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The report describes the final result of the Phase IIA of the Burnup Credit
Criticality Benchmark conducted by OECD,/NEA. In the Phase IIA benchmark pro-
blems, the effect of an axial burnup profile of PWR spent fuels on criticality (end
effect) has been studied. The axial profiles at 10, 30 and 50 GWd.”t burnup have
been considered. In total, 22 results from 18 institutes of 10 countries have been
submitted.

The calculated multiplication factors from the participants have lain within the
band of £1% Ak. For the irradiation up to 30 GWd,t, the end effect has been
found to be less than 1.0% Ak. But, for the 50 GWd,/t case, the effect is more
than 40 % Ak when both actinides and FPs are taken into account, whereas it
remains less than 1.0 % Ak when only actinides are considered. The fission density
data have indicated the importance end regions have in the criticality safety analysis

of spent fuel systems.
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1. Introduction

The report describes the final result of the Phase IIA of the
Burnup Credit Criticality Benchmark conducted by OECD/NEA.
In the Phase IIA benchmark problems, a simplified model with
spent PWR fuel rods was used to compare criticality safety
parameters for flat (average) burnup profiles with those of more
realistic axial profiles. In total, 22 results from 18
institutes of 10 countries have been submitted.

For the criticality calculation of a spent fuel system,
burnup profile of the spent fuel needs to be considered. The
effect of the axial burnup profile on criticality is studied in
Phase II of the Burnup Credit Criticality Benchmark. The Phase
ITI is divided into two benchmarks, namely, Phase IIA and Phase
IIB. In Phase IIA, the criticality of an infinite array of PWR
spent fuel rods 1is analyzed to grasp the effect of axial burnup
profile (end effect). In Phase IIB, the criticality of a spent
fuel cask will be evaluated.

The end effect was studied as a function of the initial fuel
enrichment, the burnup and the cooling time. Parameters
selected for the analysis are: burnups of 10, 30 GWd/t for a 3.6
wt% initial fuel enrichment, burnups of 30, 50 GWd/t for a 4.5
wt% initial fuel enrichment, and 1 and 5 years of cooling time.
Further, the effect of fission products on the end effect have
also been studied. The multiplication factors of spent fuel
systems for these combinations of parameters have been obtained
by all participants using their code and data. Here, the end
effect is measured by the difference of multiplication factors
between the cases with and without burnup profile. The case
without the burnup profile has an axially flat Dburnup
distribution, i.e., the same burnup value from top to bottom of
the fuel rod, where the burnup value 1is obtained by averaging

axially the burnup by volume.
2. Benchmark Specification
The Phase IIA benchmark consists of 26 cases as listed in

Table 2.1. Each case results in an eigenvalue calculation of

an infinite cell of a PWR fuel rod as shown in Fig. 2.1, with a
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specified burnup profile. The geometry and the atomic number
densities of all materials are given in the specification. The
region-wise fission density data are also requested for the
cases 2, 6 and 19. The benchmark specification was finalized in
October 1993 and was published as NEA/NSC/DOC(93)15 (see
Appendix 1).

3. Participants and Analysis Methods

The following 1is a brief description of nuclear data and
analysis codes employed by each participant. Additional
comments provided by participants are also included here. Table

3.1 summarizes the data and codes used by the participants.

(1) Belgonucleaire, Belgium
a) File Header
- Date: 12 Jan. 1994
- Institute: Belgonucleaire SA, 4 Av. Ariane,
B-1200 Bruxelles, Belgium.

- Participant: Thierry Maldague, Y. Vanderborck
- Computer Codes: LWR-WIMS (1986) + ANISN
b) Analysis Environment

The reference code used for the <calculation of the cross
sections 1s LWRWIMS from AEA Technology, Winfrith (U.K.). The
cross section library i1s the 69 group 'WIMS 86' set. The
collision probability (PERSEUS) module of the code is used for
the generation of 1l6-group macroscopic cross sections for each
region of the problem. These 16-group cross sections are

introduced in an S8 ANISN one-dimensional calculation.

(2) CEA/DRN, France
a) File Header
~ Date: 17 Feb. 1994 (Eigenvalues),
8 Apr. 1994 (Fission densities)
- Institute: CEA/DRN, 13108 St. Paul les Durance, CEDEX, France
- Participants: A. Santamarina, B. Rogque
b) Analysis Environment
- Computer Codes: APOLLO + BISTRO
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(3) CEA/IPSN, France

a) File Header

~ Date: 21 Jan. 1994

- Institute: CEA/IPSN

- Participants: Louis Maubert, Ali Nouri, Gilles Poullot, Jacques
Roussignol

b) Analysis Environment

- Neutron Data Library: APOLLO-1 CEA86 Library (JEFl1 + ENDFB) +

Hansen and Roach library (for stainless steel only)

- Neutron Data Processing: APOLLO 1 cell code 16 groups Hansen

and Roach Lethargy

- Code system: APOLLO 1 cell code + MORET Monte Carlo code 3-D

geometry modeling, no nuclide omitted, 1 standard deviation,

sigma = 0.00100

(4) BfS/IKE, Germany
a) File Header
- Date: 18 Mar. 1994
- Institute: Bundesamt fiir Strahlenschutz (BfS), Salzgitter,
Germany, '
Institut fiir Kernenergetik und Energiesysteme
(IKE), der Universitadt Stuttgart, Germany.
- Participants: Hans-Heinrich Schweer (BfS)
Wolfgang Bernnat (IKE)
b) Analysis Environment
- Data Library: JEF-1, Multigroup Library generated by NJOY
- Codes: CGM(IKE Development) and MORSE-K Monte Carlo codes
- Number of Groups: 242 (CGM-Calculation, one dimensional,
condensation to 60 groups for three dimensional Monte Carlo
calculation, [Ref. App.4, NEACRP-Report Result of Phase IA].
The number of energy groups (lower breakpoints) are as used at
IKE: 4, 9, 14, 19, 24, 29, 35, 40, 44, 49, 52, 55, 58, 62, 65,
68, 71, 74, 77, 80, 83, 86, 89, 91, 111, 115, 119, 123, 128, 132,
136, 138, 139, 140, 141, 143, 147, 156, 164, 174, 179, 184, 187,
189, 190, 192, 194, 197, 202, 206, 210, 214, 220, 223, 227, 231,
234, 237, 239, 242.
For the cladding material, only 2r-90 was taken, and Cr and
Fe were omitted. The statistical error, one standard deviation

sigma, lies between 0.0013 and 0.0025 depending on the number of
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batches and neutrons per batch. For Case numbers 2, 6 and 19
however, the standard deviation is less than 0.0009. The code
MORSE-K, as described in IKE-Report Nr.4-11, Dez. 1972, is based
on the MORSE code and contains modifications to work with
multigroup cross sections in the format of RSYST (RSYST is a
program system developed at the IKE Stuttgart). The MORSE-K code

uses the combinatorial geometry package to describe the geometry.

(5) GRS, Germany

a) File Header

- Date: 2 Feb. 1994

- Institute: Gesellschaft fir Anlagen- und Reaktorsicherheit

- Participants: B. Gmal, W. Weber, W. Heinicke, E.F. Moser

b) Analysis Environment

- Neutron Data Library: 27-group-depletion library, SCALE-4
(27BURNUPLIB)

- Number of Neutron Energy Groups : 27

Code System: SCALE-4, CSAS25, KENO-Va, 53 batches each one

with 600 neutrons were started.

- Geometry Modeling: 3-D
- Statistical Error: 0.00212 to 0.00380 for one sigma

(6) ENEA, Italy (Analysis Environment was not supplied. This is
copied from the Phase IA report.)
a) File Header
- Date: 17 May 1994 (Eigenvalues)
27 May 1994 (Fission Density)
22 Nov. 1994 (Corrections to eigenvalues of
cases 21, 25 and 26.)
- Institute : ENEA, Viale Regina Margherita 125, 00198 Roma,
Italy '
- Participant: Francesco Siciliano
b) Analysis Environment (Copied from the Phase IA report)
- Computer Code : MCNP-V3
- Data Library : The following nuclides were processed by the
NJOY code employing the JEF-1 library
H-1, 0-16, Cr-24, Fe-26, Gd-15S5,
U-234, U-235, U-236, U-238, Pu-238,
Pu-239, Pu-240, Pu-241, Pu-242.
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The following nuclides were processed by the THEMIS code
employing the JEF-1 library:

Tc-99, Rh-103, Cs-133, Nd-143, Nd-145,

Sm-149, Sm-150, Sm-151, Sm-152, Eu-153.
The original ENDL-85 MCNP library is employed for the following

nuclides:
Zr-40, Ag-109, Sn-50, Np-237, Am-241, Am-243.
No. of Groups : (Continuous)

(7) JAERI (1), Japan

a) File Header

- Date: 15 Jan. 1994

- Institute: Japan Atomic Energy Research Institute, Tokai,
Ibaraki, Japan.

- Participants: Makoto Takano, Yoshitaka Naito

b) Analysis Environment

~ Nuclear Data File : JENDL-3

- Nuclear Data Processing: MGCL-ACE code

- Neutron Energy Groups : 137-group (MGCL library)

Macroscopic Cross section : The MAIL code of JACS code system
was used to produce 137 group macroscopic cross section sets.
In the macroscopic cross section sets, all resonance absorbers
are self-shielded by employing f-tables.

~ Fuel Pin Calculation : The KENO-IV of the JACS code system was
used to model the geometry in 3-dimensions for the eigenvalue

calculation.

(8) JAERI(2), Japan

a) File Header

- Date: 15 Jan. 1994

- Institute: Japan Atomic Energy Research Institute, Tokai,
Ibaraki, Japan.

- Participants: Makoto Takano, Yoshitaka Naito

b) Analysis Environment

- Nuclear Data File : JENDL-3

- Nuclear Data Processing: NJOY (modified)

- Neutron Energy Groups : (Continuous)

- Fuel Pin Calculation : The MCNP-4.2 code was used to model the

geometry in 3-dimensions for the eigenvalue calculation.
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(9) JINS(1l), Japan

a) File Header

- Date: 31 Jan. 1994

- Institute : Japan Institute of Nuclear Safety, Tokyo, Japan.

- Participants:Susumu Mitake (Japan Institute of Nuclear Safety),

Osamu Sato (Mitsubishi Research Institute Inc.)

b) Analysis Environment

- Computer code: SCALE-4 (CSASI) +KENO-Va with SCALE 27-group
cross section library

- Nuclear Data File : ENDF-B/4, B/5

- Neutron cross section library: 27 groups burnup library of

SCALE-4

- Cross section processing: CSASI sequence (with NITAWL-II)

The CSASI sequence (BONAMI, NITAWL, ICE) in SCALE-4 system
was used. The 27 groups neutron cross section library of AMPX
master interface was changed to AMPX working interface by
BONAMI-S code. These AMPX working libraries were processed via
NITAWL~-II with Nordheim 1Integral method, then microscopic
effective cross section files for each nuclide were created.
The microscopic library is converted to macroscopic library by
using the ICE~S code. The heterogeneity effect was taken into
account using the Dancoff correction factor of square pitch
lattice of infinite 1length «cylindrical fuel pins by using
NITAWL-II code. Each of the macroscopic effective <cross
sections for all axial zones were calculated individually by the
above processes. Each of the macroscopic cross section files was
gathered by the WAX code in SCALE-4 system.
~ Method for criticality calculation: 3-dimensional multi-group

Monte Carlo

-~ No. of histories: 203 generations x 300 histories
- Skipped generations: 3 generations

- Criticality calculation code: KENO-Va

- Omitted cases: None

(10) JINS(2), Japan

a) File Header

~ Date: 31 Jan. 1994

- Institute : Japan Institute of Nuclear Safety, Tokyo, Japan.
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- Participants:Susumu Mitake (Japan Institute of Nuclear Safety),
Osamu Sato (Mitsubishi Research Institute Inc.)

b) Analysis Environment
- Computer code: KENO-Va with MGCL-JINS 137-group cross section
library
- Nuclear Data File : ENDF-B/4
- Neutron cross section library : 137 groups MGCL-JINS library
- Cross section processing: MAIL-PIJ code

The MAIL-PIJ code is used for the cross section processing
with MGCL-JINS library. MAIL-PIJ has two methods available to
correct heterogeneity effect for resonance self-shielding
correction. One method consists in using Dancoff correction
factors for square or hexagonal pitch lattices of cylindrical
fuel pins, and another is the method based on Tone's formula
using the first collision probabilities of fuel and moderatofs.
The Dancoff corrections were used for these calculations.
Epithermal total cross sections for moderator regions are
assumed to be 1.487/cm. Cladding materials are assumed to be
zircaloy-2, because the cross section of natural Z2r is not
included in MGCL-JINS.
- Method for criticality calculation: 3-dimensional multi-group

Monte Carlo

- No. of histories: 203 generations x 300 histories

- Skipped generations: 3 generations

- Criticality calculation code: KENO-Va

- Omitted cases: Case 2, 3, 6, 7, 10, 11, 15, 16, 19, 20,
23, 24.

For the analysis with MGCL-JINS, because some fission product
(FP) nuclide (except Tc-99, Ag-109, Cs-133, Sm-149 and Gd-155)
are not included in MGCL-JINS library, only cases not

considering FPs were calculated.

(11) PNC, Japan

a) File Header

- Date: 14 Jan. 1994

- Institute : PNC, Tokai, Japan

- Participants: Ichiro Nojiri

b) Analysis Environment

- Computer code: SCALE-4 (CSAS25)
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- Nuclear Data File: ENDF-B/4, B/S

- Neutron cross section library: 27 groups burn up library of
SCALE-4

- Cross section processing: BONAMI-S, NITAWL~II

- Statistical error for eigenvalues: 0.00154

(12) Tohoku University, Japan
a) File Header

- Date: 06 Feb. 1994
07 Jun. 1994 (Revised)
- Institute: Tohoku University, Sendai, Japan

- Participants :Kenya Suyama, Tomohiko Iwasaki, Naohiro Hirakawa

b) Analysis Environment

- Nuclear Data File: JENDL-3 (U-234 and Pu-238 from ENDL-85 and
BMCCS at OK respectively)

~ Nuclear Data Processing: NJOY (modified)

- Neutron Energy Groups : (Continuous)

Fuel Pin Calculation:The MCNP-4.2 code was used to model the

geometry in 3-dimension for the

eigenvalue calculation.

(13) Toshiba, Japan (See also Appendix 2.2)

a) File Header

- Date: 16 Dec. 1993

- Institute : Toshiba/NEL(Nuclear Engineering Laboratory),
Kawasaki, Japan.

- Participants: Yoshihira Ando, Munenari Yamamoto

b) Analysis Environment

(1) Neutron data library

- Data source:

U-235,0-238,Pu-239,Pu-240 : ENDF/B-5
Pu-241,Pu-242 : ENDF/B-4
All other actinides : JENDL-3
FPs : mostly ENDF/B-4

- FP chain : 45 explicit FPs + 1 lumped pseudo FP model,
(S.Iijima et al., J.Nucl.Sci.Technol., 19,96 (1982)]

* Mo-95 is not treated as an explicit FP in this FP model, while

it has been taken into account as one of the major contributors

to the pseudo FP poisoning as described in the above reference.
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* 7Zr is treated as Zircaloy-2 (including Cr, Fe)
- FP yield data : based on Rider&Meek compilation
[B.F.Rider et al., NEDO-12154-2 (GE) (1977)]

(2) Neutron data processing
CRECT-J
(3) Neutron energy groups
Fast and Epi-thermal (0.6825eV - 10MeV):
68 groups (GAM-type)
Thermal (0 - 0.6825eV):
30 groups (THERMOS-type)
(4) Code system
TGBLA/ALEX
(5) Geometry modeling
Radial : 1D Transport (Cylinder)
Axial : 2D Diffusion (XY)
~ Note concerning calculations:

Cell averaged 3 group constants (fast, epi-thermal, thermal)
for fuel, end plug and water region through TGBLA with
reflective boundary conditions and multiplication factors by 2D
diffusion code ALEX using 3 group constants estimated by TGBLA
were calculated.

(6) Omitted nuclides etc
Omitted nuclide : Mo-95
Lumped nuclides : Cr, Fe, Zr
(7) Employed convergence limit
1.0E-05 : Outer Iteration
1.0E-05 : Inner Iteration
(8) Other related information
(A) K-Infinity Values by TGBLA Unit Cell Calculation

Geometry Data

Fuel Radius = 0.412 cm
Cladding Thickness = 0.063 cm
Cell Pitch = 1.33 cm

*K-infinity values shown in figures of Appendix 2.2
(B) Conditions in 2D diffusion calculation

(i) Boundary Condition
X-axis : Vacuum (Albedo

0.0)
1.0)

I

Y-axis : Reflective (Albedo

(ii) No. of Meshes
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X~-axis : 189
Y-axis : 3
(iii) Mesh Sizes along X-axis
Water (Top):5.0cm x 4, 1.0cm x 10

(bottom) : 1.0cm x 10, 5.0cm x 4
End Plug : 0.35¢cm x 5
Fuel (Region 1,2,8,9) : 0.5cm x 10
(Region 3,7) : 1.0cm x 10
(Region 4, 6) : 2.0cm x 10
(Region 5) : 4.0cm x 35, 5.7cm x 1, 4.0cm x 35

(iv) Mesh Sizes along Y-axis
All Regions: 1.33cm x 3

(14) CSN, Spain
a) File Header
- Date : ' 31 Jan. 1994
~ Institute : CONSEJO DE SEGURIDAD NUCLEAR (CSN) ,
MADRID SPAIN
- Participant: Jose M. Conde, M. Recio
b) Analysis Environment
— Nuclear Data File : mainly from ENDF-B/4, some from ENDF-B/5
and JEF-2
- Nuclear Data Processing: NJOY
- Neutron Energy Groups : 70 groups, E4LTJR7
— Analysis Procedure:

The Studsvik-CMS (Core Management System) has been used for
this work. 70 Energy Groups were used for the 2-D calculation
in CASMO-3, 2 Groups were used for the 3-D calculation in
SIMULATE-3. CASMO-3 is a two dimensional transport theory code
used to generate the cross sections needed to run SIMULATE-3.
Cross sections for the different state-points are functionalized
by means of the TABLES code. SIMULATE-3 is a two-group 3-D
nodal simulator. The nuclides Mo-95, Tc-99 and Ru-101 are not
included in the CASMO library, and hence have not been
considered. A 3-D calculation has been performed using an
~array of single pins infinite in the radial direction. The
model contains 85 axial nodes 5 cm high, 6 nodes each to model
the top and bottom reflector and 73 to model the active fuel
length. The active fuel length is thus reduced to 365 cm in this
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model, from the original value of 365.7 cm. It has been verified
that the impact of this change on reactivity is negligible (<7
pcm for the worst case), while the code convergence is eased
greatly. The axial reflector length is 30 cm on top and bottom.

Convergence limit used has been 1lE-5 on the eigenvalue.

{15) E. M. Systems, Sweden
a) File Header
- Date : 31 Jan. 1994
23 Mar. 1994 (Corrections)
- Institute : E Mennerdahl Systems
- Participant : Dennis Mennerdahl
b) Analysis Environment
- Computer Code: SCALE-4.0 with 27-group burnup library
- Analysis Procedure:

NITAWL Resonance Treatment. No homogenization of pin cells.
Complete criticality modules from SCALE 4.0. Implementation
made from full tape version for the Intel 80486-type personal
computers. FORTRAN compiler from Silicon Valley Software (SVS).
Symmetry was used for the geometry model.

Number of neutrons for the flat (average) burnup was 103 000
from which 3000 neutrons were skipped. Cases treated: 1, 3, 5,
7, 9, 11, 13, 14, 16, 18, 20, 22, 24 and 26.

Number of neutrons for the profiled burnup was 703 000 from
which 103 000 neutrons were skipped. Cases treated: 2, 4, 6 ,8,
10, 12, 15, 17, 19, 21, 23 and 25.

Atomic densities for Zircaloy and Water were calculated by
SCALE and were not taken from the input specifications. (Very

small insignificant differences).

(16) PSI, Switzerland
a) File Header
- Date: 28 Jan. 1994
- Institute: Paul Scherrer Institute
- Participants: Peter Grimm, Jean-Marie Paratte
b) Analysis Environment
The results given here were obtained using the ETOBOX and
BOXER codes of the ELCOS 1light water neutronics code package
(Refs. 1 and 2) developed at PSI. ETOBOX processes cross section
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data in ENDF/B format and produces a cross section library for
BOXER. BOXER performs cell and two-dimensional transport and

depletion calculations.

Data Library and Processing Methods

The BOXLIB cross section library for BOXER used in the
present calculations contains cross sections for 34 actinide
nuclides (from Th-232 through Cm-248), 55 fission products
considered explicitly, and two pseudo fission products. For
some fission products which contribute little to the absorption
the resonance cross sections are given for infinite dilution
only. The source of cross section data for all nuclides is
JEF-1, except for Gd-155, whose cross sections are taken from
JENDL-2.

The BOXLIB cross section library contains microscopic neutron
cross sections collapsed to 70 groups. The group structure is
the 69 group WIMS structure with an extra group between 10 and
15 MeV. However, the upper boundary of the thermal energy range
is 1.3 eV instead of 4 eV. PO and Pl scattering matrices (P2
transport corrected) are given for most isotopes. The weighting
spectrum used for the collapsing in ETOBOX is a spectrum
calculated in many microgroups for a typical LWR cell in the
fast range, a 1/E spectrum at intermediate energies, and a
modified Maxwellian spectrum in the thermal range. In the fast
range (E > 907 eV) the resonance cross sections (both resolved
and unresolved resonances) are Doppler broadened and collapsed
to groups for three temperatures and 4 values of the dilution
cross section. In the resonance range between 1.3 eV and 907
eV (important low energy resonances of plutonium isotopes are
included) pointwise lists of Doppler broadened cross sections
are produced for three to seven temperatures (depending on the
nuclide). For the unresolved resonances these lists are produced
for four dilutions. The spacing of the points depends on the
variation of the cross sections with lethargy, so that the cross
section values between the points can be accurately
reconstructed by interpolation. The minimum spacing of the
points is 1.0E-5 lethargy units. Typical numbers of energy
points for actinides are 7000 to 8000 between 1.3 and 907 eV.
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The thermal scattering matrices for most nuclides are calculated
using the free gas model. For the moderator nuclides and
especially for hydrogen in water the S(a,B) matrices given in

the basic cross section files are used.

Cell and Transport Code

In the cell module of BOXER the resonance cross sections are
self-shielded by a two region collision probability calculation
in 7000 to 8000 lethargy points between 1.3 and 907 eV and by an
interpolation versus temperature and equivalent dilution cross
section above this value. The fluxes in fine groups and in each
zone are calculated by means of an integral transport method in
cylindrical geometry. The fission source is assumed to be flat
over all =zones containing fissile nuclides. The scattering
source in each zone can be flat or represented by a polynomial
of the radius. In the epithermal range (above 1.3 eV) Pl
corrected isotropic scattering is used. In the thermal range Pl
anisotropy can be taken into account. The cells are calculated
with white boundary conditions or with the outgoing partial
current from a previously calculated cell as a fixed source at
the periphery. The fundamental mode spectrum (i.e. for k-eff =
1) is determined by a Bl leakage calculation for the homogenized
cell in 70 groups with an iterative search for the critical
buckling.

The fine group fluxes in the homogeneous (i.e. non-cell)
materials are computed by a one-dimensional transport
calculation in slab geometry, preserving the mean chord length
of each material in the two-dimensional grid. Then the cross
sections are collapsed to between 6 and 15 groups. The two-
dimensional transport calculations are performed by‘ a
transmission probability method which couples the meshes by
surface currents. The outgoing current moments are obtained by
the solution of the integral transport equation wusing the
following approximations:

- The hemisphere of the flight angles is divided into four
quadrants. The surface current in each quadrant is represented
by a linear function in space and a first order spherical

harmonics expansion in the flight directions.
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- The scattering and fission source within the mesh is
approximated by a linear function of the spatial variables.
- The scattering anisotropy is taken into account by the P1

matrix.

Calculational Models and Options Used

A cell calculation with white boundary conditions was
performed for each of the axial fuel regions. The end plugs were
also homogenized with the surrounding water by a cell
calculation using the outgoing partial current of the largest
axial fuel 2zone as a fixed source at the boundary. The water
reflector was treated as a homogeneous material. One half of the
whole configuration (taking into account the symmetry with
respect to the axial middle of the fuel rod) was modelled in a
one-dimensional transport calculation with homogenized cell
cross sections using the transmission probability method
described above.

Eight energy groups with upper boundaries of 15 MeV, 821 keV,
907, 16, 4, 1.3, 0.625, and 0.14 eV were wused for the
calculation of the axial configuration. The mesh widths for this
calculation varied between 1 cm near the interfaces of different
materials (including different axial fuel zones) and 5 cm in the
middle of zone 5, the total number of meshes 1is 77. A
convergence criterion of 1.0E-5 was employed for the fluxes.
Such a tight criterion was found necessary to obtain reasonably
converged fluxes, specially for the quite irregular
distributions in the cases with axial burnup profile. The
adequacy of these approximations was checked by calculations for
cases 2 and 19 in which the number of groups and meshes,
respectively, were doubled and with a flux convergence criterion
of 1.0E-6. The effects of the mesh width and of the flux
convergence were found to be negligible, whereas doubling the
energy group number resulted in k-eff changes of 30 to 70 pcm

and in region fission density changes of less than 0.4%.
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(17) AEA Technology, U.K.
a) File Header
- Date: 4 Feb. 1994
- Institute: AEA Technology Center Winfrith
- Participant :Jim Gulliford, David Hanlon
b) Analysis Environment

MONKBTHERM version of MONK6B was used in the calculations
with the JEF2 DICE Nuclear Data Library provided by Christine
Eaton (Generated 06 Aug 1993). NJOY was used to produce 8220
group cross-sections. The technique used is described in AEA
Reactor Services Report No. AEA-RS-1246. The geometry was
modelled in 3-D. No nuclides were omitted. Two calculations per
case were run. Each to a one standard deviation level of
approximately 0.15%. The results of the two calculations were
averaged to produce a mean k-effective and a standard error of
approximately 0.1%. Calculations <carried out on SUN Sparc
Station IPX workstation "DIMPLE". It was not possible to
calculate the fission densities using MONK6BTHERM.

(18) BNFL, UK
a) File Header
- Date: 21 Feb. 1994

2 Sep. 1994 (Revision of eigenvalues and fission

density data of cases 2, 6 and 19.)
- Institute: British Nuclear Fuels plc,
Risley, Warrington, England.

- Participant : P. R. Thorne, P. E. Broome
b) Analysis Environment
- Code: MONK6B (operated under SCO UNIX Version 2)
- Data Library: MONK6é 8220 point energy with added fission
products from JEF-2
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- Energy Groups: Continuous Energy

- Geometry Modeling: 3D, reflection plane used

- Nuclides: All nuclides modeled ~fission products not part of
MONK6 standard library- processed from JEF2

- Convergence: Standard deviation of k-eff not greater than
0.0025

(19&20) Department of Transport, UK

a) File Header

- Date: 11 Feb. 1994

- Institute: United Kingdom Department of Transport

- Participant: Jim Stewart

b)Analysis Environment

- Computer Code: MONK6B (SCO UNIX PC version -SCO7)

- Data Library: MONK7 8220 point energy library (MONK®6 library
with added fission products)

- Geometry: 3D model

- Convergence: Standerd deviation of k-eff approximately 0.0015,

error on fission scores: 1-10%.
- Nuclides:
DOT (1) : UKNDL options chosen where possible, all nuclides

included (Case 19)
DOT (2) : Data set adjustment was removed (Case 20)

(see Section 4.1 (2) c) for more detail)

(21&22) ORNL, USA (see also Appendix 2.1)

a) File Header

- Date: 5 Jan 1994

- Institute : Oak Ridge National Laboratory

- Participant: Mark D. DeHart, Cecil V. Parks,
Stephen M. Bowman

b) Analysis Environment

* ORNL (1) :

- Neutron Library: SCALE ENDF/B-IV and ENDF/B-V based library

27BURNUPLIB.

~ Number of Energy Groups: 27 (14 fast, 13 thermal)

- Description of Code System:
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The CSAS25 sequence of SCALE 4.2 invokes BONAMI-S to perform
resonance shielding calculations, using the Bondarenko method,
followed by NITAWL-II calculations (using the Nordheim Integral
treatment) to perform resolved resonance range cross-section
processing for any nuclides possessing resonance parameter data.
The cross-section working library thus produced is used by the
Monte Carlo code KENO.Va to calculate k-effective.

Geometry Modeling: 3-D half-length fuel pin, taking advantage
of symmetry at the axial midplane.

Omitted Nuclides: ©None. All nuclides set forth in problem
specifications were modelled.

Statistical Errors: Monte Carlo calculations were based on 500
generations with 1000 neutrons per generation, for a total of
500,000 histories. Statistical uncertainty ranged from 0.0007
to 0.0010.

* ORNL (2)

~ Neutron Library: SCALE library 44GROUPNDF5. This library is a
broad group collapse of the 238GROUPNDF5 library, collapsed
using a "typical" LWR fuel pin spectrum. Both libraries include
all 300+ isotopes available in ENDF/B-V, plus ENDF/B-VI oxygen.
- Number of Energy Groups: 44 (22 fast, 22 thermal)

- Description of Code System: the same as ORNL(1)

Geometry Modeling: the same as ORNL({(1)
Omitted Nuclides: the same as ORNL(1)
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4. Results and Discussions
4.1 Multiplication factors
The multiplication factors of all participants are listed in
Tables 4.1 and 4.3 showing up to four digits after the decimal
point. In these tables, the average and 2*G values are
calculated for each case, where the value 0 1s obtained by:

zn: (x - %)2
i=1

=
n
n : Number of data, X : Average, xj : i-th data
The values of 2*0 vary from 0.0096 to 0.0232. In both 3.6

and 4.5 wt% enriched fuel, the largest 2*0G value results for
fresh fuel cases, i.e., cases 1 and 14. Further, it is
generally observed that the cases with fission products show
larger 2*C values than the cases without fission products,
except for the 10 GWd/t burnup cases where the fission products
have a smaller effect on the multiplication factor than in other
higher burnup cases. Similar results were obtained in the
Phase IA exercise [1].

The statistical errors in the eigenvalue calculation are also
tabulated in Tables 4.2 and 4.4. The tables show that the
statistical error varies approximately from 0.001 to 0.005.
For choosing the number of neutron histories, two criteria seem
to have been used by: some have performed the Monte Carlo
calculation until the statistical error was below 0.001 and the

others below around 0.003.

(1) Comparison of Phase IA and Phase IIA results

Comparing the results of Phases IA and IIA, an axial leakage
effect on the multiplication factor can be observed. In the
Phase IA, the benchmark model is a fuel rod cell of infinite
length, hence, no neutrons leak from the system. In the Phase
ITA, however, the benchmark model reflects the actual axial
geometry, and the axial neutron leakage exists. The cases with
3.6wt% for the fresh fuel and burnup of 30 GWd/t after 1 and 5
years of cooling, have been analyzed for both Phases IA and IIA
(without axial burnup profile), and the averaged values of the
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neutron multiplication factor for all the participants are

compared in the following table.

Comparison of Phase IA and Phase IIA results
(Initial Fuel Enrichment = 3.6 wt%)

Burnup (GWd/t) Fresh 30 30 30 30
Cooling Time (year) N/A 1 1 5 5
Fission Products N/A Yes No Yes No
Case No.of Phase IA 1 2 4 6 8
Case No.of Phase IIA 1 7 9 11 13

Multiplication Factor

Phase IA 1.43781.1402[1.2456(1.1123]1.2284

Phase IIA 1.4335|1.1358} 1.2419] 1.1062 | 1.2256

Difference (Ak=IA-IIA) 0.0043}0.0044 | 0.0037] 0.0061{0.0028

Although the Phases IA and IIA have employed slightly
different atomic number densities, the 1leakage effect in an
axially homogeneous assembly is considered to be very small and
the Phase IIA results shown in the following sections correspond
to the situation neutron leakage from the system is 2zero or
almost negligible (about 0.3% in Ak/k).

(2) Comparison of results from participants

The multiplication factors calculated by the participants are
compared for each benchmark case in Figs. 4.1 and 4.2. These
bar charts may be of help to participants to compare their
results against those of other participants.

Figures 4.3 and 4.4 as well as Tables 4.5 and 4.6 show the
difference (ratio) in percent (%) of multiplication factor of
individual cases from the average value of each benchmark case.
For example in Fig. 4.3, the bar corresponding to the results
from Belgonucleaire for Case 3 shows that the deviation is 1.1 %
larger than the average multiplication factor of Case 3.

From Figs. 4.3 and 4.4, the following are observed;

a) Results of Belgonucleaire
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The results of cases with fission products differ more than
+1.0 % from the average multiplication factor and the difference
becomes larger with the burnup value. Here, the case numbers
with fission products are 2, 3, 6, 7, 10, 11, 15, 16, 19, 20, 23,
and 24,

The multiplication factors are obtained by the ANISN code
using cross section data generated by LWR-WIMS code. The
library for LWR-WIMS is WIMS1986. In the previous Phase IA
benchmark, the LWR-WIMS code with WIMS1986 library was also used
by three participants, i.e., Belgonucleaire, AEA(Culcheth) and
AEA (Winfrith), and their results showed the same tendency as
observed here. In the calculation, no nuclide is omitted.
Therefore, it is concluded that the library is the main cause of
the difference. The following describes how the WIMS1986
library has been produced.

In the WIMS1986 library [2], the fission products are not
self-shielded but integral adjustments have been made by AEA
based on the experimental results and operation experience from
many LWRs. The integral adjustments have been performed so
that the reactivity can be estimated correctly as a function of
burnup. As a result of the integral adjustments, the capture
cross section of all fission products is reduced to 85 % of the
former WIMS1981 library.

b) Results of GRS, JINS(1l), PNC, E.M.Systems and ORNL (1)

All the above institutes have employed the SCALE-4 (Version
4.0 or 4.2) code together with 27BURNUPLIB and all results show
a deviation about -1.0 % (see Figs. 4.3 and 4.4). The
differences do not seem to depend on the presence of fission
products.

The 27BURNUPLIB library is generated from ENDF-B/4 but the
ORNL has performed another analysis, shown as ORNL(2), by using
ENDF-B/5 based library called 44GROUPNDFS. These figures show
that the ORNL(2) result has come very close to the average
values by using the 44GROUPNDF5 library. Since there are 5
SCALE-4 users in the Phase IIA benchmark, the replacement of the
SCALE-4 library from 27BURNUPLIB to 44GROUPNDF5 will reduce the
discrepancies of the multiplication factors among participants
(see also Appendix 2.1).
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c) Results of AEA, BNFL and DOT(1)

The results from these institutes have been obtained by using
the MONK-6 code. Although, slightly different libraries named
MONK6B and MONK6BTHRM were used, all these results differ by
about +1.0 % from the average values.

In order to explain this difference, Mr. Stewart of Department
of Transport, UK, has performed a complementary calculation
which is shown as DOT(2). The explanation of the difference
between DOT (1) and DOT(2) [3] is as follows:

DOT (1) represents the standard method of running MONK, and
would be the results obtained by a person carrying out the
normal calculation route. The data sets used with DOT(1l) have
been adjusted to compensate for a small underprediction of
reactivity for uranium systems, and a small overprediction for
plutonium systems. The intention is that, with this standard
data sets, MONK should not underpredict keff (nor should it
overpredict significantly). The data set can be used without
adjustment by running the MONK code in a non-standard manner.
It would not normally be acceptable to run the code using
unadjusted data, but an unpublished keyword allows this to be
done, this is how the DOT(2) results were produced. Although
the manner of running is not standard for MONK, it may be closer
to the methodology employed with other codes. It would not be
surprising if the DOT(2) results showed better comparison with
other methods than the DOT(l) results, but the DOT(l) results

will remain the normal MONK results.

d) Result of CSN

The CSN results show differences of about +1.0 % for the cases
with the fission products. The calculation has been perfoimed
by the CASMO-3 and SIMULATE-3 codes with E4LTJBY library,
however, the code does not include the fission products of Mo-95,
Tc-99 and Ru-101. These omitted nuclides are considered to be
the main reason of the difference [4].

In fact, careful investigation has been performed to compare
the CSN results both with the average results and with those of
participants using codes and methods known to CSN. As a result,

it is found that the agreement is quite good in general, but
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that CSN solutions are slightly higher for the cases with
fission products included. This is due to the fact that three
absorbent nuclides are not included in the CASMO library. To
demonstrate this, additional calculations have been performed
including the absorption of these nuclides by means of another
nuclide of similar absorption cross section. The reactivity
obtained in these cases has a deviation from other participants®
results of a similar size as that for the non-fission product

cases.

e) Results of JAERI(1l) and JINS(2)

By considering the sources of the differences described under
points a) through d), Figure 4.3 has been re-drawn as shown in
Fig. 4.5 for the purpose of a more coherent comparison. In
this figure, in fact, some results are removed, such as the
results by SCALE-4 with 27BURNUPLIB to be represented by ORNL(2),
all MONK-6 results but DOT(2) and the results of the cases with
the fission products of Belgonucleaire and CSN. All the
results but JAERI(1l) and JINS(2) show better agreement in this
figure.

The JAERI(1) and JINS(2) have the library generated from
different neutron data files, namely, JENDL-3 and ENDF-B/4
respectively; both libraries, however, are produced by using the
same processing code included in the JACS code system, named
MGCL-ACE code. Considering the facts that the 1libraries of
JAERI (1) and (2) methods are both based on JENDL-3 data file,
and the ENDF-B/4 results by SCALE have shown the negative
deviations, it is considered that the neutron data or cross
section processing codes in JACS may produce a positive bias.

After identifying the causes of the discrepancies in this way,
the deviation is expected to converge to less than * 0.5 % Ak.

f) French results (CEA/DRN and CEA/IPSN)
Calculations based on the APOLLO code are in agreement,
whether using the SN or Monte Carlo code for the RZ assembly

calculation. The CEA results are always consistent with the
average keff within 0.5 %.
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4.2 End Effect
In the report, the end effect is measured by Ak (%), defined

as:
Ak (%) = [k1 - k2] x 100

where k] and k2 are the multiplication factors of the cases with
and without burnup profile, respectively. When the value of
Ak is positive, it means that the use of burnup profile makes
the multiplication factor higher than when it is assumed to be
axially flat.

The end effect (Ak) is shown in Table 4.7 and Fig. 4.6. In
the table, both the average and the 2*G values are also given.
The 2*G values are relatively large since the Ak values are the
difference of two close values. However, the general
tendencies are clearly seen in Fig. 4.6: the end effect becomes
larger with burnup and cooling time. The fission products
have a positive Ak effect for higher burnup cases since the
accumulation of fission products is smaller at both fuel ends
than in the central region making the end region relatively more
reactive. All of the average Ak values excluding the 4.5 wt%
enrichment at burnup 30 GWd/t case, are plotted below. The

figure below shows that up to 30 GWd/t, the end effect has been
found to be less than 1.0 % Ak but for the 50 GWd/t case, the

end effect is more than 4.0 % Ak when both actinides and FPs are
taken into account, whereas it remains less than 1.0 % Ak when
only actinides are considered. Although these tendencies are
believed to be representative in general, the effects of both
neutron leakage from the system and axial asymmetry of material
composition may make a considerable difference in aspect of the
problem. This point will be studied by using a fuel cask model
in Phase IIB.
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Ak = [K(profile) - k(uniform)] x 100 (%)
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4.3 Fission Density

The fission density data provided by the participants are
displayed in Table 4.8. Some of the original data submitted
were not fission densities (fissions/cm3-s) but fission rates
(fissions/s), therefore these data have been converted into
fission densities by dividing by the volumes of the respective
region. The adjusted data for the cases 2, 6 and 19 are shown
in Table 4.9 and Figs. 4.7 to 4.9, Further, the fission rate
of each axial region is shown in Figs. 4.10 to 4.12 in which the
sum of fission rates over all regions has been normalized to one.
From these figures, it is found that the regions 1 through 4
contribute about 50 % and 70 $ of the total fissions for the 30
GWd/t case (case 6) and 50 GWd/t case (case 19), respectively.
The figure below shows the relation among the region-wise
fission rate, the burnup distribution and the fuel length for
the 50 GWd/t case. The figure also shows the importance of the
top (end) regions: in the top 40 cm region of the rod almost
70 % of total fission rate occurs. Therefore, adequate modeling
and flux convergence at both fuel ends are essential to obtain

reliable eigenvalues of highly irradiated spent fuel systems.
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Fission density distribution, fuel length and fuel
burnup distribution for the case 19 (burnup: 50 GWdAh,
initial 2°U enrichment: 5 wt%, cooling time: 1 year,
both fission products and burnup profile are included)
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5. Concluding Remarks

In the Phase IIA benchmark, infinite arrays of spent fuel
rods have been analyzed in order to study the effect of the
burnup profile on reactivity (end effect) . Comparing the 22
submitted results, the following three points need to be

remarked:

(1) Comparison of multiplication factors

The 22 results have been compared for each of the 26 cases.
The multiplication factors deviate from the average about =+
1.0 % Ak. It has been found that the deviation is mainly
caused by difference in the cross section treatment. After
identifying the causes of the discrepancies, the deviation is
expected to converge to less than * 0.5 % Ak. It should be
noted, however, that the convergence of the results does not
guarantee the absolute accuracy of the results.

In some criticality codes, the cross section 1is adjusted
intentionally so that the code should never underestimate the
multiplication factor. Although this may be justified for this
specific application of the code, the user should keep this in

mind when comparing results with other codes.

(2) End effect

The end effect becomes prominent as burnup and cooling time
increase. The fission products provide a positive component to
the end effect since the accumulation of fission products is
smaller at both fuel ends than the central region and this makes
the end region relatively more reactive.

For irradiation up to 30 GWd/t, the end effect has been found
small, i.e. less than 1.0 % Ak. However, for the 50 GWd/t case,
the end effect is more than 4.0 % Ak when both actinides and FPs
are taken into account, whereas it remains less than 1.0 % Ak
when only actinides are considered. Although these tendencies
are believed to be representative in general, the effects of
both neutron leakage from the system and axial asymmetry of
material composition may make a considerable difference in
aspect of the problem. This point will be studied in the next
benchmark exercise.

u
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(3) Fission density

Although the 40 cm regions at both fuel ends occupy only 22 %
of the total fuel volume, it is found that they contribute
almost 70 % of total fission rate of the fuel for the 50 GWd/t
case. This shows the importance of the end regions for the

criticality analysis of highly irradiated spent fuel systems.

All data from the participants and data used to produce tables
and figures in the report are available upon request in computer
readable form (stored in WINGZ format on Macintosh) for your

further analysis.
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Table 2.1 Case Numbers 1 to 26 and Various Parameters
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Case Number

1

2

3

5 6 7 8 9 10 11 12 § 13
Initial Fuel Enrichment 36 |36}36})36(36|36(36|36|36]|36]!36 3.6 | 3.6
w/0)
Burnup (GWdrt) Fresh] 10 | 10 | 10 | 10 | 30 | 30 | 30 | 30 | 30 | 30 | 30 | 30
Cooling Time (years) N/A 1 1 1 1 1 1 1 1 5 5 5 5
Fission Products N/A_ | Yes| Yes| No | No | Yes | Yes | No | No | Yes | Yes | No No
Burnup Profile N/A [Yes| No | Yes | No | Yes | No | Yes| No | Yes | No Yes | No
Case Number 14 15 16 | 17 18 19 | 20 21 22 23 24 | 25 26
Initial Fuel Enrichment || 4.5 | 4545 | 45|45 | 45| 45| 45| 45|45 45 45| 4.5
w/0)
Burnup (GWd/t) Fresh| 30 | 30 | 30 | 30 | 50 | 50 | 50 | 50 | 50 | 50 [ 50 | 50
Cooling Time (years) N/A 1 1 1 1 1 1 1 1 5 5 5 5
Fission Products N/A | Yes | Yes | No | No | Yes [ Yes| No | No | Yes | Yes | No No
Burnup Profile N/A | Yes | No | Yes| No | Yes | No | Yes | No | Yes | No | Yes No
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Appendix 1 Specification of Benchmark Problems

Burnup Credit Criticality Benchmark
Phase IIA Effect of Axial Burnup Profile

(Infinite fuel pin array in water)
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Burnup Credit Criticality Benchmark
Phase II-A  Effect of Axial Burnup Profile
(Infinite fuel pin array in water)
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OCTOBER 1993
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1. Introduction

For the criticality calculation of a spent fuel system, burnup profile of the
spent fuel needs to be considered. The effect of the axial burnup profile on
criticality will be studied in Phase Il of the Burnup Credit Criticality
Benchmark. The Phase |l will be divided by two programs, namely, Phase
II-A and Phase lI-B. In Phase II-A, the criticality calculation of an infinite
array of PWR spent fuel rods is performed to grasp the effect of axial burnup
profile (end effect) on criticality. In Phase II-B, the criticality of a spent fuel
cask will be evaluated.

It is considered that the end effect is a function of the initial fuel
enrichment, the burnup and the cooling time. The selection of these
parameter values were discussed at-meetings in Paris and at ORNL.

The selected parameters are 10, 30 GWd/t burnups for 3.6 w/o initial fuel
enrichment, 30, 50 GWd/t burnups for 4.5 w/o initial fuel enrichment, 1
and 5 years of cooling times. Further, the the effect of fission products
on the end effect is also investigated. The multiplication factors of spent
fuel systems with these combinations of parameters will be obtained by
all participants using their code and data. Here, the end effect is
measured by the difference of multiplication factors between the cases
with and without burnup distribution. .

It is expected that the results will be helpful to know the degree of
importance of the end effect in the burnup credit.  The results can be
utilized, for example, to obtain a unique Dk value of the end effect, by
which the criticality of the spent fuel system can be evaluated by
disregarding the burnup profile but employing the average burnup over
the rod then simply adding the Dk value.

The burnup profiles of spent fuels at 10, 30, 40 and 50 GWd/t have
been measured and supplied for the benchmark by Dr. A. Santamarina
and Dr. P. Albarede. The profiles are digitized to obtain region-wise
burnup values for the benchmark problem. In total, 60 sets of atomic
number densities have been prepared by Dr. M. Brady (see Appendix A).
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2. Geometry Data

The geometry of the fuel pin cell is defined by the following data. The
cell is used to obtain the multiplication factor of the infinite fuel pin array.

A. Radial dimensions (see Fig. 1)

Fuel Cell Pitch 1.33 cm
Fuel Radius 0.412cm
Cladding Inner Radius 0.412cm
Outer Radius 0.475 cm
Radial Boundary Condition Reflective

B. Axial dimensions (see Fig. 2)

Fuel length 365.7 cm
End plug(Each side) 1.75cm
Water thickness(Each side) 30.0 cm
Axial Boundary Condition Vacuum

C. Axial Fuel Modeling
There are 9 regions from top to bottom of the fuel,

Region 1 (Fuel top) 5cm
Region 2 5cm

Region 3 10 cm

Region 4 20cm

Region 5 (Central region) 285.7 cm

Region 6 20 cm

Region 7 10 cm

Region 8 5cm

Region 9 (Fuel bottom) 5cm
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3. Material Data ( at 300 K)
A. Fuel
Fresh Fuel (3.6 w/0) Number density (atoms/barn*cm)
(for Case 1 in Table 1) U-234 7.5174E-06
U-235 8.4209E-04
U-236 3.7268E-06
U-238 2.2254E-02
O 4.6215E-02
Fresh Fuel (4.5 w/0) Number density (atoms/barn*cm)
(for Case 2 in Table 1) U-234 8.4100E-06
U-235 1.0526E-03
U-236 6.4752E-06
U-238 2.2042E-02
O 4.6219E-02
The number densities of spent fuels are given in Appendix A.
B. Cladding and End plug

Zircalloy-4 Number density (atoms/barn*cm)
Cr 7.5891E-05
Fe 1.4838E-04
Zr 4.2982E-02

C Moderator

Water Number density (atoms/barn*cm)
H 6.6621E-02
O 3.3310E-02

4. Parameters and Case Numbers

In total 26 cases of multiplication factors are requested to be
evaluated. Parameters and case numbers for reference are tabulated in
Table 1.  For the cases of No FP, the following fission products should
be omitted from the nuclides listed in Appendix A.

Mo-95, Tc-99, Ru-101, Rh-103, Ag-109, Cs-133, Sm-147,Sm149,
Sm-150, Sm-151, Sm-152, Nd-143, Nd-145, Eu-153, Gd-155

For Cases 2, 6 and 19, the fission densities of Region 1 to 5 are also
requested. The fission density is defined as;
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Fission Density = JZ 9 dE (per unit fuel volume),

and the sum of fission densities of 5 regions should be nomalized to
unity, i.e.,

Re gion
Z Fission Density of Regioni = 1.0.
i=1~5

5. Requested Information and Results

Please forward the results by an electronic mail to Dr. Takano at
JAERI. The e-mail is the most convenient way for us to receive your data.
Please avoid sending the results by a diskette. In Phase-IA, we had
many problems in handling diskettes recorded by various PCs since we
have no full IBM PC compatible in our laboratory. However, the results
recorded as a text file on a 3.5 inch HD diskette of Macintosh or MSDOS
may be also accepted.

Line No. Contents
1 Date
2 Institute
3 Contact Person
4 E-mail address or Telefax Number of the contact person
5 Computer Code
6 to 31 Multiplication Factors of Cases 1 to 26

32 to 36 Fission densities from Region 1 to 5 of Case 2
37 10 41 Fission densities from Region 1 to 5 of Case 6
42t046  Fission densities from Region 1 to 5 of Case 19

47~ Please describe your analysis environment here. It will
be included in Phase IlIA report The description should
include;
Institute and Country,
Participants,

Neutron data library,
Neutron data processing code or method,



6. Schedule

Mid October
Mid January
Mid March
End March
End April
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Neutron energy groups,

Description of your code system,

Geometry modeling (3-D , 2-D etc.),

Omitted nuclides if any.

Employed convergence limit or statistical errors for
eigenvalues

Other related information.

Distribution of the specification
Results should be sent to JAERI
Distribution of draft report Phase-lIA
Comments to draft report Phase lIA
Final draft of Phase IIA for NSC



( Reflective Boundary Condition )
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( Reflective Boundary Condition )

Light Water

¢ =0.475¢cMm

Cladding
(zircalloy-4)

( Reflective Boundary Condition )

1.33 cm

Fig.1 Radial Dimensions

( Reflective Boundary Condition )

1.33 cm
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(Vacuum Boundary Condition)

Water 30cm ¢

EndPlug 1.75cm
Fuel Region-1 5cm

Fuel Region-2 5cm

Fuel Region-3 10 cm

Fuel Region-4 20 cm

|t ||t et D

WATER

Fuel Region-5 285.7 cm

Fuel Region-6 20 cm

Fuel Region-7 10 cm

Fuel Region-8 5cm

Fuel Region-9 5cm
EndPlug 1.75cm

Water 30cm

| — | — <t Pl (P}t >‘<

(Vacuum Boundary Condition)

Fig.2 Axial Dimensions
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Appendix A
Atomic Number Densities

of Spent Fuels

Prepared by Dr. M. Brady
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INFORMATION REGARDING THE CALCULATION
OF ORIGEN-S/SAS2H ISOTOPICS TO GENERATE

THE SPENT FUEL ATOMIC NUMBER DENSITIES FOR PHASE II A
PWR assembly design description for tabulated cases

Parameter Data

Assembly general data

Designer Westinghouse
Lattice 17 x 17
Water temperature, 570 K

Water density, av, g-cm-3 0.7295
Soluble boron cycle av, ppm (wt) 550

Number of fuel rods 264

Number of guide tubes 24

Number of instrument tubes 1

Fuel rod data
Type fuel pellet U02

Fellet stack density, % TD 94.5

Rod pitch, cm 1.25984
Rod OD, cm 0.94966
Rod ID, cm 0.83566
Pellet diameter, cm 0.81915
Active fuel length, cm 365.8
Effective fuel temperature, K 811

Clad temperature, K 620

Clad material Zircalloy

Guide tube data

Inner radius, cm 0.5715
Outer radius, cm 0.61214
Tube material Zircalloy
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Operating History Data and Fuel Isotopic Content of PWR Cases

Specific Power: 40 kW/kgU

Case Descriptions:

Case 1 - 4 cycle depletion of 3.6 wt% U-235 fuel assembly to 14 GWd/MTU
Cycle 1 Cycle 2 Cycle 3 Cycle 4

Burnup (GWd/MTU) 3 3 4 4
Uptime (Days) 75 75 100 100
Downtime (Days) 0 0 0 62.5

Case 2 -~ 5 cycle depletion of 3.6 wt% U-235 fuel assembly to 50 GWd/MTU

Uniform cycles with the following cycle data:

Burnup (GWd/MTU) 10
Uptime (Days) 250
Downtime (Days) 62.5
Case 3 - 6 cycle depletion of 4.5 wt% U-235 fuel assembly to 60 GWd/MTU

Uniform cycles with the following cycle data:

Burnup (GWd/MTU) 10
Uptime (Days) 250
Downtime (Days) 62.5

Uranium Content (wt$%)

3.6 wt% U-235 4.5 wts U-235
U-234 0.032 U-234 0.0358
U-235 3.600 u-235 4.5000
U-236 0.016 U-236 0.0278
U-238 96.352 U-238 95. 4364
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Notes on how the nuclide concentrations were obtained:

The nuclide concentrations for the 3.6 wt% 10 GWd/MTU assembly
were obtained from Case 1. The concentrations for the 3.6 wt% 30 and
40 GWd/MTU assemblies were obtained from Case 2. The
concentrations for the 4.5 wt% 30 and 50 GWd/MTU assemblies were
obtained from Case 3. The SAS2 multi-cycle depletions saved nuclide
concentrations at the end of each cycle prior to downtime in a single
dataset (e.g., the 4.5 wt% depletion saved concentrations at 10, 20, 30,
40, 50 and 60 GWd/MTU). A utility program then interpolated on the
values saved at these burnups to obtain the nuclide concentrations at
the specified burnups for each axial region and for the assembly average
burnup. (Since the assembly average burnups are consistent with the
burnups where concentrations were saved, these interpolations are
trivial but convenient.) The interpolated concentrations were then input
to ORIGEN-S, where they were decayed for 1 year and 5 year cooling
times. The concentrations for each axial region of a fuel assembly are
taken from a single SAS2 multi-cycle depletion by interpolating between
different cycles in the depletion. The result of this method is that the
nuclide concentrations for the lower burnup regions at the end of the
assemblies are generated at the same specific power as the higher
burnup region in the center of the assembly. In our judgment, the
effects of this approximation on k-eff are minor. The assembly average
nuclide concentrations are based on the assembly average burnup, not
on a volume-weighted average of the axial region concentrations. The
assembly average burnup is already volume-weighted, and this method
is consistent with the way that concentrations would be generated for
an axially uniform assembly average analysis.
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Appendix B
Bumup Profiles

(10, 30, 40 and 50 GWd/t)

Prepared by Dr. A. Santamarina
and
Dr. P. Albarede
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Appendix 2 Additional Analyses Dby Participants

Appendix 2.1 Report from ORNL
Summary of Results for Burnup-Credit Criticality Benchmark
Phase IIA

(Attachments 1 and 2 are omitted)
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February 2, 1994

Summary of Results for Burnup-Credit Criticality Benchmark
Phase II-A

M. D. DeHart
Oak Ridge National Laboratory*
USA

Introduction

Oak Ridge National Laboratory (ORNL) Phase II-A benchmark calculations (as
per NEA/NSC/DOC(93)15, Rev. Oct. 1993] to study the effect of axial burnup
profiles have been completed. Results were generated using a configuration-
controlled production version of SCALE 4.2 on an IBM RS/6000 with two
different SCALE broad-structure cross-section libraries: the 27BURNUPLIB
library and the recently developed 4GROUPNDE5 library. 27BURNUPLIB,
used by ORNL for most burnup-credit activities to date, is a 27-group library of
ENDEF/B-IV cross-sections, although most fission product cross-sections were
obtained from pre-release ENDF/B-V data. 44GROUPNDEFS, a 44-group
ENDF/B-V based cross-section library, has been specifically developed for the
use in criticality analysis of LWR-type spent fuel assemblies. This summary
reports the calculated results, provides a discussion of the trends observed,
and briefly proposes preliminary explanations for the trends.

Results and Discussion

Calculations were performed for all of the 42 cases originally proposed in the
first draft of the Phase II-A benchmark specifications. Although many of
these benchmarks were deleted from the final specification, these additional
results are included in this report because they were readily available, and
may help in the investigation of trends. The results provided electronically
(see Attachments 1-2) to the Phase II-A problem coordinator, Dr. M. Takano of
JAER], are formatted as requested and include only the 26 cases of the final
Phase II-A specification.

The Monte Carlo code KENO-V.a, a module of the SCALE 4.2 system, was
used to perform the criticality calculations. The KENO geometry was based
Oon a three-dimensional half-length fuel pin, taking advantage of symmetry at
the axial midplane. All calculations were based on 500 generations with 1000
neutrons per generation, for a total of 500,000 histories. Because of the

*Managed by Martin Marietta Energy Systems, Inc., under contract DE-ACOS-
840R21400 with the U. S. Department of Energy.
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stochiastic nature of the calculations, all values of keff have an associated
uncertainty, ranging from *0.0007 to £0.0011.

Results from both sets of calculations are given in Tables 1 (44-group library)
and 2 (27-group library). Note that while ke values obtained using the 27-
group library are lower than those based on 44-group cross-sections (as was
expected based on other comparisons of the two libraries), both sets of results
illustrate the same trends. Further, the relative differences between corres-
ponding cases with and without the burnup profile are essentially the same
for both sets, within the uncertainty of the individual results. Thus
calculation of the profile effect for a given set of isotopics is not sensitive to
changes between ENDF/B-IV and ENDF/B-V cross-section data. The
following trends were observed in both sets of results.

e For low burnups, the effect of the use of the burnup profile gives a smaller
value of ke. than the corresponding case with averaged burnup. For high
burnups, however, the use of the burnup profile gives a larger value of ke
than that calculated with averaged burnup. In other words, Akaxial

(= Keo, burnup profile - Koo, averaged pmme) is negative for low burnup fuel and
positive for high burnup fuel. (Akaxial is @ measure of the error in the
averaged-burnup model relative to the axial-burnup model.)

e The cross-over point where use of the axial burnup profile is the same as
use of the constant (axially averaged) distribution (Akaxial = 0) occurs at
about 25 GWd/t burnup for 3.6 wt. % enriched fuel and 1 year cooling
time, and between 30 and 35 GWd/t burnup for 4.5 wt. % enrichment and
1 year cooling time. Thus, the cross-over point appears to increase with
increasing initial enrichment.

e The cross-over point occurs at a lower exposure for a greater cooling time.
Increasing the cooling time from 1 year to 5 years caused the cross-over
point to decrease to 20 GWd/t for 3.6 wt. % fuel, and between 25 and 30
GWD/t burnup for 4.5 wt. % fuel.

e When fission products are not included, Akaxial 1s small and close to zero
for all exposures and cooling times.

e The trend for Akaxjal to increase with burnup appears to be non-linear.

Assuming that both the axial-burnup and averaged-burnup cases would have
similar ke values for very low burnup, then Akaxial would be very close to
zero. This suggests that there is an initial decrease in Akaxjal as burnup
increases, followed by a leveling off and then increase in Akaxial with further
exposure. This is illustrated by the Figure 1, which shows the projected
behavior of Akaxial as a function of burnup for both 3.6 and 4.5 wt. %
enriched fuel and for 1 and 5 years cooling time. The curves are cubic spline
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fits to the limited data available, and are not necessarily an accurate
representation of the behavior of Akaxia] with exposure.

Normalized fission power densities for cases 2, 6, and 19 were also requested
in the final benchmark specification. The fission power densities for these
cases are shown in Figure 2. For case 2 (3.6 wt. %, 10 GWd/t, 1 y cooling time),
the fission density profile strongly resembles a nominal axial flux profile,
indicating little burnup effect. However, for cases 6 (3.6 wt. %, 30 GWd /t, 1 y
cooling time), and 19 (4.5 wt. %, 50 GWd/t, 1 y cooling time), the effect of
burnup is obvious: depleted fuel and burned-in fission products and actinide
absorbers significantly reduce the fraction of fissions occurring near the center
of the fuel pins, making end regions more significant.

Note that Akaxial increases with increased depression of fission in the center
of the fuel for each of the above cases. This behavior suggests that a
relationship may exist between the end/center fission density ratio and
Akaxial. By approximating the “end region” fission density as the simple
average of the fission densities in regions 1-4 of the fuel rod model and
assuming the “center region” of the fuel rod is represented by region 5 of the
model, one can estimate the ratio of the end-to-center fission densities for
each case. Figure 3 shows the end/center ratio plotted as a function of Akayial
for each of the 20 cases which were based on a burnup profile (half of the 40
exposed-fuel cases given in the draft specification). The cases were separated
into those containing fission products and those which omitted fission
products. Clearly, there is a trend for Akayia] to increase with an increasing
end/center fission density ratio. Additionally, it appears that the end/center
ratio is significantly decreased when fission products are removed, thus
AKaxial is reduced in such cases. Actinide absorbers also affect Akaxial, but to a
lesser extent. The error in the use of an averaged-burnup model is due to its
inability to properly predict axial variation in fission densities due to the
production of parasitic absorbers.

Conclusions

In a no-axial-burnup model, fission products are evenly distributed, and
fission densities will remain concentrated near the center region of the rod,
giving increased weight to fission product absorption. The results discussed
above indicate that the use of an averaged-burnup profile in criticality
analysis provides an overprediction of ke for low-burnup fuel assemblies.
This is most likely due to the fact that in the burnup-profile model, fission
products are more concentrated near the axial center of the fuel, which is the
dominant fission region at low burnup. However, for increasing burnup, the
fission density distribution moves outward toward the ends of the fuel rod (as
indicated in Figures 2 and 3), where parasitic absorber concentrations are
reduced. Hence, a no-axial-burnup profile approximation will underpredict
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k.. due to overestimated absorption for burnups high enough to have
appreciable parasitic absorption.

Finally, calculations performed using both ENDF/B-IV and ENDF/B-V cross-
section libraries demonstrate that the effect of the use of the axial profile is
independent of the use of either generation of ENDF/B data.
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Appendix 2.2 Additional Figures from Toshiba
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Appendix 3 Documents on Phase IIA Presented

at 1994 Meeting in Paris

Appendix 3.1 Preliminary Results (Figurés and Tables)
*Revised*,

JAERI
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Burnup Credit Criticality Benchmark
Phase II-A Effect of Axial Burnup Profile
~ (Infinite fuel pin array in water)

PRELIMINARY RESULTS
(FIGURES AND TABLES)
*REVISED *

Makoto TAKANO
JAERI
Fuel Cycle Safety Dep.
Tokai, Ibaraki, Japan 319-11

11~13 July 1994

"E-mail address; Internet takano@s4a.tokai.jaeri.go.jp
Telefax (81)-292-82-6479
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Fig.4.1 Comparison of Mutiplication Factors from Participants
(3.6 w/o Initial Fuel Enrichment)
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Fig.4.1 (Continued)
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Fig.4.5 Effect of Burnup Profile in delta k (%)
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Fig.4.5 (Continued)
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Appendix 3.2 PSI Calculation for NEA Burnup Credit
Criticality Benchmark, Phase IIA

PSI
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Appendix 3.3 The Effect of Axial Burnup Profile,
CEA/DRN
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OECD/NEA Criticality Group Meeting
Paris 11-13 July 1994

The Effect of the Axial Burnup Profile
OECD Burnup Credit Criticality Benchmark - Phase ITA

B. ROQUE, A. SANTAMARINA_ J.C. ESTIOT

C.E.A./DRN - Cadarache, 13108 Saint-Paul-Lez-Durance, France

ABSTRACT

The effect of the actual axial burnup profile in PWR assemblies on fuel cycle
criticality is studied in the Phase II of the Burnup Credit (BUC) Criticality Benchmark.
Results of the Phase IIA, corresponding to an infinite array of PWR spent fuel rods, are
presented in this paper. Axial flux distributions, with the flat BU model and with the actual

burnup profile, are analyzed and provide elements for understanding the Keff values.
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I TRODUCTION

Today the neutron capture of F.P. are not accounted for in safety-criticality
calculations of transport casks, storage and dissolvers.

The concept of allowing reactivity credit for spent fuel offers both economic and
risk incentives. As an example burnup credit may potentially increase cask capacity by as much
as 2 [1] ; increased cask capacity means fewer spent fuel shipments, which lowers costs and
increases safety. In reprocessing plants, accounting for burnup credit enables the operator to
avoid the use of Gd soluble poison in the dissolver and reduces mass limitations in dissolver
loading [2].

For the criticality calculation of a spent fuel system, burnup profile of the spent fuel
needs to be considered.

The effect of the axial burnup profile (end effect) on criticality calculations of spent
fuel storage and casks is studied in Phase IT of the OECD Benchmark on Burnup Credit
Criticality.

The Phase II is divided in two programs :

- Phase I1.A [3], devoted to the criticality calculation of an infinite array of PWR
burnt fuel rods, is performed to grasp the effect of axial burnup profile on
criticality.

- Phase ILB will assessed the criticality of actual spent fuel casks [4].

This paper presents the CEA results based on the deterministic calculation route.
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1. LCULATION ROUTE

The calculations were performed using the French APOLLO-BISTRO

deterministic calculation scheme used in criticality studies [5].

The fuel pin cell (figure 1) was computed using the APOLLO1 transport code,
which solves the Boltzmann Integral equation by the Collision Probability Method in a
multigroup model [6]. The "CEA-86" 99-group library [7], based on the JEF1 file and CEA

evaluations, was used.

All BUC nuclides are accounted for in the spent fuel calculations : U, Pu, Np and
Am isotopes are described, as well as the 15 selected F.Ps Mo-95, Tc-99, Ru-101, Rh-103,
Ag-109, Cs-133, Sm-147, Sm-149, Sm-150, Sm-151, Sm-152, Nd-143, Nd-145, Eu-153, Gd-
155.

The 2D-transport calculations (figure 2) were carried out using the efficient
BISTRO Sy code [8] : 15 energy-group collapsed cross-sections from APOLLOl were
automatically handled by BISTRO for the RZ calculations in a S1g quadrature. Anisotropic
scattering is accounted by means of a P1 Legendre polynomial expansion. A refined axial mesh
Az =1 cm was implemented in order to detail the flux gradient at the fuel/reflector interface.

m. CALCULATION RESULTS

The end effect is a function of the initial fuel enrichment, the burnup and the
cooling time.

The selected parameters of benchmark Phase ITA are [3] :
- 3.6% and 4.5% w/o initial enrichment,
- 10 and 30 GWd/t burnups (3.6% enriched fuel),

- 30 and 50 GWd/t burnups (4.5% enriched fuel),
- 1 and 5 years of cooling times.

Moreover, calculations are run with and without Fission Product in order to

investigate the F.P. role on the end effect.
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The Keff calculated values of the various PWR cases (radial infinite array) are
summarized in Table 1.

The effect of the axial burnup profile on BUC reactivity is assessed through the
result comparison between multiplication factor calculations with a flat burnup distribution and

Keff calculations with the actual burnup distribution.

IV. RESULT ANALYSIS AND AXTAL BURNUP PROFILE EFFECT

The Reactivity loss, corresponding to Burnup Credit, is :
BUC = | Ap| = p(BU) - p(fresh)

The reactivity variation is defined as Aszn——fm—al and expressed in pcm
initial
(10-5).

Table 2 summarizes the BUC reactivity versus burnup for cooling time T = 1 year.
This table shows the high level of burnup credit, which amounts to (at BU = 30 GWd/t) :

IAp | =23510 pem (Actinide depletion + 15 F.P)
1Y
lAp | = 15330 pcm  (without F.P)

Table 2 points out that the simplified BUC calculations, with the flat average
burnup distribution, give conservative values up to BU=30GWd/t. For higher burnups the
flat burnup model overestimates the BUC reactivity worth (+9% at BU =50 GWd /1), and the
actual axial burnup profile should be accounted for in BUC calculations of PWR assembly
casks and storage.

The mismatch in the assembly Keff values, between the flat burnup calculation and

the exact axial burnup calculation, arises from the corresponding axial flux shape :

- in the flat average burnup model, due to the homogeneous composition of the

assembly, the axial flux is a cosine (see figure 3),
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- in the exact calculation, the axial flux .is already flattered at BU=10GWd/t as
shown in figure 4. With higher burnups, two peaks of the neutron flux are
éppearing close to the bottom and the top of the fuel rods, i.e. Z =% 160 cm from
the middle plane (see figure 5 corresponding to a 3.6% enriched PWR assembly
irradiated at BU =30 GWd / t, and figures 6, 7 corresponding to a 4.5% enriched
assembly irradiated up to 30 GWd/t and 50 GWd/t respectively).

In agreement with the specifications of the benchmark [3], the axial fission rates
integrated over the 5 fissile volumes (see fig. 2) are given in Table 3. The results stress the
neutronic weight increase of the fuel pin extremity with the assembly exposure.

V. CONCLUSION

The effect of the assembly axial burnup profile in burnup credit calculations was
investigated. Due to a strong shift of the flux towards the fuel pin extremities with increasing
burnup, the simplified flat burnup model is not suited to burnup credit calculations of PWR
casks and storage for highly irradiated assemblies, i.e. BU>30GWd /t.
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Table 1 PWR assembly Keff values from 2D-calculations

CASE N° B.U. Cooling Time B.U. Keffectif
Profile

1 0 year 0 GWi/t 1.4373
2 Yes 1 year 10 GWj/t 1.3062
3 No 1 year 10 GWj/t 1.3140
4 (No F.P) Yes 1 year 10 GWj/t 1.3629
5(NoF.P) No 1 year 10 GWj/t 1.3688
FUEL 3.6% 6 Yes 1 year 30 GWj/t 1.1362
7 No 1 year 30 GWi/t 1.1320
g (No F.P.) Yes 1 year 30 GWj/t 1.2330
9 No E.P.) No 1 year 30 GWi/t 1.2418
10 Yes 5 years 30 GWj/t 1.1152
11 No 5 years 30 GWj/t 1.1035
12 (No F.P.) Yes 5 years 30 GWj/t 1.2183
13 No F.P.) No 5 years 30 GWi/t 1.2250
14 0 year 0 GWj/t 1.4831
15 Yes 1 year 30 GWij/t 1.1987
16 No 1 year 30 GWj/t 1.2001
17 (No F.P.) Yes 1 year 30 GWj/t 1.2973
18 (No F.P.) No 1 year 30 GWj/t 1.3059
19 Yes 1 year 50°GWj/t 1.0824
FUEL 4.5% 20 No 1 year 50 GWj/t 1.0535
21 (No F.P.) Yes 1 year 50 GWj/t 1.2000
22 (No F.P.) No 1 year 50 GWj/t 1.1977
23 Yes 5 years 50 GWj/t 1.0548
24 No 5 years 50 GWj/t 1.0075
25 (No F.P.) Yes 5 years 50 GWj/t 1.1815
26 (No F.P.) No S years 50 GWj/t 1.1733
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Table 3 Integrated axial fission rates versus assembly exposure

INTEGRATED | NORMALISED FISSION
FISSION RATE DENSITY
CAS ZONE | Fi=[[x,®dEdV AL
) E Vi. (Ftoy )
with ) Fi=1 Vot
1 0.0142 0.5186
2 0.0161 0.5877
2 3 0.0434 0.7937
B.U=10 GWd/t 4 0.1117 1.0217
5 0.8146 1.0426
1 0.0549 2.0060
2 0.0588 2.1508
6 3 0.1412 2.5828
BU=30 GWd/t| 4 02736 2.5010
5 0.4715 0.6036
1 0.0857 3.1361
2 0.0883 3.2290
19 3 0.1974 3.6102
B.U=50 GWd/t| 4 0.3247 2.9682
5 0.3039 0.3889

—1563—




( Reflective Boundary Condition )

JAERI—Research 96—003

( Reflective Boundary Condition )

Light Water

( Reflective Boundary Condition )

1.33 cm

Fig.1 Radial Dimensions
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(Vacuum Boundary Condition)

Water 30 cm i

End Plug 1.75cm
Fuel Region-1 5cm

Fuel Region-2 5cm

Fuel Region-4 20 cm

Fuel Region-3 10 cm %
A

WATER

Fuel Region-5 285.7 cm

FUEL

Fuel Region-6 20 cm

Fuel Region-7 10 cm

it Pt |

Fuel Region-8 5 cm

Fuel Region-9 5 cm
End Plug 1.75cm

Water 30 cm

(Vacuum Boundary Condition)

Fig.2 Axial Dimensions
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Fig.4 Axial flux distribution in the 10 GWd/t PWR assembly
(with BU profile: case n°2)
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Appendix 3.4 Comparison of SCALE-4 CSAS Modules for
Criticality Calculations,

PNC
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Comparison of SCALE-4 CSAS Modules

for Criticality Calculations

of an Infinite Array of PWR Spent Fuel Rods

Ichiro NOJIRI, Yasuhiro FUKASAKU, Osamu NARITA

PNC Tokai Works, Japan

Selected CSAS modules for Calculations

CSASN - CSAS25

BONAMI - S

NITAWL - I

CSAS25

NITAWL - 1|

KENO V.a

CSASI - WAX - KENO V.a

BONAMI - S

NITAWL - I

KENO V.a
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( Reflective Boundary Condition )
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Calculation Model ( Yes Burnup Credit)

Calculation Results of Neutron Multiplication Factor for Each Case

Intial Fuel
Enrichment

3.6Wt%

4.5wt%

Case CSAS25 CSASN-CSAS25 | CSASI-WAX-KENO-V.a
Keff £ ¢ Keff + o Keff £ o
2 1.328 ® 0.0016 1.294 £ 0.0015 1.294 = 0.0016
4 1.374 £ 0.0017 1.347 £ 0.0015 1.352 + 0.0017
6 1.186 = 0.0019 1.127 £+ 0.0015 1.119 & 0.0015
8 1.274 + 0.0017 1.226 = 0.0015 1.224 &+ 0.0015
10 1.166 & 0.0017 1.102 £ 0.0016 1.104 £ 0.0016
12 1.255 * 0.0018 1.211 & 0.0017 1.208 % 0.0016
15 1.264 + 0.0019 1.201 = 0.0017 1.201 % 0.0017
17 1.343 £ 0.0018 1.295 + 0.0016 1.289 = 0.0016
19 1.138 £, 0.0020 1.070 &= 0.0017 1.076 *+ 0.0019
21 1.247 £ 0.0019 1.191 &£ 0.0017 1.187 * 0.0017
23 1.111 & 0.0020 1.046 = 0.0017 1.047 + 0.0018
25 1.234 *+ 0.0019 1.175 %+ 0.0017 1.171 &= 0.0017
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Appendix 4 List of Participants

Burnup Credit Criticality Benchmark: Phase IIA
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