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Abstract

The study was carried out within the framework of the PNC-CEA
collaboration agreement. Data were provided, by CEA, for an
experimental loading of a start-up core in Super-Phenix. This data
was used at PNC to produce core flux snapshot calculations.

CEA undertook a comparison of the PNC results with the equivalent
calculations carried out by CEA, and also with experimental
measurements from SPX. The results revealed a systematic radial flux
tilt between the calculations and the reactor measurements, with the
PNC tilts only ~30-40% of those from CEA.

CEA carried out an analysis of the component causes of the radial
tilt. It was concluded that a major cause of radial tilt differences
between the PNC and CEA calculations lay in the nuclear datasets
used: JENDL-3.2 and CARNAVAL IV.

For the final stage of the study, PNC undertock a sensitivity
analysis, to examine the detailed differences between the two sets of
nuclear data.

The PNC flux calculations modelled SPX in both 2D (RZ)}) and 3D (hex-%)
geometries, using the diffusion programs CITATION and MOSES.

The sensitivity analysis of the differences between the JENDL-3.2 and
CARNAVAL IV nuclear datasets used the SAGEP calculational route.

Both datasets were condensed to a single, non-standard, set of energy
group boundaries. There were some incompatibilities in the cross-
section formats of the two datasets.

The sensitivity analvsis showed that a relatively small number of
nuclear data items contributed the bulk of the radial tilt difference
between calculations with JENDL-3.2 and with CARNAVAL IV.

A direct comparison between JENDL-3.2 and CARNAVAL IV data revealed
the following. The Nu values showed little difference (<5%). The
only large fission cross-section differences were at low energy (<30%
otherwise, with <10% typical). Although down-scattering reactions
showed some large fractional differences, absolute differences were
negligible compared with in-group scattering; for in-group scattering
fractional differences were up to ~75%, but generally <20%. There
were many large differences in capture cross-sections, generally ~30-
200%.

* PNC International Fellow (20°'th April 1995 - )
Reactor Physics Research Section, Advanced Technology Division,
O-arail Engineering Center, PNC, Japan
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1 INTRODUCTION

This report describes a short series of calculations that were
carried out within the framework of the PNC - CEA collaboration
agreement. A major purpose of the calculations was to provide some
comparison between the different calculational methods and data

employed by PNC and CEA.

The scope of the calculations covered baslc steady-state
reactor physics calculations (power and flux distributions, Keff
values, l-group nuclear data) for a fast reactor core. The
calculations modelled a specific leoading of the Super-Phenix (SPX)
reactor, for which experimental measurements were available for

comparison with the calculations.

The data describing the SPX states modelled were provided by
CEA, they are given in Section 2 of the report. The PNC calculation
methods used in this study to medel SPX are described in Section 3.
The results of the calculations are given in Section 4, along with
the comparison with the equivalent CEA calculations and SPX

measurements.

One major feature of the results was a marked radial rating
tilt, relative to the SPX measurements; this occurred in all the
calculations, but was more pronounced in those carried out by CEA.
Analysis of the causes of the radial tilt was carried out by CEa, it
is outlined briefly in Section 5. Errors in nuclear data were seen

to cause a major component of the radial tilt.

A sensitivity analysis was carried out, to analyse the effects
on the caleculated radial tilts of the different nuclear data used by
PNC and CEA. The PNC calculations used data based on JENDL-3.2,
whilst the CEA data was based on CARNAVAL IV. The method used is

described in Section 6 and the results are given in Section 7.
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2 SUPER-PHENIX STATES MODELLED

The configuration of SPX that was modelled was an experimental
loading of a start-up core, one in which a number of diluent S/as
were loaded. The complete core was loaded as clean fuel, then

irradiated at a fraction of full power.

The study modelled the SPX core in 4 states; two were the basic
core configuration in clean and irradiated states, two were
variations on the basic configuration. These 4 states, and the names

used to identify them, were:

‘28cm’ clean core, CSDs 28 cm in, DSDs 0 cm in

‘No Rods’ clean core, CSD & DSD absorber removed from model
‘A1l Fuel’ c¢lean core, rod & diluent S/As changed to fuel
‘50 efpd’ ~50 efpd irradiation, C8Dhs 28 cm in, DSDs 0 cm in

All 4 states were with the reactor at hot operating temperatures.
{CSDs are ‘control and shutdown’ or main rods, DSDs are ‘diverse

shutdown’ or backup rods.}

The irradiation of the clean core to ~50 efpd was in the
following 3 steps:

144 days at 0.0827 power, with CSD rods 40 cm inserted

124 days at 0.1035 power, with CSD rods 35 cm inserted

105 days at 0.2413 power, with CSD rods 28 cm inserted.
The full reactor power is 2930 MW(th).

The core composition was provided in the form of number density
data for the clean core. Data was provided for 11 distinct material
compositions, with the 8 different S/A types that make up the reactor
model being constructed in a series of axial segments each
corresponding toc one of the 11 materials. The radial S/A
distribution is shown in Figure 2.1, and the axial composition of
each S/A type is shown in Figure 2.2. The number densities for the

11 material regions are given in Table 2.1.

The composition data is provided for an axial model height of
260 cm, corresponding to 100 cm of core, upper and lower axial
breeders each of 30 cm, upper and lower axial shields each of 50 cm.
These axial dimensions are for the cold reactor, they should be

increased by a factor 1.008136 to adjust to hot operating
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temperatures - the same adjustment should be made to the various CSD

insertions already quoted.

The radial S/A& pitch is 18.019 cm at hot operating conditions.
The number densities of Table 2.1 are also for hot operating
conditions. Material temperatures were given as 1500K for the
(U,Pu)0O; in the fuel regions, %00 K for the U0z in the breeder

regions, and 743 X for all other materials.

Since data was provided already in the form of number
densities, there was no general need for detailed information on the
structure (e.g. fuel pin size). However, heterogeneous models of rod
absorbers were used (see Sub-section 3.3), so their structure was
required. The CSDs have 31 absorber ping, on a 4 ring hexagonal
lattice of 22.766 mm pin-to-pin pitch, with the 6 corner pins
omitted. Each pin is clad in lmm thick steel. The wvolume fractions
are 46.94% Na, 25.36% ByC and 27.70% steel {of which 14.33% is
wrapper tube). For the DSDs the volume fractions are 65.84% Na,
16.77% B4C and 17.08% steel {of which 9.67% is wrapper tube); the

absorber geometry was taken to be a single steel-sheathed pin.

For the ‘All Fuel’ case, inner zone fuel S/As replace the 3
DSDs, the inner ring of 3 diluent S/As, the inner ring of 6 CSDs, and
the 9 innermost of the outer ring of CSDs. The remaining 6 CSDs and
15 diluent S/As are replaced by cuter zone fuel 8/As. This gives a

total of 211 inner zone fuel S/As and 179 outer zone fuel §/As.

For the '‘No Rods' case, the axial compositions of the CSD and
DSD S/A types became a full 260 cm height of the appropriate follower
material. Where the CSD absorber insertion was altered from 28 cm to
a different value {during the burn-up to ~50 efpd), only the
absorber-follower interface was moved, the upper end of the absorber

remained at the top of the S/A model.

All the data guoted in this section were provided directly by

CEA, specifically for the purposes of the comparison exercise.
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Table 2.1 Clean core number density data
Reactor Region

Inner Quter Axial Radial Shield Diluent

Fuel fuel Blanket Blanket
U235 V2.8098x1075|2.6246%1075 [ 2.2161x107% | 3.0658x107°
U238 17.0837x1073| 6.6902x1073 | 8.7306x1073 | 1.2078x1072
pu238 | 5.1215x1076 | 7.2075x107%
pu239 | 9.0032x1074{ 1.1045x1073
puz240 | 2.9957x1074| 3.5148x107¢
Pu241 | 5.5846x1075| 7.1233x107°
Pu242 | 2.1903x%1075| 2.7470x1075
Am241 ] 2.1191x1075 | 1.8460x1073
Fe 1.3062x1072 | 1.3062x1072 | 1.3062x1072 | 1.0075x1072 | 2.6625x1072 | 3.9139x1072
Cr 3.7589x1073 | 3.7589%1073 | 3.7589x1073 | 2.8993x1073 | 7.6619x1073 | 1.1263x1072
Ni 2.7416x1073 | 2.7416x1073 | 2.7416%1073 | 2.1146x1073 | 5.5882x1073 | 8.2147x1073
Mo 3.2955x1074]3.2955x1074 { 3.2955x10°% | 2.5418x107% | 6.7172x1074 | 9.8743x107%
o 1.6663%1072 | 1.6428x1072 | 1.7506x102 | 2.4217x1072
Na 7.3689%x1073 | 7.3689x1073 | 7.3689x10~3 [ 5.6096%1073 [ 1.0931x1072 | 5.7635x1073
Ti 9.6008x107%| 9.6008%1075 | 9.6008x1075 | 7.4051x1075 | 1.9570x1074 | 2.8767x1074
Cu 6.3329x%1075| 6.3329x1075 | 6.3329%1075 | 4.8846x107% | 1.2909x1074 | 1.8976x107¢
si 2.2514x107%) 2.2514x2074 [ 2.2514x107% | 1.7365x107% | 4.5891x107% | 6.7460x1074
Mn 3.1391x1074| 3.1391x1074 } 3.1391x1074 | 2.4212x107% | 6.3984x107¢ | 9.4057x10"¢

Reactor Region
CSD CcsD DSD DSD Neutron
Follower | Absorber Follower | Absorber Guide
Fe 7.6307x1073 | 1.4750x2072 | 5.1493x%1073 | 9.0951x1073 | 1.7572x1072
Cr 2.1959x1073 | 4.2447x1072 | 1.4818x1073 | 2.6173x1073 | 5.0568x10™3
Ni 1.6016x1073} 3.0959x1073 | 1.0808x1073 | 1.9089x1073 | 3.6882x103
Mo 1.9252x1074] 3.7213x107% | 1.2991x107% | 2.2946x107% | 4.4334x1074
B10 2.3597x102 1.5604x10"2
B11l 2.6219x1073 1.7338%1073
c 6.5548x1073 4.3345%1073
Na 1.8776x1072| 1.0259%1072 | 1.9800x1072 | 1.4415x1072 | 7.1929x1073
Ti 5.6086x1075 | 1.0842x10"4 [ 3.7848x1075 | 6.6850x1077 | 1.2916x1074
Cu 3.6996x1075 | 7.1513x1075 | 2.4965x1075 | 4.4096x107% | 8.5196x107°
si 1.3152x10"4| 2.5424x107% | 8.8753x107° | 1.5676x107¢ | 3.0288x1074
Mn 1.8338x1074| 3.5447x107% | 1.2375x107% | 2.1857x1074 | 4.2230x107*
24

Number Densities

are in atoms/cc x 1

0-
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3 SUPER-PHENIX MODELLING METHODS

The PNC assessment of the SPX experimental loading produced
both 2D (RZ) and 3D {(hex-%) snapshot calculations for each of the 4
reactor states defined in Section 2. These calculations were
produced using respectivély the diffusion codes CITATION(3-1} ana
MOSES. In addition, there are calculations to condense 70-group
nuclear data, which were based on JENDL-3.2(3-2)  to the lesser
numbers of groups used in (some of) the diffusion calculations. One
group cross-section data were also produced, for comparison purposes.
There were also calculations to evaluate the changes in fuel and

breeder region number densities with the irradiation to ~50 efpd.

3.1 CLEAN CORE CALCULATIONS

For each of the three clean core conditions - ‘28 cm’, "“All
Fuel’ and ‘No Rods’ - the same sequence of calculations was carried
out. Steady state calculationg were reguired for both the 2D (RZ)
CITATION diffusion model and the 3D (hex-2Z) MOSES diffusion model.
The CITATION calculation was done using the full 70-group nuclear
data structure: the results of this calculation were used to condense
the nuclear data to 7 groups, for use with the larger model of the
MOSES calculation. To obtain l-group cross-section data, the
original 70-group CITATICN calculation was repeated, but with the
subsequent condensation modified to give l-group rather than 7-group
data. The CITATION calculation was also repeated using the 7-group
data, to aid in the comparison of the different PNC calculations.
Figure 3.1 gives a schematic representation of the calculational

route.

The 70-group CITATION calculations incorporated preliminary
SLAROM (3-3) cell calculations, to produce effective cross-section
data for the particular material compositions from the infinite
dilution data of JENDL-3.2. The 7-group data produced by the
condensations is already in the correct format for direct use in the

CITATION and MOSES calculations.

The reactor geometry represented in the calculations

corresponded directly to the data of Section 2, with the exception

__7_
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that for the 2D (RZ) calculations the S/A map of Figure 2.1 had to be
represented as a 1D radial band structure. The radial material
structure used is shown in Figure 3.2; for the ‘All Fuel’ case there
are no CSD, DSD or diluent regions, just the inner core out to a

radius of 137.42 cm, and the outer core from there to 189.22 cm.

The axial flux representation used meshes of 5 c¢m height in the
core and breeders, with the mesh size increasing to 10 cm at the top
and bottom of the axial shield regions. The radial flux modelling
used 1 mesh per S/A in the 3D calculatiocons; in the 2D calculations
the radial mesh had to be fitted to the material structure of Figure

3.2, the typical mesh size was ~5 cm.

3.2 IRRADIATED CORE CALCULATIONS

A similar set of calculations was carried out for the ‘50 efpd’
case as was undertaken for the clean core cases: a 70-group 2D
CITATION calculation, with condensation of nuclear data to both 7 and
1 energy groups; a 7-group 3D MOSES calculation; a repeat of the 2D
CITATION calculation, but using the 7-group nuclear data. Unlike the
clean core calculations, it was necessary to first compute the
variation in the core and breeder number densities; these are changed
from their initial clean core values, a result of the irradiation.
Figure 3.3 gives a schematic representation of the complete

calculational route for the ‘50 efpd’ case.

For the clean core, only a single number density region was
needed to represent each core enrichment zone; for the irradiated
core, a full representation requires a large number of number density
regions. A large number of number density zones is not compatible
with a 70-group calculation, because of data storage requirements.
The calculation of irradiated number densities was carried ocut in two

iterations.

First, a 70-group SLAROM and CITATION snapshot calculation for
clean core conditions (i.e. identical to the ‘28 cm’ case) was used
to condense 7-group clean core nuclear data; this data was used in a
detailed (90 number density region) CITATION burn-up calculation of

irradiation to 25 efpd (i.e. the mean burn-up of the irradiation to

_8_
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~50 efpd). The mean burn-up number densities produced by the
foregoing calculation were restructured to a less detailed (15 number
density region) form and used in a 70-group SLAROM and CITATION
snapshot calculation, from which were condensed 7-group nuclear data

for the mean burn-up condition.

The second iteration consisted of modelling the burn-up in 3
consecutive steps, with the power, duration and CSD insertions as
given in Section 2. CITATION burn-up calculations were used, with 90
number density zones and using the 7-group mean burn-up nuclear data
produced by the first iteration. This produced number density data,

in 90 regions, for the ~50 efpd burn-up core.

The number density data calculated as described above were used
to carry out the required '50 efpd’ calculations. A 70-group SLAROM
and 2D CITATION snapshot calculation was done (with the number
density data restructured to a 15 region representation), with
subsequent condensations to produce 7-group and l-group nuclear data.
The 7-group nuclear data was used for the 3D MOSES snapshot
calculation, which was restricted to the 15 region number density
model; the same nuclear data was also used for 2D CITATION snapshot
calculations, with both 15 region and 90 region number density

representations.

The 90 region number density model represented the reactor as
follows. The core was divided into 10 axial meshes {each of 10 cm)
and 8 radial meshes (5 inner core and 3 outer core), for a total of
80 core regions. There were 2 axial and 1 radial breeder regions,
and 7 other (non-evolving) regions - shield, diluent, neutron guide,
absorber and follower for both CSD and DSD. The 15 region model is
as follows. The core has 3 axial meshes, of 20, 60 and 20 cm, in
each of the fuel enrichment zones, for 6 core regions. The axial
breeders were represented as a single number density region, distinct
from the radial breeder region. The remaining 7 regions were the

same non-eveolving regions as previously.

The clean core calculations used a 12 region number density
representation: one région for each core enrichment zone, 7 non-

evolving regions, and 3 breeder zones {(upper, lower and radial). The
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upper and lower axial breeders, although represented separately, have

identical clean core compositions.

3.3 ABSCRBER MODELLING

Unlike the other regions, the CSD and DSD absorbers are
modelled heterogeneously in the SLAROM calculations of effective
cross-sections. Without such a representation, the reactivity effect

of the absorber would be significantly over-estimated.

The heterogeneous structures that can be modelled are limited
to those geometry options available in the SLAROM program. The DSD
was represented in a simple 1D cylindrical geometry, this models
exactly a single absorber pin, with a very minor distortion of the
hexagonal wrapper tube. For the CSD, a geometry option was used that
is a close approximation to the design: a series of concentric
hexagonal arrays of circular rods, overlaid on a series of concentric
hexagonal regions. The only notable difference was that the outer
ring of pins had to be spaced evenly, rather than leaving a gap for
the pins missing from a regular hexagonal array. For both absorber
types, a supercell model was used, representing a single absorber S/A
surrounded by a region of fuel equivalent to 14.9 S/As (14.9:1 being

the ratio of fuel to absorber S/As in the reactor).

For the DSD model, the radii of the various regions were
determined by the volume fractions of the component materials. The
unspecified volume fraction was placed as a void gap between the ByC
and its steel sheath. All the steel not in the wrapper tube was

placed in the steel sheath.

The volume fraction of the ByC in the CSD absorber implied a
0.856 cm radius for each ByC region, with a lmm thick steel sheath
around them extending their radii to 0.956 cm. The overall steel
volume fraction was greater than that occupied by the pin sheaths and
wrapper tube; the extra steel was positioned in a region between the
pin bundle and the wrapper, mixed with Na coolant (this additional

steel in practise forms the pin bundle support structures).

Figure 3.4 shows, for both CSD and DSD absorbers, both the

actual S/A cross-section and that modelled in the SLAROM
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calculations. The models are seen to be good approximations of the

real geometries.

In the 2D calculations, no adjustments were made to the
absorber nuclear data to allow for the distorting effects on absorber

worth of the RZ gecmetry.

3.4 OTHER

In carrying out the calculations, no corrections were made for
known systematic errors in calculation methods: such factors as mesh

size effect, fuel cell heterogeneity or transport effects.

The number density data supplied by CEA included three minor
elements in the steel composition - Ti, Cu and Si - which are not
incorporated in the standard PNC calculational route. The

calculational route was modified to include these three elements.

3.5 CEA METHODS

In the folowing Section, the results of the calculations
described above are compared with equivalent calculations produced by
CEA. ‘There is only partial information available on the CEA
calculation methods. CEA carried out both 2D and 3D calculations.
Nuclear data from CARNAVAL IV was used. Representation of absorber
heterogeneity effects was by reducing the boron concentration, to a
level determined using rod worth measurements. The 3D calculations
were in 6 energy groupsg, they used hex-Z geometry with 7 mesh points

per S/A.

The comparison also includes some results of calculations by
IPPE (Russia). The only available information on the methods used

was to distinguish whether 2D or 3D geometry was used.
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JENDL-3.2
data

/0 groups

S SLAROM -«
Cell calculations

CITATION (2D)
Snapshot: 70 groups

CONDENSATION (1)
CONDENSATION (l1)

—— CITATION (2D) <~
Snapshot: 7 groups

—— »[ MOSES (3D) ]

Snapshot: 7 groups

Figure 3.1 PNC calculational route - clean core cases
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REGION RADIUS (cm) MESH (em)
286.81 2 % 8.19
RADIAL SHIELD 3 x 5.46
4 4,38
236.52 *
RADIAL BREEDER 10 x 4.66
189.93
NEUTRON GUIDE 1 x0.71
189.22
4 x 4.27
OUTER CORE 3 x 5.46
2 x 5,82
144.11
DILUENT 1 x 4.74
139.37
CcSD 1 x 4.90
134.47
2 x 5.74
INNER CORE 3 x 5.46
3 x 4.96
91.73
DSD 1 x 1.48
90.25
INNER CORE 6 x 5.45
57.55
CSD 1 x 4.87
52.68
2 x 5,72
INNER CORE
2 x 5.66
29.92
DILUENT 1 x 4.89
25.03
INNER CORE 3 % 5.19
x 4.73
0 (centre)

Figure 3.2 Radial region structure for 2D model (PNC calculations)
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4 RESULTS

The analysis was limited to steady-state flux calculations for
specific core configurations. As a consequence, the range of results
available is somewhat limited compared with a full reactor physics
fuel cycle assessment. The core reactivities (Keff values), together
with the flux and rating distributions were the parameters examined
as characteristic of the different core states; l-group nuclear data

were also produced.

Table 4.1 shows the values of Keff for each of the four cases,
as calculated by the two different diffusion models and for different
numbers of energy groups. The effect of condensing from 70 to 7
energy groups for the 2D CITATION calculations had a small and
consistent effect, increasing Keff by ~0.06%. The effect of changing
the calculation method and model from 2D to 3D (i.e. from CITATION to
MOSES) is rather more significant, but varies between the four cases,
from -0.1% to +0.6%: there are several contributing factors, 2D/3D
geometry effects, radial mesh size (~5 cm in 2D, 18 cm S/A in 3D), as
well as any differences in the modelling in the 2 programs. Table
4.1 also shows that, for the irradiated ‘50 efpd’' case, the
difference between the coarse (15 region) and detailed (90 region)
representations of core number densities was insignificant as far as

Keff was concerned - 0.014%.

In essence, the difference between the ‘28 cm’ and ‘No Rods’
cases is that the absorber rods are at different insertions (in the
‘No Rods’ case they are completely removed from the model). Thus the
difference in Keff values is a measure of absorber worth -
2.17%Ak/kk' for the 2D CITATICN calculations and 1.82%Ak/kk' for the
3D MOSES calculations. This indicates that the 2D calculations do,

as expected, overestimate the effectiveness of the absorber, by ~20%.

The conditions of the '28 cm’ and ‘50 efpd’ cases differ only
in the burn-up of the core, thus the difference in their Keff wvalues
iz a measure of the rate of loss of reactivity with irradiation.
There is some difference between 2D and 3D calculations, for the
former the reactivity loss is 0.8%Ak/kk', whereas for the latter it

is only 0.66%Ak/kk'.
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For the analyvsis to be described in Sections 6 and 7, it was
necessary to repeat a calculation for the ‘2B cm’ case, but with the
CSD and DSD absorbers represented as homogeneous cells in the SLAROM
calculations of effective cross-sections. The calculation used the
2D geometry (CITATION) and 70 energy groups. The resulting value of
Keff was 0.98217. Comparing with the equivalent ‘No Rods’ case
determines the worth of the homogeneous absorber to be 2.52%Ak/kk',
an overestimate of ~16% compared with the 2.17%Ak/kk' value obtained

using the heterogeneous absorber model.

Plots, for all four cases, of the radial variation in flux and
rating in the 2D calculations are shown in Figures 4.1 ang 4.2
respectively. In each case, the data were taken from the
calculations with 7 group nuclear data. The flux wvalues were taken
from a single axial mesh, the 5 c¢m immediately above the core mid-
plane, and the total flux summed over the 7 energy groups. The
rating values plotted are the axially integrated power at each radial
position, the summation covering axial breeder zones in addition to
the core; the results are given as MW per S/A, for direct comparison

with the 3D MOSES and SPX measurement values.

The behaviour of the ‘All Fuel’ case is rather different from
that of the other three cases: it has an essentially flat flux and
rating distribution over the inner enrichment zone - the uniform
composition causes the flux and rating to be smooth, though not
necessarily flat. The three other cases show a decided rating
increase in the outer part of the inner enrichment zone, especially
the ‘28 cm’ and ‘50 efpd’ cases, those in which absorber material is
included. It was considered possible that the distorting effects of

adopting a 2D meodel were responsible for the flux and rating hump.

Figures 4.3 to 4.6 compare the 2D radial rating distributions
of Figure 4.2 with the radial rating distributions from the
equivalent 3D MOSES calculations. ‘The 3D radial distributions are
displayed both as individual S/A powers, and as a plot of the average

power for each hexagonal ring of S/As.

It is clear that, compared with the 3D model, the 2D
calculations introduce a radial rating tilt, reducing rating in the

centre of the core and raising it at the edge (in the ‘All Fuel’ case
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the effect is marginal). The 2D calculations produced a pronounced
rating hump in the outer part of the inner enrichment zone, occcurring
in those cases in which absorber material is present in the model.
This hump is still present in the 3D calculations, though somewhat
less severe. It is apparent that the hump is caused by the absorber:
in 2D geometry the effect of absorber is enhanced, but the
calculations included no adjustments to offset this effect. Towards
the outer part of the core, the ratings of the individual S/As in the
3D calculations show quite a scattering, rather than varying smoothly
with radius {(this is particularly so for the 'All Fuel'’ case): this

is a consequence of the local presence of rod and diluent S/As.

l-group cross-section data were produced for each of the 4
cases. Table 4.2 shows the values produced for five main cross-
sections - absorption, nu*fission, fission, total and diffusion. The
SLAROM calculations used a diagonal transport approximation, so the
transport and total c¢ross-section values are identical. Values are
given for each material region in each of the four cases. There is
not a great deal of wvariation in cross-sections between the four
cases; unsurprisingly, the largest differences {up to ~5%) were seen
in the evolving regions {(core and breeder) of the irradiated ‘50

efpd’ case.

4.1 COMPARISON WITH CEA

The calculations described above were carried out to provide
data for comparison with CEA calculations {(and alsc with measurements
made on SPX itself)}. The comparison was carried out by CEA, only a
limited amount of CEA data has been supplied to enable PNC to

undertake its own comparison assessment.

A number of Keff values for CEA calculations are available,
though only for 3D calculations. Table 4.3 compares Keff wvalues from
PNC and CEA, for 3D diffusion calculations for the four cases. Aall
the CEA calculations predict a higher value for Keff, by ~2% for the
*‘All Fuel’ and ‘No Rods’ cases, but only by ~1% for the ‘28 cm’ and
‘50 efpd’ cases. There are several possible causes for the Keff
differences between PNC and CEA, these include mesh size (1 or 7

meshes per S/A) and program model differences, but the most likely
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source is from nuclear data differences. Whether the difference is
~2% or ~1% corresponds to whether or not absorber materials are

present in the reactor.

What was calculated as a 1.82%Ak/kk' absorber worth for the PNC
calculations is increased to 2.90%Ak/kk' for the CEA calculations.
It is understood that the CEA calculations did take account of
absorber heterogeneity, but by artificially reducing the boron
density, rather than explicitly. Absorber modelling is an area of

significant difference between the PNC and CEA calculations.

The CEA value for the reduction in Keff with the irradiation
change from case ‘28 cm’ to case ‘50 efpd’ was 0.61%Ak/kk', in
agreement with the PNC wvalue of 0.66%Ak/kk'.

Further Keff values are given in Table 4.4, showing the
variation over the 3 stages of the irradiation to ~50 efpd. The PNC
calculations were with the 2D model, whereas the equivalent CEA
calculations used a 3D model. The variation in the XKeff difference
between PNC and CEA calculations, corresponds to the greater effect
in the CEA calculations of the gradual withdrawal from the core of
the CSD absorber. The cases of Table 4.4 represent the actual SPX
burn-up conditions and therefore should be just critical: both PNC
and CEA calculations underestimated Keff, by ~1% or more. The
0.4%Ak/kk' difference between the final PNC value of Table 4.4 and
the equivalent case from Table 4.1 is a consequence of the 7 group
nuclear data used being condensed for different conditions {(those in

table 4.4 are for the mean burn-up of 25 efpd).

Figures 4.7 and 4.8 show, for the ‘28 cm’ and ‘50 efpd’ cases
respectively, the radial rating distribution in 2D calculations by
both PNC and CEA (the ‘28 cm’ case also includes the results of a
calculation carried out at IPPE, Russia, which also provided results
for CEA's comparison exercise). The graphs are in the form of the
percentage variation from SPX measurements, as a function of S/A
ring. Two things are worth noting about these results. All the
calculations show a radial tilt relative to the SPX measurements,
ratings ralsed towards the core centre and depressed at the core
edge; the CEA calculations produce a significantly larger tilt than

the others. Secondly, there is a remarkable degree of similarity in
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the radial rating shape between the one IPPE calculation presented
and the equivalent PNC calculation. This similarity suggests that
there is little effective difference between the PNC and IPPE nuclear
data and methods used (at least for 2D calculations). The irregular
difference between the PNC (and IPPE) results and the SPX
measurements is considered to ke, at least in part, a consequence of
the radial band approximation (Fig. 3.2) that is necessary in 2D (RZ)

geometry.

Using values of rating as a fraction of SPX measured values
from Figures 4.7 and 4.8, and taking radial tilt as the ratio of
maximum to minimum values; the PNC calculations gave radial tilts of
1.060 and 1.094 for the ‘28 cm’ and ‘50 efpd’ cases, whilst the CEA
calculations produced tilts of 1.217 and 1.233; the IPPE calculation
for the ‘28 cm’ case gave a tilt of 1.098. The size of the tilts
{(variations from 1.0) calculated by PNC were only 28% and 40% of the

CEA values, for the ‘28 cm’ and ‘50efpd’ cases respectively.

Figures 4.9 and 4.10 show respectively the flux and rating
radial variations (mean values per S/A ring) for 3D calculations of
the ‘28 cm' case. The values plotted are for both PNC and IPPE
calculations, and show the percentage variation from the eguivalent
CEA calculations. The figures show, consistent with the 2D results,
that the center-to-edge tilt remains significantly greater in the CEA
calculations than in the others. Comparing the PNC and IPPE 3D
results; whilst the fluxes are within 1% of each other, the ratings
differ by up to 3%. Figure 4.11 shows the same information as Figure
4.10 (the difference of radial rating from CEA values), but for 2D
rather than 3D calculations: the size of radial rating tilt is
approximately the same as for the 3D calculations, though there are

differences in the detailed structure.
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Table 4.1 Keff variation with model geometry and number of energy
groups (PNC calculations)

Core Modelling Options
Configuration 2D (CITATION) 2D {CITATION) 3D (MOSES)
70 groups 7 groups 7 groups
*‘All Fuel’ 1.05575 1.05633 1.05034
‘No Rods’ 1.00711 1.00773 1.00370
‘28 cm’ 0.98546 0.98617 0.98569
‘50 efpd’ 0.97777 0.97826 0.97932
(0.97812 , 90 2z)
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Table 4.2 l-group cross-section data (PNC calculations)

Case and Cross-section

Region Absorption|Nu*Fission| Fission Total Diffusion
‘211 Fuel’ .
inner core H.514e-3 6.581e-3 2.257e-3 | 2.8441e-1 1.3861
lower blanket 4.494e-3 5.732e-4 2.168e-4 | 3.3275e-1 1.1672
guide tube 5.398e-4 0 0 1.8832e-1 2.3581
outer core 5.768e=3 7.81l6e-3 2.671le-3 | 2.75%0e-1 1.4292
radial blanket| 5.688e-3 7.568e-4 2.861le-4 | 3.5834e-1 1.0525
shield 2.143e-3 0 0 3.9278e-1 1.0735
upper blanket 4,.494e-3 5.732e-4 2.168e-4 | 3.3275e-1 1.1672
2No Rods’
CsSD follower 3.056e-4 0 0 1.5351e-1 2.7118
diluent 1.306e-3 0 0 3.7295e-1 1.2183
DSD follower 1.951le-4 0 0 1.3319%e-1 3.1313
inner core 5.648e-3 6.668e-3 2.288e-3 | 2.8554e-1 1.3814
lower blanket 4.624e-3 5.680e-4 2.153e-4 | 3.3380e-1 1.1622
guide tube 5.366e-4 0 0 1.8706e-1 2.3729
outer core 5.878e-3 7.905e-3 2.703e-3 12.7654e-1 1.4273
radial blanket] 5.652e-3 7.721e-4 2.915e-4 {3.571%e-1 1.0567
shield 2.150e-3 0 0 3.9191e-1 1.0757
upper blanket 4.624e-3 5.680e-4 2.153e-4 | 3.3380e-1 1.1621
228 cm’
CSD absorber 3.2494e-2 0 0 2.8970e~-1 1.5080
CsD follower 2.914e-4 0 0 1.5108e-1 2.7483
diluent 1.226e-3 0 0 3.6246e-1 1.2464
DSD absorber 1.7624e-2 0 0 2.2724e-1 2.2767
DSD follower 1.83%e-4 0 0 1.3082e-1 3.1764
inner core 5.564e-3 6.644e-3 2.27%9e-3 | 2.8354e-1 1.3897
lower blanket 4_.606e-3 5.734e-4 2.172e-4 |3.3312e-1 1.1648
guide tube 5.299%9e-4 0 0 1.859%6e-1 2.3847
outer core 5.812e-3 7.888e-3 2.696e-3 [ 2.7492e-1 1.4346
radial blanket] 5.628e-3 7.796e-4 2.942e-4 | 3.5653e-1 1.0590
shield 2.086e-3 0 0 3.8898e-1 1.0876
upper blanket 4.231e-3 5.976e-4 2.252e-4 | 3.2531e-1 1.1925
‘50 efpd’
axial blanket 4.,442e-3 6.88le-4 2.564e—-4 ]3.2854e-1 1.1815
CSD absorber 4.3908e~2 0 0 2.783%e-1 1.3792
CSDh follower 2.908e-4 0 0 1.508%e-1 2.7505
diluent 1.222e-3 0 0 3.61l35e-1 1.2493
DSD absorber 4.9664e-2 0 0 2.5917e-1 1.5483
DSD follower 1.835e-4 0 0 1.3068e-1 3.1785
bottom imner | 5.769e-3 | 6.699e-3 | 2.298e-3 |2.8792e-1| 1.3723
mid inner corel] 5.504e-3 6.598e-3 2.262e-3 | 2.8213e-1 1.3957
top inner corel 5.464e-3 6.549%e-3 2.246e-3 [ 2.8253e-1 1.3915
guide tube 5.295e-4 0 0 1.8591e-1 2.3853
Pottom outer | 5.987e-3 | 7.899e-3 | 2.701e-3 [2.7909e-1| 1.4170
mid outer core] 5.742e-3 7.792e-3 2.663e-3 |2.7372e-1 1.4398
top outer core] 5.804e-3 7.804e-3 2.667e-3 12.7609e~-1 1.4283
radial blanket| 5.635e-3 8.323e-4 3.123e-4 |3.561l7e-1 1.0604
shield 2.053e-3 0 0 3.8629%e-1 1.0984
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Table 4.3 Comparison of PNC and CE2a Keff values: 4 base Super-
Phenix configurations

Core Keff values
Configuration PNC Calculation CEA Calculation
‘All Fuel’ 1.05034 1.07325
‘No Rods’ 1.00370 1.02454
v28 cm’ 0.98569 0.99493
‘50 efpd’ 0.97932 0.98892

Table 4.4 Comparison of PNC and CEA Keff values: during 3-stage

irradiation
Irradiation CSD Insertion Keff values
PNC Calculation | CEA Calculation

0 efpd 40 cm 0.97143 0.97636
~12 efpd 40 cm 0.97032
~12 efpd 35 cm 0.97713 0.98262
~25 efpd 35 om 0.97571
,~25 efpd 28 cm 0.98416 0.99132
~50 efpd 28 cm 0.98203 0.98892
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(PNC calculation)
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Figure 4.8 Radial rating difference from SPX measurements,
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5 CEA ANALYSIS OF RADIAL TILT

CEA undertook an analysis of the components of the radial
rating tilt effect, for one of their calculations. Only limited

information on the analysis is available, summarized in this Section.

For the CEA analysis, a radial tilt parameter was defined as:
the ratio of calculated to measured ratings averaged over the inner 5
S/A rings, divided by the ratio of calculated to measured ratings
averaged over the outer S/A ring. Just the ‘28 em’ case was
analysed. The calculation overestimated centre ratings by 6% and

underestimated edge ratings by 12%, for a radial tilt of 1.18.

The CEA radial tilt analysis used only a 3D calculation. This
calculation used a tri-Z (hex-Z, with 7 mesh points per S/A} 3D
geometry for diffusion calculations, with nuclear data in 6 energy
groups taken from CARNAVAL IV. The concentration of boron in the rod
absorbers was reduced, as an approximate allowance for heterogeneity

effects.

The CEA analysis showed that many of the approximations
inherent in the calculation method contributed to the radial tilt
discrepancy. An updated and improved calculation scheme was used to
estimate the effect of various factors on the radial tilt. The
modified calculation route used a nodal transport model, with nuclear
data in 33 energy groups and taken from ERALIB~1 (which 1s based on
JEF-2.2 data). Heterogeneity effects were modelled explicitly in the

rod absorbers.

A number of other factors were identified. A correction for
errors introduced by the finite mesh size. A correction for
modelling fuel temperatures as uniform, rather than with a radial
gradient. A correction to the SPX measurements, to allow for Na
circulation above the core causing peripheral temperature

measurements to be high.

Table 5.1 lists those factors which had a significant effect on
the radial tilt. When all the factors were allowed for, they reduce
the radial tilt by ~14%. Thus the CEA calculation with all the

identified factors corrected had a radial tilt of 1.04 compared with

._35_
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the SPX measurements, rather than the 1.18 of the original

calculation.

As Table 5.1 shows, the most significant contribution to the
radial tilt effect came from the CARNAVAL IV nuclear data that was
used. OFf all the factors listed, only the nuclear data and the mesh
size are the source of any significant difference between the PNC
caleculations and the original CEA calculations. Thus, it could be
expected that the difference in radial tilt between PNC and CEA
calculations, as in Figures 4.7 and 4.8, was primarily a conseguence

of the different nuclear data sources: JENDL-3.2 and CARNAVAL IV.
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Table 5.1 Component factors of radial tilt
{CEA 3D calculation)

effect

Radial Tilt

Effect
Contribution

energy group condensation (33 to 6 groups) +0.5%
mesh size correction -2%
diffusion/transport model differences -2.5%
nuclear dataset errors * ~6%
fuel temperature radial gradient -1%
SPX thermal-hydraulics correction -3%

Total -14%

* egtimated effect
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6 NUCLEAR DATA SENSITIVITY ANALYSIS: METHOD

As was seen in the previous Section, a major cause of the
difference in radial tilt between the PNC and CEA calculations was
found to be the differences between the JENDL-3.2 and CARNAVAL IV
nuclear data. An analysis was undertaken to determine where in the

nuclear data the differences arose.

The analysis used an established PNC calculation method, based
on the program SAGEP(G'l), whereby the effects on a flux calculation

of changes to the nuclear dataset could be examined in detail.

The first step of the SAGEP based analysis was to define a
parameter which could be used to measure the effects of changing
nuclear data. It was possible to choose from a variety of
parameters, including Keff and various reaction rates. Since the
study was concerned with the radial rating tilt, a corresponding
parameter was used: the ratio of Pu??? fission rates, for meshes at
core axial mid-height and radii equivalent to approximately 11 and
0.5 S/A rings. The options were limited to single reaction rates;
Pu??? was chosen because it was the main fissioning isotope. The

assessed parameter can be represented as -

P ::I{H/Izﬂj (1)

The program SAGEP uses calculations based on generalized
perturbation theory. The SAGEP program calculated sensitivity
coefficients, G, the fractional change in parameter P relative to

the fractional change in nuclear data, for each nuclear data item -

JP /P

(}r,i,g = ——ao-r.i’g/o-r'i’g

(2)

- reaction type
isotope
-  energy group

Q k- H
1

The next stage of the assessment was to calculate the
fractional difference in each nuclear data item between the 2
datasets being compared (the dataset used in the SAGEP calculation,
the PNC JENDL-3.2 data, being used as the reference value).

Combining each fractional change in nuclear data with the appropriate

sensitivity coefficient, @&, gave the contribution to the fractional
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change in parameter P for each nuclear data item, as calculated by
the sensitivity analysis method. These values were combined to give

the overall fractional change in parameter P, thus -

CEA PNC
AG _ O.r.i‘g - O-r.i.g
—— -*—*—E;ﬁwf——— (3)
o 1i.g rig

AP Ao

?-EZZ Gug'| — (4)
r i g O' rig

The calculations represented by equations (3) and {4} were evaluated

using a purpose-written FORTRAN program. As well as the above

~equations, the program extracted the two nuclear datasets from their

diverse formats and transformed them into compatible forms.

Provided that the two nuclear datasets compared are not greatly
different, then the value of AP/P calculated by equation (4) should
be accurate. A definitive value of AP/P is obtained from the
fractional difference in P values calculated directly by flux

snapshot calculations using the two different nuclear datasets.

The contributions to AP/P from each individual nuclear data

item are the wvalues

Ao
Gr.i.g T

(5)
rig
The analysis of these values identifies which of the nuclear data
items are responsible for the largest contributions to the difference

in radial tilt between the two nuclear datasets.

6.1 ENERGY GROUP STRUCTURE

It is necessary for the two datasets compared to have
essentially the same energy group structure, if the comparison is to
be meaningful. Although the PNC calculations described in Section 3
were done in either 7 or 70 energy groups, there is also a standard
18 group structure {condensed from the 70 groups} which is normally
used in SAGEP calculations. The CEA nuclear data was provided in a

25 group structure.
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The energy boundaries of the CEA 25 group structure did not, in
general, correspond to boundaries in the standard PNC 18 group
structure. Therefore, it was not possible to simply condense the CEA
data to the standard 18 group PNC structure. With the exception of
the maximum and minimum values (see below), the CEA 25 group energy
boundaries did correspond to boundaries in the PNC 70 group
structure. Therefore it was possible to define a completely new 18
group energy structure, to which it was possible to condense both the
70 group PNC data and the 25 group CEA data. This new 18 group

structure was used for the SAGEP based sensitivity analysis.

The various energy group structures are shown in Figure 6.1.
The extreme energies of the PNC data were 10 MeV and 10-3 &V, those
of the CEA data were 14.5 MeV and 0.025 eV. It should be noted that,
unlike the original PNC and CEA spectra, the energy groups of the new
structure are to some extent irregular: groups 5,11,12 and 15 are
approximately twice the size of their neighbours, and as such can be

expected to be the source of larger contributions to the rating tilt.

6.2 NUCLEAR REACTION TYPES

Each of the PNC (JENDL-3.2 based) and CEA (CARNAVAL IV based}
nuclear datasets provided values for a somewhat different list of-
nuclear data types. The PNC nuclear data items are listed in Table
6.1, and the CEA items in Table 6.2. Table 6.3 identifies those data
items where a direct comparison can be made between the two datasets,

and for which SAGEP calculated sensitivity coefficients.

The SAGEP sensitivity analysis normally includes, in addition
to those reactions listed in Table 6.3, the (n,2n) reaction and Mu-
average values. Normally the elastic and inelastic scattering
matrices would be treated separately; however, since these data were
combined in the CEA nuclear dataset, the PNC nuclear data and SAGEP
sensitivity coefficients, G, were also produced in the form of a

single matrix combining elastic and inelastic scattering.

Because the PNC and CEA nuclear data formats were not
completely compatible, it was not possible to include a full set of

reaction types in the sensitivity analysis. It was, therefore, to be
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expected that the sensitivity analysis would not necessarily give an
accurate value for the owverall fracticnal change in parameter P; 1t
would still give a reliable calculation of the relative importance of

those nuclear data items that were included in the analysis.

6.3 CALCULATIONS

The sensitivity analysis calculations were limited to just one
of the four cases examined in Section 3. It was appropriate to
assess a case in which all materials (i.e. including absorber) were
present in the model; this restricted the choice to the cases ‘28 cm’
and ‘50 efpd’. The production of all the CEA nuclear data was
carried out for clean core conditicns, whereas the PNC data for the
‘50 efpd’ case tock account of the changes in number density with
irradiation, so the ‘28 cm’ case was adopted for the sensitivity

analysis.

PNC nuclear data in 18 groups, for use in the sensitivity
analysis, was produced (for case ‘28 cm’) in the same manner as the
7T-group data used for the MOSES calculations of Section 4. The
original 70-group SLAROM and 2D CITATION calculation was repeated,
with the resulting flux used for the condensation to 18 groups. The
CEA nuclear data included flux spectra for each material region,
these were used - within the FORTRAN program written to evaluate
equations (3) and (4} - to condense the CEA nuclear data to 18

groups.

The nuclear data have separate wvalues calculated for each
material region, but the SAGEP calculations of sensitivity
coefficients produced values that were independent of region. It
would in principle be possible to expand the equations of Section 6
to use nuclear data values which were averaged over all reactor
regions (a volume and flux weighted average would seem appropriate);
however, there was little variation in the nuclear data with region,
so the calculations were done using nuclear data taken from one
region. No region had all isotopes represented; most of the nuclear
data used was taken from the inner core zone, with that for the B4C

isotopes taken from the CSD absorber region.

— 41—
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For the fission spectrum, the calculation of the sensitivity
coefficients differs somewhat from that of the other reaction types.
Since the fission spectrum has tc be normalized to a total over all
energy groups of 1.0, caleulating the sensitivity to a change in one
value requires a corresponding adjustment to the remaining values.
The size of that adjustment depends on the size of the change in the

one value for which the sensitivity coefficient is calculated (i.e.

on the size of ACG/C). Thus, a series of fission spectrum

sensitivity coefficients is calculated, for different sizes of Ac/G.

The CEA nuclear data for the CSD and DSD absorber reglons was
calculated using a homogeneous cell model. To ensure data
compatibility, a version of the PNC ‘28 cm’ case in which the
absorbers were modelled homogeneously {(rather than heterogeneously,
as in the calculations for Section 4} was used in the condensation of

the 18-group nuclear data for use in the sensitivity analysis.
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Table 6.1 Components of PNC (JENDL-3.2) nuclear dataset
Absorption Inelastic

Nu*Fission n,?2n

Transport Mu-bar

Fission Diffusion

Total Scattering Scattering Matrix *

(in—grouE & downscattering)

* normally separate elastic and inelastic matrices,

this study

Table 6.2

combined for

Components of CEA (CARNAVAL IV) nuclear dataset

Total
Capture
Fission
Nu*Fission

Fission Spectrum

Elastiec,g—g+l
Elastic,g—g
n,xn
Inelastic,g—g

DPA

Disappearance Scattering Matrix
(only downscattering)
Kerma
Table 6.3 Nuclear data items compared in SAGEP sensitivity analysis

PNC

CEA

Fission

Fission

Nu*Fission / Fission

Nu*Fission / Fission

Absorption - Fission

Capture

Elastic + Inelastic Scattering,
matrix diagonal values

Elastic,g—g + Inelastic,g—g

Elastic + Inelastic Scattering,
matrix non-diagonal values

Scattering Matrix

Fission Spectrum

Fission Spectrum




PNC 18 group structure

CEA 25 group structure

ssxnlonils dnoxb ABrxoum T'9 2anbIa

New 18 group structure

1 keV
Energy Group Boundaries
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7 NUCLEAR DATA SENSITIVITY ANALYSIS: RESULTS

The sensitivity calculations were carried out as described in
the previous section. The SAGEP based analysis produced a value of
-0.283 for AP/P, the fractional difference in radial tilt resulting
from the differences between the PNC (JENDL-3.2) and CEA (CARNAVAL
IV) nuclear datasets. This compares with a value of -0.132
calculated directly from the diffusion calculations using the two

nuclear datasets (Figure 4.7).

The above discrepancy of a factor 2 in the AP/P value was
unsurprising. As is shown in Sub-section 7.3 below, there were some
large differences in cross-section values between the two sets of
nuclear data compared, which would compromise assumptions of
linearity inherent in the perturbation thecry on which the methed is
based. Also, incompatibilities in data formats led to some reaction
types being excluded from the sensitivity analysis. As expected,
these factors led to inaccuracies in the value for AP/P based on
the SAGEP calculation. Despite these shortcomings, the sensitivity
analysis was still considered to be accurate for the purposes of
identifying which cross-sections are the most significant

contributors to the AP/P value.

7.1 RADIAL TILT VARIATION, BY ISOTCOPE AND REACTION

Table 7.1 shows, for each of the 21 isotopes in the model, the
contributions to the AP/P value from the variation in the
scattering, capture and fission reactions and in the Nu values. The
values are the sum over all 18 energy groups (over the triangular 18
X 18 matrix for the scattering reaction). Table 7.2 shows the
contribution to AP/P from the fission spectrum variation, again

summed over all 18 groups, for different values of fission spectrum
Ac/o.

As noted in Section 6, the values in Tables 7.1 and 7.2 were
calculated using nuclear data for the inner core region {except for

the B4C isotopes, for which data were taken from the CSD absorber

region). Compared with the accuracy in overall AP/P values, the
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variation in the individual contributions if nuclear data were taken

from different regions was small - typically a maximum of ~10%.

Examining the details of Table 7.1, it is seen that the value
of AP/P is dominated by a limited number of reactions: fission in
Pu239, capture in Fe, scatter in U238, Fe, Cr, O and Na. These
contributions represent ~83% of the total (considering just size, not
sign); the next largest is <2%. All the important reactions are in
the most common isotopes of the core materials. The total given for

AP/P, from the reactions in Table 7.1, was -0.2835.

As shown in Table 7.3, the fractiocnal difference in fission
spectrum value {AC/C) varies with energy group, between +0.37 and
-0.45; from the results in Table 7.2 it 1s seen that these values
correspond to a contribution from the fission spectrum to the overall
AP/P value of from 0.0005 to 0.0008. These two values were based
on the assumption that sensitivity coefficients obtained using the

same value of AC/CG were used for all 18 energy groups in the fission

spectrum. If for each energy group & sensitivity coefficient was
used that was based on the individual value of AG/CG, then the
calculated contribution to the overall AP/P would be just 0.0002.
The effect of fission spectrum on AP/P is negligible, the overall
value being from -0.2827 to -0.2833. ‘

7.2 RADTAL TILT VARIATION, BY ENERGY GROUP

A1l the results of the previous Sub-section were based on
taking the effect summed over all energy groups, for each combination
of reaction type and isotope. The next stage of analysing the
results was to look at the greater detail of the results as a

function of the 18 individual energy groups.

The contributions to AP/P as a function of energy group are
shown graphically in Figures 7.1 to 7.8. For each reaction type, the
figures include only those isotopes for which there are significant
contributions to AP/P. All the figures are for the same vertical
scale (AP/P contribution), to aid the comparison of the importance
of the different reactions; in two cases - Figures 7.1 and 7.5 -

single values are noted which exceed the extents of the graphs.
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Figure 7.1 shows the AP/P contributions for both the fission
reaction and the Nu value, for the three isotopes with the largest
contributions: Pu23?, Pu240 and U238, For each isotope in Figure 7.1,
the fission values are shown on the left and the Nu values on the
right. The only significant values are for Pu239; for the group 15
fission reaction the value goes off the scale of the figure, to

-0.031.

Figure 7.2 shows the AP/P contributions for the capture
reaction for a range of isotopes. The two most significant isotopes
show rather different behaviours. Fe has a single large value, for
energy group 15. U238 has several large values, but they are both
positive and negative and to some extent cancel out {though this

remains the most significant isotope).

Figures 7.3 to 7.7 show the AP/P contributions for the
scattering reactions; since for each isotope there is a matrix of
scattering reactions, only one isotope is represented in each figure.
The five figures are for the most significant isotopes - U238, Fe, 0,
Na and Cr. The figures show the combined effects of both elastic and
inelastic scattering, and include both in-group (diagonal values) and
down scattering. For all isotopes the major contributions to AP/P
are clustered around the high energy groups, or else along the
diagonal of the matrix (i.e. in-group scattering). A single value,
group 5 in-group scattering for O (Figure 7.5), is off the scale of

the figures (-0.025).

Figure 7.8 shows the AP/P contributions from the fission
spectrum; the figure represents several sets of AP/P contributions,
based on sensitivity coefficients calculated for several different
AG/G values. The variation between the different cases is minimal.
Examining the detail of the results, there is one large negative
value, for group 5, which just about offsets a series of smaller

positive contributions.

Table 7.4 lists those individual nuclear data items that
produced the largest contributions (~50 items) to the overall wvalue
of AP/P. The values are such that 25% of the total is provided by
just 3 nuclear data items: Pu?3? fission for group 15, plus U238 and 0O

group 5 in-group scatter. With just the 10 largest centributions
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over 50% of the total AP/P is produced, and just these items listed
in Table 7.4 together produce nearly 80% of the total AP/P.

It is noted that the largest AP/P contributions are generally
for energy group 5 or 15. These groups are twice the width of
neighbouring groups (see Fig. 6.1} and so could be expected to
provide double the AP/P contribution. Splitting groups 5 and 15 in
two would not materially alter the conclusion that the value of

AP/P is the result of relatively few reactions,

7.3 CROSS-SECTION VARIATION

The preceding analysis of the results showed that the
difference in radial rating tilt (AP/P) as a result of the
differences in the two nuclear datasets was dominated by the effects
of a small number of nuclear data items. Some further analysis was
done, to identify whether those items that contributed most to AP/P
corresponded in general to the largest differences in cross-sections
between the two datasets. (The alternative, which turned out to be
the case, was that the sméll number of important nuclear data items
was a consequence of there being relatively few large values among

the sensitivity coefficients, G.)

A direct comparison was made between some of the values from
the two nuclear datasets, as shown in Figure 7.9 to 7.23. Fractional
differences in cross-sections (i.e. AO/C values) were plotted, but
these suffered from two drawbacks. Where the PNC value was zero, no
fractional difference could be calculated; so where either (or both)
of the values was zero, no points were plotted in the figures. The
fractioné& difference can lend a spuricus significance to data items
where the absolute values are small; to overcome this, the figures

include plots of absolute differences in cross-sections.

Figures 7.9 to 7.16 show the difference in scattering cross-
sections, for the four isotopes U238, Cr, Fe and 0. For each isotope
there are fractional differences (Figures 7.9 to 7.12) and absoclute
differences {Figures 7.13 to 7.16) in cross-sections. Within each of
the two types, the same vertical scale has been used as an aid to

comparison. Several of the wvalues are beyond the extents of the
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graphs (values are annotated) - the scale was chosen to allow the

detail to be seen to best effect.

Of the four isotopes for which scattering fracticonal cross-
section differences {(AC/G) are presented (Figures 7.9 to 7.12), that
for Fe was typical of the remaining isotopes, whilst U232 and Cr
showed some atypically large differences in the body of the matrix.
The cross-section differences for O were included because one of the
very largest contributions to AP/P came from this isotope (from
group 5 in-group scattering). Aall the cases showed significant
differences along the diagonal and in the high energy region. When
turning to the absolute cross-section differences (AG) of Figures
7.13 to 7.16, the complex situation is resolved, with the diagonal
{i.e. in-group scattering) and near-diagonal values completely
dominating all other differences. There are some individual diagonal
values which are a lot higher than the rest, but these do not really
correlate with the values that produced the dominant contributions to

AP/P ({(listed in Table 7.4): the matrix points giving large AP/P

contributions have fairly large AGC values, but there are quite a

number of other matrix points with rather larger AG values.

Figures 7.17 and 7.18 show respectively the fractiomal and
absolute differences in fission cross-sections. The large fractional
differences for Pu?4? and Pu242, at the lowest energies representead,
are seen to disappear when viewed as absolute differences. However,
the absclute differences are comparatively enhanced for both Pu239
and Pu?4l, again just at low energies. These results were a
consequence of the fission cross-section values increasing notably at
low energies for the odd-numbered isotopes, and decreasing greatly

for the even-numbered.

The capture cross-section fractional differences {AG/C) are

shown in Figures 7.19 and 7.20, and the absolute differences (AG)

are in Figures 7.21 and 7.22; the figures show results for a range of
12 isotopes. For B0, Mo, Mn, and the actinides, there is a general
and pronounced increase in cross-sections with decreasing energy -
this effect is such that it is the dominant feature of the absolute
cross-section differences of Figures 7.21 and 7.22. The fractional
cross-section differences of Figures 7.19 and 7.20 are much larger

than the corresponding values for the fission reaction; particularly
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notable is one value for Na (group 8}, with values well beyond the

size of any other (beyond the scale used for the figures).

Figure 7.23 shows the fractional differences in Nu values. All

the differences are small.
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Table 7.1 Contributions to radial tilt {(AP/P) from nuclear data
differences, by isotope and reaction type

Radial Tilt Contributiens (AP/P)
Isotope By Reaction Tvpe Summed over
Fission Nu Capture | Scatter |21l Reactions

y23s -.000238| -.000007 | .000396 | -.000310 -.000160
Pu238 -.000012| -.000001 | .000113 | -.000046 .000054
U238 .001565 | -.002359 | .005522 | -.085643 -.080915
puz3? -.041295| .003152 | .002964 | -.004636 ~.039815
pu240 -.002832| .001472 | -.001109 | -.001650 -.004119
pu24l -.001077| .000155 | .000845(-.000138 -.000211
pu242 -.000463] .000120|-.00016% | -.000175 -.000687
Am241 .000098 | -.000226 | .000805 | -.000273 .000403

Fe -.017673 | ~.059211 -.076884

Cr -.002453 | -.013058 -.015511

Ni -.003942 | -. 004950 -.008891

Mo .002169 | -.002896 -.000727

0 ' .000071 | -.039072 -.039001

Na .000782 | -.018965 -.018183

Ti .000626 | -.000318 .000308

Cu -.000644 | -.000281 -.000925

si .000001 | -.000982 -.000980

Mn .001576 [ -.000162 .001413

B10 000720 | .000625 .001345

il .000000 | .000018 .000018

C .000000 | -.000013 -.000013

Sum over All
Isotopes

Total -.044254{ .002310 | -.009400 | -.232096 ~-.283485
+ve values only} .001663 .004903 .016590 .000638 .023794
-ve values only| -.045917 | -.002593 | -.025990 | -.232779% —.367279




PNC TN9410 98-015

Table 7.2 Contribution to radial tilt (AP/P) from nuclear data
differences for fission spectrum
Fractional o , Fractional } )
Cross-section Radlél T{lt Cross-section Radlﬁl Tl}t
Difference Contribution Difference Contribution
(AG/O) (AP/P) (AG/G) (AP/P)
-1.0 .000273 +0.05 .000705
-0.9 .000325 +0.1 .00071%8
-0.8 .000367 +0.2 .000755
-0.7 .000411 +0.3 .000787
-0.6 . 000455 +0.4 .000818
-0.5 .000498 +0.5 .000847
-0.4 .000538 +0.6 .000878
-0.3 .000576 +0.7 .000907
-0.2 .000615 +0.8 .000933
-0.1 .000651 +0.9 .000959
-0.05 .000669 +1.0 .000986
Table 7.3 Practional differences in fission spectrum values

Fractional Fracticnal
Energy Group Fission Energy Group Fission
Spectrum Spectrum
Difference bifference
(AG/G) {Ac/G)
1 -0.11 10 0.28
2 -0.05 11 -0.38
3 ~0.01 12 -0.32
4 0.03 13 0.35
5 -0.45 14 0.15
[ 0.1e 15 0.37
0.20 16 - *
8 0.22 17 - *
9 0.24 18 - *

* both ¢ values are 0.0




Table 7.4 Main radial tilt (AP/P) contributions from nuclear data differences; by isotope, reaction type and
energy group
Reaction| Isotope Energy AP/P Reaction| Isotope Energy AP/P Reaction] Isotope Energy AP/P
Type Groups value Type Groups value Type Group value
Scatter U238 5 > 5 -.0157 | Scatter Fe 555 -.0101 { capture u238 12 .0046
355 -.0113 2 5 2 -.0080 10 -.0041
2 55 -.0058 3 -3 -.0067 14 .0040
2 5 2 -.0052 35 -.0047 -.0038
6 > 6 -.0046 4 > 4 -.0045 7 L0023
3 53 -.0044 1 -1 -.0044 Fe 15 -.0074
3> 4 .004z2 6 — 6 -.0026 Fission pu23? 15 -.0308
7 =7 -.0040 0 5—>5 -.0248 14 -.0116
226 -.0037 4 - 5 -.0066 12 ~-.0063
1 -1 -.0032 1 -1 -.0039 11 .0054
2 - 7 -.0032 2 - 2 -.0025 4 -.0044
1 -5 -.0031 Na 5 -5 6 .0043 10 .0035
4 - 4 -.0030 5—=5 -.0038 13 -.0031
4 = 6 -.0030 4 5 5 -.0037 1 .0028
2 > 4 .0029 357 -.0029 Nu pu23® 15 .0018
3 6 -.0028 Cx 5 > 5 -.0023 Figsion Spectrum 5 -.0067
3 =7 -.0027 Ni 5 > 5 -.0019 1 L0022
4 -5 7 -.0027

GT0-86 OTVENL INd
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Figure 7.18 Absolute differences in fission cross-sections
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8 CONCLUSIONS

Calculations have been carried out to model the flux and rating
distributions in an experimental loading of a start-up core at Super-
Phenix (SPX). By comparing the results with those from equivalent
CEA calculations, some comparison of PNC and CEA calculation methods
was possible. Both sets of calculations were also assessed against
SPX measurements. Major results from the analysis are presented

here; the full comparison exercise was carried out by CEA.

The results showed that Keff wvalues calculated by CEA were
higher than those calculated by PNC, by ~2% for core configurations
without absorber material and by ~1% for configurations including
absorber: cof the differences in PNC and CEA calculations, the nuclear
datasets used are the most likely cause of the Keff differences. By
comparing different pairs of calculations it was possible to obtain
values representative of reactivity loss with burn-up and of absorber
worth. There was little difference in the reactivity losses:
0.61%Ak/kk' for CEA and 0.66%Ak/kk' for PNC. The absorber worth was
rather higher in the CEA calculations, 2.50%Ak/kk' as compared with
1.82%Ak/kk'. The CEA calculations used a reduction in boron density
to approximate the absorber heterogeneity effects, rather than the
explicitly heterogenecus cell model of the PNC calculations: absorber
modelling is an area of significant difference between PNC and CEA

calculations.

The calculated flux and rating distributions showed a radial
tilt relative to the SPX measurements, the CEA calculations produced
a larger tilt than did the PNC calculations. The radial tilts, the
fraction by which the ratio of inner to outer ratings differs from
the SPX measured value, were 6% and 9% for the PNC calculations but
22% and 23% for the CEA calculations (the values are for two

different core configurations).

The comparison exercise included a case modelled by IPPE
{Russia). The resulting radial rating shape was vexy similar to that
produced by PNC, though with a slightly larger radial tilt - 10%
rather than 6%. It was concluded that the PNC and IPPE calculation
routes {including nuclear data) had a greater consistency with each

other than either did with the methods of CEA.
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CEA carriea out an analysis of the component factors of the
radial tilt in one of their calculations. A single factor was
identified as being the major source of radial tilt differences
between the PNC and CEA calculations: the differences in the two
nuclear datasets used, JENDL-3.2 and CARNAVAL IV. As a consegquence
of this result, the study was extended to include a further stage, a

comparison of the two nuclear datasets.

The differences between the JENDL-3.2 and CARNAVAL IV datasets,
in terms of the variation caused in radial tilt, were analysed using
a calculaticnal route based on the SAGEP program. Because of some
incompatibilities in the formats of the two sets of nuclear data, it
was not possible to incorporate all of the reaction types normally
included in the SAGEP based analysis. As the results showed, there
were many nuclear data items displaying large differences between the
two datasets, this was not consistent with the assumptions of the
perturbation theory on which the SAGEP calculations are based.
Because of these two effects, the SAGEP based sensitivity analysis
did not calculate too accurate a value for the radial tilt caused by
the differences in the nuclear datasets: 28%, compared with a value
of 13% directly from flux/rating calculations using the two datasets.
Despite this discrepancy, the SAGEP sensitivity analysis is still
considered valid for its main usage - the identification of the
relative contributions by different nuclear data items to the radial

tilt difference.

The radial tilt difference between the JENDL-3.2 and CARNAVAL
IV datasets was found to be dominated by the contributions from
relatively few data items. The three largest items contributed as
much as 25% of the total, whilst 10 items produced 50% of the total
and 50 items nearly 80%. The three largest contributions come £rom:
Pu?3? fission (group 15), U?38 scatter and O scatter (both group 5,
in-group scattering); other significant contributors are listed in

Table 7.4.

The SAGEP sensitivity analysis assessed the differences in
nuclear data in the light of their effect on the radial tilt in the
SPX reactor model. The differences in cross-section values were also
examined directly. This revealed that the domination of the radial

tilt by contributions from a small number of reactlons was generally
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a consegquence of the radial tilt being particularly sensitive to
-certain reactions, rather than of isolated large differences between
the two muclear datasets. In many cases (e.g. Figures 7.14, 7.18)
there was seen toc be a smooth variation in the cross-section
difference with energy group, implying that these items may have a
common source for the two datasets, but with different systematic

evaluating procedures.

The cross-section differences, depicted in Figures 7.9 to 7.23,
showed the following. The Nu values differ by at most 5%. The
fission cross-secticns generally differ by up to ~10%, with a small
number of values showing variations up to 30%; there are a very few
values with larger fractional differences but these correspond to
small values of absclute cross—section difference. For the
scattering cross-sections, the only significant absolute differences
are for near-diagonal values (in-group or down-l-group scattering),
other values are orders of magnitude smaller; however, there are some
very large fractional differences (up to ~200%) for values in the
body of.the matrix, the near-diagonal wvalues show fractional
differences up to ~75% though they are generally less than 20%. The
abgolute differences in capture cross-sections are small compared
with those for fission or scattering, except at low energies for B9,
Mo, Mn and the actinides; however, there are many values for which
the fractional difference is large {~30-200%); exceptionally, for Na

group 8 the difference is ~1000%.

The CEA assessment of the effects ceontributing to the radial
tilt included the production of updated calculations, with identified
shortcomings corrected as far as possible - e.g. transport model,
more energy groups. The calculation update included the projected
replacement of the CARNAVAL IV nuclear data with data from the
ERALIE-1 file (which is based on JEF-2.2)}. It would be appropriate
to use the SAGEP sensitivity analysis as descrikbed in this report to
assess the radial tilt difference between the JENDL-3.2 and ERALIB-1
nuclear data sets. This has not so far been done, since the ERALIB-1

based data has not yet become available.
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