneous cell 
calculation was carried out for each new composition, and the 
perturbations were calculated using the differences between the 
macroscopic compositions so produced. To reduce the number of 
RZ flux calculations required, the normal fluxes for the 
calculation with the plate cell composition and the adjoint 
'fluxes for the calculation.with the pin cell composition were 
used for all the perturbations. The results are shown in Table 
5. 
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The largest variation between the different solutions was for 
oxygen where the contributions were typically 20x10-sdp, 
- 9Ox10'5dpr - 550x10-sdp and 950x10-5dp from production, 
absorption, moderation and leakage effects respectively. The 
variation for oxygen came mainly from the scatter term together 
with a smaller effect from leakage. 

The largest remain,ing variations among the nuclide 
contributions were those from copper, Am241 and "the rest". In 
the contribution from copper the Japanese values were smaller 
than the others, and the absorption, moderation and leakage 
components all made significant contributions to the variation. 
For Am241 the main variation was from the removal term. For 
"the rest" it seems likely that gallium may be the most 
important of these nuclides. The contribution from the removal 
of gallium was ass,essed as 64~10~~ 
34x10-sdp by the UK. 

dp in USA-1 calculations and 
Gallium was omitted from USA-2 

calculations, and was substituted by other nuclides in the 
JAPAN-l and JAPAN-,2 calculations, and this could explain some 
of the variation in the contributions from "the rest" of the 
nuclides. The other nuclides which made major contributions to 
the overall reactivity difference are Pu239 and U238, but for 
these nuclides there was a very good agreement between the 
different solutions. 

4.3 Change of Core Size 

The reactivity effect of the larger pin core compared with the 
plate core was obtained by calculating both cores in RZ 
geometry using diffusion-theory and homogeneous cross-sections 
from the uniform pin cell. The results are shown as Item 3 in 
Table 4. This simple change was predicted very consistently by 
the participants. 

4.4 Heterogeneity in Whole-Assembly Calculations 

0 

The reactivity changes produced by the cell heterogeneities 
were calculated by several participants in whole-assembly 0 
geometry (either XYZ or RZ). The dimensions of the plate core 
were used together with homogeneous and heterogeneous 0 
cross-sections for the standard plate cell and the uniform pin 
cell. However these calculations were not requested in the 
original specification, and in a few cases results were deduced 
from infinite-medium calculations discussed below by scaling 
the non-streaming and streaming effects by factors obtained by 
the UK (0.83 and 0.40 respectively). 

The four contributions to the heterogeneity effect are shown in 
the lower part of Table 4. The total of the four components is 
given as Item 4. The largest contributor is clearly the 
spatial heterogeneity of the plate cell which also has the 
largest spread of 0.38x10-2dp. The other components also 
contribute to the overall variation, although the spread of the 
net heterogeneity effect is about the same, 0.37x10-2dp. The 
only result which differs significantly from the others is the 
low streaming effect in pin geometry for USA-2. 
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