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A new 69 group library of multigroup constants for the lattice code WIMS-D/4 has been
generated with an improved resonance treatment, processing nuclear data from JENDL-3.2
by NJOY91.108. A parallel ENDF/B-VI based library has also been constructed feor
intercomparison of results. Benchmark calculations for a number of thermal reactor
critical assemblies of both uranium and plutonium fuels have been performed with the
code WIMS-D/4.1 with its three different libraries: the original WIMS library (NEA-
0329/10) and the new ENDE/B-VI and JENDL-3,2 based libraries. The results calculated
with both ENDF and JENDL based libraries show similar tendency and are found in better
agreement with the experimental values. Benchmark parameters are further calculated with
the comprehensive lattice code SRACH5. The results from SRACI3 and WIMS-D/4. 1 {both
with JENDL-3.2 based libraries) agrees well to each other as well as to the other

previously published values.
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1. Introduction

The WIMS package " originating from the Winfrith Laboratory is widely used for reactor
calculations of a wide variety of thermal reactors. It consists of a lattice transport code and the
associated data library. The lattice code exists in a version, of which WIMS-D/4 is available on
non-commercial terms and LWR-WIMS and WIMS-E are distributed to the users through the
ANSWERS service * on commercial terms. They all use basically the same multigroup data
library * although the commercial versions allow some format extensions and their library is
reported to include some further data adjustments “) which improve the performance of WIMS.

The libraries supplied with different versions of the WIMS code are based on old and
obsolete basic evaluated data originating in the early sixties. Relatively good performance of the
library was achieved through a series of empirical adjustments to the multigroup data and
particularly to the resonance integrals so as to force better agreement with integrat benchmark
experiments through comparisons of the calculatcd integral parameters with a wide range of
benchmark experiments. Instead, several dcﬁc:1enc1es of the non-commercially available WIMS
library, distributed by the NEA Data Bank were observed by the users. Also some important
nuclides such as Am-241for typical power and research reactor calculations are not included in

library.

With the objective to improve the performance of WIMS for lattice calculations by
updating its library based on one of the recently released evaluated data files such as BROND-2,
CENDL-2, ENDF/B-VI, JEF-2 and JENDL-3.2, the Nuclear Data Section of IAEA has initiated
a program named ‘“WIMS Library Update Project (WLUP)’ through international cooperation in
19917 . The work completed so far under this project includes: (i) optlmlzatmn of WIMS inputs
to model some selected benchmark experiments as accurately as possible * ; (11) intercomparison
of data entered into the WIMS library using different processing systems ” and (iii) upgrading
of the WIMSR module of the NJOY data processing system so that it could be used reliably to
prepare group constants for the WIMS library ®). A parametric study of the effect of different
NJOY input options on integral results calculated by WIMS has also been performed and
consistent set of NJOY input instructions in processing some important materials from evaluated
data files have been established .

With these developments in hand, we tried in the present work to comstruct a new
WIMS-1)/4 library based on JENDL-3.2, the Japanese evaluated nuclear data library. The new
library is verified for its applicability to Mixed Oxide (MOX) cores of varying plutonium contents
which is as well, valid for burnup calculation of uranium fueled cores.

2. Data processing details

The evaluated data files we processed are:
i) ENDE/B-VI : 'H, 0, “Al, *’U (ENDF/B-VLRev.3), U (revision-2) and
il JENDL-3.2 (revision-2): 24 nuclides.

A list of nuclides in the library with details of data tabulation is given in Appendix-A.
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2.1 Data processing system

The NJOY system ' has recently become the standard tool for processing basic nuclear
data into multigroup libraries for various applications. The principal advantage of NJOY is its
most general purpose applicability and comprehensive capabi]ity' to process data in the recent
ENDF-6 format. Version NJOY91.108 1s used in our work with the following corrections /
changes to the IAEA updates of the WIMSR module of NJOY '

i) Modifications required for calculating library group constants with 16-resonance-groups
(thermal cutoff at 2.1 eV), in contrast to the usual library with 13-resonance-groups
(thermal cutoff at4 eV), in routines RESINT, RESOUT and WIMOUT

iiy Modifications required to calculate the resonance contributions to elastic scattering and to
include corresponding resonance integrals into the WIMS library for selected isotopes
(e.g., 2*U, **’Puand 22py ), in routines RESINT, RESOUT and WIMOUT

iii) A format change in writing P-1 scattering matrices to meet the requirements of
“WRITER’ - a program to write WIMS binary library, in routine WIMOUT

iv) A variable ‘SIGOL’ is replaced with ‘SGOL’ , used in converting cross sections to
resonance integrals, in routine WIMOUT

v) Avariable ‘NZ' 1s replaced with ‘LZ’ in a statement that defines the inverse flux
variable ‘CFLUX’ for reference or fully shielded sigma zero, in routine XSECS

99 General remarks on data processing

For WIMS-D library generation the following modules of NJOY are invoked in sequence:
MODER-RECONR-BROADR-UNRESR-THERMR—GROUPR-WIMSR in FACOM M-780
computer. One important finding is that in RECONR, the default value “7° for the option
‘number of significant digits’ reconstructs the resonance integrals incorrectly; we used 6, instead.

The selection of some important data processing input parameters defines the range of
applicability of a multigroup data library. The demands of the WIMS-D library in particular are
rather high, since it has to cover the requirements for a large variety of lattices, differing in the
type of moderator, fuel/moderator vyolume ratio, lattice pitch, operating conditions etc. The library
format restrictions on muitigroup constants representation are limited to only a few data types,
where relatively weak (but non-negligible) lattice type dependence is expected. Example of such
cases are the shape of the weighting function in generating the multigroup constants and the
assumptions related 1o the detailed slowing-down treatment in generating the resonance integrals.
In this work, the input option selection has been made on basic principles, having in mind a typical
light water reactor (LWR). However, the applied principles and the assumptions are valid for other

reactor types, 100.

2.2.1 Averaging spectrum

For averaging the group constants we used the mid-life PWR flux spectrum, one of the
in-built input options of the GROUPR module WT = 5; EPRI-CELL LWR) of NJOY. Special
treatment was applied in the resonance range and is given for each nuclide separately, where

applicable.
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2.2.2 Fission spectrum

In the WIMS-D/4 library a single fission spectrum is specified for all fissile nuclides. This
does not seem to have an strong effect on the multiplication factors of well thermalized systerms,
but the reaction rates were found to differ considerably with changes in fission spectrum . In our
analysis, for uranium cores 2°U fission spectrum from ENDF/B-V and for plutonium cores **Pu
fission spectrum from JENDL-3.2 are used.

2.2.3 Potential cross section

The sensitivity of the integral parameters on the choice of potential cross section is not very
high, provided the resonance integrals are derived from the cross sections consistently. We used
a constant value (taken from the comment section of the evaluated data file) for resonance
materials and corresponding self-shielded scattering cross sections (by setting SIGP=0 on WIMSR

input) for non-resonant isotopes.

2.2.4 Slowing down power

The slowing down power is defined as the product of the average lethargy decrement per
collision £ and the scattering cross section o, , normalized by the group lethergy widths T. It 18
defined by using the self-shielded scattering cross section.

2.2.5 Goldstein-Cohen parameter

The Goldstein-Cohen value A, should be consistent with the resonance integral. The A
values for 'H, 90, 5U and U are taken from EPRI-CELL code validation report . This
code uses resonance treatment similar to WIMS. The reported values were condensed to the
WIMS group structure. For other materials, a constant value is used, taken from the present

WIMS-D library.

2.2.6 Transport cross section

The transport cross section 0, (g) in the thermal range is defined in the usual way,

0, (8) = 0,(8) + 0,(8) - ):hosl(_g -->h) (1

where o, (g) is the absorption cross section, 0,(g) the scattering cross section and o,,(g - h) is the
first moment of the scattering cross section for transfer from group g to h. Above thermal energies

an alternative definition is applied:

]
0, (8) = 0.(8) + () - Zhoﬂ(h-og) . (2)

where J,, is the neutron current spectrum. The B, ﬂ{%c approximation for large systems as.
calculated by NJOY was applied to define J,, .
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2.2.7 Absorption cross section

In the WIMS definition of the absorption cross section g, , the values are reduced by the
value of the (n,2n) cross section. The neutron balance and the total cross section are preserved by
taking extra neutrons into account in the transfer matrix.

2.2.8 Scattering cross section

It contains a corrections to the self-scattering term such that the sum of the absorption
cross section and all the elements of the scattering matrix for a particular group add up to the
transport cross section in that group (and not the total cross section). The exceptions are the
moderators with explicitly given P, scattering matrices (i.e., hydrogen, deuterium, oxygen and

carbon).

2.2.9 Resonance integrals

In the WIMS library the resonance integrals for absorption and neutron yield per fission
(product of the average number of neutrons emitted per fission and the fission cross section) are
tabulated as function of the background cross section o, The relation between more commonly
applied Bonderenko background cross section 0yand the WIMS o, is given by

0, =0, +A0, (3)
where A is the Goldstein-Cohen parameter and 0, is the potential scattering cross section of the
absorber.

The self-shielded cross section for some reaction x as calculated by NJOY can be converted to the
resonance integral I, through the relation :

0,0
= _x7b (4)
g,+0,

where subscript ‘a’ stands for absorption. The above definition is not exact and ignores the
resonance scattering, but it is exactly the inverse of the relation used in WIMS to calculate the self-

shielded cross sections from the resonance integrals:

. )

2.2.10 Self-shielding due to elastic resonances

In the WIMS library, self-shielding of the absorption and the fission reaction in resonance
materials can be taken into account explicitly by tabulating the resonance integrals. However, self-
shielding of the scattering resonances can not be treated in the same way. As an alternative, we
considered the intermediate resonance approximation in which the resonance integrals are defined
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where ¢(E) is the smooth neutron spectra (i.e., without perturbation due to resonances, normally
by 1/E shape) and o, is the resonance contribution to elastic scattering. Using this definition,

the relation between the self-shielded cross sections and the resonance integrals is:

= L(o,) '
S CCO R Y SN @

Definitions given by equations (5) and (7) are equivalent if the resonance contribution to elastic
scattering is negligible. But for nuclides with prominent elastic resonances (e.g., **U, *’Pu and
%2py), equation (7) will be more appropriate to use (in WIMS) and in that case, its inverse relation

O, Oy (8)

must be used (in WIMSR) in converting the self-shielded cross sections to the corresponding
integrals.

2.2.11 Resonance interference treatment in NJOY

In practice, a fuel rod rarely contains only one resonance isotope. As an example, let us
consider a mixture of a few percent of 2*Pu with ?*U as the major component. There will a
strong dip in the flux associated with the 6.7 eV **U resonance that will affect the flux in the
region of the 7.8 eV B9y resonance (interference effect), and there will also be a dip in the flux
corresponding to 7.8 eV resonance (self-shielding effect). This additional complication in the flux
shape would be expected to change the group constants for “*Pu since both features lie in the
same group for typical group structures. However, the effect of %Py on the **U group constants
should be minimal. This argument suggests that the flux calculation be used for **U as a single
resonance material. The resulting flux could then be used to estimate the flux to be used in

averaging the °Pu cross section as follows:

$y34(E,50)
T 4 ©
O T+ {0y5(E) / 50}

where the 28U flux is the characterisric of a background of 50 barns/atom, witch ie representative
of many thermal reactor systems. This formula assumes that the effect of 2py on the scattering
source for the mixture is small, but it retains the absorption effects. The self-shielding of 9Py s
treated in the narrow resonance approximation only. The GOUPR flux calculator includes an
option to write out a file containing the calculated flux and cross section needed for this
formula(e.g., for 38J) and another option to skip the flux calculation and use the formula above

to obtain the weighting flux(e.g., for **Pu).

¢239(E,0{)) =

o

23 Specific material processing details

Specific material processing details are furnished as NJOY inputs in Appendix -B.
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3. Benchmark Experiments -

The validation of the present work is performed by analyzing the following seventeen
thermal reactor benchmark experiments:

L TRX-1, TRX-2 (1.3% enriched metal fueled, H,O moderated critical lattices), BAPL-1,
BAPL-2, BAPL-3 (1.3% enriched UOQ, fueled, H,O moderated critical lattices) recommended by
Cross Section Evaluation Working Group '¥
. Tank Type Critical Assembly (TCA) lattices ™ :
i) 1.50U, 1.83U, 2.48U and 3.00U (2.6 w% enriched UQ, fueled, H,0 moderated) and
ii) 2.42PU, 2.98PU, 4.24PU and 5.55PU 3.0 w% enriched Pu-UQ, (MOX) fueled,
H,0O moderated)
. NEACRP HCLWR lattices'® :
(i) V6ES (V_/V;=.6, Pu fis.=8%), (ii) VIE7 (V_/V,;=1.1, Pu fis.=7%),
° OECD/NEA lattices for Plutonium Recycling in PWRs'”:
(i) Benchmark A - poor-isotopic-quality plutonium : V_/V,= 1.9284, Pu content= 12.5
w/o (6.0 w/o fissile), isotopic vector (***Pu: 239pyy-240py . 24Py 4Py = 4:36:28:12:20),
(i) Benchmark B - better plutonium vector: V,/V,=1.9284, Pu content= 4.0 w/o(2.8 w/o
fissile), isotopic vector (**Pu: **Pu:***Pu:*'Pu:***Pu =1.8:59:23:12.2:4.0).

4, Benchmark calculations

Benchmark calculations for the above mentioned lattices are done with the lattice codes
WIMS-D/4.1'® and SRAC95 of which the input specifications are given in Appendix-C. The
integral parameters calculated are:

k... -——-infinite multiplication factor

k,; ——--effective multiplication factor

p2® --—-the ratio of epithermal to thermal capture reaction rates in 38,

8% — the ratio of epithermal to thermal fission reaction rates in **U,

828 -__.the ratio of total fission reaction rates in **U and **U,

C" --the ratio of capture reaction rates in U to fission reaction rates in **U.

The ratios refer to reaction rates correspond to a thermal cutoff energy of 0.625 V.

4.1 Calculation with WIMS-D/4.1

Following modifications are introduced into the code WIMS-D/4.1

e To calculate with the 16-resonance-groups library, the dimension of all variables
related to the number of resonance groups are changed from 13 to 16 in routines:
CHN12, CHN13, CHN21, DASQUE, DATAG, DATAR, REACT, RESALT and
RESINT

@ To take into account of self-shielding due to elastic resonances in Z*U, *Pu and ***Pu
in routine RESALT and RESINT
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® To skip WIMS treatment of resonance interference of ***U on ***Pu, **Pu and ***Pu
in routine RESALT

Calculations are done for equivalent cylindrical lattices with:

i) the original library (NEA0329/10),
iy ENDF/B-VI based new 13-resonance-groups library (thermal cutoff at 4 eV),
iii) JENDL-3.2 based new 13-resonance-groups library (thermal cutoff at 4 eV),
iv) JENDL-3.2 based new 16-resonance-groups library (thermal cutoff at 2.1 eV),
v) JENDL-3.2 based new 16-resonance-groups library (thermal cutoff at 2.1 eV}
with elastic resonance integrals for 2*U, *‘Pu and ***Pu,
vi) JENDL-3.2 based new 16-resonance-groups library (thermal cutoff at 2.1 eV)
with NJOY treatment of resonance interference of **U on *°Pu, *°Pu and **Pu.

The TRX and BAPL lattices were modeled with optimized inputs which were suggested
in the final report of the WIMS Library Update Project Stage-I by Ravnik et. al. > . The inputs
were the result of a detailed parametric study of the WIMS input options and were optimized for

accuracy.

4.2  Calculation with SRAC95

Calculations are done in real lattice geometries, using the PEACO routine (ultra-fine
group calculation by the collision probability method) and with JENDL-3.2 based library.

5. Results and discussions

5.1 Data verification

WIMS results for the TRX and BAPL lattices with the original WIMS library
(NEA0329/10) and the new ENDF/B-VI and JENDL-3.2 based libraries are presented in
Table 1. The C/E value for the five lattices from the three different libraries are plotted in Figs.
1- 5. All the calculated parameters for the five lattices using the two new libraries show similar
tendency with negligible differences in some points. Almost all lie within the uncertainty limit
of the measurements. These limits are slightly exceeded in p* of TRX-1 and 8% of BAPL-2, 3.
The parameters lie outside twice-the-uncertainity interval are kg of TRX-2 , BAPL-1, BAPL-2,3
(JENDL only) and p* of BAPL-2.

Comparing the results from the original WIMS library and the new library with the
measurements we observe that the parameters are predicted equally well. The major
improvement in the new library is in predicting p* and C* which may have favorable
consequences for burnup calculations due to the increased conversion ratio, particularly for low
enriched systems. The predicted k,; is apparently worse with the new library, whereas, the
difference from the measurements and the spread of the results with the original WIMS library are
considerably larger. No adjustments are made to the multigroup data set of the new library.
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vi) JENDL-3.2 based new 16-resonance-groups library (thermal cutoff at 2.1 eV)
with NJOY treatment of resonance interference of *U on **Pu, **°Pu and ***Pu.

- The TRX and BAPL lattices were modeled with optimized inputs which were suggested.
in the final report of the WIMS Library Update Project Stage-I by Ravnik et. al. *” . The inputs
were the result of a detailed parametric study of the WIMS input options and were optimized for

accuracy.

42 Calculation with SRACS3

Calculations are done in real lattice geometries, using the PEACO routine (ultra-fine
group calculation by the collision probability method) and with JENDL-3.2 based library.

5. Results and discussions

51 Data verification

WIMS results for the TRX and BAPL lattices with the original WIMS library
(NEA0329/10) and the new ENDF/B-VI and JENDL-3.2 based libraries are presented in
Table 1. The C/E value for the five lattices from the three different libraries are plotted in Figs.
1- 5. All the calculated parameters for the five lattices using the two new libraries show similar
tendency with negligible differences in some points. Almost all lie within the uncertainty limit
of the measurements. These limits are slightly exceeded in p* of TRX-1 and & of BAPL-2, 3.
The parameters lie outside twice-the-uncertainity interval are K.« of TRX-2,BAPL-1, BAPL-2,3
(JENDL only) and p*® of BAPL-2.

Comparing the results from the original WIMS library and the new library with the
measurements we observe that the parameters are predicted equally well. The major
improvement in the new library is in predicting p* and C’ which may have favorable
consequences for burnup calculations due to the increased conversion ratio, particularty for low
enriched systems. The predicted k, is apparently worse with the new library, whereas, the
difference from the measurements and the spread of the results with the original WIMS library are
considerably larger. No adjustments are made to the multigroup data set of the new library.
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5.2 Code verification

Integral parameters for TRX and BAPL lattices calculated by SRACYS and WIMS-D/4.1
(both with JENDL-3.2 based library) are given in Table 2 and their C/E values are plotted in Figs.
6-10. They agree well to each other excepting an overestimation in p¥ of TRX-1and TRX-2
by WIMS-D/4.1 and for BAPL-2 by SRAC95. '

For TCA UO, lattices, k. and k; are calculated by MVP*", SRACSS and WIMS-D/4.1
(thrice: with original NEA 0329/10, and ENDF-B/VI and JENDL based libraries) and they are
presented in Table 3. For TCA PuQ,-UO, (MOX) lattices, k and kg as calculated by MVP,
SRACY5 and WIMS-D/4.1 are given in Table 4. The k.. and k; values are plotted as function
of cell pitch in Figs. 11 and 12 for TCA UQ, lattices and in Figs. 13 and 14 for TCA PuO,-

UO, lattices. They all agree reasonably to each other.

For the benchmark of NEA high conversion LWR and Plutonium Recycling, only k¢ is
calculated and presented in Table 5. They all are underestimated by WIMS-D/4.1 (using usual
13- resonance-groups new library) compared to those from SRAC95 with a maximum of 4% for
the poor-Pu-vector lattice with high content of **Pu . These underestimation, as we thought, is due
to the unshielded absorption resonance of **Pu at 2.67 eV. We reprocessed all the materials in
the new library with 16 resonance groups, taking the thermal cutoff at2.1eV (group number 30
of WIMS group-structure) instead of the usual one at 4.eV (group number 27). As we can see
in the Table 5 and in Fig. 15, WIMS-D/4.1 results are improved to some extent with this 16-
resonance-groups library. We then recalculated the parameters for TRX, BAPL, TCA UO, and
TCA Pu0,-UO, lattices with WIMS-D/4.1 using the 16-resonance-groups library which are given
along with percent differences from 13-resonance-groups calculations, in Tables 6, 7 and 8
respectively. The differences are positive for ki, k.4 and negative for other parameters. They are
negligible and caused mainly due to the lesser thermal upscattering in 16-resonance-group library.

The parameters of all the seventeen lattices are further calculated with WIMS-D/4.1 (with
16-resonance-groups library), taking inio account of the self-shielding due to elastic resonances
of YU, %Py and *2Pu and the effects are presented as the percent differences relative to no
elastic shielding, in Tables 9 and 10. These are negligible except for 6 (TRX, BAPL), and for
k. of two NEA HCLWR lattices in which resonance absorption become dominant due to

intermediate neutron spectrum.

Moreover, we calculated the parameters for MOX lattices of TCA and NEA to see the
effects of tesonance interference (of 22U on **Pu, **°Pu and ***Pu) treatment in NJOY, relative
to WIMS-D/4.1 interference treatment. The results as shown in Table 11. The effects are always
positive for “*Pu and negative for **°Pu and *?Pu, with a very strong net positive contribution
for NEA lattices with higher plutonium concentration. More detail study should be done for this

mutual interference effect.

Finally, the parameters for the MOX lattices of NEA from WIMS-D.4.1 (including all
the effects as stated above, excepting NJOY interference treatment) and SRAC9S along with
some other results from previous calculations are furnished in Tables 12 and 13.
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6. Conclusion

The JENDL-3.2 based 69-group WIMS-D library was prepared using NJOY91.108 data
processing system. A number of thermal reactor benchmark lattices have been analyzed. The
results show no significant differences with those from a similarly processed ENDE/B-VI based
library. Almost all the parameters lie within or not too far from the uncertainty interval of the
measurements which would further be improved by energy mesh refinement in the fast energy
range. Compared to the results obtained using an original WIMS library (NEA 0329/10) it can be
concluded that a significant improvement in predicting global lattice parameters has been
achieved, even though the new multigroup constants library is generated from first principles.

Benchmark results for the TRX, BAPL and TCA lattices as calculated by WIMS-D/4.1
and SRAC95 (both with JENDL-3.2 based data) agree reasonably well. But for lattices with
higher plutonium concentrations (NEA high conversion LWR and Plutonium Recycling lattices),
WIMS-D/4.1 systematically underestimates the k,; compared to SRACSS and some other
previous calculations. This underestimation, as we thought, is due to the unshielded absorption
resonance of ¥?Pu at 2.67 eV, which is found to be true, improving the results to a considerable
extent by introducing a 16-resonance-groups (Thermal cutoff at 2.1 eV) WIMS library.
Whereas, this 16-resonance-groups library do have no noticeable negative effect (due to lesser
thermal upscattering) for the TRX, BAPL and TCA lattices. So, we recommend a l6-resonance-
groups WIMS-D/4 library compared to the usual 13-resonance-groups (thermal cutoff at 4 eV)
ones. A further improvement of the WIMS calculated parameters for different lattices is achieved
by taking into account of the self-shielding due to elastic resonances in **U, **°Pu and 2 Pu.
Futhermore, it was shown that more detail study should be done for the mutual interference effect

in higher Pu-content cores.
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6. Conclusion

The JENDL-3.2 based 69-group WIMS-D library was prepared using NJOY91.108 data
processing system. A number of thermal reactor benchmark lattices have been analyzed. The
results show no significant differences with those from a similarly processed ENDF/B-VI based
library. Almost all the parameters lie within or not too far from the uncertainty interval of the
measurements which would further be improved by energy mesh refinement in the fast energy
range. Compared to the results obtained using an original WIMS library (NEA 0329/10) it can be
concluded that a significant improvement in predicting global lattice parameters has been
achieved, even though the new multigroup constants library is generated from first principles.

Benchmark results for the TRX, BAPL and TCA lattices as calculated by WIMS-D/4.1
and SRAC95 (both with JENDL-3.2 based data) agree reasonably well. But for lattices with
higher plutonium concentrations (NEA high conversion LWR and Plutonium Recycling lattices),
WIMS-D/4.1 systematically underestimates the k,, compared to SRAC95 and some other
previous calculations. This underestimation, as we thought, is due to the unshielded absorption
resonance of **Pu at 2.67 eV, which is found to be true, improving the results to a considerable
extent by introducing a 16-resonance-groups (Thermal cutoff at 2.1 eV) WIMS library.
Whereas, this 16-resonance-groups library do have no noticeable negative effect (due to lesser
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ones. A further improvement of the WIMS calculated parameters for different lattices is achieved
by taking into account of the self-shielding due to elastic resonances in **U, **Pu and **Pu.
Futhermore, it was shown that more detail study should be done for the mutual interference effect

in higher Pu-content cores.
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Table 1

Integral parameters for TRX and BAPL latices calculated by WIMS-D/4.1

Lattices | Results from Ky Ky p® &% &% (on
TRX-1 EXPT. ——  1.00000(0.3) 1.320(1.6) 0.0987(1.0) 0.0946(43) 0.797(1.0)
NEA 0329 1.1825 1.0021(.2) 1.2784 (-3.2) 0.0990 (.3) 0.0965 (2) 0.7797 (-2.2)
/10 (C/E) 0.9685 1.0034 1.0201 0.9783
ENDF-VI 1.1767 0.9928 (-72) 1362 (3.2) 0.0982(-.51) 0.0970(2.5) 0.8022 (.65}
(C/E) 1.0318 (.9949 1.0254 1.0065
JENDL-3.2 1.1771 0.9948(-52) 1.3612(3.1) 0.0982(-.51) 0.095%(1.4) 0.8016 (.58)
(C/E) 1.0312 0.994%9 1.0137 1.0058
TRX-2 EXPT. - 1.00000 (.10y 0.837(1.9) 0.0614 (1.3) 0.0693 (5.1 0.647 (0.93)
NEA 0329 1.1633 0.9961(-39) 0.8071(-3.6) 0.0611(-.49y 0.0695(.3) 0.6357 (-1.7)
/10 (C/E) 0.9643 0.9951 1.0029 0.98253
ENDF-VI 1.1624 05940 (-.6) 0.8532 (1.9) 0.0604 (-1.6) 0.0688 (-.7) 0.6466(-.06)
(C/E) 1.0154 0.9837 0.9928 0.9994
JENDL-3.2 1.1635 0.9958 (-4) 0.8530(1.9) 0.0604 (-1.6) 0.0684 (-1.3) 0.6465(-.08)
(C/E) 1.0191 0.9837 0.9870 0.9992
BAPL-1 EXFPT. —— 100000 (.10) 1.39(.72) 0.0840 (2.4) 0.0780¢(5.1)  0.00000
NEA 0329 1.1414 1.0027 (27) 1.3584(-2.3) 0.0843(.36) 0.0755(-3.2) 0.8002
/10 (C/E) 0.9773 1.0036 0.9680
ENDF-VI 1.1444 1.0024 (.24) 1.3824(-55) 0.0827(-1.5) 00744 (-4.6) 0.8029
{C/E} 0.9945 0.9845 0.9538
JENDL-3.2 1.1461 1.0047 (.5) 1.3833(-48) 0.0826(-1.7) 0.0741(-5) 0.8032
(C/E) 0.9952 0.9833 0.9500
BAPL-2 | EXPT. -— 1.00000 (.10) 1.120(.89) 0.0680(1.5) 0.0700(5.7) 0.0G000
NEA 0329 1.1441 1.0003 (.03) 1.1335(1) 0.0689(1.3) 0.0652(-6.9) 0.7318
/10 (C/E) 1.0121 1.0132 0.9314
ENDF-VI 1.1478 1.0014 (1) 1.1513(2.8) 0.0675 (-7) 0.0640(-3.6) 0.7328
(C/E) 1.0280 0.9926 0.9143
JENDL-3.2 1.1498 1.0036 ((4) 1.1519(2.8) 0.0675 (-1 0.0639 (-8.7) 0.7329
(C/E) 1.0285 0.9926 0.9129
BAPL-3 | EXPT. | - 1.00000(.10) 0.906(1.1) 0.0520(1.9) 0.0570(5.3) 0.00000
NEA 0329 1.1289 0.9980 (-.2) 0.8935(-1.4) 0.0530(1.9) 0.0538(-5.6) 0.6568
no (C/E) 0.9862 1.0192 0.9439
ENDF-VI 1.1333 1.0008 (.08) 0.9057 (-.03) 0.0519(-.2) 0.0525 (-7.9) 0.6552
(C/E) 0.5957 0.9981 0.9211
JENDL-3.2 1.1354 1.0030 (.3) 0.9061 (.01 0.0519 (-.2) 0.0525(-7.9) 0.6563
(C/E) 1.0001 0.9981 0.9211
Note : Measurements and their % uncertainity (in parenthesis) are given in row-1. Other

values in parenthesis are the % differences from measurements.
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Table 2

Integral parameters for TRX and BAPL latices calculated by SRAC95 and WIMS-D/4.1

Lattices | Results from Kine Koy p® & 5% c
TRX-1 EXPT. -— 1.00000(0.3) 1.320(1.6) 0.0987(1.0)  0.0946(4.3) 0.797(1.0)
SRAC95 1.1808 0.999 (-.1) 1.3362 (1.2) 0.0975 (-1.2) 0.0958 (1.3) 0.7951(-.23)
(JENDL-3.2) (C/E) 1.0123 0.9878 1.0127 0.9976
WIMS-D/4.1 | 1.1771 0.9948 (-.52) 1.3612 (3.1) 0.0982 (-.51) 0.0939(1.4) 0.8016 (.58)
(JENDL-3.2) (C/E) 1.6312 0.9949 1.0137 1.0058
TRX-2 EXPT. — 1.00000(.10) 0.837(1.9) 0.0614{1.3) 0.0693(5.1) 0.647(0.93)
SRAC9S 1.1681 1.0010(.1) 0.8340(-36) 0.0598(-2.6) 0.0686(-1) 0.6411(-.9)
(JENDL-3.2) {C/E) 0.9964 0.9739 0.9899 0.9909
WIMS-D /4.1 | 1.1635 0.9958 (-4) 0.8530(1.9) 0.0604 (-1.6) 0.0684 {-1.3) 0.6465 (-.08)
! (JENDL-3.2) (C/E) 1.0191 0.9837 0.9870 0.9992
|
| BAPL-1 | EXPT. —— 1.00000(.10) 1.39(.72) 0.0840(2.4) 0.0780(5.1) 0.0000
SRACHS 1.1425 1.0019 (.2) 1.3973 (3) 0.0825 (-1.8} 0.0741 (-5} 0.08979
(JENDL-3.2) (C/E) 1.0053 0.9821 0.9500
WIMS-D/4.1 1.1461 1.0047.5) 1.3833 (-48) 0.0826(-1.7) 0.0741 (-5) 0.8032
| (JENDL-3.2) (C/B) 0.9952 0.9833 0.9500
| BAPL-2 { EXPT. R 1.00000 (.10y 1.120(0.89)  0.0680 (1.5) 0.0700 (3.7y . 0.0000
SRAC95 1.1472 1.0022 (.22)  1.1604 (3.6} 0.0673 (-1} 0.0639 (-8.7) 0.73754
{(JENDL-3.2) {C/E) 1.0361 0.9897 0.5129
WIMS-D/4.1 | 1.1498 1.0036 (.4) 1.1519 (2.8} 0.0675 (-7} 0.0639 (-8.7) 0.7329
(JENDL-3.2} (C/E) 1.0285 0.9926 0.9129
BAPL-3 | EXPT. e 1.00000(.10)  0.906(1.1) 0.0520(1.9) 0.0570(5.3) 0.0000
SRACOS 1.13411 10029 (.3) 0.90%0 {.33) 0.0517 (-58) 0.0526 (-7.7) 0.6588
(JENDL-3.2) (C/E) 1.0033 0.9542 (0.9228
WIMS-D/4.1 1.1354 1.0030 (.3) 0.9061 (.01 0.0519 (-.2) 0.0525(-7.9) 0.6563
(JENDL-3.2) {C/E) 1.0001 0.9981 0.9211

Note

: Measurements and their % uncertainity (in parenthesis) are given in row-1. Other
values in parenthesis are the % differences from measurements.

Table 3
Multiplication Factors for TCA UQ, lattices (MVP, SRAC9S and WIMS-D/4.1)

Lattice name Code name . & ke
1.50U MVP — 1.0026 (£0.00052)
SRACY5 1.3595 1.0060
WIMS (NEAQ329/10) | 1.3543 1.0055
WIMS (ENDF/B-VI) 1.3582 1.0012
WIMS (JENDL-3.2} 1.3604 1.0042
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Table 3 (Continued)
1.83U MVP —mmnen 1.0031 (£0.00057)
SRACYS 1.3712 1.0075
WIMS (NEA0329/10) 1.3650 1.0052
WIMS (ENDF/B-VI) 1.3698 1.0027
WIMS (JENDL-3.2) 1.3721 1.0055
2 48U MvP e 1.0038 (£0.00055)
SRACSS 1.3681 1.0046
WIMS (NEA0329/10) 1.3612 0.9998
WIMS (ENDF/B-VI) 1.3668 1.0001
WIMS (JENDL-3.2) 1.3693 1.0026
3.00U MVP mee— 1.0021 (£0.00052)
SRACYS 1.3518 1.0061
WIMS (NEAQ329/10) 1.3454 1.0056
WIMS (ENDE/B-VI) 1.3512 1.0025
WIMS (JENDL-3.2) 1.3538 1.0048
Table 4 Table 5

Multiplication factors for TCA Pu0,-UO,
(MOX) lattices (MVP, SRACYS and

Muitiplication factors for NEA

HCLWR and Plutonium Recycling

WIMS-D/4.1) lattices (SRAC95 and WIMS-D/4.1)
Lattices | Code name | K k. Lattices Code narmne K¢
242PU | MVP | 0.9961 (£0.0007) NEA- SRACYS - 1.0982
SRACSY3 1.3443 | 0.9907 VeES WIMS-D | 13 res grps 1.0833
WIMS-D/4.1 | 1.3365 | 0.9881 -l 16 es grps 1.0997
2.98PU | MVP e | 0.9994 (£0.00059} NEA- SRAC95 1.1277
SRACSS 13393 | 0.9944 VIET WIMS-D | 13 res grps 1.1054
WIMS-D/4.1 | 1.3337 |} 0.9928 1 16 es grps 1.1275
4.24PU | MVP e | 0.9995 (£0.00054) NEA-A | SRAC9S 1.1333
SRACYS 1.3001 | 0.9978 ;’;‘i"jcmr) WIMS-D | 13 res grps 10915
WIMS-D/4.1 | 1.2971 | 0.9974 s 16 res grps 1.1290
555P0 | MVP | ———me- 1.0001 (£0.00074) NEA-B | SRACYS 1.1911
SRACHS 1.2421 | 0.9996 ﬂ’u"_‘f,‘;;m WIMS-D | 13 res grps 1.1747
WIMS-D/4.1 | 1.2410 | 1.0006 a1 16 res grps 1.1813
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Table 6

Integral parameters for TRX and BAPL latices from WIMS-D/4.1 with 16 resonance groups
(The values in parenthesis are the % differences from 13 resonance group calculation)

Lattices | Results from Ky K p® &% &% c
TRX-1 EXPT. — 1.00000 1320 0.0987 0.0946 0.797
WIMS-D/4.1 | 1.1775 0.9952 1.3580 0.09752 0.09579 0.8008
(JENDL-3.2} (0.03) (0.04) (-0.235) (-0.69) (-0.115) (-0.175)
TRX-2 EXPT. — 1.00000 0.837 0.0614 0.0693 0.647
WIMS-D/4.1 | 1.1637 0.9961 0.8514 0.0600 0.0684 0.646
(JENDL-3.2} (0.017) (0.03) (-0.19) {-0.66) (0.0} (-0.077)
BAPL-1 | EXPT. e 1.00000 1.39 0.0840 0.0780 0.0060
WIMS-D/4.1 | 1.1465 1.0050 1.3809 0.0822 0.0741 0.8025
{JENDL-3.2} {0.035) (0.03) (-0.17) (-0.48) (0.0} (-0.087)
BAPL-2 | EXPT. —_— 1.00000 1.120 0.0680 0.0700 ¢.0000
WIMS-D/4.1 | 1.1501 1.0040 1.1500 0.0671 0.0639 0.7324 -
(JENDL-3.2) (0.026) (C.04) (-0.165) {-0.59) (0.0) (-0.068)
BAPL-3 | EXPT. -— 1.60000 0.906 0.0520 0.0570 0.0000
WIMS-D/4.1 | 1.1357 1.0033 0.9046 0.0516 0.0525 0.6559
(JENDL-3.2) (0.026} (0.03) (-0.166) (-0.578) {0.0) (-0.107)
Table 7 :
Multiplication factors for TCA UO, lattices from WIMS-D/4.1 with 16 resonance groups

(The values in parenthesis are the % differences from 13 resonance group calculation)

Lattice name Code name Kins k.

1.50U0 WIMS-D/4.1 1.3608 (0.02%} 1.0046 (C.04}
1.83U0 WIMS-D/4.1 1.3725 (0.029) 1.0058 (0.03)
2.48U WIMS-D/4.1 1.3696 {0.022) 1.0028 (0.02)
3.00U0 WIMS-D/4.1 1.3540 (0.015) 1.0050 {0.02)

Table 8

Multiplication factors for TCA Pu0O,-UQ, lattices from WIMS-D/4.1 with 16 resonance groups

(The values in parenthesis are the % differences from 13 resonance group calculation)

Lattice name Code name ks kg

2.42PU WIMS-D/4.1 1,3382 (0.05) 0.9886 (0.05)
2.98PU WIMS-D/4.1 1.3351 (0.04 0.9932 (0.04)
4.24PU WIMS-D/4.1 1.2980 (0.02) 0.9976 (0.02)
5.55PU WIMS-D/4.1 1.2417 (0.02) 1.0007 (0.01)
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Table 9
Influence of self-shielding due to U-238 elastic resonances on TRX and BAPL lattices
(The values in the table are % differences relative to no elastic resonance shielding)

Lattice Results from " kg p3 &% &% c
name
TRX-1 WIMS-ID/4.1 0.035 0.039 0.007 1.241 -0.03 -0.112
(ENDL-32 -
16 res. grps.}
TRX-2 i 0.021 0.059 -0.012 1.133 0.015 -0.062
BAPL-1 i 0.026 (.029 -0.029 0.925 0.027 -0.087
BAPL-2 * 0.02 0.022 -.0.009 0.88 0.016 -0.055
BAPL-3 * 0.015 0.017 0.0 0.853 0.015 -0.045
Table 10

Influence of self-shielding due to elastic resonances on TCA and NEACRP lattices
(The values in the table are % differences relative to no elastic resonance shielding)

Lattice Total Pu content: | Results from U-238 Pu-240 Pu-242
name number densities
(10"er) K | ke |k | ke | K | ke

TCA 1.500 0.0 WIMS-Ty/4.1 0.024 0.033

(JENDL-3.2 :

16 res. grps)
TCA 1.83U 0.0 " 0.019 0.027
TCA 2480 0.0 " 0.014 0.02
TCA 3.00U 0.0 N 0.012 0.017
TCA 2.42Pu | 4.0364x0* " -0.004 | -0.0003 | 0.007 0.010 | -0.003 | -0.003
TCA 2.98Pu ” i -0.003 | -0.0004 | 0.007 0.006 | -0.003 | -0.002
TCA 4.24Pu " i -0.001 0.0003 | 0.005 0.005 | -0.002 ; -0.001
TCA 5.55Pu ” ” -0.001 0.0002 | 0.004 0.004 | -0.001 [ -0.001
NEA V6ES | 2.7375x10° » Y — 001 | e | 0123 |
NEA VIE7 | 2.3941x10° ” 062 |e—ee 002 |- 003 |-
NEA-A 2.2927x102 ” 008 |- | 002 |- | 009 |-
NEA-B 2.155x10% " 004 | v | 006 |- | 003 |-
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Table 11
Influence of NJOY treatment of resonance interference on TCA and NEACRP lattices
(The values in the table are % differences relative to WIMS interference treatment)

Lattices Total Pucontent: | Results from Pu-239 Pu-240 Pu-242
Name number densities
2%, 3
(10 /Lm) lgnf keff km.f k’{f k szf
TCA 2.42Pu | 4.0364x0™ WIMS-D/4.1 0.012 0.024 -0.012 -0.011 | -0.005 -0.004
(JENDL-3.2 :
16 res. grps.)
TCA 2.98Pu | 4.0364x0* » 0.012 | 0.021 -0.009 | -0.008 |-0.004 |-0.003
TCA 4.24Pu | 4.0364x0* ” 0.013 | 0.02 -0.006 | -0.006 | -0.003 | -0.002
TCA 5.55Pu | 4.0364x0” ’ 0.016 | 0.02 -0.004 | -0.004 [-0.002 |-0.002
NEA V6E8 | 2.7375x10° v ) U ST — 048 | - -0.186 | ---—---
NEA VIE7 | 2.3941x10° v 0.9 [ - 031 | e 0.187 | -
NEA-A 2.2927x107 i 0533 | - .0.24 0252 |-
NEA-B 2.155x10% 0208 | - -0.054 0.057 } -
Table 12
Infinite multiplication factor for NEA HCLWR Lattices
(WIMS-D/4.1, SRAC95 and Others ')
Lattice | WIMS-D | SRACSS | WIMS-E | HELIOS.HY WIMS-ATR | BOXER DANDE | CASMO
/4.1
VGES 1.105 1.098 1.096 1.105 1.107 1.093 1.091 1.103
VIE7 | 1.130 1.128 1.119 1.122 1.130 1.116 1.120 1.120
Table 13
Infinite multiplication factor for NEA Plutonium Recycling Lattices
(WIMS-D/4.1, SRAC95 and Others V')
Lattice WIMS-D | SRACYS | ANL BNFL CEA ECN EDF HIT
/4.1

Benchmark-A | 1.1310 1.1333 1.1324 | 1.1043 1.1334 | 1.1313 1.1217 1.1396
Benchmark-B | 1.1822 1.1911 1.1785 | 1.1805 1.1896 | 1.1838 1.1744 1.1926

— 17
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Fig. 1: C/ E value of lattice parameters of
TRX-1 from WIMS-D/4.1 with three

different data libraries
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Fig. 3: C/E value of lattice parameters of
BAPL-1 from WIMS-D/4.1 with three

different data libraries
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Fig. 2: C / E value of lattice parameters of
TRX-2 from WIMS-D/4.1 with three

different data libraries
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Fig. 4: C/E value of lattice parameters of
BAPL-2 from WIMS-D/4.1 with three

different data libraries
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K-eff Rho28 Dei25 Dei28 K-eff Rho28 Del25 Dei28 c*
Fig. 5. C/E value of lattice parameters of Fig. 6: C/E value of lattice parameters of
BAPL-3 from WIMS-D/4.1 with three TRX-1 from SRAC95 and WIMS-D/4.1
different data libraries
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Fig. 7: C/ E value of lattice parameters of Fig. 8: C/ E value of lattice parameters of
TRX-2 from SRAC95 and WIMS-D/4.1 BAPL-1 from SRAC95 and WIMS-D/4.1
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Fig. 9: C/E value of lattice parameters of
BAPL-2 from SRAC95 and WIMS-D/4.1
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Fig. 10: C / E value of lattice parameters of
BAPL-3 from SRAC95 and WIMS-D/4.1
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Fif. 11: k,; as function of cell pitch of
TCA UO, lattice from SRAC95 and
WIMS-D/4.1(with four data libraries)
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Fig. 12: k_; as function of cell pitch of

TCA UOQ, lattice from SRAC95 and
WIMS-D/4.1(with four data libraries)
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Appendix- A _
List of nuclides in the library with details of data tabulation

Material WIMS ID | Self-Shielding Model, Refference | Resomance Tabulation, Thermal Scattering
Sigma Zero Sigma Zero Grid -‘Law, Temperatures
'H 125 Narrow Resonance Approx. No resonance tabulation | H-11in H,0, (293, 400,
(NRA), Infinity 500, 600)
'"H in ZrH 126 ” ” H-1in ZRH, (293,
400, 600, 1200)
D 128 ” i D-2in D,0, (93, 400,
500, 600}
R 525 ” ” Free gas, (293, 500,
700, 1600)
ig 528 ” ” Free gas, {293, 600}
2C 625 ” » Graphite, (293, 500,
700,1000,1600)
%0 825 ” » Free gas, (293, 600,
900, 1500)
TAL 1325 ? » Free gas, (293)
Cr (nat.) 2400 NJOY Flux Calculator upto " Free gas, (293, 600)
3E5eV & NRA above, Infinity
SMn 2525 NJIOY Flux Calculator upto ” Free gas, (293, 600)
1ESeV & NRA above, Infinity
Fe (nat.} 26060 NJOY Flux Calculator upte ” Free gas, (293, 600)
3.5E5eV & NRA above, Infinity
Ni (nat.) 2800 NJOY Flux Calculater upto ” Free gas, (300, 600)
5.53E5eV & NRA above, Infinity
Zr (nat.) 4000 NJOY Flux Calculator upto ” Free gas, (293, 600)
3.016E4eV & NRA above, Infinity
Zrin ZrH 4001 NJQY Flux Calculator upto ” Free gas, (293, 400,
3.016E4eV & NRA above, Infinity 6060, 1200}
By 9225 NIOY Flux Calculator upto Abs . Integral only, Free gas, (293, 600,

1.5E3eV & NRA above, 1E6

(5E1,1E2,1E3,1E4,1E5,
1E6,1.5E6, 2E6,8E8,
1E10)

1500)
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Appendix- A (continued)

BSU

9228

NJOY Flux Caiculator upto
5E2eV & NRA above, 8E2

Abs. & Fiss. Integral,
(5E2,8E2,1.2E3,1.8E3,
2.8E3,4.5E3,8E3,1E4,
3E4,1E10)

Free gas, (293, 600,
900, 1500)

236U

9231

NJOY Flux Calculator upto
1.53E3eV & NRA above, 1E6

Abs. Integral only,
(5E1,1E2,1E3,1E4,1E5,
1E6,1.5E6, 2E6,3ES,
IE10)

Free gas, (293, 600,
1500)

238U

9237

NIOY Flux Calculator upto
1E4eV & NRA above, 28

Abs. & Elst. Integral,
{1.2E1,2.8E1,5.E1,1E2,
1.4E2,2.6E2,1E3,1E4,
1E3,1E10)

Free gas, (293, 600,
900, 1500)

BBPU -

9434

NJQY Flux Calculator upto
5E2eV & NRA above, 1ES

No resonance tabulation

Free gas, (293, 600,
1500)

Bpy

9437

NIOY Flux Calculator upto
2.5E3eV & NRA above, 1E3

Abs. & Fiss. Integral,
(1E1,5E1,1E2,1E3,2E3,1E
4,1E5,1E6,1.5E6, 1E10)

Free gas, (293, 600,
500, 1500)

Hopy

9440

NJQY Flux Calculator upto
4E3eV & NRA above, 1E4

Abs. & Elst. Integral,
(SE1,1E2,1E3,1E4,1ES,
1E6,1.5E6, 2E6,8E6,
1E10)

Free gas (293, 600,
900, 1500)

241Pu

9443

NJOY Flux Calculator upto
3E2eV & NRA above, 2E3

Abs. & Fiss. Integral,
(1E1,5E1,1E2,1E3,2E3,1E
4,1E5,1E6,1.5E6, LE10)

Free gas, (293, 600,
900, 1500}

JAZP u

9446

NJOY Flux Calcuiator upto
1.15E3eV & NRA above, 1E5

Abs. & Elst. Integral,
(5E1,1E2,1E3,1E4,1ES,
1E6,1.5E6, 2E6,8E6,
1E10)

Free gas, (293, 600,
900, 1500)

HAmM

9543

NJIOY Flux Calculator upto
1.5E2eV & NRA above, 1E6

Abs . Integral onty,
(SE1,1E2,1E3,1E4,1ES5,
1E6,1.5E6, 2E6,3E6,
1E10)

Free gas, (293, 600,
1500)
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