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Lead-cooled fast reactors have multilayered designs and large internal temperature differ-
ences, which cause challenges in simulating reactor physics. SuperMC, a large-scale inte-
grated software system for neutronics design, is inherently able to address complex geome-
tries and multi-temperature problems. The purpose of this study is to verify the applicability
of SuperMC to the lead-bismuth-cooled fast reactor RBEC-M. The multi-temperature
cross-section generation function of SuperMC was employed and showed good performance.
Based on the ENDFE/B-VII.1 library, the effective multiplication factor k. obtained by
SuperMC showed good agreement with those from previous works. The relationship of &
and >N enrichment applied to the fuel material was also studied, with the results showing
that increased 15N could significantly improve k.4 The axial power profile and kinetics pa-
rameters for the benchmark were then calculated and analyzed. This work thus verified the
applicability of SuperMC for comprehensive neutronics simulations for lead-bismuth-cooled

fast reactors.
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INTRODUCTION

Lead-cooled fast reactors (LFR) are among the
most promising advanced Generation IV nuclear sys-
tems for demonstration and commercialization [1, 2].
They show the advantages of robust fuel cycling and
good safety performance, as well as new physical char-
acteristics. Molten lead and lead-bismuth mixtures, as
the primary coolants of LFR, have low neutron absorp-
tion. LFR operate with fast neutron spectra because the
neutrons are not slowed as efficiently during interaction
with heavy nuclides. In addition, LFR have high operat-
ing temperatures of >500 °C. These special features re-
quire the performance of comprehensive neutronics
simulations. Some neutronics analyses of LFR, such as
BREST-OD-300 [3] and the European Lead-Cooled
Training Reactor (ELECTRA) [4], have been reported
previously. In this work, the simulation of the lead-bis-
muth-cooled reactor RBEC-M is performed. The
RBEC-M is a distinctive reactor including three core re-
gions with lead-bismuth coolants, mixed nitride fuels,
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and multi-temperature distributions [5]. This simula-
tion was performed using SuperMulti-functional
Calculation Program for Nuclear Design and Safety
Evaluation (SuperMC) to verify the applicability of
SuperMC to the RBEC-M.

SuperMC [6-8], developed by the FDS Team, is
alarge-scale integrated software system for neutronics
design. The system adopts the Monte Carlo method for
neutron transport analysis. It has contributed signifi-
cantly to many research fields, including materials de-
velopment [9-12], the innovative design of advanced
reactors [13,14], and neutronics experiments [15, 16].
The verification and validation of SuperMC for nu-
clear criticality safety and shielding benchmark suites
were systematically performed previously [17, 18].
SuperMC has powerful 3-D geometric modeling capa-
bilities, supporting the creation and editing of geomet-
ric shapes such as cuboids, cylinders, and spheres.
SuperMC's hierarchical modeling can facilitate quick
and accurate construction of complete reactor models,
which has been applied to some fission reactor cores
[19]. The latest version, SuperMC3.3, supports
multi-temperature on-the-fly (OTF) functions and can
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generate cross-sections of multiple temperatures to
meet the demands of large temperature variations in
some fission reactors.

In this paper, the modeling process of the Inter-
national Atomic Energy Agency (IAEA) RBEC-M
benchmark in SuperMC was first described. Then the
neutronics calculations were carried out using
SuperMC, and the results were analyzed and dis-
cussed.

DESCRIPTION OF THE BENCHMARK

The IAEA benchmark problem [20] was derived
from the 900 MWt RBEC-M reactor core design, pro-
posed by the Russia Research Center Kurchatov Insti-
tute (RRCKI). Reactor solutions, including hexagonal
fuel assemblies (FA), lateral and axial blankets, wide
fuel rod lattices, and high '>N enrichment, facilitate
improvement of breeding parameters and reactivity ef-
fects [21]. The R-Z model with dimensional parame-
ters (in centimeters) of the RBEC-M benchmark is
shown in fig. 1(a); the homogenized model comprises
fifteen physical zones, including three core zones. The
core zones have 253 FA which are divided into three
parts based on fuel volume fractions. The configura-
tion of the RBEC-M core is provided in fig. 1(b).

Mixed uranium-plutonium nitride fuel (U g5 +
+ Py, 137N is applied in all core zones; the cladding
and the structural material are ferritic/martensitic
stainless steel (12 % Cr-Si). The periphery of the core
is surrounded by radial blankets of 10 cm in height and
lateral blankets comprising pellets of depleted ura-
nium nitride. The upper and lower ends of the reactor
are a 50-cm-tall chimney and a gas plenum, respec-
tively. In addition, the downcomer channel for coolant
circulation is located at the outer side. For each physi-
cal zone, the component-wise temperatures (in
kelvins) of elements are summarized in tab. 1. De-
tailed nuclide densities (in 1/barn-cm) are given in Ref
[20].
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Figure 1. Benchmark model of RBEC-M core

Table 1. Temperatures [K] of physical zones of the RBEC-M reactor
Physical zone Fuel Steel Coolant
Core-1 1200 800 700
Core-2 1100 800 700
Core-3 1000 800 700
Axial blanket of Core-1 900/700* 800/600* 800/600*
Axial blanket of Core-2 900/700* 800/600* 800/600*
Axial blanket of Core-3 900/700* 800/600* 800/600*
Lateral blanket 700 600 600
Top of fuel assemblies 600 800
Gas plenum 600 600
Top of assg{;lllzll:;s of lateral 600 600
Downcomer 700 700
Chimney 800 800

" Temperatures in top/bottom of the physical zones
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SIMULATION METHODS
Modeling

The computer-aided design (CAD)-based mod-
eling built into SuperMC enables convenient and ac-
curate construction of the reactor model. Geometric
entities can be created and edited via a graphical user
interface (GUI). Moreover, hierarchical geometric
functionality allows modular and efficient modeling
by the establishment of geometric relationships, such
as similarity and filling, of a reactor model. With this
method, the RBEC-M benchmark geometric model
should be divided into three layers. Thirteen homoge-
nization regions (with the three core zones treated as
one region) are considered as the upper layer; the three
core zones and lateral blanket are filled with different
FA in a hexagonal lattice. The core assembly in fig.
2(a) shows the middle layer; the figure depicts that the
horizontal layout of core exhibits different core areas.
The fill geometry in each assembly is the bottom layer.
Figure 2(b) shows a quarter of the entire reactor
model.

Multi-temperature online processing

To satisfactorily model the temperature range
throughout all physical zones of RBEC-M bench-
mark, the nuclear cross-sections at seven temperatures
(600, 700, 800, 900, 1000, 1100, and 1200 K) should
be obtained. Current released nuclear databases can-
not handle the multi-temperature characteristics of the
benchmark. In such a case, we can employ a nuclear
data processing code, such as NJOY, to process the nu-
clear data files and pre-generate the libraries covering
the required temperatures. This method is offline with
the disadvantages of high memory and time consump-
tion [22]. SuperMC's multi-temperature OTF function
with a novel Doppler broadening method [23] enables
the online analysis of temperature distributions of the
model and generation of corresponding cross-sec-
tions, and no extra memory is required in neutron
transport calculations. Its implementation in
SuperMC3.3 is shown in fig. 3. This function was used
to produce the multi-temperature library based on the
ENDEF/B-VII.1 according to the real temperature of
each region.

RESULTS AND DISCUSSION

This work employs SuperMC to evaluate the
criticality performance of RBEC-M, including the ef-
fective multiplication factor k.4, axial power distribu-
tion, and kinetics parameters. To perform criticality
calculations, the source is defined as 30000 particles
per cycle for 500 cycles with the 50 initial cycles

(a) The core assembly

(b) 1/4 reactor model

Figure 2. Geometric model of RBEC-M

skipped by the source-modeling module of SuperMC.
The computing platform is an Intel Xeon E5-2650
server with 20 cores. The online generation function is
verified in the effective multiplication factor calcula-
tion, and subsequent simulation is performed based on
that function.

Effective multiplication factor

Based on the ENDF/B-VII.1 library, the kg cal-
culation results with SuperMC and available results in
the TAEA report [20] for the RBEC-M reactor bench-
mark are provided in tab. 2.

As shown in tab. 2, in this calculation, the kg re-
sults are fully accepted for SuperMC compared with
other codes. The discrepancies in k.; among these
codes are relatively large, and it can be inferred that
different libraries significantly affect the reactions of
some key nuclides [24], such as 2°%Pb, 233U, and *°Pu.
Library data pre-processing could also cause the dis-
crepancy. In this work, the results calculated with the
library produced by NJOY and by the SuperMC OTF
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Table 2. The k. calculations with different codes

Code Library ket
ENDF/B-VII.1
SuperMC with OTF 1.00049 + 0.00011
ENDEF/B-VII.1
SuperMC with NJOY 1.00025 + 0.00012
Gidropress/KINRZ|  ENDF/B-VI 1.0084
RRC KI/MCNP-5 ENDEF/B-VI 1.00375
RRC KI/MCNP-5| ENDF/B-VII 0.99514
ANL/TWODANT| ENDEF/B-V.2 0.99937

function were compared. The relative difference Ak g
was calculated with the equation

Qe

_ e _

Akeff - kSuperMCfoTF (1)
eff

o= \/( o oY )2 +(o SuperMC—OTF )2 )

It can be obtained that Ak, = —0.024 % and o=
=0.016 %. The Ak result was within a + 3o interval
[25], which proves the accuracy of the SuperMC-OTFE.
To further evaluate the performance of SuperMC-OTF,
the calculation times with the two methods are provided
in tab. 3.

It can be seen from the table that the SuperMC-OTF
cross-section generation method is nearly equivalent in ef-
ficiency to the transport calculation using the broadened
cross-section by NJOY. The broadening time results show
that the cross-section broadening efficiency, using the
SuperMC-OTF, is more than 100 times that of NJOY. Ac-
cordingly, the OTF cross-section generation in SuperMC
is an effective, pre-processing method and is used for the
rest of the calculations.

In LFR design, a higher k4 corresponds to a
lower power grade of Pu enrichment in the fuel, which
indicates greater economy in fuel loading [26]. The k¢
performance is affected (more or less) by fractions of
key nuclides in the core region [27]. Some studies
have investigated the relationship between k.4 and
208pp [25, 26] in coolant. Higher SN enrichment of

Table 3. Performance of calculation with SuperMC-OTF
and NJOY

Transport Broadening
Method calculation time [s] time [s]
SuperMC-OTF 2968.2 15.303
NJOY 2926.2 2074.1
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Figure 3. Flowchrt of
SuperMC-OFF

nitride fuel material has been applied to RBEC-M re-
actors to improve k. performance. Nitrogen is used
with 99.9 % enrichment of N, while '*N in nature has
the enrichment of only 0.4 %. However, a correspond-
ing numerical analysis has not yet been provided. In
order to study the effect of high !N enrichment on &,
11 different fractions of >N were simulated; the re-
sults are as plotted in fig. 4.

As the N fraction increases, the kg value is in-
creased, with a nearly linear relationship from 10 % to
90 %. For every 10 % increase in the SN enrichment,
the k. value is increased by about 290 pcm (per cent
mille, 105). The application of ’N thus substantially
improves the k. When the fraction of N is >90 %,
the improvement is limited. Compared with the 99.9 %
enrichment in the benchmark, the & value is only de-
creased by 6.6 pcm when the enrichment is reduced to
99 %. Because 99 % enrichment of !N is more easily
achieved than 99.9 % [28], using 99% enrichment of
15N is recommended as it has little effect on kg, as well
as a lower cost.

Axial power profile

The axial core power profile is an important ref-
erence factor for nuclear engineers to control reactors.
The power distribution, calculated using SuperMC
code, is a normalized result; to obtain an absolute
value that can be compared, the tally results must be
multiplied by the source strength factor — O, which is
estimated by the equation
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Figure 4. The k. with respect to the original design in
the benchmark
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Figure 5. The RBEC-M axial power distribution

where E represents the thermal fission energy and N is
the number of neutrons produced per fission. Many
fission nuclides are present in the benchmark with the
following thermal fission energies obtained from the
ENDE/B-VIIL.1 library [29]: 201.46 £ 0.10 MeV for
U, 208.51£0.17 MeV for **U, 200.92 + 0.24 MeV
for ***Pu, 204.76 + 0.14 MeV for **’Pu, 213.63 £ 0.23
MeV for **°Pu, 216.11 +0.23 MeV for **'Pu, 218.20 +
1.133 MeV for **Pu, and 214.78 + 0.24 MeV for
*"Am. Therefore, using the thermal fission energy
will cause discrepancies in the power value, especially
for the power peak, among different calculations. In
this research, the weighted fission energy 207 MeV
was used according to the fission rates in the various
isotopes.

Figure 5 depicts the axial core power profile,
which is determined at the center of each core zone.
The power distribution calculated with SuperMC is in
good agreement with the TAEA results. With the
midplane of the core as the axis, the power distribution
on the left and right side is almost symmetrical. On the
left side, the transitions of every curve are near the ma-
terial boundaries. A sudden change in power occurs
between the gas plenum and blankets, with a sharp

climb in power between the blankets and core zones.
Because of the symmetry of the three core zones, the
power distribution is parabolic in these regions with
the power peak appearing in the midplane of the core.
Under careful observation, some slight differences ap-
pear between the lower and upper boundary of the
core. Unlike the lower boundary, the upper boundary
includes FA tops, which could reduce the neutron leak-
age. Therefore, the power near the core upper bound-
ary is higher than that at the lower boundary.

Reactor kinetics parameters

Reactor kinetics parameters, such as the effec-
tive delayed neutron fraction S and the neutron gen-
eration time A, are physical parameters of great rele-
vance to the reactor safety operation. Higher 8 and A
can substantially improve the kinetic response of the
reactor. Table 4 shows the results for these parameters
obtained by SuperMC and RRC KI [30]. Typical pa-
rameters [31] for fast reactors are also given in the ta-
ble.

Although the numerical precisions are different,
both kinetics parameters obtained by SuperMC are
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Table 4. SuperMC and RRC KI kinetics parameters
results compared to those of typical fast reactors

Besr A(s)
SuperMC 3.66 x 107 | 453 x 1077
RRC KI 3.7x10° | 45x10”

Typical parameters in fast reactors| 3.32 x 10| 5 x 107

consistent with the RRC KI results. As shown in the ta-
ble, the RBEC-M reactor exhibits a slightly higher de-
layed neutron fraction than typical fast reactors. Con-
sidering the delayed neutrons, the average lifetime of
fission neutrons / is defined by

[=Begr +4 (4)

Because [ is much larger than A, / depends
mainly on 84 In the RBEC-M reactor, the larger beff
implies a longer average time interval between two
generations of neutrons, thereby delaying changes in
neutron density. This yields a slower power excursion
when introducing the same reactivity jump.

CONCLUSIONS

Advanced LFR show new neutronics character-
istics. In this work, the lead-bismuth RBEC-M reactor
was used to verify the advanced reactor physics code
SuperMC. Modeling, calculation, and visualization
were all performed using SuperMC.

Compared with the IAEA report on the RBEC-M
reactor, good consistencies were achieved for k¢ and
power profile. Based on the ENDF/B-VII.1 library, the
relative difference of kg as calculated with the library
produced by NJOY and by the SuperMC-OTF function
was within ¢ 3o interval. The calculation results also
showed that SuperMC-OTF broadening efficiency is
more than 100 times that of NJOY. In addition, the kg
effect of >N application was analyzed; increased !N
showed beneficial improvements in k. performance.
Reactor kinetics parameters of the effective delayed
neutron fraction 8. and the neutron generation time A
were calculated and compared with those of typical fast
reactors to reflect the kinetic response performance of
the RBEC-M.

In this work, hierarchical modeling and online
cross-section generation in SuperMC yielded great ef-
ficiency improvements in reactor simulation. In the fu-
ture, fuel burnup analysis of the RBEC-M benchmark
will be performed with SuperMC.
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Xyej JUHTI, hyen I'AH, Tuhyen XA O, Hunr CYHTI, Junan BY

BEPUOUKAIINIA U ITIPUMEHA SuperMC3.3 IIPOI'PAMCKOI' CUCTEMA
HA BP3U PEAKTOP XJIAGHBEH OJOBOM M BU3MYTOM

Bp3u peakropm xiabeHH OJOBOM WMajy BUIIECIOjHE CTPYKTYpEe W BEJUKE YHYTpallikhe
TeMmIepaTypHe pasiiiKe, INTO IPEelcTaBlba M3a30Be 3a CHMYyNANWjy (PU3MUYKHX IMpoIeca PeakTopa.
SuperMC, BeJMKU MHTETPUCAHU CO(PTBEPCKU CUCTEM 3a NMPOpPaUdyH HEYTPOHA, U3BOPHO je crocobaH Aa
pelm CI0KEeHe TeoOMeTPHje 1 MpobIIeMe ca BUIIECTPYKOM TemnepaTypoM. CBpxa OBOT pajia je fja MpoBepHu
npuMmensbuBocT SuperMC nporpama Ha Op3oM peaktopy RBEC-M xnabeHum o010BOM M OH3MYTOM.
Kopumrhena je ¢ynkuuja SuperMC nmporpama 3a reHepucame TeMIEepaTypHO 3aBUCHUX IIpeceka U IIpu
ToMe je mokKasama pobpa cBojcrBa. Ha ocHoBy ENDF/B-VIL.1 6u6bnuoreke, edeKTUBHU (HaKTOP
yYMHOXKaBamka HeyTpoHa k. u3pauyHaT SuperMC mporpamMoMm Ao0po ce ciarao ca e(eKTUBHUM
cakTOpHMa U3 NpeTXONHUX pafoBa. Takohe je npoyvasana u Be3a nsameby k. "N o6orahnBama Koja je
NpUMEmhEHa Ha TOPMBY MaTepHUjall, a pe3yaTaTH oKa3yjy aa nosehame "N Moxe 3Ha4ajHO OGOJBLIATH
Keg. 3aTUM Cy M3padyyHATH U aHAJIM3UPAHU aKCHjaJHU NPO(IMI CHare W KUHETHYKH IMapaMeTpu 3a
pedepentHy BpempHocT. OBUM pajioM je Tako BepupuKkoBaHa nmpuMeHIbMBOCT SuperMC mporpama 3a
cBeOOyXBaTHE CUMYJIAIje HEYTPOH Op3UX peakTop XIaheHnX 0JI0BOM M OH3MYTOM.
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