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of the BN-600 Benchmark

This work aims to assess the capabilities of reactor physics
codes (initially validated for thermal reactors) to simulate fast
sodium cooled reactors. The BFS-62-3A critical experiment
from the BN-600 Hybrid Core Benchmark Analyses was cho-
sen for the investigation. Monte-Carlo codes (KENO from
SCALE and SERPENT 2.1.23) and the deterministic diffusion
code DYN3D-MG are applied to calculate the neutronic pa-
rameters. It was found that the multiplication factor and reac-
tivity effects calculated by KENO and SERPENT using the
ENDF/B-VIILO continuous energy library are in a good agree-
ment with each other and with the measured benchmark values.
Few-groups macroscopic cross sections, required for DYN3D-
MG, were prepared in applying different methods implemented
in SCALE and SERPENT. The DYN3D-MG results of a sim-
plified benchmark show reasonable agreement with results
from Monte-Carlo calculations and measured values. The for-
mer results are used to justify DYN3D-MG implementation
for sodium cooled fast reactors coupled deterministic analysis.

Untersuchung der Berechnung schneller Reaktoren mit reak-
torphysikalischen Programmen am Beispiel des BN-600
Benchmarks. Dieser Beitrag untersucht die Anwendbarkeit
von reaktorphysikalischen Programmen, die fiir thermische
Reaktoren validiert sind, fiir schnelle Natriumgekiihlte Reakto-
ren. Dazu wurde das Experiment BFS-62-3A der BN-600
Hybrid-Core Benchmarkanalysen ausgewdhlt und nachgerech-
net. Dazu wurden Rechnungen mit den Monte-Carlo-Codes
KENO von SCALE und SERPENT 2.1.23 und dem determi-
nistischen Diffusionsprogramm DYN3D-MG durchgefiihrt
und die Ergebnisse verglichen. Es zeigte sich, dass der Multi-
plikationsfaktor und die Reaktivititseffekte, die mit KENO
und SERPENT unter zur Hilfenahme der ENDF / B-VIIL0
Bibliothek gut untereinander und gut mit den Messwerten
iibereinstimmen. Fiir die Berechnungen mit DYN3D-MG miis-
sen Gruppen makroskopischer Querschnitte vorab berechnet
werden. Diese Daten wurden mit SCALE und SERPENT un-
ter Anwendung unterschiedlicher Methoden, bestimmt. Die da-
mit durchgefiihrten DYN3D-MG Ergebnisse eines vereinfach-
ten Benchmarks zeigten eine gute Ubereinstimmung mit den
Ergebnissen der Monte-Carlo-Rechnungen und mit den Mess-
werten. Aus diesen Ergebnissen wird abgeleitet, dass Anwen-
dung von DYN3D-MG bei natriumgekiihlten schnellen Reak-
toren moglich ist.
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1 Introduction

Several liquid metal-cooled fast reactor projects are under
development (ASTRID, MYRRHA, ALFRED, BN-800,
BREST-300, SVBR-100 etc.). Therefore it is important to per-
form independent safety assessments of such systems. The
main goal of this work is to check the capabilities of SCALE
[2], SERPENT [3] and DYN3D [4] reactor physics codes,
which are originally validated for thermal reactors [3, 5], to
simulate fast reactors.

The BFS-62-3A critical experiment from the BN-600 Hy-
brid Core Benchmark Analyses was chosen for the study [1].
The benchmark was designed to simulate BN-600 hybrid
modified core project. The main difference from the operat-
ing BN-600 core is the significant amount of MOX fuel and
an axial steel reflector. In the experiment, several neutron
physic characteristics were measured: effective multiplication
factor, control and safety rods weight, axial and radial reac-
tion rate distributions, and Sodium Void Reactivity Effect
(SVRE).

A two-step approach was used for the benchmark analysis.
The first step included the comparison of Monte-Carlo codes
(KENO-VI from SCALE6.0 and SERPENT 2.1.23) using
the continuous energy cross sections based on ENDF/B-
VIIL.O evaluated data. The “as build” model with minor simpli-
fications was used for Monte-Carlo calculations. The second
step aimed to assess the effect of model and method simplifi-
cation. The deterministic DYN3D-MG code was used to cal-
culate the “simplified” benchmark core with homogenized
elements. SCALE and SERPENT codes were used to pro-
duce problem depended few-groups macroscopic cross-sec-
tions. Different methods of cross section processing and col-
lapsing were tested. In order to evaluate the effect of model
simplification on DYN3D-MG results, Monte-Carlo calcula-
tion results obtained with SERPENT and KENO were used.

2 Description of the referenced benchmark core

The BFS-62-3A is a part of series of critical experiments con-
ducted by the Russian Institute of Physics and Power Engi-
neering (IPPE) in support to the disposal of Russian surplus
weapons plutonium in the commercial fast reactor BN-600.
The benchmark is a representation of BN-600 hybrid core
with about 20 % of uranium fuel rods replaced by MOX fuel
rods (Fig. 1). Each subassembly is composed of one steel tube
surrounded by 6 stainless steel sticks arranged within a hexa-
gonal lattice with a pitch of 5.1 cm. Each tube is axially com-
posed of fuel and structural material pellets with a diameter
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of 4.7 cm. There are three fueled regions in the core: Inner
Core (IC), Middle Core (MC) and Outer Core (OC), consist-
ing of UO2 fuel with different enrichments. The core layout is
shown in the Fig. 2. The core is surrounded by radial and axial
blankets consisting of depleted uranium dioxide. Moreover, a
120° sector of the radial blanket outside the core has been re-
placed by stainless steel, with naturally enriched boron car-
bide being located behind this sector. Also different sodium
pellets were used in the 120° sector of fuel zones. The old
ones, so called “green pellets”, containing some amount of
hydrogen, are outside. The new ones, so called “laser pellets",
free of hydrogen, are inside the 120° sector. A MOX fueled
zone has been added like a ring between the Middle Core
and Outer Core zones. Six control rods and six safety rods
mock-ups are located in the inner zone. Twelve other control
rods are located between inner and middle core. Fuel zones
are axially surrounded with blanket and steel reflector.

3 Precise modeling with Monte-Carlo

3.1 Multiplication factor

The critical calculation results are shown in the Table 1. The
results obtained with MMKKENO and MCNP from ref. [6,
7] were listed for comparison. The reactivity effects and mul-
tiplication factor are in a good agreement with experimental
data. According to ref. [7], several MCNPS5 calculations using
different nuclear libraries (ENDF/B-VILO, ENDF/B-VIL.1,
JEFF-3.1.1, BROND-3, JENDL-3.3) were performed. The
overall comparison of Monte-Carlo calculations shows that
the differences in continuous energy cross sections affect crit-
ical calculations less than the uncertainty in input data. The
total modeling uncertainty effect on critical calculations was
studied by IPPE [1] and appeared to be around 300 pcm for
the multiplication factor. The amount of Monte-Carlo neu-
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Fig. 1. Example structure of BFS subassembly
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Fig. 2. BFS-62-3A core layout
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tron histories were chosen to obtain less than 5 pcm deviation
for multiplication factor (200 million neutron histories were
used in KENO, 300 million in SERPENT).

As far as KENO and SERPENT critical calculations are in
a good agreement (same input data was used for both codes),
it may be assumed that continuous energy cross section pro-
cessing in both codes are consistent for the referenced bench-
mark problem. Difference with MCNP is approximately in
range of input data uncertainty calculated by IPPE. The dif-
ference with measured value is around 100 pcm which is in
agreement with MCNP and MMKKENO calculations.

3.2 Control and Safety rods worth

The control and safety rods worth was calculated with KENO
for further validation of ENDF/B 7.0 continuous energy li-
brary. The Table 2 shows the results obtained. In the BFS-62-

3A experiment, five control rod and two safety rod mock-
ups were inserted in the core, only one at a time, leading to
core reactivity reductions between 45 and 95 cents, depending
on the position of the inserted control/safety rod. The value of
Besr = 0.00617 from [6] was used to convert benchmark values
of rod weights and SVRE in pcm.

3.3 Sodium Void Reactivity Effect

The BFS-62-3A experiment included an analysis of SVRE. In
particular, sub-zones of the four core regions containing “la-
ser” Na pellets were separately voided. The corresponding ef-
fects on the effective multiplication factor were measured.
The sodium void effect is experimentally negative for all the
four regions and simulations are in quantitative agreement.
The Table 3 summarizes the measured values and results.

Table 1. Calculated multiplication factors and comparison to measured value

Library used Multiplication factor Deviation from measured value, pcm
Measured value 1.0007 + 0.003
KENO ENDEF/B-VILO0 1.0014 72
SERPENT ENDF/B-VILO0 0.9997 -101
MCNP5 ENDF/B-VIILO 1.0069 615
MCNP5 ENDF/B-VII.1 1.0059 516
MCNP5 JEFF-3.1.1 1.0068 605
MCNPS5 BROND-3 1.0053 457
MCNP5 JENDL-3.3 0.9993 140
MMKKENO ABBN-93 1.0018 109
Table 2. Calculated control and safety rods weights [pcm]
KENO (SCALES®6.0) MMKKENO MCNP5 Measured value
CR 1-3 =27 -36 - -34+1
CR 1-6 -36 -34 -36 34 +1
CR 3-5 -23 -29 - -28+1
CR3-11 -33 -28 - 28 + 1
SR 2-2 —45 -56 -62 -59+2
SR 2-5 -67 =55 - 542
Table 3. Calculated SVRE [pcm]
KENO (SCALES6.0) MMKKENO MCNP5 Measured value
Inner core -36 =73 - -57+3
Middle core -13 -19 2 -15+2
Outer core —43 —-48 -38 -32+2
MOX core =71 -33 -60 -71+3
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4 Model simplifications for deterministic analysis

4.1 Simplified model

In the “simplified model” appropriate for deterministic meth-
ods, the rod structure is represented as a single homogeneous
cell. The simplified model geometry is described in accor-
dance with IAEA homogeneous BFS-62-3A benchmark [8]
but homogenized material compositions were calculated in
accordance with full scale Monte-Carlo model. Every steel
tube with corresponding pellet composition and surrounding
dowels is homogenized in hexagonal shape with 5.1 cm pitch.
The axial dimensions are adjusted in order to fix the same
height for every assembly element (fuel zones; blankets; stain-
less steel shield and support layer, see Fig.3). The bottom
part of the support layer, grid plate and upper part of the
tubes are removed.

4.2 Cross sections processing methods

Results obtained with deterministic methods are significantly
affected by few-group cross section processing methods. The
difference between homogeneous and heterogeneous critical
calculations (heterogeneous effect) also affects the results.
To reduce the heterogeneous and group structure effects,
problem dependent cross section libraries are required. The
first way is to prepare homogenized isotopic composition for
corresponding cross sections processing (homogeneous cross
sections). The 2-D neutron code NEWT (SCALE) was used
to collapse SCALE 238-group ENDEF/B-VIIL.( library into
28 groups and to prepare homogeneous macroscopic cross
sections. To perform resonance corrections continuous energy
spectrum is used. Another cross sections set was prepared
with SERPENT by collapsing continuous energy ENDF/
B-VII.O library.

The second way (performed only with NEWT) is to prepare
cross sections for the heterogeneous case and to homogenize
these cross sections using a weighting function (homogenized
weighted cross sections). This method assures preservation of
reaction rates in homogenized model which reduces the het-
erogeneous effect.

4.2.1 Homogeneous cross sections processing

For every type of assembly’s axial section, the homogenized
isotopic composition is treated with the homogenized infinite
medium method and “smeared” into a single homogenized
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Axial-g

4
botiom: | >
Support 50 Support 50

Radial blanket, Steel
Reflector, Boron
Carbide Shield

Fuelled FA: LEZ, MEZ,
MOX, HEZ

Caontrol and Safety
Rods

Fig. 3. Vertical compositions (in cm) of homogenized Fuel, reflector and
control/safety Assemblies

KernTecHnik 81 (2016) 5

mixture using number densities as a weighting function. In
this method, the “zero-dimensional” model, which has no spa-
tial or angular flux variation, is used. The calculated flux is
used for resonance self-shielding processing. It is also neces-
sary to collapse the homogenized group data into a reason-
able amount of groups. An infinite model was used in NEWT
to calculate cross sections set. The calculated spectrum was
used for collapsing the cross sections into a 28 energy-group
structure. This energy grid (Table 4) is based on the ABBN-
93 28-group library grid [9].

Another homogeneous cross sections set was prepared with
the SERPENT code. The calculation method is similar to
SCALE. The main difference is that ENDF/B-VIILO continu-
ous energy library was used. For the preparation of the
macroscopic cross sections library, it was decided to use an 8-
group energy structure based on an ERANOS code energy
grid [10]. Indeed, DYN3D-MG calculations, published in ref.
[11], performed with a 33-group cross section library prepared
by SERPENT, shows very large statistical errors in the ther-
mal flux, due to the very low number of tally scores.

The resulting cross sections are meant to represent pure
homogenized calculations. No correction was considered for
the heterogeneity of the full scale model structure. Therefore
the resonance shielding between pellets in the tubes is not
taken into account. Only the resonance self-shielding is in-
cluded. These cross section sets are applicable for heteroge-
neous effect calculation.

4.2.2 Homogenized weighted cross section processing

To provide a resonance-corrected cross section library based
on the physical characteristics of the problem, an equivalent
one-dimensional model was used for problem dependent
point-wise flux calculation.

BFS-62-3A assembly axial sections may be represented as
parallel layers. Every pellet is homogenized in hexagonal
shape including tube, void and dowels (Fig. 4). For every type
of fuel containing zones (IC, MC, OC, MOX) such 1-dimen-
sional infinite layer model was used for cross section proces-
sing.

The two-dimensional lattice code NEWT was applied to
collapse 238-group problem depended libraries. The collapsed
28-group energy grid from Table 4 was used. NEWT was also
used to produce macroscopic weighted cross sections of layers
homogenized into one mixture. Such homogenization is
needed to match the problem depended library with the sim-
plifyed model geometry. Homogenized cross sections were
created using the 28-group energy structure. The flux
weighted collapsed microscopic cross sections were combined
with number densities in every layer and added such that re-
action rates in homogenized material were conserved. The
cross sections prepared in this way are meant to be more ap-
plicable for complex geometry representation.

5 Results and comparisons
5.1 Multiplication factor

The homogeneous model was implemented for DYN3D-MG,
KENO and SERPENT. Table 5 shows the results obtained
with homogeneous cross section libraries sets. Both 28-group
and 8-group libraries were used for DYN3D-MG calculations.
Monte-Carlo calculations used continuous energy libraries for
the analysis. A difference is observed in the multiplication
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factor calculated by KENO (SCALE) and SERPENT codes
in the range of 290 pcm (170 pcm for heterogeneous calcula-
tions respectively).

yd gap

Steel\ﬁ. |
i -

Due to the fact that homogeneous cross section sets were
applied, it was possible to compare the Monte-Carlo multipli-
cation factors with DYN3D-MG results. I
The difference between multiplication factors calculated by ~ Pellets™ |
DYN3D-MG with cross sections prepared by SCALE and e \
SERPENT is 278 pcm. It is shown that the cross sections cal- \
culated by Serpent and NEWT are consistent to continuous  Dowels \
energy Monte-Carlo simulations. Overall difference between \
DYN3D-MG and Monte-Carlo codes is 205 and 363 pcm for \
SERPENT and SCALE. Cross sections generated by SER- \
PENT appear to be more correct due to the application of \__,\J \
continuous energy library for their processing. - \
Table 6 shows the results obtained with homogenized
weighted cross section set. Multiplication factors obtained As build assembly Equivalent 1-D
with these cross sections compare reasonably with heteroge- clement model
neous model results. Fig. 4. Equivalent 1-D model
Table 4. Fine group energy structure
28-group energy grid based on ABBN-93
Upper energy [eV] Group number Upper energy [eV] Group number
20.00 - 10° 1 3.9-10° 15
13.84 - 10° 2 22-10° 16
10.00 - 10° 3 950 17
6.434 - 10° 4 550 18
4.304 - 10° 5 210 19
2.479 - 10° 6 100 20
1.400 - 10° 7 47 21
0.820 - 10° 8 21 22
0.400 - 10° 9 10.0 23
0.200 - 10° 10 4.75 24
100 - 10° 11 212 25
45103 12 1.00 26
25-10° 13 0.45 27
9.5-10° 14 0.20 28
Table 5. Multiplication factor calculated with homogeneous cross sections
DYN3D-MG with DYN3D-MG with SERPENT with conti- KENO with continuous

mental value [pcm]

homogeneous cross homogeneous cross nuous energy library energy library
sections from SCALE sections from SERPENT
K-eff 0.99117 0.99392 0.99189 0.99475
Difference to =73 205 - 290
SERPENT [pcm]

Difference to KENO -363 -84 —290 -

[pem]
Difference to experi- -960 —681 -887 =597
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The multiplication factor produced by DYN3D-MG is in a
good agreement with Monte-Carlo results and experimental
values. The difference is around 200 pcm which is better than
the results obtained with homogeneous cross section.

5.2 Radial reaction rates
During BFS-62-3A experiment the reaction rates for 23U,

238U and 2*Pu were measured. Chambers with fission materi-
als are placed in the inter-tube clearance of the core. Radial

reaction rates (measured points are in the mid-plane of the
core) were calculated with DYN3D-MG using different cross
section sets. As far as a homogeneous model is used, the cal-
culated reaction rates are averaged according to the
DYN3D-MG calculation mesh size. Both calculated and mea-
sured values are normalized to the value of the center point
(R=0).

The results obtained (see Fig.5) for U appears to be
more consistent with measured values. The comparisons of
28U and 2*Pu reaction rates show greater deviation. This

Table 6. Multiplication factor calculated with homogenized weighted cross sections

DYN3D-MG with homogenized KENO with continuous energy SERPENT with continuous
weighted cross sections from library energy library
SCALE
K-eff 0.999596 1.00146 0.999688

Difference to SERPENT [pcm] -186 - =177

Difference to KENO [pcm] -9 177 -

Difference to experimental -110 75 -101

value [pcm]

normalized Reation Rate for U-235
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=+=DYN3D+XS from NEWT celidata
processing

: ==DYN3D+XS from Serpent

120

M e

140 160 180 200

® Benchmark Values

==DYN3D+XS from NEWT infinite medium
approximatien

~~DYN3D+XS from NEWT celldata
processing

== DYMN3D+X5 from Serpent

] 20 40 &0 80

normalized Reation Rate for Pu-239

B Benchmark Values

== DYNID+XS from NEWT infinite medium -
approximation

——DYN3D+X5 from NEWT celldata
processing

—DYN3D+XS from Serpent

Radiss o]

120

KernTecHnik 81 (2016) 5

Fig. 5. Radial reaction rates
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may be affected either by cross section treatment above
1 MeV or by DYN3D-MG calculation mesh size. The results
from DYN3D-MG with homogeneous cross sections gener-
ated with NEWT are closer to the measured values. The re-
sults calculated with homogenized weighted cross sections
and homogeneous cross sections calculate with SERPENT
are close to each other. All performed calculations failed to
predict the flux depression for the safety rod mock-up located
at about 45 cm from the center of the core. Overall the com-
parisons of the results show that the spatial flux distribution
needs further detailed investigations in order to understand
the discrepancies.

5.3 Sodium Void Reactivity Effect

The SVRE was calculated in the same way as for heteroge-
neous model. Homogenized sodium voided IC, MC, OC and
MOX fuel elements were used for the case of voided core.
SVRE is calculated with DYN3D-MG using the homoge-
neous cross sections and homogenized weighted cross sections
from NEWT (SCALE). The Table 7 shows the results ob-
tained.

5.4 Control Rod and Safety Rod weight

The weights of different control rod and safety rod are calcu-
lated with DYN3D-MG with same cross section sets as for
SVRE (see Table 8). The accuracy of the calculation is com-
patible with Monte-Carlo calculations.

6 Conclusion

Monte-Carlo simulations of BFS-62-3A critical experiment
with KENO (SCALE6.0) and SERPENT codes with ENDF/

Table 7. SVRE DYN3D-MG calculation results [pcm]

B-VII.O continuous energy library show good agreement with
measured values and reference codes simulations. SCALE
and SERPENT continuous energy libraries, based on ENDF/
B 7.0 evaluated data, are suited for reference calculations. A
simplified model was applied to validate the deterministic
method on the example of DYN3D code. The few-group
macroscopic cross sections were prepared using SCALE
(238 group library) and SERPENT (continuous energy cross
section libraries). The overall effect of model simplification
appears to be dependent on few-group cross section proces-
sing. Apparently, the simple cross section homogenization is
not accurate enough. Critical calculations with DYN3D-MG
showed that corrected homogenized macroscopic cross sec-
tions can significantly improve results. In the case of SVRE,
reaction rates and other neutronic parameters sensitive to
spatial effects calculations an additional corrections in cross
sections are required.

Benchmark calculations with DYN3D-MG proved that it
capable to perform fast spectrum system critical analysis.
Since this code is considered to be used in coupled version
with thermo-hydraulic code ATHLET for transient calcula-
tions, spatial flux distribution need to be additional studied.

(Received on 1 March 2016)
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Ageing Management of Concrete Structures in Nuclear
Power Plants. IAEA Nuclear Energy Series No. NP-T-3.5,
Published by the International Atomic Energy Agency, 2016,
ISBN 978-92-0-102914-0, 211 pp., 55.00 EUR.

This publication is one in a series of reports on the assess-
ment and management of ageing of major nuclear power
plant components. Current practices for assessment of safety
margins (fitness for service) and inspection, monitoring and
mitigation of ageing related degradation of selected concrete
structures related to NPPs are documented. Implications for
and differences in new reactor designs are discussed. This in-
formation is intended to help all involved directly and indir-
ectly in ensuring the safe operation of NPPs, and also to pro-
vide a common technical basis for dialogue between plant
operators and regulators when dealing with age related licen-
sing issues.

This publication provides information regarding good
practices for assessment and management of ageing related
to concrete structures within an NPP. It supersedes IAEA-
TECDOC-1025, Assessment and Management of Ageing of
Major Nuclear Power Plant Components Important to Safety:
Concrete Containment Buildings, which was published in
1998. Significant ageing related events have occurred since
then that could impact future plant operation, such as alkali—
silica reactivity in concrete, delamination events, larger than
anticipated loss of prestressing force, SFP leakage, corrosion
of steel in water intake structures, etc. These events led to
new ageing management actions by both NPP operators and
regulators.

Specifically, this publication includes:

(a) State of the art information regarding ageing management
of concrete structures in NPPs throughout their entire ser-
vice life;

(b) Background material indicating the importance of AMPs;

(c) Current practices and techniques for assessing fitness for
service and for inspection, monitoring and mitigation of
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ageing related degradation of CCBs and other concrete
structures important to the safe and reliable operation of
NPPs;

(d) A technical basis for developing and implementing a sys-
tematic AMP;

(e) Guidelines to help ensure ageing management is taken
into account during different NPP lifecycle phases, that is,
design, fabrication, construction, commissioning, opera-
tion (including long term operation and extended shut-
down) and decommissioning;

(f) Research material related to ageing and lessons learned.

Section 2 introduces the generic AMP as it relates to concrete
structures. Section 3 describes where concrete is used in
NPPs. The process of an effective AMP is described in Sec-
tions 4-8, and includes the following:

(a) Understanding ageing (Section 4);

(b) Developing and optimizing the AMP (Section 5);

(c) Plant operation (Section 6);

(d) Inspection, monitoring and assessment of structures (Sec-
tion 7);

(e) Maintenance and repair of ageing effects (Section 8).

Each section includes steps in the process for the develop-
ment of an AMP and information specific to concrete struc-
tures, which supplements the generic information provided in
TAEA publication NS-G-2.12. Section 9 summarizes the con-
clusions of this publication. The appendices cover IAEA ac-
tivities on ageing management (Appendix I), describe con-
tainment structures (Appendix IT) and ageing management
practices and operating experience in selected Member States
(Appendices III and 1V), describe ageing management prac-
tices in non-nuclear industries (Appendix V) and provide de-
tails of the coordinated research project (CRP) conducted in
the 1990s (Appendix VI) and case studies and example appli-
cations of modelling of concrete structures (Appendix VII).
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