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Tins work has been perfonncd in the framework of the PINK project 
(Programme for Intensifying Nuclear Knowledge) which is sponsored 
by the Dutch Ministry of Economic Affairs. 

ABSTRACT 
— > 

Benchmark results of the Dutch PINK working group on DWRand 
PJMT calculatkmal benchmarks on single pin cell and multipin 
assemblies as defined by EPRI are presented and evaluated. 
First a short update of methods used by the various institutes involved 
is given as well as an update of the status with respect to previous 
performed pin-cell calculations. 
Problems detected in previous pin-cell calculations are inspected more 
closely. 
Detailed discussion of results of multipin assembly calculations is 
given. The assembly consists of 9 pins in a muiticell square lattice in 
which the central pin is filled differently, i.e. a Gd pin for the BWR 
assembly and a control rod/guide tube for the PWR assembly. 

The results for pin cells showed a rather good overall agreement 
between the four participants although BWR pins with high void 
fraction turned out to be difficult to calculate. With respect to burnup 
calculations good overall agreement for the reactivity swing was 
obtained, provided that a fine time grid is used, ^there is room for 
Improvements in working libraries to improve the predictions for 
individual isotopes. 

For assembly calculations it was confirmed that 2-dimensional 
transport models are the preferred ones. With such codes reliable 
results are obtained for fresh PWR and BWR assemblies. Problems 
occurred if control-rod and poison materials were introduced, 
respectively. These were partly ascribed to deficiencies in working 
libraries; where control-rod and poison materials need improvements. 
Furthermore resonance self-shielding effects should be accounted for. 
With respect to burnup calculations for assemblies there is room for 
further improvements. 

The above experience has led to a number of actions at the various 
institutes to improve the quality assurance of the reactor physics codes 
and libraries. The benchmark exercise was extremely useful for all 
participants and recommendations were made to extend the 
benchmarking activities with other problems. 

pink93.rap 
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1. INTRODUCTION 

In 1990 a four-years programme to enhance nuclear competence in the 
Netherlands (Dutch acronym FINK) was launched, in which five Dutch 
institutes collaborate. In this programme, sponsored by the Dutch 
Ministry of Economic Affairs, there are five major tasks: (1) study of 
next generation nuclear reactors, (2) participation in new reactor 
development, (3) improvement of computer software for reactor design 
and safety, (4) enhanced education activities and (5) improvement of 
nuclear fuel characteristics. In the framework of task 3 several 
activities were initiated in two categories: implementation of improved 
reactor code calculation systems and participation in benchmark 
exercises for validation. This task is of special importance, because the 
development of the next generation of nuclear power reactors requires 
reliable and flexible calculational software, m particular the Delft 
University of Technology (IRT) and the Netherlands Energy Research 
Foundation (ECN) were involved in the improvement of nuclear 
software by installing and extending reactor physics code packages and 
data files. To a large extent these two institutes have installed the same 
software, although on different computational platforms. The other 
institutes involved in task 3, i.e. the Dutch Electric Power Research 
Institute (KEMA) and the Dodewaard joint Dutch nuclear power plant 
(GKN) had well-established commercially available reactor physics 
software. During 1990 it was decided to form a joint working group to 
intercompare the different systems by performing benchmark 
calculations as defined by the US Electric Power Research Institute 
EPRI. In addition, dedicated verification and validation studies were 
made by IRI and ECN, including experimental benchmarks. 

In this report only the joint activity of the four institutes on the EPRI 
benchmark for PWR and BWR reactors is reported. Th .k started 
mid 1990 by setting up a programme of benchmarking pin-cell 
calculations for PWRs and BWRs, including burnup, as defined by 
EPRI in Ref. [1]. It turned out to be necessary to refine the definitions 
by clearly stating the number densities of the materials. This activity 
was performed by GKN. The initial modelling and calculations showed 
some discrepancies which were largely resolved during the years 
1990/1991. Besides the educational aspect that the different models, 
coding and input preparation practice at various institutes were once 
more closely examined, some errors and problems were identified. This 
work was performed during development and improvements in the 
code systems at ECN and IRI, which has the drawback that the codes 
were modified during the period of benchmarking, but the advantage 
that results of the benchmarking could be introduced in the codes and 
data files, as far as possible. The results of the pin-cell benchmarking 
were reported in an intermediate status report [2], of which a summary 
is given in chapter 4. The overall conclusion was that the four 
institutes did rather well in calculating the multiplication factors of 
PWR and BWR pins, but that in the treatment of resolved-resonance 
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Evaluation of PWR and BWR benchmark results 

self-shielding and geometric shielding there are differences, in 
particular in highly voided situations (BWR pins). Differences in 
nudear data files were mainly detected by comparing results of bunnip 
calculations. 

In the next phase, during 1992 and early 1993 simplified assembly 
calculations were performed at reduced 9 pins (3x3) multicells. Also 
some problems detected in report [2] were inspected more closely. Hie 
present report therefore gives a short update of methods used by the 
various institutes as well as an update of the status with respect to pin-
cell calculations, followed by a definition and a detailed discussion of 
the recent results of assembly calculations. Finally, some conduskms 
and recommendations are presented. 
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2. METHODS 

2.1. Overview of code systems 

The various institutes used different code systems and associated data 
files, although the DU and ECN systems are almost identical. The 
major code systems are identified as follows: 
- ECN/IRI: SCALE package from Oak Ridge with European JEF data 

library known as PASC (ECN) and INAS (TRI), 
- KEMA: LWR-WIMS package with WTMS-86 library, 
- GKN: GASMO-3 package with corresponding datafik. 
The libraries will be specified in more detail in the next section. The 
ECN/IRI system has been developed from freely available software 
obtained from the NEA Data Bank at Paris, in dose cooperation 
between the two institutes. The KEMA and GKN systems are 
essentially commercial packages. 
The code systems have been described in some detail already in the 
intermediate report [2] and these descriptions are still valid, except that 
some further developments have been made at ECN and IRL for codes 
as well as for data libraries. For reasons of consistency the description 
of KEMA and GKN code systems are reprinted in sections 2.1.2. and 
2.13., respectively, whereas a new overall description is given of the 
ECN/IRI systems. 

Some characteristics of the -/stems used are displayed in Table 1. 
Very globally, the ECN/IRI system is designed for very accurate cell 
calculations, with rigorous treatment of cross-section processing and 
bum-up. It allows easy introduction of the most modem fundamental 
data base without any adjustment. On one hand this is advantageous, 
because it gives unbiased predictions in a wide range of applications 
(advanced reactor systems). On the other hand code systems with 
"adjusted" data files may be faster in accurate predictions of light 
water reactor lattices. A draw-back of the ECN/IRI system is that it is 
rather slow, in particular for assembly calculations including bumup. 
This has been remedied to a certain extend at IRI by including a 
WIMS/D-4 module (see section 2.1.1.). The ECN/IRI systems need 
home-made maintenance and quality-assurance systems. 

The commercial WIMS and CASMO codes used by KEMA and GKN, 
respectively, are well-tested systems, specially designed for massive 
calculations of LWR systems. Therefore for these systems the selected 
EPRI benchmarks are relatively easy to calculate. These codes have 
very fast routines for two-dimensional assembly calculations including 
bumup for a carefully selected number of nuclides. The 
approximations may be larger than in the case of ECN/IRI codes, but 
they have been carefully tested for the range of applications where the 
codes are designed for. The value of the present intcrcomparison is 
partly the fact that also the ECN/IRI system is included. The quality 
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Evaluation of PWR and BWR benchmark results 

assurance and maintenance of the KEMA and GKN systems is largely 
covered by contracts. At KEMA, however, there are important 
contributions to improve their system, in particular with respect to the 
innovative CACTUS module, which b a two-dimensional assembly 
code for almost arbitrary geometry. 

Finally, it should be emphasized dtat during die course of this wotk it 
became evident mat for quick assembly and certainly for whole-core 
calculations it is essential to have a fast 2D module. This was for ECN 
the main reason to decide to achieve the WIMS-E system, of which 
no results are reported in this work. At DRI the route is followed with a 
WIMS/D-4 module inserted in SCALE-4 and (future) introduction of 
approximations to speed up the calculation process. 

2.1.1. ECN/ÏRI systems PASC-3 UNAS 

The main code system adopted at both institutes is the SCALE 
package [3,4], supplemented with a library produced in the Netherlands 
from the European- JEF data file. In order to install the system 
various modifications were necessary, which fall into three categories: 

a. adaption to local computers, in particular to avoid typical 
IBM practice, 

b. addition of user-friendly environment, including graphics 
enhancements, 

c correction of (very tew) modelling errors, 
d. improvements in the resonance treatment, 
e. modifications by introducing a new (JEF) library. 

The cross sectkn libraries of die system are mainly in the AMPX 
format. The initial multigroup library is called the "master" AMPX file 
and the problem-specific data are stored on "working" or in a later 
stage "weighted" AMPX files. Although the system is very large zai 
contains many codes its characteristics can be understood easily by 
mentioning the following main modules: 

a. BONAMI- This module is based upon the Bondarenko 
treatment of resonance selfshielding and is used mainly to calculate the 
shielded multi-group constants in the unresolved resonance range as 
far as given on the master file. 
For a few materials (fission products) at IRI Bondarenko factors were 
given also for the resolved-resonance range. The BONAMI module 
also processes other temperature-dependent low-energy data from 
information given on the master file. 

b. NTTAWL- This module is based upon the Nordheim 
treatment of resonance selfshielding and is used only to calculate 
shielded multigroup constants in the resolved-resonance range by 
utilizing the resolved-resonance parameters on the master file. During 
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2. Methods 

the calculations described in dns report only s-wave paiamrJcis were 
used at EGN, but p—waves were considered for **U as weU at DU. The 
NTTAWL module also processes temperature-dependent thermal 

c XSDRNFM or WIMS/D-4 (IRI>- These modules are a 1-
dimcusional discrete ordinates code and a 2-duucusioual lattice code, 
based upon transport theory. The ID XSDRNPM module belongs to 
SCALE, whereas the 2-dnnenskmal WIMS/D-4 module has been 
added by IRI to accommodate 2-dimensional assembly calculations. 
These modules read the working AMFX file produced by the 
BONAMI/NITAWL sequence and produce a weighted AMPX file for 
each geometrical section in a usually reduced number of groups. Other 
information, like k. and flux information is written on other output 
fiks. 

d. KENO-Va - This module is a 3-dimcnsiooai Monte Carlo 
code that reads the same multigroup data fik as the XSDRNPM or 
WIMS/D-4 module. It is written for quite general geometries and can 
be used for assembly calculations or even whole-core calculations of 
k., k^ and mulrigroup fluxes. There is, however, no associated bumup 
route (see below). 

e. ORIGEN-S - This module is coupled to the weighted AMPX 
library produced by XSDRNPM and peifonns a very detailed burnup 
and decay calculation for a specified fuel region. Missing nuclear date 
for activating or transmuting materials are read from an extensive 
ORIGEN-S data file. If the composition of the reactor inventory 
changes due to bumup, it is possible to re-calculate the fluxes and 
cross sections by performing one or more cycles over the codes 
BONAMI, NITAWL, XSDRNPM, ORIGEN-S. 

There are numerous other utility and interfacing codes in the system, 
which are partly mentioned in Ref. [2], but which are not necessary to 
be described here to understand the text of this report. It is clear that 
the control of this modular system is quite involved and therefore there 
are a number of automatic sequences, identified by: 

a. CSAS1/4: BONAMI - • NITAWL -» XSDRNPM or KENO-
Va* 

b. SAS2 : BONAMI - • NITAWL -» XSDRNPM -•• ORIGEN-
S-» 
BONAMI -» NITAWL -* XSDRNPM - • ORIGEN-
S -» etc.; 

c. SAS2H: Idem, for several ID regions; 
d. SAS6 : Like SAS2H for several 2D regions, using the 

WIMS/D-4 module instead of XSDRNPM. 
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Evaluation of PWR and BWR benchmark results 

A simplified overview of the code system is given in Fig. 1. This 
figure depicts the situation at IRI, but a similar figure could be given 
for ECN (with slight differences, not important for the present text). In 
the figure also the production of the library (with the code NJOY) is 
given and some auxiliary transport and diffusion codes, not important 
for the present discussion are shown. 

So far the general description of the ECN and IRI systems, named 
PASC and INAS, respectively, holds, it has to be noted that during this 
work at ECN the WIMS/D module and the SAS2H and SAS6 modules 
were not yet installed. These modules are particularly important for 
2-dimensional assembly calculations and at ECN the decision was 
taken to install the commercial WIMS-E package for that purpose. 

There are two other main differences: the version number of the 
SCALE package and the attached libraries (see section 22). With 
respect to the version number of SCALE: at IRI the transition from 
SCALE-3 to SCALE-4.0 was made during the present benchmarking 
period: for the cell calculations, reported in [2] SCALE-3 was used, 
for all other calculations SCALE-4 modules were used. At ECN 
SCALE-3 with important modifications as described in the PASC-3 
documentation [5] was adopted throughout this work. 

2.1.2 KEMA code system LWR-WIMS/CACTUS 

The LWR-WIMS system used by KEMA [7,8] applies the cylindrical 
1-dimensional collision probability method in the 1-D PERSEUS 
module for the neutron transport calculation. For this method the 
geometry is subdivided into a number of cylindrical regions for which 
the collision probability for a neutron from one region to collide in 
another region is calculated, assuming a flat flux within each region. 
The resonance processing is done using self-shielding factors like the 
Bondarenko method in the BONAMI-S module of the SCALE system. 
For those nuclides for which this method is unsatisfactory because of 
the narrow resonance approximation, tabulated Goldstein-Cohen 
parameters are used to include the effect of wider resonances. Dancoff 
factors are used to account for the interaction effect with other fuel 
rods. KEMA uses a fixed 69 energy group set for pin-cell calculations. 

2.1.3. GKN code system CASMO-3 

For burnup calculations on fuel assemblies or simple pin cells, GKN 
uses the code CASMO-3, Refs. [9,10]. This code is part of the 
Studsvik Core Management System, of which other codes are also 
leased by GKN. For the benchmarks presented here, version 4.4 of 
CASMO-3 is used. 
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2. Methods 

Hist macroscopic cross sections are prepared for the succeeding 
micro-group calculations. Nuclear data are collected in a library 
containing microscopic cross sections in 70 energy groups. Neutron 
energies cover the range 0 to 10 MeV. A library containing data in 40 
energy groups is also available and is normally used in production 
runs. For this benchmark the 70 groups library is used. The library is 
based on data from ENDF/B-IV although some data «xme from other 
sources. The group structure was taken over from the British WIMS 
code which is used by KEMA with the addition that a boundary has 
been put in at 1.855 eV. The library contains absorption, fission, nu-
fisskm, transport and P0-scattcring cross sections (and for hydrogen, 
deuterium and oxygen also P1-scattering cross sections, which are used 
only in the B, fundamental mode calculation). Data are tabulated as 
function of temperature when needed. 

For 235U, °fV, ZNU and 3"Pu shielded resonance integrals versus 
potential background cross section and temperature are tabulated. The 
library also contains yield values for fission products and decay 
constants. Macroscopic cross sections are directly calculated from the 
densities, geometries etc given in the input. 

The effective cross sections in the resonance energy-region for 
important resonance absorbers are calculated using an equivalence 
theorem which relates tabulated effective resonance integrals for each 
resonance absorber in each resonance group to the particular 
heterogeneous problem. The equivalence expression is derived from 
rational approximations for the fuel self-collision probability. The 
resonance integrals obtained from the equivalence theorem are used to 
calculate effective absorption and fission cross sections. The 
shadowing effect between different pins is considered by the use of 
Dancoff factors. The basic principles for the resonance treatment are 
similar to those in WIMS. 

The resonance region is defined to lie between 4 eV and 9118 eV. 
Absorption above 9118 eV is assumed to be unshielded. The 1 eV 
resonance in ""Pu and the 0.3 eV resonance in 2"Pu are adequately 
covered by the concentration of the thermal groups around these 
resonances and are consequently excluded from the special resonance 
treatment. Four nuclides, viz. *%, 7it\i. 73Ê\5 and 2*Pu, are treated as 
resonance absorbers. The cross sections thus prepared are used in a 
series of micro-group calculations to obtain detailed neutron energy 
spectra to be used for energy condensation and spatial homogenization 
of the pin cells. The method of collision probabilities is applied to a 
simplified cluster geometry, usually consisting of three or four regions. 

The isotopic depletion as a function of irradiation is calculated for each 
fuel pin and for each region containing a burnable absorber. The 
bumup chains, with the isotopes linked through absorption and decay, 
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are linearized and 24 separate fission products and 17 heavy nuclides 
are treated. 

A predictor-corrector approach is used for the bumup calculation. For 
each burnip step the depletion is calculated twice, first using the 
spectra at the start of the step and then, after a new spectrum 
calculation, using the spectra at the end of the step. Average number 
densities from these two calculations are used as start values for the 
next burnup step. 

2.2. Libraries 

At ECN and IRI the multigroup libraries for their code systems were 
derived from the basic JEF-1.1 data file by means of the NJOY 
processing code, see Fig. 1. An appreciable effort was made to develop 
an interfacing code (NSLINK) to the SCALE system at IRI with 
support from ECN [6]. Occasionally some even more recent data from 
JEF-2.2 were used (e.g. for Gd). The other institutes used the standard 
libraries given for the LWR-WIMS [8] and CASMO-3 [10] codes, 
from which the origin is probably mainly ENDF/B-IV with some 
improvements and adjustments. 

The most important difference between the ECN/IRI and 
WIMS/CASMO approaches is that adjustments have been inserted into 
the libraries, in order to achieve optimal agreement between 
calculations and benchmark measurements. This may result in slightly 
different multigroup cross sections, which could be well inside the 
error margins of the basic cross sections and still produce better 
integral results. This is probably true for the heavy materials group 
constants. However, in the case of the WIMS-86 fission product 
library quite unphysical adjustments have been detected for some 
nuclides. Moreover some modelling errors, due to reactor physics 
rather than nuclear physics modelling could be absorbed into the 
adjusted group constants. Therefore it is of importance to compare the 
various systems and libraries eg. by means of the present analysis. 

The number of groups and the group structures are different: 219 
groups at ECN (source: SCALE plus one addh'onal group added by 
ENEA-Bologna), 187 groups for some initial IRI calculations reported 
in Ref. [2] (source: Los Alamos LANDL as specified in NJOY), 172 
groups for most IRI calculations (source: European XMAS structure), 
69 groups for KEMA calculations with WIMS and 70 groups for 
GKN's CASMO-3 calculations. 

Table 1 gives a short summary of the various data files and their short 
names as used in this report. 
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2. Methods 

The resonance treatment is reflected on the data files in the following 
way. 
At ECN the 219 groups AMPX working file contains both resolved-
resonance parameters for all s-wave resonances and Bondarenko 
factors for the unresolved resonance range (and thermal range). The 
Bondarenko factor is the ratio between the shielded resonance integral 
at a certain temperature and the infinite diluted resonance integral at 
room temperature for each group. 
In addition Bondarenko factors are given in the resolved-resonance 
range, but only for the "background" cross sections (i.e. s-wave 
resonance peaks removed) to reflect the effect of p-wave resonances 
and tails of s-wave resonances. 

In the more recent IRI data files the same method was followed, 
except that Bondarenko parameters are no longer given for background 
cross sections in the resolved range; instead p-wave resonances (for 
^ U ) are given explicitly as resolved resonance parameters. The latter 
method is probably better than the ECN method, although still some 
approximations are made. In a number of cases (fission products) the 
Nordheim resonance parameters are not given and only Bondarenko 
parameters are included. 

The resonance treatment in WIMS and CASMO-3 is based upon 
resonance integrals given for a very limited number of heavy isotopes, 
possibly adjusted to improve agreement between calculated and 
measured integral quantities. The resonance integrals are defined in a 
more sophisticated way as the Bondarenko parameters in the sense that 
during the calculations a flux spectrum was calculated using a very 
simple model of a homogeneous mixture of heavy isotopes and water. 
Evidently this procedure works well for light-water moderated 
systems, but it has been demonstrated that it is also quite reasonable 
for graphite and heavy-water moderated systems. 

2.3. Pin-cell calculations 

For most reactors the fuel assemblies consist of a number of fuel rods 
arranged in a square (or sometimes a triangular or hexagonal) lattice. 
Each rod consists of fuel encapsulated by a thin cladding. The space 
between the rods is filled by moderator and/or coolant. As there are 
many fuel assemblies in a reactor core, the geometry of the whole core 
is far too complicated to take into account in all detail. Therefore, at 
several stages of the core calculation homogenization of smaller parts 
of the geometry has to be applied. As a basic geometry a fuel rod with 
cladding and an equivalent amount of coolant/moderator is considered. 
A fuel assembly can be regarded as a repetition of this basic geometry 
if we disregard water slots, control rod devices etc. At homogenization 
the materials of a fuel assembly are mixed conserving the mass of each 
component. But for determination of the proper cross section of the 
homogenized material the reaction rates in all material components 
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should also be conserved. This requires the calculation of the flux 
distribution in the heterogeneous case to derive a flux weighted cross 
section for each material for the homogenization procedure. 
Hence, the process of homogenization starts with the calculation of the 
basic geometry or unit cell. As the unit cell contains only one fuel rod 
or pin this is often called a pin cell. 

For a square arrangement of fuel pins in an assembly the unit cell has 
a square outer boundary. A neutron reaching the outer boundary should 
be mirror reflected at this boundary to re-enter the cell (reflective 
boundary condition). For a triangular arrangement of fuel pins, even a 
hexagonal outer boundary would be necessary. For deterministic 
computer codes the square or hexagonal form of the outer boundary is 
difficult to combine with the cylindrical form of the fuel pin. 
Therefore, the unit cell is transformed into a full cylindrical geometry 
with an equivalent volume. This so-called Wigner-Seitz cell turns out 
to be a good equivalent if proper boundary conditions are taken into 
account. Now the neutron should nolonger be mirror reflected at the 
outer cylindrical boundary as this will not result in the neutron path 
actually followed in an infinite square or triangular arrangement of fuel 
pins. Therefore, a "white" boundary condition is normally applied in 
discrete ordinates transport codes, representing an isotropic distribution 
for the re-entering neutron. 
If the cylindricalized unit cell is considered infinitely long it is suited 
for one-dimensional calculations with only the cylindrical coordinate 
as a spatial variable. This makes a pin-cell calculation very attractive 
for comparison of calculations with different codes. In this stage of the 
calculation the geometrical simplification allows a more detailed 
treatment of the energy distribution of the neutrons. The boundary 
condition on the cell implies an infinite array of unit cells and the 
multiplication factor obtained from the neutron transport calculation is 
in fact the multiplication factor k. for a reactor infinitely large in all 
directions. 

Except for Monte Carlo codes with continuous energy treatment like 
MCNP, the energy dependence is treated with a (large) number of 
energy groups for which cross sections are calculated using an 
assumed general neutron flux spectrum. For most calculational systems 
a library of group cross sections is provided. These multigroup cross 
section can be generated from basic nuclear data libraries like JEF and 
ENDF/B by processing codes like NJOY (see section 2.2). Because of 
the general assumption of the within group spectrum, for thermal 
reactors normally a Maxwell spectrum for the thermal range combined 
with a 1/E spectrum for intermediate energy neutrons and a fission 
spectrum for fast neutrons, the group cross sections are independent of 
the specific geometry of the fuel assemblies. However, there is a 
complication when dealing with the sharp resonances appearing in the 
neutron cross sections in the intermediate energy range. The 
selfshielding effect of these resonances is dependent on the geometry 

14 ECN-C--93-088 



2. Methods 

of the fuel pins and can only be taken into account after specification 
of the fuel pin geometry and arrangement. 

SCALE method (ECN, IRI) 
In the calculational systems of ECN and IRI, which are basically the 
same, see Fig. 1, the SCALE module XSDRNPM-S performs the one-
dimensional discrete ordinates neutron transport calculation for the pin 
cell. For spatial discretization a number of intervals are assigned to the 
fuel, :ladding and moderator region. The code requires a set of 
multigroup cross sections which must already have been pre-processed 
for resonance self-shielding. This is done by the BONAMI-S module 
and/or the NTTAWL-II module. The BONAMI-S module calculates 
the self-shielding using the effective scattering cross section per fuel 
atom o0, in which the geometrical arrangement is taken into account. A 
library contains self-shielding or Bondarenko factors as a function of 
cr0 and temperature for each energy group. These factors were obtained 
using the narrow resonance approximation which assumes that the 
resonance widths are small compared to the energy interval over which 
a neutron can be scattered. This allows an analytical expression of the 
neutron flux as a function of energy through the resonance. If this 
method is not considered accurate enough the NITAWL-II module can 
perform the resonance integral calculation numerically, taking into 
account the geometrical arrangement by proper collision probabilities. 
In this module Nordheira's method is applied in the resolved resonance 
range, using resonance parameters given in the library. The interaction 
of neutrons with fuel rods from adjacent fuel pins is in both methods 
taken into account by the so called Dancoff factor. 
An alternative for the neutron transport calculation in the SCALE-
system is given by the KENO-Va Monte Carlo multigroup code. This 
requires the same processing of resonance shielding by BONAMI-S 
and/or NITAWL-II, but the neutron transport is calculated by 
simulation of a large number of neutron histories. Although the 
KENO-Va code has a full three-dimensional geometry capability, for 
pin-cell calculations the cuboid geometry can be modelled. As the 
results of a Monte Carlo code are averages over a number of neutron 
histories, the answers are statistical estimates with a certain standard 
deviation, which reduces with an increasing number of neutron 
histories. There are slight differences between the ac.ual codes and 
libraries used at IRI and ECN as explained in sections 2.1 and 2.2. 

LWR-WIMS method (KEMA) 
The KEMA calculations have been performed with the LWR-WIMS 
code package, Ref. [7], (1986 version) and its 1986-library, Ref. [8]. 

The investigated geometries of single pin celts are calculated with the 
1-dimensional PERSEUS module. This is a collision probability 
calculation in cylinder geometry, in which pin cells are explicitly 
represented in the full library group structure in 69 groups. 
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The pins are radially divided into one mesh in the fuel, one mesh in 
the cladding and two meshes in the coolant region (1/1/2 sub
division). The influence of this subdivision with respect to one mesh in 
the coolant is however small: less than 0.0002 in k. in case of the 
reference pin-cell results. Additional refinement to 10/10/10 meshes 
does not change k. by more than 0.0001 with respect to the 1/1/2 
subdivision. 

The 1-dimensional multicell method has been compared with the 2 -
dimensional-CACTUS method, which was also used in 69 groups and 
1/1/2 subdivision. In CACTUS a track separation of 0.05 cm was 
chosen in combination with 9 azimuthal and 7 polar angles. This 
choice of tracking through the problem gives an accuracy of better 
than ± 0.001 in k., as can be concluded from a sensitivity study on the 
PWR-pin-cell in [2]. 
For the assembly calculations the 2-dimensional CACTUS module is 
used which solves the multigroup neutron transport equation in a 
general two-dimensional geometry, see section 2.4: 

CASMO method (GKN) 
In the CASMO-code used by GKN the pin-cell calculation is done 
using the integral transport method with collision probabilities in 
cylinder geometry. The. cross-section processing in the resonance 
region for important resonance absorbers is done with self-shielding 
factors. Dancoff factors are used to account for the interaction effect 
with other fuel rods. 

2.4. Assembly calculations 

In current BWRs a fuel assembly normally consists of 8x8 rods and in 
PWRs of 17x17 rods, including control rods and guide tubes filled 
with water. As far as all positions in a fuel assembly contain identical 
fuel rods a calculation can be based on a single pin cell consisting of a 
single fuel rod with cladding and an appropriate amount of 
moderator/coolant as discussed in the previous section. However, if 
there are different fuel rods in an assembly a larger part of the 
assembly, if not the whole assembly, has to be taken into account in 
the calculation. Even if the fuel rods are considered infinitely long, 
such a geometry cannot be described as a one-dimensional cylindrical 
geometry nor by a two-dimensional rectangular or cylindrical 
geometry. Therefore, computer codes based on finite difference 
methods for representing the geometry cannot be applied directly to 
assembly calculations and appropriate modelling of the geometry is 
required to use these codes. 
According to the geometries dealt with in the EPRI study [1], in this 
report fuel assemblies (i.e. multipin-cells) are calculated consisting of 
3x3 rod positions in a square arrangement (see Fig. 2), in which the 8 
outer positions contain identical fuel rods, but the centre position is 
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filled differently. In some calculations representative for a BWR (see 
Fig. 5) the centre rod contains the burnable poison gadolinium-oxide 
in the uranium-oxide fuel. In other calculations representative for a 
FWR (see Fig. 6) the centre position is occupied by a control rod or 
by a guide tube from which the control rod is withdrawn and is 
replaced by moderator. 

SCALE method (IRQ 
The SCALE-4 system as implemented at IRI includes a control 
module SASld that provides the following modelling of such an 
assembly. A separate XSDRNPM-S calculation is performed for the 
equivalent outer fuel rod positions using a pin-cell geometry for such 
a rod. Next a XSDRNPM-S calculation is done using the cylindrical 
geometry of Fig. 3. The centre pin position (containing a fuel rod with 
burnable poison or containing a control rod or guide tube) is modelled 
exactly, including cladding and surrounding moderator. This 
configuration is surrounded by a homogenized region representing the 
8 outer fuel rods of the assembly, including cladding and moderator. 
The homogenized cross sections for this region are obtained from the 
separate pin-cell calculation for these fuel rods. The outer radius of 
this homogenized region is obtained such that the volume of the 8 
outer cells is conserved. This option in the SAS2H module is called 
the large unit cell. 
To improve the static and depletion calculations the SAS2H sequence 
is replaced by the SAS6 control module. In this code sequence the 
one-dimensional S. code XSDRNPM-S is replaced by the two-
dimensional lattice code WIMS/D-4. For more detail see section 5.4. 

SCALE method (ECN) 
At ECN the SCALE-3 version has been implemented with the SAS2 
control module. This control module cannot perform the assembly 
calculation as SAS2H. However, with the Monte Carlo module 
KENO-Va the 3x3 geometry can, of course, be modelled exactly, see 
Fig. 4, This, however, still requires resonance processing, taking into 
account the geometric arrangement. This is treated by running SAS2 
for a pin-cell geometry with the rod composition of the outer rods of 
the assembly and separately for a pin-cell with the centre rod (or 
guide tube) composition. Then the cross section libraries of these two 
calculations can be combined and used in the KENO-Va calculation. 
This treatment does not take into account burnup effects. Therefore 
these effects were not calculated by ECN. 

LWR-WIMS method (KEMA) 
For (subassembly calculations KEMA uses the CACTUS module of 
the LWR-WIMS code [7], that has been written to solve the 
multigroup neutron transport equation in a general two-dimensional 
geometry. The method is based upon a characteristics formulation of 
the problem in which the transport equation is integrated explicitly 
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along straight lines that are suitably distributed throughout die 
problem. Source distributions and scattering are assumed to be 
isotropic, but the only restriction on geometry is that the outer 
boundary should be rectangular. Within this rectangular boundary the 
user is free to build his problem geometry using any combination of 
intersecting straight lines and circular arcs. 
Fig. 5 shows the geometry used in the calculations of a BWR multicell 
as described further in section 5.1. 
This approach simplifies the calculational route through LWR-WIMS 
to the modules HEAD — MIX — CACTUS -» BURN to calculate 
microscopic cross-sections (resonance shielding) -» macroscopic cross 
sections -» 2-D flux solution -» bumup, respectively. 

Fig. 6 shows the geometries used for PWR multipin-cell calculations 
as described further in section S3. The calculations are performed in 
the full 69 library groupstructure (10] without spatial smearing of the 
pin cells. 
This is the route through the WIMS-code for best estimate calculations 
without possible errors from energy group condensation or spatial 
smearing of pin cells. 

CASMO method (GKN) 
The CASMO-3 code treats the 3x3 assembly in two steps. First pin-
cell calculation for each different type of pin-cell are done with 70 
energy groups. The material surrounding the pin-cell is added as a 
buffer zone to the pin-cell. The cross sections are condensed to broad 
groups and to homogenized cells for a 2-dimensional assembly 
calculation. The assembly calculation is performed by the module 
COXY using the transmission probability method. This approach uses 
angular dependent neutron currents at mesh boundaries. These are 
linked to the neutron flux using transmission and escape probabilities, 
which are calculated by numerical integration without further 
approximation. 
Gd-containing rods are subdivided into micro regions for a better 
representation of the spatial bumup of the gadolinium. The boundaries 
of these micro regions vary with burnup. 
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3. DEFINITION OF THE CALCULATIONAL 
BENCHMARK 

3.1 Summary of pin-cell definition 

The benchmark specifications were taken from EPRI-NP-6147. 
Volumes I and II, July 1989. (Ref. [1]). 
A specification of the PWR and BWR pin-cells is given in Tabic 2. 
Several parameters have been varied in the calculations: for both FWR 
and BWR three values of the fuel enrichment (1.6%, 2.8% and 3.9%), 
for PWR three moderator boron concentrations (0 ppm, 500 ppm and 
1200 ppm) and for BWR three void fraction values (0%, 40% and 
70%) were considered. Some of the items have undergone a small 
change with respect to the original definition in Ref. [1]; these have 
been marked in the table by an asterisk*. 
* Apart from the original fuel temperatures (HZP - Hot Zero Power 

and HFP - Hot Full Power), two extra fuel temperatures (Hotter 
and Hottest) have been considered for the purpose of Doppler 
coefficient calculations. For these Doppler calculations, the 
cladding temperature is kept constant at the moderator 
temperature. 
For the bumup calculations, the cladding temperature was set to 
614.04 K (PWR) and 604.26 K (BWR) for the HFP case, which 
corresponds to the empirical formula: 

T^^,=0.12T fc..+0.88T^^-

• The nuclide densities have been calculated by the CASMO system 
using the specifications of Table 2 and supplementary information 
extracted from input examples given in the EPRI-report, Ref. [1]. 
These nuclide densities are specified in Table 3 and were also 
used as input to the PASC (ECN) and INAS (IRI) code systems 
instead of the basic data from Table 2 to avoid a possible source 
of discrepancies. The calculation of nuclide densities was not fully 
straight forward. For details see Ref. [2]. 

The water density for the BWR case is obtained from the steam 
tables at a pressure of 1045.43 psia corresponding to 72.08 bar. 
This gives a density of 0.73630 g/cm3 for the liquid phase and of 
0.037751 g/cm3 for the gas phase. The saturation temperature at 
this pressure is 287.78 °C, corresponding to the specified 
moderator temperature of 560.93 K. The average water density at, 
for instance, 40% void is calculated as: 

0.4x0.037751+0.6x0.73630(g/cm3) 
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The water density for the PWR-case is obtained from the 
water/steam tables at a temperature of 572.04 K (298.89 °Q and a 
pressure of 2250.00 psia (155.13 bar): 0.72902 g/cm3. 

KEMA calculated its own nuclide densities which differ in general 
less than 0.01% from the CASMO densities, except for the BWR 
moderator densities which are nearly 0.1% aigher than the 
C\SMO densities due to differences in steam tables. 

• Zircaloy-2 was only used by GKN as cladding material; the other 
institutes used natural zirconium. 

3.2 EPRI multipin-cell definition 

The multipin cell consists of a 3x3 array of pin cells in a square 
arrangement as specified in Table 4 and schematically shown in Fig. 2. 
The fuel pins used in the multipin cells are similar to those used in the 
single pin cells described in the previous section 3.1 and summarized 
in Table 2. The exact dimensions and conditions for each cell were 
used and the number densities of the central pin were also calculated 
by GKN in order to have a consistent base for the intercomparison, see 
Table 3. 

Multipin-cell calculations have been performed for two lattice types: a 
BWR lattice and a PWR lattice. 

BWR 3x3 lattice 
A void fraction of 40% is used. The fuel and moderator temperature 
used in the input are 922.04 K and 560.93 K, respectively. The thermal 
expansion is set to zero. The geometry of the 3x3 fuel pins is the same 
for each pin and can be found in Table 2. 

The centerpin has an enrichment of 2.8 w/o and contains 3 w/o Gd203, 
The definition of the gadolinium concentration is GdjGy(U02+Gd203). 
The weight fraction of Gd in Gdfi} in CASMO is assumed to be 
0.8676. 
The surrounding pins have an enrichment of 3.9 w/o. 
The ^ U weight fraction is 0.008 of the weight fraction of 2MU. In the 
"no gadolinium" case the density of a standard 2.8 w/o pin is assumed 
i.e. 10.142568 g/cm3. 

The effect of gadolinium is calculated by setting the Gd content to 
zero and using the fuel density of Table 3. For results see section 5. 

The lattice pitch is 1.6256 cm. No extra watergaps are used. 

A moderator pressure of 72.079 bar is used. 
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The xenon concentration is set to zero for the first statepoint. 

PWR 3x3 lattice 
This calculation consists of a 3x3 lattice with a zircaloy guide tube in 
the centre position which may contain a control rod (RCC). The guide 
tube material is Zr-2 and a density of 6.55 g/cm3 is used. 

For the atomic densities see Table 3. 

cfkf r* r\i noo Zl 



4. PIN-CELL CALCULATIONS 

4.1. Summary of previous results 

In the previous report (2] results were presented for PWR and BWR 
pin-cell calculations by the four institutes. The benchmark was defined 
by EPRI [1]. However, number densities were generated by GKN to 
assure that each partner had exactly the same geometrical input data. 
For the PWR pin-cell several values of cmkiimcut (1.6%, 2.8% and 
3.9%) and boron concentration (0 ppm, 500 ppm and 1200 ppm) were 
used. For the BWR pin-cell the same variation in enrichment at three 
void fractions (0%, 40% and 70%) were used. The calculations were 
performed for fresh fuel initiaUy, but extended to bumup at the end of 
the study, reported in [2]. 

Quite satisfactory agreement was obtained for the PWR results with 
variations in k. of 02% to 0.4%. However, for BWR pin-cells the 
dispersion was larger 02% to 1 %, with increased differences at large 
void fractions. It was concluded that this problem deserved further 
study (see section 42.4). 

Comparison of deterministic calculations with Monte Carlo results, 
using the same resonance shielded group cross sections, showed 
differences which are further investigated in the present report (section 
42.1). 

The results with regard to a comparison of calculated Doppler 
coefficients (for a BWR) were quite satisfactory: differences of 2% to 
5%. 

Finally, bumup calculations were performed. Here the differences in 
reactivity at end of cycle (36 GWd/t) were between 05% and 1.1%, 
Improvements are possible by considering smaller time steps (at 
IRl/ECN), better nuclear data and consistent definition of pseudo 
fission products. The differences for individual fission product 
concentrations were in some cases alarming. Here improvements in the 
adopted working libraries are required, not only for cross sections, but 
also for fission yields and perhaps for decay data. This topic has 
received quite some attention in the present report, see sections 4.2.2, 
4.2.5, 4.2.6 and 4.2.7. 

4.2. Update of results 

4.2.1. Discrepancies Monte Carlo versus deterministic 

In the previous report [2] a rather large discrepancy was observed 
between group-wise Monte Carlo calculations and deterministic 
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calculations» using the same group constants. This was shown in 
Tables 4 and 5 of Ref. [2], from which it followed that there is a 
systematic difference between KENO-Va calculations and 
deteiministic calculations. The major part of these discrepancies could 
be traced back to an error in the BONAMI and N1TAWL codes, due to 
the tact that this code did not produce properly self-shielded values of 
the product vof which are used exclusively by KENO-Va, whereas the 
deterministic XSDRNPM code calculates this product after self-
shielding of of. This problem was detected, repaired and reported [11]. 
The calculations were repeated and the differences between 
deterministic and Monte Carlo calculations were much smaller. The 
new results ate given in Tabic 5 of this report. 

There seems, however, still a remaining systematic difference, which is 
somewhat disturbing. Even with a very large number of samplings in 
KENO-Va (a very large computing time) this difference did not 
disappear. It is noteworthy that in more complex calculations no 
systematic differences were detected. One might speculate what the 
reason for these remaining differences in the pin-cell calculations is. 
Possibly it has to do with the boundary conditions, which are based on 
cylindrical geometry in the deterministic calculations ("white 
boundary") and on square geometry in Monte Carlo calculations 
("reflective boundary"). The latter assumption is in tact more correct, 
as we are dealing with square lattices. Since there is no option in 
KENO to force cylindrical boundary conditions this assumption could 
not be checked. A comparison between 1-dimensional (cylindrical) 
and 2-dimensional (square) deterministic WIMS calculations (see 
Tables 4 and 5 in Ref. [2]) did not show any systematic difference. 
However, recently very accurate MCNP calculations revealed some 
differences between rectangular and Wigner-Seitz cells [12]. 

As a remark we may note here that in the present pin-cell exercise 
only group-wise Monte Carlo calculations were included. This is in 
fact only of interest for complicated geometries. It would have been 
more interesting to intercompare point-wise pin-cell calculations with 
deterministic calculations, because in this way the resonance treatment 
including selfshielding is checked. Such calculations are possible at 
present with the MCNP code and associated JEF-1 or JEF-2 libraries, 
recently produced at ECN. Preliminary results on pin-cell calculations, 
performed at ECN and IRI in the framework of NEA's JEF-2 project 
[13,14], indicate significant systematic differences of up to 1% 
between pointwise Monte Carlo (MCNP) and deterministic codes, 
mainly due to resolved resonance treatment of 2NU. Here a simple pin 
cell, known as the "Rowlands benchmark" was considered. A similar 
conclusion follows from recent work of De Kruijf and Janssen [IS] 
performed in the framework of a PINK PhD project. These authors 
performed resonance absorption calculations with pointwise Monte 
Carlo (MCNP), a sophisticated point-wise resonance code [16] and 
standard deterministic treatment with XSDRNPM. One conclusion 
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from this work is that the number of groups in the current calculations 
is still too small for very accurate results with pin cells. 

As a conclusion from the above-mentioned comparisons it follows that 
it is highly relevant to further study differences between Monte Carlo 
and detcnninistic calculations. At present the point-wise Monte Carlo 
code MCNP is becoming a reference tool for computational 
benchmarks. Similar studies should be encouraged with codes based on 
deterministic pointwise or very fine multigroup resolved-resonance 
treatment. Finally, more work is needed to establish a better finer-
group structure for pin-cell calculations and to establish the accuracy 
for calculations with given group structures for specific situations [IS]. 

4.2.2. Time steps in burnup calculations 

To investigate the influence of time steps on the calculated k.-value at 
the end of a bumup sequence, several calculations were done on a 
PWR of the French type N4. The k.-value was calculated at a bumup 
of 8.7 GWdAU, which corresponds to 240 Effective Full Power Days 
(EFPD). The initial enrichment is 4% and the average boron 
concentration 500 pom. 

The calculations were done by codes from the SCALE-3 and 
SCALE-4 packages combined. From the latter package the codes 
BONAMI-S and NITAWL-II were used for resonance self-shielding 
by the Bondarenko and Nordheim methods, respectively. From the 
SCALE-3 package the following codes were used: XSDRNPM-S for 
spatial and spectral weighting, COUPLE for cross section interfacing 
between the "AMPX weighted" output library from XSDRNPM-S and 
the input library for OR1GEN-S, and ORIGEN-S for zero-dimen
sional bumup calculations. The inputs for the BONAMI-S, 
NITAWL-H and XSDRNPM-S codes were generated by the CSAS1 
driver from SCALE-3, with some adaptions made to the input of 
NfTAWL-H to make it suitable for the SCALE-4 version of that 
program. Fig. 7 gives a flow chart of the calculational procedure. 

The effect of 22 actinides and 33 fission products on the neutron 
spectrum in the fuel pin was accounted for exactly by including these 
nuclides in the pin-cell calculations. All other nuclides were excluded, 
but the cross sections of these nuclides were adapted by using the 
correct spectral parameters in the ORIGEN-S bumup calculations. 

The parameters used in the calculations and the resultant k.-values are 
given in Table 6. The intermediate neutron spectrum pin-cell 
calculations are linearly spread over the bumup cycle, i.e. only one cell 
calculation at BOC (0 EFPD) for calculation 1, two cell calculations 
at 0 and 120 EFPD for calculation 2, four cell calculations at 0, 60, 
120 and 180 EFPD for calculation 3, etc. It can be seen that k. 
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incmses as the number of cell calculations increases Furthermore 
finer time steps in the ORIGEN-S calculations lead to slightly higher 
k,-values. 

The bcghming of the burnup cycle might be quite important because 
during this period some short-lived fission products with high cross 
section (eg. Xe-135) reach their equilibrium concentration values. 
Therefore, one calculation (number 8) was done with smaller time 
steps at the beginning of die burnup sequence. Cell calculations for 
calculation number 8 were done at OS, 1, 2, 3, 5, 7,11, IS EFPD and 
up to 240 EFFD with intervals of 75 EFFD. The effect of the smaller 
time steps on die resultant k. is very small. It must be noted here that 
the boron concentration was kept constant during die whole bumup 
cycle (240 EFPD). Most likely, the spectrum change during die first 
few days would have been less if a variable boron concentration would 
have been used, because in dat case die increased absorption cross 
section due to die buildup of fission products is partly compensated by 
a decreasing boron concentration. 

This situation is different from die one in a BWR widi gadolinium 
used as burnable poison. Differences of a few percents in k. can be 
found in BWR bumup calculations if die gadolinium burnup is not 
correctly calculated. Relative small time steps in the burnup 
calculations are needed in such a case (see also section 5.4). 

4.23. Dancoff factor 

To understand die differences in die k.-valucs as calculated by the 
various institutes, a study has been made to check whether these 
results are due to die different Dancoff factors) used in die 
calculations. The Dancoff factor is used in die resonance calculation 
part of die codes. This Dancoff factor C is defined as die probability 
that a neutron emitted isotropically from die surface of one absorber 
lump will pass through the external media and enter a nearby absorber 
lump. Some codes use die Dancoff coefficient which is defined as 

Several methods are used to generate the Dancoff factor: 
In tbc SCALE-3 [3], and the SCALE-4 systems [4] the Dancoff factor 
is generated in the control modules CSAS or SAS2 for criticality or 
depletion calculations, respectively. In both cases the module Superdan 
[17] is used to generate these factors. In this module only the lump 
and the nearest neighbours are taken into account. In order to treat 
subsequent nearest neighbours, a geometrical correction factor is added 
to the Dancoff factor. In die functional module BONAMI (resonance 
treatment with Bondarenko factors) a Dancoff factor is generated for 
each energy group. In the functional module NITAWL (resolved 
resonance treatment) only one Dancoff factor (from Superdan) is used. 
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In the SCALE-4 code system the Superdan module is improved. At 
IRI a comparison has been made between the methods used to 
calculate the Dancoff factor. The code Dancoff-3 [18], Superdan (with 
and without correction factor), and the module Dancoff-MC (Dancoff 
Monte-Carlo) developed at IRI [19] have been compared. The 
Dancoff-MC method will be included in the SCALE system at IRI. 

In the WIMS [7] and CASMO [9] code system a Dancoff coefficient is 
generated for each energy group in the resonance region (as in the 
module BONAMI). The Dancoff coëfficiënt of WIMS includes the 
Bell factor (a correction factor depending on the moderator/fuel ratio). 

In Table 7 the average values of the Dancoff factors as generated by 
the code systems and resulting k.-values are shown for 40% and 70% 
void, respectively. 

In Figs. 8 and 9 the results of k. versus the Dancoff factor are shown 
for a BWR with a void fraction of 40% and 70%, respectively. The 
calculations were done with the SCALE-4 code system at IRI using 
the different values of the Dancoff factor as generated by the other 
institutes. It should be remarked that the Dancoff factor is independent 
on the enrichment of the fuel. The total difference in the Dancoff 
factor is about 10% in case of 40% void. This results in about 0.3% 
difference in k. at 10% difference in the Dancoff factor. The same 
calculations have been done with a void fraction of 70%. In this case 
the 15% difference in the Dancoff factors gives about 0.9% difference 
in k_-values. The difference in k. is increased from 0.3% (40% void) 
to 0.9% dk/k in the case of 70% void. 

In Fig. 10 the results of k. versus the Dancoff factor calculated by 
different institutes are shown for a BWR with a void fraction of 70%. 
In this case each institute has used as input for the Dancoff factor a 
certain range of values for this factor. The dk/dC values are nearly the 
same for IRI and ECN both using the SCALE code system, and for 
KEMA and GKN using the WIMS and CASMO code system, 
respectively. It looks like the Dancoff coefficient generation method is 
the same in the WIMS and CASMO code system. Differences in k. 
due to different Dancoff factors are small compared to the total 
difference in k* values for both 40% and 70% void. These differences 
are caused by different nuclear data libraries, geometry description, and 
methods as used in the code systems. 

4.2.4. Increasing discrepancies with increasing void 

In the previous work [2] it was observed that for BWR pin-cells the 
discrepancies between the results of the four institutes showed 
discrepancies which were increasing with the void fraction considered. 
Initially the cause of these discrepancies was at least partially ascribed 
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to possible differences in the Dancoff factors used at the various 
laboratories. However, as has been explained in the above section 4.2.3 
the differences in k, caused by these factors are probably rather small. 
Thus, other effects are responsible. In the above section it is suggested 
that differences in the nuclear data libraries, the geometry description 
and calculational methods may be the cause of the differences. 

For a further investigation of these effects one should probably use 
point-wise Monte Carlo methods or apply other advanced point-wise 
resonance treatment [15]. From this work it can be concluded that the 
error that is made by going from a square pin cell to a cylindrical pin 
cell with a white outer boundary will depend on. the Dancoff effect. 
Also the influence of assuming isotropic scattering sources will depend 
on the Dancoff effect because the anisotropy of the flux will depend 
on the Dancoff effect. 
From the reasoning in section 4.2.1 it is clear that pin-cell calculations 
are rather sensitive to the resolved resonance self-shielding treatment 
and probably these effects increase with spectrum hardness, caused by 
voiding. Evidently such calculations are highly recommended in view 
of the importance of the void reactivity effect and the basic 
understanding of the validity of codes and libraries. 

4.2.5. Pseudo fission products 

Usually, bumup calculations consists of a sequence of calculations: 

- determination the neutron spectrum at the beginning of a certain 
time step (say at time t) and to calculate the neutron spectrum and 
the zone averaged cross sections of the nuclides in the fuel pin, 

- updating the cross section data libraries for the fuel depletion calcu
lation with cross sections calculated at time t, 

- performing the fuel depletion calculation for a time step 6t and to 
write the nuclide densities at time t+ót in a file. 

The nuclide densities written in the file at the end of the time step (at 
time t+dt) are subsequently used to calculate the neutron spectrum at 
the beginning of the following time step. The sequence of calculations 
is passed through many times to arrive at the nuclide densities at the 
requested fuel bumup. This calculational procedure is shown in Fig. 7. 

Because many nuclides, both actinides and fission products, may be 
involved in fuel depletion calculations, it is quite cumbersome to 
account for all nuclides in the neutron spectrum calculations. This is 
even impossible because for many nuclides no full set of cross-section 
data is available. For many fission products the effect on the neutron 
spectrum is negligible, but because of the large number of fission 
products involved, the summed effect of all fission products may have 
quite a large influence, especially for the case of high burnup. 
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To overcome this difficulty, pseudo fission products are defined with 
only an assumed 1/v neutron capture cross-sections. The 
concentrations of these pseudo fission products are calculated such that 
the total neutron absorption rate of all fission products not included in 
the neutron spectrum cell calculation, are accounted for by the pseudo 
fission product: 

where N( and a, are the nuclide density and capture cross-section of 
nuclide i, and Nrt and o^ are the nuclide density and cross-section of 
the pseudo fission product. The index (i) is over all fission products in 
the burnup calculations, and the index (j) is over all fission products 
included in the neutron spectrum cell calculations. 

Since the libraries belonging to the ORIGEN-S fuel depletion code 
contain three-group cross-sections, the pseudo fission product 
formalism can also be written down for three energy groups. The 
nuclide density of the pseudo fission product in each energy group is 
then calculated such that the total absorption rate of all fission products 
in each energy group remains conserved, i.e. the equation above can be 
applied to each energy group individually. See section 5.4. 

As the effect of the 1/v pseudo fission products on the calculated k.-
values might be quite large, it is recommended to use these pseudo 
fission products if possible to get more accurate results. For application 
see section 5.4. 

4.2.6. New libraries 

An overview of libraries used in phase 1 of this work [2] has already 
been given in section 2.2. The same libraries have been used for pin-
cell calculations and for assembly calculations, except for the obsolete 
IRI-187 library. During the calculations it was found that for usGd the 
JEF-1.1 cross sections used by IRI and ECN were wrong. Therefore 
cross sections for this nuclide were replaced in case of the IRI library, 
see tables 10 till 13. 

During the course of this work new data files were generated at ECN 
and IRI, without applications for this benchmark, but taking into 
account the needs shown in this report. At ECN the 219-group library 
was recalculated for most isotopes from the JEF-1.1 library. In this 
new library, known as EJ1 [20] some improvements have been made 
with respect to resolved resonance processing. Moreover, all possible 
control-rod materials and poison materials have been introduced with 
the option of self-shielding calculations. 

ECN-C—93-088 29 



Evaluation of FWR and BWR benchmark results 

Also 155Gd was replaced by cross sections from the new JEF-2.2 data 
file. 
At IRI the existing 172 group library based upon JEF-1.1 has been 
extended and updated as well. Furthermore, a joint ECN/IRI project to 
obtain a 172 group cross section file based upon JEF-2.2 was defined. 
Meanwhile both at ECN and at IRI such libraries are available now 
and are subjected to verification and validation. 

Similar work is under way at Winfrith to obtain a 172 group WIMS 
library based upon JEF-2.2. Also for CASMO a new data file is now 
available (version 4.7 of CASMO-3). 

4.2.7. Fission product yield, decay and cross-section data 

The depletion calculations for a single pin-cell of a BWR as reported 
earlier [2], showed some remarkable differences between two or more 
of the participating institutes for atom densities of some specific 
fission products. This concerned especially densities for 135Xe, M9Sm, 
IslSm and 15SEu. Although the cross-sections of these fission products 
might be the cause for the severe discrepancies, also the fission 
product yields and the decay constants of these fission products may 
differ. 
The fission product data are contained in the standard libraries used 
with the SCALE, WIMS and CASMO codes. 
Inspection of the libraries with the different code systems revealed the 
yield values given in Table 8. They can also be compared with the 
respective values from the JEF-1.1 and -2.2 data files, although these 
data were not used in any of the depletion calculations. Where 
applicable the yields in Table 8 were taken from ^ U for thermal 
fission. The yields in the ORIGEN-S library are given as percentages, 
but are converted here to fractions for comparison with other sources. 
Another important difference between the depletion calculations with 
the SCALE-system using the ORIGEN-S code and the WIMS and 
CASMO-systems is that the latter two use selected chains of fission 
products with coupling by decay and/or neutron capture. In ORIGEN-
S all fission products (over 800) are taken into account. Therefore, the 
yield data in the WIMS and CASMO calculations are cumulative 
yields, including the yields of fission products with the same mass 
number but lower atomic number (isobar) decaying by successive P~-
decay to the fission product considered as the first in a chain in the 
WIMS or CASMO calculations. 
The chain that includes 1S5Eu is both for WIMS and CASMO 

•m -*n -m 
'«£« > mEu • iS5Eu •> 
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Reaction products not mentioned are not taken into account. The 155Eu 
density will thus be determined by the cumulative yields of the three 
Eu-isotopes and the decay constants and neutron capture cross-
sections of the isotopes. For a comparison the cumulative yields for 
these isotopes are calculated from the ORIGEN-S fission product 
library and compared with other data in Table 8. 

As the nuclide 154Sm is stable, there is no decay to 1S4Eu and the 
cumulative yield of 154Eu is equal to the direct yield of this nuclide. As 
this yield is low, it does not play a significant role. The differences 
between the cumulative yields for 153Eu and 155Eu of ORIGEN-S, 
WIMS and CASMO are small and cannot cause the large difference of 
a factor 2 in densities of 155Eu in the depletion calculation. 
The decay of these products also influence the depletion calculation. 
The nuclide ,53Eu is stable. ,54Eu has a half-life of 8.6 year in the 
ORIGEN-S calculations, but is considered stable by CASMO. This 
can cause an increased density of 155Eu in the CASMO calculation. The 
half-life of 15SEu in CASMO is 1.69 year, which is considerably 
smaller than from the ORIGEN-S library of 4.96 year. As the decay 
rate of lssEu is estimated to be of the same order as the removal rate 
due to neutron capture, the difference in half-life should be significant. 
However, it implies a lower value of the 155Eu density in the CASMO 
calculation, while it is actually a factor of 2 larger than from the 
ORIGEN-S calculation. Hence we must conclude that differences in 
the capture cross-section of I55Eu between ORIGEN-S, WIMS and 
CASMO must be the cause of the difference in calculated atom 
densities. 

Tables 9a and 9b show the thermal (2200 m/s) cross section and 
resonance integral for the relevant fission products. For comparison the 
values from the Brookhaven compilation [21] are also given. As the 
cross sections in WIMS for 149Sm and 15ISm are too low, this explains 
the too high value for the densities of these nuclides in the bumup 
calculation. The WIMS cross sections for ,55Eu are about a factor of 3 
higher than from the other sources, which causes the very low value of 
the l53Eu density. 
However, the 15iEu density calculated by CASMO, which is about a 
factor of 2 higher than that from ECN and IRI, cannot be explained on 
basis of the cross section nor on basis of the yield and decay data. 
The 135Xe density from ECN is almost 10 % too low. As this fission 
product is of extreme importance for the reactivity of a reactor, this 
difference is considered significant. ECN and IRI use the same SCALE 
library for fission product yields and decay constants, so these cannot 
be the cause of the discrepancy. It can neither be explained on basis of 
the 2200 m/s cross sections or resonance integral as can be seen from 
Table 9. Hence the actual cross section used in the burnup calculation 
must be checked. 
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At ECN and IRI work is in progress to update the cross sections [22], 
yields and decay data [23] in the ORIGEN-S working library. This 
new library is based upon JEF-2.2 and EAF-3 activation library [24], 
produced at ECN. At Winfrith an update of the WIMS library is being 
prepared. 
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5. ASSEMBLY CALCULATIONS 

5.1 Multipin-cell BWR 

The BWR multipin-cell has been calculated by the four institutes as 
described in section 2.4. The results are collected in Tables 10 and 11. 

Table 10 shows k_-values for the BWR multipin-cell with and 
without Gd in the central rod. 
Without Gd the k.-values are close to each other. The maximum 
deviation from the average value (k„ = 12707) is only 0.5%. 
With Gd there is more scatter. The maximum deviation is about 1.1%. 

Table 11 shows the normalized power distribution over the fuel pins in 
the 3 x 3 array. 
Without Gd there is excellent agreement between the institutes. With 
Gd deviation occurs again for the central pin in the GKN CASMO 
calculations. 
The rather large differences between ECN and IRI on one hand and 
KEMA and Gr'N led to further investigations. Table 12 show the 
results for separate pin-cell calculations for the inner cell of the 3x3 
assembly with and without Gd and for the outer cell of the assembly 
as a pin cell. The last two columns show the same tendency as in 
Table 10: a low value for ECN and a high value for GKN. With Gd 
the ECN and IRI results are very close, but significantly lower than for 
KEMA and GKN, which last results also differ appreciably. Closer 
inspection of the basic Gd cross sections revealed the values shown in 
Table 13. For comparison the values from the Brookhaven compilation 
[21] are also shown. The thermal cross sections are rather consistent, 
but the resonance integrals are not. For 15SGd the resonance integrals of 
JEF-1.1 are about a factor of 2 too high. Therefore at IRI the JEF-2.2 
data for 155Gd were inspected and found to be in good agreement with 
those from other sources, as also shown in Table 13. New calculations 
on the 3x3 assembly were performed with the 15SGd data replaced. The 
results are also shown in table 10 and are in good agreement with the 
KEMA results. Although the resonance integral from WIMS for U7Gd 
is significantly lower, its effect is limited as it is small compared to the 
thermal cross section of this isotope and to the resonance integrals of 
the other nuclides in the fuel. 
There remains a relative high value of GKN for k. for the assembly 
with Gd. Table 11 indicates an underestimation of the absorption in the 
Gd-containing central rod. However, this cannot be explained on basis 
of the Gd cross sections from Table 13. Moreover, the k.-valuc for 
the assembly without Gd was also rather high. This could also be seen 
in the previous investigations [2] for the BWR pin cell with void. The 
presence of Gd seems to strengthen this deviation. 
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5.2 Detailed parameter study by KEMA 

The calculation route of KEMA has already been described in section 
2.4. However, in the modelling of the 3x3 geometry with a central 
poison rod several choices have to be made. These are: 

a) Subdivision of the poison region 
The poison ring can be subdivided into several rings for accurate radial 
depletion of the poison. 
Subdivision into 2, 4, 6, 8, 10 and 12 rings has been tested and the 
resulting k. is plotted against the bumup in Fig. 11. It appears that the 
curves for 8, 10 and 12 rings are within a narrow band of ±0.0002 in 
k.. It was concluded to subdivide the poison pin into 8 rings of equal 
volume. 
The subdivision does not affect k. at zero burnup. 

b) Additional subdivision of other regions 
Also subdivision of the other rings (clad, moderator) has been tested, 
but this resulted in a negligible effect, see Fig. 12. It was concluded to 
divide the non-poison pins into 1/1/1 rings for fuel/clad/water and the 
poison pin into 8/1/1 rings for poison/clad/water region. 

c) Tracking in CACTUS 
The CACTUS method requires a number of tracks in azimuthal (na) 
and in polar (np) direction and the separation (sep) of the tracks. 
The sensitivity of tracking is illustrated in Fig. 13 for the BWR-3x3 
case with the central poison pin at zero burnup. 
It is clear from the na-5 and na-9 curves with np=3 and np=5 that 
there is no need for more than 3 polar angles. 

The case with 3 azimuthal angles (na=3) differs considerably from the 
cases with 5, 7 and 9 azimuthat angles. However, the influence of 
track separation seems more important. This dependence is studied in 
more detail for the case with na=5 and np=3 and steps in track 
separation ot 25 uxn for the range of 25 urn to 0.20 cm, see Fig. 14. 
Large fluctuations in k„ occur, but the results stabilize at track 
separations below 0.03 cm, which is about the same value as the 
thickness of tne outer ring of the poison pin. When the actual area of 
this outer ring of the poison pin is compared to the tracked area, see 
Fig. 15, the correlation with k. is obvious. Overprediction of this area 
results in underprediction of k.. 

During depletion the importance of the tracked area of the outer ring 
of the poison pin diminishes because the flux gradients become smaller 
due to the depletion of the highly absorbing gadolinium isotopes. 
The influence of track separation is plotted for a number of bumup 
values in Fig. 16. Flattening of the k„-values versus track separation is 
clearly visible at increased values of bumup. Note that not all available 
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points at 0 MWd/kg are included (step 25 urn) because depletion 
calculations were not performed for all these points. 

A final choice was made for 5 azimuthal angles, 3 polar angles and a 
track separation of 0.10 cm. 
Maximum errors with respect to best estimate tracking remain below 
0.0015 in k. and diminish with depletion. 

d) Subdivision of water 
Subdivision of the water moderator region surrounding the fuel pins 
into quadrants yields differences of up to 0.0016 in k, at 0 MWd/kg 
with respect to the case without subdivision. Therefore, the water is 
subdivided into quadrants. 

5.3 Multipin-cell PWR 

Control rod ECN 

At ECN multigroup Monte Carlo calculations were performed using 
KENO-Va for the 3 x 3 PWR assembly with and without inserted 
control rod. Here the exact geometric modelling was followed, using 
self-shielded microscopic cross sections prepared with the help of 
BONAMI and NITAWL. Although this is a good method for 
calculating the assembly, the lack of self-shielding factors in the 
library for major control-rod materials was the reason not to publish 
the results. Therefore no ECN results are given in the third column of 
Table 14. 

Control rod IRI 

Two methods were followed at IRI. In the first method the code 
KENO-Va was used, but in a different way as at ECN. At IRI for 
each pin (including control rod) cross sections were evaluated with 
BONAMI/NITAWL and the ID XSDRNPM code. All homogenised 
cross sections were inserted in KENO, using 3-dimensional 
homogenised geometry. 

In the second method the same homogenised cross sections were used 
in 1-dimensional homogenised cylinder geometry, using the SAS2H 
option to run the deterministic XSDRNPM-S code, see the description 
in section 2.4 (Fig. 3). The two results are shown in Table 14. In both 
cases self-shielded cross sections for Ag were used. 
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Control rod (KEMA) 

The 3 x 3 PWR geometry with a central control-rod cell is modelled 
in the same way as the BWR-3x3+Gd geometry, except fot the central 
control cell. 
This centxal control cell is subdivided into S rings with from inside to 
outside: AglnCd absorber - stainless steel dad - borated water -
zircaloy guide tube - borated water, respectively. See Fig, 6. 
There is no need to subdivide the central absorber region into more 
rings because the depletion of this region is not considered. 

The differences with the other institutes are: 
- ""Ag and mAg are not present in the WIMS-86 library; therefore 

natural silver had to be used with a number density of 0.045416, 
which is the sum of the specified Ag isotope number densities. 

- The n3Cd number density had to be divided by 0.1226 because the 
cross-section data for natural Cd in the WIMS-86 library are 
constructed by multiplying the n3Cd data by the same factor. 
Therefore a Cd-catural number density of 0.0027493 was used. 

- For Ag infinite dilution cross-sections are used in LWR-WIMS; 
this will result in underestimation of the calculated k. values for the 
cases with AglnCd control rods. 

Control rod (GKN) 

In the microgroup calculation of CASMO (sec Fig. 3 of reference [2]) 
absorber rods (or water holes) are treated in cylindrical geometry 
consisting of an absorber pin surrounded by a can and coolant. Outside 
the coolant region there is a homogenized cylindrical buffer zone 
representing the surrounding fuel pins. Collision probabilities are used 
for the cylindricalized absorber pin-cell (or water hole) surrounded by 
the buffer zone. The neutron balance equation is solved for up to 5 
regions and the micro energy groups. Then homogenization of pin cells 
and condensation to macro groups take place. 

Control rod intercomparison 

The results of the PWR multipin-ceU calculations as calculated by the 
four institutes are collected in Tables 14 and IS. 

Table 14 shows the k.-values of the 3 x 3 array without and with 
inserted control rod. 
With guide tu'ie only (no inserted control rod) the k«-values agree 
rather well with each other. The maximum deviation from the average 
value (k„ = 1.3174) is 0.3%. However, all calculated values are above 
the range found in the EPRI report. 
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For the case of inserted control rod there is more deviation, max. 23% 
from the average value of k^ = 0.7715. 
This deviation is mainly caused by the fact that at KEMA there is at 
present no possibility to take into account the resonance self-shielding 
of Ag, which results in somewhat lower values for k.. 

Table 15 shows the normalized power distribution over the fuel pins in 
the 3 x 3 array. For both cases, without and with inserted control tod, 
there is good agreement (within 03%) between the results. 

5.4 Burnup calculation 

IRI 

The JEF-1.1 file is used as basic nuclear data file. The NJOY code 
(version 89.62) is used to generate the fine-group cross-sections. The 
NSLINK code (NJOY-SCALE-LINK) has been developed at IRI and 
used to convert the NJOY output into the AMPX-master library 
format (SCALE-4 format). The XMAS 172 group structure is used. 
The depletion calculations are performed with the SAS2H depiction 
sequence of the SCALE-4 code system. This sequence includes the 
following functional modules: 

- BONAMI-S, this module is used for the resonance selfshielding 
treatment with Bondarenko factors. 

- NFTAWL-H, this module is used for the resonance selfshielding 
treatment with the Nordheim method and is used to generate a 
library for the cell calculation module. 

- XSDRNPM-S, this module is used for the cell calculations. It is a 
one-dimensional S. transport code. 

- COUPLE-S, this module is used to prepare input for the 
point-depletion module ORIGEN-S. Output from XSDRNPM-S 
and the ORIGEN-S library is used. 

- ORIGEN-S, this module is used to calculate fuel depletion, actinide 
transmutation, fission product build-up and decay. The nuclide 
densities produced are used by SAS2H to start the next time step. 
The point-depletion model is used in ORIGEN-S. 

The SAS2H control module of SCALE performs a 'point' depletion 
calculation without distinction between the different rods in the 
assembly. In order to obtain results of bumup in units of MWd/kgU02 

the specific power to be entered in the input is 22.6 MWd/kgU02 

according to table 2 and the total fuel mass of the assembly should be 
1 ton U02. Therefore, the number of pins in the assembly is set to one 
and the length of the fuel pin is calculated to be 114565 cm. This 
artificial length is only used in SAS2H to calculate the total fuel mass. 
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Table 16 shows results of the BWR multipin-cell (3% Gd, 40% void) 
for two values of the mGd cross-section (JEF-1.1, JEF-2.2). The 
TEF-22 cross-section values have to be used (error in JEF-1.1 
evaluation). Results are also reported to the JEF evaluation committee. 

In the SAS2H depletion sequence a pseudo fission product treatment is 
not available yet. Assemblies of fuel pins, control rods etc are treated 
using a one-dimensional approximation. At IRI a new depiction 
sequence called SAS6 has been developed. This development is done 
in cooperation with AECL Research (Canada). Instead of the one-
dimensional S. code XSDRNPM-S the lattice code WIMS/D-4 is used 
for the two-dimensional geometry description and flux calculations. In 
cooperation with ECN a method is developed to use a 1/v-type pseudo 
fission product in the depletion sequences. The resulting effect on k. is 
illustrated in Figs. 18 and 19. The SAS6 sequence will be improved by 
using a condensed library (from fine (172) to broad (28) group 
structure). The results from SAS6 show too low values for k . due to 
the one-zone treatment of the absorber rod and perhaps the use of one 
1/v pseudo fission product. This is improved by using a subdivision in 
such a rod (as in WIMS and CASMO) and a subdivision of pseudo 
fission products (1/v type) in "3 groups". Table 17 presents k_-values 
for a BWR 3x3 fuel assembly with a gadolinium burnable poison pin 
at the centre. After a bumup of 4.5 MWd/kgU02 the difference 
between the k.-values of the bumup calculations with and without the 
1/v pseudo fission products included is already more than 1%. This 
difference increases up to 4% at a bumup of 20 MWd/kgl)02 (see also 
section S.4). 
The results are also shown in Fig. 20. The results of KEMA are also 
included in this figure. The k.-values as generated by the SAS6 
system are still too high at bumup values greater than 10 MWd/\g(U). 
Work is still in progress to fix this problem. 

KEMA 

Burnup step 
The size of the bumup step is studied by depleting the BWR-3x3+Gd 
geometry up to 40 MWd/kg with time steps of 1, 2, 5 and 10 days. A 
one-day time step corresponds to 0.025 MWd/kg. 
From Fig. 17 it appears that the difference between a 1-day and a 2 -
day time step is small (< 0.0004 in k.), but a 5-day step case already 
differs maximally 0,0020 in k. and a 10-day step case differs 
maximally 0.0040 in k. with respect to tne 1-day step case. 
The differences are only visible in the region between 0 and 12 
MWd/kg, where the burnable absorber is of importance. 
It was decided to use time steps of 2 days for bumup calculations. 
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GKN 

Table 18 sbows results of the buniup calculations for the BWR 
multipin- cell, performed with CASMO together with MICBURN. 
Only standard options have been used. 
For comparison the best results of KEMA (1-day time steps) from fig. 
17 are also shown in Table 18. 

Discussion 
Because of the more involved calculations in burnup determination, 
both with respect to modelling and to nuclear data, bumup calculations 
can be considered as an ultimate test on code system and data 
benchmarking. 
The WIMS and CASMO code systems as used by KEMA and GKN, 
respectively, are designed for routine calculation of burnup and 
perform these calculations rather fast. Their modelling of nuclide 
chains for actinides and fission products is limited but encompasses the 
most relevant nuclides and standardly include the use of one or two 
pseudo fission products, representing the fission products not treated 
explicitly. 
The SCALE system used by ECN and IRI also includes modules for 
bumup calculation, which take into account all conceivable actinides 
and fission products. However, the process of generating adapted 
microscopic cross sections during bumup (for a limited number of 
actinides and fission products) is quite involved and limits the practical 
application of bumup calculations. Moreover, the number of time 
intervals in bumup calculation is limited in the SAS2H control module 
due to data file handling. A* FCN this bumup control module was not 
yet completely operational. At IRI further developments are going on 
to partly overcome the limitations of the SCALE bumup calculations. 
ECN and IRI are extending the SCALE method by defining 
dynamically a pseudo fission product in the calculation as described in 
section 4.2.S. This will possibly limit the number of fission products 
for which each time cross section must be generated in a cell or 
assembly calculation. 
Comparison of the numerical results for k. as a function of bumup 
show a similar behaviour for the WIMS and CASMO results with the 
CASMO results about 0.5 % higher up to the maximum value of k. at 
about 10 MWd/kgU. For higher bumup the difference diminishes and 
disappeared at 20 MWd/kgU. The rapid drop in k„ at zero bumup for 
CASMO is caused by the buildup of Xe. The WIMS calculation starts 
at Xe-equilibrium. The IRI results with corrected 13SGd cross sections 
extend to 14.5 MWd/kgU02 and show a larger reactivity swing during 
bumup of the Gd, reaching a maximum at about 9 MWd/kgU02. At 
higher bumup k. seems also to converge to the WIMS and CASMO 
values. Further improvements to the bumup calculations in SCALE 
have not yet led to satisfactory agreement. 
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For bumup calculations based on finite differencing the time variable 
as in WIMS and CASMO, a rather small time step of 0.05 MWd/kgU 
appears sufficient. 
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6. DISCUSSION AND CONCLUSIONS 

This report describes a large amount of benchmarking performed at four 
Dutch institutes. One may ask whether this activity was worthwhile, 
considering the fact that each institute is performing nuclear calculations 
already for quite some time, each with their own favourite system of codes 
and libraries, which at least in the case of GKN and KEMA were already 
validated by a third independent institute. 

The answer is that the subject of quality assurance is quite complex. First 
of all the codes and libraries need to be validated on the local computer 
system. This is a complex procedure which involves among others the 
comparison of calculated and experimental quantities for reactor systems 
close to the actual application. However, also the human interface is quite 
important: the user of the code needs to be qualified and here a deep 
understanding of the behaviour of the code system and experience with 
modelling and interpretation of input and output is required. It is this last 
point where the present exercise was justified, even for users of externally 
validated code systems. 

There is, however, another aspect. It is well known by reactor physicists 
that the success of the methods used, depends largely on a cancellation of 
errors in codes and libraries. This means that obvious improvements .n the 
data may lead to wrong results and vice versa. In fact, often non-physical 
"adjustments" are made in the data in order to achieve good results with 
the codes. However, time is coming that with the very much improved 
quality of codes and libraries much more "exact" calculations are possible, 
without the need of adjustments and without large cancellation of errors. It 
is on this line that IRI and ECN are trying to make progress and it is this 
aspect that makes it interesting to intercompare benchmark results. The 
background of all this work is that for applications outside the range of 
today's reactors, i.e. for studies of advanced reactor types basic versions of 
codes and libraries should be used, in order to better predict the 
performance of these designs. 

An important justification for having at least one non-commercial code 
and library system in the Netherlands is the fact that the three research 
reactors HOR, LFR and HFR differ from power reactors in many respects. 
This applies both to the operation of these reactors and to the prediction of 
the behaviour of in-pile or neutron beam experiments. Special data files 
are required for experimental situations and ECN and IRI are jointly 
working on this. For such calculations a deep knowledge of the contents of 
codes and libraries is necessary to maintain reliable predictions. This can 
only be obtained by in-depth study of the code and libraries. This goal is 
currently achieved through participation in international activities, such as 
those organized by the NEA Nuclear Science Committee (Joint Evaluated 
File project), by contributions to international workshops, by training Ph-D 
students, by organizing workshops, etc., partly in the framework of other 
PINK projects. 
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During the exercise the participants have once more experienced that strict 
quality assurance is necessary in the sense that virtually each change in the 
codes and libraries, but also each change in computer configuration needs 
to be followed by a prescribed series of validation calculations. This means 
a very heavy burden for institutes that develop or modify codes and/or 
libraries and this may lead to the conclusion to use commercially available, 
quality-assured systems, delivered in the form of unchangeable binary files 
(WIMS, CASMO). For this reason national and international cooperation is 
needed, if use is made of freely available software (through NEA Data 
Bank, Paris). Such cooperation has been realized on a national level within 
the PINK programme and on international level by cooperation with NEA 
projects and US code developers (e.g. through ORNL, Oak Ridge). 

The present exercise was very useful, although still insufficient for a 
complete validation required for quality assurance. The problem is that the 
EPRI benchmark is computational, rather than experimental. For a real 
validation a comparison with experimental results is mandatory. 
Consequently some additional work is under way at ECN at IRI to perform 
comparisons with experimental benchmarks. It is recommended to extend 
the present project in that direction. The value of computational 
benchmarks is that these can be defined very conveniently, such that they 
form a very good basis for intercomparison. It is recommended to have at 
least one reference solution, calculated with very accurate methods, like 
point-wise Monte Carlo. Unfortunately such calculations were not 
available for the EPRI benchmark. It is noted that at present such 
calculations could be performed in the Netherlands by using the code 
MCNP and a JEF-2 based MCNP library, produced at ECN. 

In the present work rather elementary pin-cell calculations have been 
performed as well as some limited assembly calculations for PWRs and 
BWRs. Also bumup effects and effects of burnable poisons have been 
considered. Further work could be defined to check whole-core 
calculations and to deal with reactor kinetics and dynamics. 
Recommendations for further work in this direction are in place. 

As a conclusion from pin-cell calculations we recall that quite satisfactory 
results have been obtained, certainly for k,. It was observed that for BWRs 
the results deviate more with increasing void fraction. The reason for these 
deviations was partly ascribed to differences in the calculation of the 
Dancoff factors. For that reason a special study was initiated at IRI on the 
Dancoff factor, from which it appeared that differences in the calculation 
of this factor only explains a small part of the effects. The conclusion was 
that the remaining differences must be due to other effects, like different 
nuclear data libraries, geometry description, self-shielding treatment, etc. 
Recent experience at ECN by using point-wise treatment of self-shielding 
versus group-wise calculations [12] has shown that for correct calculations 
the number of groups is rather critical and should be very large to obtain 
accurate results. This conclusion emphasizes the need for further work in 
this area. 
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6. Discussion and conclusions 

For pin-cell calculations there was a rather large discrepancy between 
group-wise Monte Carlo calculations (performed with KENO) and 
deterministic calculations, using the same group constants, as reported in 
Ref. [2]. It was shown in this report that the discrepancy has largely been 
resolved, due to a detected error in the code system [11]. The corrected 
results show a much smaller systematic difference, which disappears in 
assembly calculations. The reason for this discrepancy is not yet clear, but 
it could at least partly be related to different boundary conditions 
(cylindrical vs, square). Here some additional work is necessary e.g. by 
modifying the KENO code to check this suggestion. 

Quite some effort was devoted to check bumup calculations on the level of 
pin cells. In these calculations much more nuclear data are involved, in 
particular more actinides and more fission-product cross sections, but also 
fission yields and decay data. A problem here was that the number of 
fission products is so high that not all can be included. This is usually 
accounted for by adding so-called pseudo fission products, which simulate 
the effect of the discarded fission products. It is clear that these pseudos 
depend on the truncated library of individual fission products. Here there 
are differences between the various institutes. As a by-product of this 
work a new approach was developed at ECN and IRI to compute the 
pseudo fission product cross section from basic information "on line", i.e. 
during eacN calculation. In the individual cross sections some discrepancies 
were detected as well, in some cases these could be corrected by using 
data from a new library (JEF-2). There were also severe discrepancies 
detected in the yields of individual fission products compared with more 
recent data (JEF). For this reason two PINK partners decided to revise the 
working library of the bumup module (ORIGEN-S), with respect to cross 
sections [ECS] and with respect to yields and decay data [IRI]. It turned 
out that the WIMS library used by KEMA had been adjusted, resulting in 
lower cross sections for important fission products. Here one waits for the 
new library based upon JEF-2, which is being tested at AEA Winfrith. 

It has to be stressed that in spite of the differences the overall burnup 
effects in terms of reactivity reduction were predicted surprisingly well. 
Here it was found that it is quite important to have a large enough number 
of intermediate steps in the calculation to account for material and flux 
changes during bumup. In particular a fine time grid is necessary at the 
startup of the reactor cycle, certainly if one would like to follow the 
behaviour in small time steps, but also to achieve good results at high 
burnup. 

With respect to the assembly calculations, or rather the "multipin-cell" 
calculations, the recommended method is a direct 2-dimensional transport 
calculation. This method was followed by KEMA with the CACTUS 
module of WIMS. ECN and also IRI used the KENO multigroup Monte 
Carlo method. At GKN a 2-step approach was followed by performing 
cell calculations, followed by a 2-dimensional calculations using 
homogenized cross sections. At IRI also a 2-step approach was followed, 
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but instead the homogenization was performed in l-dimensional cylinder 
geometry. 

These methods gave comparable results for fresh PWR assembly without 
control rod and BWR assemblies without Gd poison, respectively. With Gd 
poisoning the results for fresh BWR assembly deviate. This has to be 
ascribed to the Gd cross sections. It was found that the data in JEF-1.1 are 
wrong. These were subsequently replaced by SEF-22 values, first at IRI 
and later at ECN (not reported). This led to agreement with KEMA, but 
not with GKN values. Clearly a close attention to Gd data is necessary. 
For the fresh PWR assembly with inserted control rod there were also 
differences, which were ascribed to the Ag cross sections. It was found 
that self-shielding effects in Ag could not easily be accounted for at 
KEMA, ECN and GKN. As a general conclusion one could say that close 
inspection of control-rod materials in data libraries is necessary and that in 
a number of cases self-shielding effects in control rod materials should be 
accounted for. 

Finally, bumup calculations were performed only for the BWR multipin-
cell. Such calculations are fast and relatively easily made with built-in 
options of the CASMO and WIMS systems, but are quite involved in the 
SCALE packages used at ECN and IRI. In fact at ECN such calculations 
were not even entered with the existing KENO Monte Carlo code 
sequence; at this stage it was decided at this point to rent the WIMS-E 
code systems for such calculations. At IRI a newer version of the SCALE 
system was installed with the SAS2H option to run bumup calculations in 
a l-dimensional simulation of the assembly. Later, IRI also introduced a 
2-dimensional (WIMS-D) module in the SAS2H sequence. These efforts 
show that fast burnup calculations in 2-dimensional assemblies are quite 
involved. Still, the results of the calculations at KEMA, IRI and GKN are 
quite satisfactory for the relative reactivity changes. 

Some further remarks on the bumup calculations are in place. In the 
comparisons only a limited number of fission products was taken into 
account with addition of pseudo fission products by KEMA and GKN. At 
IRI the aforementioned novel ECN-IRI approach of automatically adding a 
pseudo fission product was followed, showing large effects, in particular at 
extended bumup. More study of these effects are recommended, in 
particular for extending the bumup range. 

The last conclusion is that all parties felt that the present benchmark 
exercise was extremely useful. It led to a deeper understanding of the 
value of calculational tools and it increased the competence of the users. It 
also led to changes in codes and libraries and to decisions regarding the 
future policy with regard to reactor physics codes and libraries. Therefore 
the recommendation is made to extend this type of work to study 
experimental benchmarks, whole-core calculations and kinetics and 
dynamics calculations. 
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TABLES 

Table 1. Code systems and libraries by institute. Concise overview of 
the code systems used by the different PINK institutes. The 
institute labels are formed by the institute name followed by 
the number of energy groups in which the calculations were 
done. These labels are used as headers in the tables with 
benchmark results. The table shows the origin of the nuclear 
data, the name of the energy group structure, the name of 
the code system and the name of the individual modules or 
module sequences used in the calculations. 

labd 

ECN-219 
IRI-187 

IRI-172-A 
IRI-172-B 
GKN-70 

KEMA-69 

data 

JEF-1.1 
JEF-1.1 
JEF-1.1 
JEF-1.1 

GASMO-3 
WIMS-86 

stractme 

Bologna 
LANDL 
XMAS 
XMAS 

CASMO-3 
WIMS 

code system 

PASC-3 
INAS 

INAS-87 
INAS-89 

CASMO-3 
WIMS-86 

mam modules 

CSASl,KENO-Va£AS2 
XSDRNPMJ0=NO-Va£AS2H 
XSDRNPM,KENO-VarSAS2H 
XSDRNPM,KENO-VaTSAS2H 

CASMO-3.MICBURN-3 
FERSEUS.CACTUS 
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Table 2. Pin-cell specifications. Specifications of PWR and BWR pin-cells. 
The items marked with a * are different from the specifications 
given in the EPRI report, ref. [1]; the reader is referred to the text 
for a further explanation. 

Dimensions (cm) 

Hot fuel radius 
Hot dad inner radius 
Hot clad outer radius 
Hot pin pitch 
Cell effective radius 

Temperatures (K) 

Fuel (Tl, HZP, Hot Zero Power) 
Fuel (12, HFP. Hot Full Power) 
Fuel (T3, Hotter) 
Fuel (T4, Hottest) 
Clad (HZP, Doppler calculations) 
Clad (HFP, burnup calculations) 
Moderator 

Materials 

Fuel 
Fuel density (g/cm3) 
Enrichment 
Cladding 
Cladding density (smeared over gap, g/cm3) 
Moderator 
Moderator pressure (psia) 
Moderator boron tractions 
Moderator void fractions 
Specific power (W/gU) 
Specific power (W/gUOj) 

BWR value 

052339 
052339 
0.61453 
1.62560 
0.91714 

560.93 
922.04 

1773.15' 
2773.15" 
560.93' 
604.26 
560.93 

UO, 
10.142568 

1.6%, 2.8%, 3.9% 
Zircaloy-2/natural Zr' 

5.881456 
light water 

1045.43 

0%, 40%, 70% 
25.64 
22.60 

PWR value 

0.41169 
0.41169 
0.47587 
1.25984 
0.71079 

572.04 
922.04 

1773.15' 
2773.15' 
572.04' 
614.04 
572.04 

U 0 2 

10.142603 
1.6%, 2.8%, 3.9% 

Zircaloy-2/naturaI Zr' 
5.867 

(borated) light water 
2250.00 

0 ppm, 500 ppm, 1200 ppm 

43.72 
3854 
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Tables 

Table 3. Material specifications. 
Number densities in nuclei per cm3 for ail pin-ceils. Each of the moderator 
boron concentiations (BO, B500 and B1200) should be combined with each 
of the PWR cases and each of the void fractions (VOO, V40, V , should 
be combined with each of the BWR cases. The nuclide densities of KEMA 
are slightly different (<0.1%) due to a difference in the specification 
method. GdOO and Gd03 are the central pins in the BWR 3x3 multicell, 
without and with Gd, respectively. 

nuclide 

U-234 
U-235 
U-238 

0-16 (fuel) 
Zr-nat 
H-1 

0-16 (mod) 

B-10 
B-11 

U-234 
U-235 
U-238 

0-16 (fuel) 
Zr-nat 

H-1 
0-16 (mod) 

PWR16 

2.94540E+18 
3.66539E+20 
2.22545E+22 
4.52432E+22 
3.87351E+22 
4.87183E+22 
2.43608E+22 

BO 

0 
0 

BWR16 

2.94539E+18 
3.66538E+20 
2.22545E+22 
4.52430E+22 
3.88305E+22 

VOO 

4.92046E+22 
2.46040E+22 

FWR28 

5.15445E+18 
6.41444E+20 
2.19809E+22 
4.52432E+22 
3.87351E+22 
4.87183E+22 
2.43608E+22 

B500 

4.01063E+18 
1.62861E+19 

BWR28 

5.15443E+18 
6.41442E+20 
2.19809E+22 
4.52430E+22 
3.88305E+22 

V40 

3.05323E+22 
1.52672E+22 

PWR39 

7.17941E+18 
8.93440E+20 
2.17301E+22 
452432E+22 
3.87351E+22 
4.87183E+22 
143608E+22 

B1200 

9.62553E+18 
3 90667E+19 

BWR39 

7.17939E+18 
893437E+20 
2.17301E+22 
4.52430E+22 
3.88305E+22 

V70 | 

1.65281E+22 
8.26462E+21 | 

U-234 
U-235 (2.8%) 

U-238 
0-16 (fuel) 

Gd 

GdOO 

4.92952E+18 
6.13453E+20 
2.10217E+22 
4.47641E+22 

0 

Gd03 

4.92952E+18 
6.13453E+20 
2.10217E+22 
4.47641 E+22 
3.03141 E+20 

Zircaloy 3.88305E+22 3.88305E+22 
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Tabic 4. Multjpin-ceU specification, from [1] 

pmneier 

multi-pin cell amy (no surrounding 
water or metal) 

center pin description 

Rid w/o in surrounding pins 
, - . • . - • i - . -

U-23S w/o 

Gd w/o 

Gd density (g/cm1) 
for 3 w/o 

other dimensions see table 2 

Guide tube description 
material 
density (g/cm3) 

dimensions (cm) Inner radius IR 
Outer radius OR 

ROC control pin description 

absorber material 
density (g/cm3) 
w/o Ag 
w/o In 
w/o Có 
radius (cm) 

dad dimensions 
IR(cm) 
OR (cm) 

dad material 
density (g/cm3) 
w/oC 
w/o Si 
w/o Or 
w/o Mn 
w/oFe 
w/oNi 

BWR 

3 x 3 

Gadolinium 
(IK^GdA) 

3.9 

28 

3 

10 

na. 

na. 

PWR 

3 x 3 

ROC 
Guide tube 

3.9 

18 

naLZr/Zr-2 
655 

057150 
0.61214 

Ag-In-Cd 
10.17 
80.0 
15.0 
5.0 
0.43307 

0.43688 
0.48387 

SS 
7.208 
0.09 
1.0 

19.0 
2.0 

68.66 
9.25 
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Tables 

Table 5. Discrepancies between KENO-Va and XSDRN calculations for a PWR pin 
cdl. 

case 

PWR16B0 
PWR16B5O0 
PWR16B1200 
PWR28B0 
PWR28B500 
PWR28B1200 
PWR39B0 
PWR39B500 
PWR39B1200 

ECN-219 

KENO-5A 

1.1665*00007 (036%) 
1.0836*0.0007 (021%) 
0.9890*0.0006 (0.19%) 
1J101±0 0008 (035%) 
12462*0.0007 (027%) 
11683*00007 (023%) 
13745*0.0008 (032%) 
13229*00008 (034%) 
12549*0.0008 (0.13%) 

IRI-172-A 

KENO-5A 

1.1698*00006 (027%) 
1.0877*0.0006 (024%) 
09930*00006 (025%) 
13144*00006 (024%) 
12502*00006 (0.18%) 
1.1721*00006 (015%) 
13802*00006 (026%) 
13268*00006 (0.17%) 
12609*00006 (0.15%) 

This table replaces Table 5 of Ref. [2]. The Ic-values from KENO-5A results are 
given with a one standard deviation uncertainty. The number between parentheses 
give the deviation with respect to the corresponding XSDRN results in Table 4 of 
Ref. [2]. 

Table 6. Multiplication factor (k.) at 240 EFPD as function of the time steps used 
in the buroup calculations. 

Calculation 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

Number of 
CeUCalc 

1 

2 

4 

8 

8 

16 

32 

38 

Interval 
(EFPD) 

240 

120 

60 

30 

30 

15 

73 

-

ORI-S time 
step (day) 

5 

5 

5 

5 

1 

1 

1 

03 

k.-value 

1.18744 

1.18800 

1.18816 

1.18820 

1.18824 

1.18826 

1.18831 

1.18834 

Table 7. Average Dancoff factors and k.-value for 40% and 70% void. 

ECN (CSAS1) 
IRI (CSAS4) 
IRI (BONAM1) 
GKN (CASMO) 
KEMA (WIMS) 

40% void 

Dancoff 

03640 
03724 
0.3854 
03933 
0.4052 

k,-inf 

1.2359 
12366 
1.2378 
1.2386 
1.2398 

70% void 

Dancoff 

0.4752 
0.5170 
0.5335 
0.5551 
0.5632 

k.-tnf 

1.1339 
1.1387 
1.1411 
1.1439 
1.1450 
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Table 8- Cumulative fissioo product yields for thermal fission of ""U 

library 

ORIGEN-S 
WIMS 
CASMO 
JEF-U 
SEF-22 

«Eu 

1.626 10"* 
130 10*J 

158 1(T3 

1393 10"3 

1514 10-* 

»Eu 

1.63 10-* 
0 
6.0 1QT7 

5.124 1QT* 
3.165 10-* 

"ïu 

3303 MT1 

2.9 VT* 
3.1 VJT* 
3.230 10^ 
3.165 10M 

Table 9a. Thermal absorption cross-section (2200 tats value) for some specific 
fission products. 

nu 
ECN 
KEMA 
GKN 
BNL 

«Xe 

165 E6 
2.64 E6 
165 E6 
267 E6 
2.65 E6 

"TSm 

4.05 E4 
4.10 E4 
350 E4 
4.14 E4 
4.01 E4 

m Sm 

152 E4 
152 E4 
1.05 E4 
152 E4 
152 E4 

«"Eu 

3.63 E3 
3.65 E3 
1.19 E4 
4.09 E3 
3.95 E3 

Table 9b. Resonance integral for some specific fission products. 

IRI 
ECN 
KEMA 
BNL 

'"Xe 

7660 
7645 
6071 
7600 

lwSm 

3490 
3661 
2267 
3390 

B,Sm 

3460 
3531 
1977 
3520 

u,Eu 

2180 
2178 
5108 
2320 
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Tables 

Table 10. «.-value for BWR 3 x 3 assembly without bumup, void 40 %. 

k. 

ECN 
SCALE-3, KENO-Va, 219 gr EJ1 

mi 
SAS2H, KENO-Va, 172 gr 

172 gr JEF-22 •) 
SAS2H, XSDRN 172grJEF-l.l 

172 gr JEF-Z2 •) 
KEMA 

WIMS, CACTUS, 69 gr 
GKN 

CASMO, 70 gr 

3% Gd 

1.0264 ± 0.0015 

1.0289 ± 0.0006 
1.0399 ± 0.0006 
1.0265 
1.0388 

1.0391 

1.0458 

0% Gd 

1.2661 ± 0.0015 

1.2700*00006 

12697 

12707 

12771 

•) Gd 155 only 

Table 11. Power distribution BWR 3 x 3 assembly (Xft=9) 3 2 3 
2 1 2 
3 2 3 

3% Gd 

ECN 
IRI GdJEFl.l 

Gd JEF 2.2 •) 
KEMA 
GKN 

0% Gd 

ECN 
IRI 
KEMA 
GKN 

pin 1 2 3 

0.421 1.059 1.086 
0.421 1.058 1.087 
0.426 1.056 1.087 
0.413 1.062 1.085 
0.460 1.053 1.082 

pin 1 2 3 

0.772 1.031 1.026 
0.770 1.031 1.027 
0.766 1.032 1.027 
0.779 1.029 1.026 

*) Gd 155 only 

ECN-C--93-088 



Evaluation of PWR and BWR benchmark results 

Table 12. BWR assembly, effect of fiartnljnkm» on k.-<valoe 

ECN1» 
W Gd JEF-l.l'» 

GdJEF-22 
KEMA 
GKN 

tmet odl witb 
3% Gd 

03653 
03655 
013842 
0L3837 
03893 

inner cell with 
0% Gd 

1.2127 
1.2282 
— 
1.2253 
12311 

oatercdl 
widtoat Gd 

12647 
12711 
-
12750 
12817 

l) based upon JEF-1.1 («rot in Gd cross section) 

Table 13. Gd cross section data 

mi (JEF-1.1) 
DU (JEF-22) 
ECN (JEF-1.1) 
KEMA 
GKN 
BNL[2lJ 

**Gd 

o.(2200ni/s) 
b 

6.09 10* 
6.09 10* 
6.11 10* 
6.0010* 
6.11 10* 
6.09 10* 

±0.05 10* 

RI 
b 

2584 
1544 
2589 
1317 
aa. 
1447 

±100 

i*Gd 

0/2200 mA) 
b 

254 10* 
254 10* 
255 10* 
25210* 
254 10* 
254 10* 

± 0.008 10* 

RI 
b 

761 
761 
764 
505 
aa. 
700 
±20 

54 ECN-C—93-088 



Table 14. k.-value for PWR 3 x 3 assembly 

k. value 

ECN 
SCALE-3, KENO-Va 

IRI 
SCALE-4, KENO-Va 
SAS2H, XSDRNPM-S 

KEMA 
LWR-WIMS 

GKN 
CASMO 

EPRI report 

with guide tube 

1.3186 ± 0.0015 

1.3207 * 0.0006 
1.3146 

13185 

1.3147 

1.3024-
1.3112 

with control rod | 

-

0.7777 ± 0.0006 
0.7872 

0.7488 *> 

0.7860 

0.7525-
0.7800 

Low value for control rod due to absence of resonance selfshielding in natural Ag. 

Table 15. Power distribution PWR 3 x 3 assembly zero bumup, 3 2 3 
no xenon. (Ip-,=8) 2 12 

3 2 3 

ECN 
IRI 
KEMA 
GKN 

with guide tube 
pin 1 2 3 

0 1.014 0.986 
0 1.014 0.986 
0 1.015 0.985 
0 1.011 0.989 

with control rod 
pin 1 2 3 

0 0.972 1.029 
0 0.977 1.023 
0 0.975 1.025 
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Table 16. k. during bumup depending on Gd cross-section (IRO 

Bumup BWR 3 x 3 assembly. 3% Gd, 

Bumup 

MWdVkgU02 

0.0 
0.05 
0.1 
0.2 
0.3 
0.4 
03 
10 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

105') 
123*) 
143") 

40% void 

k. 

'old* 

1.03451 
1.01413 
1.01347 
1.01345 
1.01375 
1.01425 
1.01489 
1.01898 
1.02348 
1.02804 
1.03744 
1.04825 
1.06324 
1.08131 
1.10730 
1.10730 
1.11013 

-
-
-

"new* 

1.03882 
1.01812 
1.01740 
1.01728 
1.01750 
1.01792 
1.01849 
1.02216 
1.02617 
1.03018 
1.03822 
1.04704 
105853 
1.07108 
1.08223 
1.09108 
1.09642 
1.09233 
1.08349 
1.07021 

'old' : Gd-155 from JEF 1.1 
'neV : Gd-155 from JEF 12 
*) derived from "larger" time steps 
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Tables 

Table 17. IRI results with the effect of pseudo fission products (pfp). 

k. versus bumup with/without pseudo fission products 
(IRI results SAS6 (including WIMS) BWR 3x3 assembly, 40% void) 

bumup 
MWd7kgU02 

0.0 
0.1 
05 
1.0 
15 
2.0 
25 
3.0 
35 
4.0 
4.5 
U.0 
5.5 
60 
65 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 
10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 

I 20.0 

k. 
without pfp 

1.0336 
1.0125 
1.0136 
1.0175 
1.0218 
1.0260 
1.0302 
1.0345 
1.0392 
1.0444 
1.0502 
1.0565 
1.0633 
1.0702 
1.0769 
1.0830 
1.0884 
1.0932 
1.0974 
1.1007 
1.1029 
1.1040 
1.1031 
10988 
1.0930 
1.0864 
1.0797 
1.0730 
1.0665 
1.0601 
1.0539 
1.0478 

k. 
with pfp 

1.0336 
1.0122 
1.0122 
1.0149 
1.0180 
1.0211 
1.0241 
1.0273 
1.0308 
1.0349 
1.0393 
1.0444 
1.0499 
1.0555 
1.0608 
1.0655 
1.0696 
1.0730 
1.0758 
1.0778 
1.0788 
1.0788 
1.0759 
1.0699 
1.0623 
1.0541 
1.0457 
1.0374 
1.0294 
1.0215 
1.0139 
1.0065 
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Evaluation of PWR and BWR benchmark results 

Table 18. BWR 3 x 3 assembly, 3.0% Gd, 40% void; 
a) GKN results with CASMO-3G version 4.4, MICBURN-3 version 1.6; 
b) KEMA results with LWR-WIMS with 1-day time steps. 

Bumup 
MWd/kgU 

0.0 
0.1 
05 
1.0 
15 
2.0 
25 
3.0 
35 
4.0 
4.5 
5.0 
55 
6.0 
6.5 
7.0 
75 
8.0 
85 
9.0 
95 
10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 

I 190 
I 20.0 

k. 

1.04581" 
1.02479 
1.02613 
1.03087 
1.03619 
1.04139 
1.04637 
1.05107 
1.05584 
1.06039 
1.06493 
1.06938 
1.07378 
1.07806 
1.08215 
1.08597 
1.08941 
1.09225 
1.09426 
1.09541 
1.09568 
1.09512 
1.09149 
1.08620 
1.07955 
1.07226 
1.06478 
1.05732 
1.05004 
1.04294 
1.03605 
1.02935 

k. 

1.0391* 
1.01793 
1.02032 
1.02582 
1.03180 
1.03741 
1.04255 
1.04732 
1.05184 
1.05620 
1.06044 
1.06456 
1.06859 
1.07253 
1.07636 
1.08002 
1.08341 
1.08630 
1.08846 
1.08972 
1.09010 
1.08966 
1.08669 
1.08158 
1.07519 
1.06824 
1.06114 
1.05413 
1.04728 
1.04061 
1.03414 
1.02786 

*) The k.-values at t=0 correspond to xenon-free situation. 
All other values are with xenon equilibrium. 
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Fig. 1 Overview INAS code package. 
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Fig. 2 Square lattice for PWR and BWR assembly (schematic). 
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Figures 

Fig. 3a. Unit cell used in part A (SAS2H). 

MODERATOR 
CLADDING 

FUEL 

Fig. 3b. Large unit cell used in part B (SAS2H). 

GUIDE TUBE 

MODERATOR IN 
GUIDE/TUBE CELL 

FUEL ZONE 

MODERATOR BETWEEN 
ASSEMBLIES 

(1) For PWR control rod assembly. After control rods withdrawn. 

PIN MODERATOR 

CLADDING 

FUEL WITH 
BURNABLE POISON 

FUEL ZONE 

ASSEMBLY CASING 

CHANNEL MODERATOR 

(2) For BWR burnable poison assembly with large channel zone. 

Fig. 3 Nonnal unit cell (a) and large unit cell (b) as used in SAS2H. 
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Fig. 4 Modelling of 3x3 assembly in KENO. 
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Hguies 

Fig. 5 Modelling of 3x3 assembly BWR with Gd central pin as used in 
LWR-WIMS. 
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(a) 

(b) 

Fig. 6 Modelling of 3x3 assembly PWR with central guide tube 
without (a) and with controlrod inserted (b) as used in LWR-
WIMS. 

64 ECN-C—93-088 



Figures 

JEF22-XMAS AMPX master. 172 groups 

Nuclide densities 

BONAM1S 

NTTAWL-Il 

Resonance self-shielding 
Unresolved: BONAMI-S 
Resolved: NTTAWL-II 

XSDRNPM-S Spatial and spectral weighting 

COUPLE Cross section interfacing 

ORIGENS Fuel depletion 

Fig. 7 Calculation scheme for fuel depletion calculations by ECN. 
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»"!->! 

Fig. 8 k.-value as function of Dancoff factor for the BWR pin-cell 
with 40% void performed by IRI. 
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Figures 

*ui->| 

Fig. 9 k.-value as function of Dancoff factor for the BWR pin-cell 
with 70% void performed by IRI. 
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Fig. 10 k.-value as function of Dancoff factor for the BWR pin-cell 
with 70% void as calculated by the various institutes. 
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Fig, 11 k^-value as function of bumup tor various numbers of rings 
in the Gd pin, as calculated with the code CACTUS for the 
BWR 3x3 assembly with 40% void; performed by KEMA. 

ECN-C--93-088 69 



Evaluation of PWR and BWR benchmark results 

T - CM f- T-

CM o o o 
f- CM CM CM 

i i i f 

r- CO 0 » -

o 
o 
o 
o 

o 
o 
o 
Oï 

o 
o 
o 
00 

o 
o 
o 

o o 
O £T 

o & 

S o-
c 

° 5 
O .O 
o 
o o o en 

o 
o 
o 
CM 

o 
o 
o 

o o 

£ g 
o 00 
o 

o 
r>-o 

o (O 
o 

o W 
O 

o 

3 
o 
s 

o o 
o o 

snpE0->| 

Fig. 12 k.-value as function of bumup for various numbers of rings 
in Gd pin, cladding and moderator as calculated with the code 
CACTUS for the BWR 3x3 assembly with 40% void; 
performed by KEMA. 
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Fig. 13 k„-value as function of track separation for various numbers 
of tracks in azimuthal (na) and polar (np) direction, 
(calculation by KEMA) 
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Fig. 14 k.-value as function of track separation for one typical case 
shown in more detail than in Fig. 13. (calculation by KEMA) 
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Fig. 15 Tracking error in outer Gd-ring as function of track 
separation, 
(calculation by KEMA) 

ECN-C—93-088 73 



Evaluation ot rwK and BWK DencümarK results 

, ' 1 ' 1 ' 1 ' I 

• 

• 

-

-

' 

-

_ 

O) O) O) O) CD Cft 

^ < £ ^ ^ ^ < £ 
• O T J T J T J T J T ) 
£ £ 5 £ 5 £ 
3 2 2 2 2 2 
o p in o w in 
d ^ CSJ ui iv oi 
<j 

( 

1 1 ' • 

i i ' ; \ 

i . i . i . i . 

o o o o o c 
•*• CO CU y- O C 

^ 

i 
i 

1 

1 
ï 

1 
l 

1 I 
• 1 

\ i 
: ' 
j 1 

l i 

i 1 
i 
i 

i 
i 

, t 
i 

! 4> 
: i 

\ 1 

1 t 
i 

1 * 
* 
1 : \ 

r i 

! 1 

\ <j> 
• 

; 1 

3 O 
l> CO 
•> o 

l • ¥ 1 • 1 ' 1 

I 

t 
f 

* 

* 

X 

1 . 1 . 1 . 

O O O 
r- co in 
O O O 

• 

i < ! < [ > • 

h o -

i ^ 0 

! < 

i < 

-

3 O 

<J 9 

i < 

O 

? < 3 

i . i . i . 

O 
CM 
O 

CO 

0.
1 

co 

0.
1 

•*r 
1™' 

o 

0.
12

 
n 

(c
m

) 

.g 
o "5 
5 1 

CD 
(0 

co -X 
o a O w 

co 
o 
d 

r̂ 
p 
o 

CM 

0.
0 

o 

o o o o ° 
3 CO CM <»-
O O c i ( 3 

snpB0->| 

Fig. 16 k.-value as function of track separation for different values of 
bumup. 
(calculation by KEMA) 
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Fig. 17 k.-value as function of bumup for variable numbers of time 
step AT for BWR 3x3 assembly with 40% void. 
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#U| >| 

Fig. 18 k.-value as function of bumup with 1/v pseudo fission 
product compared to reported EPRI values. 

76 ECN-C—93-088 



figures 

M >l 

Fig, 19 k.-valuc as function of bumup without 1/v pseudo fission 
product compared to reported EPRI values. 
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JU! ^ 

Fig. 20 k^-value as function of burnup with detailed pseudo fission 
products and subdivision in absorber rod. 
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